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We present a leptogenesis scenario associated with inflationary models involving non-Abelian gauge
fields within the standard model (SM) of particle physics. We show that this class of inflationary models
generates intrinsic birefringent gravitational waves that following Alexander, Peskin, and Sheikh-Jabbari
[Phys. Rev. Lett. 96, 081301 (2006)], through the gravitational chiral anomaly in the SM, can naturally
create a net lepton number density. The CP-violating interaction is produced by tensor fluctuations of the
gauge field, while the efficiency of this process is determined by the effective background value of the
gauge field. We demonstrate that this mechanism can create the observed value of baryon to photon number
density in a natural range of parameters of these models.

DOI: 10.1103/PhysRevD.90.023542

I. INTRODUCTION

The observable Universe is highly matter-antimatter
asymmetric and, to the best of our knowledge, all of
its structures consist of matter (baryons and electrons).
The asymmetry between the number density of baryons,
ng, and antibaryons, 71z, in the Universe can be quantified
by the baryon to photon ratio as

np —ng
=—, 1

=0, (1)
where n, is the number density of photons and “0” means
at the present time. Observationally, # can be inferred by
two independent ways: from the cosmic microwave back-
ground (CMB) (when the thermal bath temperature falls
below T <1 eV) [1] or big bang nucleosynthesis (BBN)
(T £1 MeV) [2]

7B = (6.21 +0.12) x 1071 and
BBN = (5.80 +0.27) x 10719, (2)

which, although they refer to epochs with 6 orders of
magnitude difference in temperature, are impressively in
agreement. On the other hand, various considerations
suggest that the Universe started from a state with equal
numbers of baryons and antibaryons. Therefore, the
observed asymmetry must have been generated dynami-
cally, “baryogenesis.” For more than half a century, cosmic
baryogenesis stands as one of the puzzles of astroparticles
and cosmology.

In 1967, Sakharov [3] formulated the necessary and
sufficient conditions under which it is possible to create a
baryon-antibaryon asymmetry from symmetric initial con-
ditions: violation of the baryon number, CP violation, and
out of equilibrium state. Within the particle physics setups,
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it is easier to first generate the matter-antimatter asymmetry
in the lepton sector and then, relying on the electroweak
sphaleron processes, transform it to the baryonic sector
[4,5], “baryogenesis via leptogenesis.” Since the sphalerons
would be activated in temperatures T 2 My, these models
require a reheat temperature 7', 2 100 GeV.

First proposed by Fukugita and Yanagida [5], lepto-
genesis is a class of scenarios in which the cosmic baryon
asymmetry originates from an initial lepton asymmetry in
the early Universe. In the standard approach of lepto-
genesis, the “standard model is extended” by adding
massive right-handed neutrinos which (provide the source
of CP violation in the model) decay and generate the initial
lepton asymmetry [6,7]. In this class of models, the source
of CP violation is not active during inflation to compensate
the washout effect caused by the (almost) exponential
expansion of the Universe. Hence the standard scenarios
of leptogenesis associate the matter-antimatter asymmetry
of the Universe to the physics beyond the standard model
(SM) and after the inflationary era. As an alternative
approach, the leptogenesis mechanism can be based on
the fields which are active during the inflation, i.e., (scalar
and tensor parts) of metric and inflaton(s).

Introduced in Ref. [8], “gravi-leptogenesis” is a scenario
of leptogenesis in which the matter-antimatter asymmetry is
generated by birefringent gravitational waves during infla-
tion. In this mechanism, the inflation is driven by a
pseudoscalar field y, while the CP-violating interaction in
tensor modes is provided by adding a gravitational Chern-
Simons interaction of the form P(y)RR to the gravity action,
where P(y) is a generic odd function of y. It was argued that
supergravity or string theory compactifications involving
axions can naturally lead to a P(y) = N 3 with N ~ 10°

[8,9]. Hence, the gravi-leptogenesis mechanism addresses the
source of the CP violation to the gravitational Chern-Simons
interaction added to the Einstein-Hilbert action. [Alternative
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inflationary baryogenesis scenarios based on using U(1)

gauge fields have been introduced in [10,11].]

In this work, we demonstrate that inflationary models
involving non-Abelian gauge fields (minimally coupled to
gravity) generate intrinsic birefringent gravitational waves.
In this class of models, the source of CP violation is
generated by the non-Abelian gauge field which is active in
the background, and its fluctuations contribute to the tensor
perturbations during inflation. The chiral gravitational
waves produced during inflation generate a nonvanishing
(RR) which through the gravitational anomaly in the
standard model leads to a net lepton number density.
Hence, inflationary models with non-Abelian gauge
fields provide a natural setting for leptogenesis within
the standard model, “inflato-leptogenesis.” Before this, the
authors of Ref. [12] studied a leptogenesis scenario
associated with two specific inflationary modes with
non-Abelian gauge fields, chromo-natural and gauge-
flation. They showed that the observed value of  can be
explained naturally in this model. Here, we demonstrate
that this is a generic behavior in this class of models.

