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We propose the mass-varying dark matter (MVDM) model consisting of a scalar field and a fermionic
field interacting via a simple Yukawa coupling and containing an exponential self-interaction potential for
the scalar field. Analyzing the evolution of this coupled scalar-fermion system in an expanding Universe,
we find that it initially behaves like radiation but then undergoes a phase transition after which it behaves
like pressureless dark matter. The one free parameter of this model is the temperature at which the phase
transition occurs; the mass of the dark matter particle, given by the mass of the fermion, is derived from this.
For a phase-transition temperature between 10 MeV and 107 GeV, the current dark matter relic density is
achieved for a fermion mass in the range of 1-10° GeV. In this dark matter model, the scalar becomes a
subdominant unclustered component of dark matter that can lower the amplitude of structure formation by
up to a few percent. Another feature is that the mass-varying fermion component can lead to discrepant
measurements of the current dark matter density of about 10% inferred from early- and late-time probes

assuming ACDM.
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I. INTRODUCTION

Dark matter comprises a significant fraction of the matter-
energy budget of the Universe [1]. Many models of dark
matter have been proposed where the dark matter interacts
with standard model particles only through the gravitational
force, as well as interacts weakly with the standard model
via mechanisms outside of gravity, e.g. [2-108]. However,
there has been no direct detection of dark matter in particle
physics experiments to date, and cosmological observations
suggest a good fit to ACDM with possible hints of
deviations being inconclusive at this point. Investigating
the full theoretical landscape of viable dark matter models as
broadly as possible may offer further clues to potential
detection avenues.

In this work, we propose a model where a scalar field
with a self-interaction potential is Yukawa coupled to a
fermion and gives the fermion an effective temperature-
dependent mass via this interaction. The coupled fermion-
scalar system considered here initially behaves like radia-
tion, but undergoes a phase transition in the early Universe
after which it behaves like pressureless dark matter. This
model provides a natural way of explaining the mass of a
heavy fermion dark matter particle. It also presents a novel
mechanism of creating dark matter from a first-order phase
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transition as the Universe cools. While in this model dark
matter only interacts with the standard model gravitation-
ally, it provides two interesting cosmological features:
(1) the fermion mass increases slowly between the phase
transition and today, and (2) the scalar becomes a uniform
rolling field after the phase transition, comprising a sub-
dominant unclustered component of dark matter. Our work
repurposes the formalism of the mass-varying neutrino
(MaVaN) model of [109], later reanalyzed by [110,111]
in the context of finite-temperature field theory, which
aimed to explain the nonzero masses of the standard model
neutrinos from their interaction with quintessence dark
energy; instead we adapt this framework to explain a heavy
dark matter mass via an interaction with a scalar.

This paper is arranged as follows. In Sec. II, we describe
the model and its evolution through and after the phase
transition. In Sec. III, we discuss the phenomenological
implications, and in Sec. IV, we elaborate on possible
observational signatures, summarize, and conclude.
Throughout this work, we use the (+,—,—,—) metric,
work in natural units where # = ¢ = kz = 1, and set the
present day relative abundance of dark matter Qpy o = 0.26
to match the latest Planck 2018 TT, TE, EE + lowE +
lensing + BOSS BAO data [1]. Here and subsequently the
subscript 0 denotes the present value for time-dependent
quantities.

II. THE MODEL

We consider a scalar field ¢, with a self-interaction
potential U(¢) that governs its dynamics, and a fermion .
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We assume for simplicity a spatially flat Universe, but note
that the dynamics of the model does not require flatness.
We describe the Universe by the Friedmann-Lemaitre-
Robertson-Walker (FLRW) metric ds? = dt> — a*(t)dx?,
where 7 is the cosmic time, a(f) is the scale factor of the
Universe, and x are the comoving coordinates. The dynam-
ics of the coupled scalar-fermion system is described by the
action S, = [ d*x,/=gL, where g = det(g,,), and L is the
Lagrangian given by

c=1 000 —U(p) +w(id —m, )y — gyrpy. (1)

Here, d,¢p0"¢/2 is the kinetic energy of the scalar field,
ipydy is the Kkinetic energy of the fermion using the
notation ¢ = y#d, where y* are the Dirac matrices, y =
w'y" is the antiparticle of y, /m,, is the bare mass of the
fermion, and gy is the Yukawa coupling between the
fermionic and scalar fields. We choose this coupling
because it is the simplest Lorentz-invariant coupling
between a fermion and a scalar. In this work, we will
set the bare mass 7, to be negligibly small, and ignore it
from all subsequent expressions. We also ignore higher-
order terms involving y that have dimension larger than 4,
since we will assume that they are irrelevant at the energy
scales of interest for our model by suppressing them with
small dimensionful coupling constants (and correspond-
ingly heavy mass scales).

