P AYERLE|

[ BN YN e AT

HARYIEES 5 6 b MFES
(RILR%:. 20104E3H20H

A
Iy

A ESGIVE

R

e s

2010E3H820H L£EH



g

FND T F TOYIHE R GE

* Dual Model &35 1975. 3
+ B IRN—IVDEER E 7 A — 7 O LA 1979. 3
* Hamiltonian Quantum Gravity 1985. 4
+ String & E /) 1986. 10
- AR R T = E R & X A 1993. 9
- B O FIEEERIR E R L~ AT C 1997. 3
- —RAHE R R & R 2005. 9

(T A2l FBRAFEHAGRY CRY T LAGER)

- EHEE S I3 R L BEE 2010. 3

2010E3H820H L£EH



g

TAD Z I E TOYH ARl G

- Dual Model & 35D2EE 1975. 3
- B ) IR—IVDEEE E 7 A — 7 O LA 1979. 3
* Hamiltonian Quantum Gravity 1985. 4
- String & #EH /) 1986. 10
- AR u - R & X 1993. 9
- ZEER O IEEEE YL ~HIT 1997. 3
- —RAHE R R & R 2005. 9

Guggenheim museum (New York)
D 4 fi [C] R

(TA a2 BRAFHAERY VRD T LGER)

- s EREE SV B L B 2010. 3

2010E3H820H L£EH



19704 D ER T

B O ZR R 2 X 2 5 RGN - LS NEEE D
%L DbDIL, 7 0FEMRICELNT,
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1970 AT D BTl (generalized) Veneziano, Virasoro—Shapiro fRIEIX.
NREHELOSTTAIE G DO B2 D AR L THRESNIEL DO THY,

ZTHLh . HOBERE consistent 72 DNE NS X BB TIE2 o7,
B4 ARAE DB RIS . B DI BIZORINALL DT AT T INFDWEIZTFEEZ T,

1

Gravity from strings: personal reminiscences

of early developments
a1y (arXiv:0911.1624,)
amiaki Yoneya

Institute of Physics, University of Tokyo to appeal" in

Komaba, Meguro-ku, Tokyo 153-8902, Japan . .
The Birth of String Theory,
Cambridge Univ. Press.

Abstract

I discuss the early developments of string theory with respect to its connec-
tion with gauge theory and general relativity from my own perspective. The
period covered is mainly from 1969 to 1974, during which I became involved
in research on dual string models as a graduate student. My thinking to-
wards the recognition of string theory as an extended quantum theory of
gravity is described. Some retrospective remarks on my later works related
to this subject are also given.
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of early developments
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amiaki Yoneya

Institute of Physics, University of Tokyo to appeal" in

Komaba, Meguro-ku, Tokyo 153-8902, Japan . .
The Birth of String Theory,
Cambridge Univ. Press.

Abstract

I discuss the early developments of string theory with respect to its connec-

tion with gauge theory and general relativity from my own perspective. The

period covered is mainly from 1969 to 1974, during which I became involved [ )
in research on dual string models as a graduate student. My thinking to- Dear Tamiaki,

wards the recognition of string theory as an extended quantum theory of
gravity is described. Some retrospective remarks on my later works related Thanks very much for posting to the web your very

to this subject are also given. illuminating article of reminiscences, which | just read.
It is very interesting to read about your thoughts

in the early period when you were grappling with
questions that are still puzzling us today.

. Edward Witten
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19734, FEDORIIT T, B EDOEHRIZBE T Dm0 D S &= TV,
WA N3 DD

¢ TS —AE X Em L. string O ZHE ST GRE 135
D,

— AR KR D IEFRICAE D, string DI DERGERATHE) TEZ#HIO > TWDHD,
T N e B RO E TR DI B 7R )

¢ Feynman rule O E[E T, —ftHX%Fw & closed string D REfRZ D
THENDHD

closed string 1Z%7" % Feynman-like rule # A EOILEICLY ERALTX 20D,

¥ 1L, closed string 28R ATy w6 —FEOEMER S L CTEIT D
AN 2 EPI N j%@i/f*—‘/@ BDEINNDHDIRDH ?

