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Introduction

Can quantum field theory (or quantum gravity, or string the-
ory) make sense in a spacetime with closed timelike curves?

Free theory (single particle states) usually OK (possible quan-
tization of energy eigenvalues)

Unitarity breaks down when interactions are turned on per-
turbatively

Will conjecture and partly show that, in some cases, unitarity
IS restored at discrete values of the coupling constant
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A Spacetime with Closed Timelike Curves:
an Orbifold of M?

e M3 with coordinates

H;."w'z — —‘2(f.f'+rf_f'_ — rf.r‘z

e Killing direction

n—13 (..f_}__,. — E_lp_)
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e Introduce new coordinates

vt = ot + Beem +—(=7)

y = x

|
il

4

e Metric and Killing direction become
ds? = —fo_:;_u"_r;_'_ — QE_r;(:f_r;_)z — rﬁ_:;z

)
K ek E ZE 1

Yy~
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e Consider the orbifold

M3/Q I
y~ ~y +E1

The Geometry of the Orbifold

e y 1 is light—cone time and r_;—; — J;‘+ is a null Killing vector

e Orbifold generator ;i_ null at y = 0 and timelike for y < O
R
5,
H = ( . ) — 2F7y
Y,
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e Introduce new coordinates

_.-,.r+ = T+ Fxx— +

y = x

|
i

Y

e Metric and Killing direction become
ds?* = —2dy dy™ + QE_r;(:f_r;_)z + dy”

)
K e e E e 1

oy~
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e Consider the orbifold
M3 /Q (Q=¢€")

y ~y +E!

T he Geometry of the Orbifold

e y 1 is light—cone time and ;}i+ i J;‘+ is a null Killing vector

e Orbifold generator ;;_ null at y = 0 and timelike for y < O
& e
5,
H = ( ) — 2 Fy
e
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e | wo dimensional reduction

.- - 2
ds® = ds5+ H el H_lff_r;+)

M

rr'ﬁ:% — g1 (r!’;;_{_)z + dy?

with ¥ > 0 and Carter—Penrose diagram with chronological
singularity at y = C

-
-
e
"
[
-
-
- E
-
-
-
-
-
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e In 3D CTC’s have to go into the y < 0 region

e Polarization surfaces

AAAARAAAANNA i
[ : 'y
&

e
|
[}
L

=

(x — Q”':{)z =1

= w<
24F
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e | wo dimensional

with y > 0 and Carter—Penrose diagram with chronolo
at y )

SiI

T

ularity

>
f."r.'-."_

.

reduction

= ds3+ H (dy~ — H ldy™)
/ 2

e _H—l L”f:,}-i-)" N 0 ”r.:JFE

r .
P
r
- N,

-
*
-
s
-
-
- E
.
-
-
-
-

2
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e In 3D CTC’s have to go into the y < 0 region

e Polarization surfaces

AANAAAAAAAAA T
L (]
"‘_—

e
|
[}
L

&

(x — Q”':{)z =l

— w<
24F
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e Horizon is w — o¢ limit of polarization surfaces

BTZ Black Hole Inside the Horizon

e Extremal BT/Z black hole

AdS3 |/ Q2
with
¢ f'L[hh = (_—'u!lf_'-)r radius f)
e Dual CFT state
Lo+ Lo = My, + ixﬂ
Log—Lg = J (M — = Planck maas)
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In a unitary CFT with fermions we expect half—integral spins

[\
el
M

7

e Flat space limit

£ — oC J fixed
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Obtain previous orbifold of M3 with
M

s oeNe 2

47 FE

[

(T

With fixed geometry £ we expect a unitary evolution at dis-

crete values of the gravitatio

Quantization of M from O8 charge quantization

Type IIA on
M3/Q x T
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In a unitary CFT with fermions we expect half—integral spins

N
=
M

7

e Flat space limit

f— o J fixed
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Obtain previous orbifold of M3 with
M

