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ABSTRACT

We have used the 150 MHz radio continuum survey (TGSS ADR) from the Giant Metrewave Radio Telescope
(GMRT) to search for phase-averaged emission toward all well-localized radio pulsars north of —53° decl. We
detect emission toward 200 pulsars with high confidence (>5¢) and another 88 pulsars at fainter levels. We show
that most of our identifications are likely from pulsars, except for a small number where the measured flux density
is confused by an associated supernova or pulsar-wind nebula, or a globular cluster. We investigate the radio
properties of the 150 MHz sample and find an unusually high number of gamma-ray binary millisecond pulsars
with very steep spectral indices. We also note a discrepancy in the measured flux densities between GMRT and
LOFAR pulsar samples, suggesting that the flux density scale for the LOFAR pulsar sample may be in error by
approximately a factor of two. We carry out a separate search of 30 well-localized gamma-ray, radio-quiet pulsars
in an effort to detect a widening of the radio beam into the line of sight at lower frequencies. No steep-spectrum
emission was detected either toward individual pulsars or in a weighted stack of all 30 images.
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1. INTRODUCTION

It is well known that pulsars have considerably steeper
spectral indices than the background population of radio
sources. Their flux density (S,) can be described by a single
power law with slope « (i.e., S, o v®). Observationally
derived spectral indices have been determined variously to be
in the range of —1.6 £ 0.3 (Lorimer et al. 1995) to —1.8 £+ 0.2
(Maron et al. 2000). Bates et al. (2013) attempted to remove
pulsar survey biases to derive an intrinsic spectral index of
—1.4 £ 1.0. There have been claims that millisecond pulsars
have more shallow spectral indices on average than “normal”
(i.e., non-recycled) pulsars (Kramer et al. 1999), but this may
be due to an observational bias (Bates et al. 2013).

Deviations from this pure power-law behavior have been
seen at both high and low frequencies, with some fraction
(10%) having evidence for flat spectra and spectral steepening
above several GHz (Maron et al. 2000). Low-frequency
turnovers, first seen by Sieber (1973), have now been measured
for both normal and millisecond pulsars (MSPs), typically
below 100MHz (e.g., Dowell et al. 2013; Kuniyoshi
et al. 2015). External free—free absorption, either in the
immediate environment of the pulsar or along the line of sight,
gives a good explanation for the origin of the high-frequency
turnover pulsars (Lewandowski et al. 2015; Rajwade et al.
2016). The origin of the low-frequency turnovers is not so
clear. They could be telling us something fundamental about
the energy distribution of the coherent emitting electrons, or the
turnover could be due to absorption, occurring either within the
pulsar magnetosphere or along the line of sight.

Progress in understanding these low-frequency behaviors
and their dependence (if any) on known pulsar parameters has
been slow, owing to a shortage of flux density measurements
below 1 GHz (Malofeev et al. 1994). The best efforts to date
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are those of Malofeev et al. (2000), who obtained measure-
ments of 235 pulsars at 102.5 MHz, while 30 MSPs were
observed at 102 and 110 MHz (Kuzmin & Losovsky 2001).
Fortunately, the situation is changing with new instruments
such as the LOw-Frequency ARray (LOFAR) and the Long
Wavelength Array (LWA). There are more recent LWA
measurements of 44 pulsars from 10 to 88 MHz (Stovall
et al. 2015), and LOFAR has now observed large samples of
normal pulsars and MSPs at 110-188 MHz (Bilious et al. 2015;
Kondratiev et al. 2016).

In this paper we use the recently completed Giant Metrewave
Radio Telescope (GMRT) Sky Survey (TGSS ADR) to study
known radio and gamma-ray pulsar populations at 150 MHz.
This paper is arranged as follows. In Section 2 we briefly
describe the TGSS ADR survey. In Section 3 we outline our
search methods for both the radio-loud and radio-quiet
samples. The results are discussed in Section 4, where we
derive estimates of the spectral index distribution of the TGSS
ADR pulsars and compare the derived flux densities and the
detection statistics with previously published samples. Our
conclusions and suggestions for future work are given in
Section 5.

2. THE TGSS ADR SURVEY

The GMRT was used to carry out a radio continuum survey
at a frequency of 150 MHz using a total of 2000 hr of
observations. The entire sky was surveyed in over 5000
partially overlapping pointings from —55° decl. to the northern
polar cap covering 37,000 deg?.

