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Exciton-driven quantum phase transitions in holography
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We study phase transitions driven by fermionic double-trace deformations in gauge-gravity duality.
Both the strength of the double trace deformation and the infrared conformal dimension/self-energy
scaling of the quasiparticle can be used to decrease the critical temperature to zero, leading to a
line of quantum critical points. The self-energy scaling is controlled indirectly through an applied
magnetic field and the quantum phase transition naturally involves the condensation of a fermion bi-
linear which models the spin density wave in an antiferromagnetic state. The nature of the quantum
critical points depends on the parameters and we find either a Berezinskii-Kosterlitz-Thouless-type
transition or one of two distinct second order transitions with non-mean field exponents. One of
these is an anomalous branch where the order parameter of constituent non-Fermi liquid quasipar-
ticles is enhanced by the magnetic field. Stabilization of ordered non-Fermi liquids by a strong
magnetic field is observed in experiments with highly oriented pyrolytic graphite.
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I. INTRODUCTION

The anti-de Sitter/conformal Field Theory correspondence (AdS/CFT) or gauge/gravity duality is a new proving
ground to describe strongly correlated systems, and its application to unresolved questions in condensed matter is an
exciting new direction. It is especially compelling, as conventional methods, such as large-N Ref.[4] and (4 — €)-type
Ref.[5] expansions fail to describe quantum critical behavior in 2 + 1-dimensional systems. The primary examples of
such are the strange metal states in the high T, cuprates and heavy fermion systems. Both systems are characterized
by anomalous behavior of transport and thermodynamic quantities. In heavy fermions, the Sommerfeld coefficient
grows as the temperature is lowered, meaning that the effective mass of the electrons on the Fermi surface diverges
or the Fermi energy of the electrons vanishes Ref.[6]. In the strange metal phase of the high T, superconductors as
well as in heavy fermions near a quantum phase transition, the resistivity is linear with temperature p ~ T'. These
anomalous behaviors are partly explained by the phenomenological marginal Fermi liquid model Ref.[59], and it is
an early success of AdS/CFT that the marginal Fermi liquid can be seen to emerge as the low-energy dynamics of a
consistent theory.

A particularly simple gravity description for strongly interacting finite density matter is the planar AdS-Reissner-
Nordstrom (AdS-RN) black hole (BH), which is dual to a system at finite chemical potential. While the AdS-RN black
hole is a natural starting point to study the universal aspects of finite charge density systems, the universality of a
black hole makes it difficult to explain experiments that are keen on the nature of the charge carriers, such as transport
properties (e. g. conductivity). In particular the dominance of Pauli blocking for observed physics, requires that at
the minimum one needs to add free Dirac fermions to the AdS-RN background. A self-consistent treatment shows
that this system is unstable to a quasi-Lifshitz geometry in the bulk Refs.[Il B3] 36], that encodes for a deconfined
Fermi liquid system Refs.[55H58]. Here we shall initiate the study of instabilities in the unstable metallic AdS-RN
phase that are driven by Fermi bilinears.

The essential low-energy property of the metallic system dual to the AdS-RN black hole background is the emergence
of Fermi surfaces Refs.[32] [63] where the notion of a quasiparticle needs not be well defined, i.e. stable Ref.[2]. In
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Ref.[3], we used the magnetic field as an external probe to change the characteristics of the Fermi surface excitations
and as a consequence the transport properties of the system. It strongly suggested that a quantum phase transition
should occur when the underlying quasiparticle becomes (un)stable as a function of the magnetic field. The study in
this article of the influence on stability of Fermi bilinears allows us to show that there is a phase transition between
the two regimes and that for a specific set of parameters the critical temperature vanishes. Our work is therefore also
a fermionic companion to Ref.[37].

Continuing the connection of AdS models to actual observations, the results we find resemble other experimental
findings in quantum-critical systems. At low temperatures and in high magnetic fields, the resistance of single-layer
graphene at the Dirac point undergoes a thousandfold increase within a narrow interval of field strengths Ref.[7].
The abruptness of the increase suggests that a transition to a field-induced insulating, ordered state occurs at the
critical field h. Ref.[8]. In bilayer graphene, measurements taken at the filling factor v = 0 point show that, similar to
single layer graphene, the bilayer becomes insulating at strong magnetic field Ref.[9]. In these systems, the divergent
resistivity in strong magnetic fields was analyzed in terms of Kosterlitz-Thouless localization Ref.[8] and the gap
opening in the zeroth Landau level Ref.[10]. However, it remains a theoretical challenge to explain a highly unusual
approach to the insulating state. Despite the steep divergence of resistivity, the profile of p vs. T at fixed h saturates
to a T-independent value at low temperatures, which is consistent with gapless charge-carrying excitations Ref.[§].
Moreover, in highly oriented pyrolytic graphite in the magnetic field, the temperature of the metal-insulator phase
transition T,(h) increases with increasing field strength, contrary to the T.(h) dependence in the classical low field
limit Ref.[11]. The anomalous T,(h) behavior has been successfully modeled within a dynamical gap picture Ref.[12].
The available data suggest that by tuning the magnetic field graphene approaches a quantum critical point, beyond
which a new insulating phase develops with anomalous behavior T,(h). This picture is in agreement with expectations
of quantum critical behavior, where e. g. in heavy fermion metal a new magnetically ordered state (antiferromagnet)
emerges when tuned through the quantum critical point Ref.[6].

We shall see that the same qualitative physics emerges with our use of the the magnetic field as a knob to tune to the
IR fixed point to gain some insight into the quantum critical behavior driven by fermion bilinears. In our gauge/gravity
dual prescription, the unusual properties characteristic for quantum criticality can be understood as being controlled
by the scaling dimension of the fermion operator in the emergent IR fixed point. The novel insight of AdS/CFT is
that the low-energy behavior of a strongly coupled quantum critical system is governed by a nontrivial unstable fixed
point which exhibits nonanalytic scaling behavior in the temporal direction only (the retarded Green’s function of
the IR CFT is GF; ~ w?) Ref.[2]. This fixed point manifests itself as a near-horizon region of the black hole with
AdSy geometry which is (presumably) dual to a one-dimensional IR CFT. Building on the semilocal description of
the quasiparticle characteristics by simple Dyson summation in a Fermi gas coupled to this 141-dimensional IR CFT
Ref.[I3] an appealing picture arises that quantum critical fermionic fluctuations in the IR CFT generate relevant
order parameter perturbations of the Fermi liquid theory. Whether this is truly what is driving the physics is an open
question. Regardless, quantum critical matter is universal in the sense that no information about the microscopic
nature of the material enters. Qualitatively our study should apply to any bilinear instability in the strange metal
phase of unconventional superconductors, heavy fermions as well as for a critical point in graphene. Universality
makes applications of AdS/CFT to quantum critical phenomena justifiable and appealing.

The paper is organized as follows. In Sec. II, we review the AdS-RN black hole solution in AdS-Einstein-Maxwell
gravity coupled to charged fermions and the dual interpretation as a quantum critical fermion system at finite density.
In Sec. III we use the bilinear formalism put forward in Ref.[33] to explore an instability of a quantum system towards
a quantum phase transition using the AdS dual description. We study a quantum phase transition to an insulating
phase as a function of the magnetic field. For completeness we test the various phases by a spectral analysis in Sec.
IV. We conclude by discussing a phase space in (h, T) variables for a quantum critical matter at nonzero temperatures.

II. HOLOGRAPHIC FERMIONS IN THE BACKGROUND OF A DYONIC BLACK HOLE

The gravity dual to a 2 + 1-dimensional CF'T at finite density in the presence of a magnetic field starts with the
Einstein-Maxwell action describing an asymptotically AdS, geometry

1
d*z/—g <R+6— ngMNFMN> . (1)
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Here Aj is the gauge field, g% is an effective dimensionless gauge coupling and the curvature radius of AdSy is set to
unity. The equations of motion following from eq. are solved by a dyonic AdS black hole, having both electric and
magnetic charge
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where the redshift factor f and the vector field Ay, are given by

f=203-3+22—(Q*+ H*)(1-2)?*),
Ay = pz, Ay =hz, with p=grQ, h=grH. (3)
The AdS boundary is reached for z — 1, the black hole horizon is at z — 0 and the electric and magnetic charge of
the black hole @ and H, encoding the chemical potential p and magnetic field h of the dual CFT, are scaled such
that the black hole temperature equals!
1

T
47

(3-(Q*+H?). (4)

In these units, the extremal T' = 0 black hole corresponds to Q?+ H? = 3 and in this case the red shift factor develops
a double zero at the horizon

f=322(z—2)(z—Z,), 2= 4+iV2)/3. (5)

To include the bulk fermions, we consider a spinor field ¥ in the AdSy of charge ¢ and mass m, which is dual to a
fermionic operator O in the boundary CFTj3 of charge ¢ and dimension

Aq,:ngm, (6)

with m > f% (in units of the AdS radius). The quadratic action for ¢ reads

Sy = /d%,ﬁ_g (YTMDypsep — map)) (7)
where 1) = wTiFE, and
1
Dar = Oyr + gwaral*” — iqAur, (8)

where wasqp is the spin connection, and T = %[F“, I'’]. Here, M and a,b denote the bulk space-time and tangent-
space indices respectively, while u, v are indices along the boundary directions, i. e. M = (z, u). The Dirac equation
in the dyonic AdS-black hole background becomes

2 i (I-2)f" gilwt+quz) 1 m 4+ T Uik — oha _
(r Vo, +T 2(1_2)(3+ % )—T 77 T3 + 1%, + T7i(k, qh))i/} 0 (9)

where 1 is the Fourier transform in the y directions and time. The z and x dependences can be separated as in
Refs.[3], 53] 54]. Define

P
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Q = I'*9, +TY(ik, — ighx), (10)
in terms of which the Dirac equation is (P + @)y = 0. In order to separate the variables, we can proceed by finding
the matrix U such that UPy = —UQ1 = Ay. The idea is that, although P and @ do not commute, we can find U so
that [UP,UQ] commute and can be diagonalized simultaneously Ref.[3].2 To this end, U must satisfy the relations
{U,T*} =0, {U,T*} =0, [U,T*] =0, [U,TY] = 0. A clear solution is U = [['*,T""].

In a convenient gamma matrix basis (Minkowski signature) Ref.[2]

5 -3 0 i ict 0 & —02 0
r < 0 —03>’F(0 ial)’ r < 0 U2>’

0 00’2 5 0 7;0'2 ETE TS
Fy_< 2 0), r5_< 2 >_zrtrryr. (11)

g —10

1 The independent black hole mass parameter is restored after rescaling t — Mt ,o — M=,y — My and h — M —2h.
2 Rather the part in P not proportional to the identity anticommautes with Q. This realization shows why the relations in the next
sentence are the solution.



the matrix U equals

U= ( _’6‘72 _?02 ) : (12)

This choice of the basis allows one to obtain k, = 0 spectral functions in a simple way. In the absence of a magnetic
field one can use rotational invariance to rotate to a frame where this is so. The gauge choice for the a magnetic field
obviously breaks the isotropy, but the physical isotropy still ensures that the spectral functions simplify in this basis
Ref.[3]. The z-dependent part of the Dirac equation can be solved analytically in terms of Gaussian-damped Hermite
polynomials H, (v/qh(z + ];—;L)) with eigenvalues \,, = 1/|gh|n quantized in terms of the Landau index n = 0,1,...

Refs.[3, 53], 54]. The Dirac equation (P — U ~'\)y = 0, where X is a diagonal matrix in terms of \,, and whose square
is proportional to the identity, then reduces to

1 (L—=2)f" s ilw+quz) ¢ m TR
((8Z+2(1_Z)(3+ 57 )T 7 r N U \/f>1/) 0. (13)

We introduce now the projectors I, that split the four-component bispinors into two two-component spinors ¥ =
(¢1,12)T where the index a = 1,2 is the Dirac index of the boundary theory

1 s 1
I, = 5(1 — (—I)O‘szth), a=1,2, II; + 11, = 1. (14)
The projectors commute with both P and Q (recall that Q2 = A21). At zero magnetic field projectors are given by
I, = %(1 — (=1)°T*T*k;T%) with unit vector k; = k/|k|. The projections v, = I1,% with a = 1,2 therefore decouple
from each other and one finds two independent copies of the two-component Dirac equation

1, 3 f! i(w+ pgz) o m 3, An 4 -

where the magnetic momentum A,, = \/2|¢h|n is Landau quantized with integer values n = 0,1, ... and pq = pg. It is
identical to the AdS-Dirac equation for an AdS-RN black hole with zero magnetic charge when the discrete eigenvalue
A is identified with the (size of the) momentum k.

As we have shown in Ref.[3], solving eq. is equivalent to solving the Dirac equation at zero magnetic field but
with a rescaled chemical potential and fermion charge. At T = 0 the mapping is given by Ref.[3]

/ h? / h?
(:U’Q7haq) = (Nq,effa heff7 q?ff) = (\/gq 1- ?7 07 q 1- ?)7 (16)

which we will use further.

III. BILINEAR APPROACH TO PARTICLE-HOLE PAIRING

The objective of this paper is to use the magnetic field as a tool to probe our unstable quantum critical system dual
to the dyonic AdS-RN geometry. We show that the instability is manifest in the appearance of ordering in the system:
the magnetic field acts as a catalyzer for the particle-hole pairing. In particular, we will find an unusual behavior for
the critical temperature of the normal to paired phase transition as the dialing of the magnetic field drives the system
to a quantum crtitical point: for a critical magnetic field the critical temperature vanishes indicating a new emergent
quantum critical point.

We will identify the bulk quantities in the bilinear approach which are dual to the sought-for quantities on the CF'T
side. We have given the setup of the bilinear formalism in Ref.[33]. Here, we will first give a concise review with the
focus on the transport properties and the influence of magnetic fields, and then derive the bilinear equations relevant
for computing the pairing gap.

A. Bulk propagators and currents

A controlled method for calculating the expectation value of some composite operator J with the structure of a
fermion bilinear (J ~ 1)) has been put forward in Ref.[33] and it is based on a relation between the bulk and the



boundary propagator in the isotropic single-particle approximation. This allows us to identify the familiar quantities
at the boundary by matching the resulting expression to known thermodynamic relations. The crucial object was
identified in Ref.[33]

JHE,p,z) = /dw/koﬁ(w,k,z)F“w(E—w,p—k‘,z) (17)

and it is the spatial average of the U(1) current four-vector in the bulk®. The metric then assumes the form given in
the first section by eq. (so that the horizon is located at zy = 0 and the boundary is at zo — 1). Having defined
the radial projection of the bulk Dirac equation in eq. we can also define the radial projections of the current as

JE(E,p,2) = / duo / P (w0, b, 2)7"Ya (B — w,p — k. 2), (18)

where o = 1,2 and v* is a Pauli matrix acting in the boundary frame.

The boundary interpretation of this current is, however, subtler than the simple U(1) conserved current which
it is in the bulk Ref.[33]: it expresses the Migdal theorem, i.e. the density of quasiparticles in the vicinity of the
Fermi surface. To see this, express the bulk spinors 1,(z) at an arbitrary value of z through the bulk-to-boundary
propagators G, (z,2’) and the boundary spinors 1, (zo) as

Ya(2) = ga(ZHvz)gc:l(szzo)wa('ZO)' (19)

The meaning of the above expressions is clear: the spinors evolve from their horizon values toward the values in the
bulk at some z, under the action of the bulk-to-boundary propagator G,(z, z") acting upon them (normalized by its
value at the boundary). To find the relation with the boundary Green’s function we need to know the asymptotics of
the solutions of the Dirac equation at the boundary, see eq.(A6) in Appendix A

Uy~ a1(1 _ Z)S/Q—mwé7+ + bl(l _ Z)S/2+m Bn

)

o~ ag(l—2)% 2P 4 by (1 — )PPl (20)

On the other hand, the boundary retarded propagator is given by the dictionary entry Ref.[I7], eq.(A9), where
0_ ;1
v =0 .