This paper is organized as follows. We start in Sec. II by
presenting the general setup of the inflato-leptogenesis.
Section III is devoted to the inflationary models involving
non-Abelian gauge fields. First, we introduce the generic
setup of this family. Then, we focus on the gravitational
waves and study the tensor perturbations generated in this
class of models. In Sec. IV, we compute the lepton and
photon number densities and compare the result with the
observed data. Finally, we conclude in Sec. V. The Appendix
contains some technical details of RR calculation.

II. INFLATO-LEPTOGENESIS, A GENERAL SETUP

From the gravitational anomaly of the lepton current J%,
in the standard model [13], we have

uo_ A =

V,J; o ——RR, (3)
where A is the difference between the number of left- and
right-handed fermion degrees of freedom, A = n; — ng,
and RR=1e¥4R, .R,/°. In the standard model of
particle physics .4 = 3, while in beyond SM with right-
handed neutrinos, it can be less than 3. Integrating (3) and
neglecting the surface term, we obtain the total lepton
number L as

L( (RR)d?' & 4
(7) 1671'/\/ dr'd’x (4)

where () denotes the quantum expectation value and 7 is the
conformal time (dz = a~'dt). Here, we assume that at the
beginning of inflation L (z,) = 0. A nonvanishing (RR) can
be generated by P-violating interactions which by the
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above anomaly leads to the imbalance of right-handed
and left-handed leptons.

Considering the homogeneous and isotropic Friedmann-
Robertson-Walker (FRW) background metric, (RR) van-
ishes in the background, while it can be sourced by the
birefringent tensor modes at the perturbation level.
Perturbing the metric around the FRW background, the
most general perturbed metric can be parametrized as

ds* = a*(—(1 4+ 2A)de* +2(0;B + V;)dx'dr

+ (1 =2C)8;; 4 20,E +20;W j) + h;;)dx'dx),
(5)

where A, B, C, and E are scalar perturbations, V; and W;
are transverse vector perturbations, and the symmetric,
traceless, and divergence-free h;; parametrize the tensor
elements. Considering the perturbed metric (5), we obtain
the second-order RR as

2
RR = — = e (W,0,h}, — 0,,1;,0%
a

m

hy + 5zh,mam1hk1)
(6)

where a prime denotes a derivative with respect to the
conformal time. As we see in (6), RR is determined in terms
of tensor modes #;;, while scalar and vector elements make
no contribution. Using the Fourier transform, we can write
(6) in terms of the Fourier modes of right-handed and
left-handed polarizations &g (k,7). For a wave vector
k = (0,0, k), the right- and left-handed modes are defined
as hgp = (hy £ihpy)/2.

The right-handed tensor mode /g (z, x) reads as below in
terms of the creation and annihilation operators:

Lk N ik.x
W b_k)e .

(7)

hi(z.x) = (hg(r. K)ax + hj(z.-k)

By definition, the left-handed polarization is given as
hi(7.X) = hj(z.x). Using (7) in (6), and after some
lengthy calculations which are presented in the Appendix,
we obtain

~ 2/7% [y
(RR() =25 [ kS (e om0
a kiR dr

— K2hg(t, k) hiy(z, k)

~ReL)+D,  (8)

where D is a surface term. The integral over k runs over the
momentum space from the smallest comoving momentum
kir, up to the largest one kyy, which are determined by IR
and UV cutoffs of the physical momentum as H < % <A.
Using the slow-roll relation a = —1/(Hz), we then obtain
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1 A
ki (z )——; and  kyy(7) :—E-

As expected, the parity violating (RR) is closely related to
the existence of an imbalance between left and right tensor
models, chiral gravitational waves, and vanishes in the
special case of parity-preserving interactions [in which
hR(T, k) = hL(T, k)]

Inserting (8) in (4) and omitting the surface terms, one
can determine the total lepton number density n, which has
been produced by the end of inflation

“‘3‘/ s / " / " k3dk— Rl (7. k) g (. K)
(Tmf
— Khg(r. k) (1. k) -

I’l( mf
R<L), 9)

where n = L/( [ a’d®x) and 7, is the conformal time at the
end of inflation. Note that, in order to determine the lepton
number density, one should first (going to the Fourier
space) determine (RR(7)) and then evaluate the conformal
time integral [Egs. (4) and (9)]. Because of some technical
reasons which will be clear soon, it is more convenient
to write the above integral in terms of z and 7 = —kz.
Moreover, by using the standard asymptotic past normali-
zation, hg (7, k) can be decomposed into a function of 7,
presented by hg ; (7), and a factor of k:

s (0 K) = 2 k3 7). (10)

Pl

Note that iy ; and its corresponding canonically normal-
ized field ug; are related as ugp; = \/_ahRL Using the
above decomposition, we can write the double integral (9)
as a product of two independent single integrals in terms of

