Integrability in Gauge and String Theory Utrecht 19 - 23 August 2013
Brane—anti-brane system from an integrable point of view

Z. Bajnok
Holographic QFT Group, Wigner Research Centre for Physics

Hungarian Academy of Sciences, Budapest

Brane .
/ Anti—-brane
e

~17 §
// ‘(

77 77" J1--JNyil  yIN-10pJNIN N pRt o pRN-1 ek
OYY — %y %NY91 ' JN 1(Z lN k1. kNYll ' lN 1( )

work done in collaboration with:

N. Drukker, A. Hegedus, R. Nepomechie, L .Palla, C. Sieg, R. Suzuki



Motivation: Brane—anti-brane system in flat space

Brane
/ Anti-brane

open strings are oriented we need 2 L

-

Brane—anti-brane system in flat space:

Brane

spectrum massive for a > a4 PRk Anti-brane
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Brane—anti-brane system in flat space:

open strings are oriented we need 2

spectrum massive for a > a.;¢

a = O spectrum contains tachyon
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with m< = T

tachyons condensate, branes decay [A. Sen]
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Motivation: Brane—anti-brane system in curved space

Brane—anti-brane system in AdS dualities:

The most understood AdS duality: AdSs x S°

D3 brane wraps S3 C S°
S° = {IX|*+|Y[* + 2> = 1}

2 D3 b gl \\V‘ §

spectrum of open strings

ideal would be to change the angle:

Dbrane-anti-Dbrane: tachyon? —s
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The Illusion of Gravity - Juan Maldacena, Scientific American (2005)



AdS/CFT correspondence (Maldacena 1998)

I1 5 superstring on AdSs x S°

S3 \ AdS space
[ —
S3Y¥2=R? —444+4+-=-FR
B[22 (9, MYy 4+ 0. XM X ) + . ..

N = 4 D=4 SU(N) SYM

2 [ d*aTr [-3F2 = J(D®)2 + W PW + V]
V(P, W) = 7[®, D] 4+ V[P, W]
PSU(2,2/4)
SO(5)xS0(1,4)
gaugeinvariants:O = Tr(P2), det( )

£ = 0O superconformal
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AdS/CFT correspondence (Maldacena 1998)

I1 5 superstring on AdSs x S°

2

3
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S3 \ AdS space
i T
SIY2=R? —++44+-=-R?
B[4 (9, Y M3 Yy + 0. XM X ) + ..
2
Couplings: VA = £, g5 = % — 0
87
2D QFT

String energy levels: E/()\)
E(\) =E(c0) + 2+ 3+ ...

B = 0O superconformal

N = 4 D=4 SU(N) SYM

[d*aTr [—2F2? — 2(D®)? + WPV + V]
V(P V) = ;[®, ] + W[, W]
PSU(2,2|4)

SO(5)xSO(1,4)

gaugeinvariants:©O = Tr(P?), det( )

Dictionary

strong<—>weak

U

2D integrable QFT

A= g%MN , N — oo planar limit

(On(@)Om(0)) = rSxa;
Anomalous dim A ()
AN) = A0) +AA1 + X°As + ...

spectrum: Q@ = 1,2,...,00, (, @) dispersion: eg(p) = \/Q2 -+ %SiﬂQ%

Exact scattering/reflection matrix: Sg.0,(p1,p2,A), Ro(p, A)
Finite size correction: Lischer, TBA




AdS/CFT correspondence: closed strings

BPS string configuration:BMN
g

Z plane

classical energy+loop corrections
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supersymmetric BPS operators
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AdS/CFT correspondence: closed strings

BPS string configuration:BMN
g

Z plane

classical energy+loop corrections

V(P, W) = [P, ]2 + W[, V]
supersymmetric BPS operators
7 = P+ iPg, Y = Pz + idy
- X = ®1 +ids
Opps =Tr(Z7) & [11... 1)
Apps =J
nonsupersymmetric operator: Konishi

O =T (ZYZY 4+ ..) & | 1) +.

