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Big Bang Nucleosynthesis (BBN) offers a powerful way to study the early universe, successfully predicting the original amounts
of primordial light elements, however, it consistently overestimates the abundance of lithium-7 (7Li) by a factor of 3-4, a persistent
puzzle known as the cosmic lithium problem. In this study, we investigate whether the evaporation of primordial black holes
(PBHs) via Hawking radiation, which can affect the ratio of neutrons to protons before they freeze out during BBN, might
offer a solution. To test this scenario, we modify the publicly available AlterBBN code, which is frequently used for modelling
Big Bang Nucleosynthesis under non-standard cosmologies, by implementing a treatment of energy injection from PBHs. This
lets us model how nucleosynthesis proceeds across different PBH masses and initial abundances βPBH. We validate our results
by comparing outputs with those from the Parthenope code for consistency. Our goal is to determine whether PBH driven
energy injection can reduce lithium-7 production while preserving accurate predictions for deuterium and helium-4 abundances.
However, our results indicate that for MPBH = 5×108 g, PBH-induced energy injection worsens the lithium problem, increasing
the predicted 7Li/H abundance by more than a factor of three relative to the standard BBN value for βPBH ≳ 10−15. At the
same time, deuterium becomes underproduced and helium-4 overproduced, violating observational bounds and placing an upper
constraint on the allowed PBH abundance for this mass range.

Introduction

Big Bang Nucleosynthesis (BBN) is a cornerstone of mod-
ern cosmology, describing how the light elements were syn-
thesized within the first few minutes of the universe. The
predicted primordial abundances depend sensitively on the
baryon-to-photon ratio, the number of neutrino species, and
the expansion rate of the early universe1. Observations of
deuterium (D) and helium (4He) match these predictions with
high precision, providing strong support for Standard BBN
model.

In contrast, the predicted 7Li abundance (7Li/H ∼ 5 ×
10−10) exceeds the measured value in old, metal-poor halo
stars (∼ 1.5×10−10) by a factor of 3-4.This persistent incon-
sistency known as the cosmic lithium problem2,3 has resisted
resolution for decades.

Proposed explanations include uncertainties in nuclear re-
action rates4, stellar depletion5, or exotic new physics such as
decaying dark matter6 and primordial black holes (PBHs)7.

In this study, we investigate whether energy injection from
evaporating PBHs in the early universe could modify BBN
and alleviate the lithium problem. We adapt the open-source
AlterBBN code8 to incorporate PBH evaporation effects and
simulate how different PBH masses and abundances influence
primordial light element yields.
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Theoretical Background

Big Bang Nucleosynthesis

Big Bang Nucleosynthesis (BBN) occurred during the first
∼ 20 minutes after the Big Bang, as the universe cooled from
temperatures of order MeV to keV. During this period, neu-
trons and protons combined through nuclear reactions to form
light nuclei such as deuterium (D), helium-3 (3He), helium-4
(4He), and lithium-7 (7Li)3,9,10. The predicted abundances of
these elements depend strongly on the baryon-to-photon ratio
(η), which is now precisely determined by measurements of
the cosmic microwave background (CMB)11. The 4He mass
fraction (Yp) and the deuterium-to-hydrogen ratio (D/H) show
excellent agreement between theoretical predictions and ob-
servations, providing a remarkable success of the Standard Big
Bang Nucleosynthesis (SBBN) model9,12.

The Lithium Problem

Despite the overall success of SBBN, the predicted abundance
of 7Li remains a major unresolved issue. Theoretical mod-
els yield (7Li/H)SBBN ≈ 5×10−10, while observations of the
oldest, metal-poor halo stars, the so-called Spite plateau , give
(7Li/H)obs ≈ 1.5× 10−10, a discrepancy of about a factor of
3-42,3.
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Attempts to resolve this problem by revising nuclear re-
action rates, such as 3He(α,γ)7Be, reduce the predicted 7Li
yield only marginally13. Stellar depletion mechanisms, where
7Li is destroyed in stellar interiors, have also been challenged
by the observed flatness of the Spite plateau and the lack of
sufficient depletion without also destroying D or 4He5.

As a result, alternative possibilities involving physics be-
yond the Standard Model have been considered, including en-
ergy injection from exotic particles or primordial black holes
(PBHs)6–8.

Primordial Black Holes

Primordial black holes (PBHs) are hypothetical black holes
that could have formed in the very early universe, long before
the first stars or galaxies. Unlike stellar black holes, which
form from the gravitational collapse of massive stars at the end
of their lifetimes, PBHs can form from the collapse of high-
density regions during the radiation-dominated era, when the
universe was only a fraction of a second old14,15.

Such overdensities could be seeded by quantum fluctua-
tions during inflation or by phase transitions that temporar-
ily enhanced the local density. If the density contrast δρ/ρ

in a region exceeded a critical threshold (typically δc ∼ 0.3–
0.7), gravity would overcome pressure forces, and that region
would collapse into a black hole7,16.

One unique feature of PBHs is their wide range of possible
masses. The mass of a PBH is approximately equal to the
mass contained within the cosmological horizon at the time it
formed:

MPBH ≈ 1015 g
( t

10−23 s

)
(1)

where t is the cosmic time at formation15,16. This implies
that PBHs could have formed with masses ranging from the
Planck scale (∼ 10−5 g) up to several solar masses, depending
on the formation time.

For PBHs lighter than about 5×1014 g, Hawking radiation
causes them to completely evaporate within the current age of
the universe14. In particular, PBHs in the mass range 108–
1011 g have lifetimes on the order of 102–103 seconds, which
is comparable to the duration of BBN, hence, they could inject
significant energy into the cosmic plasma during this critical
period and modify the abundances of light elements7,17.

As PBHs evaporate, they emit high-energy particles includ-
ing photons, electrons, neutrinos, and hadrons via Hawking
radiation. This energy injection can modify the neutron-to-
proton ratio, induce photodissociation of light nuclei, and al-
ter the expansion rate of the universe. These effects could
potentially reduce the overproduction of 7Li while preserving
the consistency of D and 4He abundances with observations,
making PBHs an intriguing candidate for resolving the cosmic
lithium problem6,7,11.

