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We investigate the properties of the holographic Fermionic system dual to an anisotropic charged black brane bulk in Einstein-
Maxwell-Dilaton-Axion gravity theory. We consider the minimal coupling between the Dirac field and the gauge field in the bulk
gravity theory and mainly explore the dispersion relation exponents of the Green functions of the dual Fermionic operators in the
dual field theory. We find that along both the anisotropic and the isotropic directions the Fermi momentum will be effected by the
anisotropy of the bulk theory. However, the anisotropy has influence on the dispersion relation which is almost linear for massless
Fermions with charge 𝑞 = 2. The universal properties that the mass and the charge of the Fermi possibly correspond to nonlinear
dispersion relation are also investigated.

1. Introduction

Landau Fermi liquid theory is a powerful tool to help physi-
cists to understand almost all metals, like semiconductors,
superconductors, and so on. However, since 1980s, plenty of
features in some curious materials have been disclosed which
are not well described by Landau’s theory. Then non-Fermi
liquid is involved in these curious materials for which the
theoretical framework is still a hardcore in physics.

Recently, the AdS/CFT correspondence and more gen-
erally the gauge/gravity duality offered a possible approach
to describe the non-Fermi liquid holographically. The holo-
graphic description of such a system is implemented by intro-
ducing charged fermions probe coupled to the gauge field in
the gravity sector and then exploring the spectral function
to disclose the Fermi surface, low energy excitations, and the
type of the liquid of the dual system [1–5]. This proposal has
attractedmuch interest andmany universal features observed
in laboratory have been dually described with holography.
It was found that when a dipole momentum of Dirac field
was introduced, the dual Fermionic systempresented spectral

transfer and various phases such as Fermi liquid, marginal
Fermi liquid, non-Fermi liquid, and even Mott gap [6–12].
Also, the Lorentz violating boundary condition in the bulk
action dual to the nonrelativistic Fermionic system which is
characterized by the appearance of the flat band with gapless
excitation was addressed [13].

However, in most literatures the holographic Fermionc
system is dual to isotropic bulk gravity theory. Actually,
the materials do not have regular structure as usual in real
world. They always have different anisotropic structure [14–
17]. Thus, it is of great interest to holographically study a
charged anisotropic bulk theory with Dirac field coupled
to the gauge field. There are some works to study the
anisotropic holographic fermions system. In [18], dual to
isotropic bulk, the authors studied the anisotropic Fermi
surface by considering BGP lagrangian [19]. The anisotropic
Fermi surface with lattice was also studied in [20].

More recently, remarkable progress has been achieved
in the study of anisotropic gauge/gravity dualities. Mateos
and Trancanelli constructed a static and regular anisotropic
black brane solution of type IIB supergravity which can be
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dually described as a spatially anisotropic N = 4 SYM
plasma [21, 22]. After that an anisotropic Einstein-Maxwell-
Dilaton-Axion gravitational solution has been found in [23,
24]. They constructed a chareged black brane solution of
type IIB supergravity with anisotropy on spacial direction,
which provides a dual bulk theory to study the anisotropic
holographic fermions. Some properties of the Green function
of the Fermionic system dual to this kind of bulk have
been studied in [25]. They found that the anisotropy of the
background can lead to an anisotropic Fermi surface.

The aim of this paper is to further study the holographic
Fermionic system in the charged black brane solution with
anisotropy. Through calculating the Green function of the
dual Fermionic operator, we will study the Fermi momen-
tums along the anisotropic and the isotropic directions,
respectively.Then we explore the critical behaviors of the low
energy excitationnear the Fermi surface in the twodirections,
respectively. We will mainly focus on the effect of the axion
field parameter, the mass, and the charge of the fermions on
the dispersion relation of the excitation.

The remaining of the paper is organized as follows: we
will obtain the equation ofmotion and boundary condition in
Section 2. In Section 3, we will briefly review the anisotropic
Einstein-Maxwell-Dilaton-Axion theory. After that, we will
solve the equations of motions numerically and disclose the
low energy behavior near Fermi surface in two directions
in Section 4. We present the discussion and conclusion in
Section 5.

