Cosmological constraints on atomic dark matter
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An atomic dark matter model, consisting of self-interacting “dark protons,” “dark electrons,’

’ and

“dark photons,” as explored by Cyr-Racine and Sigurdson (2013), is observationally viable, provides
new observational signatures beyond non-interacting cold dark matter, and might provide a solution
to the Hubble tension and to the og tension. We present updates to constraints on the model from
cosmic microwave background (CMB) and baryon acoustic oscillation (BAO) data, both with and
without Cepheid-calibrated supernovae constraints on the Hubble constant Hy, as well as with and
without big bang nucleosynthesis (BBN) constraints on helium abundance. We set limits, in these
different scenarios, on the fraction of dark matter that could be atomic dark matter. We also find
that lower values of og are allowed with lower dark photon temperature.

I. INTRODUCTION

Although ACDM (see e.g. [1]) is currently the most
widely accepted model of cosmology and is the bench-
mark to which all other cosmological models are com-
pared, there are several discrepancies between values of
key cosmological parameters calculated from observa-
tions of the cosmic microwave background (CMB) and
more direct measurements of these parameters at low
redshift. The most notable of these tensions are between
different measurements of the Hubble constant Hy and
different measurements of matter fluctuation amplitude
og, which is defined via
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where W (k) is the Fourier transform of the “top hat”
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FIG. 1: Visual comparison of ACDM and atomic dark
matter models before dark recombination.
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k is the wavenumber, h = Hy/(100 km s~ Mpc™'), and
P(k) is the matter power [2].

The more statistically significant of these two tensions
is the Hy tension. Assuming standard ACDM cosmol-
ogy, a combination of CMB observations from SPT-3G,
Planck, and ACT find Hy = (67.4940.53) km s~! Mpc ™!
[3-5]. This result is in 50 tension with the SHOES mea-
surement of Hy = (73.04 + 1.04) km s~ Mpc™' from
Cepheid-calibrated supernovae [6]. For a more complete
description of the Hy tension, see e.g. [7-11].

Another important cosmological tension is the og ten-
sion. Again assuming standard ACDM cosmology, CMB
observations from Planck find og = 0.811 £ 0.006 [4].
However, via measurements of cosmic shear, KiDS-1000
finds og = 0.76670 935 [12]. Although these two measure-
ments are only in ~ 30 disagreement, the og tension also
represents a key discrepancy and could point to under-
lying problems with ACDM as the standard model of
cosmology. For additional information on the og tension,
see e.g. [7, 11, 13].

Since the calculation of the values of cosmological
parameters from CMB measurements is highly model-
dependent, in order to resolve the above-described Hj
and og tensions, it may be necessary to consider exten-
sions to the ACDM model. In ACDM, dark matter is
cold and interacts only gravitationally, both with itself
and with standard model particles. Therefore, one possi-
ble avenue to extend ACDM is through the consideration
of alternative models of dark matter.

The extension to ACDM that we will consider in this
paper 1) allows for additional free-streaming light degrees
of freedom and 2) allows for a small fraction of the total
dark matter to be “atomic,” consisting of “dark protons,”
“dark electrons,” and “dark photons,” which self-interact
much like standard model protons, electrons, and pho-
tons. The remaining dark matter is cold dark matter, as
in ACDM. See Fig. 1 for a visual comparison of ACDM
dark matter and atomic dark matter. For a more com-
plete description of the atomic dark matter model we will
explore, see [14].

Atomic dark matter is observationally viable [8, 14,



15], provides new observational signatures beyond non-
interacting cold dark matter, and might provide a solu-
tion to the Hubble tension [8, 16] and the og tension [16].
However, the model has not yet been fully constrained
and inconsistencies related to the primordial abundance
of helium and deuterium persist [8].

This paper explores an expanded model space to pro-
vide updated constraints on the atomic dark matter
model using CMB and baryon acoustic oscillation (BAO)
data, both with and without Cepheid-calibrated super-
novae constraints on the Hubble constant Hy, as well as
with and without big bang nucleosynthesis (BBN) con-
straints on the helium abundance. In addition to further
constraining the atomic dark matter model, we discover
one unexpected possible solution to the og tension.

