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We present a model-independent reconstruction of the early expansion and thermal histories of the
Universe, obtained from light element abundance measurements. The expansion history is tightly
constrained around the onset of the big bang nucleosynthesis (BBN). The temperature of photons is
additionally constrained around the time of neutrino decoupling. Allowing for perturbations to the standard
expansion rate, we find that the radiation energy density is constrained to within 15% of its ACDM value,
and only 1% extra matter energy density is allowed around the epoch of BBN. We introduce a new and
general analytic fitting formula for the temperature variation, which is flexible enough to reproduce the
signal of large classes of beyond-CDM particle models that can alter the temperature through early-time
energy injection. We present its constraints from BBN data and from the measurements of effective number
of relativistic species and helium-4 abundance probed by the cosmic microwave background radiation
anisotropy. Our results provide clarity on the most fundamental properties of the early Universe,
reconstructed with minimal assumptions about the unknown physics that can occur at keV-MeV energy

scales and can be mapped to broad classes of models of interest to cosmology.
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I. INTRODUCTION

Big bang nucleosynthesis (BBN) is a sensitive probe of
the Universe in the energy range from keV to MeV [1-3].
The observations of the abundances of light nuclei produced
during BBN strongly constrain new physics occurring at
these energies [4]. For example, a new light particle in
thermal equilibrium at BBN would affect the expansion
history and the temperature of the radiation, altering
primordial element abundances away from the predictions
of the Standard Model (SM) of particle physics [5—7]. BBN
observations thus can constrain light dark matter (DM)
particles, new neutrino species, and other relativistic degrees
of freedom in the early Universe [8—16]. However, most data
analyses assume a specific model for these deviations,
enabling stringent, but model-dependent constraints. In this
work, we use measurements of the light element abundances
created in the process of BBN, and pursue a model-
independent reconstruction of the early expansion and
thermal histories, avoiding assumptions regarding the spe-
cific particle content of the Universe.

In the standard cosmological model, the cosmic micro-
wave background (CMB) blackbody evolution as a func-
tion of redshift leads to Teyp(z) = Tempo(l + z) after
electron-positron annihilation, where Tcyp o is the CMB

* .
anrui @usc.edu
"vera.gluscevic @usc.edu

2470-0010/2024/109(2)/023534(13)

023534-1

temperature today in the local Universe [17]. A departure
from this specific redshift dependence would challenge the
standard cosmological model. The CMB temperature was
previously measured at low redshifts, using two methods:
one is based on multifrequency Sunyaev-Zeldovich obser-
vations of galaxy clusters [18-22]; the other one relies on
spectroscopic studies of absorption lines in quasar spectra
[23—-34]. A model-independent measurement of the CMB
temperature in the early Universe (at high redshift)—the
goal of this work—is similarly of considerable cosmologi-
cal interest, as it may probe physics at entirely different
energy scales.

We start from the current measurement uncertainties of the
light element abundances, including helium Yy, deuterium
Yp = (D/H) x 10°, helium-3 *He/H and lithium-7 "Li/H,
and adopt a nonparametric model of the expansion and
thermal histories. We then employ a simple Fisher matrix
analysis to identify the redshift range to which these
measurements are most sensitive. Next, in order to constrain
deviations in the histories away from the SM values at
z 2 107, we perform a Markov chain Monte Carlo (MCMC)
analysis of the light element abundance data from the recent
observations reported in Ref. [4], where they recommended
Y, = 0.245 £ 0.003 based on recent measurements [35-37],
Yp = 2.547 £ 0.025 which is a weighted mean of the
11 most precise measurements [38-44], He/H = (1.1 £
0.2) x 1073 taken from Refs. [45,46], and "Li/H = (1.6 &
0.3) x 10710 estimated by considering only stars with
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metallicity in the range where no scatter in excess of the
observational errors is observed [47]. Based on these
analyses, we provide the first BBN constraints on CMB
temperature evolution and expansion rate at very early times.
We also study the primordial lithium problem [48] using the
nonparametric model of expansion rate, and find that the
lithium abundance is consistent with relatively large devia-
tions to the early expansion history around the onset of
nuclear interactions.

We take yet another approach to reconstructing the early
expansion history and allow for additional matter and
radiation energy densities in the early Universe, beyond
the standard components of the Universe. By comparing to
BBN yield data, we find that only 15% extra radiation
energy density and 1% extra matter energy density is
allowed around the epoch of BBN. We then adopt a new
and general analytic fitting formula for the temperature
variation, capable of approximating the radiation temper-
ature evolution in models where an entropy dump into
radiation occurs in the early Universe. This parametrization
allows us to explore altered thermal histories independent of
the specific microphysics model that would drive these
deviations. We constrain the free parameters of this empiri-
cal model using BBN data, together with the measurements
of the effective number of light species Ng and Y, from
Planck CMB anisotropy [49]. The resulting constraints can
be mapped to the constraints on the new physics that may
alter photon or standard neutrino temperature in nearly any
particle model considered previously in the literature.

The organization of the paper is as follows. In Sec. II, we
briefly review standard BBN physics, map out the redshift
sensitivity of the light element abundances using Fisher
matrix analysis, and perform a nonparametric reconstruction
of the radiation temperature evolution and expansion history
in the early Universe. In Sec. III, we introduce the empirical
models to quantify deviations from the standard model of
cosmology, and derive the constraints on the relevant
parameters using BBN yields and CMB data. We summarize
and discuss our findings in Sec. IV.

II. NONPARAMETRIC APPROACH

A. Standard BBN

The standard BBN (SBBN) includes the ACDM model of
cosmology and the SM of particle physics. In SBBN, the
radiation energy density consists of photons and three flavors
of light, left-handed neutrinos. The key free parameter that
controls BBN in this case is the baryon density, parametrized
by #, the ratio between the baryon number density n; and
the photon number density n, [8]. Using the measurements of
the CMB temperature today, the present-epoch value of the
baryon-to-photon ratio can be written as

Mo = 1010%@7399&0#, (1)
7,

where Q,, oh? is the density parameter for baryons, h is the
Hubble constant, and the subscript “0”” denotes present-day
values. The factor of 10'? is a convenient scaling, since this
ratio of the number densities is of the order of 107!°, The
current observations place a stringent bound on 7, (or,
equivalently, 7). For example, Planck measurements imply
that Qb,ohz = 0.02236 4+ 0.00015, at 68% confidence level
(CL) [49], corresponding to 1779 = 6.12 4= 0.04. Within such
a small uncertainty, the variation of baryon density does not
significantly affect the primordial abundance of light ele-
ments. Therefore, we fix the value of 7,5 to 6.12 in our
analysis.

