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We measure the line-of-sight accelerations of 26 binary pulsars due to the Milky Way’s gravi-
tational potential, and produce a 3-dimensional map of the acceleration field of the Galaxy. Ac-
celeration measurements directly give us the change in the line-of-sight velocity at present day,
without requiring any assumptions inherent to kinematic modeling. We measure the Oort limit
(po = 0.06240.017 Mg /pc®) and the dark matter density in the midplane (po,pm = —0.010£0.018
Mg /pcS); these values are similar to, but have smaller uncertainties than previous pulsar timing
measurements of these quantities. Here, we provide for the first time, values for the Oort con-
stants and the slope of the rotation curve from direct acceleration measurements. We find that
A = 154 + 2.6 km/s/kpc and B = —13.1 + 2.6 km/s/kpc (consistent with results from Gaia),
and the slope of the rotation curve near the Sun is —2 + 5 km/s/kpc. We show that the Galactic
acceleration field is clearly asymmetric, but due to data limitations it is not yet clear which physical
processes drive this asymmetry. We provide updated models of the Galactic potential that account
for various sources of disequilibrium; these models are incompatible with commonly used kinematic
potentials. This indicates that use of kinematically derived Galactic potentials in precision tests
(e.g., in tests of general relativity with pulsar timing) may be subject to larger uncertainties than
reported. The acceleration data indicates that the mass of the Galaxy within the Solar circle is
2.3 x 10" Mg, roughly twice as large as currently accepted models. Additionally, the residuals of
the acceleration data compared to existing Galactic models have a dependence on radial position;
this trend can be explained if the Sun has an additional acceleration away from the Galactic center.

I. INTRODUCTION

The Milky Way (MW) is in dynamical disequilibrium
due to internal phenomena, such as the bar, spiral struc-
ture, and external perturbations from satellite galaxies
and dark matter substructure. The timescales for these
perturbations are comparable to the orbital periods of
stars in the disk and stellar halo; as a result, the Galaxy
has not achieved relaxation in the statistical sense de-
scribed by Lynden-Bell (1967) [I]. These disequilibria
manifest in the stellar Galactic disk in a variety of ways,
such as corrugations, warps, and phase space spirals [2--
[], as well as a north-south asymmetry in the density of
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stars [0H7], and moving groups of disk stars [8HI3]. Dis-
turbances in the HI gas [14, [I5] have been interpreted as
arising from satellite perturbations [T6HIS8], and there is
apparent bulk motion in the interstellar medium, such as
the Radcliffe Wave [19].

These disequilibrium features contain valuable infor-
mation about the MW’s structure and history. For ex-
ample, the phase space spirals in the MW disk may have
been generated by the Sagittarius Dwarf Galaxy [20] or
the gravitational field of the Galactic bar [21I, 22]. In
general, frequent interactions with substructure leads to
a departure from equilibrium in the motions of Milky
Way disk stars.

Historically, studies of the Galaxy’s structure have pri-
marily focused on the readily available positions and mo-
tions of stars [23]. This method is restrictive, because
kinematic information about the gravitational potential
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is averaged over time and space throughout a given star’s
orbit. Kinematic techniques, such as Jeans modeling,
require simplifying assumptions such as spherical or az-
imuthal symmetry, and equilibrium [24]; these assump-
tions restrict the ability to observe spatially complex and
transient features, and can therefore only produce an ap-
proximation of the Galaxy’s true underlying gravitational
potential field.

However, the acceleration of an object is instantaneous
in time, and produces a measure of the gravitational po-
tential at a specific location of the Galaxy, as well as a
non-local measure of the density field. As a result, di-
rect acceleration measurements allow one to probe the
Galaxy’s structure in a fine-grained way that is free of
kinematic assumptions. Recently, several precision tech-
niques have been developed that enable direct line-of-
sight acceleration measurements within a few kpc of the
Sun, including extreme precision radial velocity observa-
tions [25], pulsar timing [26], and eclipse timing [27].

Because they are precise astrophysical clocks, pulsars
can now be used to directly measure the Galactic ac-
celeration [26]. The spin periods of solitary pulsars are
subject to magnetic braking, which is not well under-
stood; however, the orbital periods of binary pulsars can
be modeled precisely with general relativity [28-30] to
extract Galactic accelerations.

Pulsar timing data has been used to test general rela-
tivity, via the emission of gravitational waves from binary
systems [29] B1]. Computing this radiation term in the
pulsar timing data requires knowing the Galactic poten-
tial at the location of the pulsar, which is currently the
largest source of uncertainty in these tests [30]. By ob-
taining an accurate model of the Galaxy’s gravitational
potential, one could substantially lower the uncertainty
in tests of general relativity. This can be enabled by
direct acceleration measurements that are independent
of pulsar timing. Eclipse timing measurements of pre-
cisely timed eclipsing binary stars [27], which can be em-
ployed for this purpose. Further in the future, extreme-
precision radial velocity measurements will also provide
direct measurements of the Galactic acceleration [25] that
can be used to determine the Galactic potential indepen-
dent of pulsar timing.

Previously, Chakrabarti et al. (2021) [26], hereafter
C21] analyzed line-of-sight acceleration data for 14 binary
pulsars; we expand this with updated data for 26 binary
pulsars, roughly doubling the size of the dataset. The
C21 dataset spanned 2.6 kpc in R and 1.5 kpc in Z; our
updated dataset extends this to 3.4 kpc in R and 3.6 kpc
in Z, which allows us to leverage a larger region of the
Galaxy when constraining our models.

In this work, we use the expanded dataset to com-
pute updated values for several different potential mod-
els that are fit to the observed accelerations. In addition
to a measurement of the Oort limit and a constraint on
the local dark matter density, we are now able to con-
strain the slope of the rotation curve and the Oort Con-
stants. We also move beyond smooth potential models,

and produce a 3-dimensional, non-parametric map of the
MW acceleration field. This map manifests an apparent
lack of vertical and azimuthal reflection symmetry about
the Sun, which is evidence of local disequilibrium. We
demonstrate that a consideration of disequilibrium is re-
quired in order to obtain accurate models of the MW'’s
gravitational potential from direct acceleration measure-
ments; this will continue to be important as pulsar timing
datasets become larger and more precise.

II. DATA

We take the distance between the Sun and the Galac-
tic center to be R = 8.178 kpc [32], and the circular
speed at the Solar position to be Vygr = 232.8 km/s
[B3]. Adopting other literature values of Rg and Visgr
did not substantially change the results of this work.

This work uses a Galactocentric Cartesian coordinate
system, where the Sun is located at positive z, § points
towards the direction of the Sun’s motion, and 2 = —Z X

Y.

A. Calculating Accelerations

We follow the methodology in C21 in extracting the
Galactic acceleration from measured binary pulsar accel-
erations. The observed orbital period of a binary pulsar
will be Doppler shifted according to its line-of-sight ve-
locity. If the binary pulsar accelerates along our line of
sight, a corresponding change in the Doppler shifted or-
bital period will be observed. The observed line-of-sight
acceleration is expressed as

PObs
= 0

where P, is the observed orbital period of the binary and
c is the speed of light.

The observed time rate of change of the binary orbital
period (PP") can be decomposed into a sum of different
effects:

PbObs — PbShk + PbGR + PbGal. (2)

The quantity PS"* is known as the Shklovskii effect
[34], and is the result of proper motion of a source leading
to a change in the distance to that source, producing
an apparent acceleration along our line-of-sight. It is
computed as

5Shk _
Pb —_

Pprd
Sllalel 3
- 3)
where g is the total proper motion of the source, and d
is the distance to that source.
The quantity PbGR is the decrease in the orbital period
due to radiation of gravitational waves [28 80], and is
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where e is the orbital eccentricity of the binary (typically
close to 0), m,, is the mass of the pulsar, and m, is the
mass of its companion.

