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• It’s great that these ideas are still of interest!
The Cosmology of Atomic Dark Matter
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While, to ensure successful cosmology, dark matter (DM) must kinematically decouple from the
standard model plasma very early in the history of the Universe, it can remain coupled to a bath
of “dark radiation” until a relatively late epoch. One minimal theory that realizes such a scenario
is the Atomic Dark Matter model, in which two fermions oppositely charged under a new U(1)
dark force are initially coupled to a thermal bath of “dark photons” but eventually recombine
into neutral atom-like bound states and begin forming gravitationally-bound structures. As dark
atoms have (dark) atom-sized geometric cross sections, this model also provides an example of
self-interacting DM with a velocity-dependent cross section. Delayed kinetic decoupling in this
scenario predicts novel DM properties on small scales but retains the success of cold DM on larger
scales. We calculate the atomic physics necessary to capture the thermal history of this dark sector
and show significant improvements over the standard atomic hydrogen calculation are needed. We
solve the Boltzmann equations that govern the evolution of cosmological fluctuations in this model
and find in detail the impact of the atomic DM scenario on the matter power spectrum and the
cosmic microwave background (CMB). This scenario imprints a new length scale, the Dark-Acoustic-
Oscillation (DAO) scale, on the matter density field. This DAO scale shapes the small-scale matter
power spectrum and determines the minimal DM halo mass at late times which may be many orders
of magnitude larger than in a typical WIMP scenario. This model necessarily includes an extra dark
radiation component, which may be favoured by current CMB experiments, and we quantify CMB
signatures that distinguish an atomic DM scenario from a standard ⇤CDM model containing extra
free-streaming particles. We finally discuss the impacts of atomic DM on galactic dynamics and
show that these provide the strongest constraints on the model.

PACS numbers: 98.80.-k,98.80.Jk

I. INTRODUCTION

Although dark matter (DM) has been known to exist
for several decades [1–3], its physical nature remains one
of the deepest mysteries of modern science. Observations
show that DM is mostly cold, collisionless and interacts
very weakly (if at all) with standard-model (SM) parti-
cles. Many models that fit this picture very well have
been proposed through the years, including the promi-
nent weakly-interacting-massive-particle (WIMP) mod-
els. Distinguishing between these di↵erent scenarios is
crucial if we have any hope to pinpoint the nature of
DM. In this respect, models incorporating new physics
that predict novel observational signatures have a clear
advantage in disentangling the DM puzzle.

While the cold dark-matter (CDM) paradigm [4, 5]
has been extremely successful at describing observations
from cosmological scales to galactic scales, recent ob-
servations of small nearby galaxies seem to be in ten-
sion with the CDM scenario. In addition to the so-
called “missing-satellite problem” [6–8] which refers to
the apparent under-abundance of light Milky-Way satel-
lites, observations of the inner mass profiles of Dwarf
Spheroidal (dSph) galaxies indicate that they are consis-
tent with a core while CDM simulations favor a cuspier
profile [9–13]. Further, it has been pointed out recently
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that the most massive galactic subhalos from CDM sim-
ulations are too dense to host the brightest Milky Way
satellites [14, 15]. While it is plausible that these prob-
lems could be alleviated by including the appropriate
baryonic physics in CDM simulations [16–27], these ob-
servations may be pointing toward physics beyond the
vanilla CDM paradigm.

We adopt here the point of view that the above ten-
sions between the ⇤CDM paradigm and the astrophysical
observations may be resolved by modifying the micro-
physics of the DM sector. Various scenarios have been
proposed along those lines in the literature, most of which
could either be classified as interacting DM models [28],
warm DM scenarios [29–32], or even hot DM models (see
e.g. [33]). The former is tightly constrained by the ob-
served ellipticity of DM halos [34, 35] and by the apparent
survivability of DM halos to evaporation in clusters [36],
while the latter is unlikely to be able to address all of the
CDM issues discussed above [37]. It was realized recently
[38–40] that interacting DM with a velocity-dependent
cross section could avoid the ellipticity and evaporation
constraints while alleviating the tension between the sim-
ulations and the Milky-Way satellites.

