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If a component of the dark matter has dissipative interactions, it could collapse to form a thin dark disk in
our Galaxy that is coplanar with the baryonic disk. It has been suggested that dark disks could explain a
variety of observed phenomena, including periodic comet impacts. Using the first data release from the
Gaia space observatory, we search for a dark disk via its effect on stellar kinematics in the Milky Way. Our
new limits disfavor the presence of a thin dark matter disk, and we present updated measurements on the

total matter density in the Solar neighborhood.
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Introduction.—The particle nature of dark matter (DM)
remains a mystery in spite of its large abundance in our
Universe. Moreover, some of the simplest DM models are
becoming increasingly untenable. Taken together, the wide
variety of null searches for particle DM strongly motivates
taking a broader view of potential models. Many recently
proposed models posit that DM is part of a dark sector,
containing interactions or particles that lead to nontrivial
dynamics on astrophysical scales [1-16]. Meanwhile, the
Guaia satellite [17] has been observing one billion stars in
the local Milky Way (MW) with high-precision astrometry,
which will allow for a vast improvement in our under-
standing of DM substructure in our Galaxy and its possible
origins from dark sectors.

In this Letter, we apply the first Gaia data release [18] to
constrain the possibility that DM can dissipate energy
through interactions in a dark sector. Existing constraints
imply that the entire dark sector cannot have strong self
interactions, since this would lead to deviations from the
predictions of cold DM that are inconsistent with cosmo-
logical observations [19-22]. However, it is possible that
only a subset of the dark sector interacts strongly or that DM
interactions are only strong in low-velocity environments
[23-25]. In these cases, there is leeway in cosmological
bounds and one must make use of smaller scale observables
[26,27]. If the DM component can dissipate energy through
emission or upscattering (see, e.g., [16,28-35] for examples
of mechanisms), then it can cool and collapse to form DM
substructure. These interactions could result in a striking
feature in our Galaxy: a thin DM disk (DD) [14,15] that is
coplanar with the baryonic disk.

A thin DD may be accompanied by a range of obser-
vational signatures. For instance, DDs may be responsible
for the ~30 million year periodicity of comet impacts [36],
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the corotation of Andromeda’s satellites [37,38], the point-
like nature of the inner Galaxy GeV excess [39,40], the
orbital evolution of binary pulsars [41], and the formation
of massive black holes [42], in addition to having impli-
cations for DM direct detection [43,44]. Typically, a DD
surface density of Zpp ~ 10 M /pc? and a scale height of
hpp ~ 10 pc are required to meaningfully impact the above
phenomena. (A thicker DD with App 2 30 pc can cause
periodic cratering [45]; however, a larger surface density
Yoo ~ 15-20 My /pc? is required to be consistent with
paleoclimactic constraints [46]).

Here, we present a comprehensive search for a local DD,
using tracer stars as a probe of the local gravitational
potential. Specifically, we use the Tycho-Gaia Astrometric
Solution (TGAS) [47,48] catalog, which provides mea-
sured distances and proper motions for ~2 million stars in
common with the Tycho-2 catalog [49]. Previous work
searching for a DD with stellar kinematics used data from
the Hipparcos astrometric catalog [50] and excluded local
surface densities Tpp > 14 My /pc? for dark disks with
thickness hpp ~ 10 pc [51]. As compared with Hipparcos,
the TGAS catalog contains ~20 times more stars with
three-dimensional positions and proper motions within a
larger observed volume, which allows for a significant
increase in sensitivity. Our analysis also improves on
previous work by including a comprehensive set of
confounding factors that were previously not all accounted
for, such as uncertainties on the local density of baryonic
matter and the tracer star velocity distribution. We exclude
pp 26 Mg/pc? for hpp ~ 10 pe, and our results put
tension on the DD parameter space of interest for explain-
ing astrophysical anomalies [36—42].

