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Abstract: Gauge theories with deformed products of fields in the lagrangian
constitute an interesting generalization of the gauge/string duality.

We review a systematic procedure to find the string duals of such

theories, called the TsT transformation, and illustrate its properties

by means of afew examples.
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Deforming the gauge/string duality

AdS / CFT CORRESPONDENCE ==———""
EXACT
Type IIB strings on e N =4 U(N)
AdSs x S° Super Yang-Mills theory
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Deforming the gauge/string duality

AdS /CFT CORRESPONDENCE ﬁ\
EXACT
Type IIB strings on T N =4 U(N)
AdSs x S° Super Yang-Mills theory

Study generalizations that arise
when considering gauge theories with
deformed products of fields in the lagrangian

@ (x)®2(z) — P1(z) * D2(z)
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Deforming the gauge/string duality

AdS /CFT CORRESPONDENCE W\\
EXACT
Type IIB strings on e N =4 U(N)
AdSs x S° Super Yang-Mills theory
Study generalizations that arise

when considering gauge theories with
deformed products of fields in the lagrangian

D (z)P2(z) — D1(z) * Da(2)

®1(2)2(z) — B1(z) * Ba(z) = 3" %% @y (z + €)@a(z + ()le=¢=0
— @1(3)@2(1’) X 2 %Bﬁc’i,-@l@j@g S erln
.:; z',z'] =i6" Yang-Mills on the non-commutative torus

'dofommon

Non-covariant, non-causal, non-local
Arises in string theory with a background B-field

[Connes-Rieffel, Connes-Douglas-Schwarz, Seiberg-Witten, ...]
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Deforming the gauge/string duality

AdS / CFT CORRESPONDENCE = =
EXACT
Type IIB strings on e N =4 U(N)
AdSs x S° Super Yang-Mills theory
Study generalizations that arise

when considering gauge theories with
deformed products of fields in the lagrangian

D4 (z)P2(z) — D1(z) * B2(x)

®1(2)@2(x) — B1(z) * Ba(z) = 3" %% @y (z +£)@a(z + ()le=c=0
— Q]_(I)Qz(:r) + %Hija,-tblaj@g S T
'> z',z'] =i6" Yang-Mills on the non-commutative torus

Non-covariant, non-causal, non-local
Arises in string theory with a background B-field

[Connes-Rieffel, Connes-Douglas-Schwarz, Seiberg-Witten, .. ]

b~
S
%
= E
S S
3

B | —

re are also /ess "exotic” generalizations
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Deforming the gauge/string duality

AdS /CFT CORRESPONDENCE =} \
EXACT
Type IIB strings on e N =4 U(N)
AdSs x S° Super Yang-Mills theory
Study generalizations that arise

when considering gauge theories with
deformed products of fields in the lagrangian

@ (z)®2(z) — @1(z) * D2(x)

®1(z)®2(z) — B1(2) * Ba(z) = €2 % % (2 + £)Ba (2 + ()le—c—0
— Q]_(I)@g(ir) -+ %gijai‘blajég G AT
.> z',z'] =i6" Yang-Mills on the non-commutative torus

Non-covariant, non-causal, non-local
Arises in string theory with a background B-field

[Connes-Rieffel, Connes-Douglas-Schwarz, Seiberg-Witten, .. ]

dcfo'rmmon
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Deforming the gauge/string duality

AdS /CFT CORRESPONDENCE W\
EXACT
Type IIB strings on — N =4 U(N)
AdSs x S° Super Yang-Mills theory
Study generalizations that arise

when considering gauge theories with
deformed products of fields in the lagrangian

@, (z)®2(z) — @1(z) * D2(x)

®1(z)®2(z) — B1(x) * Ba(z) = 2” %% By (z + £)@a(z + ()le<¢o
— Q]_(I)@Q(i) -+ %Hijai‘ﬁlaj‘bg o T
'> z',z'] =i6" Yang-Mills on the non-commutative torus

Non-covariant, non-causal, non-local
Arises in string theory with a background B-field

[Connes-Rieffel, Connes-Douglas-Schwarz, Seiberg-Witten, ...]

.'_
33
= E
2 O
%

B —

There are also less "exotic” generalizations
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Deforming the gauge/string duality

@1(3)‘1’2(&"}) — ‘I’]_ (.?:) * ‘I’g (.’B) = ‘I’]_(I—%)@g(ﬂ:—%)
__._.-"'"
L. " = Q.L" "DIPOLE VECTOR" OF A FIELD OF CHARGE Q.

Non-local but commutative

[Bergman-Dasgupta-Ganor-Karczmarek-Hajesh]
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Deforming the gauge/string duality

@1(.’13)‘1’2 (11:) — @1 (.."':) * <I)2(:c) — (I’]_(I—%a)@g(ﬁ'—%?)
__._.--"'"
L * = Q.L" "DIPOLE VECTOR" OF A FIELD OF CHARGE Q.

Non-local but commutative

Dipole deformations along the light-cone give rise to
APPLICATIONS Schrédinger symmetric theories
whose DLCAQ yields (conformal) non-relativistic systems

[Maidacena-Martelli-Tachikawa, ...]

Compactified dipole theories can give rise to
ordinary theories with interesting properties
-
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Deforming the gauge/string duality

S|  2.(0)0a(z) — Bi(z) » Ba(z) = B1(z—£)a(e+ %)
3 é =

L," = Q.L" "DIPOLE VECTOR" OF A FIELD OF CHARGE Q.

Non-local but commutative

Dipole deformations along the /ight-cone give rise to
Schrédinger symmetric theories
whose DLCQ yields (conformal) non-relativistic systems

[Maldacena-Martelli- Tachikawa, ...]




Deforming the gauge/string duality

@1(3)‘1’2 (..u“':) —p ‘I’]_ (.."':) * (I)g (:B) — (I’]_(I—L.—jl)@g(ﬂ:—%;)
__..-"'"
L " = Q.L" "DIPOLE VECTOR" OF A FIELD OF CHARGE Q,

Non-local but commutative

Dipole deformations along the /ighi-cone give rise to
APPLICATIONS Schrédinger symmetric theories
whose DLCQ yields (conformal) non-relativistic systems

[Maldacena-Martelli- Tachikawa, ...]

Compactified dipole theories can give rise to
ordinary theories with interesting properties
-
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Deforming the gauge/string duality

‘I’]_ (.’B) ‘I’z (.‘1:) — ‘I’]_ (x) * (I)g (I) - (I’]_(I— %“')@2(3— %*)
__..-"'"
L " = Q.L" "DIPOLE VECTOR" OF A FIELD OF CHARGE Q.

Non-local but commutative

Dipole deformations along the light-cone give rise to
APPLICATIONS Schrédinger symmetric theories
whose DLCQ yields (conformal) non-relativistic systems

Compactified dipole theories can give rise to
ordinary theories with interesting properties

&, (z)D2(z) — B1(z) * Ba(z) = ™7(P0, 2,9, 92,) @, (2)®5(z)
Ordinary theory with deformed interactions

[Leigh-Strassler, ...]
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Deforming the gauge/string duality

‘I’]_(.’B)‘I’z (.‘I:) = @1 (...":) * (I)g (:B) = ‘I’]_(I—%‘{)Qg(ﬂ:—%?)
___,_'-“"
L " = Q.L" "DIPOLE VECTOR" OF A FIELD OF CHARGE Q,

Non-local but commutative

Dipole deformations along the light-cone give rise to
APPLICATIONS Schrédinger symmetric theories
whose DLCQ yields (conformal) non-relativistic systems

Compactified dipole theories can give rise to
ordinary theories with interesting properties

®1(z)@2(z) — B1(z) * By(z) = ™7 F2:95:79,9.) 9, (2)8,(z)
Ordinary theory with deformed interactions

All of these apparently unrelated theories can be seen in a
unified framework as deformations of ordinary Yang-Mills theory by
higher dimension gauge invariant operators




Deforming the gauge/string duality

From the point of view of the gravity dual the field theory
deformation corresponds to a transformation on a torus [Lunin-Maldacena]
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Deforming the gauge/string duality

From the point of view of the gravity dual the field theory
deformation corresponds to a transformation on a forus [Lunin-Maidacena]
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Deforming the gauge/string duality

From the point of view of the gravity dual the field theory
deformation corresponds to a transformation on a torus [Lunin-Maldacena]

:

I
T—T =

14T
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Deforming the gauge/string duality

From the point of view of the gravity dual the field theory
deformation corresponds to a transformation on a forus [Lunin-Maidacena]

DEFORMED
THEORY
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Deforming the gauge/string duality

From the point of view of the gravity dual the field theory
deformation corresponds to a transformation on a torus [Lunin-Maidacena]

We can study these TsT deformations systematically!

DEFORMED
THEORY

B+

T—71

1+TT

: 09050009
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Deforming the gauge/string duality

From the point of view of the gravity dual the field theory
deformation corresponds to a transformation on a forus [Lunin-Maidacena]

N We can study these TsT deformations systematically!

Start with a gauge theory on a Dp-brane: where is the TsT torus located? l
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Deforming the gauge/string duality

From the point of view of the gravity dual the field theory
deformation corresponds to a transformation on a torus [Lunin-Maidacena]

P,

Start with a gauge theory on a Dp-brane: where is the TsT torus located? l

¥
-

2w We can study these TsT deformations systematically!

frg= eiwﬁfpirpg—iﬂipf}fg
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Deforming the gauge/string duality

From the point of view of the gravity dual the field theory
deformation corresponds to a transformation on a forus  [Lunin-Maidacena]

g [P ol
’ 7 3

We can study these TsT deformations systematically!

#

Start with a gauge theory on a Dp-brane: where is the TsT torus located? I

£ 14T

frg= eiwff(pfpi—Pipf)fg

P1 MOMENTUM
P2 MOMENTUM
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Deforming the gauge/string duality

From the point of view of the gravity dual the field theory
deformation corresponds to a transformation on a forus [Lunin-Maidacena]

’ T

We can study these TsT deformations systematically!

:

Start with a gauge theory on a Dp-brane: where is the TsT torus located? I

5 14T

frg= et’f*‘.r(P{Pé"—Pin}fg

P1 MOMENTUM
P2 MOMENTUM

NON-COMMUTATIVE
THEORY
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Deforming the gauge/string duality

From the point of view of the gravity dual the field theory
deformation corresponds to a transformation on a torus [Lunin-Maidacena]

=7 =

We can study these TsT deformations systematically!

1—4—“;*7'

Start with a gauge theory on a Dp-brane: where is the TsT torus located? I

frg= eir:f(P{Pé'—Pin}fg

Pirsa: 09050009 Page 29/202

T T el T Mg e e A . e R e S Eramois 1 Exampis 7- e



Deforming the gauge/string duality

From the point of view of the gravity dual the field theory
deformation corresponds to a transformation on a forus [Lunin-Maidacena]

%ﬂ e (v -+,
’ ¢

We can study these TsT deformations systematically!

DEFORMED
THEORY

4

:

Start with a gauge theory on a Dp-brane: where is the TsT torus located? I

= 14T

frg= eir:r(pfp‘g—?ipf}fg

NON-COMMUTATIVE
s D1 MOMENTUM
zt| 22 yl y2 P2 U(1l) CHARGE
==0r
=
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Deforming the gauge/string duality

From the point of view of the gravity dual the field theory
deformation corresponds to a transformation on a forus [Lunin-Maidacena]

We can study these TsT deformations systematically!

= 1477

Start with a gauge theory on a Dp-brane: where is the TsT torus located? l

frg= eiw':f(P{Pi—Pipf}fg

NON-COMMUTATIVE
. : P1 MOMENTUM
ExlEx y' |y py U(1) CHARGE
Dp |==|=——|@® | ®
N’
DIPOLE B S
. THEORY
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Deforming the gauge/string duality

From the point of view of the gravity dual the field theory
deformation corresponds to a transformation on a torus [Lunin-Maldacena]

4 T
g o' (v — ¢ v 4
T

We can study these TsT deformations systematically!

4

Start with a gauge theory on a Dp-brane: where is the TsT torus located? I

!
T—T =

1497

: f f 9
f * = EIF?(PLPE'—PzPl}fg
NON-COMMUTATIVE

€4
B -
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Deforming the gauge/string duality

From the point of view of the gravity dual the field theory
deformation corresponds to a transformation on a forus [Lunin-Maldacena]

g o' [ v A
»

We can study these TsT deformations systematically!