Since the scalar field has no protective symmetries, it
will couple with the Higgs field H in the standard model via
interactions of the form gy ¢?|H|? and Gy @|H|?, which will
make the fields of our model couple with standard model
particles nongravitationally. In Appendix B, we quantify
the allowed strength of the couplings constants gy and Gy
in order to preserve the dark matter dynamics and find that
these interactions can be made negligibly small. Thus, we
ignore them from our analysis below. However, we note
that this required coupling ensures equilibrium between the
standard model and the dark matter sector at some point in
the early Universe, and thus an approximately common
temperature between these two sectors.

The partition function describing the system is the path
integral over all field configurations of the system and is
written conveniently by performing a change of variables to
Euclidean time' 7 = it as

2, = [ DoDIDYS. (2)

'This change of variables makes the metric signature Euclid-
ean when written in terms of 7z, and the path integral is
consequently easier to perform. It also makes a natural transition
to studying the system at finite temperature (see also Footnote 2).

where S5, is the action in terms of the variable z. We can

integrate out the fermion fields to write this in terms of an
effective scalar action S5 (¢),

wa = /D(pesfff((/)) = /D¢ e[ngrln{detD(V’)}]’ (3)
where S,’j; is the scalar action written in terms of 7 and

%7 -V

D(p) =-p [a% —i +7°9ve — ﬂ] Y

Here p is the chemical potential associated with the
fermions, and f = 1/T is the inverse of temperature.2
For simplicity, we will set y =0, which means either
the y are Majorana fermions, or there are an equal number
of Dirac fermions and antifermions in the 7 = 0 ground
state. Letting the effective action SZ;:(p) be minimized
when the scalar attains the value ¢ = ¢,,, we can see from
Eq. (4) that the fermion gets an effective mass of’

my, = gy@m- (5)

At this minimum point we can write Z,,, = Zpe PV,
where Zj is the fermionic partition function,”

1 [r N
ZF:/DIZ/DI//exp [ﬂ/ a3dT/d3XlZ/DMO((0m)l//]. (6)
0

This implies the free-energy density F,, =—-InZ,,/pV
of the combined system can be written as
szy/((ﬂm) = U((pm) + FF((pm)v (7)

with F = —In Z;/pV being the free-energy density of the
fermions,

1 [eodpp?

Fr=-——u | 2P
4 3% Jo  €(p)

[p(es) +np(el)],  (8)

To analyze a system at finite temperature 7 = 1/f, we
evaluate the action by integrating from 7 = 0 to f with periodic
(antiperiodic) boundary conditions for bosons (fermions) in
7 € 10,p].

3 After the phase transition, the effective action no longer has a
minimum, and the solution ¢ is obtained in a different way, as
described in Sec. I1C.

*For the FLRW metric we have considered, /=g = a3. Also,
V is the overall volume of the system which drops out of all
subsequent expressions since we divide by the volume to obtain
the free-energy density and the pressure.
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FIG. 1. Normalized free energy FW/M“, given by Eq. (7), as a
function of x = gy@/T for two different phase-transition tem-
peratures Tpy. At T > Tpr the system is in a stable phase where
F,, has a minimum denoted by the filled circles. At the epoch of
phase transition, 7 = Tpr, the minimum is lost and becomes an
inflection point of the potential, as denoted by the filled squares.
After the phase transition, the potential F',, has no minimum,
and the scalar field slowly rolls toward the global minimum of 0
at ¢ = oo.

expressed in terms of the Fermi distribution function

np(x) = (™ +1)7!, with e(p) = \/p* + mj, and e, =

€(p) £ pu. The free-energy density F,, is the effective
thermodynamic potential for the scalar field, where
Fr(¢) is adding finite-temperature corrections from the
scalar field’s interaction with the fermion. We note that
the one-loop contribution to the effective potential at a
finite temperature contains this temperature-dependent part
Fr(@), as well as a zero-temperature contribution that we
assume is already included in the Lagrangian in Eq. (1); we
discuss this in more detail in Appendix A.
The mass of the scalar field ¢ is defined as

0°F ()
0402

2
n,

©)

P=Pm
The minimization of the free-energy density F,, at ¢,

implies

Fp@)|  _,
0P |y, op

0°F ()

. >0. (10)

P=Pm

Using the first of these and Eq. (7), we obtain

oU oF
<—<(p) + —F> = 0. (11)
a(p 0g0 P=Pm
Solving Eq. (11) yields ¢,, and thus the mass of the fermion
given by Eq. (5), prior to and at the phase transition.