The bulk-to-boundary Green’s function (in dimensionless units) can be constructed from the solutions to the Dirac

equation Ref.[27] as in eq.(A4]). Using eq.(A6]) and the expression for the Wronskian, we arrive at the following relation

between the boundary asymptotics of the solutions "™ and *%

— —2m
witeo) = (22 1) i) (21)

Taking into account the dictionary entry for the boundary propagator from eq. (A9) and the representation eq.
for 4" and ¢*#, the retarded propagator at the boundary is

Go = lim (1 — 20) 7 2mepb% (20) (" (20)) 7! = Zloigll Galzt,20)7"GalzH, 20) (22)

zo—1

with zy = 0. Using eq. and the definition for the current in eq. it can now be shown that the current
Ji ~ [ G1y"G4 for an on-shell solution becomes at the boundary Ref.[33]

1+2
J{L(UJ =0,k=kp,20 > 1) = +em /dw*y/‘Gl(w,k'F). (23)

I
It is well known Ref.[31] that the integral of the propagator is related to the charge density. In particular, for y# = ~°
and for the horizon boundary conditions chosen so that G = Gr (Feynman propagator), we obtain

1+2m

I

5= [ dovfon =0, (24)

3 As shown in Ref.[33], even though the current is defined as spatial average, the only mode that contributes at the leading order (tree
level) is the quasinormal mode at k = kp.



i.e. the bilinear J° directly expresses the charge density ny = tr (i’yOG) lon—shetr ~ |b1 (kp)|2 Notice that to achieve
this we need to set w = k — kp = 0, i.e. look at the location of the Fermi surface. By analogy, we can now see
that the components J!'? correspond to current densities. In particular, the ratio of the spatial components Ji/E’

in the external electric field E readily gives the expression for the conductivity tensor o;;. Finally, the formalism
outlined above allows us to define an arbitrary bilinear J4 = Ik Ay and to compute its expectation value. By
choosing the matrix A appropriately we are able to model particle-hole, particle-particle or any other current. Notice
however that all bilinears J4 are proportional on shell, as can be seen from eqs.7 which hold also for any other
matrix A sandwiched between the two bulk propagators. The proportionality is at fixed parameters (u, T, etc) so the

dependences of the form J#(u) and J4(T) will be different for different choices of A.

To introduce another crucial current, we will study the form of the action. (We will define our action to model
the quantum phase transition and to define the pairing excitonic gap in section [[IIB}) We pick a gauge, eq.(3)), so
that the Maxwell field is 4, = (®(z),0, h(z)z,0,0), meaning that the non-zero components of F* are F** = 9,®,
F?*2 = 20.h, F12 = h and their antisymmetric pairs. The total action eqs. is now

S = /dzd?’x\/jg <2/1€2 <R +6— 4;%FMNFMN> + YT Dyyp — T’“ZW)
+ /d?’l’\/jh <RbndA,unuF”V + Z"Za(_io—g)wa> 9 (25)

where 1, = il a!. The second integral is the boundary term added to regularize the bulk action, for which the
fermion part vanishes on shell. Knowing the metric eq. and the form of A*, we find that the total action (free
energy, from the dictionary) can be expressed as Ref.[33]

1 3
F = fhor - i(up + hM) + §K (26)

where Fy,o; is the free energy at the horizon, which does not depend on the physical quantities on the boundary as long
as the metric is fixed Ref.[33] so we can disregard it here. In eq., u, p and h, M are the leading and subleading
terms in the electric and magnetic field

D(z = 20) =p, 0.P(z— 20) =p,
h(z = 29) = h, O,h(z = 20) =M, (27)

and the fermionic contribution is proportional to
K= /dw/d%zaa(w,k,z)waw—w,p—k,z) (28)

which brings us to the second crucial bilinear. Along the lines of the derivation egs.(|1823)), we see that the fermionic
contribution to the boundary action eq. is proportional to

K =2 ReG,, (29)

i. e. it is the real part of the boundary propagator?. The bulk fermionic term does not contribute, being proportional to
the equation of motion, while the boundary terms include the holographic factors of the form (1 — zp)™. In accordance
with our earlier conclusion that the on-shell bilinears are all proportional, we can reexpress the free energy in eq.
as

1
F = Fhor — §(up + hM) + /’[’J? (30)

dm + 2

where the chemical potential reappears in the prefactor and the fermionic term becomes of the form u.JY, confirming
again that J{ can be associated with the number density.

4 In Ref.[33] this bilinear is denoted by I. In the present paper a different bilinear is called I .



B. Pairing currents

Now we will put to work our bilinear approach in order to explicitly compute the particle-hole (excitonic) pairing
operator. We add a scalar field which interacts with fermions by the Yukawa coupling as done in Ref.[I6]. Both scalar
and fermion fields are dynamical. The matter action is given by

Sy = i/dzd%\/fg (qﬁrMprw — myP) — AI(bPW)
Se = / A2/ =G5 Gine (90T + 6°0T0)
S0 = = [dztay=g (1D30P + V(D) (31

where the covariant derivatives are D}f’/[ =Vu+ %wMabFab —iqpAm, D?\)/[ = Vu —igpAn, and W = ptilt. The
gamma-matrix structure of the Yukawa interaction is specified further. Matter action is supplemented by the gauge-
gravity action

/ dzd®z\/—g (R + 3 - 412 FMNFMN) (32)
we take the AdS radius L = 1 and gr = 1. The gauge field components Ay and A, are responsible for the chemical
potential and magnetic field, respectively, in the boundary theory. As in Ref.[16], we assume A = 0 and V(|¢|) =
mi|d)\2 and the scalar is real ¢* = ¢. For the particle-hole sector, the scalar field is neutral g4 = 0.

The Yukawa coupling G, is allowed to be positive and negative. When the coupling is positive G,y > 0, a
repulsive interaction makes it harder to form the particle-hole condesate. Therefore it lowers the critical temperature
and can be used as a knob to tune to a vanishing critical temperature T, = 0 at a critical value G¢,, which defines
a quantum critical point. When the coupling is negative G;,; < 0, an attractive interaction facilitates pairing and
helps to form the condensate.

Both situations can be described when the interaction term is viewed as a dynamical mass of either sign due to the
fact that it is in 1/71/) channel. For G;,; > 0, interaction G;,;¢ introduces a new massive pole: massless free fermion field
aquires a mass which makes it harder to condense. For G;,; < 0, there is a tachyonic instability. The exponentially
growing tachyonic mode is resolved by a condensate formation, a new stable ground state. It can be shown that we
do not need a nonzero chemical potential to form a condensate in this case. A similar situation was considered in
Ref.[37] for the superconducting instability where the spontaneous symmetry breaking of U(1) was achieved by the
boundary double-trace deformation. In our case for the electron-hole pairing, Zs symmetry is spontaneously broken
by a neutral order parameter. Next we discuss the choice for the gamma-matrix structure I' of the Yukawa interaction
eq.(31) and the corresponding pairing parameter A

A = Gint (YT9)). (33)

Now we explain our choice of the pairing operator and give a rigorous justification for this choice.
In principle, any operator that creates a particle and a hole with the same quantum numbers could be taken to
define A. This translates into the requirements

[0,1%] = 0,{T,1°} =0, [F, é} —0. (34)

(Anti) commutation with (time) space gamma matrices is required for the preservation of homogeneity and isotropy,
and the last one is there to preserve the particle-hole symmetry. In the basis we have adopted, eq.(11)), (Ft)* = I
and ['** = T'#, and therefore the charge conjugation is represented as

C: ¢ — I3y, (35)

We will also consider the parity of the order parameter. As defined in Ref.[47], parity in the presence of the AdS
boundary acts as ' — —z! with 22, z unchanged, while the transformation of the spinor is given by

P — Ty, (36)
We can now expand I in the usual basis
B = {I,T'*,T° T°T* [I* T"]} (37)

where the indices in the commutators [I'#,I'V] run along the six different combinations, and check directly that the
conditions eq. can only be satisfied by the matrices I, T°T% and [I'°,'%]. This gives three candidate bilinears
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e For I' = I we get the bulk current 1t = —(1#1011#1 + w;alwg), i.e. the mass operator in the bulk. As noted in
this section and in more detail in Ref.[33], it can be identified as proportional to the bulk mass term. As such,
it describes the free energy per particle, as can be seen from the expression for the free energy eq.. The
equation of motion for K = (1)) eq. exclusively depends on the U(1) current and thus cannot encapsulate
the density of the neutral particle-hole pairs: indeed, we directly see that the right-hand side equals zero if the
total charge current vanishes.

e For I' = iT'¥I, the bulk current is $il¥I = — (il — Ploleps). The crucial difference with respect to the
first case is the relative minus sign. It is due to this sign that the current couples to itself, i.e. it is a response
to a nonzero parameter G, as we will see soon.

e For I' = I'#, the resulting bulk current is /I3 = —z'(wIJQl/Jl + 1/}5021#2). It sources the radial gauge field A4,
which is believed to be equal to zero in all meaningful holographic setups, as the radial direction corresponds
to the renormalization group (RG) scale. Thus, this operator is again not the response to the attractive pairing
interaction.

We are therefore left with one possibility only: I' = iI'2I'> which is also consistent with the choice of our gauge at
nonzero magnetic field. We will therefore work with the channel

. 1 0
_ Yo _
F_—zFF_<O 1). (38)

As we have discussed earlier, the isotropy in the x —y plane remains unbroken by the radial magnetic field, and hence
the expectation value should in fact be ascribed to the current I# = i))T*T'°¢) with p = 1,2. We show the equivalence
of the iI'*I'® and iT¥T® order parameters below. The choice of the y channel is motivated by technical simplicity
due to the form of the projection operator and the fermion basis we use, eq.: I, = 1 (1= (=1)°T*T°T!) with
a=1,2, since I'3TOT" = —iT'2I> with I"® = {T°T''T'2I"3. Finally, we note that the structure of the currents defined in
eqs.(L718) depends on the basis choice and that the currents as such have no physical interpretation in the boundary
theory: physical meaning can only be ascribed to the expectation values Ref.[33]. Tt is exactly the expectation values
that encode for the condensation (order) on the field theory side Refs.[33], [47].

The AdS/CFT correspondence does not provide a straightforward way to match a double-trace condensate to a
boundary operator, though only single-trace fields are easy to identify with the operators at the boundary. Indeed,
in holographic superconductors a superconducting condensate is modeled by a charged scalar field (®) (see e.g.
Ref.[60]). As in Ref.[47], we argue by matching discrete symmetries on the gravity and field theory sides, that the
expectation of the bulk current (¥iI'2T'°%) is gravity dual of the pairing particle-hole gap. Let us consider properties
of the corresponding condensates with respect to discrete symmetries, parity and charge conjugation, in the AdS
four-dimensional space. According to eq.7 (1p) and (YT31)) are scalars and parity even, while (iI?T%%)) is
a pseudoscalar and parity odd. As for the charge conjugation, we easily find that (¢1)) and (il'2I"*¢)) commute
with C', while ()I'*t)) anticommutes. Since the latter is the component of a vector current while the former two
are (pseudo)scalars, we find that all operators preserve the particle number, as promised. The magnetic field H is
odd under both parity and charge conjugation, and therefore it is unaffected by CP. The condensate () is also
unaffected by C'P, however (il2T%¢)) and (T3¢) spontaneously break the C'P symmetry.

In the three-dimensional boundary theory, gamma matrices can be deduced from the four-dimensional bulk gamma
matrices; and the four component Dirac spinor v is dual to a two-component spinor operator W. As has been also
found in Ref.[47], the three-dimensional condensate WV is odd under parity and even under charge conjugation,
and therefore it is odd under C'P. We summarize the transformation properties of the four- and three-dimensional
condensates together with the magnetic field

(V) aa | (WT30) 4q | (WiT2T5) 4q | (W) 34 | H
P _ _ _
C 1 . + + |- (39)
CP| + - - - |+

which shows that the symmetry properties are matched between (1)il'2I'*v),4 and (UW)34 condensates: they sponta-
neously break the CP symmetry while the magnetic field leaves it intact. Therefore our AdS/CFT dictionary between
the bulk and boundary quantities is ¢ <+ ¥ and (il'>I'>¢)) > (UW¥), with the corresponding conformal dimensions

of boundary operators given by eq. and eq..
The natural bulk extension is now the current

I= (—i)/dw/d%ww,k,z)rw(f} —w,p—k,2) (40)



and it is understood that in nonzero magnetic field the integration over k degenerates into the sum over Landau levels
(this holds for all currents in this section). We will soon show that a complete set of bulk equations of motion for the
operator eq. requires a set of currents that we label Ji, I and K.. In the representation eq. we introduce
the following bilinears of the fermion field

Ji(E,p,z) = (=) /dw/d2k (V1 (w, k, 2)0' 1 (B —w,p— k, 2) £ tho(w, k, 2)0 o (E — w,p — k, 2))
= JU(E,p,2) £ Jo(E,p, 2),
Le(Bp2) = (=0) [ dw [ @k (51w 200 (B = 0, — b2) & Dok, 2)a(E = wp ~ . )
Ii(E,p,z) £ I(E,p, 2),
Ki(E,p,z) = —/dw/d% (V1 (w, k, 2)0*1 (B —w,p — k, 2) & tho(w, k, 2)0* Yo (E — w,p — k, 2))
= K\(E,p,z)+ Ks(E,p, 2), (41)

where the pairing parameter (I')) in eq.(40]) is I = I_, the index 0 for the zeroth component is omitted in J, and
VYo = il ot

Let us now study the dynamics of the system. We need to know the evolution equations for the currents and the
scalar field and to complement them with the Maxwell equations. We will show that the equations of motion for all
currents generically have nonzero solutions. This suggests that, due to the coupling with the UV CFT, the pairing
can occur spontaneously, without explicitly adding new terms to the action (there is no need to add an interaction
for fermions in the bulk). Nevertheless, we will also analyze the situation with nonzero G;,; and show what new
phenomena it brings as compared to UV CFT-only coupling (i.e. no bulk coupling).