Hawking Radiation and Energy Injection

Hawking radiation predicts that black holes emit particles
thermally, with a temperature inversely proportional to their
mass:

TBH =
c3

8πGMkB
≈ 1.06 TeV

(
1010 g

M

)
(2)

Smaller PBHs evaporate more quickly, emitting photons,
neutrinos, electrons, and quarks/gluons7,14. The lifetime of a
PBH scales roughly as M3, so PBHs of 108 − 1011 g would
have evaporated within the first 103 seconds just like in (11).
This energy injection can alter the neutron-to-proton ratio,
modify nuclear reaction rates, or photodissociate light nuclei,
potentially reducing the overproduction of 7Li6,7.

Previous studies have considered the impact of PBHs on
BBN and derived constraints on their abundance7,16. How-
ever, a systematic investigation of whether PBH evaporation
can resolve the lithium problem while preserving the D and
4He predictions remains incomplete. Our study aims to fill this
gap by modelling PBH energy injection in the AlterBBN18

code and exploring this possibility. The simplicity of the mod-
ified codebase would allow further, deeper research if the re-
sults are promising.

Methodology

Codebase and modifications

We use the publicly available AlterBBN code18 as the foun-
dation for our simulations. AlterBBN is a robust, open-
source package that computes the evolution of light element
abundances in the early universe by numerically solving the
coupled Boltzmann and Friedmann equations under standard
cosmological assumptions. It tracks the neutron-to-proton ra-
tio, nuclear reaction rates, expansion rate, and the entropy con-
tent of the plasma to produce the predicted abundances of pri-
mordial deuterium, 4He, D, 3He, and 7Li.

To incorporate the physics of evaporating PBHs into BBN,
we modified AlterBBN in several significant ways:

• We implemented a new module that calculates the time-
dependent PBH energy density, ρPBH(t), based on the
evolving PBH mass and number density. We included
this in the total energy density budget driving the Hubble
expansion.

• We added additional terms to the temperature evolution
and entropy equations to account for the energy and en-
tropy injection from Hawking radiation. These terms are
computed dynamically at each time step, ensuring con-
sistency with the evolving PBH parameters.
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• We compute the entropy source from PBH evaporation
and adjust the radiation and baryon components accord-
ingly. While the photon density and total entropy are up-
dated at each step, the baryon-to-photon ratio η is as-
sumed to remain close to its initial value and is not ex-
plicitly evolved as a separate dynamical variable.

• We incorporated our own routines for the PBH mass
loss rate due to Hawking radiation, explicitly includ-
ing approximate greybody factors for all relevant species
(photons, neutrinos, electrons, quarks, gluons), species-
dependent thresholds, and degeneracy factors to compute
the total power output and mass loss rate accurately19.

• We exposed MPBH and βPBH as user-specified free
parameters, configurable at runtime via an input file
or command-line arguments, allowing systematic scans
over the PBH parameter space.

• We set up safeguards to prevent the PBH energy density
from exceeding 1% of the radiation density (capped at
ρPBH/ρrad ≤ 10−2) to maintain radiation domination, as
required by cosmological observations11.

To validate our implementation, we ran the modified code
with βPBH → 0, confirming that it reproduced standard BBN
predictions, consistent with published AlterBBN results18.

We also developed diagnostic outputs to aid debugging and
verification, including real-time console logs of PBH mass
evolution, energy density contributions, entropy source terms,
and the simulation time and temperature at each integration
step. These outputs allow us to monitor the PBH effects on
the cosmic plasma throughout the calculation.

At a high level, our modifications to AlterBBN consist of
incorporating the effects of PBH evaporation into the cosmic
energy density, entropy evolution, and Hubble expansion rate.
These additions allow us to self-consistently track how PBH
energy injection alters the thermal history and nuclear reaction
network during Big Bang Nucleosynthesis.

We discuss the detailed physics model implemented in our
code in the next subsection.

Theory model

We model the influence of evaporating PBHs on Big Bang Nu-
cleosynthesis (BBN) by calculating their energy injection into
the radiation-dominated plasma during the first few minutes
of the universe. Primordial black holes (PBHs) are assumed to
form from the collapse of horizon-scale overdensities at very
early times14,20.

We consider PBHs with a single (monochromatic) mass
MPBH and a fractional abundance βPBH, defined as the ratio
of the PBH energy density to the radiation energy density at
the time of formation16.

At formation, the cosmic time tform is approximately

tform ≃ γ
GMPBH

c3 ≃ γ
(
2.48×10−24 s

)(MPBH

1015 g

)
, (3)

where we assume that MPBH equals the horizon mass at that
epoch16. Using M0 = 5×108 g = 5×105 kg and γ = 0.2,

tform = γ
GM0

c3 ≈ 2.48×10−31 s, (4)

At this time, the radiation energy density ρr(tform) is given
by the Friedmann equation:

ρr(tform) =
3

32πGt2
form

, (5)

We define the PBH abundance as:

βPBH =
ρPBH(tform)

ρr(tform)
, (6)

Since the energy density of PBHs at formation is simply
their number density nPBH multiplied by MPBH, the initial PBH
number density is given by:

nPBH(tform) =
βPBH ρr(tform)

MPBH
, (7)

After the formation, PBHs behave as pressureless, non-
relativistic matter, and their number density evolves as
nPBH(t) ∝ a(t)−3, where the scale factor evolves as a(t) ∝ t1/2

during the radiation-dominated era21. At the same time, each
PBH evaporates via Hawking radiation14, with its mass de-
creasing according to:

dM
dt

=− c4

15360πG2M2 , (8)

The evaporation rate is faster for lighter PBHs because the
Hawking temperature is inversely proportional to mass14:

TPBH =
c3

8πGkBM
≈ 1.06×1013 GeV

(
1g
M

)
, (9)

Accordingly, the lifetime of a PBH can be estimated by in-
tegrating the mass-loss rate. Starting from

dM
dt

=−K
1

M2 , K ≡ c4

15360πG2 ,∫ 0

M0

M2 dM =−K
∫

τ

0
dt ⇒

[
M3

3

]0

M0

=−Kτ,

τ =
M3

0
3K

=
5120πG2

c4 M3
0 ∝ M3

0 .

