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ABSTRACT: We introduce a holographic model that exhibits a coexistence state of the Weyl
semimetal and the topological nodal line state, providing us with a valuable tool to investigate
the system’s behavior in the strong coupling regime. Nine types of bulk solutions exhibiting
different IR behaviors have been identified, corresponding to nine different types of boundary
states. These nine states include four distinct phases, namely the Weyl-nodal phase, the
gap-nodal phase, the Weyl gap phase and the gap-gap phase, four phase boundaries, which
are the Weyl-Dirac phase, the gap-Dirac phase, the Dirac-gap phase and the Dirac-nodal
phase, and finally a double critical point. A phase diagram is plotted that exhibits qualitative
similarity to the one obtained in the weak coupling limit. The anomalous Hall conductivity,
which serves as an order parameter, and the free energy are calculated, with the latter showing
the continuity of the topological phase transitions within the system. Our study highlights
the similarities and differences in such a topological system between the weak and strong
coupling regimes, paving the way for further experimental observations.
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1 Introduction

Classifying the states of many-body systems is one of the central problems in condensed
matter physics. The topological properties of many-body systems have become increasingly
important in recent years, giving rise to a new class of many-body systems known as topological
materials. In contrast to traditional materials, the phase transition in a many-body system
with non-trivial topological properties cannot be described by the Landau paradigm. This
is an indication of the existence of new physics and attracts a lot of research interest in
the study of the classification of the many-body system from the topology [1], as well as
the possible topological phase transition process.

Topological semimetals are a large class of topological materials with several novel
properties, such as non-dissipative transport, topological robustness, and the realization
of particles that cannot be present in the standard model of particle physics. They are
characterized by the crossing of the conduction and valence bands in the Brillouin zone.
In addition, various symmetries play important roles in different types of semimetals. For
instance, Dirac semimetals possess both time reversal and inversion symmetries [2—4], while
Weyl semimetals possess only time reversal or inversion symmetry [5, 6]. Topological nodal
line semimetals are characterized by mirror reflection symmetry, PT symmetry, or glide
mirror symmetry [7, 8], and Weyl-Zs semimetals have an additional Z, symmetry [9, 10].
The lattice model based on the symmetry can be used to describe the fundamental properties
of topological systems. However, it is only valid to describe the low energy excitation of
quasiparticles, in particular in the regime of weak coupling. In realistic materials, inevitably
strong interactions such as spin-orbit coupling and perturbations exist, which invalidate the
quasiparticle description. Besides, hydrodynamic behaviours of the Weyl semimetals have been



observed in the experiments [11]. For the study of physical problems, especially those related
to physical systems in the strong coupling regime, a distinct system description is necessary.

Holography, originated from string theory, is an efficient way to study strongly coupled
many body systems [12, 13]. Holographic models have been successfully used to describe
superconductors [14], Dirac semimetals [15], Weyl semimetals [16, 17], nodalline semimet-
als [18, 19], Zy-Weyl semimetals [20], and others. Besides, transports [21-24] and the effect
of disorders [25-28] also can be studied by holography. Holography builds the bridge that
connects high-energy physics and the condensed matter world. It allows for the study of
similarities and differences between weak coupling and strong coupling regimes, promoting
a deeper understanding of topological systems and gravity.

TaAs is considered the first realized Weyl semimetal candidate. It can present the
Weyl semimetal state and the nodal line state, depending on the existence of spin-orbit
coupling [29]. Besides, from first principle calculations, it has been found that a collinear
antiferromagnet can host both Weyl semimetal and nodal line semimetal [30]. Therefore,
it would be interesting to verify if we could find a strongly coupled system that can host
both the Weyl semimetal and the nodal line semimetal states.

To construct such a holography model, we will need to obtain clues from a covariant
formulation of the system in the weakly coupled limit, which could be fulfilled by Lorentz-
covariant field theories. Lorentz-covariant field theory models have been successfully applied
in the holography model of the Weyl semimetal [16, 17] and the nodal line semimetals [18, 19].
Recently, a field theoretic model based on Lorentz covariant field theory demonstrated the
coexistence of a Weyl semi-metal phase and a topological nodal line semi-metal [31]. The
model introduces an eight-component spinor that exists in an expanded Hilbert space. Each
half of the eight-component spinor is responsible for forming either the Weyl nodes or the
nodal ring of a nodal line semimetal. In this paper, we construct a holographic model for
studying a physical system in which the Weyl semimetal and the nodal-line semimetal coexist
in the strongly coupled regime. By solving the model at zero temperature we obtain nine
distinct solutions corresponding to nine different phases, similar to the weakly coupled field
theory models. The anomalous Hall conductivity is calculated as one order parameter of the
topological phase transition. Additionally, we assessed the continuity of the phase transition
by calculating the free energy.

This paper is organized as follows: section 2 reviews effective field theory models that
realize the coexistence of Weyl semimetals and nodal line semimetals. Section 3.1 presents
the holographic model and its solutions at zero temperature, while section 3.2 provides the
complete phase diagram. Anomalous Hall conductivity and free energy calculations are
presented in section 3.3. Finally, section 4 offers discussions and outlook.

2 Review of effective field theory model of coexistence of topological
semimetal states

For our goal of developing a holographic model for topological semimetals with the coexistence
of topological nodal line and Weyl semimetals, we will need to initially examine an effective field
theoretic model in a covariant form, which provides insights for the holographic construction
of the system. Furthermore, it is essential to compare the physics of strongly coupled systems



with that of weakly coupled systems to gain a comprehensive understanding of the strongly
coupled effects in topological states. In this section, we therefore provide a review for the
effective field theory model in which a topological system where Weyl semimetals and nodal
line semimetals can coexist [31]. We will present a description of the phase diagram along with
discussions of phase transitions to provide a comprehensive understanding of the behavior
of the weakly coupled system.

2.1 Model and energy spectrum

To have a field theoretic model of topological semimetals in a covariant form, Lorentz
symmetry breaking terms in a relativistic field theory are required. The Lorentz breaking
relativistic field theory models have been studied extensively in high energy physics. The
energy bands of several topological semimetal states can be realized by adding Lorentz
symmetry breaking terms, which can be viewed as the effective mass terms of the fermions in
the relativistic field theory. For instance, a Weyl semimetal with a single pair of Weyl nodes
can be achieved by introducing a Lorentz-breaking term proportional to the gamma matrices
a5 (32, 33]. Similarly, a nodal line semimetal can be created by adding a term proportional
to an antisymmetric two-form field to break the Lorentz symmetry [7, 18, 19].

