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Constraints on new physics around the MeV scale with cosmological
observations

Shihao Deng' and Ligong Bian

1,2,*

1Departmenl of Physics and Chongqing Key Laboratory for Strongly Coupled Physics,
Chongqing University, Chongqing 401331, People’s Republic of China
*Center for High Energy Physics, Peking University, Beijing 100871, People’s Republic of China

® (Received 28 April 2023; revised 21 June 2023; accepted 2 September 2023; published 15 September 2023)

We investigate the joint effect of cosmological phase transitions, thermal light dark matter, and lepton
asymmetry on big bang nucleosynthesis and the cosmic microwave background. We find that all of them
can modify the predictions of the effective number of neutrino species and primordial nucleosynthesis. In
turn, we observe that (i) cosmological observations can exclude slow and strong phase transitions with
strength even smaller than O(1073~1072); (ii) a much larger portion of the dark matter mass region is
excluded when the phase transition temperature is closer to 1 MeV; and (iii) the magnitude of the
nonvanishing neutrino lepton asymmetry is limited to be around O(1072~10~") depending on the phase
transition strength. These phase transitions can produce stochastic gravitational wave background to be

probed by pulsar timing array experiments.

DOI: 10.1103/PhysRevD.108.063516

I. INTRODUCTION

Cosmological first-order phase transitions (PTs)
are predicted by many well-motivated new physics
models [1-4]. First-order PTs are expected to produce
stochastic gravitational wave background (SGWB) [5,6]
and explain the source of primordial magnetic fields [7,8]
and the origin of the baryon asymmetry of the Universe [9].
The SGWB produced by first-order PTs is one of the main
scientific goals of many gravitational detectors, such as
LIGO [10,11], LISA [12], Taiji [13], NANOGrav [14],
PPTA [15], and SKA [16]. Since both types of electroweak
PT and QCD PT in the Standard Model of particle physics
are crossover [17,18], observing SGWB relics of first-order
PTs would help to probe the parameters of new physics
beyond the Standard Model (BSM) [5,6,19-21].

Low-scale first-order PTs can occur in thermal dark
sectors [22] and QCD when lepton asymmetry shows
up [23-26]. PTs in the dark sector are also of great interest,
since they have the chance to modify dark matter
predictions through change particles masses [27-37],
interactions [38], or the dark matter production dynamic
in the early Universe [39—42]. Recently, the EMPRESS
survey [43] reported a smaller primordial helium
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abundance in comparison with the prediction of the
Standard Model [44], which may suggest the existence
of nonzero lepton asymmetry [45,46] that can originate
from Affleck-Dine baryogenesis [47,48], resonant lepto-
genesis [49], and topological defects [S0] and may generate
the observed baryon asymmetry [51,52].

It is known that MeV-scale dark matter can affect the
neutrino decoupling process and, therefore, the cosmic
microwave background (CMB) and big bang nucleosyn-
thesis (BBN), since they can change the evolution of the
energy density in the Universe [53-58]. The appearance of
lepton asymmetry in the neutrino sector could also alter
BBN predictions, since it can change the rate of proton-to-
neutron conversions in the early Universe [44,59-64].
Reference [65] notes that energy injection from MeV-scale
first-order PT can yield photon reheating and/or neutrino
reheating and change the time-temperature relation, which
consequently affects the effective number of neutrino
species and the primordial abundance of helium and
deuterium. More recently, Refs. [66,67] showed that the
PT’s duration would further induce different energy density
evolution history in the early Universe; therefore, one can
expect that the neutrino decoupling process and the BBN
process would be further modified.

In this study, we perform a joint analysis on PTs, dark
matter, and neutrino lepton asymmetry with cosmological
observations of CMB and BBN. For the first time, we place
constraints on thermal light dark matter and lepton asym-
metry when the first-order PT’s effect was taken into
account. We observe that the appearance of a MeV-scale
first-order PT would strengthen the constraints on dark
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matter mass and the magnitude of the neutrino lepton
asymmetry.

