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Outline

 Warped deformed conifold (KS) solution
and dual gauge theory

 Family of solutions dual to baryonic branch
of gauge theory

* Non-perturbative objects on baryonic
branch

« Spectrum of low-lying glueballs via
SUGRA fluctuations
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Warped deformed conifold (KS)
solution and dual gauge theory
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Field theory and deformed conifold

ST on warped deformed conifold is dual to
N=1 SUN+M)xSU(N) SUSY gauge theory

* For N~kM the RG cascade turns k step into k-1

> SUR+DM )« SU(M ) > SU(RM )« SU((k—DM ) — ..
= SU(2M ) <« SU(M)

. =1.(k+DM
* Bi-fundamental fields 41; and ng ;zl ;J :
i, j=1.2

« Z, symmetry followed by c.c. exchanges
4% and B}
e SU(2) - SU(2) symmetry acts on 7.7 indexe
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Field theory and deformed conifold

Low-energy field content at the last of the
cascade - mesons and baryons

* Matrix of mesons M B, 4% B B,
: iip ik ja
* Baryonic fields
— b Abs A e g
A= & iy, CH1 -“*'lwflzl '“‘"42;1!

g = 81'1...1'2MB 1 B J-IBJ B _-ll'f

R .
1, Ly, ™ 2y =L
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Field theory and deformed conifold

Low-energy field content at the last of the
cascade - mesons and baryons

* Matrix of mesons

B _ g4« &)
Mifﬁz _AfﬁzBﬂI

 Baryonic fields

A=e, ; A --Apidn . Ay

1--lanr
g — 811...!2MBI B EUB 1 B 4.1.'[

i ey . >
1, L1y ™™ 2lpgi =l
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Field theory and deformed conifold

ST on warped deformed conifold is dual to
N=1 SUN+M)xSU(N) SUSY gauge theory

* For N~kM the RG cascade turns k step into k-1

> SUk+DM )« SU(RM ) > SU(RM ) <« SU((K—DM ) —> ..
> SU QM) <« SU(M)

. =1.(k+DM
* Bi-fundamental fields 47; and Bj‘z zzl _;_J)
i j=1.2

« Z, symmetry followed by c.c. exchanges
A% and B ]
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Field theory and deformed conifold

Low-energy field content at the last of the
cascade - mesons and baryons

* Matrix of mesons

B _ A4« &)
M-ffﬁz _AfﬁzBﬂl’

 Baryonic fields

. AL Ay A B A Las
A= & iy, M1 BEY. o N e

g - Sil...izMBl B ‘L{B 1

M
-5

S % a 4
1, Ly ™ 2ypi “bm
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Emergent deformed conifold

Moduli space
» Superpotential
W = ATr detM + X (Det detM + AB+ A\,

* Mesonic branch ' =A=E=0
detDet M =N}y, |[© 2 &

255

-'/ - ; - — ;- x'l

(m A [)H ~

\ 23 +I:4 — —H'_'TE J,

* Baryonic branch [A/=0 |

N3] [a_inL Z, symmetry
AB=—N)| A= inverts
i B—ik o




Field theory and deformed conifold

Low-energy field content at the last of the
cascade - mesons and baryons

* Matrix of mesons

A _ g4« A
M?fﬁz Tl Afﬁz BJH

 Baryonic fields
e Iy Ahe A b A lapg
A= & i W G S

podgpg 1L
ol 1 M 1 M
F=c"*R._ B "B ..B,

N > N . iy
1, L2y, ™™ 2ppsy e
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Emergent deformed conifold

Moduli space
* Superpotential
W = ATr detM + X (Det detM + AB+AS)5)

* Mesonic branch XY =A=E=0
detDet M =Ny, |[& , g2

= e

r'f - ; — —— ; — b

(Det M), ~

 Baryonic branch [A7=0 |

\aM| [p_inBL Z, symmetry
AB =N |A=0aé inverts <
Pirsa: 07040008 _B L, Ii\él;j;' -1




Deformed conifold solution
Solution by Klebanov and Strassler

ds® =3 (¥)g,, dc*dx" + h* (V) g, dV dY’
U
ds* = " (t)dx* + h? (H)dS2

« dSpcis a Ricci-flat metric on the QGformed conifold

2
TR =
..—!l-‘_" -'j

« warped factor | /(7)] is finite

at|f = 0] - confinement 3
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Geometry of KS solution

| 1 3
F. =M F=N
4;7:2(:5'!3 J‘ f S
’—fTLl
5 |
i :'SZ
IR uv I
ds® = h 2dx* +R§ds§3 ﬁ:igz =h2(r)dx’ +h5(r)(dr‘?‘ +r2dQ§,u )
it —& KS solution y=o
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Geometry of KS solution

