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Dark energy radiation

Kim V. Berghaus % Peter W. Graham,” David E. Kaplan,1 Guy D. Moore," and Surjeet Rajendran1

lDepartment of Physics & Astronomy, The Johns Hopkins University, Baltimore, Maryland 21218, USA
*C.N. Yang Institute for Theoretical Physics, Stony Brook University, New York 11794, USA
3Stanford Institute for Theoretical Physics, Department of Physics, Stanford University,
Stanford, California 94305, USA
*Institut fiir Kernphysik, Technische Universitit Darmstadt,
Schlossgartenstrafie 2, D-64289 Darmstadt, Germany

® (Received 21 January 2021; accepted 3 September 2021; published 7 October 2021)

We show that if dark energy evolves in time, its dynamical component could be dominated by a bath of
dark radiation. Within current constraints this radiation could have up to ~10% times more energy density
than the cosmic microwave background. We demonstrate particular models in which a rolling scalar field
generates different forms of dark radiation such as hidden photons, millicharged particles, and even
Standard Model neutrinos. We find the leading effect on the late-time cosmological expansion history
depends on a single parameter beyond the standard cosmological model, namely the temperature of the
dark radiation today. Cosmological observations of this modified expansion rate could provide a striking
signature of this scenario. The dark radiation itself could even be directly detectable in laboratory
experiments, suggesting a broader experimental program into the nature of dark energy.
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I. INTRODUCTION

A variety of cosmological measurements have estab-
lished that the Universe is currently undergoing an accel-
erated expansion driven by dark energy. This dark energy
dominates the energy density of the Universe. It does not
clump into galaxies, and its evolution is constrained to be
slower than that of the other components of the Universe.
Notably, these properties have been established by cosmo-
logical measurements that are sensitive only to the gravi-
tational effects of dark energy. Much like the case of dark
matter, it is likely that the properties of dark energy can be
more deeply probed if the dark energy has nongravitational
interactions with the standard model. How can the dark
energy couple to the standard model, and what kinds
of signals can these interactions lead to? A systematic
identification of these could lead to a robust program of
laboratory based probes of dark energy, similar to the effort
that is currently underway to identify the nature of dark
matter.

Unlike dark matter, such a program has not been widely
pursued for dark energy due to the widespread theoretical
assumption that dark energy is a cosmological constant.
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Indeed, a cosmological constant is the simplest proposal for
dark energy, and such a constant cannot be probed in
laboratory experiments. But this is simply theory prejudice
—the experimental nature of physics requires observational
probes to establish if the dark energy is actually a constant
or if it has a dynamical component, e.g., a kinetic energy.
This kinetic energy can couple to the standard model
through nongravitational interactions and could potentially
be probed in the laboratory. While dark energy does not
have an analogy to dark matter’s “WIMP miracle”'; there
are significant theoretical motivations to search for such a
kinetic energy. The cosmological constant is observatio-
nally known to be orders of magnitude smaller than
identifiable standard model contributions to it and thus
appears to require a massive fine tuning. At present, the
only known mechanisms (e.g., [2-7]) to naturally explain
this fine tuning requires dynamical evolution, implying the
existence of a dynamical component of dark energy. Our
intention in this paper is not to solve the cosmological
constant problem but to do a broader exploration of
dynamical forms of dark energy.

Given the isotropic nature of dark energy, the simplest
model of dynamical dark energy is a light scalar field
that is slowly rolling down its potential. While the mass
of this field has to be smaller than the Hubble scale

(~107* GeV) today, its kinetic energy could be

lSomething that is seeming less and less miraculous each
day [1].
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significantly larger—constrained to be no larger than a few
percent of the dark energy density today ~meV* The
coupling of this kinetic energy to the polarization of light
(see, e.g., [8—10] and references) and the spin of nucleons/
electrons has been investigated (see, e.g., [1 1-14]). In these,
the dark energy provides a homogeneous background, and
the motion of the test particle against the background gives
rise to polarization rotation/spin precession. The spatial/
temporal coherence and the frequency of these signals are all
set by the Hubble scale today, i.e., the age of the Universe.
Experimentally, while the extended temporal coherence is
useful to combat sensor noise, the DC (vs AC) nature of the
signal gives rise to challenging systematics.

In this paper, we point out that the phenomenology of
dynamical dark energy is richer than simply the motion of
test particles against a homogeneous background, giving
rise to qualitatively different experimental signatures.
Specifically, if the scalar field has technically natural
interactions with a dark Yang-Mills sector, these inter-
actions can give rise to additional friction/dissipation
channels for the kinetic energy of the scalar field. These
dissipation mechanisms can convert the coherent and
homogenous kinetic energy of the field into hot radiation.
The energy density in this radiation can be as large as a few
percent of meV*#. While this is considerably larger than the
energy density set by n.; measurements from the cosmic
microwave background (CMB) (in fact, this energy density
is larger than that of the CMB today), there is no conflict
with the CMB since this radiation occurs from the con-
version of dark energy today rather than in the early
Universe.