This paper is organized as follows: In Sec. II, we out-
line the parameter space explored. In Sec. III, we detail
the datasets used to constrain the parameters outlined in
Sec. II. In Sec. IV, we present the constraints placed by
current data on atomic dark matter parameters, includ-
ing an unexpected allowed region of low og and low dark
photon temperature. In Sec. V, we confirm the obser-
vational viability of this unexpected allowed region and
explore its impacts on matter power spectra and CMB
power spectra. In Sec. VI, we summarize and conclude.

II. MODEL SPACE

In this paper, we present constraints on an expanded
atomic dark matter parameter space. In addition to the
standard ACDM parameters (Hy, Qph2, Q.h%, 7, Ay, and
ng), we vary the fraction of atomic dark matter faqm,
the temperature of dark photons today Tc‘l)v’ the binding
energy of dark hydrogen By = agmyge /2, and the effective
number of relativistic species Neg. For more information
on the ACDM parameters and Neg, see e.g. [1].

We fix the dark fine structure constant ag = 0.007297
and the mass of dark proton mg, = 938 MeV/c? to be
equal to their light sector values.

This partial opening up of parameter space allows for
variation in the redshift of dark recombination z,4, which
varies approximately linearly with the ratio By/ TC?,Y. For
additional description of atomic dark matter parameters,
as well as the physics of dark recombination, see [14].

III. DATASETS

In order to constrain the model outlined in Sec. II,
this paper utilizes CMB data from Planck, namely the
Planck 2018 high-¢ TT+TE+EE, low-¢ EE, low-¢ TT,
and lensing datasets [4]. This paper also combines this
data with baryon acoustic oscillation (BAO) data from
6dFGS [17], SDSS MGS [18], and BOSS DR12 [19].

Additionally, we consider models both with and with-
out constraints from big bang nucleosynthesis (BBN) on
helium abundance. We also consider models both with

and without the inclusion of the independent measure-
ment of Hy from SHOES [6].

The datasets and constraints used in the following
analyses to obtain joint constraints on parameter values
are summarized in Table I.

IV. CONSTRAINTS PLACED BY CURRENT
DATA

We use a modified version of CAMB [14, 20, 21], a pub-
licly available Einstein-Boltzmann solver, to make model
predictions and CosmoMC [22] to calculate the posterior
probability distributions of the parameters outlined in
Sec. II, given the data sets and BBN constraints outlined
in Sec. III, using Markov chain Monte Carlo (MCMC)
methods.

While we present results for all four scenarios outlined
in Sec. I11, we emphasize that the BBN-consistent models
are most physically accurate and are thus the focus of our
analysis.

A. Constraints on fadam

Constraints on faqm are presented in left panel of
Fig. 2.

For the both BBN-consistent models, low values of
fadm are preferred by the data, but higher values are
not excluded, and a tail of nonzero posterior probability
persists to faqm > 0.15. The BBN-consistent model with
the SHOES data has a greater tolerance for higher faqm
than the BBN-consistent model without the SHOES data.

For the BBN-inconsistent model with the SHOES data,
nonzero faqm is preferred by the data. For the BBN-
inconsistent model without the SHOES data, there are
two peaks in the fiqm posterior probability distribution:
one near fuqm = 0 and one at high faqm.

It is apparent that BBN-consistency has a greater
impact than the inclusion of the SHOES data on the
constraints on faqm. Although none of the four models
tightly constrain f,qm, atomic dark matter is allowed by
the data in all four cases, and the BBN-consistent model
without the inclusion of the SHOES data, the most phys-
ically realistic model, places the tightest constraints on
fadm~

Our constraints on fagm are in disagreement with [16],
who find that nonzero f.qm is preferred with the inclu-
sion of Planck 2013 Sunyaev-Zel’dovich (SZ) data [23].
However, we chose not to include this data due to con-
cerns with its validity and are still able to constrain og
(see Sec. IVD and Sec. V). For more information about
the decision to exclude the Planck SZ data, see e.g. [24].



TABLE I: Summary of datasets and constraints used in this paper. CMB data is from the Planck 2018 high-¢
TTH+TE+EE, low-£ EE, low-£ TT, and lensing datasets [4]; BAO data is from 6dFGS [17], SDSS MGS [18], and
BOSS DR12 [19]; and the SHOES Hj data is from the measurement in [6]. BBN-consistency indicates constraints on
helium abundance from big bang nucleosynthesis (BBN).