Therefore, to incorporate both Weyl and nodal line semimetal states in one system, we
need a combination of these two kinds of terms, i.e. the axial gauge field responsible for the
Weyl semimetal and a two-form field of the nodal line semimetal. In [31], the competition
between these two terms in an effective field theory has been considered. It was shown
that the system behaves differently when the non-zero components of the one-form and the
two-form fields are in two nonequivalent configurations. Specifically, the coexistence of the
nodal line state and the Weyl semimetal state occurs only when the non-zero component of
the axial gauge field aligns with the axis perpendicular to the plane where the nodal ring
persists. Conversely, only the Weyl semimetal state survives if the non-zero component of
the axial gauge field lies within the plane of the nodal ring. This is attributed to the fact
that the existence of topological nodal line semimetals heavily relies on the preservation of
certain symmetries, the mirror reflection symmetry in this context. This mirror reflection
symmetry will be broken by the axial gauge field. The holographic study for this system
will be presented in a future work.

In this paper, we focus on the case of coexistence of both semimetal states when the
axial gauge field lies in the plane of the two-form field which breaks the mirror symmetry. In
order to solve the problem of destroyed nodal line state and find coexisted semimetal states
in this case, an enlarged Hilbert space spanned by an eight component spinor was considered
in [31].! This introduction of an eight component spinor is similar to the case of the Zy-Weyl
semimetal where an extra spin degree of freedom in the fermion was involved [7, 20, 32, 34, 35].
We define the generalized 8 x 8 gamma matrices as

MM=tel, I’=+"0l, (2.1)

where u = 0,1,2,3, v* is the 4 x 4 Dirac Gamma matrix and I is the 2 x 2 unit matrix.
With these generalized 8 x 8 matrices and an eight-component spinor ¥ which describes the

'Different from the effective field theory model raised in [31], here we have considered the contributions of
a pure imaginary field according to the duality relation raised in [19].



fermions, a Lagrangian can be obtained which could have Weyl and nodal line semimetal
states simultaneously even when the axial gauge field lies within the plane of the nodal ring

L= [(iD4 0+ T by, + T 8], + My ) Ty + (009, ~TOT T, + My ) 1o | 0, (2.2)

where ' = %[I‘“,F”]. I, and I, are two diagonal matrices with diagonal elements as
I, = diag(1,0,1,0,1,0,1,0) and I = diag(0,1,0,1,0,1,0,1), respectively. M; and My are
two mass terms. b, is an axial gauge field responsible for separating two Weyl nodes, and the
term I‘“Ff’b# is a Lorentz breaking term supporting the energy bands of the Weyl semimetal.
b, is an antisymmetric real two-form field, and the term I'*¥b,,, contributes to the formation
of the nodal line semimetal. According to the duality relation between the anti-symmetric
tensor YT I%y) = —%E“ ”aﬁzﬁlmﬁw in the four-dimensional Minkowski spacetime, a pure
imaginary dual part of the b,, needs to be introduced, which is bfw. When the values of
by as well as bf’w are zero but b, has a nonzero component, the Weyl semimetal spectrum
is obtained. While in the case when b, is zero and b,, as well as bfw are nonzero, a nodal
ring forms. The coexistence of the Weyl semimetal and the nodal line semimetal can be
obtained by turning on both the one-form and the two-form fields.

Without loss of generality, we can set the non-zero component of the two-form field as by,
then the non-zero component of the imaginary dual field bzy is b}, = ibyy. This choice results
in a nodal ring in the z — y plane. On the other hand, we have two choices for the non-zero
component of b, one along the z direction and the other along the = (or y) direction. The
Weyl nodes will be on the axis of the direction of the non-zero component of b, in this model.
To show the coexistence of the Weyl semimetal and the nodal semimetal intuitively, we will
set b, to be nonzero. The energy spectrum of the eight eigenstates in this Lagrangian can be
solved at the k., = 0 plane with a nonzero constant b, component of the two-form field and b,

2 2
Eins — i\/(,/kg 1K+ M? F4byy) B = j:\/<\/k§ MR bx> R (23)

2.2 Phase diagram

Eight eigenstates in eq. (2.3) could be divided into two groups. F1,+ is responsible for forming
the nodal ring while Fo,,1 is responsible for the Weyl nodes. Without loss of generality, the
values of the one and the two form field can be set as b, = bd% and b, = c. The effective radius

of the nodal ring in the nodal line semimetal state can be defined as |/16¢2 — M?, while the

distance between two Weyl nodes can be obtained as {/b> — M2. Changing the values of Mj,
Mo>, b and ¢, different phases of the system can be found. The corresponding phase diagram
is shown in figure 1 with three dimensionless parameters M; = M /¢, My = My /b and ¢/b.2
The diagram for the energy spectrum of each phase is presented in figure 5 in appendix A.

In figure 1, the red point is the critical point at which both the Weyl semimetal and
the nodal ring become critical and shrink to a point in figure 5(d). The blue dashed line
corresponds to the phase transition line where the Weyl nodes annihilate into a critical Dirac
node while a nodal ring still exists in figure 5(e). The cyan dashed line corresponds to the
phase transition line where the radius of the nodal ring becomes zero while a pair of Weyl

*Without loss of generality, we fix ¢/b = 1 in figure 1.
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Figure 1. The phase diagram of the system (2.2) with three dimensionless parameters My, = M, /¢,
My = M5 /b and ¢/b = 1. The red point is the double critical point at which both Weyl nodes and
nodal ring become critical (figure 5(d)). The horizontal blue dashed line corresponds to the critical
phase in which the Weyl nodes annihilate into a critical Dirac node while a nodal ring still exists
(figure 5(e), the nodal-critical phases). The vertical cyan dashed line corresponds to the critical phase
in which the radius of the nodal ring becomes zero while a pair of Weyl nodes still exists (figure 5(b),
the Weyl-critical phases). The purple dotted lines correspond to the phase where the pair of Weyl
nodes annihilates into a critical Dirac point(or the radius of the nodal ring becomes zero) while the
nodal line (or the pair of Weyl nodes) becomes gapped (figure 5(f)(or (h)), the critical-gap phase).

nodes still exist in figure 5(b). The purple dotted lines correspond to another type of phase
transition lines where the pair of Weyl nodes annihilates into a critical Dirac point(or the
radius of the nodal ring becomes zero) while the nodal line (or the pair of Weyl nodes) becomes
gapped in figure 5(f)(or (h)). The down-left portion of the phase diagram corresponds to
the phase in figure 5(a). The up-left portion of the phase diagrams corresponds to the phase
in figure 5(g). The down-right portion of the phase diagrams corresponds to the phase in
figure 5(c). The up-right portion of the phase diagram corresponds to the phase figure 5(i).

In summary, in the 8-component spinor model eq. (2.2), the Weyl semimetal and the
nodal line semimetal states could coexist and several possible topological phase transitions
will happen. In the next section, we will construct a holographic model to investigate such a



coexistence state in the strong coupling regime and compare the similarities and differences
of the topological phase transitions in the weak and strong coupling regime.

