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On the ground state energy of the inhomogeneous Bose gas
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Within the self-consistent Hartree-Fock approximation, an explicit in this approximation expression
for the ground state energy of inhomogeneous Bose gas is derived as a functional of the inhomogeneous
density of the Bose—Einstein condensate. The results obtained are based on existence of the off-diagonal
long-range order in the single-particle density matrix for systems with a Bose—Einstein condensate.
This makes it possible to avoid the use of anomalous averages. The explicit form of the kinetic energy,
which differs from one in the Gross—Pitaevski approach, is found. The obtained form of kinetic energy
is valid beyond the Hartree—Fock approximation and can be applied for arbitrary strong interparticle

interaction.
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Experimental observation of the Bose-Einstein conden-
sate (BEC) in ultracold gases of alkali metals [1] is a
strong motivation for theoretical studies of weakly non-
ideal Bose systems. Due to the presence of magnetic mo-
ment the alkali metal atoms can be confined in magnetic
traps. Ultralow temperatures requiring to form the BEC
are achieved by use laser cooling which leads to evapora-
tion of atoms with high energy from a magnetic trap (see
Ref. [2] for more details). The ultracold gas obtained in
such a way is rarefied and is characterized by strong in-
homogeneity [3]. For these reasons, the Gross—Pitaevskii
equation [4, 5] corresponding to the “mean” field approx-
imation and allowing the consideration of the effect of
laser radiation [6] is widely used to describe the ultracold
gas. Wherein, validity of the Gross—Pitaevskii equation
is shown for the inhomogeneous system, containing a fi-
nite number of particles N in an infinite volume V' [7].
The consideration of such system does not correspond to
the thermodynamic limit transition (N — oo, V' — oo,
N/V = const). At the same time the derivation of the
Gross—Pitaevskii equation for an inhomogeneous system
in thermodynamic limit is based on the hypothesis of the
“anomalous averages” existence (see Ref. [8]). As shown
in Refs. [9-15] the description of homogeneous systems
with BEC using of anomalous averages is dubious.

An alternative approach proposed in the present paper

*arXiv: 1605.02696.

is based on applying the conventional diagram technique
of the perturbation theory to an equilibrium system in a
large but finite volume [16] and on existence of the off-
diagonal long-range order (ODLRO) in the one-particle
density matrix. Such approach allows the self-consistent
consideration of BEC by transferring to the thermody-
namic limit [17] (see Ref. [18] for more details). On this
basis we establish in the present paper two new results:
(i) the explicit expression for kinetic part of the ground
state energy of Bose system with BEC in an external
field, which is valid for arbitrary strong interaction be-
tween particles, (ii) the ground state energy of the system
under consideration in the Hartree—Fock approximation,
which differs from one in the theory, based on anomalous
averages.

We use ODLRO to describe an inhomogeneous system
of bosons with zero spin and mass m, which is in a static
external field defined by the scalar potential (¢%%) ().
The Hamiltonian of such a system in the volume V is
written as

N 2 ~ N
P
—l—%/vd?’rl/vd?’rzv(m —r2)t ()Y (r2)dh (1) (1)

T / Brped (e)d* (r)d(r), (1)
\%
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where 1&‘*(7") and zﬁ(r) are, respectively, the field oper-
ators of creation and annihilation satisfying the bosonic
commutation relations, and v(r) is the pair interaction
potential of particles. To determine the average energy
Ey = (H)y of a rarefied weakly nonideal gas in the
macroscopic volume V, we can use the self-consistent
Hartree—Fock approximation (see Ref. [19] for more de-
tails)

[ [ -

—|—%’U(7‘1 — Tg)nv("'l)nV(TQ)

1
+ 5”(7‘1 - 7“2)7\/(7“1,7“2)7\/(?"27?“1)}

h2
%Arﬂv("‘h "‘2)} d(r1—mr2)

/ B r@D () (r). (2)
\%

Here vy (r1,72) = (U1 (1) (r2))y is the single-particle
density matrix, ny (r) = (T (r)i(r))y is the inhomo-
geneous density of the system under consideration in
the macroscopic volume V', and angle brackets mean av-
eraging with the grand canonical Gibbs ensemble. As
is known [20], the average values of physical quantities
correspond to the state of thermodynamic equilibrium
if the transition to the thermodynamic limit V' — oo,
(N)y = 00, T = limy 00 (N)y/V = const is performed.
Here (N}V = [, d®rny(r) is the average total num-
ber of particles in the macroscopic volume V', and 7 is
the average density of the number of particles in the
thermodynamic limit [20]. For transition to the thermo-
dynamic limit in the calculation of the average energy
E = limy_,« Fy, we represent the functions ~yy (71, 72)
and ny (r) in the form of the Fourier series

