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ABSTRACT: We analyze the holographic description of non-singlet baryons in various back-
grounds with reduced supersymmetries and/or confinement. We show that they exist in all
AdSs x Y5 backgrounds with Y5 an Einstein manifold bearing five form flux, for a number
of quarks 5N/8 < k < N, independently on the supersymmetries preserved. This result
still holds for ~; deformations. In the confining Maldacena-Nunez background non-singlet
baryons also exist, although in this case the interval for the number of quarks is reduced
as compared to the conformal case. We generalize these configurations to include a non-
vanishing magnetic flux such that a complementary microscopical description can be given
in terms of lower dimensional branes expanding into fuzzy baryons. This description is a
first step towards exploring the finite 't Hooft coupling region.
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1 Introduction

Baryon configurations were first suggested in the context of the AdS/CFT [1] correspon-
dence in [2, 3]. The gravitational dual of a bound state of N static external quarks in
N =4 SYM, the so-called baryon vertex, was found in terms of a D5-brane wrapping the
S® part of the spacetime geometry [2]. If the D5-brane is point-like in the AdSs space,
its Chern-Simons (CS) action is a tadpole term which can be canceled if we introduce
Chan-Paton factors for N-strings, whose endpoints at the boundary of AdS represent the
N external quarks. The classical solution corresponding to this configuration was found
in [4, 5] using a generalization of the techniques in [6, 7] for the heavy quark-antiquark
system. In this approach the influence of the F-strings has to be considered in order to
analyze the stability of the baryon vertex in the holographic AdS direction. The energy of
the system is then inversely proportional to the distance between the quarks and since the
proportionality constant is negative the configuration is stable in the AdS direction.

The description in [4, 5] suffices to deduce the basic properties of the system. However
strictly speaking it is only valid when the endpoints of the N F-strings are uniformly
distributed on the S®, so that the latter is not deformed and the probe brane approximation
holds. In this approximation all supersymmetries are broken, and this results in a non-
vanishing binding energy. In order to have some supersymmetries preserved all strings
should end on a point, and then the deformation caused by their tensions and charges
should be taken into account. Incorporating the gauge field on the brane the binding
energy becomes zero, reflecting the fact that the configuration is supersymmetric [8].

The usual baryon refers to a bound state of N-quarks which form the completely anti-
symmetric representation of SU(N). In the holographic description however it is possible
to construct a bound state of k-quarks with k& < N (figure 1). The bound state consists
of a D5 or D3-brane wrapping the internal space! located in the bulk, k strings stretched
between the brane and the boundary of AdS representing the quarks, and N — k straight
strings that go from the D5 or D3 brane deeper in the bulk to a minimum distance. The
bound on how low can the k& number go depends on a no-force condition along the AdS
direction, and a priori seems to be affected by the geometry of both the internal and the
AdS spaces. In the AdS; x S° background k should satisfy 5N/8 < k < N [4, 5]. A
stability analysis against fluctuations shows that the configurations are stable for a more
restricted number of quarks 0.813N < k < N [9]. An interesting question is what happens
to the bound when the supersymmetry is reduced or the conformal invariance is broken
and more particularly if confinement is present. A physical expectation would be that at
least the lower bound should increase. One of the motivations of this paper is to investi-
gate the bound dependence on the supersymmetry and confinement properties of the gauge
theory.

Baryon vertex configurations in AdSs x 7! [10] and AdSs x YP¢ [11-14] geome-
tries have been considered in [16] and [17], respectively. Using the full DBI description it
has been shown that they are non-supersymmetric. General properties of baryons in the
Klebanov-Strassler [18] and Maldacena-Nunez [19] models have also been discussed in [20]

LA submanifold of it in the case of the D3-brane.
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Figure 1. A baryon configuration with k-external quarks placed on a spherical shell of radius L at
the boundary of AdS space, each connected to the wrapped Dp-brane located at p = pg and N — k
straight strings ending at pmin.

(see also [21, 22]). In these confining backgrounds the baryon is also non-supersymmetric
and is significantly different than in the previous cases, with an energy linearly proportional
to its size.

In this paper we analyze the dynamics of non-singlet baryons in some of these back-
grounds in the probe brane approach. We show that stable configurations exist with
non-zero binding energy as long as the number of quarks k satisfies kpnin < kK < N. The
value of kpin = 5N/8 for all AdSs x Y5 backgrounds with Y5 an Einstein manifold bearing
five-form flux, and also for multi-3 deformed spaces [23, 24]. The analysis on the deformed
spaces basically gives the same undeformed results of N' =4 SYM. This is not unexpected
since classical properties like energy and temperature, string configurations, like the 1/4
BPS like Wilson loop, and brane configurations like particular giant gravitons remain also
non trivially undeformed [25-27]. A stability analysis confirms that the configurations are
stable for a number of quarks 0.813N < k < N, again the same interval found for the
AdSs5 x S® background [9]. These findings seem to contradict our expectations that non-
singlet states should be more constrained in theories with reduced supersymmetry. Rather,
their existence seems to be quite universal and independent on the amount of supersym-
metries preserved. We should however keep in mind that the approach taken here breaks
all the supersymmetries (see the conclusions for a further discussion on this point). The
same analysis for the A/ = 1 Maldacena-Nuniez background [19] confirms that non-singlet
holographic baryons also exist in confining theories. However broken conformal invariance
and more particularly confinement increases the minimum number of quarks.

More general baryon vertex configurations with a non-vanishing magnetic flux have
been suggested as a first step towards accessing the finite 't Hooft coupling region in the
dual CFT [28, 29]. Indeed, showing that these configurations exist for finite A is of special



interest when they are not BPS. Allowing for a non-trivial magnetic flux has the effect
of adding lower dimensional brane charges to the configuration. This in turn hints at
the existence of a microscopical description in terms of non-Abelian lower dimensional
branes expanding into the baryon vertex by means of Myers dielectric effect [30]. This
description allows to explore the configuration in the region R < n'/("=P) [, where p is
the dimensionality and n the number of expanding branes and r the dimensionality of the
resulting expanded brane, and is therefore complementary to the supergravity description
in terms of probe branes. Thus it is a first step towards exploring the finite 't Hooft
coupling region of the dual CFT from the gravity side.

The paper is organized as follows. We start in section 2 with a brief review of the
holographic description of baryon vertices and their stability under small fluctuations for
a general class of backgrounds. In section 3 we use these results to study the dynamics of
the baryon vertex in AdSs x Y5, with Y5 an Einstein manifold bearing five-form flux. We
particularize to the AdSs x YP4 and AdSs x TH! geometries, where we switch on a non-
vanishing magnetic flux suitable for the microscopical description of the %! in section 6. In
section 4 the multi-g-deformed Frolov’s background is considered. In section 5 we analyze
the Maldacena-Nuniez background, where we confirm the existence of non-singlet baryons
for a more constrained interval for k£ due to confinement. We show that in this case the
stability requirement does not reduce the allowed interval. In section 6 we perform the
microscopical analysis, in terms of D1 or D3-branes, depending on the background. We
identify the CS couplings responsible for the F-string tadpoles of the configurations. In
section 7 we summarize our results and discuss further directions. Finally, in the appendix
we collect some properties of the Y74 and T"! geometries relevant for our analysis and
address the microscopical description of the baryon vertex in the Y?¢ geometries.

