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Synopsis

Thesis Title: Radio Pulsar Search and Timing

Mayuresh Surnis

Thesis Supervisor: Prof. B. C. Joshi

Introduction

Pulsating radio stars or Pulsars are Neutron Stars. They represent the end stages

of the life cycle of massive stars. These are one of the many ‘exotic objects’ that

can be observed in the sky. After the discovery of the first pulsar, PSR B1919+21

(Hewish et al. 1968), it was immediately realised that these objects could provide

many interesting observational insights into different branches of physics. With

more than 1.5 times the Solar mass compressed into a sphere of a radius of 10−20

km, pulsars form the most dense form of visible mass. They also have very high

magnetic field strengths (108−1014 G). They are usually detectable via the coher-

ent plasma emission that occurs due to the interaction between particles and their

magnetic field. Pulsars are thus, very good laboratories for gravitational physics

and plasma physics in extreme physical conditions. Pulsars are very stable ro-

tators, allowing precise measurement of the rotation period (up to pico second

accuracy) and in binaries, an exceptionally detailed description of the orbital pa-

rameters. Precise measurements of these parameters put a new discovery in its

proper place in the pulsar population. Long term pulsar timing observations have

the potential to reveal information about inherent characteristics like timing noise,

glitches, nulling, mode changes and intermittency. These in turn provide observa-

tional constraints on current emission models and help us understand the physics

much better. The precision pulsar timing observations enable pulsars to be used

as useful physical tools. Pulsars are helpful in studying the interstellar medium

(ISM) through dispersion, scattering and scintillation as seen in their signals when

they travel through the ISM. Precise timing observations done on PSR B1257+12

xvii
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helped discover the first ever extrasolar planetary system (Wolszczan and Frail

1992). Being highly compact objects, pulsars provide an opportunity to test the

general relativity (GR) in the strong field regime. PSR B1913+16, the first binary

pulsar system, showed the decay of orbit due to emission of gravitational waves at

the expense of the orbital potential energy (Taylor and Weisberg 1989). This result

was the most stringent test of GR in that time and it resulted in the Nobel prize

being awarded to Russel Hulse and Joseph Taylor in 1993. The only known dou-

ble pulsar binary system, PSR J0737−3039A/B has provided even more stringent

tests of GR (Burgay et al. 2014). The most clever exploitation of the clock-like

stability of pulsar rotation is implemented in the concept of a pulsar timing array

(PTA; Foster and Backer 1990). This technique relies on correlated variations

in the pulsar timing residuals as a function of the sky separation to directly de-

tect the presence of gravitational wave background in the nHz frequency range. It

is one of only two current experiments with the potential to make such a detection.

With so many interesting inherent phenomena and the possibility of exploring

many more interesting physical phenomena, pulsars are one of the most enigmatic

Galactic objects. In order to obtain a meaningful, statistical sample to be able

to study their population properties, one has to observe a considerable number

of pulsars across the Galaxy. The estimated total number of active pulsars in

our Galaxy is about a million (Lorimer and Kramer 2005). Out of these, only

about 2500 pulsars have been discovered to date1. This provides a very strong

motivation to design more sensitive pulsar searches to try and detect as many

of them as possible. The thrust of this thesis is pulsar search and timing of the

discovered pulsars in order to characterize them. The search and timing work

was performed in the radio frequency band with the Giant Metrewave Radio Tele-

scope (GMRT) and Ooty Radio Telescope (ORT). During the course of the thesis,

different types of observational efforts were put in. In the next few paragraphs,

we will briefly describe these as well as the results obtained and their implications.

A Blind Pulsar Survey with the GMRT

Pulsar surveys are typically carried out with large single dish telescopes. Although

such telescopes provide good sensitivity due to large collecting area, a small beam

size makes them slow in sky coverage. A multi-element telescope like the GMRT

1www.atnf.csiro.au/people/pulsar/psrcat
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offers a large collecting area of about 30,000 m2 (Swarup et al. 1991) with a field

of view of about 85’ (Lal 2013) at 325 MHz, making it a sensitive pulsar survey

instrument with a good survey speed. The only disadvantage at low radio frequen-

cies is the large sky background due to non-thermal emission from the Galactic

plane. Taking all these factors into account, we proposed a blind pulsar survey to

cover the region between Galactic longitude 45◦ < l < 135◦ and Galactic latitude

1◦ < |b| < 10◦ with the GMRT at 325 MHz. This survey was titled “GMRT

Galactic Plane Pulsar and Transient Survey (GMGPPTS)”. Over two observation

cycles of the GMRT, about 10% of the region was covered. The data were taken

over a bandwidth of 32 MHz in incoherent array (IA) mode with a sampling time

of 256 µs. The region to be observed was divided into circular ‘pointings’, each

with a diameter of about 1◦. Each pointing was observed for 1800 s and the data

were recorded on magnetic tapes. The data analysis was done offline on a high

performance cluster (HPC) at NCRA with a parallel processing pipeline using

message passing interface (MPI). The actual analysis was done using the pulsar

search package SIGPROC2 and PRESTO3. Out of the 152 fields observed, data

for 30 fields had to be ignored due to the presence of large amount of radio fre-

quency interference (RFI). Based on the observed against expected signal to noise

ratios (S/N) for known pulsars, the overall survey sensitivity was found to be a

factor of 2 worse than the theoretical sensitivity. The overall survey sensitivity

for harmonic search was found to be 2.7 mJy for an 8σ detection with a canonical

pulse duty cycle of 10%. The sensitivity for single pulses was found to be 2.3 Jy

for an 8σ detection and a burst duration of 10 ms. The survey analysis resulted in

the detection of 27 out of 32 known pulsars in the observed region. The analysis

also resulted in the discovery of a new pulsar, PSR J1838+1523. The simulated

survey analysis using PSRPOP4 using the post-analysis parameters resulted in

the detection of 96 normal pulsars and no millisecond pulsars for the full survey

region. Thus, the detection of 28 pulsars including the discovery of 1 new pulsar

in the 10% region that was covered in a non-uniform manner, is consistent with

the current population models.

Discovery and Follow-up Timing of PSR J1838+1523

2http://sigproc.sourceforge.net
3www.cv.nrao.edu/∼sransom/presto
4www.psrpop.phys.wvu.edu/index.php
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PSR J1838+1523 was discovered as a strong candidate in the analysis of data

taken in July 2009. Through follow-up observations done in May 2010, it was

confirmed as a new pulsar. This pulsar has a period of 549 ms and a dispersion

measure (DM) of 68 pc-cm-3. Immediately after it was confirmed, we started doing

follow-up timing observations. During the initial follow up timing observations,

it was not detected for about 280 days. After it started being detected again, it

showed random series of non-detections with durations of 1−2 months. The initial

uncertainty on the position of the pulsar was about 1◦. The long duration of non-

detections followed by random detections and non-detections made it difficult to

constrain the position using timing analysis. The position uncertainty was reduced

in grid observations done using the ORT in December 2013. Thereafter, it was

monitored daily at the ORT for two years. After getting a better estimate of the

position from ORT timing analysis, we made radio maps using the imaging data

obtained simultaneously during the timing observations done with the GMRT.

This helped in identifying the continuum source associated with the pulsar. The

maps indicated the presence of a continuum source even when the pulsations were

not detectable in the time series data. When the time series data for all of the

non-detections were folded using the timing solution, 15 out of 30 epochs at 325

MHz showed weak detections (S/N between 8−10). This makes a strong case for

refractive interstellar scintillations (RISS) being the cause of the flux density going

below the detection threshold, which resulted in the non-detections in the initial

analysis.

Once the timing solution was obtained (and confirmed through a GBT detection at

820 MHz), multi-frequency timing observations were done at 610 and 1170 MHz.

While the 1170 MHz observations resulted in non-detections, the flux densities

measured through different means at 325 and 610 MHz are shown in Table 1.

Type of Observing Frequency (MHz)
Measurement 325 610

Time Series (GMRT) 4.0 ± 1.8 mJy 1.0 ± 0.4 mJy
Time Series (ORT) 4.2 ± 1.6 mJy -
Imaging (GMRT) 4.7 ± 1.2 mJy 1.4 ± 0.7 mJy

Table 1: Mean flux densities of PSR J1838+1523 at different frequencies.
The uncertainties come from the systematic variation across time rather than

measurement uncertainties, which are smaller.
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The mean flux density of PSR J1838+1523 was found to be 4.3 ± 1.8 mJy at

325 MHz and 1.2 ± 0.7 mJy at 610 MHz, implying a spectral index of −2. The

non-detections at 1170 MHz are consistent with the expected flux density from

the implied spectral index being lower than the detection limit at 1170 MHz. The

discovery and follow-up analysis, along with full survey description is being writ-

ten up and will be submitted to a journal soon.

Follow-up of 3 GMRT pulsars

Three new pulsars, PSR J2208+5500, J2217+5733 and J0026+6320 were discov-

ered in an earlier survey carried out by Joshi et al. (2009) with the GMRT at 610

MHz. After the initial follow-up of about a year, they were not being followed-up.

Out of these, PSR J2208+5500 was a suspected nulling pulsar. Given a low single

pulse signal to noise ratio (S/N), Joshi et al. (2009) could only put a lower limit of

7.5% on its nulling fraction. The estimated spectral index of −2 implied that the

single pulse S/N would be sufficient at 325 MHz for carrying out nulling analysis.

The other two pulsars had high DMs and were located very close to the Galactic

plane. This indicated a possibility of being able to estimate the scatter-broadening

time scale at a lower radio frequency. In addition, the original timing observations

were carried out at the frequencies of 610 and 1400 MHz. Thus, carrying out

timing observations at 325 MHz in the phased array (PA) mode had scientific

merit. With this motivation, we started the timing observations of these pulsars

together with the newly discovered PSR J1838+1523. The observations were done

at 325 MHz for over two years with a cadence of 2 weeks. Towards the end of the

thesis work, we also performed a few timing observations at 610 and 1170 MHz in

order to estimate spectral indices, scatter-broadening time scales (τ sc) and much

better DMs. While the GMRT observations were going on, we also started tim-

ing observations with the ORT at 326.5 MHz. In all of the observations, PSR

B1937+21 was observed as a control pulsar. The timing analysis was performed

using the pulsar timing package TEMPO25. Only a coarse estimation of DMs was

possible from the search observations for PSR J2217+5733 (162.75 pc-cm-3) and

J0026+6320 (230.31 pc-cm-3) carried out by Joshi et al. (2009). Thus, coarse cor-

rections were estimated through a search over local range of DMs. A much finer

DM value was obtained later using multi-frequency timing analysis for all pulsars.

5http://www.atnf.csiro.au/research/pulsar/tempo2
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PSR J2208+5500 showed clear nulling without apparent pulse drifting with an

estimated nulling fraction of 50 ± 5% calculated over ten different observation

epochs spread over three years. The phase averaged modulation index for this

pulsar was estimated to be 2.5 ± 0.6. The DM for this pulsar was estimated to be

105.03 ± 0.02 pc-cm-3, while the spectral index was estimated to be −2.4 ± 0.4.

The DM for PSR J2217+5733 was estimated to be 131.54 ± 0.03 pc-cm-3 from

timing analysis, while τ sc was found to be 9.7 ± 0.4 ms at 610 MHz and 61.9 ±
1.1 ms at 325 MHz. The spectral index for this pulsar was estimated to be −2.4

± 0.3. For PSR J0026+6320, the DM was estimated to be 245.06 ± 0.06 pc-cm-3

from timing analysis, while τ sc was estimated to be 7.5 ± 0.9 ms at 610 MHz and

47.6 ± 0.2 ms at 325 MHz. The spectral index for this pulsar was estimated to

be −0.9 ± 0.4. The values of τ sc obtained for PSR J2217+5733 and J0026+6320

are very different than the ones predicted by the NE2001 model of Cordes and

Lazio (2002). The implied spectral indices of τ sc were found to be −2.9 (for PSR

J2217+5733 and PSR J0026+6320), very different than a Kolmogorov spectrum.

This indicates that both the pulsars lie in a region with significantly low scatter-

ing. All of these results are being put together in a paper, which is in a draft stage

and will be submitted for publication soon.

Imaging Study of a Known Pulsar Field

The follow-up timing observations for PSR J1838+1523 at 325 MHz done with

the GMRT spanned over three years with more or less uniform cadence of about

two weeks. Each of the observation consisted of a 30 minute scan on the pulsar,

allowing a snapshot image of the full field (about a degree across) to be made

using the simultaneous imaging data. Due to multiple non-detections of PSR

J1838+1523, the flux density of its continuum counterpart needed to be measured

accurately. As the flux and phase calibration was done with multiple calibrator

sources over the full data set, the consistency of the calibration across all the ob-

servations needed to be established. To do this, 29 point sources having a range of

flux densities were selected from the field and their flux densities were also mea-

sured from images made in each epoch. This exercise gave rise to a unique data

set, which allowed us to construct a flux density time series of all these sources

and put stringent constraints on their flux variability. Out of these 29 sources,

4 sources had flux densities measured at other radio frequencies. This allowed

us to estimate their spectral indices using flux density values estimated by us.
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The spectral indices estimated including our measurements were consistent with

earlier estimates. This established the accuracy of the measured flux densities.

12 of these sources were part of the 610 MHz primary beam. The flux density

measurements for these sources provided spectral indices for 11 sources, which

had measured flux densities at only one frequency prior to our study. Our vari-

ability analysis at 325 MHz revealed that out of the 29 sources, 2 sources, NVSS

J183715+153015 (17%) and J183850+152214 (18%) were mildly variable, while

2 more sources, NVSS J183729+153210 (21%) and J183708+153141 (26%) were

moderately variable. We also discovered that the source NVSS J183850+152214

was an essentially flat spectrum source. The variability and implied flat spectra

together with the absence of counterparts at other electromagnetic bands makes us

speculate that the two most variable sources along with the flat spectrum source

NVSS J183850+152214 could be flat spectrum radio quasars (FSRQ). Currently,

we are in the process of putting these results together for submission to a refereed

journal.

Pulsation Search towards HESS J1818−154/G15.4+0.1

Many supernova remnants (SNRs) hosting a pulsar that powers a pulsar wind

nebula (PWN), have been detected in very high energy (VHE) γ-rays (>100 GeV)

with telescopes like HESS, MAGIC, VERITAS etc. Such SNRs are called com-

posite SNRs. Detection/non-detection of the putative pulsar as well as making

flux density measurements at low radio frequencies are critical in understanding

the energetics as well as dynamical evolution of these sources. We had observed

Galactic SNR G15.4+0.1 after VHE γ-ray emission was detected from its central

part (the source was named HESS J1818−154) and a possible pulsar origin was

suggested for the γ-ray emission (Hofverberg et al. 2011). The observations were

done in May−June 2012 at 610 and 1420 MHz using the GMRT with 33 MHz

bandwidth and a sampling time of 61 µs for pulsar mode and 16 s for imaging

mode. These observations resulted in the first high resolution maps of this SNR at

610 and 1420 MHz, which were published in August 2013 (Castelletti G., Supan

L., Dubner G., Joshi B. C., Surnis M. P., 2013, A&A, 557, 15). Our work on

the HESS J1818−154/G15.4+0.1 pulsation search was recently accepted for pub-

lication. No associated pulsar was discovered in this search. The canonical duty

cycle of 10% for the putative pulsar gives upper limits of 250 and 300 µJy at 610

and 1420 MHz, respectively, for the PA data, while the limits for IA data turn
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out to be 700 and 500 µJy at 610 and 1420 MHz, respectively. These limits also

rule out any un-associated pulsar along the line of sight at the same flux density

levels. In addition, no point source or diffuse radio emission was detected in the

continuum maps near the position of HESS J1818−154. Lack of radio pulsations

together with the presence of molecular clouds and the broad band spectral energy

distribution gives a plausibility argument for the VHE emission coming from the

SNR to be hadronic in nature (Supan L., Castelletti G., Joshi B. C., Surnis M. P.,

Supanitsky D., 2015, A&A, 576, 81).

Radio Pulsation Search towards Soft Gamma-ray Repeaters

Soft Gamma-ray Repeaters (SGRs) are sources that produce repeating bursts of

γ-rays and are usually discovered through either γ-ray or X-ray bursts followed

by pulsations. Together with Anomalous X-ray Pulsars (AXPs), they form a rare,

distinct class of pulsars which have transient, highly variable emission in the high

energy electromagnetic band. In addition, a high energy burst from these sources

is typically followed by radio pulsations. The radio emission usually fades away

with the burst energy. Multi-frequency measurements of the flux density during

the burst, may be useful in order to identify the mechanism of radio emission from

these sources. In case the radio emission is detected at some radio frequencies and

not at other frequencies or even otherwise, upper limits on the flux density are also

useful inputs in the broad band spectral energy distribution. This makes SGRs

with a on-going burst, very good candidates for targeted radio pulsation search at

GMRT, as target of opportunity (TOO) observations. During the thesis period,

we did TOO observations on four SGR sources. We describe them briefly below.

Pulsation Search towards SGR J1745−2900

We observed the Galactic centre magnetar SGR J1745−2900 to look for radio

pulsations. The observations were carried out on 9th May 2013 (ddtB086) with

GMRT in the PA mode at 1 GHz with 33 MHz bandwidth and sampling time of

1 ms for 1 hour. We did not detect any significant pulsation with an 8σ upper

limit, assuming 30% duty cycle, to be 0.4 mJy. The results were reported in As-

tronomer’s Telegram (ATEL #5070).

Pulsation Search towards SGR J1935+2154
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We observed SGR J1935+2154 to look for radio pulsations. The source was ob-

served with ORT on July 9 and 14, 2014 at 326.5 MHz. The observations lasted

for 4 and 3 hours respectively, and were done with 16 MHz bandwidth and 1 ms

sampling time. The observations at GMRT were done on July 14 2014 (ddtB134)

at 610 MHz using 15 antenna phased array, with 33 MHz bandwidth and 61 µs

sampling, while the imaging data were recorded with a sampling time of 16 s. For

the imaging observations, 3C48 and 1822−096 were observed as flux density and

phase calibrator, respectively. We did not detect any significant pulsations with

an 8σ upper limit of 0.4 mJy at 326.5 MHz and 0.2 mJy at 610 MHz assuming

10% pulse duty cycle. The results were reported in astronomer’s telegram (ATEL

#6376). We also did not detect significant bursts with 6σ upper limits on flux

density (assuming 10 ms burst duration) of 0.5 Jy, and 63 mJy at 326.5, and 610

MHz, respectively. The corresponding flux density upper limits from GMRT IA

data at 610 MHz are 0.8 mJy (8σ) for pulsed emission (with an assumed duty cycle

of 10%), and 244 mJy (6σ) for isolated bursts (assuming 10 ms burst duration).

We have made the first high resolution image of SNR G057.2+0.8 at 610 MHz.

We did not detect any continuum emission from an associated point source at the

position of SGR J1935+2154, with a 3σ upper limit of 1.2 mJy. No diffuse radio

emission, associated with a putative wind nebula with an extent similar to the

diffuse X-ray emission reported by Israel et al. (2016) (in radii of 15”, and 70”),

was detected with a 3σ flux density upper limit of about 4.5 mJy over a circular

area with a radius of 70”. From archival HI emission spectra, we have estimated

a kinematic distance of 11.7 ± 2.8 kpc of SNR G057.2+0.8. From HI emission

profile obtained in the direction of SGR J1935+2154, we calculate the HI column

density in this line of sight to be (1.1 ± 0.1) × 1022 cm−2. A paper reporting these

results has been accepted for publication in the Astrophysical Journal.

Pulsation Search towards SWIFT J174540.7−290015

We observed an SGR candidate, SWIFT J174540.7−290015 with the ORT on 10th

February 2016 at 326.5 MHz in pulsar mode with a 16 MHz band spread over 1024

channels and a sampling time of 4 ms. The GMRT observations were carried out

on 15th February 2016 at 1390 MHz with a 33 MHz band spread over 512 channels

and a sampling time of 123 µs (ddtB210). The total integration time for ORT

data was 3.5 hours, while the total integration time for GMRT observation was 2.7

hours. The analysis did not yield any significant pulsed or bursty radio emission in
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both ORT and GMRT data. The 5σ flux density upper limits at 326.5 MHz were

estimated to be 4.5 mJy (assuming 10% duty cycle) for harmonic search and 15

Jy (assuming a pulse width of 10 ms) for single pulse search. The corresponding

limits at 1390 MHz were 70 µJy (assuming 10% duty cycle) and 0.2 Jy (assuming a

pulse width of 10 ms), respectively. These results were posted on the astronomer’s

telegram (ATEL #8729).

Pulsation Search towards SGR J0755−2933

The observations at the ORT were performed on 17th March 2016 at 326.5 MHz

with 8 ms sampling over a band of 16 MHz, spread over 1024 channels. The total

integration time was 3 hours. The observations at the GMRT were performed on

25th March 2016 (ddtB216) at 1390 MHz wherein, the data were recorded simul-

taneously in imaging and PA mode, over a bandwidth of 33 MHz, spread over

512 channels. The PA data were recorded with a sampling time of 123 µs, while

the imaging data were recorded with a sampling time of 16 s for a duration of 1

hour. For the imaging observations, 3C147 and 0828−375 were observed as flux

density and phase calibrator, respectively. No significant pulsations were detected

from either GMRT or ORT data. The 8 σ flux density upper limits at 326.5 MHz

were estimated to be 0.89 mJy (assuming 10% duty cycle) for harmonic search and

2.8 Jy (assuming a width of 10 ms) for isolated bursts. Corresponding limits at

1390 MHz were estimated to be 0.12 mJy (assuming 10% duty cycle) for harmonic

search and 220 mJy (assuming a width of 10 ms) for isolated bursts. From the

radio maps, the absence of a continuum source implies a 3σ flux density upper

limit of 0.3 mJy. These results were posted on the astronomer’s telegram (ATEL

#8943).

Organization of the Thesis

This thesis is divided into two parts. The first part describes the blind search ob-

servations followed by the timing observations and analysis. This part (majority

of Chapters 3 and 4 and Chapters 5−8) gives details of the blind survey obser-

vations carried out with the GMRT as mentioned above. Chapter 3 outlines the

observational effort put in the thesis work, while Chapter 4 gives details of the

data analysis methods for different types of observations. Chapter 5 describes the

GMGPPTS and its main results. This part also contains the description about the
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discovery of a new pulsar, PSR J1838+1523 and the follow-up timing observations

carried out thereafter, which are described in Chapter 6. The results from the

follow-up timing observations for the pulsars discovered in the 610 MHz survey

(mentioned above) are described in Chapter 7. In Chapter 8 we describe the vari-

ability study performed for the 29 point sources at 325 MHz using the snapshot

images obtained from imaging mode data taken for PSR J1838+1523.

The second part contains Chapter 9 and 10. It contains the results obtained for

targeted searches towards some promising radio pulsar candidates. Chapter 9

describes the pulsation search done at 610 and 1420 MHz with the GMRT to-

wards the very high energy γ-ray source HESS J1818−154, which was associated

with SNR G015.4+0.1 (Hofverberg et al. 2011). The observational constraints

and considerations for this search are described in Chapter 3. This search was

very different from traditional pulsar searches. Due to the constraints put by the

requirement that the source be imaged properly, the search observations had to be

broken into smaller scans (see Chapter 4 for details). This required the develop-

ment of a new search pipeline as well as a diagnostic viewer. These are described

in Chapter 4. The results obtained in the pulsation search as well as the other

relevant material forms the subject matter of Chapter 9. Chapter 10 describes

the observational efforts and results of the radio pulsation search for four SGR

sources namely, SGR J1745−2900, SGR J1935+2154, SWIFT J174540.7−290015

and SGR J0755−2933. We summarize all the results and their implications in

Chapter 11.

Conclusions

Part I: Blind Search and Follow-up Timing

The blind search carried out using the GMRT at 325 MHz resulted in the discovery

of a new pulsar, PSR J1838+1523. A combination of daily timing observations

carried out at the ORT and simultaneous imaging observations carried out at the

GMRT provided a coherent timing solution, which is given in a table below

This pulsar showed a lot of flux density variations resulting in 15 non-detections

during the follow-up observations. The primary reason for the variability appears

to be interstellar scintillation. The mean flux density of this pulsar was estimated
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Table 2: Timing solution obtained for PSR J1838+1523. For the measured
quantities, numbers in brackets indicate 1σ errors in the last significant digit as

reported by TEMPO2.

Fit and data-set
Pulsar name . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J1838+1523
MJD range . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55770.6—57157.0
Data span (yr) . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.80
Number of TOAs . . . . . . . . . . . . . . . . . . . . . . . . 218
RMS timing residual (µs) . . . . . . . . . . . . . . . . 1656.5
Weighted fit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Y
Reduced χ2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.22

Measured Quantities
Right ascension, α (hh:mm:ss) . . . . . . . . . . . 18:38:46.78(1)
Declination, δ (dd:mm:ss) . . . . . . . . . . . . . . . . +15:23:24.9(1)
Pulse frequency, ν (s−1) . . . . . . . . . . . . . . . . . . 1.82096092904(2)
First derivative of pulse frequency, ν̇ (s−2) −6.73(6)×10−17

Dispersion measure, DM (cm−3pc) . . . . . . . 68.28(3)
Set Quantities

Epoch (MJD) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56675
Derived Quantities

log10(Characteristic age, yr) . . . . . . . . . . . . . 8.63
log10(Surface magnetic field strength, G) 11.03

log10(Ė, ergs/s) . . . . . . . . . . . . . . . . . . . . . . . . . 30.68
Assumptions

Clock correction procedure . . . . . . . . . . . . . . . TT(TAI)
Solar system ephemeris model. . . . . . . . . . . . DE405
Binary model . . . . . . . . . . . . . . . . . . . . . . . . . . . . NONE
Model version number . . . . . . . . . . . . . . . . . . . 5.00

to be 4.3 ± 1.8 mJy at 325 MHz and 1.2 ± 0.7 mJy at 610 MHz, implying a

spectral index of −2.

Multi-frequency timing observations performed for the GMRT pulsars enabled

their DMs to be measured with an accuracy of upto 0.4 pc-cm-3, even with a ca-

dence of 2 weeks and a few TOAs at high frequencies. Nulling analysis done over

multi-epoch data for PSR J2208+5500 revealed a large nulling fraction of 50 ±
5%. The scatter-broadening estimates for PSR J2217+5733 and PSR J0026+6320

implied that despite being close to the Galactic plane, the regions containing these

pulsars show significantly less scattering. Multi-frequency imaging data enabled

the measurement of spectral indices as −2.4 ± 0.4 for PSR J2208+5500, −2.4 ±
0.3 for PSR J2217+5733 and −0.9 ± 0.4 for PSR J0026+6320.
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The unique capability of the GMRT to provide simultaneous imaging data helped

the calibrations to be verified based on the multi-epoch flux density measurements

of 29 point sources at 325 MHz and 12 of them at 610 MHz, in the field of view of

PSR J1838+1523. These unique data sets, obtained over more than three years,

helped in constraining the spectral indices of 11 sources, while providing stringent

limits on the variability of all the 29 sources at 325 MHz. It also helped in identi-

fying NVSS J183729+153210, J183708+153141 and J183850+152214 as potential

FSRQ sources in this field.

Part II: Targeted Search towards High Energy Sources

The high resolution images of SNR G15.4+0.1 were made for the first time at 610

and 1420 MHz by our collaborators. The study of molecular CO towards this SNR

hinted towards a hadronic origin of the VHE γ-ray emission. Although the X-ray

observations pointed towards a possible PWN connection, non-detection of radio

pulsations as well as lack of point-like sources in the continuum maps made the

hadronic scenario slightly more stronger. Better data obtained in the MeV−GeV

energy range shall be useful to settle the issue once and for all.

The non-detections of radio pulsations towards SGR J1745−2900 and J1935+2154

in our observations were consistent with the expectations given the results at other

radio frequencies. Simultaneous imaging data taken towards SGR J1935+2154 al-

lowed us to make the first high resolution map of SNR G57.2+0.8 at 610 MHz.

This map was consistent with the 1.4 GHz map made using archival VLA data.

Non-detection of a continuum source associated with SGR J1935+2154 indicated

that it may be radio quiet. Non-detection of radio pulsations and lack of pulsations

even in high energy data from SWIFT J174540.7−290015 and SGR J0755−2933

make them unlikely SGR sources.
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Chapter 1

Introduction

1.1 What Are Pulsars?

Pulsars are pulsating radio sources. They are rapidly rotating neutron stars pos-

sessing typical magnetic field strengths ranging between 108−1014 Gauss. They

are detectable at radio frequencies through the beam of coherent radio emission

from their magnetosphere. In landmark papers written in 1934, Walter Baade

and Fritz Zwicky not only coined the term supernova (Baade and Zwicky 1934b)

but also proposed a completely new type of stellar remnant, neutron star (Baade

and Zwicky 1934a). In their words, “With all reserve we advance the view that a

super-nova represents the transition of an ordinary star into a neutron star, con-

sisting mainly of neutrons. Such a star may possess a very small radius and an

extremely high density.” The idea was so ahead of its time that it took 33 years

to get observational confirmation. In 1967, Jocelyn Bell, a doctoral student at

the University of Cambridge, while determining angular sizes of compact radio

sources using interplanetary scintillation (IPS), found a pulsating radio source.

Once terrestrial radio frequency interference (RFI) was ruled out as a possibility,

the frequency sweep of the radio pulsations indicated that the source was Galactic

in origin and was either a white dwarf or a neutron star (Hewish et al. 1968). The

pulses were thought to be originating from radial pulsations of the compact star

1
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and were measured to be as stable as a few parts in 107. Gold (1968) attributed

the remarkably stable pulsations to the rotation of neutron stars and proposed the

so called “Lighthouse Effect” i.e. the beam being swept past our line of sight once

per rotation, giving rise to the radio pulses.

1.2 Important Properties of Radio Pulsars

The word pulsar is an abbreviation of the phrase “Pulsating Star”. Pulsars

are characterised by their rotation periods. The rotation periods range from

few milliseconds up to a few seconds. The most rapidly rotating pulsar is PSR

J1748−2446ad with a period of only 1.4 ms (Hessels et al. 2006), while the slowest

is PSR J2144−3933 with a period of 8.5 s (Young et al. 1999). These periods

are usually very stable. Some of the pulse periods are as stable as a few parts in

1012 or more (Freire et al. 2003). On the basis of spin periods (P) and spin pe-

riod derivatives (Ṗ), radio pulsars are usually classified in two categories, namely

normal pulsars (P > 30 ms and Ṗ ∼ 10-15 s-s-1) and millisecond pulsars or MSPs

(P < 30 ms and Ṗ ∼ 10-19 s-s-1). Although they show many orders of magnitudes

of difference in their properties, there are some properties which are common and

are useful in the study of the pulsar population. We discuss some of them briefly

in the next sections.

1.2.1 Integrated Profiles

Pulsars are weak radio sources. Thus, one needs to observe a few hundred pulses

(Helfand et al. 1975) and fold the time series modulo the pulse period, to get what

are called the integrated profiles (IP). Although, the individual pulses vary quite

a lot in intensity, the integrated pulse profile is usually stable and is a unique

feature of the particular pulsar. The IP, in fact, is a physical signature of the

emission beam geometry and the angle made by our line of sight with the axis of

the magnetic field. The typical duty cycles for pulsars are of the order of a few
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percent but the pulse shapes as well as number of components vary widely. This

has been shown for a few pulsars in Figure 1.1.

Figure 1.1: Some pulse profiles observed at 1.4 GHz. The X-axis shows pulse
phase in degrees on the bottom scale and in time on the top scale. The profiles
have been zoomed on the pulse area to show the structure in a better way.

Figure taken from Seiradakis and Wielebinski (2004)

While the IP is unique to a pulsar (apart from the exceptions noted below), it

does vary as a function of observing frequency. For some pulsars, the IPs also

change as a function of time. The change in IPs over time can happen due to two

major reasons. One of them is the precession in a binary system, which was seen

as the decrease in the intensity of one of the two components in the profile for

PSR B1913+16 (Weisberg et al. 1989). Another extreme example is that of pulsar

B in the double pulsar system PSR J0747−3039A/B, which is not detectable any

more because precession has made the emission beam of the pulsar to drift out
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of our line of sight, making it non-detectable from the year 2008 (Burgay et al.

2014). The other reason for profile changes over time is due to a phenomenon

called mode changing. The pulsars, which show mode changes, have two or three

different stable profile shapes and shift abruptly into one of them. The extreme end

of the mode change is that there is no detectable emission in the other mode. This

phenomenon is called nulling and was first reported by Backer (1970). The current

understanding about these phenomena is that the pulsar magnetosphere has more

than one metastable states and each state gives rise to a slightly different beam

geometry. Lyne et al. (2010) recently found out that the different configurations

of the magnetosphere also correspond to different spin-down rates for the mode

changing pulsars.

The integrated profiles of pulsars also differ in their shapes according to the ob-

servation frequency. One can compare Figure 1.1 and 1.2 to see that the profiles

look very different at different observing frequencies. This effect is seen due to the

radio emission mechanism, giving rise to emission at different radio frequencies

at different heights from the pulsar surface. This so called radius to frequency

mapping (RFM) is explained conceptually in Figure 1.3.

1.2.2 Flux Densities and Spectra

As was stated in the previous section, pulsars are weak radio sources. The typical

pulsar flux densities at a frequency of 400 MHz1 are a few to a few hundred mJy (1

Jansky = 1 Jy = 10-26 W-m-2-Hz-1). As pulsars have a small duty cycle, the flux

densities of the pulsars are always converted into mean continuum flux densities

by averaging the integrated pulse intensity over the rotation period. Pulsars are

typically steep spectrum sources and their spectra can be represented to the first

order by a single power law of the form

Sν ∝ να (1.1)

1According to the Australia telescope national facility (ATNF) pulsar catalog. This catalog
lists many pulsar properties and is available at www.atnf.csiro.au/people/pulsar/psrcat/
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Figure 1.2: Pulse profiles for the same pulsars as in Figure 1.1 but observed
at 10.7 GHz. Figure taken from Seiradakis and Wielebinski (2004)

The average value of α was recently estimated to be −1.41±0.06 (Bates et al.

2013). Pulsars show different types of radio spectra. Apart from the usual power

law spectra, some pulsars show broken spectra with two different power law slopes

in low and high radio frequency ranges. An extreme example of this is the spectral

turnover wherein, the power law slope becomes positive below some frequency.

These spectral turnovers usually happen at around 100−300 MHz but there are

some examples where the turnover frequency is much higher (Maron et al. 2000).

Figure 1.4 shows representative spectra for a single and double power law type

spectra. The average value of α as measured by Maron et al. (2000) was −1.8±0.2.

The recent value being slightly flatter means that there are many more flatter

spectrum pulsars than previously known.
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Figure 1.3: A model showing radius to frequency mapping in radio pulsars.
The emission at high radio frequencies happens closer to the neutron star surface
as compared to the emission at lower radio frequencies. This results into wider
beams at low radio frequencies. Figure taken from Seiradakis and Wielebinski

(2004)



Chapter 1. Introduction 7

Figure 1.4: Two Major types of pulsar spectra. a) Typical power law spectrum
with α = −1.8, b) Two power law with smallest difference in slopes (α1 = −0.7
and α2 = −1.2), c) Two power law with largest difference in slopes (α1 = −0.6

and α2 = −2.7). Figure taken from Maron et al. (2000).
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1.2.3 Effects of the Interstellar Medium

The interstellar medium (ISM), that spans the almost empty space between us

and the pulsars in our Galaxy, consists of gas (like Hydrogen, Helium) and dust

particles among other constituents. The gas can be either in the form of plasma

or neutral atoms or even molecules. Dust particles mainly include aggregates of

different molecules or atoms. As will be evident soon, the most influential part of

the ISM for radio pulsar signals, is the plasma. Plasma produces many effects on

the pulsar signal that passes through it. They are namely, dispersion (frequency

dependent delays in the signal), Faraday rotation (rotation of the plane of polar-

ization of the wave), scattering (delay produced due to multi-path propagation,

resulting in an exponential tail in the integrated profile) and scintillation (occurs

due to the fluctuations in the charge density in the ISM as well as the ionosphere

of Earth. This introduces path differences and distorts wave fronts so that ob-

served flux density varies randomly as a function of time). Apart from dispersion,

all the other effects arise in specific cases where a longer term follow-up of some

interesting pulsars is intended. In the sections below, we would discuss dispersion,

scintillation and scattering in some more detail.

1.2.3.1 Dispersion

When the pulsar signal travels through cold plasma, it experiences a frequency

dependent refractive index. The refractive index for a frequency f is given by

µ =

√
1−

(
fp
f

)2

(1.2)

where fp is the plasma frequency given by

fp =

√
e2ne
πme

' 8.5
( ne
cm−3

)1/2

kHz (1.3)
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where ne is the electron number density in the plasma. A very crude estimate of

the average value of ne is about 0.03 cm-3 (Lorimer and Kramer 2005) implying

fp = 1.5 kHz. It is clear from Equation 1.2 that due to differential speed of the

propagating wave, the pulse at a higher frequency will arrive earlier than that at a

lower frequency. In fact, the group velocity of the propagating waves, vg = cµ will

always be less than c if f > fp. As a consequence, the propagation of pulsar signal

of frequency f to a distance d will be delayed in time with respect to a signal of

infinite frequency by an amount

t =

(∫ d

0

dl

vg

)
− d

c
(1.4)

Substituting for vg and noting that fp � f we find

t ' D× DM

f 2
(1.5)

where Dispersion Measure (DM) i.e. integrated free electron density along the line

of sight is given by

DM =

∫ d

0

nedl (1.6)

and is usually expressed2 in pc-cm-3 and the Dispersion Constant is

D ≡ e2

2πmec
= (4.148808± 0.000003)× 103 MHz2-pc-1-cm3-s (1.7)

The uncertainty in D is determined by the uncertainties in e and me. Now, the

delay between two frequencies f1 and f2 (both in MHz) is given by

4t ' 4.15× 106 × (f−2
1 − f−2

2 )×DM ms (1.8)

2Parsec (pc) is a unit of distance defined as the distance at which, the parallax of an object
is 1 arc second as measured six months apart from earth. 1pc = 3.08 × 1016 m
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From measurement of pulse arrival time for two different frequencies, the DM of

pulsar can be inferred along the line of sight. Then according to Equation 1.6, the

distance of pulsar can be estimated if ne(l) is known from standard models like the

NE2001 model (Cordes and Lazio 2002). This is particularly useful in searching

for new pulsars because the search algorithm is iterative in nature and uses an

array of carefully chosen trial DM values, which act as proxy to distance from the

Earth.

1.2.3.2 Scattering and Scintillation

Although the integrated pulse profiles for pulsars are relatively stable, there is a lot

of variation in the pulse energy and shape for individual pulses. Sometimes, these

variations are intrinsic to the pulsar (see Section 1.2.1). The flux density and pulse

shapes of pulsars can also vary because of the change in the structure of the ionized

medium lying between the pulsar and the Earth. Due to changes in the local

free electron (or ion) density, the pulsar signal undergoes multi-path propagation

instead of travelling in a straight line. This manifests either as intensity variations

(scintillation) or stretching of the integrated pulse (scattering). The basic theory

for these was given by Scheuer (1968). For simplicity, the density fluctuations are

always modelled in the form of a thin screen present midway between the observer

and the pulsar (the so called thin screen approximation). The fluctuations are also

assumed to be Gaussian in nature, which implies that the quantities of interest

are typically root mean square (RMS) values relating to the width of the Gaussian

distribution. The repeated scattering of the pulsar signal produces a diffraction

pattern at the location of the observer and the point source appears to be scatter-

broadened. The angular broadening radius (θd) can be estimated to be (Scheuer

1968),

θd ∝
√
d

a

4ne
f 2

(1.9)
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where d is the distance of the pulsar from Earth, a is the characteristic length

scale of irregularities, 4ne is the RMS change in the free electron density and f is

the observing frequency. Due to this angular broadening, the rays received by the

observer at an angle θ with respect to an unperturbed ray are delayed by

4t(θ) =
θ2d

c
(1.10)

Williamson (1972) has shown that this introduces an exponential tail in time

domain such that the observed intensity (I) in time is given by

I(t) ∝ exp(−4t/τsc) (1.11)

where τ sc is the scatter-broadening time scale and is given by

τsc =
θ2
dd

c
∝ 4n

2
e

a
d2f−4 (1.12)

This implies that the pulsars having high DMs would show large scattering tails

at low frequencies. This has been observationally verified (e. g. Krishnakumar

et al. 2015). In the case of relative motion between the source, the observer and

the scattering screen, the diffraction pattern would move and produce intensity

fluctuations i. e. scintillation. The scintillation time scales also inherit the f−4

dependence. Based on the origin of the motion of the diffraction pattern, scin-

tillations could either be diffractive [diffractive interstellar scintillation (DISS)] or

refractive [refractive interstellar scintillation (RISS)]. For typical ISM velocities,

the characteristic time scales for DISS are of the order of a few seconds to few

hours, while the time scales for RISS are of the order of months at centimetre

wavelengths.
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1.2.4 The Pulsar Population

Given the very long lifetimes of pulsars (of the order of a few billion years), what

one essentially does while studying pulsars is to look at a large number of them

to do some population study to try and figure out how they form and evolve in

different scenarios. Given the weak nature of their emission, the current pulsar

population is very much Galactic in origin. Currently, the farthest known pulsars

lie in the Magellanic clouds and they are 28 in number (Ridley et al. 2013). Out

of the remaining, only 144 are located in Galactic globular and other clusters3.

This means that out of about 2500 pulsars currently known, almost 93% pulsars

reside in the Galactic disk. This implies that due to the ISM effects described

in the previous section, there would be an observational bias against detecting

highly scattered and weak, distant pulsars. Another bias is due to the narrow

radio beam of the pulsars which means that there may be active radio pulsars not

beaming towards the Earth. The estimated total number of active pulsars in our

Galaxy is about a million (Lorimer and Kramer 2005). Now, like the optical stars,

one can not construct an H-R diagram for radio pulsars. However, radio pulsars

posses one unique property which enables us to construct a similar diagram for

them. To a very rough approximation, pulsars emit radiation at the expense of

their rotational kinetic energy. Thus, in the process of emission, the rotational

kinetic energy decreases over time and in return, the pulsar slows down over time.

This rate can be very precisely determined by doing pulsar timing measurements

which are described in detail in Section 4.3. It is the rate of the slow-down or the

period derivative (Ṗ) which enables us to construct a diagram depicting the pulsar

population. That diagram is called a P−Ṗ diagram.

In the P−Ṗ diagram plotted in Figure 1.5, the normal pulsars and MSPs show

up as two different populations. The normal pulsars are clustered towards the

center of the plot while, the MSPs form a cluster towards the bottom left of the

plot. They have much smaller periods as well as period derivatives as compared

to normal pulsars. Apart from the separation of different populations, simple

3www.naic.edu/∼pfreire/GCpsr.html
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Figure 1.5: The known pulsar population represented in a P−Ṗ diagram. This
diagram does not show the pulsars which are in globular clusters. Also shown in

the plot, are the lines of constant surface magnetic field strength (BS ∝
√

PṖ),
characteristic age (τ ∝ P/Ṗ) and spin-down luminosity (Ė ∝ Ṗ/P3). Made by

using the script ppdot plane plot.py in PRESTO4.

dipole models of pulsar magnetosphere allow us to obtain an estimate for many

more pulsar parameters like the surface magnetic field strength (BS ∝
√

PṖ), the

characteristic or spin-down age (τ ∝ P/Ṗ) and the spin-down luminosity of the

pulsar (Ė ∝ Ṗ/P3). The lines of constant magnetic field strength, characteristic

age and spin-down luminosity are also shown in the P−Ṗ diagram in Figure 1.5 .

The region towards the bottom right of the plot, where no pulsar is seen is called

the death valley region for radio pulsars. This region is separated by the death

4www.cv.nrao.edu/∼sransom/presto
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line which is the line separating the neutron stars that can sustain radio emission

from the ones that can not (Ruderman and Sutherland 1975). Although the exact

spacing and nature of the death line is somewhat dependant on the emission model

(Zhang et al. 2000), the death valley region is fairly well defined and as expected,

not populated.

As can be clearly seen, MSPs are much older and have much lower magnetic fields

as compared to the normal pulsars but are still almost as luminous. This lead to

the conjecture that MSPs are born as normal pulsars and slowly fade away into

the death valley. They are then recycled as MSPs through mass transfer from

their binary companions (Bhattacharya and van den Heuvel 1991). Apart from

MSPs, there are some more interesting types of pulsars sitting in the population.

Magnetars or magnetic stars (denoted by filled cyan triangles in Figure 1.5), which

are powered by their magnetic fields rather than rotational kinetic energy, form the

top right island in the P−Ṗ plot. They have extremely high magnetic fields of the

order of 1014 G. Rotating RAdio Transients (RRATs; denoted by green crosses in

Figure 1.5) (McLaughlin et al. 2006) are transient pulse emitters and have slightly

higher magnetic field strengths than normal pulsars. They were believed to form

the bridge between normal pulsars and magnetars. This distinction appears to

be less justified with a larger sample available now (Keane et al. 2011). Different

types of extreme pulsars also exist and their position in the P−Ṗ diagram helps

in assessing how the evolution of the neutron stars happens after the supernova

explosion.

1.3 Pulsars as Physical Tools

With more than 1.5 M� packed into a sphere with a radius of about 10 km,

pulsars are the most compact form of matter that can be detected directly through

electromagnetic observations. This, combined with the ever so stable rotation

that allows very precise measurements over long time scales, makes pulsars very

fascinating objects for studying many different aspects of physics. In the next few
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sections, we briefly discuss some of the extreme physics that can be studied using

pulsars as physical tools.

1.3.1 High Precision Timing and Pulsar Time

Pulsars are very stable rotators. Their rotations can be monitored very precisely

over a long time scale to obtain many important parameters. This is done usually

by doing pulsar timing (described in detail in Section 4.3). MSPs show much

more stability in their rotation as compared to that of the normal pulsars. This

allows the prediction of the arrival time of a pulse just by using the timing model.

