
 

Using the spectrum of dark radiation as a probe of reheating
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After inflation the Universe presumably undergoes a phase of reheating which in effect starts the thermal
big bang cosmology. However, so far we have very little direct experimental or observational evidence of
this important phase of the Universe. In this paper, we argue that measuring the spectrum of freely
propagating relativistic particles, i.e., dark radiation, produced during reheating may provide us with
powerful information on the reheating phase. To demonstrate this possibility we consider a situation where
the dark radiation is produced in the decays of heavy, nonrelativistic particles. We show that the spectrum
crucially depends on whether the heavy particle once dominated the Universe or not. Characteristic features
caused by the dependence on the number of the relativistic degrees of freedom may even allow to infer the
temperature when the decay of the heavy particle occurred.
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I. INTRODUCTION

Most models of modern particle cosmology predict a
reheating phase. While there is no shortage of possible
scenarios (cf., e.g., [1] for a review) remarkably little is
known for sure about this crucial event in the history of the
Universe. For example, the reheating temperature could
have been as low as ∼ few MeV [2–12] or it could have
been much higher∼1016 GeV (cf., e.g., [13]). It is therefore
an interesting task to garner evidence for the existence of
reheating and find ways to collect information on its details.
One reason that makes it hard to probe reheating is that

during this phase the Standard Model (SM) particles
thermalize and therefore most information carried by them
is lost. One way to overcome this challenge could be very
weakly interacting particles that are created during reheat-
ing and freely propagate until today. Suitable “messengers”
may be gravitons/gravitational waves [14–28], axionlike
particles (ALPs) [29–32], right handed neutrinos [33] or
some other very weakly interacting new particle. Pre-
ferably, such a messenger should remain relativistic until
today, thereby constituting dark radiation. The reason for
this preference is that for relativistic particles it is easier to
relate the energy/momentum measured in a local experi-
ment on Earth to the one imprinted at production. In

particular the energy and direction are less affected by
structure formation.
In a general setup, the messengers can be produced from

inflaton or modulus decays. In a previous paper by the
present authors [33], the transparency condition of the
Universe for the messengers, including neutrinos and
relativistic dark particles, were clarified. Satisfying these
conditions, they can travel over the thermal history until
today, and the momentum distributions carry the informa-
tion of the mother particles and thus can be messengers of
the reheating.
The possibility to detect ALPs originating from modulus

decays was already discussed in the IAXO white paper [34]
(we also note that the authors of Ref. [31] even already
calculated the energy spectrum of the ALPs and gave
analytic expressions for decays taking place in either pure
matter or radiation domination1). In [33] we discussed
further possibilities such as right-handed neutrinos and
more general messengers in dark matter, neutrino, and
cosmic microwave background experiments.
Beyond the ability to detect the messenger particles the

next task is to establish their origin from reheating and to
obtain additional information. One feature of the messenger
spectrum from reheating is the isotropic angular
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1Our perspective is, however, somewhat different. We want to
use the flux as a probe of reheating. We therefore study the
features of the flux in more detail. In particular, we will see that a
relevant feature for the discrimination between a situation where
the decaying particle is responsible for reheating and where it is
not, is that there is a transition between a matter and a radiation
dominated background evolution close to the peak of the
spectrum.
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distribution which can be distinguished from particle
spectra from galactic sources [31,33]. However, an iso-
tropic distribution arises as long as the decays of heavy
nonrelativistic particles happens much before today
[35,36]. Thus, one cannot say confidently that an isotropic
spectrum must be from reheating.
In this paper, we therefore ask whether we can get clearer

evidence of reheating by carefully studying the energy
spectrum of freely propagating relativistic particles, which
are produced in the decays of heavy nonrelativistic par-
ticles. We show that this differential flux contains infor-
mation on the equation of state of the dominant energy of
the Universe during the time when the decays occur (cf. the
next section). We find the shape of this flux and point out
that by precisely measuring the spectrum, we can get strong
evidence for reheating. Moreover, changes in the number of
available degrees of freedom with the temperature also
leave imprints in the messenger spectrum. Resolving these
may give direct information on the reheating temperature.
Combining this with the peak position of the spectrum [33]
may even allow to determine the mass of the heavy particle
reheating the Universe.
Before reheating theUniversemay also undergo a phase of

pre-heating [37–56].We therefore also consider the situation
of the decay of a relativistic particle in Appendix A.
Our analysis is independent of the specific type of

messenger. The results should therefore equally apply in
the case of the aforementioned or other messengers that are
sufficiently weakly coupled relativistic particles.2 The main
assumption we make is that the messenger is produced in a
two-body decay from the precursor particle. A similar
analysis is also possible if the decay of the precursor is
more complicated (an example is discussed inAppendixA 4)
but we expect that the identification of features will be
less clean.
In practice, of course, the detection will depend on the

type of messenger realized. While the required measure-
ments certainly are quite challenging we can nevertheless
conclude that, given the existence of suitable messengers,
future measurements at observatories such as IAXO
[34,57–59],3 IceCube [63–67] or DARWIN [68] may shed
at least a little light on reheating.

