
Direct Detection of Slow 
Dark Matter

Eric David Kramer 

Hebrew University of Jerusalem 

Zuckerman Fellow



Classic Direct Detection: The WIMP

! No signs of weak scale DM, weakly 
coupled LSP 

! Direction detection landscape is 
changing 

! New experiments searching for MeV 
and keV - scale dark matter 

! Can these be used to 
find slow dark matter?



What is slow DM?

! Halo Dark Matter is expected to have velocity dispersion of 
 

! In elastic collision, deposits energy on light target 
  

! For slow DM,  
 

! Need: 

! heavy target (large ), or 

! low threshold, or 

! bound electrons (inelastic collision, )

Vthermal ≃ 220 km/s ∼ 10−3 c

Edep ∼ mtargetV2
thermal ∼ keV

V ∼ 10−4

Edep

Edep ∼ mXV2



Example of Slow Dark Matter

Fraction of Dark Matter is dissipative:  

Collapses to form a disk 

Disk corotating with the Milky Way 

Relative velocity (earth - DM) reduced by an order of magnitude



Dissipative Dark Matter
! Jiji Fan, Andrey Katz, Lisa Randall, Matthew Reece study DDDM (1303.3271, 1303.1521) 

! % level fraction of DM 

! Dark interactions 

! dissipative —> cooling —> disk 

! increased local dark matter density - possibly aligned with baryonic disk
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Viable?

! 1711.03103 

! Analysis redone using Gaia data 

! young A,F,G stars 

! Dark Disk strongly constrained
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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 e↵ect 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.

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 to-
gether, the wide variety of null searches for particle DM
strongly motivates taking a broader view of potential
models. Many recently-proposed DM models posit that
DM is part of a dark sector, containing interactions and
particles that can lead to non-trivial dynamics on astro-
physical scales [1–16]. Meanwhile, the Gaia 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 understanding 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 en-
ergy through interactions in a dark sector. Existing con-
straints imply that the entire dark sector cannot have
strong self interactions, since this would lead to devia-
tions away from the predictions of cold DM that are in-
consistent with cosmological observations [19–22]. How-
ever, it is possible that only a subset of the dark sector
interacts strongly (in analogy with the Standard Model)
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 to constrain such interactions [26, 27].
If the interacting DM component can dissipate energy
through emission or upscattering (see e.g. [16, 28–35]),
then it can cool and collapse to form structure, including
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 observa-
tional signatures. For instance, DDs may be responsible
for the ⇠30 million year periodicity of comet impacts [36],
the co-rotation 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 for-
mation of massive black holes [42], in addition to having
implications for DM direct detection [43, 44]. Typically,

a DD surface density of ⌃DD ⇠ 10 M�/pc2 and a scale
height of hDD ⇠ 10 pc are required to meaningfully im-
pact the above phenomena.1

Here we present a comprehensive search for a local DD,
using tracer stars as a probe of the local gravitational po-
tential. Specifically, we use the Tycho-Gaia Astrometric
Solution (TGAS) [47, 48] catalog, which provides mea-
sured distances and proper motions for roughly two mil-
lion stars in common with the Tycho-2 catalog [49]. Pre-
vious work searching for a DD with stellar kinematics
used data from the Hipparcos astrometric catalog [50]
and excluded local surface densities ⌃DD & 14 M�/pc2

for dark disks with thickness hDD ⇠ 10 pc [51]. As com-
pared with Hipparcos, TGAS contains roughly 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 distribu-
tion. We exclude ⌃DD & 6 M�/pc2 for hDD ⇠ 10 pc,
and our results put tension on the DD parameter space
of interest for explaining astrophysical anomalies [36–42].
Vertical kinematic modeling.— We use the framework

developed in Ref. [52] (and extended in Ref. [51]) to de-
scribe the kinematics of TGAS tracer stars in the pres-
ence 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 e↵ect of the DD

1 A thicker DD with hDD & 30 pc can cause periodic cratering
[45], however a larger surface density ⌃DD ⇠ 15-20 M�/pc2 is
required to be consistent with paleoclimactic constraints [46].
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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 to-
gether, the wide variety of null searches for particle DM
strongly motivates taking a broader view of potential
models. Many recently-proposed DM models posit that
DM is part of a dark sector, containing interactions and
particles that can lead to non-trivial dynamics on astro-
physical scales [1–16]. Meanwhile, the Gaia 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 understanding 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 en-
ergy through interactions in a dark sector. Existing con-
straints imply that the entire dark sector cannot have
strong self interactions, since this would lead to devia-
tions away from the predictions of cold DM that are in-
consistent with cosmological observations [19–22]. How-
ever, it is possible that only a subset of the dark sector
interacts strongly (in analogy with the Standard Model)
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 to constrain such interactions [26, 27].
If the interacting DM component can dissipate energy
through emission or upscattering (see e.g. [16, 28–35]),
then it can cool and collapse to form structure, including
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 observa-
tional signatures. For instance, DDs may be responsible
for the ⇠30 million year periodicity of comet impacts [36],
the co-rotation 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 for-
mation of massive black holes [42], in addition to having
implications for DM direct detection [43, 44]. Typically,

a DD surface density of ⌃DD ⇠ 10 M�/pc2 and a scale
height of hDD ⇠ 10 pc are required to meaningfully im-
pact the above phenomena.1

Here we present a comprehensive search for a local DD,
using tracer stars as a probe of the local gravitational po-
tential. Specifically, we use the Tycho-Gaia Astrometric
Solution (TGAS) [47, 48] catalog, which provides mea-
sured distances and proper motions for roughly two mil-
lion stars in common with the Tycho-2 catalog [49]. Pre-
vious work searching for a DD with stellar kinematics
used data from the Hipparcos astrometric catalog [50]
and excluded local surface densities ⌃DD & 14 M�/pc2

for dark disks with thickness hDD ⇠ 10 pc [51]. As com-
pared with Hipparcos, TGAS contains roughly 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 distribu-
tion. We exclude ⌃DD & 6 M�/pc2 for hDD ⇠ 10 pc,
and our results put tension on the DD parameter space
of interest for explaining astrophysical anomalies [36–42].
Vertical kinematic modeling.— We use the framework

developed in Ref. [52] (and extended in Ref. [51]) to de-
scribe the kinematics of TGAS tracer stars in the pres-
ence 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 e↵ect of the DD

1 A thicker DD with hDD & 30 pc can cause periodic cratering
[45], however a larger surface density ⌃DD ⇠ 15-20 M�/pc2 is
required to be consistent with paleoclimactic constraints [46].
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15 – 30 pc

Jo Bovy: 1704.05063

Constrain here?

