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ABSTRACT: Atomic dark matter is a simple but highly theoretically motivated possibility
for an interacting dark sector that could constitute some or all of dark matter. We perform a
comprehensive study of precision cosmological observables on minimal atomic dark matter,
exploring for the first time the full parameter space of dark QED coupling and dark electron
and proton masses (ap, Me,,, My, ) as well as the two cosmological parameters of aDM mass
fraction fp and temperature ratio ¢ at time of SM recombination. We also show how aDM
can accommodate the (Hp, Sg) tension from late-time measurements, leading to a better fit
than ACDM or ACDM + dark radiation. Furthermore, including late-time measurements
leads to closed contours of preferred £ and dark hydrogen binding energy. The dark proton
mass is seemingly unconstrained. Our results serve as an important new jumping-off point
for future precision studies of atomic dark matter at non-linear and smaller scales.
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1 Introduction

The nature of dark matter (DM) is one of the foremost mysteries of modern particle
physics. All attempts to identify it through direct detection have been stymied by negative
results. Model-building efforts therefore focus on explaining the production, stability, and
lack of detection of dark matter so far, and exploring the possible intricacies of the dark
sector. The only hints about dark matter’s characteristics come from cosmological and
astrophysical measurements, which largely paint a picture of dark matter that acts like a
cold, collisionless fluid, leading to the primacy of the standard ACDM cosmological model.
However, dark matter could be much less minimal while still satisfying those constraints.
There are theoretical motivations for a non-minimal dark sector, including some solutions
to the hierarchy problem, as we discuss below. Furthermore, as we have entered the
era of precision cosmology, low-redshift measurements of some quantities affected by the



properties of dark matter have come into tension with the values inferred from high-redshift
cosmological observations within the ACDM model. All of this makes the exploration of
alternatives to minimal ACDM a high priority.

The Hubble constant, measured by the SHOES collaboration to be 73.04 + 1.04
km/s/Mpc [1], is in conflict with its inferred value from the Planck 2018 measurements
of the Cosmic Microwave Background (CMB) power spectrum, 67.4 + 0.5 km/s/Mpc [2].
This difference constitutes a > 5o tension. There is also tension in measurements of the
amount of large-scale structure in the universe. The tension is characterized through the
quantity og, which is defined as the root mean square of fluctuations in the matter density
contrast at the scale 8h=1 Mpc [3]. Often, the value Sg = og+/S2,/0.3, where Q,, is the
total matter abundance, is used instead to parametrize the tension. The value predicted in
the ACDM model from Planck measurements is 2 — 30 higher than the value measured in
various galaxy clustering and cosmic shear surveys [3—12]. The statistical significances of
these tensions vary, but as time passes without a resolution attributable to misunderstood
systematics or errors in the local measurements, solutions to these anomalies based on
physics in the dark matter sector have garnered increased attention (see e.g. [13, 14] for a
general overview).

In this paper we consider the class of dark sector model known as atomic dark mat-
ter (aDM), which has strong theoretical motivations tied to symmetries and naturalness,
distinctive phenomenology from cosmological down to astrophysical scales, and has been
recognized as having the potential to alleviate the aforementioned tensions [15-25].

The fundamental ingredients of aDM are a hidden U(1) gauge group (which we take
to be unbroken) and two fermions, neutral under the Standard Model (SM) gauge groups
and oppositely charged under the hidden U(1). The hidden U(1) photon and the fermions
can form a tightly coupled plasma in the early universe, before the fermions combine
into a hydrogen-like bound state as the universe cools. The mass fraction of aDM and
its temperature during SM recombination are taken to be free parameters. This defines
the 5D parameter space of the minimal aDM model, with three microphysical parameters
(ap, mey,, my,) and two cosmological parameters (fp, ANp).

A common way to address the Hubble tension is to introduce a species of dark radiation
(DR) to increase the Hubble rate at the time of last scattering, at the cost of increasing the
effective number of neutrinos Neg beyond the Standard Model value of 3.044 [26]. However,
adding dark radiation alone to ACDM leads to higher Sg, worsening that tension. Adding
interactions between the dark radiation and dark matter can lead to reduced growth of
structure in the early universe, addressing the Sg tension [27-29]. The atomic dark matter
model contains both of these ingredients. Atomic dark matter and its cosmological signa-
tures have been studied before [18, 19], but new, more precise observational datasets and
the emergence of the abovementioned tensions necessitate an updated analysis. Further-
more, the full five-dimensional parameter space of even the minimal atomic dark matter
model has not been fully explored.

The subject of this paper is therefore an analysis of precision cosmological constraints
on atomic dark matter, including Planck measurements of the CMB temperature and
polarization spectra as well as CMB lensing [30], measurements of the baryon acoustic



oscillation (BAO) feature [31-33], and Type Ia supernova lightcurves [34]. We also assess
the model’s capacity to alleviate the Hy and Sg tensions.

To make precise predictions of the CMB and matter power spectrum for comparison
with data, we augmented the cosmological Boltzmann-solving code CLASS [35] to solve
for the thermal history of the atomic dark matter sector, and include its effects on the
evolution of density perturbations in the early universe through the Effective THeory Of
Structure (ETHOS) formalism [36]. For model parameter values far from the Standard
Model equivalents, an accurate computation of the dark recombination and decoupling
requires significant modifications to the standard treatment in CLASS. We obtain con-
straints on the atomic dark matter parameter space by performing Markov Chain Monte
Carlo scans of the posterior distribution of the model parameters given various cosmological
datasets, using the MontePython code package [37].

We find that cosmological constraints on aDM without the late-time (Hy, Sg) measure-
ments are modest, but still significant. The primary constraint is on the scale at which
the atomic dark matter ceases to be dragged by the dark radiation. For an aDM fraction
of fp = 5%, the sound horizon at the time of the dark drag epoch is constrained to be
rpao S 10 Mpe. If rpao < 3 Mpe, fp up to unity is allowed by CMB data. Because
this scale is dominantly determined by the redshift of the dark recombination, this re-
quirement restricts how low m.,, and ap can be simultaneously, and how high the dark
sector temperature can be. Regardless of rpao, ANp needs to obey the usual constraint
ANp < 0.3 from CMB measurements [2]. Including late-time measurements demonstrates
that aDM accommodates the (Hy, Ss) tension better than ACDM with or without dark
radiation. To accommodate the late-time measurements, the aDM parameters conspire
such that dark recombination occurs around z ~ 3 x 10%. Additionally, ANp ~ 0.3 is
preferred. Our work therefore motivates further investigation of aDM signatures at later
times and smaller scales in this region of parameter space.

Our paper is organized as follows. In Section 2 we review the minimal atomic dark
matter model we study, alongside its theoretical motivation and current constraints. In
Section 3 we describe the effects of aDM on cosmological history and cosmological observ-
ables compared to ACDM. Section 4 presents our modified CLASS code which includes
aDM. Finally, Section 5 outlines the datasets we use to compare to computed cosmological
observables and show the new constraints on the aDM parameters as well as the extent to
which the model can alleviate the Hubble and Sg tensions. We conclude in Section 6.

2 Atomic Dark Matter Review

In this section we define our simplified minimal model of atomic dark matter, briefly review
how this scenario arises in more complete theories, and discuss some existing constraints
on the model.

