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2 A brief history of string theory

3 The rudiments of string theory: a short course of
string quantum mechanics

4 What is (and should be) string theory?
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1. Historical Background

The standard model has provided us a good understanding
of the basic properties of present-day elementary particles,
quarks, leptons and gauge bosons. Given various numerical
data, we can in principle compute the probability amplitudes
of every possible process involving these particles. How-
ever, it seems needless to emphasize that the model is
still quite incomplete from a theoretical standpoint. In
addition to the fact that the standard model has to assume a
large number of input parameters, the model regarded as a
fundamental theory of matter and its interactions is yet at a
very unsatisfactory level, since it says nothing about
quantum gravitational interaction of elementary particles.

As is well known, the mathematical framework of the
standard model, gauge-ficld theory, has been developed in
our endeavor towards unification of fundamental interac-
tions: the structure of the standard model is governed by
non-Abelian gauge symmetries. Even putting aside universal
gravitational force, however, the standard model still has not
really achieved desired unification between electroweak and
strong nuclear forces. We often expect that the idea of
unified gauge theory could be extended to a unification,
“grand” unification, of these two fundamental forces. In
regard to gravity, however, a majority of us now agree,
after intensive efforts of many years, on that the ultimate
unification of general relativity with quantum gauge-field
theory would require a totally new mathematical framework.

Hawking radiation. Of course, in terms of classical physics,
the effect of gravity is negligible at present experimental
scales when it is compared with other forces. However, the
existence of such fundamental difficulties lying beneath the
extremely successful framework of modern quantum physics
should never be discarded. The situation is analogous to
what physicists in the early 20th century were faced with in
exploring microscopic laws of physics at atomic scale. The
recent development of string theory" strengthens our hope
that string theory contains crucial ingredients for achiev-
ing a reconciliation between quantum theory and general
relativity.

String theory has a quite curious history. It started out
from something which was nothing to do with unified
theories of interactions. From the 1950s to the 60s, even
after a spectacular success of quantum electrodynamics, a
large group of high-energy physicists at that time tended
to believe that quantum field theory might not be the
appropriate framework for describing strong nuclear force.
Therefore the so-called “S-matrix approach” became a
major stream during this period, and string theory actually
emerged from this development in the late 60s. However, as
our understanding on its nature was becoming deepened,
various facets as an ideal theory of all interactions including
gravity have gradually been uncovered. Even after almost 40
years since its first discovery, we are still in the midst of this
process of exploring true meanings and new outcome of

.‘.

string theory. It is very important to recognize such peculiar
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A brief history of string theory

|1968 Veneziano model a(s) = a's + ag

e 0 Tedattoll
o / : - [(—a(s) — a(t))

— Tn(8) — Z ' () s-t (channel) duality
e t-m s
: : = 2 /
—> an infinite number of polesat s or t = ms =(n—1)/a

spectrum of relativistic open strings

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

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

“Nambu-Goto action

ZLight-cone quantization, no-ghost theorem, critical dimensions (26 or 10)
“Ultraviolet finiteness(modular invariance)

“Neveu-Schwarz-Ramond model (inclusion of fermionic degrees of freedom)
<Space-time supersymmetry
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Developments related to field-theory/string connection
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Fishnet’ diagram interpretation, Nielsen-Olesen vortex

"
& N
y )
\l-

& Derivation of gauge theory, general relativity and supergravity from strings

-/
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in the zero-slope limit : unification including gravity
& Construction of various supersymmetric gauge and gravity theories
& String picture from strong-coupling lattice gauge theory
@ t Hooft’s large N limit




1984~1989 First revolution in string theory

“Green-Schwarz anomaly cancelation

“Five consistent perturbative string vacua (lIA, IIB, |, 2xHetro)

&' Compactifications(T-duality, Calabi-Yau, ....), new connections to
mathematics

& CFT technique, renormalization group interpretation

1990~1994 Development of “old” matrix models and related models

& Double scaling limit
@c=| strings, 2D gravity, ‘non-critical’ strings
“topological field theories and strings
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| 995~present
Second revolution in string theory and various steady developments

@discovery of D-branes

Ustatistical interpretation of black-hole entropy in the BPS or near-BPS limits
@conjecture of M-theory

“New matrix models, membranes, .....

@AdS/CFT correspondence, GKPWV relation, ....

@string landscape, .......

@various applications of gauge-gravity correspondence

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



What is string
theory?
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strings (gravity)
from gauge theory?

or

gauge theory from
strings (gravity)?
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First inception of relativistic strings from the Veneziano amplitude(Nambu, Susskind, .... 1969)

1 > ; 7 ! —(p1 p2)2 = —2p1p2 — p% = p%
Vst = / der s a7 2 .
0 t = —(p2+p3)” = —2pap3 — Py — D3

This can be interpreted in terms of a Feynman-like diagram

3 2

\ / e 0
— N

1
4

1 o0
0 0 O‘<5) v

ap = a(0) =1

Assume Then, we can represent the amplitude in

2

pi_\/g

terms of an infinite set of harmonic oscillators

at at = 0"



n=1 n=1
formula
= (0| exp | ip = 2in=1"n0nT ayyy | jp., = | |0)
(3 Y5 > L
1
- d:m:—a(S) oz - U V(p2)|0)
0 a(s) — N
= g nal L
Vertex operator
Loy CLT va'a, describing emission and
V(p) = exp (Zp Z exp | op Z absorption of the
ground state
1
M= J(N — 1) mass (square) operator:
This suggested to define a quantum “coordinate” operator associated with this
infinite-component harmonic oscillators. =







Problems:
- states of negative metric (ghost)

» ground state = tachyon >  Space-time supersymmetry

The first difficulty can be resolved by the existence of WT-like identity
For the first excited state at s=—-k°=0

kay exp (@pz Z \/\;_&Jf ) 0) = ikpy exp (zp2 Z \/\;ﬁ ) 0)

1 1
kpz:g[ (k —p2)° + k% +p3] = 2[

—pi+p5+ k7] =0

Negative metric states are decoupled !
D—-2

L decouple as in QED | ]gD—l\ = ].CO\ frame

The analysis can be extended to arbitrary higher excited states when D=26,
“critical space-time dimensions”.



Important properties and generalizations

gelectric circuit analogy world-sheet picture
gconformal symmetry WTT-like identity
¢ Virasoro-Shapiro model closed string

¢K(&)INS(RH)V (irasoro) program (higher loops) .

¢Regge behavior with linearly rising trajectory
(Chew-Frautschi plot)

gmassless spinning states gauge theory and general relativity



DUAL RESONANCE MODELS

FIGURE 2.1

Chew-Frautschi Plots

= als) M =

P. H. Frampton,
Dual Resonance Models,
Academic Express, 1974 X D



i — B, éﬂ%ﬁiﬂifﬁmﬁ)%(%ﬁ)%f%‘ﬁ“\ A R IIAR 2 2 3D C)

19706ﬁ%¥®§% . BHEERGORE T E E) VIO REBRBH DN A, HEDTIE Lo 7,
B 5 E D *@%\%@%ﬁ COBBBELL DTA T THZDWEICTFEZ T,

Gravity from strings: personal reminiscences The Birth of String Theory,
« Cambridge Univ. Press, 2012
of early developments

Tamiaki Yoneya
Institute of Physics, University of Tokyo The B]rth Of

String Theory

Komaba, Meguro-ku, Tokyo 153-8902, Japan

Edited by

Andrea Cappelli
Elena Castellani
Filippo Colomo
Paolo Di Vecchia

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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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
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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 |

a precursor to
lattice gauge theory, string theory, .....