2. Holographic Fermionic Setup in
Anisotropic Background

In order to study the character of fermions in the dual
boundary theory, we consider the bulk action for a probe
Dirac fermion with the mass 𝑚, charge 𝑞. The action of bulk
fermion is

𝑆bulk = ∫𝑑
5
𝑥√−𝑔𝑖𝜓 (𝐷 − 𝑚)𝜓, (1)

and in a 5-dimensional Anisotropic black brane background
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are the tangent space indices. From the above action, the
Dirac equation can be written as
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In order to decouple the equation of motion, we set �̂�𝑇
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The ingoing boundary condition for �̂�
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can be imposed by
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solution of the Dirac equation (5) can be written as

𝜙
𝐼
→ 𝐴

𝐼
𝑟
𝑚
(
0

1
) + 𝐵

𝐼
𝑟
−𝑚

(
1

0
) . (8)



Advances in High Energy Physics 3

Thus, according to AdS/CFT dictionary, the retarded Green
function can be expressed as
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For simplification, in the paper we will only consider the case
that the Green function is diagonal; that is, we will set 𝑘

𝑦
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whenwe study the Fermi surface along the anisotropic and set
𝑘
𝑥
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directions. In both of the cases, the Green function can be
written as
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3. The Anisotropic Charged Black Brane in
Einstein-Maxwell-Dilaton-Axion Theory

We start with Einstein-Maxwell-Dilaton-Axion theoretical
background
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where the dimensionless charge Q = 𝑄/2√3𝑟
3

𝐻
with 𝑄

the dimensional charge corresponding to 𝑈(1) gauge field.
The anisotropy of the background means that the rotation
symmetry is broken on the spacial direction.The anisotropic
charged black brane is a solution of the equations of motion
deduced from the action [23, 24]
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In Taylor series expansion of 𝑎, the Hawking temperature
and entropy density are given by

𝑇 =
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Note that there exists thermodynamic instability of the

anisotropic background. It is addressed in [23, 24] that the
charged anisotropic background has thermodynamic insta-
bility in the region of 𝑎2 > 0 and thermodynamic stability
in the region of 𝑎2 < 0. When 𝑎

2
> 0, the thermodynamic

instability of the geometries solution is similar to that of the
Schwarzschild-AdS with a spherical horizon. The solution
corresponds to “prolate” geometry. However, the solution
with 𝑎2 < 0 is stable, which corresponds to “oblate” geometry.
It is necessary to point out that imaginary axion field (i.e.,
𝑎
2

< 0) is reasonable when we regard the axion fields
as an appropriate source to support a spatially anisotropic
spacetime. In the next section, we will disclose the behavior
of the low energy excitation near the Fermi surface of the
Fermionic system dual to both cases with 𝑎2 > 0 and 𝑎2 < 0.

4. Some Properties of
the Holographic Fermions

In this section, we will set 𝑟
𝐻
= 1 without loss of generality.

We intent to firstly consider the massless fermions and
set 𝑞 = 2. Then we will investigate the effect of mass
and charge of the fermions on the dispersion relation of
the Ferminic excitation. Also note that we need to fix the
parameter 𝑎 which characterizes the level of anisotropy and
the dimensionless charge Q. Since the temperature of our
system is dependent on 𝑎 and Q, we set Q = 1.4 in order to
make sure the temperature of the system is finite and close to
zero in the following discussion.

4.1.The ExcitationNear Fermi Surface in Anisotropic Direction
with Massless Fermions. We set 𝑘

𝑦
= 0 and explore the

Fermionic system on 𝑥-direction. We will first explore the
case with 𝑎

2
> 0. We will numerically solve the equations

of motion (6) with the use of the boundary condition (7) and
read off the Green function 𝐺

22
.

