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1 Introduction

Study on strongly interacting system has been the frontier of physics for more than half century.
It has been the continuous source of motivation for a new theoretical framework. Along this
line, the gravity dual picture [1-6] has been suggested as a new paradigm to understand strange
metals [7, 8] and quantum critical points (QCP) [9-11] of strongly coupled systems. A few
experimental data were also compared with the theory showing agreements, especially in quark
gluon plasma [12], in clean graphene [13-17] and surface of topological insulators [18, 19].

On the other hand, QCP itself is a phenomena at zero temperature taking a measure zero
sector of the phase diagram. Therefore for the theory to be compared with experiment, it is
essential to consider the symmetry broken phases as well as the unbroken phase in the neigh-
borhood the QCP. Such symmetry breaking is an essential step for new collective phenomena
because a phenomenon associated with many-body collective phenomena is possible only when
we have an order that leads to a gap which protect the new ground state from the excitations
causing disorder. Otherwise, we will only have Fermi Liquid. While gap calculation is usually



a consequence of a mean-field theory, which seeks the value of the condensation corresponding
to the certain fermion bilinear, its validity is limited to weakly interacting cases. Therefore a
dream for theorists is to develop a mean field theory which is valid for the strongly interacting
system maintaining the spirit of Landau-Ginzburg and Wilson.

The strongly coupled systems share many similarities with the gravity system in the
sense that both have an unreasonable speed of equilibration: the Plankian dissipation near
the QCP is very similar to the exponentially fast scrambling power [20, 21] of black hole
horizon. Therefore, it is not surprising to expect a mean-field theory for a strongly interacting
system based on the gravity dual description. While it is hard to find the exact gravity
dual of a given system, it is reasonable to assume the presence of approximate dual theory
for a strongly interacting system. It can serve as a representative theory for the purpose
of studying various types of the gaps and condensations as well as the singularity types of
the Green functions for the strongly interacting systems.

Notice that in the holographic superconductor theory [22, 23], the gap calculation was
exemplified by considering scalar-vector-gravity theory, which is an important ingredient of
the holographic mean field theory (MFT). However, the heart of the MFT is to study the gap
creation and the fermion spectrum together, which has not yet been done systematically for
different types of condensations. Furthermore, because the holographic theory as a continuum
field theory does not encode the condensed matter system’s detail, it is useful to study all
possible types of interactions together and classify their spectral behavior to match the
physical system’s spectral pattern. In ref. [24] we put forwarded a step to such direction
by considering all possible couplings of the bulk fermion bilinears with the various tensorial
fields representing the different condensations in holographic set-up, which is analogue of the
femion bilinear coupled to the Hubbard-Stratonovich field in the usual mean field theory.

In our previous work [24], the fermion spectral function (SF) [25-28] of each broken
symmetry phase was calculated and classified. Subsequently, we realized that [29] the gapless
mode in the scalar coupling is the AdS analogue of the surface mode of topological insulator
whose topological stability might be related to amazing stability of the Fermi Liquid. The
holographic mean field theory has universal structure so that it has the power to accommodate
various different phenomena in the same fashion. Just as the superconductivity is described
by the condensation of itinerant electrons Ag ~ cc, one may also expect a new quantum
ground state of manybody coming from the condensation of the itinerant-localized electrons
with spin. Such many Kondo phenomena would be also described by considering the scalar
condensation Ax ~ fTc if the mean field theory works for strongly interacting case like Kondo
system. Recently, we realized such idea in the holographic set-up [30] by finding that the
Kondo condensation Ag produces a gap, which was also observed experimentally [30].

However, the ref. [24] has several limitations: i) it is completely numerical so that it is hard
to characterize the singularity types of the spectral functions. ii) the back reaction was not
taken care of. iii) it was confined to the AdSy4 so that it is not possible to discuss the Weyl semi-
metal spectrum from the beginning. In this paper, we will find the analytic expressions of the
Green’s function for all tensor types of symmetry breaking in the probe limit. Three aspects
of the spectral function will be emphasized: i) gap/gapless, ii) presence/absence of flat bands
of various types, iii) presence/absence of split Dirac cones. An especially interesting coupling



turned out to be the scalar type coupling, which can give both gapped and gapless spectrums
depending on the sign of the coupling, which can never be possible in flat space theory.

From the analytic expressions, we noticed that most of the Green functions have branch-
cut singularities, but some of them have poles, and we can now understand why various
different types of flat bands exist. The definition of the non-Fermi Liquid is the vanishing of
the quasi-particle weight assuming that the Green function has a pole type singularity. In our
holographic mean field theory, it turns out that the generic form of the fermion propagator does
not have pole singularity but has the branch cut singularity. That is, the fluid appearing in our
theory is generically non-Fermi Liquid. Interestingly, in some cases, such behavior can happen
even after order parameter is turned on. However, for a few types of the order parameter,
the pole type singularity appears. Typically, it happens when the flat band appears.

At this moment, our analytic expressions are only for the case where order parameter fields
are alternatively quantized where only the leading term is nonvanishing in the pure AdS back-
ground. In standard quantization where only the subleading term of the matter field is nonvan-
ishing, we still have not find exact Green functions even in the probe limit. To back up this lim-
itation, we performed and presented the numerical analysis to find fully backreacted solutions
of the antisymmetric 2-tensor field, which is the most important and complicated case. We cal-
culated the spectral function of the fermions based on such backreacted solution, and compared
with the analytic result of the probe limit. In case the singularity is of pole type, we observed a
detailed agreement between the approximate analytic result and the fully back-reacted numer-
ical result, which suggests the stability of the Green function with the pole type singularity. In
contrast, for the propagators with branch-cut type singularity, the detail of the spectrum is rel-
atively vulnerable to the deformation by back-reaction, although qualitative similarity remains.

Before we go ahead to formulate our theory, we notice that our analytic work uses pure
AdSy(5) background but the zero temperature limit with broken symmetry usually involves a
nontrivial backreaction. So, we want to explain what kind of approximation we are doing by
using pure AdS. Also, one might ask that there is a formulation of semi-holography [31-33]
which is based on AdSs x R?, which seems to reproduce the Fermi Liquid as well as non-Fermi
Liquid. Here we want to describe how our theory and the semi-holography fit into a big picture.

We start by pointing out that the semi-holography is about the IR fixed point near
zero temperature, the metallic AdSy x R%. Such geometry describes one of the quantum
critical points (QCP). Although one can still introduce finite temperature or symmetry
breaking there, the energy scale should be hierarchically closer to zero temperature than
ours because AdSs is relevant only in that limit. See figure 1(a,b). It seems to us that the
AdS; x R? geometry is more relevant to the heavy fermion physics where QCP is exposed
(not hidden by the ordered region) and Fermi Liquid is close to the QCP as well as the
non-Fermi Liquid in that phase diagram.

Our aim is not such extreme zero temperature limit. The prototype model of our theory
is the holographic superconductivity where the back reacted geometry is a hairy black hole
that has a regular horizon and the near boundary region is still AdS,. Notice that it has been
argued that the zero temperature limit of holographic superconductor (HSC) is also Lifshitz
geometry [34], but the main property of HSC, can be discussed in terms of the hairy black
hole, which is a simple deformation of the RN geometry apart from near zero temperature
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Figure 1. (a) Hierarchical difference of the temperatures: AdS; temperature vs AdS, temperature.
The position A and B are the positions of the ‘would be horizons’ of AdSs and AdSy, respectively. (b)
Our theory is effective field theory in the regime of the blue box, while Semi-holography is that of red
box near QCP at T'= 0. For heavy fermion cases, the dome is not hiding the QCP.

regime. Therefore we want to avoid such near zero temperature regime. Also, notice that the
High T, superconducting material’s phase diagram shows that the QCP is usually hidden in
the superconducting dome. See figure 1(a). The upper region of the dome must be associated
with the hairy black hole phase with the horizon and asymptotic AdS, intact. For us, the
most interesting temperature regime is not the regime near QCP itself but the regime where
the transition between the ordered dome and strange metal is available. Remember that
the strange metal is not just a low energy phenomenon. It continues from the temperature,
which is bigger than the order parameter, up to the melting temperature of the lattice.