Ww(ry,re) = v (R— TR+ g)

17 ZfV p7
) (1)

) exp(ipr), (3)
nv(r) =v(r,r

where fy (p, R) is the inhomogeneous single-particle dis-
tribution function over momenta fip, R = (ro + 71)/2,
r = ro—r1. We note that, according to Eq. (3), the func-
tion fy (p, R) completely defines the average kinetic en-
ergy (X Yy of inhomogeneous system in the macroscopic
volume V' [21]

2
<Kv>:/v d3’l"1/vd3’l”2 [—;nA727v(T1,T2):| 5(7‘1—1"2)
h2
= omv /d3RZp: <p2 - iPVRiAR> fv(p, R).
(5)

120501-2

We further take into account that in the region of ul-
tralow temperatures in rarefied boson gas the BEC ap-
pears. The presence of the BEC manifests itself as the
ODLRO for the function v (r1,72) [22-24]. The exis-
tence of the ODLRO for the considering inhomogeneous
system is defined as

lim v (R - = nPEC(R) £ 0. (6)

r r

7| =00 2’ R+ 2)
Here nPPC(R) is inhomogeneous local density of the
number of particles in the BEC [25]. Therefore, accord-
ing to Egs. (3) and (6) the function fy(p = 0,R) =
nBEC(R)V is a macroscopic quantity, which defines the
existence of the BEC.

As a result, after transition to the thermodynamic
limit in Egs. (3) and (4), we find

r r . r r
1(B= 5 R+ 5) = lim v (R- 5, R+ )
_ ’I’LBEC(R) + ,y(over) (T‘, R), (7)
n(r) = nP(r) + n("“er)( ) (8)
(over) — - .
7 (r, R) = Jim %:0 fv(p, R) exp(ipr)
D

- / Bp/(2m)* Frr) (p, R) exp(ipr),  (9)

nlover) (T‘) — lim l Z fv(p,’l”‘)

- / dp/(2m)° ) (p, 7). (10)

Here y(°v¢") (¢, R) and n(°"*")(r) are, respectively, the
single-particle density matrix and the inhomogeneous
density for “overcondensate” particles. The function
f(over) (p,r) is the distribution over momenta fip under
the condition p # 0.

According to Eq. (8), the average density of the num-
ber of particles is 7 = n?P€ +n(°?¢") | For ultracold inho-
mogeneous gases which can be considered as weakly non-
ideal ones, almost all gas particles at temperature tends
to zero (T — 0) are in the BEC: 7?FY ~ 7 [7, 26]. Such
an approximation was used, in particular, in deriving the
Gross—Pitaevskii equation [4, 5]. In the problem under
consideration this means that for 7 — 0 the “overcon-
densate” functions f(°"")(p, R), n(°*")(R) equal zero

and
lim A (r. B) = n 5 (r);
lim n(r) = nBE%(r). (11)
T—0

Therefore, for 7' — 0 only the condensate with p = 0
in Eq. (5) is essential. As a result, only the last term
in Eq. (11) contributes to kinetic energy in the consid-
ering case. Moreover, for p = 0, using Eqgs. (4), (8) and
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(10) we arrive at equality fy (0, R) = VnPBFC(R). Us-
ing Eq. (5), (11) and transferring to the thermodynamic

J

limit in (2), we find the ground state energy as functional
of the inhomogeneous BEC density

h2
Ey[nPFC] = lim lim Ey = 5 / d*RARNPEC(R) + / APreee® (1) nBEC (1)

T—0V—=o0

2

% / &R / EBro(r) [nBEC (R+ g) nBEC (Rl) + nPEC(RnPEC(R)] . (12)

The result obtained is based only on use of the ODLRO
concept (4) for the single-particle density matrix within
the self-consistent Hartree—Fock approximation. The hy-
potheses of the existence of anomalous averages in the
considering method is not necessary.

Let us pay attention that, according to Egs. (1), (5)
and (11), the first two terms on the right-hand side of re-
lation (12), corresponding to the average kinetic energy
and the energy in the external field potential, respec-
tively, are exact for the considering limit T — 0, i.e.,
the form of these terms is also valid beyond the self-
consistent Hartree—Fock approximation.