A. Choice of the scalar potential U(g)

The choice of U() is critical to the overall dynamics of
this system. We choose the scalar field to have an
exponential potential, which can arise generically from
Kaluza-Klein, superstring, supergravity, and higher-order
gravity theories [112—-120]. This potential is given by

Ulp) = Méeo, (12)
where M and 4 are free parameters to be determined from the
phase-transition temperature and the relic abundance of dark
matter. As we will see below, the coupling constant gy is not
an independent parameter of our model because it always
appears in combination with A as gy/4; thus in effect gy /A
and M are the two free parameters that get set by the phase-
transition temperature and relic dark matter abundance.

B. Evolution prior to and at the phase transition
to dark matter

We define the dimensionless quantities

M
A==, k=22 (13)
T T

and the integral %,(x) = [*dz(z* —x*)*/(e* + 1), in
order to write the free-energy density of the fermions as

(14)

following [111]. Noting that d.%5,(k)/dk = —3k.7 »(k),
Eq. (11) becomes
)
29yNp

A% = ke 98 7 5 (), (15)

folding in U(¢) given in Eq. (12). Here N is the number of
fermion generations, which we take to be one in our model.
We discuss the evolution of this system below.

At very high temperatures above the phase-transition
temperature 7py, the coupled fermion-scalar system is in a
stable phase where Eq. (15) has a solution ¢,,, where the
free-energy density F,, has a minimum such that
F,,(@n) < F,,(c0). As the Universe cools, the system
enters a metastable phase where the solution ¢,, corre-
sponds to a local, as opposed to a global, minimum, i.e.,
F,,(¢,) > F,,(c0). Finally, when the temperature reaches
Tpr, the solution of Eq. (15) is given by ¢ = ¢pr, which we
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will derive below. The loss of the minimum of F,,, at the
phase transition makes m, =0 from Eq. (9). After the
phase transition, the system transitions into a phase with no
equilibrium solution of Eq. (15). In this phase, mﬁ, <0,
which is unphysical for a particle; therefore we interpret the
field ¢ as a uniform rolling scalar field after the phase
transition. Qualitatively in this phase, the field ¢ slowly rolls
toward the global minimum of F,,, = 0 at ¢ = co. We will
see in Sec. I C that, in this phase, the combined scalar-
fermion system behaves like dark matter. In Fig. 1, we show
how the normalized free-energy density F,,,V,/M4 has a
minimum before the phase transition, which it then loses
after the phase transition.

The equation of state w,,, for the gy fluid is defined
as Wy, = P, /p,,, where P,, = —F,, is the pressure of
the combined system, and p,,, is its total energy density

» = U(p) + 21.(x)/x*B*, where

L= [

As shown in Fig. 2, the system initially behaves like
radiation with an equation of state parameter w,,, ~ 1/3,
and then changes after the phase transition to behave like
dark matter with w,,, = 0.

dz 22(22 — x2)1/2

et +1 (16)
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FIG. 2. Equation of state for the combined scalar-fermion
system w,,,, as a function of redshift for several different
phase-transition temperatures 7pr. The system initially behaves
like radiation and transitions to pressureless matter after the phase
transition.

To solve for @pr at the phase transition, we make an
analytic approximation of Eq. (15). We do this by using the
fact that, at T = Tpr, the minimum of F,, is lost, i.e.,
the second derivative becomes zero, and by assuming that
the phase transition occurs in the regime where gy > T,
which is valid given the current relic dark matter
density. This allows us to make the approximation
I35 (k) 362K, (k) + O(e™*), where K, (x) is the modi-
fied Bessel function of the second kind [121]. Using
Eq. (15) yields the values at the phase transition of

2 ) ww: 3 )
1( 1+fg/2+1> ,1< 1+§?3 1)

(17)

TPT =

where B = 6 x 2!/3 / ze. The redshift zpy at which the phase
transition occurs is obtained by noting that Tpr can be
related to the temperature today as Tpr = (1 + zpy)
To(gs.0/9spr)">, where gg denotes the effective relativistic
degrees of freedom. This gives

