On the Cosmological Frame Problem

APOSTOLOS PILAFTSIS

School of Physics and Astronomy, University of Manchester,
Manchester M13 9PL, United Kingdom

September 2017, Corfu, Hellas

Based on
— S. Karamitsos, D. Burns and A.P., Nucl. Phys. B907 (2016) 785

— S. Karamitsos and A.P., arXiv:1706.07011

Corfu 2017 On the Cosmological Frame Problem A. PILAFTSIS



Motivation:

Frame Problems in the History of Science (from WikiPEDIA)

e Geocentric versus Heliocentric System

Geocentric. Anaximander (6¢c BC), . . ., Plato (4c BC),
Aristotle (3c BC), Ptolemy (2c AD), . ..

Heliocentric: Aristarchus (3c BC), Seleucus (2c BC), . . .,

Kopernicus (15c AD), Kepler (16c AD), Galileo (16c AD), . . .

e Absolute versus Relative/Local Inertial Frame in Gravitation

Absolute: Newton (17c BC), . ..
Relative: Einstein (20c BC), . . .

e Einstein versus Jordan Frame in Inflationary Cosmology [this talk]
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— Einstein versus Jordan Frame

Action in Enstein Frame: SEF[QW,SO] = fx [— %MI%R + %(%@2 - V(SO)]

~

Action in Jordan Frame: SJF[gw,ﬂ = fle [— % (@)é + %(%@2 — V(@)}

Frame equivalence =  S'"[g,,,¢] = S™[g9., ¥ [R. H. Dicke '62]
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— Einstein versus Jordan Frame

Action in Enstein Frame: SEF[QW,SO] = fx [— %M]%R + %(%@2 - V(SO)]

~

Action in Jordan Frame: S%[g,,, ¢l = [ [— 3 ()R + 50,9 =V (9)]

Frame equivalence =  S'%[g..,,0] = S™[gu, ¢] [R. H. Dicke '62]
SJF Field reparametrization SEF
>
. Quantization
S MR P
A 4 A 4
1—loop Field reparametrization 1—loop

LY oopl@urs Pl # T12 1 0oplGuws ]: Effective action is frame dependent.

Corfu 2017 On the Cosmological Frame Problem A. PILAFTSIS



— Partial list of references

R. H. Dicke, Mach'’s principle and invariance under transformation of units, Phys. Rev. 125 (1962) 2163.

V. Faraoni, E. Gunzig, P. Nardone, Conformal transformations in classical gravitational theories and in
cosmology, Fund. Cosmic Phys. 20 (1999) 121.

E. E. Flanagan, The Conformal Frame Freedom in Theories of Gravitation, Class. Quant. Grav. 21 (2004)
3817.

T. Chiba, M. Yamaguchi, Conformal-Frame (In)dependence of Cosmological Observations in Scalar-
Tensor Theory, JCAP 1310 (2013) 040.

M. Postma, M. Volponi, Equivalence of the Einstein and Jordan frames, Phys. Rev. D90 (2014) 103516.

A. Y. Kamenshchik, C. F. Steinwachs, Question of quantum equivalence between Jordan frame and
Einstein frame, Phys. Rev. D91 (2015) 084033.

D. Burns, S. Karamitsos, A. Pilaftsis, Frame-Covariant Formulation of Inflation in Scalar-Curvature
Theories, Nucl. Phys. B907 (2016) 785.

L. Jarv, K. Kannike, L. Marzola, A. Racioppi, M. Raidal, M. Rnkla, M. Saal, H. Veerme, Frame-
Independent Classification of Single-Field Inflationary Models, Phys. Rev. Lett. 118 (2017) 151302.

G. Domnech, M. Sasaki, Conformal Frame Dependence of Inflation, JCAP 1504 (2015) 022.

J. O. Gong, T. Tanaka, A covariant approach to general field space metric in multi-field inflation, JCAP
1103 (2011) 015, Erratum: [JCAP 1202 (2012) EO1].

A. Karam, T. Pappas, K. Tamvakis, Frame-(in)dependent higher-order inflationary observables in scalar-
tensor theories, arXiv:1707.00984 [gr-qc].

S. Karamitsos and A. Pilaftsis, Frame Covariant Nonminimal Multifield Inflation, arXiv:1706.07011.

Corfu 2017 On the Cosmological Frame Problem A. PILAFTSIS



Outline:

e A Profound View of Our Cosmos

e Frame Covariance in Curved Field Space

e Frame Covariant Quantum Perturbations

e Frame Invariant Cosmological Observables

e Two-Field Models

e Beyond the Tree Approximation

e Conclusions and Future Directions
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e A Profound View of Qur Cosmos

Standard Big-Bang Cosmology cannot naturally explain the flatness of our
Universe and the largeness of its causal horizon.

(©2015, European Space Agency

—300 puK 300

Inflation provides a natural solution to these problems of our Cosmos, as
well as a quantitative framework for explaining the CMB anisotropies.