7 and 7
(2) A/8x* 2/Tmf dr
n(Tine) = —
inf ag( ) MP] ‘ﬁ' T4
A
x [18 @ (0T R
I
— hg(7)h(7) — R L)d7. (11)
Using the fact that |z;,;] < H~! and the slow-roll condition
a(r) = —1/(Hz), we can evaluate the first integral and
obtain
AH? [ H d .
(o) == () [ O 0iBi )
—hg(D)hp(7) = 0:hy (2)0:h7 (7) + hy (7) (7)) dF.
(12)

Because of its 7° factor, the integrand in (12) is much larger
at 7 > 1 than in the vicinity of the horizon crossing, 7 = 1.
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Moreover, the UV cutoff scale A is always much larger
than H in our setup. Thus, in order to calculate the net
lepton number density n, we need only to determine the
tensor modes on subhorizon scales, 7> 1. In order to
determine the net lepton number density, we need the
explicit form of tensor modes. However, as a rough
estimation, one may approximate the integrand in (12) as
73 which leads to n o (4)*. Interestingly, this simple
approximation is in agreement with the result of our direct
calculations in (38).

Up to now, we performed the calculations in a general
setup and showed that a nonvanishing lepton number
asymmetry can be generated if the integrand in (12) is
not zero. This latter is possible only if the chiral symmetry
is broken and we have birefringent gravitational waves.

III. INFLATIONARY MODELS WITH
NON-ABELIAN GAUGE FIELDS

In this section, first we show that the non-Abelian gauge
field theory can provide the setting for constructing
isotropic and homogeneous inflationary background.
Then, we focus on the tensor fluctuations which can be
generated in this class of models. Dealing with non-Abelian
gauge fields in inflationary models brings many new and
unique features compared with the standard scalar models,
among them the existence of chiral tensor modes. Because
of their intrinsic birefringent gravitational waves, infla-
tionary models involving non-Abelian gauge fields provide
a natural setting for the inflato-leptogenesis mechanism.

A. Theoretical setup

The models of our interest involve some scalar and
pseudoscalar fields ®; (I =1,2,...,m) as well as a non-
Abelian gauge field A“,, with a gauge group G which can be
any non-Abelian compact group. As the generic model,
consider a (non-Abelian) gauge-invariant action minimally
coupled to the Einstein gravity in four dimensions:

/d4x\/_< R+ L, (F W,<I>,)> (13)

where L, is the matter Lagrangian density and F“,,, is the
strength tensor of A¢,. As any non-Abelian group has a
SU(2) subgroup, we choose the gauge group to be SU(2).
Then, our arguments can be directly generalized to an
SU(2) subgroup of a generic non-Abelian group G.
The strength tensor of the gauge field is
Fe,, =0,A%, —0,A%, — ge", A" AL, (14)

where ¢ is the gauge coupling.

Consider the FRW metric and choose the temporal gauge
for A¢,. The following homogeneous and isotropic con-
figuration is the solution:
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(15)

where y is a (pseudol) scalar field, which is the effective
field value of the gauge field [14—16]. In other words, there
exists a consistent truncation or reduction of the theory (13)
to the homogeneous and isotropic configuration (15). Thus
J
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this class of models can provide the setting for constructing
an isotropic and homogeneous background. For an exten-
sive review on this topic, see [17].

Given the generic effective action (13), one can expand
L,,(Fy,. ®,) in terms of powers of the strength tensor F,,,
i.e., the Yang-Mills, (P-violating) Chern-Simon interaction

tr(FF), the dimension-six operator tr(FFF), and the
(PT-violating) Weinberg operator tr(FFF) [18], as

1 & 1 1
‘C ( o) CI)I) 22(8;!@1)2 - V((I'I) - Zfl((I)I)Fa/,wFaﬂy +§f2((1)1>€ﬂﬂaFa;wFairy
=1
1 ) 1
+ gfs (®))€apcF FP ) FH# + Ef4(<I’1)€abc€”MGFa,wa/15FCag +- (16)

where f;’s are positive definite functions of ®;’s and - - -
denotes higher dimension terms which are higher orders of
the slow-roll parameter.” Note that f,(®;) is P violating,
while f4(®;) should violate PT. Moreover, each term
|

rn(F/tI/?q)I) - Z(I)I

+ f3(®)gw? B + Hy)* = y*) + f4(P;) (W + Hy ) (( + Hy)?

as well as the total energy density and pressure, p and P:

1 m
=3 S 07+ V() +

1

3
((fl + 29y f3 + 3

=
:%Z‘b? - V(%)) +%(<f1

I=1

Then, demanding slow-roll inflation (¢ = — % < 1), we

obtain

1
x (( + Hy)* + g°y*), (18)

which implies that V(®;) should be much larger than the
other terms in the energy density. At this point, we assume
that all the fields (®;’s and y) are evolving slowly during
slow-roll inflation which is a feasible assumption for most
of the standard inflationary systems. Then, (18) leads to the
following slow-roll conditions:

'In (15), one can rewrite A?; as AY;
the spatial triads of the FRW metric.

