N
N

N

HAL

open science

The black hole interior and the type II Weyl fermions
M. Zubkov

» To cite this version:

M. Zubkov. The black hole interior and the type II Weyl fermions. Modern Physics Letters A, 2018,
33 (07n08), 10.1142/S0217732318500475 . hal-01622823v2

HAL Id: hal-01622823
https://hal.science/hal-01622823v2
Submitted on 6 Oct 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Auto':iiition
HAL Authorization


https://hal.science/hal-01622823v2
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

The black hole interior and the type II Weyl fermions

M.A. Zubkov *!:T
! Physics Department, Ariel University, Ariel 40700, Israel

It was proposed recently that the black hole may undergo a transition to the state, where inside
the horizon the Fermi surface is formed that reveals an analogy with the recently discovered type
II Weyl semimetals. In this scenario the low energy effective theory outside of the horizon is the
Standard Model, which describes excitations that reside near a certain point PO in momentum
space of the hypothetical unified theory. Inside the horizon the low energy physics is due to the
excitations that reside at the points in momentum space close to the Fermi surface. We argue that
those points may be essentially distant from P(®) and, therefore, inside the black hole the quantum
states are involved in the low energy dynamics that are not described by the Standard Model. We
analyse the consequences of this observation for the physics of the black holes and present the model
based on the direct analogy with the type II Weyl semimetals, which illustrates this pattern.

PACS numbers: 04.70.Dy 11.15.Ha 73.22.-f

I. INTRODUCTION

Soon after the discovery of the Schwarzschild black hole solution [2], its form was proposed, which allows to reveal
an analogy with the motion of liquid [3, 4]. The corresponding coordinate system is called Painleve - Gullstrand
coordinate frame. Later the similar reference frame was proposed for the charged (Reissner-Nordstrom) and even for
the rotated (Kerr) black holes [5, 6]. The simulation of the black holes by real motion of the superfluid was proposed
in [7]. In the same paper the semiclassical calculation of Hawking radiation [8] was proposed for the first time. The
similar calculation was later reproduced in [9], which was followed by a number of papers (see, for example, [10, 11]
and references therein). The clear formulation of the analogy between the black holes (including rotated and charged
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FIG. 1: Charged non - rotated black hole in Painleve Gullstrand reference frame is represented schematically.

* On leave of absence from Institute for Theoretical and Experimental Physics, B. Cheremushkinskaya 25, Moscow, 117259, Russia
TElectronic address: mikhailzu@ariel.ac.il



ones) and the fluid motion is given in [5]. Within this pattern in [1] it has been proposed that the conventional state
of the black holes (that is accompanied by Hawking radiation) may be transformed to the different, equilibrium state,
in which the interior of the black hole contains the Fermi surface.

Quite unexpectedly the similar pattern appears in the condensed matter physics. First of all, as it was mentioned
above, there exists the analogue of the black hole in fermionic superfluids (see also [12]). Moreover, the simulation of
motion in the presence of the gravitational field and even the black hole analogues were discussed in the framework
of ordinary liquids [13]. Recently the new classes of solids called Weyl and Dirac semimetals were discovered [14-21].
In those materials the low energy excitations are described by the same Dirac (or, Weyl) equation as the elementary
particles of high energy physics. This allows to simulate in laboratory the effects typical for the high energy physics.
Especially interesting is the possibility to observe effects, which were not observed in experimental high energy physics
due to the restrictions on the energy of the corresponding processes.
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FIG. 2: Left: Dispersion for the Dirac fermions inside the black hole horizon (in the Painleve - Gullstrand reference frame).
The lower line symbolizes the occupied branch of spectrum. One can see, that its part is situated above zero, which results in
the tunneling of the occupied ”vacuum” states from the interior of the black hole to its exterior. Right: Dispersion for the
Dirac fermions outside of the black hole horizon. The lower line symbolizes the occupied branch of spectrum. It is situated
below zero.

In [22] (Remark 2.1.) the possible existence of the new type of Weyl points in multi - fermion systems of general type
was noticed. Later the corresponding materials were called the type II Weyl semimetals and discovered experimentally
[23]. Tt appears, that in those novel materials the fermionic quasiparticles behave similar to the fermions inside the
horizon of the equilibrium black holes discussed in [1]. This analogy including the Hawking radiation has been
discussed in [24]. Further, basing on this analogy the more exotic forms of the Weyl fermions were proposed in [25].
This line of research represents, to a certain extent, the alternative to the more popular approach to the quantum
theory of the black holes that is based on the black hole thermodynamics (see, for example, [26] and references therein)
and on the string theory [31].

By the quantum theory of the black holes we understand here the attempt to apply quantum theory to the physics of
the black holes, which therefore are not already considered as completely classical objects contrary to the conventional
general relativity. The review of the present state of the study in the quantum theory of black holes is presented, for
example, in [30], where more references may be found (see also [29] and references therein). For the review of the
application of quantum theory to the physics of black holes (including the approaches based on string theory) see
[31-34] and references therein.

