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Freeze-in of WIMP dark matter
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We propose a novel scenario for DM in which weakly interacting massive particles (WIMPs) can
freeze-in due to a first-order phase transition (FOPT) in the early Universe. The FOPT dilutes the
preexisting DM density to zero and leads to a sudden change in DM mass, preventing WIMPs from
reequilibrating due to their large mass-to-temperature ratio. Following the FOPT, WIMPs are produced via
a freeze-in process, even though their interactions are not feeble. We demonstrate this concept using a
simplified model and then apply it to a realistic model with a delayed electroweak phase transition. Our
work presents a promising new direction for the freeze-in mechanism, and also extends the category of

WIMP DM.
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I. INTRODUCTION

Despite its large abundance (~27%) in the Universe, the
particle origin of dark matter (DM) remains a mystery [1].
One of the most promising theoretical paradigms for DM
involves assuming that the DM particle X can annihilate into
Standard Model (SM) particles via the 2 — 2 scattering

XX — SMSM. (1)

Depending on the strength of the portal interaction between
the SM and dark sectors, there are two extensively studied
scenarios. In the first scenario, Eq. (1) is in thermal
equilibrium in the early Universe, causing DM particles
to follow the equilibrium distribution until the temperature
drops to ~1/25 of the DM mass, at which point the
annihilation process decouples and a fixed DM relic
abundance remains. This process is known as the freeze-
out of weakly interacting massive particles (WIMPs) [2—4],
which has been the most popular explanation for particle
DM. In the second scenario, the initial density of DM is
negligibly small, and the interactions are so feeble that DM
particles can never reach thermal equilibrium. As a result,
DM accumulates via the inverse process of Eq. (1), leading
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to the freeze-in of feebly interacting massive particles
(FIMPs) [5-7].

The reaction Eq. (1) can realize two opposite scenarios,
namely WIMP freeze-out and FIMP freeze-in. In this work,
we propose a novel scenario based on the same reaction,
which is the freeze-in of the WIMPs. By “WIMPs,” we
mean that the portal interactions are not feeble. Therefore,
in the conventional thermal history of the Universe, DM
particles inevitably thermalize and freeze-out. However, we
suggest that freeze-in of WIMPs can happen if the Universe
experiences a supercooled first-order phase transition
(FOPT). A FOPT is the transition of the Universe from
a metastable false vacuum to a stable true vacuum via
bubble nucleation and expansion [8], and its usage is
two-fold:

(1) A supercooled FOPT releases a huge amount of

entropy, which dilutes the preexisting DM density to
a negligible level.

(2) The WIMPs gain mass from the FOPT, such that
after the transition the DM particles have a huge
mass-to-temperature ratio and hence an exponen-
tially suppressed Boltzmann factor, which prevents
them from thermalizing.

Therefore, after the FOPT, DM will be accumulatively
produced via the inverse process of Eq. (1), which is a
typical freeze-in scenario, but it applies to weak or moderate
couplings, rather than feeble ones as seen in traditional
FIMP freeze-in.

Our work introduces a novel scenario for DM based on the
simple 2 — 2 annihilation and represents a third possible
scenario in addition to the traditional WIMP freeze-out
and FIMP freeze-in. As will be demonstrated, this
scenario shares the common features from the conventional
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freeze-in [5], such as the DM behavior is determined by
physics at and below the scale of the DM mass but
independent of higher scale such as the inflationary models;
and the relic abundance is positively correlated with the
coupling strength, etc.

II. FREEZE-IN OF WIMPs

We illustrate the idea using a simplified model with a
scalar DM candidate X that interacts with a massless
thermal bath scalar B via the quartic coupling AX"XB'B.
In the radiation era, the Boltzmann equation governing the
evolution of X is

dYy /”Q%J Mpimy
d—Z == 459* Z2 <G/Ul‘el>(Y§( - qu)’ (2)

where Yy = ny/s is the yield of X with s being the entropy
density, z = my /T, Mp = 1.22 x 10'° GeV is the Planck
scale, g, and g, are the numbers the relativistic degrees
of freedom for entropy and energy, respectively, Y., =

457°K,(z)/(4x*g, ) is the equilibrium yield of X,

22 (Kl(z))2 3)

" 32am% \K(2)

<O-Urel>

is the thermal average of the annihilation cross section of
XX" — BB" multiplying the relative velocity v, under
the Maxwell-Boltzmann distribution, and K;(z) is the ith
modified Bessel function.

