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Abstract: The exact boundary states for the rolling D-brane solution in two-dimensional black hole systems will be presented.l will study the
physical significance of the solution in relation to the "“tachyon-radion correspondence\" and the ““black hole - string transition\". When the apha\'
corrections become larger, when at the same time the Hawking temperature coincide with the Hagedorn temperature, the phase transition occurs and
the physics changes drastically. It aso suggests the universal feature of the decaying D-brane and its failure in the strong quantum regime. The talk
is based on my series of works hep-th/0605013, hep-th/0507040 in collaboration with Soo-jong Rey (SNU) and Y uji Sugawara (Tokyo).
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Purpose of the talk

m Large charge (+BPs) VS Small Charge (+non-BPS)
1 Black hole / String phase transition

' Hawking temperature VS Hagedorn temperature
Is 2D (pure) Black hole really black?

m Analyticity VS Non-analyticity
Universality of Tachyon-Radion correspondence
Wick rotation in curved space

m Unitarity VS Open/Closed duality

' Optical theorem
' Lorentzian world-sheet V.S. Euclidean world-sheet
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2D (fermionic) Black Hole

m 2D black hole is the simplest black hole geometry as an exact string
background (Witten; Mandal, Senguputa, Wadia) SL(2,R),/U(1) . _ 34 6
k
®g

ds? = 2k(dp? — tanh? pdt?) e® = —
s (dp pdt®) e o

m Global metric looks Schwarzshild-like
dudv

1 — uv

u = sinh pet v = —sinh pe* ds® = —2k

m [n Euclidean geometry, 2D black hole is cigar geometry:

ds? = 2k(dp? + tanh2 pdf?) P =5 1 1

Exrtvg Ty = BHw 27V 2k
vk 1 . ]

TH —_—

9

0 Bu g 4rmy\/1 — 2_1h
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" J
Applications

m Near horizon limit of nonextremal NS5 brane

2 / 2
r ko dr
= (1 N 3) o (1 ' rz) ( % rzdszg) + dygs

T 1_1"

oo

m Taking the limit with keeping r = rgcoshp
ds® = —tanh? pdt® + ka'dp® + ka/dQ3 + dyqs .

m Level k corresponds to number of NS5 branes.

m k =2 oo is the semiclassical (supergravity) limit. 1 f
s

k

2D black hole is important for holographic dual of
oo NSH branes (Little String Theory)
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m Near horizon limit of nonextremal NS5 brane
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Tachyon-Radion correspondence

m D-brane near NS5-brane shows resemblance to rolling
tachyon (kutasov): Rolling D-brane

ds\? .
LDO:—ﬁ_CD\/(d—j) :—V(X)\/l—X2 X = logsinhp

2
where V(X) = M NVEX
m Rolling tachyon has similar form (sen ...).
\‘\

/ Ly = —V(T)\/l —
1

|s tachyon-radion correspondence universal?
sArtifact at the level of effective action?
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Boundary states for falling

D-brane
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Branes in 2D Black Hole geometries

I Classical D-branes are classified by solutions of DBl action.

Class 1 (D0): identity rep t 4 i 2t hosiani 2
< ) —
Class 2’ (D1): continuous rep Infalling brane

— h

Class 3 (D2): discrete rep Space-time filling D17
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Branes in 2D Black Hole geometries

Classical D-branes are classified by solutions of DBl action.

m Euclidean case (Class 2" brane "hairpin brane”: Ribault-Schomerus. see

also Eguchi-Sugawara, Ahn-Stanishkov-Yamamoto, Lukyannv—Vitcev—Zamnludchiknv)

cos@sinh p = sinh pg

4 y =sinhpsiné

1 -
x = sinh pcosé

m |orentzian case (“Rolling D-brane”. Kutasov, NST, Yogendran, NRS)
t

Infalling brane

v = —Sinh pe™ u = sinh peif

cosh tsinh p = sink.pg:
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" S
 Euclidean boundary states
m Class 2" boundary states in Euclidean BH

e |

cosé@sinh p = sinh pg

. — &% .
|1B: po,00) = [ HZE:Z WV p1(po; p,n) |p, n),
r(ip)l (1+P)
Vp1(poip:n) = N(k) f- —
. r(z+73)r (3 + %)