Vertical kinematic modeling.—We use the framework
developed in Ref. [52] (and extended in Ref. [51]) to

© 2018 American Physical Society
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describe the kinematics of TGAS tracer stars in the
presence of a DD. This formalism improves upon previous
constraints on a DD that did not self-consistently model the
profiles of the baryonic components in the presence of a
DD [53-57]. These bounds typically compared the total
surface density of the Galactic disk, measured from the
dynamics of a tracer population above the disk, to a model
of the surface density of the baryons based on extrapolating
measurements from the Galactic midplane. However, the
models did not include the pinching effect of the DD on the
distribution of the baryons, which would lower the inferred
baryon surface density for fixed midplane density. Instead,
Refs. [51,52] consider the dynamics close to the disk and
self-consistently model the baryonic components for fixed
DD surface density and scale heights. We summarize the
key components below.

The phase-space distribution function of stars f(x, v) in
the local MW obeys the collisionless Boltzmann equation.
Assuming that the disk is axisymmetric and in equilibrium,
the first nonvanishing moment of the Boltzmann equation
in cylindrical coordinates is the Jeans equation for pop-
ulation A,

1 1
—a,(ronj,Z) + _aZ(UAG‘%&zz) +0.®2=0, (1)
rvy Uy

where @ is the total gravitational potential, v, is the stellar
number density, and 67 ; ; 1s the velocity dispersion tensor.
The first term in Eq. (1), commonly known as the tilt term,
can be ignored near the disk midplane where radial
derivatives are much smaller than vertical ones [58]. We
assume populations are isothermal (constant af‘, ..) near the
Galactic plane [59]. With these simplifying assumptions,
the solution to the vertical Jeans equation is v,(z) =
vy e/ %, where we impose ®(0) =0 and define
64 = 0,4, For populations composed of roughly equal
mass constituents (including gaseous populations), we then
make the assumption that the number density and mass
density are proportional, i.e., p4(z) = pA,Oe‘d’(Z)/"fx.

We connect the gravitational potential to the mass
density of the system with the Poisson equation

V20 = 920 + %a,(ra,cb) = 4zGp, (2)

where p is the total mass density of the system. The radial
term is related to Oort’s constants, with recent measurements
showing (1/7)0,(r0,®)=(3.440.6)x 107> My /pc® [60],
which can be included in the analysis as a constant effective
contribution to the density [61]. Combining the Jeans and
Poisson equations under reflection symmetry yields an
integral equation. In the limiting case with only one
population, the solution is p(z) = posech?(v/22Gpyz/ o).
For multiple populations, the solution for the density profile
and @ must be determined numerically. We use an iterative

solver with two steps per iteration. On the nth iteration, we
compute

z 7
@ (z) _4ﬂGZA dz’A dz”pg")(z”) (3)
A

and update the density profile for the Ath population,
P,<4n+l)(z) = poae~®" @/, (4)

Adding more gravitating populations compresses the den-
sity profile relative to the single-population case.

Near the midplane, the vertical motion is separable from
the other components. For tracers indexed by i, the vertical
component of the equilibrium Boltzmann equation is
v.0.f; —0.®0, f; =0, which is satisfied by

vi(z) = vio / dvzfi,0<\/v§+2q>(z)>, (5)

where f;, is the vertical velocity distribution at height
z = 0, normalized to unity. Given ®(z), we can then predict
the vertical number density profile for a tracer population.
In our analysis, we determine f;, empirically and do not
assume that our tracer population is necessarily isothermal.

Mass model.—In order to solve for the gravitational
potential, we must have an independent model for the
baryons. In Table I, we compile some of the most up-to-
date measurements of p, ( and o4 for the local stars and gas,
primarily drawing from the results of Ref. [57] and supple-
menting with velocity dispersions from Refs. [62,63]. The
velocity dispersions for gas components are effective dis-
persions that account for additional pressure terms in the
Poisson-Jeans equation. We include uncertainties (measured
when available, estimated otherwise) and profile over these
nuisance parameters in our analysis.

