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Non-perturbative vacuum
in bosonic open string field theory

* Schnabl’s solution ¥gch
Gauge invariants —S[‘I’] /V26

(1) Action: D-brane tension

1
272 g2 /

(2) Gauge invariant overlap: 1

1
Ov (Psch)/Vag = —
27

S[Wsch]/Vae =

\IJSch /\Il

271.292



* Numerical solution in the Siegel gauge: bg|¥n) = 0

(1) S[¥n]/S[¥sch)

(L,2L)-truncation

(L,3L)-truncation

Numerical solution by level truncation

2) Ov(¥n)/Ov(¥sch)

(L,2L)-truncation

(L,3L)-truncation

(2,4) | 0.9485534 (2,6) | 0.9593766

(4,8) | 0.9864034 (4,12) | 0.9878218
(6,12) | 0.9947727 (6,18) | 0.9951771
(8,16) | 0.9977795 (8,24) | 0.9979302
(10,20) | 0.9991161 || (10,30) | 0.9991825
(12,24) | 0.9997907 || (12,36) | 0.9998223
(14,28) | 1.0001580 || (14,42) | 1.0001737
(16,32) | 1.0003678 || (16,48) | 1.0003754
(18,36) | 1.00049 (18,54) | 1.0004937

(2,4) | 0.8783238 (2,6) | 0.8898618

(4,8) | 0.9294792 (4,12) | 0.9319524
(6,12) | 0.9501746 (6,18) | 0.9510789
(8,16) | 0.9606165 (8,24) | 0.9611748
(10,20) | 0.9677900 (10,30) | 0.9681148
(12,24) | 0.9723211 (12,36) | 0.9725595
(14,28) | 0.9760046 (14,42) | 0.9761715
(16,32) | 0.9785442 (16,48) | 0.9786768

[Gaiotto-Rastelli(2002)]

Evidence of gauge equivalence:

[Kawano-Kishimoto-Takahashi(2008)]

and the latest result

Un ~ Wseh




Numerical solutions in a-gauges

e Asano-Kato’s a-gauge (boM + a bOCOQ)|\Ifa> =0
Q=Q+coLo +boM

a 0 = Siegelgauge: bo|Wo) =0

a — OO = Landau gauge: b0c0Q|\Iloo) =0

(1) For a-gauge solution,  (6,18)-trucation S[Wal/S[Psecn]

a = OO 0.9609438
a = 4.0 0.9244886
a=0.5 1.0045858

4= —2.0 0.9798943

(2)  Ov(¥a)/Ov(¥sech) (?)

= our computation
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Bosonic cubic open string field theory

1 /1 1
Action: S¥| = —— (—<\I!, QU) + — (¥, ¥ % \I/>>
g? \ 2 3
Q:j{% (ch—l—chc—l—g(’92c> A*E\A
Equation of motion: Q\IJ + ¥xW¥ =0 / 5

Gauge transformation: oAV = QA+ IxA — AxW¥

~  SAS[¥] =0

Restrict string field to twist even sector in the universal space:

U =(t1 +t2b_1c1+ tsL(_ngl) +-++)c1|0) + (urb_2 + - -+ )coci|0)



Gauge invariant overlap

Gauge invariant for on—shell closed string state

Ov(¥) = (Z|V()|®) = (Y(1e, 2)|Pv)1.|¥)2

|Pv) = c1€1|Vim)

Vin :matter primary with (1,1)-dim. V(3)
Oyv(QA) =0 (T|
Oy (P xA) = Oy (A x W)

SAOV () = 0

In particular, it vanishes for pure gauge solutions: Oy, (e_AQeA) =0



Shapiro-Thorn’s vertex
(¥(Ley 2)|Pc)1.|Y)2 = (h1[@c(0)]h2[1(0)])unp

id m L»
D - P
N
hy(w) = —iz _T_i ho(w) = I o hz(w) = % (w — %)
closed string open string

identity state: (Z|®) = (hz[¢(0)])unup



Gauge invariant overlap for
Schnabl’s analytic solution

e Schnabl’s solution for tachyon condensation

d, > B ..
lIjSCh — ear . 1¢’r’|’r’:0 — Z Fa,r ¢’r‘|’r‘:0

n=0

N
— N1—1>r—|r—loo <'¢’N—|—1 — nEZ:Oarwrlrzn>

Ul yUns [—%(Bo +BDECN ")+ @(=") + 6(%)] 0) U, = (2/r)"

