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Outline of the talk

e Motivation and framework
AdS/CFT and large N expansions with flavors

e Review of KT/KS :
Field theory and duality cascade

e Backreacting flavors in the KS background
— Supergravity + branes solution
— Field theory and IlA brane configuration
— Seiberg duality cascade from supergravity solution:
methods and results

Stefano Cremonesi Backreacting flavors in the Klebanov-Strassler theory: a new duality cascade



Motivation and framework

Addition of flavors to AdS/CFT Karch-Katz '02

-
decouple D3's>
throat
O geometry
N, D3 N, D7
2 2 2 2
Iymwzy %% Iympn % lp o< ga
N =4 SU(N¢) SYM S D7 open strings and
+ Nf hyper IIB closed strings on AdS® x 85
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Motivation and framework

Probe vs. Backreacting D7

Probe approximation (N /N < 1) Karch-Katz '02
@ Background from D3-branes (after decoupling limit)
@ Stable D7 embeddings in that background

— Quenched approx in lattice gauge theories.
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Motivation and framework

Probe vs. Backreacting D7

Probe approximation (N /N < 1) Karch-Katz '02
@ Background from D3-branes (after decoupling limit)
@ Stable D7 embeddings in that background

— Quenched approx in lattice gauge theories.

Backreacting D7’s (any N;/N;)  Grafia-Polchinski, Bertolini et al. ‘00

Casero-Nufez-Paredes '06 (D5)
@ Solve simult. EoM for 1IB sugra + DBI-WZ action of flavor branes.
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Motivation and framework

Flavors in Large N expansions
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Motivation and framework

Flavors in Large N expansions

't Hooft limit: N — oo, A = Ncg%,, and Ny fixed

@ Leading: planar diagrams w/o quark internal loops

@ Topological expansion of a theory of closed and open strings
Probe approx in sugra: leading order in 't Hooft limit.
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Motivation and framework

Flavors in Large N expansions

't Hooft limit: N — oo, A = Ncg%,, and Ny fixed

@ Leading: planar diagrams w/o quark internal loops

@ Topological expansion of a theory of closed and open strings
Probe approx in sugra: leading order in 't Hooft limit.

Veneziano limit:  N; — oo, A = Ncg$M and x = N¢ /N, fixed

@ Leading: planar diagrams w/ and w/o quark internal loops

Backreacting D7 in sugra: leading order in Veneziano limit.
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Motivation and framework

Flavors in Large N expansions

't Hooft limit: N — oo, A = Ncg%,, and Ny fixed

@ Leading: planar diagrams w/o quark internal loops

@ Topological expansion of a theory of closed and open strings
Probe approx in sugra: leading order in 't Hooft limit.

Veneziano limit:  N; — oo, A = Ncg$M and x = N¢ /N, fixed

@ Leading: planar diagrams w/ and w/o quark internal loops

Backreacting D7 in sugra: leading order in Veneziano limit.

NEW PHYSICS at leading order in VVeneziano limit:
- New hadronic physics, e.g. finite mass for r/ (Veneziano-Witten)

- Screening of color charges, breaking of chromoelectric flux tubes
- RG flow
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Review of KT/KS

KT/KS: field theory and backgrounds

N regular and M fractional D3 Ay A,
on the conifold
_ —0in C4:
(212, — 2324 = 0 in C7): e N
W =h el  Tr (AIBKAB))
B,

17

B
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Review of KT/KS

KT/KS: field theory and backgrounds

N regular and M fractional D3 Ay A,
on the conifold
(2122 — 2324 = 0in C*):

N+M N
W =h el  Tr (AIBKAB))
Bl’ BZ
Fs, Fs, Hs .
constant ¢ JssFa oM, [111Fs o< New(r)  Klebanov-Tseytlin '00
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Review of KT/KS

KT/KS: field theory and backgrounds

N regular and M fractional D3 Ay A,
on the conifold
(2122 — 2324 = 0in C*):

N+M N
W =h el  Tr (AIBKAB))
Bl’ BZ
Fs, F3, Hs -
constant ¢ JssFa oM, [111Fs o< New(r)  Klebanov-Tseytlin '00
@ RG flow: cascade of Seiberg dualities. Klebanov-Strassler ‘00
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Review of KT/KS