II. MESSENGER FLUX IN THE
EXPANDING UNIVERSE

In this section we start by considering the simple
example, where a heavy nonrelativistic particle is

responsible for the reheating, i.e., it was the dominant
form of energy before it decays. The primary decay into
SM particles causes the reheating, but a rare decay will
serve as the source of our messenger. This situation will
turn out to be clearly distinguishable from the case where
the initial heavy particle only contributes subdominantly to
the energy density of the Universe and therefore cannot be
the main source of reheating.
Let us consider a nonrelativistic real scalar field, ϕ, with

mass, mϕ, decaying at the cosmic time, t ∼ tdecay. We have
in mind the case that ϕ is a scalar modulus or inflaton, but
in general, we can also consider the situation where ϕ is a
fermion. This does not change the main conclusions. For us
a relevant feature is that the decay is two-body. This is well
motivated in many models, e.g., modulus/inflaton decay
into axions/ALPs [29–32] or decays into right-handed
neutrinos [33,69–73]. For our purposes this has the
advantage that the produced messenger particles have a
definite energy at the time of the decay instead of being
distributed over phase space, thereby their energy today
contains direct information on the time of decay.
Let us assume that ϕ has the decay channel

ϕ → χχ ð1Þ

where χ is a particle that freely travels to Earth at a velocity
close to the speed of light. The decay rate is

Γϕ→χχ ¼ Brϕ→χχ × Γtot; ð2Þ

where Γtot is the total decay width of ϕ and Brϕ→χχ ≤ 1 is
the branching fraction of ϕ → χχ.
For the decay time we have,

tdecay ¼ 1=Γtot: ð3Þ

We usually assume Brϕ→χχ ≪ 1 such that the primary
decays are to SM particles.4

The expansion rate of the Universe is given as

H ≡ _a
a
≈

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρϕ þ ρr
3M2

pl

s
; ð4Þ

where a is the scale factor and ρϕ (ρr) is the energy density
of ϕ (radiation), and Mpl ≈ 2.4 × 1018 GeV is the reduced
Planck mass. In line with our assumption Brϕ→χχ ≪ 1 we
take ρr to be dominated by SM particles and neglect the
component of χ. We then have,

ρr ¼
π2g⋆
30

T4: ð5Þ
2It could also apply to gravitational waves originating from

particle decays [23] but their frequency may be too high to be
detected in near future.

3Recently, Ref. [60] studied the detection of relativistic axions
by axion haloscopes [61]. These could also be useful to probe
reheating, e.g., in the case where the inflaton mass is smaller than
the reheating temperature [62].

4Indeed, in the case where ϕ is responsible for reheating we
would otherwise typically have too much dark radiation [74,75].
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Here, g⋆ (and gs⋆ appearing soon) is the number of
relativistic degrees of freedom (for entropy) in the SM
for which we use the values and behavior taken
from Ref. [76].
We can obtain the time dependence of the energy density

of ϕ as well as the radiation from

_ρϕ þ 3Hρϕ ¼ −Γtotρϕ ð6Þ

_sr þ 3Hsr ¼ c½t�Γtotρϕ: ð7Þ

Here, sr ¼ 2π2gs⋆T3=45 is the entropy density and

c½t� ¼ 4ðTg0s⋆þ3gs⋆Þ
3TðTg0⋆þ4g⋆Þ. The form of c½t� is obtained from _ρr ≃

Γtotρϕ and a prompt thermalization in a much shorter period
than the expansion of Universe. We have neglected the dark
radiation contribution in sr. If Γtotρϕ → 0, sra3 conserves,
as expected. From these equations we can then also obtain
the time dependence of the Hubble parameter H.
Using the time dependence of ρϕ, ρr, andH, we can now

obtain the differential flux of χ. We start with the momen-
tum distribution of χ. This can be obtained from the
Boltzmann equation,

_fk ≈H
∂fk

∂ log kþ 2Γϕ→χχδ

 
k −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

ϕ − 4m2
χ

q
2

!
8π2

m2
ϕ

ð8Þ

where fk is the distribution function of χ of momentum k
(we have assumed rotational invariance). This formula is
justified when the occupation number of χ is not too high
(cf. Refs. [56,62]), and mχ is the mass of χ. By assuming
fkðt ≪ tdecayÞ ¼ 0 and neglecting the mass of χ here and
hereafter, we obtain the solution

fkðtÞ ≈ 32π2
Γϕ→χχρϕðt0Þ
Hðt0Þm4

ϕ

θðt − t0Þ; ð9Þ

where t0 satisfies aðtÞk ¼ aðt0Þmϕ=2, and θ is the step
function. Here, the dependence on t0, which in turn depends
on a, makes explicit the connection between the spectral
shape and the expansion history.
The differential flux today (at t ¼ t0) is then given by

d2Φ
dΩdE

¼ k
E
dk
dE

k2

ð2πÞ3 fkðt0Þ ≃
E2

ð2πÞ3 fEðt0Þ ð10Þ

where E ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þm2

χ

q
is the energy of χ and we have

neglected mχ on the right-hand side (rhs) (we will also do
so in the following). Importantly one finds that the
distribution function depends on the Hubble parameter
Hðt0Þ at the time of the decay that contributes to the flux at
k. This will make it possible to probe the expansion history

in the early Universe by precisely measuring the differ-
ential flux.
Now, we can calculate the flux by solving Eqs. (6)

and (7). Let us define case A and B from two initial
conditions depending on whether ϕ once dominated the
Universe or not:

fρiniϕ ; ρinir ;Brϕ→χχgA ¼ fð102TϕÞ4; ρrð10−5TϕÞ;Brg
fρiniϕ ; ρinir ;Brϕ→χχgB ¼ f10−10ðTϕÞ4; ρrð102TϕÞ;