TABLE I. The baryonic mass model that informs our priors.
Baryonic component p(0) [Mg/pc’] o [km/s]
Molecular gas (H,) 0.0104 + 0.00312 3.7+£02
Cold atomic gas [Hy(1)] 0.0277 £ 0.00554 7.1£0.5
Warm atomic gas [H;(2)] 0.0073 £ 0.0007 22.1+2.4
Hot ionized gas (Hy) 0.0005 +£ 0.00003 39.0 £ 4.0
Giant stars 0.0006 =+ 0.00006 155+ 1.6
My <3 0.0018 £ 0.00018 7.5£20
3<My <4 0.0018 £ 0.00018 120£2.4
4<My<5 0.0029 + 0.00029 18.0 £ 1.8
5<My<38 0.0072 £ 0.00072 185+£1.9
My > 8 (M dwarfs) 0.0216 £ 0.0028 18.5+4.0
White dwarfs 0.0056 £ 0.001 20.0 £5.0
Brown dwarfs 0.0015 +£ 0.0005 20.0 £5.0
Total 0.0889 £ 0.0071
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We also include the energy density from the smooth DM
halo and a possible thin DD component. We model the bulk
collisionless DM halo of the MW as a constant local density
pom- Current measurements favor ppy ~0.01-0.02 M, / pc?
at ~kiloparsec heights above the Galactic plane [64], though
we will treat ppyg as a nuisance parameter in our analysis. For
the thin DD, we parametrize the density as

Zpp <
pDD(Z) 4hDD sec <2hDD> ’ (6)

with Zpp and spp the DD model parameters.

Tracer stars.—For our analysis, we select TGAS stars
within a cylinder about the Sun with radius R,,,, = 150 pc
and which extends 200 pc above and below the Galactic
plane. This ensures that we are within the regime of validity
for several key assumptions made above: that the tilt term is
negligible, that the various mass components have constant
velocity dispersions, and that the radial and vertical
motions are separable. Indeed, Ref. [58] showed in sim-
ulations and with data that these assumptions are satisfied
within the z ~ 200 pc half-mass height of the disk. We also
restrict to regions of the sky with average parallax uncer-
tainties of 0.4 microarcseconds (mas) or less in our sample
volume. In the Supplemental Material [65] we explore the
effects of different cuts and sample volumes.

Within the spatial cuts outlined above, the TGAS sample
is not complete. To account for this, we use the results of
Ref. [75], which compared the TGAS catalog counts to
those of the Two Micron All-Sky Survey catalog [76] in
order to determine the effective completeness as a function
of position, color, and magnitude. When taking the effec-
tive volume completeness into account, the tracer counts
yield an optimal estimator for the true density with Poisson-
distributed uncertainties [75].

Using the color cuts defined in Ref. [77], we consider
main sequence stars of spectral types AO—G4. Later spectral
types have density profiles that are closer to constant in our
volume and thus less constraining. In total, our sample
contains 1599 A stars, 16 302 F stars, and 14 252 early G
stars, as compared with ~2000 stars that were used in the
analysis of Ref. [51]. When including a three-dimensional
model of dust in the selection function, Ref. [75] found that
the difference in stellar density distributions is typically
1%-2% for a similar sample volume. We conservatively
include a 3% systematic uncertainty on the density in each
z bin, which also includes uncertainties in the selection
function as estimated in Ref. [75]. We show the profile of
our tracer stars in Fig. 1 with statistical and systematic
uncertainties.

To determine the tracers’ velocity distributions at the
midplane f;,, we project proper and radial motions along
the vertical direction as v,=wv, o+ (upkcosb)/z+v,sinb,
where v, is the vertical velocity of the Sun, p, is the
proper motion in Galactic latitude b in mas/yr, k = 4.74 is a
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FIG. 1. The measured number density profiles (top) and

velocity distributions (bottom) for the tracer stars in our sample
volume, subdivided by spectral type. The solid lines are the best
fit from our analysis, assuming no DD.

prefactor that converts this term to units of km/s, 7 is the
parallax in mas, and v, is the radial velocity in km/s. Since
the TGAS catalog does not have complete radial velocities,
we perform a latitude cut |b| < 5°, which geometrically
ensures that radial velocities are subdominant in projecting
for v,. We then take v, to be the mean radial velocity,
(v,) = —vypcoslcosb — v, sinlcosb — v, sinb, where
[ is the Galactic longitude and where v, (=11.1+0.78"+
1.0%km/s and vy =12.24+0.47"*£2.0%km/s capture
the proper motion of the Sun inside the disk [78]. The
midplane velocity distribution of our tracers is shown in the
lower panel of Fig. 1 with combined statistical and
systematic uncertainties, which are discussed further in
the Supplemental Material [65].

