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Self-interacting DM and Astrophysics 
•  In the last decade, self-interacting DM has been mostly discussed in 

the context of astrophysics. 
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Figure 3. Rotation curves for all subhalos with V
infall

> 30 km s�1 and V
max

> 10 km s�1, after excluding Magellanic Cloud analogs, in
each of the six Aquarius simulations (top row, from left to right: A, B, C; bottom row: D, E, F). Subhalos that are at least 2� denser
than every bright MW dwarf spheroidal are plotted with solid curves, while the remaining subhalos are plotted as dotted curves. Data
points with errors show measured V

circ

values for the bright MW dSphs. Not only does each halo have several subhalos that are too
dense to host any of the dSphs, each halo also has several massive subhalos (nominally capable of forming stars) with V

circ

comparable
to the MW dSphs that have no bright counterpart in the MW. In total, between 7 and 22 of these massive subhalos are unaccounted for
in each halo.

of V
circ

(r
1/2) for the bright Milky Way dwarf spheroidals.

As in Fig. 2, we plot only halos with V
infall

> 30 km s�1

and V
max

(z = 0) > 10 km s�1. Subhalos that are at least 2�
more massive than every dwarf (at r

1/2) are plotted as solid
curves; these are the “massive failures” discussed in BBK,
and each halo has at least four such subhalos. Fig. 3 shows
that each halo has several other subhalos with V

infall

> 30
that are unaccounted for as well: for example, halo B has
three subhalos that are not massive failures by our defini-
tion but that are inconsistent at 2� with every dwarf except
Draco. Even ignoring the subhalos that are completely un-
accounted for (and are yet more massive than all of the MW
dSphs), the remaining massive subhalos do not resemble the
bright MW dSph population.

3.3 High redshift progenitors of massive subhalos

To investigate the possible impact of reionization on our re-
sults, we show the evolution of the progenitors of all subhalos
with V

infall

> 30 km s�1 in Figure 4. The solid curve show
the median M(z), while the shaded region contains 68% of
the distribution, centered on the median, at each redshift.

For comparison, we also show T
vir

(z) = 104 K (the tempera-
ture at which primordial gas can cool via atomic transitions)
and 105 K (dashed lines), as well as the mass Mc(z) below
which at least half of a halo’s baryons have been removed
by photo-heating from the UV background (Okamoto et al.
2008). Subhalos with V

infall

> 30 km s�1 lie above Mc and
T
vir

= 104 K at all redshifts plotted, indicating that they are
too massive for photo-ionization feedback to significantly al-
ter their gas content and thereby inhibit galaxy formation.

Figure 5 focuses on the z = 6 properties of these sub-
halos. It shows the distribution of halo masses at z = 6
for “massive failures” (open histogram) and the remaining
subhalos (filled histogram), which are possible hosts of the
MW dSphs. The massive failures are more massive at z = 6,
on average, than the potentially luminous subhalos. This
further emphasizes that reionization is not a plausible ex-
planation of why the massive failures do not have stars: the
typical massive failure is a factor of ten more massive than
the UV suppression threshold at z = 6. Implications of this
result will be discussed in Boylan-Kolchin et al. (in prepa-
ration).

In a series of recent papers, Broderick, Chang, and

c� 2012 RAS, MNRAS 000, 1–17

Boylan-Kolchin et al. (2012) 

Possible Hints of Physics Beyond Cold 

Dark Matter

1. Dwarf Galaxy Problem: the number of 

detected dwarf galaxies in the Local Group 

of the Milky Way appears to be much lower 

than predicted by the CDM paradigm. (Moore et al. 

1999; Strigari et al. 2007)

2. Mass Profile of Dwarf Spheroidal (dSph) 

Galaxies: the inner mass profile of dSphs is 

observed to be consistent with a “core” of 

constant density while CDM simulations 

predict a “cuspy” profile. (de Blok, W. J. G , 2010; Walker, M. G. 

& Penarrubia, J., 2011)

Cusp

Wednesday, January 11, 2012 Walker & Penarrubia (2011) 

“Core-Cusp” Problem 

“Too Big to Fail” Problem “Merging Cluster”  

Mahdavi  et al. (2007) 
Dawson et al. (2012)  
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Figure 2. Top: Large scale structure in CDM (left) and SIDM1 (right) shown as a 50×50 h−1 Mpc slice with 10h−1 Mpc thickness through our cosmological
simulations. Particles are colored according to their local phase-space density. There are no visible differences between the two cases. Bottom: Small scale
structure in a Milky Way mass halo (Z12) simulated with CDM (left) and SIDM1 (right), including all particles within 200h−1 kpc of the halo centers. The
magnitude of the central phase-space density is lower in SIDM because the physical density is lower and the velocity dispersion is higher. The core of the
SIDM halo is also slightly rounder. Note that substructure content is quite similar except in the central regions

cross section runs here because no core density differences were re-
solved within the numerical convergence radii of our simulations.

As shown in §3 the self-interaction smoothing length hsi must
be larger than 20% the inter-particle separation in order to achieve
convergence on the interaction rate. All the work for this paper was
done with a fixed hsi for all particles carefully chosen for each sim-
ulation so that the self-interactions are well resolved at densities a
few times to an order of magnitude lower than the lowest densities
for which self-interactions are significant. We have run the cosmo-
logical boxes with different choices for hsi (changes by factors of
2 to 4) and have found that our results are unaffected. We have
also run tests on isolated halos with varying smoothing lengths and

again find that the effects of self-interactions are robust to reason-
able changes in hsi.

All of our halo catalogs and density profiles are derived
using the publicly available code Amiga Halo Finder (AHF)
(Knollmann & Knebe 2009).

CDM SIDM 

Rocha et al. (2012)  

Cosmology	
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While nonstandard dark matter is believed to affect mostly 
small astrophysical scales, can it also lead to any telltale 
cosmological signatures (CMB, P(k), weak lensing, etc)? 

Key Questions: 

•  Which  properties does interacting DM need to have in 
order to affect cosmological observables? 

•  What are the relevant parameters describing these 
properties that can be constrained with cosmological data? 

Self-interacting DM and Cosmology 
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•  We need at least a fraction of the DM to: 

1.  Couple to a light , relativistic particles, or 
be itself a relativistic particle at early times 
(e.g. Warm DM). 
This leads to a non-vanishing sound speed that 
provides pressure support against gravitational 
collapse. 

2.  Have a relatively late epoch of kinematic 
decoupling. 
Such that cosmological scales can be affected. 

Self-interacting DM and Cosmology 
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•  Interacting DM models affect cosmological observables in 
two ways: 

1.  Modifications to the background cosmology. 

2.  Modification to the evolution of DM fluctuations.  

Self-interacting DM and Cosmology 

A Cosmological Limit on Neutrino Self-Interactions

Francis-Yan Cyr-Racine
NASA Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109, USA and

California Institute of Technology, Pasadena, CA 91125, USA

Kris Sigurdson
Department of Physics and Astronomy, University of British Columbia, Vancouver, BC, V6T 1Z1, Canada

(Dated: August 4, 2013)

In the standard model neutrinos are assumed to have streamed across the Universe since they
last scattered at the weak decoupling epoch when the temperature of the standard-model plasma
was ⇠MeV. However, the presence of nonstandard physics in the neutrino sector could alter this
simple picture and delay neutrino free-streaming until a much later epoch. We use observations of
the Cosmic Microwave Background (CMB) to constrain the strength of neutrino self-interactions G⌫

and put limits on new physics in the neutrino sector from the early universe. The recent improvement
in accuracy of CMB measurements made by the Planck satellite and high-l experiments is critical
in obtaining this constraint. We show that cosmological data allows neutrino free-streaming to
be delayed until the Universe has cooled to a temperature close to 35 eV, almost five orders of
magnitude lower than in the standard cosmological paradigm. Nevertheless, these data constrain
neutrino physics at an e↵ective energy scale ⇤⌫ & 30 MeV well above the typical energy scale
of neutrinos when the decouple. While we discuss a specific scenario in which such a late onset of
neutrino free-streaming could occur our constraint on the neutrino visibility function is very general.

PACS numbers: 98.80.-k

INTRODUCTION Neutrinos are the most elusive
components of the standard model (SM) of particle
physics. Their tremendously weak interactions with
other SM fields render measurements of their fundamen-
tal properties very challenging. At the same time, the
existence of neutrino mass [? ] constitutes one of the
most compelling evidence for physics beyond the SM, and
makes the neutrino sector a prime candidate for searches
of such new physics. In recent years, cosmology has pro-
vided some of the most stringent constraints on neutrino
properties, most notably the sum of their masses and
their e↵ective number [? ? ? ]. Can cosmological data
can inform us about other aspects of neutrino physics?
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One assumption that is rarely challenged is the free-
streaming nature of cosmological neutrinos (for excep-
tions, see [? ? ? ? ? ? ? ]). Within the standard model
this assumption is justified since SM neutrinos are ex-
pected to have decoupled from the primeval plasma in the
very early Universe at a temperature T ' 1 MeV. Yet,
this assumption is not a priori driven by any cosmolog-
ical observations, but is the results of a particle-physics
prior on the choice of cosmological models that we choose
to compare with data. Abandoning this prior allows us
to answer the important question: How does cosmologi-
cal data inform us about possible interactions in the neu-
trino sector? Free-streaming neutrinos create anisotropic
stress which, through gravity, alters the evolution of the
other particle species in the Universe [? ? ]. As cosmo-
logical fluctuations in the photon and baryon fluids are
particularly sensitive to the presence of a free-streaming
component during the radiation-dominated era, we ex-
pect the recent measurements of the CMB to provide a
strong constraint on the onset of neutrino free-streaming.

In this Letter, we compute the first purely cosmological
constraints on the strength of neutrino self-interactions.
In the following, we model the interaction as a four-
fermion vertex whose strength is controlled by a dimen-
sional constant, analogous to the Fermi constant, G⌫ . In
this scenario, the onset of neutrino free-streaming is de-
layed until the rate of these interactions fall below the
expansion rate of the Universe, hence a↵ecting the evo-
lution of cosmological fluctuations that enters the causal
horizon before that epoch. As we discuss below, the cos-
mological observables are compatible with a neutrino vis-
ibility function peaking at a temperature orders of mag-
nitude below that of the standard picture.

In earlier investigations of neutrino properties [? ?
? ? ? ? ], neutrinos were modeled as a fluid-like [?
] and constraints were placed on the phenomenological
parameters ce↵ and cvis, the rest-frame sound speed and
the viscosity parameter of the neutrino fluid respectively.
These analysis found consistency with the free-streaming
limit. However, by modeling these parameters as con-
stant throughout the history of the Universe they could
not capture the realistic physics of neutrino decoupling.
We incorporate here the physics necessary to follow in
detail the dynamics of the transition of neutrinos from
a tightly-coupled fluid to particles free-streaming across
the Universe.

