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Effective Hopping in Holographic Bose and Fermi-Hubbard Models

Abstract

In this paper, we analyze a proposed gravity dual to a SU(N) Bose-Hubbard model, as well as construct a
holographic dual of a SU(N) Fermi-Hubbard model from D-branes in string theory. In both cases, the SU(N)
is dynamical, i.e. the hopping degrees of freedom are strongly coupled to SU(N) gauge bosons which
themselves are strongly interacting. The vacuum expectation value (VEV) of the hopping term (i.e. the
hopping energy) is analyzed in the gravity dual as a function of the bulk mass of the field dual to the
hopping term, as well as of the coupling constants of the model. The bulk mass controls the anomalous
dimension (i.e. the critical exponent) of the hopping term in the SU(N) Bose-Hubbard model. We compare
the hopping energy to the corresponding result in a numerical simulation of the ungauged SU(N ) Bose-
Hubbard model. We find agreement when the hopping parameter is smaller than the other couplings. Our
analysis shows that the kinetic energy increases as the bulk mass increases, due to increased
contributions from the IR. The holographic Bose-Hubbard model is then compared with the string theory
construction of a SU(N) Fermi-Hubbard model. The string theory construction makes it possible to
describe fluctuations around a half-filled state in the supergravity limit, which map to O(1) occupation
number fluctuations in the Fermi-Hubbard model at half filling. Finally, the VEV of the Bose-Hubbard
model is shown to agree with the one of the fermionic Hubbard model with the help of a two-site version
of the Jordan-Wigner transformation.
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ABSTRACT: In this paper, we analyze a proposed gravity dual to a SU(N) Bose-Hubbard
model, as well as construct a holographic dual of a SU(N) Fermi-Hubbard model from
D-branes in string theory. In both cases, the SU(N) is dynamical, i.e. the hopping degrees
of freedom are strongly coupled to SU(N) gauge bosons which themselves are strongly
interacting. The vacuum expectation value (VEV) of the hopping term (i.e. the hopping
energy) is analyzed in the gravity dual as a function of the bulk mass of the field dual to the
hopping term, as well as of the coupling constants of the model. The bulk mass controls
the anomalous dimension (i.e. the critical exponent) of the hopping term in the SU(N)
Bose-Hubbard model. We compare the hopping energy to the corresponding result in a
numerical simulation of the ungauged SU(N) Bose-Hubbard model. We find agreement
when the hopping parameter is smaller than the other couplings. Our analysis shows that
the kinetic energy increases as the bulk mass increases, due to increased contributions
from the IR. The holographic Bose-Hubbard model is then compared with the string
theory construction of a SU(N) Fermi-Hubbard model. The string theory construction
makes it possible to describe fluctuations around a half-filled state in the supergravity
limit, which map to O(1) occupation number fluctuations in the Fermi-Hubbard model at
half filling. Finally, the VEV of the Bose-Hubbard model is shown to agree with the one
of the fermionic Hubbard model with the help of a two-site version of the Jordan-Wigner
transformation.
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1 Introduction

The Bose-Hubbard model is an effective lattice theory of bosons (as e.g. realized in cold
atoms experiments [1]) that includes hopping or kinetic energy terms and short-range
interactions. The hopping term, with the coefficient being equal to the hopping integral,
is especially important to describe the motion of particles. It is known [2] that a) there
are only two phases in the Bose-Hubbard model in the absence of disorder or impurities,
namely, the Mott insulator phase and the coherent superfluid (SF) phase, b) the hopping
term has long-range correlations in the coherent superfluid phase, and c¢) the condensate
of the hopping term is of the same order as the occupation number.



A generalization of the Bose-Hubbard model to many species of bosons is also of
interest. If all bosons are of the same type an additional global SU(NN) symmetry exists,
and the relevant model is the SU(NNV) Bose-Hubbard model.! The Hamiltonian of the SU(N)
Bose-Hubbard model is given by?

H = —thop Z(b?Tbja +cc)+ %an(nj —-1)— uan, (1.1)
(i) J J

where the sum over the repeated index a = 1,2,..., N is taken in the first term, the

coefficient of the hopping term ¢y, is the hopping integral and n; = b?T bjq is the occupation

number operator for site j. The second term and the third term are the on-site Hubbard

interactions and the chemical potential, respectively.

In this paper, we analyze a cousin of the SU(N) Bose-Hubbard model in which the
SU(N) is gauged and strongly coupled to a sector of itself strongly interacting gluonic
degrees of freedoms with the help of the gauge/gravity correspondence [3]. This correspon-
dence, also called AdS/CFT duality, is a duality between strongly coupled gauge theories
and weakly coupled gravity theories. Recently, a gravity dual to the large N Bose-Hubbard
model has been proposed as 2-dimensional gravity on AdSs with a hard wall [4].> Since
the large N limit is assumed in the gravity dual, the field theory side correspondingly is
the large N SU(N) Bose-Hubbard model [4]. The holographic model contains gauge fields,
bi-fundamental scalars, and an IR potential. The number of gauge fields is equal to the
number of sites in the large N Bose-Hubbard model. An IR potential is needed to derive
the phase structure of the Bose-Hubbard model and is an additional input which we have
not yet succeeded to determine from a top-down construction.*

A motivation to use a bottom-up model is to obtain non-perturbative aspects of the
actual Bose-Hubbard model and to generalize to an interesting higher dimensional model
(See section 5 of [4] for generalization to the higher dimensional model). Especially, the
Bose-Hubbard model in higher dimensions is difficult to analyze only by using field theory
techniques unworthy of one spatial dimension. Possible numerics also tend to give only
small perspective of non-perturbative physics. Higher dimensional models with numerous
lattices (triangular, Kagome, honeycomb etc.) can describe separate physics of the frus-
tration and spin liquids. In the gravity dual, 3-site is required at least to understand these
physics of numerous lattices. Moreover, making the holographic Bose-Hubbard model is a
first step to make a top-down model of the Fermi-Hubbard model. Unworthy of the Bose-
Hubbard model, Monte Carlo simulations suffer from a sign problem in the fermionic case.
The top-down model will give non-perturbative perspective of the Fermi-Hubbard model.

!There is an additional U(1) rotating all colors with the same phase and hence enhancing SU(N) to
U(N), which after rescaling by N is the baryonic U(1).

2The Coulomb repulsion U should scale as O(1/N), and the hopping term should scale as O(N). In this
way, all the terms in (1.1) have the same large N scaling if thop and p are O(1), which corresponds to color
blind chemical potential and hopping. The energy then scales as O(N).

3Note that the large N Bose-Hubbard model is not a theory on a single site but a lattice theory on
multiple sites, while the dual gravity theory lives in two dimensions.

4The Mott insulator/non-homogeneous phase transition exists even in the finite size Bose-Hubbard
model due to the large N limit involved. Moreover, the spontaneous symmetry breaking superfluid-like
phase transition exists in the AdSs geometry of the holographic Bose-Hubbard model.



The gauge/gravity correspondence has already been successfully applied to a range of
holographic defect lattices. Holographic lattice models using probe branes [5] have been
proposed as a model of dimerization transition [6, 7]. More recently, a holographic AdSs
superconductor without spatial directions coupled to a AdS3 metallic state has been used to
describe the screening of impurities in a holographic Kondo model [8]. A holographic Kondo
model with two impurities constructed in [9] is rather similar to our lattice constructions.
For example, like the holographic Bose-Hubbard model, the gauge field on AdSs has strong
leading divergences due to the additional strongly interacting gluonic sector, which in turn
affect the asymptotic behavior of the matter fields.

The purpose of this paper is to analyze the vacuum expectation value (VEV) of the
hopping term on both sides of the gauge/gravity correspondence and to compare their be-
haviors, focusing on the two-site holographic SU(N) Bose-Hubbard model. The definition
of the VEV of the hopping term is the derivative of the free energy with respect to ty,,,. Note
that this VEV is qualitatively different from off-diagonal long-range order of the superfluid
phase (long-range correlations), since the holographic Bose-Hubbard model is defined at
finite volume. Off-diagonal long range order is the superfluid order parameter in the Bose-
Hubbard model at infinite volume and can be decomposed in terms of the condensed order
parameter in the large hopping integral limit. The Gross-Pitaevskii equations of motion are
more useful to describe such a condensate [10, 11]. The hopping VEV on two sites is rather
the nearest-neighbor correlations and thus representative of short-range correlations.

In [4], this two-site correlator was shown to become the order parameter of the Mott
insulator /non-homogeneous phase transition in a holographic bottom-up Bose-Hubbard
model. In the present work we in particular derive the ty,,,/U fall off behavior of the hop-
ping kinetic energy for large U in the Mott insulator phase. In this phase, the particles are
hopping with effectively small amplitudes. As we will show in section 5, the same behavior
can also be derived in second order perturbation theory in a two-site Bose-Hubbard model
with an even number of particles. We furthermore compare our result with the numerical
simulation of the effective hopping in the SU(N) Bose-Hubbard model at a fixed number
of particles. In particular, we change the bulk mass parameter in the gravity dual for the
purpose of comparison. In all cases, we find qualitative agreement for a large range of
thop/U. This is the first main result of this work.

The second main result, presented in section 4, is a top-down construction of an ng-site
SU(N) Fermi-Hubbard model by means of a D3-D5-D7 configuration.” We qualitatively
analyze its phase structure and compare it with the bottom-up construction of [4]. Our
string theoretic construction introduces nr non-Abelian D5-branes into the D3-D7 system
of [12]. These D5-branes stretch between the asymptotic AdS boundary and the D7 brane
at the bottom of the soliton cigar. We then separate the D5-branes along the boundary di-
rections to become the lattice impurities, with fundamental strings attached between them
describing the hopping dynamics. For two sites, quantization of the relative charge density

5See also the previous approach in [7]), which describes a holographic dimerization transition from a
bound state of D5 and anti-D5 to a disconnected D5 and anti-D5 system. In contrast, our top-down model
does not contain anti-D5 branes. There are no phase transitions making a bound state of D5 and anti-D5,
or of two D5 branes.



Dual Gravity Side Large N Bose-Hubbard model
Api i (chemical potential) & b‘;Tbm (occupation number)
bij thop (hopping amplitude) & b?Tbja (hopping operator)
hard wall cut-off uy U (on-site Coulomb interaction)

Table 1. The AdS/CFT dictionary of [4].

between the two sites in terms of the fundamental charge of the F1 string is equivalent to
quantization of the angular transverse direction of the embedding of the D5 brane wrapping
a S% inside the S°. If the two branes are not separated in the angular transverse direction,
a phase corresponds to a homogeneous phase of the Hubbard model at half filling. If the D5
branes are separated in the angular direction as well, the system is in the non-homogeneous
superfluid phase. In this way, the top-down construction has the same phase structure as
the bottom-up model of [4]. The mapping of the matter content, which is the same as the
bottom-up holographic Bose-Hubbard model of [4], is summarized in table 3.

This paper is organized as follows: in section 2 we review the bottom-up holographic
Bose-Hubbard model of [4], and in particular the lobe-shaped phase structure well-known
from the mean-field treatment of the Bose-Hubbard model [2]. We also derive the 1/p be-
havior of the values of ¢}, at the lobe tips by a special choice of boundary conditions in the
IR potential. In section 3 we introduce a bulk mass for the field dual to the hopping opera-
tor in the holographic Bose-Hubbard model and calculate the VEV of the hopping term as a
function of that mass. We find that the qualitative behavior of the VEV is comparable with
the SU(IV) Bose-Hubbard model at small t},,,. In section 4, we then present our top-down
construction based on the D3-D5-D7 brane configuration and compare it with the bottom-
up model of [4]. We in particular map the model to lowest order in the string tension to the
Fermi-Hubbard hamiltonian at half filling. In section 5 we compute the effective hopping
kinetic energy by numerically simulating the SU(N) Bose-Hubbard model. We then ana-
lyze the effective hopping kinetic VEV for the single species SU(NN) Bose-Hubbard model
for all N. Finally, we show that the hopping VEV agrees with the one of the fermionic
Hubbard model with the help of a two-site version of the Jordan-Wigner transformation.
We conclude by discussing our results in section 6. Several technical details of the calcu-
lations are relegated to the appendices. In particular, the variation principle in AdSs and
the holographic renormalization procedure is discussed in relation with [13] in appendix B.

2 Phase structure of the holographic Bose-Hubbard model

In this section, we review the holographic Bose-Hubbard model proposed in [4]. We in
particular explain the lobe-shape of the Mott insulating phases in the fy,, — 1 phase
diagram and derive the 1/p behavior of the values of t,,, at the lobe tips by a special
choice of boundary conditions in the IR potential.

The matter content of the holographic Bose-Hubbard model of [4] is summarized in
table 1. It consists of n U(1) gauge fields A, ;, one on each lattice site, and bi-fundamental



scalars® ¢;,j linking two different sites. Indices 7, j label the lattice sites in the field
theory, and run from 1 to n. Gauge fields A, ; and bi-fundamentals ¢; ; are dual to the
occupation numbers (n;) = <b?wa> for each site and the bi-local hopping condensates
<b?Tbja>, respectively. The U(1)" gauge symmetry of the bulk theory corresponds to U(1)"
global charge symmetry in the large N Bose-Hubbard model, which rotates bosons b;,
independent of the indices a. This U(1)"” symmetry is broken to a charge U(1) symmetry
in the presence of the hopping term t;,,, # 0. Besides this global symmetry, the gravity dual
also describes a single gauged SU(N) acting on the index a of the SU(N) Bose-Hubbard
model (cf. eq. (1.1)) which, as usual, is hidden in the gravity dual which only describes
gauge-invariant observables.

In the rest of this paper we focus on a two-site model, i.e. we restrict our discussion to
the case of n = 2. Under the assumption of the hopping amplitude on each link and the
charges on each site being the same, it is straightforward to generalize to any number of
sites n.” The relevant gravitational background for the model of [4] is the AdSy hard wall
geometry

d 2
ds? = gdatde” = —u?dt* + U—UQ, (2.1)

where the hard wall is located at u = u;, and we have set the AdS radius L = 1.8 This
background is confining (has a discrete spectrum of excitations) due to the hard wall, and
it was shown in [4] that the cutoff uy plays the role of the on-site Coulomb interaction
energy. The action of the holographic Bose-Hubbard model of [4] is®

I = Igauge + Imatter + Iinixeds (2.2)
Tyauge = Z / d*oy/=g( - F(n ), (2.3)
e = = / Poy=g5 (Dol +18% |9]?) (24)
W=~ [dZB == [ (2?0 +x 101 +
-

+ ) Ay (017D (FMFORT 4 (2.5)

p,r>1 n

5A bi-fundamental scalar field is one charged under two U(1) gauge symmetries with a priori different
charges. In the model considered here the charge will be of equal magnitude but opposite sign.

"If the hopping is different on different sites or if the charges on either side of the bifundamental are not
the same, translational symmetry will be broken and persistent currents introduced. Care also needs to be
taken for chains of sites that are closed, such as e.g. a triangle. Since the condensing hopping scalars want
to imbalance the charge density of the sites they are attached to, the boundary conditions on closed chains
may lead to charge frustration.

