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We point out that constraints current constraints on dark matterimply only that the majority
of dark matter is cold and collisionless. A subdominant fraction of dark matter could have much
stronger interactions. In particular, it could interact in a manner that dissipates energy, thereby
cooling into a rotationally-supported disk, much as baryons do. We call this proposed new dark
matter oomponent Double-Disk Dark Matter (DDDM). We argue that DDDM could constitute a
fraction of all matter roughly as large as the fraction in baryons, and that it could be detected
through its gravitational effects on the motion of stars in galaxies, for example. Furthermore, if
DDDM can annihilate to gamma rays, it would give rise to an indirect detection signal distributed
across the sky that differs dramatically from that predicted for ordinary dark matter. DDDM and
more general partially interacting dark matter scenarios provide a large unexplored space of testable
new physics ideas.

Most of the matter in the universe is dark, distributed
in diffuse halos around galaxies. Even so, the subdom-
inant component consisting of baryons, electrons, and
photons—the stuff of everyday life—though constituting
only about 5% of the universe’s energy density, gives rise
to rich phenomena in the world around us. Our goal in
this paper is to argue that dark matter too could con-
tain a component exhibiting diverse andobservable con-
seqences: the dark world might even be as diverse and
interesting as the visible world. This hypothesis is worth
exploring as itcan be tested in several complementary
ways.

The structure of our galaxy relies on interacting
baryons that can cool. They do so by dissipating en-
ergy through photon emission as they collapse to form
structure. Cooling is a prerequisite to baryonic strucutres
occuping relatively small volumes and forming compact
objects like stars and planets. On a larger scale, it is
necessary for the formation of disk galaxies.

In stark contrast to baryons, we typically assume that
dark matter (DM) is cold and collisionless, distributed
through a large halo in a random way. This paradigm is
sometimes relaxed as in the cases of self-interacting dark
matter (SIDM) [1] or warm dark matter [2], but such
scenarios are bounded by observations of halo shapes
and the Bullet Cluster that limit the amount by which
dark matter can deviate from being cold and collision-
less. These bounds are often thought to imply that the
world of dark matter is much less rich and interesting
than the world of visible matter, and as a result dark
matter is usually assumed to be a single type of particle,
like a WIMP.

In this paper we propose that the dark world could be
as complex as the visible world, with a simple assump-
tion: while most of the dark matter is cold and collision-
less, a subdominant fraction we call Partially Interact-
ing Dark Matter (PIDM) could interact more strongly
and even cool as baryons do. This subdominant fraction
could have an energy density about as large as that of
baryons, without having been noticed so far. If its dy-
namics are dissipative, it will cool and form a disk within
galaxies, much as baryons do. Our own Milky Way could

contain structures made of interacting dark matter, anal-
ogous to the structures in the visible world around us, in
an invisible disk parallel to our own. We call this possi-
bility Double-Disk Dark Matter (DDDM). In this letter,
we outline the physics of DDDM and some of the obser-
vational possibilities. In a companion paper [3], we pro-
vide more detailed calculations and consistency checks of
the scenario. Both DDDM and the more general idea
of PIDM raise a large number of interesting questions,
which we have only begun to explore.

Bounding the Amount of DDDM. In a scenario
with both ordinary (cold, collisionless) dark matter and
a more strongly interacting component, we denote the
fraction in the interacting component by

ε ≡ ΩPIDM/ΩDM. (1)

Given that only about a third of baryons end up in the
galactic disk, this fraction might be up to about three
times less than the fraction of DDDM in the universe as
a whole. Current bounds on self-interacting dark matter
arise from halo shapes and cluster interactions and have
been applied only when all the DM is self-interacting, for
which they can be quite constraining. Self-interactions
give halos a spherical core and can be in tension with ob-
servations of elliptical halos [4–6]. However, such bounds
do not directly apply to PIDM since a sufficiently small
fraction of all matter could have extremely strong inter-
actions without affecting observations. Self-interactions
are also bounded by the Bullet Cluster [7, 8], which dis-
plays a separation between (collisional) hot gas and col-
lisionless material (stars and ordinary dark matter). The
observations imply that no more than 30% of the dark
matter was lost to collisional effects, i.e. ε ≤ 0.3.

A stronger bound arises when dissipation and hence
cooling occurs with the consequent formation of a disk.
The total amount of matter in the neighborhood of the
Sun is measured and known as the Oort limit. According
to [9], the total surface density in the Milky Way near the
Sun, Σ ≡

∫ +1.1 kpc
−1.1 kpc ρ(z)dz, is measured as 71±6 M"/pc2.