2D integrable QFT

supersymmetric groundstate Eg(J) = A(AN) —J =0

two particle state

q

b= Epps+ Epa+ Efrsc
Bethe Ansatz: e'?/S(p, —p) = 1

Epa=2E(p,\) = 2\/1 + 25(sin5)2
Ersc =20 fg—WSQl(q,p)SQl(q, —p)e Rl + . .. =FErpa




AdS/CFT correspondence: open strings, single brane

BPS string configuration

cl. energy+loop corrections

Brane configurations
Z = ®s + ids, Y = Pz + iy, X = D1 + ids

Y=0 brane
J1---JNv 1 IN
Oy—det(Y)—el ZNY91 "YjN
BMN string
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O AR YJl ' JN 1( )
ABPS =J
nonsupersymmetric operator Konishi type
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AdS/CFT correspondence: open strings, single brane

BPS string configuration Brane configurations

S
Z = ®s + ide, Y = Pz + idbs, X = D1 + ids
3 Y=0 brane
| J1---IN IN
v Oy =det(Y) =€)}’ ZNle g
' BMN string

Egps(A) =J 0z’ = 1 ]NY yiN-1(7 J)

S 1. J1 7’ JN 1
ABPS =J
| Al S nonsupersymmetric operator: Konishi type
J—-1 ] ;
v OZ X 6]1 jNY” . .YZ.N—l (Zj_lX)]-N
, 11--UN "~ J1 N—-1 Y

cl. energy+loop corrections

2D integrable QFT
supersymmetric groundstate Fg(J) = A(A) —J =0
1 particle state: ¥ = Eppg + Epa + Epsc
Bethe Ansatz: e2"PY Ry-(p)Ry (p) = 1
Fpa=E(p,) = /1+ A(sin8)?
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AdS/CFT correspondence: open strings, brane—anti-brane

BPS string configuration

cl. energy+loop corrections

Brane configurations
Z = &5+ idPg, Y = O3+ idbs, X = Py + ids

Y — Y brane
Oy =det(Y) =l INy/1  yN
2 BMN strings
Of" = Vit Il
gfl1 kNYl lN—1 (z J)jN

Apps=J+J'

nonsupersymmetric operator: Konishi type
ovw . w=z/"1x ; v=z7
YY 7 !
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AdS/CFT correspondence: open strings, brane—anti-brane

7 = ®g5 4 idg, Y = P34 ida, X = b1 + i

Y — Y brane

Ji---JN LN

OYY — det(Y) p— E i1.. ZN}/}]. . .. }/:7]\7
2 BMN strings

o OZJZJ J1-- JNY ’LN 1( J’)

Y —16le k]l'kJNl .
1--lN Rl 7J N
ekl...kNl/ll YN ( )

ABps—J+J’

nonsupersymmetric operator: Konishi type
ovwy . w=z/"1x ; v=2z/
YY 7 !

cl. energy+loop corrections

2D integrable QFT
supersymmetric groundstate Fg(J) = A(A) —J =0
b= Epps+ Epa+ Efrsc
Bethe Ansatz: eZQpJRy(p)R?(p) =1
Fpa=E(p,) = /1+ A(sin8)?

Ersc = Y0/ 9 Ro(q)Ro(De >QF +... = Erpa




Spectral problem

.CED Classical string/gravity theory
o
3 Semiclassical string/gravity theory
(&)
)
(@) .
= guantum corrections
o N
G
| | S| <
Quantum string/gravity theory = < || x
finite—size L o || =
S e ©
(@] 4+
] TBA corrections o\ A (}E)
)
Strongly coupled gauge theory 5 '%’
S &
| £
loop corrections 2
1-loop perturbative gauge theory
0 size
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2D = Integrable point of view

< | R-matrix
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2D = Integrable point of view

