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The cosmological evolution of a scalar field is shaped by Hubble damping. Any nongravitational

couplings of the scalar with the primordial thermal bath generically contribute additional damping.
Although often neglected, such thermal damping could be the dominant dissipative effect on the scalar.
We derive approximate yet highly general thermal damping rates of scalar fields that modulate the masses

of thermally populated particles. We extend previous results to cover cases of particular phenomenological

interest where the scalar background oscillates sinusoidally but not necessarily slowly compared to the

thermalization rates of the primordial bath. As applications, we estimate the thermal damping of scalars

coupled linearly to neutrinos, quadratically to gluons, and linearly to Weakly Interacting Massive Particles,

and demonstrate the importance of this effect in certain parameter spaces of these models. We also estimate

the thermal damping rates in models of QCD axions.
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I. INTRODUCTION

A dynamical scalar field coupled to a thermal bath, given
enough time, will thermalize. This tendency manifests
initially through a thermal damping mechanism, which
drains the scalar field’s kinetic energy to heat up the thermal
bath. While the details of the mechanism that leads to the
scalar being damped are model dependent, thermal damp-
ing as a phenomenon is highly general. Thermal damping is
known to play important roles in various contexts, includ-
ing but not limited to warm inflation [1-5], reheating after
inflation [6-8], (early) dark energy models [9-12], and
cosmology of axions [13,14], supersymmetric flat direc-
tions [15,16], and neutrino-coupled scalars [17].

Although there are known exceptions [2,5,18], generi-
cally, the overall effect of a thermal environment on a scalar
background at a given instance is to make it roll faster
through a thermal mass-correction rather than to slow it
down with thermal damping [19]. This is because com-
pared to thermal mass, thermal damping is a higher-order
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effect in coupling: the scalar-bath coupling is used once to
bring the bath out of equilibrium and once more to get a
backreaction. However, thermal damping is a dissipative
effect. Even if it affects the instantaneous motion of a scalar
only slightly, it can still be important in the long term. In
many cases, thermal damping competes only with Planck-
suppressed Hubble friction in order to be relevant. For this
reason, thermal damping can have far-reaching conse-
quences despite being a subdominant effect in the afore-
mentioned sense.

Thermal damping of a scalar field has previously been
considered mostly in high-temperature contexts. In this
work, we instead explore thermal damping at later, colder
cosmological epochs, where its effects are arguably more
important compared to Hubble friction. At temperatures
above all the relevant mass scales, the thermal damping rate
T scalesas T o T since T is the only scale, whereas during
radiation domination, H o T2. Thus, it is clear that, at least
in this regime, thermal damping is more important at lower
temperatures. This rough scaling breaks down at suffi-
ciently low temperatures for various model-dependent
reasons. Regardless, in order to properly assess the possible
relevance of thermal damping, one needs to find the point in
the cosmic history at which the ratio '/ H is maximized. As
we will see, this typically occurs close to the point where
the scalar-coupled thermal bath fields decouple from the
rest of the thermal bath. The need to quantify thermal
damping in these relatively late epochs motivates us to
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generalize the thermal damping rate formula to regimes
beyond what is typically considered.

Thermal damping is notoriously difficult to estimate due
to its nonequilibrium nature. The standard derivation of the
thermal damping rate of a scalar field is based on a
resummation prescription known as the two-particle irre-
ducible (2PI) formalism [20-32], from which one obtains
an equation of motion for the Schwinger-Keldysh expect-
ation value of the scalar field [33]. Thermal damping enters
this equation through contributions to the scalar field’s 2PI-
resummed effective action that are nonlocal due to the finite
widths of the resummed propagators of the thermal bath
fields. Although thermal damping as a subject has a long
history, the scope in which it has been considered remains
limited. The complexity of the standard calculation of
thermal damping may have made it difficult to notice its
relevance outside previously considered setups.

However, in most cases of phenomenological interest, the
thermal bath fields are well approximated as a gas of (quasi-)
particles with certain distribution functions. The nonequili-
brium evolution of such systems can be described by a set of
Boltzmann equations, which are not only conceptually
simple and intuitive but also sufficient for deriving the
damping rates [16,17,19,34-36]. In this picture, the dynami-
cal scalar field distorts the thermal bath’s distribution
functions away from equilibrium. The thermal bath then
backreacts to the scalar field in a time-delayed manner, due to
its finite response time, resulting in an effect proportional to
the scalar’s velocity, a friction. In fact, as long as the thermal
bath fields have perturbative couplings and adiabatically
varying dispersion relation, the 2PI and Boltzmann
approaches are equivalent. In these limits, the Kadanoff-
Baym equations, i.e., the 2PI evolution equations for two-
point functions, of the thermal bath fields, reduce to
Boltzmann equations for a gas of quasiparticles [37,38].

Previous works on thermal damping focused on cases
where the thermal bath is relativistic and thermalizes fast
compared to the scalar dynamics. In contrast, we expect
thermal damping to be most significant when the scalar-
coupled thermal bath particles are on the verge of decou-
pling, upon which they are often semi- or nonrelativistic
and thermalize relatively slowly. In this paper, we adopt the
Boltzmann approach and generalize the thermal damping
rates to include these previously unexplored cases. In the
fast thermalization regime, the thermal bath quickly adapts
to the scalar field’s motion, resulting in distortions of the
thermal bath’s distribution functions, and hence the thermal
damping rates Y, being inversely proportional to the bath’s
thermalization rate, ¥ o I';!. In the opposite, slow-ther-
malization regime [39], the thermal bath does not have time
to fully react to the changing scalar field. Instead, it
responds proportionally to its thermalization rate, resulting
in T «xI'y,. We capture the smooth transition from fast
thermalization to slow thermalization, and find that thermal
damping is often most important in the intermediary

regimes. In addition, we consider the thermal damping
due to multiple interacting species, and reveal new types of
thermal damping where the scalar drives the thermal bath
and receives backreaction through different couplings.

For concreteness, we focus on the case where the dynami-
cal field is a scalar that modulates the masses of particles in the
primordial thermal bath. We demonstrate through examples
that thermal damping could, in fact, play important roles in
commonly considered models at later epochs and lower
temperatures, say, I ~ 10 MeV, than commonly considered,
e.g., during preheating after inflation. Specifically, we con-
sider three different scenarios: (i) a scalar with Yukawa
coupling to active neutrinos, (ii) models of hadron-mass
modulation at quadratic order: QCD axion and quadratically
coupled scalar, and (iii) a scalar with Yukawa coupling to
Weakly Interacting Massive Particle (WIMP) dark matter
(DM). As pointed out in our companion paper [17], thermal
damping can modify the expected relic abundance of a scalar
field, ameliorate late-time limits on the scalar background,
and, in certain models, motivate experimental targets.

This paper is organized as follows. In Sec. II, we provide
an intuitive understanding of the thermal damping effect
and illustrate its effect with a simple toy model. In Sec. III,
we derive general thermal damping rates of scalar fields
that modulate the masses of relativistic/nonrelativistic,
scalar/fermion thermal bath fields that thermalize fast/slow
and have interspecies couplings. In Sec. IV, we estimate the
rates of thermal damping in several concrete models and
point out instances where it has to be taken into account.
Finally, we discuss future directions and conclude in Sec. V.

II. THERMAL DAMPING INTUITION

Consider an oscillating homogeneous scalar field ¢(7)
with a bare mass m and a scalar or a (spin-1/2) fermion y
with a ¢-dependent effective mass M, (¢), as described by
the following Lagrangian:

M, (#)x
SME($)x*  (scalar y)
We assume the y field is coupled to a large thermal bath

whose temperature 7" is approximately constant. Hence,
schematically, the setup is as follows:

1 (fermion y)
-LD Em(2/)¢2 + {

oscillating ¢p(¢) <> y <> thermal bath.

When the scalar background ¢(¢) evolves in time, it
changes the y particles’ effective mass M, [¢(¢)] without
directly affecting their momenta. This brings the y par-
ticles’ thermal equilibrium distribution away from its
distribution at that instance. In the presence of y num-
ber-changing interactions, the y particles will relax toward
the new equilibrium state corresponding to the new
effective mass that brought it out of the previous equilib-
rium state. As the scalar background continues to
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evolve, the y field remains out of equilibrium as it chases its
elusive time-dependent equilibrium state. Each time y
rethermalizes and releases entropy, some energy gets
dissipated irreversibly. Since y’s departure from equilib-
rium comes at the expense of the scalar field’s kinetic
energy, the net effect is a damping of the scalar field with
the corresponding heating of the thermal bath.

In this section, we show in a minimal toy model how the
aforementioned entropically favored energy flow from an
oscillating scalar field to the thermal bath manifests
explicitly, from the perspectives of both the ¢ field and
the y field. The ¢ field experiences a nonconservative
potential gradient whose slope is slightly steeper during an
ascent (d|¢|/dt > 0) than a descent (d|¢|/dt < 0) of its
potential. In certain limits, this results in an effect math-
ematically equivalent to a friction term in the equation of
motion of ¢. The y particles are net-produced from the
thermal bath relatively light during ¢’s descent and net-
depleted relatively heavy during ¢’s ascent. During the net
depletion of y, the extra effective mass energy y acquired
from ¢ is dumped into the thermal bath.

A. Simple estimate

In this illustrative discussion, we assume for simplicity
that the y particles are nonrelativistic M, 2 T but have
appreciable abundance. In the absence of Hubble expansion,
the coherent ¢ field evolves according to

¢ +myp + M, (p)n, =0, (2)

where n,, is the number density of y particles and a prime /
denotes d/d¢. As the ¢ field evolves, it modulates y’s thermal
equilibrium number density as

ny () = (M—XQ?T) P o (3)

making it deviate from y’s actual number density, n, # n.
The out-of-equilibrium y will then try to readjust to re-
establish thermal equilibrium. However, it takes a finite time,
set by the rates of y number-changing processes, for n, to
react. By the time the n, reaches the ny' of the previous
instance, the n," has moved to a different value. Thus, at any
given time, there is a departure of the number density of y
from its equilibrium value, n, — n,* # 0. The equilibrium-
seeking dynamics of n, can be approximately captured by the
following momentum-integrated Boltzmann equation in the
relaxation time approximation:

iy, = L[y (@) = . (4)

The thermal damping effect can be seen most directly in the
regime where the scalar field evolves slowly compared to y’s
thermalization rate, |¢p/¢| < T,. In this case, the number
density of y stays close to its equilibrium value such that

i, & ity', and so the Boltzmann Eq. (4) gives

n, & n, ———. (5)

When substituted into the equation of motion Eq. (4), the
equilibrium part, n,%, leads to a nondissipative contribution to
¢’s effective potential gradient, M’,n;", while the nonequili-

brium part, n, —n;* ~ —r'z;q/l“th ¢, is what results in a

thermal damping term —(M/,n," /T, )@,
. '
b mip+ My — = = 0. (6)

If, for example, the effective mass of y is
M3 (p) = m + 247, (7)
with m? > A¢?*, T?, then the thermal damping rate is

e !
M)/( I’l)(q /12 ¢2 n;q
— ~ 5 .
Fth m ;(Fth T

771
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FIG. 1. Illustration of thermal damping of y-mass modulating

scalar field ¢. As the scalar field ¢ oscillates (top), it modulates
x’s effective mass M, (middle, purple), which, in turn, modulates
x’s equilibrium number density n,? (bottom, purple). The y field
remains out of equilibrium, as its actual number density n,
(bottom, orange) continually seeks the moving ny' (bottom,
purple) and thereby backreacts dissipatively on ¢ (top, purple).
The scalar ¢ evolution without thermal damping (top, dotted
blue) is also shown.
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Thermal damping from ¢’s perspective: non-conservative V'

Thermal damping from thermal bath’s perspective: energy profit
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FIG. 2. Origin of thermal damping in the toy model of Sec. II. Here, the model parameters are chosen to be the same as in Fig. 1. Left:

s contribution to ¢’s effective potential gradient |V’ — mé¢| ~ |An,¢p/m,,| plotted against the absolute value of the ¢ field. It shows that
this potential gradient contribution is nonconservative: gentler during descent (d|¢|/dt < 0), steeper during ascent (d|¢p|/dt > 0). The
area enclosed by the orange curve is the magnitude of the nonconservative work on the ¢ field in one half-oscillation, ~ f?q) d¢V'. Right:
the y particles are produced (2, > 0) by the thermal bath when they are relatively light and decay/annihilate (17, < 0) to the thermal bath
when they are relatively heavy. In other words, the thermal bath “buys” y particles when they are energetically cheap and “sells” them
later when their energy costs are relatively high. The area enclosed by the orange curve, § dn,M,, is the net energy gain (“profit”) of the
thermal bath, which is equal to the dissipative energy loss of ¢ by energy conservation.