(10)
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This explicitly shows that the PBH lifetime scales as τ ∝

M3. Numerically, using SI units, the prefactor evaluates to
5120πG2/(c4) ≈ 8.41× 10−17 skg−3. For example, a PBH
with M0 = 5×108 g has a lifetime

τ ≈ 8.41×10−26 (5×108)3 s ≈ 10.5 s. (11)

Including greybody factors and the full set of Standard
Model degrees of freedom modifies the numerical prefactor
but preserves the τ ∝ M3 scaling19.

To account for the fact that blackholes aren’t perfect black-
body radiators due to spacetime curvature near their horizon,
we include approximate greybody factors19. These modify
the spectrum for each particle and depend on the dimension-
less energy x = E/kT . Each species has its own greybody
suppression factor Γi(x), degeneracy gi and threshold. The
total Hawking power is computed by integrating over x and
summing over all species:

PHawking = ∑
i

gi

∫
∞

0

Γi(x)x3

exp(x)±1
dx. (12)

In our code, greybody factors Γi(x) are implemented using
simple analytic approximations that match the leading-order
spectral behavior. While more precise tabulated values ex-
ist, our fits are sufficient to capture the qualitative impact of
Hawking radiation on the thermal plasma.

The PBH energy density at any time is given by

ρPBH(t) = M(t) ·nPBH(t) (13)

and it contributes to the total energy density driving the cos-
mic expansion. The entropy injection and energy release from
PBHs are modeled using the Hawking mass-loss rate. For a
monochromatic PBH population, the energy injection rate at
time t is

ρ̇PBH(t) =−nPBH(t)
dM
dt

c2 = nPBH,0

(
a0

a(t)

)3
α c2[

M3
0 −3αt

]2/3 ,

(14)
where α = c4/(15360πG2) includes greybody and species

factors. This captures the correct physical behavior: the injec-
tion rate is small at early times and rises sharply near the end
of the PBH lifetime. The entropy source term is then com-
puted as

ṠPBH(t) =
ρ̇PBH(t)

T (t)
, (15)

assuming instantaneous thermalization of the injected en-
ergy. Both temperature and time evolve during BBN, and in
our implementation, T and t are tracked separately, consistent
with the radiation-domination relation T ∝ t−1/2.

During its life, PBHs emit high-energy particles, including
photons, electrons, neutrinos, and hadrons that interact with
the plasma22. These injections modify the expansion rate of
the universe, alter the neutron-to-proton ratio before freeze-
out, and photodissociate light nuclei after formation, all of
which affect the primordial abundance of light elements.

The full nuclear reaction network is solved using AlterBBN
code18, which computes the evolution of D, 4He, and 7Li
abundances. The reaction rates are taken from experimen-
tal data11 and include weak interaction, fusion reactions, and
their inverse processes. These rates carry known uncertainties
at the ∼ 5–10% level3.

The QCD equation of state, determining g∗(T ) and h∗(T ),
is included through tabulated values23 and governs the energy
and the entropy densities of the plasma:

ρrad(T ) =
π2

30
g∗(T )T 4, srad(T ) =

2π2

45
h∗(T )T 3. (16)

To ensure radiation domination during BBN and maintain
numerical stability, we impose the following upper bound on
PBH energy density to remain consistent with CMB and light-
element observational bounds:

ρPBH

ρrad
≤ 10−2. (17)

Note on βPBH Convention

In this work, we define the initial PBH abundance at the time
of formation as

βPBH =
ρPBH

ρr

∣∣∣∣
tform

, (18)

where ρPBH is the energy density in primordial black holes
and ρr is the radiation energy density at the same time. This
ratio directly represents the energy fraction in PBHs when
they form and is the quantity implemented in our modified
AlterBBN code.

However, this definition differs from that used in much of
the literature, including24, where the PBH abundance is de-
fined in a rescaled form that more directly reflects the impact
of PBHs on later cosmological evolution. Specifically, many
studies define β as the fraction of the total energy density in
PBHs at horizon re-entry, including numerical factors to ac-
count for collapse efficiency, entropy dilution, and the differ-
ence in redshifting behavior between matter and radiation.

To understand why this leads to a difference of orders of
magnitude, we consider how the energy densities evolve. Af-
ter formation, PBHs behave like non-relativistic matter, scal-
ing as ρPBH ∝ a−3, while radiation scales as ρr ∝ a−4. There-
fore, their ratio increases with the scale factor:
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ρPBH(t)
ρr(t)

= βPBH · a(t)
a(tform)

. (19)

During radiation domination, the product aT remains ap-
proximately constant, so

a(t)
a(tform)

=
Tform

T (t)
. (20)

If the PBHs form at Tform ∼ 109 GeV and evaporate around
Tevap ∼ 1 MeV = 10−3 GeV, then the ratio of scale factors
becomes

Tform

Tevap
∼ 1012. (21)

Thus, even a tiny initial abundance βPBH ∼ 10−25 leads to
a much larger ratio ρPBH/ρr ∼ 10−13 at the time of evapora-
tion. This time-dependent amplification is implicitly absorbed
into the literature’s definition of β , which often represents the
effective impact of PBHs near their evaporation epoch rather
than their initial fraction.

Therefore, to compare our results with values from the lit-
erature, we can roughly estimate that

βliterature ∼
(

Tform

Tevap

)
·βPBH ∼ 1012 ·βPBH, (22)

depending on the specific formation and evaporation tem-
peratures. For example, a value βPBH = 10−25 in our conven-
tion corresponds to approximately βliterature ∼ 10−13, which is
a typical value cited in PBH constraint plots.

Throughout this paper, we consistently use our definition of
βPBH as the initial energy fraction at formation, which directly
corresponds to the parameter implemented in the numerical
simulation.

Parameters and Setup

We explored the impact of PBHs on BBN by scanning a grid
of physically motivated parameter values. The two key free
parameters in our study are the PBH mass at formation, MPBH,
and their fractional abundance at formation, βPBH.

