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In this work, we quantify the cosmological signatures of dark energy radiation—a novel description of
dark energy, which proposes that the dynamical component of dark energy is comprised of a thermal bath
of relativistic particles sourced by thermal friction from a slowly rolling scalar field. For a minimal model
with particle production emerging from first principles, we find that the abundance of radiation sourced by
dark energy can be as large as Qpgr = 0.03, exceeding the bounds on relic dark radiation by three orders of
magnitude. Although the background and perturbative evolution of dark energy radiation are distinct from
Quintessence, we find that current and near-future cosmic microwave background and supernova data will
not distinguish these models of dark energy. We also find that our constraints on all models are dominated
by their impact on the expansion rate of the Universe. Considering extensions that allow the dark radiation
to populate neutrinos, axions, and dark photons, we evaluate the direct detection prospects of a thermal
background comprised of these candidates consistent with cosmological constraints on dark energy
radiation. Our study indicates that a resolution of ~6 meV is required to achieve sensitivity to relativistic
neutrinos compatible with dark energy radiation in a neutrino capture experiment on tritium. We also find
that dark matter axion experiments lack sensitivity to a relativistic thermal axion background, even if
enhanced by dark energy radiation, and dedicated search strategies are required to probe new parameter
space. We derive constraints arising from a dark photon background from oscillations into visible photons,
and find that viable parameter space can be explored with the late dark energy radiation experiment.
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I. INTRODUCTION

Observations of type la supernovae first found evidence
for the acceleration of the expansion of the Universe more
than twenty years ago, driven by the mysterious dark
energy [1,2]. This result has been greatly strengthened
since, with several hundred more measurements of type la
supernovae [3,4] as well as other precision cosmological
measurements of the cosmic microwave background
(CMB) [5,6], and baryon acoustic oscillations (BAO) [7.8],
establishing that dark energy is the dominant component
in the Universe today, is approximately smooth, and is
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constrained to be at most evolving slowly with a negative
equation of state [6].

These properties have been deduced from the gravita-
tional impact of dark energy on observables; no direct
nongravitational signal of dark energy has been measured
to date. The lack of direct probes makes it challenging to
obtain a fundamental understanding of what comprises
dark energy. In the concordance flat ACDM model, dark
energy is described simplistically, by a cosmological
constant A that does not evolve in time, with a constant
equation of state of negative one. However, the fine-tuning
of the value of A is a notable shortcoming of this
description. Addressing this shortcoming has proved chal-
lenging, but dark energy with a dynamical component is a
promising avenue for alleviating this fine-tuning [9-14].
However, the goal of this paper is not to address the
cosmological constant problem. We focus on the phenom-
enology of a type of dynamical dark energy, dark energy
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radiation [15], that has direct-detection signatures in
addition to its gravitational imprint.

Dynamical dark energy models beyond ACDM are often
explored via the phenomenological wyw, parameterization
with two degrees of freedom, not motivated by an under-
lying theory. Slowly rolling scalar fields on the other hand
are a minimal class of models that connect the properties of
dark energy with particle physics, where traditionally the
kinetic energy of the rolling scalar field makes up the
dynamical component of the dark energy.

Coupling the scalar field to light degrees of freedom can
modify this picture by giving rise to dissipation of the scalar
field’s energy into dark radiation, which can constitute the
dominant dynamical component of the dark energy. This
minimal extension, proposed in [15], has distinct predic-
tions for the equation of state of dark energy and its time
evolution, and additionally postulates the existence of a
thermalized component of dark radiation, slowly growing
as the universe expands, which we will refer to as dark
energy radiation (DER). The energy density in DER can
greatly exceed the energy density in the CMB as it only
becomes important at late times and thereby avoids CMB
limits on extra relativistic degrees of freedom. The char-
acteristic temperature of DER is set by the energy scale of
dark energy such that Tppr < meV.

In this work, we quantify the cosmological signatures of
DER by implementing the model in the linear Boltzmann
solver CLASS, and comparing it with precision cosmologi-
cal data. We also evaluate the direct detection prospects of
DER. If components of DER couple to the Standard Model
(SM), the isotropic thermal background with temperature
Tper may be directly measurable by ongoing experimental
programs. This is an exciting direction as the meV-scale
thermal background is a smoking gun for DER, and would
constitute direct nongravitational evidence into the nature
of dark energy. In particular, focusing on neutrinos, axions
and dark photons, we recast the sensitivity of various dark
matter direct-detection experiments to their relativistic
counterparts with an energy density compatible with the
predictions of DER.

The outline of this paper is as follows. In Sec. II, we give
an overview of the phenomenology of DER and discuss a
microphysical particle model, minimal DER, where an
axion couples to non-Abelian gauge fields, which realizes
efficient particle production through dissipation from
first principles. In Sec. III, we explore the cosmo-
logical signatures of DER, focusing on minimal DER with
temperature-dependent dissipation and a toy model with
constant dissipation, toy DER. We include the scenarios
of no dissipation, as well as the phenomenological
wow,-parameterization for dark energy for comparison.
We describe the background and perturbative evolutions of
all included models in Sec. III A, detail data and method-
ology in Sec. III B, and show our results for current and
forecasted datasets in Sec. III C. In particular, we quantify

the maximum energy density in DER allowed by current
data. Then using the results of minimal DER as our bench-
mark, Q7. = 0.03, we evaluate the direct-detection pros-
pects of DER in Sec. 1V, considering neutrinos (IVA),
axions (IVB), and dark photons (IV C). Finally, we
summarize our main findings in Sec. V and conclude with
future directions and outlook.

II. DARK ENERGY RADIATION

A dynamical scalar field ¢, initially displaced from
its equilibrium value and slowly evolving toward it, is
often invoked to model dark energy [16—18]. Including
particle production due to coupling J;, to a light
sector, Ly = —@Jine» can modify the dynamics and the
predicted cosmological observables for dark energy. Many
well-motivated models give rise to efficient particle
production through nonthermal [19-23] and thermal
effects [15,24,25]. Here, we focus on the cosmology of
particle production through thermal friction, which
results in a friction term linear in ¢, with a coefficient
T, in the equation of motion of the scalar field [24-33].
Such a term can emerge from a Lagrangian description
when the particles in the light sector [J;, thermalize
efficiently and constitute a dark radiation component with
a well-defined temperature pppgr = g—ég*T bErs Where g,
denotes the degrees of freedom in the light sector. Formally,
T is determined by a Minkowskian correlator
Jd* % Tin(x). Tin(0)) [32], where the microphysics of
the light sector determines the temperature dependence of

the friction coefficient Y (ppgr) = Cnp]%)ER' Several explicit
models have shown that it is possible to obtain friction
coefficients with linear [15,24] and cubic [15,25,30,31]
temperature dependencies where the dark radiation can be
comprised of non-Abelian gauge bosons, dark photons,
fermions, and axions. Such a thermal friction term has two
interesting consequences for the evolution of the scalar
field and its accompanying dark radiation. On one hand, the
linear friction term modifies the time-evolution of the scalar
field. On the other hand, the scalar field sources dark
radiation that does not redshift as expected for radiation
since it gets replenished by the scalar field. The coupled
equations of scalar field and dark radiation as a function of
time ¢ evolve as

dv
7, 3H + T +— =0,
¢+ (3H+ )cp+d¢(cp)
ppEr + 4Hpper = Y%, (1)

where V() is the potential of the scalar field, H = a/a is
the Hubble rate, and dots denote derivatives with respect to
time . In the regime in which V(¢) > ppgg. 5 ¢*, the sum
of the scalar field and dark radiation energy densities is
compatible with the observed properties of dark energy.
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A. Minimal dark energy radiation

A minimal microphysical model for DER involves [15]
an axionlike field ¢ coupled to a non-Abelian gauge group
SUWNV,.):

(ZD (p ~
Lo 22?Ga Gaw, 2
“Tonf ™ 2)

where Gy, (G = e Ggﬁ) is the field strength of the
gauge bosons of the non-Abelian group, ap is the fine
structure constant of the non-Abelian group, and f is the
symmetry breaking scale above which the -effective
Lagrangian in (2) breaks down. A compelling feature of
this setup is that an axionlike particle is protected by its
symmetry from quantum and thermal mass corrections
that could spoil the flatness of the potential V(g).
Nevertheless, in a thermal environment the operator
(& GZUG”"”) develops a nonzero expectation value that
can be calculated in linear response theory whose dominant
term is proportional to ¢.

The macroscopic friction coefficient obtained from the
proportionality constant is given by [25]

3

Pr 3
Y(ppEr) = K(Nc)as ;DER = C3PDER> (3)
gif*

where k(N,) is an O(10) number for N. = 2 that can be
extracted from the sphaleron rate [34] for general N,.. The
source of the friction is due to nonperturbative sphalerons.1
The non-Abelian gauge fields have nontrivial field con-
figurations, that provide a barrier between vacua of the
theory with differing topological Chern-Simons number
N¢s. A nonzero speed of the scalar field ((¢) # 0) due to an
external potential V() biases transitions between differing
vacua in one direction, thus generating sphalerons which
decay into gauge bosons that comprise the radiation ppgg-
If fermions are present in the dark radiation they can sup-
press or even shut off the friction as sphaleron transitions
can build up chiral charge which counteracts the bias gene-
rated by (¢) # 0. However, nonzero fermion masses violate
chirality and allow a depletion of the chiral charge. If that
happens fast enough, which it does for fermion masses that
are larger than O(a?Tpggr ), then the friction is the same as in
Eq. (3). For an in-depth discussion refer to [15,25].

