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Cosmology and quantum anomaly

« Quantum anomaly
Break down of the classical symmetry due to the quantum effects

ex.) global chiral U(1) symmetry in massless QED (s. Adler 1969, J Bell & R. Jackiw 1969)
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—Chiral anomaly AAAA A,
This anomaly explains experimentally observed

non-zero n¥ decay constant:I' o, Y

— Any prediction in cosmology? A~~~ A
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Cosmology and quantum anomaly

Chiral Magnetic Effect (CME) (A. Vilenkin 1980, K. Fukushima et al. 2008)
In thermal plasma consists of chiral fermion (ng ~ usT?, us < T),
magnetic field induces electric current:

2

e e s . . . .
j 2,”_2'“53 <[ Chiral anomaly fixes the coefficient } Magnetic fields in galaxy M51

Anomalous current causes
instability of the large-scale magnetic field.
(Chiral Plasma Instability)

—QOrigin of the primordial magnetic fields
(M. Joyce & M. Shaposhinikov 1997, Y. Akamatsu & N. Yamamoto 2013) ©NRAO/AUI




Cosmology and quantum anomaly
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Ton, some roles in cosmology. 151
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—0 of the primordial magnetic fields

(M. Joy. M. Shaposhinikov 1997, Y. Akamatsu & N. Yamamoto 2013) ©NRAO/AUI
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Chiral gravitational anomaly

 Chiral gravitational anomaly (r. belbourgo & A. Salam 1972, L. Alvarez-Gaume & E. Witten 1984)
Fermion loop calculation with external graviton:

(R. Delbourgo & A. Salam 1972)
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One-fermion loop contributions to the two-graviton mode.

Axial current relates to the gravitational Chern-Pontryagin density:
% ! aﬂl\p St L __RR
wIs = 3gama =g 1t apfture = T 1ogm
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Chiral gravitational anomaly Why “gravitational"??

 Chiral gravitational anomaly (r. belbourgo & A. Salam 1972, L. Alvarez-Gaume & E. Witten 1984)
Fermion loop calculation with external graviton:

(R. Delbourgo & A. Salam 1972)

V - C)iﬁ -

A~AAANAN Ay N hgp

One-fermion loop contributions to the two-graviton mode.
Axial current relates to the gravitational Chern-Pontryagin density:
1 aﬂkp 1 .
Viuls = g4 \/— apflunr, = 12(167r2)RR
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Chiral gravitational anomaly

 Chiral gravitational anomaly (r. Delbourgo & A. Salam 1972, L. Alvarez-Gaume & E. Witten 1984)

{nR/nL asymmetry} V”Jg‘ — _12(116 2) RR <[ hﬁ/hk asymmetry }
7
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Chiral gravitational anomaly

 Chiral gravitational anomaly (r. belbourgo & A. Salam 1972, L. Alvarez-Gaume & E. Witten 1984)

{nR/nL asymmetry} Vu-75 — 12(116 3y RR <[ hi/hk asymmetry }
/)

< |

Chiral fermions Non-trivial interplay

* o

Cosmological
GWs

- Inflation
Primordial plasma may - Preheating N
carry the chirality!! - Phase transition

» Cosmic string ...etc
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Chiral gravitational anomaly

/Chiral anomaly (in U(1) theory) R
Tt &F swap
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Chiral gravitational anomaly

« Chiral “Gravitational” Effect !? (A sadofyev & S. Sen 2017)
In static thermal fermion background with chiral asymmetry,
gravitational anomaly leads to the response: (. Mans & M. Valle 2012, K. Jensen et al. 2012)

.. . . ~ sy 2 o
STy = — 19‘2‘;2 MO e + (i <> §) G Ton = 5B

Application: GWs propagating in primordial chiral plasma?
But chirality is dynamically violated...
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Chiral gravitational anomaly

« Chiral “Gravitational” Effect !? (A sadofyev & S. Sen 2017)
In static thermal fermion background with chiral asymmetry,

gravitational anomaly leads to the response: (. Mans & M. Valle 2012, K. Jensen et al. 2012)

.. . . ~ — 2 p
S(TH)y = — 19‘2‘;2 SN O + (i 4> ) Y Fon = - psB

Application: GWs propagating in primordial chiral plasma?
But chirality is dynamically violated...