In this paper, we investigate in detail the cosmology of
a dark sector made of hidden hydrogen-like bound states
[41–44]. This so-called “Atomic Dark Matter” model re-
tains the success of CDM on large cosmological scales but
modifies the DM dynamics on sub-galactic scales. Sim-
ilar to conventional atoms, atomic DM is kinematically
coupled to a thermal bath of “dark” radiation (DR) until
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Constraints on Large-Scale Dark Acoustic Oscillations from Cosmology
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If all or a fraction of the dark matter (DM) were coupled to a bath of dark radiation (DR) in the
early Universe we expect the combined DM-DR system to give rise to acoustic oscillations of the
dark matter until it decouples from the DR. Much like the standard baryon acoustic oscillations,
these dark acoustic oscillations (DAO) imprint a characteristic scale, the sound horizon of dark
matter, on the matter power spectrum. We compute in detail how the microphysics of the DM-DR
interaction a↵ects the clustering of matter in the Universe and show that the DAO physics also
gives rise to unique signatures in the temperature and polarization spectra of the cosmic microwave
background (CMB). We use cosmological data from the CMB, baryon acoustic oscillations (BAO),
and large-scale structure to constrain the possible fraction of interacting DM as well as the strength
of its interaction with DR. Like nearly all knowledge we have gleaned about DM since inferring its
existence this constraint rests on the betrayal by gravity of the location of otherwise invisible DM.
Although our results can be straightforwardly applied to a broad class of models that couple dark
matter particles to various light relativistic species, in order to make quantitative predictions, we
model the interacting component as dark atoms coupled to a bath of dark photons. We find that
linear cosmological data and CMB lensing put strong constraints on existence of DAO features in
the CMB and the large-scale structure of the Universe. Interestingly, we find that at most ⇠ 5%
of all DM can be very strongly interacting with DR. We show that our results are surprisingly
constraining for the recently proposed Double-disk DM model, a novel example of how large-scale
precision cosmological data can be used to constrain galactic physics and sub-galactic structure.

PACS numbers: 98.80.-k

I. INTRODUCTION

The fundamental nature of dark matter (DM) has puz-
zled scientists for decades. While we have long observed
the gravitational pull it exerts on regular baryonic matter
[1–3], no conclusive hint of the particle physics governing
DM has so far shown up in laboratory experiments (see
Refs. [4–8] for tentative signals). This does not necessar-
ily imply that the physics of DM is trivial or uninterest-
ing; it merely tells us that it couples very weakly to the
visible sector, thus allowing it to hide its potentially rich
physics. To make progress, one can turn to astrophysi-
cal observations of DM dominated objects such as dwarf
spheroidals [9–16], galaxies [17–20], and merging galaxy
clusters [21–25]. These objects are however highly non-
linear and one cannot in general neglect the impact of
baryon physics (see e.g. Refs [26–31]) on their evolution.
Numerical simulations are therefore necessary to assess
the impact of non-minimal DM physics on these objects.

Since DM dominates the matter density on cosmologi-
cal scales, it is natural to ask whether cosmological data
can shed light on the fundamental physics of DM. While
the cold DM paradigm [32, 33] provides a very good fit
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to data on large cosmological scales, it is possible that a
subdominant DM component could display very di↵erent
properties. For instance, there could be new dark forces
[34–42] that couple only to a fraction of the DM particles
or a portion of the DM could be warm [43–46].

A particularly interesting case is one in which a frac-
tion of the DM can interact with or via a massless (or
nearly massless) particle. In this scenario, the interact-
ing DM component is prohibited from forming gravita-
tionally bound structures until it kinematically decou-
ples from the light state. If this decoupling happens at
relatively late times (that is, close to or after matter-
radiation equality), an imprint similar in many ways to
the baryon acoustic oscillation feature should be left on
the matter density field on cosmological scales [47]. This
dark acoustic oscillation (DAO) feature generically arises
in any model where DM is coupled to relativistic parti-
cles until relatively late times. For instance, they oc-
cur if DM couples to neutrinos [41, 48–54] or photons
[55–58], if DM interacts with a dark U(1)D gauge boson
[36, 37, 47, 59, 60], if DM couples to a light scalar field
[61], or for the so-called “cannibal” DM models [62–64].
We emphasize for the reader unfamiliar with the above
body of work that if the DM sector couples purely gravi-
tationally to the visible sector, some of these scenarios are
surprisingly unconstrained. For instance, even a model
in which the totality of the DM interacts via a massless
U(1)D gauge boson [36, 37] has a large allowed parameter
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Ab initio phenomenology of dark matter-dark 
radiation (DR) interaction

Dark Radiation 
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Dark Matter

Adapted from W. Hu

Potential Well

Dark acoustic oscillation (DAO)
In the early Universe…
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recombination rate is larger than the expansion rate of
the Universe. The DR eventually decouples from the
atomic DM and begin to free-stream across the Universe.
We note that the order and the dynamics of the di↵er-
ent important transitions of the dark plasma (recombina-
tion, onset of DR free-streaming, atomic DM drag epoch,
DM thermal decoupling, etc.) can be very di↵erent than
in the standard baryonic case. We refer the reader to
Ref. [47] for more details.