Because the quantity we are interested in is the ac-
celeration due to the gravitational potential of the MW,
we compute the Galactic component of the line-of-sight
acceleration as

HGal
Gal __ Pb
Alos = Pb

¢ (5)

using Equations [[Jf4] For notational simplicity, we often
refer to this quantity as ajos from this point forwards.

B. Pulsar Data

We selected all available binary pulsars from the Aus-
tralia Telescope National Facility (ATNF) pulsar catalog
[35] that satisfied the following criteria:

e The source had a measured P, and Pb;
e Had measured parallax 7 and proper motion u;

e Had measured orbital eccentricity e, pulsar mass
mp, and companion mass m,; or a binary period
P, > 5 days.

e The source cannot be a redback, black widow, etc.
or transferring mass with its companion, which can
change the orbital period of the system.

e The source cannot be in a globular cluster, as the
internal accelerations of globular clusters are ex-
pected to overpower the Galactic acceleration sig-
nal.

Our final dataset contains 26 binary pulsars; the full
list of the pulsars, their distances, their components of P,
and their accelerations are provided in Table[l] Fourteen
of these sources are present in the C21 dataset. Here, we
also include 9 sources from recent work by Moran et al.
51l We do not use the following five sources from the
Moran et al. (2023) dataset as they do not satisfy our
criteria for selection:

e B1259-63: This pulsar has a Be star companion,
and experiences regular mass transfer [52].
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FIG. 1. The observed pulsar data. Each source is colored ac-
cording to the residual of its the observed line-of-sight acceler-
ation and the Gala MilkyWay2022 potential model, weighted
by the uncertainty of each measurement. There is a global
trend in the data; points that are further to the left are bluer
on average than points that are further to the right. This
suggests that the Gala MilkyWay2022 potential model incor-
rectly estimates the slope of the rotation curve, or that the
Sun is experiencing an additional acceleration away from the
Galactic center.

e J0348+4-0432: This source has no PTA parallax
available. Moran et al. [51] used a Bayesian esti-
mate of the parallax taken from a negative Gaia
DR3 parallax [53H55] to calculate the distance to
the pulsar, but we choose not to include this source
because of its large distance uncertainty.

e J0636+5128 (Listed in Moran et al. [BI as
J0636+5129): There is evidence for outflows
around this source, the pulsar may have an accre-
tion disk, and the pulsar appears to be interacting
with its companion in some way [56] 57].

e J1756-2251: The proper motion in declination of
this source is only constrained within an upper limit
of 20 mas; Moran et al. [51] use only the proper
motion in right ascension for this source (roughly 2
mas). Additionally, the distance to this source has
an uncertainty of 24 kpc. This makes it impossible
to constrain PbShk.



PSR Distance pobs PI,Shk PbGR al(:’,‘gl Reference
(kpc) (mm s~ yr~)
J0437-4715 0.157(2) 3.728(6)E-12  3.76(5)E-12  -3.22(15)E-16 -0.8(9) R16
J0613-0200  1.14(12) 34(7T)E-14 3.15(33)E-14  -8.0(40)E-15 1.0(8) NG
JO737-3039A/B 1.15(22) -1.252(17)E-12  4.4(12)E-16 -1.2484(8)E-12 -5.(18) KMS06, DBT09
JO740+6620  1.0(2) 1.17(26)E-12  1.06(21)E-12  -6.07(21)E-16 2(8) NG
JO751+1807  1.17(5) 3.50(5)E-14  1.19(5)E-14  -4.4(4)E-14 -1.2(17) EPTA, NSKO08
J1012+5307  1.0(2) 6.1(6)E-14 8.4(17)E-14  -6.0(320)E-15 -3(7) NG, EPTA
J1017-7156  1.4(6) 4.(2)E-13  2.0(8)E-13  -3.9(30)E-16 3(4) PPTA
J1022+1001  0.85(6) 2.18(9)E-13  T.4(20)E-13  -5.2(8)E-16 -7.3(28) EPTA
J1125-6014  1.5(11) 7.(1)E-13 8. ()(60 E-13  -2.24(30)E-16 -1(8) PPTA
J1455-3330  0.76(6) 45(22)BE-12  8.0(6)E-13 - 5.3(32) EPTA
B1534+12 0.94(7) -1.366(3)E-13 5.3(4 E-14 -1.93(6)E-13 0.8(19) FST14, DDF21
J1600-3053 1.87(3) 5.(1)E-13  2.79(5)E-13 -1.2(4)E-16 1.7(8) PPTA
J1603-7202  2.7(13) L9(4)E-13  2.2(10)E-13 - -0.4(19) PPTA, WRT22
J1614-2230  0.68(4) 1 33(7)E-12 1 32(8)E-12 -4 23(3)E—16 0.1(14) NG
J1640+2224  1.08(28) 9.5(19)E-12  5.3(14)E-12 6.(3)E-18 2.6(15) EPTA
JITI34+0747  1.136(13)  2.64(73)E-13  6.41(T)E-13 6. 7(2)E-18 -0.61(12) EPTA
J1738+0333 1.47(10) -1. 70(31)E-14 8.2(6)E-15 -2.9(13)E-14 1(4) FWE12
J1741+1351  3.0(9) L3(4A)E-12  1.4(4)BE-12 - “1(4) NG
J1909-3744  1.12(3) 5.00(2)E-13 4.94(13)E-13  -2.90(4)E-15 1.2(10) NG
B1913+16 4.1(2) 2. 423(1)E-12 1.6(7)E-16 -2.40263(5)E-12 -6.96(34) WH16, DWN18
J1933-6211 1.6(3) 7.(1)E-13 6. 6( 2E-13  -1.53(29)E-16 0.3(14) CGKF23
J2043+1711  1.4(1) 1O(1)E-13  6.5(5)E-14  -2.86(16)E-15 2.8(8) NG
J2129-5721 3.6(14) 1. 51(9)E 12 8.9(35)E-13 - 10(6) PPTA
J2145-0750 0.71(5) 1.3(2)E-13 1.76(12)E-13 - -0.7(4) PPTA
J2222-0137 0.2681(12) 2.554(74)E-13 2.796(13)E-13 -7.98(12)E-15 -0.76(34) GFG21
J2234+0611  0.97(4) 3.1(25)E-12 4.78(20)E-12  -2.57(12)E-17 -6(9) SFA19

Rows without PCR data are expected to have negligibly small values of PCT. References: R16, [36]; NG (NANOGrav 15-yr

Data Release), [37]; KMS06, [38]; DBT09, [3

9); EPTA (EPTA-DR2), [40

]; NSKO08, [41]; FST14, [42); DDF21, [43]; PPTA

(PPTA-DR2), [44]; WRT22, [45]; FWE12, [46]; WH16, [30]; DWN18, [47]; GKF23, [A8]; GFG21, [49]; SFA19, [50].

TABLE I. Summary of Pulsar Data.

e J2339-0533: This source is a redback [58].

Three of these pulsars are new sources, and were not in
either the C21 or Moran et al. |51 datasets: J1455-3330,
J1640+4-2224, and J1933-6211; these timing solutions were
published after Moran et al. 51l

C21 listed a parallax of 1.9 mas for J2129-5721 [59],
but more recent solutions give a parallax of 0.26 mas for
this source [44]. This erroneous distance measurement,
combined with the source’s large value of PbObS, could
explain why it had the largest residual of any PSR con-
sidered by C21.

In the case where e, m, and m, were not constrained

(and therefore PbGR could not be calculated), the source
was still included if its binary period P, > 5 days. Since

prR o' P{S/ 3
small values of PSR (assuming m, = m. = 1.4 Mg, e = 0,
and P, = 5 days, PR ~ 1071%; for comparison, P&l ~
10712). Our dataset contains 5 sources without PSR,
indicated in Table [I| by a dash in the PbG’R column.

large orbital periods result in negligibly

C. Line-of-Sight Acceleration Uncertainty

We computed the uncertainty in a5 for each source us-
ing standard error propagation procedure. This method
does not take into account any covariances between the
uncertainties in correlated parameters, or the fact that
uncertainty in distance contibutes to the total error by
both changing the position of the pulsar and also affect-
ing the calculation of P, As such, it is beneficial to
double check that we are not underestimating the uncer-
tanties in ajos by estimating the uncertainties in a second
way.

