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» Consistency conditions on classical lagrangians

» unitarity

» Lorentz invariance

Whatis... ?

1. most general »pure gravity« theory?
(only massless gravitons)

2. most general »classical« gravity theory?
(possibly including massive higher spins)
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PERTURBATIVE (Q)FT & FEYNMAN
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GEOMETRY VS. QF T

We can look at gravitational interactions in two complementary

ways
» Geometry
» QFT — GRis unique low energy theory for interacting spin 2
Weinberg '64
» Lorentz invariance = diffeomorphism invariance
— 2 helicity states!
hyw | P by, = B, =0 (57 d.o.f)
h;w — huu +aupy + aupy 5 O"upu =0
» Equivalence theorem YR =0 = k;=k

» Many quantities can be computed in both frameworks.
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FEYNMAN DIAGRAMS IN FIELD THEORY

Klein-Gordon equation
(VZ+m?)p=0 . ¢p=e" with p>=m? (on-shell)
— it is linear: ¢o = [dpd(p* — m?) [a(p)e” 7" + a¥(p)e™”]

Nonlinear equation

(V2+mP)p=9g0® 5 6=3,9"

— Green's function: (V2 + m?)G(z,y) = §(z — y)
(propagator) G(z,9) = 527 Sme (off-shell)
(V2+m?)pr =5 ; =fdyGﬂ: Y)d5(y)
(V2+m?) g2 = 3931 ; ¢2 =3 [dy G(z, y) 3 (y)d1()

diagramatic expansion!
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CAUSALITY & QFT

Not all local, Lorentz invariant lagrangians are consistent.
Adams, Arkani-Hamed, Dubovsky, Nicolis & Rattazzi '06

e.g. massless scalar field
C
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Not all local, Lorentz invariant lagrangians are consistent.
Adams, Arkani-Hamed, Dubovsky, Nicolis & Rattazzi '06

e.g. massless scalar field
C
L=-0,00"¢+ F(au¢3“¢)2+~-

Effective metric: ¢ = ¢o + 1, 0.0 = O,

(7 450+ ) dd+ =0

GH "( (,‘)())

In order to avoid causality violations: c>0 (and CTCs)

Assuming analiticity & unitarity:
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QFT: global Lorentz symmetry (Lorentz inv. notion of causality)
Gravity: less obvious

» just local Lorentz invariance
» locally ¢, > 1 not necessarily leads to CTCs

Lorentz invariance still asymptotic symmetry Gao & Wald 00

= asymptotic causality

» Null energy condition '

» Einsteins' equations

We can prove the positivity of mass in this way Penrose, Sorkin, Woolgar
and can be generalised to asymptotically AdS spacetimes
(holographic causality) Page, Surya, Woolgar

Brigante et al. 9



JOURNEY THROUGH THE SHOCK



SHAPIRO TIME DELAY

4-th classical test of GR: light slowed down by the gravitational
field of a massive body.

Simplified experiment: probe in the gravitational field of a highly
energetic particle (shock wave)
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SHAPIRO TIME DELAY

4-th classical test of GR: light slowed down by the gravitational
field of a massive body.

Simplified experiment: probe in the gravitational field of a highly
energetic particle (shock wave)

o Py
ds® = —dudv+ 6(u)h(x)du?® + da'da’ ;o hle]) = GN|‘$’d—’4

probe delay

Av=h(b) >0
Av>0

same as for a scalar field or
GR (phase shift) § = P,Av
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3-POINT FUNCTIONS

There is a equivalent description in terms of 3pt functions

The Mandelstam invariants:
s= P,P,, t=—¢

q
Forward limit, s > t
2
s P,
/ \ Atree(sa t) = ? ; Av= GN[LditJ;
P, P,
Eikonal approximation (impact parameter representation)

1 )
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3-POINT FUNCTIONS

There is a equivalent description in terms of 3pt functions

The Mandelstam invariants:
s=P,P,, t=—¢

q
Forward limit, s > ¢
§% P
/ \ Atree(sa t) - 7 5 Av= GNlLdel
P, P,
Eikonal approximation & factorization (massless pole)
1 .
5(37 b) - /dd_Qqelb.q-Atree(sa_qz)
S

L _ , 1
= Y Alla =0 Ai(a=0y)
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3-POINT FUNCTIONS II

spin 1 No kinematic invariants:
(k1 + k)2 = K3 =

€1, ki )’% Only a single coupling /Gy

With spin, we also have
€3, k3 polarization vectors
ki-ei:O ) GiNEi‘f‘ki
Ay = (61 62)(63 k1)+ ~ F (F2)



GRAVITY 3-POINT FUNCTIONS

spin 2

€1, ki €2, ky

—

/63,’63

Go = Ap Ay ok
Gy = Ay A LR

Gy= AyAy  CAR3

agg ~ [
extra terms relevant at
distances  r~ \/|la2.4]|



GRAVITY 3-POINT FUNCTIONS

Spiﬂ 2 Go = A()Ao %NR
Go= Agdy 2R

€1, ki €2, ky N
N—" Gi=AyAy  SR3

/63, k3 agq ~ [L7]

extra terms relevant at
distances 7~ /|| 4]

Effective field theory:  ap 4 ~ l% (strong coupling)
Weakly coupled gravity: ag 4> £
Overall coupling Gy very small (all three very small)

e.g. string theory gs— 0, agq~d



WEAKLY COUPLED GRAVITY THEORIES

Consider a general gravity theory

1
167Gy

/ dlxy/—g (R + R+ dR% + .. )

and compute the time delay (for a scalar source)

G| Pull

Ay = (1 + ao(e€ - 01;)2 + 04121(6 : 86)4) pd—4

b2 b4 bd*‘l



SHAPIRO TIME DELAY

Depending on the polarization we can propagate faster than
light as seen from infinity.

Violates asymptotic causality
Gao & Wald '00

Av> 0 In AdS, it corresponds to a
violation in the boundary
Av <0 theory.



SHAPIRO TIME DELAY

Depending on the polarization we can propagate faster than
light as seen from infinity.

Violates asymptotic causality
Gao & Wald '00

In AdS, it corresponds to a
violation in the boundary
theory.

Indication for the existence of
CTCs

16



HIGHER-SPIN FIX



CORRECTING THE PROBLEM

Adding more external
particles does not help
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Py P,

Massive spin two does not help

Graviton contribution grows
like
s= P,P,

Contribution from spin J

particles grows like s/

. 2 1
[ J22 N mjf/@ ]

Massive higher spins have problems with analyticity

= we need an infinite number!



CORRECTING THE PROBLEM

Graviton contribution grows

like
J s= P,P,
Contribution from spin J
particles grows like s/
— ~ Qg

Massive spin two does not help

Massive higher spins have problems with analyticity
= we need an infinite number! — it works for strings!!

Amati, Ciafaloni, Veneziano '88



EXTENDED GRAVITON AND 3-POINT FUNCTIONS

If the graviton is extended
different pieces suffer different
time delays:

e~ g

[6(b+e) 4 6(b—e)] ~ 6(b) + iaﬁa(b)

DN |

from where: g ~ P ~ typical length of the string

19
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CONCLUSIONS & OPEN QUESTIONS

» Corrections of the graviton 3-point function imply a
violation of causality

» May signal the existence of new higher spin particles and a
structure similar to string theory

» Graviton 3-point functions are encoded in the
non-gaussianities of the gravity wave spectrum --
string-like theory during inflation?

Danke schon!!
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