The mentioned above alternative line of research in the field of the quantum theory of black holes is based on an
analogy with real condensed matter systems (the fermionic superfluids and Weyl semimetals). It was initiated in [7]
and developed further in [1, 24, 25]. The most important advantage of this approach is the possibility to observe
in laboratory the phenomena that are specific for the real black holes that may, possibly, exist in the Universe and
manifest themselves in astrophysical observations !. In the mentioned papers the following scenario for the evolution
of the black holes was proposed. At the beginning of the formation of the black hole the vacuum is free falling to
its center. This free falling is accompanied by Hawking radiation, which may be detected in any stationary reference
frame. And this is the conventional state of the black holes. This free - falling ”vacuum” is not stable. Therefore, at
the later stages of the existence of the black hole the vacuum may be reconstructed. If equilibrium is achieved, the
Hawking radiation stops there, or, better to say, there is the equilibrium between absorbtion and emission of thermal

1 Tt is worth mentioning that recently certain astrophysical observations were interpreted as the indication that the black holes do exist
in the real World (see, for example, [35]).



matter by the black hole. It was demonstrated that in the Painleve - Gullstrand reference frame the equilibrium
vacuum inside the horizon is similar to the so - called type II Weyl semimetals [24], discovered recently. There the
Fermi surface is formed, which is composed of the two Fermi pockets.

In the present paper we proceed this line of research using an analogy with the solid state physics. We argue, that
the self - consistent field theory (which is able to describe the interior of the black hole in its equilibrium) should
be different drastically from the conventional Standard Model. Several unusual consequences follow from the simple
assumptions about the mentioned theory. We illustrate those features of the theory by the toy lattice model that
reveals an analogy to the type II Weyl semimetals.

The paper is organized as follows. In Sect. II we recall the basic notions of Weyl and Dirac fermions in the
background of the charged non - rotated black hole considered in Painleve - Gullstrand reference frame. In Sect. III
we discuss how the conventional vacuum is seen in this reference frame and describe in this framework the Hawking
radiation. For the completeness we also remind the reader the semiclassical description of the similar process - the
Schwinger pair production by the electric field of the black hole. In Sect. IIT we reproduce the reasoning of [1] and
explain why the conventional black hole may undergo the transition to the state, where inside the black hole the
Fermi surface appears. In addition we explain in this section why in order to describe the physics inside the black
hole the ultraviolet completion of the Standard Model should be considered. In Sect. V we illustrate the principal
features of the quantum field theory in the presence of the black hole by an example of the toy model defined in
lattice regularization. It is demonstrated, how in this model the Fermi surface is formed inside the horizon. Next, we
discuss the excitations that exist inside the black hole horizon near to the Fermi surface. In Sect. VI we end with the
conclusions.

II. DIRAC FERMIONS IN THE BACKGROUND OF THE REISSNER-NORDSTROM BLACK HOLE
(PAINLEVE GULLSTRAND REFERENCE FRAME)
In the Painleve Gullstrand reference frame the metric of the non - rotating black hole has the form
ds?® = dt* — (dr — v(r)dt)?, (1)
where
L r [2M @3

V=——- =
mpr r r

(2)

is the velocity of the free falling body (measured in its self time). Here @ is the total charge of the black hole, m,, is
the Plank mass, M is the mass of the black hole.
The given form of metric corresponds to the following vierbein E#

=7 3)

and the inverse vierbein ez

The latter is related to metric g, as

a b
ng/ = eueynab

where 7q, = diag (1, —1, —1, —1). The only nonzero component of the spin connection wqp,, is the one with the space -
time index p corresponding to the radial direction, the indices a, b corresponding to time direction and radial direction:

d
Wror = —Worr = _5 V(I‘)| (5)

The action for the neutral right - handed (left - handed) fermions is given by
Sy = / diz det™1(E) Py (2) (iEgat + iEfT“Gk)@/Ji(x)

= [daiio)(0 - B (-i0) v () ©)



Here the sign plus corresponds to the right - handed fermions while the sign minus corresponds to the left - handed
ones. The Hamiltonians H* are given by:

Hi(p) = 4+po — pv (7)
The extra term is to be introduced in order to consider Dirac fermions with mass m:

Sm —mZ/d4x det ™ (E) ¢4 (z)hx ()
+

~ m / Bz > G (@) () (8)
+

It is interesting that the spin connection with the only component of Eq. (5) disappears from the above action.
Metric of the form of Eq. (1) possesses the horizon at

M+ \/M? - Q?m},
= 3

mp

T+

and the so - called Cauchy horizon at

M — /M? — Q>m?%
r_ = 5 (10)

mp

For r > r; the quantum field theory contains the usual Weyl fermions, and the type I Weyl points appear at m = 0.
At r_ < r < r4 in the absence of Dirac mass we deal with the two type II Weyl points coinciding at the common

position in momentum space. This region inside the black hole horizon corresponds to the values of |v| that exceed
2
the speed of light. The maximal value of |v| is achieved at 7, = Qﬁ