In the figure 1(b), we denoted our interested regime by a box for the case of the HSC. Our
target is the analogue of such regime for various scalar/vector/tensor order parameters. Most
importantly, the pure AdS we used for analytic calculation is NOT the approximation of the
zero temperature IR fixed point geometry, but that of a hairy black hole. The basic intuition
is that, since we are choosing the horizon data such that we get the zero source term (or zero
condensation) at the boundary and we read off the physics from the boundary behavior of the
bulk fields, we assumed that the qualitative features of the Green function remain the same
whether we use pure AdS or hairy black hole as far as the asymptotic geometry is remained as
AdS,. Of course, this should be confirmed by the detailed numerical calculation. In section 5
where we considered the fully back reaction, the considered geometry is the analogue of the
hairy black hole, not the analogue of the IR fixed point geometry, and in some of the most
interesting cases where the Green functions have pole type singularities, we found that the
result of the probe analysis is rather robust under the correction of the back reaction.

The spectral features found in this paper by symmetry breaking includes gaps of s-,p-,
types and nodal rings and nodal shells and the flat band of various dimensions. d-wave gap
is not discussed here but it can be obtained from the symmetric rank two tensors [35-37].
The fact that these features of spectral features in the current condensed matter physics



can be obtained in the absence of the lattice as consequences of the order and symmetry
breaking, are pleaseant surprises. It is also interesting to notice that some of these features
which were found in the weakly interacting topological system are also found in holographic
system suggests that they should also be found in the strongly interacting systems.

The rest of this paper goes as following. In section 2, we give a short description of
formalism of the holographic mean field theory and fermion Green function calculation. In
section 3, we calculate Green’s function analytically and draw spectral function for all types of
the Lorentz symmetry breaking. In section 4, we draw spectral functions and discuss features
of them. In section 5, we do extensive numerical calculation to find the fully back-reacted
order parameter and metric and use them to calculate the fermion spectral function again to
support the probe limit analytic results. In section 6, we discuss and conclude.

2 Holographic mean field theory with symmetry breaking

Our holographic mean field theory has four components: first, Bulk fermions v, which are dual
to the boundary fermions with strong interactions. Second, order parameter fields ®! describe
the condensations of fermion bilinear, which is the analog of the Hubbard-Statonovich field of
the usual mean-field theory. Third, gravity describes the interactions between electrons, and
finally, the gauge field should be included to describe the density or chemical potential of the
fermions. In this work, we do not include the vector for the analytic work, but we can do it
when we work numerically. For simplicity, we assume that they can be described by local
fields in bulk, not in the boundary because we should allow the strongly interacting system
in the boundary to be described by nonlocal field theory. The total action is given by [28]

Stotal = S’L/) + dey + Sg,<I> + Sintv (21)
2
o= [ @3 V=g 89 (5B - ) - m ), (22)
j=1
Sy = /d%\/fg R~ 2\ + |Dyssf? — mid 0]?), (23)
Shay = / Aoy R (HOpD £GPy, (2.4)
Sint = /d%f D . Ty®@ h.c). (2.5)

where ) = I'™ (95 + inagl“aﬁ), Whrap is the spin connection, ® - I' = M'E27ELp o)
®! is the order parameter field which couples with bilinear spinor in the bulk, leading to the

symmetry breaking under the presence of the source or its condensation. Additionally, we
will turn on just one component of field ® to calculate the spectral function. The gamma
matrix convention and the geometry are chosen and given as follows,

FLZO'1®7;O'2, F£20'1®0'1, FQZO'1®O'3, I'2=09®09, I'“*=03Q09 (26)

1 3
ds? — = (dt2 + di? + du2> . flu) =1, h = gg"", up, = 00, (2.7)



where the underlined indices represent tangent space ones. Under this convention, the
boundary locates at u = 0.

Notice that in AdSs, including two-flavors of fermions is mandatory because holography
projects out half of the fermion degrees of freedom while we need a full 4 component spinor
in the 4 dimensional boundary. On the other hand, in AdSy4, considering one flavor is still
allowed since the boundary is of 241 dimension where spinors are of two components.

We will analytically determine and analyze the fermions’ Green’s function in the presence
of an order parameter field. So, we consider the absence of gauge field for simplicity.
Furthermore, we will begin our analysis in the probe limit and later we will eventually
calculate the spectral function in the full back-reacted background. We will compare it with
the probe limit analytic results to check the reliability of the latter.

2.1 Variational analysis and boundary actions

In this section, we will perform the variational analysis in detail to show the boundary fermions
in different quantization choices. The standard-standard (SS) and standard-alternative (SA)
quantization can be distinguished by the sign of the boundary action (2.4). We first simplify
the action by introducing ¢,

¢(j) _ (_gguu)_1/4<(j)e—iwt+ikm$+ikyy+ikzz_ (2.8)

Then, the variation of bulk fermions action (2.2), after the equation of motion is imposed
can be written as a boundary term given below.

.2
7 ~( 7 ~( 7 ~( 7 ~( 7
Stk = 5 > / dtx[cDoct — (V¢ — ¢Vl + 600V, (2.9)
=1

If we add the variation of boundary action with sign 4+ (2.4) depending on SS and SA
quantization respectively, the variation of total action is given by

ssia) =5 | d (CWoctt +6¢¢ + (B¢ 4 50D ¢?), (2.10)
Yy
05t = 5 /b o A (E5c +aclcl) - dPoc — o). (2.11)

From this expression, we see what are chosen as independent degree of freedom to makes
the variation of total action zero. We call such independent fermions as the source fermions.
We define a 4 component spinor £’s by

89 = (D, ¢y, and €59 = (W, (®), (2.12)

as the boundary spinors for SS-quantization. The indices S, C' in £g and £ are adopted since
they correspond to the source and condensation terms. The £-’s supposed to be determined
by £g’s. Similarly, for the SA-quantization we define

f (C(l) C )’ and g(CSA) — (C£1)7Ci2)) (213)



One should remember that all (1 are two component spinors while £’s are 4 component ones.
The extension &(u) of these fermions to the bulk of the AdS can also be considered by the
original ((u)’s whose boundary values were used above as (, so that

E(u) =u™Es +um o+ - . (2.14)

We can now rewrite the on-shell effective action as

2 bdy
St = / d'z (g(SA”( 030 02)e5 " + hoc). (2.16)
2 bdy

2.2 Green’s function

We can determine the boundary Green’s functions from the effective actions (2.15)—(2.16)
and the definition of source and condensation fermions. Since we have 4 components of &(u),
there must be 4 independent solutions ¥;(u) which can span the space of spinor solutions.
Our &(u) with prescribed boundary value should be a linear combination of these, so that

= Zci\lli(u). (2.17)

By taking the a-th component of this equation, we have £%(u) = ¥ (u)c, which can be written
as a matrix equation {(u) = ¥(u)c. Here U¢(u) is the a-th component of i-th solution and we
considered &(u) and ¢ as column matrices. By expanding the matrix ¥(u) near the boundary,

P(u) =u"S+um"C+--- (2.18)

We now can write the source and condensation fermions depending on the quantization
choice as follows,

§g@) =s@c, f(Q) c@e. (2.19)

where Q stands for quantization choice. From egs. (2.15)—(2.16) and using (2.19),

Q @
ol bdy 2/ d'e 5 sTbayéc + h.c) : (2.20)
== [ d*a(ElTpa,CS™es + h.o) @, (2.21)
2 bdy
= 5 [, dlatehges + ho@. (222

the boundary Green’s function can be defined as follow

G5 = —(0p ® 09)CS™, (2.23)
GO = —(03 ® 09)CSTL. (2.24)

Notice that the definition of Green’s function remains valid even for the zero bulk fermion
mass. Consequently, as far as we can extract the leading-order terms of the bulk fermions



near the boundary, Green’s function calculation remains solvable. This is helpful because,
in the zero fermion mass, we will be able to obtain Green’s function analytically for all
Lorentz symmetry-breaking interactions with the proper choice of scaling dimension of the
order parameter field. The term suitable here refers to choosing scaling dimensions for the
source term, in which any u-dependence in the interacting term will be eliminated after fully
expressing the vierbein and spin connection. This ensures the results remain u-independent
at the interaction terms and allows solvable Dirac equations.

