Constructing the EFT of Gravity

Assume (Symmetry)
Metric Order Parameter Field g

Only two strictly operators (R, A)
Einstein’s General Relativity is an EFT

But EFT = General Relativity + Quantum Corrections

Semi-classical Einstein Eqgs. (k << M, ):
Gt A gy, =81 G(Ty)
But there is also a quantum (trace) anomaly:
(TS =bC2+b' (E- 30R)+ b" OR

(marginally) relevant operatox(s)




Effective Field Theory &
Quantum Anomalies

Expansion of Effective Action in Invariants assumes

of Short Distance from Long Distance Modes
But Modes do not decouple
Chiral, Conformal Symmetries are
Special Non-local Additions to Local EFT
Sensitivity to Ul degrees of freedom
Macroscopic Effects of Short Distance (high energy) physics
Conformal Symmetry & its Breaking controlled by the

Conformal Trace Anomaly




Chiral Anomaly in QCD

QCD with IN, massless quarks has an apparent
UNN) & U,(IN) Symmetry
But U, (7) Symmetry 1s
Effective Lagrangian in Chiral Limit has N, - 7
(not N?) massless pions at low energies

Low Energymy, = 2% by the anomaly

i Y<I:j\ a“jw Y eZNcFuvﬁuv/M”z

Action in chiral limit in terms of Fuv but Non-local

Relevant Operator violates naive decoupling of Ul
decay rate verifies N, = 3 in QCD
Anomaly Matching [E e Ul




2D Gravity

Sulg] = [ d?x/g(vR — 2X)
has no local degrees of freedom in 2D, since
Yot = exp(20) ey — exp(20) 14y
(all metrics conformally flat) and
VIl =R —2/g 0o
gives a total derivative in S,

Quantum Trace or Conformal Anomaly

Y . Cru
<I_:'.l. > 2/’]er
Crn — N, + N, for massless scalars or fermions.

Linearity in ¢ in the variational eq.

511 - 7

determines the Wess-Zuminc Action by inspection:



2D Anomaly Action

Integrating the linear anomaly gives

Iy, = (c/24m) [d>x Vg (-c0c + Ro)

This is local but non-covariant. Note term for O

By solving for O the WZ action can be also written

1ﬂ\X/Z = Sanom[g] B Sanom[gj

Polyakov form of the action is covariant but non-local
S snoml &l = (-c/96m) Jd2xVg, Jd?yg, R

A covariant and local form requires an auxiliary

Sunoml€; @ = (¢/96m) Jd>x Vg {(V)2 -2R¢}
-Llp = R




Effects of 2D Trace Anomaly

Modification of Classical Theory required by Quantum
Fluctuations & Covariant Conservation of (1% )
Metric conformal factor e?° (was constrained) becomes
& itself fluctuates freely

Gravitational ‘Dressing’ of critical exponents:
macroscopic physics

Non-perturbative/non-classical conformal fixed
point of 2D gravity: Running of A

Additional non-local Relevant Operator in SEFT

New Degree of Freedom at low energies




Quantum Trace Anomaly in Flat Space
Eg. A

v

2
(rf) 24E<FWF’

o (p>9) = (kz gab - k2 k b) (ng pP-q-qg° pd) F, (kz) + (traceless terms)




<TJJ> Triangle Amplitude in QED

M. Giannotti & E. M. Phys. Rev. D 79, 045014 (2009)
Fa'de(p, q) _ /d4$/d4y e-ip-a:-l-’i.q.-y

[ abed.  Nass Dimension

I 1. By Lorentz invariance, can be

P expanded in a complete set of
k=p+q IO 13 tensors t2>d(p,q), i =1, ...13:
q
Jd abed — abed
[ (p,q) = 2; F, 2°(p,g)
2. By current conservation: P thde(p,q) =0 = thiade(p,q)

All (but one) of these 13 tensors are dimension = 4, so dim(F,) = -2 so
these scalar F.(k%; p?,q%) are completely UV._Convergent




<TJJ> Triangle Amplitude in QED

3. By stress tensor conservation Ward Identity: 9,(T%), = eF** (], ) =

kT (p,g) = (8" p, =, p")T™ () +(8"'q, = G54)T" ()
4. Bose exchange symmetry: [2bed (5, q) = %P4 (g,p)

Finally all 13 scalar functions F.(k% p*, q°) can be found in terms of
Feynman parameter integrals and the polarization,
() = (p°g™- p'p”) (P
4 (p,q) = (kg - kik ®) (g«p-q - ¢°pf) Fy (k% p%, ) + ...
(12 other terms, 11 traceless, and 1 with zero trace when m=0)

(1—4xy)
D

2 1
F(k*pq*) = — 1—3m2de d
l( p q ) 187[2]{2 " _(’: y
with D = (p?x + ¢ y)(1-x-y) + xy k* + m?