TR EBINELT- B, iSSP BITAE 1D “emergence” X, Sakharov D7 AT 7
(1967, “induced gravity” c\_ofm:‘é) ZIHEWZEIZ, LRI > TR DV,

SERR . % B Cld. open—closed duality 7= graviton % gauge field
DEEIRTEREF M S,
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19734, FOBRKIZNT T, HJEDOBERIZEE T D5 ) D a2 E TV,
WA N3 DD

¢ T IZF O — KA xR L. string D& fE 5 [ % It R EE
DI,

— AR KR D IEFRICAE D, string DI DERGERATHE) TEZ#HIO > TWDHD,
T N e B RO E TR DI B 7R )

2 |13

¢ Feynman rule O E[E T, —ftHX%Fw & closed string D REfRZ D
THENDHD

closed string 1Z%7" % Feynman-like rule # A EOILEICLY ERALTX 20D,

¥ 1L, closed string 28R ATy w6 —FEOEMER S L CTEIT D BORRD S5
NN PP T 9*3@/?*—‘/@ GINBENNDEDIRDN ? NOPTO—F :

(1970-73)
Fishnet diagram,

TR EBINELT- B, iSSP BITAE 1D “emergence” X, Sakharov D7 AT 7 Nielson-Olesen vortex
(1967, “induced gravity” LOfotﬁVé) ZiENWZ L2, LRI TERB DU, NO nonlinear theory

SERR . % B Cld. open—closed duality 7= graviton % gauge field
DEEIRTEREF M S,
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19734, BFBEKI _75> 7T, BN EDORERIZEI T DA DFm LA EV VTV,
A CUN=3 DD E

¢ T IZF O — KA xR L. string D& fE 5 [ % It R EE
DI,

— AR AR D IR, string DJRAN DRIRCGERFTE) TEZ#IO > TWODH,
N BT B IR 1S TR ST B )

2 |13

¢ Feynman rule O E[E T, —ftHX%Fw & closed string D REfRZ D
THENDHD

closed string 1Z%7" % Feynman-like rule # A EOILEICLY ERALTX 20D,

¥ 1L, closed string 28R ATy w6 —FEOEMER S L CTEIT D BORRD S5
NN PP T 9*3@/?*—‘/@ GINBENNDEDIRDN ? NOPTO—F :

(1970-73)
Fishnet diagram,

TR EBINELT- B, iSSP BITAE 1D “emergence” X, Sakharov D7 AT 7 Nielson-Olesen vortex
(1967, “induced gravity” LOiﬁﬁ)é) N EIZ, D LRIT > TR DN, NO nonlinear theory

EFR . 5% HE R TlX. open——closed duality M7= graviton % gauge field
DEEIRTEREF M S,

\
“String theory is, at a new level, the realization of old ideas concerning
induced gravitation! I cannot refrain from feeling proud on this point!”
A. D. Sakharov (1921-89), 1985
1\ _/

Nobel peace prize 1975
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Progress of Theoretical Physics, Vol. 45, No. 2,, February 1971

Crossing-Symmetric Decomposition of the
Five-Point and Six-Point Veneziano
~ Formulas into Tree-Graph Integrals®

Noboru NAKANISHI*®

AppZz'éd Mathem.dtics'-Depaﬁm'e}zt_
Brookhaven National Laboratory
Upton, Long Island, New York 11973

(Received August 24, 1970)

It is shown that the five-point Veneziano formula can be written as a sum of five inte-
grals, each of which has only the singularities which can be existent in the Feynman ampli-
tudes corresponding to a particular tree Feynman graph, in such a way that those integrals
are transmuted into each other by cyclic permutations of external particles. Likewise, the
six-point Veneziano formula is decomposed into fourteen tree-graph integrals in a crossing-
symmetric way. )

On the basis of the above results, a natural extension of the generalized Veneziano
formula to the general-spin case is proposed.

F= J cZXJ AY X6 -1y=a(s) -1
0 0 _

% (1 . X)_“(sza')‘-l (1 — Y)—-“(su)"l (1 _— XY)-“(315)+“(323)+“(334).

: ]
| 2 4 5 _ F= ];;;Fk
5: 4I :3 3; .?.I il
F — J-J dxd x—a(sij)——l -—a(sLm)e—l
k . y y

X (14 ) em 8 (14 y) =048 (L g4 y) 0+,
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Progress of Theoretical Physics, Vol. 48, No. 6A, December 1972

Feynman-like Rules for the Dual-Resonance Model
on the Basis of the Nakanishi Decomposition

Tamiaki YONEYA

Department of Physics, Hokkaido University, Sapporo

(Received May 15, 1972)

We present Feynman-like rules for the dual-resonance model, whose counting rule is the
same as in the conventional field theory. Our approach is based on the Nakanishi decom-
position of the z-point Veneziano formula. This decomposition is extended to general loop
amplitudes. One advantage of this scheme is that the periodicity problem for the loop ampli-
tudes is automatically removed, at least at the one-loop level.