In the conventional thermal history, z starts from ~0 at the
end of the inflationary reheating epoch and evolves to >1
to the current Universe. If 4 is sufficient to keep X in
equilibrium for z <« 1, then Eq. (2) realizes the WIMP
freeze-out scenario that Qyh? ~0.1(0.5/1)?(my/TeV)?,
which implies an upper limit of ~100 TeV for the DM
mass due to the unitarity bound of 4, known as the GK
bound [9]. On the other hand, for feeble A, Eq. (2) explains
DM with a FIMP freeze-in scenario that has Qyh> ~
0.1[2/(2.5 x 10~'1)]2, independent of the DM mass.

In our WIMP freeze-in model, there exists a dis-
continuity in the evolution of z during the thermal history.
Prior to the FOPT, X is massless, thus z=0 and
Y, ~ (2/7%)/(27%g, ;/45) ~ O(1073). Following the tran-
sition, however, the DM mass undergoes a sudden change
to my > T,, where T, denotes the temperature after the
FOPT. We assume a supercooled FOPT such that 7, > T/,
the temperature at which the FOPT begins. This leads
to an enormous increase in entropy density by a factor
of (T,/T,)?. Consequently, the evolution of Eq. (2)
begins at z, = my/T,> 1, with an initial condition
Yx(z2) ~ (T,/T,)’Y, ~0. Freeze-in then occurs via
BB — XX, and the yield can be approximately solved
from Eq. (2)

. 135V52°Mp
® 74096752, (\/Gumy

(142z)e2, (4

and hence Qyh*~0.1 x [2e72/(3.5 x 10711)]2(1 + 2z,),
where we use g, & g, & 106.75. Even if 4 is NOT feeble,
this scenario can still produce a correct DM relic abundance
via a large enough z, provided by a strong FOPT, and that
is the crucial point for the WIMP freeze-in. For a given z,,
Q, h? is proportional to A2 but irrelevant to my; this implicit
dependence allows for superheavy DM exceeding the
GK bound. Reducing the FOPT strength decreases z,
and requires a corresponding decrease in A to maintain
Je™2 ~ 107!, as indicated by Eq. (4). In the no FOPT limit
(zp = 0), 1> (’)(10‘“), transitioning to conventional
FIMP freeze-in.

Figure 1 illustrates the three DM scenarios for my =
1 TeV and different A values, all give the correct DM
abundance Qpyh? = 0.12 [1]. The gray dashed line is the
equilibrium X distribution for reference. For 4 =~ 0.65, the
WIMP freeze-out is realized in the blue line; while for
A~2.6 x 1071 the FIMP freeze-in is given in the orange
line. Our WIMP freeze-in scenario is described by the red
line, corresponding to A = 0.1 and z, ~ 23.6: the DM yield
starts from zero and increases rapidly to a fixed value at
around z ~ 25. By decreasing z, and adjusting 1 accord-
ingly to maintain the correct DM yield, the red line
gradually shifts leftward and eventually aligns with the
orange line in the no FOPT limit, i.e. z, — 0. This again
shows the connection between our scenario and the conven-
tional freeze-in.

