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Introduction

String Field Theory (SFT):

An old-fashioned non-perturbative
definition of string theory

A string hield includes infinite fields of

particles in the space-time

Applicable to “D-brane physics”



Cubic bosonic open SF'T

Action (Witten (1986)):

IE=/c: 1
S|¥] = —(¥,QBY) + (¥, ¥ x P)
g* 2/, 3 :
Qs = coLo + boM + Q >
Kato-Ogawa's BRST operator (1983) /
Strin g field: Midpoint interaction

|¥) = ¢(x)c1|0) + A, (x)ac1]|0) + x(x)co|0) + - - -

tachyon infinite component fields included




Equation of motion:

Gauge transformation:

OV =QpA+PY*xA—AxW

Finite version:

U = e 20e® + e 2Qpe?



Non-perturbative vacuum

D-brane D-brane vanishes ‘
o o
o [
=
n N
n [
n [
n B
n O
n O
: : 0 .
Sen’s conjecture . 0
(1999) : "
0 =i
1 L, *
o
=0 U=,

perturbative vacuum

tachyon condensed vacuuim



Solutions for tachyon condensation

Numerical solution in Siegel gauge

Sen-Zwiebach (1999), Moeller-Taylor (2000), Gaiotto-Rastelli (2002),
[.K.-Takahashi (2009, 2010) up to level 26

Takahashi-Tanimoto’s solution (2002-)
A class of identity-based solutions
Schnabl’s solution (2005-)
Based on “KBc algebra”



Brief review of TT solution

Takahashi-Tanimoto’s solution (2002)
U, =Qr(e"” —1)I — Cr((8h)%e™I

T

identity state (1dentity element of star product)
s A=A A A

@) = [ e iD= ; e T

Cleft 271 T Cleft 271

BRST current

h(z) = h(—-1/z), h(*i) =0




Theory around the solution:
S'[®] = S[¥h + ®] — S[¥}]

- (e + (@0 m)

BRST operator at the TT solution:
Q' = Q(e") — C((9h)%e")

Explicit expression can be found!

QU = § 2 f(in(2), O = § 2= F()el2),



Examples of weighting function h,

bl (2) = log (1 = S(-1)!(z" = (~1)'=~1)?)

a> —1/2 : reality condition for the solution

=28

(Formal) similarity transformation:

Q = cd(hg) QBe—Q(hZ)

-

d : : 1
a(f) = § o Fian(2) Jan@)ien(2) ~
ghost current eT4 (hg) : 1ll-defined at
a=—1/2




Pure gauge 1n the case a > —1/2
gaug
Q = e?)Qge=ha) is well-defined

~ QB cohomologically the same as perturbative vacuum

The solution can be rewritten as a pure gauge form:
¥, = exp(qr(h,)I)Qs exp(—qr (hl)I)

w(f) = [ o= f@ian(z)



Vanishing cohomology at a = —1/2

[.K.-Takahashi (2002)
BRST operator at the solution:

1)

7 (Qa1 + Q_21) + 21%co — (—1)'1P(coy + c_21)

/_1 ,
Q —EQBl

~
~
~
~
~
~
-~
~
~
~
~
~
~
~
~
~
S~
~

Similarity transformation:

—1)! o )
= 4) U,Q U Ui = exp (—zz( ) q_%l)

1

21
](3 ) = QBlbn—>bn_21,cn—>cn+2l = QZl ~= 4l202l



Solving cohomology using Kato-Ogawa'’s result

QYv=0 &
) = |P) QUi b_g1b_2141 -+ - b_2|0)
/+ |P'Y @ Uyb_n41b_2142 - - b_2|0) + Q'|)
=

DDF states 1n the matter sector

Non-trivial states have ghost number —21 + 1, — 21 4 2

==

In bosonic open SFT, string fields have ghost number 1.

No cohomology in the ghost number one sector.

No physical excitations around the solution.
D-brane vanishes at the solution.