II. THERMAL DYNAMICS WITH PTs

Generally, light dark matter particles can interact with
both neutrinos and electrons. The electrophilic scenario can
be obtained with the assistance of lepton portal inter-
action [68], scalar portal interaction originating from a
dimension-five operator [69], or an extra Z' [70-72], while
the neutrinophilic scenario can be realized when high-
dimensional operators [73,74] or an extra U(l) gauge
symmetry is introduced [75,76]. Without loss of generality
and for simplicity, we consider the PT’s impact in purely
electrophilic scenarios and purely neutrinophilic scenarios.
First-order PTs proceed through true vacuum bubble
nucleation and percolation with the nucleation rate [77,78]:
['(t) = [ye’", where the § characterizes the PT rate or the
true vacuum bubble nucleations rate, and the prefactor
can be estimated as T)/* = (43¢, /45) V(T mpy) e=P/8H-
in the radiation-dominant universe with 7', being the PT
temperature and H, being the Hubble parameter at the
PT temperature, where the Planck mass is mp = 1.22 x
10" GeV [79]. At the PT time, the PT’s inverse
duration is p/H,=p/H(t,) and the PT’s strength is a=
AV /p(t,), where AV denotes the energy density differ-
ence between the false and true vacua. We consider the PT
occurs as the averaged probability of the false vacuum
F(t,) =0.7. The F(t) can be calculated through [80]
F(t) = exp[~(4x/3) [} d¢'T(¢)a’(¢')r(1,1')], where 7; is
the time when PTs starts and r(z,¢) f "a'(r)dr is the
comoving radius of true vacuum bubbles Before PTs, all
the fields settle in the false vacuum with F(r < t;) = 1.

As the PT proceeds, the false vacuum energy density
Pvac(=F(t)AV) transfers into the background plasma
and could yield photon (neutrino) reheating, causing
an increase in their temperature and a subsequent
decrease (increase) in Ny =3 x (11/4)¥3(T,/T,)*.
Around 1 MeV, the neutrinos decouple, so the injection
of PT’s energy around this time will have a significant
effect on Ngg. As illustrated in Fig. 1, the value of F(r)
changes much faster for a larger value of /H, at the fixed
PT temperatures. T'p affects the period of the decrease of
F(t); as Tp increases, the magnitude of the F(¢) would
decrease earlier. For Tp = 1 MeV, F(t) starts to fall just
around 1 s, which would significantly affect the neutrino
decoupling process. While F(¢) decreases to zero long
before neutrino decoupling for 7p = 5 MeV, and, thus, the
effect on neutrino decoupling will be weaker, so N
changes even less compared to the Standard Model.

We first study the early thermodynamics of the Universe
with MeV-scale thermally electrophilic dark sectors, where
photon reheating driven by the first-order PTs occurs
through energy injection. More explicitly, we extend the
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FIG. 1. F(t) as a function of 7, for /H, = 10, 30, and 50,
respectively, with Tp = 1 MeV (upper plot) and 7Tp =5 MeV
(lower plot).

corresponding temperature evolution equations given in
Ref. [56] to include the PT’s dynamics:

dT
d—[y = _<4pr + 3H(pe + pe) + 3H(p)( + p)()

dp int 5:0 v p Y, dpvac /

3HT < al
+ " dT, * 5t 2 ot AT
dr 5,01, 5[71/ ap
Y'— —(12Hp, — — -2 —* 32, 1

dr ( Pe 5 5;)/( oT, (n)
Here, f(T,) = S‘T” + gfr’f +3 %, i+ T, d;%"', and the energy

exchange rates dp, /6t and 5pyy/ ot are

op,, G=

g’te: ! L[(1+ 45}, + 854)F(T,.T, ) + 2F(T, .T, ).
op,, Gz

=TI =45k 4 85Y)F(T, T,,) = F(T,,.T,,),

with F(T,T,)=32(T]—T5)+56T{T4(T|—T,),and where
Gr =1.1664 x 107> GeV~2 is the Fermi constant and
s%, = 0.223 accounts for the Weinberg angle [81]. Finite
temperature corrections are accounted for by P;, and its
derivatives [56]. In the above equations, p; and p; corre-
spond to the energy density and pressure of a given particle,
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respectively, and H = /(87/3)(Y_; pi + Pvac)/ M, is the
Hubble parameter.