3 Holographic coexistence of topological nodal line and Weyl semimetals

Inspired by the weakly coupled model (2.2), this section presents a holographic model to
investigate the coexistence state of the Weyl semimetal and the nodal line semimetal in the
strong coupling regime. The model will be given in section 3.1 and then it will be solved
at zero temperature in section 3.2. Nine solutions have been found that correspond to nine
different phases, which is the same as in the weakly coupled model. A similar phase diagram
is also obtained. Section 3.3 will give additional details regarding the topological phase
transition, including the free energy and the anomalous Hall conductivity.

3.1 The holographic set-up

Based on the dictionary of the gauge/gravity duality, a holographic model to realize a state
where the Weyl semimetal and the nodal line semimetal coexist can be obtained as follows

1 12\ 1 1., 1 1.
— | Pov—=al 2Nt lg2 tp2 Lpe
S / o g[%?(RJrL?) A E A oA Sared
O abede 5 5 r~ T (15 115 2ﬁ abcde A a (5 15
=+ ge Aa (3Fbcfde =+ FbCFde =+ SFbCFde + FbCFde) —+ ?E Aa (BFbcfde =+ FbCFde)
— (D"®)*(Da®1) — (D ®3)* (Da®s) — Vi (P1, By) — Fne“bcde (1B Hge — 1By Heae )

- Va(Ba) ~ N1 B B,

(3.1)
where 2 is the five dimensional gravitational constant, L is the AdS radius.?® In equation (2.2),
the gauge field V, represents the electromagnetic U(1) current, while the axial gauge field A,
represents the axial U(1) current. The field strengths are F' = dV and Fj5 = dA, respectively.
Here two vector gauge fields V, V and two axial gauge fields As, As are introduced based on
similar consideration as in the holographic Z,-Weyl semimetal [20]. This is different from
the holographic Weyl semimetal [13, 16, 17] or topological nodal line semimetal [18, 19],
where only one set of vector and axial gauge fields are introduced. Here the two sets of
vector and axial gauge fields can be regarded as corresponding to two sets of U(1) and axial
U(1) currents each being associated with half of the eight-component fermion. It could be
regarded that V and As give the currents of the fermion degrees of freedom responsible
for the Weyl nodes while V and As correspond to the U(1) current and the axial U(1)
current of the fermion degrees of freedom responsible for the nodal line semimetal. The
corresponding field strength are F' = dV and Fy = dA, respectively. Therefore, the bulk
gauge symmetry includes two sets of U(1)y x U(1)4. Bgp is a complex anti-symmetric two
form field, which is dual to operators ¥y**1) and 1y**~451) on the boundary. This By is
responsible for generating the nodal line for the nodal line semimetal phase and it has a
mass term in Va(Bg) as it is not a gauge field here.

3In the following calculations, we will set 2x? = L = 1.



To be complete, we have included three Chern-Simons terms in the action with coupling
constants «, # and % The first term proportional to a produces the chiral anomaly term for
the two sets of the U(1)y x U(1)4 currents that we introduced above. The second Chern-
Simons term proportional to 3 is the Zs axial anomaly term for fictitious spin gauge symmetry,
which is not present in the current system as we will not consider the Zs currents. In the
following calculations we will ignore this term. The third Chern-Simons term proportional
to % together with the mass term of the two-form field give rise to the equation of motion
for the two-form field B, with the self-duality relation of B, taken into account [19] as
will explained in detail later. Two scalar fields ®; and ®5 denote the mass deformations.
The chiral symmetry breaks explicitly with nonzero value of the source of the two scalar
fields. They are charged under the axial gauge symmetry, thus the two gauge covariant
derivatives are defined as

Doy = (0 — i1 Aa) D1, Da®y = (9o — ig2Aq) @, (3.2)

where ¢; and ¢o are the axial charges of the scalar operators. The scalar field potential is
2 2 2 (2, Al 4 4

V(®1,®2) = mi|@i[* +mi[®f + T (|@1]* +[af*) | (3.3)

where A1 is the coupling of the scalar field, which characterises the number of UV degrees of
freedom. Nonzero value of A\; indicates that the system could only be partially gapped at
the IR side [16-19]. Two scalar bulk masses are set to be m3L? = m3L? = —3.

Hgp is defined through the gauge field A, and the anti-symmetric complex two form
field B, as

Habc = 8(1Bbc + 8bBca + acBab - iQSAaBbc - iQSAbBca - iq3AcBab ) (34>

where 7 is the coupling strength and ¢3 is the axial charge of the two form field. Another
potential Vo = m%BZbB“b with ms is the mass of the two form field. As mentioned above,
By is dual to operators 1) and 1)y**~°1). There is a self duality condition between these
two tensor operators in field theory (i.e. pT'* T = —%s“ ”a ﬂv,ZI‘aﬁ 1 ). We can parameterize
the field by writing the real and the imaginary part as B, = %(Bﬂw + iB_,,), where
By, and B_,, are dual to ") and Py ~%), respectively. To impose a duality condition
in gravitational theory, the action of the two-form field B,, can be set at first order as
in (3.1). This results in the four-dimensional components of the two-form field satisfying a
complex self-duality relation directly [36, 37]. A similar approach was also used in building
the improved holographic model of the nodal line semimetal [19]. Following this recipe, we
build the holographic model (3.1) by combining the holographic Weyl semimetal and the
improved holographic nodal line semimetal model. When the value of V, fl, ®, and By, are
zero, we back to the holographic model for the Weyl semimetal [16, 17]. While with vanishing
V, A and ®3 can we obtain the holographic model of the nodal line semimetal [19].

The equations of motion can be obtained by varying the metric, matter fields, and gauge
fields. The complete expressions of them can be found in the appendix B.



3.2 Zero temperature solutions for nine phases

We shall focus on the zero temperature solutions which correspond to different quantum
phases. The Ansatz at zero temperature is

ds> = —u(r)df® + 5(2 - F(r)(da? + dy?) + h(r)d=?,

® = ¢1(T) 7(1)2 = ¢2(T> ) (3'5>

A= Az(r) 7B:Ey = _Bym = Bwy yBi, = =B = By,

where fields u, f,h, A, Byy, Biz, 1 and ¢ are functions of the radial coordinate r. The
non-zero components of By, are selected as By, and By, based on the following consideration.
In the gravitational theory, the complex two form field By, is dynamical. The components
B, always vanish because of the radial gauge. Then we choose the nonzero value of B,
to be B, due to the consideration of the symmetry of the nodal line semimetal. B, also
serves as the dual operator of WT*¥W¥. The imaginary part of B, is nonzero due to the
duality relation YTH 5y = —Le/ l;ﬁd;lwﬁ 1. By, serves as the dual operator of WI'* TV,
The details of the fields can be obtained by solving the eight independent equations of motion
presented in appendix B. The holographic analogues of the mass terms and the source term
of the tensor operators WT#T°W¥ and WT*¥ in combination with YT*T5¥ are introduced
in the UV boundary conditions presented here

lim r®; =M;, lim r®y=M,, lim A,=>b, lim r !By, = lim r_ley =c.  (3.6)
r—00 r—00 r—00 r—00 r—00