!
T—T =

1+~1

Start with a gauge theory on a Dp-brane: where is the TsT torus located? I

f x g =e™PiPi-P2p]) 5

P1 U(l) CHARGE

| 22| y'| o py [7(1) CHARGE
N —

— B-DEFORMED

THEORY
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Deforming the gauge/string duality

From the point of view of the gravity dual the field theory
deformation corresponds to a transformation on a torus [Lunin-Maidacena]

’ T

= 1+~1

We can study these TsT deformations systematically!

Start with a gauge theory on a Dp-brane: where is the TsT torus located? l

1
g}- gﬁl
DIPOLE B-DEFORMED

Page 34/202
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IsT for closed string backgrounds

Undeformed
: = Guv — bp.p
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IsT for closed string backgrounds

Undeformed

= O +bu ¢ |isl
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IsT for closed string backgrounds

Undeformed
Euv = Guv -+ b;w ¢
i
fr= de,—1 +dbA g |
e e e e : €11
E,=M{e, —~ [det ( x4 1"’) = det( - 2“)] +~*det | ea:
E;;E E,uu €1 E;.w
€ul
24 2¢ -1
e =Me
’ M= {1 — v (€12 — e21) +~° det (Eu eu)}
€21 €22

R wETE— e B - o S et &"\ Eyamois 1- Eyampoila 7- LR .




IsT for closed string backgrounds

_I\| Deformed
¢ — & + o dalong §B. -G, +B, & 1
F,=dC,_ +dBACpg3

:-;:!'I

Undeformed

o1 + dbAG

o

= - = - ' €11 €12 €y,
E,u.u = M Cuv — det o e " - e - + "}"'J' det | e21 €22 €2,
Euﬂ E,u:.a €1 E,Lw

€ul €u2 €y

20 26 =3
ec"=Me €11 €12
M=41—v(e12 —e2)+ " det
€21 €22
EXAMPLES Gy =M gn Gia =M g12 Gy =M g2
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IsT for closed string backgrounds

_ Deformed
* —¢° + v ' -' | Eﬂp — pr + Bpp o 1‘:
Fp=dC, 1 +dBACp 3

Undeformed

€uv = Guv +0ur ¢ |

= & = = ' €11 €12 €3,
EJ,_“’, = M Cur — Y det = S = " g - + "‘;"') det | e21 €22 €2,

€ul €u2 €,

2% 2¢ -1
e " =Me
- M= {1 -y (812 — 821) -{-":r"? det (Eu Eu)}
€21 €22

EXAMPLES Guu=M g Gia =M gy2 G =M g2

—3

Buy =0 : ,M={1+':f2det(gu m)}
If by g1 g22

312 — T,-Mdﬂt (gll 912) o M-—-1
g21 g22 i
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IsT for closed string backgrounds

Z.’F AeB Z faNe +7 [Z faNe ] (Wrigi)ar--a,—: = (Wp)ar-—-a, 1y
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IsT for closed string backgrounds

Undeformed
= Quv + bpu

20 26 ~3
e " =Me
- M= {1 — v (€12 —e21) +~° det (ZH Eu)}
21 €22
Z.Fq Aef = Z fq A eb =y I:Z fq A Eb] (up[yl)f-h"-ﬂp-i = (wp)ui“.ap_ly
q 9 - et lle?

exampres Fi=fi+7(fa+ fL Ab ey

1
.F3+F1h3=f3+f1ﬁb+’?|:f5+f3ﬁb-—§f1hbhb]

. . i 3T
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IsT for closed string backgrounds

Undeformed _f
Bur = Guv + 0 & Ll
e
E,=M{e, —v|det{2 ) _det(" “2 )| +~2det e
g . ' EuE E,u;a €ul 'E,U.U =
€ul
2% 2¢ =3
=M
e Me M:{l—’}*(elg—ezl)-f-‘?zdl!t (eu eu)}
€21 €22
ZcqneB=Zcqneb+w[Zcqne”] (gauge choice)
q q q [!]l%?]

Z WESS-ZUMINO COUPLING IN D-BRANE WORLD-VOLUME ACTION
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IsT for closed string backgrounds

Undeformed - Deformed
: pr = Guv +0p @ L =Gy + By, O
fp=dcy—1 +dbAg Fp=dC, 1 +dBACp3

= - s = ' €11 €12 €1,
E,=M{e, —v|det| * “")—det| * “%)|++’det|len exn exn
€u2 CEuu €ul €y

€ul €Eu2 €y

2% 2¢ -1
= M
€ J € M = {1 — (812 = 821) _{_,_:fz det (811 eu)}
€21 €22
ZCqMB=ZCqM*’+"F[Zﬂqu] (gauge choice)
% e ¢ etllw?]

Z WESS-ZUMINO COUPLING IN D-BRANE WORLD-VOLUME ACTION
Dp - D(p+2) coupling: Myers effect?
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IsT for closed string backgrounds

Deformed
7 — & + o dalong §E. =G, +B,. @8

Undeformed

€ =Gy +0u ¢ |

- . 2 - : €11 €12 €1,
E, =M{e, —|det = e | e | '*;3 det | e21 ez €2
€u2 €Euu €u1 Euy

Epl €x2 €Eup

2% 2¢ =
=M
r i M= {1 —v(eyz —eq) + ~* det (611 Eu) }

€21 €22

ZCQAEB=Zcheb+w[Zche”] (gauge choice)
a @)

q9 9

Z WESS-ZUMINO COUPLING IN D-BRANE WORLD-VOLUME ACTION

We need to study open string boundary conditions in detail
D-brane probes provide connections between gravity and field theory

Pirsa:
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IsT for open strings and D-branes

IsTon

rid-sheetiies _ 1 2 i
(r,0) T (0> %10 i)
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IsT for open strings and D-branes

IsTon

rid-sheet| = 1 2
(r.0) E®= ¥0%oy
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IsT for open strings and D-branes

an‘P(lu) = an‘Pl — ¥ Bay Gap” — ¥ Nap G Gay Ok
an (ﬂ) = aaw? =" Bl;.l. aaﬂop +9 Nag fﬁn Glp 3::50"
an{cdtn) = aa‘loi

[Frolov, Alday-Arutyunov-Frolov, E./]
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IsT for open strings and D-branes

Xo) = (¥(0) #lo) Ploy)

HOW DO BOUNDARY
CONDITIONS TRANSFORM?

BaPlgy = Oa’ — 7 Bau Oap” — 7 Nlag €7 G2y duip”
an (0) = aﬂ‘Pz + i . Bl# aﬂﬂop -+ Nag 6’3‘ Gl# aﬂﬂd‘
anﬂofn) = auﬁoi
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IsT for open strings and D-branes

Wy

HOW DO BOUNDARY
CONDITIONS TRANSFORM?

BaPloy = Oap’ — ¥ Bay Oap” — 7 Nlag €7 Gayu Op*
an (0) ge= aaﬁaz -+ BI# aﬂﬁop -+ Nag eﬁu Glﬂ 3.:90"

Open string boundary conditions N
At
¥ / along the D-brane Q’puaa-ﬁo](/u} = (b“v + f#u) a’_(pig —

- (generalized Neumann) — 0)
| WORLD-VOLUME GAUGE FIELD
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IsT for open strings and D-branes

HOW DO BOUNDARY
CONDITIONS TRANSFORM?

aﬂ(ﬁ%ﬂ) i n‘Pl — By OaP” — Y Nap 7" G2p O
an (0) = aﬂ‘loz gy BI# aﬂﬂop + Nag fﬁ" Gl# aﬁ‘}ap

. aﬂsa%ﬂ) 3 aa‘loi
Open string boundary conditions j\
iﬁ‘"’. along the D-brane = L, —
= (generalized Neumann) 91020y — (v + fw&‘ﬁ(ﬂ) =4

WORLD-VOLUME GAUGE FIELD

— [Buw + fuo + 7 (f1pBay — fouB1)] 8-¢” =0
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IsT for open strings and D-branes

IsTon

orid-sheetl ¢ _ (1 2
{.,T! T | (‘P(n}sip{u)r

HOW DO BOUNDARY

Baplgy = 0ap* —7 Bay Batp” — ¥ Nap €% Gay Buigh\ CONDITIONS TRANSFORM?

Oaf(o) = Oa” +7 Biu Oap” +7 Nlag € Gy Oup
I au{oafn) = aaqai

Open string boundary conditions j\
b
EI/ along the D-brane = ‘Pfﬂ} — (b + fu)) B> ‘P?ﬂ) =

(generalized Neumann) ——
WORLD-VOLUME GAUGE FIELD

B  [Gu+7(f1uGo — £2u61.)]9:¢"
— [BP‘-“ * f#” =+ (prBmf = f2,uBlu)] 9-¢" =0

=0 G 0o"—8B &= Neumann with ¥ =0

irsa: 09050009 Page 51/202

T T, P TR ——— e e, R R - - e Y Evampis 1 Eyampola 7- -



IsT for open strings and D-branes

IsTon

orid-sheetfye — 1 2 — T
(1.0 “0) = (‘F[u}:‘P{u),WE__ Y

HOW DO BOUNDARY
CONDITIONS TRANSFORM?

8aP(o) = Oa¥’ —7 B2y 0ap” — 7 Nag € G2y g
an‘la%ﬂ) e aa‘|92 5 Bl# aaﬂop + Y Nas G Gl# aﬂtp"

| 3&5"%{]) == au 991‘

Open string boundary conditions W
s » transverse to the D-brane
(Dirichiet)

3 a""p‘(‘u) =
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IsT for open strings and D-branes

HOW DO BOUNDARY

Bapigy = Oap’ —7 Bay Bap” — 7 Tag B% Gy P\ CONDITIONS TRANSFORM?

Balo) = Ba® +7 Biy Oap” +7 Nag € Gy Ot
| au{oafn) = 0.

Open string boundary conditions
P~ ¥ transverse to the D-brane
(Dirichiet)

- 3.4l =0 HE) 9.9 =0 Dirichlet
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IsT for open strings and D-branes

HOW DO BOUNDARY

3#%@ = 3ap* — 7 Bay 0ap” — ¥ Nap €7 Gy Bep?\ CONDITIONS TRANSFORM?

aﬂ'p%l]} 3 aﬂ‘p2 -+ i Blp aﬂﬁo‘p + Y Nag eﬁn'. Glp 6,“0"

Open string boundary conditions w
o transverse to the D-brane
B = (Dirichlet) 3—:—90’(‘0}, =4 -> d-¢o* =0 Dirichlet
UNLESS

‘lﬁ'."l f:gu -> G21.r 8d(pu _B2v 31-90” = - .% 31-591 =0
G 3ar99” — By, a‘rﬁav = % ar(pE =0
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IsT for open strings and D-branes

IsTon =
orid-sheetfr _ 1 1T
(r,0) O~ (o) #loy Ploy)

HOW DO BOUNDARY

3::‘Pfu) e alﬁl — B‘Z,u aﬂwp — Y Nas eﬂu G2# aﬂwp CONDITIONS TRANSFORM?

anﬁa%ﬂ) = aﬂﬁa? -+ Bl# au%P” + Y Nas 7" Gl# aﬂ‘}d‘
| 3a$0‘fn) = aa(p"

Open string boundary conditions W
" = transverse to the D-brane :
(Dirichlet)

9.4, =0 HE) O.¢* =0 Dirichlet

: Neumann
(Fl f,ff'j G2yacr‘py_B‘Zu T‘Py'['la‘plzo (P '119 |
L G aﬂ‘ﬂp — By, T‘Py — T‘P -
= s (me1) BB
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IsT for open strings and D-branes

-

Summary of D-brane boundary conditions along the (.. 72 forus
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IsT for open strings and D-branes

!