NEUTRINO INTERACTIONS In addition to
their regular SM interactions, we assume that all of
the neutrinos have non-negligible self-interactions due to
their interaction with a new heavy mediator X. We take
X to be a singlet under all SM interactions and assume
that it only interacts with neutrinos through a coupling
constant gX . When the temperature of the neutrinos
falls significantly below the mediator mass, one can inte-

grate out the heavy mediator and model the interaction
as a four-fermion vertex controlled by a dimensionfull
coupling constant G⌫ / g2⌫/M

2
X . In this scenario, the

possible emission of X particle by neutrinos in the fi-
nal state of kaon and W decay leads to upper bounds
on the value of g⌫ . For a vector boson, we must have
g⌫ < 8 ⇥ 10�5(MX/MeV) [? ], while for a scalar X
we have g⌫ < 0.014 (90%-C.L.) [? ]. In comparison,
SN1987A places a much weaker constraint on neutrino
self-interaction, leading to G⌫ . 144MeV�2 [? ]. In the
following, we focus on the case where X is a scalar.
The key quantity characterizing the interactions in

the neutrino sector is the thermally-averaged neutrino
self-interaction cross section h�⌫iT⌫ ⌘ G2

e↵T
2
⌫ , where all

the order unity numerical factors have been absorbed in
Ge↵ / G⌫ , and T⌫ is the temperature of the neutrino
bath. The X-mediated self-interactions render the neu-
trino medium opaque with an opacity ⌧̇⌫ = an⌫h�⌫iT⌫ ,
where n⌫ is the number density of neutrinos and a is
the scale factor describing the expansion of the Universe.
In this work, we focus our attention on the case where
G⌫ > GF, where GF is the Fermi constant. Therefore, it
is justified to neglect the contributions from electroweak
processes to the neutrino opacity.
The opacity of the neutrino medium e↵ectively defines

a neutrino visibility function given by f⌫(z) ⌘ �⌧̇⌫e�⌧⌫ .
This visibility function can be thought of as a probabil-
ity density function for the redshift at which a neutrino
begins to free-stream. For neutrino self-interacting with
the cross section given above, the visibility function is
always sharply peaked with a nearly Gaussian shape ex-
cept for a long tail extending toward lower redshifts. We
plot the neutrino visibility function for di↵erent values of
Ge↵ in Fig. 1. We observe that the main e↵ect of neu-
trino self-interaction is to considerably delay the onset of
free-streaming.
EVOLUTION OF FLUCTUATIONS To deter-

mine the impact of neutrino self-interaction on cos-
mological observables, we evolve the neutrino fluctua-
tion equations from their early tightly-coupled stage to
their late-time free-streaming solution. By prohibiting
free-streaming, neutrino self-interaction severely damps
the growth of anisotropic stress associated with the
quadrupole and higher moments of the neutrino distribu-
tion function. Indeed, while the equations for the density
and velocity fluctuations of the neutrinos are una↵ected
by the self-interaction, the moments with l � 2 are cor-
rected by a damping term proportional to ⌧̇⌫ which ef-
fectively suppresses their growth,
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where we follow closely the notation of [? ] in syn-
chronous gauge. We solve these equations numerically
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One assumption that is rarely challenged is the free-
streaming nature of cosmological neutrinos (for excep-
tions, see [? ? ? ? ? ? ? ]). Within the standard model
this assumption is justified since SM neutrinos are ex-
pected to have decoupled from the primeval plasma in the
very early Universe at a temperature T ' 1 MeV. Yet,
this assumption is not a priori driven by any cosmolog-
ical observations, but is the results of a particle-physics
prior on the choice of cosmological models that we choose
to compare with data. Abandoning this prior allows us
to answer the important question: How does cosmologi-
cal data inform us about possible interactions in the neu-
trino sector? Free-streaming neutrinos create anisotropic
stress which, through gravity, alters the evolution of the
other particle species in the Universe [? ? ]. As cosmo-
logical fluctuations in the photon and baryon fluids are
particularly sensitive to the presence of a free-streaming
component during the radiation-dominated era, we ex-
pect the recent measurements of the CMB to provide a
strong constraint on the onset of neutrino free-streaming.

In this Letter, we compute the first purely cosmological
constraints on the strength of neutrino self-interactions.
In the following, we model the interaction as a four-
fermion vertex whose strength is controlled by a dimen-
sional constant, analogous to the Fermi constant, G⌫ . In
this scenario, the onset of neutrino free-streaming is de-
layed until the rate of these interactions fall below the
expansion rate of the Universe, hence a↵ecting the evo-
lution of cosmological fluctuations that enters the causal
horizon before that epoch. As we discuss below, the cos-
mological observables are compatible with a neutrino vis-
ibility function peaking at a temperature orders of mag-
nitude below that of the standard picture.

In earlier investigations of neutrino properties [? ?
? ? ? ? ], neutrinos were modeled as a fluid-like [?
] and constraints were placed on the phenomenological
parameters c

e↵

and c
vis

, the rest-frame sound speed and
the viscosity parameter of the neutrino fluid respectively.
These analysis found consistency with the free-streaming
limit. However, by modeling these parameters as con-
stant throughout the history of the Universe they could
not capture the realistic physics of neutrino decoupling.
We incorporate here the physics necessary to follow in
detail the dynamics of the transition of neutrinos from
a tightly-coupled fluid to particles free-streaming across
the Universe.

NEUTRINO INTERACTIONS In addition to
their regular SM interactions, we assume that all of
the neutrinos have non-negligible self-interactions due to
their interaction with a new heavy mediator X. We take

X to be a singlet under all SM interactions and assume
that it only interacts with neutrinos through a coupling
constant gX . When the temperature of the neutrinos
falls significantly below the mediator mass, one can inte-
grate out the heavy mediator and model the interaction
as a four-fermion vertex controlled by a dimensionfull
coupling constant G⌫ / g2⌫/M

2

X . In this scenario, the
possible emission of X particle by neutrinos in the fi-
nal state of kaon and W decay leads to upper bounds
on the value of g⌫ . For a vector boson, we must have
g⌫ < 8 ⇥ 10�5(MX/MeV) [? ], while for a scalar X
we have g⌫ < 0.014 (90%-C.L.) [? ]. In comparison,
SN1987A places a much weaker constraint on neutrino
self-interaction, leading to G⌫ . 144MeV�2 [? ]. In the
following, we focus on the case where X is a scalar.

The key quantity characterizing the interactions in
the neutrino sector is the thermally-averaged neutrino
self-interaction cross section h�⌫iT⌫ ⌘ G2

e↵

T 2

⌫ , where all
the order unity numerical factors have been absorbed in
G

e↵

/ G⌫ , and T⌫ is the temperature of the neutrino
bath. The X-mediated self-interactions render the neu-
trino medium opaque with an opacity ⌧̇⌫ = an⌫h�⌫iT⌫ ,
where n⌫ is the number density of neutrinos and a is
the scale factor describing the expansion of the Universe.
In this work, we focus our attention on the case where
G⌫ > G

F

, where G
F

is the Fermi constant. Therefore, it
is justified to neglect the contributions from electroweak
processes to the neutrino opacity.

The opacity of the neutrino medium e↵ectively defines
a neutrino visibility function given by f⌫(z) ⌘ �⌧̇⌫e�⌧⌫ .
This visibility function can be thought of as a probabil-
ity density function for the redshift at which a neutrino
begins to free-stream. For neutrino self-interacting with
the cross section given above, the visibility function is
always sharply peaked with a nearly Gaussian shape ex-
cept for a long tail extending toward lower redshifts. We
plot the neutrino visibility function for di↵erent values of
G

e↵

in Fig. 1. We observe that the main e↵ect of neu-
trino self-interaction is to considerably delay the onset of
free-streaming.

EVOLUTION OF FLUCTUATIONS To deter-
mine the impact of neutrino self-interaction on cos-
mological observables, we evolve the neutrino fluctua-
tion equations from their early tightly-coupled stage to
their late-time free-streaming solution. By prohibiting
free-streaming, neutrino self-interaction severely damps
the growth of anisotropic stress associated with the
quadrupole and higher moments of the neutrino distribu-
tion function. Indeed, while the equations for the density
and velocity fluctuations of the neutrinos are una↵ected
by the self-interaction, the moments with l � 2 are cor-
rected by a damping term proportional to ⌧̇⌫ which ef-



9/24/13 Francis-Yan Cyr-Racine, JPL/Caltech 

7 Francis-Yan Cyr-Racine, Caltech/JPL 2/01/13 

Generic Signature: Dark Acoustic Oscillation (DAO) 



•  A new “DAO” scale corresponding to the size of the “dark” sound 
horizon at kinetic decoupling emerges in the dark-matter density field. 

•  On smaller scales, the interaction of dark matter with the dark radiation 
suppresses the amplitude of fluctuations. 
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Generic Signature: Dark Acoustic Oscillation (DAO) 



DAO Scale  
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for our two different cases. In both cases, the power spec-
trum cut-off is pushed towards higher k if self-interaction is
assumed. The HDM (m!10 eV) results are in agreement
with the results of Atrio-Barandela and Davidson !25", for k
smaller than the cut-off scale. At small scales, their results
are somewhat different from ours, probably because of an
erroneous term in their perturbation equations #as explained
in the Appendix$.
For our choice of particle masses, the dividing line be-

tween the non-interacting and strongly interacting regimes is
roughly at

%0!10"36 cm2. #32$

Note that this is much lower than the cross section which
is needed to explain structure on galactic scales in the self-
interacting cold dark matter model. In that case, the dividing
line is closer to 10"23 cm2. For the case where the dark
matter is hot, self-interactions are not able to improve the
agreement with observations significantly because the power
spectrum cut-off is still at much too large a scale. As dis-
cussed in Ref. !14", warm dark matter provides a good fit to
observations of dwarf galaxies if the power spectrum cut-off
is at roughly 2h50Mpc"1, corresponding to a mass of 1 keV.
However, explaining the core structure of dark matter halos
requires that m#300 eV !14", so that even though the un-
certainties involved in determining the best cut-off scale are
as large as a factor two !14", the collisionless warm dark
matter model is inconsistent with observations. Our results
indicate that it might be possible to lower the warm dark
matter particle mass to this smaller value and compensate by

making the warm dark matter self-interacting, which de-
creases the cut-off length scale by about a factor of 1.6 com-
pared to the non-self-interacting case. Numerically we find
that the k where &2(k) takes its maximum value is well
approximated by

&2#k $max

!" 1.1# m
1 keV$ 3/4Mpc"1 collisionless,

1.7# m
1 keV$ 3/4Mpc"1 strongly self-interacting.

#33$

For the collisionless case this corresponds to the free-
streaming scale, whereas in the strongly interacting case it
corresponds to the Jeans scale for a given particle mass.
From this result we conclude that self-interacting warm dark
matter is marginally consistent with the present observational
constraints.
For the cosmic microwave background #CMB$, the fluc-

tuations are usually expressed in terms of the Cl coefficients,
Cl!'%alm%2(, where the alm coefficients are determined in
terms of the real angular temperature fluctuations as
T() ,*)!+ lmalmY lm() ,*). Figure 2 shows the CMB spectra
for the same two particle masses. If the dark matter is hot,
the CMB spectrum is changed relative to cold dark matter,
because the DM particles are not completely non-relativistic
at recombination. This gives rise to what is called the early
integrated Sachs-Wolfe #ISW$ effect. Self-interactions have
very little impact because they only affect scales within the
dark matter sound horizon at recombination. Even for a dark
matter mass of 10 eV, this is at too small a scale to have a
significant impact. For a dark matter particle mass of 1 keV,

FIG. 1. Matter power spectra for two different dark matter par-
ticle masses. The dashed line is for no self-interaction, the triple-
dot-dashed is for %0!1.2$10"38 cm2, the dot-dashed for %0!8
$10"36 cm2, and the dotted is assuming complete pressure equi-
librium. For reference we have plotted the spectrum for standard
cold dark matter #full line$.

FIG. 2. CMB power spectra for the same models as in Fig. 1.
The curve labels are also identical to those in Fig. 1.
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FIG. 1: A perturbation of interacting dark matter (red
line) of wavenumber k = 0.81 h Mpc−1 is plotted against a
perturbation of non-interacting dark matter (black dotted
line) in the upper panel. The effects of this interaction
are clearly seen in the angular power spectum of the CMB
(middle panel) and on the matter power spectum (lower
panel). We have chosen a very large value of Q to magnify
the effect on the main cosmological observables.

likely that the relic abundance of these non standard
dark matter candidates formed via the well known
freezing phenomenon, as the pair annihilations would
be quite efficient till recent times in depleting their
number density, unless they represent a too light
species. On the other hand, a different scenario has

been also considered in the literature, where dark mat-
ter relic density today is the remnant of an initial par-
ticle – antiparticle asymmetry produced in the early
universe, thus similar to the mechanism of baryogene-
sis which leads to a baryon density today much larger
than what is expected by freezing of strong interac-
tions alone [18, 19]. This possibility may also ac-
count for the intriguing similarity between the values
of Ωb and Ωdm we observe today, which differ by a fac-
tor five only, a feature which may call for a common
mechanism for their formation. In the following we
therefore, consider the case of a non self–conjugated
fermion or scalar particle ψ with a conserved global
U(1) charge, at least in the low energy scale regime,
say below their mass scale, which also corresponds to
the relevant stages for structure formation we are in-
terested in.