T 1/3
L+ zpp = (ggsﬂ> . (18)
0 S0

The fermion number density n,, is defined as n,, = (1/4x°)
| d&®p ng(€), which holds at all times and does not assume
that the fermion is continuously in equilibrium with the
scalar. Since, in this section, we are interested in the fermion
number density at the phase-transition temperature, we can
use the limit m,, = gy > T, which we find later is a self-
consistent assumption. In this limit,

10Fp
) om,,

I OFp _Npm,

n
T2y dp AP

Fipk) (19

using Eq. (14), as was also calculated in [110]. Solving for
1 2(kpr) from Eq. (15) yields

3
x/z ’

1+ 20— 1

A
3 g —e_)'(/}PT/M — _exp j—
M 29y 29y

(20)

which gives the number density of fermions at the phase
transition. In Fig. 3 we show the masses of the fermion y and

We note that at some time earlier than the phase-transition
point the fermion is in equilibrium with the scalar. For example,
we calculate explicitly that for a fiducial reheating temperature of
10'° GeV and a Yukawa coupling constant gy = 1, we find that
the two sectors are in equilibrium; specifically, the temperature-
dependent rate of interaction I',.,, between ¢ and y at T =
10'° GeV is much larger the Hubble rate H(T = 10'° GeV) at
that time.
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FIG. 3. Mass of the fermion (solid) and the scalar (dashed) from

early times to today. The dotted vertical lines indicate the phase-
transition redshift for different choices of Tpr. After the phase
transition, the mass of the fermion slowly increases, and the scalar
transitions from a particle to a uniform rolling field.

the scalar ¢ as a function of redshift z. The scalar mass
asymptotically approaches zero at the phase transition, after
which it becomes a uniform rolling field without a particle
interpretation.

The phase transition described above is a first-order
phase transition. This can be seen because, as the temper-
ature of the @y system approaches Tpr, the fermion mass
approaches its critical value m,py as m, —m,py =
(T — Tpr)"/?. This critical exponent of 1 is a signature of
a first-order phase transition [122—-125]. While sometimes
first-order phase transitions are characterized by a barrier
between the true and false vacua, which remains even after
the phase transition, in our model the false vacuum and the
barrier disappear at 7 = T'pr. The system then starts rolling
toward the true vacuum at ¢ = oo. Since the true vacuum is
at oo, rather than at a finite value of ¢, the transition of the
field from the false to the true vacuum is not instantaneous.
However, we have confirmed that the energy density of the
system undergoes an abrupt change at the phase-transition
point by calculating p,,, before the phase transition, given
above Eq. (16), and p,, + p,, after the phase transition, given
by Eq. (33). Note, however, that p,, is continuous through the
phase transition. Moreover, there is a discontinuity in the
first derivative of the free energy with respect to the scalar
field, as seen from Eq. (10), where the derivative is always
zero before the phase transition and nonzero after; this is also
indicative of a first-order phase transition.

C. Evolution after the phase transition

As mentioned above, in the dark-matter phase Eq. (10)
no longer holds, and one needs to solve the full equation for
@ given by

oF
¢+3H¢+—a;‘” =0, (21)

as opposed to using Eq. (15). Here the dot denotes
derivatives with respect to ¢, and H is the Hubble rate
determined from the Friedmann equation

a 87G

H(t) = <E>2 =3 Puor (22)

where p, is the total energy density of the Universe.
Analogous to Eq. (5), we define the fermion mass in this
phase to be gy times the solution ¢(¢) to Eq. (21), i.e.,

m,(z) = gyo(z). (23)
Since
g g g

and 0F p/0p = 2gyn,, from Eq. (19), then
. . oUu apr )3
(p + 3H(p = - % —_ ZQYHV,’PT <%) . (25)

Here we note that n,, o a3 in the dark matter phase since
is already a heavy particle at the phase-transition point.

We obtain the solution ¢ in the dark matter phase by
solving Eq. (25) numerically, and we show this solution in
Fig. 4. We can also obtain an approximate analytic solution
by guessing that the terms on the left-hand side of Eq. (25)
are negligibly small compared to the terms on the right-
hand side. This gives, using Eq. (20),

oU 3 3
— =—-AM’exp | ———r——— aer . (26)
op BgY a

I+ -1

Since we also have

oU
a0 —AMB e 0/M (27)

then we can equate the right-hand sides of Egs. (20)
and (26). Taking the natural logarithm of both sides gives
us the explicit form of the analytic solution ¢,
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FIG. 4. Comparison of the exact numerical solution ¢ of
Eq. (25) with the analytic solution in Eq. (28), as a function
of redshift for several choices of the phase-transition temperature
Tpr; this shows the validity of Eq. (28) as an accurate approxi-
mation to the true numerical solution. Here we scale ¢ by A/ M for
visual purposes.