Boundary one particle in state: ¢ — —o0 Boundary one pt out state: ¢ — oo

‘

‘

Free in particle < | R-matrix | — Free out particle

p); = R!(p)| — p);

R-matrix=scalar.matrix

matrix

Conserved charges Yang-Baxter equation —

[R(p), Q] =0 7 S12R1551Ro = R2515R1557




2D = Integrable point of view

Boundary one particle in state: ¢t — —o0 Boundary one pt out state: ¢ — o0

p
p

_J\ !
Free in particle < | R-matrix | — Free out particle
[p)i - R{(p)| - p);

R-matrix=scalar.matrix

matrix )
0 J
Conserved charges Yang-Baxter equation =
[R(p), Q] =0 T S12R1551Ro = R2S15R1551
scalar
Unitarity crossing
R(—p) = R~*(p) R(p) = S(p, —p)R(—D)




Y=0 brane

parametrization: X = (1,1),Y = (1,2),Y = (2,1)

BMN Tr(Z7): PSU(2,2|4) —PSU(2|2)?
Brane PSU(2]2)? — SU(1]2)2
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Y=0 brane

parametrization: X = (1,1),Y = (1,2),Y = (2,1)

BMN Tr(Z”7): PSU(2,2|4) —PSU(2|2)?
Brane PSU(2]2)? — SU(1]2)2

.2~ (3, 2 ) (1.:2) s broker =



parametrization: X = (1,1),Y = (1,2),Y = (2,1)

BMN Tr(Z7): PSU(2,2|4) —PSU(2|2)?
Brane PSU(2]2)? — SU(1]2)2

(1,2) —

Y=0 brane

< cosf sind

—sin® cos# ) (1,2) is broken 0 —

matrix

R-matrix=scalar.matrix
( 1 1 —e 0
Q=1reps| 2 |o| 2| [RA@Q]=0 rR@p=| ° "
3 3 ) P 0O 0
\2/) \ 2 0 0

scalar

Ro(z) = —e_ipa(p, —p) [Correa,Chen] [Hofman,Maldacena]
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Y=0 brane

parametrization: X = (1,1),Y = (1,2),Y = (2,1)

BMN Tr(Z”7): PSU(2,2|4) —PSU(2|2)?
Brane PSU(2|2)2 — SU(1]2)2

cosf siné : oA A
(1,2)—><_Sin0 c050>(1’2) Is broken 0=72,0=0 6=60=7I,
R-matrix=scalar.matrix

( 1 i —e> 0 0 0
- _ 2 _ _ 0 e 0 0
matrix | @ = 1 reps 3 [R,A(Q)] =0 R(p) = - 5 5 @
K 4 4 0] O 0 1

scalar Ro(z) = —e 7“p()'(p —p) [Correa,Chen] [Hofman,Maldacena]

—e'2 _} cos2 Oe 2 sm fe'>  sinOcosf(e "z 4 e'2) . ez 0
0 e‘Zg sinfcosf(e 2 4 ¢e2) sin?fe "z — cos? Pe'z



Y — Y brane system, large J spectrum for 1 particle
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Y — Y brane system, large J spectrum for 1 particle

Asymptotic Bethe Ansatz:
periodicity of wavefunction

e'?P/ Ry (p) Ry (p) = 1 —p

Fpa=E(p,) = /1+ X(sinB)?

From the string excitation point of view | k




Y — Y brane system, large J spectrum for 1 particle

p

—_— =

From the string excitation point of view 3 |

Asymptotic Bethe Ansatz:
periodicity of wavefunction
e'?P/ Ry (p) Ry (p) = 1 —p
p p
Fpa=E(p,) = /1+ A(sin8)? E R N ¢ 9 [

