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With LHC still far in the future, Observational Cosmology is now challenging string theory
with high-precision data:

Qbaryon = 4.7 , Qdarkm = 24.3 , QA =71.0 ] w = —0.98 £+ .12 .

These results are well explained by simple effective field theoretical inflationary models,
yet fundamental questions are unanswered: What is dark matter ? Why is dark energy so
small yet close to the critical density ? What is the inflaton ? Why is the universe
three-dimensional ? What was there before the Big Bang etc.

The effective field theory description, breaks down at the Plankian or string scale
encountered e.g. at the initial singularity or in primordial cosmology.

Yet it is in these regimes that the distinctive features of string theory may reveal
themselves and possibly lead to experimental signatures: minimal length, extended states,
UV softness, Hagedorn spectrum, holography...How about StringY CosmologY ?
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Time dependence in string theory

Attempts to discuss time dependent backgrounds in string theory immediately face trouble:

Perturbative string theory is well suited for S-matrix computations around an
asymptotically flat coherent background, with a unique stable vacuum. — LHC 2008

Time dependent backgrounds have in general no canonical vacuum state; due to particle
production, they instead have a variety of in and out states related by Bogolioubov
transformation, ie condensation of squeezed states.

Of two evils choose (n)one: string field theory or non-local worldsheet.
Aharony Berkooz Silverstein
Time dependence is presumably incompatible with target space supersymmetry.

Perturbative string theory requires an Euclidean worldsheet, hence Euclidean target
space. The analytic continuation may be ambiguous or ill-defined, Lorentzian observables
may be very different from their Euclidean counterparts.

String theory is not content on a finite time interval, and one is frequently forced into Big
Bang / Big Crunch singularities, CTC in the process of maximally extending the geometry.
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String theory has a variety of extended objects that may become light at a space-like
singularity, could their exchange dominate the dynamics and lead to finite amplitudes ?

Usual Euclidean (static) orbifolds can often be resolved by condensation of twisted sector
flelds. Does a similar process take place for spacelike singularities ?

In this talk, we shall discuss the “Lorentzian” orbifold of flat A \/ -
Minkowski space by a discret boost: this is a toy model of a S /
singular cosmological universe where string theory can in \ \/ ‘ ‘
principle be solved explicitely. // \

We shall focus in particular on the extended perturbative string states which wind around
the collapsing dimension.
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In order to disentangle gravitational instabilities from time-dependence, it may be simpler
to consider time-dependent open string configurations.

Backreaction in the closed string sector may be neglected as g, — 0. Yet general issues
such as choice of vacua and production of open strings are retained.

In particular, the head-on collision of two D-branes has a strong analogy with the
Lorentzian closed string orbifold:

Stretched open strings behave analogously to twisted closed strings. The issue of
cosmological singularities is replaced by that of bound state formation.

More precisely, | will be interested in the T-dual problem, charged open strings in a
constant electric field, which has even simpler dynamics: the charged pairs emitted from
the vacuum by Schwinger production move off to infinity, and cause the electric field to
decay to zero.

Can Schwinger production of twisted closed strings resolve the cosmological singularity of
the Lorentzian orbifold ?
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Outline of the talk

1. Introduction

2. The Lorentzian orbifold and its avatars

Misner, Taub-NUT, Grant...
3. Closed strings in Misner space: first pass

Nekrasov
3. Open strings in electric fields, revisited
Berkooz BP
4. Closed strings in Misner space: second pass

Berkooz BP; Berkooz Durin BP Reichmann Rozali
5. Conclusions, speculations
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ds’ = —2dXTdX + (dX")?, XT ~e?PxT

The future (past) regions X "X~ > 0 describes a cosmological universe often known as
the Milne universe (1932), linearly expanding (contracting) away from a Big Bang
singularity (toward a Big Crunch singularity):

ds® = —dT? + B*°T?d6”> + (dX")?, 0=6+2r, X  =Te""/V2

This is a degenerate example of a Kasner singularity, everywhere flat, but for a
delta-function curvature at T' = 0.

In addition, the spacelike regions XX~ < 0 describe two Rindler wedges with compact
time, often known as whiskers, leading to closed time-like curves:

ds® = dr® — B°r’dn® + (dXi)2 n=n+2r, X*E = :I:reiﬁn/\/i

Finally, the lightcone XX~ = 0 gives rise to non-Hausdorff null lines, attached to the
singularities.
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The Misner/Milne Universe

X~ - X
o

The Misner geometry arises as the M-theory lift of a simple (ekpyrotic) cosmological
solution of Einstein-dilaton gravity with no potential.

Khoury Ovrut Seiberg Steinhard Turok

Misner space was first introduced as a local model of Lorentzian Taub-NUT space:

o2mt + 12

ds* = AU (t)o5 + dlosdt + (* + 1) (o] +03) ,  U(t) = —1+— —

A bouncing universe, isomorphic to R"' /boost x S? around each singularity.
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The gauged WZW model SI(2)/U (1) at negative level —
orbifolded by a boost J describes two parallel Universes ( O ‘ ‘I’\>
with a curvature and a Milne singularity, and compact

whiskers. O ” >

Tseytlin Vafa; Craps Kutasov Rajesh; Craps Ovrut

The Lorentzian orientifold ITB/[(—)% boost] /[Q2(—)*L] was also recently argued to
describe orientifolds of non-supersymmetric strings with non-vanishing Neveu-Schwarz
tadpoles.

Dudas Mourad Timirgaziu
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A close variant of Misner space is the quotient of flat space by the combination of a
discrete boost and a translation on an extra direction, often known as the Grant space:

ds® = —2dXTdX +dX*>+ (dX")?, (X5, X)~ (e X* X + 27R)

Due to the absence of fixed point, the cosmological singularity is smoothed out. This
describes the space away from two moving cosmic strings.

Gott 91, Grant 93

Defining Z* = XTeTPX/E the metric can be written in the Kaluza-Klein form

E2
ds’ = R*(dX + A)> —2dz1dZ~ — Q—RQ(Z+dZ_ —Z7dzZY)Y?, X=X+2n

with radius R and KK electric field

E
R*=142EZ"Z, dA = ﬁdzmz— ., E=p8/R

Cornalba Costa
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The Grant space (cont)

In particular, the compact direction X becomes time-like in the region
XTX~ < —1/(2E): there are still CTC !

CTC passing through a point (X, X ) exist whenever
—2XTXT(1— e (1 — ™) + (27nR)? < 0

hence for any XX~ < 0: the light-cone acts as a chronology horizon, an accumulation
of polarized surfaces P,.

All CTC have to passinto X "X~ < —1/(2E), hence may be suppressed by excising this
region: orientifold boundary conditions ?

Cornalba Costa
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Closed strings in Misner space - untwisted states

As usual in orbifold constructions, part of the spectrum involves string which close on the
(flat) covering space, and are invariant under the orbifold projection:

Xi(a + 2w, 7)) = Xi(a, T), (83 — (93))(i =0

with the on-shell condition 2kTk~™ = m.
Vertex operators (or states) can be obtained by (infinite) sum over images, e.qg.

