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Abstract: In this third of 3 talks | will discuss the effects of the conformal anomaly in the low energy infrared relevant correction to General
Relativity. Among the significant implications of this effective field theory of gravity are the prediction of scalar gravitational wave solutionsa€’ a
spin-0 breather mode&€” in addition to the transversely polarized tensor waves of the classical Einstein theory. Astrophysical sources for scalar
gravitational waves are considered, with the excited gluonic condensates in the interiors of neutron stars in merger events with other compact objects
likely to provide the strongest burst signals. The conformal anomaly also implies genericaly large quantum back reaction effects and conformal
correlatorsin the vicinity of black hole horizons which are relevant to the formation of a non-singular interior, as well as an additional scalar degree
of freedom in cosmology, providing atheoretical foundation for dynamical vacuum dark energy.
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Outline

Macroscopic Effects of the Chiral Anomaly

» The Chiral/Axial Anomaly in QED in 2D and 4D
Massless Scalar Poles in Anomaly Amplitudes
Ideal Anomalous Hydrodynamics & Superfluidity

Axion-Like Collective Boson from the Axial Anomaly

Macroscopic Effects of the Conformal Anomaly
The Conformal/Trace Anomaly in 2D and 4D

Massless Scalar from the Conformal Anomaly

Conformal Part of Metric becomes Dynamical

Effective Field Theory of Low Energy Gravity
Black Holes & Horizons

Scalar Gravitational Waves

Dark Energy & Cosmology
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Effective Field Theory &
Quantum Anomalies

EFT = Expansion of Effective Action in [_oca/ Invariants
Assumes Decoupling of Short (UV) from Long Distance (/1)
But Massless Modes do not decouple

Massless Chiral, Conformal Symmetries are Anomalons
Macroscopic Effects of Short Distance physics

Special Non-Local Terms Must be Added to Low Energy EFT
Can be expressed in a LLocal Form by introducing new scalar(s)

Sensitivity to UV degrees of freedom

Important on horizons because of large blueshift/redshift
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Constructing the EFT of Gravity

Assume Equivalence Principle (Symmetry)
Metric Order Parameter Field g,
Only two strictly relevant operators (R, A)
Einstein’s General Relativity 1s an EFT
But EFT = General Relativity + Quantum Corrections
Semi-classical Einstein Eqs. (m << k << M)
Gt A gy, = 81 G (Ty)
But there 1s also a quantum (trace) anomaly:

(T?)=b C2+b'(E-=OR) + b" OR
F=C,,C*d=C>  E=R, ,R*™®-4R R+ R2

“abed
* Massless Poles = New (marginally) relevant operator
in gravitational sector
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Effective Action for the Trace Anomaly

Non-Local Covariant Form (logarithmic propagator)

.()'(”“,)” (}] —_ ; / ([11\/(]_, (1_',‘ — %D[{)I /(!lll\m (Al)ll,r A,r

A=Y (E-20R) +bC°+cF*+ ¢, trG*
Local Covariant Form in Terms of New Scalar Field

b

1

'S'unmm (] ‘rj, = 9 / (jl""\/a\f:-"i-i ¥ ala 9 / (ll'r\m A ¥

-

Dynamical Scalar in Conformal Sector: ‘Conformalon’

}' ‘
e e (i SN

, 20(47)2
Ao —T— 120(47)

h e, . :
b’ = 360(4m)2 (N, + 11Ny + 62N,,)
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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—

Not given in powers of Local Curvature

Scff'[g] = SEH[g] s S;mr)m[g)(p]

This is a non-trivial modification of classical General
Relativity required by quantum effects in the Std. Model
A scalar-tensor effective theory
but very different than e.g. Brans-Dicke

Pirsa: 18100101

Page 7/41




Effective Action for the Trace Anomaly

Non-Local Covariant Form (logarithmic propagator)

.S'(”“,)” (j] — % / ([1,1'\//!]__,- (1_',‘ — %D[{)l /(}lll\/? (Al) l, A‘,.r

A=10 (E - %T_JR) S () e B s e
Local Covariant Form in Terms of New Scalar Field

b

)