PT PS1 PS2 PS3 PT1
1 1. .2
2 9 2 2 2
3 o
3 3
PT2 PT3 PT4 PTS PT6

HRAOEE T, Riemann E® moduli ZE] . Feynman rule &
consistent % triangulation (25725

2010E3H820H L£EH



Q EAHIDOMBEIT. RIITHIL TRV, ZORBEEFRIT I
FOMNELZEEN T OO LA E R, MEICE S
1T CUNA,

IRF 22 Al E P R B (1987) . purely cubic action D F4H(1985)
mED, ZOHMILSEFEFNTEM,

Q 2% HORIEIX., HINZ2RIEZ 2, Znb g TR, ZERROBEARIC %
\ZHe LD, DO ’C hlgher excited state ZJCIZFEr T HEVD, %51@
HHER) 72 7 1E TR I FA~Z, open string Tl, TETV\A,

Q 3FHDOMBEIL, [T—CENREIENIET, —2D/R7
574’A3:L’CO>£E@F (XEELCLEE 2D, LD L Efel=iet <
E'E&j:%l/ \o
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Brief history of strings and gauge/gravity correspondence

1968 Veneziano model

- Channel (s-t) duality
\ - Regge behavior
/_< = - narrow-resonance

approximation

1
Vis,t) = / dx :U_O‘/S_O‘O_l(l — x)_o‘,t_o‘o_l
0

— Z T (5) — i Tn(t) — polesat sort =m2 =(n—1)/d

spectrum of relativistic open strings

Similar formula (Virasoro, Shapiro), corresponding to closed strings

@ String interpretation in terms of factorization (F#R. Susskind),

and through electric circuit analogy (Nielsen)

¢ Unitarization program (&) !|-I&H-Virasoro)

2010E3H820H L£EH



1970 ~ 1978
Initial developments of string theory (models for hadronic interactions)

X =

€ Nambu-Goto action

¢ Light-cone quantization, no-ghost theorem, critical dimensions (26 or 10)

@ Ultraviolet finiteness (modular invariance)

€ Neveu-Schwarz-Ramond model (inclusion of “G”-partiry and fermionic degrees of freedom)
& Space-time supersymmetry

Developments related to field-theory /string connection (‘70s)

Q “Fishnet’ diagram interpretation, Nielsen-Olesen vortex

Q@ Derivation of gauge theory, general relativity and supergravity from strings in the zero-
~ slope limit ——— gravity and unification

@ Construction of various supersymmetric gauge and gravity theories

Q@ String picture from strong-coupling lattice gauge theory

Q@ t Hooft’s large N limit

\- ¥

1984~1989 First revolution in string theory

7
%/

Green-Schwarz anomaly cancelation

Five consistent perturbative string vacua (|, llA, lIB, 2xHetro) in 10D
Compactifications(T-duality, Calabi-Yau, ....), new connections to mathematics
CFT technique, renormalization group interpretation

©OO©
&/ W/ &/
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1990~1994 Development of “old” matrix models and related models

€ Double scaling limit
@ c=1 strings, 2D gravity, ‘non-critical’ strings
& topological field theories and strings

1995~1999 Second revolution in string theory

Q@ discovery of D-branes
@ statistical interpretation of black-hole entropy in the BPS or near-BPS limits
Q conjecture of M-theory

Q@ New matrix models (BFSS, IKKT), supermembranes, M(atrix) theory conjecture,
Q@ AdS/CFT correspondence, GKPWV relation, ....

2010E3H820H L£EH
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1990~1994 Development of “old” matrix models and related models

3
=

©

V"

~

\ =

Double scaling limit
c=1 strings, 2D gravity, ‘non-critical’ strings
topological field theories and strings

1995~1999 Second revolution in string theory

!@
[@

present

discovery of D-branes
statistical interpretation of black-hole entropy in the BPS or near-BPS limits

conjecture of M-theory
New matrix models (BFSS, IKKT), supermembranes, M(atrix) theory conjecture, .....
AdS/CFT correspondence, GKPW relation, ....

General idea of gauge-gravity correspondence

unification of two old ideas on strings from the 70s ?