Figure [2| shows bootstrapped uncertainties in ajos for
each source, broken down into the contribution of the
uncertainty of each component to the total aj,s uncer-
tainty. The total uncertainty in ajos was estimated by
computing the “true” ajos for each source assuming its
parameters each individually have zero error, and then
sampling 10,000 times with the reported errors on each
component, assuming that each uncertainty is normally
distributed. The contribution of each component to the
overall ajos uncertainty was estimated by assuming only
that component has zero uncertainty, and then sampling
the resulting a;os uncertainty 10,000 times. The “Other”
component in the ajos uncertainties is likely due to addi-
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FIG. 2. Bootstrapped uncertainties in aios for each source, broken down by individual component (parallax, proper motion,
PSR and PbObS). There is also a contribution to ajes error from covariances between the various components. The dashed
black line shows the uncertainty estimated for ajos using error propagation techniques, and is generally in agreement with the

bootstrapped uncertainties.

tional uncertainty contributed by covariances in the com-
ponents.

The dashed black line in Figure [2| shows the uncer-
tainty that is obtained through error propagation; over-
all this value appears to be similar to the bootstrap es-
timates, indicating that the uncertainties obtained via
error propagation are reasonable estimates.

In general, uncertainties in parallax and PP con-
tribute more to the overall uncertainty in ajs than un-
certainties in proper motion and PbGR. As a result, im-
provements in parallax and PbObs measurements should
be prioritized in pulsar timing fits in order to obtain more
precise ajos measurements in the future.

III. RADIAL DEPENDENCE OF
ACCELERATION RESIDUALS

The observed acceleration data is shown in Figure
[[] compared to a state-of-the-art theoretical potential
model, MilkyWayPotential2022 from the Gala python
package [60]. There is a global trend in the figure; over-
all, MilkyWayPotential2022 underestimates the acceler-
ations of the pulsar sources towards the Galactic center.
Because we observe a line-of-sight acceleration relative to
the Sun, this results in a positive residual ajs (blue) for
sources between the Sun and the Galactic center, and a
negative residual ajos (red) for sources with R > Rg.

Interestingly, we were not able to remove this trend
by varying the total mass of the Gala MilkyWayPoten-
tial2022 model. However, this trend can be explained
if the Sun is accelerating relative to the pulsars in the
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FIG. 3. The residuals of the pulsar data and the Gala Milky-
WayPotential2022 model as a function of distance from the
Galactic center (black). A linear fit to the data is shown as a
dashed gray line. If the model fits the data, one would expect
the residuals to be clustered around 0 independent of each
pulsar’s position; however, there is a radial dependence in the
residuals when the Solar acceleration from the Gala model is
used. If the Sun’s acceleration relative to the binary pulsars
is actually only 80% of its presumed value, this trend disap-
pears (although there is still substantial scatter at some radii,
particularly at R ~ 7.5 kpc).



dataset.

The distribution of QSOs has been used to measure
the acceleration of the Sun relative to a cosmological ref-
erence frame [61] 62]. These accelerations agree with pre-
dictions of the Solar acceleration relative to the Galactic
center using existing kinematic potential models of the
MW; as a result, the measured acceleration of the Sun
relative to the QSO reference frame is typically treated as
identical to the Sun’s acceleration relative to the Galac-
tic center. In other words, it is presumed that the ac-
celeration of the Galaxy relative to the QSO reference
frame is negligible. However, there is no reason that the
Galactic center is in the same inertial reference frame as
the QSOs; if the Galactic center is in-fact accelerating
relative to the QSOs, then the acceleration of the Sun
relative to the QSOs is not a relative acceleration with
respect to the Galactic center.

In this scenario, the Sun could be experiencing an addi-
tional acceleration relative to the Galactic center (which
cannot be constrained by the QSO measurements). If
this is the case, then the observed relative accelerations
of each pulsar are actually

aios = [a(x) — a(xe) — apec(x0)] - d, (6)

where ape.(X@) is a peculiar acceleration felt by the Sun
but not felt by each pulsar (see Equation [§] for further
context) and d is the line-of-sight vector from the Sun to
each source.

In order to remove the observed trend, the Sun would
need to feel an additional acceleration of apec(xe) = 1.1
mm/s/yr of its predicted radial acceleration away from
the center of the Galaxy. The effect of this additional ac-
celeration on the residual of the observed data is shown in
Figure[3] This value was obtained by optimizing a poten-
tial model that consisted of Milky WayPotential2022 plus
an additional acceleration on the Sun relative to the pul-
sar data (see Section [IV|for a detailed description of the
optimization procedure). For this analysis, we removed
PSRs J1713+0747, B1913+16, and J2043+1711 because
they were outliers that substantially changed the linear
fit to the data.

It is difficult to explain why the Sun would have an
additional acceleration relative to the Galactic center, al-
though a relative acceleration could potentially be caused
by a nearby massive object, such as a nearby (dim) com-
pact object, or a dark matter subhalo. It is interesting
to note that a Jupiter-mass object at a distance of 400
AU from the Sun would produce a Solar acceleration of
the correct magnitude to explain the observed global pul-
sar acceleration trend; constraints on the possible loca-
tions of Planet Nine place it roughly in the direction of
the Galactic anticenter [63] [64], potentially making it an
explanation for why the Sun would experience an addi-
tional acceleration away from the center of the Galaxy
that would not be felt by the pulsar sources. However,
current constraints on Planet Nine’s mass and semimajor
axis would only produce a Solar acceleration on the order
of ~0.05 mm/s/yr [65]; this discrepancy would need to

be resolved in order to claim that a ninth planet is the
cause of the apparent 1.1 mm/s/yr Solar acceleration.

Zakamska & Tremaine (2005) [66] used pulsar and
white dwarf timing solutions to constrain the accelera-
tion of the Solar system, and concluded that the Solar
system acceleration was consistent with zero. However,
their sensitivity was limited to roughly the acceleration
of a Jupiter-mass planet at a distance of 200 AU (~ 4.5
mm/s/yr), which is a few times larger than the value we
provide here for the Solar acceleration, and is therefore
not in tension with our results.

IV. MODEL FITS

Ideally, if one had a complete map of the gravitational
field, then its divergence would give a local measure of the
density field; however, because we are restricted to one
component of the gravitational field with existing data,
we must instead rely on models to infer the local density
and corresponding features in the Milky Way.

Given a model for the MW’s gravitational potential
®(Z), one can compute the acceleration at a given point
from

a(x) = —V(x), (7)

which can then be used to obtain a relative line-of-sight
acceleration:

aps = [a(x) — a(xe)] - d (8)

We fit a number of models to the observed aj.s data
using a maximum likelihood estimation (MLE) technique
[68]. We first define a likelihood function, in this case
obtained from a y? statistic:

N 2

X2 — § (aﬁ%s 72alnol§d61) , (9)
- O obs
U Aos

where N is the number of sources in the data. The cor-
responding log-likelihood function is In(L) = —x?/2.

The log-likelihood function was then maximized us-
ing the differential_evolution function from the
scipy.optimize python package [69]. Differential evo-
lution was used rather than traditional conjugate gradi-
ent descent because some of the models have “bumpy”
likelihood surfaces, which can cause gradient descent al-
gorithms to get stuck in local minima.

