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Abstract: At low energy and small curvature, general relativity has the form of an effective field theory. | will describe the structure of the effective
field theory, and show how it can be used to calculate low energy quantum effects.
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Goals

1) The quantum correction to gravitational interaction

& Donoghue
/ 1994
/ Bjerem-Bohr
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2) The quantum theorv of general relativity at ordinarv energies
exasts and 1s of the form called an “etiective field theory™
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Effective field theory is a standard technique:
- calculate quantum effects at a grven energy scale
-shitts focus from U. V. to LR
-handles main obstacle
— quantum effects involve all scales

: i i . ;. - T aee el -
Completion of program of Feynman, De Witt,..\WWeinberg
eeeeo 't Hooft, Veltman ......
eviouslv: 1zat 1 divergence structurs
Previouslv: Quantization and divergence structure
E.F. T — Extraction of quantum predictions
Known vs unknown phvsics
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Why do quantum calculations work?

The problem: QM savs to sum over all intermediate states

Z <fIVII><I|V|t>
I E;—FE;

But, physics 1s an experimental science
-know particles and interactions up to some energyv scale
So. how can vou sum over all states if vou don 't know what
thev are or how thev mteract??

Some possible solutions:

1) The energy denominator suppresses high energy states X

1 o3 1
LrE-s /AP

b 2m

2) Perhaps matrix elements are small to high energv states X
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The solution: the uncertainty principle

High energv effects look local - verv short range
—Look like some term 1n a local Hamiltionian Lagrangian

Mass term or charge coupling
Shift 1n mass or coupling T AARY 0
We measure total mass and coupling A

Applequist Carrazone theorem:
-cffects of high energv either absorbed 1n “coupling constants™
or suppressed bv powers of the heavv scale
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Renormalization Program

Effects of high energv go mto measured values of the parameters
-mncluding unknown phvsics and potential divergences

Renormalizable Field Theorv
- finite number of parameters sensitive to high energv
- terms (1n Lagrangian) suppressed bv powers of heavy scale
are not allowed

Effective Field Theory
- allow terms suppressed bv powers of heavv scale
- quantum effects from low energyv D.O.F. onlv
- more general
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Key Steps
1) High energy effects are local (when viewed at low E)
Example = W exchange

g == local 4 Ferm mteraction

Even loops
=> local mass counterterm

qj--._n‘ VL..?-.

Low energy particle propagate long distances
Photon:

y | 1
% *—— Not local T i e
2

/ !

Even in loops — cuts. imag. parts. ...

oy ! F

Result: High energy effects in local Lagrangian

E — gL, +t g, L, +¢g. L, ¢+

But local Lagrangian is not enough
Prsz: 005004 _ [y energy effects are distinct
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2) Energy Expansion
Order lagrangians by powers of (low scale/high scale¥
Only a finite number needed to a given accuracy

Then:
(Juantization: use lowest order Lagrangian

Renormalization: // =
-U V. divergences are local

- can be absorbed into couplings of local Lagrangian

Remaining effects are predictions
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General Procedure

1) Identify Lagrangian
-- most general (g1ven symmetries)
-- order bv energy expansion

2) Calculate and renormalize
-- start with lowest order
-- renormalize parameters

3) Phenomenology
-- measure parameters
-- residual relations are predictions

Note: Two differences from textbook renormalizable field theory:
1 ) no restriction to renormalizable terms only
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Effective Field Theory in Action:
Chiral Perturbation Theorv
-QCD at verv low energies —pions and photons
Non-linear lagrangian required bv svmmetrv:

: eyt r r T T2 . | o
£ = F2Tr(D,UD*U") + L\[Tr(D, UD*UN] + ... U = expli——]
Very well studied: Theorv and phenomenology
- energy expansion, loops. svmmetrv breaking.
experimmental constraints. connection to QCD.
FY =R
unple calculation 2| e <] < oneloop
LO dJ:IECt cg‘upljjw at low energyv :i‘ ‘ s S :__|_‘*“'~—= two loops
-pure loops ¥ W = B =10 ]
ssenfially parameter free at low energy g j[ gl
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Effective Field Theory in Action:
Chiral Perturbation Theorv
-QCD at verv low energies —pions and photons
Non-linear lagrangian required bv svmmetrv:

L= F:T!‘(DH{'D“[.'?) - LL[TI‘(DHE'D“[*i—):E SR i rf.?‘g}[ﬁ'T ; “—7']

Very well studied: Theorv and phenomenologv
- energv expansion., loops, svmmetryv breaking.
experimental constraints. connection to QCD.

SNy e - — -
1 = 1. - -4
Sample calculation et SN ] «— oneloop
-no direct couplings at low energy i St T
. E ol gl , two loops
— pure loops =i iy o B = :
-essentiallv parameter free at low energy g ! L R— |
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Effective Field Theory in Action:
Chiral Perturbation Theorv
-QCD at verv low energies —pions and photons
Non-linear lagrangian required bv svmmetrv:

. 2 LT T = tr 7E\12 = " T— o .

