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§ 1 Introduction

D-branes in string field theory

 D-branes can be realized as soliton solutions in open
string field theory

 D-branes in closed string field theory?

Hashimoto and Hata

HIKKO

[ =UKU + g¥° + (B|¥)

¢ A BRS invariant source term
¢tension of the brane cannot be fixed



Tensions of D-branes
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Can one fix the normalization of the boundary states
without using open strings?

For noncritical strings, the answer Is yes.
Fukuma and Yahikozawa

Let us describe their construction using SFT
for noncritical strings.



c=0 noncritical strings

/ dMe_TrV(M) # Q + @ + _________
double scaling

limit
N
V(M): —M*+ =M
2 4
M : N x N matrix

String Field (1) ~ Tre'M ~ > |

Describing the matrix model in terms of
this field, we obtain the string field theory
for c=0 noncritical strings Kawai, N.I. 4




Stochastic quantization of the matrix model

t: fictitious time

2
=T |(5%)" - 7

Jevicki and Rodrigues

string field (1) = Tre'™

W), v =61 1)
P (1)|0) = (0l4p(1) = 0

~——

H = /OOO dly /OOO dlz(ly + 12)Y (L + 12)Y (L) (l2)

g / " / "l LB (L)L)l + 1) + / " dlp()a )

: VP joining-splitting
Iy interactions



correlation functions

(W) 9(ln)) = (O[p () - 9(1a)|T)  (1T) = lim e~"[0))

t— o0

Virasoro constraints

FKN, DVV
T()|¥) = 0

l o0
T(1) = / (Y1 — 1) + g2 / VDY) + p(l)

Virasoro constraints —— Schwinger-Dyson equations
for the correlation functions

various solutions |¥)
to the Virasoro constraint ~  various vacua
T(H)w) =0 6



Solitonic operators Fukuma and Yahikozawa

Hanada, Hayakawa, Kawai, Kuroki,
J d¢V+(¢)

Matsuo, Tada and N.I.
> LT 2 > dl Cl
Vi) =exp (£, | dle o) Jexp (32 [ Tetul)
= J0 _Y9s Jo

S

These coefficients are chosen so that

7'(1), V£ (Q)] = 0 ()

T(1)|¥) =0 } HT(Z)/dCVj:(C)\% =0

1
T~ —5(390(0)2
Vi)~ reVERO

From one solution to the Virasoro constraint,
one can generate another by the solitonic operator.



These solitonic operators correspond to D-branes

dl <y

VL (Q)W) = exp (igs [ exp |\p>
0

(W) - 9(ln)) = 0lp(l) - dCV:t
amplitudes with

ZZ-branes

_ state with D(-1)-brane
Jdeve(QNY) = ghost D-brane

Okuda, Takayanagi °



critical strings?

noncritical case is simple

l
: L+
I

idempotency equation Kishimoto, Matsuo, Watanabe
(B
(B

For boundary states, things may not be so complicated
9



If we have
-SFT with length variable
-nonlinear equation like the Virasoro constraint
for critical strings, similar construction will be possible.

We will show that
- for OSp invariant SFT for the critical bosonic strings
- we can construct BRS invariant observables
using the boundary states for D-branes
Imitating the construction of the solitonic operators
for the noncritical string case.

¢the BRS Invariant observables
—BRS Invariant source terms~D-branes
¢the tensions of the branes are fixed

10



Plan of the talk

§ 2 OSp Invariant String Field Theory

§ 3 Observables and Correlation Functions
§ 4 D-brane States

§ 5 Disk Amplitudes

§ 6 Conclusion and Discussion

11



§ 2 OSp Invariant String Field Theory

light-cone gauge SFT (t,a, X%) (t=ax, a=2p*, i=1,---,24)

1= [alg [l (ig - m)10+ %2 [0a0.2.3) 00000,

O(25,1) symmetry

v

OSp invariant SFT =light-cone SFT with (¢,a, X*, X**, X%, C,C)

Grassmann

Siegel, Uehara, Neveu, West,
Zwiebach, Kugo, Kawano,.... OSp(27,1]|2) symmetry

X% X2 C.C—>c=0 ®



variables

XM = (X* C,C): OSp(26|2) vector

c C

Oy
NMN = H — pMN

¢ 0

A\ z_oZ)

1 . ,
XH(r,0) = ' —2iph'T +i Z —(ate nTHio) 4 gremn(Tio))
n#0 n
1 : .
C(T, (7) — CO + 20mT — ¥ Z _(,yne—n(T—I—w) + :}'/ne—n(T—lO'))
n#0 n
5 9 P ; 1 = —n(7+10 = —n(T—10
C(r,0) = Co—2iFor+iy —(Fue "TH) 47 e m(T7i7)) .