3 Analytic Green’s function of fermions in symmetry broken phases

We now consider zero bulk mass fermions with a holographic order parameter having only
the leading term by setting (Og) = 0. This is so-called alternative quantization of the ®.
This setup allows us to derive Green’s function for all types of Lorentz symmetry-breaking
analytically. We have already performed numerical calculations to study the case of non-zero
fermion bulk mass and the case with condensation in previous works [38-40]. From the
expressions of I' in (2.7) and

Fm:O'o@O'g, Fty:O'(]@—O'l, th:()'g@—dg, (31)
I' = 0y ® —ios, I'** = 03 ® 1071, I'Y* = 03 @ io3,
FUt:i02®i02, ' =409 ® 0. 'Y = ioy ® 03, I'* = 01 ® —iog (3.3)

our gamma matrices can be expressed in the following decomposed form:

re— (9w (7 0 pw [0 9% (3.4)
"}/H* 0 Y 0 VM* Y —Vﬁ* O ) *

where V£ = (iog, 01,03, —iW) with p = t,z,y, z and Y2 = v£4%. The complex conjugation
appears due to I'*’s being pure imaginary. In AdSy, this decomposition is still valid with
u = t,x,y, because apart from I'°, all gamma matrices are real. So that the complex conjugate
disappears in AdSy. Such decomposition will be utilized for analytic solutions.

Classification of interaction types. Since the boundary represents the physical world,
we will classify the interaction type from the boundary point of view;

o 2 types of scalar: 1, I'(radial scalar).
o 2 types of vector: I'*(polar vector), I'**(radial vector).
o 1 type of tensor: ' (polar antisymmetric 2-tensor).

Although B* and B** are component of vector and tensor, respectively, they are scalar and
vector from the boundary point of view,

3.1 Scalar: Ly = i® (P ¢ D + h.c)
For scalar interaction, the solvable solution can be obtained by choosing

(D(u):MOu—i—\]\/;f_/u?’; m% = —3
=0



SS case. The bulk equations of motion are given by

[0, — Mo(o1 © 00)]€5) + i(00 ® 2k, S = 0, (3.5)
[0 + Mo(01 ® 00)] €55 — i(00 @ v#k,) €5 = 0, (3.6)

due to the simple commutation relation between (oo ® v£*k,), and its conjugate, one can
get the simple fully diagonalized decoupled equations [29], which reads

(02 — M3 — K + el =0, (3.7)

The solutions are well-known and decay exponentially since the growing terms are removed
by imposing in-falling boundary condition (BC). As a result, the asymptotic solutions near
the AdS boundary located at u = 0 are given by

65" Ibay = [So(k) +S1(k)u++-Je . &5 lay = [Co(k) + Cak)u+-Je.  (3.8)

where S,,, C,, are u-independent but momentum dependent 4 x 4 matrices. But apart from
the leading term So(k), Co(k), they will not contribute to the boundary Green’s function.
Therefore we will write them simply as S(k), C(k) by deleting the index 0. Since £s and &¢
are solved independently, one can plug-in one of the solution on the Dirac equations to find
the relation between them [27, 28]. The condensation term is determined by the source term
by solving the Dirac equation and it is given as follows:

.00 & 'Yﬁ*ku

Clk) = 17852 T (k) ~ Mo(o1 @ o0)]S(k). (3.9)

where we define the matrix 7 = S;S; 1 For the scalar interaction, it is given by

T(k) = —\/k* = w? + M§ Lyxa, (3.10)

From the definition of boundary Green’s function (2.24), one gets 4 by 4 retarded Green’s

function as follows,

Tt

Gl)r = ~ 17— (1 @ RIT (k) ~ Mo(or @ 00)], (311)

1 /
:m[ kQ—w2+M02 O'O"‘MO 0'1:| ®K (312)

where

(3.13)

ks —ky + ik,
k? = k3 + ky + K2, K!Z(vtv“ku)TZ( To TR )

—ky — ks —kp +w

It is important to note that Tr K = 2w, which will play a consistent role in our subsequent
calculations. We will discuss the trace result of the Green’s functions in the next section.

SA case. The bulk equations of motion are given by

0,65 — (02 ® 00) [Tk, + iMoJeS ™ = 0, (3.14)
S + (02 ® 00) [Tk, — iMJE S = 0, (3.15)



similar to the SS case, one can decouple above equations which again yields (3.7)—(3.8).
Plugging the asymptotic solution into (3.14), we get

C(k) = ¥k, + iMo] (09 ® a0) T (k)S(k), (3.16)

following the definition of Green’s function, and the 7 (k) given in (3.10), one can get the
general form of it as follows.

G(ku)r = —(03 ® 02) T2k, + iMo] ™ (02 ® 00) T (k) (3.17)

1
= [Uo@K-ﬁ-Mg O’1®01}. (3.18)

\VE? — w?+ M

where k and K are defined in (3.1). One can see that the Green’s function contains off-
diagonal terms, which are absent in intra-flavor interaction case. Moreover, calculating AA

(alternative-alternative) or AS(alternative-standard) quantization cases yields the results
with the propagator replaced by the complex conjugation.

3.2 Radial scalar: Liyt = Bu('tz(z)l"“@b(l) + h.c)
The solvable solution can be obtained by choosing
By(u)=b+ bq(f) u?; m2Bu =0,
=7

where b is the constant measuring the symmetry breaking strength.

SS case. The bulk equations of motion are given by

[0 — (01 ® 00)b)ESY) + i(00 @ vk, S =0, (3.19)
[0 — (01 ® 00)b)eSS) — i(00 @ vk, )Y = 0. (3.20)

Decoupled differential equations (DEs) are given by
(02 — 2ib(01 ® 00)0y + (K — w? + b)]E3T =0, (3.21)

Then, we can diagonalize the system by using the similarity transformation P defined by
the eigenvectors matrix of o1 ® op which yields

07 — 2ib0,, + (K* —w? + V)| P~ 153 =0, (3.22)

This yields the solution of the exponential form even after mapping the solution back by
the inverse similarity transformation. So, overall, nothing new for B, case. We can still
write the Green’s function as follows:

(00 ®1*"ky,)

Clk) = iy 5T (k) — i(o1 © 00)bIS(h), (3.23)

The surprise of this interaction types is structure of 7 (k), which is given by

T(k) = =\ k? — w? +i(01 @ 09)b, (3.24)

,10,



So the Green’s function reduces into the non-interacting case,

_ (00 ®@7"ky) oo @K
G(k) = Z(Uo & 02) 72 = TR . (3.25)

SA case. The bulk dirac equation is given by

0u&§t = [(02 @ 00) T2 ky, + (01 @ 00)bEE" = 0,
e + (02 )T, — s @ a0lES =0

Since the product of [(oo®00)"E*k,,+1(01®00)b] and its complex conjugation is a non-diagonal
matrix, a similarity transformation is needed for the diagonalization, which yields

(02 + (b — i\ k2 —w2) Pt = 0. (3.26)

The fermion Green’s functions for SS and SA quantization with B, interactions are found
to be the same. This discovery raises the question of why SS and SA lead to identical
Green’s functions despite the differences in their equations of motion. The answer lies in two
critical factors that influence the structure of the Green’s function. Firstly, it depends on
the combination of gamma matrices present in the Dirac equation, which varies with the
choice of quantization. Secondly, the solutions are affected by the proper in-falling boundary
conditions (BC). As a result, despite the apparent difference in the initial appearance of the
Dirac equations, the solutions surviving the BC end up with the same Green’s function.

3.3 Polar vectors: Lint = Bu('zZ@)I‘“zﬂ(l) + h.c)

The solvable solution can be obtained by choosing

By(u) = BISO) + B/(f) u?; szu =0. (3.27)
=0

where B,(P) is a vectors with a single nonzero component b ;) which is nothing other than
a constant order parameter.

SS case. The bulk equations of motion are given by

0u85) +ilo0 ® Ak — 01 © v“B}P)]é(SS) =0, (3.28)
0,655 — iloo @ 7k, — 01 @ 2 BO)eS = 0, (3.29)

Unlike the scalar case, polar vector type interactions cannot be decoupled simply in this
basis. However, we can transform the equations to a suitable basis by a u-independent
similarity transformation, P, where

P~'B*BP = (K._o0® K}, 00),

where B = [k, — 01 ® 'y“B,SO)], and K2, = k% + (b, £ k,)?. Under this transformation,
we can get the decoupled equations,

[02 — (K2 00 @ K2, 00))ésr) =0, (3.30)
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where ES,C = Pilgsvc. We obtain simple solutions even after transforming the solutions back
to the original basis, providing exponential decay. Consequently, we can express the asymptotic
solution similar to scalar case (3.8). By substituting the solution into the (3.28), we obtain

C(k) = iloo ® Yk — 01 @ ¥“BO| 7T (k)S(k), (3.31)
Then, the Green’s function is given by
G(k) = —i(00 ® 02)[00 ® Yk, — o1 @ BT (k). (3.32)

The Green’s functions can be determined straightforwardly by plugging in 7 (k) into (3.32).
Now let us calculate the explicit expression of the Green’s function.