8For more information on this background cf. [14]. The hard wall cutoff u, should be large compared to
the other scales (e.g. temperature, chemical potential, AdS radius) in order to prevent possible instabilities
to appear at energy scales below uy [15, 16].

9Here A was absorbed into the parameters of the IR potential. It could also be absorbed into scalar
fields via rescaling. These scaling symmetries will become important when analyzing the solutions later in
this paper.



with the covariant derivative D, = 0, — iqA,(}) +iqAL2) (b =u,t). F, /Si) is the field strength
projected onto the outward pointing unit normal n, to the hard wall, F/Si) = F;(L?,)n” The
last two lines in (2.5) are a general Ansatz for an IR potential parametrizing the boundary
conditions at the hard wall. The first term in I'E . is an IR mass for fields [17, 18].
Dots represent couplings with IR localized (Higgs) fields of [7], which are ignored in this
paper since we do not need IR Higgs fields to derive the qualitative phase structure of the
Bose-Hubbard model. Following [19], we in particular included a tension-like coefficient
A1 In the region where A, 1/w?, 1/X, and 1/A, ;) are much larger than the gravitational
coupling constant, the bi-fundamental scalar can be considered as a probe field w.r.t. the
AdS hard wall background. Furthermore, if A > ¢2, the backreaction of the scalars to
the gauge field is expected to be small.'’ The two-site model (2.2) is invariant under a
vector U(1) = U(1); + U(1)3 that decouples from the bifundamental ¢, as well as an axial
U(1) = U(1); — U(1)2 symmetry rotating the phase of ¢.

In this section we follow [4] and first consider vanishing bifundamental bulk mass M =
0. By choosing the radial gauge Aﬁ[‘) = 0 and considering an ansatz for the background
field A%n) = Agn) (u) and ¢ = ¢(u), the equations of motion (EOM) derived from (2.2) are

2 @ A0 @2
(29') + L (AP - aPyg =, (26)
A 2CIOE 4 4y 0, m=1.2.3 (27)
where primes denote differentiation with respect to v and Ag‘g) = Agl). Splitting ¢ into

absolute value and phase, one finds from (2.6) that the phase part is constant. The IR
potential (2.5) does not affect the EOM, but only the boundary conditions on the hard wall
and the free energy. The latter fact will enable us to derive the position of the maxima of the
lobe-shaped Mott insulator phases in the phase diagram analytically later in this section.

2.1 Homogeneous Mott insulating phase

The solutions to (2.6)—(2.7) can be classified into two phases, namely, (i) a homogeneous
phase and (ii) a non-homogeneous phase. In the homogeneous phase the gauge fields on

El) = AEQ), while in the non-homogeneous phase they

both sites are equal to each other, A
differ, Ail) # A,EQ) . In the homogeneous phase the interactions in (2.6) between the gauge
field and bifundamental vanish, and analytic solutions of (2.6) can be obtained. We specify

a generalized Dirichlet boundary condition for the fields on the hard wall,'?

Aglg)‘u:m) = —l + pup, ¢|u=uh = thOp‘ (2-8)

This boundary condition corresponds to the choice where the UV parameters p, tyop be-
come sources [14]. The effect of (2.8) is to switch of the subleading VEV term ¢ in the

197 can be set to one via rescaling (¢, w?, A\, Apry) = (VA®, w? /A, N/A? Ag, ) /AP).

" This can be seen by noting that the stress tensor of the scalars and gauge fields is proportional to 1/A,
and 1/¢?, respectively. So the scalar?s energy momentum contribution is relatively small if ¢?/A is small.

120ther boundary conditions lead to quantitatively slightly different but qualitatively similar results. We
will see an example of this in section 3.



solution ¢ = tpep + @ u~t. The solutions satisfying (2.8) are
MY AD ks 6=t 29)

with the chemical potential chosen to be negative. By the standard AdS/CFT dictionary,
thop 1s identified as the source for a hopping kinetic energy operator with scaling dimension
A = 1. Similarly, p is identified as the charge density at each site dual to the chemical
potential p. Switching off the VEV piece ¢ via (2.8) allows to analytically obtain the
free energy of the homogeneous phase, defined in (2.11), as a function of (u, thep) Within
the grand canonical ensemble. The on-shell action obtained by substituting (2.9) into the
action (2.2) is linearly divergent in the UV. Its divergence may be canceled by adding a
counterterm [20-22]

1
It =Y 5 / At/ —h Ay Al (2.10)
k U=Umax

where upay is the UV cutoff and v/—h is the induced metric at © = upax. On the field
theory side of the AdS/CFT correspondence, umax corresponds to the UV cutoff and uy, is
the IR cutoff yielding a mass gap [14, 23].

Gauge invariance is not manifest in the counterterm (2.10). As we show now, this
enforces charge quantization: p must be an integer due to a Dirac quantization condition.

Gauge transformations Ay, — A, + OMA(k) which leave the action invariant should

o
vanish after integration by parts in the bulk AdS, and should not change the leading
coefficient (charges) in the solution for the gauge fields. Moreover, large and discontinuous
gauge transformations of the form A%) = QWQE\IZ)H(t — to) can be considered. In this case
Qg\]f[) is the monopole charge and 6(t) is the Heaviside step function. Requiring that such
large gauge transformations do not change the action leads to the Dirac quantization of the
charge p(j) in the presence of the monopole charge: p(k)Qg\]f[) € Z [24], implying p(,) € Z
for the charges on the site k. For k = 1, this requirement can be shown to arise from the
worldvolume theory of a fundamental string coupled to an NSNS B-field [25].

The free energy is then evaluated by adding (2.10) to the on-shell action of (2.2) in
Euclidean signature [26, 27],

FHom = —(I + Icut)/ﬁ = _2U)0 + UIO2 + I1InPi{xed‘ (211)

Note that 7R

iveq defined in (2.5), vanishes when ty,,, = 0 because all interactions include

¢ (see eq. (2.9)). Following [4], the parameters (y, up) are matched with the parameters in
the Bose-Hubbard model (u,U) by comparing the result with t,o, = 0,
U

Up = U, Hn = p — 5 (2.12)

At zero hopping level-crossing phase transitions are then observed by varying the chemical
potential pp. This transition is of first order, and the quantized charge density (occupation
number) jumps by unity between the different Mott insulating ground states. The phase
transition points are drawn on the py-axis of figure 1 for pp,/U = 1,2, 3.
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Figure 1. The lobe-shaped phase structure of the holographic two-site model in the (5, thop )-plane
(A =1, up = U = 40, and ¢ = v/6/5). Left: for A\ = w? = 1, and all Ay = 0. In the absence
of IR interactions among the gauge fields and ¢, the amplitude of the lobes is periodic under the
shift up — pp + 1. Right: for A =1, w = 0, A¢,1) = —3/2 and other A, ,) = 0. We see the 1/p
behavior of the phase structure.

2.2 Non-homogeneous superfluid phase

In the non-homogeneous phase the gauge fields differ between the two sites,
AW £ 4@ (2.13)

In this case, due to the coupling between the axial combination Agl) - AEQ) and the bifun-
damental ¢, an analytic solution cannot be obtained and numerical methods are needed to
solve (2.6)—(2.7). The solutions to (2.6)—(2.7) satisfy the near AdS boundary expansion

b ~ thoptt® + OW) + ou 1P (14 ...),
k
A§)~u+p(k)u+..., (2.14)

where 8y = (=14 /1 —4¢%6p?)/2. From this expansion it is found that the dimension of
the hopping kinetic energy is shifted by the charge difference dp to be relevant,

14+ /1 —4¢%5p?
A=1+4 8y = q '0.

(2.15)

This shift arises from the coupling of the dual Bose-Hubbard model to the large N CFT.
In [4] a free boundary condition was imposed on ¢ at the IR wall u = wy, such that the
subleading piece ¢ in the UV expansion (2.14) vanished. In this way, the hopping kinetic
VEV was completely generated by the contribution from the IR potential.

Alternatively, we can impose the following mixed Neumann boundary condition (a
generalized version of [28]) at u = wuy, by requiring the boundary term to vanish at the hard
wall boundary v = uy:

2 41 IR
uh¢ 5Irni d
xee = 0. 2.16
A d¢ (2.16)

Since there may be many solutions for the hard wall boundary condition (2.16), we also
need to specify the behavior of A,El) — A,EQ)‘u:uh ~ dpuy, for small t;,, in order to pick



‘ ‘ ‘ ¢ . . . . . ' thop
N 1 2 3 s ‘thop “~ 05 1.0 1.5 2.0 25 3.0 35 4.0
. N
-1 %‘%\\ \Q‘\\‘ ~
\\\\\ ol \\:::\
-2f N
N NS
\\\\\ ~ -

S N w2=1 2p0=1
—4F

-ap w?=5 2p=5

-5} -6

-6
-8

Figure 2. The subleading term ¢ as the function of ¢y, in the non-homogeneous phase with the
Neumann boundary condition (A = 1, u, = U = 40, and ¢ = v/6/5). This term contributes to
the total hopping kinetic energy in the superfluid phase. Dashed lines mean analytic results (B.4)
obtained in appendix B. Left: for A = 1, and all A(,,) = 0. For small ty.p, ¢ is almost a linear
function of ty,,p. Right: for A =1, w =0, A¢1,1) = —3/2 and other A, ) = 0. ¢ is a linear function
of thop for small ty0p. There is a scaling relation in terms of A, (thop, @) — \/K(thop, ©).

the solution branch that can be continuously connected to the homogeneous phase with
Agl) — A?) = 0.'3 The non-homogeneous solutions with these two conditions generate
a very small VEV piece ¢, i.e. are very close to the case of the free boundary condition
employed in [4]. These conditions are also important to be consistent with the analysis of
the level-crossing transition at tpop = 0 where the Mott insulator phase is always favored.
Solving the boundary condition (2.16), we have plotted the VEV piece ¢ in the non-
homogeneous phase in figure 2. In both figures, ¢ is a linear function of ty,,,, for small #y,4p,
which confirms that we picked the correct solution branch.

The on-shell action is divergent at the AdS boundary due to terms coming from the
gauge fields that are cancelled by (2.10) as well as new divergencies coming from the
bifundamental scalar. To cancel these new divergences, we add a counterterm

Tent2 = % / dtv/—he?. (2.17)

This is sufficient to render the on-shell action finite for ¢ > \/3/4 For ¢ < \/§/4 (Bg >
—1/4), additional subleading divergencies appear that need to be cancelled separately. For
vanishing mass M = 0 we hence specify g larger than v/3/4, which is fulfilled by the value
q= @ used both in [4] and in this work. The new counterterm (2.17) vanishes for dp = 0
and hence is compatible with the holographic renormalization of the Mott insulator phase.
By adding two counterterms (2.10) and (2.17) to the action (2.2), we obtain the free energy

F= —(I + Icut + Icut,Z)//8~ (218)

We analyze the phase structure by varying the UV parameters'* (u, Pi> thop) and by
minimizing the free energy. Going through the phase transition, in particular the inter-
nal energy E' = F — pu); px) changes with p due to the presence of the IR potential

13The other solution branches will have more nodes and hence higher free energy.
14Usually, p; would be responses to u. Nevertheless, since the p; are quantized in our setup, we fix them
to the corresponding values while varying (i, thop)-



describing the interaction between the gauge field and ¢. The inequality between A§1’2)

in the non-homogeneous phase implies that the occupation number per site is not equal.
The non-homogeneous phase arises when the kinetic energy becomes large and the bosons
become delocalized, which occurs in the large ty,;, region of figure 1. In figure 1, the re-
gion surrounded by the lobe is the Mott insulator phase with equal occupation numbers
p(1) = p(2)- Proper parameters in the IR potential with coupling among ¢ and the gauge
fields realize the lobe-shaped phase structure of the Bose-Hubbard model, as well as the
1/p behavior of the ty,, value at the tips of the lobe-shape.'® In particular, the term with
the coefficient A(; 1) in (2.2) can be approximated as a potential energy (bzp? depending
on the kinetic energy tpop. With this same choice of IR potential as in [4], almost the
same phase structure as in the case of the free boundary condition [4] is obtained, since
the generated VEV ¢ under the IR boundary condition (2.16) is small.!6 In conclusion,
the choice of boundary condition at the hard wall does not matter significantly as long as
the generated VEV piece in the UV expansion of ¢ (2.14) is small.}”

Another interesting fact is a scaling relation in the equations of motion which can be
used to related different phase structures as in figure 1,

(¢7 ’LU2, >\a A(p,r)) — (\/K¢7 w2/A7 )‘/AZa A(p,r) /Ap) (219)

Using this relation, one sees that the phase structure at A = 1 has almost same phase
structure as in (2.2) after rescaling thop — \/Kthop. This happens because the VEV ¢ is
a linear function of t;,, and hence obeys the same scaling relation as ¢. In the following
section, the parameter A is used to match the behavior of the effective hopping parameter
(kinetic energy) with those in the field theory side. We will in particular use this scaling
relation to ensure a nearly unchanged phase structure at different values of A.

3 Bulk scalar mass & hopping anomalous dimension

In this section, we investigate the mass M dependence in the lagrangian (2.2). Since
a bulk mass for the bifundamental scalar changes the scaling dimension of the hopping
kinetic energy away from marginality, introducing this bulk mass effectively allows us to
study the hopping kinetic term in the spirit of conformal perturbation theory as a UV
perturbation away from the state with strong Coulomb repulsion. Tuning the anomalous
dimension of the hopping energy operator to (in the RG sense) relevant or irrelevant values
while keeping the dimension of the on-site conserved charge fixed, one would expect an
enhanced/decreased tendency to form the non-homogeneous superfluid phase. We will see
in this section that this is not necessarily so, as this UV argument neglects the contribution

15The choice of parameters for each numerical result is mentioned in the caption of the corresponding
figure. Generally, there exists a window of IR parameters in which the lobe-shaped phase structure is
realized. A complete mapping of the possible phase structures for different parameter choices is left for
future work.

16Tt can be shown that a cusp between two Mott insulating lobes is almost attached to the p-axis using
the numerical computation of the integral.

17Tt is noteworthy that the non-homogeneous phase (non-zero Agl) - A,(f) case) is similar to the analysis
of the axial vector in hard/soft wall AdS/QCD models [14, 29].
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to the free energy from the IR potential term (2.5). Taking both effects into account, the
picture becomes more involved.

For the ground state we consider again the same ansatz as in section 2 of the back-
ground fields and bifundamental scalar depending on u only, but now keep the mass term
n (2.2). Taking the gauge A, = 0 again, the EOM for the background now read

24\ _ M2 q—QA(l)—A(Q)Z -0 3.1

(u”¢’) ¢+u2(t i)7¢=0, (3.1)
m 2(]2 ¢2 m m

Al )"—u|2’(A§ F—Am) =0, m=1,2.3. (3:2)

3.1 Effective hopping in the homogeneous phase

If the gauge fields on both sites are equal, A&l) = Af), we find analytic solutions
¢ = thopu_‘SM + u oM Agl) = u+ pu, (3.3)

where 6y = 1/2—+/1+4M?/2 and ¢ = A@/(1 —20)) containing the condensate ¢ of the
Bose-Hubbard model side (for a derivation cf. appendix A). The scaling dimension of the
hopping kinetic energy dual to t,,, now becomes relevant or irrelevant depending on the
sign of M?,

A=l by = 1 VIHaM? V12+4MQ. (3.4)
The action (2.2) is invariant under a ¢ — —¢ symmetry, the action evaluated on the
solution (3.3) is invariant under the simultaneous sign change of t,,, and ¢. To agree with
the Bose-Hubbard model (1.1), thop is assumed to be negative t,o, < 0 in the remaining
sections, and some plots are in terms of the positive parameter U /typ.