In minimal DER, the dark radiation consists of dark non-
Abelian gauge bosons and the axion. The gauge bosons and
the axion are thermalized” and at a temperature much above

'The generation of a thermal mass that backreacts onto the
potential V(¢) is suppressed by the approximate shift symmetry
of the axion, making this an ideal model to generate thermal
friction.

This is trivially satisfied if Y > H, since the interaction rate
3 TI3)ER

I I

2
g9 ™~ a TDER! and Fg(p ~Q

are also larger than H.

the gauge bosons’ confinement scale. Fermions charged
under the gauge group may be part of the dark radiation
bath; however, their mass must be larger than ~a’Tppg to
deplete chiral charge and maintain sphaleron friction.
Additional particles may become thermalized in the dark
radiation such as dark photons or relativistic Standard
Model neutrinos. We focus on these scenarios as well as
various constraints and direct detection prospects of these
extensions in Sec. IV. The cosmological constraints in
Sec. III are not sensitive to the details of beyond-Standard-
Model (BSM) extensions. In fact, they are also applicable
to other microphysical models whose macroscopic friction
coefficient T (ppggr) has the same temperature dependence
as the ones we consider in our analysis (n = 0;n = 3).

III. COSMOLOGICAL CONSTRAINTS

The energy density p,, of radiation in our Universe
today is tightly constrained by the CMB such that

Q,=202Q, /2, ~0.000092, (4)
Pco

where p, o = 3H3M}, is the critical energy density and z.q
is the redshift at matter-radiation equality. However, DER is
not subject to those early-Universe constraints on extra-
relativistic species. Its energy density has always been
subdominant to that of the dark energy scalar field, which is
frozen at early times. Hence, DER is negligible in the early
Universe and avoids early-Universe constraints but grows
in the late Universe and can constitute the dominant
radiation component in the Universe today.

In this section, we characterize the cosmological im-
prints of DER. Performing a Markov chain Monte Carlo
(MCMC) analysis, we quantify the amount

PDER,
Qpgr = ~DERO (5)
/)c,O

of DER today that is compatible with cosmological
precision data. We build upon this key result of our
cosmological analysis in our evaluation of direct detection
prospects in Sec. IV.

Our analysis explores and compares four beyond-ACDM
models. We consider minimal DER as described in
Sec. II A with thermal friction coefficient

3
TpER = € 3PDER> (6)

as well as a phenomenological DER toy model with
constant thermal friction coefficient

Tiper = Co- (7)

To maximize the amount of energy density in dark
radiation, we focus on the regime in which T > H.
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We also examine the usual Quintessence dark energy scalar
field with only Hubble friction and no thermal friction
coefficient. For the scalar field models, we adopt a linear
potential

V(p) = —Co, (8)

with C > 0 [15]. For a nearly flat potential, this is a generic
choice that corresponds to keeping the leading-order term
in a Taylor expansion. It has been explicitly demonstrated
[35,36] that sufficiently flat potentials with thawing behav-
ior [as exhibited by positive power-law potentials or hilltop
potentials [36] commonly suggested for axion models [37],
for example] approach a single generic behavior that is
captured by the constant initial value of the first derivative.
For the two dark energy radiation models we explore, this
argument becomes even more robust than that for regular
Quintessence, as the additional thermal friction leads to a
slower evolution of ¢, resulting in a smaller traversed field
range. In agreement with this intuition, we have explicitly
checked that our results are representative of higher power-
law potentials by comparing with a quadratic potential,
finding differences to be negligible. In our implementation,
we enforce that all the dark energy today is comprised of
the components of the considered model such that there is
no additional cosmological constant (Q, = 0). By using a
linear potential, where we have shifted ¢ by ¢, such that
V(p = 0) =0, we have already absorbed any such addi-
tional constant into our initial value for ¢. Lastly, we
include the phenomenological wyw,-description of the
equation of state of dark energy.

A. Models

We compare all cosmologies to a standard flat ACDM
universe, varying the usual 6 base parameters: the ampli-
tude A, of the primordial curvature power spectrum at
k = 0.05 Mpc~! as 10°A,; the tilt n, of this spectrum; the
angular size 6, of the sound horizon (6y;c for CAMB runs);
the physical density Q,/4” of baryons; the physical density
Q. h? of cold dark matter; and the optical depth 7 to
reionization. These have broad, uninformative priors. For
neutrinos, we adopt the standard description, with one
massive (m, = 0.06 eV) and two massless neutrinos.

1. Minimal DER

Using the thermal friction coefficient T = c3p%ER for
minimal DER (mDER), we find the background evolution
of the (pseudo)scalar field ¢ and ppgr with respect to
conformal time 7 to be

3
¢" + (2aH + acspiyg )¢’ +a*C =0, )
?_‘
c3p
Pher + 4aHppgg = —-2ER ;ER @, (10)

where primes denote derivatives with respect to conformal
time z. To be compatible with the properties of dark energy,
the scalar field has to evolve slowly such that V(¢) = —C¢
is the dominant contribution to dark energy, a condition
determined by the ratio of the slope C of the potential, and
the size of the friction Y. At the background level, these
two parameters are degenerate with one another. The
equation of state w = % is determined by the weighted

sum of the contributions of the equations of state of the
scalar field and DER,

2
per _22 T CO (P L(_poe_
Wie =3 n + 3 n
57— Co \Pyp T PDER » T PDER

1
z_1<‘0‘/’>+<pDER)‘ (11)
Py T PDER 3 \py + PoER

On large angular scales (£ < 100), the CMB power
spectrum is dominated by the late integrated Sachs-Wolfe
effect (i.e. changes to the gravitational potential that
CMB photons travel through), which is sensitive to spatial
fluctuations of the dark energy density in the late universe.
These spatial fluctuations are governed by scalar field
dynamics d¢, with subleading contributions from DER

S — SppER
DER = pppg *

The evolution of the linear perturbations of the scalar
field d¢, and DER 0pgg in Fourier space, are determined by
the coupled set of differential equations

3
8¢" + (2aH + acspiypg )69’ + k60

o (, 3 3
=-7 h +§ac3pDER5DER ; (12)
3
no4 c3pt
5/ ——2___9 +2 DER&(,O/@/
DER 3 ~ 3 UDER —GPDER
3
1 C3Pf)ER(PI2
— _ UDERT 5 -, 13
4 appex DER (13)

3 3

k* 3capp 3Pt
Q. — 5DER 4 k2= DER _/ So — DER (ﬂlzeDER’
PER 4 4appgr APDPER

(14)

where h denotes the metric perturbation in synchronous
gauge and @pggr = ik'v; denotes the DER velocity
perturbation.

As usual in scalar field dark energy models, the pertur-
bations of the scalar field have a source term —# that
couples the dark energy perturbations to matter fluctuations
via gravity. However, the DER model has an additional

*Higher order moments are suppressed by thermalization.
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source term that couples the scalar field perturbations to the
DER perturbations via the thermal friction Y. In minimal
DER, the friction and hence this term depend on the dark
radiation density ppgg-

The inhomogeneous energy flux from the scalar field to
DER can dominate observables by giving rise to a growing
mode that enhances the dark energy fluctuations beyond
linear growth in parts of the parameter space in which T
exceeds H by many orders of magnitude, such that T > H
and Y/3H > k/aH, for modes observable in the CMB
k > 0.002 Mpc~!. When rewriting Eqgs. (12) and (13) in
terms of the variable z = k/aH, one can show that
fluctuations grow as 8¢ ~ (aH/k)? in this regime, which
has been explored in detail in the context of warm infla-
tion [38,39]. For our purpose of studying the phenomenol-
ogy of DER, we solve the full system of equations in
cLAss, and thus do not have to rely on analytical
arguments.

We find that in the described regime in which Y exceeds
H by many orders of magnitude, linear perturbation theory
breaks down for modes on large scales k ~ 0.002 Mpc~!,
and the results we obtain calculating CMB multipoles
using the linear Boltzmann solver CLASS are not valid.
Implementing a rigorous nonlinear treatment of those fluc-
tuations is beyond the scope of this analysis. However,
we note that approximate smoothness is a key property
characterizing dark energy and therefore the parts of
parameter space predicting large fluctuations in our model
are not compatible with observations of our Universe. The
nonlinear regime corresponds to the region of parameter
space in which the scalar field has a steep potential and
faces significant thermal friction. The strong friction slows
the field, minimizing ¢ such that dark radiation is sup-
pressed, and dark energy approaches an equation of state of
w = —1. The perturbations in this regime are unstable, as a
large c3 amplifies the fluctuations in ¢’ and Spgg as seen
from Eq. (12). This sensitivity of the perturbations to c;
breaks the background-level degeneracy between the
slope C of the potential and the size « c; of the friction
and the viable parameter space is effectively pushed
towards shallower potentials, where Y only exceeds H
by a few orders of magnitude.