B,;/SS. By solving the Dirac equations, one gets

1
Tk) o) = =5 (e + K + (K, = Ki_)o1 @ 00), (3.33)

where
K, = k2~ (b £w)? and b = BY, (3.34)

By plugging the above result into (3.32), we can get the Green’s function:

1
Gk 59 — g g1z ) 3.3
( )Bﬁo) 2K K \g21 922 (8:35)
with g11 = g2 = ((’Ct_ — Ky, )broog + (K + Kt+)K>a
gi2 = g1 = ((Ki_ + K, )buoo + (Ki_ = K, )K). (3.36)

B, /SS. By follwing the same calculation of time-like case, one gets

1
T(k)(Bicg)) = —5 ((IC;(;_ + ’Cx+)]l4><4 + (ICx_ - ICx+)Ul ® UO)) (337)
where
Koo =\/br k)2 + K —w? K=k 442, and b, =BY,  (338)

By plugging the 7 (k) in the above result into (3.32), one gets

1
Gk (88) _ g11 912 : 3.39
( )B:(vo) 2K Ko \g21 922 (3:39)
with gi = g2 = (Koo = K )buos + (Ko + KoK,
912 = g21 = —((IC:L«, + Koy )beoz + (Koo — ICM)K). (3.40)

One can see that the Green’s function of polar vectors together with SS quantization
contains branch-cut singularity by the presence of IC;jE as the denominator terms. The
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singularity type does not change after tracing the Green’s function matrix, which we will
discuss in the next section.

After this case, we will no longer show the full expression of T (k), because it will become
more complicated while lacking meaningful content. However, one can obtain the Green’s
function by following the same logic and calculations.

SA case. The bulk equations of motion are given by

(SA) (SA)

(Ou — iTBES™ — (02 ® o) ¥k, = 0, (3.41)
(0 + T2 BV 4 (0 @ 09)TEE,ESY = 0, (3.42)

In this case, the differential equations cannot be fully decoupled by similarity transformation.
However, the DE is nothing but a linear Ordinary DE system. Similar to other cases, the
solutions satisfying the infalling BCs exponential decay (3.8). We, therefore, substitute the
solution back to the (3.41) and get the condensation in terms of the source:

Fﬁ*kﬂ U (0)

C(k) = (02 ® 00)[T (k) — iI'“EB”]S(k), (3.43)

k2 _ 2 I

Therefore, the algebraic Green’s function for this case is given by
Tt

G(k)g = —mrﬁku['r(k) —ir B0, (3.44)

B;/SA. After getting 7 (k) by solving the Dirac equation, and plugging in (3.44), one can get

G(k)SY = 1 (911 912> ’ (3.45)

B 2bk? \ go1 goo
with  g11 = g39 = (w(ICt_ — Ko, ) + b (i + /Ct+))K
— (Ko +Kuy) = (K. = Ki,) ) oo,
912 = g5y = i(kgo1 + a07k,) (b — Ki_Ke, + E). (3.46)

where Ky, by are defined in (3.34), and € = k% —w? . One can easily check that the pole type
singularity k2 will be canceled out after we take the trace of this Green’s function. Since
the cancellation of the pole makes the trace of the Green’s function becomes non-singularity
type Green’s function. Therefore, the presence of singularities in the 4 by 4 expression of the
Green’s function does not guarantee the presence of singularity in spectral function.

B, /SA. By the same calculation in the previous cases, the Green’s function reads

1 g11 gi2
G(K)Y = ’ 3.47
( )Béo) 2b, (k1 — w?) \g21 922 Sl

with g =gy = (ke(Ko = Koy) +ba(Ko_ + Ko, ) K
= (bakn (o +Ka) + £ = Kay) )05,
g12 = gy = (kzog — io3y2k,) (b2 + Ky Kyy — E). (3.48)
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where K., , kb, are defined in (3.38) and & = k* — w?. In this case, the singularity
(k2 —w?)~! is not changed or canceled by the trace, so that the trace of the Green’s function
has pole type singularity. We will back to discuss the trace of these Green’s functions in
the next sections.

3.4 Radial vectors: Li = Bﬂu('z[_)@)I‘“"Q/)(l) + h.c)

The solvable solution can be obtained by choosing

Bl )
By (u) = " + B;(w) u; mp,, = 1,
0

1)

where BEL; is a tensor in AdS bulk with a single nonzero component. However, from the

boundary point of view, its physical role can be classified as a vector.

SS case. The bulk Dirac equations are given by

0,659 +ifo0 @ Bk, + o1 @ 1B V)ES) = (3.49)
0,5 — ilog © Yk, — o1 @ BV = (3.50)

The main procedure of this type is the same with other interactions. We get the condensation
in terms of the source as follows,

C(k) = i[oo ® Y2k, + 01 @ VBV T (k)S(k), (3.51)
This yields following Green’s function,

G(ky) = —i(00 ® 02)[o0 © ¥k + 01 © BV T T (k). (3.52)

By, /SS. By the same calculation in the previous cases, the Green’s function is given by

1 g11 912
GRS 3.53
( )B;: Vo 2kK2, K2, \gn g22) (3.53)

with g1 = g22 = (b(K? +w* = 0)(K- ~ Kun) + [k|(E = 1)K + Kiy) ) K
b (26| (K + Kiuy) + (€ + %) (Kiuw = Kias) )00,
g12 = g1 = —w(2bK| (Kiu— + Krur) + (€ + 02 (Kiue — Kruy) K (3.54)
+ (07 +?) = €) (K = Ktut) = blRI(E = 1) (K + Ktut) ) 00
where
Kpuw = /(0 £ k)2 —w?, E=k2—w?, and b=B". (3.55)

The trace of the Green’s function turns into a simple form which will be discussed in the
following section.
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SA case. The bulk Dirac equations are given by

(8, — iTEBGMESY — (09 ® 09) T2k, 54 = 0, (3.56)
(8 — T2 BED)ESY 4 (09 @ o) Tk, E54 = 0. (3.57)

The condensation are given as follows,

C(k) = krzuik"; (02 ® 00)[T (k) — iTEBEVIS(k), (3.58)

which yields following retarded Green’s function matrix,

Tt

CWn =g

Tk, [T (k) — iT2B Y. (3.59)

By, /SA. By the same calculation we have done, the Green’s function is given by

1
S gi1 912 ‘
G )Bt(u_n 20wk \ go1 g22)’ (3.60)

with  g11 = 935 = W(Kiu— — Kt ) K + (5(’Ctu— — Ktuy) + bk(Kpu— + ]Ctu+))007
g12 = g21 = k(b2 + KKy — 5)02 (3,61)

where KCpy1,E and b are defined in (3.55). We will discuss the trace of the Green’s

function in the coming section.

Bgzu/SA/SS. The decomposition and simplification of the Green’s functions for this case
pose significant challenges. Consequently, we will focus only on the trace of the Green’s
function, which included in the following section.

3.5 Antisymmetric 2-tensors: Li, = Buu(z/_i(z)l"””'zp(l) + h.c)

The solvable solution can be obtained by choosing

B," (1) 2
By (u) = —u TBwu mp,, =1,

0

)

where B;(L;l is symmetry breaking strength constant.

