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String field theory action: should produce a
number for every field configuration
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g: a constant known as open string coupling
constant on the D-p-brane

ggs’:‘gza

Qp: the BRST charge

 — e

We shall now define (A|B) and |A*B) for |A),|B) €
g gt ><dait




Q9

(A|B): BPZ inner product

—— —

EA|B> = (Io A(O)B(o»mq

A(z), B(z): vertex operators associated with
the states |A), |B) AT 16D

T 8Co) (7
(Yumgp: correlation function of BCFT in the
upper half plane

foA(z): conformal transform of A(a:) by the
map f(z).

N e

e.g. if A(:r:) is a primary of dirnension h then:

P o Az) = (f (@) A(f(2))

—

_‘J

I(z) = —1—/—3

Note: (AIB -,ﬁ O only if the ghost numbers of
IA) and |B) add up to 3.

|AD
18
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By a conformal transformation we can also
write:

MB) — (920 A(0)g1 0 B(O))p }

(\)p: correlation function on a unit disk

i

e ——————

'9&= 1+ w g2(z) = —g1(2) '
e . 9,C1(2))

Geometric description of the maps g; and go:




|A *x B): Witten x-product

A map from Hm @ Hn = Hpmgn

Thus ghost numbers add under star product.

We shall define |A * B) by specifying (C|A x B)
for every state |C) in H:

T(E:'m «B) = (hyoC(0)hao A(0)hs o B(0)) DJ

o o - — —

Le E—Tﬂ.l:h. Pes h-r:n'

(-yp: correlation function on a unit disk Prectsche bf

—_— ______M____..-‘—-— 1___ P et
( hi(z) = (%)?/3, |
. . e —— |

{hz(?«') = "y (), h3(z) = e~ *™/3py (2).
e et /




Geometric description of the maps hjy, hp and

——

h3z:

---------------



Intuitive description of reality condition, *-product
and inner product:

Collectively denote the set of basic fields in
2-dimensional CFT by {¢}

e.g. For flat space-time background ¢ includes
the fields X°,... X?5 and the ghost fields.

Any open string state |A)
e —— e e

+» an wave-functional F4({¢(c})

< o < 7. parametrizes the open string.

Reality condition: {;:ﬁ({cp(a}) = Fa({e(r - U})?

— -
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Definition of *-product:

TR W
=/ l:[U['le(J)][Dm(a)]FA({w(U})FB({W(U})

w/2

x I {0Cp(o) — p1(0))d(p(m — o) — p2o(m — 7))

o=0
—— X8piix =) — palol)} |

(A
| = | T1 Per(@NPez(NFatior@)Fp({ea(o)

B)

C——

x [I 6(p1(m — o) — p2(a))
\ o=0
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Qp. * and (:|) satisfy some important identi-

—— —

1. (Qp)*=0

2. (QpA|B) = —(—1)"A(A|Qp|B)

n4. ghost number of |A)

3. Distributive property of @p:
Qp|A*B) = (QplA))*|B)+(-1)"4|A)*xQp|B)

4. (A|B) = (B|A)

5. Cyclicity: (A|B*C) = (C|A * B)

6. :ﬂ_\ssociativity:

(14) * |B)) *|C) = |A) * (|B) *|C))
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Gauge invariance: Using these identities one
can show that the SFT action has a gauge
invariance.,

0S = 0 under:

(519) = Quin) + @)« 1A) ~ IA) = |¢>]

IA): an arbitrary infinitesimal state in #g

(when we expand |A) as linear combination of
the basis states in Hp:

M) =3 alxoa) |

j —

the coefficients of expansion _,)3 are infinitesi-
mal)

Ao are the infinitesimal gauge transformation
parameters
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gquations of motion

Eqs. of motion obtained by requ:rmg[
‘QBN’} +[®) * |[®) =0 |

j.;‘”

Thus at the linearized level:

(Qpl®) =0 |

Linearized gauge transformation: |®) is gauge
equivalent to QBM} + &> e

—» gauge inequivalent solutions of linearized
equations of motion of SFT

+ elements of BRST cohomology

< physical states of the f|rst quantized open
string theory

One can also show that the perturbative am-
plitudes derived from this action agree with the
Polyakov amplitudes to all orders in the pertur-
bation expansion.
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Analogy with Chern-Simons theory in 3-dimensions:

1 1
== Tr(=AANdA+ -ANAANA
ECS /M3 "3 T3 )

M3: a 3-dimensional manifold

A: (non-abelian) gauge field on the three di-
mensional manifold

{dHQB, l A 6 %, l /AAB=(A|E}]

degree of a form « ghost number of the state
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Suppose |®dg) represents a solution of the SFT
equations of motion.