Homotopy operator

Inatomi-1.K.-Takahashi1(2011)
)R
3 1

Y I y = | 1 =
iB@b(=) ~ g + = paden() + —T(2)

Anti-commutation relation:

(QU), ()} = S92 (2) + BF(2) dan(2) + F(2) T(2)

-

These terms Vanish at second order Z€eros Of f(Z)

—> The RHS becomes a c-number!

[ Note: Q' = Q(e") — C((8h)%e") {C(f), b(2)} = f(2) ]




Homotopy operator for Q' (a=-1/2)
{Q', A} =1, A%? =0

21
A= Z apl 222 b(2x), z2'+ (—-1)' =0, Z ap =

k=1 \ \ k=1

second order zeros of eXP(hiL:_% (2))

No cohomology in all ghost number sectors:

Qv=0 < ov=Q (Avy)



Consistency !

What happens in the non-trivial sector found 1n 20027

) = |P) QU b_ob_o111-+-b_2|0) + |PYR@U;b_2141b_0142---b_2|0)

o0 (_1)n(l—|—1)
b(z) U, =exp | —2 Z 272 | U b(2)
n
=1

>

% === 3
AUb_r -+ b_3|0) = exp <—2 > —> U, Ab_,,---b_5|0) = 0
n
n=1

p) = Q'(Alp))

=~ Zzero (in a single Fock space)
Beyond a Fock state expression, the equality holds.

(Or associativity of operator product 1s broken.)



One-loop vacuum energy

In the Siegel gauge in the theory around the solution,
the inverse propagator: L' = {bg,Q"}

oo

1 dt —tL’
Vidoop = — logdet(@) = [ 220)  Z(t) = Tr |(=1)NF e boco

0
Let us consider a variation of moduli such as interbrane distances:
Q = Q' + 6Q
Noting the relations:

0L’ = {(SQ” bO} {5Q’, A} =20 {A, b()} :A 0

# 5 Z (t) — O This does not hold for Schnabl’s solution.

. consistent with Vanishing D-branes



A proof of moduli-independence

do Tr _(—1)NFP6_O”5L/ Q' e_(l_o‘)tL/bocobo}

i -(_1)NFp€—Oth/ 50 e—(l—a)tL’bO}

Ty —(_1)NFP€—O¢7§L’ 5@/ 6_(1_a)tL/Q,AbO_

—(_1)NFPe—atL/b0 6Q/ 6_(1_a)tL,bOch|

TI, _(_1)NFpe—()étL/ 5@/ 6_(1_a)tL/Q/AbO_

_(_1)NFP6—OétL/{5Q/’ bo}e—(l—a)tL’bOCO]

_(_1)NFp€—atL/ 5@/ e—(l—oz)tL/{Q/7 A}bo]

+ Tr

+ Tr

_(_1)Nppe—atL/ 5@/ 6_(1_a)tL/A Ql bO-

_(_1)NFP€—OétL/ 5@/ 6—(1—0{)tL/ Q, bOA_




Comments on higher order zeros

Other solution associated with function with higher order zeros

hg4)(z) = log (1 + 2a — g (z — z_1)4) (a > —1/2)

QYW = Q(F41) + C(G4)
o 3 1 1 0
= gQB — Z(Qz +Q_2) + 1_6(Q4 + Q-4) + 2c0 — ca — c_4,

Fy(z) = 1_16 (z — 2_1)4 e Galz=—2=%(z —2z=2)"

(a = —1/2)

Homotopy operator for the solution with 4-th order zeros:

(QW, AW} =1, (AW)* =0

e el ] e
A® = ~(8%(1) + 8%5(~1)) + 2 (8b(1) — Bb(~1)) + Z(B(1) +b(-1)) = " nba,

n=—oo



On cohomology

Non-trivial part exists in ghost number: —3, —2
1) = |P) ® Ua) b_sb_3b_3|0) + |P’) @ U4y b_3b_2|0) + Q*|¢)

el
U) = exp (-4 Z _q—Zn)
n=1 i

Using the homotopy operator, cohomology vanishes,
in a similar way to the caseof h=h!__, ,
o)) = |P) ® Uga) b_ab_3b_2|0) + [P’) ® Ua) b_3b_2|0)

o)) = QW (AW o)) AD b= b3 07—

s zero (in a single Fock space)
Beyond a Fock state expression, the equality holds.

