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ABSTRACT: We present effective field theories for the weakly coupled Weyl-Z5 semimetal,
as well as the holographic realization for the strongly coupled case. In both cases, the
anomalous systems have both the chiral anomaly and the Z; anomaly and possess topo-
logical quantum phase transitions from the Weyl-Z5 semimetal phases to partly or fully
topological trivial phases. We find that the topological phase transition is characterized
by the anomalous transport parameters, i.e. the anomalous Hall conductivity and the Zs
anomalous Hall conductivity. These two parameters are nonzero at the Weyl-Z5 semimetal
phase and vanish at the topologically trivial phases. In the holographic case, the different
behavior between the two anomalous transport coefficients is discussed. Our work reveals
the novel phase structure of strongly interacting Weyl-Z5 semimetal with two pairs of nodes.
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1 Introduction

As a new kind of topological gapless system, Weyl semimetal was proposed about ten years
ago [1], which has drawn much attention in recent yesrs [2]. Up to now, Weyl semimetals
have been identified in the laboratory in the TaAs family [3-6], YbMnBis [7] (Type-I Weyl
semimetal) and Moz W;_;Tes [8-10] (Type-II Weyl semimetal) and so on.

Weyl semimetal, equipped with the so-called Weyl nodes, which can be presented as
the band crossings and behave like monopoles due to the Berry curvature in the three-
dimensional momentum space, can be obtained by breaking time-reversal symmetry or
spatial inversion symmetry. One Dirac node in the Dirac semimetal separates into two
Weyl nodes. Weyl nodes appear in pairs with opposite chirality. With chiral anomaly [11]



in the system, anomalous transport coefficients caused by the anomaly are important to
physics in condensed matter physics as well as in high energy physics and astrophysics. This
may manifest itself by a negative longitudinal magneto-resistance (or positive magneto-
conductance). Furthermore, the mixed axial gravitational anomaly in NbP has also been
observed recently [12], which may open a new window in theoretical aspects.

Although the low energy excitation of some condensed matter systems can be de-
scribed by fundamental “relativistic” equations of motion [13], the condensed matter sys-
tems with nontrivial topological energy band structures show richer physical behaviors
than these equations themselves. As an example, a nontrivial Z5 topological invariant has
been demonstrated in the Dirac semimetal [14-18], namely Z Dirac semimetal, which can
not be understood straightforwardly from the relativistic Dirac equation.! In the Z, Dirac
semimetal with two Dirac nodes, similar to the chiral charge the Zs topological invariant
can be defined as Cz, = (C4 — C}) /2, where C4 | are the chiral charges of the spin-up and
spin-down Weyl fermions in the system. The Z, anomaly? is a spin analogy of the chiral
anomaly, and the presence of this extra anomaly brings interesting transport behavior.
The interplay between Z5 and chiral anomalies will lead to observable effects in magneto-
transport [20]. Since Weyl semimetal can be obtained from Dirac semimetal, it is fairly
interesting to investigate whether these far-reaching results still exist in Weyl semimetal.

The goal of this paper is to study the Weyl semimetals with both chiral anomaly and
Zy anomaly which will be named as Weyl-Z5 (or equivalently Zs Weyl) semimetal in the
following. One can start from a Zy Dirac semimetal with two Dirac points and then split
each of these two Dirac points into Weyl points along the transverse direction. In this way
we obtain the Z5 Weyl semimetal, in which there exist two pairs of Weyl points and each
pair carry a nontrivial Z, topological charge, thus each node carries both the chiral and
the Zy charge. We can mark the chiral and Zs charge of the four Weyl points as (+,7)
or (+,]) to distinguish them, where + means the positive and negative of the chirality,
while the up (down) arrow means spin up (down). There is also another possibility for the
Weyl-Z; semimetal, which has four nodes and carries pairs of topological charges as (+,0)
and (0,1), (0,), i.e. each pair of charges are completely independent.

By extending the Weyl semimetal model with one pair of Weyl nodes in [13, 21], two
different Z5 Weyl semimetal models with two pairs of Weyl/Zs nodes will be studied in
section 2. In this model, each node carries both the chiral charge and Zs charge. In contrast
to the three phases realized in the model with only one pair of Weyl nodes in [13, 21],
more phases exist in the current model when tuning the parameters in the system. More
precisely, we have: (a) Z, Weyl semimetal phase, where four Weyl nodes exist in the
spectrum (referred to as the Weyl-Z, phase in figure 1 and 3); (b) the critical point with

IMulti-Weyl semimetal [19] is another example.

2Note that with the name Z» anomaly, it does not mean that the system possesses a Zo symmetry.
It refers to the fact that there exists a new kind of Zs topological charge. The extra new Z anomaly
is associated with another U(1) symmetry which is neither a vector gauge symmetry nor the axial gauge
symmetry. In the original paper [20], this extra anomaly has been named as Z anomaly, which indicates
this anomaly is associated with a symmetry that produces a Z5 topological charge and the symmetry is not
a Z2 symmetry.



all of the nodes annihilated to one single Dirac point (critical-critical in figure 1 and 3),
which is different from the critical point of a Weyl semimetal [13, 21]; (c) topologically
trivial phase, in which there is no band touching point in the spectrum (trivial-trivial).
There are also four critical phases which are the phase transition lines between different
phases, including the following ones: (d) only one pair of the nodes annihilate to a critical
point while the other pair of nodes corresponds still exist (Weyl/ Zs-critical). Depending
on which two nodes with opposite charges (both the chiral charge and the Z, charge)
annihilate, there are two types of phases in this category. If the other pair of nodes vanish
and form a gap, we obtain another two critical phases, i.e. (e) critical-trivial. Depending
on which two nodes with opposite charges form a gap, there are also two kinds of phases
in this category. We also have two more interesting phases (f) one pair of the nodes vanish
to form a gap while the other pair of nodes still exist (Weyl/Zs-trivial). Again depending
on which two nodes with opposite charges form a gap, there are two kinds of phases in this
category. We will show them in subsections 2.1.1 and 2.2.1.

The physical picture above in the weak coupling regime is clear from the energy spec-
trum. What about an inherently strongly coupled system where the concept of quasipar-
ticle is not applicable? AdS/CFT makes it possible to build a holographic model which
can describe the physical properties in the strong coupling regime for the topological phase
transition that occurred in the weakly coupling regime. Recently, a holographic Weyl
semimetal with one-pair of Weyl nodes was built in [21, 22]. Several transport parame-
ters including negative magnetoconductivity [23], odd viscosity [24], axial Hall conductiv-
ity [25], AC conductivity [26], chiral vortical effect [27] have been studied. People also
investigated the exotic surface state [28], topological invariants [29, 30], non-local physical
quantities [31, 32], disorder and momentum dissipation effects [33, 34], phase transitions
to insulators [35, 36], topological nodal line semimetals [37, 38] and so on. These works
are quite suggestive to the physics of strongly coupled gapless topological states of matter
and more details can be found in a recent review [39].

Based on these developments, we will construct a holographic model to study the
strongly coupled Weyl-Z5 semimetal with two pairs of Weyl/Zs nodes. We will solve the
model at zero temperature and study all its solutions which give rise to all different phases
which are also presented in the weak coupling regime. We will also calculate the transport
parameters by the Kubo formula at both finite and zero temperature, i.e. anomalous Hall
conductivity (cang) and Z2 anomalous Hall conductivity (0z,angr), which can be regarded
as the order parameters of the topological phase transitions. We shall show that the
holographic model shares both features of the two weakly coupled Weyl-Z5 semimetals.
This model can also be reduced to the model with only one pair of Weyl nodes in [21] in
the limiting case.

This paper is organized as follows. In section 2 we construct two effective field theory
models of the Weyl-Z, semimetals with two pairs of Weyl/Zs nodes which encodes the
chiral anomaly and Zs anomaly. In section 3, we study a holographic model of the Weyl-Zs
semimetal where all different phases are uncovered and the analogy to the weakly coupled
theory is discussed. Order parameters of the topological phase transition are calculated at
both finite and zero temperatures. Section 4 is devoted to conclusions and discussions.



2 Weyl-Z, semimetal from effective field theories

Weyl semimetals are gapless topological states of matter that possess nontrivial chiral
charge. Usually Weyl nodes appear in pairs with opposite chiral charge +1. The topological
charge of a node in a Weyl semimetal can be calculated by the integral of the Berry
curvature in the three dimensional momentum space. Usually the topological charge should
be £1, however, there exist the so-called multi-Weyl semimetal states where the topological
charge for each node could be +n with an integer n greater than 1.

Recently, a novel kind of gapless topological states of matter with a non-trivial Zs
topological charge has been considered in [20] and [40]. Z3 charge is a spin analog of the
chiral charge, which is defined by Cz, = (Cy — C}) /2, where C; | are the chiral charges of
the spin-up and spin-down Weyl fermions in the system. Quite similar to the chiral charge,
this Zs charge measures the difference between the spin up and spin down fermions with
same chiral charges. This definition is quite similar with the definition of the spin-Chern
numbers in a two dimensional quantum spin Hall insulator [20]. The Dirac semimetal
with a topological Z, charge has been constructed in [20] where there are two Dirac nodes
separated along a direction in the momentum space.? They have also demonstrated that
in Dirac semimetals with two Dirac nodes, there exists a corresponding Z» anomaly, which
is closely analogous to the chiral anomaly. Z, anomaly related transport properties have
also been studied in [20], e.g. the Zs anomalous Hall conductivity. As mentioned in the
introduction, there is also another possibility for the Weyl-Z, semimetal, with four nodes
carrying pairs of charges as (4,0) and (0,1), (0, ).

In this paper we focus on a generalization of the Weyl semimetal state, which is a
topological semimetal system possessing both the chiral and Zs topological charges. In
this case, in the topological non-trivial phase, the nodes need to possess two non-trivial
topological charges, the chiral one and the Z one. This means we need to have at least
four nodes in the topological non-trivial phase. Thus we name this system the Weyl-
Zo semimetal. In this section we will first present two Lorentz invariant Lagrangians for
the system with both topological charges. We then analyze its phase structure in a very
detailed way and we will finally check the anomaly by calculating the Ward identities.

2.1 Effective model for the Weyl-Z> semimetal

In this subsection, we will build an effective field theory model for Weyl semimetals with
four nodes, and each node carries both the chiral and the Z5 topological charges. In next
subsection, we will construct another effective field theory model for Weyl semimetals with
four nodes with each node carrying either chiral topological charge or the Zs topological
charge. The comparisons between these two models will be discussed.

We first review that for a Weyl semimetal with only one pair of Weyl nodes, the weakly
coupled quantum field theory Lagrangian is

L£=1 (7;579 — ef — 4"y, + M) W, (2.1)

3 A holographic model in the probe limit for the Z, Dirac semimetal was studied recently in [41].



which has been studied in [13, 42, 43] in which a single Dirac spinor and a time-reversal odd
axial gauge field were introduced. The term X = v#X 1, Where v# are the Dirac matrices,
and 5 = i79717273 allows us to define left- or right-handed spinors via (1 £75)9 = ¥ R.
A= A, and A, is the electromagnetic gauge potential. Tuning the ratio between the
mass parameter M and the time-reversal symmetry breaking parameter b, there exists a
topological phase transition from a Weyl semimetal to a trivial semimetal across a critical
Dirac semimetal. Without loss of generality, we could choose b to be in the z direction so
that the two Weyl nodes in the Weyl semimetal phase are separated in the k, direction of
the momentum space.

Now our goal is to generalize this set-up to the Weyl-Z5 semimetal system. Note
that in the set-up above the spinor is a four-component spinor whose degrees of freedom
describe the chirality and particle-hole degrees, which could be seen from the calculation
of the Berry curvature where we treated half of the bands as occupied hole states. To
have also the Zs topological charge, we need to introduce the spin degrees of freedom to
the system. In order to do so, we need to expand the four-component spinor ¢ into an
eight-component spinor V.