2.1 Minimal Simplified Model

We consider the simplest model of atomic dark matter, where some fraction of the total
dark matter content of the universe is composed of fermions charged under a hidden U(1)



gauge symmetry with a massless gauge boson. In order to form dark atoms, the dark
sector must contain at least two fermions with equal and opposite charge. We will refer to
the heavier state as a dark proton pp, though we make no assumptions about its internal
structure, and the lighter as a dark electron ep. Due to their interaction with the U(1)p
gauge boson, which we identify as a dark photon and assume to be massless, the dark
proton and dark electron can form a bound state which we name dark hydrogen. The
model can thus be described by the Lagrangian

1 . o
LapM = _ZAWAW +ipp(I) — mypp, )pp + i€p (D — mep, )en (2.1)

where D, = 9, + iéA,, and we define a dark fine structure constant ap = &2/4r.

We make no assumptions about the production mechanism of the atomic dark matter,
other than requiring an asymmetric relic abundance and assuming that the energy density
of the aDM sector is dominated by the above particle content.! We assume the dark
sector only has gravitational coupling to the Standard Model in the cosmological study.
In order to accommodate the high degree of consistency of a wide variety of observations
with the ACDM paradigm while recognizing that a subdominant of dark matter could
have non-trivial self-interactions, we define a free parameter fp as the fraction of dark
matter energy density in the atomic dark matter sector, fp = Qupar/Qpar, with the
remaining dark matter being cold and collisionless. To comply with bounds on ANeg, we
allow the temperature ratio of the dark and Standard Model sectors at SM recombination,
& =Tp/Tsn to be a free parameter of the model. The dark sector can naturally be colder
than the visible sector if it comes from a less efficient reheating process than the visible
sector, or if more species became non-relativistic and annihilated in the visible sector than
the dark sector after decoupling. Several mechanisms for cooling the dark sector, including
through an asymmetric reheating, have been discussed in the literature [38-41].

By assuming that there are no other relativistic species in the dark sector, we can
make an equivalence between £ and ANp, the aDM contribution to ANeg:

4/3
ANp = <§> <141> ¢ x 44t (2.2)

Our minimal simplified model of atomic dark matter thus has five free parameters.
Three parameters describe the microphysics of atomic dark matter relevant to our analysis:

e the dark proton mass m,,,
e the dark electron mass m.,,,
e the dark fine structure constant ap.

Two further parameters describe the cosmological initial conditions of atomic dark matter
for the purpose of determining precision cosmological observables:

'If the dark proton is a bound state of some dark QCD, then additional dark nuclei might exist, analogous
to helium and heavier elements. In the special case of the Mirror Twin Higgs this was studied in [23]. We
defer a fully general analysis of this possibility to future work.



e the fraction of total dark matter that is composed of atomic dark matter, 0 < fp <1,

e the dark to visible temperature ratio today, taken to be 0 < ¢ < 1 (or equivalently
ANDp).

2.2 Embedding in motivated Theory Frameworks

Atomic dark matter as defined above is a simple dark sector theory constructed from a
small number of fields and interactions that all have close SM analogues, making it a
perfectly plausible model of dark matter in its own right, especially once it is completed by
adding one of many possibilities for producing an asymmetric relic abundance in the early
universe (see e.g. [42] for a review). However, it is important to note that aDM also arises
in theory frameworks that are highly motivated for orthogonal reasons.

Many theories consider the possibility that the SM is related to the dark sector by a
discrete symmetry [23, 28, 39, 40, 43-56]. This frequently gives rise to atomic dark matter
scenarios, either exact implementations of the above minimal model or generalizations
that include mirror neutrinos, or heavier dark nuclei. For example, the so-called mirror-
matter hypothesis assumes that dark matter is an exact Zo copy of the SM, with many
interesting cosmological and astrophysical consequences [48—-56]. One of the perhaps most
theoretically motivated possibilities are models of “neutral naturalness” such as the Twin
Higgs [23, 28, 39, 40, 43-47], that solve the little hierarchy problem by introducing a
dark sector related to the SM by a softly broken Zs which features a dark Higgs with a
modestly larger vacuum expectation value than the SM Higgs f ~ (3 — 7) x v. The result
is a particular realization of atomic dark matter making up some fraction of dark matter,
with twin neutrinos, dark helium, ap = agep but somewhat different masses and relative
abundances than in the SM sector, which can generate a variety of cosmological signatures
and alleviate the (Hp, Sg) tensions [23, 28]. However, only the cosmology of the perfect
Mirror Twin Higgs has been studied in detail [23], and more general implementations of
the Twin Higgs framework could realize different parts of aDM parameter space. This
connection to the hierarchy problem adds important motivation to our general study of
aDM precision cosmological signatures.

2.3 Existing Constraints

Compared to ACDM, atomic dark matter modifies cosmology and astrophysics in many
ways and at many scales. In early universe cosmology, the dominant effects are addi-
tional dark radiation from the dark photon (raising Neg) and dark acoustic oscillations
(DAO), modifying the matter power spectrum [18]. The most recent directly applicable
study of aDM in this context was performed almost a decade ago [19] (see also [57]).
That analysis combined the microphysical parameters into a single parameter Xpso =
ap(Bp/ eV) Hmy,/ GeV)~™Y/0 where Bp = a%me,/2 is the dark hydrogen binding
energy and mp, is the dark hydrogen mass, which determines the interaction rate be-
tween dark radiation and the interacting dark matter. The authors showed that for strong
DM-DR interaction, the fraction of atomic dark matter has to be less than ~ 5%, but
this bound rapidly disappears when Ypao < 1074, corresponding to m., > 3 MeV for



SM-like ap and my,,. Our paper extends and updates this analysis, which is motivated
for several reasons. First is simply to update constraints with the latest cosmological data,
which has greatly improved in precision in the last decade. Second is to understand the
constraints in the full aDM parameter space, including the three microphysical parameters
(ap,Mep, myp,). This is particularly important when the DM-DR interaction rate is not
very large (which includes SM-like values), in which case the atomic dark matter fraction
fp could be much closer to unity, as demonstrated by [23] for the subset of aDM parameter
space spanned by the Mirror Twin Higgs. An updated treatment also allows us to assess
to what extent aDM in full generality could address the (Hy, Sg) tension.

Going beyond linear early universe cosmology, aDM has a myriad of potentially dra-
matic effects spanning from galaxy cluster to stellar scales. However, due to the impracti-
cality of quickly evaluating the non-linear evolution of atomic dark matter, none of them
are currently appropriate for inclusion in this analysis. We provide a brief overview of them
here, referring the reader to several recent reviews for more information [14, 58-61].

On small cosmological scales, measurements of the Lyman-a forest and upcoming
measurements of the cosmological 21-cm signal are sensitive to modifications to the matter
power spectrum, and have been shown to be capable of constraining DAOs and other
interacting DM scenarios [57, 62-69]. The astrophysical signatures of aDM at cluster and
galactic scales manifest as modifications to the halo mass function, halo shape, or the
formation of dark disks [20, 21, 46, 55, 70-88], due to the dissipative and self-interacting
nature of aDM. At smaller scales, aDM can form exotic objects like dark or mirror stars [22,
82, 89-93], or black holes with masses that cannot be generated by SM astrophysics [94-96],
both of which could be detected in gravitational wave observatories. Additional signatures
are generated if the dark photon and the SM hypercharge gauge boson have a small kinetic
mixing. This includes visible signatures for mirror stars that accumulate SM matter from
the interstellar medium [89, 90], cooling of white dwarfs through accumulation of aDM
and emission of dark photons [22], and direct detection [46, 97].