Label Datasets BBN-consistency?
BBN-consistent, with SHOES data Planck, BAO, SHOES yes
BBN-consistent, without SHOES data Planck, BAO yes
BBN-inconsistent, with SHOES data Planck, BAO, SHOES no
BBN-inconsistent, without SHOES data Planck, BAO no

—— BBN-consistent, Hy prior
" ~ BBN-consistent, no Ho prior
---- not BBN-consistent, Hy prior
J \ —:— not BBN-consistent, no Ho prior

N

1000 2000
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FIG. 2: 1-dimensional posteriors for all four model spaces demonstrating constraints on faqm, zxq4, and Hy. The
vertical axes indicate probability. “Hy prior” refers to the inclusion of the SHOES data, and “no Hy prior” refers to
the exclusion of the SHOES data.

B. Constraints on z.q

The constraints on the redshift of dark recombination
z«q are largely dictated by the prior on the ratio By/ TC?w
which scales approximately linearly with z,4 and places
an artificial upper limit on z,4. Comparison of our results
to [16] indicate that increasing the upper bound in the
prior on By/ TU?W (thereby increasing the upper bound on
Zxd) May significantly change our results. However, with
this caveat, we present our findings for the constraints on
Z+q in the middle panel of Fig. 2.

For both BBN-consistent models, the posterior proba-
bility distribution for z.; peaks near z,q ~ 2700, which
corresponds to dark recombination occurring before light
recombination.

Both BBN-inconsistent models have bimodal posterior
probability distributions for z,4. Both distributions have
their primary peak near z,4 =~ 1100, as expected from the
scaling symmetry solution in [8] corresponding to dark
recombination and light recombination occurring simul-
taneously. Both BBN-inconsistent posterior distributions
have a secondary peak near z,4 ~ 2400.

BBN-consistency has a greater impact than the inclu-
sion or exclusion of the SHOES data on the posterior
distribution for z,;. While the BBN-inconsistent mod-

els place slightly tighter constraints on z.q, all four of
the models place fairly loose constraints on z.q.

C. Constraints on Hy

The constraints on H are presented in right panel of
Fig. 2. As expected, the effects of the SHOES data are
most apparent here, so we will restrict our discussion
to the models without the inclusion of the SHOES data.
Although the BBN-consistent model without the SHOES
data peaks at the lowest value of Hy, it holds the most
promise for accurately constraining atomic dark matter
and offering a solution to existing cosmological tensions.
Therefore, we will focus the analysis of constraints on Hy
to this model.

For this BBN-consistent model without the SHOES
data, the Hy posterior probability distribution peaks
at Hy = 67.95 km s~ Mpc ™', which is only slightly
higher than the ACDM result of Hy = (67.49 +
0.53) km s~! Mpc ™' [3-5]. However, tolerance for higher
Hj in line with the SHOES measurement of Hy = (73.04+
1.04) km s~' Mpc ™! [6] remains. Thus, this partial open-
ing of the atomic dark matter parameter space provides
a possible solution to the Hy tension, as seen in [8].
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FIG. 3: 1- and 2-dimensional posteriors for faqm, os, Tgw and z,q for all four model spaces. The vertical axes of the
1-dimensional posteriors along the main diagonals indicate probability. The inner and outer contours on the
2-dimensional posteriors enclose regions of 68% and 95% confidence, respectively.

D. Constraints on os and Ty, dark matter has observational signatures that are distinct
from cold dark matter despite the atomic dark matter los-
ing its pressure support much earlier than it would with

As can be seen in Fig. 3a(5), 3b(5), and 3d(5), lower higher Tgy This region is especially exciting because it
values of og are allowed with lower Tc?'y' This is unex-  ¢an he seen in three of the four model spaces (all ex-
pected because it would mean that, at low TC?A/, atomic
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FIG. 4: Linear matter power spectra for a
BBN-consistent model with no Hy prior and fixed
fadm = 0.1. The solid black line shows the fiducial

ACDM matter power spectrum, the blue dashed line
shows the matter power spectrum for a model with
Tgﬂ{ = 0.6 K, the orange dotted line shows the matter
power spectrum for a model with T(% = 0.8 K, and the
green dash-dotted line shows the matter power
spectrum for a model with Tfi),y =1.0 K.

cept the BBN-inconsistent model with the inclusion of
the SHOES data).