In order to build intuition for the effects of the
deviations to standard cosmology on BBN, we first review
some of the key points of the BBN process. At the
beginning of this process, the Universe was radiation
dominated, containing electrons and positrons e®, pho-
tons y, three neutrino species v, and a small number of
protons p and neutrons n; all the species are assumed to be
in thermal equilibrium with each other. When the temper-
ature drops below 2-3 MeV (corresponding to initial time
aini» s shown in Fig. 1), the interaction rates of neutrinos
become slower than the expansion rate, and the neutrinos
effectively decouple from the photons and e* [50-52].
However, the electron neutrinos v, continue to interact
with the nucleons via the charged-current weak inter-
actions, until the temperature drops below ~0.8 MeV
(at 3 x 10719). The two-body interactions among n, p, e*,
and v,(7,) continue to influence the ratio of neutrons to
protons n/p, although not rapidly enough to allow n/p
to track its equilibrium value [1,53] (see Fig. 2). As a
result, n/ p continues to decrease from ~1/6 at freeze-out
to ~1/7, at the onset of the next phase of BBN: the
formation of nuclei at <0.08 MeV (corresponding to
a > 4 x 107%). This phase involves various nuclear inter-
actions between n, p, D and other light nuclei, and
ultimately results in the production of D, *He, “He and
7Li. These reactions occur until their rates drop below the
expansion rate.
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FIG. 1. The evolution of photon temperature 7', (solid curve)

and neutrino temperature 7, (dashed curve) as a function of the
scale factor a, in the standard BBN scenario.
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FIG. 2. The evolution of the neutron-to-proton number-density
ratio n/ p as a function of photon temperature 7,. The solid curve
indicates the “true” ratio in the standard BBN case, and is
generated by ALTERBBN code; the dashed curve indicates the

equilibrium ratio following e~2"/Tr, where Am is the neutron-
proton mass difference.

B. Modifications to the expansion history

At the time of BBN, the Universe is dominated by
radiation, with the total energy density pg, such that

H2(a) =2 pe(a), @

where H is the Hubble parameter, a is the scale factor, and
G is the Newton constant. Presence of new particles may
lead to extra energy density, such that

H(a) = Hga(a)[l + 64(a)l, (3)

where we use variable 6y to capture any variation from the
fiducial (standard) expansion history, following Ref. [54].
This leads to modifications to the predictions of SBBN. For
example, a faster expansion causes the rate of the weak
interaction that interconverts neutrons and protons to fall
out of equilibrium at a higher temperature. Since there are
more neutrons relative to protons in equilibrium at higher
temperatures, this leads to an increase in the BBN yield of
helium-4. Meanwhile, the increased expansion rate leaves
less time for deuterium destruction, and thus also raises its
relic abundance.

To analyze the constraining power of the BBN yields on
Oy, we begin by writing it as a linear combination in an
orthogonal bin basis,

Su(a) = ZfSH.ibn (4)

where

- I I
- 1+ ena=na;.,)/z - 1+ ena=Ina;)/z

i | ®
Within bin i, 6y = dy ; and far from any other bins 65 = 0.
The bin edges are slightly smoothed, using a Gaussian
smoothing of width 7 times the bin width, to prevent infinite

derivatives. We can then consider perturbations to H in bins
of a, which is a model independent description.

To quantify the impact of the deviations dy on BBN,
we implement Eqs. (3)-(5) into the publicly available
ALTERBBN code [55,56], which enables high-accuracy
BBN predictions. We use 30 bins over the range of a =
[8 x 1071, 1077], logarithmically spaced, where 8 x 10~!!
is the initial scale factor a;,;, set in ALTERBBN code, and
a = 1077 is far after the BBN process ends.

To estimate the relative significance of the deviations oy
at different redshifts, we carry out a Fisher matrix calcu-
lation. The Fisher matrix elements are given by

0AN\T
o= (55) o

where A is a vector of the BBN observables, namely the
primordial abundances of light elements. The covariance
matrix Cov is given by the measured uncertainties from
BBN observations reported in Ref. [4], with 6(Y,) =0.003,
o(Yp) = 0.025, 6(*He/H) = 0.2 x 107> and o(’Li/H) =
0.3 x 107'°, In our analysis, besides the observational
uncertainties, we also account for the theoretical uncertainty
which is related to the uncertainties on neutron lifetime and
various nuclear reaction rates (see details in Appendix A).
The parameter set {p;} contains the N-bin-expansion
parameters ;. The uncertainties on each dy; are given
by the square root of the respective diagonal element of the
inverse of the Fisher matrix, ¢(55 ;) = /(F7');;.

Figure 3 shows the result of our analysis, in the form of
the uncertainties on the expansion bin parameters, given a
set of BBN yield measurements. Here we consider three

_ 0A

; (6)
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FIG. 3. The projected uncertainties on the expansion rate derived

from light element abundance measurements. We show deviations
6(5y ;) from the standard rate, per bin in scale factor, derived from
Fisher matrix analysis, using three combinations of the BBN
measurements: helium-4 abundance alone Y,; helium-4 and
deuterium abundances Y p T Y3 and all the available observed
abundances to date Y, + Y, + *He/H + "Li/H. We use 30 bins in
the range a = [8 x 107!, 1077], logarithmically spaced.

023534-3



RUI AN and VERA GLUSCEVIC

PHYS. REV. D 109, 023534 (2024)

z
1010 109 108
1 1 1

o(07,.4)

— Y
— Y+ ¥
—— Y, + Yp+He3/H+Li7/H

T T
10710 1079 1078
a

z
1010 109 108
1 1 1
101a
1004
§ 10714
S
w02 T %
— Y, +¥
. —— Y, + Yp+He3/H+Li7/H
10 oA T T T
10710 1079 1078
a

FIG.4. Similar to Fig. 3, but showing the uncertainties on neutrino temperature deviations 6(5TD_ ;) (left panel), and photon temperature

deviations o(8y, ;) (right panel).

combinations of the yield data: “He abundance alone
A = (Y,); *He and D abundances A = (Y}, Yp); and all
the available observed abundances to date A =
(Y,. Yp,*He/H,Li/H), including the abundances of *He
and 'Li. One can see that the abundance of “He is only
sensitive to the expansion rate at a <4 X 10~°, which is
because Y, is mainly determined by the neutron-to-proton
ratio at the onset of nuclear interactions. It can be seen that
deuterium abundance Yp is sensitive to the expansion
history after a ~4 x 10™, and its sensitivity diminishes
with time. Including the measurements of *He and Li has no
significant effects on the uncertainties. We notice the
maximum of the information content are around n/p
decoupling (a ~ 3 x 1071%) and the onset of nuclear inter-
actions (a ~4 x 107?). With Y, alone one can achieve
10%-level constraints on the expansion rate around those
two epochs; with all four observed abundances we obtain
percent-level constraints near the latter epoch.

C. Modifications to the thermal history

In addition to the expansion rate, we next consider the
entropy content of the early Universe, which can also feature
modifications, e.g. from the light particles that annihilate
during BBN and heat photons relative to the neutrinos, or
vice versa. In the case of light particles annihilating into
neutrinos, the temperature of neutrinos 7, can increase
relative to photons, if the annihilation occurs after neutrino
decoupling. In addition to contributing directly to the
relativistic energy density, this process would also speed
up the weak rates interconverting neutrons and protons.
Theses two effects add up and increase the abundances of
“He and D, compared to that in the SBBN. On the other hand,
if the annihilation increases the temperature of photons, the
effect on BBN yields depends on the exact timing of the
annihilation [57]. We consider the two scenarios separately.