The entirety of these data have recently been reprocessed
(TGSS ADR; Intema et al. 2016), creating high-quality images
of approximately 90% of the entire sky. The TGSS ADR
achieves a median rms noise level of 3.5 mJy beam ' and an
angular resolution of 25” for decl. >19°, and 25" x 25" /cos
(decl.—19°) for more southern decl. In the final catalog there
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Table 1
Bright Radio Pulsars Detected at 150 MHz
PSR Period DM S, S, « Notes
Name (ms) (pccm ™) (mJy) (mJy/ba)
J0030+0451 4.87 43 449 £ 45 349 +£2.8 —1.93 £0.15 2FGL J0030.44-0450
B0031-07 942.95 10.9 5165 £ 6.4 466.7 £ 2.8 —1.72 £ 0.13
J0034-0534 1.88 13.8 2653 £ 44 250.8 £ 2.6 —2.72 £ 0.08 2FGL J0034.4-0534, binary
BO114+4-58 101.44 494 713 £ 54 55.1 £34 —2.45 £ 0.04
B0136+4-57 272.45 73.8 1545 =49 146.3 £ 2.9 —1.57 £ 0.06
B0O138+59 1222.95 349 1382 + 44 1212 £ 2.6 —1.53 £0.10
B0144+4-59 196.32 40.1 33.1+£35 140 £ 2.6 —1.23 £0.08
B0148-06 1464.66 25.7 289 £5.0 26.1 £ 3.0 —1.39 £ 0.27
B0149-16 832.74 11.9 88.4 £ 7.0 81.8 + 4.1 —1.83 £0.12
J0218+4232 2.32 61.3 4320 £5.9 3952 £ 3.5 —2.76 £ 0.11 2FGL J0218.1+4233, binary

Note. Columns from left to right include the common pulsar name, period, dispersion measure, total flux from TGSS ADR, peak flux density from TGSS ADR,
spectral index, and notes on individual sources. Errors for the total flux density and peak flux are measured errors only. To get a conservative estimate of the
uncertainty of the flux density scale, add a 10% error in quadrature to these measured errors.

(This table is available in its entirety in machine-readable form.)

are some 0.62 x 10° radio sources down to the 7o level.
Compared to existing meter-wavelength surveys (Lane
et al. 2014; Heald et al. 2015; Wayth et al. 2015), the TGSS
ADR represents a significant improvement in terms of number
of radio sources, sensitivity, and angular resolution. The
improved angular resolution in particular allows accurate
matching of radio sources with counterparts at other wave-
lengths. The capabilities of the TGSS ADR are well matched to
existing surveys (Becker et al. 1995; Condon et al. 1998; Bock
et al. 1999) and provide a large frequency leverage arm for
spectral index measurements. For more details on this survey
and how to obtain the publicly available mosaic images and
source catalog, see Intema et al. (2016).

The observing bandwidth and integration time of the survey
are especially relevant to the detection of the phase-averaged
emission from pulsars. The original data were recorded with
256 frequency channels across 16.7 MHz of total bandwidth
centered on 147.5 MHz. The GMRT visibility data from the
archive were saved as 16.1s averages. Typically each
(pointing) direction on the sky was observed as a series of
short snapshots three to five times over the course of a single
night’s observing. The total integration time was 15 minutes
per pointing on average. During imaging of the pointings, these
data were combined in time and frequency to create a single
Stokes-I image. The full duration spent on any given point on
the sky is more difficult to quantify. The final data products
used for the analysis are 25 deg” image mosaics, formed by
combining overlapping 7.6 deg” pointing images. Note that
some pointings were observed repeatedly during multiple
observing sessions, imaged separately, and combined in
creating the mosaics. As a result, many sources have been
observed more than once, sometimes separated by days or even
months. As the survey’s pointing centers followed the FIRST
survey hexagonal grid strategy (Becker et al. 1995), the TGSS
ADR will have similar duration statistics (see Thyagarajan
et al. 2011).

3. METHODS
3.1. Radio-loud Pulsars

While pulsars are typically detected by their pulsed, periodic
emissions, they can also be identified in interferometric images
as phase-averaged continuum point sources. Kaplan et al.

(1998) were the first to employ a wide-field radio survey for
this purpose. They used the 1.4 GHz NRAO VLA Sky Survey
(NVSS; Condon et al. 1998) to identify 79 known pulsars from
the total intensity alone, while Han & Tian (1999) added in the
polarized intensity to identify 97 pulsars from the same survey.
The 325 MHz Westerbork Northern Sky Survey (WENSS;
Rengelink et al. 1997) was used by Kouwenhoven (2000) to
find radio emission toward 25 known pulsars. For this project
we employ the TGSS ADR at 150 MHz, using a version of the
source catalog that was formed by running the source
extraction algorithm PyBDSM (Mohan & Rafferty 2015)° with
its default parameters searching the mosaicked images down to
a 50 detection threshold. For our list of known pulsars we used
the HEASARC 2015 December 27 version of the ATNF Pulsar
Catalog (Manchester et al. 2005). A total of 1238 pulsars were
selected with decl. > —52° and having known positions with
Adecl. <+3" or AR.A. <0%35. A history file listing the
contents and any changes to the ATNF database as of 2015
December is at their web site.” Up to approximately 2015
November, our sample included all well-localized normal
pulsars from the Fermi sample at Stanford University, as well
as the MSP sample at the University of West Virginia. The
pulsar positions were corrected for proper motion using the
mean epoch of the TGSS ADR of 2011 January 11
(MJD 55,579.0).

