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1 Introduction

In the last two years important progress has been made towards understanding three dimen-

sional superconformal field theories and their relation to the AdS4/CFT3 correspondence.

Elaborating on the pioneering work of [1, 2], Aharony, Bergman, Jafferis and Maldacena

(henceforth ABJM) proposed a theory conjectured to describe M2 branes probing a C
4/Zk

singularity, where the orbifold acts with weights (1, 1,−1,−1) [3]. The near horizon geom-

etry is then AdS4 × S7/Zk. The ABJM theory is an N = 6 quiver Chern-Simons-matter

theory with gauge group U(N)k×U(N)−k and marginal superpotential. The high degree of

SUSY requires the superpotential coupling to be related to the CS level k. Since the latter

renormalizes trivially, the ABJM theory is expected to be exactly conformal. Being the

superpotential coupling proportional to k−2, an appropriate large k limit N1/5 ≪ k ≪ N

allows for a weak coupling regime. In turn, in the gravity dual, the appropriate description

is in terms of Type IIA string theory on AdS4 × P
3, with various RR fluxes [3].

As standard in the AdS/CFT correspondence, the chiral ring of the field theory is to be

identified with the KK harmonics of the dual geometry. While these operators have scaling

dimensions of order one, there are in addition chiral operators whose scaling dimension is of

order N . Typically they correspond to non-perturbative states in the gravity side realized

as branes wrapping calibrated cycles. In the context of the more familiar AdS5/CFT4
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correspondence, a canonical example is the di-baryon [4, 5], which corresponds to a wrapped

D3-brane. This brane looks like a particle in AdS5, and therefore, from its mass in global

AdS, one can read off its anomalous dimension. Yet another example of such class of

operators still in AdS5/CFT4 is the baryon vertex [6]. It corresponds to a D5-brane

wrapping the whole internal space. Since it captures the N units of 5-form flux, it requires

N fundamental strings ending on it. These strings can be thought of as external quarks

(or Wilson lines in the fundamental representation) and this naturally suggests to identify

this wrapped D5-brane with the ǫ tensor of the SU(N) gauge group of the field theory.

The AdS4/CFT3 case is less understood in general. Concentrating on the ABJM case,

various particle-like branes of the N = 6 AdS4 × P
3 background were already discussed

in [3]. The P
3 space has Hq(P3) = R for even q ≤ 6. Thus, it is possible to have D0, D2,

D4 and D6 branes wrapping a topologically non-trivial cycle [3, 7]. While the D2 and D6

branes capture RR flux and develop worldvolume tadpoles, the D0 and D4 branes do not,

and therefore should correspond to gauge-invariant operators. A subtle issue affecting these

configurations was raised in [8]. Since the D4-branes wrap a non-spin manifold, they carry a

half-integer worldvolume magnetic flux due to the Freed-Witten anomaly [9]. On the other

hand, matching with the natural interpretation in field theory of such objects as di-baryon-

like operators requires to switch a flat half-integer background B-field.1 More generally,

these wrapped branes act as sources to vector fields in AdS4 arising from the reduction

of RR potentials on topologically non-trivial cycles. In turn, vector fields in AdS4 admit

quantization with either of the two possible fall-offs at the boundary [10], which amount to

either a dynamical boundary gauge field or to a global current (discussions in this context

have appeared recently in [11–14]). Since a definite quantization must be chosen, it follows

that either magnetic or electric sources are forbidden for the corresponding bulk field [10].

This might shed some light on the role of the B-field. Indeed, coming back to the D4-

branes, the quantization allowing for the D4-branes to exist should correspond to that

where the U(1)’s are non-dynamical. Under that assumption, a determinant-like di-baryon

dual operator would be gauge invariant by itself and it would have the right dimension to

agree with the gravity result. On the other hand, the quantization dual to dynamical U(1)’s

would forbid the D4-branes, which might suggest that no B-field is needed. However, a

full understanding of this very important point is, at present, still lacking.

Similar comments should hold for the remaining wrapped branes. It has been argued

that the D0-brane corresponds to a di-monopole operator in the CFT side. The D6-brane,

very much like the baryon vertex in AdS5, requires N fundamental strings ending on it. Its

dual operator should then naturally involve the ǫ tensor of the gauge theory. On the other

hand, the D2-brane wrapped on the P
1 ⊂ P

3 develops a tadpole that has to be cancelled

with k fundamental strings. The dual operator is a monopole ’t Hooft operator, realized

as a Symk product of Wilson lines [3]. As mentioned above, as of today, there is no fully

satisfactory understanding of the role of these branes and their dual operators.

The gravitational configurations described above admit a natural generalization by

1The original argument supporting this B-field in [8] concerns a detailed analysis of the supergravity

charges, while the analysis of the D4 worldvolume dynamics arises as a consistency check. For more details

we refer to the original paper.
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allowing non-trivial worldvolume gauge fluxes. It is the aim of this paper to generalize

the spectroscopy of wrapped branes by adding such non-trivial worldvolume gauge fields.

To that matter, we will assume that suitable boundary conditions are chosen in each

case such that the discussed branes are possible. These generalized configurations are of

potential interest for some AdS/CMT applications (see for instance [15, 16]), for example

as candidates for holographic anyons in ABJM, as discussed recently in [17, 18].

Allowing for a non-trivial worldvolume gauge field has the effect of adding lower di-

mensional brane charges. This modifies how the branes capture the background fluxes in a

way that depends on the induced charges, such that, in some cases, additional fundamental

strings will be required to cancel the worldvolume tadpoles. From that point of view, the

generalized configurations are similar to holographic Wilson loops. We will see that the

D2 and D6-branes do not differ much from the zero charge case, although they are stable

only if the induced charges lie below some upper bound. This situation is familiar from

the baryon vertex with magnetic flux in AdS5 × S5, studied in [19]. In these cases the

energy of the bound state increases with the charge that is being induced. However adding

charges allows to construct more general baryon vertex configurations. We will see that

for the D6-brane the number of quarks that forms the bound state can be increased in

this manner. From this point of view adding flux provides an alternative mechanism to

that proposed in [20] for modifying the number of quarks. In turn, the D4-brane with flux

behaves quite differently from the fluxless case, since it will require fundamental strings

ending on it as opposed to the vanishing worldvolume flux case. As we will see, the study

of its dynamics reveals that the whole configuration is stable if the magnetic flux lies within

a given interval, being maximally stable for an intermediate value, and reducing to free

quarks at the boundaries.

The paper is organized as follows. In section 2 we generalize the particle-like brane

configurations studied in [3] to include a non-vanishing magnetic flux proportional to the

Kähler form of the P
3. This magnetic flux induces lower dimensional charges in the brane

worldvolume and, in some cases, modifies the charge of the tadpole. In section 3 we study

the dynamics of these configurations and show that there exist some bounds on the number

of branes that can be dissolved in the worldvolumes. In section 4 we show how the previous

configurations are modified in the presence of a non-zero Romans mass. Finally in section

5 we present our conclusions, where we try to relate the existence of the bounds for the

magnetic flux to the stringy exclusion principle of [21].