We now model the temperature of photons and neutri-
nos nonparametrically, using a similar approach to that

employed for the expansion history. We consider deviations
from the standard thermal history over 30 bins in the range
a = [8x 107" 1077], logarithmically spaced. Analogous
to 8y, we parametrize the variations from the fiducial
temperature as

or, (a) = Zén,ibi, (7)

where x € {v,y}, for neutrinos and photons, respectively.

We again carry out a Fisher matrix calculation and present
our results in Fig. 4. With all the observed abundances, we
find a percent-level uncertainty at a;,. As expected, the
temperature around the n/p decoupling and the onset of
nuclear interactions are also very important to the BBN
process. We find that BBN observations probe the scale
factorrange a < 1078, and the maximum of the information
content is at the time of neutrino decoupling, and around the
onset of nuclear interactions, where we project percent-level
constraints on the radiation temperature.

D. Nonparametric reconstruction

Given the cosmological importance of the photon
temperature, we now turn to reconstructing this quantity
in the early Universe, using a nonparametric approach
presented in previous sections. Guided by the Fisher matrix
analysis in Sec. I C, we use ten redshift bins that have the
highest impact on BBN yields.1

In this model, the free parameters { p; } are the ten redshift-
bin values of the temperature variations or, ;- From previous

'"We have investigated using different numbers of redshift bins
and found that this number captures the information near the key
points of the BBN process without losing the sensitivity to the
observables: bin 1 is near the neutrino decoupling; bins 2 and 3
correspond to the epochs right before and after n/p decoupling;
bins 5 and 6 correspond to the epochs right before and after the
onset of BBN; bin 7 corresponds to the BBN freeze-out; and bins
8-10 capture the physics after the end of BBN.
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FIG.5. Reconstruction of the radiation temperature from BBN yield measurements, including Y, and Y. The error bar of each point

is the 68% CL interval in each redshift bin. We also show previous results, derived from quasar absorption line studies (green) [32,34],
from the analyses of Sunyaev-Zel’dovich galaxy clusters from the Atacama Cosmology Telescope (pink) [22], from two independent
analyses of Planck clusters (blue and purple) [21,60], and from Planck CMB data (red) [61]. The dashed line marks the standard

evolution of T, (a).

sections, we know that the constraining power from BBN
yields mainly comes from Y, + Y. Thus, we only consider
the measurements of these two elements in our main analysis.
We discuss the effects of including measurements of *He and
"Li on our results, in the following section. The observed
abundances of “He and D are Y, =0.245+0.003, Yp =
2.547 £ 0.025 [4]. To determine the values of { p;} that are
consistent with the primordial abundance data, we construct
a chi-squared statistic y3py that depends on the model
parameters (see details in Appendix A), and perform a
MCMC analysis using the publicly available EMCEE
code [58]. We utilize its MCMC sampler, and employ the
convergence criterion R — 1 = 0.01, where R is the Gelman-
Rubin threshold [59].

Figure 5 captures our key result, showing the mean
values and 68% CL errors for the temperature variations.
Here we only show the results in the first seven bins, since
the last three bins are at a > 1078, where the deviations can
not be tightly constrained by the data (see the full
probability distribution for the ten bin parameters in
Appendix B). We also show the previous measurements
from quasar absorption line studies [32,34], from the
analyses of Sunyaev-Zel’dovich galaxy clusters from the
Atacama Cosmology Telescope [22], from two indepen-
dent analyses of Planck clusters [21,60], and from Planck
CMB data [61]. This figure represents the best current
model-independent reconstruction of the CMB temperature
at high and low redshifts. The intermediate redshift range
may be filled by other cosmological measurements, which
we have not considered in this study.

Next, we repeat an analogous procedure to measuring the
early-Universe expansion history. The reconstructed model
of the expansion rate with mean value (blue solid line)

and 68% CL range (blue region) is shown in Fig. 6, where
the curve and edges of the region are smoothed. We can see
the standard ACDM fits the observations well. The tightest
constraints on H(a) variations are around n/p decoupling
and the onset of nuclear interactions, which are consistent
with the previous analysis in Sec. II B.

E. The primordial lithium problem

While the primordial abundances adopted from SBBN
are in very good agreement with the observed values for
D, “He and He,” the SBBN-predicted abundance of "Li is
factor of 3—4 higher than its observed value; this discrep-
ancy is known as the primordial lithium problem [48].
The lithium problem remains an unresolved issue and a
variety of suggestions have been proposed to remedy
this discrepancy [48,62,63]. Some of the most popular
explanations include new physics, during or soon
after BBN.

For this reason, in our nonparametric approach, we first
reconstruct the early expansion history using the abundan-
ces of D and “He only, as our baseline result; we then show
how this result changes when we include *He and "Li. In
Fig. 6, the shaded regions indicate deviations consistent
with a given set of primordial abundance measurements at
68% CL, and the solid lines corresponds to the mean value
in a given analysis. Comparing the results from the
measurements of ¥}, and Y, only to the results that include
primordial lithium measurements, we note that the

’In the case of He, the only data available come from the Solar
System and from the solar-metallicity HII regions in the Galaxy
[45,46]. Therefore, inferring the primordial *He abundance may
be considered less reliable for the BBN study purposes.
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FIG. 6. Reconstruction of the expansion rate from BBN yield measurements. The blue region indicates the deviations that allowed at
68% CL by the measurements of ¥, and Y, and the blue solid line shows the mean value of the evolution; The green line and region
correspond to the reconstruction from BBN data that includes all the available observed abundances (Yp, Yp, 3He/ H,Li/ H); The

dashed line marks the standard evolution of H(a).

reconstruction changes significantly around and soon after
the onset of nuclear interactions, showing large deviations
to the SBBN evolution (dashed black line).

The expansion rate that exceeds the SBBN evolution
around the onset of nuclear interactions is required by the
lithium data, which can be understood as follows. Most of
the primordial "Li comes from the decay of beryllium-7
"Be, and since 'Be is still being produced at the end of
BBN, a faster expansion leads to a decrease in its abun-
dance, and consequently, a lower relic 'Li abundance—
bringing measurements into better consistency with the
BBN predictions. We note that the slower expansion seen
afterwards has an opposite but relatively subdominant
effect on ’Li abundance; however, it reduces the spike in
the abundances of D and *He caused by the faster
expansion, and brings them back into agreement with
the measurements. The large deviations to the early
expansion history around and soon after the onset of
nuclear interactions are therefore a viable solution to the
lithium problem, although their physical driving mecha-
nism remains unclear.

III. EMPIRICAL MODEL

In this section, we concentrate on another approach to
parametrize and reconstruct the evolution of the expansion
rate and the thermal history, avoiding assumptions about
the specific particle content of the Universe. Namely, we
consider physically motivated empirical models for the
energy density and radiation temperature, respectively.
In both cases, our empirical parametrization is flexible
enough to capture a wide range of beyond-standard-BBN
physics considered in the literature [6,7,11-13,57,64], as
discussed below.

