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Ilanosan /[. FO. KooriepaTuBHi siBUIla, CKEHJIIHT Ta YTBOPEHHSA CTPYKTYP y MO-
JIeIIX peakiiiitno-udysiiinux mpornecis. — Kastidikalilina HayKoBa rmpailis Ha paBax
PYKOIIHCY.

Huceprarisg Ha 3/100yTTS HAYKOBOTO CTYIEHS JIOKTOpa ¢isocodil 3a creriaib-
nictio 104 — @isuka Ta acrpoHoMmis. — [HeTUTyT Pisukn KoujeHcoBanux cucrem HAH
Ykpaian, JIpBiB, 2022.

Hucepratiitna poboTa MpucBsUeHa JOCIIIXKEHHIO BILINBY JIOKAJIBLHUX (PJIYKTYa-
ill KOHIIEHTPallil pearyounxX PeYOBUH Ta TPAHCIOPTHUX BJIACTUBOCTENl peareHTiB Ha
3MiHY 3aKOHIB CKEIlJIIHI'Y y peakIliiiHo-1udy3iiiHIX IpoIiecax, a TaKOXK BILIMBY HEOIHO-
PIIHUX BJIACTUBOCTEN KaTaJi3aTopa Ha PIBHOBaXKHY TTOBEIHKY YTBOPEHUX aJ1COPOATIB.
st TocATHEHHS MOCTaB/IeHOI MEeTH OYJI0 PO3B’A3aHO JeKiIbKa 3a/1ad.

CroyaTky JOCTIIZKEHO 3MIiHy CKeIHTY TpHu Tepexoi MixK JudysiiiHo-
OoOMerKEeHNM, XapaKTepHUM JIJII OJITHOBUMIPDHIX CUCTEM, Ta PeaKIliiiHO-0OMEXKEHIM, Xa-
pPaAKTEepHUM [1JIs1 OAraTOBUMIPHUX CHCTEM, KOOTEPATHBHUMHU PEXKUMaMU Y PeakIiiiHo-
nudy3iitHux cucreMax. Takuil mepexij| aHa 3yeThCs IJISX0M MOPIBHAHHSA YHIBEPCAJIb-
HOT TOBEJIIHKN OJTHOCOPTHOTO KOATYJISIINHO-TU(Y3IHHOrO Tporecy 31 CTOXaCTHIHUM
CKUJIAaHHAM Ha BEJUKNX YacaxX Ha OJIHOBUMIPDHOMY JIAHITIOXKKY Ta TpaTtii bete. Ha meit
BUIIAJ0K 33 JOIOMOroi0 HabuiizKenHs Oer-Asparama-Laccepa 6yi1o mommpeno go6pe
BUBYEHU JJIST OJJHOBUMIPHUX CHUCTEM METOJ] MOPOKHIX IHTEePBaJIB, y SIKOMY B Helle-
pPEepBHIiil IpaHUIll MOBEIIHKA MOJEI OIMCYEThCA CKEMJIIHI'OBOIO 3MIHHOIO A, 30KpeMa
A — 0 BinmoBiae BUIAAKY JAHIIOKKA, a A — 00 — e(DeKTUBHO OaraToBUMIpHIii cucTe-
Mi. 3Haiftjeno jgorapudMidHi TOMPAaBKU 0 CKEMIIHI'Y I'YCTUHU YacTUHOK MPH A — 00,
a TaKOXK PO3paxOBaHO IepexijiHI CKelJIIHIoBI (pyHKIT Ta edeKTUBHI KPUTUYIHI TTOKa~
3HUKU.

