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» Matter anti-matter asymmetry

e by now is established as an experimental
fact, e.g. the CMBR observations lead to

ng __ —10
n—f = (6.5+£0.4) x 10
np = np —ng and n, = #Fdensity of photons.
e [ his number, while non-zero, is very small.

» About 40 years ago Sakharov stated that:
to explain matter anti-matter asymmetry from
a symmetric soup of everything one should have

e Baryon number violation,
e C & CP violating interaction vertices,

e the above interactions should happen in
a phase where the system is out of thermal
equilibrium.



» Leptogenesis

In the usual SM B & L are both classically
conserved. At quantum level

B 4+ L is anomalous, mediated by sphaelerons.
(Sphaelerons are electroweak instantons ther-
mally activated at temperatures not less than
1 —10 7TeV and interconvert Baryons to Lep-
tons.)

B — L can only have gravitational anomaly.
In the Beyond standard models:

e.g. in MSSM B + L is anomalous perturba-
tively if R parity is violated, and

in GUTs we have vertices (at classical level)
which interchange quarks and leptons..........

Hence to create non-zero ng one can come up
with a model which creates ny, leptogenesis.



C & CP violation in the usual models of baryo
or lepto genesis come from (Dirac) phases of
the mixing matrices in quark or neutrino sec-
tors. In MSSM large CP violating phases are
highly constrained | ].

One might also use phases of Yukawa cou-
plings in MSSM | | as
sources for CP violation...

OQut-of-equilibrium condition in the usual mod-
els is the hardest part:

It only happens during (first order) phase tran-
sitions or spontaneous symmetry breakings where
we cannot generically perform perturbative cal-
culations...........

In our model, however, all Sakharov conditions
are met in a common thread:

Gravity waves in a pseudo-scalar (axionic)
driven inflation model.



e Inflation is now becoming a part of observa-
tionally tested/testable physics.

e Out-of-Equil. condition is naturally satisfied
if we cook up our model during inflation.

e During inflation we produce dgravity waves
(as quantum perturbations) in abundance. If
the situation is prepared, B — L can become
anomalous via gravitational (triangle) chiral
anomaly:

~

A

174
R pa"“

_ ~ 1
J'LL p— Z lﬂ“li—l—ﬂwuw, RR = EeaﬁpaRamW
)

A is the anomaly coefficient counting differ-
ence between # left and right handed fermions.

Here I would only consider SM, and its field
content. Our model can work with any beyond
SM with a non-zero A.



e A pseudo-scalar inflaton can break parity and
hence CP. Such axionic inflaton would natu-
rally couple to RR as

AL = F(¢)RR

where under P and CP:

¢ — —¢ & F(¢) — —F (o).

Such terms would generically appear once we
integrate out heavy fermions axially coupled to
¢. Effects of such terms on the evolution of
CMBR have been analyzed by

Lue, Wang and Kamionkowski (LWK) [

] and by
S. Alexander, J. Martin | l.
e Terms like appear naturally in string the-
ory via Green-Schwarz mechanism with
N ¢
F(¢) = ——
167‘(‘ MPZ

To have an idea what N is let us take a de tour
to string theory....



A de tour to string theory

To see how this term appears in string theory,
consider e.g. the Heterotic SUGRA action:

1
s =MFy [ d'%[detgio(R+ 5 (99)?
110 x 1910( +5(09)
—d 172 —d/2 2
T15¢ Hipe T Z¢ /2(Fap)?)
where

Hy = dB; —, (23(4) +a/23(w))

(Q23(A) and Q3(w) are the gauge and gravita-
tional Chern-Simons three-forms, respectively.
Explicitly,

2
Qz(w) =Tr(wAdw+ 3@ ANwAw)
In particular note that

"(d23(w)) = RR



Upon compactification to four dimensions, the
H? term leads to

S ~ M?O/d6y/d4:c e~ P(dB + o/Q3(w))”?
Ve
180_6 [ d*2l(dB)? + 20/ (dB) A Q23(w) + -]

Pl

z((8¢)? — 20/ RR)

where the pseudoscalar ¢ (our inflaton field)
is dual to the two form B> and the 4d Planck
length, Mp; is defined as

Mz, = M§,Ve.
And hence, finally:

2 2
N — g2 MEY _ g o (Mpz) 1
ds Mig L

end of the de tour



e P & CP violation in our model is coming
from the fact that the (classical) expectation
value for the axionic inflaton is non-vanishing
during inflation.

e ¢ is not necessarily P-Q. or QCD axion.
B Inflation in a nutshell

e Fquations of Motion:

My H= = 3 <§¢ + V(¢)) 7

where M]f = 8nGy is the reduced Planck
mass, Mpl = 2.44 x 1018 GeV.
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e Number of e-folds:

a(tend) . 1 /sz d V

=_— —
a(t) M, V!