There is also another special point of the Painleve - Gullstrand space - time

2
o = Qi
2M

For r < ro metric of the form of Eq. (1) contains imaginary velocity v. In Sect. IL.B in [5] this point has been caller
the turnaround point, because in the analytical continuation of space - time in the Painleve - Gullstrand reference
frame at r > 7o the flow of space is accelerated outward from the center. At the distance r_ the flow enters the
interior of the white hole and leaves it at r;.. The origin for this behavior is the gravitational repulsion caused by
the negative gravitational mass placed in the center. It is compensated by the positive electromagnetic energy, so
that the mass enclosed within the surface of the radius r > rg is positive. However, it becomes formally negative at
r < ro. Although the appearance of the negative mass is unphysical, formally one may solve the equations of motion
for r < rg, even though velocity v is imaginary. The sketch of the structure of the charged non - rotated black - hole
is represented in Fig. 1. For the more detailed description of this space - time in the Painleve - Gullstrand reference
frame see [5].

It is widely believed [36], that for the more realistic configurations, where space - time is not empty and contains
matter, space - time metric behaves in a qualitatively different way at r ~ rg. The negative mass and imaginary
velocity v do not appear. In the present paper we assume, that due to matter distributed somehow within Cauchy
horizon the velocity field |v| inside the inner horizon is modified in such a way, that it remains real and vanishes
smoothly at r = 0.

III. THE "FREE FALLING VACUUM”, HAWKING RADIATION, AND SCHWINGER PAIR
PRODUCTION

In empty space everything is falling to the center of the black hole. For the simplicity we may imagine initial
”vacuum” of the quantum field theory as a substance similar to the collection of the non - interacting particles. In
this pattern it is falling with the velocity v(r) defined above. In the small vicinity of any given point of space - time
the vacuum of the field theory is to be considered at this stage as falling with constant velocity. In the accompanying
reference frame the space - time is flat, and the Hamiltonians for the Weyl fermions are given by

Hi (p) = +po (11)



FIG. 3: The Fermi pockets are presented for the model with Dirac fermions with m = 0.1 and v =2

The mass term that mixes the left - handed and the right handed fermions remains unchanged. For the vanishing
temperature the upper branch of dispersion

E(p) = £V/p2 + m?

is empty while the lower branch is occupied.

It is well - known that the energy momentum tensor in the conventional quantum field theory is ultraviolet divergent.
Therefore, this is difficult to speak of it on the basis of the known versions of the continuum field theory. The attempt
to model vacuum as a substance described by a field has been made, for example, in the so - called q - theory described
in [39] and references therein. Since we do not know the correct description of vacuum as a substance this is difficult,
however, to represent explicitly its equation of state. The above proposition adopted in the present paper models it
as a collection of the non - interacting particles. This is the minimal, possibly, too primitive supposition. However,
we suppose, that it reflects qualitatively the essence of the discussed phenomenon: the vacuum falls down in the same
way as the non - interacting particles. It is expected, that the interactions (and their influence on the motion) may be
considered as the perturbation. The Painleve - Gullstrand reference frame is useful for the description of this kind of
motion because in this reference frame the boost performed in the small vicinity of any given point (with the velocity
of the free falling) brings the metric to the (locally) flat form.

In the Painleve — Gullstrand reference frame in a small vicinity of each point the dispersion of the fermions is given
by

E(p) = +v/p*+m? —vp

Between the two horizons the Dirac cone (appeared at p — o0) is overtilted. As a result, the piece of the occupied
branch corresponds to the energies above zero. The corresponding fermions are able to escape from the black hole
due to tunneling. This is the origin of Hawking radiation (see Fig. 2). We give here its semiclassical description
[1, 7, 10, 11].

For the particles moving near the external horizon the probability of tunneling is proportional to the exponent

T ~exp(—2Im/p,ndr)

Here only the radial component of momentum p,. is relevant. The integral is to be taken over the contour in complex
plane that connects the two disconnected pieces of the particle trajectory.

We obtain
[V|E + /€2 — (m2 +p2 ) (1 — v2)
T~ exp ( ~2Im / e dr) (12)
which gives
&
I' ~ exp ( - T) (13)
with
_Ldyl
27 dr

T=r4



Taking into account Fermi statistics we arrive at the distribution of the emitted fermions

1
pe ™ 1+ ef/T

It is worth mentioning, that according to the original interpretation of the Hawking radiation [8] the particle is created
directly outside of the horizon. The two interpretations give identical results. Thus following [1, 7, 10, 11] we suppose,
that they may be considered as the two different interpretations of the same phenomenon.