€ hadronic strings for quark confinement from gauge theory
string theory for ultimate unification as an extension of general relativity

€

2010E3H820H L£EH
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SRR XA 2 L ST D AT REME D3 85 57

Q FAEIEHDHE—
H)xE &)f;ﬁ‘f\’CODﬁ%ZIKE/J*EEﬁEfHk% 5D FEANETE DO — H B

Q JItRER|OHE—
— AR X MR AR & = im O A A A A —

Iml

BN EEGTH—HROEMEL TOROR AL HDHERTHIA !

T, BUR T, 2B G — D7D D MBS H E SV TWDTEIT T,
F72. EOVIOFEBIZ ARSI TN O0 BN, EBrE O EEARE &N
OB “rules of the game” (27 X720,

Lo, ZHERONEDRIASDIZ N, BHHERO HARRILREL TID THIRTHY,
INETHDOETMDOBENTEZONTERA R B—NDTFATT7DIFEEAETNT

D, K-DIL—2ZBUTOHHD, ENSHER—EICKE ST,
&b BRI ZFF o Tehlc I3l A DFE=E < R

”'

unification of “ideas” or “methodologies” !
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St R R
( D Kaluza :
Einstein: General ka—{ Supergravity
Relativity

4 )

Quantum
Mechanics

- J

\

Quantum Field |,
Theory

Principle

< Stanvdard

Yang-Mills 555
\ Theory

Black hole
Unitarity puzzle UV problem B Superstring
(information problem) Nonrenormalizability SEa ! M-theory

\ // Gauge/string

Correspondence
‘holography’

Web of Unification
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LU, TR TIERERTHDOHERZELD ",

Y ®mkIL(10=9+1) FFZEIZ 1T D4 E O 5 L COEE R E K
(generalized Feynman rule) L2 S 3L TCUNRL,

P30 EHZMERIR TP 25 2 5- 2 DB E IR (2737 ME) I SRIT R ICH D,
Q JEEBNE AL X TR S ESR TR,
Q STTFILUAMCAT B R/ B LAV E 3 TEDME IR,

IO MERIE. EFANZRICNT JRIEAEFROEKREICEITWNS
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FEROKRLIEELGEE

Q SLOFAXERAIEFin , WNRBYIC TE ) =t (~EZ0E )
BLO F/7~V$HE1’EEHJ DIEINFUD (K F- A7 h v, ¥ES) . FEIER H—)

kY PEROBOHEGGOMNNSIT T TE o T2,
@<%tﬁ%ﬁﬁ%ﬂhfmé(7 o/ EAR)

Q WHEANHEOFEHEZIMIA TEDLNEIMNIL. WEDOLZAITRIATA,
S HDIZALANIERLEL COBKEFRZ TUND
| 57 RgyFELTEHEEOHEEERAORZEEZFTELTLNS!

Ll

Q AEMIIZ closed system & LT ilE7e 5780
Q MoOETiHTIX. RATEIFRAMIZS NS

Q FEFEOE T CIT R SEIMEFE N RIE STV 5.
~— IRFRIIER S DR A 3 D B A 1 B
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Q JERATEGR & LT, BARRIKMED 72\ HE— D FR

LU, FERAMEOMRICBIL Tk, 22 2 013 EREN 2 BGEOER D

HEH)RE XYL LN DIV TR S8 IMBGE 2 iR L T2 FE R
FrE)72 A BAER O e AIZBL T,

BXIFROIFEEEFHFED unitary & ZFBEE T (CMIL
cH. IBINENLZRFDH0
ZHRRIRL TN,

bl RrE ST ERNEENHS  ( Landau—Peierls, ....., il ... )

H LSO BAERIZOWTH, #0IA BRI K-> TEARZ2REZEER E L)
FAETD. L L, BN AR ZE [ET 280 1A B am | TAGHE 35
(ultraviolet catastrophe & unitarity violation)

note: N=84D sugra @ finiteness conjecture ?

