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» Independent fundamental fields: g, and I'gv

» Minimal action: “Palatini”
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» General Einstein-Cartan
1. - 2+ 8
L= EMPR—i_ ClMpTa ’YTO/[B,Y +...
» Equations of motion

oL
T,

~T P = T,/ =0

» Torsion vanishes dynamically: equivalent to metric GR
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Include Matter

» Palatini model
_ Ll 2 1 2
L= (M3 +¢n?) R - 5(0uh)> = V(h)

» Matter breaks equivalence

» General Einstein-Cartan

1 1
L= (M3 +h?) Rt-(ctMB + 1b2) T, T + .. —5(@uh)*~V(h)

» Many more non-minimal coupling constants

» No assumptions about geometry: metric-affine gravity
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Application to Inflation

» Higgs inflation: unique option in Standard Model

» First scenarios: metric* and Palatini®
_1n 2 1 2
L= (M3 +¢€n) R~ 5 (@uh)” = V(h)

» Match amplitude of perturbations in CMB:
metric: € ~ 103 Palatini: & ~ 107

*F. Bezrukov and M. Shaposhnikov, The Standard Model Higgs boson as the inflaton,
arXiv:0710.3755.

>F. Bauer and D. Demir, Inflation with Non-Minimal Coupling: Metric versus Palatini
Formulations, arXiv:0803.2664.
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Higgs Inflation Beyond Metric Gravity

» Predictions no longer unique

» Only parts of parameter space studied so far’

» Consistent with observations for many choices of couplings
» Higgs inflation as probe of GR

» Quantum effects can distinguish:
perturbative study of preheating not always possible

"See also S. Rasanen, Higgs inflation in the Palatini formulation with kinetic terms for
the metric, arXiv:1811.09514. and S. Raatikainen, S. Rasanen, Higgs inflation and

teleparallel gravity, arXiv:1910.03488.
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Summary

» Pure gravity: equivalent formulations of GR
» Include matter: distinct observable predictions

» Important implications

> Higgs inflation
> Fermionic dark matter production®

> ...

M. Shaposhnikov, A. Shkerin, |. Timiryasov, S. Z., Einstein-Cartan Portal to Dark

Matter, arXiv:2008.11686.
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Seven Formulations of General Relativity
[ le]

Four Formulations with Curvature

Metric-affine
Einstein-Cartan Weyl
Qupy=0 Tep =0
] ¥

Palatini
(L~R)
Metric

Tepy=Qupy=0

[ Metric-affine gravity: avoid a priori assumption ]
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Seven Formulations of General Relativity
oe

Three formulations without curvature®

Generic Teleparallel

Rys=0
Metric teleparallel Symmetric teleparallel
Reys = Qupy = 0 Rgy5=Topy =0

Equivalence to metric GR in pure gravity

4

Generically no free parameters

9See J. Jiménez, L. Heisenberg, D. losifidis, A. Jiménez-Cano, T. Koivisto, General

Teleparallel Quadratic Gravity, arXiv:1909.09045.
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Full Action
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Decomposition

» Torsion T® =g, TH

7A-a :eaﬂ;w Tﬂuu ’
%7 with gt =0 = ea’gm’tgw

» Decomposition

2 1 A
Taﬁ'y = —38a[8 T’y] + Z€apw T+ tapy

3 6
» Non-metricity
Q" :gaﬂQ'yaB
Qv :gaBQowB
CIOAB’y with gaﬁq’yaﬁ =0= gaﬁqa’w

» Decomposition

]_ A N
Qupy = E[gﬂv@Qa —2Qa) + 2ga(5(4Q7) - Qv))] + dapy
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Full action

K(h)g*"8ahdgh — V(h)

+ AL(MVa T+ Ay (MVa T + A3(h)VaQ + Ag(h) V40 Q”

+&mom+&m@@+&w%@
)
)

]. 2 o 1
L= ()R - 5

(
(
+ CUN)TaT + G(A) T T + (M) T, T

+ D1(h)eapst™ €7 + Da(h)eaprsa®q""y + Ds(h)eaprsq™ ™)
+ E (W) TaQ + Ex(h) To QY + E3(h) To QY + E4(h) T, Q%

+ Ba(h)dapy a7 + Bs(h)dasya™

+ Ca(h)tap, t*P7 + Es(h)t*7 qgan
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Full Action
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Equivalent Metric Theory

1. 1 V(h)
—~-ph_ af _
L= 2R 2K(h)g OnhOgh o
» Full metric-affine theory
h2 7_ Pnh2n 2h2
K(h) = S |1+ Z0=0 & 5
(1+¢h) M3 (Xm0 Omh?™)? (1 +Eh?)

» Einstein-Cartan formulation

1 l 8h? Sk _o Hoh?" 6§2h2]

K(h):(1+§h2) 1+M,% 2 Omh2m " (1+Eh2)
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Include Fermions

» Coupling of fermion W to torsion (or non-metricity)
(513’”72 + QU+ Cz‘T’%W“W) T

» Equivalent metric theory
1
LD — (Cl UMW+ G ‘U’Y5’Y”W)

» Universal 4-fermion interaction

19
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Dark Matter Production®®

» Singlet fermion N in early Universe

» Portal to dark matter

» Relative abundance
QN N 72 mN 3

(Cl + Cz) v

Qpm M3

0. Shaposhnikov, A. Shkerin, |. Timiryasov, S. Z., Einstein-Cartan Portal to Dark
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Fermionic Dark Matter

Dark Matter Production®®

» Singlet fermion N in early Universe

» Portal to dark matter

» Relative abundance
QN 4
o 0 ok G T

» All of dark matter for

my = 10keV, ..., 108 GeV

0. Shaposhnikov, A. Shkerin, |. Timiryasov, S. Z., Einstein-Cartan Portal to Dark
Matter, arXiv:2008.11686.
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Example: Warm Dark Matter

» Cutoff in Palatini Higgs inflation!!

Mp

A~ —F
VE

» Universal scales

G~G~VE
» Warm dark matter
N _ mpy
QDM 10keV

» Characteristic momentum distribution

1F Bauer and D. Demir, Higgs-Palatini Inflation and Unitarity, arXiv:1012.2900.
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