-

'SHN()IHJ(]:YD_E — -5 /(flf\/aQA1;* : /(/1.1'\/.(7 A ¥,

Dynamical Scalar in Conformal Sector: ‘Conformalon’
h
b = ——— (N; + 6Ns + 12N,
Ay w P T kA )
h

360(47)2

N

(Ns + 11N5 + 62N,,)
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Effective Action for the Trace Anomaly

Non-Local Covariant Form (logarithmic propagator)

.S'(”“,)” (j] —_ % / ([1,1'\;@ (1_‘: — %D[{)( /(ll.l', \/(IT (A 1) ], A‘,.r

A=V (E-20R)+bC* +cF*+ ¢, trG°
Local Covariant Form in Terms of New Scalar Field
b’

)

—

Senom| 2= = /r/'.rﬂ,:ﬁ_;,:—h . /(ll.r\@fl v,

Dynamical Scalar in Conformal Sector: ‘Conformalon’
h
120(47)?

N, + 6Ny + 12N,
i

Asg
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Stress Tensor of the Anomaly Action

Variation of the Effective Action with respect to

the metric givcs conserved stress-energy tensor

2 0

VG 59"

& |

LSfl'H()'HI. [.(j: \f:]

IE

Quantum Vacuum Polarization in Terms of
(Semi-)Classical Scalar Conformalon

¢ depends upon the global Topology of spacetime and

its boundaries, horizons
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Anomaly Effective Field Theory
Stress Tensor

;11/[7’ — b b;uz = ") ("‘;uz —r Z :)7.4; 1;(:;3 [Yﬂ

[}
Euler-Gauss-Bonnet—Quadratic & I,mcar in @
—2 (Vo) (V) Op) + 2V (Vo) (V. Vo) — 2 V.V, [(Vap) (V)]

_+— -;: 1‘),(“’ lzvnyﬂ.‘l(“v”}:) = i ]‘) };“ [(va?:.'lvny:‘ =L -; v],z‘r:hl:vr’.l‘rﬂ)

o

+ tl) G v {—.' (Ble): + O [(T,P,:)(‘T"\,:): + 2 (3R" ' — Rg*P) (Vo) (V) }

) = v ( ¥ - ( o] = ] , ~
-2V, V,0¢p—4C 2 VoVsp— 4RV, ) Voo + § R, Op+ 4 RV, V,¢

l[!

= -; (T ]vl'."r: = .'11 ”}H’ ['2 i‘r:_-_()]).l‘vﬂv“‘r?_'] ]‘)——}‘rj_k {vnh))vu‘r’-}

Weyl—Purely l,inmr in @

v / ¢ y & 0 D x
(/uf — lvuv ((U" V) ) )(” v ]n.fy

Trace recovered using Eq. of Motion
; J . J l’;‘ §
Ay =V, (VEV® +2R* — 2Rg") Vo= = — 524 .

‘ ),
2 3
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Casimir Effect from the Anomaly Stress Tensor

In flat space the stress tensor simplifies to

e = "2 (V@) (Vo) T9) +2(009)(Va Vip)

2 . 4 c

’ | 2
+5 9 {~3(09)* + O(VepVop)} — 3 VaVs Op

VA

[1%p = 0 Particular Solution: p=C1 —
a

Casimir Stress tensor between parallel plates:

(anom) :
T, :Edlag(—l,l,l,—3

a

Quantum Effect captured by this
Stress Tensor
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Scalar Gravitational Waves in EFT
Linearize Vacuum Elinstein Egs. around Flat Space with T}\7’ source
()
ey ,‘l_,y,,;, R Sl ""
Linear Metric Decomposition (Covariant)

]“”) h '+"7u1)}'+"7hrd s (‘Tn‘?h'_ %Ihﬂ)[]) e %]hﬂJ’

ab

Usual Einstein Constraints now Dynamical

e y l — [("JT(:'[’ =i
MA?::—Tvlme-Duqz-nij_ivﬂchﬂ

Fel = laﬁﬂh—[qu—ﬂﬂfbmv(mg)