M, and M, correspond to the sources of the dual scalar operator UTOM,; ¥ and UITOM, U,
thus they represent the mass terms of the fermions. b corresponds to the source of the chiral
current UITOTHT® ¥ and ¢ corresponds to the source of UITOT# ¥ as well as UITOTHW T,
respectively. Compared with the weakly coupled Lagrangian, the boundary values ¢ and M;
here should be responsible for the nodal line semimetal, i.e. a certain combination of them
determines the effective radius of the nodal ring. Similarly, the boundary values of b and M,
are responsible for the Weyl nodes, and a combination of them shows the effective distance
between the two Weyl nodes. To analyze the coexistence of a Weyl semimetal and a nodal
line semimetal in the strong coupling limit, we can solve this holographic system by activating
these four sources. There are nine different types of IR solutions that can be found, which flow
to the asymptotic AdSs; boundary to give nine types of full spacetime solutions. From the IR
behavior of these nine solutions along with additional supporting evidence from anomalous
conductivities, we can identify nine distinct phases corresponding to these solutions. From the
boundary value of each IR solution, we can determine a phase diagram similar to the weakly
coupled one in figure 1. There are four phases (i.e., the Weyl-nodal phase, the gap-nodal
phase, the Weyl gap phase and the gap-gap phase) with four phase boundaries (i.e., the
Weyl-Dirac line, the gap-Dirac line, the Dirac-gap line and the Dirac-nodal line.) and one
double critical point in the N — M, plane of the phase diagram. These nine solutions and
their corresponding phases are listed in order below.

The double critical point. The double critical solution corresponds to the state where
both of the nodal ring and the Weyl nodes form a critical Dirac node in the weakly coupled



theory (figure 5(d)). The corresponding geometry in the holographic system is a Lifshitz-type
solution. As in the case in the Weyl semimetal and the nodal line semimetal, the nontrivial
Lifshitz-type solution has no free parameter at the IR side, thus it is unique and leads to
the only one critical value at the boundary, which corresponds to the double critical phase
transition point.  The solutions is

d 2
ds® = ugr? (—dt2 + da:2) + = 5 T for®dy? + hor?®1dz?,
uQr
A, =1", ¢1=1¢1w0, ¢2= 0, (3.7)
Buy = b1, By, = bidriter
where {ug, fo, ho, o, a1, 10, P20, bizc} are constants. This solution has an anisotropic
Lifshitz-type symmetry (t,z) — s(t,z), y — s*%y, z — 5%z The constants

{uo,fo,ho,a,al,@o,qﬁgo,bg)} in (3.7) can be fully determined by the values of the pa-

rameters mq, mo, M3, q1, g2, 3, A, A1,n. The value of b§fy) can be set to 1 based on the scaling

symmetry of the x — y plane. The fact that this solution is the double critical point can be
further supported from the IR behavior of the fields A% and B,,, where they are IR irrelevant
and the IR behavior of these operators will completely determine the corresponding phase of
the solution as summarized in section 4 of [18]. Similarly the corresponding phases of the other
eight solutions in this system can also be found from the IR behaivor of the corresponding
fields, i.e. A2, By, By, ®1 and @, etc. using the general paradigm proposed in [18].

As (3.7) is an exact solution, irrelevant deformations of the geometry should be introduced
to ensure that it flows to asymptotic AdS in the UV. In the IR the leading order solutions
with irrelevant perturbations are

u = ugr? (1 + Suy 7P 4 Sug 7“”82) ,
f=for® (1+6f17"B1 +6f2r52> 7
b= hor® (14 6hy 7 + 6y r2) |
A, =1 (1 + dar P + day r52) ,
Bi. = bﬁ??“l*‘” (1 + 0B 77 + 0Bis 7"62) ,
Buy = 1® (14 6By v + 6B,y r) |
®1 = 910 (1 + 01177 + 612 rﬁQ) ,
Py = 20 (1 + 001 TP + 0 TBZ) :

Taking into account the scaling symmetries of the system, there are only two free
parameters above: da; and d¢11. The boundary values of ¢/b and M /c then are determined
by the IR values of da; and d¢1;. This is different from the case in the holographic Weyl
semimetal system, which has no free parameter for the critical solution as the system has
a fixed critical point. It is also different from the case in the Z>-Weyl semimetal where
only one free parameters controls the value of ¢/b. In this system, the existence of two free
parameters transforms the single critical point into a critical plane with varying values of
¢/b and Ma/c in the three dimensional phase diagram. Varying the values of ¢/b and Ms/c
will determine the corresponding critical values of Mj./b.

-9 -



Without loss of generality, we fix A=1, Ay =1/10, 1 = 1/2, 2 =3/2, g3 =1/4, m3 =1
and 1 = 2 in the numerics. We then could find that {ug, fo, ko, @10, 920, btze, @, 1, B1, B2} —
{4.286, 0.732, 0.770, 0.727, 0.879, 1.142, 0.339, 0.606, 0.736, 1.189}, {du1,d f1,dh1, 08,1,
5B$y1,5¢11,5¢21} — {4.443, —3.104, —14.48, —2.183, —0.369, 1.909, 5.795}(5&1 and
{0ug2, 8 f2,0ho,
dag, 6Bz, 0Byy2, 622}  —  {—1.007, 2.658, —1.802, —0.153, —2.235, 0.365, 0.277}5¢11.
Shooting to ¢/b = 1 we have the critical values Ml = % = 1.073 and MQ = % = 0.924,
which corresponds to the double critical Dirac point in the phase diagram, and has a similar
configuration as the weak coupling field theory of (2.2). This double critical solution is
marked by the red point in the phase diagram figure 2.

In the following, we will introduce four additional solutions for the four phase boundaries.
In these phases, the Weyl nodes (or the nodal ring) become a Dirac node, while the nodal
ring (or the Weyl nodes) still survive or becomes as gap state. These phases are represented
by dashed lines in the phase diagram shown in figure 2.

Weyl-Critical. The Weyl-critical phase refers to the phase boundary where the nodal
line semimetal becomes critical while the two Weyl nodes still survive, similar to the weak
coupling field theory case (figure 5(b)). The holographic solution in the IR takes the
following form

u=ugr? (14 dup ) |
f=for** (A +6fr),

h = hor? (14 6hy 1) ,

_ 3ag
AZ:a0+¢2 rt “hg exp (— ) ,
20 v U()h() (3 9)

Btz = btz0r2 (1 + 5Btz1 7.041> 5
By =1 (1+ 0Buy1 o)
Oy = 1o (14011 7)

3&0 —l-a
Py = g0 exp T ordue o rozo.