Following [4], we impose the same generalized Dirichlet boundary conditions (2.8) on
the gauge potential as in the zero bulk mass case. Imposing the general Dirichlet boundary
condition, p and p become a UV input [14]. Simultaneously, we can impose Dirichlet
or Neumann IR boundary condition on the bi-fundamental scalar. In the Mott insulator
phase, we impose the following general Dirichlet boundary condition as

Blu=uy, = thoptiy, - (3.5)

The subleading term ~ ¢ in (3.3) is switched off by this boundary condition, which is
preferred in the homogeneous phase.

We then holographically renormalize the action (2.2) by adding the counterterms (2.10)
and (2.17). For nonvanishing bulk scalar mass we in particular need to include (2.17) even
in the homogeneous phase due to the nontrivial RG running of ¢. The free energy F' is
computed from the holographic renormalized action in Euclidean signature, for details cf.
appendix A. We define the VEV of the operator dual to the bi-fundamental scalar field to
be equal to the derivative of the so-defined free energy w.r.t. to the hopping parameter ty,qp,

dF 1 66 6(1+ Ieut.m)
b b, +cc) = == cut, c ). 3.6
< 1 ) +cc > dthop ﬂ <5thop 5(;5 +cc ( )
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This VEV then corresponds to the hopping kinetic energy on the dual large N Bose-
Hubbard model side. Even if the subleading piece ¢ of in solution (3.3) is zero, a non-trivial
VEV is generated by the IR potential IIIHP}X.B Furthermore, the hopping kinetic energy is
an order parameter for the Mott insulator to superfluid phase transition in the two-site
Bose-Hubbard model.

In the |thop/U |< 1 limit, one finds using (A.3) that the VEV (3.6) behaves like

1 —+V1+44M?

(07bj0 + c.c.) = thopYh - 0

+ 4ZA(1,T)(—/72)T + 4dw?
r>1

+ O(tfop), (3.7)

where thop < 0 and Y} is defined below (A.3). That the hopping VEV (3.7) is proportional
to thop is an expected behavior of the VEV in the SU(/N) Bose-Hubbard model at small
hopping. After matching the coefficient of the above leading term to data from the corre-
sponding SU(N) Bose-Hubbard model, we can fix the parameters as a function of N and
p.19 This is expected from a top-down string theory point of view (cf. e.g. the top-down
model of section 4), where a natural scaling with N exists for all quantities in the dual
quantum theory. For large occupation number p, the hopping kinetic energy (3.7) can be
further approximated as

<b?Tbja + C.C.> = dF/dthop = 4thoth . Z A(lv,«)(—pQ)T . (3.8)

r>1

We now proceed to match this result to the Bose-Hubbard model in second order pertur-
bation theory.

We first compare our holographic result (3.8) with perturbation theory in tpep for
the single component Bose-Hubbard model on two sites with an even number of particles
(N =1 and p;y = p2) = p in the Hamiltonian eq. (1.1)). The total particle number is
restricted to be even in order to have a Mott insulating ground state on two sites.?’ In
second order perturbation theory, the VEV of the hopping term then behaves in the small
thop/U limit as

4t p)ho
—Ohop

4t ()hop 5
U p

(blby +c.c) ~ — 1)~ =

(p = 0), (3.9)

where £ (3),0p denotes the hopping integral in the Bose-Hubbard model (1.1). By comparing
the coefficient of the p? term, one parameter of the IR potential is fixed to

A(l,l) _ _uﬁéM—27 for A(l,l) #0. (3.10)

8Note that we also require 6 = 0 at both the AdS boundary and the hard wall cutoff.

19 Another parameter is the 't Hooft coupling of the hopping degrees of freedom to the gapless SU(N)
gluon sector. The parameters of the model such as the charge or bulk mass will implicitly depend on it.

200therwise there would be a particle that could hop between the sites to first order in perturbation
theory already.
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Accepting this pzthop /U behavior, moreover, the parameter r in the summation in (2.5)
is restricted to be 1, i.e. only terms quadratic in the field strength are allowed.?! In this
way we can match the result of a single species Bose-Hubbard model even if our hopping
kinetic term has an anomalous dimension, while the first term in (1.1) is of standard
dimensionality.

We now consider the SU(N) Bose-Hubbard model on two sites. In this case an
N chop /U behavior is expected for the system with two particles per species N, where
p = p(1) = p(2) is fixed to be N such that there are exactly NV particles on each site and the
total number of particles is even again. The hopping term of the SU(/N) Hubbard model
itself will be discussed in more detail in section 5. Here we consider the large N scaling:
when p = N, the hopping VEV is proportional to N2, which is different from the power N

usually obtained in the probe brane theory in the top-down approach [30].?2

Moreover, in
this case one can not ignore the backreaction of the gauge fields and bifundamental scalar
onto the background geometry. These issues are resolved by changing the field strength
at on-shell(= p) to p/N in the top-down approach of section 4. In a nutshell, in the top-
down approach the number of F1 strings ending on the defect brane is proportional to
Np, which is quantized to be an integer and hence p becomes an integer divided by N.
Replacing p — &, the large N scaling expected from the SU(NN) Bose-Hubbard model
is then consistent with the top-down string theory construction of section 4. Moreover,
the fluctuation around the half filling state does not affect the leading large N scaling of
the probe brane when the fluctuation is O(1). Taking into account this lesson from the
top-down construction, we can now trivially match the small tyop,/U large p behavior (3.8)
of the holographic bottom up model to the second order perturbation theory of the SU(N)
Bose-Hubbard model (1.1) in the limit of small t,,/U. The result is again given by the
conditions (3.10). The additional N? scaling of the hopping kinetic term is canceled by the
replacement p — £

After matching the most relevant parameters of the IR potential to the SU(N) Bose-
Hubbard model, we can study the dependence of the hopping kinetic energy on other
parameters such as the charge density or the anomalous dimension, as well as the other
still unfixed parameters of the IR potential. By using (2.19) for parameters realizing the
lobe-shaped phase structure to scale out A, for A« 1) # 0, Ay ) is restricted by (3.10).
On the left-hand side of figure 3, the VEV of the bi-fundamental is plotted for different
choices of the charge density p, with the other parameters M? = 0, A\ = 1/A%, w = 0,
A1) = —3/(2A) and other A(,,y = 0 chosen to realize the lobe-shaped phase structure of
the left hand side of figure 1.?3 In figure 3, the VEV behaves as thop/U at large U/tpop.
This universal behavior is consistent with second order perturbation theory in the single

21The term linear in p is missing in the IR potential (2.5). It could be generated by either a term ¢*F;
which breaks bulk diffeomorphisms, or ¢?+/F2, which does not. We could include such a term, but it does
not affect the phase structure much.

22The baryon vertex operator corresponds to such a theory in the gravity dual since N fundamental
strings end on it [31, 32].

**In figure 1, A(1,1) was chosen to vanish. In figure 3, u, = 10 and hence A1,1) = — 145 for M* = 0. In
our experience, the phase structure of the left hand side of figure 1 does not change significantly under such

a small change of A 1.
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Figure 3. The normalized VEV of the bi-fundamental is plotted as the function of U/tyep for
fixed M2 =0, w = 0, A = 1/A2, A1) = —3/(2A), and other A(,,y = 0, where the parameter A
is specified by eq. (3.10). The normalized VEV shows the universal ty.,/U behavior at large U,
consistent with second order perturbation theory in the single component two site Bose-Hubbard
model. The coefficient coincides with the p? behavior in perturbation theory at large p, cf. (3.7).
Left: the occupation number p is changed. The absolute value of the VEV increases as p increases.
Right: the A dependence is plotted when wy, = 10. For small U/#pep, the absolute value of the VEV
increases when A increases. When p is larger than the other couplings, A becomes unimportant.

species two site Bose-Hubbard model. At large p, the coefficient of the VEV is p? as
expected in the Bose-Hubbard model, cf. (3.9). The absolute value of the VEV increases
when p increases as expected. On the right-hand side of figure 3, the A dependence of the
hopping VEV is plotted when u, = 10. X is the quartic self-coupling of the hopping field
¢ in the IR potential (2.5), which is absent in the top-down approach of section 4. It is
hence important to show that for realistic parameter choices in the bottom-up model, the
resulting hopping VEV does not depend very sensitively on A\. The absolute value of the
hopping VEV increases as A increases for small U/to,. When p becomes larger than the
other couplings, the A dependence disappears altogether.

We hence conclude that we can simultaneously realize the lobe-shaped structure of
figure 1 and qualitative behavior of the hopping kinetic energy of the Bose-Hubbard
model (3.9). The influence of A is negligible in the bottom up model for a range of param-
eters around the ones chosen in this section, and hence the bottom up model has a chance
to agree with the top-down model of section 4. The other parameters on the right hand
side of figure 3 are unchanged compared to the left hand side plot.

Since the qualitative features of the phase structure of the left hand side of figure 1
is not sensitive to small changes of A(; ;) and A, we choose A(; ;) = 0 and A =1 in the
following to compute the VEV of the bi-fundamental numerically.?* This has the advantage
that the VEV becomes independent of the charge density p since the p-dependent terms
in the IR potential vanish in the homogeneous Mott insulating phase. We study the
dependence of the hopping VEV on the hopping field mass M, or equivalently on the
anomalous dimension of the hopping kinetic energy operator. The bulk mass determines

24Note that it is impossible to reinstate A(1,1) from A1y = 0 by the scaling (2.19). Nevertheless, we
find that even in this seemingly disconnected case, the phase structure and the behavior of the VEV are
qualitatively unchanged.
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Figure 4. With varying M and for any p, the normalized VEV of the bi-fundamental is plotted
as a function of U/tyep for fixed uy, = U = 10, w = A = 1, and A(,,y = 0. Now, A is specified to
be 1, and the IR boundary condition is (3.5) in the homogeneous phase. Left: ¢ is a small positive
parameter. The absolute value of the VEV increases as M? increases. The VEV approaches 0 in
the large U/thop limit as expected in the Mott insulator phase of the Bose-Hubbard model. Right:
the ratio of the bulk contribution to the IR contribution. The bulk contribution, which is the VEV
as read off from the UV via the AdS/CFT dictionary, vanishes when M = 0. The bulk contribution
is suppressed at large U and hence the major part of the VEV comes from the IR contribution.

the anomalous dimension of the bi-fundamental operator via (3.4). On the left side of
figure 4, the normalized VEV of the bi-fundamental is plotted as a function of M? above
the BF bound Mg, = —1/4 [33, 34] and for uy, = 10, A = w = 1, and A,y = 0. We find
that the absolute value of the VEV increases as M? increases. The absolute value of the
VEV approaches zero in the small ¢y, limit, which is expected for the Mott insulator phase.
At first, an increasing VEV for an operator whose dimension becomes more irrelevant as
M? increases seems counterintuitive. However, the hopping VEV in our model receives two
contributions, one UV contribution from the asymptotic behavior of the bulk field ¢, as
well as contribution from the IR potential (2.5). To understand the apparent conundrum,
we compare the IR contribution to the VEV with the UV contribution,

VEVigta = dF/dthop =VEW +VEVR, (3.11)
VEVIR = _(8Irlnri{xed)/(58th0p) ) (3‘12)
VEV, = 20 Ynthop - (3.13)

On the right hand side of figure 4, the ratio of the bulk contribution to the IR contribution
to the VEV is shown. When M = 0, the bulk contribution V EVy, vanishes due to the
vanishing of dj; defined in (3.4) together with the boundary condition (3.5). The two
contributions are the opposite sign of each other for M? > 0. The bulk contribution is
much smaller than the IR contribution at large U, as it is suppressed by thep/U. As will
be discussed in section 6 (cf. figure 11), the parameter space given by (M,w,uh,A(Ll))
is sufficient to match the holographic model with the numerical results for the hopping
kinetic energy of the SU(N) Bose-Hubbard model for not too large values of top/U.
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3.2 Effective hopping in non-homogeneous phase

We now turn to discuss the behavior of the hopping kinetic energy in the non-homogeneous
phase, which is the holographic version of the superfluid phase of the Bose-Hubbard model.
In the non-homogeneous phase where Agl) =+ A§2), a numerical approach is required to
derive the effective hopping parameter. The details of the derivation of the effective hopping
VEV in the non-homogeneous phase are given in appendix B. Solving the EOM (3.1), the

fields in the non-homogeneous phase are expanded near the AdS boundary as

G ~ thopu® (14 ...) + @pu 7% (14 ...),
AV~ ppyu (3.14)

where dy = (—1 + /1 +4M?2 — 4¢25p2)/2, and the dots denote subleading corrections
depending on the two integration constants ty,,, and ¢, which are computable numerically.
The scaling dimension of the hopping kinetic energy dual to ty,,, now depends on both M
and 0p = p(1) — p(2), and can be relevant, marginal or irrelevant in the RG sense,

14 /1 +4M?2 — 4¢25p2

A:1+(5¢: 3

(3.15)

Note that the bi-fundamental scalar dual to the hopping kinetic term is charged under the
axial combination Agl) —A§2), and hence its anomalous dimension depends on the difference
in charge density dp between both sites.

The fields at v = wuy, have to satisfy a hard wall boundary condition, and the result
for the hopping kinetic energy will slightly depend on it. Considering either the Neumann
boundary condition (2.16) (in figure 5), or a Dirichlet condition ¢, = const (and dp, = 0)
and Ail) — A§2) ~ dpuy, as ty, — 0 (in figure 6), we again compute the finite on-shell action
by adding counter-terms at the AdS boundary, cf. appendix B for details. The free energy
F' is the holographically renormalized on-shell action in Euclidean signature. We compute
the variation of the free energy w.r.t. ¢, to compute the effective hopping kinetic energy.
The details of the derivation can be found in appendix B.