!
Solved by . :
' ll (h — Ow) = ]““( b [l gauge invariant

[1p ~ vxp(—i;u;‘./ + ik - )

Scalar ‘Breathing’ Mode GW: Only half of Solns. Couple to metric
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Gauge Invariant Space + Time Split
Linear Metric Decomposition
hiyt = —2A hyi = B; + V;B

hij = Hi; + ViE- + V& +2mi; C +2 (ViV; — 1 9i; V3D

Gauge Invariant Scalar Potentials T4 = A+ O, B - 97D

[Linearized Einstein Egs. Ta=C" %621)

71e = 8 92 ()

8TGbY

3
(:;V2 = ViV;)(Ta + Tc) — 20 82X c

d.V;i(Oy)
167GYH

.

(‘);V".,,'T(‘

ﬁﬂ'(”)’

5y
e)

Solved by e e

Lo

Potentials ()bc_\'

N A=l e =

)
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Y v1 /
8rGb -l | 2°¢ order wave eq.
' 1
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LLocalized Sources of
Scalar Gravitational Waves
Retarded Green’s Fn. [_\Ef_);;(f AT T = f’) (T — T )
= - | = =
Dr(t—t;7—-%) = == Ot —t' — |2 —2'|)0(t —t')

Anomaly Scalar Conformalon Field

. t—|ZF—T'
/ "\ I i -, ‘ : ’
P\, L) = =5 /(/".r / fff’.,—l(_l’..r')
160" g

Scalar Metric Peturbation in Far (Radiation) Zone

~

— ﬁl" e
‘ 15! ‘
]J ')) ";I. 4

. . . - , ; ) : — ..u'f / f
Power Radiated for Time Harmonic Source fl(f- X) = ¢ l Aw-( )

dP Gw? | [ . . &
— | (£) = —— e T et L Y
((M!) ”' [2mc? ! : |

A(/,,[T)

o 167G & / o
_ d”:

y (5

. 12
/ (I:"xAW.(x)‘

L ‘!ur:nupu[( l(\('; |
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Sources of Scalar Gravitational Waves

Sources of (p are all the trace anomaly terms

| E OR 1 T
Sa¥ =5 =3 +;w("( AR

Curvature Invariants are L'xlrcmc.'ly small

QED and QCD Gauge Field Anomalies are much larger

Magnetar Field B ~ 10'® Gauss

9 39 ;
= aB“ | o / ;
-*l-rrul_f! ) /.)‘H’I. £ - o~ SO ( ('lll'£

24r 37 101> Gauss

oL G [ . o { KDC
= 7 / (/“'J.Afffllfj =5y s e ]
L 3T . ' r

Still not large enough to be observable by al.LIGO

No effects on solar system or direct terrestrial tests of GR
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QCD Source of Scalar Gravitational Waves

QCD Trace Anomaly is also a Source for P

. |

) /

| “ = T)’ A(J( "D

Gluonic Condensate much larger than Auuz_r] (10 Orders of Magnitude)
r O N ts yal yapuy o 36 3

Agep = —(11N, = 2N¢) — (G, G** ) =~ =5.6 X 10" erg/cm

)l__—r \ 'f”/

Neutron Star Cores contain l)cnsit_\' Dcpcmlcm Gluon Condensate

[n a Neutron Star Merger with another Compact Object this

Gluonic Condensate (‘Bag Constant’) is disturbed

Scalar GW Mode most likely excited in Neutron Star Mergers

Estimates require quantitative control of nuclear physics in NS mergers

Condensate excited also in Gravastar Alternative to BH’s

Page 17/41




Pirsa: 18100101

QCD Source of Scalar Gravitational Waves

QCD Trace Anomaly is also a Source for P

)
‘._ T / e
o .)i)/ A(L)( !)