Define shifted field |W) = |®) — |Pg)

Express the action in terms ofl‘«_y_}:
|S(®)) = S(|®o)) + S(|W))

5(1%)) = ~ S (5(VIQIV) + 5w+ w)] |

(Q14) = QilA4) +[®0) + 14) # (—1)"4]4) o) |

‘ One can show that all the identities satisfiedﬂ
by @p hold if we replace Qg by_g_.

Thus S(|W)) is invariant under the gauge trans-
formation: -

(51w) = QN + W)« 1) — ) = 1) |

The spectrum of physical open string states
around the solution |®q) is given by the coho-
mology of Q. T
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We shall now restate the tachyon condensation
conjectures in the context of SFT

(For simplicity we shall restrict to the case of
static D-p-branes in flat space-time, but many
of the conjectures can be made more general)

1. There is a translationally invariant solution
|®g) of the SFT equations of motion:

Q%0+ [®0) + [90) = 0]

such that

1

S(|®o))+Tp=0

Vp+1: world-volume of the D-brane

i

For a static D-brane S(|®g)) = —V,41® po-
tential o

Thus the conjecture is equivalent to saying
that the potential cancels the energy density
of the original system.




2. For this |®g) let us define an operator Q
such that

@ = QplA) + [o) * |A) # (=1)"4] A) » |¢0>J

C__ohomology of g represents the spectrum of
physical states around the solution |®g).

Thus Q@ must have vanishing cohomology.

3. Yk > 0, there should be other solutions |®*)
of the SFT equations of motion representing
a D-(p — k)-brane:

(s9k) — 5(100)) = Vo st 1T

Vp—k+1: world-volume of the D-(p — k)-brane.

Note: |®Y = 0 represents the original D-p-
brane whereas |®() represents the tachyon vac-

ol

uum solution.
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Some definitions/normalization:

Define bn,en through:
G(z) =T, ba)=Y3, bﬂz_ni.]

|IF) = =X ©)o) |

Normalization of |k):

Ek]c__]__c—:gcﬂ.Q = (2ﬂ)p+15(k +m

—f{0lc_1c0110) = (2w)r’+la<0) 1_1]

. . . f—
This suggests defining (A|B) = m—l(AlB)

e -

if |A) and |B) denote states carrying zero mo-
—_— — e ——
mentum.




Cc_)_rnponenic form of the SFT action:

IX1,o): Basis of states in H;

19) = Ta dalx1,0)] B
ROV = A i 0 i ]J
N 92 2 apva¥s 3 afy¥Pa¥gey

Awg = (X1,|@BIx1,8)

h
Copy = (hox1,a(0)ho x;,g(o)fﬂ Xiﬁ(O)D,

Aap: Capy: cOmMputable coefficients

Recall, for a Q_-E-brane in fl_'g_t space time,

{a} = {{ku}, 7}

ku: momentum index, r: discrete index

—

Thus £, = &, fdPt1k

ba = (4
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In analysing the tachyon vacuum solution, we
look for a solution of the equations of motion
of the form:

o8 p
Q‘ﬁr(k) = ¢r H 5(}‘3#)]

p=0

This gives |¢>)_=E:;,.|g1:,ﬂ

Ix1,r): Basis of zero momentum states. Then

[ij'('¢>) - —glg[%d‘qrs(i’r(ﬁ’s + %Crat(i’rq{’s(ﬁt]]

Note: both A,s; and C,& are proportional to

1_@._1_ since they involve correlation functions
of zero momentum fields/states.

—» suggests that we factor out the overall fac-
tor of Vi, 44!