To retain generality and emphasize that the PIDM sce-
nario we are considering is quite general, we shall refer
to the massless U(1)D “dark photons” simply as DR. For
simplicity, we also denote the lightest fermion as “dark
electron” (massme) while the heaviest fermion is referred
to as “dark proton” (mass mp). We assume that these
two oppositely-charged components come in equal num-
ber such that the dark sector is overall neutral under the
U(1)D interaction. 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 DR
temperature (TD) to the cosmic microwave background
temperature ⇠ ⌘ (TD/TCMB)|z=0, and the fraction of the
overall DM density contained in interacting DM (here,
dark atoms), fint ⌘ ⇢int/⇢DM, where ⇢DM = ⇢int + ⇢CDM

and where ⇢int is the energy density of the interacting DM
component. These parameters are subject to the consis-
tency condition mD/BD � 8/↵2

D � 1, which ensures that
the relationship me + mp � BD = mD is satisfied. We
note that if the visible and dark sectors were coupled
above the electroweak scale, we naturally expect ⇠ ⇠ 0.5
[66]. A smaller value would either require new degrees of
freedom in the visible sector or that the two sectors were
never in thermal equilibrium in the first place.

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

�1

D of the medium to DR. For the model
we considered, the main contributions1 to this opacity
are Compton scatterings of DR 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⇡4
anADM(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 describing the expansion

1
In this work, we neglect the small contribution to the opacity

from photoionization processes.

of the Universe, 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 an-
gular bracket denotes thermal averaging. We note that
the second line of Eq. (3) is only valid if 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 temper-
ature. We refer the reader to Ref. [47] for a thorough
investigation of dark atom recombination and thermal
history.

B. ⇠ vs �Ne↵

We note that, as far as the background cosmological ex-

pansion is concerned, varying the temperature of the DR
in PIDM models is equivalent to changing the e↵ective
number of relativistic species (commonly parametrized in
the literature by �Ne↵) in ⇤CDM models according to
the correspondence

�Ne↵ $ 8

7

✓
11

4

◆4/3

⇠
4
. (4)

However, since the DR described by our parameter ⇠ af-
fects the evolution of cosmological fluctuations in a di↵er-
ent way than the neutrino-like relativistic species usually
parametrized by �Ne↵ (because our DR couples to DM
and is not always free-streaming), we emphasize that one
cannot blindly translate the known constraints on �Ne↵

from, say, Planck [71] to a bound on ⇠. In fact, as we dis-
cuss below, the bounds on ⇠ can be much more stringent
than the naive constraints one would obtain by translat-
ing the known limits on �Ne↵ using Eq. (4). Therefore,
we emphasize that the correspondence given in Eq. (4) is
only useful when comparing the cosmological expansion
history of PIDM models with that of standard ⇤CDM
models.

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 signifi-
cantly from that of a standard ⇤CDM Universe. Indeed,
as Fourier modes enter the causal horizon, the DR pres-
sure 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 DR kinematically decou-
ples from the interacting DM component. Similar to the
baryon case, the scale corresponding to the sound hori-
zon of the dark plasma at kinetic decoupling remains im-
printed on the matter field at late times. This so-called
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in optical astronomy. We present here the mathematical
framework necessary to extract the substructure power
spectrum directly from pixel-based images. While our
general approach follows a similar philosophy to that
of Ref. [79], our computational technique di↵ers at sev-
eral levels, especially in our use of a mode function-
based approach. Importantly, we extend our power spec-
trum mathematical framework to include compact time-
varying sources such as quasars, hence opening substruc-
ture power spectrum measurements to a broader range
of gravitational lenses. Since the goal of this paper is
to present the framework necessary to extract measure-
ments of the substructure power spectrum from lensed
images and develop some intuition about their sensitivity
to this latter quantity, we focus here on simple paramet-
ric source and lens models.

Given the unique potential of this technique in prob-
ing sub-kiloparsec scales within galaxies at cosmological
distances from the Milky Way, we aim this paper at a
non-expert audience. As such, we carefully review the
di↵erent ingredients and assumptions entering our analy-
sis. Hasty or expert readers could directly skip to Sec. IV
for details about our method to extract the substructure
convergence power spectrum from images of gravitation-
ally lensed sources.

