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Outline

Ettective Theory of Low Energy Gravity:
Role of the Trace Anomaly

- Massless Scalar Poles in Flat Space Amplitudes
- General Form of Effective Action of the Anomaly

- Effective Massless Scalar Degree of Freedom in
Low Energy Macroscopic Gravity

- Couplings to Photons, Gluons

» Scalar Condensate

» Scalar Particle’ w. Effects Similar to Axions



Effective Field Theory & Quantum Anomalies

Expansion of Effective Action in Invariants
ASSUMeEs of UV from Long Distance Modes
But Modes do not decouple

Chiral, Conformal Symmetries are
Special Non-local Additions to Local EFT
Sensitivity to UV degrees of freedom
Conformal Symmetry & its Breaking controlled by the
Conformal Trace Anomaly

Macroscopic Effects in Black Hole Physics, Cosmology



Chiral Anomaly in QCD

QCD with N, massless quarks has an apparent UN,) & U_, (N
Symmetry
But U_,(1) Symmetry is Anomalous
Effective Lagrangian in Chiral Limit has N2 - 1(aot l\sz)
massless pions at low energies

Low Energy m, — 2 ¥ dominated by the anomaly

T, 7@ 8, :ezNCFW'}:uv/Mn-Z

No Local Action in chiral limit in terms of F oy but Non-local

Relevant Operator that violates naive decoupling of UV

Measured decay rate verifies N, = 31n QCD
Anomaly Matching of [ < UV

Coupling to gluons as well (related to Oterm, CP violation, axions)



2D Gravity

Seilg] = [ d?z/g(vR — 2X)
has no local degrees of freedom in 2D, since

Gab — EKP(2J)§ﬂb —r exp(zﬂ-)ﬁab
(all metrics conformally flat) and

VIR =GR —2\/G o

gives a total derivative in .S _;

Quantum Trace or Conformal Anomaly
(') = —35%R
= Ng+ N, for massless scalars or fermions

Linearity in o in the variational eq.

51_'“,3_\/—{1” }

determines the Wess-Zumino Action by
inspection



«1J) ANOomaly ACtion

Integrating the anomaly linear in O gives

24 dzx\/_ (

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

I'wzlg,o] = o+ Ro)

By solving for O the WZ action can be also written

FWZ[g; ] — Sanom [g — GQGQ] i Sanom [g]

Polyakov form of the action is covariant but non-local

Sanom[g] — 96 d2l’f/ d2$/f R ( _1)$’$, Raz’

A covariant local form implies a scalar field

96 d*x+/g [9°°(Vap) (Vo) + 2Ry]

—[lp =R O > 20

Sanom [ga 90]



Ward Identity and Massless Poles

Etfects of Anomaly may be seen in flat space amplitudes

Mabea(x, 2') = (Tap(2)Tea ("))
Ty T
k
Conservation of T, Ward Identity in 2D
Mabea PP (napk® — kaky) (eak® — keka) TI(K?)
Anomalous Trace Ward Identity in 2D implies
K2TI(k?) #£ 0 at &% =0 massless pole



Quantum Effects of 2D Anomaly Action

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

Gravitational ‘Dressing of critical exponents:
long distance/ !X macroscopic physics

Additional non-local Relevant Operator in SEFT

New Massless Scalar Degree of Freedom at low energy



Quantum Trace Anomaly in 4D Flat Space

(T, = 2F, F /2472

Triangle Amplitude as in Chiral Case
=<4 (p,q) = (K*g™ - k*k®) (g°“p*q - q°p°) F,(k%) + ...
In the limit of massless fermions, Fl(kz) must have a
massless pole: Je b
Tab
-
Correspondi;ng Imag. Part Spectral Fn. has a 0 fn

This is a new massless scalar degree of freedom in
the two-particle correlated spin-0 state

k=p+gq
M. Giannotti &
E. M. (2009)




<TJJ> Triangle Amplitude in QED

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

Massless scalar intermediate two-particle state

analogous to 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 e* e~ pair moving at v=c
with opposite helicities in a total spin-0 state

a massless scalar 0™ state ( ) which couples to
gravity

Effective vertex

hu (0107 — 0 0)
@l B

Effective Action special case of general form

/d4$\/_[ p— 3¢ R_487T2 SDFWFW}




Scalar Pole in Gravitational Scattering

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

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

Couples to trace T'“”

<TTT> triangle of massless has pole
Hil At least one new degree of freedom in EFT




Trace Anomaly in Curved Space

(TH=bC2+b (E- #20OR)+b "OR + cI?