Z OX1ToX™ exp <27T[3n +ikTX e TP ik X Te 2 'Lkzxz)

Equivalently, after Poisson resummation over n, their wave function has integer boost
momentum j = 0, — =~ I_,

( Z )(’9X+5X/ dv exp <27Tﬁfu +ikTX e ™ 4 ik X Te TP 4 ik X + 27r7lvj>

j=—o0

The resulting eigenfunctions describe strings with momentum 5 along the Milne circle. For
kT > 0,k~ > 0, they are exponentially decreasing in the Rindler wedges. j is now the
(quantized) Rindler energy.
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As in any time-dependent background, there is no canonical choice of vacuum state:

At T — +o00, an appropriate basis of solutions are Hankel functions
(1) —ij6 —ij0+imT
H'/.(mT)e ~ e /INT

They involve only negative frequency plane waves on the covering space, and annihilate
the adiabatic vacuum.

As T' — —oo, the same basis of functions becomes
(Hfjl)(mT)) o0 e—z‘jeq:imT/ﬁ

There is therefore no particle production in the adiabatic vacuum.

As T' — 0, solutions become independent of the mass, and define the conformal vacuum

basis,
Jim(mT) ~ o J0+ili|log(mT)
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Vacua of Misner space

As in any time-dependent background, there is no canonical choice of vacuum state:

At T — +o00, an appropriate basis of solutions are Hankel functions
(1) —ij6 —ij0+imT
H'/.(mT)e ~ e /INT

They involve only negative frequency plane waves on the covering space, and annihilate
the adiabatic vacuum.

As T' — —oo, the same basis of functions becomes
< m(mT)) —ijo e—z‘jeq:imT/ﬁ

There is therefore no particle production in the adiabatic vacuum.

As T' — 0, solutions become independent of the mass, and define the conformal vacuum

basis,

S(mT) ~ g0 Filillos(mT)
Jilj

The adiabatic and conformal vacua are related by a non-trivial Bogolioubov transformation.
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Quantum fluctuations and backreaction

In the Minkowski vacuum (inherited from the covering space), the renormalized propagator
can be obtained as a sum over images, e.g in D=4

Gwsa) = Y [—2(Xt — X)X — X7 4 (X — x7)

n=—o00,n7#0

13
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Quantum fluctuations and backreaction

In the Minkowski vacuum (inherited from the covering space), the renormalized propagator
can be obtained as a sum over images, e.g in D=4

Gwsa) = Y [—2(Xt — X)X — X7 4 (X — x7)

n=—o00,n7#0

The one-loop stress-energy tensor follows from G(x, x), e.g for a conformally coupled
scalar,

r—Xx

/ 1 /c /
(Tup) = lim/ [(1 — 28)V,V, — 26V, Vy + (26 — i)gabvcv G(x,x)
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Quantum fluctuations and backreaction

In the Minkowski vacuum (inherited from the covering space), the renormalized propagator
can be obtained as a sum over images, e.g in D=4

Gwsa) = Y [—2(Xt — X)X — X7 4 (X — x7)

n=—o00,n7#0

The one-loop stress-energy tensor follows from G(x, x), e.g for a conformally coupled
scalar,

(Twp) = lim [(1 — 26)V,V) — 26V, Vs + (26 — %)gabvcv’c] G(xz,x)

r—T
leading to a divergent quantum backreaction:

2 4+ cosh 2mn g
[cosh 23 — 1]2

Hiscock Konkowski 82

K >
T 4diag(1, —3,1,1), K =
T g( ) >

(T,) =

n=1
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Quantum fluctuations and backreaction

In the Minkowski vacuum (inherited from the covering space), the renormalized propagator
can be obtained as a sum over images, e.g in D=4

Gz ) = Z [—2(X+ . eQWBnX—I—/)(X— _ eQwﬂnX—/) 4 (Xz' _ Xi/)2]—1

n=—o00,n7#0

The one-loop stress-energy tensor follows from G(x, x), e.g for a conformally coupled
scalar,

(Twp) = lim [(1 — 26)V,V) — 26V, Vs + (26 — %)gabvcv’cl G(xz,x)

r—Xx

leading to a divergent quantum backreaction:

2 4+ cosh 2mn g

K .. 2
T *diag(1, —3,1,1), K =
I ) Z [cosh 23 — 1]2

1272

(T,) =

n=1

Hiscock Konkowski 82

In the case of the Grant space, the one-loop energy momentum tensor diverges as
1/(R*T?) on the chronological horizon, and 1 /(T — T,,)° on the polarized hypersurfaces.
This is at the basis of Hawking’s chronology protection conjecture. The divergence seems
to have more to do with the CTC than with the singularity...

13
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Scattering of untwisted states

Scattering amplitudes of untwisted sector states can be computed from those in flat space
by the inheritance principle,

<V(j1’ kl) T V(Jna kn)>MisneT — / d’Ul « . dvneijlvl—l_m_'_jnvn

<V(€BU11€1|_, €_Bvlk1_, k’i) . V(eﬁvnk:, B_ank;, kil)>Minkowski
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Scattering of untwisted states

Scattering amplitudes of untwisted sector states can be computed from those in flat space
by the inheritance principle,

VG, k1) oeo Vin kn)) arisner = / dor . dp, 101+
<V(85U1k1|‘, e_ﬁvlk1_7 ki) tce V(eﬁvnka_a e_ankga k2)>M7Lnk0wski

The integral diverges due to Regge behavior in the large momentum, fixed angle regime.
E.g, the four-tachyon scattering amplitude in bosonic string leads to

/ du o~ 5 K52 +ilia—ia)

which diverges if (kj — ké)Q < 2. This can be understood as large graviton exchange near
the cosmological singularity.

Berkooz Craps Rajesh Kutasov
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Scattering of untwisted states

Scattering amplitudes of untwisted sector states can be computed from those in flat space
by the inheritance principle,

V1, k1) ... V(jn,kn»Misner:/dvl.”dvneihm—l--..ﬁ-jnvn

<V(€BU1]€1|_, €_ﬁvlk1_, ki) . V(eﬁvnk:, B_ank;, kil)>Minkowski

The integral diverges due to Regge behavior in the large momentum, fixed angle regime.
E.g, the four-tachyon scattering amplitude in bosonic string leads to

/ du o~ 5 K52 +ilia—ia)

which diverges if (kj — k;ﬁ))2 < 2. This can be understood as large graviton exchange near
the cosmological singularity.

Berkooz Craps Rajesh Kutasov

The divergence mostly disappears for the Grant space, except for a localized contribution
at k] = k3. The amplitude is also finite for transverse gravitons in type Il superstring on
Misner space, but reappears for longitudinal gravitons.