Following [20, 44], we consider the following eight-component spinor ¥

T
q] = (\PPHF)T? ‘I]pa+)~lf7 ‘llh7+7T7 \I’h)+7~l/’ \ij’_vT7 sz_vi’ Whu_’T’ q}hﬂ_u\l«) ’ (2'2)

where p, h in the index refers to particle-hole, + refers to the chirality and the arrow means
spin up and down, which will be confirmed later by the definition of the operators of the
system.

For this eight-component spinor system, we need to also generalize the 4 x 4 Gamma
matrices into 8 x 8 matrices. Thus, we define the following new ‘Gamma’ matrices

' =+"®I,, f“Efy”@Zg, P=+"xl, f55'y5®Zg, (2.3)

where p =0,1,2,3, v* is the 4 x 4 Dirac Gamma matrix and

b:(é?), Zg:<(1) _01> (2.4)

Note that in four space-time dimensions, for eight-component spinors we should have eight
Gamma matrices, which are T* and ' here. From the definition above, we could see
that I'* is a direct generalization of the v* to the eight-component system, while I# s
more like a Zo generalization of the v to the eight-component system. I'® defined above
is in fact —OT'T2I3 and 5 = —iTOM203 1, with I, = Iy ® Zo. Here, +1 in Zo
means spin up and down, respectively. We have {T'* T"} = {f‘”,f‘” } = 2n*lg«s and
{Tr,T°} = {f“,f‘5} = 0. Now we can show that the first four components in (2.2) have
a positive chirality, while the remaining four components have a negative chirality. This
can be confirmed from the matrix I'>, which is the chiral charge operator. The Z, charge
operator is defined by a direct product of a 4 x 4 unit matrix with the Z, matrix above.
With this definition, we can confirm the role of each component in the eight component



spinor (2.2) under the Zs charge. Therefore, the information of Z5 charge has been taken
into consideration in the eight-component spinor.

Motivated by [20] and [13, 42, 43|, we consider the following Lagrangian as the field
theory model for the Zy Weyl semimetal,

£ =00 (i0#9, — e Ay, — T#T, + MiTy + ML) + 10 (el# 4, — D75, )| v,

(2.5)
where the ‘Gamma’ matrices are defined in (2.3). I and I are two diagonal matrices with
diagonal elements as Iy = diag(1,0,1,0,1,0,1,0) and I = diag(0,1,0,1,0,1,0,1). We
have introduced four gauge fields in (2.5). A, and b, are the electromagnetic gauge field
and chiral gauge field with field strengths F), = 0,4, — 9,4, and Fli’y = 0ub, — Oub,,
respectively. These two gauge fields contribute to the chiral anomaly. While A, is the
fictitious spin gauge field with field strength Fpg = 8,;[10 — 8(,flp and ¢, is the so-called
Zo gauge field with field strength F oy = OpCo — 0ycp [20], both of which contribute to
the Z5 anomaly. Here by and ¢y play the role of axial chemical potential and Z5 chemical
potential which breaks inversion symmetry, while b; and ¢; play the role of separation in
the momentum space which breaks time reversal symmetry.

The mass terms M;I; and My are introduced in (2.5) to break the chiral and the
analog spin symmetry separately. The two masses M7 and Ms could be thought of the
gap in the degrees of freedom for spin up and down sector respectively. Comparing to the
model (2.1), M; and b describe half of the degrees of freedom in this system, while My and
¢ describe the other half degrees of freedom in this system. Also note that in this section
we work in the convention of the metric with most minus sign while in the next section
with most plus sign.

In the following, we consider the Weyl-Z5 semimetal system with the Lagrangian above.
Similar to the Weyl semimetal case, in the Weyl-Z5 semimetal system the parameter b,
denotes the separation of the Weyl nodes in the momentum space while ¢, denotes the
separation of the nodes with opposite Zs charges in the momentum space. Here we choose
by, = bd;, and ¢, = cdf),
to make the physics more clear. We could as well choose the two separations in the same

i.e. the two separations are in different spatial directions, in order

spatial direction, which we leave for future consideration.
With the choice of b, and ¢, above, we could calculate the energy spectrum of (2.5)
from the Hamiltonian of the system. The eight eigenvalues of the Hamiltonian are (2.5) are

E| = i\/bg +2+ k24 k2 + ME+ 2\/2bzcykyk:z +c2 (kg + M%) + b2 (k24 M32), (2.6)

By = j:\/bg k2R MR 2\/—2bzcy/-cyk:z +c2 (K2 + M3) + 02 (k2 + M3) .

In the above form, the two ‘+’ in the same F should be understood as independent choice
of either plus or minus. From (2.6), we note that both F; and E3 depend on the gauge
fields b and ¢ which are crucial for the topological charges. The mixing of b and ¢ in the
spectrum lead to that the nodes carry both the chiral U(1) and the analog spin Zs charges.



We will analyze the phase structure of spectrum (2.6) in the following in detail. Before
that note that a different while closely related set-up for the multi-Weyl semimetal has
been studied in [19]. In that set-up, there could still be only one pair of Weyl nodes, but
the Weyl nodes could have integer monopole charges larger than 1 and the low energy
dispersion around the Weyl nodes is anisotropic.* In the multi-Weyl semimetal system,
a non-abelian anomaly exists [19]. Here we have two pairs of Weyl nodes and each Weyl
node has both the chiral charge Zs charge to be £1. Thus, in summary they are focusing
on a single pair of Weyl nodes with additional monopole charge n > 1, and the effective
field theory displays a U(1) 4 xSU(2) non-Abelian anomaly, while in our case, we have two
pairs of nodes with the U(1)4 anomaly and an extra Abelian Z; anomaly.

2.1.1 Phase diagram from the field theory model

In this subsection, we analyze the phase behavior of the energy spectrum (2.6) obtained in
the last subsection. Recall that in the Weyl semimetal case, depending on the relative values
of b and M, there are two phases and one critical point. Here with a fixed “unimportant”
parameter ¢/b,% the system would still depend on two dimensionless parameters M /b and
M /c, thus, the phase diagram would be two dimensional. Phase boundaries would be lines
on the phase diagram plane and the phase transition lines would intersect at a particular
critical point. We will show that depending on the values of M;/b and My /c, there will be
four distinct phases and four phase transition lines and one critical point.

Apparently the four bands in Ej 2 of (2.6) with positive signs within the square root
are gapped bands and in the following we focus on the other four bands which may produce
interesting structure, i.e. the four bands that pick the negative sign within the square root.
For these four bands, depending on the values of b, ¢, My and My, the minimum values of
E1 2 could be either zero or larger than zero, thus the system could have crossing nodes or
be in a gapped state for different parameters.

The behavior of the spectrum as a function of k, and k. in the nine different phases
is summarized in figure 1, where k, is fixed to be zero. Note that a nonzero k, would
immediately gap the system thus the crossing nodes in the figure are still nodes in the
three dimensional momentum space. We explain in detail the four different phases, four
phase transition lines and one critical point in the following.

e The Weyl-Z, phase. When both M; and M, are smaller than v/b2 4 ¢2, we obtain the
_ M2 —_ M2
spectrum in figure 1(b) with four nodes at (ky, ky, k.) = (0 7 ic\/m L OVP M )

Vb2 +c2? ’ Vb2 +c2
/b2 2_ M2 b+ /b2 2_ M2
and <0, Lot te Vs

\/b2+02 ) :F \/b2+02
mass terms would not gap the system. This belongs to a topologically nontrivial phase

>. For this phase, a small perturbation in the

with four nontrivial nodes. Different from the Weyl semimetal case, here we define a set

4A holographic model for this type of mulitiple Weyl semimetal has been studied in [45].

5The “unimportance” refers to the fact that ¢/b only affects the phase structure quantitatively. Different
from the effect of tuning M; /b and M /c, tuning ¢/b has no qualitative effects in the phase structure of the
system.



of topological charges with two components as (ni,ng), where ny = +1 gives the chiral
charge of the nodes and ny =1 or ny = gives the Z5 charge of the nodes.

Note that in order to calculate the topological charges using the Berry curvature in this
case, we need to first project the eight component spinor into a four component spinor, e.g.
to calculate the chiral charge, we project the negative energy eigenstate of the Hamiltonian
to a four component spinor composed of the (1,3,5,7)-th component of the full spinor
while to calculate the Zs charge, we need to project the negative energy eigenstate to the
four component spinor with the (1,2,3,4)-th component of the original spinor. With this
definition, the four nodes in this phase would have topological charges (4,1),(—,1),(+,{)
and (—, ), respectively. With this viewpoint, we can view the four nodes as two pairs of
Weyl nodes with opposite Z5 charges between the two pairs of nodes or we can as well view
the four nodes as two pairs of Zs nodes with opposite chiral charges between the two pairs.
Here we emphasize again that in this system we have multiple nodes, but it is different
from the multi-Weyl semimetal state mentioned above in which there could be only two
nodes but with each node possess a topological number larger than 1.

e The two Weyl/Z,-critical phases. Without loss of generality, we fix b, ¢ and tune
M, My to obtain different phases. When we increase M; (or My) from (a) in figure 1, two
nodes with opposite topological charges (both the chiral charge and the Zs charge) would
annihilate and form a critical Dirac node with topological charge (0,0) and the other pair
of nodes stay the same. That is, the two nodes with topological charges (1,1) and (—1,—1)
(or (1,—1) and (—1,+1))% would annihilate to a trivial Dirac node. Note that it is not
that each pair of the Weyl nodes (or Z3 nodes) annihilate into a critical Dirac point. This
is because in this case the Dirac point would have a chiral charge of 2 which is not allowed
in this system and only nodes with opposite topological charges could annihilate.
Depending on which pair of nodes annihilate, there are two different cases, each having
one critical point and a pair of nodes with opposite topological charges. Thus this case
corresponds to two phase transition lines in the phase diagram and is shown in (d) of
figure 1. As shown in (d) we now have a pair of Weyl/Z; nodes and a critical Dirac point.

e The two Weyl/Zs-gap phases. Continue to increase M; (or M) from the two
Weyl/Zs-critical phases transition lines in (d) of figure 1, the critical Dirac node becomes
a trivial gap. This corresponds to two Weyl/Zs-gap phases, as shown in the case (f) in
figure 1.

e The double critical point. Again starting from the two Weyl/Zs-critical phases
transition lines in (d) of figure 3 and this time we increase the other parameter My (or
M), the two Weyl/Z5 nodes will also reach a critical point at which two nodes merge into
one Dirac node. The system at this special set of parameters M; /b and Mz /c corresponds
to a double critical point on the phase diagram, which is the case (b) in figure 1.

e The two gap-critical phases. Starting from the double critical point, we increase
one of the mass parameters M; (or Ms), the fourfold-degenerate critical point would split

SNote that we can also use £1 to represent spin up and down, respectively.



(b) Double critical.

w

(d) Weyl/Zs-critical. (e) Critical-gap or gap-critical. (f) Weyl/Zs-gap.

Figure 1. The energy spectrum of (2.5) as a function of k, and k. with k; = 0. From (a) to (f):
the system has two pairs of Weyl/Zs nodes (a), two critical Dirac nodes (b), fully gapped (c), one
pair of Weyl/Z> nodes and a critical Dirac node (d), a critical Dirac node and a gapped phase (e)
and the case of one pair of Weyl/Z5 nodes with two gapped bands (f). Note that at nonzero k, the
system is gapped, thus the crossing nodes are still nodes in the three dimensional momentum space.

into a pair of gapped bands and one twofold-degenerate critical point. These two phases
correspond to two phase transition lines between the gap-gap phase and the Weyl/ Zs-gap
phase. This spectrum is shown in (e) of figure 1.

e The gap-gap phase. Starting from any of the two gap-critical phases transition lines
above, and increase the other mass parameters, the system would become fully gapped and
is in a gap-gap phase with all bands gapped. This corresponds to (c) in figure 1.

The behavior of the energy spectrum with different parameters is summarized in fig-
ure 1. There are nine different phases (including critical points or phase transition lines)
which could be summarized into six types of spectrums: including the Weyl-Z,, Weyl/ Zs-
critical, Weyl/Zs-gap, critical-critical, critical-gap, and gap-gap phases.