Similarly, for the neutrino reheating case, we consider
the neutrinophilic dark sectors, and the corresponding
temperature evolution equations read

5py, S, dpyac

dT,  12Hp, +3H(p, + p,) = "5 = 275" +3%=

B op, | o ’
a 357, ot

dPy | 9y, 9,

dr,  4Hp,+3H(p. + p) +3HT, G + 5 + 25

- aﬂ 9 e dzPim ’
di o tor + T,

(2)

We solve the time evolution equations for 7', and T, starting
from Ty =T, =30 MeV, when the neutrino and electron
are in thermal equilibrium. According to ¢ = 1/(2H), the
starting time for the evolution is 7, ~7 x 10™* s, and we
evolve the system until tg,,) = 5 x 10* s, where the electrons
and positrons have already annihilated away. By solving this
set of differential equations, we can find all the key
background evolution quantities as a function of time, such
as Hubble rate, temperature, etc. Technically, we modify
the publicly available versions of NUDEC_BsM [56,58] to take
into account the PT dynamics and use it to compute the
background thermodynamics and N, which is crucial for
CMB observations.

Figure 2 illustrates the evolution of T,/T, with T, for
photon and neutrino reheating. Before neutrino decoupling,
both neutrino and photon temperatures evolve similarly,
resulting in 7, = T, until neutrinos decouple and electron-
positron annihilation. After the completion of electron-
positron annihilation, the ratio 7,/T, becomes constant
(not equal to 1), and this temperature ratio determines the
value of N.. As depicted in the two plots, first-order PTs
occurring around the MeV scales have a significant impact
on neutrino decoupling during both photon and neutrino
reheating. In the case of photon reheating, the injection of
vacuum energy into photons leads to an increase in photon
temperature, resulting in a decrease in the ratio of neutrino-
to-photon temperatures (7, /T),) and a decrease in Ng. The
opposite effect is observed for neutrino reheating. For a
weakly interacting massive particle with a mass above
20 MeV, the decoupling of neutrinos is almost unaffected,
since such a particle would decouple from the primordial
plasma while it is nonrelativistic, at temperatures around
T ~m/20 [82]. The impact of dark matter with masses
below 20 MeV on the background thermodynamics is
significant, and, for the sake of clarity, we choose a vector
boson with m, =1 MeV for illustration. Generally, the
appearance of dark matter would decrease (increase) the
N for the electrophilic (neutrinophilic) scenario [55].
Therefore, both PTs and dark matter contribute to the
injection of energy, which affects the process of neutrino
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FIG. 2. The top (bottom) plot shows the evolution of 7, /T,
with T, for photon (neutrino) reheating, respectively. The dashed
yellow lines correspond to the existence of vector boson dark
matter with m,, = 30 MeV without PT, which excellently agrees
with the Standard Model case (blue lines). The orange lines show
the scenario where we consider a PT with the PT temperature
Tp = 1 MeV, the PT’s strength a = 0.01, and the PT’s inverse
duration 3/ H, = 10. The influence of the mass of dark matter on
neutrino decoupling is shown with red curves, where we choose
m, = 1 MeV for a significant comparison.

decoupling. However, there is a noticeable discrepancy
between the two effects due to the short duration of
MeV-scale PTs compared to the evolution of dark matter.
Consequently, the variation in the temperature ratio is
sharper when PTs are present, as depicted in Fig. 2,
compared to the scenario without phase transitions but
including m, = 1 MeV dark matter. In the following, we
present the detailed effects of PT parameters on the
deviation of N from the Standard Model prediction when
light dark matter effect is negligible.

