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Binary pulsars can be used to probe Galactic potential gradients through calculating their line-of-
sight accelerations. We present the first data release of direct line-of-sight acceleration measurements
for 29 binary pulsars. We validate these data with a local acceleration model, and compare our results
to those from earlier works. We find evidence for an acceleration gradient in agreement with these

values, with our results indicating a local disk density of pq = 0.04010 525 Mgpc>.

0.020

We also find

evidence for unmodeled noise of unknown origin in our data set.

I. INTRODUCTION

Characterizing the distribution of matter in the Milky
Way (MW) is crucial for determining the microphysics
of dark matter and the dynamical history of our Galaxy.
The MW’s mass distribution has been partially con-
strained by its circular rotation curve [1, 2]. These mea-
surements, in conjunction with baryonic mass models,
can determine the dark matter distribution [3]. Several
analyses [4-8] of velocity-distance data have estimated
the midplane density assuming the MW is in dynamic
equilibrium, an assumption now known not to hold [9-
12).

Stellar velocities from future spectroscopic surveys may
serve as a sensitive, direct probe of Galactic acceler-
ation [13-17]. Other model-independent dark matter
measurements with transverse angular accelerations [18]
are possible using Gaia astrometry [19]. Even the fine-
grained substructure in the MW may be detectable with
pulsar timing arrays (PTAs) [20, 21], through gravita-
tional lensing of stellar motions [22], and via observations
of eclipsing binaries [23].

The ultra-stable millisecond pulsars (MSPs) used in
PTA experiments are normally used to search for grav-
itational waves (GWs) [17, 24-28] and to test general
relativity [29-32]. Most of these pulsars have binary com-
panions [33], and secular changes in their orbital periods
P, are measurable for a select few of these. There are
also a few precise standard binary pulsars (not MSPs)
which have measured orbital period derivatives, P,

Measurements of P, have been used to estimate pulsar
distances through the Shklovskii effect [34, 35] assuming a
fixed Galactic acceleration model. One can also evaluate
the predictions of modified gravity theories by studying
P, [36], as well as search for GWs with frequencies below
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1072 Hz (37, 38]. Recently, there has been interest to
use well-timed binary pulsars to directly measure line-of-
sight accelerations [39-41]. This acceleration is a direct
probe of the relative gradient of the MW’s gravitational
potential at the pulsars’ locations.

Previously, Ref. [41] reported this acceleration for PSR
J171340747. Refs. [39, 40] also measured Galactic ac-
celerations using 13 and 14 binary pulsars, respectively.
However, Refs. [39, 40] did not directly report individual
accelerations nor their associated uncertainties, which we
do here for the first time.

Our main result is an open data release of directly
measured Galactic accelerations, uncertainties, and other
supplementary observables for 29 pulsars — the largest
catalog of these accelerations to date. We also perform
parameter estimation for the local acceleration gradients
and density of the Galactic disk’s midplane as in [40],
and include for the first time a model that includes spu-
rious acceleration noise to accommodate the existence of
several outliers.

The paper is laid out as follows: in Sec. II, we describe
how to directly infer line-of-sight acceleration from the
pulsar data, and a simple model for Galactic acceleration.
In Sec. III, we detail our pulsar selection criteria. We
benchmark our catalog in Sec. IV with a Markov Chain
Monte Carlo (MCMC) analysis to estimate the parame-
ters of this Galactic acceleration model. A summary of
our catalog can be found in Tab. III of App. A, and an
accompanying .csv file is available with this paper.

II. GALACTIC ACCELERATION
~ The observed time derivative of a binary pulsar’s orbit,
PO is a combination of several factors [42]:

0 = B B BB ()
where PX™ arises from kinematic effects [34], P&V from
GW emission [43], and PS%! from Galactic acceleration.



Due to the presence of several large outliers (see Section
IV), we introduce Pg‘, a noise term encapsulating hidden
nuisance effects on the binary period due to undetected
companions [44-47], accretion, or other unknowns (e.g.
baryon loss [48, 49]).