Interesting class of viable inflationary models: Scalar-Curvature Multifield
Theories, including Higgs Inflation.

Corfu 2017 On the Cosmological Frame Problem A. PILAFTSIS



e Frame Covariance in Curved Field Space

— Scalar-Curvature Multifield Theories in Jordan Frame

s = [dev= [— TR 1 Lhan(e) d(V,eM(V.0P) — Vie)|.

S = S\gu. e, [(p), k(p),V(p)|: classical action,
f(p), kan(yp), V(p): model functions.

Frame transformations consist of

(i) Conformal transformations

Juv — gw/ — QQQuuy QOA — @A — Q_lspA
(ii) Field reparametrizations
N _ d@fﬁ -
SOA — SOAZSOA(SO)a d%’ﬁ = 1Ké‘9(80>
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Under a frame transformation: ¢ — o4 = o4

transform as
fl@) = Q%f(e),
kin(@) = |kap—6f(nQ) A(InQ) 5+ 3f4(InQ) 5+ 3(In Q),Af,B} KAKE

Q" ().

@), the model functions

<
%
||

Functional form of the classical action S remains invariant:

~

S[G, @ F(2), k(@), V(@)] = Slgu: 0. f(0) k(). V()]

Models related by a frame transformation define an equivalence class

— QOur starting point for Frame Covariance.

Introduce Field Space Metric:

ka3 fafB
GAB ) T —|— 5 f2 .
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Al Ay .
Frame Tensors X' ..” in Field Space:
B]_...Bq

~ ~

SALLAY = (wx+p—q) (1A A Al...A B B
él...éf = Q7 \wxTPmO(K ;1...ij) Xp, B (K El...Kgq) .
X conformal weight (wx) scaling dimension (dx)
dax¥ 0 0
dp? 0 1
dSOA 0 —1
g/JJ/ —2 —2
g 9 9
Np,a —1 1
H = (Dia)/a 1 1
f y 2
GaB 0 —2
GAB 0 2
U=V/f? 0 0
A1Ay.. A
311322...35 wx wx +p—(q
AjAj.. A
Va XB11B22...B§ wx wx —1+p—q
AlAj.. A
DxXp, 5, B wx — dgsx wx —dsx+p—q

Corfu 2017 On the Cosmological Frame Problem A. PILAFTSIS



Fully Frame Covariant Differentiation:

_ Aq.. Ay Wx J,C  A1...Ap
VcX By, — XBl...Bq,C 9 Bj...By
Al D Ap Ap Al .D
+FCDX —l_ cce —l_ F X Bq
p
F ]_CXD Bq - F CX .

Frame-Invariant Number of e-folds:

tenq: time of end of inflation.

Frame Covariant Cosmological Equations:
— Scalar-field equations:  D;D;p? + 3H (Dip?) + fGABU,B = 0.
— Friedmann equation:  H? = £ |3 Gap(Dip?)(Dip?) + fU] .
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e Frame Covariant Quantum Perturbations

— Metric perturbations:
ng:r;“d:r;” = (1 -+ Q(I))NI% dtz — CL2 [(1 — 2(;[))57/3 —+ hi]] dx"da:j

— Frame Covariant Mukhanov—Sasaki variables:

DtQOA

o
H

QA _ 59014_'_

— Line element in the Field Space:  do? = Gap dp? dp®

— Vielbeins along Curvature (||) and Isocurvature (L) direction(s):

A A 717,B
oA Dy A — sgU
T ) s Y
7 Dyo VsABU AU
b A sA Ao
with s = 05 — ele%.
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— Comoving adiabatic (R) and entropic (S(?) perturbations:

H - H
= — ()° (1) — S;
R = o Q7 , SV = o Q7.

— Scalar power spectrum Pr: 2m°p ?Pré(p+4q) = (Rp/Rq)

— Frame-invariant scalar and tensor power spectra:

1 H? 2 H>
Pr = , Pr == ,
R 82 f(p)en T2 f(e)
with eg = —(DNH)/H

— Power spectrum modified by Entropy Transfer effects:
PR(t) ~ PR(t*) (1 —+ T72€S)7

t.: time at horizon exit
t : time at observation.
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e Frame Invariant Cosmological Observables

— Cosmological observables:

1 = dIn PR
"RTS T Tdlnk |,
an
(87 =
" T dnk|,_,,

Y

nr

aT

dIn Pr _ Pr
) r = =,
dlnk k—aH PR
dnr fop = 5N AN PV, VN
dink|,_., """ T 6 (NaNA?2

— Frame-invariant potential slow-roll parameters:

€U,1

EU,n

1
2

(InU) 4 GAP (InU) 5,

— (Inéyp-1),aG*? (InU) 5,

with DtDtgoA < H (DtgoA), and €y = €y,1, Ny = €y,2 and u = €U.3.
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— Cosmological Observables in the slow-roll approximation:

ngr=1—2ey+7Muv —DnvIn(1+Txs) , r:16€U(1+T7%8)_1,
ar = —2eyfy — Muév + DnDyIn (1 +TRs) , ar = —2euiu .