The phase diagram can be plotted with the dimensionless parameters

Mlel/b, MQZMQ/C (27)

and ¢/b. Now we have three dimensionless parameters, and the full phase diagram should
be three dimensional in general. The phase diagrams with different N, and ]\ng, forc/b=1
and for generic ¢/b (from ¢/b = 1/2 to ¢/b = 2) are shown in the left and right figures
of figure 2 respectively. In the left plot of figure 2, the red point is the critical point at
which both pairs of Weyl/Zs nodes become critical in figure 1(c). The blue dashed lines
correspond to the phase transition lines where one pair of the Weyl/Z; nodes annihilates
into a critical Dirac node while the other pair of Weyl/Zs nodes still exists in figure 1(d).



c/b

2.5

Weyl/Z,~gap gap—gap

2.0

Weyl-2, Weyl/Z,—gap

0.5

0.0 0.5 1.0 1.5 20 25
M,

Figure 2. The phase diagram of the system (2.5) with three dimensionless parameters Ny = M, /b,
My = My/c and ¢/b = 1 (left plot) and generic ¢/b (right plot). The red point is the double crit-
ical point at which both two pairs of nodes become critical (figure 1b). The vertical blue dashed
lines correspond to the critical phase in which two of the Weyl/Z> nodes with opposite topological
charges annihilate into a critical Dirac node while the other two nodes still exist (figure 1d, the
Weyl/ Zs-critical phases). The vertical purple dotted lines correspond to the phase where one pair of
Weyl/Zs nodes annihilate into a critical Dirac point while the other pair becomes gapped (figure le,
the critical-gap phase). The left-down portion of the phase corresponds to the phase in figure la.
The up left and down right portions of the phase diagram correspond to the phase in figure 1f (i.e. the
Weyl/Zs-gap phase). The up right portion of the phase diagram corresponds to the phase figure 1c.
The surfaces in the right figure are formed by moving the corresponding critical lines in the param-
eter space of ¢/b. The blue point is to show the location of the double critical point where ¢/b = 2.

The purple dot lines correspond to another type of phase transition lines where one pair of
Weyl/Z5 nodes annihilates into a critical Dirac point while the other pair of Weyl/ Zs node
becomes gapped in figure 1(e). The down-left portion of the phase diagram corresponds
to the phase in figure 1(b). The up-left and down-right portions of the phase diagrams
correspond to the phase in figure 1(f). The up-right portion of the phase diagram corre-
sponds to the phase figure 1(a). In comparison to the location of the double critical point
(red point in figure 2) for ¢/b = 1, we also plot the location of the double critical point for
¢/b =2 by the blue point in figure 2.

As could be seen from the spectrum, there is an exchange symmetry of b and ¢ in the
system (2.5). When we increase ¢/b, the location of the critical point (%)C increases and
(%)C decreases. We could also see that the two critical values of (%)C, (%)c exchange
for ¢/b =2 and ¢/b = 1/2. The critical point in the left figure of figure 2 becomes the red
critical line in the ¢/b space in the right figure. The two critical lines become surfaces in
the three-dimensional phase space, which are shown as separate surfaces in figure 2.

2.2 Another effective model for Weyl-Z5 semimetal with four nodes

The nodes in the model (2.5) carry topological charges (+1,+1),(—1,—1) and
(+1,—-1),(—1,41). There is also another possibility that the nodes carry topological
charges of (+1,0),(—1,0) and (0,+1), (0, —1) which will be constructed in this subsection.
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Starting from the eight-component field (2.2) and the Gamma matrix defined in (2.3),
we consider the Lagrangian

£ =W [0 (i0#9, — el A, — THT°b, L + MLy + ML) + 10 (el A, — T4 10,1 )| w,
(2.8)
where the ‘Gamma’ matrices are defined in (2.3). Four gauge fields and two mass terms
in (2.5) have the same physical meaning with those in (2.5). Different from (2.5), the axial
gauge fields here only couple to one half of the eight-components of the field, which leads
to different structure in the spectrum and different topological charges for each node, while
qualitatively similar phase diagrams, as we shall show in the following.
Similar to the case in (2.5), we choose b, = b, and ¢, = cd};. Now the eight eigenvalues
of the Hamiltonian of (2.8) are

2 2
Elzi\/(bzi\/kgﬁth) + k2, Egzj:\/(cyj:./kg—kMQQ) +k2. (29

Compared to (2.6), now the spectrum (2.9) is much simpler due to the decoupled effect of

b and c¢. More precisely, here F; only depends on b and M; while Fo only depends on ¢
and My. Ej can be viewed as the energy spectrum of (2.1), with M replaced by M, and
E5 can be viewed as the energy spectrum of (2.1) with band M replaced by ¢ and M.

Compared to the Weyl-Z5 semimetal described by (2.5), here we have two independent
pairs of nodes along k, and k., directions. Each pair of them carry topological charges
(1,0),(—1,0) or (0,1),(0,—1). One could identify the pair of nodes in one direction as
carrying the charge of chiral U(1), while the nodes in the other direction as carrying the
charge of the analog spin Zs charge. For simplicity, one could also name this kind of Weyl
semimetal with four nodes as a Weyl-Z5 semimetal. In the following, we shall show that
our holographic realization of Weyl-Z5 semimetals with four nodes share both features of
these two field theory models.

In the following we will analyze the phase behavior of this field theory model following
the same strategy as in subsection 2.1.1.

2.2.1 Phase diagram from the field theory model

In this subsection, we analyze the phase behavior of the energy spectrum (2.9) obtained in
the last subsection. Similar to the case in (2.5), the system depends on two dimensionless
parameters M; /b and Ms/c. Compared to (2.5), the crucial difference is that since two
axial gauge fields couple to a four-component fermion separately, the value ¢/b does not
play any role in the phase diagram as we will show in the following.

We also fix k; to be zero and plot the spectrum as a function of k, and k.. Now
the topological charges for these two models are different, nevertheless we still describe the
corresponding phases with the same name, which is still reasonable in this model. The nine
phases are summarized in figure 3, which could be summarized into six types of spectrum:
including the Weyl-Z,, Weyl/Zs-critical, Weyl/Z-gap, critical-critical, critical-gap, and
gap-gap phases.

In the following we follow the same order to explain in detail these phases.
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(b) Double critical. (c) Gap-gap.

w

(d) Weyl/Z;-critical. (e) Critical-gap or gap-critical. (f) Weyl/Zs-gap.

Figure 3. The energy spectrum (2.6) as a function of k, and k., with k;, = 0. From (a) to (f): the
system has two pairs of Weyl/Zs nodes (a), two critical Dirac nodes (b), fully gapped (c), one pair
of Weyl/Z5 nodes and a critical Dirac node (d), a critical Dirac node and a gapped phase (e) and
the case of one pair of Weyl/Zs nodes with two gapped bands (f).

e The Weyl-Z5 phase. When both M; < b and My < ¢, we obtain the spectrum as
shown in figure 3(a). From (2.9), the four nodes at the plane of k, = 0 are

(ko k) = (i,/zﬂ—Ml?, o>, (ko ky) = (o, i,/c2—M§>, (2.10)

This is a topologically nontrivial phase with four nontrivial nodes with topological charges
(1,0),(—1,0) and (0,1), (0,—1). This is a different model with four Weyl nodes from the
one in the last subsection. Here not all the nodes carry two topological charges. Each pair
of them only carries one type of nontrivial topological charge.

e The two Weyl/Z,-critical phases. When we fix b, ¢ and increase M; (or Ms) from
figure 3(a), two nodes would annihilate to form a critical Dirac node and the other pair
of nodes stay the same. The difference is that now the location of the nodes will depend
on the values of My, Ms. In this case, we now have a pair of Weyl/Zs nodes and a critical
Dirac point, as shown in figure 3(d).

e The two Weyl/Z,-gap phases. When we further increase M; (or My) from the two
Weyl/ Zs-critical phases transition lines in figure 3(d), the critical Dirac node becomes a
trivial gap. This corresponds to two Weyl/Zs- gap phases, as shown in figure 3(f).

e The double critical point. When we start from the two Weyl/Zs-critical phases tran-
sition lines in figure 3(d) and increase the other parameter My (or M), the two Weyl/Z,
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2.0 c/b

o

Weyl/Z;—gap gap—gap

MZTC

0.5

Weyl-2, Weyl/Z,—gap

0.0 0.5 1.0 1.5 2.0

M,
Figure 4. The phase diagram of the system (2.8) with three dimensionless parameters My = M, /b,
My = My/c and ¢/b =1 (left) and generic ¢/b (right). The red point is the double critical point at
which both two pairs of nodes become critical (figure 3(b)). Obviously the phase diagram does not

depend on the value of ¢/b.

nodes will also reach a critical point at which two nodes merge into one Dirac node. The
system at this special set of parameters M; /b and Ms/c corresponds to a double critical
point on the phase diagram, which is shown in figure 3(b).

e The two gap-critical phases. When we start from the double critical point in fig-
ure 3(b) and increase one of the mass parameters, the fourfold-degenerate critical point
would split into a pair of gapped bands and one twofold-degenerate critical point. These
two phases correspond to two phase transition lines between the gap-gap phase and the
Weyl/Zs-gap phase as shown in figure 3(e).

e The gap-gap phase. When we start from any of the two gap-critical phase transition
lines above, and increase the other mass parameter, the system would become fully gapped
and is in a gap-gap phase with all bands gapped. This corresponds to figure 3(c).

Similar to the phase diagram shown in figure 2, we could plot the full phase diagram
of (2.8). Different from the one shown in figure 2, now M, and M, does not depend on
¢/b. This is due to the fact that the axial gauge fields are completely decoupled in (2.8).
There is also an exchange symmetry of b and ¢ in the system. The critical point in the
left figure of figure 4 becomes the red critical line in the ¢/b space in the right figure. It is
easy to see that the phase diagram does not depend on ¢/b, i.e. the critical line is exactly
along the z-direction, which is different from the behavior in figure 2. The two critical
lines become surfaces in the three-dimensional phase space, which are shown as separate
surfaces in figure 4.

In summary, both of the two effective models (2.5) and (2.8) could describe the Weyl-
Z5 semimetal with four nodes, although the underlying mechanisms are different. Four
Weyl/Z3 nodes are obtained by splitting the eight-fold degeneracy of one node with different
process. For the model (2.5), each node carries both the chiral and Z5 topological charges,
while for the model (2.8), each node carries either the chiral or the Zs topological charge. In
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section 3 we shall construct a holographic model for Weyl semimetals with four nodes which
shares both features of these two different weakly coupled field theory models. Before that
we will discuss the anomalous transports and Ward identities of the field theory models.

2.3 Anomalous transports and Ward identities

When tuning M; /b and Ms/c, we have phase transitions in the system (2.5) and (2.8), as
has already been discussed above. Note that there is no symmetry breaking during this
process, and this phase transition is a topological quantum phase transition. Analogous to
the Weyl semimetal case, the order parameters of this topological phase transition can be
taken to be the anomalous Hall conductivity and Z anomalous Hall conductivity. To be
specific, these two conductivities of a quantum many body systems can be computed via
the Kubo formula

oij = hmi<«7i~7j>Ra Gij = limi(iﬂjm, (2.11)

w—017w w—07w

where 055 is the electric conductivity, J; is the electric current, while &;; is the spin conduc-
tivity which characterizes the spin current N/ generated under the electric field. To obtain
these currents, we need to perform the functional derivative of the low energy effective
action Seg of in the weak coupling regime with respect to the gauge fields.

