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Quantum Gravity
(Superstring/M-theory?)

1 Strmgy corrections,
ow'energy (non-)perturbative quantum corrections
leading terms

Minimal Supergravity mssssms) Modified Supergravity

Modification,
Quantum corrections

RG running RG running

Low-energy SUSY Unusual SUSY spectrum?
Modified gravity mediation?



Energy Density of The Universe

Ordinary Matter,
4.90%

Dark Matter,
26.80%

G,y = STGTy;

Dark Energy,
68.30%

™ Ordinary Matter ™ Dark Matter ® Dark Energy

1.General Relativity + Dark Matter & Dark Energy
2.Modified Gravity (+ Dark Matter)

What is the relation between the phenomenological
modified gravity theory and more fundamental theory?
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Fig. 1. Marginalized joint 68% and 95% CL regions for ng and rggp2 from Planck in combination with other data sets compared to
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Review of the old-minimal formulation of

supergravity in superspace (1/3)

J. Wess and J. Bagger, Supersymmetry and supergravity, Princeton University Press, Princeton U.S.A. (1992).

Notation
e Greek: spinor; Latin: tensor

e External (Einstein) indexes: M = m; u; u,N = n;v;v, etc.
e Internal (Lorentz) indexes: A = a;a;a, B = b;,B;,B, etc.

e Vierbein, E;/(x, 0, 0)
e Connection of the local Lorentz symmetry, ¢, 4° (x,0,0)




Review of the old-minimal formulation of
supergravity in superspace (2/3)

e Torsion 2-form T4 = DEA4
e Curvature 2-form RAB = dquB + gbACquB

These satisfy the Bianchi identities.
DT ="Egi= - DR,5 =0
To obtain the minimal gravitational multiplet:
graviton e,,2, gravitino y,,.%, auxiliary fields b,,, and M,
we put constraints on the torsion.

P a __ a a __ A
Top® = Tog* = Tyf" = T, _Tyﬁ =0, T, =2id

“Solve” the Bianchi identities under these constraints.



Review of the old-minimal formulation of
supergravity in superspace (3/3)

All components of the torsion and curvature are written in
terms of three Lorentz-irreducible superfields.
See Wess-Bagger (*) Chap. 15 [6].

R : The chiral superfield containing Ricci scalar R.
G, : Thereal superfield containing Ricci tensor R,,,,,.
Whepy = The chiral superfield containing Weyl tensor Cyjpp .

They satisfy the following constraints.
DR = DWagy, Wapy = Wiapy)

— T o p
D'Bgﬁd — DCZR! DPWpaﬁ — lD(a gﬁp)

(*) J. Wess and J. Bagger, Supersymmetry and supergravity, Princeton University Press, Princeton U.S.A. (1992).
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L=[d?02E F(R,W) + H.c
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L=[d?02E F(R,W) +H.c

where F is a holomorphic function.
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f (R, C) gravity
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1
S = —Efd4x\/—7gf(R,C)

Weyl tensor [ FLRW metric DBt O,
=> JHFEOEEDFTATIVRICIEFELELY,
FLRW W DEENF SRR T DIEE 0. To7VIR—ILEBEDGEEICF 5T 5,



Move to Einstein frame

S = —%fd‘*xﬁf(ﬁ@
= —~ [ d*x y=g [f'($, O)R — $) + f(, )]

Field dependent local Weyl transformation Gy = [/ (¢, C) gy = exp(,/2/30) 9

S=[d*x—g [—%ﬁ +%g““’8ﬂaava—V(a, 5)]

V(o,C) = %e‘zﬁ"f (6(.0),e75¢) - %e_\gad)(a, &)



Implication for Inflation

Starobinsky model + correction term (o< b) as a simple non-trivial example:

RZ

+ bRCHPIC

f(R,C) =R - 6 M2 uvpo

where M is the inflaton mass and b is a coupling constant.

3 2
V= ZMZ (1 — o O hCHEEE,,, 5 e 2/30)

Weyl TV ILDIE—HREDH B L. Starobinsky 12 ITL—2 a3V DAL EIZH S,
e-foldings D IE—HRIZEESRIREE M H B,
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“Ghost” from Weyl tensor

K. Stelle, Phys. Rev. D 16 (1977) 953

1
S=—[d*x\/—g <§R SR R ,BRZ)

The theory is Renormalizable.

However,
there is a massive spin-2 particle with either

Negative Energy or Negative Norm.

No Problem?

no-ghost theorem for a toy model: C. M. Bender and P. D. Mannheim, PRL 100, 110402 (2008)
mini-review containing criticism: A. V. Smilga, SIGMA 5 017 (2009)
more recent review: P. D. Mannheim, Found. Phys. 42 (2012) 388



No longer auxiliary

F(R) SUGRA THBNGT=>1=15 A, F(R, W) SUGRA TIXX A FIHIGI5IZHES,

While for the effective action of 4D, N=1 supersymmetric QCD we are not
able to make definitive argument that propagating auxiliary fields are “bad”,
for compactified 4D, N=1 superstrings and heterotic strings there is a
potential for making such arguments for their low-energy effective actions.
The point in these theories is that the spectrum of the effective action is

strictly controlled by string theory. Propagating auxiliary fields would have to
correspond to higher mass (m>0) modes of the string. If the spectrum of the
string cannot accommodate the states described by the propagating auxiliary
fields, that is reason to rule them out.

— S.J. Gates, Jr., Phys. Lett. B 365(1996)132
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* f(R,C) gravity with a real vector field
 F(R,W) supergravity
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