3M 1 14z
R . RS
1+=g—1 '

We show in Fig. 4 that this analytic solution is a good match
to the exact numerical solution. As a cross-check, when
substituting the analytic solution into Eq. (25), we find that
the two terms on the right-hand side are many orders of
magnitude larger than the terms on the left-hand side,
effectively making the latter negligible. We note, however,
that this is the case only for coupling constants g, larger
than 107!°; this is because for g, smaller than this, the
solution to Eq. (25) no longer leads to dark matterlike
behavior. For gy up to 1, we find the numerical solution
matches the analytic solution for phase-transition temper-
atures up to 10’ GeV; formally, for gy values up to 10'° the
analytic and numeric solutions match well for phase-
transition temperatures up to 107 GeV, which would yield
dark matter masses at the Planck scale, but we restrict to
gy < 1 and an upper bound of 107 GeV in this work. We
bound the phase-transition temperatures below to be above
10 MeV to ensure the dark matter is in place prior to big
bang nucleosynthesis.

From Eq. (28) we see that the fermion mass increases
weakly with redshift as shown in Fig. 3, however, p,, (z) is

still well approximated by an a~> dependence as we show
in Fig. 5. Explicitly, the fermion mass at the present time is
given by

1
53
V1+2 -1

The energy density of the fermion is given by

. 3gyM

myo =
v A

+ 11‘1(1 + ZPT) . (29)

3Im* 1 1+
VIi+=—1

xexp | — . Lrz )’ (30)
p 357 1+ zpp)
1+-3-1

/18/3

The above discussion demonstrates that both the scalar and
the fermion components behave as pressureless dark matter
after the phase transition.

Since
oUu
% & Ulp) and p, = U(p), (31)
@
T[GeV]
102 1071 104 1079 10714
N TpT = 107 GeV
100§ TpT = 103 GeV
F TPT =10MeV
i c(l+2P ==~
10710
EX g
> .
O 102
’ktz\ C
=
B C
10-30F
-3
1040 2
S
10 102 109 106 103 1
1+2

FIG. 5. Energy density of the fermion component p, as a
function of redshift for several choices of the phase-transition
temperature Tpy. The dashed black line shows an energy density
component diluting strictly as (1 +z)3, and the variation of
the fermion energy density in Eq. (30) gives a small deviation
from this.
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then

Py(2) = M*exp (—

3 14+2z\3
- ( ks ) (32)
1+ Bgy” 1 1+ ZpT

18/3

from Eq. (26). Thus, the energy density p, has an a™?

dependence, which makes it behave as pressureless matter
after the phase transition. Equation (28) shows that, after
the phase transition, ¢ slowly increases to oo.

III. PHENOMENOLOGICAL IMPLICATIONS

Our model effectively has only one free parameter,
which is the phase-transition temperature 7Tpr, once the
relic density of dark matter today Qpy is set to the
observed value. We fix Qpyo = ppmo/Poto to 0.26 in
order to match the latest Planck 2018 TT, TE, EE +
lowE + lensing + BOSS BAO data [1], which then deter-
mines M and A.

The total dark matter energy density ppys is a sum of the
energy densities of both ¢ and y, which is given by

+ In

3/3
VivZ-1 e }
xexp | - 3 L+2 ) g
P Bgf/3 1+ pT ’
I+=g -1
from Eqgs. (30) and (32). Using Egs. (18) and (29) gives the

present abundance of dark matter in terms of the phase-
transition temperature as
Am 0
+ }
2gyM

(34)

3

pom(z) = M4{1 +§

1 1+ZPT

pDM.OT3 gs.pT 3
e e (- )
0950 1+ %Y -1

2873

For the above, we will assume g5y = 3.91 and ggpr = 100
as the effective degrees of freedom. We note that changing
gs.pr by an order of magnitude, either higher or lower, only
changes m,, o, by a few percent.