Since the inhomogeneous density n?#¢ (r) is the non-
negative value we can represent it as n2F¢ (r) = |@(r)|?,
where &(r) is so-called the wave function of BEC [8]. It
is easily seen, that relation (12) for the energy of ground
state of weakly nonideal Bose gas does not correspond
to one from the equation of Gross—Pitaevskii [4, 5]. The
difference is drastically essential for the first term in the
right part (12), which is the explicit form for the ki-
netic energy of an nonhomogeneous BEC [see Eq. (5)].
The cause of this difference is conditioned by the ap-
plicability of the Gross—Pitaevskii equation only to the
case of the finite number of bosons in infinite volume

1

Eo[nBEC] _ /dSTgD(ewt)(T)nBEC(T)

T
[7]. This system does not correspond to the descrip-
tion in thermodynamic limit which is considered in this
paper.

According to the Gauss’ theorem,

/ d*RARnPEC(R) = f{ dSVrnPEC(R). (13)

Therefore, if we neglect the surface integral over the
infinitely-distant surface on the right-hand side of rela-
tion (13) the kinetic part of the ground state energy [the
first term in Eq. (12)] for degenerate Bose gas equals zero:
limr_g 11mV~>oo<K—>V = (0. This result corresponds to
thermodynamic limit for arbitrary interparticle interac-
tion potential. The physical sense of this result is clear:
in inhomogeneous system of bosons BEC particles cannot
contribute to the kinetic energy, as well as in homoge-
neous one. Formal application of the Gross—Pitaevskii
equation for determination of inhomogeneous thermody-
namics [8] leads to non-zero contribution to the kinetic
energy and is invalid.

According to Eq. (13), the ground state energy (12)
for the inhomogeneous rarefied Bose gas in the self-

consistent Hartree—Fock approximation is given by the
relation

+% / &R / &ru(r) [nBEC (R + g) nBEC (R - f) + nBEC(R)nBEC(R)] . (14)

Then, without loss of generality, we can apply the den-
sity functional theory [27] widely used in describing in-
homogeneous electron systems (see Ref. [28] for more de-
tails) to the system under consideration. According to

1

2

T
Eq. (14), the universal functional of the inhomogeneous
BEC density F[nPFC] in the self-consistent Hartree—
Fock approximation is written as

1
F[nBEC] = f/dSR/d37"v(r) {nBEC (R—|— E) nBEC (R— C) +nPEC(R)nPEC(R)| . (15)
2 2 2
Then, within the Lagrange multiplier method taking into nZ#¢ (r)

account the normalization condition [ d®r(r)nBE¢(r) =

(N), we find the equation for determining the function
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where p is the chemical potential of the system under
consideration. Substituting Eq. (15) into Eq. (16), we
find the integral equation

/ riv(|r—r1)nPEO (r1) +0on B (r) + o= (r) = 4,
(17)

where v = [d3rv(r). The solution of Eq. (17) has
a form nBPC(r) = nBEC(r, pu, [0*)(r]) in agreement
with the Grand canonical ensemble requirements.

We note, that relation (17) as applied to the homoge-
neous degenerate Bose gas leads to the result u = 2nvg
[11-13], in contrast with theory based on anomalous av-
erages (see, e.g., Refs. [8, 29]).

As easy to show the relation for pressure of the ho-
mogeneous degenerate Bose gas P in Hartree-Fock ap-
proximation and in the mean-field approximation in
anomalous average approach can be written in universal
form

OE "™ um(p)
plhom) () = — (0> — 7 (18)

in spite the concrete relation for chemical potentials, en-
ergy and pressure as functions of the interaction poten-
tial and density are different.

The integral equation (17) can be simplified for slowly
variable (in comparison with the characteristic length of
the interaction potential) external field (¢! (7). In this
case

/d3r1U(|r — 1 |InPEC ()

- / & Ro(|R|)nPEC (r + R)

~ vonPEC (1) + vy A nBEC (1), (19)
where
1
v =3 / d*RR*v(R). (20)

Therefore, in the weakly inhomogeneous case the approx-
imate solution of Eq. (17) can be found from the differ-
ential equation

02 A BEC (1) 4 2090 BFC (1) 4+ (28 (7)) = pu, (21)

The presented results are valid for the system
with short-range interaction potential between particles,
when the values vg and v (20) are finite. For the system
of charged particles with Coulomb long-range interac-
tion a special consideration is needed (see Ref. [30] and
references therein).