In case of a spin zero species, the interaction la-
grangian can be chosen as a Yukawa term

Lint = hFRνLψ + h.c., (1)

with F a spinor field, or via coupling with an inter-
mediate vector-boson field Uµ

Lint = ig(ψ∗∂µψ − ψ∂µψ∗)Uµ + g2ψ∗ψUµUµ

+ gννLγ
µνLUµ. (2)

In both cases F and U fields will be assumed to have
mass larger than ψ, to prevent fast ψ decay at tree
level, see [13].

In case of spin 1/2 dark matter, one has

Lint = hψRνLF + h.c., (3)

with F a scalar field or finally,

Lint = g(cLψLγ
µψL + cRψRγ

µψR)Uµ

+ gννLγ
µνLUµ. (4)

We notice that, as we will see in the next Section,
bounds on dark matter – neutrino scattering cross sec-
tion from CMB and large scale data, correspond to a
mass scale for ψ as well as the other field involved in
the interaction lagrangian (F or U) larger than MeV.
Thus, we will assume this lower bound in the follow-
ing, mdm ≥ MeV, mF,U ≥ MeV.

It is quite easy to compute the thermal averaged
scattering cross section corresponding to these inter-
action terms in the non-relativistic limit for the dark
matter particle ψ and F or U . For example in the
case of Eq. (1) or (3) and (2) one gets, respectively

〈σdm−ν |v|〉 ∼ |h|4
T 2

ν

(m2
F − m2

dm)2
, (5)

〈σdm−ν |v|〉 ∼ g2g2
ν

T 2
ν

m4
U

. (6)

The first result holds for mF &= mdm, otherwise cross
section takes a constant value, as for the well known

Cyr-Racine & Sigurdson (2012) 
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FIG. 1: Upper panel: The magenta lines depict the CMB temperature power spectra CTT

l for the best fit parameters for a
ΛCDM model from the WMAP seven year data set. The dotted curve shows the scenario with a constant interacting cross
section with Q0 = 10−32cm2 MeV−1 for ∆Neff = 1 and assuming canonical values for c2eff = c2vis = 1/3. The dashed (dot
dashed) curve illustrates the same interacting scenario but with c2eff = 0 and c2vis = 1/3 (c2eff = 1/3 and c2vis = 0). We depict
as well the data from the WMAP and SPT experiments, see text for details. Lower panel: matter power spectrum for the
different models described in the upper panel. The data correspond to the clustering measurements of luminous red galaxies
from SDSS II DR7 [31].

following set of parameters:

{ωb, ωc, Θs, τ, ns, log[10
10As], ∆Neff, c

2
vis, c

2
eff , Q0},

where ωb ≡ Ωbh2 and ωc ≡ Ωch2 are the physical baryon
and cold dark matter energy densities, Θs is the ratio be-
tween the sound horizon and the angular diameter dis-
tance at decoupling, τ is the optical depth, ns is the
scalar spectral index, As is the amplitude of the primor-
dial spectrum, ∆Neff is the extra dark radiation compo-
nent, c2vis is the viscosity parameter, c2eff is the effective
sound speed and Q0, in units of cm2 MeV−1, encodes the
dark radiation-dark matter interaction. The flat priors
considered on the different cosmological parameters are

specified in Tab. I.

For CMB data, we use the seven year WMAP data
[6, 33] (temperature and polarization) by means of the
likelihood supplied by the WMAP collaboration. We
consider as well CMB temperature anisotropies from the
SPT experiment [10], which provides highly accurate
measurements on scales ! 10 arcmin. We account as well
for foreground contributions, adding the SZ amplitude
ASZ , the amplitude of the clustered point source contri-
bution, AC , and the amplitude of the Poisson distributed
point source contribution, AP , as nuisance parameters in
the CMB data analysis.

Furthermore, we include the latest constraint from

Diamanti et al. (2012) 
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“Cannibal” DM 



But wait, what about WIMPs ?  
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FIG. 2. Transfer function of the CDM density pertur-
bation amplitude (normalized by the primordial amplitude
from inflation). We show two cases: (i) Td/M = 10−4 and
Td/Teq = 107; (ii) Td/M = 10−5 and Td/Teq = 107. In each
case the oscillatory curve is our result and the other curve is
the free-streaming only result that was derived previously in
the literature [4,7,8].

kpeak = (8, 15.7, 24.7, ..)η−1
d ∝

Mpl

T0Td
. (22)

This same scale determines the “oscillation” damping.
The free streaming damping scale is,

ηdcd(ηd) ln(ηeq/ηd) ∝
MplM1/2

T0T
3/2
d

ln(Td/Teq), (23)

where Teq is the temperature at matter radiation equal-
ity, Teq ≈ 1 eV. The free streaming scale is parametri-
cally different from the “oscillation” damping scale. How-
ever for our fiducial choice of parameters for the CDM
particle they roughly coincide.

The vanishing of the sound speed during the QCD
phase transition amplifies perturbations which have
ω∆ηQCD > 1, where ∆ηQCD is the duration of the tran-
sition. In Figure 2 the affected modes are those with
xd = kηd >

√
3 (ηQCD/∆ηQCD) (ηd/ηQCD). Typical

values of ηd/ηQCD ∼ 10−15 and ηQCD/∆ηQCD ∼ 3−10
relate this condition to modes with xd > 50− 260. Thus
the affected scales are severely damped by the effects con-
sidered in this paper.

Finally we want to stress the fact that the damping
scale is significantly smaller than the scales observed di-
rectly in the Cosmic Microwave Background or through
large scale structure surveys. For example, the ratio of
the damping scale to the scale that entered the horizon
at equality is ηd/ηeq ∼ Teq/Td ∼ 10−7 and to our present
horizon ηd/η0 ∼ (TeqT0)1/2/Td ∼ 10−9. In the context
of inflation, these scales were created 16 and 20 e–folds
apart. Given the large extrapolation, one could certainly
imagine that a change in the spectrum could alter the
shape of the power spectrum around the damping scale.

However, for smooth inflaton potentials with small de-
partures from scale invariance this is not likely to be the
case. On scales much smaller than the horizon at matter
radiation equality, the spectrum of perturbations density
before the effects of the damping are included is approx-
imately,

∆2(k) ∝ exp

[

(n − 1) ln(kηeq) +
1

2
α2 ln(kηeq)

2 + · · ·
]

× ln2(kηeq/8) (24)

where the first term encodes the shape of the primordial
spectrum and the second the transfer function. Primor-
dial departures from scale invariance are encoded in the
slope n and its running α. The effective slope at scale k
is then,

∂ ln ∆2

∂ ln k
= (n − 1) + α ln(kηeq) +

2

ln(kηeq/8)
. (25)

For typical values of (n − 1) ∼ 1/60 and α ∼ 1/602

the slope is still positive at k ∼ η−1
d , so the cut-off in the

power will come from the effects we calculate rather than
from the shape of the primordial spectrum. However
given the large extrapolation in scale, one should keep in
mind the possibility of significant effects resulting from
the mechanisms that generates the density perturbations.

Implications We have found that acoustic oscilla-
tions, a relic from the epoch when the dark matter cou-
pled to the cosmic radiation fluid, truncate the CDM
power spectrum on a comoving scale larger than effects
considered before, such as free-streaming and viscosity
[4,7,8]. For SUSY dark matter, the minimum mass of
dark matter clumps that form in the universe is there-
fore increased by more than an order of magnitude to a
value of ∗

Mcut =
4π

3

(

π

kcut

)3

ΩMρcrit

' 10−4

(

Td

10 MeV

)−3

M#, (26)

where ρcrit = (H2
0/8πG) = 9 × 10−30 g cm−3 is the crit-

ical density today, and ΩM is the matter density for the
concordance cosmological model [2]. We define the cut-
off wavenumber kcut as the point where the transfer func-
tion first drops to a fraction 1/e of its value at k → 0.
This corresponds to kcut ≈ 3.3 η−1

d .
Recent numerical simulations [15,16] of the earliest and

smallest objects to have formed in the universe [17], need

∗Our definition of the cut-off mass follows the convention of
the Jeans mass, which is defined as the mass enclosed within
a sphere of radius λJ/2 where λJ ≡ 2π/kJ is the Jeans wave-
length [14].

5

Loeb and Zaldarriaga  (2005); Bertschinger (2006). 

particle. The relevant scattering partners are the stan-
dard model leptons which have thermal abundances. For
detailed expressions of the cross section in the case of su-
persymmetric (SUSY) dark matter, see Refs. [10,7]. For
our purpose, it is sufficient to specify the typical size of
the cross section and its scaling with cosmic time,

σ ≈
T 2

M4
σ

, (6)

where the coupling mass Mσ is of the order of the weak-
interaction scale (∼ 100 GeV) for SUSY dark matter.
This equation should be taken as the definition of Mσ,
as it encodes all the uncertainties in the details of the
particle physics model into a single parameter. The tem-
perature dependance of the averaged cross section is a
result of the available phase space. Our results are quite
insensitive to the details other than through the decou-
pling time. Equating τ−1

c /a to the Hubble expansion rate
gives the temperature of kinematic decoupling:

Td =

(

M4
σM

Mpl

)1/4

≈ 10 MeV

(

Mσ

100 GeV

) (

M

100 GeV

)1/4

.

(7)

The term k2c2
sδc in Eq. (4) results from the pressure

gradient force and cs is the dark matter sound speed. In
the tight coupling limit, τc # H−1 we find that c2

s ≈
fcT/M and that the shear term is k2σc ≈ fvc2

sτcθc. Here
fv and fc are constant factors of order unity. We will
find that both these terms make a small difference on the
scales of interest, so their precise value is unimportant.

By combining both equations in (4) into a single equa-
tion for δc we get

δ′′c +
1

x
[1 + Fv(x)] δ′c + c2

s(x)δc

= S(x)−3Fv(x)Φ′ +
x4

d

x5
(3θ′0 − δ′c) , (8)

where xd = kηd and ηd denotes the time of kinematic
decoupling which can be expressed in terms of the de-
coupling temperature as,

ηd = 2td(1 + zd) ≈
Mpl

T0Td
≈ 10 pc

(

Td

10 MeV

)−1

∝ M−1
σ M−1/4, (9)

with T0 = 2.7K being the present-day CMB temperature
and zd being the redshift at kinematic decoupling. We
have also introduced the source function,

S(x) ≡ −3Φ′′ + Φ −
3

x
Φ′. (10)

For x # xd, the dark matter sound speed is given by

c2
s(x) = c2

s(xd)
xd

x
, (11)

where c2
s(xd) is the dark matter sound speed at kinematic

decoupling (in units of the speed of light),

cs(xd) ≈ 10−2f1/2
c

(

Td

10 MeV

)1/2 (

M

100 GeV

)−1/2

.