The covariance matrix (K) for the optimized parame-
ters is calculated from the weighted inverse of the Hessian
matrix (H);

1

K, = NH;, (10)

where N is again the number of sources, and

2

Hyj = {8?@ 1n(£)] , (11)



Local Model Potential Parameters AIC 2

Equilibrium Models

« ®(R,2) = VigrIn (Ri + az logo(a - Gyr®) = 3.60 £ 0.06 54 2.2

o-f D(R,z) = VL:gR (Ri) * + 1a2® log, (- Gyr?) = 3.51 £0.13 55 2.3
B/ =0.144+0.17

Cross (a-y) ®(R,z) = (Visg —v2°) In (Ri) + 1a2® log, (- Gyr?) = 3.54 £ 0.16 55 2.3
log, (v - Gyr?) = 3.3+ 0.9

MWPotential201/ Galpy Values [67] - 66 3.0

MilkyWayPotential2022 Gala Values [60] - 70 3.5

Damour-Taylor see Section |[V A4 - 85 3.8

Disequilibrium Models

Anharmonic ®(R,z) = Vispln ( ) +1a122 + Lasz®  logyg(an - Gyr®) = 3.51 +0.08 51 2.1
log,o(az2 - Gyr® - kpc) = 3.4 4 0.2

20- B(R,z) = Yisn (%)2 +lonz? + Laos®  logye(ar - Gyr?) = 3.56 4 0.11 53 2.2
log, (2 - Gyr® - kpe) = 3.5 4+ 0.2
B8 =—-0.08£0.18

Local Expansion see Section [V A 2 log,o(—8ar/OR - CGyr? /kpc) = 2.6 + 0.3 41 1.6
log,o(—08ae/0¢ - Gyr® /kpc) = 3.54 + 0.09
log,,(8a./0z - Gyr? /kpc) = 3.73 & 0.08

Sinusoidal ®(R,2) = Vispln (%) logyo(a - Gyr?) = 3.37 £ 0.08 41 1.6

+la(z+ Asin(2rR/A+ ) A=0.52+0.08 kpc

A =2.46 +0.15 kpc
p=35+1.2

a-B + 2 Point Mass ~ ®(R, z) = “Lsn (%)2 +3az? + Y2 G0 og,o(a - Gyr?) = 3.65 + 0.0 31 0.8

B =-043+£0.12
log,o(M1/Mg) =8.3+0.3
r1 =7.440.2 kpc

y1 =1.2+£0.1 kpc

z1 = —0.6 +0.2 kpc
log,q(M2/Ms) =8.0+£0.5
ro = 7.54+0.1 kpc

y2 = 0.5+ 0.1 kpc

22 = 0.9+ 0.2 kpc

TABLE II. Optimized fits to the local potential models.



where L is the likelihood of the optimized parameters
given the observed data. The uncertainty in the ith op-
timized parameter (o;) is obtained from the diagonal of
the covariance matrix:

g; = diag(Kij). (12)

The Akaike Information Criterion (AIC) can then be
evaluated for each fit model using the formula

AIC = 2k — 21n(1i) =2k + 2, (13)

where k is the number of free parameters in that model.
The AIC is a measure of significance of a likelihood score
given a model; models with more free parameters typi-
cally produce better likelihood scores, so the AIC pro-
vides a way of evaluating whether adding additional free
parameters to a model actually improves the quality of
the fit. A difference of AAIC= 6 between two models is
considered to be strong evidence in favor of the model
with lower AIC [70].

C21 used a Markov Chain Monte Carlo (MCMC) tech-
nique to fit models to pulsar acceleration data. We chose
to use an MLE technique instead because MCMC codes
can quickly become intractable for models with a large
number of parameters, such as the “a—g8 + 2 Point Mass”
model, which has 10 free parameters. This model is feasi-
ble in the MLE code, which is much faster and uses much
less memory than the corresponding MCMC framework.
The C21 MCMC setup is practically identical to our MLE
setup, in that the likelihood functions are identical, and
the MCMC priors from C21 are (roughly) encoded in the
uncertainties in the observed accelerations, which are de-
rived from the usual uncertainty propagation procedure.
We compared several of our model fits to fits obtained
using C21’s MCMC approach, and the optimized param-
eters agree to well within the reported uncertainties.

The analytic form of each potential model can be found
in Tables[[land [[TI] as well as the best fit parameters for
each model and the quality of that fit.

A. Symmetric Local Models

Our first set of potential models are azimuthally and
vertically symmetric models (they are invariant under
negation of ¢ or z). These models were introduced in
(C21 as local approximations of the potential (Taylor ex-
pansions of order < 2), which are only expected to be
accurate within a few kpc of the Sun. For this reason,
these models are only fit to sources within 3 kpc of the
Sun; this removes J2129-5721 and B1913+16 from the
dataset, and these models are only fit to 24 of the 26
sources.

1. « Model

The a model is the simplest model in this work. It
is additively separable in R and z, and assumes a flat

rotation curve, which is calibrated to the local standard
of rest and the Solar position. In the vertical direction,
the potential is that of a harmonic oscillator, where «
gives the angular frequency of vertical oscillations. The
free parameter « also sets the vertical density profile of
this model, which is constant and given by 47Gp = a.
Our measured value of o agrees with the value obtained
by C21, and our updated value has smaller uncertainties.

2. «a— [ Model

The a — 8 model is an extension of the o model that
considers a sloped rotation curve, which is characterized

by 5:

R dVi.
= 14
b {Vcirc dR LO’ (14)

i.e. more positive (negative) values of 5 indicate a more
positive (negative) slope of the rotation curve. Given the
smaller extent of the pulsars, C21 could not constrain 3
for this model. Our larger of sample of pulsars covering
a larger radial extent enables us to constrain it to be
slightly positive (although it is consistent with 0 within
a lo uncertainty). Constraining 3 allows us to calculate
the Oort constants; we provide an updated estimate of
the Oort limit as well (see Section [VI)).

3. “Cross” Model

A potential that is additively separable in R and =z
(such as the « model) leads to a density that is also ad-
ditively separable through the Poisson equation, whereas
any realistic potential will not satisfy this condition. In
the “cross” model, we consider a simple extension of the
a model that breaks the separability assumption. The
magnitude of this cross term is set by -, for which v > 0
corresponds to oblate isopotential contours, and a larger
value of v implies a more oblate potential.

C21 derive typical values of v to be logyy(y/Gyr?) =
293 for a log-spherical MW potential and
logyo(7/Gyr?) = 3.94 for a Miyamoto-Nagai Disk
potential [7I]. Both of these values are consistent
with our fit value of -, although our observed value
of v is closer to the spheroid potential than the disk
potential. C21 found that their value of v was more
disky (log;o(y) = 4.87) than our best-fit v value
(logyo(y) = 3.3). The difference in these values arises
from the updated timing solutions for the pulsars
relative to what was used in C21; when fitting the cross
model to only the C21 sources, but instead using the
more recent values for the accelerations and distances,
we obtain a v value that is consistent with our v within
lo uncertainties.

The cross model also gives an approximation for the
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FIG. 4. The ratio of Vi to Visr as a function of height from
the disk. The dashed red (this work) and blue (C21) lines
show the values obtained from the cross model using pulsar
acceleration data, and the solid black line shows the values
obtained from kinematic data by Sharma et al. (2014) [72].
The vertical extent of the pulsar data (which is roughly equal
for C21 and our local dataset) is shown as a vertical dotted
line. The C21 pulsar data produces a more disky model than
our updated model which uses more recent timing solutions,
and which is now consistent with the kinematic values from
Sharma et al. [T2] to the vertical extent of the data.

circular speed as a function of Z at R = Ry:

chirc |P)/| 2
RACLIFON 2. (15)
2V[?SR

Visr

This expression is plotted in Figure [4] for our best-fit
value of ~, along with the best-fit v value from C21, and
a model of Veiye/Visr from Sharma et al. [(2] who ana-
lyzed kinematic data of MW stars. The Sharma et al. [72
expression closely agrees with canonical MW potential
models, such as the model of Law & Majewski (2010)
[73]. Overall, Veir./Visr is similar for our pulsar data
and the kinematic data; however, the C21 ~ value pro-
duces a very disky potential model that is inconsistent
with the kinematic data from Sharma et al. [72l As our
local dataset has the same vertical extent as the C21
dataset, we conclude that these differences are due to
improvements in the reported pulsar timing values.