2 The holographic baryon vertex construction

In this section we review the holographic description of baryons in the general class of
backgrounds presented in [9], as well as the study of their stability against small fluctua-
tions. The first part generalizes the construction in [4, 5] to non-conformal cases like the
Maldacena-Nunez background that we will discuss in section 5.

We consider diagonal metrics of Lorentzian signature of the form

ds® = Gudt® + Guo(da® + dy? + dz°) + G ppdp® + R*dM (2.1)

where x,y and z denote cyclic coordinates and p denotes the radial direction playing the
role of an energy scale in the dual gauge theory. It extends from the UV at p — oo down
to the IR at some minimum value ppin determined by the geometry.

It is convenient to introduce the functions

flp) = —GuGas, g(p) = —GuGpp, h(p) = GuaGrp s (2.2)

which for AdSs x M5 with radii R read



As we have mentioned, a non-singlet baryon is described holographically in terms of
a Dp-brane wrapping the internal manifold M, with £ fundamental strings connecting
it to the boundary at p — oo. The remaining N — k straight strings go from the Dp-
brane straight up at pmin. The binding potential energy of the baryon is then given by
e BT = ¢S where Sy is the classical action of the holographic baryon. This action
consists of three terms, the Nambu-Goto action for the strings stretching from the baryon
vertex to the boundary at p — oo, the Nambu-Goto action for the straight strings stretching

between the brane and pni, and the Dirac-Born-Infeld action for the Dp-brane

1
SFl = —271_/de0' —detP(Gaﬁ)a

Spy = =T /R » d"*1¢ \/=det P(Gap + 27Fup — Bap) ,
P

where F' is the Born-Infeld field strength.
We first fix reparametrization invariance for each string by choosing

t=r1, p=o. (2.4)

For static solutions we consider the embedding of the S?-sphere on the D3-brane in spherical
coordinates (7,6, ¢)

r=r(p), (0, ¢) = const. , (2.5)

plus Mj,-angles = const., supplemented by the boundary condition
p(L) = 0. (2.6)

Then, the Nambu-Goto action for the strings stretching from the baryon vertex to the
boundary of AdS reads

[e.9]
S=—5r [ doValo T 1), (27)

T Jpo
where 71" denotes time and the prime denotes a derivative with respect to p. From the
Euler-Lagrange equations of motion we obtain

/
7']07‘(:1 = f1/2 — r,= s (28)

1 cl
Vot frd /

where p;p is the value of p at the turning point of each string, f1 = f(p1), fo = f(po) and

~gf
F_f_fl.

The N — k strings which extend from the baryon vertex to p = punin are straight, since

(2.9)

r’ = 0 is a solution of the equations of motion (with f; = 0) and satisfies the boundary
condition at the vertex. Integrating (2.8) we can express the radius of the spherical shell as

L= \/E/Oodp\/fﬁ. (2.10)



Next we fix the reparametrization invariance for the wrapped Dp-brane by choosing
t=r1, 0, = 0o, a=1,2,...,p. (2.11)

Finally, inserting the solution for r/, into (2.7) and subtracting the divergent energy of
its constituents we can write the binding energy of the baryon as

B k{/ood ~ Ooderl_a ﬁod\f+27rE } (2.12)
27r PO Pmin a Pmin aN ! P=pP0
where
k
a= -, 0<a<l. (2.13)

The expressions for the length and the energy, (2.10) and (2.12), depend on the arbitrary
parameter p; which should be expressed in terms of the baryon vertex position pg. The
most convenient way to find this is to impose that the net force at the baryon vertex is
zero [9, 31]

—a 2m 1
+=—=——9,Ep , 2.14
a (IN\/§ P pp:po ( )

cos® = 1—fi/fo,

where © is the angle between each of the k-strings and the p-axis at the baryon vertex,

cosO =

which determines p; in terms of pp. An alternative derivation of this expression can be
found by demanding that the physical length (2.10) does not depend on the arbitrary
parameter pi, in other words

oL Opo S [ Jo [, V9f
o =0 = 3p1_2tan@v90f1/po RATE SR (2.15)

Minimizing the energy (2.12) with respect to p; and using (2.15) we find the no-force
condition (2.14). Using (2.10), (2.12) and (2.14) it is also possible to see that

dE  kVFi dL

dpo 27 dpo

(2.16)

which will be useful when we study the Maldacena-Nunez background.

As we will see in the examples to follow, (2.14) has a solution for a parametric region
of (a,pg). However, in order to isolate parametric regions of physical interest a stability
analysis of the classical solution should be performed, which further restricts the allowed
region. We know from [9] that instabilities can only emerge from longitudinal fluctuations
of the k strings, since only these possess a non-divergent zero mode, which is a sign of
instability. To study the fluctuations about the classical solution the embedding should be
perturbed according to

r=rq+0r(p), (2.17)



and the Nambu-Goto action should be expanded to quadratic order in the fluctuations. ér
is then solved from the equation

d( gf d B

This has to be supplemented with the boundary condition for the dr fluctuations, given by
equation (3.12) in [9]
e g
o(f = poor' +or (2 = h- L) =0 wtp=m  @19)
As we will see in the examples to follow these conditions further restrict the parametric
region (a, pp) for which a classical non-singlet baryon solution exists.

3 The baryon vertex in AdSs X Y5 manifolds

The holographic description of the baryon vertex in AdSs X Y5 backgrounds with Y5 an
Einstein manifold bearing five-form flux is identical, in the probe brane approximation,
to that in AdSs x S° [4, 5]. Therefore non-singlet states exist for the same number of
fundamental strings 5N/8 < k < N. Spike solutions associated to the baryon vertices in
the AdSs x YP9 and AdSs x T! geometries have been discussed in [17] and [16], where it
has been shown that they break all the supersymmetries. Therefore we are certain that the
bound states found in the probe brane approximation will not become marginal due to su-
persymmetry once the backreaction is taken into account. In these two geometries we will
switch on a magnetic flux that will dissolve D1 and D3-brane charges in the configuration.
The vertex will then be described at finite 't Hooft coupling in terms of D1-branes expand-
ing into a fuzzy S? x S? submanifold of the T1! for the Klebanov-Witten background and
D3-branes expanding into a fuzzy S? submanifold of the Y74 for the Sasaki-Einstein. The
detailed microscopical analysis of these configurations will be performed in section 6 and
the appendix respectively.

3.1 The D5-brane baryon vertex
In our conventions the AdSs x Y5 metric reads

02

2 _
dS—ﬁ

RQ
dx%:)) + dez + Rst%,) , (3.1)

with R the radius of curvature in string units,

47t Ng
R = 2. 3.2
VOI(Y5) ( )
The AdSs x Y5 flux is given by F5 = (1 4 *19)F5, where
Fs = 4 R*dVol(Ys). (3.3)



A D5-brane wrapping the whole Y5 captures the F5 flux, and it requires the addition
of N fundamental strings to cancel the tadpole

S55 = 27TT5/ P[CyNF = —27rT5/ P[F5| AN A = —N/tht, (3.4)
RXY5 ]R><Y5

where A is the Born-Infeld vector field. The DBI action is in turn given by

TN
Sps' = —T5 / dS¢ e \/~detP(G) = ———po. (3.5)
RxYs 8

3.1.1 Classical solution

Given that the energy of the D5-brane is independent of the volume of the Einstein manifold
the classical solution in the probe brane approximation is the one found in [4, 5] for AdS; x
S5, Making contact with the analysis in the previous section we now have

0

—Gttzcmzc:p—;:ﬁ.