Let us start from the equations of motion. The Dirac and Klein-Gordon equations are to be complemented with
the Maxwell equation

VMFEyN =gy (¢*(VN —igp AN — (VN + iq¢An)¢*> — gy N1 (42)
which is reduced when the scalar is real, ¢* = ¢, to

VMFun =2¢3¢° An — iquyT Nt (43)

In the background of a dyonic black hole with the metric

ds? = — - —fdt2+d—22+dx2+d 2 (44)
IRCEPE f !
the Maxwell equation for the component Ay is
2q§5¢2 qu J+

S T (e T 19)

where we have used ¢Tg) — —.J,.
In our setup we ignore the backreaction to A, = Hz, treating it as a fixed external field. The justification comes from
the physics on the field theory side: we consider a stationary nonmagnetic system with zero current and magnetization

density. In the bulk, this means that the currents sourced by — and backreacting to — the magnetic field arise as
corrections of higher order that can be neglected to a good approximation.® Inclusion of the second Maxwell equation

5 To see this, consider the corresponding Maxwell equation
a.f 2q3¢* iy
8245 + 210, Ay = Ag + K.,
: F VI - 2)? Vi1 —2)3

and insert the ansatz A2 = Hx + 6(z,xz). The resulting relation for the neutral scalar ¢4 = 0 9.(f9.0) = —q/ (\/f(l — z)3> predicts

(46)

K ~ 9q0%1)0 ~ &, compared to the analogous estimate for the electrostatic backreaction J ~ o0t ~ p. Thus the spatial current is
of order of the small correction to the field, 6. The reason obviously lies in the fact that the magnetic monopole sources a z-independent
field.
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for A; would likely only lead to a renormalization of the magnetic field H — H + § H without quantitative changes
of the physics.
The equations of motion for the matter fields read

MpM (DwM - ¢q¢AM) b — Myt — iGingdT = 0

~(Ous = iny Aae) (0" = gy Ao + 5 SV (6]) = 5GuaiTe =0 (47)

where we included the connection to the definition Dy = Vs + %w b, In the dyonic black hole background, the
Dirac equation is

i(UJ + qAO) t m ZGznt¢ -1 )\n :|
0, + A)I* — r‘— F -U"—=|¢v=0 48
0.+ 7 in—a T via-» Y vilY 1)
where gy = ¢, the scalar is neutral q5 = 0, my = m and
— 1 3 i/ _ -1 _ ’6'0'2 0
A= 5 <(1 — 2f> =pz, Ay =+/2ghn, U™ " = ( 0 o ) (49)

with f/ = 9, f. In the limit w = 0 it is written as follows

iqAp 2 m 3 i1Gint@ 3 An )
d,+A— o+ o° + P12 =0 (50)
( f VI -z Via-27 T
We write the bilinears in short as
Lo = o' = ¢lo'ys,
Te = i+ s,
Ky = ¢oyn = oy, (51)
with ¢, = ¢lio?. Therefore I_ = (—i)yT4 because ¢ = ¥ . We rewrite the Dirac equation for the bilinears
2m 2\, 2iGint
0, +2A) s + ———Ki + —lp + —— 0K+ =0,
( et TR VA (R A
2(]A() 2)\
0, +2A) L + ——Ki+ “=Jy =0,
( ) 7 Vil
2qA0 2m 2iGint
(0, + 2A) K4 — I+ Ji + pJx = 0. (52)
R B, ([T R (e L
The pairing parameter is obtained by averaging the current 7_
A =iGin (1), (53)

This system should be accompanied by the equation of motion for the neutral scalar field. In the limit of w = 0 and
k; = 0 it is given by

1
———9, ( Z(;S) + V’ 10) GingpT1h = 0 54
=0\, (le) = ¢ (54)
where g = detgy . In the dyonic black hole background, the equation of motion for the scalar is
2 ,
m iG; t
8¢ + Bo.¢ — ¢ mt [ =0 55
BT T o )
where
2 I
B = + = 56
-2 "7 (3)
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The system of equations eq. and eq. is solved, at the lowest Landau level, for the unknown Ii, J+, K4 and
¢. We do not consider the backreaction of the spinor and scalar fields to the gauge field, and therefore we omit the
Maxwell equation eq..

Since the magnetic field is encapsulated in the parameter mapping eq., we may put A, = 0 and use the rescaled
fermion charge; furthermore, the terms proportional to off-shell (discrete) momentum cancel out due to symmetry
reasons, as explained in Ref.[33]. Another key property of the magnetic systems is that, at high magnetic fields, the
ratio pterys/T can approach zero at arbitrarily small temperatures (including 7" — 0).

Next we set up boundary conditions at the IR and UV for the system of equations eq.. It is enough to establish
the boundary conditions for the fermion components. At the horizon we choose the incoming wave into the black
hole. However, as we consider static solutions w = 0, it is enough to take a regular solution, not growing to infinity
as we approach horizon. We write the Dirac equation at the horizon z ~ 0 for the upper component ¥ = (y1, y2),

(824—./4— Zung2+m+Gmt¢03—l—/\nol> (y1> -0

f VI -2) v Y2
1 3 i
A—2<1_Z+2f> (57)
where at T = 0 the metric factor is f = 2(3 — 3z + 22 — 3(1 — 2)3). Near the horizon it becomes
1 ip m+Go A Yy
9.+ — _ a2 3 n_ gl L) =o. 58
<z+2z 6Z0'+ z\/60+zx/60 o (58)

Explicitly, the system is written as

1/1 m+ Gint @ 1/ A Hq _
8zy1+2(2+ NG >y1+ ( y2 =0

6
1 /(1 m+Gimo LA Hg B
azy2+z (2 7 >y2+z ( + y1 = 0. (59)

The solution reads
Yy = 012’7%71/ +022’7%+D

1 m+Gm¢ _1_, m+G1n¢ —i4y
Y2 = 5, (Cl( NG = )2 4 Cy(—— 4 v)2 2+> (60)

6 Ve

where C'y, Cy are constants and

1
= 6\/ﬁ(m + Gine®)? + 6X2 — 112 (61)

We choose the solution with the regular behavior y ~ 2~27. The solution for z; in the lower component ¥y = (21, 22)
where ¢ = (1, 1)2) is obtained from y; by a substitute G+ — —Gin:. We have for the bilinear combinations

I = ylyo+vip £ (y — 2)
Jr = yly+ylye £ (y— 2)
Is = ylyi —yye = (y = 2), (62)
where Y1 = (y1,y2) and 2 = (21, 22).
We impose two boundary conditions for eq.: at the horizon ¢’(z = 0) = 0 and at the AdS boundary ¢(z = 1) = 0.
At the AdS boundary, the boundary conditions for the currents are known from Ref.[33]: one should extract the
normalizable components of J, I, K in order to read off the expectation values. However, a normalizable solution is
defined in terms of an absence of a source for the fundamental Dirac field v, rather than the composite fields such as
J+. The solution is to put the source of the Dirac field to zero and then to read off the desired normalizable solution

for Jy directly. Under the assumption that the electrostatic potential Aq is regular, from eq. the composite field
densities behave near the AdS boundary zp = 1 as

Th =l — a2(1 — 2)72™ 4 b2 (1 — 2)3+2m,
Il = 'I/JIO'l"Ll)l — a1b1(1 — Z)S,
Ky = plo®ps — ad(1 — 2)372™ — b3 (1 — 2)3F2m, (63)
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and

To = 1/;31/12 —a3(1—2)572™ £ p2(1 — 2)5T2m,

IQ = 1/}%0’11/)2 — a2b2(1 — 2)5,

Ko = pho®ihy — a2(1 — 2)°72™ — b3(1 — 2)5+2m, (64)
The currents we have defined in eq. are the averaged densities, e.g. J; = [ dwd?kJ;. A normalizable solution in
J+ = J1 £ Js is thus defined by the vanishing of both the leading and the subleading term.

In what follows the AdS evolution equations eq. and eq. with appropriate boundary conditions are solved
numerically with a shooting method from the horizon. Unlike the recent study in Ref.[47] where only in the presence
of the four-Fermi bulk coupling G;,,; one finds a nontrivial solution for the averaged current (I_) with the IR boundary
taken at z = 0, we will generically have a nonzero expectation value even for G,y = 0. In Ref.[47], one needed to
introduce an IR cutoff, such as the hard wall, positioned at a radial slice z = z,. In our setup, the choice of the
boundary conditions in the UV guarantees that the condensate will form irrespectively of the IR geometry, as it

specifically picks the quasinormal mode of the fermion.
We repeat the same calculations for the z-component order parameter

S 01
FEzI‘I‘5:<1O>. (65)

The pairing current defined as

= (i) /dw/d%@(w, by NEG(E — w,p — k, 2) (66)

requires us to introduce the following currents

Te(Bupz) = (<) [ do [ @i,k 200 va(E — wp — by 2) £ a0 2 (B~ wp ~ k)
= Ji(E,p,2) £ J2(E,p, 2),

Fa(B..2) = (i) [ dw [ @k (Ga(onk 2)0a(B = w.p = F.2) £ (k2 (B = w.p = .2)
= L(E,p,2) + L(E,p,2),

Ki(E,p,z) = —/dw/ko (@1(w,k‘,z)a2w2(E—w,p—k,z)ii}g(w,k,z)ale(E—w,p—k,z))
Rl(Evpaz)iKZ(Evpaz)v (67)

A tilde is used to distinguish the two cases of pairings involving x and y components. Using the Dirac equation at
w=20

ZGznt¢
VIl=2)

iqAOO,Z m o3 >‘n0_1)
For A= T Ur

where the pairing parameter is obtained by averaging the current f+

0349 =0 (68)

(82 + A- P12 +

A =iGin (L) (69)
we get the following set of coupled equations for the bilinears defined in eq.

2m ~ 2\, = 2iGing
I Ry g, 2 gl ),
[ Y/ B (R Ny

~ 2qD - 2\, =
(0. + 2A) Iy + qTKi v

~ 2qP - 2m ~ 2iGint
0, - — _ _—
( +2A)Ki 7 Ii+\/7(1—Z)Ji+\/7(1—Z)

There are no minus components for the G;,,:¢ term in the first and third equations of eq., and these terms contain
currents without tildes defined in eq.. The equation of motion for the scalar is

Fa— 2 T apa et

(0, + 2A)j:|: +

¢Jy =0. (70)

02¢ + BO.¢ — =0. (71)
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The system of equations , and , differ only in the G;,: term: they are identical without it, though
currents are defined differently. Therefore, provided there is no ”source” in the equations of motion, i.e. there is no
Yukawa interaction G, = 0, the x and y components of gamma matrices produce the vacuum expectation values
(VEVs)

(I+) = (1) (72)
and according to the definitions of the pairing parameters
A (L), A= (1) (73)

where Iy is found from eq.. However, the equations for the plus and minus components in eq. are identical.
In particular,

(Iy) =(I-) (74)
which proves that x-y rotational symmetry is intact and
A=A, (75)

Further we consider only the y component for simplicity.

C. Quantum criticality in the electron-hole channel
1.  Thermodynamic behavior

We will first use the bilinear formalism to inspect the thermodynamics, in particular the phase transition that
happens at high magnetic fields and the behavior of the pair density after the phase transition has occurred. To
detect the transition, we can simply plot the free energy eq. at a fixed temperature as a function of the magnetic
field. The action can be rewritten in terms of the gauge field and currents as

1 1
S = /dzd% (2<I>azz<1> + 5H2 — IA) (76)

and we need to include also the boundary term that fixes the boundary values of the gauge field
Sbnd = /dSﬂSV —hA,n, F* = /d3m<1>8Z<I> (77)

where n, = (0,0,0, 1) is the unit normal to the AdS4 boundary, and h is the induced metric for which v—h = 263.
Identifying ®(z9) = p and 9,P(z9) = p and using the Maxwell equation , we arrive at the final expression

_ _ 3 (1 —z)tH2m }2_ /3 [l 01 _ . \1+2m 1
f—fbuzk-i-fbnd—/dx( Vi J+<I>+2h I_A)+ [ dx 2m+1J1(1 20) +2up (78)

In particular, we see that I_ is indeed the response to the bulk order parameter A. When the coupling Gy, is set
to zero, the I_ term in the bulk part of eq. will be absent. Let us first see what happens in that case. The free
energy is then unaffected by the pairing, and we can only follow the dependence on the magnetic field Fig.. We
see the nonanalyticity in the free energy at the point h = h.. The underlying mechanism can be understood from the
mapping eq.: it is the disappearance of the coherent quasiparticle due to the lowering of the effective chemical
potential ierr. The pairing arises as a byproduct of the interaction with the boundary CFT and does not influence
the transition.

With the contact interaction, corresponding to electron-hole attraction in the infrared, we can further rewrite
eq.(78) observing that generically

Ji(z,w) = %GR(Z,W)I_(Z,CU), (79)

which gives the following result for the fermionic free energy

m 3 -
Fr=(1—20)""*"J1 (20,0 = 0) <4m i 2AGE (w = 0)) . (80)
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FIG. 1: Total (bulk plus boundary) free energy of the system F(h) for increasing values of the charge ¢q. An explicit pairing
term Gin: = 2 has been chosen in order to suppress the stable Fermi surfaces and emphasize the phase transition at h = h,.
Still, for higher ¢ values, the v < 1/2 quasiparticles become subdominant compared to v > 1/2 ones and the transition is lost.
The bulk mass is m = 0.10.

The minus sign already makes it obvious that the derivative of the free energy can change sign, signifying a new
critical point. To probe the transition point itself, however, we need to rewrite the relation eq. for on-shell values.
Then the denominator of Gi vanishes, the current J; exactly captures the jump of the particle number on the Fermi
surface Ref.[33] and eq. becomes J; = 3u/(2m+ 1) x Z, so we need to replace Gr — Z, which gives the equation

for the critical point
3/2 / 2 ,
4(Ag — 1) 3 Z(h)

We have also used Ay = 3/2 + m in order to write the equation purely in terms of the boundary quantities, and
emphasized that Z and J; are also complicated functions of h, since h determines the effective chemical potential.
Notice that only Fj,4 contributes to the fermionic term, while both Fy,;x and Fp,gq contribute to the gauge field term.
For Gip: = 0, the second term vanishes and the free energy can only have a nonanalyticity when Ji(h.) has it. It is
a first order transition already identified in the magnetic case in Ref.[3] and studied from a more general viewpoint
in Ref.[33]: the magnetic field depletes the Landau levels of their quasiparticles and the Fermi surface vanishes. This
first-order jump happens at some critical p.5y and we will denote the corresponding value of the magnetic field by
he. If, however, G;,; becomes finite, we can see that the first term decreases with h while the second increases, since
Z(h) decreases. Thus, the overall free energy F = F t + Fgauge Will have a saddle point (Fyquge always decreases with
h). We can now conclude that the following behavior with respect to Gy, can take place

ff = (1 - 20)72m(]1(h)

e For 0 < Gjny < G2 ., the second term in eq. is always negligible and the system only has the first-order

wnt?
transition at h = h,.

e For GV, < Giny < G}, the interplay of the first and the second term in eq. gives rise to a local stationary
point (but not an extremum) at some h = h,. This can potentially be a new critical point. In order to
understand it better we will later perform a detailed analysis of the infrared behavior of the currents. It will
turn out that it can be either a second order transition or an infinite order Berezinskii-Kosterlitz-Thouless
(BKT)-type transition.

e For G, > G}, ,, the Dirac hair cannot be formed and we have J; = 0 for any magnetic field, including zero.
Since in this regime the pairing cannot occur even though G, is large, this means we are in fact outside the

applicability of the mean field approach.
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In Fig. we show the second, arguably most interesting case. A second-order nonanalyticity in the free energy is
obvious, as long as the stable quasiparticles with v > 1/2 do not overpower the unstable quasiparticles that govern
the transition at h = h,.

The conclusion we wish to emphasize is that order parameter physics is able to stabilize the non-Fermi liquids,
while it is known Ref.[33] 6] that in the absence of additional degrees of freedom a consistent backreaction treatment
tends to leave only the stable, Fermi liquid surfaces. The physical nature of the point h, will be the object of further
analysis. The next section will reveal more on the actual pairing phenomenology, showing the new phase to be
characterized by an anomalous, growing dependence A(h).

