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Using reservoir computing to predict chaotic macroscopic

dynamics

A. V. Andreev!?, A. A. Badarin'?, A. E. Hramov!?

L Neuroscience and Cognitive Technology Laboratory,
Innopolis University, Innopolis, Russia
2 Center for Neurotechnology and Machine Learning,
Immanuel Kant Baltic Federal University, Kaliningrad, Russia

andreevandreil 993@gmail.com

Nowadays, the problem of forecasting complex signals is significant and has many
applications in real life. One of such applications is the prediction of neurophysiological
signals [1], like EEG. Such signals are macroscopic signals of a group of neurons, and the
connections between them adapt in time.

Signals received from real systems often exhibit chaotic (or close to it) dynamics that
is difficult to predict. Recurrent Neural Networks (RNNs) offer a potential method for
addressing these challenges. The most promising type of RNN for solving this task is
Reservoir Computing (RC) [2, 3, 4].

An important task is to predict the macroscopic dynamics of complex network systems
often encountered in real life. An example of such a system is adaptive neural networks
in biological objects, such as human brain. In experimental studies, the signals recorded
from the head’s surface are, in essence, macroscopic signal from a particular network of
neurons. Prediction of such signals is important for timely response to possible negative
developments in their dynamics.

In this work, we address the question of using RC to forecast the dynamics of the
adaptive network, which topology changes in time, so the averaged signal of the network
is evolving and propose an approach to increase the quality of prediction. As a model,
we use a network of Kuramoto phase oscillators with an adaptation of couplings [5]. We

show that the dynamics of the signal is chaotic, and RC cannot predict it.



To improve the prediction quality, we apply the reconstruction of the phase space of
the investigated signal by adding the delayed signals to the original one. Such an approach
significantly improves the quality of the signal’s prediction. Then, we investigate how a
number of delayed signals influence the quality of prediction and find the optimal number
of the delayed signals is 2 which corresponds to the embedding dimension. We also
find that 2 delays provide the most long accurate prediction, but for correct short-time
prediction we need to use 8 or 6 delays depending on the duration of the prediction.

We find that the optimal number of delays depends on the time we need to predict
for: the more time we need to predict for, the less input signals we need to use. The
reason is increasing of the number of delays has a positive and negative impact: more
delays give more information about the signal to the reservoir but contribute to a faster
increase in error during the iterative process.

The work was supported by the by the President Program (Grants No. MK-580.2022.1.6
and NSh-589.2022.1.2.).

[1] D. Bzdok, J. P. A. Ioannidis. Trends in neurosciences, 42(4), 251-262 (2019).

[2] P. R. Vlachas et al. Proceedings of the Royal Society A: Mathematical, Physical
and Engineering Sciences, 474(2213), 20170844 (2018).

[3] J. Pathak et al. // Chaos: An Interdisciplinary Journal of Nonlinear Science, 28(4),
041101 (2018).

[4] A. Griffith, A. Pomerance, D. J. Gauthier // Chaos: An Interdisciplinary Journal
of Nonlinear Science, 29(12), 123108 (2019).

[5] V. V. Makarov et al. Chaos, Solitons & Fractals, 84, 23-30 (2016).



Cognitive computing in neural hypernetworks

K. V. Anokhin!
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The term cognitive computing has been used to refer to new hardware and/or software
that mimics the functioning of the animal and human brain. Its goal is more accurate
models of how the brain and mind senses, reasons, and guides behavior. Cognitive
computing generally adopts a neuromorphic engineering approach which emulates a
network of neurons. However, accumulating neuroscience data suggest that cognition
is function not of a neural network, but of a higher order neural structure called neural
hypernetwork [1]. The vertices of the neural hypernetwork are functionally coupled
subsets of vertices from the underlying neural network that acquire a cognitive cause-
effect power. In terms of algebraic topology such cognitive groups (cogs) are relational
simplexes or hypersimplexes. The base of a neural hypersimplexes is the simplex from
vertices of the underlying N network, and its apex is the vertex with a new quality
at the higher-level N+1 system. Hypernetworks generalize networks and hypergraphs,
provide formalism for description of emergent phenomena in the multi-level systems,
and allow modeling much more complex structures than networks and hypergraphs.
The neural hypernetwork theory (NHT) states that cognition should be understood
as dynamics in this higher-order system, and that we cannot explain cognitive system
behavior without thoroughly accounting for neural hypernetwork topology and its impact
on system dynamics. I will demonstrate that the structure of the neural hypernetwork
implies not only linear causal interactions required for logic and computing, but also
deep nonlinear effects that can underlie insights and intuition. The work was supported
by the Ministry of Science and Higher Education of the Russian Federation (Grant No.
075-15-2020-801).

[1] K.V. Anokhin 9th IBRO World Congress of Neuroscience 706/613D (2015).



N3yyenmne pa3amviHbIX XapaKTEePUCTUK HEMPOPU3NMOJIOTUIECKOM

aAKTUBHOCTU BO BpeMsi TPEHUPOBOYHOIO MpoIliecca

B. M. Antunos!, A. A. Bagapun'?,
B. B. I'py6os'?, B. B. Kazannes'?, A.E. Xpamos!?
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OjHOlt M3 BayKHEHINX 3a/1a1 CHOPTA BBICIIUX JIOCTHXKEHUI SBJISIETCS OBBIIICHIE
sdekTuBHOCTH U KadecTBa TPeHUPOBOK. C KayKJBIM I'OJIOM TOBBIIIACTCS YPOBEHDb TPe-
O6oBaHUl K MH/MBU/IYAJIHHBIM MOKa3aTe/siM 3DMOEKTUBHOCTA KaXKI0I'0 CIIOPTCMEHa. DTO
HEMUHYEMO MPUBOUT K HOSABJISHUIO TPABM U JIPYTUM OTpUIiaTe bHbIM 3ddekTam, [1, 2|
KOTOPBbI€ HETATUBHO CKA3BIBAIOTCS HA CIIOPTUBHBIX pe3y/abTarax. st perenust 3Toil mpo-
6/1eMbI HEOOXO/IUMO CO3/1aBaTh 0oJiee 3(PDEKTUBHBIE U BHICOKOTEXHOJOTUIHBIE ITPOTPAM-
MBI TPEHUPOBOK, KOTOPBIE OYIyT BKJIIOYATH B ce0s KAK BHEITHUN KOHTPOJIb IIPABUILHOCTH
BBITIOJIHEHUS YIIPAYKHEHU, TaK 1 KOPPEKTUPOBKY METOJINKN TPEHUPOBKH 3a CUET MPEJI-
BapHUTEJILHOI'O MCCJIEOBAHNS U aHAJIN3a PAa3JIMYHBIX MYJIBTUMOJIETbHBIX JaHHBIX BCETO
KOMIIJIEKCa (DUBHOIOTHYECKIX COCTOSTHUN TesIoBeKa [3, 4].

KomiutekcHbIil 110/1X0/1 K PENneHrio Tpob/IeMbl HHIMBUIYAJIU3AINN TPEHUPOBOTHOTO
mporecca JOJZKeH MO3BOJINTh CO3/IaTh ONTHMAJIBHYIO ACCUCTUPYIONLYIO MYIBTUMO/IAb-
HYIO CUCTEMY MOHUTOPHHTA, IIPUMEHEHIE KOTOPOil IPUBEJIET K YBEJTMIEHUIO HHIUBH LY b
HBIX TOKa3aTeseil CIOPCTCMEHa U TIOBBICUT YPOBEHb OE301TaCHOCTH TPEHUPOBOK.

B nannoit pabore mnpejcTaB/ieHbl Pe3yJIbTAThI AHAJIN3A MYJIBTUMOIAIBHBIX JTAHHBIX,
MOJIyYEHHBIX B XOJIe HEHPOMHU3NOJIOTUIECKOTO IKCIIEPUMEHTA, SMUTUPYIONIETO TPEHUPO-

BOYHBII IIPOIIECC 110 CIIOPTUBHOMI CTPesboe.
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JL1st IpoBeIeHrsT KOMILIEKCa U3MepeHnil ObLT pa3paboTaH U MPOBEEH IKCIIEPUMEHT
AHAJIOTMYHBIN CIIOPTUBHON muciuiinae “Onaryion”. CyTh 9KCIEpUMEHTa 3aKII0IaeTCs B
perucTpanui pa3jIndIHbIX MYJIbTUMOJIAJIBHBIX JAHHBIX B MPOIECCe MPUIIETUBAHUS U BbI-
crpena. B skcriepuMenTe npunsm ydactue 21 desioBek B Bospacte oT 18 10 25 JieT, Bce
UCIBITYeMbIe MYKCKOTo Tosia. Ha KaKJI0ro mCIbITyeMOro ObLIN YCTAHOBJIEHBI JATYNKI
OKI, 99T, 9MI" u 90T

Crejyer OTMETUTB, YTO OJIHON U3 mpobJyieM Ipu 00pabOTKe CUTHAJIOB C JIATIUKOB,
PAaCIIOJIOXKEHHBIX Ha IMOJIBUKHBIX YACTIX UEJIOBEUECKOTO TeJjla, ABJIAEeTC Ay MIeHHOCTD
curnajoB. Takyke mpobeMy ycyryo/sgeT ToT (pakT, YTO 30HBI KPEIJICHUs JaTYnKa B3a-
UMOJICHCTBYIOT C Pa3/IMIHLIMU OOBEKTaMU BO BPEMs BBIIIOJTHEHUST CIIOPTUBHDBIX yIIPAXK-
Hennii. /Iy perenust JaHHbIX MPOOJIeM ObLIN MCIIOJIB30BAaHbl PA3JIMIHBIE METO/IbI (DUJIb-
TPAIUK, B TOM UHCJIe METOJ BeiiBIEeTHBIX peobpasoBanmii |5, 6.

AHam3 oIy IeHHBIX JTaHHBIX TO3BOJIN/I BBIJIE/NTh HanbOIee 3HAYNMbBIE TPYIIIOBbIE
U WHIUBHLyaJIbHbIe OCOOEHHOCTH HEHPOHHOM U MBIIIEIHONH aKTUBHOCTEH, aCCOIUMUPOBAH-
HBIX C BBITIOJTHEHUEM Pa3JINIHBIX TUTIOB 3a1at, CBA3aHHBIX C TPEHUPOBOYHBIM ITPOIIECCOM.
L1 BBISIBJICHUS PA3/IMYHBIX COCTOSTHUI HEWPOHHON aKTUBHOCTH I'OJIOBHOTO MO3Ta OBLIN
MCIIOJTb30BaHBI METO/bI YACTOTHO-BPEMEHHOTO aHAIN3a IKCIIEPUMEHTATbHBIX MYJIbTUMO-
nasbHbIX curaanos (D9, DKT, OMI u DO0T).

Paborer o ananusy jganabix nojep:kanbl CoBeroMm 1o rpantam [Ipesumenta Poc-

cuiickoit Peneparyn (rpant HII-589.2022.1.2.)

[1] T.T. Edwards et al. // Sports. 6, No. 1. 19. (2018).

[2] X.J. Schelling et al. // The Journal of Strength and Conditioning Research. 29. No.
2. PP. 368-378. (2015).

[3] M.A. Boksem et al. // Cognitive brain research. 25. PP. 107-116. (2005).
[4] M.M. Lorist et al. // Cognitive Brain Research. 24. No. 2. PP. 199-205. (2005).

[5] 4. Augpuanos // Pammosnekrponuka. [Ipobiaembl i mepcrneKTuBbl pa3BuTus. 7.

(2018).
[6] B.U. dy6posun // Pamioenektposnika, indopmaruka, yupasaiaas. 1. (2014).
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Heteroclinic cycles and chaos in system of four identical phase

oscillators with biharmonic coupling

A.M. Arefev!, E.A. Grines!, G.V. Osipov!

L Department of Control Theory, Nizhny Novgorod State University, Russia

evgent).grines@gmail.com

Coupled phase oscillators are known examples of systems that exhibit a variety
of dynamic behaviours: synchrony, chaos, chimera states and mixed dynamics. When
oscillators and interactions between them are identical, the coupling function becomes
the main source of complexity. Due to results by Watanabe and Strogatz, Kuramoto-
Sakaguchi coupling allows only simple behaviour, while using a biharmonic coupling
function, which includes only first two harmonics, opens up possibilities for chaos when
number of oscillators is greater than 5. However, previously there were no numerical
evidences that such coupling leads to chaos for systems of four phase oscillators. In this
talk we discuss an approach for searching chaotic attractors close to heteroclinic cycles
of this system. We also discuss few scenarios that lead to birth of chaos. This study was
supported by Ministry of Science and Higher Education of Russian Federation, contract

0729-2020-0036.
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JIBu>KeHne ypaBHOBEIIIEHHOTO ITWJIMH/APA B IOJIe HEIIOIBUXKHOM

TOYEYHOI 0COOEHHOCTU

E. M. Apremosa', E. B. Beruanun'

LVomypmexuti 2ocydapemeennod ynusepcumem, Ypaivcrkut mamemamuyeckuti uenmp,
Kagedpa meopemuuvexoti pusuru, Uocescr, Poccus

liz-artemova201/@Qyandex.ru

WccnenoBanne JIBUKEHUSA TBEPJIBIX T B IIPUCYTCTBUU TOYEUHBIX BUXPEil siBJIsieTCS
KJIACCHYECKOil 3ajiaveil, KoTopas u3ydasachk, Hanpumep, B [1, 2, 3]. TTomumo Toueunbrx
BUXPeil paccMaTpUBAIOT BIUSHUE JIPYIUX TOUYEUHBIX 0COOEHHOCTEH Ha IBUXKEHHUE TBEP-
noro Tena. B pabore [4] paceMarpuBasioch IIIOCKOIAPAJIIETHHOE JBIZKEHIE IHIMHIPA
CO CMEIIEHHBIM [EHTPOM MAcC B MPUCYCTBUHM TOYEIHOIO MCTOYHUKA/CTOKA. BBIIO MO-
Ka3aHOo, 9TO B CJIydae YPaBHOBEIIEHHOIO IMUJINHJIpa 3ajada SBJIAETCAd WHTEIPUPYEMOIA.
HennrerpupyemocTsb 3a1a9u JBUKEHHUST IIUJINHIPA CO CMEIIEHHBIM IIEHTPOM MacC ObLIa
[OKa3aHa Yepe3 0TOOParKeHne PacCesiHU.

Mpr1 1ipojio/zKaeM uccJie/IoBaHne BIUSIHAS HEOIBUKHBIX TOUYEYHBIX 0COOEHHOCTEN Ha,
JIBUKEHNE TBEPJIBIX TeJI B KUJIKOCTU. B manHoit paboTe MbI IIpemoiaraeM, 9To Y MUInH-
JIpa UMeeTCcst COOCTBEHHas IUPKYJ/IAIHS, & BMECTO HCTOUYHMKA PaCCMaTPUBAEM HEITOBUK-
HBIIl BUXPEUCTOYHHUK. B 9acTHOM ciiydae, KOrjia OOMIbHOCTh BUXPEUCTOYHUKA PABHA HY-
710 (HEMOJBUKHBIN BUXDB), OKA3bIBAIOTCA BO3MOYKHBIMU JIBA THUIA JIBUXKEHUs IIUTHH-
JIpa: majeHne Ha 0COOEHHOCTh U IEePUOAMIecKoe ABUZKeHne BOKpyT Hee. IIpu HenyeBoit
OOMJIBHOCTU BUXPEMCTOYHHUKA ITPONAAeT IMePUOIMICKAN THII JIBUXKEHUS U TOsIBJISIETCS
BO3MOKHOCTD yXOJIa IUJINHJIpa Ha O€CKOHEIHOCTh. [TocTpoeHbl KapThl HaUaIbHBIX YCJIO-
BHil ¢ objracTIMU yXo/da IMMJINHIPaA Ha OECKOHEYHOCTD W IMPUTIKEHUST K 0COOCHHOCTH.

Pabora BbIlIOJIHEHA B paMKax TIOCy/IapCTBEeHHOro 3ajaHus MunobpHayku Poccun

(FEWS-2020-0009).

[1] Ramodanov, S. M., Motion of a Circular Cylinder and a Vortex in an Ideal Fluid,
Regul. Chaotic Dyn., 2001, vol. 6, no. 1, pp. 33-38.
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[2] Mamaev, 1. S. and Bizyaev, I. A., Dynamics of an Unbalanced Circular Foil and

Point Vortices in an Ideal Fluid, Phys. Fluids, 2021, vol. 33, no. 8, 087119, 18 pp.

[3] Shashikanth, B. N., Marsden, J. E., Burdick, J.W., and Kelly, S. D., The
Hamiltonian Structure of a 2D Rigid Circular Cylinder Interacting Dynamically
with N Point Vortices, Phys. Fluids, 2002, vol. 14, pp. 1214-1227.