Berkooz Durin Pioline Reichmann, unpublished

14



KOBENHAVN - DEC 2, 2003

Closed string in Misner space - twisted sectors

In addition, there are closed string modes on the orbifold that descend from strings on the
covering space that close up to the action of the orbifold group:

XS (o +42m,7)=€e"XT(0,7), v=_2rwpl

15
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Closed string in Misner space - twisted sectors

In addition, there are closed string modes on the orbifold that descend from strings on the
covering space that close up to the action of the orbifold group:

XS (o +42m,7)=€e"XT(0,7), v=_2rwpl

They have a normal mode expansion:

XE(’T . O') _ Z (’I’L:I:’Ll/) 1a:l: —i(ntiv)(r—o)
le:(T—FO') = - Z (n Fiv)~ ozjE —inFw)(r+o)
with canonical commutation relations
[O‘:rm a,] = —(m+iw)omn [&;rw a,] = —(m — iv)0mn
(o) =of, , (&) =a,
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Closed string in Misner space - twisted sectors

In addition, there are closed string modes on the orbifold that descend from strings on the
covering space that close up to the action of the orbifold group:

XS (o +42m,7)=€e"X(0,7), v=_21wl

They have a normal mode expansion:

XE(’T-O') _ Z (TL:I:’LI/) 1a:l: —i(ntiv)(r—o)
le:(T"—O') — = Z (n:F'LI/) Oéj: —i(nFiv)(rt+0)

with canonical commutation relations

[O‘:rma;] = —(m+w)dmin [&;rw a,] = —(m —w)dnin
(i) = o e s
am) _a—m ) (Oé ) _a—m

There are no translational zero-modes, instead two pairs of quasi zero-modes which are
canonically conjugate hermitian operators:

[Q{S_,(XO_]:—QZV, [OéO’O‘(;]:?:V
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Physical states (absence thereof)

A natural way to quantize the system is to represent the oscillators on a Fock space with
vacuum |0) annihilated, e.g., by

+ ~+ — -—

Aoy Xpsoo
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Physical states (absence thereof)
A natural way to quantize the system is to represent the oscillators on a Fock space with
vacuum |0) annihilated, e.g., by

+ ~+

Aoy Xpsoo

a , 5 Qg
The worldsheet Hamiltonian, normal-ordered wrt to this vacuum, reads

00 00 1
Ll.c. _ ko — —\*x  + = 1 — 4 1 L@n
0] nzzo(an) a,, Z (an) x, =+ 27’V( ZV) + t

n=1

with a similar answer for L.
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Physical states (absence thereof)
A natural way to quantize the system is to represent the oscillators on a Fock space with
vacuum |0) annihilated, e.g., by

IE ~+ — o
Aoy Xpsoo CHEE , O

The worldsheet Hamiltonian, normal-ordered wrt to this vacuum, reads

c - B P 1 .

Lé":—Z(a:) o) —Z(an) oz:—l—izv(l—zz/)—l—I—Lim;
n=0 n=1

with a similar answer for L.

This is the analytic continuation of the familiar result for a rotation orbifold 26(1 — 6) under
0 — ...
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Physical states (absence thereof)

A natural way to quantize the system is to represent the oscillators on a Fock space with
vacuum |0) annihilated, e.g., by

+ ~+

Xnsos Ypsoo &y, 5 &

The worldsheet Hamiltonian, normal-ordered wrt to this vacuum, reads

00 00 1
Ll.c. _ ko — —\*x  + = 1 — 4 1 L@n
0] nzzo(an) a,, nZ:l(an) x, =+ 27’V( ZV) + t

with a similar answer for L.

This is the analytic continuation of the familiar result for a rotation orbifold 26(1 — 6) under
0 — ...

Due to the 7~ /2 term in the ground state energy, all states obtained by acting on |0) by
creation operators aff<0 and by a;; will have imaginary energy, hence the physical state
condition Ly = 0 has no solutions.

Nekrasov

16
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One-loop amplitude

Independently of this fact, one may compute the one-loop (Euclidean ws, Minkowskian
target) free energy using path integral methods:

Al =

where 0, is the Jacobi theta function,

dpdp 6—27r52w202
o (272p2)13 2 (p)x 61(iB(L + wp); p)|°

91(?}; p) _ 2q1/8 sin Tu H (1 . 627Ti’l)qn)(1 . qn)(l i e—QWivqn) : q = 627Tip

n=1
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One-loop amplitude

Independently of this fact, one may compute the one-loop (Euclidean ws, Minkowskian
target) free energy using path integral methods:

bos —
F o= (2m2p2) 18 |2 (p)z 0, (iB(1 + wp); p)|”

where 6, is the Jacobi theta function,

91(’1}; p) _ 2q1/8 sin Tu H (1 . 627Ti’l)qn)(1 . qn)(l i e—27m'vqn) : q = 627Tip

n=1

In particular, the left-moving zero-modes contribute

= ¢
2 Slnh(ﬁwp)

n=1

in accordance with the naive quantization scheme.
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Independently of this fact, one may compute the one-loop (Euclidean ws, Minkowskian
target) free energy using path integral methods:

bos —
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where 0, is the Jacobi theta function,

91(’1}; p) _ 2q1/8 sin Tu H (1 . 627Ti’l)qn)(1 . qn)(l i e—27m'vqn) : q = 627Tip

n=1

In particular, the left-moving zero-modes contribute

= ¢
2 Smh(ﬁwp)

n=1

In accordance with the naive quantization scheme. This supports the claimed absence of
physical states in twisted sectors...
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Independently of this fact, one may compute the one-loop (Euclidean ws, Minkowskian
target) free energy using path integral methods:

Apos = /f Z

where 0, is the Jacobi theta function,

dpdp 6_2”52“’2”2
o (27202)13 1021 (p)x 0, (38(L + wp); p)|*

91(?}; p) _ 2q1/8 sin Tu H (1 . 627Ti’l)qn)(1 . qn)(l i e—QWivqn) : q = 627Tip

n=1

In particular, the left-moving zero-modes contribute

= ¢
2 Smh(ﬁwp)

n=1

In accordance with the naive quantization scheme. This supports the claimed absence of
physical states in twisted sectors...

The absence of physical twisted states crushes our hopes for resolving the singularity...
but is also rather hard to swallow.
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One-loop amplitude

Independently of this fact, one may compute the one-loop (Euclidean ws, Minkowskian
target) free energy using path integral methods:

A / § : dpdp e 28 w2
bos —
F o= (2m2p2) 18 |2 (p)z 0, (iB(1 + wp); p)|”

where 0, is the Jacobi theta function,

91(?}; p) _ 2q1/8 sin Tu H (1 . 627Ti’l)qn)(1 . qn)(l i e—QWivqn) : q = 627Tip

n=1

In particular, the left-moving zero-modes contribute

O
= Y
2 Smh(ﬁwp) —
In accordance with the naive quantization scheme. This supports the claimed absence of
physical states in twisted sectors...