The kinematic term is also called the Shklovskii ef-
fect [34]:

HKin Pb
é< :,LLQTC, (2)

where g is the proper motion of the pulsar, r is its dis-

tance, and c is the speed of light. The GW emission
term [50] is:
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where e is the eccentricity of the binary orbit, F'(e) =
(1- 62)_%(1 + 7322 + 3;24) which is unity for circular
orbits, and M, and m. are the masses of the pulsar and
companion, respectively. For PSR J1455-3330, which has
no pulsar or companion mass measurement, we approxi-
mate PSW = 0. This pulsar is in a 76 day, nearly circular
orbit (e ~ 107%), and this term is thus expected to be
subdominant to PX" [51].

We can compute P& as in Ref. [40] by subtracting
the kinematic and GW terms from PO and marginal-
izing over the noise contribution Pél in Eq. 1. We can
furthermore write the differential Galactic line-of-sight
acceleration as

PGal
aga -t =c ]‘; =—|Ve(r,) - VO(re)| -, (4)
b

where © = r/|r|, the distance to the pulsar is r = ry, —rg,
and ® is the gravitational potential. The difference in
gradient of the gravitational potential between the Earth
(re) and the binary pulsar (rp) can be directly measured
with P, and P&,

We estimate the parameters of the following model for
the Galactic acceleration:

aca(r) =a,x(x-r)+a,z(z 1), (5)

where X and z are unit vectors in galactocentric coor-
dinates, pointing away from the Galactic Center and
towards the Galactic North Pole (perpendicular to the
disk), respectively. The fit parameters in Eq. 5 are
the Taylor expansion coefficients of the local accelera-
tion field, with a/, directly related to the slope of the
MW?’s rotation curve, and the vertical acceleration gra-
dient a, (primarily) to the density of the Galactic disk
pa through Poisson’s equation for Newtonian gravity:
V -a = —4nGp. Locally, we can model the galactic disk
as a slab of nearly uniform density pq and essentially in-
finite extent, which translates to a vertical acceleration
gradient:

al, ~4nGpq . (6)

This local Taylor expansion should be a good approxi-
mation since the pulsars in our sample populate the local
Galactic neighborhood and are predominantly inside the
galactic disk (more in Sec. III).

III. PULSAR CATALOG CONSTRUCTION

We search the Australia Telescope National Facil-
ity’s (ATNF) pulsar catalog [52] for all pulsars with P,
and P,?bs measurements. We select pulsars with mea-
sured proper motion, and distance based on astrometric
parallax or timing parallax, necessary to calculate the
Shklovskii effect in Eq. 2. If a pulsar is missing a par-
allax measurement, we try to obtain the distance to the
companion (and thus the binary) using techniques from
Ref. [53]. We use the combined distances for J0437-4715
and J1012+45307 from Ref. [53]. We also identify Gaia
DR3 3273288485744249344 as PSR J0348+0432’s com-
panion, with a detection significance of 4.50. This object
has a parallax of —0.035+0.784 mas, which translates to
a distance of 1600 900 pc using the distance prior from
Ref. [54]. Since the parallax is negative, the resulting
distance is heavily dependent on the choice of distance
prior. However, this is the first parallax measurement
to the system ever, and future Gaia data releases may
improve this measurement.

We exclude pulsars in globular clusters since these have
accelerations that are not expected to conform to our sim-
ple model in Eq. 5. We further exclude pulsars which are
accreting mass from their companions (so-called “spider
pulsars”) since this can cause the binary period to de-
crease [55]. This selection returns 29 pulsars, see Figs. 6
and 7 in the App. A for their distribution in the Galactic
plane.

Recently Ref. [56] used a slightly modified version
of our catalog to measure galactic acceleration and con-
strain the parameters of several models of gravitational
potential. They omitted five pulsars from our origi-
nal catalog, citing concerns over possible mass transfer
between the pulsars and their companions. To ensure
a robust catalog, we keep all pulsars which have not
been definitively identified as undergoing mass transfer
or as spider systems. We explore how removing potential
(though unconfirmed) pulsars undergoing mass transfer
sources would affect our analysis in Sec. IV A.

IV. RESULTS

We directly compute the line-of-sight acceleration for
the 29 pulsars in our catalog—the largest of its kind, via
Eq. 1 and the first equality in Eq. 4 to obtain:

_ p—1[pObs  pKin  pHCW
ai_cpb,i[b,i - P _Pb,i]' (7)

The observational uncertainties on a;, denoted by o, ,
are the quadrature sums of the uncertainties for each of
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FIG. 1. Line-of-sight acceleration of each binary pulsar as a
function of distance from the Galactic Center. Error bars in-
clude uncertainties propagated from measurements of proper
motion, distance, and timing parameters only, and do not in-
clude the additional acceleration noise parameter, Pg]

the terms in Eq. 7. In Fig. 1, we show a; and o,; as
a function of distance from the Galactic Center. Figs. 6
and 7 in App. A show maps of these data.