The effective hopping (VEV) defined by dF/dtyep, is plotted as the function of U/thep
for a charge of the bi-fundamental scalar?® of ¢ = v/6/5 and with the Neumann boundary
condition (2.16) in figure 5. The absolute value of the VEV becomes smaller than those of
the homogeneous phase, because the contribution from the IR potential is suppressed by the
Neumann boundary condition (2.16). The absolute value of the VEV is also smaller when
q is small. The small values imply that the free energy in the non-homogeneous phase
changes more smoothly compared to the homogeneous phase. Finally, from figure 5 we
conclude that the VEV in the non-homogeneous phase (blue and red curves) is much more
sensitive to changes of the anomalous dimension (changes of M?) than in the homogeneous
phase (purple and green curve). We think that this is due to the reduced contribution from

?The choice of this value is mostly for technical reasons explained in section 3 of [4]. Recall that,
from (3.15), when ¢ < 1, many values of dp can be allowed. The phase structure of these holographic
models may change for |dp|< 1 as reviewed in section 2. Values of dp can be restricted by choosing the
bulk mass M properly.
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Figure 5. The VEV in the non-homogeneous phase at the finite coupling ¢ = v/6/5 and |dp|< 1
and the Neumann IR boundary condition (2.16). For any p(;) satisfying |dp|< 1 and varying M, the
normalized VEV is plotted as the function of U/tyep when uy, =40, A=w =A =1, and A(p,q) =0.
The absolute value of the VEV in the non-homogeneous phase (red and blue curve) is smaller than
the one of the homogeneous phase (purple and green curve). VEV;,/V EVig as a function of U/thep
for curves with the same parameters (colors). VEW,/VEWR is zero when M? = 0, > p; = even.
The ratio becomes large and with the opposite sign compared to the homogeneous phase.
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Figure 6. The normalized VEV is plotted as the function of U/tp,, when M? = —21/100 and
q®> = 3/100 (weak coupling). Other parameters are fixed to be u, = 40, A = 1/A% w = 0,
A1y = —3/(27), other A, ) = 0. Now, A = 120 x 2/5 x 52/5. Left: the IR boundary condition
¢ = 0 is imposed. Dashed lines represent curves in the Mott insulator phase. Dashed curves are
parametrized by > p; = 2, 4. Right: the VEV for the same parameter choices, but now with
Neumann boundary condition (2.16). We find that the absolute values of the VEV in the non-
homogeneous phase are larger for Dirichlet than for Neumann boundary conditions. Larger VEVs
are expected in the superfluid phase, which favors the Dirichlet condition in the superfluid phase
as well.

the IR to the hopping VEV due to the Neumann boundary condition (2.16), which means
increased sensitivity to changes in the UV contribution to the VEV: the Neumann boundary
conditions (2.16) allows the IR potential adjust itself dynamically towards a minimum of
the IR potential, which is however bought by an additional contribution coming from
the UV part of the VEV. On the other hand, the hard wall boundary condition (3.5) is
constructed to set the subleading piece of the UV expansion of ¢ to zero, and hence, since ¢
corresponds to an irrelevant operator, the UV contribution as defined in (3.11) is strongly
suppressed compared to the IR contribution.

We also found that the effective hopping in the non-homogeneous phase is similar to
that of the homogeneous Mott insulator phase discussed in section 3.1, if we impose the
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Dirichlet boundary condition fixing ¢, = 0 in (3.14) instead of the Neumann boundary
condition (2.16). With Dirichlet conditions, the absolute value of the VEV increases as
the total occupation number increases, as can be seen from the left hand side of figure 6,
which is plotted with parameters ¢ = 3/100, M? = —21/100, uy, = 40, A = 1/A? w = 0,
A1y = —3/(2A), other Ay, ;) = 0. Now, A ~ 262. By contrast, the right hand side figure
employs the Neumann condition (2.16), but otherwise same parameter choices as the left
hand side figure. By comparing both figures, we find that the Neumann boundary condition
leads to much smaller values for the VEV in the non-homogeneous phase compared to the
Dirichlet condition. Since we expect the VEV in the non-homogeneous superfluid phase to
be large, this observation favors the use of a Dirichlet condition in the non-homogeneous

phase as well as in the homogeneous phase.?%

4 A holographic SU(N) fermionic Hubbard model

In this section, we construct a top-down holographic model dual to the SU(N.); Fermi
Hubbard model at half filling, i.e. a Hubbard model in which fermions hop between lattice
sites, but themselves transform in the fundamental representation of a SU(N,) gauge group
whose dynamics is of Yang-Mills-Chern-Simons type with Chern-Simons level k. The field
theory side is given by the low energy limit of a D3-D5-D7 system of the type IIB superstring
theory. We start from the holographic dual to the level-rank duality built from the D3-D7
system [12], which we review in appendix C as well as briefly below. We insert into this
model a stack of np coincident D5 branes carrying a U(np) gauge theory. The D5 branes
end on the D7 brane in the IR. The rank nr can be interpreted as the number of the lattice
sites after separating the D5 branes in the boundary spatial directions. Separating the D5
branes breaks the U(np) symmetry down to U(1)"F C U(np), and the low energy effective
action in terms of the unbroken gauge fields and corresponding modes coming from open
strings connecting the separated D5 branes will be mapped both to the operator content
and interactions of the bottom-up model (2.2) as well as of the Fermi Hubbard model at
half filling (5.2).

4.1 Multiple D5-branes with non-Abelian symmetry

Probe D5-branes with non-Abelian symmetry are considered on the AdSs soliton back-
ground with metric (C.1). At energies below the gap, the solitonic geometry describes the
confining vacuum of non-supersymmetric 341 dimensional SU(N,) Yang-Mills theory. The
confinement scale is set by the radius of the circle on which the D3 branes giving rise to
the solitonic background in the large N, limit are compactified on. The D5-branes wrap-
ping (¢,u) and S* directions inside the transverse S° are introduced in the probe limit, i.e.
without considering their backreaction. In order to attach the D5-branes on the tip of the
AdS soliton, by flux conservation [35] they need to end on another D brane. We engineer
this by letting them end on D7-branes at the tip of the soliton. The setup is summarized
in table 2.

26Tn the homogeneous phase the Dirichlet condition was chosen to ensure the vanishing of the subleading
part ¢, = 0 in the UV expansion (3.14).
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JIO LUl .’E2 .I‘s =T 134 =Uu .I‘s £U6 $7 5138 ],'9
N, D3| x| x| x X
k D7 X X
ngp D5 | X X X

Table 2. D brane setup of the top-down construction of a SU(N,); Fermi-Hubbard model. 7 is the
compactified cigar direction, u is the holographic direction, and 2°? are the S°® coordinates. We
choose an embedding of S into S® such that z°® parametrizes the S* wrapped by the D5 branes.

From the field theory point of view, the spectrum of the D3-D7 strings is non-super-
symmetric and contains k massive 241 dimensional Dirac fermions (with mass of order of
the gap scale) transforming in the fundamental of the SU(V,.) gauge group as well as a
U(k) global flavor symmetry. At low energies, the Dirac fermions can be integrated out,
giving rise via the parity anomaly to a level k£ Chern-Simons term for the SU(NV,.) gauge
field. This is the holographic dual relevant for level rank duality. It was first described
in [12], and its domain walls (which are supersymmetric) were recently analyzed in [36].
The effective theory at energies below the gap scale is hence a SU(N. ), non-abelian Chern-
Simons theory.?”

The D3-D5 strings on the other hand are 8 ND and hence supersymmetric [37], and
contain np 041-dimensional fermionic degrees of freedom transforming in the fundamental
of the SU(N,) gauge group. This defect has recently been used to model the spin impurity in
the holographic Kondo construction of [8]. In our context, these fermions are the hopping
degrees of freedom residing on the 0+1-dimensional defects. We are hence describing a
holographic dual to a Fermi-Hubbard model with gauge group and Chern-Simons level
SU(N,);.28

Finally, the D5-D7 intersection is 4 ND and hence supersymmetric. We can hence
trust the DBI-Wess-Zumino actions describing the coupling of these branes to the Ramond-
Ramond gauge fields sourced by each other, and the corresponding flux conservation ar-
guments [35]. These results ensure that the D5 brane can end on the D7 brane at the
cigar tip.?”

2TNote that the absence of supersymmetry is not a big drawback of this construction, since the gapped
background breaks supersymmetry by itself, and the embedding of the D7 branes is stabilized by the
occurrence of the gap — the D7 branes are simply staying at the bottom of the z>-cigar.

28For general k and N,, the presence of the Chern-Simons level influences the statistics of the D3-D5
strings. Following the discussion in [12], a single string stretching between the D5 brane and N. D3 branes
in a definite color picks up a phase e® when interchanged with another F1 string of the same color. When

= 1, these strings have fermionic statistics. As far as the statistics of two D5 branes with charge density,
as necessary for the construction of the Fermi-Hubbard model, is concerned, as explained around (4.5), the
charge density on the branes and hence the number of strings is quantized together with the embedding
angle on the transverse S°.

29The AdS soliton solution breaks sypersymmetry. Nevertheless, our system is locally supersymmetric
since at vanishing temperature the tip of the cigar is locally flat, and the D5-D7 solution was supersymmetric
in flat space-time. At finite temperature, the D7 brane is too heavy to be pulled up by the D5 branes.
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The remainder of this section is concerned with analyzing the dynamics of the multiple
D5 branes as they are separated in the non-compact 2! or z? directions in order to realize
a multi-site version of the above-described bottom up Hubbard model construction. For
np = 2 we construct a top-down version of the two-site SU(N.), Fermi-Hubbard model.
The embedding of the D5 branes into the D3-D7 model of [12] is summarized in table 2.
In order to proceed, we need to introduce some geometric structures on the D5 branes: in
the Abelian case of a single D5 brane, the pull-back of the spacetime metric onto the brane
is defined as

PG ) = 02" 0px" gy = gap + (QWa')zaafbi@b(I)jgij, (4.1)

where j is running through all 10 space-time dimensions, a,b = t,u, S* are the wrapped
directions, ¢,j denote the transverse directions and g,; = 0. The transverse scalars of the
D5-branes are given by (27a/)®* where (i = x1,x2,7,60) and have dimension of length. In
the non-Abelian case, the partial derivative should be replaced by the U(np) covariant
derivative D,®' = 9,®° + i[A,, ®'] [38]. The derivatives in the pull-backs are consequently
replaced by D,®'. The Neveau-Schwarz B-field B9 is switched off in our background.
The non-Abelian D5 worldvolume action becomes

Ips = —T5Str< / d%\/ —det(P[Gap + Gai(Q' — §)7Gjp) + (21 ) Fop)det(Q75)

+ / P[ei<2”"‘/”mca]e2’“’F> + Stermions (4.2)
(0%

where Ty = 1/(2m)5gsa’® and Q%; = &'; + i(2ma/)[®¢, ®¥|gx;. Indices 4, such as e.g. on
(6 — Q7 1)%; are lowered in terms of the transverse metric g;;. i is the interior product in
the direction of ®. The meaning of the symmetric trace prescription Str is to symmetrize
over the gauge indices neglecting all commutators of the field-strength Fy,, [®¢, ®7], and
single ®°, i.e. Str(®" ... ) = Tr(d% ... " + all permutations)/n!. In the non-Abelian
case, C, also has the ®; dependence. A consistent non-Abelian Taylor expansion for the
RRfields is [39, 40]

o

i 2ma)" i i
n=0 ’

In our case, the only RR background field will be Cjy, sourced by the D3 branes.

4.2 Homogeneous phase

In the top-down model with np = 2, we make an Ansatz for the gauge fields and transverse
scalars as

T
Ab = diag(al()l),af)), 0= diag(@n, 922), Pl = <2§1 wO ) s (4.4)
w

with all other transverse scalars to be zero. One could also choose w*? instead of w*!, due
to the rotation symmetry in the zjzo-plane. As pictured in figure 7, the branes can be
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Figure 7. Phases of the top-down model: (a) The homogeneous phase is described by the two D5
branes wrapping the S* C S5 at the same polar angle. The charge quantization condition (4.5)
then implies that the number density is the same on both defects. (b) In the inhomogeneous phase,
the branes wrap different angles on the S°, corresponding to a difference in charge density. The D5
branes wrapping angles close to the equation corresponds to half filling.

separated in the field theory direction x; as well as in the polar angle transverse to the
S4 C S°. As we will see, these fields are sufficient to describe a holographic Fermi-Hubbard
model: separation only in the field theory direction corresponds to the homogeneous Mott
phase, while additional separation in the sphere direction corresponds to the inhomogeneous
superfluid phase.

In the homogeneous phase, the D5 branes are separated in the field theory direction
but not in the polar angle 17 = 629, and the gauge fields are constrained to be equal,
algl) = al()2). The eigenvalues of the matrix ®*! are & |w® |3 which yield the separation
in the field theory direction x;. Note that in the homogeneous phase, [0, ®*1] = 0 and
Dp®@*t = 9,®"1. Since the off-diagonal components are only from ®*!  the action reduces
to that of two separated D5 branes, each with Abelian gauge symmetry. Considering
the relation [#, ®*1] = 0, the field w™ does not receive a mass from the commutator
squared potential in (4.9) (cf. also (D.6)). The field w™ is the analogue of the W bosons
in the standard model of particle physics. A constant solution w®™ = typ, is allowed in
the homogeneous phase and does not contribute to the on-shell action, but breaks the
U(2) gauge symmetry down to the U(1l) = % (U(l)(l) +U(1)(2)) baryonic symmetry,
corresponding to the vector symmetry of the bottom-up model. The mechanism of this
symmetry breaking is similar to the one of chiral symmetry breaking in the AdS/QCD
model of [14, 29], where the constant ¢4, corresponds to the explicit breaking via a quark
mass, and the hopping kinetic VEV corresponds to the spontaneously generated chiral
condensate. From this construction we see that w”® corresponds to the hopping scalar of
the bottom-up model. The Z boson (al()l) — al(f)) is also massless and corresponds to the
axial gauge field U(l)(l) — U(1)(2) of the bottom-up model, which does not contribute in

the homogeneous phase.?!

Relations 617 = 695 and al()l) = al(f) imply via the following angle quantization condi-

tion (4.5) in the S direction perpendicular to S* that the charge density must be equal

39Diagonalization of & corresponds to a SU(2) gauge transformation compatible with the Ansatz.
31 A finite value of tnep explicitly breaks the axial symmetry. As with the axial symmetry breaking in
QCD, this will yield to a gap in the excitations of the Z boson field, while the background value vanishes.
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for both D5 branes, and hence the charge density on both boundary defects coincides [25].
By a well-known argument [25], the charge density on the D5 brane must be quantized
as an integer multiple of the fundamental string tension (i.e. the number of open strings
ending on the brane). The EOM for the transverse scalar § has a constant solution, which
is quantized in terms of the charge density such that the fundamental string tension cancels
exactly the amount of charge induced on the brane by the Cy RR field. The quantization
condition has been worked out in [25], reading

% =0 —sinfcosh, (4.5)
where § = 7—0. The charge density n on the brane equals the number of (14-0)-dimensional
fermions at a site [6].

This discussion shows that the effective tension of the D5 brane [5] is suppressed in
the large N limit when the occupation number is of order 1, i.e. when the D5 brane sits
close to the pole of the S°, § ~ 0. From a string theory point of view, vanishing tension is
not desirable, as fluctuations of the brane fields will not be suppressed compared to their
background values any longer. The natural other locus for the D5 branes on the S® is the
equator 011 = floy = 5. Since the D3-D5 intersection is supersymmetric, and as we will see
explicitly in section 4.4 below, the slipping mode of the D5 on the equation will not violate
the Breitenlohner-Freedman bound in AdSs. Hence, expanding around the equator, the
fluctuations of the brane will be suppressed compared to the background in the natural
large N scaling. The state at @ = 7/2 has an occupation number N./2. When comparing
with the large N Fermi-Hubbard model at half filling below, we will exactly recover this
large N scaling in the top-down model, and be able to match the operators and their
sources to the corresponding terms in the Fermi-Hubbard lagrangian (5.2).