Gluonic Condensate much larger than Amag (10 Orders of Magnitude)

./"1(‘_)(']) = —(11N, — 2.\'{)

Qe
S dar

[ » Y A ol 36 e | 3
(G G )= —9:6 X 10 erg/ cm

Neutron Star Cores contain l)cnsir_\' Dcpcmlcm Gluon Condensate

[n a Neutron Star Merger with another Compact Object this

Gluonic Condensate (‘Bag Constant’) is disturbed

Scalar GW Mode most likely excited in Neutron Star Mergers

Estimates require quantitative control of nuclear physics in NS mergers

Condensate excited also in Gravastar Alternative to BH’s
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QCD Source of Scalar Gravitational Waves

QCD Trace Anomaly is also a Source for P

)
- 2;), flf_‘-)( D,

Gluonic Condensate much larger than Amag (10 Orders of Magnitude)
Xg / g 2 e 26 f 3
— (G® G ~ —5.6 x 10°° erg/cm

Aqcp = —(11N, — 2Ny) oA \ K

P o 1]
Neutron Star Cores contain l)cnsir_\' Dcpcmlcm Gluon Condensate

[n a Neutron Star Merger with another Compact Object this

i

Gluonic Condensate (‘Bag Constant’) is disturbed

Scalar GW Mode most likely excited in Neutron Star Mergers

Estimates require quantitative control of nuclear physics in NS mergers

Condensate excited also in Gravastar Alternative to BH’s
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L.ocalized Sources of
Scalar Gravitational Waves
Retarded Green’s Fn. [_\Ef.);;(f — e = (e S (=)

Drt—t',7—%) = T Ot —t' — |2 —2'|)0(t —t')

Anomaly Scalar Conformalon Field

- = |T—T
Yy 1 2 of | ' »
Vel e e /(/".r / dt' Ait', &)
167h : y

Scalar Metric Peturbation in Far (Radiation) Zone

e l(n(, G 3
( ) m‘r:_}__ /(I,A({fffr)

L 3 3r

. » " - y, ; 2 H— ..Jf / f
Power Radiated for Time Harmonic Source fl»(f- x) = e A*,(X)

dP e | . . &

(W) (f) = = . / d’x e MI.XI‘A“-(X]'

AN/ e '
SGW :

+ . |2
) 3
lf-‘c;t'. | T | d’x A,JX)
rurmnpuh " |
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Localized Sources of
Scalar Gravitational Waves
Retarded Green’s Fn. [_\Ef_);;(f T T ot — t') (T — ')

T A %' 0t —t' — |&—Z|)0(t — t')

Anomaly Scalar Conformalon Field

- t— | =T
/ » I o ‘ p ’
e iy = = [ (o5 dt' A(t', )
: 167d’ )

Scalar Metric Peturbation in Far (Radiation) Zone

(SL | (iﬂ'(r’{),

L 3

. . . -~ Al - X _—..u'f r f
Power Radiated for Time Harmonic Source ,-l,(f,x) = e Amr( )

dP\ 2| [ . . =
(W) (f) - . /(]"Xf' MIIXI‘A“-(X)'
(IAY/ ne ! i

S0 W

. |._J
:/ d®x AW.(X)‘
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Anomaly Stress Tensor Near Horizons

An apparent horizon is a null surface, where outgoing
null rays are first marginally trapped

Near horizon region is conformal to EAdS;® time
Fields become effectively there, CI'T

Conformal Anomaly becomes the term in
effective action in the near horizon region

~
LS

Stress Tensor from S, determines (T ;)

Stress Tensor 1s generally there

Singular behavior has in terms of

conformalon @ scalar degree of freedom on horizon
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Schwarzschild Spacetime

‘ Ji ‘ 1 = ‘ ‘
ds? = — (1= 22) di? + —pr + 12 dQ?
r _ 2M
T
-
cp:o:ln\/?: % 111(1—%) — 00
'y

solves homogeneous A;p =0
Timelike Killing field is Invariant of Geometry

K=(1,0,0,00 e =(—K,K*)?2=/f
Energy density scales like e*#¢ = {2
Scalar Potential © gives Geometric (Coordinate

Invariant) Meaning to Non-Local Quantum
correlations becoming Large on Horizon
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Conformalon Scalar in Schwarzschild Space