With the above choice of q1, ¢2, g3, A\, A1, 1, we have {ug, fo, P10, @, 1} — {2.735, 0.754,
0.557, 0.314, 1.274} and {du1, 9 f1,0h1,0B21,0By1, 0011} — {1.399, —3.411, 1.399, 2.723,
—0.402, 1.585}. Three free parameters are hg, ag and ¢og. Bp.o = 0.869v/hg. With these
three shooting parameters, we can fix ¢/b and get a curve in the plane M;/c-Ms/b, i.e. a

phase boundary in the plane phase diagram. Shooting to ¢/b = 1 we obtain the (dashed cyan
in figure 2) curve as the critical line with two endpoints being (1.073, 0.924) and (0.858, 0)
in the phase diagram of the N~ plane. The first end point is exactly the double critical
point obtained earlier. The other end point (0.858, 0) is consist with the critical value in
the holographic model of single nodal line semimetal [19].
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Critical-nodal. This kind of solution corresponds to the phase boundary where two Weyl
nodes annihilate into a Dirac node while the nodal ring still exists, similar to the weak
coupling field theory case of figure 5(e). As mentioned in [18, 19], the geometry of the nodal
line is an emergent Lifshitz-type symmetry in the deep IR region. Combine with the critical
Lifshitz-type solution of the Weyl semimetal case, we can obtain the corresponding solution
with the following form(with the same choice of q1, g2, g3, A\, A\1,7):

u=ugr? (14 duy r°) |
f=for** (L4 68firo),
h = hor** (14 6hy r™')
A, =r? (14 6arr*) ,
Bi, = boor ™2 (14 6Bpq ™)
By =1 (14 0By ) ,
®; = pror”,
Py = ¢ (14 01 ") .
Here for the same parameter values of the system, numerically we can obtain
{uo, fo, ho, bizo, v, a1, B} — {2.727,0.635, 2.583,1.265,0.183,1.234,0.228} and {0u1,d f1,

0h1,0Bz1,0B5y1,0¢21} — {0.712, —5.250, 0.763, 1.679, —0.054, 2.835}da;. The other two
free parameters are ¢19 and ¢99. With these shooting parameters, the value of ¢/b can be

(3.10)

fixed to 1 and we obtain the (dashed blue line in figure 2) curve as the critical line with
two endpoints being (1.073, 0.924) and (0.731, 0) in the phase diagram of the N-M, plane.
The first endpoint is again the double critical pint while the second endpoint (0.731, 0) is
consistent with the critical value in the holographic model of single Weyl semimetal [17].

Gap-critical. This is the solution that corresponds to the phase boundary where two Weyl
nodes become a gapped trivial phase while the radius of the nodal ring becomes zero, similar
to the weak coupling field theory in figure 5(h). The bulk solution in the IR is
u = ugr’ (1 + duq v + dus 1"20‘3_2) ,
f=for® (14 8fr 4 6far?)
h = ugr? (1 + 8h1 7™ + Ohs r2°‘3_2> ,
A, = agr™?,
B, = Bpor® (1 + 0Bz1 7 + 0Bi22 T2a3_2) ; (3.11)
Buy = Buyor® (1 + 0Buyi 10 + 6By 372 |

®1 =10 (1 + g1 7" + do12 T2a372> :

V(at2)Zuo+24
P2 = V30 (1 + 307 + ri(—”%(’“—z)) |
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In (3.11), for the system parameters that we have chosen, we have o = 0.647, ug = 11.398,
fo = 0.7058:y0, Bi.o = 9.186, a1 = 0.988, g = 0.186 and a3 = 3.133,. The other parameters
are {0u1,0f1,0h1,0B1,0B8zy1, 0011} — {—0.074, 0.208, 2.297, —0.157, 0.048, —0.026}0¢21
and {(511,2,5f2,5h2,(58t22,(58my2,5¢12} — {0.009, 0.011, —0.054, —0.012, 0.002, —0.0003}a0.
This solution exists only when M; > 1.073 and Ms > 0.924, as shown by the bottom purple
dotted lines in the phase diagram in figure 2.

Critical-gap. This is the phase that corresponds to the annihilation of two Weyl nodes into
one Dirac node, while the ring of nodes becomes a gap, similar to the weakly coupled case in
figure 5(f). The corresponding solution in the holographic model has the following form

u=ugr? (14 Sup ),
f=rr(1+6fr™),
h=hor** (1+ 6hyr™) ,
A, =r"(1+6arr*),
B, = By.or®?,
By = Bryor®?,
P =30 (1 + 011 7“6) ;
o = P20 (1 + dpo17™") .

(3.12)

The shooting parameters in (3.12) are Byyo, da1 and ¢og. Other parameters can be determined
by the equations of motion as {ug, ho, Bezo, $20, @, 1 v, B, } — {6.040, 0.818, 6.0408,,0,
1.581, 0.621, 0.407, 14.223, 0.256} and {6u1,0f1,0h1,0¢11} —
{0.021, —0.158, 0.343, 0.057}6a;. When M; > 1.073 and M > 0.924, shooting to
¢/b =1 results in another purple dotted line, as shown in the phase diagram in figure 2.

Finally, we will present the rest four solutions that correspond to the rest four regions
in the phase diagram figure 2.

Weyl-nodal. This solution corresponds to the phase where the Weyl semimetal and the
nodal line semimetal coexist, similar to the weakly coupled case in figure 5(a). In holography,
the corresponding geometry in the IR can be obtained by comparing with the forms of the
Weyl semimetal state and the nodal line semimetal state in the holographic model, which is:

uw=ugr? (1 + dur®) ,
f=for®(Q+d0fre),
h=17r%(1+0hrot),
3 o
Az:ao—l—exp(—r\;%)r L
B, = Bpoor® (14 6By, ™)

By = 1% (14 0By ) ,
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Dy = pror?,

3ao
2ry/uo
There are four shooting parameters du, ag, ¢190 and ¢op in (3.13). With the choice of
A=1, Ay = 1/10, 1 = 1/2, ¢o = 3/2, g3 = 1/4, mg = 1 and n = 2, we have
{uo, fo, Bizo, o, a1, f} —{2.727, 0.635, 0.787,0.183, 1.273, 0.228}, {0f,dh,0B., 0B84y}
—{-2.616, 1, 1.719, -0.302}du. When shooting to ¢/b = 1, this solution only exists at the
lower-left part of the phase diagram of figure 2 between two phase boundaries.