The absence of physical twisted states crushes our hopes for resolving the singularity...
but is also rather hard to swallow. For one, of and o, are not hermitian conjugate to each
other, but rather self-hermitian...
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Open strings in electric field vs Lorentzian orbifold

A very similar puzzle is faced in the case of moving D-branes, or charged open strings in a
constant electric field:

18
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Open strings in electric field vs Lorentzian orbifold

A very similar puzzle is faced in the case of moving D-branes, or charged open strings in a
constant electric field:

Recall that for open strings stretched between two D-branes with electromagnetic fields Fj
and Fy(resp. twisted closed strings on an orbifold X* = R X", proper frequencies
satisfy

—2miwn, 1+F0 ]—_Fl

— : o
1 —Fy 1+ Fy
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Open strings in electric field vs Lorentzian orbifold

A very similar puzzle is faced in the case of moving D-branes, or charged open strings in a
constant electric field:

Recall that for open strings stretched between two D-branes with electromagnetic fields Fj
and Fy(resp. twisted closed strings on an orbifold X* = R X", proper frequencies

satisfy
1+ Fy 1— F;

—2miwn _ w

T 1-F, 1+F
In particular, twisted closed strings on the Lorentzian orbifold have the same
eigenfrequencies as charged open strings in an electric field v := ArctanhE = w}.
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Open strings in electric field vs Lorentzian orbifold

A very similar puzzle is faced in the case of moving D-branes, or charged open strings in a
constant electric field:

Recall that for open strings stretched between two D-branes with electromagnetic fields Fj
and Fy(resp. twisted closed strings on an orbifold X* = R X", proper frequencies

satisfy
1+ Fy 1— F;

—2miwn _ w

T 1-F, 1+F
In particular, twisted closed strings on the Lorentzian orbifold have the same
eigenfrequencies as charged open strings in an electric field v := ArctanhE = w}.

More precisely, the charged open string has half the excited modes of the twisted closed
strings, and isomorphic quasi-zero modes.
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Open string mode expansion

The light-cone embedding coordinates have the normal mode expansion

+00
Xt =zl +i Z (=)"(n £ iv) taTe EIT cos[(n + iv)o]
with reality conditions (aF)* = a™* (xF)* = xF

n ?

19
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Open string mode expansion

The light-cone embedding coordinates have the normal mode expansion

—+ oo
Xt =zl +i Z (=)"(n £ iv) taTe EIT cos[(n + iv)o]
with reality conditions (aX)* = a*_ , (23)* = a2
The canonical commutation relations read
_ ) _ ()
[afn, a, ] =—(m—+iv)dmin , [acaL, 75y | = ——
In particular, the open and closed strings have isomorphic (quasi) zero-mode structures,
with ozoi = a(j): and &3[ =tV I/Ea:g:.
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Open string mode expansion

The light-cone embedding coordinates have the normal mode expansion

+00
Xt =zl +i Z (=)"(n £ iv) taTe EIT cos[(n + iv)o]

n=—oo

with reality conditions (aX)* = a*_ , (23)* = a2

The canonical commutation relations read
L 7

@ | = =7 =F a0 - |5 4 % | = -

+

[a’m7

In particular, the open and closed strings have isomorphic (quasi) zero-mode structures,

with ozoi = O‘o and a = +V I/Ea:g:.
The world-sheet Hamiltonian, normal ordered with respect to the vacuum annihilated by

+ - +
a,- o, and a,, takes the form

8

> 1

_|_
= — a a_ _a’ —1—@1/——

m=1
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Open string mode expansion

The light-cone embedding coordinates have the normal mode expansion

—+ oo
Xt =zl +i Z (=)"(n £ iv) taTe EIT cos[(n + iv)o]

n=—oo

with reality conditions (aX)* = a*_ , (23)* = a2

The canonical commutation relations read

In particular, the open and closed strings have isomorphic (quasi) zero-mode structures,

with ozoi — O‘o and a = 4/ I/Ea:g:.

The world-sheet Hamiltonian, normal ordered with respect to the vacuum annihilated by
a’_g,a,-,and ag, takes the form

(©.@)

8

1

_|_
= — a a_ _a’ —1—@1/——

m=1

By the same token, charged open strings should have no physical states...
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One-loop amplitude and Schwinger pair production

Using this quantization scheme, the one-loop (Euclidean worldsheet, Minkowskian target)
vacuum free energy reads

Abos —

’I,7TV26(60 +eq) / e_WQt/z
(47r2t)13 n21(it/2) 0,(tv/2;it/2)

20
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One-loop amplitude and Schwinger pair production

Using this quantization scheme, the one-loop (Euclidean worldsheet, Minkowskian target)
vacuum free energy reads

’I,7TV26(60 +eq) / e_WQt/z
Abos —

(47r2t)13 n(it/2) 6,1(tv/2;it/2)
In particular, the contribution of the zero-modes is consistent with aj |0) = 0,

1

—7tv/2 — Tty —27ty
= @ 1+e e + ...
2isin iy /2 (@ u )
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One-loop amplitude and Schwinger pair production

Using this quantization scheme, the one-loop (Euclidean worldsheet, Minkowskian target)
vacuum free energy reads

Abos —

’I,7TV26(60 +eq) / e_WQt/z
(47r2t)13 n21(it/2) 0,(tv/2;it/2)

In particular, the contribution of the zero-modes is consistent with aj |0) = 0,

1
2isin iy /2

_ e—7‘rtu/2(1 4 e—Tl'tV 4 6—277151/ 4. )

Each of the poles at t = 2k /v contributes to the imaginary part, yielding the rate for
charged string pair production,

W = 2(;)% (o Fe1) 5 Z( Jtl <";'> Nz_:_l cy(N) exp (-%k% _ 27rk|1/|)

Bachas Porrati
where n?*(q) = Y. %__, cs(IN)q". This can be viewed as the sum of the Schwinger

production rates for each state in the spectrum, of mass m? = 2N + v°.
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Each of the poles at t = 2k /v contributes to the imaginary part, yielding the rate for
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N=-1

Bachas Porrati
where n?*(q) = Y. %__, cs(IN)q". This can be viewed as the sum of the Schwinger

production rates for each state in the spectrum, of mass m? = 2N + v°.

This seems to support the quantization scheme based on a vacuum, hence the absence of
physical states.
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One-loop amplitude and Schwinger pair production

Using this quantization scheme, the one-loop (Euclidean worldsheet, Minkowskian target)
vacuum free energy reads

Abos —

’I,7TV26(60 +eq) / e_WQt/z
(47r2t)13 n2l(it/2) 0,(tv/2;it/2)

In particular, the contribution of the zero-modes is consistent with a; |0) =

1
2isin iy /2

_ e—7‘rtu/2(1 4 e—Tl'tV 4 6—277151/ 4. )

Each of the poles at t = 2k /v contributes to the imaginary part, yielding the rate for
charged string pair production,

W = 2(;)% (e T e) 5 Z( )it <";’> S o(N) exp (—27rk% = 27Tk|1/|)

N=-1

Bachas Porrati
where n?*(q) = Y. %__, cs(IN)q". This can be viewed as the sum of the Schwinger

production rates for each state in the spectrum, of mass m? = 2N + v°.