10_2 T TTTYHW T TTTYHW T YTTYHW T T T T1TT
[ WIMP freeze—out: A = 0.65 my=1TeV |
— WIMP freeze—in
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1072 107! 10°
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FIG. 1. The three DM scenarios realized by the Boltzmann

equation (2) for my = 1 TeV with different A. The blue, orange
and red lines are WIMP freeze-out (1~ 0.65), FIMP freeze-in
(A~2.6 x 107"y and WIMP freeze-in (A = 0.1 and z, = 23.6),
respectively. The equilibrium distribution is plotted in gray
dashed line.
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III. MODEL BUILDING AND PHENOMENOLOGY

The necessary supercooled FOPT could be realized in a
classically conformal (CC) model, whose scalar potential
has no quadratic mass term at tree level but a Coleman-
Weinberg (CW) potential [10] is generated at one-loop
level [11-13]. It is well-known that such models can exhibit
supercooled FOPTs [14-24]. The minimal setup is that
¢ = Vv2Re [B] is the FOPT scalar field, and its potential can
be parametrized as

23 1
)=+ gl -1).

where V, = A3w*/(2567?) is the vacuum energy, and Az
receives contributions from all particles coupling to B.
The potential yields a vacuum expectation value (VEV)
(¢) = w, which breaks the CC symmetry spontaneously
and provides a mass m% = Aw?/2 to the DM.

Equation (5) can trigger a supercooled FOPT from ¢p = 0
to ¢ ~ w at a temperature of T; < w, releasing a significant
amount of vacuum energy V, and reheating the Universe to
T, ~ Ty, where 7%, T4/30 = V. The dilution condition
requires (7,/T,)*Y, < Ypy ~ 0.8 eV/my, which is trans-
lated to T,/T; > 2000 x (my/TeV)!/3. By substituting
these equations into Eq. (4) and requiring the correct DM
abundance, we obtain

Ap ~ 0.18910881 (6)

which provides a relation between the DM coupling 4 and
the potential coefficient Az, and can be treated as a guide for
model building. For example, if we would like to build
a model with minimal particle content, then 1z ~ 1 and
Eq. (6) yields 1~ 1076, which is the expected coupling
strength for WIMP freeze-in. If one instead favors a
coupling at scale of electroweak (EW) gauge coupling,
e.g., A~g3~04, then Eq. (6) estimates Az ~0.1 <,
implying additional fermionic degrees of freedom coupled
to B, which provide negative contributions to Ap.

Our scenario can be probed through the direct [25],
indirect [26] and collider [27] searches as in the traditional
WIMP scenario. In addition, the stochastic gravitational
wave (GW) background is another approach to probe
this scenario since supercooled FOPTs generate strong
GWs [20,21]. The correlation between GW and WIMP
signals could efficiently probe the scenario.

IV. A REALISTIC MODEL

Extend the SM with three gauge singlets: one real scalar
¢, one complex DM scalar X, and one Dirac fermion . The

tree level CC potential is V(H, ¢) = A,|H|* + A|X[* +
A A Agx

T+ AulHPIXP + 5@ HP + % 42X [28-31],
where H = (G*,(h+iG%)/v2)" is the SM Higgs

doublet. yr couples to other particles via —(y,,/ V2) iy —
y, ¢ Hy, with ¢, the SM lepton doublet. The one-loop
CW potential is replacing A3 with (47, — 2y, ) in Eq. (5).
This leads to (¢) = w and the breaking of CC symmetry,
which also triggers the EW symmetry breaking via
Ay = —miy /w?, leading to (h) = vgw ~ 246 GeV [11].
The particle spectrum includes one Dirac fermion
with m,, = yl,,w/\/i and three scalar bosons with

my~ | //@x —2y,w/(4xn), mx = \/(/L/,xwz + A VEw) /2

and my, ~ 125 GeV. An unbroken Z, symmetry ensures
X’s stability.

At finite temperature, the scalar potential becomes
V() = V() + (Aye + i )T?¢p?/24. When T > w, the
Universe stays in the EW-preserving vacuum
(¢, h) = (0,0). As T drops, the potential develops another
local minimum at ¢ ~w, which eventually becomes the
true vacuum, i.e., the global minimum. However, when
(Apx + v is small, the tunneling probability is too small to
trigger the FOPT from ¢ = 0 to ¢ ~ w, and the Universe is
trapped in the false vacuum.