2.5 × 1017Brg: ð11Þ

Here, we have fixed the branching fraction for case A to be
Br. The shape of the spectrum does not depend on the value
of Br as long as it is much smaller than 1. The overall signal
strength is simply proportional to it. In both cases we

fix Γtot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g⋆ðTϕÞπ2T4

ϕ=ð90M2
plÞ

q
, with Tϕ ¼ 200 MeV

being the decay temperature, i.e., ϕ decays at the same time
scale in both cases. This is also roughly the reheating
temperature if the decays reheat the Universe. We also fix
mϕ ¼ 100 TeV. The branching ratio in case B is taken to fit
case A in the high energy region. The numerical result for
the spectrum Br−1ðd2Φ=dΩdlog10EÞ is shown in Fig. 1.
Here, we divide the differential flux by Br. In this way our
result applies to a wide range of Br unless it is so high that χ
becomes the dominant component of the Universe.
We find that at energies below the peak the spectrum

clearly depends on whether ϕ once dominated the Universe
or not. In particular, the slopes of the fluxes (in the log-log
plane) differ by Oð1Þ before the peak.
As we will see from the analytical estimates below, the

slope of the flux below the peak depends mainly on the
equation of state of the dominant energy form.
Nevertheless, the flux in case A can be also distinguished

FIG. 1. The differential flux of the messenger particle,
d2Φ=d log10 EdΩ. Case A (ϕ once dominated the Universe)
and case B (ϕ never dominates the Universe and decay in the
radiation dominated epoch) are shown in red and black lines,
respectively. We also show the flux for case C where a
subdominant ϕ decays in the matter dominated era as the blue
dashed line.
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from the case of a subdominant ϕ decaying during a matter
dominant epoch. This is shown as the blue dashed line (case
C) in Fig. 1 where the ϕ decay rate fulfills Γtot ¼ H at
z ¼ 100, i.e., in the matter dominated era. We use
d2Φ
dΩdE¼BrCmatðEHðt½zðEÞ�ÞÞ−1e−Γtott½zðEÞ�, zðEÞ ¼ mϕ=2E −
1 and the forms of H and t½z� given in Ref. [33]. (This form
can be obtained by solving Eq. (6) and then using Eqs. (9)
and (10) while taking H in the matter dominated era
and neglecting the energy density of ϕ.) We take
Cmat ≈ 6.2 × 10−42 GeV4, mϕ ¼ 5 keV. to match the IR
flux to the one of case A. We can see that with E around or
above the peak energy, we have more than Oð10Þ% flux
differences. More drastic differences may be observed if ϕ
decays in the dark energy dominated epoch. In particular, ifϕ
is decaying today (and has been nonrelativistic for a
sufficiently long time), ϕ tends to gather around the galactic
center due to the gravitational interaction. In contrast to case
A this flux has an angular dependence that (among other
things) superimposes a narrow peak at E ¼ mϕ=2.
A. Analytical approach to the flux.–To better understand

the different behaviors and the ways to distinguish the
different scenarios let us consider some analytical esti-
mates. Note that fE for a given energy E is proportional to
H−1 at the scale factor a ¼ 2E=mϕ. H depends on the
dominant energy of the Universe at a, which means that the
differential fluxes, or spectral intensities, at different E scan
the dominant energy of the Universe at different a.
Let us consider the epoch before the typical decay time

t < tdecay ¼ 1=Γtot, i.e., a ≪ adecay with adecay being the
scale factor at Γtot ¼ H. Since fE ∝ a−3þ3=2ð1þwÞ in this
epoch we obtain (in agreement with [31]) d2Φ

dΩdE ∝ E
1
2
þ3

2
w,

where w is the equation of state of the Universe, e.g., w ¼ 0
(1=3) for matter (radiation) dominated Universe. Therefore,
the slopes of the fluxes (in the log-log plane) differ byOð1Þ
for case A and B when E < Edecay ¼ mϕ=ð2adecayÞ. χ with
E > Edecay, are produced from the few remaining ϕ after
the typical decay time. Accordingly, the flux gets an
additional exponential suppression.
If ϕ reheats the Universe, i.e., it dominates the Universe

before the decay and transfers most of its energy into
radiation around and after the decay, the differential flux of
χ has two typical regimes

d2Φreheating

dΩdE
∝
�
E

1
2 ðE ≪ EdecayÞ

Ee−κðE=EdecayÞ2 ðE ≫ EdecayÞ
ð12Þ

where κ is an order 1 numerical coefficient.
Such a reheating flux can also be distinguished from the

decay of a subdominant species during a matter dominated
phase of the Universe (case C). The reason is that if the
decaying particle is responsible for reheating, decays after
the typical decay time occur during a radiation dominated

epoch. For a subdominant species such a changeover at
precisely the decay time would be an unlikely coincidence.
This is then reflected in the spectrum at energies higher than
the peak energy, where we have (again in accord with [31])
d2Φrad
dΩdE ∝ Ee−κ

0ðE=EdecayÞ2 in the radiation dominant epoch and
d2Φmat
dΩdE ∝ E1=2e−κ

00ðE=EdecayÞ3=2 in the matter dominant epoch.
Again, κ0 and κ00 are Oð1Þ numerical coefficients.
Note that the relative shapes of the differential flux do

not depend on parameters of the model such as Brϕ→χχ or
mϕ. Thus the reheating flux shape is a robust prediction of
reheating caused by nonrelativistic particle decays to
relativistic messengers. If we can identify this flux, it
should be strong evidence of reheating.

