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Multidimensional light bullets in Fermi liquid in the presence of magnetic field
and AdS/CFT correspondence
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We consider the evolution of a light bullet in a fermi-liquid while considering the presence of a magnetic field. The energy spectrum for the
Fermi liquid was calculated in the framework of AdS/CFT correspondence. The influence of a magnetic field’s amplitude and its period on
light bullet evolution was obtained. The stable character of the light bullet propagation in the Fermi liquid in the presence of a magnetic field

was confirmed.
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1. Introduction

A theory for normal Fermi liquids was constructed by L.D. Landau in 1956 [1], based on the representation
of the perturbation energy as a functional of the distribution function. This theory was further developed for
finite Fermi systems by A.B. Migdal [2]. A Fermi liquid is a quantum fluid in which elementary excitations
(quasiparticles) have a half-integral spin and obey Fermi-Dirac statistics (for example, conduction electrons in a
metal).

The Fermi liquid theory continues to develop rapidly and it is used to solve modern problems in various fields
of science. For example, in Ref. [3], based on the relativistic version of the Fermi liquid theory, an equation of
state for the dense substance of a neutron star in the presence of a strong quantizing magnetic field was obtained.
Another interesting research area is the study of non-Fermi and holographic Fermi liquids [4]. These schemes are
based on charged black holes asymptotically inserted in Anti de Sitter (AdS) spaces. According to the AdS/CFT
correspondence, quantum gravity on this background is holographically dual to certain field theories in flat space.
When we add spinor fields to the gravitational theory, it is possible to realize holographic Fermi surfaces with a
variety of Fermi liquid and non-Fermi liquid spectral functions [5].

In this paper, we investigate the influence of a Fermi liquid on light bullet propagation in the presence of a
magnetic field. The dispersion law for the Fermi liquid is calculated based on the idea of AdS/CFT correspondence
[6], which has recently found wide applications in solid state physics. This approach allowed us to obtain the
Green’s function [7,8], and to calculate the energy spectrum for the Fermi liquid.

Note, this approach has been well-proved and has already been used by researchers to study the evolution
of extremely short optical pulses in a marginal Fermi liquid [9], which demonstrated the stable nature for the
propagation of the one- and two-dimensional pulses due to the balance of the dispersion and the nonlinearity of
the medium [9].

At the same time, the problem associated with the external magnetic field, remains unsolved.

2. Basic equations

We begin our investigation of the light bullet (LB) dynamics with well-known dispersion relation E(p) for
quasiparticles. At the construction of the LB propagation model, we describe the electromagnetic field of the
pulse based on the Maxwell equations, in the Coulomb gauge [10] E = —0A /cOt. A vector-potential has a form:
A =(0,0,A,). In the two-dimensional (a) and three-dimensional case (b) we have (here the light velocity ¢ = 1):
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where j is the electric current that appears due to the action of the electric field of the pulse on quasiparticles. Here,
in the two-dimensional case, we neglect with the light bullet diffraction scattering in the direction perpendicular
to the propagation axis. Since for the non-Fermi liquids, there is a region with a large lifetime of quasiparticles,
the quasiparticles ensemble at typical time for the dynamics problems of the light bullets (order 10~'* s) can be
described in the framework of the collisionless kinetic Boltzmann equation [11]:
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where f = f (pa,s,t) is the distribution function, which implicitly depends on the coordinate. The distribution
function f at the initial time coincides with the equilibrium function of the Fermi distribution Fj:

1
1+exp{FE (p)/ksT}’

where T is the temperature, k; is the Boltzmann constant. For the current density j = (0,0, j.) we can write:
o= [ &, )

here, we introduce the group velocity v, = OF(p)/dp.. Solving the equation (3) by the method of characteristics,
one can obtain:
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The integration in Eq. (5) is carried out over the first Brillouin zone, gy corresponds to the layer near the Fermi

surface. The dependence of the basic quantities on gy has a logarithmic nature, which allows us to arbitrarily
choose it.

3. The excitation dispersion law and AdS/CFT correspondence

We begin with the dispersion law (here k is measured from the Fermi level):

0.5
e=c (k). [kl = (k2 +42)"". (6)
It is more convenient to present in the following form:
5:€(l€z,ki). @)
Let us write the expression for the current density. It can be found, for example, in the Ref. [12]:
j=mo [k, (b = A02) 1 (keik2), ®)
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Here, f is the distribution Fermi function, v, = ok

T
For the low-temperature case, we can change f on 1 in the layer near the Fermi surface. The layer thickness
is defined with the conservation of the number of particles:
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Let us specify the dispersion law ¢ = £(k,, k% ) using AdS/CFT correspondence ideas and following the work [13].
Let us consider two- and one-dimensional boundary theories, corresponding to a gravity theory in asymptoti-
cally AdS,. The Lagrangian can be chosen in standard type for both gravitational field and gauge field with U(1)
symmetry [13]:
1 6
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where g is gravitational interaction constant, e is a charge, F},, is stress tensor for the gauge field. The given
choice of the Lagrangian is in accordance with the solution as the Reissner-Nordstrom-AdS black hole:
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here p corresponds to chemical potential as usual, 7 is according to event horizon.
There are the following expressions:
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here T is temperature. Selecting the Lagrangian for sample fermions in the following form:
_ 1 _
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1

where m is mass, wabb]?ab corresponds to spin interaction. Then, we define the Green’s function for fermionic
operator Oy, as follows:

Gr(t,x) = i0(t) ({0t ), 05 (0) })
where 6(t) is the Heaviside step function, angle brackets signify averaging, curved brackets signify anticommutator.
As it is shown in [13] the Green’s function has the form:
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where k = |k|, is Fermi velocity. The main difference of the given Green’s function,
whose poles determine the dispersion law of quasiparticles lies in the fact that the quasiparticles’ dissipation highly
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At low temperatures, the dispersion law can be written using AdS/CFT corrspondence:

Taking into account the magnetic field, which we assume is spatially modulated for the problem generality:
H =@ -sin(«-y), we can write the current density in its explicit form:
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The relation between the parameter v and the magnetic field is given by formula [14]:
k* +m? q
eff Qeff =4 -2 (17)
where ¢ is the fermion charge, g.¢s is the effective charge, h is the magnetic field, m is the fermion mass.
4. Dynamics of light bullets with a plane wave front
Further, we consider two-dimensional light bullets with the initial conditions:
A(z,y,0) = B-exp (—a?/72) - exp (—y*/7;) -
dA (x,y,0) 2u (18)
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where is the pulse amplitude, « is the initial velocity of the pulse along the z axis, 7, -y, define the pulse width.
Equations (1, 14) were solved numerically with a direct difference scheme of the cross type [15]. The time and
coordinate steps were determined from the standard stability conditions.

The influence of the magnetic field amplitude on two-dimensional light bullets is presented in Fig. 1.
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FIG. 1. The intensity of 2D electromagnetic pulse I(z,y,t) = E?(x,y,t) for the Fermi liquid
(t=1-10"135s, a=0.01): a) Q = 0.1; b) Q = 0.2; ¢) Q = 0.4. Units along the = and y axis
correspond to 20 nm

It should be noted that the magnetic field amplitude practically has little effect on the shape and amplitude of
the main pulse. We have only changes in the “tail” after the main pulse. Moreover, the larger Q value, the greater
part of the energy is pumped to the “tail”.

The influence of the period of modulation of the magnetic field on a two-dimensional ultimately short pulse
is demonstrated in Fig. 2.
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FIG. 2. The intensity of 2D electromagnetic pulse I(z,y,t) = E?(x,y,t) for the Fermi liquid
(t=1-1071s,Q =0.2): a) a = 0.01; b) & = 0.05; ¢) a = 0.1. Units along the x and y axis
correspond to 20 nm

As in the case of different amplitude values for the magnetic field, we observe a change in the shape of the
“tail” following the main pulse, which is not affected by the period of the magnetic field.

A picture of the light bullet propagation in the Fermi liquid in the three-dimensional case can be seen in Fig. 3
and Fig. 4. The initial condition in the three-dimensional case was chosen in the form:

(ac—aco)2 r2
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where r is the radius, R is the amplitude, ., v, define the pulse width, x is the initial displacement of the pulse
center, v, is the initial velocity of the pulse along the = axis. Note that as in the 2D case, time is the evolution
variable.

(19)
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FIG. 3. The intensity of 3D electromagnetic pulse I(z,r,t) = E?(z,r,t) for the Fermi liquid
(t=1-10"1s5s a =0.01): a) Q = 0.1; b) Q = 0.2; ¢) Q@ = 0.4. Unity along the r-axis
corresponds to 30 nm, along the z — 20 nm
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F1G. 4. The intensity of 3D electromagnetic pulse I(z,y,t) = E?(x,y,t) for the Fermi liquid
(t=1-10"135s, Q = 0.2): a) a = 0.01; b) @ = 0.05; ¢) @ = 0.1. Unity along the r-axis

corresponds to 30 nm, along the x — 20 nm

Here, we observe an analog of the two-dimensional pulse behavior. And, accordingly, the change in the
amplitude and period of the magnetic field causes only a change in the “tail” shape.

Thus, it is shown that the light bullet in the Fermi liquid propagates stably when the main parameters of the
modulated magnetic field (amplitude and period) change.

5. Conclusions

Based on the obtained results, we can conclude the following:

1. The model, which describes the dynamics of ultra-short 2D and 3D laser pulses in a Fermi liquid in the
frameworks of AdS/CFT correspondence while taking into account the magnetic field, is proposed.

2. The numerical calculations show that in the 2D and 3D cases, there are stable nonlinear waves, light pulses
that are localized in two or three directions.

3. Regarding the light bullet propagation in the Fermi liquid, its dispersion in the transverse direction is rather
weak, and the energy is mainly concentrated in the central region of the pulse.
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