SS case. The bulk Dirac equations are given by

[0 — (i1 @ v2BG NS 4 i(00 @ 42k,)65) = 0, (3.62)
[0 + (i01 @ Y22* B ES™) — i(o0 @ 42k, )5S = 0, (3.63)

Following a similar approach to B,,’s SA-case, we can decouple above equation and get a system
of decoupled linear equations. So, we then plugin the solution into the above equation to get

;90 QY ky

Clk) = k? — w2

[T (k) = (io1 @) B VIS(k), (3.64)
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leads to the Green’s function which is given by
Ft

7’602(01 ® Y k) [T (k) — (ioy ® ) BV, (3.65)

Gk)r = 15—

B, /SS. By solving the Dirac equations, and plugging-in into (3.65), we get

1 g11 912
G(k (551) _ , 3.66
( )Bﬂ(vyl> 2b:cy(kg - WQ) g21 922 ( )
with g1 = g2 = (|k’(]czy7 - ICacy+) + b(lcxyf + IC:per)) (szQ - WJO)
]{?2 2
+ d(’cmyf = Kay+)(kzo3 — kyo),
k|

g12 = g21 = (kgo3 — k:yal)(b?ty + Koy—Koy+ — E). (3.67)
where

k2 =2+ k2, Ky, = \/(bxy t k)2 +k2—w?, by =BY and £ =k?—w? (3.68)

In this case, the singularity (k? —w?)~! is not changed or canceled by the trace, so that the
trace of the Green’s function has pole type singularity. We will back to discuss the trace
of these Green’s functions in the next sections.

SA case. The bulk Dirac equations are given by

0.5 — (02 ® 09) [Tk, — TEZB( Ve = o, (3.69)
(9u§(CSA) + (o2 ® Uo)[l—‘ﬁk‘u — FM*B&;UKESSA) =0. (3.70)

The above coupled equations can be decoupled to get exact solution of exponential form.
C(k) = [k, — BV (02 @ 00) T (k)S(k). (3.71)
The Green’s function for this case is given by

G(k)r = —(03 ® 02) %"k, — T2BL D] (02 ® 00) T (k). (3.72)

B.,/SA. By the same calculation, the Green’s function is given by

GRS, = R (911 912) ’ (3.73)

—1 —
B:<cy ) 2K:Ey+’cmy— g21 g22

. N boyk boyky
with  g11 = g39 = (ny* + nyJr)(KT - = ygl) v (lcxy* - IC:L‘er)JSa (3.74)
k| k|
* 1 7
912 = go1 = _mucwy— - Icwy—ir)K - bzy(lcwy— - sz+)‘70~ (3~75)
where k% = k2 + kz, Kay, , byy are define in (3.68) and
. 5 _ . )
K — KUK, U = — ko (ky . w) + ky(ky + ik.) ik + kyw |
k% — w? ikpk, + kyw ky(ky +w) + ky(ky — ik.).

B:./SS/SA. The decomposition and simplification of the Green’s functions for this case
pose significant challenges. Consequently, we will focus only on the trace of the Green’s
function, which included in the following section.
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(a) MY w-k. (b) MY w-k. (c) w = 2.5.

Figure 2. Spectral Functions (SFs) of scalar source for both quantization choices. (a,b) SFs in w-k
plane. (c,d) SFs in w = 2.5 slice, the dashed red line in figure (a), is the three dimensional object
in (¢,d). The figure at each plane is its projection to each plane. The blue (¢) and red (d) surfaces
represent the pole and the branch-cut type singularity, respectively.

4 Features of spectral functions

The spectral functions (SF) can be determined by the imaginary part of the traced Green’s
functions:

A(w, k) = Im|[Tr (G)]. (4.1)

Since the analytic results can be obtained when the order parameter fields have only leading
terms we will analyze only such cases.

4.1 Scalar

SS. The essential part of the Green’s functions is given by the trace (3.12),

kQ—wz—i—Mg

SS
TGy, = dw oy

(4.2)
where k% = Zf;ll k‘f, and M, is the scalar source. The simple pole is located at the surface of
the d dimensional cone where d is dimension of the AdS boundary. Notice that the symmetry
breaking strength My does not affect the pole structure but only contributes to the gap size.
In AdSy, the pair of the gapped spectrum with My, Mso was reported [24]. In AdSs, we
do not have the chiral dynamics of the boundary although we should have corresponding
spectrum from the boundary point of view. The difficulty lies in the fact that the chirality
cannot be defined in odd dimensions. We postpone this problem to the future work.

SA. The analytic expression is given by

4w
K2 —w2—|—M3’

The main feature of this interaction is the gap generation, as it was noticed in [24, 38, 39].

Tr GS\%‘) = (4.3)

Therefore, the scalar source in this case can be interpreted as the mass of boundary fermions.
In AdSs;, only scalar SA quantization can generate the gap, while in AdS, case, both My, Mg;
can do that. See figure 2(b,d).
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Diagonal interaction in fermion flavors. For the scalar, we consider the case where
the fermion-scalar interaction is diagonal type, namely,

Sint = /d5x\/—g<1/_1(i)<l> - Fl/J(i) + h.c).
In this case, we have independent sum of two flavors and the result is following.

2w

— Mo+ /k? —w? — e + M

TrGyy = (4.4)

Notice that the sign of My is important: for sign(Mjy) > 0 we have gapless spectrum while for
negative case we have gapped one. Therefore, in the intra-flavor case with Liy = i@(@/;(l)w(l)),
the massless-gapped phase transition depends on the changing sign of M [29]. However, in our
inter-flavor with Lyt = i@(z/;@)w(l) +h.c), there is no phase transition under the sign change of
My. See figure 2(a,c). It turns out that for all interaction types other than the scalar-fermion,
there is no such phase transition between the gap-gapless phases in the spectral function.

4.1.1 Radial scalar B,

SS and SA. For this interaction, there is no effect from the order parameter b due to the
cancelation that happened during calculation of the Green’s function, see (3.24). In fact,
this has been a puzzle from the view of the numerical calculation. As a result, the trace of
the Green’s function, regardless the quantization choice, is given by

4
Tr G(SS S S (4.5)
k% — w?
which is the same as that of critical point where B, = 0.
4.2 Vectors
4.2.1 Time-like polar vector, B;
SS. The trace of the Green’s matrix (3.32), by choosing u = t is given by
b b—
Tl —2( - =) (46)
By VIR - (b+w)? K- (b

where k? = Z?‘l k:z2 . In this case, above result shows two Dirac cones, shifted along +w
directions, which are not interacting with each other. The singularities are located at each
cone. Notice that there are spherical symmetry in k,-k,-k.. See figure 3(a,b,c)

SA. The trace of the Green’s matrix (3.44) is given by

BO T} [\/":2 \/k2 (b+w) }, (4.7)

Tr G(SA
In this case, the symmetry are the same with SS case. However, there is no singularity

in the Green’s function. Therefore the entire SF is described by a branch-cut without
singularity. See figure 3(d,e,f)
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K

(d) BEO)(SA), w-k. (e) w=0.

—

Figure 3. Spectral functions (SFs) of B; source for both quantization choices. (a,d) SFs in w-k plane.
(b,e) SFs in w = 0 plane, and (c,f) for w = 1 plane corresponding to the dashed red line, in which the
background represents the certain slices at each momentum is zero. The bare orange bulk without the
surface shows the spectral function without singularity.

4.2.2 Time-like radial vector By,

SS. The analytic expression is given by

2w 2w
TG = + .
B T V=R = O TR =

In this case, the spectrum is isotropic for each Dirac cone shifted along the entire k-space, and

(4.8)

that is why we cannot distinguish the spectrum of B, g4) and By, (ga) in AdSy. However, in
AdSs, the SF has spherical symmetry, while B, spectrum has planar rotational symmetry
in k,-k, plane. See figure 4(a,b,c).

SA. The analytic expression is given by

g _ 2 [+ k)T TR = + (b — |k|) T TRDZ = 7]

B, b w + 1€

(4.9)

The pole-type singularity appears in this case as a flat band. In AdSs, It is a 3D flat band
in the solid sphere with radius b. See figure 4(d,e). However, the flat band immediately
disappears if move to w # 0 slice. See figure 4(f).

4.2.3 Space-like polar vector, B,

SS. The trace of the Green’s matrix (3.32), by choosing u = x

2 2
(55) — - + ~ , (4.10)

TG o) =
B -k 1k —w? b+ k)2 R w?
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(d) Bl VY ok

Figure 4. Spectral functions (SFs) for By, source for both quantization choices. (a,c) SFs in w-k
plane. (b,c),(e,f) SFs in k,-ky-k, at w = 0,1 slices, respectively.

where ki = kg + k2. The SF shows the superposition of two Dirac cones shifted along the
k. direction, which are non-interacting with each other. (4.10). The distance between the
Dirac points is 2b and the surface of the cones are branch-cut type singularity. Notably, the
SF in the w-k, plane exhibits a shifting of 2dimensional Dirac cones, see fig 5(a). In the
section of w-k | plane; it shows a gap, see figure 5(b).