—_=2J€eZ

With fixed geometry E we expect a unitary evolution at dis-

crete values of the gravitational coupling A, In the presence

Quantization of M from O8 charge quantization

Type IIA on
M3/Q x T?
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e Uplift to M —theory on
: =
M3/Q <« T7 x st ( Rq1 ;gj )

Compactify on € and T—dualize on T7 x S1 to obtain 08—
plane geometry in Type IIA with

5521
I; =EI} & g
< — L E}Q 1'2
TE" 2
and tension
i 4 .
= ol
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e In terms of the original orbifold O8—charge quantization im-
plies as before

Scattering T heory

e External Q—invariant scalar states labelled by A = m?2 and by
the conserved momenta

7
) —
S Iyt

s,

p_ € 2nEZ — (KK momentum)

dy—
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e Wavefunctions are sums over action of €2 on plane waves
['_"_}k (X)

i

/”“H e T ¢ (2°x)

e Convenient basis

p 1 e S
1)\1“_'__{_}_ (}[) — —/r“. dy e +hkr+Ek_a ‘.' :
;_”—r—‘
. Sl [, \) & k>
< Pl SN

A

)y
> el il
( 2p4 )

Decay exponentially in y < 0 region
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e Propagator: method of images (A is the Feynman propaga-
tor)

(® (x) D {z:{’r'} ) = ) A [Q”'X, }:!)
: e s w
Summand given by integral

1y

- d3q T g
/ -._'.}Q__...__-zri (X) c_’.}QI_r.__-Eq LX ]

(27)3
of
— E—I{f :_—}—ﬁ 3 ___)
{'12 -T— T 52 — IE
w
2 —if 2
5 9 q 2 g
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e Feynman rules for graphs in the “winding representation”
(consider in particular a massless scalar coupled to a massless
spin j particle)

e /£ N ¢

w et IR
| [ <]
N < N

— Assign 3D momenta k; to external states
— ASSIC ign winding numbers w to propagators

— Compute graph M, (k;) using usual vertices and modified
propagator
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— Average over momenta k; to get to I-;\_p+_.},_ basis for ex-
ternal states

qulﬁ_ / ll'fi-'.l.' {i (r;JI*;) ,;:”':'\. (JE-) i_l'.i.' (k.‘)

with J{:I,_+_ = Di+, k? — —\ and

Gy 5 16 \;) A ke
i 7 = P ) ,r)—F — Ay vy

; QE;J'_?H e / 3
— Sum over “inequivalent’ winding choices

e Cutting rules break down due to winding propagators (w #= 0)
going on—shell ! Breakdown of perturbative unitarity.
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e [adpole
diverges on polarization surfaces at vy, = w?/24E (for j =
0 it is proportional to A (Q%y.y) x (y — yw +i€)"1/?) and
Im (- - =0 for y < yw

e Consider 2pt function. Leading coupling to tadpole
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gives a non—vanishing Im (---) part with no decay channel

e Need to partially resum perturbation series

— leading order in winding

— all order in parent amplitudes
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gives a non—vanishing Im(--.) part with no decay channel

e Need to partially resum perturbation series

— leading order in winding

— all order in parent amplitudes
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Two Point Function: Leading Winding Contribution

e Special kinematical limit

pP— fixed
e 4

i

(A N = 0 for Simplicity')
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e External states given by saddle points of phase

iy
(k) = — (ﬁ- -5

E‘-“%— 3

(,_u — \___.-"'2;;+;)_

Saddle at k£ = p where external momenta are given by

r % Fl %
o

k =L‘“+'£)_'£)) k!={—fﬁ_}_‘—£')_,j'))

(and other saddle at £ = —p)
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Two Point Function: Leading Winding Contribution

e Special kinematical limit

pP— fixed
pyr— 0

r

(A N = 0 for Simp!icity')
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e External states given by saddle points of phase
1 =
x (k) = o (!*2*' " ?)
Py
(= /2r4p-

Saddle at k£ = p where external momenta are given by

r % # L
o

k =L£'J'_f_.i'l__!')) kj:{_l”—}—‘_f)—"!”)