If the Universe stays in the ¢-h space origin until
Tocp ~ 85 MeV, then the QCD chiral phase transition
occurs via a FOPT [32], as there are 6 massless quarks in
the plasma [33]. The top quark condensate then generates a
Higgs VEV (h) = vocp = (v,(7t) /v/224,)'/3 [16,17], trig-
gering a QCD-EW FOPT from (¢, ) = (0,0) to (0, vocp)-
Then the potential becomes V() ~ Vi(¢h)+
[(Age + yp)T? + 64y v5cpld?/24, still trapping the ¢
field in its origin until the Universe cools to

—6ﬂh mh 6
74)2 RUQCD AT T (7)
Apx + Yy W\ Ay + Yy

and the ¢-quadratic term vanishes. At ~T, the Universe
tunnels along the ¢ direction and rolls down to the true
vacuum (¢, h) = (w, vgw), leading to a ¢-FOPT, reheating
the Universe to 7'». The thermal history in ¢-4 field space is
sketched in Fig. 2, and the full expression of the potential is
given in Appendix A.

After the QCD-EW FOPT, X’s mass increases from

0 to my = vocpy/Anc/2. Then the ¢-FOPT enhances

the X mass to my =~

T, = UQcep

\/ (ApW* + Ay VEw)/2, generating
7o = my /T, and diluting X yield to

Yy(2) = Yo/ T1) 12 (T—) ®)

Th \Ty
T, = Tomin{1,I'/H}'/?, with T’ =T, sin” @ + I'j cos> 6,
where I, ; are the decay widths of & and ¢, respectively,
and 0 ~ —vgyw/w is the mixing angle [34]. In the parameter
space of interest, reheating is prompt (I' > H) and hence
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h True vacuum
(reheated to T3)
Vew |- O
~T1: ¢-FOPT
Vqcp |-
TQCD: QCD-EW FOPT
i ¢

N I
-CIJ False vacuum w

FIG. 2. The thermal history of the realistic model in the field
space. The Universe is trapped in the origin down to
Tocp = 85 MeV, when the QCD-EW FOPT occurs. Then at
~T, the ¢-FOPT happens and the Universe rolls down to the true
vacuum, reheating the Universe to T,.

T, =T,. We find T, ~ O(100) GeV, which might restore
the EW symmetry; however, T, /w < 1072 and hence (¢) is
not affected.

After the FOPT, X is produced via ¢¢, hh — XX'.
Taking vgep = 100 MeV and w = 10 TeV as a bench-
mark, given a set of (my, 4,,), we derive 4,, and the y,,
required for the correct DM relic abundance, and present
the results in Fig. 3. We have incorporated thermal effects
on scalar masses, and checked ¢p¢p — XX dominates in the
bottom-right area, whereas hh — XX" dominates in the
top-left area.

Large 4;, leads to X particles returning to equilibrium
and undergoing normal freeze-out after the FOPT, as
covered by the black region; while the region fails to
satisfy the dilution condition of Yx(z,) < Ypy is covered
by gray. The white region enables the realization of the
WIMP freeze-in scenario, with corresponding values

0.30

X back to equilibrium
after g—FOPT

0.25

0.20

Direct 3
detection E

hx

~ 0.15

0.10 245 4
AN

24
0.05

No dilution

=23
pos b bl st
2 3 4 5

my [TeV]

FIG. 3. The parameter space that realizes the WIMP freeze-in
scenario. The red contours are z, that give the correct DM density.
The gray-shaded region cannot dilute the preexisting DM to a
negligible level, while the black-shaded region cannot prevent the
DM from thermalization. The parameter space that can be probed
by direct detection and Higgs exotic decay is plotted with the blue
and orange lines, respectively.

of z, indicated by red contours. The portal couplings
Apxgx ~ 0.1, consistent with Eq. (6).