Recalling the slow-roll condition —Jf(®,)F*, F* <
V(®;) and assuming that the nonvanishing f;(®;)’s are almost
on the same order of magnitude, we find that dimension-eight and
higher operators are of the order of ¢ smaller than Yang-Mills.

= ye;, where {e“;} are

V(®) + = f1(<1>1)((li/+Hl//)2—92l//4)

= 29y f3)(r + Hy)?

in (16) satisfies the weak energy condition individually

(their contribution to the energy density is positive).
Plugging the homogeneous and isotropic configuration (15)

into (16), we obtain the background-reduced Lagrangian

—3/2(®))gw* (v + Hy)

=3¢y +- (17)

3

: 2+ Hl//)f4> (¥ + Hy)* + <f1 + %gw2f3>gzw4>,

+ (f1 + 2097 f5 + 4( + Hy) f4)g*w?).

2
(fi + v’ fs + (¢’+HV/)f4)<Mll> <1 and

P!

L/ "<l VI—12 (19)
=1,2,...,m.
HMp,

Thus, slow-roll inflation requires  to be a sub-Planckian
field "4 < Mp].

Note that, although we can effectively replace A“, by a
scalar y, at the background level, this system is not
equivalent with a (even more complex) scalar theory. In
fact, it is not possible to write this effective scalar form as a
covariant quantity. Moreover, the perturbed gauge field has
new scalar, vector, and tensor perturbations which make
these systems very different at the perturbation level [17].

1. Two inflationary models involving non-Abelian
gauge fields
(i) Among the possible forms that (16) may take,
one is the “chromo-natural” model [19], with the
following L,,:
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1
L, = —5(8,,;()2—#4<1 +cosj—i>
1 a v I VAC A a
_ZF /wFa” _l§€”l F}wF Jo» (20)

where the axion field y is the inflaton that through the
Chern-Simons interaction couples to the non-Abelian
gauge field A?,. This model has two dimensionless
parameters, gauge coupling g and axion-gauge field
coupling 4, as well as two dimensionful parameters u
and f. The slow-roll inflationary trajectories of the
above model have been discussed in Ref. [20]. For
these trajectories y/Hy ~¢€, w/Hy < ¢, and during
slow-roll inflation

3M3H? = u* (1 + cosx),

f
4 1/3
Lz<ﬂ7mﬂ£> ,
Mp 39AHMp  f
1 ) 3921//4 >
€=— + . 21
i (7 diteng) @Y

In the absence of non-Abelian gauge fields, this model
reduces to natural inflation [21]. In natural inflation,
slow-roll expansion is obtained with a super-Planckian
f parameter, which is not a natural scale within
particle physics models. Interestingly, chromo-natural
inflation fixed that problem by means of adding a non-
Abelian gauge field to the model. Here, the gauge field
slows down the inflaton’s evolution and leads to
slow-roll inflation even with the natural values of f
(f < Mpy). Although a natural and well-motivated
inflationary model at the background level, the
chromo-natural model is disfavored by the resent
Planck data [22-24].

(i) Another possible inflationary model with non-
Abelian gauge fields is “gauge-flation” which was
also the first model in this class [14,15]. Integrating
out the axion field around the minimum of its
potential in the large axion region (y/f close to
), the chromo-natural model will reduce to the
gauge-flation model

K

1
L, =—~F,F
R T T

(eﬂM”FauuFala)zﬂ (22)

where k = 3”%2 [25] and the gauge field is the inflaton.

The gauge-flation and chromo-natural models are
different in the scalar sector of cosmic perturbations;
however, they have identical vector and tensor
perturbations [17].
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B. Tensor perturbations

As far as our current discussion and the gravitational
anomaly are concerned, we need to study the tensor
perturbations around the FRW metric, h;; [Eq. (5)]. The
traceless, transverse part of the Einstein equations provides
the field equation of #;; as

nY; + 2Hh,; — V2hy; = 2d°a; (23)

1y’

where H = aH and the source term azfziTj is the tensor part
of the anisotropic inertia.” Note that the left-hand side in
(23) is given by the gravity (Einstein-Hilbert) action, while
the source term in the right-hand side is the contribution of
the matter action. This latter vanishes in scalar field models;
however, in systems involving non-Abelian gauge fields,
the perturbed gauge field contributes to the anisotropic
stress and azzrl-T]- 0.