[e~*PPO | (_1)neip,oo] _

m Effect of 1/k correction

1 Delta function localized trajectory = smeared wavefunction
Poisson distribution: | 1
(o) ~ = o

wxoo000 1 | NE Steeper the hairpin, the wider the trajectory (NRPT). Page 14/57
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Branes in 2D Black Hole geometries

l Classical D-branes are classified by solutions of DBl action.
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— Ip
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Branes in 2D Black Hole geometries

I Classical D-branes are classified by solutions of DBl action.

m Euclidean case (Class 2" brane "hairpin brane”: Ribault-Schomerus. see

also Eguchi-Sugawara. Ahn-Stanishkov-Yamamoto, Lukyannv—Vitcev—Zamnludchikw}

cos@sinh p = sinh pg

4 y =sinhpsiné

1 -
x = sinh pcosé

m |orentzian case (“Rolling D-brane”. Kutasov, NST, Yogendran, NRS)
t

Infalling brane

v = —Sinh pe™" u = sinh ,oeIE

cosh tsinh p = sink.pg:
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" A
 Euclidean boundary states

m Class 2" boundary states in Euclidean BH

cos @ sinh p = sinh pg

: _ [dp .
|B; po, o) = L 5 niejz WV p1(po: p,n) [p,n),
r(ip)l (1 = %)
Vpi(po;p,n) = N(k) =
o r(3+2)r (L + 20

[E—ippo i (_1)n-eip.oo] _

m Effect of 1/k correction

1 Delta function localized trajectory = smeared wavefunction
Poisson distribution: | 1
0(9) ~ E_1

wxoo000 1 | NE Steeper the hairpin, the wider the trajectory (NRPT). page 18/57



Branes in 2D Black Hole geometries

Classical D-branes are classified by solutions of DBl action.

m Euclidean case (Class 2" brane "hairpin brane”: Ribault-Schomerus. see

also Eguchi-Sugawara. Ahn-Stanishkov-Yamamoto, Lukyannv—Vitcev—Zamnludchiknv}

cos@sinh p = sinh pg

4 y =sinhpsiné

! -
x = sinh pcosé

m [ orentzian case (“Rolling D-brane”. Kutasov, NST, Yogendran, NRS)
5

Infalling brane

] —Sinhpe_’ w = sinh pEf

cosh tsinh p = sink.pg:
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Tachyon-Radion correspondence

m D-brane near NS5-brane shows resemblance to rolling
tachyon (kutasov): Rolling D-brane
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- 2D (fermionic) Black Hole

m 2D black hole is the simplest black hole geometry as an exact string
background (Witten; Mandal, Senguputa, Wadia) SL(2,R),/U(1) . _ 34 6
k
®g

ds2 = 2k(dp? — tanh2 pdt2) P = -°
s (dp pdt<) e e

m Global metric looks Schwarzshild-like
dudv

1 — uv

u = sinh ,ouElF v = —sinh pe_t ds® = —2k

m [n Euclidean geometry, 2D black hole is cigar geometry:
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" A
 Euclidean boundary states

m Class 2" boundary states in Euclidean BH

cosé@sinh p = sinh pg

: _ [=dp .
|B; po,fo) = L o niejz WV p1(po:p,n) [p,n),
r(ip)r(1+%’)
Vp1(po;p.n) = N(k) e e
il s

[e—*PPO | (_1)neip.oo] _

m Effect of 1/k correction
1 Delta function localized trajectory = smeared wavefunction

Poisson distribution:  _ | 1
(o) ~ \I 1

wxoo000 1 | NE Steeper the hairpin, the wider the trajectory (NRPT). page 23157



" A
 Euclidean boundary states

m Class 2" boundary states in Euclidean BH

A |

Y Wpi(po:p.n)|p.n)
nez

r(ip)r (1 + 2
le(pO;p:R) = N(k)[_(l _I_('ip-zn)( ( +)3 _n)
3F 3

cos @ sinh p = sinh pg

0 27

|B; po, fo)