Canadian Journal of Physics, 33(1955) 650

GAUGE-INVARIANT FORMULATION OF |
QUANTUM ELECTRODYNAMICS! =
e By P. A. M. Dirac
7 F
= - ABSTRACT e
Electrodynamics is formulated so as to be manifestly invariant under general S
S gauge transformations, through being built up entirely in terms of gauge-invariant
frera dynamical variables. The quantization of the theory can be carried out by the Big 1y
e usual rules and meets with the usual difficulties. R
B3y It is found that the gauge-invariant operation of creation of an electron R
kT o . . - R NR
e involves the simultaneous creation of an electron and of the Coulomb field gy
-??.": around it. The requirement of manifest gauge invariance prevents one from using s
4 the concept of an electron separated from its Coulomb field, 33k
S5 S B e 8 SRR S S o c’




An extensible model of the electron

By P. A. M. D1rac, F.R.S.

St John’s College, Unwversity of Cambridge
"DBI”(Dirac-Born-Infeld) action

(Recewved 5 February 1962) DA

It is proposed that the electron should be considered classically as a charged conducting
~ surface, with a surface tension to prevent it from flying apart under the repulsive forces of
~ the charge. Such an electron has a state of stable equilibrium with spherical symmetry, and if
 disturbed its shape and size oscillate. The equations of motion are deduced from an action
N principle and a Hamiltonian formalism is obtained. The energy of the first excited state
~ with spherlcal symmetry is worked out according to the Bohr-Sommerfeld method of quanti-
~ zation, and is found to be about 53 times the rest-energy of the electron. It is suggested that
~ this first excited state may be considered as a muon. The present theory has no electron spin,
~ go it cannot agree accurately with experiment.

S Expressed in terms of the new ¢’s with the choice (2) for f, the action is

1
4ml, = = f x‘>0Jg/‘Pg”°'F#,Fpad4x,

DOEEDT AT T LIRS E NI |
?ﬁ&_ﬁéﬁ{ﬁﬂ%ﬁz, ATEE<D., B dml, = — xl:Ode"dxzdx?',

Dirac B &1%. %OD\_c‘:L\_,L‘\b\i’ﬁ_%

I ) o

E where —.J2is the determinant of the g, and M?is the determinant of the ¢, so that

g

{ ® i8 a positive constant that determines the equilibrium size and mass of the
L electron
}




Foundations of New Field Theory. 427
425

In the papers cited above, the new field theory has been introduced rather
dogmatically, by assuming that the Lagrangian underlying Maxwell’s theory

L=} (H—E (L.1)

Foundations of the New Field Theory.

. (H and E are space-vectors of the electric and magnetic field) has to be replaced
By M. Bor~ and L. InreLp,t Cambridge. '3 by the expressionf

/ L : L=b=(,\/1+_1;(H2—E2)—l). (1.2)
(Communicated by R. H. Fowler, F.R.S.—Received January 26, 1934.) ! g ; v

The obvious physical idea of this modification is the following : —
The failure in the present theory may be expressed by the statement that
it violates the principle of finiteness which postulates that a satisfactory theory

§ 1. Introduction.
The relation of matter and the electromagnetic field can be interpreted

from two opposite standpoints :— -should avoid letting physical quantities become infinite. Applying this
The first which may be called the unitarian standpoint] assumes only one principle to the velocity one is led to the assumption of an upper limit of

physical entity, the electromagnetic' field. The particles of matter are con- velocity ¢ and to replace the Newtonian action function § mv*® of a free particle
sidered as singularities of the field and mass is a derived notion to be expressed by the relativity expression me® (1 — V1 — v%/¢%). Applying the same condition
Bl s (08 s S to.'the. s’pace itself one s lea(i to the .idea. of closed space as int,r.odfu:ed by
Einstein’s cosmological theory.] Applying it to the electromagnetic field one
is lead immediately to the assumption of an upper limit of the field strength

coee EinStEin did nOt ﬁnd thiS analogical COIlStI'uCtiOIl Convincing. and to the modification of the action function (1.1) into (1.2).

This argument seems to be quite convincing. But we believe that a deeper

Infeld and I f()und it attractive for a long time. We abandoned the foundation of such an important law is necessary, just as in Einstein’s mechanics

the deeper foundation is provided by the postulate of relativity. Assuming

thEOI'y fOI' COmPIEtEIY different I'eaSOIlS, l‘lamely, because we did that the expression m¢® (1 —y/1 — v*/c?) has been found by the idea of a velocity

limit it is seen that it can be written in the form

not succeed in reconciling it with the principles of the quantum g med (L — d i),
field theory. In any case this constituted the first attempt to Sht i a0y B Al o ) -
o e . . . . and therefore it has the property that the time integral of me®d</dt is in-
overcome the difficulties of microphysics by means of a non-linear variant for all Fanaformations for which de® is invariant, This four-dimen
. . 8 % sional group of transformations is larger than the three-dimensional group of
thEOl‘y. HElsenberg’S theory Of EIEmental‘y partICIeS, Wthh 1S muCh transformations fo; which the time integral of the Newtonian 'function
talked about today, is also non-linear. But I am guessing. e =dn Bg; 0 a4 s

18 Ainvariant.

74 1 See Born and Infeld, * Nature,’ vol. 132, p. 1004 (1933).
4 7% See Eddington, “ The Expanding Universe,” Cambridge, 1933.

from “The Born-Einstein Letters 1916-1955’, 252
M. Born (1882-1970), published in 1969.




2. The rudiments of string theory:
a short course of string quantum mechanics



iz & 5% fundamental string (‘ F1°)

SHEREBEHR  / Oé, = 68
FAICT=5% (closed string) : EAF+ ZEL O

HEBE=HEII—E. KEROERER= 1/21d

v

BALVf=5% (open string) : 7 —215 &L

-closed string (XTI RXTDXREHHE
BN A THEERT S Qo D C@ 1970FRIE. 3% B &<

“Violin string” & LA TN,
DFY.TBFHESINIZEHRAT S

J'E%ELE—C cloésed S’?;rﬁ%r?gg;f] ﬂ Q (_-) SL—/
II'Ei 0)/5\ o~ L\ b - =
AXIEEmER T D -

;<|u|




2.| Basic ideas of perturbative string theory

particle Feynman rules — string Feynman rules

3 3

. . 4 £ 4 £
- + / N Feynman diagrams
for particles
- 1 2

particle quantum mechanics CU’“(’T)

Feynman diagrams
for closed Strings

string quantum mechanics I3
=2D conformal field theory L (T’ 0)



(" )

(relativistic free) e. o. m. of particle
dp* (T dx
p* () — 0 Py = K
dT dT .
with constraint pz—I—Tn2 =0 T (free) e. 0. m. of string
\_ \ J
ﬁ @2 62
generator of coordinate transformation ( 5 5 )ZE'u = 0
oT Oo
r— f(r)
- world-sheet \ with constraints
. conformal mvarlancef_\ Pq? + P()? — O, P-- P, =0
oxH OxH
PH = , PP =
ot do

generators of conformal transformation:

1
T — 5(PT -+ PO)Q 3 T IO —1 / T 0'/ — f__(’/ O‘)




Consistency of constraints

-

particles : conservation law

o (0xdx\ 10 [[ox\* [0z
relativistic strings : or (@7‘ 80) - 200 (E) i (0_0)
0 (dxdx\ 10 ([(dz\* [0x\°
do (aT aa> 207 (E) (a_g)
a7'1—'1() — 8crcz—’11 a7'1—'00 — aO-TO]_
{(Tyi(1,0), 2" (1,0")} = —6(0c — 0')(0; £ Oy )" (T, 0)




Action principles :
b ' WAL 5
relativistic particle mechanics / d§§ \/V(f) W(f)_ (—) — m
O — -

e. 0. m and constraint
) - daH d
d¢ a( = ) VY dé
path-integral quantization of this action, using zeta-function regularization, ds = ﬁ df
automatically leads to (Feynman) propagator and vacuum loops
T = / ds
(Euclidean form)

/OOO dT/[Dx(s)] eXp(_ %/OT dS[(fTi)Q +m2}>: /OOO dr (e "I |y)



2/070;5[_(

d_:z:
ds

1 > dT 2
)Z—mQ} :/dei/ 7<x\e( T2 )
0

1 > dT de 2 2
— VT2 - —(p"+m”)T
2 /0 T / (27T)De

1
— T§§\/p2_|_m2

zero-point oscillation of local fields



OxH Ox?

relativistic strings S, |2(7,0)] = 473a, //d2§ \/_ det W(f)Vab(f)guu(l’) DEa Db

“mass term” X [J[d*£/— det 4 is not allowed, leading to an inconsistency

because of the local symmetry (VWeyl invariance) Yab (f) — P(f)%zb (f)

relativistic strings are basically massless !

e. 0. m and constraint (in the conformal gauge V., = p(f)nab )

82 82 1 1 a 2
(57~ 593) ) =0 i) = (2““’“")2 a7 (50 ) -

1 Ozt (T, 0) dz(o)
b — ’ T — — O
P (7-7 U) 2oy P 01 (O-) p(O') oo
invariant under conformal transformations 2z~ =717+ o0 — (z’): =7 +o' =f (T + o)

df+(27) df-(27)
dz) T (d2)™ = dztdz™
() H(de)” = TS
We can derive various amplitudes in terms of path integral representation, generalizing the
same method as in particle quantum mechanics.



classical images of (closed) strings in motion

light velocity
2 K
X(T,O‘) = f(r+o0)+g(r—0) ]f’|2:\g’!2zcz E:TCQ/ do = KT
0
" /sin%az\ ) /Sin%l‘\ f /COSZ%ZB\
f(x) =g(x) = 5 | cos 2Ty f(x) = 5 | cos Zy |, glz) = y sin 2Z
\ 0/ \ 0 ) \ 0 )
: dilaton
graviton
\ 1
N o slope parameter
1 1 e o
J = -dE? o =
2a 27TTC2 1
time
! J =0
space
- p D
For openstrings, J 2] F —2F = J=dE? -




world-sheet picture of (open and closed) string scatterings in Minkowsiki spacetime

time

space



R Fropen string D &Ik AE

(boson sector)

8=D—2 D=10XJC

(2=D—2: D =4XJ
R

)

X FRclosed string o L JER BE
(NS-NS boson sector)

X 8=064=389+ 28 +1
35=D(D—3)/2 D=10XJt

I%x2=0+1+1 @=D(D-3)/2:

1]

il




pc:4

N
+ \O -+ 4+ o o
e
h =20 h=1 h =2
In terms of path integrals (Euclidean convention),
1
> 0 [ faxau exp (-~ Sslx. )
M 4o
12}
X(2) =2 - Zh —Ab — Dc — po/z : Euler number
# of handles # of open-string punctures
H# of boundaries # of closed-string punctures

This form is fixed by the requirement of the unitarity of S-matrix

gs :coupling strength of closed string
go :coupling strength of open string

2
9o ™ Gs



open-closed string duality

J???7 open
string 4
5 / gO

\ closed
I _ _ \ 2
h_07 b_27 pc_07 p0_4 gS
4 2




2.2 Spectrum from free propagating strings

intermediate states corresponding to a long cylinder (closed string) or strip (open string)

’&07 |

In the lowest tree approximation, the spectrum is determined by the Hamiltonian corresponding
to infinitesimal ‘time’ translation on these world sheets. T — T -+ 0T

The simplest way to do all such computations is to start from the (conformal-gauge) action

2 27
o (22
Ao OT oo

leading to the Hamiltonian and canonical commutation relations

2 27
e () (2
Aol oT 0o/

2"(0),p"(0)] = if"6(0 —o'),  pH(o) =

1 OxzH(o)

2mal  OT




The constraint operators satisfy the following Poisson algebra corresponding to the Lie
algebra of conformal transformations.

{To1(01),To1(02)} = To1(01)d" (01 — 02)
{To1(01), Too(o2)} = Too(01)d" (01 — 02)

1 —in(T—o 1
T——(T — U) — o Z e~ )Ln Ly, = 5 Z X—m Am+4n
nN=—00 M=—00
T (T+o0)= L i e n(TTo) L, T I« - -
T D " n — 5 X mUmtn
n—=——0o0 e — o6
After quantization, the algebra is
C correspond to anomaly
3 :
Ly, Lyl = (m —n)Ly.p A (m?° — m)(5m+n,0, in the conformal
102 transformation law
L,,,L,|=(m—n)L | m> —m)d 0°
[ m > n] ( ) m-n | 12( ) m—+n,0 C@a§5(01 — 0‘2)

c=effective degrees of freedom
(central charge)



For the purpose of obtaining the spectrum, it is convenient to solve (the non-zero mode part of) the
constraints by choosing light-cone gauge, utilizing the gauge symmetry of conformal transformation.

o,
aj_l'E:z;O—F:vD_locP_'_T, a—p_l_:O
o

1
p+ = E(pO —+ pD_l) - pT center of mass momentum

Then, due to the existence of two constraints, only D-2 directions of the oscillation modes of the
transverse space-time coordinates are independent physical degrees of freedom.

(1, 0), (7, o) 1 =1,2,...,D—2

The zero-mode part of the Hamiltonian’ constraint gives the mass-shell condition

2 2
oT Jo &

H | : Hamiltonian with only transverse components

We can also treat all directions, including the time direction, on an equal footing and then impose the
constraints afterwards as subsidiary conditions on allowed physical states,

either in the Gupta-Bleuler like covariant formalism or in the BRST formalism.
We always get the same final results in all these different formulations.