Very stable MSPs thus, can become excellent clocks. The stability of MSPs as

clocks is not very good over short time scales of a few years but after that, some

of the most stable MSPs like PSR J0437−4715 shows better stability than atomic

clocks (Lorimer and Kramer 2005). This fact points towards the possibility of

establishing a pulsar time scale (albeit, with some caveats) which will be universal

and would require dedicated timing observations of a handful of very stable MSPs

(see Hobbs et al. 2012, for a recent account).

1.3.2 Testing Theories of Gravity

Although the Pound-Rebka experiment of gravitational red shift (Pound and Re-

bka 1959) provided a very stringent test of Einstein’s theory of general relativity

(GR), it was still in the weak field limit of the theory. In the classical limit, GR

reduces to Newtonian gravity. Hence, the only place where the GR can be really

put to test against alternate theories of gravity is in the strong field regime. Such

a regime is readily provided by compact objects like neutron stars (Will 2014),

especially binary neutron stars. In fact, the first indirect confirmation of the ex-

istence of gravitational waves was provided by precise timing measurements done

on a double neutron star binary system PSR B1913+16, which showed the decay

of orbit due to emission of gravitational waves at the expense of the orbital po-

tential energy (Taylor and Weisberg 1989). The discovery of the double pulsar
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system J0737−3039A/B (Burgay et al. 2003; Lyne et al. 2004) has lead to the

most stringent tests of the GR to date.

1.3.3 Extrasolar Planets

The unprecedented precision afforded by pulsar timing, allowed Wolszczan and

Frail (1992) to detect the presence of the first extrasolar planets; three of them,

revolving around the MSP PSR B1257+12. Unlike the Jupiter-like planets de-

tected using the optical telescopes, the timing analysis revealed the presence of

one lunar mass and two Earth mass planets revolving around the pulsar. This level

of precision is possible only due to the stable neutron star rotation. Although the

origin of neutron stars (supernova explosion) does not typically allow such systems

to sustain, pulsar timing is sensitive enough to detect such planets if they survive.

1.3.4 Galactic Structure

As stated in Section 1.2.3, the pulsar signal gets dispersed and the DM provides

a handle on the integrated line of sight free electron density. An independent

distance measurement for some pulsars can be obtained through optical parallax

of its binary companion star (if any), an HI absorption line measurement, very

long baseline interferometry (VLBI) based parallax measurement or associations

with objects of known distance such as supernova remnant, globular cluster, star

forming regions etc. Such measurements for a large number of pulsars across the

Galaxy can be used to make a model of the free electron distribution. One such

example is the NE2001 model (Cordes and Lazio 2002). This model, in turn, is

used to estimate the distance to a pulsar once its DM is known with fair accuracy.

In this sense, pulsar are useful tools to map out large scale structure of the Galaxy

through DM measurements. A slight change in the DM value along the line of sight

may indicate change in the free electron density. Long term monitoring of DM

changes may reveal a lot about the dynamics of plasma along some few special lines

of sight. In fact, the crab pulsar, PSR B0531+21, which is inside a pulsar wind
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nebula, shows changes in the profile shape due to passage of filaments of plasma

through the line of sight. Such measurements have helped in understanding the

dynamics of plasma in the neighbourhood of this pulsar (Backer et al. 2000).

1.3.5 Condensed Matter Physics

The matter in the interior of neutron stars has a density, which is more than the

nuclear density. Such super dense matter can not be created in any terrestrial

laboratory. Naturally, it is difficult to predict the behaviour of such matter. The

most fundamental quantity regarding such system is the equation of state of the

matter i.e. a relation between pressure and density. There are many theories as

to what kind of matter comprises the neutron star interior. Precise mass mea-

surements in binary systems are very useful in ruling out some equations of state

(Demorest et al. 2010).

1.3.6 Pulsar Timing Array

The clock-like stability of the MSPs makes them very useful tools for probing a

very different aspect of gravitational physics. This requires an array of MSPs

at different locations in the sky. Any passing gravitational wave will distort the

space-time so that, one could detect very minor changes in the timing residuals

(after subtracting timing model from the observed times of arrival) which will be

correlated over many pulsars. This concept of the pulsar timing array (PTA) was

first suggested by Foster and Backer (1990). The PTA would be sensitive to grav-

itational waves in the nano-Hertz frequency range, thus probing the gravitational

wave background created by the merger of binary super-massive black holes. The

RMS level of residuals required to be able to detect this background is of the

order of 10 ns. Currently, there are only a handful of MSPs having the required

level of residuals. The effort in the PTA has been initiated by three major PTAs

worldwide. They are the Parkes Pulsar Timing Array (PPTA)5, the European

5www.atnf.csiro.au/research/pulsar/ppta/
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Pulsar Timing Array (EPTA)6 and the North American Nanohertz Observatory

for Gravitational waves (NANOGrav)7. Together, the effort is called the Interna-

tional Pulsar Timing Array (IPTA)8. Although there are not enough MSPs with

the required residual levels, the IPTA and the individual PTAs are putting up-

per limits on the possible gravitational wave background amplitude (hc), that are

useful for understanding the evolution of the galaxies through mergers as they

harbour super-massive black holes in their cores. The current upper limits on the

gravitational wave background amplitude imposed by the NANOGrav, EPTA and

PPTA stand at 1.5 × 10-15, 3.0 × 10-15 and 1.0 × 10-15 with 95% confidence, at

a frequency of 1 yr-1, respectively (see Verbiest et al. 2016). The combined IPTA

data set implies a limit of 1.7 × 10-15 with 95% confidence, at a frequency of 1 yr-1

(Verbiest et al. 2016). This limit implies a rejection of the standard galaxy evolu-

tion model used for the millennium simulation at 50% confidence limit (Shannon

et al. 2013).

6www.epta.eu.org/
7www.nanograv.org/
8www.ipta4gw.org/
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Literature Review

As explained in Section 1.2.4, the study of pulsars as physical objects as well as

their use as tools to understand physics in extreme limits, pertains to obtaining

a good estimate of pulsars as a population. A good way to obtain a complete

sample of pulsars is to keep searching for them with improved instruments and

methods. Such quests are termed as pulsar searches. In this chapter, we take an

overview of the past and ongoing blind pulsar searches carried out with different

radio telescopes, using varied techniques.

2.1 Why Search for Pulsars ?

The discovery of the first pulsar, PSR B1919+21, by Jocelyn Bell (Hewish et al.

1968) was followed by an accurate association with a neutron star origin (Gold

1968). The fact that such extreme objects exist and are detectable by simple radio

telescopes was recognised by astronomers. In early days of pulsar astronomy, the

only property which was well known about pulsars was that their periods were very

stable at the level of a few parts in 107 or better (Hewish et al. 1968). They were

new, enigmatic and interesting radio sources. Thus, early motivations for pulsar

searches were basically related to obtaining a meaningful, statistical sample to be

able to study their population properties. After the discovery of PSR B1937+21,

19
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the first MSP with a rotation period of only 1.5 ms, questions were raised about the

origin and evolution of such sources (Backer et al. 1982). As the pulsar population

started building, the motivation for finding new pulsars was augmented with many

more aspects like trying to find more MSPs, constructing a luminosity function

for pulsars, finding out the radial distributions of the pulsars in the Galaxy and

trying to match the observed pulsar population to the predicted supernova rates

relating directly to the evolution of our Galaxy (Lyne et al. 1985).

With the advent of advanced computing facilities as well as the availability of

better hardware and software for data analysis, pulsar searches have become more

fruitful in the modern era. The current population boasts of about 2500 known

pulsars1 with vastly different type of sources like normal pulsars, MSPs, RRATs,

magnetars, low mass X-ray binaries (LMXBs), high mass X-ray binaries (HMXBs),

accreting millisecond X-ray pulsars (AMXPs) and many more. The modern day

motivation for pulsar searches is still basically trying to add to the existing pop-

ulation. In addition, with reference to the different types of pulsar studies as well

as their use as tools for understanding many physical phenomena (as discussed in

Sections 1.2 and 1.3), one needs to have as many sources of each different type to

study the specific physics problem as well as understand the common origin with

the later evolution into the different classes.

2.2 A Short History of Blind Pulsar Searches

It was clear from the beginning, that observable pulsars were mostly Galactic in

origin. This meant that the density of pulsars would be highest near in the Galactic

disk. Blind pulsar searches were thus, aimed primarily at the Galactic plane. One

look at the history of pulsar searches reveals that the observing frequencies for

pulsar searches went from 80 MHz to 1.4 GHz. The major mile stone in pulsar

searches was achieved by the Parkes multi-beam pulsar survey (PMPS; Manchester

et al. 2001), which doubled the number of pulsars known at that time. Due to

1www.atnf.csiro.au/people/pulsar/psrcat/
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the remarkable feat achieved by the PMPS, pulsar search history can be divided

in two sections namely, before PMPS and after PMPS. In the next sections, we

describe these separately, while dedicating a special, short section to describing

PMPS itself.

2.2.1 Initial Pulsar Searches

The discovery of the first pulsar, PSR B1919+21 was done at an observing fre-

quency of 81.5 MHz (Hewish et al. 1968). The surveys those followed, were car-

ried out at slightly higher frequencies of 110 and 408 MHz at National Radio

Astronomy Observatory (NRAO) (Huguenin et al. 1968) and Molonglo (Turtle

and Vaughan 1968), respectively. The initial surveys were basically performed

with transit scanning instruments with very little steerability. This resulted in

much shorter integrations and reduction in sensitivity. This can be related to the

fact that the telescopes at Cambridge in the United Kingdom and Molonglo in

Australia, were basically imaging instruments and were basically being used to

map the radio emission in the observable part of the sky. The stationary nature of

the telescope also reduced sensitivity due to non-uniform illumination at slightly

higher zenith angles (Turtle and Vaughan 1968). The other limiting factor was the

back-end, which was a pen and chart recorder which would produce a deflection

proportional to the source intensity. The finest time resolution available was of the

order of the order of a few ms (Large et al. 1968). The typical survey sampling was

of the order of a few hundred ms (Turtle and Vaughan 1968) and a faster sampling

was done only when a new source was suspected. Given that the instruments were

not constructed for observing highly variable sources, there were limited means

to correct for the frequency sweep produced by interstellar dispersion. In fact,

Hewish et al. (1968) could figure out through carefully designed experiments, that

the pulse dispersion has an inverse square dependence on frequency (as explained

in Section 1.2.3.1) even in a band as small as 1 MHz. Burns and Clark (1969) have

summarized the problems with using digital processing for pulsar detection and

they point out that it is computationally expensive as well as low in yield. The
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techniques discussed by Burns and Clark (1969) are basically fast folding analysis

(FFA) and fast Fourier transforms (FFT) and they comment that given the time

and frequency resolution, the search analysis is biased against weaker pulsars with

periods not harmonically related to the sampling interval. Even with such coarse

sampling, which was biased against short period pulsars and no way to correct for

pulse dispersion, it is remarkable that they were able to detect and characterize

about 30 new pulsars by the end of 1970. The survey started at the Jodrell Bank

Mark I telescope at 408 MHz was the first to use an online computer for data

processing (Davies and Large 1970). The offline analysis was carried out in real

time and searched in DM space with a resolution of 20 pc-cm-3 over a range of

0−1100 pc-cm-3. This survey was very successful and discovered 39 new pulsars

(Davies and Large 1970; Davies et al. 1970, 1972, 1973).

The first pulsar survey at Arecibo telescope (Hulse and Taylor 1974) was conducted

at 430 MHz with a dedicated pulsar back-end which performed online dedispersion

using the tree dedispersion algorithm to produce 64 dedispersed time series streams

with two different DM resolutions in the DM range 0−1240 pc-cm-3. The offline

processing, for the first time attempted a full search over the P−DM−duty cycle

phase space by using the harmonic summation algorithm reported by Burns and

Clark (1969). This survey was also very successful with the discovery of 40 new

pulsars (Hulse and Taylor 1975a) including the much celebrated first binary pulsar,

PSR B1913+16 (Hulse and Taylor 1975b). The Green bank survey described in

Damashek et al. (1978) used similar search techniques to discover 11 more new

pulsars. This survey was complementary to the survey undertaken at Molonglo by

Manchester et al. (1978). This was the first time when low noise amplifiers (LNA)

were employed just after the feed in order to reduce the system noise by a factor

of 2.5 (Manchester et al. 1978). This survey was the most successful till its time,

discovering 155 pulsars as compared to 149 in all the surveys combined. It also

made use of the multiple beams to compensate for the loss in sensitivity due to

low gains at high zenith angles (Manchester et al. 1978). The Princeton−NRAO

survey described in Dewey et al. (1985), was carried out at 390 MHz and discovered

34 new pulsars. They also note that the pulsar surveys were reaching sensitivities
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to a level below which, the probability of finding new pulsars was getting lower

and lower. The overall search sensitivities were coming down drastically by this

time and were hovering around a few mJy for normal pulsars. None of the above

quoted surveys, however, was sensitive to pulsars having periods below a few tens

of ms. The discovery of the first MSP, PSR B1937+21 in 1982 (Backer et al. 1982)

in a targeted search, opened the possibility of a completely new class of pulsars.

The surveys those followed, tried to look specifically for MSPs (the name was not

yet stuck). The continuation of the Princeton−NRAO survey (Stokes et al. 1985)

at Green bank and a limited, targeted survey to look for pulsars associated with

supernova remnants (SNRs) carried out for the first time at a high frequency of

1.4 GHz at Jodrell bank (Manchester et al. 1985) had a sampling time of 2 ms.

Both of them did not detect any MSPs. First successful blind search discovery

of an MSP, PSR B1855+09 came through the Arecibo telescope observing at 430

MHz (Stokes et al. 1986). By this time, it was realized that the extra scatter

broadening and dispersive smearing could be responsible for the limited success of

the new surveys at 400 MHz and the pulsar surveys at the Jodrell bank telescope

had moved to 1.4 GHz. The Jodrell bank B survey (Manchester et al. 1985; Clifton

and Lyne 1986; Clifton et al. 1992) discovered 40 new pulsars.

The first successful survey at 1.5 GHz was carried out by Johnston et al. (1992)

using the Parkes telescope, a fully steerable 64 m diameter single dish, discover-

ing 46 new pulsars. This was the first survey which had sampling times going

into the sub millisecond regime. This survey discovered many young and distant

pulsars. PSR B1259−63, first pulsar in a binary system with a stellar mass star

was discovered in this survey (Johnston et al. 1992). Nice et al. (1993) discovered

two new MSPs with Arecibo telescope in a blind survey carried out at 430 MHz.

They used a supercomputer for doing the survey data analysis, which gave them

freedom to choose the trial DM values which were not related to delays which were

integral multiples of the sampling time. With finer sampling times, the Arecibo

surveys carried out at 430 MHz had started detecting MSPs (Nice et al. 1995;

Foster et al. 1995). It was also noted that the MSPs were much closer to the Sun
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and hence, their distribution was much more isotropic as compared to normal pul-

sars. This meant that the MSP population, as known at that time, was relatively

local (Foster et al. 1995). Given the limited success of high frequency surveys in

finding MSPs, it was thought that higher frequencies may not be good for detect-

ing MSPs due to their low luminosities as well as steep spectra (Manchester et al.

1996). This lead to a blind survey for MSPs using the Parkes telescope at 436

MHz. This survey detected 101 new pulsars including 17 new MSPs (Lyne et al.

1998). The population analysis done by Lyne et al. (1998) indicated that there

should be about 30000 potentially observable pulsars. The newly detected MSPs

had much larger DMs and the pulsar population now showed a significant bimodal

period distribution (Lyne et al. 1998). Just when it seemed that major surveys

were shifting again to low radio frequencies, in came the PMPS !

2.2.2 The Parkes Multi-beam Pulsar Search

Pulsar searches at low radio frequencies were preferred because of the steep spectra

of pulsars. These surveys, however, suffer from many drawbacks. The dispersion

smearing is inversely proportional to the square of the observing frequency (Section

1.2.3.1). The scatter broadening of the profile is more severe at low frequencies. In

fact the scattering strength is proportional to ν–4.4 (Rickett 1977) which essentially

suppresses the pulsed nature of radio emission for highly scattered pulsars. In

addition, the background continuum emission from the Galaxy is very dominant at

low frequencies. It follows a typical brightness temperature spectrum of Tb ∝ ν–2.5

(Haslam et al. 1982). Thus, highly sensitive surveys at high radio frequencies have

larger potential to detect high DM or highly scattered pulsars as compared to their

lower frequency counterparts. The only drawback of surveys at high frequencies

is the small field of view. This drawback was removed with the fabrication of the

multi-beam feed (Staveley-Smith et al. 1996). This focal-plane array had 13 feeds

arranged in a hexagonal grid. The feed positioning is such that a cluster of four

pointings (as shown in Figure 2.1) would cover a region about 1.5◦ across.
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Figure 2.1: Beam positions for the four pointing strategy used in PMPS.
The beams are labelled with pointing number followed by the hexadecimal feed
number. The beam positions for the first pointing are shaded. Figure taken

from Manchester et al. (2001)

A well organized survey strategy would provide good survey speed with uniform

sensitivity (see Manchester et al. 2001, for details). With a cooled receiver resulting

in a receiver temperature of 21 K and an unprecedented bandwidth of 300 MHz, the

PMPS doubled the number of known pulsars. Not just the original processing but

even reprocessing of the PMPS data has produced a lot of new pulsar discoveries

of various types (e.g. McLaughlin et al. 2006; Eatough et al. 2013).

2.2.3 Modern Pulsar Searches

The PMPS revolutionized pulsar searches and paved way for many modern pulsar

back-ends, resulting in more and more pulsar discoveries. So much so that, all the

surveys including the PMPS discovered nearly 1500 pulsars in the 35 years fol-

lowing the discovery of pulsars, with later surveys discovering the remaining 1000
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pulsars in only 12 years. Table 2.1 lists some important observational character-

istics of major blind pulsar surveys to date. The multi-beam receiver at Parkes

itself was used in many surveys like the Parkes high latitude (HL) survey (Burgay

et al. 2006), the Swinburne intermediate-latitude pulsar survey (Edwards et al.

2001), the Perseus arm pulsar survey (Burgay et al. 2013) and the southern High

Time Resolution Universe survey (HTRU; Keith et al. 2010). The multi-beam

receiver idea itself was implemented at two of the premier radio telescopes. The

Arecibo L-band Feed Array (ALFA), which has seven beams was constructed us-

ing Parkes multi-beam feed technology. This feed was used for the Pulsar ALFA

survey (PALFA; Cordes et al. 2006). The Effelsberg telescope has a similar feed

with seven beams and was used for the northern HTRU survey (Barr et al. 2013).

With the advent of tera-flop level computer clusters and state of the art pulsar

back-ends providing 61 µs sampling over 400 MHz bandwidth, the HTRU sur-

veys will cover all the sky with an unprecedented sensitivity of 0.5 mJy and have

already started making new exciting discoveries. These state of the art systems

are paving the way for the next generation telescopes like the already constructed

five-hundred-meter aperture spherical telescope (FAST)2 in China and the upcom-

ing square kilometre array (SKA)3 with which, we expect to finally complete the

Galactic census of pulsars while also detecting even the first and hopefully, many

more extragalactic pulsars (Keane et al. 2015).

2www.fast.bao.ac.cn
3www.skatelescope.org
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2.3 Some Interesting Pulsar Systems

Pulsars are one of the most enigmatic celestial objects. In over 47 years of discovery

and observations of over 2500 pulsars, we have discovered many interesting systems

which pushed the boundaries of our understanding by first befuddling us and then

opening up new avenues of modern physics. Some of the important4 systems are

listed below.

• The first binary pulsar, PSR B1913+16, which was discovered by Hulse and

Taylor (1975b). Follow-up timing analysis of this binary system led to the

first indirect detection of gravitational waves (Taylor and Weisberg 1989),

which culminated in the discoverers getting awarded by the Nobel prize in

Physics in 19935.

• The first millisecond pulsar, PSR B1937+21, which was discovered by Backer

et al. (1982). This 1.5 ms pulsar remained the fastest known pulsars for 24

years till Hessels et al. (2006) discovered PSR J1748−2446ad, a 1.4 ms pulsar

which, to date, remains the known fastest spinning pulsar.

• The first extrasolar planetary system was discovered orbiting PSR B1257+12

(Wolszczan and Frail 1992). This system has one lunar mass planet and two

Earth mass planets revolving around the pulsar.

• The slowest known radio loud pulsar, PSR J2144−3933, which was discov-

ered by Young et al. (1999). This pulsar has a spin period of 8.5 s and it

challenged all of the existing radio emission models at that time.

• The double pulsar system, PSR J0737−3039A/B, which was discovered by

Burgay et al. (2003) and Lyne et al. (2004). This is the only double neutron

star binary system wherein, both the neutron stars were seen as radio pulsars.

It has provided the most stringent test of GR till date.

4as felt by this author
5http://www.nobelprize.org/nobel prizes/physics/laureates/1993/
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• The RRATs, which were discovered by McLaughlin et al. (2006). These

transient pulsars emit very narrow, sporadic bursts and are still a matter of

active research.

• The intermittent pulsars, PSR B1931+24 (Kramer et al. 2006), PSR J1841−0500

(Camilo et al. 2012) and PSR J1832+0029 (Lorimer et al. 2012). These pul-

sars randomly switch ON and OFF with no apparent reason and switch

between two metastable magnetospheric configurations.

• A 2 M� neutron star, PSR J1614−2230, which was discovered by Demorest

et al. (2010). This neutron star rules out most of the soft equations of state

for neutron star matter.

• The binary MSP, PSR J1824−2452I, which was discovered by Papitto et al.

(2013). This pulsar was seen to switch between accretion powered and rota-

tion powered state, thus providing direct evidence for the evolution scenario

for binary MSPs.

• The binary MSP, PSR J0337+1715, which was discovered by Ransom et al.

(2014). This is a hierarchical triplet system wherein, the outer white dwarf

accelerates the inner pulsar-white dwarf binary system. The study of this

system will provide a stringent test of the strong equivalence principle.

2.4 Scope of the Thesis

Almost all of the major blind surveys for pulsars were and are being carried out

with large single dish telescopes (see Table 2.1 for more details). As noted in Sec-

tion 2.2 earlier, the initial pulsar surveys were carried out at low radio frequencies,

while the modern surveys have mostly moved to a higher frequency of 1.4 GHz.

Although single dish telescopes allow sensitive observations owing to their large

collecting area, their beam widths are very narrow (refer to Table 2.1). This makes

the survey speed a bit slow at high frequencies. This drawback has been, to some

extent, removed by multi-beam receivers operating at Parkes (Manchester et al.
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2001), Effelsberg (Barr et al. 2013) and Arecibo (Cordes et al. 2006) telescopes

at 1.4 GHz. A multi-element telescope like the Giant Metrewave Radio Telescope

(GMRT) provides a unique opportunity in this regard. At an observing frequency

of 325 MHz, GMRT offers a large collecting area of about 30,000 m2 (Swarup

et al. 1991) with a field of view of about 85’ (Lal 2013). Thus, observations made

using the incoherent addition of signals of all GMRT antennae (incoherent array

mode; Section 3.1.1.2) have good sensitivity as well as a wide field of view. Given

the steep spectral index of −1.4 for pulsars (Bates et al. 2013), sensitive obser-

vations at low radio frequency has a higher potential of detecting pulsars. Major

surveys like the PMPS employed high-pass filters to their data before digitization.

This was done in order to remove the effect caused by slow variation of the tele-

scope gain (Manchester et al. 2001). This meant that these surveys were not very

sensitive to slow pulsars having periods greater than 1 s. Keeping this in mind,

Joshi et al. (2009) carried out a pulsar survey with the GMRT at 610 MHz and

discovered three new pulsars. The data taken during this survey did not employ

any low-pass filtering. All of the new pulsars discovered in this survey have a

high DM and two of them have long periods. This demonstrates the fact that

long period pulsars can, in principle, be discovered at high DMs in sensitive sur-

veys carried out at low frequencies. The area covered by this survey was between

Galactic longitude 45◦ < l < 135◦ and Galactic latitude |b| < 1◦. The success

of the 610 MHz survey paved way for a follow-up survey proposed at 325 MHz.

The frequency was chosen so as to optimize the trade-off between sensitivity and

survey speed. With the choice of 325 MHz as the observing frequency, the survey

was equally sensitive while being faster because of the wider field of view. The

area coverage for this survey was between Galactic longitude 45◦ < l < 135◦ and

Galactic latitude 1◦ < |b| < 10◦. The Galactic disc was not included in the survey

area as the radio emission background at low frequencies is quite high at low radio

frequencies (Haslam et al. 1982). The major thrust of this thesis was to carry out

the observations as well as data analysis of this survey. In two observation cycles

of the GMRT (proposal codes 16 282 and 17 092), we observed about 10% of the

proposed survey region and discovered one new radio pulsar. This pulsar showed
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some interesting characteristics (see Chapter 6 for details) and the later effort in

the thesis was focused at obtaining more information about this source. At around

the midway point of the thesis work, we also performed targeted searches on high

energy sources which were promising candidates for being radio pulsars.

This thesis is divided into two parts. The first part, which contains majority of

Chapters 3 and 4 with Chapters 5−8, gives details of the blind survey observa-

tions carried out with the GMRT as mentioned above. Chapter 3 outlines the

observational effort put in for the thesis work, while Chapter 4 gives details of the

data analysis methods for different types of observational efforts. This part also

contains the description about the discovery of a new pulsar, PSR J1838+1523

in a blind pulsar survey with the GMRT (Chapter 5) and the follow-up timing

observations carried out thereafter, which are described in Chapter 6. The re-

sults from the follow-up timing observations for the pulsars discovered in the 610

MHz survey (mentioned above) are described in Chapter 7. The unique feature

of the GMRT is that it provides imaging data simultaneously with the time series

data. This particular feature was very useful in determining the position of PSR

J1838+1523. The regular follow-up timing observations for this pulsar spanned

over three years with a cadence of two weeks in the initial stage and a month

towards the last six months. This formed a unique imaging data set. The same

field was observed regularly over three years. In order to check the consistency

of the imaging calibration, 29 point sources were selected from the pulsar field

and their flux densities were determined for each observation. In Chapter 8, we

describe the variability study performed for these sources at 325 MHz using the

snapshot images obtained from imaging data.

The second part contains Chapter 9 and 10. It contains the results obtained

for targeted searches towards some promising radio pulsar candidates. Chapter

9 describes the pulsation search done at 610 and 1420 MHz with the GMRT

towards the very high energy γ-ray source HESS J1818−154, which was associated

with SNR G015.4+0.1 (Hofverberg et al. 2011). The observational constraints

and considerations for this search are described in Chapter 3. This search was

very different from traditional pulsar searches. Due to the constraints put by
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the requirement that the source be imaged properly, the search observations had

to be broken into smaller scans (see Chapter 4 for details). This required the

development of a new search pipeline as well as a diagnostic viewer. These are

described in Chapter 4. The results obtained in the pulsation search as well as

the other relevant material forms the subject matter of Chapter 9. Chapter 10

describes the observational efforts and results of the radio pulsation search for four

soft γ-ray repeater (SGR) sources namely, SGR J1745−2900, SGR J1935+2154,

SWIFT J174540.7−290015 and SGR J0755−2933.

As is clear from the above description, the major goal of this thesis was towards

searching for radio pulsations and follow-up timing of the radio pulsars discovered

in blind surveys. The search observations themselves had both blind and targeted

search components. In Chapter 11, we conclude the thesis. Here, we outline the

major findings and discuss their impact on the current understanding of radio

pulsars. We also discuss the possible ramifications of different types of surveys

with an additional emphasis on using the simultaneous imaging mode data for

faster pulsar localization, on future pulsar searches with the upcoming SKA.



Chapter 3

Observations

3.1 GMRT and ORT

As pulsars are very weak radio emitters, one needs very sensitive instruments in

order to observe them. Majority of observations for the thesis work were performed

at the Giant Metrewave Radio Telescope (GMRT) and the Ooty Radio Telescope

(ORT).

3.1.1 The GMRT

The GMRT (Figure 3.1) is an interferometric array of 30 fully steerable, parabolic

dishes, each of a diameter of 45 m, located approximately 80 km north of Pune

(latitude: 19◦ 5’ 47.46” N, longitude: 74◦ 2’ 59.07” E, altitude: 588 m. Reference

antenna: C02). Each dish uses a novel design called Stretched Mesh Attached to

Rope Trusses (SMART; Swarup et al. 1991). In short, wire mesh is stretched over

rope trusses to give the dish its parabolic shape. This design allows high fidelity

without compromising sensitivity at a much lower price. The interferometer design

has a hybrid configuration with 14 randomly placed dishes (C00 to C14 sans C07)

in the central region of roughly 1 square km area (central square). The remaining

16 dishes form three roughly Y-shaped arms (Figure 3.2), namely East (E02 to

33
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Figure 3.1: Some of the dishes from the central square of the GMRT.
Photo credit: www.ncra.tifr.res.in/ncra/outreach/picture-gallery/gmrt/gmrt-

dishes/019GMRTPune.jpg

E06), West (W01 to W06) and South (S01 to S06 sans S05), each with a length

of roughly 14 km. The dishes themselves have an altitude-azimuth mount with a

lower altitude limit of 17◦ resulting in a declination coverage of −53◦ to +90◦ (Lal

2013).

The longest baseline provided by this arrangement is about 25 km. The central

square antennae provide a large number of relatively short baselines. This is

very useful for imaging large extended sources, whose visibilities (see Section 4.4

for a detailed discussion on interferometric measurements) are concentrated near

the origin of the UV plane. The arm antennae on the other hand are useful in

imaging small sources, where high angular resolution is essential. A single GMRT

observation hence yields information on a variety of angular scales. Additionally,

the Y-shaped arm antennae allow a full aperture synthesis image in 8 hours as

compared to 12 hours taken by linear arrays (Holdaway and Helfer 1999) like

the Westerbork Synthesis Radio Telescope (WSRT). Currently, GMRT supports 5

observational bands centred at 153, 240, 325, 610 and 1420 MHz with a maximum

instantaneous bandwidth of 33 MHz (Lal 2013). The unique feature of GMRT is

its ability to provide simultaneous interferometric and beam mode data. There

are different parts of the GMRT data acquisition system. The receiver chain
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Figure 3.2: GMRT array configuration. Image credit:
gmrt.ncra.tifr.res.in/gmrt hpage/Users/doc

/GMRT specs Dec09.pdf

begins from front end components like feed, LNA and goes through local oscillators

(LO), fibre optics link, baseband converters and correlator and ends at the actual

recording and controlling computers. These different parts are all working in

tandem right from orienting the telescope towards the source to the acquisition of

data. The receiver chain and signal flow in the GMRT is explained in the following

sub-sections.

3.1.1.1 Front End

The front end consists of the feed, LNA and the solar attenuator. The solar at-

tenuator is a damping circuit which suppresses the signal when the telescope is

observing an area of sky very close to the Sun. The GMRT feed turret (Figure

3.3) is a complex structure which has 4 different sets of feeds. Each feed has 2 po-

larizations with an LNA attached to each. All the feeds convert linear polarization
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signal into circular polarization using hybrid configuration, except the 1420 MHz

feed. The 610 and 240 MHz feeds are co-axial, allowing simultaneous observations

with a single polarization at each frequency.

Figure 3.3: The GMRT feed turret. It has a motor to turn the feed for the
correct feed to point towards the reflecting surface. It is supported by 4 me-
chanical legs connected to the rim of the dish. The image also shows a 50 MHz
feed, which was present on an experimental basis in early days but no longer ex-
ists. Image credit: www.ncra.tifr.res.in/ncra/gmrt/gmrt-users/observing-help-

for-gmrt-users/low-frequency-radio-astronomy/ch19.pdf

The feed probe detects electromagnetic fluctuations created due to the radiation

coming from the source. This signal is at the radio frequency (RF). Astronomical

radio sources are very weak emitters. The typical unit used to measure the power

emitted per unit area per unit frequency (flux density) is Jansky (Jy). The typical

source flux densities are of the order of a few to few hundreds of mJy. Thus, the

signal needs to be amplified without adding a lot of noise, otherwise it will be

swamped out by the noise generated by the receiver chain. This is achieved by

the LNA. Once the signal is amplified, it needs to be transported to the central

building for further processing. This is achieved by converting the signal to an

intermediate frequency (IF) of 70 MHz by mixing it with a pure sinusoidal signal

generated by the first LO. This signal is then again amplified by IF amplifiers

and converted to 130 and 175 MHz, respectively for two different polarizations by
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the second LO. This signal is then carried by the optical fibre cables from each

antenna to the central electronics building. The signal flow from front end to IF

is shown in Figure 3.4.

Figure 3.4: Block diagram for GMRT front end and baseband system.
Image credit: www.ncra.tifr.res.in/ncra/gmrt/gmrt-users/observing-help-for-

gmrt-users/low-frequency-radio-astronomy/ch21.pdf

3.1.1.2 Baseband System

The optical fibre cables bring all the signals to the central building, where they

are converted back to 70 MHz through the third LO. The resultant 70 MHz signal

is then converted to baseband by mixing with another 70 MHz signal. This is the

fourth LO. This is followed by the baseband filter which selects different allowed

final bandwidths, which are either the full IF band or a part of it for spectral line

observations. In the old system, the baseband signal was created by adding and

subtracting the fourth LO signal to create upper and lower side bands (designated

USB and LSB in Figure 3.4) of 16 MHz each out of the maximum 32 MHz IF band.

This would make the baseband from −16 to 16 MHz. In the new system, there is

a fifth LO, which converts the full band from 0 to 33 MHz. Figure 3.4 shows the
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block diagram for the front end and baseband system. The 60 signals (30 antennae

× 2 polarizations) thus generated by the baseband system, are first digitized by

an analog to digital converter (ADC) circuit into 16 bit integer samples. The

resultant data samples can be combined by two different back-ends. They are the

correlator and the beamformer.

1. Correlator: The GMRT correlator is an ‘FX’ correlator. It forms FFTs from

the data from each antenna to form the spectrum. The final cross-correlation

products are formed by cross correlating the spectra. The outputs from the

baseband system are first digitized by an ADC circuit. This is followed by

integral delay correction1. This is followed by an FFT stage and fractional

delay correction. The spectra are then cross correlated. The cross spectra

are then sent to the accumulator, where they are accumulated for some time

(default is 16 s but 8 and 2 s integrations are also possible.) before they are

finally written to disks.

2. Beamformer: The beamformer combines incoming antenna voltages to form

simultaneous time series output. The voltage can be combined in two differ-

ent ways which are described below:

(a) Incoherent Array (IA): This time series output is formed by adding the

power (voltage squared) output of each antenna. The signal chain has

an FFT unit to form spectra. This unit is called a filterbank. This is

followed by a self correlator to form spectral power for each polariza-

tion. This is followed by a combiner, which integrates the powers of

all the antennae [which can be selected using a graphical user interface

(GUI) called GMRT array combiner (GAC)] for each polarization sep-

arately followed by integrating the powers for both polarizations. This

1The individual antennae of an interferometer are present in geometrically different locations.
Due to this, they do not sample the incoming electromagnetic wave front at the same phase.
This introduces fringe patterns even without the presence of a source. In order to avoid this, the
geometric delays are compensated for each antenna with respect to a reference antenna. This
process is called delay correction. Due to digitization of the signal, this gets divided into an
integral part and a fractional part.
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is followed by an accumulator for time integration (the lowest time res-

olution allowed for 256 channel mode is 31.22 µs, while that for 512

channel mode is 61.44 µs, with post integration factors of 1, 2 and 4).

This mode gives a field of view equivalent to the field of view of a single

dish with sensitivity equal to the incoherent sum of individual antennae.

If there are N antennae in the IA,

SensitivityIA =
√
N × Sensitivityant (3.1)

This mode is very useful for time domain surveys because of fast sky

coverage provided by large field of view.

(b) Phased Array (PA): This time series output is formed by adding the

voltage output of each antenna in phase after geometric and instru-

mental delay compensation. The signal chain has a integral delay com-

pensation unit followed by the FFT and fractional delay compensation

unit. Voltage spectra from each antenna for each polarization are then

correlated to produce stokes I,Q,U and V parameters. This is followed

by a combiner which integrates the powers for both polarizations for

each antenna (which can be selected using the GAC), followed by inte-

grating powers (or Stokes’ I parameters) of both the polarizations and

an accumulator for time integration (the lowest time resolution as well

as integration factors are the same as IA mode). This mode gives a

field of view equivalent to the field of view of the full array (λ/Dmax,

where Dmax is the maximum baseline length), which means that it has

the same resolution as the interferometer with sensitivity equal to the

coherent sum of individual antennae. If there are N antennae in the

PA,

SensitivityPA = N × Sensitivityant (3.2)

This mode is useful for studying compact objects (like pulsars) because

it provides very high signal to noise ratio (S/N) time series data. For
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very bright pulsars, this provides high S/N single pulses which is espe-

cially helpful in studying phenomena like nulling, giant pulse emission,

pulse microstructure etc.

The PA data can be recorded either in Indian polar mode, which provides

total intensity or full polar mode, which provides all four Stokes’ parameters.

The IA data provides only total intensity data.

The outputs of these back-ends are written to dedicated hard disks. The unique-

ness of the GMRT is that the data for both the back-ends can be simultaneously

recorded, thus providing high resolution imaging data with large field of view time

series and high resolution and higher sensitivity time series at the same time.

This makes GMRT a versatile instrument suitable for studying a large range of

astronomical objects over a wide range of observing frequencies.

3.1.2 The ORT

The ORT is a single, large cylindrical paraboloid of length 530 m and width 30

m, located in the picturesque cardamom hills near Udhagamandalam (previously

Ootacamund or Ooty. latitude: 11◦ 23’ 00.25” N, longitude: 76◦ 39’ 58.18” E,

altitude: 2140 m.). The unique feature of ORT is that it is located on a hill,

whose North-South slope is equal to the local latitude. It thus makes the long

axis of the paraboloid parallel to the Earth’s axis. The reflecting surface of ORT

consists of 1100 steel wires parallel to the axis of the paraboloid. The cylindrical

offset paraboloid shape of the ORT results in a fan shaped beam on the sky

with a beam width of 2.3◦ in right ascension (RA) and 6’ in declination (DEC).

ORT operates at a central frequency of 326.5 MHz with a usable bandwidth of 15

MHz. The feed consists of 1056 dipoles receiving single linear polarization. The

dipoles are clubbed into 22 modules of 48 dipoles each. These are supported by

24 parabolic frames as shown in Figure 3.5. The separation between two frames is

23 m. Unlike GMRT, ORT provides only time series data. The main components

of the ORT receiver chain are described in the next sections.
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Figure 3.5: The Ooty Radio Telescope. The tall structure seen in this image is
the metal frame supporting the dipoles as well as carrying the front end electron-
ics for a single module. Photo credit: rac.ncra.tifr.res.in/rac images/ORT02.jpg

3.1.2.1 Modules

Each module of the ORT combines data from 48 dipoles. As is the case for all

radio telescopes, each dipole is followed by its own LNA. This is followed by a

phase shifter. It is introduced to change phases of the signal so that, multiple

beams can be formed on the sky. These beams can also be steered on the plane of

the sky as required using the phase shifter circuits. The voltages from four dipoles

are then combined through a four way combiner (there are 12 such combiners per

module). The signal from two such combiners is amplified by a stage-I amplifier

(6 per module). The data from three stage-I amplifiers is combined by a three

way combiner (2 per module) and then fed to stage-II amplifier, which is a wide

band amplifier. The output of the two stage-II amplifiers is finally combined by a

two way combiner and then fed to an RF amplifier. The RF amplifier output is

converted to an IF of 30 MHz through a mixer and an LO. This signal goes through
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an IF filter and amplifier. Thus, at the end of this stage, the voltages from 1056

dipoles are combined to form 22 module outputs at an IF of 30 MHz. These signals

are then transported through co-axial cables to the electronics building where they

are fed to the beamforming network. This combines data from 11 modules from

the North and 11 from South into 2 data streams, which then feed the digital

back-end. The signal flow for one such module is shown in Figure 3.6.

Figure 3.6: Block diagram depicting a single ORT module. Image taken from
Naidu et al. (2015)

3.1.2.2 PONDER: The Pulsar Back-end

PONDER or Pulsar Ooty Radio Telescope New Digital Efficient Receiver is a real

time versatile back-end, which can be used for high time resolution pulsar data,

interplanetary scintillation measurements as well as very long baseline interferom-

etry data. The design and capabilities of this back-end are described in detail in

Naidu et al. (2015). Here we describe the pulsar mode, which was relevant for the

present work. This back-end provides real time coherently dedispersed pulsar data
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by using the computing power provided by graphical processing units (GPUs). It

takes the data generated from both the halves. These are first amplified using a

30 dB amplifier. This IF data is then converted to baseband by mixing with a 38

MHz signal. The 16 MHz passband is recovered using a low pass filter. This is

then fed to the ADC circuit. The output of the ADC can either be written to disk

(as raw data) or processed further in a software module that adds the data from

two halves in phase and performs an FFT to produce the spectrum. This produces

the data in SIGPROC2 filterbank format, which can either be written to disk or

passed on to the dedispersion stage. This produces incoherently dedispersed time

series, which can be written to disk or passed to the folding stage. The folding

stage uses predictor files generated using pulsar timing package TEMPO23 to fold

the time series modulo the predicted period for the pulsar being observed. The

versatility of the back-end is reflected in the fact that the resultant data at each

stage can be written to the data disk as well as can be passed on to the next stage.

The filterbank file is particularly useful for search mode, time series files are useful

for single pulse, nulling and scintillation studies, while the folded profiles are useful

for mode change studies and pulsar timing. The capability of producing all these

files in a single observing run is very unique. This back-end also has the capability

to produce coherently dedispersed data using GPUs. The data products of this

mode are time series as well as folded profile. This mode is particularly useful for

studying giant pulses, pulse microstructure, scattering as well as high precision

pulsar timing.

The thesis work involved using these telescopes in different configurations, serving

different purposes. The observational effort consisted of blind search observations,

follow-up imaging and timing observations as well as targeted search observations.

In the following sections, we will motivate the particular set up and describe how

each different type of observation was carried out with these telescopes.

2www.sigproc.sourceforge.net
3www.atnf.csiro.au/research/pulsar/tempo2
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3.2 Blind Search Observations

Blind searches are surveys of large parts of the sky to look for a particular class of

celestial objects. The basic idea is to observe a pre-selected part of the sky with

high sensitivity while covering large area with good speed. The pulsar searches

cater to data taken in the beam mode i.e. they look at time series data. Given that

pulsars are steep spectrum sources (brighter at lower radio frequencies), searches

done at high radio frequencies (1.4 GHz and above) may miss out on very steep

spectrum pulsars, which may be very peculiar objects. Hence, it is better to carry

out pulsar search observations at low radio frequencies. The disadvantage at low

frequencies however, is that the sky background, scattering as well as scintillation

are much more dominant, making it difficult to discover very short period pulsars

such as MSPs. In this situation, GMRT provides a distinct advantage. It has a

field of view of about 85’ at 325 MHz in IA mode (Lal 2013), combined with a

sensitive receiver. This provides rapid sky coverage with good sensitivity. The

IA mode of GMRT is thus, the best suited mode for doing blind pulsar search

observations. We had proposed a blind search for pulsars and transients along

the Galactic plane covering the region between Galactic longitude 45◦ < l < 135◦

and Galactic latitude 1◦ < |b| < 10◦ with the GMRT4. It was named ‘GMRT

Galactic Plane Pulsar and Transient Survey’or GMGPPTS. Salient features of the

survey observations are given in Table 3.1. In the following sections, we describe

the planning, observations and post observational activities relevant to the blind

search observations carried out with the GMRT.

3.2.1 Planning the Observations

While observing a large region of the sky for a blind pulsar search, one needs

to have an observational strategy that depends on the amount of time spent per

4For observations related with the Milky Way Galaxy, it is better to use a coordinate system
taking the plane of the Galaxy as the reference plane. Such a system with the plane of the
Galaxy as its equatorial plane and the direction of the Galactic center from the Sun defining the
reference line is called Galactic coordinate system. It is defined by Galactic longitude (l) and
Galactic latitude (b), which are similar to longitudes and latitudes on Earth
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Observing Mode IA
Central Frequency 325 MHz
Receiver Bandwidth 16 MHz
Filterbank Channels 256
Sampling Time 256 µs
Sample Size 16 bit
Integration per Pointing 1800 s
Angular size of Pointing 1.12◦ × 1.12◦

Total Sky Area Observed 115 deg2

Table 3.1: Important observational parameters for GMGPPTS.

observing session, availability of the observable region and incremental coverage of

the same over time. The starting point is to divide the sky region to be observed

into pointings (named GPT followed by a four digit pointing number) such that

each pointing fits into the telescope beam5. This is shown in Figure 3.7, where each

cross on the sky represents a single pointing. Once that is done, the next step is to

create an observing plan for each session. This requires preparing special scripts

for running the pulsar back-end as well as doing the data back up. The most

important file is the source list which contains the field names and their RA and

DEC coordinates in a fixed format. The next important file is the observational

set up and break up of the observing time. This contains all the options for

setting up the full receiver chain right from the front end (selecting and rotating

the appropriate feed for the observing band) right upto the baseband (required

bandwidth). The most important setting is to keep the automatic gain controller

switched off for pulsar observations, which is on by default for interferometry

observations. These files need to be given to the telescope operators, who do all

the configuration for the data acquisition system of the GMRT. The other thing

to keep in mind is the data size generated during an observing session. Looking at

the specifications in Table 3.1, one can figure out that the data size would roughly

be about 2 MB per second. One needs to check whether there is enough disk space

available on the recording computer before starting the observations.

5Each telescope has a power pattern, which looks like a beam and the ‘telescope beam’ or
field of view refers to the full width at half maximum (FWHM) of the power pattern.
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Figure 3.7: The region of sky proposed to be observed in GMGPPTS. RA is
plotted in hours and DEC in degrees. Each small cross represents an individual

pointing. The blank area is the Galactic plane.