[4] Artemova E. M., Vetchanin E. V., The Motion of an Unbalanced Circular Disk in
the Field of a Point Source, Regular and Chaotic Dynamics, 2022, vol. 27, no. 1,
pp. 24-42

I/IBY‘IGHI/IG AJalITAaIVMOHHbIX MeXaHNn3MOB I'OJIOHOI'O MO3r'a BO

BpeMd ITPOAOJIZKUTE/IbHOI'O pellleHnsd KOIrHUTHUBHBIX 3a/Ja4 Ha

6aze fNIRS
A. A. Bagapun 2, B.B. I'py6os'?, C.A. Kypkuu'?, A.E. Xpamos'*>

L JTabopamopus netiporayku u xoenumuenox mexnono2ud,
Vnusepcumem Hwnronoauc, Unnonoauc, Poccus
2 Baamutickuti yenmp netipomernono2ut U uckyccmeeniozo uHmertexma,
Barmutickuti gedepanrvrnti ynusepcumem umenu Ummanyura Kanma,
Kanrununepad, Poccus

Badarin.a.a@mail.ru

[Tonumanue pusnIecKnXx MEXaHU3MOB U 3aKOHOMepHOCTe#l paboThl (hyHKIIMOHAIBHBIX
cereil Mo3ra uUrpaer OJ[Hy U3 KJIOYEBBIX POJieil B IIOHUMAHUU PAbOThI MO3ra B IEJIOM U
SIBJIETCA OJIHON M3 HamOoJiee BAXKHBIX U aKTYaJIbHBIX MPOOJIEM COBPEMEHHOI HelpoHa-
yku. B gacTHOCTH, ceifyac aKTMBHO Pa3BUBAIOTCS HAyYIHbIE HAITPABJIEHUs, CBA3aHHbBIE C
BBISIBJIEHIEM MEXaHU3MOB JIMHAMUIECKON peopranusainun (pyHKIMOHAIBHON CeTH MOJI0B-

HOT'O MO3Ta MPHU BBIMOJHEHIN KOTHUTUBHBIX (pyHKIn. Oprarusarus GyHKIIHOHAIBHO
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CeTU MO3Ta KpaiiHe JUHAMUYHA, 9TO [I03BOJIAET eif (hOPMHUPOBATDH U IIEPECTPANBATH CBOIO
TOIOJIOTHIO JIJIsT BOCHPHUSATUsSI U 0OpabOTKM BHEITHUX W BHYTPEHHUX CTUMYJIOB, aJIallTh-
PYSCh K U3MEHSIOIIUMCs yCaoBusiM [1].

Takas amanTainusg U JUHAMUYIHOCTb B (DOPMUPOBAHUU CBA3€ll MeXKJIy Y/IAJIEHHBIMU
rpyniaMu HefPOHOB MOXKeT OObSICHUTH Pa3HOOOpasHyo (PyHKIIMOHAJIBHOCTH MO3ra U
obecreanTh THOKUIT MeXaHU3M, MO3BOJISIIONINN, B YACTHOCTH, COXPAHATH BBICOKYIO IPO-
U3BOJIUTETHLHOCTD MPU MPOJIOIKUTEHLHON KOTHUTHBHON HArpy3Ke, a TaKyKe OBICTPO ITe-
PEKJIIOYATHCS MEXK/Ly PA3HbIMU TUIIAMU 38,39 [2].

Hapymrenuss B pabore JaHHBIX MEXaHU3MOB MOTYT HPHUBOJUTH K PA3IUIHBIM HEB-
poJiormdecKnM 3a00JIeBaHNsAM WM OBITH CJIEICTBUEM DA3BUTHUS HEWPOJereHepaTHBHBIX
3abosieBaHuil, Takux Kak 60J1€3Hb AJIbIireiimepa, JeMeHIUs 1 MHOIUX JApyrux [3].

B cBoto ouepe/ib, jleTeKTHpOBaHNIE TAKUX HAPYIIIEHUN UT'PAET BayKHYIO POJIb B PAHHEM
JIMarHOCTUPOBAHNY ITUX 3abosieBanuii. CrieyeT OTMETHTh, 9TO HECMOTPSI HA OOIUPHBIE
UCCJIeI0BaHNs, HAlIPDABJIEHHbIE HA n3ydYeHrne (OYHKIIMOHAIHHON CETH MO3Ta, B HACTOSBIIIEE
BpeMsl MaJI0O M3BECTHO O MEXaHM3MaxX aJIAllTallli TOMOJIOIMU KOPTUKAJILHOW CeTH MO3ra
K JIJINTEJILHON HArpy3Ke.

B nacrosmeit pabore mpejcTaBIeHbl PE3yIbTATHI aHAIN3a N3MEHEHUS XapaKTepH-
CTUK, BBISIBJIEHHBIX (DYHKIIMOHAJIBHBIX CeTeil, B Ipolecce JJIMTEILHOTO U HEePePhIBHO-
IO BBITIOJIHEHUST KOTHUTUBHBIX 33J1a9, OCHOBaHHOM Ha napajurme Crepubepra, a Takke
OTIpeJIe/IEHbI UX B3aMMOCBSI3M C IMOBEJIEHUYECKNMH XapaKTePUCTHKAMU JT0OPOBOJIBIEB Ha
6a3e KOpPEJISIIMOHHOI'O aHAJIN3a U BbIABJIEHBI OMOMAPKEPHI YCTAJIOCTH.

Paborer 110 paszpaboTke MeTOJIOB U MPOBEICHUIO HEHPOPUINOIOTUICCKIX IKCIIEPH-
MEHTOB BBINOJIHEHBI TIpu ntojiepzkke Coera 1o rpantam [Ipesumgenta Poccniickoit De-
neparun (rpant MK-2142.2022.1.2). Paborsr 110 anamsy gaHHbIX nojyiepKanbl CoBeToM

no rparram [Ipesunenta Poccuniickoit @eneparuu (rpant M/1-590.2022.1.2).
[1] Y. Zhang, C. Zhu, Frontiers in neuroscience, 13, p.143,.( 2020)
[2] J. Gonzalez-Castillo, P.A. Bandettini, Neuroimage, 180, pp.526-533 (2018).
[3] M. Pievani, N. Filippini, M.P. Van Den Heuvel, S.F. Cappa, G.B. Frisoni, Nature

Reviews Neurology, 10(11), pp.620-633 (2014).
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Piecewise-linear system allowing simple proof of Shilnikov chaos
N. V. Barabash!'?, V. N. Belykh'?, 1. V. Belykh!?

L Department of Control Theory, Lobachevsky State University of Nizhny Novgorod, Russia

barabash@itmm.unn.ru

2 Department of Mathematics, Volga State University of Water Transport,
Nizhny Novgorod, Russia,

3 Department of Mathematics and Statistics, Georgia State University, Atlanta, USA
In this talk, we consider a 3D piecewise linear ODE system with a homoclinic loop to

a saddle-focus, which was constructed using the technique presented in papers [1, 2, 3.

This system is composed from linear subsystems Agy, A; and A,

= —wy — vz, (1)
t=—alx+h)—Qz+1), &t =—alx—h)—Q(z-1),
Al : y = —6y7 AT : y - _/By7
2=Q+h)—alz+1), 2=Q(zx—h)—alz-1),

where h, , 8, v, w and ) are positive parameters. Subsystems Ay, A; and A, are defined
in domains Gy, G, and G,, respectively, such that Gy = (|z| < h, (y* + 22 <r?) N (|2| <
1)), Gy = (x < —hz,y € R\ Go, G, = (z > —hz,y € R') \ Gy for some positive
parameter r > 1. The construction is presented in Fig. 1.

In this talk, we formulate and prove the following
Theorem (Poincaré global cross-section)

Union of rectangles D = D; U D, such that

D, = (|x| <hyl <Vr2—1,z= —1),
D, = (2] < hJyl < VP = 1,2=1)

is the Poincaré global cross-section of system (1) for parameter region

r< 1—1—(5)2, 2 < a< B, a>-2nh, «/1—%>exp(7§§’;f3). (3)
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Puc. 1: (a) Qualitative scheme of the construction of system (1). (b) Symmetrical
homoclinic orbits of the saddle-focus of system (1) for parameters Q@ = 1, v = 0.75,

w=3, h=0.172883, a = 0.372452, r = 1.01539, 8 = 0.371774.

Using this Theorem and integrability of linear subsystems Ay, A; and A,., we obtain
2-D global Poincaré return map F': D — D in explicit form. Analysis of this map allows

us to:

a) reveal the existence of countable set of Smale horseshoe in D, proving the existence

of Shilnikov chaos;
b) prove the existence of an attractor of system (1) and show it localization;

¢) describe the structure of the attractor.

This work was supported by the Ministry of Science and Higher Education of the
Russian Federation under Grant No. 0729-2020- 0036, by the Russian Science Foundation
under Grant No. 22-21-00553 (to V.N.B. and N.V.B.),

[1] V.N. Belykh, N.V. Barabash, I.V. Belykh. Chaos, V.29, No. 10, 2019, P. 103108.

[2] V.N. Belykh, N.V. Barabash, I.V. Belykh. Automation and Remote Control. V. 81,
No. 8, 2020, P. 1385-1393.

[3] V.N. Belykh, N.V. Barabash, I.V. Belykh. Chaos, V. 31, No. 4, 2021, P. 043117.
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ATTpaKTOpr P4A4da KOHKPETHbBIX JUMHAMWYEeCKNX CHUCTEM:

JIOKAJN3allisi, CTPYKTypa, oudypKaiuu

B. H. Beabix

Kagedpa mamemamuru,
Boaotcerxuii 2ocydapemeentnidl yrnusepcumem 600H020 Mparcnopma
Huotcnut Hoszopod, Poccuas,
Kagedpa meopuu ynpassenus u Qunamury cucmem,
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belykh@Qunn.ru

B pabote obcyxkaaiorcs arTpakTopbl TPEX cucteM JnddepeHnalbHbIX YPaBHEHUA.

HepBaH 3 HUX 9TO CUCTEMa BUIa

T =y,
y=—l(u)g(z) — Mz, u)y + f(u),
= G(z,y,u),

[IPEJICTABJISIONIAas COOON YIIpaB/IsieMblil HeJIMHEWHBIN OCIUILIATOD, Tie [, A, f — coorBeT-
CTBeHHO (DYHKIIMH SJTACTUYHOCTH, 3aTyXaHUS W BHEITHEH CUJIbI, & IlepeMeHHas U OIIpe/ie-
Jiet yupasjenne. B npocreiiniem ciaydae G = 0 9Ta cucremMa ecTb OJIHOIIaAPAMETPUIECKOe
ceMeficTBO cucTeM Ha ILUIOCKOCTH, a npu G = 1 cucremMa CTAaHOBUTCS HEABTOHOMHOIA.

Bropas cucrema Bujia

Z=—f(x)—ay—z
Ipu KycouHo-JuHenHol dbyukimun f(x) u a = 1.25 — Mojiesib Xa0THIeCKOH JINHAMUKI
P. Bpoxera [1], upu f(z) = maxe ™ — momens reneparopa JImurpuesa-Kuciosa [2], a
[pU IPOU3BOJILHOM BHIE 2 = Z(x,y,z) npuobpesia MUPOKO M3BECTHOE Ha3BaHme “jerk
equations”.

TpeTbH CHUCTEMa BHJIa



rne A — n x n marpuna, F : Rl — R!, aro cucrema ¢ oxnoit nesmneitnoctsio JIypbe, K
KOTOPOI CBOJIATCS M3BECTHBIE CHCTeMbI (pa30Boil cuHXpoHmu3anuu [3], cucrema Yya [4] u
Jp.

JleMOHCTPHUPYIOTCs PA3JIMYHbIE CIIOCOOBI TIOCTPOEHUS TIOTJIOMIAIONTNX 00JIacTell, orpe-
JISJIATONINX JIOKAJU3AINIO aTTPaKToOpoB. [IpuBogdTCcda mpuMepbl 3TUX CHCTEM, I KO-
TOPBIX YKa3bIBAIOTCA CIIOCOOBI MCCJICTOBAHUS XAOTHYCCKUX KOMIIOHEHT W OuypKarimii
HeOJTY 2K JIAIOIIEr0 MHOYKECTBA, OIpejiesisseMble pOXKeHreM 1o ko CMeiia n TeopeMamu
[ITurpHUKOBA.

UccnietoBanue BBITIONHEHO 3a cueT rpanTa Poccuiickoro mayanoro donga No. 22-21-

00553.

[1] R. Brocket. On conditions leading to chaos in feedback systems. 1982 21-st IEEE
Conference on Decision and Control. — IEEE, 1982. — C. 932-936.

[2] A.C. Dmurpues, A.U. [anac, E.B. Edbpemosa, H.A. Makcumos. Tenepaiust xaoca
/ Hop obmr. pea. Imurpuesa A.C. Mocksa: Texuocdepa, 2012. — 424 c.

[3] B.H. Benbix, B.J1. Hekopkun. O KaueCTBEHHOM UCCJIEJI0BAHUNA MHOTOMEPHO# (hazo-

Boii cucrembl. Cub. Marem. xKypH., 18:4 (1977), 723-735.

[4] L. Chua , M. Komuro, T. Matsumoto. The double scroll family. IEEE transactions
on circuits and systems. — 1986. — T. 33. — No. 11. — C. 1072-1118.
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Dynamical models of crowd-bridge interactions

Igor V. Belykh!?
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2Department of Control Theory, Lobachevsky State University of Nizhny Novgorod, Russia
ibelykhQgsu. edu

In this talk, I will discuss recent advances and challenges in modelling complex dynamics
of pedestrian-bridge interactions. These challenges include a proper understanding of
the biomechanics of walking on a moving structure and of the psychology of walking
in crowds. I will explain the fundamental mechanism behind pedestrian-induced lateral
instability of bridges due to some positive feedback from uncorrelated walkers whose foot
forces do not cancel each other but create a bias. I will also present the results of our past
[1] and recent work [2| that reveal the role of foot placement strategies and social force
dynamics in initiating bridge instabilities. In particular, I will show that (i) paradoxically,
depending on the human balance law (and the frequency of bridge motion), larger crowds
can stabilize bridge motions and (ii) crowd heterogeneity can promote large vibrations

of bridges.

[1] I. Belykh, R. Jeter, and V. Belykh, Science Advances, 3, 11, e1701512 (2017).

[2] I. Belykh, M. Bocian, A. Champneys, K. Daley, R. Jeter, J. Macdonald, and A.
McRobie, Nature Communications, 12, 7223 (2021).
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HepMaHeHTHbIe BpallleHnd TPEeXOCHOI'O JJIJIMIICOnJa
. A. Busses', 1. C. Mamaes!

L YVomypmeruti 2ocydapemeennvidi ynusepcumen,
ya. Ynusepcumemcexasn 1, 426034, 2. Hocesck,

bizaev_ 90@mail.ru

PaCCMOTpI/IM 3a/la49y O Ka4Y€eHUU TBEPIOIr'o TeJla IIO FOpI/IBOHTaHbHOfI IIJIOCKOCTH B IIOJIE
TAZKECTHU 1IPpU yCJIOBUU, 9YTO B TOYKE KOHTaKTa OTCYTCTBYET IIPOCKaJIb3bIBaHUE. ypaBHe—
HHUd OIINChIBAIOIIINE 9BOJIIOIIO yFJ’IOBOIU/I W 1 HOpMaJIA K IIJIOCKOCTHU B TOYKE KOHTaKTa 7y

00pas3yIoT 3aMKHYTYIO CUCTEMY':

Lo =TwXw—mrx (wX¥#) +mgr Xy, F=vXw, O
1
I=1+mr’E—mror,
rae I m — nenTpabHbIi TeH30p UHEPIUK 1 Macca TeJjla, § — yCKOPeHHe CBOOOIHOIO Ha-

Jieans. BeKTop © — 3T0 BEKTOpP U3 IEHTPa MacC TeJla B TOYKY KOHTaKTa P, KOTOPbIil Jjis

TeJIa UMEIOIero (popMy TPEXOCHOTO SJLIUIICOU A TIPEJICTaBIAETCS B ClIeIyoleil hopme

B
r=———2F B = diag(bi, by, bs).

(Bv,7)’

[lepmaHeHTHBIMI BpaIllEeHUsIMA HA3bIBAIOT TaKWe JIBIKEHUsI TBEPJIOTO Tesa, KOIja ero
yIJIOBasl CKOPOCThb OCTaeTCd IIOCTOAHHOI, IIO3TOMY JaHHBIE DEIICHUS ABJIAIOTCA HEIo-
JIBUKHBIMU TOYKaMu cucteMbl (1). ljisi HUX U3 BTOPOro ypaBHEHUsI MOJIYIUM W = WY,

a MepBoe ypaBHEHUE TTPUBOIUTCA K (popMme

(wily — m(wy(r, ) — g)r) x v =0.

C reoMeTpuvecKoil TOYKU 3PEHHsi, 9TO ypaBHEHNE 0003HAYAET, UTO €CJIA T He SBJIAEeTCS
0 1 2 — 0 I

cobcTBEHHBIM BeKTOpOM Tenzopa I n wi(r,vy) — g # 0, To Tpu BekTOpa 7, Iv, r nexar B

osHo# mtockocTu. CiieoBaTe/bHO, HAIIPABJISIIOIIIE BEKTOPBI 0Cel NEPMAHERTHOIL SPa-

WeHul AedHcam Ha nepecevenuy, 08yr noseprrocmerl

(Ty x7,7(7)) = Anyys = 0,
A = Iy(by — bs) + In(bs — by) + Is(by — by).
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Taxkum O6p&30M JJI SJUIAIICOn A CIIPABEJINBO CJIEIYIOIIEE:

— ecmm A # 0, TO OBEPXHOCTH COCTOUT U3 TPEX KOOPMHATHBIX ILJIOCKOCTEH, pH
9TOM, €CJII BEKTOP -y JIEYKAT B KOOPJIMHATHON TIJIOCKOCTH, TO YIJIOBas CKOPOCTH

BpAIIeHUs 3a/aeTCsI COOTHOIIIEHNEM

I — I -
-0 2 _ B —-1/2 L 1 3
=0, wj=g(y,Bv) (;g@;f:7;j ) , (3)

e 1, j, k 00pa3yioT MUKJIMIECKYIO IEPEeCTAHOBKY, €CJIN 7Y JIEZKUT Ha, KOOPJANHATHO

OCH, TO Wy — ITPOU3BOJIbHA;

— ecim A = () Tor/1a BO3MOXKHO JII000€ HAIIPABJIEHUE OCU BPAIEHUS, BHIDAYKEHUE JIJIST
yrJI0BOit ckopoctu ocraercsa teM ke (3). [logpobro mpoanammsupoBaHa ycToidn-

BOCTb B JINHEITHOM TPUOJIM?KEHUN B 3TOM CJIy4ae;

— BpAIleHHs BOKPYT KOOPAUHATHBIX oceil (7; = 1,7 = 7, = 0) BO3MOMKHBI C IPOH3-

BOJIBHOM yTJIOBO# CKOPOCTHIO wy (Kak mpu A = 0, tak u ipu A # 0).

