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Abstract: General Relativity receives quantum corrections relevant at macroscopic distance scales and near event horizons. These arise from the
conformal scalar degrees of freedom in the extended effective field theory of gravity generated by the trace anomaly of massless quantum fields in
curved space. Linearized perturbations of the Bunch-Davies state in de Sitter space show that these new scalar degrees of freedom are associated
with macroscopic changes of state on the cosmological horizon scale, with potentially large stress tensors that can lead to substantial backreaction
effects in cosmology. In the extended effective theory the cosmological “constant& quot; is a state dependent condensate whose value is scale
dependent and which possesses an infrared stable conformal fixed point at zero. These considerations suggest that the observed dark energy of our
universe may be a macroscopic finite size effect whose value depends not upon Planck scale physics but upon extreme infrared physics on the
cosmological horizon scale.
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The New Cosmology

Non-Luminous (Dark) Matter, presumed

0

Non-Baryonic is 24% of the Universe

Relativistic Dark Energy with pressure,

{

PR P <U
1s 72% of all the energy in the observable universe
Ordinary Baryonic Matter is only a few percent
Since p + 3p < 0, the expansion is
niese pure number in Nature: (note involves N and G)
RG A, /c'=36x ™
We live in a de Sitter-like Universe

bj; Vacuum Dark Energy

No apparent explanation in the Standard Model



Quantum Effects in Gravity:
Nﬁcroscopic or Macroscopic E

We deal with UV divergences by , and now
understand most (all?) QF s as Effecsive Field Theories

-1s a free parameter of the Low Energw Effective Theory which
mixes with the renormalization of (T%_ ) and can run with scale

The Standard Model has Spontaneous Symmetry Breaking
When the ground state changes, so does its energy —
so we should expect generically A .. > 0 now
A can be

Very High Energy (I ) Scales and ' - physics generally
Like the Casimir effect, this is an issue of fixing the boundary conditions
of the Quantum Vacuum State of Gravity




Quantum Effects in Gravity:
Microscopic or Macroscopic ?

We deal with UV divergences by , and now
understand most (all?) QF s as Efecsive Field Theorses

-1s a free parameter of the Low Energy Effective Theory which
mixes with the renormalization of (1% ) and can run with scale

Just because something is infinite does not
necessarily mean that it i1s zero — W. Pauli

The Standard Model has Spontaneous Symmetry Breaking
When the ground state changes, so does its energy —
so we should expect generically A .- > (0 now
A can be

Very High Energy (' ) Scales and ' physics generally
Like the Casimir effect, this is an issue of fixing the boundary conditions
of the Quantum Vacuum State of Gravity




Classical de Sitter Spacetime

Maximally Symmetric Soln. to Einstein’s Egs. with a

Positive Cosmological Constant (Vacuum Energy)

G . +Ag, =(

Symmetry Group is : Hyperboloid of Revolution in D=5 flat spacetime

ds® = -dT° + dW* + dX* + dY* + dZ* with fixed ‘radius’

T2 + W2+ X2+ Y2+ Z2= H?

Line Element in with closed S~ spatial sections:

ds* = H? sec’n (dn? + dy® + sin®y dQ?

Line Element in FLRW form (flat spatial sections, proper time):

ds® = -dt* + e (dx* + dy” + dz° Scale Factor: a/t
Line Element in Coordinates: de Sitter’s original form
ds* =-(1-H*?) dt> + (1 - H?)1de? + 2 dQ

is the Hubble-de Sitter horizon scale

(or parts thereof) described in different coordinates



Classical de Sitter Hyperboloid




Classical de Sitter Spacetime:
Carter-Penrose Conformal Diagram

n/2<n<mn/2




Quantum Effects in de Sitter Space

Quantum “Vacuum’ is non-trivial
Spontaneous Particle Creation PRD 31, 754 (1985)
DecayRate: I ~Hexp(-m/T,; Ty =H/2x
for massive fields

Compare to Schwinger Effect: ‘Shorting’ the vacuum

[' ~ (eE)* exp(-m?/eE .

