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Abstract

We present the pulse arrival times and high-precision dispersion measure estimates for 14 millisecond pulsars observed simultaneously in
the 300—500 MHz and 1260—1460 MHz frequency bands using the upgraded Giant Metrewave Radio Telescope. The data spans over a base-
line of 3.5 years (2018-2021), and is the first official data release made available by the Indian Pulsar Timing Array collaboration. This data
release presents a unique opportunity for investigating the interstellar medium effects at low radio frequencies and their impact on the timing
precision of pulsar timing array experiments. In addition to the dispersion measure time series and pulse arrival times obtained using both
narrowband and wideband timing techniques, we also present the dispersion measure structure function analysis for selected pulsars. Our
ongoing investigations regarding the frequency dependence of dispersion measures have been discussed. Based on the preliminary analysis
for five millisecond pulsars, we do not find any conclusive evidence of chromaticity in dispersion measures. Data from regular simultaneous
two-frequency observations are presented for the first time in this work. This distinctive feature leads us to the highest precision disper-
sion measure estimates obtained so far for a subset of our sample. Simultaneous multi-band upgraded Giant Metrewave Radio Telescope
observations in 300—500 MHz and 1260—1460 MHz are crucial for high-precision dispersion measure estimation and for the prospect of
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expanding the overall frequency coverage upon the combination of data from the various Pulsar Timing Array consortia in the near future.
Parts of the data presented in this work are expected to be incorporated into the upcoming third data release of the International Pulsar

Timing Array.
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1. Introduction

Pulsars are rotating neutron stars whose electromagnetic radiation
is received as periodic pulses by the observers. Their high rota-
tional stability allows us to use them as accurate celestial clocks
to probe a wide range of time-domain phenomena (Hobbs et al.
2019). This is possible through the technique of pulsar timing,
where the pulsar rotation is accurately tracked by precisely mea-
suring the times of arrival (ToAs) of its pulses (Edwards, Hobbs, &
Manchester 2006). Pulsar Timing Arrays (PTAs: Foster & Backer
1990) such as the Parkes Pulsar Timing Array (PPTA: Hobbs
2013; Manchester et al. 2013; Kerr et al. 2020), the Indian Pulsar
Timing Array (InPTA: Joshi et al. 2018), the European Pulsar
Timing Array (EPTA: Kramer & Champion 2013; Desvignes et al.
2016; Chen et al. 2021), and the North American Nanohertz
Observatory for Gravitational Waves (NANOGrav: McLaughlin
2013; Demorest et al. 2013; Arzoumanian et al. 2015, 2018;
Alam et al. 2020a, b) are experiments that aim to detect grav-
itational waves (GWs) in the nanohertz frequency range using
an ensemble of millisecond pulsars (MSPs) as a galaxy-sized
celestial detector. The International Pulsar Timing Array (IPTA:
Hobbs et al. 2010; Verbiest et al. 2016; Perera et al. 2019)
aims to combine the data and resources from the different PTA
experiments to expedite the detection of nanohertz GWs and
strengthen the post-detection science capabilities. These efforts,
together with rapidly maturing PTA campaigns in China (Lee
2016) and South Africa (Bailes et al. 2016), are expected to inau-
gurate the field of nanohertz GW astronomy in the near future
(Goncharov et al. 2021b; Arzoumanian et al. 2021; Chen et al.
2021).

The InPTA experiment aims to use the unique strengths of
the Giant Metrewave Radio Telescope (GMRT: Swarup et al.
1991) after its recent major upgrade (uGMRT: Gupta et al.
2017) to complement the international PTA efforts by providing
a unique low-frequency view of PTA pulsars. In our experi-
ment, the data are recorded simultaneously in both 300—500 MHz
and 1260—1460 MHz ranges, which enable us to make some of
the most precise dispersion measure estimations so far. While
there are other low-frequency telescopes, such as the Murchison
Widefield Array (70—300 MHz) and LOFAR (10—240 MHz), the
distinctive feature of the uGMRT is its ability to observe simul-
taneously over a much wider frequency range including low
frequencies with multiple bands. It may be noted that similar
capability is likely in the future with FAST with its wideband
receivers (70 MHz—3 GHz) and Square Kilometre Array, but cur-
rently, only the uGMRT has such capabilities. Such low-frequency
observations are especially relevant for characterising the effects
of the interstellar medium, which are strongest at low frequencies
(Lorimer & Kramer 2004). The broad bandwidth and high collect-
ing area provided by the uGMRT at low radio frequencies make
it an ideal instrument to characterise such effects (Krishnakumar
etal. 2021).
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We describe in this paper the time of arrival (ToA) mea-
surements, timing analysis, and the characterisation of dispersion
measure variations of 14 pulsars using observations taken over
a span of 3.5 yr (2018—2021) with the uGMRT. In this work,
we employ two different approaches for ToA generation and dis-
persion measure (DM) estimation. The traditional ‘narrowband’
approach splits the broadband observations into multiple sub-
bands. The ToAs are computed separately for each sub-band
(Taylor 1992), and the DM for each epoch can be estimated
from these narrowband ToAs. We refer to these measurements
as the narrowband ToAs and the narrowband DMs. An alterna-
tive approach, employing the more recent ‘wideband’ technique
(Pennucci, Demorest, & Ransom 2014; Pennucci 2015) utilises
principal component decomposition of frequency-resolved pul-
sar profiles observed over a wide bandwidth to account for the
frequency-dependent evolution of the profiles. This technique
generates a single ToA per observation for the entire bandwidth,
together with the corresponding DM. We refer to the ToAs and
DMs estimated using this method as the wideband ToAs and wide-
band DMs, respectively. Note that the wideband DMs are not
derived quantities of the wideband ToAs unlike in the narrowband
case. Nobleson et al. (2022) showed that the application of the
wideband technique to InPTA data provides significant improve-
ment in the timing precision as compared to the traditional
narrowband technique.

The data presented here, particularly the high-precision DMs,
are likely to enhance the sensitivity required to detect nanohertz
GWs when these are combined with data from other PTA
experiments. Simulations available in the literature suggest that
accommodating epoch-wise high-precision DM measurements
can improve the precision of the estimated pulsar parameters as
well as the upper limit/estimate of the amplitude of red noise in
a PTA dataset significantly (Lentati, Alexander, & Hobson 2013;
Pennucci et al. 2014; Lentati et al. 2016; Goncharov et al. 2021a;
Chalumeau et al. 2022).

The data presented in this paper is being made available
publicly for combinations with other PTA experiments® (refer
Section 6). Parts of the data presented in this work are expected to
be included in the upcoming third data release of the International
Pulsar Timing Array.

This article is arranged in the following manner. A brief
overview of the InPTA experiment is provided in Section 2. In
Section 3, we describe our observation, data reduction, and pre-
processing procedures. In Section 4, we describe the methods for
estimating ToAs and DMs from our observations. Section 4.1
elaborates our iterative narrowband method of ToA genera-
tion and DM estimation. Section 4.2 explains the methodology
adopted for ToA and DM estimation using the wideband tech-
nique. Section 4.3 consists of details regarding the procedure of

*https://github.com/inpta/InPTA.DR1.


https://github.com/inpta/InPTA.DR1
https://doi.org/10.1017/pasa.2022.46

Publications of the Astronomical Society of Australia
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Figure 1. The sky distribution of those 14 pulsars observed during the InPTA experiment that are included in the present data release is indicated by red stars, whereas that used

in the IPTA Data Release 2 is marked with grey circles.

obtaining narrowband and wideband timing solutions. Section 4.4
includes a description of the methodology used for structure func-
tion analysis of the obtained DM time series. The estimated ToAs,
DM variations, the timing model used for each pulsar, the esti-
mated timing parameters, results from DM structure function
analysis, and preliminary investigations into the frequency depen-
dence of DMs are presented in Section 5. Finally, in Section 6, we
summarise our work and discuss future directions.