KT/KS: field theory and backgrounds

N regular and M fractional D3 Ay A,
on the conifold
(2122 — 2324 = 0in C*):

N+M N
W =h el  Tr (AIBKAB))
Bl’ BZ
Fs, F3, Hs -
constant ¢ JssFa oM, [111Fs o< New(r)  Klebanov-Tseytlin '00
@ RG flow: cascade of Seiberg dualities. Klebanov-Strassler ‘00

N = kM: IR SU(2M) x SU(M) on a Z,-symm pt of the baryonic branch.
— N =1SU(M) pure SYM + Goldstone of U(1)g.
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Review of KT/KS

KT/KS: field theory and backgrounds

N regular and M fractional D3 Ay A,
on the conifold
(2122 — 2324 = 0in C*):

N+M N
W =h el  Tr (AIBKAB))
Bl’ BZ
Fs, F3, Hs -
constant ¢ JssFa oM, [111Fs o< New(r)  Klebanov-Tseytlin '00
@ RG flow: cascade of Seiberg dualities. Klebanov-Strassler ‘00

N = kM: IR SU(2M) x SU(M) on a Z,-symm pt of the baryonic branch.
— N =1SU(M) pure SYM + Goldstone of U(1)g.

Complex deformation Quantum deformation
2 —> .
212y — Z3Z4 = € of the moduli space
Size of S° at the tip — Gluino condensate
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Review of KT/KS

KT/KS: field theory and backgrounds

N regular and M fractional D3 Ay A,
on the conifold
(2122 — 2324 = 0in C*):

N+M N
W =h el  Tr (AIBKAB))
Bl’ BZ
Fs, F3, Hs -
constant ¢ JssFa oM, [111Fs o< New(r)  Klebanov-Tseytlin '00
@ RG flow: cascade of Seiberg dualities. Klebanov-Strassler ‘00

N = kM: IR SU(2M) x SU(M) on a Z,-symm pt of the baryonic branch.
— N =1SU(M) pure SYM + Goldstone of U(1)g.

Complex deformation Quantum deformation
2 —> .
212y — Z3Z4 = € of the moduli space
Size of S° at the tip — Gluino condensate

= Smooth supergravity solution: Warped deformed conifold.
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Review of KT/KS

KT/KS: a cascade of Seiberg dualities

Field theory side Gravity side
2 2
N>M y=-3+0((1)?) B BT ore?
91 91
= Bgz ~3M, Bg2 ~ —3M 82  8rn? A 1 . 1
o o 975777 g [4#204’ /52 275]
1
&

SU(N) SU(N-+M) Inp
X X
SUN-M) SUN)



Backreacting flavors in the KS background

Supergravity ansatz for flavored KT/KS
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Backreacting flavors in the KS background

Supergravity ansatz for flavored KT/KS

@ Look for susy solutions of EOM of S = Syg + Spy
with gwn, ¢, Fs, Hz, Fs, F1 and D7-embedding.
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Backreacting flavors in the KS background

Supergravity ansatz for flavored KT/KS

@ Look for susy solutions of EOM of S = Syg + Spy
with gwn, ¢, Fs, Hz, Fs, F1 and D7-embedding.

@ D7: dF; = %jp7 # 0, source in Einstein and dilaton eqns.

k-symmetric embeddings z; + z, = 0 and SU(2)p-related: smear!
= SV =T;[QACs, Q=-23singdéAdg.
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Backreacting flavors in the KS background

Supergravity ansatz for flavored KT/KS

@ Look for susy solutions of EOM of S = Syg + Spy
with gwn, ¢, Fs, Hz, Fs, F1 and D7-embedding.

@ D7: dF; = %jp7 # 0, source in Einstein and dilaton eqns.
k-symmetric embeddings z; + z, = 0 and SU(2)p-related: smear!
= SYf=T;[QACs, Q=153 sin6do Adgy.