Solutions of e. 0. m and the commutation relations | : closed strings T,0] T € [—00,00],0 ~ 0+ 2w

o(r,0) = o (a(r —0) + £ + )

general solution

of the wave equation (T —0) = 20 + 'po(T — 0) + 1V 20 Z —ae o—in(T—0)
(transverse modes) n#o
H(r +0) = Fo+ /fo(r +0) +ivZa ¥ e
n;é()

r(1,0) =X + o' P1 + Valwo + i Z (e e~ MT=) 4 4,6 _m(”"))

[ana Ckm] — n5n+m,07 [&na &m] — n5n+m,0

X, Pl =i, [w,X]=w, P]=0

If we assume that the (target) space has a finite length R with periodic boundary condition
along a particular direction o = 0+ 27 — z(0) — x(0) 4+ 27 Rn

the zero mode parts are quantized as (c.o.m | momentum/ and (winding), respectively)

P=m/R, Wa'w= Rn



Zero mode constraints

Hamiltonian constraint : mass-shell condition
/ / /

%MQ — O;PQ — %((%)Q—F (%)2) ‘|‘7§(O‘nan+&n&n) D1_22

momentum constraint . level-matching condition
I
ozt Oz,

- —ntn N—n~n:O‘ d
S

The last term of the Hamlltonlan constraint is the contribution of the zero-point
oscillations. The divergent sum is regularized by defining it as a particular limiting case of
Riemann s zeta function through an analytic continuation.  (zeta-function regularization)

—zn = (D=~
L

24
Let us consider the case where the space-time is just flat Minkowski space
without any compactified directions. Then the first terms in the mass-shell & level-matching
conditions do not appear, and the theory must be Lorentz covariant.

=0

Va

— _ 1 > xS_l _ —s\—1
()= Y, n™ =yl w1 = A

primes



. . D —2 » . .
Lorentz covariance requires that 5 —2 5 D =26 (critical dimension)

since only in that case the first excited states correspond to allowed representations of
Lorentz group of massless states.

17) = ai_laj_1|0> irreducible representations
(i ~%) 5 - - 1 - D(D-3) D(D+1)
= |a i’y o’ 5(D—2)(D—1)—1_ 5 = 5 2D
Juv = Jup graviton
5 | . :
| D 7’_9 2Tri {ail&j_l} 0) — ¢ dilaton
. . 1 D(D —1)
P~ “(D—2)(D-3) = —(D-1)—(D-2)
+a'. &l |o) >
B-field
B/LV — _BV,U,
This result in turn causes the problem 0Buy = 0uN\v — O\

of tachyonic ground state.
Remedy: space-time supersymmetry



Linearized gravitational fields (“‘a particle-physicist’s derivation of general relativity’)

We can arrive at the vector gauge fields starting from ¢ / d*x Auj“
a’u]'u: > AMHAM_I_QM)\

A, =0 O\=0

gauge condition and residual gauge degrees

Similarly, we can start from g / d%r hWTW D— D —2

TRV — PV 0,T* =0 > hy — hy +0uE + 00E,

However, a big difference! This is valid only at the lowest order in /K

Energy and momentum of h,uv must also be included in the
energy-momentum tensor, when we go to higher orders.

In the lowest order on-shell approximation, we can utilize the above gauge invariance.

_ 1 0V = 0u&y + A€y — Muwo§
w,w/ — h,uu 277,uh h — h'u,u 5 : K K

0"ov,,, = L&,
[ alu w,UV p— O f,u — () gauge condition and residual gauge degrees J
D(D + 1) D(D — 3)

2D =
2 2




Derivation of the action for

9%
Under the requirements that the action is second order with respect to space-time derivatives and is

invariant under the gauge transformation, the Lagrangian is unique, up to total derivatives and is equal to
the linearized form of the Einstein action.

1 1 1 1
L — Zﬁgh‘“j@gh’w — iaghlwﬁ'/h“g — Zﬁuhﬁ“h —|— iauhﬁyh'/“

eq. of motion

2G*F = Oh*P 4+ 0“0 h — 0P 0,h* — 0,0*h"7 + n*(0,0,h*"" — Oh)

As soon as we add higher order terms to this form, we encounter

inconsistency, unless we extend the gauge transformation recursively
with respect to the coupling constant. The recursive construction is bound to
coincide with the expansion of the Einstein action using g, = My -+ Iihuy



A convenient way of convincing this expectation is to start from the
first-order form of the linearized Einstein action.

A = / p[p (T, —Tp) + 0 (T2, Ty — T3, T0 )] r, =TI,
treating w,uV and ng as independent fields.

N 1
S —  0aT, @,,ru 0Ty =
1
oI g Qrg — Tl F — 1 F,U = 0" — 8%#3 Oty — mwa 8ﬁ¢aﬁ

1
w,ul/ . aaal/w,uoz o ﬁaauwl/a 5 w — 0

This is equivalent with the linearized eq. of motion for h,uy

The complete non-linear action is obtained from this form simply by the

replacement L L L
e =T+

which gives the correct first order Einstein action up to total derivatives.



@ Vertex operators corresponding to these states can be identified as infinitesimal
deformations of the string action from the flat space-time with no background.

1 - -
Slx| = /dzfx/ gu,/(a:)habf?aaz“@baz’/ + B, (2)e™0xt Opz”

1% e

1

| : /d2§\/ —hR®) ¢(z) + surface terms
T

or in the Euclidean form with the conformal gauge h;, = €p5ab

1 1
Sele] = 1 [ 10212 g (2)0-405" + Buu(@)d.a0:0”) — 5 [ a2 60.0:¢

The linearized fields correspond to the vertex operators:

Guv = Nuv T ’fh;w hyw =0 0"hy, =0 R, =0
B,uy — _By,u BNV =0 BMB,UJV =0
¢ =0
Vi(2,2) ~ hyy(x)0 2" 050" valid in the bulk
V¢ ~ ¢5z5’z,0 of world sheet

Ve ~ B, (x)0,2"0zx"



U These vertex operators satisfy the correct transformation properties under
conformal transformation 02 = 6(2) related to WVeyl invariance).
Y

0V (2,2) = 0. |€(2)V(z,2)] + 0z _E(Z)V(Z’ Z)_

|
5€/|dz\2V(z,Z) =0

& The metric can be redefined by mixing with dilaton by the field redefinition

a
hyw — by " ol

('dilaton’: some similarity with the NG boson associated with dilation)

@ Soft-dilaton theorem: shift of the dilaton field by a constant induces the change
of the string coupling

ox) = ¢(x) +¢ / PEVTRROb(x) — / V=R $(x) + cx
)

(We can also prove this theorem in the framework of string-field theory)

We can thus make identification (Jg — €<



@ The string action with nontrivial backgrounds is nothing but a nonlinear sigma model
in two dimensions. In the weak-coupling expansion (which is essentially the alpha’
expansion), the conditions for Weyl invariance (or fixed-point condition of
renormalization group) are known to be

1 84
Ry + 5 H, °H 05 — 2D, Dy = 0

DoH",, — 2(Da¢)H3‘W =

1

4(D,$)* — 4D, D"¢ + R .

Hoy HOM = 0

In the linearized approximation for backgrounds, these equations reduce to
the massless field equations for graviton, B-field and dilaton.

These equations and its action should be
(and have been confirmed by explicit computation in lower orders)
equivalent with the effective action for the S-matrix of string scatterings.



Irinity of string theory

Interactions Free motions
4 ) 4 )
Vertex operators “ > particle spectra
\_ _J g J
space-time
4 )

deformation of backgrounds

. J

The non-linear structure of interactions automatically emerge from the
extendedness of strings which is governed by world-sheet conformal symmetry

This indicates that the structure of string theory can be basically background independent.

It is one of the most fundamental (and long-standing) problems to explore manifestly
background independent formulations of string theory.