Incorporate non-trivial time dependence ? @
—Effective theoretic viewpoint provides such an extension.
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Chiral Gravitational Effect -gravitational counterpart of CME-

« CME from effective action (A. N. Redlich & L. C. R. Wijewardhana 1985)

Seﬁ /d4a:u Yy°~¥°  ps: chiral chemical potential k
p+k ANANANAY
@ Integrating out fermions...
62 62 Us v p

ff __ 0 _ n

Sy = /115@6 VPGAVFPO- = —QOFF
A
0,0(x) = (145,0,0,0) (See e.g. A. Boyarsky et al. 2015) ptk ‘/\i\/\/\ v
Induced CS term contributes to the Maxwell eq. as
VXB—-—=J+ —HB - aE + —,u,5B — CME is reproduced!!
ot 272 272
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Chiral Gravitational Effect -gravitational counterpart of CME-

e Graviton in the chiral medium (. D. Barrie & A. Kobakhidze 2017)
Effective action of graviton around the Minkowski spacetime:

g = / d*z(8,0)2KH* = — / d*z/—gORR b+ kAN Iy
o= (azo00) [ L

i, = V2, = = ™0 (Bhin = 09 hin + i), S e

Induced CS term = anomalously induced energy momentum tensor

= Z;:Z {50 (87 — V?) + 150m8; } hin itz dependence appears!!

(K. Kamada, JK & Y. Yamada 2021)
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Chiral Gravitational Effect -gravitational counterpart of CME-

_ Chiral Magnetic Effect Chiral Gravitational Effect

Anomalous induction  Electric current Energy momentum tensor
2 .
- e — . ejmn 9 9 .
JeM = ﬁ/ﬁsB T 4872 {150m (07 — V?) + [150m0t } hin

Modified dynamics Instability in large scale B field

of the field _ L/ e ?
bum(®) == (K 53k ) buym(® f
Backreaction to Decay of s
chiral plasma —weakening the instability 7
dpis 1 e? . o
— ~————hp
dt T2 A2

“Chiral gravitational effect in primordial thermal plasma” Jun’ya Kume (UTokyo, RESCEU)



Chiral Gravitational Effect -gravitational counterpart of CME-

« Gravitational birefringence and the memory effect (k. kamada,JK & Y. Yamada 2021)
GWs propagating in z-direction:
hij= Y hat,2)pfj with ha(t, z) = ha(t)e™ + B (t)e ™%

A=R,L

d 2 Aak d? 2 . d R L
|:> E + k hA(t) = —2471'2MP2)1 V75 @ + k + “SE hA(t) A\ = _|_]_, 2\ =1

Induced EMT causes Gravitational birefringence.
But..., Strong coupling & Ghost issue!!
We assume usk < M3, (also jis « M3;) where CS term is perturbative.

— 1icd; gives non-trivial correction to GWsl!
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Chiral Gravitational Effect -gravitational counterpart of CME-

« Gravitational birefringence and the memory effect (k. kamada,JK & Y. Yamada 2021)
GWs propagating in z-direction:
hij= Y hat,2)pfj with ha(t, z) = ha(t)e™ + B (t)e ™%

A=R,L

d 2 Aak d? 2 . d R L
|:> E + k hA(t) = —2471'2MP2)1 V75 @ + k + “SE hA(t) A\ = _|_]_, 2\ =1

ku5 d2
2472 M2, ) dt?

Induced EMT causes Gravitational birefringe
But..., Strong coupling & Ghost issue!! .o
We assume usk «< M3, (also jis « M3;) where CS term is perturbative.

