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KEER, KGEH!
- %7F

Stupider is smarter!
----Laozi (601 BC -- unknown)
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Overview

© Lovelock Theorem

© Einstein-Gauss-Bonnet gravity in D = 4
@ Maximally Symmetric Space-time
@ FLRW space-time
@ Spherical static solution

© challenges that we are facing

@ conclusion
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lI. Lovelock Theorem
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Lovelock gravity

D. Lovelock (19711972 :
@ metricity;
@ space-time diffeomorphism invariance;

© 2nd order equation of motion;
The gravity theory is written

t
1
£ = \/% Z Qn Rn7 Rn 2" 651211 Z’;V”n H RO" NrrVr
n=0
Raf’w: the Riemann tensor; §: the antisymmetric product

HiVi---fnVn | SH1 V1 fn l/n
o1 froecenB ”-5a -+ OH (5

In D dimensions, only terms with n < D/2 are non-trivial.
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Lovelock gravity

Expanding the product in L,

L=+/=g |ao+ 1R+ az (R* + Rapu R*" — 4R, R*) +a30(R?)

Gauss—Bonnet term

In D = 4, the Gauss-Bonnet term is a total derivative, so are the higher
order Lovelock invariants, R3 and so on.

Lovelock theorem
the General relativity (with a c.c) is unique if we assume:

© 4 dimensional space-time;

© metricity, metric only;
© space-time diffeomorphism invariance.

@ 2nd order equation of motion;
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A fundamental question

How to bypass this theorem?
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Gauss-Bonnet term

Seslen] = [dx =g ag.
G is the Gauss-Bonnet invariant,
G=RM o R? 1y —4RM, R, + RR=6R" [, R )
Taking the variation w.r.t to gy.,

8vp 0S¢k

HE =
V—8 08up

= 15« 5”[VRPUPJRQBQB] 5
—_————
anti-symmetrized over 5 indices

It vanishes if D = 4. Taking a trace

8uw 0Scn
vV —& 6g,uy

The Gauss-Bonnet tensor HY o (D—4) in general,

«
== (D—4) X Eg,

@ regardless of the space-time symmetries,
e true for all components (for D > 4).
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GB action in differential form

GB is the Euler density in D=4,
SGBN/eal‘..a4Rala2 /\ Ra334
which is just a total derivative. In D>4
SGBN/eal,,.aD R3182 A\ R334 (/\e"”)D_4

taking variation w.r.t vielbeins,

0ScB
dedo

= (D_4) aeal...aDRal’a2 A R334 A e A Ae?P-1 =(.

Conjecture:

the Gauss-Bonnet tensor H)' approaches to zero in the same way as
(D —4) in the limit D — 4.
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An intriguing question

what if

«

_>7
“7 D4

and consider the limit

D— 47
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Buv 0Ssn —( «

=(D—4)x ———G,
=27 ) x 2(D—4)g

A non-trivial contribution to the Einstein's equation,
isn't it?

15
2
MGl + A%, — 5

« y
45;1 v R/)Upo_ Rwdaﬁ] _ T/;l

Gauss-Bonnet contribution
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wait a minute...

Is it equivalent to GR?
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Il. novel 4D Einstein-Gauss-Bonnet gravity
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[1.1 Maximally Symmetric Space-time
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Maximally Symmetric Space-time

Let us consider a pure gravity theory S=Sgy+ Sce,
m2 o
Slguw] = /dDX\/—g [2R —No + D—Afg} )

Riemann tensor:

_ (0557 — 555)A

R e = M2(D-1) A : effective CC
The Gauss-Bonnet contribution evaluates to
g S _ o (D-2(D-3)D-4) o0
V=& 08up D—4 2(D—-1)M4
D£>4 Oé/\2 SH.
3M3"Y

Einstein equation (/\ —No + 230;\2\;> o, =0
P
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Maximally Symmetric Space-time

There are 2 branches of solutions to Einstein's equation.

20&/\0 3/\/’4
A ~No (1l — —+ Al ~——2L A
+ 0( 3M§>7 20 05

linearized graviton propagation

g}tl/ = Eu,y + h,u,l/

4o N
<M3 + ?aﬁg) X [va”h,,p + V.,V hi? + ] =0

M2 shifted by a constant identical to the one of GR
p

@ 2 degrees of freedom, no ghost;

@ not distinguishable from GR at the level of perturbation theory;
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[1.2 FLRW space-time
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FLRW space-time

add a scalar field: S=Spu+Sgs+Ss,

Solguv, ¢l = /dDX\/% [;g"”amam - V(cb)],
FLRW ansatz ds®=—dt? + a’dx?, the Friedmann equations in D—4 limit:
3M3H? + 6aH* = %éﬁ + V(¢),
—MZ2TH = %qf?,

4aH

oV
equation of motion: b+3Hp+ — 9 =0.