While existing observations are sensitive to these effects, connections between aDM pa-
rameters and small-scale observables have not yet been formulated with sufficient precision
and generality to place constraints on the full aDM parameter space with these datasets,
particularly for a subdominant aDM fraction. Accurately computing the non-linear evolu-
tion of aDM and its effects down to low redshifts and small scales requires precise n-body
Magnetohydrodynamic (MHD) simulations. Fortunately, several efforts are underway to
make progress towards this goal, which will benefit from the cosmological constraints on
aDM parameter space we derive in our analysis. This also motivates public dissemination
of our modified CLASS-aDM code (Section 4), since it can supply the initial conditions for
these detailed baryon + CDM + aDM simulations.

3 Cosmological History

In this section we review the qualitative features of cosmological history with aDM. This
includes a detailed discussion on the thermal evolution of the dark sector, dark acoustic



oscillations and structure formation. While much of this is familiar from the SM, different
corners of the aDM parameter space lead to interesting new phenomena.

3.1 Dark Recombination and Decoupling

At temperatures much higher than the binding energy of the dark hydrogen, the dark
photons, dark electrons, and dark protons form a tightly coupled plasma in thermal equi-
librium, much like the Standard Model plasma before recombination. After the temper-
ature drops below the dark hydrogen binding energy, it becomes energetically preferable
for dark protons and electrons to combine into atomic dark hydrogen. The abundance of
free dark electrons begins to fall exponentially while the dark photon-baryon plasma is in
equilibrium, obeying the Saha equation

3/2
xQD — L % / e~ Bp/Tom (3.1)
1-— D np 27 ’

until the dark photons decouple from the atomic dark matter, at which point the free dark
electron fraction zp = nl’®/nigt freczes out, where np is the number density of all dark
protons and dark hydrogen combined. Ty is the atomic dark matter temperature.

The full equation governing the ionization fraction xp for Case-B recombination, with

negligible net recombination directly to the ground state, is

Tp = Z (I‘ggb’gg — nD:U%Agg) (3.2)

{=s,p

where Ayp and Boy are the effective recombination and ionization rates to and from the 2/
state of the atom, and x4y is the fraction of dark electrons occupying the 2¢ state [98-101].
Practically, this equation is solved in an effective multi-level formalism that accounts for
the transitions between intermediate, higher energy-level states [102].

After decoupling the dark photons begin streaming freely. If the atomic dark matter
parameters are similar to the Standard Model couplings and masses, this story proceeds
similarly to the Standard Model recombination. However, due to the broad range of dark
sector parameters we consider, the processes controlling the thermal and kinetic decoupling
of the dark photons from the dark matter can differ significantly from the SM case, and
many of the assumptions used for SM recombination calculations need to be checked.

If the dark fine structure constant ap is small enough or the atomic dark matter
number-density low enough, it is possible for the dark photons to decouple from the dark
electrons and protons before they have a chance to form dark hydrogen bound states, re-
sulting in a large fraction of dark electrons remaining uncombined. This happens when [18]

ap \6( &€\ (foQpmh*\ (mu, 1 ( Bp \ ' - »
— . 1 . .
(0.0073> <0.5> ( 0.11 ( GeV) kv ) ~20x10 (3.3)

This corresponds to a hidden charged dark matter scenario, in which self-interaction con-

straints are much stronger than for a dark sector which is neutral at late times. This corner
of parameter space is not our focus, since it is likely highly constrained, but the relevant



physics is accurately captured in our CLASS implementation for the parameter ranges we
consider.

In the Standard Model, the process keeping photons and matter in thermal equilibrium
until recombination is Thomson scattering between the photons and electrons. Decoupling
thus occurs roughly when the rate of energy exchange through Thomson scattering falls be-
low the Hubble rate. For an atomic dark matter sector with particle masses and couplings
that are far from Standard Model values, this is not always the case. If the dark sector is
cold enough or has small enough ap, photo-recombination cooling, photo-ionization heat-
ing, and Bremsstrahlung heating/cooling can dominate over Thomson scattering, keeping
the dark photons and dark matter in thermal contact for longer than expected from Thom-
son scattering alone. For parameter values where the freezeout dark electron fraction is
extremely low and the ratio me,,/m,, is moderate, Rayleigh scattering of dark photons
with dark atoms can maintain thermal equilibrium. These effects need to be taken into
account when computing the thermal history of the dark sector. The rates of these various
processes are given by Egs. 3.4 - 3.8 below [18, 100].

3
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The II; are the volumetric rates for each of these processes - Bremsstrahlung, photo-
recombination, photo-ionization, and Rayleigh scattering, respectively. Tp is the dark
photon temperature, Tpys is the atomic dark matter temperature, pp is the reduced mass
of the dark electron, ¢ = W, grr = 1.3 is the Gaunt factor, Fj,_; and F,_, are
numerical functions of the dark sector temperatures, and ( is the Riemann zeta function.

The Boltzmann equation governing the temperature evolution of the atomic dark mat-

ter is [18, 100]

dTpm 1 Q(Hp_r—Hp_i—Hff—l-HR) Tom —Tp
=—02T I'p————
oy g U+ e HG) T HGE)

dz 14z (3.9)

As long as any of the processes described above exchanges energy between the dark matter
and dark radiation at a rate higher than Hubble, the two stay in thermal equilibrium
at the same temperature. Once these processes all cease to be efficient, the dark matter
temperature Tpys starts evolving adiabatically, and decreases faster than the dark photon
temperature Tp. Rayleigh scattering and photo-ionization can also affect the opacity of the
dark plasma, reducing the mean free path of dark electrons and delaying kinetic decoupling.
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Figure 1: Dark ionization fraction as a function of redshift for different parameter choices
in the atomic dark matter sector.

As we discuss in Section 4, these additional effects have been included in our mod-
ified CLASS code, with the exception of the photo-recombination and photo-ionization,
due to computational issues. Fortunately, this omission does not significantly change the
thermal evolution of the atomic dark matter, due to the parametric similarity between the
Bremsstrahlung and photo-heating rates. This issue is explored in more detail in Section 4.

To guide the reader’s intuition for the dependence of the recombination history in the
dark sector on the model parameters, Fig. 1 shows the evolution of the free dark ionization
fraction . for a variety of choices of atomic dark matter parameters. The redshift of the
dark recombination is controlled primarily by Bp/{. Higher binding energy and lower
temperature ratio give an earlier recombination, as the green, brown, and purple curves in
Fig. 1 show. Higher mp,, corresponding to lower atomic dark number density, leads to
earlier freeze-out due to lower Thomson scattering rate, and higher residual zp. Higher fp
has the opposite effect, since the number density increases. Varying these five parameters
can lead to wildly different ionization histories, with arbitrary redshift of recombination

and freeze-out ionization fraction.