(and other saddle at k = —p)
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Two Point Function: Leading Winding Contribution

e Special kinematical limit

pP— fixed
0

i

L}‘" N =0 for Sirnp!icity')
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e External states given by saddle points of phase

]. 3 ,'{.3
=gl ()
Py :

(f* = \/2p4+p—)

Saddle at k£ = p where external momenta are given by

r % # L
o

k =L‘“+'£)_'£)) k!={—fl_}_‘—£')_,!f})

(and other saddle at £ = —p)
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e Loop integral over q

r —1 :.H_‘r _—f—-}LM_"Er )
/ ”r?:r{Tl ? fIL { 24 H—)
f—l LE

:";BLQ_” _rl_Q” {-1—}\_—1{) x
A(s(q).t(q).u(q))

X

e Two non-—trivial /—functions fix g4 = 2p/w and ¢ = 0O leaving

one Integral over

e In the limit

P Il <2

”“_LU—
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the Mandelstam invariants read

= (ebroa)= " 4
t = —(k+¥)=-4p
Then
t fixed g
w=u(s) =s— 2=

e [ WO point function is sum of contributions at the two saddles
=

rr+ —+ " f__

Pirsa: 05100008 Page 36/66




with ¢ a constant (dependent on pL,w) and

™ rjl'l_n..,; .Jl, H 2 B
r:l: = / —_..x“]l. ("1 L. u (‘-)) € = ApE .
J 2mi
1 - -
(winding propagator)

w| s — dpp_ + i€

e Reality of the two point function equivalent to

™ =ry

Page 37/66
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Graviton Dominance in Sub—Planckian Eikonal Scattering
in 3D

e Massless scalar s—channel scattering in 3D

A .
. y A : inf _2idn(s) sin<f — —t/s
1 '|‘..—l—4\.,§: € ( Imr-,;” _}D

e Small angle

- ag ol 1t

Zn S [rf.r‘

with = 2n/,/s impact parameter. One obtains

1124~ [ff.r e j,c 2id(s.x)
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e Leading order in couplings
,—ltree (.-1"?['} e 45\/ ”I’_}., p .-:_F"-._r—_.f’r.i (_q__f-)

e Numerous derivations
— High energy behavior of Feynman diagrams

— "“Classical Field” techniques

e Interaction mediated by spin j particle

B S
Atree ~ —4M3>4] =
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1

2. Often choose units so that M = 1

— Planck mass M =

— Unit couplings in Planck units

— Phase shift
2§ ~ —gi—1 ||

negative and linear with impact parameter (easily under-
stood for j = 2 as scattering in a conical singularity)
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e Full Eikonal Amplitude (sum of high energy behavior of crossed
ladder graphs)

e 't Hooft Poles. é—function contributions at poles changes
the free propagation result 4nsd(/—t) to

21s0(v/—t — ¢ V) + 27s8(v/—t + )

For j = 2 scattering angle 6 ~ /s due to conical singularity.
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Often choose units so that A/ = 1

— Planck mass M = 51~

— Unit couplings in Planck units

— Phase shift
28 ~ WO |r

negative and linear with impact parameter (easily under-
stood for j = 2 as scattering in a conical singularity)
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e Full Eikonal Amplitude (sum of high energy behavior of crossed
ladder graphs)

e 't Hooft Poles. é—function contributions at poles changes
the free propagation result 4nsd(/—t) to

2r3d(v/—t — 1) + 278 8(v/—t + & 1)

For j = 2 scattering angle 6 ~ /s due to conical singularity.
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e Sub Planckian scattering

2 G
s <ll<s<]

Then
= = =
| l I
1 ~ 2 . = s el L': ~ L_.E ?l-
t+s—2 i ~ 1 Al wil

— j = 2 graviton dominates

— 7 = 2 't Hooft pole reliable

e Closer look at j = 2 amplitude. Can write it as

29 :
|58 — 1) 1 1
e :( ) . - —

2 \ ) s F—t Fe uF +/—tF i€
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e Pseudo—particle exchange of mass? ++/—¢ in s.u channels.