(bLIELWELTH, susy ZIFTIFIHTE RV L, TOEAMEIX. REERIC
ORGSR W E b D)

R INTDE ) D EEE]
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Q FERFTHE A IEHEBIAIC E RS B0 2

FFze DA ETERIFR (T Y., 1987, ... )
D-brane M JJZAIZEIT DRI AT — )L D EHERIBIRIZ A ) THDHZ LN
QOFAAZL T, LU, O EE 725 E U2 O W THIRTE B HE TIERu,

minimal length (D. Gross, G. Veneziano, 1987, ....)
EENPRIEOHE &= L X— DR NTH LD REE, L,
D7 L — B THLINED), BIOEEIO SRR
B AL THH I EID, Bl

@ Background independence M[/&H
purely cubic action 3 FUA

T. Y., ICOBAN'’86 International conference on grand unification (& [LI)

D review talk CHEME(BL 0, 854E12 H HAFHFZEL
Friedan, Witten ZEGMSTIZ[GIARZR T AT 7 HEEBL TS

realization MFAEL T
Hata-Ito-Kugo-Kunitomo-Ogawa, PL 175B, 138(1986)
Horowitz-Lykken-Rohm-Strominger, PRL 57, 283(1986)

ZD 2o, "ZMHEROFEMHIIMD ) L&D, ZHEmO D o &b RO
L22L. FIZBREFEICE LTI,
[string field 2359%Eim/ MBELG O BEDOILARKNEHHEZ2 D £ ) 2>y BHMETIZ 22w
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4 . . .
purely cubic action conjecture

BRI B LTk, B & AR DA ISR
INTVB T LD E LT, fEHIERLZ,
background independent ZAHAAEHIEE T T
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| I
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DUALITY AND INDETERMINACY PRINCIPLE IN STRING THEORY

Tamiaki Yoneya

Institute of Physics, University of Tokyo
Komaba, Meguro—ku, Tokyo, Japan

ABSTRACT

We give an elementary explanation about how string
theories overcome the ultraviolet difficulty of the
local field theories. The indeterminacy principle

is reinterpreted as a limitation on the smallness
of the domain of observations.

1. INTRODUCTION

: . . 1
One of the most attractive properties of the string theory as a
candidate for the fundamental unified theory of nature including

gravity is that it resolves the renowned ultraviolet difficulty which

is inherent in local quantum field theories. How the ultraviolet

Then the following question comes to mind: If the center-of-mass

momenta are cut off owing to the non-locality as explained above,

how should the relation (1) be interpreted? Roughly, the answer is

the following. In string theory, there is an infinite tower of states

with arbitrarily large masses. Hence, energy can become arbitrarily

large without acquiring large spatial momenta. Now the intrinsic
spatial extension of the string states becomes larger as the mass

increases. Thus,

in the string theory, the large energy fluctuation

actually means large fluctuation with respect to the intrinsic

spatial extension of string. Led by this observation, we propose to
reinterpret the relation (1) as an indeterminacy relation between the

interval of observations and the fluctuations with respect to the

5 ) (2)

where A is the universal length parameter given by (hﬂa'ﬁ)]/Z

intrinsic extension of the 'observations':

(:[intervall-[fluctuation of extension] 2

where

a' being the slope parameter. (One unit is such that c=1.)

Here an 'observation'

is a synonym of a string interaction.
(2) implies that there is a limitation about the smallness of the
spacetime domain where arbitrary possible observation in string theory

is performed. 1In this sense there is no room for ultraviolet

2010E3H820H L£EH
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% BERTEIRDBEFEOIT I DY — rweze) g o RRee it ms

[}

NEEARIH HE THAND, RFEOHIE H FLROMAE/EHEZ B TOHL T m—
T URIT X2 B720, test particle ZANERNOEEEFE L TEANTE/RV).

s DOFE BAEH = 8GELIR TR 1%
Riemann HDHEEALTHICEH>DTEFEHINTLNS.

SEDIKDNE, V=~ H DL Z ARSI 2 AL EOMEIZIVIRES.

V—~rm EOEEORRE 2 OlERS | 2zRTILIEAZL FE= extremal length
N ([,) B L(F, ﬂ)2 ds = p(z,Z)|dz| ERICRAL 2 RTHEE
A S‘;p A(£2,p) L(T, p) = inf L(v,p) L(v,p) =/, pldz|

L B L ORBEROES

A(R2,p) = /Q p°dzdz

B FHER DS O proper time (234725
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composition theorem : Q=0+, (N =0

1. If every v € I' contains a v; € I} and 9 € I5, then
M) > Ao, (I1) + A, (13).
2. If every v; € I} and ~9 € [5 contains a v € I, then
L/ Ao(I) > 1/Ap,(I'1) + 1/ X0, (I5).

reciprocity theorem :

Let the two pairs of opposite sides of 2 be a, o and 3, ﬁ} :

I : the set of arcs joining « and o'