2. The InPTA experiment

The Indian Pulsar Timing Array experiment® started as a pilot
campaign using the legacy GMRT and the Ooty Radio Telescope
(ORT: Swarup etal. 1971) in 2015. The experiment is conducted by
amulti-national collaboration of about 40 researchers hailing from
various institutions. During this pilot phase of the experiment,
we tested our observation and data analysis strategies, defined
the pulsar sample, and obtained preliminary timing solutions for
folding the pulsar time series data. The InPTA started using the
new capabilities of the upgraded GMRT since 2018 April. The
initial sample for the experiment consisted of 22 pulsars which
were observed once every 15 d. As the collaboration experimented
with different observing strategies, the number of observed pul-
sars ranged from 5 to 22. A discussion of these limitations during
the initial phases of the experiment is beyond the scope of the
present article. All such observation strategies are elaborated in
Joshi et al. (2022). The sky distribution of the 14 selected pulsars
from the full InPTA sample that are included in the present data
release is shown in Figure 1 in comparison with the sample used
in the International Pulsar Timing Array Data Release 2 (IPTA
DR2: Perera et al. 2019). Except for a hiatus of 6 months during
2019, at least 5 pulsars have been routinely observed for the last
three and a half years using the uGMRT since the beginning of
the main InPTA experiment. The first data release of the InPTA,
consisting of data products for fourteen pulsars, will be made pub-
licly available together with this paper. The details of the InPTA
observations and data analysis are presented in the forthcoming
sections.

Phttps://inpta.iitr.ac.in/.
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3. Observations and data processing

In this work, we use observations of 14 pulsars conducted using
the uGMRT (Gupta et al. 2017) as part of the InPTA experi-
ment from 2018 to 2021 typically with a bi-weekly cadence. These
observations were carried out during observing cycles 34—35
and 37—40 of the uGMRT, where the 30 uGMRT antennae were
divided into multiple phased subarrays, simultaneously observing
the same source in multiple bands in total intensity mode. During
cycles 34—35, the observations were carried out using three sub-
arrays in Band 3 (400—500 MHz), Band 4 (650—750 MHz), and
Band 5 (1360—1460 MHz) of the uGMRT with 100 MHz band-
width, whereas in cycles 37—40, the observations were carried
out using two subarrays in Band 3 (300—500 MHz) and Band
5 (1260—1460 MHz) with 200 MHz bandwidth. As observations
in Band 4 were carried out only in the earliest two cycles with
100 MHz of bandwidth, this dataset is not included in the present
data release. The Band 3 data in all cycles as well as the Band 5
data in cycles 34—35 (except observations between 2018 October
20 and 2018 November 14) were coherently dedispersed using
a real-time pipeline (De & Gupta 2016) to the known DM of
each pulsar. The setup and command files for the observation
sessions are prepared using automated scripts developed and
maintained by the InPTA members. The observation settings used
in general for different observation cycles, such as the number of
frequency channels and the sampling time, are listed in Table 1
(non-standard epochs are mentioned in the caption). The sky dis-
tribution of the pulsars observed between 2018—2021 is plotted in
Figure 1.

The channelised time series data generated by the uGMRT were
recorded using the GMRT Wideband Backend (GWB: Reddy et al.
2017) in a binary raw data format, along with the timestamp at the
start of the observation in a separate ASCII file. We used a pipeline
named pinta (Susobhanan et al. 2021) to convert these raw data
files into partially folded PSRFITS archives, which can be fur-
ther analyszed using popular pulsar softwares such as PSRCHIVE
(Hotan, Van Straten, & Manchester 2004). The time series data
were folded using pulsar ephemerides derived from the IPTA DR2
(Perera et al. 2019). pinta accommodates two different methods
for RFI mitigation, out of which we use RFIClean (Maan, van
Leeuwen, & Vohl 2021) in this work.
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Table 1. Observation settings used for INPTA observations. The multi-band observations are carried out simultaneously using multiple sub-arrays,
and recorded using the GWB backend. A 410 kHz correction is applied for MJDs lying between 59217 and 59424 (Cycle 39—40) due to an offset in
the local oscillator frequencies in all bands at the observatory during these epochs. PSRs were observed on MJDs 58413 and 58431 (Cycle 35) with
a bandwidth of 200 MHz (standard bandwidth for cycles 34 and 35 was 100 MHz). Band 5 data between MJDs 58411 and 58436 (Cycle 35) were
not recorded with coherent dedispersion. MJDs 59376 and 59380 (Cycle 40) were non-standard observations with the Polyphase Filterbank (PFB)

setting turned on (PFB is turned off for all our observations in general).

Observation No. of MJD MJD Frequency Number of Sampling Coherent
cycle PSRs start end Band no band (MHz) channels time (us) dedispersion
34 22 58235 58389 3 400—-500 1024 81.92 Yes
4 650—750 1024 81.92 No
5 1360—1460 1024 81.92 Yes
35 22 58413 58524 3 400—-500 1024 81.92 Yes
4 650—750 1024 81.92 No
5 1360—1460 1024 81.92 Yes
37 6 58781 58922 3 300—500 512 20.48 Yes
5 1260—1460 1024 40.96 No
38 5 58990 59133 3 300—500 512 20.48 Yes
5 1260—1460 1024 40.96 No
39 6 59156 59309 3 300—500 256 10.24 Yes
5 1260—1460 1024 40.96 No
40 13 59343 59496 3 300—500 128 5.12 Yes
5 1260—1460 1024 40.96 No

All profiles are pre-processed by time-collapsing and apply-
ing frequency offset corrections® before ToA and DM estimations.
Additionally, backend delays introduced by the GWB that depend
on the observation settings, described in Reddy et al. (2021),
must be corrected for to achieve high-precision timing. These cor-
rections are incorporated in the PSRFITS archive headers using
the be:delay field.¢ The pat and pptoa commands® apply the
appropriate corrections to the ToAs generated from such archives.

4. Methods for ToA and DM estimation and pulsar timing

In this section, we discuss the methods adopted for estimating the
ToAs and DMs from our observations. These methods, as elabo-
rated in the following sections, can be broadly classified into two
categories: (1) narrowband, and (2) wideband techniques.

4.1. Narrowband technique

Precise ToA and DM estimations at low frequencies using the
traditional narrowband technique are restricted by the following
factors: (1) the estimated DM and frequency-dependent profile
shape evolution are covariant with each other, (2) frequency-
collapsing the data to improve the signal-to-noise ratio (S/N) can
introduce smear if uncorrected DM variations are present, and
(3) interstellar scatter broadening can introduce systematic biases
in the estimated DMs. To minimise the systematic errors intro-
duced by factors (1) and (2), we adopt an iterative strategy that is

“See Susobhanan et al. (2021) for discussion on the frequency labels for uGMRT data
implemented in pinta. For uGMRT observations carried out between 2019 October 18
and 2021 July 29 using the TGC control system, the frequency labels require an additional
+10 kHz correction.

dThese offset corrections are implemented in the latest version of pinta used in this
work, although it was not present in the earlier version.

“See Sections 4.1 and 4.2 for more details.
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described below. We are currently developing strategies for min-
imising the systematic bias introduced by scatter broadening that
will be presented elsewhere.

4.1.1. Template generation

In order to estimate DMs and ToAs from our observations, we
begin by creating noise-free templates for each pulsar. For this
purpose, we identify a high-S/N observation for each pulsar from
the latest uGMRT cycle (cycle 41), which lies outside the span of
the present data release. We do not add multiple epochs together
since the uncorrected DM variations can introduce significant
smear in the shape of the average profile, especially at low frequen-
cies. Instead, we use the Band 3 and Band 5 profiles with their
full available frequency resolution from the designated high-S/N
epochs for template construction.

The DM values estimated using a template can exhibit a
constant offset from the true DM of the pulsar depending on
the fiducial DM that is used to dedisperse the template itself
(Krishnakumar et al. 2021). Such offsets are taken care of by
aligning the frequency-resolved template profiles across all the
bands. This is initially achieved by adopting one of the meth-
ods described by Krishnakumar et al. (2021), which aligns the
frequency-resolved profiles across both the bands by maximis-
ing the S/N using the pdmp command of PSRCHIVE. After the
preliminary alignment using pdmp DM from band 3, we pre-
pare frequency-resolved templates in each band using an optimal
wavelet smoothing algorithm (Demorest et al. 2013) available in
PSRCHIVE via the psrsmooth command.