e Off—shell generalization for the Kinematics

T he tree—level result is

Atree 2 —
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e Pseudo—particle exchange of mass? +v/—t in s.u channels.

e Off—shell generalization for the kinematics

T he tree—level result is

(s — ”)2

Lo

Pirsa: 05100008 Page 47/66




e R I » ' /
y //.'r"';r




e Pseudo—particle exchange of mass? ++/—¢ in s.u channels.

e Off—shell generalization for the kinematics

T he tree—level result is

(s — ”)2

Mare -
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e Amplitude A (s.u,t) symmetric in s,u with poles at

s = 4+ (\—_r + ie)
= (\—_?L - H—'-)

(|

e Example
A=art Ay +a_A_

If ay +a_ =1 then compatible with
— on—shell eikonal

— off—shell tree level

Pirsa: 05100008 Page 50/66




Applving the Eikonal Methods

e Recall
rez [22 Astu(s) Hinesi
SR p. e \w| s — 4pp_ + ie
with
Spp_
— —43;2 fixed u(s) =s — .

e \We are in the eikonal regime
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e Complex s—plane

A s
[, poles
M u=M ¥t
x x
-ME |\ u=ME
[_ poles winding propagator

e Consider for simplicity the example (results hold in general)

A=aj Ay +a_A_
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Applving the Eikonal Methods

e Recall
r / = A (s, t.u(s)) ool
o pl v I i o \w| s — 4pp_ + i€
with
Spp_
— —43;2 fixed u(s) =s — =

e \We are in the eikonal regime
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e Complex s—plane

[, poles
Mt u=M ¥t
-M V=t fh u=-NMy-t
[_ poles winding propagator

e Consider for simplicity the example (results hold in general)

A — ”_+_..;’-L_!._ +a_A4_
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Applving the Eikonal Methods

e Recall
rex [ Astu(s) b
e P T \w| s — 4pp_ + i€
with
S8pp_
K — —43;2 fixed u(s) =s — L4
w

e \We are in the eikonal regime
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e Complex s—plane

[, poles
*11(\!:? U:jlvfrJ—T
-MyE |\ u=ME
[_ poles ' winding propagator

e Consider for simplicity the example (results hold in general)

A — r:_}_,'—h_._ +a_A_
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One has for all w

T T o _ 1
Unitarity ('3 = IM_) implies
M i .
——— L Gy T+ a_ =
OF i
Notes
e [ree level result for A gives
ry ~0 I ore—1
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e Amplitude A (s.u,t) symmetric in s,u with poles at

g (\—_r + i)

- = (\ —t+ f-f-'-)

L

e Example
A=at Ay +a_A_
If ay +a_ = 1 then compatible with

— on—shell eikonal

— off—shell tree level
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One has for all w

Unitarity (I'y. = I_) implies

M il )
— & i (1 e —
o ®
Notes
e [ree level result for A gives
[__+_ e O l__ i —1
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One has for all w

Unitarity ('3 = ") implies

m e )
2E € 2" ay+a_ =
Notes
e [ree level result for A gives
ry ~0 I o1
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Unitarity violation due to coupling to tadpole

e Eikonal scattering is transverse, with no P+ exchange. All
decay channels would require splitting the incoming P+ in
the various decay constituents

e Results obtained at energies < 1/va’. Independent of string
theory (or other high energy completion of the theory) as
long as we have a theory of gravity (spin 2 particle ex-
changed)

e Higher dimensional nature of interaction irrelevant in the
low—energy limit, well below the compactification scale. In-
teractions truly 3D

Pirsa: 05100008
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Things to Do

e Compute off—shell extension of the eikonal approximation (ei-
ther by Feynman diagram or by classical field techniques)
Problematic due to IR divergences which require resumma-
tion

e Extend results to n — m scattering (possibly using old work
of 't Hooft in 3D quantum gravity)
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