If the dark energy were to have this phenomenology,
there are considerable experimental implications. First,
these dissipation mechanisms can remove a significant
chunk of the kinetic energy of the field leading to null
results in some of the DC experimental probes discussed
above. In particular, the spin precession measurements in
laboratories today would have a greatly reduced signal.
However, searches for polarization rotation of the CMB
(i.e., cosmic birefringence) would still be important as even
a tiny integrated kinetic energy would be detectable beyond
astrophysical limits. Second, the conversion of the kinetic
energy into hot radiation could be detected indirectly
through cosmological measurements of the expansion rate.
Third, this conversion could be detected directly by
searching for this radiation to interact with a detector.
This requires new kinds of experiments. The hot radiation
is at a high frequency ~THz (~meV), where systematic
backgrounds are under better control than a DC experi-
ment. But, the signal is not coherent and thus requires
enhanced sensing.

The properties of the standard model imply that this
radiation is not in the form of photons. The high mass of the
electron relative to the dark energy scale, as well as
astrophysical limits on the direct coupling of light scalar

fields to electromagnetism, makes the conversion into
photons inefficient. In this paper, we point out that this
conversion can be efficient through Yang-Mills sectors,
hidden/dark photons, millicharged particles, and right-
handed neutrinos.

The rest of this paper is organized as follows. In Sec. II,
we outline the basic technique that allows the kinetic
energy of dark energy to be converted into radiation in a
technically natural way. We then show how this radiation
can manifest itself in the form of pure Yang-Mills gauge
bosons (Sec. I A), hidden photons (Sec. II B), millicharged
particles (Sec. II B), and right-handed neutrinos (Sec. II C).
Following this, in Sec. III we discuss cosmological probes
of this scenario and conclude in Sec. IV where we comment
on various direct detection possibilities.

II. ROLLING, FRICTION, AND RADIATION

The point of this section is to show that dark energy
could easily have a radiation component consisting of a
variety of possible particle types. We focus on models in
which a rolling scalar field couples to such a light sector.
The rolling scalar populates the light sector, which in turn
thermalizes and creates friction for the rolling scalar as a
form of backreaction.

We will assume that the potential V(¢) varies smoothly
as a function of ¢. Then since friction effects will lead to a
slow evolution for ¢, we can Taylor expand the potential
about the point where V(¢) crosses zero. We also apply an
additive shift to ¢ so that ¢ = 0 corresponds to the point
where V(¢) = 0, and we choose the sign of ¢ such that the
potential has a negative slope, leading to a linear potential
V(p) = —=C¢ with C > 0. It would be straightforward to
include the effects of higher orders in the Taylor expansion,
but we will not do so here. This potential, of course, does
not explain the fine-tuning of the cosmological constant
(namely that |Cop| ~ meV*), though some attempts to solve
it, in fact, predict a local linear potential [4—6]. The value of
C itself can be technically naturally small as it softly breaks
a shift (and CP) symmetry for ¢.

With a linear potential, the equation of motion for such a
field will be

¢ +3Hp+Tp=C, (1)

where H is the Hubble rate, and Y is the (generally
temperature-dependent) source of friction that we will
exploit in this paper and will discuss below. The overdot
denotes time derivatives in standard Friedmann-Robertson-
Walker coordinates. We have chosen the origin of ¢ to be
the point of zero vacuum energy. Observation requires
¢ < 0today (positive vacuum energy), and we will look for
solutions where ¢ < (3H + Y)¢. Unless otherwise noted,
we will assume Y > 3H. Thus dark energy density will
consist of vacuum energy plus a quasithermal bath and a
near-negligible contribution from ¢’s kinetic energy.
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In the rest of this section, we present minimal models
that can generate different particle contents in the back-
ground dark radiation.

A. Non-Abelian gauge sector

We first investigate a pure Yang-Mills (YM) sector
coupled with an axionlike coupling to ¢. This will represent
our simplest version of friction, all others of which will be
generated by coupling to this sector. The Lagrangian is

1 1 o TrG,, G*
L= —TtG, G" +~0,00'0p + L7 _ Cqp,
Py I L e T ¢

(2)

where we take a gauge group SU(N.) (note, these fields are
all part of a “dark” sector and not standard model fields).
Contributions to dynamical friction on a pseudoscalar from
a QCD-like sector has been of significant interest as it
affects the calculation of the axion dark-matter abun-
dance [15].