n
n#0



action

@) 7
) LY+ L -2
s /dt [§/d1d2 (R(1,2) |®), (igt_ o+ L >|<I>>2

%)

2
+ §/d1d2d3 <V30(1,2,3)\<I>>1|<I>>2|<I>>3]

[ |(I)> = | >®f(pﬂ777077_T07t704)
N _ apda d26p7“ 9= (r) 5 (7)
o !, dr = 2 (2n)% wdmy ' dmg
| a1 + Q9
'.‘ 1
Q9 ) < Lo = §p2—|—i7T()7_'('0—|‘N

1 . .
Ly = §p2—|—Z7TQ7T0—|—N

(P = /dl(R(1,2)|<I>>1

. (’cI>>)Jr = (®| (hermiticity) 14




1
(R(1,2)] = 6(1,2) 10| eB(1,2) —

aq

 1{0] = 0] <0!
| B(1,2) = —Z ( WaM@) 4 gV g M<2>>77NM

5(1,2) = 28(o1 4 @2)(2m)%96%0 (py + po)i(7SY + 7N (7 + =)
\

1,2,3)]?
(V3(1,2,3)] = 6(1,2,3) 125(0]e” 122 Pyoy i1, 2, 9)
10203
( 1230 = 1(0] 2(0] 50
271- . ™ F(r
Pias = P1P2Ps Pr:/ d—eew(Lé)_L‘g))
0 2m
3 3 3 / /
6(1,2,3) = 25(2043)(2%)26526(21%)Z(Zﬁér))(z%s)>
s=1 r=1 r’'=1 s'=1
3
E(1,2,3) = % Z Z _Zb’fn (ag(r)a%(8)+ag(r)@%(8)> NN M
n,m>0r,s=1
3.4 3
(1,2,3) = exp(—})za—> : %0:Zarln\oz7n]

15



OSp theory ~ covariant string theory with extra time and length

(t,a, X*, X2 X6 C,C) ~ (t,a, X" b,¢,b,8)  (p=1,2,---,26)

O( ) OO + 21T — ZZn;é % (fy e_n(T""iU) + A —n(T—ia))
1

Tn€
é<77 J) OO — 0ToT + 1 Zn;ﬁO (3/ e_n(7+i0) + ,-:yne—n(T—iJ))

Yn = 1NQCnH, Vn = IMOACy,
_ 1 ~ 1~
Y, = abn, Yo = abn HIKKO

1
Co = 2a(co + ¢y), 7o = 5 —(bo + bo)

“no by — by, co — &

-extra variables «,t, o, Co

16




The “action” cannot be considered as the usual action

@) = |@) + imo|X) + iTo|x) + iMool @)

— Sw/dtd26:c(g52+g5(a8t—p2—MQ)gb—l----)
looks like the action for stochastic quantization

BRS symmetry

BRS transformation ~ J¢~ € OSp

OB = QP +gdxP
Qp ~ Qp° —im(0a + )

the string field Hamiltonian is BRS exact

17



Gy ~ .0
QB = %<LO+LO_2)_Z7T08—04

’I: s —nLn - L—n n ~—ni/n - z—n~n
L Z (V Y 1 Y Y )
anzl n n

B+ W), — /d1d2d3 (V(1,2,3) |®), ¥}, [R(3,4))

1,2,3)|2
(V3(1,2,3)| = 6(1,2,3) 123<O|€E<1,2,3>O(m)73123\u( ,2,3)|

—— 10003
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OSp invariant SFT ~stochastic formulation of string theory ?

Green'’s functions of BRS

. . O---0O,
invariant observables 01 )

Green'’s functions in 26D

‘Wick rotation 26 =iz"

-1 particle pole 1

v

S-matrix elements in 26D
o

S-matrix elements derived from the light-cone gauge SFT

19



§ 3 Observables and Correlation Functions

observables O = < |c1>>

/

50 = ( (Qnl®) + gl@+ @) =0
@s| ) =0
ignoring the multi-string
contribution
it 1y=esl) ((@s)=0)
O ~ép'(|D)

we need the cohomology of &s

20



cohomology of Qs

Qe ~ QE° —imo(0a + )

112 = / adalf (o))

1 .
' ~[0)c,c ® primary) x (27)*°6(p — k)

1 ——
a7‘r07r0|0>0’@ ® |primary) x (27)*°6(p — k) (on-shell)

