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Abstract We investigate the generation of baryon asymme-
try from the corrections brought about in the Friedman equa-
tions due to Barrow entropy. In particular, by applying the
gravity-thermodynamics conjecture one obtains extra terms
in the Friedmann equations that change the Hubble function
evolution during the radiation-dominated epoch. Hence, even
in the case of standard coupling between the Ricci scalar and
baryon current they can lead to a non-zero baryon asymme-
try. In order to match observations we find that the Barrow
exponent should lie in the interval 0.005 � � � 0.008,
which corresponds to a slight deviation from the standard
Bekenstein–Hawking entropy. The upper bound is tighter
than the one of other observational constraints, however the
interesting feature is that in the present analysis we obtain a
non-zero lower bound. Nevertheless this lower bound would
disappear if the baryon asymmetry in Barrow-modified cos-
mology is generated by other mechanisms, not related to the
Barrow modification.

1 Introduction

Since the first investigation of the thermodynamic features
of black holes, the connection between gravity and thermo-
dynamics has been widely explored, becoming even more
central in the recent effort of developing a quantum theory
of gravity [1–3]. This concept was later formalized by the
so-called gravity-thermodynamics conjecture [4–6], which
states that the field equations of General Relativity may
arise from the laws of thermodynamics applied on spacetime
itself [7]. On cosmological grounds, the investigation of the
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gravity-thermodynamics conjecture has revealed that Fried-
mann equations can be extracted by applying the first law
of thermodynamics to the apparent horizon of the Universe
[8–11], thus unveiling interesting scenarios in a plethora of
contexts [12–18].

In the commonly adopted formulation, the gravity-therm-
odynamics conjecture makes use of the Bekenstein–Hawking
(BH) area law SBH = A/(4G) for the black-hole horizon
entropy (A = 4πr2

hor is the area with rhor the black-hole hori-
zon) and applies it to the Universe apparent horizon. How-
ever, several extensions have appeared in the literature, by
using various modified entropy relations, arising from non-
extensive generalizations of the statistics of horizon degrees
of freedom and/or quantum gravitational deformations of
the horizon geometry. Among these, special focus has been
placed on Tsallis [19] and Kaniadakis [20] entropies, whose
cosmological applications have been addressed in [21–32].

Recently, a plausible generalized entropy which is based
on a modified horizon endowed with a fractal structure, has
been proposed by Barrow as [33]

S� =
(

A

4G

)1+�/2

. (1)

In particular, quantum effects are parameterized by the Bar-
row exponent 0 ≤ � ≤ 1, with � = 0 giving the BH
limit, while � = 1 corresponds to the maximal deforma-
tion. Although Barrow entropy was formulated for black
holes, in the lines of gravity-thermodynamic conjecture it
can be applied in a cosmological framework. In this way, one
acquires corrections to the Standard Model of Cosmology
(SMC), namely on the Friedmann equations, brought about
by the Barrow entropy [34]. Additionally, one can apply Bar-
row entropy to the holographic principle, obtaining Barrow
holographic dark energy [35–39]. Hence, one can confront
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the above constructions with observational data end amongst
others extract constraints on the Barrow exponent � [40–
43]. As expected, in all these studies deviations from the BH
entropy are found to be relatively small.

Up to now the phenomenology of Barrow-entropy-based
cosmological models mostly deals with the impositions of
constraints on Barrow exponent by comparison with con-
firmed predictions of cosmology. However, it would be inter-
esting to examine whether these models can account for
observational evidences which are not perfectly understood
within standard cosmology. In this perspective, one of such
puzzles is the origin of Baryon Asymmetry in the Uni-
verse (BAU). As it was found by Sakharov [44], in a par-
ticle physics theory three conditions have to be satisfied
in order to produce BAU: (i) baryon number B violation,
(ii) C-symmetry and CP-symmetry violation and (iii) out-
of-thermal-equilibrium interactions. However, the predicted
BAU in the SMC is vanishing. Although several potential
explanations have been hitherto suggested [45–62] (see also
models with GUT interactions [63–66]), none of them offers
a full and well-accepted solution [67].