(12)

In writing (11) we have assumed that prior to decoupling
the temperature of the dark matter follows that of the
plasma. For the viscosity term we have,

Fv(x) = fvc
2
s(xd)x2

d

(xd

x

)5

. (13)

Free streaming after kinematic decoupling In the limit
of the collision rate being much slower than the Hub-
ble expansion, the CDM is decoupled and the evolution
of its perturbations is obtained by solving a Boltzman
equation:

∂f

∂η
+

dxi

dη

∂f

∂xi
+

dqi

dη

∂f

∂qi
= 0, (14)

where f('x, 'q, η) is the distribution function which de-
pends on time, position and comoving momentum 'q. The
comoving momentum 3-components are dxi/dη = qi/a.
We use the Boltzman equation to find the evolution of
modes that are well inside the horizon with x ' 1. In
the radiation era, the gravitational potential decays after
horizon crossing (see Eq. 2). In this limit the comoving
momentum remains constant, dqi/dη = 0 and the Boltz-
man equation becomes,

∂f

∂η
+

qi

a

∂f

∂xi
= 0. (15)

We consider a single Fourier mode and write f as,

f('x, 'q, η) = f0(q)[1 + δF ('q, η)ei"k·"x], (16)

where f0(q) is the unperturbed distribution,

f0(q) = nCDM

(

M

2πTCDM

)3/2

exp

[

−
1

2

Mq2

TCDM

]

(17)

where nCDM and TCDM are the present-day density and
temperature of the dark matter.

Our approach is to solve the Boltzman equation with
initial conditions given by the fluid solution at a time
η∗ (which will depend on k). The simplified Boltzman
equation can be easily solved to give δF ('q, η) as a function
of the initial conditions δF ('q, η∗),

δF ('q, η) = δF ('q, η∗) exp[−i'q · 'k
η∗

a(η∗)
ln(η/η∗)]. (18)

The CDM overdensity δc can then be expressed in
terms of the perturbation in the distribution function as,

3

Kinematic decoupling is too early…sound horizon is too small. 



Partially-Interacting Dark Matter (PIDM) 
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•  Assume that only a fraction fADM of DM is interacting. 
•  A useful toy model is a mixture of Atomic Dark Matter 

and Cold Dark Matter. 
•  Can lead to interesting galactic-scale phenomenon (e.g. 

DDDM, Fan et al. (2013).) 
•  Useful complementarity between the “small” astrophysical 

scales and the “large” cosmological scales 

What do cosmological data actually say about dark matter 
interactions?? 



Atomic Dark Matter 

•  Postulate a new U(1) gauge force in the (hidden) Dark Sector. 

•  The dark matter is made of two oppositely-charged fermions 
(dark ‘electron’ and dark ‘proton’). 

•  The Dark Sector is neutral overall (no long-range force). 

•   The Model is fully described by 4 parameters: 

This model has a very rich phenomenology despite its minimal 
set of ingredients. 
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parameters are subject to the consistency constraint

mD

BD
� 8

↵2
D

� 1, (1)

which ensures that me,p  (mD + BD)/2. This bound
is saturated when the two fermions have equal masses.
Here, me and mp stand for the dark-electron mass and
the dark-proton mass, respectively. We give their values
in terms of mD, BD, and ↵D in appendix A.

On a more general level, the atomic DM scenario can
be considered as a toy model of a more complete the-
ory involving a hidden dark plasma in the early Uni-
verse. Indeed, atomic DM contains the all key ingredients
of a dark-plasma theory (dark radiation, multiple par-
ticles, kinetic and thermal decoupling, modified growth
of DM fluctuations, long-range and short-range interac-
tions, etc) with only minimal physical inputs. As such,
the results presented in this paper should be understood
in the broader context of a generalized dark-plasma the-
ory ( see e.g. [61] for general cosmological constraints on
this type of model).

Interestingly, the atomic DM scenario naturally en-
globes the hidden charged DM models discussed in
[62, 63] as special cases. Moreover, in the limit of very
large atomic binding energy and large dark fine-structure
constant, dark atoms become basically undistinguishable
from standard CDM particles. Therefore, the atomic DM
scenario is a rather general testbed for physics beyond the
vanilla WIMP/CDM paradigm.

III. THERMAL HISTORY

In the early Universe, the dark sector forms a tightly-
coupled plasma much like the standard baryon-photon
plasma. As the Universe cools down, three important
transitions need to carefully be taken into account. First,
once the dark sector temperature falls below BD, it be-
comes energetically favorable for the dark fermions to
recombine into neutral dark atoms. Second, once the
momentum transfer rate between the DR and the dark
fermions falls below the Hubble expansion rate (kinetic
decoupling), the DM e↵ectively ceases to be dragged
along by the radiation and can start to clump and form
structures. Finally, once the energy transfer rate between
the DM and the DR falls below the Hubble rate (thermal
decoupling), the DM temperature TDM ceases to track
that of DR and start cooling adiabatically. Accurately
capturing these transitions and computing their impact
on cosmological observables is a major goal of this paper.

We begin this section by determining the big-bang nu-
cleosynthesis (BBN) bound on the dark-photon temper-
ature. We then discuss the recombination of dark atoms
and their thermal coupling to the DR, emphasizing the
di↵erences between dark atoms and regular atomic hy-
drogen. We finally present the solutions to the joint evo-
lution of the dark-atom ionized fraction and temperature.

FIG. 1. E↵ective number of dark sector relativistic degrees of
freedom at the time of nucleosynthesis as a function of ↵D and
BD for dark atoms with mass mD = 1 GeV. Here, we have
fixed ⇠BBN = 0.5. We also display the consistency constraint
given by Eq. 1 above which dark atoms do not exist.

A. BBN Limit on Dark-Sector Temperature

Observations of the relative abundance of light ele-
ments put a bound on the possible number of relativistic
degrees of freedom at the time of BBN. This limit is
usually quoted in terms of the e↵ective number of light
neutrino species in thermal equilibrium at BBN; here we
shall use the conservative estimate N⌫ = 3.24± 1.2 (95%
confidence) derived in Ref. [64]. More recent estimates
[65–69] of N⌫ are statistically consistent with this value.
Assuming that the dark sector contributes gBBN

⇤,D relativis-
tic degrees of freedom during BBN and further assuming
three species of SM neutrinos, we obtain the bound

gBBN
⇤,D ⇠4BBN  2.52, (2)

where ⇠BBN is the ratio of the dark sector and visible
temperatures at the time of nucleosynthesis. In the min-
imal atomic DM scenario considered in this work, DM
is totally decoupled from SM particles and therefore the
entropy of the dark sector and the visible sector are sep-
arately conserved

gBBN
⇤S,D⇠3BBN

gtoday⇤S,D ⇠3
=

gBBN
⇤S,vis

gtoday⇤S,vis
, (3)

where g⇤S,D is the present-day e↵ective number of de-
grees of freedom contributing to the entropy of the dark
sector, sD / g⇤S,DT 3

D. For the simplest model of dark

atoms considered here, we have gtoday⇤S,D = 2 (i.e. only
dark photons contribute). Similarly, g⇤S,vis is the e↵ec-
tive number of degrees of freedom contributing to the

FYCR, K. Sigurdson, Phys. Rev. D 103515 (2013) 



1.  A quantity determining the momentum transfer rate 
between the dark radiation and the DM: 

 

2.  The amount of dark radiation in the Universe: 

3.  The fraction of interacting DM: 

Which parameters really affect the 
cosmological observables? 
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Eqs. (6) and (7) describe the evolution of the dark-photon
over-densities (��̃) and of the dark-photon velocity, re-
spectively. It is also necessary to solve for the hierarchy
of dark-photon multipoles (Eqs. (8) and (9)) to properly
account for DR di↵usion and its impact on atomic DM
perturbations.

We solve these equations numerically together with
those describing the evolution of CDM, baryon, photon,
and neutrino fluctuations using a modified version of the
code CAMB [14]. We first precompute the evolution of the
dark plasma opacity as described in Ref. [10]. We assume
purely adiabatic initial conditions

�D(zi) = �c(zi) = �b(zi) ��̃(zi) = ��(zi), (10)

✓D(zi) = ✓�̃(zi) = ✓�(zi), (11)

F�̃l = 0, l � 2. (12)

where zi is the initial redshift which is determined such
that all modes are superhorizon at early times, k⌧(zi) ⌧
1. Here, the subscripts “c”, “b”, and “�” refer to CDM,
baryon and regular photon, respectively. At early times
when k⌧D ⌧ 1 and ⌧D/⌧ ⌧ 1, Eqs. (5) and (7) are very
sti↵ and we use a second-order tight-coupling scheme sim-
ilar to that used for the baryon-photon plasma at early
times [15, 16].

IV. COSMOLOGICAL OBSERVABLES

Since it modifies the growth of DM fluctuations on a
variety of scales, PIDM can imprint its signature on cos-
mological observables such as the CMB and the matter
power spectrum. These observables are sensitive to mo-
mentum transfer rate between the interacting DM and
the dark radiation which determines the kinetic decou-
pling epoch. This rate is largely determined by the fol-
lowing combination of parameters

�DAO ⌘ ↵D

✓
BD

eV

◆�1 ⇣ mD

GeV

⌘�1/6
. (13)

This quantity has a simple interpretation: ↵6
D/B2 /

↵2
D/m2

e is directly proportional to the dark Thomson
cross section, (1/B4

D) provides the scaling of the dark
radiation energy density with the typical energy scale of
the dark atoms, and mD is the factor converting the en-
ergy density in dark atoms to their number density. For a
relatively strongly coupled (↵D > 0.01) dark sector, any
changes to ↵D, BD, and mD that leaves �DAO invariant
lead to the same cosmological observables. For smaller
values of the dark fine-structure constant however, the
details of the dark recombination process becomes im-
portant and the observables become dependent on both
�DAO and ↵D.

A. Matter Power Spectrum

B. Cosmic Microwave Background

C. CMB Lensing Power Spectrum

V. DATA

VI. RESULTS

VII. IMPACT ON GALAXY FORMATION
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2

pect the details of the UV completion to a↵ect the low-
energy interactions responsible for modifying the growth
of DM fluctuations on small scales. We further assume
that the CDM and the interacting component only inter-
act through gravity.

A. Atomic Dark Matter

In the atomic DM scenario, two oppositely-charged
massive fermions can interact through a new unbroken
U(1)D gauge force to form hydrogen-like bound states.
In the early Universe, these charged fermions are tightly-
coupled to a thermal bath of dark radiation and hence
form a hot ionized plasma similar to that of standard
baryons and photons. For simplicity, we refer to the
lightest fermion as “dark electron” (mass me) while the
heaviest fermion is denoted as “dark proton” (mass mp).
We assume that these two oppositely-charged compo-
nents come in equal number such that the dark sector
is overall neutral. This model is characterized by five pa-
rameters which are the mass of the dark atoms mD, the
dark fine-structure constant ↵D, the binding energy of
the dark atoms BD, the present-day ratio of the dark ra-
diation temperature to the cosmic microwave background
temperature ⇠ ⌘ (TD/TCMB)|z=0, and the fraction of
the overall DM density contained in dark atoms, fADM.
These parameters are subject to the consistency condi-
tion mD/BD � 8/↵2

D � 1, which ensures that the rela-
tionship me +mp �BD = mD is satisfied.

The evolution of the dark plasma is largely governed
by the opacity ⌧�1

D of the medium to dark radiation. The
main contributions to this opacity are Compton scat-
terings of dark radiation o↵ charged dark fermions and
Rayleigh scatterings o↵ neutral dark atoms, that is,

⌧�1
D = ⌧�1

Compton + ⌧�1
R , (1)

where

⌧�1
Compton = anADMxD�T,D

"
1 +

✓
me

mp

◆2
#
, (2)

and

⌧�1
R = anADM(1� xD)h�Ri

' 32⇡4anADM(1� xD)�T,D

✓
TD

BD

◆4

. (3)

Here, �T,D ⌘ 8⇡↵2
D/(3m2

e) is the dark Thomson cross
section, a is the scale factor, xD is the ionized fraction
of the dark plasma, nADM is the number density of dark
atoms, �R is the Rayleigh scattering cross section, and
where the angular bracket denotes thermal averaging.
We note that the second line of Eq. 3 is only valid of
TD < BD. It is out of the scope of this paper to dis-
cuss in detail the evolution of the ionized fraction. We
refer the reader to Ref. [10] for a thorough investigation
of dark atom recombination.