Recent Gaia constraints apply here



Corotating?

! Because of the virial theorem, rotation speed is the same: 

!  

! Halo: 

!  

! Disk: 

!  

! Assume angular momentum vectors are aligned

U = − 2Krot − 2Kthermal

⟨v2
disp⟩ ∼ Kthermal ∼

GM
R

∼ (220 km/s)2

⟨V2
rot⟩ ∼ Krot ∼

GM
R

∼ (230 km/s)2



SgA*

63o

a

b
Sun

245 + 12 km/s Earth

30 km/s

 

Corotating Dark Matter
! Traditional (halo) dark matter:

Vbar = Vc ⇠ V

VDM = hv2i1/2 = � ⇠ V

Vrel '
p
2V + vE(t)

Vbar = Vc ⇠ V

VDM = Vc ⇠ V

Vrel ' vE(t)

vE ' 30 km/s = 10�4 c

! Annual modulation due to Earth’s 
velocity: 

! Corotating (disk) dark matter: 



Corotating Dark Matter
!  

SgA*

60o

a

b
Sun

245 + 12 km/s Earth

30 km/s 



Nuclear Recoil Rates for Liquid Xe (2 keV threshold)  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XENON1t detector threshold
! ~ 2 keV threshold (1705.06655) 

!
   (Xe)vthreshold =

Eth

2mT
≃ 27 km/s
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Nuclear Recoil Reach for Slow DM

* Comparable reach (enhanced density of disk) 
* Higher threshold
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Electron Recoil

! Ionization in Xenon (1108.5383, 1206.2644) 

! 12 eV threshold 

! Semiconductors (1108.5383, 1509.01598) 

! eV threshold (band gap) 

! Superconductors and Fermi-degenerate materials (1708.08929)



Slow DM Reach with Electron Recoil

* Thresholds are important, because relying on tail of MB distribution, v ~ 10^-3 ~ 10 sigma  
* Ge kg-yr marginally better than XENON10 
* Atmospheric stopping is important
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Conclusions
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! Viability: displaced disk 

! Threshold: O(1) AM signal 

! Reach: 10^-36 cm^2
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How Do We Know the Local DM Density?

! PDG: 

! Global fit (e.g. Catena & Ullio 2009) 

! Mainly Rotation curve 

! Assume spherical halo → determine ρhalo 

! Does not bound ρdark disk! 

! For most measurements in the literature, can replace ρDM → ρhalo



Constraining a Dark Disk with Kinematics 
of Local Stars (Hipparcos, Gaia, etc.)

! Distribution of local stars tells us 
the Galactic potential 

! Equilibrium: Boltzmann distribution 

! For isothermal population:

hv2zi ⌘ �2

n ⇠ e�E/T

�(z) = ��2 log n(z)



Local Stellar Kinematics

! Holmberg & Flynn (2000) 

! astro-ph/9812404 

! young A,F stars 

! found 

! Seems to rule out a dark disk

⇢local ' 0.010± 0.001M�/pc
2



Holmberg & Flynn Revised

! EDK & Lisa Randall (1604.01407) 

! Nonequilibrium effects: 

! Epicyclic oscillations 

! → less time in the disk → weaken its effect



Non-Equilibrium Effects: 
A Short Video

! Simulation: 

! Hipparcos data, 
evolved in time under 
gravitational potential



Non-Equilibrium Kinematic Bound



Non-Equilibrium Modes

! Banik, Widrow & Dodelson (1608.03338) 

! Nonequilibrium modes 

!  Can offset measurement of Σdisk by 25%

! Shaviv (1606.02595) 

!  Contraction: signature of recent spiral arm crossing 

!  New estimate with nonequilibrium features: 

!     ρlocal = 0.0135 +/- 0.015 Msol/pc3



Recent Bounds Gaia Data

! 1711.03103 

! Analysis redone using Gaia data 

! young A,F,G stars 

! Claim no non-equilibrium effects 
found 

! Center of population vertically at 
rest 

! Center of population in midplane 

! Therefore bound is same as HF2000 

! Dark Disk strongly constrained
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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 e↵ect 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.

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 to-
gether, the wide variety of null searches for particle DM
strongly motivates taking a broader view of potential
models. Many recently-proposed DM models posit that
DM is part of a dark sector, containing interactions and
particles that can lead to non-trivial dynamics on astro-
physical scales [1–16]. Meanwhile, the Gaia 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 understanding 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 en-
ergy through interactions in a dark sector. Existing con-
straints imply that the entire dark sector cannot have
strong self interactions, since this would lead to devia-
tions away from the predictions of cold DM that are in-
consistent with cosmological observations [19–22]. How-
ever, it is possible that only a subset of the dark sector
interacts strongly (in analogy with the Standard Model)
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 to constrain such interactions [26, 27].
If the interacting DM component can dissipate energy
through emission or upscattering (see e.g. [16, 28–35]),
then it can cool and collapse to form structure, including
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 observa-
tional signatures. For instance, DDs may be responsible
for the ⇠30 million year periodicity of comet impacts [36],
the co-rotation 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 for-
mation of massive black holes [42], in addition to having
implications for DM direct detection [43, 44]. Typically,

a DD surface density of ⌃DD ⇠ 10 M�/pc2 and a scale
height of hDD ⇠ 10 pc are required to meaningfully im-
pact the above phenomena.1