Motivated by previous works7,16,17, we fixed the PBH mass
to MPBH = 5× 108 g, corresponding to PBHs that evaporate
during the BBN epoch. This mass was chosen because PBHs
in this range inject energy at timescales relevant for altering
light-element abundances without completely dominating the
expansion or surviving to late times as dark matter. Lighter
PBHs evaporate too early to have any significant effects, while
heavier PBHs survive past recombination.

For this fixed mass, we varied the initial abundance βPBH
over the range 10−18 to 10−12 (24 convention) , subject to the
imposed upper bound ρPBH/ρrad ≤ 10−2 at all times11. The

lower bound allows us to probe even extremely small PBH
contributions to BBN in detail.

Parameter Value
η 6.1×10−10

MPBH 5×108 g
βPBH range 10−18–10−12

ρPBH/ρr cap 10−2

Table 1: Simulation parameters used throughout this work.

For each choice of βPBH, we ran the modified code and com-
puted the resulting primordial abundances of the deuterium-
to-hydrogen ratio (D/H), helium-4 mass fraction (Yp), and
lithium-7-to-hydrogen ratio (7Li/H). These outputs were
compared to observational constraints to identify the param-
eter regions where PBH evaporation could help alleviate the
lithium-7 discrepancy without violating constraints from deu-
terium and helium-4 abundances1,3,12. We adopted a baryon-
to-photon ratio η0 = 6.1 × 10−10, consistent with Planck
CMB measurements12. Standard nuclear reaction rates and
cross sections, as implemented in AlterBBN18, were used
throughout.

All simulations were performed on a Linux-based desktop
workstation using a GCC-compiled version of the code. Com-
putations typically completed in seconds to minutes per run,
allowing efficient exploration of βPBH over many orders of
magnitude. Results were post-processed and visualized using
Python scripts, producing plots of predicted abundances as a
function of βPBH.

To ensure reproducibility, we maintained a version-
controlled repository of our modified code, input configura-
tions, and output data.

Observational Abundance Constraints

To determine whether a given PBH parameter point is con-
sistent with astrophysical observations, we impose the cur-
rent best–fit primordial abundances for deuterium, helium, and
lithium. The following 1σ observational ranges are adopted
throughout this work:

• Deuterium:

(D/H)obs = (2.547±0.025)×10−5, (23)

based on high-redshift damped Lyman-α absorber mea-
surements.

• Helium-4 mass fraction:

Yp = 0.2449±0.0040, (24)

inferred from metal-poor extragalactic H II regions.
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• Lithium-7:

(7Li/H)obs = (1.6±0.3)×10−10, (25)

determined from Population II halo stars.

These observational values are used as consistency crite-
ria when scanning the PBH mass–abundance parameter space.
Parameter points that produce primordial abundances outside
these ranges are marked as observationally excluded in the Re-
sults section. In our analysis, a parameter point is classified as
observationally allowed only if all three predicted abundances
(D/H, Yp, and 7Li/H) lie within these 1σ ranges simultane-
ously. These observational values follow the compilation in
Fields et al. (2020)1.

Validation Against PArthENoPE

To validate our PBH evaporation implementation, we com-
pare the AlterBBN predictions with PArthENoPE for the same
PBH mass MPBH = 5 × 108 g over several orders of magni-
tude in PBH abundance. Because the two codes use differ-
ent conventions for βPBH (formation-time in AlterBBN versus
horizon-entry in PArthENoPE), we compare elemental abun-
dances directly rather than the numerical values of βPBH.

Table 2: Comparison of Yp between PArthENoPE and our
modified AlterBBN for MPBH = 5×108 g. Percent differences
are (Y ABBN

p −Y PArth
p )/Y PArth

p ×100%.
βPBH (PArth.) Yp (PArth.) βPBH (ABBN) Yp (ABBN) Percent diff.
5.0×10−19 0.247 8.0×10−29 0.2471 +0.04%
5.0×10−18 0.248 8.0×10−28 0.2471 −0.36%
5.0×10−17 0.249 8.0×10−27 0.2475 −0.60%
5.0×10−16 0.2525 8.0×10−26 0.2520 −0.20%
5.0×10−15 0.260 8.0×10−25 0.3365 +29.4%

Helium-4 mass fraction Yp

Table 3: Comparison of D/H (in units of 10−5) between
PArthENoPE and AlterBBN for MPBH = 5×108 g.

βPBH (PArth.) D/H (PArth.) βPBH (ABBN) D/H (ABBN) Percent diff.
5.0×10−19 2.50 8.0×10−29 2.456 −1.76%
5.0×10−18 2.48 8.0×10−28 2.455 −1.01%
5.0×10−17 2.30 8.0×10−27 2.432 +5.73%
5.0×10−16 1.00 8.0×10−26 2.218 +121.8%
5.0×10−15 ∼ 0 8.0×10−25 0.2485 n.a.

Deuterium abundance D/H

Across the first three decades in PBH abundance, AlterBBN
reproduces PArthENoPE predictions at the ≲ 1% level for
both Yp and D/H. Larger discrepancies at high βPBH arise from
extreme energy injection, which lies in a region already obser-
vationally excluded.

Standard BBN Validation

Before introducing PBHs, we verify that our modified Al-
terBBN code reproduces standard BBN results when βPBH =
0. Table 4 compares our abundances to the reference
PArthENoPE predictions (Fields et al. 2020). The agreement
at the sub-percent level for Yp and D/H, and at the few-percent
level for 7Li/H, confirms that the PBH extensions do not alter
the baseline BBN evolution.

Table 4: Standard BBN validation with βPBH = 0. “Refer-
ence” values are taken from PArthENoPE (Fields et al. 2020).
Percent differences are computed as (Xthis − Xref)/Xref ×
100%.

Abundance This work Reference Percent diff.
Yp 0.2471 0.24709 +0.004%
D/H (×10−5) 2.456 2.45 +0.26%
7Li/H (×10−10) 5.382 5.62 −4.24%

Comparison with Observational Constraints

To assess the viability of PBH-induced energy injection dur-
ing BBN, we compare our simulated elemental abundances
against current observational limits for light elements.

Our results indicate that for βPBH ≳ 10−15, all three key
abundances, 7Li, D, and Yp begin to deviate significantly from
observationally inferred values:

• 7Li rises well above the already overpredicted SBBN
level.