Solutions of e. 0. m and the commutation relations |l : open strings O<o<m

two typical boundary conditions at the end points, free (Neumann) or fixed (Dirichlet)

N aaw = 0 consistent with the momentum constraint
at the boundary 87_238023 — ()
Using the same general solution as for closed strings (at 0 — O, ),

N = —ad/(po — po) +iV2 ) i(a,e™ — de™™) =0
n+0
| P : c.om momentum along
N direction
po=po =2F, o, =ay,

D - , _ NGW, o . —inT ~n —INnT — .
' (po + Po) + 1V 20 nz#o( 1) (ane™™" + ane™™) ¢ = wL :string length

[ along D direction

~

Po = —Po = L/O/7 Op = —0Op



N :xz(r,0) = X + 2a'P1 + iV 2« Z e e """ cosno

n#O
T,O) = ! : 20/ P + v 2« an,e” " cosno
b 27Toz 27Toz oy,
2 (1,0) = —ivV2 Y ape”" sinno

n7#0
For simplicity, only NN and

DD cases are treated here.

D:x(r,0) =X — Lo —V2a Z e e~ """ sinno

n;éO
1 0 .
T,O) = = V2o Y a,e” " sinno
p(r,) 2ma 2ma g;o
2'(1,0) = —L — V2 ) a,e” cosno
n7+-0
Hamiltonian constraints : _ — .
. (H —1)[W) Massless vector modes propagating
N=H—dP'+) a_,a, " D-2) along Neumann directions and
n=1 24 massless scalar modes associated with
1, & D = 26 Dirichlet directions
D= H /40/L + ) a_nan, - g —1‘O>

n=1



2.3 T-duality

\/1/27To/5’0x — —\/1/27m/071; = —/27ma/p

The Hamiltonian is invariant under

In the case of field theories on space-time lattices, this simply corresponds to transformation
between the original lattice and its dual lattice (Kramers-VVannier duality)

s

closed strings :

V2ra'p(o) =

—\/1/27Ta’x’

Z anezna _|_ &ne—zna]
o

\/zT

—ZTLO']

mzo‘“
RH—

~S

pg — \/Q/Cv’oég,

Py = \/2/a’&

anHOéna Xy <

(i

\

(m,n) < (n,m),

R

r

open strings :

(N, D) —

(D, N)

\

V2a/'P — L/V,

_/

There can be no such symmetries in particle mechanics.

Historically, T-duality symmetry first explicitly

appeared in the calculation of one-loop vacuum amplitude with torus compactification (Kikkawa-

Yamasaki, 1984).



By a T-duality transformation along a particular direction, a theory compactified on a
circle of radius R is transformed into another theory with radius |/R (in the string unit),
with momentum and winding modes being interchanged for closed strings and, for open
strings, with Neumann and Dirichlet boundary conditions being interchanged.

Further analyses of scattering amplitudes indicate that the string coupling is transformed as
(being consistent with the lattice analysis)

QSHQS/R

This is consistent with the requirement that the effective gravitational constant
in un-compactified part of the space-time must be invariant under T-duality.

1/G€ff — R/g? (string unit o =1 )

R—1/R, gs— g, R/g; =1/R x 1/(g,)°
/ V
gs :gs/R



T-duality in the lattice-regularized world-sheet picture
(Kramers-VVannier duality)

T 4 2mm,
//deJ((?:L’ o Z .73 vy AT JR)Q — Z(xz —x; +2mm;; R)°

a

with constraint E mMy;; = 0

forbidding the excitation of local vortices.

The periodicity of the compactified circle
is represented by the gauge symmetry

My — Mg — 27TR(TLZ — le)

lattice and dual lattice



general solution of the constraint :

My = My — M —|—€b€,l;j, m; € 4, gaEZ, ZmZ:O
()

b _
€5 = Tl

when the link (ij) crosses the
representative homology cycle b
on the dual lattice, with signs
depending on orientation.

There is one-to-one
correspondence between
the homology cycles on
the original lattice and
the dual lattice.

representative homology cycles of a torus



fixation of the center-of-mass coordinate

Partition function o =1 L —
/

2T R .
2=k Y [ |52 [ TTewl ot — o+ 2mmy R
0 2T 4

{mij;} . . ]

X H 6Zi,j61 M ,0
i

- ~4/
—R Z/ . I;Iexp[ 1 (ﬁz — T T Qﬂngij)Q]

e T
() i ]

1
exp[ o (.CCZ — Ly 27T€b€ij)2]
T In. . - 1 ' -
__ Pij 2 ¢ . . b
— /_OO o exp _ 47Tpij | 27sz](xz — T, —|—27T€b€in)_

Then perform the integration over the coordinates first by fixing the momenta (Fourier transform).



Apart from the overall factor R, the partition function becomes

DpIJ I 1 2 . -
3 / PN TLexp[ = gorts +iptcs R Hzms S prs =0)
{€v} - I \1#} IJei
usmg the one-to-one

pij —> PrJ correspondence between
o links and dual links

The delta-function constraint is solved as
pIJ:pI_pJ—FPBE?J, Zp[:()

1
Also the following relation is identically satisfied. Z(pl — pj)fbegj = (

)
The summation over fb can be re- expressed using the Poisson resummation formula.
>3O
g = 27 E 0(0 — 2mm)
NnN=—0oQ Mm=—0o0
O o

Z exp[zPBEbe”e R| = Z exp|iPply R ) Z 6(PP — 2rml5/R)

Vp=—00 Vp=—00 {p=—00



Thus we arrive at the following ‘momentum’ representation of the partition function.

z=rY [ Iopiyen e o

_ 1 -
X {II_JI} exp | . (pr — py + QWKBE?J/R)Q_

Fuler theorem 2—2h=S—P+V — (2n) PtV -I+t2hpg=2h — (9p)=5+1Rp=2h

4 )

|/ :# of vertices h =3
P :#oflinks X — —4

S :# of dual vertices _— \/
/
= # of plaquettes
h : # of handles




We have proved the following identity.

RZ/

{ma;} "

_p2-2nt Z/+OO

dxz-

27T

{KB} B

—=R**"Z,(1/R)

Or in the grand-canonical form,

Z(gs, R)

1
H exp| e (x; — x; + Qﬂbe?jR)Q]

{7}
-/

de

27T

gs,

1 e |

1J}

1

A7

(pr — ps + 2mlger; /R)?

ZQQh QZh

— Z(gs/Rv 1/R)

(T-duality symmetry :
R —1/R

gs — QS/R




The present model is essentially the 2D XY model, which is familiar in the statistical mechanics
of spin systems. In that case, however, we do not impose the condition

E m;; = 0
1,J€1
If we allow the excitations of local vortices, without imposing this condition,
the dual transformed system becomes the system of Coulomb gas of local vortices,

Z /Oo[dpl] eXp P Z(pl—pJ)Q—I—ZRZmIp[
{mr} I {I,J} I
where we assumed the base space to be of sphere topology
for simplicity, and mr = Z mi;

ijel

4~
— o
”’ =

measures the strength of local vorticity.

Thus self-duality is violated. The system undergoes a phase transition at
some finite R = R. (Kosterlitz-Thouless transition).