L = F2Tr(D,UD*UY) + Ly[Tr(DUD*UN? + ... U = expli——]
Very well studied: Theorv and phenomenologv
- energyv expansion, loops, svmmetrv breaking.
experimental constraints. connection to QCD.

Sample calculation ] I ] < oneloop
-no direct couplings at low energy 5. PSS S ]
— pure ]_DOPS %—_% ; = 7r___,_—:_:—+ - + two lﬂﬂpb
-essentiallv parameter free at low energy g ! L : - |
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We have come to think of all of our theories as eftective field theorie:

Theories are tested over some distance energyv scale
-we know D.O.F. and interactions for that scale
-can do calculations at that scale

But. there likelv are new particles and new interactions at higher energy
-these do not propagate at low energv

-onlv give suppressed local interactions

All theories likelv moditied as we go to higher energy
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Gravity as an effective theory o

Both General Relativity and Quantum Mechanics known
and tested over common range of scales

Is there an incompatibilitv at those scales ?
Or are problems onlv at uncharted high energies?

Need to study GR with a careful consideration of
scales
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The general Lagrangian

The Einstein action: 2 ]
;.rrr: = ‘f Ly _fj' _R
k- = 327G, g = detg,,. g,, is the metric tensor and R = ¢*'R_,
R. = aIL —ar +I5r., —TIor,
prer B p AL e T gt v e Ao
I;J&-—f

T A

w3

5 (Oagss + 93900 — U5Gas)

But this 1s not the most general lagrangian consistent with general covanance.
Keyv: R depends on two denvatives of the meiric

— Energy expansion — expansion m number of
derivatives

qrfu _ /f"{ {

2 _|_ c JRJ“,RP“ + . . -}
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Parameters

'Sl_r;r'ru* == /{!-i-f'\,’(—_f’f {_}L —+ _21(? —+ f'[!:l)_} —+ f'-_}R;”,RF”j —+ .. }

f

1) A =cosmological constant

2 Mp =1.22 x 10'® GeV
A=(12+04)x10"'“Mp F X e

-this 1s observable only on cosmological scales
-neglect for rest of talk
-interesting aspects

2) Newton’s constant
h-: it :32:(:

3) Curvature —squared terms ¢, ¢,
- studied by Stelle _
11t AT s T T A B = iy "-'-i 10‘4
- modify gravity at very small scales Ci.Co <
-essentially unconstrained by experiment
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Matter couplings
Spinless heavy particle:

1 ¥ ]
Lo = = [_-';"” 0,0 — m~o~

L‘Htﬁ — f{lﬂ“yi}“{_}i}r,[] — R (I'.!F_:lf_}“ l‘_'.h[':ﬂj {0 — r’f:.;,f.”._'l‘_'.]i}

Parameters d. like charge radii — non-universal
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Quantization

“Easy” to quantize gravity:
-Covariant quantization Feynman deWitt
-gauge fixing
-ghosts fields
-Background field method °t Hooft Veltman
-retamns symmetries of GR
-path mtegral

Y = .'r_frf"_h'h ;
Background field: = = =

”;w = f_rﬂp _ Hf i o fr-h h"l..'
Expand around this background:

F -
J':rn = /‘ I "'u-"'r.'_‘r.-JI |:_ =¥ 'Cll 'C_:.l'-l -

| B i .
o™ =l B — By

b b ) + (202, — hiy, ) R*
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Linear term vanishes by Einstein Eq. R
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Gauge fixing
-harmonic gauge

%h:p) (_h“h-_,\ = ‘I’:“)}

Los = V-0 {(hswy i

(Ghost fields

ﬁffhusf ——4 _:’?”#p {fﬁe:e\ﬂ [ E"”“”y}

vector fields
anticommuting,
mn loops only
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Interesting note:
Feviiman mtroduced
chost fields in GR
before F-P m YM
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Quantum lagrangian:

_ L aal "
g /djf; {zz(g} — ShagDPP Ry + ...

with
1

De hé  _ " 1_,,-.”,.“;_.1 J. ;- :!},, --'f'.,r}'."f]-?; . .«_’; 3D P "—I'rliflll'_.{-l‘

e

b B s A _a 2
-21-.1;"‘?.11.{',.{“. -—H(Ir __ _}”i _flf

L [ :ajI” ':r;" M f_?“ 1.':’- 4 -l Y i ; _'I.;_lf-;,II”.JfIL_..

P — Y )

R

Propagator around flat space:
_ ]
iDyvas(q) = q_;.—FP a3

1

R:u.a.i e [f}pu:t I3 - HNeadlps —

2
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Fevnman rules: Py =ic| {Por, - e st} st o
> _E{W—%W}E,.,ﬂ_,ﬂ

