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Abstract The article communicates exploration of gravi-
tational baryogenesis in presence of f(Q, 7)) gravity where
Q denote the nonmetricity and 7 the trace of the energy
momentum tensor. We study various baryogenesis interac-
tions proportional to 0 and Q fo for the f(Q,T) gravity
model f(Q,7) = aQ"t! + BT, where «, 8 and n are
model parameters. Additionally we report the viable parame-
ter spaces for which an observationally consistent baryon-to-
entropy can be generated. Our results indicate that f(Q, 7)
gravity can contribute significantly and consistently to the
phenomenon of gravitational baryognesis.

1 Introduction

Our universe favors matter over antimatter for some mysteri-
ous reasons. Observations from Cosmic Microwave Back-
ground [1], coupled with successful predictions from the
Big Bang Nucleosynthesis [2], recommend an overwhelming
supremacy of matter over antimatter.

Cosmological theories that aim at resolving this fundamental
issue falls under the domain of Baryogenesis. Theories such
as GUT baryogenesis, Thermal Baryogenesis, Affleck-Dine
Baryogenesis, Electroweak Baryogenesis, Black hole evapo-
ration Baryogenesis and Spontaneous Baryogenesis propose
interactions which goes beyond the standard model to explain
this profound dominance of matter in the universe [3—11].
These mechanisms were further developed in [12—-15] Grav-
itational Baryogenesis is one such theory proposed in [16]
and further developed and extended to many modified gravity
theories [17-22]. This particular theory employs one of the
Sakharov criterion [23] which assures a baryon- antibaryon
asymmetry from the existence of a CP—violating interaction,
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which reads
L Jg@:R)J'd* (1)
M% 80; X

where M, is the mass parameter of the underlying effective
theory, g, J' and R denote respectively the metric scalar,
baryon current and Ricci scalar. Hence, for a flat FLRW back-
ground, the baryon to entropy ratio np /s is proportional to
time derivative of Ricci scalar R. For a radiation dominated
universe with EoS parameter w = p/p = 1/3, the netbaryon
asymmetry produced by (1) is zero.

The paper aims at investigating gravitational Baryogenesis
through other curvature invariants and specifically through
the nonmetricity Q. For the f(Q,7) gravity, the CP-
violating interaction is given by

1 .
e / JE@Bi(Q +T))Jd*x 2)

where 7 denote the trace of energy momentum tensor and
the nonmetricity Q is defined as [24]

H2
0 =64 3)

where H (t) represents Hubble parameter and N (¢) the lapse
function. A remarkable difference between (1) and (2) is
that the latter yields a nonzero baryon asymmetry even for
a radiation dominated universe (w = 1/3). We shall inves-
tigate here in detail the baryogenesis terms proportional to
d; Q and 9; f (Q) and compare our results with cosmological
observations. The paper is organized as follows: In Sect. 2 we
provide a summary of f(Q, 7) gravity and obtain the field
equations. In Sect. 3 we explain in detail the gravitational
baryogenesis in f(Q, 7 ) gravity and infer the viability of a
f(Q, T) gravity model in producing observationally accept-
able baryon to entropy ratio and finally in Sect. 4 we present
our conclusions.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-020-7844-7&domain=pdf
http://orcid.org/0000-0002-7350-7043
http://orcid.org/0000-0003-2130-8832
mailto:snehasish.bhattacharjee.666@gmail.com
mailto:pksahoo@hyderabad.bits-pilani.ac.in

289 Page2of 6

Eur. Phys. J. C (2020) 80:289

2 Field equations in f(Q, 7)) gravity

The action in f(Q, 7) gravity is given as [24]

1
S=/|:Ff(Q7T)+£M] V=gd*x )
T

where g = det(g;;) denote the metric scalar.
Variation of action (4) with respect to metric tensor compo-
nents yields the field equations in f(Q, 7) gravity as [24]

2
8T = — = Va (foV/=8P) + 1 (T + Oy)
1 off off
—3faij + fo (20" Pusy = Pap0) 5
f:g ro___2 8 (V=8Lm)
R TR J—g g
ij87;./
O =g e (6)

and Pl.‘; is called superpotential and is defined as [24]

1 -

Py =1 [20%, - 0 + Q"8 =80y — 0%s| @
where

Oy = Q({(ja Qot = Qfxi ®

We now consider a flat FLRW spacetime of the form

ds* = ~N*0)di® +a*(0) Y (dxf)2 ©9)

i=1,2,3

where a(t) represent the scale factor and the lapse function
N (t) = 1 for a flat spacetime.