Let us consider for the completeness the process similar to Hawking radiation that occurs outside of the horizon
- the Schwinger pair creation by electric field of the black hole. In this case we consider the system outside of the
horizon in a small vicinity of a certain point, where the electric field may be considered as constant. We consider
the system in the gauge, in which the Hamiltonian does not depend on time. For the particles moving outside of the
horizon we have the following expression for the radial momentum:

_ VW W2 = (m? +p7)(1 - v?)
br= 1—v2(r)

(14)

Here
W(r)=E+ Er

and F is the electric field. We should take W < 0 at the initial position r; of the trajectory. At the final point
Ty = r;+L the value of W is to be positive. The transition between those two points corresponds to the transformation
of the given occupied vacuum state to the excitation above vacuum. Between points r; and r there is the classically

forbidden region, where W2(r) — (m? 4+ p%)(1 — v?) < 0. At the turning points W = W* = £/(m? + p? )(1 — v2).
Direct calculation gives the semiclassical tunneling exponent

exp (Qi/drpr)

wt 2
AW /=W?2 + (m2 + p2 ) (1 — v?)
e"p(”/, E -2 )

r

2

m(m2+p2)

= T (15)

Integration over the initial momenta p, and 0 < p, < EL gives the rate of the pair production in the unit volume
during the unit time (we should take into account, that the incoming flow has velocity 9,,.€(p)):

dr Ef2 p(_ﬂmQ) (16)

qat A E

which accidently coincides with the pair production rate in flat space - time in the presence of constant electric field
[27]. The similar result has been obtained also using another methods based on the Schwarzschild coordinates (see, for
example, [28]). As a result the total pair production rate by the electric field of the black hole leads to the discharging
of the black hole. This occurs because one of the created particles in the pair (of the charge opposite to Q) inevitably
falls down to its interior. Thus we have

dQ _ @ / o mm? 2) (17)

dt |1Schwinger 2 + r2 Q

IV. VACUUM RECONSTRUCTION

To be precise, the initial ”"vacuum” discussed in Sect. III is not the true vacuum. This state looks like a vacuum
when one looks at it inside the small piece of the reference frame falling freely towards the center. If interactions
are neglected, this state is composed of the occupied energy levels corresponding to the energies below zero in this
accompanying reference frame. Globally the stationary accompanying reference frame does not exist. That’s why the
given state is not vacuum.

When interactions are taken into account, we should observe the transformation of the given state. During this
transformation process the entropy is increased and reaches its maximum in the final equilibrium state. It is convenient
to look at the final equilibrium state inside a stationary reference frame (i.e. the reference frame with the vierbein



that does not depend on time). In this coordinate system the equilibrium state that gives maximal value of entropy
corresponds to the generalized Gibbs distribution

En—wmq> (18)

pn=exp(— T

where E,, is the energy of the n - th state. Along with the energy the conserved additive quantity is angular momentum
L characterized by the certain values of total angular momentum J2 = [(I+1) and the certain value of its projection to
the given axis q: Jgq = mg. Thus the equilibrium state is characterized by the four parameters: w, q, and T'. The latter
is identified with temperature, the first may be identified with the angular velocity w of vacuum while q is the rotation
axis. We may, in principle, choose any such reference frame. Our choice is the Painleve - Gullstrand coordinates. We
take from the very beginning the spherically symmetric non - rotating free falling ”vacuum”. Therefore, the conserved
angular momentum equals to zero, and we arrive at

P = €xp ( - %) (19)

instead of Eq. (18), which would be typical for the Kerr black hole solution. Vacuum reconstruction is accompanied
by the Hawking radiation, which stops at the end of this process because the equilibrium is achieved. At the same
time the discharging process due to the pair production by electric field may proceed if the electric charge is not
evaporated completely during vacuum reconstruction.

FIG. 4: The two branches of spectrum for the model with lattice Dirac fermions with m = 0.1, » = 0.1, and v = 2 is represented
Left: The lower branch of spectrum. Its intersection with plane & = 0 separates the hole Fermi pocket (of smaller area) from
the area of occupied states. Right: The upper branch of spectrum. Its intersection with plane £ = 0 separates the particle
Fermi pocket (of smaller area) from the area of free states.

Even if originally the ”temperature” was equal to zero, i.e. there were no particles above the free falling ” vacuum”,
at the end of the process discussed here the temperature entering Eq. (19) will in general be nonzero. At this
stage if we neglect interaction, the system consists of the vacuum and excitations above it. Vacuum corresponds to
the occupied states with negative energy. The excitations correspond to holes (the absence of occupied states with
negative energy) and particles (the occupied states with positive energy). We also make the further simplification
considering the theory in a small vicinity of a given space - time point and neglecting the dependence of v on r.

Outside of the external horizon we have the ordinary Weyl fermions with mass terms, i.e. the Dirac fermions. The
Dirac cones are tilted, but not overtilted. Therefore, the occupied vacuum states are separated from the region of
particles by the energy gap.