Thus, the ground state energy of inhomogeneous BEC
in thermodynamic limit is alternative to one following

120501-4

from Gross—Pitaevskii equation. This difference is con-
ditioned by the application of anomalous averages for
obtaining of GP equation. In the present consideration,
based on ODLRO, the method of anomalous averages is
avoided. The final choice between these alternative ways
should be established on the basis of further theoreti-
cal investigations and comparison with the experimental
measurements.

Wherein, it is necessary to take into account that the
experiments for the degenerated Bose gas are performed
in confining trap (see Ref. [31] and references therein).
For this reason there are certain difficulties in the exper-
imental data interpretation. Currently, the local density
approximation (see Ref. [32] and references therein) is
widely used. However, applicability of this approxima-
tion is limited by the smallness condition of the so called
gradient corrections [an example is the first term in the
left side (21)].

Besides, for the proper interpretation of experimental
data the relation between the local pressure P(r) and
local density n(r) should be correctly establish. For this
purpose, the quasi-classic approximation for ideal gas is
often used (fore more details see Ref. [32]). However, the
applicability of this approximation is restricted, strictly
speaking, the case of inhomogeneous ideal classical gas
(see, e.g., Ref. [33]). This approximation cannot be used
for description of the inhomogeneous degenerate Bose
gas, since for such a system kinetic energy of BEC equals
zero and it contribution to pressure is absent at 7' = 0.

Even for homogeneous gas with BEC, the relation (18)
is invalid if quantum relation between pressure and den-
sity as well as interparticle interaction are not taken into
account [8, 20, 29]. Consideration of the local pressure
P(r) dependence on local density n(r) of nonideal Bose
gas with BEC will be presented in detail in a separate
publication.

We should also underline that chemical potential can-
not be measured straightforward. This means that de-
termination of chemical potential requires various ap-
proximated relations as, e.g., a formal generalization of
Eq. (18) for inhomogeneous case by use the local density
approximation

Py = 1) (22)

However, the validity of the equality p = 2nvg for chem-
ical potential for the homogeneous case cannot be estab-
lished on this basis, since the value of vy is unknown.

Acknowledgements The authors are grateful to A. G. Khra-
pak, A. A. Rukhadze, P. P. J. M. Schram and A. G. Zagorodny
for helpful discussions. This study was supported by the Russian
Science Foundation (Project No. 14-19-01492).

V. B. Bobrov and S. A. Trigger, Front. Phys. 12(8), 120501 (2017)



RESEARCH ARTICLE

References

1.

10.

11.

12.

13.

14.

15.

16.

V. B. Bobrov and S. A. Trigger, Front. Phys. 12(8), 120501 (2017)

M. H. Anderson, J. R. Ensher, M. R. Matthews, C.
E. Wieman, and E. A. Cornell, Observation of Bose—
Einstein condensation in a dilute atomic vapor, Science
269(5221), 198 (1995)

E. A. Cornell and C. E. Wieman, Nobel Lecture: Bose—
Einstein condensation in a dilute gas, the first 70 years
and some recent experiments, Rev. Mod. Phys. 74(3),
875 (2002)

L. P. Pitaevskii, Bose-Einstein condensation in mag-
netic traps: Introduction to the theory, Phys. Usp.
41(6), 569 (1998)

E. P. Gross, Structure of a quantized vortex in boson
systems, Nuovo Cim. 20(3), 454 (1961)

L. P. Pitaevskii, Zh. Eksp. Teor. Fiz. 40, 646 (1961)
[Sov. Phys. JETP 13, 451 (1961)]

L. P. Pitaevskii, Bose—Einstein condensates in a laser
radiation field, Phys. Usp. 49(4), 333 (2006)

E. H. Lieb, R. Seiringer, and J. Yngvason, Bosons in
a trap: A rigorous derivation of the Gross—Pitaevskii
energy functional, Phys. Rev. A 61(4), 043602 (2000)

E. M. Lifshitz and L. P. Pitaevskii, Statistical Physics,
Part 2: Theory of the Condensed State, Oxford:
Butterworth-Heinemann, 1980

W. H. Bassichis and L. L. Foldy, Analysis of the Bogoli-
ubov method applied to a simple Boson model, Phys.
Rev. 133(4A), 935 (1964)

H. Stolz, Theory of interacting bosons without anoma-
lous propagators, Physica A 86(1), 111 (1977)

C. H. Zhang and H. A. Fertig, Superfluidity without
symmetry breaking: The time-dependent Hartree—Fock
approximation for Bose-condensed condensates, Phys.
Rev. A T74(2), 023613 (2006)

