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EFT of Gravity

® The theory of small fluctuations of the metric
1

Guv — Guv T mhw/ = Guv + th/
® Planck’s scale is the characteristic scale of gravity
A = 1 Mbpianck
V16rG V16w
Mptaner = ——= = 1.2 x 10" GeV

VG

® C(Classical theory (CT) is successful over many orders of magnitude



EFT of Gravity

Serslg) = M? [11 9] + ol + < Lslg] -

UV action contains all couplings expressed in terms of the scale M
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1> [g] — /d4£€\/§ [02,1R2 -+ CQ,QRiCQ -+ 02,3Riem2} O

I5]q] = / d*x\/g [c3 1 ROR + c3 0 R, OR™ 4+ c3 3R> +...] o

Derivative expansion of the UV action



Covariant EFT of Gravity
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EFT: saddle point expansion in e
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Covariant EFT of Gravity




Covariant EFT of Gravity

The EFT recipe in three lines

CT
-l 1+ O o
L0010 e

... NNLO

|) the general lagrangian of order E? is to be used both at tree level and in loop diagrams

2) the general lagrangian of order E™2% is to be used at tree level and as an insertion in loop
diagrams

3) the renormalization program is carried out order by order



Covariant EFT of Gravity

LOQG: the only QG we will ever observe!
o CT

1 1
izl e +3 O -

1O 50+18]

... NNLO

Even if we have a fundamental theory its is generally difficult to compute
phenomenological parameters...



Renormalization

Cutoff regularization
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Renormalization

Cutoff regularization
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Dimensional regularization
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Renormalization

Cutoff regularization
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Dimensional regularization
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G runs if there is a mass scale involved also
in dimensional regularization
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Curvature expansion

o +% O :—2(4;)d/2/ddx\/ﬁtrR%(r_n—?>R+...

The finite physical part of the effective action is covariantly encoded in the structure functions
which can be computed using the non-local heat kernel expansion

X >~ ds
Z )= lim D2 d/22 [ (sX ) — f,(0)] e
m AUv—>OO 1/A%JV S

Vi

Non-local heat kernel

Non-local heat kernel
structure functions

A. O. Barvinsky and G. A. Vilkovisky, Nucl. Phys. B 282 (1987) 163

I. G. Avramidi, Lect. Notes Phys. M 64 (2000) 1
A. Codello and O. Zanusso, J. Math. Phys. 54 (2013) 013513
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Curvature expansion
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Explicit form for the structure functions

11 1t ’

i) = 35 + g - / de [+ €0 - s>] log 1+ u (1~ &)
23 2

TR() =~ — o+ / N )
—14+2£(2—€) }1 1+ u(l-¢)

o) = 355 [ |5 —§+£<1—§)] log 1+ u (1~ &)

ww == [ d og1+ug(i - ¢)

o) = 355 [ d€ [1 et -0) loslt +uet -



41O -

Curvature expansion
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High energy expansion u ! 1
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Curvature expansion
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LO effective action toR?

1 1 1
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Graviton contributions:
1
G () = 5373 (Prmie() + 370 () ~ 1270(u)

— 4ymic(w) = 0 (w) + 4a(w))

Fa(u) = — 2 41#)2 (130 Yric(u) + 10vr(u) + 6vru (u) + 4y (u) — 2y (u)
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Matter contributions:

gO(u)afo(u)agl/Z(U)J'Fl/Z(u)Jgl(u)wrl(u)



LO effective action toR?
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Adding matter

[.+.+%Q+%O]

CT

LO

NLO



Integrating out matter

Matter induced effective action:
expandable in inverse powers of the (lightest) particle mass



Integrating out matter

As in QED when we integrate out electrons



Integrating out matter
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Changes how cubic terms are suppressed
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Corrections to Newton’s interaction

Zl{ 1% 1% 1% 3 1%
> (Pozﬁms [k“k +(k—g)M(k—q)" +¢"q" — 5?7“ q2]
+2q7qs [Ika’aﬁl“”’w + IM:W;I“”’@B — IA“’QBI"”'M; v ,75}

+ [qw“ (naﬁlk”’wg + maIA”’aﬁ) + qrq” (77@5[ " T Ny 1 aﬁ)
—q° (naﬂf“”iya + 77761””’045) — "0 (aplysre +Myslap, Aa)}
+ [qu (I"V’a sLono (k= + 17 Ls o (k— )"
I s Lag ok = I s Tag k")
+q° (Ia”aglwsa + 1,5, ‘25) + 1" ¢ o (Iaﬁ,xpfp‘f;a + LysapI™, )}

o ov, 1 v
T {(kQ + (k o Q)2) (I uaBI'y(S o + 1 aﬁlfyd o'u — 57711 Paﬁ,*yc?)