III. EVOLUTION OF COSMOLOGICAL
FLUCTUATIONS

Since a fraction of the DM forms a tightly-coupled
plasma in the early Universe, the evolution of cosmo-
logical fluctuations in the PIDM model departs signif-
icantly from that of a standard ⇤CDM Universe. In-
deed, as Fourier modes enter the causal horizon, the dark
radiation pressure provides a restoring force opposing
the gravitational growth of over densities, leading to the
propagation of dark acoustic oscillations (DAO) in the
plasma. These acoustic waves propagates until dark ra-
diation kinematically decouples from the interacting DM
component. Similar to the baryon case, the scale cor-
responding to the sound horizon of the dark plasma at
kinetic decoupling remains imprinted on the matter field
at late times. This so-called DAO scale is a key signa-
ture of cosmologically interesting interacting DM mod-
els. Indeed, much like the free-streaming length of warm
DM models, the DAO scale divides the modes that are
strongly a↵ected by the DM interactions (through damp-
ing and oscillations) from those that behave mostly like
in the CDM paradigm. We note however that, in con-
trast to warm DM models, the suppression of small-scale
fluctuations in the atomic DM scenario is mostly due to
acoustic damping [10].
The equations describing the evolution of atomic DM

density and velocity fluctuations are

�̇D + ✓D � 3�̇ = 0, (4)

✓̇D +
ȧ

a
✓D � c2Dk2�D � k2 =

RD

⌧D
(✓�̃ � ✓D), (5)

where we closely followed the notation of Ref. [13] in con-
formal Newtonian gauge. Here, �D is the atomic DM den-
sity contrast, ✓D and ✓�̃ are the divergence of the atomic
DM and dark radiation velocity, respectively; � and  are
the gravitational scalar potentials, RD ⌘ 4⇢�̃/3⇢ADM, cD
is the sound speed of atomic DM, and k is the wavenum-
ber of the mode. Here, the subscript �̃ always refers to
the dark radiation. The right-hand side of Eq. (5) rep-
resents the collision term between the atomic DM and
the dark radiation. At early times, we generally have
RD � 1 and ⌧D ⌧ H�1, implying that the DM is e↵ec-
tively dragged along by the dark radiation. The latter
evolves according to the following Boltzmann equations:

�̇�̃ +
4

3
✓�̃ � 4�̇ = 0; (6)
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1
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nario. We then introduce in section III the perturbation
equations necessary to describe the cosmological evolu-
tion of this model. In section IV, we describe the conse-
quence of our scenario on the cosmological observables.
The details of the data used for our analysis are given in
section V. Our main results are presented in section VI
and we discuss their implications for galaxy formation in
section VII.

II. PARTIALLY-INTERACTING DARK
MATTER

We consider a DM sector comprised of particles in-
teracting via a light mediator and of a standard non-
interacting cold DM component. For definitiveness and
simplicity, we take the interacting component to be made
of dark atoms [4–10], a well-studied model that allows us
to make exact quantitative predictions. Atomic DM nat-
urally encompasses hidden-charged DM models [11, 12]
and can mimic the behavior of CDM in some limits. Im-
portantly, this model readily incorporates a dark radia-
tion component. Since its impacts on DM fluctuations
(acoustic oscillations, damping) are very generic, atomic
DM can be viewed as a simple toy model to parametrize
deviations from a pure CDM scenario . As such, the
limits we obtain in this work are very general and apply
to a variety of models. We briefly review the physics of
dark atoms in section IIA below. We refer the reader to
Ref. [10] for more details.

Throughout this work, we assume that the relic abun-
dances of both the CDM and the interacting components
are set by some unspecified UV physics. We do not ex-
pect the details of the UV completion to a↵ect the low-
energy interactions responsible for modifying the growth
of DM fluctuations on small scales. We further assume
that the CDM and the interacting component only inter-
act through gravity.

A. Atomic Dark Matter

In the atomic DM scenario, two oppositely-charged
massive fermions can interact through a new unbroken
U(1)D gauge force to form hydrogen-like bound states.
In the early Universe, these charged fermions are tightly-
coupled to a thermal bath of dark radiation and hence
form a hot ionized plasma similar to that of standard
baryons and photons. For simplicity, we refer to the
lightest fermion as “dark electron” (mass me) while the
heaviest fermion is denoted as “dark proton” (mass mp).
We assume that these two oppositely-charged compo-
nents come in equal number such that the dark sec-
tor is overall neutral. This model is characterized by
five parameters which are the mass of the dark atoms
mD, the dark fine-structure constant ↵D, the binding
energy of the dark atoms BD, the present-day ratio of
the dark radiation temperature to the cosmic microwave

background temperature ⇠ ⌘ (TD/TCMB)|z=0, and the
fraction of the overall DM density contained in dark
atoms, fADM ⌘ ⇢ADM/⇢DM, where ⇢DM = ⇢ADM+⇢CDM.
These parameters are subject to the consistency condi-
tion mD/BD � 8/↵2

D � 1, which ensures that the rela-
tionship me +mp �BD = mD is satisfied.
The evolution of the dark plasma is largely governed by

the opacity ⌧�1
D of the medium to dark radiation. The

main contributions1 to this opacity are Compton scat-
terings of dark radiation o↵ charged dark fermions and
Rayleigh scatterings o↵ neutral dark atoms, that is,

⌧�1
D = ⌧�1

Compton + ⌧�1
R , (1)

where

⌧�1
Compton = anADMxD�T,D

"
1 +

✓
me

mp

◆2
#
, (2)

and

⌧�1
R = anADM(1� xD)h�Ri

' 32⇡4anADM(1� xD)�T,D

✓
TD

BD

◆4

. (3)

Here, �T,D ⌘ 8⇡↵2
D/(3m2

e) is the dark Thomson cross
section, a is the scale factor, xD is the ionized fraction
of the dark plasma, nADM is the number density of dark
atoms, �R is the Rayleigh scattering cross section, and
where the angular bracket denotes thermal averaging.
We note that the second line of Eq. 3 is only valid of
TD < BD. It is out of the scope of this paper to discuss
in detail the evolution of the ionized fraction and of the
DM temperature. We refer the reader to Ref. [10] for a
thorough investigation of dark atom recombination and
thermal history.

III. COSMOLOGICAL EVOLUTION

A. Dark Acoustic Oscillation Scale

Since a fraction of the DM forms a tightly-coupled
plasma in the early Universe, the evolution of cosmo-
logical fluctuations in the PIDM model departs signif-
icantly from that of a standard ⇤CDM Universe. In-
deed, as Fourier modes enter the causal horizon, the dark
radiation pressure provides a restoring force opposing
the gravitational growth of over densities, leading to the
propagation of dark acoustic oscillations (DAO) in the
plasma. These acoustic waves propagate until dark ra-
diation kinematically decouples from the interacting DM
component. Similar to the baryon case, the scale cor-
responding to the sound horizon of the dark plasma at

1 In this work, we neglect the small contribution to the opacity
from photoionization processes.
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•  Advantages of CMB: 
1.  “Simulations” do include baryons! 
2.  Linear physics. 
3.  Clean and well-understood probe. 

•  Drawback: 
1.  Only explores a limited range of scales (l<3000). 

Cosmic Microwave Background 
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•  There are 2 types of effects that can allow us to distinguish an 
interacting dark matter scenario from a ΛCDM: 

u The smoother DM distribution on small scales lead to shallower 
DM gravitational potentials.  

u Modified ratio of even and odd TT peaks 

u Modified CMB lensing 

u The dark radiation is not free-streaming at early time and 
therefore does not behave like neutrinos. 

u Modified amplitudes and phase in temperature and 
polarization spectra. 

u Modified shear stress close to CMB last scattering modify TT 
and EE spectra. 

u Stronger early Integrated Sachs-Wolfe effect . 

Cosmic Microwave Background 



Ratio of Odd to Even TT Peaks 
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Early Integrated Sachs-Wolfe Effect 
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Cosmic Microwave Background: TT 
Spectrum (no lensing) 
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FIG. 18. CMB angular power spectra in the atomic DM sce-
nario for di↵erent values of ⇠. We fix all other dark param-
eters to the values indicated on the plots. The upper panel
displays the TT spectra while the lower panel shows the EE
polarization spectra. All other cosmological parameters are
held fixed. Here, the helium fraction is fixed to Yp = 0.24 to
isolate the e↵ect from the changing sound horizon.

the energy density of the dark photons leads to an en-
hanced damping of the CMB anisotropies [106]. To un-
derstand the origin of this e↵ect, we need to remember
that the photon di↵usion distance scales as rd / H�0.5

(see Eq. (63)) while the angular diameter distance scales
as H�1. Thus, the damping angular scale ✓d ⌘ rd/DA

e↵ectively increases if the Hubble rate is sped up due
to the presence of extra radiation. We therefore expect
that as the value of ⇠ is raised, the CMB spectrum will
be increasingly a↵ected by Silk damping. This e↵ect is
shown in Fig. 19 where we clearly observe the decline in
amplitude associated with the increasing DR density. In
addition, if the primordial helium fraction was allowed
to vary according to Eq. (79), this would further increase
the amount of Silk damping. Therefore, it is clear that
measurements of the CMB damping tail provide strong
constraint on ⇠.

In summary, beyond the impact of the atomic DM sce-
nario on the background cosmology caused by the DR,
we have identified four key cosmological signatures that
distinguish the atomic DM scenario from a ⇤CDM model
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FIG. 19. CMB temperature power spectra in the atomic DM
scenario for di↵erent values of ⇠. We fix all other dark pa-
rameters to the values indicated on the plots. We keep fixed
throughout the redshift of matter-radiation equality and the
angular size of the baryon-photon sound horizon at decou-
pling. Here, the helium fraction is fixed to Yp = 0.24 to
isolate the e↵ect from the changing damping scale.

containing extra relativistic neutrinos. First, the emer-
gence of the new DAO length scale in the late-time den-
sity field results in a minimal mass for the first DM
protohalos that is generically larger than in the stan-
dard WIMP paradigm. Also, as the dark photons tran-
sition from being tightly-coupled to the dark plasma to
a free-streaming state, they impart varying phase shifts
and amplitude suppressions to the CMB multipoles en-
tering the horizon. Importantly, these suppressions and
phase shifts asymptote to constant values for l � ldec
and l ⌧ ldec, a distinct feature of atomic DM that is
not easily reproduced in the ⇤CDM scenario. Further-
more, we have shown that the odd CTT

l peaks are sup-
pressed on scales that enter the causal horizon before DM
kinematically decouples. It is therefore clear that precise
measurements on the CMB damping tail could provide
meaningful constraints on the parameter space of atomic
DM. We should however keep in mind that the modi-
fied evolution of DM and DR fluctuations can only a↵ect
the CMB if the dark sector kinetic decoupling happens
close enough to the epoch of last scattering. As such, a
non-detection of these signatures e↵ectively puts a lower
bound on the redshift of kinetic decoupling which itself
depends on a combination of ↵D, BD, mD, and ⇠.