- dt
Backreaction should SN 2 inC

;'-L_—E(P+P)

Maximally Symmetric Bunch-Davies State has
exact time reversal symmetry - thermodynamic equilibrium ?
but heat capacity (“85)

to thermodynamic fluctuations
(compare to black hole case)



Quantum Effects in de Sitter Space

Temperature Fluctuations lead to stress tensor
on the horizon: (T%,) ~ (T*- Ty%/(1-H*r%)?
No Bunch-Dawvies Thermal State at all

for massless, minimally coupled fields or gravitons
Graviton Propagator grows with distance
No Cluster Decomposition, S-Matrix
Global Symmetry Restoration: No Goldstone Bosons
Similar to Massless Scalar Theory in D=2
Non-trivial Infrared Properties
infrared Relevant Operator Missing in EFT of Gravity



Effective Field Theory &

Quantum Anomalies

EFT = Expansion of Effective Action in Invariants
Assumes of Short (I ) from Long Distance (' )
But Modes do decouple

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

Special Terms Must be Added to Low Energy EFT

= s : = ¢
Sensitavity to dceTcCcsS OI Irecadom

Important on horizons because of large blueshift/redshift



Axial Anomaly in QCD

QCD with N. massless quarks has an apparent U/(]

Symmetry
But U ,(7) Symmetry is
Effective Lagrangian in Chiral Limit has N7 - 7 (nof N?)
massless pions at low energies
Low Energy, — 2y by the anomaly

- = . — —— — i =
—[ & 7 y r | — v \l.__‘ - f - i~ L
J Y - ', ‘ LY ) | ==l ey
4 [ . ' ¥

Action in chiral limit in terms of but Non-locas
Relevant Operator that violates naive decoupl_mg of
decay rate venﬁes N =3mQCD
Anomaly Matchingof = <




2D Gravity

Salgl = [ Pz /g(YR — 2))
has no local degrees of freedom in 2D, since
gab = €xXp(20)Gap — exp(20)Nas
(all metrics conformally flat) and
VIR=\/GR—2,/gT 0o
gives a total derivative in S;
Quantum Trace or Conformal Anomaly
(T3) =—35R
cm =N+ N, for massless scalars or fermions
Linearity in o in the variational eq.
TR = /g (T%)

| determines the Wess-Zumino Action by
irsa: 10100061 in Er Page 14/40



AT e L e . _
Quantum Eifects of 2D Anomaly Action
L LIC bLLCbb"ClJCLé}’ LOLIDUL UL LLIC LAy d.llULll::Ll:p Al iUl 1d

S ) @ 915 (o 19 B4 (50) 8 L3 s cia @) W b is1asie s mun

Fluctuations & Covariant Conservation of (T?, )

- By = i ~\N7 3 1/
& itself fluctuates freely

" . » - > »
‘_ﬂﬂﬁlﬂfﬁt}.ﬂt‘ﬂl ED-’FD‘""““"."\: f‘r """"'.1.*11.{‘4‘"11, AT O AT O s 2ss amas

static Schwarzschild & de Sitter: ds® = f (-dt= + dr*<

—-—-—--—-—-—--—rn—n--—rr—--— r-'—-—-ll R

Non-perturbative/non-classical conformal fixed
« Quantum stress tensor fully
R T i et s i A ot S R s

Additional non-local Relevant Operator in Si

A JR A

rmmEIIp—vU,gq—=1 (D-LJ)
‘ . » ciea kbind nf tavalnnical charoe




Quantum Trace Anomaly in 4D Flat Space

e




<T]]> Triangle Amplitude in QED

T E\ q* . r 'j
F i L - |--—-_.-||| - " - el - | & g= i
Determining the Amplitude by Symmetnes and Its Finite Parts

