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ABSTRACT

In a previous work, a mechanism was presented by which baryon

asymmetry can be generated during inflation from elliptically polarized

gravitons. Nonetheless, the mechanism only generated a realistic baryon

asymmetry under special circumstances which requires an enhancement

of the lepton number from an unspecified GUT. In this note we provide a

stringy embedding of this mechanism through the Green-Schwarz mech-

anism, demonstrating that if the model-independent axion is the source

of the gravitational waves responsible for the lepton asymmetry, one can

observationally constrain the string scale and coupling.
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1 Introduction

Inflation stands as the paradigm within which the problems of the standard

big bang cosmology are resolved. Moreover, inflation provides a causal mechanism

necessary for the formation of large scale structure (LSS) in the universe. Recently

one of the present authors (SHSA) in a collaboration [1] presented a model in which

the quantum fluctuations of gravity waves generated during the inflationary epoch

can give rise to the cosmic matter-antimatter asymmetry. This mechanism relies on a

rolling pseudo-scalar field coupled to a gravitational Chern-Simons term. However, a

concrete model in the context of a fundamental theory was not specified in this work

[1]. In the present note we provide an embedding of this leptogenesis mechanism into

a 4D, N = 1 SUGRA limit of type-I superstring or heterotic string theory, in which

the model independent axion is dynamical. Since the axion is a universal field in any

4D, N = 1 string theory compactification, we shall obtain a unique constraint on

the string scale from a cosmological observable, the baryon asymmetry index.

1.1 Review of Inflationary Leptogenesis

The key to inflationary leptogenesis is the generation of a bi-refringent gravitational

wave (BG) spectrum during the course of inflation. These BG waves are quantum

mechanically produced during inflation if there is a non-vanishing axion correlated on

the scale of the horizon at the beginning of inflation. Subsequently, through a triangle

ABJ anomaly, a non vanishing quantum expectation value for R∧R is generated from

the contraction of BG waves which were sourced by the non-vanishing axion. When

< R∧R > integrated during the whole course of inflation, one gets a non-vanishing

lepton number.

It is well known from the ABJ anomaly that CP violating interactions at one loop

can induce an gravitational Chern-Simons term. The authors [1] proposed a model

where this term can arise from a coupling of a pseudo-scalar to the gravitational

Chern-Simons term. Our goal in this section is to briefly review this proposition by

assuming such a term exists and finding explicit solutions of gravitational waves by

linearizing the Einstein-Hilbert action. We will then proceed to compute the lepton

number produced during inflation.

Lint = F(φ)Rα
σµν R̃ σµν

α . (1)
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In terms of linearized perturbations up to second order this term is exactly4.
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where hL and hR are left and right helicities of the gravity waves respectively. The

resulting gravity waves will be sourced by the axion via. the equations of motion

2hL = − i 2Θ
a ḣ

′

L

2hR = + i 2Θ
a ḣ

′

R ,
(3)

where

M2
plΘ = 4(F ′′φ̇2 + 2HF ′φ̇). (4)

The unspecified function F is constrained ultimately by its direct relationship with

the observed baryon to entropy asymmetry

n
s ∼ 6.5 ± 0.4 × 10−10 (5)

By evaluating the the Green’s functions of the gravitons eq (3) in conformal coordi-

nates

η = 1/Ha = e−Ht/H . (6)

become [
d2

dη2
− 2(

1

η
+ kΘ)

d

dη
+ k2

]
Gk(η, η

′) = i
(Hη)2

MP l2
δ(η − η′). (7)

For Θ = 0, the solution of this equation is

Gk0(η, η
′) =





(H2/2k3M2
P l)h

+
L(k, η)h−R(−k, η′) η < η′

(H2/2k3M2
P l)h

−

L(k, η)h+
R(−k, η′) η′ < η ,

(8)

where h−L and h+
R are the negative and positive frequency solution to the gravity wave

equation (3). For Θ = 0, these solutions are the same as for hL. After some more

algebra we find the Greens function.

Gk = e−kΘηGk0e
+kΘη′ (9)

By contracting the Greens function we obtain the quantum expectation value of R∧R
The answer is:

∫
d3x < RR̃(x) >=

16

a

∫
d3k

(2π)3

H2

2k3MP l2
(kη)2 · k4Θ (10)

4In 2 the gravity waves are chosen to move in the z-direction with any loss of generality
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As is well-known [2], the lepton number current, and also the total fermion number

current, has a gravitational anomaly. Explicitly,

∂µJ
µ
ℓ =

1

16π2
RR̃ (11)

where

Jµℓ = ℓ̄iγ
µℓi + ν̄iγ

µνi , RR̃ =
1

2
ǫαβγδRαβρσRγδ

ρσ . (12)