1+«
(132 = gf)g() exp <— ) 7‘7 2 . (313)

Weyl-gap. This kind of solution corresponds to the phase where the nodal line semimetal
becomes gapped and the Weyl semimetal still exists as in figure 5(c). Comparing with the
topological trivial geometry in the holographic nodal line semimetal, we can obtain the
corresponding holographic solution for the Weyl-gap phase is

u=ugr?,

f=h=r*,
A= () (G ).
e =t (3.14)
Bay = BﬂcyOT’B,

O =10+ P r®,

3
Dy = 2¢ —exp(_”%)
2 = 20 .
V3mr2, /8

uo

The parameters in (3.14) are {ug, Biz0, P10, @, B} — {4.75, 2.1798,,0, 5.47723, 0.294, 14.224}.
Four shooting parameters are Bgyo, ag, ¢11 and ¢29. The region of this solution is the
lower-right part of the phase diagram in figure 2.

Gap-nodal. This solution corresponds to the phase where the two Weyl nodes annihilate
to form a gap while the nodal line semimetal still exists, as in figure 5(g). Similar to the
above, we can obtain the holographic solution for the gap-nodal phase by combining the
topological trivial geometry in the holographic Weyl semimetal state with the Lifshitz-type
solution for the nodal line semimetal

u=ugr? (14 dup ), (3.15)
f=for*(L+dfir*), (3.16)
h=1r%(1+0hy o), (3.17)
A, = agr®?, (3.18)
By, = bor® (14 6By r™) | (3.19)
By = 1% (14 0Bgy1 ) | (3.20)
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@1 = (Z)loTﬂ, (321)
Dy = P20 + P21 7. (3.22)
The corresponding parameters are {uo, fo, Bt.0, $20, o, a1, ag, a3, 5} —{13.995,-0.270, -
1.854,0.036, 1.468,-2.228, 3.088, 0.641}, {0 f1,6h1, 0Bz, 6By} —{-2.466, 1, 1.679, -0.054} 6u;.

Four shooting parameters are ag, du1, ¢19 and ¢91, which can be tuned to fix the radio
¢/b = 1. This solution only exists at the upper-left part of the phase diagram of figure 2.

Gap-gap. This kind of solution corresponds to the topological trivial state with no semimetal
states, as in figure 5(h). The IR geometry for the gap-gap phase is

u=uyr?,

f=h=r?,
Ay = agr®,
By, = Bpor” (3.23)
Bry = Buyor”

O = P10+ P11 7%,
®y = o + Po1 7.

In (3.23), we have ug = 8.5, Bxyo = 0-343Btz0,¢10 = (bgo = 5.477, a1 — 3.109, Qg — 0.169
and 8 = 10.633 with the choice of A =1, \y = 1/10, ¢1 = 1/2, g2 = 3/2, g3 =1/4, m3z =1
and 7 = 2. The shooting parameters are Bi,g, ag, ¢10 and ¢op. This solution only exists
at the upper-right part of the phase diagram of figure 2.

By examining the entire region where the solutions above exist, we can construct a
two-dimensional phase diagram for the holographic model with a fixed ratio of ¢/b = 1, as
shown in figure 2. The red point represents the double critical point, while the four curved
lines correspond to the phase boundaries where one single critical Dirac node is formed.
These critical lines separate four regions that correspond to four different phases, similar to
the weakly coupled field theory. In comparison to the phase diagram in the weak coupled
case in figure 1, the range of each phase is quite different in the strongly coupled system,
especially in the region near the critical point. The system can undergo phase transitions
between the gap-nodal phase and the Weyl gap phase by fixing the value of either M or
M, while changing the other near the critical point. This is a phenomenon that is not
present in the weak coupling model. The phase transitions should be continuous ones similar
to the cases of holographic Weyl and nodal line semimetals. We will see more details on
this point in the next subsection from the free energy. It should be noted that the value
of ¢/b could be arbitrary, resulting in a three-dimensional phase diagram, similar to the
case of the Z3-Weyl semimetal [20].

Note that we have identified each phase with the solutions from the IR behavior of these
IR solutions, as the IR behavior determines the low energy behavior of the corresponding
state as pointed out in [18, 19]. The nontrivial IR relevant values of the b, and by, fields in
this case imply nontrivial expectation values of the corresponding operators at low energy.
Thus bulk solutions with nontrivial IR behavior in b, (and/or bs,) would correspond to
nontrivial Weyl nodes (and/or nodal ring) at the boundary [18, 19]. This point was confirmed
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Figure 2. The phase diagram of the holographic system (3.1) with three dimensionless parameters
M, = M /c, My = M5 /b and ¢/b = 1. The red point is the double critical point at which both Weyl
nodes and the nodal ring become critical. The blue dashed line corresponds to the critical phase in
which the Weyl nodes annihilate into a critical Dirac node while a nodal ring still exists. The cyan
dashed line corresponds to the critical phase in which the radius of the nodal ring becomes zero while
a pair of Weyl nodes still exists. The purple dotted lines correspond to the phase where the pair of
Weyl nodes annihilates into a critical Dirac point (or the radius of the nodal ring becomes zero) while
the nodal line (or the pair of Weyl nodes) becomes gapped.

in both [16, 17] and [18, 19] by the calculation of the anomalous Hall conductivity, which is
the order parameter for a Weyl semimetal topological phase transition, and by calculating the
fermionic spectral functions for a topological nodal line semimetal to reveal the nodal rings
directly. Topological invariants were also obtained as further evidence for both systems in [38].
Thus here in this work, we can directly read the corresponding phase from the IR solutions.
Nevertheless we will also calculate the corresponding anomalous Hall conductivity and free
energy for this system in the next subsection, which will provide further consistency check and
provide more details on the continuous behavior of the phase transitions. Further calculations
on the fermionic spectral functions and topological invariants will be left to a future work.

3.3 Anomolous Hall conductivity and free energy

In this subsection, we will focus on the phase transition process between the gap-nodal and
Weyl-gap phases in figure 2. This novel phase transition process cannot be present in a model
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Figure 3. The anomalous Hall conductivity as a function of Mg at ¢/b=1 and Ml = 1.073 at zero
temperature. The critical behavior of the anomalous Hall conductivity near the phase transition point
is & oc (My, — My)®, with a = 0.409.

where only a single topological semimetal state survives. As shown in figure 2, by fixing
either M7 or My near the critical point and changing the other dimensionless mass parameter
can cause the system to undergo a phase transition between the gap-nodal and Weyl-gap
phases. In contrast to the weak coupling case shown in figure 1, this phase transition process
can only be realized by simultaneously changing both M; and Mo.