3.2 Structure formation

Once the thermal and ionization history has been solved for, the evolution of density
fluctuations in the dark sector can be determined. The Boltzmann equations governing the



evolution of the dark photon perturbations, in conformal Newtonian gauge, are:

) 4 )

Oyp + §07D —49=0 (3.10)
. 1 1
Ovp + kQ(F’YD,Q - Zd’m) - ka = _E(G’YD — 0b) (3.11)

o= %’il((f + D)o+ (1= OF,, 1) = ;agFA,Dvg, (for £>2)  (3.12)
0; is the density fluctuation of species ¢, §; is the divergence of the velocity, and F,, is the /-
th moment of the dark photon temperature perturbation. k is the comoving wave number
of the perturbation. The factor oy is related to the angular structure of the scattering
cross-section between the dark photons and fermions. For atomic dark matter, as = 9/10,
ap>3 = 1. ¢ and 1) are the gravitational potentials. The Boltzmann equations governing

the evolution of the dark proton perturbations are, following the notation of [103]:

dp+0p —3p=0 (3.13)
G‘D—FQQD—CZ k25D—]€21/J=—4pii(9D—9 ) (3 14)
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Tp is the opacity of the dark plasma. For the Standard Model, it typically is computed
including only Compton scattering. For atomic dark matter, we also include the contribu-
tions of Rayleigh scattering and photo-ionization, so that 7p is defined as

-1 —1 —1 1
™D = 7—Compton + 7—Rayleigh + 7—p—i (3'15)
m 2
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where o1 p is the Thomson cross-section 87ra2D / 3sz- By numerically solving these cou-
pled equations, we can accurately predict the evolution of density fluctuations and observe
the dark acoustic oscillations imprinted on the matter power spectrum.

3.3 Dark acoustic oscillations

Before dark recombination, if the dark photons and dark fermions interact strongly enough,
they can form a tightly coupled plasma, just as the Standard Model photons, electrons, and
baryons do. Perturbation modes that enter the horizon before the dark plasma decouples
begin oscillating, as gravitational collapse competes with the dark photon radiation pres-
sure. The modes stop oscillating when the dark photons decouple, and the perturbations in
the atomic dark matter begin growing linearly with a during matter domination, like cold
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Figure 2: Linear evolution of one mode for CDM, aDM, and baryons. The dashed lines
show the evolution of CDM and baryons in the ACDM + ANy model, demonstrating the
suppression of structure from DAO in aDM.

dark matter. Since different modes have different phases based on when they entered the
horizon, the oscillations are imprinted on the matter power spectrum, exactly as baryon
acoustic oscillations are. Also, since some fraction of dark matter is tied up in the oscillat-
ing plasma at early times, the total dark matter perturbations do not grow as quickly as
in ACDM, leading to a suppression of the matter power spectrum for modes that enter the
horizon before the dark plasma decoupling. This behaviour is shown in Fig. 2, which tracks
the evolution of perturbations in the baryons, atomic dark matter, and cold dark matter
at k = 1Mpc~! as a function of redshift, and compares to the evolution of perturbations
in ACDM. Both the dark acoustic oscillations and baryon acoustic oscillations are clearly
visible, as is the suppression of the growth of the perturbation relative to ACDM. These
dark acoustic oscillations are the most distinctive signature of this model. They imprint
themselves on the matter power spectrum, and can couple to the Standard Model photon
temperature fluctuations through the gravitational perturbations.

3.4 Cosmological Observables

In this section, we discuss the features of the aDM model in the matter power spectrum
and CMB. This will help us in understanding the results of Section 5, in which scans of
the posterior distribution of the model parameters with respect to various datasets are
discussed.

- 11 -
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Figure 3: Linear matter power spectrum in aDM relative to ACDM+A Ngg. Dark acoustic
oscillations are visible. The baseline model corresponds to fp = 0.1, ANp = 0.1, m,,,, =
1 GeV, me, =1 MeV and ap = 0.01

3.4.1 Large Scale Structure

The direct effect of an atomic dark sector can be observed in large scale structures (LSS).
aDM modes that enter the horizon before decoupling oscillate rather than grow. This leads
to a suppression in the power spectrum compared to the ACDM model at scales smaller
than the horizon at the decoupling epoch. In addition, different modes stop oscillating at
different phases, leading to oscillatory features in the linear power spectrum as well. In
Fig. 3, the ratio of linear matter power spectrum in the aDM model is plotted with respect
to ACDM+AN.s model. As expected, the matter power spectrum at large k-modes is
suppressed as compared to the ACDM+A Ng model. These are the modes that enter the
horizon before the dark recombination. Note that the suppression is directly proportional
to (1 — fp)? and agrees with the analytical calculations of Ref. [28]. In addition to the
overall suppression, we also see oscillations in the ratio of the matter power spectrum,
which capture the phase of different k-modes at dark recombination.

1 non-linear effects mix and re-distribute pertur-

For scales larger than k ~ 0.1h Mpc™
bations among higher k-modes, which would wash-out the oscillatory feature in Fig. 3 [104—
106]. For instance, Ref. [107] shows that the dark acoustic oscillation features in the matter
power spectrum can be washed out at redshift below z ~ 1 using N-body simulations. How-
ever, future surveys such as the Euclid [108] mission and the LSST/Vera Rubin Observa-

tory [109] can be sensitive to the matter power spectrum with z > 1. This gives a chance to
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probe the oscillatory feature of the matter perturbation. Moreover, the oscillatory feature
can also remain in the halo mass function [107].

In this work, we only calculate the matter power spectrum of the aDM model with
linear Boltzmann equations. This gives a reasonable approximation of the CMB signals we
consider since the /-modes within the Planck sensitivity mainly come from perturbations
with & < 0.1h Mpc~!. We do include cosmic shear measurements of the matter power
spectrum from the KiDS+VIKING-450 (KV450) dataset in some of the MCMC studies,
but in order to minimize the effect of non-linear corrections, we only use this dataset for
k < 0.2h Mpc~!. With this restriction, we find that the KV450 data does not change
the constraints on aDM parameters by much, as shown later in Fig. 10. When presenting
bounds on the aDM parameters, we plot the energy density ratio all the way to fp =
1. If fp ~ 1, the dark acoustic oscillations may suppress the matter power spectrum
significantly, and the result may violate bounds from the Lyman-« forest [64] and sub-halo
mass function (SHMF) [110] measurements. However, the calculation of the Lyman-a and
SHMEF bounds for the aDM model is beyond the scope of this work. When fp > 0.1, one
should take our bound with caution since the scenario can be further constrained by these
other observations.

3.4.2 CMB

A subdominant effect of the aDM sector, but one with much more constraining power, can
also be observed in the CMB, which leads to less than O(1%) changes in the CMB power
spectrum compared to the ACDM model. Though small, these changes are within the reach
of the current precision of the CMB measurements by the Planck collaboration [2, 30].
While the constraints on the aDM parameter space from the Planck data are discussed in
the next section, here we provide qualitative arguments on the relationship between aDM
and the CMB.

In Fig. 4, we show the temperature anisotropies for the aDM model with respect
to those in the ACDM+A N model, for a variety of aDM parameters. Note that the
highest deviations in the figure are O(1%) and are much smaller than those on the mat-
ter power spectrum. These deviations are primarily due to scattering dark photons and
suppressed gravity perturbations in the aDM model. Unlike free-streaming radiation in
the ACDM+A N model, the dark photons in the aDM model are fluid-like until recom-
bination and free stream after that. This leads to a phase shift in the photon density
perturbations (d,) and thus, in C}7 [111-114]. On the other hand, the suppressed gravity
perturbation due to DAO changes the amplitude of d, by shifting the equilibrium point of
the oscillations, which is driven by the tug-of-war between the gravitation pull and radi-
ation pressure. See Ref. [23] for more discussions on the DAO modification of the CMB
spectra.