M. Giannotti & E. M. Phys. Ren. D 79, 045014 (2009)

Tabed, - . . R e o .
- Mass Dimension 2 Use low energy symmetries:

(o

1. By Lorentz invariance, can be

expanded in a complete set of
13 tensors t***d(p,q),i =1, ...13:

g T
B Rl [ 2bed —Z FF. £ abcdy
P,qg) — . L p dd
2. By current conservation: P L P,q) =0 =q,t, P 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




<T]J> Triangle Amplitude in QED

S - T =
L AP 12 rifriaec
L L £ fd Al LLL UL

3. By stress tensor conservation Ward Identty: 0, (T*®), = eF**(],) =

kL (p.g) = (8P, -8, p" M1 (g) + (£"q, - &,¢" )1 (p)
4. Bose exchange symmetry: [ (p,q) = I (q,p

Finally all 13 scalar functions F (k% p*, q°) can be found in terms of

finite Feynman parameter integrals and the polarization,

H(P; — ip_gi 3 P_?: I‘I,pJ:I

with D= ’__’pi x + q~ y)(l-x-y) + xy 4+ m?

Regularnization Independent




<T]J> Triangle Amplitude in QED

Spectral Representation and Sum Rule

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

f.2___5_2~-1____ : 2
Iy

obeys 2 finite sum rule independent of p*, g*, m*

Massless scalar intermediate two-particle state
analocous to the tion 1in chiral limit of OCT)




Massless Anomaly Pole

For p* = ¢* = 0 (both photons on shell) and m_ = 0 the pole at k“ = 0 describes a
massless ¢ ¢~ pair moving at v=c co]er:arlv with opposite helicities in a total
spin-0 state (relativistic -'1_'_*::_“:' r pair n QFT vacuum)

=> a massless scalar 0" state which couples to gravity

Effective

special case
of general

form




Scalar Pole in Gravitational Scattering

In Einstein’s Theon only transverse, tracefree
polarized waves (spin-2) are emitted/ absorbed

— and propagate between sources T *" and T

f\,-u\«w u“\/\a“\.ﬁh

The scalar parts give only non-progagating
constrained interaction (like Couleb field in E&M)

But for m_ = 0 there is a scalar pole in the
(TT]) tnan.gle amplitude coupling to photons

This scalar wave propagates in grawtauonal

scattermg between sources T " and 1

Couples to trace T™*
(TTT) tnangle of massless photons has similar pole
New scalar degrees of freedom in EFT




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 ca]bnearlv with opposite helicities in a total
spin-0 state (relativistic Cooper pair in QFT vacuum)

=> a massless scalar 0" state which couples to gravity

Effective
vertex

special case
of general

form




<T]J> Trlangle Amphtude in QED

3. By stress tensor conservation Ward Identity: 0,.(T*®), = eF**(J,) =
kT (p.g) = (" p, — ;0" )™ (g) + (g, ~5,4° )" (P)
4. Bose exchange symmetry: [ (p,q) = I*** (q,p

Finally all 13 scalar functions F (k% p*, q°) can be found in terms of

finite Feynman parameter integrals and the polarization,

sy | e
_La'L'n...b' Lill.

with D=@p*x+q y(l-xy) +xykf+m*

Regularization Independent




<T]J> Triangle Amplitude in QED

'-\.'_r.:-y--—-—-l-r-1 = 1 = i i—'.--:; r ' g Ty ey o --- Fq-- e
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M. Giannotti & E. M. Phys. Rev. D 79, 045014 (2009)

b e

[*°<¢:  Mass Dimension 2 Use low energy symmetries:

1. By Lorentz invariance, can be
expanded in a complete set of
13 tensors t*®d(p,q),i =1, ...13:

S - = gl SR 3 SN . b 7 \
r.L..,LJ p-.qd — Z: I_.: :-‘_...Jtu-quj_
Bv current conservation: :.] _i_“ = 13 1..{ = ;i “?L

All (but one) of these 13 tensors are dimension = 4, so dim(F) < -2 so
these scalar F (k*; p”,q°) are completely



<T]J> Triangle Amplitude in QED

L -——

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

abed ac
kX' (pa)=(2 D

L) (1 AT] L i LY. | L), i e

Finally all 13 scalar functions F (k% p*, q°) can be found in terms of

=

) '[’p/ — P—E _ P?JJ ':X_P_:.'

