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NONEQUILIBRIUM MAGNETIC DYNAMICS IN HUBBARD MODEL

The spin dynamics of the magnetic system is considered in the multiband
Hubbard model under noneuilibrium conditions simulating the impact of pulsed laser
radiation. The laser-induced spin dynamics is decribed in tems of nonequilibrium
Green functions in the Keldysh formalism which are determined by the Kadanov-
Baym equations. Togather with a time-dependent dynamical meanfield method, the
proposed approach permites to describe features of the laser-induced ultrafast spin
dynamics and a magnetization reversal effect.

1. Introduction

The laser-induced ultrafast magnetization reversal belong to one of the most
urgent issues of magnetism physics [1-6]. As it turned out [4-8], ultrashort optical
laser pulses can occur magnetic phenomena on subpicosecond time scales. That
represents the novel field of ultrafast spin dynamics including the inverse Faraday
effect and all-optical helicity-dependent magnetization switching [8], and reversal
of lattice magnetization in ferrimagnets via a transient ferromagnetic state [7,8].
These researches have played the important role for fundamental understanding of
the pulse laser excitation of magnetic nanostructures.

The study of magnetization in a realistic solid-state system is a challenging
problem. Magnetic interactions in magnetic metals and semiconductors is not
Heisenberg because of a dependence of magnetization and exchange parameters on
the magnetic configuration and temperature. In the case of equilibrium, the
expressions for computing exchange parameters have been given, either within the
multiple-scattering formalism in density functional theory [9] and in terms of
electronic Green functions and self-energies within the Matsubara scheme, for a
multiband Hubbard model (see [10]).
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In the case of equilibrium states a spin dynamics can be derived in the
Heisenberg model. In the nonequilibrium case, specifically for ultrafast magnetic
processes such the model is not enough for the description of spin dynamics and
magnetization. The nonequilibrium ultrafast spin dynamics characterized by
nonadiabaticity of the external perturbation, which for the laser-induced
magnetization dynamics related to small pulse durations of the laser radiation
compared with character times of the exchange interactions (10 — 100 fs).

Within the LDA-++ approach, the first-principles electronic structure is
mapped to the multiband Hubbard model. A multiband Hubbard model, with
realistic tight-binding and interaction parameters, is likely to be general and
flexible enough to describe many strongly correlated systems relevant for ultrafast
magnetism. In order to include a time-dependent optical excitation, we allow the
hopping parameters to depend on time. The main approximation we can take
advantage of consists in the fact that spin dynamics is known to be much slower
than electron dynamics in relevant systems [3-8]. This means that an effective
atomistic model can be derived, with time-dependent parameters accounting for the
magnetic interactions mediated by the fast electronic dynamics, which can be
computed from first principles. Technically, we need to separate the spin degrees
of freedom from the electronic ones, and derive an effective action for the spin
variables, after integrating on the electronic variables.

The above mentioned problem resolves with the help of nonequilibrium Green
function formalism [11-13], which neglects initial (equilibrium) correlations. The
Schwinger-Keldysh formulation has been applied to the study of spin dynamics, e.g.
for a single spin in a Josephson junction, or in a junction between ferromagnets, or
combined with the mean field approximation for the treatment of magnetic
interaction [14]. In this paper a first-principle study of an extended and strongly
correlated system out of equilibrium, such as a fermionic multi-band Hubbard model
is considered in the framework of the Kadanov-Baym formalism.

The advantage of this approach is that it does not need any assumption on the
time dependence of the external field, so there is no restriction on time scales,
which allows to study the role of non-adiabatic and non-Heisenberg effects in
magnetization dynamics. It is also suitable to make a first-principle formulation of
quantum noise, whose time scale may be comparable to that of the ultrafast pulse.