2 Particle-like branes in AdS4 × P3 with magnetic flux

In this section we generalize the particle-like brane configurations in [3] to include a non-

vanishing magnetic flux. We analyze the various brane charges that are dissolved as well

as the charges of the different tadpoles induced. Following [8], an important observation is

that the dual gravity background might actually involve a non-vanishing but flat B2 field.

It is possible to argue for such a shift by noting that the D4-brane with minimal flux (it

will turn out essential for the argument that this minimal flux has to be half-integer due
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to the Freed-Witten anomaly [9]) should be dual to a di-baryon. In order to review this

argument, we will consider first the D4-brane case before turning to the D2 and D6 cases.

Let us first start with a lightning review of the AdS4 ×P
3 background while collecting

some useful formulae.

2.1 The background

In our conventions the AdS4 × P
3 metric reads

ds2 =
4 ρ2

L2
dx2

1,2 + L2 dρ
2

4 ρ2
+ L2ds2

P3

= L2
(1

4
ds2AdS4

+ ds2
P3

)

, (2.1)

with L the radius of curvature in string units,

L =
(32π2N

k

)1/4
(2.2)

This is a good description of the gravity dual to the U(N)k ×U(N)−k CS-matter theory [3]

when N1/5 ≪ k ≪ N .

It is well-known that for P
3 one has Hq(P3) = R for even q. Indeed, parameterizing

the P
3 as (e.g. [22])

ds2
P3 = dµ2 + sin2 µ

[

dα2 +
1

4
sin2 α

(

cos2 α (dψ − cos θ dφ)2 + dθ2 + sin2 θ dφ2
)

+
1

4
cos2 µ

(

dχ+ sin2 α (dψ − cos θ dφ)
)2
]

(2.3)

where

0 ≥ µ, α ≥ π

2
, 0 ≥ θ ≥ π , 0 ≥ φ ≥ 2π , 0 ≥ ψ, χ ≥ 4π , (2.4)

there is a P
2 at fixed θ, φ, and a P

1 at µ = α = π/2 and fixed χ, ψ.

The Kähler form

J =
1

2
dA , (2.5)

where A is the connection in ds2S7 = (dτ + A)2 + ds2
P3, which in our coordinates reads:

A =
1

2
sin2 µ

(

dχ+ sin2 α
(

dψ − cos θ dφ)
)

, (2.6)

satisfies ∫

P1

J = π ,

∫

P2

J ∧ J = π2 ,

∫

P3

J ∧ J ∧ J = π3 . (2.7)

Therefore,
1

6
J ∧ J ∧ J = dVol(P3) with Vol(P3) =

π3

6
. (2.8)

The AdS4 × P
3 background fluxes can then be written as

F2 =
2L

gs
J , F4 =

6

gs L
dVol(AdS4) , F6 =

6L5

gs
dVol(P3) (2.9)
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where

gs =
L

k
, L4k = 32π2N . (2.10)

The flux integrals read
∫

P3

F6 = 32π5N ,

∫

P1

F2 = 2π k . (2.11)

2.2 The di-baryon vertex

Consider a D4-brane wrapping the P
2 in P

3. This brane lives at fixed θ and φ, and since it

does not capture any background fluxes it does not require any fundamental strings ending

on it.

Since the D4-brane wraps a P
2, which is not a spin manifold, it should carry a

half-integer worldvolume gauge field flux through the P
1 ⊂ P

2, due to the Freed-Witten

anomaly [9]. Given that the gauge-invariant quantity in the worldvolume is F = B2 +

2πα′ F , this half-integer worldvolume flux can be cancelled through a shift of B2. This

motivated [8] to include a flat B2-field in the dual IIA background:

B2 = −2π J (2.12)

which should be considered in addition to the fluxes discussed in the previous section.

We can now consider a more general configuration where we add extra worldvolume flux

F = N J on top of the FFW = J required to cancel the Freed-Witten anomaly, such that the

total worldvolume flux is FT = (N + 1)J with even-integer quantization (that is, N ∈ 2Z

being N = 0 the minimal case). As noted above, the quantity appearing in the brane world-

volume action is the combination F = B2+2π FT . Putting together the various definitions,

we have F = 2π F , that is, the B2 shift and the extra half unit of worldvolume flux cancel

each other and we can effectively work as if we had no background B2-field and F = N J .

The DBI action is then given by:

SDBI = −T4

gs

∫

d5ξ
√

−det(g + 2πF ) = −T4

gs

∫

d5ξ
√

|gtt|
√
gP2

(

L4 + 2(2π)2FαβF
αβ
)

= −π
2 T4

2 gs

(

L4 + (2πN )2
)

∫

dt
2 ρ

L
. (2.13)

Therefore, for non-vanishing magnetic flux the mass of the D4-brane satisfies

mD4L = N + kN 2/8 (2.14)

From here we can see explicitly that in the minimal flux case, N = 0, the background B2

cancels the half-integer worldvolume flux induced by the Freed-Witten anomaly, such that

mD4 L = N ; thus naturally admitting an interpretation as a di-baryon.

The D4-brane with magnetic flux captures the F2 background flux through the coupling

SCS =
1

2
(2π)2 T4

∫

R×P2

P [F2] ∧ F ∧A = 2 (2π)2T4 kN
∫

R×P2

J ∧ J ∧A

= k
N
2
TF1

∫

dtAt (2.15)
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Therefore kN/2 fundamental strings are required to end on it in order to cancel the

tadpole. Note that, due to the quantization condition for N , this quantity is an integer

number. Moreover, the magnetic flux also dissolves D2 charge through the coupling:

SCS = 2π T4

∫

R×P2

C3 ∧ F =
N
2
T2

∫

C3 (2.16)

Thus, the number of fundamental strings is k times the number of dissolved D2 branes. In

fact, as we will see in the next subsection, a single D2-brane requires k fundamental strings

ending on it. Thus, from this perspective, the fundamental strings ending on the D4 are

cancelling the tadpole due to the dissolved D2-branes.

We will see in the next section that the D4-brane with the kN/2 attached F-strings is

stable if the magnetic flux lies in an interval, reducing to kN/2 radial fundamental strings

stretching from the D4-brane to infinity, i.e. to free quarks, at both ends of the interval.

Given that F is proportional to the Kähler form on the P
2 it satisfies that

∫

P2 F ∧
F = N 2π2. Therefore, it also induces D0-brane charge in the configuration, through the

coupling:

SCS =
1

2
(2π)2 T4

∫

R×P2

C1 ∧ F ∧ F =
N 2

8
T0

∫

R

C1 . (2.17)

However, as noted in [8], there are relevant higher curvature corrections [23]

∆S ∼
∫

C ∧ eF ∧
√

Â(T )

Â(N)
, (2.18)

where Â is the A-roof genus

Â = 1 − p̂1

24
+

7 p̂2
1 − 4 p̂2

5760
+ · · · (2.19)

and the Pontryagin classes are written in terms of the curvature of the corresponding

bundle as

p̂1 = − 1

8π2
TrR2 p̂2 =

1

256π4

(

(TrR2)2 − 2TrR4
)

(2.20)

The relevant term in (2.18) is then

∆S = (2π)4 T4

∫

C1 ∧
1

48
(p̂1(N) − p̂1(T )) = − 1

24
T0

∫

C1 (2.21)

Thus, the total D0 charge is
(N 2

8
− 1

24

)

T0

∫

C1 (2.22)

This equation shows that the D4-brane contains dissolved D0-brane charge even for

the minimal flux allowed. Note that the term kN 2/8 in (2.14) can be identified with (L

times) the mass of the extra N 2/8 D0-branes dissolved in the worldvolume due to the non-

vanishing magnetic flux. Therefore, (2.14) can be interpreted as the energy of a threshold

BPS intersection of N 2/8 D0-branes and a D4-brane. We should note however that if

we want to study the dynamics of the D4-brane with fundamental strings attached in the

– 6 –
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probe brane approximation, we need to take the strings distributed uniformly on the D4.