2
(61}
with
Al Secalar propagator ¥ .
SR = -EmH—.l—l'lwﬁii " Nasfls -
" A5 Jegnwiton vertex
= mow f—- =—|-_—IIII._||.___—Ir y ) "
1 ot The 3-gramiton wertex can be derioed via the background febd method and
The grovinen propegator m hacsonic gange can be wratten in the foom:
s = atka)
R e o o e
) ¢ i
where L N
£ =§iv"7f"-!hf "f‘“ﬂ“"’i e
A Zuealu-lgraviton vertex : i% [ _ _ o
The 2scalar-1ramiton wertes is discussesd in the liverarre, We wrie i o o slk-g) = —5 (pnd-*|”‘*'+”"‘1ﬂk“?f+f“"“fr¢]
- - S TR S N SN
i ;‘a i rk rk gl fre s
i -[u#‘(uf,... + 1ol )+M[m el )
A om) = 3 R P o () - m)] —q’(luf.“" —MH’") "]'.M(mﬂ'“iﬁ[dﬁ)l

Al Zeenlae- 2o tton vertes

Thee 2-seninr-2-wrweton wrtex = also deeweed m the Bemtae. We wimte
it bege wirdy the il symmetry of the twe gavmops:

e LTt P W ST g e o
) + @ (Ll L™ +a™ L") + 7w (L 70,7 + L, ’*:_;)]
=

5 —= m

}:‘_: 2 lnst.m) + {ik" e o 3 Wt SRS el A r}f" Padvs]

(1 m e 1 mut o) })
62)
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Performing quantum calculations

Quantization was straightforward. but what do vou do next?
- calculations are not as simple

Next step: Renormalization
-divergences arise at high energies
-not of the form of the basic lagraingian

Solution: Effective field theorv and renormalization
- renormalize divergences mto parameters of
the most general lagrangian (¢ .c,...)

Power counting theorem: (pure gravity, A=0)
-each graviton loop=2 more powers In energy expansion
-1 loop = Order (dg)*
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-2 loop = Order (dg)°



Renormalization

One loop calculation: "t Hooft and Veltman
Zlo. J| =TrinD

Divergences are local:

ap 1 1 1 v puu e —4—d
o = {1ﬂrﬁ + o tm A }

Renormalize parameters 1n general action:

(r) l

€ = 3 e
‘ 96077 2¢
{ ) i

' — 6t ———F—
& 16072%€

Note: Two loop calculation known in pure gravity

209 g 1

ALD — -
28830( 1672 )% €

— 3 i Yole
\//_f;R ‘.r"iR ,*.if'.FR o 3

Pirsa: 06060049 {..jfdt‘-f :}\f SII}C dﬂﬂVﬂtVeS

dim. reg.
preserves
symmetry

Pure gravity
“one loop finite’
smee R, =0

Gorotf and Sagnotti
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More formal study — Gomis and Weinberg

“Are non-renormalizable gauge theories renormalizeable™

Gauge theories could present separate problems
-gauge fixing

-are there potential coetficients in general Lagrangian
to renormalize all divergences”

Proven for Yang-Mulls and gravitation
- structural constraints and cohomology theorems

Undecided for theories with U( 1) symmetry
-no counter examples exast
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What are the quantum predictions?

Not the divergences
-thev come from the Planck scale
-unrcliable part of theorv

Not the parameters
-local terms in L
-we would have to measure them

| Amp ~g'n(—q*) . +—q°

Low energy propagation |

-not the same as terms 1n the Lagrangian

- most alwavs non-analvtic dependence in momentum space
-can't be Tavlor expanded — can’t be part of a local Lagrangian
-long distance 1n coordinate space

Pirsa: 06060049 Page 25/69



Corrections to Newtonian Potential JED 1994

JED, Holstemn
. . Bjerrum-Bohr 2002
Here dI‘SLUSE{ SL-EIttGI'Iﬂg Khriplovich and Kirilin
potentml of two hE‘ElV}T Other references later

ImMasscs.

(FITT) (27)*6%Y (p — p')(M(q))

= —(27)0(E — E"){fIV(q)|i)

Potential found using from

1 1 Paq .
Vix) = [ = e T* M(q)
. 3

2my 2m (27)3

Classical potential has been well studied e

Gupta-Radford
Huda-Okamura
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Lowest order:
one graviton exchange

Vo b

(my) R (m2)

£ ¥

r \

S I
iMy o (@) =7 (K, Anl.mi;[" ‘;; ”’]rl-*-fn:-,-i.g-l.mg}
“‘-

Non-relativistic reduction:

4=Gmym-

JILMJ{(F’ i

—F)
ff'

Potential:

i Gmyms
V Ilu]IE "") e
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What to expect:

General expansion: -\ (1 :
) . [ TR R, GﬁJ + ¢G® Mm&*(r)
r re" rc

e | . Quantum \

Classical expansion - Short
expansion

parameter range
parameter -

Relation to momentum space:

]' d’q i 1 : 1
(2m)* ql” drr
[ ffil']' f_-f':I'r ]. " ].
J @=)P lal 2#%r2

d*q - - —1
J.I'q-r - —
_/ (2=)3 . = 7 253

. " 7\ =
Momentum space (%) = L [1 + a'G(M + m)

amplitudes: =

/—q2 + b Ghq® In(—¢?) + "’GH

v /

Classical quantum shori

//f//)' Jﬂﬂﬂﬂfaﬁesaurrsﬂ'ﬂﬂﬂﬂ'r Idal]égtz
PagéZng

Non-analytic analytic

{.p-
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Parameter free and divergence free