0.06

_m=_'|f4, G =D, A ='A‘.
int x ¥
. "'sz‘Gim=1"j‘y

0.05E. "«
0.04
=1 0.03
0.02

0.01]

0

FIG. 2: Dependence for the x and y components of the pairing order A;(h) and Ay (h) for Gine = 0 (coinciding solid line)
and for Giny = 1,2,4 (dashed, dotted and dashed-dotted lines). The coinciding solid line A, = A, demonstrates the z — y
rotational invariance. For Gin: > 0, increasing the bare coupling decreases A (and lowers T.) which provides a way to tune to
the quantum critical point. Lowering the mass of the bulk fermion enhances pairing and increases A as seen for m = 0 and
m=—1/4.

2. Analysis of critical points

Having analyzed the thermodynamics and found the existence of critical points, we will now study the behavior of
the order parameter A in the most interesting regime, for G , < G,y < G1 ., where the critical points are expected
to appear.

In a nutshell, we will find that the region between GY , and G}, can be further subdivided into three regions,
delimited by the values G%, G:* and G, characterized by one or two second order transitions or a BKT transition. We
will also show that the pairing is favored for high effective chemical potentials when the density is high enough for the

gravitational interaction to produce bound states. Finally, at small h values the pairs vanish as A o exp ((TC — T)ﬁ )

with 0 < 8 < 1 (presumably 8 = 1/2) and finally reach zero density A = 0 for T' < T, while for higher magnetic
fields the trend is reversed and the order parameter starts growing with h.
In order to construct the phase diagram, we will first study A(h) at fixed temperature Fig.). We see that for

m = —1/4 (smooth curves) the gap vanishes following a function which is smoother than a power law. Indeed, it
turns out that for h < h. we have the infinite order BKT scaling behavior
C
A~ pexp| ————— . (82)
2 Q(hc - h)

The scaling eq.(82) will be proven in section IV. Similar behavior has been obtained in Ref.[40] where the scalar mass
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has been tuned to the quantum phase transition: A ~ pexp (—C'>. Notice also that the value h, is very

24/m2—m?
high, corresponding to the magnetic length of the order , /hugff ~ 10% (we use 1/piefy as the natural unit of length).

0.06
0.05

0.04

< 0.03

0.02

0.01

(A)

FIG. 3: (A) Dependence A(h) (in dimensionless units) for m = —1/4 (smooth lines) and m = —1/20 and for increasing values
of the fermion charge. At fixed fermion charge in the Fermi liquid regime (v, < 1/2), the magnetic field reduces the pair
density, while small charges reduce the number of pairing particles, thus also reducing (A). In the non-Fermi liquid regime
(Vkp > 1/2) for h > h. we observe an anomalous, power-law growing behavior of the gap. (B) Dependence A(h) for m = —1/4
and the negative bulk coupling G;n:. For increasing absolute values of the bulk coupling Gin: the pairing order A is enhanced.
A new value h, arises where the order parameter drops to zero due to competition between the channel K; and the quasiparticle
density channel 14 1. For large absolute value of G, eventually h, = 0 and we are out of the mean field regime. The temperature
isT=56x10"".

The above behavior is characteristic of the normal metal parent materials, i.e. vk, > 1/2. At small values of v,
(i. e. Ay close to 3/2 or small ), the anomalous growing dependence A(h) appears (found also in the previous
section at strong enough magnetic fields) as shown by the dashed curves in Fig.). The nature of the dependence
A(h) is rooted in the unstable Fermi surfaces with v, — 0 and can be understood from the analysis of the bilinear
equations in the AdS, region, which we postpone until the next section.

We study the relation A(h) at different values of the pairing coupling G,¢. For Gy > 0, A decreases as we increase
Gine: repulsive interaction destructs the pairing, as given in Fig.. For G,y < 0, A increases as absolute value of
Gint 1s increased: attractive interaction triggers and enhances the pairing, as given in Fig.). Combining the two
cases, when the sign of G;,; is taken into account, the dependence A versus G;,; is decaying. Lowering the mass of
the bulk fermion enhances pairing as can be seen by comparing cases m = 0 and m = —1/4 in Fig.. As shown in
Fig., pairing parameters with the = and y component are identical for G;,; = 0, which proves that the x — y plane
rotational symmetry is intact. As Gj,¢ is switched on, it disrupts pairing in both channels in a slightly different way
causing A, and A, to deviate from each other. An important novel feature distinguishing Gy > 0 and Gy < 0
is the appearance of the second anomalous branch for G;,; < 0 as seen in Fig. where the magnetic field enhances
pairing: the rising A(h) manifests magnetic catalysis (MC).

The motivation to consider G,: > 0 was the ability to reduce the critical temperature to zero and to tune to the
quantum critical point. On the other hand, adding G, < 0 increases the critical temperature; however we can tune
to vanishing T, by adjusting other parameters such as the magnetic field. Figures and) can be used to extract
the quantum critical point (QCP) h = h. when A = 0 (or T, = 0) at fixed G;,,;. Upon varying the coupling G,
the QCP becomes the quantum critical line (QCL) h.(G.) or G¢(he). In Fig.)7 for growing G, h. decreases in
the normal branch and h,. increases in the anomalous branch. In the normal branch, h depletes the particles from the
Fermi surface decreasing the pairing density. Therefore h destroys condensate. In the anomalous branch though, A
enhances the condensation (magnetic catalysis).

The next step toward the phase diagram is the dependence of the critical temperature on the external magnetic
field T,.(h). A typical situation is given in Fig.). We have captured both branches so we see the expected twofold
behavior, with the decrease of T, up to h = h. and subsequent increase. A precise tuning of the mass toward zero
is necessary to enter the quantum critical regime where T.(h.) = 0. For reference, we have also shown the cases
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m = —0.10 and m = —0.05, where the approach of the critical point is seen but T.(h.) is still a finite minimum.

] 007- |\ + OPT:T(G)=0:G ~07 |
*—no QPT

FIG. 4: Critical temperature T, vs the magnetic field (A) and the coupling Gin¢ (B), for ¢ = 1. In (A), we again see the
anomalous branch starting at h. &~ 1.58, that signifies the exit from the Landau-Ginzburg regime and the mean field scaling
into a new phase. Higher curves do not possess the QCP and arise when the system is always in the condensed phase. The
coupling is G = 0.7. In (B), we see T vanish at the QCP G. = 1.1, corresponding to the quantum phase transition (QPT)
with a non-mean field exponent T, ~ |G — G\ﬁ, B > 1. In the higher curve, T, remains nonzero for all G;,:, with no QPT for
this set of parameters. The bulk mass is m = —0.10.

Fig.) shows the decreasing dependence of the critical temperature T, vs. the coupling strength G;,;. For the
blue curve T, vanishes at the QCP G. ~ 1.1. It corresponds to the quantum phase transition (QPT) of the second
order with a non-mean field exponent T, ~ |G. — G|?, 8 > 1. For the red curve, T, remains nonzero for all couplings
Gint. It happens when the system is always in the condensed phase (an extreme RN AdS black hole is unstable)
Ref.[I5]. As seen from Fig.)7 Gint is a sensitive "knob” to adjust the critical temperature T¢.

Finally, after studying the influence of the fermion charge ¢ and the bulk mass m on the relation T,.(h), we conclude
with the Fig., showing the critical temperature versus the magnetic field for different couplings G;,,;. We find four
distinct regimes located in the interval G < G < G (we omit the "int” subscript in Gy, for now). The delimiting
points are denoted by G%, G** and G, with G° < G < G** < G. < G*.

e For G < G the critical temperature is nonzero, as demonstrated in Fig.(dB) and also by the red curve in
Fig.. There is thus no QCP and the normal and anomalous regimes are separated by a crossover.

e For G < G < G%*, there are two second order phase transitions, one for the normal and one for the anomalous
branch. This case is represented by the blue curve in Fig., and can also be seen in Fig.). The quantum
phase transition corresponding to the anomalous branch scales with the non-mean field exponent T, ~ |h. — h|5/,
0" > 1. The limiting case of G = G% is given by the magenta curve, where the two critical points coincide.

e For G** < G < G, there is the second order phase transition with the non-mean field exponent T, ~ (h. — h)?,
0 < 1, which describes the normal branch. This is the dark violet curve in Fig., similar to the regime in

Fig.(3B).

e For G > G, there is an infinite order phase transition of the Berezinsky-Kosterliz-Touless (BKT) type with the

characteristic exponential scaling T, ~ exp (f\/%) This is the black curve in the figure.
Finally, based on the data from Fig. and some additional calculations, we can draw the phase diagram in
terms of the magnetic field h and the coupling G, given in Fig.@. The QCL (solid line) separates the condensed
(ordered) from uncondensed (disordered) phases. The position of the QCL is extracted from the phase transition
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FIG. 5: Critical temperature T, vs. the magnetic field h for different couplings Gin+. Depending on the coupling Gine, there
are the BKT and second order phase transitions. At 7. = 0, the QCP becomes QCL (h¢,G.) with a decreasing/increasing
dependence on h. as G, is increased which corresponds to the normal/anomalous branch.

curve of the critical temperature vs the magnetic field: the QCL where the critical temperature vanishes is given by
the relation G.(h.). From the dependence G.(h), one can translate the scaling exponents T, vs. G into T, vs. h:
T. ~|Ge =GP = |Ge(he) — GIP — |he — h]°.

In Fig.@, increasing the coupling G and the magnetic field h destroy the pairing condensate except in the non-
Fermi liquid regime. This twofold behavior manifests itself through a double-valued function h.(G.) in some parameter
range. Indeed, the region with a condensed non-Fermi liquid is enhanced by the magnetic field, which is a consequence
of the magnetic catalysis and the Callan-Rubakov effect discussed in the next section.

A deeper understanding of the phase diagram can be reached by considering the scaling dimensions of the condensate
and the fermion field. With some foresight from the next subsection, we note that the IR conformal dimension of the
operator which condenses &b: 1/2 + vz, where the bulk pairing current I = /(I is the gravity dual of the excitonic

95

condensate, is given by eq. (|
2 2
ui:\/;\/(m—i—A)?—F?qh—ug. (83)

On the other hand, the IR conformal dimension of the fermion operator §,, = 1/2 + v, where the bulk fermion field
1) is dual to the boundary fermion W, is given by

1 /1‘2 ef
vy = 6\/m2 R () = = g ep = VBaV/T D23, (84)

Importantly, the ratio v;/vy is first a decreasing and then an increasing function of the magnetic field h (see left panel
of Fig.(8) in Ref.[3] for v,;). At the dashed line the IR dimension v; of the operator with gravity dual pairing current
becomes imaginary, signaling the pairing instability. This is analogous to the instability of a scalar operator, when
the Breitenlochner-Freedman (BF) bound in the AdS; is violated but the BF bound in the AdS4 remains unbroken.
The dash-dotted line corresponds to the locus of points in the phase diagram where v,, = 1/2, separating the Fermi
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FIG. 6: Phase diagram h vs. G for the condensed/normal (non-)Fermi liquids. G and h destroy the condensate except for
the non-Fermi liquid. The ordered non-Fermi liquid is enhanced and stabilized by the strong magnetic field, which is also seen
experimentally in pyrolytic graphite.

liquid from the non-Fermi liquid behavior as discussed in Ref.[2]. Since vy (h) is a monotonically decreasing function,
coherent quasiparticles disappear at large magnetic field resulting in the non-Fermi liquid regime at vy < % (upper
part of the phase diagram). Notably, there is a similarity between our phase diagram Fig.@ and the phase diagram
obtained for a scalar field Fig.(14) in Ref.[37], which uses the double-trace deformation as the control parameter. This
may provide an insight of a mechanism of suppression/enhancement of the ordered phase at small/large magnetic
fields.

We can redraw our phase diagram in terms of the magnetic field h vs. the chemical potential p, Fig., to be able
to compare our result with the literature Ref.[46].

It is worth noting that our phase diagram exhibits the same main features as the analogous phase diagram obtained
using the Sakai-Suggimoto model (Fig.(8) in Ref.[46]). Primarily, it also has two regions of weak magnetic field where
the condensate is destroyed by the magnetic field (”inverse” magnetic catalysis) and a regime of strong magnetic field
which enhances the condensate (magnetic catalysis). Likewise, Fig. shows the same structure as the analogous
Fig.(9b) in Ref.[46]. Thus there are the two regimes with opposite dependence A(h). We will discuss the reasons for
it in the next section.

8. Pairing, double-trace deformations and conformal field theory

We will conclude our study of the phase diagram by offering an alternative viewpoint of the observed critical
phenomena. Dialing the pairing coupling to drive the system toward QPT can also be understood as dialing the
double-trace deformation in the boundary theory Ref.[37]. For example, in the Gross-Neveu model with vector SU(Ny)
symmetry, the four-fermion coupling operator is relevant at the UV fixed point. Hence, as a relevant deformation
in UV, it can drive the RG flow of the system to a new IR fixed point with spontaneous symmetry breaking. In
holography, the multitrace deformations which are introduced on the boundary and correspond to the multiparticle
states in gravity are a powerful knob that can drive the theory either to a free CFT at the IR fixed point or to a
CFT with the spontaneously broken symmetry. An RG flow of this kind has been considered in Ref.[38], where the
relevant double-trace deformation at the UV fixed point drives the theory toward the asymptotically free IR fixed
point. In the gravity dual theory, it corresponds to different boundary conditions imposed at the AdS; boundary
(alternative/standard quantization), and the UV and IR CFTs are related by a Legendre transform Ref.[38].

As an illustration, consider a scalar theory in the bulk as in Ref.[40]. One can hope that this case captures the
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FIG. 7: Phase diagram h vs. g for the condensed/normal (non-) Fermi liquids. Increasing the fermion charge at zero temperature
is equivalent to increasing the chemical potential. It stabilizes the condensate in the anomalous regime and then destabilizes it
in the normal branch. We can thus qualitatively relate g to G, the coupling constant from the previous figure.

behavior of our system at least qualitatively as a bilinear fermion combination bosonizes into a scalar field. Fig.(8)
shows schematically the two loop beta function for the double-trace coupling for decreasing magnetic field value. At
strong magnetic fields, Fig.(8) top, the theory exhibits the usual RG flow from the strongly coupled UV fixed point
(with a Landau pole at the QCP: g. — o0) to a free fermion (a noninteracting theory at g — 0) at the IR fixed point,
with no expectation value for the scalar operator O. At the QCP i.e. h = h., Fig.(8) middle, the UV and IR fixed
points merge and annihilate, leading to the BKT scaling Ref.[39]

C c’
Arr ~ pexp _\/ﬁ ~ pexp _ﬂ ) (85)

which can be interpreted as a distance along the RG trajectory to get to the nontrivial IR fixed point with broken
symmetry. In this case, the QPT is of infinite order and where the critical temperature T, and the order parameter
(O) are governed by the exponential BKT scaling of eq.(85)) as 7. ~ (O) ~ A;g. When the magnetic field & is further
decreased, Fig.(8) bottom, the theory becomes gapped leading to an apparent conformality loss Ref.[39] and the QPT
is now of second order.