I . il . o R T N s
i e o N T = o N ' - " - 1 L § | & % - -
- i | i I L i

=1

I obeys a finite sum rule independent of p?, g%, m?
R 7 ' | 4.]:}')}
Result —

Regularization Independent




<T]J> Triangle Amplitude in QED

Spectral Representation and Sum Rule

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

(P’z + ¢*y)(1 — z — y) + m?
Ty

1—4.ry]0(

Massless scalar intermediate wo-partide state
analocons to the nion 1n chiral limit of OCTD)




<T]JJ> Trlangle Amphtude in QED

3. By stress tensor conservation Ward Identity: 0,(T*®), = eF**(J,) =

kT (p.g) = (8", - 8,p" 1™ (g) + (8™'q, - 8,¢°)I1" (p)
4. Bose exchange symmetry: [ (p,q) = I™** (q,p
Finally all 13 scalar functions F (k*; p*, g°) can be found in terms of

finite Feynman parameter integrals and the polarization,

I‘“[_-(p — P_gh g P;?.“J:I le,

with D=(p*x+q y(l-xy +xykf+m*

Regulanzation Independent




<T]]> Trmngle Amplitude in QED

"‘\ ey > e ] ; | 3 e Paeto
CCImining tnc _i_.--.du. ude by Symmetnies an {_. i1S 'INITE Farts

M. Giannotti & E. M. Phys. Rev. D 79, 045014 (2009)
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[**¢:  Mass Dimension 2 Use low energy symmetries:

1. By Lorentz invariance, can be
expanded in 2 complete set of

° 13 tensors t®¥(pq),i =1, ...13:
Sy T_
e 1 abcd ¢ y — ' + abed/
[ (p,q) = 2; Fi™(p
2. By current conservation: D N T cd pP,q) =0=q,t, abed (1 d,

A

All (but one) of these 13 tensors are dimension = 4, so dim(F) < -2 so
these scalar F (k% p®,qg°) are completely

’ (_]



<T]JJ> Trlangle Amphtude in QED

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

LI (p.9)= (g=p, ~5,p)1- @)+ (=4, -5, ()
4. Bose exchange symmetry: [*°< (p,q) = I'™** (q,
Finally all 13 scalar functions F (k*; p*, g°) can be found in terms of

finite Feynman parameter integrals and the polarization,

I_[_(P’ — P_g,_ S P_?J‘, n[ipjj':

with. D=0p x+q y(lxy +xyk+m’

Regulanization Independent




<TJJ> Triangle Amplitude in QED

Spectral Representation and Sum Rule

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

| : = 2__21__ : -
dy (_1—4217’9)0(3—w
LY

Massless scalar intermediate two-particle state
analocous to the nion 1in chiral limit of OCT)




Massless Anomaly Pole

For p* = g = 0 (both photons on shell) and m_ = 0 the pole at k° = 0 describes 2

massless ¢” ¢ pair moving at v=c collinearly, with opposite helicities in a total
spin-0 state (relativistic Coogper pair in QFT vacuum)

Effective

special case
of general

form




<T]JJ> Trlangle Arnphtude in QED

Ward Identitie
3. By stress tensor conservation Ward Identity: 0,(T*®), = eF**(],) =

kL™ (p.g) = (8" p, - 8;p" )™ (9) + (&g, - 84" )1 (p)
4. Bose exchange symmetry: [%°¢ (p,g) = I'*™* (g,p
Finally all 13 scalar functions F (k*; p*, g°) can be found in terms of

finite Feynman parameter integrals and the polarization,
() = @°g”- p'p") ()