The surface density accounted for in visible matter is
smaller, between 35 and 58 M"/pc2. Comparing these

εdisk ≡ Mdisk
DDDM/Mgal

DM

εdisk ≤ 0.05





symmetry to play an analogous role to the distinction between fundamental and antifundamental
representations.)

In this section we will discuss the thermal history of the dark sector, including the amount of
dark radiation and the abundance of X, X̄ and C, C̄ particles. The result is that the predicted dark
radiation is allowed by current bounds on the number of relativistic degrees of freedom at the time
of BBN and of the CMB, but large enough that Planck can see an interesting signal.

We will also show that the thermal relic abundance of X and X̄ can be of the order of the Oort
limit, comparable to baryon density. This relic symmetric population of X and X̄ can annihilate
and provide an indirect detection signal. However, the light particles C and C̄ annihilate away
efficiently in the early universe. We therefore have the additional requirement that there is a non-
thermal asymmetric abundance of X and C that survives to late times, analogous to the nonthermal
abundance of protons and electrons in the SM.

3.1 The Temperature of the Dark Sector

The light degrees of freedom in our scenario introduce constraints (or possible signatures) since at
early times they were relativistic and affected the expansion rate of the universe. At the time of
BBN, the thermal bath of dark photons and also of the light species C, C̄ will add to the total
amount of relativistic energy density. At the time of last scattering in the visible sector, only
the dark photons will be relativistic. The bounds from BBN and the CMB on relativistic degrees
of freedom are usually phrased in terms of the number of effective neutrino species, so we will
now calculate the expected number of effective neutrino species present in our model, assuming a
sufficiently high decoupling temperature that we justify in Appendix A.

Suppose that, at early times, the DDDM sector and the Standard Model were in thermal equi-
librium. After decoupling, the entropy density should be separately conserved in the visible and
dark sectors. This means that

gdec
∗s,D

g∗s,D(t)ξ(t)3
=

gdec
∗s,vis

g∗s,vis(t)
(8)

with ξ ≡ (TD/Tvis) and g∗s the effective number of degrees of freedom contributing to entropy
density. The subscript D refers to dark sector degrees of freedom. Note that ξ is, in general, a
time-dependent quantity, as (for example) the visible sector temperature will increase relative to
the dark sector temperature whenever visible degrees of freedom decouple from the thermal bath.
Suppose that decoupling of the hidden and visible sectors occurs at temperatures below the W mass
but above the b-quark mass, which is the case if all the mediator particles have weak-scale masses.
At this time, gdec

∗s,vis = 86.25. The dark plasma, at this time, will contain the dark photons and C, C̄

particles, leading to gdec
∗s,D = 2+ 7

8×4 = 5.5. It is also interesting to consider the generalization to an
SU(N) dark sector with C in the fundamental representation, for which gdec

∗s,D(N) = 2
(
N2 − 1

)
+ 7

2N .
In the visible sector, at the time of BBN we take gBBN

∗s,D = 10.75, while we expect the dark sector
degrees of freedom to be unchanged. This leads to

ξ(tBBN) =
(

10.75
86.25

)1/3

≈ 0.5. (9)

The number of additional effective neutrino species is determined by g∗s,Dξ4(tBBN) = 7
8×2×∆NBBN

eff,ν ,
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leading to:

∆NBBN
eff,ν = 0.20 for U(1)D and

∆NBBN
eff,ν = 0.07N2 + 0.12N − 0.07 for SU(N)D. (10)

Numerically, ∆NBBN
eff,ν is 0.46 in the SU(2)D model, 0.94 in the SU(3)D model, and 1.56 in the

SU(4)D model. Ref. [40] derives a conservative bound on extra-degrees of freedom during BBN,

∆NBBN
eff,ν < 1.44 at 95% C.L., (11)

so the U(1)D model is easily safe. The SU(N)D model satisfies the bound for N ≤ 4, with N = 4
barely outside the 95% confidence region but easily inside if we assume decoupling at temperatures
above the top quark mass when gdec

∗s,vis = 106.75. For an alternative point of view, we can relax
our assumption about the decoupling temperature and ask: for what value of gdec