To assess the quality and sensitivity of our pulsar accel-
eration catalog, we perform an MCMC analysis of the pa-
rameters of the simple local acceleration model of Eq. 5.
We find that the sum of kinematic, GW, and Galactic ac-
celeration contributions does not adequately explain the
data: a small (but larger than expected) subset of binary
period derivatives are outliers, with accelerations larger
than expected in physically plausible large-scale models
of the MW, (and are several standard deviations from
the best fit predictions of Eq. 5). Under the assumption
of Gaussian errors, these pulsars skew the fit parameters
of Eq. 5 as well as any goodness of fit calculations.

Motivated by the presence of these large outliers, we
postulate that, with a probability p,, any binary pulsar
is subject to an additional, unknown acceleration noise
a, = ayR, as a nuisance parameter in a random direc-
tion R,. The probability density function (PDF) for the
angle 6, = arccos(a, - t;), where 0 < 6, < 7, is thus
sin(6,)/2. The magnitude of the acceleration is taken
to have the normalized PDF Ca;¢ with normalization
coefficient C' = (¢ — 1)/[(a™)=¢+L — (@max)=¢+1]. The
minimum noise acceleration is a™" ~ 1.77 x 10~ ms™2
(less than the smallest inferred acceleration error), cor-
responding to the constant acceleration from a grav-
itational perturber of mass 1 Mg and semimajor axis
100 AU in a circumbinary orbit. The maximum noise
acceleration is ™ = 2.94 x 10~%ms~2, corresponding
to a third body with 0.2 Mg mass and 20 AU semimajor
axis. We are not claiming to have detected triple sys-
tems, but this is a physical and plausible example of a
model which can generate additional acceleration noise.

The addition of this nuisance acceleration term a,
leads to the following likelihood function £ for the ob-
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FIG. 2. Log likelihood In £ from Eq. 8 (with a fixed global
offset) for a single pulsar with (observational) acceleration un-
certainty of 04,; = 107 m/s?, as function of |a; — aga1 |, the
difference from the acceleration model prediction. The blue
curve represents the best-fit model from Fig. 3, which is essen-
tially a Gaussian likelihood for small acceleration deviations,
but one with fatter tails whose height and slope are controlled
by the nuisance parameters pn (the probability of additional
noise) and ¢ (the spectral index). We also plot the log like-
lihoods for other reference values of p, and ¢ for a set a;®*
and a™® as well as that of a Gaussian distribution (dotted

curve).

served acceleration:

max

£ (e ldapnO) = [ a8, 5% [ da, Car
0 qmin
N
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(8)

The likelihood function takes as input the line-of-sight
acceleration estimates {a;} for each pulsar i =1,..., N.
The function f(a,o) is a normal distribution in a with
standard deviation o. In Eq. 8, we have abbreviated
Aa; = a; — agal,; and agal; = agal(r;) - ¥; from Eq. 5
defined in terms of a/, and a’,.

We emphasize that this nuisance acceleration parame-
terized by p, and ¢ may be due to accretion, other accel-
eration (from e.g. a third body), or any other unknown
factor in the pulsar system. By introducing these param-
eters we produce a model which accounts for nuisance
acceleration measurements without removing apparent
outliers or making any assumptions about the cause of
the these nuisance measurements. p, and { parameter-
ize modifications to a Gaussian distribution, and do not
specify the particular source of any detected noise. This
modified distribution better reflects the spread in the ac-
celeration data, due to its heavier tail than that of a
Gaussian distribution (see e.g. Fig. 2).

In Fig. 2, we show the resulting likelihood function £
for a single pulsar with uncertainty o, = 1071 m/s? as
a function of |a; — agay,|. In the limit of p, — 0 or




¢ — o0, it reduces to a normal distribution. For non-
zero p, and finite ¢, the distribution has fatter tails with
height proportional to p, and logarithmic slope controlled
by ¢. Aslong as ¢ > 1, the variance of the distribution is
essentially independent from the choice of a'**, and will

not dramatically alter the typical posterior widths (only
the tails).