Here we present a comprehensive search for a local DD,
using tracer stars as a probe of the local gravitational po-
tential. Specifically, we use the Tycho-Gaia Astrometric
Solution (TGAS) [47, 48] catalog, which provides mea-
sured distances and proper motions for roughly two mil-
lion stars in common with the Tycho-2 catalog [49]. Pre-
vious work searching for a DD with stellar kinematics
used data from the Hipparcos astrometric catalog [50]
and excluded local surface densities ⌃DD & 14 M�/pc2

for dark disks with thickness hDD ⇠ 10 pc [51]. As com-
pared with Hipparcos, TGAS contains roughly 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 distribu-
tion. We exclude ⌃DD & 6 M�/pc2 for hDD ⇠ 10 pc,
and our results put tension on the DD parameter space
of interest for explaining astrophysical anomalies [36–42].
Vertical kinematic modeling.— We use the framework

developed in Ref. [52] (and extended in Ref. [51]) to de-
scribe the kinematics of TGAS tracer stars in the pres-
ence 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 e↵ect of the DD

1 A thicker DD with hDD & 30 pc can cause periodic cratering
[45], however a larger surface density ⌃DD ⇠ 15-20 M�/pc2 is
required to be consistent with paleoclimactic constraints [46].
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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 to-
gether, the wide variety of null searches for particle DM
strongly motivates taking a broader view of potential
models. Many recently-proposed DM models posit that
DM is part of a dark sector, containing interactions and
particles that can lead to non-trivial dynamics on astro-
physical scales [1–16]. Meanwhile, the Gaia 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 understanding 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 en-
ergy through interactions in a dark sector. Existing con-
straints imply that the entire dark sector cannot have
strong self interactions, since this would lead to devia-
tions away from the predictions of cold DM that are in-
consistent with cosmological observations [19–22]. How-
ever, it is possible that only a subset of the dark sector
interacts strongly (in analogy with the Standard Model)
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 to constrain such interactions [26, 27].
If the interacting DM component can dissipate energy
through emission or upscattering (see e.g. [16, 28–35]),
then it can cool and collapse to form structure, including
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 observa-
tional signatures. For instance, DDs may be responsible
for the ⇠30 million year periodicity of comet impacts [36],
the co-rotation 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 for-
mation of massive black holes [42], in addition to having
implications for DM direct detection [43, 44]. Typically,

a DD surface density of ⌃DD ⇠ 10 M�/pc2 and a scale
height of hDD ⇠ 10 pc are required to meaningfully im-
pact the above phenomena.1

Here we present a comprehensive search for a local DD,
using tracer stars as a probe of the local gravitational po-
tential. Specifically, we use the Tycho-Gaia Astrometric
Solution (TGAS) [47, 48] catalog, which provides mea-
sured distances and proper motions for roughly two mil-
lion stars in common with the Tycho-2 catalog [49]. Pre-
vious work searching for a DD with stellar kinematics
used data from the Hipparcos astrometric catalog [50]
and excluded local surface densities ⌃DD & 14 M�/pc2

for dark disks with thickness hDD ⇠ 10 pc [51]. As com-
pared with Hipparcos, TGAS contains roughly 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 distribu-
tion. We exclude ⌃DD & 6 M�/pc2 for hDD ⇠ 10 pc,
and our results put tension on the DD parameter space
of interest for explaining astrophysical anomalies [36–42].
Vertical kinematic modeling.— We use the framework

developed in Ref. [52] (and extended in Ref. [51]) to de-
scribe the kinematics of TGAS tracer stars in the pres-
ence 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 e↵ect of the DD

1 A thicker DD with hDD & 30 pc can cause periodic cratering
[45], however a larger surface density ⌃DD ⇠ 15-20 M�/pc2 is
required to be consistent with paleoclimactic constraints [46].
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Position of Local Midplane?

! Most studies find midplane to be 15-25 pc 
below the Sun 

! (E.g. 26 pc from Cepheids 0903.4206) 

! Local A,F,G stars have their midplane at 
the Sun 

! Jo Bovy: 1704.05063 

! young A and F stars have high 
midplane 

! possibly inherited from fluctuations of 
gas
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ABSTRACT
The absolute number and the density profiles of di↵erent types of stars in the solar

neighborhood are a fundamental anchor for studies of the initial mass function, stellar

evolution, and galactic structure. Using data from Gaia DR1, we reconstruct Gaia’s

selection function and determine Gaia’s volume completeness, the local number den-

sity, and the vertical profiles of di↵erent spectral types along the main sequence from

early A stars to late K stars as well as along the giant branch. We clearly detect

the expected flattening of the stellar density profile near the mid-plane: All vertical

profiles are well represented by sech
2

profiles, with scale heights ranging from ⇡ 50 pc

for A stars to ⇡ 150 pc for G and K dwarfs and giants. We determine the luminos-

ity function along the main sequence for MV < 7 (M & 0.72 M�) and along the

giant branch for MJ & �2.5 in detail. Converting this to a mass function, we find

that the high-mass (M > 1 M�) present-day mass function along the main sequence

is dn/dM = 0.016 (M/M�)
�4.7

stars pc
�3 M�1

� . Extrapolating below M = 0.72 M�,

we find a total mid-plane stellar density of 0.040 ± 0.002 M� pc
�3

. Giants contribute

0.00039±0.00001 stars pc
�3

or about 0.00046±0.00005 M� pc
�3

. The star-formation

rate surface density is ⌃(t) = 7±1 exp(�t/7±1 Gyr)M� pc
�2

Gyr
�1

. Overall, we find

that Gaia DR1’s selection biases are manageable and allow a detailed new inventory

of the solar neighborhood to be made that agrees with and extends previous studies.

This bodes well for mapping the Milky Way with the full Gaia data set.