First-order PTs occurring at MeV scales could cause
photon reheating or neutrino reheating. To demonstrate the
PT’s effect on the neutrino decoupling process when T'p is
close to 1 MeV, we present the cases of photon reheating
and neutrino reheating by taking the vector dark matter
m, = 30 MeV where the light degree freedom effect is
negligible. In the left (right) two plots in Fig. 3, we
demonstrate the impacts of PT parameters a and f/H,
on N for photon (neutrino) reheating with different 7.
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FIG.3. The panels show the value of AN = Ng — NSM [with N3M = 3.044(1) [58,83-85]] for photon reheating (left two plots) and
neutrino reheating cases (right two plots) with 7p = 1 MeV and Tp = 2 MeV.

The effects of the PT are stronger for slower PTs with lower
p/H, and stronger PTs with larger @, and the effect of the
PT is greater for the scenario of 7}, = 1 MeV than that of
T, =2 MeV. In the case of photon reheating, Ny would
decrease due to the increase in photon temperature, and
Ni; would increase for neutrino reheating.

III. PRIMORDIAL NUCLEOSYNTHESIS AND PTs

The neutron fraction X, = n,/n,, which represents the
ratio of neutron number density to baryon number density, is
a crucial intermediate quantity in BBN. At high tempera-
tures, n <> p reactions are in equilibrium. Neglecting the
chemical potential of electrons and neutrinos, the equilib-
rium abundance of neutrons is X;! ~ e~/ /(1 4- ¢=/T),
where QO =m, —m, = 1.293 MeV. After weak reactions
freeze out at Tgg (tgg), X, gradually decreases due to
occasional weak reactions and is eventually dominated
by free neutron decay. During this period, the remaining
fraction of neutrons is given by X, (> tgo)~
X, (tpo)e~""70)/%  As the temperature falls to Ty ~
0.078 MeV (at time f,,), the abundance of deuterium

reaches its maximum value, and the helium abundance
begins to increase rapidly.

The appearance of MeV-scale light degree of freedoms
would change the energy density of the Universe and yield
an underproduction of the mass density fraction of “H,
(Yp) and deuterium abundance (D/H|p) for the case of
electrophilic dark matter. Meanwhile, for the case of
neutrinophilic dark matter, one has an overproduction
of Yp and D/H|p (see, e.g., Refs. [53,55,86-88]). In the
neutrino sector, there could be significant electron-
neutrino asymmetry which can directly impact the
neutron-to-proton ratio [63,89,90], given by n,/n,~
exp(-Q/T —¢, ), where &, =p, /T, represents the
“degeneracy parameter” of the neutrino chemical poten-
tial. Here, we neglect the chemical potential of electrons
which is highly constrained considering the electric
charge neutrality of the early Universe. It is evident that
a positive (negative) &£, decreases (increases) the ratio
and, consequently, reduces (enhances) the final abundan-
ces of Yp and D/H|p. In the following, we analyze the
effects of first-order PTs on primordial nucleosynthesis,
since we have additional energy injection during the PTs,
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which changes the time-temperature relation around the
MeV scale.

In the case of photon reheating from first-order PTs, the
total energy density and the Hubble rate decrease for a
given photon temperature 7 = T',, so is the magnitude of
dT/dt. Therefore, the nucleosynthesis will occur later than
in the Standard Model; i.e., t,, is delayed, and more
neutrons decayed, resulting in a smaller Yp. On the other
hand, the neutrino density is lower than the scenario
without PTs, resulting in a decrease in the weak reaction
rate ', at a given T, which can lead to an earlier freeze-
out, with larger neutron fraction X,(Tgg). Though the
reduced neutrino density also leads to a decrease in the
Hubble rate which partially offsets the effect on I',, [91],
the reduction effect of the weak rate I',,,, is more significant
due to its high dependence on temperature [92].
Considering these two points together, the freeze-out
temperature 7o would be higher than the scenario in
the absence of PTs; i.e., freeze-out occurs earlier, which
probably yields a larger final Yp. For the neutrino reheating
case from first-order PTs, photon temperature changes
faster with time, so t,,. is advanced, which increases final
Yp, and the Tro would be lower than the case without PTs.
In summary, taking into account the effects of PTs,
variations in both X, (fgo) and f,, lead to changes in
the value of X, (f,.), thereby influencing the ultimate
helium abundance which is approximately given by
Yp =~ 2X,(th)- The peak of deuterium abundance occurs
at around T, which corresponds to a later (earlier) 7,,,. for

Electrophilic
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FIG. 4.

