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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 ΛCDM 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 earlyUniverse [8–16]. However, most data
analyses assume a specific model for these deviations,
enabling stringent, but model-dependent constraints. In this
work, we usemeasurements 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 TCMBðzÞ ¼ TCMB;0ð1þ zÞ after
electron-positron annihilation, where TCMB;0 is the CMB

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 currentmeasurement uncertainties of the

light element abundances, including helium Yp, deuterium
YD ≡ ðD=HÞ × 105, helium-3 3He=H and lithium-7 7Li=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≳ 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
Yp ¼ 0.245� 0.003 basedon recentmeasurements [35–37],
YD ¼ 2.547� 0.025 which is a weighted mean of the
11 most precise measurements [38–44], 3He=H ¼ ð1.1�
0.2Þ × 10−5 taken from Refs. [45,46], and 7Li=H ¼ ð1.6�
0.3Þ × 10−10 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 Neff and Yp 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 usingBBNyields andCMBdata.We summarize
and discuss our findings in Sec. IV.

II. NONPARAMETRIC APPROACH

A. Standard BBN

The standard BBN (SBBN) includes theΛCDMmodel 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 η, the ratio between the baryon number density nb and
the photonnumber densitynγ [8].Using themeasurements of
the CMB temperature today, the present-epoch value of the
baryon-to-photon ratio can be written as

η10 ¼ 1010
nb;0
nγ;0

≈ 273.9Ωb;0h2; ð1Þ

where Ωb;0h2 is the density parameter for baryons, h is the
Hubble constant, and the subscript “0” denotes present-day
values. The factor of 1010 is a convenient scaling, since this
ratio of the number densities is of the order of 10−10. The
current observations place a stringent bound on η10 (or,
equivalently, η). For example, Planck measurements imply
that Ωb;0h2 ¼ 0.02236� 0.00015, at 68% confidence level
(CL) [49], corresponding to η10 ¼ 6.12� 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 η10 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 γ, three neutrino species ν, 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, as 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 νe continue to interact
with the nucleons via the charged-current weak inter-
actions, until the temperature drops below ∼0.8 MeV
(at 3 × 10−10). The two-body interactions among n, p, e�,
and νeðν̄eÞ 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 × 10−9). This phase involves various nuclear inter-
actions between n, p, D and other light nuclei, and
ultimately results in the production of D, 3He, 4He and
7Li. These reactions occur until their rates drop below the
expansion rate.

FIG. 1. The evolution of photon temperature Tγ (solid curve)
and neutrino temperature Tν (dashed curve) as a function of the
scale factor a, in the standard BBN scenario.
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B. Modifications to the expansion history

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

H2ðaÞ ¼ 8πG
3

ρRðaÞ; ð2Þ

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

HðaÞ ¼ HfidðaÞ½1þ δHðaÞ�; ð3Þ

where we use variable δH 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

δH, we begin by writing it as a linear combination in an
orthogonal bin basis,

δHðaÞ ¼
X
i

δH;ibi; ð4Þ

where

bi ¼
�

1

1þ eðln a−ln aiþ1Þ=τ −
1

1þ eðln a−ln aiÞ=τ

�
: ð5Þ

Within bin i, δH ¼ δH;i and far from any other bins δH ¼ 0.
The bin edges are slightly smoothed, using a Gaussian
smoothing of width τ times the bin width, to prevent infinite

derivatives. We can then consider perturbations toH in bins
of a, which is a model independent description.
To quantify the impact of the deviations δH 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 ¼
½8 × 10−11; 10−7�, logarithmically spaced, where 8 × 10−11

is the initial scale factor aini, set in ALTERBBN code, and
a ¼ 10−7 is far after the BBN process ends.
To estimate the relative significance of the deviations δH

at different redshifts, we carry out a Fisher matrix calcu-
lation. The Fisher matrix elements are given by

Fij ¼
�
∂A
∂pi

�
T
Cov−1

∂A
∂pj

; ð6Þ

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 σðYpÞ¼0.003,
σðYDÞ ¼ 0.025, σð3He=HÞ ¼ 0.2 × 10−5 and σð7Li=HÞ ¼
0.3 × 10−10. 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 {pi} contains the N-bin-expansion
parameters δH;i. The uncertainties on each δH;i are given
by the square root of the respective diagonal element of the
inverse of the Fisher matrix, σðδH;iÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðF−1Þii

p
.