— 1icd; gives non-trivial correction to GWsl!
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Chiral Gravitational Effect -gravitational counterpart of CME-

« Gravitational birefringence and the memory effect (k. kamada,JK & Y. Yamada 2021)
Oth order solution : A{” (¢) = Ae ¥t
Corrected solution can be evaluated as

(1) 2y k —ikt Ak /t 1e i\, —2ikt’ \ ikt
h)'(t)=A (1 + 82 ME Au5(t)) e BrME ( » dt' 1is(t)e e

*For R mode hg)(t) = Ae *t o — —pe
iz # 0 changes the dynamics < External chirality-changing process.
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Chiral Gravitational Effect -gravitational counterpart of CME-

« Gravitational birefringence and the memory effect (k. kamada,JK & Y. Yamada 2021)
Oth order solution : A{” (¢) = Ae ¥t
Corrected solution can be evaluated as

k AM5(t) e—’ikt . Ak /t dt,ll:5 (tl)e—2ikt' e’ikt
4872 M2, 4872 M3, \J_o
*For R mode hg)(t) = Ae *t o — —pe
iz # 0 changes the dynamics < External chirality-changing process.

non-trivial phase e 2kt
— Memory Effect!!

() = A (1 -

The information of chirality violation is accumulated on the helicity
even if Aus(t) = us(t) — ps(—o0) = 0.

“Chiral gravitational effect in primordial thermal plasma” Jun’ya Kume (UTokyo, RESCEU)



Chiral Gravitational Effect -gravitational counterpart of CME-

« Backreaction from GWs (K. Kamada, JK & Y. Yamada 2021)

External chirality-changing process dominates evolution of us.
—Small modulation (or backreaction) is evaluated from the anomaly eq.

us(t) = pi (t) + ps” ()

Oy — 5L Oy _on a4 i k(s — ¢ 2 2C 5 K
pe’(@t) =040 (t)—2k | dt'ps’(t')sin2k(t —t') ¢ + O(6°) J A
0

2 2172
™ TMPl

For example, ﬂéo) =Texp(—t/7) for t>0 (<—mimic heavy particle decay)
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Chiral Gravitational Effect -gravitational counterpart of CME-

« Backreaction from GWs (K. Kamada, JK & Y. Yamada 2021)

External chirality-changing process dominates evolution of us.
—Small modulation (or backreaction) is evaluated from the anomaly eq.

us(t) = ug) (€) + ps” ()

L 2C k*
1 - (0 . / -
D) =6 {ué)(t)—%/o dt' 10 (¢ )sm2k(t—t)}—|—(9(52) 8= A2T2Ml%1
For example, 4" = Texp(—t/7) for t>0 _ o h
Small but non-decaying oscillation!!
Aps () _/ dt' (1O () + g 1) <—sourced by early time memory.
/

it I'rté . _t 9
~Tr(1-e7) - T (cos(2kt) + 2k sin(2kt) — =7 ) +O(5?)
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Chiral Gravitational Effect -gravitational counterpart of CME-

« Backreaction from GWs (K. Kamada, JK & Y. Yamada 2021)
For the flipping process: s/ ! §=001T/k =1

i 3 —TI
Hs fMS o \ o< exp [T '¢t]
with initial asymmetry uc™ 001l

1

o« f%}fp[:_@/ 5)0L ¢t]

0—4 L

—_—

Dominant process us « exp[—I¥t]

and slightly damped oscillation with |

decay rate ~ 6T%.
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Chiral Gravitational Effect -gravitational counterpart of CME-

_ Chiral Magnetic Effect Chiral Gravitational Effect

Anomalous Electric current Energy momentum tensor
induction . 2 .  gmn . s
_ d o _ - .
JEM — 271'2 ,U'5B Tz ~ 4872 {u’5am (at \% ) + ,u’5amat} hzn