Out-of-equilibrium effects.—A key assumption of our
analysis is that the Galactic disk is locally in equilibrium.
However, there are observations that suggest the presence
of out-of-equilibrium features, such as bulk velocities,
asymmetric density profiles about the Galactic plane,
breathing density modes, and vertical offsets between
populations [79-82]. Such features could also be present
in the DM components. While these effects are typically
manifest higher above the Galactic plane than what we
consider, it is still important to account for the possibility
that the disk is not in equilibrium.

However, our tracer samples appear to obey the criteria
for an equilibrium disk. When adjusting for the height of
the Sun above the Galactic plane (which we find to be
—1.3 +4.6 pc, consistent with Refs. [75,83]), we do not
find any significant asymmetry in the density profile above
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and below the Galactic plane. We find no significant
difference in the vertical velocity distribution function
above and below the Galactic plane, unlike Ref. [84] which
claimed evidence for a contracting mode. We also find that
the midplane velocity distribution function is symmetric
about v =0 (we find the vertical Solar velocity wy =
6.8 £ 0.2 km/s, consistent with the measurement of
Ref. [78]) and has the expected Gaussian profile of a static
isothermal population [85].

Our treatment differs from the out-of-equilibrium analy-
sis of Ref. [51], which evolves the observed tracer density
profile as it oscillates up and down through the spatially
fixed potential of other mass components (including a DD),
while determining the error on this evolution through
bootstrapping. This results in a band of possible tracer
profiles that could be caused by a DD in the presence of
disequilibria. In contrast, our approach treats all the data on
equal footing. Since changing f(v) can potentially mimic
the pinching effect from a DD, our analysis accounts for the
possibility that pinching arises from fluctuations or sys-
tematics in f(v). Thus, our analysis also scans over an
analogous band of tracer profiles.

We perform a final consistency check by breaking down
our tracer sample into subpopulations with different velocity
dispersions, which are affected differently by disequilibria
due to their different mixing timescales. In the presence of
out-of-equilibrium features, separate analyses of these
different subpopulations could yield discrepant parameters
[86]. As detailed in the Supplemental Material [65], how-
ever, we find broad agreement between the subpopulations.

Likelihood analysis.—We search for evidence of a thin
DD by combining the model and data sets described above
with a likelihood function. Here we summarize our
statistical analysis, which is described in full in the
Supplemental Material [65].

The predicted z distribution of stars is a function of the DD
model parameters (namely, the DD scale height and surface
density) and nuisance parameters, which consist of (i) the 12
baryonic densities in Table I, along with their velocity
dispersions, (ii) the local DM density in the halo ppy, (iii) the
height of the Sun, and (iv) the midplane stellar velocity
distribution f((;), where j indexes the velocity bins.

The velocity distributions are given Gaussian priors in
each velocity bin with central values and widths, as shown
in Fig. 1. The baryon densities and velocity dispersions are
also given Gaussian priors with the parameters in Table I.
The height of the Sun above the disk and local DM density
are given linear priors that encompass a broad range of
previous measurements, ZzZg, € [-30,30] pc and ppy €
[0, 0.06] M@/pc3 [64,75,83,87,88]. When combining stel-
lar populations, we use a shared mass model but compute
the densities of the A, F, and G stars independently and
give their velocity distributions independent nuisance
parameters. In analyzing all three stellar populations, we
have 89 nuisance parameters.

20
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FIG. 2. The 95% constraint on the DD surface density Xpp as a
function of the scale height hpp, as found in this Letter and in
Kramer and Randall [51]. The star indicates fiducial DD
parameters that can account for phenomena such as periodic
comet impacts [36]. Also shown is a comparison of the limit to
the 68% and 95% containment regions (in dark and light green,
respectively) on the expected limit from simulated data generated
under the null hypothesis of no DD.