We explore the mDER regime, varying both Ce&
[107%,107°] in units of [MyMpc™?] and logyc;€

5 3
[5.0,8.7] in units of [3‘2‘tMprpc%],4 beyond the usual
ACDM parameters. In terms of the fundamental parameters

of the microphysical theory, c; = ;f—i(%)% such that for
g. =10 and a = 0.1, the range explored corresponds
to values of 0.002 GeV < f <0.08 GeV. There is a

“The unconventional units of ¢, presented above match the
CLASS convention of units that our public code and analysis
chains follow. For reference, for ¢ in units of [eV] and V(¢) in
units of [eV*], c; would have units of [eV~2].

degeneracy between a and f, such that for a = 0.005
the sampled range would correspond to 1 keV < f <
45 keV instead. This prior range allows for exploration
of cosmologies with O(10)% of Qpgg.

2. Toy DER

In the toy model implementation of DER we treat the
thermal friction coefficient T = ¢, as constant. The back-
ground equations are then given by

¢" + (2aH + acy)¢’ +a*C =0 and (15)

o
Pber + 4aHpper = ;40/2, (16)

and the fluctuations simplify to

/

8¢ + (2aH + acy)sq + K26p = —%h’, (17)
o4 Co cop”
Opp = —2——=0 2 8¢’ — ODER »
DER 3~ 3VoER + Woen Q'@ apoes PR
(18)
O = G + k20 90 ——"—y0 (19)
DER 4 DER 4apDER APpER DER -

In contrast to minimal DER, in the case of constant
friction there is no growing mode, and the fluctuations of
the scalar field remain decoupled from the radiation
perturbation. These equations remain perturbative for all
parts of the parameter space. The constraints of the toy
model are dominated by observables sensitive to the
background evolution of the Universe H(z).

In exploring toy DER (tDER), we fix C=1x
107°M ;Mpc~2, and vary the friction coefficient ¢, in units
of [Mpc~'] as log,, ¢y € [~1, 1], having confirmed that our
results are robust to simultaneously varying the slope C and
the friction parameter c¢(. The lower prior limit of ¢, allows
for Qpgr 7 0.1, and the upper limit corresponds to the
asymptotic limit of a frozen scalar field with Qpgr ~ 0.

3. Quintessence

The evolution of the Quintessence scalar field ¢, is
dominated by Hubble friction. The equations are

@p +2aHgy + a’C =0 and (20)

/

5l 2aH + 6!, + Kdpy — —22 (a1
Do a Do Po 5

The equation of state of dark energy is then given by
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@y 5

o 4 C Y9
Wge:j]‘fzzi(pgz—l—i-éi. (22)

2~ Coo Yo

The fluctuations in the Quintessence model do not
currently contribute observable signatures, and its con-
straints are dominated by the background evolution of dark
energy.

We explore Quintessence by varying the linear slope
Ce[5x107°,2 x 1077] of the scalar potential in units
of [M;Mpc™2]. The steepest slope in this prior allows for
up to Q. ~0.1, and the shallowest slope asymptotes
to Qgpx ~ 0.

4. wyw,-parametrization

The wgow, model, also refered to as the Chevallier-
Polarski-Linder (CPL) model [40,41], is defined by para-
metrizing the equation of state of dark energy as

w(a) =wy + (1 — a)w,. (23)

It has been widely used to characterize a dynamical dark
energy equation of state, and we use it as a comparison to
the other models. We follow the default treatment of the
perturbations of this model in CLASS and CAMB, detailed
in [42,43], noting that the constraints we find are dominated
by the background dynamics.

For wyw,, we vary the dimensionless equation of state
parameters today w, and deep in the past w, as wy €&
[-1,-0.01] and wy+w, €[-1,-0.01]. These priors
exclude the phantom regime w(z) < —1 from wyw,,
allowing a direct comparison between beyond-ACDM
cosmologies as Quintessence and DERs do not cross this
physical boundary.

B. Data and methodology

We explore the parameter space of these four descrip-
tions of dark energy, along with standard ACDM through
MCMCs [44,45], run using Cobaya [46,47]. Chains that
attain a Gelman-Rubin criterion R — 1 < 0.02 after remov-
ing 50% as burn-in are considered converged. For minimal
DER, toy DER, and Quintessence, we use a modified
version of the Boltzmann code CcLASS [48], which we make
publicly available along with our MCMC chains.’ For the
wow, parametrization and reference ACDM models, we
run the Boltzmann code cAMB [49,50] with no additional
changes.

We use datasets concordant under the standard ACDM
model to explore these cosmologies, dividing results into
two sections—current data and forecasts. In currently
available data, we fit to the following likelihoods:

>hitps://github.com/KBerghaus/class_der.

(i) CMB temperature and polarization measurements
by Planck [51]: low-ZTT and EE, and high-
/TTTEEE cut off at # = 1300° to remove scales
impacted by nonlinear signatures of the new
cosmologies.

(i) Baryon acoustic oscillation (BAO) measurements
from SDSS MGS DR7 [7] and DR12 [8].

A more recent SNe dataset, Pantheon-+, has been
released [4]. However, we use the previous Pantheon
data to be conservative as there is a significant shift
in the value of Q,, between the two iterations that is
not well understood.

For forecasts, we replace the Pantheon data with opti-
mistic projections for measurements of supernovae by the
Nancy Grace Roman Space Telescope, henceforth referred
to as Roman, concentrating on the dataset that would be
most sensitive to late-time background deviations from
ACDM. The CMB scales most impacted by such modified
evolution of dark energy are # < 50, where error bars are
limited by large cosmic variance. While BAOs are also
expected to constrain late-time deviations of dark energy
from ACDM, we do not perform projections for improve-
ments in these measurements, but these can be performed
for example for the Dark Energy Spectroscopic Instrument
(DESI). Considering the Allz case of [54], including
modeling of all Roman systematics for z < 3, an improve-
ment of figure of merit of ~2.3 is expected on the wy — w,
plane relative to current CMB + BAO measurements. A
similar improvement can be expected for Quintessence and
DERs, as these models of dark energy are only expected to
deviate from ACDM at late times.

We also replace the high-# Planck data with forecasts for
the Simons Observatory (S0),* again cutting at £ = 1300
to remove the scales impacted by nonlinear physics.

Hence, our forecast dataset uses the following:

(i) CMB data from Planck low-ZTT and EE [51] and
SO projections for high-#TTTEEE cut at £ = 1300.

(i) BAO data from SDSS MGS DR7 [7] and SDSS
DRI12 [8].

(iii) optimistic Roman forecasts up to z = 3 [54].

It is important to note that the two projected forecasts—
Roman and SO—use different fiducial cosmologies; how-
ever, the Roman projections are the dominant driving force
for our constraints on late-time dark energy.

Finally, to directly compare the four dark energy cosmo-
logies to ACDM, we look at their posteriors on the
normalization-adjusted expansion rate E(z) = H(z)/H,

SThe cutoff £ < 1300 for CMB data was chosen to minimize
the impact of the nonlinear evolution perturbations. We reduced
£ auofe from 2500 until the Planck y? difference between turning
CMB nonlinear lensing on and off in ACDM was Ay? < 1.

"Please see Ref. [52] for DER constraints with DESI BAO
measurements [53].

8https://github.com/simonsobs/LAT_MFLike.
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and the equation of state w(z) of dark energy as functions of
redshift by postprocessing chains.

First, we thin chains down to O(2000) steps, verifying
that the 1 and 2D posteriors are reproduced despite the
thinning, adjusting the exact number of steps retained
accordingly. Then, we rerun CLASS for each point, querying
the expansion rate and the equation of state of the dark
energy component over all cosmic time. The resultant array
is interpolated and queried again for H(z) and w(z) at
specific redshifts spanning the range z € [0, 2]. These are
saved as additional derived parameters in the chains, and
finally we use GetDist [55] to determine their 1D errors and
means. A similar process also allows us to obtain 1o error
regions for the matter power spectrum P (k) and the CMB
temperature power spectrum CL7 for each of the cosmol-
ogies investigated.

C. Results

Constraints from our current and future datasets for the
four dark energy cosmologies we explore are summarized in
Fig. 1 and Tables II and III. In each case, we concentrate on
the parameters that capture the divergence of dark energy
from a cosmological constant. For DERs, we show the
fraction Qpgr of DER today; for Quintessence, we show
the fractional contribution Q) from the kinetic energy
of the scalar ¢; and for wyw,, constraints are represented by
the current equation of state w, of dark energy and that w,,
deep in the past. For DERs and Quintessence, we only find
upper bounds on the allowed fractions.

While wgw, is also consistent with a cosmological
constant, ACDM lies at the edge of the prior region in
wo€[-1,0] and (wy+w,)€[-1,0], such that derived
parameters e.g. w,, H(z), etc. suffer edge effects. The prior
bound that excludes the phantom region in wyw, is shown
by the black line in the rightmost plot in Fig. 1, showing
that ACDM is within the 1o bound. The extent of the
contour beyond this bound is due to GetDist smoothing 2D
contours.