Modified dynamics Instability in large scale B field Birefringence and Memory effect of GW

of the field . 1 2 o .
bL/R(t) T s (kz = F#Sk) bL/R(t) Shy/r(t) = im {Aﬂs(t)e_ikt ¥ (/_oo dt'ﬂs(t’)e_%kt,) eikt}
Backreaction to  Decay of us us oscillates due to the early time memory.
chiral plasma —weakening the instability
dus 1 e hp NUOET) { i () — 2k / t dt’ 10 (¢') sin 2k(t — t’)}
dt T2 4Aq2 0
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Chiral Gravitational Effect -gravitational counterpart of CME-

_ Chiral Magnetic Effect Chiral Gravitational Effect

Anomalous Electric current Energy momentum tensor
induction . 2 . . gmn 5 5
JEM — ﬁ,U'SB TJ',: = A8 72 {U5am (at -V ) + ,U‘5amat} hin
- "\ Birefringence and Memory effect of GW
[ n - t . i .
This is not the end of story!! Shum(t) = g {Aﬂs(t)e"’“t¢ ( / wdt'us(t')e—zzkt)ezkt}

How about expanding background!? us oscillates due to the early time memory.

\_ y |
e B 1M (¢ :5{'(0)15 —2k/ dt’ 130 (¢') si 2kt—t’}
dt T 47r2hB M5 () M5 () . s ( )sm ( )
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Chiral Gravitational Effect -curvature dependence-

« CGE in expanding background (K. Kamada, JK & Y. Yamada 2021)

ex.) diluting chemical potential in RD era: ps(n) ~ a(% (uéo) +u§1)(n)) a(n) = ao(n/no)

2 Ak pus (d2 24 " d
A\t | 4y Ayt 2pA _ _ k 5 “ 2 . A
(hi)" + n(hk) + k“hy 247r2M1—_2,1 { ( + + k ) + (0(77)> B hi

a(n) \dn? ndn

A k3"72ﬂ(0)
iRy : 0"oHs _ -
:> h™"(n) o (sm kon + 21672 M2,a2 {3m cos(kon) + (6y — 5 + 6log(2kono)) sin(kon) }

—helicity accumulates the non-zero initial asymmetry.

K backreaction drives oscillation but rapidly decays.
(For MD era, see N. D. Barrie & A. Kobakhidze 2017)

“Chiral gravitational effect in primordial thermal plasma” Jun’ya Kume (UTokyo, RESCEU)



Contents

»Cosmology and quantum anomaly
»Chiral gravitational anomaly
> Chiral Gravitational Effect

> Discussion & Summary

“Chiral gravitational effect in primordial thermal plasma” Jun’ya Kume (UTokyo, RESCEU)



Discussion

« Non-local contribution ¢. mans & M. valle 2012, A. Sadofyev &S. Sen 2017) _
dominant fork « T

While we consider local contribution with covariant Lagrangian, —relevant to LIGO etc.
non-local ones (e.g. thermal correction) are also found:

T = =T = iér(w,q)q3 hi2 o) .
. w,q = —
Tio = —i€r(w,q)qs h11 - T 967

Q2 3Q4
2“5(#5?"‘772T2) (2+ e + p L(w,q)

For such contributions, we may need non-covariant Lagrangian.
As an example, effective action reproducing vortical conductivity:

1

Scslh] = /d4:r; hyw [— 1922 e b0 (Ohy” — 8”07 hyo )=~ boe"” .0y (808 = UV) (8%9 - UG) hpa]

(J. F. Assuncao et al. 2018)
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Summary

« CGE = Energy momentum tensor induction in the chiral media
iz and background curvature dependence are specific to CGE.
¥For k « T, non-local contribution (e« us(T? + u2) ) needs to be investigated.

 Memory of the chiral imbalance is imprinted on high freq. GWs
Birefringence takes place according to dominant chirality changing process.
Gravity couples to everything — Potential probe for the “chiral dark sector”.

« Backreaction does not spoil memory while causing small uz oscillation
Smallness of backreaction originates from perturbativity of CS term (or consistency).
The late time oscillation caused by the early time memory.