Our numerical result with 𝑎2 = 0.01 is shown in Figure 1;
the imaginary part of retarded Green function shows a peak

𝜔
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Figure 1: Spectral function Im𝐺
22
(𝜔, 𝑘) at 𝑘

𝑥
= 𝑘
𝑥𝐹

(blue solid),
𝑘
𝑥
= 7 (orange dashed), and 𝑘

𝑥
= 9 (red dotted) for 𝑎2 = 0.01.

in the region 𝜔 > 0. We see that the peak at 𝑘
𝑥

= 7

is sharper than that at 𝑘
𝑥
= 9. A sharp quasiparticle-like

peak is generated at 𝜔 = 0 as the value of momentum
approaches 4.2.Withmore careful calculationwith 𝑎2 = 0.01,
we can determine the Fermi momentum 𝑘

𝑥𝐹
= 4.18357163

at which near zero frequency shows a peak (see Figure 2).
Furthermore, we show the dependence of Fermi momentum
on the degree of anisotropy in Figure 3 which shows that the
Fermi momentum decreases as 𝑎2 increases. Then, by fitting
the data of 𝑘

𝑥𝐹
and 𝑎2, we have

𝑘
𝑥𝐹

∼ 4.20777 − 2.09732𝑎
2
. (15)

The blue line in Figure 3 is obtained from the fitting function.
When 𝑎 = 0, the Fermi momentum on anisotropic direction
is just the Fermi momentum of dual liquid of 5-dimensional
RN-AdS black hole.

We will move on to judge the type of liquid by studying
the behavior near the Fermi surface. To achieve that, we must
determine two critical exponents. One is the exponent of
dispersion relation

𝜔
∗
(𝑘
𝑥⊥
) ∼ 𝑘
𝛼

𝑥⊥
, (16)

with 𝑘
𝑥⊥

= 𝑘
𝑥
−𝑘
𝑥𝐹

→ 0
−
. The other is the scaling exponent

of the height of Im𝐺
22
scales as 𝑘

𝑥⊥

Im𝐺
22
(𝜔
∗
(𝑘
𝑥⊥
) , 𝑘
𝑥⊥
) ∼ 𝑘
−𝛽

𝑥⊥
. (17)

The results of the exponents 𝛼 and 𝛽 are shown in
Figures 4 and 5. We find that the dispersion relation for
the anisotropic background almost keeps linear (the error
is around 10

−4) with the samples of small positive 𝑎2 from
Figure 4. However, the dispersion relation exponent will shift
from unit if we enlarge 𝑎; for example, 𝛼(𝑘

𝑥𝐹
) = 1.00453 for

𝑎 = 0.7, which indicates that the parameter 𝑎 has imprint
not only on the Fermi momentum but also on the low energy
excitation near the Fermi surface.
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Figure 2: The 3D plot (a) and the density plot (b) of Im𝐺
22
(𝜔, 𝑘) as 𝑎2 = 0.01.
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Figure 3: The plot of 𝑘
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varies as 𝑎2 > 0.

In order to further check the type of the dual liquid, we
must determine the other scaling relation 𝛽. For clarity, we
take the logarithm of both sides of (17). After analyzing the
values in Figure 5 we see that the exponent satisfies 𝛽 ̸= 1.

According to the statement in [26, 27] that the exponent
of scaling behavior should obey 𝛼 = 𝛽 = 1 for Landau
Fermi liquid, we claim that our dual system is not like Landau
Fermi liquid system.That is to say, the systemwhich is dual to
thermodynamic instability charged axion background is non-
Fermi liquid-like type.

Now we turn to the background possessing thermody-
namic stability with 𝑎2 < 0.There appears a quasiparticle-like
peak at 𝑘

𝑥𝐹
= 4.224745596 denoting the Fermi surface with

𝑎
2
= −0.01. In this case we obtain that the position of Fermi

surface increases as 𝑎 becomes smaller from Figure 6, and the
change is continuous from 𝑎

2
> 0 to 𝑎2 < 0.

Furthermore, from Figure 7 we get that for 𝑎2 = −0.01

the scaling exponents are 𝛼 ≃ 1 and 𝛽 ̸= 1. We also checked
that for some samples of 𝑎2 < 0, 𝛼 ≃ 1 and 𝛽 ̸= 1 always can
be kept, which implies that the dual liquid does not behave as
Landau Fermi liquid. From the discussion above, we make a
conclusion that the type of dual liquid is non-Fermi liquid-
like for both stable and unstable anisotropic background.