Following Helfand et al. (2015), we searched for matches
between the PSR and TGSS ADR catalogs out to a radius of
30% of the FWHM of the 25” beam, or 7”5. We find that 200
known pulsars, or 16% of the sample, are associated with
TGSS ADR sources. We list these detections in Table 1, along
with some basic pulsar parameters (period and dispersion
measure), the total flux density, and peak flux from the TGSS
ADR. The ratio of the total flux density and the peak flux can
be a useful proxy in helping decide whether the radio emission
is extended or unresolved, and therefore likely phase-averaged
pulsar emission. We return to this point, as well as discussing
the rates of false positives, in Section 4.1.1. For all matches, we
derived two-point spectral indices between the TGSS ADR
total flux densities at 150 MHz and the 1400 MHz values from
the pulsar catalog. The 400 MHz flux density was used in those

6 http: / /www.astron.nl /citt/pybdsm/
7 http:/ /www.atnf.csiro.au /research /pulsar/psrcat/catalogueHistory.html
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Figure 1. Distribution of the S/N toward the pulsars that are not in the bright
TGSS ADR 50 sample. The peak flux has been measured at the position of
each pulsar, and a local estimate of the rms noise has been determined. The
bins are specified in units of 0.5¢. The distribution is normalized to the peak.
The thin line is an estimate of the blank-sky contribution estimated by making
peak and rms noise estimates at several locations within a radius of a few
arcminutes around each pulsar.

few cases where the 1400 MHz values were missing. When no
values were provided in the pulsar catalog database, we
obtained flux densities from the original literature.

The search method above was supplemented with an image-
based approach for pulsars below the 5o limit of the catalog.
For all of the original 1238 well-localized pulsars, we measured
the peak flux in the TGSS ADR images at the pixel
corresponding to the pulsar position, along with an estimate
of the rms noise in the immediate vicinity. We did not attempt
to search over some radius and fit a Gaussian since below 50
such an approach would likely lead to many more false
positives. The positive identifications are defined as having S,/
Oms = 2.5. Our justification for this choice of threshold is
shown in Figure 1. We make an estimate of the shape of the
signal-to-noise ratio (S/N) distribution as an estimate of the
blank sky in the vicinity of these pulsars (solid line). The
positive S/N peaks are strongly skewed above that expected
from Gaussian noise. From the ratio of the levels of the positive
and negative 2.50 bins we estimate that 4% of the detections at
this level will be false positives, or about two sources.

With this image-based approach we find significant emission
toward another 88 pulsars. For each of these we inspected the
mosaic images to verify that the emission was coming from a
point centered on the pulsar position and was not due to a
nearby extended source or an image artifact. Table 2 lists the
peak flux and rms toward all 88 pulsars, along with some basic
pulsar parameters identical to those in Table 1. Given the lower
significance, we are not as confident in these identifications as
we are with those in Table 1.

3.2. Radio-quiet Pulsars

Motivated by recent claims of the detection of pulsed radio
emission from the ‘radio-quiet” PSRJ1732—3131 (Maan
et al. 2012), we carried out a search for emission at 150 MHz.
In the Second Fermi Large Area Telescope (LAT) Pulsar Catalog
(2PC; Abdo et al. 2013) there are 35 PSRs that are radio-quiet,
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Table 2
Faint Radio Pulsars Detected at 150 MHz

PSR Period DM S, o
Name (ms) (pc cm ™) (mJy/ba) (mJy/ba)
B0011+47 1240.7 30.9 8.8 2.8
B0045+33 1217.09 39.9 7.5 24
B0059+65 1679.16 65.9 11.8 3.8
B0105+65 1283.66 30.5 10.6 4.1
J0134-2937 136.96 21.8 10.6 3.9
J0337+1715 2.73 21.3 15.9 34
B0339+53 1934.48 67.3 7.4 2.7
J0520-2553 241.64 33.8 8.5 3.0
J0540+3207 524.27 62.0 12.0 3.6
B0609+-37 297.98 27.1 10.4 34

Note. Columns from left to right include the common pulsar name, period,
dispersion measure, peak flux density from TGSS ADR, and the local rms
noise measured from the TGSS ADR image in the vicinity of each pulsar.
Errors for the peak flux are measured errors only. To get a conservative
estimate of the uncertainty of the flux density scale, add a 10% error in
quadrature to these measured errors.

(This table is available in its entirety in machine-readable form.)

defined as having a phase-averaged flux density S(1.4 GHz)
< 30 gdy. In the meantime the sample has grown; an updated list
of radio-quiet pulsars is available on the LAT team web site.® For
accurate pulsar positions we began with the recent compilation of
Kerr et al. (2015), which has a table of positions for normal
pulsars and MSPs obtained from both timing and multi-
wavelength observations. All positions from Kerr et al. (2015)
are computed at the epoch MJD 55,555 (2010 December 25).
This is useful when comparing to the TGSS ADR, which was
observed around the same epoch. Additional X-ray positions are
taken from Marelli et al. (2015).

The final list consisted of 30 radio-quiet pulsars in the decl.
range of TGSS ADR with localizations of an arcsecond or
better (Table 3). For all pulsars we extracted image cutouts and
looked for faint point sources at the pulsar position. We then
made a final stacked image of all 30 pointings weighted by the
inverse square of the local rms noise for each image. As the
image pixel size is the same 6”2 in all images, this ensures
accurate image stacking. No source is detected. The rms noise
is 0.7mly beamfl, and the max/min on the image is

approximately 4-2.3 mJy beam .