@ Solve Bianchi identities by ansatz, DBI eqns. by x-symmetry, reduce
dilaton and Einstein eqns. to BPS system by requiring supersymmetry
of the solution.
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Backreacting flavors in the KS background

Supergravity ansatz for flavored KT/KS

@ Look for susy solutions of EOM of S = Syg + Spy
with gwn, ¢, Fs, Hz, Fs, F1 and D7-embedding.

@ D7: dF; = %jp7 # 0, source in Einstein and dilaton eqns.
k-symmetric embeddings z; + z, = 0 and SU(2)p-related: smear!
— SDW7Z:T7IQ/\03, Q:—L\'—;Eisineidei/\d@i.

@ Solve Bianchi identities by ansatz, DBI eqns. by x-symmetry, reduce
dilaton and Einstein eqns. to BPS system by requiring supersymmetry
of the solution.

@ Analytic solutions for backreacting flavors in KT and KS: supergravity
duals of the same kind of gauge theories, with the same duality cascade
but different IR dynamics (due to different initial ranks).
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Backreacting flavors in the KS background

Supergravity ansatz for flavored KT/KS
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Backreacting flavors in the KS background

Supergravity ansatz for flavored KT/KS

ds?y = h(r)""2dx?5 + h(r)"/?ds}
¢ = ¢(7)

2
Nt
Fi=_" <d¢ + Zcos@i dgoi>

5= 2 {o* [( 7+ 4et()) g hgt+ (1 F()+ k() o° Ag| +
+F’(T)dTA(glAg +49 Ag“)}
Fs = (14 %)dh '(7) Ad*x13

M

=2 I

B. (r)g* Ag® + k(1) g® /\g]

with suitable ansatz for 6-dimensional vielbein which includes both KT and
KS cases.
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Backreacting flavors in the KS background

Flavored KS solution

e Klebanov-Strassl|
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Backreacting flavors in the KS background

Flavored KS solution

[d7% 4 (6°)?] + cosh® Z[(¢°)* + (")°] +sinh® Z [(6")° + (¢°)?] }

— cosh(2x) + 4x2 — 4x7g + 1 — (x — 27p) sinh(2x)

[cosh(2x) + 2x2 — 4x7o — 1 — 2(X — 7o) sinh(2x)]?/3

(0< 7<)

1 4 4(ro — 7)
ds? = Zpu3A _
s = ¥ (T){ 303(7)
Ar) = [2(r — 70) (1 — sinh(27)) + cosh(27) — 277 — 1]*/3
= sinh
27M?% 7 thx — 1
h(r) = — ™ / dx X CO X. )
u8/3N; (x — 7) sinh? x
et _4m 1
Nf T0 — T
—¢(7) _ Tcothrt — 1
e f ——(coshr —1
) 2sinh ( T )
—o(r)) _ Tcothr — 1 h 1
e (7) snhr (cosh T + 1)
F(r) = sinht — 7
™= DsinhT
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Backreacting flavors in the KS background

Flavored KS solution

2715 4(mo — 7) 2 5\2 2 T 3,2 4,2 2 T 1\2 2,2
dsg = E}L3/\(T){T(T)|:d‘r +(9) ] + cosh E[(g ) +(97) ] + sinh E[(g ) +(9%) ]
Ar) = [2(r — 70) (1 — sinh(27)) + cosh(27) — 277 — 1]*/3

= sinh
h(r) 27M? /T gy Xcothx —1 — cosh(2x) + 4x2 — 4x7g + 1 — (x — 27p) sinh(2x)

)= — i .

18/3N; (x — 72)sinh?x  [cosh(2x) + 2x2 — 4x7p — 1 — 2(X — 7o) sinh(2x)]?/3
4 1

e(b(T):Ni:rTofT (0< 7<)

,¢(7)f _ Tcothrt — 1 hr — 1
e () e (cosh T )

—o(r)) _ Tcothr — 1 h 1
e (7) snhr (cosh T + 1)
F(r) = sinht — 7

™= DsinhT

@ N; — 0, N¢7o fixed: recover KS.
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Backreacting flavors in the KS background

Curvature singularities and interpretation
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Backreacting flavors in the KS background

Curvature singularities and interpretation

@ Usual D7 singularity.
@ Interpretation: Landau pole nature of the duality wall. (More later)
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Backreacting flavors in the KS background

Curvature singularities and interpretation

@ Usual D7 singularity.
@ Interpretation: Landau pole nature of the duality wall. (More later)

@ Limits of metric components as in KS, but with O(7) corrections instead
of O(?). = Curvature singularity.