Perturbing our fields around the homogeneous and
isotropic configuration (15) and keeping only the tensor
fluctuations, we have

a __ — —
orA?, = {Cl(t)Mp]5anij and 679, =0 VI=1,2,...,m,
(24)

where 7 denotes the tensor sector of the perturbations and
X;; represents the tensor element of the perturbed gauge
field which makes the linear order perturbed strength tensor

orFy = MPI‘saj(aXij>7
OrF“;; = 2MP1(a5aka[in]k - azgllfeak[jxi]k)- (25)

Now, we are ready to determine the tensor anisotropic
stress azniTj. Among the five terms in (16), the Chern-
Simons interaction is a topological term and makes no
contribution to 7. Moreover, the scalar sector £;(®;) has
no role in the vector and tensor parts of the linear order
perturbed energy-momentum tensor. In the Fourier space
and in terms of the right- and left-handed polarizations
(in which azﬂiTj is diagonal) the Yang-Mills, tr(FFF), and
the Weinberg operator have the following contributions to

a’rh , , respectively:

a*mh v =211 (‘I’l)ll/<%(1 —y)H?hgy + (y —1)H*Xp 1

—Hx;e,L:FﬁkaR.L) (26)

3The tensor part of the anisotropic inertia azﬂiTj is defined as

azﬂ,Tj =orTij — a2l_’hl~j, where 6;T;; is the (traceless and diver-
gence-free) tensor sector of the linear order perturbed energy-

momentum tensor, while P is the background pressure.
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a’mh | = 2y/7f3(®)) Hy? <l//7'l2hR,L - 2H* Xz

H
—HXy, iﬁka,L), 7)
a’my|w = 2rf4(®r)Hy? (-l//HZhR,L +2H* X,
+ HX] :FﬂkXRL> (28)
ARV
_ Pt

where y = %5~ and = means equality up to the first order of
the slow roll (y << Hy). Some of the noteworthy features
of the above anisotropic inertias are as follows:

(i) They are proportional to the effective field value of
the gauge field at the background, y. This indicates
that, to get a nonvanishing azanM, the gauge field
A“, should be turned on at the background level.

(i) The last terms in (26)—(28) are chiral terms that take
different signs for the left and right polarizations.
Hence, even the parity-preserving Yang-Mills and
tr(FFF) have chiral anisotropic inertias a’zh #
a*nl.

(iii) The chiral term in a*zg |, is of the opposite sign to
the other chiral terms; hence, it can decrease the
imbalance between the two tensor mode polariza-
tions. Although not directly related to our current
interest, this latter can lead to a smaller tensor to
scalar ratio r, more consistent with the Planck
data [1].

At this point, we need to work out the canonically
normalized fields as well as the field equation of Xp ;.
The second-order action of Xg; is determined by the
tensor part of £,,, while the second-order action of hp
is given by the Einstein-Hilbert action up to the leading
orders in slow roll. Thus, the canonically normalized
fields are

URL — \/Eathl and UR,L = ZﬂNaXR’L, (29)

where N is a coefficient which will be determined by
the second-order action of Xg;. As far as our current
discussion is concerned, we need the second-order action
of Xg, in the subhorizon limit, that is,”

[ i -

5,52 ~ 5/(27)3011 S (040 — Royv; £ 2DKH;03),
A=R,L

(30)

*Note that the cross terms of v; and u , in the second-order
action of v, have a factor of y which, as y < 1, are neglected in
the dominant order action (30).

PHYSICAL REVIEW D 90, 023542 (2014)

where we have’

R T Ty B
N = \[f1 = Hu(J7fs + fa). (31)

Having four different gauge theories in (16), one may
expect that vg; has a nontrivial sound speed in (30).
However, interestingly for each of tr(FF), tr(FF),
tr(FFF), and tr(FFF) and any higher dimension combi-
nation of them, the sound speed of vy ; is equal to one.’
Using (23), (26)—(28), and (30), we obtain the field
equations of vp; and ug; in the subhorizon region:

2D
D2vpy + <1:F T) v =0, (32)

2y
Q2upy + ugy = e (BO:vg L F+/YDVR.L), (33)

where 7 = —kr,
B = (fi+rHy(f3—/rfs)), and
D= (1= 4r,- vir) (34
1 7 3 4) ]

In both of the above field equations, the last term is parity
odd and takes different signs for the right- and left-handed
polarizations of modes.

Solving the field equations (32) and (33) and imposing
the standard Minkowski vacuum state at the deep inside
horizon limit (kz - —oc0), we obtain the canonically
normalized fields on subhorizon scales:

1
g, (T,k) =——————
o V15D

exp(i(z7FDIn%)),  (35)

(1 D)
rL(T, k) m<1 MPIND\/EC p(FiDIn ))
x exp(i7). (36)

(VPN gy (Vo )+ ) o ds)
(fl—ng(.f3+f4/\/17))
However, during the slow-roll inflation, we have f3.4 < Hf34
and y < Hy; hence, we can neglect the last two terms with

respect to the other terms.

®This is not a generic property of all of the possible gauge
field theories. For instance, (although a subdominate term of
the order of e here) among the dimension-eight operators
F, F 2 FPFy g and FO,FyY FF,» dead to o} =25,
while the other dimension-eight terms (tr(FF))%, (tr(FF))?,
and (tr(FF)tr(FF)) have a ¢2 equal to one.