We shall focus on the system (2.8) whose low energy effective theory could be easily
constructed while the discussion for the other model (2.5) has been done in the four-
component description in [20] and physically the results should be equivalent to the eight-
component description, which we will not discuss here and refer the readers to [20]. Starting
from the low energy effective action Seg in (A.1), the currents are

TH = ib mwaB g A i mwaB g A4 TH ib mwaB g A i paBy A
= V€ o ﬁ+7r2cl’€ 0 Ag, J =3 € o ﬁ+7rzcl’€ 0 Ag .
(2.12)
More details on the derivation can be found in the appendix A.
To calculate the anomalous transport, we shall focus on the low energy effective theory.
As in [21], for the un-gapped phases, the Lagrangian for the low energy field theory of (2.8)
is

Loy = wt [FO (iruau —eTHA,, — F“I’E’befféuIl) 410 (ef‘“flu — f‘“ff’ceﬁréulg)} v, (2.13)

where be = befiés = 1/b2 — M?2é, and Cof = cotéy = (/2 — M3é,. The parameter regimes
for this Lagrangian are M; < b and My < ¢. The four nodes of the Weyl-Z5 phase in
figure 3(a) are simply given by (k., ky) = (Fbeg, 0) and (kz, k) = (0, £ceqr). The Weyl/Zo-
critical phase in figure 3(d) and double critical phase in figure 3(b) can also be realized by
varying the parameters Mj,Ms, b and c. We can calculate the anomalous transports as
follows. The currents in (2.12) now become

S e?o o et = 2 eto e’ =
jzﬁbeﬁer—f—fQCeﬁxE, jzﬁbeﬂrXE—i-fceﬁ”XE, (2.14)
7T s s m

— 14 —



where E is the electric field while £ = —V A, is the analogous generalization for the
fictitious spin gauge fields [20, 22]. Thus, we can calculate the anomalous Hall conductivity
oang (from the expression of ;) and the Z; anomalous Hall conductivity oz,ang (from
the expression of &;;) accordingly. In the Weyl-Z; semimetal phase, we have

OAHE X beff,  OZ,AHE X Ceff - (2.15)

From these two expressions, we note that if we choose ¢ = My =0 (or b = M; = 0), there

will be only one pair of Weyl/Zs nodes left and we could see that oapg o /b2 — M# (or
Oz,AHE X \/c? — M2), which is consistent with [22]. Setting both these two anomalous

transport coefficients to be zero, we obtain the critical value of (%) = (%) =1.
4 C

For the Weyl/Zs-gap phase in figure 3(f), we have the low energy effective Lagrangian
Ly =T [[0 (040, — el Ay + Miealy) + 10 (D4, — THT0cge, 1) | W, (2.16)

where Mieg = /M? — b2, and Cog = copéy = (/2 — M2¢,."

The parameter region for model (2.16) are M7 > b and Ms < ¢. The critical-gap or
gap-critical phase in figure 3(e) and double critical phase in figure 3(b) can also be realized
by changing these parameters. In this phase, only the current which is constructed by the
Ceft €xist. Thus, we have oz, AHE X Cef, and oapg vanishes.

For the gap-gap phase in figure 3(c), the effective Lagrangian (where the parameter
region for model (2.16) are M; > b and Ms > ¢) is

L =0l {ro (iTH8, — eTM A, + Micgly + MMIQ)] v, (2.17)

where the matrix element in the mass matrixes are Mi.g = \/Ml2 — b2 and Mg =

\/ M2 — c2, respectively. The double critical phase in figure 3(b) can also be realized with
My = b, My = c. In this case both of the anomalous transports vanish.

Finally, we calculate the Ward identities for the currents using Fujikawa’s method [46]
and the corresponding Ward identities are

BuJ" =0,
T =0,

e? foa f5 A < 2.1
OpTit = g5 e’ (3B Fas + Fi Fog + 3Fy Fo + F5, B35 + 200 ML ™0, (2.18)

2
A e A ~ =
O Tt = 32?6””“5 (GFWFag + 2FI§VF§5) 1 2T My, TP

where J* is the electric current, j P is the spin current. J5“ is the axial current which has
a chiral anomaly, while j5“ is the so-called Zy axial current which indicates the imbalance
of the Zy charge.The form of J', jgf‘ and the details for the calculation can be found in
appendix A. These Ward identities include the information of the anomalies of the system
and they are crucial for the strongly coupled holographic model to be built in the next
section, for which we need to check whether these identities are correctly realized.

"Note that another effective theory can be obtained by keeping the mass matrix Maegls with Maeg =

VM2 = ¢ and begr = besré. = /b2 — M2é..
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3 Holographic model for the Weyl-Z, semimetal

In this section, we will consider the strong coupling regime of the Weyl-Z5 semimetal
using holography. We first construct the holographic model in section 3.1 and then solve
it at zero temperature in section 3.2. We find that there exist nine different kinds of
solutions in holography, and they correspond to the strong coupling version of the nine
phases discussed in the previous section. In section 3.3, we calculate the free energy of
the system and show that the free energy of the system changes smoothly when crossing
the phase transition point, which means that this phase transition is a continuous one.
We calculate the anomalous transport coefficients in section 3.4 according to the Kubo
formula. Different behavior indicating phase transitions has been obtained. The difference
between the two anomaly effects is also checked by varying the parameters in the system.

3.1 Set-up

In this section, we will extend the model [21, 22, 39] for strongly coupled Weyl semimetal
with a single pair of Weyl points to a holographic model for the Weyl-Z> semimetal and
study its full phase diagram. In holography the symmetries of the boundary field theory
can be mapped to the symmetries of gauge fields in the AdS space. Compared to the
holographic Weyl semimetal mode, for the Weyl-Z5 semimetal system [20] we have an ad-
ditional analogue spin current which could be broken by the new mass term. Therefore, we
need to introduce one more U (1) gauge fields and one more scalar field to the holographic
Weyl semimetal system in [21, 22].

More precisely, the electromagnetic U(1) symmetry and the axial U(1) symmetry are
represented by the AdS bulk gauge field V, with the field strength F' = dV and the
gauge field A, with the field strength F5 = dA respectively. We shall also introduce two
additional gauge fields: V., with the field strength F' = dV and A, with the field strength
Fy = dA to encode the fictitious spin U(1) symmetry and the Zo axial U(1) symmetry.
The anomalies are represented by Chern-Simons terms in the action. Axial symmetry
(including Z3 symmetry) can be broken by the mass terms. The deformation of the mass
term in field theory model is introduced via the non-normalizable mode of the scalar field.
With all the ingredients above, we consider the following holographic model

12

1 1 1.y 1 1.
S=[dzy/—g|— R+ ) —-F*—-F?> - _F2 - _F?
/x g|:2f£2( +L2) 40 T3 AT

~ A Ar A 2 ~ ~ ~
+ %EadeeAZ (Fl?chi + 3FbCFd€ + 3FbCFd6 + Fl?che) + ?ﬁeabcdeAz (3Fchde + Fl?chﬁl—)e)
— (D%®1)*(Dy®1) — (D®3)* (D ®2) — V(®1, %)} , (3.1)

where x? is the five dimensional gravitational constant, L is the AdS radius, o and 3 are
the Chern-Simons coupling constants. Scalar field ®; (or ®2) is charged only under the
axial (or Zy axial) gauge symmetries. The gauge covariant derivatives are

Do®1 = (da =i Ad) D1, Da®s = (90— igedy ) s, (3:2)
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where g1 and ¢o are the axial charges of the scalar operators. The scalar field potential is
_ .2 2 2\ | Mg 4, M2g 4
V(@1, @) = m? (1012 + |@2f2) + T + ol (3.3)

The scalar bulk mass is set to be m?L? = —3. With this choice, the dual operator has
dimension three and its source has dimension one. In the following we set 2x% = L = 1.
To obtain the corresponding currents and the equations of motion, we can expand
the four gauge fields around the asymptotically AdS background. From the first order in
fluctuations we can obtain the expressions for the currents from the boundary terms as

JH = lim /=g (P 4 4a€P7 A, Fypy + 4307 A, By )

J = lim V=g(F 4 a7 4, Fry + 4877 A, F)

r=¥o0
b = TIEEO\/_—Q<Féw n %GWVWAVFEU n ?erpypoAyﬁga) 7 (3.4)
Ji = tim \/?g(F; + %aewm,,ﬁga + ‘fewwiypgg) .
After using the on-shell condition, we would obtain the Ward identities as
V,Jh=0,
V,.J* =0,
Vi = lim { _ %Jupzﬂ' (3F,,ngT + F,f’ng’T) - geT‘V,DUT (3Fupﬁm " pjppg,T)
—iq [27(D"®y) — q’l(DT@l)*]} ; (3.5)
V. = lim [ - %J”fm (3FvpFor + F3,E2,) — ge“’fm (3FvpFor + E3,F3,)
— g2 [@3(157”@2) - ‘I’z(DT‘I’z)*} } :
The vector-like currents are conserved as expected. If we set « = [ = —32652, these

identities are exactly the same as (2.18) from the weakly coupled theory. Note that the
Ward identities do not depend on the coupling constants of the system, therefore it is
expected that this holographic model describes a strong interacting Weyl-Z, semimetal
model with two pairs of Weyl-Z5 nodes. However, we could not conclude if our holographic
model describes the strongly coupled model for (2.5) or (2.8). In fact, the holographic model
shares both essential features of (2.5) and (2.8). To precisely calculate the topological
charges of the nodes in the dual field theory, one has to study the dual Fermionic spectrum
functions in the holographic model following [29] and we leave it for future work.

Note that we need to distinguish between semimetals with multiple nodes and the so-
called multi-Weyl semimetal. The former has multiple nodes but each with a topological
charge of £1 while the latter might have only one pair of Weyl nodes, but each node
possesses a topological charge of +n with integer n > 1. Multi-Weyl semimetals could be
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produced from a Lagrangian with an additional SU(2) non-Abelian field whose components
need to be appropriately chosen [19]. A different special choice of the configuration of the
SU(2) field could also give a Weyl-Z9 semimetal. In holography, the multi-Weyl semimetal
have been discussed also in [45].

3.2 Zero temperature solutions for different phases

We shall focus on the zero temperature physics to obtain the gravitational solutions which
correspond to different quantum phases. Our Ansatz for the zero temperature solution is
dr?

BT

A=Az, ® =, (3.6)
A=Cydy, 3=,

where fields u, f,h, A.,Cy, ¢1 and ¢o are functions of the radial coordinate r. The corre-

ds® = u (—dt2 T dﬁ) + fdy? + hd2? +

sponding equations of motion are shown in appendix B and we have seven independent
ordinary differential equations for seven fields to solve. Note that here the axial gauge fields
are along y and z directions, which is similar to the weakly coupled model (2.8). However,
as we shall show later, our holographic model also has features of the model (2.5) because
the two gauge fields talk to each other through gravitons in the bulk.

If we consider the case ¢ = g2 and A\; = A9, we have a permutation symmetry for the
background solutions

(faAzaq)l) A (h70y7(1)2)- (3'7)
Note that this permutation symmetry is due to the fact that the Chern-Simons factors do
not enter the equations of motion. However, at the level of fluctuations we do not have
such symmetry.

Close to the UV boundary we can introduce the holographic analogues of the mass
terms and the time-reversal breaking parameters by imposing the following boundary con-
dition

lim r® = M;, lim r® =M,, lim A,=b, lim C,=c. (3.8)
r—00 r—00 r—00 r—00
M, and M, correspond to the sources of the dual scalar operator WITOM; ¥ and ¥ITOM, ¥,
b corresponds to the source of the chiral current ¥ITOT#I®¥ and ¢ corresponds to the source
of the Zs current \I/Tfof“f‘S\I/, respectively. We shall study the phase diagrams of strong
interacting Z-Weyl semimetals by turning on these four sources.

Due to the symmetries at zero temperature, we can choose ]\Zfl,Mg and ¢/b as the
tunable parameters of the system where we define
Mlz%, MQ:%. (3.9)
In the following we shall study the bulk geometry and its free energy by tuning these
parameters in the UV. For the case with ¢ = g2, A1 = A2, from the permutation symme-
try (3.7) the geometry with boundary values (M, My, ¢/b) should be the same as the case
(Mg, Ml, b/c). Thus, at the background level, the solutions are symmetric to each other.
Specifically when ¢/b = 1, the geometries are symmetric under interchange of My <> Mo.
We will comment more on these properties when we discuss the phase diagrams.
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Critical solution. In the weakly coupled theory, we have the critical points as shown in
figure 3(b). The corresponding geometry in the holographic system is as follows.

The near horizon solution of the critical point is the following Lifshitz-type solution,
which is an exact solution of the system

d 2
ds® = ugr? (—dt2 + dxz) + Tgrrz + for?®dy® + hor?®2dz?,
A, =7 ¢1= o,
Cy =1, ¢2=¢.