(Or associativity of operator product 1s broken.)



Details of vanishing state in the Fock space:

Z—Zn

b(z)U(4) = exp <—4 Z ) U(4)b(z) ==(1= 2_2)4 U(4)b(z),

8b(Z)U(4) =] 2_2)4 U(4)8b(z) —+ 82_3(1 — 2_2)3 U(4)b(z),
82b(z)U(4) 2(1 — 2_2)4 U(4)82b(z) -+ 16Z_3(1 — Z_2)3 U(4)6b(z)
— 242741 — 327%)(1 — 27%)? Uy b(2)

n

s el g &

b(£1) U)b_p---b_2|0) =0,
Ob(£1) Ug)b_p - --b_2|0) = 0,
0?b(£1) Ugyb_pn -+ - b_2|0) = 0




Concluding remarks

We have found homotopy operators for a class of identity-
base solutions.

Moduli independence of 1-loop vacuum energy 1s shown
by obtained homotopy operators.

The existence of homotopy operator suggests that the non-
trivial cohomology in the wrong ghost number sectors

(2002) may be “trivial” beyond a single Fock space.

Mathematically more rigorous definition of state space
seems to be necessary to derive “physics” from SFT.



Comparison of analytic solutions

in bosonic open SFT

Takahashi-Tanimoto’s | Schnabl’s solution

identity-based solution (and variants)
Equation of motion 2002 2005 (2009)
: O.K. 2005

D-brane tension | (indirectly, numerically

2009,2010) (2009)

2

Gauge invariant e ol O.K. 2008
(ghost #1, 2002) all ghost #, 2006
e iomoiogs all ghost # (2009)
! ?
One-loop (moduli-independence) '




Extension to superstring

Inatomi-I.K.-Takahashi (to appear)

In the framework of modified cubic superstring field
theory, a class of 1dentity-based solution 1s constructed:

Ase= (QL (e* —1) — %C’L ((OX)?%e?) — i@L ((f»)&)) I

A(—1/2) = A(z), A(Fz) =0

OL(h) = [ S oh(z)(eB1(2) - 0c(2))

QA+ A xA. =0 + The EOM in the NS sector holds.



BRST operator at the solution

Action expanded around the solution:

S'[A, ] =S[A + A., ¥] — S[A,, 0]

1 1 1
:§<A, Y_zQ,A> —I— §<A’ Y_zA * A> —|— 5(‘1’, YQ,\IJ> —I— <A, YW % \Il>

String field (A, ¥)

z

NS sector (space-time boson) R sector (space-time fermion)

@ = QN +C [~ @0 ) + (-0



Homotopy operators

In the same way as the bosonic case, homotopy operators for the BRST
operator at the solution with a particular type of associated function.

QU bR} =0 F(2) + 95 (2) (—be(2) = 56(=) ) + FRT()

1C(9),b(2)} =g(=),
1©(h),b(2)} =0h(z) + h(2)B~(2)

4

{Q', A} =1, A* =0

21
A= Z ar, 1=z}, b(zk), Z}il e Z ar =
k=1

X=h, =2

==

\
-
-
-
-
-
-
-
-
-



Comments on the solution

Pure gauge form: A, = exp(qr(A\)I)Qs exp(—qr(A)I)

w® = [ SEAE(-be(z) - (=)

|

regular OPE
“BPS” D-brane vanishes ??

Similar solutions have been constructed:
Erler’s soltuion (2007) (extension of Schnabl'’s solution to superstring)