412 IIF:I\I : jF—N
Tl |
'—Tll
s =
IR 0, T

s = hfabcz +RZds’ |' “— z(r)dxg +h? (r)(dr?‘

R ~& KS solution r—e
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Properties of KS solution

« smooth everywhere, including tip
«  SU@)-SU@) and Z, symmetric

» Imaginary self-dual G, =:1*,G, with constant
dilaton ¢=0

- manifold of compactification is (conformally) CY
« nontrivial flux £#; through 3-cycle

* nonzero NSNS #,and £; RR fluxes

« vanishing RR scalar ¢ =0

Pirsa: 07040008



Properties of KS solution
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Geometry of KS solution

4;2&'!35;:1\1 1 [ F=N ?SB
5
3 2
IR l UV T s
ds® = hidk® + R2ds?, Fisz =13 (r)a’ + k3 () +r°dQ2, )
R ~¢ KS solution =g
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Properties of KS solution

« smooth everywhere, including tip
*  SU@)-SU@) and Z, symmetric

» Imaginary self-dual G, =:1*,G;, with constant
dilaton ¢=0

« manifold of compactification is (conformally) CY
« nontrivial flux £#; through 3-cycle

» nonzero NSNS #,and 7Z; RR fluxes

« vanishing RR scalar ¢ =0
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Geometry of KS solution

= jF M| le N 48
<« % -
S
; [
IR l UV I S°
dy” = “%dxz +R§dg§3 |:igz = h-%(r)dx-? +h%(r)(dr2 oy de?z,u)
Ny —E KS solution r=e’
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Deformed conifold solution
Solution by Klebanov and Strassler

ds* = 3 (Y)g,, dc"dxc" + h* (¥V)g,dY’ dY’
|
ds* = 2 (£)dx* + h* (£)dS?

« dS;cis a Ricci-flat metric on the deformed conifold

2
el =
= AS 4 T

« warped factor | /(7)] is finite

at | = 0] - confinement 3
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Baryonic branch of dual gauge
theory
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Baryonic branch of gauge theory

* Baryonic branch M=0

AB=—A3}

* KS corresponds to ¢

A= if\iﬁg’
B= E\f;;'-l

and | W=X(AB+ A\}Y)

Z, symmetry
inverts ¢

=] because of unbroken 2,

e U(l); symmetry A_sA®

BHE™*

of gauge theory

(not of geometry)

What is gravity dual for c=17
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Baryonic branch of gauge theory

* Baryonic branch M=0 | and | W=x(AB+ A}Y)

AB=—-A3, A=iloc Z, symmetry
B—ik inverts ¢

» KS corresponds to ¢=I1 because of unbroken 4,

* U(l), symmetry (4 , 5e of gauge theory

BB | (not of geometry)
What is gravity dual for c=17
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Family of SUGRA solutions dual to
paryonic branch

Gubser, Herzog, Klebanov
Butti, Grana, Minasian, Petrini, Zaffaroni
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Baryonic branch of gauge theory

* Baryonic branch M=0

AB=—A3}

* KS corresponds to ¢

A= I'j\g;;'
B=il szg rc:l

and | W=X(AB+ A\}Y)

Z, symmetry
inverts ¢

=] because of unbroken 2,

* U, symmetry (4 . a0

B o™

of gauge theory

(not of geometry)

What is gravity dual for c=17
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Family of SUGRA solutions dual to
paryonic branch

Gubser, Herzog, Klebanov
Butti, Grana, Minasian, Petrini, Zaffaroni
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Baryonic branch away from KS
Papadopoulos and Tseytlin (PT) ansatz

general SU(2)xSTU(2) symmetric ansatz for
metric and fluxes

Metric: |a, v, ¢, x, g. A(?)

Fluxes:|h . h,, 7.b, K (1) ds® =e*dx" + ds;

dsé =~ (V“l(dtz = g’l )+ (eg +a’e8 )(e:l2 + e§)+

+e 5 (gl + & —2a(es, +e,z, )))

€., . . S?
invariant forms on

Pirsa: 07040008
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Baryonic branch away from KS

Butti, Grana, Minasian, Petrini, Zaffaroni
employed method of S773) structure and found
the solution

Method of ST/ (3) structure:
consider Killing equation instead of E.O.M.