In present paper we have considered the laser-induced magnetization
dynamics in the multiband Hubbard model. In Section 2 the Kadanoff-Baym
formalism is described. In Section 3 we consider features of the multiband
Hubbard model which is applied for description of the laser-induced spin
dynamics. In Section 4 the expression for a partition function is obtained via the
transition from the fermionic to a bosonic representation, where the bosons are
related to the directions of the spin axes is shown. In Section 5 nonequilibrium
Green’s functions of the considered system are calculated.

2. Kadanoff-Baym approach to nonequilibrium systems
For the sake of completeness, we here review briefly the main concepts of the
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Kadanoff-Baym approach to the study of non-equilibrium systems, which
combines the approaches of Matsubara, Schwinger and Keldysh.
Given a time-dependent Hamiltonian H(¢), the equation of motion for the

density operator is dp(t)/ Ot = —i [H (1), p(t)] , which can be solved formally as
pt)=U (t,tO ),o(t0 )1 (to,t) , where p(to) is the (supposedly known) density

operator at a reference time 7, , and the evolution operator is

U(t,1") = 0(1 — )T exp (—i} dnH(1, )) +0(t'— T exp (—if dnH(1, )) (1)
t' t'

for t#1¢', while U(t,t) =1; the symbol 6&(z) denotes the step function

(6(x>0)=1,68(x <0)=0). The expectation value for the observable O at time

tis:

o - ToP0] _ Tr po (U (10.0)0U (¢, .10) | o
T p(0) T p(10)] :

where the trace is evaluated over the complete many-body Hilbert space, and in the last

passage the cyclic property of the trace and the identity U (¢, U (¢',t) = U(t,t) =1

have been used. We choose the reference time 7, in such a way that, for 7 < 1> the
Hamiltonian is independent of time and the system is in equilibrium. Therefore, we can
use for p(zO) the grand-canonical equilibrium expression,
o AHo—pN)
pty) = m , 3)

where Hy=H(t<t), N is the number-of-particle operator and uis the

chemical potential. We assume [HO,N] =0. We extend the time domain to the
complex plane, defining the complex time variable ¢ =1¢—ir, with the
understanding that H(¢) = H(¢f) depends only on the real part of time, and we
define the evolution operator in imaginary time

o Alo=#N) _ Uy (ty —iB.14) @)
Thus, we can write Eq.(2) as:
T U (t9=i3.,10)U (19,50)U (o0, U (10,1)OU (2, 1)) |

Tr{e—ﬂ(HO—#N )J

o) =

_ (5)
Tr[U(to—z,B,to)U(tO,t)OU(t’ ,oo)U(oo,zo)]

TrLe_ﬁ(HO_”N )J
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which shows that the evaluation of O(¢) requires that we let the system evolve

along three time domains in the complex plane: a forward branch 7, a
backward branch y (e,7,), and a segment on the imaginary (vertical) axis of time

7, =ty —iB), which we call the vertical branch (see Fig.1). It must be noted

that the time value which we have labelled as co may actually be chosen as a
completely arbitrary (finite) value. The total domain over which the system evolves
is the Kadanoff-Baym contour

D=y, vy vy, =0 (e .ty -ip). (6)
We define the total evolution operator on I' as:

UF =U, (to —iﬁ',to )U(to,oo)U(oo,tO). @)
From Eq.(5), we see that the computation of O(¢) is realized by opening the

contour I' at the instant ¢ either on the branch y L oron the branch y , inserting
there the Schrédinger-represented operator O in Uy, and evaluating the trace of

the resulting operator. The inclusion of the branch 7, is required to treat systems

where the inital correlations are not negligible, as it is the case in typical solid-state
systems. In the cases where the initial correlations can be neglected, the initial
density matrix is of the single-particle kind and there is no need to express it in a

contour formulation: in such conditions, one can restrict the contour to y LYY

possibly with fy > —%, which is the Schwinger-Keldysh contour. In equilibrium

conditions, on the other hand, the Hamiltonian is time-independent and the contour

is restricted to yv, which is the Matsubara contour. The Kadanoff-Baym

formulation, therefore, unifies and generalizes the other approaches, and allows to

treat the most general case of a system in non-equilibrium with initial correlations.
Im(¢)=-1