3.2.2 A Typical Observing Session

The observing session starts with ensuring that the correct feed is facing the re-

flecting surface. If not, the feed needs to be rotated so that the required feed

faces the reflecting surface. This is followed by running a script which calculates

pointing offsets6 by doing a raster scan on a strong point source calibrator. This

procedure usually takes about 1 hour. After the pointing offsets are loaded, the

actual set up starts. This involves setting the LO frequencies, followed by setting

the final baseband bandwidth and gains of the amplifiers. This is followed by

the most important step, power equalization. This process compares the power

outputs from all the antennae and brings them to a same level by adjusting the

gains of the respective amplifier. This exercise is absolutely necessary because,

while adding power, we are also adding the noise at all the antennae. This noise

is expected to be Gaussian distributed with zero mean. Power addition leads to

6There is always a difference between the origins of the celestial reference frame and the
reference frame of the telescope. This is called pointing offset. This can be due to mechanical
or geographical constraints. One needs to know this beforehand so that the telescope can be
pointed to the proper sky coordinates.
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addition of means. If X̄i is the mean of ith antenna with n total antennae, the

mean after addition (X̄) is given by

Figure 3.8: Power band of GMRT antennae after power equalization (see
discussion in text). The frequency range is 325-341 MHz (divided into 128
channels) and equalized power level is 1000 (in machine counts). The plot
shows power of all antennae with 2 polarizations per antenna. An RFI spike is

also visible near channel 80.

X̄ = X̄1 + X̄2 + X̄3 + ....+ X̄n (3.3)

At the same time, if σ2
Xi

is the standard deviation of ith antenna and σX̄ is the

resultant standard deviation, it is given by

σ2
X̄ = σ2

X1
+ σ2

X2
+ σ2

X3
+ ....+ σ2

Xn
(3.4)

Thus if one antenna, lets say the nth antenna has a very high standard deviation

due to RFI or other noise source, i.e. σ2
Xn
� σ2

Xi
for all i 6= n, this leads to
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σ2
X̄

≈ σ2
Xn

. Thus, the standard deviation and the RMS of the whole array is

just the rms of a single antenna. This spoils the observations because of large

amount of noise. This is avoided by doing power equalization. This ensures that

the resultant noise of all the 30 (or whatever number is available) antennae is a

Gaussian random variable with a standard deviation that is
√
n times the standard

deviation of each antenna (which is expected to be the same for all antennae after

power equalization). The power equalized band shapes of all antennae are shown

in Figure 3.8. If some antennae show fluctuation even after power equalization,

they are not included in further data acquisition. Thus, this procedure not only

helps in stabilising the data statistics but also helps in identifying potentially bad

antennae. Once all the good antennae are identified, they are selected through

the GAC. The next step is to configure specific back-end options like sampling

time and data disk location. In the present case, the data were directly written to

magnetic tapes. The time required for all of this was typically 30−40 minutes. The

whole co-ordination between steering the telescope and writing out the data was

done through an executable script which was generated before the observations.

The data recording was started once proper timestamps were obtained through

the global positioning system (GPS). During the observations, a careful log of

the observing times as well as changes in the number of antennae (if any) was

prepared. The only other job was to keep monitoring for problems like buffer loss

or power failure in which case, the set up needs to be repeated once everything is

restored to normal condition.

3.2.3 Post Observation Work

Once the observations are over, one needs to take care of the data backup that

includes backing up the data files as well as all the auxiliary files such as time

stamp files, header files, tape logs (if data were written to magnetic tapes) and

observation logs. These files are very important as the data itself doesn’t make

any sense if it does not have this information associated with it. For this search,

the tape logs were prepared at the time of writing data to tapes. The time stamp
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and other files were also automatically created by the pulsar back-end programs.

The only human made files were daily observation logs that listed all important file

names and any problems encountered during the day’s observations. The auxiliary

files were sorted into different directories according to dates and they were also

backed up onto magnetic tapes after the observations.

We observed 10% of the proposed sky region in 100 hours using the GMRT in 2

observing cycles. The first set of observations were carried out between 23−27

July 2009 and the second between 25−29 December 2009. The data were then

taken to NCRA for offline analysis.

3.3 Follow-up Timing Observations

Once a new pulsar is discovered, it needs to be timed regularly to determine

its period and period derivative accurately. This is helpful in putting the new

discovery in terms of the overall population. This also helps to measure many

more important parameters like the dipole magnetic field strength, characteristic

age, width of the pulse, separation of components (if present). It also helps to

classify the pulsar as normal or MSP or a high magnetic field pulsar etc. This in

turn helps in putting the pulsar in its rightful position in the current population

in the P−Ṗ diagram (Figure 1.5). This is what characterizes the pulsar as a useful

physical tool to understand plasma physics, emission mechanisms etc. The follow-

up timing observations for the newly discovered pulsar PSR J1838+1523 as well

as known pulsars PSR B1937+21, PSR J2208+5500, PSR J2217+5733 and PSR

J0026+6320, out of which, the last three are GMRT discoveries (Joshi et al. 2009),

were carried out initially at GMRT and later, also at the ORT. PSR B1937+21

was chosen as a test pulsar as it is very well studied. Hence a good timing solution

would always be available. In the timing analysis, this would provide confidence

on the overall timing analysis and test the accuracy of the GMRT time stamps.

The observations at the GMRT were done in pulsar as well as imaging mode, while
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those at the ORT were just pulsar mode observations. We describe these in the

next sections.

3.3.1 Observations at the GMRT

PSR J1838+1523 was discovered with the GMRT at 325 MHz using GMRT hard-

ware back-end (GHB). Thus, 325 MHz was the most natural choice of observing

frequency for initial follow up. As described in Section 3.2.1, the pointing covers

∼1◦ of sky, leaving a big uncertainty over the position of the pulsar. The initial fol-

low up observations were used to localize the position by using a gridding method

as described in Joshi et al. (2009). In our case, the gridding observations were

done using the IA mode rather than PA mode because the 325 MHz IA beam is

very wide and the widest PA beam with the closest central square antennae (C05,

C06 and C09) was not sensitive enough to detect the pulsar as it was very weak.

We also suspected that it was near the edge of the beam. Strangely, the pulsar was

not detected after the first round of gridding observations, which left the position

uncertainty of about 0.5◦. Thereafter, we kept following up this pulsar as well as

the three other GMRT pulsars with a cadence of two weeks. PSR J1838+1523 was

detected again after 280 days. Thereafter, the follow up observations continued

with the same cadence in the IA and imaging mode. The pulsar showed random

ON and OFF states of 1−2 month duration till 27th December 2013. At this epoch,

we performed gridding observations at the ORT (see Section 3.3.2), which fixed

the position within the PA beam extent of 200” (including only the central square

antennae of the GMRT) at 325 MHz. Further observations were then carried out

in the PA mode with the GMRT, giving more sensitive data. The pulsar was also

observed with almost daily cadence with the ORT. The observations at the ORT

were used to refine the pulsar position further. After the position was tied down

to the point source detected in the maps made from the imaging data collected

from all the previous observations, the GMRT follow up moved to 610 MHz (with

ORT follow up continuing simultaneously at 325 MHz). These observations were

carried at a cadence of 2 weeks for 3 years (with breaks when the observatory was
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closed for maintenance between 2 cycles) from August 2011 and were continuing

with a cadence of 1 month at the time of writing the thesis. Details of the set

up and observing procedure for a typical GMRT observation are explained in the

next section.

3.3.1.1 Planning the Observations

The data for all further observations were recorded using the much improved

GMRT Software Back-end (GSB; Roy et al. 2010). This provided 33 MHz band as

a single side band. Given that these observations were of much shorter durations

(2−3 hours per session) and the additional requirement of being able to observe

a flux and phase calibrator source (for phasing the array as well as for imaging

calibrations) as well as the other three pulsars mentioned in Section 3.3 in the

same session, observations had to be carefully planned. Once the required sources

were fixed, a source list and a set up file (for the operator) were created. The last

important file to be created was the command file which would send out tracking

and data recording commands to the data acquisition system.

3.3.1.2 A Typical Observing Session

The session starts by getting the correct feed to face the reflecting surface and

proceeds as is described in Section 3.2.2. The only additions are for the imaging

and PA set up. In the GSB, the imaging back-end is set up simultaneously and

the default sampling time is 16 s (data can also be recorded with sampling times

of 8 and 2 s). The observatory default is to always record imaging data with 16

s sampling. The PA back-end requires the phases of the antennae to be made

identical by calculating delays with respect to a user selected reference antenna.

This is done by observing a point source phase calibrator nearby the target field

which is sufficiently strong (>5 Jy at 325 MHz) and solving the phases for each

antenna. These phase solutions, when subtracted from the data, will make the

phases of all the antennae nearly equal. The whole set up for IA mode observations,
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takes 30−40 minutes while for PA (or IA and PA) observations, it takes 40−50

minutes.

In an observing session, the phase calibrator was observed once every 35 minutes

at 325 MHz and once every 45 minutes at 610 MHz, so that, the phase solutions

could be interpolated in the imaging analysis. This is required because the den-

sity of free electrons and ions in Earth’s ionosphere changes as a function of time

and observing frequency. This introduces additional phase variations because of

multi-path propagation within the ionosphere. The characteristic time over which,

the signal from the different antennae decorrelates is smaller for higher frequen-

cies. This implies that the point source phase calibrator can not be farther than

a few degrees from the target source. During the follow up observations, Very

Large Array (VLA) calibrators J1822−096, J1829+487, J1924+334, J1859+129

and J1830−360 were observed as phase calibrators. Flux density calibrators were

observed once at the end of observation to establish the flux scale for imaging

observations. To establish the calibration scale for pulsar data, the flux calibrator

was observed in on source and off source (+5◦ in DEC) position in the same scan.

VLA calibrators 3C48 and 3C286 were observed as flux density calibrators for all

the observations. Some important observational parameters are listed in Table

3.2.

Observing Mode IA and PA Imaging
Central Frequency 325 (and 610) MHz 325 (and 610) MHz
Receiver Bandwidth 33 MHz 33 MHz
Filterbank Channels 512 512
Sampling Time 123 µs 16 s

Table 3.2: Important observational parameters for follow-up timing observa-
tions at the GMRT.

3.3.1.3 Post Observation Work

The imaging data were written to one of the server node and pulsar data were

written on two compute nodes (node33 and node34) of the GSB cluster. With the

choice of parameters indicated in Table 3.2, the typical data size for the pulsar
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back-end was 0.5 GB per minute while that for imaging data was 1.5 GB for a

2 hour observing session. After the observing session was over, the data were

copied to a common computer in the observatory. The data were then transferred

directly to the computers in NCRA for offline analysis. Careful logs were prepared

indicating any problems like antennae being removed, the names of the excluded

antennae with reasons for each. The logs were also copied with the data.

3.3.2 Observations at the ORT

The follow-up observations at the ORT started from 27th December 2013. The

ORT has a fan beam that is 2.3◦ wide in RA and 6’ wide in DEC. In order to

reduce the position uncertainty, a grid was set up in declination. PSR J1838+1523

was detected in only two of the grid pointings. This narrowed down the declina-

tion uncertainty to 4’. Once this was done, the follow-up timing observations were

started daily and they were continuing at the time of writing this thesis. The

observations at the ORT were very straightforward and did not require any elab-

orate set up. The typical session starts with the telescope being pointed in empty

sky. The current levels in each of the module are then adjusted to get a value

of 25 µA. This is the power equalization. Once that is done, the telescope goes

on to a strong point source flux density calibrator. After power equalizing again,

the telescope is calibrated. This calibration procedure is routinely carried out at

the ORT once a week. Its effectiveness is judged by a number called “sensitivity”.

This number is defined as the S/N for a continuum source having flux density of

1 Jy. It is typically calculated from calibrator scans taken daily. In the follow up

observations, 3C93 and 3C94 were used as flux density calibrators.

The ORT does not have North−South rotation. The beam can be steered using

phase lags in the software beamformer network. Hence, the delays are always

fixed for a particular orientation and they can be loaded instantly. The telescope

is thus phased easily. The timing observations at the ORT consisted of 1800 s

integration on PSR J1838+1523 and PSR J2208+5500 and 900 s integration on

PSR B1937+21, to produce coherently dedispersed, folded profiles using the newly
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developed pulsar back-end called PONDER (Naidu et al. 2015). These profiles

were archived in a central storage disk. The data products at the end of each

session were just three profiles. The important parameters for these observations

are listed in table 3.3.

Observing Mode Pulsar
Central Frequency 326.5 MHz
Receiver Bandwidth 16 MHz
Sampling Time 500 µs
Integration per session 1800 s

Table 3.3: Important observational parameters for follow-up timing observa-
tions at the ORT.

3.4 Targeted Search Observations

Pulsars are born in supernova explosions. Some of them are associated with SNRs

but many are not. They have either left their SNRs or the remnants have faded

away. Wherever there are associations, the presence of a Pulsar Wind Nebula

(PWN) and measured values of Ė have enabled us to construct energy budgets

which have proved vital in understanding how the energy is imparted by the ex-

plosion in the surrounding medium. This also helps in understanding the relevant

emission mechanisms for electromagnetic radiation at different wavelengths. Re-

cent detection of Very High Energy (VHE) γ-ray (>100 GeV) emission from many

SNRs by High Energy Stereoscopic System (HESS) telescope hints at two differ-

ent kinds of possible mechanisms, which are discussed in Section 9.1. A pulsation

search in the direction of these sources (called composite SNRs) is useful because

the detection of a putative pulsar will directly enable us to measure the Ė as well

as flux density and construct the full energy budget of the high energy emission.

Such class of observations for pulsation search are called targeted searches. Other

examples of targeted searches are deep searches in globular clusters (see Manch-

ester et al. 1991, for example), searches for radio pulsation in unidentified high

energy point sources (see Hessels et al. 2011, for example). Targeted searches are
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observationally easier because a small area of the sky is to observed. This allows

deeper sensitive observations over a long period of time. The area observed usually

fits in a single telescope beam. The targeted search observations performed for

this thesis, were of composite SNRs with suspected association with PWNs. The

typical SNR sizes are smaller than the IA beam of GMRT (∼85’ at 325 MHz, ∼44’

at 610 MHz and ∼15’ at 1420 MHz) thus, making it easy to fit into a single beam.

GMRT is an ideal instrument for doing such observations because of its ability to

provide simultaneous imaging and pulsar mode data. This combined with the low

radio frequency coverage allows the reconstruction of the full particle spectrum

to discriminate between leptonic or hadronic origins of the emission. In the next

sections, we describe the observations carried out on the source SNR G015.4+0.1

/ HESS J1818−154, which was suspected to be a composite SNR.

3.4.1 Planning the Observations

The targeted observations towards HESS J1818−154 were performed at 610 and

1420 MHz. The intended science goals were to obtain a sensitive, high resolu-

tion radio image and search for radio pulsations. This required recording data

simultaneously in all the possible modes on the GMRT at two frequencies. The

imaging requirement was to have a good flux density calibrator in the beginning

and in the end with a good phase calibrator all throughout the observation. The

pulsation search required observing known radio pulsars for consistency checks as

well as estimating sensitivity of the data. With all these in mind, it was decided

to observe the source in two long slots per frequency. The two slots for a single

frequency were scheduled on consecutive days. As with previous observations, the

set up and source list files were prepared. The command file was split into three

parts. The first and the last were made for the first and the last scans on the

flux density calibrator as well as known control pulsars while the second file had

a repeating block of the phase calibrator scan followed by the source scan and

a phase calibrator scan for phasing the array and another for the imaging inter-

polation of phase solutions. This also implied that the time series observations
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were non-contiguous, as these had to be broken for phasing and phase calibrator

scans. This had certain implications on the search analysis, which are discussed in

Section 4.2.3. As these were long observations, the expected data volumes were of

the order of 600 GB per session per pulsar back-end (IA or PA) and about 10−15

GB for the imaging observations. Thus, one had to make sure that the data disks

had sufficient capacity. A proper back up strategy had to be put in place to copy

the data onto disks to be carried to the data processing site.

3.4.2 A Typical Observing Session

The observing session would go exactly as described in Section 3.3.1.2 except an

array, using only the central square antennae and the first antenna from each arm

of GMRT, was phased periodically to compensate the phase drift introduced by

the ionosphere. The centroid of HESS J1818−154 (Hofverberg et al. 2011) was

used as a phase centre of the PA as well as imaging mode. The observing run would

begin with observing the flux density calibrator 3C286, followed by known pulsars

PSR B1642−03 and PSR B1937+21. This was followed by repeat observations

of the target source and phase calibrator J1822−096. The phase calibrator was

observed for 4 minutes every 20 minutes to get good phase solutions. At the end,

known pulsar PSR J1901−0906 was observed, followed by flux density calibrator

3C48. A careful log had to be prepared for these observations as the number of files

recorded by the pulsar back-end would be of the order of 50−70. The file names

would be some common thread name followed by numbers (1,2,3 . . . ). To make

sure that the correct scan number corresponds to correct source, the scan numbers

in the imaging and pulsar back-end were synchronized by recording all the scans

simultaneously. Then the scan number to source mapping could be established

by looking at the header of the lta (GMRT imaging data file format) file. Some

important parameters for the said observations are listed in table 3.4.
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Observing Mode IA and PA Imaging
Central Frequency 610 and 1420 MHz 610 and 1420 MHz
Receiver Bandwidth 33 MHz 33 MHz
Filterbank Channels 512 512
Sampling Time 61 µs 8 s

Table 3.4: Important observational parameters for targeted observation of
SNR G015.4+0.1/HESS J1818−154 TeV source.

3.4.3 Post Observation Work

Once the observations were over, the data with all the logs were accumulated in a

computer disk in the observatory. The data were then copied onto portable hard

disks for further analysis.

Once all the data are accumulated, what remains is to analyse them to look for

signatures created by the desired sources. How this was done, is a matter of the

next chapter.





Chapter 4

Data Analysis

Different modes of observations require different data analysis methods on the

same type of targets. However, raw data acquired with a telescope for any type of

observation first needs to be reduced using similar data analysis methods. Three

different types of observations are described in this thesis, viz., pulsar search, pul-

sar timing and imaging observations. In this chapter, we describe the preliminary

data analysis techniques for reducing these different types of observations.

4.1 Blind Search

A typical blind pulsar search analysis looks at the data in a two parameter space

of period and DM. The data analysis for the blind search observations was carried

out using a software package called SIGPROC1. This package was implemented

into a parallel model on a computer cluster having 64 dual core compute nodes,

using open-mpi2, which is an open source message passing interface (MPI) library

for high performance computing. Following sections contain important details

regarding each step followed during the data analysis.

1http://sigproc.sourceforge.net/
2http://www.open-mpi.org/
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4.1.1 Radio Frequency Interference Mitigation

Almost all the radio data are corrupted to some extent by RFI. This RFI needs to

be mitigated before doing any analysis on the search data. The two types of RFI

typically encountered in the GMRT search data were narrow band (restricted to a

few channels in the observing band) and broad band RFI (present in several tens

of channels or even the full observing band). They require different methods for

identification as well as mitigation. These are described in the following sections.

4.1.1.1 Narrow Band RFI

The raw data file is a 2 dimensional array of power in spectral channels and time.

In order to identify narrow band RFI, this data file is fed to a program called

cliprfi. In the first pass, after reading the input file, the program calculates

an overall mean and RMS for each spectral channel. It also calculates a running

mean every second and calculates overall RMS of the running mean subtracted

data. At the end of this pass, it simply writes these out in a text file. In order to

identify the narrow band RFI, one needs to understand what it does to the data

RMS. The data without RFI (i.e. noise) is assumed to be a Gaussian random

variable with a given mean (µn) and RMS (σn). Now assume that RFI manifests

as narrow (both in time and frequency) spikes whose level is much higher than

µn. If the data with this kind of RFI were sampled every second and a time series

was to be generated by collapsing all the spectral channels, it would have narrow,

high spikes of RFI. They show up in a histogram as isolated points towards right

end in Figure 4.1.

What these RFI spikes do is to increase µn and σn, resulting in a strictly non

Gaussian distribution. This causes problems for detecting weak sources like pulsars

that depend on the statistics of the noise being Gaussian. If the mean intensity of

the source is µs then, the S/N for the signal is defined as

S/N =
µs
σn

(4.1)
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Figure 4.1: Histogram showing the distribution of intensities for an RFI af-
fected time series. The data were integrated for 1 s and all the spectral channels
were collapsed to produce the 0 DM time series (See Section 4.1.2 for a discus-
sion on dedispersion). The histogram was then plotted after subtracting the

mean from the data. The total duration of observation is 300 s.

The presence of RFI spikes thus, reduces the S/N for a source signal and depending

on the detection threshold, may swamp out marginal detections. The knowledge

that narrow band RFI increases data RMS is very helpful in identifying bad chan-

nels in the search data. As was previously stated, the program cliprfi produces

RMS for each channel over the full observation span. One such plot showing RMS

as a function of channel number is shown in Figure 4.2. It is clear even from the

first look that some channels near channel number 50, 130, 250, 270, 350 and 400

are corrupted by narrow band RFI. These were identified manually and the flag

for these channels were set to be 0 in the text file. In the second run, cliprfi

clipped these channels so that, the data from those channels were not considered

for further analysis.
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Figure 4.2: Narrow band RFI seen in the GMRT 325 MHz observing band.
The average power level for the observing band is around 700 and the expected
RMS level in the absence of broad band RFI is 5. The drop in RMS near the

edges of the band is because of the filter response rather than cleaner data.

4.1.1.2 Broad Band RFI

Removal of broad band RFI was more complicated than narrow band RFI. Some

times, all broad band RFI does is to elevate the baseline for those channels in

which, it is present. The presence of broad band RFI is clearly evident in the plot

shown in Figure 4.2. The observed level in the central band is around 35 whereas,

the expected level is 5. Thus, the broad band RFI has elevated the RMS in each

band in the central region by a factor of 7. In such cases, a second round of RFI

mitigation using the zero DM filtering as described in Eatough et al. (2009) was

implemented in addition to the manual clipping of RFI infected channels in the

first round. Zero DM filtering is a simple minded RFI mitigating algorithm. It

subtracts the mean of all frequency channels in each time sample. If there are N

frequency channels then, the new values S’(fi,tj) are given by

S ′(f i, tj) = S(f i, tj)−
1

N

N∑
i=1

S(f i, tj) (4.2)



Chapter 4. Data Analysis 63

This removes the broad band RFI present throughout the band and helps the

pulsar signal stand out much better. In fact, if the pulsar is very strong, this

subtraction will make most of the band negative. Although very simple and useful

(reducing the RMS down to about a factor of 3 worse than the expected level), this

method also fails sometimes when the broad band RFI is not present throughout

the band or is present in less than 80% of the band. In such cases, one has to rely

on identifying it based on manual scrutiny as described in the previous section.

This stage of the analysis was not a part of the high performance cluster (HPC)

pipeline. The RFI mitigation stage was done manually for each field and the resul-

tant data were then copied to the data directory in the network attached storage

(NAS) disks in the HPC. This was followed by another stage, which converted the

raw telescope data into SIGPROC filterbank format3.

4.1.2 Dedispersion

Cold interstellar plasma delays lower frequency signal as compared to higher fre-

quencies for radio waves. Hence, a proper delay has to be subtracted from the pulse

arrival time at a lower frequency channel with respect to the highest frequency

channel in the observing band before co-adding frequency channels. This process

is called dedispersion. The pulsar search data is a two dimensional array of time

samples and frequency channels. If the jth time sample of lth frequency channel

is Rjl and there are N frequency channels, the jth time sample of the dedispersed

time series, Tj is then,

Tj =
N∑
l=1

Rj+k(l),l (4.3)

where k(l) is the nearest integer number of time samples corresponding to the

dispersion delay of the lth frequency channel relative to the highest frequency in

the observing band. If fl is lth frequency and f1 is the reference frequency, then

3More information about the filterbank format can be found in SIGPROC documentation at
http://sigproc.sourceforge.net/sigproc.pdf
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k(l) in terms of trial DM, sampling time (tsamp) and frequencies is given as the

nearest integer to,

k(l) =

(
tsamp

4.15× 106ms

)−1(
DM

pc− cm−3

)[(
fl

MHz

)−2

−
(

f1

MHz

)−2
]

(4.4)

Here, the channel ordering is taken such that l = 1 corresponds to the highest

frequency and frequency decreases with increasing l. If 4f is the bandwidth of a

single filterbank channel, fl is given by,

fl = f1 − (l − 1)4f (4.5)

The dedispersion process described above is called incoherent dedispersion as it

simply subtracts proper time delay from the pulse arrival time for different fre-

quencies in the time series, where phase information is lost. One such iteration

provides a time series for only one trial DM value. In the search analysis, as the

distance or DM of the pulsar is unknown, one needs to search over a large range of

trial DM values. The choice of the DM step (4DM) is very critical to reduce the

computational time in this analysis. A very small DM step will result in producing

redundant time series and wasting computing resources as well as time whereas,

a large DM step will miss out pulsars due to reduced S/N at DMs different from

the intrinsic DM of the pulsar. A sensible choice of 4DM may be obtained by

setting the delay between the highest and lowest frequency channel to be equal

to the sampling time. The ith trial DM in terms of total bandwidth 4f, center

frequency f (MHz) and sampling time tsamp (ms) is,

DMi = 1.205× 10−7(i− 1)tsamp(f
3/4f) pc-cm-3 (4.6)

The time series for i = 1 is the ‘Zero DM’ time series or is just the addition of

signals without any delay. This time series is very important because it will contain
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a lot of information about RFI which is terrestrial in origin and can thus serve as

a very effective tool in identifying RFI signatures in the data. At i = N + 1 for

a band of N channels, the so called ‘Diagonal DM’ is reached. Total delay across

the whole band at this DM is just n × tsamp and broadening across each filterbank

frequency channel is tsamp. Above the diagonal DM, effective time resolution is

decided by broadening in individual filterbank channels. Usually when i = 2N

or i = 3N, adjacent time samples are added together to reduce computational

effort. This iterative dedispersion goes on until it reaches a desired maximum DM

value. One look at the pulsar catalogue4 reveals the fact that there is no known

pulsar having a DM > 1000 and |b| > 1. Hence, the maximum DM was set at

1200 pc-cm-3. Once the DM step and the maximum DM are decided, the next

important detail is how to implement this in the HPC. The data for this search

were analysed on the NCRA HPC, which had 64 compute nodes, each with an

Intel R© dual core processor. The data were copied to the NAS disks from where,

they were copied onto the scratch area of each node. The full DM list was divided

such that each participating node got equal number of DMs. The analysis from

this point onwards was carried out in an embarrassingly parallel model, i.e., each

node carried out the full analysis on its own copy of the data independent of the

other nodes. Hence, for each field, the analysis was parallelised in the DM space

as dedispersion is the costliest computing operation in the search analysis. The

steps described in the following sections were carried out on the time series for

each DM independently. The results were then copied back to the common disk

for manual verification.

4.1.3 Harmonic Search

Once the dedispersed time series (Tj) is obtained, a Fourier transform is performed

to get its power spectrum. Given that the time series is discretely sampled, the

resultant transform is the discrete Fourier transform (DFT). If the time series has

N distinct samples, the kth Fourier component (where i =
√
−1) is

4http://www.atnf.csiro.au/people/pulsar/psrcat/
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Fk =
N−1∑
j=0

Tjexp(−2πijk/N) (4.7)

For a sampling time of tsamp, the frequency of the kth Fourier component would

be

νk = k/(Ntsamp) = k/Tobs (4.8)

where Tobs is the length of the observation and 1 < k < N/2. If each Fourier com-

ponent is normalized by the factor (NT̄ 2
j )1/2, it is equal to the power at frequency

νk (Lorimer and Kramer 2005). A periodic signal in time domain will show up as

a peak at its corresponding frequency. Assuming that the noise in the data has a

Gaussian distribution, its Fourier transform is white, i.e., the power is uniformly

distributed over all frequencies. In practice however, the power spectrum does not

have well behaved Gaussian noise. Fluctuations in the data acquisition system

and/or receiver noise vary slowly over time, hence adding low frequency noise to

the spectrum. RFI, as explained in Section 4.1.1, occurs sporadically over the

observing span and hence, introduces high power at a large range of frequencies

(especially broad band RFI). To counter this, the spectrum is first whitened by

subtracting running median from different bands of the spectrum. The resultant

spectrum is then normalized by subtracting the mean and dividing by its RMS so

that the whitened spectrum then has zero mean and unit RMS. The effect of this

whitening procedure is demonstrated in Figure 4.3.

Considering that the Fourier component at any frequency is just the power at

that frequency, Equation 4.1 implies that the Fourier amplitude of a signal in

the whitened spectrum is equal to it’s S/N. This makes identifying candidate

periodicities very easy. For example, if the threshold S/N is 8, any peak higher

than 8 in the whitened spectrum is a candidate period with an S/N equal to its

value.
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Figure 4.3: (a) Amplitude spectrum of the data collected using the Parkes
telescope. (b) The same spectrum after whitening. The whitened spectrum is
then normalized so as to have zero mean and unit RMS (see text for details).

Image taken from Lorimer and Kramer (2005)

As explained earlier, the normalization factor in frequency domain is inversely

proportional to the RMS of the data in time domain. This implies that the width

of the signal in one Fourier domain is inversely proportional to its width in the

corresponding Fourier domain. Pulsars typically have narrow duty cycle pulses.

This results in the signal power being spread into many harmonics and sub har-

monics in the frequency domain. The effect of pulse duty cycle on the spectrum

is demonstrated in Figure 4.4. The spectra in the figure were derived from a sim-

ulated pulsar signal. The simulated signal was generated using a program fake

from SIGPROC. The signal was generated for a pulsar of period 100 ms, DM of 10

pc-cm−3, duty cycle of 5% (and 10%), with a single pulse S/N of 1. The simulated

tsamp was 123 µs with Tobs of 10 s. Given that the single pulse S/N is 1, it is diffi-

cult to identify single pulses in the dedispersed time series and it looks like white

noise (Figure 4.4a and 4.4c). What is clear from Figure 4.4b and 4.4d, is that

narrower duty cycle pulse produces larger number of harmonics in the spectrum.

The other notable difference is the relative strengths of the harmonics.

It is easy to identify strong pulsars from the FFT because the harmonics stand

out from the noise, but for weaker pulsars, the peaks at the fundamental as well as



Chapter 4. Data Analysis 68

 0  2  4  6  8  10

In
te

n
si

ty

Time (s)

(a)

 0  20  40  60  80  100

A
m

p
li

tu
d
e

Frequency (Hz)

(b)

 0  2  4  6  8  10

In
te

n
si

ty

Time (s)

(c)

 0  20  40  60  80  100

A
m

p
li

tu
d
e

Frequency (Hz)

(d)

Figure 4.4: (a) Zero mean, dedispersed time series for a simulated pulsar
signal with a period of 100 ms at a DM of 10 pc-cm−3 having a duty cycle of
5%. (b) Normalized FFT of the time series in (a). (c) Zero mean, dedispersed
time series for the same simulated pulsar signal with a duty cycle of 10%. (d)
Normalized FFT of the time series in (c). The signal was generated using a

program fake from SIGPROC (see text for more details).

harmonics and subharmonics do not stand out as clearly as in Figure 4.4. Hence,

before searching for significant peaks, the harmonics need to be added to the

fundamentals. This is achieved through incoherent harmonic summing. In this

technique, the original spectrum is stretched by an integer factor and added back

to it to form a harmonic sum. The larger the number of harmonics added, the

better will be the S/N. Figure 4.4 clearly demonstrates that narrow pulses have of

the order of 10−15 harmonics in the data. The above discussion is applicable to

pulses having single components. If the pulse has multiple components or if there

are inter pulses, the number of harmonics may be suppressed. Thus, in reality, upto

16 harmonics are summed and each summed spectrum is searched individually for

significant peaks. All the candidate periodicities with an S/N > 8 are listed in

a candidate file with S/N and the harmonic fold number. Although RFI usually

appears as sporadic, narrow bursts in time and frequency, one kind of RFI actually

produces periodic modulations in the time series data. This RFI is generated from
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the power distribution network when there are loose contacts or gaps, which give

rise to sparking. This produces RFI over a wide range of frequencies. The AC

supply frequency in India is 50 Hz. Thus, sparking in the power distribution

network produces a 20 ms modulation in the time series. Due to the high power

at 50 Hz and its harmonics (and subharmonics), they may be wrongly identified as

potential candidates. The blind search pipeline has a limited number of candidates

that it stores. Thus, the false RFI periodicities (called birdies) actually occupy

many places in the candidate files due to harmonic summing. To avoid this, the

identified and confirmed RFI periodicities with typical number of harmonics are

marked in a separate birdie file. Given a birdie period, number of harmonics

and a bandwidth over which the observed frequency of the birdies changes, these

particular frequency ranges can be zapped i.e. made zero during the harmonic

search analysis.

4.1.4 Folding and Diagnostic Plots

Once the periodicity search creates a list of candidates, the dedispersed time series

is folded modulo the candidate period in various ways to produce a diagnostic

candidate viewer plot. In the HPC pipeline, each node created the viewer plots

in their local area for all the DMs in their respective lists. At the end of the

list, all the plots were copied to the common location under a directory by the

field name. The diagnostic plot summarizes some important properties of the

candidates, which help discriminate genuine candidates from false ones. One such

example plot is presented in Figure 4.5. The figure shows a diagnostic plot for

PSR J1838+1523, which was discovered during the analysis of the blind search

data. This diagnostic plot contains 5 different parts. Each of these, from top to

bottom (as in Figure 4.5), is explained in detail below.

• Header Text: It contains salient observational parameters such as the ob-

servation date, sampling time, folding period, DM and S/N of the folded

profile.
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• Time Series: This plot shows the zero mean, unit rms, dedispersed time

series. This plot helps in identifying very strong RFI in time domain if it is

present.

• Folded Frequency Sub-band Profile: This plot shows folded profile in fre-

quency sub-bands. To make this plot, the observing band is divided into 8

sub-bands. Each subband is separately dedispersed with respect to a com-

mon reference frequency and the resultant time series is folded modulo the

candidate period. This plot helps to identify DM signature of a true pulsar

from RFI. Typical RFI candidates have a DM of 0 and will not show an

aligned pulse at non-zero DMs.

• Folded Time Sub-integration Profile: This plot shows folded profile in time

sub-integrations. To make this plot, the full dedispersed time series is divided

into 8 sub-integrations and each one is independently folded modulo the

candidate period. This plot helps in identifying period errors for true pulsars

as well as clearly demarcating RFI candidates which will be present for a

very short time and hence will not show up in all sub-integrations. This can

then be mapped to the time series plot to correlate strong RFI instances to

spurious candidates.

• Integrated Profile: This plot shows the full dedispersed time series folded

modulo the pulsar period. If the two plots above show consistent signature,

this plot should show a very high S/N which is reported in the header text.

A true pulsar candidate can be differentiated from a spurious RFI candidate

by looking for consistent signatures in all the plots.
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Figure 4.5: A diagnostic candidate plot for PSR J1838+1523. This is the
discovery plot for this pulsar. See text for details.
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4.2 Targeted Search

Targeted search analysis is similar to blind search analysis in the sense that it

also looks at the data in P−DM space. Targeted search however, involves larger

integrations over the same sky region. Thus, the data size per field (or pointing in

blind search) is much larger. In classical searches, the observations are performed

in a single stretch. Thus, the time series data are contiguous. As described in

Section 3.4.1, the targeted search observations done with the GMRT involved

intermediate scans on the phase calibrator source time and again. Thus, the time

series data obtained from the telescope had breaks. The contiguous data spans

were only of 20 minutes duration. In order to obtain the full expected sensitivity,

all of these data needed to be joined together and then searched for periodic signal.

This was done using a technique called broken search. The analysis pipeline was

implemented using modified SIGPROC programs. It was run on the new HPC

procured by NCRA in December 2012 (see Appendix A for more details about

the HPC). In the following sections, we describe the analysis method and its

implementation on the HPC.

4.2.1 HPC Search Pipeline

Though targeted search is very different from blind search observationally, the

data analysis is very similar, especially when the distance estimate for the target

is not available beforehand. This makes the basic stages of analysis similar i.e.,

RFI mitigation followed by dedispersion and harmonic search. The only difference

here was the way harmonic search was implemented given the non-contiguous time

domain data with an addition of single pulse search as well. The analysis pipeline

was divided into three phases with two manual stages in between. It involved a

batch mode MPI script written in C language. The actual implementation was

done using bsub, which is a job submission program under the Platform LSF5.

The use of bsub somewhat affected the working of the pipeline, which is explained

5LSF stands for load sharing facility, which is a workload managing platform for HPC envi-
ronments
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later. In the next sections, we describe the actual phases of the analysis and how

they were implemented on the HPC.

4.2.1.1 Phase I

In this phase, the data were screened for RFI instances by using cliprfi to

produce RMS values for each channel as described in Section 4.1.1.1. All the data

files were kept in the NAS and each core ran the program on a separate data file

independently. The text files containing final band shapes (as the one shown in

Figure 4.2), were also stored in the same directory as the raw data files. The next

stage was to manually flag bad channels, which had high RMS as compared to the

overall RMS in the flatter part of the band.

4.2.1.2 Phase II

In this phase, the flagged frequency channels were blanked from the raw data files

to produce RFI clipped data files. These were then converted to the filterbank

format for actual search analysis. This was also done on the NAS disks with each

core working independently on its own data file. The total free electron content

along any line of sight depends on the distance to the source, and determines the

DM value. The plasma content also determines the amount of scattering as well

as pulse broadening. This increases the minimum detectable pulse period as a

function of DM. Thus, one does not need to retain the same time resolution in the

filterbank data. One look at the pulse broadening estimates from NE2001 model

(Cordes and Lazio 2002) gives a good idea of how many adjacent samples could

be safely integrated without losing sensitivity to short period pulsars. The criteria

that was applied in the current search was to have at least 16 bins across the

minimum detectable pulse period for DM larger than the diagonal DM. The phase

II was thus, run to produce filterbank files with 2, 3, 4 etc. adjacent samples added

together. The number of added samples was called nadd. Once the filterbank files

were ready, another MPI script copied the files to local disks on each compute
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node. This was done because there was no way to know which nodes will be

participating in the analysis run before the job was submitted to bsub. At the end

of this phase, each compute node had a local copy of all the data files to work on.

4.2.1.3 Phase III

This phase actually carried out the pulsar search on the data. This phase was run

using a single MPI program written in C language. The very first thing that this

script did was to get the total number of ranks6 participating in the analysis and

the nodes to which they belonged. It then divided the list of trial DMs equally

into all the ranks. Each rank created its own results directory in the same local

scratch disk with all the data. This directory had the trial DM list assigned to

that particular rank. It would also have all the intermediate analysis products

before they were copied on the NAS disk in the final result directory, which was

created by the master rank (rank 0). Each rank directory also had a text file with

the list of the names of filterbank files to be analysed. The list had to be in a

chronological order with the names in a fixed format, which was desirable for later

stages of analysis. In the next stage, each rank produced dedispersed time series

files for their trial DMs for all the data files. This was followed by single pulse

search to try and detect significant bursts of radio emission from RRATs. Finally,

a harmonic search was carried out. These are described in more detail in Section

4.2.2 and 4.2.3, respectively. Once the harmonic search for a particular trial DM

was finished, the resultant files were copied to the global result directory. The

single pulse search result files needed to be appended for all the trial DMs. Hence,

these were copied to the global result directory only at the end of the trial DM

list. At the end of the search stage, a barrier prevented any rank from moving

ahead. A master rank (rank 0) then concatenated the harmonic search candidates

at all the trial DMs into one single candidate file. It also concatenated the single

pulse search files into 4 groups of trial DMs such that each group contained equal

number of trial DMs. The actual ranges were dependent on the DM range and

6In MPI terminology, rank refers to a particular process and has a unique number assigned
to it when all processes are spawned by the MPI program.
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steps. Although the harmonic search was done on combined data, single pulse

search was run on individual files independently. The master rank then created

the single pulse viewer plots using a SIGPROC program plotpulses. Harmonic

search results were copied into one global directory, while dedispersed time series

files and the single pulse files and viewer plots were copied in a different global

directory. Thus, at the end of search, one directory had the candidate list for all

trial DMs for harmonic search and the other result directory had time series files

with 4 single pulse viewer plots per observation slot per field.

4.2.2 Single Pulse Search

McLaughlin et al. (2006) discovered a new class of rotating neutron stars, which

emit sporadic bursts of radio emission every now and then. The so called RRATs

could not be detected in the harmonic search because they do not emit regular

periodic pulses like the normal radio pulsars motivating a simple minded single

pulse search. The single pulse search is a time domain search and is run on

the dedispersed time series. It is an exercise of matched filtering. It assumes a

Gaussian distributed time series samples of known mean and standard deviation.

As described in Cordes and McLaughlin (2003), the S/N for such narrow pulses

having an amplitude Speak and a width W, is given by

S/N =
SpeakW

Ssys

√
np4f
W

(4.9)

where Ssys is the system equivalent flux density, np is the number of polarizations

summed and4f is the receiver bandwidth. In order to get maximum S/N, the time

series sampling time must match the pulse width. This is achieved by smoothing

the time series by adding successive samples. As with all template matching tech-

niques, false detection probability should be taken into consideration to apply a

good threshold. As pointed out in Cordes and McLaughlin (2003), the probability

of having a pulse of a given S/N by chance, decreases exponentially with S/N.

Assuming pure Gaussian random noise yields a threshold of 3−4, but presence
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of RFI makes the statistics distinctly non Gaussian. Thus, a threshold S/N of

6 is applied in real searches. The algorithm also improves the data statistics it-

eratively after removing detected significant pulses from further mean and RMS

calculations. The resultant candidates are plotted in a diagnostic plot like the one

shown in Figure 4.6. The plot has 4 different sub plots. They are described below.

• Top row left: This plot shows number of candidate pulses as a function of

S/N. For random noise with RFI, it should show an exponential decay with

isolated pulses indicating significant outliers. For a real pulsar signal, one

should either see a bump in the distribution or an excess of very high S/N

pulses. In Figure 4.6, there is a very slight bump near S/N of 25.

• Top row middle: This plot shows number of candidate pulses as a function

of trial DM. In normal cases, there is a slight excess at low DMs due to RFI

but otherwise, the plot is flat. For a real pulsar signal, one should see a clear

peak at the DM of the pulsar. In Figure 4.6, this peak is suppressed by the

low DM RFI pulses.

• Top row right: This plot shows S/N as a function of trial DM. In normal

cases, it has a low DM excess due to RFI and an otherwise flat appearance.

For a real pulsar signal like that present in Figure 4.6, we see a distinct peak

at the pulsar’s true DM.

• Bottom plot: This plot shows all candidate pulses as a function of trial DM

marked as circles, with the radius of the circle proportional to the pulse S/N.

In Figure 4.6, large RFI contamination at zero DM with some RFI stripes

can be seen with strong, isolated single pulses at the true DM of the known

pulsar PSR B2111+46. Incidentally, this pulsar was discovered in a single

pulse search (Davies and Large 1970).
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Figure 4.6: A Typical single pulse search plot. This particular plot shows
single pulses from a known pulsar PSR B2111+46 which has a DM of 141.26
pc-cm-3 (marked by an arrow on the right in the bottom plot). See text for

more details.

4.2.3 Broken Harmonic Search

As stated in Chapter 3, the targeted search observing strategy required that the

target scans be non-contiguous. Pulsar search observations are usually done us-

ing single dish telescopes. Thus, while doing pulsar search, imaging is never an

objective. This rules out observing calibrator sources during a search scan. Thus,

all pulsar search data is always contiguous 7. The only conceivable breaks are be-

cause of problems like power outage or parking due to high winds. Simultaneous

imaging observations with search observations for our targeted search necessitated

breaks in observations. Thus, a method for carrying out harmonic search on non-

contiguous data was required. The standard harmonic search in SIGPROC is

implemented through the program seek. In order for it to be able to work on

non-contiguous data, it was augmented to create a new procedure called seeknew,

which had the tweak required to make seek algorithm work on non-contiguous

7An exception is pulsar search in globular clusters such as 47 Tuc . Such searches are carried
out over data spanning over more than a year (see Camilo et al. 2000)
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time series data. The logic was simple. seek needs a single spectrum to work on,

but we had multiple spectra, each corresponding to a single scan on the target

source. In the new code, the time series files were read one by one. Their spectra

were formed individually and all the resultant spectra were added incoherently

to form the final spectrum. Thus, if a1(νk), a2(νk), a3(νk) . . . an(νk) are Fourier

amplitudes of the spectra at a Fourier bin νk, the final amplitude will be given by

a(νk) = a1(νk) + a2(νk) + a3(νk) . . .+ an(νk) (4.10)

The spectra were appropriately zero padded whenever required. The final spec-

trum was then searched for significant peaks by using the harmonic search algo-

rithm as explained in Section 4.1.3. In order to estimate the improvement in noise

statistics, let us assume that the noise in time (σt) as well as frequency domain (σν)

behaves as a Gaussian random variable in all the scans. Now from the definition

of Fourier transform (see section 4.1.3), we have

σt ∝
1

σν
(4.11)

If each scan lasts for time Tint and the total observation time is Tobs with n scans,

Tobs = nTint (4.12)

For a single scan in time domain, we have

σt ∝
√
Tint (4.13)

The incoherent addition of n different spectra will give a
√
n improvement in noise

in the spectral domain. This implies that after the incoherent addition, the final

noise level in the spectrum (σ) will be given by
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σ =
σν√
n

(4.14)

Substituting for σν and n from the above equations, we get

σ ∝ 1√
Tobs

(4.15)

This corresponds to a (Tobs)
1/2 improvement in time domain and hence, one re-

covers the expected sensitivity equivalent of the total observing time. Note that

the sensitivity is independent of the choice of integration time. Thus, one can

choose as large an integration time as possible with number of scans limited by

the observational constraints as mentioned above. In reality, RFI makes the noise

non Gaussian in nature, which in turn affects the sensitivity. Even with this prac-

tical constraint on the sensitivity, once a candidate is detected, a fully coherent

addition is possible and is discussed in the next section.