In this paper we use the Yukawa coupling (or four-fermion coupling) in the bulk. However, the results we obtain are
in line with the theory having a double-trace deformation on the boundary as described by Fig.: we have observed
the rise of a new critical point. Fig.) in particular conveys the message: at some h, < h. we observe a transition
from the quasiparticle regime to an electron-hole condensate. Formally, it comes from the competition between the
pairing channel and the particle-photon interaction, encoded by the bilinears K7 and I;. Physically, it corresponds
to the competition between the Fermi surface "order” and the pairing order. At h = h,, it is the entrance into the
non-Fermi liquid region (v < 1/2) that drives the transition. At very high G;,,; values, the pairing is again suppressed
which we interpret as the consequence of the Fermi surface depletion. The number density near the Fermi momentum
is given by the current Jy. In eq.7 it is clear that the gauge field term, encoding for the chemical potential (and
implicitly density), is competing with the term containing A(r), i.e. the term proportional to the coupling G-
When the latter is dominant, the pairing is highly enhanced but only up to the point that all electrons are ”used up”,
and their total number density is small. Notice also how A drastically increases at nonzero G;,:, growing by about
an order of magnitude.

D. AdS: analysis of the critical exponents

Most of our conclusions so far were driven by numerical results, with some qualitative analytical insight. A somewhat
more detailed analytical understanding of the model can be gained by considering the far IR region, corresponding to
the AdSy throat of the RN black hole.
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FIG. 8: Two loop beta-function for the double trace coupling for decreasing magnetic field values. The disappearance of the
original UV and IR fixed points at the critical magnetic field h = h. leads to conformality loss and the BKT scaling behavior,
middle panel. At h < h., bottom panel, the system flows to a new IR fixed point with spontaneous symmetry breaking and
nonzero condensate of a scalar field (O) # 0.

We will follow the arguments of Ref.[40], where it was shown by analyzing the AdSs; region that a new IR scale
Ajg is generated which leads to the scaling behavior for the critical temperature T, and the condensate A vs a tuning
parameter (the magnetic field in our case). The key point of this analysis is to show that an instability for a scalar
field develops in a certain parameter range. In particular, for a neutral scalar field the mass should be lower than the
AdS, BF bound, m?R? < —% (where R is the AdS, radius), which corresponds to a point where the IR conformal
dimension becomes imaginary. For a charged scalar, the mass value can be slightly higher if the product of the charge
and the chemical potential, p, is sufficiently large. We therefore consider a composite bosonic field, which can be
constructed as a bilinear combination of 1’s and in our case it is given by a bulk current.

Let us start by recalling that at T = 0, the redshift factor develops a double zero near the horizon: f =~ 6z2.
Adopting the rescaled coordinates ¢, 7 instead of the dimensionless coordinates z, t:

- =1 (86)

with w — 0 and (, 7 finite, the metric eq. becomes near the horizon

1
ds® = e (=d7? +dC?) + da® + dy?, (87)
where the gauge field is
1
A= —.
z (58)

In this metric, the currents defined in eq. become
J(E,p,z) = (—z‘)/dw/d%zz(w,k,z)alz/;(E—w,p— k,z),
I(E,p,z) = (—z‘)/dw/d%&(w,k,z)w(E—w,p—k,z),
K(E,p,z) = —/dw/d2w(w,k,z)a%(E —w,p—k,2), (89)
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with ¢ = iTe!. The Dirac equation at w = k = 0 assumes the form

O —1 Hq 02+(m+A)03+A01’ P =0, (90)
\/665 9 9

giving the following equations of motion for the currents

2 A 2\
oo+ 2mER) o 2, (91)
e e
Hq 2A
o1 +2-1 gy 225 — 92
¢ \/666 e ( )

((JEK*Z Hq I+ 2(m+A)
\/665 €¢

where e; = V6C, g = pg, by = hq, A = 2|hg|l, 1 = 1,2,... and A = —(I). Differentiating the second equation for
I with respect to ¢ and eliminating the derivatives of J and K currents from the other two equations, we obtain the
zero energy Schrodinger equation

J=0 (93)

2

- Vf71/4~_

ORI~ =T =0, (94)
2X2  p2

i\ Ty (95)

where I = I\/C. We assume that condensation occurs for the lowest (first) Landau level (I = 1) and it is caused by
an instability when v; becomes imaginary. Therefore we can represent the conformal dimension as

—hq), by =7 (96)

9 2
W—¢3V+m%—?, (97)
m? 2
he=— 44 98
7 5 T 1o (98)

in dimensionless units.

Now consider the scaling behavior near the quantum critical point, h =~ h. or G &~ G, (solid red line in the phase
diagram Fig.(6). As in Ref.[40], imposing the Dirichlet boundary condition I(¢ = (;g) = 0 gives an oscillatory
solution of eq.(|94)

I(¢) = sin (f/log C) , (99)
where (yy is the location of the boundary of the AdSy throat. In order to satisfy the boundary condition we should
have

plog SIB — 1. (100)
Cuv

According to the discussion in section IV of Ref.[40], this means that a new IR scale is generated
A . (W) (101)
~ — ~ X _—
IR <h HEXD B )

where p is the UV scale, that leads to the infinite order BKT scaling behavior

C C
R <_h—h> C A e <_2h—h> ’ (102)
q q q

q
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with C = \/Z% and hg given by eq.. The factor of 2 in the exponent comes from the difference in operator
dimensions in the intermediate conformal regime: the current I scales as a dimension 1/2 operator and the temperature
scales with dimension 1. Eq.(102) describes the behavior below the critical magnetic field A < h,, which can be seen
in Fig.. Since hy = hq, increasing the charge ¢ would produce higher curves.

Choosing the mass m as a tuning parameter, we obtain the infinite order BKT scaling behavior from the condition

vi=01in eq.
C C
Tc ~ UEXD <—\/m> y A ~ Uexp (—21113_1112> 5 (103)

with ¢’ = \/’27% and m? = —2h, + M3/6~ The scaling behavior from eqs. ) describes the BKT regime found
also for the condensation of a scalar field in Ref.[40], with the condensed phase for h < h. (or at m? < m?) and the
normal state with zero condensate at h > h. (or at m? > m2).

While the above analysis fits well into the results we have found for the normal branch, the anomalous branch,
where at high h > h. the magnetic field catalyzes and enhances the condensate is still to be explained. The scaling
behavior in this region is given by

T.~A~|h—h°, (104)

where 6 > 1. In Figs.), a sharp increase with h is found, which is in agreement with field theory calculations
of magnetic catalysis Ref.[12] and experiments on graphite in strong magnetic fields Ref.[8]. We leave the explanation
of this regime within the AdS, analysis for further work.

For m = 0, the equation of motion for I can be reduced to a Schriodinger-like equation also in the general AdS,
case. This is what we will do in the next subsection.

E. The m =0 formalism

As elucidated before in a slightly different context Ref.[2], nonzero contributions to the current (corresponding
to the quasiparticles at the boundary) are quantified by counting the bound states at zero energy for the formal
wavefunction I_ of the above equation. An important novel feature in our setup is that the momentum is quantized
due to the magnetic field, and thus we cannot use the usual quasiclassical (WKB) formalism. Still, in the massless
limit we will be able to gain some more insight by constructing an effective Schrédinger equation with a formal WKB
momentum, that can be studied analytically.

Notice first that the RN geometry allows the spin connection term from eq. to be absorbed in the definition of
the currents as it is a total derivative Ref.[2]

A=0.(-gg*)"" (105)
Upon implementing eq.(|105)), the system of eqs. for m = 0 and in the static limit w — 0 is simplified to
e:0,J+ + QAK:F + 26;)\Ii =0 (106&)
€301+ +2¢; QK4 +2Xe; 1 =0 (106b)
e:0. K4 —2e;@14 +2AJ+ =0, (106¢)

where the vierbeine of the metric eq. are ez = (1 — 2)\/f, ¢ = (1 — 2)//f, e; = (1 — 2), and the scalar potential
is rescaled as q® — ® to absorb q. As before, the magnetic field is implemented by rescaling the chemical potential
and the fermion charge as given by eq., meaning that we can put A = 0. The expectation values are given by the
minus component, with only three coupled equations for J_, K_,I_ remaining to be solved. In order to understand
the phenomenology of the bulk pair current, it is useful to eliminate J_ from eq.. Rescaling I_ as

65(1)
€z
we first easily eliminate J_ and differentiate eq.(106b|) with respect to z. The derivative 9, K _ can be expressed from

eq.(106c) and K_ from eq.(106b)). In this way we arrive at the second order equation involving /_ only and having
the form of the Schrodinger equation for 7_

I I =1_

I_® (107)

- 20, - .
0,1 — A +49% — A9, log®| I_ = 0. (108)
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Notice that the term containing the first derivative vanishes automatically due to the transform eq..

We are interested in the behavior of the current in the limit z — zg = 1. While the Schrodinger formulation might
in some cases be more convenient also for computational reasons, the real benefit is that we can use a formal WKB
scheme to arrive at surprisingly accurate solutions without solving the differential equation. Eq. has the form
(0. — Vess(2))I- = 0, where the effective potential obeys the inverse square law near the boundary (we also use the

relation eq. )

(1 SAz)z +p2(1-2)* +0(1) (109)

where A = A(z — zp) ~ const.: although, strictly speaking, one needs to compute A self-consistently given the
value of G+, for qualitative considerations we may assume a constant A proportional to G;,:. The formal squared
Dirac delta function is there to enforce the condition Ji(zg) = I+(z9) = Ki(z0) = 0. The typical appearance of
the potential is given in Fig.@. The development of the electron-hole condensate can be seen as the accumulation
of bound states inside the potential well, analogously to the similar logic for electron states in Fermi and non-Fermi
liquids, elucidated in Ref.[2] and applied in Ref.[62]. We can easily visualize our findings on the transition points
h = h, and h = h. by looking at the potential Fig.@. In the figures, we have left out the Dirac-delta squared spike
at the boundary, as it is completely localized and only ensures that the currents reach zero at z = 1, exerting no
influence on the behavior at small but finite 1 — z values. Importantly, the near-boundary gap opens with A > 0,
supporting the electron-hole pair condensate near the boundary. The influence of the magnetic field through the
relation ¢ — ¢+/1 — H2/(Q2 + H?) is subtler: it makes the potential well both broader and shallower. The former
generally facilitates the formation of bound states, while the latter acts against it. It is this competition that gives
rise to the transition from the normal toward the anomalous region at h = h.
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FIG. 9: Effective potential for the current I for m = 0,q = 2,7 = 0.001 x 1072 and h = 0, Gin¢ = 0, 1/3,2/3,1 (red to blue,
A) and Gine = 0.2, h = 0,0.50,1.00, 1.50, 1.71 (red to blue, B). The pairing interaction opens the near-boundary gap (A), which
gets wider but shallower as the magnetic field increases (B). The competition between the broadening and the shallowing effect
gives rise to the transition between the normal and anomalous regime at h = he.

Within the WKB approximation, the solution to eq.(108]) can be written as

I_(2)= % (exp (— - eff(z)> + exp (?’Iz - m)) : (110)

We have constructed the solution by equating the WKB expansion with the near-boundary expansion (eqs.).
Notice that the phase shift is 37/4 instead of the usual 7/4, as the boundary itself provides an additional /2 shift
due to the condition I_(zp) — 0. The radial profile of the condensate is depicted in Fig.. It can be shown to have
%3 behavior at the UV boundary r — oo, and it diverges as T_% at the horizon in the IR 7 — 1. We obtain the same
asymptotic behavior when A = 0 in eq., but we impose the hard wall near the horizon in the IR, which brings
us in agreement with the results of Ref.[47]. The UV behavior follows from the boundary condition on the fermion
currents at the AdS boundary (putting the source term to zero) and the appearance of a fermion mass gap, to be
discussed in more detail later.

Another advantage of the Schrédinger approach is that solving the Schrédinger equation numerically is easier than
solving the current equations. In Figs. we give the dependences A(h) and A(g), produced by solving the
equation . Qualitatively similar behavior is seen in both cases. The WKB approach makes it feasible to study
also the dependence on the fermion charge q. Fig. already shows that there is a critical value ¢ = ¢, below which
no pairing can occur at all. We conjecture that this value corresponds to v < 1/2, i. e. only stable quasiparticles can
pair up. While plausible, this is not easy to see from the relations A(h) and A(T') that we obtained in the m # 0
case.
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FIG. 11: Order parameter of the pair density A vs the temperature (all in dimensionless units) (A) for A = 1 and different
values of the coupling strength ¢ = 1,3,5,7 (red, magenta, blue, black) and (B) for ¢ = 3 and different values of the magnetic
field h = 0,0.8,1.2,1.4,1.6,1.7 (red to black). Pairing is favored in the overdamped phase, with stable quasiparticles for g > 1
and v ~ 1, and suppressed at very high magnetic fields when the effective chemical potential is lowered and thus only a small
number of electrons is available for pairing.

IV. SPECTRA AND THE PSEUDOGAP

In this section we will compute the spectra for the fermionic system with particle-hole pairs. We invoke again eqs.
to derive the equations of motion for the retarded propagator, which will directly give us the spectral function as
A(w, k‘) = ImGR.

Following Ref.[2], we can write a single nonlinear evolution equation for Gg. It will generically be a matrix equation,
due to the additional, pairing channel. Of course, we can rewrite it as a system of four scalar equations for the four
components of the bispinor. We adopt the basis given in eq. and the metric given by eq.. Introducing the
notation ¢ = (11, v2)T with 14 = (Ya, 2a)? where a = 1,2, the resulting system reads

(%3

(02 FM\/922) Y152 = Fi ggzz (A —u)z2.1 — A/Ga2t12 =0 (111a)

(0: FmM\/Gzz) 21,20 = £ ggz A+ w)y21 + AVGzz21,2 =0, (111b)

K22
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FIG. 12: (A) Order parameter of the pair density A vs. the fermion charge ¢, for T = 5.6 x 10~* and different values of the
magnetic field h = 0,0.8,1.2,1.4,1.6,1.7 (red to black). The critical value ¢. is shifted again due to the shifting of the effective
potential. (B) Zoom-in near ¢ = 0 to better appreciate the transition.

with
_ Gii
u=,/— (w+qP(z)). (112)
Gt

Introducing &, = iya/2q as in Ref.[2], where the boundary Green’s function is found from the asymptotics of the
solution at the boundary (egs.(20))

2m
IERT BT —9m .
Ga_?—%(l—z) £a(z)—21_r>%e éa(l—2z=¢), (113)
the equations of motion for &, become
azgl;Q - *Qm\/ gzz£1;2 - ggzz ()\ - u) + ggz (>\ + U)é'iQ :F 2A V 9zz 1;2 (114)

The infalling boundary conditions at the horizon are imposed &, = 4, while the amplitude of y, remains free (it cancels
out in the propagator Gr) and can be chosen to be of order unity for convenience in the numerical integration.

With no pairing channel, the morphology of the spectra is well known and has been analyzed in detail in Refs.[2, 3]:
near k = kp, gapless quasiparticle excitations appear, belying a Fermi surface. Let us now repeat the AdS, analysis of
Ref.[2] for the equations with pairing. We will use the (¢, 7) coordinates introduced in the eq.. The near-horizon
equation of motion now assumes the following form

Coch = (icr?’“g’ - 03(mJF\/gA) - aljé> b, (115)

where s = +1, and in the presence of magnetic field the role of the momentum k is taken over by Landau levels
A = /2|qh|l. Near the AdS; boundary (¢ — 0), the equation can be solved analytically at the leading order

m+sA +uv m+sA y
v=Al Y VB X | (116)
V6 6 V6 6
with
1
V6\/u56((m+sA)2+k2), (117)
and the self-energy scales as
ImY ~ w?”. (118)

As usual, the Fermi surface is stable for v > 1/4, unstable for v < 1/4 and nonexistent for v* < 0.
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In the bulk (and also as we move toward the boundary), the pairing term acts by shifting the mass as m — m + A,
meaning that the position of the quasiparticle pole is shifted, effectively modifying the kr value, which removes the
spectral weight from the vicinity of w = 0. It thus resembles a gap even though it is, strictly speaking, not a gap since
the poles in 97 and 12 do not coincide (see also Ref.[16]). Nevertheless, we expect the size of the zero-weight region
to be a useful benchmark for the degree to which the pairing eats up the (non-)Fermi liquid quasiparticles.