Iy T+

v Re(Q)=1t

T

f—iB
Fig..1. Schematic representation of the Kadanoff-Baym contour. Branches V., y_are
displaced for graphical convenience, but they both coincide with a portion of the real time

axis, extending from [ to 1.
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The Kadanoff-Baym partition function is defined as
z = Te[up] ) T[] PHOHN) ®)
where Ur is given in Eq.(7). Since U(to,oo)U(oo,t ) =1, it follows that Z =1.

Despite this apparent triviality, expressing Z by means of path integrals allows to
derive a non-equilibrium action, from which it is possible to extract physical

information. To do this, we start by denoting the Hamiltonian as H [¢+,¢;t}

for > fy» where ¢+ and ¢ represent the sets of fermionic creation and

annihilation operators, respectively. Instead, for 7 < X\ and on the branch 7, the
Hamiltonian is constant and we denote it as H0 [¢+,¢] We parameterize the

branch 7y by means of the real variable

r=-Im(g), ©)
which is equal to 0 for ¢ = % and to S for ¢ = 1y —ip - On the 7, contour,

¢ =1y —ilm(g) =1y —ir. Then, standard manipulations lead to the expression

iS[¢* 9]

7z = jD[¢+,¢}e (10)

where the effective action § [¢+ ,¢} written in terms of the Grassmann variables

¢ and ¢ relative to the operators, is:

S[b]= [ dilip () 4.(t— &)~ H[F, (004, -o)1]

~ig_(1-¢) -¢_(r—s>—H[¢_<r—s>,¢_(r—s);z]} an

o dt{iav(f).¢v (r =)= H[,(0)dh (-2} ],

where K =H —uN, and which requires some explanations. First, Eq.(11) is

written, for convenience, in terms of real time variables ¢ and 7, instead of
contour variables. Therefore, since each value of ¢ corresponds to two distinct

points on the Kadanoff-Baym contour (one on y f and one on y ), the

timedependent Grassmann fields must be specified by the index =+ if their
argument is on the real-time axis, while we use the label v for the fields with the

argument on the branch 7,
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Then, we have introduced two infinitesimally small positive quantities, 4 and
€, in order to emphasize a subtle technical point, namely the fact that any product

of ¢ and ¢ fermionic operators appearing in the Hamiltonian transforms in the
path integral formulation into a product of ¢ and ¢ Grassmann fields in which the
fields ¢ are evaluated at an instant occurring infinitesimally before (in the contour

sense) the instant when the ¢ fields are evaluated. While this aspect is often
neglected, on the basis that the fields are assumed to be continuous functions, for
our purposes it will be important to keep explicitly track of this discrete structure
because we will have to deal with discontinuous functions, such as the correlators
(Green functions) originating from the Grassmann numbers (¢4, ¢ ). In these cases,
we will need to consider carefully the direction along which the independent
variables approach the discontinuity point, which will be possible in our
formulation. At the appropriate stage of the calculations, we will send ¢ — 0 and

& — 0. On the other hand, whenever ¢ or & appears inside the argument of a
continuous function, we are allowed to send it to 0 immediately, as we already did
implicitly in the case of the time-dependent external field. Finally, derivatives of
fields are always meant to be taken from the right side, i.e,

p(t) = lim (g(t+5)-¢(1)) / ¢~
¢—0

3. Multiband Hubbard model

In order to model an electronic system driven out of equilibrium by a
timedependent external field (e.g. a laser pulse), we must consider a Hamiltonian
of the form