4.2.4 Candidate Screening and Diagnostic Plots

Once the search pipeline produced harmonic search candidates, the known birdies

that survived the zapping, were removed from the candidate list. The list was fur-

ther pruned by removing sub-millisecond candidates8 and the periodicities which

were smaller than the effective sampling time at higher DMs. The remaining can-

didates were considered for further analysis. The candidate viewer plots were then

produced using another MPI script, which used the approximate period and DM

from the search pipeline. Both these estimates were then improved by using a

finer search in the time domain. This procedure is explained in detail below.

8Sub-millisecond period pulsars would have a large rotational kinetic energy, which will cause
the neutron star to break at its equator due to large centrifugal force. This makes the existence
of sub-millisecond pulsars unlikely. However, it can not be ruled out completely.



Chapter 4. Data Analysis 80

4.2.4.1 Improving the Candidate Period and DM

As explained in Section 4.1, pulsar search is done in the P−DM parameter space.

The search pipeline always provides an approximate estimate of the candidate P

and DM. A sparse DM sampling, especially at DMs higher than diagonal DM, may

result in a DM estimate which is slightly offset from the true DM. Binning as well

as smoothing in the Fourier space may result in an estimate of the period, which

is slightly offset from the true period. Out of the two, an offset period estimate is

usually a more severe limitation because the pulse peaks at a range of DMs but

the peak in period is fairly narrow (as can be seen in the second panel from top in

the left column in Figure 4.7), consequentially reducing S/N substantially. Also,

one does not need a very accurate estimate of DM in the early follow-up of a new

pulsar. It can be refined further using multi-frequency pulsar timing observations.

One does not require high precision DM measurement unless there is an intended

study of DM variations. Thus, the dedispersed time series files already saved in the

global result directory were used. The parallelization was done on the DM space

again with each rank running the fine period search on its designated list of trial

DMs. In order to do a finer period search, the choice of period step is important,

thus retaining full resolution afforded by the binning in the folded profile. This was

decided such that the accumulated period error across one continuous integration

was equal to time corresponding to one bin in the folded profile. For a rough search

period P, folded with nbins bins across observation time of Tint, with a period error

dP, this gives,

P

nbins
=
TintdP

P
(4.16)

or

dP =
P 2

nbinsTint
(4.17)
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This gave nbins trial periods with the rough search period at its midpoint. The

figure of merit for the goodness of a folded profile, was taken to be reduced χ2

assuming the profile mean (no signal) as the null hypothesis (H0). Thus, a sharp

profile with high S/N would give a high value of reduced χ2 as compared to just

noise (for which, reduced χ2 would be 1). This so called P−DM search generated

a 2 dimensional array of reduced χ2 values. The peak of this array provided the

refined period and DM for the candidate. One example of this array is plotted in

gray scale in the second panel from top in the left column of Figure 4.7.

The search observations were spread over a time span of two days. Any further

error in the refined period could be removed by using a much finer search which

involved a period step calculated using Equation 4.17 with Tint replaced by the

time span of the observations, Tobs. Given that the observing time for a single scan

was 20 minutes as compared to the full extent of 10−15 scans over a few days, this

could give an order of magnitude improvement in the candidate period. Assuming

that the measured period Pmes (and corresponding frequency νmes) is different than

the true period Ptrue (and corresponding frequency νtrue) by an amount δP (δν)

then,

Ptrue = Pmes + δP (4.18)

or

νtrue = νmes + δν (4.19)

Assuming that the rotation period of the pulsar changes by a perceivable amount

only due to the inherent slow-down, we get the true rotation frequency at any

given time with respect to some reference time (t0) as

νtrue(t) = νtrue(t0) + ν̇true(t0)[t− t0] (4.20)
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Noting that rotation frequency is nothing but the rate of change of pulse number

(N), the expected pulse number at any time (t) can be expressed in terms of νtrue

as follows

N(t) = N(t0) + νtrue(t0)[t− t0] (4.21)

Now, assuming that the times t0 as well as all t in the above equation are measured

values of pulse time of arrival and the reference point for the measurement is taken

as the peak of the pulse, all the measured values of N for different observations

at t1, t2, t3, . . . , tn should be exact integers. Given that the measured period

is slightly different as compared to the true period, there would be an additional

fractional pulse number accumulated over time. This number (pulse phase) will

have values between 0 and 1 and is denoted by δφ. If we substitute Equation 4.19

in Equation 4.21 and subtract out the integer part of the pulse number, we get

δφ(t) = δν(t0)[t− t0] (4.22)

the corresponding equation in terms of the error in period (δP) is given by,

δφ =
−δP (t− t0)

P 2
(4.23)

where t0 is the time of arrival of the pulse in the first scan and t is the time

of arrival of the pulse an any scan thereafter. The values of δφ1, δφ2, δφ3, . . . ,

δφn can be easily measured by producing folded profiles in individual scans with

the period provided by P−DM search. This was done in two steps. In the first

step, folded profiles were produced by skipping the time from start of observation,

required to get rid of the integral part of pulse number, assuming that the P−DM

period was correct. The measured values for δφ were then obtained by calculating

the phase shift by performing a cross-correlation between the observed profile and

the reference profile, which was the folded profile for the first scan. Each time,
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the next profile was added to the first profile by aligning, to get a better template

for the next cross-correlation. The measured values of δφ were then converted to

values between −0.5 and 0.5 by subtracting 1 when the value exceeded 0.5. Using

the observation time span (Tobs) in Equation 4.17, instead of Tint, an array of

very finely separated trial periods was generated around the P−DM period. The

range of periods to be searched for, was determined as the width of the peak in

the reduced χ2 versus P−DM trial period (as shown in the left plot adjoining the

P−DM gray scale in Figure 4.7) at 80% of its peak value. Simulated δφ values

were then generated for each trial period using Equation 4.23. The simulated set

was treated as a set of plausible models for the measured values of δφ. A further

refined period estimate was then obtained by comparing the measured values of

δφ with the simulated values and searching for the trial period, which minimized

the RMS error obtained after subtracting the model from the measured values.

One such example plot is shown in the bottom panel in the left column in Figure

4.7. The above mentioned procedure is similar to pulsar timing analysis done over

a time range of the order of 5−10 days. Pulsar timing analysis is further explained

in Section 4.3. Given that this kind of analysis is suitable only for a stable rotator,

this procedure naturally discriminates against RFI, which is only sporadic. This

ensures that the candidate surviving this analysis is most probably a real pulsar.

Such a unique candidate discriminant was a notable feature of broken time series

observations spread over a few days.

Given the peculiar nature of observations and candidate screening applied in the

search analysis, the resultant candidates could not be visualised properly using the

in built viewer in SIGPROC (as shown in Figure 4.5). Hence, a new viewer was

designed in order to visualise broken search harmonic candidates. One example of

the diagnostic plot is shown in Figure 4.7. As is seen, the viewer plot is divided into

three parts, the data header on the top and two columns having various diagnostic

plots below. We describe in detail what each panel represents from the candidate

analysis below (in a given column, the panels are numbered in increasing order

from top to bottom).
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Figure 4.7: Example viewer plot for a broken search candidate. This particular
field had a known pulsar PSR B1907–03. This plot represents the analysis done
over 5 scans, each of a duration of 1800 s. The large improvement in the
estimated candidate period as well as the overall profile S/N (designated as

SNR in the plot) due to coherent addition of individual profiles is evident.

• Left column, panel 1: This panel shows a plot of the cumulative variance

of the dedispersed time series as a function of observing time. In order to

produce this plot, the individual scans were dedispersed to 0 DM. They were

then appended to produce a single, dedispersed time series representing the

whole integration time (Tobs). Data variance was then calculated over 1 s

chunks of data in a cumulative manner. The variance was then rescaled to

mJy2 by using the radiometer equation [c.f. Appendix 1, Section A1.4 in

Lorimer and Kramer (2005)]. In case of pure Gaussian random noise, the

data variance should increase linearly with number of samples (or observing

time). RFI spikes will produce sudden jumps in this overall linear trend and
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can be marked clearly. One such jump can be seen at around 400 s in Figure

4.7.

• Left column, panel 2: This panel shows a zoomed part of the 2 dimensional

P-DM plot in gray scale. In Figure 4.7, there is a clear sharp peak showing

the detection of PSR B1907−03. The bottom plot shows reduced χ2 as a

function of trial DM at the peak period and the left plot shows reduced χ2

as a function of trial period at the peak DM.

• Left column, panel 3: This panel shows pulse S/N (designated as SNR in

Figure 4.7) as a function of trial DM at the peak period.

• Left column, panel 4: This panel shows RMS error as a function of trial

period in the second stage of period estimation using pulse arrival times. It

shows a clear dip and a unique minimum in Figure 4.7, indicating a more

precise measurement of the pulsar period.

• Right column, panel 1: This panel shows a gray scale plot of the final profile

in 8 frequency sub-bands. The frequency increases from top to bottom. The

final profile was produced after adding the individual profiles by aligning

them using the correct period estimate. The profile is repeated to show 2

rotations for clarity, which is also the case for the subsequent panels.

• Right column, panel 2: This panel shows folded profiles in individual scans.

The chronological order is from top to bottom. The profiles were aligned by

skipping appropriate time from start of observation, which is equivalent to

the accumulated pulse phase due to slow-down. This phase was calculated

using Equation 4.21 with respect to the start time of the first scan. Thus,

skipping appropriate time from the scan start, the starting phase of each

folded profile was the same.

• Right column, panel 3: This panel shows the accumulated profile produced

by adding all the profiles in the previous panels. The resultant increase in

S/N due to coherent addition of profiles is evident from the increased S/N

(428 as compared to 107 in single scan).
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4.3 Timing Analysis

Pulsars are very stable rotators. Their rotation periods can be measured with

very high precision (up to nano seconds or pico seconds for some pulsars). This

clock-like stability of pulsar rotation allows us to do pulsar timing which helps

in the study of many phenomena associated with the radio pulse propagation as

well as intrinsic variations in the pulse properties due to changes in the pulsar

magnetosphere. This is usually done by measuring what is called time of arrival

(TOA) of a pulse. Careful pulsar timing analysis reveals very useful information

about phenomena like timing noise (irregularities in the pulse arrival times) and

glitches (sudden increase in the pulsar rotation frequency followed by exponential

recovery) that are very important towards understanding intrinsic pulsar proper-

ties. In this section, we discuss the main techniques and methodology of pulsar

timing analysis in order to extract maximum information using the radio pulses

emitted by these sources.

4.3.1 Measuring Pulse TOA

The most important step in pulsar timing is to measure the pulse TOA. This is the

time of arrival of the average pulse from the start of observation (the time reference

actually varies. Sometimes, it is also taken as middle of the observation. Whatever

the time reference, it should be consistent throughout the timing analysis). The

dedispersed time series is folded modulo the pulsar period to form the integrated

pulse profile. TOA is measured for a fiducial point on the profile (usually its peak).

The typical observational set up for pulsar timing observations is shown in Figure

4.8.

Once the integrated profile is formed, what remains is to accurately determine

the pulse TOA. The precision afforded by the folded profile is many a times not

sufficient. This depends on the strength of pulsar emission, sampling time as

well as pulse S/N which in turn, constrains the number of bins across the profile.

Even with optimum set up and folding parameters, some pulsars are very weak
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Figure 4.8: Observational set up for pulsar timing. Taken from Lorimer and
Kramer (2005).

and hence have a low profile S/N. Thus, one uses a technique called template

matching, in order to get a much more accurate TOA.

4.3.1.1 Template Matching

This technique was first described by Taylor (1992). It basically involves cross

correlating the observed profile with a very high S/N template profile to get the

position of the fiducial point in the observed profile. The template profile for a

given observing frequency is generated from many individual profiles. In order to

do this, the profiles are first added coherently. The accumulated profile is then

passed through a low pass filter (or smoothed) to form an almost noise free, high

S/N and/or noise free template profile. Now, both the template as well as observed

profile are discretely sampled. Assuming that the observed profile P(tj) is a scaled

and phase shifted version of the template profile T(tj) with additional Gaussian

random noise N(tj), such that

P (tj) = a+ bT (tj − τ) +N(tj) (4.24)

where a is an arbitrary offset and b is the scaling factor. The value of τ yields the

TOA relative to the fiducial point of the template and start of the observation.

The cross correlation is usually calculated in the frequency domain after doing a
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DFT on the profile as well as the template. If there are N bins in the profile and

template,

pkexp(iθk) =
N−1∑
j=0

Pjexp(−2πijk/N) (4.25)

tkexp(iφk) =
N−1∑
j=0

Tjexp(−2πijk/N) (4.26)

Where pk and tk are the Fourier amplitudes and θk and φk are the phases of the

profile and the template, respectively. The time offset τ in time domain (Equation

4.24) appears as a phase ramp kτ in the frequency domain owing to the shift

theorem (Bracewell 1965). The scaling factor b and the desired TOA (in terms of

τ) can be obtained by doing a χ2 minimization to obtain (Taylor 1992),

∂χ2

∂τ
= 2bσ−2

N/2∑
k=1

kpktksin(φk − θk + kτ) = 0 (4.27)

which can be solved for τ by using Brent’s method (see Press et al. 1986). The

value of b can then be obtained by (Taylor 1992),

b =

∑N/2
k=1 pktkcos(φk − θk + kτ)∑N/2

k=1 tk
(4.28)

Uncertainty in the value of τ can be obtained by calculating the variation in the

value of τ that leads to the variation of χ2 by 1. This gives (Taylor 1992),

σ2
τ =

(
∂χ2

∂τ 2

)−1

=
σ

2b
∑N/2

k=1 k
2pktkcos(φk − θk + kτ)

(4.29)

The noteworthy fact that arises from these equations [see Taylor (1992) for a

detailed discussion] is that the accuracy of the measurement of τ is independent

of the bin size of the profile. In fact, the assumption that pk and tk fall off rapidly,

only depends on the S/N of the profiles in the time domain. Thus, one can, in
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principle, decrease the number of bins on a profile to get a better S/N and hence,

a better estimate of the TOA as compared to the time domain method which

critically depends on the bin size.

4.3.2 Time Standards

The TOAs measured thus far, have a time stamp according the GPS, which gives

a clock pulse every minute giving accurate Coordinated Universal Time (UTC) as

measured by US National Institute of Standards and Technology (NIST). This,

finally has to be converted to International Atomic Time (TAI) maintained as an

average of large number of atomic clocks based at Bureau International des Poids

et Mesures (BIPM). As the Earth does not rotate uniformly, leap seconds have

to be added to UTC to keep it within 0.9 s from the actual Earth rotation time

UT1. Thus, UTC is always an integral number of seconds away from TAI (TAI

= UTC + δT). This time is then converted to a smooth running time standard

called Terrestrial Time (TT). The final timing analysis uses TOAs converted to

TT.

4.3.3 Pulsar Timing Procedure

In order to monitor the pulse arrival times and connect them to pulsar rotation, we

need to find an expression for the pulsar rotation in its co-moving frame. Assuming

a Taylor’s series expansion we get,

ν(t) = ν0 + ν̇0(t− t0) +
1

2
ν̈0(t− t0)2 + . . . (4.30)

where ν0 = ν(t0) is the spin frequency and ν̇0 = ν̇(t0) and ν̈0 = ν̈(t0) are the time

derivatives at some reference epoch t0. ν̇ is the pulsar spin down rate correspond-

ing to the period derivative (Ṗ). For solitary pulsars, ν̈ is usually too small to be

measured (apart from very young pulsars). Timing noise may result in time vary-

ing ν̇ or a finite ν̈. Hence, care should be taken while fitting as well as interpreting
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the value of ν̈. Now, the spin frequency ν is the rate of change of pulse number.

From Equation 4.30, we get

N(t) = N0 + ν0(t− t0) +
1

2
ν̇0(t− t0)2 +

1

6
ν̈0(t− t0)3 + . . . (4.31)

The above equation also tells us that if we set t0 as a TOA of some pulse (N0)

and the pulsar spin down is accurately known, we should observe a pulse at every

integral value of N from an inertial frame. Our frame at the observatory is far

from inertial. The TOAs measured at the observatory or the topocentric TOAs

have to be transferred to the Solar System Barycentre (SSB) frame, which, to a

good approximation, is an inertial frame. These arrival times are called barycentric

arrival times. This transformation takes care of gravitational effects due to other

masses present in the solar system. It is also effective because the barycentric

TOAs are independent of the observatory position as well as observation time.

This allows one to combine TOAs calculated at different observatories at different

times. The transformation from topocentric TOA (ttopo) to barycentric TOA

(tSSB) for an isolated pulsar can be summarised in the following equation (Lorimer

and Kramer 2005).

tSSB = ttopo + tcorr −4D/f 2 +4R� +4S� +4E� (4.32)

These terms are briefly explained below [see (Hobbs et al. 2006) for a more detailed

discussion].

• Clock Correction (tcorr): This term takes care of the transformation of the

local observatory time to TT.

• Frequency Correction (4 D/f2): This term takes care of the interstellar

dispersion. It converts the TOA to infinite frequency; hence removing the

dispersion in the data. 4D = D × DM, where D is the dispersion constant

defined in Equation 1.7, DM is in the units of pc-cm-3 and f is the observation

frequency (highest frequency in the observation band) in MHz.
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• Römer delay (4R�): This delay is the classical light travel time between the

phase centre of the telescope and the SSB. Calculating this delay requires

accurate ephemeris of the solar system. They are published by Jet Propul-

sion Laboratory (JPL) [see Folkner et al. (2014) for the latest ephemerides

and a detailed discussion]. These calculations also require accurate UT1

corrections published by International Earth Rotation Service (IERS)9.

• Shapiro Delay (4S�): This is a relativistic delay caused by the curvature

of space-time due to masses present in the solar system. The largest delay

(∼120 µs) is caused by the solar limb while Jupiter can cause a delay upto

200 ns (Lorimer and Kramer 2005). Usually, considering Sun and Jupiter is

enough.

• Einstein Delay (4E�): This delay occurs due to the time dilation caused by

the combined effect of all the solar system bodies. This takes care of the cor-

rections in the atomic clocks due to the Earth’s rotation in the gravitational

potential of all the remaining solar system objects.

Once the TOAs are converted to barycentric frame, pulsar rotation parameters can

be determined by doing a least square fit with respect to pulse number observed

at the observation time. The χ2 statistic for the problem can be defined as

χ2 =
∑
i

(
N(ti)− ni

σi

)2

(4.33)

where ni is the nearest integer to N(ti) and σi is the uncertainty in the TOA

in units of pulse period (turns). The aim of this whole exercise is to obtain a

phase coherent solution that accounts for every pulsar rotation between any two

observations. Initial solutions start with few TOAs spaced very close so that

the accumulated TOA uncertainties do not exceed one pulsar period. If the fit

is successful, the resultant post-fit residuals should have a Gaussian distribution

with zero mean and RMS comparable to TOA uncertainties. This solution is then

9www.hpiers.obspm.fr
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expanded to include all observations maintaining phase coherence. First few days

require only period and pulse phase for fitting. After this, parameters like period

derivative and position, slowly come into play as the time baseline of the timing

observations increases. While including more and more parameters in the timing

model fit, one needs to be careful about the nature and time scales of the effects

caused by these parameters. For example, a wrong period causes a linear variation

in the residuals, wrong Ṗ causes a parabolic variation over a few months, while

a wrong position causes sinusoidal variation with a periodicity of a year. This is

shown in Figure 4.9 for a known pulsar PSR J2208+5500, observed at the ORT

at 325 MHz.
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Figure 4.9: The effect of some parameters on pulsar timing residuals. The
residuals were formed for PSR J2208+5500, which has a period of 933 ms, by
using timing observations done with the ORT. (a) A good timing model results
in Gaussian random residuals. (b) If the assumed period is lower by 10 ns than
the true period, we get linearly increasing residuals. (c) If the assumed Ṗ is
lower by 6.25 % than the true Ṗ, we get parabolic increase in the residuals. (d)
If the declination of the source is in error by 30”, we get sinusoidal residuals
with a period of 365 days. Note the progressively decreasing amplitudes of the

variations and their different time scales.

The uncertainties in the fitted parameters are obtained from the coherence matrix

of the least square fit (see Press et al. 1986). Sometimes, even after obtaining
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an optimal fit, the resultant residuals do not go below a certain level. This slow

variation of timing residuals is intrinsic to the pulsar and is called as timing noise.

Some pulsars are intrinsically good rotators resulting in very small timing noise

whereas some are ‘noisy’ rotators resulting in considerable timing noise. Typi-

cally, millisecond pulsars are more stable rotators as compared to normal pulsars.

Changing pulse shape due to scatter broadening or intrinsic jitter may also con-

tribute to timing noise. Thus, timing noise may, at times, indicate intrinsic pulsar

properties (like mode changing).

4.3.4 TEMPO2

The pulsar timing techniques with all the required details are incorporated in an

easy to use software package called TEMPO210 (Hobbs et al. 2006). It has all

the propagation and other effects implemented at 1 ns level of precision. Apart

from the different fitting routines, it also has various plugins to visualise data

as well as make different kind of plots. In short, it provides a single interface

to the multitude of pulsar timing techniques. In order to calculate the χ2 as

given in Equation 4.33, it needs the measured TOAs as well as the pulsar rotation

parameters. This is achieved through two different files, a parameter file (the

par file) and a file containing TOAs (the tim file). The parameter file contains

the parameters to be used for calculating the timing model with their initial guess

values and uncertainties. It also has other miscellaneous parameters, which denote

epochs of some measurements, clock corrections, solar system ephemerides etc.

Table 4.1 shows some important parameters for isolated pulsars. TEMPO2 can

calculate any number of spin frequency derivatives but usually, the first two are

sufficient. It can also fit for DM if one has TOAs calculated at more than one

observing frequency. The measurement epochs for period, DM and position are

required when one wants to study their time evolution, while the zero residual pa-

rameters are useful for generating predictive polynomial coefficients, which provide

the apparent period and pulse phase for any given modified Julian day (MJD).

10http://www.atnf.csiro.au/research/pulsar/tempo2
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Parameter Description Symbol Unit
RAJ J2000 RA of the pulsar α hh:mm:ss.ss
DECJ J2000 DEC of the pulsar δ dd:mm:ss.ss
F0 Spin frequency ν Hz
F1 First derivative of spin frequency ν̇ Hz-s-1

F2 Second derivative of spin frequency ν̈ Hz-s-2

DM Dispersion measure DM pc-cm-3

PEPOCH Epoch of measurement of ν tP MJD
POSEPOCH Epoch of measurement of position tpos MJD
DMEPOCH Epoch of measurement of DM tDM MJD
TZRMJD MJD of zero timing residual − MJD
TZRFRQ Frequency of zero timing residual − MJD
TZRSITE Telescope site of zero timing residual − MJD
CLK Clock correction applied to get TT − −
EPHEM Solar system ephemeris used − −

Table 4.1: Some basic TEMPO2 parameters for isolated pulsars.

The predictive polynomials are used basically, to do online folding of known pul-

sars when doing follow-up timing observations. The TOA file consists of obser-

vation frequency in MHz followed by the measured TOA in MJD (accurate upto

11 decimals), errors in TOAs in µs and the short code for the observatory. The

observatory code needs to be present in a file ‘observatories.dat’ with the Earth-

centric X,Y,Z coordinates which are used by TEMPO2 to convert the topocentric

TOAs to barycentric frame. In order to visualise the pre-fit and post-fit residuals,

TEMPO2 has a graphical plugin named plk (Hobbs et al. 2006). It is based on

PGPLOT11 and is useful for visualizing residuals as a function of MJD, date of

year, hour angle etc (see Figure 4.10 for an example). Apart from this, it also

allows the user to interactively select the parameters to be fit, particular sections

of data for fitting as well as removing bad TOAs as well as add arbitrary phase

jumps to align the residuals before fitting. It allows one to write out a new par

file after the fit has converged. It also allows the plot to be printed as a postscript

file as well as the data to be written to standard output for plotting in differ-

ent ways. In all, it provides a user friendly, flexible interface for carrying out

11PGPLOT is a FORTRAN based set of subroutines used for data visualization as well a
creating postscript files from the plots. (see http://www.astro.caltech.edu/∼tjp/pgplot/)
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basic timing analysis (even for multiple pulsars at the same time) and visualiz-

ing the results in various useful ways. In fact, this same interface was used to

generate the data required to make the plots in Figure 4.9 (for more details, see

www.atnf.csiro.au/research/pulsar/tempo2/index.php?n=Plugins.Plk).

Figure 4.10: A screen shot showing plk (Hobbs et al. 2006) interface. The
residuals were obtained from the ORT observations of PSR J2208+5500. The
squares towards the top left corner are clickable to enable those parameters to
be fitted. The list on the left allows the user to change the X and Y axes shown

in the plot towards the right. See text for more details.

4.4 Imaging Analysis

During the analysis of time series data for the newly discovered pulsar PSR

J1838+1523, it was discovered that the pulsar could not be detected for close

to 280 days. This made the timing analysis difficult due to a large error on the

pulsar position. This prompted the need to make images from the simultaneous

interferometric data obtained from GMRT. In order to make an image, the bad
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data needs to be flagged first. After this, it needs to be calibrated properly. The

complex visibility function V(u,v) has two parts; an amplitude and a phase. Both

of them need to be calibrated independently. The flagged and calibrated data is

then Fourier transformed to get the final image. Although it seems fairly straight

forward, in reality, it is much more complicated. In the following sections, we

describe the process of obtaining the images in detail.

4.4.1 Fundamentals of Radio Interferometry

When we observe distant radio sources using interferometers, what we are measur-

ing is really the spatial coherence function of the electric field of the electromag-

netic radiation emitted by that source (Clark 1999). Assuming that the source of

radiation lies on the surface of the celestial sphere12 at R and the observer lies at

r with respect to some origin, the quasi monochromatic electric field at r due to

the source at R can be expressed as

Eν(r) =

∫
εν(R)

e(2πiν|R−r|/c)

|R− r|
dS (4.34)

where εν(R) is the electric field and dS is the surface area element, respectively

on the celestial sphere. Now, if we have two antenna elements at r1 and r2, the

correlation of the electric field is defined as

Vν(r1, r2) = 〈Eν(r1)E∗ν(r2)〉 (4.35)

This correlation function, in fact, represents the spatial coherence function of the

radiation field (which is denoted by the electric field). Now, if we substitute for

Eν(r) from Equation 4.34 and write the product of two integrals as a double

integral over two different dummy area elements dS1 and dS2, we get

12The imaginary sphere of infinite radius with the Earth at its centre. All celestial objects are
assumed to lie on the surface of this sphere.
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Vν(r1, r2) =

〈∫ ∫
εν(R1)ε∗ν(R2)

e(2πiν|R1−r1|/c)

|R1 − r1|
e(−2πiν|R2−r2|/c)

|R2 − r2|
dS1 dS2

〉
(4.36)

now, assuming that the emission from astronomical objects is not spatially coher-

ent, which means

〈εν(R1)ε∗ν(R2)〉 = 0 for R1 6= R2 (4.37)

we can exchange integral and expectation with above mentioned assumption to

get

Vν(r1, r2) =

∫ 〈
|εν(R)|2

〉∣∣R2
∣∣e(2πiν|R−r1|/c)

|R− r1|
e(−2πiν|R−r2|/c)

|R− r2|
dS (4.38)

if we write s for R/|R| and Iν(s) for the observed intensity
〈
|εν(s)|2

〉∣∣R2
∣∣, then

we can use the fact that the astronomical sources are at a very large distance to

neglect terms of the order |r/R| and replace the area element by |R|2 dΩ, we get

Vν(r1, r2) ≈
∫
Iν(s) e−{2πiνs.(r1−r2)/c} dΩ (4.39)

This shows that the spatial coherence function just depends on the separation (r1

− r2) between the individual elements and not on their absolute placement. Thus,

we can measure the spatial coherence function of the incoming electromagnetic

radiation field by placing many such elements at different places. This concept

is called interferometry. Now, if we assumed that the elements of this array are

confined to a plane and the distance between two elements (or the baseline length)

is measured in terms of wavelength (λ) of incoming radiation so that, r1 − r2

= λ(u,v,0). In this system, the coordinates of s are (l,m,
√

1− l2 −m2). Now,

Equation 4.39 becomes
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Vν(u, v, w = 0) =

∫ ∫
Iν(l,m)

e−{2πi(ul+vm)}
√

1− l2 −m2
dl dm (4.40)

now, if we assume that the area of the sky seen by the array at a given time is

very small (which is true to a high degree), we have,

s = s0 + σ (4.41)

where σ has a small value and hence we can ignore second order terms. Now, s

and s0 are both unit vectors. This implies

1 = s.s = s0.s0 + 2s0.σ + σ.σ ≈ 1 + 2s0.σ (4.42)

this implies that s0 and σ are perpendicular to each other. If we introduce a special

coordinate system such that s0 = (0,0,1), Equation 4.39 then becomes

V
′

ν (u, v, w) = e−(2πiw)

∫ ∫
Iν(l,m) e−{2πi(ul+vm)} dl dm (4.43)

taking the constant exponential factor on the right will make it independent of w

and we have

Vν(u, v) =

∫ ∫
Iν(l,m) e−{2πi(ul+vm)} dl dm (4.44)

which is clearly a Fourier transform relation. This enables us to define the reverse

transform relation as

Iν(l,m) =

∫ ∫
Vν(u, v) e{2πi(ul+vm)} du dv (4.45)

this tells us that the so called visibility function Vν(u,v) and the intensity in the

sky plane Iν(l,m) form a Fourier pair [see (Clark 1999) for more detailed discussion]
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4.4.2 Aperture Synthesis

Equation 4.44 implies that the sky intensity distribution can be faithfully repro-

duced if we have continuous measurements in the U-V plane. In practice however,

the interferometric arrays have fixed number of elements placed at fixed coordi-

nates in the U-V plane. Thankfully, the radio sky does not change very rapidly

and the Fourier components need not be measured at the same time. This allows

for a brilliant technique which was envisioned by Ryle et al. (1959). The idea is

fairly simple. The first step is to construct an array of smaller telescopes with

fixed (or slightly flexible) positions. Now as the Earth rotates, the positions of the

array elements change with respect to the source. This means, they form tracks

on the U-V plane. This process synthesizes a much bigger telescope aperture than

each of the array element. In fact, the resultant aperture is equivalent to a single

dish of diameter equal to the largest baseline length. This provides very high res-

olution with better sensitivity. This technique is called Earth rotation aperture

synthesis. All the current large interferometers like the VLA, WSRT, GMRT, Low

Frequency Array (LOFAR) and SKA (in future) work using the same principle.

4.4.3 The Effect of Finite Sampling in U-V Plane

As described in the previous section, the interferometric arrays usually have a fixed

number of elements. The aperture synthesis helps in filling up the U-V plane but

the final result is far from continuous. This effect can be represented in terms of

a sampling function S(u,v) whose value is 1 where there is a measurement and 0

otherwise. With this definition, we can define the measured intensity distribution

as (Clark 1999)

IDν (l,m) =

∫ ∫
Vν(u, v) Sν(u, v) e{2πi(ul+vm)} du dv (4.46)
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modified by a function, which is called the dirty beam. The measured brightness

distribution is represented as a convolution between the real sky distribution I(l,m)

and a function B(l,m) such that

Bν(l,m) =

∫ ∫
Sν(u, v) e{2πi(ul+vm)} du dv (4.47)

which is the synthesized beam or point spread function of the interferometric array.

Thus the dirty beam (or dirty image) is given by

IDν (l,m) = Iν(l,m) ∗ Bν(l,m) (4.48)

In order to obtain the actual image from the measured visibilities, one has to

de-convolve the dirty beam. This will be discussed in later sections.

4.4.4 Data Flagging

In typical interferometric observations, the array measures raw voltages, which

are corrected for a geometric delay (τ g) due to different positions of the individual

elements. These are then correlated in the correlator to form the visibilities for

all possible baselines. These are the data that are to be reduced to a radio image

(or map). As stated in Section 4.1.1, radio observations are usually corrupted by

RFI. One needs to identify bad data using some robust statistic and flag it so that

it is not considered for further analysis. Such a robust statistic is provided by the

median absolute deviation (MAD). For a univariate data set, it is defined as the

median of the absolute deviations from the median of the data. If the data set is

given as X1, X2, X3, . . . , Xn, then the MAD is given as

MAD = mediani{|Xi −medianj(Xj)|} (4.49)
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MAD is a very robust estimator of the variability of the data set. Thus, if we

assume that the visibilities measured by a given baseline are a smooth function of

space, time and frequency for a real astrophysical source, one can identify outliers

(which are likely RFI instances) using the MAD filter. For example, one can treat

any sample that has an amplitude more than, say six times MAD away from the

median of the data, as an outlier and flag it as RFI. The beauty of this method

is that it can be implemented iteratively. Thus, very strong RFI gets flagged in

the first iteration, while in the next iteration, MAD can then be estimated by

eliminating the outliers found in the first iteration. This provides a much stricter

filter for bad data and the multiplier for identifying bad data (which was six in

the first iteration), can be reduced further to remove low level RFI from the next

iterations. This method is implemented by a package FLAGCAL13 (Chengalur

2013), which was written specifically for GMRT data.

4.4.5 Calibration

What the interferometer measures is cross correlation counts across multiple base-

lines over a finite bandwidth over the full observation time. In order to make sense

out of the counts, one needs to obtain a conversion factor (the so called gain fac-

tor), which converts the counts to sky intensity. In addition, instrumental phase

corrupts the measured visibility phases. These need to be estimated (Thompson

et al. 2001) and compensated for. The process through which one obtains the

amplitude scaling factor and instrumental phases is called calibration. Although

conceptually it is easy to understand, in practice, it is not so straightforward. In

practice, a few simplifying assumptions are applied to simplify it somewhat. A typ-

ical radio observation happens over time and frequency across multiple baselines.

The first simplifying assumption is that the time and frequency dependant gain

factors are independent of each other and they can be separated into a product.

If the gain function is of the form F(ν,t) then

13see http://ncralib1.ncra.tifr.res.in:8080/jspui/handle/2301/581 for more details
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F (ν, t) = G(t)H(ν) (4.50)

The calibration in time domain is loosely referred to as gain calibration, while that

in frequency domain is usually called bandpass calibration. In the sections below,

we discuss the methods to obtain both of these, in detail.

4.4.5.1 Gain Calibration

If we denote true visibility as Vij and V′ij as the measured visibility by two antennae

i and j forming a single baseline,

V ′ij(t) ∝ Vij(t) (4.51)

the process through which, one finds out all the proportionality constants in Equa-

tion 4.51, is called calibration. In order to achieve this, we assume that the antenna

and array designs are made such that the whole system is linear. This allows us

to write Equation 4.51 as (Fomalont and Perley 1999)

V ′ij(t) = Gij(t)Vij(t) + εij(t) + nij(t) (4.52)

where Gij(t) is the time dependant gain factor, εij is the offset and nij(t) is the

complex noise. As is clear from the notation, all these terms are baseline based.

Out of these, the offset is taken care of by doing gain equalization and assuming

that it is stable for a given observation. We then assume that the correlator

does not produce any gain variations across time and frequency. This is a valid

assumption for well balanced receiver systems and it allows us to express the

baseline-based terms in Equation 4.52 in terms of antenna-based terms as,

V ′ij(t) = gi(t)g
∗
j (t)Vij(t) + nij(t) (4.53)
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the problem of finding the baseline-based constants of proportionality has now

reduced to finding out two antenna-based complex quantities, gi(t) and gj(t). They

can further be divided into amplitude and phase parts to get

Gij(t) = gi(t)g
∗
j (t) = ai(t)aj(t)e

i{φi(t)−φj(t)} (4.54)

In order to estimate Gij(t), one usually observes a strong point source calibrator.

The source is chosen to be such that it is at the phase center and the noise term in

Equation 4.53 can be neglected. If we now replace Vij(t) by Aij(t)e
iΦij and V′ij(t)

by A′ij(t)e
iΦ′ij , we have

A′ij(t) = ai(t)aj(t)Aij(t) (4.55)

and

Φ′ij(t) = [φi(t)− φj(t)]Φij(t) = 0 (4.56)

Now, if the strength of the calibrator source is S and its position is at the phase

center14, we get

A′ij(t) = ai(t)aj(t)S (4.57)

and

Φ′ij(t) = φi(t)− φj(t) (4.58)

14This is the position in sky where, after compensating for geometric delays, the phases for all
antennae should identically be zero, i.e. the telescope is “pointing” in this direction.
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If the interferometric array has N elements, we get N(N − 1)/2 baselines and the

above equations can be easily solved using least squares method to get the calibra-

tion constants. This technique was developed for GMRT by Sanjay Bhatnagar and

is implemented in a program called antsol15 Notice that in Equation 4.58, what

is important is the phase difference between a pair of antennae. In order to solve

this, one typically assumes that the phases for a specific ‘good ’ antenna are zero.

This is then taken as the reference antenna and all the phases are then solved with

respect to this antenna. In typical observing conditions, the ionosphere is turbu-

lent at radio frequencies. This means that the time and spacial scales of turbulence

vary across the sky. This introduces additional variations in the phases estimated

using the primary flux calibrator source. To counter this, one usually observes a

secondary calibrator source repeatedly in a calibrator-target-calibrator sequence,

during an observing session. This source is chosen such that it is sufficiently

strong, essentially unresolved and less than 20◦ away from the target source (for

more details, see the complex gain sub-section in the calibrator summary section at

https://science.nrao.edu/facilities/vla/docs/manuals/obsguide/calibration). The

calibration then usually works the following way. The amplitude gain factor is

calculated using the primary calibrator or the flux calibrator. This converts the

visibility from counts to Jy. The phase solutions are then calculated individually

for each scan on the secondary or the phase calibrator and they are then interpo-

lated across the target source to get a much better estimate of the phase variations

in the antennae.

4.4.5.2 Bandpass Calibration

Once the gains are calibrated for antenna based variations, the data for each

frequency channel is independently calibrated. As can be seen in Figure 4.2, the

response of the instrument is not constant across the whole observing band. This

happens due to the roll-off of the filter producing the final bandpass. Apart from

the roll over at the edges, the bandpass may not be exactly stable over the full

observation. In order to reduce the effects due to the variations across channels,

15http://www.aoc.nrao.edu/∼sbhatnag/GMRT Offline/antsol/antsol.html
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one typically selects either a very good single channel or a range of good channels

after gain calibration to produce a good channel. This channel is called channel

zero. Once the channel zero is obtained, all the channels are normalized to the

value given by this channel zero using an appropriate scaling factor [see (Fomalont

and Perley 1999) for more details]. After the bandpass calibration is applied, the

bandpass essentially becomes constant over the observable frequency range. The

bandpass calibration is usually done over a strong flux calibrator whose spectrum is

very well known over a very wide frequency range (much larger than the observable

band). Bandpass calibration is usually done once for a full synthesis observation (8

hours at GMRT) for a normal imaging observation. It is very critical for spectral

line observations and needs to be done once every three hours or so.

4.4.6 FLAGCAL

As explained in Section 4.4.4, the package FLAGCAL was used for doing flagging

and calibration on GMRT imaging data. In this section we elaborate more on how

it actually does the flagging and calibration. It basically works on the assumption

that the visibilities for a true astronomical source will vary smoothly but RFI will

be very short and intrinsically very high as compared to everything else. The

MAD filter is thus employed to identify very bad data. However, the true nature

of bad data can never be revealed unless it is calibrated, but the calibration itself

will suffer if bad data is included. FLAGCAL takes an iterative approach in order

to optimize the effort. It first flags raw data very lightly, such that very bad data

is flagged. It then calibrates this data. In the second round, the calibrated data

is then flagged much more stringently and is then calibrated again. While the

calibration is done by following the prescription given in the previous section, the

flagging is much more complicated. It is usually done at various levels. These are

antenna-baseline-channels-time records-visibilities in the same order. It recognises

different kinds of sources and has identifiers for them. They are:

• F: Flux calibrator
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• B: Bandpass calibrator

• P: Phase calibrator

• T: Target source

In order to identify the type of sources, it needs a file with two columns. The first

column is the source name and the second is the source type as described above.

A typical FLAGCAL run then happens as follows:

1. Initialize all the basic parameters.

2. Make a template of the output file.

3. Read calibrator data and flag it.

4. Calculate gain and bandpass calibration and write the data.

5. Calculate phase calibration and write the data.

6. Read the target source data and calibrate it.

7. Flag the target source data.

8. Calibrate the target source data again and write the data.

The output data is the flagged and calibrated version of the input data, which can

be directly used for making images.

4.4.7 Imaging

Once the data is flagged and calibrated properly, we can, in principle, use Equation

4.45 to make an image of the astronomical source. In practice, however, the

sampling function is discrete. This makes the continuous Fourier transform into

a discrete one. With the incomplete sampling in the U-V plane, we can not fully

reconstruct I(l,m). Thus, we need a model Î having finite parameters such that,
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with proper interpolation, it can very well approximate I(l,m). The model sky

intensity Î(p4l,q4m) is thus, a two dimensional δ-function with intensities at the

point where measurements exist and can take any value at other points. If we

have Nl and Nm pixels along the sky axes, the model visibilities take the form

from Equation 4.44 as (Briggs et al. 1999),

V̂ (u, v) =

Nl∑
p=1

Nm∑
q=1

Î(p4l, q4m) e{−2πi(pu4l+qv4m)} (4.59)

Given that the sampling function is not uniform as well, it needs to be re-sampled

and interpolated such that it becomes a uniform grid over the U-V plane. Usually,

the grid spacings are such that 4l = 4m. Nyquist sampling theorem requires

that

4l = 4m = 1/2Dmax (4.60)

where Dmax is the maximum baseline length. This ensures that the model sky

intensity represents the true distribution with good accuracy. In practice, the

pixel size in image plane is taken to be at least three times less then the Nyquist

condition to ensure closure. The uniform gridding is achieved by convolving the

visibilities with an appropriate gridding function. Before gridding, the visibilities

are usually weighted by using a two dimensional Gaussian taper function. This is

done to ensure that the inner region of the U-V plane with a more dense sampling

gets higher weights than the longer U-V baselines where, the sampling is much

more sparse. This ensures that the interpolation while gridding works much better

at modelling the true sky intensity distribution. The Gaussian taper naturally

also controls the synthesized beam parameters (Briggs et al. 1999). The resultant

modified visibility function is thus, uniformly sampled and properly weighted. If

we denote the weighting function as W(uk,vk), it can be represented as,

W (uk, vk) =
∑
k

Wkδ(u− uk, v − vk) (4.61)
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The dirty image can then be represented as

ID(p4l, q4m) =
∑
k

W (uk, vk) Re
(
V (uk, vk) e

{2πi(puk4l+qvk4m)}) (4.62)

where the synthesized beam is given by,

B(p4l, q4m) =
∑
k

W (uk, vk) Re
(
e{2πi(puk4l+qvk4m)}) (4.63)

The Hermitian nature of the visibility is utilized in taking only the real part

of the transform in the above equations. In order to produce the model sky

distribution (or the image), one needs to de-convolve the synthesized beam from

the visibilities. This is usually achieved by using an algorithm called CLEAN,

devised by Högbom (1974). The basic idea is to model any source a collection of

many point sources in an otherwise empty field of view16. The algorithm iteratively

finds the strengths and relative positions of these sources. The final CLEAN

image is then formed by summing these point sources and convolving them with

an appropriate CLEAN beam, which is usually chosen to be Gaussian, to reduce

the effect of the spuriously interpolated large baselines. There are currently two

main variants of this algorithm which are widely used. We describe them below.

4.4.7.1 Högbom Algorithm

1. Find the strength and relative position of the peak in the dirty image. This

peak search can be limited by using visually specified CLEAN boxes.

2. Subtract the peak multiplied by dirty beam multiplied by a factor (called

CLEAN loop gain) at its position in the dirty image.

3. Record the strength and relative position of the subtracted peak in a model.

16Field of view for an interferometer is usually equivalent to the half power beam width of a
single antenna. For a wavelength λ and an antenna of diameter D (both in m), the field of view
(in radian) is given by λ/D
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4. Check for any more peaks above the user specified level. If yes, go to (1),

else, proceed.

5. Convolve the accumulated point source model Î(p4l,q4m) with a CLEAN

beam (which is usually an elliptical Gaussian fitted to the central lobe of the

dirty beam).

6. Add the residuals of the dirty image to the CLEAN image formed in (5).

4.4.7.2 Clark Algorithm

Clark (1980) described an efficient method to implement the Högbom algorithm,

which reduced a lot of computational effort. The CLEAN algorithm involves a lot

of scaling and shifting of the dirty beam in order to fit for multiple point sources.

This amounts to a convolution, which could be done more efficiently in the Fourier

domain. This algorithm is thus, FFT based and it searches for peaks using only

a small patch of the dirty beam in the Fourier domain. In practice, the Clark

CLEAN has two cycles, a major and a minor cycle. The minor cycle goes on as

1. Select a beam patch (a part of the discrete representation of the dirty beam)

to include the highest exterior side lobe.

2. Select peaks if the multiplication product of their strength and the loop gain

is more than the side lobe strength.

3. Perform a Högbom CLEAN based on the list compiled and the beam patch.

Keep doing till no more points will be selected by (2) in the residual dirty

image.

The algorithm then goes into the major cycle where the point source model is

transformed by FFT, multiplied by the weighted sampling function (inverse trans-

form of the dirty beam), transformed back in image domain and is then subtracted

from the dirty image. The errors introduced by selecting the beam patch instead

of the full beam in the minor cycle, are corrected in further minor cycles. This is
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the default CLEAN algorithm used in the imaging software packages such as As-

tronomical Image Processing System (AIPS)17 and Common Astronomy Software

Applications (CASA)18. [see (Briggs et al. 1999) for more detailed discussion]

4.4.8 Wide Field Imaging

The assumption used in getting Equation 4.44 is that the measurements in the

baseline domain are limited to a plane. This puts an upper limit on the area

of sky, where the assumption that S0 and σ are perpendicular to each other,

holds. At high radio frequencies (> 1 GHz), this assumption usually holds true

over the full field of view (or primary beam area). At low radio frequencies,

however, this assumption does not hold over all the primary beam (given that

primary beam size ∝ λ). Equation 4.44 thus, becomes an incomplete description

of the true sky distribution of the source intensity. In this case, the primary

beam is subdivided into many smaller facets. The imaging then proceeds for

each facet semi-independently with each facet having its own phase centre. Once

the deconvolution is finished, each facet produces its own CLEAN image. These

images can then be combined by applying proper phase shifts to correct the phase

centre to the pointing centre of the beam. This approach is called multi-facet

or wide field imaging and is routinely used in making radio images at observing

frequencies below 1 GHz.