4.3 Inhomogeneous phase

The inhomogeneous phase is characterized by a difference in the charge density on both
defects. The D5 branes are consequently separated both in the field theory as well as in the
S5 direction due to the charge quantization (4.5), 17 # 022 and al()l) #+ al()2). In the inhomo-
geneous phase, there are couplings between W and Z bosons from the nonabelian covariant
derivative. As in the homogeneous phase, w”! is the hopping scalar. Considering [¢, $*!]
(011 —622) # 0, the W boson now acquires the mass proportional to the difference in angles
on the S* € S°. Due to the charge quantization condition (4.5), the W boson mass and
hence the hopping VEV now is related to the difference in charge density on both defects.??

4.4 Comparison with the bottom-up model

In this section, we compare the bottom-up model (2.2) with the top-down holographic
model of table 2. We start with the homogeneous phase, the ansatz for which is (4.4) with

32Due to the non-Abelian structure of fields (4.4), we expanded the non-Abelian D5 brane action up to
O(a’*) in appendix D.1. For the arguments given in this section, O(a’?) are sufficient. Note that one needs
to match orders of £ to analyze thermodynamic stability between the two phases.
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Top-Down Fermi-Hubbard Holographic Bose-Hubbard (2.2)

U(1)"F gauge symmetry U(1)"F gauge symmetry

Bi-fundamentals w; Bi-fundamentals ¢;;

Bi-fundamental mass M2L? = 2 A priori arbitrary M?2L?

Quantized number of F1 string Quantized occupation number

Near half filling state (n; = N/2) n; ~ O(1) or O(N) depending on normalization of (2.2)
Brane tension O(N) close to equator | S ~ O(1) or O(N) depending on normalization of (2.2)

Table 3. Comparison of top-down with bottom-up construction.

(1) (2)

011 = 62 and a; * = a; . The distance modes in 6 are the eigenvalues, in matrix form (see

also (D.10)),
0= <g + &pv) 1ox2, (4.6)

where ¢ = 2ma’ and v = 0 denotes the transverse scalar for the polar angle on the S°. This
Ansatz and gauge fields proportional to the unit matrix do not break the U(2) symmetry.
Since the adjoint scalar ®*!' commutes with the other matrices, the action reduces to the
one for two separate D5-branes with Abelian symmetry. The mass of the W-boson (an
open string mode) is zero.

In order to match to the bottom-up model (2.2), we expand the action in terms of
the bi-fundamental scalar w®, the gauge field abl , a transverse scalar ¢" around the
background 6 = 7/212x2 up to O(&2) (cf. appendix D for details). In the Hubbard
model side, only one hopping term appears in the Hamiltonian. Hence, one needs only
one bi-fundamental scalar in the lagrangian, which can be achieved by a rotation in the
xz! — 22 plane which aligns a general w’, i = 2!, 22, along 2'. The quartic potential in the
EOM (D.13) vanishes in this case, and the EOM becomes

1
V=i
Using the explicit form of g, which is the metric induced from (C.1) onto the D5 brane in
(t,u) direction at the embedding # = 7 /2, one finds that after a redefinition w® = v™! /u,

the EOM becomes that of a canonically normalized scalar v*! in AdS, with M QLidS =2.

Oc(V—g0°w™ Gzyz,) = 0. (4.7)

The general homogeneous solution is now of the form w*' = tp, + pu~>. The Neumann
boundary condition w*'|,—,, = 0 can be employed at the tip of the soliton, which sets
the VEV piece ¢ = 0 and hence has the same effect as the generalized Dirichlet condition
employed in section 3.1. The solution describing a vanishing VEV piece is then constant,
wEl = thop~33

In the non-homogeneous phase, adjoint fields in the non-Abelian action do not com-
mute anymore. The non-Abelian action should be expanded in terms of o/ and the sym-

metric trace evaluated. The details of the non-Abelian Taylor expansion can be found

33Note that the top-down model as it is does not seem to produce any IR potential terms. However,
since the D5 brane ends on the D7 brane at the tip of the cigar, nontrivial field configurations in the D7
worldvolume theory could yield such terms. We will investigate this in future work.
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in appendix D. To compare with the bottom-up model it is convenient to perform the
rescalings

(2
= Lo, 5y = L, @ =2 (48)
where L is the AdS radius, and £ = 27a’. The transverse scalars have dimension of the
length (i # 6) or dimensionless (i = #), coinciding with the bottom up model (2.2).

As will become clear from the following arguments, the action of the rescaled theory is
proportional to N, like in typical probe brane models. At the equator of the S%, 6 = /2,
the coupling constant ¢; on the AdSy induced hard wall geometry is 1/¢? = 4N./(3v/\¢),
which is much smaller than the effective 5d gravitational coupling 1/2x% = N2/(872L3)
by dimensionally reducing on S°. The other coefficients of the probe brane are also of
order N., and hence the probe limit is valid in our regime of interest. We hence find that
we can truncate the top-down model for D5 branes at ¢ = 5 to the bottom-up approach
of section 2 with small anomalous dimensions?* if §p ~ O(1) in the large N, limit. This
is consistent with small fluctuations of the brane embedding at the equator of the S°, as
Ptotal = p1 + p2 ~ Ne.

As discussed around (4.7), the quartic interaction of w! vanishes in the EOM (D.13)
when only a single component is switched on. Such a quartic interaction resembles a ¢*
interaction at the hard wall. The top-down model implies that no quartic interactions
correspond to the bottom-up model with A = 0 in (2.2). Actually, vanishing quartic
interaction terms are consistent with the small tension limit (large A) of (2.2), under the
rescaling (¢, A, w?, Ay ) — (VA \/AZ, w? /A, Ay 4/ AP) for large A.

Also the cubic interaction [®?, ®J ]FabF“b, which resembles the quartic irrelevant term
#?F, F% in the bottom-up model (2.2), is not present in (D.11) due to the symmetric
trace prescription. The higher order action (D.8) includes the following interaction

1 : 1 :
S5 —Str [ d?z\/— det(jap) <8q2Dc®;DC@x,iFabF‘lb — @—592Da@;Da<1>x,i
t t,1
1

" 160,,

(D7 By, ][®F, c1>j,x]FabFab> , (4.9)

where coefficients are given by in terms of the 't Hooft coupling )\

Nev/As

1 T'¢ 4N, 1
2= = 372

¢ L} 3VA Oun

These terms are similar to the quartic irrelevant interaction (2.2) at the hard wall since

=T'L% = (4.10)

i
term of (4.9) becomes similar to (¢, — Ly)? |w|? FyuF®. Since the third term vanishes
for ¢, = L,, such a term does not play the role of the quartic irrelevant term in the hard
wall (2.2).

when valuated on the homogeneous solution they include tﬁop p% ) In components, the third

31Smallness of ¢>8p* seems important in order to prevent hitting the unitarity bound in (3.15). One

1
could also try to scale dp ~ NZ in order to achieve finite anomalous dimensions.
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In conclusion, comparing the top-down model (D.11) with the bottom-up model (2.2),
we find that the most relevant IR potential parameters in (2.2) vanish, A = 0 and Aq1y =0,
but less relevant terms are generated by the non-abelian structure of the DBI action (4.2).

4.5 Matching the Fermi-Hubbard model at half filling

With the holographically renormalized free energy of the top-down model in units of
o = 1’35

2
N, Up, 8¢
i=1

at hand, we can now match its parameters to the two-site SU(N) Fermi-Hubbard
model (5.2) by comparing the corresponding large N scaling properties (N = N,.). The
large-N scaling of (5.2) is the same as for the two-site SU(N) Bose-Hubbard model (1.1)
described in footnote 2: requiring the Hamiltonian (5.2) to be O(N) and tpop as well as
the chemical potential u to be color independent, one finds that the charge density scales
as nj ~ O(N), as does the hopping operator VEV (c}a@,a + c;aclﬂ} ~ O(N).

Comparing to the form of the free energy (4.11), the chemical potential p is O(1).
The charge density N./2 + p(;) near the half filling state is O(N). The on-site interaction
Costin/Ne is O(N 1), where cos = /7L(3/4)/(24T(1/4)) = 0.024961. Higher power inter-
actions of p(;) are suppressed in the large N, limit, when p(;)/N. < 1, i.e. p(;) scales slower
than N.. The hopping term vanishes in the free energy in the background of the homo-
geneous phase w*!' = ty,,. However, the expansion of the bi-fundamental scalar around
the background gives the kinetic term corresponding to the hopping term, cf. appendix D.
The solution of the bi-fundamental scalar has the asymptotic behavior £w® ~ cju® or
cou™? near the AdS boundary. The coefficient of the kinetic term is O(N.) and the bi-
fundamental scalar is O(1) like t,op. In summary, we find the following identification
between Fermi-Hubbard and top-down model parameters.

MUFH = —H,  thopFH = thop s (4.12)

nj = g TPG) (4.13)

<cJ{’a027a + c;acl,o) = % , (4.14)
U= CO;\?T‘h (4.15)

where A is 't Hooft coupling. Hence, at the two-derivative level, the top-down construc-
tion presented in this section completely reproduces the two-site Fermi-Hubbard hamilto-
nian (5.2) at half filling. The higher order terms discussed at the end of section 4.4 will of
course yield higher order contributions to the dual Hamiltonian, but are suppressed if the

35The free energy (4.11) is an extension of the free energy of a single D5 brane eq. (2.18) in [6] to an AdSs
hard wall-like geometry induced by the AdSs soliton background. The first term of (4.11), which is not
present in the black hole embedding of the D5-brane, is generated from the hard wall boundary condition
on the gauge field agi) ‘“:“h = const.
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corresponding field values are not too large. The only thing left to determine is the large N
scaling of the deviations from half filling p(;). Following the arguments given in section 4.2
to restrict p;) = O(1) is natural from the point of view of string theory, in order to ensure
supressed fluctuations around a classical saddle point in the large-N limit.

An analogous match has been achieved in [4] between the SU(N) Bose-Hubbard
model (1.1) and the bottom-up construction (2.2), where however the information about
the large-N scaling was not used explicitly. Here we see that due to the natural expansion
of the top-down model around the half-filling state, matching the large-N scaling properties
is basically forced upon us. A similar large-N scaling would have been achieved in [4] if
the action of the bottom-up model (2.2) would have been normalized to be O(N), which
is the normalization natural for probe brane models in AdS/CFT.

5 Effective hopping in the SU(IN) Bose-Hubbard model

5.1 Numerical simulations

In this section, we compute the VEV of the hopping term by using numerical simulations
and fixing the total occupation number. We obtain the ground state wavefunction |¥) for p
particles for each of the N components by exact diagonalization using the Lanczos method
for (1.1), and obtain the total kinetic energy

Fx = —thop Z <\I/
(i)

bTbja + cc.| W), (5.1)

In the limit of |U/thep| — 0, Ex approaches —pNtp.p, because each particle occupies
the bonding orbital formed from the two lattice sites. As the repulsive interaction |U]| is
increased, the absolute value of the VEV of the hopping term decreases. In the case of
two lattice sites and p = 2 particles per component, the total kinetic energy divided by
the number of particles continues to increase and approaches zero as |U/thop| — 00. In
this case, a single particle of each component at each site could be localized at each lattice
site, but there are exponentially many (as a function of N) localized configurations of
particles having the same number, pN/2, of particles at each site, therefore the ground state
wavefunction can be approximated by a linear combination of such localized states. On the
other hand, for p = 3 and an odd number of species, the total number of particles is an odd
number, so that it is not possible to place the same number of particles at the two lattice
sites. In this case, the total kinetic energy divided by p/N approaches a constant value.

We have placed results of the plot in figure 8. For even number of particles, we find
the Mott insulator phase where the effective hopping behaves like 1/U at large U. For odd
number of particles, the effective hopping approaches a non-zero constant at large U. This
behavior is different from the gravity dual in which it is difficult to have the non-zero VEV
at large U/thop in the non-homogeneous phase.

Dependence of the behavior of the effective hopping similar to the two-site case is also
observed for larger numbers of sites: for 3 lattice sites, the Mott-insulator-like behavior is
only observed when pN is a multiple of three, and the superfluid-like behavior is observed
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Figure 8. Left: numerical plot of the effective hopping with 2 particles per species. Only the
cases with odd values of N is plotted, but for an even NN, the value appears between the plots for
neighboring odd numbers. Mott insulator phase appears in this system of even number of particles
at the large U limit. Right: numerical plot of the effective hopping with 3 fixed particles. The VEV
is non-zero at large U in the system of odd number of particles and odd number of components N.
Otherwise, the VEV decreases to zero at large U.

otherwise, i.e. when p nor N is a multiple of the prime three. Then interesting is what
happens for 4(= 2 x 2) sites: is it required that either p or N is a multiple of 4, or is it
enough if pN is divisible by 4, for the p/N bosons to behave like a Mott insulator at large
U/thop? The latter is the answer: we observe that the total kinetic energy for p = N = 2,
for example, approaches zero as U/typ is increased.

5.2 Quantum mechanics for p =1

In the following sections, we calculate the quantum mechanical hopping VEV in the pertur-
bative limit for the case of p = 1 Bose-Hubbard model for all N. This gives us an exact point
of reference to compare the results from holography. For the p = 1 case, it turns out that
the Hilbert space for the fermionic Hubbard model is same as the Bose-Hubbard model. We
also show that the hopping VEV for the two cases are equal to each other by use of a two-
site version of the Jordan-Wigner transformation. The hopping VEV for odd N =2m + 1
is —(m + 1)t proportional to N, while for even N = 2m is —m(m + 1)t2/U proportional
to N2. This N dependence should be seen in a holographic model in the large N limit.

For the fermionic case, we go beyond p = 1 condition and show that the ground
state still lies in the p = 1 sector of the Hilbert space. Thus for the fermionic case, the
perturbative answer for the hopping VEV is fully general, while for bosons, our conclusions
are restricted to fixed p as in earlier sections.

The two site Hamiltonian may also be written as

H="H:+Hy
Hi = —tz <01a62,a + c;aq,a>
2
/HU =U Z <nl - Z)

i={1,2}

n; = an = Zc;acw (5.2)
« «
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where « indexes the N flavours. The N/2 present in the expression of Hy fixes the
half-filling condition as U/t — oco. The operators in eq. (5.2) have bosonic commutation
relations for Bose-Hubbard model, and fermionic commutation relations for the Fermi case.
We start by discussing the fermionic case, and point out the direct connection it has to the
p = 1 Bose-Hubbard model discussed in the previous sections.

When U = oo, we should stay exactly in the subspace of half-filled Hilbert space which
has lowest energy cost for Hy. We will call this subspace as lowest Hubbard energy subspace
or LHES. All states in the LHES are degenerate to each other and have zero energy (up to
a constant shift in the Hamiltonian) as no hops are permitted. We are eventually interested
in the limit ¢/U — 0T. In this limit, it still suffices to stay in the LHES and work out the
matrix elements of H in this subspace in a perturbative sense. By staying in the LHES
throughout, we also usefully have (g.s.|H|g.s.) = (g.s.|H¢|g.s.) since all states in LHES are
degenerate with respect to Hy and give (Hy) = 0 up to a trivial constant.