\

|primary) x: Virasoro primary state of CFT of X

(Lo+ Lo —2) [primary) x @ [0)¢. ¢ (27)2°6%(p — k)
— (k2 + 2imoTo + MQ) [primary) x ® |O>C,C' (2%)26526 (p— k)

This state corresponds to a particle with mass M 21



Observables O = < |<I>>

1 .
) =~10)cc® primary) x (27)*°6(p — k)
1

) = ~Fomol0)c,c @ [primary) x (2r) (7 ?

| @) = [¢) + imo|X) + iTo|X) + imoTo )

Sw/dtdQGx(q32+q3(oz8t—pQ—MQ)qH—---)

Otk =5 [ da [ drodrocc(0] @ x (primars|®(t, a,mo, 7o, k)
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Free propagator

O(t, k) / da/dwodmcc(m & x (primary|®(L, a, 7o, 7o, k))

x (primary|primary)x = 1

two point function

<<@(E1,p1)@(E2,p2)>>

= / dt1dty eFri T2 (0| T O(ty, p1)O(t2, p2)|0))

We would like to show that the lowest order contribution
to this two point function coincides with the free propagator
of the particle corresponding to this state.

23



light-cone guantization

®) = p
‘ > ’¢> + ’¢> 1)) : « > 0 annihilation
14)) © a < 0 creation

(O
[|¢>r> |@Z>s] — |R(T7 3)>

0)) : vacuum

[9)|0) = (0l (¥| =0

t1 > 1o

<<O‘Tq)(t1,0él)@(tQ,OéQ)‘O» — a1 >0 oo < 0

24



<<@(E1,p1)@(E2,p2)>>

free

— /dtldtz eiEltl—{—iEth (27'(')26526 (pl _|_p2)

X [9(t1 — 19

3/ dal /dﬂ'ol)dﬂ'o e
2 Jo

@]

t1 —to (p1+M2—|—2m(1) (1))

. d _st2-t1
H(tg—tl)%/ ) /d (2) g () =i
0

o / drVdmgV e "

OOd _

a1 t1 —to _;ti—to, 2

:/ e G
0 a1 a1

a1

o
_ / dte— it P+ M2—ic)
0

1

. (2) (2
(pg+M2—|—2’L7T(() )71'(() ))

(pf—i—Mz—l—QZW(l) (1) —1€)

o To

+M? —ie)



<<@(E1,p1)@(E2,p2)>>free

: : Ot —t Oty —t
:/dtldt2e%E1t1—|—2E2t2(27_‘_)26526(]?1_|_p2)[ (1 2) (2 1)

pi+M?  p3+ M?

27’(’5 E1 27’(’5 E2

\/

the Hamiltonian is BRS exact

a representative of the class

o(p) /d—E@(E p)

2T
= Ot =0,p)

— / / da/dwodwo c.c{0] ® x (primary|®(E, a, mo, 7o, p))

_ (2m)*°6%°(p1 + p2)
{p1(P1)92(P2)) free = p% + M2 26




N point functions

(oIt ] ot p)0)

r=1

1

we would like to look for the singularity — p2 1372

light-cone diagram

27



T

L il

=3,

dov, it (M) =(r) | pr2 N (r
2 [ dnDanl)) i ORI fay, 10 70, )

the singularity comes from o, ~0

day,

T T —z— in M7 r) 2
/d% ) dr() mias L2V R ME) 120 0.0, p,) 4 -

v

i
1
1
1
|
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M2 + less singular terms
plr. —|_ r p%—l—ME:O{r:ﬂ'(()r):ﬁ'(()r):O

Repeating thisfor r=1,---,N -1
we get

(( ﬁ )

N N
= (H 2 M/)?) (—Z)(27T) o ;pr Gamputated(pr ) p%—I—ME:Er:ar:W(T)—TTéT):O

TZIpT 0o —

+ less singular terms

29



Rem.

higher order corrections

-two point function

N point function

can also be treated in the same way
at least formally

p? + M? 4+ 3(p)

30



Wick rotation  z26 = ix®

N
26 OS oS
S(p'r 27T 5(2 ) amgutated(pr P) p2 T S € ))

OSp
Gamputated (pr’ 67“)

= G (pr, €r),
tated \Pry €r —
p%—l—M?,:Er:Oér:ﬂ'ér)—f’ér)—O amputate ) p2+M2=0

[-LHS is an analytic function of PP, p-€¢€-¢€

Wick rotation + OSp(27,1|2) trans.