Before discussing how the non-Abelian vector fields
influence the scalar dynamics, let us first review what is
known about the YM dynamics themselves, considering ¢
as a uniform, possibly time-varying background. The
quantity TrGWG”” /167 is a total derivative, but because
the gauge group has nontrivial 73 homotopy, it nevertheless
gives rise to physical effects due to nontrivial topological
gauge-field structures (instantons) [16]. In vacuum, the
presence of such structures leads to a periodic potential
for ¢ of form V(¢)~ y(1 —cos(p/f)), where y, the
topological susceptibility, is of order the fourth power
of the confinement scale for the non-Abelian sector
y ~A*[17,18].

But at temperatures such that the coupling g, or
a = g*/4n, is small at the scale of the temperature,
a(ip =T) < 1, the susceptibility is exponentially small,
x ~exp(—2xz/a) [19-21], and such potential effects are
completely negligible. Instead, the most interesting ques-
tion is the size of the mean-squared fluctuations in the
Chern-Simons number N¢s (1) = [{dt [ d*xTrG,, G /16a?,
due to random thermal fluctuations, which can induce
real-time topology change even though there is no topo-
logy change in the Euclidean thermal path integral (see
Ref. [22]). These mean-squared fluctuations are extensive
with spacetime volume, (Ngg) ~ Vi, where V is the
space volume considered and I'yp,, the “sphaleron rate,” is the
coefficient characterizing the mean-squared topological
fluctuations.” For topology to fluctuate, the G, field must
grow to be nonperturbatively large, which occurs on length
scales of order ¢~ 1/(aT). Therefore, on dimensional
grounds one might expect Iy, ~ a*T* [24,25]. But such

“See Ref. [23] for the etymology of “sphaleron.”

long-wavelength nonperturbative fields, in fact, undergo
slow diffusive motion, leading to an extra factor of , leading
to the estimate [26]

Lgon ~ N2 T (3)

up to logs [27]. The power of N, is based on N, counting
from Ref. [28], which is verified in Ref. [29].
Understanding the behavior of the G, sector for a
classical background ¢(z), we can return to the issue of
how this sector will influence the ¢ dynamics. The field
equation of motion for ¢ derived from Eq. (8) is

T6G,, G

9,0 = —C
v T lerty

(4)

The last term is related to the Chern-Simons number
density. An integration by parts shows that a time-varying
coefficient ¢/ f on GG is equivalent to a chemical potential
for Chern-Simons number uyncs = @/f [30], and a fluc-
tuation-dissipation relation shows that such a chemical
potential induces a linear response, which is proportional to
the diffusion coefficient I'y,, [31,32], leading to’

<TrG,,,,G”V> _ Ton (@) (5)
167* 2T \f)
Thus the friction coefficient in (1) is [34]
Y ~ (N.a)T?/f?. This friction beats Hubble friction when
f < T+\/T/H(N.a)>.

Now we can estimate the temperature as a function of the
remaining parameters. The dark radiation density ppr will
lose energy density via redshift from the expanding

Universe and gain energy density from the friction’s back
reaction:

ppr = —4Hppr + T¢?, (6)

where ppr = (2N2 —1)(2?/30)T*, accounting for the
gluons and the thermalized axions (thermal excitations
of the inflaton field) which accompany them. We can plug
in for ¢ by solving for it in (1) in the slow-roll (¢ — 0) and
thermal friction (Y > H) limits, giving ¢ ~ C/Y. If we
also assume quasisteady-state behavior in (6), ppgr ~ 0, we

can solve for T:
242 \ 1/7
T ~ i ) (7)
HN!o®

The temperature’s slow (—1/7 power) dependence on H
shows this is a reasonable approximation. In addition, using

*For a general discussion of chemical potentials, particle
number violation, and sphaleron processes, see [24,25,33].
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the steady-state value of 7, one can replace C in the
value for ¢ and find the kinetic energy contribution to
the cosmological energy density @> ~ (H/Y)ppr can be
neglected in the high-friction limit. In Sec. III, however, we
solve the exact equations of motion numerically and show
partial analytic solutions.

Note, we can choose parameters such that 7 ~ meV. For
thermal friction dominance, this amounts to f <« TeV
(for N.a < 1). As this is all occurring in a hidden sector,
it is not subject to collider bounds. When one includes
couplings to standard model particles, there exists a
broad range of parameter space allowed by current
experiments.

Also note, the following assumptions are required to
make our analysis valid. We assume that ¢ is slowly
varying on the 1/a?T time scale on which the thermal
medium reacts to these effects. If this is not the case, then
the response is more complicated and is not determined by
the sphaleron rate. However, this is a trivial constraint. We
also assume that the GG/ f term is smaller than the other
terms in the YM equations of motion so we can linearize in
it in the usual fluctuation-dissipation sense. This happens as
long as ¢@/f < T, which is again trivial to satisfy. Finally,
we take a>T > H so the Hubble rate is small compared to
the rate of thermalization, which simply requires a to not be
too small.