While estimating the narrowband ToAs, we are faced with a
trade-off between the ToA precision and frequency resolution due
to the fact that a narrow frequency channel may not yield enough
S/N for precise ToA determination. Therefore, we are forced to
partially frequency-collapse the profile, which will lead to profile
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Figure 2. Asample figure illustrating that we do not require FD parameters while using
frequency-resolved templates to obtain ToAs. In the top panel of the figure, the ToAs
obtained from the observation of PSR J1909—3744 simultaneously at Band 3 and Band
5 are shown and in the bottom panel, the same ToAs are depicted after removing the
residual DM trend. The blue points show Band 5 ToAs and the red ones show Band 3
ToAs respectively. The dashed line in the top panel is drawn for indicative purposes
only and is not a fit. No additional trend is visible in the residuals, and hence there is
no need to fit for additional FD parameters.

smear, if the profile is not dedispersed to either a fitted fiducial
DM value or accurate epoch-by-epoch DM variations. As we do
not have prior knowledge of the DM variations, we must apply
an iterative method for accurately estimating the DMs and the
ToAs.

To do this, we begin by dedispersing the Band 3 template
and subintegrations from the Band 3 template epoch data itself
to an initial, possibly inaccurate value of the pdmp DM. The
Band 3 subintegrations are cross-correlated with this template and
frequency-resolved Band 3 ToAs are generated. An initial pul-
sar ephemeris, which is the same as the one derived from IPTA
DR2 (Perera et al. 2019) and used for folding the data is used to
fit the ToA residuals to a fiducial DM using TEMP02 (Edwards
et al. 2006; Hobbs, Edwards, & Manchester 2006). This fitted DM
obtained from the alignment of Band 3 residuals alone for the
template epoch is used to dedisperse both Band 3 and Band 5
templates.

In the next step, to take full advantage of our simultane-
ous multi-band observations, we use the dedispersed frequency-
resolved templates to generate sub-banded ToAs in Band 3 and
Band 5 by cross-correlating the corresponding subintegrations
from the template epoch. The multi-band ToA residuals are
aligned across sub-bands by fitting for a DM. This final DM esti-
mated from the template epoch aligns all the frequency-resolved
ToAs in Band 3 and Band 5, thus eliminating any frequency-
dependent (FD) dispersive trend in the template epoch as demon-
strated in Figure 2. The iteratively estimated DM is applied across
all the data in both the bands as the new fiducial value. The
final templates are dedispersed using this fiducial DM estimate.
Since the cross-correlation between the data and template with full
frequency resolution takes place across sub-bands, any frequency-
dependent profile evolution across sub-bands is taken care of
entirely by the frequency-resolved templates. As a result, fitting
for additional FD parameters (Arzoumanian et al. 2015) is not
required in our analysis.
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4.1.2. ToA and DM estimation

We then run DMcalc (Krishnakumar et al. 2021) on all the avail-
able band profiles together using the fitted fiducial DM and the
frequency-aligned templates, to obtain the epoch-by-epoch DM
variations for each pulsar. DMcalc uses the Python interface of
PSRCHIVE to obtain frequency-resolved ToAs. It then uses the
Huber regression (Huber 1964) to fit for a quadratic trend on
the ToA residuals (obtained with TEMP02) and remove ToAs that
are beyond 30 of the median absolute deviation of the residu-
als. After this step, the remaining ToAs are then passed on to
TEMPO2 for DM fitting. The resulting DM and frequency-resolved
ToAs with IPTA-specific flags are written out into ASCII files for
timing. A sample analysis plot produced by running DMcalc on
the observation of PSR J1909—3744 on MJD 59370 is shown in
Figure 3. It can be seen that the outlier rejection methodology
used in DMcalc helps remove large outliers and aid in improv-
ing the DM measurement. The initial estimate of the number of
sub-bands for partial frequency-collapsing of the data is obtained
using qualitative arguments to make the median ToA errors in
both bands approximately equal. These numbers are refined fur-
ther with preliminary timing and after carefully checking for any
residual frequency evolution of the profiles across the sub-bands
for each pulsar. This refined estimation of the optimal number of
sub-bands to be used in each band for each available bandwidth
(100 or 200 MHz depending on the corresponding observation
cycle), is used for a final run of DMcalc on all the data. The result-
ing ToAs are then used to obtain the final narrowband timing
solutions using TEMPO2.

4.2. Wideband technique

The high-precision measurement of DMs and ToAs are cru-
cial to the PTA experiments for nanohertz gravitational wave
detection. Various PTAs are now using wideband receivers and
associated backends while implementing real-time coherent dedis-
persion (Gupta et al. 2017; Hobbs et al. 2020), to acquire more
precise ToAs. Such wideband measurement helps in incorporat-
ing the effects of pulse profile evolution with frequency and DM
variations. Hence, it is essential to use a method that estimates
ToAs, while including a frequency-dependent model of the aver-
age pulse profile. Pennucci et al. (2014) and Liu et al. (2014)
first provided algorithms for the simultaneous measurement of
DMs and ToAs from wideband pulsar data, called the ‘wide-
band timing technique’. The algorithm proposed in Pennucci et al.
(2014) has been developed into a comprehensive package named
PulsePortraiture. Further details regarding this technique can
be found in Pennucci (2019). The application of this technique has
been undertaken on various datasets (Alam et al. 2020b; Fonseca
et al. 2021; Nobleson et al. 2022; Kaur et al. 2022; Sharma et al.
2022).

Here, we apply this technique on the InPTA uGMRT dataset
of 14 pulsars for estimating the DMs and ToAs. We also com-
pare our results with that of the narrowband technique described
in Section 4.1. The uGMRT provides a unique advantage to study
the effects of ISM in the low-frequency (300-500 MHz) range. It
was recently shown in Nobleson et al. (2022) that high-precision
DMs and ToAs can be obtained using wideband analysis of Band 3
uGMRT observations. Hence, we focus on carrying out the wide-
band analysis only in Band 3. The implemented procedure is as
follows:
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Source: PSR J1909-3744; M)D: 59370.8375; Prefit Wrms: 7.48 us; Postfit Wrms: 4.66 us

Median ToA Err: 2.44 us; DM: 10.390974 + 0.000031 pc cm~3;
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Figure 3. A sample figure for the DMcalc analysis of PSR J1909—3744. The panels on the right side show the different steps in the process. The top panel shows the raw ToAs as
obtained from ArrivalTime class in PSRCHIVE. Clearly, there is an outlier ToA present in the Band 3 ToAs, which got removed by using Huber regression analysis and the resulting
ToAs are shown in the middle panel. After performing DM fit across the whole frequency range, the resultant DM corrected ToAs are shown in the bottom panel. On the Left-hand
side of the plot, the profiles across the frequency range as an image as well as the time and frequency averaged profile are shown for each observing band. The details of the fit

and other parameters are shown at the top of the plot.

1. Fiducial DM: We dedisperse the data from all the epochs,

including the template used for cross-correlation, using the
fiducial DM estimated in the narrowband technique using the
iterative procedure described in Section 4.1.1. This is to ensure
that the narrowband and wideband procedures use the same
fiducial value of DM.

. Number of frequency channels: As mentioned earlier, during
the uGMRT Cycles 34 and 35, the InPTA observations were
carried out with 100 MHz bandwidth, whereas the later cycles
used 200 MHz bandwidth observations. The number of chan-
nels (sub-bands) used for the InPTA observations is usually
large (see Table 1), and some of these sub-bands may contain
a very weak pulsed signal. So, we choose to partially collapse
the number of sub-bands such that there is reasonable S/N in
each sub-band. On the other hand, we also try to retain the
information on profile evolution by not using a significantly
low number of sub-bands. Hence, the optimal number of sub-
bands determined in our analysis for different pulsars are 16,
32, or 64 for 200 MHz data, and 16 or 32 for 100 MHz data.

. Template generation: We use the same epoch data file for tem-
plate generation as used in the narrowband analysis. Upon
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careful investigation, we also found that it is important to excise
frequency channels with any residual RFI from the template
epoch, otherwise, we see noisy eigenprofiles upon PCA decom-
position of the frequency-resolved template epoch data in the
wideband analysis. Hence, we excise the RFI channels from the
template epoch using pazi command of PSRCHIVE package.