Ar,g = Vp+1Ara, crat — VP'I"]-CT;]
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N
S(9) = 5 [;(®IQpI®) + (S« )

= _gig 1 V()

J

{V(I:W) = %(¢|QB|¢) l(<I>|<i>=a,uc1;>)"
.
L - 2

rs¢r¢3 + =CrstPrdsdt

3*V(|)): The potential

Conjecture 1 gives: &zv(l‘bo)) + Tp = 0}

On the other hand, one can show that

[ P = 1/(2'”292)

Thus we need K @F) oL

272V (|®g)) +1 =0 ]
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Expansion of the zero momentum string field:

[®) = goc1|0)+1c0/0)+g2c—1(0)+d3c1L™5|0) 4 J

f;t‘.yﬁ\“l
L™, matter Virasoro generators

V(@) = L@lQale) \

_

A drastic approximation:

M %

(19) = 60¢1/0) = d0c(0)0)

V(60) = 53 (Ole_1Qper|0)
4348 (1 0c(0)h2 0 c(0)h3 0 c(0)),
3\/5)3 3 |

P05

1 5, 1
“5*‘*’0*5(7

e,

L
f - ' =1 /
(rite)™ (hyCor) (Ry )™

< CChim) € Chyn) € Chat) D]




bow=-24+5 (23 4

e

OV/0¢g = 0 at ¢g = (4/3V3)3

At this minimum

Eﬂngg) - —(272)(4/3v3)%/6 ~ —.68—4—J

— about 68% of the conjectured answer.

— e ——
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This is the beginning of a successive approxi-
mation scheme known as the level truncation

scheme. Keste lacky  Sarmuad

Keste lacky, Pe bt g
A.s. 2t b ot

Mewtlled Tayer

Ly : ghost Virasoro generators

Ly' : matter Virasoro generators

-

Ln = Lj + L : total Virasoro generators

Level of a state = Eigenvalue of Ly + 1

Since LOC1|O> - —{31|0}, C_1|0) has level 0

A —

co|0) has level 1

c1a”1]0) = ¢;8X#(0)|0) has level 1 etc.




Level (M, N) approximation to V(|®)):

) ) Qn""jlth)
1. Keep all fields {¢,} with level < M. C - B3N Xy
hytd <™

2. Keep all terms in the action involving fields
of Ievel < M for which the total level of
all the fields is < N.

-—t

e.g. atlevel (2,4) we keep interaction terms
involving fields of level

0-0-0, 0-0-2, 0-2-2 etc.

but rlo_t of level 2-2-2

— finite number of fields and finite number
of terms for any given (M, N)

— the equations can be solved (numeri-
cally).

3. Check for convergence as M,N — oo




From this viewpoint the previous approxima-
tion where we keep only the field ¢g is level
(0,0) approximation. o

— gives —2m2V(|®g)) ~ .684

The result converges rapidly to 1 as we go to
higher levels.

At level (10,20), we have —272V(|dg)) ~ .9991.

e —




Some details:

1. First try to restrict the full zero momentum
string field to a subspace which provides a
consistent truncation of the SFT equations
of motion

— Eqgs. of motion of fields outside the
subspace is automatically satisfied if the
string field lies in this subspace

This allows us to restrict the string field to
the

Ad. Even level states

B. The 'universal subspace’, created from
the vacuum |0) by the ghost oscillators and
the matter Virasoro generators.

In this subspace the D-brane action is uni-
versal for any D-brane in any background

*‘-

Qpacglgme.




2 Since we are dealing with a gauge theory,
we need to ‘gauge fix’

gtandard choice: Siegel gauge

(bole) =0|

3. Carry out level truncation

e.g. states at

— M S

level O: c1/0)

(

level 2: ¢_1/|0), ¢1L™5|0)
level 4: c_3|0), c_1L™,|0), ¢1L™4]0),
F c1 L™y L™,|0), c1b_3¢_1]|0), c1b_2¢_2|0)

R J

Note: The number of fields grows rapidly
with level.

_etc.

Level €10,20) ~» 102 &S

- 99.91% OF -THE CoNJEC TVURED
ANSWER



Verification of other conjectures

Conjecture 3: D-(p—k)-branes can be obtained
as lump solution [®%):

(E(l“bk)) — 5(|®o)) ='Vp—k-|:l7;)—k+l

— requires studying string field configurations
which depend on one or more spatial coordi-
nates.

p—

This can be studied using a generalization of
the Leve! truncation scheme.