Inside the horizon (more precisely - for r— < r < ry) the energy dispersion is

E(p) = £v/p*+m? —vp

with |v|] > 1. The would be Dirac cone is overtilted. Therefore, the part of the upper branch of the spectrum is
occupied (that is not occupied when the cone is not overtilted). At the same time the piece of the lower branch
of the spectrum becomes free of particles. This situation is similar to that of the type II Weyl fermions that were
discovered recently in the so - called type II Weyl semimetals. Instead of the energy gap that separates the occupied
and non - occupied branches of spectrum, the Fermi surface appears. In the vicinity of the would be Fermi point
PO = 0 there are the two pieces of the Fermi surface that form the particle Fermi pocket and the hole Fermi pocket
correspondingly. For the description of the notion of the Fermi pockets we refer to [23]. The Fermi pocket is the part
of the Fermi surface, that is separated from the other parts of the Fermi surface. In the case of the conventional type
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FIG. 5: Left: The dispersion of the lattice Dirac fermions for pi,p2 = 0 is represented as a function of ps for m = 0.1, r = 0.1
and v = 2. In the initial stage of the existence of the black hole the upper branch of spectrum symbolized by the upper red line
is occupied, while the lower branch is not occupied. When the equilibrium is achieved, the whole pattern is changed, and all
states below zero are occupied in the true vacuum, while all states above zero are free. In both cases the occupied states of the
left parts of the spectrum branches move towards the center of the black hole. That means that the corresponding constituent
of vacuum is falling down towards the black hole interior. On the other hand the occupied states from the right hand sides of
the branches are falling down from the interior towards the exterior of the black hole. For those states the black hole becomes
the white hole. Right: The dispersion of the lattice Dirac fermions for pi,p2 = 0 is represented as a function of ps for m = 0.1,
r = 0.1 and v = 0. This is the sketch of the situation that takes place outside of the horizon. There the massive fermion at
ps = 0 corresponds to the ordinary matter while the fermion doubler at ps = 7 symbolizes extra massive matter that cannot

be observed under normal conditions.

FIG. 6: Sketch of the transformation of the upper branch of spectrum while moving towards the black hole. Left: outside of
the horizon. Center: At the horizon. Right: Inside the horizon.

II Weyl fermions the two Fermi pockets are compact and touch each other at the type II Fermi point. One of the
pockets encloses the region of occupied states (the particle Fermi pocket) while the other enclosed the region of empty
states (called the hole Fermi pocket). In our case the Fermi pockets do not touch each other, there is a small distance
between them because of the mass term for the fermions. In the toy model presented below the Fermi pockets are
compact as in the condensed matter systems. In the present section that does not rely on the UV completion of the
Standard Model they remain infinite.

In Fig 3 we represent the form of the Fermi pockets for the value of the mass m = 0.1 measured in certain energy
units, and the value of velocity v = 2. The important property of the system clearly demonstrated by this figure is
that the Fermi surface (here its slice for p3 = 0 in the plane (p1, p2) is represented) is prolonged to the infinite values of
momenta. The low energy physics is located in the vicinity of the Fermi surface. Therefore, we already cannot restrict
ourselves by the values of momenta close to P(®) = 0, where the Standard model of the fundamental interactions is
relevant. Now the low energy physics appears also in the region of large momenta, where the Standard Model does
not work. We inevitably come to the necessity to consider an ultraviolet completion of the Standard Model.

Unfortunately this is difficult or even impossible to estimate the time of the relaxation to equilibrium. In order
to do this we not only need to take into account the interactions. We should consider the whole model including its
excitations that reside far from the point in momentum space P(®) = 0, where the Standard Model resides. This is
because in equilibrium the dispersion vanishes far from P(®) = 0, and, therefore, the corresponding excitations are
relevant. If the reader would rely on the pattern that is based on the Standard Model only and does not take into
account its ultraviolet completion, then the particles live between the two horizons during the limited time period
around r;. The Standard Model particles between the two horizons move only towards the center. However, in the
toy model considered below in Sect. V there are the excitations that are able to move in the opposite direction.
Furthermore, in the idealized model with the empty charged black hole spacetime the Standard Model particles cross
the Cauchy horizon, proceed moving at r < r_, and, although in this region they may move backward as well, they
are able to drop to the analytically continued space - time, enter the white hole, and then, the new Universe. As
it was mentioned above, in the present paper we assume, that the structure of space - time at r < r_ differs from



this unrealistic pattern. Instead, we suppose, that velocity v remains real for 0 < r < ry and vanishes at r = 0
only. We also imply that there is no analytical continuation of spacetime. That means, that matter is distributed
inside the Cauchy horizon in a nontrivial way (see, for example, [36]). The Standard Model particles that fall to this
region of space - time do not disappear in the new Universe. Instead, they may be transformed due to interactions
to the excitations of the UV completion of the Standard Model. The latter are able to move towards the Cauchy
horizon, cross it and move further, even outside of the outer horizon. The mentioned transformations of particles,
and the mentioned backward motion, as well as the interactions in the UV completion of the Standard Model, drive
the relaxation of the system to equilibrium. However, the further elaboration of this issue is out of the scope of the
present paper.