Starting from the above premises, in this work we ana-
lyze baryogenesis in the framework of Barrow cosmology.
Since (1) induces modifications in the Friedmann equations,
it leads to modified energy density and pressure that can com-
ply with all three Sakharov conditions. As a result, we obtain
a non-vanishing (�-dependent) expression for the baryon
asymmetry parameter η, which allows us to (i) account for
the origin of BAU and (ii) constrain Barrow parameter �

by comparison with current observational bounds on η. We
emphasize that this picture is physically motivated by the fact
that quantum gravity corrections are expected to play a non-
trivial role on the apparent horizon in the early Universe, with
non-negligible effects on the subsequent cosmic evolution
too. Therefore, while the research on Barrow-entropy-based
cosmology should certainly be considered as preliminary, on
the other hand it may provide valuable hints towards under-
standing the impact of quantum gravity on horizon properties
and related phenomenology.

The present work is organized as follows: in Sect. 2 we
implement the gravity-thermodynamics conjecture with Bar-
row entropy and we derive the modified Friedmann equa-
tions. Then in Sect. 3 we provide a detailed investigation of
the baryogenesis procedure in Barrow cosmology, and we
extract the constraints on Barrow exponent �. Conclusions
and outlook are finally discussed in Sect. 4. Throughout the
manuscript, we work in natural units h̄ = c = kB = 1, while
we keep the gravitational constant G explicitly.

2 Friedmann equations in Barrow cosmology

In this section we present a derivation of Friedmann equations
for the Friedmann–Robertson–Walker (FRW) metric within

the framework of Barrow cosmology. Towards this end, we
consider the (1 + 3)-dimensional line element

ds2 = hbcdx
bdxc + r̃2(dθ2 + sin2 θdφ2), (2)

where hbc = diag
[−1, a2/(1 − kr2)

]
(b, c = {0, 1}) is

the metric of a (1 + 1)-dimensional subspace of coordi-
nates xb ≡ (t, r) and r̃ = a(t)r , with a(t) being the
time-dependent scale factor. Here, we have denoted by k
the (constant) spatial curvature. Moreover, we assume that
the Universe is bounded by the apparent horizon of radius
r̃H = 1/

√
H2 + k/a2, where H = ȧ(t)/a(t) is the Hubble

parameter (in the following dots denote time-derivatives).
From the definition of surface gravity κ on the apparent hori-
zon, it is easy to show that the related temperature is [10]

T = κ

2π
= − 1

2π r̃H

(
1 −

˙̃rH
2Hr̃H

)
. (3)

We describe the content of the Universe as a perfect fluid
of energy–momentum tensor

Tμν = (ρ + p)uμuν + pgμν, (4)

where ρ and p are the energy density and pressure at equi-
librium, while uμ is the four-velocity of the fluid. The con-
servation equation ∇μTμν = 0 for the FRW geometry then
implies the continuity equation ρ̇ = −3H(ρ + p). We men-
tion that this fluid can be the total (matter plus radiation)
one, the matter one or the radiation one, according to the
application we are interested in each time.

Using the gravity-thermodynamics conjecture, the cosmo-
logical (Friedmann) equations can be derived by considering
the Universe as a thermodynamic system bounded by the
apparent horizon and applying the first law of thermody-
namics

dE = TdS + WdV (5)

on the horizon. Here, E = ρV is the total energy of the
Universe of 3-dimensional volume V = 4π r̃3

H/3 and surface
area A = 4π r̃2

H , while S denotes the horizon entropy. Since
the Universe is expanding, a work W = − 1

2T
bchbc = 1

2 (ρ−
p) is associated to the change of volume dV . Concerning the
entropy S, in general it is an extension of the Bekenstein-
Hawking entropy, and focusing on modifying area laws it
can be written as

S = f (A)

4G
, (6)

where the function f (A) quantifies the deviation from the
standard BH relation (the latter is recovered for f (A) =
A). Insertion of the above relations into (5) leads to the first
Friedmann equation [34]