It is possible to relate v and the scale length of a
Miyamoto-Nagai Disk potential with Eq. 15 of C21, by
fixing the mass and scale length of the disk to the C21
values, and then numerically solving for the scale height
given some value of 7. This corresponds to a scale height
of 1.0 kpc for our fit v value, which is somewhat larger
than but generally consistent with MW thick disk popu-
lations. The C21 v measurement corresponds to a scale
height of 0.05 kpc, implying a much more condensed disk
than we find using the updated pulsar dataset.

4.  Damour-Taylor Model

The orbital decay via the emission of gravitational ra-
diation by binary pulsars can be used to test general rel-
ativity. The Damour-Taylor model [29] is an approxi-
mation to the MW potential that is commonly used in
these studies [29] [74] [75]. While its functional form has
changed somewhat since its original definition in Damour
and Taylor 29, the model is essentially a flat rotation
curve model with a roughly linear disk acceleration pro-
file, which is similar to our a model.

We use the version of the model from Lazaridis et al.
75, where the acceleration profile is defined as:

Qlos = AR los + Az los
Visk B
= - — COSZ+7 COSb 16
Ro (2 +sin? 1 (16)

2.27|21pe| + 3.68(1 — e~ 431 I0e])

1079 cm s—2 | sinb],

where [ and b are the Galactic longitude and latitude co-
ordinates of the source, 8 = (d/Rg) cosb— cosl, where d
is the distance of the source from the Sun, and zyp. is the
height from the midplane in kpc. The trigonometry of the
model is not relevant to the Galactic potential, rather it
provides the projection of the Galactic acceleration along
our line-of-sight based on the source’s position.

As this potential is separable, we can write the vertical
acceleration of this model as

a, = —Alz| — B (1 - e*C\z\) : (17)

which corresponds to a potential of

e—C|z|
D(z) = gzz +B (|z| +—5 ) , (18)

and in the limit of small z we recover the harmonic ver-
tical potential

1 1
D(z) = i(A + BC)Z% = 50422. (19)

Plugging in the values for A, B, and C from Equation
we can infer a value of log;,(a) = 3.77 for this potential,
which is somewhat larger than our fit values of « for the
«, a — 3, and cross potentials.

Evaluating this model for our acceleration data pro-
duces very large AIC and 2 values, indicating that the
model is not a good fit to the observed data. This is
worrisome, as this model is commonly used in tests of
general relativity to obtain Pl if the model is not ac-
curate, this would lead to inconsistencies in the reported
values of PbGR in these studies. The inconsistency be-
tween the Damour-Taylor model and the observed data
appears to be due to the Damour-Taylor model incor-
rectly estimating the MW disk density.

A AAIC of 2 is positive evidence in favor of the model
with the lower AIC, while AAIC of 6 provides strong



evidence [f0]. Thus, the o, o — 8, and a — v mod-
els carry similar statistical confidence, while MWPoten-
tial2014 [76] and Milky WayPotential2022 [60] have lower
confidence, with the Damour-Taylor model having signifi-
cantly larger AIC and 2 values relative to the other kine-
matic models. The extremely large AIC of the Damour-
Taylor model indicates that it should not be used to ap-
proximate the Galactic acceleration for pulsars near the
Sun.

B. Global Models

The global models, described in Table [[TI] are combi-
nations of a Hernquist profile [77], an NF'W halo [78], and
a Miyamoto-Nagai Disk to fit the observed acceleration
data. These fits used all 26 sources. Note that the AIC
of these fits cannot be directly compared to the AIC of
the local model fits because they use a different set of
data.

The Hernquist and NFW model fits are very similar,
with total MW masses of 5-8x10'2 M, and scale lengths
in the low tens of kpc. These fits are similar to modern
potential models for the MW, except that our model fits
place the total MW mass 2-5 times larger than kinematic
and dynamical models, which place the total MW mass
between 0.7 and ~3x10'? M, [33] [79-85]. These fits are
also an improvement over those of C21, who were not
able to constrain a scale radius or mass for their global
fits due to the restricted range of available data in that
earlier work.

We also tested the addition of a Miyamoto-Nagai disk
to an NFW potential, with mixed results. We were able
to constrain the mass of the disk (although it is about
an order of magnitude below kinematic estimates, e.g.
Bovy and Rix 86, Licquia and Newman 87, and dynam-
ical models, e.g. Newberg et al. [80), but the scale radii
of the disk potential are not well constrained.

The Gala MilkyWayPotential2022 model has a very
poor fit to the acceleration data compared to our opti-
mized potential models. It should be noted, however,
that the majority of this disagreement comes from PSR
B1913+16; if B1913+16 is excluded, MilkyWayPoten-
tial2022 has AIC = 79 and x? = 3.8 (although the AICs
of the other models also drop by ~10 when B1913+16
is removed). The relatively poor fit of MilkyWayPoten-
tial2022 to the observed acceleration data is in part due
to the total mass estimate of the MW, which for Milky-
WayPotential2022 is about 1.1x1012 Mg,.

As the Milky Way is believed to be roughly spheri-
cally symmetric over large scales, our pulsar accelera-
tion data should be much more sensitive to the amount
of mass within the Solar circle than outside it (via
the shell theorem). The mass enclosed within 8 kpc
of the Galactic center in the NFW global model is
Mene(8 kpe) = 2.3 x 101! Mg, which is ~2.3 times larger
than the enclosed mass of the MilkyWayPotential2022
model (Menc(8 kpe) = 9.8 x 1019 M), Thus, the pulsar
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FIG. 5. Observed and simulated asymmetry in the vertical
acceleration profile of the disk. The fit of the anharmonic
potential profile to the observed pulsar data is shown as the
black line, and 1o uncertainties are shown as the shaded gray
region. The vertical acceleration profile from a simulation of
the MW and the Sgr dSph [I§] is shown as a blue line with er-
ror bars. The shape of the two profiles are roughly the same,
suggesting that the observed acceleration asymmetry is con-
sistent with the effects of orbiting dwarf galaxy interactions.

acceleration data imply a larger MW mass than kine-
matic methods. If these larger masses are to be believed,
they imply substantial differences between orbits calcu-
lated using potentials calibrated to modern kinematic
data and the potentials fit to the pulsar data. However,
it should be noted that the current global model fits esti-
mate an extremely large circular speed at the location of
the Sun (roughly 320 km/s), so it is likely that we are not
yet producing precise constraints on the enclosed mass,
and it is expected that the addition of future pulsar data
will significantly improve these fits.

V. INFERRING DISEQUILIBRIUM FROM
ACCELERATIONS

One way that accelerations can be used to probe dis-
equilibrium in the MW disk is by looking at the vertical
acceleration profile (a, vs. z). Chakrabarti et al. 25
showed that simulations of a MW interacting with dwarf
galaxies would have a vertical acceleration profile that
is highly asymmetric about the midplane. As a result,
showing that a,(+2’) # a,(—z’) for some nonzero 2’, or
alternatively that da./dz in the midplane is nonzero,
indicates disequilibrium in the Galactic disk.

A. Asymmetric Local Models

We now move on to models that capture disequilibrium
features of the Galactic potential, i.e. these potentials are
not invariant under negation of ¢ and/or z.

In general, the more flexible asymmetric models do a
better job of fitting the observed acceleration data. This
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Global Model Parameters AIC 2
Hernquist logo(Miot/Mp) =12.7+£0.2 78 3.1
rs =32+ 11 kpc
NFW logyo(Myin/Mo) = 13.04£02 78 3.1
rs =20+ 7 kpc
NFW & Miyamoto-Nagai Disk log,,(Mvi:/Me) =12.84+£0.3 84 3.5
rs =16+ 9 kpc
log,o(Maisk/Mp) =10+ 2
a =10 440 kpc
b=0.01+0.5 kpc
MWPotential2014 Galpy Parameters [67] 223 11.0
Milky WayPotential2022 Gala Parameters [60] 229 12.4

TABLE III. Optimized fits to the global potential models.