_ / R
One loop gauge theory check: (OZJ— Xz’ (O)OZJ Xz’ (x))

zJzJ' J1---INv %1 ’LN 1/ 7 J\NIN ll AN k1 kN 1 J
OYY — %y %NY91 ' JN 1(Z In €k1.. kNYll ' lN 1( )

spin chains decouple into two one loop Hamiltonians:
— A NY Y [v] 1 Y Y] Y Y
H = g-(1Qj [Zj:1(1j7j+1 = Pjjt1 T+ 5K j41+2-Q1 — QJ] Q1

agrees with BA




Y — Y brane system, large J spectrum

Asymptotic Bethe Ansatz: periodicity of wavefunction <J
e?P17 T];51 S(p1, pi) Ry (p1) Tli>1 S(pis —p1) Ry (p1) = 1 —p1

Epa=>,; E(p; M)
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Y — Y brane system, large J spectrum

Asymptotic Bethe Ansatz: periodicity of wavefunction <J

e'?P17 1,51 S(p1,pi) Ry (p1) Tli>1 S(pi» —p1) Ry (p1) = 1 —p1

EBA:Zi E(p%)‘) b P2 hr P Py Pn

K
Double row transfer matrix |< g >| |<J B >|

To(p) = sTra(I1; S(p, pi) Ry (p) IL; S(pi, —p) RE(p))

Bethe Ansatz: e2P1/Ty(p1) = —1  Finite size correction Epg = — 5. dq To(q)e2€a’
FS — al Drx q




Y — Y brane system, large J spectrum

Asymptotic Bethe Ansatz: periodicity of wavefunction <J .
21/ [];51 S(p1,pi) Ry (1) [li>1 S(pi, —p1) Ry (p1) = 1 —py .
J
,,,,,,,,,, l
EBA — ZZ E(pz, >‘) GRS P, P, P

n | _Fi n
Double row transfer matrix |< g >| |<J( B >|

To(p) = sTra(I1; S(p, pi) Ry (p) IL; S(pi, —p) RE(p))

Bethe Ansatz: €217y (p1) = —1  Finite size correction Epg = — dap (g)e—2¢a]
FS al o q

Generic eigenvalue in terms of Q2 (u) = [[22) (u—fu) (u+fi) , BiRs = [[[2; ((p) — y;) (=(p) + y;)

T(p) = () "1 p(-)+ [R(+)+ By Ry | By Ry Q;’++u+R1|'B§I'Q§_ U+B()R1|'B§|']
P) =\ 7z R(OTPL R(—)+B;rR§r B;rggr Q2 " w~R{B; @2 ' uw B~ R B;

(+)+ - B-R-B-ot++
Magnonic BA: RR Q2 . p3f4y By By By Qg = -1

(—)+Q3‘+|$+(p)=yj ’ p4R1"Bf'R§"B§'Q5_|u:ﬁl —




Y — Y brane system, large J spectrum

Asymptotic Bethe Ansatz: periodicity of wavefunction <J .
e?P1/ [1;51 S(p1,pi) Ry (p1) lli>1 S (pi, —p1) Ry (p1) = 1 —p1

Bpa= i Bpi, ) IS o
Double row transfer matrix |< i >| |<J( i >|

Ta(p) = sTra(I1; S(p, i) Ry (p) I1; S(ps, —p) RS (p))

Bethe Ansatz: 2?1/ (p1) = —1  Finite size correction Epg = — 3, [ 24T, (q)e 2%/
EFS al D

Generic eigenvalue in terms of Q2(u) = [[;2, (u—fu) (u+i) , BiRs = [[72, (x(p) — y;) (z(p) + y;)

T(p) = (@) M1 R(9)+ [R(+)+ By Ry | By By Q§|_+_|_u+R1|'B§|'Q§_ u+B()Rf'B§|']
P) = \z®) R(AHFP1 R(—>+BjR§r Bi"]:gé" Q2 ' w R{B; @2 "uw B(+)- RIBZ

R(+)+%2+| N _ {1 . »pa RiBiRiBiQé""’l i
— =Y U —— U=
R()+QFHaT(p)=y; 4 RY B RT BF Q3 H