SA. The trace of the Green’s function matrix (3.44) for p = z is given by

Tr G( (
By

b

54 zw[wwz)wb—kx)uki—w2+<b—km>¢<b+k1>2+ki—w?
0) :

= 4.11
k2 — w? — e (4.11)

The main feature of the spectrum is shifted Dirac cones in +k, direction: two Dirac points
is connected by flat band of 1-dimensional pole singularity (w? — k2 )~! along k, € [b,b].
See figure 5(e,f). It is important to note that the residue is zero for k, ¢ [—b,b], so there
is no singularity outside the interval. See figure 5(g,h).

4.2.4 Space-like radial vector, B,
The analytic expression is given by
D+ K —wi4 fif
Tr G(Sf) = 4w + ,
Bi:" fef-(f+ + f-)
+ fo)Jw? — k3 —b(fy — f-
Tr@fgsé) _4w(f+ f ) 1 (f+ f ) (4'13)

1) — .
Vw2 — k3 (02 + k% — w4 ffo)

(4.12)
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4 2 0 2 4
K

(e) BV k. (f) BYOY ok,

Figure 5. Spectral functions (SFs) of B, source for both quantization choices. (a,b,e,f) SFs in
w-k,,w-k, plane. (c,g) SFs in w = 0, and (d,h) SFs for w = 2.5 correspondingly to the dashed red
lines. In (g,h), if k. ¢ [—b,b] the pole type singularity disappears so that only k, ¢ [—b, b] which the
arc lines visible. The box’s background represents the certain slices at each momentum is zero.

2
where fi = \/kg - (b + /w2 — ki) . The structure of the fyi is nothing but shifting of
|w|-radius semispheres in k, direction. It is useful to realize that f_f. is shifting of two

|w|-radius spheres in k, direction. See figure 6.
4.3 Antisymmetric 2-tensors

4.3.1 Space-like tensor B,

SS. The polar spatial tensor source of SS-quantization yields Green’s functions with the
rotational symmetry in k,-k, plane. The trace of the Green’s function matrix (3.65) yields

s _ 20[O+ Ik )VE—TkD?+ R -+ 0 |k )V + k) A2 -]

BLY b k2 — w? — e

(4.14)

Where kzi =k2+ /{:5, which is perpendicular to k,. The structure of SF is different to B,
case due to rotational symmetry in k-space. In this case, the cone shifts along k| directions,
which makes the nodal line instead of separated two-Dirac points. Meanwhile, an infinite
1-dimensional pole-type singularity exists on a disk k| € [—b,b]. See figure 7(e,f) In ky-ky-k.
space, if w slightly increases from 0, the singularity splits in k, direction and connects the
torus’s center; see figure 7(g,h). For AdS4, we lost the third momentum, so that no cone
appears and flat band remains only in k,-k, plane [40].

SA. The spectrum exhibits a notable characteristic of rotational symmetry in the k,-k,
plane (4.15), so the nodal line is this case’s main feature. The radius of the nodal line is 2b,
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4 2 0 2 2

[

(e) BiGVOY wik,.  (f) BGVEY bk

Figure 6. Spectral functions (SFs) for B, source for both quantization choices. (a,b,e,f) SFs in w-k
plane. (c,d,g,h) SFs in k,-k,-k, at w = 0, 1 slices, respectively. The spectral features are analogous to
B, case, with extra branch-cut singularity pieces. Notice that the spectrum shown in (g) is just the
nonsingular branch-cut.

and the surface of the SF appears as the branch-cut type singularity. See figure 7(a,b,c,d)

(SA) 2w 2w
= . 4.15
B TV R R Ve R e

4.3.2 Time-space-like tensor By,
The trace of the Green’s function is given by

) 2 9
TI"G(SE)U :4wb +k°—w +hiho

B hih_(hy +h_)
hy +h_)y/w?2 — k> —b(hy —h_
TGS — g, ) L~ blhy —h-) (4.17)

(=1 — :
B Jw? — k3 (02 + K — w2+ hohl)

2
where hy = \/kzi - (b:l: Vw? — k:g) , ht has a semi-torus structure. Here, h_h; =

(4.16)

\/((b — k12 + k2 —w?)((b+ |kL])? + k2 — w?), which is nothing other than a torus. This
structure analogous to B, with extra branch-cut singularity pieces. For SA case at nonzero
w, we observe a torus with connecting planes. See figure 8(d). For SS case at nonzero w,
it is branch-cut version of B;(Eis). See figure 8(h). The crucial difference is that there is
no singularity at w = 0 in SS case.

Until now, we have successfully obtained spectral functions for all interaction and quanti-
zation types where the condensate of field (Og) = 0. Our analytic results are summarized in
table 1, which allows us to classify them based on their spectral features into the following

four classes:
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(&) BGVEY wky . (f) BGYEY wek,. (g) w= 0. (h) w = 1.

Figure 7. Spectral function (SFs) of B,, source for both quantization choices. (a,b,e,f) SFs in
w-ky,w-k, planes. (c,g,) SFs in w =0, and (d,h) w =1 correspondingly to the dashed red lines. The
spectral functions have rotational symmetry for each fixing k.. The background of the box represents
the certain slices at each momentum is zero.

k

(&) BTVEY k. (f) BOYEY wok,.

Figure 8. Spectral functions (SFs) for By, source for both quantization choices. (a,b,e,f) SFs in w-k
plane. (c,d,g,h) SFs in kg,-k,-k, at w = 0, 1 slices, respectively. The spectral features are analogous to
Bg,. Notice that the disk appearing in (g) is just the nonsingular branch-cut.
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i) Flat band and topological liquid. The main characteristic of this class is the simple-pole
type singularity. It should be noted that these flat bands appear in a finite region,
which differs from flat bands that usually appear in lattice models. An explanation why
our flat bands appear over the finite region will be provided in the upcoming subsection.
The first column of figure 9 shows this class.

ii) Gaps and shifting of Dirac cones along k-direction. This class includes gaps in the
s-, p-wave, nodal ring, and nodal shell. The branch-cut type singularity is the only
singularity type in this class. The second column of figure 9 depicts this class.

iii) Gapless with nonsingular. Spectral features of this class are analogous to the first class;
however, there is no particle excitation at w = 0 since there is no singularity. Therefore,
we will call them nonsingular segments, disks, and bowls. The third column of figure 9
represents this class.

iv) Gapless with shifting in w-direction. Spectral features of this class show some similarities
to the gaps class, but instead of the usual nodal segment, ring, or shell, we found non-zero
spectra inside. Therefore, we will call them filled nodal segment, ring, or shell, distin-
guishing them from the second class. The fourth column of figure 9 illustrates this class.

4.4 Emergence of various dimensions flat band over finite region

We have shown that various dimensions flat band can emerge in our holographic approach
after the symmetry is broken by ®, B;, B;;, and By,. We have reported the existance of these
flat bands in our previous works by numerical study. Nevertheless, the reason the flat band
emerged just over the finite region was still being investigated.