B Majorana Fermion

photon (neutrino) reheating. After that, deuterium abun-
dance starts to decrease. The primary factor that affects the
final abundance of deuterium is the time of the destruction
of deuterium; the reheating of photons (neutrinos) triggered
by the first-order PTs will affect the time-temperature
relation, causing a more (less) time to destroy deuterium,
which leads to a smaller (larger) final D/H|p.

For the calculation of the primordial nucleosynthesis, we
pass the necessary thermodynamic parameters including
T,, T,, the scale factor a, and the Hubble parameter H
obtained with the modified NUDEC_BSM on to the BBN
code PRIMAT [44]. These parameters were constructed as a
function of time using the interpolation method and were
used to replace the original thermodynamics of PRIMAT. By
doing so, the time evolution of the nuclei abundances was
calculated by recomputing weak interactions and nuclear
reaction rates.

We verified the correctness of our modified version by
generating curves for primordial helium and deuterium
abundances with dark matter mass, which is in agreement
with the results presented in Fig. 1 in Ref. [55] when the
PT dynamics were not considered. In Fig. 4, we show
specifically the effect of photon reheating and neutrino
reheating first-order PT on BBN, where the Yp and D/H|p
predictions are calculated with Q 4> = 0.021875 and 7, =
879.5 s [55]. Compared to the scenarios in the absence of
PT, we find the magnitudes of both Y} and D/H|p decrease
for photon reheating, while the opposite is true for neutrino
reheating. Though the effect of PT on D/H]|p is found to be

Neutrinophilic
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Impacts of light BSM particles on primordial nucleosynthesis as a function of their mass m,. The top (bottom) two panels

/4

correspond to Yp (D/H|p). The dashed line corresponds to the case where no PT is considered, and the solid line corresponds to the
scenarios with a PT where Tp = 1 MeV, a = 0.01, and /H, = 10 for both photon reheating (left) and neutrino reheating (right).
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consistent with the results in Ref. [65], the effect of photon
reheating on Yp is different, which is related to the two
parameters mentioned before, X, (fgo) and f,,.. In our case,
the effect of 7, is a little stronger than X, (#zo) and leads to
a decrease in Yp; however, in the case in Ref. [65], the effect
of X,,(tgo) is stronger than t,,. and finally leads to a larger
Yp. We further note that these plots confirm that the effects
of different dark matter species are negligible for large
mass, since all the predictions of Yp and D/H|p merge at
m,, 2 20 MeV for both scenarios with and without con-
sidering PTs.

IV. CONSTRAINTS ON PT PARAMETERS

In this section, we study constraints on low-scale first-
order PTs, light dark matter, and lepton asymmetry from
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FIG. 5.

BBN and CMB observations. For the analysis of BBN,
we consider the observation of primordial abundances of
helium and deuterium (Yp, D/H|p). And CMB observa-
tions precisely measure the value of (Quh?, Nk, Yp).
The local measurement of H, from the SHOES
Collaboration [93] would uplift the reconstructed value
of the effective neutrino number for some amount; for the
neutrino interpretation of the Hubble tension, we refer to
Ref. [94]. We consider the constraints from BBN and CMB
and the joint constraints from BBN + CMB which are
simply constructed by the sum of ypy and y2yp. For
details, see the Appendix.