Magnonic BA: = —1

One particle Liischer correction: J =1, p = 5: Epg = 8¢°(4¢3 — 5(5)



Ground state energy: large volume

Asymptotic BA trivial, finite size correction from transfer matrices

d — D¢ 4g%7 (4
Eps = — Yo [ 5LsTra(Ry (@) RE (e~ %l = —5(37)Cay—3
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Ground state energy: large volume

Asymptotic BA trivial, finite size correction from transfer matrices
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Ground state energy: large volume

Asymptotic BA trivial, finite size correction from transfer matrices

d — D¢ 4g%7 (4
Eps = — Yo ] 5sTra(Ry () RE(g)e 2l = — 4-7(57)¢as—3

divergent for . = 1, tachyon??

Gauge theory calculation: (Ogg—/_lX z”' (O)OZJ tx 27 (x))

AV J1---IJN ’LN 1z J"VIN J1-IN $ka SknN_1/,J\kEN
OY? — .. %NY91 ' JN 1(Z In k.. kNYll "'YlN—l (Z )’iN
wrapping contribution: é é é

Coaea
(Tr(Y (2)27(0)Y (2)Y (0)Z”¥ (0))) o B SR
—(Tr(Y ()27 (0)Y ()Y (0)Z'Y (0))) ° 03




Ground state energy: large volume

Asymptotic BA trivial, finite size correction from transfer matrices

d — —2¢ 4g%7 (4
Eps = — o ] 5sTra(Ry () RE(g)e™ %0l = — 47 (57)¢as—3

divergent for L = 1, tachyon??

_ / 1o s
Gauge theory calculation: (OZJ— Xz’ (O)OXZ/JY Xz’ (x))

7777 J1---JN yIN-1( 7 J'\IiN J1--n SEN—1/ > J\kEN
Oyy — %y %NY91 ' JN 1(Z In k1. kNYll "'YlN—l (Z )’iN
z z z
wrapping contribution: Q 9 O
[ *--0
(Tr(Y ()27 (0)¥ ()Y (0)Z7¥ (0))) A S
—(Tr(Y ()27 (0)Y (2)Y (0)Z”Y (0))) -
472
I = Gora(sls — 3 +reg)  [sehnetd): Inj = —4(32)% 55(3773)¢as 3

for L, = 1 we are missing something! Large NV limit?




Ground state energy: BTBA

We need strong coupling — BTBA:

Claim

there is no BTBA for non-diagonal bulk scatterings
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Exceptions: ¢ — q potential



Ground state energy: BTBA

We need strong coupling — BTBA:| Claim |there is no BTBA for non-diagonal bulk scatterings

[Correa,Maldacena,Sever]
[Drukker]
From the lattice: Y-system+analyticity — TBA (tricritical Ising, Lee-Yang)

Exceptions: ¢ — g potential (but it is not really boundary)

[Ahn,Pearce,Chim]
[ZB,Deeb,Pearce|

T-system: T 5Ty = Ty 1.6Tat1.6 + Tus 1Tast1

Tas Tas—l . [—a] —\ -
T Yoo =" T (§_+)

Y-system: Yq s = To—1sTg41.s




Ground state energy: BTBA

We need strong coupling — BTBA:| Claim |there is no BTBA for non-diagonal bulk scatterings

[Correa,Maldacena,Sever]
[Drukker]

From the lattice: Y-system+analyticity — TBA (tricritical Ising, Lee-Yang)

Exceptions: ¢ — g potential (but it is not really boundary)
[Ahn,Pearce,Chim]

[ZB,Deeb,Pearce|

.t -
T-system: TCL,STCL,S — CL—].,STCL—|—1,S + Ta,s—lTa,s—I—l
2L
) - Ta,s—I—lTa,s—l . [ al 2 z
Y—System. Ya,s o Ta—l,STa—l—l,s ' Ya’ 0= u[a] T Tt
generating functional for generic angle: Wew(2) = e—q DT sD*