[t TOro Mmoo JOCTIUTH BILUIMB JJOKAJIHHUX (DIYKTYalliil pearyiounx peuoBUH Ta
TPaHCIIOPTHUX BJIACTUBOCTEHl peareHTiB Ha 3MiHY 3aKOHIB CKEMJIIHTY y (DJIyKTYaIiiiHO-
JIoMInyIo4iit qudysiitno-ooMerkeHiit cuctemi, 6yI0 pO3TJIAHYTO JIBOCOPTHY CUCTEMY PY-

XOMUX YaCTHHOK-TIACTOK, IO MOXKYTh B3AEMHO aHIrLIoBaTH abo KOoary/aioBaTH, Y TOM
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Jac 1K JaCTUHKU-MIIeH] MOXKYTh a/1copOyBaTHCh YaCTUHKAMU-ITacTKaMin. AHOMAaJIbHA,
nny3isd YaCTUHOK 00MIBOX COPTIB MOJETIOETHCA JAJIEKOCAKHUMU CTPUOKAMU — T10JIHO-
tamu JIeBi (BumaikoBi OryKaHHsI, B IKUX JOBKIHA KPOKY OIUCYETHCsT PO3IO/IIIIOM HMO-
BipHOCTEI 3 “ToBCTHM XBOoCcTOM'). CHCTeMa PO3TIAIAETHCA Y InDy3iiiHO-00MEKEHOMY
pexKuMi, AKUi T0CATaeThCs I TPOCTOPOBOI BUMIPHOCTI HUZKYE BEPXHBOI KPUTUYHOL
d < d.. BumipHicTb d,. JiIsl TOCII?KYBaHOI CUCTEMI BU3HAYAETHCST KOHTPOJIIOIOTIM I1a-
paMeTpoM JAJIEKOCSKHIX CTPUOKIB. It J1oc/IiizKeHHsI CKEeJIIHI'0BO1 TIOBEIIHKI TaKOl
JIBOCOPTHOI CUCTEMU BUKOPUCTAHO METOJI TeOPETU-110JIbOBOI PeHOPMaJIi3allliiHol Ipy-
. PozpaxoBano yHaiBepcasibii HeTpuBiaabHI MOKA3HUKH JIJI CKEMJIIHIOBOI TTOBEIIHKI
I'YCTUHU Ta KOPEJAIiiiHol (PYyHKINT I'yCTUHA-TYCTHHA YaCTUHOK-MIIIeHEell Y OHOIIeTIe-
BoMy HabsmzkerHi. [Ipu 3amini mpocTopoBOl BUMIpHOCTI Ha edeKTUBHY (3a/ieXKHy Bij
KOHTPOJTIOI0YOT0 MapamMerpy po3noaiay JIesi) orpumMaHi MOKa3HUKE MOYKHA OB 13 TH
3 aHAJIOTIYHUMU BUpa3aMU JJId BUNAJKY 3BUYaiinol audysii, mogidbHo 10 Toro gk Ie
CIIOCTEPITAETHCS JII KPUTHUIHOI MOBEJIHKI CHUCTEM 13 JAJEKOCSIKHIMN B3a€MOIISIMI.
B ojiHOBUMIpHOMY BHITQJIKy OTPUMAaHI aHAJITUYIHI Pe3yJbTaTH JIjIs MOKA3HUKa, Jaco-
BOT'O 3aracaHHsi T'YCTUHU YaCTUHOK-MiIIeHEeH TiATBEep/IzKEHI MEeTOJIOM KOMII IOTEPHOTO
EKCIIEPUMEHTY.

s mocyippKeHHsT BIUIMBY HEOIHOPIIHUX BJIACTUBOCTEN KaTaJizaTopa Ha piB-
HOBasKHY TOBEIIHKY YTBOPEHUX aJcopbaTiB, 10 POMYIOTHCS B IPOIECI KaTaJiTHIHO-
aKTUBOBaHUX peakxIiil 3aja41y Oy/10 pO3IVISHYTO B OJHOBUMIDHOMY Ta epeKTHBHO Oara-
TOBUMipHOMY BUTaJIKaX. [Ipn mpoMy CTpyKTypa KaTaJ iTUIHOI MiIKIaIKN, dKa JacTO
HE € TOYHO BH3HAYEHOIO IeOMETPUIHO, PO3IJIAAaJach 9K MHOXKITHA PYXOMUX a00 JIOKa-
JIB0BAHUX BUIAJIKOBO PO3MOJIIIEHNX KATATITUUHNAX BY3JiB a00 3B’SI3KIB MiK BY3JIaMU.