In Table I and Fig. 6, we show the mass of the fermion y
at the present time as a function of phase-transition
temperature 7Tpr. We find that for Tpr in the range of
10 MeV-107 GeV, we obtain mpy; o, given by m, o, in the
range of 1-2 x 10° GeV. We also see that the In(1/1 + z)
dependence of p,,(z) in Eq. (30) leads to a slight deviation
of p,(z) away from a strict (1 + z)* scaling. We note that
while mpy o is calculated here assuming a flat Universe, the
In(1/1 + z) dependence is independent of the flatness
assumption. This deviation results in a discrepancy in
the energy density of the dark matter today Qpy; o inferred

TABLE 1. We show for a few specific values of the phase-
transition temperature 7Tpy the present mass mpy o of the dark
matter, given by m,, o, and the fractional discrepancy in the relic
energy density of the dark matter Qpyy g, inferred from mea-
surements at recombination versus late-time measurements
assuming ACDM. The latter discrepancy arises from the varia-
tion of the fermion energy density as In(1/1+ z) shown in
Eq. (30), which results in early-time inferences of Qpy; being
slightly smaller than late-time measurements if a (1 + z)* scaling
of ppy is assumed. Here we set QL3¢time — (.26 to match the
Planck primary cosmic microwave background (CMB) +
Planck lensing + BOSS BAO data [1].

CMB Late-time
Tpr mpyo (GeV) Qpno/ DM 0

M,0
107 GeV 2.0 x 10° 0.88
10° GeV 1.5 % 10° 0.84
10 MeV 1.0 0.78

from measurements at recombination versus late-time
measurements assuming a ACDM scaling. As shown in
Table I and Fig. 6, the discrepancy between the two
quantities can range from 10% to 20% for the allowed
range of phase-transition temperatures. In Fig. 7, we show
the fraction of the dark matter energy density comprising

1010
E g 0.88
5
8 g
. : 0.87
_ -
= 106 22
F=)es)
< 0.85
=y o5
§ 104 £
0.83 =
102
QLate—time =0.26 08
DM,0 =U.

106 104 102 1 1072
Trr[GeV]

FIG. 6. Mass of the dark matter at the present time mpy, o, as a
function of the phase-transition temperature 7pr. Here the relic
dark matter energy density QEae ™ has been fixed to 0.26 to
match the Planck primary CMB + Planck lensing + BOSS BAO
data [1]. We find masses in a range of interest for a dark matter
particle. We also show the fractional discrepancy in the relic
energy density of the dark matter Qpy; o, inferred from measure-
ments at recombination versus late-time measurements assuming
ACDM; given a late-time measurement of £p);, this model
predicts a lower amount of dark matter at early times than
predicted by ACDM.
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FIG. 7. Fraction of the dark matter energy density contained in
the unclustered scalar field ¢ as a function of redshift for several
different phase-transition temperatures 7py. We see the scalar
field is a subdominant component of the dark matter that can
range from a few to subpercent of the total dark matter energy
density after the phase transition.

the unclustered scalar field, i.e., Q,/Qpyv = p,/ppom, as a
function of redshift for several choices of the phase-
transition temperature Tpr. We see that the scalar field is
a subdominant component of the dark matter that can range
from a few to subpercent of the total dark matter density
after the phase transition.

IV. DISCUSSION

We have proposed the mass-varying dark matter
(MVDM) model comprised of a scalar field, with an
exponential self-interaction potential, interacting via a
Yukawa coupling with a fermionic field. Studying the
evolution of this system, we find that, as the Universe cools,
the coupled system undergoes a phase transition after
which it behaves like pressureless dark matter; in this dark
matter phase, the mass of the heavy fermion increases over
time and the scalar acts as a uniform, unclustered rolling
field. This model contains only the phase-transition temper-
ature as a free parameter once the relic dark matter
abundance today is matched to observations.

The novelty of this model lies in the fact that both the
mass of the fermion and the dark matterlike behavior of the
system at late times arises from the temperature-dependent
interaction between the fermion and the scalar. The choice
of the potential for the scalar field, which might arise

naturally from a higher-energy theory involving supersym-
metry, supergravity, or compactified extra dimensions
[112], enables this unique behavior. The mass of the fermion
lies in the range of 1-10° GeV for allowed phase-transition
temperatures in the range 10 MeV-10" GeV, which are
mass and temperature ranges of interest for dark matter.