=0 9T +1G,, T4¥ =0

3ABC

Sy, =DV +"F. VY+(H,+F,), ¥ "=0

Killing spinor |'Y =&Y, +ﬁ*‘PZ Is expressed through

a_pure spinor | ¥y | invariant under action of SU(3)




a(t,U)
v(t,U)

BGMPZ solution

Baryonic branch parameter U

determines boundary conditions

a=ala.v.t) v=wWawt)

Analytic solution is not known unless for KS (U=0)

All other fields are constructed through a(7).v(7)

(i’=(i|)(agvgt):> xnga*’:lﬂhlﬂ IZZ,Z,EJ,K:f(G,V,(I),t)

Ambiguities In ¢ > ¢+ const and 4 — 4 +const
must be fixed by boundary conditions
(A5 Klebanov, Seiberg)















a(t,U)
v(t,U)

BGMPZ solution

Baryonic branch parameter U

determines boundary conditions

a=a(a,v,t) v=v(a,v,t)

Analytic solution is not known unless for KS (U=0)

All other fields are constructed through a(7).v(1)

(i, = d)(a._, wi) =l |lx8 A, h.h,7,b,.K = f(a,v,$,1)

Ambiguities In ¢ > ¢+ const and 4 — 4 +const
must be fixed by boundary conditions
(A5 Klebanov, Seiberg)



BGMPZ solution

UV asymptotic should be universal for all U

Equation for 4 can be integrated explicitly (DKS)

Equation for ¢ can be integrated explicitly
(AD, Klebanov, Tachikawa; work in progress)
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Baryonic branch In the vicinity of KS

Gubser, Herzog, Klebanov

« Uy symmetry is spontaneously broken.
@ I1s a massless goldstone (pseudoscalar)

* @ can not condense |6F, =*,dp+ .

* saxion S (superpartner of @) is responsible
for motion along baryonic branch o<

» explicit metric is known for zero momentum oz = con.
the Z, symmetry is broken

Pirsa: 07040008



BGMPZ (baryonic branch) solution

MN with |nfm|tely shifted ¢

7 9]

+ ¢ =const (i) const

*

LT—"‘
0 z

Baryonic condensate

e e l c=—ilA Eﬁg‘%’g{ A}



Baryonic branch in the vicinity of KS

Gubser, Herzog, Klebanov

« U(l)y symmetry is spontaneously broken.
@ I1s a massless goldstone (pseudoscalar)

* @ can not condense |6F, =*,dp+ .

* saxion S (superpartner of @) is responsible
for motion along baryonic branch o<

» explicit metric is known for zero momentum o = con
the Z, symmetry is broken
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Compactification effects

Gubser, Herzog, Klebanov

 Compactificaion lifts the branch and fixes the
value of baryonic condensate U

« U(l)g is gauged and axion is “eaten” by vector
boson

 Saxion also acquires mass, which is
parametrically small because of large CY volume

This Is a promising mechanism for
cosmological models

Pirsa: 07040008



BGMPZ (baryonic branch) solution

MN with |nfm|tely shifted ¢

7 9]

+ ¢=const (b const

C/."
0 z

Baryonic condensate
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Branes on the conifold
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BGMPZ (baryonic branch) solution

MN with mftnltely shifted ¢

79l

« ¢=const (i) const

L?'
0 Z

Baryonic condensate

e i 1 ¢ =—ilA ;ﬁg‘g’g‘{ A}



Baryonic condensate
Benna, AD, Klebanov

Objective: to measure baryonic condensate (A)

and express it in terms of dual geometry [/

Baryonic operator A(x) ( ,f"Tl”l"
Is uncharged under
SU2YxSU(2) and

Is dual to DS wrapping
base of the cone / /L‘/Rll

Measuring condensate requires
«Fatation to Euclidean space




Baryonic condensate
Example: measuring two-point functions in AdS

« local operator |O(x") R3‘1/ /\_’,/
» propagator (O(x)O(x')) is |

given by classical trajectory R
stretched into AdS /

» expectation of condensate is |
measured by taking |x—;x:'| —> 0 :
I
i
I

T

or stretching string further “up”
to infinity (dashed line) - )
rotation to Euclidean space R

Pirsa: 07040008 0
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Baryonic branch away from KS
Papadopoulos and Tseytlin (PT) ansatz

general STU(2)x SU(2) symmetric ansatz for
metric and fluxes

Metric: |a, v, ¢, x, g. A(?)

Fluxes:| i h,. 7.b.K(1)| |ds* =e™*dx" + ds,

dsé = ¢e” (V"l(dtz =~ g__f’)+ (ef +a’e8 )(é?f' + 6’32)“"

+e"g(5‘1‘?’ — 8; = 2a(€181 +ée,¢&, )))

€. _ 1 S’
invariant forms on
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Deformed conifold solution
Solution by Klebanov and Strassler

ds® =3 (Y)g,, dc"dx" + h* (¥)g,dY’dY”
U
ds* = W (£)dx* + h* ()dSE

« dS;cis a Ricci-flat metric on the Qeformed conifold

2
b T S
.-'—d-i Ci 3

« warped factor | /(?)] is finite

at | = 0] - confinement 3
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Field theory and deformed conifold