According to our analytic results, the problem is clarified. Firstly, the flat band’s
singularity can be confirmed as a simple pole by directly calculating residue for each case.
Secondly, we found that where the frequency approaches the momentum which makes the
Green’s function diverge, then the imaginary of the Tr G can be approximately written in
terms of the step-function as follows:

e Scalar Mjy: M|
(SS) 4w| My
Im[Tr GMO ] EIRT: =~ I |:k2_(d2_26:| (418)
¢ Space-like polar vector By:
(SA) 2W(b32c - kg) 2 2
o Space-like polar tensor By,:
2
(59) 2w(b* — k1) 2 2
o Time-like radial vector By,:
(54) N 20 — k) | 0o g2
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Interactions Trace of analytic Green’s functions (AdSs) Features/Classifications | Singularity types
TrG(‘S,':) = e (4.3) Gapful/s-wave gap Branch-cut
M, k? — w2+ M3
My
2 2
oo k* — w? + M,
TGED = 4’”% (4.2) Topological liquid Pole
el = 2 + 2 (4.10) Shifting cones/p-wave gap Branch-cut
B B ok R e Stk R —w?
v
. 2 2 w2 — k. 2 2 _ 2
TGN = Ql{(ﬂk")\/(b’k"y HRL =Wt (b )0+ kP 4 R “’} (4.11) 1D flat band Pole
o = k2 —w? —ie
oS4 _ 2w 2w 415 1 rine amnchc
. TG0 = O BN R (4.15) Nodal ring Branch-cut
zy
e IR L UL GE Eik f U LRI GRA LN R B ] (4.14) 2D flat band Pole
B, b k2 —w? —ie
el = 2 + 2 (4.8) Nodal shell Branch-cut
B B (b—Tk])? —w? (0 + k)% — w?
tu
nE, = % b+ DV~ R])? — I@’ V)b + kI — } (4.9) 3D flat band Pole
tu w €
s dw .
B, Tr G;‘(,} =Tr G’;&;f - (4.5) Qcp Branch-cut
s Bk -’ fuf [ Taan?
TGS g T Y T e (b fu? — K2 4.12 Filled nodal segment Branch-cut
5 B IR R e s
ua
A + Jo? — k2 —b(fy — 2
Tr G(S(A)” =4 U ts ) ‘L U=/ ); fr= \ k2 — ((;i Vw2 — kj) (413) Non-singular segment Branch-cut & nonsingular
Bur Vo — B2 4 R =t [ )
2 2 2
G g R et Rk o S =) 5 i ; y
s Tr Gpion = 4w Wb i) hy = \ k (bi Jw k:) (4.1()) Filled nodal ring Branch-cut
tz
2 5
g he +h_)y\Jw? — k2 —b(he —h_ ) 2
TrG(s[é)” = r'1.u,( i )V 1= b ): hy = /kz‘ - (b + Vw? — k?) (4.17) Non-singular disk Branch-cut & nonsingular
B \/;ﬂ — K2 (02 + K —w? +hyho)
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B B VB = btw? (K- (b-w)p
t
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;|

Table 1. The summary of trace of Green’s functions, spectral features and classifications for AdSs.
For all of the expressions, k? = k2 + k:; + k2.

It is clear that apart from the scalar case, the simple pole spectra are nonzero, just over

a finite region, due to the presence of step functions. It also explains why the flat band

(SA)

of B;, " appears just over a finite region even if the singularity is k independent function

(1/w). According to these observations, we classify them as various dimensions flat bands:

1,2, and 3-dimensional flat bands as shown in figure 9.

4.5 Spectrum in the presence of the order parameter’s condensation

We have exhibited the SFs corresponding to the condensation in the alternative quantization

by employing the analytic Green’s functions. Here we mention that the flow equation can

numerically compute the case where order parameter fields condensation in the standard

quantization [38-40] although the analytic expressions are not possible. The spectral features

in the probe limit can be generated by employing seven spectral features and modifying

the symmetry in k-space.
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Order p. & Dims Flat bands Gaps Order p. & Dims | Nonsingular/Gapless | w-shiftings/Gapless
SS, (figure 2) SA, (figure 2) SS,SA SS,SA
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- h‘ ' l l ' . x ' * '
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- Eg Nq - .' -o
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Figure 9. The classifications of spectral features for all interaction and quantization types. The table
consists of spectral functions in w-k; , . and kg-k,-k, at w ~ 0. The spectra have identical symmetry
on the horizontal alignment and have the same spectral feature on the vertical alignment. deg is the
number of the flat band, cones k-shifting, nonsingular, and cones w-shifting spectra appearing in each
k-space section.

Our calculation shows that the interactions leading to the simple pole type in the
alternative quantization, which are given by ®, B,, By, B, also yield the simple pole types
singularity in the standard quantizated case as well. But not vice versa. For example, the
scalar interaction with standard quantization have poles in SA fermion, but in alternative
quantization has branch-cut in the same SA fermion. See figure 10(b). In contrast, the
remaining interactions By, By, B, B; yield branch-cut type Green’s functions alternative

quantization. See figure 10.

In this section, we found three types of Green’s function: pole type, branch-cut type
singularity and branch-cut non-singularity. In the upcoming section, we will compute the
full back-reaction for each order parameter field. It is noteworthy that we have observed a
remarkably stable pole-type singularity. This observation agrees with our previous research,

— 26 —



(d) B(l)(SA)' () B,EQ)(SS). (f) BgQ)(SA).

Figure 10. Spectral functions (SFs) which are associated with the condensation order parameter
fields. (a,b) and (c,d) scalar and By, condensation SFs, lead to the complete disappearance of the
fuzzy spectra, resulting in the emergence of only the Kaluza-Klein (KK) modes. Notice that in the
source case of these interactions, both simple pole and branch-cut singularities can occur. However,
only the simple pole type is observed in the condensation cases. (e,f) B; condensation, the types of
Green’s functions appear similar to those observed in the source cases. Keep in mind that combining
these SFs and introducing variations makes it possible to generate all 16 types of interaction SFs.

wherein we interpreted the pole type, referred to as the zero mode, as a topological mode.
The stability of this mode is assured by the boundary conditions of the fermions, which
makes it topological [29]. Additionally, we also give the Green’s functions,dualities, and
the classifications for AdSy theory in A.

5 Backreacted spectral functions

So far, our calculations were done in the probe limit, where back-reactions to the metric by
the order parameter fields were neglected. Consequently, the reliability of these approximate
analytic expressions can be asked and the only way to answer is to carry out the full back-
reacted solution. In this section, we carry out this program and compare it with the essential
probe limit analytic results. Since any of the back reaction calculations involve full-scale
numerical work, and preliminary calculation with low numerical grid gave us the tentative
result that the Green’s function with pole type singularity is stable under perturbation while
the branch cut type singularity is not. Therefore we also expect that the full-scale back
reacktion should be similar. In this section, we perform only for the space-like antisymmetric
tensor type order parameter, postponing other cases to future work. We use a special
lagrangian, which permits the non-zero source and zero condensation. In other words, we use
the theory that allowed the alternative quantization of the order parameter field. We should
mention a big difference between the order parameter field B;, and the usual gauge field
A¢, which is not an order parameter but a field encoding the charge density effect provided
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externally. The charge density p is given by external condition and the horizon regularity
fixes its value u at the boundary so that A; ~ y — pu®. Therefore, A; can not describe any
broken symmetry or order parameter. On the other hand, B; is supposed to describe the
spontaneous symmetry breaking by having zero source or zero condensation. It turns out
that this is possible only by coupling with other fields. Just as in the superconductivity case,
we assumed it is induced mainly by an interaction with the gauge field, F' = dA. In this
section, where we actually produces such field B; by considering back reaction and coupling,
we used FEVBEY for the vector. This comment applies to all other tensor fields as well.

We follow the fundamental action model, which is given in [41, 42]. Additionally, to
quantize real By, alternatively, where only the leading term is nonvanishing, we introduce A;
and set the highest order coupling term between A; and B,, as the source of spontaneous
symmetry breaking. The model is then given by

1 1
Sypa= /d5x\/—g (R — A — ZF/fV (1 T 47]336) - gﬂfaﬂ - m2B§5> . (5.1)

here A = A;(u)dt and the antisymmetric field-strength tensor H),g, given by
H/\,u,, = V)\Baﬁ + VQB/B)\ + VﬁB)\a ; V)\Boég = 3)\Ba5 — anBV,B — FK/BBQJ, (5.2)

where B = By, (u) dz A dy. Notice that the choice of our A, B,g, leading to F'*” B,z = 0,
and in this scenario, F/%I,Bgﬁ becomes the highest order term.

It is important to note that by setting m? = 1, the asymptotic behaviour of space-like
antisymmetric 2-tensor field By, (u) is given by

Buy(u) ~ (O))u™ + (O)u + - - - . (5.3)

The presence of the singularity in the expression causes some numerical difficulties; conse-
quently, we define a new variable, B, (u) := uBg,(u) which significantly enhances numerical
convenience by eliminating the singularity from the expression. With a small value €, we
can determine the sub-leading term (Oz) by B;y(e) /2¢, which suppose to be zero due to
the alternative quantization.