III. MEASUREMENT OF REHEATING
PARAMETERS

Let us now discuss a strategy for an ultimate possibility
to measure reheating parameters in the future. A slight
change of the equation of state of the Universe will also
occur in the radiation dominated era at times when the
effective number of relativistic neutrinos changes. Since the
Universe is radiation dominated soon after reheating, this
effect affects the reheating flux shape. As we will see
conversely by carefully measuring the spectral shape, the
reheating temperature ≈Tϕ can be obtained in principle.
From that, we can then obtain mϕ via a determination of
mϕ=Tϕ from the peak position [33]. Then, Tϕ can be
translated into Γtot as well as ρr and thus ρϕ from energy
conservation. From the intensity of the messenger flux we
can also derive Brϕ→χχ .
The linchpin for the above program is the determination

of the reheating temperature to which we now turn. The
shape of the flux also depends on the changes in the number
of relativistic degrees of freedom. This becomes noticeable
for ϕ decays that happen in or close to the radiation
dominated era. This holds because when radiation is a
relevant part of the total energy density changes in the
number of D.O.F. become noticeable in the Hubble
expansion (as in the main text we use the temperature
dependence of the D.O.F. from [76]). Indeed, the flux is
proportional to 1=ðsHÞ ∝ g−1=2⋆ g−1s⋆ . The effect can be
clearly seen as the slight kinks near the peak of the
spectrum of case B in Fig. 1 in the main part. The changing
of the slope just before the peak reflects the changes of g⋆,
gs⋆ due to the QCD phase transition.
This decoupling effect is also important for the reheating

flux as discussed in the main part since soon after reheating
radiation is dominant. The time evolution of T and ρϕ in
case A is shown in Fig. 2. When t × Γtot ∼ 1 reheating ends
which also roughly corresponds to the time when the peak
of the reheating flux is created. We see that at T ∼
200 MeV the QCD phase transition slightly slows down
the decrease of T.
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We depict a comparison of the reheating fluxes in Fig. 35

with and without taking account of this decoupling effects
in red-solid and gray-dotted lines, respectively, with
Tϕ ¼ 400 MeV. The case A (Tϕ ¼ 200 MeV) flux is also
shown as the blue-dashed line. The decoupling affects the
flux via the changes of g⋆, gs⋆, which is especially
significant around the QCD phase transition. Again these
flux shapes do not depend on Br and mϕ. Neglecting the
decoupling effect (gray-dashed line) the shape even does
not depend on Tϕ. Therefore we show the flux divided by a
parameter C. The CASE A flux is given as the blue dashed

line (C ¼ Br) and the case with constant g⋆ and gs⋆ is
indicated by the gray dotted line. For the gray dotted line,
Tϕ ¼ 400 MeV, C ¼ 1.5Br and mϕ ¼ 240 TeV as well as
assuming constant g⋆ðTÞ ¼ g⋆ðTϕÞ ≈ 66.9 and gs⋆ðTÞ ¼
gs⋆ðTϕÞ ≈ 66.3. We have also checked that the shape does
not change when changing Tϕ, Br, mϕ as long as we take
constant g⋆ and gs⋆, as can be expected. However, the peak
energy and flux intensity may change. The difference can be
more significant ifTϕ is slightly larger so that theQCDphase
transition happens mostly in the radiation dominant epoch
but with not too suppressed ρϕ. The red solid line represents
C ¼ 1.21Br with Tϕ ¼ 400 MeV, mϕ ¼ 221 TeV. As we
can see the fluxes can differ noticeably. By carefully
measuring the energy scale and the size of the depression,
in principle, we can identify Tϕ. In particular, we can infer
that the flux indicated by the red solid line originates from
around QCD phase transition era.
By carefully measuring the flux at two energies, we can

in principle measure g−1=2⋆ g−1S⋆ at two different temperatures
around Tϕ. Then Tϕ can be obtained under the assumption
that the SM accounts for the D.O.F.

IV. DISCUSSION

Reheating is a central part of our current modeling of the
early Universe. However, it has not yet been confirmed by
direct experiment/observation. In this paper we have
discussed that the messenger spectrum from the two body
decay of nonrelativistic mother particle may carry detailed
information on the reheating phase. Let us now briefly
outline a few extensions and also discuss the detectability
of the reheating flux. More details are given in Appendix A.
One may also wonder what happens if the mother

particle is relativistic, featuring its own nontrivial spectrum.
In this case, discussed in Appendix A 1–A 3, one cannot
easily tell whether the decaying particle dominated the
energy density or not. However, it is nevertheless usually
distinguishable from the case of a nonrelativistic mother
particle. Furthermore, even if the messengers arise from a
cascade of two subsequent two body decays, some small
traces of the phase during which they originated may still
be visible (see Appendix A 4).
Let us briefly comment on the experimental opportu-

nities. The discrimination between case A and B is
relatively straightforward, since the flux at energies below
the peak are quite different. Even if we can just measure the
flux in two bins with a relative width of 25% corresponding
to a quite moderate energy resolution, the discrimination is
possible at the 2σ level with Oð1000Þ events (see
Appendix B), possibly even significantly less if the data
is used more efficiently than in our simplistic estimate. This
gives us an optimistic expectation for suitable experiments
such as IceCube, IAXO and DARWIN [34,57–59,63–
66,68] (see also [77]).

FIG. 2. Time evolution of T (red line) and ρϕ (black line) for
CASE A.

FIG. 3. The reheating flux dependence on the decoupling
effect: Tϕ ¼ 400 MeV (red-solid line) and Tϕ ¼ 200 MeV
(blue-dashed line, case A). We take g⋆, gs⋆ temperature inde-
pendent for the gray-dotted line.

5In our logarithmic plots including the one in the main part we
use d2Φ

dΩd log10 E
because this facilitates getting an impression of the

total flux in an energy interval by simply multiplying the plotted
value with the logarithmic width of the interval.
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The discrimination between a reheating flux and sub-
dominant ϕ decays in a matter dominated epoch as well as a
measurement of the reheating temperature is more difficult
due to the exponential suppression of the flux at high
energy. A good energy resolution (expected for at least
some of the above mentioned experiments) will be critical
to do this. As a further check of a reheating origin, the
angular distribution of the flux can be useful [31,33,35,36].
The last question is whether enough events can be
observed. In fact, IceCube [67,78,79], ANITA [80,81]
and XENON1T [82] experiments have already observed
anomalous events that may be from BSM physics.6 As
examples we show in Appendixes A and B the fluxes for
the different cases discussed in this paper fitting the events
of IceCube [67] and XENON1T [82] excesses. Aside from
inviting intriguing speculation this also suggests that a
sufficiently good measurement to distinguish the fluxes
may be feasible in the not too distant future. If these hints
persist and are not explained by other effects, we may be in
the fortuitous situation that measuring their energy depend-
ence may allow us to get a glimpse of the beginning of the
thermal history.