4. RESULTS AND DISCUSSION
4.1. Radio-loud Pulsars
4.1.1. ldentifications

The majority of the emission that was detected at 150 MHz is
likely due to phase-averaged pulsar emission. In support of
this, we note that the distribution of PSR-TGSS ADR offsets
follows the expected Rayleigh distribution, with 95% of the
identifications matched within a 4”5 radius. This is consistent
with the astrometric accuracy (68% confidence) derived for the
TGSS ADR of 1755 (Intema et al. 2016). Given the source
density of the TGSS ADR at the completeness limit of
17.6 source deg > and a search of 1238 positions each of radius

8 https://confluence.slac.stanford.edu /display/ GLAMCOG/Public+List

-++of +LAT-Detected+Gamma-Ray-Pulsars
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Table 3
Radio-quiet Pulsars

Name R.A. (J2000) Decl. (J2000) P P E S, to

(hms) [CRED) (ms) (ss™hH (erg s™h (mJy beam™")
J0007+7303 00:07:01.56 (0.01) +73:03:08.1 (0.1) 315.89 3.57e-13 4.48e+35 —0.8 £2.2
J0106+43855 01:06:25:03 (0.05) +48:55:52.0 (0.6) 83.16 4.28e-16 2.94e+-34 1.7 +£34
J0357+3205 03:57:52.33 (0.01) +32:05:20.7 (0.3) 444.10 1.31e-14 5.90e+33 —25+£27
J06224-3749 06:22:10:41 (0.07) +37:49:14.6 (3.5) 333.21 2.54e-14 2.71e+-34 3.8 £33
J0633+-0632 06:33:44.14 (0.02) +06:32:30.4 (0.3) 297.40 7.96e-14 1.19e+35 —4.6 £ 4.4
J06334-1746 06:33:54.310 (0.001) +17:46:14.60 (0.04) 237.10 1.10e-14 3.25e+34 27 +29
J0734—1559 07:34:45.70 (0.01) —15:59:19.8 (0.3) 155.14 1.25e-14 1.32e+35 14 +33
J1620—-4927 16:20:41.59 (0.09) —49:27:36.2 (1.7) 171.93 1.05e-14 8.15e+34 18 + 45
J1732-3131 17:32:33.55 (0.03) —31:31:23.9 (0.5) 196.54 2.80e-14 1.46e+35 <-7.9+79
J1741-2054 17:41:57.28 (0.02) —20:54:11.8 (0.3) 413.70 1.70e-14 9.5e33 52+£48
J1803—-2149 18:03:9.63 (0.01) —21:49:00.9 (3.7) 106.33 1.95e-14 6.41e+35 12 £ 10
J1809-2332 18:09:50.25 (0.03) —23:32:22.7 (0.1) 146.79 3.44e-14 4.30e+35 <9.9+8.4
J1813—-1246 18:13:23.77 (0.01) —12:46:00.6 (0.4) 48.07 1.76e-14 6.24e+36 52177
J1826—1256 18:26:08.54 (0.01) —12:56:34.6 (0.1) 110.23 1.21e-13 3.58e+36 177 £ 79
J1836+5925 18:36:13.72 (0.02) +59:25:30.1 (0.1) 173.26 1.50e-15 1.14e+34 29+ 3.6
J1838—-0537 18:38:56.2 (0.18) —05:37:04.5 (2.7) 145.71 4.65e-13 5.93e+36 0.5 £9.1
J18464-0919 18:46:25.88(0.03) +09:19:49.8 (0.5) 225.55 9.93e-15 3.42e+34 3.8 £ 6.1
J1907+0602 19:07:54.76 (0.05) +06:02:14.6 (0.7) 106.64 8.67e-14 2.82e+36 —-0.7 £ 8.1
J1932+41916 19:32:19.78 (0.06) +19:16:38.1 (1.6) 208.21 9.32e-14 4.1e35 24+53
J1954+2836 19:54:19.14 (0.01) +28:36:04.8 (0.1) 92.71 2.12e-14 1.05e+36 —25+28
J1957+5033 19:57:38.39 (0.07) +50:33:21.2 (0.7) 374.81 6.83e-15 5.12e+33 1.0 £ 3.7
J1958+-2846 19:58:40.01 (0.02) +28:45:55.1 (0.3) 290.40 2.12e-13 3.42e+35 14 £32
J20214-4026 20:21:30.73 (0.02) +40:26:46.0 (0.3) 265.32 5.42e-14 1.14e+35 —32 +£39
J2028+3332 20:28:19.88 (0.01) +33:32:04.2 (0.1) 176.71 4.86e-15 3.48e+-34 —4.6 £ 3.8
1203044415 20:30:51.40 (0.02) +44:15:38.7 (0.3) 227.07 6.49¢-15 2.19e+34 22+6.7
J2032+4127 20:32:13.14 (0.02) +41:27:24.5 (0.3) 143.25 1.25e-14 1.7e35 —11£7
J2055+2539 20:55:48.95 (0.03) +25:39:58.9 (0.6) 319.56 4.11e-15 4.97e+33 23+58
J2111+4606 21:11:24.13 (0.03) +46:06:30.7 (0.7) 157.83 1.43e-13 1.44e+-36 45 +43
J2139+4716 21:39:55.89 (0.06) +47:16:13.1 (0.7) 282.85 1.80e-15 3.15e+33 29+34
J2238+5903 22:38:28.90 (0.19) +59:03:43.4 (1.5) 162.74 9.70e-14 8.88e+35 —48 £ 3.4

Note. * Pulsar positions are taken from Kerr et al. (2015) and Marelli et al. (2015), while the remaining pulsar parameters are from the ATNF Pulsar Catalog

(Manchester et al. 2005).