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

FIG. 2. The evolution of the neutron-to-proton number-density
ratio n=p as a function of photon temperature Tγ . 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−Δm=Tγ , where Δm is the neutron-
proton mass difference.

FIG. 3. The projected uncertainties on the expansion rate derived
from light element abundance measurements.We show deviations
σðδH;iÞ 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 Yp; helium-4 and
deuterium abundances Yp þ YD; and all the available observed
abundances to date Yp þ YD þ 3He=Hþ 7Li=H.We use 30 bins in
the range a ¼ ½8 × 10−11; 10−7�, logarithmically spaced.
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combinations of the yield data: 4He abundance alone
A ¼ ðYpÞ; 4He and D abundances A ¼ ðYp; YDÞ; and all
the available observed abundances to date A ¼
ðYp; YD; 3He=H; 7Li=HÞ, including the abundances of 3He
and 7Li. One can see that the abundance of 4He is only
sensitive to the expansion rate at a≲ 4 × 10−9, which is
because Yp is mainly determined by the neutron-to-proton
ratio at the onset of nuclear interactions. It can be seen that
deuterium abundance YD is sensitive to the expansion
history after a ∼ 4 × 10−9, and its sensitivity diminishes
with time. Including themeasurements of 3He and 7Li has no
significant effects on the uncertainties. We notice the
maximum of the information content are around n=p
decoupling (a ∼ 3 × 10−10) and the onset of nuclear inter-
actions (a ∼ 4 × 10−9). With Yp 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 earlyUniverse, 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 Tν 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
4He andD, 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 ¼ ½8 × 10−11; 10−7�, logarithmically spaced. Analogous
to δH, we parametrize the variations from the fiducial
temperature as

δTx
ðaÞ ¼

X
i

δTx;ibi; ð7Þ

where x∈ fν; γg, for neutrinos and photons, respectively.
We again carry out a Fishermatrix calculation and present

our results in Fig. 4. With all the observed abundances, we
find a percent-level uncertainty at aini. 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
factor range a≲ 10−8, and the maximum of the information
content is at the time of neutrino decoupling, and around the
onset of nuclear interactions, wherewe 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. II C, we use ten redshift bins that have the
highest impact on BBN yields.1

In thismodel, the free parameters fpig are the ten redshift-
bin values of the temperature variations δTγ ;i. From previous

FIG. 4. Similar to Fig. 3, but showing the uncertainties on neutrino temperature deviations σðδTν;iÞ (left panel), and photon temperature
deviations σðδTγ ;iÞ (right panel).

1We 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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sections, we know that the constraining power from BBN
yields mainly comes from Yp þ YD. Thus, we only consider
themeasurements of these two elements in ourmain analysis.
We discuss the effects of includingmeasurements of 3He and
7Li on our results, in the following section. The observed
abundances of 4He and D are Yp ¼ 0.245� 0.003, YD ¼
2.547� 0.025 [4]. To determine the values of fpig that are
consistent with the primordial abundance data, we construct
a chi-squared statistic χ2BBN 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 criterionR − 1 ¼ 0.01, whereR is theGelman-
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≳ 10−8, 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 ΛCDM fits the observations well. The tightest
constraints on HðaÞ 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, 4He and 3He,2 the SBBN-predicted abundance of 7Li 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 4He only, as our baseline result; we then show
how this result changes when we include 3He and 7Li. 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 Yp and YD only to the results that include
primordial lithium measurements, we note that the

FIG. 5. Reconstruction of the radiation temperature from BBN yield measurements, including Yp and YD. 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 TγðaÞ.

2In the case of 3He, 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 3He abundance may
be considered less reliable for the BBN study purposes.
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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 7Li comes from the decay of beryllium-7
7Be, and since 7Be 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 7Li 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 7Li abundance; however, it reduces the spike in
the abundances of D and 3He 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 ρDðTÞ, beyond the standard cosmological model,
such that [65]

ρDðTÞ ¼ ρRðT0Þ
�
κm

�
T
T0

�
3

þ κγ

�
T
T0

�
4
�
; ð8Þ

where T represents radiation temperature; κm is the ratio of
matterlike energy density over the total energy density at
the BBN temperature T0 ¼ 1 MeV, κγ is the ratio of
relativistic; both κm and κγ 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,