Summary of D-brane boundary conditions along the (.. -2 forus

Undeformed ]
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IsT for open strings and D-branes

s

Summary of D-brane boundary conditions along the (= . ~> forus

Undeformed

> =
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IsT for open strings and D-branes

p

Summary of D-brane boundary conditions along the (.. ©2 forus

Undeformed T

k. —4 =
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IsT for open strings and D-branes

along the (.. -2 forus

i i D

Summary of D-brane boundary conditions

Undeformed

Pirsa: 09050009 Page 60/202
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IsT for open strings and D-branes

Summary of D-brane boundary conditions along the '~ -

Undeformed ‘[ - -

m A D-brane transverse to the two-torus tumns into N
a D-brane wrapping the torus with magnetic world-volume flux
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IsT for open strings and D-branes

o

N s

= A D-brane transverse to the two-torus tums into N

a D-brane wrapping the torus with magnetic world-volume flux
It is a consistent configuration only if + is quantized

Pirsa: 09050009 Page 62/202




IsT for open strings and D-branes
Summary of D-brane boundary conditions along the ' . -

e e e e e R 1 ST e e T

Undeformed

= A D-brane transverse to the two-torus tums into N

a D-brane wrapping the torus with magnetic world-volume flux
It is a consistent configuration only if + is quantized
For generic ~ the brane has to sit at special points where cycles shrink
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IsT for open sitrings and D-branes
Summary of D-brane boundary conditions along the . ~

p 1

2 ) forus

= A D-brane transverse to the two-torus tumns into N

a D-brane wrapping the torus with magnetic world-volume flux
It is a consistent configuration only if + is quantized
For generic ~ the brane has to sit at special points where cycles shrink
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IsT for open strings and D-branes
Summary of D-brane boundary conditions along the '~ . -

Undeformed

m A D-brane transverse to the two-torus turns into N

a D-brane wrapping the torus with magnetic world-volume flux
It is a consistent configuration only if v is quantized
For generic ~ the brane has to sit at special points where cycles shrink

Pirsa: 09050009 Page 65/202







The p-deformed theory and its gravity dual

N = 4 Super Yang-Mills

SUPERPOTENTIAL

W =Tr( & &85 — B, D3D5)
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The B-deformed theory and its gravity dual

N = 4 Super Yang-Mills

SUPERPOTENTIAL

W =Tr( & &85 B, B3®,)

ds® =dshys, + B2 | Y (dp?+ plde?)

20 _ 4 :

Ci=wy +4R* wy Addy Adoa A doa

R* = 4ng,N
Z,ule [y =COSQ W9 =sinacosf p;3=sinasing
' dw; = —cosasin® asinfcosfda Adf dwy = waas.
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The B-deformed theory and its gravity dual

SUPERPOTENTIAL ‘:" =y

W,

009

| — j
[Leigh-Strassler

=Tr (e ®®®3 — e D, D3D,) Lj‘*_“- 2 j_; ==
ds® = ds s, + R? [Z (dp? + MpZde?) +5° Mpspsps ( Zdﬁf’z ]
e?® = M

B = —4R*M (pip3de A dps + papidés A dés + piuidds A doy)
Cy = —4AR2 w; A (d; + dds + dés)

Cy =ws +4R*M wi A ddy Adpa A doa

R'=4rg,N =R~y M '=1+5uu}+pdp3 + piud)
Z,ut =1 p;=cosa p;=sinacosf u;=sinasing

dw; = —cosasin® asinfcosfda Adf dws = wags.
[Lunin-Ff5845%ena]
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The p-deformed theory and its gravity dual

e
[Leigh-Strassler]|

SUPERPOTENTIAL

Wﬁf —"I (Eiwf'lfplfpgfp:g = B‘iﬂmf@1@3®2)

ds* = dsjgs, + R’ [Z (A + MpFde?) +7° Mpdusp3 (D dd’i);‘

[

B = —YR*M (uip3de: A dos + pap3dés A dés + pipidés A doy)
Cy = —4AR2 wy A (dby + ddy + dds)
Cy =ws +4R*M wi Adody Adpa A da
R'=4ng,N A=R*vy M '=1+4(ulpd + p3u3 + pip?)
Y wi=1 py=cosa p,=sinacosf p;=sinasing

' dw; = — cosasin® asinf cosfda A df dwy = Wadss

009 [Lunin-f5i84%ena)
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The B-deformed theory and its gravity dual

W,

009

N = 4 Super Yang-Mills &__;> ‘ '
[Leigh-Strassler

SUPERPOTENTIAL =g —g
=g+t +*

=k (Emn’rfplﬁgﬁg — E‘”ﬁ@1¢3‘p2)

Oy = g* — 5!

ds® = ds%ys, + R [Z (du? + MpZde?) +7 Mpdp3p (D d¢i)2]
B = —4R*M (pip3de A dps + p3psdés A dés + pipidés A do:)
C, = —43R? wy A (ddy + doy + dds)
Cy =ws +4R*M wy Addy Adpa A da
R*=4ng,N A=R*vy M '=1+4(udpd + pdud + p3u?)
Z,ut =1 p;=cosa p,=sinacosf u;=sinasing

dw; = —cosasin® asinfcosfda Adf dws = wags.
[Lunin-ffSid&%ena]
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The B-deformed theory and its gravity dual

N = 4 Super Yang-Mills

SUPERPOTENTIAL

W =Tr( ®®®;— B, D3®5)

ds® =dshys, + B2 | Y (dp?+ pide?)

20 _ 4 ‘

Ci=ws+4R* w1 Addr Adoa A doa

R* = 4ng,N
SH-1 n-cma m-snacmd o =snas
p; =1 gy =COSQ Wg =sinacosf p;3=sinasing
' dw; = —cosasin® asinfcosfda Adf dwy = waas,
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The B-deformed theory and its gravity dual

W,

009

N~ 4 Super Yang Wil g_>\ j
[Leigh-Strassler

SUPERPOTENTIAL & =g — ?’_
Pr =g +' 'r* +‘r’

— (ELWT‘D;[@g@;] — E-WHF@1@3‘P2)

ds® = ds%ys, + R [Z (dp? + Mp2de?) +7* Mpdpdpd () | dé;) 2]
B = -4R*M (Plﬁzd‘pl A dog + #Qﬂgdﬁbz A dos + P«:;# Tdos A deq)
02 — —4’3’R2 wy A (d¢1 -+ d@g " i d@g)
Cy =ws +4R*M wy Adody Ada A doa
R'=4mg,N 4=R*vy M '=1+4(ulpd + udp3 + piu?)

ZP:—I [y =COSQ W9 =sinacosf p3=sinasing

dw; = —cosasin® asinfcosfda Adf dwy = wags.
[Lunin-FfSid5%ena]
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The p-deformed theory and its gravity dual

 Super o ) [ e
[Lewgh-Strassler]

SUPERPOTENTIAL

Wﬁr —4 . (EI‘WT‘D1¢2®3 — B-IEW7@1¢3‘I’2)

ds® = dsys. + R? [Z (dp? + Mp2de?) +7* Mpdudp (D dé;) 2]
e?® = M I 1
B = —YR*M (uip3der A doo + pipidés A dds + pipuidos A doy)
Cy = —4AR? wy A (doy + doo + dds)
Cy =ws +4R* M wi A ddy Adpa A da
R'=4rg.N =R’y M7 =1+4(uins + p3p3 + p3ni)

Z,uf——'l [y =COSQ Mg =sinacosf p3=sinasing
i

dw; = —cosasin® asinfcosfda Adf dws = wags.
g [Lunin-RSid4%ena)
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The TsT transformation of D-branes can be used to

For instance, the study of giant gravitons yields

information on the moduli maﬂ







The TsT transformation of D-branes can be used to
study extended objects in the gravity dual

For instance, the study of giant gravitons yields

information on the moduli space and
“mesonic" BPS spectrum of the B-deformed theory




Mo Sigral

YGA-1




Mo Signal




The TsT transformation of can be used to

For instance, the study of giant gravitons yields

information on the moduli space and
"mesonic" BPS spectrum of the B-deformed theory

? =
‘__,_.rmr

[Pirrone, E.L-Nagvi, Butti-Forcella-Martucci-Minasian-Petrini-Zaffaroni]







ABJM Chern-Simons-matter theory

Recently there has been a lot of progress on

s onformal Chern-Simons-matter theories living on multiple M2-branes
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ABJM Chern-Simons-matter theory

-

Recently there has been a lot of progress on
s onformal Chern-Simons-matter theories living on multiple M2-branes

Not many examples of 3d superconformal theories

M2-brane theory and definition of M-theory
Interacting conformal points of condensed matter systems

MOTIVATIONS
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ABJM Chern-Simons-matter theory

Recently there has been a lot of progress on =
superconformal Chern-Simons-matter theories living on multiple M2-branes

Not many examples of 3d superconformal theories
M2-brane theory and definition of M-theory
Interacting conformal points of condensed matter systems

MOTIVATIONS

ABJM theory

= Jives on N \/2-branes probing a C*/Z;. orbifold B. B,

wm U(N)i. x U(N)_. Chern-Simons gauge theory N @
= A\ =6 superconformal symmetry A A

= bifundamental matter with superpotential W = °T Tr(A,B,A;B, — A, B, A3 B, )

[Aharony-Bergman-Jaffens-Maldacena]
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ABJM Chern-Simons-matter theory

Recently there has been a lot of progress on s
superconformal Chern-Simons-matter theories living on multiple M2-branes

Not many examples of 3d superconformal theories
M2-brane theory and definition of M-theory
Interacting conformal points of condensed matter systems

MOTIVATIONS

ABJM theory

= Jives on N \/2-branes probing a C*/Z,. orbifoid B. B,

m U(N). x U(N)_, Chern-Simons gauge theory ‘@
= \ — 6 superconformal symmetry A, Ay

= bifundamental matter with superpotential W = °T Tr(A,B,A;B, — A, B, A3 B,)

—

Less supersymmetric Chern-Simons-Matter theories

[Benna-Klebanov-Klose-Smedback, Hosomichi-Lee-Lee-Lee-Park, Hanany et al., Martelli-Sparks, Gaiotto-Tomasiello, ...]
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ABJM Chern-Simons-matter theory

Recently there has been a lot of progress on )
superconformal Chern-Simons-matter theories living on multiple M2-branes

Not many examples of 3d superconformal theories
M2-brane theory and definition of M-theory
Interacting conformal points of condensed matter systems

MOTIVATIONS

ABJM theory

= Jives on N \/2-branes probing a C*/Z,. orbifold B. B,

m U(N). x U(N)_. Chern-Simons gauge theory "@
= \ =6 superconformal symmetry A, A,

= bifundamental matter with superpotential W = °T Tr(A,B,A;B, — A, B, A;B,)

o~

ons > Less supersymmetric Chern-Simons-Matter theories
A marginal deformation yields the -deformed ABJM theory,an | _——

N = 2 superconformal theory that admits an exact lagrangian description
W—-W, = ““‘kﬁ Tr (e_‘lﬁﬂ""rﬁﬂlBlAsz — Emf'-"QAlBgAzBl)
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Gravity dual of ABJM theory

ds? = T[idﬁds_, +d€%+  cos®Esin® € (dv + } cosfhdip, — } cosbydpy)”

+leos?€(d8l +  sin®0yd?) + Lsin?§(d0F +  sin® By

20 _ .R_a R = 32x°kN
k.]
F, = k( — cos€sin€d€ A (249 + cosbrdipy — cosbadipy)
—} cos? £sin61d6h A dipy — § sin® € sinbadf; A dips )
3R?
F4 = _T WAds,

009 /202

[Nilsson-Pope, Watamura, Sorokin-Tkach-Volkov, Ahamnyr-Bergman—Jaﬁens—i?Fﬁﬂaﬁena]
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Gravity dual of ABJM theory

R? .
P kL2 [ld'sd.db, +d€*+  cos” £sin® € (dv + 3 cosbhdipy — %mezdw)z
+icos?g(ds +  sin6,dgd) + Lsin€(d6F +  sin® Bydi)|
a0 .R_ R = 327°kN
k3
- ( cos £ sin £d€ A (2dv + cos6,dyp; — cosb,dg;)
—1 cos? £sin6d A digy — L sin® € sin 62d65 A drpz)
3R3
-F:l = — T w:idSJ
il [Nilsson-Pope, Watamura, Sorokin-Tkach-Volkov, Ahamny-Bargman—Jaﬁens—Waﬁﬁ%ena]
A TRAARSE AT Tl
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Gravity dual of ABJM theory

R3 .
ds® = ?[%d”fms., +d€*+  cos®€sin’€ (di + } cosydipy —  costdipy)”

+1cos?€(d8? +  sin?6,dyp?) + 1 sin’ £(d63 + sin”ﬂzdwi)]

E?_,;,, = ‘R_:‘] R = 327:'2k;V
k3
Fy = k( — cos€sin£d€ A (24 + cos6,dipy — cosfadipy)
—} cos? £sin61d6h A digr — } sin® € sinb2d6; A dips )
3R3
-F:l = _T “Ads,
E The 'voe 1A gravity dual “EB

is valid when N,k — oc, A = N/k fixed and k < N < k°
When N > k° the appropriate description is
the AdSy x S”/Z; solution of 11-dimensional supergravity