4.4.9 Self Calibration

As we saw in Section 4.4.5.1, the observed visibilities are proportional to the

true visibilities with an additional noise term (see Equation 4.53). The usual

approach to solve for the antenna based gains gi(t) using a good phase calibrator

source assumes that the ionospheric contribution to the phases of the incoming

radiation is similar for the source and the calibrator. This assumption is based

17http://www.aips.nrao.edu/index.shtml
18http://casa.nrao.edu/
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on expectations such as the source being very close to the target field, sufficiently

strong and necessarily unresolved. In practice, one may not get all of these qualities

in a single source or for some particular lines of sight, there may not be any

good phase calibrator source sufficiently nearby. In any case, the phase calibrator

is observed for a short period of time between target source scans. The actual

phase solutions are always calculated for the calibrator source and interpolated

on the target source scans. This is many times not sufficient to produce good

phase solutions for antenna based gains for various reasons. The main reason is

the failure of the assumption that the ionosphere in the direction of the phase

calibrator behaves in the same manner as the one in the direction of the target

source. This brings many un-modelled errors in the final image produced with

normal phase calibration. The technique usually employed in order to reduce the

effect of this, is called self calibration. In principle, it is just another method like

CLEAN where the main aim is to improve the model sky intensity distribution

Î(p4l,q4m), the Fourier transform of which, when corrected for gain variations,

produces the observed visibilities within reasonable noise limits. In case of self

calibration, this model is constructed from the CLEAN image itself (Cornwell and

Fomalont 1999). In this approach, the point source model is constructed by adding

the strong point sources above a specified intensity level provided by the user and

a suitable model is constructed from it. The real crux of this algorithm is to treat

the gains themselves as free parameters and try to minimize

S =
∑
k

i 6=j∑
i,j

wij(tk)
∣∣∣V ′ij(tk)− gi(tk)g∗j (tk)V̂ij(tk)∣∣∣2 (4.64)

where wij(tk) are the data weights. The time over which the gains should be kept

constant, depends on the signal to noise ratio and the variability of the atmosphere.

The above equation can be expressed as (Cornwell and Fomalont 1999)

S =
∑
k

i 6=j∑
i,j

wij(tk)
∣∣∣V̂ij(tk)∣∣∣2 ∣∣Xij(tk)− gi(tk)g∗j (tk)

∣∣2 (4.65)
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where

Xij(tk) =
V ′ij(tk)

V̂ij(tk)
(4.66)

Division by model visibilities transforms the object being imaged, into a pseudo-

point source. The self calibration then is equivalent to normal calibration with

this modified object as the calibrator source. This particular aspect makes this

approach more useful in that, it can be used iteratively to improve the image

quality as follows

1. Make an initial source model using the clean image generated from the nor-

mal calibration.

2. Divide the data by the model visibilities to create the point source model.

3. Solve for complex gains.

4. Calculate the corrected visibilities using the gain solutions.

5. Generate another image using the corrected visibilities.

6. Repeat (1) − (5) till the image RMS improves.

This can be worked out very easily using the tools already available in the standard

imaging analysis packages. The procedure actually works but has no rigorous

proof (Cornwell and Fomalont 1999). There are two main qualitative reasons why

it works

1. For interferometric arrays with large number of elements (N), the ratio of

constraints to unknown gains is (N − 2) / 2, for phases. This increases

without bound as N and making some of the gains as parameters amounts

to very little loss of information.
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2. Radio sources are usually simple and can be represented by a few degrees of

freedom (like strength and relative position as in CLEAN). Given the large

number of U-V samples due to large number of baselines in interferometric

arrays (GMRT, with all antennae, provides 435 of them), even with more

number of degrees of freedom with the gains, the sources are effectively

always oversampled and hence the minimization scheme works [see (Cornwell

and Fomalont 1999) for more detailed discussion].





Chapter 5

A Blind Pulsar Survey with the

GMRT

5.1 Introduction

Known pulsars are mostly Galactic sources. The active pulsar population in our

Galaxy has been estimated to be about a million (Lorimer and Kramer 2005),

while the number of currently known pulsars is only about 25001. Considering

that pulsars have a small emission beam, there should still be about 30,000 pulsars

visible to us. This provides a very strong motivation to keep carrying out sensitive

pulsar searches to discover as many of them as possible. On top of that, the

observed pulsar emission shows a lot of temporal variations that range from nulling

(Backer 1970), which lasts a few periods through transient bursts shown by RRATs

(McLaughlin et al. 2006), which show few bursts over time scales of hours, to

the extreme ON-OFF states shown by intermittent pulsars (Kramer et al. 2006;

Camilo et al. 2012; Lorimer et al. 2012) over days to months. This makes repeated

pulsar searches more fruitful in discovering these interesting objects. Blind pulsar

searches scan a large area of sky with good sensitivity. This makes them relatively

unbiased towards discovering any particular type of objects. This also imparts

1http://www.atnf.csiro.au/people/pulsar/psrcat/
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blind searches with a possibility of serendipitous discoveries of exotic objects like

the double pulsar (Burgay et al. 2003; Lyne et al. 2004). In addition to enhancing

our knowledge of extreme physics, every new discovery adds to the population and

helps to make better population models and study possible evolutionary scenarios.

As was mentioned in Chapter 2, majority of past and current pulsar surveys have

used large single dish telescopes and high observing frequencies with shorter inte-

gration times as a trade off between sky background (which reduces the sensitivity

at low frequencies) and survey speed (low at high frequencies). A multi-element

telescope like the GMRT provides large collecting area of the order of 30,000 m2

with a field of view of about 1◦ at 325 MHz (Swarup et al. 1991). This makes

it a sensitive pulsar search instrument for rapid surveys. In fact, a pulsar survey

carried out with the GMRT at 325 MHz would prove to be complimentary to high

frequency pulsar surveys in providing a complete coverage of pulsar parameters.

Low frequency surveys are also more sensitive to longer period pulsars, which

would be missed by the low pass filtering employed in the PMPS (Manchester

et al. 2001). This led us to propose a blind pulsar search with the GMRT at 325

MHz.

5.2 Observations

Majority of the known pulsars are concentrated near the Galactic plane. Thus,

blind pulsar surveys typically observe previously un-searched parts of the Galactic

plane with deeper integrations and better search strategies. Taking into consider-

ation the relatively less explored higher Galactic latitude regions, we proposed to

cover the region between Galactic longitude 45◦ < l < 135◦ and Galactic latitude

1◦ < |b| < 10◦ with the GMRT at 325 MHz. The survey was named “GMRT

Galactic Plane Pulsar and Transient Survey” or GMGPPTS for brevity. The

Galactic plane was not included in the survey due to very strong background

emission, which makes blind searches ineffective at low frequencies. We acquired

the data using the IA mode of the GMRT, which simply combines the power from
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each antenna and gives the beamformed time series output. We acquired the data

over a bandwidth of 32 MHz. Due to the hardware design, this bandwidth was

divided into two side-bands of 16 MHz each (see Section 3.1.1.2 for details) and

the data were recorded separately for each side-band. Taking into consideration

the pulse smearing due to DM as well as increased scattering at low frequencies,

we observed each side-band over 256 filterbank channels with a sampling time of

256 µs. The region to be observed was divided into circular fields with a diameter

equal to the beam width (85’) so as to form a hexagonal grid. This is shown in

Figure 5.1, where each cross represents the position of the field center.
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Figure 5.1: The region of sky observed in GMGPPTS. Right ascension is
plotted in hours and declination in degrees. Each small cross represents an
individual pointing. Green triangles indicate the observed fields. The blank

area in between is the Galactic plane.

The survey observations were carried out in two sessions in two observing cycles of

GMRT (16 282 & 17 092). Each session was 50 hours in duration and was divided

into 5 sub-sessions of 10 hours each, which were carried out on consecutive days.

The first set of observations were carried out between 23−27 July 2009, while the

second set of observations were carried out between 25−29 December 2009. A total

of 152 fields, covering an area of about 115 deg2 were observed. They are indicated
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by green crosses in Figure 5.1. The data were obtained in the IA mode and were

recorded to storage disks as well as magnetic tapes. The detailed planning as well

as the course of a typical observing session is explained in detail in Sections 3.2.1

and 3.2.2. Detailed observing logs were prepared for each sub-session and all the

data were carefully backed up with all the auxiliary files containing time stamps.

5.3 Data Analysis

Pulsar search analysis looks at three different pulsar parameters. They are period,

DM and pulse duty cycle (δ = W/P). For a blind search, there is no apriori

information about any of these. Thus, one makes a set of some trial values and

then the search runs over every possible combination of these parameters. In

practice, the first step in the data analysis is to remove RFI from the acquired

data. RFI reduces the survey sensitivity in general. But in some special cases, it

may render some particular region of the phase space completely out of reach of

the analysis pipeline. For the survey analysis, the RFI infected frequency channels

were identified using data RMS as a function of channel number and flagging out

the outliers from further analysis. This procedure is explained in more detail

in Section 4.1.1. Remaining broad band RFI was removed using the zero DM

filtering technique as described by Eatough et al. (2009). Once the amount of

RFI in the data was reduced to an acceptable level, the actual search analysis

commenced. The first loop of analysis ran over a range of trial DMs, wherein the

data were dedispersed at that DM. The P−δ range was then covered by doing

harmonic search (unlike the targeted search data, these data were contiguous).

These methods are described in more detail in Sections 4.1.2 and 4.1.3, respectively.

The search pipeline then produced diagnostic plots (like the one shown in Figure

5.2) for potential pulsar candidates, which were manually scrutinized and the

candidates were appropriately classified into three categories from most promising

to least promising. The search analysis was done using two pulsar search packages,
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SIGPROC2 and PRESTO3. The SIGPROC based pipeline was implemented in

the HPC using open-mpi4, wherein the parallelization was done so that each node

did the search on its own set of trial DMs. The PRESTO based pipeline used

subband dedispersion to reduce computational demand (Magro et al. 2011) and

hence, could produce the full range of dedispersed time series files in a single node.

The range of trial DMs was 0−1000 pc-cm-3 with a variable step size (see Section

4.1.2 for a discussion). In addition, PRESTO was used to perform acceleration

search, which is useful for discovering binary pulsars. A single pulse search was

also performed using the matched filtering technique as described by Cordes and

McLaughlin (2003). At the end of the search analysis, all the results as well as

diagnostic plots were copied into global result directories on the network mounted

disks.

Figure 5.2: PRESTO plot showing the diagnostic plot for a strong candidate.
The candidate was detected in the field GPT5102. The candidate happens to
be a known pulsar PSR B2217+47, having a period of 538 ms and a DM of 43.5

pc-cm-3.

2http://www.sigproc.sourceforge.net
3http://www.cv.nrao.edu/∼sransom/presto
4http://www.open-mpi.org
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The overall survey sensitivity was calculated using the radiometer equation [c.f.

Appendix 1, Section A1.4 in Lorimer and Kramer (2005)] assuming a system

temperature of 190 K [receiver temperature of 66 K (Lal 2013) and sky background

of 124 K (Haslam et al. 1982)], telescope gain (G) of 0.32 K/Jy for 25 GMRT

antennae. In order to get a practical estimate, this number was multiplied by a

degradation factor, which was given by the mean ratio of expected to observed

profile S/N for known pulsars. The expected S/N were calculated using the above

stated assumptions and the following equation (Lorimer and Kramer 2005)

S/N =
SmeanG

√
nAnptobs4f
Tsys

√
P −W
W

(5.1)

where Smean is the pulse averaged flux density of the pulsar in mJy, G is the gain

of the system in K/Jy, np is the number polarizations summed, nA is number of

antennae, tobs is the integration time, 4f is the bandwidth in MHz, Tsys is the

system temperature in K and P and W, both in s, are the period and pulse width at

10% of the peak. The mean flux densities of the known pulsars were scaled to the

observing frequency using the available spectral indices from the pulsar catalog5.

In cases where spectral index was not available, it was assumed to be −1.4 (Bates

et al. 2013). The frequency scaled flux densities were further corrected for the

beam response at 325 MHz. The pulse widths for detected pulsars were taken

from their observed profiles, while the widths for undetected pulsars were scaled

using the values given in the pulsar catalog. Whenever published pulse widths

were not available, they were assumed to be 10% (including scatter-broadening

and profile evolution) of the pulse period.

For the single pulse search, the sensitivity was determined by producing pulse

energy streams in the ON and OFF pulse regions for known pulsars. In order to

produce these, the dedispersed time series was folded modulo the pulsar period

to produce a phase−time plot showing each pulse period. ON and OFF pulse

widows of equal width were then manually chosen with the help of an interactive

program (Joshi, private communication) to produce streams of pulse energies as

5http://www.atnf.csiro.au/people/pulsar/psrcat/
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separate files. The observed single pulse S/N was calculated by taking a ratio of

the mean of ON pulse energies to the RMS of the OFF pulse energies in an RFI-

free region. The expected single pulse S/N was calculated using the radiometer

equation with an integration time equal to the time corresponding to the width

of the ON (or OFF) pulse widow. The ratio of the expected to observed S/N

provided the degradation factor to be multiplied by the theoretical sensitivity to

get a practical estimate. To get the degradation factor, only those pulsars were

considered, wherein the observed S/N values were not very far from the expected

values.

5.4 Results

The survey analysis resulted in the detection of 28 pulsars out of which, 2 were

known MSPs and 1 was a new normal pulsar. The follow-up observations of

this pulsar (PSR J1838+1523) and the results obtained are discussed in the next

chapter. The observed profiles for all the pulsars detected in the survey are shown

in Figures 5.3 to 5.6.
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B0105+65 J1838+1523

B1842+14 B1848+12

B1848+13 J1853+1303

B1907+10 B1911+13

Figure 5.3: Integrated profiles for the pulsars detected in GMGPPTS.
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B1915+13 B1918+19

B1919+20 B1919+21

B1920+21 B1929+10

B1933+16 J1944+0907

Figure 5.4: Integrated profiles for the pulsars detected in GMGPPTS.



Chapter 5. A Blind Pulsar Survey with the GMRT 124

B1944+17 B1946+35

B2016+28 B2020+28

J2030+55 B2035+36

J2102+38 B2111+46

Figure 5.5: Integrated profiles for the pulsars detected in GMGPPTS.
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B2217+47 B2224+65

J2238+6021 B2323+63

Figure 5.6: Integrated profiles for the pulsars detected in GMGPPTS.
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The observed fields had 32 known pulsars, which could be detected in total. Table

5.1 lists the detected known pulsars with their parameters. The table also lists

expected and observed profile S/N with appropriate remarks for non-detections.

The expected theoretical sensitivity for an 8σ detection assuming a 10% pulse duty

cycle was estimated to be 1.4 mJy. Excluding the pulsars, which showed either

very low or very high observed S/N as compared to expected S/N (see Table 5.1

for more details), the mean degradation factor was found to be 1.9. Thus, the

practical 8σ detection limit for a pulsar having 10% duty cycle was estimated to

be 2.7 mJy. The detection limits for other duty cycles are plotted in Figure 5.7.

The discovery of PSR J1838+1523 with a harmonic S/N of about 16, which has a

mean flux density of 4.3 mJy at 325 MHz (see Chapter 6 for more details) provides

a confirmation for this derived limit.
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Figure 5.7: Smin as a function of the pulse duty cycle.
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Single pulses were detected from 13 strong pulsars. Table 5.2 lists the single pulse

properties of these pulsars. The diagnostic plot for PSR B2111+46 is shown in

Figure 5.8. The indications of the presence of a true pulsar are marked by arrows

in the figure.

Figure 5.8: Single pulse search plot for the field GPT4208. This particular
plot shows single pulses from a known pulsar PSR B2111+46, which has a DM
of 141.26 pc-cm-3 (marked by an arrow on the right in the bottom plot). The
bottom plot also shows a lot of vertical stripes, which are caused by broad band

RFI.

The expected 8σ minimum detectable flux density for single pulse search (assuming

a pulse width of 10 ms) was estimated to be 1.8 Jy, while the mean observed

degradation factor was found to be 1.3. This implied a corrected value of 2.3 Jy

or a fluence of 23 mJy-s.

5.5 Discussion

The simulated survey analysis using PSRPOP6 with the post-analysis parameters

indicates a detection of an average of 96 (actual numbers were between 91 and 101

6http://www.psrpop.phys.wvu.edu/index.php
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Name Expected Single Observed Single Largest Detected Single
pulse S/N pulse S/N pulse S/N

B0105+65 0.7 2.6 18.2
B1907+10 1.4 3.3 10.6
B1919+21 3.8 9.6 25.1
B1920+21 1.4 3.7 12.6
B1929+10 4.6 3.6 17.0
B1933+16 4.7 3.5 9.2
B1946+35 3.2 2.3 12.9
B2016+28 8.3 3.4 13.1
B2020+28 1.8 2.3 19.7
B2111+46 2.8 4.6 36.8
B2217+47 2.3 11.5 39.4

J2238+6021 10.9 1.0 10.9
B2323+63 1.5 0.3 8.0

Table 5.2: Single pulse S/N for known pulsars detected in GMGPPTS. The
S/N for the strongest detected single pulse is also shown.

for multiple simulations) normal pulsars and a maximum of 5 (actual numbers were

between 0 and 5) MSPs (known plus new) for the full survey region. This region

contains 72 normal pulsars and 3 MSPs that are already known. As can be seen in

Figure 5.1, we could only cover 10% survey region, finally resulting in a very patchy

sky coverage. We tried to obtain the detection rates for strips of 10% area along

the Galactic latitude and longitude. This resulted in the detection of an average of

9 (actual numbers between 4 and 15) normal pulsars and a maximum of 2 (actual

numbers between 0 and 2) MSPs. Even with the patchy coverage, the detection

of 28 pulsars including 2 MSPs and the discovery of 1 new pulsar is encouraging.

This indicates that the observed detection rate of normal pulsars is much higher

than that predicted by population models, which were used in the simulations. It

is clear from the number of known pulsars in the full survey region that almost

half the known pulsars (30 normal pulsars and 2 MSPs) are contained in the region

which we observed. This distinctly non-uniform survey coverage in terms of the

distribution of known normal pulsars in this region may be responsible for the

higher inferred detection rate. Another fact to be noted is that although the data

were acquired over 32 MHz, the analysis was done only on data taken with one side-

band, thus making the effective bandwidth 16 MHz. This was unavoidable because



Chapter 5. A Blind Pulsar Survey with the GMRT 131

the data files for the two sub-bands were written separately and combining these

two to recover the full bandwidth was not possible as both the sub-bands were

processed independently in the data acquisition system. Broad band RFI played a

very important part in the survey analysis. The raw analysis without implementing

zero DM filtering resulted in the detection of only 10 pulsars in harmonic search

and 4 in single pulse search. After zero DM filtering, the degradation factor for

harmonic search changed from about 2.5 to 1.9 accompanied with the detection

of 18 more pulsars including 1 discovery, while the change for single pulse search

was from 2.5 to 1.3 with the detection of 9 more pulsars. One example of how the

removal of broad band RFI changes the detection threshold is shown in Figures 5.9

and 5.10. Although broad band RFI at low radio frequencies can not be completely

removed by zero DM filtering, these figures demonstrate the need for doing good

RFI mitigation for low frequency pulsar surveys.

Figure 5.9: Single pulse diagnostic plot with broad band RFI. This field con-
tained PSR B1907+10, which has a DM of 150 pc-cm-3.

The GMGPPTS data were acquired with the old hardware back-end. The pul-

sar back-end, which is currently operational at GMRT, provides an instantaneous

bandwidth of 33 MHz in a single side-band. With an improved system, future

low frequency pulsar surveys with the GMRT would turn out to be much more
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Figure 5.10: Single pulse diagnostic plot after broad band RFI mitigation.
This field contained PSR B1907+10, which has a DM of 150 pc-cm-3.

promising in terms of discovering pulsars and transients. The simultaneous imag-

ing capability of the GMRT would augment the transient search by providing

quick localization from the snapshot images of the survey region. In all, large area

surveys combining imaging and time series data would prove to be highly efficient

and successful.



Chapter 6

Discovery, Timing and Imaging of

PSR J1838+1523

6.1 Introduction

Pulsars show a lot of temporal variation in their radio emission. This ranges

from a few periods (nulling) to a few days (mode changes) to a few months (in-

termittency). Apart from these, there are also examples of neutron stars having

temporal variations in between like the RRATs showing a few bursts within a few

hours (McLaughlin et al. 2006) and SGRs showing radio emission during outbursts

(see Chapter 10 for more details). Apart from these ON/OFF type of variations,

the flux density of the pulsars can also vary due to the influence of the ISM. It

typically manifests itself as either diffractive or refractive scintillations. Diffractive

scintillations have time scales of a few seconds to a few minutes, while refractive

scintillations may have time scales of a few days to a few months. Studying the dif-

ferent time scales reveals the physics behind different aspects of the pulsar’s radio

emission and helps in the understanding of how neutron stars emit electromagnetic

radiation in various frequency ranges.

Although, the pulsed emission from pulsars is extensively studied, imaging studies

are seldom carried out on pulsars because, no coherent, continuum emission is

133
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expected to be observed in the OFF-pulse region. This perception changed when

Basu et al. (2011) detected continuum, coherent radio emission in the OFF-pulse

region of two pulsars, PSR B0525+21 and PSR B2045−16. They used a technique

called gated imaging on simultaneous imaging data obtained using the GMRT.

Another, indirect evidence of continuum, coherent radio emission was provided

by PSR J2018+4232 (Navarro et al. 1995) for which, the continuum flux density

was twice as much as the pulsed flux density. In this chapter, we describe the

discovery and results of the multi-frequency radio follow-up studies performed on

PSR J1838+1523, including imaging observations.

6.2 Discovery

PSR J1838+1523 was discovered in a blind survey along the Galactic plane con-

ducted using the GMRT. The GMGPPTS (see Chapter 5 for more details) covered

10% of the region between Galactic longitude 45◦ < l < 135◦ and Galactic latitude

1◦ < |b| < 10◦. It was carried out at 325 MHz with a bandwidth of 16 MHz, di-

vided into 256 filterbank channels. The observations were carried out using the IA

mode of the GMRT. The data were written to magnetic tapes, which were later

extracted to network storage disks of a high performance computing cluster having

64 dual core nodes. In the analysis done as described in detail in Section 4.1, PSR

J1838+1523 emerged as a strong candidate (Figure 6.1). The survey observations

were performed on 26 July 2009. After the discovery, a proposal was written for

confirmation (DDTB003). The observation for confirming the pulsar were per-

formed on 30 May 2010. The analysis of these observations and cross-matching

with the pulsar catalog1 confirmed this as a new pulsar.

1http://www.atnf.csiro.au/people/pulsar/psrcat
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6.3 Initial Follow-up at GMRT

A newly discovered pulsar has to be observed regularly in order to construct a good

timing model, which in turn, provides the estimates of many important parameters

of the pulsar. The most important parameters are the spin period (P) of the

pulsar and its time derivative (Ṗ). All the known pulsars are usually represented

as a population by means of a P−Ṗ diagram as the one shown in Figure 1.5.

Apart from putting the new discovery in its proper place in the pulsar population,

the measurement of P and Ṗ allows determining other pulsar parameters like the

characteristic age, surface magnetic field strength and spin-down luminosity. These

are very important in understanding the properties of the pulsar magnetosphere,

which is the origin of the electromagnetic emission from the pulsar.

As the survey observations were done using the IA mode, which has a beam width

of about 1◦, the position of this pulsar had a similar uncertainty. In order to

reduce this uncertainty, a proposal was put right after its confirmation as a new

pulsar (DDTB023). The procedure followed for reducing the position uncertainty

involves observing six more nearby fields separated by half the beam width to

form a compact hexagonal grid of pointings. Each of these pointings was observed

with the exact same observational parameters as the search observations. The

position refinement was obtained by using the S/N obtained for each pointing.

This gridding procedure is explained in more detail in Joshi et al. (2009). This

proposal also involved closely spaced timing observations, which would provide a

good initial estimate of the barycentric period of the pulsar. With a better position

constraint obtained from the gridding observations, these observations could help

in constraining the timing solution over a period of one year.

The initial follow-up observations were done with the GMRT at 325 MHz. These

spanned between MJD 55604−56745 with a cadence of roughly 2 weeks. They

used the GMRT in simultaneous imaging and pulsar mode. These observations

are described in detail in Section 3.3.1. The first set of gridding observations helped

in constraining the pulsar position to within 0.5◦. Four observing epochs, spaced
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by one day each, followed this epoch. It is during this period that the first non-

detection was encountered. In fact, the pulsar was detected on only one epoch out

of the four. This meant that the timing solution could not be constrained with a

large position uncertainty. This was followed by a series of non-detections between

MJD 55802−56091. This was followed by a random sequence of non-detections

over phases lasting 1−2 months (GMRT proposal ID numbers 21 054, 22 069,

23 063 & 24 028).

6.4 Further follow-up at GMRT and ORT

After a month long series of non-detections, PSR J1838+1523 was detected again

on 27 December 2013 with the GMRT (25 043). This was followed-up by a grid-

ding observation at the ORT with the grid points separated by 6’ in declination

and centred over the then best known position of the pulsar. In all, 15 separate

points were observed. The pulsar was detected in three adjacent pointings and

by using the S/N obtained, the pulsar position in declination was constrained

to within 4′. This meant that the ORT could be used for doing timing obser-

vations. These observations started from MJD 56657 (31 December 2013) with

almost daily cadence and continued for almost two years. After this, the timing

observations were continuing at the time of writing the thesis with a cadence of

one week. These observations are described in more detail in Section 3.3.2. Using

the refined position thus obtained, ORT TOAs obtained over a six month period

were sufficient in obtaining a phase connected timing solution. The pulsar posi-

tion thus obtained, was verified using one observing session at 820 MHz with the

Green Bank Telescope (GBT) by our collaborator. This session was carried out

on 11 September 2014 using the search mode with a bandwidth of 200 MHz and a

sampling time of 82 µs. The data were recorded for 1800 s with the Green Bank

Ultimate Pulsar Processing Instrument (GUPPI; DuPlain et al. 2008). The beam

of the GBT has a diameter of ∼12′ at 820 MHz. Thus, the detection with the

GBT confirmed the pulsar position obtained from the ORT timing data. Once

the pulsar position was identified correctly, we proposed to observe the pulsar at 1
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GHz and 610 MHz with the GMRT, with simultaneous ORT observations at 325

MHz, in order to determine the spectral index of the pulsar (27 008). This project

had total 5 observing sessions out of which, 2 were done at 1 GHz and 3 were done

at 610 MHz at the GMRT. All further GMRT follow-up observations were carried

out at 610 MHz in simultaneous PA and imaging mode with a cadence of about a

month.

Given the closeness to detection limit and the flux density variation seen in this

pulsar (see Table 6.1 and Figure 6.9), the first possible reason of non-detections

could be DISS. From the NE2001 model (Cordes and Lazio 2002), the predicted

scintillation bandwidth and time for this line of sight were 0.24 MHz and 232 s,

respectively at 325 MHz. The typical observations were done with a bandwidth of

33 MHz with integration times of 1800 s. Thus, the only reason for getting non-

detections was if the actual scintillation time scale was larger than the predicted

time scale. In order to check this, dynamic spectra were obtained from the GBT

observation. Another observation was performed at the ORT on 4 June 2015. The

pulsar was observed continuously for 5 hours over a bandwidth of 16 MHz, spread

over 1024 channels with a sampling time of 512 µs. This was done to achieve

maximum frequency and time resolution of the dynamic spectra.
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Figure 6.1: Discovery plot for PSR J1838+1523. The header text gives mis-
cellaneous information about the observational parameters. Panels from top to
bottom: First panel shows dedispersed, zero mean time series. Second panel
shows grey scale plot of folded profile in 8 frequency sub-bands. Third panel
shows grey scale plot of folded profile in 8 time sub-integrations. Fourth panel

shows the centred, folded profile for the full bandwidth and observing time.
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6.5 Data Analysis

The data acquired for this project were of three different varieties. They were

blind search, timing and imaging. Each of these had their own specific method of

analysis. The blind search data were analysed by using the HPC analysis pipeline

as described in detail in Section 4.1. The timing analyses were carried out using

the pulsar timing package TEMPO2 (Hobbs et al. 2006). The details of timing

analysis are given in Section 4.3. During the first series of non-detections, we also

performed a local search for period (548−550 ms) and DM (50−80 pc-cm-3), just to

be sure that the non-detections were not due to slightly wrong pulsar parameters

given by the search pipeline. After the full timing solution was obtained from

the timing analysis of the ORT data, the time series data for all non-detections

were folded using the period predicted using the timing solution. This resulted

in 15 out of 30 non-detections at 325 MHz turning out to be weak detections.

The average pulse profiles at different frequencies are shown in Figure 6.2. Figure

6.3 shows the comparison between the ON profile generated by coherently adding

the profiles for all detections and the OFF profile generated by coherently adding

the profiles for 9 out of the 15 non-detections at 325 MHz. The other profiles for

non-detections were omitted because of presence of RFI. The profiles shown in

Figure 6.2 were used as templates to generate the TOAs for the timing analysis.

The template matching technique may underestimate TOA uncertainties at times.

In order to compensate for this, the TOA uncertainties were multiplied by EFAC

values (see Section 7.3.2 for more details). These were obtained for each telescope

and frequency separately so as to obtain a reduced χ2 value for timing residuals

between 0.9−1.1. The EFAC values obtained for GMRT TOAs were 2.5 and 5.3

at 325 and 610 MHz, respectively. The value for the GBT TOAs was found to

be 1.6, while that for ORT TOAs was found to be 2.7. In addition, constant

phase offsets were also fit for different telescopes and frequencies. The method of

estimation of these values and the results obtained are reported in Chapter 7. Due

to the degeneracy between instrumental offsets and offsets due to DM delay, the

systematic DM error was determined from the error in the estimates of different
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offsets (see Section 7.3.2 for more details).

 0
 2
 4
 6
 8

 10
 12

 

820 MHz

 0

 5

 10

 15

 20

 25

F
lu

x
 D

en
si

ty
 (

m
Jy

)

610 MHz

 0

 40

 80

 120

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 

Pulse Phase

325 MHz

Figure 6.2: Average profiles of PSR J1838+1523 at different frequencies. The
profiles at 325 and 610 MHz were scaled using actual measurements, while the
820 MHz GBT profile was scaled using extrapolated flux density assuming a
spectral index of −2. The resolution of the GBT profile is also coarser than the

other two profiles (64 bins against 128 bins).

The imaging data were flagged and calibrated using FLAGCAL (Chengalur 2013)

and images were then generated using standard imaging procedure using AIPS,

which included at least three rounds of phase self-calibration. The imaging analysis

is described in detail in Section 4.4. In order to establish the change in the emission

level of the pulsar, the time series data had to be calibrated and the mean flux

density of the pulsar measured. The time series data at both ORT and GMRT,

were calibrated by using ON and OFF scans on the flux density calibrators. The

OFF source position used for the GMRT was +5◦ in DEC from the calibrator

source. At ORT, the OFF source position was offset in RA towards East by

4.5−14◦. The actual OFF source position was dependent on the calibrator source.

The procedure followed for calibration was as follows:

1. Produce a 0 DM time series from the ON and OFF calibrator scans.
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ON OFF

Figure 6.3: Average ON and OFF profiles of PSR J1838+1523 at 325 MHz.
The OFF profile is an overage profile obtained from epochs when pulsed emission
was not detected. The profiles were scaled just for comparison and the RMS in

ON profile is 0.12 as compared to 0.31 in the OFF profile.

2. Fold both time series modulo the pulsar period to produce the ON and OFF

calibrator profiles.

3. Obtain the ON−OFF value in counts, from the profiles.

4. Equate this to the flux density of the source, to get the scaling factor in

Jy/counts.

5. Subtract OFF pulse mean from the pulsar profile and multiply by the scaling

factor. The profile is now calibrated to Jy.

6. Add all the points in the pulse above 10% of the peak or 3 times the RMS

level (whichever is higher) and divide by the total number of bins across the

profile to get the mean flux density of the pulsed emission. This is equivalent

to the flux density calculated from the continuum image.

After the images were obtained, continuum flux density measurements were made

using the AIPS task JMFIT. A single elliptical Gaussian was used as a starting
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model to fit the observed source. The major and minor axes of the post-fit position

error ellipse obtained for all of the images, were comparable to the respective

synthesized beam sizes. Thus, the continuum source, which was identified as the

pulsar, is an unresolved (point) source and possesses no structure > 10” in size.

The flux densities thus obtained are listed in Table 6.1. In order to make sure

that there was no error in calibration due to very long duration gain variations,

flux densities of 29 other unresolved continuum sources were also measured in each

of the image. The data set created by these measurements is described in more

detail in Chapter 8.

In order to generate dynamic spectra, the data were folded modulo the pulsar

period by adding upto 100 pulses for each frequency channel separately. The ON

pulse region was then identified and marked so as to include only the emission

from the pulsar. Later on, the frequency channels were collapsed to obtain good

S/N ratio and dynamic spectra were generated.

6.6 Results

The discovery plot for PSR J1838+1523 is shown in Figure 6.1, while the plot

showing the confirmation detection is shown in Figure 6.4. The initial position of

the pulsar was taken as the beam center of the pointing (RA: 18 h 38 m 53.34

s, DEC: +14◦ 59’ 51.7”). After the first round of gridding observations, this was

refined to RA: 18 h 40 m 15.59 s, DEC: +15◦ 11’ 44”. After the initial timing

analysis, this was refined further to RA: 18 h 39 m 06.65 s, DEC: +15◦ 06’ 58.97”.

The gridding observations at the ORT were useful in reducing the declination error

and the refined position stood at RA: 18 h 39 m 06.65 s, DEC: +15◦ 21’ 44”. This

estimate was very close to the actual position of the pulsar as was proven by the

detection at the GBT. The full, coherent timing solution obtained after adding

all the available TOAs at different radio frequencies is shown in Table 6.2. This

solution contains TOAs from GMRT (325 and 610 MHz), ORT (326 MHz) and



Chapter 6. Discovery, Timing and Imaging of PSR J1838+1523 148

GBT (820 MHz). The post-fit timing residuals thus obtained are shown in Figure

6.5.

Figure 6.4: Confirmation plot for PSR J1838+1523. The panels are similar
to the ones in Figure 6.1.

The radio maps made at 325 (Figure 6.6) and 610 MHz (Figure 6.8) showed two

continuum sources within the PA beam centred on the best known position from
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Table 6.2: Timing solution obtained for PSR J1838+1523. For the measured
quantities, numbers in brackets indicate 1σ errors in the last significant digit as

reported by TEMPO2.

Fit and data-set
Pulsar name . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J1838+1523
MJD range . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55770.6—57157.0
Data span (yr) . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.80
Number of TOAs . . . . . . . . . . . . . . . . . . . . . . . . 218
RMS timing residual (µs) . . . . . . . . . . . . . . . . 1655.7
Weighted fit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Y
Reduced χ2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.23

Measured Quantities
Right ascension, α (hh:mm:ss) . . . . . . . . . . . 18:38:46.78(1)
Declination, δ (dd:mm:ss) . . . . . . . . . . . . . . . . +15:23:24.9(1)
Galactic longitude, l (deg) . . . . . . . . . . . . . . . 45.3472(4)
Galactic latitude, b (deg). . . . . . . . . . . . . . . . . +9.69394(3)
Pulse frequency, ν (s−1) . . . . . . . . . . . . . . . . . . 1.82096092905(2)
First derivative of pulse frequency, ν̇ (s−2) −6.71(5)×10−17

Dispersion measure, DM (cm−3pc) . . . . . . . 68.26(3)
Set Quantities

Epoch (MJD) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56675
Derived Quantities

log10(Characteristic age, yr) . . . . . . . . . . . . . 8.6
log10(Surface magnetic field strength, G) 11.0

log10(Ė, ergs/s) . . . . . . . . . . . . . . . . . . . . . . . . . 30.7
Assumptions

Clock correction procedure . . . . . . . . . . . . . . . TT(TAI)
Solar system ephemeris model. . . . . . . . . . . . DE405
Binary model . . . . . . . . . . . . . . . . . . . . . . . . . . . . NONE
Model version number . . . . . . . . . . . . . . . . . . . 5.00

the ORT observations. Out of these, one source had a continuum counterpart in

the NRAO VLA Sky Survey (NVSS) maps at 1.4 GHz. The NVSS denomination

for this source was NVSS J183850+152214. The other source, which was centred

at RA: 18 h 38 m 47 s, DEC: +15◦ 23’ 27” with an error circle of about 10” at

325 MHz. This source showed a steep spectrum and did not have any counterpart

in the NVSS maps. NVSS J183850+152214 showed an essentially flat spectrum

(see Chapter 8 for more details). The first conclusion was then, to associate the

steep spectrum source with PSR J1838+1523. This claim was corroborated by 4

non-detections at 610 and 2 at 1170 MHz, wherein NVSS J183850+152214 was
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Figure 6.5: Post-fit timing residuals obtained for PSR J1838+1523. The RMS
post-fit residual is 1655.7 µs. The red crosses indicate TOAs measured at 325
MHz, while green crosses indicate TOAs measured at 610 MHz with the GMRT.
Blue asterisks indicate TOAs measured with the ORT at 326 MHz and magenta
squares indicate TOAs measured with the GBT at 820 MHz. The gap in ORT

TOAs is due to the telescope being down due to maintenance work.

visible in the radio maps. Another supporting evidence was provided by an image

made at MJD 56381, which resulted in a non-detection of both the continuum as

well as pulsed source. This image is shown in Figure 6.7. With the full timing

solution, one can clearly see that the position obtained from timing observations

(which is more accurate) is consistent with the interferometric position. Once

the continuum counterpart was identified, its flux density was measured in all the

images. These flux densities are listed in Table 6.1.

The flux densities of PSR J1838+1523, measured in images made with the GMRT

and time series observations with the GMRT and ORT at 325 MHz, are shown in

Figure 6.9. The mean flux density of PSR J1838+1523 as estimated from all the

measurements at different frequencies is listed in Table 6.3.

All the measurements at a given frequency are consistent with each other with

the mean flux density of 4.3 ± 1.8 mJy at 325 MHz and 1.2 ± 0.7 mJy at 610
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Figure 6.6: Interferometric image made at 325 MHz showing NVSS
J183850+152214 (towards bottom left, flux density 9.7 mJy) and PSR
J1838+1523 (flux density 5.2 mJy) for a time series detection. The image RMS
is 0.6 mJy. The contours are at 2.4, 3.6, 4.8, 6.0, 7.2 and 8.4 mJy. The epoch
of observation is MJD 56262. The synthesized beam is plotted in bottom left

corner.

MHz. This implies a spectral index of −2. Extrapolating the spectral index to a

frequency of 1170 MHz gives a predicted flux density of about 0.3 mJy, which is

much lower than the detection limit of 2.5 mJy for NVSS (Condon et al. 1998).

The RMS noise in the 1170 MHz maps made with the GMRT imaging data were

of the same order. Thus, the non-detection in the NVSS maps and 1170 MHz

GMRT observations is consistent with the implied spectral index. In fact, given

the level of uncertainties in the imaging measurements at 610 MHz (Table 6.1),

the non-detections are not surprising considering the fact that the flux density of

the pulsar is very close to the detection limit.

As expected with a series of non-detections at 325 MHz, the flux variation is quite

a lot. In fact, in all the weak time series detections, the estimated flux densities
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Figure 6.7: Interferometric image made at 325 MHz showing NVSS
J183850+152214 (towards bottom left, flux density 9.6 mJy) and PSR
J1838+1523 for a non-detection. The image RMS is 0.6 mJy. The contours
are at 2.4, 3.6, 4.8, 6.0, 7.2 and 8.4 mJy. The epoch of observation is MJD

56381. The synthesized beam is plotted in bottom left corner.

Type of Observing Frequency (MHz)
Measurement 325 610

Time Series (GMRT) 4.0 ± 1.8 mJy 1.0 ± 0.4 mJy
Time Series (ORT) 4.2 ± 1.6 mJy -
Imaging (GMRT) 4.7 ± 1.2 mJy 1.4 ± 0.7 mJy

Table 6.3: Mean flux densities of PSR J1838+1523 at different frequencies.
The uncertainties come from the systematic variation across time rather than

measurement uncertainties, which are smaller.

are very close to the detection limit. This is more evident in the time series flux

density histogram as shown in Figure 6.10. The kurtosis of the time series flux

distribution is 3.03, while the kurtosis of the imaging flux density distribution

is 0.82. This implies that the time series flux distribution is nearly Gaussian,

while the the imaging flux density distribution is almost uniform (Westfall 2014).



Chapter 6. Discovery, Timing and Imaging of PSR J1838+1523 153

CONT: J1839+15  IPOL  607.276 MHZ  211214.SUBIM.1
PLot file version 2  created 27-MAY-2016 20:07:43

Cont peak flux =  1.1022E-02 JY/BEAM
Levs = 4.000E-04 * (4, 5, 10, 15, 20, 25)

D
e
c
li
n

a
ti

o
n

 (
J
2
0
0
0
)

Right ascension (J2000)
18 38 52 50 48 46 44 42

15 24 30

00

23 30

00

22 30

00

Figure 6.8: Interferometric image made at 610 MHz showing NVSS
J183850+152214 (towards bottom left, flux density 10 mJy) and PSR
J1838+1523 (flux density 1.5 mJy). The image RMS is 0.2 mJy. The con-
tours are at 1.6, 2.0, 4.0, 6.0, 8.0 and 10.0 mJy. The epoch of observation is

MJD 57012. The synthesized beam is plotted in bottom left corner.

Although, it should be noted that the 3σ detection limit for imaging is of the order

of 1.8 mJy with a typical map RMS of 0.6 mJy and the 8σ detection limit for time

series is about 0.5 mJy. With these folded in, there is a noticeable clustering of

flux densities in the bin next to the detection limit in both histograms (Figure

6.10 and 6.11).

The dynamic spectra generated from the GBT data are shown in Figure 6.12. The

frequency and time resolution roughly correspond to the predicted scintillation

bandwidth (0.24 MHz) and time scale (232 s). As is evident, the pulsar is too

weak to show considerable scintels. Thus, no concrete conclusion could be drawn

from these dynamic spectra. A similar result was obtained from the ORT data
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Figure 6.9: Flux densities of PSR J1838+1523 measured at different epochs.
The observing frequency is 325 MHz. Red crosses indicate flux densities mea-
sured from GMRT images. Green crosses indicate flux densities measured from
GMRT time series data and blue asterisks indicate flux densities measured from
ORT time series data. Black arrows indicate 8σ upper limits on the flux density

for a pulsed source in time series non-detections.

with better S/N at 326 MHz (Figure 6.13) and hence, no conclusion could be

drawn regarding the presence of DISS as a cause for non-detections. Though, we

believe that DISS could not be the cause of complete non-detection but could

account for the flux density variation seen in epoch to epoch measurements.

6.7 Discussion

The follow-up observations for PSR J1838+1523 and the subsequent analysis pro-

vides a good example of how different types of measurements provide unique as-

pects of pulsar science. The time series observations using gridding technique

provided the first position refinement. The initial timing observations provided

further constraints on the position. The position uncertainty in right ascension

thus obtained was smaller than that in declination. The unique beam shape of
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Figure 6.10: Time series flux density histogram for PSR J1838+1523 at 325
MHz. The bin size on the horizontal axis is 0.5 mJy. Apart from a few outliers,
there is a clear clustering in the distribution the detection limit of about 0.5

mJy.

ORT allowed the uncertainty on the declination position to be reduced. A detec-

tion with the GBT, which has a much narrower beam (∼12’) at 820 MHz, provided

an independent confirmation for this. Further detections using PA mode of GMRT

at 325 and 610 MHz built more confidence. Multi-frequency imaging data pro-

vided the final association with a continuum source. With this input, long term

timing observations with ORT resulted in a much more refined pulsar position with

other parameters. Once these parameters were obtained, the same observations

provided further constraints on the flux density, spectral index and flux density

variations. Together, all of these provided a consistent picture of the source un-

der study. The radio images, which were made using simultaneous data obtained

with the time series data, provided a faster localization of the pulsar. This helped

in constraining the timing solution even with the patchy timing coverage, which

resulted due to multiple non-detections. This demonstrates beyond doubt that

simultaneous imaging capability is a powerful addition for low frequency pulsar

searches. This has also been demonstrated by Roy et al. (2012) wherein, the same



Chapter 6. Discovery, Timing and Imaging of PSR J1838+1523 156

 2

 4

 6

 8

 10

 12

 14

 0  2  4  6  8  10

N
u
m

b
e
r 

o
f 
P

o
in

ts

Flux Density (mJy)

Figure 6.11: Imaging flux density histogram for PSR J1838+1523 at 325 MHz.
The bin size on the horizontal axis is 0.5 mJy. There is an increased number of

flux densities near the 3σ detection limit of about 1.8 mJy.

instrument was used to localize the pulsar much faster using the gated imaging

technique. Such precise measurements of pulsar position are very helpful for doing

astrometry of pulsars having high spatial velocities.

We firmly believe that diffractive scintillations could be responsible only for the

variability in detected flux densities and would not make the pulsar undetectable.

with this assumption, the clustering near detection limits in the flux density his-

tograms could point to one of two possibilities. The first possibility is that PSR

J1838+1523 has two different emission states (modes) and the mean flux density

in the low emission state is below the detection threshold. The other possibility is

that the clustering near detection limits is introduced by a combination of RISS

and the detection limit of the telescope. The integrated profile bears no evidence of

a mode change and essentially remains unchanged during the low emission state.