Lastly, note that this quasisteady-state behavior is
relatively insensitive to initial conditions. This solution
is in fact an attractor. If ¢ or T start much smaller than the
quasisteady-state values, then they will rapidly increase as
the potential drives ¢ up, and this in turn dumps energy into
the thermal bath through friction. It has been shown that
this process converges rapidly to the quasisteady-state
solution in under one Hubble time [34]. Similarly, a large
initial 7 will redshift away and is anyway limited by CMB
sensitivity to additional degrees of freedom. A large ¢ at
early times redshifts even faster than radiation and is then
damped by thermal dynamics. Thus, the solution we find is
an attractor with a large basin of attraction. Note though
that the minimal initial temperature for the thermal bath
o’T > H is necessary in order for the calculation of the
thermal friction to hold. However, it can be shown that even
starting from zero initial temperature there is a tachyonic
instability in the gauge field in the background of the
rolling scalar [35,36]. And it can further be seen that this
instability is sufficiently rapid to generate a density of
gauge modes for which nonlinear interactions take over.
These modes are then likely to thermalize (see, e.g., [37]),
at which point all the above arguments apply. Additionally,
one can show that production by Standard Model gravi-
tational scattering during radiation dominance is sufficient
to create a thermal bath of the new gauge field if the
reheating temperature is >10° GeV. Thus it is generic to
end up in our quasisteady-state solution, largely indepen-
dent of initial conditions.

1. Non-Abelian with fermions

The existence of fermions in this sector can suppress the
friction as sphaleron transitions can build up a chiral charge
and associated chemical potential, which suppresses the
sphaleron rate. A fermion mass violates the chiral sym-
metry and thus reduces the chiral charge. These issues only
occur if the fermion masses are very light; we will see
below that if the fermion mass m grows larger than o?T,
then the sphaleron rate approaches that of the pure
YM case.

Adding massive fermions, we have the Lagrangian

L= ﬁTrGﬂuG"” + (P +my + %3y(ﬂ3”(ﬂ
yv
¢y, ®
f léx
where again we take a gauge group SU(N,), and the N,
fermions y are in some representation R of the gauge
group. If the mass m is zero, then there are two classically
conserved fermionic numbers, the left-handed fundamental
number 7 (for fermions in the fundamental representation)
and the left-handed antifundamental number nj, with
associated currents ji and j;. If we think of the two
Weyl fermions as one Dirac fermion, ny is the net left-
particle number, and ny is minus the net right-particle
number. We will assume initially np = np = 0. Again in
the absence of a mass, each current obeys

TMG,, G

Ouli = 1672

= 0.} ©)

F7

where the field strength trace is the topological charge
density. For a general representation R we would find

TrGﬂ,,G"”

0
1672

WJr = 2TR : (10)

where Ty = Crdyp/d, is the trace normalization of the
representation (1/2 for fundamental, N, for adjoint, etc.),
Cy is the Casimir, dy is the dimension, and d4, = N2 — 1 is
the dimension of the adjoint representation. Assuming a
statistically uniform system, this reduces to equations for
particle number density, such as
TrG,, G"
Omng = 2TR<#>. (11)
If the particle number is otherwise conserved (or for
small mass, long lived), then the fermions otherwise
equilibrate, and the particle number is related to a chemical
potential pg via
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_ g [ Ep 1 1
nR(ﬂ) — “R (2”)3 e(p—yR)/T +1 - e(PJFﬂR)/T +1

o dpugT?
12
_ 12ng
= ﬁ'

pg(n) (12)

Here the two terms in the first line are the particles and the
antiparticles, and we have expanded to linear order in yp.

Now consider the equations of motion for the Chern-
Simons number itself. Besides the driving force ¢ acting on
it, there is also the energy cost of producing particle number
against a chemical potential [33]:

IrG,,G" r 7

nv sph [ @

B A Y - E 2T 1
< 1672 > 27 (f = RMR)’ (13)

where we showed the general situation for multiple fields in
different representations R. The factor 27’ is the number of
particles produced by a sphaleron event, each of which
costs a free energy pp.

Taking the thermal average of equations of motion (1)
and (11), and inserting the relations for the chemical
potential (12), we find the following combined equations
(for a massless fermion in representation R):

T (@ 24Txn
—p=-C+-2 f_—RzR , (14)
2TF\F T dpT
Telaw (@ 24T
O = R (P ZTIRIRY (15)
T \f  duT

We see that there is no solution where ¢ vanishes
asymptotically; instead, the particle number grows and ¢
continues to accelerate. As a side note, there is still effective
dissipation even in this exactly massless case. These
Egs. (14) and(15) can be solved for an asymptotic solution
which still has energy being dumped from the scalar field
into the thermal bath. This rate of energy transfer is highly
suppressed, and we will not focus on these solutions.