Key words: Galaxy: disc — Galaxy: fundamental parameters — Galaxy: stellar

content — Galaxy: structure — solar neighborhood — stars: statistics

1 INTRODUCTION

The Milky Way is a cornerstone in our understanding of the
structure and evolution of galaxies. And within the Milky
Way, the solar neighborhood provides a fundamental basis
for studies of Galactic structure, star formation and stel-
lar evolution, and Galactic dynamics. Within a few hundred
parsec from the Sun, we can see stars that span the ex-
tremes from the most luminous main-sequence and giant
stars to the faintest M dwarfs. This provides an essential
basis for understanding the baryonic content of the Milky
Way and external galaxies as it allows the initial-mass func-
tion (IMF; e.g., Gould et al. 1996; Kroupa 2001; Chabrier
2001), the mass-to-light ratio (e.g., Flynn et al. 2006), and
the local star-formation history (e.g., Binney et al. 2000) to
be determined directly. A complete baryonic census of the

? E-mail: bovy@astro.utoronto.ca
† Alfred P. Sloan Fellow

solar neighborhood is also important for comparing with dy-
namical determinations of the local mass distribution, which
are only sensitive to the combined mass in baryons and dark
matter (e.g., Holmberg & Flynn 2000; Bovy & Rix 2013).

The most precise censuses of stars in the solar neigh-
borhood are largely based on small, volume-complete sur-
veys of local stars (for example, within 25 pc, Reid et al.
2002; within 50 pc, Jahreiss et al. 1998), which contain only
a handful of the most luminous stars. While this does not
matter for determining the IMF from the number density of
long-lived stars, for the purpose of, e.g., measuring the local
stellar density distribution and comparing it to dynamical
estimates (McKee et al. 2015), small volumes centered on the
Sun are potentially biased, because the Sun is likely o↵set
from the mid-plane of the Galaxy by 15 to 25 pc (e.g., Binney
et al. 1997; Chen et al. 2001; Jurić et al. 2008). Extending
the local stellar census to a few hundred parsecs would allow
a much better determination of the bright end of the stellar
luminosity function and of the present-day mass function.

c� 2017 RAS

ar
X

iv
:1

70
4.

05
06

3v
2 

 [a
st

ro
-p

h.
G

A
]  

14
 Ju

l 2
01

7

Stellar Inventory of the Solar Neighborhood using Gaia DR1 17

Figure 17. Vertical number density profiles of giants in broad bins in MJ . All stars for a given giant type in Figure 16 are combined
to give a higher quality measurement of their density profiles. The fitted sech2 profiles have scale heights of ⇡ 150 pc. The Sun’s o↵set
from the mid-plane defined by giants is Z� = 29± 4 pc, disagreeing with the Sun’s o↵set from the mid-plane defined by A and F stars
(Z� = �0.9± 0.9 pc; Figure 19).

a solar-neighborhood-like metallicity distribution function
from Casagrande et al. (2011), and a uniform age distribu-
tion, using the same cuts to define the giant branch as used
for the data. The amplitude of this predicted luminosity
function is set such that the total stellar mass represented by
M > 0.72 M� stars in the model is 0.01 M� pc�3, the total
mid-plane density that we directly measured from number
counts along the main sequence in § 4.3 above. The ampli-
tude is thus not fit to the observed luminosity function of
giants. It is clear that the agreement between the predicted
and the observed luminosity functions for giants is excellent.
The overall amplitude, overall decline toward more luminous
giants, and the RC bump are all in good agreement.

The total mid-plane density of giants from integrating
over the giant luminosity function between �4 < MJ < 2.5
is

n = 0.00039 ± 0.00001 giants pc�3
. (24)

Jahreiss et al. (1997) find n = 0.00049± 0.00009 giants pc�3

from a complete sample of giants within 25 pc. This agrees
well with the more precise value found here.

To turn this measurement of the mid-plane number den-
sity of giants into an estimate of the mid-plane mass density
of giants requires the average stellar mass of giants of di↵er-
ent luminosities. We determine the stellar mass of giants of
a given luminosity MJ using PARSEC (Bressan et al. 2012)
isochrones, selecting giants as stars with surface gravities
log g < 3.75 and J � Ks > 0.4 and marginalizing over a
flat age distribution and the solar-neighborhood-like metal-
licity distribution function from Casagrande et al. (2011).
The mass function thus obtained is well fit by

d⇢
dMJ

= 10�4.25+0.17MJ ⇥ [1 + 2.77 N (�0.93, 0.28)] , (25)

in M� pc�3 mag�1. The total mid-plane mass density in gi-
ants is

⇢
giants
⇤ = 0.00046 ± 0.00005 M� pc�3

, (26)

where the uncertainty is dominated by an (estimated) uncer-
tainty of stellar mass along the giant branch. This is close to

Table 2. Luminosity function of giants.

MJ n dn/dMJ n(< MJ )
(10�4 pc�3) (10�4 pc�3 mag�1) (10�4 pc�3)

�2.375 0.05±0.01 0.21±0.05 0.05±0.01
�2.125 0.05±0.01 0.19±0.03 0.10±0.01
�1.875 0.06±0.01 0.24±0.05 0.16±0.02
�1.625 0.05±0.02 0.22±0.07 0.21±0.03
�1.375 0.12±0.01 0.48±0.04 0.33±0.03
�1.125 0.30±0.02 1.21±0.07 0.64±0.03
�0.875 0.44±0.02 1.77±0.07 1.08±0.04
�0.625 0.26±0.02 1.03±0.07 1.34±0.04
�0.375 0.17±0.01 0.70±0.05 1.51±0.04
�0.125 0.11±0.01 0.44±0.03 1.62±0.04
0.125 0.10±0.01 0.40±0.03 1.72±0.04
0.375 0.13±0.01 0.51±0.04 1.85±0.04
0.625 0.15±0.01 0.61±0.05 2.00±0.05
0.875 0.16±0.02 0.63±0.07 2.16±0.05
1.125 0.22±0.01 0.89±0.05 2.38±0.05
1.375 0.22±0.01 0.90±0.04 2.61±0.05
1.625 0.30±0.01 1.19±0.05 2.90±0.05
1.875 0.30±0.01 1.20±0.06 3.20±0.06
2.125 0.31±0.01 1.25±0.06 3.51±0.06
2.375 0.27±0.02 1.09±0.07 3.78±0.06

the value of ⇢giants⇤ = 0.00060±0.00012 M� pc�2 from Flynn
et al. (2006).