The typical appearance of the spectrum is given in Fig., where we plot the spectra for A = 0.2 and for increasing
magnetic field values. Increasing the magnetic field leads to destabilization of the quasiparticle (A,B), leading to a
gap-like behavior, destabilization of the quasiparticle as seen from the asymmetry of the peak which loses its Fermi-
liquid-like scaling. Eventually (C,D) the effective chemical potential is so low that we enter the ”almost conformal”
regime. Fig. shows the dependence on the pairing coupling: the peak at w = 0 turns into a dip, a ”pseudogap”
develops and we lose the quasiparticle.
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FIG. 13: The spectral function A(w, ) for A = 0.2, h = 0.9,1.11,1.3,1.5 (A,B,C,D) and three momentum values around kg.
At h < h. (A,B) we see that v? < 0, corresponding to zero weight at w ~ 0, the phenomenon we have dubbed the pseudogap.
For h > h, (C,D) we enter the quasiconformal regime, with no Fermi surfaces left, the conformality being only slightly broken
by nonzero A.

V. DISCUSSION AND CONCLUSIONS

Before concluding the paper, we will discuss possible universal aspects of our findings, and show that the formation
and enhancement of the particle-hole condensate in a strong magnetic field is a robust phenomenon seen in a number
of distinct systems. We will limit ourselves to short remarks only, as more detailed comparisons with earlier work can
be made by consulting the appropriate references.

We found the exciton instability using a Dirac hair or bilinear approach. A Dirac hair method uses bilinear
combinations where a bilinear in a given channel develops an expectation value at the UV boundary provided a source
is switched off. Dirac hair is equivalent to a Tamm-Dancoff approximation (TDA), planar diagrams of processes 2 — 2
are included with no bulk fermion loops. In this sense, Dirac hair is a quantum mechanical treatment with one single
classical wave function. It is quite remarkable to see that the condensate develops on a ”classical” level due to a
nontrivial nature of the curved space-time with the help of the AdS/CFT dictionary, a phenomenon that was first
obtained as a holographic superconductor Ref.[T].
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FIG. 14: The spectral function A(w, ) for h = 0.2, A = 0.9,1.11,1.3,1.5 (A,B,C,D) and four momentum values around k%.
At A < A; = 0.2 (A), the quasiparticle peak survives; for higher A the influence of the exact value of the pairing term is
negligible, and the spectrum always shows the pseudogap behavior.

We have associated the rising critical temperature vs magnetic field with the magnetic catalysis (MC), and the
decreasing T, vs h with the inverse MC (anomalous and normal branches in Fig. for Gt < G < G£*, respectively).
We adopted the terminology from Ref.[46]. It corresponds to a double-valued regime in the phase diagram Fig.@.
Similar behavior of increasing T, vs. the scalar mass m has been observed in Ref.[40] under the action of a double-trace
deformation, for the alternative quantization starting at the critical mass m2R2 > —%. There it was associated with
the formation of a new condensed phase corresponding to the high temperature regime. However, it was suggested
that the high-T condensed phase is thermodynamically unstable Ref.[40]. Likewise, in Ref.[41], exploring the phase
diagram for a nonrelativistic conformal field theory, the authors found the high temperature condensate for 7' > Ty
The similarity of the dependences (O)(T') at different chemical potentials p and T, (h) at different couplings G to our
Fig. is obvious. In that work, the high temperature condensate was related to the high temperature instability
predicted by Cremonesi et al. Ref.[42], and it was found to be thermodynamically disfavored over the trivial vacuum
by direct calculation of the difference in the free energies Ref.[41]. However, the particle-hole condensate found at
high magnetic fields in our case is crucially different from the unstable high temperature condensate in Refs.[40] 4T].
Though naively both the magnetic field A and the fermion mass m destroy the condensate, increasing m? (or h)
drives the bulk system to the UV(or the IR). Indeed, from the radial profile of the wave functions: at large m the
system resides near the UV boundary and at strong h it resides near the RN black hole horizon in the IR, Fig.(5)
in Ref.[3]. Therefore, from holographic viewpoint large magnetic fields can lead to low-energy behavior and possible
quantum critical phenomena, involving different ordering in the system. The main argument in favor of robustness
and stability of our high-h condensate is provided by the magnetic catalysis effect. In strong magnetic fields only the
lowest Landau level contributes significantly to the ground state. Therefore, the dynamics is effectively dimensionally
reduced as d — d — 2. In field theory this dimensional reduction leads to an increase in the density of states Ref.[44]
or in QCD to one-gluon exchange with a linear binding potential Ref.[43], with both effects working towards pairing
and enhancement of the condensate. In the AdS space, dimensional reduction leads to a Schwinger model showing an
instability which is very similar to the Bardeen-Cooper-Schrieffer (BCS) pairing instability, where also the dynamics
is effectively one-dimensional at the Fermi surface. The exact mapping between the magnetic catalysis at h # 0 and
the BCS Cooper pairing at p # 0 has been established in Ref.[44].

We obtained a nontrivial radial profile and a boundary VEV for the bulk excitonic condensate (1/I'1)) at vanishing
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source, with the relation

(Brn) = 3 (09) = SOT), (Gata) = 5(56) + 5(0T0), (19)

where I' = ¢I'2I'> and 11 » = 3(1FT)t) are the eigenvalues of the Dirac operator eq. (the projectors ITy » = £ (1FT)
are constructed out of gamma matrices which enter the Dirac operator only Ref.[2]). We need to find the boundary
condensate whose gravity dual is ()I'y)) where the bulk Dirac field 1 corresponds to a fermionic operator ¥, ¢ — .
The AdS/CFT correspondence does not provide a straightforward way to match a double-trace condensate to a
boundary operator, though only gravity dual single-trace fields are easy to identify with the operators at the boundary.
For example, in holographic superconductors a superconducting condensate is modeled by a charged scalar field (®)
(see e.g. Ref.[60]). As in Ref.[47], we find a boundary operator by matching discrete symmetries on the gravity and
field theory sides and considering the asymptotic behavior of the gravity dual condensate at the boundary. As a result
we associate a gravity dual excitonic order to some sort of a chiral condensate

YTy < U (120)

or some combination of condensates which break chiral symmetry. In Ref.[47], this strategy provided the cor-
respondence: ()I'®1) «» WW. There an explicit use of the chiral basis ¢y, g = 3(1 FI°)y and the relation
Vg = %@1&} + %(z/;lﬁzm made the correspondence evident. Specifically, by matching symmetries with respect
to the discrete transformations eq. we found that ()I'y) and (¥W¥) are pseudoscalars under parity and are un-
affected by the charge conjugation, therefore they both spontaneously break the combination C’P—symmetry. This
finding is consistent with the existence of the parity odd mass in graphene associated with the excitonic order param-
eter in the 2 + 1-dimensional effective field theory of graphene Refs.[12] [61]. Also the asymptotic behavior of the bulk
condensate at the boundary, which was found numerically Fig. to be (YI'Y) — C/r® as r — 0o, allows us to use
a standard AdS/CFT dictionary to identify C' as the response or VEV of the boundary operator. The third power in
the decay exponent indicates an extra mass scale. Indeed provided the response (®) ~ 1/73, the gauge-gravity duality
gives a strong coupling form of the magnetic catalysis in 2 4+ 1-dimensional Ref.[47]

(W) ~ h Mp, (121)

with the magnetic field 4 and mass gap Mp Ref.[47]. It can be compared to the weak coupling field theory result
(UW) ~ h (we absorbed dimensional electric charge in the definition of magnetic field h, i.e. in 2 + 1-dimensions the
1 3

operator dimension is given by [e] = 5 and [h] = 5 with [eh] = 2 and therefore we substitute |e|h — h) Ref.[12].
3

Strong coupling realization follows from the anomalous fermion dimension [¥] = 5 compared to the weak coupling
conformal dimension [¥] = 1 (free value dimension) in 2 + 1-dimensional field theory. An extra fermion mass gap
MTF appears as a consequence of the dimensional four-fermion coupling G;,; = 1/Mp in the bulk or introduction of
the IR cutoff thought of as a hard wall at the radial slice z, = 1/M. The authors of Ref.[47] have used the hard
wall construction to obtain the strong coupling realization of the magnetic catalysis eq.. It is remarkable that
the chiral condensate is proportional to the magnetic field even at strong coupling, that manifests the essence of the
magnetic catalysis.

Another aspect of the chiral condensate is related to the Callan-Rubakov effect. As found in the field theory and
also shown in the context of the gauge-gravity duality Ref.[48], the chiral condensate can be spontaneously created in
the field of a magnetic monopole. Due to the chiral anomaly 0j5 = F F , the chiral symmetry is spontaneously broken
and the chiral condensate (1)) ~ ¢'®/r3 is generated in the field of a monopole. In AdS, a construction involving a
monopole wall (more precisely, a dyonic wall) and light fermions in the bulk produces an analog of the Callan-Rubakov
effect resulting in the formation of the chiral-symmetry-breaking (CSB) condensate: (¢1)) # 0 Ref.[48]. The scaling
behavior of the condensate is, however, different in our setup: as pointed out before, due to the lowest Landau level
(LLL), the dimensional reduction 3d — 1d takes place in the bulk. This reduces the equation of motion to an effective
Schrédinger equation for the condensate, given by eq.(108) with the potential eq.(109). Solving the equation, we have
found the IR behavior of the condensate near the horizon of the RN black hole (1/7) to be less divergent than the

one near the monopole r% or the monopole wall ﬁ Ref.[48].

It turns out that the AdS space with two boundaries: the UV boundary and the IR hard wall, plays an additional
role in stabilizing the chiral condensate Refs.[47, 48]. It also provides an important hint for the interpretation of
our current ¢T'¢ in the boundary theory. In particular, for the lightest states to condense, we should take the LLL
which only has one spin state available (instead of two states available for the higher LLs). This means that for
a given charge, the spin direction is fixed. Therefore, fixing the direction of motion and the charge fixes also the
helicity. Out of eight possibilities with a given charge, helicity and direction, only four are available for the LLL, as
depicted at Fig. (left). The charge 4+ denotes e*, positive/negative helicity is denoted by R/L, and S gives the
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spin orientation, lines with arrows show the momentum direction and A stands for the magnetic field. The following
bilinear combinations are possible when only LLL participate

e (Yr1Yry), (Yr4thry) - (spin) scalar, charge neutral, momentum of the pair P =0, chiral symmetry (CS) is not
broken

o (Yrybry), (Yr49pr,) - (spin) scalar, charge neutral, momentum of the pair P # 0, CS is broken

o (Yrytrr), (Yrywr,) - (spin) vector triplet, charged, momentum of the pair P = 0, CS is broken

We will not consider the first combination because it does not break the CS, and in our case CS is broken otherwise
there would be no preferred scale for the current I_. As for the third combination, it has been considered in the
context of nonzero density QCD, where it describes the condensate of charged p* vector mesons Ref.[43]. It cannot
be our order parameter either, since our current is a spin singlet. It is tempting to regard the doublet I, 4 = 1,2
as a vector, and we leave it for a future work.

_,.1--" “'-r-.
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FIG. 15: Formation of the chiral symmetry breaking excitonic condensate in the AdS space-time. Individual ”bouncing” events
are shown schematically by the dashed lines. In an individual event, helicity flips while spin and charge are conserved.

We are thus left with the second combination. One can think of this order parameter as a spin-density wave, or
magnetization which precesses around the direction of the magnetic field. The analog of the second combination has
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been considered within the Sakai-Sugimoto model as a holographic top-down approach to QCD Ref.[46]. The setting
of Ref.[46] is very different from ours: it identifies the embedding coordinate of a probe D-brane with a scalar field
dual to a single-trace fermion bilinear operator; the magnetic catalysis is modeled as bending of the probe brane
under the influence of the magnetic field. There the anisotropic spatially modulated CSB condensate in the form of
a single plane wave of Larkin-Ovchinnikov-Fulde-Ferrell (LOFF) state has been found. To have a condensate in the
form of the second combination, we need to introduce the SU(2) spin symmetry as in Ref.[40]. We should note the
difference with our case where the construction of the condensate is done in the bulk and there is a special effort
involved to identify the boundary operator. Provided the condensate of the second form is realized, the AdS boundary
and the IR hard wall play a stabilizing role in its formation Ref.[48]. As the pair ()g+t|) "bounces” from either of
the boundaries it converts into the pair (¢r4tg|) conserving the total charge. This process can be decomposed into
elementary ”bouncing” events

° QZRT — YRy, YL, — 1/;” - helicity is conserved, spin flips, mixing of charge occurs
® Yt — Yrt, ¥, — ¥, - helicity flips, spin and charge are unaffected

In the first case a particle deposits the charge at the boundary, which is picked up by the antiparticle, thus conserving
the total charge of the particle-hole pair. The main difference between the two cases is either the ”"bouncing” event
involves spin flip or not, therefore either helicity is conserved or broken, respectively. By imposing the AdS boundary
condition which breaks CS, helicity gets inverted by the boundary and CS breaking propagates from the boundary
into the bulk. Then CS breaking occurs due to the boundary condition before the chiral condensate forms, which
affects the propagation of the fields in the bulk in accordance with the second case stabilizing the condensate Ref.[47].

Next we discuss an analogy between the MC and the BCS Cooper pairing, and mapping between the Gross-Neveu
model (or the Nambu-Jona-Lasinio (NJL)) in the presence of the magnetic field and the BCS model at nonzero
chemical potential. The reason this mapping works is that effectively the dynamics in both cases is one dimensional:
in the strong magnetic field the motion is constrained to Larmor orbits and includes only states from the lowest
Landau level, while in a high density system only states at the Fermi surface contribute to the dynamics. We can
draw the following analogy Ref.[64]

MC BCS
3+1)d—(1+1)d (1+1)d
LLL and £ =0 surface Fermi surface ¢ = pu
e = /K21 2ehin e=k—kp, k=VE2
excitonic : A ~ G(1)) SC: A~ G{yy)
A ~ Veh exp(—<gt) A~ pexp(—%ot)
vy is DOS at e =0 vrp is DOS at e=p (122)
h enhances, p destroys A|pu enhances, h destroys A
5~ h(p? — &) 00 ~ (0% — 57)
h>p, A > op, A
it can have p=0 it can have h =10
T. grows with h (MC) T, decreases with h
T, decreases with p T. grows with p (SC)

where the acronym DOS stands for the density of states. Effectively one dimensional dynamics in both cases leads to
similarities in formulas for the pairing gap A and the gain in thermodynamic potential 62 as compared to the normal
unpaired state. In the BCS, the density of states at the Fermi surface ¢ = u defines the gap A, and there is a an
energy cost u2du? to bring two Fermi surfaces together to pair in case of nonzero mismatch 6 between them. In MC,
the density of states at the ¢ = 0 surface separating electrons and holes contributes to the gap, and a similar cost in
energy hu? exists to involve both particles and holes to pair. The gain from the pairing is proportional to A? in both
cases, and is linear in 2 for the BCS and in h for the MC, manifesting the essence of both phenomena. These simple
formulas for §§2 can be obtained when there is a hierarchy of scales: the largest scale is ¢ in the BCS and it is h in
the MC.