[E—ippo i L (_1)netp.oo] _

m Effect of 1/k correction

1 Delta function localized trajectory = smeared wavefunction
Poisson distribution: | 1
(o) ~ =

rsac0s000 | € Steeper the hairpin, the wider the trajectory (NRPT). page 24/57



Branes in 2D Black Hole geometries

l Classical D-branes are classified by solutions of DBl action.

m Euclidean case (Class 2' brane "hairpin brane”: Ribault-Schomerus. see

also Eguchi-Sugawara. Ahn-Stanishkov-Yamamoto, Lukyannv—Vitcev—Zamoludchiknv}

cos@sinh p = sinh pg

4 y =sinhpsiné

1 -
x = sinh pcosé

m [ orentzian case (“Rolling D-brane”. Kutasov, NST, Yogendran, NRS)
t

Infalling brane

v = —Sinh pe™" u = sinh pet

cosh tsinh p = sink.ep:
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 Euclidean boundary states

m Class 2" boundary states in Euclidean BH

: _ [>=dp .
|B, £0; 90) — 0 2n n%:g le(pUr P, TL) |P1 n)*
r(ip)l (1 £ %)
Vpi1(poip,n) = N(k) o =—
d s e

[e~*PPO (—1)”‘&13’90] _

m Effect of 1/k correction

1 Delta function localized trajectory = smeared wavefunction
Poisson distribution: | 1
(o) ~ -

wxoo000 1 | NE Steeper the hairpin, the wider the trajectory (NRPT). page 26/57



~ Wick rotation: rolling D-brane boundary states

Naive momentum space Wick rotation n — ww does not work.

m Performing Wick rotation in coordinate space, or choosing the
contour integral properly,

1 _ sptwyr(el _ sp—w ipy [ cosh (72=%) . |
\U(pgrp-w) = r(z 1 5 )r(2 [ 5, )r(l + k) e-;ppo . (ﬂ- 2 )e?,ppo
| r(1 - ip) cosh (r252)
_ dw dp
| falling) = ;gw(ﬁ'oi p,w)|U;p,w) 4 Infalling brane
m Finite k correction: = > P
1 Trajectory is smeared (NPRT) cosh t sinh p = sinh pg
1
0(p) ~ | ——
(¢) e

1 Rolling D-brane gathers moss (Kutasov)
—> analytic continuation of winding tachyon? @7
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3. Radiation from falling

D-brane
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Radiation from falling brane

From boundary states, we can compute closed string
emission from falling D-branes.

m  From the optical theorem, imaginary part of one-loop
amplitude gives total emission rate.

N = 1mfdt<B|e—fH\B>

> [ar5r [P pw B, By =62 + K2+ M
M 2Ep

(B

irsa: 06110019
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- D-brane radiation

From boundary states, we can compute closed string
emission from falling D-branes (NST,NRS see also Sahakyan).

m Let us assume k>1. For fixed mass level, <. m) =p* + 2602

d> Pk, [o°dp 1 5
N(M) ~ / W (po; P, , M
5—; f
1 pdPk /fxf dpew(l—%)z?hw\/p2+2k(.e‘t;{2+ki)
MJ (2mx)>PJo

p 2w M+/1-—2L vrPHg

m Saddle point approximation is used as M - oo

m Hagedorn temperature (with o correction) appeared in

iInfalling mode!
m_\We are adding extra directions so that the theory is critical. —
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" A
Radiation from falling brane

From boundary states, we can compute closed string
emission from falling D-branes.

m  From the optical theorem, imaginary part of one-loop
amplitude gives total emission rate.