<

3

Il
RS

Oy (1,.) :independentof 7

Ov(¥sch) = Ov(tho) = lim Ov(¥n+1)



Analytic computation of gauge inv.
overlap for Schnabl’s solution (1)

2
* Note: o, = Zci|0) + O(Lo — £, Bo — B, e + (—1)"c_y)
T

Yo

(3(1e, 2)] ((Lf? C(—1)"L® (—1)%%5,,,:@%)

= (3(1e,2)|(=2i") Y (=)™ (51 — Morn—1) (L) + (=)L)
m>0

(1, 2)|(62) — (—1)"b2))

= (31 2)[(=28") Y (=)™ (M1 — Mo r) (BF) + (=)L)
m>0 (

(31, 2)[(e? + (=1)™c2) )

2 —im n n n m =
— <'7(1ca 2)| 4 E :(_1) (7772n,_|_1 — 773,,,_1 + 6m,1)(cq(q,1) + (_1) Cg))
n>1




Analytic computation of gauge inv.
overlap for Schnabl’s solution (2)

* Relation to the boundary state

1
(3(1Les 2)[160)2Pr, = -~ (Bleg
v

| B« (¥scn))

o =2 (Lo+Lo) ?{Pe_ 2 dt[LRr(t)+{Br(t),Tscn}]

= |B)+ Y |B® (¥sen))

= 0



Gauge invariant overlap for string
fields in the universal space

* For string fields in the twist even universal space such as

Winiv = (t1 +t2b_1c_1 + t3L(_H21) + t4b_3c_1 +tsb_2c_2 +teb_1c_3
+t:LVb 11 +ts L") + to(LU)2 + -+ )ea|0)
+(u1b_2 + u2b_4 + usb_2b_1c_1 + U4L(_H21)b—2 + U5L(_H;;)b—1 + -++)coc1|0)

~

(’)(\Il ) 1t 1t 3t —|—1t —|—3t -|—3t —I—llt—l—
\%4 un1V—41 42 43 45 47 28 29

 Here, we take a normalization such as

|Vin) = %mwa'ilﬁ'ill())



Asano-Kato’s a-gauge

In the worldsheet ghost number 1 sector,
(boM —|— aboc()é)(I)l =0

(o @]
M = —2 Z nc_,,Cn

n=1

~ 1
Q = Z c_anzm) — 5 Z (m —n)c_mc_nbmin
n#0 n,m,m-+n#0

Note: g =1 bocoQP; = 0

Under the gauge transformation in the free level &; — &; + QAo
this condition cannot fix the gauge.

a # 1 perturbatively



On the a-gauge

* The a-gauge condition conserves the level.

suitable to the level truncation

* The a-gauge condition is compatible with the twist

even sector in the universal space.

dimension of the truncated space in the a-gauge:
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Asano-Kato’s gauge fixed action

Sar=—y3 > (BnQT) =2 Y (@Enx®u)t+ Y (OuB)s )

n—-—oo l+n+m=3 n=-—oo

(I)n, B, : worldsheet ghost number n

(OaB)n — (1)0]\4”_1 + aCObOMn_zé)BS—n

- (n > 2)
(OaB)S—n — (bOWn—2 + aCObOWn—lQ)Bn
R G VA LI OMEENPRR S
Wn = ;) il(n — 1)!((n—|—z’)!)2M (M7) ; 2n
integrate out B,
bo(M™ 1 + acoQM™ 2)®5_, =0
(n > 2)

bo(Wn_2 + acoQW,,_1)®,, = 0 B

gauge fixing condition



Massless part

Let us consider “level 1”7 part of the string fields:
® = v(2)|0) + (Au(z)al c1 + B(x)co)|0)
+(F(x)e—1c1 + up(x)at [ coer)|0) + v(x)e_1c0c1|0)

B = Bx(x)co]0) + Bu(x)al,coci]0) + Bu(x)c—1c0c1|0)

~

/
1
SGF'quad. — /d26m< - az(auAu - 8vAu)(8“AV - 8VA“) - 5(_\/57'/8 + v a’auA“)2
— a'59,0%y — iV2a'u, "y
1
+ 5 Bvv + B, (u* + av/a! [2i0"7) — V2i8, (—V/2iB + a\/a’BMA“)>

v

— 26 _1 pv wy Yp2 s I _1"2 1~ = 1
SGF'quad. — d°x 4F/J,VF +B6;,LA ‘I‘ 2B —|—ZC(‘9”3 & 2X —|—2,3“'U, +2/8'vv

L1
 (a—1)




Construction of numerical solutions

v, _ 64
©) = 813

(boM + a bOCOQ)‘I’(n+1) — Q0 :a-gauge condition

c1|0) :nontrivial solution for (0,0)-truncation

P(Q\P(n)‘I’(n+1) — ‘I’(n) * ‘I’(n)) = 0 :linear equations!