Wiu(2) = f(DZ—ZLD)—l(1—DZ—TD)(1—D2)f(D2)—1 with f(2) = /1 — 2cos(20)z + 22



Ground state energy: BTBA

We need strong coupling — BTBA:| Claim |there is no BTBA for non-diagonal bulk scatterings

[Correa,Maldacena,Sever]

[Drukker]
From the lattice: Y-system+analyticity — TBA (tricritical Ising, Lee-Yang)

Exceptions: ¢ — ¢ potential (but it is not really boundary)

[Ahn,Pearce, Chim]
[ZB,Deeb,Pearce|

T-system: To'sTi e = To1.sTut1.s + Tus 170 st1

Y Y . Ta,s—|—1Ta,s—1 . Y, - u[_a]TQ z 2L
-system: Ya,s = To—1sTa4+1,s ' a,0 = ulal a1\ o+

generating functional for generic angle: Wsu(z) = > a2 D11 sD?

Weu(2) = f(DZ—fD)—l(1—DZ—TD)(1—DQ)f(D2)—1 with f(2) = /1 — 2 cos(20)z + 22

Y-system-+discontinuity = BTBA equations:

e (q) = vi(q) + 6)Eq(9)L — [ KI(q,q)109(1 + e~ (D)dg’

Energy: E(J,9) = — > fg—?r log(1 + Yp(q))



Ground state energy: Solving the BTBA equations

Numerical solution: BTBA breaks down at g.,.;;(.J):

E J
BTB‘AL O S O S AR SR R 3 07
: =123 4 5 g Tl
B g Jf o S— LA N =15 [
r AN I\\\ N N J=2.0 25*
—10* """"""""" 3 !\“" "“:'"“?\\ \\: . J=2.5 r
_1_5; ....................... | R S R t\I J=3.0 2.0
S, X o) SRR | SN BRR—— i N i _
: | { 1.5 »  Apparently singuls
-2.5 \ [
~3.0 0 1 2 3 4 5 9

TBA cannot describe state with £/ < E..;¢



Ground state energy: Solving the BTBA equations

Numerical solution: BTBA breaks down at g.,.;;(.J):

EBTBA o nn a0 o oo oo Ln o o o 0 0 o o o 0 o 3 OJ
T2 -3 4 5 900
B g Jf o S— LA N =15 [
[ AN I\\\ \\\ N J=2.0 25*
_102’ """"""""" ) T\"" "a:""'?\\ \\: . J:25 :
Y SRR | B | NI t\I\ J=3.0 2.0
S, X0 PURE | SN BRI N N i _
: | { 1.5 »  Apparently singuls
-2.5 :
~3.0 0 1 2 3 4 5 9

TBA cannot describe state with £/ < E..;¢

Analytically: E(J,g) = — ZQfg—?T log(1 + Yy(q)) should makes sense
For ¢ — oo: Y ~ q_4(J+E) integral exists if £ > —J + %

For Q) — oo: Y ~ Q3_4(J+E) sum exists if £/ > —J + 1

compatible with Luscher



Conclusion
>y

N
We analyzed the spectrum of open strings on a brane-anti-brane system N

formulated the gauge theory dual and derived a one-loop integrable open spin chain
described the asymptotic large volume spectrum

compared the vacuum Luscher correction to gauge theory calculations

derived BTBA and solved them numerically

found a breakdown of BTBA at large coupling which might signal the tachyon
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Conclusion
o7
N
We analyzed the spectrum of open strings on a brane-anti-brane system N

formulated the gauge theory dual and derived a one-loop integrable open spin chain
described the asymptotic large volume spectrum

compared the vacuum Luscher correction to gauge theory calculations

derived BTBA and solved them numerically

found a breakdown of BTBA at large coupling which might signal the tachyon
Open problems

derive asymptotic BA for generic angle
understan the L. = 1 discrepancy from the gauge theory point of view
derive BTBA for generic angle

go beyond the critical coupling by FINLIE or P pi-system