>The exact form of D is D =
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FIG. 1 (color online). Comparison of the subhorizon analytical solution of /g ; (solid line) and its full numerical result (dashed) for
the chromo-natural model. Here, y = 5 x 1072, H =107°, and y = 9 (which has highly chiral gravitational waves in this y) [17,22].
The analytical approximation and numerical solution perfectly overlaid each other on subhorizon scales 7 = 5, while, as we get closer to
the horizon crossing point 7 = 1, they eventually start to deviate from each other. Here, we presented only the imaginary part of hg ; ;

however, the real part has the same behavior.

Equation (36) indicates that the chiral term in wug; is
proportional to y and is related to D and D. In the

case that D=D=0, we have upr (7, k)=

77 (1+37-2In7) exp(i7). That is expected, because D

and D are coefficients of parity-odd terms, and, if they
vanish, then up = u;.

Numerical solution vs analytical subhorizon approxi-
mation.—Let us now compare the analytical subhorizon
approximation (36) with the full numerical solution of a
specific model, chromo-natural [Eq. (20)]. Field equations
of the chromo-natural model (and gauge-flation) are speci-
fied by these parameters: B =1, D =1, N=1,and D =
(1 +2y)/+/y [12]. Figure 1 presents the analytical approxi-
mation of /g, (solid line) and its full numerical solution
(dashed line) with respect to 7 = —kz. Analytical and
numerical solutions perfectly overlaid each other on sub-
horizon scales 7 = 5, which confirms the validity of our
approximations (36). As we get closer to the horizon
crossing point 7 = 1, analytical and numerical solutions
eventually start to deviate from each other. It is noteworthy
to mention that the system which is presented here (with
y = 9) leads to highly chiral tensor modes [17,22]. Let us
quantify the enlargement of chirality in the system by
0= ﬁﬁ;’;ﬁ , where Py ; is the superhorizon power spectrum
of right- or left-handed polarization. Then, ® = O repre-
sents a system with parity symmetry (Pp = P; ), while a ®
close to one parametrizes a case with highly chiral
gravitational waves. Even in this highly chiral system,
due to its 7° factor, the integrand in (12) is much larger in
7> 1 than at the vicinity of the horizon crossing point.

IV. CONFRONTING WITH THE OBSERVATION

As for their intrinsic chiral gravitational waves, infla-
tionary models with non-Abelian gauge fields naturally

generate a nonvanishing (INQR), which makes them perfect
for the inflato-leptogenesis mechanism. To complete our
leptogenesis model, now we need to determine the net
lepton and photon number densities predicted by these
models.

A. Lepton number density

At this point, we are ready to compute the net lepton
number density n, which through the gravitational anomaly
is generated during inflation. From (10) and (36), one can
read hg; (7) as

- 7 D=FiB -
hip 1 (%) =~ (1 _iﬁiexp(y[) m;))
2\ Mugpigbyz
x exp(it). (37)

Similarly to ug;, the chiral term in hg1 is proportional
to w and is related to D and D. Inserting the above
solution in (12) and performing the integral in the A > H
limit, we obtain the lepton number density by the end of
inflation as

_CA w o H\?[A\*
n(Tinf)_WM—P]H (M—P]> ") (38)
where C is given as
Cz~4—a~2 <dcos<l~)ln<é>)
N(16 + D7) H
s A
— sin (D In (ﬁ) ) ) . (39)

where a = ((1+ D*/4)B+3,/yDD) and &= (3BD-
V(14 D*/4)D)/((1 + D*/4)B + 3 /yDD).
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Equation (38) is the generic form of the net lepton
number density predicted by inflationary models with non-
Abelian gauge field (16). Some noteworthy features of n
are as follows:

(1) The net lepton density is proportional to w/Mp
(the effective gauge field value on the background)
as well as A, which is the difference between the
number of left- and right-handed fermions. Thus,
CP-violating sources and the birefringent gravitons
originated from the gauge field in the background
and a nonvanishing A.

(ii) The factor H? is the inverse of the volume (horizon)
size during inflation, which has the same unit as n.

(ili) n is proportional to the scale of inflation as

(3)7- We emphasize that one cannot directly relate

()7 to the power spectrum of the tensor modes

after horizon crossing, because (i) n is mainly
generated by subhorizon gravitational waves, and
(i) compared with the standard scalar models, the
field equation of /Ay ; is modified by tensor pertur-
bations of the gauge field X ;. That leads to right-
and left-handed superhorizon power spectrums
which are different from the standard prediction
of scalar inflationary models [17,22].

(iv) n is related to the UV cutoff scale A, by a factor of
(%)4, in agreement with our rough approximation in
Sec. II. The A* term is intriguingly similar to the
zero—poin4t energy of corresponding gravity waves
Pvac = 127

(v) C is determined by the specific form of the matter
content £,, and in terms of B, D, D, N, and% in (39).
If D and D (the coefficient of the parity-odd terms)
vanish, then C = 0, as expected. Typical values of
fi’s, B, D, b, and N are of the order of one, which
leads to C~1, e.g.,, in the chromo-natural and
gauge-flation models [12].