The cosmological observational signatures of this model
are that the unclustered scalar field leads to a scale-
independent suppression of structure formation of order a
percent. This would lead to a discrepancy between the
amplitude of structure formation derived from expansion
rate probes in the context of ACDM, versus direct structure
growth measurements. A larger observable feature arises
from the mass-varying fermionic component, which results
in a discrepancy of about 10% between the dark matter relic
density Qpy o measured today and that inferred from
measurements at recombination assuming a (1 + z)* scaling
of ppyu to extrapolate it to today. Such behavior may help to
alleviate some cosmological tensions recently discussed in
the literature [1,126—139]. In general, both the H, and oy
tensions can be alleviated if the amount of dark matter
between recombination and today is lower than predicted by
ACDM; a lower amount of dark matter would suppress
structure growth and would lead to an earlier onset of dark
energy domination increasing low-redshift H, measure-
ments. Whether the model presented here yields less or
more dark matter than predicted by ACDM depends on the
redshift at which direct measurements of the dark matter
density are being made; for direct low-redshift measure-
ments of the dark matter density, this model predicts less
dark matter at all earlier times than predicted by ACDM.
However, for direct measurements of the dark matter density
at recombination, this model predicts more dark matter at all
later times than predicted by ACDM. We note, however, that
primordial CMB data only constrains the density of dark
matter at recombination under the assumption of flatness
and perfect knowledge of the sum of the masses of the
neutrinos. Relaxing flatness and neutrino mass assumptions,
CMB inferences of the dark matter density are well con-
strained only by adding low-redshift observations, for
example, from CMB lensing or BAO. We leave further
investigation in this direction to future work.

This simple model can be extended by coupling the
fermion and scalar fields weakly to the standard model
beyond what we have focused on this analysis. For example,
as mentioned previously, the scalar field will couple to the
Higgs field, which makes the fields of our model couple with
standard model particles nongravitationally. Additionally,
more complex interactions between the dark sector and the
standard model are possible. In such cases, this dark sector
could be probed via direct-detection experiments which
involve collisions of the dark matter particles with standard
model particles, via indirect-detection experiments which
look for the standard model products of dark matter self-
annihilations or decays and/or via particle colliders. One can
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also extend the dark sector component of the model further
to construct more complex models with both the scalar and
the fermionic sectors comprising multiple fields and an
appropriately generalized Yukawa interaction among those
fields. In addition, the fermions can be charged under some
internal gauge symmetry of the dark sector. The phenom-
enological implications of such an extended dark sector
might lead to additional interesting observational signatures.
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APPENDIX A: VACUUM QUANTUM
CORRECTIONS

In our work the scalar potential U(¢) is given by Eq. (12),
and its exponential form leads to the solution of Eq. (25)
given by Eq. (28). This solution ensures that the mass m,, of
the fermion only has a weak logarithmic dependence with
redshift in addition to the expected (1 + z)* dependence so
that its energy density does not deviate significantly from
the ACDM expectation; see discussion in Sec. III. In
addition, it also ensures the (1 + z)® dependence of the
energy density of the scalar component.

We assume in this work that the scalar potential U(¢p)
of the form in Eq. (12) arises from a higher-energy
theory. Such exponential potentials of scalar fields arise
generically in several classes of fundamental theories at
high energies [112]. For example, Kaluza-Klein theories
contain extra dimensions which, when compactified to a
four-dimensional theory, produce an effective scalar field
with an exponential potential [113,114]. Exponential
potentials also arise in superstring and supergravity the-
ories [115-119], as well as in higher-order gravity theories
[120]. We also assume in this work that adding a coupling
of the scalar with a fermion, given by the Yukawa coupling
in Eq. (1), does not destroy the higher-energy fundamental
physics generating the exponential potential, for example,
given that the coupling is not supersymmetric.

In addition, when adding this coupling between the
scalar and fermion, a significant zero-temperature quantum
correction to the potential U(g) arises unless U(gp) is
considered to be an effective low-energy potential with
the vacuum quantum correction included. This zero-temper-
ature quantum correction arises from the fermionic one-loop

contribution to the potential obtained by summing all one-
particle irreducible diagrams® with one fermionic loop to get

. d*p
Vigine) =2 [ 5 Bl v (o). (AD

(27)*

where m, (¢) = gye as in Eq. (23). Since this integral
diverges as p — oo, we regularize it by introducing a cutoff
A; we integrate from p =0 to A and then remove the A
dependence from physical results by imposing the renorm-
alization condition that the contribution V{¥twe" (¢pr) is zero
at the phase-transition point. This gives

_9vo', 9

2
errmion ( (P) — n .
167° " gy

1-loop

(A2)

There is also a bosonic one-loop contribution to the
potential, given by

2 2 2 2
] gy [(O°F o 1 o°F o
Vboson — 1 . A3
1-loop (Qﬂ) 6472'2 ( a(p2 n g%/(pZ a(pZ ( )

Here F,, is the tree-level free-energy density given in
Eq. (7). We can ignore this bosonic one-loop contribution
since it takes on complex values away from the minimum of
the potential where 0*F,,,/dp* < 0.

