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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:

TV_<4>%
To \11

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

@ The weakly interacting nature and low temperature of the CvB means
it has yet to be observed
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Neutrino Masses and Relic Asymmetry

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

@ Flavour dependent bound on the asymmetries is

Lng — Mve — ﬁya = 2 ) (ga é‘O¢>

n, 123

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.
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Fermion Propagator in CvB

@ Homogeneous neutrino gas with a net lepton asymmetry An,,.
@ Leads to an addition to the fermion propagator.
o First order in An, parity violating contribution:

1 i0apY po‘AffB(p—F m)
p2 — m? p2 — m?

S(p) = So(p) + + 27 s AFP | +

Si(p)

AfO = \/2GE >~ An,, embodies the strength of the neutrino
interactions and asymmetry density (< 10742 today).
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Addition to the Graviton Propagator

p+k

Parity violating contribution in an homogeneous neutrino background:
d*p
nuupo‘ = - W(Zp + k)u(2p + k)o‘ Tf(’Yuso(P + k)7p51(p))

+ Tr(7pSo(p)uS1(p + k))}
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AfP v [an2?]"
I_I,ul/pU :87_(_2/(&5#”065/(; dx [W X

{8)(2(1 —x)?(1—2x) %r(l + )k, ks

+ (24x% — 44x + 18)[ (e — 1)M?1,, — 16x3(1 — x)°T(€)k*1e

— (80x* — 192x3 4 156x% — 50x + 5)I'(€)k, ks

where M2 = m? — x(1 — x)k?.
We find a divergent quantity:

1 AfP
n%gg = ¢ o2 ——5 k* Eupaﬁm Nvo

Find that this term cannot contribute as it violates the gauge invariance
(huw = huw + kudo + ko).
Transversality requires: k#I,,,; = 0 and k”I1,,,, = 0.
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Graviton Polarisation Tensor

We obtain the following simple form for the polarisation tensor,

Mo = €ppask® AF° [kks — K1uo] C(K?)

where
1 Vk?
k2 2 _ k2 -1
k) = 1022 16772(k2)3/2 [\/_ rn <\/4m2 = k2>]
where

k2 — e K, KM < 1
19%2, If k2/m2 > 1

From which we can find the addition to the propagator.
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Two Possible Scenarios: k?/m? < 1
Can write an effective term in the action,
1
Sefr x — / d*xe,pap AFP W90 1,0 — 0,0,h"7)

In combination with the usual E-H action we find,

AfO

(w® — |k[*) F m“‘\(w — |k[*)* =

This contains an instability, but only for very large |k|; likely unphysical.

192072 m*M3

2 _kI2) —
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Two Possible Scenarios: k?/m? > 1

In this limit,
1 UV Qo g g
Seff = —W/OAX&M)aﬁAfﬁh“ 0 (th Nvo _81180/7'0 )
_ 1 4 iz
= 182 /d x Af,K

@ The 4 dimensional Chern-Simons topological current:
2
KE = B0 (TG 0Ly = ST8, 00T,

@ Replicating Chern-Simons modified gravity.

Scs = / d*x (0,0)K" = / d*x 6(*RR)
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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 = % exp[—i(p(n) — knEx")]

— Decomposing into the two circularly polarised states: e,-? and e,!J-
— Take the action S = Sgy + Seir

— Find the accumulated phase over propagation.
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Graviton Propagation Effects
@ From the equations of motion:

(igRh + (o) +H, + H? — K2) (1 =

IAR LK

B )\RJ_H@,T])

= —(9,7777 - 2H0,n)(¢5{" —iH)

32

o Solve in the matter dominated epoch, a(n) = agn? = ;2.

1+z
@ Accumulated phase to first order in 6,

1
. 1 1
ARt = 'AR,LkHO/ [_9,7777 - —94 vy
n L4 n

. TR _ (a(no) 4
@ Time dependence of Afy is dilution An = 0, = ( )

N. D. Barrie (USyd) Grav. Wave Instabilities in the CvB July 7, 2016

12 /15



Birefringence of Gravitational Waves

o For the CvB,

AR, LAfyHy k

AGRL — i R ( ) 11 26
¢ “agerane \1Gav) 112
@ Ratio of the polarisations:

h

o From the current bounds on the CvB, |[iAgp™t| < 107115 (1 erv)' for
z~30

Significantly larger in the early universe, a higher asymmetry density.

@ All sources could provide constraints.
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Gravitational Wave Instabilities

Chiral plasma in the early universe, composed of the neutrinos.

@ Breakdown of the neutrino plasma, with a characteristic timescale.

Production of gravitons through the gravitational anomaly coupled to
the chiral charge, embodied by the Chern-Simons term.

@ Potentially large instabilities before nucleosynthesis.

@ Produce inhomogeneities, due to entropy production, the absence of
which can provide bounds on Afy.
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Conclusion and Future Work

o Parity asymmetric CvB.
@ Chern-Simons like term induced in the graviton action.
o Negligible birefringent effect for small z.

@ Bounds from early universe sources and instabilities in the neutrino
plasma.

Future work

@ Further exploration of the mechanism, and effects on GW
propagation.

o Further investigation of early universe implications and bounds.

o Finite temperature field theory analysis.

v
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