N = Im]dt(B|e_tH\B)

Z/dkf’_pfd—p\w(ﬁa Ep)2, Ep=1/p? +k?+ M?
M 2Ep

(B
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- D-brane radiation

From boundary states, we can compute closed string
emission from falling D-branes (NST,NRS see also Sahakyan).

m Let us assume k>1. For fixed mass level, «*(p. M) =p* + 2607

dS_pk_L > dp 1 2
N(M) ~ / W(pg: p, wp, M
(M) oy M M)I (po; p, w(p, M))|
—p o 2 2102
1o dTPky /mdpew(l L)p 71'\/;0 +2k(M24+Kk2)
M (2n)5-7 Jo

D _ ' _L - -‘IgHg

m Saddle point approximation is used as M - oo

m Hagedorn temperature (with o correction) appeared in

infalling mode!
m_\We are adding extra directions so that the theory is critical. —
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e Hniversal property of rolling (falling) D-brane?

Tachyon-radion correspondence

m \\Ve can sum over all the final states

dM
N=Y NM) ~ /d,Mp(M)N(M) ~ | —MP/2
- J M
1 onM\/1-5 | 2_P —27My/1—7¢

m Density of states exactly cancels with the radiation

density = shows the same behavior In rolling tachyon
(Lambert-Liu-Maldacena)

Tachyon-radion correspondence Is true at the stringy level.

m Remarkable cancellation of stringy corrections -

Page 33/57
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- Black hole/ String transition at k = 1

Evaluation changes drastically at k=1 (BH/String transition)

m There is no nontrivial saddle point for k<1
00 - L . e - V2
NI ~ [ dpe™(1R)p-mVPPH2RM

m Emission rate is UV convergent (BH/String transition)
® Summary:

. Tachyon-radion correspondence is universal (k>1)

. BH/String transition is observed in physical quantities (radiation
rate)

1 Atk=1, Ty = THg and k<1, BH interpretation is
questionable.

1/k corrections are crucial.
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" S
 Tachyon-radion correspondence

m \\Ve can sum over all the final states

dM
N =Y N(M) ~ /de(M)N(M) ~ [ L2 pP/2
M M
1 onM\/1-5 ; 2_P —27My/1—7¢
p(.M)wme " N(M) ~ M- 2e¢

m Density of states exactly cancels with the radiation

density - shows the same behavior in rolling tachyon
(Lambert-Liu-Maldacena)

Tachyon-radion correspondence Is true at the stringy level.

m Remarkable cancellation of stringy corrections -
e Hniversal property of rolling (falling) D-brane?
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Black hole/ String transition at k = 1

Evaluation changes drastically at k=1 (BH/String transition)

m There is no nontrivial saddle point for k<1
"00 W(l—%)p—ﬂ\/pz-{—Qﬁcﬂffg

m Emission rate is UV convergent (BH/String transition)

m Summary:

1 Tachyon-radion correspondence Is universal (k>1)

1 BH/String transition is observed in physical quantities (radiation
rate)

1 Atk=1, Ty = THg and k<1, BH interpretation is
questionable.

1 1/k corrections are crucial.
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~ Wick rotation: rolling D-brane boundary states

Naive momentum space Wick rotation n — ww does not work.

m Performing Wick rotation in coordinate space, or choosing the
contour integral properly,

1 _ ptwyr(el _p—w ipy [ cosh (#25¥) .
iy = TGN DA D[ o),
* r(1 - ip) cosh (r252)
_ dw dp
| falling) = gzw(ﬁoipa DU;p,w) T4 Infalling brane
m Finite k correction: — > P
1 Trajectory is smeared (NPRT) cosh tsinh p = sinh pg
1
0(p) ~ | ——
()~

1 Rolling D-brane gathers moss (Kutasov)
—> analytic continuation of winding tachyon? f
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Black hole/ String transition at k = 1
Evaluation changes drastically at k=1 (BH/String transition)

m There is no nontrivial saddle point for k<1

OO AN L - A/ 2.
N(M) ~ dpeﬂ(l k)p D2+ 2k M

m Emission rate is UV convergent (BH/String transition)
B Summary:

1 Tachyon-radion correspondence Is universal (k>1)

1 BH/String transition is observed in physical quantities (radiation
rate)

1 Atk=1, Ty = Ty and k<1, BH interpretation is
questionable.

1/k corrections are crucial.
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Unitarity and Open/Closed duality (Nrs: hep-th/0605013 )

irsa: 06110019

Is unitarity consistent with open/closed duality?