H)=H,0)+H (1), (12)
where Hp(0) is the single-particle Hamiltonian, including the time-dependent

field, and H () is the (time-independent) interaction potential between the

electrons. We will treat a multi-band Hubbard model [15], therefore the electronic
single-particle states are identified by three labels: the site index i, the orbital
index A and the spin index o . We ignore spin-orbit coupling and assume that the
external field is diagonal in spin indices (we are therefore excluding magnetic
fields, but including purely electric fields which are relevant for modelling all-
optical experiments). The single-particle Hamiltonian is then given by

~4 ~
Hp (1) = % 2 Tig g inpy DX i a0 Pinipo
loAa ipAp o

SST,030 8 =SS T, 08,3

(13)
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where we have grouped the site and orbital indexes according to a = (ia ,/Ia) and

b= (ib , /1b) , and we have defined the spinor fermionic operators

At At At A ¢
¢ a :[¢ aT ¢ aijs ¢b _[AbT] (14)
bl
The matrix element Tab () = T* baD) of the single-particle Hamiltonian is written

as

Tab(t) :Tab +fab(t)’ (15)
where T, is the time-independent hopping parameter due to electronic structure,
and fa 5@ is the time-dependent matrix element of the perturbing field. We denote
as t0 the time at which the external field is switched on: fab (t)=0 for t <1,.

The interaction potential generating H v is assumed to be on-site, i.c.,

1 P s S
Hy =33 % Vinihd jo? ine e i (16)
L A.22./43 04 O

Including magnetic fields and spin-orbit coupling complicates the analysis
significantly, and will be left to future work. However, this model already allows to
describe some interesting magnetic phenomena. For example, consider a system
which contains both spin-up and spin-down electrons. The arrangement of the
spins within each lattice site depends initially on the equilibrium magnetic
interactions, mainly exchange. Applying a time dependent electrostatic field on a
portion of the sample, as we shall show, may change the strength of the magnetic
interactions. If in a certain region of the sample the coupling switches, e.g., from
antiferromagnetic to ferromagnetic, then this might generate a re-arrangement of
the total spin in each lattice site as a purely electronic phenomenon, due to the
inter-site hopping. Hence, even without individual spin rotations, domains with an
ordering which is different from the initial one may originate as a consequence of

electronic transfer between atomic sites. 4. Rotation of the spin quantization axes

4. Rotation of the spin quantization axes
For each site, we define a rotation matrix, acting in the space of spinor
fermionic operators, as:

VrE@? o
Rl (Z) = 7 )
G 1IN&GEAR

where z is a contour variable which parameterizes the Kadanoff-Baym contour. In
Eq.(17) we have introduced the boson fields

(a7

41



&(2) =—e"sin(6,(2)/ 2) (18)

with '91‘ €[0,7], @; € [0,27]being the polar angles that determine the spin axis on

site 7 at time z ; it holds that R; (2)R;(2) =1.

We transform the Grassmann variables appearing in the action, Eq.(11),
according to

Bar () =V e ()R (0, bar () =R, Oy, (), o
by (D) =V ()R (D), v, (D) =R, (D)y, (D).

To understand the meaning of the rotation that we have just introduced, the
following considerations are in order. The local vector spin operator for siteorbital
a , in the laboratory reference frame, is

A~ ~
O-a:¢a'o-'¢as (20)
where o is the vector of Pauli matrices. The expectation value of this operator on
the state g?ﬁja |0 > is
A At
<01¢,500,5 1>= ou_ 21
where o € {T,{} = {+,—} . Instead, the expectation value of the spin operator on
the state Qﬁaa |0 >1s
- At
<01 ¢,500,5 1>= oe, (22)
where we have used Eqgs.(18) and (19), and the unit vector e, is given by
e =u sinf cosg — u, sinfasing +u_cost . (23)
Therefore, e, (which depends on time) has the meaning of the unit spin

vector on site-orbital @, measured in the laboratory reference frame, if the site a

hosts a 2 electron. Expression (23) can also be written as

e = \/1—|§a2|[—<§a+§2)ux+i<§a—52)uy} vu (=216 ). @4

E3
which shows that & and & are, effectively, nothing else than Holstein-Primakoff
bosons.
We assume the rotation matrices R(?)to be differentiable functions of 7 over