• Deuterium falls below its lower observational bound.

• Helium-4 rises above its upper observational limit, with
Yp ≳ 0.27 at high βPBH.

At βPBH ∼ 10−14, all the abundances are in strong conflict
with observational data, clearly ruling out such a high PBH
abundance for this mass scale. These findings suggest that,
within the MPBH = 5 × 108 g range, PBH evaporation does
not resolve the lithium problem, in fact it worsens it—while
simultaneously violating deuterium and helium-4 abundance
constraints.

To validate the credibility of our bounds, we compare our
results with earlier literature, particularly the study by Boccia
et al.24, which analyzed the BBN effects of PBH evaporation
and reported an upper limit of βPBH ≲ 10−16 for MPBH = 5×
108 g.

When translated to our convention, where βPBH is defined as
the initial PBH energy fraction relative to the total energy den-
sity at formation, without horizon scaling,24 limit corresponds
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to βPBH ≲ 10−14, which closely aligns with our derived upper
bound.

This agreement reinforces the accuracy of our simulation
and supports the claim that our modified AlterBBN code
captures the essential physics of PBH evaporation and its ef-
fects on light element synthesis. Minor discrepancies within
an order of magnitude are expected, given differences in nu-
clear reaction rates, greybody factor approximations, and ther-
malization assumptions.

Table 5: AlterBBN abundances across the PBH abundance
scan for MPBH = 5×108 g.

βPBH Yp D/H (×10−5) 7Li/H (×10−10)
8×10−30 0.2471 2.456 5.382
8×10−29 0.2471 2.456 5.382
8×10−28 0.2471 2.455 5.388
8×10−27 0.2475 2.432 5.464
8×10−26 0.2520 2.218 6.260
8×10−25 0.3365 0.2485 42.46

As shown in Fig. 1, our simulated abundance trends for
D/H, Yp, and 7Li/H closely match those obtained by Boccia
et al.24, once our β Boccia

PBH values are converted to their β ′ con-
vention via Eq. (18). The qualitative behaviour of each ele-
ment is consistent across both works, validating our numeri-
cal setup. Small quantitative differences at high βPBH can be
traced to differences in the nuclear reaction network imple-
mentation, choice of thermal history treatment, and interpola-
tion of cross-section data. This agreement provides an impor-
tant cross-check and builds confidence in the robustness of our
results.

Our simulations explored the impact of PBH evaporation
on the primordial abundances of light elements by injecting
energy into the plasma during BBN. Here we discuss our re-
sults in detail, interpret the observed trends, compare them
with previous studies, and highlight the implications, limita-
tions, and prospects for future work.
Note that the βPBH values differ between columns because
PARTHENOPE uses the horizon-entry definition, whereas our
ALTERBBN implementation uses the formation-time defini-
tion; we therefore compare abundances directly rather than
β .

Results and Discussion

In this section, we present the results of our simulation investi-
gating the effect of evaporating PBHs on BBN. We have fixed
the PBH mass at MPBH = 5×108 g and varied the initial abun-
dance βPBH over the range 10−18 −10−12. The abundances of
key light elements lithium-7 7Li/H, deuterium D/H, and the
4He mass fraction Yp , were computed as functions of βPBH.

D/H from our modified
AlterBBN code

Yp from our modified AlterBBN
code

D/H from Boccia et al. (using
Parthenope)

Yp from Boccia et al. (using
Parthenope)

Fig. 1: Comparison of deuterium (D/H, left) and helium-
4 mass fraction (Y p, right) between our modified AlterBBN
results (top row) and Boccia et al.24 obtained with the
Parthenope code (bottom row). The qualitative agreement val-
idates our implementation.
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Allowed Parameter Range

From our simulations and comparisons with observational
constraints on light element abundances, we find that values of
βPBH ≳ 10−15 (for MPBH = 5×108 g) begin to produce signif-
icant deviations from the standard BBN (SBBN) predictions.
In particular, we observe that for βPBH ≳ 10−14, the helium-
4 mass fraction Yp and the lithium-7 abundance (7Li/H) ex-
ceed their respective observational upper limits, while the deu-
terium abundance D/H drops below its lower bound.

These deviations become increasingly pronounced with ris-
ing βPBH, indicating that excessive energy injection from PBH
evaporation disrupts the thermal and nuclear conditions re-
quired for accurate light-element synthesis.

Based on these results, we constrain the initial PBH abun-
dance to βPBH ≲ 10−14 for MPBH = 5 × 108 g. This upper
bound is consistent with earlier constraints reported in the lit-
erature24, after accounting for differences in normalization
conventions. Our findings support the conclusion that PBHs
on this mass scale must have been extremely rare to avoid dis-
rupting the predictions of SBBN.

(i) Origin of the Lithium-7 Enhancement

Lithium-7 is particularly sensitive to modifications of the ther-
mal and nuclear reaction history during Big Bang Nucle-
osynthesis (BBN). Our results show that for βPBH ≲ 10−15,
the predicted 7Li/H abundance remains close to the Standard
BBN (SBBN) value. However, as βPBH increases beyond this
threshold, the lithium abundance rises sharply.

For βPBH ≳ 10−15, the 7Li/H ratio increases by more than
a factor of three compared to the SBBN prediction. This en-
hancement is driven by two related effects. First, PBH evap-
oration alters the nuclear reaction network in a way that en-
hances the production of 7Be, which subsequently decays into
7Li via electron capture. Second, energy injection from PBH
evaporation modifies reaction rates and effectively prolongs
the time available for lithium synthesis.

Figure 2 illustrates this behavior. Panel (A) shows the con-
tinuous dependence of 7Li/H on βPBH obtained from our mod-
ified AlterBBN code, while panel (B) presents discrete data
points with associated numerical uncertainties. In both cases,
PBH evaporation leads to lithium production well above the
SBBN value, thereby worsening the lithium problem rather
than alleviating it.

The physical origin of this behavior can be understood using
a simple order-of-magnitude estimate. Although PBHs con-
stitute only a tiny fraction of the total energy density during
BBN (for example, ρPBH/ρrad ∼ 10−6 for βPBH = 8×10−26),
the energy injected per baryon is substantial. At temperatures
T ∼ 1MeV, the photon number density is nγ ≃ 3.2×1037 m−3,
implying a baryon number density nb = ηnγ ≃ 2×1028 m−3.