Pabora BbImosiHeHa npu nojgep:kke Poccuiickoro nHaywnoro donga (rpant Ne 21-71-

10039).

Impact of the time delay on behaviour of coupled
FitzHugh-Nagumo neurons
A. V. Bukh!?, E. M. Elizarov', I. A. Shepelev!, G. I. Strelkova
U Institute of Physics, Saratov State University, Saratov, Russia

2 buh.andrey@yandex.ru

We study the impact of a time delay on behaviour of coupled FitzHugh-Nagumo
neurons in an excitable regime. We consider the FitzHugh-Nagumo oscillator which is
one of the basic system modelling neuronal dynamics, and determined by the follows

equations:
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t=f(z)=a—12%/3 -
€ (z) /3—y )
y=9gy) =yr—y—5,

where = and y are the dimensionless variables. The system (1) can operate in three
regimes, namely, self-sustained oscillatory, excitable and bistable, depending on its pa-
rameter values as described in [1]. In this paper we fix ¢ = 0.01 and 8 = 0.5 which
set excitable regime in the single FitzHugh-Nagumo neuron for v € (0.2 : 1.1) [1].
Phase portrait of single oscillator without coupling is stable node. Projections of a phase
portrait on the partial neurons in ensembles of the coupled FitzHugh-Nagumo oscillators
without delay are also stable nodes for any values of coupling strength in (0:1). But
the introduction of delay in the coupling between neurons leads to the excitation of
oscillations in single nerons. Herewith we vary parameter ~, the time delay and the
coupling strength value.

The reported study was funded by the Russian Science Foundation (project No. 20-
12-00119 ).

[1] I. Shepelev, D. Shamshin, G. Strelkova, T. Vadivasova, Chaos, Solitons & Fractals
104(1), 153-160 (2017).
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Systems of coupled oscillators are still a hot topic for theoretical and experimental
research. This is because these systems are basic models in various modern science
and technology fields. A number of key fundamental phenomena inherent in nonlinear
oscillatory media of a different nature can be studied within the framework of the phase
approximation. Synchronization in its multifaceted manifestations, in particular, belongs
to such phenomena. In the simplest situation, lattices with only a local connection
between neighboring elements are usually considered. We note that a number of interesting
results of the initial studies of such systems are presented in the book [1]|. There are two
large classes of oscillatory ensembles studied in the literature. We are talking about
regular and unordered chains. Here we consider the case when there is one element in
the chain, the individual characteristics of which differ from the rest.

We considered the lattice consisting of NV phase oscillators with a nearest-neighbour
coupling [2]. In this case the evolution of the phase ¢, of each unit is given by the

following equation

an :wn+Sin(§0n+1 - Spn"i_@) +Sin(<pn71 - §0n+a) - 2 SiIl a, (1>

where natural frequencies w, are given as follows: w, = 0 for n # m and w, = o for
n = m (m is the position of a defect element). Phase shift o determines whether the
interaction between elements is attractive, repulsive or neutral. It is natural to set the

boundary conditions as follows:

wo—p1 =0, on—pns1 =0. (2)
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During the study, several classes of frequency-synchronous modes were found using
analytical methods. Their stability was determined. It is shown that there is multistability
of these regimes. For small values of the phase shift parameter o < 1.2, the destruction of
the synchronous mode leads to the rotation of the element with a defect relative to other
elements that remain synchronous in frequency. At values of the phase shift parameter
1.2 < a < 1.5, when the synchronization is destroyed, waves begin to propagate in the
chain, the reflection of which further leads to the implementation of the spatiotemporal
chaos mode. At large values of the 1.5 < a < 7/2, the system shows spatiotemporal
chaos when the synchronous regime is destroyed.

The work was supported by the Russian Science Foundation (Grant No. 22-12-00348,
numerical analysis), the Scientific and Education Mathematical Center “Mathematics for
Future Technologies” (Project No. 075-02-2022-883, analytical analysis of synchronous

regimes).

[1] Afraimovich V. S., Nekorkin V. I., Osipov G. V., Shalfeev V. D. Stability, structures

and chaos in nonlinear synchronization networks, World Scientific, Singapore, 1994.

[2] M.I. Bolotov, T.A. Levanova, L.A. Smirnov, A. Pikovsky, Cybernetics and Physics
8(4), 215-221 (2019).
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N3ygyenme ocobeHHOCTEl T/1a30ABUTATEIbHbIA aKTUBHOCTUA NPU

pelieHnu 3a7a4u Ha pabouyio namsarh (mapagurma Crepubepra)
H.A. Bpycunckuii', A.A. Bagapun'?, A.E. Xpamos!?

L Jlabopamopus netiponayxu u xo2numuensr mexnoro2udi,
Ynusepcumem Hnnonoauc, Hnnonosuc, Poccus
2 Baamudickuti uenmp netipomexnono2uti u UCKycCmeenno20 unmerrexma,
Baasmutickuti gedepanrvrvti ynusepcumem umeny Ummanyusra Kanma,
Kanrununepad, Poccus

Nikita@brusinskii.ru

N3ydenne TpuHIUIIOB U (PU3NIECKUX 3aKOHOMEPHOCTEH Pab0Thl TOJIOBHOT'O MO3Ta, siB-
JISIETCST OTHOMN U3 HAanboJIee BasKHBIX U aKTHBHO UCCJIEYEMbIX 3a/1a1 COBPEMEHHON HayKH.
OptauM 13 HanboJIee TEePCIEeKTUBHBIX WHCTPYMEHTOB I U3YYeHUsS aKTUBHOCTU I'OJIOB-
HOro Mo3ra sBisiercss airpekep|l, 2|. OH 1MO3BoOJISIET TOJIYYUTH JOCTYIT K OBICTPBIM U
HEOCO3HAHHBIM BHYTpPeHHHM (opmaM akTuBHOCTH. Hambosiee 1moJIe3HBIME TIPUMEHEHHUSI-
MU afiTpekepa Ha JJAHHBI MOMEHT CUHTAIOTCS 00JIACTH, CBA3aHHBIE ¢ HEHPOMapPETHHIOM
u obyuenuneMm. B mamnoit pabote ObLI IPOBEIECH SKCIIEPUMEHT, OCHOBAHHBIN Ha JITUTE b
HOIl KOTHUTUBHOW Harpyske, aHaJOTMIHONI ydeOHOMY mporeccy. OCHOBHBIME IOBEICH-
YEeCKUMU XapPaKTePUCTHKAMU, UCC/IEIyeMbIMU B JJAHHOM SKCIIEPUMEHTE, OBbLIN MaMsITh U
YCTAJIOCTb.

Hanubrit sKcriepuMeHT cocTosii u3 4 6J10koB 3amanuii B popme recra Crepudepral3|,
JI0 M IIOCJIe KOTOPBIX IPOBOJMIN TECTHI, IpeIHa3HAUEHHbBIE JJIsI OIEHKHN CyObeKTHUBHOI
ycrajgoctn camuM uctbiTyeMbiM. Tect Crepabepra Ob1T peaJm30BaH B hopMe TOCIeI0Ba-
TEJILHON JIEMOHCTPAIUH CJIEIYIONMINX BU3YAJIbHBIX CUTHAJIOB: JeMOHCTpAIun 6€/10ro Kpe-
cra; eMoHcTparmn Habopa OykB; (oHa (YepHOro sKpaHa) JIUTEIBHOCTHIO B HECKOIBKO
CeKyH/T; TpoOBbI B (hopMe OYKBBI, OTHOCUTETEHO KOTOPO# MCIIBITYEMBbIil IIPUHIMAJT Pelire-
Hue, ObLIa JIU OHA B JIEMOHCTPUPYEMOM HeJIaBHO Habope OYKB ujn HeT; (poHa.

[IpoBemen meTaabHbBI CTATUCTHICCKUN aHAJIN3 U OOHAPY?KEH PsIJ ITOBEIEHIECKUX

dusmnosIornueckux 0COOEHHOCTEN YeI0BeKa BO BPEMSI ITPOXOXKIEHUS SIKCIIEPUMEHTAIHBHBIX
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3aianuii. B gactnocTu, oOHApYKEeHbI M3MEHEHNEe KOJIMIeCTBA MOPTraHuil U CyObeKTUBHOI
OTIEHKU YCTAJIOCTHU; IIPOIEHTA COBEPIIAEMBIX ONMTUOOK; AaMILIUTY/IBI 3pavKa U €TI0 CPEJIHEro
pasmepa. Takxke MPOBeJIEH KOPPETANIMOHHBIN aHAIN3 U OOHAPY?KEH DsJl B3aUMOCBSI3eil
MeXK/ Ty TAKMMU ITapaMeTpaMi, KaK KOJIMIeCTBO MOPTraHuil ompejie/IeHHO JIJINTeIbHOCTH,
KOJIMYECTBO OINIMOOK OIPEJIEIEHHOM CJI0KHOCTU U CyObEKTUBHOM yCTAJIOCTH.

Pabora Boimostrena npu nomepkke Cosera mo rpantam lIpesmmenta Poccniickoit

Denepannu (MK-2142.2022.1.2 u HII1-589.2022.1.2.)

[1] R. S. Hessels, I. T. Hooge //. Dev. Cogn. Neuro. 2019. 40.
[2] R. Schweitzer, M. Rolfs // Science Advances. 2021. V. 7 No 30

[3] Klabes, J., Babilon, S., Zandi, B. et al// Vision. 2021. V.5. P.21.

Approximation theorem on integrals along contours on the
complex plane and the non-integrability of a spherical pendulum

with a periodically oscillating suspension point

S. A. Dovbysh!?

b Advanced Educational Scientific Center of Moscow State University, Moscow, Russia
2 N.E.Bauman Moscow State Technical University, Moscow, Russia

sdovbysh@yandex.ru

A finite collection of functions of complex argument ranging some domain in C is
said to possess property (x) if any their non-trivial linear combination (i.e., one whose
coefficients are not all equal to zero) is a function having an unremovable singularity.

Basic Approximation Theorem. Let

fz(t) _ Z fi(n)ent, 1<i<I,

nenN;
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be series convergent for small €', where N; C N is infinite arithmetic progressions such
that fi(n) # 0 for all n € N;, except for, maybe, a finite set. Assume that each of
the progressions N; contain an infinite collection of terms not belonging to any other
progression. Finally, let functions a;;(t) and biy(t) (1 <i< 1,1 <7< J;,1<j <J!)
be holomorphic in some connected region D C C and possess a period T € C such that
ReT # 0, and let a collection of functions a;;(t) (1 < j < J;) for each i possesses in D
property (x). One can assume that the domain D is T-periodic. For any oriented closed

contour I' C D we introduce notations

o l0I(0) = i+ )ass(0)
By [)(#) = 74 Fi(t+ )b (1) dt.

Then for any complex t, and c;; (1 <i < 1,1 <j <J;), real positive e, €, and a bounded
domain V C C, there are a number t, € C, satisfying the inequality |t, — t.| < e, and a

closed contour I' C D such that

|C7 g [T)(E)) — ¢i] < e,

|C  hiy D)) < C1 for t €V

for all i,7,7" with some constants C' and Cy, where t, does depend on t, and €, only,
while C1 is independent of €. Moreover, one can choose t. to be any number such that
Imt! ¢ M, where M C R is some locally finite (i.e., possessing no finite limit points)
set which only depends on original functions fi(t), a;;(t), biy(t) (and the domain D).

A defect of property (%) for functions fi, ..., fx is the dimension of the linear space of
all the vectors (A1, ..., A\x) such that the corresponding linear combination Ay f; + -+ - +

Ak fi has no unremovable singularities.

An application: Spherical pendulum with a periodically oscillating point
of suspension in the gravity force field.
Let a suspension point performs small oscillations with the acceleration ed(t), where

¢ is a small parameter. We apply Melnikov method to study splitting of the complex
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separatrices of an unstable equilibrium appling and to detect transversal homoclinic
solutions appearing under the perturbation. The associated Poincaré—Arnold—Melnikov
integrals are calculated along some double-infinite contour I. “Pasting” into the contour
[ some closed contour T passed sufficiently many N times, we get that integrals taken
along T will be well-approximated up to a constant multiplier N by analogous integrals
taken along I'. In this way we get conditions for horizontal and vertical components of
d(t) and their first derivatives, expressed in terms of the property (x), which guarantee
that the complex transversal homoclinic solutions do asymptotically densely fill in any
bounded region in each of the unperturbed separatrices, as ¢ — 0; in particular, the
system is not integrable for each small € # 0.

It is rather remarkable that the only presence of singularities is important here, but
their character is of no significance; this situation was not met before in rigorous results
on non-integrability. The approximation theorem underlying the proof of the result is
applicable due to some specific character of asymptotic expansions for the unperturbed

double-asymptotic solutions near the equilibrium.

YCTOMYNBOCTh OIITUMAJILHOTO rpaduka rmepepadoTKn IIPOIYyKTa
A. . Sramos!

U Huoicezopodexuti 2ocydapemeenionti yrusepcumem um. H.H.Jlobavescrozo, Poccus

albert810Qyandez.ru

B paborax |1, 2| 6bu1a mocTaBIeHa ONTHMU3AIMOHHAS 3a/a9a O OPsIJIKe MepepaboTKu
N pa3JINYIHbIX HAPTUH OJIMHAKOBOI MaCChl CKOPOIIOPTSIIEr0Cs IIPOJIyKTa — caXxapHOil CBeK-
gbl. OqHa naprtus rmepepabaTbiBaeTCs 3a HEKYIO €JUHUILy BPEMEHH, HAIPUMED, CYTKH.
[TapTun oTiMyaioTcs JAPYyT OT JPyra pasjudHbIMEA IapaMeTpaMu — HadaJbHOM caxapu-

CTOCTBIO a;, © = 1,n; 1 KoapDumenTaMu Jerpajalnn i-Toi IapTUu MocIe J-TO MePHojIa

BpeMenu — b, i = 1,n, j = 1,n—1, b;; € (0,1). To ectp caxapucrocts i-Toif map-

THUH TIOCJIE J-T'O [ePHOo/ia BPEMEHU paBHA (ecsid OHa K 9TOMY MOMEHTY He IepepaboTaHa)
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J

a; H bis; TaK KaK B IIpOIlecCe XpaHEHUsdA CBEKJIa YBAJaeT U €€ CaXapuCTOCTh yMeHbIIa-
s=1

eTCd. HyCTb 7Y — IIepeCcTaHOBKa YHCEJI OT 1 a0 N — OIITUMAJIbHBIN IIOPAI0K Hepepa60TKH

napTuil, MAKCUMU3UPYIOMINIT 1EJIeBYIO (DYHKIUIO S:

S(1,n) = ay) + ay@by@n + Ay by@)iby@)2 + - A Gy by by bypn-1-
-1 . -
CremaeM 3aMeHy HEPEMEHHBIX Dj1 = @4, Pij = @; || bis, © = 1,n, j = 2,n. Ecin us-
=1
BECTHbI BCE€ ITapaMeTpPbI Dij, II0CTaBJIEHHAA 3&,1{&“1&8 CBOIUTCA K 3aJjavde O HaSHaYCHUAX,
JaCTHOMY CJIy4alO TpaHCHOpTHOﬁ 3a/Ja41. ,ZLJIH 3a/la91 O Ha3HAYCHUAX B CEPEIUHE 20 Be-
Ka 6bIJI IpeajozKeH aJIr'OPUTM HaXO2KAEHUA OIITUMaJIbHOI'O PEIICHUA C ITOJIMHOMUAJILHOMI
CJIOYKHOCTBIO, KOTOPBIi ObLII Ha3BaH BEHI'€PCKUM aJITOPUTMOM.

PaCCManI/IBaJII/ICb 2 Ba>KHBIX CJIy4dadd OCTaBJIEHHOM 3aJJa91 U HaIL/'I,ILeHbI €CTEeCTBEHHBbIE

oNTUMaJIbHbIE TPpadUKN ITepepabOTKH JjIsi MAKCUMU3AINNA 3HAUECHUS 11eIeBON (DYHKITUN.

1 caywait: bj; = bj, ¢ =1,n, j = 1,n — 1, To ecTb Ko3ppunUEHT Jlerpajjanuu He 3aB1-
CHT OT TIAPTUH, & 3aBUCKUT TOJILKO OT Ieprojia nepepaborku (0T Bpemenn ). OnruMaibHbIM

[JTAHOM TIepepaboTKu OyJIeT MOPSIZOK TI0 HEBO3PACTAHUIO HAYAJIbHON caxapucroctu [1].

2 ciaydJail: HadaJIbHad CaXapHUCTOCTb BCeX IMapTHUil oJfMHaKoBa: Bce a; = a, © = 1,n,

bij = b;, © = 1,n, j = 1,n — 1. Kpome Toro, < min b;. OnTUMaIBHBIM TLJIAHOM

nepepaboTKu OyJIeT TIOPSAJI0K TapTuii 110 HeyObiBaHuio Ko3hduImenTos jgerpajanuu |2|.

HazoeMm onruMaIbHBIN IJIaH YCTOWIUBBIM, €CJIH OH ObLI ONTUMAJIEH H3HAYAJIBHO Oe3
ydeTa OCTaHOBKHU MPOU3BO/CTBa. Bo Bpems J-ro nmepuoja, J = 2,n — 1, mpons3BoICcTBO
npocranBao, a ¢ (J + 1)-ro mpogomkuio paboTy, U Mpe/IOKEeHHBIN B HavYaIe mepepa-
OOTKH ILJIaH OCTAJICS OBl ONTUMAJIEH C yIeTOM HOBBIX KO (DUIIMEHTOB Jerpajamnuu b;,,
i = 1,n u pexxuMa paboTel. IIpudeM, eciil yCTOHYNBOCTD 3aBHCAT OT KOHKPETHOTO HO-
Mepa J, ONTUMAJIbHBIN IIJIAH YCJIOBHO YCTOWYUB, €CJIM YCTOMYIUBOCTD BBITIOJIHACTCS JIJIs
J1000T0 J, TO ONTUMAJIBHBIN IIJIaH abCOMIOTHO yeToiunB. ONTUMAaIbHBIN IJIaH P TIPO-
M3BOJIBHBIX ITapaMeTpax, BOOOIIe TOBOPsI, HEYCTONYINB, TO €CTh, B OOJIBIINHCTBE CJIyJIaeB
[IOCJIe BPEMEHHOI OCTaHOBKU IIPOM3BOICTBA OH IIEPECTAET OBITH OINTHUMAJIBLHBIM.