[ : the set of arcs joining 8 and [’

Ao(DAp(I) =1
6/

2010E3H820H L£EH
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EERIZ T DEFZE D LI 26 OMEE 2 5

Riemann sheet Space-Time
A
: = (0, &) = at(a, &) = 0" By /b
A rH(€1,0) = M (€1,b) = M AL Ja

\

< >

b
AI) = a/b l
AMI™)=1b/a < >
B
contribution to the amplitude : e [_ L < A° 4+ B )]
- TP\ T

AA = \J(A2) ~ ND),
AB = \/(B2) ~ /AT,

=  AAAB ~ (2

2010&E3 8208 LIER 24



U —~ i CIR M ERRE & R ERREAS AU _,\4X0>F'951+ ZbHY, o

FILEDNEIZHGFE L TWWA. Minkowskist&E T, — X ZEMATEH 9

IR S A R B

T OEENG, WERIC BT IR ZE OB AT LT, Ko

Rl MBI G DB R  ST o L TARS S, |
AXAT 2 12 M ax

QO B SITHIEE DU AN - > T, EEHN DD~ LR TE 7. / \\

¥ Gs DFRELT LI S0,

% Borel FnZ& Hu-7-1% (large-angle scattering, Mende-Ooguri, 1988) D #EHE
TIE, XIE TR 3L

Q@ DV L—rDNRITEBIT HMAF) A r— L 2 BRI
(DODEE)

(AX)* _ 5 AX > ol
AT ~ AX/’U ATAX ~ . Z 68, ~ \/E S Heisenberg
1 /9 relation
AX,, ~ ATA vw%el Apv ~ gsv 1/

AX > AX, —  AX ~ gl/Sg

2010E3H820H L£EH
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Q@ XOFEM (Schild gauge) @ (generalized) symplectic structure 7>

5 DFFR
S _ d2f Leaba X“@ Xyb 4 16 LbQ i 1 HHEIZ 1. Nambu-Goto,
b2 2)\2 a b 214 2 IN\2 KV Polyakov fEH & [F]%5
A\ lagrange multiplier
1
— {X“(m), Xao'blzlj(0-2>XV(O-2)}D = A(o1 — 02) A=L
L 9 2 2, Lo o 2

FH i HIRL - O VR IR EL D B 2870 HR5R

dxt 5 5
Spartilce — df pud—f T €(p +m )

2010E3H820H L£EH 26



* MEGE A 7r—v L ORf%

TRNVF—DIEHE  6E ~

5X = (Gro/oT)YT

ATAX > ¢°

cross over point

5 /) A7 — L (mini black hole D KXX)

16T \ZLB, IUTTRE

10D Schwarzschild radius

stringy uncertainty relation

[ AX, ~ i3,

AT, ~ 93_1/388

space-time uncertainty relation

27

time uncertainty

/ critical point

@ black-hole uncertainty relation

space uncertainty

] R IC BT D,

MR TSNS,
11D Planck scale & —%

2010E3H820H L£EH
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ok

g

world-sheet ffific X & 7 \WIEEHINE b

BESS, IKKT f741#i8i7%: £ £ consistent

"AMEENE) DIEWER E R
HH D energy-time uncertainty relation & £17- & 9 IR TR X 235 %

Holographic principle & DEfR

UV-IR ®no B3t % 5. 2 . open-closed string duality O EMENEE 22 T 3
V5 &) FBET, Holography %l %Z S 70 L X)L T AT 5

LB B9 % el il iy 2 12 D T

T.Y., “String theory and the space-time uncertainty principle”,
Prog. Theor. Phys. 103, 1081 (2000) hep-th /0004074

B ArRErE (72 & 203, I TFH O/ S &)

“non-commutative” inflation OERCIEHHI LT 5
e. g., R. H. Brandenberger and P. M. Ho, Phys. Rev. D66(2002)023517

and many others

2010E3H820H L£EH
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DT L — 150N R 9 St — E R - RO IS

D7 L — i3 nnh> - D-branes —

Q@ open string DY H H L %/
Q BN EM I hENEHE

@ bulks— 4 (RR 4}) DI CHIE /
(77— VB 2RIV LZET L — B X DT ENTED) strings

Q@ —MRITININVZERFD: \
ZERIHIIN SO DIRTE p DEEx Dp TL—V eSS, ETL—2
PRIN- =AY SR ESE U D= R i 24)

Q ML GERIN ) « AR = 2L ¥ —3E 1T
iX. supersymmetric Yang-Mills theory 12 & D

R TE %

diagonal

@ bulk supergravity il (low-energy effective theory) ¢
1%, WHLE (77 v 7R —VfR) L LCERTE S
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Q HEHIAHAIEHIX open string D EFHIFEL I IZID XIS LD, BVHEZ D
&, open string field|Z, D7 L —2® collective coordinate &F72HA.