The PBH energy density measured in our simulations,
ρPBH ≃ 1.5× 103 kgm−3, corresponds to an injected energy
per baryon of

Eperbaryon ≃
ρPBHc2

nb
∼ 4×1010 eV, (26)

i.e. tens of GeV per baryon. Such energy injection is sufficient
to generate energetic non-thermal photons and hadrons that
significantly affect the nuclear reaction network.

These non-thermal particles efficiently destroy deuterium,
which has a low binding energy, but do not efficiently destroy
7Be or 7Li due to their higher photodisintegration thresholds
and smaller cross-sections. At the same time, the produc-
tion of extra neutrons and 3He in the non-thermal cascades
enhances the reaction

3He(α,γ)7Be,

thereby increasing the 7Be abundance. Since 7Be subse-
quently decays into 7Li, the net effect of PBH evaporation
in this mass and abundance range is an increase in the final
lithium-7 abundance.

Predicted 7Li/Hvs. βPBH (contin-
uous curve) from our modified
AlterBBN code.

Predicted 7Li/H vs. βPBH (discrete
points with error bars) from our
modified AlterBBN code.

Fig. 2: Panel (A) shows the continuous trend from our mod-
ified AlterBBN code, while panel (B) includes discrete data
points with error bars for comparison. PBH evaporation en-
hances lithium production beyond the standard BBN value,
worsening the lithium problem.
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Predicted (D/H) vs. βPBH (con-
tinuous curve) from our modified
AlterBBN code.

Predicted (D/H) vs. βPBH (discrete
points with error bars) from our
modified AlterBBN code.

Fig. 3: Predicted deuterium abundance (D/H) as a func-
tion of PBH abundance βPBH, computed with our modified
AlterBBN code. Panel (A) shows the continuous curve,
while panel (B) displays the same data with discrete points
and error bars. At large PBH abundances, photodissociation
processes drive D below its observationally allowed range.

(ii) Evolution of D/H

In contrast to lithium-7, the deuterium abundance decreases
with increasing PBH abundance. For small values of βPBH,
the deuterium-to-hydrogen ratio (D/H) remains nearly con-
stant and agrees with the SBBN prediction. However, once
βPBH ≳ 10−15, the deuterium abundance begins to gradually
decline.

This depletion becomes rapid for βPBH ≳ 10−14. The pri-
mary cause is photodissociation: high-energy photons emitted
during PBH evaporation can efficiently destroy deuterium nu-
clei, which have a relatively low binding energy of ∼ 2.2 MeV.

(iii) Evolution of Yp

The helium-4 mass fraction Yp shows a steady increase with
rising βPBH. For βPBH ≲ 10−15, Yp ≈ 0.25, consistent with the
SBBN prediction. As βPBH increases, Yp begins to rise due
to two effects: delayed neutron-proton freeze-out and partial
reheating of the plasma.

At βPBH ∼ 10−13, Yp exceeds 0.29, significantly above ob-
servational constraints. This enhancement arises from the el-
evated neutron-to-proton ratio at freeze-out, since nearly all
remaining neutrons eventually form helium-4.

Predicted Y p vs. βPBH (continuous curve)
from our modified AlterBBN code.

Predicted Yp vs. βPBH (discrete points with
error bars) from our modified AlterBBN
code.

Fig. 4: Predicted helium-4 mass fraction (Yp) as a func-
tion of PBH abundance βPBH, computed with our modified
AlterBBN code. Panel (A) shows the continuous curve,
while panel (B) displays the same data with discrete points and
error bars. Energy injection delays neutron–proton freeze-out,
raising Yp above observational limits for βPBH ≳ 10−15.

Global Parameter Scan: Joint Dependence on βPBH and
MPBH

To explore the broader PBH parameter space, we perform a
two-dimensional scan over the initial PBH abundance βPBH
and the PBH mass MPBH, and visualize the resulting pri-
mordial abundances using the three-dimensional surface plots
shown in Fig. 5. This scan reveals a narrow region in the
(MPBH,βPBH) plane where the predicted 7Li/H abundance is
mildly suppressed relative to the standard Big Bang Nucle-
osynthesis (BBN) value. However, even within this region,
the lithium abundance remains significantly above the obser-
vationally inferred value and is therefore phenomenologically
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Fig. 5: Global parameter scan of primordial abundances in the
(βPBH, MPBH) plane, generated with our modified AlterBBN
code. A narrow valley appears where 7Li/H is suppressed,
but abundances remain inconsistent with observations, show-
ing that PBH evaporation cannot resolve the lithium problem.

irrelevant. The detailed physical origin of this suppression is
not fully clear within our simplified treatment; it likely reflects
a subtle interplay between the timing of PBH evaporation,
neutron injection, and the onset of 7Be synthesis. A definitive
explanation would require a more detailed non-equilibrium
treatment of hadronic and electromagnetic cascades, which is
beyond the scope of this work.

Outside this narrow band, PBH evaporation either occurs
too early or too late to meaningfully influence nucleosynthe-
sis, or the associated energy injection produces substantial dis-
tortions in deuterium and 4He abundances, which are tightly
constrained observationally. The joint scan therefore demon-
strates that, although PBH evaporation can transiently sup-
press lithium production within a finely tuned region of pa-
rameter space, this effect is insufficient to resolve the primor-
dial lithium problem.

Physical Interpretation of the trends in abundance

At small values of βPBH ≲ 10−18, the impact of PBH evap-
oration is negligible. The abundances of light elements re-
main consistent with Standard BBN (SBBN) predictions, as
expected. In this regime, the energy density of PBHs is so
small compared to the radiation background that their contri-
bution to the plasma’s thermal or dynamical evolution is in-
significant25. As βPBH increases beyond ∼ 10−15, the injected
energy from PBH evaporation begins to affect key processes
in nucleosynthesis. We observe the following deviations from

standard predictions:

• Helium-4 Mass Fraction (Yp) Increases:
The early injection of energy, particularly from high-
energy particles delays the neutron-to-proton freeze-out
by maintaining thermal equilibrium slightly longer. As a
result, more neutrons survive until nucleosynthesis be-
gins, leading to a higher synthesis of helium-4, since
nearly all available neutrons end up in 4He nuclei6.