In Fig. 3, we show the posteriors on these four pa-
rameters, which are all detected at moderate to high sig-
nificance. The MCMC analysis assumes flat priors on
all parameters al,, a,, p,, and ¢, with 0 < p, < 1 and
0 < ¢ < 2. The null hypothesis with a/, = a, = 0 is
excluded at 2.60 and 2.00 significance respectively, and
as expected, we find that af, > 0 and a, < 0. We also
find ¢ = 1.381‘8:%%; such a strong preference for the nui-
sance acceleration spectral index (and large p,) indicates
the existence of additional noise in the data. The best-fit
values ( = 1.38 and p, = 0.71 from Fig. 3 are shown in
Fig. 2. Note that the preferred spectral index is signifi-
cantly larger than unity. In addition, the noise probabil-
ity is pushing up close to the physically sensible boundary
of p, = 1, but since a™™® is so small, this effectively still
corresponds to a small probability of significant excess
noise for all pulsars. The errors on all derived parame-
ters thus reflect the reality of this excess noise. Future
timing data may identify its physical origin, e.g. accre-
tion in these binary systems.

We summarize the results for the radial and vertical
acceleration gradients and the corresponding midplane
Galactic disk density (via Eq. 6) in Tab. I. We com-
pare them to the corresponding parameters estimated
in Ref. [57] using the orbital arc method [59], and in
Refs. [5, 58] using Jeans analyses methods based on Hip-
parcos data. The latter analyses need to assume dynam-
ical equilibrium in the MW, and arrive at values some-
what higher than ours for the disk density, within 3.1
and 1.80 of our results, respectively. Ref. [40] similarly
uses binary pulsars to estimate the parameters of a local
acceleration model, but includes an additional a:ﬁ term.
Furthermore, Ref. [40] does not include a nuisance pa-

Parameter al, a’, pd
Units 107" Szrlzlpc 10" szrlfpc 107 thIT%
This Work 0397012 —0.70%0:3%  4.0730
Ref. [57]  0.167G%  —0.9870%; 56733
Ref. [5] — 1784918 10.2419
Ref. [58] — -1.359% 76113
Ref. [40] 0351078 —1.5210%52 8713

TABLE 1. Best-fit parameters for the Galactic acceleration
gradients a), and a. in the radial and vertical directions
(cfr. Eq. 5), respectively, and corresponding density pq4 in the
midplane of the MW disk via Eq. 6. For Refs. [5, 58], we
calculate a. from the reported value of pq and Eq. 6.

rameter; given that we include all pulsars used in this
earlier work and find a high probability of noise in the
data, the errors on the derived parameters they report
may be underestimated. Our radial and vertical accel-
eration gradient measurements are 0.3c and 2.30 from
their values, respectively. The derived densities differ by
2.00. Due to the our conservative method of handling
noise via the acceleration noise parameter, we see only
a marginal improvement in the parameter uncertainties
despite the use of nearly double the number of sources.

We introduce a modified chi-squared distribution (x?)
to evaluate the model’s goodness of fit:

X2=2 (erfc_1 2(1 - E(éai,oa@pn,@]) , 9)

where erfc™! is the inverse complementary error func-
tion. This modified distribution is constructed such that
X2 = n? has the same p-value under the likelihood of
Eq. 8 for finite p, and ¢ (see Fig. 2) as x? = n? (an
n-sigma deviation) for the standard chi-square distribu-
tion under a Gaussian likelihood. In particular, Eq. 9
approaches the standard x? value in the limit p, — 0
or ( — oo. In Tab. II, we show measurements of good-
ness of fit for the null hypothesis (ag. = 0) and Eq. 5
using the best fit parameters shown in Table I. We find
that Eq. 5 is a better fit to the acceleration data, both
when assuming Gaussian errors (x?) and when using the
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FIG. 3. Posterior distributions for galactic acceleration gradi-
ents in the radial (a},) and vertical (a) directions (see Eq. 5),
the probability (pn) that a pulsar has an additional accelera-
tion in a random direction, and the spectral index (¢) for the
magnitude of this additional acceleration noise. The acceler-
ation gradients are quoted in units of [107*° m/s?/kpc]. Red
vertical and horizontal lines indicate a, = a’, = 0, and dashed
black lines delineate the 16th, 50th, and 84th percentiles.



modified distribution %2, which effectively always yields
a good fit by construction.