Ne(t) = In

e Slow-roll Conditions:
$<Hp, ¢*<V(g).
And hence in slow-roll inflationary models
: 1 1
=~ V(¢), MZ32H?= =V (¢).

e Slow-roll Parameters:

Velocity of the field ¢ in terms of slow-roll pa-
rameters:

; H
iz ==V 26 .
Mpl MPZ
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e Density of scalar perturbations:

d 2
4. -3
P /) scalar 5

1 H 1

o 57T\/§Mpl\/E
—1.91x1077° COBE results.

Ppr is the power spectrum of scalars,

e Power spectrum of gravity waves (tensor per-

turbations):
(37)
g)g'r — | —
Mpy

e Based on the WMAP data |

H
r=%P4/Ppr<071, — <1x107% €e~0.01
Mp;
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Analysis of Gravity Waves

ds® = —(1 4 20)dt? + w;dtdz’
+ a2(t) [((1 + 2¢0)8;5 + hz-j) d:cida;j}
®, 1 are scalar, w; vector and h;; are tensor per-
turbations.
° hz-j IS symmetric, traceless and divergence

free, and represents the two degrees of free-
dom of graviton, the gravity waves.

e Only h;; gives contribution to RR so we only
consider tensor perturbations here. For gravity
waves moving along the z direction:

ds? = —dt? + a2(t) [(1 — h)da® 4+ (1 + hy)dy?
+ 2hy dxdy + d,z?]

In our case: a(t) = ef’t with a constant H and
hy, hx are functions of ¢, z.

e Helicity basis:

1 , 1 .
hp = —2(h+ —thx) , hrp=—=(hy +ihx)

V2 V2
Note: hr = h%C.
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Evolution of Gravity Waves:

1 3
L= 5Mgl\/— det ¢ R+ F(®)RR

where

J—det g R=—(h;Dhg+ hpDhp) + 0(k3),

02 o 1 62
0= 3H— —
Ot ot2 T ot a20z2
and
_ 4i[[ 82 02 02 02
RR = hp——hr — ——h h
a3[<822 "otoz 1 022 “otoz R)

92 97 092 92

2

h hr — 2 h;—h
ta (8152 Foto. T~ a2 Lotoz R)

o 02 882>

+ O(h*)

Ha? [ —h h; — —h h
+ Ha (815 Roto. 1~ ot Lotaz &

e Note: RR, similarly to «/—gR, starts at O(h2).

e In order to have non-vanishing RR we need
cosmological birefringence.
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Cosmological Birefringence

Ignoring the third order derivative termsin e.o.m.
we have

. o.
Oh; = —Qi;h’ , Ohp = —i—2z’;h}z
with
4 . . .
O — W(F//QS_I_F//QbQ +2HF/¢)
pl
8 .
~ —5HF'¢
M2

For the choice of linear F(¢)
© = V2eN(H/My)? /2n?

Taking hy(t, z) = hy(t)et** and introducing con-
formal time n instead of the comoving time t:

1 1
n=-—-—= —e_Ht :
Ha H
(note: conformal time n runs in the opposite
direction from t), e.0o.m. becomes:
d? 1d d
(— —2=— 4+ k?)h; = 2kO—h
dn?  ndn dn
Note: using the conformal time all factors of
a(t) disappear from the e.o.m.
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Solution to e.o.m

If © = 0 solutions are
(with 4ve or -ve frequencies):

Wt (k,m) = eTFH2) (1 — k)

For © # O:
hy, = (—ikn)e"®g(kn)
where
d? 5 > 2 2kO©
— k<(1—0°) - = — = 0.
Y + |k<( ) 2 |9

Note: This is a Coulomb wave equation, i.e.
equation of a Schrodinger particle with [ = 1
in @ Coulomb potential proportional to k©.

Note: The Coulomb potential for A; and hpg
have a different sign.

For kn > 1 (sub-horizon modes):

g(kn) = exp[i(1 — ©2)Y2kn(1 + a(kn))]

where a(n) ~ logn/n.
Note: For sub-horizon modes waves are effec-

tively propagating in a flat background (instead
of de Sitter).
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Quantization of gravity waves

To compute (RR) we need to know the two
point functions:

G(x,t; ', t) = (hp(z,t)hp(z’,t))

where G(n,n") satisfies

2
d——z( —|—l~c@)——|—k2] Gp =1
dn? n dn

(Hn)2

pl

§(n—n")

For ©® = 0 solution is

2
Q,gMth“(k Mhr(=k,n"), n<n

GO (n, 1) =

2,£[M2h (k, b (—k,n) ' <n

For © %= 0, up to leading order in ©,

Gt = 41 GO

In fact for the sub-horizon modes the © cor-
rections to Green's function G are subleading
and not important.
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Using this Green’s function we have

d3k
(2w)32k3A42

(kn)? - k*© 4+ 0(03)

Note: The main contribution to the integral is
coming from sub-horizon modes with kn > 1.