Therefore, the Killing spinors preserved by each one of the F1 strings will be different

and all supersymmetries will be broken. Nevertheless, since both the wrapped cycle and

the worldvolume flux are topologically non-trivial, we expect the system to be at least

perturbatively stable.

By making all the F1 strings end in the same point, such that they preserve the same

Killing spinor, we expect that a SUSY generalization in terms of a spike can be found.

The problem of finding D4-brane spiky solutions in AdS4 ×P
3 has been addressed recently

in [18], although in the ansatz taken there the deformation of the D4-brane due to the

electric field is not taken into account. It would be interesting to check if spiky solutions

exist for both non-vanishing electric and magnetic fields.

2.2.1 On boundary conditions and dual operators

Given the topology of P
3 it is possible to consider the KK reduction of the 5-form and 7-form

respectively on P
2 and P

3 giving rise to vectors in AdS4. As discussed in [10] and further

elaborated in a similar context in [11–14], the two fall-offs are possible in AdS4.
2 Choosing

one or the other amounts to the dual U(1) symmetry being gauged or not. In turn, from

the bulk perspective, this is seen as electric-magnetic duality (the so-called T -operation).

It is possible to define a S-operation such that their combined action forms an SL(2,Z)

algebra, which then connects different boundary CFT’s. The action of such algebra is far

from being understood. However, one particular implication would be that depending on

the boundary conditions that are chosen the allowed sources are either the magnetic or

the electric ones. From this point of view, one might argue that the quantization dual

to dynamical boundary gauge fields forbids D4, D6 (which are electrically charged under

the 5-form and the 7-form respectively), which from the field theory point of view would

stand for the non-gauge invariance of the operators detA and ǫ. On the other hand, the

boundary conditions allowing for the D6, D4 would be dual to a certain SU(N) version of

the theory, in which the B field would presumably play an important role. Nonetheless, at

this point this is no more than a speculation. In particular, the role of the higher curvature

couplings, naively coupling the D4 to the 1-form potential (2.22) and thus endowing it with

magnetic charge at the same time, remains to be clarified. It should be pointed out that

recently a detailed analysis of the field theory has been performed in [24]. Careful analysis

of the quantization condition of the U(1) gauge fields suggests that the moduli space of

the U(N) × U(N) gauge theory is a Zk cover of the a priori expected SymN C
4/Zk, thus

allowing for determinant-like operators to be gauge invariant [24] (see also [25]). These

operators are naturally dual to the wrapped D4, which suggests that the B field is turned

on. It would be very interesting to clarify the role of the B field in this context, and figure

out whether a connection to the possibility raised above, namely the subtle role of the

quantization of abelian fields in AdS, is possible. Further studies of these issues are well

beyond the scope of this paper, and are postponed for further work.

2It must be noted that, from an 11d perspective, the U(1) fields discussed here are not related to a

topological symmetry as in [13, 14], which makes them more subtle.
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In this paper we will simply assume that suitable boundary conditions are chosen

allowing for the corresponding wrapped objects, and, as we have done for the D4-brane, we

will include the effect of the (flat) B-field.3 The D4-brane with zero flux would be identified

with the di-baryon operator detA = ǫi1...iN ǫ
j1...jNAi1

j1
. . . AiN

jN
in the CFT side, being A one

of the bifundamentals in the field theory. It is also natural to ask what could be the dual of

the D4-brane with non-minimal flux. Since once the worldvolume flux is turned on extra F1

strings are required, we should expect such dual operator to involve nf = kN
2 Wilson lines

in the fundamental representation of U(N)×U(N). Indeed, the configuration is reminiscent

of the D5 Wilson loop in AdS5 × S5 [26], which suggests that these fundamental indices

should be antisymmetrized. We will see in the next section that dynamically a bound

nmax
f ∼

√
N k ∼ λ−

1

2 N , where λ = N/k is the ’t Hooft coupling, in the number of such

fundamental indices appears, which is consistent with the antisymmetrization assumption.

It would be interesting to elaborate further on this proposal, and in particular to understand

the dependence on the ’t Hooft coupling. We postpone such analysis for further work.

2.3 The ’t Hooft monopole

Let us now consider the D2-brane wrapping the P1 in P3, identified in [3] with a (’t Hooft)

monopole operator [27–29].

Since this brane captures the F2 flux it requires fundamental strings in order to cancel

the worldvolume tadpole. Substituting (2.11) in the CS coupling

SCS = 2π T2

∫

R×P1

P [F2] ∧A = k TF1

∫

dtAt (2.23)

we find that the number of fundamental strings must be q = k. Note in particular that

this is the anticipated result from the di-baryon case, where the tadpole of a single D2 was

expected to be k.

We are now interested in adding worldvolume flux to this configuration. According to

the observation in the previous section, there is a background B2 field given by (2.12) [8]. It

is then convenient to split the worldvolume flux as in the previous section FT = F +J , with

F = NJ . (2.24)

We should stress that the D2-brane, wrapping a spin manifold, does not capture the Freed

Witten anomaly, and as such, the quantization condition for FT [30] is

1

2π

∫

FT =
1

2
(N + 1) ∈ Z (2.25)

Therefore, the case with minimal magnetic flux corresponds to N = −1.

The D2-brane DBI action then reads

SDBI = −π T2

gs

√

L4 + (2πN )2
∫

dt
2ρ

L
. (2.26)

3The results for a vanishing B-field are simply obtained by tuning the extra worldvolume flux.
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Besides, there is D0-brane charge induced in the configuration, since

SCS = 2π T2

∫

R×P1

C1 ∧ F =
N
2
T0

∫

R

C1 . (2.27)

Note that even in the case of minimal magnetic flux, N = −1, there is a non-zero D0-brane

charge induced by the shifted B2.

In this case the charge of the worldvolume tadpole is not modified by the presence of

the magnetic flux.

In the next section we will study the dynamics of the configuration formed by the D2-

brane plus the k fundamental strings, and show that adding magnetic flux allows to con-

struct more general ’t Hooft monopole configurations with charge. This charge will have to

lie however below some upper bound for the configuration to be stable in the AdS direction.