6 THE SUN’S HEIGHT ABOVE THE
MID-PLANE

The value of the Sun’s o↵set from the mid-plane defined by
each spectral subtype from A0V to G3V is displayed in Fig-
ure 19. For later-type dwarfs we are unable to determine Z�,
because the stellar density for these stars is almost entirely
flat within the observed Z range (see Figure 11). Remark-
ably, the Sun is consistent with being at the mid-plane de-
fined by each spectral type, with a combined measurement
of Z� = �0.9 ± 0.9 pc. For A and F dwarfs, Z� is deter-
mined from the vertical distribution over ⇡ 4 scale heights

c� 2017 RAS, MNRAS 000, 1–30
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! Periodicity of 32 My rather than 45 My 
requires dark disk with  

! Comet impacts:  

! dark matter disk needed to get 
periodicity of 32 My rather than 45 My

Is the Solar System’s Galactic Motion
Imprinted in the Phanerozoic Climate?
Nir J. Shaviv1, Andreas Prokoph2 & Ján Veizer3

1Racah Institute of Physics, Hebrew University of Jerusalem, Jerusalem 91904, Israel, 2 Speedstat, Ottawa ON K1G 5J5, Canada,
3Ottawa-Carleton Geoscience Center, University of Ottawa, Ottawa ON K1N 6N5, Canada.

A new d18O Phanerozoic database, based on 24,000 low-Mg calcitic fossil shells, yields a prominent 32 Ma
oscillation with a secondary 175 Ma frequency modulation. The periodicities and phases of these
oscillations are consistent with parameters postulated for the vertical motion of the solar system across the
galactic plane, modulated by the radial epicyclic motion. We propose therefore that the galactic motion left
an imprint on the terrestrial climate record. Based on its vertical motion, the effective average galactic
density encountered by the solar system is 0:172+0:006stat+0:006sysM8pc{3. This suggests the presence
of a disk dark matter component.

T
he Milky Way is a barred spiral galaxy. As a consequence, the solar system revolves around the galaxy and
carries out a small oscillation in the direction perpendicular to the dense galactic disk, with a period much
shorter than its orbital period1. For very small amplitudes of oscillation, the disk-crossing period P1/2

depends solely on the density r0 in the galactic plane, via P1=2~ p=4Gr0ð Þ1=2~13:2 r0

!
M8pc{3" #$ %{1=2Ma

(with G being the gravitational constant, assuming a constant density disk, otherwise the period may be somewhat
larger2). Previous determinations of the half-period range between 30 and 42 Ma2–4. The methodologies for
measuring the density of the galactic disk can be classified into three categories. In the first approach, the known
components are simply summed up, giving the total baryonic mass density at the galactic plane of about 0.09 to
0:10 M8pc{3 4,5. The second approach is based on the vertical kinematics of stars6. Assuming that a given tracer
population of stars is kinematically relaxed, there is then a relation between the vertical density of the tracer stars
and their dispersion velocity. This enables derivation of the underlying vertical dependence of the gravitational
potential, and from it the density, yielding values from 0.07 to 0:26 M8pc{3 2,3. These two approaches are often
used to estimate the amount of dark matter (DM) in the disk. It was argued that the stellar kinematics are
inconsistent with a higher end estimate of the central mass density7, implying that DM in the disk may account for
the deficient mass. Since the Hipparcos data set is presently the most extensive astrometric data available, analyses
based on it should be considered the most reliable. They appear to converge towards lower values of 0.10 to
0:13 M8pc{3 2,3, suggesting that the unobserved DM in the disk is at most the amount expected from a spherical
or oblate DM halo, around 0.01 to 0:03 M8pc{3. The DM density is important because its exact value is essential
for searches of weakly interacting massive particles8.

The third approach to derive the density of the galactic disk is based on the periodicity of the solar systems
vertical oscillation (VO). The periodic perturbation of the Oort cloud should increase the population of comets
crossing the Earth pathway, potentially leaving an imprint in the terrestrial cratering record. Estimates for
cratering periodicity range from 26 to 36 Ma (e.g., ref. 9), but the sparse statistics are disputed10.

Paleo-climatic records could serve as alternative chronometers if a physical mechanism exists to link the solar
system’s vertical motion to the terrestrial climate. Several suggested mechanisms could potentially do so:
1) perturbation of comets in the Oort cloud that, after disintegration into dust, could potentially cool the climate11,
2) collision with interstellar gas clouds12, 3) climate modulation via cosmic rays13–15. In the latter case, the VO
would translate into an oscillatory variation in the cosmic ray flux, because the cosmic rays density depends on the
distance from the galactic plane16. In addition, the lower interstellar pressure would allow the heliosphere to puff
up and increase the cosmic ray energy loses as they propagate into the solar system17.