T i

009 /202

[Nilsson-Pope, Watamura, Sorokin-Tkach-Volkov, Anarﬂny-aergman-daﬁens-ﬁ?f’aeﬁa{:ena]
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Gravity dual of B-deformed ABJM theory

R3 .
ds® = T[idﬁds_, +d€%+  cos®Esin® € (dy + } coshdi, — } cosbydipy)”

+icos?(d8} +  sin0idgl) + Ssin? E(dBF +  sin® Brdisd)]
N— Uy, x U()g—"

-_‘: 3

E2¢l

7
k3
F, = k( — cos€sin€d€ A (249 + cosbrdipy — cosbadipy)
—1 cos? £sinf1dfy A digr — 1 sin® € sin 62d8; A drpz)
3R3

Fy=— T WAdS,

3

009 Page 90/202
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Gravity dual of B-deformed ABJM theory

ds* = lf [ldss.ds, +dE* + Mcos® Esin® € (dv + ; cosfdig, — %“62%)2

+1 cos? £(dB? + M sin® ,dip?) + 1 sin® £(d62 + M sin® 6,dip3)

+4% M cos* £sin® £ sin? 6, sin® sz’lé'z] = %7
e2? = f—:;’v‘[

F, = k( — cos€sin€d€ A (249 + cosb1dipy — cosbydipy)
—1 cos? £sin1d6y A dpy — } sin® £sinfrd6; A dgs )

Fp = —? (wads, +4% cos” € sin® £sin 8, sinfod€ A di A dfy A dé;)
—%Jd(a,-u cos” £ sin” £{(cos” £sin” #; —sin® £sin® 6,)) A dy A digy A ds
A MR# 2
B=-—— o cos” E*m '3 ( cos? Esm & cos fadw A dgy + 5111 £sin” 0y cos Gy dur A digg

+1 (sin® 8, sin® #, + cos® £ sin” B, cos” B, + sin® £ sin” 6, cos® B, ) dipy A d{pz)

M =1+ 4 cos® £sin’ € (sin” #; sin® B2 + cos” £sin® 6; cos” B2 + sin” £sin® 6 cos” 6;)

009 Page 91/202
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IsT of D-brane probes

The moduli space of the undeformed ABJM theory can be read on ¥
the action of a probe D2-brane in AdS; x CP; (or M2-brane in AdS; x S"/Z; )

Pirsa: 09050009 Page 92/202
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IsT of D-brane probes

The moduli space of the undeformed ABJM theory can be read on ¥
the action of a probe D2-brane in AdS; x CP; (or M2-brane in AdS; x S"/Z;. )

SDP e /dp+la. E_Q}J_ det (éab T Bﬂ.b = - Fab) E 5 TP‘/ Zéq A EE+F
M

J¥ip—1 q

Pirsa: 09050009 Page 93/202
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IsT of D-brane probes

The moduli space of the undeformed ABJM theory can be read on =)
the action of a probe D2-brane in AdS; x CP; (or M2-brane in AdS; x S"/Z,. )

¥1

¥2

Pirsa: 09050009

—

SDP = _TP/WEJ E—l‘!’ J_ det (éab T Bﬂ.b + Fab) -+ Tp/ Zéq A EE+F
“

¥ip—1 q

r—— e



| s = [Ldstus, + e+ cos?€sin®€ (d + § contrdpr — } contads)
oo €(dd3 +  sin®Oydy?) + L sin? 6(d6E + -’MI

8”=F

= ,,( — cos Esin€d€ A (24 + cos By dig; — cosfadipy)
—$ cos? §sinfdfy A dg, — }sin® Esinbydd A diy )

3R3
Fo=—g~ waas,




IsT of D-brane probes

The moduli space of the undeformed ABJM theory can be read on 5
the action of a probe D2-brane in AdS; x CP; (or M2-brane in AdS; x S"/Z, )

Spp = —Tp /JPHJ e J— det (éab + Bas + Fab) + Tp/ Zéﬂ A eB+F
“

4 F_l q

AdS, CP;

e g
r i . R

C*/Z
|z“| z}zz{vr AACREAZIEZ . /2
D2 |e=|em|e=|0|0 |00 (0|00
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IsT of D-brane probes

The moduli space of the undeformed ASJM theory can be read on 3
the action of a probe D2-brane in AdS; x CP; (or M2-branein AdS; x S"/Z; )

SDP — —Tp/dp‘i“iﬂ‘ E_q’\/— det (éab - Bﬂ-b ES Fﬂb) ¥ Tp/ Zéq A eﬁ-l—F
M

4 F_l q

AdS, CP;
e — e ~ — ~

2] 21 22| - A AR AR
D2

C*/Zy

What about the moduli space of the g-deformed ABJM theory ?

Pirsa: 09050009 Page 97/202
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IsT of D-brane probes

The moduli space of the undeformed ASJM theory can be read on -3
the action of a probe D2-brane in AdS; x CP; (or M2-brane in AdS; x S"/Z;. )

Dp-brane Spp = =T, /dp“'-“lcr e ® J— det (C?ub + B+ Fﬂb) - Tp/ Z f,'q A eB+F
AdS

action Myor g
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IsT of D-brane probes

The moduli space of the undeformed ASJM theory can be read on -3
the action of a probe D2-brane in AdS; x CP; (or M2-brane in AdS; x S"/Z;. )

Dp-brane = +1 5 (A o = A B+F
S = Tp/dp oce \/ det(aﬂb Bab+1~';b) Tp/ Y G, Ae
ds.

Mper g
4

———

l...-

_..-"""‘--.._ ..--""‘--..m_. e
r i .

2ol 2 2% r | € [ ]6,] 02| ¥1]| P2
Dzr———-i--i--
What about the moduli space of the g-deformed ABJM theory ?

GENERIC 7  D2-brane sitting at special points where the forus shrinks

IDII2T§¢3192§51W2 M=1
D2 |==|==|l==l®| @ 0|0 |0|0 |0 @(s:xmsmsmss}

C*/Z;
MODULI SPAC

RATIONAL ¥ D4-brane with electric and magnetic flux

: R

, 92| 1| P2 Foprpr =3

- O || YT Fou, Fayp,
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D2-brane probe

ng 29 21 22 8-
| | | | »

[wl

{‘Pz

S

e ) SIX POSSIBILITIES:
y CHOOSE § =0

Spa = —Tg/dsae-‘} J— det(f?ag, + Ba.b + Fﬂb) -+ Tg/ (éa -+ él A (B + F))
Maj

irsa: 09050009
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D2-brane probe

R? : 2
ds® = —= |3 [ld-?idm +d€% + Mcos® £sin® € (dv + 1 cosfydigy — 1 cos,dp;)
+1 cos® £(d8; + Msin® 61dyp}) + 1 sin® £(dB3 + M sin® fdp3)
+4% M cos* Eﬁin'"; ..';'sin"‘1 #, sin” sz‘{.i"!]
R3
2¢ _
- = k—s,\/‘l

F; = k( — cos€sin€d€ A (24 + cosydipy — cosdipy)
zcnﬁ 2 Esin61d6 Adgr — Elll ? £ sin 62d6 hd‘ﬂz)

F; = —? (wadgs, +47 cos” £ sin” £sin B sin6,dE A dv A dfy A dB,)
3
—%d( 4M cos” € sin” £(cos” £sin’® #; —sin” £sin” 65)) A di A digy A digs
YMR? AL ,
B=-— ; cos” £ sin” £( cos” £ sin® 8 cos fuder A dipy + ,sm £sin” 0, cos 8,dur A doy

+1 (sin” 4, sin” 8, + cos” £ sin” 6, cos” B, + sin® £ sin” 6 cos” 6, ) dig; A dﬂl,&‘-_g)

Mt =1+4%cos? Esin? & (s:inz 6, sin® By + cos® £ sin® 6, cos” f; + sin? £ sin? #; cos® 61)

Pirsa: 09050009 Page 101/202
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D2-brane probe

—
2 zl|2®| r | € | ¥ |6, baf 1| ¥2) NP six POSSIBILITIES:
—|em|=o|0o|0o|o|o|o|e| =7 cHoosEE=0

Spa2 = —m / dSO’e_‘P J— det(é'ab -+ Bab +Fﬂb) + 7% (63 . 1 él A (B i F))
Maj

M = 1 when the torus shrinks
SAME LAGRANGIAN AS IN THE UNDEFORMED CASEFOR £ =0

Pirsa: 09050009 Page 102/202
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D2-brane probe

_T —
2o 2 2?| r | € [ ¥ |6, ] 62| P1| 2 T 5iX POSSIBILITIES:
—|=|=|e|e|e|e|efle]e] S cHoosec=0

= / d3oe? \/ —det(Gap + Bap + Fap) + 72 f (C3+C1 A(B+F))
Mz Se—_———
M = 1 when the torus shrinks UNDEFORMED C4
SAME LAGRANGIAN AS IN THE UNDEFORMED CASEFOR £ =0

Pirsa: 09050009 Page 103/202
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D2-brane probe

=%
SIX POSSIBILITIES:
cHOOSE £ = ()

SDQ = —Tg/dstfe_* J— det(éab -f-éab -+ Fﬂb) -+ Tzf (03 -+ él A (B ‘@)
Mz N —

M = 1 when the torus shrinks UNDEFORMED C'4
SAME LAGRANGIAN AS IN THE UNDEFORMED CASEFOR £ =0
™k
DUALIZE THE 3d GAUGE FIELD VIA LAGRANGE MULTIPLIER > / a dF

Pirsa: 09050009 Page 104/202
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D2-brane probe

Embeddi L
NG ool 122 - E|W|61] O2]| 71| P2 P ——
|| o | @ |0 | 0|00 |0 cHoose § =0

SD2 = —T9 / dsﬂ’e_tb J— d&t(éab + Bab + Fab) -+ T2f (éa -+ él A (B ®)
Mz N~

D2

M = 1 when the torus shrinks UNDEFORMED C'4
SAME LAGRANGIAN AS IN THE UNDEFORMED CASEFOR £ =0
T2 i
DUALIZE THE 3d GAUGE FIELD VIA LAGRANGE MULTIPLIER > / a dF

2
. — —ﬁ /d:’cr [(éiiﬂ;::l):‘g + % ((8.01)* + (8ap1)? + (8.0)* + 2cos Qlaﬂ:plauu)]

Pirsa: 09050009 Page 105/202
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D2-brane probe

MEEED § [¥] 61| Oafp1|¥2 SiX POSSIBILITIES:
D2 |w=|em|eeo|0o|0|0|0|0|e g 7 cHoose § =10

S]jg = —T9 f (130’(3_‘;F J— dﬁt(éab + Bnb + Fﬂb) -+ Tzf (éﬂ + él A (B ®)
Mz N —

M = 1 when the torus shrinks UNDEFORMED C4
SAME LAGRANGIAN AS IN THE UNDEFORMED CASEFOR £ =10
T2k
DUALIZE THE 3d GAUGE FIELD VIA LAGRANGE MULTIPLIER > / a dF

2
SIST _ _$ / Bo [(aap)z - pI ((8:01) + (Ba01)? + (Bae)? + 2co8 913{1@@]

F THREE-SPHERE

Pirsa: 09050009 Page 106/202
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D2-brane probe

Embeddin - =¥
9 [ r [ e [¢]o:] 6a]o 2l 4 SIX POSSIBILITIES:
D2 |==|e=|e=|0|0|0|0|0|0o|e]| 7 cHOose £ =0

SD2 = —Tg/dsﬂ’e_‘b J— det(éab +Bab + Fﬂb) ™ 3 Tg./ (éa + él A (B ®)
Mz N —

M = 1 when the torus shrinks UNDEFORMED C4
SAME LAGRANGIAN AS IN THE UNDEFORMED CASEFOR £=10
DUALIZE THE 3d GAUGE FIELD VIA LAGRANGE MULTIPLIER F-'_jwﬁ / a dF
TsT R’ 3 2 P?' 2 2 2
Spe = —— d’oc |(G.p)° + 7 ((%i) + (0a91)° + (0,)° + 2cos Blaﬂ:play

g THREE-SPHERE & HAS
PERIODICITY 47 /k

Pirsa: 09050009 Page 107/202
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D2-brane probe