See Fig. 1 for a qualitative illustration of the thermal damping
effect in this example setup.

B. Qualitative understanding

The dissipated kinetic energy of the coherent scalar field ¢
will be channeled into thermal bath degrees of freedom, as
expected from the equipartition theorem. The origin of this
entropically favored energy flow from the ¢ field to the
thermal bath can be seen from the perspective of either sector.

From the perspective of the ¢ field, thermal damping
arises from the asymmetric backreaction of the y field [16].
The scalar field ¢ receives backreaction from the y particles
via its coupling to y’s mass M, (¢), which contributes an
effective potential gradient in ¢’s equation of motion of
V'~ (m?/) + An,/m,)¢. The damping arises due to the
nonconservative behavior of the potential gradient V’,
which on average has a gentler slope during ¢’s decent
toward the origin (¢ = 0) and steeper during its ascent
away from the origin, |V/|,cent > |V/|descent- This is illus-
trated on the left panel of Fig. 2. Alternatively, the damping
can also be seen from ¢’s perspective as due to the delayed
backreaction from y [19]. Due the finite thermal equili-
bration rate I'y, of y, this backreaction occurs with a time
delay 7y, ~ I';!. Ata given time 7, the number density of y is
responding to an earlier configuration of ¢, n,(1)=

np(t — 1) & 1) — PprunS?. This results in a damp-
ing term ¢ in the equation of motion of ¢.
The net heating of the thermal bath can be seen as due to

what we refer to as the buy cheap, sell high effect, which

is similar to what occurs in the instant preheating
scenario [16,40]. The equilibrium density of y particles
ny! being higher when its effective mass M, (¢) is lower
implies that the y particles tend to be produced from the
thermal bath when M, (¢) is relatively light (energetically
cheap) and decay/annihilate when M, (¢) is relatively
heavy (energetically costly). In between their creation
and destruction, the y particles have their effective mass
M,(¢) increased on average, thereby extracting some
energy from the ¢ field. This extracted energy eventually
ends up in the thermal bath when the y particles decay/
annihilate. In short, the y particles are produced when they
are relatively cheap energetically and deposit their energies
to the thermal bath when their M, is relatively high,
resulting in a net energy gain for the thermal bath. This
is illustrated on the right panel of Fig. 2.

III. THERMAL DAMPING RATES

In this section, we estimate the general thermal damp-
ing rates of mass-modulating scalars ¢ with Lagrangian
terms of the form shown in Eq. (1), in regimes where the
thermal damping effect can be mathematically captured by
a « ¢ frictionlike term in the equation of motion of the
scalar ¢.

A. Effective equation of motion

If y behaves as a gas of particles with distribution
function f,, the equation of motion of ¢ reads
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&dp MM,

(2r)3 /Mﬁ—l—pz

where M), = 0M,,/ ¢ and the integral corresponds to (7y) in
the fermion y case and M, () (y*) in the scalar y case. The y
field is well approximated as a gas of quasiparticles if its
effective mass M, varies only adiabatically, |M,|/M}; < 1,
and its interactions are sufficiently weak that their interaction
mean free time is long compared to relevant interaction
timescales (e.g., scattering or annihilation timescales). These
conditions are typically satisfied by, e.g., the standard model
(SM) particles in the primordial plasma.

The distribution function f, of the y particles can be
separated into its equilibrium part %' and nonequilibrium
part 6f,,

$+3H¢+m§¢+/ fr=0.(9)

fo=1p—+5f, (10)

In the absence of chemical potentials,

eq _ 9dof 11
P (¢) e\/W/T 1 ’ ( )

where g4, is the number of degrees of freedom of the y
field and the upper (lower) sign refers to fermion (boson).
For simplicity, we limit our analysis to cases where
8f, < fp'. This corresponds to requiring |M,(¢)—
M,(¢p =0)| <M,(p=0) in the nonrelativistic limit
and |[M,| < T in the relativistic limit. The equation of
motion of ¢, Eq. (9), can then be written in the following
effective form:

¢+ (BH+T)p+ Vg =0, (12)

where we have collected the equilibrium part in an effective
potential gradient term,

d*p M, eq

Ve =mip+ M, /

eff 17/ X (2”)3 \/m p
End, M,>T
C ’
BM,T?, M, <T

= mjp + gdofM;/({ (13)

where § = M, /|M,|, ¢, = 1, and ¢; = 1/2, and the non-
equilibrium part in a term of thermal damping form,

. Sp M
mEMgf/ P L 5f,. (14)

(2r)3 Mz + p?

Note that this merely defines T¢. The above integral does
not always reduce to a friction term proportional to ¢.

However, we will identify two regimes where it does in the
next section.

The effective potential V5, whose gradient is given in
Eq. (13), is the usual finite-temperature effective potential
for a scalar field Vg (¢, T) = (T*/27%)J . [M,(¢)/ T}, with

Ji(y) = [ dxx*In|l F e"V*"*7| and the upper (lower)
sign referring to a bosonic (fermionic) y field. This effective
potential can be derived using the Matsubara formalism, as
in [41,42]. However, such equilibrium finite-temperature
formalisms would not produce the thermal damping term,
Eq. (14), which is an inherently nonequilibrium effect. The
nonequilibrium equation of motion for the expectation
value of ¢ that includes the damping term can be derived
formally through the 2PI formalism, which is based on
the Schwinger-Keldysh formalism [20-32]. In this paper,
we instead follow a more elementary route based on
Boltzmann equations.

B. Solving Boltzmann’s equation

In the relaxation time approximation, the Boltzmann
equation in the absence of Hubble expansion reads f, =
—Tw(f, — f7'), which can be rewritten using Eq. (10) as

5fp + l—‘théfp = _f;q’ (15)

where f5' is given in Eq. (11) and

. M,M
» =T (1 F 5/ 9aor) — == (16)

T\/M; + p?

where the upper (lower) sign refers to fermion (boson). The
thermalization rate I'y, in Eq. (15) in general needs to be
computed on a case-by-case basis. The general solution of
Eq. (15) is

51, (1) = 8f (1) Tali=1) / @ T, (17)

where ¢, is an initial time of reference and 7 is a dummy time
variable. The first term is a transient solution, which decays
on a timescale of I“t‘hl. This leaves us with the second,
memory-integral term for 7 — #; > I'; 1.

Due to the nonlocal-in-time nature of the integral term in
Eq. (17), the integral on the right-hand side of Eq. (14) does
not in general lead to a local-in-time friction term that is
proportional to the ¢ at an instance. Even then, ¢ can still
be subject to a thermal damping effect, although this time it
can only be seen as a net energy loss of the ¢ field after
integrating over each half-oscillation of ¢ [16]. The damp-
ing coefficient in this regime is best defined in terms of the
fractional rate of change of the amplitude of ¢ on time-
scales longer than the oscillation period of ¢.

015032-5



BANERIJEE, NGUYEN, and TANIN

PHYS. REV. D 114, 015032 (2026)

In what follows, we focus on two distinct, but non-
exclusive, regimes where the integral in Eq. (17) does
mathematically reduce to a result proportional to £ which,

in turn, leads to a local friction term of the form « ¢ on the
right-hand side of Eq. (14).

1. Adiabatic regime

First, we consider the regime where the ¢ field varies
adiabatically in the sense that its dynamics is slow
compared to the thermal bath’s thermalization rate,

’4’
¢
In this adiabatic regime, which has been the focus of
previous works [20-29,31], the integral in Eq. (17) has

support only for r — 7 < T';!. Since in this regime, f3!(7) is
slowly changing on the timescale of I';!, we can approxi-

mate (f31) 7 & (f3') ar yielding

< Ty (adiabatic). (18)

“eq

8f,~—t (19)
for 1 — ;> TI'zl.

2. Underdamped regime

Next, we point out a new regime, which we refer to as the
underdamped regime, where the integral in Eq. (14) also
reduces to a « ¢ frictionlike term. This occurs when the ¢
background varies approximately sinusoidally,

¢ ~ Re[@eM], (20)

where M, is the effective mass of the ¢ field (which
accounts for possible thermal corrections). We define the
underdamped regime by the condition that the amplitude @
is slowly varying in the following sense:

q')
B
In this underdamped regime, we rely on f5'(¢) being
nearly sinusoidal in evaluating the memory integral in
Eq. (17) analytically. The requirement of sinusoidal f}'(¢)
restricts the possible forms of M, (¢) in Eq. (1) for which
our treatment applies. For relativistic (M, > T) and non-
relativistic (M, < T) y particles, the 3! is sinusoidal if M,
and M;(Mx are sinusoidal, respectively. Using the ansatz

fp o e, the memory integral of Eq. (17) evaluates, for
r—t;>T5 to

< min(M,,I',) (underdamped). (21)

eq
5f, ~—Re|—22—|. 22
f p ¢ |:Fth + ia)f] ( )

The angular frequency w; of the sinusoidal variation of £} is
set by the functional form of M, . For instance, if M, « oV,
then the angular frequency of f,! o /" in relation to M is
wy = NM,(2NM,) for M, > T (M, < T).

The underdamped approximation is valid in a wide range
of cases of phenomenological interest because for scalars
whose potentials are not protected by some symmetry
[2,5,18], the in-medium effective potential correction term,
Vi — miq’), is typically much stronger than the thermal

damping term, Y¢ [19]. In these generic cases, the scalar
would be underdamped by T when undergoing a periodic
motion under its own effective mass M ;. For such a scalar
that is automatically underdamped, the underdamped
approximation has a wider range of applicability than
the adiabatic approximation. While the latter only covers
the regime where |¢/¢| ~ My < Ty, the former covers
both this regime and the opposite regime where M 2 ['y,.
More generally, the adiabatic results and the underdamped
results are complementary. The adiabatic approximation
covers part of the underdamped regime but also extends
beyond it to overdamped cases, which are relevant for, e.g.,
warm inflation [1-5] and dark energy models [9-12].
Similarly, the underdamped approximation covers part of
the adiabatic regime but also extends beyond it to non-
adiabatic cases, which, as we will see, are relevant in a
relatively low-temperature universe with correspondingly
low I'y,, where Y /H is maximized in certain models.

We note that unlike in the adiabatic regime, in the
[y, < oy part of the underdamped regime, the Y ¢ damping
term that will appear in the equation of motion of ¢ is
actually not fundamentally proportional to f5' « ¢. It is
instead proportional to the time integral of a sinusoidal
function involving f3' with a nontrivial phase, as given in
Eq. (17). The resulting damping term, Eq. (14), can be
expressed as a « ¢ frictionlike term owing to mathematical
identities involving sinusoidal functions. Speaking in real
numbers, this is essentially because a cosine/sine with a
phase has a sine/cosine component and because a derivative
and an integral both turn a cosine/sine into a sine/cosine.