However, in the case of a small nonzero fermion mass
(m # 0), there are chirality-violating scattering processes,
with a matrix element proportional to the mass at leading
order. This means that there is an additional term in the
particle number evolution equation,

. (16)

TR pn <¢ 24TRnR> ngN.am?
Ong = - - —K————

T \f dgT? 72

with « a coefficient which one could calculate, in principle,
and should be O(1) [38]. Now we see that ng can approach
a constant value. Setting its time dependence in (16) to zero
and solving for ng, one can now generate an effective
friction rate I'y in the ¢ equation of motion,

—p =—C+Teg (17)
with
l—‘s h Fch
e = > > ( 2412 )7 (18)
2Tf Fch + ﬁrsph

where we defined the -chirality-violation rate I'., =
kN, am?/T. If the T',, term is larger than the sphaleron
term—i.e., if m?/T? > (24T%/dgx)(N .a)*—then the par-
ticle number relaxes, primarily due to spin flips before it
can backreact on the sphaleron processes, and thus for a
large enough mass, the original friction is restored. For
a finite mass, friction at some level is maintained and
steady-state solutions are possible. In this limit, where I,
is small, the thermal friction beats Hubble friction if
[t = (kdgN.a)/(48T%)(Tm*/f?) > H, and thus it is
possible to have significant dark energy radiation for a
wide range of masses.

B. Dark photons and millicharged particles

There are a number of ways to make U(1) gauge bosons
(dark photons) part of the dark energy thermal bath. The
simplest way is to take the QCD-like model above and
charge the fermions under an unbroken U(1). Take the new
fine-structure constant to be . In the thermal bath, the rate
of dark photon production should be at least 'y ~ aa'T. As
long as this is much larger than the Hubble expansion rate,
a thermal abundance of dark photons would be generated.

One does not need fermions in the non-Abelian sector to
thermalize dark photons. Additional ways to thermalize
light U(1)’s are through higher-dimensional operators, e.g.,
(19)

£otrmE,
where F’ is the field strength of a dark photon. Because the
YM to dark photon cross section now goes as 72/ (f'f)?, a
much lower f’, f would be required to thermalize this
sector, roughly ' ~ f <10 keV for T ~meV. The only
other requirement is that the mass of the dark photon
my satisfies T > my > H (we discuss the massless
case below).

This thermalization process can be sped up if there are
interactions in the U(1) sector. This is because when
thermal friction dominates, the rolling dark energy field
is all but guaranteed to thermalize as well. Roughly, if the
rate [, ~ ong ~ (aT°/f*) > H, then ¢ particles are
also thermal. Once a small amount of dark photons is
produced via (19), a runaway process can produce a
thermal abundance in this sector. For example, a sector
of dark photons Aj, and dark-charged fermions y will have
scattering cross sections 6,4, and 6,4, of order
o' /. The growth rate of the number density of hidden
sector particles X = A’, y would be
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dny aT?
dr ~NxNyOpx—xx ~ Nx ? (20)

a1
f/z
thermal abundance of dark photons and dark-charged
fermions should be produced. If the dark photons kineti-
cally mix with regular photons, then this would also
constitute an abundance of millicharged fermions.

For completeness, we note that in the case of an
extremely light or massless dark photon without charged
fermions, an abundance of very long wavelength modes is
also generated by a tachyonic instability and, in fact,
becomes a new source of friction for ¢ [35]. Via the
coupling (19), a population of vectors will be produced
when ¢/f > m,, due to an instability in the mode equation
for the vectors [35,36,39]:

If the characteristic rate

> H (up to a log factor), then a

¢
f

For very light or massless dark photons, with no charged
fermions, this effect dominates the friction mechanism and
generates a background of nonthermal very low frequency
(~@/f") vectors. Using the work of [36], the field velocity
is roughly constant at ¢ = EHf’, with & ~ O(100), corre-
sponding to dark photon frequencies around a hundred
times the Hubble rate. The energy density in the dark
photon approaches the vacuum energy V when C ~
V/(Ef") [36]. This friction will dominate over the thermal
friction from the YM sector unless ' > +/T/Hf, alimit in
which the dark photons do not thermalize anyway. This
alternative friction scenario has been explored in the
context of dark energy in [40]. It has been shown to
produce a potentially detectable gravitational wave signal
[41]. This additional signature is highly suppressed in the
regime in which thermal friction dominates and thus not
further discussed in this work.