Model A B dVeire/dR po £0,DM

(km/s/kpc) (km/s/kpc) (km/s/kpc) (Mo /pc’) (Mo /pc®)
a—pf 12.8+2.4 -15.7+2.4 445 0.060+0.018 -0.012+0.018
200 — f3 15.442.6 -13.1£2.6 -245 0.062+0.017 -0.010+£0.018
a—f + 2PM 20.44+1.7 -8.1+1.7 -1245 0.06640.017 -0.006+0.018

TABLE IV. Oort constants, the slope of the rotation curve, and the (dark matter) density in the midplane for different potential

models.

is strong evidence that the binary pulsar acceleration
data contains substantial disequilibrium effects, which
must be accounted for in order to obtain an accurate
model of the Galactic potential.

1. Anharmonic and 2c- Models

The first disequilibrium model is the anharmonic
model, which consists of the a model except the verti-
cal component of the potential is expanded one degree
further in a power series expansion for a separable po-
tential:

(20)

which provides a simple form for da,/dz in the midplane:

_d( o
z:O_ dz dz

In essence, o can be interpreted as a measure of how
much the local disk potential is out of equilibrium.

da,
dz

(21)

= —Qq.
z=0

The additional 23 term allows us to characterize the
asymmetry in the vertical acceleration profile, which is
shown in Figure 5] The observed value of a, below the
disk has a smaller magnitude than az above the disk,
which is consistent with simulations of the MW interact-
ing with the Sgr dSph. The methodology of the simula-
tions is described in [16[17], and are the same simulations
that are used in [I8]. This is consistent with the popular
idea that this type of disequilibrium is (at least in part)
caused by the disk interacting with orbiting satellites.

The 2a— 8 model is identical to the anharmonic model
except that it does not require a flat rotation curve; the
interpretation of the 8 parameter is the same as for the
a — B model.

We also attempted to fit a model that included a z*
term, although this quartic term could not be constrained
with existing data. A model that includes a quartic term
would be useful for quantifying the behavior of the phase
space spiral that has been observed in the MW disk [4].



2. Local Expansion Model

The local expansion model is a 1st-order Taylor series
expansion of the acceleration profile centered at the posi-
tion of the Sun assuming that the potential is additively
separable:

5‘ai
8.1‘,‘ o)

ai(x) = ai(xe) + (Ti — Ti,0)- (22)

While it is useful to characterize the slope of the rota-
tion curve with dar/dR and the midplane density of the
disk with da./dz, these terms do not describe disequi-
librium features. The nonzero dags/d¢ implies disequi-
librium, as it requires that the potential be a function
of azimuth, rather than axisymmetric. The AIC of this
model is a substantial improvement over the anharmonic
and 2a — 8 models, which indicates that the MW disk
density has substantial azimuthal variation in the Solar
neighborhood.

3. Sinusoidal Model

The MW disk has been shown to contain ripples, which
are probably related to the passage of orbiting satellites
[3, 20, 88|, [89]. We explore these features with the sinu-
soidal model, which follows the same idea as the density
model outlined in Xu et al. [3] of varying the “midplane”
of the potential as a sine curve, except we use a har-
monic oscillator disk potential instead of an exponential
density profile. This model outperforms the anharmonic
and 2a — 8 models, suggesting that the disk ripples are
a prominent feature of the disk potential. We obtain a
slightly smaller wavelength and a somewhat larger ampli-
tude for the disk oscillations than was found in the stellar
density distribution by Xu et al. 3, although these differ-
ences could be largely due to the different definitions of
the two models; we used a conservative model in order
to minimize the number of free parameters that we had
to fit, whereas Xu et al. [3 were able to separately fit the
disk density variations above and below the midplane.

4. a-B + 2 Point Mass Model

The final model we discuss here is the most flexible
model, which consists of the « — 8 model with the ad-
dition of an arbitrary number of point masses. The lo-
cation and mass of each point mass is independently fit
to the data simultaneously with the o and [ parame-
ters. This allows for a flexible non-parametric fit to any
various disequilibrium features that may be present in
the acceleration data. In order to determine the opti-
mal number of point masses that should be included in
the model, we sequentially fit the « — 8 model with n
point masses, increasing n until the AIC no longer im-
proved when we added another point mass to the model.
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The optimal number of point masses (which minimizes
AIC) is 2. While the AIC of this model is substantially
lower than the other models in this work, the fact that
its x> < 1 could indicate that it is actually overfitting
the data.

It is not immediately clear what the physical signifi-
cance is for the point masses in this model. On the sur-
face, the point masses are simply a flexible model that
allows for the generation of a wide range of potential
models. It is plausible that this model is producing an
approximation of a more complex potential model, and
that this presently unknown more complex model is not
well represented using our other analytical models.

One possible interpretation for these point masses is
that each point mass corresponds to a large dark matter
subhalo in the Solar neighborhood. These dark matter
subhalos would have masses of roughly 108 M, which
is large but not unreasonable for a dark matter subhalo
in a MW-mass galaxy [e.g.[90]. If this model is actually
identifying real dark matter subhalos, then the number
density for M ~ 10'° M, subhalos must be higher than
in A-CDM, which predicts that there should only be a
few dark matter subhalos with this mass across the en-
tire Galaxy [91H93]. We plan to explore the sensitivity of
direct acceleration measurements to dark matter subha-
los with a future publication, as it is outside the scope of
this work.

VI. FUNDAMENTAL GALACTIC
PARAMETERS FROM PULSAR TIMING

A. Oort Constants

Characterization of the Galaxy has historically been
done using the kinematics of stars near the Sun [23]. One
way to do this is by empirically estimating the Oort con-
stants [04], called A, a measure of azimuthal shear motion
in the Solar neighborhood, and B, a measure of the ro-
tation curve vorticity, i.e. the scale of epicyclic motion.
These constants are related to the rotation curve near
the Sun:

A—B= {V} . and (23)
R R
d‘/circ
A+B=— . 24
o= 5], @)

Modern kinematic estimates from Gaia data place the
Oort constants around A = 15.1 to 15.3 km/s/kpc, and
B = —13.4 to —11.9 km/s/kpc [76, ©95], which are con-
sistent with the most recent estimates from Gaia DR3
[96].

From the definition of 8 in the Equation we can
relate the o — 8 model to the Oort constants:

A+ B
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FIG. 6. Selected measurements of the Oort constants A and
B since 2010. The shape of each point indicates the type of
data used to make the measurement, and the color of each
point indicates the corresponding slope of the rotation curve
given by dViie/dR = —(A + B). The values we infer from
the pulsar timing data are shown as stars; while the three
models span a relatively large area on the figure, the 2a — 8
model (the pale red star) is in broad agreement with many of
the previous measurements. The sources for this data can be
found in Table [V1

which implies a value of 8 ~ —0.1 from the Gaia val-
ues for the Oort constants. We can also write the Oort
constants as

_1Visr .

A—2 R (1-75), and (26)
_ 1Vigr

B_—2 R 1+0). (27)

The values of the Oort constants for the three a — 3
models in this work are listed in Table [Vl It is clear that
the different models produce substantially different val-
ues for the Oort constants, presumably because they are
simultaneously fitting different amounts of local disequi-
librium. The 2a — 8 model is consistent with the kine-
matic estimates of the Qort constants, while the other
two models are inconsistent with the kinematic estimates.
These results suggest that it is not only important to con-
sider disequilibrium in the acceleration models in order
to properly extract properties of the Galaxy, but that it
is also important how this disequilibrium is accounted
for.

Figure [6] shows our inferred values of the Oort con-
stants compared with a selection of measurements of the
Oort constants since 2010. Our values span a relatively
large range, but the values we obtain for the Oort con-
stants from the 2« — 8 model agree well with many pre-
vious measurements.
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B. The Slope of the Rotation Curve

Equation provides a way to compute the slope of
the rotation curve for our a- models; the slopes of the
rotation curve for each model are provided in Table

While we obtain a range of dVii./dR values for our
different models, the preferred 2a-5 model constrains the
slope of the rotation curve to be -2 + 5 km/s/kpc at
the location of the Sun. This value is consistent with
the slope of the rotation curve being flat. However, a
slightly declining rotation curve at the Solar location is
in good agreement with Gaia data, such as Figure 13 of
Gaia Collaboration et al. [97. Additionally, Poder et al.
98l contains a compilation of a few different rotation curve
models, all but one of which appear to have a value of
dVeire/dR ~ 2 km/s/kpc at the Solar position.