The spin-independent X-nucleon elastic scattering cross
section is og; ~ 107 ¢cm?, challenging in direct detection.
Nonetheless, a considerable fraction of the parameter space
has a og; larger than the neutrino floor (shown as the blue
dashed line) and hence might be probed by future experi-
ments [35]. The light ¢» boson leads to Higgs exotic decay,
which can be probed at the HL-LHC by projected reach
Br(h — ¢¢) ~ 4% [36], plotted as the dashed orange line
in Fig. 3. Besides, the ratio of ¢-FOPT latent heat to the
radiation energy is typical a > 10'4, the GWs are very
strong and mainly from bubble collisions [20,21]. Taking
the ratio of the Hubble timescale to FOPT duration §/H, =
100 as a benchmark, we estimate the GW spectra [37,38].
The GWs peak at f ~ 10~} Hz with Qg h* ~ 107'°, within
the sensitive region of a few near-future space-based
interferometers, including LISA [39], TianQin [40,41],
Taiji [42,43], BBO [44], and DECIGO [45]. The projected
reach of the 1-year operation of LISA, TianQin and Taiji
can cover the parameter space in Fig. 3.

V. CONCLUSION

We propose a novel DM scenario based on the simple
2 — 2 annihilation process, showing that WIMP freeze-in
is viable with the assistance of a FOPT. Although we
illustrate the idea with scalar DM, similar discussion
applies to fermion DM as well. This work focuses on
the extreme case where X is initially massless and gains
mass after the FOPT. This requires a large (but achievable)
dilution factor; but it also extends to cases where X particles
have a pre-FOPT mass of my, and experience a mass jump
to my, > T, after the FOPT. In such instances, the dilution
condition is much relaxed. Our mechanism generally
applies to many new physics models with background
supercooled FOPTs.

It is known that DM evolution is affected by non-
standard thermal history such as early matter era [46-48],
second-order PTs [49-51], non-thermal production after
inflationary reheating [52—55], and FOPTs can leave great
impacts on WIMP freeze-out or FIMP freeze-in via the
change of particle masses [56-59]. Besides, FOPTs
alter the decay of DM [60-64], produce DM non-
thermally [65-68], filter the DM particles [69-71], dilute
the DM density [34,72], or form macroscopic DM includ-
ing primordial black holes [73—87]. The WIMP freeze-in
proposed in this work provides a new connection between
FOPTs and DM, opening up a third possibility for realizing
DM besides the traditional WIMP freeze-out and FIMP
freeze-in mechanisms, allowing for WIMPs with mass
beyond the GK bound, and it can be tested by combining
the WIMP and GW experiments.

Finally, we clarify the novelty of our work in comparison
to several related scenarios. One of the key ingredients of
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our scenario is the dilution of preexisting DM density,
which can be induced by entropy injections from processes
other than FOPTs, such as the late-time decay of a heavy
particle dominating the Universe’s energy. However, such a
scenario relies on an exceedingly long lifetime for the
heavy particle, which in turn necessitates an extremely
weak interaction strength that gives rise to another FIMP,
see the Appendix B. In contrast, our proposed supercooled
FOPT scenario allows for entropy injection with a mod-
erate coupling, as demonstrated by the realistic model with
Apx ~ O(0.1). Hence, the FOPT scenario emerges as a
preferable mechanism since it achieves freeze-in without
introducing additional FIMPs.

Given the similarities between FOPT reheating and
inflationary reheating, one may wonder if a similar
WIMP freeze-in mechanism occurs when the DM mass
exceeds the reheat temperature from inflation. Here, we
clarify the crucial distinction between these two scenarios.
In the inflation-induced scenario, the decay width of the
inflaton is typically much smaller than the inflationary
Hubble scale H;. Therefore, reheating is a slow process,
during which the maximal temperature T, is usually
significantly higher than the final reheat temperature 7'y,.
Consequently, DM particles with masses up to 2000 7',
can be abundantly produced without exponential suppres-
sion [52-55]. This requires either a feeble coupling or a
superheavy DM particle whose mass is related to H; to
reduce the relic abundance to current observed value,
see the Appendix C. In contrast, in the FOPT-induced
scenario, the scalar decay width easily surpasses the
Hubble constant at FOPT, leading to instantaneous reheat-
ing, and the temperature increases monotonically from 7'
to T,. Subsequently, DM undergos freeze-in, resulting in
Qyh? « e7>x/T2 and the observed DM can be explained
by my ~ 20T,. The novelty of our scenario lies in its ability
to naturally achieve the desired exponential suppression
factor, independent of the cosmic history before
the FOPT.
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APPENDIX A: THE FULL EXPRESSION