P. Navez and K. Bongs, Gap and screening in Raman
scattering of a Bose condensed gas, Furophys. Lett.
88(6), 60008 (2009)

V. B. Bobrov, S. A. Trigger, and I. M. Yurin, Coex-
istence of “bogolons” and the single-particle excitation
spectrum with a gap in the degenerate Bose gas, Phys.
Lett. A 374(19-20), 1938 (2010)

A. M. Ettouhami, Re-examining Bogoliubov’s theory of
an interacting Bose gas, Prog. Theor. Phys. 127(3), 453
(2012)

V. B. Bobrov and S. A. Trigger, Structure factor and
distribution function of degenerate Bose gases without
anomalous averages, J. Low Temp. Phys. 170(1-2), 31
(2013)

V. B. Bobrov, S. A. Triger, and P. Schram, Sov. Phys.
JETP 80, 853 (1995)

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

V. B. Bobrov and S. A. Trigger, On the properties of
systems with Bose—Einstein condensate in the Coulomb
model of matter, Bull. Lebedev Phys. Inst. 42(1), 13
(2015)

V. B. Bobrov, A. G. Zagorodny, and S. A. Trigger,
Coulomb interaction potential and Bose—FEinstein con-
densate, Low Temp. Phys. 41, 901 (2015)

L. P. Kadanoff and G. Baym, Quantum Statistical Me-
chanics, New York: Benjamin, 1962

N. N. Bogolubov and N. N. Jr Bogolubov, Introduction
to Quantum Statistical Mechanics, New York: Gordon
and Breach, 1992

V. B. Bobrov, S. A. Trigger, and A. Zagorodny, Virial
theorem, one-particle density matrix, and equilibrium
condition in an external field, Phys. Rev. A 82(4),
044105 (2010)

V. L. Ginzburg and L. D. Landau, Zh. Eksp. Teor. Fiz.
20, 1064 (1950) (English transl.: L. D. Landau, Col-
lected Papers, Oxford: Pergamon, 1965, p. 546)

O. Penrose and L. Onsager, Bose-Einstein condensation
and liquid helium, Phys. Rev. 104(3), 576 (1956)

C. N. Yang, Concept of off-diagonal long-range order
and the quantum phases of liquid He and of supercon-
ductors, Rev. Mod. Phys. 34(4), 694 (1962)

V. B. Bobrov, S. A. Trigger, and A. G. Zagorodny, The
off-diagonal long-range order and inhomogeneous Bose—
Einstein condensate, Dokl. Phys. 60(4), 147 (2015)

F. Dalfovo, S. Giorgini, L. P. Pitaevskii, and S.
Stringari, Theory of Bose—Einstein condensation in
trapped gases, Rev. Mod. Phys. 71(3), 463 (1999)

P. Hohenberg and W. Kohn, Inhomogeneous electron
gas, Phys. Rev. 136(3B), B864 (1964)

R. O. Jones and O. Gunnarsson, The density functional
formalism, its applications and prospects, Rev. Mod.
Phys. 61(3), 689 (1989)

N. N. Bogoliubov, On the theory of superfluidity, J.
Phys. (USSR) 11, 23 (1947)

V. B. Bobrov, A. Zagorodny, and S. A. Trigger,
Coulomb interaction potential and Bose—Einstein con-
densate, Low Temp. Phys. 41(11), 901 (2015)

N. Navon, S. Piatecki, K. Ginter, B. Rem, T. C.
Nguyen, F. Chevy, W. Krauth, and C. Salomon, Dy-
namics and thermodynamics of the low-temperature
strongly interacting Bose gas, Phys. Rev. Lett. 107(13),
135301 (2011)