[Ipn ycioBusx, yKa3aHHBIX B Caydasix 1 1 2, COOTBETCTBYIOIIE ONTUMAJbHBIE ILIa-

HbI aDCOJTIOTHO ycToiunBbl. OUTUMAJBHBIN ILJIAH, BOODIIE T'OBOPsI, YCJIOBHO yCTOWYUB,

€CJI, HAIlpUMep, IIPU OCTaHOBKe B J-bIil iepuoji Bce by, © = 1,m, paBHBI, a JJid JIPyTrux
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j # J aHaJOrMYHBIE PABEHCTBA HE BBIMOJHSIIOTCA. HeTpyaHo mokasaTh pacipejesieHne
mapaMeTpoB JJIsl eIe OJIHOTO IIPUMepa YCJIOBHO yCTORYInBOro miana npu J =n — 1.
Pabora Boimosinena o gorosopy Ne CC3-1771 ot 22.04.2021r. na Bormoanenune HU-
OKTP na remy: «Cozanne BBICOKOTEXHOJTOTMIHOIO IIPOU3BOICTBA caxapa Ha O6aze AQO
«Cepravuckuii caxapHbIil 3aB0/1», B paMKax peasin3anuu CoryiaieHus o IpeoCTaB/IeHun
u3 degaepagsbHoro OIojKeTa CyOCuInd Ha pa3BUTHE KOOIIEPAIUU POCCUICKOI 0Opa3oBa-
TeJILbHOI OpPraHU3allii BBICIIIEr0 00PAa30BaHNA 1 OPraHU3allil PeabHOTO CEKTOPa SKOHO-
MUKH B [EJISIX Peajn3aliii KOMILIIEKCHOIO IIPOEKTa, 0 CO3IaHUIO BHICOKOTEXHOJIOITIHOIO

npoussojcTa Ne 075-11-2021-038 ot 24.06.2021r. (UI'K 0000005407521QLA0002).

[1] A. B. Bananmun, B. K. Buisganos, O. A. Kysenkos, A. 1. Dramos. OnruMaiabHbIi
rpaduk mepepaboTKK caxapHOil CBEKJIbI B YCIOBUSX HeompeeaeHHocTr. COOpHUK
Tpya0B MeKIyHapoJaHOil HaydHON KoHdepeHIun <«AKTyaJbHbIe IPOOJIeMbl IIPHU-

KJIQTHOW MaTeMaTHKy, WHMOPMATHKI U MexXaHuKN». Boponex. 328-334 (2021).

[2] A. B. bananaun, B. K. Bunsnanos, O. A. Kysenkos, 1. B. 3axaposa, A. 1. Dra-
moB. Crparerns nepepaboTKM apTHii caXapHOil CBEKJIbI P OJU3KNX HapaMeTpax
ee yBsijannst. MaTeMaTndeckoe  KOMIILIOTEPHOE MOJETUPOBAHNE U OU3HEC-aHAIS
B yCJIOBUAX I poBusanuu SKoHOMUKK : COOPHUK HaydHbIX crareil mo wroram 1

Beepoccuiickoro may4aHo-pakTHdeckoro cemunapa. H.Hosropom. 10-18 (2022).
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Investigating the source of complexity in the heart rate using a

mathematical model of the cardiovascular system.

Yu. M. Ishbulatov 1234, T. S. Bibicheva?, V. I. Gridnev!, M. D. Prokhorov?%,
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U Institute of Cardiological Research,
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2 Regional Scientific and Educational Mathematical Center of the P.G. Demidov,
Yaroslavl State University, Russia
3 Laboratory of Modelling in Nonlinear Dynamics,
Saratov Branch of the Institute of Radio Engineering and
Electronics of Russian Academy of Sciences, Russia
4 Research department, Saratov State University, Russia
® Coordinating Center for Fundamental Research, National Medical Research
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Heart of a healthy person contracts irregularly, and complexity indices estimated
from the interbeat interval time series can be useful for early diagnosis of cardiovascular
diseases [1]. However, researchers still debate over the origin of the complexity [2]. There
are three main possible sources of complexity: deterministic chaotic dynamics of the
elements of the cardiovascular system, the noise of “central” origin, or irregularity of
respiration and cardiorespiratory coupling. Experimental investigation of this problem
is limited by the capabilities of modern medical equipment, nonstationarity of real
biological systems and potential risk for subject’s health.

We used a mathematical model of cardiovascular and respiratory systems to investigate
the contribution of bidirectional cardiorespiratory coupling to the complexity of heart
rate. We simulated an active experiment, which involved the blockade of autonomic
control of respiration and disturbance of the bidirectional cardiorespiratory coupling.

Then we measured the changes that occurred in the dynamics of the model and in
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the complexity of heart rate using well-known spectral indices, statistical indices, and
estimations of complexity indices, namely the largest Lyapunov exponent [3], and correlation
dimensions.

Blockade of the control of respiration led to slower heart rate with lesser variability,
lower aortic arterial pressure. The blockade also inhibited the autonomic control of
circulation and the effects of “central” noise [4] on the circulation.

Obtained results suggest that bidirectional cardiorespiratory coupling has significant
role in the dynamics of the cardiovascular system. However, paradoxically, the blockade
of the control of respiration had no effect on estimations of the correlation dimension or
the largest Lyapunov exponent. We think that this could be explained as follows.

Analysis of the model data have shown that the values of complexity measures
increase after the blockade of autonomic control of circulation. On the contrary, the
values of complexity measures decrease when the power of central noises decreases. We
think that these effects took place simultaneously after the blockage of autonomic control
of respiration and compensated for each other’s influence on the complexity of the heart
rate [5].

This work was supported by the Russian Science Foundation, project No. 21-71-30011
(development of the mathematical model and numerical experiment) and the Project
of RF Government, Grant No. 075-15-2019-1885 (physiological interpretation of the

results).
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Spherical flow diagram with finite hyperbolic chain-recurrent set.

V.D. Galkin, O.V. Pochinka

National Research University Higher School of Economics,
Nizhny Novgorod, Russian Federation
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In this paper, we consider flows with a finite hyperbolic chain-recurrent set without
heteroclinic intersections on arbitrary closed n-manifolds. For such flows, the existence
of a dual attractor and a repeller separated by a (n — 1)-dimensional sphere, which is
secant for wandering trajectories in addition to the attractor and repeller, is proved. The
study of the dynamics of the considered flows makes it possible to obtain a topological
invariant, called a spherical flow scheme, and consisting of a set of multi-dimensional
spheres that are the intersection of a secant sphere with invariant saddle manifolds. Note
that for some classes the flow spherical scheme is a complete invariant. Thus, it follows
from G. Fleitas results that for polar flows (with a single sink and a single source) on

the surface, it is the spherical scheme that is a complete equivalence invariant.

The author is partially supported by Laboratory of Dynamical Systems and Applications
NRU HSE, grant of the Ministry of science and higher education of the RF, ag. Ne 075-
15-2022-1101.
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[3] T.V. Medvedev, O.V. Pochinka, S.Kh. Zinina - On existence of Morse
energy function for topological flows // Advances in Mathematics, 2021, vol. 378,
pp-313-321
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Low-dimensional macroscopic dynamics of systems with
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Denis. Goldobin@gmail.com

The populations of quadratic integrate-and-fire neurons (QIFs) are known to form and
maintain a Lorentzian distribution of states of individual elements for several important
network models (e.g., [2, 3]). One can show that these states are equivalent to the Ott—
Antonsen ansatz [4] in terms of phase variables. For an evolving Cauchy distribution,
one can derive a low-dimensional equation system governing the dynamics of the mean
membrane voltage and the firing rate. However, in some practically important setups,

the Lorentz form of distribution (in other variables, the conditions of the applicability of
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the Ott—Antonsen ansatz) is distorted and the original low-dimensional model becomes
inapplicable [3, 5].

We present an approach based on the characteristic function representation of the
probability density deviating from the Lorentzian distribution; for such a function or-
dinary cumulants diverge, but one can introduce alternative objects, «pseudocumu-
lants» [1]. The real and imaginary parts of the first pseudocumulant are the firing
rate and the mean voltage; higher pseudocumulants introduce small corrections to their
dynamics. This description is not equivalent to the circular cumulant approach [6, 7]; the
corrections due to the second circular cumulant coincide with those sue to the second
pseudocumulant only to the first order of expansion with respect to a small parameter.
Simultaneously, specifically for QIF populations, the pseudocumulant equation sets are
much more concise than the circular cumulant ones and, more importantly, physical
observables — mean voltage and firing rate — have a simple and natural representation
in terms of pseudocumulants (cf. [5, 7]).

The work was supported by the Ministry of Science and Higher Education of the
Russian Federation (theme No. 121112200078-7).

[1] D.S. Goldobin, M. di Volo, A. Torcini, Phys. Rev. Lett. 127, 038301 (2021).
[2] E. Montbrio, D. Pazo, A. Roxin, Phys. Rev. X 5, 021028 (2015).

[3] M. di Volo, A. Torcini, Phys. Rev. Lett. 121, 128301 (2018).

[4] E. Ott, T.M. Antonsen, Chaos 18, 037113 (2008).

[5] I. Ratas, K. Pyragas, Phys. Rev. E 100, 052211 (2019).

[6] I.V. Tyulkina, D.S. Goldobin, L.S. Klimenko, A. Pikovsky, Phys. Rev. Lett. 120,
264101 (2018).

[7] D.S. Goldobin, A.V. Dolmatova, Phys. Rev. Research 1, 033139 (2019).

36



Reversible perturbations of conservative maps and mixed

dynamics

M. S. Gonchenko

Universitat Politécnica de Catalunya, Barcelona, Spain

marina.gonchenko@Qupc. edu

We consider area-preserving Hénon-like maps and their compositions and study smooth
perturbations that keep the reversibility of the initial maps but destroy their conservativity.
To construct these perturbations, we use two methods, a new method based on reversible
properties of maps written in the so-called cross-form, and the classical Quispel-Roberts
method based on a variation of involutions of the initial map. We study symmetry
breaking bifurcations of symmetric periodic orbits in reversible families which contain
conservative orientable and non-orientable Hénon maps as well as the product of two
Hénon maps whose Jacobians are mutually inverse. In particular, we study how reversible
non-conservative perturbations affect to the structure of the 1:3 resonance, i.e. bifurcations

+i27/3

of fixed points with eigenvalues e , in the conservative cubic Hénon maps. These are

joint works with S. Gonchenko, K. Safonov, A. Kazakov, E. Samylina and A. Shykhmamedov.
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We study the problem on the existence of Lorenz-like attractors and repellers in three-
dimensional time-reversible systems, as well as the structure of bifurcation scenarios for
their emergence. In this connection, we consider a system that is the flow normal form
for reversible bifurcations of a fixed point with the triplet (-1,-1,-+1) of multipliers. The
bifurcation set itself of the indicated reversible bifurcation should be extremely complex
(the normal form contains 7 independent parameters). However, we are mainly interested
here in bifurcations leading to the appearance of a symmetric pair “Lorenz attractor
— Lorenz repeller”, which, as we show, can be studied within the framework of two-
parameter subfamilies. In this work, two main bifurcation scenarios for the emergence of
such a pair are described, and also a quite unusual scenario is outlined for the appearance
of Lorenz-like attractor and repeller in the case when the system has only two equilibria.
The corresponding phenomenon seems new — for comparison, we note that even the
Lorenz system has three equilibria: one of them belongs to the attractor, and the other
two reside in its “holes”. This work was supported by the Russian Science Foundation

grant 19-11-00280.
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V. S. Khorev !
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Muscle training while solving complex motor task is an activity frequently used to
improve health and muscle strength. However, little is known regarding how muscle
training is progressing during a short-term training. The understanding of mechanisms
responsible for the short-term training effects could be useful for the various tasks of
sports and rehabilitation. The purpose of this study was to assess the dynamics of
the movement of the platform movement associated with the equilibrium [1, 2]. We
conducted the original experiment with human test subjects. Surface electromyography
was collected on ankle and knee flexors and extensors of 16 participants. Balance board
angle, angular velocity and angular acceleration were registered. The obtained results
show the effect of training from session to session during the experiment. We observed
the changes in the patterns of electrical activity of the muscles that occurred at the
times of equilibrium for the EMG correlation characteristics during the experiment and
analyzed them. The increase in equilibrium duration is correlated with the mean muscle
activity. The platform movement trajectories were different for the dominant and non-
dominant limb. Our results suggest the effect of training is progressing by reducing the
functional asymmetry of the non-general limb during a short-term activity.

The work was supported by the Program of Scientific School Support (grant NSH-
589.2022.1.2).

[1] A. N. Pisarchik, U. Feudel, Physics Reports 540, 167-218 (2014) .
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[2] A. N. Pisarchik, A. E. Hramov, Multistability in Physical and Living Systems:
Characterization and Applications, Springer (2022).

CpeanHenoJieBasi JUHAMIKA HEOJTHOPOJHBIX HEIIPOHHBIX ceTeil
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UccnenoBanne KOJIEKTUBHON IUHAMUKU KPYITHOMACIITAOHBIX HEHPOHHBIX CeTell siB-
JideTcd OJHUM U3 KJIIOYEBbIX HallPpaBJICHUI COBPEMEHHON HeJWHEHHON HayKu, pacliu-
PSIONMIMX U yIUIYOJIAIOMNX MOHUMAaHUE MPUHIUIOB (DYHKIIMOHMPOBAHUS MO3ra U o0pa-
6orku B Hem uHdopmalnuu. Bmecre ¢ OypHBIM pa3BUTHEM KOMITHIOTEPHBIX TEXHOJIOTHI
OTKPBIBAIOTCA BO3MOXKHOCTH JIJI IPAMOI'0 YUCJICHHOIO MOJEJIUPOBAHNA OIPOMHBIX ceTeil
(MIJLTHOHBI HEHPOHOB M MUJLIHAD/IBI CHHAIICOB) C BBICOKOI jleTajm3ainueil BHyTpeHHe
CTPYKTYDBI (MyJIBTH-KOMIADTMEHTHBIE MOJIEN KJIETOK, CJIOYKHAS KUHETUKA CHHAIICOB).
OjiHako Takwe MCCIeOBAHUS BCE K€ OCTAIOTCS BEChMa 3aTPATHLIMU C TOYKU 3PCHUS
BBIYUCIUTE/ILHBIX PECYPCOB, & TaKzKe MPOOJIEeMATUIHBI ¢ TOYKUA 3PEHUS WHTEPIIPETAINH
MOJTy9aeMbIX Pe3y/IbTATOB. B CBA3M ¢ yKa3aHHBIMH HEJIOCTATKAME BBICOKOIETATIU3UPO-
BaHHOI'O MOJICJIMPOBAHUS BCe OOJIBIIYIO MOMYISPHOCTH MPUOOpeTaeT JIPYroil MOJXOMd, B
KOTOPOM IIOBEJICHUE CPEJIHe- U KPYITHOMACIITAOHBIX HEPOHHBIX MOIYJIAIUN CBOJIUTCH K
HU3KOPa3MEPHBbIM PeAyIPOBAHHBIM JUHAMAYECKUM CUCTeMaM /JIJId YCPEAHEHHDBIX Iepe-
MEHHBIX, TAKUX KaK CPeJIHMII MeMOPAHHBIN TOTEHINAJ WM CPeTHSAS JacToTa BO30YK-
jennd. Takume cucTeMbl HA3BIBAIOTCS <«CPEJIHENOJIEBBIMU CHUCTEMaMU» WU «MOJIEJISIMEI

HEPOHHBIX MaCC».
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Mojiesin HEHPOHHBIX MACC MMEIOT JABHIOI MCTOPUIO, BOCXOSIILYIO K KJIACCHYECKON
mozesin Busicona-Kosana [1]. Ograko B mocsenaue rofpl OypHO Pa3BUBAIOTCS Tak Ha-
3bIBAEMbIE MOJIEIH «HOBOI'O TOKOJIEHUsT» |2], MMerorue psiji KII0YeBbIX OTJIHYUTETbHBIX
qepT. Bo-1iepBhIxX, B oTUtvMe 0T (heHOMEHOJIOTNYIECKUX MOJIeJIell TIPOIILIIOr0, MOJIEJ I HOBO-
r'0 TIOKOJIEHUsI MOTYT ObITh BBIBEJICHBI U3 YPABHEHUH /I MUKPOCKOITMIECKON JTHHAMUKI
HeHPOHHON Tomy s, Bo-BTOPBIX, MOMUMO ONMUCAHUST AaKTUBHOCTU HEHPOHOB OHU CIIO-
COOHBI TaKKe OINUCHIBATH U CTENEHb WX CUHXPOHU3AINH, YTO NMPUHIUIUAIHHO BAaYKHO
[IPU MOJIEJIUPOBAHUN KOJIEOATE/ILHOW JIMHAMUKHU U T€HEPAIMi MO3TOBbIX puTMoB. Hava-
JIO PA3BUTHIO CPEJTHEIIOJIEBBIX MOJIEIEHl HOBOT'O ITOKOJIEHH TT0JI0KUIa pabora MonTopuo,
[Tazo u Pokcuna [3], B mocienyronmx padorax momaenbr MPII 6buta ucnonn3oBana st
UCCJIeIOBAHUS MHOIUX OMOJIOTMYECKN BarKHBIX 3a/1a4, & TaKKe 0000IIeHa U YCOBEPIIeH-
CTBOBaHA B II€JIOM psijie aciekToB. Hampumep, ObLT IPeII0KeH METO/T OIUCAHUS CeTell ¢
PEATICTIYHO, a He MOJIeTbHOM (bOpMOii HeoJHOPOIHOCTH [4], & TaKKe OMUCAHO BIIUSHIE
9dPEeKTOB KOHETHOTO pasMep

Pa6ora Beimosaena mnpu nojyiep:kke Poccuiickoro Hayunoro @onja (rpant 19-72-

10114).