R > R, : massless Coulomb phase

R < R, :plasma phase of local vortices



Q@ enhanced (emergent) symmetries at the self-dual point R = /o

Suppose (n,m) = (£1,£1) , then

o' M? = (nva'/R)? + (mR/Va!')? + 23 (a_pou, + 6_po,) — 4

~ ~

— 14+142) (a_p,an, +x_pa,) — 4

and the level-matching condition becomes
(1 + Z(a_nan — &_n&n)> 044) =0
(—1 + Z(a_nan — &_n&n)> 0

— The massless states of the following types are also possible,
&—1‘0 >7 a—l‘O::">
in addition to the Kaluza-Klein “vector” gravitons

compactified 904_1&_1|O>, a_l&_1\0>
direction B ————— uncompactified directions




These excitations can constitute SU(2) triplet(s) of massless vector states.

(a_1]0

),a_1ax_1|0)) and/or (_1|04=),x_1a_1|0))

The corresponding conserved (world-sheet) charges are

. 27
Tt :/o do:expi(Fx(T — 0)/\@): TgR — /() dop(T — o)

T :/0 7Tda:expi( (T4 o) /Va!): TSLZ/O WdUP(T‘l‘U)

generating momentum and measuring momentum and
winding number of unit strength winding number
_ Vo' R _ 1 R
Lg = 4 T3 Ly = 27 T::

and satisfying the SU(2) algebra

[L37LZ:] — ——L::7 [L+7L—] — 2L3

ZThere also appear scalar massless states, which should be interpreted as Nambu-
Goldstone modes (‘moduli fields’) associated with the infinitesimal deformation of the
geometry of compactified space.

F)

04_1&_1‘0>, 54_1‘0 >, &_1‘02




& Recall old Kaluza-Klein theory
Interpret U(1) gauge field as the ‘fifth’-component of the metric tensor of

5 dimensional space-time.
gua(z) = RA,(T), gaa = 1

2
ds® = dsj + (d:c4 + RAM(:U)da:”) 4~ 2t LT R

Then the coordinate shift of 2% — 2 + RO(x) induces the
gauge transformation. A (z) — Ay (x) + 9,0(x)

The corresponding conserved charge is nothing but the momentum operator of the
compactified direction. This corresponds to the world-sheet charge

27 27
T3R + T3L :/ dop(T — o) + / dop(T + o)
0 0

The massive KK states are higher (charged) modes in the Fourier expansion.

pat,at) = Y dnlat)e /8

nN——0oo

b1 (z)e R s gy () e R gy (@) = €0y ()



Remark: world-sheet v.s. target space symmetries

@A conservation law (other than the constraints) on the world-sheet leads to the
corresponding conservation law in the target space-time, provided that there does not appear
any anomaly in the transformation law of current operators under conformal transformation.

“ T ©: aTjT = 8aja =3 p
o, j{ dojr (7-7 0-) AT
Qtarget ~ Z Qz

Then, the world-sheet currerits can be reinterpreted as
T Q=1+ Q2 target space currents as

Z/dTﬂgdgj (7,0)0afiy (1,0)87 (2 — 233 (T, 0))

at least in the classical approximation

In the case of open strings, conservation law can be broken at the boundary
depending on the boundary condition. In target space-time, this often corresponds to
non-linear realization associated with spontaneous symmetry breaking.



Even if not conserved, world-sheet currents may also correspond to target-space

symmetries,
provided that the current divergence is proportional to vertex operators of massless

physical states, and hence the non-conservation is compensated by the shift of
background fields.

For instance, general coordinate transformation and the gauge symmetry of the B field are
of this type. In the former case, anomalies of conformal transformation law leads to
non-linear form in higher orders of string coupling.

1
0, T% = 5(@1}“ + 0,v,)0"x" 0, "
Ty = v, (x)0,2" !
oh,, = o,v, + 0,v,
B = eabuu(m)@bm“ 0,B% = %(GMUV — 6’,,uu)eab8ax“8ba;‘”

|

0B, = 0,u, — Oyuy,



2.4 UV finiteness: vacuum amplitudes of closed strings
V1L

Consider the generalization of vacuum amplitude of bosonic field theory A=c¢e¢

D o0
[ = 1/ ap / @6—7(p2+m2)
2 (27T)D 0 T
1 de > dr —(p2 2
. ring = 5 / (27T)D/O 7TlrphyS (e (p>+M ))

2 M2 2 27 d@ 0 e ~ ~ M2
1rphys (G_T(p * )> —e¢ P / —Tr (ez 2n=1(—n0n=G_nln) =T )
0

27T
2 — o 4
M2 — ~ Z(a_nozn + a_,ap) ~
n=1

We can take into account the theta integration by complexifing the proper time variable.

2 W
! > Im 7, > Re 1
27T

2mo



Moduli parameter of torus change of basis

- )= 0

- ad—bc=1 (a,b,c,d) €Z

<2 . cHdr
— — T — T =
//% ’ 21 a+ bt

modular transformation SL(Q, Z)

The moduli, in general, consist of
proper length and twisting angles.

Im 7 Re T




All modular transformations can be generated
by the following two operations.

L %2

» RerT




In terms of the moduli parameter, the vacuum amplitude is

2 /
p P T Im 7
Strlng /IIHT/
><Tr

27727'(2 I oz_nozn—l) —27727'(2 o O Oy — 1))

1 —(D—2)

1 a2 (1 \"? S i} Y
:__/ImT (a,ImT) (@) | [ -1 -
L n=1 _

AT
g=e

When [D = 26] , we have to redefine the amplitudes in order to

circumvent an infinite multiple counting.

1 d*t 1 NS
Lsios = 57775 . Ty [0 7)0(7)n(7)




n(T) gt/ 12 H (1 —¢°™) satisfies T
n=1

Thus (Im 7")1/277(’7'/)77(7_'/> = (Im 7')1/277(7')77(7_')
d*T d*7’

d —
o (Im 7)?2 (Im 77)?

The vacuum amplitude is invariant under modulartransformation.

But this implies that the upper half complex plane of tau
covers regions with the one and the same contributions infinitely many times.

We should restrict the integration region to the fundamental region F,
covering only once the region such that it does not have any overlap
with the other regions obtained by modular transformations.



1 d°T T ]2
Lstring — 2(0&’)13 /F (IIHT)Z _(ImT)l/Zn(T)n(T)_

The fundamental region F does not

contain UV region, and hence there is no UV
divergence!

This also suggests that the notion of
quantized string fields for closed strings
is unnatural for describing full-fledged
quantum string theory.

However, the situation is quite different
in the case of open strings, as we shall see later.

‘F [f[>1,-1/2<Rer<1/2 |




In general, the boundaryies of moduli space of Riemann surfaces consist
essentially of only two elements.