This seems to support the quantization scheme based on a vacuum, hence the absence of
physical states. But physical states do exist classically, how could quantization make them
disappear altogether ?
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Open string zero-modes

Let us reconsider the quantization of the open string
zero-mode

n T
X" =xy £ —age " coshvo
v

21
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Open string zero-modes

Let us reconsider the quantization of the open string /
zero-mode

n T
X" =xy £ —age " coshvo
v \

For o = O, this is just the trajectory of a charged particle in an electric field,

= %m (—26TX+87X_ n (aTX@')2) n g (X+8TX_ _ X‘@TX+)
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Open string zero-modes

Let us reconsider the quantization of the open string /
zero-mode

1
X+ —azo + — i e’ cosh vo
1/ \

For o = O, this is just the trajectory of a charged particle in an electric field,

= %m (—26TX+87X_ n (aTX@')2) n g (X+8TX_ _ X‘@TX+)

The canonical momenta

e 1 . .
ﬂ'lL:m@TXi:FiX —:F $O+ :|::|:e7'/m’ szmaTXZ:p

satisfy the usual equal-time commutation rules
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Quantizing the open string zero-modes

At 7 = 0, one can thus express

1 1 1
aa_L:Wi:l:E:Ui, :c(:)t = F— (ﬂ'i:FECEi>
v

hence recovering the canonical commutation relations of the open string zero-mode:

lag, ag] = =, [zg, @] = ——

22



KOBENHAVN - DEC 2, 2003

Quantizing the open string zero-modes

At 7 = 0, one can thus express

1% 1 1%
aa_L:Wi:l:—:ci, :c(:)t:ZF— WiZF—aci
2 v 2
hence recovering the canonical commutation relations of the open string zero-mode:

_ _ _ )
[a(j)L’ao] - —w, [33;;7970] — I

Quantum mechanically, one may represent 7= = id /0z7T so that ag—L become covariant
derivatives in the electric field v.

22
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Quantizing the open string zero-modes

At 7 = 0, one can thus express
1 1 1
aoizwij:—:ci, :c(j)E:ZF— WiZF—aci
2 v 2
hence recovering the canonical commutation relations of the open string zero-mode:

lag, ag] = =, [zg, @] = ——

Quantum mechanically, one may represent 7= = id /0z7T so that ag—L become covariant
derivatives in the electric field v.

The zero-mode piece of Ly, including the evil %2,

1

0 _ _ _
L(()) ; _:_5(%% + agag)

= —Qg a9 + 5

is just the Klein-Gordon operator of a particle of 2D mass M? = —2L(()0) and charge v.

22
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Klein-Gordon and the inverted harmonic oscillator

Defining o = (P + Q)/+/2 and same with tildas, the Klein-Gordon operator just
becomes an inverted harmonic oscillator:

_ _ 1
M2:O‘5rao ‘i‘aoaar:_i(PQ_Qz)
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Klein-Gordon and the inverted harmonic oscillator

Defining o = (P + Q)/+/2 and same with tildas, the Klein-Gordon operator just
becomes an inverted harmonic oscillator:

_ _ 1
M2:O‘SFO‘0 ‘i‘aoaar:_i(PQ_Qz)

More explicitely, in terms of u = (p + vz)\/2/v,

1 M?
(—8,3 — ZU2 + E) @Dﬁ(u) =0

23
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Klein-Gordon and the inverted harmonic oscillator

Defining ozS_L = (P + Q)/+/2 and same with tildas, the Klein-Gordon operator just
becomes an inverted harmonic oscillator:

_ _ 1
M2:a5ra0 —|—a0a8L:—§(P2—Q2)

More explicitely, in terms of u = (p + vz)\/2/v,

4 2
The latter admits a respectable delta-normalizable spectrum v
of scattering states, in terms of parabolic cylinder functions, " ©

e.g:

311 PP
+ —=5 —ipt _ivxt/2
Pin, = D_lHMQ (e u)e €
2 2v
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Klein-Gordon and the inverted harmonic oscillator

Defining ozS_L = (P + Q)/+/2 and same with tildas, the Klein-Gordon operator just
becomes an inverted harmonic oscillator:

_ _ 1
M2:a5ra0 —|—a0a8L:—§(P2—Q2)

More explicitely, in terms of u = (p + vz)\/2/v,

The latter admits a respectable delta-normalizable spectrum
of scattering states, in terms of parabolic cylinder functions, "

e.g:

3im o
¢;f7—1 — D a2 (e—ﬁ—u)e—zptezuxt/Z

—2T 0
These correspond to non-compact trajectories of charged particles in the electric field.

Tunnelling is just (stimulated) Schwinger pair creation,

_ — —7r21/
e- —(1+n)e +ne, n~e ™M/

Brezin Itzykson; Brout Massar Parentani Spindel
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Lorentzian vs Euclidean states

Analytic continuation X° — —iX" | v — iv takes us from an electric field in R"' to a
magnetic field in R°. At the same time, one should Wick rotate the worldsheet time.

24
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The discrete spectrum with complex energy comes by analytic continuation of the
normalizable (Landau) states of the (stable) harmonic oscillator.
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Lorentzian vs Euclidean states

Analytic continuation X° — —i X", v — v takes us from an electric field in R"! to a
magnetic field in R°. At the same time, one should Wick rotate the worldsheet time.

The discrete spectrum with complex energy comes by analytic continuation of the
normalizable (Landau) states of the (stable) harmonic oscillator.

Instead, the continuous scattering states of the inverted harmonic oscillator come by
analytic continuation from non-normalizable states of the stable harmonic oscillator.

The contribution of the zero-modes to the one-loop amplitude can be interpreted either
way,

2
s / dM2p(M?)e M 12

n=1

21 Sln(ut/2)
where the density of states is obtained from the reflection phase shift,
L2
) 1 d I (% + ZAfT)
p(M?) = logA - — ]

O
273 AM? gr<%_iﬂ24_2>
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Lorentzian vs Euclidean states

Analytic continuation X° — —i X", v — v takes us from an electric field in R"! to a
magnetic field in R°. At the same time, one should Wick rotate the worldsheet time.

The discrete spectrum with complex energy comes by analytic continuation of the
normalizable (Landau) states of the (stable) harmonic oscillator.

Instead, the continuous scattering states of the inverted harmonic oscillator come by
analytic continuation from non-normalizable states of the stable harmonic oscillator.