We first solely investigate the dynamics and effects of
phase transitions by taking vector dark matter with the fixed
mass of m, = 30 MeV, where the light degree freedom
effect is negligible. Figure 5 displays the exclusion limits at

Photon Reheating(Tp=2 MeV)
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The 95% C.L. constraints on the PT parameters a and f/H, from CMB and BBN datasets at Tp = 1 MeV (left) and

Tp =2 MeV (right) for both photon and neutrino reheating cases. The three exclusion lines correspond to BBN (yellow), Planck +
BAO + H, (green), and BBN + Planck + BAO + H (red), respectively, which exclude the area on the right.
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the 95% confidence level (CL) for a and f/H, after
marginalizing over Q,h% By setting Q,h’> = 0.021875,
we obtain the minimum y? value, denoted as y2. , and
the corresponding 95% C.L. limits are defined by
Ay? = y* — x2.. =5.99. We find that (i) strong PT of
relatively large o and slow PT with small fg/H, are
excluded; (ii)) BBN and CMB observations yield weaker
constraints on PTs occurring at higher temperatures (with
larger Tp); and (iii) the constraint from BBN is stronger
than that of CMB for photon reheating; this is because
D/H|p provides stronger constraints compared to Ny,
while CMB provides stronger constraint than BBN for
neutrino reheating which is caused by that neutrino
reheating leads to a larger change on N than photon
reheating for the same energy injection. This also explains
why the allowed PTs parameter space for neutrino reheat-
ing is much smaller than photon reheating. For the photon
reheating PTs with f/H, = 50, the BBN dataset constrains
the PT strength to be a <0.035 at Tp = 1 MeV and a <
0.06 at Tp = 2 MeV.

To consider the synergy effect from thermal light dark
matter and PTs, we study the effects of dark matter and PTs
simultaneously. For the study, we consider PTs originating
from the dark sector, where photon (neutrino) reheating is
induced by electrophilic (neutrinophilic) vector dark mat-
ter. Figure 6 presents the 95% confidence level constraints
from the combination of BBN and CMB datasets on the PT
temperature T'p and the dark matter mass m, . In the case of
slow PTs with small #/H ,, the constraints on m,, are more
stringent. As Tp increases, the exclusion curves become
more horizontal. For Tp 2 4 MeV, the impact of the PTs
becomes weak. In these cases, the allowed range of dark
matter mass is 28(12) MeV for photon (neutrino)
reheating.

In Fig. 7, we analyze the combined effects of the lepton
asymmetry from the neutrino sector and the PTs. For
illustration, we choose vector dark matter with 30 MeV
and fix PT temperature (7p = 1 MeV) and PT duration
(p/H, = 50) with a free PT strength a. We present the
constraints on PT strength « and the degeneracy parameter
&, (we drop the subscript “e” in the £, ) from the
BBN + CMB datasets. Here, we neglect the impact of
the lepton asymmetry on N, since its modification is
relatively small [45,46] and the modification on N is
primarily caused by the PT reheating effect. As stated
before and found by Ref. [44], a positive (negative) lepton
asymmetry can lead to a relatively small (large) value of Yp
and the D/H|p. In comparison with the case where only the
PT effect is considered (as shown in Fig. 5), we observe that
a positive (negative) &, roughly tightens (loosens) the
constraints on PTs in the case of photon reheating, whereas
the opposite holds for neutrino reheating. For instance,
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FIG. 6. The shading regions show the 95% C.L. exclusion on
vector boson mass and PT temperature 7Tp from combining
BBN 4 CMB data by constructing a joint 2. The top (bottom)
plot corresponds to photon (neutrino) reheating driven by PTs.
For the photon (neutrino) reheating case, we fix the PT strength
a=0.05 (a = 0.01), with g/H, = 10 or 100.

in the case of photon reheating with &, = 0.05, the PT
strength « is constrained to be < 0.022, while in the case
of neutrino reheating with £, = 0.15, a fall within the range
of [0.004, 0.018]. And, with the increase of the PT strength
a, one has more stringent constraints on &,. Explicitly, the
allowed regions of the degeneracy parameter are &, ~
[-0.06,0.1] for a~[0.01,0.04] in the photon reheating
case and &, ~[0,0.2] for a~[0,0.02] in the neutrino
reheating scenario.
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Photon Reheating(7p=1 MeV,5/H,=50)
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Neutrino Reheating(Tp=1 MeV,B/H,=50)
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0.015 0.020

FIG.7. The joint constraints on PTs and lepton asymmetry with
Tp =1 MeV and /H, = 50 considering combining BBN +
CMB datasets. The dashed lines mean &, = 0, that is, just the case
in Fig. 5 with the same Tp and §/H,.