For fixed hpp, we compute likelihood profiles as
functions of Zpp by profiling over the nuisance parameters.
From the likelihood profiles, we compute the 95% one-
sided limit on Xpp, which is shown in Fig. 2. We also
compare our limit to the expectation under the null
hypothesis, which is generated by analyzing multiple
simulated TGAS data sets, where we assume the fiducial
baryonic mass model and include ppy = 0.014 M /pc’.
We present the 68% and 95% containment region for the
expected limits at each hpp value. The TGAS limit is
consistent with the Monte Carlo expectations at high App
but becomes weaker at low hpp. This deviation is also
manifest in the test statistic (TS), which is defined as twice
the difference in log-likelihood between the maximum-
likelihood DD model and the null hypothesis. We find TS ~
5 at hpp ~5 pc and Tpp ~4 Mg/pc?; while this does
indicate that the best-fit point has a nonzero DD density,
the TS is not statistically significant. Moreover, we cannot
exclude the possibility that the true evidence in favor of
the DD is much lower due to the possible existence of
systematic uncertainties that are not captured by our
analysis.

The model without the thin DD provides insight into the
baryonic mass model and the local properties of the bulk
DM halo. While the DD limits described above were
computed in a frequentist framework, we analyze the
model without a DD within a Bayesian framework for
the purposes of parameter estimation and model compari-
son. The marginalized Bayesian posterior values for the
total baryonic density and local DM density are given in
Table II for analyses considering the three stellar popula-
tions in isolation. Despite only analyzing data in a small
sample volume, we find mild evidence in favor of halo
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TABLE II. Posteriors on the total baryonic and DM halo
density at the midplane, in units of My /pc’.

Component A stars F stars Early G stars
Baryons 0.088 10906 0.0881 0507 0.085-5007
DM 0.0387002 00197002 (0047001,

DM: for the model with halo DM compared to that without,
the Bayes factors are ~8.4 and 1.9 using the A and F stars,
respectively, while for early G stars, the Bayes factor ~0.4
is inconclusive.

Discussion.—The results of our analysis, shown in
Fig. 2, strongly constrain the presence of a DD massive
enough to account for phenomena such as periodic comet
impacts. If we assume that the DD radial profile is identical
to that of the baryonic disk (which need not be the case),
then we can set a limit on the fraction of DM with strong
dissipations. Taking the baryon scale radius R; = 2.15 kpc
[56], the Galactocentric radius of the Earth to be 8.3 kpc
[89] and the MW halo mass to be 10'> My [90], then
dissipative disk DM can account for at most ~1% of DM in
the MW, for hpp < 20 pc. Previous analyses that made this
assumption found that up to ~5% of the DM in the MW
could be in the disk [14]. DDs that are marginally allowed
by our analysis are not necessarily stable as per Toomre’s
criterion [46,57,91], although this depends on the colli-
sional properties of the DM [92] and on the presence of
other disk components [93,94].

For the purpose of comparing our results with previous
limits, the time-dependent analysis of Ref. [51] is the most
similar to this Letter: although obtained in different ways,
both analyses search over a band of possible density
profiles that could arise from systematic effects. Our
analysis is more conservative, in that we search over
multiple nuisance parameters, such as in the baryon mass
model. However, we set a more stringent limit owing to the
increased statistics of Gaia over Hipparcos.

Our analysis was limited by uncertainties that can be
better understood with the second Gaia data release (DR2),
which will have more proper motions, spectra for meas-
uring line-of-sight velocities, and reduced measurement
errors. The improved data will reduce the systematic
uncertainty on fo(v) and the line-of-sight motions will
(for the first time) allow for crucial checks on isothermality
and any coupling between radial and vertical motions.
Thus, the lack of evidence for local out-of-equilibrium
features in DR1 can be validated with DR2.

This work has made use of data from the European Space
Agency (ESA) mission Gaia [95], processed by the Gaia
Data Processing and Analysis Consortium (DPAC) [96].
Funding for the DPAC has been provided by national
institutions, in particular, the institutions participating in the
Gaia Multilateral Agreement. This work made use of the

MULTINEST nested sampling package [97] through its
PYTHON interface [98], the Powell minimization algorithm
[99] implemented in SciPy [100], and the GAIA_TOOLS
package [75].
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