(3.6)

The radius and the energy are then given in terms of the position of the D5-brane pg and
the turning point p; of each string, as

R%p? kpo 5—4da
L= 7z E=—|- )
3p3 2 < J+ 4a > ’ (3.7)

with Z, J the hypergeometric functions

137 rd 113t
IT=-F(=° -1 N (e 3.8
2 l<2745477‘3)7 j 2 1< 4)2745ré>a ( )

exactly as in AdSs x S°. From (2.14) we find that the no-force condition on the p-axis
yields
5 —4a k

a=—. (3.9)

_  y2\1/4 —
P1 PO(l A ) ) A Aa ) N

Given that A < 1 a baryon configuration exists for a > a~ with ac = %. Finally, the

binding energy in terms of the physical length of the baryon reads

R 4a (3.10)

2
Rk:\/l)\2<j_ 54@)2‘
Thus it has both the expected behavior with 1/L dictated by conformal invariance and
the non-analyticity of square-root branch cut type in the 't Hooft parameter [4, 6, 7, 29].
We would also like to point out that our string and brane configurations satisfy the Sasaki-
Einstein constrains in the way studied in [32-34] and therefore our solutions are in this
sense valid.



3.1.2 Stability analysis
Again as in AdS5 x S° [9] the study of the stability against longitudinal fluctuations gives

e8] 2 4
p A 337 p]
o =A dp———=5 = s=2F1| .. = 3.11
’I”(p) /p p(p4_p411)3/2 3p32 1<4>274ap4 ( )
as the solution of equation (2.18). Substituting (3.9) and (3.11) in the boundary equa-
tion (2.19) the following transcendental equation must be satisfied

337 3
FlZ2 2 212 )=—__= 3.12
2 1(4’2’4’ ) 2A(1 + A2) (3.12)

Using (3.9) and (3.12) a critical value for a is found numerically, a ~ 0.813, below which
the system becomes unstable.

The conclusion of this analysis is that in the probe brane approximation non-singlet
baryons with 0.813 < £ < N may exist for all Einstein internal manifolds bearing five-form
flux. In the next subsection we take the internal manifold to be Sasaki-Finstein and we
switch on an instantonic magnetic flux proportional to the Kihler form. The 7" and S°
cases will be treated as particular examples, taking due care of the different periodicities.
The energy of the D5-brane will depend then on both the magnetic flux and the radius
of AdS, and the same calculation above shows that non-singlet states exist as long as the
number of quarks is larger than a minimum value that depends now on the volume of the
YP4, In fact the largest minimum value is reached for the S°, contrary to our expectations
that non-singlet baryons would be more restricted in less supersymmetric backgrounds.
We review some basic facts about the geometry of Y74 manifolds suitable for this study
in the appendix.

3.2 The baryon vertex in AdS; x Y?¢ with magnetic flux
Let us take the AdSs x YP9 geometry and add a magnetic flux

F=NJ, (3.13)

with J the Kéahler form of the 4 dimensional Kéhler-Einstein submanifold of the Y4, which
solves the equations of motion. As compared to the analysis in the previous subsection the
presence of the magnetic flux will turn the parametric region for which a classical solution
exists to depend on (a, pg, N).

For a non-vanishing F as above the energy of the D5-brane wrapped on the Y4 is modified
according to

4N 2) (3.14)

ED5 = %IOO <1 + T
where we have used (A.11), and the fact that J is self-dual and the determinant inside the
square root is a perfect square.

This magnetic flux dissolves irrational D1-brane charge in the YP4, as inferred from the
coupling

1 2 219 42_321/2
SS§:(27T)2T5/ conFnr="" _ap+ Up” — 37) 2]1211/ O
2 ExYpa 8 p2(3¢% — 2p* + p(4p* — 3¢1)Y%] " Jrxsy

(3.15)



This implies that the configuration will not allow a complementary description in terms
of D1-branes expanding into a fuzzy 4 dimensional submanifold of the YP9. We will
see however that it will be possible to provide such a description in terms of D3-branes
expanding into a fuzzy 2-sphere submanifold of the Y?-4. In this case the magnetic flux that
needs to be switched on will be proportional to the Kihler form on the S?. We postpone
this discussion to the appendix.

In the T! case (see appendix A.2 for a brief discussion of the T™! geometry) our
ansatz (3.13) dissolves N2/9 D1-brane charge in the 7!, as implied by

1 N2
RxT11 RXS&)

where we have used the second condition in (A.18). But in this case N2/9 is an integer
due to Dirac quantization condition plus the first equation in (A.18). In this case a mi-
croscopical description in terms of expanding D1-branes will make sense, as we will show
explicitly in section 6.

Note that in fact for the 7! we can take a more general ansatz for the magnetic flux,
namely F = N} J; + Ns Jo, with Jp, Jo the Kéhler forms on each of the S?’s contained in
the 711, In this case the magnetic flux is dissolving N7/3 and AN3/3 D3-brane charge in
each S2, and N1A3/9 Dl-brane charge in S2 x 52, as inferred from the couplings

SS§’=27rT5/ C4AF:N1T2/ C4+N2T2/ Cy (3.17)
RxTH1 3 Rx S}, xS3 3 Rx .S}, xS3

and 1
SS?Z(QW)QTB/ CoNFNF =
2 RxT1:1

Ng\& Tl/ Cs. (3.18)
RXS&)

Therefore N1,No € 3Z, in agreement with Dirac quantization condition, as implied
from (A.18). In this case the energy of the D5 is modified according to

N 42 N2 \/ A2 N2
Eps = —po\/1 Ly /1 2,
D5 = g P\ T TR

Coming back to the general case for Y4 manifolds, F' = ANJ, with J the Kéahler form
of the 4 dimensional Kéhler-Einstein submanifold of the Y74, from (2.14) we find that the
no-force condition on the p-axis yields

(3.19)

5 — daeg
p1 = po(l — )‘zﬁ)l/4’ Acft = 476 ) (3.20)
Qeff
where aeg includes now the magnetic flux
a
Aef = ———5 - 3.21
S 1 47;%/}1/2 ( )
Given that A\eg < 1 a baryon configuration exists for
. 5  m2N?
Qeff > Q< with A< = g + TR4 . (322)

,10,



In terms of the volume of the Y9 this reads

5 N2
_ 2 D,q
Qe = 2+ o VoL Y), (3.23)

so the bound depends now on the volume of the internal manifold. The largest volume
given by the Y7 metrics occurs for the Y21, for which Vol(Y*!) ~ 0.2973. Therefore we
have that 7 = Vol(S%) > 16/27 73 = Vol(T'1) > Vol(Y*!) and a. is maximum for the
S, the maximally supersymmetric case. Note that since aeg < 1 there is also a bound on
the instanton number, namely
2
ac <1 = /]\%/4 < 43? ~ 0.0761. (3.24)

Finally, the binding energy in terms of the physical length of the baryon reads

2 ky/1— \2 _
Jop— o (j - 54%5)2. (3.25)

2nL 3 dacs

3.2.1 Stability analysis

The study of the stability against longitudinal fluctuations gives again 6r(p) as in (3.11)
where now 2F}(a, b, ¢; x) must satisfy [9]

337 3
) (N (A S — 3.26
2 1(4 274 eff) (1 + A2) (3.26)

The critical value for aog that is found numerically is again aeg =~ 0.813, below which the
system becomes unstable. This improves the above bound for the instanton number, in
comparison to the 't Hooft coupling, to

A2

Tt < 0.00291, (3.27)
that should be respected for the classical configuration not only to exist, but also to be
perturbatively stable. Thus, the stability analysis sets a low bound for a which is still less
than unity.