Y mepmiiit 3aa4i JOCTIIZKYIOTHCS PIBHOBaXKHI BJIACTUBOCTI ajcopdaty, 1mo ¢gop-
MYETBCS B IIPOIEC] KATATITUIHO-aKTUBOBAHNX peakiliii A + B — @ y aBocopTHiil cu-
cTeMi Ha JIAHIIOXKKAX 13 KATATITUIHUME €JIeMEHTAMH (3B’SI3KH MiK BY3JIaMU — MOJIEJTD
[ Ta By3mu — mozesb 1), o po3mimieni BUMAIKOBO 3a CIieHAPIEM BijajaeHoro (Kara-
JITHYHI €JIEeMEHTH B PIBHOBA31 i3 CHCTEMOIO) Ta 3aMOPOYKEHOT0 (KATaITUIHI €JIeMEeHTH
JIOKaJTi30BaH) 6e3/1a/1iB. Y BUIAJKY OJHOBUMIDHUX JIAHIIOXKKIB JJTsT 000X TUIB KaTa-

JITUYIHUX eJIeMEeHTIB Ta JIJig 000X TUINB 6e3/1a/1y 3HailIeHO TOUHI PO3B’A3KM. Y BUIAIKY
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BijiaJsieHoro 6e3naay ajs mozeseit I Ta II orpumano To4HI Bupasm Jijisi ycepeaHeHOT
3a 6€3/1a/10M BEJIMKOI KAHOHIYHOI CTATUCTUYHOI CYMU, & OTKe, JI/Isi TUCKY ajcopoaTy
Ta HOro TEepMOJMHAMIUHUX MOXITHUX. Y BHUIAJKY 3aMOPOXKEHOTO Oe3ajy MmpobiemMy
ycepeTHeHHsT JioraprudMa, BeJIMKOI KAHOHIYHOI CTATUCTHIHOI CyMU PO3B’S3aHO JBOMA,
mixogamMu. Y MepIioMy MiIXol 3a/iada 3BOJUTHCA 10 KOMOIHATOPHOTO MepepaxyHKy
yCIX MOZKJIMBUX ITOBHICTIO KATaJITHIHUX KJIAaCTePiB i3 (DIKCOBAHMM II0JIOZKEHHSIM KaTa-
JITUYIHUX 3B’63KIiB a00 BY3JIIB 1 3HAXO/PKEHHS TOYHUX BUPA3iB JIJIs CTATUCTHIHUX Bar
TaKUX KJIacTepiB. ¥ JPyTroMy IiJIX0/1l 3a/1a4a MePernucyeThcd y TEPMiHax CITiH-1 Mo/ie/i.
B pesyabTati 1e 103BOJIMIIO TIPEJICTABUTH ycepeIHeHnit 3a 6€3/71a/10M THCK K ycepe/iHe-
HUi JjorapudM CJIiTy HECKIHIEHHOTO JJOOYTKY BUIAIKOBIX MATPHUIIb PO3MIPHOCTI 3 X 3,
B3a€MHO HECKOPETHhOBAHUX JJI MOjeti | Ta mapHo CKOpeaboBaHUX Y BUMAJIKY MOJIENI
II. 3uaitgeni ToUHI PO3B’SI3KN € HETPUBIAJILHUMUI IIPUKJIAJIAMI HECKIHIEHHOTO J100Y-
TKY BUIAJIKOBUX MATPHUIlb, /I SKUX MOKA3HUK JIAmynoBa Moxke OyTH po3paxoBaHuii
y SIBHOMY BULJISIJII.