C. The Oort Limit and Local Dark Matter Density

The Oort limit, or the volumetric mass density in the
midplane of the disk, is another characterization of the
local Galaxy that is often derived from kinematic data.
It can be obtained by solving the Poisson Equation in
cylindrical coordinates for the o — 8 models, which leads
to

4rGpy = o + 28902, (28)

where 0 = Viie/R is the angular velocity of the disk at
a given radius. Here, pg = ppary + ppm is the midplane
density of the baryonic matter plus the dark matter.

C21 used this prescription to calculate an Oort limit
of po = 0.087005 Mg /pc®. When combined with the
baryon budget of pg pary = 0.084 & 0.012 My /pc?® from
McKee et al. 99, this results in a midplane dark mat-
ter density of popm = —0.0047005 Mg /pc. C21 state
that this suggests that values of the Oort limit from
Jeans analysis may be an overestimate; their value of
po.pM is consistent with there being no dark matter
in the midplane, as well as McKee et al. [99/s value of
po.om = 0.013 £+ 0.003 Mg, /pc3.

Our results for the Oort limit and the dark matter den-
sity in the midplane are given in Table [[V] These values
use a baryon budget built from a literature compilation
of the local stellar volume mass density of p, = 0.0468 £
0.0050 Mg, /pc® [100] and the gas density from McKee
et al. 99, pgas = 0.025 £ 0.003 Mg /pc?, which gives a lo-
cal baryon density of ppary = 0.072£0.006 Mg /pc?. This
is similar to, but slightly less than the baryon budget of
Bienaymé et al. 101t po pary = 0.077 £ 0.007 Mg /pc?.

These updated values are consistent with, and have
smaller uncertainty than the measurement of the dark
matter density in the midplane from C21. These values
are all consistent with 0 dark matter in the midplane.
Our measurements of the local dark matter density are
lower than recent estimates of the dark matter density
obtained from Jeans modeling (between 0.010 and 0.016
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Mg /pc®[99H103]), which is consistent with the claim of
C21 that these kinematic methods may be overestimating
the local dark matter density. Moran et al. [51] also use
pulsar timing to obtain an Oort limit of py = 0.036+0.021
Mg /pc?, which is substantially lower than our measure-
ment by about a factor of 2, and does not appear to be
consistent with any available baryon budgets.

Note that if we instead use the McKee et al.[99 baryon
budget, which has a much larger stellar mass density than
the values collated in Guo et al. [[00, we get popm =
—0.024 £+ 0.021, —0.022 £+ 0.021, and —0.018 £ 0.021
Mg /pc? for our respective models. The McKee et al.
baryon budget is similar to recent estimates from Gaia
DR2 data, popary ~ 0.09 Mg /pc® [104]. Either of these
baryon budgets produce negative values for pgpm that
are larger than the error bars in our models, which sug-
gests that these baryon budgets may overestimate the
baryon content in the midplane.

Lim et al. used unsupervised machine learning in
the form of normalizing flows to model the phase space
distribution of Gaia DR3 data. They obtain a value of
po = 0.06174 0.0020 Mg, /pc® for the Oort limit, which
is nearly identical to our value. Lim et al. calculate
a baryon budget of only 0.0534 4 0.0042 Mg /pc® from
the Gaia DR3 data; if we instead use this baryon bud-
get, we obtain a dark matter density in the midplane of

po.om = 0.008 & 0.02 Mg, /pc? for the 2a-8 model. This
value is still consistent with no dark matter in the Galac-
tic midplane; however, it is non-negative, which further
implies that a baryon budgets of the other works could
be overestimated.

Some of these differences may be due to differences
in the effective ranges that are probed by the different
studies. The “local” pulsar dataset lies within ~1 kpc of
the MW disk plane, but, for example, the McKee et al.
data is primarily located within a few hundred pc of
the midplane. The differences in the vertical extents of
these studies may result in somewhat different Oort limits
(since we are averaging over different vertical extents),
which means that caution must be used when directly
comparing these values.

VII. BEYOND SMOOTH MODELS

Analytical and parametric models are useful for study-
ing Galactic structure, because they enable one to calcu-
late and compare fundamental Galactic parameters from
different datasets. In the regime of a static, equilibrium
Galaxy, these parametric models effectively constrain the
behavior of the Galaxy. However, we are now aware
that the MW is experiencing many disequilibrium effects,



which indicates that parametric models are approxima-
tions of the Galaxy’s behavior. These disequilibrium ef-
fects are difficult to quantify analytically, and lend them-
selves to non-parametric methods with a high degree of
flexibility. Here, we develop a non-parametric map of
the acceleration field of the Galaxy, and discuss ways to
improve this map in the future.

A. Gaussian Process Regression Maps

Gaussian Process Regression (GPR) is a non-
parametric supervised learning algorithm that trains on
measurements of data, and produces an interpolated
model of the data and its uncertainties. This interpolated
model can be evaluated at any point; in our case, this al-
lows us to build a 3-dimensional map of the line-of-sight
acceleration field within several kpc of the Sun. This was
done using the GaussianProcessRegressor class from
scikit-learn to generate the GPR model.

GPR requires a characteristic length scale for the in-
terpolated output, which is analogous to the scale of the
kernel in a kernel density estimation. Typically, in GPR
this scale length is treated as a hyperparameter, which
is then optimized over the data in order to produce a
GPR model that minimizes the ordinary-least-squares
difference between the model and the data, along with a
penalty for model complexity, similar to AIC [106]. How-
ever, the ability of the model to successfully optimize the
length-scale hyperparameter is dependent on the number
of data points available. Ideally, one would have several
dozen datapoints per dimension that could be used to ob-
tain a good estimate of the length scale hyperparameter
[106], but this is not true in our case. By adding or re-
moving a single datapoint, we would obtain dramatically
different values for the length scale of the GPR model.

In order to avoid this problem, we simply set the length
scale as 0.5 kpc rather than allow the GPR method to op-
timize it over the dataset. The rationale for this choice of
length scale is shown in Figure[7} for too-small choices of
the length scale, the GPR model does not interpolate be-
tween datapoints, and for too-large choices of the length
scale, the GPR model interpolates much further than is
reasonable. However, for reasonable choices of length
scale (larger than the distance between datapoints but
smaller than the overall extent of the data), the GPR
maps generally look the same regardless of the exact
choice of length scale.

The R— z and x —y planes (2-dimensional slices) from
the GPR map are shown in Figure|8] along with the line-
of-sight accelerations that are expected to be observed
based on the Milky WayPotential2022 potential model. It
is immediately clear that the general shapes of the GPR
map and the theoretical acceleration maps do not match,
which implies that the observed acceleration data is not
well-modeled by an equilibrium acceleration profile of the
Galaxy. However, note that the theoretical a),s model
has structure; this is a map of the tidal field, which is
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squeezed in the direction of rotation and elongated along
the direction towards the Galactic center.

A useful benchmark for the scale of the observed accel-
eration perturbations is to consider the radial and verti-
cal components of the acceleration at the location of the
Sun. The radial acceleration is roughly

2

Ve
ap ~ —=< = 6.8 mm/s/yr. (29)
Ro

Assuming an infinite density sheet with a surface density
of ¥ ~50 Mg /pc?, the vertical acceleration is

a, ~ G¥ = 0.2 mm/s/yr. (30)

The observed variations are on the scale of 0.5-1
mm/s/yr, which is sizeable compared to the vertical ac-
celeration but a fraction of the radial acceleration scale.
We are only able to observe variations in ajos , which
is a projected combination of ar and a,, so the varia-
tions in a;os we see are on the ~ 10% scale of the total
acceleration.