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

(T *) is expressed in terms of E, C?

b)

One-loop amplitudes similar to previous examples
State-independent, independent of Gy,
No local effective action in terms of curvature tensor

But there exists a effective action

which can be rendered local in terms of
a new massless scalar degree of freedom
Macroscopic Quantum Modification of Classical Gravity



4D Anomalous Effective Action

Conformal Parametization
— Gab = DKP{QJ) gﬂ.b

Since /g F = \/EF

is iIndependent of o, and
VI(E —379R) = Vg (F —30R) +4gA 0
is linear in o, the variational eq.,

EFHZ_\/_<T£1 _b\/_F —}—b’\/E(E.—%:IR)

determines the VWess-Zumino Action by inspection:

r,, = 2b’fd4:r\/§fr£4g

+fd4:r\/§ [bﬁ* + b (E — %TR)} o
Ay =02+ 2RV, V, — 2RO + 2(V°R)V,

F= Cabcdcade
E=R,_,R®«- 4R R+ R?



Effective Action for the Trace Anomaly

Non-Local Covariant Form

o (£ )., b (3

IL.ocal Covariant Form +cF? +c°G2

b/
Sanom [gv ] /d4$f

1 b
Agp = - 5 (E——DR+b/C2+cF2+CG2)

Dynamical Scalar in Conformal Sector

2 b
—pAyp + ¢ <E ;OR+ b,02+cF2+cG2>]

p 1
Ng =02 4 2R?V,V, — ZRO 4+ =(V?R)V,

Expectation Value/Classical Field is Scalar Condensate

Condensate Affects Effective QED, QCD Couplings



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—

SerT|9, 0| = Scilg] + Sanom |9, ©|

This 1S a non-trivial modification of classical General
Relativity from quantum effects

Additional Conformal Scalar Degree of FFreedom



Stress Tensor of the Anomaly

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

ranom - 2 5Sa,nom
Qv [ga 90] e \/TQ 59/“/

Quantum Vacuum Polarization in Terms of (Semi-)
Classical Scalar “Potential’ Condensate
( is a scalar degree of freedom in low energy
oravity which depends upon the global topology
ot spacetimes and its boundaries, horizons




Anomaly Scalar in Schwarzschild Space

General solution of @ equation as function of r are
easily found in Schwarzschild case (Mass M)

do| 1 1 2Me,, L Cx ( T 2M ) |
drls 31 r(r—2M) = 2M \2M

ﬁ'_l o | 3 ] h jj l" N
_ 1 |
- s, ~ i L9

d, Cz» C,, afe Integration constants,

Only way to have vanishing @ as r —> o0 is ¢, =q =0
But only way to have finiteness on the hotizon is ¢, = 0, q = 2

to finiteness vs. fallofft of stress tensor
Relevant to Black Hole horizons
Also gives long range Scalar Condensate potential from any source

Radial r Dependent Variation of QED, QCD Couplings



Conclusions

Conformal Anomaly Predicts New Massless Scalar

Classical Condensate Potential from Massive Sources
Gravitational Coupling relevant to BH’s, Dark Energy
Scalar (Breather Mode) Gravitational Waves

Couples also to Two-Photons 2, Two-Gluons G~

Linear Dependence off O , O

Axion-Like Scalar: HE Scattering oft EBL, CMB

Light through the Wall? Other Terrestrial Tests?

Dark Matter-like Effects? Time Dependent Condensates?

Ultra-Light Frontier should include Scalars






Exact Effective Action &Wilson Effective Action

Integrating out Matter + ... Fields in Fixed Gravitational Background gives
the Exact Quantum Effective Action

The possible terms in S__, .[g] can be classified according to their repsonse to

local Weyl rescalings g—>elg
Sexactl8l = Siocall@l T Sanomlgl T Swenlgl
Siocalg] = (1/167G) J dix \/g R-2A) + X5 Mp™ S, [g]
Ascending series of higher derivative local terms, n>4 irrelevant
Non-local but Weyl-invariant (neutral under rescalings)
Sweslgl = SWeyl[CZGg]

S..omlg] special non-local terms that scale linearly with ©, logarithmically with
distance, representatives of non-trivial cohomology under Weyl group

Wilson effective action captures all [ X physics

Seff[g] — SHE[g] ™ Sanom[g]



Casimir Effect from the Anomaly
In ordinary flat space the relevant tensor 1s

“lflat

+32(Vep)(VIVaVip) — 2 (VaVep) (Ve Vo)

1 N : 2
‘|‘E Gab ‘{_3 (.IZI‘:"‘-J)Ja T D(?fﬁj?r_w)} o E VaVele.

Particular Solution:

Casimir Stress tensor between parallel plates:

(anom) Y diag (_1} 1.1, -3

ab T ﬂ4

Other examples (Rindler wedge, de Sitter, Schwarzschild)



Relevance of the Trace Anomaly

Expansion of Effective Action in Invariants assumes
of Short Distance from Long Distance Modes
But Relativistic Particle Creation is
Modes do not decouple

Special Non-local Additions to Local EFT

Sensitivity to UV degrees of freedom
QFT Conformal Behavior, Breaking & Bulk Viscosity
(analog of conductivity) determined by Anomaly

Blueshift on Horizons & behavior conformal there
Additional Scalar Degree(s) of Freedom in EF T
of Gravity allow & predict Dynamics of /A
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