For even N = 2m, the LHES corresponds to all combinations of m fermions on both
sites. For odd N = 2m + 1, the LHES corresponds to all combinations of m fermions on
one site and m + 1 fermions on the other. Now it is clear that in the odd case, the system
can gain hopping energy at linear order while staying within the LHES due to hops that
result from the imbalance in fermion occupation on the two sites. These hops at linear
order directly give rise to a hopping expectation value in the ground state. For the even
case, the system can not gain hopping energy at linear order since any hop necessarily
takes the system out of the LHES, but it can gain hopping energy at quadratic order. We
will restrict our attention to these lowest orders for odd and even N cases since we are
interested in understanding the ¢/U — 0% limit. Now it remains to work out the details of
these lowest order hopping processes to evaluate the hopping expectation value in this limit.
The number of states in the LHES is given by (%)2 for even N and 2(%)( N ) for odd N

m+1
respectively, but this counting is not going to be important in the following arguments.

53 0Odd N

Let us start with odd NV case. We can further classify the states by how many of the fermion
flavours are commonly occupied on the two sites. For example for SU(3) with 1 fermion on
one site and 2 fermions on other site, we have only two possibilities: 1) 0 common flavours,
e.g. [first site : 1,0,0; second site : 0,1,1), 2) 1 common flavour, e.g. [first site : 1,0,0;
second site : 1,0,1). Similarly there are m + 1 possibilities for SU(N = 2m + 1).

First we observe that the states categorized in this way form disjoint blocks in the
lowest order Hamiltonian as ¢/U — 0% in the LHES. This is because any flavour that
is commonly occupied can not hop, and thus there is no way to change this commonly
occupied flavour number by performing hops in the rest of the flavours. In fact the dis-
jointedness of these blocks remains true for bosons as well, the only difference being the
commonly occupied bosonic flavours can hop unlike fermions.

Now we ask which of these blocks can gain most in hopping energy, or in other words,
which block will contain the ground state? Intuitively it should be the block that allows for
most number of hops (within that block). This corresponds to the block with 0 common
flavours, and that is the indeed the answer as we will see. At this point, we note that this
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block is exactly same as the Hilbert space of the p = 1 Bose-Hubbard model in terms of
the Fock occupations (see eq. (5.4) as an example for N = 3). The difference lies in the
statistics, and in the following we will show that this does not make a difference to the
hopping VEV. This allows us to compute the hopping VEV for both bosonic and fermionic
cases simultaneously.

As an aside, blocks with > 0 commonly occupied flavours further sub-divide into
smaller blocks indexed by which flavours in particular are commonly occupied. This will
give rise to degeneracies in the excited states in the t/U — 01 problem that can be counted
if desired.

Next we observe that in the 0 commonly occupied flavour block, we can have exactly
(m+1) hops while staying in the LHES since we necessarily hop from the site with (m+1)
fermions to the site with m fermions to stay in the LHES. All of these are off-diagonal
processes. Furthermore we can convince ourselves that we can reach any state in the block
from any other state through a finite number of the allowed hops. Thus all states are
symmetrical to each other with respect to Hy, i.e. each ket is connected to exactly (m + 1)
bras. Thus H; matrix will have the general structure such that there are only (m + 1)
non-zero entries in all rows/columns. Since we are restricted to t/U — 0T, the non-zero
entries have equal magnitudes |t| at lowest order. This matrix structure is verified easily
for the low values of odd NV, but we keep in mind that this matrix structure is valid for all
odd N. We show in eq. (5.3) this matrix structure in the 0 commonly occupied block for
SU(3) with m = 1 without paying attention to the fermion anti-commutation signs. This
has m + 1 = 2 non-zero entries in all rows/columns. Below in the subsection on fermion
signs, we elaborate why the following arguments still apply. Briefly, we may apply a two-
site version of the Jordan-Wigner transformation to “bosonize” the Hamiltonian. Indeed
for the p = 1 Bose-Hubbard case where there are no fermion signs to begin with, this is
precisely the H; in the LHES.

000110
000101
000011
110000
101000
011000

Hy

I

|
~+
—~
ot
w
~—

The states in this 0 commonly occupied block are

1
2
3
4
5
6

|first site : 1,0,0 ; second site : 0,1, 1
[first site : 0,1,0 ; second site : 1,0, 1
first site : 0,0, 1 ; second site : 1,1,0
[first site : 1,1,0 ; second site : 0,0, 1
[first site : 1,0, 1 ; second site : 0,1,0
|first site : 0,1, 1 ; second site : 1,0,0

) =
) =
) =
)=
) =
) =

(5.4)

with p = 1 condition seen explicitly.
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Figure 9. Hopping VEV for odd N = 2m + 1 case

Due to this symmetry of the states in the 0 commonly occupied block of LHES, the
lowest energy state in this block is an uniform superposition of these states independent of
the number of the states in this block. This state can be written as \/Ntﬁ (111 ... 1%,
and the energy of this state is —(m+ 1)t as can be checked by application of H;. Any other

superposition will increase the energy.

For the bosonic case, blocks with commonly occupied flavours are not part of the
Hilbert space due to the p = 1 condition. Thus the hopping VEV is —(m + 1)¢, which is
the main result for odd N. When we approach the perturbative limit by holding ¢ fixed
and letting U — oo, a hopping VEV of —(m + 1)t implies different plateaus for different
N as U — oo as discussed in the earlier sections.

For fermions we will now show that blocks with non-zero commonly occupied flavours
have greater hopping energy and do not contribute to the hopping VEV. It is clear that for
the blocks with non-zero commonly occupied flavours, in each sub-block of given common
occupation (say a = 1 is commonly occupied on both sites for SU(3), etc.), the hopping
matrix will have the same structure as above except the number of non-zero entries will be
(m + 1) — ¢ where ¢ is the number of commonly occupied flavours. This is because those
¢ commonly occupied flavours are forbidden to hop due to Pauli’s exclusion. Again states
in each such sub-block will be symmetrical to each other with respect to H;. Thus for a
block with a non-zero value of commonly occupied flavours ¢, the lowest energy would be
—((m+ 1) — ¢)t up to some calculable degeneracies coming from the number of sub-blocks
indexed by given common occupations. Thus we have shown that among all the blocks,
the ground state lies in the 0 commonly occupied block in the /U — 07 limit, and the
hopping VEV (remember (g.s.|H|g.s.) = (g.s.|H¢|g.s.) in LHES) is exactly —(m + 1)t up to
lowest order in ¢ for all SU(IN = 2m + 1). This is confirmed from Exact Diagonalization in
figure 9 below.
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5.4 Even N

Now we tackle the even N = 2m case where we have m fermions on each site in the LHES.
All single hops will take us out of the LHES, and we have no contribution at linear order in
t/U. At quadratic order we can have contributions, since there can be two successive hops
which can take us out of and afterward return us back to the LHES. Any such process
will generate a matrix element o< —t2/U in degenerate perturbation theory where the
degenerate states are the states of the LHES. We will restrict our attention to these lowest
order processes as t/U — 07. This is a little subtler than odd N case in terms of hopping
expectation value, and here it becomes very useful to use (g.s.|H|g.s.) = (g.s.|H¢|g.s.) when
we restrict our attention to the LHES. The idea is thus to get a knowledge of the hopping
expectation value in the ground state in the perturbative limit by using this equality.
Again as before, we have disjoint blocks depending on the number of commonly oc-
cupied flavours since hops conserve flavours. To find out which block contains the ground
state, we may run through similar arguments as for the odd N case. We seek that block
which allows for the maximal number of these quadratic order two-hop process. This again
is the block with 0 commonly occupied flavours, and thus again as before we can simulta-
neously compute for the hopping VEV for both Bose-Hubbard and Fermi-Hubbard cases.
For even N we can have both diagonal and off-diagonal two-hop processes. The number
of off-diagonal two-hop processes starting from a given state and ending in a different state
in this block corresponds to m?. This is because we have m choices for the first hop from
one of the sites, and m choices for a different flavour from the second site such that we
end in a different state. The matrix element corresponding to a single two-hop process is
—t2/2U (the factor of 2 in the denominator is due to the chosen form of Hubbard interaction
which leads to a difference in energy = 2U between a LHES state and intermediate excited
state). Thus off-diagonal matrix elements = —2 x ¢2/2U = —t2/U. This is because
given an initial state and a different final state in the LHES, there are two possibilities
for the two-hop processes that connect the two states owing to the choice of the two
sites for the annihilation site of the first hop (the annihilation site for the second hop is
subsequently fixed). Furthermore this implies there are m? off-diagonal non-zero entries in
all rows/columns in this block of LHES after doing perturbation theory up to lowest order
x Hi(ELues — HU)fl”H,t. Now, we again have the irrelevance of fermion signs due to the
same arguments as mentioned in the previous subsection and elaborated in the subsection
below, i.e. H; and Hy may be thought of as the Jordan-Wigner transformed Hamiltonian.
The counting of diagonal two-hop processes is 2m for a given state in LHES, i.e. we
can choose any one of the 2m flavours on both sites for the first hop and afterward we
hop the same flavour back. The matrix element of a diagonal two-hop process is thus
= —2mt?/2U = —mt?/U for all states in this block of the LHES. All states are again
symmetrical to each other and the lowest energy state in this block can be written as
L_ (111 ... 1)", with the energy given by —m2t2/U —mt2/U = —m(m+ 1)t2/U. We

v Norm
see that this is in agreement with the familiar form for the case of SU(2)

2 (11
=5 <1 1) (5:5)
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for even N = 2m as t — 0, (H;)/2t> = —m(m + 1)
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Figure 10. Hopping VEV for even N = 2m case.

which leads to a singlet ground state. The states in this 0 commonly occupied block are

|first site : 1,0 ; second site : 0, 1)
|first site : 0,1 ; second site : 1,0) (5.6)

For the bosonic case, blocks with commonly occupied flavours are again not part of the
Hilbert space due to the p = 1 condition. Thus we have the hopping VEV as —m(m+1)t? /U
which is the main result for even N. For fermions, again as before, the blocks with non-zero
common occupations will have higher hopping energy and do not contribute to the hopping
VEV. For these blocks with non-zero common occupations, the number of non-zero off-
diagonal entries will similarly be 2(m — ¢)? where ¢ is the number of common occupations.
The diagonal entries will equal —(m — ¢)t?/U in these blocks. The lowest energy will equal
—(m —¢)(m — ¢+ 1)t2/U and we can count the degeneracies as well. This shows that
the ground state lies in 0 common occupation block. By using (g.s.|H|g.s.) = (g.s.|H¢|g-s.)
in the perturbative limit ¢/U — 0%, we arrive at the hopping expectation value in the
ground state being equal to —m(m + 1)t2/U for all even N = 2m up to lowest order in ¢.
The m(m + 1) proportionality of the hopping expectation value is confirmed from Exact
Diagonalization in figure 10 below.

5.5 Fermion signs and Jordan-Wigner transformation

The particular convention that gives rise to the matrix in eq. (5.3) is: a state is obtained
by first creating fermions of N = 3™ flavour, secondly of the N — 1 = 2" flavour, etc. all
the way up till 1%* flavour. For each flavour, the fermion on the 29 site is created first

followed by the 15! site. This may be summarized as
Ci,azlC;azlCJLQZQC;QZQCJ{,&:Q,C;&:?,’VaCUUIn) = +|first site : 1,1,1 ; second site : 1,1,1)

(5.7)
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Now we show that this kind of fermion sign convention gives rise to the matrix
structure of the type in eq. (5.3) for all N, by using a two-site version of the Jordan-
Wigner transformation. First, we need a combined site-flavour index p which goes from

S : : ; . Toor T T —
1 to 2N in our fermion sign convention order, i.e. Cu=1Cpy=2 - - - Cu:2N—1C‘LL:2N‘Vacuum> =

CJ{ azlcg =1 " ..CJ{ a:Ncg a_n|vacuum) = +[first site : 1,...,1 ; second site : 1,...,1). Let
us define new creation/annihilation operators as following in terms of this new site-flavour
index

by = H(_l)nycu
ol = [ (=™ (5.8)
v<p

These new b operators now commute when coming with different site-flavour indices, e.g.
with g < v and keeping in mind that we can commute the (—1)™* phase factors with ¢,
operators when v # p

[byus by] = buby, — bb,
= (cu(=1)"™e = (=1)"™ee) [T (~D)™

p<p<v
= (Gu(=D"™ + (=D™e) e, ] (1)
p<p<v
=0 (5.9)

where we have applied fermionic anti-commutation from second to third line, and the last
equality follows by observing that (trivially) (¢, (—1)"* +(—1)"¢,)|0) = 0 and (¢, (—1)"* +
(=1)™cy)|1) = —cu|1) + (=1)"#|0) = —]0) + |0) = 0. The case of u > v now follows since,
when [A, B] = 0, [B, A] = 0 as well. Similar arguments can be used to show that [bL, by =0
and [b,, b,T,] = 0 with pu # v. But these b operators are not fully bosonic operators since for
the same site-flavour index p, their commutation relations are not bosonic; rather they are
still fermionic to respect Pauli’s exclusion.

This two-site version of Jordan-Wigner transformation keeps Hy unchanged trivially

since chu = bLbu for any p. The fact that H; remains unchanged can be seen as

bl b2 + b b1
= blbus1 + bL+1bu
= ol (=)™ cppr + CLH(_UWCM
= clicus1 + CLHCM

T

=C14C20 + Cg,aCLa (5.10)

where we have used cL(—l)"“ = cL and (—1)" ¢, = ¢, as easily checked by their action on
|0) and |1). This exposes the reason for absence of fermion signs in eq. (5.3) for our chosen
sign convention. Since we group flavours first and sites secondly in the sign convention,
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we do not get extra sign factors in the algebra above, which allows us to see the equality
of H; in both ¢ and b basis. Since b operators commute for different p, furthermore,
the lack of fermion signs become manifest for all N. One may note that the ordering of
flavours while choosing our fermion sign convention was not important, and we could have
chosen any permutation of flavour ordering for the Jordan-Wigner transformation to work.
Furthermore the spectrum is invariant with respect to fermion sign convention, and the
only difference that comes due to a different sign convention are phase factors of €™ = —1
in the coefficients when the ground state is expressed as a linear combination of the states
with zero commonly occupied flavours.

This equality of the p = 1 Bose and Fermi hopping VEVs is in fact a non-perturbative
result following from the above discussions. We note for completeness that the above can
also be generalized to a linear chain of sites with open boundary conditions. We may
summarize the generalized Jordan-Wigner transformation as

T Tt T Tt T 7o
(. o Ci11C1Ci1a ) oo Cii12CaCiv1 ) o (- G NG NGy - - - ) [vaccum)

= +|fully filled state)
N

== H (H cza . ) |[vaccum) = +|fully filled state) (5.11)
a=1 7

The above may be used to show the non-perturbative equality of the hopping VEVs of the
p = 1 Bose and Fermi-Hubbard models for a linear chain of sites again with effectively the
same many-body Hilbert space, i.e.

N N 2
N
H = —t E 1 E <C,}L’aci_1,a + C;acz‘+17a) +U E < E 1CI’aCi,a — 2> (5.12)
a= 1 o=

)

where i is a site index for the linear chain by an appropriate generalization of eq. (5.8).