OSp
€
< Gamputated <p7"’ r) p%_FMg:ET:aT:ﬂ-(()T) 7—1_(() )—0
OSp
=G (prs €r)
amputated \I'T =T 25 _.26__ (1) _=(r)_
pi+MZ=p*®*=p*=r, =7, =0

. (a,E,Xl, o ,X24,X25,X26,C’, (j) ~ (@,E,Xl, e 7)(24)

\
S(p+) reproduces the light-cone gauge result 31




§ 3 D-brane States

Let us construct off-shell BRS invariant states,
Imitating the construction of the solitonic operator
In the noncritical case.

Boundary states in OSp theory

|Bg)  boundary state for a flat Dp-brane

C(0)|By) = C(0)|By) =0 (Dirichlet in C, C' directions)

A

|By) is « independent

\

[ P(0)|Bo) = X'(0)[Bo) =0 (u=1,-p+1, i=p+1,-

32



BRS invariant regularization

states with one soliton

D) = A [dcOn(©)0)

_ 0 e
OO =expa [ ar i<Bo|<1>>r+F<c>]

Ay

a, F(¢)  will be fixed by requiring és|D) =0

33



B i 0 Cap )
Op(¢) = expla / dr &< (Bo| @), + F(C)

- 0 Ca 3 ]
= exp _a/ dr ea ~(Bol¥)r + F(C)

( 0 B 0 O{r,nd(){r,n d%pr () (r)
< /_OO dr:/_oo 5 /(277)26 wdmy 'dm
@) = [¢) + )

creation

0 ecar _ 0 eCaT’ (’I") —
o [ arSomold), = [ ar S sl

r

00 —Cas 0 00 3
g / a3 [/ a1 / 42 (Va(1,2,3)|8) 1[4} Bo)

oo

0
[ / d2 (Va(1,2,3)[10)1|9)2| Bo)s

T / a1 / 02 (V3(1,2,3)[8)1])2| Bo)

34



0 (¢") QB ~ Qp° — imo (0 +

0 o,
/ ar e Byl c/ dr e By in ),

r

shorthand notation

[ 0 Coup _
30) = / ar << (Boli),

r

0 Cay B
WO = / dr < ( By i 1),

T

y and ¢ commute with each other

Op(¢) = exp (ag(¢) + F(C))

0 GCOAT (r) 7. —
/_ dr (BolQg |¥)r = ¢X(C)

r

5)

35



Using these, we obtain

oB| D))

/ d¢ exp (ad(C) + F(C))

0 o0 o0
[a(j}( ) + ga® f dl f d2 d3
—00 0 0

ECCH

thzﬂu

1,2,3)[¢)1]Bo)5|Bo)s

0 0 oo EC{(11+(22}
/ d1 f i f 43 (Va(1,2,3)[9)1 D) Bo)s | 0%
o0 oo 0

O (9)

We need the idempotency equation.

(B

> (B

36



l[dempotency equations

leading order in ¢

/d’g V5(1,2,3)[Bo)s ~ 2C320(ar + a2 + a3)1(Bol 5(Bo| (_Wél) + _Wf()z)> P12

a1 %)

d'1d'2(V3(1,2,3)|Bo)§| Bo)s ~ —2C16(a1 + as +a3)g<30|a—7r33>7>3
3

[
_ d®p,

dr = idz" drl"
(27)2° ’
1 i
Cy = - .
1T G e
o =R 4
LT () e2(—Ine) "z

\

corrections { : (1 0 ((_ I 6)_1)) (for p 7 —1)
X (1 +0 (62)) (for p = —1) 37



Derivation of the idempotency equations

/ d'3(Va(1,2,3)|Bo)s

/ d'1d'2(V3(1,2,3)|Bo)¢| Bo)s

38



/d’3<V3(1,2,3)|B0>§ ~ 12<()|exp (E (a%(r)j&%(ﬂ))

< F (2{7,57)
XK (o, €)

A \Z
. 2
19
|B0>3 «—>
zy? 1
z — 1y z—1

+ a9 In

:ozlln . .
z+ 1y Z+1 39



L B (oM, M) quadratic in o, d,
can be evaluated from the Neumann
function

. F (Wg’)ﬁy)) can also be evaluated from the Neumann

function
- K (ay,€)
t [ Z
1(0] By e .z'ﬁ 2
(0 ik S

exp (_SLiouVille) for d82 — dpdﬁ

40



] | |Bo)s «——» o ® 2
*p(z1) *
2(0) tele) =
T

exp (—SLiouville) X ‘820(21)‘_1 H \&wz(zz)\Q

i=1,2

p(z) — p(zr) = a;Inw;(2) (2 ~ 2;)

we can fix the normalization in the Iimit T — o

/d’ld’2<V3(1,2,3)|Bo>§|Bo>§ can be evaluated in the same way

41



Using these relations we obtain

os|D) = A / A¢ |aCx(C) + ga*C1Ocx(C) + 29aCax()Dc(C) | O+ )