the interval [tO +¢,0], and the rotation matrices R(¢#) to be differentiable

functions of t over the interval [&, #]. So, in the evaluation of Eq.(11) we can
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already apply the replacements R(¢) + & — R(¢). Instead, we need to keep finite
¢ and & in the arguments of the fermionic fields (y,y ). Since we are considering

a on-site interaction, Hv is rotationally invariant, hence it is unaffacted by the

transformation defined in Eq.(19), which means that H ” (4. 9) = H, (v.v).
On the other hand, the single-particle Hamiltonian acquires a dependence on
the bosonic fields, HT [, 4 1] = HT[«T/,y/, 5*, &;t].
The transformed action, depending on the fermionic (Grassmann) y fields and
on the bosonic (complex) & fields, is written as:

— — * — — *
S[g.¢1=Sly.v.& 1= Sy, w1+ STy, w.& <] (25)
with S[y,p] denoting the original expression of the action, with the(¢,¢),

fermions replaced by the (,y) , yfermions, and

B
S'[W>W=§ 75]: J’ dTy/v(T)'Av(T)"//v(T+£)
; ’ 26)
+ 1 dy A Oy (=6)y (=) Ay ]
n+e

where the quantities A and A , are matrices in both the spaces of Hubbard

indexes and spin indexes, and they depend on the fields (&,,&, ) and (&,, :f; ),

respectively. Expressing explicitly their Hubbard-space structure,
o+
Aabi =ik (DR, (t)5ab +T (1) [Rgi(t)RbJ_r(t)—l} , (27)

with Aabv () = Aabi ®) |i—>v,z'—>t'

These are now matrices in spin space, which include diagonal and non-diagonal
components. We separate the corresponding parts of the action:

s =sM 52 (28)
with
P _
sO_ x {jdrwgv(r)AZli(T)l/fgv(f—g)*
a,b,O’ &

+ ] dt[;;(t)Ag,g(t).,/g(t_g)_;;‘_(,-g)Ag,;‘_ (r)w,‘j_(r)} (29)
to+e

and S(z) = S(l)‘f ,where = -0o.
oO—>0

The partition function is written in terms of the rotated fields as:
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7 = 100w ¥ VY] D101 € (0.9).E0.01, (30)

where the symbol
2
[ DI6,0)=T1[d0y sinby [ dog]. (€29
a 0

means integration over all possible orientations (Qa,goa) at all lattice sites. The

dependence of the fields (§Z,§a) on the angles (Ha,(pa) is given by Eq.(18). It

can be shown that integrating over the angles (Ha , (pa) ensures that the partition

function as written in Eq.(30) is equal to Eq.(10), i.e., Eq.(30) is an identity. Since
@ is the phase of the complex number —&, while sin £ /2 is its modulus, we see
that
T : ip . —i
(j)dasme (j) d(pf[—sm(é/2)e ? _sin(@/2)e 9"}
= 4IJC1 dRe(&)d Im(S) /1S, $*].

where the integration domain G is the circle of radius equal to 1 in the complex

(32)

plane, centered on 0, ie.|£|/2 <1, which is described by ¢ €[0,27] and
0 €[0,7]. We therefore change the path variables from (8,¢) to (&*,&), by
introducing the notation

ID[H,(/)]:HBHCI d Re(fa)dlm(fa)} = [D[exel, (33)
o
so that
Z = Dly,y 1"V ppen gV, (34)

The introduction of the Holstein-Primakoff bosons allows to decouple the
dynamics of electronic and spin degrees of freedom. Now suppose that the
equilibrium spin configuration is collinear (ferro-, antiferro-, or ferri- magnetic),
with uz being the initial direction of atomic spin alignment. Our goal is to derive a
theory for the low-energy excitations on the top of the equilibrium configuration.
Such excitations corrispond to small deviations of the atomic spins from the

direction of u_, i.e., we can assume that the polar angles 0i be small. We can
therefore approximate