This paper is organized as follows. In Sec. II, we
review the mass decomposition of the lens galaxy into
macrolens and substructure, and then introduce the sub-
structure convergence power spectrum. In Sec. III, we re-
view the impact of mass substructure on observed images
of galaxy-scale gravitational lenses, focusing on extended
sources. In Sec. IV, we present the derivation of our like-
lihood for the substructure convergence power spectrum
in the case of extended lensed images. The numerical
implementation of this likelihood is discussed in Sec. V.
We present in Sec. VII analyses of mock images

Throughout this paper, we assume a Planck 2015 cos-
mology [83]. We also take the redshift of the source
to zsrc = 0.6 and that of the lens to be zlens = 0.25,
which results in a critical density for lensing ⌃crit =
5.998 ⇥ 1010

M�/arcsec2 = 3.686 ⇥ 109
M�/kpc2 in the

lens plane. A useful number to keep in mind is that for
these choices of cosmology and redshifts, 1 arcsec ⇡ 4
kpc in the lens plane.

⇠ ' 0.5 (1)

II. SMALL-SCALE STRUCTURE WITHIN LENS
GALAXIES

We begin this paper by reviewing the distinction be-
tween the so-called macro lens mass model and the small-
scale mass substructures contained within the lens galax-
ies or along the line of sight. We then review the relevant
statistical properties of mass substructures that are most
interesting from a gravitational lensing point of view.

A. Mass decomposition for galaxy-scale lenses

In this work, we specialize to to the case of galaxy-scale
strong gravitational lenses, in which multiple images of a
background source are generated. In general, the exact
structure of the gravitational potential �lens responsible
for the lensing is the result of the complex assembly his-
tory of the lens galaxy as well as its subsequent dynam-
ical evolution. In addition, structures along the line of
sight can also contribute to the richness of the projected
gravitational potential. Despite this apparent complex-
ity, many observed galaxy-scale gravitational lenses can
be reasonably fitted with relatively simple mass models,
such as isothermal ellipsoids.

A typical lens galaxy contains structure on a variety of
scales, with the larger scale features responsible for the
broad morphology of the observed lensed images, while
the small-scale structures (e.g. satellite galaxies, giant
molecular clouds, globular clusters, etc.) give rise to
small corrections to the lensed observables. This suggests
that we can decompose the projected mass density into
a dominant macro component 0(y) ⌘ hlens(y)i, where
the bracket h. . .i denotes ensemble averaging over con-
vergence configurations that lead to the observed lensed
images, and a small contribution sub parametrizing the
di↵erence between the actual projected mass distribution
and the mean-field approximation 0, that is,

lens(y) = 0(y) + sub(y). (2)

Note that we have absorbed the mean convergence in
substructures (denoted ̄sub) within 0 such that the
sub field as defined above has zero expectation value,
hsubi = 0. We note that in the absence of lensing time-
delay observations, stellar kinematic measurements, or
strong priors on the brightness and size of the source, it
is di�cult to constrain ̄sub due to the mass-sheet degen-
eracy [84]. We shall refer to 0 (and �0) as the macro
lens (or component) since it is responsible for determin-
ing the broad configuration of the lens. In general, it
contains the contributions from the smooth dark mat-
ter halo, the dominant baryonic structure (disk or oth-
erwise), and possibly from single massive subhalos sig-
nificantly a↵ecting the configuration of the lens (such as
those identified in Refs [68, 71, 73]).

On the other hand, the substructure convergence sub

(and its related lensing potential �sub) contains contri-
butions from the usual dark matter subhalos and satel-
lite galaxies orbiting the main lens galaxy, but also from
other astrophysical structures such as tidal streams, de-
bris, dense gas clouds, and globular clusters, as well as
from possible line-of-sight structures. The crucial point is
that the perturbations encoded in sub are subdominant1

1 By construction, if the sub perturbations were large, they would
lead to easily detectable e↵ects, implying that they should have
been absorbed in 0.

Natural value:



1/26/23Francis-Yan Cyr-Racine, UNM 4

Phenomenology of dark matter-dark radiation 
interaction: Sound wave
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Phenomenology of dark matter-dark radiation 
interaction: Sound wave
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The structure of the dark matter density field is 
distinctly different

Cold DM Warm DM Atomic DM
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Broad diversity of matter power spectrum shapes
across atomic DM parameter space

Weak DAO Strong DAO: Atomic DM
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What determines the shape of the matter power 
spectrum?

Rapid dark recombination leads to a narrow dark matter drag 
visibility function => undamped DAOs.
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Outline: Observables
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CMB: Dark matter provides gravitational 
potential wells for baryons to fall into
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FIG. 6: CMB unlensed temperature (upper panel) and E po-
larization (lower panel) power spectra for four di ! erent PIDM
models with f int = 100%. We have taken ! = 0 .5. For com-
parison, we also show a standard" CDM model with an equiv-
alent number of e! ective neutrinos.

on PIDM models.

