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o Candidates for Grand Unification Theories like Higher Spin theories often
predict large number of massless conformally invariant fields.

@ It is also assumed that there is a mechanism, according to which they acquire
a large mass, so we don't see them in particle experiments.

o However, these fields can play the important role at large energies, e.g.
during the Cosmological Inflation.

@ What is imprint of the conformally invariant fields on the inflationary
observables like CMB spectrum?
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Weyl anomaly

o Weyl-Invariant fields

Slg.g) = Sl¢7.9°1=S[o.9], (9w =G, o =0()
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o Weyl-Invariant fields
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Weyl anomaly

o Weyl-Invariant fields
Slo.gl = S67,97)=SMbgl, (9w =G, o =0()
o Example: free massless non-minimally coupled scalar
Stogl =5 [ o va[(VaoP +era?], €= 1522
o Gravitational effective action
Wlg] = —log/Dng e Slowal — %logDet[—D —|—£R},
exhibits Weyl anomaly
Wlg?] = Wlgl + Ialo, 9]

@ Anomalous term T';, is known explicitly

Taloyg] = s / d'2 /G {[aC? + BE] o + 280 M40}
- 321772 (% + g) /d4x (\/‘CTU(RU)2 - \/§R2) )
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Anomaly driven inflation — roadmap

e Basic idea: exploit R? terms in anomaly to mimic Starobinsky-like inflation:
anomaly driven inflation!
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Anomaly driven inflation — roadmap

e Basic idea: exploit R? terms in anomaly to mimic Starobinsky-like inflation:
anomaly driven inflation!
@ Practical implementation:
o take o =loga(t), then the total action reads

S = Sen(g”] +T'g] + Lalo, g], o = loga(t)

e expand I'[g] = I'[g + h] about simple background g

o calculate two-point correlation function of perturbations h
@ Known realizations:

o AdS/CFT context (Hawking, Hertog, Reall 2001)

o Neglecting non-local part (Barvinsky, Kamenshchik 2006)
o Choice of background g:

o RP (Barvinsky, Vilkovisky 1990)

o S' x R? (this talk)

o Rx 5% S'x 5% (preliminary result)
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Gravitational effective action — flat spacetime

@ How to calculate T'[g + R]?
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Gravitational effective action — flat spacetime

@ How to calculate I'[g + h]?
o Using heat kernel methods and zeta-regularization

1 1.9 1 [~

o For scalar operator F' = —[J + P (Barvinsky, Vilkovisky 1990)

TrK(r) = (47”_1)[)/2/de”\/§{1 +T(%R_ P)
+ % (Ruv F1(=T0) Ry + R fo(~70) R+ P f5(~0) R+ P fu(~70) P)
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Gravitational effective action — flat spacetime

@ How to calculate I'[g + h]?
o Using heat kernel methods and zeta-regularization

1 1.9 1 [~

o For scalar operator F' = —[J + P (Barvinsky, Vilkovisky 1990)

Tr K(r) = W/d’%cﬁ[l +7(tR - P)

4 37 (Ryu i (~70) Ry + R o(~70) R+ P fy(—rD) R+ P fu(~70) P)]
e Effective action ¢;(—0) = ¢;(—0) 2 ~2(log(—0/p2) + d;)

Wlgl = [ /5[ Ruer (O + Ra(-D) R

+ Pp3(~O)R+ Py(—0O) P
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Calculation procedure

@ Expansion of operator F' = —[ + P induces those of heat trace

F=Y F,  F,~h" — K(r) ZK
n
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Calculation procedure

@ Expansion of operator F' = —[ + P induces those of heat trace

F=Y F,, F,~h" — K(r ZK
@ First few terms of expansion about flat metric

T Ko(r) = W/d%r(f),

Tr Ki(7) = (47771)[’/2 / dPz (TW(T)hW(x) +T(7) P(x))
Tr Ky (r) = W% / AP (o () Ty o (7, 0) By (1)
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Calculation procedure

@ Expansion of operator F' = —[ + P induces those of heat trace

F=Y F,, F,~h" — K(r ZK
@ First few terms of expansion about flat metric

T Ko(r) = W/d%r(f),

Tr Ki(7) = (47771)[’/2 / dPz (TW(T)hW(x) +T(7) P(x))
Tr Ky (r) = W% / AP (o () Ty o (7, 0) By (1)

+ 2P(z) I (7, 0) hyy (x) + P(z) I (1, 0) P(x))