(vi) Altogether, CA is the coefficient that parametr-
izes the eff1c1ency ‘of the CP-violating process in the
system.

(vii) n(r) scales as a=3; hence, the number density by the
end of inflation n(z;,) and n(z) for a given time ¢
are related as @’ (7y)n(7ing) = @’ (7)n (7).

B. Lepton to photon density ratio

At this point, we should determine the number density of
photons at the present time, for which we need a reheating
model. If the energy density at the reheating time p,, is
rapidly converted into radiation, we have

7 4
Preh = 30 9sTiep (40)

where g, is the number of relativistic degrees of freedom at
the time of reheating and 7', is the reheating temperature.
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Consider that the energy densities at the reheating time and
during inflation (p;,; = 3M3 H?) are related as

at (Treh)preh =oa* (Tinf)pinﬁ (4 1 )

where, in the phenomenological reheating model above,
o parametrize the “efficiency” of the reheating process.
Moreover, as p scales as a™* at the end of the reheating era,
a*p in (41) is a constant at that period.

It is interesting to note that, within the supersymmetric
extension of the SM, gravitino production gives an upper
bound on the reheating temperature T, < 10* TeV [26].
On the other hand, by relying on SM sphalerons to convert
the generated asymmetry in the lepton sector into baryon
asymmetry, this mechanism requires a reheat tempera-
ture T 2 100 GeV.

Having the reheating temperature from (40) as

()- e

one obtains the reheating entropy density

2

27
Steh = 45

sfalzine) )
g* reh 239*64(HMP1)2 <a(Tr:h)) ’ (43)

which, after using the standard assumption that the comov-
ing entropy density of the Universe is constant since the
end of reheating (a’s = cst) and the relation s, = 7.04n,,
determines the photon number density at the present
time, 1n,0-

Finally, we can compute the desired n = ng/n,

[Eq. (D]:
1 4
<1072 V. <£> (é) L (49
MPI MPI H

90"‘

n=13x

which should be compared with the observed value
n=6x10"10[1].

For typical values of g, ~ 10 and y ~ 107!, a successful
leptogenesis model requires

S0H N
“‘@(A) <H> ~10°5. (45)
o4 H Mp]

This relation can be fulfilled for typically reasonable values
of the reheating temperature and UV cutoff A. For instance,
consider the standard model with A = 3, and suppose
C~1and H ~ 10~°Mp,. Then, for A ~ 10-100H, a reheat-
ing efficiency ¢ ~ 1071°-107'° leads to a successful lepto-
genesis mechanism. In order to determine the reheating
temperature corresponding to the above values, we need
more details about the reheating model, i.e., a(ziyr)/a(zwen)-
However, we have an upper value, which leads to
Tren < 10'° GeV.
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V. SUMMARY AND CONCLUSIONS

We present a scenario of leptogenesis associated with
inflationary models involving non-Abelian gauge fields
within the SM, inflato-leptogenesis. The idea of using non-
Abelian gauge fields in an inflationary setting was put
forward in Refs. [14,15], in which it is shown that the non-
Abelian gauge field theory can provide the setting for
constructing isotropic and homogeneous inflationary back-
ground. Dealing with gauge fields in inflationary models
brings many new and unique features compared with the
standard scalar models, among them tensor fluctuations
of the non-Abelian gauge field [17]. In this work, we
demonstrated that almost all inflationary models with non-
Abelian gauge fields produce intrinsic birefringent ten-
sor modes.

Compared with the standard scalar models, tensor
fluctuations of the non-Abelian gauge field interact with
the metric tensor mode and modify its field equation. These
new interactions involve some parity-odd terms, which take
different signs for different (left- and right- handed) polar-
izations of tensor modes and lead to chiral tensor modes.
Because of their intrinsic birefringent gravitational waves,
inflationary models involving non-Abelian gauge fields
provide natural settings for the leptogenesis mechanism,
inflato-leptogenesis. Following Ref. [8] and using the
gravitational chiral anomaly in the standard model, we
showed that these chiral tensor fluctuations produced
during inflation can generate a net lepton number.

These models predict a nonvanishing net lepton number
density n, proportional to y and related to the UV cutoff
of the physical momentum A, as (£)*. The factor y/Mp in
n indicates that the demanding P-violating interactions
originated from the non-Abelian gauge field in the back-
ground. Moreover, the factor A* is intriguingly similar to
the zero-point energy of corresponding gravity waves

(Pyac = % [27]).