− 4πG (ρ + p) =
(
Ḣ − k

a2

)
f ′(A), (7)

123



Eur. Phys. J. C (2022) 82 :558 Page 3 of 6 558

where the prime denotes derivative with respect to A. More-
over, by utilizing the continuity equation and integrating we
obtain the second Friedmann equation as

8πG

3
ρ = −4π

∫
f ′(A)

A2 d A. (8)

Note that Eqs. (7) and (8) are of general validity, and the
specif features of the adopted entropic model are quanti-
fied by the function f (A) in (6). As expected in the case
f (A) = A of BH entropy, we recover the standard Fried-
mann equations.

In the case of Barrow entropy (1) we obtain the modified
Friedmann equations [34]

−4πG (ρ + p) = α�

(
Ḣ − k

a2

)[
G

(
H2 + k

a2

)]−�/2

,

(9)

8πG

3
ρ = 2α�

G (2 − �)

[
G

(
H2 + k

a2

)]1−�/2

+ c, (10)

with

α� = π�/2(2 + �)

2
. (11)

Finally, note that the integration constant c is identified with
the cosmological through c = 8πG�/3. As mentioned
above, in the limit � → 0, in which Barrow entropy recov-
ers BH entropy, the above expressions reproduce the standard
Friedmann equations.

In the following for simplicity we will focus on the flat
case k = 0, and since we are interested in the early universe
we consider that the Universe cosmic fluid corresponds to the
radiation sector and we neglect the cosmological constant.

3 Baryon asymmetry from Barrow entropy

The origin of matter-antimatter asymmetry in the early Uni-
verse is one of the most debated problems in present day
cosmology. Observations unambiguously indicate that the
amount of matter prevails over antimatter, in constrast to the
predictions of the Standard Model of Particle Physics [52].
As we mentioned in the Introduction, in order to generate
dynamically the Baryon asymmetry in the universe (BAU),
the three Sakharov conditions should be fulfilled.

The first Sakharov criterion ensures that the Universe
evolves from an originally baryon-symmetric state into a con-
figuration where the difference

η

7
≡ nB − nB̄

s
(12)

is no longer vanishing, with nB (nB̄) being the baryon (anti-
baryon) number density, and s the entropy density in the
radiation-dominated era. The second Sakharov condition is

required due to the fact that if C and CP were exact Hamil-
tonian symmetries then the total rate for any interaction pro-
ducing an excess of baryons would be compensated by the
complementary process producing an excess of anti-baryons.
Finally, the last condition can be understood by calculating
the equilibrium average of baryon number B as [68]

〈B〉β = Tr
(
e−βH B

)
= Tr

[
(CPT ) (CPT )−1 e−βH B

]

= Tr
[
e−βH (CPT )−1 B (CPT )

]

= −Tr
(
e−βH B

)
, (13)

where T is the time-reversal, and where we have exploited
the fact that H commutes withCPT . As a result, one obtains
〈B〉β = 0 at equilibrium, thus preventing net baryon num-
ber generation. While complying with the first two Sakharov
conditions, standard cosmology fails to predict baryogene-
sis, since the last criterion is not satisfied during the whole
radiation-dominated era.

One can satisfy the first Sakharov condition within certain
supergravity theories, as highlighted in [45]. In this frame-
work the CP-violating interaction in vacuum between the
derivative of the Ricci scalar curvature R and the baryon
number current Jμ takes the form [48,69]

1

M2∗

∫
d4x

√−g Jμ∂μR, (14)

where M∗ = (8πG)−1/2 is the characteristic cutoff scale (see
also [70–75]). In order to create asymmetry one assumes that
there exists some interaction violating the baryon number B.
By noticing that the spatial part of R vanishes for the FRW
metric, one has

1

M2∗
Jμ∂μR = 1

M2∗

(
nB − nB̄

) Ṙ. (15)

Thus, in an expanding Universe where R and Ṙ are non-
zero, the interaction (14) can produce opposite energy con-
tributions that differ for particles and antiparticles, i.e the
above gravitational baryogenesis can generate the baryon-
anti-baryon asymmetry. Hence, in this way one obtains a
dynamical violation of CPT symmetry, which affects ther-
mal equilibrium distributions through an effective chemical
potential μB = −μB̄ = −Ṙ/M2∗ [48].