V. THE TOY MODEL INSPIRED BY THE TYPE 11 WEYL SEMIMETALS

The use of lattice regularization at the present moment is the only rigorous way to define the quantum field theory.
In any lattice model the Fermi surface is closed in compact momentum space. The region of momentum space distant
from the point P() is irrelevant for the description of physics at low energies outside of the horizon. However, this
region becomes relevant inside the horizon for the description of the low energy physics. We illustrate this simple
observation by the lattice model with the Hamiltonian

H = Z sin ppy°y® — (m 4+ Z (1 — cospp))y°
k=1,2,3 k=1,2,3

—vsinps (20)

Here v* for k = 0,1,2,3 are the Dirac matrices in chiral representation:

=% 5) v=(19) )

where o?,i = 1,2, 3 are the Pauli matrices. It is worth mentioning that in this model the local Lorentz symmetry is
broken explicitly. It is restored only in the vicinity of the point P(%) = 0, where the given Hamiltonian receives the
form

H=~ (p" —pv. ™ ) (22)

m —po — pv

Here v = (0,0, v). In order for the local Lorentz symmetry to be restored we need m < 1 in the lattice units. That
means 1m = Mphysa, Where a is the lattice spacing while mppy, is the mass of the excitation living near PO measured
in physical units. The energy scale of the violation of Lorentz symmetry is given by A = 7/a. At the energies much

smaller than A for v < 1 the relevant excitations are those massive fermions living near PO The typical values of
physical momenta Pphys = p% are also much smaller than A. The excitations with |ppnys| ~ A are suppressed at

r ~ 1. In particular, close to the point P™) = (0,0, 7) we have

_ (dpd’ +dpv  (m+2r)
H ~ < (m+2r) —épo’ +dpv)’ (23)

6p:p_(070aﬂ-)

with 0} = 01, 05 = 02, 03 = —03. The mass of the corresponding excitations written in physical units is my,,, . ~ 27"%.
At small enough energies those excitations cannot be seen. It is worth mentioning, that at the present moment the
scale of the violation of the local Lorentz symmetry remains model - dependent. As an example we refer to the lower
bound on the Lorentz scale violation in the theories with the Lifshitz - Horava gravity [37]: A > 1019GeV. In certain
schemes of the UV completion of the SM there may even exist the lower bounds on the Lorentz symmetry violation
[38].

The situation is changed drastically at v > 1. Namely, the model with the Hamiltonian of Eq. (20) reveals an
analogy with the type II Weyl semimetals. Its main feature is that at v > 1 the Dirac cone is overtilted. However,
there is the difference: instead of the two Weyl points of opposite chiralities, separated by the distance in momentum
space, Eq. (20) describes the Dirac points separated in momentum space (in the limit m — 0). Each Dirac point
corresponds to the pair of the left - handed and the right - handed fermions. Therefore, at m = 0 Eq. (20) may be
considered as the modeling Hamiltonian for a material (not yet discovered experimentally) that could be called the
type II Dirac semimetal. Moreover, since m # 0, at v < 1 we deal with the insulator instead of the semimetal while
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at v > 1 we deal with a metal with the Fermi surface of very specific form, which is reduced to the Fermi pockets
touching each other in the limit m — 0.

We represent in Fig. 4 the intersection of the two branches of spectrum with plane & = 0 for m = 0.1, r = 0.1,
and v = 2. One can see, that the two Fermi surfaces are closed and their pieces are situated close to the point P(©)
as well as close to the positions of the fermion doublers. The latter are extra heavy fermions, which disappear from
the low energy effective theory outside of the horizon (see Fig. 5, right hand side). Inside the horizon those regions
of momentum space are relevant for the low energy description.

The above consideration means that in addition to ordinary fermionic matter outside of the horizon in a certain
vicinity of it there may exist the additional matter, which cannot manifest itself at low energies. For the lattice model
with the Hamiltonian of Eq. (20) the dispersion is represented in Fig. 5, right hand side. There is the additional
massive fermion at ps = w. This additional fermion is more massive than the one placed at ps = 0. Therefore, it
decouples at low energies. (In this figure the mass is not essentially larger than the mass of the usual fermion, but in
realistic theory it might be many orders of magnitude larger. It may actually be estimated as m;hys ~ 27“%, where
A is the scale of the violation of local Lorentz symmetry.) It is interesting, that with respect to these extra massive
fermions the black hole plays the role of the white hole. This is illustrated by Fig. 5, left hand side, where the
behavior of dispersion inside the black hole in the Painleve - Gullstrand reference frame is represented schematically.
One can see, that the slope of the two lines near to p3s = 7 is opposite to that of the lines at p3 = 0. This is why
the black hole with respect to these additional excitations plays the role of the white hole. The essence of the proof
is that the velocity of the quasiparticles is given by the derivative of the dispersion (of the dependence of energy on
momentum). One can see, that the slope of the dispersion around P©) = 0 corresponds to velocity directed towards
the center of the black hole, which means that the particles described by the Standard Model move towards the center
of the black hole only. However, far from the point P(9) = 0 the slope inevitably changes its direction. As a result the
corresponding excitations move towards the exterior of the black hole. And in the considered toy model they cannot
move towards the center. That actually means, that with respect to them the black hole is nothing but the white
hole.