@ Interpretation: Chromoelectric flux tube breaking.
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Backreacting flavors in the KS background

The flavored KS field theory

A;
q [6
P ! - ! . W = A(A1B1A2B2 — A1B2A2B1 )+
4 N/ AN .
3] ORI +hiG(AiBs + A2B2)g + hoQ(B1AL + B2AZ)Q+
o < il +aqdqd + AQAQQ
B,

NS \ NS'
Ny, D6
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Backreacting flavors in the KS background

The flavored KS field theory

q [6
) > N ! . W = A(A1B1A2B2 — A1B2A2B1 )+
ya N/ AN .
3] ORNI7 +hiG(AiBs + A2B2)g + hoQ(B1AL + B2AZ)Q+
s ~ 5 + aqdad + AQQQQ

11B brane engineering (Convention: 1, >rs, 1,5 =1,2)

@ 1 D3; of 1% kind (wrapped D5, nowv flux) @ Ny D7; of 1% kind (D7, wv flux)
@ s D3; of 2" kind (wrapped D5, wv flux) @ N D7; of 2" kind (D7, no wv flux)
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Backreacting flavors in the KS background

The flavored KS field theory

q [&
4 > 2 \ W = A(A1B1AsBy — A;ByAB )+
(N () N + h1G(A1B1 + A2B2)d + hQ(BiAL + BoA2)Q+
o < il +aqdqd + AQAQQ
B
11B brane engineering (Convention: 1, >rs, 1,5 =1,2)

@ 1 D3; of 1% kind (wrapped D5, nowv flux) @ Ny D7; of 1% kind (D7, wv flux)
@ s D3; of 2" kind (wrapped D5, wv flux) @ N D7; of 2" kind (D7, no wv flux)

IIA brane engineering

" ”5T Ny D6
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Backreacting flavors in the KS background

Seiberg duality cascade and self-similarity
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Backreacting flavors in the KS background

Seiberg duality cascade and self-similarity

Field theory analysis

@ Assume that g, runs to strong coupling, gs to weak coupling as in KS.
@ At some energy scale flowing towards the IR, g% = 0: Seiberg-dualize.
|
@ The theory with quartic flavor couplings is self-similar: same W before
and after duality, only ranks change.

@ If the RG flow proceeds like this: cascade of Seiberg dualities.
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Backreacting flavors in the KS background

Seiberg duality cascade and self-similarity

Field theory analysis

@ Assume that g, runs to strong coupling, gs to weak coupling as in KS.

@ At some energy scale flowing towards the IR, g% = 0: Seiberg-dualize.
|

@ The theory with quartic flavor couplings is self-similar: same W before
and after duality, only ranks change.

@ If the RG flow proceeds like this: cascade of Seiberg dualities.

Analysis from supergravity solutions

@ Flavored KS solution: dual gauge theory with duality cascade until the
IR, where nonperturbative gauge dynamics occurs.

@ ‘Flavored KT solution’: dual gauge theory with duality cascade until
some energy, below which both gauge couplings flow towards weak
coupling. — Flavored KW theory (hep-th/0612118)
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Backreacting flavors in the KS background

Group ranks and fractional branes: Maxwell charges
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Backreacting flavors in the KS background

Group ranks and fractional branes: Maxwell charges

BRANE CHARGES . GROUP RANKS
at a given at a given E

Stefano Cremonesi Backreacting flavors in the Klebanov-Strassler theory: a new duality cascade



Backreacting flavors in the KS background

Group ranks and fractional branes: Maxwell charges

BRANE CHARGES . GROUP RANKS
at a given at a given E

Maxwell charges

dF __:Maxwell Fs_p: gauge invariant (improved) field strength
8—p = *Ipp P ;
jop: Magnetic current
Gauge invariant, conserved,
QMaxwell / jewel _ / E s not localized (carried by fluxes),
P Vo_p P Vo not quantized.
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Backreacting flavors in the KS background