A. Expansion rate during BBN

We first allow for additional matter and radiation energy
density pp(T), beyond the standard cosmological model,
such that [65]

oo(0) = e(To) (1) 5 (1) ] ®

where T represents radiation temperature; k,, is the ratio of
matterlike energy density over the total energy density at
the BBN temperature Ty = 1 MeV, «, is the ratio of
relativistic; both «,, and K, are free parameters of this
model. In this case, the additional energy density leads to a
change in the expansion rate, as captured by the Friedmann
equation,

8rG

H? = (Pr +pp), 9)

where pg ~ p; represents the total radiation energy density
in the SBBN scenario. We implement this model into the
ALTERBBN code to quantify its impact on the BBN yields.

To place the BBN bounds on this model, we carry out an
MCMC analysis, as in Sec. II D and sample the posterior
distribution of {x,.x,, }. For each parameter, we employ
broad priors «, €[0,0.99] and «, €[0,0.99]. We only
consider the measurements of Y, and Yp here, for the
same reasons in Sec. II D.

The resulting posterior probability distributions are
shown in Fig. 7. As expected, there is a prominent
(negative) degeneracy between k, and k,. We find that
the current measurements of the primordial helium and
deuterium abundances are able to place an upper bound on
the additional matter energy density fraction of «,, < 0.01
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FIG. 7. The posterior probability distribution for the expansion
rate parameters. We show the 68% and 95% CL contours,
obtained from measurements of Y, and Y. The one-dimensional,
marginalized posteriors are shown at the top of each column.

at 95% CL, given by its marginalized posterior distribution,
which is much tighter as compared with the 95% CL
bounds on the additional radiation component contribution
Kk, < 0.15. We illustrate the derived uncertainties on these
parameters in the form of allowed error band on the Hubble
parameter in Fig. 8. The gray band indicates the region
allowed by BBN measurements at 95% CL.

B. Temperature during BBN

If the additional energy-density components interact
with the rest of the plasma during BBN, they may deposit
entropy into other species and affect radiation temperature
in the early Universe, leaving imprints on the BBN
abundance of light elements. We find that the contributions
to the radiation temperature from an entropy dump in
various models considered in previous literature, involving

z
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FIG. 8. The gray area shows the 95% CL region for the

expansion rate, as inferred from the measurements of BBN.

annihilating DM, can be approximated by the following
fitting function,

T;J@:MHﬂ+mewmwm,am

where a,, B, y, and 6, are free parameters, a;,; = 8 X
107! is the initial scale factor, and x € {v, y} stands for the
neutrino and photon fluids, respectively. The value of «
specifies the general time range for onset of the entropy
dump;  and y control the speed of the annihilation process;
and ¢ determines the total energy transferred in the process.

We next check that our model has sufficient flexibility to
capture known specific particle models that modify thermal
history during BBN. As a broad set of examples, we focus
on light thermal-relic DM with a mass smaller than
20 MeV, which annihilates soon after neutrino decoupling,
and becomes nonrelativistic around the time of BBN
[6,7,57]. In this model, DM will dump entropy into existing
radiation components, altering their temperatures and
affecting the BBN yields as a result. With appropriate
choices of a,, f,, vy, and J, values, the fitting formula in
Eq. (10) can reproduce the temperature evolution in each
case of DM annihilation scenarios, as shown in Fig. 9.
Specifically, the annihilation process leads to a deviation
from the standard temperature T'sgpy, depending on the
type of DM particle and the type of coupling to the SM
[57]. In Fig. 9, we show the ratio of the temperature for a
cosmology featuring a light thermally coupled Dirac
Fermion DM model to that of the standard BBN, for the
case where DM annihilates into the SM neutrinos (left
panel) and for electromagnetically coupled DM (right
panel). DM annihilating into photons can heat photons,
while DM annihilating to neutrinos heats up neutrinos
relative to photons. The resulting 7'/ T'sppy at different DM
masses (colored solid curves) is obtained from ALTERBBN
code, while the corresponding fits of our empirical model
{ay, Bys 74 0, ) (dashed curves) are obtained from Eq. (10),
and present a good fit to the range of annihilating DM
scenarios considered here.

In addition to the measurements of primordial abundan-
ces, the entropy dump processes affect the overall budget of
radiation, quantified by Ny, defined by the ratio of
neutrino to photon temperature,

11 /T \313
Nog=3]— =2 , 11
. [4(T)J ()

14

where the subscript zero denotes the present time. In
standard cosmology, with only the three SM neutrino
species and SBBN, N ¢ = 3.046. In our empirical model
where radiation temperature is altered, we have N4 =
3.046/(1 + &,)* for the scenario where the photon temper-
ature is altered, and N.g = 3.046 * (1 +6,)* for the case
where the neutrino temperature is altered.
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Electromagnetically coupled Dirac Fermion
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FIG. 9. The ratio of the radiation temperature in a cosmology featuring light thermally coupled Dirac Fermion DM model, with a
particle mass m2, shown in the legend, to the standard BBN scenario. The case of DM coupling electromagnetically is shown in the right
panel, and DM coupled to the SM neutrinos is in the left panel. The colored solid curves are obtained using ALTERBBN code. The dashed
gray curves are obtained from the empirical model shown in Eq. (10), and the corresponding parameters are listed in the bracket:
{ay, P, 7:,6,}. We find that the empirical model has sufficient flexibility to accurately capture the range of T/Tsggyn behaviors

occurring in this set of DM scenarios.

This time we do not limit ourselves to direct probes of
the early Universe only. In addition to the BBN yield
measurements, we also consider the CMB measurement of
N and Y, from Planck [49]. We construct a chi-squared
statistic yo, = yapn +¥emp that depends on the model
parameters (see details in Appendix A), and carry out the
MCMC analysis to sample the posterior distribution for

{IOgIO aqux’ Vx> 5x}

N BBN
BN BBN+CMB

8 9 10
logy v 0,

0.05 0.10 0.15

FIG. 10. The posterior probability distribution of parameters
{log,p @,,8,} for the scenario in which neutrino temperature
deviates from its standard-model predictions. We show the 68%
and 95% CL contours, obtained from the BBN measurements of
Y, and Yp, together with the CMB measurements of N.g and Y.
The one-dimensional, marginalized posteriors are shown at the
top of each column.

In Figs. 10 and 11, we present the resulting constraints,
where f, and y, are marginalized over; we consider
scenarios where neutrinos and photons are heated, respec-
tively. The data cannot constrain 8, and y,, which means
the BBN yields and the CMB have no sensitivity to the
speed of the annihilation process. From Fig. 10, we see that
the BBN yields place an upper limit on the amount of the
energy transferred to neutrinos §,, and the bounds on §,
mainly depend on the values of log;, @,: the entropy dump
process ends later as log;, @, goes to lower values. If this
process happens after the end of BBN, corresponding to
log;o a, < 8.2, its impact on the neutrino temperature does

N BBN
BN BBN+CMB

0.05
logy ay oy

0.15

FIG. 11. Same as Fig. 10, except for the scenario in which
photon temperature is altered compared to its standard-model
prediction, with parameters {log,a, .5, }.
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FIG. 12. The ratio of the temperature for a cosmology featuring light thermally coupled Dirac Fermion DM model, with a given
particle mass m, shown in the legend, to the standard BBN scenario. The two panels correspond to electromagnetically coupled (right

4

panel) and neutrino coupled (left panel) DM. The gray area shows the 95% CL region for the radiation temperature, as inferred from the
measurements of BBN + CMB. The DM masses that drive the ratio outside of this region are inconsistent with the data.

not alter the primordial abundances, thus leaving 6, uncon-
strained. From Fig. 11, for the case of photon temperature,
we again see that BBN observations can place a tight upper
limit on &, only in the range of log;y @, % 8.2. In the same
figures, we see that the CMB data plays a critical role in
reducing the degeneracy between 6, and a,, and we
observe a significant improvement in the constraining
power on §, when the CMB data is added. This is
especially true for processes happening at later times
logo a, < 8.2, which are sensitively probed by the meas-
urement of N .