The contribution of the zero-modes to the one-loop amplitude can be interpreted either
way,

2
s / dM2p(M?)e M 12

n=1

21 Sln(ut/2)
where the density of states is obtained from the reflection phase shift,
L2
) 1 d I (% + ZAfT)
p(M?) = logA - — ]

O
273 AM? gr<%_iﬂ24_2>

The physical spectrum can be explicitely worked out at low levels, and is free of ghosts: a
tachyon at level O, a transverse gauge boson at level 1, ...
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Physical spectrum at low level

The ground state tachyon
IT) = ¢(z",27)|0cs, k)
should satisfy the Virasoro constraint

1 _ _ 1 1
L0|T> — [—5 <o<8Loz0 —1—04004;;) —1—51/ —1—|—§k

which is the two-dimensional KG equation.
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T) = (27, 27)|0cs, k)
should satisfy the Virasoro constraint

1 _ _ 1 1
Lo|T) = [—5 <oz8Loz0 + o ozar) -+ 51/2 -1+ 5]{3] |T")

which is the two-dimensional KG equation.
Level 1 states consist of

|A) = (—f+ o, —f ol + f of_l) 0, k)
with the mass shell conditions
M? —k; =2 f =0, [M*>—k—V"F2i]ff=0

The L, Virasoro constraint eliminates one polarization.
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Physical spectrum at low level

The ground state tachyon
IT) = ¢(z",27)|0cs, k)
should satisfy the Virasoro constraint

1 _ _ 1 1
Lo|T) = [—5 <oz8Loz0 + o ozar) -+ 51/2 -1+ 5]{3] |T")

which is the two-dimensional KG equation.
Level 1 states consist of

|A) = (—f+ o, —f ol + f of_l) 0, k)
with the mass shell conditions
M? —k; =2 f =0, [M*>—k—V"F2i]ff=0

The L, Virasoro constraint eliminates one polarization. Despite the non-vanishing
two-dimensional mass k? — v?, the spurious state L _;¢|0) is still physical, eliminating an
extra polarization.

One thus has D — 2 transverse degrees of freedom, ie a massless gauge boson in D
dimensions.

25
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Charged particle in Rindler space

For applications to the Milne universe, one should diagonalize the boost momentum J, ie
consider an accelerated observer.

Gabriel Spindel; Mottola Cooper
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Charged particle in Rindler space

For applications to the Milne universe, one should diagonalize the boost momentum J, ie

consider an accelerated observer.
Gabriel Spindel; Mottola Cooper

In the Rindler patch R, letting f(r,n) =
e " f;(r) and r = €Y, one gets a Schrodinger

equation for a particle in a potential

1
V(y) = M — (] + Jv ™)’
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In the Rindler patch R, letting f(r,n) =
e " f;(r) and r = €Y, one gets a Schrodinger

equation for a particle in a potential

1
V(y) = M*e® — (] + Jv ™)’

If 5 < 0, the electron and positron branches
are in the same Rindler quadrant. Tunneling
corresponds to Schwinger particle production.
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Charged particle in Rindler space

For applications to the Milne universe, one should diagonalize the boost momentum J, ie
consider an accelerated observer.

Gabriel Spindel; Mottola Cooper

In the Rindler patch R, letting f(r,n) =
e " f;(r) and r = €Y, one gets a Schrodinger
equation for a particle in a potential

1
V(y) = M*e® — (] + Jv ™)’

If 5 < 0O, the electron and positron branches
are in the same Rindler quadrant. Tunneling
corresponds to Schwinger particle production.
If0 < j < M?/(2v), the two electron branches
are in the same Rindler quadrant. Tunneling
corresponds to Hawking radiation.
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Charged particle in Rindler space

For applications to the Milne universe, one should diagonalize the boost momentum J, ie
consider an accelerated observer.

Gabriel Spindel; Mottola Cooper

In the Rindler patch R, letting f(r,n) =
e " f;(r) and r = €Y, one gets a Schrodinger
equation for a particle in a potential

1
V(y) = M*e® — (] + Jv ™)’

If 5 < 0O, the electron and positron branches
are in the same Rindler quadrant. Tunneling
corresponds to Schwinger particle production.
If0 < j < M?/(2v), the two electron branches
are in the same Rindler quadrant. Tunneling
corresponds to Hawking radiation.

If j > M?/(2v), the electron branches extend
in the Milne regions. There is no tunneling, but
partial reflection amounts to a combination of
Schwinger and Hawking emission.
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Rindler modes

Solutions are expressable in terms of parabolic cylinder functions:
Incoming modes from Rindler infinity I, read

Vi o =e T M (ivr?/2)

. . 2 . .
-3 —4
Incoming modes from the Rindler horizon H, read

J _ ,—wn, —1 .
U,r=¢€ "'T Wi(i_m_2)ﬁ( ivr®/2)
2720 )2
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Rindler modes

Solutions are expressable in terms of parabolic cylinder functions:
Incoming modes from Rindler infinity I, read

2. i (ivr”/2)

J _ —un, —1
Vz'n,R — ¢ i M_i(l_m_) Gl
2 2u/ 2

Incoming modes from the Rindler horizon H, read

L{ijn,R = e_ijnr_lwi(l_m_g) ﬁ(—’iI/TQ/Z)

SIVAVES

The reflection coefficients can be computed:

2 2
e cosh [w]g—y] i j_]\24_2 cosh [71']\24—1/}

g = € i ) gs = € g B .
cosh [W(—]‘z/[—f)] | sinh 77|

and go = 1 — q1, q4 = g3 — 1, by charge conservation.

27
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Global Charged Unruh Modes

Global Unruh modes may be defined by patching together Rindler modes, ie by analytic
continuation across the horizons:

anJr — anP—W_Z(j m_) m(—zyXJFX )[X+/X ]—13/2
QL _ = U, =M ,LJ(WX+X )X/ X

(l_m_
2 2v

28
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Global Charged Unruh Modes

Global Unruh modes may be defined by patching together Rindler modes, ie by analytic
continuation across the horizons:

anJr — anP—W_Z(j m_) m(—zyXJFX )[X+/X ]—13/2
Q,_ = U, =M v XXX/ X779

(l_m_
2 2v

There are two types of modes, involving 2 or 4 tunelling events:

q;

A3 99
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Closed string zero-modes
Let us analyze the classical solutions for the closed string zero modes

1 —G 1 ~ v(T+o ~
Xi(T, o) = :I:—aa_Leiy(T )ZF 2—056%$ & ), a(:)t,a(:)t cER
v

29
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Closed string zero-modes

Let us analyze the classical solutions for the closed string zero modes

1 —G 1 ~ v(T+o ~
Xi(T, o) = :I:—aa_LeiV(T )ZF 2—056%$ & ), agt,aai cER
v

The Milne time or Rindler radius are independent of o

2~v+~n— .+ ~— 2uT — ~+ —2vT e ~F ~—
A X " X = ayQpe + oy e — 0y — QO

We may thus follow the motion of a single point o = o and obtain the rest of the
worldsheet by acting with the boost.
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Closed string zero-modes

Let us analyze the classical solutions for the closed string zero modes

1 1
+ + +v(r—o0) ~+ Fv(rt+o) + ~&
X (T, = t+—a;e€ —Qp € , an,0, € R
(7,0) 5, 0 + 5, 10 0 0

The Milne time or Rindler radius are independent of o
R +~— 2 — ~+ =2 + ~t+ o~ —
WX X =agage’” +agage T —aga; — aq &g

We may thus follow the motion of a single point o = o and obtain the rest of the
worldsheet by acting with the boost.