There is no simple order parameter for the nodal line topological phase transition,
therefore, in this subsection we calculate the anomalous Hall conductivity as part of the order
parameter. In the following, the anomalous Hall conductivity will be calculated with the
value of M fixed to focus on the phase transition between the Weyl semimetal phase and the
trivial gapped phase. The anomolous hall conductivity can be computed by the Kubo formula

1 .
Opy = lim —(JpJy)(w, k =0). (3.24)

w—0 1w

Eq. (3.24) is the retarded correlation function and can be calculated through the fluctuations
of the gauge fields around the background in holography, where the in-falling boundary
conditions need to be taken into consideration. The final result of the anomalous Hall
conductivity is determined by the horizon value of the U(1) gauge field, i.e. oaug = 8aA, (19),
where rg is the location of the horizon. Details of the calculation can be found in [17, 20]
and here in our system, extra fields will not affect this result as the fluctuations of the
fields are decoupled.

In figure 3 we plot the anomalous Hall conductivity as a function of M at zero temperature
with fixed value M; = 1.073 and ¢/b =1, i.e. the curve will pass through the double critical
point, which is at M;1=1.073 and M>=0.924. When M, < 0.924, the system is in the Weyl-gap
phase while when My > 0.924, the system will be in the gap-nodal phase. As shown in
figure 3, the value of the anomalous Hall conductivity is non-zero when M, < 0.924, i.e. in
the Weyl-gap phase. When M, larger than 0.924, it becomes zero in the gap-nodal phase?

“The anomalous Hall conductivity exhibits a smooth behavior but experiences a rapid decrease near the
phase transition point. An abrupt change seems to occur around point M> ~ 0.85, which is attributed to
numerical inaccuracies.
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The behavior of the anomalous Hall conductivity indicates the vanishing of the Weyl nodes,
i.e. the phase transitions between the Weyl semimetal phase and the topological trivial phase.
We cannot give more details of the phase transitions between the nodal line semimetal to
the topological trivial phase through the anomalous Hall conductivity, nevertheless, the
calculation of the fermionic spectral functions, the topological invariants and the topological
entanglement entropy can achieve this goal and we leave this in a future work [39].

We then move to the calculation of the free energy. The free energy can be computed
through the renormalized action of eq. (3.1), which is:

Sren = Son—shell + SGH + Sc.t.a (325)

where Son-shen is the bulk on-shell action, and Sgy is the Gibbons-Hawking term Sqy =
2fr:TOO d*z\/—yK. The counter-term S.; is

1 1 1o 1,5 1.
_ 4 — - 2 2, - 2, - 2 T2 T2, 2
Sc-t-—/r%d T/ 7( 621"~ [@2"+5[Buw|"+ 5 (IOgr ) LLF + P+
1. 1A 2
+4F§+\D1M<I>1|2+!D2M<I>z\2+(3+21) (\@114+\q>24)+3y<1>1|2\c1>2\2+\3,w|4]> :

(3.26)
where 7, is the induced metric on the boundary r = r,, K is the trace of the extrinsic
curvature with K = "’V n, and n, is the outward unit vector normal to the boundary.
The bulk on-shell action is calculated to be a total derivative, which is

4 4 T fub/ '
Son-shell = /d xdry/—gL = f/d z/dr — 7 ) (3.27)
0

With the field expansion near the UV boundary r — oo, we obtain the free energy density

Q _lS _ 9agM3  11b*  380*M7P  8V*M5  8bbyys
V V ren 8 9 9 9 3
TMEMZ 7MY
by — — = = 2+ 2M101 + 2M505 — ua. (3.28)

Eq. (3.28) yields the same result as the holographic Weyl semimetal when all parameters
corresponding to the nodal line semimetal become zero, i.e. b = M; = byyo = O = 0 [17].
While when ag = My = O2 = 0 and hy = ueo, the same formula for the free energy can be
obtained in the holographic model that only describes a single nodal line semimetal [19].
More details can be found in appendix C.

The topological phase transitions in the holographic Weyl semimetal, nodal line semimetal
and the Zo-Weyl semimetals all have been shown to be continuous from the behavior of the free
energy. Here as we are having a two dimensional phase diagram, to avoid too much numerics,
we will calculate the free energy of this system in a one parameter curve to show the continuity
of the phase transition as an example. With a fixed value of My = 0.924, we have shown the
free energy density as a function of M; of the system in figure 4. As presented in figure 2,
when My (as well as the value of ¢/b = 1) is fixed, the system transitions from the gap-nodal
state to the Weyl-gap state as M varies. The numerical results of the free energy density
indicate that this phase transition process is smooth when crossing the double critical point.
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Figure 4. The free energy density as a function of M, at ¢/b=1 and M = 0.924 across the critical
point. The red dot is the value of free energy density at the double critical red dot in figure 2.

4 Discussion and outlook

We have constructed a holographic model that allows for the coexistence of the Weyl semimetal
and the nodal line semimetal, inspired by a weakly coupled effective field theory model. The
holographic model allows for the study of the topological system in the strong coupling limit,
and the difference in the topological behavior compared to the weak coupling system. We have
found that topologically nontrivial Weyl and nodal line semimetal states could still coexist in
the strong coupling limit and there are nine zero-temperature solutions of the holography
model, which correspond to nine different phases of the system. This is qualitatively the
same as in the weak coupling field theory, leading to a similar phase diagram. However, the
shape of the phase diagram and the quantitative values of the phase boundaries are different
in the strong coupling limit. We have also calculated the anomalous Hall conductivity, which
is one order parameter of the system, which confirms the topological phase transition in
the phase diagram. The free energy in the holographic model is also calculated to confirm
the continuity of the topological phase transition.

There are still some open questions that we would like to leave for future work. First,
in a similar but four-component weakly coupled field theory model [31], the system could
have a topological triple degenerate nodal point phase, which has also been observed in
several systems in laboratories. It is worth considering whether a holographic model can
have this novel topological state [39]. Additionally, the fermionic spectral functions and
the topological invariants of the holographic model (3.1) need to be calculated to further
confirm their topological and transport properties, which we also leave for future work. Third,
could a Weyl Semimetal equipped with multiple pairs of Weyl nodes coexist with the nodal
line semimetal, both in the weak couling limit and the strong coupling limit? Finally, it is
intriguing to explore the impact of disorder in a system with multiple topological phases.
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A The phase of the system

Four free parameters exist in the model (2.2). They are two mass terms M; and Ma, b, = béﬁ
the 1-form field and b,y = c the two-form field. Nine types of spectrums of the system
have been shown in figure 5 by different relations between these parameters and we will
introduce in details below.

e The Weyl-nodal phase. M; < 2c and My < b, a state where the Weyl semimetal and
the nodal line semimetal state coexist forms(figure 5(a)). The location of the two Weyl

nodes are (kz, ky, k.) = (:I:\/b2 — M3 ,0, O> while the radius of the nodal ring equal to