The fermionic ~correction V() is around
O(10*-10%) larger than U(p) today, depending on
Tpr, and thus it would naively destroy the shape of F,,,
far from the phase transition. In the dynamics of our model,
oF,, /0y is the important quantity, and we should compare

ovimon(p)/og to dU(p)/dgp to determine the relative
importance of the vacuum correction. We note that the
former is « g3/2° using Eq. (28) for ¢, and the latter is o« 1
from Eq. (27). Thus, as we discussed in Sec. II A, since
g}/ A% is always fixed in our model, the relative importance
of Vieiwen(¢) cannot be diluted by lowering the coupling
constant gy, as may naively be assumed.

A solution is to view the Lagrangian given by Eq. (1) as
an effective low-energy description that includes the zero-
temperature fermionic quantum correction. We consider it
premature to justify our Lagrangian on the basis of a higher-
energy UV-complete particle physics theory at this point,
and further investigation is warranted on how specifically it
may arise as a low-energy effective description of a class of
theories based on the framework of supersymmetry, super-
string theory, higher-order gravity theories, or Kaluza-Klein
theories. In this work, we only demonstrate that given this
Lagrangian we find a viable model of dark matter that fits
observational constraints. We note that a similar situation of

A one-particle irreducible diagram is one which cannot be
split into two nontrivial diagrams by cutting a single line
anywhere in the diagram.
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suppressing zero-temperature quantum corrections may
arise for possible descriptions of inflation where quantum
corrections arise from the coupling of the scalar inflaton
field with matter, as is expected for reheating to occur; such
vacuum quantum corrections can potentially destroy the
shape of the inflaton potential unless suppressed by a
higher-energy mechanism. We leave further investigation
of these issues to future work.

APPENDIX B: COUPLING OF THE SCALAR
WITH THE HIGGS

The scalar potential U(¢p) will also receive corrections
from the interaction of ¢ with other fields present in the
Universe, consistent with the underlying symmetries gov-
erning these fields. Of particular importance are the terms
of the form Gy @|H|* and gy¢?*|H|?, where H is the Higgs
field, and G and gy are the dimensionful and dimension-
less couplings of the scalar ¢ to the Higgs, respectively.
These are the only relevant terms, i.e., terms of dimension 4
or lower, involving the coupling of the scalar ¢ with fields
of the standard model.

The ¢ and ¢? terms in the potential U(¢) are —AM>¢ and
A2M?¢?, and these are modified due to the Higgs inter-
action as

—AM3 ¢ > (=AM + Gy|H|?) o,

PM*@? = (M + gy|H|?)g?. (BI)

The vacuum expectation value of the Higgs field is |H| =
0 before the electroweak phase transition and |H|=
246 GeV after, so these corrections apply only after this
phase transition. Since we aim to preserve the exponential
form of the potential U(gp), we desire these additional
contributions from the Higgs coupling to be small, resulting
in the following conditions:

|GulHP| < |am?),

lgu|HP| < [2M?]. (B2)

which can also be expressed as

TABLE II. Upper bounds on the magnitude of the dimension-
less coupling constants Gy /M and gy assuming that they result
in coupling terms that are less than a percent of the original ¢
terms given in Eq. (B2). Coupling constants smaller than these
will preserve the original model dynamics.

Tpy |Gy /M| |9H]
107 GeV 1.3 x 108 2.6 x 108
103 GeV 1 1.8
10 MeV 5.8 x 10711 8.4 x 107!
Gy AM? A2M?
—| | —=], <L — B3

In Table II, we present the upper bounds on the
magnitude of the dimensionless constants Gy /M and
gy, assuming that they result in couplings less than a
percent of the original ¢ terms in Eq. (B2). We find that
coupling constants smaller than those listed in the table will
preserve the original model dynamics.

One can also calculate a lower bound on the couplings
from the assumption that the dark sector was in thermal
equilibrium and shared a common temperature with the
standard model sector at some point prior to the phase-
transition temperature. We compute this by comparing the
Hubble rate H(T) at a fiducial reheating temperature of
10'9 GeV with the rate of interaction between ¢ and the
Higgs field H, i.e., by requiring

F(p(—)H = n(p <GU> 2 H(T)’ (B4)
where (ov) is the temperature-dependent thermally aver-
aged cross section of the interaction between ¢ and H. We
find that, for this fiducial reheating temperature, the lower
bounds on the coupling constants G /M and gy, based on
the interaction terms Gy@|H|> and gy¢®|H|?, are 8.7 x
10712 and 2.3 x 107!", respectively. Comparing with
Table II, we see that the upper and lower bounds on these
parameters can be consistently satisfied.
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