Y apyriit 3aj1adi J0CIIKYIOTHC PIBHOBaXKHI BJIACTUBOCTI ajicopbaTy y Takiii
JBOCOPTHIIT cucTeMi Ha mceBiorparkax Bere (rmboko Beepenuni jgepesa Keiini) ta
Dyrmimi (rimboko Beepenuni mepesa @ymmimi). B it 3amadi Mu po3immpoemMo MoJIeTh
[ Ta BBakaeMmo, 1110 YaCTUHKHU OJHOIO i TOTO K COPTY IPHU 3YCTPidl Ha CYCIJIHIX BY-
3J71aX B3AEMOJIIOTH OfHA 3 OJHOI0. /IjIs JTBOX THUIIB MCEBIOIPATOK JI/Isi CUMETPUTHOTO
BUIIQJIKY 3 PIBHUMU XIMIYHUMU TIOTEHIIAJIaMi JaCTHHOK 000X COPTIB Ta OJIHAKOBOIO
B3a€MO/1I€10 YACTHHOK OJIHOTO i TOTO YK COPTY OTPUMAHO MOBHY (Pa30By Jiarpamy JTBO-
KOMITOHEHTHOTO ajicopbaty. [lokazamo, mo ¢a3osa jgiarpama JTOCUTH CKJIaHA Ta CKJIa-
JTIAEThCS 3 JIEKLIBKOX (a3: paza 31 CIIOHTaHHO IMOPYIIEHOIO CUMETPIEI0 MK JacTHHKAMU
PI3HUX COPTIB, B dKI1ii BOHM NPUCYTHI 3 PI3HUMU CEPEJHIMU I'YCTUHAMU, CUMETPUYHA
daza, B gKiii YaCTUHKN MPUCYTHI MPU OJHAKOBUX TYCTHHAX, & MEPEXOIN MiXK IIMU
dazamMu MOXKYTb OyTH K TEPIIOro Pojly, TaK 1 HellepepBHi. BiibIT Toro, Yepe3 cBoio
JIBOJIOJILHY TMPUPOJY Ha T'parii Bere icHyloTh JBi J0AaTKOBI (ha3u i3 CTPYKTYyPHUM
BIOPSIKYBAHHSIM (CHCTEMa CIOHTAHHO PO3/ISIETbCS Ha JBI MAIPATKH 3 PI3HUM I10-
KPUTTSM YaCTUHKAMEI Ha KOXKHIN 3 MijrpaTok), HaTtomicTh Ha rparii @ymrimi taki

dazu BijcyTHI Yepes OLIbIN cuibHI hpycTpaliiibi edekTn.



Karouost crosa: peakiiitno-andys3iitHuil mporec, CKelJIiHT, CTOXacTUIHe CKIIa-
HHsI, KPOCOBEp, MOJILOTH JIeBl, peHopMaJtizalliiina rpymna, BianajgeHuil 6e3ia1, 3aMopo-
JKeHUi Oe3/1a1, nepexoan Jaj-6e3/1a)1 Ta MopYyIIeHHs cuMeTpil, rparka bere, rpaTka

Dyrrimi



ABSTRACT

Shapoval D. Yu. Cooperative phenomena, scaling and structure formation in
models of reaction-diffusion processes. — Qualifying scientific work on the rights of
the manuscript.

Thesis for the Degree of Doctor of Philosophy on the speciality 104 — Physics
and Astronomy. — Institute for Condensed Matter Physics of the National Academy
of Sciences of Ukraine, Lviv, 2022.

The thesis is devoted to the study of the influence of local fluctuations in the
reactant concentration and reactant transport properties on the change in scaling
laws in reaction-diffusion processes, as well as the influence of heterogeneous proper-
ties of the catalyst on the equilibrium behavior of the formed adsorbates. Achieving
the set goal, several problems were solved.

First, the change in scaling at the crossover between diffusion-limited, char-
acteristic for one-dimensional systems, and reaction-limited, characteristic for high-
dimensional systems, cooperative regimes in reaction-diffusion systems was investi-
gated. Such a crossover is analyzed by comparing the universal behavior of a single-
species coagulation-diffusion process with stochastic reset at large times on a one-
dimensional chain and a Bethe lattice. For this case, the well-studied empty-interval
method for one-dimensional systems was extended using the ben-Avraham-Glasser
approximation, in which the model behavior in the continuum limit is described by
the scaling variable A, in particular, A — 0 corresponds to the case of a chain, and
A — oo is effectively a high-dimensional system. Logarithmic corrections to the
scaling of the particle-density at A — oo were found, as well as the crossover scaling
functions and the effective critical exponents were calculated.