1
gsls

1 s
accelation oc g7 X e

9353 gs

mass desnsity ~

velocity expansion (%, 7 — Y Him O E #Eim (vacuum diagrams, —f&» entropy effect)

THR %, FHICED, DOMITFO—RHERIERN 3 (hH & BEARANE L <83

Y. Okawa-T. Y., NPB538, 67(1999) hep-th /9806108,

NPB541, 163(1999) hep-th /9808188

() 00 @

/
o/
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open-closed string duality in string perturbation theory (simplest one-loop case)

‘ll — -
—> ‘; \

/ /

creation and annihilation exchange of closed strings
of open strings (includes graviton exchange)

\—— AIN—KNZDIR D —/

effective theory=gauge theory effective theory=gravity

2010E3H820H L£EH



bL, ZOMEMER DA —F —ETHILD,
I5H|Z non-perturbative b H%I%5

W E N E T [FAFEDOBEIRZ 5 2 DO EL TAIND

U2, bulk theory ONLIETZ1FNs D7 L—2 D
EHEZ s im) ) e a RBE A D1, fired T 5
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bL. ZOMEPMERE DA —H —ETHILD,
I5H|Z non-perturbative b H%I%5

WG N Eo T K FIFDORERZ 5- 2 DO FAED FRIND

U2, bulk theory ONLIETZ1FNs D7 L—2 D
B s i) 1 RBE AL, fired TIAl5E

gauge-gravty
correspondence

@ gauge/gravity (String shiix. D7L—r 0 H%0E R L OBLA

5, (RIET) OBEER & x Bl & O BT ITHT - 7eidi 2 b= b L., ik
[ ZH BT 7 M E 2 TR TRIB L QA FDOEMEOEFHIZ OV T, f#
HHX A REFMN LTS TS

2010E3H820H L£EH
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gauge / gravity (or string) xI)i> D&

@ EOVOGAIT. EZETAHRN), MBZRRD (T DRENGRE
» RIBHIXIFRME (supersymmetry, conformal symmetry, ...) D4 HE:

[Tl

(L& % D7),

perturbative 7% open-closed string duality /. bosonic string T {37

+ TR FRME DR

bulk: general coordinate invariance <«—» boundary: local gauge symmetry

« RNFRPE D E -
H L. I/N EBBEOERETKY 276, ABRDO N THAZID

G ER= R S Em) 1. EZE TR MDD
7— VIR, ZBER O TR, lowest mode 721 &k L7 EIT T E 220
R ICHLOIAD TN L D R TT, L2 ETIEHES LD
3D O(N) vector model D¥54 : Vasiliev’s higher spin gauge theory (AdS_4)
(tensionless limit of some string theory?)

» 7= VHERICARER) IR A — )VIKAFE (running coupling constant) DX A F I 7 A
ZHER DILD D

QCD D¥zE.  asymptotic freedom & confinement % [@8FICECHR T& % 7>

2010E3H820H L£EH
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aX v b
Q@ conformal Z¥a1ZB L T :
boundary D 77— P28 #a £ bulkfill o FEEEZEHABIR LS5 Z & (D3 case)

Kazama-Jevicki-T.Y. PRL81,5072,1998

0 K ¢ = —2e¢-xx" -+ EaCB2 “Quantum Metamorphosis”
through field-dependent
gauge transformation after quantization
N
Ogr® = —2e-w2%+c"2® + €Iy

@ non-conformal 7854 .
+ “generalized conformal symmetry” 23, 2272 ) HX)

Jevicki-T.Y., NPB535,335,1998

Jevicki-Kazama-T.Y., PRD59,066001,1999
Knitscheider-Skenderis-Taylor, JHEP 0809:094,2008

Azeyanagi-Hanada-Kawai-Matsuo, NPB816,278,2009

- DO-case (0+1XJtsuper Yang-Mills theory): bulk fi]2> 5 D25 DO ¥ 5
Sekino-T.Y. NPB570, 174, 1998