Recall: divergences like local Lagrangian ~R*

Also unknown parameters 1n local Lagrangian ~c¢,.c,

But this generates only “short distance term”™

Note: R* has 4 denivatives Rj N (14

Then:
Treating R* as perturbation R2
- 2 pE L1 . "
Vee ~ G"Mm — ¢ — ~ const. — G"Mmd’(x)
I’j‘ I’j_

Local lagrangian gives only short range terms
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The calculation:
W g

Lowest order: (1) W (1122)
Ry ks %,

,

k:k Jk,

e B 4. . :
. : (m1) b{‘r (m2) (m1) m@imgy
Vertex corrections: ki f C ki 4 ks

r ¥

» ok S
Vacuum polarization: (1) (m2) e et
. e I 1 [} e [
(Duff 1974) ke A A ks i A e
k._,\ e d > iae ; { - |
"8 p r i ] = ITL ¥ P {1ma
Box and crossed box (rkr: ;}f I ‘:a:_; ) e L‘% =

i - { ) } { )
Others: { —~ ;@{ :f} iy \:3
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Results:

Pull out non-analytic terms:
-for example the vertex corrections:

Mm@ = 2G*myims (r—{ = [: m2) i log r'"’)
' \q 3
52 A
Mseyis@)(@) = —5 G mmzlogq
Sum diagrams:
_ Grmymeo G(my +m>) 41 Gh
¥ir)—— Z2l1+3 ‘ 2 5
r r 107 =
///' L
(G1ves precession \
of Mercury. etc (Juantum
(Iwasaki : correction
Gupta + Radford)
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The calculation:
W e g

Lowest order () W (1m12)
S T

,

kzk ‘.h

k2 ‘. 4-‘-'4
- - (g ) % () (my) hﬁh@‘mgl
Vertex corrections: ki < ki 4 ks

%

X i 1 i
. . : ko 4 Ky ks * . 4 k,
Vacuum polarization: (my) (m2) e st
y - = I 1 [} e \
(Duff 1974) ke A [ ko A e
! | I ]
ks “enee ka 2wy ka
Box and crossed box (rmay) ! v () my) 2 (m2)
‘ By w4 L. ky - ks

r o { 3?{ 2)
Others {ki"'lll ;@{:ﬁ:} Ty \‘rn
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Results:

Pull out non-analytic terms:
-for example the vertex corrections:

4 -
- ({my + mo ) ;
Mssa(@) = 2Gmyms ( |[_, 2 3 log ¢
| ] ! :_I; *
52 .
Msio)i5a)(@) = -?('_mxm-_‘*lﬂgf!'

Sum diagrams:

Vir) = — Gmymo [1 - 3(?{' my + mo) 41 Gf‘!]
> r 10w r<
/ »
- \
(G1ves precession
of Mercury. etc (Juantum
(Iwasaki ; correction
Gupta + Radford)
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Comments

1) Both classical and quantum emerge from a one loop calculation!
- classical first done by Gupta and Radford (1930)

1) Unmeasurably small correction:
- best perturbation theorv known(!)

3) Quantum loop well behaved - no contlict of GR and QM

4) Other calculations
(Duft: JFD: Muzmich and Vokos: Hamber and Liu:
Akhundov. Bellucci. and Sheikh )

-other potentials or mistakes

5) Why not done 30 vears ago?
- power of effective field theorv reasoning
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2004 PRL

Aside: Classical Physics from Quantum Loops:
JFD. Holstemn

Field theory folk lore:
Loop expansion 1s an expansion 1n 7

“Proots™ 1n field theory books

This 1s not reallv true.
- numerous counter examples — such as the gravitational potential

- can remove a power of 7 via Kinematic dependence

- classical behavior seen when massless particles are involved

Page 35/69
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Comments

1) Both classical and quantum emerge from a one loop calculation!
- classical first done by Gupta and Radford (1930)

1) Unmeasurably small correction:
- best perturbation theorv known(!)

3) Quantum loop well behaved - no contlict of GR and QM

4) Other calculations
(Duft: JFD: Nuzmich and Vokos: Hamber and Liu:
Akhundov. Bellucci. and Sheikh )

-other potentials or mistakes

5) Why not done 30 vears ago?
- power of effective field theorv reasoning
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Lowest order:
one graviton exchange

Vo g

(my) B (m2)

A WX

I \

_ W wwadl .
J_’nf[,f“{rﬂ - T{IUI[.L'[. ,I.‘g. my J|: “_EJ * ]Tll i{ﬁ.‘;;_ ‘{"l- mo )
i‘j‘“
Non-relativistic reduction:

d7Gmyms

—F}
i"f'

)I.[ih.”{{ﬂ —

Potential:

i Gmyms
‘['qu]{r} i
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Corrections to Newtonian Potential JED 1994

JFD, Holstemn.
. ; Bjerrum-Bohr 2002
Here dI‘SLI.ISS‘ SL-EIttGI'IHg Khriplovich and Kirilin
pi}tﬁﬂtlﬂl of two hE‘aV}T Other references later

IMasscs.