An immediate difference apparent when comparing the
constraints from current data to forecasts is the shift in
means. The means of the posteriors of forecasts are driven
by the choice of fiducial cosmology, and do not reflect the
true preference of future data. Moreover, small deviations
from ACDM in forecasts may be driven by the small
differences in fiducial cosmologies for the CMB and SNe
data. We hence comment only on the sensitivity of and
improvement in parameter errors from future data, con-
centrating on the extent of posterior contours and not their
locations in parameter space.

For mDER and tDER, we find that Qpgr can contribute
upto 3% of the energy budget of the Universe today at 2o,
from the 2D marginalized posteriors in Fig. 1. These
bounds are O(10%) greater than the contribution Q, of
traditional ACDM radiation species today and exceed the
maximum viable amount of dark radiation

QN3 < 6 % 1070 (24)
in the early Universe [6] by a factor of 5000. Forecasts,
which assume a fiducial ACDM universe, still allow
Qprr = 1%; that is, even if the true underlying model of
the Universe resembles ACDM, DER can only be con-
strained to the percent-level with future CMB and super-
nova data, still exceeding the limits on cosmic dark
radiation by three orders of magnitude.

The DER explored here is able to evade these bounds as
Qper grows in the late Universe, being dynamically
produced through a coupling to dark energy, while other
radiation species are strongly constrained via their presence
in the early Universe, particularly through constraints on
the time z., and scale 7, of matter-radiation equality.
While DER is also present in the early Universe, its energy
density is negligible at all times before z Z 3. This is
visualized in Fig. 2, which shows the energy densities of
mDER, tDER and Quintessence along with matter and
radiation evolving with redshift. We arbitrarily choose to

2\ W Current B Current Il Current EEE Current
A - Future - Future | Y\ [ e Future AN Future
;/"“
0.03} 1 0.03} 0.03} 1 02p
. \ « x i
&0.021 1 & 0.02 2 0.02 $ 01k
o] il e} i S
0.01 14\ 0.01 0.01f 0.0
e N -0.1p
030 032 001 003 T030 032 001 003 001 003 02
Qm Qoer Qm Qper Qger, k W,
FIG. 1. Constraints from our current and future datasets for the cosmologies we explore, showing just the dark-energy parameters that

deviate from A. In order from left to right, (i) mDER and (ii) tDER parametrized by the fractional energy density Qpgr of DR, (iii) a
linear scalar field parametrized by the fractional energy density €.t in its kinetic energy and (iv) phenomenological w, and w,. For
wow,, we restrict the priors to exclude the phantom regime for a more direct comparison between cosmologies, with the bounds shown

by the black line.
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FIG. 2. The fractional energy densities Q; = p;/piopao in
various dark energy models relative to the total energy density
Protaro today. Here Q, is the total energy density in the scalar field
in mDER (dashed, orange), tDER (dotted, pink) and Quintes-
sence (dash-dotted, purple); €, prr (dashed orange) and Qpgrr
(dotted pink) are DER densities, and Q. (dash-dotted purple)
is the kinetic energy of the Quintessence scalar. For reference, we
also show the energy densities in matter (solid gray) and standard
radiation (dotted gray) for all three cosmologies, which visually
overlap. We choose a cosmology that has Q pgr =~ 3% today,
close to to its 20 limit in Fig. 1. We then choose Qpgr, Qg 1e ~
3% today to match.

represent an mDER cosmology with Q ppr = 2.8% ~ 20
upper bound today, with equivalent Q,ppr, Qq.rx today for
tDER and Quintessence. Hence, the energy densities in the
scalar potential Q,,, matter Q,, and radiation Q, roughly
match and the main difference between the models at the

-== mDER - tDER ——
0.02
.00 Lo RS RE
0.02
N
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4 000
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000 =T T T T
12 14 16 T -
1+z
FIG. 3.

background level becomes the evolution of DER or the
scalar kinetic energy. For all three cosmologies, the
dynamical subcomponent of dark energy is negligible in
the early Universe and grows with time. The sharpest
growth is seen in mDER, where Q pgr rapidly grows when
the scalar field transitions from being dominated by Hubble
friction to thermal friction, Y'(z) ~ H(z), then settles to a
shallow growth.

Comparing constraints in Fig. 1, one may note the
similarity between the posteriors for Quintessence kinetic
energy Qrx and DERs Qppg. We find that these con-
straints are dominated by the impact of dark energy on the
background expansion of the Universe, specifically, super-
nova data. While their upper limits are similar, these species
have distinct background evolution as shown in Fig. 2. The
distinct slopes in the evolution of the dynamical component
of dark energy translate to the small differences in their
constraints. As the DER component in mDER has the
shallowest slope at late times, the contribution of its
dynamical component € pgr 1S most strongly constrained.
At the other end, Quintessence has the sharpest slope for its
dynamical component Q.. and its contribution rapidly
diminished with redshift, leading to the loosest constraints.
Current (and indeed future) data however will not be able to
distinguish these models via E(z) and w(z) as shown in
Fig. 3. Not only do DERs and Quintessence overlap in
E(z), but marginalizing over ACDM parameters further
washes out any features at the background level.

Quintessence and DERs also cluster differently. This
leads to a slightly smaller matter clustering amplitude og at
the <0.5¢ level in DER cosmologies, as well as in
Quintessence and wyw,, which in turn results in slightly

smaller Sg = 031/Q,,/0.3 as shown in Table II. Dark

—0990 4 TTTTeee—el

—0.995 A

—1.000 A

—0.99 1

w(z)

—1.00 4

~.
-0.989 Tr—._

———

—1.00 1

1+z

The expansion rate E(z) = H(z)/H, (left) and the equation of state w(z) of dark energy (right) in different cosmologies

compared to those in ACDM, based on constraints from current data including Planck temperature and polarization, BAO and Pantheon
supernova data. Curves correspond to the mean, while shaded regions correspond to 1o limits. The solid curves and yellow regions
correspond to ACDM and are identical per column. Top to bottom, we show minimal DER, toy DER, and a linear scalar field forming

dark energy.
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FIG. 4. The matter power spectra P(k) at linear scales for
different cosmologies are shown relative to ACDM, based on
constraints from current data including Planck temperature and
polarization, BAO and Pantheon supernova data. Curves corre-
spond to the mean, while shaded regions correspond to 1o limits.
The solid curves and yellow regions correspond to ACDM and
are identical. Top to bottom, we show minimal DER, toy DER, a
linear scalar field forming dark energy, and wyw,,.

energy radiation can hence aid in mildly reducing the
weak-lensing tension in cosmology wherein weak-leaning
observations prefer smaller Sg than predicted by the CMB
using ACDM [56,57]. However, from forecasts we find
that future CMB and SNe data will still not be able to
distinguish between the two scenarios, in agreement with
the conclusions of Ref. [58] about the lack of discrimina-
tory power of quintessence models in data. Any signals
that may show up in the matter power spectra are currently
well within error bars as shown in Fig. 4, particularly
when marginalizing over ACDM parameters. Future data
follow a similar pattern with marginally smaller error bands
on P(k). Note that these error bands are based on power
spectra predicted from CMB, SNe and BAO data, and not a
measurement of the power spectrum in the late Universe.
Predicting P(k) requires the assumption of a cosmological
model, and hence these error bands are model-dependent.
They are tightest for ACDM which has the fewest cosmo-
logical parameters as described above. These error bars are
further dependent on the degeneracy directions in theory
parameter space constrained by the combination of
CMB + BAO + SNe data. Weak-lensing datasets will have
different degeneracy directions [59] and future data from
the Legacy Survey of Space and Time at the Vera C. Rubin
Observatory may provide additional insight into DER
models, and constraints on DER may be a viable goal
for future surveys.

Recent results from the DESI seem to prefer evolving
dark energy over a cosmological constant [53]. A dedicated
exploration of DER with DESI data is beyond the scope of
this paper, but has been perfomed in Ref. [52], which finds

that ~3% of Qpgg or €.¢ is preferred over ACDM at the
95% level. In the following, we assume Qpgr = 3%, in
agreement with our 2¢ upper bounds as well as this
exploration with DESI data.

IV. DETECTION PROSPECTS OF DARK ENERGY
RADIATION PARTICLE CONTENT

With current and future CMB and supernova data unable
to distinguish between the various DER scenarios and
Quintessence, we next turn to the direct-detection prospects
of DER if one of the thermalized particles has BSM
couplings to the Standard Model. In particular, we consider
three interesting scenarios, where either neutrinos, axions
or dark photons populate DER with temperature Tpgg.
Since we need a microphysical model to relate the DER
density to a temperature, and to understand what particles
are likely candidates to become thermalized in DER, we
use minimal DER, as described in Sec. IT A, as our concrete
benchmark model.