@ Here IT and T — SO(d)-invariant tensors, linear in basic form-factors

1
£(.0) = [ dacst-ert 4”2 “rlontiedn)® p(r) = f(r,0)

0
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Search for nice form

@ The answer is diffeomorphism-invariant, i.e. under

Ohuy = 0u& + 0,Eu + 60 hyu + 0,8  hpy + 0, Ry
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Search for nice form

@ The answer is diffeomorphism-invariant, i.e. under
0hpy = 0,8 + 0,8 + EP0phyy + 0, hpy + 0, Ry

@ How to rewrite it in terms of it in terms of manifestly invariant quantities?
e Stationary case (w = Inggo):

1 1
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Search for nice form

@ The answer is diffeomorphism-invariant, i.e. under
0hpy = 0,8 + 0,8 + EP0phyy + 0, hpy + 0, Ry

@ How to rewrite it in terms of it in terms of manifestly invariant quantities?
e Stationary case (w = Inggo):

1 1
TI' K(T) stationary - W /de[[(QOO) o (T)

1 1 1  Roo 1 2>
+ 17— =R— P+ =70, —— + =70.(70, + 1)(Vw)? |r(r
o (5 §70 0 1 250,50, + (V) ) (1)
1 _ _ _ _
+572<wa1R,w+Rf2R+Pf3R+Pf4P

+R fs DR+ P fo R+ “DR;; fr DR + DR fq ““R)}

e Possible due to Killing vector £+ = 6}y
o Leads to Tolman temperature T'rojman(x) = T/+/goo ()

(g00) 707 r(r) = T(T)}T:TTOI,W‘
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“Generalized Killing vector”
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“Generalized Killing vector”

e No Killing vector £# = 4% in the general case!

o Let us construct its generalization £ perturbatively in h,,

R =g+l + i +..., & ~Rb,
@ Parameterization
- 1_ .
& =, 1 =20, &= 3500l ;0 hyp(2)hon(y)|, -

@ Restrictions on coefficient functions
o Stationary limit: &"[h(x)] = 6f
e Transformation law: §:€#[h] = CP0,E"[h] — O,CH £P[R]

@ This imply (at linear order)

Zpo

1
kP51 (k) = ik’o oK, Hﬁa(k”kozo =0
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Covariant form in general case

o Generalized Killing vectors allows to covariantize stationary answer

goo > gee = &2, Roo — Ree,
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Covariant form in general case

o Generalized Killing vectors allows to covariantize stationary answer
— 2
goo + gee =&, Roo — Ree,

o Strategy (fails)

© Covariantize stationary answer using £*, add Killing structures
© Re-expand result in hy.
© Compare to non-convariant answer and solve for £ (coefficients =)

o Additional structures

(V€)™ (V,e")’ & Vel Vi),
gu VV£2 V(,ufv)a gﬂfyv(#&/) Vp£p7 (gugyv(,ugu))2-
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Covariant form in general case

o Generalized Killing vectors allows to covariantize stationary answer
— 2
goo + gee =&, Roo — Ree,

o Strategy (works)

© Covariantize stationary answer using £*, add Killing structures
© Re-expand result in hy.
© Compare to non-convariant answer and solve for £ (coefficients =)

o Additional structures

(V€)™ (V,e")’ & Vel Vi),
gu VV£2 V(,ufv)a gﬂfyv(#&/) Vp£p7 (gugyv(,ugu))2-
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o Covariant answer for general (non-stationary) perturbations (f; = f1(7,V,.))

TRk (1) 5| ()

(gee)”

)

1 R
<6R P+3 [955 (mey))2 ¥ } 0,
+ % [(Vuw)2_2§“ VV§2 V(u&,) + .. ] 70, (T0; + 1))7“(7’)
+ T2<R#Vf1Rp,u+Rf2R—|—Pf3R+Pf4P

+Rfs DR+ P fo DR+ DR, f; DR + DR fq (d)Rﬂ,
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o Covariant answer for general (non-stationary) perturbations (f; = f1(7,V,.))

= 08 )

Ree

TrK (1) )
(é 3[+(Vo£w)2+-~}ﬂ%

1
+ 3 [(VHM)Q_QQL VYe? Vb + - ] 70 (1707 + 1))7‘(7’)
+ T2<Rﬂyf1R#V+Rf2R+Pf3R+Pf4P
+Rﬁ“W+Pk@R+@mﬂ%%%+“Rkwmﬂ.