Embedd =
NG ool 2 - FAACREAMS ¥2| ———————
D2 |==|=|=—|0|o|0o|o|e|ofe| 7 cHoose § =0

SD2 = —T9 / tils'tt'ﬂi!_«b J— dﬁt(éab + Bab +Fﬂb) -+ TQ./ (03 2 él A (B ®)

_.."91,3 \_——\/—-_/
M = 1 when the torus shrinks UNDEFORMED C',
SAME LAGRANGIAN AS IN THE UNDEFORMED CASEFOR £ =0 :
DUALIZE THE 3d GAUGE FIELD VIA LAGRANGE MULTIPLIER :j / a dF

2
e = —ﬂ -/.daar [(Bap)z + % ((8201)* + (8ap1)? + (8.0)* + 2cos Blaﬂrplaun)]

The abelian moduli space is made up of six copies of C?/Z;

Pirsa: 09050009 Page 108/202
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D2-brane probe

Embeddin =k
[ r [ € [v]o] 6a]er] @ONFE  5ix pOSSIBILITIES:
D2 |—|—|—|e|e|e|e|ele]le| U= cHoose£=0

Spa = —7» / dSO’e-@ J— det(@ab + Bﬂb + Fﬂb) + Tzf (éa = él A (B ‘@)

,,"Vtg \_——-\’,'—-_-/
M = 1 when the torus shrinks UNDEFORMED C'4
SAME LAGRANGIAN AS IN THE UNDEFORMED CASEFOR £ =0
ra ke
DUALIZE THE 3d GAUGE FIELD VIA LAGRANGE MULTIPLIER > / a dF

2
e = —ﬂ fdacr [(-:'fv‘._ﬂlsr):‘E + % ((8201)° + (8atp1)” + (820)” + 2cos Glaﬂzplaau)]

The abelian moduli space is made up of six copies of C?/Z;

Superpotential W, = %= Tr (< ~"7/24,B1 4B, — '™/ * A, B, A By )
F-term equatlons Bi1AsBy; — """ ByAsBr =0 B Ai1B1—¢" 'Bi1Ai1B=0

D
9
3 AyByA; — €™ A1BaAy =0 AyBiAy; — e A;BiA; =0

theory

Pirsa:09050009 Page 109/202
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D2-brane probe

Embeddin =
T r [ e [w]on] o:]er]e SR 5ix POSSIBILITIES:
D2 |ww|wnlwe|lo| 0o|0o|0o|/0|0|e v cHoose § = 0

Spo = —Tg/d‘?'o*e“ﬁ \/— det(é'ab B Fa) + Tgf ((:*3 +C1 A (B @)

_.."Vtg \_——-\"——-_/
M = 1 when the torus shrinks UNDEFORMED C',
SAME LAGRANGIAN AS IN THE UNDEFORMED CASE FOR E —
ke
DUALIZE THE 3d GAUGE FIELD VIA LAGRANGE MULTIPLIER > / a dF

2

S = —ﬂ /dﬁg (B.p)” + % ((8.01)* + (8ap1)? + (8.0)* + 2cos Blaﬂwlaau)]

The abelian moduli space is made up of six copies of C?/Z;

Superpotential W-. =T Tr (E T2 A1 B1 A By — €' ’"21‘1132‘4231)

F-term equations B, A;B; — ¢ ByA2By =0 ByAiBi — ¢ ByA:1Ba =0
A By Ay — €A1 By Ay =0 A B Ay — e AB1A; =0

__| = Six possibilities to set two out of the four fields to zero: each one spans C° /Z,

2
8

theory

Page 110/2
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D4-brane probe and new branches of vacua

—
For rational v = m/n we expect new branches to arise <@, > Dd4-branes

irsa: 09050009 Page 111/202
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D4-brane probe and new branches of vacua

=
For rational v = m/n we expect new branchesto arise i, > D4-branes

'I - - -~ - -~ - -~ -
594:—1'4/(!503 ®y/ - det (G@+Bﬂb+Fqg,)+1:1/(C5—Cgh(B+F]+éClr"\(B+F)n(B+F))

irsa: 09050009 Page 112/202
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D4-brane probe and new branches of vacua

ds® = = [_%d.sfus‘ + d€? + Mcos® £sin’ € (dy + L cosbydigy — L cosadips)”
+7 cos” §(d6} + M sin® 1de]) + | sin® £(d63 + M sin® Brdip3)
+4? M cos* £ sin* £ sin” 6, sin” ﬂzdtfz]
R3
20 _
e = 3 M

F; = k( — cos€sin&dg A (2w + cosbydipy — cosdipy)
00525511191&91de1~ Emfﬁlllﬁ'zdﬁ‘zf\dfﬂz)

Py = —? (wdd&—# cos’ EEIII £ sin @, sin 8,d€ A du A d, r"\dgr})
—%dd("?.’b{ cos” £ sin” £(cos” £sin® #; — sin® £sin® 65)) A dv A digy A dips
';:".MRH 2 - 9 1 n . 7 ; I = 9 . P ,
B=- A cos“ £sin” £ (Ems“fsm“ﬂlcmﬂgdwhdzp1+ > sin” £ sin” 6, cos 61dy A dp;

+1 (sin” 6, sin” 8, + cos” £ sin” 6, cos” 8, + sin® £ sin” B, cos” 6, ) dig; A dga-_g)

M =1+ 4% cos® £sin’ € (sin® #; sin® B, + cos”® £sin® B cos” B, + sin? £sin® 6 cos® 6y )

Pirsa: 09050009 Page 113/202

Ry s S T B e i | ST e—— —— Evampis 3+ PR i




D4-brane probe and new branches of vacua

For rational v = m/n we expect new branchesto arise i, > D4-branes

Embedding 1 ) gy
=c==oc

sz-n/d"’a'e “'\/-det (é,,b+£iﬂb+i-;b)+n/(éﬁ—é3n(fi+1-‘]+;éla(B+F)n(fi'+F))

Trade the Wiison lines on the torus with periodic scalars A,, = 7 A,, = —i—l,
integrale over the two torus and and dualize the 3d gauge field

irsa: 09050009 Page 114/202
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D4-brane probe and new branches of vacua

—
For rational v = m/n we expect new branches to arise Qi > D4-branes

Embedding 1 gl gy
D4 |e=|em|e=| 0| @®

'I -~ -~ -~ - -~ -~ -~ -~
sz-r4fdﬁae *v-det(qu+Bﬂb+Fﬂﬁ)+1‘..,,/(C’5—C$A(B+F)+éClA(B+F)h(B+F))

Trade the Wiison lines on the torus with periodic scalars A, = 2 A,, = —%,
integrale over the two torus and and dualize the 3d gauge field

o

1 R3 1
R [(aapf = (dsiwz,f)] = _Sp2

irsa: 09050009 Page 115/202
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D4-brane probe and new branches of vacua

—
For rational v = m/n we expect new branches to arise <. > D4-branes
Embedding G 1 gl gy

D4 |==|==|=|0]| @

" - - -~ - -~ - -~ -
sz—n/d"’ae *N/-det(Gub+Bﬂb+Fqg,)+t1f(05—03ﬂ(B+F]+éCL“(B*'F)“(B‘*'F))

Trade the Wiison lines on the torus with periodic scalars A, = 2 A,, = -,
integrate over the two torus and and dualize the 3d gauge field

)

L i / do [(aap)%"—z (4532, )] =59

D2-BRANE PROBE IN UNDEFORMED BACKGROUND

Pirsa: 09050009 Page 116/202
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D4-brane probe and new branches of vacua

—
For rational v = m/n we expect new branches to arise i, > D4-branes
Embedding G T gl gy

D4 |=|==|=]|0]| @

'I - - -~ - -~ - -~ -
5D4=—T4/dﬁﬂ'ﬂ *E/-det(Gﬂb+Bﬂb+Fﬂb)+T4/(C'5—C-'3ﬁ(ﬁ+F]+éclﬂ(ﬂ'*'F)“(B‘*'F))

Trade the Wiison lines on the torus with periodic scalars A,, = 7 A,, = —i‘;—l,
integrale over the two torus and and dualize the 3d gauge field

)

1 R? -
SgiT = — 24 o [(Bapf . %2 dsivr;z,,)} = ,;Sg]:g

D2-BRANE PROBE IN UNDEFORMED BACKGROUND
HOWEVER THE PERIODICITY OF ©1 AND ¢2 IS 2T /n

Pirsa: 09050009 Page 117/202
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D4-brane probe and new branches of vacua

—
For rational v = m/n we expect new branches to arise <@, > Dd4-branes

Embeddi T ——
| 'n9|3,-0l I1[$2[r ¢l vle th[mltpzﬂ _— =
D4 |wm|em|le=|l 0| 0| 0| 0| @ || . —C Piy2 — 4

" -~ -~ -~ -~ -~ -~ -~ -~
sz-n/dﬁae ‘W-dat (G,,,,+Bﬂb+5qb)+qf(c:-,-::'3n(ﬂ+f*]+;Gln(B+F)n(B+F))

Trade the Wiison lines on the torus with periodic scalars A,, = 7 A,, = —%,
niegrate over the two torus and and dualize the 3d gauge field

o

1 7R3 .
SEE - 2 o [(iﬁim,a)2 - o dsgfr;z,,)] = ;51212}

v 4 4

D2-BRANE PROBE IN UNDEFORMED BACKGROUND
HOWEVER THE PERIODICITY OF ©1 AND ¢2 IS 2T /n

The abelian moduli spaceis a Z,, x Z,, orbifold of C*/Z;.
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Gravity dual of unquenched SQCD

We now turn to a more "realistic” theory: N =1 Supersymmetric QCD

L= / d*6 ( eV Q + @fe"(j) - f d*6 (wnw“ + K |:Tr (QQ)* - i(n QQ)E] + h.c.)

irsa: 09050009 Page 120/202
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Gravity dual of unquenched SQCD

We now turn to a more "realistic” theory: N =1 Supersymmetric

L= / d*f (Q*e"q - c’jfe"’(j) - f d*0 (wnw“ + K |:Tr (QQ)? - i('ﬁ QQ)E] + h.c.)

irsa: 09050009 Page 122/202
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Gravity dual of unquenched SQCD

We now turn to a more "realistic” theory: N =1 Supersymmetric

/d“ﬂ Q' "’Q+QT ‘-’Q) /d"'ﬂ (w We + & [Tr (QQ)* - —('n QQ) ] +hc)
OUAHKS GAUGE VECTOFE/’

Pirsa: 09050009 Page 123/202
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Gravity dual of unquenched SQCD

We now turn to a more "realistic” theory: N =1 Supersymmetric

/ar's Q* "’Q+QT "’Q) fdzﬁ' (w we er (QQ)* - —('n QQ:D-HM

OUAHKS GAUGE VECTOR
QUARTIC SUPEHPOTENTJAL A

Pirsa: 09050009 Page 124/202
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Gravity dual of unquenched SQCD
We now turn to a more "realistic” theory: N =1 Supersymmetric QCD

L= / d*6 (Q*e‘“‘Q - c’jfa"c“j) - f d*6 (wnw“ + K [Tr (QQ)* - A%('I& QQ)E] +h.c.)

The gravity dual is given by the backreaction of
N. "color” D5-branes and N; "flavor" D5-branes
wrapped on submanifolds of a non-compact Calabi-Yau space

[Maldacena-Nunez, Casero-Nunez-Paredes]

irsa: 09050009 Page 125/202
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Gravity dual of unquenched SQCD
We now turn to a more "realistic" theory: N =1 Supersymmetric QCD

L= / d*6 (Q*e"’Q - @Te"é) - f d*6 (wnw“ + K |:Tr (QQ)* - i(n QQ)E] +h.c.)

The gravity dual is given by the backreaction of
N. "color” D5-branes and N; "flavor” D5-branes
wrapped on submanifolds of a non-compact Calabi-Yau space

In the gquenched approximation N - < \_ the flavor branes can be treated as probes

[Karch-Katz]

irsa: 09050009 Page 126/202
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Gravity dual of unquenched SQCD

We now turn to a more "realistic” theory: N =1 Supersymmetric QCD
L= / d*6 (Q*e"q - fé*e"cj) - / d*6 (WQW“ + K I:Tr (QQ)? - Ni('n QQ)E] + h.c.)
The gravity dual is given by the backreaction of

N. "color” D5-branes and N; "flavor” D5-branes
wrapped on submanifolds of a non-compact Calabi-Yau space

In the quenched approximation v - < '\ the flavor branes can be treated as probes

) To have "unquenched” dynamical quarks find a solution of

S = bgravity + bbrane

a

FLAVOR

COLOR

irsa: 09050009 Page 127/202
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Gravity dual of unquenched SQCD

We now turn to a more "realistic” theory: N =1 Supersymmetric QCD
L= / d*f (Q*e""Q - Q*e‘*’cj) - / d*6 (wnw“ + K [Tr (QQ)* - Ni('n QQ)E] + h.c.)

