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Quadratic Gravity

Lagrangian

e Standard

Lo = Olew,)\UR‘LW)‘U + OQRM,R'IW + Oz3R2 4+ agR + as/\

RM

Do — Riemann curvature tensor

 PA P
R. =R B Ricci tensor
R = R — curvature scalar

e Rearranged
Lr=aC?+ BGB +vR? + a4R + as/\

C? = Curo C"??,  Cuure — Weyl tensor
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Cuu)\a = R,uu)\a + 7(R,u,ag1/)\ + Rl/)\g,ucr - R,u)\gl/o -
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C* = RunsR™7 = 2R, R™ + 2R?

Rl/ogu)\)



GB — Gauss—Bonnet term

GB = Ruxo R*A7 — 4R, R" + R?

a+B=o a:2o¢1—|—%a2
—2a—48 =ap ,3:052_%052
ja+B+y=as3 v = o3+ 3(a1+ az)

Total action
Stot = S2+5matter7 52 = /['2 Vv _gd4X7 Smatter = /[fm\/ _gd4X

Energy-momentum tensor TH

1 1
5Smatter déf *E / T#V(Sgul/dllx = E / TMV5g'wjd4X

Field equations
(€73 1
—N=—=T,[R

G = Ry — %ng, — Einstein tensor

4 G/W —

Conservativity:
G, =0



e aC? 1
By, = Sa !LV[CZ])

B,., — Bach tensor

oy 1
B#V = CNAI/U’ A + ERAUC;J)\VO'

Conservativity:

B =0
e 3GB — no contribution
° 'yR2
1
Dy = @ ,W/[R2])

1
Dy = Ryw — (R;A;ngm)g;w - R(RW - ZRgpw)
Conservativity:

Dy = (R — Rivy) = RuRy,

Y



Dy, =0 (1)
e Conservativity in the bulk

e But (!)
e Singular hypersurface (X)

T = S*6(n) + TH(4+)O(n) + TH(=)O(—n)

n(x*) = 0 — equation for ¥
d(n) — Dirac's d-function
©(n) — Heaviside step-function



e Conservativity equation on singular hypersurface >

T, = SM§(n)n, + S*.,6(n) + T*(+)d(n)n, + T, (+)O(n)
T (=)8(n)n,, + T, (=)O(=n)
™) =T"(-)=0 =

T, = S§"6'(n)n, + S*.,0(n) + [T*]6(n)n,
e Gauss normal coordinate system
ds? = edn® + ’yijdxidxj
T, = S"'(n) + (", + [T*])o(n)
e Integration: f(n, x') — arbitrary function with compact support
—(fSM) 0+ F(SM, +[TH]) = ' =
b(x")SHm — SHn = SH L+ [TH] = ¥

. fn
b(x) = —=(n = 0) = b1



(b0 — K)S™ + 5" + eK)pSP[T™] = c”
(b0) — K)S™ — KjS + S, + [T = ¢

K, — extrinsic curvature of >, K, = —%7,'{7

e General Relativity Einstein Equations on > g=lsrael Equations
6([KU] — g,-j[K]) = 87TGS,'J'

plus '
s"M=0, S"=0

K/p‘zo —7

Example: “Vacuum burning” phenomenon
(V.A.Berezin, V.F.Kuzmin, I.I.Tkachev 1983, 1984)

e Spherically symmetric bubble with S§ = 0
Only surface tension S2 = S

S9=0 = [K3|=0, K,SP=2K3S? — OK.



Quadratic Gravity

Lo = a1RuR"™ + aaRuwR™ + azR? + auR + as/
= aC?+ BGB +vR? + auR + as/
THY = SHY§(n) + TH(+)O(n) + TH(—)O(—n)
Unlike General Relativity:

e Field Equations

GR — 2nd order in derivatives of metric tensor g,
QG — 4th order

e Singular hypersurface X
GR — 5" #£0 — J-function in curvature

[Kij] #0

QG — 62 in Lagrangian (generic case) forbidden



Lichnerowicz conditions

[g;u/,)\] =0
(M]=0 = [Kyl=0)

At most
[RF ] #0 = [Kipal #0

In the field equations we obtain both

O-function = "thin shell” and
§’-function = "double layer”

e Structure of the field equations on ¥ :

{ip!} [Kp1.nl(0Ky) + {Ip}[Kip.n](68nn) + {1ip!}[Kip,ni;1(08in)

07} (0g5) = 55" (5gm)



Look !
eThere is 0Kj; in Lh.s. and no such structure in r.hs.
e 0Kjj is not an independent variation.

It depends on our choice of solutions in (+)-bulk regions as well as
07yjj are
e But, there exists functional freedom.
Thus, .
(0Kjj) = B;J.J (67vi)

(0gij = 07 due to the use of Gauss normal coordinate system)

eThe appearance of arbitrary tensor B,;-j is the allusion to the
existence of ¢’-function in the field equations

e Given the solutions in the bulk and the singular hypersurface g
the {ij}-equations serve to determine B



Double layer equations

e {aKP + (2y — Ja)KgP} [Kipn] = 55™
{ag"g? + (27— 30)87g"} [Kipnjl = 35"
[Klp] =0

The necessity of appearance of S™ and S” was noticed and
emphasized by J.M.M.Senovilla (2015)

e The nonzero values S”” and S™ indicate directly to the
possibility of matter creation by the double layers



Example:

e Conformal gravity: £, = aC?
e Spherical symmetry

e Bubble with empty space-time inside.
Double layer as a boundary

e No mater fields — pure gravitation (S = 0).
Vacuum solution outside

e Search for the solution for double layer — no such solution.
Double layer is collapsing

e When collapsing, it radiates

e In the case of absent of the double layer, i.e., with only thin shell
(SY #0, S§ + 253 = 0), the result is SJ = const.
And no creation of matter!

Thanks to all

The End