.. ' : \
IMZylinder = (B Q I . | B)

W (po; p, w(p, M))|

:Z/ d> Pk /x dp 1
- (2n)>—PrJo 27x2w(p, M)

Open string channel?

? & :

Euclidean V.S. Lorentzian worldsheet

Gives the same answer in rolling tachyon (karzecmarek-
Liu-Maldacena-Strominger), but. .. (Okuyama-Rozalli, NRS)

Page 39/57
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~ Open string computation

m Modular transform is (only) well-defined in Lorentzian
signature world sheet.

' a = sinh(7p) Ay o
Se d dw AP —W ) 7 =
j - [ p/ (cosh(nw) + cosh(@p)) Sinh(:'rpfk)qﬂ °5¢  closed
dso sinh(ww) Lo o2
o g2k i = Q5C
/ / dp/ & (cosh(xp) + cosh(aw)) sinh(rw/k) " Zose  open

m Imaginary part consists of two parts
ImZCy,g = Im Zn{l’ive - Imzpofe

m Naive part corresponds to contribution easily guessed Iin
the Euclidean approach (but not enough)

b — /m dtﬂ/ d / Sm(ﬂ'u})qm (“"2+p2) ~
SRS 0 P (COS(?T{.U) i COSh(ﬂ'p)) SIr'I(i'Tw/k) 0S¢
2 | kn2
e = /dtﬂ/ ( 1)7+1 sin(rnk)e 27 to(Zr 3 )Zg@@
loslagareyjv)e o ;
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Black hole/ String transition at k = 1

I Evaluation changes drastically at k=1 (BH/String transition)

m There is no nontrivial saddle point for k<1
00 W(l—%)p—ﬂ\/pz-{—QkMQ

m Emission rate is UV convergent (BH/String transition)

m Summary:
I Tachyon-radion correspondence is universal (k>1)

. BH/String transition is observed in physical quantities (radiation
rate)

1 Atk=1, Ty = THge and k<1, BH interpretation is
questionable.

I 1/k corrections are crucial.
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Unitarity and Open/Closed duality (Nrs: hep-th/0605013 )
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Is unitarity consistent with open/closed duality?

| | A
IMZcytinder = (B . I . | B)

~Elork san
- (2n)>—PJo 27x2w(p, M)

Open string channel?

7 o '

Euclidean V.S. Lorentzian worldsheet

Gives the same answer in rolling tachyon (karzecmarek-
Liu-Maldacena-Strominger), but. .. (Okuyama-Rozalli, NRS)

W (po; p. w(p, M))|?
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Black hole/ String transition at k = 1

Evaluation changes drastically at k=1 (BH/String transition)

m There is no nontrivial saddle point for k<1
00 ﬂ'(l—%)p—ﬂ\/pz-{—QkM'g

m Emission rate is UV convergent (BH/String transition)

® Summary:

' Tachyon-radion correspondence is universal (k>1)

1 BH/String transition is observed in physical quantities (radiation
rate)

1 Atk=1, Tgy = THge and k<1, BH interpretation is
questionable.

| 1/k corrections are crucial.

irsa: 06110019 Page 43/57



" A
Unitarity and Open/Closed duality (NrRs: hep-th/0605013 )
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Is unitarity consistent with open/closed duality?

.. ' : \
IMZcytinder = (B . | . 5]

e
- (2n)>—PrJo 27x2w(p, M)

Open string channel?

? ) '

Euclidean V.S. Lorentzian worldsheet

Gives the same answer in rolling tachyon (karzecmarek-
Liu-Maldacena-Strominger), but. .. (Okuyama-Rozalli, NRS)

W (po; p, w(p, M))|?
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~ Open string computation

m Modular transform is (only) well-defined in Lorentzian
signature world sheet.