A combination of the above mentioned effects lead to the deviations we observe in
Fig. 4. On increasing fp, the gravity perturbations are more suppressed, leading to a
bigger shift in the equilibrium point of ¢, oscillations and thus, bigger deviations in CKTT.
On the other hand, a smaller ANp, higher m.,, or higher ap all lead to an earlier re-
combination, and thus, the C’ZTT spectra for these cases are closer to the ACDM+A Nqg
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Figure 4: CMB temperature power spectrum relative to ACDM + AN.g. As before, the
baseline model corresponds to fp = 0.1, ANp = 0.1, mp,, =1 GeV, me,, = 1 MeV and
ap = 0.01.

model. Interestingly, increasing m,,, from 1 GeV to 10 GeV has minimal impact on the
CMB spectrum.

4 aDM CLASS Code

We implemented an atomic dark matter sector in the cosmological Boltzmann code CLASS,
building on a previous version which was specific to the Mirror Twin Higgs model, which
is available here.? The code allows for the model parameters fp, &, Mep, My, and ap
to be given as inputs to CLASS. Our code is public and can be downloaded here.> We
first solve the thermal and recombination history of the atomic dark matter, and use this
information to compute the opacity of the dark plasma to dark radiation, which enters into
the Boltzmann equations for the evolution of density fluctuations.

The dark sector recombination is computed by initially allowing the dark ionization
fraction to evolve as determined by the Saha equation Eq. 3.1 instead of the full Boltzmann
equation, due to the stiffness of the Boltzmann equation for the dark ionization fraction
while the dark plasma is in thermodynamic equilibrium at early times. At a redshift
determined by the time when the dark plasma begins to depart from equilibrium, the dark
ionization fraction switches to being evolved using the full Boltzmann equation 3.2 in the

’https://github.com/srbPhy/class_twin
3https://github.com/jp-barron/class_adm-3.1.git
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effective multi-level atom approximation, handled by the code HyRec 2.0 [101, 102, 115].
We use an extended table of recombination coefficients with the effective number of levels
taken into account equal to infinity by computing the recombination coefficients numerically
for large n values® and extrapolating to infinity by fitting to the formula

An(Tp, Toar) = Aie(To, Toar)(1 — (T, Tpag)/n TP Toan)y (4.1)

for each temperature value. We thus are using the most accurate available recombination
coefficients. This extension is necessary because the table of recombination coefficients used
by HyRec does not reach to sufficiently high enough temperature/binding energy ratios to
capture the recombination behaviour of the atomic dark sector for all parameter choices.

To maintain the stability of the code across the wide range of possible recombination
and decoupling histories, the redshift at which the switch from Saha to Boltzmann occurs
is defined as follows: if the dark photons and atomic dark matter thermally decouple
before xp would decrease to 0.999, the switch to Boltzmann evolution is triggered when
I'p falls below 100H. If the decoupling happens near the time of recombination, the switch
occurs when xp = 0.999. Finally, if the dark plasma is in equilibrium long past dark
recombination, the Saha equation is used until p = 10~7. These choices were tested
extensively to ensure that the code accurately computes the dark ionization history even
for very early or late decoupling of the dark plasma, including for the entire range of
parameter values defined in section Sec. 5.2.1 that we use in our scans.

The thermal coupling of the dark radiation and atomic dark matter was computed using
a quasi-static approximation in the high-temperature limit, as is usual in CLASS, for stabil-
ity of the code when the Boltzmann equation is very stiff. However, because non-Thomson
processes can dominate over Thomson scattering and keep the atomic dark matter in ther-
mal equilibrium with the dark photon bath, the default CLASS treatment needed to be
augmented. We included the effects of Rayleigh scattering and free-free (Bremsstrahlung)
scattering as well, as described by (3.8) and (3.5). After the highest of the three scattering
rates falls below 2000 x Hy, the temperature evolution is calculated using the full Boltzmann
equation (3.9). This threshold was chosen empirically to maintain the stability of the code
for a wide range of input parameters. The photo-recombination and photo-ionization pro-
cesses were not included in the version of the code used for this analysis, due to numerical
instabilities in the cancellation of the two terms for general atomic dark matter parameter
values. However, we are confident that this has little effect on our results. This is because
the time of thermal decoupling is determined by whether any energy-exchanging process
is proceeding efficiently, not the exact rate, and the Bremsstrahlung scattering rate has
the same parametric dependence as the photo-heating processes. Therefore, when these
processes are dominant, the redshift where the Bremsstrahlung rate drops below Hubble is
very close to the redshift where the photo-heating rates drop below Hubble. The impact
of the omission of the photo-heating processes is therefore negligible. We have confirmed
that our code closely reproduces the aDM temperature evolution shown in [18] for a choice
of parameters where Bremsstrahlung and photo-heating control the thermal decoupling,
while only including Bremsstrahlung.

4We thank Yacine Ali-Haimoud and Nanoom Lee for providing helpful code.
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ETHOS || DR X KDR—DM ’%X Ci Q=2 | Qy>2 EDR—DR | Be
aDM | yp | Hp | -4 | -22rpl || 9/10 | 1 0 0

Table 1: Conversion between ETHOS and aDM parameters.

The evolution of dark matter perturbations are handled by the Effective THeory Of
Structure (ETHOS) framework in CLASS. After the dark ionization fraction and atomic
dark matter temperature evolution are calculated, the built-in ETHOS implementation in
CLASS is used, and the atomic dark matter is treated as a sector of interacting dark matter
and dark radiation. The opacity & of the dark sector is set by the Thomson, Rayleigh, and
photo-ionization scattering rates. The conversion from aDM parameters to those used by
ETHOS is outlined in Table 1.

There are several assumptions underlying the usual SM recombination calculation
which are also made in our aDM recombination calculation, but may break down far from
SM parameter values. We include flags in the code that warn when one or more of these
assumptions are violated. For very low number densities or weak coupling, violating the
bound in 4.2, recombination can fail to be Case-B dominated, and the net rate of recombi-
nations to the ground state can be significant, which would necessitate the use of a Case-A
recombination coefficient. For an extremely cold dark radiation bath or large dark fine
structure constant violating the bound in 4.3, the energy injections from recombination
and other processes can significantly contribute to the radiation energy density, disrupting
the assumption that the dark photons are thermally distributed [18]. Finally, collisional
recombination can contribute significantly to the net recombination rate for a sufficiently
cold or weakly coupled dark sector, if the bound in 4.4 is violated. When any of these
bounds are violated, our CLASS code can no longer be trusted to accurately compute
the dark recombination correctly. Including these effects in the CLASS-aDM code is left
for future work. The aDM parameter ranges used in our parameter scans were chosen to
respect these bounds down to at least fp = 1072 and ANp = 1074,

apfed2 fr (%) (Ze]i/)_l < 2.5 x 10% (4.2)
2000k ¢4 (%)4 (’Z\? ) T <oa (4.3)
apg ( ZZI{/) fpt>10"10 (4.4)

With these modifications, our version of CLASS can compute CMB and matter power
spectra for very wide ranges of aDM parameter choices, including fp and ANp from 0 to
1, and masses and couplings spanning many orders of magnitude, see Section 5.2.1.
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5 Cosmological Constraints

In this section we compare the predicted CMB spectrum, matter power spectrum, and
Hubble rate within the atomic dark matter model with real observations in order to compare
it to ACDM, with and without an arbitrary amount AN.g of dark radiation, and derive
the best-available current constraints on aDM model parameters. We find that aDM is
quite unconstrained without late-time Hy and Ss measurements, but when adding these
constraints we find that aDM parameters have to fall into well-defined windows.