∗s,vis is the BBN
constraint saturated? It turns out that as long as

gdec
∗s,vis > 19.3 (12)

the bound is satisfied for the abelian model. This is the number of degrees of freedom when
T dec

vis ≈ 200 MeV.
An equally significant bound on the number of radiation degrees of freedom comes from the

CMB. A recent analysis of nine years of WMAP data [41] combined with the terrestrial experiments
SPT [42] and ACT [43] and baryonic acoustic oscillations constrains

∆NCMB
ν < 1.6 at 95% C.L. (13)

At the time of last scattering in the visible sector, we have gCMB
∗s,vis = 3.36 (from photons and the

colder neutrinos) and gCMB
∗s,D = 2 (from dark photons) or 2(N2− 1) (in the nonabelian case). At this

time the temperature ratio is

ξ =
(

5.5
2
× 3.36

86.25

)1/3

≈ 0.5 for U(1)D,

ξ =

(
2

(
N2 − 1

)
+ 7

2N

2 (N2 − 1)
× 3.36

86.25

)1/3

for SU(N)D, (14)

Robustly, if the two sectors are in thermal equilibrium near the weak scale, we expect the dark
photon temperature to be around half the visible photon temperature. Alternative cosmologies, for
instance with decoupling at much higher temperatures below which many new visible-sector degrees
of freedom exist, could allow much smaller ξ, but we will generally take ξ ≈ 0.5 throughout the
paper.

The temperature of dark recombination (formation of dark atoms from X and C ions) is about
a factor of ten below the binding energy BXC ∼ α2

DmC . Large αD suppresses the thermal relic
abundance of X, X̄ and larger mC prevents efficient cooling, as we will see in Section 5. Hence, we
favor parameter space at small BXC where recombination in the dark sector doesn’t happen until
after last scattering in the visible sector. This means that when the CMB is formed, dark photons
are interacting with the dark fluid of X and C particles, with a speed of sound slightly less than,
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annihilate away at early times, so in general we expect
both asymmetric DM and a symmetric X, X̄ component
to remain. The latter is particularly interesting since it
can provide an indirect detection signal through annihi-
lation processes like XX̄ → γγ.

Cooling and Disk Formation. Energy dissipation
of X and C particles in galaxies is very similar to that
of protons and electrons. In the early universe, X and
C may have bound into dark atoms, but when galaxies
form and dark matter is shock-heated to the virial tem-
perature, which is even higher than that for the lighter
baryons, a gas of ionized X and C particles distributed
throughout the halo will remain. This dark plasma cools,
primarily through Compton scattering of C particles
on dark cosmic background photons and through dark
bremsstrahlung, XC → XCγD. The calculation of these
cooling processes is as in ordinary QED [19]. Compton
scattering dominates at early times, with a rate grow-
ing with redshift as (1 + z)4. In both cases, the light C
particles dominantly lose energy, at a rate that is faster
for smaller mC . In a large portion of parameter space,
Rutherford scattering of X and C particles leads to a fast
equipartition of energy, so that the cooling of C particles
also affects X particles and the entire dark plasma cools
adiabatically. For very small mC/mX , the Rutherford
scattering rate is slow enough that cooling of X particles
happens out of equilibrium with more complicated dy-
namics we do not study here. The region of parameter
space that cools efficiently in an adiabatic way is shaded
purple in Figure 1, while the light blue shaded region
cools out of equilibrium.

As with baryons, the plasma of X and C particles ac-
quires angular momentum from tidal torques, so as it
cools it forms a rotationally supported disk. For the
simplest DDDM models, etails like star formation feed-
back are absent, but we expect the disk will form regard-
less [20] and that gravitational attraction and initial con-
ditions favors approximate alignment of the baryonic and
dark disks. The scale height of the disk can be estimated
from the Jeans equation for an axisymmetric system:

zd ≈

√
2v2

z

πGNρcenter
≈ 1.2

v2
z

10−6

Rd

ε
. (4)

The vertical velocity dispersion v2
z is set by the tem-

perature at which cooling stops. We expect cooling to
stop when bremsstrahlung and Compton cooling cease—
namely when X and C particles are cold enough to
bind into dark atoms, at temperatures Tcooled ∼ 0.1BXC

where BXC = αDmC/2 is the binding energy of a dark
atom. This leads to an estimate:

zd ≈ 2.5 pc
( αD

0.02

)2 mC

1 MeV
100 GeV

mX
. (5)