The gravity dual is given by the backreaction of
N. "color” D5-branes and N; "flavor” D5-branes
wrapped on submanifolds of a non-compact Calabi-Yau space

In the quenched approximation v - < . the flavor branes can be treated as probes

) To have "unguenched” dynamical quarks find a solution of | Localization of the
S =28 ity T Steane branes is difficult

a

FLAVOR

COLOR

irsa: 09050009 Page 128/202
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Gravity dual of unquenched SQCD
We now turn to a more "realistic” theory: N =1 Supersymmetric QCD

L= / d*f (Q*e"q - Q*e"’c“j) - / d*6 (wnw“ + K [Tr (QQ)* — hi%('n QQ)E] + h.c.)

The gravity dual is given by the backreaction of
N. "color” D5-branes and Ny "flavor” D5-branes
wrapped on submanifolds of a non-compact Calabi-Yau space

In the quenched approximation N < . the flavor branes can be treated as probes

) To have "unquenched” dynamical quarks find a solution of | Localization of the
=N S branes is difficult

> = =
sz ‘ SMEARING ]

COLOR

irsa: 09050009 Page 129/202

TR S R T Eyampis 1- Ennulez.]i'\ o R T




Gravity dual of unquenched SQCD

We now turn to a more "realistic” theory: N =1 Supersymmetric QCD
L= / d*f (Q*EVQ - c’é*e"(j) - f d%6 (wnw“ + K |:Tr (QQ)* - Ni('n QQ)E] + h.c.)
The gravity dual is given by the backreaction of

N. "color” D5-branes and N; "flavor” D5-branes
wrapped on submanifolds of a non-compact Calabi-Yau space

In the gquenched approximation - < \_ the flavor branes can be treated as probes

) To have "unquenched” dynamical quarks find a solution of | Localization of the
= ity + Nsne branes is difficult

N iyl
AR (—' SMEARING l

COLOR

Smearing the flavor branes on the whole space-time allows one to find a solution
and corresponds to breaking the 507 V. flavor symmetry of the dual gauge theory
downto © 1

irsa: 09050009 [Casero-Nunepadéageas’
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Gravity dual of unquenched SQCD
We now turn to a more "realistic" theory: N =1 Supersymmetric QCD

L= / d*o (Q*e‘-’Q + Qfe"’cj) + / d*0 (wﬁw‘* +K [Tr (QQ)* — Nic(’n QQ)2] +h.c.)

The gravity dual is given by the backreaction of |
N. "color” D5-branes and Ny "flavor” D5-branes
wrapped on submanifolds of a non-compact Calabi-Yau space

Inthe quenched approximation - < . the flavor branes can be treated as probes

) To have "ungquenched” dynamical quarks find a solution of | Localization of the
L e, S branes is difficult

a a




Gravity dual of unquenched SQCD

We now turn to a more "realistic” theory: N = 1 Supersymmetric QCD

L= f d*e (Q*e"’Q i Qfe"’c'j) + f 4% (wﬁw‘* + 5 [’1‘1- (QQ)? — ,:, (Tr QQ)‘*] + h.c.)

The gravity dual is given by the backreaction of |
N. "color” D5-branes and Ny "flavor” D5-branes
wrapped on submanifolds of a non-compact Calabi-Yau space

R

In the quenched approximation N - < \. the flavor branes can be treated as probes

) To have "unguenched" dynamical quarks find a solution of | Localization of the
i T branes is difficult

rd ey Il

— — _SMEARING _

Smearing the flavor branes on the whole space-time allows one to find a solution
and corresponds to breaking the =07 . flavor symmeitry of the dual gauge theory
downto = |

[Casero-Nunez-Paredes]
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Gravity dual of unquenched SQCD

We now turn to a more "realistic” theory: N =1 Supersymmetric QCD
-~ / d*0 (Q*JQ + @Te‘-’cj) + f 420 (wnw“ K [Tr (0Q)? — Ni('n QQ)E] +h.c.)
The gravity dual is given by the backreaction of

N. "color” D5-branes and N; "flavor” D5-branes
wrapped on submanifolds of a non-compact Calabi-Yau space

In the quenched approximation N - < . the flavor branes can be treated as probes

) To have "unquenched” dynamical quarks find a solution of | Localization of the
S=8 ity T Steane branes is difficult

~a A
e l; SMEARING l

COLOR

Smearing the flavor branes on the whole space-time allows one to find a solution
and corresponds to breaking the =07 . flavor symmetry of the dual gauge theory
downto © !
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Gravity dual of unquenched SQCD
We now turn to a more "realistic” theory: N =1 Supersymmetric QCD

L= f d*f (Q*e"’q = c’jfe"’(j) - f d*6 (wnw“ + K [Tr (QQ)* - i(ﬁ QQ)E] +h.c.)

The gravity dual is given by the backreaction of
N. "color” D5-branes and N; "flavor” D5-branes
wrapped on submanifolds of a non-compact Calabi-Yau space

In the gquenched approximation - < . the flavor branes can be treated as probes

) To have "unquenched” dynamical quarks find a solution of | Localization of the
S==25 ity - Ficane branes is difficuit

. == ==
s l SMEARING '

COLOR

Smearing the flavor branes on the whole space-time allows one to find a solution
and corresponds to breaking the 507 . flavor symmetry of the dual gauge theory
downto ©

irsa: 09050009 [Casero-Nunegsfémeias’
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The gravity dual of SQCD

ds? = e®[da?, +4Ydp? + H (d6° +  sin?6dg?) + G (d* +  sin® dg?)

+ Y (dw -i-coaﬂdgaﬂ-cosﬁd{é)z]

F3 = —% sin @df A d@ A (di + cosfdyp) (Ny > N,)
_N;—N,

4
o = ¢(p) Y =Y(p) H = H(p) G =Gl(p)

sin8d0 A d A (di + cos 0dP)

e ——

Several numerical solutions and =
asymptotic expansions are known
Also more involved "type N" solutions
(similar to non-singular dual to N' =1 SYM)

| =— -

0009 [Casero-NuneZ:Baftdas]
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Gravity dual of unquenched SQCD

We now turn to a more "realistic” theory: N =1 Supersymmetric QCD
L= / d*f (Q*e"’Q - Q*evé) - f d*6 (WQW“ + K |:Tr (QQ)* - Ni('n QQ)E] +h.c.)
The gravity dual is given by the backreaction of

N. "color” D5-branes and Ny "flavor” D5-branes
wrapped on submanifolds of a non-compact Calabi-Yau space

In the guenched approximation N - < \_ the flavor branes can be treated as probes

) To have "unqguenched” dynamical quarks find a solution of | Localization of the
LS e T S branes is difficult

- ~- iy

COLOR FLAVOR ' SMEARING '

Smearing the flavor branes on the whole space-time allows one to find a solution
and corresponds to breaking the 50 V. flavor symmeitry of the dual gauge theory
downto © !

irsa: 09050009 [Casero-Nunepaiéaies]
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The gravity dual of SQCD

ds? = e |da? s +4Ydp® + H (d6* +  sin®6dy?) + G (> +  sin®Pd?)

+ Y (dw —l-msﬂdw—l-cmﬁd-{é)z]

E2¢ " ei’m

F; = —% sin @df A d@ A (di + cosfdy) (Nf> N,)
_N} m—t Nc

P
¢ = o(p) Y =Y(p) H = H(p) G =G(p)

sin8d0 A d A (di + cos 0dP)

Several numerical solutions and =
asymptotic expansions are known

Also more involved "type N" solutions
(similar to non-singular dual to N' = 1 SYM)

-
T
| “==— S
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The gravity dual of SQCD

ds? = e |da?; + 4V dp? + H (d6* +  sin®0dy?) + G (d® +  sin®Pd®)
= 2
+ Y (dw + cosfdyp —|—com9dr,'5) ]
8241: . e2m
| : .
F; = —Tsmﬂdﬂhdcpﬁ(dw+cnsﬂdga} (:\" > N.)
= ; o sin@d A d A (dy + cos 0dP)
o = ¢(p) Y=Y(p) H = H(p) G =G(p)
E- Several numerical solutions and B
asymptotic expansions are
Also more involved "type N" solutions
(similar to non-singular dual to N' = 1 SYM)
e [Casero-NuneZ B4#edés]
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The gravity dual of SQCD

ds? = e |da? s +4Ydp® + H (d6* +  sin®0dy?) +G (> +  sin®{Pd3?)
5 2
3 ¥ (d¢ +coa9dgo—|-cost9d{5) ]

82@ b 629

Mo = - ,

F3 - —'I smﬂdﬂf\dxph (dw'f'ﬂﬂﬂﬂd@) (}'rf > i\'r:)
5 ; N sin @d0 A d A (dy + cos 0dP)
¢ = ¢(p) Y =Y(p) H = H(p) G = G(p)
dF; = ‘%vnl(m = % sin@sin 8df A dp A df A dp # 0
due to source term
SLE) = % / Vol(Y;) ACs _SMEARING
e [Casero-NuneZ B4#¢H8és)
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TsT transformation of the CNP solution

We want to study the

—

It was shown in the case of the

dual of N =1 Super Yang-Mills that TsT helps
in disentangling the gauge theory dynamics from

the unwanted Kaluza-Klein modes

[Glrsoy-Nunez]

It is interesting to study
the effects of the transformation
on a solution of supergravity plus branes
S = S;;:'arit:: + Sbrane

Page 148/202




TsT of the gravity dual of SQCD

ds? = e |da? 3+ 4Ydp? + H (d6* +  sin®0dy?) + G (d® +  sin®Pd?)

+ Y (d¢ +cos9dw+cos§d-.,'5)2]

F;= —%smﬁdﬁnd@f\ (dy + cosfdy)
_Ny—N,
4

sin@d A d A (dy + cos 0dP)

0009 Page 149/202
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TsT of the gravity dual of SQCD

ds? = e |da? 5 + 4V dp® + H (d6° + M sin® 6dg?) + G (df? + M sin® §d3?)
- 2 =3
+ MY (d¢ + cosfdy + cos ﬂd{é) +42e? MGHY sin?® fsin’ 9d¢';2]

e2® — 29 M

T o Il Il e G i

4
Ny — N,
4

B = ve** M [HY sin? @ cos Bdw A dp — GY sin? @ cos 0dw A dZ

sin@dd A dg A (dy + cos 0dp)—F, A B

= (GHsinzé?sin?'ﬁ-l-HYsinzBcoszg—GYcoszﬁsinz é) do A dF

J.F —ﬂfr = |
NN o Sccniill

Fy = —v [:c sin # cos 6df —

M1 =14~2%%° (GHsinﬁt?siﬁé—s- HY sin® 0 cos? 8 + GY cos? @ sin® 9')

009 Page 150/202
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Deformed solution and brane sources

What are the D-brane sources of the deformed solution?

CNP flavor branes S = Siis + Sps.

Lz 22 e |v|6lo|le| @

. —,
SMEARING

Pirsa: 09050009

ke e —
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TsT of the gravity dual of SQCD

ds? = e |dz? 5 + 4V dp? + H (d6° + Msin®6dg?) + G (df® + M sin® §d3?)

0 2 =5
LMY (aw: + cosfdig + cos E}d{é) +~2e2° MGHY sin?® 0 sin® 94;5:2]

o L sin@df A d@ A (dy + cos fdy)

4
Ny — N,
4

B = ve** M [HY sin? @ cos Bdw A dp — GY sin? @ cos 0dw A d

sin@d@ A dg A (dy + cos 0d@)—F, A B

= (GHsm295m2§+HYsin29c052§—GYm5295in2 é) do A dG

N.

F' — —""If [ i\( _f i ﬁ,"c
- 4

sin @ cos 0df — sin f cos 0d6

M1 =1+ ~2e2¢ (GH5m29m2éﬂs-HYsinﬁﬁ’mszé%—GYmszﬂsinzé)

009 Page 152/202
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Deformed solution and brane sources

-

What are the D-brane sources of the deformed solution?