Number of eigenprofiles: For each pulsar, we determined the
number of eigenprofiles that are required in the wideband anal-
ysis to accurately model the profile evolution. The procedure
we followed to select the number of eigenprofiles includes a
careful check of the following four points—(a) we first look at
the eigenprofiles and choose an initial guess for the number of
eigenprofiles including all eigenprofiles, which show significant
pulsed S/N; (b) we then select the most dominant normalised
cumulative eigenvalues augmenting the number chosen in step
(a). This ensures that the maximum amount of information
on profile evolution is included with the selected eigenprofiles;
(c) we also make sure that the eigenvectors show significant
variation with respect to the radio frequency by checking the
parameterised coordinate curve vs. frequency plot [refer to
Figure 4 and Equations (5) & (7) of Pennucci (2019)] for all
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Figure 4. DM time series for 14 pulsars. The differences (ADM in units of 107* cm~3 pc) between the fiducial DM and the corresponding estimated DMs for each pulsar estimated
by (i) fitting only Band 3 narrowband ToAs (red points), (ii) fitting Band 3 and Band 5 narrowband ToAs together (blue points) and (iii) by applying the wideband technique on
Band 3 data (green points), are overlaid for comparison. The values depicted on the vertical axis are DMs relative to the fiducial DMs for the respective pulsars that are obtained
using the iterative method described in Section 4.1.1. Since the precision of DM estimation from 200 MHz bandwidth data is higher than that from 100 MHz bandwidth data, the
horizontal axes are split into two parts at MJD 58600 with dotted vertical lines, where epochs on the left side of the dotted line in each panel represent 100 MHz bandwidth, and
epochs on the right side of the dotted vertical lines in each panel represent 200 MHz bandwidth. The vertical axes in each panel are also scaled differently for 100 MHz bandwidth
(left axis) and 200 MHz bandwidth (right axis) epochs such that the DM variations are clearly visible. Pulsar names and their respective fiducial DM values are mentioned at the
bottom of each respective panel. The time span in terms of the years is also denoted at the top for convenience.

the eigenprofiles; (d) finally, we confirm that the DM esti-
mate saturates or matches within the 1 sigma range for the
selected number of eigenprofiles for 3 randomly chosen epochs.
This reaffirms that the choice of the number of eigenprofiles is
reasonable to account for the profile evolution.

5. DM and ToA generation: Once the number of eigenprofiles are
determined, the ToAs and DM time series are generated using
the pptoas module of PulsePortraiture.
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4.3. Pulsar timing

The ToAs obtained in Section 4.1.2 are measured using a local
topocentric time standard provided by the hydrogen maser clock
at the GMRT observatory. As the GMRT observatory clock stan-
dard (UTC(gmrt)) is synchronised with the Global Positioning
System clock standard (UTC(GPS)), no clock correction is needed
for the UTC(gmrt) — UTC(GPS) conversion. The ToAs were
further transformed into Terrestrial Time as defined by the
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Bureau International des Poids et Measures (TT(BIPM2019)),
after accounting for the variable rotation of the Earth using
data published by the International Earth Rotation and Reference
Systems Service (IERS). Finally, the ToAs are transformed from
TT(BIPM2019) to the Barycentric Coordinate Time (TCB: Klioner
2005) after correcting for the orbital motion of the Earth in the
solar system. Corrections for the solar system propagation delays,
to move the ToAs from a topocentric reference frame to the
Solar System Barycentre (SSB) frame, were applied based on the
DEA440 solar system ephemeris published by NASA JPL (Park
et al. 2021). A detailed discussion on the various clock correc-
tions may be found in Hobbs et al. (2006). The final ToAs obtained
were then fitted using TEMP02 to obtain the timing residuals after
applying the clock and barycentric corrections as described above.
We use the pulsar ephemerides derived from IPTA DR2 (Perera
et al. 2019) and update the DMEPOCH and DM with the corre-
sponding values for the template epoch obtained in the DMcalc
run. This updated ephemerides file is used to perform the tim-
ing analysis and obtain timing solutions. The timing procedure
involves epochwise DM correction by incorporating the DMcalc
DM time series obtained from our low-frequency multi-band data.
The application of the estimated DM time series in the pulsar
ephemeris is done via DMX parameters which correspond to a
piecewise-constant DM model. We use the DMXs values calcu-
lated from the DMcalc run in our pulsar ephemeris file and fit
for the DMXs. Additionally, we incorporated our DMcalc DM
time series using DMMODEL which corresponds to a linear spline
DM model (Keith et al. 2012). After comparing the two differ-
ent approaches and following a rigorous consistency check, it was
observed that fitting the DMX parameters for selected epochs leads
to better post-fit weighted RMS residuals and reduced chi-squares.
The DMX approach also ensures consistency with the wideband
timing procedure which fits for DMX parameters. Thus, we used
the DMX approach to incorporate the DMcalc DM time series in
our timing procedure. The narrowband timing involved fitting for
a certain spin, binary or astrometric parameters depending on the
pulsar. In most cases, we need not fit for the astrometric, binary
delay (Damour & Deruelle 1986) and Kopeikin delay (Kopeikin
1995, 1996) parameters (where applicable), as our dataset is still
not sensitive enough to constrain these better than the IPTA DR2
(Perera et al. 2019). However, if any corresponding trends in the
timing residuals were seen which could signify uncorrected pulsar
parameters, then we fitted for only those respective parameters.
There could be various other sources of uncertainties that have not
been taken into account in the ToA generation method discussed
in Section 4.1.2. Such processes could introduce additional white
noise to the estimated ToA uncertainties. This additional white
noise is accounted for by scaling the estimated ToA uncertainties
with EFAC parameters.

The wideband timing residuals are generated using the wide-
band likelihood method described in Appendix B of Alam et al.
(2020Db). This likelihood is implemented in the TEMPO (Nice et al.
2015) pulsar timing software package. The wideband DM mea-
surements from the ToAs are used as priors on the DM model
parameters. The par file obtained in the first step of the previ-
ous method is transformed to a TEMPO compatible par file using
transform plugin of TEMP02. The same parameters that are fitted
in narrowband timing are also fitted in wideband timing for each
pulsar. The EFAC and DMEFAC parameters are used to scale the
ToA uncertainties. These parameters are tuned iteratively until the
reduced x? is close to 1.0.
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4.4. DM structure function analysis

Due to the relative motion of the pulsar and the Earth, the line of
sight connecting the pulsar to the earth samples different portions
of the ISM at different times. This, along with the spatial fluctu-
ations of the ISM electron density due to turbulence, leads to a
stochastic time-dependence of the DM. Inhomogeneities due to
turbulence are usually modelled using a power law spectrum of
the form P(q) = Cq~#, where q represents the spatial frequency
(Rickett 1990). For the Kolmogorov turbulence model, which is
often assumed, the power law index 8 =11/3. In this section, we
investigate the spectral properties of the InPTA DM time series
and its consistency with the DM time series obtained from the
IPTA DR2 (Perera et al. 2019).

The spectral index 8 of a time series DM(f) can be esti-
mated by computing its structure function, which is defined as
(Ramachandran et al. 2006; You et al. 2007)

SF(r) = ((DM(t + ) — DM(1))*), ey

where 7 is a time lag and the angular brackets represent averaging
over the time variable t. If the ISM electron density fluctuations
follow a power law spectrum, then the structure function of the
resulting DM time series will be a power law of the form SF(t) =
At“, where @ = B — 2 (Kaspi, Taylor, & Ryba 1994). Assuming
stationary interstellar turbulence, for the IPTA DR2 (Perera et al.
2019) and InPTA DRI DM time series to be deemed consistent,
their structure functions should follow the same power law model.

We estimate the structure function of a given DM time series,
namely DM; at times f; with measurement uncertainties ¢;, as fol-
lows. We compute pair-wise DM differences A;: = |DM; — DM;|
corresponding to time lags 7;: = |t; — ¢;|, and partition 7; values
into B number of bins that are evenly spaced on a logarithmic
scale. The structure function at each 7 bin can be computed by
averaging the Afj values in that bin. Detailed descriptions of the
algorithm for computing the structure function may be found in
Ramachandran et al. (2006) and You et al. (2007). You et al. (2007)
also describes a bias introduced in the SF estimation by the DM
measurement uncertainties, which is corrected for in our analysis.