Having performed a state-of-the-art analysis comparing
the DER observables with current cosmological datasets in
Sec. III, we find the 20 upper bounds on the fractional
energy density of minimal DER today to be Q™. = 0.03
from Fig. 1 2 We then solve for the DER temperature today as

30QupERPc0 | F
Tomo = (20BLe0 ) (25)

where p.o = 3MEH3 ~41 meV* is the critical energy
density of the Universe today. The energy distribution of
DER is then determined by a blackbody as

3

dQpEr w

_ Gx
o @

= ) 26
2ﬂ2pc’0 e'DEro0 — | ( )

where o is the energy of the relativistic particles populating
DER, and the blackbody temperature Tpgg. In each of the
following subsections, we will consider a simple scenario
for which we explicitly specify g,, and the resulting
maximum temperature Tpgr, that could be relevant for
direct detection. Note that since only the temperature and
energy densities of DER today determine the direct
detection signal strength for the rest of the paper any
discussion of temperature implies Tpgr = Tpgrg, and
similarly Qpgr = Qpgg o

A. Neutrinos

One interesting possibility [15] is that SM neutrinos
become thermalized as a part of DER. For both possible
neutrino mass hierarchies the lightest mass eigenstate can
be lighter than the cosmic neutrino background (CuvB)
temperature (7, ~ 0.16 meV), allowing for one of the three

%See Table 11 for the full posteriors in the Appendix.
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species to be relativistic today. If that species thermalized
with the dark radiation, its temperature would increase to
that of the DER temperature, Tpgg. Within minimal DER,
the thermalization could occur if a light right-handed
neutrino is part of the dark radiation.

As highlighted in Sec. I A, the dark radiation can
contain fermions. If those fermions W* are in the adjoint
representation of the non-Abelian group, they could ther-
malize a right-handed neutrino vg, which can thermalize
the left-handed SM neutrino through a mass mixing term

1 1
LC——GoY" g — yhuvg — EmDR(vR)C +H.c.

fo "
(27)

Here we only consider mixing with the lightest SM
neutrino, v;, which we assume to have a Dirac mass term.
The size of the mass-mixing term is determined by the
Yukawa coupling y, where % is the SM Higgs field which
obtains a vacuum expectation value v, (h) = v. In order for
the right-handed neutrino to become thermalized, its mass
m has to be smaller than the temperature of the dark
radiation bath (m < Tpgr). Furthermore, the process
shown in Fig. 5 of gauge bosons scattering into right-
handed neutrinos, whose cross section scales as

1
Ogg—vgig X 72> (28)
123

needs to be efficient. Estimating the interaction rate as
[y ~ onv, (29)

with

we find that the interaction rate exceeds the expansion rate
Hy~1.5x 1073 meV of the Universe today, when

fu, <TeV. (31)

The process for producing SM neutrinos is the same one as
shown in Fig. 5 with an insertion of a mass-mixing term

9 VR
g Un
FIG. 5. Production process of sterile neutrinos vy from a

minimal dark radiation bath consisting of gauge bosons g with
a light fermion ¥ in the adjoint representation.

converting a sterile right-handed neutrino vz to a SM
one v;. Cosmological production of the right-handed
neutrino species is suppressed in the early Universe due
to high temperatures such that N constraints are trivially
avoided. Detailed constraints on the existence of light right-
handed neutrinos with small mass splitting have been
considered in [60,61], and can at most exclude mixing
angles larger than

h
0=2"<10"2. (32)
m

The cross section for that production process in the late
Universe during dark energy domination scales as
1 y2h?
c X — 5.
99—y 2 T2
S Ther

(33)

Then as long as

0.63 meV /102 meV
f. < GeV me ( me ) (34)

DER yh

the SM neutrino will become thermalized as well. Thus, the
thermalization of the sterile neutrino trivially allows for the
possibility of a thermalized SM neutrino species. For this
setup, we minimally require seven bosonic degrees of
freedom from three gauge bosons with two polarizations
for N. = 2, plus one scalar degree of freedom for the axion,
as well as fourteen fermionic degrees of freedom corre-
sponding to two polarizations each for the left-handed
SM neutrino, the right-handed neutrino, and the three
fermions W in the adjoint representation of SU(2), which
adds up to g, = 19.25, and a maximum temperature of
T,per = 0.66 meV. The amount of energy density in the
thermalized left-handed neutrino (and antineutrino) is
limited to € pgg < % x Qe = 0.0027. We refer to

this scenario as vDER.

1. Prospects of detection with Ptolemy

The Ptolemy project [62,63] aims to directly detect the
cosmic neutrino background (CvB) through capture on a
tritium nucleus. The capture process

v, +H — He + ¢~ (35)

has a smoking-gun signature of a peak in the electron
spectrum above the f-decay end point. The cosmic relic
neutrino raises the center-of-mass (COM) energy of the
process compared to the f-decay, allowing for ejected
electrons with kinetic energies that exceed the kinetic
energies possible in regular f-decays. In a standard
cosmology, Ptolemy is most sensitive to massive non-
relativistic neutrino species. The reason for this is twofold.
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Massive neutrinos may cluster [64], enhancing the average
number density per neutrino state

34(3
nsvB = %Tﬁo =56 cm™ (36)
with T,0=195K=0.163 meV by up to
200%(10%—-20%) for masses of 150 meV (60 meV).
This may allow for an increased capture rate compared
to a relativistic neutrino with average number density n,,.
The second reason pertains to the increase in COM energy
of the capture process compared to the p-decay. Non-
relativistic relic neutrinos dominantly raise the COM
energy through the contribution of their rest mass, rather
than their kinetic energy. Then the mass scale dictates
where the peak above the f-decay end point lies, and
crucially, whether it is resolvable with current technology.
In the vDER cosmology discussed above, with a rela-
tivistic SM neutrino that has thermalized with dark radi-
ation to a temperature 7',pgr, the prospects for the detection
of a relativistic neutrino with Ptolemy change. The average
number density per state increases by a factor of 80 as

JDER __ 3¢(3)
"o  4n?

TUDER 3 _
TiDER =44 x 103 <m> cm 3.

(37)

Furthermore the scale that dictates the peak above the
p-decay end point is given by T,pgpr rather than the negli-
gible neutrino mass, and with a wider spread. The differ-
ential event rate for nonrelativistic neutrino capture is
determined by

dI_‘ J—
dE,

ZNT|Uei|25”05(Ee = (Eenao +m;)?).  (38)

where Np represents the number of tritium nuclei in a
sample of mass My, U,; are the mixing-matrix elements,
m; is the neutrino mass, and E.4o = 19.0464 keV is the
energy at the f-decay end point for massless neutrinos, and
the average neutrino-capture cross section is

6 =38x10"% cm2, (39)

approximately independent of the neutrino energy E,. The
expected number of integrated signal events for the
standard relic neutrino background for a 100 g tritium
detector per year is then around 4, assuming no enhance-
ment through clustering. The average neutrino-capture
cross section for relativistic neutrinos is a factor of 2 larger
than the nonrelativistic one [65], which together with the
factor of 80 enhancement in the number density for DER
neutrinos would lead us to expect about 640 events. We
calculate the differential signal rate for the relativistic
vDER neutrinos as

dar 2= d3p,, p%
a5, = iUl | G e 4O
X 5(Ee - (Eend,() + EV)2)’ (41)

and convolve the resulting spectrum with a Gaussian of
full width at half maximum given by A to account for
experimental resolution as described in detail in [63].
In Fig. 6, we compare the convolved spectrum of the
thermalized DER neutrinos (zDER) with a convolved
spectrum of the standard neutrino background (CvB) with
a relativistic neutrino much lighter than 1 meV for an
experimental resolution of A =6 meV. We consider the
normal hierarchy (NO, left) in which the neutrino masses
are m; ~ 0 meV, m, = 8.6 meV, my =51 meV, and the
inverted hierarchy (IH, right) where the neutrino masses are
m; =50 meV, m, =51 meV, m;~0 meV. Figure 6
illustrates the large boost of expected events for vDER
compared to the standard CvB. The normal mass hierarchy
predicts a larger rate due to the mixing-matrix elements
between the electron neutrino and the lightest neutrino
being larger in this hierarchy (|U,;|*> = 0.66) than the
inverted one (|U,3|> = 0.022). For the displayed resolution
of A =6 meV in Fig. 6, a portion of the vDER events are
distinguishable from the f-decay background. To evaluate
the sensitivity on experimental resolution, we compute the
number of vDER signal events per 100 g tritium per year
detected in the region where the signal dominates over the
p-decay spectrum (defined where the blue and orange
curves intersect), and compare to the number of f-decay
background events. The results are displayed in Table 1. In
particular, the predictions for a normal neutrino mass
hierarchy look somewhat promising with 12 signal events
and 7 background events, for an achieved resolution of
6 meV. The most optimistic energy resolution discussed by
the Ptolemy collaboration [63] in 2019 was 10 meV, though
those projections preceded the realization that quantum
uncertainties limit the resolution possible by mounting
tritium onto graphene sheets due to additional smearing in
the p-decay spectrum of O(100 meV) [66,67]. A Ptolemy-
like detector with an energy resolution even smaller than
10 meV would be ideal for testing vDER, and as shown in
Fig. 6, even a factor of two improvement would lead to
O(10) events. However, there are significant technological
challenges to achieve this resolution that must be over-
come. One promising idea may be spin-polarized tritium
which has the potential to reduce the quantum uncertainty
to 6 meV [68,69], meeting the conditions necessary to
detect vDER. The feasibility of this undertaking is subject
to further research and development.