4 The baryon vertex in 3-deformed backgrounds

The description of the baryon vertex in these backgrounds is essentially identical to the one
performed in the previous section. Even though the Cs and Bs potentials are non-vanishing
the tadpole introduced with the brane has still charge N, so it has to be compensated with
the same number of fundamental strings attached. Moreover, the energy of the D5-brane
wrapped on the deformed S° is the same as the one wrapped on the S°. Therefore we find
the same bound for the number of quarks that can form non-singlet baryons.

We discuss the general case of multi §;-deformations [24], from which the one- param-
eter Lunin-Maldacena background [23] is obtained for all 4; equal. As we have mentioned,
in this background the baryon vertex is described in terms of a D5-brane wrapped on the

— 11 —



deformed S°, with N fundamental strings attached. In the last subsection we will switch on
a magnetic flux that on the one hand will increase the parametric space on which classical
solutions exist and on the other hand will allow a complementary description in terms of
expanding D3-branes suitable for the discussion of the finite 't Hooft coupling regime of
the dual gauge theory.

The multi-9; deformed background reads in string frame [24]

2
ds? = R? [dsidss S+ GuRdg?) + Gy ( S qusi) ] | (4.1)

e’ =G, G =145 puips + AT il + 5 uEe

By = R*G (43 pips dn A dey + A1 papes dpg A dps + 32 pzpi dps A depr)
Cy = —4R%wi A (rdgr + Fadda + A3dds)

Cy = wy +4AR*Gwi Addy Adda A dos,

where p; and ¢; parameterize a deformed five-sphere, so that we can write:

3
1 = cosa, Ho = sina cosd i3 = sinasinf, =1,
Z Z (42)
(o,0) € [0,7/2],  dw; = cosasin® asinfcosfda Adf, dwy = wags; -

For equal 4; parameters 41 = 49 = 43 = 7, 7 is related to the deformation parameter 8 of
the gauge theory through [35]:
4=RB. (4.3)

4.1 The D5-brane baryon vertex

Let us now consider a D5-brane wrapping the deformed S° in (4.1). This brane captures
the F5 — F3 A By flux of the background but still requires N fundamental strings to cancel
the tadpole

SS§:2WT5/ P[C4—Cg/\B2]/\F:—27rT5/ P[Fs —F3 ABy] AN A=

Rx S5 Rx S5
_ N / di A, (4.4)
since
Fy— F3 A\ By = WAdS; + 4R* dwi N dor Adops N\ dos (4.5)

as in the AdSs x S° case. Therefore the CS part of the action is undeformed. The DBI
action is in turn given by

SpEt = —T; /R ~d5¢e™?\/—det P(G + 21F — Bs). (4.6)

x S5

For F' = 0 the determinant of the pull-back of G — By can be written as

Al = GttGaaGgg detT’ y (47)

— 12 —



where T' is a 3 x 3 matrix of the form G, — By for the three U(1) directions. We then get
Ay = Gy R sin® avcos? aesin® 0 cos? 0 G, (4.8)

such that the DBI action remains also undeformed.

Given that the AdS part of the background remains untouched by the deformation
the contribution of the fundamental strings stretching from the D5 to the boundary of
AdS is the same as in the undeformed case. The only issue here would be that the binding
energy was modified due to the dependence of the D5-brane on the deformation parameter.
We have shown however that this dependence drops out both in the CS and DBI actions.
Therefore the size and binding energy of the baryon remain undeformed, and coincide with
those in N/ = 4. The classical solution and its stability analysis are therefore identical to
those performed in section 3. Last but not least, we should mention that for marginally-
deformed backgrounds there are cases on which the classical solution coincides with N = 4,
does not depend on the deformation parameter, but the stability analysis even for the
conformal case requires an upper value on the imaginary part of the deformation parameter
o as in the case of mesons [36].

4.1.1 Adding a magnetic flux

Finally we can switch on a magnetic flux F' = NJ, with N’ € Z/2 and J the Kéhler form
of the S? parameterized by (o, ), dissolving 2\ units of D3-brane charge in the baryon.
This will allow a microscopical description in terms of expanding D3-branes from which
the finite 't Hooft coupling region can be studied. The DBI action changes as

TN A2 N2

In the presence of a magnetic flux the minimum number of quarks forming a non-singlet
baryon is modified and there is a maximum on the magnetic flux that can be dissolved in
the baryon, in parallel with what we have found in the previous section.

5 The baryon vertex in the Maldacena-Nunez background

The Maldacena-Nunez background [19] is a solution to Type IIB supergravity dual to a
N = 1 supersymmetric confining gauge theory. It can be obtained as a solution of seven
dimensional gauged supergravity [37, 38|, uplifted to ten dimensions. Given that this
background is confining we expect that the universality of the baryon vertex configurations
found in the previous conformal examples (in the absence of a magnetic flux) is lost. This
is indeed confirmed by the analysis in this section.

5.1 The Maldacena-Nunez background

The ten-dimensional metric reads in the string frame

1 . )
ds?y, = e? {dm%,g + gsN<e%(d9% + sin? 01d¢?) + dp? + 7' = Al)2>] : (5.1)

,13,



where ¢ is the dilaton, h is a function of the radial coordinate p, the one-forms A? (i =
1,2,3) are the components of the non-abelian gauge vector field of the seven-dimensional
gauged supergravity,

Al = —a(p)dhy,  A®=a(p)sinbidey, A3 = —cosbidoy, (5.2)

and the w'’s are the right-invariant Maurer-Cartan dreibeins of SU(2), satisfying dw® =
—% Eijk wl AwF. They define a three-sphere that can be parameterized as

w' = cos 1) dhy + sin ) sin Oy dos (5.3)
w? = —sin ) dfy 4 cos ) sin Oy do
w? = dip + cos Oz depy .