V. CONCLUSIONS

We have studied the spectra of freely propagating
relativistic particles produced by the decays of heavy
nonrelativistic particles and shown that the spectra depend
significantly on whether the heavy particle once domi-
nated the Universe. We have demonstrated that the energy
spectrum of relativistic messengers from the decay of a
nonrelativistic particle exhibits clear features that can tell
us whether the decaying particle was responsible for
reheating. These imprints arise via the equation of state.
If the spectrum can be measured with sufficient precision,
and astrophysical backgrounds can be kept under suffi-
cient control, we may even be able to tell the reheating
temperature and the mass of the decaying particle. Our
discussion can apply to various reheating scenarios with
mother particles coupled to light-weakly coupled messen-
ger particles, such as gravitons, ALPs, dark matter,
neutrinos, etc..7
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APPENDIX A: MESSENGER FLUX FROM THE
DECAY OF RELATIVISTIC PARTICLES

1. Setup—Relativistic particles from preheating

If the reheating is caused by the decay of an oscillating
scalar field with a nonparabolic potential, ϕ may be
“preheated” [37–43] and have a nontrivial spectrum before
the decay. Let us consider the ϕ potential

V ¼ m2
ϕ

2
ϕ2 þ λ

4
ϕ4 ðA1Þ

and assume a large enough initial field (or tiny enough mass
term). When the amplitude is large, parametric resonance
[37–43]8 becomes important. Soon afterwards the system
enters into a turbulence regime in which a scalar field
spectrum follows a power-law [105–108]. After a suffi-
ciently long time, almost no homogeneous mode of ϕ
remains. The relativistic ϕ particle spectrum undergoes a
self-similar evolution until the decays. A typical expect-
ation for the occupation number is [105–108] fϕ;k ∝ k−3=2.
More generally we can consider a power-law spectrum of
the form,

fϕ;k ∝ k−n: ðA2Þ

Wewill now focus on the phase when such a power-law has
been established, the relativistic ϕ dominates the energy
density and its decay into SM particles reheats the
Universe.
Via couplings to the SM particles and χ, ϕ can decay

both into SM particles and χs. Again we assume a two body
decay to χ,

ϕ → χχ: ðA3Þ

Moreover, we assume that these couplings are so small that
the decay processes can be treated in perturbation theory.
The decay rate of the k mode of ϕ is

Γtot½k� ¼
mϕffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k2 þm2
ϕ

q × Γtot; ðA4Þ

where the prefactor is the Lorentz factor, and again Γtot is
the total decay width in the rest frame. We can get the decay
rate to a χ pair as

Γϕ→χχ ½k� ¼ Brϕ→χχ × Γtot½k�: ðA5Þ

Assuming k ≫ mϕ, we have Γϕ→χχ ½k�, Γtot½k� ∝ k−1.

6See Refs. [35,36,83–102] for BSM explanations with rela-
tivistic particles.

7In some cases, e.g., [103,104], it may even be possible that the
inflaton itself may serve as a messenger. The spectra are not
necessarily of the simple form discussed in this paper but
their measurement may nevertheless shed some light on these
models. 8See Refs. [44–56] for some recent studies.
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2. Numerical result

The equations for the time dependence of ρϕ and ρr
(neglecting the small χ density), are

_ρϕ;k −Hk
∂ρϕ;k
∂k þ 4Hρϕ;k ¼ −Γtot½k�ρϕ;k ðA6Þ

_sr þ 3Hsr ¼ c½t�
Z

∞

−∞
d log kΓtot½k�ρϕ;k½t� ðA7Þ

where ρϕ;k½t�≡ k3
ffiffiffiffiffiffiffiffiffiffi
k2þm2

ϕ

p
2π2

fϕ;k½t� satisfying ρϕ½t� ¼R
∞
−∞ d log kρϕ;k½t�. H is given in Eq. (4) of the main text.
The relevant modes of ϕ are assumed to behave as
radiation. Indeed, hereafter we mostly neglect mϕ, mχ .
The χ differential flux can be obtained by assuming a

subdominant decay to ϕ → χχ with Brϕ→χχ ≪ 1. In addi-
tion to Eqs. (A6) and (A7), we can solve

_ρχ;k −Hk
∂ρχ;k
∂k þ 4Hρχ;k

¼ Brϕ→χχ

Z
∞

−∞
d log k0P½k; k0�Γtot½k0�ρϕ;k0 ; ðA8Þ

where ρχ;k is defined by ρχ;k ≡ k3
ffiffiffiffiffiffiffiffiffiffi
k2þm2

χ

p
2π2

fχ;k½t� and
P½k; k0� ¼ 2ðk=k0Þ2θðk0 − kÞ represents the phase space
distribution of χ from a relativistic ϕ decay with
mϕ ≫ mχ . We get the differential flux,

d2Φ
dΩdE

¼ ρχ;kðt0Þ
4πEk

: ðA9Þ

These equations can be applied to the χ flux for any initial
relativistic spectrum of ϕ decaying into SM radiation and χ.
Now let us come back to the preheating scenario

discussed above. The initial conditions for the reheating
from the self-resonant ϕ decays are