C. Damping rates

In the adiabatic regime, as defined in Eq. (18), sub-
stituting Eq. (19) into Eq. (14) yields

Y (adiabatic) _ M M/ / de f < Zq )
20T, T M, 2+ p? Gdof
(M (M
Fihlw 1 s F . (23)
1)

The damping coefficient Y can also be computed analyti-
cally in the underdamped, but not necessarily adiabatic,
regime, as defined in Eq. (21). Using Eq. (22) to evaluate
Eq. (14), we find
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2
Iﬂth

T (underdamped)
2 b
I + o

_ T(adiabatic) X (24)

where Y(@diabatic) jq the final expression for Y, as given in
Eg. (23), and wy is the angular frequency of the assumed
sinusoidally varying f},! « /s, The latter is typically an
integer multiple of the effective mass of the ¢ field, and so
they are often of similar order w ~ M ;. Equations (23) and
(24) are two of the main results of this work. In the next
subsection, we will generalize them to cases with multiple
thermal bath species that couple to ¢ at some level. In
Sec. IV, we will apply these general damping rates to
various specific cases.

As we can see, the underdamped thermal damping rate
7 (underdamped) jp Eq. (24) has a Lorentzian form in the
thermalization rate I'y,. As Iy, is increased from a tiny
value, I'y, < w; ~ My, the damping initially gets stronger
as the y particles react to their ¢»-modulated effective mass
M, (¢) more, and consequently backreact more strongly to
¢. In this regime, we have T « |5f| o ['y,, which is mildly
analogous to how the dark matter abundance behaves in
thermal freeze-in scenarios. The damping rate T is at its
maximum when 'y ~wy~ M. Going to the other
extreme, [y, > wy~ M, the underdamped expression
7 (underdamped) podyces to the adiabatic one, Y (adiabatic) g
expected. Then, the rapid thermalization rate I'y, weakens
the nonequilibrium part of the distribution function 6f
because it keeps y very close to thermal equilibrium.
Hence, the damping rate in this regime scales as ¥ o I';!.

Depending on the form of M,(¢), the nature of the
thermal damping can be quite different. In many cases,
including those that we will discuss in the next section, we
have an M, that is effectively of the following form:

M, =m, [1 - CWN G) N] , (25)

where m, is the bare mass of y, ¢y is a dimensionless
constant, and A is a mass scale. For M, of this form, we
obtain

o c 2 12(N-1),,¢q M2
Y (adiabatic) Nm—g]sv s min 1,—5 , (26)
AT, T T
2
T(underda.mpcd) _ ’I‘(adiabalic) I_‘th (27)

(TF + N?M3)°

For N = 1 and N = 2, we reproduce the results of previous
works, e.g., those of Refs. [16,17,19].

D. Multiple thermal dampers

In realistic cases, the thermal environment may involve
multiple coupled species. The total thermal damping in the

presence of multiple thermal dampers y; is given by
summing Eq. (14) over the species y;,

T¢ ZM// M)(i
"] (2x)? /Mf{_—i—pz

The 5f£,i) can be found by solving a set of Boltzmann

sfy). (28)

equations for all § f§,’), which are in general coupled. If the
thermal bath particles are close to equilibrium and the
Hubble expansion is negligible, these coupled Boltzmann
equations can be written in the following linearized form:

-

fp = _MI‘5.]?p7 (29)
where éfp (5fp ,5fp ,...,5fg),...)T with 5fp_
FO g0 F o is defined similarly to Of, with

of , = f »» and My is a matrix that quantifies the rates
at which y; thermalize between themselves (relative ther-
malization) as well as with the rest of the thermal bath
(absolute thermalization). The thermalization rate matrix
My is diagonal if the different species y; do not interact
directly. For SM y;, the matrix My typically has non-
diagonal entries. In the adiabatic limit, we have

8f,~—Mp'f,) (30)

In this regime, it is useful to define the quantity

F(i_’j)

®o (MI_‘I)ij’

(31)

which can be interpreted as the rate at which the distribu-
tion function of y; responds to modulations in the mass (and
hence equilibrium distribution) of y;. The total thermal
damping in this adiabatic regime can be written as

M, )(,”ﬂo . MM,
T~ ZZ l—>] (1’ T2 : (32)

The double sum can be understood as follows. Given a pair
of species, y; and y;, the species j has its equilibrium
(j)(t) modulated by ¢. The other
species, y;, responds to this ff,q’(j )(¢) with the rate Ft(fl_” )
and backreacts to ¢. In the presence of multiple species
with comparable M, ~M, and M, =~ M,, the largest
contribution to thermal damping rate Y comes from the
weakest link, namely, the i — j combination that yields the

slowest T'{\ ™7

distribution function f5"

. In the underdamped limit, we instead have

5F, ~ —Re[(M + i)~ 1. (33)
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where @, = diag(wy,, ..

T~Rezz
i

M, M,
x min 1,22, (34)
T

RO ...), which yields

M, M, n?
Xit XX . _
#[(MF'FZGU) i)

IV. EXAMPLES

In this section, we consider the effect of thermal damping
in several models: a scalar coupled to neutrinos (Sec. [V A),
a scalar quadratically coupled to gluons (Sec. IV B 1), the
QCD axion and lighter QCD axion (Sec. IV B 2), and
the scalar mediator of long-range dark matter forces
(Sec. IV C). These cases represent different types of y
fields: relativistic and nonrelativistic y, fermionic and
bosonic y, single species y and multiple coupled species
x> and different functional forms of ¢-dependent effective
mass M, (¢). In all the scenarios we consider in this
section, the underdamped results of the previous section are
applicable.

A. Neutrino-mass modulators

Consider a scalar field ¢ of bare mass m, coupled
diagonally to the (assumed Majorana) active neutrinos
mass-eigenstates v; according to the following effective
Lagrangian below the electroweak scale [17,43-58]:

1
-LD> Em(zpqﬁz + ZM”" (¢)vv; +H.c., (35)

where i = 1,2,3 and M, = m, — g¢. We will assume for
simplicity that the neutrinos have the same bare mass equal
to m, =m,=0.1eV and thermalize with the weak
interaction rate I'y, = G:T°, where Gp is the Fermi
constant. From Eq. (13), we find that the effective mass
of the ¢ field in this model is

1
My = Vi = mj + ZQQTZ. (36)
Using Eqgs. (26) and (27), we find that in the limit M, < T
the thermal damping rate of the scalar field ¢ oscillating
with amplitude @ is

3¢°m; Ty
27 MEATS ® < my/g
Y, = e o ) . (37)
! >my,/qg

2 2 2
27 AMZATY

Here, we have restored the (O(1) factors omitted in
Eqgs. (26) and (27), see [17] for details on this.

In Fig. 3, we plot a representative time evolution of the
neutrino thermalization rate I'y,, the scalar field’s effective

¢ Yukawa-Coupled to Neutrinos

10"

101ty /H

M,/H

104 103 102 101 1

T [MeV]
g=10""my =10"" eV, ® = @|p(7)—scpm,r=0

FIG. 3. The neutrino thermalization rate I'y,, scalar effective
mass M4, and oscillation-averaged thermal damping rate (Y,).
in the neutrino-coupled scalar model of Eq. (35). Here, we set
g=10""m, = 107" eV, and that ¢ makes up the total dark
matter abundance today, ® = ®cpy;. In evaluating the thermal
damping rate, we take this present-day value of @ and evolve @
backward in time accounting for the thermal mass of ¢ but
assuming (Y,)... = 0.

osc

mass M ;, and the ¢-oscillation-averaged thermal damping

-1
rate () .. = [f(;[M"S dth'ﬁz/(ﬂM;)]/(Médﬂ/Z). Here, we
fix g=10""", my=10"""eV, and assume the scalar
amplitude @ today corresponds to the correct ¢ dark
matter abundance. The displayed (Y,) is evaluated on
the backward extrapolation of the scalar amplitude ®
assuming that thermal damping is absent, T, = 0. The
plot shows that, given these assumptions, the (Y,) ../H is
significantly greater than unity in some temperature range,
demonstrating the necessity to consider the effect of
thermal damping. It also shows that the (Y,) /H is
maximized at around I'y, ~ M, and becomes smaller in
either extremes of I'y, < M, and I'y, > M, in accordance
to the expectations of Sec. III C. This behavior is not
captured by the adiabatic approximation, thus highlighting
the advantage of the underdamped approximation.

We discuss in detail the phenomenological implications
of thermal damping in this model in our companion
paper [17]. We summarize the key points here. Thermal
damping allows the scalar field ¢ to have large amplitudes
in the past without running afoul with late-time constraints,
such as those from Cosmic Microwave Background (CMB)
and Big Bang Nucleosynthesis (BBN). The time evolution
of the scalar amplitude @ in the presence of thermal
damping by the neutrinos exhibits a dynamical attractor.
As aresult, a wide range of ¢ initial conditions converge to
the same late-time evolution dictated only by the model
parameters g and m. There is a combination of g and m,,
corresponding to a line in the g vs m, parameter space, that
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leads to ¢ constituting the total dark matter today. This
parameter-space line serves as a compelling target to aim
for experimentally.

B. Hadron-mass modulators

In this section, we discuss the case of a scalar coupled to
the hadronic sector of the SM, leading to a time-dependent
hadronic mass due to the scalar background. Depending on
the CP property of the scalar field, the leading mass
modulation can happen at the linear order or at the
quadratic order in the scalar field. Examples of models
with linear modulation include a light dilaton [59,60],
relaxion [61,62], or a generic light Higgs portal model [63],
whereas the QCD axion [64,65], the lighter QCD
axion [66-68], and a quadratically coupled scalar field
[69—73] induce hadron-mass modulations at quadratic
order in the field. As shown in Eq. (26) and Eq. (27),
the thermal damping rate takes a different form for these
types of interactions. For instance, in the adiabatic case, it is
independent of the field amplitude for a linear coupling,
whereas it depends linearly on the field amplitude for the
case of a quadratic coupling.

As linearly coupled light scalars mediate long-range
forces, they are subjected to strong constraints coming from
fifth-force and/or equivalence principle violation searches
[74—77],1 independently of their cosmic abundances. In
contrast, the most stringent limits on some quadratically
coupled scalars are based on their cosmic abundances
[72,78,79]. Thermal damping can relax these limits because
it reduces the scalar amplitudes. Thus, in order to demon-
strate the effect of thermal damping we will focus in what
follows on the quadratically coupled case, where its effect
is arguably more pronounced.

1. Scalar quadratically coupled to gluon

In this section, we consider the case of a scalar field ¢ of
bare mass m, coupled quadratically to the gluon field
strength tensor, Gy, (a being the color index),” as

2
o _2¢ : dp(gs) Ge, G, (38)

My 29,
where f(g;) = —(11 —=2/3N;)g3/(167%) is the QCD beta
function with N being the number of light quarks, g; is the
gauge coupling constant, d is the coupling strength, and
Mp = 2.4 x 10" GeV is the reduced Planck scale. Due to
the above interaction, the QCD scale, Agcp, depends on the
scalar field ¢ as

'The scalar linearly coupled to neutrinos model, Eq. (35), is an
exception to this, as neutrinos cannot be contained by ordinary
matter.