General solution for @(r) for Schwarzschild is
oMe, ( r M

r(r—=2M)  2M \2M r

1—2 ([ r 2M | 2M° q {M T
_ ( -1 4 In ( l ) . In (
6M  \ 2. ro \_ r or |r—2M \2M

q, Cpy Co are state dependent integration constants

Linear time dependence can be added

Only way to have @ fall off as r > ®is c,=q =0

But only way to have finiteness on the horizon is
cy=0,q=2

Topological obstruction to finiteness vs. falloff as r — o

2 conditions on 3 integration constants for horizon finiteness
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Stress-Energy Tensor in Boulware State

Radial Component

Dots = Direct Numerical Evaluation of <T,*> (Jensen et. al. 1992)
Solid — Stress Tensor from the Anomaly (E.M. & R. Vaulin 2006)
Dashed - Page, Brown and Ottewill approximation (1982-1986)

Finite parts not exact (of course)

PV Spin 0 field

—_— — _— - A s aa -—- e »

Diverges on horizon—JLarge macroscopic effect

6 8 10
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Conformal Behavior on Horizon

Wave Eq. ( [] 4 p"‘)) b =(
Mode decomposition S Y (6, &) ﬂ
=
Radial Mode Eq. in
Wheeler coordinate r*

Becomes Conformal at Horizon
All masses become 1rrelevant

f(r)(— dt* + dsgp)

v

RS T HD ST 2 2 2
g8 =—raalip —t=c (dz® + dy® + dz*)

_~

3D Lobachevsky Spﬁcc (Euclidean AdS3)

Symmetry Group SO(3,1) 1s Conformal Group of Horizon S2

Powers of 2 x /f(r) =¢” - 0 measure Conformal Weights
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[uh

Anomaly Stress Tensor in de Sitter Space

Conformally Flat
2 92 2 —*) 9
ds® = —d7° 4+ a°(7) dZ* = a* (—

Eq. of Motion Operator factorizes
/ - G Ty A i
Asp=0(0O0-2H )p =1

Inhomogeneous Soln. ¢,

o gl r 4
BD dS = 6b"H"™ g,

This 1s the soln. for conformal map to flat spacetime
-.3._ *"-)l‘ D, *._}.\\ i
(15 = & ((]S / flat
Otherwise T% 1s generally at the static horizon r=H"'
behaving like (1-H?r*)* Conformal Weight= 4
Fluctuations? Since BD is a self-consistent de Sitter solution we
may linearize the EFT Stress Tensor & Einstein Egs. about it
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Scalar Waves in de Sitter Space

In de Sitter space remarkably there is another factorization

Al pyn Ol > eV b [ i ey Ol Vi
oT* or a? oT*4 or a2

And Linearized Einstein Eqgs. of the Anomaly EFT depend only upon

2 B A L
=l — HZ — | o £ 0
OT* or =

Again only half of the solns. ()bcying the 2™ order wave eq.

Ay by ( 5H— + 6H :)u 0

Couple to the Gauge Invariant Scalar Metric Potentials

8?;’(;.’)’
Ta+Te=———1u
)

J

A

, (wr_u1 - TL') = Hw(,'i]b’( - 211) ¥
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Cosmological Horizon Modes

In de Sitter static time coordinates

LW

—iwbyy 1
e }(m(“) (1 “_' [i’) R
oscillate rapidly on the cosmological horizon
General soln. for as fn. of rl =
(‘l —_— T (‘2 ] 9
S P (4) =2 In (1 — H?r?)
r 1 + Hr I
Behaves logarithmically---Conformal Weight Zero Field
Correct Conformal Weight to give Large Scale CMB Anisotropy

i rar ) L. . Yem (1) Yem ()
<|,T_1 — T)(n) (_T_-l — Te)n )/\ X = In(l—n-n") = Z 708 1 1)

I .'.5')

ceb(£ + 1) = const.
Fluctuations of Conformalon Scalar in de Sitter Space drive
Fluctuations in the Scalar Gravitational Potentials with the same
spectrum of CMB Anisotropy for large angles as inflation