*

LTI
R~ 2 - (35)
’ 2
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Now the unitarity of the transformation (19) holds but for corrections of the order

of | & |4 . Under this approximation,

éas g;ks _fas é*as

+ ‘ 2 g*as
Rys Ras = L (36)
_ f Sas ‘f*as _égas ‘f*as
as 2
and
2 2
* + * 0k
" SasShs _w Ebs—Sas
RasRas —l= 2 > (37)
* +
Sas—Sbs S&aségbs_léas‘ b

2
This procedure is justified if we limit ourselves to the description of small rotations
of the spins with respect to the direction of the initial quantization axis. For future

convenience, we define permutation operators P, , which substitute

a with b and b with a in the expressions they act upon, where a and b are
Hubbard indexes. Moreover, in order to adopt a compact notation, we will
sometimes put arrows — ,<— over the permutation and derivative operators to
indicate the direction along which they act. The A matrices are written as:

@mﬁkg'mawmﬂﬂm (38)
Aﬁaﬁ@a#ammOmﬂmm (39)
AL )= abéan(tn);{s;—;f;]ézn(tn) “
“Tp () F“” ty )'2;'%’7 () Enn iy )fbn(r,,)] ,
Ko ) = Sy n;@i;j% t,)
(41

t t
1, (tﬂ)[éan(m ;r\fbn(;;)l S (tn)]’

t, =+ T, =+ N =+ . 1
where ¢ =| " and T , (1 )= abk(1):1 .1t is seen that the A%?  are
n T,n=v abn*'n —iTyp, N=v ab
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1 *
linear, while the Agg are quadratic, in the bosonic fields (& ,¢ ). To be consistent

with the small 9 ’s approximation, we must expand the partition function in series
of the bosonic fields and retain only up to quadratic terms. We obtain

. - 1) - * .
stwr-stvw s alf D5y 25

70, O ,2)

Z = [Dlyy.& &k

(42)
{{ms w613Vt 51)}

+7Z° " +Z

where B
79 by SV S et e

2
20 = ot VP fisOty £ 21 Y sOtyy £ 51)}

z% = ippyy sV, & L.
5. Fermionic correlators
Now we will integrate out the fermionic fields, by exploiting the expression
for the single-particle Green function (for s e[+,—,v], and z=for z=7,

accordingly),

Dl ST () - 627 (e (44)

Since the Hamiltonian is spin-independent (i.e., the hopping is diagonal in spin
space), the Green functions with o # o'’ are zero in our system. Therefore,

o s 2

As a consequence, the action will contain no terms linear in the bosonic fields,
which is due to the fact that we are not including spin-orbit coupling. Therefore,
our model will not include Dzyaloshinskii-Moriya interactions [18]. Since we will
need only spin-diagonal single-particle Green functions, we will label them with
just one spin index. We also need the expression for the following two-particle
Green function,

— iS|
DSV o G W (2D = 255, oyt (55522520 (46)
We adopt the approximation

o000

bab'a' sss's'(z 2,2,z %

(220G 15 (52), (47)

G°
ba',ss'
which corresponds to neglecting the vertex in the two-particle Dyson equation, and
where we have already taken into account the fact that correlators G°? are zero in

our system. It must be noted that Eq.(47) is the only approximation that we adopt
on the many-body level.
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All quantities will then be written in terms of single-particle Green functions.
The correlators can be classified according to the positions of their time arguments
on the Kadanoff-Baym contour, and put in correspondence with nonequilibrium
Green functions written in terms of the field operators, as follows:

' nn'
Gy (1+12) = Gl 7 (17.17) = —i<Tt[wZ<r1)wZ"(rz)]>, (48)

where 7,7'=(+,—,>,<,M,| , |) take values denoting an integration contour.
Here

+_
G0 (1.1) = < T t[wg‘<r1)w2,'(’(rz)]> - <u/2“<rz)w,§‘(n>>,

> oo +0 o +0
be (1:15) = < Tolyp (v, (2)])=(wp v, (©2)),
An index M denotes integration on the imagenary temporal contour (Fig.1), the

subscript | implies integration over a real and then an imagenary temporal

contours; the subscript | implies integration over an imagenary and then a real
temporal contour. Besides we have used the notation

<O(zl,22)> =Tr {e_ﬂ(HO_yN) 0(21722)} / Tr{e_ﬂ(HO_yN)} s (49)
and
w(t) =Uy(ty, OwUy(t, 1), w(t) =Uy(ty. 1) = in)pUv(ty.1 +ir),  (50)

where the identity U v(tg,to —it) :er(H()—yN) follows from the fact that the

Hamiltonian is constant (equal to HO) on the vertical branch of the Kadanoff-
<o >c .
Baym contour. The correlators Gba (t):15) and Gba (t).1,) are continuous

functions of their time arguments (tl,t2 ), while Gggg(tl,tz). Such

nonequilibrium Green’s function allow to described the spin dynamics in the
framework of the multiband Hubbard model.
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HEPCIIEKTUBH BUKOPUCTAHHSA BE3ITPOBIIHUX CEHCOPHUX
MEPEX

Abstract. The article describes the main types of wireless sensor networks.
Identified and analyzed prospects of wireless sensor networks in Ukraine.

Beryn. 3 miaBHIEHHSM TEXHIYHOTO TIOTEHIIIATy JIFOJCTBA MOHITOPHHT Ta
MOTIEPE/DKeHHS  3a0pyAHEHHS aTMOc(epHOro TOBITPS CTald  OOOB'S3KOBOIO
YaCTHHOIO MTPUPOTOOXOPOHHOI JiSUTBHOCTI BCIX PO3BUHEHUX JIEPIKaB.

B pamkax 7-i PamkoBoi mporpamMu po3poOSIOTBCS  3aXOAM 100
(dbopMyBaHHS KOMIUIEKCHHX MEPEK MOHITOPUHTY CTaHy arMoc()epHOro MOBITPs
(MCAII) 3 BukopucTaHHsIM iHQOPMAIIHHUX MOXKIIUBOCTEH HA3eMHHUX 1 KOCMIYHHUX
CHCTEM CIIOCTEPEKEHHs, pPEe3yJbTaTiB MOJICIIIOBAHHS IIEPEHOCY aTMOCc(epHUX
JIOMIIIOK, KOOPJMHOBAaHOi pOOOTH CTAaHIIM CIOCTEPEKeHb B IIIOOAIBHOMY
Maciraoi.

B ocramHi pokum 3’sSBWIIAacs HU3Ka ITyOJIKaIliif, MPUCBIYCHUX CTBOPEHHIO
cucteM MCAII Ha OCHOBI OGE3MPOBIIHUX CEHCOPHHUX MEPEK, SIKi CKIATal0ThCS 3
MIHIATIOPHUX OOYHCIIIOBANIBHUX MPUCTPOIB — MOTIB, OCHAIIEHUX CEHCOPAaMHU, IO
MOXYTh (DIKCYBaTH SIK METEOJaHi, TaK 1 KOHIEHTpaIliii 3a0pyHIOI0YNX JOMIIIOK,
Ta Ha/IaBaTH OTpUMaHy iH(popMaIlii B pexumi peasbHOTo Jacy.

AHami3 CBITOBOTO JOCBiMY CBITYHUTH MPO €PEKTUBHICTH Ta MEPCIEKTUBHICTh
CCHCOPHUX MEPEXK SIK aHAi3aTOPIB SIKOCTI MOBITPSHOrO CEPEIOBHINA. 3HAYHUI
iHTepec mpu noOymoBi Oe3nporoBux ceHcopHux Mepex MCAIT B VYkpaini
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