*One can extend the ¢ coupling to other SM fields as well.
Here, we consider one example to demonstrate the effect of the
thermal damping.

oln AQCD o d
oz¢*)  2My’

(39)

which in turn leads to ¢-dependent hadron masses. Thus, a
time-dependent scalar background leads to modulations in
nucleon (my), and in neutral and charged pion masses
as [69]

d(ﬁz]
M, ~m, [1 + , (40)
aM3,
¢2
ToME |

where my = 931 MeV, and we denote m, as generic pion
mass with m_ ~ 135 MeV and m_: ~ 140 MeV. For
simplicity, we limit our analysis to temperatures
T <100 MeV, where the QCD sector is confined and
dominated by nonrelativistic pions and nucleons. The
thermal damping rate of ¢ is given by Eq. (34) as

d2 2¢2 .
T, 4M4 ZZ(MF+1M¢I) N (42)

where the summation indices, i and j, take two “values,” 7°

and (= +7z7), I is a unit 2 x 2 matrix, and My is the
thermalization rate matrix, as defined in Eq. (29). In this
model, there can be “cross-damping,” where ¢ perturbs the
pion number densities with, for instance, its 7° coupling,
and gets backreaction from 7, or vice versa. The above
expression for T, involves the effective mass M of ¢ and
the thermalization rate matrix My [defined in Eq. (31)] for
hadrons. Using Eq. (13), we find the effective mass of ¢
to be

M 5; = Vi

= mj + 6mo(0)n5(0) 4 26m,=(0)n 2 (0),  (43)
where we have neglected the contributions to ¢ mass from
protons and neutrons, as they are less abundant than the
pions. As ¢ modulates the masses of neutral and charged
pions, calculating the thermalization rate matrix Mp
requires simultaneous solving of multiple Boltzmann
equations, which we describe in detail in the Appendix.
In the same Appendix, we also derive the thermalization
rates of nucleons. We confirm that both the thermal-mass
and thermal damping effects from nucleons are negligible
in the cases discussed here. In the adiabatic limit, the
thermal damping rate simplifies as

d2 2¢2
T 4M4 T l—*eff ’

(44)
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where TS is the effective thermalization rate, whose
analytical expression is given in the Appendix.

We plot in Fig. 4 the scalar field’s effective thermal-
ization rate Ff]ff, the effective mass M ;, and the oscillation-
averaged thermal damping rate (Y,)., defined as

—1

(Tohowe = [(xMG!)1 [5 diTo?)/[M302/2) by tar-
quoise, purple, and orange lines, respectively. We have
normalized these quantities by the Hubble scale H. We take
my =10"'"eV and set the initial amplitude of the ¢
oscillation to be ® = Myp,/+/d with d = 10%. We see that
ataround T ~ 10 MeV, the thermal damping effect starts to
become negligible compared to Hubble damping. On the
other hand, M; remains dominated by the « ny thermal
pion contributions down to 7 ~ 6 MeV, whereupon bare
mass starts dominating. This behavior is seen by the change
of slope of the purple line, representing M ;/H, from an
exponentially falling off behavior to a my/H o T2
scaling.

To understand the long-term evolution of ¢ in the
presence of the thermal mass and damping, we write the
field in terms of its slowly varying amplitude ®(¢) as

¢(1) = Re[®(1)e™Mo1]. (45)

Plugging this into the Equation of Motion (EOM) derived
in Eq. (12), multiplied by ¢ and integrated over an

¢ Quadratically-Coupled to Gluons

1013:
1010:
107 ’
10t
10t}
1072}

10—5L““‘ R . - .
10% 10! 1

T [MeV]
d=10%,mgs =100V, & = Mp/Vd = 2.4 x 107CeV

P
2
+
oo}
e
g

FIG. 4. The pion effective thermalization rate I, scalar

effective mass M, and oscillation-averaged thermal damping
rate (Y,) as a function of temperature in the scalar quadratically
coupled to gluons model, Eq. (38). Here, assume d = 10%* and
my = 10710 eV, and fix the scalar amplitude to ® = M,;/\/d.
The vertical dashed line indicates the rough boundary between
the adiabatic and nonadiabatic regimes. The displayed I is
meaningful only in the adiabatic regime, where the adiabatic
thermal damping formula, Eq. (26), applies. In the nonadiabatic
regime, the thermal damping rate is given by the more general
Eq. (27), in which there is no simple notion of thermalization rate.

oscillation, we get the EOM for the amplitude of ¢ as

My @
—1 = —o. (46)
M) 2

D+ | 3H + (Tr)ose +
In estimating the above formula, we have also assumed
|®/®| < M. To solve the EOM, we start by noting that
Eq. (46) can be recast as i1, = —(3H + (Y ;) os.)74, Where
ny, = My®(1)? is the time-averaged ¢ number density.
Thus, in the absence of the thermal friction, n redshifts as
ny o 1/a*. When (Y,). 2 H, on a timescale much less

0SC ~v
than a Hubble time, and over which M ; is almost constant,

we have iy/ny, ~20/® ~ —(Y,) x —®? in the adia-
batic case. It leads to @ ~®;[(Y,) |, (1 —1;)]7"/%, for
some initial time #; and initial thermal damping ()|, -
Thus, in the presence of thermal friction, the field ampli-
tude and the number density decay as a power law, not
exponentially.

In general, if (Y,),. = H at some point during the
evolution history, then thermal damping decreases the ¢
number density significantly. Since the (). depends on
the scalar’s amplitude @, there is a critical amplitude
®(T) at which (T,) . ~ H(T). Upon reaching @+, the
amplitude ® may track the ®y for a while. Once @
becomes significantly smaller than ®-, the friction
becomes unimportant, and the number density of the field
redshifts as n, o a=3. Suppose ® goes below @+ first at
Ty. The abundance of the field at 7 < T can then be
found by simply redshifting the number density as
ng(T) ~ny(T1)(T/Ty)*.

In Fig. 5, we show the evolution of the oscillation
amplitude of the scalar field @ (left) and its number density
ny (right) as a function of temperature 7. The solid and
dashed lines depict the evolution with and without the ther-
mal damping term in the EOM, respectively. The turquoise,
purple, and the dark orange lines show the evolution of ®
with initial amplitudes of ®; = 10°,10%,3 x 10° GeV,
respectively. The light red colored band shows the values
of @ for which Y (®y) ~ H. For any ®; larger than ®~ at
some point during the evolution, the field experiences
thermal damping, and its final abundance reduces. This is
shown by the thinner solid line. The temperature at which
@~ is minimized corresponds roughly to that at which Y/H
is maximized for a fixed @, as can be seen from Fig. 4.
Also, for our chosen data point (d =10 and
my = 10719 eV), the thermal damping leads to a universal
late-time abundance independent of the initial amplitude
@;, as can be seen on both panels of Fig. 5. Such a
dynamical attractor is also found in the neutrino-coupled
scalar model, Eq. (35), as detailed in our companion
paper [17].

The presence of the M, »/M, < 0 term in Eq. (46) leads
to an antifriction effect that causes the oscillation amplitude
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¢ Quadratically-Coupled to Gluons

¢ Quadratically-Coupled to Gluons

9| : | 3 IS
10 . 10 =
2|
_ 107 .gi
% el
@ g0
Pe* \\: §~~~‘\ ...~.~
10° |
10t ! : " : : . ~
108 107 108 10° 108 107 106 10°
T [eV] T [eV]

d=10%mg = 107"V d=10%mg=10""YeV

FIG. 5. Evolution of the scalar field amplitude @ (left) and number density n, = M(Zptb (right) in the scalar quadratically coupled to
gluons model, Eq. (38). Here, we assume the same model parameters as in Fig. 4 and pick initial conditions such that ® = 10® GeV
(turquoise), 10> GeV (purple), and 3 x 10° GeV (orange) at T = 100 MeV. The evolutions of ® and n,, are shown as solid lines, which
in these figures merge almost completely to a single line. Their evolution in the absence of thermal damping is shown in dashed lines for
comparison. On the left plot, the thick pink line is the scalar amplitude ®y at which T ~ H, and the approximate BBN limit
(6Aqep/Agep < 2 x 1073 [80]) is shown as a gray shaded region.

of ¢ to increase when My decreases. This effect dominates
over Hubble, |M,/M,|/H ~ m,/T > 1, when ¢ is domi-
nated by its thermal mass. As a result, in cases with ®; =
10% GeV and 10° GeV, in the absence of thermal damping,
the ¢p amplitude increases to the point where the ¢-induced
change in pion mass becomes larger than the bare pion
mass (6m, > m,) during the course of evolution (shown by
the turquoise and purple dashed lines). Thus, for those
initial conditions the theory loses is predictive power.
However, thermal damping can overcome both antifriction
and Hubble, and reduce the oscillation amplitude enough
to cure the theory from such pathological behavior.
Similarly, the overclosure bound, BBN bound on the
variation of the QCD scale [80,81], and the bounds from
the MICROSCOPE experiment [72] are also relaxed due to
the thermal damping. For the chosen parameters in Figs. 4
and 5, the BBN bound from Ref. [80] shown in Fig. 5 is far
more stringent than the limits from MICROSCOPE and
overclosure.

Note that the benchmark point considered here may lie in
a tuned region of the parameter space. Such tuning can,
however, be mitigated in concrete UV completions (see,
e.g., Ref. [82]).

2. The QCD axion and the lighter QCD axion

In this section, we discuss another example of hadron-
mass modulator, namely, the models of QCD and light
QCD axions, which induce hadron-mass variation at the
quadratic order as well [65,72]. To see how that works, note
that at the leading order the effective axion (a) potential can
be written as [64,83]

V(a,n%) = M, f2. (47)

where f, =93 MeV, and f,, is the axion decay constant,
and

L)
Moo = moy |1 = Fumasin(0/2) (%2), (48)
(mu + md)

where m,, (m,) is the up (down) quark mass. Note that we
also employ the pseudoaxionic shift symmetry to set the
effective strong-CP angle to zero, and define 0 = a/f,.
Expanding around the axion vacuum expectation value,
we obtain the change of the neutral pion mass due to the
axion as

Smyp = My —myp ~ =7 MeV x 6%, (49)

where we use small-angle approximation. Compared to the
case discussed in Sec. IV B 1, the axion only modulates the
mass of neutral pions at the leading order. Starting from
Eq. (49), and using Eq. (13), we find the effective mass of
the axion as

The nucleon masses depend on the pion masses at the chiral
loop order, and thus an axion-dependent pion mass also leads to
axion-dependent nucleon masses as well. However, as
olnmy/0Inm2 ~0.06 and the nucleon number density is small
compared to that of the pions, we neglect the nucleon contribu-
tion here.
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14 MeV
f2

M = Vg = mg — ”,e,g’ (50)
where mg ~ m2, 7/ f7 for the QCD axion and arbitrary for
the lighter QCD axion. Using Eq. (26), we find the thermal

damping coefficient in the underdamped limit (|a/a| <
min [y, M,]) as

Y,
(T, + MO)T

nir, 14 MeV 2
A ( eV) ©. (51)

fa

for some effective thermalization rate I'y,. In Appendix, we
discuss in detail about how to calculate I'y,.

Let us first discuss the QCD axion. We find that for the
vanilla misalignment scenario the ranges of initial con-
ditions and f, values for which the thermal damping plays
any important role lead to the Universe being overclosed by
the QCD axion at late times. Although, we note that this
conclusion depends on the detailed thermal history. For
example, models that involve an entropy dump at some
point before matter-radiation equality would weaken the
overclosure constraint [84,85]. In such an alternative
cosmology, a simple backward extrapolation of the over-
closure bound does not work, and thermal damping could
be important at some point in the past. Furthermore, there
are other scenarios that involve the axion decay
constant [84,86,87] or the QCD scale [88,89] changing
as a function of time or the presence of large pion chemical
potential stemming from lepton asymmetry [90-92]. In
general, whenever the hadronic sector behaves differently
from the vanilla case, the thermal damping effects needs to
be re-evaluated, and they might turn out to be important
then. There is also a chance that, even in the vanilla case,
some form of thermal damping might be important in
determining the axion-string contribution to the axion
abundance. Simulations of axion strings around the
QCD phase transition traditionally assume that the axion
field evolves according to its thermal equilibrium effective
potential, as given by the topological susceptibility. Since
thermal damping is a nonequilibrium effect, its effect is not
captured by such simulations.