The results in Tab. II strongly suggest the presence of
additional noise sources which have not previously been
taken into account. We handle this excess noise with two
nuisance parameters (p, and ¢), and show that the direct
evidence for acceleration gradients previously suggested
in Refs. [39-41] survives under this more robust model.
Our more comprehensive, non-Gaussian errors establish
statistical concordance with the data, as evidenced by the
last column of Tab. II. The physical origin of this excess
acceleration noise is unknown, and will be explored in
future work.

A. Modified Catalog

To validate our selection criteria and analysis methods
we have conducted our analysis on the same dataset as in
Ref. [56], i.e. our current dataset without PSRs B1259-
63, J2339-0533, and J0348+0432.

We find no significant improvement in accuracy (rel-
ative to previous indirect measurements) or precision of
the derived parameters of our model, as summarized in
Tab. IV and shown in Fig. 4. We also see no change
in either p,, or (, indicating that there is still noise in
this dataset. This suggests that without our nuisance
parameter, the errors on any parameters derived from
this catalog will be artificially low. This is further sup-
ported by the high x? and significantly lower Y2 that
we find. The same 5 pulsars (B1913+416, J17134-0747,
J1741+1351, J1933-6211, and J2129-5721) remain signif-
icant outliers in this modified catalog, deviating from the
model by 35, 8.2, 3.6, 3.2, and 10.20 as before.

We thus find that our more complete catalog does not
sacrifice any precision. Furthermore, our robust statisti-
cal analysis is indeed necessary even when being more
conservative with the selection of pulsars; all possible
sources of noise cannot be accounted for in source se-
lection, and this must be accounted for statistically as
we have done here.

V. DISCUSSION

We present a direct map of Galactic acceleration mea-
surements based on a comprehensive catalog constructed

Model x> X2
No acceleration (null) 1181 41.79
Galactic acceleration (Eq. 5) 1491 38.55

TABLE II. Goodness of fit for the null hypothesis (aga1,; = 0)
and the Galactic acceleration model of Eq. 5. We report the
standard x? values, as well as a modified statistic ¥ from
Eq. 9 based on the likelihood from Eq. 8.

o, — 0388015

I +0.359
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FIG. 4. Posterior distributions using the modified catalog
described Sec. IV A. Shown are the parameters of Eq. 5,
pr, the probability of additional acceleration on a pulsar in a
random direction and ¢ the spectral index of this noise. The
gradients are in units of [107'°m/s?/kpc]. Red vertical and
horizontal lines indicate al, = a, = 0 and black dashed lines
delineate the 16th, 50th and 84 percentiles.

from ATNF. These data can be fit to models of the Galac-
tic potential or matter density [40]. For the purposes of
data validation, we perform parameter estimation for the
simple galactic model given in Eq. 5. We constrain the
Galactic midplane density to 0.04070020 M, pc= which
is within ~ 3o of results from Refs. [40, 57, 58]. Using
stellar astrometry from Gaia, Ref. [60] reports a local
baryon density of 0.0889 £ 0.0071 My pc~3. Since our
estimate of the total local density is below this baryonic
density, and our uncertainties are still relatively large,
we cannot meaningfully constrain the subdominant con-
tribution from the dark matter density, but are hopeful
that in future data releases we will be able to do so.
Our 29 pulsars with 4 fit parameters, reported in Ta-
ble II, “match” the model of Galactic acceleration given in
Eq. 5 with a high Gaussian chi-square value of y? = 1491.
Refs. [39, 40] use a similar Gaussian-based method to
report their accelerations. We find five outlier (2 30)
acceleration measurements: those from PSRs B1913+16
(350), J171340747 (8.10), J1741+1351 (3.60), J1933-
6211 (3.20), and J2129-5721 (10.30). Of these, PSR
B1913+16 lies inside of the thin disk, and the rest are
outside of the thin disk, but well inside the thick disk.
The expansion from Eq. 5 thus mildly overestimates the
acceleration magnitude for these pulsars, but this mis-
modeling is not nearly enough to account for the large
discrepancies. We therefore reject the Gaussian noise



hypothesis, and explore the possibility of an additional
spurious noise term contributing to POPS.