VI. ASTROPHYSICAL CONSTRAINTS ON
ATOMIC DARK MATTER

As the Universe expands and cools down, non-linear
structures begin to emerge and eventually form present-
day astrophysical objects such as galaxies and clusters of
galaxies. The internal dynamics of these objects is deeply
influenced by the microphysics governing DM because the
latter contributes the vast majority of the mass inside

8

FIG. 5: Di↵erence between PIDMmodels and a ⇤CDMmodel
with an equivalent number of neutrinos for the pure ISW con-
tribution to CTT

l , �CISW
l = CISW,PIDM

l � CISW,CDM
l . In the

upper panel, we take ⇠ = 0.5, fADM = 1, and vary �DAO. In
the lower panel, we take ⇠ = 0.5, �DAO = 10�2, but let fADM

vary.

neutrinos. As �DAO is increased to 10�4, both tempera-
ture and polarization spectra begin to display the rise in
amplitude and the phase shift associated with the dark
radiation being tightly-coupled at early times. If �DAO

is further increased to 10�3, the damping of the gravi-
tational potential perturbations on small scales leads to
the suppression of the odd peaks and the enhancement of
the even peaks for the temperature anisotropies, which
is clearly visible for l & 600. The early ISW also en-
hances the first acoustic peak of the temperature spec-
trum for this model. For the polarization spectrum, the
impact of the dark radiation shear stress on the photon
quadrupole moment leads to a fairly complex variation,
with some peak being enhanced, while some are sup-
pressed as compared with an equivalent ⇤CDM model.
Finally, as �DAO is increased to 10�2, all the physical

FIG. 6: CMB unlensed temperature (upper panel) and E po-
larization (lower panel) power spectra for four di↵erent PIDM
models with fADM = 1. We have assumed the Planck 2013
cosmology together with ⇠ = 0.5. For comparison, we also
show a standard ⇤CDM model with an equivalent number of
e↵ective neutrinos.

e↵ects discussed above are present, with the early ISW
leading to strong enhancement of the third temperature
peak, which is almost su�cient to o↵set the suppression
caused by the weak gravitational driving force. The early
ISW also enhances the first temperature peak while the
second peak is somewhat suppressed due the dark ra-
diation shear stress, which also a↵ect the polarization
spectrum in a non-trivial way.

In summary, as illustrated in Fig. 6, PIDM models can
lead to rich CMB signatures that cannot be easily mim-
icked by varying other standard cosmological parameters.
This makes the CMB an excellent probe of interacting
DM and dark radiation physics. As we will see in Sec-
tion VI, the latest CMB data does indeed provide strong
constraints on PIDM models.
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Cosmic Microwave Background: EE 
Spectrum (no lensing) 
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FIG. 18. CMB angular power spectra in the atomic DM sce-
nario for di↵erent values of ⇠. We fix all other dark param-
eters to the values indicated on the plots. The upper panel
displays the TT spectra while the lower panel shows the EE
polarization spectra. All other cosmological parameters are
held fixed. Here, the helium fraction is fixed to Yp = 0.24 to
isolate the e↵ect from the changing sound horizon.

the energy density of the dark photons leads to an en-
hanced damping of the CMB anisotropies [106]. To un-
derstand the origin of this e↵ect, we need to remember
that the photon di↵usion distance scales as rd / H�0.5

(see Eq. (63)) while the angular diameter distance scales
as H�1. Thus, the damping angular scale ✓d ⌘ rd/DA

e↵ectively increases if the Hubble rate is sped up due
to the presence of extra radiation. We therefore expect
that as the value of ⇠ is raised, the CMB spectrum will
be increasingly a↵ected by Silk damping. This e↵ect is
shown in Fig. 19 where we clearly observe the decline in
amplitude associated with the increasing DR density. In
addition, if the primordial helium fraction was allowed
to vary according to Eq. (79), this would further increase
the amount of Silk damping. Therefore, it is clear that
measurements of the CMB damping tail provide strong
constraint on ⇠.

In summary, beyond the impact of the atomic DM sce-
nario on the background cosmology caused by the DR,
we have identified four key cosmological signatures that
distinguish the atomic DM scenario from a ⇤CDM model
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FIG. 19. CMB temperature power spectra in the atomic DM
scenario for di↵erent values of ⇠. We fix all other dark pa-
rameters to the values indicated on the plots. We keep fixed
throughout the redshift of matter-radiation equality and the
angular size of the baryon-photon sound horizon at decou-
pling. Here, the helium fraction is fixed to Yp = 0.24 to
isolate the e↵ect from the changing damping scale.

containing extra relativistic neutrinos. First, the emer-
gence of the new DAO length scale in the late-time den-
sity field results in a minimal mass for the first DM
protohalos that is generically larger than in the stan-
dard WIMP paradigm. Also, as the dark photons tran-
sition from being tightly-coupled to the dark plasma to
a free-streaming state, they impart varying phase shifts
and amplitude suppressions to the CMB multipoles en-
tering the horizon. Importantly, these suppressions and
phase shifts asymptote to constant values for l � ldec
and l ⌧ ldec, a distinct feature of atomic DM that is
not easily reproduced in the ⇤CDM scenario. Further-
more, we have shown that the odd CTT

l peaks are sup-
pressed on scales that enter the causal horizon before DM
kinematically decouples. It is therefore clear that precise
measurements on the CMB damping tail could provide
meaningful constraints on the parameter space of atomic
DM. We should however keep in mind that the modi-
fied evolution of DM and DR fluctuations can only a↵ect
the CMB if the dark sector kinetic decoupling happens
close enough to the epoch of last scattering. As such, a
non-detection of these signatures e↵ectively puts a lower
bound on the redshift of kinetic decoupling which itself
depends on a combination of ↵D, BD, mD, and ⇠.

VI. ASTROPHYSICAL CONSTRAINTS ON
ATOMIC DARK MATTER

As the Universe expands and cools down, non-linear
structures begin to emerge and eventually form present-
day astrophysical objects such as galaxies and clusters of
galaxies. The internal dynamics of these objects is deeply
influenced by the microphysics governing DM because the
latter contributes the vast majority of the mass inside
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FIG. 5: Di↵erence between PIDMmodels and a ⇤CDMmodel
with an equivalent number of neutrinos for the pure ISW con-
tribution to CTT

l , �CISW
l = CISW,PIDM

l � CISW,CDM
l . In the

upper panel, we take ⇠ = 0.5, fADM = 1, and vary �DAO. In
the lower panel, we take ⇠ = 0.5, �DAO = 10�2, but let fADM

vary.

neutrinos. As �DAO is increased to 10�4, both tempera-
ture and polarization spectra begin to display the rise in
amplitude and the phase shift associated with the dark
radiation being tightly-coupled at early times. If �DAO

is further increased to 10�3, the damping of the gravi-
tational potential perturbations on small scales leads to
the suppression of the odd peaks and the enhancement of
the even peaks for the temperature anisotropies, which
is clearly visible for l & 600. The early ISW also en-
hances the first acoustic peak of the temperature spec-
trum for this model. For the polarization spectrum, the
impact of the dark radiation shear stress on the photon
quadrupole moment leads to a fairly complex variation,
with some peak being enhanced, while some are sup-
pressed as compared with an equivalent ⇤CDM model.
Finally, as �DAO is increased to 10�2, all the physical

FIG. 6: CMB unlensed temperature (upper panel) and E po-
larization (lower panel) power spectra for four di↵erent PIDM
models with fADM = 1. We have assumed the Planck 2013
cosmology together with ⇠ = 0.5. For comparison, we also
show a standard ⇤CDM model with an equivalent number of
e↵ective neutrinos.

e↵ects discussed above are present, with the early ISW
leading to strong enhancement of the third temperature
peak, which is almost su�cient to o↵set the suppression
caused by the weak gravitational driving force. The early
ISW also enhances the first temperature peak while the
second peak is somewhat suppressed due the dark ra-
diation shear stress, which also a↵ect the polarization
spectrum in a non-trivial way.

In summary, as illustrated in Fig. 6, PIDM models can
lead to rich CMB signatures that cannot be easily mim-
icked by varying other standard cosmological parameters.
This makes the CMB an excellent probe of interacting
DM and dark radiation physics. As we will see in Sec-
tion VI, the latest CMB data does indeed provide strong
constraints on PIDM models.
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Cosmic Microwave Background: Lensing 
Spectrum 
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FIG. 18. CMB angular power spectra in the atomic DM sce-
nario for di↵erent values of ⇠. We fix all other dark param-
eters to the values indicated on the plots. The upper panel
displays the TT spectra while the lower panel shows the EE
polarization spectra. All other cosmological parameters are
held fixed. Here, the helium fraction is fixed to Yp = 0.24 to
isolate the e↵ect from the changing sound horizon.

the energy density of the dark photons leads to an en-
hanced damping of the CMB anisotropies [106]. To un-
derstand the origin of this e↵ect, we need to remember
that the photon di↵usion distance scales as rd / H�0.5

(see Eq. (63)) while the angular diameter distance scales
as H�1. Thus, the damping angular scale ✓d ⌘ rd/DA

e↵ectively increases if the Hubble rate is sped up due
to the presence of extra radiation. We therefore expect
that as the value of ⇠ is raised, the CMB spectrum will
be increasingly a↵ected by Silk damping. This e↵ect is
shown in Fig. 19 where we clearly observe the decline in
amplitude associated with the increasing DR density. In
addition, if the primordial helium fraction was allowed
to vary according to Eq. (79), this would further increase
the amount of Silk damping. Therefore, it is clear that
measurements of the CMB damping tail provide strong
constraint on ⇠.

In summary, beyond the impact of the atomic DM sce-
nario on the background cosmology caused by the DR,
we have identified four key cosmological signatures that
distinguish the atomic DM scenario from a ⇤CDM model
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FIG. 19. CMB temperature power spectra in the atomic DM
scenario for di↵erent values of ⇠. We fix all other dark pa-
rameters to the values indicated on the plots. We keep fixed
throughout the redshift of matter-radiation equality and the
angular size of the baryon-photon sound horizon at decou-
pling. Here, the helium fraction is fixed to Yp = 0.24 to
isolate the e↵ect from the changing damping scale.

containing extra relativistic neutrinos. First, the emer-
gence of the new DAO length scale in the late-time den-
sity field results in a minimal mass for the first DM
protohalos that is generically larger than in the stan-
dard WIMP paradigm. Also, as the dark photons tran-
sition from being tightly-coupled to the dark plasma to
a free-streaming state, they impart varying phase shifts
and amplitude suppressions to the CMB multipoles en-
tering the horizon. Importantly, these suppressions and
phase shifts asymptote to constant values for l � ldec
and l ⌧ ldec, a distinct feature of atomic DM that is
not easily reproduced in the ⇤CDM scenario. Further-
more, we have shown that the odd CTT

l peaks are sup-
pressed on scales that enter the causal horizon before DM
kinematically decouples. It is therefore clear that precise
measurements on the CMB damping tail could provide
meaningful constraints on the parameter space of atomic
DM. We should however keep in mind that the modi-
fied evolution of DM and DR fluctuations can only a↵ect
the CMB if the dark sector kinetic decoupling happens
close enough to the epoch of last scattering. As such, a
non-detection of these signatures e↵ectively puts a lower
bound on the redshift of kinetic decoupling which itself
depends on a combination of ↵D, BD, mD, and ⇠.

VI. ASTROPHYSICAL CONSTRAINTS ON
ATOMIC DARK MATTER

As the Universe expands and cools down, non-linear
structures begin to emerge and eventually form present-
day astrophysical objects such as galaxies and clusters of
galaxies. The internal dynamics of these objects is deeply
influenced by the microphysics governing DM because the
latter contributes the vast majority of the mass inside
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displays the TT spectra while the lower panel shows the EE
polarization spectra. All other cosmological parameters are
held fixed. Here, the helium fraction is fixed to Yp = 0.24 to
isolate the e↵ect from the changing sound horizon.

the energy density of the dark photons leads to an en-
hanced damping of the CMB anisotropies [106]. To un-
derstand the origin of this e↵ect, we need to remember
that the photon di↵usion distance scales as rd / H�0.5

(see Eq. (63)) while the angular diameter distance scales
as H�1. Thus, the damping angular scale ✓d ⌘ rd/DA

e↵ectively increases if the Hubble rate is sped up due
to the presence of extra radiation. We therefore expect
that as the value of ⇠ is raised, the CMB spectrum will
be increasingly a↵ected by Silk damping. This e↵ect is
shown in Fig. 19 where we clearly observe the decline in
amplitude associated with the increasing DR density. In
addition, if the primordial helium fraction was allowed
to vary according to Eq. (79), this would further increase
the amount of Silk damping. Therefore, it is clear that
measurements of the CMB damping tail provide strong
constraint on ⇠.