(This table is available in machine-readable form.)

7"5 (see Section 3.1), we expect less than one false positive
(i.e., a background radio source not associated with a pulsar).
Further support for pulsar identifications comes from
Figure 2, in which we the show all pulsars (crosses) with
published 400 and 1400 MHz flux densities in the ATNF
catalog. Those pulsars with TGSS ADR detections are
indicated by circles. This figure shows that the TGSS ADR
associations are well correlated with the brightest pulsars, and
thus the number of false positives is likely to be low.
Furthermore, the number of associations drops off sharply for
S1400 < 0.6 mJy and Sj00 < 5 mly, as would be expected for
steep-spectrum pulsars given that the median noise of the
TGSS ADR is 3.5 mJy beam™'. The two outliers in the bottom
left corner of Figure 2 are PSR J2229+6114 and the LOFAR-
identified PSR J0613+3731. Their flux densities at 150 MHz
appear to be dominated by a pulsar-wind nebula called “The
Boomerang” (Kothes et al. 2006) in the first case and some
unidentified extended emission in the second case.

As the above example illustrates, not all the matches in the
TGSS ADR are from phase-averaged pulsar emission. Some
radio emission is due to an associated nebula (e.g., Crab), or
is from an ensemble of pulsars in a globular cluster. In Intema
et al. (2016) we derive an empirical formula to help decide
when a radio source is unresolved. In the high-S/N case this
reduces to S;/S, < 1.13. However, some caution is needed in
applying this criterion to pulsars since they can show strong
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Figure 2. Phase-averaged flux densities of known pulsars at 1.4 GHz and
400 MHz (crosses) as taken from the ATNF Pulsar Catalog. Circles indicate
those pulsars toward which radio emission was detected above 5o in the TGSS
ADR catalog at 150 MHz.

time variability during an integration time, violating one of the
central assumptions of the van Cittert—Zernike theorem, upon
which radio interferometric imaging is based. This can lead to
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Figure 3. Spectral index distribution of the ATNF Pulsar Catalog (light gray)
vs. the TGSS ADR 50 sample (dark gray). Both samples have been normalized
by total area for easier comparison.

deviations in the Gaussian fitted beam or, in especially strong
cases, diffraction spikes around the pulsar. A visual inspection
of the images is required to be sure since this same condition is
likely met by strongly scintillating pulsars like PSR B1937
+21. We examined the images of all of the detections in
Table 1 and find that likely non-pulsar candidates are those
entries for which the total flux density exceeds the peak flux
(i.e., § > S,) by more than 50%. For the small number of
TGSS ADR detections (11) that we suspect are contaminated in
this way, we add a comment in Table 1 and we do not derive a
spectral index.

4.1.2. Spectral Index Distribution

The distribution of the two-point spectral indices of the
TGSS ADR sample from Table 1 is shown in Figure 3. For
comparison we have plotted the more comprehensive sample of
329 pulsars from the ATNF Pulsar catalog with nonzero
spectral indices. As expected, the two histograms are in
reasonable agreement with each other, in terms of both the
width and the median of the two distributions.

If we order the spectral index values by pulsar period
(Figure 4), an unusual feature of our 150 MHz sample appears.
The steep-spectrum tail of the « distribution measured at low
frequencies is dominated by short-period pulsars. This effect is
not seen in the ATNF pulsar catalog. We have detected many
of the fastest rotating MSPs at 150 MHz, and these pulsars
show a marked preference for steeper spectral index values. Of
the 16 pulsars with o < —2.5, all but four are MSPs. Of these
MSPs, all except one has been detected by the Fermi gamma-
ray mission, including several eclipsing MSPs such as
PSR J1816+4-4510, with the steepest spectral index in Figure 4.
The 18 MSPs in Table 2 do not have ultrasteep spectra.
Kuniyoshi et al. (2015) were the first to note a tendency for the
gamma-ray MSPs to be steep-spectrum outliers based on a
smaller sample.

Since the values in Table 1 and Figure 4 are two-point
values, we suspected measurement error as the source of these
large values. As a first step we recalculated the spectral index
of all pulsars with o < —2.5 using the flux density and
observing frequency taken from the original references. If no
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Figure 4. Spectral index distribution of the TGSS ADR 50 pulsars as a
function of their rotational periods.

rms noise was given, we assumed a fractional error of 50% for
the flux density when estimating the uncertainty on .

There are several useful compilations of flux density
measurements and spectral indices we can use to cross-check
our measurements (Kramer et al. 1998; Toscano et al. 1998;
Kuniyoshi et al. 2015). We find reasonable agreement in the «
values for all of the MSPs within the errors. For PSR J1816
44510, the pulsar with the steepest two-point spectral index in
our sample, we refit our 150 MHz measurement along with a
value at 74 MHz (Kuniyoshi et al. 2015) and flux densities at
350 and 820 MHz (Stovall et al. 2014). The latter two
measurements were estimated from the radiometer equation,
so we have taken typical errors of +50% on these two values.
The mean spectral index is —3.46 £ 0.10, in agreement with a
preliminary value from Kuniyoshi et al. (2015).