In view of (2.27) we see that our system is actually formed by a D2 − D0 bound

state, which hints to a non-supersymmetric configuration.4 Thus, one might worry about

the stability of the configuration with flux. Nevertheless, since both the cycle wrapped

by the brane and the worldvolume gauge field are topologically non-trivial, we expect the

configuration to be stable, at least under small perturbations. As discussed in the previous

subsection, it is implicit in our probe brane approximation that the strings are uniformly

distributed over the D2 worldvolume. Grouping them together in a point would require to

consider their backreaction on the D2, which would deform it into a spike, which could in

turn be unstable due to the lack of SUSY. Nevertheless, as long as we restrict to the probe

approximation, we expect the system to be perturbatively stable.

2.4 The baryon vertex

Let us finally consider the D6-brane wrapping the whole P
3. This brane is the analogue of

the baryon vertex in AdS5×S5 [6]. In the absence of worldvolume magnetic flux this brane

captures the F6 background flux, and it requires the addition of q = N fundamental strings:

SCS = 2π T6

∫

R×P3

P [F6] ∧A = N TF1

∫

dtAt . (2.28)

Note however that once the shift in (2.12) has been taken into account, the above

expression is incomplete, since there are extra contributions to the F1 charge coming from

the coupling
∫

F2 ∧B2 ∧B2. Nevertheless, once the higher curvature corrections are taken

into account, they cancel out so that the correct expression is actually (2.28). In the case

at hand the relevant term in (2.18) is

∆S =
3

2
(2π)5 T6

∫

C1 ∧ F ∧ 1

48
(p̂1(N) − p̂1(T )) (2.29)

As shown in [8] this term contributes to the D6-brane action inducing extra F1 charge as

∆S = −1

8
(2π)6 k T6

∫

dtAt , (2.30)

4For this reason conjecturing a dual operator seems much harder.
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and this precisely cancels the B2 contribution to (2.28).

Let us now switch on a gauge flux, FT = NJ . Note that this represents a slight change

in the conventions compared to the previous sections, where we split FT into two pieces

one cancelling B. In this case, due to the relevance of the curvature coupling in giving

the tadpole of N units in the unfluxed case, it turns out to be more convenient not to do

the spliting so that the argument as in [8] goes through. Since P
3 is spin, the appropriate

quantization condition is
1

2π

∫

FT =
N
2

∈ Z (2.31)

The DBI action of the D6-brane becomes:

SD6 = −π
3 T6

6 gs

(

L4 + (2π (N − 1))2
)3/2

∫

dt
2 ρ

L
. (2.32)

In this case the magnetic flux modifies the number of fundamental strings that must

end on the D6, since it contributes to the worldvolume tadpole through the couplings

SCS =
1

6
(2π)2 T6

∫

R×P3

P [F2] ∧ FT ∧
(

2πFT + 3P [B2]
)

∧A = k
N (N − 2)

8
TF1

∫

dtAt .

(2.33)

Therefore q = N + kN (N − 2)/8. Note that this is always an integer for the quantization

condition (2.31). As for the D4-brane, this is the number of fundamental strings required

to cancel the tadpole of each of the D2-branes that are dissolved on the D6-brane by the

magnetic flux and the B2 field, through the coupling:

SCS =
1

2
T6

∫

R×P3

C3 ∧ F ∧ F (2.34)

In this coupling the term proportional to
∫

C3 ∧ B2 ∧ B2 is precisely cancelled with the

contribution of the A-roof
∫

C3 ∧ 1
48 (p̂1(N) − p̂1(T )). The other two terms give

SCS =
1

2
(2π)2 T6

∫

C3 ∧ FT ∧ FT + (2π)T6

∫

C3 ∧ FT ∧B2 =
N (N − 2)

8
T2

∫

C3 (2.35)

Note that the magnetic flux and the B2 field also induce D0-brane charge in the

configuration.

We will study the dynamics of the D6-brane with magnetic flux in the next section. We

will see that, similarly to the D2-brane case, adding magnetic flux allows to construct more

general baryon vertex configurations in which the charge of the brane can be increased up

to some maximum value. In this case, since the number of fundamental strings attached

to the D6-brane depends on the magnetic flux, the bound on the magnetic flux imposes as

well a bound on the number of F-strings that can end on the brane.

As in the D2 brane case, induced D0 brane charge in a D6 suggests that the system

will not be supersymmetric. However, again due to its non-trivial topology, we expect the

system to be perturbatively stable.
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3 Study of the dynamics: charge bounds

In this section we study the stability in the AdS direction of the brane configurations that

we have previously discussed. We follow the calculations in [20] and [31] (see also [19] for

similar results for the baryon vertex with magnetic flux in AdS5 × S5). We show that

the energy of the various configurations is inversely proportional to the distance between

the quarks, as predicted by conformal invariance, and that the proportionality constant

is negative, so that the configurations are stable against perturbations in ρ. As expected,

we find the same non-analytical behavior with the square root of the ’t Hooft coupling

that was found for the baryon vertex in AdS5 × S5 [20] and the qq̄ system [31, 32]. This

represents a non-trivial prediction of AdS/CFT for the strongly coupled CS-matter theory.

In order to analyze the stability in the ρ-direction we have to consider both the Dp-

brane wrapped on the P
p/2 and the q fundamental strings stretching between the brane

and the boundary of AdS. The action is given by

S = SDp + SqF1 , (3.1)

where SDp is of the form5

SDp = −Qp

∫

dt
2ρ

L
, with Qp =

πp/2 Tp

(p
2 )! gs

(L4 + (2πN )2)p/4 , (3.2)

and the action of the strings is given by

SqF1
= −q TF1

∫

dtdx

√

16ρ4

L4
+ ρ′2 , (3.3)

where we have parameterized the worldvolume coordinates by (t, x) and the position in

AdS by ρ = ρ(x). Following the analysis in [20] the equations of motion come in two sets:

the bulk equation of motion for the strings, and the boundary equation of motion (as we

are dealing with open strings), which contains as well a term coming from the Dp-brane.

One can show easily that these equations of motion are, respectively:

ρ4

√

16ρ4

L4 + ρ′2
= c (3.4)

with c some constant, and
ρ′0

√

16ρ4
0

L4 + ρ′20

=
2Qp

Lq TF1

, (3.5)

where ρ0 is the position of the brane in the holographic direction and ρ′0 = ρ′(ρ0). As

in [19, 20] it is convenient to define

√

1 − β2 =
2Qp

Lq TF1

, (3.6)

5Note that for the D6-brane N → N − 1 in Qp in order to account for the B2 field, consistently with

the quantization condition (2.31). We will take due care of this shift in section 3.3 below.
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where β ∈ [0, 1]. The two equations of motion can then be combined into just

ρ4

√

16ρ4

L4 + ρ′2
=

1

4
β ρ2

0 L
2 . (3.7)

Integrating the equation of motion we find that the size of the configuration is given by

ℓ =
L2

4ρ0

∫ ∞

1
dz

β

z2
√

z4 − β2
, (3.8)

where z = ρ/ρ0. This expression has the same form as the size of the baryon vertex in

AdS5×S5 [20]6 and the qq̄ system [31, 32], and can also be solved in terms of hypergeomet-

ric functions. Note that the dependence on the location of the configuration, ρ0, and on L2

is also the same, which is again a non-trivial prediction of the AdS/CFT correspondence

for the strong coupling behavior of the gauge theory.