Possible singularities correspond only to infinitely long propagations of strings, namely to IR
behaviors. All these correspond to unitarity singularities.



dimension of the moduli space (case of closed strings)

dmoduli = 6h — 6 + 2pc (pc > 3)

due to

/

\[\)\\/\)\\ dinoduli = 18 = 2/><v 9)

dimension of
Schwinger-Feynmar
parameters

/> h=3 p.=3 | twisting angles

an example of 3-loop 3-point
(amputated) Feynman diagrams




2.5 D-branes: Physical interpretation of open strings

We can introduce internal degrees of freedom associated with the end points of open strings.

d
4 3 Amplitudes are multiplied
N by the "Chan-Paton factor’
i : Tr (Aaden4szAs)
¢ conformal
transformation | / )
\/ °
The external lines of on-shell asymptotic states are
represented by the insertion of (local) vertex operators | |
on the boundary of world-sheets. I o e_z("_l_”)

after Wick rotation

T — 1T

The vertex operators can be matrices with respect to
the internal indices g, b, ¢, d, ... For orientable strings,
only possible internal symmetry which is consistent
with the channel duality and factorization of scattering

amplitudes is known to be U(N) (or SU(N)). A




massless vector modes and their vertex operators with internal symmetry
A
)\ab €Z$ ( 0O — O) N

Oé 1|O> : T ‘> OO T duality

apart from the zero-mode momentum part along the Neumann directions

ezkx N eZkZE(T,O':O)

----- (JPhysical interpretation of vertex operators (to the first order in the coupling)

N: minimal substitution 673
P (7, 0)0a — P'(T,0)0ar — Aye'e™ ™) 5(0)

: polarization vector

ﬁ charge residing at string endpoints

U(N) gauge fields propagating along the N directions



D: deformation of the Dirichlet boundary condition

! 2 21 1 1
= /deU{(@Ta:) — (Oy) ] vy /dTéi&,x
Using e.o.m., the last term is equal to the first variation of

4;&, [ drdo] (8, (x + 82))* — (D, (x + 62))*

5:13‘7;(7‘, (7) ‘a:() — —¢' (diagonal a=b)

with a simultaneous insertion of a matrix )\fb

4

Massless modes along the Dirichlet directions should be interpreted as collective
coordinates corresponding to the change of positions of open string endpoints.

The mass associated with these collective modes are determined by studying the
effective low-energy actions.



Remarks on world-sheet currents associated with the massless states of open strings

-
Q= a(o)|
1 4 02"
= O oT
end points

- b
Qgauge symmetry 74 = € OpA
aQ d [T . q|0=T
T _ 2 doi0 — _
dT dTL 7 / o=0 /
0A,(z) = Oy W) — e

A () ‘\If> /

The massless gauge boson can be interpreted, at least classically, as the
Goldstone boson associated with a large gauge transformation.

M
A= a,

= 0A,, = a,



Qtranslation symmetry

T () , T . .
Ko = Oul K"’:/ do k = P’
0%k, =0 0
d K" O=Tr O=Tr

— —]{T'u — —@15[3“
dT : o=0 o=0

This corresponds to a shift of D boundary condition at each end points,
and the scalar fields along the D-directions are nothing but the Goldstone
bosons associated with spontaneous symmetry breaking of translation symmetry.

The situation is quite analogous to the collective modes associated with
translation zero modes of classical soliton-type solutions in ordinary
field theories.



The effective actions always contain the kinetic terms of the standard form
for the gauge fields and endpoint collective fields (~Higgs fields), in dimensionless unit, as

1 1 1 -
5 [ @t (—(FW)Q | (DMXZ)2+...)
gs 4 2

w,v,...€(0,1,2,...,p)

27]776 (p+17p+277d_ 1)
where p+/ is the dimension (including time direction) of the N directions. The Yang-Mills
coupling constant is related to the string coupling by

2
do ™ Gs

NS

s

The open-string endpoints must be interpreted as being attached to a new physical
object whose spatial dimension is equal to p and mass density
is proportional to 1

ds

These objects are called D-branes.

The internal indices q, b, ¢, .... label different D-branes.




@Each T-duality transformation changes the dimension of D-brane by one.

@The size of the gauge group N corresponds to the number of D-branes.

@Open string theories = “collective” description of D-branes :

diagonal parts of matrix coordinates
~ coordinates of D-branes

X ()

off-diagonal parts of matrix coordinates
~ mutual interactions among different D-branes

U(N) gauge symmetry
~ extending the role of permutation
symmetry for ordinary identical particles

XYz — U(a;‘)Xi(:(:“)U(ai)]L

\

D-branes

« T

//J

strings




DI L—2 NENRET S — - EaFHEE

D7 L — L idans
t - 0)‘*"‘,".'—(-'\0)5 E -branes

@open string Di B . — D —

QERBIBERRUFTRLGS IENERE

Qbulkk7—>1% (RR1%) DIRTRE (VF—YBRAZRLEVWAE

off-diagonal
ETL—2HEZDBIENTED) N

Q—MRICIEDD ZFD  ZEHNLDIDDRTHD p DEE Dp 7L—V /
EER. REIL—VORELGRTIIEBEHNEZEICKS. strings
QEEE (FJEMENIER) - (BRI T RILF—EITIE. supersymmetric \

Yang-Mills theory ICEDERTES
diagonal
@bulk supergravity 1Yl (low-energy effective theory) Tl&.
LR (OSvOh—ILER) EUTERTEDS
Bekenstein-Hawking T kO E—AX O ET09ERIRHCIAE
(extremal and near extremal blackholes) a b




19934 Santa Babara (K)ITPTHEEZ LI
5 1 &sRIBERIC D LWV TDworkshop D &E D

conference [C & 7 Hinformation paradox
ICBET 2 MMEDKE (J. PolchinskiDig=)

LUml

THE BLACK HOLE WAR

1. Hawking’s option: information that falls into a black hole is 3 s
irretrievably lost. _ }w% 3‘% ig&}gy {
. 2. ’T Hooft and Susskind’s option: information dribbles back ‘
out among the photons and other particles in the Hawking
radiation. ’ £ "
3. Information becomes trapped in tiny Planck-sized remnants.
4. Something else.

With each show of hands, Joe recorded the result on the whiteboard
at the front of the lecture hall. Someone photographed the board
for posterity. Here it is, courtesy of Joe.




D7 L—>%Z@&U. Yang-Mills
iIE1 2-13F(FEDKE

7— 1Bk &~ ER

SHDERNDEER ¢ %Ik

_nﬁﬂ%

(EDER)DAEWC T, RERICH S

SUVORBANZFDORBEHD TiHFE—1 EFHMK

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

creation and annihilation

exchange of closed strings
(includes graviton exchange)

of open strings
\— ALN—KNZDIR D /

effective theo

ry

=gauge theory

effective theory
=gravity

T5



HL. ZOHEIMEE DL —X —F TS,

3612 non-perturbative (ZHHZNR5
MENFOIKEFDHRRZTEZSBEDHFEL THEIND

(CFT/AdS %})ts :Maldacena 1997, Witten 1998, Gubser—Polyakov—Klebanov 1998, ..

gauge-gravty

correspondence
_:',,:‘;-';:._--'-- ’l.;.’\'\
| W &¥? vl .'i'] crosed 1
(| s L/ 1 B K
|l II Sirs. XS ll..l, | I| SIGs ..l| |'
\.\_ B

@ gauge/gravity (string) X3/t

D7 L —2 D J)FOEAAEOBLRAD | (RSO B L5k Ham & 0 B £R

Luﬁﬁfimunﬂz%%)t%l/ INERmANC S T T 7 w2 RO L TUND
N EDOFIMEOFPHIC DN TL, RSN EFU N L FE-TND
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QD7 L — v il & fHEAEH X open string DE NS T2k ) LI 5.
=R ESD O R FDO—RZIEXERI 3 H EEF AR ZIEUSE([FS

Y. Okawa-T. Y., NPB538, 67(1999) hep-th /9806108, NPB541, 163(1999) hep-th /9808188
(the resolutlon of the so-called Dine-Rajaraman problem)

O a0 _a

\ AN /
o/

- Z 961 52;]5}%]53\]}18{

1 1
vl?cvza(vcb V) (Vea - Vo) ‘|‘§U§a(vcb ' vc)2 T ivglc(vca ' vC)Q

1 1
(Vo) (0 Vi) 0k (0 - V) (0 - V)| Ala, b,

4
(a, b, c) /d9 -
— 9|7 \flfb y|"|xe — y




gauge / gravity (or string) X}t DR

-/_\L

. CEXTHEMD. MBZRRD(FTDANERIEL D DDDH,

QESVIHBIC,

al.