OF SCALAR POTENTIAL IN THE
REALISTIC MODEL

The one-loop CW potential is
11002 1
-, (Al
(oal-1).

where V, = (43, — 2y, )w*/(2567%). The contribution of
Higgs field to V,(¢) is negligible due to the small

/1¢x
Vi(@) =Va+—5—

\Ang| & mi/w?. In the early Universe, the scalar potential
receives thermal corrections and becomes [31]

21t A h? 4T4 2 12
Vild) = Vild) +3 5/ <§_T4§) +W1F(%>

Agr\ 2 T2\ 3/2
e (3) |(#eh) o) e

where the bosonic and fermionic thermal integrals are

Ioe) = [Tden (15 VD). (a3)

For y < 2, the high-temperature expansions are

Ts(y) ~ ”_4+_2 T Y 10g )
BYR s T 127 7Y T30 %%,
7 4 77,'2 y2 y
7 S T i jeg Ad
Fy) =~ 360 T2 T8 (Ad)

where ap = 16ay and ap = 7°e'> 72/ with y =~ 0.577 the

Euler’s constant.

APPENDIX B: THE DM DILUTION INDUCED BY
HEAVY PARTICLE DECAY

The decay of a heavy particle dominating the Universe’s
energy density can inject entropy into the plasma, leading
to the dilution of the DM yield Yx(z) at a finite z.
Consequently, this provides the necessary initial condition
for WIMP freeze-in without a FOPT. Here, we present a
concise quantitative estimation to this scenario. Let us
consider a model consisting of a DM candidate X with mass
my and a heavier particle N with mass my > my. No FOPT
occurs during the thermal history, and hence there is no
mass jump for the DM particle. The long lifetime of N is
ensured by its extremely small decay width, denoted as I'y.
Prior to the decay of N, both X and N attain frozen yields

my my
Yg?o(a—2, on —2, (Bl)
X Oy

through the standard freeze-out mechanism, where ay and
ay represent the finite structure constants corresponding to
the 2 — 2 annihilation processes of X and N respectively.
At late-time, N dominates the energy of the Universe and
decays to light particles, reheating the Universe and
diluting the X yield to [88]

1 1 /MpTy

YR - Yy(zo) ~ Y x
X x(22) Yy 1.83(g YR my

(B2)

In order to achieve the WIMP freeze-in scenario, the
diluted yield should be significantly smaller than the
current observed DM yield. Specifically, we require
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Yx(25) < Ypy ~ 0.8 eV/my, where Yy, represents the
observed DM yield. This condition translates into a con-
straint on the decay width [y ~ y3,my/(87) and, conse-
quently, the coupling strength yy,

1/4 TeV 1/2 m 3/2 a 2
2% 1019 I N =X,
s (10()) (mx> <mx ay
(B3)

where Eq. (B1) has been used. If we assume that the mass
my of the heavy particle is not significantly different from
the scale of my to avoid UV sensitivity, we observe that
achieving the WIMP freeze-in mechanism in the heavy-
particle-decay scenario necessitates a small coupling yy to
guarantee an adequately long lifetime for the heavy particle
N. If ay > ay, the bound on yy can be relaxed, however
this introduces another extremely small coupling ay. In
either case, we always have a heavy particle with feeble
interactions, which is the feature of this heavy-particle-
decay scenario.

The novelty of our FOPT-induced WIMP freeze-in
scenario is that it does not need any FIMPs, and the
dilution naturally occurs through entropy injection from a
supercooled FOPT. In our realistic model, for instance, a
value of A4, ~O(0.1) allows for a strong FOPT that
effectively dilutes the preexisting X, even if it is initially
massless and therefore abundant.