The total on-shell energy is given by

E = EDp + EqF1 = q TF1
ρ0

(

2Qp

Lq TF1

+

∫ ∞

1
dz

z2

√

z4 − β2

)

= qTF1
ρ0

(

√

1 − β2 +

∫ ∞

1
dz

z2

√

z4 − β2

)

. (3.9)

The binding energy of the configuration can be obtained by subtracting the (divergent)

energy of its constituents. When the Dp-brane is located at ρ0 = 0 the strings stretched

between 0 and ∞ become radial, and therefore correspond to free quarks. At this location

the energy of the Dp vanishes. Therefore, the binding energy is given by:

Ebin = q TF1
ρ0

(

√

1 − β2 +

∫ ∞

1
dz

[

z2

√

z4 − β2
− 1

]

− 1

)

. (3.10)

This expression has again the same form than the corresponding expressions in [19, 20, 31,

32].7

Notice that for our configurations β is a function of the magnetic flux that is dissolved

on the Dp-brane, since from (3.6)

β =

√

1 −
(

2Qp

Lq TF1

)2

. (3.11)

In particular, in order to find a stable configuration we must have

2Qp

Lq TF1

≤ 1 . (3.12)

This imposes a bound on the possible values of the magnetic flux, and therefore on the

possible charges that can be dissolved in the Dp-brane. This situation is very similar to the

6And also that of the baryon vertex with magnetic flux constructed in [19].
7In this case we have added the on-shell energy of the Dp-brane.
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one found in [19] for the baryon vertex in AdS5 ×S5 with magnetic flux. Moreover, for the

di-baryon and baryon vertex configurations, for which the number of fundamental strings

required to cancel the tadpole depends on the magnetic flux, there is as well a bound on

the number of quarks that can form the bound state.

For the values allowed by (3.12) the binding energy per string is negative and decreases

monotonically with β.8 Therefore, the configuration is stable, becoming less and less stable

as β decreases, with the binding energy reaching its maximum value at the bound, β = 0,

where it vanishes. The configuration reduces then to q free radial strings stretching from

ρ0 to ∞, plus a Dp-brane located at ρ0. Note that this configuration only exists when the

magnetic flux is non-vanishing, since only then we can reach β = 0. When the Dp-brane is

charged the configuration corresponding to free quarks is therefore degenerate. It can be

realized either as free radial strings stretching from 0 to ∞ plus a charged Dp-brane, with

the charge satisfying (3.12), located at ρ = 0, or as free radial strings stretching from ρ0 to

∞ plus a Dp-brane located at ρ0, with a charge that has to satisfy the equality in (3.12).

In this case the F1’s are less energetic due to the fact that they now stretch from ρ0 to ∞
but this is compensated by the energy of the brane at ρ0, charged such that β = 0. Note

that the location of the Dp-brane has become a moduli of the system. In both cases since

the strings are radial the size of the configuration vanishes.

Note that from (3.10) and (3.8) we have that for all values of the magnetic charge

Ebin = −f(β)
(gsN)2/5

ℓ
(3.13)

with f(β) ≥ 0. Therefore dE/dℓ ≥ 0 and the configuration is stable. The behavior of Ebin

as a function of the ’t Hooft coupling and the size of the configuration is the same as in

AdS5 ×S5 [20, 31, 32]. As in that case the fact that it goes as 1/ℓ is dictated by conformal

invariance, while the behavior with
√
λ is a non-trivial prediction for the non-perturbative

regime of the gauge theory. Note that the same non-analytic behavior with λ is predicted

for N = 4 SYM in 3+1 dimensions and for ABJM [33–35]. In fact, perturbative calculations

like those in [36–38] can explain this behavior when extrapolated to strong coupling, as

inferred in [39]. Further, the exact interpolating function between the weak and strong

coupling regimes for 1/6 and 1/2 BPS Wilson loops was obtained in [40], using topological

strings and the localization techniques applied in [41] to ABJM theories.9

We have plotted in figure 1 the behavior of f(β)/qTF1 as a function of β. We can

see that when the number of strings does not depend on β, i.e. for the ’t Hooft monopole

case, the configuration becomes more stable as β increases. For the di-baryon and baryon

vertex configurations the number of strings changes with the magnetic flux, and therefore

the stability of the configuration will vary with β in a way which depends on the specific

function (3.11). We will analyze this behavior in the next subsections.

We now discuss in some more detail the dynamics of the different configurations dis-

cussed in the previous section.

8Its behavior as a function of the magnetic flux depends on the specific function β(N ) given by (3.11)

We will analyze this behavior in the next subsections for the different branes.
9See also [42].

– 13 –



J
H
E
P
0
9
(
2
0
1
0
)
1
0
1

0.0 0.2 0.4 0.6 0.8 1.0
Β

0.2

0.4

0.6

0.8

1.0

fHΒL � qTF1

Figure 1. Stability of the configuration, for fixed number of strings, as a function of β.

3.1 The ’t Hooft monopole

In this case

Q2 =
π T2

gs

√

L4 + (2πN )2 (3.14)

and q = k, so that

β =

√

1 − 1

4π2

(

1 +
4π2N 2

L4

)

. (3.15)

The behavior of the binding energy as a function of N is shown in figure 2. The minimum

binding energy occurs for zero N , for which β =
√

1 − 1
4π2 , and β = 0 is reached for

Nmax

L2
=

√

1 − 1

4π2
, (3.16)

for which the monopole is no longer stable and reduces to k radial F1’s, stretching from ρ0

to ∞, plus a spherical D2-brane with D0-charge L2

2

√

1 − 1
4π2 , located at ρ0. As a function

of the ’t Hooft coupling (3.16) becomes

Nmax =
√

8λ (4π2 − 1) (3.17)

which is exactly the same behavior that was encountered in [19] for the maximum value of

the magnetic flux that could be dissolved in the baryon vertex in AdS5 × S5. We will find

this same behavior for the di-baryon and baryon vertex with flux in the next subsections.

Although dynamically the origin of the bound is quite clear, pointing at an instability when

the magnetic flux makes the energy of the brane too large, its interpretation from the CFT

side is not clear to us. We refer to the conclusions for a brief discussion.

3.2 Di-baryon vertex

In this case

Q4 =
π2 T4

2gs

(

L4 + (2πN )2
)

(3.18)

and q = kN/2, so that

β =

√

1 − L4

64π4N 2

(

1 +
4π2N 2

L4

)2

. (3.19)
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Figure 2. Binding energy per string of the ’t Hooft monopole (in units of TF1 ρ0) as a function of

N/L2.
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Figure 3. Binding energy per string (left) and total binding energy (right) of the di-baryon (in

units of TF1 ρ0 and 2π TF1 ρ0

√
2kN respectively) as a function of N/L2.