(fITl)) = (2=)**(p—p)(M(q))
= —(2m)0(E — E"{f|V(q)}3)

Potential found using from

Classical potential has been well studied —

Gupta-Radford
Huda-Okamura
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Parameter free and divergence free

Recall: divergences like local Lagrangian ~R*

Also unknown parameters 1n local Lagrangian ~¢,.c,

But this generates only “short distance term”™

Note: R* has 4 denivatives Rj N (14

Then:
Treating R* as perturbation R2
: 1,1 Ly 8
Vee ~G°Mm — ¢ — ~ const. — G=Mmd>(x)
fj_ l’j"

Local lagrangian gives only short range terms
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Results:

Pull out non-analytic terms:
-for example the vertex corrections:

& _
- a-{m; +mo ) =
-1'-1rﬁm.*.‘,. mlg) = 2(73”*13”2 ( |_* } * _:‘. ll?.'éiff
| ,r!J'. -
52 -
Jl‘i‘.er-_-g-,'.-:.!"uf."ﬂ = ‘?C’_”FI"”;‘ log q

Sum diagrams:

V(r) = _Grnimg [1 +3G{m[ + mo) s 41 Gf]
> r 107r v~
./' M
—~ \
(G1ves precession
of Mercury. etc (Juantum
(Iwasaka : correction
Gupta + Radford)
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Comments

1) Both classical and quantum emerge from a one loop calculation!
- classical first done by Gupta and Radford (1980)

1) Unmeasurably small correction:
- best perturbation theorv known(!)

3) Quantum loop well behaved - no contlict of GR and QM

4) Other calculations
(Dutt; JFED: Muzinich and Vokos: Hamber and Liu:
Akhundov. Bellucci. and Sheikh )

-other potentials or mistakes

5) Why not done 30 vears ago?
- power of effective field theorv reasoning
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Aside: Classical Physics from Quantum Loops:

JFD. Holstem
2004 PRL

Field theory folk lore:
Loop expansion 1s an expansion 1n 7
“Proots™ 1n field theorv books

This 1s not reallv true.
- numerous counter examples — such as the gravitational potential

- can remove a power of 7 via Kinematic dependence

' m?2 m

\ —¢ N ﬁv/—_tl-'f

- classical behavior seen when massless particles are involved
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Comments

1) Both classical and quantum emerge from a one loop calculation!
- classical first done by Gupta and Radford (1930)

1) Unmeasurably small correction:
- best perturbation theorv known(!)

3) Quantum loop well behaved - no contlict of GR and QM

4) Other calculations
(Duft: JFD: Muzmich and Vokos: Hamber and Liu:
Akhundov. Bellucci. and Sheikh )

-other potentials or mistakes

5) Why not done 30 vears ago?
- power of effective field theorv reasoning
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Aside: Classical Physics from Quantum Loops:

JFD. Holstem
2004 PRL

Field theory folk lore:
Loop expansion 1s an expansion in 7
“Proots™ in field theorv books

This 1s not reallv true.
- numerous counter examples — such as the gravitational potential

- can remove a power of 7 via Kinematic dependence

m- m

\ —q° B fwm

- classical behavior seen when massless particles are involved
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IFD

Dispersive treatment of quantum potential .
Holstem
: i Ross
Quantum phvsics without loops Thoos

Interesting alternative method for low enerev calculations:
- microcausality and crossing
- independent of perturbation theorv

Interactions from multiplying tree amplitudes
- onlyv mnvolves on-shell gravitons
- classical and quantum corrections emerge from
zero-energy limit of tree amplitudes

High energy behavior onlyv generates analvtic terms
- subtractions 1n dispersion relation
e - can’t moditv classical/quantum terms
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Basic dispersive framework:
diagrams satisfv analvticity requirements
leads to a dispersive representation

; ” 1 > dt
Vo(s,q") = — / : ~p(s,t) + (L.H.cut = short range)
nJO

Spectral functions calculated via Cutkosky rules |
- quantum

- on shell intermediate states without loops
At low energy:
1
pls,t) = u-_:(.a')—t + az(s) + ....
Note: leading
1 az(s) _, non-analvtic
Vs S. = a5\ S — —gF P B
2 r; ] az( ) —q- T In(—q’) structures —
mdependent of
= 1 - (1 ossible
1'.?;'(*"') — o9 L _J EuEt achions
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High energy end - subtractions

Upper end of dispersive integral can give analvtic terms

Suppress upper end by subtractions

Va(s.q?) = V(s.0) ‘ p(s.1)
0 f—r_;

dt
I{"fj}—i{ 0) 4+ als }q 4+ — !;{.,f}
0 I‘—rj-

Subtraction constants equivalent to parameters
in effective Lagrangian (¢, . ¢, )

Nonanalvtic terms not modified — come from t--0 end of tegral
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Corrections to the electromagnetic potential:  Femberg
Sucher

- cut mvolves the Compton amplitude

with U:][‘/,F}{;i

—1
2w J 4x

)()(' C f] — I -\/[-'l#“f(pl' —k, P1r —4q.q — A'].,-"V[‘Ef([}:a,. —k. P31 4, h — f‘;:

Multiply amplitudes. mtegrate over angles. expand 1n t:

| 1
pls.t) = as(s) ? + az(s) + ....