[1] H.R. Wilson, J.D. Cowan, Biophysical Journal, 12(1), 1-24 (1972).

[2] S. Coombes, A. Byrne, in: Nonlinear dynamics in computational neuroscience, 1-16

(Springer, Cham, 2019).
[3] E. Montbrié, D.Pazé, A. Roxin, Physical Review X, 5, 021028 (2015).
[4] V. Klinshov, S. Kirillov, V. Nekorkin, Physical Review E, 103(4), L.040302 (2021).

[5] V. Klinshov, S. Kirillov. arXiv preprint arXiv:2205.01984 (2022)
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Consider minimal neural ensemble consists of two coupled non-identical elements:

Gr =7 —sing; +d- I(¢y)

¢2:7+A—sin¢2+d-l(¢1)

(1)

Here ¢; corresponds to the phase of the i-th element. Parameter ~ is a control
parameter that defines the type of behaviour demonstrated by single element: excitable
state for v < 1, or tonic spiking for v > 1. Below we consider the first case with v = 0.95.
Additional parameter A introduces the phase difference between elements.

The excitatory chemical synaptic coupling is modelled by the function

1
1(¢) = : (2)
1+ Gk (Cos(é/2)—cos(d)—a—6/2))

as in our previous study [1]. Coupling of this form was first introduced in [1], and
afterward tested in several subsequent studies [2, 3|. It describes the signal propagation
principle for chemical synapse, when the signal is transmitted from the presynaptic
element to the postsynaptic one [4]: when the level of activity in the presynaptic element
is sufficient, postsynaptic element becomes excited.

Mathematically it can be describe as follows. When the phase ¢ of the active presynaptic
element reaches the value «, the current is applied to the postsynaptic element. Duration
of the impact of this stimulus is defined by 0, which value should be taken not too big
for biologically realistic modelling. We also fix o = arcsin(v) — 2 throughout the study
guided by the following considerations. In case of an isolated element its steady state is

defined as ¢¢; = arcsin(y). In the presence of coupling it is reasonable to set the band
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in the phase space where one element activates another around this value to provide

spiking. We also fix & = 50 to ensure the sharp step-wise profile of coupling function

1(¢).

0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
A A

(a) 6 =0.1 (b) 6 =0.5

Puc. 2: Two-parameter maps of synchronous regimes on the plane (d, A) for different
values of couplings duration §. Black color correspond to steady state. All other colors
are set randomly. (a) 6 = 0.1. Main types of synchronization are marked with capital

letters: A-1:1,B-4:5,C-3:4,D-2:3, E-1:2,F—-0:1.(b)d=0.5.

Fig. 2 shows two-parameter maps of synchronous regimes on the plane P, = (A, d)
for different values of parameter 9, which corresponds to the duration of synaptic input.
In this study we limit ourselves to quite small values of coupling duration that are
biologically plausible.

The work was supported by the Ministry of Education and Science (Grant No. 0729-
2020-0036).

[1] A. G. Korotkov et al. Dynamics in a phase model of half-center oscillator: Two
neurons with excitatory coupling //Communications in Nonlinear Science and

Numerical Simulation. - 2022. - V. 104. - P. 106045.

[2] A. G. Korotkov et al. Chaotic regimes in the ensemble of FitzHugh-Nagumo elements
with weak couplings //IFAC-PapersOnLine. - 2018. - V. 51. - No. 33. - P. 241-245.

[3] A. G. Korotkov et al. Effects of memristor-based coupling in the ensemble of
FitzHugh-Nagumo elements //The European Physical Journal Special Topics. -
2019. - V. 228. - No. 10. - P. 2325-2337.
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Fast methods for construction of homoclinic and heteroclinic

bifurcations diagrams and Lorenz-like attractors.
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In this work, we apply fast numerical methods for the analysis of ODE systems with
Lorenz-like attractors. Such methods for homoclinic bifurcation analysis are based on
the symbolic approach described in [1], [2]. We extend this method to study heteroclinic
bifurcations and to search for Bykov’s cycles [4].

The effectiveness of the developed methods is demonstrated on the several examples.

As the first example, we considered the well-known three-dimensional Lorenz system.

In this system we reproduce known results: we found Bykov points and construct the

corresponding heteroclinic cycles . The second example is the three-dimensional system

considered in [5]. For this system we construct bifurcation diagram and studied heteroclinic
bifurcations leading to the birth of heteroclinic Lorenz-like attractors. The third example

is the six-dimensional system —physically relevant extension of the well-known Lorenz

system [6]. Using the developed methods, we find for this 6D system the region of

existence of the Lorenz attractor.

The methods were implemented in C++ language using CUDA framework for parallelization.

44



And the visualization was made with Python language using Mat-plotlib library.

The author thanks to Alexey Kazakov for the task statement and fruitful discussion.

The work was supported by the Laboratory of Dynamical Systems and Applications
NRU HSE of the Ministry of Science and Higher Education of the RF (Grant No. 075-
15-2019-1931).
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We introduce a new type of Lorenz-like chaotic pseudohyperbolic attractor that
features 3 saddle equilibria with their unstable manifolds. We provide two types of
governing equations. The first is the system of three ordinary differential equations with
symmetries (z, y) — (—x, —y) and z — —z, the second system is a three-dimensional
Hénon map with cubic nonlinearities and symmetry (X, Y, Z7) —» (=X, =Y, —2).

Both systems manifest a “conjoined” Lorenz-like attractor at wide range of parameters.
It visually consists of two symmetric parts, and we consider them only the parts of the
conjoined attractor. The reason is that we can not define a surface surrounding the
absorbing domain with attractor inside and transversal to the flow, that separates two
parts of attractor. Both upper and lower parts look similar to classic Lorenz attractor,
indeed the discovered conjoined attractor is pseudohyperbolic according to numerical
results.

We conjecture, that the flow system (1) is close to the normal form of the map (2)
near the fixed point with triplet of multipliers (—1, —1, 1).

The research was carried out in the framework of the RSciF' Grant No. 19-11-00280-P.

[1] Gonchenko, S., Gonchenko, A., Kazakov, A., & Samylina, E. (2021). On discrete
Lorenz-like attractors. Chaos: An Interdisciplinary Journal of Nonlinear Science,

31(2), 023117.
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MopaeaupoBaHue HEeJIMHEIHON JUHAMUKI IPU IIOMOIIN

MCKYCCTBEHHbIX HEMPOHHBIX CeTeil
I1. B. Kynunos!
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NckyccTBeHHBIE HEHPOHHBIE CETH MOYXKHO PacCMaTpUBaTh KaK OTOOParKeHue MeXK Ly
JBYMsI BEKTOpHbIMU rpocTpadcTBamu. CyiecrByer cepust TeopeM |1, 2|, koropbie 060c-
HOBBIBAIOT UCIIOJIL30BAHIE HEUPOHHBIX CeTell Il alllPOKCUMAIIIN ITPAKTUIECKN JTIOOBIX
3aBHCHMOCTEl. DTO 3HAUNT, YTO HEMPOHHBIE CETH MOXKHO HUCIIOJIb30BaTh JIJIsSI MOJIEINPOBa-
HUs quHaMuKU. BooOIre roBops, HefpOHHBIE CETH yKe JTOCTATOYHO JIABHO ITPUMEHSIOTCS
JUIST PEKOHCTPYKITUN JIMHAMIYIeCKUX cucteM. MbI mipe/itaraeM OoJiee IIMPOKWH B3IJIsI)T Ha,
3aJla9y U pacCMaTpUBaeM BO3MOXKHOCTDb ITOCTPOCHUS MOJICTUPYIONIUX HEHPOHHBIX CETel,
KOTJIa JMHAMUYIEeCKHe ypaBHEHUsI U3BeCTHBhI. MoTuBalusi 9TOro Iojxojda B TOM, YTOOBI
paspaboTarh YHHUBepCaJIbHYIO ceTeByio apxurekTypy. Ucnonbsys OJLY mrs momeaupo-
BaHUs MbI MOJIOWPAEM MX CTPYKTYPY I KaxKJI0ro KOHKpeTHOH cucTeMbl. [loaxon Ha
OCHOBE HEHPOHHBLIX CeTeil, HAIIPOTUB, JIOJIZKCH JIOIYCKATh UCIIOJIb30BaHUE OJHON M TOM
JK€ apXUTEKTYPhI, & BBIOOP CUCTEMBI OIPEJIE/IAThCS JTAHHBIMU O0YIeHUS.

YHuBepcajbHas HeiipoceTeBas JUHAMUYIECKas MOJIEIb MOMXKET ObITh MHTEPEecHa JIJIst
TEOPETHUIECKUX HCCJIEIOBAHUI B CUIYy BO3MOXKHOCTH Pa3pabOTKHM YHUBEPCAJIBHBIX TEO-
PEeTHYECKUX METOJIOB aHaJIi3a, IPUMEHUMBIX Cpa3y sl IMHIPOKOTo criekTpa cucrem. C
NPAKTHIECKON TOYKU 3pEHUsI OHA MMeeT 3HavueHUe B CHUJIY TOrO, 9TO XOPOIIO aJaIlTUPO-
BaHBI JIJIsi COBPEMEHHBIX MHOI'OIIOTOYHBIX BBIYUC/IUTE/IHHBIX CHCTEM.

B pamkax peaJsim3amum 3Toil mporpaMMbl Mbl pacCMaTpPUBaeM JIB€ KOH(MUTIYpPAIUU.
[Ipocreiiniasi MOJTHOCBsI3HAsT CETh IIPSIMOIO PACIIPOCTPAHEHUS ¢ OJHUM CKPBITBIM CJIOEM
NpUMEHSIeTCs JIJIT BOCIpOU3BeleHnsd JuHnamMuku cucteMm Jlopenma n Péccrepa, a Takxke
It Mogiesn (pusnosiorndeckoro Heiipona Xunamapina—Poysa [3]. Obydennas cooTset-

CTBYIOIIUM 0Opa30M HeifpoceTeBas MOJIe/Ib BOCIIPOM3BOJIUT aTTPAKTOPHI YKA3aHHDBIX CH-
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creM, X OudypKaIMOHHBIE JuarpaMMbl, cieKTpbl Pypbe u noxkasaren JIsmyrnosa. Om-
HaKO OHa He CIIPABJIAETCA C MOJICJIMPOBAHIEM OoJiee CJIOXKHOU U, COOTBETCTBEHHO, OoJjiee
peaucTUIHON Mojen (PU3NOJIOIMIECKOI0 HelipoHa Ha OcHOBe (opMasn3Ma XOIKKU-
na—Xakcm. Bropasi, 6oJiee pa3BuTasi apXuTeKTypa, IOCTPpOeHa Ha OCHOBE UJIEU MO/~
poBaHMS KazKJ0i JTMHAMIIECKON IIePEMEHHON CHCTEMBI OT/Ie/IbHOIT 1TojiceThio [4]. Ypas-
JIIONINE TapaMeTPbl U OCTaJbHBIC ITePpEMEHHbBIC MOAMENTUBAIOTCA K IOJICETH Yepe3 JI0-
MOJTHUTEIbHBIN KacKa [ B BUJIE OJHOIO HEHpoHHOTO cyiog. Oprann3oBaHHasi TAKUM 00pa-
30M HEHpOHHas CEeTh IMOKA3bIBAET BBICOKYIO TOUYHOCTH BOCIIPOM3BEIECHUST MOICTUPYEMbIX
duU3noIOrnIecKnX HEHPOHHBIX OCHUIIATOPOB. B "wacTHOCTH, BOoCpousBouTcs oudyp-
KaIlMOHHBIN IIepexo/i 0T OEPCTOBBIX KoyiebaHmii K craiikoBbiM. Kpome Toro, aro Hanbosiee
UHTEPECHO, TTOCTPOEeHHAasl HefipOHHAs CeTh JEMOHCTPHUPYET CIIOCOOHOCTH OOHAPYKUBATD
JIMTHAMUYIECKIE PEeYKUMBI, He IIPeIbIBICHHBIC €ii B IIporiecce o0y4denus. A mMeHHO, Oy 1y an
00y1eHHOl Ha OTPe3KaX TPACKTOPHil, OTBEYAIONTUX TOJIHKO IIEPUOJINICCKIM KOJIeOAHUM,
HelipoceTeBasi JUHAMUYECKas CUCTEMa JEMOHCTPUPYET HEIOJIBUKHYIO TOUKY TOYHO COB-
AIAOIIYIO 110 PACIIONIOKEHNIO B (pa30BOM IIPOCTPAHCTBE ¢ HEIIOIBUXKHON TOUKON MCXOI-
HOIT cucTeMbl. BoCIpon3BoAsITCs TaKzKe 3HaYEeHU COOCTBEHHBIX THCET MaTPHUIlbl fIKoOH
B 9TOI TOYKE, KOTOPbIE XapaKTepu3yloT e€ ycroitunBocTh. /s dpuznossorndeckoro Heii-
poHa ¢ OMCTAOMIBHOCTBHIO HEIOJBUKHON TOYKH U KojebaHuii, HefipoHHAas CeTh TOYHO
BOCIIPOU3BOIUT OM(DYPKAIMOHHBIA IIePeXo/l B PEsKUM OUCTAOMIBHOCTHA. DTO 3HAUUT, ITO
HelpoHHASA CeTh, 0OYUEeHHAs] TOJIBKO Ha OJIHON BETBU PEIICHUII MOYKET, BCJIEJICTBAE 0000-
IIEHUs TTOJIyIEeHHBIX B X0/le 00yUeHns JJaHHBIX, HAXOUTh BTOPYIO BETBb, KOTOpas B XOJIe
o0OyueHus eif He MPeIbABIsIIACD.

UccnieioBanme BBIOJIHEHO 3a cdeT I'panTa Poccuiickoro nayunoro domma Ne20-71-

10048, https://rscf.ru/en/project/20-71-10048 /.
[1] A. H. Komoropos, TAH CCCP 114(5), 953-956 (1957).
[2] G. Cybenko, Mathematics of control, signals and systems 2(3), 303-314 (1989).

[3] P. V. Kuptsov, A. V. Kuptsova, N. V. Stankevich, Russ J Nonlinear Dyn, 17(1),
5-21 (2021).

[4] P. V. Kuptsov, N. V. Stankevich, E. R. Bagautdinova, arXiv:2203.14138 (2022).
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Crua-TpancdepHbIil OCIUIISITOP — 3TO HAHOPa3MEpPHOE YCTPOHCTBO, KOTOPOE CIIO-
cobno renepuposath Majomornnoe CBY uzjydyenue BejieCTBHE IPENECCUN BEKTOPaA CBO-
eif HAMArHUYIEeHHOCTH, BO3HUKAIOIIEH IIPY MIPOITYCKAHUU Yepe3 YCTPOHCTBO 3JIEKTPUIECKO-
ro Toka. Maremarudeckas: MOJIe/Ib OCIIUJIIATOPA 3a7aéTca ypaBuenueM Jlamgay-JIndimm-
na-I'minbepra-CironaeBCKOro, KOTOpoe ONMMCLIBACT JIMHAMHUKY BEKTOPa HAMATHUYICHHO-
ctu. PopmasibHo 310 Tpu ckaagpubix OJLY, oHaKo Tak Kak MOJYJIb BEKTOPA COXPAaHs-
ercs, 3 deKkTuBHAST PA3MEPHOCTH (PA30BOTO MIPOCTPAHCTBA paBHA JBYM. M3-3a 60IbIIO-
'O KOJIM4YeCTBa ITapaMeTpOB 1 KY6I/ILIQCKOI71 HeﬂHHeﬁHOCTH, aHaJIN3 IIOJIHOT'O YpPaBHEHUA
B 00IIIeM BHJIe JIOCTATOYHO IPoMO30K [1]. Mbl paccmarpuBaem YacTHBIH cirydail, Korjia
OCIIMJLIATOD 00J1a/1aeT BHYTPEHHEN CUMMeTPHeil OTHOCUTEILHO OCH 2, BJ0JIb KOTOPOIt Te-
96T ekTpudecKuii Tok [1|. YpaBHeHUs s JAHHOTO CJIydasi CTAHOBSITCS 3HATUTEBHO
IPOITIE HO TP 9TOM COXPAHAIOT CBOU KJIIOYEBBIE OCOOEHHOCTH.

JlocTaTovHO YacTO MCCIIe/lyeTcs TapaMeTpUIecKoe B3anMOo/IeficTBIe CIIMH-TPaHcdep-
HBIX OCHUJIJIATOPOB KaK 3JICKTPOHHBIX YCTpOﬁCTB, BKJIIOUEHHBIX B IIelb IIocjieJ0BaTe/Ib-
HO MM TapaJjiebao. CBsa3b BOZHUKAET M3-3a TOTO, ITO SJIEKTPUIECKOE COMPOTHBIICHUE
OCITUJIIATOPOB MEHSIETCA BMECTe C HAMAIHHYEHHOCTHIO 3a CYET 3ddeKTa IMranTcKoro
MarHUTHOTO CONPOTUBJIeHUsA. Takasi cxema B3auMOJIECTBUS padOTaeT Kak IyiodasbHast
CBs3b Uepes o0IIee 1mMoJjie U He JOMYyCKaeT MMOCTPOSHUS CJI0KHBIX KOH(MUTYPAIIHil B3amMO-
nefictBusi. Mbl paccmaTpuBaeM Jpyroft THII CBS3U, KOTJA OCIUAIISTOPHI BO3IEHCTBYIOT

APYT Ha JApYyTa HEIIOCPEACTBEHHO, Y€PE3 CO3laBaceMble UMW Mal'HUTHBIE I1OJIA.
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I/ICCHG,ZLyeTCH CUCTEMaA JIBYX OCHUJIJIATOPOB. ypaBHeHI/Ie JJId IIEPBOI'O UMEET BUJL

My =mq Aimi , + Bimay, + e{alma, — (M - Mo)my z| — myyma, + maymy .},
M1y = — Bimy gz +my  Aimay, + e{alme, — (my - Ma)my | + my zmae, — momy .},

ml,z :Al (m%’z — 1) + € {Oé[mz’z — (77_”21 . Tﬁg)ml’z] — ml,xmgyy + mg,xml,y} ,

(1)
rie Ay = (my, — h, + B1/a)a, By = my, — h, — 1, a ypaBHeHne JJIs BTOPOLO II0-
JydaeTcss 3aMeHoit mHiekcoB 1 <> 2. Cucrema ypaBHEHUN WMEET ISITh YIIPABJISTIONTNX
rapaMeTpoB: (v OTBEYAET 3a 3aTyxaHue, h, — BHEITHee MarHUTHOE 110Jie, 31 U [y yIpaB-
JISIIOT COOCTBEHHBIMU YACTOTaM OCIIULIATOPOB, € 3aJa6T CHJIY CBSI3H.

