
DOUBLE DISK DARK 
MATTER

Andrey Katz 
works w/ J. Fan, L. Randall, M. Reece, and J. Shelton  

“Beyond WIMPs: from theory to detection” workshop, 
Kibbutz HaGoshrim, May 29, 2015

This is an output file created in Illustrator CS3

Colour reproduction
The badge version must only be reproduced on a 
plain white background using the correct blue:
 Pantone: 286
 CMYK: 100  75  0  0 
 RGB: 56  97  170
 Web: #3861AA

If these colours can not be faithfully reproduced, 
use the outline version of the logo.

Clear space
A clear space must be respected around the logo: 
other graphical or text elements must be no closer 
than 25% of the logo’s width.

Placement on a document
Use of the logo at top-left or top-centre of a 
document is reserved for official use.

Minimum size
Print: 10mm
Web: 60px

 
CERN Graphic Charter: use of the black & white version of the CERN logo



OUTLINE

Motivation and Basic Idea

Constraints on Double-Disk and the Allowed 
Parameter Space

Direct Detection and Solar Capture

Conclusions and Outlook



WHAT DO WE KNOW ABOUT  
THE DARK MATTER?

DM is mostly collisionless. Self-interactions are (weakly) constrained

The DM is most likely cold

Most of the matter in the Milky Way, as well as in other Galaxies is 
dark, distributed in elliptical halos 
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Most of the constraints on the DM are derived assuming 
that the DM is single component. 

Can we have interesting signatures from a subdominant 
dissipative component of the DM? 



SIGNALS OF DISSIPATIVE DARK 
MATTER

Direct detection (velocity distributions change) 

Stellar capture 

Indirect detection (different density profiles) 

Trajectories of stars

Expect that a dissipative DM component has a different spatial 
and velocity distribution than the dominant DM component

What can be affected?

Even a subdominant DM component can lead to unusual effects



DARK GALACTIC DISK

What is the mechanism of a Galactic disk formation?

The baryonic matter collapses into a disk as it cools 
down. No Supernova or other stellar feedback is needed 

for disk formation. 

Vogelsberger, Torrey, Sijacki, Keres,  Springel, Hernquist;  2011

Needed for disk formation in the dark sector:
Cooling mechanism 
tcooling << tUniverse  Even if  tcooling ≃ tUniverse we can get 
interesting effects



COOLING DYNAMICS IN A 
VIRIAL CLUSTER

Compton scattering. Cooling down of electrons when they scatter on 
cold CMB photons. Usually it is completely subdominant to other 
processes if z < 10. Not clear if Galaxies can form so early. This can 
change in the dark sector

Bremsstrahlung radiation. Electrons scatter on protons in hot plasma. 
In the baryonic sector this is usually a dominant cooling mechanism for 
cooling all the way down to the temperatures ~ (0.1 … 0.01) B. 

Collisional cooling due to “molecular processes”, for example               
H + e- → H- + ɣ. These processes can cool dow some regions all te way 
down to O(100 K) and allow star formation. We will assume, that there 
are no such processes in the dark sector. 



COOLING IN THE DARK

Need a long range force in the hidden sector: neither 
Compton nor Bremsstrahlung are possible without this 
force. Assume U(1)D which leads to dissipative dynamics.

Need a light DM component to allow a cooling which is 
fast enough, tBrem ∝ m3/2 , tComp ∝ m3. This is an electron-
like DM component (C).

In order to allow Bremsstrahlung we need also a proton-
like heavy component (X). 



HOW DOES DDDM COOL DOWN?
Motivation and Basic Idea

Basic Checks: How Does DDDM Cool Down?

Low z and/or heavy mc )
Bremsstrahlung dominates, Otherwise

Compton is more important. Below

the line Compton dominates.

Viability of one particular point in

parameter space. Points above the

line cool down faster than the age of

the Universe.
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Does it cool down fast enough?