5.1 Datasets

To evaluate the constraints on atomic dark matter from cosmological observations, we
included the following experimental datasets in our analysis.

e From the Planck 2018 release, we use the high-¢ TTTEEE, low-¢ EE, low-£ TT, and
lensing datasets [30].

e We include the measurements of the BAO feature by various galaxy surveys, reported
as Dy /rs by 6dFGS at z = 0.106[31], by SDSS in Data Release 7 at z = 0.15[32],
and by BOSS in Data Release 12 at z = 0.2 — 0.75[33].

o We also include the Pantheon supernova likelihood, which constrains the relationship
between redshift and distance at low redshift. [34].

e To compare the impact of atomic dark matter with direct measurements of large-scale
structure, we use the KiDS+VIKING-450 cosmic shear dataset [3], with a cut-off at
k = 0.2h Mpc~! to minimize exposure to the non-linear regime.

e To quantify the Hubble tension and examine the impact of including direct measure-
ments of Hy on the preferred parameter space, we use the most recent measurement
of the Hubble constant using distance ladder methods by the SHOES collaboration,
Hy = 73.04 +1.04 km/s/Mpc][1].

e To test the model’s capacity for addressing the Sg tension, we use the measurement
from the KiDS-1000 survey, which was determined through a multi-probe analysis of
cosmic shear, galaxy clustering, and galaxy-galaxy lensing [9]. This analysis found
Ss = 08/ /0.3 = 0.766f8:8%2, reported as being in 2 — 30 tension with Planck.

We obtain constraints with two different combinations of datasets. Our baseline
set of datasets is the Planck, BAO, and Pantheon measurements, which we refer to as
Planck+BAO+Pantheon. We use this set of experiments to set robust constraints on the
atomic dark matter model parameters in Section 5.2.1. To explore the impact of including
large-scale structure measurements on those constraints, we add the KV450 dataset to our
baseline dataset in Section 5.2.2. We find this to have minimal impact. To quantify the im-
provement that atomic dark matter can yield in the Hy and Sg tensions simultaneously, we
add the SHOES and KiDS-1000 measurements to the baseline datasets in Section 5.2.3, and
show the parameter values and bounds that are required to best fit those measurements.
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5.2 Results

We ran Markov Chain Monte Carlo scans using the code Monte Python 3.5 [37] to sample
the posterior distribution of the atomic dark matter parameters given the various combi-
nations of datasets outlined in Section 5.1. From those scans, we extracted contours of
68% and 95% confidence level, showing the preferred regions of parameter space. We also
report the best-fit and mean values, along with minimum y? values for various parameters
when relevant. Because the atomic dark matter model reduces to ACDM + AN.g in the
limits fp — 0, Bp — oo, and reduces to ACDM if in addition ANp — 0, two-dimensional
projections of scans over all five parameters are largely uninformative when ACDM fits the
data well. Almost any choice of two out of the five parameters will appear allowed, since at
least one of the parameters being marginalized over will include the ACDM-like limit. We
can nonetheless obtain robust constraints on rppo. While we use five-dimensional scans
to demonstrate how well aDM can address the Hy and Sy tensions simultaneously, we use
three-dimensional scans with two aDM model parameters held fixed at a time to illumi-
nate the features of the constraint contours and how they depend on the microphysical and
cosmological aDM parameters.

5.2.1 Planck + BAO + Pantheon

We first show the results of full 5-dimensional scans using the baseline datasets. In all
scans we use use flat priors on the six standard ACDM cosmological parameters

{wWp, Wam, b, In(10'° Ay), ng, Treio}. For the aDM parameters, we use linear priors on fp €
[0,1], ANp € [1074,1], and ap € [0.005,0.1].> We use log priors on my,, € [1,1000] GeV
and m., € [0.02,100] MeV. These bounds were chosen to avoid the regimes where basic
assumptions about the thermal history of the atomic dark matter break down, as described
in 4. These parameter ranges allow the aDM sector to vary from acting completely CDM-
like to having large impacts on the cosmological history due to DAO, with the redshift of
dark recombination able to vary from z ~ 10 — 10°.

In Fig. 5 we show the two-dimensional projections of the posterior distribution of
the fit of the aDM model to the baseline dataset. It is immediately clear that the only
individual parameter of the model that can be robustly constrained by this scan is ANp <
0.3, corresponding to & < 0.5, which is expected from any model with free-streaming
dark radiation to be consistent with Planck data. In addition, we can constrain rpao.
Marginalized over all five model parameters, we obtain the bound rpao < 5.2Mpc at 95%
confidence.

From the m., — fp and ap — fp planes, we can see hints that fp near unity is less
preferred for low m., or ap. From the fp — ANp plane, we see that O(1) atomic dark
matter fractions can lie within the 68% confidence region for some parameter values, and
that the upper bound on ANp generally decreases as fp increases. Finally, the value
of m,,, appears to have little effect on constraints on the other model parameters. The

5The lower bound on ap avoids numerical issues in CLASS due to very late dark recombination. We
leave detailed exploration of this extremely weakly coupled regime for future work.
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Figure 5: Two-parameter projections of constraints on all five aDM parameters using the
baseline dataset Planck + BAO + Pantheon. Dark and light blue show 68% and 95%
confidence level contours. Apart from the expected ANp < 0.3, corresponding to £ < 0.5,
no combination of two parameters is significantly constrained while marginalizing over the
others.

high degree of degeneracy between model parameters in their effects on the CMB power
spectrum makes it difficult to extract more detailed aDM constraints from this scan.
While not very informative about constraints on any individual aDM parameter, the
full five-dimensional scan is well-suited to examine the preferred region of Hy and Sg
under the aDM model, and compare to both ACDM and ACDM + AN.g. To examine the
impact of the choice of priors, we perform scans with two different parametrizations of the
additional radiation for the ACDM 4+ AN¢g and atomic dark matter models. First, we use
a flat prior on ANp, or ANgg. In the second scan, we scan over the temperature ratio
¢ with a flat prior in the range [1073,1]. To match the fact that we scan over ¢ in the
aDM model, we parametrize ANyg = 4.403£§H and scan over &g with a flat prior from 0
to 1. Which choice one deems more natural depends on theory bias. If the temperature
asymmetry is generated through the preferential decays of a heavy right-handed neutrino
to the Standard Model as in the vYMTH [39], then ANg scales with the branching ratio
of the heavy particle to the dark sector, suggesting that a uniform prior on AN.g may be
a natural choice. On the other hand, in an asymmetrically reheated Mirror Twin Higgs
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Figure 6: 68% and 95% confidence level contours for Hy and Sg under ACDM, ACDM +
ANgg, and atomic dark matter using the baseline dataset Planck + BAO + Pantheon.
Left: Uniform prior for £, {g. Right: Uniform prior for ANp, ANgg.

with a scalar reheaton, the dependence of AN.g on the branching ratios of the particle
generating the asymmetry is highly non-trivial, and AN.g values spanning several orders
of magnitude are realizable depending on model parameters [40, 116]. It is therefore also
reasonable to use a prior that explores the low-AN.g regime more thoroughly.