Inserting (10) into (11) and integrating over the time period of inflation, we find for

the net lepton number density

n =
∫ H−1

0
dη

∫
d3k

(2π)3

1

16π2

8H2k3η2Θ

MP l2
. (13)

The integral over k runs over all of momentum space, up to the scale µ at which our

effective Lagrangian description breaks down. The dominant effect comes not from

the usual modes outside the horizon at the end of inflation (super-horizon modes),

k/H < 1, but rather from very short distances compared to these scales. The integral

over η is dominated at large values of η, early times. The integral represents a

compromise between two effects of inflation, first, to blow up distances and thus carry

us to smaller physical momenta and, second, to dilute the generated lepton number

through expansion. It is now clear that the dominant contribution to the right-hand

side comes from kη >> 1, as we had anticipated. Performing the integrals, we find

n =
1

72π4

(
H

MP l

)2

ΘH3
(
µ

H

)6

. (14)

We might interpret this result physically in the following way. The factor (H/MP l)
2

is the usual magnitude of the gravity wave power spectrum. The factor Θ gives the

magnitude of effective CP violation and is governed by the dynamics of the theory at

hand. The factor H3 is the inverse horizon size at inflation; this gives the density n

appropriate units. Finally, the factor (µ/H)6 gives the enhancement over one’s first

guess due to our use of strongly quantum, short distance fluctuations to generate

< RR̃ >, rather than the super-horizon modes which effectively behave classically.

The crucial assumption in the above leptogenesis mechanism was the origin and

the specific form of the function F (φ). While the authors argued that such a function

can be generic in the low energy effective action of string theory, it was not specified.

From another perspective one can ask a related question. Is the axion field in the low

energy 4D effective action of string theory constrained to have couplings of the above

form and if so what are the constraints on its dynamics? We shall discover that not

only is such a term quite universal, but the the axion is required to be dynamical due

to a very peculiar set of superspace constraints, namely the ’beta-function-favored

constraints’ βFFC[3].
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2 A Supergravity Realization

We begin our analysis from the compactification of the heterotic string to its

4D, N = 1 supergravity limit. For concreteness we consider the compactification

to be on a Calabi-Yau 3-fold. In what follows, we define M10 to be the 10D funda-

mental scale and Mpl is the 4D Planck scale. In order to discuss cosmology in this

context it is important to stabilize all moduli since they can lead to disasterous relic

overproduction in the early universe leading to inconsistencies with the bounds of

nucleosynthesis. Recently all moduli in a four dimensional heterotic compactification

was fixed with the inclusion of fractional fluxes on a 3-cycle embedded the CY3-fold

[5]. We will assume a similar mechanism is at work to stabilize all moduli.

Our starting point is the 10D Heterotic string action in Einstein frame [4].

S = M8
10

∫
d10x

√
g10

(
R− 1

2
∂Aφ∂

Aφ− 1

12
e−φH2

ABC − 1

4
e

−φ

2 tr(FABF
AB)

)
(15)

where

H3 = dB2 −
1

4
(Ω3(A) − α′Ω3(ω)) (16)

where Ω3(A) and Ω3(ω) are the gauge and gravitational Chern-Simons three-forms

respectively.

Ω3(A) = Tr(dA ∧ A+
2

3
A ∧A ∧A) (17)

We now dimensionally reduce the 10D action to 4D, N = 1 supergravity coupled to

the SO(32) or E8 × E8 gauge sectors by choosing a four-dimensional Einstein frame

metric , gSMN = gEMNe
φ

2 .

ds2
10 = e−6σds2

4 + e2σgmndy
mdyn (18)

where gmn is a fixed metric if the internal dimensions normalized to have volume 4α′3

S4D =
Mpl

2

∫
d4x

√−g[R − 2∂µS
∗∂µS

(S + S∗)2
− 1

2
Gij̄Gkl̄∂µTil̄∂

µTj̄k] (19)

The field Til̄ are associated with moduli in the internal dimensions. For our purposes

we are assuming moduli stabilization so these fields will not be relevant. For a further

discussion of this issue in specific moduli stabilization scheme we refer the reader to

[5].

It is now useful to relate the string scale and coupling to the four dimensional

moduli. The four dimensional gauge coupling is

g2
YM = eψ. (20)
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where the four dimensional dilaton ψ is related to the ten-dimensional dilaton and

volume modulus via

ψ =
φ

2
− 6σ (21)

Also related to the ten dimensional dilaton is the volume scalar ρ.