The angles 0, ¢o , o« = 1,2 and 9 take values in the intervals 0; € [0, 7], ¢; € [0,27] and
Y € [0, 4x]. The functions a(p), h(p) and the dilaton ¢(p) are given by

a(p) = Sif}fzp | e2h — peoth2p — Sinﬁz 5 i, (5.4)
e = ¢ 2% % =e2%A(p), e*0 =g N . (5.5)
In particular, A(p) satisfies
e2p
A(p) ~ i when p>1 (5.6)
and
Alp) =1+ 89/02 +0(ph), when p<1. (5.7)
The solution also includes a Ramond-Ramond three-form given by
Py = QZN { —(w! = AY A (P~ A2 A (w0~ A+ Y FA (0 - Ai)} , (5.8)

where I is the field strength of the SU(2) gauge field A?, defined as F’ = dAi—f-%sijk AINAF,

5.2 The D3-brane baryon vertex

A D3-brane wrapping the 3-sphere parameterized by (02, ¢2,1) introduces a tadpole that
needs to be canceled through the addition of N fundamental strings

SS?:QWT;;/ Cg/\F:—Zﬂ'Tg/ F3/\A:—N/tht. (5.9)
Rx.S3 Rx.S3
The DBI action of this D3-brane is given by:
DBI de —¢ TN
Sps = —T3 d*¢e —det P(G) = —4—\/1\(/)0). (5.10)
RxS3 ™

— 14 —



Particularizing to this background the size of the vertex given by (2.10) we find

N ap (5.11)

PO \/ A(p)/A(p1) — 1
which is a decreasing function of pg. The binding energy of the baryon is in turn given by

=l [ v iy LA [ a0 J*w}@

Both integrals receive most of their contributions from the region p = p1 so it can be seen
that E is linearly proportional to L [20]. Also, from (2.16) we see that E' and L share the
same dependence on the position of the vertex:

dE _ kyEi dL
dpo  2m\/gsN dpo

min

(5.13)

The net-force condition is now
1—a 1 / A1
COS("‘) — u + @aﬂ ln A(p) - R COS @ = 1-— Aio . (514)
Taking into account that 9, In A(p) satisfies 9, In A(p) < 2—1/(2p)+O(1/p?) in the UV we
find that @ > a< with a~ = 3/4. Therefore the minimum value of the number of quarks is

restricted with respect to the one found in the previous conformal examples, in agreement

with our expectations.

5.2.1 Stability analysis
The study of the stability against longitudinal fluctuations gives

o0 A
5r(p) = AgN | dp—" 5.15
as the solution to equation (2.18). Substituting in the boundary equation (2.19) we find
2(A — Ay)or' + N(p)dr=0 at p=po, (5.16)
and using (5.14) we can write
-1 1
a<cos@+a )cos@Z: (5.17)
a 2
where A
/A _ )
Z= 0/ m s and Al = A[) sin“ © . (518)
From (5.17) we can now solve for a. Note that using (2.15) we find that
apo N 1
o1 52 cos© 0, lnA(p)‘p:p1 (5.19)
from where 5
Zcos®=———€[1,00). 5.20
G I A ) = 1) (5:20)

From (5.17) and (5.19) we then find @ > 1 + L7 = a > 3 + Bpolnf/\(po). Thus,

the stability analysis does not improve the bound imposed by the existence of a classical
solution, in contrast to what happened in the conformal examples previously discussed.
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5.2.2 Adding a magnetic flux

Finally, in order to compare with the microscopical analysis in section 6.3 we add a magnetic
flux to the baryon proportional to the Kéhler form on the 2-sphere parameterized by

(02, ¢2), F = NJ, with N' € 27Z. This flux dissolves N'/2 units of D1-brane charge in the
S3. The energy of the baryon is modified according to

N Am2N2
Eps = —4 /A . 5.21
D3 = - \/ (po) + 9N ( )

As in the previous cases the magnetic flux changes the minimum bound for the number of
quarks in the baryon. Moreover the flux has an upper bound.

6 The microscopical description

In the previous sections we have discussed generalizations of the baryon vertex constructions
to allow a magnetic flux dissolving lower dimensional brane charge in the configuration. By
analogy with Myers dielectric effect [30, 39] we expect that a complementary description
in terms of lower dimensional branes expanding into fuzzy baryons should then be possi-
ble. This would be the “microscopical” realization of the “macroscopical” baryons with
magnetic flux that we have just described. The interesting thing about the microscopical
description is that it allows to explore the finite 't Hooft coupling region, and this is es-
pecially relevant in those cases in which the baryons are non-supersymmetric, like those
considered in this paper, and are therefore not preserved by a BPS condition.

It is well known that the macroscopical and microscopical descriptions have comple-
mentary ranges of validity [30]. While the first is valid in the supergravity limit the second
is a good description when the mutual separation of the expanding branes is much smaller
than the string length, such that they can be taken to be coincident and therefore described
by the U(n) effective action constructed by Myers [30]. For n Dg-branes expanded into
an r-dimensional manifold of radius R, the volume per brane can be estimated as R"~%/n,
which must then be much smaller than [ ¢. Thus the condition

R<nrily, (6.1)

sets the regime of validity of the microscopical description. The macroscopical description
is in turn valid when R > 1. Therefore both descriptions are complementary for finite n,
but should agree in the large n limit, where they have a common range of validity. The
limit (6.1) is especially appealing in backgrounds with a CFT dual, like the AdS spacetimes
that we have considered in this paper. Indeed, in terms of the 't Hooft parameter of the
dual CFT the condition (6.1) reads

AL né (6.2)

The fact that A can be finite opens up the possibility of accessing the finite 't Hooft coupling
region of the dual CFT through the microscopical study of the corresponding dual brane
system.
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Dielectric branes expanding into fuzzy manifolds have been extensively studied in the
literature. From (6.2) the lower the dimensionality of the expanding branes the smaller the
't Hooft parameter can get. However for the manifolds that we have discussed in this paper
it will not always be possible to provide a description in terms of expanding D1-branes.
This is the case for the Y?¢ Sasaki-Finstein geometries, in which the natural microscopical
description would be in terms of D1-branes wrapped on the Reeb vector direction and
expanding into the remaining four dimensional Kahler-Einstein manifold. We are however
not aware of a fuzzy realization of these manifolds besides the C'P? case. Moreover, as we
have seen, the number of D1-branes in the macroscopical description is irrational, while
this should be an integer in the microscopical description. Still, we will be able to provide
a (less) microscopical description in terms of D3-branes expanding into a fuzzy 2-sphere.
For the #4; deformed backgrounds the natural thing is to dissolve D3-branes wrapped on the
(T")? through the addition of a magnetic flux proportional to the Kéhler form on the S,
as we did in section 4.1. The microscopical description will then be in terms of D3-branes
expanding into a fuzzy S2.

We start in section 6.1 with the analysis of the AdS5 x T background, for which a de-
scription in terms of D1-branes expanding into a fuzzy S? x S? manifold can be done. As we
will see this description exactly matches the macroscopical description in section 3.2. The
extension to arbitrary Y74 manifolds is more technical and it is postponed to the appendix.
In section 6.2 we discuss the 4; deformed backgrounds. We end with the Maldacena-Nunez
analysis in section 6.3, in terms of D1-branes expanding into a fuzzy S? baryon.