Cooling is too slow

Fast e
nough



EFFICIENCY OF DARK 
COOLING
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Figure 5: Cooling in the (mC ,↵D) 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 = T

CMB

/2. The two plots on the left are for mX = 100

GeV; on the right, mX = 1 GeV. The upper plots are for a 110 kpc radius virial cluster; the lower plots,
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 ↵D leads to a thermal relic X, ¯X density in excess of the Oort
limit. To the upper right of the dashed green curve, BXC is high enough that dark atoms are not ionized
and bremsstrahlung and Compton cooling do not apply (but atomic processes might lead to cooling).
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cools down adiabatically

cools down non-adiabatically

the symmetric component is
thermally overproduced



FRACTION OF DDDM IN THE 
MILKY WAY

Oort limits
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⌧

|H|2⌧̂`⌧̂´
?
2f

(38)

m
b̂

" ˆ

⇤

QCD

(39)

�9
˜
ˆ

⇤

QCD

m
h

¸
n

(40)

⌦

DM

h2 “ 0.12 (41)

Erecoil

max

“ 2µ2

m
N

v2
X

(42)

z “ 2, T
D

“ T
CMB

{2 (43)

ª
z0

´z0

⇢pzqdz 9 B
z

�

G
N

(44)

3

We used in our estimates
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Our constraints: inside the Milky Way
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Later developments — Bovi & Rix (2013) claim that the 
error bars on the visible matter can be significantly 

shrunk and constrain this ratio to be ≲ 2.5%



CONSTRAINTS ON SELF 
INTERACTIONS

Bullet Cluster Constraints 
The results are usually phrased as 

constraints on self-interactions cross 
sections. If we phrase them as constraints 

on the fraction of self-interacting DM, we 
get ≲ 30% can be self-interacting 

Bounds from the Shapes of the Galactic Halos
Peter, Rocha, Ballock, Kaplinghat; 2012

Basic idea: self-interacting DM forms for spherical haloes
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Hard to interpret in terms of multi-component DM, but 15% of SIDM 
is probably safe.



COSMOLOGICAL CONSTRAINTS ON 
DDDM

Cyr-Racine, de Putter, Raccanelli, Sigurdson; 2013

In the early Universe the DDDM is coupled to the dark radiation, leading 
(similar to BAO) to dark acoustic oscillations with a characteristic frequency. 

This should leave imprints on the CMB and the large scale structure. 
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FIG. 15: PIDM parameter space where a galactic dark disk is likely to form superimposed on the cosmological constraints
from the “Planck+WP+High-l+BAO+Lens” dataset. The red regions below the black dot-dashed line are ruled out at 95%
confidence level, while the gray regions delimitated by the black long-dashed line are ruled out at 68% confidence level. As
indicated, interacting DM can cool in equilibrium in the green regions while only out-of-equilibrium cooling is possible in the
yellow regions. Along the solid purple line, the cooling timescale (tcool, the minimum of either bremsstrahlung or Compton
scattering) is equal to the age of the Universe (tUniv), while the solid blue line denotes the parameters for which the Coulomb
equilibration time (teq) is equal to the cooling time. The cyan solid line denotes the parameters for which the virial temperature
(Tvir) of the halo is equal to the dark atomic binding energy. The short-dashed black line shows the value of ↵D for which the
thermal relic abundance of atomic DM is equal to fint⌦DM. Throughout, we take ne = np = 7.3⇥10�3(fint/0.05)(mD/GeV)�1

cm�3 and assume a DM halo mass MDM = 1012M�.
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More reasonable values:
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Planck+WMAP+BAO+High-l



OVERVIEW OF THERMAL 
HISTORY OF DDDM

A-priori we know nothing about the interactions of the hidden sector 
with the baryons. We assume that they interact at the weak scale, but 
this is not promised. Slightly below the EW scale the dark sector 
decouples from the visible sector.

Below that scale the heavy component X freezes out.

Below the freeze-out scale the recombination process between heavy 
particles start. This should not wash out the heavy symmetric component

Below the mass of the light component C dark recombination process 
starts (X recombines with C). We should have enough light DM particles 
at this point.



CONSTRAINTS ON KINETIC 
MIXING

The dominant constraint on the kinetic mixing comes from a possibility 
that after the decoupling between the sectors, the light DM C might re-
equilibrate with the SM photons. The rate for CC⇿ɣɣ ∼ T, while the 
Hubble rate ∼ T2. This might have an impact on BBN. To avoid this 

we need the kinetic mixing ≲ 10-9

When does this happen?
If the dark EM and the hypercharge are embedded into one non-Abelian 
group
No particles, which are charged simultaneously under the hypercharge and 
the dark EM, while all other interactions are due to Yukawa-type 
couplings
There are states, which are charged under both U(1), but they satisfy 
anomaly like conditions
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DDDM DIRECT DETECTION 
DIFFERS FROM CDM

The recoil energy in direct detection experiment varies 
from zero to maximal recoil energy 
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⌧

|H|2⌧̂+⌧̂�p
2f

(38)

m
b̂

� ˆ

⇤

QCD

(39)

� /
 
ˆ

⇤

QCD

m
h

!
n

(40)

⌦

DM

h2
= 0.12 (41)

Erecoil

max

=

2µ2

m
N

v2
X

(42)

3

Dissipative DM tends to have smaller velocities than 
CDM ➪ expect smaller recoil energy than the CDM and 

weaker bounds than the bounds on the CDM.