Group ranks and fractional branes: Maxwell charges

BRANE CHARGES . GROUP RANKS
at a given at a given E

Maxwell charges

dFg_, = *jMaxwe” Fs_p: gauge invariant (improved) field strength
-P Dp jop: Magnetic current
Gauge invariant, conserved,
QMaxwell / jewel _ / E s not localized (carried by fluxes),
i Vo_p P AVg_p not quantized.
@ D7-charge: Ngay = Nt constant
@ D5-charge: Mefi(7) = 735 [sFs =M [1 + L (f + k)} running

@ D3-charge: Ne (1) = ﬁ st Fs = ""72 [f —(f—Kk)F + f—;fk} running
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Backreacting flavors in the KS background

Group ranks and fractional branes: Maxwell ch

M
:—/ZBZ: > (f&nzﬂ—}—kcoszv’b)

o(7)
Object frac D3 (1) frac D3 (2) frac D7 (1) frac D7 (2)
dlbg—1)> =1 4b2—1
D3-charge bo 1—by (bo - 4) 0
16 16
b —
D5-charge 1 -1 bo—1 ﬁ
i 2 2
D7-charge 0 0 1 1
Number of objects 7 rs N Ny
N¢ = Np + Nis
bo -1 bo
Mett =1 — s + Ny + ENfs
Net = bor + (1 b)r+4(17b0)271N +4bg*lN
eff = Do M o) s 6 fi 6 fs
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Backreacting flavors in the KS background

Group ranks and fractional branes: Maxwell charges

M
:—/ZBZ: > (f&nzﬂ—}—kcoszv’b)

o(7)
Object frac D3 (1) frac D3 (2) frac D7 (1) frac D7 (2)
dlbg—1)> =1 4b2—1
D3-charge bo 1—by (bo - 4) 0
16 16
b —
D5-charge 1 -1 bo—1 ﬁ
i 2 2
D7-charge 0 0 1 1
Number of objects 7 rs N Ny
N¢ = Np + Nis
bo -1 bo
Mett =1 — s + Ny + ENfs
Net = bor + (1 b)r+4(17b0)271N +4bg*lN
eff = Do M o) s 6 fi 6 fs

@ One step along the cascade: T — 7’ such that bo(7') = bo(7) —

1
Variations of Maxwell charges match the variations of ranks in FT!



Backreacting flavors in the KS background

Page charges and group ranks (I)
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Backreacting flavors in the KS background

Page charges and group ranks (I)

Page ¢

Write Bianchi id’s in absence of (magnetic) sources as: exterior derivatives of some differential
forms (in general not gauge invariant) =0. Then substitute RHS with xj~29.

d(F3 —Bx AF1) = *jé"g‘ge
d(Fs — B2 A F3 + 1By A By A Fr) = %i53%

Localized, conserved, gauge

1 ) 1 i d Il but not large
Page _ Page _ Inv under smal g
Qos = an? )y, *os” = 332 33(':3 B2AF1) gauge transf's, not quantized.
1 1 1
Page _ _ PR = = Fs—ByAF3+ =B, AByAF
Qps (@n2)z /\/4 *Ip3 (4n2)2 /Ms( 5—B2AFs+5B2AB, 1)
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Backreacting flavors in the KS background

Page charges and group ranks (I)

Page ¢

Write Bianchi id’s in absence of (magnetic) sources as: exterior derivatives of some differential
forms (in general not gauge invariant) =0. Then substitute RHS with xj~29.

d(F3 —Bx AF1) = *jé"g‘ge
d(Fs — B2 A F3 + 1By A By A Fr) = %i53%

Localized, conserved, gauge

1 ) 1 i d Il but not large
Page _ Page _ Inv under smal g
Qos = an? )y, *os” = 332 33(':3 B2AF1) gauge transf's, not quantized.
1 1 1
s = ——— Fs—ByAFa+=BaAByAF
Qps (@n2)z /\/4 *Ip3 (4n2)2 /Ms( 5—B2AFs+5B2AB, 1)

@ Locally F3 — B, A F; = dC,, but C; not globally defined: needs to be patched.