We model this with the nuisance parameter a,, in Eq. 9.
We find a significant improvement in the subsequent
modified x? ~ 39 (see Tab. II) and tight constraints on
¢ (see Fig. 3). Moreover, under this modified distribu-
tion, there are no > 3¢ outliers, providing further sup-
port for this modified distribution. This indeed indicates
that several of the outliers discussed above are the re-
sult of data quality issues (though we eliminated known
systematic effects), intrinsic physical processes such as
undetected accretion in the pulsar binary, or rare occur-
rences of significant acceleration caused by a third body
in a wide circumbinary orbit [61].

The error associated with P, improves as T3/2 with
integration time 7', so PO improves as T~%/2 [62]. Fur-
thermore, parallax errors, used in the computation of
PXinalso improve as T~1/2 [63]. Of the 29 pulsar accel-
eration measurements in our catalog, 16 are limited by
Pé)bs errors, and 7 are dominated by uncertainties on the
Plf(i“ determination (primarily parallax error), and 6 are
limited by PSW We are therefore hopeful that our few-
sigma measurement of acceleration gradients will turn
into a precision probe of Galactic structure with future
pulsar timing data releases and correspondingly improved
line-of-sight acceleration catalogs.
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Appendix A: Catalog summary

In Tab. III of this appendix we present the data for
each pulsar in our catalog. This includes position and
orbital measurements as well as intermediate calculations
of Pg“n and final calculations of aga,. Complete data are
available in an appended .csv file.

We also present maps of the pulsars and acceleration
data in Figs. 5, 6, and 7. In addition to sky position,
Fig. 5 shows the portion of pulsars in our catalog which
are monitored by the International Pulsar Timing Array
(IPTA) or are millisecond pulsars (MSPs). The pulsars
are all within 5 kpc of Earth (see Fig. 5). Furthermore,
all but two of the pulsars are in the galactic disk, Fig.
7. This distribution is consistent with the assumptions
of the radial gradient expansion we use to model galactic
acceleration (Eq. 5).
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TABLE III. Data for each pulsar: the galactocentric coordinates x, ¥y, z, observed binary period P, and its first time derivative

5Obs

w -, predicted binary period derivative Pgﬁ“ from kinematic effects, our inferred line-of-sight acceleration agal, and the

reference used for the distance measurement. A star

¢k

next to log, | PO"®| values indicates that PO

is negative. A dagger ‘{’

next to a pulsar’s name indicates that aga) is calculated with the approximation PbGW =~ 0 due to missing mass measurements.