V
_ ‘ L(H’I_l:—fﬂ'g}l : Fi
Threshold expansion: ay = —¢ A o=
; e | e (my+ mp) 7e? h
Vemu(r) =— |1+ - ¥ e 3.5
I Qi ; " s y S i
drcr STr mamp 247w mampcr
Pirsai-8606 Page 48/69
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Gravitational potential via dispersive techniques:

- cut involves gravitational Compton amplitude
?'5 ; s Bt Tirlth - 'l, / + X 4 v 4 Y

(s.1) —1 rdi¥)
-1 5. = —
Fg P2l 4w

.W‘_“fhjm{pl. —k.p1—q. q—k },"t/l};i'_dl p3. —k.ps+q.k—q)P,, o3P\

Amplitudes are more complicated. but procedure 1s the same:

Reproduce usual result —diagram by diagram Ghosts done
by hand for
i GMm _G(M +m) 41 Gh NOW
Vir)=— 143 - S
y re2 107 r2c®

oo R Y Strong check on loop calculation o



Universality of the quantum corrections:
We have been calculating other spins
- quantum corrections seem universal

Can we prove universality?: Wemberg
Electromagnetic amplitude has multipole expansion
- at low energyv. El transitions dominate — fixed tensor structure
- E1 transition has fixed g~ -~ 0 limit, normalized to charge

This low energy limit determines vt and constant terms in p

Reasons to expect that gravitational interaction is similar
- universal form - factorization
- low energv 1s square of E1 amplitude — fixed form

—all gravity spectral functions have the same low energy structure
—same classical and quantum corrections page 500



Coordinate redetimitions:

Possibility of further coordinate changes

Glmy + mgi]

IS

r— r[l + o

which changes the classical potential
Gy + ma)

Grmypmo Glmy + ma) Crrmpmos
— |1+ = — — I +flec—a)
r r r

-

However, in Hamiltonian treatment this 1s compensated by change of other terms
i

- (E. P .
B Py 2ma a Sm? & Sm>
=) [ % 1 L. ..-J

2
Gmyms p? (p-FF  Glmp+ms)
- 1 +a +b - ——
r myma myma r

1 (g + ma =
a — —|1+{(3+2a) —
2 T e
1 (rrry + m-_r}!
b » ——a
2 Iy I
1
e o— ——= — %
-

T

Einstein Infeld Hotfmann coordinates

Pirsa: 06060049
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Calculation:

Boson: ’ - .

eilpe—prh=

f ! Y| o [ w0 = r > - ol
< p2i Tl xl|pr >= Tﬂ——“ [—’H.H-f'l-*f ) — (Gl — Gueq” 1 F2lq J
Filg®) = l—%:—_(—:_— + g
1 T
Py = -:-?(-f'-
LB AR
Fermion:
-3 1
< po|Tpelpr > = it(p2) [F!:q-:f:_f‘:,_
rre
—_ F-:-Iile‘i.l_r'rr\.if'\f‘:_ "_;ﬂ-r-"."f'li'.,,?
. b ** Lrr: 3 ¥

; |
. Fa u;‘! M Futhh — _q,u_.q‘! J—] i oy |
Tre

Results:
-reproduce classical terms (harmonic gange )
-quantum terms common to fermions. bosons

1 2(zm i (var SGah
oo = i 2 = :
r e 3armrs
23 (Gex 2GGah -
e = \—— - — M5 2 T);
o i mrt amar>"" .
2Gm N e 1Gevh i
= e (!J

e e [ . 1

Pirsa: 06060049
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Quantum corrections to Reissner-Nordstrom and Kerr-Newman metrics

Metric around charged bodies, g]it ,
without (RN) or with (KN) angular momentmm _,'}_b fﬂﬂ
= Garbrecht
Konstantin
Quantum Electrodvnamics calculation
-gravity 18 classical here
-but uses EFT logac
Metric determined bv energy nfﬂmmtmn tensor: Eeiaasine
Ehﬁ — _lh Cr IrH = ?;”pir‘-_r} iﬂ“}ge
- - 1 -
huo(r) = —160G / dyD(r — y)Tly) — ;i‘h”,f{”}}
Logc:
looking for non-analvtic terms agam:
-long range propagation of photons
. & F’J;i{j jf r f.f'- IH‘— f;rb !‘.E-,
metric ~ Gmn / —'T Il —bao—7  — — — lc,m{q ) —ca— + .
A q m-= \ q- m= =
1 16y bovh cex -
~ Gm [— - : =rr =t _,r‘}'if.r! = = e (7)
Pirsa: 06060049 r TIryrr= TrE=or- Trek = Page 53/69



Calculation:

- S ¥
2i 1] ot .
- -
s
1

Boson: ’ - »

etiFE— P b < v ¥ L >
< pal T2} >= AR 2E. PLFq) — (9 — Gugq VFalq ]
W ey S i

' 5
i F 3 b omeET — I A
F ql = l—Lri_ ——_—ﬁrp—_'h-':_ r'I. —T.rﬂ_'—) +
i . by —ip= e b iy
g ] ad sl
f-:-.l". = —-[—— . —E.’—:—J—-il——-flll'_'-;'r.)—...
- = i ,{\ —f= § e
Wiy i
r - =
(F = e — [ —
! b pas