Cunxponusarus B cucreme (1) pacemarpuBaercst B ha30BOM IPUOIMKEHUH JIJIS CITy-
Jail MaJjIoii pacCTpPORKN COOCTBEHHBIX YacTOT, T. €. KOra 31 — (S MaJjo, U caaboil CBSI3U
€. 3agaBas pelleHue B BUAE My, = V1 —a?cos¢ia(t), mig, = V1 —a?sing;o(t),
Mi2,. = a, TJIe @ — IOCTOAHHAA aMILIATY/IA, & ¢q 2 3aBUCAIINE OT BpeMeHH (a3bl epBo-
T'O 1 BTOPOT'O OCHUJIJIATOPOB, Mbl HAXOAUM BbIDa2K€HUA JIJId aMILJIATY/Ibl 1 CTaHHOHapHOﬁ

pasHocTHu a3 P = ¢ — ¢9 B peKUME CHHXPOHU3AIINN:

a=h,— (Bi+B2)/(2a), sin = (B — B)/(2e), (2)

a Takxke nojydaem (aszosoe ypasaenue Ajiepa-Xoxiosa [2, 3] ¢ = & — psiny, vae
mapaMeTpbl §, UMEOIIN CMBIC/T YACTOTHON PACCTPONKM, U (4, UTPAIOIINI POJIb TapaMeTpa

cBsi3, JIst CMCTMBI (1) uMeroT BUI:

5= a(B— f)/(a> +1), p=2ec/(a®+1). 3)
U3 ypaBuenust Ajepa-Xox/10Ba MOIydaeM BbIPAXKEeHUe T SI3bIKa CHHXPOHUBAIAN
|51 - 52| = 2e. <4>
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A methods for calculating cardiointervalogram signals from a
photoplethysmogram for analyzing the synchronization of the

autonomic control loops of the cardiovascular system

A. V. Kurbako !, V. V. Skazkina!, E. I. Borovkova!, A. S. Karavaev'

L Saratov Branch of Kotelnikov Institute of Radio Engineering
and FElectronics of Russian Academy of Sciences, Russia

kurbako.sasha@mail.ru

The human body is a complex non-linear system of high dimension. The regulation
of the work of its elements is ensured by the coordinated work of many loops of the
nervous and humoral regulation. To control the state of the body, it is possible and
important to quantify the characteristics of the dynamics of the subsystems of nervous
regulation by analyzing the low-frequency spectral components in the signals of the
cardiovascular system (CVS) [1]. Synchronization of 0.1 Hz oscillations in the heart
rhythm and peripheral circulation is an important physiological feature of the human
body, allowing it to adapt and self-regulate [2].

Previously, a new indicator for assessing the degree of synchronization of 0.1 Hz
oscillations was proposed, which is focused on the analysis of non-stationary signals of
a biological nature - the total percentage of phase synchronization S [3]. An important
step in the development of compact, mass-produced and ergonomic diagnostic devices is
the transition from synchronization analysis based on a pair of simultaneously recorded
signals: an electrocardiogram (ECG) and a photoplethysmogram (PPG) to an estimate

of S based on a univariant PPG signal. The fundamental possibility of this was shown
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by us earlier [4]. In this paper, our previously proposed approach is compared with three
new methods in the course of comparing cardiointervalograms (CIG) calculated from
ECG and PPG recorded from healthy subjects and patients suffering from COVID-19.

Experimentally obtained 25 simultaneous ECG recordings and PPG of healthy volunteers
without identified CVS pathologies (13 men 21.2 + 3.1 years old, 12 women 20.9 + 2.2
years old) and patients with COVID-19 (12 men 49.4+11.6 years old, 9 women 51.0£12.5
years old). For analysis, five-minute sections of the recordings were selected that did not
contain artifacts and arrhythmia sections.

In the work, we compared the methods for extracting CIG from PPG as intervals
between local maxima (method 1) or minima (method 2) of a signal filtered in the range
of 0.6-1.8 Hz, as well as methods for extracting CIG as intervals between local maxima
(method 3) or minima (method 4) PPG signal filtered in the range of 0.6-6.0 Hz in
the windows of adjacent cardiocycles, determined from the PPG signal filtered in the
range of 0.6-1.8 Hz. The selection of the optimal ranges of signal filtering is carried out
when searching for frequencies by means of maximizing the probability that the phase
coherence coefficient between the reference signal obtained from the ECG and the signal
obtained by one of the PPG methods will be higher than 0.95.

The operability of the used CIG extraction techniques was compared in the course
of calculating the total percentage of phase synchronization S of various categories of
subjects using a pair of ECG and PPG signals, or using a univariant PPG signal. The
ensemble average values of the difference between S obtained from a pair of signals and
S from one PPG signal for healthy subjects are: 7.34 £+ 9.69 for method 1, 7.05 4 7.43
for method 2, 7.69 4+ 7.84 for method 3, 5.83 4+ 6.34 for method 4. The ensemble mean
differences for COVID-19 patients are 6.28 +7.50, 5.324+7.61, 5.34+5.79, and 5.75+4.29
for methods 1-4, respectively.

This work was supported by the Russian Foundation for Basic Research (projects No.
20-02-00702 and No. 20-38-90067), as well as within the framework of the state task of
the Saratov Branch of the Institute of Radio Engineering and Electronics of the Russian

Academy of Sciences.
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IlocTpoenne byHKIIMM IIPUCIIOCOOJIEHHOCTA B ABYCTAAMIAHOM

MO/IeJIA TOIMYJISIIMOHHON AMHAMUKNI

O. A. KyzenkoB

Kagedpa dudpdepenyuanrnvix ypasrenuti, Mamemamueckozo U YUcCAeHH020 AGHAU3A,
Huotcezopodexuii 2ocydapemeernviti ynusepcume um. H.U. Jlobavescrozo, Poccus

kuzenkov o@mail.Tu

OYHKIUS TPUCIIOCOOIEHHOCTH UT'PAeT 3HAYUTETHHYIO POJIb B MOJIEISIX OMOJIOrmde-
CKOIl 9BOJIIOIMU U TOMYJISIIIMOHHON juHaMuky [1]. DTa DyHKIMs 9UCIEHHO XapaKTepu-
3yeT CeJEeKTUBHBIE IPEUMYIIECTBAa KOHKYPUPYIOMKUX BUJIOB. Bua, mmerornuit HanOOJIb-
YO IIPUCIOCOOIEHHOCTD, COIVIACHO JIapBUHBCKON KOHIIEIIIMH 9BOJIIOIUHI, BHI)KUBAET B
coobIIecTBe B pe3y/brare 00pbObI 3a cylecTBoBaHue. i MUPOKUX KJIACCOB CUCTEM
bYHKIUS TPUCTIOCOOJIEHHOCTH TPEJICTABIAET CPEIHNI 110 BpEMEHH YyIe/bHbII K03 du-
[IMEHT BOCIPOU3BOACTBA. 3HaHHE (DYHKIIUN ITPUCIOCOOIEHHOCTH ITO3BOJISIET IIPOIHO3H-
poBaTh pe3yJIbTaThl OMOJIOrUYecKoil dBosonun. MaremMaTndeckn MakcuMusarus hyHK-
AU TPUCTIOCOOIEHHOCTH TTO3BOJISIET HANTH YCTOWIUBBIE COCTOSIHUST PABHOBECHS, UTO JaeT
JIOIIOJTHUTE/IbHBIE CPEICTBa JJIsT Ka9eCTBEHHOIO aHAJIM3a IOIMY/ISIIHOHHBIX Mojeseil 6e3

InpuBJieHeHUA KJIACCUIECCKUX METOJ0B HHHyHOBa. q)yHKHI/IH HpI/ICHOCO6ﬂeHHOCTI/I B pdae
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CJIy9aeB TOMOTaeT PEelIuTh MpodJieMy HUIeHTUMUKAINKA TTapaMEeTPbl MOJE/IH, UTO IPE/I-
CTaBJISIET CYNIECTBEHHYIO CJIOXKHOCTBIO IIPU MATeMaTHIeCKOM ONUCAHNN OMOJIOTMIEeCKUX
CUCTEM.

B pabore [2| 6bL1a npejiozkena MeTo/iuKa MOCTPOeHUs (DYHKIUN TIPUCIOCOOIEHHOCTH
[0 JIAHHBIM HAOJIIOJIEHNI 3a JIOJTOCPOYHON JIMHAMHUKON YHCJIEHHOCTH COOOIIeCTBa. JTa
mpoOJieMa perrajgach IyTeM CPaBHEHUs CEeJIEKTHBHBIX IPENMYIIECTB Pa3HbIX BUJIOB, BBe-
JIEHUS TIOPs1JIKa TIPEIITOYTUTETHHOCTH Ha UX MHOYKECTBE M BOCCTAHOBJIEHUSI COOTBETCTBY-
fomeit pyHKIUN cpaBHEHNS CPEJICTBAMU MAITUHHOTO 00y ueHus. /[ist Toro npumensiercs
MOTIAPHBII METOJI, PAHXKHPOBAHMUS, KOTOPBI CBOAUTCA K KJIACCU(MUKAIINU YIIOPSI0YCH-
HBIX IIap BUJIOB II0 JIBYM KJacCaM: «II€PBBIIl BHUJ BBITECHSIET BTOPOW» U «BTOPOIl BUJ
BBITECHsET TepBbIily. OCcoOyIO CJI0KHOCTD MPEJICTABIAET CIydail, KOrJa BBEJIEHHBIH 110~
PAJIOK MPEIIOYTUTETHHOCTH 3aBUCAT OT MHOXKECTBA KOHKYPHUPYIOIIUX BHUJIOB, TO €CTh B
dUKCHPOBAHHON Mape Kak IMEPBBIH BUJI MOYXKET BBITCCHATH BTOPOI, TaK W BTOPOIl BUJT
HEPBbBIil B 3aBUCHMOCTH OT TOTO, B KAKOM MHOYKECTBe 3Ta napa cocyuiecrsyer [3|. B arom
cydae Jijisi BOCCTaHOBJICHUS (DYHKITUU ITPUCIIOCOOJIEHHOCTH KPOME METOJI0B PaHKUPOBa-
HUsI HEOOXOIMMO HCIOJIB30BATh IMIIOTE3BI MEXKBHUIOBOI'O B3aMMO/IEHCTBHS, OTPAKEHHBIE
B ypaBHEHUAX Mojen [4].

B nacrosimeit pabore perena 3ajia4ua mocTpoenns (byHKIMHA IPUCIIOCOOJIEHHOCTH Ha
MHOKECTBE COCYIIECTBYIOIINX YKEPTB B MOJIEJIM «XUIIHUK — YKEPTBBI». B Mojean ydu-
TBIBACTCA HAJMIHUE JIBYX BO3PACTHBIX CTAJIUN »KEPTB, OTJIMYAIONIUXCA IO CBOUM IIOBE-
JIEHYeCKNM XapakKTepucTukaM. lIpoBesienHoe nccieioBanme UCIOJIB30BAHO JIJIs aHAJIA3A
JIAHHBIX HATYPHBIX HAOJIIOJIEHUN 38 €YKEeJIHEBHBIMU BEPTUKAJIHLHBIMU MUTDAIUAME 300~
wiankTona [5]. Ilpu smoM ymaercst 10CTATOUHO TOYHO UIACHTHMUIMPOBATE PSIJL TApaMeT-
POB HAOJIOMAEMOTO TIOBEJIEHUs, UTO MMeEeT pellaloliee Jjis COCTaBJIeHHUs IIPOrHO3a Ha
OCHOBE MOJIEJIN.

Pabora BouImosnena mpu nojepkke MuHUCTEpCTBa HAYKH W BBICIIETO 00Pa30BaHUs

Poccuiickoit @eneparun (IIpoekt Ne 075-15-2021-634).
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Complex dynamics of three coupled quasi-periodic generators
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Synchronization is a fundamental non-linear phenomenon, which consists in tuning
the frequencies of interacting self-oscillatory systems [1]. The classical picture of
synchronization includes synchronization tongues that occur with a rational ratio of
frequencies of subsystems, and quasi-periodic oscillations with an irrational ratio of
frequencies in subsystems. Quasi-periodic oscillations are oscillations characterized by
several incommensurable frequencies. In the simplest case, there are two frequencies, and
such oscillations are characterized by an attractor in the form of a three-dimensional

torus in the phase space. In [2| a family of autonomous generators of quasi-periodic
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oscillations with a minimal dimension of the phase space is proposed. These generators
allow constructing ensembles and investigating the phenomenon of synchronization in
the case when autonomous systems have two incommensurable frequencies each. The
problem of synchronization of quasi-periodic oscillations is complex and multifaceted,
since it can involve various interaction options and consideration of resonant tongues
and torus destruction [3].

In the frame of this work, we consider ensembles of quasiperiodic oscillators consisting
from two, or three oscillators. Partial subsystems can demonstrate as quasi-periodic
oscillations, as all modes associated with the birth and destruction of a torus: periodic and
chaotic self-oscillations. We study different types of synchronization between oscillators:
phase synchronization, broadband synchronization and complete synchronization.
Increasing of ensemble size involve new frequencies in the dynamical system and it leads
to appearance new effects. For three coupled oscillators we revealed different type of
synchronizations. We study quasi-periodic bifurcations which can give transitions to
different dynamical behaviors. The features of chaotic dynamics are studied.

The work is supported by the grant of Russian Science Foundation (Project No. 21-
12-00121, investigation of synchronization) and grabt RFBR, (Project No. 19-31-60030,

investigation of chaotic attractors).

[1] A. Pikovsky, M. Rosenblum, J. Kurths. Synchronization: a universal concept in
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[2] A.P. Kuznetsov, S.P. Kuznetsov, E. Mosekilde, N.V. Stankevich, European Physical
Journal Special Topics 222(10), 2391-2398 (2013).

[3] A.P. Kuznetsov, S.P. Kuznetsov, N.A. Shchegoleva, N.V. Stankevich, Physica D
398, 1-12 (2019).
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Chaos for multidimensional perturbations of dynamical systems

with small dimension

M. 1. Malkin!

Unstitute of Information Technologies, Mathematics and Mechanics,
Nizhny Novgorod State University, Russia

malkin@unn.ru

The relationship between chaotic orbit behavior and entropies (both topological and
measure theoretical) are considered for difference equations which are multidimensional
perturbations of generalized one-dimensional maps. More precisely, we consider solutions

for difference equation

q)/\(yna Yn+1y--- 7yn+m) = 07 n e Z7

of order m with parameter \ from some metric space. It is assumed that the non-

perturbed operator ®,, is degenerate so that it depends on two variables, i.e.,

@Ao(yov SR 7ym) = 77b(yN7y]\4)7

where 0 < N < M < m and % is a piecewise monotone piecewise C? function (not
necessarily continuous). It is also assumed that the implicit function ¥ (x,y) = 0 has a
branch y = ¢(z) with positive topological entropy: hip,(¢) > 0.

By using the anti-integrable approach, we show under the assumptions above how
the chaotic behavior of generalized one-dimensional map can be continued to provide
multidimensional chaos for bounded orbits of perturbed systems. In particular, we prove
that the topological entropy for the restriction to bounded orbits can be approximated
arbitrarily close by the value hi,(¢)/(M — N) (for A near \g). Also, since ¢ possesses
at least one measure p* with maximal entropy (i.e., hop(@) = hyu(¢)), we show how the
maximal measure p* can be used to construct an invariant measure p) with respect to

the shift map o on the symbolic space A, for bounded bi-infinite solutions of difference
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equations with parameter A\, and we prove that the measure theoretic entropy hy, (c|a,)
approximates the value hyop(p)/(M — N) for A close enough to Ag.

Finally we discuss applications of the proposed approach to concrete parameter
families (including Arneodo-Coullet-Tresser maps, Lorenz maps, discrete versions of
certain PDE’s, etc.) in order to establish their chaotic behavior and scenarios. Our
technique uses results on maximal measures of symbolic systems [1], on perturbations
of singular difference equations [2], and on one-dimensional factor maps for flows with

Lorenz attractors [3].

[1] M.I. Malkin, “Countable Topological Markov Chains with Meromorphic Zeta-
Functions,” Random & Computational Dynamics 2, 247-259 (1994).

[2] J. Juang, M.-C. Li, M.I. Malkin, “Chaotic difference equations in two variables and
their multidimensional perturbations,” Nonlinearity, 21, 1019-1040 (2008).

[3] M. Malkin, K. Safonov, “Entropy charts and bifurcations for Lorenz maps with
infinite derivatives,” Chaos, 31 (4), 043107 (1-17), (2021).