For very small values of αD and mC , the dark CMB tem-
perature ∼ 1K could be larger than 0.1BXC and set the
limit of possible cooling. Heating effects or atomic and
molecular cooling processes that we have not considered
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FIG. 2. Signal density enhancement JDDDM/JDM for DDDM
in a square region around the galactic center fixing ε = 0.05.
Red: region within b, l ⊂ (−1◦, 1◦). Green: region within
b, l ⊂ (−0.1◦, 0.1◦) (current Fermi-LAT angular resolution).
Black: region within b, l ⊂ (−0.01◦, 0.01◦).

may also play a role. Nonetheless, eqn. 5 leads us to ex-
pect that the disk of DDDM can be much thinner than
the baryonic disk, though it can thicken due to collisional
processes analogous to those for baryons.

Detection Prospects. A thin dark disk would lead to
a significant local density enhancement of DDDM com-
pared to ordinary dark matter within the plane of the
galaxy. This may be detected mostly through gravita-
tional effects if DDDM is all bound into dark atoms. But
if there is a relic symmetric population of X and X̄, as
is expected for a large portion of parameter space, anni-
hilation can produce indirect detection signals that are
strikingly different from those of ordinary dark matter.
In the galactic center, there can be a significant enhance-
ment of the line-of-sight integral of dark matter number
density squared,

J =
∫

roi
db dl

∫

l.o.s

ds

d"
cos b

(
ρ(r)
ρ"

)2

, (6)

illustrated in Fig. 2. Such a large enhancement could
provide the “boost factor” that is often proposed to make
sense of the size of tentative indirect detection signals.
The spatial distribution is even more distinctive, being
extended across the sky due to the shape of the disk, as
shown in Fig. 3.

In contrast to indirect detection, the prospects for di-
rect detection suffer from two effects: first, the Earth
might lie outside the dark disk (due either to misalign-
ment of the dark and baryonic disks, or the thinness of
the dark disk). Second, even if the disks are aligned,
they will tend to be moving with the same average cir-
cular velocity, so the relative velocity of dark matter and
nuclei will be low and the DM will not have enough ki-
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hilation can produce indirect detection signals that are
strikingly different from those of ordinary dark matter.
In the galactic center, there can be a significant enhance-
ment of the line-of-sight integral of dark matter number
density squared,
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illustrated in Fig. 2. Such a large enhancement could
provide the “boost factor” that is often proposed to make
sense of the size of tentative indirect detection signals.
The spatial distribution is even more distinctive, being
extended across the sky due to the shape of the disk, as
shown in Fig. 3.

In contrast to indirect detection, the prospects for di-
rect detection suffer from two effects: first, the Earth
might lie outside the dark disk (due either to misalign-
ment of the dark and baryonic disks, or the thinness of
the dark disk). Second, even if the disks are aligned,
they will tend to be moving with the same average cir-
cular velocity, so the relative velocity of dark matter and
nuclei will be low and the DM will not have enough ki-
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annihilate away at early times, so in general we expect
both asymmetric DM and a symmetric X, X̄ component
to remain. The latter is particularly interesting since it
can provide an indirect detection signal through annihi-
lation processes like XX̄ → γγ.

Cooling and Disk Formation. Energy dissipation
of X and C particles in galaxies is very similar to that
of protons and electrons. In the early universe, X and
C may have bound into dark atoms, but when galaxies
form and dark matter is shock-heated to the virial tem-
perature, which is even higher than that for the lighter
baryons, a gas of ionized X and C particles distributed
throughout the halo will remain. This dark plasma cools,
primarily through Compton scattering of C particles
on dark cosmic background photons and through dark
bremsstrahlung, XC → XCγD. The calculation of these
cooling processes is as in ordinary QED [19]. Compton
scattering dominates at early times, with a rate grow-
ing with redshift as (1 + z)4. In both cases, the light C
particles dominantly lose energy, at a rate that is faster
for smaller mC . In a large portion of parameter space,
Rutherford scattering of X and C particles leads to a fast
equipartition of energy, so that the cooling of C particles
also affects X particles and the entire dark plasma cools
adiabatically. For very small mC/mX , the Rutherford
scattering rate is slow enough that cooling of X particles
happens out of equilibrium with more complicated dy-
namics we do not study here. The region of parameter
space that cools efficiently in an adiabatic way is shaded
purple in Figure 1, while the light blue shaded region
cools out of equilibrium.