H2 ¼ 8πG
3

ðρR þ ρDÞ; ð9Þ

where ρR ∼ ρtot 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 fκγ; κmg. For each parameter, we employ
broad priors κγ ∈ ½0; 0.99� and κm ∈ ½0; 0.99�. We only
consider the measurements of Yp and YD 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 κγ and κm. 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 κm < 0.01

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 Yp and YD, 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 ðYp; YD; 3He=H; 7Li=HÞ; The
dashed line marks the standard evolution of HðaÞ.
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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
κγ < 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

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

Tx

TSBBN
ðaÞ ¼ δxf1þ ½1þ ðαx × ða − ainiÞÞβx �γxg; ð10Þ

where αx, βx, γx and δx are free parameters, aini ¼ 8 ×
10−11 is the initial scale factor, and x∈ fν; γg stands for the
neutrino and photon fluids, respectively. The value of α
specifies the general time range for onset of the entropy
dump; β and γ control the speed of the annihilation process;
and δ 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, DMwill dump entropy into existing
radiation components, altering their temperatures and
affecting the BBN yields as a result. With appropriate
choices of αx, βx, γx and δx 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 TSBBN, 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 T=TSBBN at different DM
masses (colored solid curves) is obtained from ALTERBBN

code, while the corresponding fits of our empirical model
{αx, βx, γx, δx} (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 Neff, defined by the ratio of
neutrino to photon temperature,

Neff ≡ 3

�
11

4

�
Tν

Tγ

�
3

0

�4
3

; ð11Þ

where the subscript zero denotes the present time. In
standard cosmology, with only the three SM neutrino
species and SBBN, Neff ¼ 3.046. In our empirical model
where radiation temperature is altered, we have Neff ¼
3.046=ð1þ δγÞ4 for the scenario where the photon temper-
ature is altered, and Neff ¼ 3.046 � ð1þ δνÞ4 for the case
where the neutrino temperature is altered.

FIG. 7. The posterior probability distribution for the expansion
rate parameters. We show the 68% and 95% CL contours,
obtained from measurements of Yp and YD. The one-dimensional,
marginalized posteriors are shown at the top of each column.

FIG. 8. The gray area shows the 95% CL region for the
expansion rate, as inferred from the measurements of BBN.
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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
Neff and Yp from Planck [49]. We construct a chi-squared
statistic χ2tot ¼ χ2BBN þ χ2CMB that depends on the model
parameters (see details in Appendix A), and carry out the
MCMC analysis to sample the posterior distribution for
flog10 αx; βx; γx; δxg.

In Figs. 10 and 11, we present the resulting constraints,
where βx and γx are marginalized over; we consider
scenarios where neutrinos and photons are heated, respec-
tively. The data cannot constrain βx and γx, 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 δν, and the bounds on δν
mainly depend on the values of log10 αν: the entropy dump
process ends later as log10 αν goes to lower values. If this
process happens after the end of BBN, corresponding to
log10 αν ≲ 8.2, its impact on the neutrino temperature does

FIG. 9. The ratio of the radiation temperature in a cosmology featuring light thermally coupled Dirac Fermion DM model, with a
particle massmχ 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:
fαx; βx; γx; δxg. We find that the empirical model has sufficient flexibility to accurately capture the range of T=TSBBN behaviors
occurring in this set of DM scenarios.

FIG. 10. The posterior probability distribution of parameters
flog10 αν; δνg 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
Yp and YD, together with the CMB measurements of Neff and Yp.
The one-dimensional, marginalized posteriors are shown at the
top of each column.

FIG. 11. Same as Fig. 10, except for the scenario in which
photon temperature is altered compared to its standard-model
prediction, with parameters flog10 αγ; δγg.
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not alter the primordial abundances, thus leaving δν uncon-
strained. From Fig. 11, for the case of photon temperature,
we again see that BBN observations can place a tight upper
limit on δγ only in the range of log10 αγ ≳ 8.2. In the same
figures, we see that the CMB data plays a critical role in
reducing the degeneracy between δx and αx, and we
observe a significant improvement in the constraining
power on δx when the CMB data is added. This is
especially true for processes happening at later times
log10 αx ≲ 8.2, which are sensitively probed by the meas-
urement of Neff .
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 flog10 αx; βx; γx; δxg 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 particlemodels 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 themodel-independent BBNþ CMB
constraints at 95%CL (gray regions). The allowed values of
mχ correspond to the parameter space where the theoretical
curve is consistent with the gray shaded regions, the values
of mχ outside these regions are excluded by our analyses.
Using this comparison, we get a bound for neutrino coupled
speciesmχ ≳ 12.6 MeV, andmχ ≳ 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 ofHðzÞ and
TðzÞ, 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