The comparison given in eq. provides the following mapping between parameters in the two systems at a
nonzero density and at a nonzero magnetic field Ref.[44]

MC <+— BCS
(V) #0 <= (o) #0
finite h +— finite p (123)
small © +— small du
h>u — u>dp
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FIG. 16: Analogy between the phase diagram of a condensed matter system at nonzero magnetic field and the QCD phase
diagram at nonzero density. In strong magnetic fields, the excitonic condensate is mapped to the asymptotic regime of high
chemical potential QCD with the color superconductor phase.

where the last line expresses the hierarchy of scales. A similar mapping has been obtained in case of the Gross-Neveu
and the BCS models, where the magnetic field h maps to the chemical potential mismatch dp and is relevant for
the inhomogeneous superconductors in the incommensurate phase Ref.[5I]. Based on Fig. and using the above
described mapping, we can speculate and draw an analogy between the condensed matter phase diagram in T, vs.
h and the QCD phase diagram in 7, vs. u, as depicted in Fig.. The high magnetic field phase is mapped to
the color superconductor state at very large densities (for example color-flavor-locked (CFL) phase) in QCD, while
weak magnetic fields which do not destroy superconductivity are mapped to the chirality-broken phase in QCD. The
robust feature of the phase diagram in Fig. is the existence of two regions, with small and large-h where the
condensate is destroyed and enhanced, respectively, by the magnetic field. We found numerically that both branches
are thermodynamically favored compared to the normal states, as can be seen in Fig.. In the Sakai-Sugimoto model
Ref.[46], analytical formulas for the free energy difference between condensed and normal states have been obtained,
proving the stability of both condensed states. The strong-h regime (”direct” magnetic catalyses) has a remarkably
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simple form Ref. [46]
2
8Q ~ —h (A(;) - ;ﬁ) , (124)

which is exactly the result obtained in the field theory eq.(122); compare also with Fig.(I)). The condition for a
thermodynamically stable ordered phase with the excitonic condensate is given by
A(h)

M= Wv (125)

which according to the mapping eq. coincides with the familiar Clogston limit in the SC: du < %. However,
there is an important difference between formation of the excitonic and superconducting condensates. In MC the
excitonic condensate A(h) is a growing function with h Fig.(3]A) which insures that eq.(I24)) is always satisfied at
high enough magnetic fields. This finding is important, since it demonstrates the robustness of the chiral condensate.

Though MC and BCS both have one dimensional dynamics, the mapping between the two models may come as
a surprise. Indeed properties of both systems (one is a magnetic and the other is a dense medium) including the
symmetry breaking pattern when a condensate forms are quite different. However, we speculate that these two
systems can be unified on the gravity side using the duality between electric and magnetic fields. In the gravity dual
description the two phenomena can be represented as follows

Holographic MC Holographic SC
dyonic AdS RN BH, AdS RN BH
Schwarzschild BH
H| > Q| Q1> 1|
it can be @ =0 it can be H =10 (126)
Zs(chiral SB) broken U(1) broken
magnetic field enhances it| magnetic field destroyes it
electric field destroyes it electric field enhances it
Callan — Rubakov effect |dual Callan — Rubakov effect

which shows the electromagnetic duality: the invariance under an interchange of the electric and magnetic charges
of the black-hole (|Q|,|H|) — (|H|,|Q|). The motivation for this duality is a similarity in expressions for the gap
and the energy gain of the ordered phase between two systems as given by eq.. Probably the underlying reason
for the duality is a symmetry of how both charges of the black hole enter in the redshift factor. They always enter
in the combination Q% + H 2,2 thich defines also the Hawking temperature of the black hole or the temperature
S
Montonen-Olive conjecture, the spectrum in the Georgi-Glashow model is invariant under the electromagnetic Zo
duality (¢,9) — (g, —q) as a consequence of the fact that the Bogomol’nyi bound is invariant under electromagnetic
duality (Bogomol’'nyi bound for the mass of the 't Hooft-Polyakov monopole is M > a+/q¢? 4+ ¢2), and the spectrum
of the Georgi-Glashow model saturates this bound Ref.[65]. Notably, the mass of the black hole

of the system T ~ ro(l —

) where rq is the radius of the horizon of the BH. Similarly, according to the

2 H2
M:TB-FQ;

(127)
o

is also invariant under the electromagnetic duality. The electromagnetic duality eq. holds on a classical level and
is destroyed by quantum corrections. It stays intact for the supersymmetric theories though.

In this work a four-fermi interaction has been used as a control parameter to go from one regime mimicking the
SC to the other one of MC. The robustness of both regimes can be seen in a symmetric form of the dependence T,
vs h, top of Fig.. In the application to nonzero density QCD, this means that at strong enough magnetic fields
the chiral symmetry is spontaneously broken by a chiral condensate. Moreover, due to a dimensional reduction QCD
as well as plain QED are in the confined regime even on the perturbative level: they can be reduced to a Schwinger
model where one-gluon (one-photon) exchange in one dimension leads to a linear rising potential in the configuration
space (a similar argument provides confinement along the boost direction for theories in the light-front quantization).
Evidence of the QED confinement in a strong magnetic field can be provided by the existence of a 2e bound state
which contributes to the fractional quantum Hall effect (QHE) Ref.[66]. Summarizing, quark gluon plasma (QGP) at
strong magnetic fields is probably confined and has a broken chiral symmetry, as opposed to QGP at zero magnetic
fields which is in a deconfined and chiral symmetry invariant phase. This finding might have some implications for
the chiral magnetic effect in heavy-ion collisions at the RHIC Ref.[67].
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A general note is that the low-energy behavior of the non-Fermi liquids is governed by a nontrivial IR fixed point
which arises from the near-horizon region with AdSs geometry Ref.[2]. This IR fixed point arises as a consequence
of the interplay between the emergent quantum critical bosonic modes and the fermions at finite density. In other
words, the class of systems studied is both metallic and quantum critical at low energies. On the gravity side, this is
reflected by the instability of the background (Reisner-Nordstrom black hole in the AdS space) unless order parameter
fields are introduced to stabilize it Ref.[30].

We have explored the quantum critical aspects of the system by using the magnetic field as a knob to tune the
system to a quantum critical point. Indeed, the magnetic field as an external parameter driving the system to quantum
criticality is used in experiments on heavy fermions and graphene. We have shown that by increasing the magnetic
field, the system evolves from the normal metallic to a quantum critical phase, where the stable quasiparticle is
destroyed. The quantum critical point is controlled by the IR fixed point with the scaling dimension v = %, where the
Fermi velocity vanishes vp = 0 (see Fig.(10) in Ref.[3]) but the Fermi momentum stays finite kr # 0 (see Fig.(9) in
Ref.[3]). It is important that we are able to deduce the position of the quantum critical point from our calculations.
The phase transition can be understood as the formation of a semiclassical condensate on the gravity side near the
AdS4 boundary. Using the bilinear formalism developed in Ref.[33], we have also calculated the thermodynamic
parameters of both phases. We found that the particle-hole pairing instability arises for both v > % corresponding to
h < h.and v < % corresponding to h > h,.. In a holographic superconductor, a superconducting instability has been
shown to exist only for v > % Ref.[27]. This shows the remarkable difference in nature between superconducting and
excitonic instabilities: the existence of an excitonic condensate beyond the critical point v = % is a quantum critical
phenomenon. The magnetic field acts as a catalyzer of the particle-hole pairing because of the dimensional reduction
d — d — 2 in the magnetic field Ref.[12].

Other thermodynamic and transport quantities including the heat capacity and DC conductivity are calculated
for both normal- and anomalous- paired phases in Appendix B. The results support our findings obtained from the
bilinear holographic approach on the nature and scaling behavior of the two phases.

The critical temperature of the normal-paired phase transition follows the expected behavior for h < h.: the critical

temperature 7T, decreases with increasing h, with the scaling 7, o pexp (—C /v aq(he — h)) At h > h., however, we

find anomalous behavior: T, grows with increasing h. To the best of our knowledge, this is the first example of
non-mean field scaling from an AdS,; holographic model. Mathematically, it follows from the fact that, for v < %, we
have the scaling T, ~ 6%~ with § small and decreasing. Physically, such behavior is consistent with the fact that
the system is driven through the quantum critical point at h. where T, = 0, and beyond the quantum critical point
at h > h. it can be characterized as a quantum critical metal possessing new properties. In the existing literature, a
novel antiferromagnetic vior has been predicted for heavy fermions driven through the quantum critical point Ref.[6].
Such an anomalous behabehavior for 7T, vs. h has been seen in experiments on highly oriented pyrolytic graphite
at strong magnetic fields A > h. Ref.[I1]. Furthermore, the anomalous branch matches the properties of excitons in
bilayer interfaces and cold atom realizations Ref.[34], and can further be related to the behavior of chiral condensates
in holographic QCD models, signaling the universal significance of the twofold normal-anomalous regime in the phase
diagram.
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Appendix A: Bulk Green’s function and zero modes

We express the bulk Green’s function through the boundary one as in Ref.[27]. The bulk Green’s function is a
solution of the free Dirac equation,

‘D(Qv kl)gR(szlagakl) = i5(272/)7 (Al)

1
v—9
with the free radial Dirac operator ﬁ(ﬂ, k) = ' D;, which includes the mass term, chemical potential and the magnetic
field but has zero gap, A = 0, i.e. the equation . The bulk Green’s function is constructed from the modes 1 (z)
which are solutions of the free Dirac equation

D(Q, k1) tradiar(z) = 0. (A2)

Due to the choice of the Dirac matrices in eq., 1 decouples into two-component spinors, ¥qgiar = (¥1,%2)7.
Therefore the bulk retarded Green’s function has a block-diagonal form

/ ro
gR(Z7Z 7Q;kl) = ( gol gé% ) ) (A?))

where the components G,, o = 1,2 are constructed from the solutions to the Dirac equation Ref.[27]

- P EI() 2 <7
G2 (20 ) = S { by NG 5> o (A4)
W(ir, o) | Y2 ()P (z") 2z > 2
with ¢, = i} o' and W,, are the components of the Wronskian
in ) 7. in Tin &
W( « 71/)2(dy) - = (¢Zdy03¢a - 1/}(1 Ud’wgdy) : (AS)

2\/9z=

The retarded Green’s function eq.(A4) must satisfy the following two conditions. At the boundary (z,2" — 1)

where %l ~ g, (1 — 2)378% 4 b, (1 — 2)2% + ... with Ay = 3 + m it must be the normalizable solution, i.e.

b = by (1 — 2) + .... At the horizon (z,g’ — 04) where Vradiai ~ Agz~ /4T 4 B, z/4mT  the retarded

propagator corresponds to the ingoing solution ¢} = z~w/47T A | This infalling solution behaves near the boundary
as

P~ g (1 — 2)278Y 4 b (1 — 2)2% ..., (A6)

In principle, the coefficients in /% and " are different, i.e. b*% and b™ (we omit the difference for simplicity). This
determines the z-independent Wronskian W,, = —iRe(b’% T 03ai") after substituting the asymptotic behavior near
the AdS-boundary. The Wronskian is directly proportional to the spectral function of the dual CFT. The two spinor
components of each spinor a, and b, are not independent, but are related by the Dirac equation Refs.[I7, [19, B32].

() =) an

Defining up/down spin eigenstates with respect to v* = —o*,

n(2)-0)

Substituting this into the Wronskian

W = *ibliaaT (A8)
and recalling the expression for the boundary propagator,
ba
Gy = 2+ (A9)
Qo
one finds that
W, 0h) = —ilbay 2G5 = = (A10)
Ga

The result is similar to the one for fermion transport in Ref.[15].

This expression for the bulk propagator in terms of boundary spectral functions shows us that the contribution to
the effective action is dominated by the poles of the boundary Green’s function. These poles precisely correspond to
the values where ¥ o< 1% = 90 is the zero mode with a, = 0.
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Appendix B: Thermodynamics and transport at zero magnetic field

Quantum critical behavior is associated, among other things, with unusual scaling exponents of the heat capacity
and the resistivity with temperature. In this section, we obtain an equation of state and find the scaling behavior
of the specific heat and the DC conductivity with temperature. Following a prescription worked out in detail for
conductivity Ref.[15], we bypass the bulk calculations and do our calculations directly in the boundary field theory
making use of the gravity-“dressed“ fermion propagators Ref.[2]. Since the two-point Green’s function is obtained
from the AdS/CFT correspondence, it is “exact“ in terms of gauge coupling corrections, and the lowest order diagrams
on the field theory side should suffice. However, we lack the knowledge of the gravity-“dressed “ gauge-fermion vertex.
Nevertheless, for the quantities considered below, the scaling behavior should not change when vertex corrections are
taken into account.

1. Single-particle spectral functions and dispersion relations

Using AdS/CFT, one finds that, close to the Fermi surface (w/pu < 1) and at low temperatures (T/w < 1), the
retarded fermion Green’s function is given by Ref.[2]

Gr(w, k) = havr +0 (“’) . (B1)

vpkl — w + vphee!® Ti™Vip 2 kp 7

Here k| = k — kp, the last term in the denominator defines the self-energy X, hy and vy are real constants obtained
from the UV (bulk) physics, hs is positive with contributions from both the UV and IR regions, the phase 6 is such
that the poles of eq. are in the bottom frequency half-plane corresponding to stable quasiparticle poles and vy,
is the IR conformal dimension at the Fermi momentum. At 7' = 0, it is given by (in dimensionless units)

1
Vi = 5/60m% + k3) — 42, (B2)

with pq = pg. The IR conformal dimension v, defines the quasiparticle dispersion. Writing the Green’s function
pole in eq.(B1)) as w.(k) = w.(k) —i'(k), at leading order w ~ 0 we get the following dispersion relations

vrkl, Uk >

1

Wy ~ k‘L/lnkL, l/szg <B3)
1/2V’“F 1
k?J_ y Vkp < 3

For vy, = 1/2, the leading order coefficients in front of w and w?*r diverge and cancel exactly, leaving the subleading

logarithmic dependence & wlnw where & is a real constant 6. As Vip is decreased we move from a metal (Fermi
liquid) at v > 1/2 to a marginal metal at v = 1/2 to a quantum critical metal (non-Fermi liquid) at v, < 1/2, the
dispersion eq. becomes softer. This has consequences for the behavior of thermodynamic properties, e. g. the
heat capacity.

The imaginary part of the self-energy ¥ ~ w?”*r gives rise to the following width of the quasiparticle dispersion

kikuv Vkp >%
'~ k’L/lnkl, Vkp:§ (B4)
k'j_/2ku7 Vi <%

Comparing eqs. and , we see that the pole represents a stable quasiparticle only for vy, > 1/2 when the
width is much smaller than the real part: I'/w, < 1, while a coherent quasiparticle is replaced by an unstable pole
for vg, < 1/2 where I'/w. = const. The imaginary part of the self-energy becomes important for the behavior of
transport coeflicients, e. g. conductivity, where the dissipation processes play the key role.

We rewrite eq.(B1)) as

-, hﬂ]p
= B
GR(w7k) 'UFkJ_ —OJ-I—E(UJ, kF)’ ( 5)

6 The logarithmic dependence for the real part of the self-energy defines the dispersion for v P=
spectrum is valid for vy, # %

5, n € Zy. Therefore, the linear
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with the self-energy ¥ = %1 + i¥5. Therefore the spectral function defined as A(w, E) = %ImGR(w, E) is given by

> 1 hivpXa(w, kr)
7w (w—vpky + 21 (w, kr))2 + Xe(w, kr)?