B. Axions

Another intriguing possibility is the detection of a relati-
vistic axion background. Axions automatically become
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FIG. 6. Expected event rates dI'/dE, versus electron energy E, in a direct-detection experiment like Ptolemy (assuming 100 g of
tritium source) near the f-decay end point with an experimental resolution of A = 6 meV for a normal mass hierarchy (left) and an
inverted mass hierarchy (right). The signal of the SM neutrino thermalized with DER (vDER) is shown in orange. The standard cosmic
neutrino background (CvB) is contrasted in gray, and the f-decay background spectrum is shown in blue.

thermalized in DER as discussed in Sec. I A, and are
therefore a natural candidate for direct detection. In a
minimal realization of minimal DER, the degrees of free-
dom in the radiation could be as small as g, = 7, account-
ing for two polarizations of three gauge bosons and the
scalar degree of freedom of the axion. Plugging g, = 7 into
Eq. (25) we find that the temperature could be as large as
T ,per = 0.84 meV, with a total energy density in relativ-
istic axions being €,pgr = yl x Qe = 0.0043.

If the axion background couples to the visible sector, for
example, via an axion-photon coupling,

Jorr 3
LD - 4 oF, F" =g,,9E B, (42)
its presence could source electric or magnetic fields in dark
matter direct-detection experiments. However, there are

TABLE I.  Signal and background events for a fictional 100 g
tritium detector with experimental resolution A for a normal (NO)
and inverted (IO) neutrino mass hierarchy.

NO (0]
A (meV) S B S/B S B S/B
2 187 22 7 6 0.7 9
4 71 27 2.7 23 0.9 2.7
6 12 7 1.7 0.40 0.23 1.7
8 1 0.7 1.4 0.03 0.02 1.4
10 0.04 0.03 1.3 0.001  0.0007 1.9

stringent constraints on the size of the photon-axion
interaction g,,,,,

Yoy S ok, = 0.66 x 10710 GeV~!, (43)
from star-emission bounds that prohibit excess cooling
of compact astrophysical objects through axion emis-
sion [70-72]."

In Fig. 7, we show the estimated discovery potential of
existing and proposed dark matter axion experiments to a
relativistic thermal axion background when the axion-
photon coupling saturates the star-emissions bound.
Compared to the sensitivity to dark-matter-axion parameter
space, there are several sources of suppression for a
relativistic axion [73]. The first one is the decrease in
energy density of the relativistic species compared to
the local dark matter density. The ratio of energy densities
is at best pﬂ‘%“: 1077, with ppy ~0.4 GeV/cm® and
pypEr = 0.0043 X p., where p, = 3M§ Hj is the critical
density. The second challenge to detectability lies in the

broad energy distribution of the thermal axion Supir |

®,DER ?

which further limits the signal-power sensitivity of the

""We estimate that the backreaction from an axion-photon
coupling of this size on the evolution of dark energy is highly
suppressed in the regime we consider, where g,q > Gy,
Furthermore, a tachyonic mode instability which could greatly
enhance photon particle production is prevented by the photon’s
plasma mass m, > 107! meV.
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FIG. 7. An estimate of the sensitivity reach of various dark
matter axion experiments [75] to relativistic axions with axion-
photon coupling g, = 0.66 x 107! GeV~'. The blue dashed
lines indicate the sensitivity that could be reached with the next
generation of experiments [76—85]. The gray region indicates
estimated constraints from existing data [86-93]. The orange
region indicates the axion background predicted by minimal DER
corresponding to a temperatureT ,pgr = 0.84 meV and an energy
density in the axion background of € pgg = 0.0043. Shown in
cyan is the allowed relic cosmic axion background (CaB),
constrained to contribute less than AN < 0.5 to the radiation
density in the early Universe by the CMB, which corresponds to
T, = 0.16 meV. The gray dotted line indicates the boundary at
which it is reasonable to treat the axion background as a coherent
classical wave (see text for details).

detector, compared to axion dark matter with a long cohe-

. .. . A _
rence time and a narrow energy distribution =2 ~ 10 6 A
DM

dedicated study of relativistic axion direct-detection pros-
pects, focused on DMRadio, ADMC and HAYSTAC [73],
found that this difference in energy distributions leads
to a typical suppression factor due to the differences in

bandwidth, Ry, = (52 %)1/2 ~ 103, For experimental
»

designs targeting the larger DM axion masses (1,2
0.1 meV), the target DM wavelength is typically much
smaller than the size of the detectors A, <« L, which
requires spatial power combining to acquire competitive
sensitivity to a DM signal. This strategy is contingent on
the spatial coherence of the DM signal, which is not given
for our relativistic signal. Thus, the relativistic signal is
subject to another suppression factor related to the collec-
tion efficiency which scales with the area of the sensor

over the area of the detector, R .. = 1@ ~ 103 [74]. We

detector

estimate the sensitivity to p,pgr shown in Fig. 7 as

lim \ 2
P pDER g,
= waRce <ﬂ> s (44)
Ppm wry

taking the benchmark values [74] R,,, = 10°,R.. = 1 for
DMRadio, FLASH, BabyIAXO-RADES, ADMX, QUAX,
and CADEx, and R, = 10°,R. =10° for DALI,
ALPHA, MADMAX and BRASS. For BREAD, which
relies on threshold trigger detectors with nonfrequency
resolved readout, we use Ry, = 1, R, = 107.

Figure 7 indicates the challenges of obtaining sensitivity
to a thermal axion background. Despite the fact that DER
allows for a thermal axion background with a temperature
five times larger than a relic axion background temperature,
this enhancement is not large enough to overcome the
relative suppression in energy density compared to the local
dark matter density. Projections of future experimental
sensitivities fall short of being able to directly detect
@DER in a dark matter axion experiment.

Nevertheless, a thermal axion background is well moti-
vated beyond the scope of DER, and justifies dedicated
experimental efforts aiming to close the sensitivity gap for
the detection of a relic CaB (indicated in Fig. 7 in cyan).
Detection sensitivity to @DER could be an interesting
benchmark for such an initiative.

C. Dark photons

Simple extensions to minimal DER allow for dark
photons to become thermalized with a temperature
T yper [15]. For example, if fermions y charged under
SU(N,.) are part of the dark radiation, they could also be
charged under a dark U(1) with fine-structure constant '
Then scattering processes such as gy — A’y will also
thermalize dark photons A’, as long as the production rate
I'y ~ apad Tpggr is much larger than Hubble expansion, an
easily full-filled requirement. If the dark photon A’ has a
kinematic mixing x with the SM photon as in

Lo tp pu  Kp o Lppw
D_Z 2% +§ 2% _Z My

1 _ .
X 5 M ALAY + g iy AL £ (io —my )y, (45)

the fermions y will have SM millicharge, and the dark
photon may be detectable in direct-detection experiments.
Of course, the fermions and dark photons can only be
populated if they are light enough to constitute parts of
DER, e.g. my,,my < Typgr- Even without fermions ini-
tially present, dark photons may become populated through
a higher dimensional operator such as

!
r~>-%% puwpr

4
1672 f' e (46)
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which allows for dark photon production through gg —

ﬁ, leading to
thermalization if f ~ /" < 10 keV. Adding fermions only
charged under the dark U(1) as explicitly written in Eq. (45)
can make the thermalization more efficient [15], but is not
necessary. There exists the possibility of a back-reaction to
the evolution of the dark energy if the dark photon develops
a tachyonic instability which happens when ¢/f" > m,.
Here, we only consider the regime in which no significant
particle production occurs from the zero mode such that
any such backreaction is irrelevant, and the dark photon is
fully thermalized.

We take the approximate 2¢ upper limit on minimal DER
Qper = 0.03, and assume the minimal scenario where the
degrees of freedom contributing to the radiation bath are
g. = 10 for N. = 2 including three gauge bosons with two
polarizations, the axion with one degree of freedom, and
a dark photon with three polarizations ¢,. We then find
the maximum temperature to be 7 pgr = 0.78 meV,

with QA'DER = gl X QﬁdbeR = 0.009.

A’A’ with a rate that scales as I'y ~

1. Dark photon direct detection prospects

Directly detecting a thermal dark photon background is
an exciting prospect, and there are many upcoming experi-
ments that will probe the parameter space populated by
minimal DER. In this subsection, we will first discuss the

[O72 vy o g e e e

w03l ovB A'> vy ]
; non-resonant ]
10*4i

10°3 3

JuruoSaI

x 10

TA'DER= 0.78 meV

107% w
F QA' DER= 0.009

1 =10 Lol vovnnd v vl v vid vvvid vvid vevd v vl vl
10712 107 10® 10 10* 1072 10°

m [meV]

FIG. 8.

viability of the size of the kinetic mixing parameter x, and
will then estimate the reach of current and upcoming
experiments.

Kinetic mixings with dark photons, regardless of the
presence of a thermal background, are subject to various
robust constraints [94] from laboratory probes such as
fifth-force [95,96] and light-shining-through-a-wall experi-
ments [97,98], as well as CMB measurements [99-104],
and stellar-loss arguments [105-108], whose strength
depend on the dark photon mass m/,. We indicate the
bounds that only rely on photon-to-dark photon conversion,
y — A’, in Fig. 8 in gray.