Once the temperature drops below the decoupling value
TD , the Universe is driven towards a non-zero equilibrium
asymmetry

nB − nB̄ =
∣∣∣∣gb6 μBT

2
∣∣∣∣, (16)

where gb ∼ O(1) is the number of the intrinsic degrees of
freedom of baryons. Using (12), the baryon asymmetry in
the standard notation then reads
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η

7
=

∣∣∣∣ 15 gb
4π2 g∗s

Ṙ
M2∗ T

∣∣∣∣
T=TD

, (17)

where we have used

s = 2π2g∗sT 3

45
(18)

for the entropy density, and with g∗s the number of degrees of
freedom for particles contributing to the entropy of the Uni-
verse in the radiation-dominated era. Note that this number
is roughly equal to the total number g∗ � 106 of degrees of
freedom of relativistic Standard Model particles, as discussed
in [66].

The essence of expression (17) is that baryon asymme-
try can indeed occur as long as the Ricci scalar R varies
over time. However, since R = 12H2 + 6Ḣ , in the case
of standard cosmology during the radiation-dominated era,
i.e. where p = ρ/3, the standard Friedmann equations give
Ṙ = 0, and thus baryon asymmetry cannot arise. Neverthe-
less, as we will show in the following, this is not the case in
Barrow cosmology, and baryon asymmetry through (17) can
indeed arise.

Let us denote by ρ̄ = 3H2/(8πG) and p̄ = ρ̄/3 the
standard-cosmology energy density and pressure during the
radiation era and by δρ�, δp� the corresponding Barrow-
entropy-induced extra terms in the Friedmann equations (9)
and (10). Thus, we can write

δρ� =
[
−1 + β�

(
G2ρ̄

)−�/2
]

ρ̄, (19)

δp� =
[
−1 + γ�

(
G2ρ̄

)−�/2
]

ρ̄

3
, (20)

where

β� = 3�/2 (2 + �)

23�/2 (2 − �)
,

γ� = β� (1 − 2�) . (21)

As expected, for � → 0 we acquire δρ�, δp� → 0, consis-
tently with the recovery of standard cosmology in this limit.

From the above we can clearly see that in the scenario
at hand the Ricci scalar is non-zero during the radiation-
dominated epoch, and in particular its time-derivative is given
by

Ṙ� =
[
π3/2 2(13−3�)/2�(2 + �)

3(1−�)/2

]
G3/2−� ρ̄(3−�)/2,

(22)

where we have implemented the continuity equation at equi-
librium. Substitution of (22) into (17) then gives

η� =
[

35 23(3−�)/2 3(1+�)/2 �(2 + �)

π1/2

]

· gb
g∗M2∗ TD

G3/2−�ρ̄(3−�)/2, (23)

where ρ̄ must be calculated at the decoupling point. This
expression can be simplified by expressing the gravitational
constant in terms of the Planck mass, G = 1/M2

P in our
units, and replacing the equilibrium density by ρ̄|T=TD

=
π2g∗T 4

D/30, obtaining

η� = ξ� gbg
(1−�)/2∗

(
TD
MP

)5−2�

, (24)

where

ξ� = 7 π7/2−� 26−� � (2 + �)

31−� × 5(1−�)/2
. (25)

Finally, since the Barrow exponent has been found by var-
ious studies to satisfy �  1 [40–43], which is expected
since Barrow entropy should not deviate significantly from
Bekenstein-Hawking one, we can expand the above expres-
sion resulting to

η� = 896π7/2�

3
√

5
gb

√
g∗

(
TD
MP

)5

+ O(�2). (26)

Hence, one can clearly see that the Barrow exponent can lead
to a non-zero baryon asymmetry, due to te corrections in the
Friedmann equations.