There is no prima facie change in Ṗ as was seen by Lyne et al. (2010) in their

study. In addition, the pulsar was detected in all of the observations at the ORT.

The initial GMRT follow-up observations were spaced by 2 weeks. Thus, if there

was a change in the Ṗ during that time, the time scale of a month or two was not
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Figure 6.12: Dynamic spectra obtained for PSR J1838+1523 from GBT data
at 820 MHz. The channel resolution is 0.25 MHz and the time resolution is 230

s.

well sampled by our observations. Thus, such a change would have to be lower

than what could be reliably measured. There is also no evidence for nulling in

this pulsar as far as the observational evidence is concerned. A single pulse search

done on the detections as well as non-detections does not indicate the presence of

strong transient pulses. This makes the mode changing scenario less likely. The

mean flux density of PSR J1838+1523 is about 8−10 times the nominal detection

limit of GMRT. Refractive scintillations could easily bring about a change of this

magnitude in the flux density of the pulsar. This makes refractive scintillations as

a more likely cause of low flux densities as well as non-detections. In this case, the

inherent flux density distribution could be modified by a combination of varying

levels of RFI, calibration errors as well as scintillations.

Additionally, in most of the time series non-detections, imaging data still shows a

continuum source with lower flux density. In this case, another scenario (although

much less likely) could be that the radio emission from this pulsar has a continuum

component. As can be seen in Table 6.1 and 6.3, the imaging flux density in the
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Figure 6.13: Dynamic spectra obtained for PSR J1838+1523 from ORT data
at 326 MHz. The channel resolution is 62.5 KHz and the time resolution is 140

s.

GMRT data is almost always slightly higher than the time series flux density.

Although, the errors on both these numbers are such that they prevent from

drawing any firm conclusions, there is still a possibility that the un-pulsed emission

might be always present. In this case, the variation in the time series flux density as

well as the compactness of the imaging flux density histogram could be explained

by the continuum component remaining more or less steady, while the pulsed

component having a large, inherent variation due to non-stationary plasma flow in

the magnetosphere. Using the detection limits as mentioned in Section 6.6, we can



Chapter 6. Discovery, Timing and Imaging of PSR J1838+1523 159

put a lower limit of 3.6 on the ratio of pulsed to un-pulsed emission. This is slightly

higher than the ratio of 2 obtained by (Navarro et al. 1995). No such un-pulsed

emission is seen at 610 MHz but it could just be due to the fact that the expected

flux density of the pulsar at 610 MHz is much closer to the detection limit. In the

time series data, the absence of a pulse even after the addition of 9 non-detections

coherently, implies that the pulsed flux density for the time series non-detections

could be lower than 0.17 mJy (3 times lower than 0.5 mJy). This puts additional

constraints on the pulsed to un-pulsed emission ratio, giving an upper limit of

about 11.8 for the ratio. In case the pulsed emission does really switch off during

these non-detections, we get a lower limit on the ON to OFF pulsed emission ratio

of 23.5, much less than what was estimated for other intermittent pulsars (Kramer

et al. 2006; Camilo et al. 2012; Lorimer et al. 2012). Continued long term timing

observations interlaced with multi-frequency imaging observations could help in

determining the actual cause of the flux density variation with much more robust

statistics.





Chapter 7

Follow-up Timing of Three

GMRT Pulsars

7.1 Introduction

In a blind survey carried out with the GMRT at 610 MHz, Joshi et al. (2009) dis-

covered three new pulsars, PSR J2208+5500, PSR J2217+5733 and PSR J0026+6320.

The survey was carried out at 610 MHz to exploit the steep spectra of pulsars as

well as the larger beam size to cover the sky fairly fast with a good sensitivity

afforded by the large collecting area of the interferometric array. After bringing

down the position uncertainty with the gridding observations, the initial follow-up

timing observations were carried out with the GMRT (610 MHz) and the Lovell

telescope at Jodrell Bank (1400 MHz). The new pulsars belonged to the normal

pulsar population with rotation periods of 318, 933 and 1056 ms. Joshi et al. (2009)

also reported on the nulling behaviour of one of the pulsars, PSR J2208+5500 but

could not quantify it due to poor S/N of single pulses at 610 MHz. Out of the

three, two pulsars, PSR J2208+5500 and PSR J2217+5733 have very steep spectra

with the spectral index greater than −2 while PSR J0026+6320 has a much flatter

spectrum with a spectral index of −0.8 (Joshi et al. 2009). Given the well known

161
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timing solutions and an interesting mix of very steep and very flat spectrum pul-

sars, a timing follow-up at 325 MHz with the GMRT PA mode seemed reasonable.

As all of these pulsars (together with PSR J1838+1523, see Chapter 6 for details)

are GMRT discoveries, it is the most suitable instrument for the follow-up timing

observations. GMRT also has a unique capability to provide simultaneous imag-

ing data, which would be helpful to constrain the mean flux density and hence,

spectral indices of these pulsars. In addition, given the very steep spectral index of

PSR J2208+5500, the GMRT PA data taken at 325 MHz would have enough single

pulse S/N to study nulling in this pulsar much better. Regular timing observations

over long durations may reveal interesting phenomena like nulling, mode changing

and intermittency. This provides a very good motivation to do follow-up timing

observations for these pulsars. Thus, when the follow-up timing observations of

the newly discovered PSR J1838+1523 were commencing, these three pulsar were

also added to the list with a known pulsar, PSR B1937+21 as a test pulsar to

check for consistency in the timing solutions obtained for the other pulsars. The

results from these follow-up observations are described in this chapter.

7.2 Observations

The timing observations were performed with the GMRT at 325 MHz between

MJD 56051−56745 with a cadence of about 2 weeks. The timing observations were

moved to 610 MHz after this (see Chapter 6 for more details) and were performed

between MJD 56955−57282 with a similar cadence. The observations at the ORT

were started on MJD 56653 with almost daily cadence and were continuing at

the time of writing the thesis with a cadence of about a week. More details on

the observational parameters as well as typical observational set-up is described

in Section 3.3. The list of epochs of observation for these pulsars and some more

details are given in Table 6.1 in Chapter 6.
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7.3 Data Analysis

The GMRT data analysis started with flagging the RFI infected channels as ex-

plained in Section 4.1.1. The resultant data were then converted to SIGPROC

filterbank format. This was then dedispersed to the DM of the pulsar to produce

a time series file, which was subsequently folded to get a time stamped integrated

profile. At the ORT, the pulsar back-end, with the help of predictive polyco files

produced by TEMPO2, produced coherently dedispersed, time stamped integrated

profile (see Naidu et al. 2015, for details). The integrated profiles were added co-

herently to produce a high S/N template, which was used to estimate the TOAs

for all the observations following the procedure described in Section 4.3.1. The

timing analysis was done using the timing package TEMPO2. Observations for

PSR B1937+21 were carried out with the follow-up observations. This pulsar was

treated as a control pulsar and was analysed in a manner similar to other pulsars.

During the data analysis of the initial 325 MHz GMRT data, it was noticed that

PSR J2217+5733 and J0026+6320 were detected with a much lower S/N than the

expected value in only some of the data. In order to investigate this further, a

local DM search was undertaken for both the pulsars. This analysis is described

in the next section.

7.3.1 Local Search

As the name suggests, local search runs over a local range of trial DMs centred

over the best known DM of the pulsar wherein the filterbank file is dedispersed to

each of the trial DM and is searched for periodicities using the harmonic search

(as described in Section 4.1.3). A manual inspection of the candidate list is then

done in order to find out the harmonic S/N of the pulsar periodicity. At the end

of the local search, the output is a file containing the harmonic S/N as a function

of trial DM. An example plot of such a file is shown in Figure 7.1. The initial

local search done for PSR J2217+5733 spanned a DM range of 100−200 pc-cm-3,

with a DM step of 0.2, while the local search for PSR J0026+6320 spanned a DM
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range of 200−280 pc-cm-3, with a DM step of 0.5. The DM steps were chosen to

be slightly finer than otherwise done in order to get a better estimate of the true

DM of the pulsar. The results on PSR J2217+5733 indicated the true DM to be

near 130 pc-cm-3 and hence, the trial DM range was reduced to 100−160 pc-cm-3,

while the range for PSR J0026+6320 remained the same. The local search analysis

was done on four data sets each for PSR J2217+5733 and J0026+6320.
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Figure 7.1: Harmonic S/N as a function of trial DM obtained from a local
search analysis done for PSR J2217+5733.

The harmonic S/N obtained as a function of trial DM was then fit with a Gaussian

function to obtain the DM corresponding to the peak S/N. This represents the

approximate true DM of the pulsar. This DM estimate is very crude as can be seen

from the plot shown in Figure 7.1. Also, the error in DM depends on the amount

of low level RFI present in the data, which has a different effect at different trial

DMs. This results, sometimes, in a broad peak (Figure 7.1), increasing the error

on the location of the peak. In order to get a much better estimate of the true DM

of the pulsar, one must do a multi-frequency timing analysis, which is described

in the next section.
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7.3.2 Timing Analysis

Once the true DMs were determined for PSR J2217+5733 and J0026+6320, the

GMRT data were dedispersed to the true DM and folded. Time stamped profiles

were obtained from the dedispersed time-series using SIGPROC. The TOAs were

then calculated using the template matching technique as described in Section

4.3.1.1. A separate template was used for each frequency and was generated by

co-adding the observed profiles at that frequency. The timing analysis was done

using the pulsar timing package TEMPO2 (refer to Section 4.3.4 for more details).

The average profiles obtained for all the pulsars observed are shown in Figures

7.3, 7.4 and 7.5. While doing the timing analysis, it was realised that the TOA

uncertainties estimated from the cross-correlation technique were underestimated.

Thus, an additional multiplicative factor (EFAC) was used to scale the TOA un-

certainties so as to get a good fit to the TOAs. The value of EFAC was estimated

independently for TOAs at each telescope and frequency by doing timing anal-

ysis so as to obtain a reduced χ2 between 0.9−1.1. The EFACs thus obtained

are shown in Table 7.1. The EFACs for GMRT TOAs of PSR B1937+21 were

very large because of two reasons. The first was that the scatter-broadening was

changing across epochs. The second, most dominant effect was due to the fact that

Taylor’s template matching algorithm almost always underestimates TOA errors.

In fact, the TOA errors reduce as the S/N of the template and the observed profile

increase. In the case of PSR B1937+21, the GMRT time series data were incoher-

ently dedispersed and folded with 32 bins across the profile. This provided only 2

bins of OFF pulse region, effectively reducing the noise drastically. This resulted

in very high profile S/N even in individual observations. Thus, the TOA errors

obtained from Taylor’s program were grossly underestimated. The nominal errors

reported by the template matching routine were of the order of a few µs, while the

bin size was of the order of 50 µs. At 610 MHz, the large EFAC value was seen

due to low S/N of the template profile in addition to above mentioned effects. At

ORT, the time and frequency system was configured such that it was using the

falling edge of the GPS signal to derive timestamps. Typically, the rising edge

should have been taken as the standard, as the falling edge has a large amount of
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jitter. Figure 7.2 shows how changing the clock to derive the timestamp from the

rising edge of the GPS signal reduced the jitter drastically. This added jitter in

the ORT TOAs was responsible for large EFACs. In addition, as the final timing

solution was a joint solution, some part of the jitter in ORT TOAs were absorbed

in the EFACs for GMRT TOAs. This fact is mirrored in the timing residuals at

610 MHz as well (see Figure 7.6).

Telescope Frequency Pulsar
(MHz) B1937+21 J2208+5500 J2217+5733 J0026+6320

ORT 325 40.0 1.3 - -
GMRT 325 35.0 3.5 2.0 3.0
GMRT 610 25.0 4.2 5.5 4.8
GMRT 1170 - 1.0 3.0 -

Table 7.1: EFAC values for different telescopes and observing frequencies for
all the observed pulsars. Dashes indicate unavailability of TOAs.
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Figure 7.2: A plot showing how clock jitter introduces timing irregularities
for PSR B1937+21. As can be clearly seen, the timing residuals with the clock
using falling edge of the GPS signal show random jitter as compared to a clock
using the rising edge of the GPS for timstamp. The clock was changed from

MJD 57589.

As the observations were done at different telescopes and frequencies, constant

phase offsets were also fit to the TOAs along with other relevant pulsar parameters.
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This enabled a much better estimate of the true DMs for these pulsars. Although

this procedure seems straightforward, it is more involved. Let us assume that the

instrumental phase offset (which is constant for all pulsars) is denoted by δφoff

and the extra delay introduced by the DM at low frequencies is denoted by δφDM.

The total phase offset thus introduced at each different frequency and/or telescope

(δφ) would then be given by

δφ = δφDM + δφoff (7.1)

Now as stated earlier, δφoff is the same for all pulsars, while δφDM is not. Thus, in

order to obtain a better DM estimate, some kind of joint solution is required. This

solution however, is not unique. Thus, a systematic error in one quantity will lead

to an error in the other and vice versa. This problem can be partly solved by doing

the timing analysis of many pulsars with well known timing solutions (especially

well determined DM and its variation). In our case, there were 4 pulsars available

for the determination of the phase offset between 325 and 610 MHz, while only 2

pulsars had timing data at 1170 MHz. As explained in Section 7.3.1, the DMs of

these pulsars were not very accurately known. To avoid the confusion due to coarse

DM estimates in fitting the constant offsets, a controlled experiment was used to

estimate the instrumental offsets. In the experiment, a modulated version of the

1 pulse per second (PPS) and 1 pulse per minute (PPM) signal (one at a time) of

the GPS with a duty cycle of 50% were emitted at the observing frequency (326.5

MHz at ORT and 325, 610 and 1170 MHz at GMRT) using a broad-band antenna.

This signal was then recorded through the regular data recording pipelines at ORT

and GMRT. The data were then dedispersed at 0 DM and the time series out put

was obtained. The recorded time of the rising edge of the 1 PPS (and 1 PPM)

signal was compared with the expected time to obtain the instrumental offsets.

While doing timing analysis, the EFACs were determined separately first. In the

final analysis, all the TOAs were considered together. The constant phase offsets

were then put in and held fixed, while the DM was determined later. Given the

different values of EFAC at different telescopes and frequencies (as shown in Table
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7.1) and the availability of only two TOAs at 1170 MHz, the actual accuracy of

DM determination would be dependent on how accurately the 325−1170 MHz

phase offset was calculated. Putting the value of f1 = 325 MHz and f2 = 1170

MHz in Equation 1.8, we get

4DM =
4t
36

(7.2)

where 4DM is expressed in pc-cm-3 and 4t is expressed in ms. Thus, the system-

atic uncertainty in the DM, which could be larger than what the timing analysis

provides, would be given by the above equation when 4t is replaced by the un-

certainty in the 325−1170 MHz phase offset. Similarly, putting f2 = 610 MHz in

Equation 1.8 gives,

4DM =
4t
28

(7.3)

The uncertainty in the DM for PSR J2208+5500 and J2217+5733 was estimated

using Equation 7.2. For PSR B1937+21, J1838+1523 and J0026+6320, the DM

uncertainty was estimated using Equation 7.3. These were then compared with the

uncertainties reported by TEMPO2. The dominant uncertainty was then reported

as the actual uncertainty on the estimated DM.

7.3.3 Nulling Analysis for PSR J2208+5500

In the discovery paper, Joshi et al. (2009) suspected that PSR J2208+5500 may

be a nulling pulsar. Their observations were carried out at frequencies higher

than 600 MHz. Due to the steep spectral index of this pulsar, they did not have

good S/N for single pulses and hence, could put only a lower limit of 7.5% on the

nulling fraction. Our data were taken at 325 MHz with PA mode. This implied a

good single pulse S/N and enabled us to estimate the nulling fraction. The nulling

analysis was performed using the method devised by Ritchings (1976). Data taken

at 10 separate epochs were selected for the nulling analysis as these had a good
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Figure 7.3: Average profiles for PSR J2208+5500 at different observing fre-
quencies. All the profiles were obtained using data taken with the GMRT.

single pulse S/N and low RFI level. The analysis was performed on data taken

at each epoch independently. The dedispersed time series was folded modulo the

pulse period and dumped every period into a single pulse file. The ON and OFF

pulse regions of equal width were then identified using a visualising tool based on

PGPLOT. The ON pulse region window was selected such that it equalled the pulse

width at 10% peak intensity in the integrated profile. The same program provided

the integrated energies in ON and OFF windows in two separate files (see Gajjar

et al. 2012, for more details on the analysis technique). The normalized pulse

energy streams were then formed using the procedure as described in Ritchings

(1976). The normalized ON and OFF pulse energies formed for each epoch were

then combined to form a single distribution of normalized ON and OFF pulse

energies. The combined data provided an ensemble of about 6000 pulse periods.

The nulling fraction was then estimated using these distributions.
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Figure 7.4: Average profiles for PSR J2217+5733 at different observing fre-
quencies. All the profiles were obtained using data taken with the GMRT.

7.3.4 Modulation Index for PSR J2208+5500

Individual pulses emitted by pulsars vary in integrated intensity as well as the in-

tensity distribution over the pulse phase. One way to estimate this variation and

possibly connect it to the emission mechanism (Jenet and Gil 2003) is through

estimating the modulation index (m). In order to obtain the phase resolved mod-

ulation index for PSR J2208+5500, the same data sets, which were used to estimate

the nulling fraction were used. The dedispersed time series for each observation

was folded modulo the topocentric period into 256 phase bins. This resulted in

11 phase bins across the pulse. The intensities for the selected phase bin [I(φ)]

were then obtained by using a PGPLOT based program. The modulation index

for each phase bin was calculated by

m(φ) =

√
〈I(φ)2〉 − 〈I(φ)〉2

〈I(φ)〉
(7.4)
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Figure 7.5: Average profile for PSR J0026+6320 at different observing fre-
quencies. All the profiles were obtained using data taken with the GMRT.

Finally, the modulation indices for each bin across the 10 observations were aver-

aged and the resulting RMS was used as an error bar on individual measurement.

7.3.5 Scattering Analysis for PSR J2217+5733 and J0026+6320

PSR J2217+5733 and J0026+6320 show scattering tails in their profiles obtained

at 325 MHz as can be seen in Figures 7.4 and 7.5. At low frequencies, the observed

profile is scatter-broadened due to multi-path propagation. The broad scattering

tail has a characteristic exponential form (see Section 1.2.3.2 for more details),

which allows the measurement of the characteristic scatter-broadening time scale

(τ sc). The scattering analysis for PSR J2217+5733 and J0026+6320 was done

using the method and code described in Krishnakumar et al. (2015). The fit-

ting routine assumes that the observed low frequency profile is a convolution of a

scatter-free Gaussian profile and an exponential scatter function, which is propor-

tional to exp (-t/τ sc). The estimation of τ sc, thus requires a scatter-free template

profile. For PSR J2217+5733, the data were present for observing frequencies of
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325, 610 and 1170 MHz. For PSR J0026+6320, the data were present only at 325

and 610 MHz. The template profiles for both PSR J2217+5733 and J0026+6320

were taken to be single component Gaussian profiles with widths equal to w50 (i.e.

the pulse width at 50% of peak intensity) as given in Joshi et al. (2009). There is

some amount of error involved in assuming that a single Gaussian model at high

frequency specifies the profile shape correctly at low frequencies. According to

various studies of profile evolution with frequency for normal as well as millisec-

ond pulsars (Thorsett 1991; Kramer et al. 1999), the largest variation in profile

shape follows a power law w50 ∝ λ0.3. With this index, the typical increase in the

profile width was smaller than the bin width of the integrated profiles and hence,

the frequency evolution does not hamper the estimation of τ sc.

7.3.6 Imaging Analysis

The imaging data, which were acquired simultaneously with time series observa-

tions carried out at the GMRT, were flagged and calibrated using FLAGCAL.

The images were then made using AIPS with three rounds of self calibration. The

imaging analysis is explained with greater details in Section 4.4. The flux densi-

ties were then measured by using the task JMFIT. Additionally, flux densities for

PSR B1937+21 at 700, 1400 and 3100 MHz were obtained from Manchester et al.

(2013). A search in the TIFR GMRT Sky Survey alternate data release (TGSS

ADR; Intema et al. 2016)1 provided 150 MHz flux density for PSR B1937+21,

while resulting in non-detection of all the GMRT pulsars. The 6σ upper limit on

the flux density from TGSS ADR was estimated to be 21 mJy for all three pulsars.

7.4 Results

The results of the data analysis obtained for the pulsars are listed below in different

sections with each section dedicated for one pulsar.

1http://tgssadr.strw.leidenuniv.nl/doku.php
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7.4.1 PSR B1937+21

The timing solution obtained for the control pulsar, PSR B1937+21 is shown in

Table 7.2, while the resultant timing residuals are shown in Figure 7.6. Given the

large scattering tail seen in this pulsar at 325 MHz, the timing solution obtained is

reasonably accurate. This can be confirmed from the parameters recently obtained

by Verbiest et al. (2016) in the first IPTA data release (shown in Table 7.3). Also

note that only a single DM value was used throughout the fit, rather than a time-

varying DM. This has reduced the accuracy of the timing solution. A method

similar to the one used for PSR B1937+21, was used for the timing analysis of

other pulsars. The constant offset between GMRT−ORT was estimated to be 769

± 1 ms, while no offsets were seen at GMRT between 325−610 and 325−1170 MHz

down to a level of 0.05 ms. The GMRT−ORT offset was found to be consistent

for all relevant pulsars (PSR J1838+1523 and J2208+5500). Putting the value of

4t in Equation 7.2 as 0.05 ms, we get the uncertainty in DM determination to be

0.0014 pc-cm-3. For 4t = 0.05 ms in Equation 7.3, we get the uncertainty in DM

determination to be 0.0018 pc-cm-3. Given that the RMS residuals obtained in all

the pulsars except PSR B1937+21, were of the order of 1–2 ms, the uncertainties

from fitting were more dominant and they are the ones that are reported in the

results. For PSR B1937+21, the DM uncertainty from the offsets was dominant,

which is reflected in the value reported in Table 7.2.

The average flux density obtained for PSR B1937+21 along with all the other

pulsars at different observing frequencies are shown in Table 7.4. Additionally,

flux density measurements of B1937+21 were obtained from Manchester et al.

(2013) and Intema et al. (2016). The resultant spectrum of PSR B1937+21 is

shown in Figure 7.7.



Chapter 7. Follow-up Timing of Three GMRT Pulsars 174

Table 7.2: Timing solution obtained for PSR B1937+21. For the measured
quantities except DM, numbers in brackets indicate 1σ errors in the last sig-
nificant digit as reported by TEMPO2. The DM uncertainty was determined
from the uncertainty in the determination of instrumental offsets at different
frequencies. For the set quantities, numbers in brackets indicate 1σ errors in
the last significant digit as obtained from the ATNF pulsar catalog (version

1.51).

Fit and data-set
Pulsar name. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B1937+21
MJD range . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56068.0—57282.6
Data span (yr) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.33
Number of TOAs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
RMS timing residual (µs) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172.4
Weighted fit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Y
Reduced χ2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.2

Measured Quantities
Pulse frequency, ν (s−1) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 641.9282183123(5)
First derivative of pulse frequency, ν̇ (s−2) . . . . . . . . . . . . . . . . −4.326(3)×10−14

Dispersion measure, DM (pc-cm−3) . . . . . . . . . . . . . . . . . . . . . . . 71.06(1)
Set Quantities

Right ascension, α (hh:mm:ss) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19:39:38.56220(7)
Declination, δ (dd:mm:ss) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . +21:34:59.120(3)
Galactic longitude, l (deg) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57.5088601(3)
Galactic latitude, b (deg) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . −0.2894995(8)
Epoch (MJD) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56675

First derivative of dispersion measure, ˙DM (pc-cm−3 yr−1) −0.0012(1)
Proper motion in right ascension, µα cos δ (mas yr−1) . . . . . −0.46(2)
Proper motion in declination, µδ (mas yr−1) . . . . . . . . . . . . . . −0.66(2)

Derived Quantities
log10(Characteristic age, yr) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11.4
log10(Surface magnetic field strength, G) . . . . . . . . . . . . . . . . . 8.6

log10(Ė, ergs/s) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36.0
Assumptions

Clock correction procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . TT(TAI)
Solar system ephemeris model . . . . . . . . . . . . . . . . . . . . . . . . . . . . DE405
Binary model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . NONE
Model version number . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.00
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Table 7.3: Timing solution obtained for PSR B1937+21 from the first IPTA
data release (Verbiest et al. 2016) with combination A. The value of ˙DM is
from Reardon et al. (2016). The numbers in brackets indicate 1σ errors in
the last significant digit. The numbers have been adjusted to epoch 56675 for

comparison.

Fit and data-set
Pulsar name. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B1937+21
MJD range . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46024.8—55924.4
Data span (yr) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27.1
Number of TOAs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3905
RMS timing residual (µs) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69.8
Weighted fit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Y
Reduced χ2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.0

Measured Quantities
Right ascension, α (hh:mm:ss) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19:39:38.56122(1)
Declination, δ (dd:mm:ss) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . +21:34:59.1257(1)
Galactic longitude, l (deg) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57.5088595(3)
Galactic latitude, b (deg) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . −0.2894955(8)
Pulse frequency, ν (s−1) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 641.92821831382(2)
First derivative of pulse frequency, ν̇ (s−2) . . . . . . . . . . . . . . . . −4.331278(8)×10−14

Dispersion measure, DM (pc-cm−3) . . . . . . . . . . . . . . . . . . . . . . . 71.026(1)

First derivative of dispersion measure, ˙DM (pc-cm−3 yr−1) −0.00059(3)
Proper motion in right ascension, µα cos δ (mas yr−1) . . . . . 0.06(1)
Proper motion in declination, µδ (mas yr−1) . . . . . . . . . . . . . . −0.41(1)
Epoch (MJD) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56675

Derived Quantities
log10(Characteristic age, yr) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11.37
log10(Surface magnetic field strength, G) . . . . . . . . . . . . . . . . . 8.61

log10(Ė, ergs/s) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36.04
Assumptions

Clock correction procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . TT(BIPM2013)
Solar system ephemeris model . . . . . . . . . . . . . . . . . . . . . . . . . . . . DE421
Binary model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . NONE
Model version number . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.00
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Figure 7.6: Post-fit timing residuals obtained for PSR B1937+21. The RMS
post-fit residual obtained was 172.4 µs. The GMRT TOA measurements are
indicated by red crosses (325 MHz) and blue asterisks (610 MHz), while the

ORT TOA measurements are indicated by green crosses (326 MHz).

Pulsar S1170 MHz σ1170 MHz S610 MHz σ610 MHz S325 MHz σ325 MHz α
(mJy) (mJy) (mJy) (mJy) (mJy) (mJy)

B1937+21 - - 134 16 443 48 −2.4 ± 0.2
J2208+5500 0.4 0.1 2.0 0.4 5.8 1.5 −2.4 ± 0.4
J2217+5733 0.5 0.1 4.6 1.1 10 3 −2.4 ± 0.3
J0026+6320 - - 2.9 0.8 8.0 4.0 −0.9 ± 0.4

Table 7.4: Flux densities of the four observed pulsars at different observing
frequencies. The error bars at 325 MHz were obtained from the flux variation,
while the error bars at other frequencies were dominated by measurement errors.
Spectral indices reported for pulsars other than PSR B1937+21 were obtained
by using these measurements along with the ones obtained by Joshi et al. (2009).
The flux density measurements for PSR B1937+21 at 700, 1400 and 3100 MHz
were obtained by Manchester et al. (2013) and at 150 MHz were obtained by

Intema et al. (2016).
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Figure 7.7: Spectrum of PSR B1937+21. The filled circles indicate the mea-
surements obtained by Manchester et al. (2013), filled square indicates the mea-
surement obtained by Intema et al. (2016), while the open circles indicate the

measurements using images made at 325 and 610 with GMRT data.
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7.4.2 PSR J2208+5500

The analysis of the sensitive PA data taken at 325 MHz with the GMRT indicated

that PSR J2208+5500 indeed undergoes nulling. This is demonstrated in a single

pulse plot shown in Figure 7.8. The pulse energy histograms obtained from 6000

pulses in ON and OFF pulse region are shown in Figure 7.9. The ON pulse energy

histogram shows a clear excess at zero mean, which corresponds to the null pulses,

which essentially contribute noise. After subtracting a fraction of the OFF pulse

histogram from the ON pulse histogram, the estimated pulse nulling fraction is 50

± 5%.

Figure 7.8: Pulse nulling seen in PSR J2208+5500 at 325 MHz. The upper
panel shows a grayscale plot of pulse number as ordinate and pulse phase as
abscissa. The bottom panel is the integrated pulse profile. Pulse nulling is

clearly seen near periods 110−150.

The average phase resolved modulation index is plotted in Figure 7.10. It shows

a minimum of 1.8 at the profile peak and increases towards both the edges of the

profile. The average value of the modulation index was found to be 2.5 ± 0.6.
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Figure 7.9: Histograms of normalized OFF and ON pulse energy for PSR
J2208+5500.

No prima facie evidence for drifting of the pulses was seen in any data taken on

J2208+5500. This remains to be the case even after analysing the fluctuation spec-

tra of individual pulse bins as well as the fluctuation spectra obtained by averaging

spectra of individual bins in all of the 10 observational epochs (independently).

One such fluctuation spectrum is shown in Figure 7.11. As can be clearly seen

in the figure, there is no obvious periodicity indicating the presence of sub-pulse

drifting.

The phase coherent timing solution obtained after the timing analysis is listed in

Table 7.5. In the analysis, the values that were held fixed, were obtained from

the timing solution from Joshi et al. (2009). Overall, the timing solution obtained

by this analysis is consistent with the one obtained by Joshi et al. (2009), with

the only difference being the changed value of DM, which was possible because

of multi-frequency timing analysis. The post-fit timing residuals obtained are

shown in Figure 7.12. As is clearly seen in Figure 7.12, the simultaneous TOA

measurements obtained at GMRT and ORT agree well with each other.

The image of PSR J2208+5500 at 325 MHz made at one epoch is shown in Figure



Chapter 7. Follow-up Timing of Three GMRT Pulsars 180

 0

 1

 2

 3

 4

 5

 6

 7

 120  122  124  126  128  130  132  134  136

M
o
d
u
la

ti
o
n
 I

n
d
e
x

Bin Number

Figure 7.10: Average phase resolved modulation index for PSR J2208+5500.
The modulation index for each phase bin (denoted by green crosses with errors)
was calculated from 10 individual observations and the error bar represents the
RMS of the 10 measurements. The red crosses with line represent a scaled
version (for representative purpose) of the average pulse profile for the same set

of observations.

7.13. The mean flux density measured at 325 MHz from the images is 5.8 ± 1.5

mJy. Flux density measurements at other frequencies are given in Table 7.4. Using

these flux densities with the ones measured by Joshi et al. (2009), the spectral index

was calculated to be −2.4 ± 0.4 (as shown in Figure 7.14), which is steeper but

consistent with the value of −2.09, which was obtained by Joshi et al. (2009). The

upper limit from TGSS ADR (shown by an arrow in Figure 7.14) may indicate a

spectral break or a turnover below 300 MHz.
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Figure 7.11: Fluctuation spectrum of intensities of single pulses of PSR
J2208+5500 for one observation epoch (MJD 56298). This spectrum is the
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Figure 7.12: Post-fit timing residuals obtained for PSR J2208+5500. The
RMS post-fit residual obtained was 1132.0 µs. The GMRT TOA measurements
are indicated by red crosses (325 MHz), blue asterisks (610 MHz) and magenta
squares (1170 MHz), while the ORT TOA measurements are indicated by green

crosses (326 MHz).
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Table 7.5: Timing solution obtained for PSR J2208+5500. For the measured
quantities, numbers in brackets indicate 1σ errors in the last significant digit as
reported by TEMPO2. For the set quantities, numbers in brackets indicate 1σ

errors in the last significant digit as reported by Joshi et al. (2009).

Fit and data-set
Pulsar name . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J2208+5500
MJD range . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56068.0—57282.6
Data span (yr) . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.33
Number of TOAs . . . . . . . . . . . . . . . . . . . . . . . . 164
RMS timing residual (µs) . . . . . . . . . . . . . . . . 1132.0
Weighted fit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Y
Reduced χ2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.94

Measured Quantities
Pulse frequency, ν (s−1) . . . . . . . . . . . . . . . . . . 1.071624701064(8)
First derivative of pulse frequency, ν̇ (s−2) −8.0246(5)×10−15

Dispersion measure, DM (pc-cm−3) . . . . . . 105.04(2)
Set Quantities

Right ascension, α (hh:mm:ss) . . . . . . . . . . . 22:08:23.72(1)
Declination, δ (dd:mm:ss) . . . . . . . . . . . . . . . . +55:00:08.42(5)
Galactic longitude, l (deg) . . . . . . . . . . . . . . . 100.93858(4)
Galactic latitude, b (deg). . . . . . . . . . . . . . . . . −0.75066(1)
Epoch (MJD) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56675

Derived Quantities
log10(Characteristic age, yr) . . . . . . . . . . . . . 6.33
log10(Surface magnetic field strength, G) 12.41

log10(Ė, ergs/s) . . . . . . . . . . . . . . . . . . . . . . . . . 32.53
Assumptions

Clock correction procedure . . . . . . . . . . . . . . . TT(TAI)
Solar system ephemeris model. . . . . . . . . . . . DE405
Binary model . . . . . . . . . . . . . . . . . . . . . . . . . . . . NONE
Model version number . . . . . . . . . . . . . . . . . . . 5.00
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PLot file version 2  created 17-MAY-2016 22:05:35

Cont peak flux =  2.7372E-01 JY/BEAM
Levs = 5.000E-04 * (3, 5, 7, 9, 11)

D
e

c
li

n
a

ti
o

n
 (

J
2

0
0

0
)

Right ascension (J2000)
22 08 28 27 26 25 24 23 22 21 20 19

55 00 45

30

15

00

54 59 45

30

Figure 7.13: Interferometric image of PSR J2208+5500 at 325 MHz. The
image RMS is 0.5 mJy. The contours are at 1.5, 2.5, 3.5, 4.5 and 5.5 mJy. The
epoch of observation is MJD 56081. The synthesized beam is plotted in bottom

left corner.
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Figure 7.14: Spectrum of PSR J2208+5500. The filled circles indicate the
measurements obtained by Joshi et al. (2009), while the open circles indicate
the measurements using images made at 325, 610 and 1170 MHz with GMRT
data. The arrow indicates 6σ flux density upper limit from the TGSS ADR

(Intema et al. 2016).
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7.4.3 PSR J2217+5733

As was mentioned in Section 7.3.1, the true DM of PSR J2217+5733 was found

to be different from the value of 162.75 pc-cm-3 quoted by Joshi et al. (2009). The

true DM was found to be 131 ± 10 pc-cm-3, where the error indicates the DM

range over which, the harmonic S/N degrades by 3σ. A much better DM estimate

was obtained using the multi-frequency timing analysis as mentioned below. The

scatter-broadening analysis resulted in τ sc of 9.7 ± 0.4 ms at 610 MHz and 61.9 ±

1.1 ms at 325 MHz. The analysis also returned a τ sc value much less than the bin

width in the pulse profile at 1170 MHz. The results at other two frequencies with

reduced χ2 and number of degrees of freedom (DoF) are shown in Figure 7.15.

The results imply a scattering spectral index of −2.9, which is much smaller than

−4.4, which is expected for a Kolmogorov spectrum of ISM density perturbations.

Figure 7.15: Estimates of scatter-broadening in PSR J2217+5733. Observed
profiles are shown in black and the best fit scattering models are shown in red.
The observation frequencies as well as τ sc estimates with reduced χ2 and DoF

are shown in the top right corner of each panel.
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The pulsar, given the large scattering at 325 MHz (as seen in Figure 7.4) combined

with the reduced sensitivity of ORT at high declinations, was not detected at

ORT even with an integration of 1800 s. Thus, the timing analysis of this pulsar

contained TOAs measured only with GMRT. The phase coherent timing solution

thus obtained is listed in Table 7.6. The parameters held fixed while performing

the fit were obtained from Joshi et al. (2009) with the exception of DM, which

was fitted using the timing data. The post-fit residuals thus obtained are shown

in Figure 7.16. As is clear from Figure 7.16, the phase connection remains intact

even with a gap of more than 250 days.

Table 7.6: Timing solution obtained for PSR J2217+5733. For the measured
quantities, numbers in brackets indicate 1σ errors in the last significant digit as
reported by TEMPO2. For the set quantities, numbers in brackets indicate 1σ

errors in the last significant digit as reported by Joshi et al. (2009).

Fit and data-set
Pulsar name . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J2217+5733
MJD range . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56081.1—57282.6
Data span (yr) . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.29
Number of TOAs . . . . . . . . . . . . . . . . . . . . . . . . 29
RMS timing residual (µs) . . . . . . . . . . . . . . . . 2243.3
Weighted fit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Y
Reduced χ2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.20

Measured Quantities
Pulse frequency, ν (s−1) . . . . . . . . . . . . . . . . . . 0.94621311330(3)
First derivative of pulse frequency, ν̇ (s−2) −5.79(1)×10−16

Dispersion measure, DM (pc-cm−3) . . . . . . 131.54(3)
Set Quantities

Right ascension, α (hh:mm:ss) . . . . . . . . . . . 22:17:55.03(2)
Declination, δ (dd:mm:ss) . . . . . . . . . . . . . . . . 57:33:04.0(2)
Galactic longitude, l (deg) . . . . . . . . . . . . . . . 103.47196(8)
Galactic latitude, b (deg). . . . . . . . . . . . . . . . . +0.59943(6)
Epoch (MJD) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56675

Derived Quantities
log10(Characteristic age, yr) . . . . . . . . . . . . . 7.41
log10(Surface magnetic field strength, G) 11.92

log10(Ė, ergs/s) . . . . . . . . . . . . . . . . . . . . . . . . . 31.34
Assumptions

Clock correction procedure . . . . . . . . . . . . . . . TT(TAI)
Solar system ephemeris model. . . . . . . . . . . . DE405
Binary model . . . . . . . . . . . . . . . . . . . . . . . . . . . . NONE
Model version number . . . . . . . . . . . . . . . . . . . 5.00
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Figure 7.16: Post-fit timing residuals obtained for PSR J2217+5733 using
data obtained with the GMRT. The RMS post-fit residual obtained was 2243.3
µs. The red crosses indicate TOAs measured at 325 MHz, green crosses indicate
TOAs measured at 610 MHz, while blue asterisks indicate TOAs measured at

1170 MHz.

The image of PSR J2217+5733 at 325 MHz made at one epoch is shown in Figure

7.17. The mean flux density measured at 325 MHz from the images is 10 ± 3 mJy.

Flux density measurements at other frequencies are given in Table 7.4. Using these

flux densities with the ones measured by Joshi et al. (2009), the spectral index

was calculated to be −2.4 ± 0.3 (as shown in Figure 7.18), which is shallower but

consistent with the value of −2.65 which was obtained by Joshi et al. (2009). The

upper limit from TGSS ADR (shown by an arrow in Figure 7.18) may indicate a

spectral break or a turnover below 300 MHz.
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CONT: J2217+57  IPOL  322.276 MHZ  J2217+5733.FLATN.4
PLot file version 2  created 17-MAY-2016 22:11:47

Cont peak flux =  9.2413E-01 JY/BEAM
Levs = 6.000E-04 * (3, 5, 7, 9, 11)
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Figure 7.17: Interferometric image of PSR J2217+5733 at 325 MHz. The
image RMS is 0.6 mJy. The contours are at 1.8, 3.0, 4.2, 5.4 and 6.6 mJy. The
epoch of observation is MJD 56081. The synthesized beam is plotted in bottom

left corner.
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Figure 7.18: Spectrum of PSR J2217+5733. The filled circles indicate the
measurements obtained by Joshi et al. (2009), while the open circles indicate
the measurements using images made at 325, 610 and 1170 MHz with GMRT
data. The arrow indicates 6σ flux density upper limit from the TGSS ADR

(Intema et al. 2016).
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7.4.4 PSR J0026+6320

As was mentioned in Section 7.3.1, the true DM of PSR J0026+6320 was found

to be different from the value of 230.31 pc-cm-3 quoted by Joshi et al. (2009).

The true DM was found to be 244 ± 10 pc-cm-3, where the error indicates the

DM range over which, the harmonic S/N degrades by 3σ. A much better DM was

obtained through multi-frequency timing analysis as shown below. This pulsar has

so much scatter-broadening that even with the true DM, the profile at 325 MHz

is almost unrecognisable from noise. This is shown in Figure 7.20, which shows a

very faint detection. This meant that the possibility of detecting the pulsar with

ORT was very low. This was corroborated by the actual data. The scattering

analysis resulted in τ sc of 7.5 ± 0.9 ms at 610 MHz and 47.6 ± 4.7 ms at 325

MHz. These results along with reduced χ2 and DoF are shown in Figure 7.19.

The very faint nature of the pulse profile at 325 MHz is very well demonstrated

by the fact that the profile used for doing the scattering analysis was formed by

adding integrated profiles at many epochs. The results imply a scattering spectral

index of −2.9, which is much smaller than what is expected for a Kolmogorov

spectrum of ISM density perturbations.

The timing solution obtained from 15 TOAs is shown in Table 7.7. The timing

residuals obtained are shown in Figure 7.21.

The image of PSR J0026+6320 at 325 MHz made at one epoch is shown in Figure

7.22. The mean flux density measured at 325 MHz from the images is 8 ± 4 mJy.

The large error bar stems from the fact that the image RMS was very large due

to RFI. This is also clearly seen in the image shown in Figure 7.22. Flux density

measurements at other frequencies are given in Table 7.4. Using these flux densities

with the ones measured by Joshi et al. (2009), the spectral index was calculated to

be −0.9 ± 0.4 (as shown in Figure 7.23), which is steeper but consistent with the

value of −0.8, which was obtained by Joshi et al. (2009). Although the images at

325 MHz did show a point source, the flat spectral index implies low flux density

and the uncertainty on the measurement mirrors the same fact. The upper limit

from TGSS ADR (shown by an arrow in Figure 7.23) is fairly above the expected
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Figure 7.19: Estimates of scatter-broadening in PSR J0026+6320. Observed
profiles are shown in black and the best fit scattering models are shown in red.
The observation frequencies as well as τ sc estimates with reduced χ2 and DoF

are shown in the top right corner of each panel.

flux density for this pulsar at 150 MHz. Thus, the non-detection at 150 MHz is

consistent with expectations.
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Figure 7.20: PRESTO plot showing a very faint detection of PSR J0026+6320
at 325 MHz.



Chapter 7. Follow-up Timing of Three GMRT Pulsars 193

Table 7.7: Timing solution obtained for PSR J0026+6320. For the measured
quantities, numbers in brackets indicate 1σ errors in the last significant digit as
reported by TEMPO2. For the set quantities, numbers in brackets indicate 1σ

errors in the last significant digit as reported by Joshi et al. (2009).

Fit and data-set
Pulsar name . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J0026+6320
MJD range . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56051.1—57282.6
Data span (yr) . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.37
Number of TOAs . . . . . . . . . . . . . . . . . . . . . . . . 15
RMS timing residual (µs) . . . . . . . . . . . . . . . . 1411.9
Weighted fit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Y
Reduced χ2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.03

Measured Quantities
Pulse frequency, ν (s−1) . . . . . . . . . . . . . . . . . . 3.1411201226(2)
First derivative of pulse frequency, ν̇ (s−2) −1.486(5)×10−15

Dispersion measure, DM (pc-cm−3) . . . . . . 245.06(6)
Set Quantities

Right ascension, α (hh:mm:ss) . . . . . . . . . . . 00:26:50.561(8)
Declination, δ (dd:mm:ss) . . . . . . . . . . . . . . . . 63:20:00.87(5)
Galactic longitude, l (deg) . . . . . . . . . . . . . . . 120.17644(3)
Galactic latitude, b (deg). . . . . . . . . . . . . . . . . +0.59367(1)
Epoch (MJD) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56675

Derived Quantities
log10(Characteristic age, yr) . . . . . . . . . . . . . 7.52
log10(Surface magnetic field strength, G) 11.35

log10(Ė, ergs/s) . . . . . . . . . . . . . . . . . . . . . . . . . 32.27
Assumptions

Clock correction procedure . . . . . . . . . . . . . . . TT(TAI)
Solar system ephemeris model. . . . . . . . . . . . DE405
Binary model . . . . . . . . . . . . . . . . . . . . . . . . . . . . NONE
Model version number . . . . . . . . . . . . . . . . . . . 5.00
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Figure 7.21: Post-fit timing residuals obtained for PSR J0026+6320 using
data obtained with the GMRT. The RMS post-fit residual is 1411.9 µs. The
red crosses indicate TOAs measured at 325 MHz, while green crosses indicate

TOAs measured at 610 MHz.
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CONT: J0026+63  IPOL  322.276 MHZ  J0026 0112.FLATN.4
PLot file version 1  created 17-MAY-2016 22:23:31

Cont peak flux =  2.7296E+00 JY/BEAM
Levs = 5.000E-04 * (13, 15, 17)
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Figure 7.22: Interferometric image of PSR J0026+6320 at 325 MHz. The
image RMS is 1.4 mJy. The contours are at 6.5, 7.5 and 8.5 mJy. The epoch
of observation is MJD 56298.5. The synthesized beam is plotted in bottom left

corner.
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Figure 7.23: Spectrum of PSR J0026+6320. The filled circles indicate the
measurements obtained by Joshi et al. (2009), while the open circles indicate
the measurements using images made at 325 and 610 MHz with GMRT data.
The arrow indicates 6σ flux density upper limit from the TGSS ADR (Intema

et al. 2016).
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7.5 Discussion

Joshi et al. (2009) suspected that PSR J2208+5500 shows nulls but did not have

enough S/N for single pulses to estimate the true nulling fraction. They could

only put a lower limit of 7.5% from their data. With steep spectral index and

sensitive PA data at 325 MHz with the GMRT, the single pulse S/N was suffi-

cient to show that this pulsar indeed shows nulls. In fact, the estimated nulling

fraction of 50% indicates very significant nulling. The apparent lack of drifting

subpulses in this pulsar is interesting and worth following-up further. Drifting

subpulses typically denote conal component and core only pulsars typically do not

show nulling (Rankin 1986). The case of PSR J2208+5500 is interesting in this

regard because it shows a large nulling fraction but no apparent drifting subpulse

structure. Thus, polarization profiles obtained at low radio frequencies would help

in determining if the pulse component seen in this pulsar is from the core or cone

or a mixture of both.