Another possibility is to consider models of the lighter
QCD axions [66,67,93]. For those models, the mass of
the axion is independent of f, and the finite temper-
ature correction to the axion mass can make the axion’s
effective potential be minimized at 6 =z instead
of & =0. This happens at some high temperature if
m,f, < (14 MeV ny'(0))!/2. If the axion potential is mini-
mized at 6 = x initially, then the initial axion misalignment
could effectively be 6(T;) ~ z [94,95]. In those cases, the
thermal damping could be more important. In principle,
solving the evolution of the lighter QCD axion, as
considered in, e.g., [94], but with the inclusion of thermal
damping, could change some of the conclusions found
in the literature. However, a large 6 leads to various

complications, such as the anharmonicity of the axion
potential [96] and modified hadron interactions [97-99].
The difference between the lighter QCD axion and quad-
ratically coupled scalar cases is that in the axion case the
damping is important when € is oscillating around 7z, which
tends to have little effect on the final abundance of the
axion, while in the quadratically coupled scalar case the
damping reduces the amplitude of ¢ and weakens various
bounds, as discussed previously.

C. WIMP-mass modulators

Next, we briefly consider a scalar ¢ coupled to a
fermionic WIMP dark matter y, with the following
Lagrangian:

1
Lo+ (= g b (52)
This could serve as a model for long-range dark matter
forces [100]. While y is close to a thermal equilibrium, the
rate of number-changing process that restores its equilib-
rium is roughly given by [y, ~ n,%(60) ;n, Where (60) ,,, 18
s total annihilation cross section to SM particles, whose
limits can be found in, e.g., Ref. [101]. We will assume the

WIMP-miracle annihilation cross section (ov),,, that leads
to the correct DM abundance
(ov)PM ~ 3 % 10726 cm?/s. (53)

The thermal damping rate of ¢ under the underdamped
approximation can then be estimated as follows:

2

M) T2 M
r M e [1,—*} (54)

T TeT M3 +TS,

T2

Note that, for |¢| < m,/g,, the T, is independent of the
amplitude of the ¢ field. If this rate is greater than Hubble,
then it would lead to an exponential damping of the ¢
amplitude. For instance, if we take m, = 100 GeV, then we

X
have T, 2 H at T = m, (well before the WIMPs freeze

out) if a,, = (gi/4n)/Gm’ > 10" and m, < MeV.
Further, as long as a,,, > 10'%, the ¢ field begins oscillat-
ing before T = m,, under its thermal mass, M, ~ g, T. Such
dark forces with coupling strength relative to gravity a,, >
10" and 25 =my;' 2 (MeV)™" ~ 100 fm are still viable
[100]. Note that, generically, T,/H is far from being
maximized at T = m,, so the regime where the T, is
important extends well beyond the regime we have iden-
tified. The interactions that allow y to annihilate to SM
particles with the cross section given in Eq. (53) would
generically generate interactions between the scalar ¢ and
SM particles, which leads to fifth forces between ordinary
matter at some level. Such fifth forces are strongly con-
strained for sufficiently large 4, [74]. However, those
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interactions are model dependent. In some models, such
fifth forces might be very suppressed.

V. DISCUSSION AND CONCLUSION

When a scalar field evolves in the early Universe, it
drives otherwise-thermalized particles with significant
coupling to it out of thermal equilibrium. These particles
then backreact to the scalar in two qualitatively different
ways. Even in complete quasithermal equilibrium, the
particles’ free energy contributes to the scalar’s effective
potential. This effect is nondissipative. In addition, due the
nonequilibrium nature of the driven particles they also
backreact dissipatively on the scalar, leading to a thermal
damping of the scalar’s kinetic energy. In this work, we
clarify the origin of such thermal damping effect in a simple
toy model, estimate its rates for scalars that modulate the
masses of thermally populated particles, and demonstrate
its importance in several models.

In some cases, the manifestation of thermal damping in
the equation of motion of the scalar field ¢ simplifies to a
frictionlike term of the form Y¢. Previous studies that
found such an Y'¢ term were limited to the adiabatic regime
where the thermal bath particles thermalize essentially
instantaneously on the timescale of ¢’s dynamics. We
found a new regime where the thermal damping also
reduces to a Y¢p term, namely, when the ¢ field evolves
sinusoidally in an underdamped manner, but not neces-
sarily slowly compared to the thermal bath’s equilibration
rates. The adiabatic and underdamped regimes overlap but
extend beyond each other. We obtained in Egs. (23) and
(24) the general thermal damping rates in both regimes,
covering cases with scalar and fermionic, relativistic and
nonrelativistic thermal bath particles. We also considered a
thermal bath with multiple intercoupled species, in which
case the scalar can drive the thermal bath and receives
backreaction from it through different couplings, resulting
in a new type of thermal damping, as given in Eqgs. (32)
and (34).

To illustrate the implications of thermal damping, we
considered, as separate examples, three types of thermal
dampers, namely, neutrinos v, hadrons (pions and nucle-
ons), and WIMP dark matter y, with couplings to a scalar ¢
of the form ¢uv, $p>*GG (with gluon field strength G), and
@iy, respectively. We derived the thermal damping rates of
¢ in each of these models and pointed out instances
consistent with existing limits where Y/H = 1. We also
derived the thermal damping rate of (lighter) QCD axion by
pions and nucleons. It would be interesting to consider
other types of mass-modulating scalars ¢, such as those
with direct couplings to the electron e, downquark d, and
upquark u of the forms m, (¢)ee, m,(¢)dd, and m,(¢p)iu,
respectively, where the latter two couplings may not
preserve the isospin symmetry. Other concrete variants
include a scalar ¢ that modulates the electromagnetic

coupling e through F,, F*/e*(¢) and a scalar ¢ that
couples democratically to all SM particles. In the latter
case, the thermal damping by different species may become
dominant at different times, as they decouple in turn. One
could also consider the thermal damping of a vector field in
place of a scalar field ¢.

We have focused on the thermal damping due to the
backreaction of a thermal bath with slightly distorted
distribution functions. There are in principle other types
of damping that may appear concurrently in a given model.
These include damping due to thermal bath particles
scattering off of the coherent scalar, damping mediated
by virtual particles (which occurs even when the scalar-
coupled particles are at zero temperature), and damping due
to nonperturbative effects [2,7,8,20,21]. In estimating the
thermalization rate of the thermal bath, we assumed the
relaxation time approximation, which is equivalent to
assuming that the nonequilibrium distribution function
f, has the same shape as the equilibrium distribution

1. While we expect such simplified estimates to give the
correct order of magnitude for the thermal damping rates, it
would be interesting to consider more realistic, momentum-
dependent relaxation rates in a future work.
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APPENDIX: THERMALIZATION RATES

In this Appendix, we calculate the thermalization rates
relevant for estimating the thermal damping rates consid-
ered in the main text. The results are summarized in Fig. 6.

1. Pions

Here, we derive the thermalization rates of pions at
temperatures O(1-10) MeV. In this temperature range, the
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FIG. 6. Top: thermalization rates in different models. The
thermalization rate in the neutrino-coupled scalar model is given
by the typical electroweak interaction rate I'}, =~ G%T°. For scalar
quadratically coupled to gluon and (lighter) QCD axion, the four
adiabatic thermalization rates of pions, Fﬁ:"”ﬂ s Fﬁf‘"’i s F{f‘”’“ ,and
[ =7 are obtained in Egs. (A17), (A18), (A19), and (A20). In the
latter models, the thermalization rates of protons and neutrons are
approximately equal and given by T\"™*™" as found in Eq. (A37).
Also shown for comparison is the Hubble rate H accounting for the
SM species only. Bottom: the thermal equilibrium number densities
n® of the SM thermal dampers considered in this work: active
neutrinos v, pions 70F, protons p, and neutrons 7.

most important reactions determining the pion densities
nyo+ are neutral pion decays to photon pair, charged pion
pair annihilation to photons and neutral pions, as well as the
inverse processes [102],

7 < yy,

atn < yy, %0 (Al)
Accounting for these processes, and neglecting Hubble
expansion, the momentum-integrated Boltzmann equations
read

R = =Tong + (00),, 017 = (60) 0,05 12

() JES Y Y (A2)
Mgt = —(O0) pt gy Mt Mg+ {OV) e n%

- <61}>ﬂ+ﬂ’—>n’0ﬂ0nﬂ+n7z' + <Gv>ﬂ0ﬂ°—>ﬂ+7t’n,2,0’ (A3)

where angled brackets (...) denote thermal averaging, o
denotes cross section, and

I = <7;01 T;ol> (A4)
is the thermal-averaged neutral pion’s decay rate time-
dilated by the Lorentz factor y,. We assume to first order
that these quantities are given by their SM values and that
the dominant radiation made of light SM particles remains
in thermal equilibrium. In the cases we consider, the scalar
field modulates hadron masses but not lepton masses, so
the equilibrium number densities of leptons are not directly
modulated by ¢. Any indirect distortion of the radiation
bath caused by out-of-equilibrium pions is suppressed
relative to én,/n, by the small leptonic branching ratios
and by the Boltzmann-suppressed pion energy fraction
Px/Prag << 1 in the temperature range of interest. Although
we do not expect the results to change significantly, it
would be interesting to perform a more complete study of
thermalization including the Boltzmann equations for
species other than pions in the future.

The chemical equilibrium number densities of non-
relativistic pions are

M oT\3/2 M o—n
nd = (—2”" ) T (AS)
T
M T\3/2 M
it = () e (A6)
T

where we have capitalized the pion masses M o+ to indicate
that these are their effective masses in the presence of a
coherent scalar field. Due to the high abundances of
photons and charged leptons, z° and #* stay close to
chemical equilibrium down to temperatures 7 ~ 6 MeV,
despite being severely Boltzmann suppressed. We will thus
neglect the pion chemical potentials, 0+~ 0, which
implies n,+ = n,-. Detailed balance of the aforementioned
processes implies

<61}>}/}/—>ﬂ0 ne%

Iy (”gl)z (A7)
<01}>ﬂ+ﬂ —yy n;q 2 A8
(ov) -0 (A8)

rr—nt 7t
<O-1]>n+ﬂ’—>zr0ﬂ° _ n;?’ g (A9)
(0) o0 g 1)

After linearizing, én 0+ < ni%_i, and assuming 7,0 < nf[%,

the Boltzmann equations for pion number densities,
Eqgs. (A2) and (A3), reduce to
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, on,
<_ ' )z—Mr< ' ) (A10)
Nt yn) 6"(7Z++IZ—)

}’leq

Fo+Toor  —Toox ﬁ
MF = i eq K (All)

n

Toor Ti+Toos ﬁ

where we have defined n(+,,-) = ny+ + n,- = 2n,+ and
Lo = (rieid), (A12)
[y =201 (00) 1 5y (A13)
Foos =2050(00) 20,501 1 (A14)
Snyp =ny — niﬂ, (A15)
Snge = npe —n'l (A16)

In our numerical computations, we use the thermal-averaged
cross sections, as given in Refs. [102—-106]. The adiabatic
regime thermalization rates, as defined in Eq. (31), are