Since the cosmic ray mechanism can potentially explain climate variations on longer time scales18, we will
assume that the link does indeed operate and with it construct in what follows a model for the average climate.
However, two points should be noted. First, any VO/climate correlation by itself does not prove that the climate
link is through any particular mechanism. Second, the cosmic ray climate link is controversial and it should
therefore not be taken for granted. For example, various criticisms were raised on the validity and implications of
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The Paleoclimatic evidence for Strongly Interacting Dark Matter
Present in the Galactic Disk

Nir J. Shaviv1

1
Racah Institute of Physics, Hebrew University of Jerusalem, Jerusalem 91904, Israel

Using a recent geochemical reconstruction of the Phanerozoic climate which exhibits a 32 Ma
oscillation with a phase and the secondary modulation expected from the vertical the motion of
the solar system perpendicular to the galactic plane [1], we show that a kinematically cold strongly
interacting disk dark matter (dDM) component is necessarily present in the disk. It has a local
density ⇢dDM = 0.11 ± 0.03 M�/pc

3. It is also consistent with the observed constraints on the
total gravitating mass and the baryonic components, and it is the natural value borne from the
Toomre stability criterion. It also has surface density ⌃dDM = 15±5 M�/pc

2 and a vertical velocity
dispersion of �W = 8.0±4.5 km/s. A dense (“dinosaur killing”) thin disk is ruled out. The “normal”
halo dark matter (hDM) component should then have a local density ⇢hDM . 0.01 M�/pc

3. If the
dDM component follows the baryons, its average density parameter is ⌦dDM = 1.5 ± 0.5% and it
comprises about 1/8 to 1/4 of Milky Way (MW) mass within the solar circle.

PACS numbers: 98.35.Ce, 98.35.Df, 98.35.Hj, 95.35.+d

I. INTRODUCTION

A standard astronomical method to indirectly detect
dark matter in the MW disk is to find a di↵erence be-
tween kinematic determinations of the total density of
gravitating mass and estimates for the baryonic mass
density. This type of evidence for missing mass can be
traced to Oort [2, 3]. The local mass density measure-
ment itself, known as the “Oort limit”, was found by
him to be ⇢ ⇠ 0.15 M�/pc3, more than the observed
baryon density. Subsequent analyses were contradictory.
Whereas some recovered Oort’s result [4, 5], others found
no conclusive evidence for any missing matter [6–8]. The
debate was mostly considered resolved with the analy-
sis of the Hipparcos data [9], giving ⇢total ⇠ 0.102 ±

0.01 M�/pc3, compared with ⇢baryon ⇠ 0.095 M�/pc3.
The di↵erence is consistent with the small amount

of dark matter expected from the “halo” dark matter
(hDM) component. Extrapolating the dark matter den-
sity from z = 1�4 kpc to the plane gives ⇢hDM = 0.008±
0.003 M�/pc3 [10]. Similarly, a standard spherically
symmetric NFW profile that would fit the rotation curve
at the solar galactic radius gives ⇢hDM = 0.0084 M�/pc3

[11]. Thus, measurements of the di↵erent densities at
the plane leave little room for an appreciable “disk” dark
matter (dDM) component.

Measurements of the column densities leave more room
to hide dDM, but are still consistent with no dDM at
all. Typical results for the total column density include
⌃1.1kpc = 74 ± 6 M�/pc2 [12], ⌃0.8kpc = 74+25

�12 M�/pc2

[13] and ⌃1.1kpc = 71±6 M�/pc2 [8]. On the other hand,
di↵erent estimates for the total baryon column density
range between 50 to 60 M�/pc2 [10, 12, 14, 15]. Since
⇢hDM ⇠ 0.008 M�/pc3 corresponds to ⌃hDM,1.1kpc ⇠

18 M�/pc2, there is little room for additional dDM.
There are however two caveats. First, it was shown

that kinematic determinations of the density at the MW
plane su↵er from systematic uncertainties due to the ex-
pected perturbation by spiral arm passages [16]. Because

the density increase associated with the interstellar gas
is abrupt, stars with a relatively small vertical oscillation
(. 100 pc) cannot adjust “adiabatically” to the changed
potential such that the whole stellar distribution devel-
ops “ringing” motion which can systematically distort
the inferred mass density. The apparent contraction of
the stars in the solar vicinity towards the plane is a sig-
nature of this e↵ect [16]. Without the constraint of ref.
[9], a local disk of dark matter cannot be ruled.

Moreover, estimates for the total baryonic column den-
sity is obtained using a vertical potential which neglects
the existence of excess dark matter in the disk. How-
ever, by introducing dark matter, the vertical potential
is deeper such that the total baryonic column density in-
ferred from observations and modeling is smaller, leaving
more room for Dark Matter, as recently pointed out [17],
and as borne also in the analysis below.

With the above caveats considered, there is significant
room for excess dark matter at the MW disk, with a col-
umn density of . 20 M�/pc2, as also pointed out by [17].
It does not prove that a disk exists, since without reli-
able density measurement at the plane and su�ciently
large uncertainties in the column densities, a no dDM
solution is still possible. However, it becomes inconsis-
tent once the paleoclimate data [1] is considered. Be-
low, we also show that other Massive Compact Disk Ob-
jects (“Macdos”) are inconsistent implying that it cannot
be an unseen baryonic component or gravitationally col-
lapsed Dark Matter.

We begin in §II with building a self-consistent model
of the vertical structure of the MW. We continue in §III
with a discussion of the disk stability to self gravity and
in §IV with the implications. In §V we show that alterna-
tive explanations to the paleoclimatic data and the dDM
are not plausible, and then end with a discussion on the
implications to dark matter and a summary in §VI.
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comprises about 1/8 to 1/4 of Milky Way (MW) mass within the solar circle.
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I. INTRODUCTION

A standard astronomical method to indirectly detect
dark matter in the MW disk is to find a di↵erence be-
tween kinematic determinations of the total density of
gravitating mass and estimates for the baryonic mass
density. This type of evidence for missing mass can be
traced to Oort [2, 3]. The local mass density measure-
ment itself, known as the “Oort limit”, was found by
him to be ⇢ ⇠ 0.15 M�/pc3, more than the observed
baryon density. Subsequent analyses were contradictory.
Whereas some recovered Oort’s result [4, 5], others found
no conclusive evidence for any missing matter [6–8]. The
debate was mostly considered resolved with the analy-
sis of the Hipparcos data [9], giving ⇢total ⇠ 0.102 ±

0.01 M�/pc3, compared with ⇢baryon ⇠ 0.095 M�/pc3.
The di↵erence is consistent with the small amount

of dark matter expected from the “halo” dark matter
(hDM) component. Extrapolating the dark matter den-
sity from z = 1�4 kpc to the plane gives ⇢hDM = 0.008±
0.003 M�/pc3 [10]. Similarly, a standard spherically
symmetric NFW profile that would fit the rotation curve
at the solar galactic radius gives ⇢hDM = 0.0084 M�/pc3

[11]. Thus, measurements of the di↵erent densities at
the plane leave little room for an appreciable “disk” dark
matter (dDM) component.