A+ <k2 + 4k~ + mi,)A’i =0. (21)

C. Neutrinos

One very interesting possibility is the dark-energy
thermalization of Standard Model neutrinos. This could
happen through the coupling of right-handed neutrinos to
the dark energy radiation. For example, if fermions in the
general Lagrangian (8) are in the adjoint representation of
the non-Abelian group, then this would allow for a simple
way to thermalize neutral fermions N through the coupling

1
LD — G4y c"N. (22)
Iy

If N is also a right-handed neutrino via the coupling yhZ'N,
then it will thermalize the Standard Model neutrinos with
masses m, < T, potentially making them hotter than the
standard temperature prediction for the CMBv background.

While thermalization at late times will be generated as long
as fy < TeV, this sector will be frozen out at early times
and could easily have played a negligible role during big
bang nucleosynthesis and recombination.

III. COSMOLOGICAL SIGNATURES

Thermal friction has a unique cosmological signature
through its modification of the late-time behavior of the
dark-energy equation of state w(a) as a function of the
scale factor of the Universe a. The dynamics also give rise
to late-time spatial inhomogeneity (see [42]) with small
deviations from quintessence predictions, though these do
not produce sizeable observables. However, the back-
ground level evolution has distinctive features from a
cosmological constant wee(a) = —1, as well as other
scalar field models, which may be observable with
upcoming experiments. In this section we present the
derivation of the thermal friction dark energy equation of
state wpgg(a).

The dark energy is made up of two components—the
scalar field and the thermal bath. In the limit that the
thermal friction dominates (Y > H), we have found in
the previous section that the kinetic energy contribution is
negligible. Thus, the equation of state of our dark energy is
simply a combination of vacuum energy and a radiation
component:

—Co(a)
~Co(a) + % 9.T*(a)

1 = 9.T*(a)
- <3> —Cp(a) +59.T*(a) @)

To compute its evolution in terms of the input parameters,
one must compute the functions 7'(a) and ¢(a). We show
below, assuming a flat universe, that to a good approxi-
mation, the late-time evolution is fixed by a single
parameter beyond those of A cold dark matter (CDM).
This parameter can be taken to be the temperature of the
thermal bath today Ty, which could be measurable exper-
imentally if the bath has direct couplings to the standard
model. We will partially solve (23) below analytically and
then plot our numerical results (without approximation).
We can rewrite the equations of motion of the scalar
field-radiation system in Eqs. (1) and (6) as a function
of the scale factor a by replacing time derivatives

(0/0t) — H(9/Da):

wper (a) = (=1)

a*H*¢" + (4aH? + a*H'H + aHY)¢p' = C  (24)

4n? 4n?

—— g, aHT'T?> + — g, HT* = Ya’H?*¢?, (25
30 94 +309 a*H*¢",  (25)
where primes denote derivatives with respect to a, and g, is
the effective number of degrees of freedom in the dark
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radiation sector. We will take a = ay =1 to denote the
scale factor today. Assuming the friction coefficient
of a pure non-Abelian gauge group Y = T°3/f? (where
any dependence on @ and N, has been absorbed in f),
one can now solve this system of equations for ¢(a) and
T(a) with appropriate boundary conditions. However,
focusing on the regime in which thermal friction is
dominant (H < T°/f?) at all relevant times simplifies
Egs. (24) and (25) to

fic

aH(a)T?(a) (26)

¢'(a) ~

T(a) 15aH(a)¢'(a)?
a  2n%g.f

T'(a) + , (27)

where g, denotes the relativistic degrees of freedom in
the radiation energy density ppr E% g.T*. We solve
Eq. (27) perturbatively by approximating the Hubble
function by its counterpart with a constant dark energy,

H(a)~ H"(a) = Hy\ /22 +1-Q,, where Q, is the

ratio of matter density to critical energy density today
(we are assuming a flat geometry). In doing so, we obtain
the following analytic expression for the temperature:

15 /o, 3 411, d(1-9,) 7
- 1/—3+1—Qm(8a (1—Qm)—llﬂm<1—2Fl[l,—,—,— D)
T(a) _ (271' s a 3°6 Q, (28)

8a*Hy(1 —Q,,)?

which we plug into Eq. (26) and numerically integrate to
solve for ¢(a). Here, ,F[a, b; c; z] is the Gaussian hyper-
geometric function. In this regime the kinetic energy
contribution is highly suppressed, as we showed in the
previous section (it is down by an additional factor of Y/H
relative the the thermal radiation). Thus, in this limit 7'(a)
and ¢(a), and their values today To=T(a=1) and
@9 = @(a = 1), quantify the dark-energy equation of state
WpER (23).