\/4c2 — M2

e The Weyl-critical phases. Fix b, c, M5 in (a) in figure 5 and increase M the radius
of the nodal ring will decrease. When M; = 2¢ the nodal ring form a critical Dirac node
while the Weyl nodes keep their original form. This phase is shown in (b) in figure 5.

e The Weyl-gap phases. Increase M in (b) of figure 5, a topological trivial gap forms
as shown in case (c) of figure 5.

e The double critical point. Keep b,c, M; in (b) of figure 5 and increase the value
of My, the distance between the two Weyl nodes decrease. When M2 = b the two Weyl
nodes merge into one Dirac node. A double critical point has been obtained and shown in
(d) in figure 5.

e The critical-nodal phases. Fix b,c, M; in (a) in figure 5 and increase My leads the
two Weyl points annihilate to a critical Dirac point, which is shown in (e) of figure 5.

e The critical-gap/gap-critical phases. Continue to increase My or M from the
double critical point in (d) of figure 5, the fourfold-degenerate critical point will be aligned
into a pair of gapped bands and one twofold-degenerate critical point. These two cases
are shown in the case (f) or (h) in figure 5.

e The gap-nodal phases. Fix b, c, M, in figure 5(e) and increase M, the Dirac point
becomes a gap, which is shown in (g) of figure 5.

e The gap-gap phase. Starting from (f) or (h) in figure 5, and increase the corresponding
mass parameter, the system would fully gapped, which corresponds to (i) in figure 5.
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(a) Weyl-Nodal. (b) Weyl-Critical. (c) Weyl-Gap.

(d) Dirac Point(Critical). (e) Critical-Nodal. (f) Critical-Gap.

(g) Gap-Nodal. (h) Gap-Critical. (i) Gap-Gap.

Figure 5. The energy spectrum of (2.2) as a function of k, and k, with k, = 0. From (a) to (i):
(a):the system has two Weyl nodes and one nodal line where M; < 2¢ and My < b, (b): two Weyl
nodes and a critical point where M; = 2¢ and My < b, (c): two Weyl nodes and a gap state where
M; > 2c and My < b, (d): a critical Dirac node where M; = 2¢ and My = b, (e): a critical Dirac
node and one nodal line where M; < 2c and My = b, (f): a critical Dirac node and a gap state where
M; > 2c and My = b, (g): a gap state and one nodal line where M; < 2¢c and My > b, (h): a gap state
and one critical point where M; = 2c¢ and My > b and (i): fully gap state where My > 2¢ and My > b.

B The equation of motion
The equations of motion from the action (3.1) in the main text are

1
Rab - igab(R + 12) - Tab = 07

Vi F" 4 20 B, Fye + 286" ), Fye = 0,
PN 1. . PN
Vi FY® + cettee (chFge + FoeFde + FoeFae + gFECFj’e) + geabcdeFl?cF;e

—iga (DD Dy — (D By)* By) + %e“deeBch;e —0,
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DaD*®1 — 0g: Vi — A®1 By, B =0,
DDy — m3dy — M\ D520y =0,

i «
%eabcdeHCde —m2By, — A0}® 1By, =0,  (B.1)

where T,; is the energy-momentum tensor.
with the zero-temperature ansatz (3.5), the equations of motion can be explicitly written as

g uf' MW uflANBLOT ANBReT  Am3Bi,  4m3BE

— =0 B.2
f 2h 2fh 12 uh 12 uh ’ (B.2)
6 m3Bh | miBy,  mied  ABLOT  ABudt Mg+ Mdh
u hu? uf2 2u hu? uf? 4u
Ln oy, M35 aiAZ¢3 AT f 7w
- - - SRR - B.
)+ S - e o A T T 0 (B3
6 miBL | wiBL, mic AR AL Molt ol
u hu? wf? 2u hu? uf? 4u
R A L B O L L L L
— 22 e = B.4
2< 1+¢2)+ 20 | 2hu 4h  4Af2? 2fu+2fh+4hu 0, (B.4)
LW P 23A6
Al 4 AL <“ )2”:0 B.5
(3 A Bay 2Bl =0 (B
nh
2vh
(m3 + A7) By — ;{J:ul’a”xy =0 (B.7)
/ / / 2 2
1t (U h f P1 2 2 2MB;, 91 2)\Bmy¢1 .
1 + ¢1 (U + E + f> — E (ml + )\1¢1) + hu2 - uf2 =0 (BS)
l / / 2 A2
1 (U h / P2 2 2 QAL P2 _
2+¢2<u+2h+f>_u(m2+)\1¢2>_ o 0 (B9

C The free energy

With the formula of the free energy of the system (3.27), we need to expand the field at
the UV. Close to the UV boundary, we can obtain the following behavior of the fields with
A=1, A\ =1/10, ¢1 = 1/2, ¢o = 3/2 and ¢3 = 1/4:

60>+ M2+ M3 logr us
_ .2 i 2 4 4 o o U
o 3 1802 (8% +23My +40 My My +23M2>+r2 +...
M2+M2Z2 1
e MEEME loxr (8ob4+23M14+40M12M§+23M§)+7{i§+”,
60>+ ME+M3Z  logr ha
_ .2 i 2 4 A o o A Y
e 3 20,3 (1606 +46M} +-80MF M3 +-46M3 +405a3 M3 ) + 3 +..
9MZa3logr as

Az =ao— 472 r2

1 b
Bﬂcy = br+2bg n7(474)+zry2+
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1 by
B = br—apd )y b2
r r

My logr 3 2\ . O1
==t 55 (28MP+20M M) + T+
o M2 logr 3 2 2 02
p= =22 (46 M3 +40Mp M7+ 135 M) gt (C.1)

. _ 9a2M2 7hd 562 M2 b2 M2 bbsy2 ho TMEM2 149(Mit+M3) M0, M>05
with fo= =2+ T+ —g-+ 5>+ 3"~ 5%+ =+ 1440 T2 T T2

and byyo — % (663 + TOM? + bM3 + 6byy2) from the equation of motion.
Taking into account the boundary terms and performing a Wick rotation, the free energy

density can be obtained as

Q 110* 9agM5  380°M7P  80PMF  8bbyyo

Vo9 8 9 9 3
TMEMZ  TMy
18 36

+ 4hg —

4+ 2M101 + 2M509 — us. (C.2)

With the calculations of the stress tensor of the dual field theory, we can check the
relationship between the total energy density and free energy:

2 6S.¢
T,UJ/ = Q(KNV — IV,UIVK) + ﬁ 6/‘}/(/:‘“’ . (03)
The total energy density is

9a2M2  11v*  38b2M2  8b2MZ  8bby,e

— —(70y — _ 2% _ i 3 zy
€= Jim, v=(To) g g 9 9 3 (.

TMZMZ  TMS '
+4hy — 118 2 _ 362 + 2My ¢y + 2Mods — us

Hence, from (C.2) and (C.4) we have % = €.
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