This solution has an anisotropic Lifshitz-type symmetry (t,z) — s(t,z), y — sy, z —
s*2z. The constants {ug, fo, ho, a1, 2, d10, P20} in (3.10) can be fully determined by the
values of the parameters m, q1, g2, A1, A2. In the following we will consider the simple case

(3.10)

¢1 = g2 and A\; = Ay where we have the permutation symmetry (3.7). In this case we have
a1 = g, fo = ho, $10 = P20, and (3.10) can be simplified as

ds® = ugr? (—dt2 + dx2) + j(;i + for2o (dyQ . sz) 7

A, =Cy =1, ¢1=0¢d2=010.

As the solution above is an exact solution of the system, we need to introduce irrelevant

(3.11)

deformations to flow this geometry to asymptotic AdS in the UV. In the IR the leading
order solutions with irrelevant perturbations are

u = u0r2 (1 + duq PP 4 dus 7“82) ,
f=for (14 8fir" 4 5f2r%)
b= for® (14 6har + 0hy ™) |
Cy=r" (1 + 0cp 1P + ey 7“62) , (3.12)
Oy = ¢y (1 + Oepor 771+ Spaa 7“'82) ;
A, =r™ (1 + daq PP das 7"82) ,
@y = @19 (1 + 811 7P+ 5o 7“/32) .

Taking into account the scaling symmetries of the system, There are only two free
parameters above: the sign of da; and the value of das. Only the choice of da; = —1 could
flow the geometry to asymptotic AdS boundary. The value of das can be freely changed to
tune the value of ¢/b and we could obtain the corresponding critical values of M. /b, My./c.
Note that in the holographic Weyl semimetal system, there is no free parameter for the
critical solution as the system has a fixed critical point. However, here we have a free
tuning parameter of ¢/b in the phase diagram and the critical point becomes a critical line
in the three dimensional phase diagram. Thus here we have an extra tuning parameter to
tune the value of ¢/b and the critical values of Mj./b, Ma./c will be determined accordingly.

We fix ¢ = g2 = 1 and A\; = Ay = 1/10 without loss of generality. We
have {ug, fo, $10, 1,051,082} — {2.367, 0.347, 1.081, 0.410, 1.063, 1.203}, {0ui,df1 =
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Figure 5. The critical value M, = M; /b (red), My = My /c (blue) as a function of ¢/b.

(5h1,(501,5¢11 = 5¢21} — {8.111, —27.212, 1, 8.832}(50,1 and {(5U2,5f2 = —5h2,502,(5¢12 =
—0¢aa} — {1.624, 262.692, — 1, 68.031}daz. Shooting to ¢/b = 1 we have the critical
values M, = M, = 0.908, which corresponds to the critical phase where four Weyl-Z5
nodes gather together as a single Dirac point.

As shown in figure 5, we numerically check that at large ¢/b the value of M, approaches
0.744 where only one pair of Weyl nodes exist as in [21], while M; goes to the same
value when ¢/b tends to zero which is consistent with the permutation symmetry of the
background. These two curves cross at ¢/b = 1. This physical picture is qualitatively
similar to the case in the weak coupling theory.

Next we will give the two phase transition solutions which correspond to the case where
only one pair of Weyl-Z, nodes annihilates to form a critical point. In the phase diagram
these two solutions correspond to critical lines with fixed value of ¢/b.

Weyl/Za-critical. In the weak coupling case, we have the two phase transition surfaces
where only one pair of Weyl/Zs nodes annihilates to a critical Dirac point while the other
pair of nodes still exists, as shown in figure 1(d) and 3(d). For this case it is critical along
one of the k, and k. directions while the two Weyl/Z3 nodes are separated along the other
direction.

For the one of these two phase transition surfaces with the critical node in the k,
direction, the holographic solution in the IR takes the following form

w="h=uyr’ (1+6u1r61> ,

f=for (L4ofir™)
Cy =r" (1 + dcy T'Bl) ,

Dy = @20 (1+5¢217“51> ;

V0
A, =ag+ Qﬁoq

2
aOTM“ 1

1 1+a271
O = P19 <T> exp | —

—90 —

exp [ — 2q1a0
r\/Uuo

q1a0
ryug )

)

(3.13)
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Figure 6. The holographic phase diagram at ¢/b=1. 54 =
corresponds to the critical phase, at which both 64 and 6z are zero. The blue dashed lines and the

purple dotted lines are two critical phase transition lines with one critical Dirac node and one pair
of nodes or gapped bands. The up-left and bottom-right parts of the phase diagram correspond
to the Weyl/Z5-Trivial phase where 57 = 0 while 54 # 0 or 5z # 0 while 54 = 0. The right-up
part in the phase diagram corresponds to the phase where both the Weyl-Zs nodes vanish and
become trivial, i.e. the Trivial-Trivial phase. In this case, both of the two anomalous transport
coefficients vanish. The left-down part in the phase diagram corresponds the phase where all of the

four Weyl-Z5 nodes exist. In this phase, 64 # 0 and 6z # 0 (i.e. the Weyl-Z5 phase).

With the above choice of ¢1, g2, A1, A2, we have {ug, fo, $20, a1, 51} — {1.468, 0.344, 0.947,
0.407, 1.315} and {du1,df1,d¢21,0c1} — {0.021, —0.159, 0.057, 0.0078}cy. Only the sign
of ¢q is important for the flow and it has to be chosen to be ¢g = —1. There are only two
shooting parameters ag and ¢19 corresponding to a surface in the three dimensional phase
diagram. When we fix ¢/b we will get a curve in the plane M; /b-Ms/c. Shooting to ¢/b =1
we obtain the (dashed blue) curve as the critical line with two endpoints as (0.908, 0.908)
and (0, 0.744) in the phase diagram of the M;-My plane (see figure 6).

For the case where it is critical along the k, direction while the Weyl-Z5 nodes are in
the k, direction, we could just change the IR solution (3.13) by (f, A;, ®1) <> (h,Cy, ®2)
following the permutation symmetry and integrating the system to the boundary, we obtain
another (dashed blue) curve with two endpoints as (0.908, 0.908) and (0.744, 0) on the M-

M plane at ¢/b = 1.

Critical-trivial. In the weak coupling system, when only one pair of Weyl/Zs nodes
annihilate to a critical Dirac point while the other pair of nodes becomes a trivial gap, we
have two critical-trivial phases, as shown in figure 3(e). In holography, the corresponding
geometry for the case where the y direction is critical while the z direction is trivial is as
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follows. In the IR, we have

u=ugr? (1 + dug P 4 a(Q) Sug 212 4 ¢%0 dus r2¢11> ,
f=for® (14 8fir" +agdfar® 2 4 6y 6 fs 2 ) |
h = ugr? (1 + dup P+ ad Shy 272 1 2 5hs r2‘f’“> ,

Cy=r" (1 + der e+ ad 8co M2 4¢3 des r2¢11) ; (3.14)
(I)Q = (;520 (1 + 5(;521 T’Bl + CL[2) 5¢2 T2a172 + (25%0 (5(Z)3 7’2¢11) 3
Az = ayp rot y
3
Dy = [+ + 107,
A1

where

—UgA1 (1 + 041) + \/24q2u0)\1 + U%)\% (1 + 01)2
a1l =
! 2’LLO)\1 ’

—up(3+ 1) + \/24u0 +ud (34 a1)?
2U0 '

(3.15)

o1 =

Because the backreactions of A, and ®; to the other fields are of the same order,
here we have considered higher order terms in the expansion to make the solution
more accurate. With the choice of g1 = g2 = 1 and Ay = Ay = 1/10, we have
{uo, fo, $20, 01, 51} —{6.914, 0.393, 2.137, 0.44, 0.886}, {du1,d f1,d¢21} —{-2.496, 28.77,
—2.659}561, {5UQ,6f2,5h2,562,5¢2} — {0032, 0.024, -0.3, 0.005, —00004}, {al,gbn} —
{2.312,0.236} and {dus, d fs3,dhs, dcs, 03} —{-2.241, 6.885, -2.241, 0.988, -1.053}. Note
that dc; has to be set to —1. The two shooting parameters are (ag, ¢19). Therefore, for
fixed ¢/b we obtain the solutions as a curve in the plane Ml—Mg. We find that when
shooting to ¢/b = 1, this solution only exist at M; > 0.908, which is the (dashed red)
curve in the phase diagram of figure 6. Similar to the case above, the solution for the
case that the z direction is critical while y direction is trivial can be obtained by replacing
(f,A., ®1) < (h,Cy, ®2). Shooting to ¢/b = 1 we obtain the red dashed curve in figure 6.

In the following we study the remaining three kinds of solutions (for four phases), each
of the phase corresponds to a two dimensional regime in the phase diagram for fixing ¢/b
and to a three dimensional regime in the three dimensional phase diagram.
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Weyl-Z5. This kind of solution corresponds to the phase with four Weyl nodes as shown
in figure 3(b). The leading order geometry in the IR has the following form,

w=f=h=r?,
& 3 2q2cq
C. — 0 920 (_ )
y =0t 167 r ’
3
_ T (q2Cp \ 2 q2Cp
Py = P20 3 (7") exp <_r) ) (3.16)
2 12 9
AL = ag+ ag 1o p(— qmo) ’
167 T

We have shooting parameters ag, cg, ¢10, P20- Either ag or ¢y can be fixed to be one and we
have three independent parameters. Shooting to ¢/b = 1 and with our choice of g1, g2, A1, A2
we find that this kind of solutions indeed only exists in the area of the left-down portion in
figure 6. In particular, we can start from (3.16) with the choice ap = ¢p,q1 = g2, A1 = A2
and ¢19 = @90, a straight line which connects the point (0,0) and the point (0.908,0.908)
in the phase diagram of figure 6 can be obtained. Varying the shooting parameters, we can
obtain different M; and My in the phase diagram.

Topological trivial solutions. In the case without any Weyl/Zs nodes as shown in
figure 3(a), the dual theory is topologically trivial along all the spatial directions.

In the IR the leading order geometry of the holographic solution takes the following
form

Cy cor SA2+A1(3+8A2)
¢y = \/)\?QJF qb207“_2+\/%7 (3.17)
A, = amAjL%,

1

We take ag, co, ¢10, P20 as the shooting parameters. Similar to the previous case, we have

three independent parameters and we find this kind of solution only exists in right-up
portion of the phase diagram of figure 6.

Weyl/Za-trivial phases. This kind of solution corresponds to two phases where only
one pair of Weyl/Z; nodes becomes trivial while the other pair of nodes still exists as
shown in figure 3(f). For the case where the y-direction is topologically nontrivial while
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the z-direction is topologically trivial, we have the leading order holographic solution in
the IR to be

2 12 2
Cy =co + %i)mexp (—:0) ,
®20 \/7< 3 ) ( COQ2> (3.18)
dy = — (14 = |exp| — ,
05/2q5/2u3/47’3/2 T 81 T/Ug
48q2
A, = aor71+\/1+ﬁ 7
/ of 14 /3+20M
(I)l = Agl + Qslo’r ( + 3+8X1 ) .

With three independent shooting parameters since one of {ag, co} could be set to be 1 and

with our choice of ¢1, g2, A1, A2, we find that this kind of solution only exists in the right-
down part in the phase diagram of figure 6. The solution for the case that the z direction is
critical while the y direction is trivial can be obtained by replacing (f, A., ®1) < (h, Cy, P2).
Thus we can obtain the left-up part in the phase diagram figure 6 from the procedure above.

3.2.1 Phase diagram

We have shown the solutions for the nine different phases in the previous subsection.
From the IR solution, we could tell if the solution has Weyl/Zs nodes or if the solution is
gapped from the IR behavior of the fields. As mentioned before, the anomalous transports
oanr and oz,apg calculated from the Kubo formula in (2.11) can be employed as the
order parameters. To be specific, we have a non-zero oapyg and oz,apg in the Weyl-Z5
phase, while the oz,ang (or oapgg) vanishes when we reach the Weyl/Zs-critical phase
or the Weyl/Zs-gap phase. Both of the two anomalous transports become zero at the
critical-critical point, the critical-gap phase and the gap-gap phase. In section 3.4, we will
confirm the corresponding phase for each solution from the behavior of the two anomalous
Hall transport coefficients oapr and oz,apr from the holographic calculation. In this
subsection, we will first summarize the phase diagram of the nine different phases/critical
lines/critical points above.