6 Discussion & conclusions

In the first part of this paper, we extended the study of the holographic duality proposed
in [4] between the large N SU(N) Bose-Hubbard model on multiple sites and the two-
dimensional gravity on the AdSs hard wall. In the gravity dual, we computed and analyzed
in sections 2 and 3 the hopping VEV of the two-site model both in the homogeneous Mott
insulator phase and the non-homogeneous superfluid phase. In section 5, we computed
the hopping VEV fixing the particle number per component, p, in the large N SU(N)
Bose-Hubbard model on two sites. When the particle number is 2N (p = 2), VEV goes to
zero like 1/U. Tt is the behavior in the Mott insulator phase. When the particle number
is 3N (p = 3), VEV is non-zero at large U. We confirmed an analytic expression of the
hopping VEV in the perturbative limit ¢/U <« 1 for p = 1. In the large N limit, the
hopping VEV for even N and odd N is proportional to N? and N, respectively. Moreover,
as discussed later, the effective hoppings in Fermi and Bose cases are equivalent due to the
Jordan-Wigner transformation. Paying attention to these large U behavior, we compared
results betweten the gravity dual and the large N Bose-Hubbard model.
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Figure 11. VEV/ 3 p; in the Mott insulator phase as a function of U/ty,, with fixed parameters
M? =0, w =0, A\ = 1/A?, An1y = —3/(2A), and other Ay, ,y = 0, where the parameter A
is specified by eq. (3.10). The orange curves describe the effective hopping of the SU(3) Bose-
Hubbard model with fixed numbers of particles p = 2, 4 per species. Total numbers of bosons are
6, 12, respectively. The parameters were fixed by matching to second order perturbation theory
at large U/tnop. We find near agreement when the hopping parameter is smaller than the other
couplings. We believe that the small disagreement at large U/tpop is due to the term linear in p
in (3.9) which is not present in the holographic model.

In the homogeneous Mott insulating phase we find that at small #},,, the holographically
computed hopping VEV in the presence of the bulk mass M qualitatively agreed with that
of the SU(N) Bose-Hubbard model. The behavior at small 1o, /U (large U/tpep) matches
the behavior of the VEV in the two-site Bose-Hubbard model at large N (see figure 11). In
order for the Mott insulating phase to have small hopping VEV, the total particle number
had to be fixed to be even in the two-site Bose-Hubbard model.?® We hence establish a
relation between the large N two site Bose-Hubbard model at even total particle number,
and the holographic model of [4]. At large t,op /U, i.e. close to the transition to superfluidity,
the VEVs do not coincide. This is not surprising, since e.g. already the details of the phase
boundary in figure 1 and the order of the phase transition differ from e.g. the mean field
analysis of [2]. We also analyze the dependence on the bulk mass M, which is related to
the anomalous dimension of the hopping kinetic energy. The absolute value of the hopping
VEV increases gradually as M increases and as the occupation number increases.

In the non-homogeneous superfluid phase, we compare the holographic hopping VEV
for different hard wall boundary conditions with the one from the SU(/N) Bose-Hubbard
model, as well as with the homogeneous phase. We find that Neumann boundary condi-
tion (2.16) (cf. figure 5) for the bi-fundamental scalar generate a VEV smaller than the
one in the homogeneous phase. This seems unphysical, since the VEV is expected to in-
crease as tpop increases into the superfluid phase. A Dirichlet condition instead produces
larger VEVs (cf. figure 6), and hence seems to be closer to the situation in the actual
Bose-Hubbard model.

36If it were odd, the unpaired particle could hop back and forth at first order in thop, which neither
matches expectations for the behavior of a Mott insulating phase, nor our holographic model. In the limit
of small thop, a plateau was found for the hopping kinetic energy instead if the total occupation number is
odd, cf. section 5. It will be interesting to analyze the plateau in holographic models.
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In our two-site model an interesting interplay between spontaneous and explicit sym-
metry breaking similar to the one in QCD, and in particular in AdS/QCD models, is
at work. For two sites, there exist two global charge symmetries from the boundary

perspective, the axial symmetry U(1)4 = %(U(l)l — U(1)2) and the vector symmetry
Uy = %(U(l)l + U(1)2). While the vector symmetry leads to total charge conserva-

tion, the axial symmetry implies conservation of the charge difference between the two sites.
The hopping VEV is charged under the axial symmetry and hence breaks it spontaneously,
while the hopping parameter #y,p is the source for the hopping VEV, and explicitly breaks
the axial symmetry. In QCD, explicit chiral symmetry breaking is effected by a small bare
quark mass, and spontaneous breaking by the chiral condensate. The interplay of explicit
and spontaneous breaking leads to the Gell-Mann-Oakes-Renner relation [14, 41-43], which
relates the mass of the Goldstone boson of the broken chiral symmetry (the pion) to the
non-zero quark mass and the value of the chiral condensate in a universal way. Such a
relation has also been derived in lower dimensional field theories such as graphene [44].
By analogy, a similar relation should hold for small 3, in the holographic Bose-Hubbard
model (2.2). We leave a careful investigation of the excitation spectrum of (2.2) in view of
this interplay for future work.

In section 4, we present on a top-down construction of a SU(N)y, Fermi-Hubbard model
at half filling in terms of a D3/D5/D7 brane intersection, where the multiple D3-branes
were replaced with the AdSs soliton xS background [45]. The massless spectrum of
open strings stretching between the D3 and D5 branes constitutes the hopping fermionic
degrees of freedom if there is a single D7 brane involved in the construction.?” The D5
branes correspond to the lattice sites and are separated in the boundary spatial directions.
Open strings stretching between the separated D5 branes then give rise to the modes
which we identify with the hopping bifundamental field of the bottom-up model (2.2).
The Wess-Zumino term is present in the D5 action and, due to the quantization of induced
worldvolume flux [25], stabilizes the D5-brane embedding®® and leads to a relation between
the quantized polar angle on the S® transverse to the D5 brane, and the charge density on
the D5 brane, cf. eq. (4.5). We find that the homogeneous phase of equal charge density
on all sites corresponds to the D5 branes wrapping S* C S° at the same polar angle, while
the inhomogeneous phase with unequal charge densities corresponds to separating the D5
branes in the polar angle direction as well as the boundary directions (cf. figure 7).

We then compared the top-down construction with the bottom-up model, cf. table 3.
Expanding the DBI-WZ action for the D5 branes to second order in 27a/, the matter
content of the bottom-up model such as gauge fields and bi-fundamental fields linking the
different lattice sites are reproduced in the top-down model. The symmetry breaking that

37For more than one D7 brane one gets abelian anyons with relative statistics depending on N, and the
number of D7 branes k instead.

3We would like to thank M. Shigemori for discussion about the stability of non-Abelian D5-branes.
On the other hand, non-supersymmetric D3-branes wrapping on the asymptotic AdSs x S? will also be a
candidate of the holographic dual to a Bose-Hubbard model since these D3-branes include a tachyonic mode,
which should be bosonic, in the NS sector of the field theory side. However, it is shown that D3-branes do
not couple with the pullback of the background RR 4-form and are unstable.
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occurs during the process of separating the ngp D5 branes from a stack with nonabelian
U(np) symmetry in the boundary direction is crucial in obtaining the correct field content:
separating the D5 branes breaks U(np) — U(1)™ by giving a VEV to the transverse
scalars. The remaining abelian U(1)"F corresponds to the conserved charge on each defect
D5 brane. The bi-fundamental scalar fields dual to the hopping term are obtained from the
off-diagonal component of the transverse scalars, i.e. from a mode of the string stretching
between different D5 branes. Switching on the same hopping parameter t;,,, between all the

ng
sites then breaks U(1)"F — \/%7 Z; U(1);, i.e. down to the baryonic vector U(1) symmetry

that corresponds to total charge conservation. The hopping VEV of course also contributes
to this breaking. This symmetry breaking pattern again is completely analogous to the one
of the bottom-up model, as well as of chiral symmetry breaking in AdS/QCD [14, 29]).

Finally, we were able to match the holographic bottom-up model (2.2) to the Bose-
Hubbard model (1.1) (cf. section 3.1), and the top-down model of section 4 to the Fermi-
Hubbard model at half filling (5.2) (cf. section 4.5) by large N scaling arguments. In
particular, adjusting the scaling of (2.2) by multiplying it with N., one can see that all
four models are mapped into each other: the top-down model to lowest order in o/ is
equivalent to the bottom up model (2.2) at half filling, and hence at large N, the two-
site SU(N.) Bose-Hubbard model (1.1) must be equivalent to the two-site Fermi-Hubbard
model. This reinforces the intuition that fundamental bosons and fundamental fermions
show rather similar behavior in the large N, limit: due to the large number of possible
additional quantum numbers (species or color quantum numbers, for example), the Pauli
exclusion principle is not relevant any longer and fermions can occupy states in the same
energy interval. The only obvious difference between the two holographic models is the
absence of the Wess-Zumino term in (2.2), in which charge quantization has to be imposed
by hand (as done in [4]). Indeed, in section 5.2, the Hilbert space for the Fermi-Hubbard
model is shown to be equivalent to that of the Bose-Hubbard model in a sector fixing the
number of particles with the help of the Jordan-Wigner transformation on two sites. It is
also in section 5 where we provide the details of the numerical simulations of the SU(N,)
two-site models that we then compare with our holographic constructions.

As an outlook for future work, it will be interesting to see whether one can take a con-
tinuum limit of a lattice of holographic defects similar to the ones described in this work, in
this way obtaining a higher dimensional holographic theory. Within this description many
issues such as the presence of charge density wave instabilities such as the Peierls instability
or the emergence of quantum critical phases from e.g. Kondo lattices, generalizing the one-
and two-defect models of [8, 9], could be addressed. Another interesting question is what
becomes of the anomalous dimension of the hopping kinetic energy that we introduced via
the bulk mass parameter in such a continuum limit. Since deformations by non-marginal
operators typically trigger RG flows, one may speculate whether in a continuum descrip-
tion nontrivial scaling exponents along the lines of [46-48] might appear. This would in
particular be interesting from the point of view of quantum critical phases and Kondo
physics. We plan to investigate this and related questions in future work.
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A The holographic renormalization in the homogeneous phase when
M #0

In this appendix, we explain the holographic renormalization in the homogeneous phase
when M # 0. The action (2.2) evaluated at the above solution (3.3) is still divergent at
the AdS boundary. To compute the finite on-shell action, we need to add counterterms on
the constant u(= umax) slice of the AdS boundary as

Tewtom = Zé / ) At/ —h Ay Al — %M ) dt/—~ 2. (A.1)
n U=Umax U=Umax
Note that the regularized action has the variation with respect to thop: 9¢(I + Leut,m) =
(1 —20n1) fuzumax dt(dthopp/A + c.c.) + surface terms at u = uy,.
The free energy is computed from the renormalized finite on-shell action by adding
the four pieces (see also (2.2)) and taking the analytic continuation to Euclidean signature
as follows:

1
FMott = _B(I + Icut,m)- (AQ)

Substituting the solution (3.3), the analytic expression for the free energy in the homoge-
neous phase depends on the IR potential and is given by

Futott = 20p + unp’

1
+ OAY: VAMZ +1 ( —4 M2t}210thZ + tﬁothZ\/m -8 YhMchop %)
h

+2VAM? 4 tnop ©Yh — thop i + 4 M2 + VA M? + 17

-2 thop ¥ Yo+ 902) + Igi{xed

1
= 2p1p + unp? + 5tV (1 i+ 4M2>+
4 2
)\thOPYh 2wt Y, A 1-p,2p YP _ 2\ A
+ up + 2w thOp h + Z (p,r)Up, thop h Z( p(n)) ; ( 3)
pyr>1 n
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where Y}, = ulll_%M

and ¢ = 0 was used in the last line. Note that the variation of the
above action includes surface terms at u = uy,.

We find that when parameters are chosen as

)\1 A _ A(p,r),l A_l _ Al
(unYp)?” T (u V)P upYn’

(A4)

the effective hopping parameter dFyiott/dthop evaluated at ¢ = 0 becomes a function of
thop/U. Now, A1, Aj, Apr),1 are constants and the power of the denominator becomes
the power of ¢ interaction divided by 2. The above choice of parameters is consistent with
the matching condition (3.10).

B The derivation of free energy and the effective hopping when M # 0

In this section, we derive the formula of the free energy F and the effective hopping dF/dthep
in the presence of the bulk mass. These formulas are a straightforward generalization of
M = 0 case. Similar to main section, we choose the following metric in the unit AdS
radius as

5 — g(u)u?dt?, (B.1)

where we take f(u) and g(u) to be functions which approach to 1 at the AdS boundary
quickly enough. One can also perform the coordinate transformation of u to satisfy g(u) =
1. For the AdSy hard wall, f(u) = g(u) = 1. In the AdSs hard wall geometry in the AdSs
soliton described in section of discussion, f(u) =1 — (up/u)* and g(u) = 1.

Using the above metric and an ansatz for background fields depending on u only, the

action (2.2) in the radial gauge A = 0 becomes
Umex |1 1
I:/uh du[2 J;EZ))(( 2(1))2+(A;(2))2)+A(—M2 Els %
_ 20 112 2 _ 2 6] iR
f(u)g(u)u ’QS | +4q (At(l) At(2)) f(u)g(u)u2> + Imlxed' (B2)

The EOM are derived from (B.2). Solving the EOM in the presence of the bulk mass,
the asymptotic expansion of fields at the AdS boundary is changed in terms of exponents as

45[)2 q4t3 u3(5¢

~t o 6¢ — hop O 55¢ ) _1_54) 1 .
@ ort = R (28, + )bg(—m? + 700 + 305 + 962) +O™) +oum (140,
SpqPudet1s 102
! 2 q
AV ~ et po = () Fr g, U e log(u) £ O, (B3)

where 0y, = (—1 4 \/1+4M?2 —4¢25p?)/2. The case f(u) = g(u) = 1 is considered in
both the EOM and the action (B.2) from now on. The EOM derived from (B.2) are solved
numerically in the non-homogeneous phase with A,(}) #* A,(f). Solutions satisfy the IR
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boundary condition (2.16). Solutions also satisfy Aﬁl) — AIEQ)’u:uh ~ dpuy as thop — 0.
When ty,p, — 0, the boundary condition (2.16) is solved in terms of the asymptotic expan-
sion (B.3). In this limit, the VEV ¢, approaches to

thopui(s ot (—AA(M) (ZZ p%i)) —0¢ + 2Aw2)
—AA@U<QLp%>+ﬂ¢+2Aw2+1

o= + O(thop)- (B.4)

When the IR boundary condition is satisfied in the variation of ¢ and ¢, the surface term
at u = uy is then canceled out the IR potential.

On the other hand, the on-shell action is still divergent near the AdS boundary. To
compute the free energy, these divergences should be canceled. The following counterterms
are used

Z 1 5
Iéut,ap = 5 /u_u dt\/—ihA(n)tAEn) + X¢ /dtﬁ¢2
thQ d)Umax g(umax)/dtqbQ. (B5)

2umax V&) umax /U Umax

We need more counterterms to cancel the divergences of the on-shell action if the com-
bination ¢25p? — m? is small. When m = 0, we need to take ¢ > /3/4 to cancel the
divergences.