Measurements of the column densities leave more room
to hide dDM, but are still consistent with no dDM at
all. Typical results for the total column density include
⌃1.1kpc = 74 ± 6 M�/pc2 [12], ⌃0.8kpc = 74+25

�12 M�/pc2

[13] and ⌃1.1kpc = 71±6 M�/pc2 [8]. On the other hand,
di↵erent estimates for the total baryon column density
range between 50 to 60 M�/pc2 [10, 12, 14, 15]. Since
⇢hDM ⇠ 0.008 M�/pc3 corresponds to ⌃hDM,1.1kpc ⇠

18 M�/pc2, there is little room for additional dDM.
There are however two caveats. First, it was shown

that kinematic determinations of the density at the MW
plane su↵er from systematic uncertainties due to the ex-
pected perturbation by spiral arm passages [16]. Because

the density increase associated with the interstellar gas
is abrupt, stars with a relatively small vertical oscillation
(. 100 pc) cannot adjust “adiabatically” to the changed
potential such that the whole stellar distribution devel-
ops “ringing” motion which can systematically distort
the inferred mass density. The apparent contraction of
the stars in the solar vicinity towards the plane is a sig-
nature of this e↵ect [16]. Without the constraint of ref.
[9], a local disk of dark matter cannot be ruled.

Moreover, estimates for the total baryonic column den-
sity is obtained using a vertical potential which neglects
the existence of excess dark matter in the disk. How-
ever, by introducing dark matter, the vertical potential
is deeper such that the total baryonic column density in-
ferred from observations and modeling is smaller, leaving
more room for Dark Matter, as recently pointed out [17],
and as borne also in the analysis below.

With the above caveats considered, there is significant
room for excess dark matter at the MW disk, with a col-
umn density of . 20 M�/pc2, as also pointed out by [17].
It does not prove that a disk exists, since without reli-
able density measurement at the plane and su�ciently
large uncertainties in the column densities, a no dDM
solution is still possible. However, it becomes inconsis-
tent once the paleoclimate data [1] is considered. Be-
low, we also show that other Massive Compact Disk Ob-
jects (“Macdos”) are inconsistent implying that it cannot
be an unseen baryonic component or gravitationally col-
lapsed Dark Matter.

We begin in §II with building a self-consistent model
of the vertical structure of the MW. We continue in §III
with a discussion of the disk stability to self gravity and
in §IV with the implications. In §V we show that alterna-
tive explanations to the paleoclimatic data and the dDM
are not plausible, and then end with a discussion on the
implications to dark matter and a summary in §VI.
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REVISITING THE DARK MATTER - COMET SHOWER CONNECTION

Eric David Kramer, Michael Rowan1

1Department of Physics, Harvard University, Cambridge, MA, 02138

ABSTRACT

We revisit the question of whether the observed periodicity of comet impacts on Earth is consistent
with Solar oscillation about the Galactic midplane and spiral arm crossings, here in the context of
dissipative dark matter models. Consider whether a hypothetical thin dark disk, a signature of these
models, is necessary to give the right periodicity, and whether such a dark disk is allowed given kine-
matic and other observational constraints on the Galaxy’s gravitational potential, taking into account
recent updates of these limits based on the vertical epicyclic oscillations of the tracer populations.
Our analysis contains updated parameters for the Galactic disk, a self-consistent gravitational poten-
tial under the Poisson-Jeans equations, and includes prior probabilities from local stellar kinematics
and the distribution of Milky Way interstellar gas. Moreover, our analysis also includes radial oscil-
lations and Galactic spiral arm crossings. We find a dark disk explanation for the comet periodicity
to be 10 times more likely than a constant average rate model. Moreover, we find that spiral arm
crossing is necessary to correctly predict the date of the Chicxulub crater dated to 66 My ago.

Dark Matter as a Trigger for Periodic Comet Impacts

Lisa Randall and Matthew Reece
Department of Physics, Harvard University, Cambridge, MA, 02138

Although statistical evidence is not overwhelming, possible support for an approximately 35 mil-
lion year periodicity in the crater record on Earth could indicate a nonrandom underlying enhance-
ment of meteorite impacts at regular intervals. A proposed explanation in terms of tidal e↵ects on
Oort cloud comet perturbations as the Solar System passes through the galactic midplane is ham-
pered by lack of an underlying cause for su�ciently enhanced gravitational e↵ects over a su�ciently
short time interval and by the time frame between such possible enhancements. We show that a
smooth dark disk in the galactic midplane would address both these issues and create a periodic
enhancement of the sort that has potentially been observed. Such a disk is motivated by a novel
dark matter component with dissipative cooling that we considered in earlier work. We show how
to evaluate the statistical evidence for periodicity by input of appropriate measured priors from the
galactic model, justifying or ruling out periodic cratering with more confidence than by evaluating
the data without an underlying model. We find that, marginalizing over astrophysical uncertainties,
the likelihood ratio for such a model relative to one with a constant cratering rate is 3.0, which
moderately favors the dark disk model. Our analysis furthermore yields a posterior distribution
that, based on current crater data, singles out a dark matter disk surface density of approximately
10 M�/pc