Fig. 6 shows the marginalized posteriors for ACDM, ACDM + AN.g, and aDM in the
Hy-Sg plane, along with the 1- and 2-0 preferred bands of Hy from SHOES and Sg from
the KiDS-1000 joint analysis. The left plot uses the uniform prior on £, while the right
plot uses a uniform prior on ANp. Unsurprisingly, the allowed region is smaller for the
scan with flat prior on £ than ANp, due to the larger volume weighting of £ values that
correspond to extremely small AN.g, and therefore smaller Hy. The minimum x? for the
three models are all extremely close in value, approximately equal to X?nin = 3810. We
also see that the aDM contours line up closely with those of ACDM + ANgg, with a hint
that slightly smaller Sg values are also allowed for Hy ~ 69 km/s/Mpc. This indicates that
the fit to these data does not have a strong preference for a non-zero amount of aDM, and
that only the dark radiation component of the aDM model is preferred, to a small extent.
As expected, both the ACDM + A Neg and aDM best-fit regions contain the ACDM region,
since they both can reduce to ACDM in appropriate parameter limits. By allowing extra
radiation, aDM and ACDM + A N.g can reach higher Hy values than ACDM, but the 95%
confidence regions of all three models are in severe tension with the local measurements
of Hy and Sg. We will later show how including local measurements of Hy and Sg affect
these regions, and the goodness of fit of each model.

To show the nature of the constraints on the total amount and temperature of the
atomic dark matter, we show in Figure 7 the results of scans holding the dark proton mass
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Figure 7: 68% and 95% confidence level contours on aDM parameters with the baseline
dataset, for fixed values of m,, and ap. Left: For dark proton masses from 0.1 to 1000
GeV for ap = 0.073, demonstrating that constraints depend very little on m,,,. Right:
For ap = 0.0073,0.073 with m,, = 10 GeV.

and dark fine structure constant fixed. The dark electron mass, which controls the epoch of
dark decoupling, is also allowed to vary. Here the priors on fp and £ are linear priors, and
log;(me,/ GeV) € [10717,102] MeV is again sampled with log priors. We use a flat prior
on ¢ instead of ANp here to show how the bounds on & vary with the dark QED coupling.
This also clarifies the behavior of the bounds at low temperature. Fixing microphysical
parameters (rather than cosmological parameters fp, {) means that the ACDM limit is
included in each of these 3D scans, meaning the 68% and 95% contours can be regarded as
true constraints under the assumption that the best-fit points should fit the data at least
as well as ACDM.

Figure 7 (left) shows constraints for three very different fixed values of m,,, while
Figure 7 (right) considers three different values of ap, corresponding to 1, 3, and 10 times
SM-like dark QED coupling. We see that as m,, increases, £ and fp transition sharply from
being extremely constrained to saturating the Planck bound on ANgg < 0.3 and allowing
unity aDM fractions. The value of m,, has almost no impact on the allowed regions for
the free parameters of the scan, so we can focus on the ap dependence, which is significant.
Higher ap, corresponding to higher Bp and therefore earlier dark recombination, allows
for a larger range (i.e. smaller lower bound) of dark electron masses where bounds on fp, &
are weak and dominated only by dark radiation. The 95% C.L. upper limit on rpao in
these scans has little dependence on my,, varying from ~ 3 to ~ 4 Mpc as m,,, varies
from 1000 down to 1 GeV. As ap increases from 0.0073 to 0.073, the upper bound on rpao
decreases from 6.5 Mpc to 3.2 Mpc. This dependence is weaker than linear, indicating that
the bound on the DAO scale is fairly insensitive to the microphysics parameters.
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Figure 8: 68% and 95% confidence level contours on aDM parameters with the baseline
dataset Planck + BAO + Pantheon, for fixed values of fp and &.

The dependence of the allowed m., values on ap highlights that CMB data are mostly
sensitive to the sound horizon of the dark plasma at the time when the dark photons
decouple from the dark protons and electrons, or equivalently the scales at which dark
acoustic oscillations can impact the growth of density perturbations in the dark and visible
sectors. For early enough decoupling, the dark acoustic oscillations do not impact scales
observable in the CMB.

We also performed scans with fixed fp and £ to show how ap and m,,, are constrained
in combination as well as the upper bound on rpao for specific fp values of interest. While
the ACDM limit is not realized in these scans, we find that for £ = 0.3, corresponding to
ANqg = 0.036, the minimum x? is within ~ 1 of the minimum x? for ACDM. We therefore
take the derived constraints at face value. Figure 8 shows the resulting 2D constraint
contours. The constraints on rpao are as follows: For fp = 0.01, £ = 0.3, rpao < 23.2
Mpc at 95% confidence. For fp = 0.05, £ = 0.3, rpao < 10.4 Mpc at 95% confidence. For
fp=1,£=0.3, rpao < 2.9 Mpc. These limits are shown in Fig. 9.

5.2.2 Planck + BAO + Pantheon + KV450

Through DAOs, atomic dark matter can impact not just the CMB but also the matter
power spectrum, and therefore measurements of large scale structure in the universe. Be-
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Figure 9: Upper limits on rpao at 95% confidence level with the baseline dataset Planck
+ BAO + Pantheon. Limits were found for three values of fp, with & = 0.3, equivalent to
ANeg = 0.036. The linear fit is only to illustrate the trend of the limit as a function of fp.

cause there is currently no fast, reliable calculation of the non-linear evolution of aDM
perturbations, it is unwise to compare the predictions of the linear matter power spectrum
to observations in the non-linear regime, k£ = 0.1h/Mpc. Here we show the result of in-
cluding the cosmic shear tomography dataset from KiDS+Viking 450 [3] along with the
baseline datasets in our fit, including data only up to & = 0.2h/Mpc to limit exposure to
the non-linear regime. Because of this limitation, the impact on the constraints we derive
is small, as exemplified by Fig. 10, where we show the result of a three-dimensional scan
over fp, ANp, and m,. The constraints on all three parameters are almost identical with
or without the KV450 data.

5.2.3 Planck + BAO + Pantheon + SHOES + KiDS-1000

To assess how much atomic dark matter can relieve the Hy and Sg tensions simultaneously
relative to ACDM with and without dark radiation, we sample the posterior for each
model including the baseline dataset, the SHOES measurement of Hy, and the KiDS-1000
measurement of Sg. These last two likelihoods are implemented as asymmetric Gaussians
using the quoted best-fit values and uncertainties. The priors for the ACDM and atomic
dark matter parameters are the same as for the scans using only the baseline dataset.
The two-dimensional marginalized posterior in the Hy — Sg plane is displayed in Fig. 11.
While the best-fit regions for all three models are pulled to higher Hy and lower Sg than
with only the baseline dataset, the aDM 95% confidence region is larger and pulled much
further than both ACDM and ACDM + ANgg. In particular, the ACDM + A Ng region
is pulled to higher Hy than ACDM, but not lower Sg, demonstrating that free-streaming
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Figure 10: Constraints on fp, ANp, and m.,, for fixed m,, = 10 GeV and ap = 0.073,
computed with and without the KV450 cosmic shear dataset. The confidence level contours
change little when the KV450 data is included, likely due to our exclusion of the non-linear
regime.

dark radiation alone cannot resolve both tensions at once. It is the interactions between
the atomic dark matter and dark radiation that allow the model to fit a lower Sg.