- RIBIXI TR (supersymmetry, conformal symmetry, ...)D1&E|
perturbative 7& open-closed string duality (&. bosonic string THAIL

+ RPN E D1 E:
bulk: general coordinate invariance «

| -

> boundary: local gauge symmetry

- KN1RFR D1 EN:
HU. 1/N EFOSXRETHDIIDES, BRDO N THEZIH

ERAIBGE=FPMZIEMR) (d. ECXTKDIIDDH:
lowest mode 7275k U/ im LIS I =730

T—IBmIE. KIBRDILIG Tl
OADBZWN)ESBIBR/ T, ECETIEHbLEINDD:

+ BRI (C (%3R5 (C 12
© : Vasiliev’s higher spin gauge theory (AdS_4)

3D O(N) vector model DiFE
(tensionless limit of some string theory?)

oll




- T—IVERICERE

ZIRAZBNDBDD:
QCD Diz8E.

897 R4 — )LIKTZE (running coupling constant) Y1 =29 X

asymptotic freedom & confinement Z@IFICECh TE DD

- B R 12 FEIRENBY A )A(integrability. resummation, renormalization, ...)¥°.

computer simulation [C&3T —YEimDIF EENEIE
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Monte Carlo Studies of Matrix Theory Correlation Functions
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(Received 25 January 2010; published 16 April 2010)

We study correlation functions in (0 + 1)-dimensional maximally supersymmetric U(N) gauge theory,

which represents the low-energy effective theory of DO-branes. In the large-N limit, the gauge-gravity
duality predicts power-law behaviors in the infrared region for the two-point correlation functions of

operators corresponding to supergravity modes. We evaluate such correlation functions on the gauge
theory side by the Monte Carlo method. Clear power-law behaviors are observed at N = 3, and the
predicted exponents are confirmed consistently. Our results suggest that the agreement extends to the
M-theory regime, where the supergravity analysis in 10 dimensions may not be justified a priori.
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FIG. 1. The real-space two-point correlation functions

(J7()J;7(0)) (I=1,2,3,4) are plotted for N =3 and B = 4.
The UV cutoff is A = 16. The straight lines are fits to the

predicted power-law behavior.



FOEiRA 5TV BB 7 THIRFIIGH, % 1410 LSHE5 1

|

318

o

R@

N

R TRDB T ED

b b

g

RIUHD3EESS 72 £ FIKZ i) 27210 TlE. Frl gt

RV RRR PN Sp

CZEUZED D AYOBRTH LWHIRZS 5 7201213,
NS DI OWTE

SRR

197 04EFR D %E[H]

12 W72 DI

— BRGSOV TD oD R i (or $5¢#l) & 2 D AR —

X, FLEMHIN EIFE A5,




X & Bl & XD, MTHLENEZ )

b

—a
—a

Q 5 ) O vt it = — DO PE B (R 22 RS IS B9 5 7BV 227) 1. SR DR Tid» & 5T 5

QLB DHEDFHZHIHTZ AN EHI DT, WEDLE ZAIIANHED, 1D I 7
QLN E LTOBEKZZHRATHAS

FHiEE. CP violation O . dark matter, ... ZORJEIZHOWT., BRI R
H U SEDR O ONTHRY BEMIZRBGG 2 iED D 53 %4 5 nlHet:)

QiLDR i TIX, MPEIIHRARIZS s
(%2 Z D b DI DAEE TEBIRDRAT. holographic principle or UV-IR %)
&b EEICBIR)
QIFEDBMEZDH DD, "i%-7L—r ) OPEL IS E, BEINLENTN
1IX 7% & 72\ (string geometry)




Q WFZE AEEMERIGR - 1@ OEF IR T DH « =L —AHEETEELR D B O A%

AEAt > h

R AXAT 2 12
h

AE ~ AX— At = AT

4

- HRFMED 6 81T %

« Z DFFZENZREL E A ¥ % (I & 2l DR D JEn )

/_-I:

R

In “Wandering in the fields”, Vol. in honor of the 60th
birthday of Prof. Nishijima,

World Scientific, 1987

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
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Pointlike D-brane Dynamics and Space-Time Uncertainty Relation

Miao Li*
Enrico Fermi Institute, University of Chicago, 5640 Ellis Avenue, Chicago, Illinois 60637

Tamiaki Yoneya'

Institute of Physics, University of Tokyo, Komaba, Meguro-ku, 153 Tokyo
(Received 12 November 1996)

We argue that the space-time uncertainty relation of the form AXAT =

a' for the observability of

the distances with respect to time, AT, and space, AX, is universally valid in string theory including

D-branes.

This relation has been previously proposed by one (T.Y.) of the present authors as a simple

qualitative representation of the perturbative short-distance structure of fundamental string theory. We
show that the relation, combined with the usual quantum mechanical uncertainty principle, explains the

key qualitative features of D-particle dynamics.
PACS numbers: 11.25.Mj, 04.60.—m

It is often stated that in the fundamental string theory
there exists a minimum length of order of Ja! = €,
beyond which we cannot probe the structure of space-
time. This comes about from the properties of string
amplitudes in the high-energy limit [1,2] and also in the
high-temperature limit [3]. Such a statement is indeed
quite natural when we have only the ordinary string states
as possible probes for short distances, since string states
themselves have an intrinsic extension of the order of
length €.

Recently, however, we found that string theory, in
fact, allows a variety of objects of various dimensions as
solitonic excitations and that they are bound to play crucial
roles in nonperturbative formulations of string theory. In
particular, we have even pointlike objects called DO-branes
[4] or D-particles. Recent studies [5—12] of D-particle
dynamics revealed the possibility of probing the distance
scales of eleven-dimensional (11D) Planck scale of the
order g S/ 3¢, the natural scale of the M- -theory [13], which
is indeed much shorter than the string scale ¢, for weak
strmg coupling (the importance of shorter length scales
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were described by the usual local field theories neglect-
ing quantum gravity, we would be allowed to state that
it 1s determlned by the typical wavelength of the objects,
namely, + for sufficiently high energies. Hence, in prin-
ciple, we would have no limitation for probing the short-
distance scale, provided we neglect quantum gravity. If,
on the other hand, the interactions are mediated by funda-
mental strings, high energies do not necessarily imply that
the typical spatial scale is given by the wavelength of the
scattering objects, since higher energies dominantly cause
larger fluctuations with respect to string excitations during
interactions than with respect to the center of mass mo-
tion because of the huge degeneracy of string excitation
modes. It is easy to see [15,16] that the typical (smeared-
out) spatial extension AX of strings with energy E is of
order AX ~ €2E. This implies the simple relation for the
indeterminacies of the space and time lengths,

( axaT =62, ) (1)

which we call the space-time uncertainty relation. In
Ref. [15], this relation was proposed as a natural space-
time reonre<entation of the s7-dualitv nronerties of <trino
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