As with baryons, the plasma of X and C particles ac-
quires angular momentum from tidal torques, so as it
cools it forms a rotationally supported disk. For the
simplest DDDM models, etails like star formation feed-
back are absent, but we expect the disk will form regard-
less [20] and that gravitational attraction and initial con-
ditions favors approximate alignment of the baryonic and
dark disks. The scale height of the disk can be estimated
from the Jeans equation for an axisymmetric system:
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z is set by the tem-

perature at which cooling stops. We expect cooling to
stop when bremsstrahlung and Compton cooling cease—
namely when X and C particles are cold enough to
bind into dark atoms, at temperatures Tcooled ∼ 0.1BXC

where BXC = αDmC/2 is the binding energy of a dark
atom. This leads to an estimate:
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For very small values of αD and mC , the dark CMB tem-
perature ∼ 1K could be larger than 0.1BXC and set the
limit of possible cooling. Heating effects or atomic and
molecular cooling processes that we have not considered
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FIG. 1. Cooling in the (mC , αD) plane. The purple shaded region is the allowed region that cools adiabatically within the age
of the universe. The light blue region cools, but with heavy and light particles out of equilibrium. We take redshift z = 2 and
TD = TCMB/2. The two plots on the left are for mX = 100 GeV; on the right, mX = 1 GeV. The density chosen corresponds
to a 20 kpc NFW virial cluster. The solid purple curves show where the cooling time equals the age of the universe; they
have a kink where Compton-dominated cooling (lower left) transitions to bremsstrahlung-dominated cooling (upper right). The
dashed blue curve delineates fast equipartition of heavy and light particles. Below the dashed black curve, small αD leads to a
thermal relic X, X̄ density in excess of the Oort limit. To the upper right of the dashed green curve, the XC binding energy
is high enough that dark atoms are not ionized and cooling would be through atomic processes we do not calculate.

two numbers, we find that a surface density in dark mat-
ter as large as 46 M!/pc2 is allowed by the data at
95% CL. We model the DDDM disk as an isothermal
sheet [10]:

ρ(R, z) =
εMgal

DM

8πR2
dzd

exp(−R/Rd)sech2(z/2zd). (2)

When the disk height zd " 1.1 kpc, the surface density
is zd-independent: Σdisk = εMgal

DM/(2πR2
d) exp(−R/Rd).

We take the scale radius of the disk to be similar to that
for baryons, Rd ≈ 3 kpc; then the bound on Σ implies:

ε <∼ 0.05. (3)

In other words, we estimate that as much as 5% of the
DM in the galaxy can be localized in a thin disk. This
matches the mass of the baryonic disk. Measurements of
kinematics of visible objects, like the billion stars bvthe
Gaia satellite [11] will measure, might detect the gravi-
tational effects of such a structure.

Model and Early Cosmology. We construct
DDDM to mimic baryonic matter in many respects. The
simplest such model has a heavy field X and light field C
with charge +1 and −1 respectively that are charged un-
der a gauged U(1)D with coupling strength αD. Kinetic
mixing bounds can be circumvented in several ways [3].
Nonabelian models with small coupling constant are also
suitable. We will typically take mC ∼ 1 MeV and
mX ∼ 1 to 100 GeV. Related scenarios include Hidden

Charged Dark Matter [12] and Atomic Dark Matter [13–
15]. Our innovation is considering that this sector may
constitute only a fraction of the dark matter and so can
have dissipative dynamics without conflicting with data.

We assume that at early times the dark sector and
the Standard Model were in thermodynamic equilibrium
above the weak scale. As the universe cooled and Stan-
dard Model degrees of freedom decoupled from the ther-
mal bath, the dark sector became cooler than the SM
sector by a factor ξ. Estimates show that ξ ≈ 0.5
at the times relevant for BBN and CMB observations.
Bounds on relativistic degrees of freedom are typically
expressed in terms of effective neutrino species, with 95%
CL bounds ∆NBBN

eff,ν < 1.44 [16] and ∆NCMB
eff,ν < 1.6 [17].

In the case of a decoupling temperature between the b
and W masses, we estimate ∆Neff,ν ≈ 0.2 for both BBN
and the CMB, increasing to ≈ 1.5 in an SU(4)D model.
At the time of the CMB, the dark photons and C par-
ticles are coupled in a plasma, which can give rise to
effects like dark acoustic oscillations [15]. Observations
from Planck will probe such effects as well as ∆NCMB

eff,ν ,
and could confirm or rule out certain DDDM scenarios.