The uncertainties o; in the SF estimates described above arise
due to two major sources. The first uncertainty component arises
due to the DM measurement uncertainties and can be estimated by
propagating the DM measurement uncertainties (You et al. 2007).
The second component is the variance of Afj terms in each bin
(Ramachandran et al. 2006). Assuming these components to be
independent for simplicity, we estimate the SF uncertainty in each
bin by combining them in quadrature. The uncertainty o, will be
dominated by the DM uncertainty component for shorter time
lags and by the Afj variance component for longer time lags.

4.4.1. Structure function of the combined IPTA+InPTA DM time
series

The unique advantage of the uGMRT is its ability to record radio
signals arriving simultaneously over widely separated frequency
bands in low and high-frequency regimes (Band 3 and Band 5 in
the present case). Fitting for DM on the simultaneously acquired
Band 3 and Band 5 ToAs on a certain epoch enables us to achieve
the highest precision in DM estimation so far. Such precise DM
estimates are not attainable in the IPTA DR2 (Perera et al. 2019)
as its observations were taken only at relatively high radio fre-
quencies and are therefore less sensitive to DM measurements
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Table 2. Table of uncertainties in estimated DMs. The first column specifies the pulsars. The second column lists the median and
minimum errors in the DM estimation using narrowband (NB) residuals obtained from ToAs in Band 3 with 200 MHz bandwidth.
The third column represents similar median and minimum errors for DMs estimated using wideband (WB) technique on Band 3
data having bandwidth of 200 MHz. The fourth column enlists median and minimum DM errors for estimations from Band 3 and
Band 5 narrowband (NB) ToAs combined with bandwidth of 200 MHz in each band.

Pulsar Band 3 NB (pc cm™3) Band 3 WB (pc cm™—3) Band 3+5 NB (pc cm™3)

name Median Minimum Median Minimum Median Minimum
J0437—4715 6.6 x 107> 8.0 x 107° 9.8 x 107° 2.6 x 1076 3.1x107° 5.0 x 1076
J0613—-0200 1.1x1074 15x107° 4.2 % 107° 2.6 x 107> 9.0 x 107° 1.1x107°
J07514-1807 6.3 x 1074 5.6 x 107> 22 x107% 7.8 x 107> 52 x 1074 4.8 x 107>
J1012+4-5307 9.5x107° 2.0 x 107> 5.4 x107° 8.9 x 1076 7.7x107° 2.1x107°
J1022+4-1001 2.4 x 1074 1.4 x107° 9.9 x 107° 3.6 x 107> 2.0 x 1074 1.2x107°
J1600—-3053 3.6 x 1074 2.2x107° 1.8x 1074 45x 107> 2.5x 1074 2.1x107°
J1643—-1224 22x107% 15x107° 1.2x 1074 6.9 x 107° 3.4 x107 1.3x107°
J17134-0747 1.2x1074 3.1x107° 9.2x107° 3.2x107° 6.7 x 107> 2.1x107°
J1744—-1134 4.0 x 107> 7.0 x 1076 2.5x107° 1.0 x 107 3.7x107° 6.0 x 107°
J18574-0943 4.4 %1074 1.4 x107° 1.5x 1074 8.9 x 107> 3.5x 107 1.3x107°
J1909—3744 32x107° 4.0x1076 1.6 x 107° 6.9 x 107° 22x107° 4,0x 1076
J193942134 32x107° 1.0 x 107° 33x107° 1.2x 1076 3.4x107° 3.0x 1076
J2124-3358 23x107% 12x107° 1.2x 1074 2.0 x 107> 2.5x 107 1.2x107°
J2145-0750 1.2x 1074 6.0 x 107° 33x107* 8.4 x 1076 1.0 x 1074 6.0 x 107°

as compared to the uGMRT observations. Moreover, the IPTA
DR2 DM time series is obtained using the method described in
Keith et al. (2012) that models the DM as a linear spline in time.
This method implicitly smooths over epoch-wise DM variations,
and the resulting time series has a cadence that is longer than
the underlying pulsar observations. Hence, the InPTA DRI and
IPTA DR2 DM time series are, in principle, complementary for
estimating the structure function where the InPTA data provide
the short-lag components through epoch-by-epoch DM measure-
ments whereas the IPTA data provides the large-lag components
by having a long time baseline. Therefore, it is desirable to com-
bine the two DM time series while estimating the DM time series
spectral parameters through structure function analysis.

Unfortunately, simply combining the two time series is not
enough as there is an unknown constant offset between them,
arising from the different fiducial DMs used while generating the
ToAs. Therefore, we fit for the offset along with the power law
parameters, as described below. Alternatively, one could also esti-
mate this offset by obtaining a phase-connected timing solution
across the two datasets. We shall investigate this in a future work.

Let the DM offset between the two datasets be a. We esti-
mate the combined structure function given some a, SF(t;a) by
(1) adding this offset to the second DM time series, (2) appending
them together, and (3) computing the structure function of the
resulting longer time series. We then fit this combined structure
function for the power law model parameters A and «, together
with the offset a, by minimising the following weighted least
squares metric:

B 2
(log,, A+ alog,, ) — log,, SF(t;, a)
aa =y 1% St L)

i=1

where o/ is the uncertainty in log,, SF(t;, a) that is related to o; as
o/ = 0;/(SF(t;;a) In 10), and the summation is over the t bins. We
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can then minimise x*(A, @, a) to get the optimal value of a along
with the desired fit parameters log,, A and a.

5. Results and discussion

5.1. DM time series

In this section, we present the DM time series and timing resid-
uals for the 14 pulsars. Table 2 lists the median and minimum
uncertainties in DM estimated using: (i) narrowband technique
upon Band 3 data with 200 MHz bandwidth, (ii) narrowband tech-
nique upon simultaneously recorded Band 3 and Band 5 data with
200 MHz bandwidth in each band, and (iii) wideband technique
upon Band 3 data with 200 MHz bandwidth. The listed uncer-
tainty values establish that these are the highest precision DM
estimations made so far. It is evident that the narrowband ToAs
obtained from simultaneously recorded uGMRT Band 3 and Band
5 data lead to high precision in the DM estimation. Even higher
precision is obtained in general when Band 3 DMs are estimated
using the wideband technique. The extension of the wideband
method for widely separated frequency bands when combined
together is a work in progress. Application of such a technique
on the simultaneously recorded Band 3 and Band 5 data using the
uGMRT is expected to make DM estimations more precise in the
near future.

A consolidated plot illustrating the epoch-by-epoch DM vari-
ations for all 14 pulsars is depicted in Figure 4. In this figure, the
vertical axes represent the differences between the epoch DMs and
the fiducial DMs obtained iteratively for the respective pulsars
as explained in Section 4.1.2, and also obtained using the wide-
band technique as explained in Section 4.2. The fiducial value for
each pulsar is mentioned inside its respective panel in the figure.
Since the DMs estimated from 200 MHz bandwidth data (uGMRT
observation cycles 37-40) have higher precision compared to
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those obtained from 100 MHz bandwidth data (uGMRT observa-
tion cycles 34-35), the 100 and 200 MHz bandwidth epochs have
been separated along the horizontal axis with a vertical dotted
line at MJD 58600. The scaling of the vertical axes for the epochs
prior to MJD 58600 is different as compared to scaling of the
vertical axis for epochs after MJD 58600. This has been done to
present a clearer view of the DM variations over both 100 MHz
and 200 MHz bandwidth epochs.

We observe that the known phenomenon of offsets between
DM estimations from narrowband and wideband techniques is
caused due to the differences in smoothing of the templates in the
two methods. We have confirmed this by performing confirma-
tory tests on the InPTA data for PSR J1909-3744 which exhibits
the minimum amount of profile evolution and scatter broaden-
ing with a distinctive sharp profile among all the pulsars in our
sample. Indications of differences in template smoothing being
the reason for such offsets appear while using narrowband tem-
plates (smoothed with some optimal wavelet smoothing algorithm
in psrsmooth) for PCA decomposition and subsequent recon-
struction for wideband DM and ToA estimations. This method
leads to wideband DMs that do not show any offset with respect
to the corresponding narrowband DMs. The same results are
obtained when wideband templates (RFI removed data from tem-
plate epoch reconstructed after PCA decomposition by fitting
splines through significant eigenprofiles) are used for DM esti-
mation with DMcalc using the narrowband technique. The DM
offset calculated from direct cross-correlation of the narrowband
and wideband templates is concurrent with the observed offset
between the narrowband and wideband DMs estimated from the
InPTA data for this pulsar.