This function has a maximum at N
L2 = 1

2π , where it reaches βmax =
√

1 − 1
4π2 . For this value

of the magnetic flux the binding energy per string is minimum. Note however that since

the number of strings depends also on N this is not the value for which the configuration

is maximally stable (if we define the stability in terms of the function f(β) in (3.13)). The

allowed values for the magnetic flux are those for which β ∈ [0, βmax]:

1 −
√

1 − 1

4π2
≤ N
L2

≤ 1 +

√

1 − 1

4π2
. (3.20)

At both ends N±

L2 = 1 ±
√

1 − 1
4π2 , β = 0, and the configuration turns into a collection of

q = kN±/2 free quarks plus a wrapped D4-brane. The behavior of the binding energy per

string as a function of N/L2 is shown in figure 3 (left). Since the total binding energy of

the configuration depends on the number of strings, which is a function of the magnetic

flux, the behavior of the binding energy is modified as shown in figure 3 (right). The

minimum energy occurs now for N = 1.00L2. In figure 4 we have plotted as well f(β)/TF1

(see (3.13)) as a function of the magnetic flux.

As we have seen, the D4-brane with flux exhibits a very different behavior with the

magnetic flux than the D2-brane.10 The main difference is coming from the fact that now

the magnetic flux induces a worldvolume tadpole in the D4-brane that was not present for

10And the D6-brane, as we will see next.
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Figure 4. f(β) for the di-baryon, in units of 2π TF1

√
2kN , as a function of the magnetic flux.

N = 0, and this tadpole has to be cancelled by adding a number of F1’s proportional to N .

Accordingly, the whole configuration of point-like D4-brane plus fundamental strings only

exists for N 6= 0, with the allowed interval for the magnetic flux, given by (3.20), implying

an allowed interval for the number of fundamental strings ending on the D4-brane:

2π
√

2kN

(

1 −
√

1 − 1

4π2

)

≤ q ≤ 2π
√

2kN

(

1 +

√

1 − 1

4π2

)

. (3.21)

At the bounds the strings become radial and the configuration ceases to be stable.

3.3 Baryon vertex

In this case

Q6 =
π3 T6

6gs

(

L4 + (2π(N − 1))2
)3/2

(3.22)

and q = N + kN (N − 2)/8, so that

β =

√

√

√

√

√

1 − 1

36π2
(

1 + 4π2N (N−2)
L4

)2

(

1 +
4π2(N − 1)2

L4

)3

. (3.23)

This function decreases monotonically with N , reaching its minimum value β = 0 when
N
L2 ∼

√
36π2−1

2π . Therefore the allowed values of the magnetic flux are

N
L2

.

√
36π2 − 1

2π
(3.24)

We have plotted in figure 5 (left) the binding energy per string as a function of N/L2. We

can see that the qualitative behavior is very similar to the D2-brane case, and also to the

charged baryon vertex in AdS5×S5 [19]. In all these examples the binding energy per string

increases with the magnetic flux till it becomes zero when the strings are radial and the

baryon size vanishes. Note however that in this case the tadpole induced in the worldvolume

of the D6-brane depends on the magnetic flux, and therefore the number of quarks that can

form the bound state depends on N , as q = N+kN (N −2)/8. This modifies the behavior

of the total binding energy as shown in figure 5 (right). Here we can see that the minimum
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Figure 5. Binding energy per string (left) and total binding energy (right) of the baryon vertex

(in units of TF1 ρ0 and TF1 ρ0N respectively) as a function of N/L2.
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Figure 6. f(β) for the baryon vertex, in units of TF1N , as a function of the magnetic flux.

energy configuration occurs for N/L2 ∼ 2.01, and that the configuration loses stability till

it reduces to free radial fundamental strings at Nmax/L
2 ∼

√
36π2−1

2π , for which q ∼ 36π2N .

The stability of the configuration as a function of the magnetic flux can be seen in figure 6.

The analysis in this section shows that the addition of magnetic flux to the D6-brane

allows the construction of more general baryon vertex configurations in which the number

of quarks can be increased up to ∼ 36π2N . A way to construct baryons with q < N

number of quarks in AdS5 × S5 was considered in [20]. In this background q = N strings

are needed in order to cancel the tadpole in the worldvolume of the spherical D5-brane,

N being the rank of the gauge group. It is however possible to find more general baryon

vertex configurations with q < N quarks if N − q strings stretch between ρ0 and 0. The

study of the dynamics of these configurations reveals that they are stable if the number

of quarks satisfies 5N/8 ≤ q ≤ N . For the minimum value, qmin = 5N/8, the strings are

radial and the binding energy vanishes, exactly the same behavior that we have found at

the limiting values.

A similar analysis to the one in [20] for the D6-brane wrapped in P
3 shows that the

boundary equation (3.5) has to be modified as

ρ′0
√

16ρ4
0

L4 + ρ′20

=
N

6πq

(

1 +
4π2(N − 1)2

L4

)3/2

+
1

q

(

N +
kN (N − 2)

8
− q

)

, (3.25)
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from which we can conclude that the number of quarks has to satisfy:

1

2

(

N +
kN (N − 2)

8

)

(1 +
√

1 − β2) ≤ q ≤ N +
kN (N − 2)

8
, (3.26)

with β given by (3.23).

Therefore we have found that by combining the addition of magnetic flux and the

construction in [20] it is possible to find more general baryon vertex configurations in

which the number of quarks differs from N in a way that depends on the magnetic flux

dissolved in the D6-brane and the number of strings that end on 0 instead of ∞. Like for

all the bounds found in this paper, the quarks are free for the minimum and maximum

numbers allowed, where the configuration ceases to be stable.

4 Adding Romans mass

In this section we briefly discuss how the results of the previous sections for the ’t Hooft

monopole, di-baryon and baryon vertex configurations are modified by the presence of a

non-zero Romans mass F0.

It was shown in [7] that the CS-matter theory dual to a perturbation of the previous

AdS4 × P
3 background by a mass term should be a perturbation of ABJM with levels

k1 + k2 = F0. The simplest way to see this is to realize that a D0-brane in this background

develops a tadpole through its CS coupling to the mass [43]:

SCS = T0

∫

dt F0 At , (4.1)

and therefore F0 fundamental strings should end on it. One can account for these extra

indices in the fundamental by modifying the level of one of the gauge groups, such that

the di-monopole operator dual to the D0-brane becomes

OD0 = (Symk)i1...ik+F0
(Symk)

j1...jkAi1
j1
. . . Aik

jk
. (4.2)

It was shown in [7] that indeed ABJM can be deformed in different ways such that the

levels do not sum to zero. In all cases the deformed theory flows to a CFT, with different

amounts of supersymmetries and global symmetries. The theory that is obtained from

ABJM by simply changing the CS levels such that k1 + k2 is small (in the precise way

shown in [7]) breaks all the supersymmetries, but flows to a CFT that respects the SO(6)

R-symmetry. This is the theory that can be most simply identified as a deformation of the

N = 6 solution by a Romans mass, and the one that we will consider in this section.