After the vacuum reconstruction the thermal quasiparticles exist in the vicinity of the piece of the Fermi surface
that is formed near to the position (in momentum space) of the mentioned extra massive additional matter. Those
quasiparticles are able to traverse the horizon towards the exterior of the black hole. If their energy £ is smaller, than
their mass at infinity, then they cannot reach it. The corresponding turning point 7’ is the solution of equation

E=m'\/1—=v2(r") (24)

Here m' is the mass of these extra excitations (in the toy model presented above m’ = m + 2r). This additional
matter under usual conditions cannot be observed. However, it escapes from the black hole, and in a certain vicinity
of the horizon (outside of it) it may have the sufficiently small energy. There this kind of matter participates in the
low energy processes. We conclude, that the excitations, which under normal conditions may appear in the processes
with the unreachable energy, may be observed near the horizon. There those excitations participate in the low energy
processes, may be transformed to the ordinary Standard Model particles, and thus may be indirectly detected somehow
by distant observers.

Let us add a remark on the distribution of electric charge inside the black hole. In equilibrium theory the system
with the Fermi surface behaves like a metal. Therefore, inside the black hole between the two horizons the vacuum
behaves like metal. As a result, the electric charge @ placed inside the second (Cauchy) horizon induces the appearance
of charge —@Q at the inner horizon and charge +@Q at the outer horizon (if space for » < r_ is insulating). If space
for r < r_ would be conducting, the electric charge remains at the outer horizon only. The latter case is realized if
in this region the geometry differs somehow from the standard Reissner-Nordstrom one. This, in turn, may occur if
the extra gravitating matter is present there. In any case the electric field is absent between the two horizons. It is
interesting, that the states from the occupied vacuum branches near the point P(®) = 0 always give the contribution
to electric current directed towards the center of the black hole. The total current of vacuum is vanishing according to
the obvious identity [ d>p0& = 0. Therefore, the compensating electric current is carried by the region of momentum
space far from P(®) = 0. And this is due to the corresponding states the electric charge is accumulated at the outer
horizon. The above pattern is perturbed due to the pair production by the electric field of the black hole outside of
the horizon. The description of this process was given briefly in Sect. III. The particles/holes of charge opposite to
Q traverse the horizon and lead to the discharge of the black hole.

In the above considerations we omitted almost completely the bosonic degrees of freedom. Below we discuss briefly
the extension of the above fermionic model of Eq. (20) to the case of the charged scalar bosons ®. The consideration
of the gauge field and the gravitational fields (the vierbein and the spin connection) is similar. First of all, let us write
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down the corresponding action that is to be used instead of the Hamiltonian of Eq. (20):

+ +oo
S = / d3k/ dwqﬁ(k,w)(w?a—v?)

-2 Z (1 = cos (px)) — 2vsin(ps)w — m2)<I>(k,w) (25)
k=1,2,3

This action is written in momentum space for simplicity. By w we denote the frequency of the field ® that may be
also understood as the energy of the corresponding excitations. The dispersion of the scalar quasiparticles has the
form:

w(k) o ( + \/(m2 +2 Z (1 — cos (pk))) (1 — v2) 4 v2sin’(p3) + vsin(p3))

T 1—02
k=1,2,3

At v =0 and m = Mphysa, Pk = Dk phys@ — 0 we recover the dispersion of the relativistic scalar bosons in flat space
- time corresponding to the mass and momentum in physical units mpnys, Pphys. At nonzero v this dispersion is
changed in accordance to the continuum Klein - Gordon equation written in the background of the black hole in the
Painleve - Gullstrand reference frame. For v < 1 at the values of p far from zero the energy remains large, which
means that the corresponding excitations are not relevant for the low energy physics. Inside the black hole horizon,
when v > 1, the dispersion of the scalar excitations differs essentially from the above mentioned form. First of all,
the imaginary part of energy appears at certain values of momenta signalizing that the corresponding excitations are
not stable. Next, the surface in momentum space appears, where the real part of the energy of the scalar excitations
is equal to zero.

VI. CONCLUSIONS

We discussed the quantum field theory in the presence of the background charged non - rotating black hole. In
our approach to the quantum field theory we understand it as a theory similar to a certain extent to the electronic
theory of solids. This point of view is equivalent to the consideration of the lattice regularization for the quantum field
theory as the true theory, to which the known continuum field theory is only a low energy approximation. (Recall,
that the lattice regularization is the only rigorous way to define the quantum field theory non - perturbatively.) In this
approach the invariance under general coordinate transformations and the gravitational fields might be the emergent
phenomena. However, the precise way how they enter the unified theory is not important for us. From this unknown
theory we only require that momentum space is compact.

It is also not important, what occurs behind the Cauchy horizon. Actually, we need the conventional form of the
black hole solution only outside of the outer horizon and just behind it. For the definiteness we assume, that the
conventional black hole solution remains valid until the Cauchy horizon, while behind it metric is modified in such
a way, that velocity |v| (entering expression for the metric in Painleve - Gullstrand reference frame) remains real
and vanishes smoothly at » = 0. This modification is implied to be the consequence of the processes that are not
described by classical gravitational theory in accordance to the supposition of [36]. This supposition is justified at

2
57

We assume, that according to the scenario of [1] the vacuum of the black hole is reconstructed: from the conventional
state the black hole comes to the new one with the essentially different properties. This state is considered in the
Painleve - Gullstrand reference frame. We argue, that in the consistent quantum field theory (understood in the
mentioned above way), which describes this equilibrium state, the new type of matter exists. A part of this matter
has the properties that are in a certain sense opposite to those of the ordinary matter described by the Standard
Model. In order to illustrate this we consider the toy model inspired by the type II Weyl semimetals.