Bianchi identity holds.
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FLRW space-time

gravitational waves
2
gi = a* (05 + ) »
transerve 0;y;;=0 and traceless ;;=0.

8aH ((92")/,"
7U+3H<1+ )%—Cg a2!:0,

3Mz2r

8aH

where c 1—|—

INFLATIoN [N CoSMoLoGY

Ene
3y ) Slowly Talls down - ¢ oscitlates at end of Tnplaft |
: / i P
REHEATING oF UNIVERSE -40
X -

narrow parametric resonance in the gravitational waves sector during reheating
epoch (unpublished result).
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FLRW space-time

scalar modes of metric perurbations

goo = —(1+2x), &oi = 0if8,
gi = aze2§(5,-j + a,'ajE)

We have to perturb the scalar field as well,
o(t,x) = o(t) + dé(t,x).

The space-time diffeomorphism invariance removes 0;0;E and d¢,

- n  8aeH?\ . 0%
H(1+2 - A -
¢+3 (+3 3M§F) 2 =0

where e=—H/H? and n=¢/He.

Observational effects?
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[1.3 Spherical static solution
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Spherical static solution

A spherical static ansatz:
ds? = —e*dt? + e ¥ dr* 4+ r?dQ3 _,,

the solution in the limit D —4,

2 2
B r 1287 G2 M
— 8oo=¢€ _1+327raG<1iV1+r3 ’

At large distances the two branches behave asymptotically as

o0 2GM r2 2GM
g 1M 1
£oo r or 1+ 16maG + r’

The 1st branch recovers the predictions of GR at long distance.
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Spherical static solution

HE

0.0 0.5 1.0 1.5 20 25 3.0
r/(2GM)

Figure: Radial dependence of gravitational potential —gpo: (a) M = M, /2 ; (b)
M = 2M,; (c) general relativity;

A critical mass scale

Chunshan Lin (Jagiellonian University) IPMU seminar April 21, 2020 23 /36



Spherical static solution

summary of spherical static solution

@ Schwarzschild-like asymptotic behavior at large distance;

@ There is a critical mass scale M., below which there is no horizon and
thus no black hole;

e for M > M., there are two horizons, the one of a black hole and the
one of a white hole;

@ resolution of the singularity problem!

Summary of cosmological solution

@ Fredmann equation is modified;

@ scalar mode and tensor mode are modified.
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[11. challenges that we are facing

Chunshan Lin (Jagiellonian University) IPMU seminar April 21, 2020 25 /36



challenges that we are facing

pro and cons of modifying action principle

@ Pro: extend the way we define a theory, and Lovelock theorem can be
bypassed in the more general framework;

@ Cons: unable to count number of d.o.f with Hamiltonian analysis.

What theory do we get
if we recover the standard action principle?

Lovelock theorem

the General relativity (with a c.c) is unique if we assume:
© 4 dimensional space-time;
@ metricity, metric only — probably violated;

© space-time diffeomorphism invariance.

@ 2nd order equation of motion;
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challenges that we are facing

13 Frnpr v v
& ooy

Is there a novel Einstein-Gauss-Bonnet theory in four dimensions?

Metin Giirses®
Department of Mathematics, Faculty of Sci
Bilkent University, 06800 Ankara, Turkey

ces

Tahsin Cagn Sisman'
Department of Astronautical Engineering,
University of Turkish Aeronautical Association, 06790 Ankara, Turkey

Bayram Tekin®
Department of Physics, Middle East Technical University, 06800 Ankara, Turkey

No! We show that the field equations of Einstein-Gauss-Bonnet theory defined in generic
D > 4 dimensions split into two parts one of which always remains higher dimensional, and
hence the theory does not have a non-trivial limit to D = 4. Therefore, the recently intro-
ly

duced four-dimensional, novel, Einstein-Gauss-Bonnet theory does not admit an intrin:
four-dimensional definition as such it does not exist in four dimensions. The solutions (the
spacetime, the metric) always remain D > 4 dimensional. As there is no canonical choice
of 4 spacetime dimensions out of D dimensions for generic metrics, the theory is not well
defined in four dimensions.

main conclusion:

no pure metric theory in D = 4.
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IS THE SEQUENCE OF EARTHQUAKES IN SOUTHERN CALIFORNIA,
WITH AFTERSHOCKS REMOVED, POISSONIAN?