We summarize the best-fit and mean cosmological and aDM model parameters in
Table 2, as well as the minimum x? values for each model, and breakdown by experiment.
The minimum x? for the aDM model is lower than for ACDM and ACDM + A N.g, but not
enough to claim a significant preference for the model. Figure Fig. 12 shows the constraints
on the aDM model parameters with the local measurements included. We see that the 95%
confidence level contours for ANp are now closed from below, and that there is a preference
for values of m.,, and ap that lie along a particular contour, corresponding to a best-fit
Bp ~ 10*3 eV. The mean and 1-o range for log;,(Bp) is —5.96f(1):?9 GeV. Figure Fig. 13
shows the constraints in the space of ANp and Bp.

A non-zero amount of dark radiation is clearly preferred by the local measurements,
and a particular dark binding energy is picked out, but there is no clear preference for
a non-zero amount of atomic dark matter. While not preferred by CMB and BAO data
alone, an atomic dark matter sector can reduce the Hp and Sg tensions by significantly
broadening the range of Hy and Sg values that fit the data well within the model. It is
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Figure 11: 68% and 95% confidence level contours for ACDM, ACDM+ AN.g, and atomic
dark matter using Planck, BAO, Pantheon, SHOES, and the KiDS-1000 measurement of
Ss, demonstrating the extent to which aDM can resolve the (Hy, Sg)-tension.

interesting to note that the required range of ANp lies exactly in the natural range given
expected entropy injections in the visible sector after SM-aDM decoupling.

6 Conclusion

Atomic dark matter is a simple theory for a dark sector that could account for some or
all of our universe’s dark matter abundance. It is highly theoretically motivated, since it
could arise in dark sectors related to the SM by some discrete symmetry, which includes the
Twin Higgs family of solutions to the hierarchy problem. The presence of dark radiation
and dark acoustic oscillations also motivate aDM as a candidate to resolve the (Hp, Ss)
tension. Indeed, the self-interacting and dissipative dynamics of any aDM subcomponent
leads to rich phenomenology at all scales, from early universe cosmology to stellar astro-
physics. However, the same richness also leads to great difficulty in relating constraints
from smaller scales to cosmological parameters of aDM. That makes robust bounds from
precision cosmology in the linear regime all the more important. In this work, we de-
rive such bounds on the full 5D aDM parameter space of three microphysical parameters
(ap,mp,, me,,) plus the aDM fraction fp and the temperature ratio £ (or equivalently
ANp) for the first time.
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ACDM ACDM + AN aDM
Param best-fit meanto best-fit meanto best-fit meanto
100 Qph? 2.266 2.26170013 | 2.273 | 2.2757000 2.280 2.275T0011
Qamh? 0.1173 | 0.1174750058 | 0.1207 | 0.1217700053 | 0.1238 | 0.122815-0028
h 0.6924 | 0.69115:5057 | 0.7056 | 0.7053%500% | 0.7077 | 0.705570 607
In(10104,) 3.043 | 3.04370015 | 3.055 | 3.05170078 3.057 | 3.05470004
ns 0.9720 | 0.9713%5:50%5 | 0.9763 | 0.978970:393Y | 0.9737 | 0.97657:3950
T reio 0.05663 | 0.0562975:9969 | 05805 | 0.0553713:997L | 0.05713 | 0.05665139972
Hy [km/s/Mpc] | 69.24 | 69.107537 | 70.56 | 70.5375:72 70.77 | 70.55%978
o 0.8159 | 0.8162F9:997 | 0.8256 | 0.827479-9978 | (.7832 | 0.809679-927
Sy 0.8049 | 0.806570:99T | 0.8091 | 0.814079:9995 | 0.7737 | 0.79970:024
fp - - - - 0.63 < 0.62
AN.g - - 0.27 0.257012 0.360 0.29670 14
logo(myp,/ GeV) - - - - 2.15 1.55
logio(me,,/ GeV) - - - - —3.4 —3.079¢
ap - - - - 0.032 0.054
XZotal 3833.87 3831.11 3827.23
Planck 2774.26 2777.20 2780.05
Pantheon 1025.85 1025.87 1026.21
BAO 7.24 8.448 6.77
SHOES 13.36 5.69 4.76
Lensing 9.40 9.26 9.29
KiDS-1000 Sg 3.78 4.65 0.147

Table 2: The mean and best-fit values for the ACDM, ACDM + AN.g and aDM models
obtained using the Planck, BAO, Pantheon, SHOES, and KiDS-1000 datasets. For the aDM
parameters, uncertainties are included if available. In the lower part of the table, total x?2

of the best-fit points of the three models, along with the breakdown of contributions from

the different datasets, is shown. x? for the Planck Lensing data is shown separately with

the label “Lensing,” and is not included in the combined x? for Planck.

Without late-time measurements, considering only Planck + BAO + Pantheon data,

we find relatively modest but still significant constraints: If 1% of dark matter is atomic,

the DAO scale is constrained to be rpao < 23.3 Mpc, but if rpao < 3 Mpec, near-unity

aDM fractions are allowed as long as the dark radiation does not violate ANp < 0.3.
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Figure 12: 68% and 95% confidence level contours for atomic dark matter model param-
eters using Planck, BAO, Pantheon, SHOES, and the KiDS-1000 measurement of Sg.

Adding large scale structure data in the linear regime by including the KV450 dataset
has negligible impact, which motivates understanding non-linear structure growth in the
presence of an aDM component. Including late-time measurements shows that aDM can
accommodate the (Hp, Sg) tension better than ACDM. Points in the aDM parameter space
that result in Hy and Sg values closer to the local measurements pick out a dark binding
energy log,o(Bp/GeV) ~ —5.9679-39,

While we studied the minimal aDM model in near-full generality, there are several
important avenues for future investigation even within the specific scope of precision cos-
mology. For example, it would be interesting to numerically investigate the regime of very
small ap to see if a lower bound on the dark QED coupling can be found in some circum-
stances. Extending the CLASS-aDM code to include Case-A recombination would enable
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Figure 13: 68% and 95% confidence level contours for ANp and Bp using Planck, BAO,
Pantheon, SHOES, and the KiDS-1000 measurement of Sg.

the exploration of the more weakly coupled regime. Non-minimal aDM scenarios, beyond
the specific Mirror Twin Higgs realization studied in [23], should also be considered. We
leave this for future work.

The enormous range of astrophysical phenomena that could be realized by aDM, as well
as the great difficulty of understanding them in detail, has in the past stymied detailed
investigation of its signatures at non-linear or astrophysical scales and their connection
to primordial parameters (fp, ANp). Our results therefore serve as an important new
jumping-off point for the rigorous study of atomic dark matter in our universe at all scales.

Late-time (Hy, Sg) measurements shine a light on a particular region of aDM parameter
space that has to be the target of detailed simulation studies to push our understanding of
aDM from the early universe to later times, making contact with treasure troves of data
along the way. This could ultimately lead to the discovery of non-minimal dark sectors
even in the complete absence of non-gravitational interactions with the SM. With sufficient
study of its detailed evolution, distribution and gravitational effects, the nightmare scenario
of the perpetually unknown dark matter that minimally interacts with the SM can thus be
avoided.
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