@ Page charges are monopole numbers.
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Backreacting flavors in the KS background

Page charges and group ranks (I)

Write Bianchi id’s in absence of (magnetic) sources as: exterior derivatives of some differential
forms (in general not gauge invariant) =0. Then substitute RHS with xj~29.

d(F3 —Bx AF1) = *jé"g‘ge

d(Fs — B2 A F3 + 1By A By A Fr) = %i53%

Localized, conserved, gauge

1 ) 1 i d Il but not large
Page _ Page _ Inv under smal g
Qps = 4n2 Va *ps = 4n2 (Fs—B2AFy1) gauge transf's, not quantized.
1 1 1
Page _ _ PR = = Fs—ByAF3+ =B, AByAF
Qps (@n2)z /\/4 *Ips (4n2)2 /Ms( 5=B2AFa+2B2AB2\Fy)

@ Locally F3 — B, A F; = dC,, but C; not globally defined: needs to be patched.

@ Page charges are monopole numbers.

@ Being quantized, Page charges are the correct quantities to be
compared to ranks.
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Backreacting flavors in the KS background

Seiberg duality as a large gauge transformation
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Backreacting flavors in the KS background

Seiberg duality as a large gauge transformation

@ Exact Seiberg duality along the RG flow; infinitely many Seiberg dual FT
descriptions, but at any given energy scale only one is ‘good’.

@ Seiberg dualities in the FT are large gauge transf’s on the sugra
solutions.

Stefano Cremonesi Backreacting flavors in the Klebanov-Strassler theory: a new duality cascade
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Seiberg duality as a large gauge transformation

@ Exact Seiberg duality along the RG flow; infinitely many Seiberg dual FT
descriptions, but at any given energy scale only one is ‘good’.

@ Seiberg dualities in the FT are large gauge transf’s on the sugra
solutions.

Large gauge transformation

T, = %(sin@ldel Ad¢1 — sin6,d 0, /\d¢2)
B, — B, — wnT>, = bg — bg —n (nGZ)

@ Leaves Maxwell charges invariant, but not B,: changes ranks!
@ Changes Page charges: AQL* = n¥, AQPY® = nM +n?.
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Backreacting flavors in the KS background

Page charges and group ranks (lI)
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Page charges and group ranks (lI)

Page charges and group ranks

@ At a given energy scale, perform a large gauge transf w/ n = [bo] and
reach the good FT description.
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Page charges and group ranks (lI)

Page charges and group ranks

@ At a given energy scale, perform a large gauge transf w/ n = [bo] and
reach the good FT description.

Saf’e = Nf = N + N

Page _ . _ _ Ni <  Comparison with ranks in FT.
D5 N Is 2

3Ng — N
P = re + =
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Page charges and group ranks (lI)

Page charges and group ranks

@ At a given energy scale, perform a large gauge transf w/ n = [bo] and
reach the good FT description.

Saf’e = Nf = N + N

Page _ . _ _ Ni <  Comparison with ranks in FT.
D5 N Is 2

3Ng — N
P = re + =

@ After a step of the duality cascade, Page charges of our solution change
in the way predicted by the changes of the ranks in the field theory.
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Backreacting flavors in the KS background

Cascade: R-anomalies and g-functions
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Cascade: R-anomalies and g-functions

2 2

o i —re 6™ + 63 = 2nC,t
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A2 472 = 1 1 YM YM 1
7~ =2re "’ [ Js B2 — 3] O — 65" = < fs2 Co

Logp
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Cascade: R-anomalies and g-functions

2 2

o i —re 6™ + 63 = 2nC,t

| s

A2 472 = 1 1 YM YM 1
7~ =2re "’ [ Js B2 — 3] O — 65" = < fs2 Co

@ R-anomalies match FT expectations.

Logp
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Cascade: R-anomalies and g-functions

2 2

o i —re 6™ + 63 = 2nC,t

| s

A2 472 = 1 1 YM YM 1
7~ =2re "’ [ Js B2 — 3] O — 65" = < fs2 Co

@ R-anomalies match FT expectations.

@ Running gauge couplings: duality wall.
(Divergence of by at finite proper distance from the bulk: infintely many
cascade steps to reach a finite energy scale Eyy.)

Logp
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