In this model the Standard Model particles are modeled by the excitations living near to the point P(®) = 0 in
momentum space. In addition, this model includes the extra massive particles that appear in the vicinities of several
points in momentum space that are distant from P(?). Those extra particles actually are the incarnations of the so -
called fermion doublers, which are well - known in the framework of the lattice field theory. Under normal conditions
the mentioned extra particles cannot be observed because they are extra massive.

After vacuum reconstruction the new vacuum is formed. Both ordinary and additional matter form the Fermi
surface. As a result both types of excitations appear at low energies. The peculiar feature of the considered toy
model is that only the ordinary matter (that resides near the point P(®) in momentum space) experiences gravity
in a conventional way. The gravitational force acts on the mentioned above extra massive particles in the direction

least if ro = ~ %7 so that the quantum gravity is to be taken into account at these distances.
P
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opposite to that of the force acting on the SM particles. As a result the additional extra massive matter is able to
escape from the interior of the black hole directly, not through the tunneling mechanism of Hawking radiation. The
corresponding particles with small initial energy cannot reach the infinitely distant observer, but they are able to
exist outside of the horizon in a certain vicinity of it. Among the other consequences the ability of the extra massive
matter to escape from the black hole may resolve the so - called information paradox [32-34]. We argue, that the
same pattern is likely to take place in a variety of the self - consistent quantum field theories that attempt to describe
matter in the presence of the black holes.

In the more realistic theory the pattern of the energy branches is more complicated. It may differ somehow from
the pattern discussed above. Let us assume, that inside the black hole the Fermi surface is closed and finite while
the system far from the black hole is gapped. Also let us assume that the energy levels are transformed smoothly
while moving towards the horizon. At a certain moment the upper branch touches the plane £ = 0. Next, it starts
crossing the plane. In the non - marginal case the crossing occurs as shown in Fig. 6. The position of the horizon
corresponds to the moment of touching. Inside the horizon the pattern is as represented at the right panel of Fig. 6.
One can see, that at the crossing points the slopes in this non - marginal case have opposite signs. Let us assume in
addition the symmetry between particles and antiparticles, i.e. the symmetry between the particles and holes. Then,
the lower branch of spectrum is transformed in the similar way to the upper branch. It crosses the plane £ = 0
from below at the same moment, when the upper branch crosses this plane from above. Altogether, just after the
moment of touching (i.e. just behind the horizon) we have the same pattern as above for the model with the lattice
Dirac fermions with the Hamiltonian of Eq. (20). There the excitations exist near the Fermi surface, such that for
them the black hole plays the role of the white hole. If the particle - hole symmetry is broken, then the pattern
still remains similar. However, the Fermi surfaces made by the upper and the lower branches might appear non -
simultaneously. While moving further inside the horizon, the slopes of the energy branches at the Fermi surface may,
in principle, acquire the same sign. But this does not change our conclusion about the existence of the unusual low
energy excitations just behind the horizon.

We conclude the following.

1. If the black hole undergoes the transition to the equilibrium state proposed in [1], then inside such a black hole
the Standard Model cannot describe the low energy physics. This occurs because the states are involved in
dynamics that correspond to the region of momentum space, where the Standard Model already does not work
and is to be replaced by its ultraviolet completion. We thus would be able to observe this ultraviolet completion
if its excitations are able to escape from the black hole and transfer the information about the interior of the
black hole to the distant observer.

2. In any self - consistent quantum field theory in the presence of the equilibrium black hole there are the excitations
that may escape from the black hole (directly, not through the Hawking mechanism) if the theory obeys the
following two conditions: 1) The Fermi surface within the horizon is closed and finite. 2) While traversing the
horizon the energy levels are transformed smoothly.

The second condition matches the common lore, according to which the physical quantities are not singular
at the horizon in the reference frame accompanying the falling observer. The first condition also looks rather
natural. At zero temperature the number of states within the black hole is large, but it cannot be infinite.
Those states are enclosed by the Fermi surface, and, therefore, the latter also cannot be infinite. This occurs,
in particular, if the given theory is defined in lattice regularization with the finite ultraviolet cutoff as in the
proposed above toy model.

The particles, which escape from the black hole, may exist in the small region of space outside of the horizon.
Within this region they interact with the Standard Model particles, which, in turn, are able to reach the distant
observer.

3. There is only one alternative to the mentioned above two points: the equilibrium state of the black hole is never
achieved. The black hole in this case cannot be described by the equilibrium quantum field theory. Its evolution
is governed by the kinetic theory. Due to interactions the particles leave the occupied states above zero (the left
part of Figure 2, the lower left branch) and fall down to the vacant states below zero (the right upper branch).
This is the vacuum reconstruction, which never achieves its goal.

The author kindly acknowledges useful discussions with G.E. Volovik, I. Ben - Dayan and B.Rosenstein.
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