The phase diagram for the holographic model with ¢/b = 1 is shown in figure 6, which
is two dimensional in the parameter space. One can relax the ratio ¢/b = 1 to arbitrary
value and a three dimensional phase diagram can be obtained in the space of ¢/b, Ny, Mo,
as shown in figure 7. At each value of ¢/b, the qualitative behavior of the phase diagram
is the same. The nontrivial dependence on the value of ¢/b is similar to the behavior of
weakly coupled result in the right plot of figure 2. This is due to the fact that in the
holographic model the two axial gauge fields are no longer independent.

In the following we shall focus on the case of ¢/b = 1 and point out the different behav-
ior of the anomalous transport coefficients in different phases, whose detailed calculations
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Figure 7. The phase diagram of the system with three dimensionless parameters M; = M /b,
My = My/c and ¢/b. The red points are critical points forming a line, the blue dashed (blue solid
for ¢/b = 1) lines correspond to the critical phases where one pair of the nodes annihilate to a Dirac
point while the other pair of nodes still exist (so is the light blue surface) and the purple dotted
(purple solid at ¢/b = 1) lines correspond to another critical phase where one pair of nodes vanish
and become trivial while the other pair becomes a Dirac node (so is the light purple surface).

will be presented in the next section. In section 3.3 we will compute the free energy across
the phase separations to show that the phase transition is a continues phase transition.

In figure 6, the red point corresponds to the solution with the near horizon solu-
tion (3.12). This phase is a critical phase, both oapg and oz,aAugE are equal to zero. The
blue dashed lines and the purple dotted lines are two phase transition lines with two nodes
annihilating into a Dirac point and two nodes left. The left blue dashed lines correspond
to the solution in the IR regime in (3.13) with oz,ang = 0 while oapg # 0 and vice verse.®

Note that, the solution (3.18) corresponds to the phase where only one pair of Weyl/Zs
nodes exist while the other pair of nodes vanish. This phase is located at the up-left part
in the phase diagram of figure 6 (i.e. the Weyl/Z-Trivial phase). Using the permutation
symmetry of the system we can plot the right blue dashed line which corresponds to
oz,AHE 7 0 but oapg = 0, i.e. the Weyl/Z5-Critical phase. The right-down part can also
be obtained through the permutation symmetry and we can only measure the anomalous
Hall conductivity in this phase.

The right purple dotted line corresponds to the solution with the near horizon geome-
try (3.14) with both oz,aur and oapgg equal to zero (i.e. the Critical-Trivial phase). The
left purple dotted line can be obtained by the permutation symmetry. The right-up part in
the phase diagram corresponds to the phase where all the nodes vanish and become trivial,

8Note that we use dimensionless transports 54 and &z in figure 6 and figure 8. The dimensionless
transports are defined in (3.24).
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Figure 8. The phase diagram of the holographic system at ¢/b = 1/2 (left) and ¢/b = 2 (right)
respectively.

which has the near IR solution in (3.17). In this case, both of the two anomalous transport
coefficients vanish, i.e. the Trivial-Trivial phase. The left-down part in the phase diagram
has the near IR solution in (3.16) where all of the Weyl/Zs nodes exist. In this phase, both
oage and oz,AgE are nonzero, i.e. the Weyl-Z; phase. Finally we have a non-vanishing
oz,AHE and a zero oapg for the solution (3.18). It corresponds to the right-down part in
the phase diagram of figure 6.

We show the phase diagram at ¢/b = 1/2 and ¢/b = 2 in figure 8. As expected from
the permutation symmetry, these two plots are symmetric under M, <> M,. We can see
that when ¢/b changes, the qualitative behavior of the phase diagram does not change.

Several different paths in the phase diagram in figure 8, say left panel without loss
of generality, can lead to different phase transition processes. For the diagonal line, the
system undergoes a phase transition from the Weyl-Zs to the Weyl/ Zs-trivial phase. While
for the lines parallel to the vertical axis, the system may undergo different phase transition
processes according to the location of the critical point. For example, when we study
the line with fixed M; = 0.5, the system goes from the Weyl-Z to the other Weyl/Zs-
trivial phase. While a fixed M; = 1.3 gives a Weyl/Z,-trivial to the trivial-trivial phase
transition. When the fixed value approaches the critical point, say Ny = 1, we would have
a more interesting process. The system first goes from the Weyl/ Z,-trivial phase to the
trivial-trivial phase then to the other Weyl/Zs-trivial phase. While at M = (Ml)c, the
system goes from the Weyl/Z,-trivial to the other Weyl/Zs-trivial phase with increasing
M. Similar processes happen when we consider the path parallel to the horizontal axis. In
this paper, we only study the diagonal line without loss of generality. Note that the different
Weyl/ Zs-trivial /critical phases are characterised by different anomalous Hall conductivities

being zero, i.e. capg = 0 or 0z,anE = 0.

3.3 Free energy across the phase transition

In this section, we compute the free energy of this system to study whether the phase
transition is a continuous one. To compute the free energy, we need to be careful with the
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Figure 9. The free energy density as a function of M;/b = Ms/c at ¢/b = 1 across the critical

point. The red dot is the value of free energy density at the critical red dot in figure 6. We found
the phase transition is continuous and smooth (up to our numerical accuracy).

boundary counter-terms. The renormalized action is
Sren = Son—shell + SGH + Sc.t.a (319)

where Sop_shel 18 the bulk on-shell action, which can be calculated from (3.1) in section 3.1,
and Sgy is the Gibbons-Hawking term Sqyg = 2 fr:Too d4x\/—7K. The counter-term S, ;. is

1

1 1 1
Se= [ dtay= (<6 (@ @l g (logr®) | [FP 4 FE 4
S 2 TR

~ 1 ~
F2 4 Z 2
AT

1 N 1 A 2
D@+ Dol + (55 )10l (542 ) 1Bal 4 S 11 PioaP ). (3:20)
where 7, is the induced metric on the boundary r = r,, K is the trace of the extrinsic
curvature with K = v*”Vn, and n, is the outward unit vector normal to the boundary.
Compared to the counter-terms in [21], an extra term |®;|?|®2|? appears.

The bulk on-shell action is calculated to be a total derivative, which is

Son-shell = /d4xdr\/—g£ = —/d4:1:/dr (u’\/fhu)/. (3.21)
0

With the field expansion near the UV boundary » — oo, we obtain the free energy density
= —LSen = L(8M101 + 8M0s + 202 MEq? + 2c M3q3 + Abm + demo + M M+ Ao M),
as shown in (C.3). The detailed calculations are shown in appendix C. In the case that all
the Zo parameters vanish, i.e. g0 = Ao = My = ¢ = 0, this goes back to the same result as
the holographic Weyl semimetal system [22].

As an example, in figure 9, we show the free energy as a function of M;/b = Msy/c
at ¢/b = 1 close to the phase transition point. We find that though the solutions in the
IR are not continuous, however, the result of the free energy indicates that the quantum
phase transition is a continuous one. Similar feature of phase transition also appears
in [21, 37, 38]. We could expect that in general the system is smooth when it crosses the
phase transition.
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3.4 Order parameters: ocaAHE, 0z,AHE and finite temperature solutions

In this subsection, we will give the detailed calculations of the anomalous transports oapg
and oz,ApE. Since the system undergoes a topological phase transition, we employ the
anomalous transports as the order parameters [21]. We then calculate the anomalous
transports at both zero temperature and finite temperature. The different behavior of the
anomalous transports confirms the phase diagrams in previous sections. To be general, we
start with the finite temperature solution with the Ansatz as follows

2 2 2 2 o dr?
ds® = —udt® + vdzx® + fdy* + hdz +77

A=Adz, & =6, (3.22)

A=Cydy, ®3=¢n,

where all the fields are functions of the radial coordinate r. Compared to the zero tempera-
ture case (3.6), we have introduced another field v in the Ansatz. At T'= 0 we have u = v.
We will calculate the anomalous Hall conductivities which serve as the order parameters
of the phase transition.

The conductivities of a quantum many body system can be computed via the Kubo
formula which is shown in (2.11). In holography, the current-current retarded correlators
can be computed by studying the fluctuations of the gauge fields dual to the currents around
the background with in-falling boundary conditions near the horizon. We consider the
following six fluctuations to calculate the correlators: dV, = e~ v, (1), 6V, = ety (r),
SV, = e ™y, (1), 6V = ety (1), 0V, = e "0, () and 6V, = e~™*0, (). The detailed
calculations for the anomalous Hall transport coefficients can be found from appendix E,
and it turns out only the fluctuations 4V, dV,, 8V, are crucial for the Hall conductivities.
For both nonzero and zero temperatures we have

oAnE = 8aA; (o) , oz,AHE = 88CYy (19) . (3.23)

In the following we shall focus on the dimensionless normalized transport coefficients

. OAHE . OZ,AHE
AT Rab 7z = 8Bc

(3.24)

In figure 10 we plot &4 as a function of Ny = M, with different temperatures when
¢/b=1. We have chosen ¢; = g2 = 1 and A\; = A2 = 1/10. Note that in this case from the
permutation symmetry, &z has exactly the same behavior. From figure 10, we note that
at zero temperature, both 64 and &z are nontrivial in the regime M;/b = My/c < 0.908
which indicates the existence of a topological phase transition from the phase with two
pairs of Weyl/Zs nodes at the region M;/b = Ms/c < 0.908 to the fully gapped phase
at the region M;/b = Ms/c > 0.908. At finite temperature case, when we decrease the
temperature, cagg approximates closer to zero in the trivial phase.

Next, we will comment on the effect of ¢/b on oapg and oz,ang. In the weakly coupled

2 2
case we have 64 o< /1 — % and 67 < /1 — % in the Weyl-Zo semimetal phase. If we fix
My = N but with ¢/b # 1, we will have different behaviors of the anomalous transport,
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Figure 10. For Ny = N, = M, the order parameter & (we use & as the axis label for simplification
since 54 = 6z = &) as a function of M at T/b = 0.06,0.05,0.04 and zero temperature with ¢/b = 1.
qur=¢qgas=1and A\ = Ay = 1/10

ie,ifc¢/b > 1 at My = Ny, we have 54 > 55. We will study the effect of ¢/b on oang
and oz,apE in holography. In figure 11 we plotted ocapg and oz,AnE at zero temperature
but with fixed ¢/b = 2. Here we fix ¢ = g2 = 1 and A\; = A2 = 1/10 and in this case
the critical values for the critical phase are (M;/b). = 1.0044 and (Msy/c). = 0.8414,
respectively. From the plot in figure 11, we note that in both phases, we have 64 > 6,
which is qualitatively the same as the behavior in the weak coupling regime. Compared to
figure 10, these transport behaviors indicate that the system is in the phase where one pair
of Weyl/Z3 nodes becomes a gap while the other pair of nodes still exists, i.e. the left-up
part in the right plot of figure 8. We also note that at the interval M, = My > 0.7872, the
nonzero anomalous Hall conductivity slowly decreases while oz, agr already becomes zero
at this interval. This behavior is similar to the weakly coupled result. Note that different
from the weakly couple case, the critical value of M here is smaller than that of the critical-
critical point. This could naturally be seen from the phase diagram figure 8 where the blue
dotted phase transition line is curved instead of being straight as in weakly coupled case.

