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Sen’s conjectures

Open bosonic SFT « theory of D25 brane
Tachyon — instability of the pert. vacuum
New stable vacuum — NO open strings

e The difference between the energy of the
unstable and the perturbatively stable vac-
uum state AFE is equal to the rest mass
T>5Vo5 of the unstable D25-brane.

e T here are translationally noninvariant vacua
which correspond to the lower-dimensional
branes. They are lump configurations in
the tachyon and other string fields with ex-
actly the right energies to be interpreted as
D-branes.

e [ he perturbatively stable vacuum is the
closed string vacuum only and hence there
should be no open string excitations around.
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String Field Theory

( Witten's open bosonic cubic SFT )

Standard string theory: calculates on-shell am-
plitudes by putting vertex operators on the
worldsheet

String field theory:

1) is a field theory for all the component fields
2) gives natural off-shell extension for string
amplitudes

3) decomposes string diagrams into vertices
and propagators

Various formulations:

1) Schrddinger representation (Witten)

2) Fock representation (Gross, Jevicki)

3) CFT approach (LeClair, Peskin, Preitschopf)



Witten’'s formulation

Basic object is the string field

W) = /dp #(p)c1]0) + Au(p)at ye1]0) + -]

The string field action has form of noncom-
mutative Chern-Simons action

1 1 1
= —— (EW*Q\I}—Fg\U*\U*W)

92
where
Q? = 0,
/ QU = o,

Q(AxB) = QAxB+ (-)4A4x0B
Nice feature is manifest gauge invariance

W =QN+ WV x N\ —N\x WV,



In Schrodinger representation

W [X(0),c(o)] = (X(0),c(0)|V)

W [XG]

The star product is defined by
(W1 W) [Xo(o)] = /DXf%DXQL(S [Xf% —Xﬂ W1 [X1(0)]Wa[X2(0)]

where

X1(o)
X5'(o)

Xg(o)
Xg'(o)



CFT approach

(LeClair, Peskin, Preitschopf)

Two vertex can be obtained by gluing two half-
disks

(Y1,92) = 1 s

Three vertex can be obtained by gluing three
half-disks

P ¥

Y3 v
( ¢37 wl * ¢2 > == = bs
Y2
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Let us put pictures into formulas:
The n-point vertex is

(W1, Wo, .., W) = (FMow(0) ... £{Mow,(0)),
which we write also as

(W1, Wo,...,Vp)

/Wl*WQ*--~*\IJn
(Vi2. nllW1) ® -+ @ [Wn).

where
1+ 2
11—z

;M = B (e ()7

h(z) =




Fock & CFT approach

For the 3-point correlator we need

foam= ¢ Z o p(2)a.X(f(2))

2m1
Contractions of these operators are

frol. an Jfsolazm...] =
—1

= § 2 § 5 i w)

Their effect is that of

(fr(2) = fo(w))?

(Vio. n| = (0] (0] @ - - - @ (O] &3 2 2oz it
with the Neumann coefficients

N7 — —1 dz —-n d_w —-m f;(z)fsl)‘(w)
T am ) 2wt ) 2w (fo(2) = f(w))?




Surface states

Star product of two vacua is a state which
looks like this:

S}
wIN

In more generality we can associate a (bra)
state to any disk with a choice of local coor-
dinate. Those states are defined by

(flp) = (fod), Vo

Conformal maps f(z) are represented on the
Hilbert space by the operators Uy

foW = Ufw(z)Uf—1

For a primary field of dimension d

fow(z) = [f(=)] W)
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These operators can be realized as
Uf = ez vnlm
where v(2) = S vpz"t1 and

v(2)0:f(z) = v(f(2))

Therefore

(fI = (0|Uy
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Wedge states

The wedge states are surface states associated
to the conformal map

f(z) = b1 (h(z)Q/?") — tan(2/r arctan z)
The map f is generated by a vector field

v(2) = (1 + 2%) arctan z
times a constant log(2/r). Define:

d 2

A = f§v<z>T<z>—Lo+ A
d 2

Al = 74 2—Zv<z>IoT<z>—Lo+ 2L 2Lt

K1 = 7{—,(1 4+ 2)T(z) = L1+ L_1.
2711
These objects obey the algebra

(A, AT = A4 AT
[A7 Kl] — K17
[.AT,Kl] = —Kj.

The operator Uf IS simply
Up = (2/7)A
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Explicitly the wedge states are
T
7y = (2/r)*!'|0)
The commutation relations can be used to
find

t— sl
Urls = U2(7°-|-5—2)U%(7“+8—2)

r

With some additional algebra one can find the
star product of wedge states

Ir) x |s) = |r 4+ s — 1).
purely algebraically! This law is obvious in the
geometric picture.