— reproduces codimension 1 and 2 lump solu-
tions with tensions in close agreement with the
D-(p — 1)-brane and D-(p — 2)-brane tensions.

D el TMoelleh, AS., 2 chadh

Codimension 1: 1% error. Mol

Codimension 2: 13% error.

 —

Analysis becomes r_:_omplicated for higher codi-
mension solutions.

da Mells k-fJ‘u’ KedAa3VeS
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Conjecture 2: Absence of physical open string
states around the tachyon vacuum

If |®g) is the vacuum solution, then define:

.

(Q14) = Qpl4) +I0) + 14) - (~1)"4[4) + o)

We g_eed_to show that Q has vanishing coho-
mology:

- — I —y

1. Take the best available solution. for (&>

— —

2. Construct solutions of Q|A) = 0 by taking
|A) to be arbitrary linear combinations of
states up to certain level.

3. Show that there is a state |B) such that

\ A =0a5)

A
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Complications: Q2 # 0 exactly with level trun-
cated solution |®g).

— |A) # Q|B) exactly.

What one shows is that there is a state |B)
such that

5||A) - Q|B)| << 1]

| | : some arbitrary norm

If we take the

1) level (10,20) solution and

2) work with Q up to level L = 6 states of
ghost number 1,

then all Q-ctosed states with

k® < (L -1)

‘:‘L{qwd..n (oy
are Q-exact to more than 99% accuracy. '
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The analysis has also been extented to com-
putation of Q-cohomology among states of ar-
bltrary ghost number sta<® usmg an indirect
method. thﬁ.} H¢ Moz ([el

Identity string field | __;f_) is deflned as

I) = H EXD( 21 id S 2:1)EXD(L 2)|0)J
n>2

It satisfies:

(12 +14) = |4) = |4) + ) v|A>]

If |Z) = Q|K) for some |K), then,
QA)=0 = [A)=1T)*|A) = Q(K) * |A))

Thus if we can find a |K) such that |Z) = Q|K),
then Q must have vanishing cohomology.

Using level truncation it has been checked that
17) - QIK)/||IT)] << 1  for appropriate |K).
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Superstring field theory: Ber kouits

Formulated in a similar manner but has nter-
actions of arbitrarily high order:

(¢)|QBCD * nocb * P - ¢>} -+ permutattonsj

— e e

no: fermionic ghost zero mode operator

Fortunately, if we work with fields up to a given
level, then only a firﬂte number of terms con-

T ——

tribute.

— one can use level truncation in the same
way.

Current l::'-est result for the t_achyon_\izlcum SO-
lution: reproduces about 90% of the conjec-
tured valug_ of the potential.

G(}\k_iul"e.f

Boksvits A-f. , Tichodh

Swet, Raeymaekeers
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Guessing the analytical form of the solu-
tion

So far we have described numerical approach
to determining various solutions.

Known numerical solutions:

1. Tachyon vacuum solution

2. Various lump solutions

3. Solutions representing marginal deforma-
tions of the BCFT (e.g. switching on a Wilson
line) '

Can we examiqe_ these solutions to discover
some patterns?
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Physical interpretation of many of these solu-
tions involve a deformation of the matter part
of the CFT leaving the ghost part unchanged.

Various solutions are related to each other by
appropriate RG-flow in the matter part of the
boundary CFT.

This suggests that in cubic open string field
theory we have a large number of ll_'_erdundant
fields.

Naive guess: different solutions should have
some common ghost sector and different mat-
ter sector.

This is false as can be checked by explicitly
examining the different known solutions.

Next question: Could some part of the solution
be universal, common to all solutions?
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Suppose some part of the solution is universal.

In that case there is a very simple way of de-
riving this part by looking at marginal defor-

mations.

Marginal deformation: characterized by a de-
formation parameter A and a matter primary
state |V);, of dimension 1

Solution:

)

Ex(lg = ¢1]0)y® |V>m*}

|

Alx Y + A2 (2y 4+ 0()«3)]

One can easily verify that:
@l'x“)} =), T ®« D) = oo@)]

Thus |®) satisfies the SFT equations Qg|®) +
|®P) * |®) = 0 to order A.