T. L. Ho and Q. Zhou, Chromatin remodelling during
development, Nature 463(7280), 1057 (2010)

L. D. Landau and E. M. Lifshitz, Statistical Physics,
Part 1, Oxford: Butterworth-Heinemann, 1980

120501-5

»
&
*
7
>
-
A
i
(=)
w
o
*]
05
=
=)
St
=



http://dx.doi.org/10.1126/science.269.5221.198
http://dx.doi.org/10.1126/science.269.5221.198
http://dx.doi.org/10.1126/science.269.5221.198
http://dx.doi.org/10.1126/science.269.5221.198
http://dx.doi.org/10.1103/RevModPhys.74.875
http://dx.doi.org/10.1103/RevModPhys.74.875
http://dx.doi.org/10.1103/RevModPhys.74.875
http://dx.doi.org/10.1103/RevModPhys.74.875
http://dx.doi.org/10.1070/PU1998v041n06ABEH000407
http://dx.doi.org/10.1070/PU1998v041n06ABEH000407
http://dx.doi.org/10.1070/PU1998v041n06ABEH000407
http://dx.doi.org/10.1007/BF02731494
http://dx.doi.org/10.1007/BF02731494
http://dx.doi.org/10.1070/PU2006v049n04ABEH006006
http://dx.doi.org/10.1070/PU2006v049n04ABEH006006
http://dx.doi.org/10.1103/PhysRevA.61.043602
http://dx.doi.org/10.1103/PhysRevA.61.043602
http://dx.doi.org/10.1103/PhysRevA.61.043602
http://dx.doi.org/10.1103/PhysRev.133.A935
http://dx.doi.org/10.1103/PhysRev.133.A935
http://dx.doi.org/10.1103/PhysRev.133.A935
http://dx.doi.org/10.1016/0378-4371(77)90065-6
http://dx.doi.org/10.1016/0378-4371(77)90065-6
http://dx.doi.org/10.1103/PhysRevA.74.023613
http://dx.doi.org/10.1103/PhysRevA.74.023613
http://dx.doi.org/10.1103/PhysRevA.74.023613
http://dx.doi.org/10.1103/PhysRevA.74.023613
http://dx.doi.org/10.1209/0295-5075/88/60008
http://dx.doi.org/10.1209/0295-5075/88/60008
http://dx.doi.org/10.1209/0295-5075/88/60008
http://dx.doi.org/10.1016/j.physleta.2010.02.075
http://dx.doi.org/10.1016/j.physleta.2010.02.075
http://dx.doi.org/10.1016/j.physleta.2010.02.075
http://dx.doi.org/10.1016/j.physleta.2010.02.075
http://dx.doi.org/10.1143/PTP.127.453
http://dx.doi.org/10.1143/PTP.127.453
http://dx.doi.org/10.1143/PTP.127.453
http://dx.doi.org/10.1007/s10909-012-0656-x
http://dx.doi.org/10.1007/s10909-012-0656-x
http://dx.doi.org/10.1007/s10909-012-0656-x
http://dx.doi.org/10.1007/s10909-012-0656-x
http://dx.doi.org/10.3103/S1068335615010042
http://dx.doi.org/10.3103/S1068335615010042
http://dx.doi.org/10.3103/S1068335615010042
http://dx.doi.org/10.3103/S1068335615010042
http://dx.doi.org/10.1063/1.4936669
http://dx.doi.org/10.1063/1.4936669
http://dx.doi.org/10.1063/1.4936669
http://dx.doi.org/10.1103/PhysRevA.82.044105
http://dx.doi.org/10.1103/PhysRevA.82.044105
http://dx.doi.org/10.1103/PhysRevA.82.044105
http://dx.doi.org/10.1103/PhysRevA.82.044105
http://dx.doi.org/10.1103/PhysRev.104.576
http://dx.doi.org/10.1103/PhysRev.104.576
http://dx.doi.org/10.1103/RevModPhys.34.694
http://dx.doi.org/10.1103/RevModPhys.34.694
http://dx.doi.org/10.1103/RevModPhys.34.694
http://dx.doi.org/10.1134/S1028335815040011
http://dx.doi.org/10.1134/S1028335815040011
http://dx.doi.org/10.1134/S1028335815040011
http://dx.doi.org/10.1103/RevModPhys.71.463
http://dx.doi.org/10.1103/RevModPhys.71.463
http://dx.doi.org/10.1103/RevModPhys.71.463
http://dx.doi.org/10.1103/PhysRev.136.B864
http://dx.doi.org/10.1103/PhysRev.136.B864
http://dx.doi.org/10.1103/RevModPhys.61.689
http://dx.doi.org/10.1103/RevModPhys.61.689
http://dx.doi.org/10.1103/RevModPhys.61.689
http://dx.doi.org/10.1063/1.4936669
http://dx.doi.org/10.1063/1.4936669
http://dx.doi.org/10.1063/1.4936669
http://dx.doi.org/10.1103/PhysRevLett.107.135301
http://dx.doi.org/10.1103/PhysRevLett.107.135301
http://dx.doi.org/10.1103/PhysRevLett.107.135301
http://dx.doi.org/10.1103/PhysRevLett.107.135301
http://dx.doi.org/10.1103/PhysRevLett.107.135301
http://dx.doi.org/10.1038/nature08911
http://dx.doi.org/10.1038/nature08911

	References