The value of the Hubble constant today H3 and the
temperature today T, (which could potentially be measured
by direct detection discussed in Sec. IV), determines the
parameter combinations Cg, and Cf, the only combina-
tions appearing in the dark-energy equation of state itself
(up to the discrete choice of gauge group, which determines
g.)- Since the constraints on wpgg are inferred assuming a
ACDM cosmology, a dedicated analysis is required to
evaluate its bounds assuming a dynamic dark energy with
thermal friction, which is an interesting prospect beyond
the scope of the discussion presented here. For illustrative
purposes, we plot wpggr(ag) < —0.95 in Fig. 1, which
corresponds to temperatures of about 7 < 0.8 meV,

|

—Coy(a)

|

assuming g, = 7 (the case of SU(2) with ¢ also thermal-
ized). Though there are three model parameters, the slope
C, the value of the scalar field today ¢, and f the friction
strength parameter, there is little phenomenological sensi-
tivity to the third combination of parameters in this regime.
This is due to wppg(ap) being dominated by 7"(ag) «
(CF)? rather than ¢/ (ag), which does not lift the degeneracy
between different combinations of C and f. Thus the shape
of the curves wpgg (a, Ty) is fully determined by w(a,) as
shown on the left of Fig. 1.

In the opposite limit H > T (f — o), we recover the
familiar quintessence solution in which kinetic energy
dominates and dark radiation is highly suppressed. To
solve for the quintessence field ¢, we turn off the thermal
friction and recover the equation of motion of the regular
quintessence scalar field, whose kinetic terms were pre-
viously subdominant:

a*H*¢y + (4aH* + a*H'H)¢ply = C, (29)

and find an equation of state

wo(a) ~—1

~Cpola) +3a°H(a) ¢ (a

2 + (30)

Using the ansatz H)(a) [see text above Eq. (28)], we obtain the analytical solution for the quintessence field ¢ (a):

2C (tanh‘1 (

NomEy Vl_?"g) —arctanh™! (/T = Qm)>
—ZUF TSém

9H%(1 - Qm)%

@ola) =@go+ , (31)
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Dark energy equation of state w as a function of scale factor a (redshift z) for thermal friction on the left and quintessence on

— where p. is the critical density today. We fix g, =7

corresponding to a minimal thermal bath (comprised of three gauge bosons with two polarizations each and the axion with one scalar
degree of freedom). We show curves for varying abundances of dark radiation (left) and kinetic energy (right) in a flat universe using (for

illustration) the best fit ACDM Planck value Q,, = 0.315 [43].

where ¢ o = @g(ap). To the right side of Fig. 1, we show
the characteristic shape of quintessence curves with
varying kinetic energy contributions. At early times
a < 0.3, quintessence closely resembles a cosmological
constant. Only recently did the field obtain a sizeable
kinetic energy component Q,, whose total amount is
smaller than the amount of dark radiation in the thermal
friction model that results in the same value for w(a)
today. On the contrary, the change of wpgr(a) in the
thermal friction model is more gradual. Even at early
times there exists a sizeable deviation from a cosmological
constant. The slowly rising temperature increases this
deviation, which asymptotically approaches a constant
value. Quintessence shows a differing trend with the
deviation from a cosmological constant linearly growing.
Quintessence also requires much larger field values
venturing into the trans-Planckian field regime in order
to remain within w(ag) < —0.95, whereas thermal friction
has a wide set of viable parameters that are sub-Planckian.
For example, the gray dashed line on the left of Fig. 1

corresponds to ¢(ag) ~ —0.0I(ﬁ)M pi» Whereas the
gray dashed line on the right of Fig. 1 corresponds to
@o(ag) ~—2M ;. This is due to the thermal friction being
much larger than Hubble friction, which allows for much
steeper slopes within the experimental constraints leading
to smaller field values. The perturbative descriptions
of the two regimes discussed in this section are in very
good agreement with exact numerical solutions of (24)
and (25), with deviations smaller than 0.02% for all curves
shown in Fig. 1.

As we have seen above, in our scenario there is actually
only a single additional parameter beyond the usual ACDM
parameters, which will determine our entire equation of
state as a function of time, wpgg(a), at leading order.
Further, this also determines the temperature of the dark
radiation today, which could be separately measured in a
direct detection experiment. If we find evidence that dark
energy is not a cosmological constant, then we will
immediately want to measure its variation as a function
of cosmic time. If the (even roughly) measured w(a) curve
fits with our constrained family of predictions, then it
would be a striking success of the model. Further, it would
then make a sharp prediction for the temperature of the dark
radiation, which would start a race to directly detect this
radiation in the lab.