We will shortly comment on the effect of the couplings q¢i,q2, A1, A2 on oapg and
oz,AHE- As is mentioned in [24, 27], at very low temperature, the temperature scaling
behavior of anomaly transports in the quantum critical region can be determined from the
anisotropic scaling exponents a1 and . We also note that the scaling exponents are fully
determined by the parameters q1, g2, A1, A2. Hence, if we change these parameters, we will
have different locations of the critical values and different transport behaviors. Different
from the weakly coupled case, these parameters are taken to be free parameters in hologra-
phy. Previous studies on the effect of ¢, A to the critical value of phase transition have been
done in [21, 25], and here we focus on their effect on Hall conductivities. For simplicity, we
choose two groups of parameters where ¢; = 1,A\; = 1/10, g2 = 3/2,\a = 1/2 and ¢; = 1,
A1 = 1/10, g2 = 13/10, Ao = 45/100 separately. With these two group of parameters we
calculate the two anomalous transport coefficients at T' = 0.04. The corresponding results
are shown in figure 12. Numerically it is not difficult to get a finite temperature solutions
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Figure 11. The anomalous transport as a function of M = M, = M,, i.e. along the diagonal line
in the phase diagram from left bottom to right top, at zero temperature with ¢/b = 2. ¢1 = ¢2 =
1, A1 = Ay = 1/10.

for this case, while the zero temperature solution is extremely difficult with ¢; # ¢o and
A1 # Ao. Nevertheless we could estimate the location of the critical point MLQC in the
following way.

Firstly, we calculate the critical values of MC at g1 = g2 = 3/2 and A\; = Ao = 1/2 from
the zero temperature solution in (3.11), which are obtained to be (M), = (Ms). = 0.837.
For the case where ¢1 = g2 = 13/10 and A\; = A9 = 45/100, we find that the critical
values are (Ml)c = (]\21(2)C = 0.881. Remember that for ¢ = ¢o = 1 and \; = A2 = 1/10
we have (M), = (M), = 0.908. As shown in [21, 25], with a relatively larger g, the
critical value M, becomes smaller and the effect of q is more important than the effect of
A. Thus it is naturally expected that 0.837 < (Mg)c < (Ml)c < 0908 at ¢ = 1, =
1/10, g2 = 3/2,X9 = 1/2 and 0.881 < (M), < (M), < 0.908 q; = 1,A\; = 1/10,
g2 = 13/10,\2 = 45/100. Qualitatively, we can arrive at the conclusion by calculating
the solution in (3.16) which should approach the critical solution in certain limit. From
figure 12, we note that at very low temperature the two transports 64,57 cross and for
large M we have & A4 > 6z. We will show that this is another numerical evidence for the
conjecture about the temperature dependence of the anomalous transports found in [21, 27].
From the conjecture, the anomalous Hall conductivities are temperature dependent, which
are given by 64 o« T, and 6z o« T2, If a1 < ao, then we may deduce that 64 > &z near
the critical region as figure 12 shows. Actually, the value of o1 and the anisotropic scaling
exponent ao for all of the parameters mentioned above can be calculated and we have
checked that for all these two groups of parameters as is indeed larger than «y. Strictly
speaking, a more general zero temperature solution (3.10) of the critical region is needed
where we can realize the different anisotropic scaling exponents (also the location of the
critical values) caused by different ¢q1,q2 and A1, A2. A comparison is also needed with
the zero temperature weak coupling field theory, which will be left for future work. These
results show that the difference between the 6 4 and &z suffers form the contributions both
of the mass parameters M 2 and the relative distance ¢/b of the nodes. It is interesting

— 30 —



----- - 7=0.04, 64 | wor
—7=0.04, 6, |

0.8 0.8

0.6 0.6f

S

0.4 0.4

0.2 0.2

0.0 1 0.0t 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

M M
Figure 12. The transport parameters as a function of M (= M, = Mg, i.e. the diagonal line in
the phase diagram.) at ¢/b = 1,T/b = 0.04, with ¢1 = 1, A\; = 1/10,¢2 = 3/2, A2 = 1/2 (left), and
with g1 =1, Ay = 1/10, g2 = 13/10, Ao = 45/100 (right).

to see whether these conclusions from holographic calculations can be verified by further
experiments.

4 Conclusion and discussion

In summary, we have studied two effective field theories for Weyl-Zs semimetal which carry
different types of topological charges. They share similar phase diagrams but different
features. We have also built a holographic model for a Weyl-Zs semimetal with two pairs
of Weyl/Zs nodes, carrying Weyl and Zs topological charges. The dual system has both
chiral anomaly and Z3 anomaly. The novel Z; anomaly in the system indicates the non-
conservation of the Zs charge in the presence of an external electric field, which is quite
similar to the chiral anomaly. The holographic model shares both features of the two
weakly coupled field theory models.

We found that the system can also have topological phase transitions between topolog-
ically nontrivial phases and trivial phases with the order parameters being the anomalous
Hall conductivity and the Zs anomalous Hall conductivity. In the complete phase diagram,
there are nine phases/phase transition lines/critical points and we have obtained nine so-
lutions at zero temperature in the holographic model to correspond to these nine cases.
We calculated the anomalous Hall conductivity and the Z5 anomalous Hall conductivity in
the holographic model and found that these two transport parameters are non-vanishing
in the topological phases and both become zero at the trivial phase at zero temperature,
which indicates the existence of the topological phase transitions.

We also show the different behavior of capg and oz,aur and find that both of the
mass parameters and the relative distance of the nodes will contribute to the difference.
This can lead to observable effects in the measure of the magnetoconductivity and may be
checked in experiments in the future.

There are still some open questions that we would like to leave for future work. First,
the topological invariants in the holographic construction could in principle be calculated
using the method of [29] with appropriate bulk action for the probe fermions. With this
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calculation one could identify the topological charges of the nodes in the dual theory and
make precise connection to the weakly coupled theory. Second, we would like to mention
that in the process of our calculation of the anomalous transport in subsection 3.4, Ny, = M,
is chosen for convenience. From the phase diagram we know that M, can take different
values from MQ, so this may lead to a more interesting picture and we leave this in a future
work. Finally, we could also try to work out the topological structure and the complete
phase diagram for the more general case with an extra SU(2) non-Abelian gauge field with
different types of components turned on.
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A The Ward identity from the field theory

In this appendix, we compute the ward identity of the theory (2.8). Here we take the mass
term as zero for simplicity since the contribution of the mass term can be added directly
after we obtain the desired expression. The massless action is

Se = / 20T (@) 100" [ (10, — e (A + SoA,) = b0y = .17, L) W (z) (A1)
where ‘Gamma’ matrices are defined in (2.3). Here, S, = Tr= PO POPR which is just
Ig«s, we drop this in the following. Under the chiral and Zs transformation

—ia101(2)T5T; /2—icabs(2)[°15 /2
P —y et 1(x) 1/2—ia202 () 2/ \117

U — \Tje—iaﬁl(z)F5II/2_m292(I)f512/2 (A2)

where we follow the notations in Fujikawa’s [44, 46] that a1 = ds1, ay = ds2, where
s1(s2) € [0, 1] to parameterize the infinite sequence of the chiral(Zs) gauge transformations.
The theta functions are defined as 0; (x) = 20*z, and 63 (z) = 2ct'x,, .

Then the action becomes

Sut = / dhe U1 (@) T (i), — e (A + A,) ~ T (1= 1) b, — Ly (1 - 2) 6] ¥ (a) .

We can define [p = T'# [0# +ie (Au + Au) +i(1—s1) b#F511 +i(1— s2) C#f512:|, and

assume ¢, (v) satisfies D, (¥) = endn (z). We expand the Grassmann variables as
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T (z) = Yeadn (z), ¥ (x) = Y0¥ () &, where ¢, and ¢, are new Grassmann variables.

Then the infinitesimal transformation operator can be defined as

Unm = Onm — ds% / d*z ¢F () (91 (2) 5Ty + 6 () f512) bn (2). (A.3)

Note that we have defined s; = so = s without loss of generality.
The path integral Jacobian can be obtained immediately,

zdsfd quﬁn (91(x YTOT1 +02(z )F5IQ)¢n(x)
J=det (U72) = . (A.4)

Consider the quantity appearing in the exponential and we define the following

Z¢ ) LTy (z) Z¢ ) PPT6, (z) . (A.5)

With the standard method of heat kernel regularization, we have

= Jlim 3767 (#) The” 60 (o) = Jlim 3767 (=) The” 0 (x)
(A.6)
:Algnooz¢ 2) TPLhe” A2¢ = lim Z¢ ) IPLye™ % én (2),

where

o )
P* = —D'D, — (1 — 5)* (bub" + c,c”) + i{ . 8) 1w v (6D Ty + ¢, D, 17T, )

. ) 0 -
+% 0,1 (Fy + Fru) + il . S) 1w v (F5T7L + B, T°1) (A7)

Then we have

Ak R (iky, 4+ D,)* (1 —5)2 (b + cuct)
T -5 % B w B
I (z) A11—1>noo (2#)46 AZtrIT; exp { A2 + A2

e A~ (1 — PN
S 0T (B + Fu) — L= 9) i oy (B2, 7L + £2,1°L)

4A2 4A2
1 0= 8) p oy [b (ik, + D)) Ty + ¢, (ik, + D,) [
IA2 i v v 1T Cu TRy v 2| (>

(ik, + D,)? N (1 — 8)2 (bub* + cpct) (A-8)

A2 A?

2
A—>oo/

7€ A2 trF5IQ exp {

” i(l1—5s) vi (5 5 A5 5
_ 47\2 0, 0] (B B ) — S o) (Fo,0°L + £3,1°T)
2(1 _S) JTRR oY% . 5 . A5
+ e [T [bﬂ(mﬁpy)r I, + ¢, (ik, + D,) T 12} .

When A — oo, only O (A%) or higher order can contribute to I; (z) and Iz (z), therefore
. 2
only the term {[F“, INg (FW + F,w)} makes sense.
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Based on tr (r%rﬂryrarﬂ) = 16ieweB, tr (f%wrvrarﬁ) = 0 and
tr (f512f‘“f”faf5) = 16ie"**# | we have
1 . A
I(@)=1(2)+ (@) = 556" |FuFas + FuFop + FuFog + FuwFag) . (A9)

Integrate the fermionic part in the action, we have

1
Sp = i / ds / A [0y (2) 1 () + s (2) I (2)] (A.10)
0
ie Vo PN A A
= 532 / d'w 091 () (FuFop + EyFog) + 05 (2) (FuFap + FuFag)] -

Integrating by parts and eliminating a total derivative term, we have Sy in the Chern-

Simons form
Sp=——5 [ dtdrb, e (4,0, A5+ A,00A5) — 5 [ dtdre,e™? (4,00 A5+ A,0045)
0= A2 € vOaAp vOalpg A2 re,€ vOa 1 vOaAg |,

then the functional derivative of Sp with respect to the gauge field A, would give the charge
current J*, while the functional derivative with respect to the gauge field flu gives the
spin current JH. They are

S e? e? A
JH = ST ﬁbye“”aﬂﬁaflg + ﬁcl,e‘“’aﬁaa/lﬁ,
v A.11)
- 65 e? A e? (
Jh = T3A. = Tﬁbye“”aﬂaaflg + ﬁcye“l’aﬁﬁa/lg,
14
then we have
e? PR X e? . .
OuIT" = @e’waﬁ (Fqugﬁ + FuVF2ﬁ> . 0Tt = @Gumﬁ (Fngﬁ + Fuquﬁ) :
(A.12)
To obtain the Ward identity, we define vector currents via
TJH=Jt+ Tk, Jr=J1+Jh, (A.13)
then we can obtain the derivative of the currents as
0, " =+ e? chvap (FL,RFL,R T FL,RFLR)
PY LR ™ 2 v B pv 8 )
321 ¢ ¢ (A.14)
5 e v L,R {»L,R
Ol p = +1pz"  Fu "
Now we define axial currents via
Jih=gt-Jk, Jt=J7"-Jk, (A.15)
and a basis of vector-like and axial gauge fields
Lr,n R 5 1/p R
= ). = (0. o
Lsin | R s lan R '
Ay, = (AL + Al Au_i(AM—AN



Thus, we have the Ward identities as

2
e A A Ap A
8#‘75 = 76/“’045 (F/WF&B + FEVFO% + FHVFOéﬁ + F,lfl/Fgﬁ) )

2
: 127; A o A (A.17)
0T = Ig;§eﬂ”aﬁ (PLVPQB-+-Pﬁyﬁgﬁ-+-Ppyﬁh5-+'5ﬁyfgﬁ>-

We note that in (A.12), the vector currents are not conserved. This is because we
should write the currents in the form of the consistent current [47] by adding the local
counterterms which is the so-called Bardeen counterterms to our action [48]. The form of
the Bardeen counterterm is

/d4x6m/aﬁ {Auby (CHFa5 + C12F§ﬁ + Clgﬁa[g + 014F25>

+A4,c, (021Fa5 + e Flg + cosFop + 624F2g)] .