Additionally, the presence of a thermal background of
kinetically mixed dark photons can distort the CMB
through nonresonant and resonant oscillations into SM
photons. The Far Infrared Absolute Spectrophotometer
(FIRAS) measured the shape of the CMB spectrum and
found it fit extremely well to a blackbody spectrum at a
temperature 7, = 2.725 K = 0.23 meV to an accuracy of
le“‘Ty in the frequency range 0.284 meV < w, <
2.65 meV [99,100].

We estimate the nonresonant constraint by requiring

2 dﬂ ’
(@, T ypr)
aQ,

do (a), TV)

<107 (47)

1077

1078 |

1079}

LADERA

1073 102 107! 10°
my [meV]

Left: in gray and orange we show constraints on the dark photon-photon mixing parameter x as a function of the dark photon

mass m . Orange shows bounds derived in this work from dark photon-to-photon conversion using FIRAS measurements of the CMB,
in the presence of a thermal dark-photon background with temperature 7 4 pgr = 0.78 meV, the upper limit allowed by minimal DER.
In gray, we indicate the existing constraints on photon-to-dark photon conversions [94] from the CMB [99-104], laboratory probes such
as fifth-force [95,96] and light-shining-through-a-wall experiments [97,98], as well as stellar-cooling arguments [105-108]. Right: 1o
sensitivity forecast for detecting a dark photon background with temperature 7', = 0.78 meV with LADERA [74] and BREAD [79],

assuming a 3-year exposure. Details in the text.
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in the measured range. Since the dark photon blackbody
has a higher temperature than the CMB, the largest
measured frequency provides the most stringent bound
corresponding to k<2 x 107* for the benchmark
Typer = 0.78 meV, and Quper = 0.009. A PIXIE-like
successor to the COBE/FIRAS measurements with a
temperature resolution of 10 pK [109,110] could tighten
the bounds on k by a factor of three.

To quantify limits from resonance conversions, we
follow the treatments in [101,103]. The resonant conver-
sion requires the CMB photon’s evolving plasma mass to
match the mass of the dark photon, which makes resonant
conversion efficient in only a narrow dark photon mass
range. Moreover, the temperature 7 4ppr(z) of the dark
photon bath decreases with a higher redshift, unlike the
CMB temperature. Hence, only resonant conversions over
recent redshifts (z < 10) can contribute an appreciable
fraction of SM photons in the frequency range covered
by FIRAS. We require

B (0, T (2( 1))

% (a), Ty(l + Z(Ires)))

PA’—»y(tres) < 10_47 (48)

where 1, is the time at which the plasma mass matches the
dark photon mass, and P,_,,(t.;) is the probability that a
dark photon oscillates into a SM photon given by

dInm?(r)|™!

dt

M (1o ) K2
PA’ey(tres) - =

(49)

[0

[=lres

We additionally require that w/(1 4 z(#,)) falls within the
FIRAS frequency range. The lowest frequency bin delivers
the most stringent constraints on resonant conversion. The
redshift evolution of T ypgr(z) can be obtained by solving
the coupled system of Egs. (15) and (16). An analytical
approximation of T 4pgg (z) is given in Eq. (26) in [15]. We
quantify the photon plasma mass m? (1) using the procedure
described in [101,103], and neglect plasma inhomogene-
ities. Combined constraints from nonresonant and resonant
oscillations of A’'DER dark photons into SM photons are
shown in orange in Fig. 8. We leave a careful analysis of
the impact of including inhomogeneities in the electron
number density [103,111] on the parameter space of the
DER dark photons to future work.

Figure 8 illustrates that the constraints on x weaken for
very light dark photons m, < 107'> meV. The thermal
dark photon background produced in minimal DER only
requires my S T4pgr, Such that it can be thermalized in
DER. In principle there is no lower limit on m/,, however,
as we will see small dark photon masses are challenging to
probe in direct detection experiments as the dark photon
decouples in the small mass limit.

Trying to detect an abundance of nonrelativistic dark
photons is an active area of ongoing research with a plethora

of new proposals in recent years [76,79-81,112,113].
Most efforts are directed toward detecting a narrow mass
distribution that comprises all or some of the observed
dark matter. Detectors with sensitivity to nonrelativistic
dark photons also have some sensitivity to relativistic dark
photons; however, the reach is not competitive. Unlike in
the relativistic axion scenario discussed in Sec. IV B, the
sensitivity depends on the relativistic dark photon mass. In
order for an experiment to detect the dark photon back-
ground, it has to oscillate into visible photons within the
characteristic length scale of the experiment L. That
probability is given by

2,L
Py_a = 4x?sin? (—Wiﬁo ) . (50)

such that an estimate to the sensitivity of a dark photon
background scales with the mixing parameter x, the dark
photon mass m''™ that the direct detection experiment is
optimized for, as well as the dark photon mass m, of the
dark photon background,

lim\ 2 . mlimL 2
() (e ) )

2
K .My Leir
S ( yps

Here L. denotes the effective propagation length for
relativistic dark photons in a direct detection experiment.
We note that dark matter experiments with sensitivity to
m™ <« @ ~ meV can only probe a thermal background if
my < m'™ < @, resulting in a large hit to the sensitivity.
Thus, the most promising dark matter direct detection
experiments are the ones probing m'™ ~ @ ~ meV, such
as BREAD, or alternatively an experiment designed to be
optimized to a thermal relativistic signal.

Such an effort is currently underway at the Jet Propulsion
Lab in Pasadena lead by Pierre Echternach and Aaron
Chou. The experiment, LAte Dark Energy RAdiation
(LADERA) [74], relies on similar detector technology as
BREAD; however, it has a large number of photon sensors,
increasing the effective sensor area by a factor of 10* to
A, = 0.01 m?. Since a thermal relativistic signal, unlike a
dark matter signal, cannot be effectively focused on a small
sensor area, this provides a significant improvement in
sensitivity over BREAD. LADERA consists of a shielded
box with highly reflective walls and features 10* pixels of
quantum capacitance detectors [114], which are single-
mode, single THz (4 meV) photon sensors that are read out
with a Quantum Instrumentation Control Kit developed
by Fermilab [115]. LADERA’s sensitivity is optimized in
the range in which m?3, > 4zw/Ley such that Eq. (50)
simplifies to P4 _ 4 = 2x*, which for L. = 100 cm cor-
responds to m, > 3.5 * 1072 meV, after which the sensi-
tivity falls off steeply as (m, /m'™)?*. Taking an individual

PA'DER
DM

063557-15



BERGHAUS, KARWAL, MIRANDA, and BRINCKMANN

PHYS. REV. D 110, 063557 (2024)

detector dark count rate of 1 Hz as the benchmark, and
calculating the expected signal rate as

' = nypervAs, (52)

we forecast LADERA’s 16 sensitivity to x = 1.1 x 107 for
a three-year exposure.

V. CONCLUSION

This decade may be pivotal in gaining insight into
the nature of dark energy. Numerous experiments are
coming online that probe precision late-Universe cosmo-
logical observables, stress-testing models of dark energy.
Simultaneously, Earth-based direct-detection programs are
advancing rapidly. In this work, we examine the cosmo-
logical and direct-detection prospects of a novel dark
energy model, dark energy radiation, DER, in which dark
energy is comprised of a slowly rolling scalar field that
sources thermal dark radiation through dissipation.
Remarkably, DER predicts an abundance of a thermal bath
of particles which can be probed nongravitationally.

We investigate two variations of DER: minimal DER,
where the thermal friction leading to particle production
emerges from a microphysical theory of an axion coup-
ling to gauge fields; and toy DER, a toy model with a
constant dissipation term. Current state-of-the-art precision
cosmological data allow for an abundance of dark energy
radiation up to Qpgr = 0.03 as seen from 2D posteriors,
which exceeds the amount of dark radiation usually con-
sidered compatible with cosmological data by three orders of
magnitude. We find that the constraints are dominated by the
background behavior of DER. As DER is dynamically
produced in the late Universe, it evades the usual bounds
on dark radiation which stem from the early Universe.
Forecasts with CMB and supernova data show the potential
to improve these constraints on DER abundance by a factor
of three. Moreover, such dark energy radiation can slightly
decrease Sg and improve the weak-lensing tension in
cosmology. However, we find that neither current nor future
cosmological datasets considered here will distinguish
mDER and tDER from each other, or from Quintessence,
making direct detection of DER via interactions with the
Standard Model the most promising avenue for discovery.

Using minimal DER as a benchmark model, we propose
extensions that allow for neutrinos, axions or dark photons
to become thermalized, and evaluate the prospects of
directly detecting a thermal background comprised of these
particles. We find that neutrinos thermalized in DER can
enhance the average relic neutrino number density for a
relativistic species by a factor of 80; however, an experi-
ment relying on neutrino capture on tritium will require a
resolution of 6 meV to distinguish the thermal neutrinos
from the f-decay background spectrum, a technologically
challenging feat. A normal neutrino hierarchy is favorable
compared to an inverted hierarchy.