C. CMB Lensing

As the CMB photons free-stream from the last-
scattering surface to us, they encounter large DM struc-
tures which can deßect their path and rotate their po-
larization state. This CMB lensing (see [113] for a re-
view) by foreground matter structures has now been de-
tected at high statistical signiÞcance (! 25! , [114]) and
can be used to study the distribution of matter through-
out the Universe. Since PIDM models generally predict
a modiÞed matter distribution as compared to a pure
CDM model, CMB lensing can by itself provide useful
constraints on interacting DM scenarios.

The gravitational deßection potential " , of which the

gradient gives the lensing displacement vector on the sky,
is related to the gravitational potential perturbation #
projected along the line of sight in the ön direction, via

" (ön) = " 2
! ! !

0
d$ # ($ön; %0 " $)

$! " $
$$ !

, (21)

where $! is the comoving distance to the last scattering
surface and%0 is the comoving size of the causal hori-
zon today. The lensing potential power spectrum can be
written as

C""
l = 16&

!
dk
k

PR (k)|! # (k)|2, (22)

where

! # (k) =
! ! !

0
d$T# (k; %0 " $)) j l (k$)

$! " $
$$ !

, (23)

and wherePR (k) is the primordial spectrum of comoving
curvature ßuctuations. The transfer function T# (k, %) is
deÞned by#(k, %) = T# (k, %)R(k), where R(k) stands
for the comoving curvature ßuctuation.

We show in Fig. 7 the CMB lensing power spectrum for
di" erent PIDM models. In the upper panel, we display
the spectra for increasing values of# DAO . It should be
clear from this plot that the most extreme models with
# DAO ! 10" 3 are ruled out by current data if interacting
DM forms the totality of the DM. In the lower panel of
Fig. 7, we Þx# DAO = 10" 3 but instead vary the fraction
of interacting DM. We observe that even a fraction as
small as 5% can have a sizable e" ect on the lensing power
spectrum. This indicates that current and future CMB
lensing measurements could potentially be very sensitive
probes of nonstandard DM physics.

Lensing by foreground matter structure also distorts
the CMB temperature and polarization power spectra
presented in Fig. 6 above. Essentially, lensing acts to
smooth out the oscillatory structure of the spectra, Þll-
ing in the troughs and damping the peaks. As we dis-
cussed above, since PIDM models generally predict dif-
ferent amount of lensing, the associated smoothing of the
CMB spectra provides yet another handle (albeit corre-
lated with other CMB signatures) to constrain interact-
ing DM. We illustrate lensed CMB spectra in Figs. 8 and
9 for increasing values of# DAO and for f int = 1. Besides
the PIDM signatures discussed in section IV B, we ob-
serve that the TT and EE spectra display sharper peaks
and troughs in the damping tail as # DAO is increased,
which is in line with our expectations that these models
should beless a" ected by gravitational lensing. We also
note that the lensing signatures can obscure some of the
e" ects discussed in section IV B, especially the enhance-
ment of the even acoustic peaks in the damping tail of
the temperature spectrum.

Taken as a whole, it is clear that the CMB and its lens-
ing by foreground matter structures provide an exquisite
probe of DM physics and of its possible interaction with

C-R et al. (2014)
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DAO scale is given by

r DAO !
! ! D

0
cD (! )d! , (5)

where cD is the sound speed of the dark plasma,! is
the conformal time, and ! D denotes the conformal time
at the epoch at which atomic DM kinematically decou-
ples from the DR bath. The DAO scale is a key quan-
tity 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 contrast
to warm DM models, the suppression of small-scale ßuc-
tuations in the PIDM scenario is mostly due to acoustic
(also known as collisional) damping [47, 79], while resid-
ual free-streaming after kinematic decoupling can play a
minor role.

In the tight-coupling limit of the dark plasma, the

sound speed takes the formcD = 1 /
"

3(1 + R! 1
D ), where

RD ! 4" ÷" / 3" int . Here, " ÷" stands for the the energy
density of the DR. In a matter-radiation Universe, the
integral of Eq. (5) can be performed analytically

r DAO =
4#2

#
" "

3H0
"

f int " DM " m
# (6)

ln
$"

$int
"

" r + " m aD +
"

" m + $int aD"
$int " r +

"
" m

%
,

where we have deÞned

$int !
3f int " DM

4#4" "
, (7)

aD is the scale factor at the epoch of atomic DM kine-
matic decoupling, andH0 is the present-day Hubble con-
stant. " " , " r , and " m stand for the energy density in
photons, radiation (including neutrinos and DR), and
non-relativistic matter, respectively, all in units of the
critical density of the Universe. We observe that the
DAO scale depends most strongly on the ratio#2/