4.2. The Excitation Near Fermi Surface in Isotropic Direction
with Massless Fermions. In this subsection, we will set 𝑘

𝑥
=

𝑘
𝑧
= 0 to study the holographic fermions with isotropic

direction.We find that as 𝑎2 decreases, the Fermimomentum
in 𝑦 direction increases, which is similar to that in 𝑥

direction. We compare the Fermi momentums in anisotropy
and isotropic direction in Tables 1 and 2. We can find that the
anisotropy of the background can influence both anisotropic
and isotropic direction. It is obvious that 𝑘

𝑦𝐹
is much smaller

than 𝑘
𝑥𝐹

for 𝑎2 > 0 while 𝑘
𝑥𝐹

is smaller for 𝑎2 < 0.
Similarly, we also explore the scaling exponents of the low

energy excitation near the Fermi surface in the 𝑦 direction.
We find that, in isotropy direction, the scaling behaviors also
satisfy 𝛼 ≃ 1 and 𝛽 ̸= 1 at least for small 𝑎, which is the
same as 𝑘

𝑥
direction. This means that the type of dual liquid

in isotropic direction is also non-Fermi liquid.

4.3. The Effect of Charge and Mass of the Fermions on the
Excitation. We will move on to study the influences of the
charge and mass of the fermion on Fermionic excitation.
Firstly, let us have a look at the influence of charge by
setting 𝑚 = 0 and 𝑎

2
= 0.01. The influence of charge on

Fermi momentums and dispersion relations with samples is
shown in Table 3. As the charge of fermions is increased, the
Fermi momentum becomes large and the dispersion relation
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Table 1: Fermi momentums 𝑘
𝑥𝐹

and 𝑘
𝑦𝐹

with samples of 𝑎2 for 𝑎2 > 0.

𝑎
2

0.1
2

0.08
2

0.06
2

0.04
2

0.02
2

𝑘
𝑥𝐹

4.18357163 4.19098005 4.19674266 4.20085918 4.20332927
𝑘
𝑦𝐹

4.18309076 4.19067063 4.1965674 4.20078018 4.20330821
𝑘
𝑥𝐹
− 𝑘
𝑦𝐹

0.00048087 0.00030942 0.00017526 0.000079 0.00002106

kx⊥

𝜔
∗

0.000

−0.002

−0.004

−0.006

−0.008

0.000−0.002−0.004−0.006−0.008

−0.010

−0.010−0.012

(a)

kx⊥
𝜔
∗

0.000

−0.002

−0.004

−0.006

−0.008

0.000−0.002−0.004−0.006−0.008

−0.010

−0.012 −0.010

(b)

kx⊥

𝜔
∗

0.000

−0.002

−0.004

−0.006

−0.008

0.000−0.002−0.004−0.006−0.008−0.012 −0.010

(c)

Figure 4: The dispersion relation between 𝑘
𝑥⊥

and 𝜔
∗
for 𝑎2 = 0.01 (a), 𝑎2 = 0.04 (b), and 𝑎2 = 0.09 (c).

approaches 1 in both isotropic and anisotropic direction.That
is to say, the dual liquid is close to a Fermi liquid-like state as
𝑞 increases. This effect of Fermionic charge is consistent with
the observation in [2, 3].

In Table 4, we list the Fermi momentum and exponent
𝛼 with some samples of fermionic mass. We see that the
Fermi momentum is smaller for large Fermionic mass. Also
large Fermionic mass corresponds to larger 𝛼, applying the
fact that smaller mass promotes the dual liquid to appoach
Fermi liquid-like state.This phenomena agrees well with that
addressed in [28].

5. Discussion and Conclusion

In this paper, we investigated the anisotropy holographic
fermions system at low temperature dual to five-dimensional
Einstein-Maxwell-Dilaton-Axion gravitational background.
We found that the Fermi momentum decreases as 𝑎

2

increases in both anisotropic and isotropic direction. The
shape of backgroundhad effect on the value of Fermimomen-
tum for 𝑘

𝑥𝐹
and 𝑘
𝑦𝐹
. The Fermi momentum in anisotropic is

larger than that in isotropic direction for “prolate” solution
(𝑎2 > 0) while the rule changes for the “oblate” solution
(𝑎2 < 0). For 𝑎2 > 0 solutions, Fermi momentum grad-
ually becomes large with the changes of the direction from
the isotropic direction to anisotropic direction. Meanwhile,
the Fermi momentum gradually becomes small from the
isotropic direction to anisotropic direction for 𝑎