Pulsar x [pc] y [pc] z [pc] P, [10% 5] log10|PbObS| pKin [10-14] aGa [1071%ms™2]  Ref.
B1259-63 6661.5 —2150.5 —-27.9 10700.00 —7.85 ( —8.15) 3340 + 450 391 + 196 [64]
B1534+12 7532.5 212.1 721.6 3.64 —12.9 *(-15.5 ) 5.33 + 0.37 0.106 = 0.313 [65]
B1913+16 5486.2  3137.1 165.9 2.79 —11.6* (—15.0 ) 0.0145 £+ 0.0086 —4.74 £ 0.15 [66]
J0348+0432 9403.9 —74.6 —933.8 0.89 —12.6 *(-13.3 ) 0.0984 £ 0.060 —54 £ 18.2 [53]
J0437-4715 8155.4 —111.16 —83.4 49.60 —-114 (-14.2) 3732 &+ 2.6 —0.122 £ 0.164 [53]
J0613-0200 9067.1 —554.5 —156.3 10.40 —-13.7 (-14.1) 3.10 + 0.14 —0.141 + 0.532 [67]
J0737-3039A/B  8429.1 —665.3 —-36.1 0.88 —11.9 *(-13.8 ) 0.0302 £ 0.0095 —1.54 £ 11.3 [68]
J0740+4-6620 8984.1 504.0 591.0 41.20 —11.9 (-12.7) 122 + 17 014 + 191 [69]
JO751+1807 9325.5 —504.7 527.6 2.27 —13.5 *(—14.6 ) 1.45 + 0.37 —-0.80 + 2.90 [67]
J1012+5307 8622.6 179.4 677.4 5.22 —13.2 (-14.0 ) 7.06 + 0.12 0224 £ 0.685 (53]
J1017-7156 7620.6 —1270.9 —284.8 56.30 —-124 (-12.7) 19.6 + 25.1 1.09 £ 1.71 [70]
J1022+1001 8450.4 —419.4 683.2 67.40 —-12.7 (-13.2) 35.3 + 229 —0.643 £ 0.320 [51]
J1125-6014 7547.9 —1385.6 42.7 75.60 —12.2 (-13.0 ) 80.8 + 43.1 —043 £+ 1.75 [70]
J1455-33301 7509.1 —343.2 310.8 658.15 —-11.3 (-11.7) 80.7 + 6.5 1.72 £ 1.01 [51]
J1600-3053 6838.9 —365.4 411.2 124.00 —-12.3 (-13.0) 20.7 + 0.62 0.708 £ 0.242 [51]
J1603-7202 7749.3 —352.4 —112.8 5.45 —-12.7 (-134) 4.2 + 2.2 0.815 + 0.252 [70]
J1614-2230 7479.1 —-83.0 257.3 75.10 —-11.8 (-12.9 ) 132 + 10 0.984 + 0.653 [67]
J1640+-2224 7480.8 556.8 688.1 1515.00 —-11.0 (-11.7 ) 529 +118 0.833 £ 0.448 [51]
J1713+0747 7081.5 570.0 576.4 586.00 —12.7 (-13.0 ) 73.8 + 2.3 —0.275 + 0.052 [71]
J1738+0333 6653.6 770.9 547.3 3.07 —13.8 *(-=14.5 ) 0976 £+ 0.079 0.062 £ 1.03 [65]
J1741+1351 6799.8 1027.4 681.2 5.88 —-119 (=124 ) 3.49 + 0.77 67.5 + 18.8 [72]
J1909-3744 7049.0 -5.0 —364.3 13.20 —12.3 (-15.2) 50.1 + 04 0.246 + 0.101 [67]
J1933-6211 7173.3 —454.6 —556.6 111.00 —204 (—24.7) 46.9 + 15.7 —1.27 + 0425 [73]
J2043+1711 7396.6  1361.5 —403.6 0.53 —-13.0 (-13.9) 0.311 £ 0.039 323 +194 [74]
J2129-5721 7720.0 —162.8  —393.8 57.20 —11.8 (~13.1) 148  + 9.9 714 £ 0.70 [71]
J2145-0750 7813.8 340.8 —395.5 59.10 —-12.9 (-13.7) 15.4 + 0.52 —0.117 + 0.105 [67]
J2222-0137 8035.2 164.2 —172.5 21.10 —-12.6 (—14.1) 27.9 + 02 —-0.294 + 0.125 [75]
J2234+0611 7920.4 664.3 —627.7 27.60 —11.5 (—11.6 ) 468 + 20 —-1.71 £ 272 [76]
J2339-0533 8025.1 657.9 —1256.5 1.67 —19.7 *(-21.7 ) 0.722 =+ 0.167 23.2 + 15.7 [77]
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FIG. 5. Left: Locations of the 29 pulsars included in this data release (see Table III). IPTA and other MSPs are shown in blue,
with star and circle markers respectively. Green squares are not MSPs, however they do have measured binary orbital period
derivatives. Right: Distances to the 29 pulsars in this data release.
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FIG. 6. The acceleration data mapped as a function of position in galactocentric coordinates (see Table III), from a top-down
view of the Milky Way. In both panels, the orange “X” is the Earth. The left panel shows the log of the absolute value of
the accelerations as a function of position. Square points indicate negative accelerations, while circular ones are positive. The
right panel shows the log of the acceleration data with relative uncertainty indicated by opacity; more faint points have higher
values of uncertainty relative to calculated acceleration.
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FIG. 7. Acceleration data mapped over an edge on view of the Milky Way in galactocentric coordinates (see Table III), where
the orange X is the Earth. As in Fig. 6, more faded points represent acceleration values with higher relative uncertainties. All
but two of the pulsars are within the galactic disk, and 11 of the 29 are in the thin disk.

Parameter al, al, Pd Dn ¢ X° X’
Units 10710 o 10710 22 1072 0%

Full catalog 0.397012  —0.711032  4.0%30 071703 1.38%01 1491 38.55
Modified catalog 0.397072  —0.707035 41730 0.71703 137707 1486 32.34

TABLE IV. Best-fit model parameters, distribution shape parameters, and goodness of fit values for the full dataset, and
the modified dataset as in Ref. [56]. The omission of the three pulsars did not improve our resolution on any of the model
parameters, did not decrease the probability of noise in the dataset, and resulted in only a minor improvement in the goodness
of fit values.