I I
7= :Line% Iy, (A17)
Iy + FOe:tﬁ
' (T Iy
Fm»iﬁ
r,C n‘s
| ARG SN i S o (A19)
0=+ nﬂi
ne%
. Foroeiﬁ
e — = 4T, (A20)

CTo+Toos

We stress that these rates can be meaningfully interpreted as
thermalization rates only if the adiabatic approximation
holds, i.e., as long as the relevant diagonal entries of My,
as given in Eq. (All), are significantly greater than the
b/ | ~M - Outside this regime, one needs to invoke the
more-involved underdamping formula, Eq. (27), which
dissolves the meaning of Eq. (31).

a. QCD and lighter QCD axion

The (lighter) QCD axion only modifies the mass of the
neutral pion. Thus, the Boltzmann Eq. (A11) reduces in the
adiabatic limit to

5”,1. . €q
( ' > ~ —Mg! ("ﬂ”<a>>. (A21)
5n(,r++,[—) 0
Given the thermal damping formula in Eq. (32), there is

. . 0 0
only one relevant thermalization rate, namely, I'y, =17 =" .
Assuming n°f ~ n°l, this rate simplifies to
b T

I., T3230MeV
Ty ~ . (A22)
Iy, T <30MeV

b. Scalar quadratically coupled to gluons

For the case of a scalar ¢ field quadratically coupled to
gluons, the pion masses are modified democratically, and
the Boltzmann Eq. (A11) can be written in the adiabatic

limit as
Sn Ao ()
< ) ~ —Mfl< eq ) (A23)
Nz 4a) ()

If we neglect the small differences between the pion
masses, i.e., m,0 & m,= and riv’g(¢) ~ 1’ (¢), the thermal
damping formula, Eq. (32), simplifies considerably, and it
is then useful to define the effective thermalization I as

follows:

1 1 2 1 2
{f 70—’ 70—t 7t —n0 7t st
r‘?h I It I, I

(A24)

Assuming n’g ~ n'?, this effective rate simplifies to

Folger +To(To 4+ Toor)

reff = . A25

th 2Ty + 6Ty + Ty (A25)
ey T > 30 MeV

~ { | . (A26)
ITyosr T <30MeV

2. Nucleons
Here, we derive the thermalization rates of nucleons
relevant for estimating the thermal damping rate at temper-
atures 7 = O(1-10) MeV. In the absence of Hubble
expansion, the Boltzmann equations for the number den-
sities of neutrons and protons, n,, and n,, are [107]

iy = =T pn, +T,,m,, (A27)

n,=-ITp,_,n,+1,_,n,, (A28)

where the neutron-to-proton conversion rate I',_,, is
given by

1—‘n—>p = Fm/e—me’ =+ Fne*—»pz'zg + T;lv (A29)
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1 43¢
wimpe =3 GRg (L), (A30)
1+ 393‘ 2 m,
Fne+—>pi/f = 27[3 GFqs‘] —OO,—; ’ (A31)
b xz(x — 1)2dx
J(a7b) - /a' (1 + eq(x—l)/T,,)(l + e—qx/T)
2
1= me/a)f (A32)
X

where 7, is the neutron’s decay lifetime, G is the Fermi
constant, g4 ~ 1.26, ¢ = m, —m, ~ 1.293 MeV, and x is a
dummy integration variable. As long as the neutrons and
protons are close to thermal equilibrium, the proton-to-
neutron conversion rate I’ is related to I as

p—n n—p
r ny!

PN — T (A33)
[ n;q

where we have defined Q = g + dq for notational simplic-
ity, 6q = 6(m, —m,,) is the correction to the neutron-
proton mass difference due to interaction with a scalar field
background, and we have neglected the small electron
chemical potential y, = 6n,/ T2. Using the above relations,
we can rewrite the Boltzmann equations in the form of
Eq. (29),

i, =—(e~YT+ 1), ,6n,, (A34)

h,=—(e 9T+ 1)[,_,6n,. (A35)

Thus, in this case the thermalization rate matrix My is
diagonal and given by

M = FE}TUCIeon)I, (A36)
where I is a 2 x 2 unit matrix and
Iﬂt(;:ucle,on) _ (e—Q/T + l)rn—m‘ (A37)

Note that the thermal damping formulas in Egs. (32) and
(34) assume that the thermal bath species have no chemical
potentials. In contrast, the number densities of neutrons and
protons at T <« GeV are predominantly set by their
chemical potentials associated with the baryon asymmetry
of the Universe. To calculate the thermal damping in this
case we should start with the more general damping
formula in Eq. (28). We would then find that the thermal
damping rate is T o (M}, — M',)in'/ FEE“CIEOI’), where M, ,
is the effective mass of neutrons/protons, and we have
assumed 71, + 71! = iy ~ Hny is negligible on the time-
scales much less than H~!. Thus, the leading-order con-
tribution to T is noncanceling only if the scalar-nucleon
coupling breaks isospin. This is the case for the (lighter)
QCD axion but not so for the scalar quadratically coupled
to gluons.

[1] A. Berera, Warm inflation, Phys. Rev. Lett. 75, 3218
(1995).

[2] L.D. McLerran, E. Mottola, and M. E. Shaposhnikov,
Sphalerons and axion dynamics in high temperature QCD,
Phys. Rev. D 43, 2027 (1991).

[3] G.D. Moore and M. Tassler, The sphaleron rate in SU(N)
gauge theory, J. High Energy Phys. 02 (2010) 105.

[4] G.D. Moore, Computing the strong sphaleron rate, Phys.
Lett. B 412, 359 (1997).

[5] K. V. Berghaus, P. W. Graham, and D. E. Kaplan, Minimal
warm inflation, J. Cosmol. Astropart. Phys. 03 (2020) 034,
10 (2023) EO02.

[6] K. Minami, K. Mukaida, and K. Nakayama, Reheating
with thermal dissipation and primordial gravitational
waves, J. Cosmol. Astropart. Phys. 03 (2026) 016.

[7] K. Mukaida and K. Nakayama, Dissipative effects on
reheating after inflation, J. Cosmol. Astropart. Phys. 03
(2012) 002.

[8] M. Drewes and J.U. Kang, The kinematics of cosmic
reheating, Nucl. Phys. B875, 315 (2013); B888, 284(E)
(2014).

[9] P. W. Graham, D. E. Kaplan, and S. Rajendran, Relaxation
of the cosmological constant, Phys. Rev. D 100, 015048
(2019).

[10] L. Ji, D. E. Kaplan, S. Rajendran, and E. H. Tanin, Thermal
perturbations from cosmological constant relaxation, Phys.
Rev. D 105, 015025 (2022).

[11] K. V. Berghaus and T. Karwal, Thermal friction as a
solution to the Hubble tension, Phys. Rev. D 101,
083537 (2020).

[12] K. V. Berghaus, P. W. Graham, D. E. Kaplan, G. D. Moore,
and S. Rajendran, Dark energy radiation, Phys. Rev. D
104, 083520 (2021).

[13] K. Choi, S. H. Im, H.J. Kim, and H. Seong, Axion dark
matter with thermal friction, J. High Energy Phys. 02
(2022) 180.

015032-16


https://doi.org/10.1103/PhysRevLett.75.3218
https://doi.org/10.1103/PhysRevLett.75.3218
https://doi.org/10.1103/PhysRevD.43.2027
https://doi.org/10.1007/JHEP02(2011)105
https://doi.org/10.1016/S0370-2693(97)01046-0
https://doi.org/10.1016/S0370-2693(97)01046-0
https://doi.org/10.1088/1475-7516/2020/03/034
https://doi.org/10.1088/1475-7516/2023/10/E02
https://doi.org/10.1088/1475-7516/2026/03/016
https://doi.org/10.1088/1475-7516/2012/03/002
https://doi.org/10.1088/1475-7516/2012/03/002
https://doi.org/10.1016/j.nuclphysb.2013.07.009
https://doi.org/10.1103/PhysRevD.100.015048
https://doi.org/10.1103/PhysRevD.100.015048
https://doi.org/10.1103/PhysRevD.105.015025
https://doi.org/10.1103/PhysRevD.105.015025
https://doi.org/10.1103/PhysRevD.101.083537
https://doi.org/10.1103/PhysRevD.101.083537
https://doi.org/10.1103/PhysRevD.104.083520
https://doi.org/10.1103/PhysRevD.104.083520
https://doi.org/10.1007/JHEP02(2022)180
https://doi.org/10.1007/JHEP02(2022)180

THERMAL DAMPING OF MASS-MODULATING SCALARS

PHYS. REV. D 114, 015032 (2026)

[14] A. Papageorgiou, P. Quilez, and K. Schmitz, Axion dark
matter from frictional misalignment, J. High Energy Phys.
01 (2022) 169.

[15] G.N. Felder, H. Kim, W.-I. Park, and E.D. Stewart,
Preheating and Affleck-Dine leptogenesis after thermal
inflation, J. Cosmol. Astropart. Phys. 06 (2007) 005.

[16] E. H. Tanin and E. D. Stewart, Damping of an oscillating
scalar field indirectly coupled to a thermal bath, J. Cosmol.
Astropart. Phys. 11 (2017) 019.

[17] A. Banerjee, N. H. Nguyen, and E.H. Tanin, Thermal
damping of neutrino-coupled scalar dark matter,
arXiv:2509.25308.

[18] K. V. Berghaus, M. Drewes, and S. Zell, Warm inflation
with the standard model, Phys. Rev. Lett. 135, 171002
(2025).

[19] J. Yokoyama and A. D. Linde, Is warm inflation possible?,
Phys. Rev. D 60, 083509 (1999).

[20] K. Mukaida, K. Nakayama, and M. Takimoto, Fate of Z,
Symmetric Scalar Field, J. High Energy Phys. 12 (2013)
053.

[21] K. Mukaida and K. Nakayama, Dynamics of oscillating
scalar field in thermal environment, J. Cosmol. Astropart.
Phys. 01 (2012) 017.

[22] M. Bastero-Gil, A. Berera, and R. O. Ramos, Dissipation
coefficients from scalar and fermion quantum field inter-
actions, J. Cosmol. Astropart. Phys. 09 (2010) 033.

[23] J. Yokoyama, Fate of oscillating scalar fields in the thermal
bath and their cosmological implications, Phys. Rev. D 70,
103511 (2004).

[24] J. Yokoyama, Can oscillating scalar fields decay into
particles with a large thermal mass?, Phys. Lett. B 635,
66 (2000).

[25] M. Morikawa, Classical fluctuations in dissipative quan-
tum systems, Phys. Rev. D 33, 3607 (1986).

[26] W.-Y. Ai, A. Beniwal, A. Maggi, and D. J. E. Marsh, From
QFT to Boltzmann: Freeze-in in the presence of oscillating
condensates, J. High Energy Phys. 02 (2023) 122.

[27] W.-Y. Ai, M. Drewes, D. Glavan, and J. Hajer, Oscillating
scalar dissipating in a medium, J. High Energy Phys. 11
(2021) 160.

[28] A. Berera, M. Gleiser, and R. O. Ramos, Strong dissipative
behavior in quantum field theory, Phys. Rev. D 58, 123508
(1998).

[29] M. Gleiser and R. O. Ramos, Microphysical approach to
nonequilibrium dynamics of quantum fields, Phys. Rev. D
50, 2441 (1994).

[30] L. Dolan and R. Jackiw, Symmetry behavior at finite
temperature, Phys. Rev. D 9, 3320 (1974).

[31] G. Aarts, D. Ahrensmeier, R. Baier, J. Berges, and J.
Serreau, Far from equilibrium dynamics with broken
symmetries from the 2PI—1/N expansion, Phys. Rev. D
66, 045008 (2002).