• Lithium-7 Abundance (7Li/H) Increases:
Contrary to some expectations, we find that lithium-7
abundances increase rather than decrease. This is pri-
marily because non-thermal hadrons and photons emit-
ted during PBH evaporation modify the nuclear reac-
tion flow. In particular, reactions producing 7Be (which
later decays to 7Li) become more efficient, and destruc-
tion channels are insufficient to counteract this enhance-
ment22. Thus, PBHs in the considered mass range aggra-
vate rather than alleviate the lithium problem.

• Deuterium Abundance (D/H) Decreases:
Deuterium is the most weakly bound of the light nuclei
and is especially sensitive to photodissociation. The in-
jection of high-energy photons during or shortly after nu-
cleosynthesis dissociates existing deuterium nuclei, re-
ducing the final D/H ratio . This is a key constraint on
PBH models, as current observations of deuterium are
highly precise.

These trends are physically intuitive when viewed through
the lens of thermal and non-thermal processes during BBN.
PBH evaporation injects entropy, disturbs the baryon-to-
photon ratio η(t), and alters the expansion rate via increased
energy density. Additionally, energetic secondary particles
open new or accelerated reaction channels.

These results collectively indicate that for the PBH mass
and abundance range considered, PBH evaporation worsens
the lithium-7 discrepancy instead of resolving it. While such
models provide a rich framework to study non-standard cos-
mology, the specific parameter space we explored suggests
PBHs are unlikely to be the primary solution to the lithium
problem without introducing additional mechanisms or con-
straints.

Physical intuition and implications

The results reinforce the idea that PBHs with mass MPBH =
5×108 g inject energy too late, after weak interaction freeze-
out (which determines the neutron-to-proton ratio) but during
the nuclear burning phase when light nuclei form. This timing
is crucial: the injected energy heats the plasma and alters reac-
tion rates in a way that enhances the production of 7Be, which
later decays into 7Li, thereby worsening the lithium problem

10 | © The National High School Journal of Science 2026



rather than alleviating it. For PBH evaporation to reduce the
lithium-7 abundance, the injected energy would need to ar-
rive earlier, ideally before or during neutron-proton freeze-out,
to shift the neutron-to-proton ratio or suppress the formation
of beryllium-7. However, such early evaporation would re-
quire lighter PBHs (e.g., MPBH ≲ 108 g), which evaporate too
rapidly to inject significant energy during the nucleosynthe-
sis window16. This presents a fine-tuning challenge: PBHs
must be massive enough to influence BBN but light enough
to evaporate early enough to affect the relevant nuclear pro-
cesses. Our constraint βPBH ≲ 10−14 implies that PBHs must
remain strongly subdominant to the radiation density during
BBN to avoid disrupting the observed abundances of light ele-
ments. This reinforces earlier findings6 and places tight limits
on PBH populations in this mass range. In summary, PBHs in
the ∼ 108 g range are unlikely to resolve the lithium problem,
and any viable PBH-based mechanism would require more
careful tuning of mass and abundance to achieve the desired
effect without violating other observational constraints.

Limitations and future work

While our study provides a detailed and quantitative explo-
ration of the impact of PBHs on BBN, it is subject to several
simplifications, assumptions, and modeling limitations that
could be addressed in future works. While the refinements
below could shift the exact numerical upper bound on βPBH,
for example, bringing our value even closer to24, they are not
expected to produce any qualitative change.

• Monochromatic PBH Mass Spectrum
We assume a monochromatic mass spectrum for PBHs
where all black holes have the same mass MPBH = 5×
108 g. While this choice allows for clear isolation of ef-
fects near critical evaporation timescales, it neglects the
possible influence of broader or extended mass functions,
which are generally expected in realistic early-universe
collapse scenarios. Such spectra could lead to energy in-
jection over a wider time window, with cumulative ef-
fects on nuclear reaction rates, freeze-out, and photodis-
integration processes. Future work should consider log-
normal, power-law, or critical collapse-inspired distribu-
tions to assess whether such effects could shift or even
alleviate the lithium problem7.

• Instantaneous Thermalization
Our modeling assumes that all energy injected by evap-
orating PBHs is instantly and uniformly thermalized into
the background plasma. In reality, high-energy photons
initiate electromagnetic cascades, which may delay full
thermalization and change the dissociation rates of nu-
clei. These particles can initiate cascades or delay energy

deposition, leading to time-dependent modifications in
the photon spectrum and altered nucleosynthesis dynam-
ics. Incorporating energy deposition kernels and trans-
port modeling could improve the accuracy of the entropy
and temperature evolution.

• Approximate Greybody Factor
While we included greybody factors in our Hawking
radiation calculations, these were implemented via an-
alytical approximations for tractability. The full nu-
merical computation of greybody factors, especially for
spin-1 and spin-2 particles, exhibits energy- and species-
dependent deviations from blackbody spectra. Using tab-
ulated greybody factors or solving the wave equation
numerically for each species would allow more accu-
rate modeling of the energy distribution and evaporation
rate26.

• Neglect of Hadronic Showers
Our code tracks the effect of total energy injection on
the BBN plasma but does not separately model hadronic
showers, which arise when emitted quarks and gluons
hadronize and interact with light nuclei. These non-
thermal processes can be especially important for alter-
ing neutron-to-proton ratios and dissociating helium or
lithium nuclei. A full treatment of hadronic cascades us-
ing transfer functions or Monte Carlo shower simulations
would be necessary to rigorously quantify these effects6.

Future extensions of this work can focus on relaxing current
assumptions and improving the PBH–BBN interaction model.
Key directions include:

• Incorporating Extended Mass Spectra
Studying a range of PBH masses with varying abun-
dances could reveal whether certain energy injection pat-
terns yield more favorable outcomes for the lithium-
7 problem while remaining within the observational
bounds for deuterium and helium. Exploring log-normal
or power-law spectra may lead to qualitatively different
nucleosynthesis effects due to the spread in evaporation
times.