In order to proceed to quantitative calculations we con-
sider as usual the decoupling temperature to be TD � MI ,
where MI ∼ 3.3 × 1016 GeV is the upper bound on ten-
sor mode fluctuations at inflationary scale [62]. In Fig. 1
we depict the prediction for the baryon asymmetry in the
case of Barrow-entropy-based cosmology, as a function of
the Barrow exponent �, according to the exact expression
(24). Additionally, in the same figure we also present the
observational bounds on η arising from baryogenesis, namely
[62,76–80]:

5.7 × 10−11 � η � 9.9 × 10−11. (27)

Fig. 1 The baryon asymmetryη� (blue solid curve) in the case of
Barrow-entropy-based cosmology, as a function of the Barrow expo-
nent �,according to the exact expression (24). The red and green dashed
lines mark the observational upper and lower bounds on η, respectively
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As we can observe, if we desire the baryon asymmetry
to originate from the effects of the Barrow entropy in the
Friedmann equations, we must require 0.005 � � � 0.008.
This interval is tighter than the one arising from cosmolog-
ical datasets from Supernovae (SNIa) Pantheon sample and
cosmic chronometers, namely � = 0.0094+0.094

−0.101 [40,41], as
well as from the one obtained from M87* and S2 star observa-
tions, namely � = 0.0036+0.0792

−0.0145 [43], and it is slightly wider
than the one from Big Bang Nucleosynthesis (BBN), i.e.
� � 10−4 [42]. However, apart from obtaining a tight upper
bound, the important feature of the present analysis, con-
trary to the other datasets, is that we obtain a non-zero lower
bound. Definitely this lower bound would disappear if we do
not require the baryon asymmetry to arise due to the extra
terms in the Friedman equations, even if we do have Barrow-
modified cosmological equations (i.e. one could have the case
of Barrow-modified cosmology in which baryon asymmetry
is generated by other mechanisms that have been proposed
in the literature, not related to Barrow-modified cosmology
itself).

4 Discussion and conclusions

Observations reveal a baryon asymmetry that cannot be easily
explained in the framework of standard cosmology, and thus
offer an indication that some form of new physics might
be needed. In this work we investigated the generation of
baryon asymmetry due to the corrections brought about in
the Friedman equations due to Barrow entropy.

Barrow entropy is a modified entropy arising from
quantum-gravitational effects on the Universe horizon, quan-
tified by the new parameter 0 ≤ � ≤ 1. By applying the
gravity-thermodynamics conjecture one obtains extra terms
in the Friedmann equations. These extra terms change the
Hubble function evolution during the radiation-dominated
epoch, and hence even in the case of the standard coupling
between the Ricci scalar and baryon current they can lead
to a non-zero baryon asymmetry. We mention that a similar
analysis of baryogenesis motivated by quantum gravity phe-
nomenology has been carried out in the context of deformed
uncertainty relations [62].

As we showed, if we desire the baryon asymmetry to be
generated from the Barrow-entropy-based modified cosmol-
ogy then we should have a Barrow exponent bounded in the
interval 0.005 � � � 0.008, which corresponds to a slight
deviation from the standard Bekenstein–Hawking entropy.
The upper bound is tighter than the one of other observa-
tional constraints, however the interesting feature is that in
the present analysis we obtain a non-zero lower bound. Nev-
ertheless this lower bound would disappear if the baryon
asymmetry in Barrow-modified cosmology is generated by
other mechanisms, not related to the Barrow modification.

Finally, following the analysis of [81–84] for Tsallis
thermodynamics, it would be interesting to investigate the
extended model where the Barrow exponent has a running
(i.e. time-dependent) behavior. Although not contemplated in
the original formulation by Barrow, this feature might pro-
vide an interesting explanation on why datasets from differ-
ent cosmological eras provide different bounds on �. Such
investigations lie beyond the scope of the present work, and
are left for future projects.
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