6.1 The AdS; x T"! background: D1-branes into fuzzy S? x S?

The DBI action describing the dynamics of n coincident D1-branes is given by [30]

Sppt = —Th / d*¢ STr{e*(ﬁ\/ |det (P[Eu + Ei(Q~' — 5)ian'kEky])detQ\} (6.3)

where £ = GG — By and ‘
Q=0+ %[Xi»Xk]Ekzj : (6.4)
™
Let us take the D1-branes wrapped on the U(1) fibre direction ¢ in (A.16) and expanding

into the fuzzy S? x S? submanifold parameterized by (6, ¢) and (w,v).
Using Cartesian coordinates for each S? we can impose the condition

Z(ﬂﬁ =1 (6.5)

at the level of matrices if the X are taken in the irreducible totally symmetric representa-
tion of order m, with dimension n = m + 1,
1

Xi= NoICE) Ji (6.6)

with J? the generators of SU(2), satisfying [J?, J7] = 2i€ijk<]k. Labeling with mq, mo the
irreps for each S? we have that the total number of expanding branes n = (mj+1)(ma+1),
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and substituting in the DBI action

SBEY = ~11 [ dP6/=GuGly Stuv/det Q 6.7)
we find
Npo (my +1)(m2 + 1) 3672my(my + 2) 367m2mg(me + 2)
Enp1 = 1+ . 1+ .
8 \/ml (m1 + 2)m2(m2 + 2) R R
(6.8)
where , ,
R R
det@Q = (1 1 I .
0= (4 g ). 9

and the (mj; + 1)(mg + 1) factor comes from computing the symmetrized trace. This

expression is exact in the limit
R2
R>1, m>1, with — = finite (6.10)
m

(see section 5.1 of [40] for the detailed discussion). Taking the large mi, mg limit we find
perfect match with the macroscopical result given by (3.19) if mq ~ N7 /3, ma ~ N3/3, in
agreement with (A.18).

6.1.1 The F-strings in the microscopical description

An essential part of the baryon vertex are the fundamental strings that stretch from the Dp-
brane to the boundary of AdSs. As we show in this section they arise from the non-Abelian
CS action.

The CS action for n coincident D1-branes is given by

Scs = /d2§ STr{P(meix) et eB2>62”F}. (6.11)
q

In this expression the dependence of the background potentials on the non-Abelian scalars
occurs through the Taylor expansion [41]

Col6, X) = Cyl6) + XF0Cy(€) + 5 X' XF00Cy(6) + .. (6.12)

and it is implicit that the pull-backs into the worldline are taken with gauge covariant
derivatives D¢ X# = 0c XH + i[A¢, X*].
The relevant CS couplings in the AdSs x T'%! background are

S8, = % d?¢ Str <iP[(in'X)C4] — %P[(ixixﬁal] A F> . (6.13)

Taking into account (6.12) and working in the gauge Ay, = 0 these couplings reduce to

1
S = [ dtsul(ixix B, (614
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where i, denotes the interior product with k* = 55} and we have integrated out v, the
spatial direction of the D1-branes. Taking into account that in Cartesian coordinates Fs,
as given by (A.20), reduces to

R4 ‘ .

iP5 = = 5o figm Fun X X"AX" A dXT A dX* A dX!, (6.15)

where the indices run from 1 to 3 for the first 2-sphere and from 4 to 6 for the second,

such that fi;, = gijm for 4,5,m = 1,...3 and ¢,5,m = 4,...,6 and zero otherwise, we
finally find

1 1
§C8, = (At Dma+ 1) /tht, (6.16)
\/ml(ml + 2)m2(m2 + 2)

again in perfect agreement with (3.4) in the large mq, mqy limit.

To finish this section we would like to point out that more general fuzzy realizations of
the T™! could in principle be considered. For instance one could think of substituting the
direct product of the two fuzzy 2-spheres by a Moyal-type of product, [X?, X7] = 16" where
i =1,...3 refers to the first 2-sphere and j = 4,...6 refers to the second. It is not clear in
any case how this would affect the description of the vertex beyond the supergravity limit.

6.2 The B-deformed backgrounds: D3-branes into fuzzy 52

In this case we start with a system of n coincident D3-branes, whose dynamics is given
by the straightforward extension of (6.3) to a four dimensional worldvolume. We take the
branes wrapped on the 3-torus and expanding into the 2-sphere in (4.1) parameterized by
(cr,0). Given that the expansion is on a fuzzy 2-sphere we take the same ansatz (6.6) as in
the previous section. Substituting in the DBI action we have

SDBI_ 1, / d*e Str [e—¢\/ — det P[E,) det Q| (6.17)
with
R4

as in the previous section for each 2-sphere.? As explained there this expression is exact
in the limit (6.10). The only difference with the calculation in the previous section comes
from the fact that det P[E,,] depends now on the transverse scalars X’, and therefore it
contributes to the symmetrized trace. In order to compute this contribution we use that

1 /2 w/2 1
Str(p pops) ~ m4—|7;/0 dasin3acosa/0 df sin 6 cos 0 = Tr;; (6.19)

as implied by equation (4.44) in [42], which is valid in the limit m > 1. We then find that

Npp m+1 w2m(m + 2)

Enps = +
Ps 81 /m(m + 2) R*

This result for the energy is more approximate than the ones found in the rest of examples,

(6.20)

where det P[E,,,| does not depend on the transverse scalars. Still, it allows to compute 1/m
corrections to the macroscopical result. Taking the large m limit we find perfect agreement
with the macroscopical result (4.9) for m ~ 2N

2The different factor comes from the different radii in the two backgrounds.
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6.2.1 The F-strings

The relevant CS couplings in the non-Abelian action for D3-branes in the 4; deformed
backgrounds are

SE5, = T3/d4§ STr(P[Cy] +iP[(ixix)Ca) AN F — P[Ca A Bo] — iP[(ixix)(C2 A B2)| A F).
(6.21)
Using (6.12) and the definition of the gauge covariant pull-backs they reduce to

Sibs = Z'T:a/alllf STr(P[(ixix)Fs] — Plixix)Fs A Ba]) Ar (6.22)
where P denotes the gauge covariant pull-back over the spatial directions. Taking the

spatial components of the gauge field to vanish and using that

1

F
> 8w

R*Geijp XFdXT A dX7 N dpy A dpa A dgs (6.23)
and !

Fy = _8?R25iijkXm AdX7 A (’Ayld(m + Yadps + "A)/gdgb;;) , (6.24)
the F5 and F3 A Bs contributions combine to give

sCs, — N ML
" vm(m+ 2)

which is again in perfect agreement with (4.4) in the large m limit.

dtA, (6.25)

6.3 The Maldacena-Nunez background: D1-branes into fuzzy S

Let us now use the action (6.3) to describe n D1-branes wrapped on the v direction and
expanding into the 2-sphere in (5.1) parameterized by (62, ¢2). The expansion is again on
a fuzzy 2-sphere, so we take the same non-commutative ansatz (6.6) as in the previous
sections. Substituting in the DBI action we have

Srll)lljslI =-T /d2€\/—GttG¢»¢, Str\/det Q (6.26)
as in (6.7), with
9sNA(po)
=14+ -———""—|I. 2
det @ < * 16m2m(m + 2) (6.27)

The regime of validity of the determinant is again fixed by (6.10). Computing the sym-
metrized trace we finally arrive at

N m+1 1672m(m + 2)
————\[AP)) + ————,
AT\ /m(m + 2) gsN

which in the large m limit is in perfect agreement with the macroscopical result (5.21) for

m ~ N /2.