When the dark sector cools below about mC/20, the C
and C̄ particles annihilate away, much as electrons and
positrons did in our universe. As a result, we assume an
asymmetric dark matter scenario [18] with net X and C
number, analogous to the proton and electron number
in our universe. For αD < 0.01, we find that a residual
symmetric population of X and X̄ will not completely

between 0.2 and 0.7 GeV/cm3 [31]. For our purposes, the most convenient form of the bound is the
constraint on the surface density measured below a height z0, which is defined by:

Σ(|z| < z0) ≡
∫ z0

−z0

ρ(z)dz. (2)

Σ is approximately equal to the vertical gradient of the gravitational potential, (2πGN )−1∂zΦ, which
determines the vertical acceleration of stars. As quoted in [31], the total surface density inferred
from stellar kinematics is Σtot(|z| < 1.1 kpc) = 71 ± 6 M"/pc2. The surface density inferred from
visible baryonic matter (stars, stellar remnants, and interstellar gas) is Σvis = 35 to 58 M"/pc2.
We interpret the difference between these numbers as an approximate measure of the amount of
DDDM allowed by data. The ranges are one sigma error bars, from which we conclude that at 95%
confidence level the amount of surface density in nonbaryonic matter is

Σdark(|z| < 1.1 kpc) <∼ 46 M"/pc2. (3)

For the distribution of matter within the disk we use the isothermal sheet model (see e.g. section
11.1 of Ref. [33]). If the total mass of DDDM in the galaxy is εMgal

DM, we approximate the volume
distribution of DDDM as

ρ(R, z) =
εMgal

DM

8πR2
dzd

exp(−R/Rd)sech2(z/2zd). (4)

Here z parameterizes height above the midplane of the disk, while R is the radial direction within
the disk. We assume the DDDM disk has a scale radius comparable to that for baryons, Rd ≈ 3
kpc [34]. The value of R relevant for the measurements is the distance of the Sun from the galactic
center, about 8 kpc. We will discuss the expected values of the disk scale height zd in Section 6.
For now, we only need to assume zd $ 1.1 kpc, in which case the surface density does not depend
on zd:

Σdisk(|z| < 1.1 kpc) =
εMgal

DM

2πR2
d

exp(−R/Rd). (5)

Given this functional form, from the the surface density bound, Eq. 3 is a constraint on the fraction
of all the dark matter that is allowed to be in a thin disk:

ε <∼ 0.05. (6)

This is a key result of our paper: the mass of the DDDM disk can be on the order of five percent of
the total mass of the Milky Way. Up to order-one uncertainties, this means the mass of the DDDM
disk can be as large as the mass of the baryonic disk, and that PDDM can carry comparable
energy density to ordinary baryonic matter. It will be very interesting to explore whether improved
measurements could detect new structures like DDDM disks. For instance, the ambitious plans of
the Gaia satellite (see [35] and references therein) to produce an extensive map of the kinematics
of a billion objects in the Milky Way could lead to a powerful probe of dark structures within the
galaxy.

Other bounds can in principle arise from bounds on compact objects. Once a sufficiently cold
disk has formed, further structure can develop within the disk. Depending on details of DDDM

5

between 0.2 and 0.7 GeV/cm3 [31]. For our purposes, the most convenient form of the bound is the
constraint on the surface density measured below a height z0, which is defined by:

Σ(|z| < z0) ≡
∫ z0

−z0

ρ(z)dz. (2)

Σ is approximately equal to the vertical gradient of the gravitational potential, (2πGN )−1∂zΦ, which
determines the vertical acceleration of stars. As quoted in [31], the total surface density inferred
from stellar kinematics is Σtot(|z| < 1.1 kpc) = 71 ± 6 M"/pc2. The surface density inferred from
visible baryonic matter (stars, stellar remnants, and interstellar gas) is Σvis = 35 to 58 M"/pc2.
We interpret the difference between these numbers as an approximate measure of the amount of
DDDM allowed by data. The ranges are one sigma error bars, from which we conclude that at 95%
confidence level the amount of surface density in nonbaryonic matter is

Σdark(|z| < 1.1 kpc) <∼ 46 M"/pc2. (3)

For the distribution of matter within the disk we use the isothermal sheet model (see e.g. section
11.1 of Ref. [33]). If the total mass of DDDM in the galaxy is εMgal

DM, we approximate the volume
distribution of DDDM as

ρ(R, z) =
εMgal

DM

8πR2
dzd

exp(−R/Rd)sech2(z/2zd). (4)