— (KPma ™+ (k= %115 ) )

the truth behind Feynman diagrams...



Corrections to Newton’s interaction

G(M+m) 41 Gh

= 143

|
C2r 107 c3r?

Leading quantum corrections to Newton’s potential
J.F. Donoghue, Phys. Rev. Lett. 72,2996 (1994)



Corrections to Newton’s interaction

L -

CTl

Gh

— N 10—88

C ’r@ sun

Leading quantum corrections to Newton’s law are incredibly small!



Can we ever observe
quantum gravity effects!?

Look for physical situations where
LO corrections are enhanced



Cosmological effective action

FRW metric
ds® = —dt* + a®(t)dx?
Weyl tensor vanishes
Caﬂw =0

Euclidean to Lorentzian

1
167

[lg] =

= / d*x/—g (R —2A) + ¢ / d*x\/—g R* + / d*z/—g RF(O)R

A predictive framework for cosmology



Phenomenological parameters

- by

G = 6.67428 x 10" M1m3kg 's™2

Cavendish 1797 (1% off best value!)
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Phenomenological parameters
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Phenomenological parameters
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Capys =
Cosmological effective action

[lgl = —2 . / du/=g (R — 2A) + € / P /=g R + / du/=g RF(O)R
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Capys =
Cosmological effective action

1
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Capys =
Cosmological effective action

1
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[lg] = "% d*x/—g(R—2MN)+ & | d*x/—gR*+ | d*z/—g RF(O)R
—L Leadin
_ _ g logs
F (D) — log m2 J. F. Donoghue and B. K. El-Menoufi, Phys. Rev. D 89, 104062 (2014)
2
m Non-local cosmology
—|_ 6 —D S. Deser and R. P. Woodard, Phys. Rev. Lett. 99, 111301 (2007)
a? /87 77 5
are calculable n m? | —[]
[ O [
constants 7z & m?2
depending on
effective gravitons A
m Non-local gravity and dark ener
and matter content 4§ on-local gravity and dark energy
( . D) 2 M. Maggiore and M. Mancarella, Phys. Rev. D 90, 023005
(2014).

Effective non-local cosmology
A.C.and K.J. Jain



Effective Friedmann equations (local)

Modified Einstein’s equations

G+ AG,, = 87G T,

Local correction (covariant form)

1

Ve (RW - ZWR) R-2(V,V, - guO)R

167G

Local correction (FRW form)

) L 1 (2
H? 1 967G [2HH +6H2H — Hﬂ = ZA+ %p



Effective Friedmann equations (local)

Jordan frame Starobinsky gravity

R R? | p

. L 1 ye!
H? + 967£G [2HH + G6H2H — Hﬂ = ZA+ %p

Pure Starobinsky gravity is exactly solvable

OHH +6H?*H — H?> =0
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Early times: Inflation
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Early times: Inflation
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Early times: Inflation
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Effective Friedmann equations (non-local)

Modified Einstein’s equations

Non local correction (covariant form)

1 R—2R
672G o AGu 7 = -2G,U+2¢,R+2V,V,U+V,UV,U
1
— §gWVO‘UVaU
—OU =R

Non local correction (FRW form)

] . . e
H? — 167G Bm? (6U2 _9HTU — 2H2U> - %p

U+3HU:6(2H2+H)



Effective Friedmann equations (non-local)

1 R-1 R
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S+3HS=U



Effective Friedmann equations (non-local)

1 R-1 R
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Late times: Dark energy

radiation

T 0001 0.

Prot + 3H (1 4+ w)pior = 0

10 1000




Late times: Dark energy
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Late times: Dark energy
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Conclusions and Outlook

Consistent cosmological history

Compute all LO terms

The role of the Conformal anomaly

Apply to stars/black holes

Connection with high energy quantum gravity

Falsify!
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