Employing (9) in (5), we finally obtain the modified Fried-
man equations with N = 1 as [24]

f  2G . )
8tp=—6FH*+L — —_ (FH+ FH (10

P 2 1+G( )
87p =6FH” — g +2(FH+ FH) (11)

where
= T

F=fy, G=2t 12
fo S (12)

Combining Egs. (10) and (11), we obtain the equation for
Hubble parameter H as

H+£H=4i(1+é>(p+p) (13)
F F

@ Springer

3 f(Q, T) baryogenesis

According to cosmological observations such as CMB [1]
and BBN [2], the observed baryon to entropy ratio reads

DB 9y 10! (14)
S

Sakharov reported three conditions for a net baryon asym-
metry to occur through baryon number violation, C and CP
violation and processes occurring outside of thermal equilib-
rium [23].

When the temperature 7 falls below a critical value Tp
through the evolution of the Universe, the baryon to entropy
ratio can be written as [16]

ng _ 15g R

s 8w MZTp

15)

where g, represent the total number of intrinsic degrees of
freedom of the baryons, g.; represent the total number of
degrees of freedom of the massless particles and the critical
temperature Tp is the temperature of the cosmos when all the
interactions producing baryon asymmetry comes to a halt.
We shall presume that a thermal equilibrium prevails with
energy density being associated with temperature 7" as

JT2
(T) = = gusT* (16)
1Y 30 5%
Hence, for a CP violating interaction of (2), the resulting
baryon to entropy ratio in f(Q, 7) gravity reads

ns 158, (Q+7)

s __47T2g*s M2XTp

a7

We shall assume cosmological pressure and density obeys a
barotropic equation of state of the form p = (y — 1) p, where
yisaconstantand 1 <y < 2.

Using the barotropic equation of state, from equations (10)
and (13) we obtain the matter density in general form as

f—12FH?

= — . (18)
167 (1+7G)

For relativistic matter p = p/3 and hence 7 = 0. Thus,

the baryon to entropy ratio in f(Q, 7)) gravity for radiation

dominated universe reduces to

ng _ 15¢, QO

L _ 15 QO 19
s Ar2g.s M2Tp (19

We shall now compute the baryon-to-entropy ratio for a CP-
violating interaction proportional to the nonmetricity Q for
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two cases: first, with the Universe comprising predominantly
of a perfect fluid with cosmological pressure p and matter
density p following a barotropic equation of state and second,
when the Universe is filled with a perfect fluid and the cosmic
dynamics is governed by the f(Q, 7) theory of gravity.

3.1 The perfect fluid case

For a perfect fluid following barotropic equation of state, the
Ricci scalar reads

R=-8rG(1 -3 —D)p (20)

Thus, for a radiation dominated universe, y = 4/3 and
hence R = 0 which further implies (15) acquire a null value.
Nonetheless, we shall show that when the baryon-to-entropy
ratio is proportional to 9; Q (Eq. (2)), the resultant baryon
to entropy ratio is non-zero even for y = 4/3. Assuming
a flat FLRW background with (—,4+,4,+) metric signature
and with the following expressions of scale factor a(¢) and
energy density p(¢) in a radiation dominated universe as

a(t) = apt'/? 1)
p = poa(t)™* = pot 2 (22)

the baryon to entropy ratio (19) reads

ng _ 0.33gnT) @3

S 8Mipo,/ &

where we have used Q = 12H H and the decoupling time tp
is written in terms of critical temperature 7p by equating (16)
with (22) as

18 <34 %101 (25)
S

which is close to the observational value (14). Thus, the prob-
lem of baryogenesis can be resolved in Einstein’s gravity if
the CP-violating interactions are made proportional to the
nonmetricity Q instead of R.

3.2 The perfect fluid with f(Q, 7) gravity case

We shall now compute baryon to entropy ratio for the case
when the Universe is filled with a perfect fluid and the evo-
lution of the Universe is governed by the f(Q, 7) theory of
gravity.

We consider the f(Q, 7) functional form to be [24]

fQ.T)=aQ" ' + BT (26)

where «, n and § are model parameters. Substituting (26) in
Eqgs. (10) and (11), the expression of Hubble parameter H ()
and density p(#) for this model reads [24]

Ho(n + 1) [16m — B(y —4)]

H({) =
3y(B+8m)Ho(t — 1) — (n+ 1) [By —4(B + 4m)]
(27)
(n+1) 2(n+1)
(1) = a6 2n+ 1)H(1) (28)

By —4) — 167

Equating (16) and (28), the coupling time ¢p can be written
as

oa+2na

—1/(2+2n)
—(2+n) 4 _ _
(l + I’l) (;I_(l) + 51/(2+2n)7[—1/(1+n) <6 g*xT[)(lﬁﬂ By 4))) ) [167'[ _ ﬂ()/ _ 4)]

tp =ty +

(29)