P = cobg :aprojection to solve equations
Qui, @ =QP + T(n) * @ — (1)@ « T(,,
: “BRST operator” around ¥,

'”:> We can define  W(,,) — W (,41)

P (nt1) = (Que,y)  (Pn) * ¥ny)




On the equation of motion

If the iteration converges for . — o©

(boM + abocoé)\IJ(oo) — 0 :a-gauge condition
P(QRQ¥ (o) + ¥ (o) * ¥(0)) = 0 : projected part of eq. of motion

We check the remaining part of the equation of motion
for the resulting configuration:

(1 —P)QRQY () + ¥(co)* ¥ (o)) =0 (?)

bOCO



“Norm” of string fields

Level L-truncated string field in the universal space:
P = Z Z tk,mk§l9nl Pr,my & ¢l,nl
k+I<L mg,n
Pk,my : alinear combination of

L L) L j0)n  (na > n2 > > mg > 2)

s.t.
(Phymis Prrm?,) = (= 1) 0k, 1 Oy ym? LE™ | prmi) = k|@k,ma)

|¢k,mk> =b_p,b_p, - b_p.Cc_gC g, C—qscl|0>gh

r S
pL>p2>>p 21, 1 >q@>->q>0, > pr+ Y qu=k
t=1 u=1

N

| @] = Z |tk,mk;l,nl|2

k,mk,lanl



Convergence of iterations

We continue the iterations until

< 1078

For variousa, M < 10
—o0<a<0,1<KaZs o

¥ ]| ~ O(1)

[|cobo(Q¥nr + ¥ar * Wag)|

< 1078
nsval




S[W,.]/S[¥sch] (L,3L)-truncation
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S[\I’a]/s[\I’Sch]
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Ov(¥,)/Ov(¥sch) (L,3L)-truncation
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Ov(¥,)/Ov(¥sch) (L,3L)-truncation

1.00
0.98 | (] 22;;8) ~a :
(10,30) \(1236) B m o
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I J u
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Gauge invariants for various a-gauge solutions

(L,3L)-truncation
Ov(¥Pa)/Ov(¥sch)

1.0 2

-

081

06!

041

021

0.0 ] I I I I I I I I I I I I I I I
0.0 0.2 04 0.6 0.8 1.0

S[\I’a]/s[\I’Sch]




Gauge invariants for various ag-gauge solutions

(L,3L)-truncation
OV(\IICL)/OV (\IISch)
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Gauge invariants for various ag-gauge solutions

(L,3L)-truncation

OV(\Pa)/OV(\IJSch)
1.00 ¢ S
k (16,48) j
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Coefficient of c—2¢1|0) € (1—P)(Q¥,+TYo*xT¥,)
(L,3L)-truncation




Coefficient of c—2¢1|0) € (1—P)(Q¥,+TYo*xT¥,)
(L,3L)-truncation
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(1 =P)( QY + Ty * ¥, ) |
(@] (L,3L)-truncation
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(1 = P)(QPs + Py *x T, |
TEo (L,3L)-truncation
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Summary

We have evaluated gauge invariants (action and gauge
invariant overlap) for numerical solutions in a-gauges
by level truncation ((L,2L) and (L,3L)-method).

We have checked the consistency of the equation of
motion.

Our numerical results suggest: _ o <a<0, 1 < a<
S[¥a,. |l — S[¥sen]

L — 400
Oy (Pq,,) — Ov(¥sch)

These are consistent with the gauge equivalence:

\Ila ~ \Ichh



Discussion

 The approaching speed of the overlap to the
expected value is slower than that of the action.

* Due to the subtlety of the midpoint(?)

* If there is a small discrepancy between the gauge
invariant overlap for the a-gauge solutions and that
for the Schnabl solution, they are not gauge
equivalent.

If so, they might describe different vacua. (!?)



Gauge invariants for various ag-gauge solutions

(L,2L)-truncation
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Gauge invariants for various ag-gauge solutions

(L,2L)-truncation

OV(\Pa)/OV(\IJSch)
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