Up to a shift of 7 and o, the physical state conditions impose

_ M _
ag:ozozeﬁ, G =y =é—, M’—M’=2vj=0

alE
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Closed string zero-modes

Let us analyze the classical solutions for the closed string zero modes

1 —G 1 ~ v(T+o ~
Xi(T, o) = :I:—afeiy(T )ZF 2—056%$ & ), agt,aai cER
v

The Milne time or Rindler radius are independent of o
4 2X+X— I e 21/7'_|_ —~+ _—2vT L
14 — Oéo Oéo (& OéO O{O & O{O OéO Q&O OéO

We may thus follow the motion of a single point o = o and obtain the rest of the
worldsheet by acting with the boost.

Up to a shift of 7 and o, the physical state conditions impose

. . M

M 5
OéO:OéO:eE7 —

7 M? — M?*=2vj =0

M

~+_~—_
Qg = &y =

The behavior at early/late proper time now depends on e€: For e€ = 1, the string
begin/ends in the Milne regions. For ee = —1, the string begin/ends in the Rindler regions.
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Short and long strings (7 = 0)

e=1,¢=1:

M
1/\/§

Is a short string winding around the Milne circle fromT = —coto T' = +oc.

M

X*(o,7) = sinh(v7)e™’, T = —sinh(v7), 60 =vo
v

30
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Short and long strings (7 = 0)

e=1,¢=1:
X (o, 1) = sinh(vr)e™, T = %sinh(l/T) 0 =vo
Y 1/\/§ Y U Y
Is a short string winding around the Milne circle fromT = —coto T' = +oc.
e = —1, € = —1 isjust the time reversal of this process:
M M
X*(0,7) = sinh(vr)e™, T = ——sinh(vr), 60 =vo
1/\/5 1
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Short and long strings (7 = 0)

e=1,¢=1:
X (o, 1) = sinh(vr)e™, T = %sinh(l/T) 0 =vo
Y 1/\/5 Y U Y
Is a short string winding around the Milne circle fromT = —coto T' = +oc.
e = —1, € = —1 isjust the time reversal of this process:
M M
X*(0,7) = sinh(vr)e™, T = ——sinh(vr), 60 =vo
1/\/5 1
e=1,¢¢ = —1
+ M tvo
X (o,7) == cosh(vt)e"" , r = —cosh(vr), n=vo
V\/§ 1%

is a long string stretched in the right Rindler patch, from r = oo to » = M /v and back to
r = 00, o Is now the proper time direction in the induced metric.
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r = 00, o Is now the proper time direction in the induced metric.
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X*(o,7)=F cosh(vr)e™’, r=——cosh(vr), n=vo
1/\/§ 1%
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For |j]| > 0, the short string in the Milne region attaches to a short string in the Rindler
region stretching from » = 0to rog = |j|/(M + M) and back. The induced worldsheet
metric is of Misner type at the light-cone:

1 ~
—2dXTdX~ = —vjdrdo + v|j|(t — 170)do” — 5(]\42 + M?)dr?

much like long strings or supertubes in Godel Universe.

Drukker Fiol Simon; Israel
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Short and long strings (static modes)

Just as in the open string case, we may now quantize the left and right-moving zero-modes
separately as particles in inverted harmonic oscillator:

L R

e = & = 1. ¢ = ¢Poinbpin May be
considered as creating a short string from
the vacuum

<1 P
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e = & = 1. ¢ = ¢Poinbpin May be
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~

e = &= —1. ¢ = ¢, inpein May be
considered as annihilating a short string
Into the vacuum
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Short and long strings (static modes)

Just as in the open string case, we may now quantize the left and right-moving zero-modes
separately as particles in inverted harmonic oscillator:

L R

~

e = ¢ = 1. ¢ = ¢e,in¢p,in may be
considered as creating a short string from
the vacuum

e = € = —1L ¢ — ¢p,7jn¢e,in may be
considered as annihilating a short string
Into the vacuum

e = —e = 1: Qb = gbe,ingge,in may
not easily be interpreted as a particle/anti-
particle. Rather, it is a string-anti-string
state, in the right whisker.

<1 P
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Short and long strings (static modes)

Just as in the open string case, we may now quantize the left and right-moving zero-modes
separately as particles in inverted harmonic oscillator:

L R

~

e = ¢ = 1. ¢ = ¢e,in¢p,in may be
considered as creating a short string from
the vacuum

e = € = —1L ¢ — ¢p,7jn¢e,in may be
considered as annihilating a short string
Into the vacuum

e = —e = 1: Qb = gbe,ingge,in may
not easily be interpreted as a particle/anti-
particle. Rather, it is a string-anti-string
state, in the right whisker.

e = —€=1. ¢ = ¢pindpin iS a string-
anti-string state, in the left whisker, but its
seems awkward to take it as conjugate to
the previous one...

<1 P
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Short and long strings, Unruh modes

Instead of following the motion of a point at fixed o, one may consider instead fixed o + 7
these are the trajectories of the open string zero-mode, in Rindler coordinates.

993

33



KOBENHAVN - DEC 2, 2003 33

Short and long strings, Unruh modes

Instead of following the motion of a point at fixed o, one may consider instead fixed o + 7
these are the trajectories of the open string zero-mode, in Rindler coordinates.

993

The probability amplitude
of winding strings at T' =
+ o0, assuming that there
are no stretched pairs in
the whiskers, is ¢; times
the incoming amplitude at
T = —o0.

MQ}
_Tl'j 27/

" e -]

2v

cosh [7’(’

hence g1 = 0if 5 = 0.



KOBENHAVN - DEC 2, 2003

The one-loop amplitude again

Recall the (Euclidean ws, Minkowskian target) one-loop amplitude:

—271'B2w2p2

= dpdp e
Abos :/ Z
j:l,w:

o (27202)13102L(p) 6, (iB(1 + wp); p)|
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The one-loop amplitude again

Recall the (Euclidean ws, Minkowskian target) one-loop amplitude:
—271'B2w2p2

= dpdp e
Apos = /f Z (272p2) 13 |n21(p) 0:(iB(1 ANE:
om0 n?t(p) 01(iB(1 + wp); p)]

As in the open string case, the zero mode contribution 1/ sinh*(73(1 + wp)) may be
interpreted either as a sum over (Euclidean) discrete states, or a continuous integral over
the continuous (Lorentzian) modes: there are physical states at each level.
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The one-loop amplitude again

Recall the (Euclidean ws, Minkowskian target) one-loop amplitude:

= dpdp e
Abos:/ Z pep
‘Flﬂu—

=, (2m2p2) 13 |n21(p) 61 (iB(1 + wp); p) |

—271'B2w2p2

As in the open string case, the zero mode contribution 1/ sinh*(73(1 + wp)) may be
interpreted either as a sum over (Euclidean) discrete states, or a continuous integral over
the continuous (Lorentzian) modes: there are physical states at each level.