CET Behavior also predicts Different Non-Gaussianity than Slow Roll
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Cosmological Horizon Modes

In de Sitter static time coordinates

Ty—To =3 e Yy (h) (1 Hr)<2H

oscillate 1':1pid]_\' on the cosmological horizon

General soln. for as fn. of r

Th—To x (l ln(-l = ”r) p &2 ln(l ij"‘z)

1 1 + Hr I
Behaves logarithmically---Conformal Weight Zero Field
Correct Conformal Weight to give Large Scale CMB Anisotropy

(T4 = To)R) (X4 — Yo )@

\
\
\

\

i
’;f’ G 11_“ In(l1 —n - r‘;’) = Z }"ml(.;:)l, ,l,;)l” )
£20
cel(£ + 1) = const.
Fluctuations of Conformalon Scalar in de Sitter Space drive
Fluctuations in the Scalar Gravitational Potentials with the same
spectrum of CMB Anisotropy for large angles as inflation

CET Behavior also predicts Different Non-Gaussianity than Slow Roll
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Conformal Symmetry & de Sitter Horizon

The de Sitter group SO(4,1) has 10 Killing vectors (isometries)
\‘;L‘.';lv"*\l‘.l‘ ";' =0 = "o ey l“
The of §° 1s the Lorentz group SO(3,1) realized projectively,
includes 3 rotations and 3 rigid special conformal transformations
Kt * *
Y 0

The 10 isometries of SO(4,1) decompose on the de Sitter horizon into

n' =

« 3 rotations
- 3 conformal transformations (above) x 2 = 6

- | nme translation
Any SO(4,1) de Sitter invariant Green’s fn. becomes SO(3,1)
(and t independent) on the de Sitter horizon (deS/CFT) eg.

Dimension 0 field correlator = logarithm
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Conformal Behavior on Horizon

Wave Eq. ( (] /!3') =10

foda dec —dtwt v o Ywe(T)
Mode decomposition Rl Yo (08D - \
Radial Mode Eq. in
Wheeler coordinate r*

(f+1) 2M o| r—2] Becomes Conformal at Horizon
3 All masses become 1rrelevant

f(r)(— dt* + dsgp)

)
) il g U e 2 o2
dSyyy — dL® = — (dz* + dy* + dz°)

2

-~

3D Lobachevsky Sp;tcc (Euclidean AdS3)

Symmetry Group SO(3,1) 1s Conformal Group of Horizon S2

Powers of 2 x /f(r) =¢” - 0 measure Conformal Weights
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Conformal Symmetry & de Sitter Horizon

The de Sitter group SO(4,1) has 10 Killing vectors (isometries)

V.04V, E0=0 , i=1,...,10

) - Bttt L,

The of §° 1s the Lorentz group SO(3,1) realized projectively,
includes 3 rotations and 3 rigid special conformal transformations

X

The 10 isometries of SO(4,1) decompose on the de Sitter horizon into
« 3 rotations
- 3 conformal transformations (above) x 2 = 6

- | ame translation
Any SO(4,1) de Sitter invariant Green’s fn. becomes SO(3,1)
(and t independent) on the de Sitter horizon (deS/CFT) eg.

Dimension 0 field correlator = logarithm
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Conformal Symmetry & de Sitter Horizon

The de Sitter group SO(4,1) has 10 Killing vectors (isometries)

VEO+ VR ES=0 , i=1,...,10

The of §¢ is the Lorentz group SO(3,1) realized projectively,
includes 3 rotations and 3 rigid special conformal transformations
o) 1 a2 ] ~J
o B Lo+ LEn
I — —_r — .

0 0 0 ok
A I o + j T

The 10 isometries of SO(4,1) decompose on the de Sitter horizon into

nd

« 3 rotations
- 3 conformal transformations (above) x 2 = 6
- | ume translation
Any SO(4,1) de Sitter invariant Green’s fn. becomes SO(3,1)
' (and t independent) on the de Sitter horizon (deS/CFT) eg.