All of these pulsars were discovered at 610 MHz, where the pulse smearing due

to dispersion is much less severe. This led to a coarse estimate of the pulsar

DM using search data only. With 325 MHz observations, the inverse square de-

pendence of the dispersion smearing with frequency, allowed for a much better

measurement of the pulsar DM for two of the three pulsars. This underlines the

importance of low frequency follow-up observations for a complementary study

of pulsars discovered at high radio frequencies. The scatter-broadening spectral

indices for PSR J2217+5733 and PSR J0026+6320 indicate that, despite higher

scattering percentage (with respect to the rotation period), these pulsars lie in a

region of significantly low scattering.

Simultaneous multi-frequency observations done with the GMRT and ORT have

proven to be very useful in determining the coherent timing solution as well as

demonstrate that even with a single polarization detector, ORT is capable of

providing high quality timing data for practical applications. This is demonstrated

by the very precise DM determination of the order of 0.01 pc-cm-3. This accuracy

was achieved with a very few TOAs obtained at frequencies higher than 325 MHz.
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In fact, the DM correction for PSR J2208+5500 could be obtained only after

multi-frequency timing analysis and not otherwise. The natural extension of this

experiment would be to have a timing follow-up program for some of the MSPs,

which are a part of the IPTA. The success of such an experiment would prove to

be very useful for the timing array experiments as ORT can provide timing data

at a much higher cadence and provide complementary data at low radio frequency,

which will be really helpful to keep a track of the DM variations. The only point

to note in this regard is the need for determining the instrumental offsets to an

accuracy much better than the currently estimated value of 0.5 ms.

Simultaneous imaging observations carried out at the GMRT were helpful in deter-

mining the spectral index through well calibrated flux densities. This demonstrates

that simultaneous multi-frequency imaging and time series follow-up observations

of known pulsars help in precise determination of their parameters.



Chapter 8

Imaging Study of a Pulsar Field

8.1 Introduction

During the follow-up timing observations of the GMRT pulsar, PSR J1838+1523

done with the GMRT, data were acquired with the beamformer as well as the

correlator. The full analysis of the time series data as well as some imaging data is

described in detail in Chapter 6. The follow-up observations at 325 MHz carried

out with the GMRT spanned over three years with more or less uniform cadence

of about two weeks. Each of the observations consisted of a 30 minute scan on

the pulsar. This allowed a snapshot image of the full field (about a degree across)

to be made using the simultaneous imaging data. As explained in Section 4.4.4,

4.4.5 and 4.4.6, the requisite flagging and calibration was done using FLAGCAL.

The imaging was done using AIPS. The continuum source corresponding to PSR

J1838+1523 was identified with the help of images as well as the position obtained

from the timing analysis of the ORT data (see Section 6.5 and 6.6 for more details).

In the time series analysis of the GMRT data, it was noticed that PSR J1838+1523

was not detectable in a few scans. However, it was still present as a point source

in the images made on the same epoch. This demanded very careful measurement

of the flux density of the continuum source corresponding to the pulsar. These

were done using the AIPS task JMFIT as described in Section 6.5. As the flux

199
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and phase calibration was done with multiple calibrator sources over the full data

set, the consistency of the calibration across all the observations needed to be

established. To do this, 29 point sources having a range of flux densities were

selected from the field and their flux densities were also measured from images

made in each epoch. In this chapter, we describe the unique dataset thus obtained

and present variability study of these point sources at 325 MHz.

8.2 Observations

The observations were done at 325 and 610 MHz with the GMRT. These spanned

about three years between MJD 55744−56745 at 325 MHz and between MJD

56955−57282 at 610 MHz. The cadence was about two weeks. The rationale as

well as typical flow of observations are described in detail in Section 3.3.1.2. Basic

observational characteristics are listed in Table 3.2. Detailed information about

each epoch can be found in Table 6.1. The flux calibrators observed during the

observations were 3C48 and 3C286, while J1822−096, J1829+487, J1924+334,

J1859+129 and J1830−360 were observed as phase calibrators.

8.3 Data Analysis

The 29 sources selected for this study were chosen such that they had counterparts

at 1.4 GHz in the NVSS. The flux densities and their uncertainties at 1.4 GHz

and were obtained from the NVSS catalog1. The flux densities at 325 MHz were

obtained by fitting an elliptical Gaussian to the point sources using the AIPS task

JMFIT. The smallest Gaussian to be fit was defined by the synthesized beam for

the particular data set. The total flux density contained inside the best-fit elliptical

Gaussian region with the centroid at the peak intensity was recorded as the flux

density of the source at 325 MHz. This flux density was corrected for the telescope

primary beam response. This was done for an image at each epoch independently.

1The catalog is available at: www.vizier.u-strasbg.fr/viz-bin/VizieR?-source=%20NVSS
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In all, 32 “good” images were obtained in which, the flux and phase calibration was

reliable and the RMS in the image did not vary much over the beam area. These

measurements provided a type of “time series” for the selected 29 sources in the

form of flux densities measured repeatedly over a time span of about 1000 days.

In order to quantify the variability of the sources, their mean flux densities were

obtained by calculating a mean of the respective time series and the uncertainty

due to variation (if any) was estimated from the RMS of this time series. The

errors in flux densities were fixed at 15%, which was the maximum percentage of

random variation seen in the 325 MHz data (see Figure 8.4 for more details). The

percentage of flux density variation was calculated by converting the RMS into

percentage of the mean flux density of the particular source. The comparison of

this uncertainty to the uncertainty on each measurement allowed a robust estimate

of the variability of the source as well as establishing the calibration for all the

images independently. Due to a much smaller data set at 610 MHz (6 epochs),

such a determination of variability was not reliable. In addition, due to a much

smaller field of view (4 times smaller in area), flux densities for only 12 out of 29

sources could be measured at 610 MHz.

Five of these 29 NVSS sources had flux densities measured at other radio frequen-

cies. They were J183751+152616, J183551+151546, J184057+150655, J183853+145514

and J184241+152134. These flux densities were obtained from the NASA2/IPAC3

extragalactic database (NED)4. While choosing the flux densities from the NED,

only those measurements were considered, which had reported uncertainties. The

measurements without uncertainties were not considered for analysis. NVSS J183751+152616

and 11 more sources had flux densities measured at 610 MHz. For these 16 sources,

spectral indices were calculated by straight line fits to the log(S)−log(ν) plot using

a single power law model. These fits included flux densities measured with the

GMRT. The resultant spectra are shown in Figure 8.1 and 8.2.

2National Aeronautics and Space Administration
3Infrared Processing and Analysis Center
4The database is available at www.ned.ipac.caltech.edu
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8.4 Results

The 1.4 GHz flux densities with uncertainties obtained from the NVSS catalog

and the flux densities with uncertainties obtained from the GMRT data at 325

and 610 MHz for the 29 sources under study are listed in Table 8.1.
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Figure 8.1 and 8.2 also show the best-fit power law model as well as the spectral

indices obtained for all 16 sources. 11 out of the 16 sources have measured flux

densities at two frequencies in our study and spectral indices are being reported

for these sources for the first time. The spectral indices are also listed in Table

8.1. The GMRT measurements agree well with the overall spectral trends for the

five sources having multiple flux density measurements. This implies that the

flux density measurements obtained with the GMRT data do not have offsets or

scaling errors and are reliable. Another method to establish the reliability of the

measured flux densities is to plot the systematic variation as a function of the flux

densities. This is shown in Figure 8.3. As is expected for reliable calibration, the

scatter in the plot goes down for sources having higher flux density.

With the reliability of the flux density measurements established through spectra

and scatter in the systematic variations, one can now quantify the variability of

these sources. The measurement errors on the flux densities were typically around

15% for all the maps. This number arises from the average of uncertainty provided

by JMFIT for each measurement. The measurement error for very strong sources

(with S/N of more than 20 or so) would be smaller than this. The flux density scale

used for calibration was given by Baars et al. (1977). This scale has an absolute

error of 5%. Thus, the maximum uncertainty provided by the measurement error

for the flux density measurements was 15%. Figure 8.4 shows a histogram of

systematic variations in the flux densities for all the 29 sources under study. As is

clearly visible, 25 out of 29 sources have systematic variation, which is less than

or equal to the maximum measurement error. This implies that the variation of

flux densities for these sources is definitely less than 15%. On the other hand,

the histogram also reveals that for two sources, the variability is slightly higher

than the measurement error. These sources are NVSS J183715+153015 with a

variability of 17% and NVSS J183850+152214 with a variability of 18%. Two

more sources show much more variability than all of these sources. These sources

are NVSS J183729+153210 with a variability of 21% and NVSS J183708+153141

with a variability of 26%. Now considering the fact that the uncertainties reported

by JMFIT are typically at least 2−3 times the RMS in the region adjacent to the
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particular source, the 15% measurement error reported by the task is already a

robust estimate of the variability. Thus, the variabilities of 17% and 18% are

somewhat on the borderline of high variability and hence, NVSS J183715+153015

and J183850+152214 can not be reliably called as variable sources. With a similar

argument, NVSS J183729+153210 and J183708+153141 can definitely be classified

as variable sources.

In addition to variability, the maps were also scrutinized for the presence of tran-

sient sources. No such source was detected. Apart from PSR J1838+1523, no

source was seen to switch off or on at any epoch. Given that the map RMS did

not vary much from epoch to epoch, we are confident that there are no transient

sources upto a flux density level of 1.5 mJy.

8.5 Discussion

Pulsar timing observations are typically carried out using large single dish tele-

scopes. Thus, the timing follow-up carried out with the GMRT, which also allowed

simultaneous imaging data to be recorded, forms a unique data set. Such imaging

observations would usually be carried out for fields having particular sources of

interests. While this field does not have such objects, the presence of a newly

discovered pulsar enabled the variability study to be carried out. The flux den-

sity measurements done for 29 point sources have enabled us to put stringent

constraints on the variability of radio frequency flux densities for all of them. An-

other such long term study of variability at low radio frequencies was carried out

by Salgado et al. (1999). In their campaign, which ran over 14 years, they studied

33 known extragalactic radio sources simultaneously at 318 and 430 MHz with

the Arecibo telescope. While most of the sources studied by Salgado et al. (1999)

showed variability, our study shows that most of the sources are not variable. Sal-

gado et al. (1999) chose known extragalactic sources, mostly active galactic nuclei

(AGN) because they were either known or suspected to be variable sources. Our

sources were were not subject to any such criteria. This might explain the low
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number of variable sources in our study.

There were two very closely spaced pairs of sources in the field of view. They

were NVSS J183551+151644 − J183551+151546 and NVSS J184114+143644 −

J184115+143536. Out of these, the second pair of sources show almost identi-

cal spectral indices with a flux ratio of 1.85 while the first pair of sources show

very different spectral indices. In fact, these sources are separated by only about

1’. Thus, the flux density measurements for NVSS J183551+151546 could be

contaminated by the flux of NVSS J183551+151644 at lower radio frequencies

due to large telescope beams. The implied spectral index of −1.38 for NVSS

J183551+151644 could mean that the contamination at radio frequencies lower

than 300 MHz would be even more. In this case, the flat spectral index of −0.8

for NVSS J183551+151546 could have resulted from flux density contamination

at low radio frequencies. If the contamination from NVSS J183551+151644 is

removed, there is a possibility that NVSS J183551+151546 may have a spectral

turnover at frequencies lower than 300 MHz.

Three of the four variable sources mentioned above have flat spectra. These are

implied by using the flux density measurements at only two frequencies. The most

variable sources, NVSS J183729+153210 and J183708+153141 have spectral in-

dices of about −0.5, while the next most variable source, NVSS J183850+152214

has a spectral index of nearly zero within the measurements errors. None of these

have counterparts at any other electromagnetic band as seen through the Set

of Identifications, Measurements and Bibliography for Astronomical Data (SIM-

BAD)5, which is a database for astronomical data for all electromagnetic bands.

The amount of variability (15% to 25%) of these sources matches well with the

range of variability shown by radio loud quasars and BL Lac objects (see Salgado

et al. 1999; Barvainis et al. 2005, for example). Additionally, the implied flat

spectra indicate that these sources could be potential flat spectrum radio quasars

(FSRQ). FSRQs are radio quasars in which, the line of sight goes very close to the

5simbad.u-strasbg.fr/simbad/
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axis of the radio jet. As the flow in the radio jet is not stationary, these sources

typically show a lot of variability as well as occasional outbursts. This happens

due to the inherent clumpy nature of the gas clouds falling in the central super-

massive black hole. Such sources are identified through optical variability as well

as the broad optical spectral lines. The lack of optical counterparts in the current

archival data prevents straight forward confirmation but our findings make such

observations very prudent.
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Figure 8.1: Spectra of the NVSS sources under study. For all the plots,
abscissa is frequency in MHz and ordinate is flux density in mJy. In each plot,
filled circles represent measurements obtained from NED, while open circles
represent GMRT measurements at 325 and 610 MHz. Dashed line represents
best-fit power law model. The NVSS denomination and best fit spectral index

is mentioned towards the top right corner of each plot.
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Figure 8.2: Spectra of the NVSS sources under study. For all the plots,
abscissa is frequency in MHz and ordinate is flux density in mJy. In each plot,
filled circles represent measurements obtained from NED, while open circles
represent GMRT measurements at 325 and 610 MHz. Dashed line represents
best-fit power law model. The NVSS denomination and best fit spectral index

is mentioned towards the top right corner of each plot.
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Figure 8.3: Flux density variation as a function of source flux density. As
expected, the scatter in the plot goes down for higher flux densities.
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Chapter 9

Radio Observations of HESS

J1818–154/SNR G15.4+0.1

9.1 Introduction

TeV γ-rays were detected recently by many instruments such as HESS, Major At-

mospheric Gamma Imaging Cherenkov Telescopes (MAGIC), Very Energetic Ra-

diation Imaging Telescope Array System (VERITAS), from many Galactic SNRs.

Some of these SNRs were found to harbour PWNs in their central regions. Such

SNRs have come to be known as composite SNRs. These places are excellent

cosmic particle accelerators. The correlation between extended high energy emis-

sion and SNRs and/or PWNs is currently very poorly identified. A broad band

observational approach involving careful, multi-frequency observations have the

potential to reveal the underlying mechanism powering these sources. This may,

in turn, help in understanding the origin of some fraction of the cosmic rays.

The VHE γ-ray emission in SNRs can be explained by two different types of mech-

anisms. One of them is the interaction of molecular gas with the supernova shock

front. In this interaction, cosmic rays, accelerated through the Fermi acceleration

mechanism (i.e. energy gained through multiple crossings of the supersonic shock

213
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wave front), collide with the molecules in the cloud. This interaction produces

π0 mesons. They decay further, to produce the VHE γ-rays. As this interaction

involves molecules, which are formed from hadrons, this model is called as the

hadronic model. The second mechanism is the inverse Compton scattering of the

cosmic microwave background (CMB) photons by the highly energetic positrons

and electrons present in the particle wind produced by a rotating neutron star.

As the particles responsible for γ-ray emission are electrons and positrons, which

are leptons, this model is called as the leptonic model. Out of the two, the second

mechanism is of more interest to us as it entails the presence of a rotating neutron

star. In addition to providing an opportunity to detect radio pulsations, the parti-

cle wind of the neutron star may power a PWN, which may be detected from the

continuum imaging of the SNR, as a central, diffuse patch of radio emission. The

GMRT, with its unique ability to perform simultaneous imaging and pulsar mode

observations at multiple frequencies, is therefore, the most obvious choice for doing

radio frequency observations of such composite SNRs. With this motivation, we

observed a suspected composite SNR G15.4+0.1 (Hofverberg et al. 2011) with the

GMRT.

The source G15.4+0.1 was first discovered and identified as an SNR in a Galactic

survey carried out with the VLA at 90 cm (Brogan et al. 2006). It was also

detected at 20 cm by Helfand et al. (2006) in their Multi-Array Galactic Plane

Imaging Survey (MAGPIS). It has an almost circular shell with a diameter of

about 15′ with a brighter northern side. The southern side is less bright with a

break-out morphology clearly visible (see Figure 9.1). Hofverberg et al. (2011)

detected TeV γ-ray emission from an extended source inside the radio shell of

SNR G15.4+0.1 with the HESS, which is an array of atmospheric Cherenkov

telescopes. The source was identified as HESS J1818−154. The extent of the γ-

ray emission was about 8.5′ and was totally contained within the radio shell of the

SNR. This led Hofverberg et al. (2011) to propose that the VHE γ-ray emission

(with photon energy > 100 GeV) may be originating from a PWN, powered by

a yet un-detected, rotating neutron star. While the image obtained by Helfand
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et al. (2006) at 20 cm, shows1 some evidence for central emission supporting a

PWN, spurious emission from a very strong nearby source makes the identification

somewhat uncertain. The lack of good quality images at multiple frequencies,

combined with the possibility of an associated rotating neutron star, made this an

interesting source. The detection of the putative pulsar would confirm the source

of the VHE γ-rays to be the PWN. Even non-detection of the pulsar combined with

imaging observations would provide a complete picture of the SNR in terms of its

energetics and help in putting better constrains on the source of the VHE emission.

This led us to propose simultaneous imaging and pulsar mode observations at 610

and 1420 MHz at the GMRT. These are described in the next section. Based on

the 1420 MHz imaging data from GMRT, our collaborators produced the first high

resolution image of G15.4+0.1 at 1420 MHz (Castelletti et al. 2013).

Figure 9.1: (a) First high resolution image of SNR G15.4+0.1 at 1420 MHz.
The resolution of the image is about 15” and the synthesized beam size is shown
in the bottom left corner. (b) Integrated channel map of 13CO (J = 1−0) from
Galactic Ring Survey (GRS) data over a velocity range of 46−50.3 km-s-1. The
0.45 mJy-beam-1 contour of the GMRT 1420 MHz image is plotted in green.
The circle in both images marks the position and extent of HESS J1818−154.

Image taken from Castelletti et al. (2013).

Using the HI absorption features from the Southern Galactic Plane Survey (SGPS;

McClure-Griffiths et al. 2005) data, we estimated the distance to the SNR to be

4.8 ± 1.0 kpc. We also used the molecular 13CO (J = 1−0) data obtained from

1image available at http://third.ucllnl.org/gps/paper1/images.html
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the Galactic Ring Survey (GRS; Jackson et al. 2006) to identify a molecular cloud,

about 5′ in size, with two bright clumps (named clump A and B in Figure 9.1), with

densities of (1.5 ± 0.4) × 103 cm-3 and (1.1 ± 0.3) × 103 cm-3, respectively. These

clumps were positionally coincident with HESS J1818−154 and their kinematic dis-

tance estimate of 4.2± 1.2 kpc is consistent with them being at physically the same

location as SNR G15.4+0.1. Our calculations showed that the matter and den-

sity in clump A was sufficient to produce the observed VHE γ-ray emission, thus

favouring a hadronic scenario for the origin of the VHE γ-rays. In X-ray follow-

up observations of HESS J1818−154 done with the X-ray Multi-mirror Mission

(XMM)-Newton space telescope, Abramowski et al. (2014) discovered compact,

diffuse emission, positionally associated with HESS J1818−154. This emission

was totally contained within the radio shell of the remnant. They interpreted the

emission as non-thermal emission originating from a PWN. They also detected

five point-like sources out of which, two sources turned out to be of Galactic ori-

gin. Although they did not detect any significant X-ray pulsations from these, they

postulated that one of them may be the putative pulsar powering the X-ray PWN.

In this chapter, we describe the results of the radio pulsation search. The ra-

dio imaging and spectral analysis was performed by our collaborators. This work

was published recently (Supan et al. 2015) and contains the first ever, detailed

multi-frequency study carried out for SNR G15.4+0.1/HESS J1818−154 compos-

ite system.

9.2 Observations

The radio observations of G15.4+0.1 were taken with the GMRT at 610 and 1420

MHz (Project code 22 015). The 1420 MHz data were acquired on 10th and 11th

May 2012, while 610 MHz data were acquired on 16th and 17th June 2012. The data

were taken with a bandwidth of 33 MHz, divided in to 512 spectral channels, which

is the maximum bandwidth with the highest spectral resolution. The imaging data
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were recorded with a sampling time of 16 s (default), while the pulsar data were

recorded with a time resolution of 61 µs. The pulsar data were recorded with

both the IA and the PA mode. The IA mode data were recorded by combining

the 26 available antennae, which resulted in a beam with diameter of 43′ and 24′,

respectively at 610 and 1420 MHz. The higher sensitivity PA mode data were

recorded by combining the signals from 15 central square antennae (see Section

3.1.1 for details), resulting in a much narrower beam of 100′′ and 40′′ diameter,

respectively at 610 and 1420 MHz. The centroid of HESS J1818−154 (RA: 18

h 18 m 03.40 s, DEC: −15◦ 27′ 54.00′′ in the J2000 epoch) was used as a phase

centre for the observations. The five point-like sources discovered by Abramowski

et al. (2014) were within 2′−5′ from this position. The IA beams covered these

sources as well as the full radio shell of the SNR with a lower sensitivity. The

total on-source time was 240 (12 scans) and 260 (13 scans) minutes at 610 and

1420 MHz, respectively. 3C286 was observed as the flux density calibrator, while

J1822−096 was the phase calibrator. It was observed after every 20 minutes for

a 4 minute scan, while simultaneously re-phasing the PA mode output. We also

observed three known pulsars: B1642−03, B1937+21 and J1901−0906 to asses

the sensitivity of the radio pulsation search as well as to get flux density estimates

for the pulsar mode data.

9.3 Data Analysis

The pulsar mode data were analysed by using the data analysis pipeline developed

for a broken search analysis as described in Section 4.2.1. The narrow band RFI

channels as well as non-flat portions towards the band edges were manually flagged

so that, the final available bandwidth was around 26 MHz at both observing

frequencies. The actual number of channels flagged were different for different

individual scans as well as modes (IA and PA). The trial DM range chosen for

the 610 MHz pulsation search was 0−815 pc-cm-3. According to the NE2001

model (Cordes and Lazio 2002), the maximum DM of 815 pc-cm-3 corresponds to

a model distance of 9 kpc in this line of sight. Considering the DM smear and
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scattering time scales along this line of sight, the full trial DM range was divided

into 6 sub-ranges, each with different number of samples added together to avoid

computational effort. This resulted in 1792 trial DMs across the trial DM range.

They are shown in Table 9.1.

Trial DM range DM step No. of samples Effective sampling
(pc-cm-3) (pc-cm-3) added time (ms)
0−102 0.05 1 0.061
102−204 0.40 2 0.122
204−306 0.80 8 0.488
306−408 0.80 32 1.952
408−611 1.60 128 7.808
611−815 1.60 256 15.616

Table 9.1: The number of adjacent samples added and effective sampling time
for the different trial DM ranges used for the 610 MHz pulsation search.

The trial DM range chosen for the 1420 MHz search was 0−1218 pc-cm-3. It was

divided further into 5 different sub-ranges. This resulted in 360 trial DMs across

the trial DM range. These are shown in Table 9.2. The difference in the DM step

is very large at the higher frequency. This is because of the DM smear being very

small at higher radio frequencies. This is also manifested in Equation 4.6, where

tsamp is replaced by the effective sampling time for that particular trial DM range.

This allowed us to search at higher trial DMs than in the 610 MHz search. This

was done because the pulsar observations were very deep and there was always a

possibility of detecting an un-associated pulsar. This chance would be maximised

by searching over a larger trial DM range. In case any periodicity was discovered

at 1420 MHz with a DM higher than 815 pc-cm-3, the 610 MHz data could be

easily dedispersed in a much finer DM mesh around this DM to get a much better

estimate of the candidate DM.

The resultant dedispersed data were then searched for periodic signals using the

broken search technique as described in Section 4.2.3. This was followed by single

pulse search analysis, which was run on each scan separately. In order to check

whether the search pipeline was working properly, the known pulsar data were

analysed through it to see if the known pulsar was detected. The diagnostic plot
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Trial DM range DM step No. of samples Effective sampling
(pc-cm-3) (pc-cm-3) added time (ms)
0−152 0.60 1 0.061
152−227 1.19 2 0.122
227−304 4.76 8 0.488
304−609 19.03 32 1.952
609−1218 76.10 128 7.808

Table 9.2: The number of adjacent samples added and effective sampling time
for the different trial DM ranges used for the 1420 MHz pulsation search.

for the known pulsar PSR J1901−0906 thus produced from the 610 MHz PA data

is shown in Figure 9.2.
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The known pulsars were observed in order to estimate the sensitivity of the pulsar

mode observations. This estimate was derived in the following way:

1. Dedisperse the known pulsar filterbank data at its true DM to get the time

series.

2. Fold this time series at the improved period obtained from the search pipeline.

3. Calculate the profile S/N using the following expression (Lorimer and Kramer

2005)

S/N =
1

σp
√
Weq

N∑
i=1

(pi − p̄) (9.1)

where p̄ and σp are profile mean and RMS, respectively, calculated in the off

pulse region, Weq is the equivalent width of a top hat pulse having the same

area as that of the pulse profile and there are N bins in the profile.

4. Calculate the expected profile S/N using the radiometer equation for pulsed

emission (Lorimer and Kramer 2005)

S/N =
SmeanG

√
nptobs4f

Tsys

√
P −W
W

(9.2)

where Smean is the pulse averaged flux density of the pulsar in mJy, G is

the gain of the system in K/Jy, np is the number polarizations summed,

tobs is the integration time, 4f is the bandwidth in MHz, Tsys is the system

temperature in K and P and W, both in s, are the period and pulse width

at 10% of the peak. It should be noted that the above equation applies to

a single antenna. When calculating this for an array, use should be made of

Equations 3.1 and 3.2 for IA and PA mode, respectively.

5. Divide the expected S/N by the profile S/N. This number can be greater

than or equal to 1. In practice, it is always greater than 1 because of non-

ideal observing system as well as presence of RFI. Call this the correction

factor, κ.
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6. Calculate average flux density corresponding to a threshold S/N of 8 by

inverting Equation 9.2 for the target source.

7. Multiply this number by κ to get the observed, minimum detectable flux

density or sensitivity.

The known pulsar parameters required to calculate the expected S/N were ob-

tained from the web interface of the ATNF pulsar catalogue (Manchester et al.

2005). The correction factor κ denotes how much worse the actual data is, as

compared to the expected theoretical sensitivity.

9.4 Results

The broken search pipeline typically produced 60 to 70 candidates for the PA data,

while the number of candidates for the IA data was around 180 to 200 at both the

frequencies. The scrutiny of the diagnostic plots resulted in non-detection of any

pulsation more significant than a S/N of 8 at both frequencies. The upper limits

were calculated as described in the last section. As can be seen in Equation 9.2,

the minimum detectable flux density depends on the pulse duty cycle (δ = W/P).

Thus, it makes sense to report the upper limits on the flux density of the putative

pulsar as a function of the pulse duty cycle. These are shown in Figure 9.3 for

different frequencies and observing modes. In addition to the non-detection of any

significant pulsation in the time series data, there are no point-like radio sources

at the positions of the point-like sources discovered by Abramowski et al. (2014)

(see Castelletti et al. 2013 for the 1420 MHz image and Supan et al. 2015 for the

610 MHz image). The canonical duty cycle of 10% for the putative pulsar gives

upper limits of 250 and 300 µJy at 610 and 1420 MHz, respectively, for the PA

data, while the limits for IA data turn out to be 700 and 500 µJy at 610 and 1420

MHz, respectively. These limits also rule out any un-associated pulsar along the

line of sight at the same flux density levels.
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Figure 9.3: 8σ upper limits on the flux density of a putative pulsar as a
function of the pulse duty cycle.

9.5 Discussion

The spectral studies performed by our collaborators using the 90-cm image ob-

tained from Brogan et al. (2006) and the 610 MHz image from the GMRT data,

reveals that the overall spectral index of the SNR is −0.62 ± 0.03, which is consis-

tent with the observation made by Brogan et al. (2006). In the spectral tomogra-

phy, the spectral index was found to become steeper (starting from −0.5) towards

the shell from the inside. This is consistent with most shell type SNRs (Supan

et al. 2015). The HI emission studies on the data obtained from McClure-Griffiths

et al. (2005) showed that the HI gas distribution shows disruption due to the

shock driven by the SNR shell. This goes very well with the overall expectation

of a bubble formed in the ISM by the supernova shock and the molecular gas may

be sitting on the edge towards the observer. The estimated ambient gas densities

from the HI maps helped in calculating the age of the SNR by using the dynamic
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model. The age turned out to be 8.2 × 103 years as compared to the age of 2.5 ×

103 years estimated by Abramowski et al. (2014), based on the assumption of the

SNR being in the Sedov-Taylor phase. Abramowski et al. (2014) also discovered

diffuse X-ray emission in the interior of the radio shell of the SNR and note that

it does not significantly overlap the molecular cloud region and hence it could still

come from the PWN. However, the complete absence of any point-like or diffuse

emission in our GMRT images combined with non-detection of pulsed emission in

both the radio (this work) as well as X-ray (Abramowski et al. 2014), makes the

case of a putative pulsar and a PWN unlikely. Apart from that, the limits on the

flux density of the putative pulsar imposed by the non-detection in pulsed emission

are much better as compared to the ones imposed by non-detection in the images.

This is because of the duty cycle of pulsars are typically of the order of 10%. In the

work described in Supan et al. (2015), we also modelled the broad band spectral

energy distribution (SED) of the SNR using the flux densities measured at 610

and 1420 MHz with the GMRT observations. The data were fit using a hadronic

model for the Gev and TeV emission and synchrotron emission for the radio band.

This model produced a very good fit for the available data. Abramowski et al.

(2014) used one zone leptonic model in which the radio emission was modelled

as synchrotron, while the Gev and TeV emission was modelled using the inverse

Compton scattering model. This model assumes explicitly that the leptons are

supplied by the putative pulsar through its particle wind. Their radio data points

were the VLA flux densities, considered as upper limits, as the SNR was detected

as a weak source. We have re-fit the data with our much more sensitive measure-

ments with the GMRT and we get a better fit because of it. Given the complete

lack of pulsed radio emission in the time series as well as absence of a point source

in the imaging data, we are fairly confident that our model for the SED is more

robust. The real problem in this case is the lack of very good quality data in the

MeV-GeV range. The current Fermi large area telescope (LAT) data does not

show any considerable emission from this SNR and hence, gives only upper limits

which are not sufficient to constrain the model. This leaves the issue of the correct

emission model in a fix, as both hadronic and leptonic model describe the data
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fairly well. If there is still a hidden neutron star in the interior of this SNR, it

may still be detected in high energy γ-rays because of the much wider emission

beam as compared to the beam of radio emission. Thus, better data, especially

at MeV-GeV energies, would help settle this issue, making such observations very

prudent.





Chapter 10

Radio Pulsation Search in SGR

Sources

10.1 Introduction

SGRs are sources that produce repeating bursts of γ-rays and are usually dis-

covered through either γ-ray or X-ray bursts followed by pulsations. Together

with Anomalous X-ray Pulsars (AXPs), they form a rare, distinct class of pulsars,

which have transient, highly variable emission in the high energy electromagnetic

band. Duncan and Thompson (1992) proposed that the object powering the high

energy bursts could be a neutron star with the magnetic field strength in the range

1014−1015 G (hence the adopted name of magnetar) and the bursts are powered

by the release of magnetic energy in a short time scale. The resultant emission is

basically in the soft X-ray and γ-ray bands. The typical magnetar spin periods are

of the order of a few seconds. This prevents them from emitting pulsed radio emis-

sion (Ruderman and Sutherland 1975). In addition, it was thought that the soft

X-ray flux of the magnetars is relatively constant, given the fixed magnetic field

decay rate which is responsible for the radiation (Thompson and Duncan 1996).

The only foreseeable scenario when the flux varies, was thought to be during a

burst because of the release of large amount of magnetic energy. This perception

227
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was changed after the detection of transient high energy emission without any

SGR-like burst from XTE J1810−197 (Ibrahim et al. 2004). In follow-up radio

observations, it also showed radio pulsations (Camilo et al. 2006). This opened up

another window to study magnetars, which was through radio observations follow-

ing a burst. According to the McGill online magnetar catalogue1, there are 4 such

SGR/AXP sources, which show pulsed radio emission. The sources showing radio

pulsations, have a large variability in their emission, spectral index as well as inte-

grated profile shapes at radio frequencies (Serylak et al. 2009; Camilo et al. 2007,

2016). On the other hand, PSR J1622−4950, which was discovered through its

radio emission (Levin et al. 2010, 2012), is at the other end of the spectrum. It has

many properties like profile variation, flux density variation along with quenching

of radio emission altogether. All of these were seen while the source was in X-ray

quiescence. It turned out to be a magnetar when its magnetic field was estimated

using the measured period derivative from radio timing observations. Such diverse

properties make AXPs and SGRs very interesting targets. In addition, a high en-

ergy burst from these sources is typically followed by radio pulsations. The radio

emission usually fades away with the burst energy. Multi-frequency measurements

of the flux density during the burst may be useful in order to identify the mecha-

nism of radio emission from these sources. In case the radio emission is detected

at some radio frequencies and not at other frequencies or even otherwise, upper

limits on the flux density are also useful inputs in modelling the broad band SED.

This makes SGRs with a on-going burst, very good candidates for targeted radio

pulsation search at GMRT, as target of opportunity (TOO) observations. During

the thesis period, we did TOO observations on four SGR sources. We describe

them in the following sections.

1http://www.physics.mcgill.ca/∼pulsar/magnetar/main.html
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10.2 SGR J1745–2900

10.2.1 Introduction

A large X-ray flare was reported by Swift from the direction of the Galactic center

(Sgr A*) during regular monitoring observations on 24th April 2013 (Degenaar

et al. 2013). Another SGR-like flare was detected by Swift Burst Alert Telescope

(BAT) from near Sgr A* on 25th April 2013 (Kennea et al. 2013). The duration of

the burst was about 30 ms and based on the position, duration of the burst, persis-

tence of the emission and many other factors, the authors concluded that it might

be an SGR. On the next day, Mori et al. (2013) detected a 3.76 second periodicity

in their Nuclear Spectroscopic Telescope Array (NuSTAR) data in the 3−10 KeV

X-ray band, indicating that the underlying source was a rotating neutron star.

This triggered many follow-up observations in the X-ray band. Observations per-

formed with the Chandra X-ray telescope narrowed down the position of the X-ray

source (RA: 17 h 45 m 40.19 s, DEC: −29◦ 00’ 30.37” with a 1σ statistical error

of 0.3”) to conclusively establish a source different than the Galactic center black

hole (Rea et al. 2013). These observations also confirmed the 3.76 s periodicity

seen by NuSTAR. The X-ray flare and SGR-like properties of this source encour-

aged follow-up radio observations to search for pulsations, with non-detections

resulting from observations done at 1.4 GHz at Jodrell Bank observatory (Bassa

et al. 2013) and at 4.85 and 14.6 GHz at Effelsberg radio telescope (Eatough et al.

2013). The non-detections were attributed to the low elevation of the source at

the two sites. The observations continued with better observing conditions and

the search finally succeeded when Burgay et al. (2013) detected radio pulsations

with a periodicity of 3.76 s, at 1.4 and 3 GHz with Parkes radio telescope and at

2 GHz with the GBT in the observations performed on 27th and 29th April 2013.

Curiously, the DM of the pulsar appeared to be 50 pc-cm-3, with a duty cycle ap-

proaching 100%. The pulse shape varied with time and frequency and the source

was strongly detected only for just about a minute in the whole observation. The

possible RFI association, however, was ruled out given the detection at different
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locations, at different sidereal times and non-detections in off source scans taken

1◦ and 2◦ away, respectively at Parkes and GBT. Eatough et al. (2013) detected

the source again at 8.35 GHz in a 2.5 hour observation made with the Effelsberg

telescope on 2nd May 2013. The pulse profile this time, had a duty cycle of just

2% with the DM of 4000 pc-cm-3. The DM estimate had a large error as very

small delays can change the DM by a large amount at high radio frequencies.

Nonetheless, the high DM indicated that the pulsar could be very close to the

Galactic center. This made the pulsar even more interesting because it opened up

a very unique laboratory for gravitational physics. In addition, there was a puzzle

regarding the DM of the pulsar. Eatough et al. (2013) detected the pulsar again

using observations from Effelsberg telescope at 8.35 and 4.85 GHz. The estimated

DMs from these observations were 1300 ± 200 pc-cm-3 and 1000 ± 600 pc-cm-3,

respectively. This put the pulsar very close to the Galactic center (the distance

calculated using NE2001 model of Cordes and Lazio (2002), turns out to be 8.4

kpc as compared to the Galactic center distance of 8.5 kpc) While the duty cycle

remained at around 2%, the measured period differed somewhat from the expected

period. The estimated flux densities were 0.2 and 0.1 mJy, respectively at 8.35

and 4.85 GHz. On 4th May 2013, Gotthelf et al. (2013) made a Ṗ measurement

from preliminary X-ray timing data, which resulted in an estimated magnetic field

strength of 3×1014 G, confirming that the underlying neutron star was indeed a

magnetar. This established very clearly that SGR J174−2900 was indeed a radio

loud magnetar in outburst. Given that the 1.4 GHz detection made at Parkes by

Burgay et al. (2013), showed a large pulse broadening of the order of the pulsar

period combined with the large DM uncertainty, we decided to undertake GMRT

observations at 1 GHz, which was the lowest radio frequency where it was expected

to be detected. The low frequency detection would also constrain the DM much

better. Even a non-detection with the GMRT would confirm the pulse broadening

time scale and put an upper limit on the flux density of the pulsar.
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10.2.2 Observations

We performed GMRT observations on 9th May 2013, at 1 GHz in the imaging

as well as PA mode consisting of 14 central square antennae. The observation

was performed using the time allocated through a director’s discretionary time

(DDT) request (DDTB086), which was promptly approved. We used the Chandra

position as the phase center for our observations. The data were recorded with a

33 MHz bandwidth, divided into 512 spectral channels, which provided a spectral

resolution of 65 kHz. This was needed in order to determine the DM of the

pulsar with a higher accuracy. The imaging data were sampled every 16 s (default

sampling time) and the pulsar data were sampled every 1 ms. The sampling time

was chosen to be coarse because of the large spin period of the pulsar as well as

the expected, large pulse broadening. The integration time was 1 hour.

10.2.3 Data Analysis

Given the fact that SGR J1745−2900 was <3” (within 1 synthesized beam of

GMRT at 1 GHz) to Sgr A* (Galactic center), which is a very bright source at

radio frequencies, it was impossible to resolve them as two different sources due to

confusion in the imaging data. The imaging data were hence, not analysed. The

pulsar data were analysed using an analysis pipeline developed for the NCRA HPC

based on SIGPROC pulsar data analysis package, which is described in Section

4.2.1. Given the uncertainty on the DM of the pulsar, the time series data were

dedispersed to trial DMs in the range 0−2000 pc-cm-3. The full range was divided

into 476 DM steps. The DM step was decided based on the effective time resolution

provided by the data as well as to make sure excessive computation was avoided

given the expected scatter broadening time scale in the direction of the source

(the factors affecting the choice of trial DM step are discussed in detail in Section

4.1.2). The dedispersed time series data were then searched using harmonic search

and single pulse search. The resultant candidate plots were manually scrutinised

for the presence of pulsar signatures.
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10.2.4 Results

We did not detect any significant pulsation from this source. The data were

subsequently folded at the periodicity detected by NuSTAR (Mori et al. 2013),

resulting in a non-detection. The 8σ upper limit on the average pulsed emission

from our observation was estimated to be 0.4 mJy for a duty cycle of 30%. We also

did not detect any significant RRAT-like burst emission with a 6σ upper limit of

37 mJy. The non-detection is consistent with the high scattering expected along

the line of sight. Due to the expected confusion in the radio image because of

the proximity to the Galactic center as stated in the previous section, we can not

put an upper limit on the continuum flux density of SGR J1745−2900 from our

imaging observations. The results were reported in Astronomer’s telegram (Surnis

et al. 2013).

10.2.5 Discussion

The follow-up radio observations as well as archival searches continued at higher

radio frequencies. Palaniswamy et al. (2013) detected radio pulsations at 22 GHz

in 2011 archival observations made with the 26 m radio telescope at the Mount

Pleasant radio observatory near Hobart. The observed profile duty cycle was about

25%. They estimated the flux density to be 4 ± 1 mJy, which indicated that the

radio pulsations were stronger in the past. Mori et al. (2013) published the first

comprehensive record of the observational efforts in the X-ray band with a modified

magnetic field strength of 1.6 × 1014 G. It showed no detectable X-ray emission

in the archival search of Chandra data. Based on the observational evidence

for the other radio loud magnetars XTE J1810−197 (Camilo et al. 2006), 1E

1547−5408 (Camilo et al. 2007) and J1622−4950 (Levin et al. 2010), it seems that

they all have transient emission and very low X-ray emission during quiescence.

The radio emission was detected only during on-going burst activity. This defines

a new sub-class of magnetars, which are radio loud when transient, indicating

that other radio pulsars having very high magnetic fields may well be magnetars.
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Multi frequency radio observations of SGR J1745−2900 (Eatough et al. 2013)

indicated that, apart from flux variation common to transient magnetars, it has

a flat spectrum, similar to the other radio loud magnetars. This hints towards

a common origin of the radio emission. Together with the burst mechanism, it

may help to constrain the possible coherent emission mechanisms in such sources.

Eatough et al. (2013) also noted, that this pulsar has the highest measured rotation

measure (RM), (−6.696 ± 0.005) × 104 rad-m-2 and DM, 1778±3 pc-cm-3, of all

the known radio pulsars. This, with the projected distance of less than a parsec

from the Galactic center, means that continued follow-up could help map the

changes in the RM. With the help of precise astrometric observations made using

VLBI imaging, the RM changes could help in mapping the magnetic field near the

Galactic center. This will be helpful in understanding the accretion mechanism of

the central super-massive black hole very well. According to the NE2001 model

(Cordes and Lazio 2002), the expected DM in the direction of SGR J1745−2900,

at a distance of 8.5 kpc, is about 2000 pc-cm-3. The fact that the pulsar was

detected at radio frequencies with variable DMs and scatter-broadening (Eatough

et al. 2013; Pennucci et al. 2015), gives rise to a possibility that the ionized medium

near the Galactic center may have holes. This notion was compounded with the

scatter broadening time scale of 1.3 ± 0.2 s at 1 GHz (Spitler et al. 2014) and

a much lower angular broadening than the expected value (Bower et al. 2014),

putting the effective scattering screen at a distance of 5.9 ± 0.3 kpc from the

Earth.

This source has an almost flat radio spectrum (Eatough et al. 2013; Yusef-Zadeh

et al. 2015). The mean radio flux density measured at 8.7 GHz using the GBT

is around 3 mJy (Lynch et al. 2015). Assuming a spectral index of −0.9 for low

radio frequencies as indicated by Yusef-Zadeh et al. (2015), the estimated flux

density at 1 GHz would be about 21 mJy. Even with a spectral index of −0.54

for the global fit obtained by Yusef-Zadeh et al. (2015), the estimated flux density

at 1 GHz would be about 9 mJy, which is much more than the upper limit of 0.4

mJy obtained by us. This implies that a detection was possible at the GMRT.

Pennucci et al. (2015) have also observed this source in the X band, closer to our
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observation epoch. It is clear from Figure 6 in Pennucci et al. (2015) that the

radio flux density of the magnetar was lower initially and it increased over time.

Also, looking at Figure 7 again from Pennucci et al. (2015), there appears to be a

turnover in the radio spectrum around a frequency of 2 GHz. These observational

evidences combined with the scatter-broadening estimate of about 35% of the

pulse period and the variations in the observed DM and pulse duty cycle, our non-

detection at 1 GHz implies a highly varying nature of the radio emission caused

due to patchy nature of the ISM along this line of sight. This implies that one

can detect normal pulsars near the Galactic center at radio frequencies above 1.4

GHz and millisecond pulsars at radio frequencies above 10 GHz. Such pulsars, if

detected, would be very important for studying the very strong gravitational field

near the Galactic center and will open up new windows into the understanding of

how gravity actually bends space-time.

10.3 SGR J1935+2154

10.3.1 Introduction

The Swift BAT detected an X-ray burst from SGR J1935+2154 on 5th July 2014.

The duration of the burst was 0.1 s with a double peaked structure (Cummmings

et al. 2014). Swift X-Ray Telescope (XRT) started observing the field shortly

after the BAT trigger. The XRT and Ultraviolet and Optical Telescope (UVOT)

imaging helped in localizing the source (RA: 19 h 34 m 55.68 s, DEC: +21◦ 53’

48.2”). The initial burst was followed by three more short, soft bursts out of which,

the first two were of a duration of 30 µs, while the third was of a duration of 70

µs. Cummings and Campana (2014) later reported non-detection in archival BAT

data but they also reported serendipitous detection of the same source in Swift

XRT data in 2010 and 2011. Brian Gaensler noted that the SGR lies very close to

the geometric center of SNR G057.2+0.8 and there is a good chance of association

as that part of the Galaxy is relatively less populated2. Chandra observations

2http://gcn.gsfc.nasa.gov/gcn3/16533.gcn3
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done on 28th July 2014 detected pulsations with >10σ significance with a period

of 3.2 s (Israel et al. 2014). The data taken between the BAT trigger and these

observations also show the presence of pulsations with a lower significance. The

SGR was observed from Parkes telescope at 10 and 20 cm wavelength by Burgay

et al. (2014). The observations were done on 1st and 3rd August 2014. The

analysis resulted in non-detection with 8σ upper limits of 0.07 and 0.1 mJy at

10 and 20 cm, respectively. As was seen for the other SGR sources (see Section

10.2.1), the radio flux is highly variable. This means that one needs to keep

looking for a radio counterpart till the source is in the burst stage. The suspected

association with an SNR provided a unique opportunity to detect a radio loud

magnetar associated with an SNR. For a distance of 8.5 kpc (to SNR G057.2+0.8)

the NE2001 model (Cordes and Lazio 2002) provided very low line of sight scatter

broadening estimates of 180 µs and 2.2 ms at 610 and 325 MHz, respectively. In

addition, the SNR G057.2+0.8 did not have any published radio image at 610

MHz. Thus, at GMRT, in addition to the pulsar search, it was possible to make a

snapshot image of the SNR. A simultaneous 325 MHz detection at the ORT would

also have helped to constrain its DM to a high accuracy besides providing a flux

density measurement to constrain the spectral index of radio emission. This led

us to propose simultaneous observations at the GMRT and the ORT.