[32] J.M. Cornwall, R. Jackiw, and E. Tomboulis, Effective
action for composite operators, Phys. Rev. D 10, 2428
(1974).

[33] E. A. Calzetta and B.-L. B. Hu, Nonequilibrium Quantum
Field Theory (Oxford University Press, New York, 2009).

[34] D. Bodeker and J. Nienaber, Scalar field damping at high
temperatures, Phys. Rev. D 106, 056016 (2022).

[35] A. Hosoya and M.-a. Sakagami, Time development of
Higgs field at finite temperature, Phys. Rev. D 29, 2228
(1984).

[36] S. Jeon, Hydrodynamic transport coefficients in relativistic
scalar field theory, Phys. Rev. D 52, 3591 (1995).

[37] M. Drewes, S. Mendizabal, and C. Weniger, The Boltz-
mann equation from quantum field theory, Phys. Lett. B
718, 1119 (2013).

[38] B. Garbrecht and M. Garny, Finite width in out-of-
Equilibrium propagators and kinetic theory, Ann. Phys.
(Amsterdam) 327, 914 (2012).

[39] M. Laine and S. Procacci, Minimal warm inflation with
complete medium response, J. Cosmol. Astropart. Phys. 06
(2021) 031.

[40] G.N. Felder, L. Kofman, and A.D. Linde, Instant pre-
heating, Phys. Rev. D 59, 123523 (1999).

[41] M. L. Bellac, Thermal Field Theory, Cambridge Mono-
graphs on Mathematical Physics (Cambridge University
Press, Cambridge, England, 2011).

[42] M. Quiros, Finite temperature field theory and phase tran-
sitions, in ICTP Summer School in High-Energy Physics and
Cosmology (1999), pp. 187-259, arXiv:hep-ph/9901312.

[43] A. Berlin, Neutrino oscillations as a probe of light scalar
dark matter, Phys. Rev. Lett. 117, 231801 (2016).

[44] G. Krnjaic, P. A.N. Machado, and L. Necib, Distorted
neutrino oscillations from time varying cosmic fields,
Phys. Rev. D 97, 075017 (2018).

[45] V. Brdar, J. Kopp, J. Liu, P. Prass, and X.-P. Wang, Fuzzy
dark matter and nonstandard neutrino interactions, Phys.
Rev. D 97, 043001 (2018).

[46] J. Liao, D. Marfatia, and K. Whisnant, Light scalar dark
matter at neutrino oscillation experiments, J. High Energy
Phys. 04 (2018) 136.

[47] F. Capozzi, I. M. Shoemaker, and L. Vecchi, Neutrino
oscillations in dark backgrounds, J. Cosmol. Astropart.
Phys. 07 (2018) 004.

[48] G.-Y. Huang and N. Nath, Neutrinophilic Axion-Like dark
matter, Eur. Phys. J. C 78, 922 (2018).

[49] J. M. Cline, Viable secret neutrino interactions with ultra-
light dark matter, Phys. Lett. B 802, 135182 (2020).

[50] A. Dev, P. A.N. Machado, and P. Martinez-Miravé, Sig-
natures of ultralight dark matter in neutrino oscillation
experiments, J. High Energy Phys. 01 (2020) 094.

[51] G.-y. Huang and N. Nath, Neutrino meets ultralight dark
matter: Oyff decay and cosmology, J. Cosmol. Astropart.
Phys. 05 (05) 034,

[52] M. Losada, Y. Nir, G. Perez, and Y. Shpilman, Probing
scalar dark matter oscillations with neutrino oscillations,
J. High Energy Phys. 04 (2021) 030.

[53] E.J. Chun, Neutrino transition in dark matter, arXiv:
2112.05057.

[54] A. Dev, G. Krnjaic, P. Machado, and H. Ramani, Con-
straining feeble neutrino interactions with ultralight dark
matter, Phys. Rev. D 107, 035006 (2023).

[55] G.-y. Huang, M. Lindner, P. Martinez-Miravé, and M. Sen,
Cosmology-friendly time-varying neutrino masses via the
sterile neutrino portal, Phys. Rev. D 106, 033004 (2022).

[56] M. Losada, Y. Nir, G. Perez, 1. Savoray, and Y. Shpilman,
Parametric resonance in neutrino oscillations induced by

015032-17


https://doi.org/10.1007/JHEP01(2022)169
https://doi.org/10.1007/JHEP01(2022)169
https://doi.org/10.1088/1475-7516/2007/06/005
https://doi.org/10.1088/1475-7516/2017/11/019
https://doi.org/10.1088/1475-7516/2017/11/019
https://arXiv.org/abs/2509.25308
https://doi.org/10.1103/9nn9-bsm9
https://doi.org/10.1103/9nn9-bsm9
https://doi.org/10.1103/PhysRevD.60.083509
https://doi.org/10.1007/JHEP12(2013)053
https://doi.org/10.1007/JHEP12(2013)053
https://doi.org/10.1088/1475-7516/2012/01/017
https://doi.org/10.1088/1475-7516/2012/01/017
https://doi.org/10.1088/1475-7516/2010/09/033
https://doi.org/10.1103/PhysRevD.70.103511
https://doi.org/10.1103/PhysRevD.70.103511
https://doi.org/10.1016/j.physletb.2006.02.039
https://doi.org/10.1016/j.physletb.2006.02.039
https://doi.org/10.1103/PhysRevD.33.3607
https://doi.org/10.1007/JHEP02(2023)122
https://doi.org/10.1007/JHEP11(2021)160
https://doi.org/10.1007/JHEP11(2021)160
https://doi.org/10.1103/PhysRevD.58.123508
https://doi.org/10.1103/PhysRevD.58.123508
https://doi.org/10.1103/PhysRevD.50.2441
https://doi.org/10.1103/PhysRevD.50.2441
https://doi.org/10.1103/PhysRevD.9.3320
https://doi.org/10.1103/PhysRevD.66.045008
https://doi.org/10.1103/PhysRevD.66.045008
https://doi.org/10.1103/PhysRevD.10.2428
https://doi.org/10.1103/PhysRevD.10.2428
https://doi.org/10.1103/PhysRevD.106.056016
https://doi.org/10.1103/PhysRevD.29.2228
https://doi.org/10.1103/PhysRevD.29.2228
https://doi.org/10.1103/PhysRevD.52.3591
https://doi.org/10.1016/j.physletb.2012.11.046
https://doi.org/10.1016/j.physletb.2012.11.046
https://doi.org/10.1016/j.aop.2011.10.005
https://doi.org/10.1016/j.aop.2011.10.005
https://doi.org/10.1088/1475-7516/2021/06/031
https://doi.org/10.1088/1475-7516/2021/06/031
https://doi.org/10.1103/PhysRevD.59.123523
https://arXiv.org/abs/hep-ph/9901312
https://doi.org/10.1103/PhysRevLett.117.231801
https://doi.org/10.1103/PhysRevD.97.075017
https://doi.org/10.1103/PhysRevD.97.043001
https://doi.org/10.1103/PhysRevD.97.043001
https://doi.org/10.1007/JHEP04(2018)136
https://doi.org/10.1007/JHEP04(2018)136
https://doi.org/10.1088/1475-7516/2018/07/004
https://doi.org/10.1088/1475-7516/2018/07/004
https://doi.org/10.1140/epjc/s10052-018-6391-y
https://doi.org/10.1016/j.physletb.2019.135182
https://doi.org/10.1007/JHEP01(2020)094
https://doi.org/10.1088/1475-7516/2022/05/034
https://doi.org/10.1088/1475-7516/2022/05/034
https://doi.org/10.1007/JHEP04(2021)030
https://arXiv.org/abs/2112.05057
https://arXiv.org/abs/2112.05057
https://doi.org/10.1103/PhysRevD.107.035006
https://doi.org/10.1103/PhysRevD.106.033004

BANERIJEE, NGUYEN, and TANIN

PHYS. REV. D 114, 015032 (2026)

ultra-light dark matter and implications for KamLAND
and JUNO, J. High Energy Phys. 03 (2022) 032.

[57] R. Plestid and S. Tevosyan, The cosmology of ultralight
scalar dark matter coupled to right-handed neutrinos,
J. High Energy Phys. 07 (2024) 012.

[58] T. Gherghetta and A. Shkerin, Probing a local dark matter
halo with neutrino oscillations, Phys. Rev. D 108, 095009
(2023).

[59] Z. Chacko and R. K. Mishra, Effective theory of a light
dilaton, Phys. Rev. D 87, 115006 (2013).

[60] A. Banerjee, C. Csdki, M. Geller, Z. Heller-Algazi, and A.
Ismail, Ultralight dilatonic dark matter, J. High Energy
Phys. 04 (2026) 158.

[61] P. W. Graham, D.E. Kaplan, and S. Rajendran, Cosmo-
logical relaxation of the electroweak scale, Phys. Rev. Lett.
115, 221801 (2015).

[62] A. Banerjee, H. Kim, and G. Perez, Coherent relaxion dark
matter, Phys. Rev. D 100, 115026 (2019).

[63] F. Piazza and M. Pospelov, Sub-eV scalar dark matter
through the super-renormalizable Higgs portal, Phys.
Rev. D 82, 043533 (2010).

[64] L. Di Luzio, M. Giannotti, E. Nardi, and L. Visinelli,
The landscape of QCD axion models, Phys. Rep. 870, 1
(2020).

[65] H. Kim and G. Perez, Oscillations of atomic energy levels
induced by QCD axion dark matter, Phys. Rev. D 109,
015005 (2024).

[66] A. Hook and J. Huang, Probing axions with neutron star
inspirals and other stellar processes, J. High Energy Phys.
06 (2017) 036.

[67] A. Hook, Solving the hierarchy problem discretely, Phys.
Rev. Lett. 120, 261802 (2018).

[68] A. Banerjee, M. A. Buen-Abad, and A. Hook, Construct-
ing a light QCD axion without 1/N tuning, Phys. Rev. D
112, 075027 (2025).

[69] Y. V. Stadnik and V. V. Flambaum, Can dark matter induce
cosmological evolution of the fundamental constants of
nature?, Phys. Rev. Lett. 115, 201301 (2015).

[70] K. A. Olive and M. Pospelov, Environmental dependence
of masses and coupling constants, Phys. Rev. D 77,
043524 (2008).

[71] A. Hees, O. Minazzoli, E. Savalle, Y. V. Stadnik, and P.
Wolf, Violation of the equivalence principle from light
scalar dark matter, Phys. Rev. D 98, 064051 (2018).

[72] A. Banerjee, G. Perez, M. Safronova, 1. Savoray, and
A. Shalit, The phenomenology of quadratically coupled
ultra light dark matter, J. High Energy Phys. 10 (2022)
042.

[73] K. Bartnick, K. Springmann, S. Stelzl, and A. Weiler,
¢-dwarfs: White dwarfs probe quadratically coupled sca-
lars, J. High Energy Phys. 04 (2026) 061.

[74] E. G. Adelberger, B. R. Heckel, and A. E. Nelson, Tests of
the gravitational inverse square law, Annu. Rev. Nucl. Part.
Sci. 53, 77 (2003).

[75] P. Touboul et al. (MICROSCOPE Collaboration), MICRO-
SCOPE mission: Final results of the test of the equivalence
principle, Phys. Rev. Lett. 129, 121102 (2022).

[76] L. Hui, A. Nicolis, and C. Stubbs, Equivalence principle
implications of modified gravity models, Phys. Rev. D 80,
104002 (2009).

[77] T. Damour and J.F. Donoghue, Equivalence principle
violations and couplings of a light dilaton, Phys. Rev. D
82, 084033 (2010).