If we take c11 = ¢13 = €91 = o3 = i and c13 = c14 = o2 = c94 = 0, then we have

0, T" =0,
O JT" =0,
¢’ T A18
OuTt = 55" (3FuwFap + FiFip +3FuFag + FLF2) (A.18)
5 e’ vap r 5 £5
Ot = 55" (6FuwFup + 25, El)

With the mass terms included, we can obtain the formula (2.18) in the main text. These
Ward identities are very important, which are used in the main text and can also be
obtained in our holography model.
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B The equations of motion at zero temperature

The equations of motion of the corresponding field are given as follows:

PN A2 CF 2 At Ag
u+2(f++1;)—“< —8+smi0t+ Loty 22l 4 2 =0,

f ' h 3\ h f 3 3 3
/ / ! ! 12 12
17 frf h 3“) 2hCy +fAz f|: 2 2 2 2 A1 4 A2 4:|
— (L) Ty 2t LR 2 (924 P ol =0,
Q(f o u 3h +3m(1+2)+31+3
AZCF 'R f w1 2 g2\ O AT+ N @4
b 4f+4fh+(f+h+2u)2(q) ¢2)*E+T
i AT GCyP3|
m? (0} +®3) + | =0
3u I 2¢7 A, P?
A// A - 1 z 1:
(Qu +2f) u 0,
C//+Cl(3u_f/+h>_ %Cy(bg:(),
2u  2f U
o + @ (3“+ +f/>—q>1 m? 4\ <1>2+—‘]%Az =0
V75 2u "20 " 2f) W LR
3u/ h/ f/ (1)2 qgca
1 @/ . J _ o4 2 )\(1)2 y —
2+ 2<2u+2h+2f) u (m th®t Ty 0,
(B.1)

where the prime is the derivative with respect to the radial coordinate r. We have seven
independent ordinary differential equations for seven unknown fields.

C The free energy

With the formula of the free energy of the system (3.21), we need to expand the field at
the UV. Close to the UV boundary, we can obtain the following behavior of the fields

MZ+M3  logr

.2 4 27 72 4 4 4) W
w=rt Ty (2M1 +4MP M3 +2My +3) M +3>\2M2)+T—2+...
MZ2+M2  logr
f=r2-= 3 2 +18g2 (2M{1+4M12M22+2M§+3A1M;*+3A2M§+9c2q§M§)+f—§+...
ME+M2 1 h
h= 2 1;: 2 12?2 (20 +4M3 MF +2M 430 M+ 300 My +9b6 M2) + -+
T
bM?2¢?logr
Az =b— 17(2 & %+
o _ . CMiglogr
v r2 7'7+
My logr Oy
= = (2M 2 MG 3V MY 3N MY )
My  logr 0
By = 72_ 67%3 (2M2+2M2M1+3c2q§M2+3A2M2)+ +.. (C.1)
with h; = —2f1 + 3761 — M1071 + 162 M1 Alé\/ll from the equatlon of motion. We
have a radially conserved quantity UA AZ f % + % + 34 T — 2u’ = 0, which gives
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fi = (1AM} — 72M1 04 + 18b2qI M + 9c®q3 M3 + 36bny + 36¢mz — 144wy + 9N M), We
also have another radially conserved relation which gives f; = %(—28M12M22 — 14M3$ +
72M509 — 9c¢* M. —|— T2uq — 9/\2M§1). Note that one can determine the above expansions
only up to a shlft r — r + a. The two equations will lead to one identical relation, which
will be used later.

Taking into account the boundary terms and performing a Wick rotation, the free
energy density can be obtained as

Q 1
V = _VSren = 36 [SMZ (6C QQM2 + 7]\42 - 2402) (Cz)

+144 1 — TM{ + 42MPM3 + T2M1 01 + 18X My — 36u1 .

With the two relations of f in the above paragraph, we can replace the cross term MZM3,
and arrive at
Q 1
V= §(8M101 + 8My0y + 20 M2q? 4+ 262 M2q3 + 4bny + demy + M MY+ Mo M), (C.3)
We can also check the relationship between the free energy and total energy density,
this can be done as follows. The stress tensor for the dual field theory can be calculated as

2 60Sex.
T = 2K — Y K) + \/7 S (C.4)
The total energy density is
_ —~ /70 2 3 _
e= lim V={TY) =~ [3M2 (6023 M, + TMS — 240 (C.5)

+ 144 f1 — TM{ + 42MM3 + T2M 01 + 18X My — 36u1.

Hence, from (C.2) and (C.5) we have % =e.

D The near horizon expansion of the background geometry

At finite temperature, the background geometry has the following near horizon form
u=4rT (r —ro)+...

2 (¢? 2 Mot + Nopd — 24
V= — v (¢11 + 631) m*rg + Mg + oy 7"0( o)t

127rT7"O
f=h+falr—ro)+...
h:h1+h2(T—To)+...
. Azl‘]%@ﬁl
Az—Az1+W(T—TO)+~- (D.1)
Cy1¢593
C'y:C'yl—&—%(r—m)—l—...
réy = bu1 + h1¢11m g+ p11 A2 girg + 4h1¢117rT7’0 + hiAi163, (r—10) + ...
m2r¢ + ¢po1C% q3r3 + 4 ©Tro + filads
réa = doy + Jigaam?rg + ¢a1Cy1a57 2f1<l521 0+ f1Aegs, (r—r0)+ ...
4f17TT7"0
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E Calculations of conductivities in holography

The corresponding equations of motion for the fluctuations in section 3.4 are

g L W R 2 w? Siawy/fhv A 8ifw+/ fhvC,
s (L e

/ J—
2\ f h  u $+u * ufh Yy ufh 0:=0,
1/J ff B 2 w? Biawy/fhvAL
I (A e W v=0, (E1
Uﬁb(v f+h+u)%+2% — . (E.1)
1/0 W f 2 w2 81w/ fvhC!
ap LU AU, W Y, _
vz+2(v h+f+u>vz+u2vz+ Fuo (. ,
and
A//_'_} ﬂ_i+ﬂ+27w A/+W72A +8iawvahAle _8i5wvfth; B
T\ F Ty T T W) UQW Fuh Y ufh 2T
1 /0 f 2u’ w? Biawy/ fvh AL
N B L U _ E.2
%+2<v f+h+- ) + gy - o0 =0, (E.2)
”+1(2/ _|_f,_|_> _|_w72v M@ —
= 2\v h f u? vfu T

These six equations are divided into two groups. The first group gives both the elec-
tric Hall conductivity and the spin Hall conductivity. Therefore, we shall focus on the
fluctuations v, vy, 0.. We show here the calculations of the Hall conductivities.

Let us start from the finite temperature case. We work in the small w limit w < rg.

The fluctuations vy, vy, 0, which satisfies the infalling boundary condition can be expanded
in the whole radial direction as [21, 22]

Vi = u"ieT (vl@) + wvgl) +.. ) , b, = uAnT (ﬁgo) + w4 .. ) , (E.3)
where i = z,y. We solve the equations (E.1) order by order in w.
At zeroth order of w, we have

17 J K 2u
o)y (s Y " “t 0y _
Uy +2<f U—i-h—i—u)vx 0,
1/ f K 2u
Oy = (2 _J 22 0y E.4
Yy +2<v f+h+u)vy 0, (B-4)
1/ o 2u
~(0)1r I A 2% ) ~(0)
Uy 2 <1} 3 + = 7 + " ) Uy 0

These three equations can be further simplified as

w/Fh o) _ w/oh o\ w/of o\ _
( NG Uy ) =0, ( NG vy =0, T 0} =0, (E.5)

thus we have véo) = ¢y, v?(jo) = ca, @,20) = c3, where ¢; with ¢ = 1,2,3 are integration
constants and we have used the regularity condition.
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At first order of w, we have

L/ o B 24 i u f’
(OO LT A L ke S Y ¢ D L2 (0)
Va +2<f v+h+u)vw 47rTu<’ + f)
4i\/fhv
{0y ZV I 0) 4" _ 980 =
27rT + Fhu (20w A, — 250, Cy) =0,
170 f W 2u 7 u o f v
W 2 (2L 02y L _ L (0)
Yy +2<v f+h+ u)vy 47rTu<u’ 2f+ + ) Yy (E.6)
i L0 Sza\/thA’ ROR '
2nTu Y  fhu e ’
1 /v 1 i 4 R 1 o
s Z (2 5 L L L 5(0)
vz +2<v h+f+u)v 47rTu<’ +f+ )
iu’ @0,_’_81/6’\/]%0’ 0 _
2rTu ? fuv o

We focus on the retarded Green function G, = (J,J,) g and GE = (J,J,)R. For GE .
we can choose the source term ¢y = 1, ¢ = ¢3 = 0, and we have the equation for vél) as
U(l)// + 1 (’Ul f, h/ 2’U/) ’[)(1)/ . 8i()é\/ fh’UA;

T TR ) huv

o =0. (E.7)

Y 2

/
The above equation can be simplified as uvh, (D) 8ia9A’ with the regular-
\/J*c Y

ity boundary condition we have vél)/ = 8ieA:()=A:O)VY - Fepce, we have Im GR =

uy/hf
8wa (A, (1) — A, (r9)). From the Kubo formula, we have o,, = 8a(b— A; (r0)), and
oARE = 8ab — 0,y = 8aA, (ro). Similarly, we can obtain the Zs anomalous conductiv-
ity 0z,ank from Im GE, = 8wa (Cy, (r) — C, (r9)) and obtain oz,aur = 83C, (ro).
Now we calculate the anomalous transports at zero temperature following the near-far

matching method in [21]. We take the case of four Weyl nodes as an example and the
calculations for the other cases are straightforward to calculate. Using the leading order
solution of the near IR solutions in (3.16), (3.17), (3.18), the corresponding equations of
motion for v; and ¥; have the form

2
o By LS g gy B o o, (E8)
T r r
where ¢ = x,y. This form of equations have been discussed in [21] and we can

expand the in-falling near horizon solutions in the matching regime w <« r <
min { M, b} (or w < r < min {Mp, c}) as

2 ~ 2 ;
(TLO) _ w w A(’N,O) _1_ w _ —Ww
v, 1-— 42< 1+2’y+21n[2r }), 1 42< 1—|—2’y+21n[2r}).

Note that the above three solutions are three independent boundary conditions. The same
as the finite temperature case mentioned above, we focus on ny and CA?ZE We choose the
near horizon condition with v(no) = @g’"‘o) = 0 while v;gno) as above. We will calculate the

far region solution sourced by this infalling near horizon solution.
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At the matching region the near horizon solution above gives vg(cn) =1, v§ ) wvgsnl)

~(n) ~(nl)

and 0, ' = wv; ', where
Joy B0 = A ©O)  _ BEGW-CO) g
Y uor3 ugrs
These solutions are boundary conditions for the fluctuations in the far region.
In the far region r > w, we have equations
! 82ﬁ
() ( f ) (/) SWA o) ol =
oI+ (=)o) == 0,
2 f h VS v fh
O (3“ I ) (fy _ 820‘f SiavJA: (1 _ (E11)
W 2 f h) hu 0,
st 4 L (3“' LI h') sty 4 SPVIC, Szﬁf o) = 0.
2\ u f h uv/ f
The far regime solutions with the above boundary condition are o) = 1, vl(,f ) = wvz(,f 2
(), S0
and 9y’ = wty’ "/ with
Sy Bl (A (r) — 4. (0) sy 8iB(Cy (1) — Gy (0)) (.12)
Y Vuhf ’ z Vuhf ’ ’

From the solutions above we obtain oapr = 8aA; (0) and oz,aur = 88Cy (0). For other
phases one can use the same method above and obtain the same results for the anomalous
Hall conductivities. Thus the formulas for the anomalous Hall conductivity (Z2 anomalous
Hall conductivity) are the same for both the finite temperature and zero temperature.
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