APPENDIX C: THE INFLATION-INDUCED
WIMP FREEZE-IN SCENARIO

If the DM mass exceeds the inflationary reheating
temperature, the DM may be produced through freeze-in
with a relic abundance exponentially suppressed. This
represents a viable WIMP freeze-in scenario under
some conditions, but it differs fundamentally from our
FOPT-induced mechanism due to the difference between
Hubble constants and the resulting dynamics during infla-
tionary reheating or FOPT reheating. We provide an outline
of the two cases below.

We first acknowledge the similarity between the two
scenarios. In both cases, a scalar field transfers its energy to
the plasma, reheating the Universe and diluting the preex-
isting DM density to establish suitable initial conditions for
freeze-in. In the inflation-induced scenario, the inflaton
field ¢ undergoes coherent oscillations around the mini-
mum at the end of inflation and subsequently decays,
leading to the reheating of the Universe to a temperature 7',
that marks the beginning of the radiation era. On the other
hand, in the FOPT-induced scenario, the scalar field
responsible for the FOPT, denoted as ¢, tunnels across
the potential barrier at 7| and rolls down to the true
vacuum, resulting in the reheating of the Universe to a

temperature 7,. The crucial distinction between the two
scenarios arises from the dynamics of reheating.

In the inflation-induced scenario, the decay width I, of
the inflaton field is typically much smaller than the
inflationary Hubble constant H,;. For instance, for a
reheating temperature 7y, ~ /', Mp; ~ 10° GeV, we find
L, ~ 107! GeV, significantly smaller than the typical value
of H; ~ 10'3 GeV. This results in a slow reheating process
where the inflaton field ¢ undergoes multiple oscillations
around the potential minimum. During this period, the
temperature of the Universe first reaches a maximum value

Tinax ~ (H;Mp)/*TY* and then decreases as T o« a=3/%,
with a denoting the FLRW scale factor. Notably, the
maximal temperature 7T, > T,. Consequently, a huge
amount of X can be produced during reheating, and the
resultant relic abundance is [53,54]

=32/ 20 \7
Quh? % 101 x m} I Cl
X X my <6Urel> <2OO mX/Trh ’ ( )

for my up to ~20007,, without the expected exponential
suppression factor of e~2"x/Tw_To match Qyh* with the
current Qpyh? ~ 0.1, one then needs an extremely small
coupling responsible for the XX annihilation cross section
(6ye1)- For superheavy masses my > T, the production
rate is exponentially suppressed by a factor of e=27x/Tmax
However, this introduces a form of UV-sensitivity since
T nax 18 connected to the inflationary Hubble constant H;.

In our FOPT-induced WIMP freeze-in scenario, the
situation is qualitatively different. The decay width I'j
of the FOPT scalar is typically much larger than the Hubble
constant during the FOPT, H, ~ \/V,/Mp,, where V, =
23w*/(25672) is the vacuum energy. In our realistic model
discussed in the article, with the benchmark w = 10 TeV
and 1z ~ O(1), we have Hy ~ 10~'* GeV, which is much
smaller than I';, ~ 1077 GeV derived from the ¢-h mixing.
This implies an instantaneous reheating process after the
FOPT, where ¢ directly rolls down to the true vacuum
without undergoing oscillations. During this reheating, the
temperature of the Universe increases monotonically from
T, to T, over a very short period. Subsequently, DM
particles are produced via freeze-in, resulting in an expo-
nentially suppressed relic abundance Qyh? o e=2"x/T2,
Therefore, we have a pure and vanilla WIMP freeze-in
process without any significant dependence on the thermal
history before the FOPT.

As a short summary, in the inflation-induced scenario,
the reheating process is typically slow since I',/H; < 1.
Consequently, the DM relic abundance not suppressed
unless X is a FIMP or my is superheavy that its mass
is related to the inflation model. In contrast, in
our FOPT-induced scenario, it is natural to have an
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instantaneous reheating process as I'; / H y > 1. Therefore,
the presence of the factor e=2"x/T2 is guaranteed, allowing
for the realization of WIMP freeze-in when my ~ 207 5.

This distinction highlights the difference between the two

scenarios. Our proposed scenario is novel due to its ability
to easily and naturally achieve the desired exponential
suppression factor while independent of the cosmic history
before the FOPT.
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