UV Regularization Independent




<TJJ> Triangle Amplitude in QED

Numerator & Denominator cancel here
Im F,(k* = -s): Non-anomalous,vanishes when m=0

e2

F(k?) —

1872k2 Massless scalar intermediate two-particle state
analogous to the pion in chiral limit of QCD




Massless Anomaly Pole

For p? = g* = 0 (both photons on shell) and m_ = 0 the pole at k* = 0

describes a massless ¢ ¢ pair moving at v=c collinearly,

with opposite helicities in a total spin-0 state

Effective vertex

O FaBFaB

special case

of general
form




Scalar Pole in Gravitational Scattering

In Einstein’s Theory only transverse, tracefree
polarized waves (spin-2) are emitted/absorbed
and propagate between sources T " and THY

The scalar parts give only
constrained interaction (like Coulomb field in E&M)

But for m_ = 0 there is a scalar pole in the

(T]J) triangle amplitude coupling to photons

This scalar wave propagates in gravitational
scattering between sources T ™" and THY

Couples to trace T™H,
(TTT) triangle of massless has similar pole

Two new degrees of freedom in EFT




Trace Anomaly in Curved Space

(T2 =bC2+ b’ (E- §OR)+ b”’OR + ck?

(form_=0)
(T ) is the Stress Tensor of Conformal Matter

(T 2) is expressed in terms of [EN@2

b)

One-loop amplitudes similar to previous examples

State-independent, independent of G,

No local effective action in terms of curvature tensor
But there exists a effective action

which can be rendered local in terms of
two new scalar degrees of freedom
Macroscopic Quantum Modification of Classical Gravity




4D Anomalous Effective Action

Conformal Parametization

— Jab — OXP(QJ) gab

Since /g F, = /g F,

is iIndependent of o, and

VI (E,—27R) = /g (E, — 20R) + 4/gA 0

is linear in o, the variational eq.,

anZ — \/_<T a> _ b\/_F +b/\/§(E4 —%ZR)
determines the Wess-Zumino Action by inspection:

r,,6 = 2b'/d4:1: goA,o

+/d4:1:\/§ [ba Y (}24 - %ri{)] -

A, =02+ 2R*V,V, — 2RO + £(V*R)V,
F:Cabcdcade; E:RabcdRabcd _ 4RabRab + R2



Effective Action for the Trace Anomaly
Local Auxiliary Field Form

Sonom = - [ da/7g 20000 + Fap + (B - %DR) Y]

+b§//d4x\/—_g S ZAVIVE o <E4 - gDR> 90]

Two New Scalar Auxiliary Degrees of Freedom
Variation of the action with respect to @, f -- the
auxiliary fields -- leads to the equations of motion,




Stress Tensor of the Anomaly

Variation of the Effective Action with respect to
the metric gives stress-energy tensor

2 0S8
T,Lbl/(g,LLVa P ¢) — T = e

v —9 0guv
Quantum Vacuum Polarization in Terms of (Semi-)
Classical Auxiliary potentials
@, U are new scalar degrees of freedom in low

energy gravity which depen upon the global topology
of spacetimes and its boundaries,




First Application: Schwarsschild Spacetime

dr’
<1 __2M

p=0c=InyF=3In(1-2M) = oo
solves homogeneous A, =0
Timelike Killing field (Non-local Invariant)

1
E=(1,0,0,0) ¢ = (—£q£%)2 = f3
Energy density scales like €40 = {2
Auxiliary Scalar Potentials give Geometric

(Coordinate Invariant) Meaning to Stress Tensor
becoming Large on Horizon

ds® = —(1—22y477% + + 72 dC2°




Stress-Energy Tensor in Boulware
Vacuum = Radial Component

Dots — Direct Numerical Evaluation of <T_”> (Jensen et. al. 1992)
Solid — Stress Tensor from the Auxiliary Fields of the Anomaly (E.M & R. Vaulin 2006)
Dashed — Page, Brown and Ottewill approximation (1982-1986)
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IR Relevant Term in the Action

The effective action for the trace anomaly scales
logarithmically with distance and therefore
should be included in the low energy
macroscopic EFT description of gravity—

This is a non-trivial modification of classical General
Relativity required by quantum effects

Svaity[ga o, V] = Sy_Elgl + Sanomlg, ¢, V]

Fluctuations of new scalar degrees of freedom allow A
to vary dynamically, and can generate a
Quantum Conformal Phase of 4D Gravity where A = 0