• Lower Mass PBHs
PBHs with masses MPBH < 108 g evaporate earlier in
the thermal history, potentially before deuterium and
lithium formation. Their early evaporation could affect
the neutron-to-proton ratio or the baryon-to-photon ratio
in ways not captured by heavier PBH models. Testing
whether earlier evaporation improves lithium predictions
without violating constraints on light element yields or
entropy density is a promising direction.

• Detailed Non-Equilibrium Modeling
Implementing time and energy-dependent deposition
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models for high-energy particles, such as photon cas-
cades, hadronic showers, or delayed energy injection
functions would provide a more realistic estimate of how
PBH energy interacts with the thermal plasma and light
nuclei. This would help refine our understanding of non-
instantaneous thermalization effects16.

• Dynamic Evolution of η(t)
Our analysis assumes a constant baryon-to-photon ratio
during BBN, following standard BBN calculations. In
principle, entropy injection from PBH evaporation can
induce a time-dependent evolution of η , since baryon
number is conserved while the photon number density
may increase due to energy injection into the radiation
bath. A fully self-consistent treatment would therefore
require solving for the evolution of η(t) in the presence
of entropy sources.

Schematically, the baryon-to-photon ratio can be written
as

η(t) =
nb

nγ(t)
, (27)

where nb remains fixed while nγ may increase due to
PBH-induced entropy injection. A decrease in η mod-
ifies the balance between nuclear reaction rates and the
expansion of the Universe, primarily affecting deuterium
synthesis and, indirectly, the downstream production of
heavier nuclei.

In the parameter space explored in this work, however,
PBHs remain a subdominant component of the total en-
ergy density during BBN, and the associated entropy in-
jection is correspondingly small. As a result, the evo-
lution of η(t) is negligible for βPBH ≲ 10−15, and the
baryon-to-photon ratio can be treated as effectively con-
stant. Even at larger PBH abundances, variations in η

constitute a subleading correction and are not the domi-
nant driver of the lithium enhancement observed in our
simulations.

We therefore expect that including a self-consistent evo-
lution of η(t) would not qualitatively modify the behav-
ior of the 7Li abundance as a function of βPBH, nor alter
the main conclusions of this study. Nonetheless, incorpo-
rating entropy-induced η evolution would be a valuable
extension for future work aimed at higher PBH abun-
dances.

• Fixed Neutrino-Photon Temperature Ratio
In our modelling, the neutrino temperature Tν(t) is as-
sumed to evolve in the standard way, maintaining a fixed
ratio Tν/Tγ = (4/11)1/3 after e± annihilation. This ne-
glects the slight differential reheating that would occur
if PBH evaporation injected entropy primarily into the

photon-electron plasma. For the parameter space ex-
plored here (MPBH = 5×108 g, βPBH ≲ 10−28), the result-
ing change in Tν/Tγ and the corresponding shift in light-
element abundances are expected to be at the sub-percent
level, well below our current numerical uncertainties.
However, for larger βPBH or different PBH masses with
higher energy injection, evolving Tν(t) self-consistently
could become important.

Overall, our simplified model already shows that PBHs at
MPBH = 5×108 g do not improve the lithium problem without
violating other constraints. Hence, we chose to keep the model
minimal and transparent rather than pursuing a more com-
plex implementation, as the initial results were not promising
enough to justify further complication. We intentionally kept
the model minimal, since our results already show that PBH
evaporation in this mass range worsens the lithium problem,
and further complication would not qualitatively change this
conclusion

Conclusion

In this work, we investigated whether energy injection from
evaporating primordial black holes (PBHs) with mass MPBH =
5×108 g could alleviate the long-standing lithium-7 discrep-
ancy in Big Bang Nucleosynthesis (BBN). By modifying the
AlterBBN code to consistently include PBH evaporation ef-
fects, we computed the primordial abundances of deuterium,
helium-4, and lithium-7 over a wide range of PBH initial abun-
dances.

Our results demonstrate that PBH evaporation in this mass
range does not resolve the lithium problem. Instead, increas-
ing βPBH leads to an enhancement of the final 7Li/H abun-
dance, exacerbating the discrepancy with observations. At the
same time, deuterium becomes underproduced and helium-4
overproduced for sufficiently large PBH abundances, yielding
stringent constraints on the allowed PBH contribution during
BBN. For MPBH = 5×108 g, we derive an approximate upper
bound βPBH ≲ 8×10−14, consistent with existing limits in the
literature after accounting for differing βPBH conventions.

This PBH mass was chosen deliberately, as it corresponds
to evaporation occurring near the peak of BBN, when mod-
ifications to nuclear reaction rates and freeze-out dynamics
would be expected to have the greatest potential impact on
lithium production. The fact that PBHs in this optimally timed
mass window worsen rather than alleviate the lithium problem
therefore provides a robust negative result, effectively closing
off this region of PBH parameter space as a viable solution.

While our analysis focuses on a monochromatic PBH mass
spectrum and assumes standard thermalization of injected par-
ticles, these assumptions are unlikely to alter the qualitative
outcome. Even within a narrow region of parameter space
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where lithium is mildly suppressed, the reduction is insuffi-
cient to reconcile theory with observations and requires fine-
tuning that renders such scenarios implausible. More elabo-
rate PBH models, such as extended mass functions or detailed
hadronic shower treatments, may modify quantitative bounds
but would still need to overcome the fundamental tendency of
PBH evaporation to enhance lithium production.

In conclusion, our findings indicate that evaporating PBHs
during BBN do not offer a viable resolution to the primor-
dial lithium problem under standard assumptions, and instead
impose tighter constraints on early-Universe black hole sce-
narios. This result helps narrow the range of proposed solu-
tions and motivates further investigation into alternative expla-
nations, potentially involving new nuclear physics, stellar de-
pletion mechanisms, or physics beyond the Standard Model.

Code Availability

The modified AlterBBN code and representative in-
put files used in this work are available via a public
archive at: https://drive.google.com/file/d/
1JgYkSK4b6Eo1Un7eOV_IhE5eSxenBze_/view?
usp=drive_link.
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