Exact solution of one integro-differential equation by means of

operator semigroups
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Let us consider the following integro-differential equation:
O*u(z,t v
% — 2 u(z,t) —/ (x—€E—2p)ulEt)de=0, ze[0.l], p>0, (1)
0
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provided by the next initial conditions:

Oou(x,0)
o2 — (). )

u(z,0) = ug(x),

It is easy to check that one can rewrite the Cauchy problem (1)-(2) as follows:

d*u 9 du(0)
W_(A_MI) u=0, u(0) = up € C0,1], o

=w eC01], ()
where A : C[0,1] — C]0,1] is the Volterra operator:

(Au)(z) = / Cu(e) de ()

and [ is the identity operator.
It is not difficult to see that exact solution of the Cauchy problem (3) is equal to:

u(t) = e *ettul + et e My (5)
where functions
Ug + R (A) Vo
up = 02D (0

are expressed via the initial conditions (2) by means of the resolvent R,(A4) = (A—pI)™*

of linear operator (4):

@) == = e [ — ] 00(€) d. 7)

Further using properties of operator (4) it is easy to calculate explicitly operators
of semigroups {e4};5o and {e"4'};>( corresponding to their infinitesimal generators A

and —A, namely:

(e 1)) = fo)+ v [ HEVEECED) gy )

and

§))

(@ f)a) = sy - Vi [T PEVEZ ) gy, )

where f(x) is arbitrary function from functional space C10,!] and I;(z) and .Jy(z) are

modified Bessel function of the first kind and Bessel function of the first kind respectively.
Thus formulas (5)-(9) give one exact solution of the input Cauchy problem (1)-(2).
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These formulas are sharply simplified if one impose on functions (6) some restrictions,

namely, if one set u, = 0 then

vo(x) = (Aug)(z) — puo(z) (10)
and
u(t) = e *ettyg. (11)
If one set ug = 0 then
vo(x) = puo(x) — (Auo)(z) (12)
and
u(t) = et e My, (13)

In particular, one can choose:

Uo(l’) = F(ax—j—m’ o > O, (14)

where I'(a 4 1) is the gamma function.
Combining formulas (8), (10), (11) and (9), (12), (13) with formula (14) one can

derive respectively that:

w(z,t) = et (9&/2 L.(2Vzt) (15)

and

(e, t) = et (%)a” J.(2Vzt) . (16)

In the report presented graphs of exact solutions (15) and (16) of input equation (1)

also have been demonstrated.
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The effect of diffusion on the passive solute transport into an

infinite two-dimensional array of vortices
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The transport of passive particles ensemble in complex hydrodynamic flows has
significant deviations from the classical diffusion law [1]. Thus, the complex flow contains
the stagnation points. The particle trajectory approaches such a point, the time it takes
to travel a given distance tends to infinity. It is shown in [1] that flow with votices always
contains the stagnation points. For modelling such flow we cover the infinite plane by
square cells with periodic conditions at their boundaries. The flow is provided by a
periodic external force. If the amplitude of the external force exceeds a certain critical
value, the flow in each cell contains a pair of vortices. Analysis of particle transport is
performed in terms of the special flow [2]. In the framework of this approach the transport
process is described by mapping functions that determine the coordinates of the particle
at the exit from the unit cell and the time of passage through the cell as a function
of coordinates at the entrance to the cell. These functions are obtained numerically
by the random walk method. Using the special flow approach, the time evolution of
the distribution in the initially uniform ensemble of passive particles is calculated for
a passage through long array of unit cells. For tiny values of diffusivity the transport
with slowdown of some particles relative to the ensemble is observed. This effect can
be interpreted as subdiffusive transport. The speed up of some particles relative to the
ensemble, observed for moderate values of diffusivity, can be interpreted as superdiffusive
transport. In the case of high diffusivity values we obtain the standard diffusion.

The work was supported by the Ministry of Science and Higher Education of the
Russian Federation (theme No 121112200078-7).

61



[1] M. A. Zaks, A. S. Pikovsky, J. Kurths, PRL. 77(21) 4338 (1996).

[2] M. A. Zaks, A. Nepomnyashchy, PNAS. 116(37) 18245-18250 (2019)

O cJI0XXKHOI1 JUHAMUKE B CUJIBHO HEJIMHEWHBIX (BUOPOYIAPHBIX)
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Pasnoobpasme 3a7at1, B KOTOPBIX MPUXOIUTCS MCCJIEIOBATH JIUHAMUKY MaTeMaTHde-
CKUX MoJIeJieil ¢ Pa3pbIBHBIMU HEJIMHEHHOCTSIMU, HEOOBIMATHO MINPOKO. DTO M CHCTEMBI
C CYyXUM TpPeHHeM, BUOPOYIapHbIe, PeJIeiiHble, CHCTEMBI C IEPEMEHHON CTPYKTYPOi, MHO-
POYUCJ/ICHHBbIE MEXaHUYCCKHE U PAJUOTEXHUYCCKUE CUCTEMbl C HEIVIaJIKUMU XapaKTepu-
CTUKAMU OTJIEJIbHBIX 3JIEMEHTOB U JIp. Pa3paboTka Teopuu m METOJIMKHA PacdyeTa TaKuxX
YCTPOMCTB BecbMa aKTyaJbHa JjId MHOTHX 00JIacTeil COBPEMEHHOTO MAITMHOCTPOEHMUSI.
DTa mpobiieMa PeJICTaB/IsgeT, B YaCTHOCTH, 3HAUUTE/IbHBII HHTEpeC B 3ajadax BHOPO-
TEXHUKN U TEOPUU BUOPOYIAPHBIX CUCTEM, I'Jle HAWOOJIbINNI WHTEPEC BHIZBIBAET HCCJIE-
JIOBaHME KOHEYHOYIAPHBIX U OECKOHEYHOYIAPHDBIX [MEPUOIMIECKUX PEXKUMOB JIBUKEHUS,
U3y4eHUe yCJIOBUN CYIIECTBOBAHUA KOTOPLIX IIPOBOJAUTCH, KaK IIPaBUJIO, B IIPEIIOJIOXKE-
HUU TapMOHIYECKOr0o Xapakrepa BHermHeil cuiibl [1]. [Tpu sTom pasbuenue npocrpancTsa
napaMeTpoB Ha 00JIACTHU CYIECTBOBAHNS OECKOHETHOYIAPHBIX IEPUOINIECKIX TBUKEHII
PA3JIMIHON KPATHOCTH OCYIIECTBJISICTCS C TIOMOIIBIO MIPUOINKEHHOIO uccaeoBanus. B
JIaHHO# paboTe TOKa3bIBACTCH, UTO, KOI/a BHEIIHsAS CHJIa MEHSETCS 110 3aKOHY IIPAMO-

YIroJIbHOI'O CHHYCa C HpOHSBOJ’IbHOﬁ CKBa2KHOCTbBIO, YPpaBHEHUA I'DAHUIL CyHI€eCTBOBaHUA
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MEPUOJINIECKUX PEXKUMOB MOYKHO OIIPEJIE/IUTH € TIOMOIIBIO TOUHBIX aHAJTUTUIECKIX (HOop-
MysT  [2]. DTO 1MO3BOJISIET OTHOCHTEIBHO MPOCTO OINEHUTH BiIHsiHAE (DOPMBI UMITYIIbCHOMN
BHCIIHEH CUJIBI Ha BEJIMYNHY U B3aNMHOEC PACIOJIOZKCHIE B IIPOCTPAHCTBE OCHOBHBIX IIapa-

METPOB 3a/a491 obsacreit CyHaieCTBOBaHUA PE2KUMOB C IIEPUOJIOM paBJII/ItIHOfI KPaTHOCTH.

[1] Haraes P.®. O6mas 3aga1a o kasuitactuaeckom yaape. Vss. AH CCCP. MTT,
1971. Ne 3. C. 94-103.

[2] Heitmapk FO.W. Metos TovednbIx 0TO6parkeHuii B TeOPUN HEJIMHEHHBIX KOJIeOaHMiT.

M.: IMBPOKOM, 2010.
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UccnenoBanne u mpoekTupoBanue HEHPOMOPMHBIX YCTPOUCTB SIBJISIETCS aKTyaJlb-
HOIT IpobGJIeMoit coBpeMeHHOI MexkqucruiinaapHoii Hayku [1]. [Ipu paspaborke Taxmx
YCTPOMCTB HCCJIEAYIOTCA Pa3JIUYHble apXUTEKTYPbl CIARKOBBIX HEHPOHHDLIX CeTel, BOC-
MIPOM3BO/IAIINE U3BECTHYIO U3 OMOJIOTMYECKUX SKCIEPUMEHTOB JuHaMuKy. [Ipu sTom cy-
IIIECTBEHHBIM SBJISETCS UCCJIE/IOBAHUE TTPOIIECCOB CAMOOPTaHU3AINN U & IalITAIluN K M3Me-
HATOIMIUMCA YCJOBUAM, KOTOpasi CTAHOBUTCA BO3MOXKHOM 3a CYET CBOWCTB ILJIACTUYIHOCTH
ceazeit |2, 3|. Mempucrushble ycrpoiicTsa, obsagaronie coOCTBEHHON HeTPUBUATLHON
JIMHAMUKOMN, CIHOCOOHBI BBIIOJIHATH KJIIOYEBYIO POJIb B HEHPOMOP(MHBIX cucTeMax, BOC-
[IPOU30BO/IT MEXAHU3MbI CHHAIITHIECKON TIacTHIHOCTH [4].

B namnoit paboTe nccireioBana MoJie b MEMPUCTHBHOTO YCTPONUCTBA HA OCHOBE
Au/Ta/ZrOy(Y)/Tas05/TiN/Ti n SKCIIepUMEHTAIBHO ¥ YUCIEHHO IIOKa3aHa IacTOT-
Hasl 3aBUCHMOCTD €r0 HepekodeHnit [2]. DddexT cocTonT B CHMKEHUH CKOPOCTH 00Y-
JeHusl (JJOCTUKEHUS 3aJ]AHHOTO COCTOSHIST MEMPHCTOPA ) TIPU YBEJTMIEHIH 9aCTOThI BXO/T-
HBIX UMIYJIbCOB. [loydeHnblii pe3yIbraT sBJIeTCsl OCHOBOI JIJIsi BOCIIPOU3BEIEHUS U~
HAMUYECKOro cuHalca mim 3hdekra KPATKOBPEMEHHOW CUHAITUYECKON IJIACTUIHOCTH.
[Tocnenusist mposiBisieTcst B u3aMeneHnn 3(hHEeKTUBHOCTH CHHAIICA B T€UEHNE BPEMEH! Ta-
KM 00pa3oM, 9To TeKymas 3pGHEeKTUBHOCTD OTPazKaeT UCTOPHIO MTPECUHAIITHICCKON aK-
TUBHOCTH.

Pa6ora Beimosiaena mpu nojiepzke Poccuiickoro Hayunoro @onya (I'pant No. 21-11-

00280).
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Degenerate resonances and synchronization in nearly

Hamiltonian systems under quasiperiodic perturbations

K. E. Morozov!

L Lobachevsky State University of Nizhny Novgorod, Russia

kirill. morozov@itmm.unn.ru

Quasiperiodic nonconservative perturbations of two—dimensional nonlinear
Hamiltonian systems are considered. The definition of a degenerate resonance is introduced
and the topology of a resonance zone with an odd order of degeneracy is studied. The
case, when the the order of degeneracy is even, was considered in [1]. Particular attention
is paid to the synchronization process during the passage of an invariant torus through
the resonance zone. The existence of so-called synchronization intervals is proved and
new phenomena, which have to do with synchronization, are found. The study is based on
the analysis of a pendulum—type averaged system that determines the dynamics nearby
the resonance phase curve of the unperturbed system in accordance with the Bogolubov
theorems [2].

The work was supported by the Russian Science Foundation (Grant No. 19-11-00280).

[1] Morozov, A.D. and Morozov, K. E., "Synchronization of quasiperiodic oscillations
in nearly Hamiltonian systems: The degenerate case”, Chaos 31, 083109 (2021)
https://doi.org/10.1063/5.0055262.
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OcobeHHOCTI 00OOIIEHHO CMHXPOHM3AINN B CUCTEMAaX C

Pa3JIMYHOI TOIIOJIOTHEN aTTPAKTOPa

O. 1. Mockajienko!, A. A. KopoHoBckmnii',

E. B. Esctudeesn!, B. A. Xanazgeesn!
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o.1.moskalenko@gmail.com

OauM u3 HamboJIee MHTEPECHBIX U HauMeHee M3YyUEHHBIX THIIOB XaO0TUIEeCKOrO CHH-
XPOHHOTO MOBEJICHNUS SIBJISIETCs PesKIM 00001enHof cuaxponusaimn [1]. On Moxker Ha-
OJIFOTaTHCST KaK B OJTHOHAIIPABIEHHO, TaK U B3ANMHO CBA3aHHBIX CHCTEMAax, B TOM UHCJIe
C Pa3IMIHON pa3MEpPHOCTHIO (ha30BOTO MPOCTPAHCTBA, U O3HAYAET yCTaHOBJ/IeHUE (DYHK-
[IOHAJIA MEXKJIy COCTOsTHUsIME STuX cucteM |1, 2|. st AMArHOCTUKY JIAHHOTO peXKuMa
BO B3aWMOJIEHCTBYIOIIUX CUCTEMAaX B HACTOSIIEE BPEMSI ITPE/IJIOZKEHBI PA3TNIHBIE METOIbI
U TIOJIXO/IBI, CPEJIN KOTOPBIX HAMOOJIbINIEE PACIIPOCTPAHEHNE TTOJIY IUIN METOIbI OInzKaii-
mux cocesieit u dazoBuix TPyOoK |1, 2|, pacuer crmekrpa nokazaresnei Jlsmynosa [3| u
MEeTO/ BCIOMOTaTeIbHON cucTeMbl [4]. PaborocmocobHOCTh TOrO WM MHOTO MeToja U
IO/IXO/[a CUJIBHO 3aBUCHUT OT THUIIA CBSI3U MEXKJy CHCTEeMaMW W TOIOJIOTUN aTTPaKTOPOB
B3aUMOJIEHCTBYIONUX cucTeM. B 9acTHOCTH, M3BECTHO, YTO METOJI BCIIOMOTaTeIbHON CH-
CTEeMbI OKa3bIBACTCSA PAOOTOCIIOCOOHBIM TOJIBKO B CJIyYae OJHOHAIIPABICHHON CBA3M MEXK-
Iy cucremMaMmu [5], a mpuMeHeHne MeTo/a OIMKANIIIX cocesieil K cucTeMaM €O CJOXKHOI
TOMOJIONHEll aTTPaKTOpa MPUBOUT K HEKOPPEKTHBIM pe3ysbraram [6].

Ha rpanmuiie 060011eHHON CUHXPOHU3AINN HAOJII0IaeTCsl, KaK MPaBUJIO, IIepeMerKaio-
1eecs: MOBeJIEHNE — PEXKUM IepeMeKatoleiica o000IeHHO cnHXpoHu3aluu. B paMkax
JIAHHOTO JIOKJIa/1a PaCCMATPUBAIOTCSA OCOOEHHOCTH 9TOTO PEXKMMA, XapaKTepPHbIE JJIsT O/I-
HOHAITPABJIEHHO W B3aMMHO CBA3aHHBIX cucTeM. B pabore Oyjer mokaszaHo, ITO THII Iie-
peMexKaeMOCTH, peau3yeMblil B JJaHHOM CJIydae, He 3aBUCUT OT THIIA CBA3SH MEXKJy CH-

creMaMu: U B Clay4dae O,ZLHOHaHpa.B.HeHHOIU/I, u 11pu B3aMMHOI CBA3U MeEXKJ1y CUCTeEMaMM Ha
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rpaHuie 00OOIEHHO CHHXPOHU3AINN IMEET MECTO OJIMH U TOT YKe THUII [IePEMEKAEMOCTH.
O/ 1HaKO, THUII ITEPEMEeKAeMOCTH CYIIECTBEHHBIM 00pa30M 3aBUCUT OT TOIOJIOIUH aTTPaK-
TOPOB B3auMO/IeiicTByOmMux cucreMm. Hampumep, st cucteM ¢ OTHOCHTEIBHO TTPOCTOM
TOIOJIOTHEl aTTPaKTOPa Ha rpaHuIle 0O0OIEHHON CHHXPOHU3AIINN HAOIOIAETCS TIepeMe-
JKaeMocTh “on-off”-tuma, B TO BpeMs Kak JIst CHCTEM CO CJIOKHOM (JBYJIMCTHOI) CTPYK-
TypoOil aTTpakTOpa NMeeT MeCTO IMepeMeKaeMOCThb MePecKOKOB. [Ipu sTom, mais pekuma
nepeMesKakoIieics 0000IMEHHON CHHXPOHUBAIINN XapaKTepHa My/IbTUCTAOUIBHOCTD, TTPH-
YeM JIAHHBIM TUI TOBEJCHUS IIPUCYII] U OJIHOHAIIPABIECHHO, U B3AUMHO CBSI3aHHBIM CHUCTE-
MaM € Pa3JIMIHON TOIMOJIOTHell uX aTTpakTopoB. s BBISIBIEHUsT HAJTUYIUS MYJIBTUCTA-
OUJILHOCTH U OIPEJIC/CHIA XapPaKTEePUCTHK ePEMEKaeMOCTH TIPEJJIOKEHbI PA3JINIHbIC
MEeTO/bI U IOJIXOJIbI, OCHOBAHHbIE Ha MOJIUMUKAIUU METOJOB BCIIOMOTATEILHON CHUCTe-
MBI U pacuera JIOKAJbHBIX MoKazareseit JIsamynosa. OCHOBHBIE PE3YIbTATHI TPOUJLIIO-
CTPUPOBaHBI Ha NpuMepe ociuiaTopos Pecciiepa, cucrem Jloperiia n JIOrueTuaecKnx
O0TOOpAXKEHUH ¢ PA3JIMIHBIMU TUITAME CBSI3H.