PSR J0437—4715 was observed only in cycles 34 and 35 with
100 MHz bandwidths in Band 3 and Band 5. We have restarted
monitoring the pulsar only very recently in both bands with
200 MHz bandwidth. The 200 MHz bandwidth data for this pulsar
belongs to the latest observational cycle of the uGMRT and is not
a part of the present data release. Similarly, PSR J1744—1134 was
added to the InPTA sample only in uGMRT observation cycle 40.
Outliers are checked for artefacts and are subject to further inves-
tigations. PSR J17134-0747 underwent an abrupt profile change
between MJDs 59320 and 59321 (Singha et al. 2021; Lam 2021).
The post-event data for PSR J1713+4-0747 has been excluded from
this release and is subject to further analysis. Interesting offsets
between Band 3 and Band 3+5 DM estimations are observed in
PSR J1939+-2134. These offsets could be indicative of variable scat-
tering in this pulsar. However, a confirmation of such a hypothesis
demands an extensive study into the effects of variable scattering
on simulated pulsar data. It is a question being addressed in some
of our ongoing projects and is beyond the scope of the present
work.

5.2. The timing residuals

A similar consolidated plot of the narrowband timing residuals
from both bands for all 14 pulsars is shown in Figure 5. We
also performed rigorous consistency checks in order to compare
the timing solutions obtained from narrowband and wideband
timing techniques. Although the two methods are different in
nature, it is expected that they should give similar timing solu-
tions. TEMPO (used for wideband timing) and TEMPO2 (used for
narrowband timing) are exclusively different in the supported

https://doi.org/10.1017/pasa.2022.46 Published online by Cambridge University Press

P. Tarafdar et al.

format of the pulsar ephemeris files. Therefore, in order to com-
pare the narrowband and wideband timing solutions, the final
par files obtained from the two techniques were made com-
mensurable using the transform plugin of TEMPO2. The fitted
parameters were then compared by taking a difference, which was
normalised using the quadrature sum of the uncertainties in the
corresponding parameters estimated using each technique.

A comparison between the narrowband and wideband timing
solutions is presented in Figure 6. The plot lists the respective
astrometric, spin, and binary parameters that required fitting for a
given pulsar. The points on the plot depict the differences between
the fitted values obtained from narrowband and wideband meth-
ods normalised in units of the quadratic sum of the uncertainties
in the two methods. The horizontal error bars across the points
signify the ratio of the errors in the estimation using the wideband
technique to the narrowband technique. It is evident that for most
pulsars, only the spin parameters required fitting and that the nar-
rowband and wideband timing solutions are generally consistent
with each other.

Detailed plots of the DM time series and timing residuals (esti-
mated using both narrowband and wideband methods) for each
pulsar are included in Appendix 1.

5.3. DM structure function analysis: Results

In this section, we present the structure functions obtained for
three InPTA pulsars, namely PSRs J1643—1224, J1909—3744, and
J1939+2134, following the procedure outlined in Section 4.4.
These three pulsars are known to exhibit strong DM variations,
allowing us to estimate their structure functions despite the rel-
atively short time span of our data. Due to this short time span,
we were unable to obtain meaningful results for the remaining
pulsars.

Typically, a structure function may contain three distinct
regions: (1) a noise region at smaller time lags dominated by mea-
surement noise, (2) a saturation region at larger time lags due
to a finite sampling of the DM time series, and (3) a structure
region in the middle that typically follows a power law model. We
exclude the noise and saturation regions from our analysis where
they are identified since they can bias the estimation of the model
parameters.

We present in Figure 7 the structure functions for the three
pulsars (three columns) estimated from the InPTA narrowband
(Band 3+-5) and the wideband (Band 3) DM time series presented
in the previous subsection. We exclude the DM estimates from the
observation cycles 34 and 35 as they are of much lower precision
due to the shorter observation durations and a lower bandwidth.
The first row of Figure 7 shows a comparison between the InPTA
narrowband and wideband structure functions alongside their
IPTA DR2 (Perera et al. 2019) counterparts. The second and third
rows show the structure functions obtained by the combination of
the InPTA narrowband and wideband DM time series respectively
with the IPTA DM time series together with the corresponding
best-fit power law models. The best-fit parameters (log,, A, o, and
a) are listed in Table 3.

From Figure 7, we can clearly see that the structure functions
estimated from the InPTA DR1 narrowband and wideband DM
time series are consistent with each other within 1o error bars for
the three pulsars. The InPTA structure functions show saturation
regions for PSRs J1909—3744 and J1939+2134 and possible noise
regions for PSRs J1643—1224 and J1909—3744. Excluding the
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Figure 5. Narrowband timing residuals for 14 pulsars. The timing residuals obtained from Band 3 and Band 5 data using the narrowband timing technique for 14 pulsars are plotted
against corresponding epochs. Red points represent Band 3 and blue points represent Band 5 residuals. Pulsar names and their respective post-fit weighted RMS residuals are
mentioned at the bottom of the respective panels. Epochs in terms of Modified Julian Date are depicted on the consolidated horizontal axes at the bottom. The corresponding
years are also shown on the horizontal axes at the top of the consolidated panels for convenience.

saturation regions, the InPTA structure functions (both narrow-
band and wideband) are consistent with the IPTA DR2 structure
functions within 2-sigma error bars where they overlap in the 7
axis. This observation may be interpreted as showing the con-
sistency between the InPTA and IPTA DM time series, despite
there being no overlap in time between the two datasets and the
differing methodologies using which the DM time series were
obtained (namely, epoch-by-epoch DMs vs linear spline model).
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In addition, Figure 7 clearly shows that the epoch-wise DM esti-
mates from simultaneous multi-band observations provided by
the InPTA observations, even with their short time-lag coverage,
are complementary to other PTA efforts for modelling DM noise
despite its shorter time baseline.

Given the short span of our data and the a priori unknown
offset between the InPTA and IPTA DM time series, rigorous
investigations in this direction will become possible as more data
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Figure 6. Comparison of fitted pulsar parameters obtained with narrowband and
wideband timing. The parameter differences have been normalised using the
quadratic sum of the two errors (oys : the error from narrowband timing, and oy :
the error from wideband timing). The various points in the plot represent these differ-
ences whereas lengths of the error bars in the plot are given by oys/ows. For most of
the pulsars, only the spin parameters have been fitted. For J0613—0200, J0751+1007,
J1022+4-1001 and J2124—3358, none of the pulsar parameters required fitting.

gets collected and the InPTA data is combined with the other
PTA datasets for the third IPTA data release. In addition, it will
be illuminating to investigate the behaviour of the DM struc-
ture functions at shorter lags (~1 d) by performing daily cadence
uGMRT observations of the above three pulsars over a 10-15 d
time span.

5.4. Investigation of frequency dependence of DM

The small-scale electron density variations in the ISM will scatter
the rays resulting in multi-path propagation. It was suggested by
Cordes, Shannon, & Stinebring (2016) that this will affect the ToAs
at higher frequencies while combining them with lower frequency
ToAs as this chromatic effect depends strongly on the observ-
ing frequency. Using low-frequency observations, it was shown by
Donner et al. (2019) that the DMs are different even within about
a bandwidth of 70 MHz at low frequencies and vary over several
years. In a recent study by Kaur et al. (2022), a possible PTA can-
didate PSR J2241—5236 was shown to have DM chromaticity over

https://doi.org/10.1017/pasa.2022.46 Published online by Cambridge University Press

P. Tarafdar et al.

Table 3. Structure function best-fit parameters.