The prospects of detecting a relativistic axion back-
ground are slim as the existing experimental program
targets dark matter detection. Detecting DER would require
an experiment specialized to a thermal axion background to
probe interesting parameter space. Compared to a relic
thermal axion background, the DER signal can be up to
three orders of magnitude larger with a peak around 3 meV
rather than 0.7 meV, constituting an easier intermediate
target for such an undertaking.

Dark photons are the most interesting direct-detection
target. After including all constraints on the dark photon
mixing parameter k in the presence of a thermal back-
ground, we forecast that viable parameter space can be
probed with LADERA [74]. This promising result moti-
vates further research and development of experimental
search strategies targeting relativistic signals.
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APPENDIX: FULL MARGINALIZED
POSTERIORS

This appendix presents our comprehensive posteriors.
These can also be accessed directly from our MCMC
chains made available on GitHub [117].

Table I summarizes the marginalized 1D posteriors for
all cosmologies explored using our current dataset, which
includes BAO data from SDSS DR12 and DR7 main
galaxy samples, Pantheon supernovae, and Planck 2018
CMB measurements of the low-£TT and EE spectra and
high-#TTTEEE spectra as described in Sec. III B up to
¢ < 1300. Figures 9-12 show the 2D marginalized

TABLE IL

posteriors for cosmological parameters for mDER,
tDER, Quintessence and wyw,, respectively.

Similarly, Table III summarizes the marginalized 1D
posteriors for all cosmologies we explore using forecasts,
which include BAO data from SDSS DR12 and DR7 main
galaxy samples, Roman supernovae forecasts, Planck 2018
CMB measurements of the low-£TT and EE spectra,
and Simons Observatory projections for high-ZTTTEEE
spectra up to Z < 1300. Figures 13—-16 show the corre-
sponding 2D marginalized posteriors for cosmological
parameters for mDER, tDER, Quintessence and wyw,,
respectively.

Marginalized 1D 1o posteriors and means are shown for various cosmologies described in Sec. III A, constrained using

3
current data as described in Sec. III B. Here cpgg = c¢3 in units of [3‘%M PfMpc%] for mDER and c; in units of [Mpc~!] for tDER. For one-

sided bounds, we show the 95% upper or lower limit.

Parameter ACDM mDER tDER @ WoW,

Q,h? 0.02251 £0.00015  0.02250 £ 0.00015  0.02251 £0.00016  0.02251 £0.00016  0.02258 == 0.00016

Q.h? 0.1185 £ 0.0010 0.1183 4 0.0011 0.1184 £ 0.0011 0.1183 £0.0011 0.1178 £ 0.0011

H, 68.01 &+ 0.47 67.80707 67781033 67697051 67.25705

Ay x 1070 2.088 + 0.025 2.084 £ 0.034 2.084 £ 0.035 2.085 +0.035 2.087 £ 0.026

ng 0.9681 + 0.0048 0.9681 £ 0.0048 0.9683 £ 0.0049 0.9684 + 0.0049 0.9702 £ 0.0049

Treio 0.0535 + 0.0052 0.0528 £ 0.0078 0.0529 + 0.0081 0.0530 + 0.0081 0.0540 £ 0.0055

Q, 0.3065 + 0.0061 0.3064 £ 0.0063 0.3067 + 0.0065 0.3074 + 0.0068 0.3118 £ 0.0068

oy 0.8043 + 0.0061 0.7999+9.90% 0.8000 = 0.0085 0.7987- 0050 07917005

Sg 0.813 £0.013 0.808 £ 0.013 0.809 £ 0.013 0.808 £ 0.013 0.806 £ 0.013

OpEr <0.0222 <0.0249

logo cper 6.48173 >—0.595

Cyr (MyMpc2) <542 x 1077 <7.57 x 1078

Qe k <3.04 x 107 <6.35x 1073 <0.0271

Wo <-0.933

W 0.03755037

7 3332.1 £5.5 3332.0£5.7 3332.5+£5.7 3332.7+5.8 3334.5+£5.8

X370 DRI2 4.16 £0.98 4.08 £0.98 41410 4.03 £0.98 43+ 14

X320 DRTMGS 1.57 £0.47 1.48 £0.47 1.47 £0.48 1.45 +£0.48 1.14 £ 0.46

Tine 1034.93 +£0.22 103525 £0.71 1035.29 £ 0.75 1035.6 + 1.1 10363+ 1.3

Hanck lowTT 22.73 +£0.93 228+ 1.0 22.73 £0.95 22.73 £0.93 22.43 +£0.89

Xanck lowEE 396.35 & 0.88 396.8 £1.5 396.9 £ 1.7 396.9 £ 1.7 396.42 £ 0.93
1872.3 £ 5.4 1871.5£5.5 18720 £5.5 18720 £5.5 1873.9 £5.8

2
X Planck high—¢
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FIG. 9. Constraints from current data for ACDM (yellow) and minimal DER (orange). We show the base ACDM parameters along

with a parameter cpgr = ¢, controlling the thermal friction T = c,,pggR, the slope Cy; of the scalar potential and the resultant
contribution Qpgr of DER today. For mDER, n = 3.
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FIG. 10. Constraints from current data for ACDM (yellow) and toy DER (pink). We show the base ACDM parameters along with the
thermal friction Y = cpggr and the resultant contribution Qpgr of tDER today.
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FIG. 11. Constraints from current data for ACDM (yellow) and Quintessence (purple). Besides the base ACDM parameters, we also
show the slope C of the scalar potential and the contribution . | of the kinetic energy of Quintessence today.
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FIG. 12. Constraints from current data for ACDM (yellow) and wyw, (blue). Beyond the base ACDM parameters, we show the
equation of state of dark energy w, today and that in the deep past w,. The black solid line in the subplot showing w, vs w, marks the
boundary with the phantom region which is excluded by our priors. The extent of the 2¢ contour beyond this boundary is a feature of
GetDist smoothing.
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TABLE III.

Marginalized 1D 1o posteriors and means are shown for various cosmologies described in Sec. III A, constrained using

_3
forecasts produced with a fiducial ACDM model as described in Sec. III B. Here cpgg = c3 in units of [3‘3Mplepc%] for mDER and ¢
in units of [Mpc~!] for tDER. For one-sided bounds, we quote the 95% upper or lower limit.

Parameter ACDM mDER tDER 17 WoW,

Quh? 0.0225540.00011  0.02254 4 0.00011  0.02254 +0.00011  0.02254 +0.00011  0.02259 4 0.00011

Q.h? 0.11743 £ 0.00059  0.11728 +0.00063  0.11722 +0.00061  0.11726 +0.00062  0.11681 + 0.00069

H, 68.46 4 0.25 68.42 4+ 0.26 68.41 4+ 0.25 68.39 4 0.26 68.36 4 0.26

Ay x 107 2.084 +0.022 2.085 £ 0.030 2.0881003 2.088 £ 0.031 2.085 £ 0.022

ng 0.9731 + 0.0034 0.9729 + 0.0035 0.9728 + 0.0035 0.9728 +0.0035 0.9747 £ 0.0035

Treio 0.0546 + 0.0052 0.0551 £ 0.0073 0.05597+ 09062 0.0559 + 0.0075 0.0556 =+ 0.0052

Q, 0.3001 =+ 0.0033 0.2987 + 0.0034 0.2987 £ 0.0033 0.2989 + 0.0033 0.2997 + 0.0033

oy 0.8012 = 0.0047 0.7998 =+ 0.0062 0.7998 =+ 0.0063 0.8000 =+ 0.0064 0796299959

Sg 0.8014 + 0.0076 0.7981 =+ 0.0085 0.7981 =+ 0.0084 0.7985 =+ 0.0085 0.7958 + 0.0083

Qper <0.00622 0.002627 05003

log, CpEr 6.92 +0.87 >—0.106

Cyet (MyMpc2) <3.63 x 1077 <4.00 x 1078

Qqer e <132x107* <5.94 x 1070 <0.00716

Wo < —0.980

W, 0.015705%,

Ve 1943.5 £ 6.6 1944.3 + 6.9 1945.1 £6.7 194554 17.1 1946.7 + 7.1

X370 DRI2 3.52+0.19 3514022 3.50+0.21 3.50 +£0.22 3.444+0.24

X370 DRTMGS 2.08 +£0.29 2.09 +0.30 2.09 +0.29 2.09 +0.29 2.09 +£0.29

e 67.7+ 1.7 68.1 +2.0 68.2 +£2.0 68.3 +2.1 69.1 +£2.6

K anck low TT 21.78 4 0.68 21.96 4+ 0.81 21.88 +0.71 21.88 +0.71 21.59 4 0.66

Hronck low EE 396.40 + 0.91 3969+ 1.6 397.0+ 1.8 397.0+ 1.8 396.5+ 1.0
1452.0 £ 6.6 1451.8 6.7 1452.4 £ 6.6 14526 +7.0 1453.9 £ 6.9

2
XCMB high—¢
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FIG. 13. Constraints from future data for ACDM (yellow) and minimal DER (orange), showing the base ACDM parameters along

with the parameter cppg = ¢, that controls the thermal friction T = cnp]")/gR, the slope Cy of the scalar potential and the resultant
contribution Qppr of DER today. For mDER, n = 3.
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thermal friction ¥ = cpgr and the resultant contribution Qpgpr of tDER today.
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