"
f int

and that the details of the interacting DM microphysics
only enter through a logarithmic dependence onaD . The
scale factor at the epoch of dark decoupling can be es-
timated from the criterion nADM xD %T ,D $ H , since
Thomson scattering is the dominant mechanism respon-
sible for the opacity of the dark plasma. Here,H is the
Hubble parameter. We outline the computation of aD in
terms of the dark parameters in Appendix A. Deep into
the matter-dominated era, aD is approximately given by

aD $
&

1
" m h2

' 1/ 3

(&D ## DAO )2/ 3 (aD % aeq), (8)

while in the radiation-dominated era, it takes the form

aD $
&

1
" r h2

' 1/ 2

(&D ## DAO ) (aD & aeq), (9)
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FIG. 1: Comoving DAO scale as a function of the parameter
! DAO for strongly-coupled atomic DM models ( ! D > 0.025).
In the upper panel, we Þx " = 0 .5 and vary the fraction of
interacting DM. In the lower panel, we Þx f int = 5% and let
" vary. Here, take H 0 = 69 .57 km/s/Mpc, " m = 0 .3048,
" DM h2 = 0 .1198, and three massless neutrinos (N! = 3 .046).

whereaeq is the scale factor at radiation-matter equality,
" m and " r are respectively the energy density in mat-
ter and radiation in units of the critical density of the
Universe, &D is a Þtting constant (see Appendix A), and
where

# DAO ! ' D

&
BD

eV

' ! 1 ( mD

GeV

) ! 1/ 6
. (10)

We observe that the scale factor at the epoch of dark
decoupling (and, consequently,r DAO ) is largely deter-
mined by # DAO . This quantity is directly proportional
to the scattering rate between DR and interacting DM.
Its non-trivial dependence on the dark parameters' D ,
BD , and mD is caused byxD which itself depends on
these dark parameters (see Appendix A). To give a sense
of scale, we note that for regular baryonic hydrogen we
have # BAO $ 5.4 # 10! 4. We emphasize that, while the
deÞnition given in Eq. (10) is very speciÞc to the atomic
DM model considered,# DAO is a simple proxy for the
cross section between DM and DR at the epoch of kine-
matic decoupling (%DM ! DR (aD )) over the DM mass. Ex-
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DAO scale is given by

r DAO !
! ! D

0
cD (! )d! , (5)

where cD is the sound speed of the dark plasma,! is
the conformal time, and ! D denotes the conformal time
at the epoch at which atomic DM kinematically decou-
ples from the DR bath. The DAO scale is a key quan-
tity 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 contrast
to warm DM models, the suppression of small-scale ßuc-
tuations in the PIDM scenario is mostly due to acoustic
(also known as collisional) damping [47, 79], while resid-
ual free-streaming after kinematic decoupling can play a
minor role.

In the tight-coupling limit of the dark plasma, the

sound speed takes the formcD = 1 /
"

3(1 + R! 1
D ), where

RD ! 4" ÷" / 3" int . Here, " ÷" stands for the the energy
density of the DR. In a matter-radiation Universe, the
integral of Eq. (5) can be performed analytically

r DAO =
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"
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where we have deÞned
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aD is the scale factor at the epoch of atomic DM kine-
matic decoupling, andH0 is the present-day Hubble con-
stant. " " , " r , and " m stand for the energy density in
photons, radiation (including neutrinos and DR), and
non-relativistic matter, respectively, all in units of the
critical density of the Universe. We observe that the
DAO scale depends most strongly on the ratio#2/

"
f int

and that the details of the interacting DM microphysics
only enter through a logarithmic dependence onaD . The
scale factor at the epoch of dark decoupling can be es-
timated from the criterion nADM xD %T ,D $ H , since
Thomson scattering is the dominant mechanism respon-
sible for the opacity of the dark plasma. Here,H is the
Hubble parameter. We outline the computation of aD in
terms of the dark parameters in Appendix A. Deep into
the matter-dominated era, aD is approximately given by

aD $
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1
" m h2

' 1/ 3

(&D ## DAO )2/ 3 (aD % aeq), (8)

while in the radiation-dominated era, it takes the form
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FIG. 1: Comoving DAO scale as a function of the parameter
! DAO for strongly-coupled atomic DM models ( ! D > 0.025).
In the upper panel, we Þx " = 0 .5 and vary the fraction of
interacting DM. In the lower panel, we Þx f int = 5% and let
" vary. Here, take H 0 = 69 .57 km/s/Mpc, " m = 0 .3048,
" DM h2 = 0 .1198, and three massless neutrinos (N! = 3 .046).