Here z parameterizes height above the midplane of the disk, while R is the radial direction within
the disk. We assume the DDDM disk has a scale radius comparable to that for baryons, Rd ≈ 3
kpc [34]. The value of R relevant for the measurements is the distance of the Sun from the galactic
center, about 8 kpc. We will discuss the expected values of the disk scale height zd in Section 6.
For now, we only need to assume zd $ 1.1 kpc, in which case the surface density does not depend
on zd:

Σdisk(|z| < 1.1 kpc) =
εMgal

DM

2πR2
d

exp(−R/Rd). (5)

Given this functional form, from the the surface density bound, Eq. 3 is a constraint on the fraction
of all the dark matter that is allowed to be in a thin disk:

ε <∼ 0.05. (6)

This is a key result of our paper: the mass of the DDDM disk can be on the order of five percent of
the total mass of the Milky Way. Up to order-one uncertainties, this means the mass of the DDDM
disk can be as large as the mass of the baryonic disk, and that PDDM can carry comparable
energy density to ordinary baryonic matter. It will be very interesting to explore whether improved
measurements could detect new structures like DDDM disks. For instance, the ambitious plans of
the Gaia satellite (see [35] and references therein) to produce an extensive map of the kinematics
of a billion objects in the Milky Way could lead to a powerful probe of dark structures within the
galaxy.

Other bounds can in principle arise from bounds on compact objects. Once a sufficiently cold
disk has formed, further structure can develop within the disk. Depending on details of DDDM

5

εdisk ≡ Mdisk
DDDM/Mgal

DM

εdisk ≤ 0.05



X

C

γD

X̄

C̄

C

γD γD

C̄

eL eR

×
mB̃

B̃

yeµHu

γ

1

C

X

γD

C̄

X̄

eL eR

×
mB̃

B̃

y∗eA
∗
eH

†
d

γ

eL eR

×
mB̃

B̃

yeµHu

γ

1

C

X

γD

C̄

X̄

C

γD γD

C̄

eL eR

×
mB̃

B̃

yeµHu

γ

1

bound atoms, we can consider cooling in this section without determining the exact fraction of
bound states in the very early universe.

As dark atoms fall into the overdense region, their gravitational potential energy converts to
kinetic energy. Initially they are quite cold, but when falling into the galactic center, particles slow
down as they encounter other infalling particles, forming a shock wave which expands outward,
containing pressure-supported gas inside [75, 76]. This shock-heating process converts the kinetic
energy of the DDDM gas to thermal energy at the virial temperature,

Tvir =
GNMµ

5Rvir
≈ 8.6 keV

M

Mgal
DM

µ

100 GeV
110 kpc

Rvir
. (21)

where M stands for the mass of the virial cluster and µ = ρ/n is the average mass of a particle in the
DDDM gas. We have taken a fiducial value for the mass of dark matter in the Milky Way galaxy,
Mgal

DM = 1012M!. This is reasonable since the initial density perturbation induces gravitational
collapse in the dominant dark matter component for which neither baryons nor the subdominant
interacting dark matter should be very relevant. Note that for a virial cluster of the same mass
and radius, DDDM will be much hotter than baryonic matter, with a temperature enhanced by
∼ mX/mp. The binding energy of the ground state of the dark atom is

BXC ≡
α2

DmC

2
, (22)

less than or of order the binding energy of ordinary hydrogen, so we expect Tvir $ BXC . At these
temperatures the DDDM in the virial cluster will be completely ionized, even if it had recombined
into dark atoms or dark molecules before virialization. Hence we can start off thinking of free X
and C particles.

The same cooling processes that apply to baryons potentially apply to DDDM. An ionized
dark plasma in the virial cluster can be cooled through bremsstrahlung and Compton scattering
off background dark photons. Compton scattering is more efficient at larger redshift, when the
dark photon background was hotter. Based on the results of Section 3.1, we take the dark photon
temperature to be TD ≈ 0.5TCMB. (This is the temperature of the dark cosmic background photons,
which is to be distinguished from the temperature of X and C particles in the galaxy, Tvir.) The
timescale of the bremsstrahlung cooling is

tbrem ≈ 3
16

nX + nC

nXnC

m3/2
C T 1/2

vir

α3
D

(23)