— Isocurvature perturbation(s) S evolve outside the horizon as follows:

DNR — —2w8, DNS = —BS.

— Entropy Transfer depends on the norm w of the acceleration vector:

w' = Dy (DtSDA) ~ (InU)B [M] .

DtO' \/QEU

)

— Entropy Transfer function 1> s becomes

A,
Trs(N., N) =~ B—[e—B*W—N*) - 1} .
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e Two-Field Models

— Minimal Model:

M2R 1 1 Ao m2y?
L =—"L2+ (V) + =(Vx)* - =— - ——
5 (Vo)™ + 5(Vx) 0 5
Leserttt T [ \ \ 25
14 I _(po :0_25 o
""" wo = 0.458
12 | -== o =0.461 || 20 |
: =m0 = 1
O ] N =60
:/ 15 P T T —n

A .t Q Sea,

8 I L — N — 40 ~ .
= sl s Lann |
= 3 = NG e

6 : u 10 N

4 s -

2 51
2 ' ‘y"\ ----- N N =0 -‘ “‘.,
0 \ \ \ \ \ \ \ 0 —/\ \ s I
0 2 4 6 8 10 12 14 0 5 10 15 20
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— Predictions in the Minimal Model [S. Karamitsos, A.P., arXiv:1706.07011]

m/Mp =10"%and A = 107'%

1078
L1078 1 2
.10—8f —PR%PR*—
- Pobs di
L1078 | - | E
1078 .
| | | | | | | |
0 1.5 2 2.9 0 0.5 1 1.5 2 2.5
wo/Mp 0o/ Mp
¢o/Mp = 0.498  PLANCK 2015

r 0.501 < 0.12 (95% CL)

nr 0.906 0.968 + 0.006 (68% CL)

aR —0.00288 —0.003 £ 0.008 (68% CL)

T —0.0019 —0.000167 £ 0.000167 (68% CL)

fyr  —0.0000509 0.8 £ 5.0 (68% CL)
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— Non-Minimal Model

M? YR 1
[ = ( P+£90) +—(V90)2 i
2 2
|'\, — ¢o/Mp =1
--=po/Mp =15
...... wo/Mp = 2.5
== /Mp = 2.72
cernpo/Mp =274 |

25

20
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— Predictions in the Non-Minimal Model [s. Karamitsos, A.P., arXiv:1706.07011]

m/Mp =5.6 x 107°, X =10""and £ ~ 0.01:

wo/Mp

@wo/Mp = 1.885T0312  PLANCK 2015

r 0.120567; os < 0.12 (95% CL)
ng 0.9497 ) 00a 0.968 £ 0.006 (68% CL)
ar  —0.000379:0001 —0.008 £ 0.008 (68% CL)
ar  —0.00027615-000003 —0.000155 4 0.00016 (68% CL)
v 0.033F0:80017 0.8 + 5.0 (68% CL)
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e Beyond the Tree Approximation

— Standard 1Pl Effective action (I'|¢o] = W |J(p)] — Ja%):

~.

exp (30el) = [1081M(6) exp {3 [516]+ Tl - 67)] |

with I' , = 0l[p]/dp® = —J,.
— I'[¢p] is not frame-invariant, i.e.
[le] # Tl
because ©® is not a frame covariant vector.

— Vilkovisky—De Witt formalism: % — ¢* — % (¢, ).
Under ¢ — @ = @(p), 0%(¢, @) transforms as a vector.

Under ¢ — ¢ = (), 0%(p, @) is a (frame-invariant) scalar.
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— Vilkovisky—De Witt 1PI effective action:
i

o (17061) = [1D6] M) exp {1 [s16] + Vullel o0, 0)] |

with M[¢p] = +/det G,p, and a configuration field space metric:

k 3
gab = GAB 5(.93A—[UB) — (ﬁ + _f,Af,B

7 2 p2 ) d0(xa—1xp) .

— h-Expansion of the Frame-Invariant Vilkovisky—De Witt effective action:

~

Tle] = Y h'Tale] = Iy,
with I'glep] = S]], and

['[p] = —%trlngab — %trln (vavb S[go]) = %trln (V“Vb S[go]) .
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e Conclusions

e Frame Covariant Approach to Multifield Inflation in Scalar-
Curvature Theories.

e Use of Differential Geometry in Curved Multifield Space to
covariantly compute Curvature and Isocurvature Perturbations.

e Entropic Effects significant in Non-Minimal Two-Field Models.

e Full Frame Covariance beyond the Tree Approximation by virtue
of the Vilkovisky—De Witt Formalism.
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e Future Directions

e Extension of the Frame Covariant Approach to
F(R) and F(¢, R) Theories.

¢ Inclusion of Matter and Quantum Gravity Effects.

e Higher-Loop Impact of Curved Field Space on
Cosmological Observables.

e Consideration of Curved Field Space Effects
in the Standard Model and Beyond.
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