: sinh(7zp) Lo 2
o0 d v p = Z S
/ = [ p/ (COSh(?TuJ) + cosh(ap)) Slnh(rp/k)qm 93¢ closed
dse sinh(ww) (12—
_ﬂ ot :
/ / dp/ “(cosh(wp) + cosh(nw)) sinh(xw/k)" Zose open

m Imaginary part consists of two parts

IchyI = IMZqive +IMZ pole

m Naive part corresponds to contribution easily guessed Iin
the Euclidean approach (but not enough)

o — /mdto/ J /‘ sm(ww)qza(w’z"‘PZ) ,
rae— Jo . (COS(Trw) + cosh(xp)) sin(rw/k)
2 | kn2
= dto (— 1)”+15iﬂ(ﬁnk)e*2m0(%+ 7-)
Eedigaive = / f dp L.
cos(mnk) + cosh(wp)
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" Unitarity meets open/closed duality
1 Pole part comes from poles in Euclidean (Wick) rotation

oo [kn— }
ImZ pole — 2/ dto Z ZE ( 1)n+1 —'f;;ra(2m+1)-|- (m+2)2
% 5—1 m—0
1 Both contributions are imperative to understand k‘ o
Unitarity

Tachyon-Radion correspondence

3 Summary

In Euclidean approach, no apparent reason to include/exclude
pole contributions.

Unitarity demands its existence, and Lorentzian theory
automatically knows it.

Fortuitously no pole contribution in rolling tachyon (in 2D ZZ-
brane decay as well).
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~ Open string computation

m Modular transform is (only) well-defined in Lorentzian
signature world sheet.

i e S sinh(zp) L( 2_,2)
d‘ C d L AP == Z
j ’ f p/ s (cosh(mw) +C05h(7rp))sinh(7rpﬂc)qﬂ 93¢ closed
dse sinh(zww) (P—e2)
G (P?
/ / dpf “(cosh(=p) + cosh(7w)) Slﬂh(ﬂ'w/ﬁﬂ) Zosc open

m Imaginary part consists of two parts
Im chg =N Zn{l’ive +Im Zpof&

m Naive part corresponds to contribution easily guessed Iin
the Euclidean approach (but not enough)

o /mdfo/ J / srn(ww)qz;‘(ﬁ-l-r»‘z) ,
nawe = Jo = “(cos(s =) + cosh(xp)) sin(mw/k)
fen?
dto (— 1)”+15|n(wnk)e”2”0(ﬂ+ )
Podipgjve = / / dp
=1 cos(mnk) + cosh(mp)

Leoger




” Unitarity meets open/closed duality

3 Pole part comes from poles in Euclidean (Wick) rotation

ac Lkn— 2}

dlo 5~ 5T (L qyntl—wton(2mt+ 1)+ 2e(m+3)

1M Z,0 _2/

0 n=1 m=0

1 Both contributions are imperative to understand
Unitarity
Tachyon-Radion correspondence

3 Summary

In Euclidean approach, no apparent reason to include/exclude
pole contributions.

— Unitarity demands its existence, and Lorentzian theory
automatically knows it.

Fortuitously no pole contribution in rolling tachyon (in 2D ZZ-
brane decay as well).
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~ Open string computation

m Modular transform is (only) well-defined in Lorentzian
signature world sheet.

3 fd oQ sinh(zp) 1 (p2 _u2)
S¢ d du’..L.-' vy = Z
/dg / p/ (cosh(nw) + C{JSH('J'rp))Sinh(i';j;ofﬁc)qlE 93¢ closed
dso sinh(rw) Lo 2
W g osc
f ] dp] e (cosh(mp) + cosh(nw)) sinh(ﬂrw/ﬁc)q “ Rpch

m Imaginary part consists of two parts

IMZ. = IMZpgive + IMZ500

m Naive part corresponds to contribution easily guessed Iin
the Euclidean approach (but not enough)

A /mdfu/ dp/ sm(ww)qza(wz"‘l’z) -
Sl 0 “(cos(x w)—l—cosh(wp))sm(m;/k) =
fen?
= dto ( 1)”+lsiﬂ(rrnk)e_'2mﬂ(ﬂ+ )
Eodigeive = ] / L O
n—1 cos(mnk) + cosh(mp)