CNP flavor branes S = Sis + Sps.

Lz 22| e lv|6lo|le| @

e
SMEARING

Pirsa: 09050009 Page 153/202
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Deformed solution and brane sources

i

What are the D-brane sources of the deformed solution?
CNP flavor branes S = 515 + Sps. ﬂ Transformed flavor branes ¢ = A

Lz 22 e |v|6lo|le| @ i AR ACAY.

‘*’ et
SMEARING SMEARING ?

Pirsa: 09050009 Page 154/202
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Deformed solution and brane sources

What are the D-brane sources of the deformed solution?

CNP flavor branes S = Sis + Sps.

:c” :cl x2 z3 P

¥

6

’

7

—

@

i,

f-.-l"‘ll--\

ﬂ Transformed flavor branes £ '-=¢=fl?
120z 22|22 p v |6 | 6 .

fpﬁ
o == EEE R

S
g

SMEARING ?

D7-brane SWD) _ %/Vﬂ](yg)ﬁ [Ca +CsAN(B+F)+ %04 A(B+F) A (B"'F)]

action

Pirsa: 09050009
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Deformed solution and brane sources

.,

What are the D-brane sources of the deformed solution?

CNP flavor branes S = Sis + Sps. ﬂ Transformed flavor branes F¢é = -
i = A —

Lz 22| e|v|6lo|le| @ z”xlzzz:’PﬂJGéiﬁ

N FLAVOR BRANES SMEARING ?

e
";;';j“”“ St = N"’TT Vol(Y2) A [c;'B +CsA(B+F)+CiA(B+F)A(B+ F)]
on \ 2

Vol(),) = sin@ d8 A sin @ df

Pirsa: 09050009 Page 156/202
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Deformed solution and brane sources

-

What are the D-brane sources of the deformed solution?

CNP flavor branes S = Siis + Sps. ﬂ Transformed flavor branes F; =

Lz 22| e|v|6|a|e| @ :1:”::13:2::3;0?;3‘6@
D5f'—-—---—_""—‘ DTf_-_—_-—_

N FLAVOR BRANES SMEARING ?

>
0:;::::5 S{“rZ) NTTT Vﬂl(yﬂ) A [Cﬂ -+ Cﬁ A (B +F) -+ 04 A (B -+ D A (B + F)]
\an(yz) — sin@ d@ A sind df
Type |IB equations are modified by the presence of the sources E —
N? N

dF; = = Vol(Y,) dFs + Hy;AF, = — fvul(yz) A (B + 27%F)

Pirsa: 09050009 Page 157/202
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Deformed solution and brane sources

e —

What are the D-brane sources of the deformed solution?

CNP flavor branes S = Sus + Sps. 3 Transformed flavor branes Feé = -
: . :
|z | 2?3 p |V |66 |w| @ ||z | 22|22 p |v |0 | 6 |¢ ¥
N- FLAVOR BRANES SMEARING ?

7y >
D7-brane  g(Wz) = N;T? / Vol(¥;) A |Cs + Cs A (B +F) + %04 A(B+F)A(B+F)|

action
\'an(yg) — sin@ df A sinf df
Type |IB equations are modified by the presence of the sources

Tk ————

N N
dF; = T?Vul(yg) dF; + Hs A F, = —fvul(yz) A (B + 27%F)
Our solution has
dF; = T:f sin @ sin 8d@ A df dFs + Hy A F) = T sin@sinfdé Ado Nd8 Ndg —dFy A B

Pirsa: 09050009 Page 158/202
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Deformed solution and brane sources

" e

What are the D-brane sources of the deformed solution?

or. R 2 or _17_2

2z |22 e |v|6|6|e|@ 2’1z 1 z° ]z

CNP flavor branes S = Sus + Sps. 3 Transformed flavor branes Feé = -

N- FI.AVU{?‘_E-HANES SMEARING ?
O7brane W2 YT [ Vol(Yy) A [Co + Cs A (B+F) + 5Cu A (B+F) A (B+F)]
\

Vol(),) = sinf d8 A sin @ df

Tk —

- 5 | Hplv|lo|6le]s

Type |IB equations are modified by the presence of the sources

N7

. —— —Vol(Y») dF3 + Hy A Fy = ——=Vol(¥s) A (B +27°F)
Our solution has
1 ~ - Ne¢
dFI='T:f sinf@sinfdd Adf  dF,+H3AF, = T in @sin fd6 A d A df A dg — dF, A B

Page 159/202
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Deformed solution and brane sources

e e —

What are the D-brane sources of the deformed solution?

CNP flavor branes S = Suis + Sps. 3 Transformed flavor branes £ u-v = 5

22 22|22 e v |6l ale| @ z”mlmzr:aﬂ’fﬁﬂ@
D5f—.-—-——————l DT{'_'-__—-——

e —

N> FLAVOEHANES SMEARING ?
D7-brane  g(Wz) = “7"’7 Vol(¥2) A [Cs + Cs A (B+F) + 04 A(B+F)A(B+F)]

action b7
\a
Vol(),) = sinf d8 A sin 8 df
Type |IB equations are modified by the presence of the sources

dF;, = Yval(y,) dF; + H3 A Fy = — %Vul(yg) A (B + 272F)

Tk ———

Our solution has

N ~ = V¢
dF1='T4f sinfsinfddAdf  dF;+Hs AF, = L sin0sinfdd Adip Adf Adp—dFy A B

Does it imply the —
quantization of Y ?

Page 160/202
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Features of the deformed solution

— = =

The gauge theory counterpart of the 7s 7 fransformation is
a dipole deformation of the theory on the five-branes

6D DIPOLE THEORY

D, (z) » Pa(z)
= ®(z—L;/2)®2(z+L1/2)
B.og=2w — ¢
[Gursoy-Nunez]
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Features of the deformed solution

The gauge theory counterpart of the s 7 fransformationis =
a dipole deformation of the theory on the five-branes
6D DIPOLE THEORY 4D ORDINARY THEORY
®,(z) » ®y(z) MODIFIED INTERACTIONS
= ®y(z— L3 /2)®2(z+L1/2) OF KALUZA-KLEIN MODES

A N

[Gursoy-Nunez]
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Features of the deformed solution

The gauge theory counterpart of the s 7 fransformationis =
a dipole deformation of the theory on the five-branes
6D DIPOLE THEORY 4D ORDINARY THEORY
P, (z) » ®a(z) MODIFIED INTERACTIONS
= ®y(z—L2/2)®2(z+L1/2) OF KALUZA-KLEIN MODES

T

N =1 gauge/gravity duals suffer of a KK mixing problem N
The 757 transformation helps in decoupling KK modes from the gauge theory

irsa: 09050009 Page 163/202

I m——— B e R o Eyampois 1- Exnnulez?i"\ B oo oo



Features of the deformed solution

The gauge theory counterpart of the s 7 fransformationis ==
a dipole deformation of the theory on the five-branes
6D DIPOLE THEORY 4D ORDINARY THEORY
®,(z) » B2(z) MODIFIED INTERACTIONS

= ®y(z—L2/2)®2(z+L1/2) OF KALUZA-KLEIN MODES

b - A
S =[0=0,p=2x—|

N =1 gauge/gravity duals suffer of a KK mixing problem N
The 757 lransformation helps in decoupling KK modes from the gauge theory

In the case of the gravity dual of SQCD, the transformation
should also modify the quark interactions

irsa: 09050009 Page 164/202
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Features of the deformed solution
—

The gauge theory counterpart of the 7s 7 fransformation is
a dipole deformation of the theory on the five-branes
TsT 6D DIPOLE THEORY 4D ORDINARY THEORY
®,(z) » ®2(z) MODIFIED INTERACTIONS
= ®y(z—L2/2)®2(z+L1/2) OF KALUZA-KLEIN MODES

/

S2=[0=0,p=2x—¢|

N =1 gauge/gravity duals suffer of a KK mixing problem N
The 757 fransformation helps in decoupling KK modes from the gauge theory

In the case of the gravity dual of SQCD, the transformation
should also modify the quark interactions

At least two types of interesting features to study: N
= Universal features, independent of the Kaluza-Klein dynamics and of the
deformation of quark interactions

=% New features due to the deformation of quark interactions
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Features of the deformed solution

= Gauge coupling and theta angle are computed via a "color" DS-brane probe on
S? = [0 = 8, = 2w — @], which is invariant under TsT

5= — 2(H(p) +G(p)) Bys = 5 (¥ — o)

¥
Ivwu

:
é
-

irsa: 09050009 Page 166/202
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irsa: 09050009

Features of the deformed solution

= Gauge coupling and theta angle are computed via a "color" D5-brane probe on
S? = [0 = 8, = 2w — @], which is invariant under TsT

5 =2H(p) +G(p)) Bym = S5 (¥ — %)
=) Quartic coupling in the superpotential:
_ Spa[ S’0=0.0=2]xS"¥]] _, Gl
SDS[ SE[W'E "P] ] H(P)

Page 167/202
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Features of the deformed solution

= Gauge coupling and theta angle are computed via a "color" D5-brane probe on
S? = [0 = 6, p = 2x — @], which is invariant under TsT

8 5= = 2(H(p) + G(p)) e = 2R (3 — gig)
i’ =) Quartic coupling in the superpotential:
e _ Soa[ S[0=08.0=¢| x S'W]] _, . Glo)
Spa[ S°[v,0,¢] | H(p)
E {E-:) Matching with the gauge theory quantities works as in the undeformed case
S Borra =2=lvnd o NG o K~ 14+ e
H8w2 /g dlog(p/A) e f T 2(2N-—Ny)p

irsa: 09050009 Page 168/202
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Features of the deformed solution

= Gauge coupling and theta angle are computed via a "color" DS-brane probe on
S? = [0 = 6, ¢ = 2x — @), which is invariant under TsT
¢ 5= = 2(H(p) +Glp)) By = 2N (3 — )
3 =) Quartic coupling in the superpotential:
- o Sos[S*0=8.0=2|xS'Wl] _, , Glo)
Spa[ S°[¢, 0.4 | H(p)
(E'gl} Matching with the gauge theory quantities works as in the undeformed case
§ 8= fa¥ ) N,
-‘98“2;‘;-.2.,,.1 = dlog(p/A) — 3N. - N f(l = 'TQ) e 2(2N-—Ny)p
2 A 7 i 12N,
log(/A) = 3p Q™ —2 T 2EN.—N )P

Pirsa: 09050009 Page 169/202
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Features of the deformed solution

=) Gauge coupling and theta angle are computed via a "color" D5-brane probe on
S? = [0 = 8, p = 2w — @], which is invariant under TsT

a % = 2(H(p) + G(p)) Oym = 2 (9 — )
S M
3 =) Quartic coupling in the superpotential:
: E=5D3[52[9=9,99=;ﬁ]x51[1,‘)]]=1+G(p)
Spal S°[v,0,¢] | H(p)
=) Matching with the gauge theory quantities works as in the undeformed case
[~ HB2 /a2 ,
E Box2/g2, = Brogldiy: = 3Ne— Nf(l/; Q) K~ 1+ gt
log(u/A) = gp A Wre—g— :;z{sziumi

=) Exact Seiberg duality is implemented as
H(p) <+ G(p) N.< N;—N,

(or (8,) < (6,9))

-
E
3
=
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Features of the deformed solution

= Gauge coupling and theta angle are computed via a "color" D5-brane probe on
S? = [0 = 0, = 2w — @], which is invariant under TsT
E :—.% = 2(H(p) + G(p)) Ovn = 252 (9 — 1)
=
3 =) Quartic coupling in the superpotential:
= _ Sos[ $%0=0.0=|x S'W]] _, , Glo)
Spal S°[¥, 0,4 | H(p)
E'l‘} Matching with the gauge theory quantities works as in the undeformed case
= oo T 2
3 Bon /930 = Dioglitdy = 3Ne — Ny(1 —70) Kk~ 1+ son.<w
log{u/A) = qPJ 19~ —3 — BEN—NE
=) Exact Seiberg duality is implemented as
H G N.— N:—N.
(p) < G(p) « Ny (and 7H—D

(or (8,¢) < (6.9))

irsa: 09050009 Page 171/202
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Features of the deformed solution

The gauge theory counterpart of the s 7 fransformationis ==
a dipole deformation of the theory on the five-branes
6D DIPOLE THEORY 4D ORDINARY THEORY
&, (z) » ®2(z) MODIFIED INTERACTIONS
= ®y(z—L2/2)®2(z+L1/2) OF KALUZA-KLEIN MODES

b

:H:{;'_,:}-.'— %1

N =1 gauge/gravity duals suffer of a KK mixing problem N
The 7s7 transformation helps in decoupling KK modes from the gauge theory

=
S

irsa: 09050009 Page 172/202
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Deformed solution and brane sources

h e —

What are the D-brane sources of the deformed solution?