3(B +8m)y

300 ( 1 )2
to~ | — (24)
ﬂzg*s Tp

Substituting g«s = 106, g, ~ 1, pp = 3 x 10%°GeV,
Tp =2 x 1012GeV and M, = 2 x 101°GeV, the resultant
baryon to entropy ratio reads

where H (#() is the present value of the Hubble parameter.
Time derivative of Hubble parameter (27) reads

. 3HZ(1+n)(B + 8m)[167 — B(y — D]y
| A+ ml16r — Bly — D]+ 3HZ(t — 10)(B + 87)y2
(30)
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Fig. 1 a Shows np/s as a function of o, b shows np /s as a function of
B and ¢ shows 1 /s as a function of n. We choose g, = 106, g ~ 1
and Tp >~ M, =2 x 10'6 GeV

Substituting (27), (29) and (30) in (19), the baryon to entropy ratio
for y = 4/3 (radiation dominated universe) is given by
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Fig. 2 a Shows np/s as a function of «, b shows np /s as a function of
B and ¢ shows np/s as a function of n. We choose g.; = 106, g ~ 1
and Tp ~ M, =2 x 10'°GeV

~ 6.17 x 10~ which is in excellent agreement with observations.
In Fig. la—c we show 1 /s as a function of «, 8 and n, respectively.

9 x 5l1=G/2(+m)] g, 2 24+G/A+m)l(B 4 87) (

3/2(1+
6(2n)g*ng|:16n+8:{j])[ /Q2(14n))]

a(1+2n)

g M2(1 + )T [167t + ?]

€1y

By choosing M., g«s, g»,» Tp as before, o = 10720, B =
—8.1m7 and n = 2.12 the resultant baryon to entropy ratio reads

@ Springer

Interestingly, in Fig. 1b, the baryon to entropy ratio becomes
negative for 8 < —8m which is unphysical as it implies an over-
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abundance of antimatter over ordinary matter. Also note that for
n 2 2.2, ng/s = 0 which indicate no asymmetry between anti-
matter and matter and therefore not acceptable.

3.2.1 Generalized baryogenesis interaction
‘We shall now define a more complete and generalized baryogenesis

interaction proportional to 9; f (Q, 7). The CP-violating interac-
tion then reads

1 .
e / V8@ f(0, T J d*x (32)

For (32), the resulting baryon to entropy ratio reads

ns 158 (Qfo +7fr)
MZ2Tp

(33)

s _4772g*s

As discussed in the previous section that for a radiation dominated
universe 7 = 0, we finally obtain

ns 158, Ofo

s 4dmlg MZXTp

(34)

Substituting (27), (29) and (30) in (34), the baryon to entropy ratio
for y = 4/3 (radiation dominated universe) then reads

nB

4 | 2@W36+251-G/20+m)] g, 7 24G/(4+m)g (8 4 877) ALY/ 2(1+m)] (5[*1/2(1+")1n[1/(1+">]A)(2”)

entropy ratio proportional to nonmetricity Q two different scenar-
ios, First, with the Universe comprising predominantly of a perfect
fluid with cosmological pressure p and matter density p follow-
ing a barotropic equation of state and second, when the Universe
is filled with a perfect fluid and the cosmic dynamics is governed
by the f(Q, 7T) theory of gravity. We choose the functional form
of £(Q,T) gravity to be f(Q,7) = aQ"t! + BT, where a, 8
and n are model parameters. For the perfect fluid case, the obtained
baryon-to-entropy rationg /s ~ 3.4 x 10~ while for the f(Q, T)
gravity model we obtained 5 /s ~ 6.17 x 10~!!, both of which are
in excellent agreement with observational value of ~ 9 x 107!,
Next, for the f(Q, 7") gravity model, we explored a more complete
and generalized baryogenesis interaction proportional to Q fo.For
this baryogenesis interaction, we found the baryon-to-entropy ratio
ng/s ~ 8.7x 10~ which is very close to the observational value.
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(35)

s 3

8xsM2Tp [167r + ?ﬂ]

where

6~ @mg, T4 [1671 + ?]
a(l +2n)

A= (36)

Substituting M., g«s, 8», Ip as before, « = 0.004, B = 8.17 and
n = —2.4 the resultant baryon to entropy ratio reads npg /s ~ 8.7 x
10~ which is very close to observational constraints. In Fig. 2a—
¢, we show np /s for the generalized baryogenesis interaction as a
function of «, B and n respectively.

Thus, the problem of baryogenesis can be resolved in f(Q, 7)
gravity if the CP-violating interactions are made proportional to
the nonmetricity Q instead of R.

4 Conclusions

The article presented a thorough investigation of gravitational
baryogenesis interactions in the framework of f(Q,7) gravity
where Q denote the nonmetricity and 7 the trace of the energy
momentum tensor. For this type of modified gravity we find the
baryon-to-entropy ratio to be proportional to Q, since for a radi-
ation dominated universe 7 = 0. We ascertained the baryon-to-
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