Since there is no evidence that the distribution of MSP
spectral indices is steeper than the general population (Toscano
et al. 1998; Kramer et al. 1999), we suspect that this trend is the
result of some low-frequency bias. Most of the steep-spectrum
MSPs in Table 1 were discovered in low-frequency searches
(e.g., Fruchter et al. 1988; Bailes et al. 1994; Hessels
et al. 2011; Stovall et al. 2014). Two pulsars (B1937+21 and
JO218+4232) had such steep spectral indices that they were
initially identified in imaging data (e.g., Navarro et al. 1995).
Thus, it is reasonable to expect that the TGSS ADR survey at
150 MHz would be sensitive to steep-spectrum radio sources,
with a similar bias to low-frequency searches for pulsations
(Bates et al. 2013). This explanation, however, does not
account for the preponderance of gamma-ray pulsars among
our sample, nor for the unusually large fraction of (eclipsing)
binaries. We know of no intrinsic property of the MSP
population that would produce such an effect. Camilo et al.
(2015) noted that the nearby MSPs were susceptible to deep
flux density variations at decimeter wavelengths, with strong
exponential statistics such that the measured median flux
density is less than the mean, skewing the spectral index to
steeper values. Since many of these systems have been found
within the error ellipses of Fermi unassociated sources (e.g.,
Kerr et al. 2015), a more prosaic explanation may be that the
Fermi mission has been such a prolific source of MSPs that
they are overrepresented in any sample.
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Figure S. Left: flux densities of the pulsars detected in common between the GMRT and LOFAR samples. A 10% error has been added in quadrature to the measured
GMRT errors quoted in Tables 1 and 2 as a conservative estimate of the systematic error in the flux density scale. The LOFAR errors are taken from the original
papers. Right: same data as the left panel, but plotted as a histogram of the ratio of the GMRT pulsar flux densities over the equivalent LOFAR values. The area under

the histogram has been normalized by the total number of pulsars.

4.1.3. Comparison with the LOFAR Sample

It is illustrative to compare the TGSS ADR and LOFAR
samples. While both surveys were undertaken at the same
frequency, they were observed in very different ways. Thus, a
comparison could give us some insight into the different biases
of each survey. LOFAR has carried out a search for pulsed
emission from all northern radio pulsars (Bilious et al. 2015;
Kondratiev et al. 2016). This census was primarily conducted
with the LOFAR high-band antennas (HBAs) between 110 and
188 MHz, with 400 channels each of 0.195 MHz in width, or a
bandwidth of 78 MHz. Each pulsar was observed once for at
least 20 minutes, although long-period (P > 3 s) normal pulsars
and faint MSPs were observed up to 60 minutes in duration.
Pulsed emission from a total of 158 normal pulsars and 48
MSPs was detected. The GMRT observing method is
summarized in Section 2, and the pulsar yield is given in
Section 4.1.1. We find 92 pulsars commonly detected in both
the LOFAR and TGSS ADR surveys (Tables 1 and 2).

Figure 5 (left) is a flux-flux plot of LOFAR and TGSS
measured flux densities, while the same figure (right) shows a
flux ratio plot of the same sample. The flux densities of the
LOFAR and TGSS ADR pulsars do not agree. On average, the
LOFAR pulsars are about two times brighter than the the TGSS
ADR. The result persists even if we use only the bright pulsars
in common (i.e., Table 1). There are some significant outliers,
dominated by bright, scintillating MSPs such as PSR B1937
+21 and PSR J0218-+4232, but the overall trend is clear.

We can immediately rule out frequency-dependent effects
for this difference in the flux density scales since the surveys
were performed at similar frequencies. Spectral curvature was
the most likely explanation offered by Kondratiev et al. (2016)
for why the LOFAR flux densities for one-third of their MSPs
are lower than the predicted values based on an extrapolation
from higher frequencies. Diffractive scintillation, while clearly
important for the outliers, is not the likely origin for the
systematic difference. The large observing bandwidths and the
long integration times relative to the scintillation values for
both the LOFAR and GMRT observations (Section 2) suggest

that modulation of the flux density is not widespread; see
Section 4.1.4 and Appendix A of Bilious et al. (2015). There is
one important difference: the typical 20-minute LOFAR
integration time is a single integration, while the 15-minute
GMRT observations are typically subdivided into three to five
short observations taken over a night of observing. The latter is
a more optimal detection strategy when there are intensity
variations caused by the phase fluctuations in the interstellar
medium (Cordes & Lazio 1991). If this effect is important,
however, it would result in the LOFAR flux densities being
lower on average than the GMRT values, the opposite of what
is seen. Temporal scattering can also reduce the measured flux
density for pulsed surveys, but as an imaging survey, the TGSS
ADR is not sensitive to pulse smearing caused by interstellar
scattering. While the LOFAR surveys are sensitive to such
effects, they would also act to lower the measured flux density.