ρϕ;kðtiniÞ ¼ θ½k − kmin�CXT4
ϕðk=kmaxÞ−nþ4e−k=k� ; ðA10Þ

with ρrðtiniÞ, ρχ;kðtiniÞ ∼ 0 where CX ≫ 1 so that before the
decay ϕ particles dominate the Universe. The exponential
in ρϕ;kðtiniÞ represents the decay of the power-law set by
hand, and kmin;max is set for the convenience of calculation.
We also set

Γtot½k��≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g⋆ðTϕÞπ2T4

ϕ=ð90M2
plÞ

q
; ðA11Þ

by which we define the reheating temperature. For con-
venience we use

Γtot½k�≡ ðk�=kÞΓtot½k��: ðA12Þ

In Fig. 4, we show the resulting cosmological temperature
(red solid line) and the energy density of ρϕ (black
solid line).

d2Φ
dΩdlog10E

× Br−1ϕ→χχ , is plotted in Fig. 5. For comparison,
we also show the initial flux of ϕ. One can see that the χ
flux mimics the original ϕ flux for n ¼ 5=2 but not
for n ¼ 3=2.

3. Analytical understanding and general features of the
flux from relativistic particle decays

The behavior of the χ flux for different n can be
understood from the equation

_̂ρχ;k̂ ¼ Brϕ→χχ

Z
d log k̂0P½k̂; k̂0�Γtot½k0�ρ̂ϕ;k̂0 ðA13Þ

FIG. 4. T (red) and ρϕ (black) as a function of t in the
relativistic ϕ scenario with the occupation numbers fϕ;k ∝ k−n

for n ¼ 3=2 (solid lines) and n ¼ 5=2 (dashed lines). In both
cases we fix CX ¼ 108, Tϕ ¼ 200 MeV, k� ¼ 1010 MeV,
kmax ¼ 1012 GeV, kmin ¼ 107 GeV, and tiniΓtot½t�� ¼ 10−8. We
neglect the masses of ϕ and χ compared with k.

FIG. 5. The χ flux today from relativistic ϕ decays (red curve).
The black curve denotes the original differential ϕ flux, at t ¼ tini.
The solid (dashed) lines represent the case of n ¼ 3=2 (5=2). The
parameters are the same as those in Fig. 4.
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¼ −Brϕ→χχ

Z
d log k̂0P½k̂; k̂0� _̂ρϕ;k̂0 ; ðA14Þ

which is derived from Eq. (A8), by defining ρ̂χ;k̂ ≡ a4ρϕ;k
and ρ̂ϕ;k̂ðtÞ≡ a4ρϕ;k with k̂≡ a × k being the comoving
momentum. In the second equality we have used
ρ̂ϕ;k̂ðtÞ ¼ exp ½− R ttini dt0Γtotðk0Þ�ρ̂ϕ;k̂ðtiniÞ. Integrating over
time we have

ρ̂χ;k̂ðtÞ ≃ Brϕ→χχ

Z
d log k̂0P½k̂; k̂0�ρ̂ϕ;k̂0 ðtiniÞ; ðA15Þ

where we have assumed t much larger than the typical
decay time. Due to the combination of the step-function in
P½k̂; k̂0� and the power of k̂0 in the integrand, the slope of
ρχ;k̂ at the IR end can be approximated as

ρ̂χ;k̂ðtÞ=Brϕ→χχ ∝
�
ρ̂ϕ;k̂ðtiniÞ ∝ k̂−nþ4 ðn > 2Þ
k̂2 ðn ≤ 2Þ

: ðA16Þ

Here, we have used that the k̂0 integral is dominated by
values of k̂0 around k̂ for n > 2. In contrast for n ≤ 2 the
integral is dominated by the UV cutoff (for n ¼ 2 only
logarithmically) and thus approximately independent of k.
Therefore, in this case ρ̂χ;k̂ is proportional to k̂2 from

P½k̂; k̂0�. This agrees well with the numerical results.
Translating this into the flux, we obtain a maximal slope,

d2Φ=dΩdE ∝ ρχ;k=k2 ∝ E0. As a result, the reheating flux
(∝ E1=2) cannot be mimicked by the decays of relativistic
particles with a simple power-law.
From Eq. (A15) we can also see that the form of ρχ;k does

not depend on H in the early Universe as long as all ϕ
particles decay. This is different from the case of non-
relativistic ϕ decays. We therefore can neither distinguish if
ϕ dominated the Universe nor infer the behavior of H by
the messenger flux from relativistic ϕ decays.

4. An example with a cascade decay

Another plausible scenario for the origin of a relativistic
mother particle of the messenger is a cascade decay. Let us
consider a situation where a nonrelativistic particle under-
goes a two-body decay which is followed by another two-
body decay to our messenger particle. The spectrum of the
relativistic intermediary particles is that of the messengers
considered in the main text. From this we find that a decay
in the matter (radiation) dominated phase corresponds to
n ¼ 3=2 (n ¼ 1) for energies far below the peak. From
Eq. (A16) we can now see that the resulting spectrum for
the final messengers is then independent of the original
slope n. The second decay, unfortunately obscures the
information on the slope.