Dimension 0 field correlator = logarithm
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New Cosmological Scalar Fluctuations

Linear Variation of (T ,,) in space contains contributions

from S, ., of scalar conformalon field @

18|
Relevant gauge inv. scalar modes satisty second order wave eqgs.
(Scalar Field without an inflaton)
New conformalon scalar degree of freedom in cosmology
In de Sitter coordinates the modes In (1 - H?t?)
on the horizon
Corresponding stress tensor perturbation

o (T3, =~ H (1 = H2c9)2d1ag (=3, 1, 1, 1)

diverges on the horizon—Suggests inhomogeneous Cosmology
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Additional Implication:

Vacuum Energy is Dynamical

) —
= e o

Conformal part of the metric, T s
constrained --frozen--by trace of Einstein’s eq. R=4A
becomes dynamical and can fluctuate due to @

O .
HAab

Fluctuations of ¢ describe a
of gravity in 4D = non-Gaussian statistics of CMB

I. Antoniadis, P. O. Mazur, E. M., Phys. Rev. D 55 (1997) 4756, 4770;
Phys. Rev. Lett. 79 (1997) 14; N. Jour. Phys. 9, 11 (2007)

A a dynamical state dependent condensate generated by
SSB of global Conformal Invariance

The Quantum Phase Transition to this phase characterized
by the of the scalar condensate A
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Cosmological Horizon Modes

In de Sitter static time coordinates

Hr— e, S 1 iw
T L M R I £ o5

oscillate 1':1])id]}' on the cosmological horizon

General soln. for as fn. of -
] — r Co a o\
R (4) 2 In (1 - H%?)
r 1l + Hr I
Behaves logarithmically---Conformal Weight Zero Field
Correct Conformal Weight to give Large Scale CMB Anisotropy
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ce b(€ + 1) = const.
Fluctuations of Conformalon Scalar in de Sitter Space drive
Fluctuations in the Scalar Gravitational Potentials with the same
spectrum of CMB Anisotropy for large angles as inflation

CET Behavior also predicts Different Non-Gaussianity than Slow Roll
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Additional Implication:

Vacuum Energy is Dynamical
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Conformal part of the metric, g,
constrained --frozen--by trace of Einstein’s eq. R=4A
becomes dynamical and can fluctuate due to @

Fluctuations of ¢ describe a
of gravity in 4D = non-Gaussian statistics of CMB

I. Antoniadis, P. O. Mazur, E. M., Phys. Rev. D 55 (1997) 4756, 4770;
Phys. Rev. Lett. 79 (1997) 14; N. Jour. Phys. 9, 11 (2007)

A a dynamical state dependent condensate generated by
SSB of global Conformal Invariance
The Quantum Phase Transition to this phase characterized
by the of the scalar condensate A
Fluctuations of conformalon scalar d. of f. allow A
to vary dynamically, and can generate a
Quantum Conformal Phase of 4D Gravity where A ; — 0
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Summary

Einstein’s classical theory receives Quantum Corrections

relevant at macroscopic Distances from Trace Anomaly

This 1s a pecessary quantum modification of classical GR

Scalar ‘Conformalon’ p degree of freedom in the EFT of Low

Energy Gravity derived from Conformal Anomaly

Scalar-Tensor Theory quite different from Brans-Dicke
Does not couplc to Classical Matter (lil'(.‘(.'tl_\’—()nl},' thru
Conformal/Trace Anomaly

Modification of GR passes all Observational Tests

\

Form of Effective Action fixed with no free parameters (b, b"
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The inner dark matter distribution of the
Cosmic Horseshoe with gravitational lensing
and dynamics

Thursday Talk at Perimeter Institute in Waterloo

Max-Planck Institute for Astrophysics
Karl-Schwarzschild Str. 1
Garching Germany

Collaborators
Sherry Suyu, Giulia Chirivi, Akin Yildirnm, Alessandro Sonnenfeld
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tangential arc redshift 2.381
lens galaxy redshift 0.444

radial arc
counterimage

star 3

@)

discovery: Belokurov et al. (2007)

Credit: Schuldt et al. (in prep)
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