The gravity dual of the N = 0 CFT with SO(6) global symmetry discussed in [7] can

be constructed as a perturbation of the N = 6 solution, with the usual Fubini-Study metric

on P
3, by a small mass F0 ≪ k,N . In that case the F2 and F6 fluxes are not modified, and

the F4 flux that has to be introduced along with the mass (see [7]) can be compensated

with the coupling of F2 with a closed B2 field. This B2 field will be conveniently absorbed

in our definition of F . Note however that it contributes to higher order in the mass to

expression (4.3). Therefore we will ignore it in our analysis below. Moreover, as in [7],
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we will ignore the effect of the Freed-Witten anomaly. The CS coupling to the mass in

the D4-brane case, given by equation (4.5) below, suggests that a fractional number of

F-strings should be added to the D4-brane in order to cancel the tadpole induced by the

mass and the Freed-Witten worldvolume flux. Therefore including this effect requires a

more careful study, that we hope to address in a future publication.

In this massive background the D0-brane acquires a tadpole. This is however not the

case for the other particle-like branes,11 since the only modification in the action in the

massive AdS4 × P
3 background is the coupling to the mass [43]

SCS = Tp

∫

F0

∑

r=0

1

(r + 1)!
(2π)r A ∧ F r (4.3)

in the CS part.

Let us now add a magnetic flux as we did in the previous sections, F = NJ . A D2-

brane wrapped on S2 will now develop a tadpole proportional to the mass, given that in

the Chern-Simons action:

SCS = 2π T2

∫

F0A ∧ dA =
F0 N

2

∫

dtAt . (4.4)

Therefore, for non-zero mass we have to add a number of F1’s that is proportional to the

product of the mass with the magnetic flux: q = F0 N/2.

For a D4 wrapped on the P
2 the relevant coupling is

SCS =
1

3!
(2π)2 T4

∫

F0 A ∧ dA ∧ dA , (4.5)

therefore for a non-vanishing magnetic flux we need q = F0 N 2/8 F1’s. Note that this is the

number of fundamental strings required to cancel the tadpole of the D0-branes dissolved in

the D4-brane in the massive case. Finally, for a D6-brane wrapped on the P
3 the relevant

coupling is

SCS =
1

4!
(2π)3 T6

∫

F0A ∧ dA ∧ dA ∧ dA (4.6)

and the number of F1’s that must be added for non-zero mass is q = F0 N 3/48, which is

again F0 times the number of D0-branes dissolved in the D6-brane.

We have summarized in table 1 the number of fundamental strings that are required

in order to cancel the tadpoles originating from all the background fluxes for each type of

wrapped brane.

Note that although F0 ≪ k,N , N can be sufficiently large so as to make F0N ≈ k.

This is certainly the case for the values found in (3.16), (3.20), (3.24). In the next section

we study the dynamics of the particle-like brane configurations with these F1’s attached.

4.1 Dynamics

The dynamics of the various brane configurations discussed in section 3 is modified in the

presence of a non-zero mass due to the fact that the number of F1’s attached to the brane

depends on the mass as shown in table 1.

11If we ignore the effect of the Freed-Witten worldvolume flux, as in [7].
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Dp-brane Number of F1’s

D0 F0

D2 k + F0N
2

D4 kN
2 + F0N 2

8

D6 N + kN 2

8 + F0N 3

48

Table 1. Number of F1’s that must end on each Dp-brane in the presence of mass (and

magnetic flux).

5 10 15 20 25 30

F0L2

2k

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

Ebin � qTF1Ρ0

Figure 7. Binding energy per string of the di-monopole, in units of TF1 ρ0, as a function of F0L
2

2k
.

Let us consider first the di-monopole, or D0-brane. Following the analysis in section 3

we have that Q0 = T0/gs and q = F0. Therefore,

β =

√

1 −
(

2k

F0L2

)2

(4.7)

and the bound (3.12) leads to

F0 ≥ 2k

L2
(4.8)

Therefore, the configuration is stable if the mass is sufficiently large. Note that this bound

is perfectly compatible, in the regime of validity of the supergravity description, with the

fact that F0 ≪ k,N . We have plotted in figure 7 the behavior of the binding energy per

string as a function of the mass. Here we see that the configuration is maximally stable

when F0 → ∞, for which βmax = 1, and reduces to F0 free quarks plus a D0 at the bound,

when β = 0.

The D2-brane with flux turns out to be more stable in the presence of mass. In this case

β =

√

1 − 1

4π2(1 + F0N
2k )2

(

1 +
4π2N 2

L4

)

(4.9)

This function has a maximum at N = F0L4

8π2k . Since the binding energy per string decreases

monotonically with β this is the value of the magnetic flux for which the binding energy

(per string) is minimum.

The values of the magnetic flux for which the configuration can form a bound state

depend on the mass. When F0 satisfies the bound (4.8), required by the stability of the
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Figure 8. Binding energy per string of the ’t Hooft monopole, in units of TF1 ρ0, as a function of

the magnetic flux and the mass.

D0-brane, the configuration is stable for all values of the magnetic flux. On the other

hand, when F0 <
2k
L2 there is a maximum value for the magnetic flux beyond which the

configuration is no longer stable, and reduces to k + F0N
2 free quarks. As in previous

sections this is the value for which β = 0, which in this case is:

Nmax =
kL2

π(4k2 − F 2
0L

4)

(

2πF0L
2 +

√

F 2
0L

4 + 4k2(4π2 − 1)
)

(4.10)

This behavior of the binding energy per string as a function of N and F0 can be shown in

figure 8.

The D4-brane with flux in the massive background has

β =

√

1 − L4

4π4(4N + F0

k N 2)2

(

1 +
4π2N 2

L4

)2

(4.11)

This function has a maximum at N = F0L4

16π2k
(1 +

√

1 + 64π2k2

F 2
0
L4 ). For this value the configu-

ration is maximally stable. On the other hand β = 0 is reached when N = L2

8π2 for F0 = 2k
L2 ,

and N = 2kL2

2k−F0L2 (1±
√

1 − 2k−F0L2

8π2k
) for F0 6= 2k

L2 . For these values the configuration is no

longer stable and reduces to kN
2 + F0N 2

8 free quarks. In summary the values of the magnetic

flux for which the configuration can form a bound state must satisfy:

N ≥ L2

8π2
for F0 =

2k

L2
, (4.12)

N ≥ 2kL2

F0L2 − 2k

(

√

1 +
F0L2 − 2k

8π2k
− 1

)

for F0 >
2k

L2
, (4.13)

and

2kL2

2k − F0L2

(

1 −
√

1 − 2k − F0L2

8π2k

)

≤ N ≤ 2kL2

2k − F0L2

(

1 +

√

1 − 2k − F0L2

8π2k

)

(4.14)
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Figure 9. Binding energy per string for the di-baryon, in units of TF1 ρ0, as a function of the

magnetic flux and the mass (right: F0L
2

4k
= {0, 0.2, 0.4, 0.6, 0.8} for (1)-(5) respectively).

Figure 10. Binding energy per string for the baryon vertex, in units of TF1 ρ0, as a function of

the magnetic flux and the mass (right: F0L
2

6k
= {0, 0.2, 0.4, 0.6, 0.8} for (1)–(5) respectively).

for F0 < 2k/L2. Note that in all cases there is a minimum value required for the magnetic

flux, consistently with the fact that also in the massive case a configuration with a D4-brane

and fundamental strings attached does not exist for vanishing magnetic flux.