_ / 0CgatCho, (x(C)e“‘m*F“)) 0Y)

If F(¢) = b
(a,b) = (A, B)
a= G0
(8m2) = /7

[D1)) = A / d¢ exp [£A¢ + B(?]

|D4)) : one D — brane

Later we will show
|D_)) : one ghost D — brane 42



States with N solitons

Dy = s [ [[460by. v w0}

@DN_{_(CM' | 7CN) — €Xp

Z (Ad(Gi) + B¢Y) + Fn(Cry - CN)]

Imposing the BRS invariance, we obtain

Cla 7CN —QZIH

1>

|Dn+)) = >\N+/HdCz 1]« ? exp

1>

N
> (A6(¢) + BEGY)
1 =1

0)

looks like the matrix model
43



¢ can be identified with the open string tachyon

0 o
50= [ < e Bold), -

e—CX (length) <BO|

G (@=1,---,N) may be identified with the eigenvalues

of the matrix valued tachyon

a: length of the string >~ open string tachyon

44



More generally we obtain

Dnia-) = A / [[dc]]da I - 116G - ][ -

X exp | A (Z QE(Q) — Zﬁb(Q)) + B <Z C’I,Q T2 Cq?)] 0)

-we can also construct {D<| etc.

45



§ 4 Disk Amplitudes

(| T ][ Orltr,pr)10) — (O T ][ Oty pr) |1D+))

r=1 r=1

[Di)) = A / d¢ exp [+A¢ + B¢?]

|D1) :D — brane state

—— BRS Invariant source term

Let us calculate amplitudes in the presence of
such a source term. 46



saddle point approximation

@MV (-lng ER L
D = )\ [ dCex + ¢ 0
D) = A [dcexp 63 F vrg e <<>}>>
: (2m)° -
~ A_exp |* = 0)( 10
=P |+ i >]|>>

N, exp |+ (2m)t3 0 dr

RGOV RS

<Bo\¢> 0))

1Bo) generate boundaries on the
worldsheet

| D, ) : unstable

|D_) : stable
47




correlation functions

<<(’)1(t1)mC’)N(tN)>> _ {OITO(t1) - - - On (tn)| D)

(0] D))

Let us calculate the disk amplitude

48



Rem.

In our first paper, we calculated the vacuum amplitude

(Dle=""|D) O )

‘we implicitly introduced two D-branes by
taking the bra and ket

— states with even number of D-branes

but ‘vacuum amplitude is problematic in
light-cone type formulations
‘we overlooked a factor of 2 49



disk two point function

|

d —it 2 zw(l)ﬂ(l)
X k2_2 / dT/ al/Zdﬂ-(l dﬂ'(l —6 —aq (k1+M +2img T )

(LX—I—LX—|—2Z7T() (1) 2)

><X<1| Vo(k) e =~ Bo) x
= (]C%—_Q) Z/O dT//O dTlle—iT'(k1—2)X<1| Vg(kg) e—iT”<LO +L§ —2) |BO>X
1 1 —1

= 1) Va(k -
k%—2k§—2X< [ Valke) LE¥ +L¥ -2

|Bo) x

QU



tachyon-tachyon

1 1 +dig(2m)3 —

k eikQ,uXN O _ B _|_ L.
212 52y O Ty 2P
< +4ig(27)!3 ] X% ) 1 Bo)
TTDy — p xX\rF1]1€ ™ = 0/X
cBm) T LE¥+L¥ -2

coincides with the disk amplitude up to normalization

-more general disk amplitudes can be calculated in the
same way

51



low-energy effective action

1 1 2
$ = o3 d*zv/—-GR + /d%x\/—G <—§G””8MT€)VT +T° + EgT?’) e
9

4 (2m)*3 /d26x Hd(xz)

- T(x)—2 by ()" + -
gyt ) O L | T2 2 bl

p,vEN

G'u/y — nlu,]/ —|— 4gh/,bl/

Comparing this with the action for D-branes

|D4)) (unstable) : one D — brane
|D_) (stable) : one ghost D — brane

52



§ 5 Conclusion and Discussion

¢D-brane BRS invariant source term

¢other amplitudes
¢similar construction for superstrings

we need to construct OSp SFT for superstrings

¢ more fundamental formulation?
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