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Cosmic Neutrino Background

@ Decoupling of neutrinos results in the Cosmic Neutrino Background
(CvB), T ~1 MeV

@ The CvB temperature is related to that of the CMB:

Ty_<4>%
To \11

where To = 2.725 K is the temperature of the CMB today.

@ Weakly interacting nature and low temperature — not yet observed
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Neutrino Masses and Relic Asymmetry

@ A very large lepton asymmetry can be stored in the CvB.

o Flavour dependent bound on the asymmetries is
I e, Pl PO %
ny 12¢(3) T

where the flavour independent bounds on &, are —0.07 < £ < 0.22.

@ Majorana particles — the CvB will be parity violating.

@ Possible indirect evidence of the CvB via induced parity violating
radiative corrections to the graviton propagator.

@ Homogeneous neutrino gas with a chemical potential .
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Addition to the Graviton Propagator in CvB

e L, = pvyoysv, which alters the neutino propagator

o First order p parity violating contribution to the fermion propagator:

S() = So(p) + 107” os

o Parity violating polarisation tensor contribution:

4
Muvpo = —% / (:T[))“QP + k) (2p + K)o [Tr(WSO(P + k)vpS1(P)) + Tr(vpSo(P)vuS1(p + k))}
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Graviton Polarisation Tensor

@ We find a divergent quantity:

I_I,El,(lj/l;c)r = 271’2 5k S,upaom Nvo

— This term violates gauge invariance (h,, — hu, + kA + ko AL).

— Transversality requires: k*I1,,,- = 0 and k"I,,,, = 0.
@ We obtain the following simple form for the polarisation tensor,

MNyuvpo = :U«Elwaoka[kuka - kznua]c(kz)

where ,
1k £ 2,2
C(k?) = { ~ 192022 " if k%/m* <1
TITFZ’ if k2/m2 >1
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Effective Graviton Action
o In the limit k>/m2 > 1,

. 1% 4 e o o
Seff = ~ {952 /d X€ppaoh"” 0% (O 71,5 — 0,05 h7)

M 4 0
=—— [ d'x K
487r2/ x
@ The 4 dimensional Chern-Simons topological current:

4 g 2 g
KP = ePorv(rg o,rt, — §raprﬁkr30)‘

@ Replicating Chern-Simons modified gravity.

Scs = / d*x (0,0)KH = / d*x 0(*RR)
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Birefringent Gravitational Wave
Propagation
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Graviton Propagation Effects

@ Chern-Simons modification induces a birefringence effect.
@ eLISA can measure sources z < 30, and differentiates polarisations.

o Consider propagation in a FRW universe.

Consider hjj = a(n exp[ i((n) — knx*)]
— Decomposing into the two circularly polarised states: e,-'}" and e,-ﬁ
— Take the action S = Sgy + Sei

— Find the accumulated phase over propagation.
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Graviton Propagation Effects

@ From the equations of motion:

AR A6
(073t + (651 + oy H2 = ) (1 2L )

IARLK )
= 7(0,7777 — 2H0 ,)( 5;’L —iH)

@ Solve in the matter dominated epoch, a(n) = an® = %%

@ Accumulated phase to first order in 6,

1
1 1 dn
AR = ixg LkHO/ [—9 -0 } —
: . L4 v |
_ (am)\? o
@ Temperature dependence of 1 = 0, = ( 200 ) B
P
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Birefringence of Gravitational Waves
@ For the CvB,

AR, LiHo ( k

A RL _ _ > 1 4
¢ "aaszmz \Taov ) T2

@ Ratio of the polarisations:

h

hy

o From the current bounds on the CuB, |iA¢RE| < 10787 (1 éeV)’ for

z~ 30

@ Now consider the propagation of GWs from early sources, larger u,,
and longer accumulated propagation time. Conceivably, any source
could provide constraints.
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Birefringence of Gravitational Waves

@ Consider GWs produced in the radiation dominated epoch:

k| 11 1, 1dn
APRE = ixg L’/ [9 — -0 }
d ; Qr,OHO2 . 2 1M ,'7 1 772

it (v (o)
’AR’L§”<1 GeV ) \1 Tev

where €, ~ 9.2 - 1072 is the radiation density parameter today.

12

@ Redshift defined in terms of the source/asymmetry temperature T
(whichever is lowest).

@ |t is possible to get significant birefringent behaviour in the
propagation of GWs from primordial sources.
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Induced Vaccum Decay
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Vaccum Decay from Induced Ghost-like Modes

@ Interaction describing 0 — gy, (hi" = meanh$y)):

1 1
Sint ~ / d*x = hETF,,, FH — hean e FY
Mcan 2
where
k M2 a(t)M?
Mean = Mp 1+ )\R,L | ’ s where mcs(t) = _P _ ( ) p
amcs My Lo

@ Consider when we have ghost modes. Require a phase space cutoff,

or will decay to infinity. Take comoving momenta cutoff:
k| ~ A = Mean(t) = (/AL

@ Total decay width is approximately:

A a(t)A®  a(t)2A°

r ~ = =
m%an ‘k|:“l/ Ko
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Temperature-Asymmetry relation

o After reheating the universe is radiation dominated:

a(t) = /295 Hot

where Q, o ~9.2-107°.

@ The ghost term is no longer present when T = T,:

- A _ &TA
b= a(t*)mCS(t*) - a(t*)_ M;Z)

@ Given the known temperature dependence of the scale factor:

= oy e
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Generated Photon Spectrum and Energy Density

@ Calculate the spectrum and the energy density of photons generated
by the induced vacuum decay:

dE

s o@atke) =ra (I 1)t S8 (k)

a3 dt
@ Integrating this effect between T, and T,:
415 3 11
dE &1 M3 (A
d3xdInk 1072\ Ho \ M,

@ Conservative bound: the universe is not radiation dominated today,

dE
d3xdInk S

< M3H§
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Photon Energy Density Produced

@ Assuming T, > T,:

e < 10741 <—Ta )4/3 (%)17/3
~ 1015 GeV A

T _2/3 A 17/6
> 1023 _'a A
T. 2 10% GeV (1015 Gev> (M,,)

or

@ Conflicts with observation unless A < M,,.

o If instead T, < T, i.e. no vacuum decay:

2000 GeV\2 A
< - - -
n, < 0.033 ( T ) W,

where 7, < 0.033 is from BBN constraints.

~
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Conclusion and Future Work

o Parity asymmetric CvB — Chern-Simons gravity term induced.
@ Potentially observable birefringent effect for large z sources.

@ Bounds from vacuum decay on the temperature a given neutrino
asymmetry can be generated.

m < 0.033

~

(2000 GeV)2 A
T, M,

Future work

@ Further exploration of the mechanism, and GW propagation.

@ Early universe implications: Baryogenesis, dark matter, parity
asymmetries.
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