Even though we used DM annihilation scenarios to check
the flexibility of our empirical model in capturing mod-
ifications to the standard thermal history, the bounds we
derive on {log,o &y, f;, 7+ 6, } do not depend on assump-
tions about the specific particle content of the early
Universe, and can be mapped to the constraints on any
specific particle models of interest. As an example, in Fig. 12
we compare the temperature deviations in the light thermally
coupled Dirac Fermion DM models (colored lines) to the
deviations allowed by the model-independent BBN + CMB
constraints at 95% CL (gray regions). The allowed values of
m,, correspond to the parameter space where the theoretical
curve is consistent with the gray shaded regions, the values
of m, outside these regions are excluded by our analyses.
Using this comparison, we get a bound for neutrino coupled
species m,, 2 12.6 MeV, and m,, 2 10.8 MeV as the bound
for electromagnetically coupled species, which are consis-
tent with previous model-specific analyses [57,64].

IV. SUMMARY AND DISCUSSION

We performed a model-independent reconstruction of
the early-Universe expansion and thermal histories, using

measurements of the primordial element abundances,
supplemented with the CMB measurements of the effective
number of relativistic species and helium-4 abundance. For
this purpose, we used two approaches.

First, we adopted a nonparametric approach that allows
for deviations from the standard-model values of H(z) and
T(z), in a number of redshift bins. Using Fisher matrix
analysis, we found that percent-level constraints on the
expansion rate can be placed by the BBN yield data
around the onset of nuclear interactions. For temperature
evolution, the same data additionally place tight con-
straints around the epoch of neutrino decoupling. Guided
by the results of the Fisher analysis, we then used the
MCMC analysis to place bounds on CMB temperature
evolution, as well as the expansion rate, in the early
Universe (at z = 107), using light element abundances; our
key results are shown in Figs. 5 and 6. We study the
primordial lithium problem and find that large deviations
to the early expansion history around the onset of nuclear
interactions might be a possible solution to the lithium
problem.

Second, we used an empirical, physically motivated
model to capture deviations in the expansion history and
radiation temperature in the early Universe from the
standard cosmological model. We performed an MCMC
fit to the BBN yield data to find percent-level bounds on the
matter energy density and 15% bounds on the radiation
energy density around BBN under the model-independent
assumptions, using the measurements of primordial
helium-4 and deuterium abundances. We further adopted
a new empirical parametrization for the radiation temper-
ature evolution, given in Eq. (8), and based on parameters
that regulate the timing and the speed of the entropy dump
into a given radiation component, as well as the amount of
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the energy transferred (from annihilations, decays, or other
processes). We have explicitly shown that this parametri-
zation can flexibly capture a broad range of DM annihi-
lation scenarios considered in the literature. We derived
constraints on the free parameters of this empirical model
using the BBN yield measurements of helium-4 and
deuterium, as well as the measurements of Ny and Y,
derived from CMB. We find that the element abundances
alone can place an upper limit on the amount of the
transferred energy, if the entropy dump occurs before the
end of BBN. Adding the CMB data can significantly
improve the constraints on the corresponding parameters,
especially for annihilation processes happening at later
times. However, we note that the two datasets probe very
different times in cosmic history: while the BBN yields
directly probe the early Universe at an MeV energy scale,
the CMB probes much later times. We show the key
constraints in Figs. 10 and 11.

We note that the reconstruction of the thermal and
expansion histories presented in this study is model inde-
pendent, and can thus conveniently map onto any constraints
on any specific particle models of interest to cosmology.
Within the landscape of new-physics models and in the era of
the ever-increasing volume of cosmological datasets that can
test them, our results aim to provide clarity on the most
fundamental properties of the early Universe, reconstructed
with minimal assumptions about the unknown physics that
can occur at these energy scales.
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th th
7L1/H Yp.Li/H
bs  _ -6 _obs __ —11
where GOHZ = 2 x107°, (;?LSH 3x10 [4], and the

theoretical uncertainties can be estimated by BBN code.
To assess the consistency of a given model with the

measurements of BBN and CMB, we construct a chi-

squared statistic which is a sum of two separate chi-squared

statistics for each observable:

(A4)

2 .2 2
Xiot = XBBN T XCMB-

APPENDIX A: TREATMENT OF BBN
AND CMB COVARIANCES

In this Appendix, we detail how to obtain the BBN and CMB
constraints outlined in the main text. To perform the fit on a
model with some free parameters parametrized by 6, we factor

the likelihood as £ = L, X Ly, Where L’pmb x exp{—%
is the probability likelihood, and L, is the prior hkehhood
For BBN data only, we compute the chi-squared statistic as

XN = (X = Xope)"Covgpn (X — Xpe).

where X = (Y,.Yp) is a vector of primordial element
abundances, as a function of @; X, is the vector of observed
central values of the corresponding elements [4], giving

Xops = (0.245,2.547); and Covggy is the covariance matrix
for the element abundances we are considering.

There are two contributions to Covggy: one is from the
observed uncertainties, which can be straightforwardly
obtained from the BBN measurements in Ref. [4], giving

o9 = 0.003 and a‘f}’s = 0.025; the other one is from the

theoretlcal uncertainties in the computation of elemental
abundances, which arise from uncertainties in the neutron
lifetime and various nuclear reaction rates. The theoretical
uncertainties can be estimated by BBN code—ALTERBBN,
giving o} =3.2x107%, 6 =0.038 and 7§ , = —0.012,

where 71! y,, 18 the covariance between Y, and Yp. We can
.