Fermion:

= 1
< po|Tpe|pr > = ii(p=) [Fl-:q':f:,f‘,',—
rrk
- ] ]
_— Fal =) | — \f'l e —T,, '\'f‘ ]
2L T M e

> » L
b F L ' M il — aps R J_:I £ )
t 43‘ i 4_{: i oy o = i 1

Results:
-reproduce classical terms (harmonic gange )
-quantum terms common to fermions. bosons
2G'm Gex SGah

Joop = 1 — n -+ o

: e 3rmrs
2 Giex 2Gali | -
goi = (— — + NS x F);

r mirt Tm2re
Pirsa: 06060049 Y " P 54/69
irsa . - 2(; I {:_' f I'J; —.Lc_rflr,ﬁ r; ;-J. " age
| 5 — —0;:; — O;:— + GO 5 -+ 3 - — O -+ ...
“LIJ L L s i [ P, 4 e LY



Phvsical intepretation:
- classical terms are just the classical field around charged partick

. N e~
TEMi=~ _ 2p2 _
T () = 5B =3550
T2¥F) = 0
B.. . e T N, 7
EM o Sy L _ 5,
s ) el ELJE lii::r*( r 2 U)

-reproduced 1n the loops expansion

- quantum terms are fluctuations in the electromagnetic fields
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Calculation:

- & ¥
2i ] ct &
- -
o=
I

Boson: " - .

E “SFEPL b - ¥ ¥ -
= pPo Tm.i_ x)|py >= _-l—-.-_ [jji_ B Fy g ) — 9.0 — Fp'F I."-_,':Jr ]
W L_*L'. .

- = US - TEE . —f I A
! ¥ = l_Fmﬂ'(__:_l\—q;-__l IR T :)_
_ 1 I M5 roy =< —if
Pl = 3+ q (- v . i e
) i} = ,;_ - - T“..'
Fermion:
< po|Tpe|pr > = ii(pa) [F’;:q"’:!},f‘:.%
- ol i ; X gl ] = P X re
o= 'F!‘ *f JIT”.AI "..l-' Lriz 3 O ':.u .
o |
e F'.-;-:q;" NGt — _q;,,_.q" J—] i gy )
fre
Results:
-reproduce classical terms (harmonic gange )
-quantum terms common to fermions. bosons
1 2Gm 3 (= SGah
Lo — . v T -
g r r= 3xmr3
26+ G 2Gah -
e = {—— =+ — WS x 7);
. = ol mrt % o oo
Pirsa: 06060049 h . 2Gm o LG ot rir ) Page 56/69
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Quantum Correction to Schwarzschild and Kerr Metrics

Interpretation less clear — but calculation well-defined

incomplete quantum calculation s

Holstemn
Bjermum-Bohr

Similar methods as RN and KN metrics:

- need to add in vacuum polarization diagram
-again reproduce harmonic gauge classical terms
-again boson. fermion results agree (non-trivial)

e 8 Ir:ﬁ”_:'i; ; o
£ f -],.'___ '.-‘—o--u-‘??" = T
S e 9 e
=l ey =
# W “¥ w g gt
: Gm == G-m- 62G-mh
gy — B pa— = 7T,
r re 15ar?
-Ya & vl oy w7 L
2G _}Cr'HJ' jh(l-ﬁ +: =
e = o g — > X Tl
rd y 152>
F = = P - ¥ ) ¥ —
_ Tl r ITLfL r;rs ¥ 1711 1OL="TNnn
i )( G-m= 114G mh ( £ 6 h
q = . —k o = i - T . == == - 5 s s : T
S J r - 15%r3 r= = 157

Note: Duff and L onlv consider vac. pol
-vertex comections are the same order
Pirsa: 06060049 -15 there a “classical source™ for graviesy
-mferactions do not decouple asm —oc



Graviton —graviton scattering

Fundamental quantum gravity process

Lowest order amplitude:

. > 9 Cooke:;
KRS

. -
£y — Behrends Gastmans
I fu ~ -
Grisaru et al

_ttrrr [

One loop:
Incredibly difficult using field theory

Dunbar and Norridge —string based methods! (just tool. not full string theory)

By = i (24 2t )
. M2 "
T_{l J'uupl L ; 1 ir_lI J'u'.r;:ll N
2 5 - T
gL fep ) " =1 eil'il + € P el tu
: L dm)? Fil— 2e 4

z It —uwh Ini —s Ini —¢) Imd —= I —& ) bi — 3 ]
- s tu ts J
Fere

£ —m it i 2 - wh i Y - 20y — T L M Ity s -

= : (2L + )

= = 5% i !

it —whi3det - 160983y + 25668 T + |Gt .H|u5| ¢

= F =

His™ [/

HESSCERRIEES 1022t + 01 1538%m + 1462208207 & 0L St + 1922

Page 58/69
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Infrared safe: .