FIG. 12. The ratio of the temperature for a cosmology featuring light thermally coupled Dirac Fermion DM model, with a given
particle mass mχ shown in the legend, to the standard BBN scenario. The two panels correspond to electromagnetically coupled (right
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 BBNþ CMB. The DM masses that drive the ratio outside of this region are inconsistent with the data.
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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 Neff and Yp
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-physicsmodels 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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APPENDIX A: TREATMENT OF BBN
AND CMB COVARIANCES

In thisAppendix,wedetailhowtoobtain theBBNandCMB
constraints outlined in the main text. To perform the fit on a
modelwith some free parameters parametrized by θ, we factor

the likelihood as L ¼ Lprob × Lpri, where Lprob ∝ expf− χ2

2
g

is the probability likelihood, and Lpri is the prior likelihood.
ForBBNdata only,we compute the chi-squared statistic as

χ2BBN ¼ ðX −XobsÞTCov−1BBNðX −XobsÞ; ðA1Þ

where X ¼ ðYp; YDÞ is a vector of primordial element
abundances, as a function of θ;Xobs is the vector of observed
central values of the corresponding elements [4], giving
Xobs ¼ ð0.245; 2.547Þ; andCovBBN is the covariancematrix
for the element abundances we are considering.
There are two contributions to CovBBN: one is from the

observed uncertainties, which can be straightforwardly
obtained from the BBN measurements in Ref. [4], giving
σobsYp

¼ 0.003 and σobsYD
¼ 0.025; the other one is from the

theoretical 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 σthYp

¼3.2×10−4, σthYp
¼ 0.038 and τthYp;YD

¼ −0.012,
where τthYp;YD

is the covariance between Yp and YD. We can
add the observed and theoretical uncertainties in quadrature
to obtain the full covariance matrix

CovBBN ¼
" ðσthYp

Þ2 þ ðσobsYp
Þ2 τthYp;YD

τthYp;YD
ðσthYD

Þ2 þ ðσobsYD
Þ2

#
: ðA2Þ

This covariance can be extended to a four-dimensional
matrix if we include the measurements of the other two
element abundances 3He=H and 7Li=H, giving

CovBBN ¼

2
666664

ðσthYp
Þ2 þ ðσobsYp

Þ2 τthYp;YD
τthYp;3He=H

τthYp;7Li=H

τthYp;YD
ðσthYD

Þ2 þ ðσobsYD
Þ2 τthYD;3He=H

τthYD;7Li=H

τthYp;3He=H
τthYD;3He=H

ðσth3He=HÞ2 þ ðσobs3He=HÞ2 τth3He=H;7Li=H

τthYp;7Li=H
τthYD;7Li=H

τth3He=H;7Li=H ðσth7Li=HÞ2 þ ðσobs7Li=HÞ2

3
777775; ðA3Þ

where σobs3He=H ¼ 2 × 10−6, σobs7Li=H ¼ 3 × 10−11 [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:

χ2tot ¼ χ2BBN þ χ2CMB: ðA4Þ

The CMB contribution is

χ2CMB ¼ ðY − YobsÞTCov−1CMBðY − YobsÞ; ðA5Þ

where Y ¼ ðNeff ; YpÞ as a function of θ; Yobs is the central
value of these two parameters derived from the CMB
measurements; and CovCMB is the covariance matrix. We
use the low-l and high-lmultifrequency power spectra TT,
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TE, and EE from Planck PR3 (2018) [49], and carry out a
MCMC analysis within the COBAYA sampling framework
[66,67] to determine the values of Neff and Yp that are
consistent with the CMB measurements. For this dataset,
we have

Yobs ¼ ðNobs
eff ; Y

obs
p Þ ¼ ð2.85; 0.2473Þ;

CovCMB ¼
�

6.8 × 10−2 −2.9 × 10−3

−2.9 × 10−3 2.3 × 10−4

�
: ðA6Þ

APPENDIX B: FULL PROBABILITY DISTRIBUTIONS

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

FIG. 13. The probability distribution for the ten bin parameters fpig in our model-independent analysis for CMB temperature. We
show the 68% and 95% CL contours obtained from BBN measurements of Yp and YD. The one-dimensional marginalized posteriors are
shown at the top of each column.
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