The study of the influence of local fluctuations in the reactant concentration
and reactant transport properties on the change in scaling laws in a fluctuation-
dominated diffusion-limited system, a two-species system of mobile trap-particles
that can mutually annihilate or coagulate, while target-particles can be adsorbed by

traps was considered. Anomalous diffusion of particles of both species is modeled by
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long-range jumps — Lévy flights (random walks in which the step length is described
by a probability distribution with a “fat tail”). The system is considered in the
diffusion-limited regime, which is achieved for the space dimension below the upper
critical one d < d.. The dimensionality d. for the system under study is determined
by the control parameter of long-range jumps. The field-theoretic renormalization
group method was used to study the scaling behavior of such a two-species sys-
tem. Universal non-trivial exponents for the scaling behavior of the density and the
density-density correlation function of target-particles in the one-loop approxima-
tion were calculated. When replacing the space dimension with an effective one (that
depend on the control parameter of the Lévy distribution), the obtained exponents
can be related to similar expressions for the case of the ordinary diffusion, just as it
is observed for the critical behavior of systems with long-range interactions. In the
one-dimensional case, the obtained analytical results for the density decay exponent
of target-particles are confirmed by the numerical simulations.

To study the influence of catalyst heterogeneous properties on the equilibrium
behavior of the adsorbates formed in the process of catalytically activated reactions,
the problem was considered in one-dimensional and effectively high-dimensional
cases. At the same time, the structure of the catalytic substrate, which is often
not precisely defined geometrically, was considered as a set of mobile or localized
randomly distributed catalytic sites or bonds between sites.

In the first problem, the equilibrium properties of the adsorbate formed in the
process of catalytically activated reactions A + B — @ in a two-species system on
chains with catalytic elements (bonds between sites — model I and sites — model
IT), placed randomly according to the annealed disorder scenario (catalytic elements
in equilibrium with the system) and quenched one (catalytic elements localized)
are investigated. In the case of one-dimensional chains, exact solutions were found
for both types of catalytic elements and for both types of disorder. In the case of
annealed disorder for models I and II, exact expressions for the disorder-averaged
grand canonical partition function and, therefore, for the adsorbate pressure and

its thermodynamic derivatives were obtained. In the case of quenched disorder, the
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problem of averaging the logarithm of a grand canonical partition function is solved
by two approaches. In the first approach, the problem is reduced to a combinatorial
enumeration of all possible completely catalytic clusters with a fixed position of
catalytic bonds or sites and finding exact expressions for the statistical weights of
such clusters. In the second approach, the problem is rewritten in terms of the
spin-1 model. As a result, this made it possible to represent the disorder-averaged
pressure as the averaged logarithm of the trace of an infinite product of random 3 x 3
matrices, mutually uncorrelated for the model I and pairwise correlated in the case
of the model II. The found exact solutions are non-trivial examples of an infinite
product of random matrices for which the Lyapunov exponent can be calculated in
an explicit form.

In the second problem, the equilibrium properties of the adsorbate in such a
two-species system on the Bethe (deep inside the Cayley tree) and Hushimi (deep
inside the Hushimi tree) pseudolattices are investigated. In this problem, we extend
model I and consider that the same species may interact with each other when they
meet at neighboring sites. For two types of pseudolattices, for the symmetric case
with equal chemical potentials of both species and the same interaction of the same
species, a full phase diagram of the two-component adsorbate was obtained. It is
shown that the phase diagram is quite complex and consists of several phases: a
phase with spontaneously broken symmetry between particles of different types, in
which they are present with different average densities; a symmetric phase in which
particles are present at the same densities, and the transitions between these phases
can be both first-order and continuous. Moreover, due to its bipartite nature, two
additional phases with structural ordering exist on the Bethe lattice (the system
spontaneously splits into two sublattices with different particle coverage on each
of the sublattices), whereas on the Hushimi lattice, such phases are absent due to
stronger frustration effects.

Keywords: reaction-diffusion process, scaling, stochastic resseting, crossover,
Lévy flights, renormalisation group, annealed disorder, quenched disorder, order-

disorder transitions and symmetry breaking, Bethe lattice, Husimi lattice
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