Enp1 = (6.28)
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6.3.1 The F-strings

The relevant CS couplings are in this case
S5, =T / Str (P[Ca] + iP[(ixix)Ca] A F) (6.29)
which can be rewritten as

S,%gl = Qi/dtSTr[(’ixix)ikFg]At (630)

where i3 denotes the interior product with k# = 55 and we have integrated over the v
direction. Using that

N . .
Fy = — e XX A dXT A dy (6.31)

we get
cs m 4+ 1

Snbi = = vm(m+ 2)

in perfect agreement with (5.9) in the large m limit.

dtA, (6.32)

The analysis performed in this section shows that the right description for the baryon
vertex (with magnetic flux) at finite 't Hooft coupling is in terms of D1- or D3-branes
expanding into a S x (S? x 52)fuzzy D5-brane, S?uzzy x T3 D5-brane or St x S?uzzy D3-
brane. As we have shown these branes introduce tadpoles that need to be cancelled with
the addition of fundamental strings. A full description of the D5, or D3, plus F1 system
valid at finite 't Hooft coupling would require however the construction of fuzzy spikes, so
that the o corrections coming from the F-strings would also be taken into account. See

the conclusions for a further discussion on this point.

7 Conclusions

In this paper we have discussed non-singlet baryon vertices in various Type IIB backgrounds
in order to investigate the dependence of the bound imposed on the number of quarks by
the existence and stability of the classical solution, on the supersymmetry and confinement
properties of the dual gauge theory.

Using the probe brane approximation [4, 5, 20] we have shown that this bound is the
same for all AdS; x Y5 backgrounds with Y5 an Einstein manifold bearing five form flux,
independently on the number of supersymmetries preserved. The same result holds true
for B-deformed and even non-supersymmetric multi-8 deformed backgrounds, pointing at
a universal behavior based on conformality. The same analysis in a confining background,
the Maldacena-Nunez model, shows that universality is lost when confinement is present.
In this case although non-singlet baryons still exist, the bound imposed on them is more
restrictive, in agreement with our expectations that non-singlet baryons should be more
constrained in more realistic gauge theories. It would be interesting to confirm this result
in other confining backgrounds, such as the Klebanov-Strassler [18] or the Sakai-Sugimoto
models [43].
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Although the probe brane analysis has proved to be enough in order to deduce the basic
properties of this type of systems (see for instance [4-7, 20]), the fact that all supersymme-
tries are broken in this approach could imply that it may not be sensitive enough to account
for the supersymmetries preserved by the different backgrounds. However previous results
in the literature on baryon vertices in AdSs x 71!, AdS5 x Y and the Klebanov-Strassler
and Maldacena-Nutiez backgrounds reveal that even when all fundamental strings are taken
to end on the same point of the wrapped D-brane supersymmetry is broken. Therefore
significant changes to the probe brane results should not be expected. At any event, the
different behaviors based on conformality should represent valid predictions.

We also note that we would expect the baryon analysis in S-deformed Sasaki-Einstein
manifolds to provide similar results to the undeformed case. Our string and brane con-
figurations do not seem to depend strongly on the deformation in the way encountered
in [44, 45], where important modifications due to the deformation appeared only in the 73
fibration description.

Using the fact that we can consistently add lower dimensional brane charges we have
provided an alternative description of the baryons in terms of lower dimensional branes
expanding into fuzzy baryon vertices. This description represents a first step towards
the analysis of holographic baryons at finite 't Hooft coupling. In this description the
expansion is caused by a purely gravitational dielectric effect, while the Chern-Simons
terms only indicate the need to introduce the number of fundamental strings required to
cancel the tadpole.

In order to be able to conclude that non-singlet baryons exist at finite 't Hooft coupling
we should take into account not only the o’ corrections coming from the microscopical
analysis of the brane but also the o corrections to the F-string Nambu-Goto action and
the background. This is therefore a difficult program, which we have only begun to explore.
An interesting next step in this direction would be to use the microscopical analysis to build
up spike solutions in these backgrounds. We expect to report progress in this direction in
the near future.

Acknowledgments

We would like to thank A. Chatzistavrakidis, N. Obers, A.V. Ramallo, D. Rodriguez-
Gomez and K. Sfetsos for useful discussions. D. Giataganas is supported by a Claude
Leon postdoctoral fellowship and also participates in PEVE 2010 NTUA program. The
work of Y. Lozano and M. Picos has been partially supported by the research grants
MICINN-09-FPA2009-07122, MEC-DGI-CSD2007-00042 and COF10-03. K. Siampos has
been supported by the ITN programme PITN-GA-2009-237920, the ERC Advanced Grant
226371, the IFCPAR CEFIPRA programme 4104-2 and the ANR programme blanc NT09-
573739. Y. Lozano would also like to thank the Newton Institute and K. Siampos the
University of Patras and the Theory Unit at CERN, for hospitality while part of this work
was done. D. Giataganas would like to thank the Bethe Center for Theoretical Physics and
Physikalisches Institut, University of Bonn, and the Centre de Physique Théorique, Ecole
Polytechnique for hospitality during the final stage of this work.

— 922 —



A The AdSs; x YP9 background

In this appendix we collect some properties of Y manifolds useful for the description
of the baryon vertex in the AdSs x YP4 background. The Klebanov-Witten background

3 We also provide the detailed microscopical

is described thereof as a particular case.
description of the baryon vertex in AdSs x YP? in terms of D3-branes expanding into a

fuzzy 2-sphere.

A.1 Some properties of the AdSs x YP? geometry

In our conventions the AdSs x YP7 metric reads

”

ds® = R? (clsids5 + ds%p,q) = R

RQ
dat 5+ ?dpz + R%ds%p. (A1)

with R the radius of curvature in string units,

47 Ng
Rf= —— 7. A2
Vol(YP:9) (4.2)

For the Y79 we use the canonical form of the metric [11], given by:

1—cy
6

2
w(;)yq(y) + %W(y)qw)(dﬁ + ccos fdg)?

—|—%[dw + cos Bd¢ + y(dB + ccos0dg))* =
= P+ P+ @+ (P + (P, (A3)

dsype = (d6? + sin? 0d¢?) +

where the flinfbeins read

1—cy 1—-cy

e = do, e? = sinfde,
6 6
1
ey = ———dy, e = M(dﬂ + ccosfdo),
w(y)a(y) 6
1
e¥ = 3 (de) + cos0de + y(dB + ccos6dg)) , (A.4)
with ( 2) ) 5
2(a—y a— 3y* + 2cy
_ - 7 7T A5
w(y) ey a(y) PR R (A.5)
and the metric is normalized such that R,3 = 4G,3. The ranges of the coordinates

(0,0,9) are 0 < § <7, 0 < ¢ <27 and 0 < ¢ < 27. The parameter a is restricted to
0 < a < 1. By choosing this range the following conditions for y are satisfied: 3> < a,
w(y) > 0 and ¢(y) = 0. The coordinate y then ranges between the two smaller roots of the
cubic equation ¢(y) =0, y1 <y < yo. For ¢ # 0, y can always be rescaled such that ¢ =1
and the parameter a can be written in terms of two coprime integers p and ¢ as:

1 p*—3¢° 2 2
a:fprg\/élp —3¢2. (A.6)

2

3With the well-known subtleties regarding the periodicities.
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In this case

1 1
yi=—2p—3¢— V4> —3¢°) <0, y=——(2p+3¢—VAp? —3¢%) >0. (A7)

4p 4p

Finally, 8 ranges between —27 (6] + ¢) < 8 < 0, where

l (A.8)

_ q
3¢% — 2p% + p\/4p? — 3¢*

Note that § needs not be periodic in general. The volume of the Y7 can be written in
terms of p, q as