The free energy is given by the summation with the above counterterms as

(B.6)

1
F= _B(I_‘_ Iéut,ap)'

Hereby, we consider the variation principle since we obtain a finite renormalized action
and the free energy. When we vary the action in terms of the gauge field, it is convenient
to define the momentum of the gauge field as

@ f(U)F 0T

=\ SLF = —. B.7
PV ) MO 99,49 B0
where 7 is the lagrangian density of I. The gauge variation at on-shell becomes
Sall + L) = | a3 (o + Mewap | 5 460
’ uroo 54D
i i Imlxed
—/ dty " | weAl) + i 50 5AY (B.8)
U=Up 3 aauAt

where Zxed(= — |2 > F ut A(Ll) +...) is the lagrangian density of the IR potential.
We focus on boundary terms of (B.8) at u — oco. The gauge variation is not changed in
the presence of the boundary term, while the momentum is changed into

) 4
(3) cut,ap 1%
TR + = =—=—4..., (B.9)
P sA
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which vanishes at u — co. Thus, the variation is unlike the one of higher dimensional
AdS;41/CFTy (d > 3), where both Agl) and the density are finite at the AdS boundary.?’

For the bi-fundamental matter ¢, the on-shell variation becomes

S+ ) = [ SVl )i’ + s /glu)us)

/ mixed
+/u=umx 5(]5( g(u)f(u )UZ% + Ol = > +c.c.

5¢
_ / dt(1+ 25¢)5th P

Lo+ ce., (B.12)
where we have used the IR boundary condition (2.16) in the first line of (B.12).

The effective hopping is then computed from the free energy (B.6) by differentiating
the free energy in terms of typ, as

5 S(I+T G) §(I41I!
(40 +c.c. = :_;K 06 O+ Louap) > ZM cutap)]

dthop 5th0p 6¢ 6th0p 0A @)

1426, > aA(’) oLmixed gg, AD
= +c.c. |+ + -
( A v Z ( athop 88UA§Z) athop

)
u=uy,

(B.13)

where the variation term of gauge fields vanishes at the AdS boundary because 8A§i) /Othop

starts with the order u2d¢+t!,

Using (B.6) and (B.13), we perform an analytic computation of the free energy and
the effective hopping near the p; axis by substituting the boundary expansion (B.3) in
the approximation of small ¢p., and large uy. Note that f(u) and g(u) depending on uy
(e.g. f(u) = 1 — (up/u)*) are not considered in this limit since it requires more careful
analysis at u = uy,. Choosing parameters ¢ = v/6/5 and m = 0, the free energy of the

39 Authors of [13] introduced a conterterm making the variation principle similar to the one of higher
dimensional AdSg41/CFT4. We can consider the resembling counterterm [13] as follows:

Hua=35 /

U=Umax

n) 4(n) , 1 n é
(_w;% )4 5V ’2) + Xd’/dt\/—wﬁ? (B.10)
The above counterterm changes the gauge variation at on-shell into
8(I + Teur2) = Z/ dtér) (—Ai” + \/—w}“) +., (B.11)
i U— 00

where dots describe the variation at the IR. The above counterterm can give the variation of a finite density

264+1

7TF , while the renormalized gauge field A(l) \/—’yﬂ'%) is still divergent like tﬁopu at the boundary.

To cancel the remaining divergences, we need more conterterms.
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non-homogeneous phase in the same limit is expanded as

uhZ p Art?
pp+1 MZP + = + O(tﬁop)a

2
dF,
df7p+1 = AlthOP + O<tﬁ0p>7
hop
o 2uf (2os(w) (~AAqw i + 280”4 2)
1 p—y

A 25 (~AA 1) 3, 0 + 2002 + )

4 (‘AA(M) Xipy 20w+ %> (B.14)
5 <*AA(LI) 220 PGy +2Aw? + %)

Evaluating the difference AF = F), ;11 — FHom ip terms of FH°™ with pay = p (o1 piy =
p + 1), one can show that the coefficient of tﬁop in AF is negative for small ¢y, and for
parameters used in figure 1. In particular, for A = 1, uy, = 40, ¢ = V6/5, A = w? = 1,
and A,y =0, AF ~ =797
attached to the py—axis. , Similarly, for ¢ = 1 and m = +/7/3, the free energy in the

non-homogeneous phase is expanded as

around the pu— axis. This implies the occurrence of a cusp

2 ho
Fpp—H—,UJsz)"i_Zp p+0(th0p>
dFpPT!
dtlh = A2th0p + O(t%lop)a
op
N 2u§ log(uh)< — 12AA(171) Zl p%@) + 24Aw? + 4)
g =21

26AA (11 Zip%l — 52Aw? — 33

—3AA(1’1) Zz p(z) —+ 6Aw2 + 2 )

(B.15)

and, for ¢ = v/26/5 and m = 2/+/5, the free energy becomes

Ast h
Fpp+1 _sz(z +Zp Op +O(thop)
dFpP!
dtzh = A3th0p + O(t%lop)a
op
1
IR log(un) ((— 121AA 1) X2, 02 + 2EAw? + 28
3=2—+

A —5AA11 37 pfy + 10Aw? +3

64AA i Py — 128Aw? — 13
+ 0.1 224 Py EXN (B.16)

—5AA 1 D p(l.) + 10Aw? +3
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The difference AF; = Fip’erl — FMot in terms of FMO' with p;) = p (or py = p+ 1) can

2

hop 111 AF can be shown to be negative for small

be evaluated. Again, the coefficient of ¢
thop and for the above parameters (p > 1). It shows the occurrence of a cusp around the
p—axis. In summary, the analytic expression was useful to find a cusp near the p— axis.
However, we can not use these expression of the free energy to obtain the phase structure
of the holographic model since the asymptotic expansion is not good approximation near
the hard wall v = uy.

While the phase structure is interesting at zero temperature, it will also be interesting
to consider the theory at the finite temperature from AdS black hole in the context of
the 10d type IIB supergravity. The black hole phase corresponds to the deconfinement
phase. It is known that the AdSs black hole geometry is thermodynamically stabler than
the AdS5 soliton when temperature increases as T > M. At the critical temperature
T = Mgk, the Hawking-Page phase transition takes place [23] by comparing the free
energy of both backgrounds. The Hawking-Page phase transition corresponds to the con-
finement /deconfinement phase transition of the dual theories at the strong coupling. After
introducing probe D5-branes in the AdS black hole(the background of the 10d type IIB
supergravity), more rich phase structure may be obtained like the chiral symmetry break-
ing in the deconfinement phase [49]. Unlike the hard wall geometry, the dissipative effect
is expected in the probe brane in the deconfinement phase because of the dissipation at
the horizon.

C Holographic dual to the level-rank duality

The field theory side becomes the D3-brane theory compactified on the circle 7 with the
radius R;. The anti-periodic boundary condition is imposed on adjoint fermions of the
D3-brane theory. The adjoint fermions receive the tree level mass of order 1/R; because of
this supersymmetry breaking boundary condition. Furthermore, scalars acquire the mass
after taking into account the quantum corrections of scalar’s mass. In the low energy limit,
3d pure Yang-Mills theory is then obtained on R'? after ignoring these massive modes.
The pure Yang-Mills theory is a confining gauge theory, having a mass gap. The gauge
coupling in 3d is identified with g2 = g5/(27R1). In addition, the background axion x ~ k17
is switched on. The Wess-Zumino term of the D3-brane is then replaced by the 3d Chern-
Simons term as S)}Z = Tr [, X(F A F)/(47) = k1 [p12ws(a)/(4m). So, the field theory
side is changed into the U(N;)x, Yang-Mills-Chern-Simons theory [12]. The U(N,)x, Yang-
Mills-Chern-Simons theory becomes U(N,)g, pure Chern-Simons theory in the IR limit.

In the type IIB gravity dual, on the other hand, the AdSs soliton times S° is consid-
ered [23]. The AdSs soliton times S° background is obtained by considering the backreac-
tion of the N, D3-branes and taking the near horizon limit. The 10d metric becomes

L? u2
2 _ 1 2 2 2 2 9 9 . 9 9
ds® = ( (u)u2du + f%(—dt + f(u)dr* 4+ dx7) + L7(d0” + sin 9d§24)> , (C.1)
4
Cy = Zildthdxldazg — LAC(0)day, ©2)
c(0) = g(w — 6+ sinfcosh) + sin® 6 cos 6, (C.3)
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where f(u) = 1 — (up/u), i = 1,2, and L} = 4wgsNe.o/2. The tip of the AdS soliton is
located at u = up, where the geometry becomes smooth. The spacetime 7 direction is
compactified as 7 ~ 7 + 2w Ry, where Ry = L?/2uy,.

We then introduce k; D7-branes along (tz122,.5%) at the tip of the soliton in the probe
limit without considering the backreaction N, > k;. These D7-branes correspond to the
configuration of the infinite separated D7-brane defects in [36]. The U(k1)n, pure Chern-
Simons theory arises from the Wess-Zumino term of k; D7-branes at u = wy, in the presence
of the RR 5-form flux in the IR limit. The level-rank duality of the Chern-Simons theory
is then realized by using the holography of the AdSs soliton and k1 D7-branes. That is,
U(N¢)k, Chern-Simons theory (D3-branes) <+ U(k1)y, Chern-Simons theory (D7-branes).

D The DBI expansion

In this appendix, we give a useful formula to consider the expansion of the DBI action.
Ignoring the gauge indices in the tensor product, we decompose the determinant of n x n
matrices as

det(gap + EFap) = det(EL)? det(d;; + EF;;) = det(gap) det(6%5 + Eg™7Fp), (D.1)

where E! is the cotangent frame field and Fy;, = EZIFUEIZ In the right-hand side of the
first equality, we make the anti-symmetric representation of O(n) manifest in Fj;.
A useful formula of the Determinant of n x n matrices becomes for n > 4 [50, 51]
X)?  (6X)3 (£x)*

det(1 + £X) = exp (tr <§X -3 + 3 1

where X, = F,,g*” and traces are over the n x n matrices. Coeflicients of the expansion
are defined by /det(1 4+ £X) = 3 €a;. It is known that these coefficients z; can be written
as symmetric polynomials of the eigenvalue of X if X can be diagonalized. Coefficients x;
are obtained up to O(£*) as follows:

1 1
ro=1, x1==trX, x2:<

2 4

1
§(trX)2 - trX2> ,

1 1 1
x3 = étrX?’ — étrXQtrX + 4—8(trX)3,

1 1 1 1 s 1
= e Xt St Xtr XS — —tr X2 (trX)? + — (trX?2 — (trX)*. D.3
T = —gtrd A patr 32 X (I X)7 4 o5 (X)o7 (10 X) (D-3)

D.1 The non-Abelian Taylor expansion

It is known that the o’ expansion of the non-Abelian DBI action reproduces the effec-
tive action of the non-Abelian superstring theory up to the quartic order of the field
strength [52, 53]. Even for the bosonic string theory, coefficients of the quartic terms are
different only with the excess of the commutator terms (or derivative dependent terms). To
analyze the full non-Abelian action (4.2), in this section, we expand the lagrangian based
on a the non-Abelian Taylor expansion and take the symmetrized trace. We restrict to
U(2) non-Abelian symmetry and first consider the DBI part. The problem is that, when
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we choose 0 = 0, , the effective tension of the DBI action goes to zero. One can show that
0 = m/21992 becomes the solution of the EOM and the vacuum, where the tension of the
brane remains finite and does not go to zero. Choosing v = 6 and using 6 = 7/213x2 + 36,
we then expand the non-Abelian action around the vacuum. Using the DBI expansion in
appendix D, we expand the non-Abelian DBI action to include higher derivative terms.
From (4.2), we can choose X in (D.2) as

x(We, — gea (§(Da¢iDb<I>i + De®i(Q! — 1) Dyd;) + Fa,,),
X = i[@F, dF]gy;, (D.4)

where ¢ = 27a/. Note that the second term of X () is of order 2. Besides, the determinant

of g and RR 4-form C4 depend on . These are expanded around 6 = 7/2 as

VAWM VIT) gy w1050 4 Dagt, oy~ B —dsn 4 Sogh. (D)
L3 3 4 3

We perform the dimensional reduction of the expanded action since we are interested in the

zero modes along the angular direction S*. By remaining terms up to £* in the dimensional

reduction, the U(2) YM theory in addition to higher derivative terms is obtained on the

asymptotic AdSs as

St = —T'Str | d*z\/—det(Gup ( ( F F 4 D ' D ®Ig;;

1
- Z[‘ﬁ o7)[@F, q’l}gikgjl) — 2592)

+ 5%, + S5, (D.6)

Sbr, _T’g/sw(< T — 460 + 3593> > (D.7)
Sb = —T'Str [ d*x/— det(Gap) [ < (F )2 — ;FabechdFd“...
+ éDcfbiDC@iFabF“b ~D,®' D*®; Dy ® DD + 8(D D' DID;)>
+ ;F yDPD[B;, 31| D, D; + 8[@ o)) [0F, 3, <Da<I>iD“<I>Z- + ;FabF“b>>
1

2FabF“b> + 2594 + .. } , (D.8)

— £266° (Dacpipacpi +
where g,p is the metric of the 2-dimensional spacetime evaluated at § = 7/2 and T" =
T5L‘11Q4 = N,/ (37r20/ ). The indices a,b and i, j are raised or lowered in terms of g, and
gij, respectively. Dots in SS represent higher order terms with [®?, ®7]. Note that § already
includes the factor of £ = 2w/,

It is shown that the probe D-brane analysis with Abelian symmetry allows a constant
solution of transverse scalars. In analogy, we consider the VEV of U(2) adjoint transverse
scalars 6, ®*! in non-Abelian symmetry. The VEV of transverse scalars has distance modes
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in diagonal components. In the matrix form,

1v T

T Y 0 . 0 w™
0= —-loxo + o*1 = . D.9
272 6(0 L”)’ (w”“ o) (D-9)

These VEV break U(2) symmetry into baryonic U(1). Note that eigenvalues of ®*! are
+ |w® |, which give distance modes along a spatial direction.
Moreover, we describe the general form of U(2) adjoint fields as

(1) 1, i

a;”’ wy - ot w
Ay=1| " o = . ) D.10
’ (wb alEQ)) (w“r L”d“’) ’ ( )

where ¢! and LV are chosen to be constant. We introduce indices I, J of the worldvolume

directions where I,J # v. Moreover, we restrict fields Ay, ®' by requiring w® = w¥ =

o =0, and w, = w, = 0. The lagrangian is finally written as

1
Il /dQZL‘\/i[ ( (1) f f(Q)ab 2(aa¢vaa¢v+aaLvaaLv)gm)

1 -
+ §5a80[3a90J§1J + Dow! Dw? gr g + @' (L6, — ") (L Gur — 01)Grs — pros)w’

- 3rs — o ('e’ — ohe))) < 2(ED) - 2600 + G (600 + 5 (€)'

+T’§/£§VZ+S§, (D.11)

where f1-2) = da(-(2) and the WZ term is expanded as

teprWZ
szﬁf ~ %fl + %fg - %fgfL” + g (€L fo — 7.]01590 +5- 10 (2 Yfi.  (D.12)

The modes ", LY have the negative squared mass. However, these modes are stabilized
in the presence of the non-trivial flux da™)(?) [25].

Finally, the EOM of the bi-fundamental scalar in the homogeneous phase, i.e. for the
Ansatz (4.4) with equal gauge fields, becomes

1
ﬁpc(,ﬁ—gDCngU) — (L = ¢°)* w0 §17Gv0 — 2(wyw’ 07 — wyowr) =0. (D.13)
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