By J. K. GARDNER and L. KNOPOFF

ABSTRACT

Yes.

termine whether or not earthquake evepfs were Poisson- dlslnbuled

Early attempts to d¢

led to the | that main events were, non-Poi

whether worldwide caf§logs (Akl. 1956), ocal cagdbgs (Knopoff, 1964) were con-
sidered. Such a conclusiol nee in g uake prediction; a demonstration
of nonrandomness in earthquake ca s s rise to the hope that a basis for prediction

of occurrence times can be found by decoding the sequential message in the list of events.
Conversely, if earthquakes are random events in time, no hope exists for finding order
in earthquake catalogs and, hence, attempts to predict times of occurrence based on
studies of catalog sequences are very likely doomed. Nevertheless, a result which shows
that earthquake sequences are Poissonian can be of use in estimating seismic risk
(Molchan, et al., 1970) by virtue of the simple statistical models which result; we assume
that morc compllcalcd statistical models will make the analytical procedures more
4, although such analyses have not been carried out in detail.
Aftershocks are carlhquakc events which are causally connected with a parent event
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challenges that we are facing

dimensional reduction

Einstein-Gauss-Bonnet gravity with D-dimensional metric
ds3 = ds? + e*?d¥? ,,
maximally symmetric internal space,

Rabcd = )‘(gacgbd - gadgbc) .

rescale the coupling constant & — «/(D — 4), and then taking the limit D — 4,
we get the 4D reduced action

e / d*x/—g [R —27o + a(¢ GB +4G"8,¢0,¢ — 2\Re~2?
—4(86)2006 + 2(0)* — 12M\(9)2e 2% — 6/\2e’4¢)}

Ref: ArXiv:2003.11552, by H. Lu, Y. Pang, ArXiv:2003.12771 by T. Kobayashi

v
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COHfOI’mal a pproaCh, by CL unpublished, see also 2004.08362 by P. Fernandes

the same 4D action (with A = 0) is obtained by taking the difference
between

im = [ (/& G gl —vE G [gul}

D—4

where
g;w = e2¢g;w

The resulting theory is equivalent to the original one, only if

lim Di dDX\/ g G [guw]

is a total derivative, which is unfortunately impossible to be satisfied... Or
in other word, its contribution to the equation of motion

-1 6(VEIEw)

Ew = | =
w=pTND—4 68w
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conformal approach

El = &L+ 81 [~ X2+ R(X — 20¢) + 20¢0¢ + 2V°Vg¢ (2VapVih — VoV
+4RG (VOV 4 — VP4V a0)] +4R", 5 (VadVih — VaVP0)
+4R! (VV ¢ — VOV, 0) + 4R% (Vo d V' — V, VHP) — 2R (X — 21
+2R (VIV, ¢ — VHOV ) + 4XVEGV ¢ — 4VH OV OV, Voo — 4VHV GV,
+4VHV PV, V oo + 406 (VH OV, ¢ — VAV, 0) .

where

1

& = 5, x15 SR e RO g
1 1

= 53 <2R“°‘,,GRP°',,Q +4R" 5RP, + 4RM R, —2RR", + 2g55>

unfortunately

these two theories are not equivalent.
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IV. Conclusion
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conclusion

@ Bypass the Lovelock theorem on account of modifying action
principle.
@ The theory we discovered is written as

S[g/“/] = /dDX\/ |: PR /\0 + mg

the 4 dimensional theory is defined in the limit D — 4.

o it satisfies all Lovelock criteria: (1) 4 dimensions; (2) metricity; (3)
space-time diffeomorphism; (4) 2nd order e.o.m.

@ modified dynamics, singularity resolved,;

@ generalize to the higher order Lovelock terms, 2003.07068 by A.
Casalino et al.

@ the standard action principle version is still missing...
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Thank you!
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scalar-tensor theory

A very basic question:

Law of physics — EoM with no more than two time derivatives
e.g. F = mx

WHY? Have you ever thought about it?
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scalar-tensor theorem

Ostrogradsky theorem
Consider an action

5= [ dl - V(@]

The canonical variables

Q1:q7 QQ:(.]’

and their conjugate momenta

oL d oL oL

P=— ——— =
Y7 0q  dtog’ SPY

The Hamiltonian
1
H=P1Q+ 5P+ V(Q)

unbounded from below.
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