We get an interesting identity:

2
tan (— arctan <COt (% arccot Z))) =
T
— 2
cot <T T arccot (tan ( i arctan Z)))
r r+s—2

Note: The star algebra derivation K7 annihi-
lates all wedge states, in particular the limiting
state called sliver which is a projector.
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Butterfly states

The butterfly states are surface states associ-
ated to the conformal map

fr(2) sin (2 arctan z)

r

z 2
— o tan <— arctan z>

/1_|_z2 T

The simplest example is

1
|B) = e~21-2|0)
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Two special features:

1) projector arising from numerical calculations
in VSFT

2) it is annihilated by Ko = Lo, — L_».

Algebraic proof that butterflies are projectors:

write
IB) = lim e®%2|0)
a—r 00

and use two simple identities

_1 _ 1
eO‘KQ — e 2tanh2aL_2 (COSh 20() Lg thanhQaLQ’

e®B2(|g) * |x)) = e¥2|gp) x e2B2|x),

Observe that for a — +

e52|3) ~ ¢*%2|0)
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It remains to show that
1

- —ftanh2a L ~ir
lim_em2tanh2elaplio) = e~z L2y o)

is finite and unambiguous. We need a geo-
metric argument

The surface is regular in the neighborhood of
the local patch. Can be glued onto wedge sur-
faces.
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Conservation laws

In general the Virasoro conservation laws can
be derived as

0= (0] § (NT()Uf = (] () f 0 T(2)

for v(z) holomorphic around infinity.

For the butterfly the laws are very simple:

(Lo — 2sL_2)e* 2|0y = 0,
(L2 = (25)°L-2)e™[0) = Te2|0),
c(k+1)

(Lot = )T Lg)e(0) = S5=2(2s)fe2j0), k> 1.
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Product of regularized butterflies

We have to rewrite the operator
L
e*12 U110)

in @ normal ordered form. It is again surface

state. Find the associated conformal map. Let
us start with a solution to a related problem:
Summing the conservation laws we find

1 1 2
U, e3 tan27L_2|O> — NCe2 tan? TWL—2|O>

In general for any two maps f,g we write

— gt
Ung T Uqb[f,g]U¢[gaf]
SO we have

fologtol=Tog¢ t[f gloIodslg,f]
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In our case

z

\/1 — tan?y 22

f(z) = tan (%arctan z) : g(2) =

and we find
olf,9](z) =

z

\/1 —tan2 (22) 22
2y

dlg, f1(z) = \/tan2 (%arctan \/z2+tan2'y)—tan2—.

r

Putting things together
emHN" 12 |0) x e73120"1E210) = U |0)

IS a surface state associated to the map

2
f3(2) = \tan2 garctan\/

and therefore it looks as
U}, 10) = eFetutat o),

where the first two coefficients are

—3—4cos% 4 2cos ¥
U2 — s

3 (1 —|—2cos%7)2

(1 — 2cos43—7)2 (47+ 60 cos L + 10cos%—7)

. 54 (1—|—2cos43—“7)4
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Note, that ho f3. 0 h~1(22) maps

Can't be found in the dictionary of conformal
maps. Looks impossible to find it by conven-
tional methods.
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Why did the butterfly show up in the calcula-
tion of Gaiotto, Rastelli, Sen, Zwiebach 7

The product of two near-butterflies (i.ey ~ Z)
IS @ map

e~ (14 502 wit) o -]
Therefore
68L72|O>*68L72|O> = [1 + (1 — %) (s + %) Lo] GSL*2|O>—|—O (3 + %)2

We thus see that |¢) = e%-2|0) solves the
equation of motion of ghost number zero string
field theory

)« |¢) = (1+a 1Lo) |¥)

in the limit ¢ — oo, provided we identify

(o))
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Open problems, further directions

1. Normal ordering of U U = U}, |
ternatively decomposing

fologtol=T0¢ " [f,glologlg,f]
Note that for f = ¢ the map

ITogpolof

Uplg.f] OF al-

maps unit circle into itself. Finding ¢ given
f is one of the classical problems of com-
plex analysis.

2. Relation with d Toda hierarchy, see Boyarsky
and Ruchayskiy; Bonora and Sorin. Sur-
face states are squeezed states

<f| — <O| 6_%Zm,n21 @ Ny Qo

Hirota identities put simple constraints on
possible forms of Nn.,,. How are these con-
straints preserved under gluing ?
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3. What can be done in Siegel gauge? Can
we find ¢ corresponding to

f(z) =tan(2/rarctanaz)

It seems that this is the very first prob-
lem one has to solve before any analytic
progress can be done.

4. Other gauges? Gauges in which Lg is re-
placed by combinations of A, AT, K; would
lead to some simplifications.

5. Classification of projectors. Seems, that
all surface state projectors are in 1-1 cor-
respondence with derivations.

6. Once we develop the technology, we can
start looking for closed strings, calculate
off-shell and loop diagrams, study marginal
deformations, rolling tachyons ...

23