" Unitarity meets open/closed duality

1 Pole part comes from poles in Euclidean (Wick) rotation

o dlo < o 2xt, 142
IMZpoie =2] t—ﬂ ¥y ¥y (—1)nH1e—7ton(2m+1)+352(m+3)? 5
0 4 n=1 m=0
kA ]
m  Both contributions are imperative to understand o

Unitarity
Tachyon-Radion correspondence
® Summary

1 In Euclidean approach, no apparent reason to include/exclude
pole contributions.

1 Unitarity demands its existence, and Lorentzian theory
automatically knows it.

Fortuitously no pole contribution in rolling tachyon (in 2D ZZ-
brane decay as well).
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4. Discussion/Summary
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" A
Summary and Outlook

m Exact boundary states for rolling D-brane I1s
constructed.

m Tachyon-Radion correspondence is proved in @’ exact
way.
— Full proof in string field theory?

m  BH/String transition is observed at k=1.
— Is 2D pure BH really black? Matrix model?

m  Consistency between unitarity and open/closed duality
requires careful analytic continuation (Wick rotation).

The shortest path between two truths in the real domain
passes through the complex domain. ---- J. Hadamard
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4. Discussion/Summary
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| Unitarity meets open/closed duality
3 Pole part comes from poles in Euclidean (Wick) rotation

o0 dt,.. 2 [kn—-%} e o
ImZpDIE = 2]0 t—ﬂ Z Z (—1)”+1e_‘fftun(2-m+1)+T;~(WL+§) A
0

n—1 m==0

1 Both contributions are imperative to understand

Unitarity
Tachyon-Radion correspondence

® Summary

1 In Euclidean approach, no apparent reason to include/exclude
pole contributions.
Unitarity demands its existence, and Lorentzian theory
automatically knows it.
Fortuitously no pole contribution in rolling tachyon (in 2D ZZ-
brane decay as well).
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~ Open string computation

m Modular transform is (only) well-defined in Lorentzian
signature world sheet.

' N g sinh(7p) 1 (p2—2)
c d dw P
/dS f p/ (cosh(mw) + COSh(?Tp))Sinh(:'rp/ﬁc)qﬂ o3¢ closed
dso sinh(ww) L2 2
gk (P~ —w .
f / dpf “(cosh(xp) + cosh(xw)) sinh(mw/k)" Zose open

m Imaginary part consists of two parts

ImZ,; = IMZygipe + IMZ,50

m Naive part corresponds to contribution easily guessed Iin
the Euclidean approach (but not enough)

Z, o = /Mdt{)/ df sin () g2E (< +7°) Z
nawe— Jo ¥ (cos( w)—l—cosh(wp))sm(rw/k) —
kn2
dto (— 1)”+lsin(rrnk)e“'2m0(ﬂ+ )
Podiggjve = / f dp
=1 cos(mnk) + cosh(wp)

o




" A
Summary and Outlook

m Exact boundary states for rolling D-brane I1s
constructed.

m Tachyon-Radion correspondence is proved in @’ exact
way.
— Full proof in string field theory?

m  BH/String transition is observed at k=1.
— Is 2D pure BH really black? Matrix model?

m  Consistency between unitarity and open/closed duality
requires careful analytic continuation (Wick rotation).

The shortest path between two truths in the real domain
passes through the complex domain. ---- J. Hadamard
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~ 2D (fermionic) Black Hole

m 2D black hole is the simplest black hole geometry as an exact string
background (Witten; Mandal, Senguputa, Wadia) SL(2,R),/U(1) . _ 34 6
k
®g

ds? = 2k(dp? — tanh? pdt?) e® = —
s (dp pdt®) e o

m Global metric looks Schwarzshild-like

dudv

1 — uv

u = sinh pet v = —sinh pe_t ds?® = —2k

m [n Euclidean geometry, 2D black hole is cigar geometry:

Vi | I
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