In addition, there are poles in the bulk of the moduli space, for
iB(l+wp) =m+np, (lLLw,m,n)eZ

leading to logarithmic divergences [ dpdp/|p — po|® ~ loge, analogous to the long
strings in AdSs.

Maldacena Ooguri
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The one-loop amplitude again

Recall the (Euclidean ws, Minkowskian target) one-loop amplitude:

= dpdp e
Abos — / Z
‘FlﬂU:

o (27202)13102L(p) 6, (iB(1 + wp); p)|

—271'B2w2p2

As in the open string case, the zero mode contribution 1/ sinh*(73(1 + wp)) may be
interpreted either as a sum over (Euclidean) discrete states, or a continuous integral over
the continuous (Lorentzian) modes: there are physical states at each level.

In addition, there are poles in the bulk of the moduli space, for
iB(l+wp) =m+np, (lLLw,m,n)eZ

leading to logarithmic divergences [ dpdp/|p — po|® ~ loge, analogous to the long
strings in AdSs3.
Maldacena Ooguri

These can be traced to the existence of infinite families of periodic orbits, localized on the
light-cone (currently under investigation)
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Wick rotation to a rotation orbifold

Note first that the (future) Milne region ds* = —dT* + 3*T?d6#* + dz? cannot be directly
Wick-rotated to Euclidean.

35



KOBENHAVN - DEC 2, 2003

Wick rotation to a rotation orbifold

Note first that the (future) Milne region ds* = —dT* + 3*T?d6#* + dz? cannot be directly
Wick-rotated to Euclidean. Instead, the analytical continuation " = ir, 6 = n + iw /(203)
leads to the (right) Rindler wedge.

35



KOBENHAVN - DEC 2, 2003 35

Wick rotation to a rotation orbifold

Note first that the (future) Milne region ds* = —dT* + 3*T?d6#* + dz? cannot be directly
Wick-rotated to Euclidean. Instead, the analytical continuation " = ir, 6 = n + iw /(203)
leads to the (right) Rindler wedge.

Rotating 8 = iu, the Rindler region becomes get indeed an Euclidean metric,
ds® = dr® + p’r’dn® 4+ (dX")* = 2dZdZ + (dX")”

Z=XT=re", Z=-X =re ™ (r>0)

The Milne identification n = 1 + 27 amounts to a rotation identification Z — e*™"*Z.
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ds® = dr® + p’r’dn® 4+ (dX")* = 2dZdZ + (dX")”

Z=XT=re", Z=-X =re ™ (r>0)

The Milne identification n = 1 + 27 amounts to a rotation identification Z — e*™"*Z.

This cannot be the usual rotation orbifold however, because this would imply that the
physics depends on 3 being rational or not.
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Wick rotation to a rotation orbifold

Note first that the (future) Milne region ds* = —dT* + 3*T?d6#* + dz? cannot be directly
Wick-rotated to Euclidean. Instead, the analytical continuation " = ir, 6 = n + iw /(203)
leads to the (right) Rindler wedge.

Rotating 8 = iu, the Rindler region becomes get indeed an Euclidean metric,
ds® = dr® + p’r’dn® 4+ (dX")* = 2dZdZ + (dX")”

Z=XT=re", Z=-X =re ™ (r>0)

The Milne identification n = 1 + 27 amounts to a rotation identification Z — e*™"*Z.

This cannot be the usual rotation orbifold however, because this Would'imply that the
physics depends on 3 being rational or not. In other words, Z and e*™Z should not

identified: (Z, Z) really take value in R2\{0}.
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Rotating 8 = iu, the Rindler region becomes get indeed an Euclidean metric,
ds® = dr® + p’r’dn® 4+ (dX")* = 2dZdZ + (dX")”

Z=XT=re", Z=-X =re ™ (r>0)

The Milne identification n = 1 + 27 amounts to a rotation identification Z — e*™"*Z.
This cannot be the usual rotation orbifold however, because this would imply that the
physics depends on 3 being rational or not. In other words, Z and e*™Z should not
identified: (Z, Z) really take value in R2\{0}.

By the same token, the left Rindler wedge rotates to another copy of the Euclidean plane
with the origin removed: the complete analytic continuation of Misner space is therefore

R2\ {0}, /e"\R?\{0}

and states of interest are non-normalizable !

D’Appolonio Kiritsis
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Conclusions - speculations

Winding states in the Milne Universe behave in close analogy with open strings in an
electric field. Using intuition from open strings, we have found that physical states do exist
in the twisted sector of the Lorentzian orbifold, and can be pair produced.
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which leads in the open string case to the decay of the electric field could “relax the boost
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In particular, since winding strings are spontaneously produced near the singularity, they
contribute an energy proportional to the radius, hence akin to a two-dimensional positive
cosmological constant: it seems plausible that the resulting transcient inflation may
smooth out the singularity.
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To demonstrate this, one should take into account the production of (an infinite number) of
twisted sector states are produced in correlated pairs, i.e. squeezed states:
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electric field. Using intuition from open strings, we have found that physical states do exist
in the twisted sector of the Lorentzian orbifold, and can be pair produced.

In view of this analogy, it is natural to ask if the same mechanism (Schwinger production)
which leads in the open string case to the decay of the electric field could “relax the boost
parameter”.

Cooper, Eisenberg, Kluger, Mottola and Svetitsky

In particular, since winding strings are spontaneously produced near the singularity, they
contribute an energy proportional to the radius, hence akin to a two-dimensional positive
cosmological constant: it seems plausible that the resulting transcient inflation may
smooth out the singularity.

To demonstrate this, one should take into account the production of (an infinite number) of
twisted sector states are produced in correlated pairs, i.e. squeezed states: non-local
deformations of the worldsheet ? string field theory ?
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Conclusions - speculations

As a less ambitious goal, can one compute scattering amplitudes of twisted states, and
check if they are better behaved than untwisted states. For this, the relation with negative

level SI(2)/U (1) and double analytic continuation of the Nappi-Witten plane wave may be
useful.

D’Appollonio, Kiritsis; B. Craps, BP
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The “dynamics” of the long strings living in the whiskers is still unclear: what is the proper

way of quantizing them ? Could they perhaps provide a dual holographic dynamics to the
bulk ? Or do CTC make them unredeemable ?
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The “dynamics” of the long strings living in the whiskers is still unclear: what is the proper
way of quantizing them ? Could they perhaps provide a dual holographic dynamics to the
bulk ? Or do CTC make them unredeemable ?

The closed string orbifold we have discussed are highly non-generic trajectories on the
cosmological billiard: Do whiskers feature also for more general Kasner-like singularities ?
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