2 412 — 302)]73
Vol(yray = 42+ v 31; 3¢ (A.9)
The canonical metric (A.3) takes the standard form
1 2
dstpq = dsiy, + <3d¢ + a> , (A.10)

where the Killing vector k* = 51‘2 is the Reeb vector and ds%4 is a local Kéahler-Einstein
metric with Kéhler form

1 1- 1
J = 5do = Y sinfdf Adg + dy A (dB + ccos 0dg) (A.11)
satisfying
3Vol(YP4
/ g = Vel (A.12)
My ™

This local property of the metric will be useful in order to induce an instantonic magnetic
flux proportional to the Kéahler form.
Finally, the AdSs x YP4 flux reads F5 = (1 + x19)F5, where

Fs = 4 R* dVol(YP7) (A.13)
and

1
dVol(YP9) = e Ne? AeV AeP Ne? = Tog (L~ cy)sin0do Adg Ady NdB Adp (A.14)

F’ is then such that

1
—_— Fs=N. Al
(27‘(‘)495 /Yp,q b ( 5)

A.2 The AdSs; x T"! case

As shown in [11] when ¢ = 0 the metric (A.3) reduces to the local form of the standard
homogeneous metric on 75!, Indeed, setting ¢ = 0 in (A.3), rescaling to set a = 3 and
introducing the coordinates cosw = y, v = — [ one gets

1 1 1
dsii, = §[d¢ — cos Bd¢ — cos wdv]* + 6(cze2 + sin? 0d¢?) + é(doﬂ +sinwdr?),  (A.16)
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which is the metric of the 7! in adapted coordinates to its realization as a U(1) bundle
over S? x S? [46], normalized such that R,3 = 4 Gap. Note however that although it is
possible to take the period of v equal to 27 the period of v is fixed to 27, so the manifold
that is being described in the ¢ = 0 case is the T%!/Zy orbifold. Still, we can study the
baryon vertex in T%! as a particular case of YP4 geometry if we account for the right
periodicity of 1) when relevant.

The Kihler form in the 7! reads

1
J = g(sin 0do N dp + sinw dw A dv) (A.17)
and some properties used in the main text are
2 3Vol(TH!
J=""T, Jag = VelT) (A.18)
92 3 T1,1 2
where the volume of the 71! is given by
1673
Vol(TH!) = ——. A19
T = = (4.19)
Finally, the 5-form field strength is F5 = (1 + *19)F5, where
R4
Fs = 4R*dVol(TH) = o7 SmOsinwdd A dw A dy A dg A dv (A.20)
and satisfies: .
—_— Fs=N. A21
(2m)%gs /Tl’l b ( )

A.3 The baryon vertex in AdS; x YP? with a magnetic flux proportional to
the Kihler form of the 52

The microscopical description of the baryon vertex in AdSs x YP¢ in terms of D3-branes
expanding into a fuzzy 2-sphere is complementary to a macroscopical D5-brane wrapped
on the Y74 with a magnetic flux proportional to the Kéhler form on the S2. This magnetic
flux dissolves D3-brane charge, with the D3’s spanned on the (y, 8,) directions.

The DBI action for the D5-brane in the Sasaki-Einstein background (A.3) reads

BB _, / ¢ e/~ det P(Garw + 27Farn) (A.22)
RxYPa

where M = (u;i) = (t,a;1), a = (y,5,v), i = (0,¢). Turning on a magnetic flux pro-
portional to the Kéhler form on the S? parameterized by 6 and ¢ in (A.3) it is easy to
prove that

det P(Gpn + 21 Fyn) = Gl J (A.23)
with I =det[(G+27F);],  J = det[Gap — Goi(G + 20F) 1G] .

The determinant I can be easily computed, with the result

I= G99G¢,¢(1 + (QTFN)QEQ) = G99G¢¢I, €

ok (A.24)
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For the computation of J we note that G®*Gp; = —0ay0ip cos . The result reads

e Oty cos? 6
G¢¢(1 + (27TN)2€2)

J = (det[Gap))® det |G — = det[Gop) T . (A.25)

Plugging these expressions in the DBI action we finally find

Y2 dy(1 — dfsin 0T T
EDS - N £0o Y1 y fO

, (A.26)
167 yy12 dy(1 —vy)

A.4 The microscopical construction

In this appendix we show that the baryon vertex with magnetic flux that we have just
discussed can be described at finite 't Hooft coupling in terms of D3-branes expanding into
a fuzzy 2-sphere. The geometry of the fuzzy D5-brane is then given by the twisted product
of the 3 dimensional manifold spanned by the (y, 3,%) directions and a fuzzy 2-sphere.
The DBI action describing the dynamics of n coincident D3-branes spanned on the
(y,8,%) directions and expanding onto the fuzzy S? parameterized by 6 and ¢ in (A.3) is

given by (I =1,2,3)
SBE = -1y [ dtesulety/-Gul ], (A27)

I=detQ';, J=detP[Gop+Gar(Q ' —0)""Gp). (A.28)

where

The determinant of Q! ; can be computed in a similar way as in the previous cases, and
the result reads

A
ﬂ €[KL XLGKJ R A(m) = (A.29)
27

IR 2
= (0 (35))

Next, we consider the determinant J and we note that

Qly=46,-

A A .
Qly =38l — 2 TN X Gy = GIK<G K- ;W)SKJLXL) — Q=G'Q. (A30)

Thus, we have to compute the inverse of @, which in the macroscopical limit (m > 1)

reads

. ~ 1

Qry=Gry+evt = QW= T2 (GU—i-vIUJ—EUKvK), (A.31)

A A 201 )2 R4
I (m) 1 2 I,.J m\ (1 —y)
! 2r ! 1 < 27 ) 36 ’

where the indices are raised using G'7. Next, we compute (Q~ — §)~// which reads

_ _ _ 1

(Q 1_5) IIJE(Q 1_ ) GKJ ﬁ( 2GIJ—|—U U €IJKUK). (A32)
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So, using the last equation and G®Gy,; = —0ay0ip cos O we find

5a1/} (5bw COS2 0

T 2 ab
= (det|G det |G’ — —"F———
d ( ¢ [ ab]) ¢ |: G¢¢(1 + U72)

] = det[Gop) T (A.33)

Putting all these ingredients together in (A.27) and using eq. (4.44) of [42]; so to find the
leading behavior for m > 1, we find

SDBI _ _7y / dest[e ) -Gul]] ~ - 2( m+ ! /S as? / aiefe —GttIJ}
_ \/% dS¢ [ \/—GttIJ} —

EDDBI m+1  po yz”f dy(1 — fo do 51n9\/I7
" m(m + 2) 167 yyf dy(1 —y) ’

(A.34)

which in the large m limit reproduces the macroscopical result and like as the 71! case it
is given by (A.26) with m = N/3, for which (Z,7) < (Z, ).

A.4.1 The F-strings

The CS action describing the dynamics of the n coincident D3-branes takes the form

SC8, = Tg/Str(P[C’4] +iP[(ixix)Ca] N F) = —iTg/Str(P[(iXiX)F5]) ANAy (A.35)

Fx reads, in Cartesian coordinates for the S?

5 _ R k
Fyspis = 57 (1 —y)eijrX (A.36)

Substituting in the action we find that

1
4Cs m +

nbs = \/Tw

which exactly matches the macroscopical result (3.4) in the large m limit.

(A.37)
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