Note: (RR) is non-zero and is proportional to
©. Recall that © is the parameter measuring
the amount of CP violation.

The CP violation which is a result of the ax-
ionic (CP-odd) inflaton has been communi-
cated to the gravity waves. In other words,
we have a classical background which is CP-
asymmetric.

Noting the anomaly equation, and integrating
both sides over the space, we have:

d 1d 1 .,
—n = ——n = (RR)
dt adn 1672
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B Computation of Lepton Number

H! o d3k 8HZ2k3n?©
n:/ dn/ 3 2072
0 (2m)3  1672M%

The “cut-off” pu is the scale at which our ef-
fective Lagrangian description breaks down.

As a good estimate, i should be less than the
fundamental Planck scale, Mig. It should, in
principle, also be compared with the scale of
our beyond SM particle physics model where
the new physics sets in, e.g. the right-handed
neutrino mass or SUSY GUT scale.

The dominant contributions come from large
k, and for u > H, that is the sub-horizon modes.

Note that the tensor perturbations usually con-
sidered and discussed in the inflationary con-
text are the super-horizon modes which leave
the horizon during inflation and re-enter hori-
zon as classical modes after inflation.
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e n IS # density of leptons right after inflation.
2

e (H/Mpl) IS power spectrum of gravity waves.

e © is the CP-violation parameter.

o H 3 is volume of space at the end of infla-
tion.

o (u/H)® is the enhancement factor coming
from the fact that we are dealing the short
distance (sub-horizon) quantum fluctuations.
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B Calculation of np/n~

e np red-shifts by the Hubble expansion as
ng ~ 1/a3. n also red-shifts like the volume.
Therefore, np/n~ is not red-shifting and is a
constant during the history of the Universe.

e In the current phase of the Universe, the

ratio of present baryon number to the lepton

number generated in the leptogensis |
PLB155 (1985) 36]

ng/n=4/11, (T,/Ty)3 = 4/11.

e [ he number density of photons and their
entropy density are related as

s = 1.8gx n~ ,

and today (as only photons are relativistic now)

e [ he above implies that

n =24 x 1010 the observed value.
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» Computation of s
Assuming instant reheating

p=3H?’M3, = n2g.T*/30
and
s = 2m2g«T>/45.

Hence s = 2.3/ *(H M p;)3/2.

Taking g« ~ 100

7/2 6
" —92x10 <£> S (ﬂ)
S M H

pl

11/2 6
~1x107%. Ne <i> (ﬂ)
Mpy H

2 6 ~1/2
M H
<ot i () (i) (o)
Mio) \Mpy) \Mp
e Note: noc H and n/s o H—1/2.

e In the 2nd and 3rd lines of the above, the
explicit expression of ©

© = V2eN(H/Mp;)? /272
has been used.
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e In the last line the expression for N, assuming
gs ~ 1, has been used.

B Numeric values
Acceptable range for H:

An upper bound from WMAP H < 10~*Mp;,
and € ~ 0.01;

a lower bound from T,., = 1 TeV, leads to
H> 1072 eV.

As for u
H S p S Mg
For H ~ 10~*Mp; and € ~ 0.01,

2 6
M
S MlO MPZ
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Some estimates:
o My ~ Mg, p~ 1071 My, H ~10"*Mp
n —10

(For this case, the CP violating parameter,

2
© = 4v2¢ (1-)" /g5 ~ 1079))
o~ Mig~10"1 —10"2Mp;, H ~ 10~%Mp;,

2~ 10710,
S

(For this case, the CP violating parameter,
© ~ 1072.)
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Using inflation as a period when things are
out of thermal equilibrium.

Our model is novel in the sense that all
the Sakharov conditions are satisfied from one
common thread, gravity waves.

P and CP violation is a result of pseudo-scalar
driven inflation.

In our model, there are imprints of parity vio-
lation in the spectrum of tensor perturbations,
in principle could be observable in CMBR ex-
periments | ].

This could also be related to the so-called “axis
of evil’ discrepancy, i.e. the recently reported
parity dependence in the CMBR at low [.

Gravitational chiral anomaly is responsible for
lepton number violation.
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Things to be studied in further detail:

Here we assumed the SM for our particle
physics model and in particular we assumed

A=mnp —np, 70
one can imagine particle physics models in which

A is a function of time and changes by cosmic
evolution.

Moreover, the particle physics models will give
us a better idea how large we can push wu.....

Here we assumed instant reheating, which
is not so realistic/appealing. Working on de-
tails of a more realistic reheating model would
generically reduce 1. .p.q+ @and the amount of
entropy produced, is yvet to be done......
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