We are left with instrumental effects associated with gain
calibration. The TGSS ADR flux density scale is good to about
10% over the full sky. Taken in interferometric imaging mode,
the data each day were calibrated back to several low-
frequency primary flux density calibrators (3C 48, 3C 147,
3C 286, and 3C 468.1). After calibration of the full survey, the
accuracy of the flux density scale was cross-checked against
other sky surveys such as 7C (Hales et al. 2007) and the
LOFAR Multi-frequency Snapshot Survey (MSSS; Heald
et al. 2015), and they were found to agree at the ~5% level.
On the other hand, the flux density calibration for the LOFAR
pulsar survey was done directly using the radiometer equation
for direction-dependent estimates of the antenna gain and the
sky system temperature. The calibration was cross-checked
with regular observations of a sample of normal pulsars and
MSPs with well-determined spectra. Variations at a level 2—4
times larger than expected from scintillation alone were seen to
occur, and thus the resulting flux density scale was quoted with
errors of +50%.

We tentatively suggest that our TGSS ADR pulsar sample
shows that there remains an unaccounted gain error in the
LOFAR pulsar observing system that results in an overestimate
of the flux density scale by about a factor of two.
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4.1.4. The Missing Pulsars

Despite the high yield, there are also a number of pulsars in
Figure 2 with large decimeter flux densities but with no TGSS
ADR counterpart in Table 1. Likewise, we failed to detect
several bright pulsars that had been found in previous low-
frequency pulsation surveys (e.g., Kuzmin & Losovsky 2001;
Bilious et al. 2015). To investigate the origin of these missing
pulsars, we defined a radio-bright sample from the original
1238 well-localized pulsars in Section 3.1 as having 400 and
1400 MHz flux densities greater than 21 and 1.8 mJy, respec-
tively. For a canonical pulsar spectral index these flux densities
extrapolate at 150 MHz to the completeness limit of the TGSS
ADR (Intema et al. 2016). There are 232 such pulsars. Of this
sample, 70% are detected and are listed in Tables 1 and 2.

We can identify three possible reasons that about one-third
of this radio-bright sample of pulsars would not be detected in
the TGSS ADR: the local rms noise may be too high, the pulsar
spectrum may be flat or turn over at 150 MHz, or the signal
may be reduced due to interstellar scintillation. It may be
possible that one of these effects is dominant, or that they are
working in tandem. We will look at each of these in turn.

At low radio frequencies the synchrotron and thermal
emission from the Galactic plane makes a non-negligible
contribution to the system temperature of the receivers. The
frequency dependence of the brightness temperature goes
approximately as 7, o< v~>% (Haslam et al. 1981), so unless the
pulsar spectrum is steeper than this value, they become
increasingly more difficult to detect. While the increased
brightness temperature affects pulsed and imaging searches
equally, the latter also suffers from increased rms due to
confusion and reduced image fidelity in the presence of bright
Galactic H i1 regions or supernova remnants. The pulsar B 2319
460 is a good example of a bright pulsar confused by nearby
bright, extended emission. We looked at the rms noise statistics
of the detected and nondetected samples, following up the large
rms cases with a visual inspection of the TGSS ADR image
data at the PSR positions. We find evidence that the rms noise
of the images has some influence on the detectability of the
pulsars. The median rms noise for the detections is
3.5 mJy beam ', while for the nondetections it is nearly twice
this value (6.9 mJy beam ).

The intrinsic spectral shape of the pulsar emission will also
affect the detectability at low frequencies. The mean pulsar
spectral index, while steep, has a wide scatter (Section 1).
Likewise, for approximately 10% of known pulsars there is
evidence of a low-frequency spectral turnover, typically around
100 MHz (Section 1). Our 150 MHz sample has a number of
pulsars with known spectral turnovers, including PSR J2145-
0750 (Dowell et al. 2013). We lack a large public database of
accurate pulsar flux densities that would be sufficient to look
for a turnover frequency for our nondetections, but fortunately
most of them have single power-law measurements in the
ATNF pulsar catalog. The median spectral index for the

detections is @ = —1.9, and there are no pulsars in this sample
as shallow as o« < —0.5. The nondetections have a much flatter
median spectral index of & = —1.3. At least one-third of our

nondetections have spectral indices that are so flat that we do
not expect to detect them at 150 MHz based on an extrapolation
of their 400 or 1400 MHz catalog flux densities.

Density fluctuations in the ionized interstellar medium of our
Galaxy can induce intensity fluctuations that may depress the
flux density of a pulsar during an integration time. The
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characteristic time and frequency scale depends on many
factors, including the distance of the pulsar, the turbulent
properties of the gas along the line of sight, and the relative
velocities of the pulsar and the ionized gas (Cordes et al. 1991).
To estimate the magnitude of strong scattering on the phase-
averaged pulsar flux densities, we followed the method of
Kaplan et al. (1998). We first estimated the scattering band-
width and scattering time at 150 MHz for each pulsar using the
NE2001 model of Cordes & Lazio (2002). Typical scintillation
timescales and bandwidths at these frequencies are small, of
order 1 minute and below 1 MHz, respectively. Our values are
similar to the values estimated at the same frequency by Bilious
et al. (2015). We then estimate the number of “scintles” that are
averaged over the observed bandwidth and the duration of the
observation. The intensity modulation is equal to the square
root of this value. The observed bandwidth is given in
Section 2 as 16.7 MHz. The durations of the GMRT observa-
tions are more difficult to estimate. The total integration on
source is 15 minutes, but it is split into three to five short
snapshots spaced over a full night’s observing. As an added
complication, the image mosaics are additions of many
overlapping fields, and so it is possible that a single pixel
may contain observations from more than one night. This
sampling has the effect of smoothing out any large intensity
modulations, so as a (pessimistic) estimate we take the duration
as 15 minutes, but we recognize that there may be additional
temporal smoothing. Our results by and large suggest that the
TGSS ADR pulsar flux densities are only being weakly
modulated by scintillation in most cases. There are pulsars that
are predicted to be undergoing strong diffractive scintillation at
this frequency (e.g., PSR B0950+08 and PSR 1929+10), and
there are diffraction spikes centered on the MSP PSR B1937
+12, likely caused by intensity variations on timescales
comparable to the dump time. However, we can find no
systematic trend for the nondetected pulsars to have greater
predicted modulations from scattering.