Torma

The 1/€1s from infrared

-soft graviton radiation

-made finmite 1 usual way

1/e = In( 1/resolution) (gives scale to loops)
-cross section finite

(da‘) (r.fcr) (dﬂr) -
d‘;f free dE ! ez, l".ﬂ 2 rreoh rened 5

LS m
E s K-S —t — tu —t —u
204572 2ut i l6m2 {Iu = " 2 "f( ¥ )

g = i o

- o =

. . i > = W . ; __F'lr,_.._i_l
. (_ In— + = In— (31[I1-'_’I'r by B S TN :) ) l
s 3 : - .

Beautiful result:
-low energy theorem of quantum gravity
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Hamblh,
Burzess

Hawking Radiation

Exploratory calculation

-remove high energy contributios
-Pauli Villars regulators

-flux from local Iimit of Green’s function

F=—{T") =—{(Ts
11_ Jd d o dJd d 1 2
= — lim | - . >z, Z).
2o—e \Ot' O~ O~ ot)

-dependence on regulator vanishes exponentially

-radiation appears to be property
of the low energy theory

Pirsa: 06060049
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Limitations of the effective field theory

Corrections grow like Amp ~ A, [1 g qu "y qu In qz]
Overwhelm lowest order at g*~ M;*

Also sicknesses of R+R” theories beyond M,
(J. Simon)

Effective theory predicts its own breakdown at M,
-could m principle be earlier

Needs to be replaced by more complete theory
at that scale

Treating quantum GR beyond the Planck scale
1s likely not usetul

Pirsa: 06060049
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The extreme IR limit

Singularity theorems:
-most space times have singularities
-EFT breaks down near singularity

Can we take extreme IR limit?
-wavelength greater than distance to
nearest singularitv?
-r—co past black holes?

Possible treat singular region as source
-boundarv conditions needed

deSitter horizon in IR

Pirsa: 06060049
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Reformulate problem of quantum gravity

Old view: GR and Quantum Mechanics mcompatible

Shocking!

New view: We need to find the right “high energv™
theorv which includes gravity

Less shocking:
-not a contlict of GR and QM
-just ncomplete knowledge

THIS IS PROGRESS!
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Dueling quotations:

But for gravity. renormalization theory fails, because of the inherent nonlinearities in
general relativity. So we come to a key puzzle: The exustence of gravity clashes with ou
description of the rest of physics by quantum fields.

Edward Witten
Physics Today
April 1996

A lot of portentous dnivel has been wnitten about the quantum theory of gravity,
so I'd like to begin by making a fundamental observation about 1t that tends to be
obtuscated. There 1s a perfectly well-defined quantum theory of gravity that
agrees accurately with all available experimental data.

Frank Wilczek
Physics Today
August 2002
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Reformulate problem of quantum gravity

Old view: GR and Quantum Mechanics mcompatible

Shocking!

New view: We need to find the right “high energv”
theorv which includes gravity

Less shocking:
-not a contlict of GR and QM
-just incomplete knowledge

THIS IS PROGRESS!
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Dueling quotations:

But for gravity. renormalization theory fails, because of the mmherent nonlinearities in
general relativity. So we come to a key puzzle: The exustence of gravity clashes with ou
description of the rest of physics by quantum fields.

Edward Witten
Physics Today
April 1996

A lot of portentous drivel has been wnitten about the quantum theory of gravity,
so I'd like to begin by making a fundamental observation about 1t that tends to be
obtuscated. There 1s a perfectly well-defined quantum theory of gravity that
agrees accurately with all available experimental data.

Frank Wilczek
Physics Today
August 2002
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Another thoughtful quote:

“I also question the assertion that we presently have no quantum
field theorv of gravitation. It 1s true that there 1s no c/osed. mternally
consistent theorv of quantum gravity valid at all distance scales. But
such theories are hard to come bv. and 1n anv case. are not verv
relevant in practice. But as an opern theorv, quantum gravitv 1s
arguablv our hesr quantum field theorv. not the worst.

{Here he describes the effective field theory treatment}

From this viewpoint. quantum gravitv. when treated —as described
above- as an effective field theorv. has the largest bandwidth: 1t
1s credible over 60 orders of magnitude. from the cosmological

to the Planck scale of distances.™
J.D. Bjorken
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Possible applications
Singularity theorems
Cosmology — early umiverse

Possible tests???
-long distance propagation
-quantum effects on photons
-frequency dispersion

Comparison to numerical methods
-lattice gravity

EFT m presence of A
-quantization and divergences known (Christensen and Dutf)
-power counting modified

de Sitter “instability™:
Pirsa: 06060049_1111 d ﬂI'Stﬂndmg TSﬂm iS T\I,-"diard eff{ﬂ‘Ct
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Summary
We have a quantum theory of general relativity
-quantization and renormalization
-perturbative expansion

It is an effective field theory
-valid well below the Planck scale
-corrections are very well behaved

Effective field theory techniques allow predictions
-finite
-parameter free
-due to low energy (massless) propagation

EFT may be full quantum content of GR
-points to breakdown by E = M,

Need full theory at or before Planck scale
-many Interesting questions need full theory
-not contlict between QM and GR. but lack of knowledge
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