V. CONCLUSION AND DISCUSSION

In this work, we observe that (i) the thermal dynamics of
first-order PTs lead to changes in BBN and CMB pre-
dictions; (ii) the constraints on thermal light dark matter
and neutrino lepton asymmetry are more rigorous when the
effects of PTs are included. More explicitly, in comparison
with CMB observations, BBN observations are stronger
(and weaker) for the photon (and neutrino) reheating
scenarios. The CMB and BBN constrain the PT strength
to be around ~O(1072) [and O(1073)] for photon (and
neutrino) reheating scenarios at the MeV scale. The slow
PT with low f/H, and the low PT temperature cases suffer
stringent limits from BBN and CMB observations. The
appearance of slower first-order PT with lower PT

temperature would yield a stricter limit on dark matter
of larger mass. The magnitude of the neutrino lepton
asymmetry is limited to a much smaller range, roughly
in the range of [—0.06,0.1] (and [0, 0.2]) for photon (and
neutrino) reheating scenario depending on the PT strength.

In the future, some proposed ground-based CMB
experiments, such as the Simons Observatory [95] and
CMB-S4 [96,97], would provide a more precise determi-
nation of Q,h’, N, and Yp, which might set stronger
constraints on PTs, thermal light dark matter, and lepton
asymmetry. The observations of the curvature perturbation
at CMB would yield constraints on low-scale dark sectors
considering the superhorizon effects of slow PTs [66,98].
Nanohertz gravitational wave detection conducted by
PPTA, NANOGrav, and SKA would have the chance to
probe low-scale PTs. References [14,15] provide con-
straints on slow and strong first-order PTs occurring around
the QCD scale. This study is complementary to these
studies and provides much stronger constraints on strong
and slow PTs occurring close to the MeV scale. It was
noted that the free streaming of neutrinos would damp
gravitational waves [99]. In comparison with the scenario
of purely first-order PT without considering neutrino
decoupling effects, the low-frequency tail of the gravita-
tional wave spectrum from MeV-scale PTs under study
would be modified [100,101], which could be probed by
pulsar timing arrays soon.
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APPENDIX

To obtain the current constraints on low-scale PT
from BBN observables, we take the effective BBN y? as
being [55]

> [Ye(Qh* a.p/H,) — Y]
ABBN = (Y)Y + o(Y9)?
[D/H]p(Quh*, @, f/H.) — D/H?
o(D/H[p)? + o(D/HR™)?

. (A1)

063516-8



CONSTRAINTS ON NEW PHYSICS AROUND THE MeV SCALE ...

PHYS. REV. D 108, 063516 (2023)

where the central values are Y9 = 0.245, D/H|3 =
2.547 x 107, the current observational errors are
o(Y8) = 0.003, o(D/H[) = 0.025 x 107 [102], and
theoretical errors are taken from Ref. [103]: o(Y¥) =
0.00014, o(D/H|{M) = 0.037 x 1075, To obtain the con-
straints on PT parameters from the CMB measurements of
(Qyh%, N, Yp), we take the Gaussian likelihood as [55]

)(%JMB = (® - ®obs)T2611\/lB (® - ®obs)v (A2)

with ® = (Q,h%, N, Yp) and

2
0] 0102012

2
0102012 03

0103013

0103p13
07203023

2
0703023 03

Zem = (A3)

We take the Planck + BAO + H, dataset with the experi-
mental value of ® being O, = (0.02345,3.36,0.249), and
the parameters of the covariance matrices are (p;5,p013,023) =
(0.011,0.50,—0.64) and (5/,65.03) = (0.00025,0.25,0.020).
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