ρ =
φ

2
+ 2σ (22)

The field ψ is related to the scalar component of the 5 N = 1 chiral superfield S

S = e−ψ + ia (23)

where a is the model independent axion field which arise from the spacetime

components of BAB respectively. Specifically,

(∗da)µνρ = e−2ψHµνρ (24)

In what follows, we focus our attention on the axionic sector of the the 4D heterotic

string. The bosonic low energy effective action will take the form

S4d = Sgravity + Saxion + SCS (25)

S4d = M2
pl

∫
d4x

√−g(R4 +
1

2
∂µa ∂

µa+ V (a)) + SCS (26)

where V (a) is the potential for the axion which will be responsible for inflation. We

shall discuss the form of this potential in the following section. Finally, there will be

an important contribution from the Green-Schwarz mechanism [10]

SCS =
∫
d4xF (a)R∧R (27)

where

F (a) = aV (28)

where V is a volume factor measured in 10 dimensional Planck units and is deter-

mined by the dimensionality of the compactification. Let us now explicitly derive

the linear coupling of the axion and the volume factor V for clarity from the origi-

nal ten dimensional action (15). We begin by focusing on the kinetic term for the

antisymmetric 3-form.

M8
10

∫
d10xe−φH2

ABC (29)

where

H3 = dB2 −
1

4
(Ω3(A) − α′Ω3(ω)) (30)

5Due to our choice of metric ansatz the gravitational coupling is κ
2

4
= α

′

4
.
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We are only interested in the coupling to the gravitational Chern-Simons term as it

will be responsible for generating the net lepton asymmetry. After a little algebra eq

(29) takes the form.

2M8
10

∫
d4xe−φ

α′

4
∗ dB ∧ Ω3(ω)

∫
d6y (31)

In the above equation we are suppressing the internal six dimensional dependence of

the fields. In four dimensions Hodge duality relates the antisymmetric two form to

the axion a.

∗dB[2] = da (32)

With this definition eq (31) becomes

SCS =
M2

10

2
(V ol M6

10)
∫
d4xe−φda ∧ Ω3(ω) (33)

If the dilaton is constant then eφ = gs. Using this fact, integrating by parts and the

definition dΩ = R∧R, eq (33) becomes.

SCS = −M
2
10

2
g−1
s (V ol M6

10)
∫
d4xaR∧R (34)

which confirms the above form for F (a)

F (a) = Va (35)

where

V =
1

2
(α′M2

10)g
−1
s V ol M6

10 (36)

Take note that eq (35) is precisely the term which is needed for our inflationary

leptogenesis to occur. Most importantly this interaction and its coupling is universal.

2.1 Natural Heterotic Inflation

In the previous section we demonstrated that a 4D effective description of the

heterotic string can have a dynamic axion. In the presence of potential which satisfies

the flatness conditions for inflation, the axion can act as the inflaton field. In general,

axions acquire oscillatory potentials reflecting the periodicity of the Θ vacua. These

sorts of potentials were first discussed as inflationary potentials by Freese et. al and

extended to Supergravity by Kawasaki et. al under the name ”Natural Inflation”.

These potentials are constrained from the superpotential in N = 1 supergravity and
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are naturally flat due to the shift symmetry in the chiral superfield. In particular,

the F-term potential in Planck units is

VF = eK(
∑

i,j̄

Ki,j̄DiWDj̄W̄ − 3|W |2), (37)

where i, j runs over all moduli fields, K is the Kahler potential for T and S, Kij̄ is

the inverse of ∂i∂j̄K. These authors [7, 8] found flat potentials which could generate

inflation. Recently, Blanco-Pillado et. al. have demonstrated a general class of axionic

potentials which generate inflation as an extension to the KKLT mechanism[6, 9]. It

will be interesting to realize a similar scenario in our heterotic example.

It is not necessary that the axion be identified with the inflaton field, however.

Inflation could be driven by another field and the axion, through its equation of

motion in this background can track the slow rolling of the inflaton field.

ä+ 3Hinf ȧ = −V ′(a) (38)

where Hinf is the Hubble parameter associated with the inflaton field rather than

the axion. Since our mechanism only requires the axion to be coherent over the

Hubble scale during the course of inflation, this amounts to it having a small slow

roll paramenter, ǫ = 1
2
( ȧ
HinfMpl

)2 << 1. This equation arises from the equation of

motion of the axion during inflationary expansion. In other words the axion may

have a flat potential to guarantee its slow rolling but not necessarily have enough

energy density to yield enough inflation. The important point for our analysis is that

we have inflation and its associated scale since our calculation involves constraining

the Hubble constant during inflation from recent CMB measurements.

3 An Observational Constraint on the String Scale

We are now ready to determine the string length scale and coupling by relating it to

the observed baryon to entropy ratio. The crucial point is that any four dimensional

compactification of string theory is naturally endowed with the model independent

axion which couples to R∧R via the Green-Schwarz mechanism. It is through this fact

that we are able to uniquely observationally constrain fundamental string parameters.