(A1)

add the observed and theoretical uncertainties in quadrature
to obtain the full covariance matrix

<a%;>2 G

b B ey

Covgpyn = (A2)

This covariance can be extended to a four-dimensional
matrix if we include the measurements of the other two
element abundances *He/H and Li/H, giving

th th
Ty, He/H Ty, Li/H
th th
Ty, 3He/H Ty, Li/H
, (A3)
(O + O P
*He/H He/H He/H,'Li/H
th th 2 bs 2
T3He/H.7Li/H (67L1/H) + ("?Lf/H)
|
The CMB contribution is
)(%EMB - (Y - Yobs)TCOVEII\/IB (Y - Yobs)7 (AS)

where Y = (N, Y},) as a function of @; Yy, is the central
value of these two parameters derived from the CMB
measurements; and Covcyp is the covariance matrix. We
use the low-¢ and high-#Z multifrequency power spectra TT,
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TE, and EE frqm P.lar?ck PR3 (2018) [49], gnd carry out a Y, = ( g})fs’ ngs) = (2.85,0.2473),

MCMC analysis within the COBAYA sampling framework > _3

[66,67] to determine the values of Ny and Y, that are Cov _ 6.8 x 10 —2.9x10 (A6)
consistent with the CMB measurements. For this dataset, cMB -29x107% 23x10™*

we have

APPENDIX B: FULL PROBABILITY DISTRIBUTIONS

We show the full marginalized posterior distributions for the ten bin parameters { p;} in our model-independent analysis
for CMB temperature in Fig. 13.

i
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FIG. 13. The probability distribution for the ten bin parameters { p;} in our model-independent analysis for CMB temperature. We
show the 68% and 95% CL contours obtained from BBN measurements of ¥, and Y. The one-dimensional marginalized posteriors are
shown at the top of each column.

023534-11



RUI AN and VERA GLUSCEVIC

PHYS. REV. D 109, 023534 (2024)

[1] S. Sarkar, Big bang nucleosynthesis and physics beyond
the standard model, Rep. Prog. Phys. 59, 1493 (1996).

[2] F. Tocco, G. Mangano, G. Miele, O. Pisanti, and P.D.
Serpico, Primordial nucleosynthesis: From precision cos-
mology to fundamental physics, Phys. Rep. 472, 1 (2009).

[3] M. Pospelov and J. Pradler, Big bang nucleosynthesis as a
probe of new physics, Annu. Rev. Nucl. Part. Sci. 60, 539
(2010).

[4] P. A. Zyla et al. (Particle Data Group), Review of particle
physics, Prog. Theor. Exp. Phys. 2020, 083CO01 (2020).

[5] G. Jungman, M. Kamionkowski, and K. Griest, Super-
symmetric dark matter, Phys. Rep. 267, 195 (1996).

[6] K.M. Nollett and G. Steigman, BBN and the CMB
constrain light, electromagnetically coupled WIMPs, Phys.
Rev. D 89, 083508 (2014).

[7] K.M. Nollett and G. Steigman, BBN and the CMB
constrain neutrino coupled light WIMPs, Phys. Rev. D
91, 083505 (2015).

[8] G. Steigman, Neutrinos and big bang nucleosynthesis, Adv.
High Energy Phys. 2012, 268321 (2012).

[9] C. Beehm, M. J. Dolan, and C. McCabe, A lower bound
on the mass of cold thermal dark matter from Planck,
J. Cosmol. Astropart. Phys. 08 (2013) 041.

[10] G. Steigman and K. M. Nollett, Light WIMPs, equivalent
neutrinos, BBN, and the CMB, Mem. Soc. Astron. Ital. 85,
175 (2014).

[11] M. Escudero, Neutrino decoupling beyond the standard
model: CMB constraints on the dark matter mass with a fast
and precise N.g evaluation, J. Cosmol. Astropart. Phys. 02
(2019) 007.

[12] C. Giovanetti, M. Lisanti, H. Liu, and J. T. Ruderman, Joint
cosmic microwave background and big bang nucleosynthe-
sis constraints on light dark sectors with dark radiation,
Phys. Rev. Lett. 129, 021302 (2022).

[13] A. Arbey, AlterBBN: A program for calculating the BBN
abundances of the elements in alternative cosmologies,
Comput. Phys. Commun. 183, 1822 (2012).

[14] M. Kawasaki, K. Kohri, T. Moroi, and Y. Takaesu, Revisit-
ing big-bang nucleosynthesis constraints on dark-matter
annihilation, Phys. Lett. B 751, 246 (2015).

[15] M. Kawasaki, K. Kohri, T. Moroi, K. Murai, and H.
Murayama, Big-bang nucleosynthesis with sub-GeV mas-
sive decaying particles, J. Cosmol. Astropart. Phys. 12
(2020) 048.

[16] A.C. Sobotka, A. L. Erickcek, and T. L. Smith, Was entropy
conserved between BBN and recombination?, Phys. Rev. D
107, 023525 (2023).

[17] D.J. Fixsen, The temperature of the cosmic microwave
background, Astrophys. J. 707, 916 (2009).

[18] C. Horellou, M. Nord, D. Johansson, and A. Lévy, Probing
the cosmic microwave background temperature using the
Sunyaev-Zeldovich effect, Astron. Astrophys. 441, 435
(2005).

[19] E. S. Battistelli, M. De Petris, L. Lamagna, F. Melchiorri, E.
Palladino, G. Savini, A. Cooray, A. Melchiorri, Y. Rephaeli,
and M. Shimon, Cosmic microwave background temper-
ature at galaxy clusters, Astrophys. J. Lett. 580, L101
(2002).

[20] G.Luzzi, M. Shimon, L. Lamagna, Y. Rephaeli, M. De Petris,
A. Conte, S. De Gregori, and E.S. Battistelli, Redshift

dependence of the cosmic microwave background temper-
ature from Sunyaev-Zeldovich measurements, Astrophys. J.
705, 1122 (2009).

[21] 1. de Martino, R. Génova-Santos, F. Atrio-Barandela, H.
Ebeling, A. Kashlinsky, D. Kocevski, and C.J.A.P.
Martins, Constraining the redshift evolution of the cosmic
microwave background blackbody temperature with
PLANCK data, Astrophys. J. 808, 128 (2015).

[22] Y. Li, A.D. Hincks, S. Amodeo et al., Constraining cosmic
microwave background temperature evolution with Sunyaev-
Zel’Dovich galaxy clusters from the Atacama Cosmology
Telescope, Astrophys. J. 922, 136 (2021).

[23] D. M. Meyer, D. G. York, J. H. Black, J. Chaffee, F. H., and
C. B. Foltz, An upper limit on the microwave background
temperature at Z = 1.776, Astrophys. J. Lett. 308, 137
(1986).

[24] A. Songaila, L. L. Cowie, S. Vogt, M. Keane, A. M. Wolfei,
E.M. Hu, A.L. Oren, D.R. Tytleri, and K. M. Lanzetta,
Measurement of the microwave background temperature at
a redshift of 1.776, Nature (London) 371, 43 (1994).

[25] R. Srianand, P. Petitjean, and C. Ledoux, The cosmic
microwave background radiation temperature at a redshift
of 2.34, Nature (London) 408, 931 (2000).

[26] J. Ge, J. Bechtold, and V. P. Kulkarni, H,, C I, Metallicity,
and dust depletion in the Z = 2.34 damped Lya absorption
system toward QSO 1232 + 0815, Astrophys. J. Lett. 547,
L1 (2001).

[27] P. Molaro, S. A. Levshakov, M. Dessauges-Zavadsky, and
S. D’Odorico, The cosmic microwave background radiation
temperature at z,,, = 3.025 toward QSO 0347-3819,
Astron. Astrophys. 381, L64 (2002).

[28] J. Cui, J. Bechtold, J. Ge, and D. M. Meyer, Molecular
hydrogen in the damped Lya absorber of Q1331 + 170,
Astrophys. J. 633, 649 (2005).