Equation to order \?:
e —

{‘Qalx(z)) = —|x(1) « x(1))

Work in the Siegel gauge bg|®) = 0.

Solution for x(2)>

b
% () — o, x“ﬂ
0

— can be computed explicitly.

Answer:

)
e ———

IX(Q)) = ag(l+ E rm,nC—mb—n + Z SmL(_ﬂTQ

mn=1 ' m=1

+...)c1/0)
-+ Tower over other matter primaries

-

'm,n, Sm: computable coefficients
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m arll
e.g. [T'm,n = m+n — INHHTS

N1l: ghost Neumann coefficients computed
by Gross and Jevicki

Some results:

1 T T80 ]
",1% 57 317 T759 |
1136
l — ~ .0577148
"51 = 19683 ’

2099
= 98415 = 021328

|
!
\
{ 2= —% — —.026031 __j

‘, r33

If any of these ratios rmmn, sm etc. is universal
then that universal ratio must be equal to the
ratio that appears in the expression for |y(2)).




We now examine various known solutions and
see if any of the ratios of coefficients appear
to agree with the ratio that appears in the ex-
pression for |x(2)).

Result: the ratios rmn for m,n odd appear to
be universal.

—

aive StO Roste s, A-S.,
2 i @ bod

Results for the tachyon vacuum solution in
(L,3L) approximation:

L 1,1 73,1 5,1 73,3

4 0.3750 | -0.1025

6 0.3866 | -0.1047 | 0.05478 | 0.02084
8 0.3931 | -0.1060 0.05544 0.02091
10 |0.3972 | -0.1067 | 0.05585 | 0.02099
o |0.4115|-0.1095 035746 0.02121
x(2) 5.4074 -0.1097 | 0.05771 | 0.02133



79.1l1evet10 = 0.02594,

@
L r7,1 5,3
8 |-0.03580 |-0.014195
10 |-0.03610 | -0.0142012
o0 |-0.03730 |-0.01423
x{?) | -0.03748 | -0.01439
B |

Tg,llx(ﬁ) = 0.02706

T?,S'IEUEIIO = 041049,

1‘7,3|x(2) = 0.01059

r5,5|£euef10 = 0.006586,

TS’SIX(Z) = 0.00661

)
x

In contrast

-1

&;,ghemm = —0.06404,Tr212|x(2) — —0.02606

Thus rp 2 is not universal.
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Results for codumensuon one lump solution on
a circle of radius R (level (4,8) 8)):
—— ————

o
R2 |1.05 1.5 2.9 x(?)
=
r1,1 | 0.4008 0.3859 0.3746 4074
ra1 | -0.1084 |-0.1077 |-0.1037 |-.1097 |
ro2 | -0.03123 | - 0.04980 | -0.05100 | - 0.02606
Results for solutions representing marginal de-
@rmation with parameter A (level (4,8)):
A |48, 2 3 .32
—— — _|
r1,1 0.4071 0.4020 0.3905 0.3857
r31 | -0.1097 -0.1084 | -0.107 -0.1065
-0.02629 | -0.03040 | -0.03944 | -0.04329

2,2




Possible origin of universality

(Qpl®) = —|® )|

- a Q_on—linear equation.

Thus the ‘universal coefficients' in Qg|®) re-
ceive contribution from non-universal coeffi-
cients in |®) in computing |® * D).

From this point of view universality of some
coefficients looks very s_urprising.

How is it possible to get such a universality?

A possible resolution: |®) satisfies a set of lin-
ear equations.

How can we get such linear equations?



Result: Given any pair of iock space states
|A) and |B), we have

E(:tz’)m + B) = 0]

since ¢ has negative dimension.

We proceed by assuming that this property
holds when either |A) or |B) or both are re-

g ——

placed by a ‘good’ string field configuration.

Then we have:

{c(:l:ii:CD_; ¢>T= 0, — c(+i)Qp|®)=0 |

e _— e

— a set of linear equations for |P).

There may be other linear equations of this
type which will fix the universal ratios in the
_s_plution of SFT equations of motion.