(B6)

From the above form we can directly read off the structure: a sharp quasiparticle near k = kr and w = 0 goes through
the infrared scaling region for w/T < 1 and eventually asymptotes to the universal conformal scaling in the UV, i. e.
for w, k> 1.

2. Equation of state and specific heat

Having established the formal structure of the single-particle propagator, we can use it to construct the Landau-
Ginzburg action for our system. An effective potential in the Cornwall-Jackiw-Tomboulis (CJT) formalism is given
by Ref.[18]

Tupf = %TrmS*1 + %Tr(s(;w— 1)+ T'a[S], (B7)

where S is a dressed fermion propagator, I'y is the sum of all two-particle irreducible (2PI) diagrams, and the trace
Tr involves also the summation over the Matsubara frequencies and the integration [ d?z. The last two terms can be
simplified with the help of the Dyson-Schwinger equation, to give

1 1
Cepp = 5Trln - ZTr(ES), (B8)

where the self-energy is ¥ = S~ — 50—1.

The fact that we have a finite quasiparticle width, encoding for inelastic/dissipative processes, allows us to calculate
the transport coefficients, which would otherwise be infinite. However, the imaginary part of the self-energy gives rise
to a branch cut in the fermion propagator along Imw = 0 in a complex w plane Refs.[20H23]. In the calculation of
the Matsubara sum we should take into account the contributions from poles and from the discontinuities along the
branch cuts Refs.[22], 23]

T Z (iwm) = Z n(z;)Res(F Z/ Ll ¢)Disc F, (B9)

odd m poles cuts

with the analytical continuation iw,, — z, and the Fermi distribution function n(x). In the contour integral one can
use either n(x) = n(F) or tanh(5%) functions with prefactors (—ﬁ) and (— =) respectively, as both give the same
result for the observables. The calculation of Matsubara sums using a perturbative expansion in the imaginary part
of the self-energy has been developed in Ref.[24].

For simplicity we will take hyvp — —1 which will not change our results qualitatively. Using the retarded fermion

propagator, an effective potential is found to be

1 Vo [ &%k 2
r ~ =2 [ Y g tanh =
eff = 47TiT/(27r)2/C “ramiop *

T lan—UFk’J_—f—Z(ZJfF) _1 E(Z,kp)
2 T 4Z—UF]<1L+E(Z, kF)

(B10)

where we have substituted the Matsubara sum by the contour integral. The original contour Cy going around the
poles along the imaginary z axis was deformed into the contour C' going along the real z axis and then along the arcs
at infinity with vanishing contribution, denoted by I" Ref.[22]. In the case of a pure real self-energy the result for the
contour integration is (see Ref.[20])

‘/2 Zs 1 Zx
Tepp — / E Z ( Tln <2cosh ﬁ) + 1E(z*)tanh 2T> ; (B11)

where z, are the poles of the retarded propagator, and the sum over all allowed poles is taken. As was shown in
Ref.[20], when the self-energy and hence the poles include an imaginary part, the following substitution of hyperbolic



38

functions with T' functions should be made Ref.[26]

1 T
I(z+iz))* = ———
| (2 +iz)] cosh(mz)’
rz)P? = — . B12
I0G2) zsinh(7z) (B12)

We can now use I'cf¢ to compute all thermodynamic quantities, using the relations

T Op 0s @

—Leyy, = a7 =4 7% Bl
Vlelf $= 57 a7 (B13)

p =
where the role of p is played by kr, and we get the equation of state

A2k ize 1.5 13(2) D (557 + 3)I
/ 2 Z ( T1n< 7T|F(27TT + §)| > + Z EN ‘1‘\( 12y ’ (B14)

27T 27T ) |2

where the summation over complex poles z, is performed. We only take into account the contribution of the pole
closest to w = 0, with the imaginary part of the self-energy scaling as ¥(z ) ~ 22", Near the Fermi surface, the one-loop
contribution domlnates over the self-energy term for Fermi liquids v > 3 , while the self-energy becomes leading for
non-Fermi liquids v < 5.

What we are truly interested in are the temperature scaling relations for these quantities, in particular for the
specific heat ¢. The first term in eq. gives the following contributions to ¢

1 d’k 9 iz 1 izt 1
~ e \IJ/ * - *2\11 e -
TQ/(27T)2Re (2 (Gar t3)+ =570 27TT+2)>’

1 a2k 124 1 —1zF 1
I T 2~ T B15
7 | @t ( UG+ v m T g + 2)> (B15)
where ¥/ (z) = % = dzgér. The second term gives the following contribution
L[k g TS (2)F[L]; ~ 2.5(z) F[T); MF[F] (B16)
T2 (27‘1’)2 * 3 * * 5 T )

where F[I'] denotes a combination of T' functions and their first and second derivatives. Here, the momentum
integration is performed around the Fermi surface, d?k — kpdk, with k; = k — kg, the poles 2z, = w, — iI" are given
by eqs.(B3B4)) for the three cases of interest, and ¥(z) ~ 2z2¥.

For a Fermi liquid, one has v > % and z; ~ k, (the real part is dominant). The first term then gives % f dk, 22 =T
and the same behavior from the other combination, while in the second term we have ¥ ~ ki”. Therefore, the second
term gives % f dk13(z4) 2 — T2 and the same behavior for the other two combinations 7. Thus for a Fermi liquid
at low temperatures we have

c~T. (B17)

We thus reproduce the linear temperature dependence of the heat capacity known for Fermi liquids.
1
For a non-Fermi liquid, we have instead v < % and z; ~ k3" (for both real and imaginary parts). The first term
1 a1
gives 7 [dk kY — T+~ and 2 [dk k3T — Tz . The second term gives 7 [ dk1¥(2.)T — T and subleading

behavior for the other two combinations. For v < %, the self-energy dominates over the one-loop contributions in the
pressure and at low temperatures we have

c~T?, (B18)

This result for the heat capacity reflects the scaling behavior of the self-energy. Finally, for v = 2, all the terms
are ~ T, so for the marginal liquids we have ¢ ~ T. One can understand it physically from the d1spers1on relation

7 This is related to the fact that in eq. 1j for the effective action the one-loop term dominates over the self-energy for v > %
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eq.(B3)). As the dispersion becomes softer, the number of states per energy interval increases, and thus the heat
capacity increases as well

Cgem > Cm, (B19)

where “m* stands for the normal metal and “qcm* for the quantum critical metal.
It is illustrative to repeat the derivation of the equation of state using the spectral function as given in eq..
The density of states can be written through a spectral function as follows

n:T;/(;lﬂ];ZA(iwm,E) — —lem_/(;r];/cdzA(z,E)f(z), (B20)

where f(z) = tanh(5%). One can also use the Fermi distribution function f(z) = n(z) with a prefactor (—5-), which
gives the same result for the observables. The pressure is given by

o
p= / du'n, (B21)
— 00
where in our case u = kp. For simplicity we again take hyjvp — 1. We expand the spectral function with respect to

the imaginary part of the self-energy, which we treat as a small parameter in this calculation Ref.[24]

1

)
Z — Zx

P—=5(r=2). (B22)

The pole of the propagator z, is a solution of the equation z — vpk, — ¥1(2,kr) = 0 which does not contain the
imaginary part of the self-energy 3. Substituting this representation into the equation for the pressure, we have

Az, k) =~ 216(2 — 2,) — Sa(z, kp)P’

p= _L;i/(;‘l;';z/: dk'y /_O; dz (2776(z—z*)+22(z)73’ 1 )f(z). (B23)

Zy — Z

The frequency integral in the first term gives the familiar expression for the number density

2
n/gjgw¢ (B24)

where usually f is a Fermi distribution function, and the dispersion relation is given by z, (in standard notation
Z, — €1). Here we have f(z) = tanh(%), and therefore integrating over kg gives [ dk} tanh %= — In(2 cosh %) where,
at the leading order z, ~ (k — k). In the second term we exchange the order of integrations in z and kp. Therefore,

ff; dkp P’ Z*(k,lF)fz — —Z*(ki)fz, and there is no kr dependence in ¥p(2) ~ 2% at the leading order. The second

integral is o [*_ dz¥s(z, kr) f(2) 2 — Da(2.) f(2.). Combining all terms together we have

— Zx—2

a2k 1 Z
p = /(271‘)2; <2T1n (QCOSh oT

which is exactly eq. @ Here, z, is the pole of the fermion propagator without the imaginary part o, and
summing over the poles is understood. If we take z, to be the pole of the full propagator, z, becomes imaginary and
a generalization of hyperbolic functions to the I" functions is necessary as in eq.. Then we arrive at eq. for
the pressure of the system.

1 Zy
) + s (2] tanh 2T> , (B25)

3. DC conductivity from the Kubo formula

We calculate the DC conductivity in the boundary theory using the gravity-“dressed” retarded/advanced fermion
propagators. Strictly speaking, we need also the “dressed” vertex, to satisfy the Ward identities. As argued in Ref.[I5]
however, the boundary vertex which is obtained from the bulk one can be approximated by a constant in the low
temperature limit. Also, according to Ref.[22], the vertex only carries the singularities of the product of the Green’s
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functions. Therefore, dressing the vertex will not change the temperature dependence of the DC conductivity at low
w Ref.[22].
We can start from the Kubo formula for conductivity

0 -
g = —aImHAA(w,k = 0)|w:0~ (B26)

The polarization operator 144 is given by

2
a4 (ivy, 0) = / (;T];zTZ Gliwm + i, BYA A (1w + iV, i, K) G (iwn, )AL (),

(B27)

where the fermion frequency is w,, = (2m+1)7T, and the boson frequency is v, = 2n7T, and in the low temperature

- -

limit Ag(iwp, + ivp, iwm, k) = Aff)(k:). Usually the most difficult step is to take the Matsubara sum. Here we can

do it in two ways. The first way consists of analytically continuing in the complex plane iw,, — 2z and replacing

the Matsubara sum by a contour integral with the Fermi distribution function n(z) = ﬁ whose poles sit at the

Matsubara frequencies along the imaginary axis. The second way is to use the spectral representation. In both cases

we follow Ref.[22], where transport coefficients were calculated with propagators including their imaginary parts.
Taking the first way, we have for the fermion Matsubara sum

. . . 1 . .
H i, B) = 'Y Glito + v, F)G it F) =~ /c d=G (= + ivm, )G (2, F)n(2),

Wm

(B28)

where the contour along the imaginary z axis can be deformed to the contour C which goes along two branch cuts,
ImZ = 0 and Imz = —v,,, and the large arcs I' with vanishing contribution Ref.[22]. The fermion propagator has a
branch cut along Imz = 0 Refs.[22], 23]. Therefore we can rewrite

H(ivn) = —%i _Oo d¢n(C)G(ivn + O(GR(C) = Ga(())
_ i _°° d¢n(Q)G(—ivn + C)(Gr(C) — Ga(()), (B29)

where the difference of the retarded and advanced functions in the first bracket is due to the discontinuity along
Imz = 0 and in the second bracket it is due to the discontinuity along Imz = —v,,. This contribution corresponds to
the second term in eq.7 and there are no pole contributions Ref.[22]. We use the usual prescription for retarded
and advanced Green’s functions, Ggr = G(w+1i07) and G4 = G(w—1i0T) and suppress the momentum indices. Taking
v, — w4107, we have

1 o

Hw) = —5— | dCn(Q)Grlw+(Gr(Q) = Ga(0))
_ i/jo d¢n(¢ + w)Ga(w + Q) (Gr(¢ +w) — Ga(¢ +w)), (B30)

where we changed the integration variable in the second integral ( — w — (. In the limit w — 0, the dominant
contribution comes from the pair GrG 4, and it is inversely proportional to the distance between the poles given by
the imaginary part Y. The combinations GRGr and G 4G 4 with the poles on one side of the real axis make a much
smaller contribution due to the cancellation between the residues at the poles. Therefore, as w ~ 0, we have

HwB) =~ [ denlc+) = n()GR(C +@)Ga(c), (B31)

and

2 L oo o
ImIT 44 (w,0) = % (;lW];Aff)(k) / %(n((+w)—n(())G3(C+w,k) x

AA(C+w+1i0T, ¢ —i07, K)GA(C, F). (B32)
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In the small-T" limit the vertex is a constant. We integrate around the Fermi surface, and therefore the momentum

integral is [ (SFT’)CQ — k(gi’)“; with k; = k—kp. We exchange the order of integration and perform first the momentum

integration Refs.[I5], 27]. For w ~ 0, we have

/ T dky ! _
oo 2 (g = kL4 B(C k) +107) (5 — ki 4 27(C kr) —i0T)
1 1
Y(C kr) — X5(C krp)  2ImY(C kp)
Writing n'(¢) = —8n({)(1 — n(()), we have for w ~ 0

(0) = pd¢ n(Q)(1 = n(C))
o AP 2’“Fh%/_m 2r  ImX(( hp) | B34

(B33)

where we have dropped constant terms. Note that we get the same result for the conductivity also if we use tanh 5
in the contour integral eq.(B28) since n'(z) = —2tanh’(%). For the Landau Fermi liquid ¥(w) ~ w? at small T
Refs.[15] 25]. We get

o~T72 (B35)

meaning that we recover the standard result for the resistivity of the Fermi liquid: p ~ T2.
In our case, % (w) ~ w?”*r , which produces

o~ T 2k (B36)

This result agrees with the DC conductivity obtained in Ref.[I5]. For the marginal liquid, vy, = %, we recover the
resistivity p ~ T, which is empirically found in the strange metal phase.

e It is interesting that the scaling behavior of the DC conductivity is the same as the single particle scattering
rate. On the gravity side it is explained by the fact that the dissipative part of the current-current correlator
is controlled by the rate of the bulk fermion falling in the horizon, given by the single-particle scattering rate.
Comparing the resistivity in the quantum critical metal “gcm“ to the one in the normal metal “m*,

Paem > Pm, (B37)

which indicates that the quantum critical metal becomes increasingly insulating as vy, is decreased. This
suggests that there is some sort of ordering in the system, not necessarily associated with a gap.

To check our calculation, we get the DC conductivity using the spectral representation

-,

- dko A(ko, k
Gitonm, F) — / 270%(_*023 (B38)

where the spectral function A(ko, E) is given by eq.. For the product of the Green functions we use the following
formula

— W1 Wiy, + 1y, — Wo Wy + w1 —wa

TZ _ 1 1 _ n(wy) — n(ws) (B39)

Taking iv,, — w + 0", the polarization operator is given by

d*k dw; dws n(wy) — n(ws)

—_—— AO2A(wr, k) Awa, k1 ). B4
(2m)2 21 27 wHw; —wy A (wi, k1) A(ws, k1) (B40)

IMTaa(w,0) :/

Performing the integration over ws, we have

2k duw 2
ImITg4(w,0) = /%d?—ﬂ_(n(wl) — n(wz))Aff) Awr, k1) A(wr +w, k1). (B41)
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In the limit w ~ 0, the momentum integration proceeds as

d*k dk kph?
A? A7 — B42
/(2702 (o k) %F/ 2 4R T S (B42)
with X9 = ImX. Therefore, the DC conductivity given by eq.(B26]) is
1
o= AD2 g2 [ Bder @) = niw)) (B43)

2r  ImX¥ (w1, kr)

which is the same as eq.(B34)) obtained by the contour integration.
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