In summary, beyond the impact of the atomic DM sce-
nario on the background cosmology caused by the DR,
we have identified four key cosmological signatures that
distinguish the atomic DM scenario from a ⇤CDM model
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rameters to the values indicated on the plots. We keep fixed
throughout the redshift of matter-radiation equality and the
angular size of the baryon-photon sound horizon at decou-
pling. Here, the helium fraction is fixed to Yp = 0.24 to
isolate the e↵ect from the changing damping scale.

containing extra relativistic neutrinos. First, the emer-
gence of the new DAO length scale in the late-time den-
sity field results in a minimal mass for the first DM
protohalos that is generically larger than in the stan-
dard WIMP paradigm. Also, as the dark photons tran-
sition from being tightly-coupled to the dark plasma to
a free-streaming state, they impart varying phase shifts
and amplitude suppressions to the CMB multipoles en-
tering the horizon. Importantly, these suppressions and
phase shifts asymptote to constant values for l � ldec
and l ⌧ ldec, a distinct feature of atomic DM that is
not easily reproduced in the ⇤CDM scenario. Further-
more, we have shown that the odd CTT

l peaks are sup-
pressed on scales that enter the causal horizon before DM
kinematically decouples. It is therefore clear that precise
measurements on the CMB damping tail could provide
meaningful constraints on the parameter space of atomic
DM. We should however keep in mind that the modi-
fied evolution of DM and DR fluctuations can only a↵ect
the CMB if the dark sector kinetic decoupling happens
close enough to the epoch of last scattering. As such, a
non-detection of these signatures e↵ectively puts a lower
bound on the redshift of kinetic decoupling which itself
depends on a combination of ↵D, BD, mD, and ⇠.

VI. ASTROPHYSICAL CONSTRAINTS ON
ATOMIC DARK MATTER

As the Universe expands and cools down, non-linear
structures begin to emerge and eventually form present-
day astrophysical objects such as galaxies and clusters of
galaxies. The internal dynamics of these objects is deeply
influenced by the microphysics governing DM because the
latter contributes the vast majority of the mass inside
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held fixed. Here, the helium fraction is fixed to Yp = 0.24 to
isolate the e↵ect from the changing sound horizon.

the energy density of the dark photons leads to an en-
hanced damping of the CMB anisotropies [106]. To un-
derstand the origin of this e↵ect, we need to remember
that the photon di↵usion distance scales as rd / H�0.5

(see Eq. (63)) while the angular diameter distance scales
as H�1. Thus, the damping angular scale ✓d ⌘ rd/DA

e↵ectively increases if the Hubble rate is sped up due
to the presence of extra radiation. We therefore expect
that as the value of ⇠ is raised, the CMB spectrum will
be increasingly a↵ected by Silk damping. This e↵ect is
shown in Fig. 19 where we clearly observe the decline in
amplitude associated with the increasing DR density. In
addition, if the primordial helium fraction was allowed
to vary according to Eq. (79), this would further increase
the amount of Silk damping. Therefore, it is clear that
measurements of the CMB damping tail provide strong
constraint on ⇠.

In summary, beyond the impact of the atomic DM sce-
nario on the background cosmology caused by the DR,
we have identified four key cosmological signatures that
distinguish the atomic DM scenario from a ⇤CDM model
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isolate the e↵ect from the changing damping scale.

containing extra relativistic neutrinos. First, the emer-
gence of the new DAO length scale in the late-time den-
sity field results in a minimal mass for the first DM
protohalos that is generically larger than in the stan-
dard WIMP paradigm. Also, as the dark photons tran-
sition from being tightly-coupled to the dark plasma to
a free-streaming state, they impart varying phase shifts
and amplitude suppressions to the CMB multipoles en-
tering the horizon. Importantly, these suppressions and
phase shifts asymptote to constant values for l � ldec
and l ⌧ ldec, a distinct feature of atomic DM that is
not easily reproduced in the ⇤CDM scenario. Further-
more, we have shown that the odd CTT

l peaks are sup-
pressed on scales that enter the causal horizon before DM
kinematically decouples. It is therefore clear that precise
measurements on the CMB damping tail could provide
meaningful constraints on the parameter space of atomic
DM. We should however keep in mind that the modi-
fied evolution of DM and DR fluctuations can only a↵ect
the CMB if the dark sector kinetic decoupling happens
close enough to the epoch of last scattering. As such, a
non-detection of these signatures e↵ectively puts a lower
bound on the redshift of kinetic decoupling which itself
depends on a combination of ↵D, BD, mD, and ⇠.

VI. ASTROPHYSICAL CONSTRAINTS ON
ATOMIC DARK MATTER

As the Universe expands and cools down, non-linear
structures begin to emerge and eventually form present-
day astrophysical objects such as galaxies and clusters of
galaxies. The internal dynamics of these objects is deeply
influenced by the microphysics governing DM because the
latter contributes the vast majority of the mass inside
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E-mode anisotropies. Because of this, B modes are of
great interest as a clean probe of two more subtle sig-
nals: (1) primordial tensor perturbations in the early
Universe [4, 5], the measurement of which would provide
a unique probe of the energy scale of inflation; and (2)
gravitational lensing, which generates a distinctive non-
Gaussian B-mode signal [6] that can be used to measure
the projected mass distribution and constrain cosmolog-
ical parameters such as the sum of neutrino masses (for
a review, see [7]).

Previous experiments have placed upper limits on the
B-mode polarization anisotropy [8–11]. In this letter we
present the first detection of B modes sourced by grav-
itational lensing, using first-season data from SPTpol,
the polarization-sensitive receiver on the South Pole Tele-
scope.

Gravitational lensing remaps the observed position of
CMB anisotropies as n̂ ! n̂+r�(n̂), where � is the CMB
lensing potential [12]. This remapping mixes some of the
(relatively) large E-mode signal into B. The induced B

mode at Fourier wavevector ~l
B

is given to first order in
� as [13]
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where the weight function W

� specifies the mixing. In
this letter, we use measurements of E and � to synthe-
size an estimate for the lensing contribution, which we
cross-correlate with measured B modes. Using maps of
the cosmic infrared background measured by Herschel -
SPIRE to estimate �, and measurements of the E- and
B-mode polarization from SPTpol, we detect the lensing
signal at 7.7� significance.

CMB Data: The South Pole Telescope (SPT) [14]
is a 10-meter telescope located at the geographic South
Pole. Here we use data from SPTpol, a polarization-
sensitive receiver installed on the telescope in January
2012. SPTpol consists of two arrays of polarization-
sensitive bolometers (PSBs): 1176PSBs that observe at
150GHz, and 360PSBs that observe at 95GHz. The
instrument and its performance are described in [15–18].
The observation strategy, calibration, and data reduction
for SPTpol data are similar to those used for the SPT-SZ
survey, described in [19]. Here we briefly summarize the
important points.

We calibrate the PSB polarization sensitivities with
observations of a ground-based thermal source behind a
polarizing grid. This allows us to measure the polariza-
tion angle of individual PSBs with < 2o statistical un-
certainty and the average angle of all PSBs with < 0.1o

statistical uncertainty. We estimate systematic uncer-
tainty on the average angle to be <1o (1.5o) at 150GHz
(95GHz).

Between March and November 2012, we used SPTpol
to observe a 100 deg2 region of low-foreground sky, be-

tween 23h and 24h in right ascension and �50 and
�60 degrees in declination. We process the SPTpol
data by “observations”, which are half-hour periods in
which the telescope scans half of the field. Each observa-
tion is recorded as time-ordered data (TOD) from each
PSB, in azimuthal scans separated by steps in elevation.
For each scan, we apply a low-pass anti-aliasing filter as
well as a high-pass 4th-order polynomial subtraction to
remove large-scale atmospheric fluctuations. This sup-
presses modes along the scan direction, which we account
for with a two-dimensional transfer function measured
from simulations of the filtering process.
In each observation, we drop PSBs with cuts based on

noise level during the observation, response to elevation-
dependent atmospheric power, and response to an in-
ternal thermal calibration source. Typical observations
include ⇠800 PSBs (⇠230 PSBs) at 150GHz (95GHz).
We cut scans for PSBs with glitches (caused, for exam-
ple, by cosmic ray hits). In typical 150GHz (95GHz)
observations, we lose ⇠ 1% (⇠ 4%) of the data due to
glitch removal.
Data from each PSB are accumulated into maps of

the I, Q, and U Stokes parameters using measured po-
larization angles and polarization e�ciencies. We weight
the TOD for each PSB in a scan by the inverse of the
variance along the scan direction between 1Hz and 3Hz
(1300 . l

x

. 3900 for the telescope scan speed of 0.28
degrees per second). We make maps using the oblique
Lambert azimuthal equal-area projection [20] with square
20⇥20 pixels. This projection preserves area on the sky
but introduces small distortions in angle; we account for
these distortions by rotating the Q and U components to
maintain a consistent angular coordinate system across
the map. For each observation we form a noise map
from the di↵erence of left- and right-going scans, cut-
ting observations which are outliers in metrics such as
overall variance. This cut removes ⇠ 8% (⇠ 9%) of the
150GHz (95GHz) data. Finally, we add the individual
observations together to produce full-season maps, with
polarization noise levels of approximately 10µK-arcmin
at 150GHz and 25µK-arcmin at 95GHz.
Inaccuracy in PSB gain measurements can cause direct

leakage of the CMB temperature into polarization, which
we fit for using the cross-spectra of I with Q and U. We
find < 2% leakage at both 150GHz and 95GHz, which
we correct for by subtracting appropriate fractions of I
from Q and U. We show below that this correction is
unimportant for our final results.
We calibrate the overall amplitude of the SPTpol maps

to better than 1% in temperature by cross-correlating
with SPT-SZ temperature maps over the same region
of sky. The SPT-SZ maps are calibrated by comparing
to the Planck surveyor 143 GHz maps [21] over the full
2500 deg2 SPT-SZ survey region.
CIB Data: We use maps of the cosmic infrared back-

ground (CIB) [22] obtained from the SPIRE instrument
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FIG. 5: Di↵erence between PIDMmodels and a ⇤CDMmodel
with an equivalent number of neutrinos for the pure ISW con-
tribution to CTT

l , �CISW
l = CISW,PIDM

l � CISW,CDM
l . In the

upper panel, we take ⇠ = 0.5, fADM = 1, and vary �DAO. In
the lower panel, we take ⇠ = 0.5, �DAO = 10�2, but let fADM

vary.

neutrinos. As �DAO is increased to 10�4, both tempera-
ture and polarization spectra begin to display the rise in
amplitude and the phase shift associated with the dark
radiation being tightly-coupled at early times. If �DAO

is further increased to 10�3, the damping of the gravi-
tational potential perturbations on small scales leads to
the suppression of the odd peaks and the enhancement of
the even peaks for the temperature anisotropies, which
is clearly visible for l & 600. The early ISW also en-
hances the first acoustic peak of the temperature spec-
trum for this model. For the polarization spectrum, the
impact of the dark radiation shear stress on the photon
quadrupole moment leads to a fairly complex variation,
with some peak being enhanced, while some are sup-
pressed as compared with an equivalent ⇤CDM model.
Finally, as �DAO is increased to 10�2, all the physical

FIG. 6: CMB unlensed temperature (upper panel) and E po-
larization (lower panel) power spectra for four di↵erent PIDM
models with fADM = 1. We have assumed the Planck 2013
cosmology together with ⇠ = 0.5. For comparison, we also
show a standard ⇤CDM model with an equivalent number of
e↵ective neutrinos.

e↵ects discussed above are present, with the early ISW
leading to strong enhancement of the third temperature
peak, which is almost su�cient to o↵set the suppression
caused by the weak gravitational driving force. The early
ISW also enhances the first temperature peak while the
second peak is somewhat suppressed due the dark ra-
diation shear stress, which also a↵ect the polarization
spectrum in a non-trivial way.