7 — P HERHIC, Monte Carlo simulation 12k 23 F = v 73 TED0H %
Hanada-Nishimura-Sekino-T.Y., arXiv:0911.1623, and in preparation
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TR LU T\ A4 7 THRRERNIOH ) 2 12410 U JERE
T/, UL D AMOBEKRTIHLWAHIRZE 5 729 121%,
NS DRIZDODWTHERIRD 5 T £ DAH]R

AlREtEZ AT 5 2 & b REZD3,
WRILAEG 2 £ IR ZHT 57210 TlE, Fr L WY Z B 729 0 13 R

DU,
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BRVTEAA B I T\ A 1RkA 7 THSRGEIOH ) 2 12410 L ZEED 1T,
¥/, ZUZ kD, AMOEKRTHLWHIRZE 27201213,
NS DRIZDODWTHERIRD 5 T £ DAH]R

AlREMEZ AT 5 2 L b RE72D8,
WRILAEG 2 £ IR ZHT 57210 TlE, Fr L WY Z B 729 0 13 R

197054RDBER]

— BHERIZOWTD DD E 5 (or #%#) & ZDHA PR —

X, FEMPI N LTSRN,

2010E3H820H L£EH
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N
(gauge/ gravity(string) NI DFEAIZ VT T

—DDARFTEN i A - DRF(DO-brane)® ;D M5
\_ J

2 DD
@ open-closed string duality @ world-sheet fiff I & 5 72\ GEEBEIRY) €2 AL

@ MEE @ M-theory conjecture 12 X#UZE, 11XIohi2E M im O IFBENNE RICH 5

—#ZD 11D graviton = coherent bound state of (infinitely) many D0-branes

Pio=N/R N —-00 as R=g/, — o0

- DO-brane O % JFEEZEE L TPAZSD L9 733 B L\ PR A DS A
TR (BESS) &, kil Zzlight-cone frame (C 81} 5 TENZZ2ME], BT 112

- DO field (or M field) theory ~dD &g 1 #4213,
Yang-Mills matrix quantum mechanics @ %5 2 &1l
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Open closed string duality D IFEE I E AALIZ AT 72 F1E

N/

¢ an analogy : Mandelstam duality in 2D field theories

massive Thirring model 3 D-particle field theory

sine-Gordon model —> closed string field
. _ open-closed duality
[ eﬁzsg\;setr\l(r;%g_e'\l;”t:fﬁ;fﬁes J( >[ closed-string field theories J
D brane 77—~ w0 first quantization bosonization
or or
Fock space second quantization Mandelstam duality
/ 1 \ { D-brane field theories J
X 1x1
X2X2 N SN =AL N7 L, =N > S~ /jj‘\‘ﬁ
ot | x b 7 VRO O R (7 — U AR,
3x3 D7 L —450 bilinear JE A& HWTHRES,
o F¢
X o N TY, arXiv:0705.1960[hep-th] (PTPI18, 135 (2007)
TY, arXiv:0804:0297[hep-th] (IJMPA23,2343(2008)
\ ' / R © 584212 non-associative Z W& SN BRIZ 7% 5

2010E3H820H L£EH
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Bz

BT DI5 . 20004 DA,
B U CAEN 2RI 720

AP JHEICVEIRS Z

B &I I

EDSEHBETIEIR\WIE A ) D

Ul
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Bz

Y735 . 20004 DARE,.  TokHEEm & 13D (1
B U CAEN 2RI 720

S—E, BRIV BIRS Z EDPEETIERVWES ) D

JEIEEIN - BRI AERILDZHD
RIB (CEHHRE) ziFE5 2 &

LD IO EAALDTEIIL,
FEX SR B3 O B IOV ORIR IC DOV TH XD
WL RIT 7259

“C

TALY 2B A DB =A% FDHE—
DEH !

WINICLTH. BRRINGERLICIEAIS hDESHRIENNELE S S
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The real goal of my research has always been the simplification
and unification of the system of theoretical physics. I attained this
goal satisfactorily for macroscopic phenomena, but not for the
phenomena of quanta and atomic structure. ...

A. Einstein (1879-1955), 1939

TA YA ETH T 7 DEM

The lines would then be the elementary concept in terms
of which the whole theory of electrons and the
electromagnetic field would have to be built up. Closed
lines would be interpreted as photons and open lines
would have their ends interpreted as electrons or
positrons. ...

P. A. M. Dirac (1902-1984), 1955
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