CNP flavor branes 5 = Sus + Sps, ﬂ Transformed flavor branes Fos = -

: T B

|zt 22|23 o |V |60 |e| @ 120 | 2 22|22 e |y |0 |6le]é
N, FLAVOR BRANES SMEARING ?

2y >N 1
S — _:TT /Vﬂl(yg) A [CB +Cs A (B+F)+5CaN(B+F)A(B+ F)]

action
\‘an(yz) — sinf df Asind df
Type |IB equations are modified by the presence of the sources

dF; = YTval(y,) dF; + Hy A Fy = —%Vﬂl(yg) A (B + 272F)

4

Tk ————

Our solution has

N - - Ng . 2 & x A
dF1='T4fsm95m9d9.we dF; + Hy A Fy = ! sinfsin6df Adp AdI Ndg — dFy A B

: N7 =Ny flavor D7-branes

Page 173/202
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TsT of the gravity dual of SQCD

ds? = e |da? s+ 4Ydp? + H (d6* +  sin®0dy?) + G (d +  sin®Pd?)
- 27 —UQ),xU1)s—"
+ ¥ (cw —l—cosﬂdzp—l-oosf?dr;é) ]

62'1? =82m
N{: s A TN -
F3=—Tsmﬂdﬂf\dgah(d‘w+msﬁdgo)
N;— N,
!

sin@df A d A (di + cos 0dP)

0009 Page 174/202
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TsT of the gravity dual of SQCD

ds? = e |dz? 5 + 4V dp? + H (d6° + Msin®6dg?) + G (df® + M sin® §d3?)
= 2 =
LMY (d¢ + cosfdip + cos 9&:,5) +~2e2° MGHY sin® 8 sin® ed;aﬁ]

e2® — 29 M

£, =_%sm§d§nd¢ﬁ(dw+nm3dtﬁ)
= S
4

B = ve** M [HY sin? @ cos Bdw A dp — GY sin? @ cos 0dw A d

sin@dd A dg A (dy + cos0d@)—F, A B

= (Gﬂsm395m2§+Hysm29ms2§—cymsﬂgsm2 9’) do A d

N;—N, :
- © sin @ cos 6df

Fy = —v [:C sin # cos 6df —

M1 =1 4+~2e2¢ (GHsm29m25——HYsin29m29+GYmszﬂsin2§)
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TsT of the gravity dual of SQCD

ds? = e |da? s +4Ydp® + H (d6* +  sin®0dy?) +G (> +  sin®{Pd?)
- \27 —UQ),xU1)s—"
5 ¥ (ahp + cos Bdy —l-oosﬂdx,'é) ]

62@' =82¢
N{: . A 1A -
F3=—Tsm3d6nd&pﬁ(dw+cnsﬂdtp)
N;—N.
B!

sin@d0 A d A (dy + cos 0dP)
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TsT of the gravity dual of SQCD

ds? =e"*[da:§13 +4Ydp? + H (d#* +  sin® 8dyp?) +G(d§2+ sinzﬁd(ﬁz)

= Y(d"[’+m39dtp+ms§d¢)2] S—U(1), xUQ)e—

022 _ 20
Nc s« A TN -
F3=—Tsm0dﬂndgah(d¢+msﬂdrp)
—Nf;NcsinﬂdﬁhdrpA(dw+mB§d¢)

x

CNP 6 NP 7 Sources 1



Deformed solution and brane sources

1

What are the 0-brane sources of the deformed solution?
CNP flavor branes S = Sis + Sps.

SMEARING




| Deformed solution and brane sources

g —

What are the U-brane sources of the deformed solution?
CNP flavor branes S = Sus +SD5

@g. Y 65 @ |
o ||l =

SMEARING




Features of the deformed solution

= Gauge coupling and theta angle are computed via a "color" DS-brane probe on
S? = [0 = 8, = 2w — @], which is invariant under TsT

3 5= = 2(H(p) +G(p)) vz = 252 (3 — i)
S M
3 = Quartic coupling in the superpotential:
: £=SD3[ 52[9=9,¢=;,a]x51[1p]]=1+G(p)
Spal S°[¥,0,¢] | H(p)
E E'l‘} Matching with the gauge theory quantities works as in the undeformed case
(82 /g2 N_
S -Sﬂfr:f’g«.z,rm = %ﬁﬁl =3N. - lvf(l == 'TQ) K~1+ Z(EN:-NI};:
2 A T L 12N,
log(u/A) = 3P 1Q ™~ T2 T 2EN.—N, )2

=) Exact Seiberg duality is implemented as

H(p) ~+ G(p) N.< N;—N, el
(or (8,9) < (6.8)) (a"d : D

-
E
3
=
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Features of the deformed solution

= Gauge coupling and theta angle are computed via a "color" DS-brane probe on
S? = [0 = 8, = 2w — @], which is invariant under TsT

g 5 = 2H(p) +G(p)) Bym = S5 (¥ — %)
S M
i ) Quartic coupling in the superpotential:
e _ Sps[ S*[0=6.0=¢|xS'¥]] _.  G(po)
K= - =14+ —=
{E'l‘} Matching with the gauge theory quantities works as in the undeformed case
e B2 fa2 .
S -38'#"3;"9%;“ = dﬁ?ﬂg[pﬁi) = 3N - lvf(l = ’TQ') sl E(ZY;EN!};J
2 ,,f /i B S 12N, =
log(u/A) = 5p 1Q 2~ 32(2N-—Ny)p2

=) Exact Seiberg duality is implemented as

H(p) » G(p) N.< N;— N, e
(or (8, %) — (6,3)) G““’ 2 "D

E}) Two types of mesons as excitations on the world-volume of flavor branes
= Generic v DS5-branes sitting at special points where the (i, ) torus shrinks
= Rational ~ D7-branes wrapped on the (¢, @) torus with magnetic flux
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Conclusions

In summary...

= Gauge theories with deformed product of fields in the
lagrangian constitute interesting generalizations of
the gauge/string correspondence :

=% They are dual to TsT transformations of the string duals
of the ariginal undeformed gauge theories and
can thus be studied systematically

=% New phenomena occur when the deformation parameter~ is quantized
such as the appearance of additional branches of mesonic vacua
of the gauge theory

== The deformations can also be used to study universal features
of gauge/string duals

Pirsa: 09050009 Page 182/202
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Conclusions

In summary...

= Gauge theories with deformed product of fields in the
lagrangian constitute interesting generalizations of
the gauge/string correspondence

=% They are dual to TsT transformations of the string duals
of the original undeformed gauge theories and
can thus be studied systematically

=% New phenomena occur when the deformation parameter  is quantized
such as the appearance of additional branches of mesonic vacua
of the gauge theory

=% The deformations can also be used to study universal features
of gauge/string duals

eatures 1 Features 4

Condusions



Features of the deformed solution

= Gaammgﬁmaﬂﬂnhaﬂamwmﬂdvha'mﬂ'ﬂﬁ-ﬂmnﬁam
S == ﬂ,cp 27 — |, which is invariant under TsT

7 =2H(p) +G(p)) Bym = 57 (6 — to)

) Quartic coupling in the superpotential:
_ Sps[ S*[0=0,0 =] x S'[¥] ] _14 G
Sps[ S°[¥,0,¢] | H(p)

= Matching with the gauge theory quantities works as in the undeformed case
¥ E‘l‘l’z z
Bon /gt = Bloghis = 3Ne ‘Nf(f;,'m) Kk~ 1+ son. <N

12N

log(u/A) = 2p = g~ 32(2N.—N; )2

Universal features

atures 1 Features 2 Features 4



Universal features

Features of the deformed solution

= Gauge coupling and theta angle are computed via a "color" D5-brane probe on
S2 = [0 = 8, p = 2r — @], which is invariant under TsT

7 =2H(p) + G(p)) Bym = 5 (6 — o)

) Quartic coupling in the superpotential:
_ Sps[ S*[0=0.0=¢] x S"[¥]] _ )

Sp3| $°[¥,0,4] | H(p)
&) Matching with the gauge theory quantities works as in the undeformed case
Bor /58, = Blogla) =NV — Nf(l-'ra) e S

12N,

log(u/A) = %P/ TQ e 32(2N.—N; )2




Features of the deformed solution

=) Gauge coupling and theta angle are computed via a "color" D5-brane probe on
S? = [0 = 8, = 2w — ], which is invariant under TsT
: = = 2(H(p) + G(p)) Ovae = 20 (5 — )
i =) Quartic coupling in the superpotential:
= E=S}]3[S2[9=§,go=;ﬁ]xsl[1f)]]=1+G(p)
Spa[ S°[¥, 0.4 | H(p)
iil} Matching with the gauge theory quantities works as in the undeformed case
= e e .
S O8x2/92,, = %%(ﬁﬁl =3N. — N¢(1 — ) £~ 14 o
log(u/A) = 2p = 1Q ~ ~3 ~ BEN.-NP
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Features of the deformed solution

= Gauge coupling and theta angle are computed via a "color" DS-brane probe on
S? = [0 = 6, ¢ = 2x — @], which is invariant under TsT

g S = 2AH{(p) + G(p)) By = 2V (3 — )
i = Quartic coupling in the superpotential:
iy E=Sn3[52[9=§,99=;ﬁ]}(51[1;’)]]=1+G(p)
Spa| S°[¥,0,¢] | H(p)
IE'I‘} Matching with the gauge theory quantities works as in the undeformed case
[~ HB? /a2 !
3 '38“'21”5'*2.':'-1 = %15(_%1 =3N. - Nf(‘:lfp_,TQ) week Z(EN:.:N!}F
log(u/A) = 3p = 1Q ™~ ~3 — BEN—VIP
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Deformed solution and brane sources

" e ——

What are the D-brane sources of the deformed solution?

CNP flavor branes S = Sis + Sps. ﬁ Transformed flavor branes [+ = -

0|zt |22 || p |V |66 || @ 20\ 2 22|22 e v |o|olelé

N- F[AVGQ—E'HANES SMEARING ?
e e = [ Vol(¥) A Cs +Cs A (B+F) + —04 A(B+F)A(B+F)|
\

Vol()Y>) = sin@ d8 A sin @ df

Tk —

Type |IB equations are modified by the presence of the sources

dF; = Yval(y,) dF; + H3 AFy = — &Vul(yg) A (B + 272F)

Our solution has

N E : N,
dF1='T4fsm95m9d9m& dF, + H FlmTaﬂﬂsmEdﬂ ‘do Adf Ads — dF, A B

Does it imply the —
quantization of 7 ?
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Deformed solution and brane sources

Ny,

What are the D-brane sources of the deformed solution?

1

CNP flavor branes S = Siis + Sps. ﬁ Transformed flavor branes [z = ;

P —
22|22 p|v|o|6]|e]F

gg’g vlelale|e] |
D) e

— -

mvogimmss s
D?-brane S(WZ) N:"f ]v°1(y2) A [Ca +CsA(B+F)+ %C4h(B+F) A (B+F)]

action \
Vol(),) = sinf d8 A sin @ df

ype |IB equations are modified by the presence of the sources

dF, = %Vol(yz) dFs + Hs AF, = —%vul(yz) A (B + 27°%F)




The gravity dual of SQCD

|

3 PN o8
- We want to study the sin” 0dg” )
TsT transformation of the CNP solution

It was shown in the case of the
dual of N =1 Super Yang-Mills that TsT helps

in disentangling the gauge theory dynamics from
the unwanted Kaluza-Klein modes
[GUrsoy-Nufez]

It is interesting to study

the effects of the transformation ‘
on a solution of supe gravity plus branes

Sources 1 Sources 3 Sources 4




TsT of the gravity dual of SQCD

ds? = e |da? s +4Ydp® + H (d6* +  sin®0dy?) + G (d® +  sin®Pd?)

+ ¥ (dw +cos9d.=p+ms§d-,a)2]

62@ - 629

F;= -% sin @df A d@ A (di + cosfdy)
N;— N,

= © sin0df A dp A (d + cos 0dp)
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