In order to complete our inflato-leptogenesis mechanism,
we then considered a phenomenological reheating model
with the efficiency parameter ¢ and determined the photon
number density at the present time, n,. Finally, we
compared n/n, predicted by our scenario with the obser-
vational data 7 ~ 6 x 107'9. We argued that this scenario
can explain the observed value of baryon to photon
number density with a natural range of parameters, e.g.,
H = 10"°Myp,, A ~ 10-100H, and a reheating temperature
of the order of T, < 10'% GeV (these values correspond to
6 ~1071°-10716). In Ref. [12], the inflato-leptogenesis
scenario has been studied in two specific inflationary
models of this class, the chromo-natural and gauge-flation
models.
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APPENDIX: DETAILS OF RR CALCULATION

RR has the following explicit form:

~ 1
RR = EGiﬂpéRlﬂpD.Ryé:pﬂ, (Al)

where €##¢ is the totally antisymmetric tensor and R*,, is
the Riemann tensor. This parity-odd term vanishes in the
unperturbed homogeneous and isotropic FRW background,
while the perturbations of the metric sources the second-
order RR. By perturbing the metric around the FRW
background, the most general perturbed metric can be
parametrized as

ds*> = —(1 +2A)df*> + 2a(9;B + V,)dx'dt
+ Clz((l — 2C)6’J + 28UE + 26(1W]) + hij)dxidxj,
(A2)

where A, B, C, and E are scalar perturbations, V; and W;
parametrize divergence-free vector perturbations, and #;;,
which is symmetric, traceless, and divergence-free, is the
tensor mode.

Plugging (A2) into (A1), we obtain the second-order RR:

im jm~ mi

- 2 ..
RR = = 22l (0l = O,y i+ 011, ).
(A3)

where a prime denotes a derivative with respect to the
conformal time (dr = a~'dt). Note that RR contains only
tensor perturbations /;;, and the scalar and vector fluctua-
tions do not contribute.

It is convenient to use Fourier modes in the linear theory
of a flat universe, as they evolve independently. The real
space perturbation %;;(z,X) can be written as below in
terms of its Fourier components:

hij(z.x) = /(Z%kh--(r,k)e"x‘k.

271.)3/2 i

Using the above, we can write RR in terms of the Fourier
modes h;;(z, Kk):
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~ 2ieli* Pk
RR(r.x) = == // K R )

+ kKN, (7, K)hy (7, K)) /K% 4 D,

(A4)

where D is a total derivative term. This quantity is most
simplified in terms of right- and left-handed polarizations in
the Fourier space, hg ; (7, k)7:

~ i Lkd3k

Rr(ex) = =5[] e kn, 5 k)
a v/

+ k.k'hi (7, k)h, (1, k') — c.c.)elkTK)x 4 D,

(A6)

For a wave vector k = (0,0, k), h;; and g, are related as
follows:

he+h, —i(hg—h,) 0
hij(’[?k) = _l(hR—hL) _(hR+hL) O . (A7)
0 0 0

Expanding h .. in terms of the creation and annihilation
operations, we have

A &k~ )
hg(z,x) _/WhR(T,k)elk'x

&k ~ * A ik.x
:/W(hR(T’k>ak+hL(T’ —k)bTy)ex,

(A8)
7Upon naively writing (A4) in terms of hg;, one obtains
~ 8i dPkd3 k'
RR(z.x) = —E//Wk’(h%(r,k)hl(r, K)
+ kKN, (z,k)h (7,k') = R<>L)e!KTK)x 1D,
(AS)
which is not a Hermitian operator. In order to write RR in the

form of a Hermitian operator, one has to not only exchange R and
L (R<>L) in the last terms, but also change the order of operators.
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&Pk A L
_/W(hL(T’k)bk‘th*e(T, —k)aly)e®,
(A9)

where the creation and annihilation operators a) and 131(
satisfy the standard canonical relations [e.g., [ay, ay,] =
53)(k — k’)]. Moreover, the left and right polarizations
are related as i, (7, X) = hip(7, ), which implies that the
Fourier operator components are related as® FlR(r, k)=
h! (7, —k). Note the difference between Fourier operator
components hg, (zr,k) and Fourier mode functions
hg (7. k).

Using (A8) and (A9) in (A6), we determine the vacuum
expectation value of RR:

(RR(9) = = [ 5 Ul W (2. K)
— Rhp(r.K)hy(1.k) — R<L) + D, (A10)

which, assuming the statistical isotropy of the primordial
fluctuations, leads to

~ 77;2
(RR(7)) :224 /k%z’k%(h%(r, k)hy (7. k)

— Khg(z. k)hy(r,k) = ReL)+D.  (All)

The above equation indicates that the parity-odd (RR) is
tightly related to birefringent gravitational waves, and in
the special case of parity symmetry [in which hg(7,k) =
hi(z,Kk)], it vanishes. Thus, a nonzero (RR) requires a
mechanism to generate chiral tensor modes.

¥In general, the Fourier mode functions hg(z, k) and &, (7, k)
are two independent solutions of two different field equations. In

the special case with parity-preserving action, then we have
hR(T, k) = hL(T, k)
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