13mfdxjdy

7 4@)}

with D=0@p*x+q y(lxy +xykf+m*

Regulanzation Independent




<TJ]> Trmngle Amplitude in QED
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M. Giannotti & E. M. Phys. Rer. D 79, 045014 (2009)

[*°<¢:  Mass Dimension 2 Use low energy symmetries:

1. By Lorentz invariance, can be
expanded in a complete set of
13 tensors t*4(p,q),i =1, ...13:

N e B
: | abcd pq = Z I_ t. '-.;":.c:.f'p?qj
Bvcu::rent conservaton: D t_*"“‘ "‘ﬂ xﬂ = =0 ;i *““"" g,

All (but one) of these 13 tensors are dimension = 4, so dim(F <-2 so
these scalar F (k%; p®,q°) are completely




Quantum Trace Anomaly in 4D Flat Space
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Quantum Effects of 2D Anomaly Action

of Classical Theory required by Quantum
Fluctuations & Covariant Conservation of (T%,)

Metric conformal factor ¢?® (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 S

New Degree of Freedom at low energies




Quantum Trace Anomaly in 4D Flat Space
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<T]J> Triangle ﬁmphtude in QED
Determining the Amplitude by Symmetries and Its Finite Pa

M. Giannotti & E. M. Phys. Rez. D 79, 045014 (2009)

[**¢:  Mass Dimension 2 Use low energy symmetries:

1. By Lorentz invariance, can be
expanded in a2 complete set of

13 tensors t*d(p,q),i =1, ...13:

E=p+q abcd fon ) — Z F.t abed/
, Tl (p.g) = 3, F,tabd(p,q

2. Bv current conservation: D i a2 - q — U = :..: 5: "'““";“ LI

All (but one) of these 13 tensors are dimension = 4, so dim(F) < -2 so

these scalar F (k% p“,q°) are completely




<T]JJ> Trlangle Amp]_ltude in QED

3. By stress tensor conservation Ward Identity: 0,.(T*®), = eF**(],) =

kT (p.g) = (8", -&;p )H (9)+(g” 4 -3,9")1™(p)
4. Bose exchange symmetry: F p,q) = I’

Finally all 13 scalar functions F (k% p*, g°) can be found in terms of

finite Feynman parameter integrals and the polarization,
I'I_ [:'pf — :P_g,_ = P_?‘j: n'(p:
| q) = kK"g*- k g p-q-q°p°) F,( )+

with D=(@pP*x+q y(l-xy +xykf+m’

Regulanization Independent




Apoplage Apnepate:Dpla
Scalar Pole in Gravitational Scattering

DRRES - = = (both photons on shell) and m_ = U the pol€ at k& = U describes a

massless ¢ ¢ pair moving at v=c collinearly, with opposite helicities in a total

PULMEIIZCU WAVES (3P1I1I-4) dIT ClIULLCU/ 4DsS0UTDCU
and propagate between sources T " and T™"

e e e T e ey e~ e e Wi e W 6 i J._LL..

W

This scalar wave propagates in gravitational

_scattering between sources T ¥ and T

Couples to trace T

g Q;fﬂi]-‘:lr hn]P
of general

form




Scalar Pole in Gravitational Scattering

In Einstein’s Theorv only transverse, tracefree
polarized waves (spin-2) are emitted/ absorbed

. .,J and propagate between sources T *¥ and T

The scalar parts glve only non-pr JL__:,H:_E:E
constrained interaction (hke Coulomb field in E&M)

But for m_ = 0 there is a scalar pole in the
TJJ) tnan.gle arnphtude coupling to photons

Thls scalar wave propagates in grawtanonal

scatteﬂng between sources T " and T

Couples to trace T™
(TTT) triangle of** assless photons has similar pole

New scalar degrees of freedom in EFT
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