@ “Tolman temperature” in non-stationary geometries

TToIman(x) = T/ gee (:L')
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Effective action

@ Splitting of the form-factors into vacuum and thermal parts

f(Tvv) = fv(_TD) + fﬂ(Ta V)
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T
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Effective action

@ Splitting of the form-factors into vacuum and thermal parts

f(Tvv) = fv(_TD) + fﬂ(Ta V)

@ Thermal part of effective action is finite, hence

o0
Wild) = [ ()
0 T
o Effective action have the same form as heat trace upon substitution

Cdr 1
PhEY) o ) = [ L)
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Thermal form factors

@ Thermal form factors are linear combinations of (k, = (wm, k) « iV,,)

D
) =0 08,(), 2= % —4VTE g2
where “stationary” form factor reads

. (2m)2a+t 1

24(2) = () 5 (20— 32) — (20, 52))
2 - q 9 i
S D T e 2 (oR(s) + Hag = Ha)
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Thermal form factors

@ Thermal form factors are linear combinations of (k, = (wm, k) « iV,,)

D
) =0 08,(), 2= % —4VTE g2
where “stationary” form factor reads

,(2m)2tt 1

Pq(2) = (= W@(CI(_% —52) —¢'(=2¢, 2))
2 q 9
- %q)!zz‘l‘l - ; m((?q —21)(log(£) + Haq — Hopy1)2%

@ Account higher Matrsubara harmonics w,, induces inclusion of operator
Qb (k) = %% [(P(iwm + k) — B(—iw + |k\>}

b [Pl + [k]) + B+ K]
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Generalization to closed manifolds

@ More interesting case: compact spatial sections S x R% — S' x §¢
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Generalization to closed manifolds

@ More interesting case: compact spatial sections S x R% — S' x §¢

e Main difficulty: one must use tensor hyperspherical harmonics
(Higuchi 1987) instead of Fourier ones
iwmt+ike

— eiwmt Y(a) (0)’ Vh Y(a) =0

€ Afyiy...ig Afyiy...ig
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o No explicit expressions for coupling coefficients for general d and spin s
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Generalization to closed manifolds

@ More interesting case: compact spatial sections S x R% — S' x §¢

e Main difficulty: one must use tensor hyperspherical harmonics
(Higuchi 1987) instead of Fourier ones

iwmt+ike — eiwmt Y(a) (0)’ Vil Y(a) =0

€ Afyiy...ig Afyiy...ig

o No explicit expressions for coupling coefficients for general d and spin s
b) (o)
o= a0y, @, 0V, .0

@ Spin-0 case is known in literature (Junker 1993), we achieve the result for
heat kernel in terms of form-factor

1
d :/ do‘% S S Ty TEW HEIHA-RW Hen=en)) | @ T
0

B
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Generalization to closed manifolds

@ More interesting case: compact spatial sections S x R% — S' x §¢
e Main difficulty: one must use tensor hyperspherical harmonics
(Higuchi 1987) instead of Fourier ones

iwmt+ike — eiwmt Y(a) (0)’ Vil Y(a) =0

€ Afyiy...ig Afyiy...ig

o No explicit expressions for coupling coefficients for general d and spin s

b
O [ O, O OV, 0

@ Spin-0 case is known in literature (Junker 1993), we achieve the result for
heat kernel in terms of form-factor

1
1 12 2 ’ 2
f — / da= T)\)\/)\”efT(a(A +wi)+(1—a) (A +(wn—wm) )), C ~ T2
0 ng%/

@ Invariant form is written in terms of non-linear completion of Bardeen
invariants &, ¥
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Discussion

Bottom line

@ Finite-temperature effective action for non-minimally coupled scalar field in
non-stationary metric perturbations is constructed.

@ This extends vacuum (Barvinsky, Vilkovisy 1990) and stationary results
(Gusev, Zelnikov 2000; Elias, Mazzitelli, Trombetta, 2017; Valle,
Vazquez-Mozo 2025)

o Extension of Tolman temperature to non-stationary geometry is suggested
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Discussion

Bottom line

@ Finite-temperature effective action for non-minimally coupled scalar field in
non-stationary metric perturbations is constructed.

@ This extends vacuum (Barvinsky, Vilkovisy 1990) and stationary results
(Gusev, Zelnikov 2000; Elias, Mazzitelli, Trombetta, 2017; Valle,
Vazquez-Mozo 2025)

o Extension of Tolman temperature to non-stationary geometry is suggested

What is next?

@ Euclid — Schwinger-Keldysh: analytic continuation using methods of
(Barvinsky, NK, 2024).

@ Higher spin and fermion fields & general backgrounds.
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Thank you for your attention!