2
< 0

solutions. The same variation tendency towards the Fermi
momentum can also be found in [25]. Finally by analyzing
the dispersion relation, we discussed that the change of 𝑎2,
Fermionic charge, and mass affected the Fermi momentum
and made the Fermionic system dual to Einstein-Maxwell-
Dilaton-Axion theory deviate from Fermi liquid-like state.
Because of the complexity of calculation, we only analyze the
dispersion relation of the isotropic direction and anisotropic
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Table 2: Fermi momentums 𝑘
𝑥𝐹

and 𝑘
𝑦𝐹

with samples 𝑎2 for 𝑎2 < 0.

𝑎
2

−0.02
2

−0.04
2

−0.06
2

−0.08
2

−0.1
2

𝑘
𝑥𝐹

4.20497608 4.20744644 4.21156413 4.21732997 4.224745596
𝑘
𝑦𝐹

4.20499373 4.20752226 4.21173721 4.2176399 4.2252327
𝑘
𝑥𝐹
− 𝑘
𝑦𝐹

−0.00001765 −0.00007582 −0.00017308 −0.00030993 −0.000487104

8
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5

4
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2

1

0 2 4 6

−log(kx⊥)

log(ImG22(𝜔∗, kx⊥))

(a)
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2
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log(ImG22(𝜔∗, kx⊥))

(b)

6

5
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3

2
43210

−log(kx⊥)

log(ImG22(𝜔∗, kx⊥))

(c)

Figure 5: The scaling relation of the logarithm of the height of Im𝐺
22
(𝜔
∗
(𝑘
𝑥⊥
), 𝑘
𝑥⊥
) at the maximum for 𝑎2 = 0.01 (a), 𝑎2 = 0.04 (b), and

𝑎
2
= 0.09 (c).

0.000 0.005 0.010

4.19

4.20

4.21

4.22

k
x
F

a
2

−0.010 −0.005

Figure 6: The plot of 𝑘
𝑥𝐹

varies as 𝑎2 < 0.

Table 3: Fermimomentums and dispersion relation exponents with
different charges for𝑚 = 0 and 𝑎2 = 0.01.

𝑞 0.25 0.5 2
𝑘
𝑥𝐹

0.24272478 0.65551085 4.18357163
𝑘
𝑦𝐹

0.24256306 0.65525147 4.18309076
𝛼(𝑘
𝑥
) 1.06664 1.01284 ≈1

𝛼(𝑘
𝑦
) 1.06876 1.01500 ≈1

direction. The detailed analysis of the dispersion relation of
more general direction will be discussed in our future work.

It is of great interest to consider the dipole coupling
between Fermi and the gauge field to study the dipole effect
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kx⊥

𝜔
∗

−0.003

−0.004

−0.005

−0.006

−0.007

−0.008

−0.009

−0.010 −0.008 −0.006 −0.004

(a)

15.70

15.65

15.60

15.55

15.50

15.45

15.40

4.6 4.8 5.0 5.2 5.4 5.6 5.8

−log(kx⊥)

log(ImG22(𝜔∗, kx⊥))

(b)

Figure 7: The dispersion relation (a) and the scaling behavior of Im𝐺
22
(𝜔
∗
(𝑘
𝑥⊥
), 𝑘
𝑥⊥
) (b) for 𝑎2 = −0.01.

Table 4: Fermimomentums and dispersion relation exponents with
different masses for 𝑞 = 2 and 𝑎2 = 0.01.

𝑚 0 0.1 0.2
𝑘
𝑥𝐹

4.18357163 4.05540956 3.92763573
𝑘
𝑦𝐹

4.18309076 4.05483622 3.79940781
𝛼(𝑘
𝑥
) ≈1 1.00011 1.00020

𝛼(𝑘
𝑦
) ≈1 1.00012 1.00023

on the dual holographic system. Another natural direction is
to turn on 𝑘

𝑥
and 𝑘

𝑦
to disclose the lattice structure of the

Fermionic system.How to adjust our observation into the real
anisotropic material is also a challenge of future work.
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