IV. DISCUSSION AND CONCLUSION

The mechanisms discussed above can produce a ther-
malized local energy density in dark radiation that can be as
large as a few percent of the dark energy density ~meV*
today, much larger than the energy density in the CMB.
This radiation would have a potentially observable effect on
the expansion rate of the Universe, distinguishable from
just a rolling scalar field (quintessence). Interestingly, even
though most of the kinetic energy of the dark energy field
has gone into radiation, the usual cosmic birefringence
signal could still be observed at the same level. The
radiation might also be directly detectable. This radiation
may be in the form of pure Yang-Mills gluons, hidden
photons, right-handed neutrinos, or millicharged particles.
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It would be interesting to develop experimental methods to
directly detect these particles, similar to dark matter direct
detection efforts.

Of these types of radiation, a pure Yang-Mills sector is
the most difficult to detect since it can only interact with the
nucleons and electrons through operators of high dimen-
sion. The other portals are more promising. There are
many experimental efforts [44-50] currently underway to
detect hidden photons. These experiments are focused on
detecting cold dark matter at lower frequencies, with the
experiment utilizing the expected narrow-band nature of
the dark matter signal to resonantly boost sensitivity. But,
there are emerging attempts to detect heavier hidden
photons in the meV range. In this energy range, due to
the difficulty of creating electromagnetic resonators, dark
matter direct detection efforts are also broadband devices.
Moreover, the fundamental sensing technology necessary
to make progress in this energy range is the technology
necessary to detect single photons in the THz band. Due to
the practical importance of this technology, it is likely that
there will be continued investment in developing these
sensors. This will lead to direct improvement in our ability
to search for hidden photon dark radiation produced by
dark energy. Similarly, experiments have also been pro-
posed to detect millicharged dark matter. It would be
interesting to evaluate the reach of these experiments to
relativistic millicharged particles. While relativistic par-
ticles will spend less time transiting a detector than non-
relativistic dark matter, they also interact more strongly
with magnetic fields, and this could potentially be used to
create magnetic focusing devices to boost the experimental
reach. We leave a detailed discussion of this topic for
future work.

The case of right-handed neutrinos is particularly inter-
esting. At the energy scale ~meV relevant to dark energy
radiation, the right-handed neutrino easily mixes with the
left-handed neutrino and can thus interact with the standard
model through the weak interactions. The right-handed
neutrinos produced from dark energy could thus have a
much larger number density (by ~3 orders of magnitude)
than the standard model (left-handed) neutrino background.
Due to strong mixing, these right-handed neutrinos can also
be searched for using experiments such as PTOLEMY [51]
that are dedicated to probing the cosmic neutrino back-
ground. In these experiments, the dark energy produced
neutrinos may have a number density 1000x larger than the
standard model neutrino background, giving rise to an
enhanced rate in the experiment. Moreover, these neutrinos
could also be at higher energies ~meV than a relativistic
cosmic background neutrino. The increased energy should
help in detection in an experiment like PTOLEMY that
searches for a kinematic end point.

A discovery of meV scale radiation in an experiment
would be proof that this radiation was produced at late
times in the Universe well after the CMB. The two
contenders for the source of such a signal would be dark

matter and dark energy. While the meV scale would be
indicative of dark energy, it will be necessary to develop
experimental methods to distinguish these two possibilities.
The first check would be to probe the equation of state of
dark energy through cosmological measurements. With the
advent of gravitational wave detectors that offers the
tantalizing possibility of genuine standard candles, it might
be possible to extend the reach of such cosmological
probes. Further, once it is known that the radiation couples
to the Standard Model, then the scalar dark energy field
giving rise to the radiation must couple as well at some
level. Interestingly, this rolling scalar field could then give a
detectable cosmic birefringence signal in the CMB, which
would be another indication for this scenario.

This paper has focused on the conversion of dark
energy into thermal radiation through technically natural
couplings between a rolling field and a gauge sector. These
kinds of couplings can also source another class of signals.
Tachyonic instability [36] can result in the conversion of
the kinetic energy of the field into ultralong (~100/H)
wavelength modes of a vector field. Canonical examples of
such vector fields are B — L gauge bosons and a hidden
photon. Signals from the former can potentially be looked
for using torsion balances/accelerometers[52]. The latter
case may be phenomenologically interesting—given the
plasma mass of the photon, the hidden photon field is
likely to manifest itself as a spatially coherent magnetic
field in the Universe, and it might be interesting to see if
such a magnetic field could be the source of the
observed long-range coherence in extragalactic magnetic
fields [53].

The seriousness of the cosmological constant problem,
and the most reasonable approach to its solution, makes a
strong case for dynamical dark energy. Dark matter also
presents a deep mystery about the contents of our
Universe. While dark matter was discovered through
its gravitational effects, theoretical motivations suggested
a robust experimental program to directly detect it in the
laboratory. Dark energy, too, was discovered through its
gravitational impact on our Universe. In this paper we
have argued that theoretical considerations also motivate
a broader experimental program to directly detect a
dynamical component of dark energy in the laboratory.
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