[78] S. Ghosh, K.K. Boddy, and T.-T. Yu, Early universe
constraints on variations in fundamental constants induced
by ultralight scalar dark matter, arXiv:2511.14532.

[79] S. Sibiryakov, P. Sgrensen, and T.-T. Yu, BBN constraints
on universally-coupled ultralight scalar dark matter, J. High
Energy Phys. 12 (2020) 075.

[80] V. V. Flambaum and E. V. Shuryak, Limits on cosmologi-
cal variation of strong interaction and quark masses from
big bang nucleosynthesis, cosmic, laboratory and oklo
data, Phys. Rev. D 65, 103503 (2002).

[81] V. V. Flambaum and A.J. Mansour, Constraints on the
variation of the QCD interaction scale Agcp, J. High
Energy Phys. 11 (2025) 086.

[82] C. Delaunay, M. Geller, Z. Heller-Algazi, G. Perez, and K.
Springmann, Natural ultralight dark matter: The quadratic
twin, Phys. Rev. D 113, 035011 (2026).

[83] G. Grilli di Cortona, E. Hardy, J. Pardo Vega, and G.
Villadoro, The QCD axion, precisely, J. High Energy Phys.
01 (2015) 034.

[84] M. P. Hertzberg, M. Tegmark, and F. Wilczek, Axion
cosmology and the energy scale of inflation, Phys. Rev.
D 78, 083507 (2008).

[85] M. Kawasaki, N. Kitajima, and F. Takahashi, Relaxing
isocurvature bounds on string axion dark matter, Phys.
Lett. B 737, 178 (2014).

[86] I.J. Allali, M.P. Hertzberg, and Y. Lyu, Altered axion
abundance from a dynamical Peccei-Quinn scale, Phys.
Rev. D 105, 123517 (2022).

[87] P.W. Graham and D. Racco, Revisiting isocurvature
bounds on the minimal QCD axion, J. High Energy Phys.
12 (2025) 028.

[88] L. Heurtier, F. Huang, and T. M. P. Tait, Resurrecting low-
mass axion dark matter via a dynamical QCD scale, J. High
Energy Phys. 12 (2021) 216.

[89] S. Ipek and T.M.P. Tait, Early cosmological period of
QCD confinement, Phys. Rev. Lett. 122, 112001 (2019).

[90] V. Vovchenko, B.B. Brandt, F. Cuteri, G. Endrédi, F.
Hajkarim, and J. Schaffner-Bielich, Pion condensation in
the early universe at nonvanishing lepton flavor asymmetry
and its gravitational wave signatures, Phys. Rev. Lett. 126,
012701 (2021).

[91] M. M. Middeldorf-Wygas, I. M. Oldengott, D. Bodeker,
and D.J. Schwarz, Cosmic QCD transition for large lepton
flavor asymmetries, Phys. Rev. D 105, 123533 (2022).

[92] M. M. Wygas, . M. Oldengott, D. Bodeker, and D.J.
Schwarz, Cosmic QCD epoch at nonvanishing lepton
asymmetry, Phys. Rev. Lett. 121, 201302 (2018).

[93] L.DiLuzio, B. Gavela, P. Quilez, and A. Ringwald, An even
lighter QCD axion, J. High Energy Phys. 05 (2021) 184.

[94] L. Di Luzio, B. Gavela, P. Quilez, and A. Ringwald, Dark
matter from an even lighter QCD axion: Trapped misalign-
ment, J. Cosmol. Astropart. Phys. 10 (2021) 001.

[95] R.T.Co, E. Gonzalez, and K. Harigaya, Axion misalignment
driven to the hilltop, J. High Energy Phys. 05 (2018) 163.

[96] R.T. Co, T. Lee, and O.P. Leonard, (Non-)perturbative
dynamics of a light QCD axion: Dark matter and the strong
CP problem, Phys. Rev. D 112, 115007 (2025).

015032-18


https://doi.org/10.1007/JHEP03(2022)032
https://doi.org/10.1007/JHEP07(2024)012
https://doi.org/10.1103/PhysRevD.108.095009
https://doi.org/10.1103/PhysRevD.108.095009
https://doi.org/10.1103/PhysRevD.87.115006
https://doi.org/10.1007/JHEP04(2026)158
https://doi.org/10.1007/JHEP04(2026)158
https://doi.org/10.1103/PhysRevLett.115.221801
https://doi.org/10.1103/PhysRevLett.115.221801
https://doi.org/10.1103/PhysRevD.100.115026
https://doi.org/10.1103/PhysRevD.82.043533
https://doi.org/10.1103/PhysRevD.82.043533
https://doi.org/10.1016/j.physrep.2020.06.002
https://doi.org/10.1016/j.physrep.2020.06.002
https://doi.org/10.1103/PhysRevD.109.015005
https://doi.org/10.1103/PhysRevD.109.015005
https://doi.org/10.1007/JHEP06(2017)036
https://doi.org/10.1007/JHEP06(2017)036
https://doi.org/10.1103/PhysRevLett.120.261802
https://doi.org/10.1103/PhysRevLett.120.261802
https://doi.org/10.1103/xdyq-b67n
https://doi.org/10.1103/xdyq-b67n
https://doi.org/10.1103/PhysRevLett.115.201301
https://doi.org/10.1103/PhysRevD.77.043524
https://doi.org/10.1103/PhysRevD.77.043524
https://doi.org/10.1103/PhysRevD.98.064051
https://doi.org/10.1007/JHEP10(2022)042
https://doi.org/10.1007/JHEP10(2022)042
https://doi.org/10.1007/JHEP04(2026)061
https://doi.org/10.1146/annurev.nucl.53.041002.110503
https://doi.org/10.1146/annurev.nucl.53.041002.110503
https://doi.org/10.1103/PhysRevLett.129.121102
https://doi.org/10.1103/PhysRevD.80.104002
https://doi.org/10.1103/PhysRevD.80.104002
https://doi.org/10.1103/PhysRevD.82.084033
https://doi.org/10.1103/PhysRevD.82.084033
https://arXiv.org/abs/2511.14532
https://doi.org/10.1007/JHEP12(2020)075
https://doi.org/10.1007/JHEP12(2020)075
https://doi.org/10.1103/PhysRevD.65.103503
https://doi.org/10.1007/JHEP11(2025)086
https://doi.org/10.1007/JHEP11(2025)086
https://doi.org/10.1103/gwq8-j7km
https://doi.org/10.1007/JHEP01(2015)034
https://doi.org/10.1007/JHEP01(2015)034
https://doi.org/10.1103/PhysRevD.78.083507
https://doi.org/10.1103/PhysRevD.78.083507
https://doi.org/10.1016/j.physletb.2014.08.017
https://doi.org/10.1016/j.physletb.2014.08.017
https://doi.org/10.1103/PhysRevD.105.123517
https://doi.org/10.1103/PhysRevD.105.123517
https://doi.org/10.1007/JHEP12(2025)028
https://doi.org/10.1007/JHEP12(2025)028
https://doi.org/10.1007/JHEP12(2021)216
https://doi.org/10.1007/JHEP12(2021)216
https://doi.org/10.1103/PhysRevLett.122.112001
https://doi.org/10.1103/PhysRevLett.126.012701
https://doi.org/10.1103/PhysRevLett.126.012701
https://doi.org/10.1103/PhysRevD.105.123533
https://doi.org/10.1103/PhysRevLett.121.201302
https://doi.org/10.1007/JHEP05(2021)184
https://doi.org/10.1088/1475-7516/2021/10/001
https://doi.org/10.1007/JHEP05(2018)163
https://doi.org/10.1103/18j2-l2y9

THERMAL DAMPING OF MASS-MODULATING SCALARS

PHYS. REV. D 114, 015032 (2026)

[97] C. Garcia-Cely, G. Landini, and 0. Zapata, Dark matter in
QCD-like theories with a theta vacuum: Cosmological and
astrophysical implications, Phys. Rev. D 111, 063044
(2025).

[98] M. A. Shifman, A.I. Vainshtein, and V. 1. Zakharov, Can
confinement ensure natural CP invariance of strong
interactions?, Nucl. Phys. B166, 493 (1980).

[99] R.J. Crewther, P. Di Vecchia, G. Veneziano, and E. Witten,
Chiral estimate of the electric dipole moment of the
neutron in quantum chromodynamics, Phys. Lett. B 88,
123 (1979); 91B, 487(E) (1980).

[100] P.W. Graham, H. Ramani, O. Simon, and E.H. Tanin,
Cosmological limits on strong dark forces, arXiv:2511.09614.

[101] R. K. Leane, T. R. Slatyer, J. F. Beacom, and K. C. Y. Ng,
GeV-scale thermal WIMPs: Not even slightly ruled out,
Phys. Rev. D 98, 023016 (2018).

[102] I. Kuznetsova, D. Habs, and J. Rafelski, Pion and muon
production in e-, e+, gamma plasma, Phys. Rev. D 78,
014027 (2008).

[103] A.L. Mota, M.C. Nemes, B. Hiller, and H. Walliser,
Meson properties in a renormalizable version of the NJL
model, Nucl. Phys. A652, 73 (1999).

[104] A.M. Bernstein and B. R. Holstein, Neutral pion lifetime
measurements and the QCD chiral anomaly, Rev. Mod.
Phys. 85, 49 (2013).

[105] H. Terazawa, Pion pair production by two photons, Phys.
Rev. D 51, R954 (1995).

[106] J. Gasser, M. A. Ivanov, and M.E. Sainio, Revisiting
gamma gamma—> pi+ pi- at low energies, Nucl. Phys.
B745, 84 (2006).

[107] V.F. Mukhanov, Nucleosynthesis without a computer, Int.
J. Theor. Phys. 43, 669 (2004).

015032-19


https://doi.org/10.1103/PhysRevD.111.063044
https://doi.org/10.1103/PhysRevD.111.063044
https://doi.org/10.1016/0550-3213(80)90209-6
https://doi.org/10.1016/0370-2693(79)90128-X
https://doi.org/10.1016/0370-2693(79)90128-X
https://arXiv.org/abs/2511.09614
https://doi.org/10.1103/PhysRevD.98.023016
https://doi.org/10.1103/PhysRevD.78.014027
https://doi.org/10.1103/PhysRevD.78.014027
https://doi.org/10.1016/S0375-9474(99)00147-5
https://doi.org/10.1103/RevModPhys.85.49
https://doi.org/10.1103/RevModPhys.85.49
https://doi.org/10.1103/PhysRevD.51.R954
https://doi.org/10.1103/PhysRevD.51.R954
https://doi.org/10.1016/j.nuclphysb.2006.03.022
https://doi.org/10.1016/j.nuclphysb.2006.03.022
https://doi.org/10.1023/B:IJTP.0000048169.69609.77
https://doi.org/10.1023/B:IJTP.0000048169.69609.77

	Thermal damping of mass-modulating scalars
	I. INTRODUCTION
	II. THERMAL DAMPING INTUITION
	A. Simple estimate
	B. Qualitative understanding

	III. THERMAL DAMPING RATES
	A. Effective equation of motion
	B. Solving Boltzmann's equation
	1. Adiabatic regime
	2. Underdamped regime

	C. Damping rates
	D. Multiple thermal dampers

	IV. EXAMPLES
	A. Neutrino-mass modulators
	B. Hadron-mass modulators
	1. Scalar quadratically coupled to gluon
	2. The QCD axion and the lighter QCD axion

	C. WIMP-mass modulators

	V. DISCUSSION AND CONCLUSION
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	APPENDIX: THERMALIZATION RATES
	1. Pions
	a. QCD and lighter QCD axion
	b. Scalar quadratically coupled to gluons
	2. Nucleons

	References