10.3.2 Observations

We performed ORT observations at 326.5 MHz on 9th and 14th July 2014 using

16 MHz bandwidth in the pulsar mode. The data were recorded using the PON-

DER (Naidu et al. 2015) back-end (see Section 3.1.2.2), employing 1024 filterbank

channels with a sampling time of 1 ms. The sampling time was chosen so as to

reduce data size, owing to the estimated [from NE2001 model of Cordes and Lazio

(2002), assuming a distance of 8.5 kpc to SNR G057.2+0.8] scattering time scale

of 2.2 ms. The total integration time was 4 and 3 hours, respectively. The GMRT

observations were performed using the DDT allocation (ddtB134). The observa-

tions were performed on 14th July 2014 at 610 MHz with 33 MHz band spread
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across 512 filterbank channels. The imaging data were recorded with a sampling

time of 16 s (default), while the pulsar data were recorded in the IA and PA mode

with a sampling time of 61 µs. The PA data would provide high sensitivity pulsar

data with a small beam, while the IA data would provide a slightly less sensitive

search data over a larger region of sky. This is helpful as an independent check in

case of a detection and may also bring out un-associated sources sometimes. The

total integration time was 2 hours out of which, on-source time was 1.25 hours.

The initial Swift position was used as a phase center. For imaging mode, 3C48

and J1822−096 were observed as flux density and phase calibrator, respectively.

PSR B1937+21 was observed as a test pulsar to estimate the sensitivity of the

pulsar mode data.

10.3.3 Data Analysis

The pulsar data from both GMRT and ORT were analysed using an analysis

pipeline developed for the NCRA HPC based on SIGPROC pulsar data analysis

package (see Section 4.2.1 for details). The expected low scattering along the line

of sight and the high time resolution of the data implied that the DM step used

for the pulsar search be very fine. The data were thus, dedispersed to 2240 trial

DMs in the range 0−1500 pc-cm-3. Such a DM limit was imposed keeping in mind

the very high DM measured for the Galactic centre magnetar, PSR J1745−2900

(Eatough et al. 2013) and the fact that patchy nature of ionised plasma structures

along the line of sight may produce a DM which may be much more than the

model prediction. The dedispersed time series data were then searched using both

harmonic and single pulse search. The resultant candidate plots were manually

scrutinised for the presence of pulsar signatures.

The imaging data were flagged and calibrated using FLAGCAL and the image

was made using multi-facet imaging technique (see Section 4.4.8 for details) in

AIPS with 19 facets spread across the primary beam area of about 0.3 square

degree. The CLEAN image obtained after de-convolution was further improved
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by self calibration (see Section 4.4.9 for details). The time scales for calculating

the phase solutions were 5, 1 and 0.5 minutes, respectively for the three rounds

of self calibration. The resultant high resolution image is shown in Figure 10.1.

We made another image of SNR G057.2+0.8 from the archival VLA data at 1365

MHz. The data were acquired using the VLA on 6th April 1995 in the D configu-

ration over a bandwidth of 25 MHz, giving a maximum baseline of 5 Kλ, resulting

in an angular resolution of ∼60” (Project code: AH0535, PI: Mark Holdaway).

This image was made using the standard steps followed for imaging analysis as

explained in Section 4.4. In order to compare the GMRT image with the VLA

image, it was convolved with a circular Gaussian beam with an FWHM of 60”.

This was achieved using the AIPS task CONVL3. The resultant images having

equal resolution are shown in Figure 10.2.

Additionally, publicly available archival spectral cubes were downloaded from the

VLA Galactic Plane Survey (VGPS; Stil et al. 2006) to obtain HI spectra towards

the SNR. Spectra from the bright northern portion of SNR as well as a blank region

just above it were extracted at 5 pixels each (marked by boxes in Figure 10.3), to

form the ON and OFF spectra. These were then used to obtain the emission and

absorption spectra towards the source using a procedure similar to that described

in Castelletti et al. (2013). The average emission spectrum obtained towards the

direction of SGR J1935+2154 was used to calculate the HI column density (NH)

along this line of sight. This was done as follows. First, the moment zero map was

generated from the spectral cube. The RMS was determined in this map over an

area roughly equal to that of the diffuse emission seen in X-ray image (which was

found to be 2.7 K). NH was then calculated assuming an optically thin medium,

implying (Verschuur et al. 1974)

NH (cm−2) = 1.823× 1018

∫
TBdV (10.1)

3http://www.aips.nrao.edu/cgi-bin/ZXHLP2.PL?CONVL
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where TB is the brightness temperature in Kelvin, and V is the radial velocity

in km s−1. In the emission profile obtained towards the SGR, all the bins having

brightness temperature more than 2.7 K were averaged and then multiplied by the

total range of velocity bins to get an estimate of NH (total area under the emission

profiles).

The public archival data (obtained by Israel et al. 2016) from the PN charge

coupled device (CCD) instrument (Strüder et al. 2001) of the European Photon

Imaging Camera (EPIC) on board the XMM-Newton mission for all but one ob-

servation (as the latest observational data were not public) were added together

to make a 98 ks exposure image of the region around SGR J1935+2154. This

image is shown in Figure 10.3. More details about the XMM-Newton observations

are given in Table 1 of Israel et al. (2016). The diffuse emission around SGR

J1935+2154, which was reported by Israel et al. (2016), is seen clearly in this

image.

10.3.4 Results

The time-series observations, both from the ORT and the GMRT, did not show the

presence of significant pulsations. The flux density upper limits for a putative radio

pulsar (associated or otherwise) were then calculated for both GMRT (IA and PA)

and ORT data using the radiometer formula. The flux density limits thus derived,

are applicable to the highest DM searched for normal pulsars at both frequencies.

With an assumed 10% duty cycle, these limits for the high resolution GMRT data

are applicable to millisecond pulsars only upto a DM of 100 pc-cm−3. For periodic

pulsed emission, the 8σ upper limits on average flux density assuming 10% duty

cycle are 0.4 and 0.2 mJy at 326.5 and 610 MHz, respectively. The GMRT PA

data were subsequently folded at the period detected by Israel et al. (2014) and it

also resulted in a non-detection. The preliminary results for the pulsation search

were reported earlier in the Astronomer’s Telegram (Surnis et al. 2014). We also

did not detect significant bursts with 6σ upper limits on flux density (assuming

10 ms burst duration) of 0.5 Jy and 63 mJy at 326.5 and 610 MHz, respectively.
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The corresponding flux density upper limits from GMRT IA data at 610 MHz are

0.8 mJy (8σ) for pulsed emission (with an assumed duty cycle of 10%) and 244

mJy (6σ) for isolated bursts (assuming 10 ms burst duration).

We have made the first high resolution image of SNR G057.2+0.8 at 610 MHz. It is

shown in Figure 10.1. The synthesized beam size is 18.5”×9.9” with a parallactic

angle of 85◦ (as indicated in the bottom left corner of the image), while the RMS

noise in the map is 0.4 mJy. As can be clearly seen, there is no associated point

source at the position of SGR J1935+2154, with a 3σ upper limit of 1.2 mJy,

as indicated by a cross in Figure 10.1. Thus, the time series non-detection is

consistent with the absence of a continuum source in the radio map. No diffuse

radio emission, associated with a putative wind nebula with an extent similar to

the diffuse X-ray emission reported by Israel et al. (2016) (in radii of 15”, and

70”), was detected with a 3σ flux density upper limit of about 4.5 mJy over a

circular area with a radius of 70”.

The HI emission spectra along with the absorption profiles are shown in Figure

10.4. The average spectrum shows a broad emission feature upto a velocity of 61.2

km-s−1, which is the maximum velocity at the tangent point. As there are clear

absorption features present at negative radial velocities, the continuum source

(the SNR in this case) lies outside the solar orbit, much beyond the tangent point.

The absorption features appear upto the maximum negative velocity of −63.3 km-

s−1. This translates to a kinematic distance of 11.7 ± 2.8 kpc, using the circular

rotation curve of the Milky Way given by Fich et al. (1989) (assuming Θ = 220

km-s−1, R� = 8.5 kpc).

From HI emission profile obtained in the direction of SGR J1935+2154, we calcu-

late the HI column density in this line of sight to be (1.1 ± 0.1) × 1022 cm−2.

10.3.5 Discussion

SGR J1935+2154 emitted many short, soft bursts which triggered a TOO obser-

vation on 27th February 2015 (Younes et al. 2015). The observations detected
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Figure 10.1: High resolution GMRT Image of SNR G057.2+0.8 at 610 MHz.
The synthesized beam size is 18.5”×9.9” with a parallactic angle of 85◦ as
indicated in the bottom left corner. The RMS noise in the map is 0.4 mJy. The
contour levels are at 3, 5, 10 and 20σ. The cross indicates the position of SGR
J1935+2154 with the size of the cross indicating 10σ position uncertainty. The
solid circle represents the extent of diffuse X-ray emission reported by Israel

et al. (2016).

X-ray pulsations which allowed them to measure the spin-down rate. The inferred

magnetic field strength turns out to be 7 × 1014 G, making this another magnetar.

This SGR has shown very similar characteristics like SGR J1745−2900 but for the

absence of radio pulses. This makes SGR J1935+2154 a very unique transient

magnetar with no detectable emission (neither continuum nor pulsed) down to

about 100 µJy at 20 cm (Burgay et al. 2014).

The first high resolution image of SNR G057.2+0.8 at 610 MHz (Figure 10.1)

shows an incomplete, filamentary radio shell, which is brighter towards the north-

eastern edge. The south-western radio shell is not detectable with the sensitivity

afforded by our observations. This could be due to very high ambient density in

the ISM towards the north-eastern region wherein, the interaction with the shock
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Figure 10.2: Left: GMRT Image of SNR G057.2+0.8 at 610 MHz, convolved
with a circular Gaussian having an FWHM of 60”. The RMS noise in the map
is 4 mJy. The contour levels are at 3, 5, 10 and 20σ. Right: VLA Image of SNR
G057.2+0.8 at 1365 MHz, obtained in the D configuration. The RMS noise in
the map is 0.6 mJy. The contour levels are at 3, 5, 10, 20, 40 and 80σ. In both
images, the cross indicates the position of SGR J1935+2154 with the size of the
cross indicating 10σ position uncertainty. The solid circle represents the extent

of diffuse X-ray emission reported by Israel et al. (2016).

wave is responsible for the radio emission. The south-western region may not have

enough density to emit strong electromagnetic radiation in the radio band. There

is a hint of some point-like radio emission just north-east of SGR J1935+2154, but

the extent of the 10 σ position error on SGR J1935+2154 rules out any possible

association. The low resolution GMRT and VLA images (Figure 10.2) both show

a bright north-eastern shell dominating the emission. The radio emission in the

VLA image, however, shows much larger spatial extent than the GMRT image.

Given the drastically lower sensitivity in the GMRT image (imaging RMS of 4 mJy

against 0.6 mJy), the lowest contour in the GMRT image is comparable to the

highest contour in the VLA image. Although this prevents us from drawing any

firm conclusions about the spectral index using the GMRT image, the VLA image

probably indicates towards a fully filled radio SNR (emission coming from edges

as well as central part of the shell) with over dense ISM towards the north-eastern

border and under dense ISM towards the south-western end.

The SGR J1935+2154 lies close to the centroid of SNR G57.2+0.8. An approxi-

mate estimate of distance to the magnetar can be made as follows. The spectral

analysis by Israel et al. (2016) obtained a value of NH as 2 × 1022 and 1.6 × 1022
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Figure 10.3: 98 ks integrated XMM-Newton EPIC-PN image of the region
around SGR J1935+2154. The publicly available archival data were obtained
by G. L. Israel (Israel et al. 2016) and the observation details are given in Table
1 therein. The resultant map has been smoothed using a Gaussian function
with a radius of 4”. The blue contours are plotted from the 1365 MHz VLA
map of SNR G57.2+0.8 (as shown in the right panel of Figure 10.2), while
black contours are plotted from the high resolution GMRT image at 610 MHz
(as shown in Figure 10.1). The pixels used for obtaining the ON and OFF
spectra are marked by blue and magenta boxes, respectively. The dashed circle
represents a region of radius 90”, which includes the diffuse X-ray emission (see

text for more details).

cm−2 from their spectral fits using Chandra and XMM-Newton data, respectively

towards the magnetar and 3.8 × 1022 cm−2 for the diffuse emission from XMM-

Newton data. If we assume that the NH-DM correlation (He et al. 2013) holds for

this line of sight, we can obtain an estimate of associated DM for the magnetar.

Adopting the value of NH as 1.8 × 1022 cm−2, we get a DM of 600 +260
−180 pc-cm−3

for the magnetar, and 1300 +500
−400 pc-cm−3 for the diffuse emission. Using NE2001

model (Cordes and Lazio 2002) towards this line of sight, we get a distance es-

timate for both the magnetar and the diffuse emission to be much higher than

the extent of the Galaxy (>50 kpc). However, it is to be noted that the NE2001

model saturates beyond a DM of 540 pc cm−3 in this line of sight. Also the dis-

tance estimates from the NH-DM correlation can have a large uncertainty beyond
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Figure 10.4: Emission spectra and absorption profile extracted from VGPS
archival data (Stil et al. 2006). The top two panels show the extracted spectra
from 5 pixels each for the OFF (left panel) and the ON source region (right panel;
as indicated in Figure 10.3). The bottom panel shows the averaged ON source
emission spectrum (black) and the absorption profile (red) towards the northern
filament of SNR G57.2+0.8. The black dashed line shows the maximum velocity
at the tangent point, the dashed red line indicates the absorption feature with
the highest negative velocity and the dashed blue line indicates −2.7 K below

which, absorption features are believable.

a DM of 100 pc cm−3 or a distance greater than 3 kpc (He et al. 2013). He et al.

(2013) also note that the NH value inferred from X-ray observations of pulsars at

low Galactic latitudes may be higher than that inferred from HI emission profiles.

This happens due to absorption of X-rays by molecular clouds rather than neutral

Hydrogen. With this caveat, the NH values measured by Israel et al. (2016) for the

magnetar and our own measurements along the same line of sight are consistent

with each other. Considering the spiral structure of the HI in our Galaxy (Levine

et al. 2006) and the NH values obtained from the Leiden Argentine Bonn (LAB)

survey4 (Kalberla et al. 2005) along different lines of sight in the Galactic latitude

range of 40◦−80◦, which are all nearly around 1−1.5 × 1022 cm−2, the magnetar

(and the diffuse emission) could be located in or beyond the Perseus arm. With all

these (uncertain) estimates of the magnetar distance, it can be argued that SGR

J1935+2154 and SNR G057.2+0.8 may be physically associated.

4https://www.astro.uni-bonn.de/hisurvey/profile/
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Israel et al. (2016) estimated the quiescent X-ray luminosity of the magnetar,

LX as 5 × 1033 ergs-s−1 assuming a distance of 9 kpc. This distance was derived

assuming an association between the magnetar and the SNR. Even with our revised

estimate for the SNR distance, such an association is possible. As discussed by

Israel et al. (2016) assuming a distance of 9 kpc, the SGR is somewhat under-

luminous during a burst as compared to a typical magnetar. It may be noted that

this luminosity is still larger than 10 out of 22 magnetars listed in online McGill

magnetar catalog5 (Olausen and Kaspi 2014). The SGR was observed from Parkes

telescope at 10 and 20 cm wavelength by Burgay et al. (2014), resulting in a non-

detection with 8σ upper limits of 0.07 and 0.1 mJy at 10 and 20 cm, respectively,

which is consistent with our non-detection at 610 and 326.5 MHz. With a typical

flat spectrum emission expected from radio-loud magnetars (e.g. Yusef-Zadeh et al.

2015), our upper limits for the pulsed radio emission along with the high frequency

limits may imply a spectral index less steeper than −0.8. Assuming an association

between the SGR and the SNR and considering the upper limit on the distance

of the magnetar to be 14.5 kpc (from 1σ error on the SNR distance), the X-ray

luminosity of the SGR turns out to be 1.3 × 1034 ergs-s−1. Even with a slightly

increased distance estimate, the ratio LX,qui/Lsd is still about 0.65, which is much

less than unity. Thus, the SGR falls into the “radio-loud” class (Rea et al. 2012)

and the non-detection of radio pulsations are puzzling, but could be due to the

radio beam pointing away from the line-of-sight.

No radio counterpart of diffuse X-ray emission reported by Israel et al. (2016) was

detected in the high resolution image at 610 MHz. The diffuse X-ray emission

could be due to the scattering of X-rays from the magnetar by a dust halo (Es-

posito et al. 2013; Israel et al. 2016) or a wind nebula powered by the magnetar

(Younes et al. 2012; Israel et al. 2016). In the former case, one does not expect dif-

fuse radio emission, which is consistent with our non-detection. In case of a wind

nebula, synchrotron radio emission is expected. As a PWN is powered by the loss

of rotational kinetic energy from the central pulsar, one can expect its radio lu-

minosity to be related to its spin-down luminosity. Assuming this proportionality

5http://www.physics.mcgill.ca/∼pulsar/magnetar/main.html
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to be in the form S = K × Ė / d2 for an order of magnitude calculation, where

S is the flux density in Jy at 1 GHz, Ė is the spin-down luminosity in ergs-s−1

and d the distance to the PWN in kpc, one can estimate the value of proportion-

ality constant K for some typical PWNs such as Crab, Vela and Kes75. With the

spin-down luminosities from Australia Telescope National Facility (ATNF) pulsar

catalog6(Manchester et al. 2005) and distances and 1 GHz flux density from avail-

able literature (Crawford et al. 2001; Dodson et al. 2003; Green 2014; Leahy and

Tian 2008; Milne 1968), we obtain an average value of K as 1.6 × 10−15. With

our distance estimate of 11.7 kpc and spin-down luminosity of SGR J1935+2154

of 2 × 1034 ergs-s−1 (Israel et al. 2016), we expect a flux density of 2.4 mJy at

610 MHz (assuming a spectral index of −0.3) for any associated PWN. As the

upper limit on the flux density of diffuse emission from our observations is higher

than this, we can not rule out the presence of such an emission. We would like to

caution that this conclusion is based on the assumption that the radio luminosity

is proportional to spin-down luminosity. Such a relation is uncertain as it would

depend upon many factors, such as integrated spin-down history of pulsar, nature

of confining reverse shock and pulsar velocity. The nature of a wind nebula around

a magnetar is also likely to be different from usual PWNs. In the light of the un-

certainty in the distance estimate of the SGR and the diffuse X-ray emission, as

well as the lower expected radio PWN flux density than our upper limits, it is

difficult for us to comment on the plausibility of a PWN and we can not rule out

any of these two scenarios based on the currently available data.

10.4 SWIFT J174540.7–290015

10.4.1 Introduction

During the regular Galactic center monitoring observations, the Swift XRT de-

tected an X-ray transient source, J174540.7−290015, on 6th February 2016. Its

position was narrowed down to RA: 17 h 45 m 40.74 s, DEC: −29◦ 00’ 14.7”

6http://www.atnf.csiro.au/people/pulsar/psrcat/
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with a 90 % confidence uncertainty radius of 2.2” (Reynolds et al. 2016). The

spectrum obtained from the same observation implied that the source could be

either an accreting neutron star or a magnetar. Given a sampling time of 2.5 s,

Reynolds et al. (2016) were unable to search for coherent X-ray pulsations. In a

follow-up The International Gamma-Ray Astrophysics Laboratory (INTEGRAL)

observation done on 11th February 2016, Esposito et al. (2016) estimated the pho-

ton index over an energy range of 20−80 keV to be 2.7 ± 0.2. Detection of radio

pulsations from this source would have clearly established this transient source as

a magnetar. This prompted radio follow-up observations with ORT and GMRT.

10.4.2 Observations

The ORT observations were carried out on 10th February 2016 at 326.5 MHz in

pulsar mode with a 16 MHz band spread over 1024 channels using PONDER

(Naidu et al. 2015). The data were sampled every 4 ms over an observing session

lasting 3.5 hours. The GMRT observations were carried out on 15th February

2016 at 1390 MHz with a 33 MHz band spread over 512 channels (proposal code

ddtB210). The data were recorded in the PA mode over 2.7 hours with a sampling

time of 123 µs. Imaging data were simultaneously recorded with a sampling time

of 4 s. The swift position (Reynolds et al. 2016) was used as the phase center for

both the observations. 3C48 and J1712−281 were observed as flux density and

phase calibrator, respectively.

10.4.3 Data Analysis

Both the ORT and GMRT data were analysed for periodic signals using two differ-

ent pipelines using PRESTO and SIGPROC, respectively. The SIGPROC pipeline

simultaneously searched for isolated dispersed bursts. The search was carried out

over a DM range of 0−3000 pc-cm-3. Given that the position of the transient was

just 16” away from the Galactic center (Reynolds et al. 2016), the radio image
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would be limited in dynamic range due to the strong emission from the Galactic

center. The imaging data were thus, not analysed.

10.4.4 Results

The analysis did not yield any significant pulsed or bursty radio emission in both

ORT and GMRT data. The 5σ flux density upper limits at 326.5 MHz were

estimated to be 4.5 mJy (assuming 10% duty cycle) for harmonic search and 15

Jy (assuming a pulse width of 10 ms) for single pulse search. The corresponding

limits at 1390 MHz were 70 µJy (assuming 10% duty cycle) and 0.2 Jy (assuming a

pulse width of 10 ms), respectively. These results were posted on the Astronomer’s

telegram (Maan et al. 2016).

10.4.5 Discussion

Based on our non-detection, we could not rule out either magnetar or accreting

X-ray binary origin for the X-ray burst. This region was observed with Chandra

(Baganoff et al. 2016) on 13th and 14th February 2016. These observations con-

firmed the transient as a new source, different from any catalogued source in this

region (Baganoff et al. 2016). The pulsation search using the Chandra data also

yielded negative results. More follow-up radio observations were performed with

the VLA at 6 and 15 GHz on 25th February 2016 (Bower et al. 2016). These data

were recorded simultaneously in PA and imaging mode. The analysis yielded neg-

ative results for pulsation and burst search (Bower et al. 2016). The upper limits

on flux density at 10σ level were 30 and 45 µJy at 6 and 8 GHz, respectively. These

limits were more stringent than our reported upper limits assuming a flat spectral

index seen for PSR J1745−2900 (Eatough et al. 2013; Yusef-Zadeh et al. 2015).

Due to contamination from the Galactic center, the RMS in the images were 6 and

53 mJy at 6 and 8 GHz, respectively. Bower et al. (2016) estimate the expected

radio flux density to be around 1 mJy for an accreting source in the low-hard

state. Thus, all the observational constraints can not rule out any scenario for the
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source origin. Interestingly, the addition of this transient near the Galactic center

implies a rate of 0.37 ± 0.15 transient sources per year in this region (Baganoff

et al. 2016). This implies that continued monitoring of this region may uncover

many more transient sources in the near future.

10.5 SGR J0755–2933

10.5.1 Introduction

Swift BAT detected an SGR-like burst on 16th March 2016. The burst duration

was less than 128 ms with a count rate of ∼1900 counts per second (Barthelmy

et al. 2016). Swift XRT started observing this field ∼75 seconds after the BAT

trigger. With the XRT data, the position of the source was narrowed down to RA:

07 h 55 m 42.48 s, DEC: −29◦ 33’ 49.2” with a 90 % confidence uncertainty radius

of 2” (Barthelmy et al. 2016). It was tentatively named as SGR J0755−2933.

UVOT image did not reveal any optical counterpart upto a limiting magnitude of

18. The estimated HI column density was much higher than the typical Galactic

contribution. The short time scale of the burst together with an enhanced column

density hinted towards an SGR origin for the X-ray burst. Also, the X-ray emission

was variable but not fading. This made radio follow-up observations imminent.

10.5.2 Observations

The observations at the ORT were performed on 17th March 2016 at 326.5 MHz

with 8 ms sampling over a band of 16 MHz, spread over 1024 channels using

PONDER (Naidu et al. 2015). The total integration time was 3 hours. The

observations at the GMRT were performed on 25th March 2016 (proposal code

ddtB216) at 1390 MHz wherein, the data were recorded simultaneously in imaging

and PA mode, over a bandwidth of 33 MHz, spread over 512 channels. The

PA data were recorded with a sampling time of 123 µs, while the imaging data
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were recorded with a sampling time of 16 s for a duration of 1 hour. For the

imaging observations, 3C147 and J0828−375 were observed as flux density and

phase calibrator, respectively.

10.5.3 Data Analysis

Pulsar mode data from both ORT and GMRT were analysed using search pipelines

using PRESTO and SIGPROC. The SIGPROC based pipeline also provided single

pulse candidates. The pulsation search ran over a DM range of 0−2000 pc-cm-3.

The imaging data were flagged and calibrated using FLAGCAL. The final image

was made using standard imaging techniques with self calibration in AIPS.

10.5.4 Results

No significant pulsations were detected from either GMRT or ORT data. The 8 σ

flux density upper limits at 326.5 MHz were estimated to be 0.89 mJy (assuming

10% duty cycle) for harmonic search and 2.8 Jy (assuming a width of 10 ms) for

isolated bursts. Corresponding limits at 1390 MHz were estimated to be 0.12 mJy

(assuming 10% duty cycle) for harmonic search and 220 mJy (assuming a width

of 10 ms) for isolated bursts. From the radio maps, the absence of a continuum

source implies a 3σ flux density upper limit of 0.3 mJy. These results were posted

on the Astronomer’s telegram (Surnis et al. 2016).

10.5.5 Discussion

The X-ray flux of SGR J0755−2933 fell by a factor of 5 in about half a day after

the initial burst as seen by Archibald et al. (2016) in the ∼18 ks Swift XRT data.

They also did not detect significant pulsations with a 3σ upper limit of 15% on the

pulse duty cycle. Although this source emitted a short-hard X-ray burst, which

was very powerful, the apparent lack of X-ray and radio pulsations makes the case

for a neutron star origin very unlikely. The other scenario is that the neutron star,
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if present, may not be beaming towards the Earth. Given the high X-ray flux,

further deep X-ray follow-up observations may still be able to detect pulsations to

establish magnetar nature of this source.
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Summary

The thesis work involved blind and targeted radio pulsation searches as well as

follow-up timing observations. The search data were obtained with the GMRT,

while the timing data were obtained with the GMRT as well as the ORT. Apart

from these data sets, the simultaneous imaging data taken from GMRT provided

an opportunity to perform variability study on the point sources detected in the

field containing the newly discovered pulsar, PSR J1838+1523. In the following

sections, we will summarize the main results of the thesis and their implications.

11.1 Main Results

• Blind Pulsar Survey with the GMRT

– The blind Galactic pulsar survey resulted in the detection of 28 pulsars

out of which, PSR J1838+1523 was a new discovery.

– The overall survey sensitivity for an 8σ detection threshold was esti-

mated to be 2.7 mJy for harmonic search (assuming 10% duty cycle)

and 2.3 Jy for single pulse search (assuming a pulse width of 10 ms).

– The rate of discovery in the survey was found to be consistent with the

current population models.

251
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• Discovery and Follow-up Timing of PSR J1838+1523

– The newly discovered pulsar PSR J1838+1523 has a period of 549 ms

and a DM of 68 pc-cm-3. It belongs to the normal pulsar population.

– During the follow-up timing observations, it showed random ON–OFF

states lasting 1–2 months.

– A coherent timing solution was obtained for this pulsar from daily

follow-up observations with the ORT at 325 MHz and bi-weekly timing

observations with the GMRT at 325 and 610 MHz.

– The continuum counterpart of this pulsar was identified from the im-

ages made with simultaneously recorded imaging data taken with the

GMRT.

– The mean flux density of this pulsar at 325 MHz is 4.3 ± 1.8 mJy and

1.2 ± 0.7 mJy at 610 MHz, implying a spectral index of −2.

– Flux density histograms at 325 MHz indicate towards RISS as a prob-

able cause for the ON–OFF nature of this pulsar.

• Follow-up of 3 GMRT Pulsars

– PSR J2208+5500

∗ The nulling fraction for this pulsar was estimated to be 50 ± 5%,

while the phase averaged modulation index was estimated to be

2.5 ± 0.6. The phase resolved modulation index was seen to show

a minimum at the peak bin, while increasing towards the edges,

indicating towards a core only profile.

∗ Multi-frequency timing observations were used to determine the

DM for this pulsar to be 105.04 ± 0.02 pc-cm-3, while the spectral

index was estimated to be −2.4 ± 0.4.

– PSR J2217+5733

∗ τ sc for this pulsar was estimated to be 9.7 ± 0.4 ms at 610 MHz

and 61.9 ± 1.1 ms at 325 MHz. These imply a scattering spectral
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index of −2.9, which is much smaller than −4.4, which is expected

for a Kolmogorov spectrum of non-uniformities in the ISM.

∗ Multi-frequency timing observations were used to determine the

DM for this pulsar to be 131.54 ± 0.03 pc-cm-3, while the spectral

index was estimated to be −2.4 ± 0.3.

– PSR J0026+6320

∗ τ sc for this pulsar was estimated to be 7.5 ± 0.9 ms at 610 MHz

and 47.6 ± 4.7 ms at 325 MHz. These imply a scattering spectral

index of −2.9, which is much smaller than a what is expected for

a Kolmogorov spectrum of non-uniformities in the ISM.

∗ Multi-frequency timing observations were used to determine the

DM for this pulsar to be 245.06 ± 0.06 pc-cm-3, while the spectral

index was estimated to be −0.9 ± 0.4.

• Imaging Study of a Known Pulsar Field

– Flux densities of 29 point sources in the field containing PSR J1838+1523

were measured at 325 MHz to establish the reliability of the calibration

of the imaging data.

– Flux densities of 12 of the above 29 point sources were measured at 610

MHz, resulting in the estimation of the spectral indices of 11 of them

for the first time.

– at 325 MHz, NVSS J183715+153015 (17%) and J183850+152214 (18%)

were found to be mildly variable, while NVSS J183729+153210 (21%)

and J183708+153141 (26%) were found to be moderately variable.

– J183850+152214 was found to be a flat spectrum source (spectral index

almost 0) with mild variability.

• Pulsation Search towards HESS J1818−154 / SNR G15.4+0.1

– No associated or un-associated pulsar was discovered in this search.

The canonical duty cycle of 10% for the putative pulsar gives 8σ upper
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limits of 250 and 300 µJy at 610 and 1420 MHz, respectively, for the

PA data, while the limits for IA data turn out to be 700 and 500 µJy

at 610 and 1420 MHz, respectively.

– The origin of the VHE emission was attributed to the interaction of the

SNR shell with local molecular clouds.

• Radio Pulsation Search towards Soft Gamma-ray Repeaters

– SGR J1745−2900

∗ No significant pulsations were detected with 8σ flux density upper

limit (assuming a 30% duty cycle) of 0.4 mJy.

– SGR J1935+2154

∗ No significant pulsations were detected in the GMRT PA data with

8σ flux density upper limits (assuming a 10% duty cycle) of 0.4 and

0.2 mJy at 326.5 and 610 MHz, respectively for harmonic search.

The corresponding IA limits from GMRT data turn out to be 0.8

mJy at 610 MHz.

∗ No significant bursty emission was detected in the PA data with

6σ flux density upper limits (assuming a burst duration of 10 ms)

of 0.5 Jy and 63 mJy at 326.5 and 610 MHz, respectively. The

corresponding IA limits from GMRT data turn out to be 244 mJy

at 610 MHz.

∗ No continuum radio emission was seen in the radio maps with a 3σ

flux density upper limit of 1.2 and 4.5 mJy for the SGR and the

associated diffuse X-ray emission, respectively.

∗ The kinematic distance of SNR G057.2+0.8 was estimated to be

11.7 ± 2.8 kpc, while the HI column density along the line of sight

was estimated to be (1.1 ± 0.1) × 1022 cm-2.

– SWIFT J174540.7−290015

∗ The analysis resulted in non-detection of radio pulsations with 5σ

flux density upper limits at 326.5 MHz of 4.5 mJy (assuming 10%
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duty cycle) for harmonic search and 15 Jy (assuming a pulse width

of 10 ms) for single pulse search. The corresponding limits at 1390

MHz were 70 µJy (assuming 10% duty cycle) and 0.2 Jy (assuming

a pulse width of 10 ms), respectively.

– SGR J0755−2933

∗ No significant pulsations were detected with 8 σ flux density upper

limits at 326.5 MHz to be 0.89 mJy (assuming 10% duty cycle)

for harmonic search and 2.8 Jy (assuming a width of 10 ms) for

isolated bursts. Corresponding limits at 1390 MHz were estimated

to be 0.12 mJy (assuming 10% duty cycle) for harmonic search and

220 mJy (assuming a width of 10 ms) for isolated bursts. From the

radio maps, the absence of a continuum source implies a 3σ flux

density upper limit of 0.3 mJy.

11.2 Discussion

11.2.1 Blind Pulsar Survey with the GMRT

Pulsar surveys are typically carried out with large single dish telescopes at high

radio frequencies. Although such telescopes provide good sensitivity due to large

collecting area, a small beam size makes them slow in sky coverage. A multi-

element telescope like the GMRT offers a large collecting area of about 30,000 m2

(Swarup et al. 1991) with a field of view of about 85’ (Lal 2013) at 325 MHz,

making it a sensitive pulsar survey instrument with a good survey speed. In order

to exploit the sensitivity and survey speed of GMRT, we proposed a blind pulsar

survey to cover the region between Galactic longitude 45◦ < l < 135◦ and Galactic

latitude 1◦ < |b| < 10◦ at 325 MHz. This survey was titled “GMRT Galactic Plane

Pulsar and Transient Survey”. Over two observation cycles of the GMRT, about

10% of the region was covered. Out of the 152 fields observed, data for 30 fields

had to be ignored due to the presence of large amount of RFI. The simulated
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survey analysis using PSRPOP1 using the post-analysis parameters indicates a

detection of 96 normal pulsars and 5 millisecond pulsars (known plus new) for the

full survey region. Thus, the detection of 28 pulsars including 2 MSPs and the

discovery of 1 new pulsar in the 10% region that was covered in a non-uniform

manner, is much more than what the current population models predict, but it is

not alarming given the non-uniform survey coverage.

The steep spectral index of PSR J1838+1523 (see Chapter 6 for details) reiterates

the need for low frequency pulsar searches in order to discover very steep spectrum

pulsars. The overall survey sensitivity of 2.7 mJy (8σ for 10% duty cycle) translates

to a detection limit of 0.35 mJy at 1.4 GHz [assuming an average spectral index

of −1.4 as has been derived by Bates et al. (2013)]. This is comparable to the

limit of 0.25 mJy (which assumes a 5% duty cycle) for the mid-latitude HTRU

survey (Keith et al. 2010). Thus, even with degraded sensitivity due to presence of

RFI, our low frequency survey was complementary to the high frequency surveys.

The presence of RFI not only degrades the overall sensitivity of the survey but

some particular types of RFI like power line RFI produce spurious periodicities in

harmonic searches. This can be avoided by suppressing the harmonics of power

line frequency but it drastically reduces the detectability of periodicities near these

harmonics. As an example, the newly discovered pulsar, PSR J1838+1523 was

detected only after RFI mitigation using the zero DM filtering technique (Eatough

et al. 2009). This makes RFI mitigation very important in low frequency blind

surveys. Any future low frequency surveys should have well developed and tested

RFI mitigation techniques in order to make these surveys more effective.

11.2.2 Discovery and Follow-up Timing of PSR J1838+1523

The discovery and timing of PSR J1838+1523 has provided a good example of how

dedicated multi-frequency follow-up observations combined with radio imaging can

help constrain the timing solution of pulsars discovered in low frequency surveys.

Low frequency searches cover the sky faster because of their large field of view

1http://www.psrpop.phys.wvu.edu/index.php
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but this also implies that the position of the newly discovered pulsar is poorly

known. It can be mitigated by using the gated imaging technique (e. g. Roy et al.

2012) to localize the pulsar faster. This in turn provides a better timing solution

much faster than traditional timing only technique, which requires at least one

year worth of follow-up observations to fit for the Doppler effect due to Earth’s

revolution. An additional advantage provided by simultaneous imaging data is

the ability to monitor the flux density of the pulsar and compare it with the flux

density of its pulsed emission. It would help in identifying un-pulsed (Navarro

et al. 1995) or OFF-pulse emission (Basu et al. 2011) if it is present. It would

also help to identify scintillation effects (like in the case of PSR J1838+1523) and

spectral index using the same multi-frequency data as is used for timing analysis.

This is really important for current telescopes like GMRT, LOFAR, Australian

Square Kilometre Array Pathfinder (ASKAP), MEERKAT and SKA in future.

11.2.3 Follow-up of 3 GMRT pulsars

In these follow-up observations, multi-frequency data allowed many more aspects

of the pulsars and the ISM to be studied apart from obtaining better timing

solutions. Well calibrated imaging data allowed spectral indices to be estimated

for these pulsars. The values of τ sc obtained for PSR J2217+5733 and J0026+6320

turned out to be very different than the ones predicted by the NE2001 model of

Cordes and Lazio (2002). This reinforces the variable and patchy nature of the

ISM along different lines of sight. The implied spectral indices of τ sc were also

found to be very different than what were expected from a Kolmogorov spectrum

for the density fluctuations in the ISM. This indicates that PSR J2217+5733 and

PSR J0026+6320 both lie in a region with significantly low scattering. Recently,

Krishnakumar et al. (2015) published scattering measurements for 124 pulsars

using data obtained with the ORT. Such studies along different lines of sight

would shed more light on the patchy nature of the ISM. In fact it will also act

as a feedback into the Galactic free electron density models and make them more

robust over time.
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11.2.4 Imaging Study of a Known Pulsar Field

Multi-epoch timing observations providing simultaneous imaging data would be

useful not only to provide an independent assessment of the calibration procedure

but would also be helpful for studying variability of many radio sources simulta-

neously. As these observations are typically spaced regularly, such observations

would also be helpful in discovering transient radio sources. In addition, these

observations would provide much better constraints on the radio flux density of

these sources as compared to single epoch observations. Many of the continuum

point sources are discovered and catalogued by large scale imaging surveys. Thus,

multi-epoch imaging observations at the same frequency would provide a better

flux density constraint. Similar observations at a different frequency would provide

a handle on the spectral index of these sources. A radio spectral index allows an

observer to determine which type of source it is. Once the source type is known,

follow-up observations at other frequencies (like optical, X-rays and γ-rays) would

provide a complete view of such sources and helps us understand the physics of

such systems. Such off-shoot scientific studies would be possible only with simul-

taneous imaging data.

11.2.5 Pulsation Search towards HESS J1818–154 / G15.4+0.1

The PWN surrounding the Crab pulsar provides a good example of high energy

emission powered by the wind of particles generated by a spin powered radio

pulsar. The Crab PWN lacks an SNR and hence, is not a composite SNR. In

the source that we studied, we found that molecular cloud interaction was more

plausible as an origin of VHE emission. Recently, Kilpatrick et al. (2016) did

a systematic molecular line survey of Galactic SNRs and found no significant

association between VHE sources and molecular clouds. This favours PWNs as

one of the more dominant origin of the VHE emission from Galactic sources. This

makes an association between VHE sources and PWNs more likely than not. In
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a broader scheme of things, this implies that composite SNRs may be one of the

primary sites of cosmic ray acceleration.

11.2.6 Radio Pulsation Search towards Soft Gamma-ray

Repeaters

During the thesis period, we carried out TOO observations on four SGR candidate

sources. We did not detect radio pulsation in any of these. In general, SGRs can

be broadly categorized as either radio-loud or radio-quiet based on the ratio of

their quiescent X-ray luminosity to spin-down luminosity inferred from timing

analysis (Rea et al. 2012). While the Galactic center magnetar did show radio

pulsations (it also falls in the radio-loud class), our non-detection was consistent

with the reported scattering time scale of almost 35% of the pulse period (Spitler

et al. 2014). In the case of SGR J1935+2154, no radio pulsations were seen even

from Parkes telescope with more stringent limits (Burgay et al. 2014). Surprisingly,

Israel et al. (2016) found that SGR J1935+2154 should ideally fall in the radio-loud

class. From our analysis, we obtain similar results (Surnis et al. 2016) but the radio

non-detections could just be because our line of sight does not intersect the radio

beam. The other two sources, SWIFT J174540.7−290015 and SGR J0755−2933

showed SGR-like X-ray bursts but did not even show X-ray pulsations. This makes

their case as SGRs much weaker. In general, detection or non-detection of radio

pulsations from SGR candidates provides crucial information while studying these

objects.

11.3 Future Work

Although most of the work presented in the thesis is almost complete, there are

some additional aspects, which we would like to explore in order to obtain better

results or more scientific output from our data. These are listed below.
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• To do much better RFI mitigation on the GMGPPTS data and re-run the

harmonic and acceleration search.

• Keep timing PSR J1838+1523 with ORT once a week in order to catch a

change in its Ṗ if it takes place in the future.

• To follow-up more on the possible FSRQs which were observed in the images

of the field containing PSR J1838+1523 and look for any faint transient

sources.

• To carry out polarization observations on PSR J1838+1523, J2208+5500,

J2217+5733 and J0026+6320 using the upgraded GMRT.

• Repeat the variability study for fields containing PSR B1937+21, J2208+5500,

J2217+5733 and J0026+6320.

• Study the variability of PSR B1937+21 and its spatially associated HII re-

gion.
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The NCRA HPC

The most important part of any pulsar search analysis is the computational plat-

form used. This was provided at NCRA by IBM R© inc. and implemented by Locuz

Enterprise Solutions Ltd. The cluster has 32 compute nodes1 and 2 management

nodes. Each compute node has 2 Intel R© Sandy BridgeTM processors (16 cores) and

2 hard disks with a storage capacity of 500 GB each. The cluster also has a NAS

of 100 TB capacity. The NAS is connected to the cluster through an Infiniband

(IB) network with a total bandwidth of 2 GB/s out of which, 1.5 GB/s is for read-

ing and 500 MB/s is for writing. The theoretical throughput of the cluster is 10

TFlops. Once the HPC was commissioned, we ran benchmark tests for processing

throughput as well as input/output performance of the memory. They are briefly

described below.

A.1 Processor Performance

In order to check and tune various performance related issues, a cluster program

suite, Intel R© Cluster Studio XE 2013, was installed on the HPC. It contained

an inbuilt program for evaluating processor performance called LINPACK. It is

basically a linear equation solver that uses matrix inversion as its method. It

1The compute nodes are numbered as n0 . . . n31
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solves the system of equations for different number of matrix dimensions and

reports average and maximum flops2 rating of each processor.
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Figure A.1: Cluster throughput as a function of array dimension in the LIN-
PACK solver.

This test was run on all the nodes using open source version of the MPI3. The

MPI was configured so as to run the same LINPACK solver independently on

all the cores (512 of them) simultaneously (the embarrassingly parallel model).

The cluster throughput was calculated by adding the ratings obtained for all the

processors. The tests were concluded with a sustained maximum throughput of 9.6

TFlops (see Figure A.1) as compared to the theoretical maximum of 10 TFlops.

A.2 Disk Performance

The expected bandwidths for simultaneous reading and writing from all nodes to

NAS were 1.5 GB/s and 500 MB/s, respectively. The IOR4 benchmark suite can

be used to test this. It was used with a sample file of 512 MB, block size of 1

2short for floating point operations per second
3http://www.open-mpi.org
4http://www.sourceforge.net/projects/ior-sio/
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MB for two transfer sizes of 512 KB and 1 MB. The IOR benchmark has different

application program interfaces (APIs) to do the tests. Overall, two tests each were

done using POSIX5 and MPIIO6 API. The maximum transfer speeds seen were as

follows:

API POSIX MPIIO

Max read 248964.97 MB/s 216964.27 MB/s

Max write 822.17 MB/s 921.03 MB/s

These numbers were consistent with the ones obtained by the Locuz team (239706.18

MB/s for read and 489.13 MB/s for write) during their performance testing.

This estimate, however, suffers from the caching of files before being actually

written to the disks. The cache memory on each node is 1 GB. The random

access memory (RAM) of each node is 64 GB. Thus, each processor has 4 GB

of RAM available for intense input/output operations. The test done above does

not take care of these issues and hence gives a very high value for both read and

write performance. In fact, the numbers obtained are the read/write speed for

the cache, which is much faster. To avoid getting such unreal numbers, the IOR

tests were run again with a file size of 9.4 GB (to avoid the RAM being used

for input/output) and a block size of 1 GB (to avoid the cache being used for

input/output). This time, only the MPIIO API was used with transfer sizes of 1

and 2 MB. The numbers obtained were as follows:

Transfer Size 1 MB 2 MB

Max read 940.83 MB/s 951.71 MB/s

Max write 203.58 MB/s 203.80 MB/s

From the above numbers, we concluded that the actual read and write speeds

were about 60 % and 40 % respectively, of the theoretical values. As the search

5Portable Operating System Interface
6MPI-input/output
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analysis was run on a local copy of the data, the lower performance of the disk

speed was not a major concern for search analysis. In fact the near expected

processor performance was a much desired result given the embarrassingly parallel

implementation of the pulsar search algorithm.
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