In the back-reaction calculation, we take the following ansatz,

1 3 du?
2 _ 2 2
ds® = " <—f(u)x(u)dt + ;daji + f(u)) , (5.4)
the background fields equations of motion are then given as follows

p Y 1] By [ X1 4P Q*B,, 1 }
B B, |5+ ——|— e - = —| =0 5.5
L A R s A R e B L]

’ f 2 N 1 2 U5Q2
— =12 oy — - = — - =0, .

/ 3u[ o+ (Bay — B, )?| 5Bz 601+ usB,) 0. (56)

! 2 /
X + gux(z’j}w —uB,,)? =0, (5.7

L uQUR
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Figure 11. The value of alternative quantization condensate as a function of temperature. From the

bottom to the top, various curves correspond to v = —2, —3, and —5. The large values of v give the

larger order parameter condensate at T/T. = 0. However, the differential equations turn numerically

unstable, causing difficulty in collecting all calculation results in the entire temperature range. So, we
have not plotted them here.

where @ is the effective charge density. We utilize the shooting method to search for the
solution which satisfies the following boundary conditions,

flum), Ar(ug) =0, x(e) =1, Byy(ug) = finite, (O2) = B;:y(e)/Qe =0, (5.9)

to perform the calculation, we consider the near horizon behavior of fields which can be
obtained by the Taylor expansion of the fields in the following ways:

n

1
(Bayfa), (), X0, Arfu)) = 3 (0 fi o) (1= ) (510)
i=0
By plugging in the above expansion into the fields equations (5.5)—(5.8), we can deter-
mine (b;, fi, Xi,a;) in terms of the horizon value (bg, xo,ur). Together with the boundary
conditions (5.9) and tuning value of @, the solutions of the full back-reaction can be obtained.

We examine our calculation by fixing ug = 4, in which the stable solutions can be obtained
in various finite values of the coupling constant . By tuning @ € (0.012,0.074), we get the
critical temperature T, ~ 0.075, and the value of the order parameter (O;) as a function of
temperature, which we found that it is an analogue with holographic superconductor [22].
See figure 11. However, we postpone the physical interests of it for now since our aim in
this paper is to show the reliability of our analytic results.

By employing the backreacted background solutions, we can calculate the backreacted
fermions spectral function by using flow equation [38]. We divided the temperature regime
into three categories: low (1" <« T¢), high (T" > T¢), and medium (7" ~ T¢) temperature
and investigate the spectral function for each regime. In the low-temperature regime, the
spectrum is similar to our analytic probe result; this seems natural since, in this regimen,
the black-hole temperature is much smaller than the order parameter (I' < (O;)). While for
T ~ T, ~ (O1), the spectral features remain with fuzzy dressing. Above the T, the system is
in the normal phase where symmetry is restored, so the spectral function is similar to that
of the critical system, which has more fuzziness. See figure 12.
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Figure 12. Backreacted fermions spectral functions (SFs) by fixing the order parameter (O;) =~ 2.0
at T ~ 0.17,. (a,e) fermions SF with B,, interaction type at above T.. In this regime, the symmetry
is restored so that (O;) = 0. (b,f) SFs where the order parameter is of the order of temperature
(T ~ T, ~ {(01)). (c,g) SFs where the order parameter is much bigger than temperature ((O1) > T)).
(d,h) SFs generated by our analytic results given in the section 4.

The results reveal the following: i) The degrees of freedom near k; = |[(O;)| spread
out, but the pole singularity structure remains stable. On the other hand, the singularity
structure of the branch-cut along w = £|(k + (O1))| shows deformation. ii) Regardless of
fermion quantization, the main spectral functions maintain the same feature as the probe
limit results. These results emphasize the reliability of probe-limit results, providing the
advantage of avoiding complexities and excessive time calculations associated with full
back-reaction calculations.

6 Discussion

In this paper, we found the analytic expressions of the Green’s function of fermions under
the various types of symmetry breaking: vector and tensor as well as a few types of scalars.
We classified the propagator according to the types of singularities: some have branch cut
types but some of them have pole types. By having the analytic expressions, although they
are within the probe limit, we now understand why various dimensional flat bands exist
and why they have finite regions of support.

Our setup refers to the order parameter field configuration with zero sub-leading order
term, (Og) = 0. For the scalar condensation in AdSy, an analytic study has already been
made and reported [29], but in the context of AdSs, the presence of the condensation term
gives the Dirac equations nontrivial dependence of u, making the solvability unavailable for all
types of order parameter fields. This is the reason why analytic calculation for condensation
was not considered in the present work.
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To support the analytic results which are obtained from the probe background and also
with only source type order parameters, we performed the numerical analysis to find solutions
of a coupled system of gravity with space-like antisymmetric 2-tensor and use it to calculate
the spectral function of the fermions. Comparing the spectral functions of fermions with and
without the back-reaction, we observed a qualitative agreement in the structural features. In
other types of order parameters, we do not show the results in this work, but we also found
such qualitative agreement in most cases, which will be extended to future projects.

One should also note that our analytic results are obtained from a pure AdS background.
However, we used it to approximate the haired black hole background, not the back reacted
near 0 temperature, because in the presence of the order, such zero temperature limit gets a
serious modification and becomes a new scaling solution so that it is not for the ordered phase,
which is our target. Therefore, our analytic results should be compared with the result at
relatively high temperatures where the transition between the strange metal and the ordered
state. The singularity structure significantly changes as we change the temperature. The
most important remark is that our numerical spectral functions provide slight deformation
and a reduction in sharpness compared to analytic results, which is nothing but the effect
of the back reaction. However, we observed the different effects of the back reaction on
pole and branch-cut type singularity.

In the cases of the pole-type singularity or flat bands, we observe the negligible back
reaction and high stability of the flat bands, in which the structure of the singularities
qualitatively remains and closely matches our analytic results. Evidently, in the cases where
the rotational symmetric flat band is present: B,(vgs), the simple pole singularity structure is
remarkably stable. This observation agrees with our previous work, which interpreted the
pole spectrum as a topological mode. However, we observed spreading out of the density
of state near w = 0,k = [(O1)|, which is the back-reaction effect.

On the other hand, in the cases of the branch-cut type singularity spectrum, the
singularity structure is slightly different from our analytic results. For BgA), we observe
that the singularity along w = +|(k, + (O1))| is more fuzzy and reshapes compared to the
analytic result. However, it still remains the main feature qualitatively.

We now list a few future projects apart from removing the above limitations. First,
discussing the presence of branch-cut singularity in the propagator in view of the non-Fermi
Liquid would be interesting. Second, discussing the topology of the various spectral functions
should be possible. This would precisely answer the question of what happens to the topology
in the limit where the quasi-particle disappears. We hope we can come back to this issue in
the near future. Finally, notice that we lack a chiral I'> matrix to represent the chirality of
the boundary. For this reason, we did not discuss the chiral dynamics in this paper. We think
it must be done by introducing another flavor of fermion to double the degrees of freedom.
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Interactions Trace of analytic Green’s functions (AdS,) Features/Classification
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Table 2. The summary of trace of Green’s functions and spectral features in AdSy. In AdSy, the
Green’s functions have duality of the trace part between SS and SA quantization which the key is the
fifth gamma matrix I'® which is absent in AdSs space-time. It is important to note that k? = k2 + k;g
for all expressions.
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where part of this work was discussed.

A AdS; Green’s function, spectral features, classification, and dualities

Even the spectral functions for AdS; were studied in our previous work but the analytic
results have not been completely reported yet. However, we found the duality between AdSy
and AdSs Green’s functions which we will show in this section. We follow the gamma matrix
convention for AdSs in [24, 27, 38-40].

It=0Qicy, I2=01Q0;, [Y=0®03 IY=03Q0, I°=il"TIIYT% (A1)

Under this convention, I'> = I'Z in our main AdSs context, so that the bulk gamma matrices
can be decomposed as follows,

T L D (e IS (L
o)’ 0 )’ o0 )

the structure of the gamma matrices shows us that the result of Green’s functions will
be the same as AdSs; by removing complex conjugates in the expressions and eliminating
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the third momentum k,. The reason is that the differential equations remain the same as
before. For pseudo-interaction types, however, they might be confused due to lack of the fifth
gamma matrix in AdSs. According to I'5, I T T, they are equivalent to I'?, I'?* T'?¢ T'?",
respectively, by setting k, = 0. As a result, the duality of the Green’s functions between
AdSs and AdS,4 are obtained. See table 2.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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