Pulsar NB-+IPTA WB-+IPTA

name log;o A o a log;p A o a
J1643—-1224 -8.5(5) 1.16(8)  0.014(5) -8.3(2) 1.01(8) 0.01(1)
J1909—3744  -10.9(2) 1.53(6) 0.000(3) -10.6(2) 1.43(8)  0.000(3)
J1939+-2134  -10.0(3) 1.6(2) 0.111(3)  -9.75(9)  1.45(4) 0.104(8)

a wide frequency range. Since our data also spans a wide frequency
range, we have performed a preliminary analysis for checking the
chromaticity of DM in our data set.

As we have two widely separated bands (with wide band-
widths), we used both narrowband and wideband techniques for
estimating the DMs using different combinations. We chose a set
of pulsars (J0437—4715, J1643—1224, J1713+0747, J1939+2134,
and J2145—-0750) for which high-S/N observations are available
with 200 MHz bandwidths. Then, using wideband technique, we
estimated the DM from Band 3 and Band 5 after splitting each of
the bands into two 100 MHz sub-bands as well as using full Band 5
with two halves of Band 3 alone. In addition, using narrowband
method, we tried four different combinations of 100 MHz por-
tions of the data at both bands to obtain DMs. These different
DM time series were compared with the DM time series shown
in Figure 4. We did not find any significant difference in the DM
time series (both temporal and frequency-wise) between these var-
ious combinations indicating that these pulsars may not show DM
chromaticity and we can use the DMs and ToAs from Band 3 for
high-precision timing. Even though this is true for the current
analysis, we will be working on refining our methods in the future
and try to see if any of the pulsars we observe show frequency
dependence of DM.

6. Conclusions

In this work, we have presented the first data release of InPTA,
which includes the pulse arrival times and DMs for 14 ms pulsars
observed simultaneously at 300—500 MHz and 1260—1460 MHz
bands using the uGMRT. The ToAs and DMs have been calcu-
lated using two independent methods: narrowband method as well
as the wideband technique. These ToAs and DMs were further
used to obtain the timing solutions of these pulsars by fitting the
spin, astrometric, and binary parameters in both the narrowband
and wideband framework. A comparison showing a broad agree-
ment in the results from the two different techniques has also been
demonstrated. For both these methods, we also present the DM
structure function and present a few preliminary tests conducted
in order to investigate the frequency dependence of DM for our
pulsar sample.

The main contribution of this release is high-precision
DM estimates. It is possible to minimise the DM noise from
1260—1460 MHz pulse arrival times by correcting these by using
the DM estimates from our simultaneous observations. The pulse
arrival times in this data release may also be useful in deriving bet-
ter Gaussian process DM noise models as employed by EPTA and
PPTA. Lastly, the direct use of DM time series in DM noise models
is a work in progress. The current data sets from the MeerKat and
the FAST are also likely to be DM noise limited like other PTAs,
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Figure 7. Structure function (SF) plots for three pulsars PSR J1643—1224, PSR J1909—3744, PSR J1939+2134. The plots in the first row show SFs of IPTA DR2 DMs, InPTA narrow-
band DMs (estimated from Band 3 and Band 5 ToAs combined), and InPTA wideband DMs (Band 3). Plots in the second row show SFs obtained separately from IPTA DR2 DMs and
InPTA narrowband DMs (from Band 3+5 ToAs combined), and SFs obtained upon combining the IPTA DR2 and InPTA narrowband DMs. Plots in the third row show SFs obtained
separately from IPTA DR2 DMs and InPTA wideband DMs (Band 3), and SFs obtained from the combination of IPTA DR2 and InPTA wideband DMs. Note that the INPTA DMs used
(both narrowband Band 3+5 and wideband Band 3) belong to epochs observed with a bandwidth of 200 MHz in each band.

and may benefit from this data release. These data are likely to
improve the quality of the proposed IPTA Data Release 3 thereby
helping in the detection of GWs in the near future.

Our data for 14 pulsars are now publicly available. Further
monitoring of all these pulsars is in progress as part of the InPTA
efforts. We have recently included 3 additional millisecond pulsars
to the InPTA sample and are observing a total of 17 pulsars during
the ongoing uGMRT cycle. We plan to extend the sample fur-
ther with simultaneous multi-target observations using multiple
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phased subarrays. The Target-of-Opportunity proposals are active
to follow up on transients such as glitches, profile mode changes,
or extreme scattering events in any of the IPTA pulsars observable
by the uGMRT. Pulsar-specific proposals with scientific goals that
require a higher cadence are being discussed. The 3.5-yr dataset
for 14 ms pulsars that we make available through this first InPTA
data release will be pooled along with data from other IPTA tele-
scopes and used to search for nanohertz gravitational waves as well
as a whole plethora of auxiliary science.
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Data availability. The InPTA DRI described in this paper, consist-
ing of ToA measurements, pulsar ephemerides, and DM measurements
using narrowband and wideband techniques, is publicly available at
https://github.com/inpta/InPTA.DR1. The IPTA DR2 is publicly available at
https://gitlab.com/IPTA/DR2.

Software. dspsr (Van Straten & Bailes 2011), PSRCHIVE (Hotan et al.
2004), RFIClean (Maan et al. 2021), pinta (Susobhanan et al. 2021), TEMPO
(Nice et al. 2015), TEMP02 (Hobbs et al. 2006; Edwards et al. 2006), DMcalc
(Krishnakumar et al. 2021), PulsePortraiture (Pennucci 2015, 2019),
1mfit (Newville et al. 2014), matplotlib (Hunter 2007), astropy (Price-
Whelan et al. 2018)
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Appendix 1. DM time series and timing residuals

The DM time series and the timing residuals obtained using
the narrowband and the wideband techniques on each of the 14
pulsars are presented here.
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Figure A.1. Dispersion measure variations and timing residuals for J0437—4715 from 100 MHz observations. This pulsar was not observed during the later cycles with 200 MHz
bandwidth. ADMs (narrowband Band 3, narrowband Band 3+5, and wideband Band 3) represent the difference between estimated DMs and the fiducial DM (mentioned at the
bottom of the corresponding panels). Narrowband and wideband timing residuals are shown in the two bottom panels (post-fit weighted RMS at the bottom of the respective

panels).
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Figure A.2. Dispersion measure variations and timing residuals for J0613—0200. ADMs (narrowband Band 3, narrowband Band 3+5, and wideband Band 3) for cycles 34-35
(100 MHZ bandwidth) are shown on the left y-axis and those for cycles 37-40 (200 MHZ bandwidth) are depicted on the right y-axis. The horizontal axis in the top two panels
depicting ADMs is split into two parts with a vertical dotted line along MJD 58600. The epochs on the left side of the dotted line represent 100 MHz bandwidth epochs while
those on the right side represent 200 MHz bandwidth epochs. The y-axes for ADMs on the left and right margins are scaled independently to make the ADM variations visible.
Narrowband and wideband timing residuals are shown in the two bottom panels. The fiducial DMs and post-fit weighted RMS residuals are mentioned at the bottom of the

respective panels.
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Figure A.3. Dispersion measure variations and timing residuals for J075141807. ADMs (narrowband Band 3, narrowband Band 3+5 and wideband Band 3) for cycles 34-35
(100 MHZ bandwidth) are shown on the left y-axis and those for cycles 37-40 (200 MHZ bandwidth) are depicted on the right y-axis. The horizontal axis in the top two panels
depicting ADMs is split into two parts with a vertical dotted line along MJD 58600. The epochs on the left side of the dotted line represent 100 MHz bandwidth epochs while
those on the right side represent 200 MHz bandwidth epochs. The y-axes for ADMs on the left and right margins are scaled independently to make the ADM variations visible.
Narrowband and wideband timing residuals are shown in the two bottom panels. Fiducial DMs and post-fit weighted RMS residuals are mentioned at the bottom of the respective