The behavior of the binding energy per string as a function of N and F0 is shown

in figure 9 (left). Figure 9 (right) exhibits the value of the magnetic flux for which the

configuration is maximally stable for different values of the mass.

Finally, the D6-brane with flux has

β =

√

√

√

√

√

√

1 − 1

36π2

(

1 + 4π2N 2

L4 (1 + F0N
6k )

)2

(

1 +
4π2N 2

L4

)3

(4.15)

This function reaches its maximum value when N = 0 for arbitrary mass. On the other

hand, β = 0 is reached for finite N when F0 <
2k
L2 . Beyond this value of N the configuration

is no longer stable and reduces to N + kN 2

8 + F0N 3

48 free quarks plus a wrapped D6-brane.

The behavior of the binding energy per string as a function of N and F0 is shown in

figure 10 (left). Figure 10 (right) exhibits more clearly the behavior of the binding energy

with the magnetic flux for various values of F0.
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5 Conclusions

In this paper we have analyzed various configurations of particle-like branes in ABJM,

focusing on the study of their dynamics. This study has revealed that new and more

general monopole, di-baryon and baryon vertex configurations can be constructed if the

particle-like branes carry lower dimensional brane charges.

We have seen that a new di-baryon configuration with external quarks can be con-

structed out of the D4-brane wrapped on the P
2 ⊂ P

3. In the presence of a non-trivial

magnetic flux F = NJ , with J the Kähler form of the P3, this brane develops a tad-

pole that has to be cancelled with kN/2 fundamental strings. The study of the dynam-

ics of the D4-brane plus the kN/2 F-strings reveals that the configuration is stable for

1 −
√

1 − 1
4π2 ≤ N

L2 ≤ 1 +
√

1 − 1
4π2 . Dynamically, the upper bound arises because if the

energy of the D4-brane with flux is too large the F-strings cannot form a bound state

with it. For this value the strings become radial, and the configuration reduces to free

kNmax/2 quarks plus the charged D4-brane. We have found as well a minimum value for

the magnetic flux, that has to do with the fact that if the magnetic flux is too small the

number of F-strings ending on the D4-brane is not enough to form a bound state. The

existence of this lower bound was expected in this case given that the whole configuration

of D4-brane with fundamental strings attached can only exist in the presence of flux. When

this value is reached the configuration reduces to free kNmin/2 quarks plus a D4-brane.

It is perhaps significant that the value of the magnetic flux for which the configuration is

maximally stable is that for which the (off-shell) energy of the N 2/8 D0-branes dissolved

in the D4-brane equals the (off-shell) energy of the D4-brane. This seems to point at some

kind of degeneracy for the ground state. It would be interesting to find an explanation for

this phenomenon.

The D2 and D6-brane (monopole and baryon vertex) configurations exist already for

vanishing magnetic flux. Consistently, no minimum value is found in the study of their

dynamics. In these cases the effect of the magnetic flux is to allow the construction of more

general monopole and baryon vertex configurations. The simplest case is the D2-brane,

for which the charge of the tadpole is not modified by the magnetic flux and the number

of attached F-strings is still k. We have seen that the configuration formed by the bound

state D2-D0 plus the k F-strings is stable for N/L2 ≤
√

1 − 1
4π2 , reducing to k free quarks

plus a D2-brane with L2

2

√

1 − 1
4π2 D0-brane charge when the upper bound is reached. The

D6-brane in turn is the analogue of the baryon vertex in AdS5 ×S5 [6]. The generalization

of the later to include a non-vanishing magnetic flux was studied in [19]. In that reference

it was found that the magnetic flux had to be bounded from above in order to find a stable

configuration, like for the D2 and D6 branes considered in this paper. For the D6-brane

the number of F-strings depends as well on the magnetic flux, but this fact does not modify

substantially its dynamics.

As we have mentioned, all the configurations that we have considered reduce to free

quarks when the magnetic flux reaches the highest possible value (also the lowest for the

D4-brane). For this value the brane can be located at an arbitrary position in AdS, with
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the free radial strings stretching from there to ∞. This is different from the free quark

configuration of [20], where the D5-brane is located at ρ0 = 0, where it has zero-energy,

and the radial strings stretch from 0 to ∞. For the maximum (and minimum, if applicable)

value of the magnetic flux the D-brane is located at an arbitrary ρ0, where it has some

energy which is compensated by the lower energy of the strings stretching between ρ0 and

∞. In the presence of magnetic flux the location of the Dp-brane has therefore become a

moduli of the system.

We have already stressed that in the probe brane approximation used in this paper

all supersymmetries are broken. However, in analogy with the baryon vertex construction

in AdS5 × S5 we expect that, at least when the charged branes are supersymmetric, some

supersymmetries will be preserved when the strings join the brane at the same point. In this

case we would have to consider the full DBI problem and look for spiky solutions [44, 45].

The description of the baryonic brane in AdS5×S5 in terms of a single D5-brane developing

a spike was done in [46]. This configuration is BPS, and this is reflected in the fact that

its binding energy is zero. An attempt to find similar spiky solutions in AdS4 × P
3 has

been made recently in [18], with rather negative results even for the D6-brane with zero

magnetic flux, which should be analogous to [46]. We hope that some spiky configurations

can still be found in this background by relaxing some of the ansatze taken in [18]. We

will report on these issues in a future publication.

It is significant that for all the configurations that we have discussed the binding energy

is non-analytic in the ’t Hooft coupling, with this non-analyticity being of the precise form

of a square-root branch cut, like in AdS5×S5. This hints at some kind of universal behavior

based on the conformal symmetry of the gauge theory.

An important question that remains open is what are the field theory realizations of

the Dp-branes with charge that we have considered. Since we do not expect that the D2

and D6 brane configurations are supersymmetric it is hard to have an intuition about the

interpretation of the new charges in the field theory side. It is interesting to note that the

number of extra fundamental strings required to cancel the worldvolume tadpole is that

required to cancel the tadpole on the dissolved D2 branes. This might suggest that the

dual operators are doped versions of the original ones with an operator representing the

D2 branes. It is hard to be more precise, in particular due to the expected lack of SUSY.

However, for the D4-brane with D0-charge one can expect that a supersymmetric spiky

solution exists, in which case it makes sense to try to interpret the bounds on the magnetic

flux in the gauge theory dual. In field theory language the bound (3.12) would read:

N +
N 2

8
k ≤ 2π nf

√
2λ , (5.1)

where nf is the number of external quarks, which is a function of the magnetic flux:

nf = kN/2, and λ is the ’t Hooft coupling. Therefore, at strong ’t Hooft coupling we

expect a bound on the baryon charge of (generalized) di-baryon configurations with nf

external quarks. This should be related in some way to the stringy exclusion principle

of [21], although we have not been able to find a direct interpretation. Note that for all

branes the bound on the magnetic flux exhibits the same non-analytic behavior with λ as
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the binding energy, which seems to indicate that the bounds should have its origin in the

conformal symmetry of the gauge theory.

Finally, the role of theB field, and its potential relation to the Abelian part of the gauge

symmetry, remains to be understood. We postpone these investigations for further work.
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