≈ 104 yr
√

Tvir

K
cm−3

nC

(
αEM

αD

)3 (
mC

me

) 3
2

,

where in the second line, we assume nX = nC for simplicity. At the end of the section, we will relax
this assumption. This time should be compared to the age of the universe in order to show that the
cluster efficiently cools down. The timescale for cooling through Compton scattering is

tCompton ≈ 135
64π3

nX + nC

nC

m3
C

α2
D

(
T 0

D(1 + z)
)4 (24)

≈ 4× 1012 yr
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,
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temperature to be TD ≈ 0.5TCMB. (This is the temperature of the dark cosmic background photons,
which is to be distinguished from the temperature of X and C particles in the galaxy, Tvir.) The
timescale of the bremsstrahlung cooling is

tbrem ≈ 3
16

nX + nC

nXnC

m3/2
C T 1/2

vir

α3
D

(23)

≈ 104 yr
√

Tvir

K
cm−3

nC

(
αEM

αD

)3 (
mC

me

) 3
2

,

where in the second line, we assume nX = nC for simplicity. At the end of the section, we will relax
this assumption. This time should be compared to the age of the universe in order to show that the
cluster efficiently cools down. The timescale for cooling through Compton scattering is

tCompton ≈ 135
64π3

nX + nC

nC

m3
C

α2
D

(
T 0

D(1 + z)
)4 (24)

≈ 4× 1012 yr
nX + nC

nC

(
αEM

αD

)2 (
2 K

T 0
D(1 + z)

)4 (
mC

me

)3

,
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110 kpc, namely

nX = nC ≈ 3.3× 10−6 cm−3

(
100 GeV

mX

)
. (26)

The long mean free path shows that photons readily escape the galaxy at early times. Furthermore,
because ! ∼ 106Rvir, photons will continue to escape even if the initial DDDM distribution collapses
by a factor of 1018 in volume. This is sufficient to allow a disk to form, especially considering that
once the DDDM assumes a disk-like shape, photons can escape more efficiently through the thin
direction of the disk.

We also need to check that both light and heavy particles could cool. When light particles
scatter on heavy particles and emit bremsstrahlung photons, it is mostly the light particles that
lose energy. Similarly, Compton scattering is dominantly scattering of the light particles on dark
background photons. However, if heavy and light particles remain thermally coupled, the cooling
of the light particles is sufficient.

Thermal coupling occurs when the rate for Rutherford scattering of the light particles on the
heavy particles exceeds the cooling rate. In this case, the heavy particles cool adiabatically, with
scattering keeping the light and heavy species in in kinetic equilibrium [77, 78]. The timescale for
this equilibration process is

teq =
mXmC

2
√

3πα2
D

(EC/mC)3/2

nC log
(

1 + v4
Cm2

C

α2
Dn

2/3
C

) (27)

= 4.3× 104 yr
(

α

αD

)2 ( mX

1 GeV

) 5
2
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me
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) 1
2 cm−3

nC

10

log
(

1 + v4
Cm2

C

α2
Dn

2/3
C

) ,

where EC is the kinetic energy of the light species; in the second line, we take EC/mC = 3Tvir/mC .
In part of our parameter space, teq % tcool and the light and heavy species cool adiabatically
together.

Rutherford scattering has a 1/v4
C enhancement, but when mX/mC is very large, in a thermal

system vC is not small. Thus for large mX/mC , as well as in the region of parameter space where
αD is very small, the equipartition time from two-body scattering processes is not sufficient to cool
the heavy particles. In this case, we expect cooling should still occur but that cooling involves
nonequilibrium physics, at least initially. If the light particles contract as they cool, while the heavy
particles are unaffected, a charge separation would occur between the larger cloud of X particles and
a smaller cloud of C particles. This wwould produce dark electric fields that pull the X particles in.
It would be interesting to simulate or model more completely the resulting dynamics, but it seems
inevitable that, since cooling continues to rob the system of kinetic energy, eventually both X and
C will cool. As they contract into smaller volume, larger values of nX,C make Rutherford scattering
more efficient, and the cooling process will eventually be describable again by equilibrium physics.

Hence, we work under the hypothesis that whenever the cooling time scale tcool is less than
the age of the universe, cooling occurs. At this point we should mention one further subtlety:
equipartition will speed up the light particles relative to the heavy ones by a factor

√
mX/mC ,

and so for sufficiently small mC we should use the formula for relativistic bremsstrahlung rather
than Eq. 24. Since the rate of energy loss from relativistic bremsstrahlung exceeds that from
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