Low-energy field content at the last of the
cascade - mesons and baryons

* Matrix of mesons

B _ g4« &)
M{fﬁz _Afﬁszfx

* Baryonic fields

- 1h A 4 e bm
A=¢, App Ayt Ay

poodgpg LT
g — 811...12MB 1 B .."1IB 1 ..‘B .a"f

= o 2 -y = -~
1, L1y ™ 2l =bm
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a(t,U)
v(t,U)

BGMPZ solution

Baryonic branch parameter U

determines boundary conditions

a=a(a,v,t) v=v(a,v,t)

Analytic solution is not known unless for KS (U=0)

All other fields are constructed through a(7).v(7)

(b:(i)(a’v’t):} x"g"‘_-l"hl-" kz*Z‘b*K = f(a&v.'r-(bvt)

Ambiguities in ¢ > ¢+ const and 4 — 4 +const
must be fixed by boundary conditions
(A5 Klebanov, Seiberg)



BGMPZ (baryonic branch) solution

MN with mﬂmtely shifted ¢

7 9]

+ ¢ =const ¢» const

Iy
0 4

Baryonic condensate

e e 1 c=—ilA g’%’g’%{A>



Baryonic condensate

Benna, AD, Klebanov
Objective: to measure baryonic condensate (ﬁ)

and express it in terms of dual geometry [/

. . ( ~ Sppldn
Baryonic operator A(x) \ il
Is uncharged under

SU((2)xSU(2) and

Is dual to DS wrapping
base of the cone / /L»/RM

Measuring condensate requires
~t@tation to Euclidean space




Baryonic condensate

Example: measuring two-point functions in AdS

« local operator |O(x") R3‘1/ /\_”/
* propagator (O(x)O(x')) IS |

given by classical trajectory R
stretched into AdS 4

» expectation of condensate is |
measured by taking Ix—x"| —> 0 :
]
i
[

A

or stretching string further “up”
to infinity (dashed line) - ,
rotation to Euclidean space R’
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Baryonic condensate
Benna, AD, Klebanov

Objective: to measure baryonic condensate (ﬁ)

and express it in terms of dual geometry [/

Baryonic operator A(x)
Is uncharged under

SU(2)x5U(2) and
Is dual to DS wrapping
base of the cone

Measuring condensate requires
-F@tation to Euclidean space



Baryonic condensate

Baryonic vev is measured by Euclidean DS

Pirsa:

wrapping the entire conifold

* in UV embedding ends on warped
D5 with dissolved D3 (gauge field) Aharony

* induced gauge field has to be
SU(2)xSU(2) invariant| A= E(D)g,

Kappa-symmetry in Euclidean
space is tricky. We found BPS
equation by taking square root
of E.O.M.

00000000




Baryonic condensate

There are 3 real solutions <(7)

DBI action is divergent. We calculate it as a
function of UV cut-off. For exactly 2 solutions
action diverges logarithmically which admits

AdS/CFT interpretation. The third one is
unphysical

» two different solutions &£ ,. &, correspond to AE

* the same solutions with opposite orientation of
CS term correspond to anti-baryons Ajg.This IS
consistent with [/(1), charges of the baryons

Pirsa: 07040008



Baryonic condensate

Both solutions < A,f 7 lead to the same
divergence in DBI action

S[Ey g7y 1= 91g;;1 (log(7,, )’ + O(log(r, ) ))

which can be interpreted as the dimension

do

ﬂr)me_S(r) U _dlogr:&@




Baryonic condensate

Expectation of baryonic operator is given (up to
a multiplicative factor) by a renormalized action

< ,q> (U) ~ o~ (SalU 1oy J-divergence(riyy ))

As an extra evidence of our approach we find

.<ﬂ)(3)(U)=const " /
ﬁ log R
AB= A .




BPS domain wall (D5 brane)

¥ U —const

0 U

* DS is dual to BPS domain wall separating
different vacua in gauge theory

« it wraps minimal S° at the tip of the cone

Pirsa: 07040008



Baryonic condensate

Expectation of baryonic operator is given (up to
a multiplicative factor) by a renormalized action

<A> (U) ~ e_ (SA [L" .,?"UV ]— divergence( ?tTV )) !
\

As an extra evidence of our approach we find

(A){B)(U) = const N /
ﬂ log -
AB= AN :




Baryonic condensate

Baryonic vev is measured by Euclidean DS

Pirsa:

wrapping the entire conifold
* in UV embedding ends on warped
DS with dissolved D3 (gauge field) Aharony

* induced gauge field has to b
SU(2)xSU(2) Invariant M A=S&()g.

Kappa-symmetry in Euclidean
space is tricky. We found BPS
equation by taking square root
of E.O.M.

00000000




BPS domain wall (D5 brane)

¥ [l —consl

0 U

* DS is dual to BPS domain wall separating
different vacua in gauge theory

« it wraps minimal S° at the tip of the cone
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