In summary, as illustrated in Fig. 6, PIDM models can
lead to rich CMB signatures that cannot be easily mim-
icked by varying other standard cosmological parameters.
This makes the CMB an excellent probe of interacting
DM and dark radiation physics. As we will see in Sec-
tion VI, the latest CMB data does indeed provide strong
constraints on PIDM models.
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FIG. 18. CMB angular power spectra in the atomic DM sce-
nario for di↵erent values of ⇠. We fix all other dark param-
eters to the values indicated on the plots. The upper panel
displays the TT spectra while the lower panel shows the EE
polarization spectra. All other cosmological parameters are
held fixed. Here, the helium fraction is fixed to Yp = 0.24 to
isolate the e↵ect from the changing sound horizon.

the energy density of the dark photons leads to an en-
hanced damping of the CMB anisotropies [106]. To un-
derstand the origin of this e↵ect, we need to remember
that the photon di↵usion distance scales as rd / H�0.5

(see Eq. (63)) while the angular diameter distance scales
as H�1. Thus, the damping angular scale ✓d ⌘ rd/DA

e↵ectively increases if the Hubble rate is sped up due
to the presence of extra radiation. We therefore expect
that as the value of ⇠ is raised, the CMB spectrum will
be increasingly a↵ected by Silk damping. This e↵ect is
shown in Fig. 19 where we clearly observe the decline in
amplitude associated with the increasing DR density. In
addition, if the primordial helium fraction was allowed
to vary according to Eq. (79), this would further increase
the amount of Silk damping. Therefore, it is clear that
measurements of the CMB damping tail provide strong
constraint on ⇠.

In summary, beyond the impact of the atomic DM sce-
nario on the background cosmology caused by the DR,
we have identified four key cosmological signatures that
distinguish the atomic DM scenario from a ⇤CDM model

aD = 0.05
mD = 100 GeV
BD = 1 MeV

0 500 1000 1500 2000 2500 3000
0

5

10

15

l

l3
Hl+1
LC lTT
êH2p
L@10

2
m
K
2 D

x = 0.4
x = 0.6
x = 0.8

FIG. 19. CMB temperature power spectra in the atomic DM
scenario for di↵erent values of ⇠. We fix all other dark pa-
rameters to the values indicated on the plots. We keep fixed
throughout the redshift of matter-radiation equality and the
angular size of the baryon-photon sound horizon at decou-
pling. Here, the helium fraction is fixed to Yp = 0.24 to
isolate the e↵ect from the changing damping scale.

containing extra relativistic neutrinos. First, the emer-
gence of the new DAO length scale in the late-time den-
sity field results in a minimal mass for the first DM
protohalos that is generically larger than in the stan-
dard WIMP paradigm. Also, as the dark photons tran-
sition from being tightly-coupled to the dark plasma to
a free-streaming state, they impart varying phase shifts
and amplitude suppressions to the CMB multipoles en-
tering the horizon. Importantly, these suppressions and
phase shifts asymptote to constant values for l � ldec
and l ⌧ ldec, a distinct feature of atomic DM that is
not easily reproduced in the ⇤CDM scenario. Further-
more, we have shown that the odd CTT

l peaks are sup-
pressed on scales that enter the causal horizon before DM
kinematically decouples. It is therefore clear that precise
measurements on the CMB damping tail could provide
meaningful constraints on the parameter space of atomic
DM. We should however keep in mind that the modi-
fied evolution of DM and DR fluctuations can only a↵ect
the CMB if the dark sector kinetic decoupling happens
close enough to the epoch of last scattering. As such, a
non-detection of these signatures e↵ectively puts a lower
bound on the redshift of kinetic decoupling which itself
depends on a combination of ↵D, BD, mD, and ⇠.

VI. ASTROPHYSICAL CONSTRAINTS ON
ATOMIC DARK MATTER

As the Universe expands and cools down, non-linear
structures begin to emerge and eventually form present-
day astrophysical objects such as galaxies and clusters of
galaxies. The internal dynamics of these objects is deeply
influenced by the microphysics governing DM because the
latter contributes the vast majority of the mass inside
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constraints on ⇠ in this region of parameter space have
very di↵erent origins than the standard constraints on
extra relativistic species. Indeed, the suppressed DM
fluctuations and the absence of early dark radiation free-
streaming for these values of �DAO have a significant im-
pact on the CMB and the matter power spectrum which
forces ⇠ to take small values in order to hide these e↵ects.
The constraints shown in Fig. 10 implies that we must
have ⇠ < 0.2 for �DAO > 10�3.Since the PIDM models
lying inside the 95% confidence region are, for all practi-
cal purposes, undistinguishable from a ⇤CDM universe,
the fraction of interacting DM is largely unconstrained in
the allowed region. Constraints on models lying on the
edge of the 95% confidence region will however depend
on the value of fADM and we explore these limits in the
next section.

B. �DAO + ⇠

In this section, we keep the fraction of interacting
DM fixed while letting ⇠ and log10(�DAO) vary, allow-
ing to determine how the constraint contours change as
a function of the interacting DM fraction. As before,
we fix ↵D = 0.05 and mD = 10 GeV. We show in
Fig. 11 the marginalized constraints for three di↵erent
values of fADM, using the dataset Planck+WP+High-
l+BAO+Lens. While we observe the constraints becom-
ing progressively weaker as fADM is reduced, the di↵er-
ence between the fADM = 0.5 and fADM = 0.05 lim-
its is surprisingly modest. This indicates that our con-
straints are robust to changes in the interaction DM frac-
tion (for fADM & 5%). It also show that it matters little
if fADM = 5%, 50%, or 100% in the ruled out regions:
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FIG. 11: Marginalized constraints on ⇠ and �DAO for three
fixed values of fADM. We display the 68% and 95% confidence
regions for the dataset “Planck+WP+High-l+BAO+Lens”.
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FIG. 12: Marginalized constraints on ⇠ and �DAO for three
fixed values of ↵D. Here, we have fixed fADM = 10% and
mD = 10 GeV. We display the 68% and 95% confidence re-
gions for the dataset “Planck+WP+High-l+BAO+Lens”.

there, PIDM a↵ects the cosmological observables in a way
that is incompatible with the current data and lowering
the fraction of interacting DM only slowly improves the
fit. This is in agreement with our discussion of sections
III and IV where we showed that shrinking the fraction of
interacting DM does reduce the impact on the cosmolog-
ical observables but at the price of increasing the DAO
scale and bringing it to linear observable scales.

C. Varying the Dark Fine-structure Constant

In this section, we study the e↵ect of varying ↵D on
the cosmological limits on the ⇠ and �DAO parameters.
We display the constraints on these two dark parameters
in Fig. 12 for three values of the dark fine-structure con-
stant. Here, we fix fADM = 10% which yields constraints
representative of a broad range of interacting DM frac-
tion (see previous section). For �DAO > 10�2.5, we ob-
serve that the constraint on ⇠ is largely independent of
↵D, indicating that our limits are robust to changes in
the dark sector microphysics. At smaller values of �DAO,
the constraints become stronger as ↵D is reduced. This
somewhat counterintuitive result is a consequence of the
definition of �DAO: at fixed �DAO, lowering ↵D leads to a
smaller values of the atomic binding energy, hence bring-
ing dark recombination and kinematic decoupling closer
to the last scattering surface of CMB photons and lead-
ing to a larger e↵ects on the cosmological observables.
From Fig. 12, we observe that the main impact of vary-
ing ↵D is to modify the shape of the ⇠ constraint in the
transition region delimiting the parameter space where
the limit is similar to the Ne↵ bound (small �DAO) and
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Cosmological Constraints on fADM 
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FIG. 18. CMB angular power spectra in the atomic DM sce-
nario for di↵erent values of ⇠. We fix all other dark param-
eters to the values indicated on the plots. The upper panel
displays the TT spectra while the lower panel shows the EE
polarization spectra. All other cosmological parameters are
held fixed. Here, the helium fraction is fixed to Yp = 0.24 to
isolate the e↵ect from the changing sound horizon.

the energy density of the dark photons leads to an en-
hanced damping of the CMB anisotropies [106]. To un-
derstand the origin of this e↵ect, we need to remember
that the photon di↵usion distance scales as rd / H�0.5

(see Eq. (63)) while the angular diameter distance scales
as H�1. Thus, the damping angular scale ✓d ⌘ rd/DA

e↵ectively increases if the Hubble rate is sped up due
to the presence of extra radiation. We therefore expect
that as the value of ⇠ is raised, the CMB spectrum will
be increasingly a↵ected by Silk damping. This e↵ect is
shown in Fig. 19 where we clearly observe the decline in
amplitude associated with the increasing DR density. In
addition, if the primordial helium fraction was allowed
to vary according to Eq. (79), this would further increase
the amount of Silk damping. Therefore, it is clear that
measurements of the CMB damping tail provide strong
constraint on ⇠.

In summary, beyond the impact of the atomic DM sce-
nario on the background cosmology caused by the DR,
we have identified four key cosmological signatures that
distinguish the atomic DM scenario from a ⇤CDM model
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FIG. 19. CMB temperature power spectra in the atomic DM
scenario for di↵erent values of ⇠. We fix all other dark pa-
rameters to the values indicated on the plots. We keep fixed
throughout the redshift of matter-radiation equality and the
angular size of the baryon-photon sound horizon at decou-
pling. Here, the helium fraction is fixed to Yp = 0.24 to
isolate the e↵ect from the changing damping scale.

containing extra relativistic neutrinos. First, the emer-
gence of the new DAO length scale in the late-time den-
sity field results in a minimal mass for the first DM
protohalos that is generically larger than in the stan-
dard WIMP paradigm. Also, as the dark photons tran-
sition from being tightly-coupled to the dark plasma to
a free-streaming state, they impart varying phase shifts
and amplitude suppressions to the CMB multipoles en-
tering the horizon. Importantly, these suppressions and
phase shifts asymptote to constant values for l � ldec
and l ⌧ ldec, a distinct feature of atomic DM that is
not easily reproduced in the ⇤CDM scenario. Further-
more, we have shown that the odd CTT

l peaks are sup-
pressed on scales that enter the causal horizon before DM
kinematically decouples. It is therefore clear that precise
measurements on the CMB damping tail could provide
meaningful constraints on the parameter space of atomic
DM. We should however keep in mind that the modi-
fied evolution of DM and DR fluctuations can only a↵ect
the CMB if the dark sector kinetic decoupling happens
close enough to the epoch of last scattering. As such, a
non-detection of these signatures e↵ectively puts a lower
bound on the redshift of kinetic decoupling which itself
depends on a combination of ↵D, BD, mD, and ⇠.

VI. ASTROPHYSICAL CONSTRAINTS ON
ATOMIC DARK MATTER

As the Universe expands and cools down, non-linear
structures begin to emerge and eventually form present-
day astrophysical objects such as galaxies and clusters of
galaxies. The internal dynamics of these objects is deeply
influenced by the microphysics governing DM because the
latter contributes the vast majority of the mass inside

ΓDAO=10-2.5 
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•  This is a unique time for “cosmological” interacting dark 
matter. 

•  Current data already put strong constraints on interacting dark 
matter. 

•  CMB lensing B-mode and lensing reconstruction will provide 
even stronger constraints/hints of interacting DM in the near 
future (Planck, ACTpol, STPpol, PolarBear. etc.) 

•  The complementarity between the cosmological and 
astrophysical properties of DM might help us pinpoint its 
nature. 



Challenges and Future Directions 
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•  Non-linearity 

•  CMB lensing 

•  Weak lensing 

•  Small-astrophysical scales? 

GDAO = 10-3
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