However, there are still some subtle traces of the
expansion history/slope left. The reason is that the k2

behavior of Eq. (A16) is obtained in a region where the
integral in Eq. (A15) is completely dominated by the UV.
However, when k approaches the cutoff, i.e., the end of the
power-law behavior, the lower boundary of the integral
becomes relevant and differences in the shape of the
original spectrum start to matter.
To see this let us consider a concrete example: ϕ →

NN → ννππ with N (ν, π) being the right-handed neutrino
(left-handed neutrino, pion). Here, for simplicity, we
assume that the two body decay of N is dominant, which
happens in a certain parameter range [109]. Moreover, we
neglect the masses of the decay products as well as neutrino
flavor. As discussed in [33], this process can carry the
information from reheating to Earth without interacting
with the plasma and the model is consistent with current
experimental bounds if the N mass ∼0.1–1 GeV.
We consider, again, three cases for the flux of N. In case

A’ ϕ reheats the Universe. In case B’ and C’, a subdominant
ϕ decays in the radiation dominated and matter dominated
epoch, respectively. More precisely, we take the parameters
for case A’ corresponding to the case A setup in the main
text as

fTϕ; mϕ;Brϕ→NNg
≈ f10 MeV; 1.2 × 1016 GeV; 14.4 × 10−7g; ðA17Þ

for B’ corresponding to B with parameters taken as

fTϕ; mϕ;Brϕ→NNg ≈ f10 MeV; 1.2 × 1016 GeV; 0.7g;
ðA18Þ

and ρiniϕ changed to be 20T4
ϕ, and for C’ corresponding to C

with

fCmat; mϕg ≈ f2.7 × 10−61 GeV4; 0.37 PeVg: ðA19Þ

In either case the other parameters are left unchanged.
Then we obtain the ν flux by using (A15), i.e.,
d2Φν
dΩdEν

≃ 1=2
R
d logENP½Eν; EN �ðEN=EνÞ2 d2ΦN

dΩdEN
. We add

a 1=2 because on average half of the energy of N is
transferred into ν. The resulting spectra are shown in Fig. 6.
(Note that we display E2

νd2Φ=dΩdEν to match the pre-
sentation chosen by IceCube.) The additional red solid line
represents the reheating flux (case A) assuming a direct
decay ϕ → νν with Tϕ ¼ 10 MeV, mϕ ≈ 9.5 × 1015 GeV
and Brϕ→νν ¼ 0.5 × 10−7.9

9In fact, this is problematic since the early Universe is opaque
to active neutrinos in standard cosmology. However, if ϕ decays
to dark fermions coupling to nucleons, we may get a similar
spectrum.
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For an illustration of the experimental situation we also
display current experimental data [67] from the IceCube
experiment. For now all curves are consistent with the
measurement (we have chosen the parameters such that
they roughly fit the present data around the bump). A data
point around 1 PeV, i.e., just out of the range of the figure,
is slightly above the curves. However, it may be easily
explained by considering certain SM cosmic-rays, e.g.,
[67]. On the contrary the displayed bump may be difficult
to explain within the SM since it is above the Waxman-
Bahcall bound [110]. But, envisioning future improve-
ments, it seems conceivable that the curves can be
distinguished.
We remark that the cascade decay spectrum of ν is a four

body decay spectrum with a special phase space distribu-
tion. Therefore, even in the case of cascade decays or
perhaps even multibody decays, reheating may be probed
in experiments by precisely measuring the spectra.

APPENDIX B: STATISTICS FOR MEASURING
THE REHEATING FLUX

Let us roughly estimate what level of signal size we need
in order to identify the reheating flux. For simplicity of
discussion, let us suppose that the detector features only
two energy bins close to the peak but in the power-law
region of the flux. We can now try to discriminate the
different power-laws of the flux that distinguish case A
and B.
We expect the number of events in a small energy bin to

behave as (assuming that the sensitivity of the detector
Rdet ∝ Ep is a simple scaling law and is known over the
relevant region),

ΔN ∼ Rdet
dΦ
dE

ΔE ∼ EγΔE; ðB1Þ

where we have also assumed a reasonably small bin size
ΔE and that the flux scales as a power γ of the energy.
Considering two energy bins 1 and 2 covering the energy

interval ðE0 þ 2ΔE; E0 þ ΔEÞ and ðE0 þ ΔE;E0Þ we can
now ask how many events we need in order to distinguish
two different powers γ such as 1=2þ p and 1þ p,
corresponding to case A and B, respectively.
The power can be estimated from

γ ∼
log ðN1=N2Þ

logð1þ ΔE=E0Þ
: ðB2Þ

Treating the counting errors ∼
ffiffiffiffiffiffi
N1

p
∼

ffiffiffiffiffiffi
N2

p
in the two bins

as statistically independent (adding the uncertainties in
quadrature) we find,

δγ ∼
2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

N1 þ N2

p ðΔE=E0Þ
: ðB3Þ

For an rσ distinction between two values of γ differing by
δγ we therefore need,

N1 þ N2 ∼
4r2

δγ2ðΔE=E0Þ2
; ðB4Þ

events.
Using ΔE=E0 ¼ 0.25 and δγ ¼ j1=2þ p − 1 − pj ¼

0.5 (case A vs case B) this yields roughly ∼1000 events
for a 2σ detection. Dropping the small ðΔE=E0Þ approxi-
mation this slightly increases to about∼1450. That said, the
procedure employed here is not optimized. Choosing more
and/or better separated bins this number can probably be
decreased.
So far we have focused on the distinction between case A

and case B. Distinguishing case A from case C will be
significantly more challenging because the flux drops
rapidly in the relevant region. In this case, we will probably
need to fit the flux by using a sizeable number of bins.
Here, a very good measurement of the energy of the events,
allowing for small bins as well high statistics will be
required.
To put the above estimate into context let us just remark

that in various future experiments, e.g., IAXO [34,57–59],
IceCube [63–66] or DARWIN [68], the energy resolution for
a new physics flux can be as small as d log10 ðE=GeVÞ ∼
Oð0.1Þ or even better, for at least some energy range. In
addition increased sensitivity, potentially by orders of
magnitude, may then allow to collect the required statistics.
Let us conclude this discussion with a more specific

example of model (transverse hidden photon productions,
χ ¼ γ0, from reheating) and detection (XENON1T). In the
present context the discussed model serves as a test case to