Recall that the baryon to entropy ratio is fully determined by the gravitational power

spectrum, the CP-violation term which enhances the amplitude of the gravitational

waves and the momentum dependence of the gravitational waves. The CP-violation

term Θ is fully controlled by the dynamics of the fundamental theory. We shall obtain
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a result which constrains the ratio between Mpl and M10, the fundamental and four

dimensional Planck scale, respectively, through the observed baryon to entropy ratio.

In the previous section we motivated a heterotic extension of inflationary lepto-

genesis via. gravitational waves which experience birefringence during inflation. The

baryon to entropy ratio was calculated and determined in terms of three terms, each

signifying distinct physical sectors of the mechanism.

n

s
= 10−6Θ(

H

Mpl
)

7
2 (
µ

H
)6 (39)

where H
Mpl

is constrained by WMAP to have an upper bound of H
Mpl

∼ 10−4. Recall

that we can express F (a) from the equation of motion of the gravitational waves in

terms of Θ.

M2
plΘ = 4(F ′′ȧ2 + 2HF ′ȧ)V. (40)

Because the axion is slowly rolling during inflation and is linearly coupled to the

Chern-Simons form, the first term vanishes and we obtain.

Θ = 8F ′Hȧ
1

M2
pl

V (41)

This term is completely determined by string theory since it involves the model inde-

pendent axion. Therefore, the string scale and coupling will determine the observed

baryon to entropy ratio. We can simplify Theta by using the relation between the

slow roll parameter and the velocity of the axion field. After a little algebra we get,

Θ = (
H

Mpl
)2V√ǫ. (42)

Notice that V the volume factor can lead to an enhancement in the Greens func-

tion of the gravity waves. This could be important for future CMB observations of

gravity waves, since one could obtain an enhancement in the B-mode polarization in

the gravity wave power spectrum. We are currently investigating this possibility by

extending the work of Lue et. al [11, 13] Specifically, V ∝ (Vol M6
10) and it is useful

to recall that

M2
pl = M8

10V ol (43)

and

M8
10 = α′−4g2

s (44)

where V ol is the volume of the Calabi-Yau 3-fold. Hence,

V =
1

2
g−1/2

s (
Mpl

M10
)2 (45)
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with the above definitions eq (39) become

n

s
= 10−7g−1/2

s (
H

Mpl
)−1/2(

M10

Mpl
)4 (46)

We can set the cutoff scale of the Chern-Simons interaction to be the string scale,

µ = M10 and demanding from observations that

n

s
∼ 10−10 (47)

we get finally

g−1/2
s

M10

MP l
∼ 10

−5
4 (48)

We immediately get an upper bound for the fundamental 10D Planck scale to be

around 1017−18GeV provided that the string coupling is order unity. Clearly as we

weaken the string coupling the string scale goes down.

4 Conclusion

In this work we have provided a stringy embedding of the inflationary leptogenesis

mechanism of [1]. This was possible due to the universality of the coupling of the

model independent axion to the Chern-Simons form in four dimensional compactifica-

tions of string theory. In the original work of [1] the baryon to entropy ratio required

an unspecified enhancement to accommodate the observed value of n
s
∼ 10−10. In our

realization this enhancement arose naturally due to the volume factor in eq (42). We

chose to explicitly study the heterotic string theory for concreteness and found that

for reasonable values of the string coupling and length scale the observed baryon to

entropy ratio can be generated during a period of inflation.

We have presented a fairly conservative compactification. If the volume of com-

pactification is larger than the string scale, such as in warped compactifications, then

the enhancement of the baryon asymmetry will be improved. It will be interesting to

further investigate this mechanism in the context of brane world scenarios and stringy

inflationary mechanisms driven by axions which were already studied by Kallosh et

al and Blanco-Pillado et al.

Even if the model suggested in this work should not stand the test of time, we

believe that it contains an important message about serendipity. That the Green-

Schwarz mechanism is so important theoretically has been accepted without a doubt.

The message of the present work is that it has the potential to be of observational
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significance (and existential significance for a universe like ours). This would then be

a great example of the importance of serendipity in understanding the cosmos.

In this leptogenesis mechanism the UV modes of gravitational waves coupled to

the volume enhancement factor V are responsible for the enhancement of the lepton

number density. In future CMB experiments such as the PLANCK surveyor mission,

the ”smoking gun” of inflation, the tensor to scalar ratio r = T
S

will be constrained

for models with high scale inflation[12]. Likewise the tensor power-spectrum can be

enhanced by the volume factor from string theory. It is intriguing to relate this mech-

anism directly to the the IR (superhorizon) gravitational power spectrum which will

be constrained by future CMB observations. We expect to report on this connection

in a future paper [14]
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“Hidden deep in the heart of strange new elements are secrets beyond

human understanding, new powers, new dimensions – worlds within

worlds unknown.”

Quote from Outer Limit Episode: “The Production and Decay of

Strange Particles”
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