RELEVANT VELOCITIES 

Direct Detection and Solar Capture

Direct detection: relevant velocities

For the CDM v̄ ⇡ |~vrel | ⇡ 10�3 ) regular assumptions of direct detection
experiments
For dissipative DM we will take v̄ ⇠ 10�4. v̄ ⇠ 10�5 or even 10�6 can also
be possible, but they will have no e↵ect on direct detection.

If the dissipative DM has enough time to collapse into a disk, it co-rotates

around the GC with the baryonic disk, s.t. |~vrel | ⇠ vpec ⇠ v� ⇠ 10�4. This

is why we will not be interested in v̄ < 10�4. The signals are determined by

the largest velocity between vrel and v̄ .
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Naively we can get velocities 
as small as 10-7

For CDM we usually have 

�
t̃t̃

⇤ ⇡ 0.15�
tt̄

(32)

��
tt̄

/�
tt̄

⇡ 4.5% (33)

t
R

¯t
L

: t
L

¯t
R

= (1 + cos ✓)2 : (1� cos ✓)2 (34)

p
daughter

= �M � �M2

2M
(35)

|p(lab)| = ��M (36)

f
SM

= 1.2± 0.05 (stat)± 0.13 (syst) (37)

L � �ŷ
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If dissipative DM has enough 
time to collapse to a disk. The 
dark disk co-rotates with the 

baryonic disk around the 
Galactic Center. 

in the galactic frame, ~v0, is the rotational velocity of the baryonic disk and thus ~v

�
rel = ~v�,

the peculiar velocity of the Earth. We plot the constraints on the DM-nucleon cross section,
�

n

, times the ratio of the local DDDM density normalized by the normal cold dark matter
density near the Sun, ⇢SHM = 0.4 GeV/cm3, for two different velocity dispersions v̄ = 50

km/s and v̄ = 20 km/s. We used Yellin’s maximal gap method [40] to set limits. We also
plot the constraints on normal cold dark matter with standard halo model, v̄ = 230 km/s,
for comparison. For velocity dispersions smaller than the peculiar velocity of the Earth,
however, the constraints will not be relaxed further as the direct detection is only sensitive
to max(v̄, |v�rel|).

In Fig. 2 we see that, if the dissipative dark matter velocity dispersion is as small as
the relative velocity v̄ ⇠ |v�rel| . 10

�4
c, for dark matter with mass about or below 70 GeV,

a big scattering cross section scattering off nucleons, �
n

⇠ 10

�39 cm2, which is of order of
Z-exchange cross section, is still allowed assuming the local density of dissipative dark matter
is the same as that of normal cold dark matter at the Sun, 0.4 GeV/cm3. If the local density
of the dissipative dark matter near the Sun is smaller than 0.4 GeV/cm3, allowed values for
�

n

can be even larger. Even if the local density near the Sun is one order of magnitude above
0.4 GeV/cm3, for 70 GeV DDDM with velocity dispersion of 10�4

c, the allowed scattering
cross section is �

n

⇠ 10

�40 cm2, namely, five orders of magnitude larger than that permitted
for normal cold dark matter.

In summary, due to the small velocity dispersion of DDDM, only the energy bins close
to an experimental threshold are sensitive to DDDM scattering. The constraints on the cross
sections for DDDM scattering off nucleons are greatly relaxed, and for velocity dispersion
. 10

�4
c, a large cross section of order the Z-exchange cross section is still allowed for DM

with mass below 70 GeV! So far, the importance of understanding and improving energy
calibration around the threshold has been mostly emphasized for ruling in or out the light
DM scenario. Yet from the discussions above, pushing direct direction thresholds lower could
also be important for the DDDM scenario, or in general, for the detection of any dark matter
component with a low mean velocity.
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Figure 2. Bounds from the LUX experiment in the (mX ,�n⇢DDDM/⇢SHM) plane for different velocity
dispersions. Black dashed: ordinary cold dark matter distribution with v̄ = 230 km/s; blue dotted:
v̄ = 50 km/s; green solid: v̄ = 20 km/s.
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This is the smallest velocity 
that we consider



DISSIPATIVE DM AND DIRECT 
DETECTION

clear from the figure that for a heavy dark matter particle with mass around 100 GeV, the
relative velocity has to be about or above 10

�4 to trigger a signal in at least one of the direct
detection experiments.