FIG. 6. Neutrino spectra from a cascade decay
ϕ → NN → ννππ. Here case A’, B’, and C’ are shown in black
solid, purple dotted, and gray dashed lines, respectively, repre-
senting the case that ϕ decays to reheat the Universe
(Tϕ ¼ 10 MeV), ϕ decays in the radiation dominant era
(Tϕ ¼ 10 MeV), and decays in the matter dominant era
(z ¼ 100). For comparison, we also show a reheating flux
assuming ϕ → νν 9. IceCube 7.5 years’ data (blue points) is
taken from Ref. [67].
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demonstrate that sufficiently powerful experiments to
perform the suggested analysis are within reach. Indeed
we note that, while the parameter values fit the XENON1T
[82] result they are in conflict with astrophysical observa-
tions [111–116]. We briefly comment on this at the end.
As a starting point we take hidden photons produced in ϕ

decays and contributing to dark radiation at a level of
ΔNeff ∼ 0.4. They thus may alleviate the H0-tension [117–
119] (see also Refs. [120,121]). Later it is absorbed by Xe
atoms in the XENON1T detector and causes the recoils of
the electrons. We calculate the absorption rate of (boosted)
transverse hidden photon by Xe atom following
Refs. [122,123]. We include the detector efficiency and
energy resolution following Ref. [82]. We define the Rdet by
the product of detector efficiency and the absorption rate.
The resulting event rates for case A, B with

mϕ ¼ 2 × 107 GeV, Br ¼ 1=20 (for case B, we should set

a consistent initial condition that Brϕ→χχ ≤ 1. This is
possible.) and case C with mϕ ¼ 1 MeV and CmatBr ¼
3 × 10−43 is displayed in the upper panel of Fig. 7. The data
points as well as the background (gray line) are taken from
[82]. The figure shows the event rate spectrum with
mγ0 ¼ 10 eV, and the hidden photon-photon mixing param-
eter ϵ ¼ 2.3 × 10−9. The corresponding Rdet as well as the
differential flux is also shown in the lower panel of Fig. 7.We
can see the bins in 2–5 keV may have a good opportunity to
distinguish case A from case B consistent with our generic
discussion, where Rdet follows a scaling behavior. In fact
within the energy range E ¼ 2–5 keV and E ¼ 5–10 keV
the scaling are Rdet ∝ E−2.1, and E−2.7, respectively.
Moreover, the shape of Rdet=ϵ2 in the 1–20 keV does not
changemuch as a function ofmγ0 , as long asmγ0 ≲ 10 eV (for
the size we have, however, Rdet½E�=ϵ2 ∝ m4

γ for a fixed E).
Therefore in principle, we may reconstruct the differential
flux with the givenRdet ifmγ0 ≲ 10−2 keV. In the two energy
ranges, we can apply the generic discussion.
If mγ0 ∼ 30 eV, on the other hand, there is a resonance

for keV energy γ0 (See the lower panel of Fig. 8). For
mγ0 ≳ 30 eV, Rdet in the two region again have similar

FIG. 8. Same as Fig. 7 with mγ0 ¼ 30 eV, ϵ ≈ 2.5 × 10−11 for
detector sensitivity, mϕ ¼ 107 GeV, Br ¼ 0.05 for CASE A, B,
and mϕ ¼ 500 keV, CmatBr ¼ 6.0 × 10−43 GeV for case C.

FIG. 7. Event rates of absorption spectra of a hidden photon
with mγ0 ¼ 10 eV, ϵ ≈ 2.3 × 10−9 (upper panel). The upper
colored curves are signal plus background, whereas the lower
curves are the signal only. (Experimental data on signal and
background from [82].) In case A, B we take mϕ ¼ 107 GeV and
Br ¼ 0.05 (we also neglect the contribution of ϕ to the equation
of state in case B). The other parameters are kept same. The dark
radiation contributes to ΔNeff ≈ 0.4. For case C, we take mϕ ¼
500 keV and CmatBr ¼ 6.0 × 10−43 GeV. The detector sensitiv-
ity Rdet and the corresponding differential flux are shown in the
lower panel.
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scaling behaviors but the powers differ from the ones of
mγ0 ≲ 10 eV by Oð0.1Þ.
The upper panel of Fig. 8 displays the event rate

spectrum with mγ0 ¼ 30 eV, ϵ ¼ 2.5 × 10−11, mϕ ¼
107 GeV and Tϕ ¼ 200 MeV. In this case a resonant
effect becomes important. The absorption rate is enhanced
by around 3-4 orders of magnitude compared to the Fig. 8.
In this case Rdet does not follow a scaling-law but behaves
nontrivially sensitive to the hidden photon mass (for detail
see Refs. [122,123]). We find that the XENON1T excess
can be well explained from heavy particle decays if we
consider a resonant process. (When mγ0 ≲ 10 eV; or
mγ0 ≫ 30 eV, the ∼1.5 keV bin may not fit well.) To
clarify the reheating flux, again we need to have more
events and significantly decrease the error bar. In particular
for the resonant process since Rdet − E relation depends on

the mass of mγ0 we may need a good precision and energy
resolution to both get information onmγ0 and determine the
reheating flux.
Although the hidden photon with the small mixing

parameter freely propagates in the early Universe after
its production, it is strongly in tension with bounds
obtained from the lifetime of the sun [111–116]. To evade
them, we may assume an environment dependent ϵ (similar
to what was suggested in, e.g., [124–126] for axionlike
particles). A concrete realization of hidden photons where ϵ
depends on the electron density can be found in [127]. A
simple scenario may be that ϵ is vanishingly small at typical
temperatures in stars. The event spectrum from the reheat-
ing should not depend on model details as along as the
hidden photons from ϕ two-body decay freely propagates
during the thermal history.
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