panels.
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Figure A.4. Dispersion measure variations and timing residuals for J10124+5307. ADMs (narrowband Band 3, narrowband Band 3+5, and wideband Band 3) for cycles 34-35
(100 MHZ bandwidth) are shown on the left y-axis and those for cycles 37-40 (200 MHZ bandwidth) are depicted on the right y-axis. The horizontal axis in the top two panels
depicting ADMs is split into two parts with a vertical dotted line along MJD 58600. The epochs on the left side of the dotted line represent 100 MHz bandwidth epochs while
those on the right side represent 200 MHz bandwidth epochs. The y-axes for ADMs on the left and right margins are scaled independently to make the ADM variations visible.
Narrowband and wideband timing residuals are shown in the two bottom panels. Fiducial DMs and post-fit weighted RMS residuals are mentioned at the bottom of the respective
panels.
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Figure A.5. Dispersion measure variations and timing residuals for J102241001. ADMs (narrowband Band 3, narrowband Band 3+5, and wideband Band 3) for cycles 34-35
(100 MHZ bandwidth) are shown on the left y-axis and those for cycles 37-40 (200 MHZ bandwidth) are depicted on the right y-axis. The horizontal axis in the top two panels
depicting ADMs is split into two parts with a vertical dotted line along MJD 58600. The epochs on the left side of the dotted line represent 100 MHz bandwidth epochs while
those on the right side represent 200 MHz bandwidth epochs. The y-axes for ADMs on the left and right margins are scaled independently to make the ADM variations visible.
Narrowband and wideband timing residuals are shown in the two bottom panels. Fiducial DMs and post-fit weighted RMS residuals are mentioned at the bottom of the respective
panels.
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Figure A.6. Dispersion measure variations and timing residuals for J1600—3053. ADMs (narrowband Band 3, narrowband Band 3+5, and wideband Band 3) for cycles 34-35
(100 MHZ bandwidth) are shown on the left y-axis and those for cycles 37-40 (200 MHZ bandwidth) are depicted on the right y-axis. The horizontal axis in the top two panels
depicting ADMs is split into two parts with a vertical dotted line along MJD 58600. The epochs on the left side of the dotted line represent 100 MHz bandwidth epochs while
those on the right side represent 200 MHz bandwidth epochs. The y-axes for ADMs on the left and right margins are scaled independently to make the ADM variations visible.
Narrowband and wideband timing residuals are shown in the two bottom panels. Fiducial DMs and post-fit weighted RMS residuals are mentioned at the bottom of the respective
panels.
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Figure A.7. Dispersion measure variations and timing residuals for J1643—1224. ADMs (narrowband Band 3, narrowband Band 3+5, and wideband Band 3) for cycles 34-35
(100 MHZ bandwidth) are shown on the left y-axis and those for cycles 37-40 (200 MHZ bandwidth) are depicted on the right y-axis. The horizontal axis in the top two panels
depicting ADMs is split into two parts with a vertical dotted line along MJD 58600. The epochs on the left side of the dotted line represent 100 MHz bandwidth epochs while
those on the right side represent 200 MHz bandwidth epochs. The y-axes for ADMs on the left and right margins are scaled independently to make the ADM variations visible.
Narrowband and wideband timing residuals are shown in the two bottom panels. Fiducial DMs and post-fit weighted RMS residuals are mentioned at the bottom of the respective

panels.
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Figure A.8. Dispersion measure variations and timing residuals for J1713+0747. ADMs (narrowband Band 3, narrowband Band 3+5, and wideband Band 3) for cycles 34-35
(100 MHZ bandwidth) are shown on the left y-axis and those for cycles 37-40 (200 MHZ bandwidth) are depicted on the right y-axis. The horizontal axis in the top two panels
depicting ADMs is split into two parts with a vertical dotted line along MJD 58600. The epochs on the left side of the dotted line represent 100 MHz bandwidth epochs while
those on the right side represent 200 MHz bandwidth epochs. The y-axes for ADMs on the left and right margins are scaled independently to make the ADM variations visible.
Narrowband and wideband timing residuals are shown in the two bottom panels. Fiducial DMs and post-fit weighted RMS residuals are mentioned at the bottom of the respective
panels. Data beyond MJD 59320 is under investigation and has not been presented in the present release.
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Figure A.9. Dispersion measure variations and timing residuals for J1744—1134. ADMs (narrowband Band 3, narrowband Band 3+5, and wideband Band 3) from 200 MHZ band-

width observations. This pulsar was not observed during the previous cycles. Narrowband and wideband timing residuals are shown in the two bottom panels. Fiducial DMs and
post-fit weighted RMS residuals are mentioned at the bottom of the respective panels.
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Figure A.10. Dispersion measure variations and timing residuals for J1857+0943. ADMs (narrowband Band 3, narrowband Band 3+5, and wideband Band 3) for cycles 34-35
(100 MHZ bandwidth) are shown on the left y-axis and those for cycles 37-40 (200 MHZ bandwidth) are depicted on the right y-axis. The horizontal axis in the top two panels
depicting ADMs is split into two parts with a vertical dotted line along MJD 58600. The epochs on the left side of the dotted line represent 100 MHz bandwidth epochs while
those on the right side represent 200 MHz bandwidth epochs. The y-axes for ADMs on the left and right margins are scaled independently to make the ADM variations visible.
Narrowband and wideband timing residuals are shown in the two bottom panels. Fiducial DMs and post-fit weighted RMS residuals are mentioned at the bottom of the respective
panels.
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Figure A.11. Dispersion measure variations and timing residuals for J1909—3744. ADMs (narrowband Band 3, narrowband Band 3+5, and wideband Band 3) for cycles 34-35
(100 MHZ bandwidth) are shown on the left y-axis and those for cycles 37-40 (200 MHZ bandwidth) are depicted on the right y-axis. The horizontal axis in the top two panels
depicting ADMs is split into two parts with a vertical dotted line along MJD 58600. The epochs on the left side of the dotted line represent 100 MHz bandwidth epochs while
those on the right side represent 200 MHz bandwidth epochs. The y-axes for ADMs on the left and right margins are scaled independently to make the ADM variations visible.
Narrowband and wideband timing residuals are shown in the two bottom panels. Fiducial DMs and post-fit weighted RMS residuals are mentioned at the bottom of the respective

panels.
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Figure A.12. Dispersion measure variations and timing residuals for J193942134. ADMs (narrowband Band 3, narrowband Band 3-+5, and wideband Band 3) for cycles 34-35
(100 MHZ bandwidth) are shown on the left y-axis and those for cycles 37-40 (200 MHZ bandwidth) are depicted on the right y-axis. The horizontal axis in the top two panels
depicting ADMs is split into two parts with a vertical dotted line along MJD 58600. The epochs on the left side of the dotted line represent 100 MHz bandwidth epochs while
those on the right side represent 200 MHz bandwidth epochs. The y-axes for ADMs on the left and right margins are scaled independently to make the ADM variations visible.
Narrowband and wideband timing residuals are shown in the two bottom panels. Fiducial DMs and post-fit weighted RMS residuals are mentioned at the bottom of the respective
panels.
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Figure A.13. Dispersion measure variations and timing residuals for J2124—3358. ADMs (narrowband Band 3, narrowband Band 3+5 and wideband Band 3) for cycles 34-35
(100 MHZ bandwidth) are shown on the left y-axis and those for cycles 37-40 (200 MHZ bandwidth) are depicted on the right y-axis. The horizontal axis in the top two panels
depicting ADMs is split into two parts with a vertical dotted line along MJD 58600. The epochs on left side of the dotted line represent 100 MHz bandwidth epochs while those on
the right side represent 200 MHz bandwidth epochs. The y-axes for ADMs on left and right margins are scaled independently to make the ADM variations visible. Narrowband and
wideband timing residuals are shown in the two bottom panels. Fiducial DMs and post-fit weighted RMS residuals are mentioned at the bottom of the respective panels.
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Figure A.14. Dispersion measure variations and timing residuals for J2145—0750. ADMs (narrowband Band 3, narrowband Band 3+5, and wideband Band 3) for cycles 34-35
(100 MHZ bandwidth) are shown on the left y-axis and those for cycles 37-40 (200 MHZ bandwidth) are depicted on the right y-axis. The horizontal axis in the top two panels
depicting ADMs is split into two parts with a vertical dotted line along MJD 58600. The epochs on the left side of the dotted line represent 100 MHz bandwidth epochs while
those on the right side represent 200 MHz bandwidth epochs. The y-axes for ADMs on the left and right margins are scaled independently to make the ADM variations visible.
Narrowband and wideband timing residuals are shown in the two bottom panels. Fiducial DMs and post-fit weighted RMS residuals are mentioned at the bottom of the respective

panels. The outliers in the 200 MHz NB Band 3 DMs (red points on the right side of the top panel) are presently under investigation.
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