Although the 1-dimensional posterior probability dis-
tribution for the BBN-consistent model without the
SHOES data in Fig. 3b(3) peaks at og = 0.803, only
slightly lower than the ACDM value of g = 0.8114+0.006
[4], this low og solution could provide a solution to the
og tension because low TC? allows for lower og closer to

the KiDS-1000 result of og = 0.76675:020 [12], especially
for the BBN-consistent model without the SHOES data
that is of greatest interest.

In order to confirm the effects of lower values of og and
verify the observational viability of this possible solution
to the og tension, we will investigate the effects of fixing
fadm and varying T in Sec. V.

V. OBSERVATIONAL VIABILITY OF REGION
OF LOW o AND LOW T;,

In order to confirm the observational viability and
physical effects of the region of low og and low T g,y
seen in Fig. 3a(5), 3b(5), and 3d(5), we will explore a
model with fixed fagm = 0.1 and fixed total dark mat-
ter Q.h? + Qgh?. For this model, it can be seen in
Fig. 4 that, with increased Tg,y, the matter power P(k)
is damped relative to the ACDM matter power spectrum
at higher wavenumber k, while the matter power spec-
tra with nonzero f,qn, are nearly identical to the ACDM
matter power spectrum at low k.

However, as can be seen in Fig. 5 and Fig. 6 (note the
scale differences on the vertical axes of the residual plots
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FIG. 5: TT power spectra for same models as in Fig. 4.
As in Fig. 4, the solid black line shows the fiducial
ACDM TT power spectrum, the blue dashed line shows
the TT power spectrum for a model with TL?V =0.6 K,
the orange dotted line shows the TT power spectrum
for a model with Tg,y = 0.8 K, and the green
dash-dotted line shows the TT power spectrum for a
model with Tt(i)v =1.0K.
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FIG. 6: EE power spectra for same models as in Fig. 4
and Fig. 5. As in Fig. 4 and Fig. 5, the solid black line
shows the fiducial ACDM EE power spectrum, the blue
dashed line shows the EE power spectrum for a model
with Tl% = 0.6 K, the orange dotted line shows the EE
power spectrum for a model with 7%, = 0.8 K, and the
green dash-dotted line shows the EE power spectrum

for a model with Tc(l)ﬂ{ =1.0 K.

between Fig. 4 and Fig. 5/Fig. 6), at fixed faam, the CMB
TT and EE power spectra remain nearly unchanged with
changing T}, .

Since P(k) changes while the TT and EE power spec-
tra remain relatively unchanged, we can confirm that
changes in Tgy at fixed fixed faqm do indeed correspond
to changes in og via Eq. 1, as suggested in Fig. 3b. Fur-
ther, we can conclude that this region of low og and low
Tg7 is in fact observationally viable, as indicated by the
constraints placed by current data in Sec. IV D. Thus,



this region of low og with low TC?7 provides a possible
solution to the og tension.

VI. CONCLUSIONS

Although atomic dark matter is not tightly constrained
by current data, it is not excluded and is an observation-
ally viable extension to ACDM. In some models, nonzero
fadm is preferred by the data, but, in all cases, nonzero
faam is allowed by current data (see the left panel of
Fig. 2).

The tolerance for high Hy for the BBN-consistent
model without the SHOES H, data confirms that atomic
dark matter can provide a solution to the Hy tension [8].

Further, we find that low values of og are allowed with
low dark photon temperature Tgy. This allowed region
represents an unexpected possible solution to the og ten-
sion with atomic dark matter.

Future directions include a full exploration of parame-
ter space to include variations in the mass of the dark pro-

ton mg, and the dark fine structure constant ay. Other
works that have explored the full atomic dark matter pa-
rameter space [16] have failed to discover our low og and
low T(% solution, so future work is required to understand
this discrepancy.

Additional future directions include forecasting the
sensitivity of future CMB experiments to atomic dark
matter.
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