[29] R. Srianand, P. Noterdaeme, C. Ledoux, and P. Petitjean,
First detection of CO in a high-redshift damped Lyman-a
system, Astron. Astrophys. 482, .39 (2008).

[30] P. Noterdaeme, P. Petitjean, C. Ledoux, S. Loépez, R.
Srianand, and S.D. Vergani, A translucent interstellar
cloud at z=2.69. CO, H,, and HD in the line-of-sight
to SDSS J123714.60 + 064759.5, Astron. Astrophys. 523,
A80 (2010).

[31] P. Noterdaeme, P. Petitjean, R. Srianand, C. Ledoux, and S.
Lépez, The evolution of the cosmic microwave background
temperature. Measurements of 7Tcyp at high redshift from
carbon monoxide excitation, Astron. Astrophys. 526, L7
(2011).

[32] S. Muller, A. Beelen, J. H. Black, S.J. Curran, C. Horellou,
S. Aalto, F. Combes, M. Guélin, and C. Henkel, A precise
and accurate determination of the cosmic microwave back-
ground temperature at z = 0.89, Astron. Astrophys. 551,
A109 (2013).

[33] A.Avgoustidis, R. T. Génova-Santos, G. Luzzi,and C.J. A. P.
Martins, Subpercent constraints on the cosmological temper-
ature evolution, Phys. Rev. D 93, 043521 (2016).

[34] V. V. Klimenko, A. V. Ivanchik, P. Petitjean, P. Noterdaeme,
and R. Srianand, Estimation of the cosmic microwave
background temperature from atomic C I and molecular
CO lines in the interstellar medium of early galaxies,
Astron. Lett. 46, 715 (2020).

023534-12


https://doi.org/10.1088/0034-4885/59/12/001
https://doi.org/10.1016/j.physrep.2009.02.002
https://doi.org/10.1146/annurev.nucl.012809.104521
https://doi.org/10.1146/annurev.nucl.012809.104521
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1016/0370-1573(95)00058-5
https://doi.org/10.1103/PhysRevD.89.083508
https://doi.org/10.1103/PhysRevD.89.083508
https://doi.org/10.1103/PhysRevD.91.083505
https://doi.org/10.1103/PhysRevD.91.083505
https://doi.org/10.1155/2012/268321
https://doi.org/10.1155/2012/268321
https://doi.org/10.1088/1475-7516/2013/08/041
https://doi.org/10.1088/1475-7516/2019/02/007
https://doi.org/10.1088/1475-7516/2019/02/007
https://doi.org/10.1103/PhysRevLett.129.021302
https://doi.org/10.1016/j.cpc.2012.03.018
https://doi.org/10.1016/j.physletb.2015.10.048
https://doi.org/10.1088/1475-7516/2020/12/048
https://doi.org/10.1088/1475-7516/2020/12/048
https://doi.org/10.1103/PhysRevD.107.023525
https://doi.org/10.1103/PhysRevD.107.023525
https://doi.org/10.1088/0004-637X/707/2/916
https://doi.org/10.1051/0004-6361:20053090
https://doi.org/10.1051/0004-6361:20053090
https://doi.org/10.1086/345589
https://doi.org/10.1086/345589
https://doi.org/10.1088/0004-637X/705/2/1122
https://doi.org/10.1088/0004-637X/705/2/1122
https://doi.org/10.1088/0004-637X/808/2/128
https://doi.org/10.3847/1538-4357/ac26b6
https://doi.org/10.1086/184739
https://doi.org/10.1086/184739
https://doi.org/10.1038/371043a0
https://doi.org/10.1038/35050020
https://doi.org/10.1086/318890
https://doi.org/10.1086/318890
https://doi.org/10.1051/0004-6361:20011698
https://doi.org/10.1086/444368
https://doi.org/10.1051/0004-6361:200809727
https://doi.org/10.1051/0004-6361/201015147
https://doi.org/10.1051/0004-6361/201015147
https://doi.org/10.1051/0004-6361/201016140
https://doi.org/10.1051/0004-6361/201016140
https://doi.org/10.1051/0004-6361/201220613
https://doi.org/10.1051/0004-6361/201220613
https://doi.org/10.1103/PhysRevD.93.043521
https://doi.org/10.1134/S1063773720110031

RECONSTRUCTING THE EARLY-UNIVERSE EXPANSION AND ...

PHYS. REV. D 109, 023534 (2024)

[35] M. Valerdi, A. Peimbert, M. Peimbert, and A. Sixtos,
Determination of the primordial helium abundance based
on NGC 346, an H II region of the small magellanic cloud,
Astrophys. J. 876, 98 (2019).

[36] E. Aver, K. A. Olive, and E. D. Skillman, The effects of He I
410830 on helium abundance determinations, J. Cosmol.
Astropart. Phys. 07 (2015) O11.

[37] Y.I. Izotov, T.X. Thuan, and N.G. Guseva, A new
determination of the primordial He abundance using the
He I 210830 A emission line: Cosmological implications,
Mon. Not. R. Astron. Soc. 445, 778 (2014).

[38] R.J. Cooke, M. Pettini, and C.C. Steidel, One percent
determination of the primordial deuterium abundance,
Astrophys. J. 855, 102 (2018).

[39] E. O. Zavarygin, J. K. Webb, V. Dumont, and S. Riemer-
Se¢rensen, The primordial deuterium abundance at
Zaps = 2.504 from a high signal-to-noise spectrum of
Q1009+2956, Mon. Not. R. Astron. Soc. 477, 5536 (2018).

[40] S. Riemer-Sgrensen, S. Kotus, J. K. Webb, K. Ali, V.
Dumont, M. T. Murphy, and R.F. Carswell, A precise
deuterium abundance: Remeasurement of the z = 3.572
absorption system towards the quasar PKS1937-101, Mon.
Not. R. Astron. Soc. 468, 3239 (2017).

[41] S. A. Balashev, E.O. Zavarygin, A.V. Ivanchik, K.N.
Telikova, and D. A. Varshalovich, The primordial deuterium
abundance: subDLA system at z,, = 2.437 towards the
QSO J 1444 + 2919, Mon. Not. R. Astron. Soc. 458, 2188
(2016).

[42] S. Riemer-Sgrensen, J. K. Webb, N. Crighton, V. Dumont,
K. Ali, S. Kotu§, M. Bainbridge, M. T. Murphy, and R.
Carswell, A robust deuterium abundance; remeasurement of
the z = 3.256 absorption system towards the quasar PKS
1937-101, Mon. Not. R. Astron. Soc. 447, 2925 (2015).

[43] R.J. Cooke, M. Pettini, R. A. Jorgenson, M. T. Murphy, and
C. C. Steidel, Precision measures of the primordial abun-
dance of deuterium, Astrophys. J. 781, 31 (2014).

[44] R.J. Cooke, M. Pettini, K. M. Nollett, and R. Jorgenson,
The primordial deuterium abundance of the most metal-poor
damped Lyman-a system, Astrophys. J. 830, 148 (2016).

[45] T. M. Bania, R. T. Rood, and D. S. Balser, The cosmological
density of baryons from observations of *He™ in the
Milky Way, Nature (London) 415, 54 (2002).