2. The geological record thereby motivates a particular model of dark matter that will be
probed in the near future.

Large meteorite strikes on Earth cause big impact
craters that are very likely responsible for some mass
extinctions [1]. Possible evidence of ⇡ 35 million year
periodicity in the dates of these events suggest a nonran-
dom underlying origin [2–12]. Although not yet clearly
established, it is of interest to explore possible underly-
ing causes, especially if they have other measurable con-
sequences. Two suggestions were made simultaneously
by multiple groups to explain a periodic enhancement
of Oort cloud induced comets hitting the Earth. One,
known as the “Nemesis hypothesis,” was that the Sun
has a so-far undetected companion star [3, 4]. No com-
panion has been detected. The other suggestion involves
the Sun moving through the plane of the galaxy. The
Milky Way, like other spiral galaxies, has a large fraction
of its normal (baryonic) matter arranged in the shape
of a flattened disk, with the density falling o↵ exponen-
tially over a characteristic distance of 3 kpc in the radial
direction but in a much shorter characteristic distance
of about 300 parsecs in the vertical direction [13, 14].
The flattened shape arises because normal matter cools
by emitting photons that carry kinetic energy away from
the galaxy. This lowers the velocity of ordinary matter
and the less energetic particles move in a smaller volume
due to their reduced velocities and their gravitational in-
teractions. Such particles do however retain angular mo-
mentum, so the phase space doesn’t shrink in the radial
direction. Matter therefore forms a flattened disk with
small vertical height.

The idea for explaining periodic cratering is that the
Sun, as it orbits the Galactic Center, oscillates up and
down through the plane of the galaxy, leading to periodic
perturbations of the Oort cloud from enhanced density
near the plane. These perturbations cause comets to en-
ter the inner Solar System resulting in comet showers
[6, 8]. However, to date no suggested mechanism for the

enhanced density is successful in explaining the timing
and magnitude of the periodicity. Molecular clouds have
been suggested [6, 8] but they have been shown to be
spread too far from the plane to justify periodic cratering
[15]. The period is in any case too short to be accounted
for by conventional baryonic matter, which as mentioned
above also does not have a large enough vertical density
gradient to explain a strong periodic signal. Remarkably,
a dark matter disk could address both these issues.

Despite the apparent lack of fundamental explanation,
studies have searched for periodic phenomena by fitting
ad hoc sinusoidal templates without an underlying phys-
ical model. These were recently reviewed in Ref. [12].
Recent analyses of the crater data usually find that a pe-
riod of about 35 Myr is most consistent with the data,
although the statistical evidence is weak and disappears
completely when the look elsewhere e↵ect is taken into
account (if there is no prior favoring particular periods).
In this letter, we conjecture that thin dark matter disks,
which would form if a species of dark matter has dissipa-
tive dynamics [16], could a↵ect meteorite impacts and ad-
dress both of the above issues. The bulk of dark matter,
based on observed rotation curves and expected prop-
erties of weakly interacting particles, is known to be ar-
ranged in a roughly spherical halo, gradually growing less
dense over distances of order 20 kpc. However, this has
been established only for the majority of dark matter. A
small fraction might have interactions similar to those of
baryons, emitting “dark photons” and dissipating energy,
thereby cooling into an even thinner dark disk embed-
ded in the ordinary baryonic disk [16]. The existence or
nonexistence of such a disk will be probed most directly
over the next decade through extensive measurements of
stellar kinematics in the Milky Way [17, 18]. Assuming
the dominant perturbing mechanism is the tidal force,
which is proportional to the density of the disk [19], the
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Conclusions
! Direct Detections Prospects: 

! O(1) annual modulation signal 

! Lower recoil energy - important to reach lower threshold 

! If local young star populations are in equilibrium, a dark disk is severely 
constrained (e<1 %) (known since 2000) 

! Reason to suspect that local Gaia stars are out of equilibrium 

! Lots of evidence that the Sun is above the plane (Sun is at center of young star 
populations AFG) and therefore out of equilibrium 

! Dark Disk model is still viable 

! need to redo non-eqm analysis with new Gaia data 

! look for non-eqm features over larger area (patterns)



The Value of the Circular Velocity

!  



u EDK & Lisa Randall (1603.03058)

u Balance between pressure and gravity:

u Some evidence for a dark disk

Thermal pressure

Turbulence/cloud-cloud

Magnetic fields

Cosmic rays



Slow DM in Nuclear Recoil

* Comparable reach (enhanced density of disk) 
* Higher threshold
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The Virial theorem

!  

! For halo DM,   

! For rotating disk,    

! E.g. Halo                      

! Milky Way Galactic Disk    

V2 ∼
GM
R

⟨V2
thermal⟩ ∼

GM
R

V2
rot ∼

GM
R

Vthermal ≃ 220 km/s
Vrot ≃ 230 km/s



Dissipative Dark Matter
! Jiji Fan, Andrey Katz, Lisa Randall, Matthew Reece study DDDM (1303.3271, 1303.1521) 

! Bounds on dark interactions come from sphericity, also e.g. bullet cluster 

! Current bounds only imply that majority of DM is collisionless 

! Subsector could be  

! Model: 

! Dark photon U(1)D 

! Heavy particle X, charge +1 

! Light particle C, charge -1 

! dissipative —> cooling —> disk 

! increased local dark matter density - possibly aligned with baryonic diskCC

X
�D�⇤

D



Dissipation

! System dissipates by radiating 
energy 

! Will continue to dissipate until 
temperature becomes of order the 
XC binding energy 

! Once bound states are formed, the 
system will have velocity dispersion 

EB =
1

2
mC↵

2
D

! For 

! By conservation of angular 
momentum, the “dark plasma” will 
cool to a dark disk with scale height 

!

h ⇠ hv2i1/2

mC

mX
⇠ 10�3, ↵D ⇠ 10�3

hv2i1/2 ⇠ 10 km/s

astro people call 
this the 
“dispersion”

hv2i1/2 ⇠
r

mC

mX
↵D



Sensitivity Ranges