Further, we provide the tomography of the GPR map
in Figure [ If the Galaxy were in equilibrium, the slices
of the map at positive and negative ¢ and/or z would be
identical, because the Galaxy would be azimuthally sym-
metric. However, it is clear from the tomography that
this is not the case; for example, the slice at ¢ = —5°
looks substantially different than the slice at ¢ = +5°.
This could indicate a large amount of disequilibrium in
the Galaxy’s acceleration field near the Sun; however,
because all the acceleration points are within 1.5¢ of the
model, it’s not clear exactly how significant these varia-
tions are, or how much of the variations are caused by
the large uncertainties on the individual data points.

This GPR map only considers the propagated uncer-
tainty in ajos for each datapoint. However, each source
has its own uncertainty in distance, which will not only
change the source’s position on the map, but the distance
uncertainty is correlated to the uncertainty in aj.s in a
non-linear way. In the future we plan on creating GPR
maps that take this type of correlated uncertainty in the
input and output of each datapoint into account. Despite
these shortcomings, the proof-of-concept GPR maps pre-
sented here are still powerful diagnostics for disequilib-
rium features and asymmetries in the acceleration profile
of the Galaxy.

VIII. CONCLUSIONS

Here we summarize the main findings of this work:

e We gather direct acceleration measurements for 26
binary pulsars, which span 3.4 kpc in R, and 3.6
kpcin Z.

e The residual of the pulsar accelerations and accel-
erations from modern kinematic models appear to



have a global gradient in R; this trend could not
be resolved by varying the mass of the theoretical
potential model. However, the trend can be elim-
inated if the Sun is experiencing a 1.1 mm/s/yr
acceleration away from the Galactic center, com-
parable to a Jupiter-mass object at a distance of
400 AU.

e We fit a collection of symmetric and asymmetric
potential models to the observed acceleration data.
The more flexible asymmetric models that allow for
disequilibrium do a better job of modeling the data
compared to the symmetric potentials, indicating
that the observed accelerations are consistent with
the Galactic disk being in disequilibrium. These
asymmetries are consistent with those caused by
dwarf galaxies interacting with the MW disk, al-
though it is difficult to determine the exact physical
mechanism responsible for the asymmetries given
the current limitations of the acceleration data.

e The Damour-Taylor Potential [29], which is com-
monly used to obtain an approximation of the
Galactic acceleration in tests of general relativ-
ity, is not a good fit to the observed acceleration
data. Studies that use this potential to calibrate
the observed acceleration of sources due to the
gravitational field of the MW will therefore pro-
duce systematically inaccurate results, especially
for sources with large heights from the Galactic
midplane.

e We constrain fundamental Galactic parameters us-
ing the acceleration data. Our values of the Oort
Constants vary substantially depending on which
model we use, but a disequilibrium model that con-
siders the asymmetry of the vertical acceleration
profile produces values for the Oort constants of
A =154 £ 2.6 km/s/kpc and B = —13.1 + 2.6
km/s/kpc, which are consistent with literature val-
ues from kinematic estimates. This model also pro-
duces a 3.60 measurement of the Oort limit, or
the density in the midplane, of pg = 0.062 & 0.017
Mg /pc?, and a dark matter density in the midplane
of po.pm = —0.010+0.018 M, /pc3. However, if we
use the baryon budget of Lim et al. 105, we obtain
a positive dark matter density in the midplane of
po,om = 0.008 &= 0.02 Mg/pc?. The inferred dark
matter density is consistent with there being no
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dark matter density in the Galactic plane.

e We constrain the slope of the rotation curve to be
-2 £ 5 km/s/kpc at the location of the Sun. This
is consistent with the slope of the rotation curve
being flat, but it is also consistent with the Gaia
findings that the azimuthal velocity curve in the
plane is slightly decreasing at the Solar location.

e We measure the oblateness of the potential using
a potential model that includes a cross () term.
Our measured value of v relies on updating pulsar
timing solutions and produces a similar oblateness
and scale height to thick disk kinematic data from
Sharma et al. [T2, in contrast to the C21 dataset,
which indicated a more oblate potential near the
Galactic midplane.

e We provide non-parametric maps of the accelera-
tion field of the Galaxy, which exhibit a substan-
tial amount of variation from the theoretical ac-
celeration maps. The tomography of this map is
consistent with a substantial amount of disk dise-
quilibrium, given its asymmetry in Z and ¢.

As binary pulsar datasets continue to improve and
grow, we will be able to produce progressively better con-
straints on the MW’s gravitational potential and its dark
matter content. While more work remains to determine
the sources of the currently unexplained variations in ac-
celerations compared to theoretical maps, we have now
illustrated the need for flexible disequilibrium models in
order to utilize the acceleration data to its full capabili-
ties.
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Appendix A: Oort Constants Data

In Table [V] we provide the data and references used to
make Figure [6]
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A B
(km/s/kpc) (km/s/kpc)

Reference Comments

178 £ 0.8 -13.2+ 1.5 [112]
14.85 + 7.47 -10.85 + 6.63 [113]
17.42 £ 1.17 -12.46 + 0.86 [114]
18.17 £ 1.14 -11.91 £ 0.85

179 £ 0.5 -13.6 £ 1.0 115
14.05 £ 3.28 -9.30 £ 2.87 [116
9.2+ 0.5 -174 £ 0.5 117

16.7 £ 0.6 -12.0 £ 1.0 119
16.00 £ 0.36 -14.17 £ 0.28 [120
142 +£0.2 -10.0 £ 0.2 121

[115]
i
169+ 1.2 -135+ 1.4 [11§]
[119]
[120]
[21]

9.1+01 -109 +0.1
121+ 0.7 -10.6 £ 0.5
103 4+0.2 -12.1 + 0.2
122+ 04 -5.8+0.3
70+01 100 +0.1
17.12 + 0.45 -11.60 + 0.77 [122]
16.53 + 0.52 -10.82 + 0.93 [123]
17.77 4 0.46 -13.76 + 0.71
153+ 04 -11.9+04 [76]
15.57 + 0.31 -10.72 + 0.5 [124]
15.07 4+ 0.25 -12.17 =+ 0.39 [125]
I

14.13 -6.7 126]
18.8 -12.7
17 -2.1

16.29 + 0.06 -11.9 + 0.05 [127]
13.32 + 0.09 -12.71 + 0.06

151 +£0.1 -13.4+0.1 [95]
15.73 + 0.32 -12.67 + 0.34 [128]
156 £ 1.6 -13.9 + 1.8  [129]
16.31 + 0.89 -11.99 + 0.79 [130]
162+ 02 -11.7+0.2 [I31]
152 £ 0.8 -12.4 + 0.9

156 £ 1.6 -158 + 1.7 [I32]

Masers

Hipparcos F Giants

Hipparcos Cepheids, 0.2 kpc < r < 3.0 kpc
Above, 0.5 kpc < 7 < 3.0 kpc

OB III Stars

Hipparcos G III Stars

RAVE

Masers

Masers

Hipparcos OB Stars

UCAC4 11th Mag

Above, UCAC4 16th Mag

Above, PPMXL 11th Mag

Above, PPMXL 17th Mag

Above, XPM 11th Mag

Above, XPM 17th Mag

RAVE, r < 250 pc

Gaia DR1 OB Stars

Above, but different sample

Gaia DRI, r < 230 pc

RAVES5 4+ TGAS

TGAS + RAVE
TGAS-RAVE-LAMOST, Young Stars
Above, Intermediate Age Stars
Above, Old Stars

TGAS MS Stars, r < 1.5 kpc
Above, TGAS RG Stars, r < 1.5 kpc
Gaia DR2, » < 500 pc

Gaia DR2

SEGUE Halo RG Stars

LAMOST A Stars, r < 600 pc, |z| < 100 pc
Gaia DR2 “(p)”

Above, “(v)”

GCNS, Gaia EDR3

TABLE V. Selected measurements of the Oort constants A and B since 2010.
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