[46] D.S. Balser and T.M. Bania, Green bank telescope ob-
servations of SHet: H II regions, Astron. J. 156, 280 (2018).

[47] L. Sbordone, P. Bonifacio, E. Caffau, H. G. Ludwig, N. T.
Behara, J. I. Gonzdlez Herndndez, M. Steffen, R. Cayrel, B.
Freytag, C. van’t Veer, P. Molaro, B. Plez, T. Sivarani, M.
Spite, F. Spite, T. C. Beers, N. Christlieb, P. Fran¢ois, and V.
Hill, The metal-poor end of the Spite plateau. I. Stellar
parameters, metallicities, and lithium abundances, Astron.
Astrophys. 522, A26 (2010).

[48] B.D. Fields, The primordial lithium problem, Annu. Rev.
Nucl. Part. Sci. 61, 47 (2011).

[49] N. Aghanim, Y. Akrami, M. Ashdown et al. (Planck
Collaboration), Planck 2018 results. VI. Cosmological
parameters, Astron. Astrophys. 641, A6 (2020).

[50] K. Engqvist, K. Kainulainen, and V. Semikoz, Neutrino
annihilation in hot plasma, Nucl. Phys. B374, 392 (1992).

[51] A.D. Dolgov, Neutrinos in cosmology, Phys. Rep. 370, 333
(2002).

[52] S. Hannestad, Oscillation effects on neutrino decoupling in
the early universe, Phys. Rev. D 65, 083006 (2002).

[53] G. Steigman, Primordial nucleosynthesis in the precision
cosmology era, Annu. Rev. Nucl. Part. Sci. 57, 463 (2007).

[54] J. Samsing, E. V. Linder, and T. L. Smith, Model indepen-
dent early expansion history and dark energy, Phys. Rev. D
86, 123504 (2012).

[55] E.S. Jenssen, New alterbbn: A code for big bang nucleo-
synthesis with light dark matter, master’s thesis, Institute of
Theoretical Astrophysics, University of Oslo, Oslo, Norway,
2016, https://www.duo.uio.no/handle/10852/52374.

[56] A. Arbey, J. Auffinger, K. P. Hickerson, and E. S. Jenssen,
AlterBBN v2: A public code for calculating big-bang
nucleosynthesis constraints in alternative cosmologies,
Comput. Phys. Commun. 248, 106982 (2020).

[57] R. An, V. Gluscevic, E. Calabrese, and J. C. Hill, What does
cosmology tell us about the mass of thermal-relic dark
matter?, J. Cosmol. Astropart. Phys. 07 (2022) 002.

[58] D. Foreman-Mackey, D.W. Hogg, D. Lang, and J.
Goodman, emcee: The MCMC hammer, Publ. Astron.
Soc. Pac. 125, 306 (2013).

[59] A. Gelman and D.B. Rubin, Inference from iterative
simulation using multiple sequences, Stat. Sci. 7, 457
(1992).

[60] G. Hurier, N. Aghanim, M. Douspis, and E. Pointecouteau,
Measurement of the Tcyp evolution from the Sunyaev-
Zel’dovich effect, Astron. Astrophys. 561, A143 (2014).

[61] P. A.R. Ade, N. Aghanim, M. Arnaud, M. Ashdown et al.
(Planck Collaboration), Planck 2015 results. XIII. Cosmo-
logical parameters, Astron. Astrophys. 594, A13 (2016).

[62] K. Jedamzik and M. Pospelov, Big bang nucleosynthesis
and particle dark matter, New J. Phys. 11, 105028 (2009).

[63] R. H. Cyburt, B. D. Fields, and K. A. Olive, Solar neutrino
constraints on the BBN production of Li, Phys. Rev. D 69,
123519 (2004).

[64] N. Sabti, J. Alvey, M. Escudero, M. Fairbairn, and D. Blas,
Refined bounds on MeV-scale thermal dark sectors from
BBN and the CMB, J. Cosmol. Astropart. Phys. 01 (2020)
004.

[65] A. Arbey and F. Mahmoudi, SUSY constraints from relic
density: High sensitivity to pre-BBN expansion rate, Phys.
Lett. B 669, 46 (2008).

[66] J. Torrado and A. Lewis, Cobaya: Code for Bayesian
analysis of hierarchical physical models, J. Cosmol.
Astropart. Phys. 05 (2021) 057.

[67] J. Torrado and A. Lewis, Cobaya: Bayesian analysis in
cosmology, 2019, p. ascl:1910.019.

023534-13


https://doi.org/10.3847/1538-4357/ab14e4
https://doi.org/10.1088/1475-7516/2015/07/011
https://doi.org/10.1088/1475-7516/2015/07/011
https://doi.org/10.1093/mnras/stu1771
https://doi.org/10.3847/1538-4357/aaab53
https://doi.org/10.1093/mnras/sty1003
https://doi.org/10.1093/mnras/stx681
https://doi.org/10.1093/mnras/stx681
https://doi.org/10.1093/mnras/stw356
https://doi.org/10.1093/mnras/stw356
https://doi.org/10.1093/mnras/stu2599
https://doi.org/10.1088/0004-637X/781/1/31
https://doi.org/10.3847/0004-637X/830/2/148
https://doi.org/10.1038/415054a
https://doi.org/10.3847/1538-3881/aaeb2b
https://doi.org/10.1051/0004-6361/200913282
https://doi.org/10.1051/0004-6361/200913282
https://doi.org/10.1146/annurev-nucl-102010-130445
https://doi.org/10.1146/annurev-nucl-102010-130445
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1016/0550-3213(92)90359-J
https://doi.org/10.1016/S0370-1573(02)00139-4
https://doi.org/10.1016/S0370-1573(02)00139-4
https://doi.org/10.1103/PhysRevD.65.083006
https://doi.org/10.1146/annurev.nucl.56.080805.140437
https://doi.org/10.1103/PhysRevD.86.123504
https://doi.org/10.1103/PhysRevD.86.123504
https://www.duo.uio.no/handle/10852/52374
https://www.duo.uio.no/handle/10852/52374
https://www.duo.uio.no/handle/10852/52374
https://www.duo.uio.no/handle/10852/52374
https://doi.org/10.1016/j.cpc.2019.106982
https://doi.org/10.1088/1475-7516/2022/07/002
https://doi.org/10.1086/670067
https://doi.org/10.1086/670067
https://doi.org/10.1214/ss/1177011136
https://doi.org/10.1214/ss/1177011136
https://doi.org/10.1051/0004-6361/201322632
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1088/1367-2630/11/10/105028
https://doi.org/10.1103/PhysRevD.69.123519
https://doi.org/10.1103/PhysRevD.69.123519
https://doi.org/10.1088/1475-7516/2020/01/004
https://doi.org/10.1088/1475-7516/2020/01/004
https://doi.org/10.1016/j.physletb.2008.09.032
https://doi.org/10.1016/j.physletb.2008.09.032
https://doi.org/10.1088/1475-7516/2021/05/057
https://doi.org/10.1088/1475-7516/2021/05/057