whereaeq is the scale factor at radiation-matter equality,
" m and " r are respectively the energy density in mat-
ter and radiation in units of the critical density of the
Universe, &D is a Þtting constant (see Appendix A), and
where

# DAO ! ' D

&
BD

eV

' ! 1 ( mD

GeV

) ! 1/ 6
. (10)

We observe that the scale factor at the epoch of dark
decoupling (and, consequently,r DAO ) is largely deter-
mined by # DAO . This quantity is directly proportional
to the scattering rate between DR and interacting DM.
Its non-trivial dependence on the dark parameters' D ,
BD , and mD is caused byxD which itself depends on
these dark parameters (see Appendix A). To give a sense
of scale, we note that for regular baryonic hydrogen we
have # BAO $ 5.4 # 10! 4. We emphasize that, while the
deÞnition given in Eq. (10) is very speciÞc to the atomic
DM model considered,# DAO is a simple proxy for the
cross section between DM and DR at the epoch of kine-
matic decoupling (%DM ! DR (aD )) over the DM mass. Ex-
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• The CMB power spectra, BAO, and other matter 
clustering observables are invariant under the scaling 
transformation:

• This specifies a specific direction in cosmological model 
space where the predicted CMB/BAO observables are 
automatically invariant: Useful for model building!

4

where P(k) is the primordial spectrum of ßuctuations,
and ! T ! (k, ! ) is the photon transfer function under the
transformation given in Eq. (6). The latter can be writ-
ten as

÷! T ! (k, ! ) =
! 1

0
da ÷ST (k, a, ! )j ! (k ÷" (a, ! )) , (9)

where ÷ST (k, a, ! ) is the photon source term, and ÷" (a, ! ) is
the comoving distance to scale factora in the presence of
the rescaled Hubble rate. The source term÷ST depends
on cosmological perturbations obeying Eq. (7) and on
the photon visibility function ÷g(a, ! ) = ! d/da(e! ÷" (a,# ) ),
where

÷#(a, ! ) =
! 1

a
da" !$ T ne

a"! H
= #(a, ! = 1) , (10)

hence showing that the visibility function, once expressed
in terms of the scale factora, is invariant under the scal-
ing transformation. This then ensures that

÷ST (k, a, ! ) = ST (k/ ! , a, ! = 1) . (11)

Similarly, we have ÷" (a, ! ) = " (a, ! = 1) / ! . We thus get

÷! T ! (k, ! ) =
! 1

0
da ST (k/ ! , a, ! = 1)

" j ! ((k/ ! )" (a, ! = 1))

= ! T ! (k/ ! , ! = 1) , (12)

and the CMB temperature spectrum takes the form

CT T
! (! ) =

!
dk
k

P(k)|! T ! (k/ ! , ! = 1) |2

=
!

dk"

k" P(! k")|! T ! (k", ! = 1) |2. (13)

Adopting the standard power-law primordial power spec-
trum P(k) = As(k/k p)n s! 1, where kp is the pivot scale,
and rescaling the scalar amplitudeAs # As/ ! n s! 1 we
can write this as

CT T
! (! ) =

!
dk"

k"

As

! n s! 1

"
! k"

kp

# n s! 1

|! T ! (k", ! = 1) |2

=
!

dk"

k" As

"
k"

kp

# n s! 1

|! T ! (k", ! = 1) |2

= CT T
! (! = 1) , (14)

hence showing that the CMB temperature spectrum is
indeed exactly invariant under the transformation
$%

G%i # !
%

G%i , $T ne # !$ T ne, As # As/ ! n s! 1
&

.

(15)
An entirely similar argument applies to the polarization
and cross spectra, implying that the primary CMB is
entirely unchanged under this transformation. Further-
more, matter clustering observables (e.g.$8) are also in-
variant under this transformation (following a very sim-
ilar argument to that presented above), which together

with the invariance of distance ratios also leaves the lens-
ing of the CMB unchanged. We thus conclude that
the observable CMB is completely invariant under the
above transformation. In what follows, we shall refer to
this scaling as the Free-fall, Amplitude, and Thomson
(FFAT) scaling.

Although our focus in this paper is on CMB power
spectra, the invariance of BAO observables, cosmic shear
power spectra, and matter power spectra under the FFAT
transformation can be easily demonstrated with the ar-
guments we have presented in this and the previous sub-
section.

C. Mirror world mimic of gravitational rate scaling

In our Universe, invariance under the FFAT scaling
transformation is broken by direct measurements of the
energy density of certain cosmological components. In
particular, the FIRAS [38, 39] measurements of the mean
temperature of the CMB photons today tightly constrain
the photon energy density, %$,0, hence preventing the
scaling transformation

$
G%i # !