- CDMS Si H1304.4279L
- CDMS Ge low energy H1011.2482L
- Xenon10 S2 only H1104.3088L
- LUX H1310.8214L

1 10 100 1000
0.0001
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Figure 1. The parameter space in the (mX , vX/c) plane to which different direct detection experi-
ments are sensitive; the region of sensitivity is above each curve.

Now consider a dark matter flux with a velocity distribution f(~v). The rate for spin-
independent elastic scattering is:
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where N

t

, m

N

and A are the number, mass, and atomic number of the target atoms; m
X

,
⇢

X

and ~v are the the mass, local density, and velocity of DDDM at the Sun; �
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is the
zero-momentum spin-independent DDDM–nucleon scattering cross section; µ
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is the reduced
mass of the DDDM–nucleon system; F (E
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)

2 is the nuclear form factor; vmin the minimum
DDDM velocity needed to create a nuclear recoil with recoil energy E

R

and vgesc the galactic
escape velocity of DDDM. We assume that the DDDM couplings to all nucleons are equal for
simplicity. Before taking into account the nuclear form factor F (E

R

)

2, the spectrum is flat
between 0 and E

max
R

. However, the nuclear form factor F 2
(E

R

) is in general an exponentially
falling function, which suppresses higher energy recoils, yielding a falling spectrum with an
end point at E

max
R

. Thus the shape of the recoil spectrum for elastic scattering of a DDDM
particle off nucleons is still similar to that of ordinary cold dark matter.5

We assume that the dissipative dark matter velocity distribution is given by a Maxwell-
Boltzman distribution in the frame of the detector

f(~v) =
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3
e
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, (3.4)

with v̄,~v

�
rel corresponding to the velocity dispersion and relative velocity with respect to the

Earth respectively. The strongest current constraints of all the direct detection experiments
come from LUX [39], and we plot them in Fig. 2. We assume the average velocity of DDDM

5
The DDDM recoil spectrum is steeper than that of normal dark matter but given the exponentially falling

backgrounds, it is challenging to resolve the different spectra in realistic experimental settings.
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Sensitivity of various direct 
detection experiments to the 

DM velocities

in the galactic frame, ~v0, is the rotational velocity of the baryonic disk and thus ~v

�
rel = ~v�,

the peculiar velocity of the Earth. We plot the constraints on the DM-nucleon cross section,
�

n

, times the ratio of the local DDDM density normalized by the normal cold dark matter
density near the Sun, ⇢SHM = 0.4 GeV/cm3, for two different velocity dispersions v̄ = 50

km/s and v̄ = 20 km/s. We used Yellin’s maximal gap method [40] to set limits. We also
plot the constraints on normal cold dark matter with standard halo model, v̄ = 230 km/s,
for comparison. For velocity dispersions smaller than the peculiar velocity of the Earth,
however, the constraints will not be relaxed further as the direct detection is only sensitive
to max(v̄, |v�rel|).

In Fig. 2 we see that, if the dissipative dark matter velocity dispersion is as small as
the relative velocity v̄ ⇠ |v�rel| . 10

�4
c, for dark matter with mass about or below 70 GeV,

a big scattering cross section scattering off nucleons, �
n

⇠ 10

�39 cm2, which is of order of
Z-exchange cross section, is still allowed assuming the local density of dissipative dark matter
is the same as that of normal cold dark matter at the Sun, 0.4 GeV/cm3. If the local density
of the dissipative dark matter near the Sun is smaller than 0.4 GeV/cm3, allowed values for
�

n

can be even larger. Even if the local density near the Sun is one order of magnitude above
0.4 GeV/cm3, for 70 GeV DDDM with velocity dispersion of 10�4

c, the allowed scattering
cross section is �

n

⇠ 10

�40 cm2, namely, five orders of magnitude larger than that permitted
for normal cold dark matter.