Summarizing, we find that the bright cataloged pulsars with
no TGSS ADR counterpart may be due to a combination of
effects. There is evidence that the nondetections at 150 MHz
have more shallow spectral indices than average, and that some
of the nondetections are caused by high rms and confusion in
the image plane. Strong intensity variations by interstellar
scintillation are undoubtedly occurring for some pulsars, but
we cannot show that the nondetections differ from the
detections in their scattering properties. The difficulty in
estimating the true GMRT integration time for each pulsar may
be masking this effect.

4.2. Radio-quiet Pulsars

Our search did not find any significant radio emission at
150 MHz toward individual radio-quiet pulsars, nor in a
weighted stack of all 30 pulsars. The peak of the stacked
image in Figure 6 is 0.1 & 0.7 mJy beam ', with upper limit
(peak + 20) of <1.5 mJy beam™'. Recall from Section 3.2 that
“radio-quiet” pulsars are observationally defined as having a
phase-averaged flux density at 1.4 GHz S, < 30 pJy. The
simplest hypothesis is that radio-quiet pulsars are beamed away
from the line of sight (Camilo et al. 2012).

Radio-quiet gamma-ray pulsars, with Geminga as the
prototype, are expected, given what we know about the
structure of neutron star magnetospheres (Caraveo 2014). The
radio emission is thought to originate further down the poles
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Figure 6. Noise-weighted stack of all 30 gamma-ray radio-quiet pulsars at
150 MHz. The rms noise is 0.7 mly beam’l, and the max/min
is £2.3 mJy beam'. The field of view is 5'.

than the gamma rays, and thus the radio will be beamed into a
narrowing opening angle, increasing the probability that the
beam sweeps out away from the observer’s line of sight.
However, it is well known that both the radio pulse width and
the component separation are frequency dependent (Thorsett
1991; Mitra & Rankin 2002). As noted by Maan et al. (2012),
this widening of radio beams at low frequencies might be used
to detect radio-quiet, gamma-ray pulsars. Such pulsars would
be recognized in the image plane as having a spectral index that
is much steeper than the canonical value. PSR B1943+10 may
be thought of as the prototype of such systems, bright at
400 MHz and below but weak at 1.4 GHz, with a spectral index
« steeper than —3.0 (see Table 1; Weisberg et al. 1999). The
lower limit estimate on spectral index that we derive from the
weighted stack at 150 MHz, assuming the defining radio-quiet
1.4 GHz flux density of 30 pJy, gives o > —1.75 £ 0.20. This
is a spectral index limit that is well within the canonical value
for normal pulsars. Thus, we find no evidence that these
gamma-ray pulsars have radio beams that sweep close to our
line of sight.

5. CONCLUSION

We have identified nearly 300 pulsars at 150 MHz based on
their phase-averaged emission on all-sky images. This imaging
approach is complementary to pulsation studies since it is not
affected by pulse scatter broadening or dispersion, making it
sensitive to both normal and millisecond pulsars equally. Our
sample includes many southern pulsars that are being detected
at low radio frequencies for the first time. We anticipate that
these 150 MHz flux densities will be used to study large
numbers of pulsar over a wider frequency range than has
hitherto been possible and to address questions about the
incidence and origins of low-frequency spectral turnovers.
Accurate calibration between telescopes remains an important
issue, and we have identified a discrepancy between the flux
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densities of pulsars in common between GMRT and LOFAR.
We suggest that the LOFAR sample may be overestimating the
flux density scale by about a factor of two. It should be
straightforward to test this hypothesis by observing a sample of
pulsars with LOFAR in both imaging and phase-binning
modes, calibrating the interferometric data in the standard way
to allow proper comparison with each other and with
the GMRT.

We have carried out a preliminary spectral index study of our
sample. Generally there is good agreement with past work,
except that we find a curious preponderance of gamma-ray
MSPs with unusually steep spectral indices (o < —2.5).
Regardless of its origins, this suggests a possible way to
identify new MSP candidates in Fermi unassociated sources on
the basis of their unusually steep spectrum at low radio
frequencies. Such pulsars may have been missed in radio
pulsation searches due to propagation effects caused by the
interstellar medium, or they may be in binary systems and thus
more difficult to discover. In such cases, imaging Fermi error
regions with LOFAR and the GMRT could provide accurate
enough positions to enable blind gamma-ray searches for
pulsations.
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