$
G%i from being im-

plemented. To nonetheless exploit the scaling symmetry
while maintaining agreement with our knowledge of the
CMB thermal history, it is useful to consider a practi-
cal cosmological model containing a mirror world dark
sector (MWDS) (see e.g. Refs. [5, 9, 40Ð68]). As dis-
cussed in CGK, such a model can very closely mimic the$

G%i # !
$

G%i transformation while leaving the tightly
constrained visible radiation and matter budget of the
Universe unchanged. In this work, our main interest is
not in the MWDS as a plausible cosmological scenario
(see however Ref. [69]), but rather as a useful reference
model that can help us understand the origins of con-
straints on light relics. With this in mind, we brießy
summarize the properties of the mirror sector that are
most relevant to our work below.

The MWDS contains a copy of baryons, photons and
neutrinos in the dark sector. In this model, the relative
energy density ratios of the dark baryon, dark photons
and dark neutrinos are exactly the same as those in the
visible sector. The presence of the dark photons e" ec-
tively scales the photon gravitational free-fall rate while
respecting the FIRAS constraint on the mean temper-
ature of CMB photons. The addition of dark baryons
acts to increase the energy density in baryon-like mat-
ter (i.e. matter that cannot cluster prior to the epoch of
recombination) while keeping the photon-to-baryon ratio
unchanged in the visible sector. The addition of dark
neutrinos, or any other free-streaming particles, are used
to scale up the energy density of free-streaming species
while preserving the free-streaming fraction of relativistic
particles. That is, instead of scaling every component, we
alter the scaling transformation so as to Þx%b, %$ , and %%
while %x + %D

x # ! 2
'
%x + %D

x

(
wherex indicates baryons,

photons, or neutrinos and the superscript D denotes their
dark sector versions.Cyr-Racine, Ge, Knox, arXiv: 2107:13000, PRL 128, 201301 (2022)

Ge, Cyr-Racine, Knox, arXiv: 2210:16335
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Categorization of Causes of Light Relics Constraints
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SM-like atomic DM can exploit this scaling
transformation

1/26/23Francis-Yan Cyr-Racine, UNM 19

• This might be a way to address the Hubble tension.  

Chacko et al. (2005, a,b,c), Craig & Howe (2014), Craig et al. (2015), Farina (2015), Barbieri et al. 
(2016), Chacko et al. (2017), Csaki et al. (2017), Hochberg et al. (2017), Harigaya et al. (2017), Ibe
et al. (2019), Terning et al. (2019), Curtin & Gryba (2021), Blinov et al. (2021) and many more

Stranger Things



Atomic DM + photon scattering rate 
adjustment does leave CMB invariant

1/26/23Francis-Yan Cyr-Racine, UNM 20

Ge, Cyr-Racine, Knox, arXiv: 2210:16335



Hubble constant measurements as a 
calibrator of the dark sector
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Cyr-Racine, Ge, Knox, PRL 128, 201301 (2022)
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Prospects for DM-DR interaction with CMB-S4

CMB-S4 Science Book
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First look: Non-linear evolution of DAOs
• Mode-coupling erases acoustic oscillations over time
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Lyman-alpha: Non-linear evolution of DAOs
• They might survive long-enough to be observed at high redshifts 

in Lyman-alpha data
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A more systematic approach: Introducing some 
notation 

• Capture key features of DAOs with two parameters:
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Halo mass function in the presence of DAOs
• Halo mass function has a distinct shape than either CDM or WDM

Bohr , Zavala, Cyr-Racine+ (2021)
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Halo mass function in the presence of DAOs
• We also capture the correct redshift evolution

Bohr , Zavala, Cyr-Racine+ (2021)
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A new feature in the mass function

Early-universe 
scattering between 
dark matter and a 
relativistic species 
introduces a new 
DAO “feature” in 
the halo mass 
function.
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An interesting mass function shape

• DAO: Sowing confusion in the halo mass function! 
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21-cm global signal: Impact of DAOs
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21-cm global signal: Impact of DAOs
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Even more information contained in the 21-
cm fluctuation spectrum

Muñoz, Bohr, Cyr-Racine + (2021) 
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• It’s great to see everyone’s interest in atomic DM.
• Focusing only on its ab-initio effects, atomic DM has a 

rich impact on structure formation => DAOs, damping.
• Shape of DAOs is strongly influenced by the width of the 

DM drag visibility function. 
• Coupled to a mechanism to change the (regular) photon-

baryon scattering rate, atomic DM could play a key role in 
allowing the CMB to be consistent with a high ! ! "

• DAOs can leave interesting signatures in Lyman-alpha, 
the halo mass function, and 21cm (among others)