In summary, due to the small velocity dispersion of DDDM, only the energy bins close
to an experimental threshold are sensitive to DDDM scattering. The constraints on the cross
sections for DDDM scattering off nucleons are greatly relaxed, and for velocity dispersion
. 10

�4
c, a large cross section of order the Z-exchange cross section is still allowed for DM

with mass below 70 GeV! So far, the importance of understanding and improving energy
calibration around the threshold has been mostly emphasized for ruling in or out the light
DM scenario. Yet from the discussions above, pushing direct direction thresholds lower could
also be important for the DDDM scenario, or in general, for the detection of any dark matter
component with a low mean velocity.

v = 230 kmês
v = 50 kmês
v = 20 kmês

10 20 50 100 200 500 100010-46

10-44

10-42

10-40

mX @GeVD

s
n
r D
D
D
M

r S
H
M
@cm

2 D

LUX

Figure 2. Bounds from the LUX experiment in the (mX ,�n⇢DDDM/⇢SHM) plane for different velocity
dispersions. Black dashed: ordinary cold dark matter distribution with v̄ = 230 km/s; blue dotted:
v̄ = 50 km/s; green solid: v̄ = 20 km/s.
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Recast of LUX results:

As expected the bounds on dissipative 
DM is weaker than on CDM



THE FIRST LOOK ON SOLAR 
CAPTURE

The mean velocity is different from the CDM

The DM is self-interacting, the self-capture is important

The DM is partially asymmetric. The light component (C) must be 
asymmetric. The heavy component has both symmetric and 
asymmetric components

Both free heavy particles and dark atoms can be captured 

In the dissipative regime the binding energy of the dark atoms is 
smaller than the solar temperature. 



ASYMMETRIES AND SELF-
INTERACTIONS

Direct Detection and Solar Capture

Solar Capture - Introducing Assymetries

In purely asymmetric case there is no annihilation, and therefore, of course
no bound from the IceCube. The DM accumulates linearly with time:

Nassym(t) = CNt .

Black and red curves - numerical
slutions of the partially asymmetric
DM, ⇢X̄

⇢X
= 0.9, unlike in the

symmetric case, equilibrium is
never achieved.
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If the DM is purely asymmetric, it 
is linearly accumulated in the star. 
Purely symmetric asymptotes to a 

constant value. In partially 
asymmetric case the equilibrium is 

never reached.

The capture in the young stars is 
mostly the nuclear capture 
When the amount of the captured 
DM gets to some critical value, the 
exponential growth due to self 
capture is triggered 

The exponential growth is brief, the 
effective cross section is saturated
The capture further proceeds similar 
to the nuclear capture, but with a 
different saturated cross-section.



SOLAR CAPTURE: RESULTS

Direct Detection and Solar Capture

Self Interactions and constraints

Accumulation of the DM on the Sun with the self-interactions, all the
kinks are due to transition from self-capture dominated regime to

geometric capture regime:
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Direct Detection and Solar Capture

Self Interactions and constraints

Accumulation of the DM on the Sun with the self-interactions, all the
kinks are due to transition from self-capture dominated regime to

geometric capture regime:

10-6 10-4 0.01 1
10-24

10-22

10-20

10-18

10-16

10-14

t @GyrD

N
êN ü

mX= 100 GeV, sn = 10-40 cm2, v = vrel = 10-4, rXêrX = 0.9

NXêNü

NXêNü
Purely symmetric

Purely asymmetric

- sn = 10-40 cm2,WW

... sn = 10-41 cm2,WW

- sn = 10-40 cm2,bb

50 100 500 1000 5000
0.001

0.005

0.010

0.050

0.100

0.500

1.000

mX @GeVD

BH
r X r S
H
M
L

v = vrelü = 10-3

10-6 10-4 0.01 1
10-24

10-22

10-20

10-18

10-16

t @GyrD

N
êN ü

mX= 250 GeV, sn = 10-42 cm2, v = vrel = 10-4, rXêrX = 0.9

NXêNü

NXêNü
Purely symmetric

Purely asymmetric

- sn = 10-40 cm2,WW

... sn = 10-42 cm2,WW

- sn = 10-40 cm2,bb

... sn = 10-42 cm2,bb

50 100 500 1000 500010-5

10-4

0.001

0.01

0.1

1

mX @GeVD

B
Hr X r SH

M
L

v = vrelü = 10-4

Andrey Katz (Harvard) DDDM October 23, 2013 26 / 27

The kink: tra
nsitio

n from 

self-ca
pture to geometric

regime

Bounds on dissipative

DM from solar capture



CONCLUSIONS AND OUTLOOK

Partially dissipative DM is viable possible which can potentially 
lead to rich dynamics and interesting phenomenology

Would be interesting to analyze DDDM with explicit 
simulations and further constrain it (or maybe find some hints 
for its existence)

The direct bounds on the interactions of partially dissipative 
DM are relaxed compared to the bounds on CDM

We get interesting bounds from the solar capture; the self-
capture effects are important