Pabora Boimostnena npu nomiepxkke Cosera 1o rpantam [Ipesupenta Poccuiickoit
Deepariun 1151 TOCYIaPCTBEHHO TOIEPYKKU MOJIO/IBIX POCCUIICKIX YIEHBIX — JIOKTOPOB

nayk (mpoext Ne MJI-18.2022.1.2).
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Splay states in the second-order Kuramoto model
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The collective dynamics of coupled phase oscillators is one of the central areas
of research in nonlinear dynamics and related interdisciplinary fields of science. The
importance of such systems relies on the fact that any system of weakly interacting
nonlinear oscillators can be studied within the phase approximation framework. One of
the most popular phase oscillator models is the Kuramoto model and its extensions,
which is due to their relative mathematical simplicity and many applications in the
field of science and technology, including molecular biology, neuroscience 1] and power
grids [2]. To characterize the degree of phase oscillators synchronization within the
Kuramoto model the order parameter, a complex value determining the degree of phase
coherence of the elements, is often used.

We consider the second-order Kuramoto model of N globally coupled phase oscillators:

N
. . ) 1 )
. —i(On+a) . 07
mby, + 6, = w+Im [Ry(t) e |, Ry(t) = i ;1 e’n, (1)
where variables 6,, n = 1,..., N represent the oscillators’ phases. The oscillators are

assumed to be identical, with identical frequency w, inertia m, and phase lag «a € [0, 7).
The quantity R; is called the first order parameter. In this work a general analytical
analysis of the existence and stability of states characterized by a zero first order parameter,
Ry = 0, which can be regarded as generalized splay states 3], was performed.

We found explicit conditions for linear stability of generalized splay states with Ry =

0, which depend not only on the system parameters a and m, but also on the second order
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parameter Ry = % Zg e??n which can take different values depending on the specific
cofiguration of its phases. In particular, it follows from the analysis that in the absence
of inertia m, i.e. in the case of the first-order Kuramoto model, any state with R; = 0 is
stable at repulsive coupling (o > 7/2). The manifestation of inertia is interesting: with
nonzero m, generalized splay state is stable iff its second order parameter R, is lying in
the specific range determined by the parameters of the system «, m. This range strongly
depends on the elements number N parity. As a consequence, at an even number of
elements N the existence region of stable states with Ry = 0 is defined by a > 7/2
(similar to the first-order Kuramoto model); at an odd number of elements N this region
decreases with increasing inertia m. In addition, the presence of inertia m leads to the
realization of strictly defined two- and three-cluster states on the boundaries of these
regions, respectively. The effect of inertia on the phase configuration of the realizing
generalized splay state disappears far from these boundaries, i.e. with repulsive coupling
increasing and is little noticeable with o ~ 7.

It is numerically shown that the generalized splay states with Ry = 0 are inhomogeneity-
and noise-robust.

The work was supported by the Russian Science Foundation (Grant No. 22-12-00348,

numerical analysis), the Scientific and Education Mathematical Center “Mathematics for

Future Technologies” (Project No. 075-02-2022-883, analytical results).
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Dynamics of the Chaplygin sphere on a moving plane
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In recent years there has been an increasing body of research devoted to analysis of
the dynamics of rigid bodies on nonstationary surfaces, for example, rotating or vibrating
ones. The motion of bodies on moving surfaces can be accompanied by various interesting
dynamical phenomena. For example, nontrivial behavior is observed in the case of a
sphere moving across a rotating circular table: the incoming and the outgoing trajectory
of the sphere are exactly identical |1, 2|. In the system describing the rolling motion of
a sphere on a rotating plane there exists an additional Jacobi integral [3|, which is an
analog of the energy integral in a rotating coordinate system. In [4] it is shown that,
when a sphere rolls on the surface of a rotating hyperbolic paraboloid, it performs a
stable rotation at the vertex of the saddle. In the case of a vibrating surface, a topic of
interest is, for example, the phenomenon of energy harvesting, which is described in the
papers [5, 6] concerned with rattleback dynamics. Among the studies of the dynamics
of spherical bodies we mention the paper [7|, where the dynamics of the sphere on an
oscillating surface of complex form is modeled. The dynamics and the nonintegrability
of problems concerning the motion of spherical tops on a vibrating plane are examined
in [8, 9]. In [10], a stability analysis is made and the problems of stabilization of vertical
rotations of a spherical robot with an axisymmetric pendulum are addressed. In [10],
special attention is also given to the problem of a spherical robot moving on a vibrating
plane without losing contact with it.

Here we analyze the dynamics of the Chaplygin sphere on a plane which performs
horizontal periodic oscillations. We construct a mathematical model of the rolling motion
of the sphere, find first integrals of motion and perform a reduction to their common
level set. We find steady-state solutions (nonuniform permanent rotations) of the reduced

system. We also find a special integrable case of the problem considered and show that
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the trajectories of this case are isomorphic to those of the problem of a sphere rolling on
a fixed plane.

We also consider the control of the motion of the Chaplygin sphere on a plane
performing horizontal periodic oscillations. The motion of the sphere is controlled by the
controlled rotation of the internal gyrostats. The work addresses two control problems
concerning the construction of controls which generate motion along a trajectory given
either on a moving plane or in a fixed frame of reference. In particular, we prove that
this system, like that treated in [11], is completely controllable on the zero level set of
the angular momentum integral. We also present a motion control algorithm and give
examples of the generation of some steady motions.

The work was carried out within the framework of the state assignment of the

Ministry of Science and Higher Education of Russia (FEWS-2020-0009).
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Random fluctuations are unavoidable in real-world systems. They can appear as
intrinsic noise or alternatively can be implemented as external random perturbations.
Studying system responses on noise influence are very important from a viewpoint of
stability of operating modes, predicting and controlling the functioning of a majority of
life-significant systems, such as infrastructure systems, power grids, transport networks,
communication and information systems, biological, epidemiological, economic and social
networks, etc.

The robustness of chimera states with respect to noise was investigated in nonlocally
coupled networks of discrete-time maps with Gaussian and uniformly distributed
parameters |1, 2| and in the presence of additive and multiplicative noise [3, 4, 5],
as well as in networks of continuous-time systems [6, 7, 8|. In particular, it has been
demonstrated that noise can induce the appearance of novel chimera patterns, such as
coherence-resonance chimeras in a ring network of FitzHugh-Nagumo neurons [7], or new
spatio-temporal patterns, e.g., solitary states and solitary state chimeras in a network of
nonlocally coupled Henon maps [9]. The dependence of the chimera lifetime on the noise
was studied in nonlocally coupled networks of periodic and chaotic oscillators [8, 10, 4].
It was shown that amplitude chimeras are long-living transients and can be controlled
by noise influence. Nevertheless, it is still not completely understood how the probability
of observing chimera states in networks of nonlocally coupled chaotic oscillators depends
on the additive noise intensity, the coupling strength, and random initial conditions.

We study numerically the spatio-temporal dynamics of ring networks of coupled
discrete-time systems in the presence of additive noise. The robustness of chimera states

with respect to noise perturbations is explored for two ensembles in which the individual
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elements are described by either logistic maps or Henon maps in the chaotic regime.
Numerical simulations are performed for a set of different noise realizations and random
initial conditions to provide reliable statistical data. The type of dynamics of the considered
networks is quantified by using a cross-correlation coefficient. We find that there is a finite
and sufficiently wide region with respect to the coupling strength and the noise intensity
where the probability of observing the chimera states is high.

The work was supported by the Russian Science Foundation (project No. 20-12-
00119).
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O romokJamHUYECKO Oudypkaium, IpUBOALAINEl K POXKICHUIO

aTTpakTopa PoBeJjibI.

Cadonos K.A.!?, Kazakos A.0O.'?, Mankun M.I.!2
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B noknazne paccmarpusaercs 6udypKalis CHMMETPUTIHBIX BEKTOPHBIX IHOJIEl, MMe-
IOIIUX CEJJIOBOE COCTOSTHIE PABHOBECHSI C €IMHCTBEHHBIM [OJIOZKHTE/IBHBIM COOCTBEHHBIM
3HAYEHHUEM 7y, IIPH 9TOM HEYCTONYUBLIE OJHOMEPHBIE CENapaTPUCHl CTPEMATCS K ITOMY
COCTOSIHHIO paBHOBecus 1pu t — +00. Kpome Toro, mpemmosaraercs, 4T0 COCTOSHHE
PABHOBECHS YJIOBJIETBOPET PE30HAHCHOMY COOTHOIIEHMIO ¥ + A = 0, r1e A obo3nadaer
OsmKaiiiiiee K HyJIIO J€fCTBUTE/ILHOE COOCTBEHHOE 3HAUCHIE.

JLII. IunpaukoB 3ameTs (cM. [1]), 9TO IpU BBIIOIHEHUN JOIOIHUTEILHOIO HEPa-
Berctsa 0 < |A| < 2 ma cemaparpucHyio Bemanay A BO3MYIIEHNS TAKUX BEKTOPHBIX
IOJIeH, TIPH KOTOPBIX CyMMa Y + A CTAHOBUTCSI IIOJIOZKUTEJILHON, IIPUBOJAT K POZKIEHHIO
aTTPAKTOPOB JIOPEHIIEBCKOro THIla. J[0Ka3aTe/abCTBO JAHHOIO Pe3y/IbraTa OCHOBAHO Ha
[OCTPOEHUH YCTOHIMBOIO MHBAPUAHTHOIO CJIOCHUSI U Ha HOCIEAYIOMEM DaCCMOTPEHHN

OJTHOMEPHOI'0 (baKTOP-0TOOparkeHns BUIa
T = (=14 clz]” +o(|z]")) - sign(z). (1)

B JAOKJIaJle U3ydacTCd BOSMYIIECHUA OIIMCaHHBIX BbIIIEC BEKTOPHDBIX noneﬁ, Ipu KOTO-

PBIX BEJIMYUHA Y+ A CTAHOBUTCA OTPHUIATEIbHON. By/ieT mokazaHno, 9To Ipu BBIITOJTHEHUH
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Hepasencrsa |A| > 1 poxkjaercs Tak HasbiBaeMblit arrpakTop Posesuist (eum. [2]). Byger
JIOKa3aHO CYIIEeCTBOBaHIE MHBAPUAHTHOI'O CJIOCHHSI, C IIOMOIIBIO0 KOTOPOTO 3aj1a4da, Oy1er
cBeJieHa K u3ydennio daxrop-orobpazkenust (1). Hasee, ucnonbsys nien Benemukca u
KapJiecona [3], Gyier JoKa3aHO CyIeCTBOBAHIE MHOYKECTBA TI0JIOKUTEILHO Mepbl, TIPH-
HAaJIJIEZKAIIEro IJIOCKOCTH ITAPAMeTPOB (¢, V) U COOTBETCTBYIIEIO XaOTHIECKON MHAMUIKE
Jyutst otobpazkenns (1).

OrMeruM, 9TO MHBApPUAHTHOE CJIOeHHE W (PaKTOP-O0TOOparKeHUe SBJISIOTCA TOJIBKO
C're_rnajxuMum, IIe BeJIM4InHa, € olpe/iesigeTcs coOCTBeHHbIME 3HadeHnaMu O. 9To GakT
He M03BOJISIET HEIIOCPEICTBEHHO IPUMEHHUTh TeXHUKY 13 paboThl [3| [y1st Hatero ciydasi.
B noknajsie OyayT npuBeieHbl HEOOXOIUMbIE ODOOIEHUS U ITPUHIUITHAIBHBIE PA3InINs
it C1Te-oTobpazkenuii.

Baaromaproctu. Padora Boinonena npu nojiep:kke rpanra PH® Ne 19-11-00280.
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The Ott—Antonsen theory [1] provides exact equations of the dynamics of order
parameters for an important class of networks of phase elements. These equations made a
ground for an advance in the theory of collective phenomena. In particular, a sophisticated
nature of the interplay between the mechanisms of synchronization by common noise
and coupling was reviled [1]-[4] and the counterintuitive phenomenon of the frequency
repulsion accompanying synchronization was reported for a desynchronizing coupling [1]-
[5]. Even though the dynamics of active rotators is reminiscent of that of superconducting
Josephson junction, physically motivated forms of global coupling for active rotators and
theta neurons [4| are not relevant for arrays of Josephson junctions [6]. In this work, we
consider the effect of noise in the input current for a chain of Josephson junctions [6]. The
physical properties of this system are such that both the global coupling and the common
noise in this system will have a special form: because of which the communication turns
out to be reactive, and the common noise does not have a synchronizing effect in the
leading order. For this system, it turns out to be possible to construct a description within
the framework of the OA theory in the absence of intrinsic noise and a two-cumulant
approximation if it is present. For the case of identical oscillators, it has been found
that the reactive coupling, which on itself does not make a synchronizing effect, and the
common noise, which does not synchronize in the leading order, together can make the
synchronous state highly attracting. Within the framework of the Ott—Antonsen theory
and the two-cumulant model, the phenomenon of synchronization and the behavior of

the order parameter in the system are described.
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Pabora IIOCBAIIICHa HMCCJICIO0BaHNIO ocobeHHocTeil HeCTallMOHapHOI'O IIOBEICHUA KOH-

TYpPOB aBTOHOMHOI peryJisiiini KpoBooOpalieHus y pa3ubix rpyti marueHToB ¢ Covid-19:

7



¢ u 6e3 apTepuajIbHOI runepreHsnu. Bl n3ydenbr 20-MUHYTHBIE CUTHAJIBI 9JIEKTPOKAP-
JorpaMMbl U (hoTorieTusMorpaMMbl. B pabore Oblita ncciieioBana dpazoBast IUHAMAKA,
CUTHAJIOB aBTOHOMHOI'O KOHTPOJISI CEPJICYHOI0 PUTMa M apTepHa/ibHOrO jiaBjeHusd. lan-
Hble TAIMEHTOB ¢ XPOHUYECKON apTepuaibHON ruiepTeH3ueil moKas3aal MeHbIHH ypo-
BeHb CUHXPOHU3AIMU, YeM HalueHThl 0e3 Hee: 17.57% =+ 4.92% nporus 38.36% + 8.87%.
DT0 MOXKET OBITH CBSI3aHO C MOBBINIEHHOM cekpenueii 6eika ACE-2, 910 XapakTepHO 11
[aIMEeHTOB ¢ XPOHUYIECKO# apTepua/ibHoil runeprensueii. CTOUT OTMETHTD, YTO HAIUeH-
el ¢ Covid-19 u 6e3 rurepTeH3un JIeMOHCTPUPOBAIN MEHBIIYIO CTEIeHb CBI3aHHOCTH
HCCJIelyeMbIX KOHTYPOB, YeM KOHTPOJIbHAsI IPYIIa 310POBbIX HCHbITyeMbix|1|. Takmm
obOpa3oM, B paboTe MoKazaHo, 4TO uzydeHue (ha30BOil JTUHAMUKHA CHI'HAJIOB CEPJIEUHO-
COCYIUCTON CHCTEMBI MOYKET JIaTh HOBYIO MH(MOPMAIINIO 00 U3MEHEHUSIX MEXaHU3MOB aB-
TOHOMHO peryJisinuu KpoBooOparenus npu passutun Bupyca Covid-19.

Pa6ora Beimosinena npu nouep:kke Crunenauu Ipesnnenta Poceniickoit @emeparmn

CI1-2261.2021.4.

[1] V. V. Skazkina, N. S. Krasikova, E. 1. Borovkova, Yu. M. Ishbulatov, A. Yu.
Gorshkov, A. I. Korolev, V. A. Dadaeva, A. A. Fedorovich, A. V. Kuligin, O.
M. Drapkina, A. S. Karavaev, A. R. Kiselev, Russian Open Medical Journal 10,
e0307(2021).
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Revealing couplings between evolving systems is the main topic of many studies in
linear and nonlinear time series analysis, e.g. |1, 2|. First, one aims at detecting whether a
system Y influences a system X or, in other words, whether there is a causal (also called
directional) coupling Y — X. This is the problem of “coupling detection” or “causal
discovery”. If “yes”, one almost inevitably asks whether such a coupling is strong in some
sense. This is the problem of “quantitative characterization of directional coupling” or
“estimation of causality quantifiers”. Numerous causality quantifiers have been developed
and are still being suggested, such as transfer entropy[l], spectral causalities, phase-
dynamic characteristics [2] and many others. They are used everywhere, from nuclear
reactors and communication to neuroscience and climate science. Any of those quantifiers
is often considered or newly introduced as a separate measure, independent of the others
and valuable per se. A resulting controversy is that any causal coupling in a complex
system may be stronger than couplings in other directions according to one quantifier and
weaker according to another quantifier [3|. There are many other doubts and discussions
about relevance and meaning of different quantifiers.

One often argues that the causal language and causal interpretations in time series
analysis may often be improper, and so it may be preferable to refuse the very term
“causality” in that field. Then, one suggests just to use any reasonable approach as “a
(as opposed to the) notion of causality”. If so, several questions remain. How are many
possible approaches interrelated? Is each of them equally valid? Which of them is a
better tool to reveal and quantify causal couplings in a concrete study? To address all

these issues systematically, a concrete formalism to derive various causality quantifiers
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for processes from a well-grounded general concept of causality as from a “first principle”
was recently suggested in [4]. This is a combination of Pearl’s interventional causality [5]
and stochastic dynamical systems. There, the concept of dynamical causal effect (DCE)
shows how strongly a certain initial variation in a subsystem Y (in its parameter or in the
distribution of its initial states) changes the future of a subsystem X. The general DCE
was defined via the “triple brackets formula” with various specific causality quantifiers
as its realizations. That approach allows one to find relations between various causality
quantifiers and formulate them in a short and precise manner.

Based on that approach, one can now try to understand further the meaning of
different causality quantifiers from the viewpoint of the oscillation theory. For that, it is
reasonable to evaluate those quantifiers for paradigmatic coupled oscillatory systems in
characteristic situations, e.g. in transitions between dynamical regimes or from a weak
(in some relevant sense) oscillatory effect of the presence of the coupling Y — X to a
strong one. Such an attempt is reported in this work. Transfer entropy, a short-term
information-theoretic DCE, and spectral effects are computed precisely for a set of two
coupled linear dissipative oscillators under the influence of white noise. Typical values of
these causality quantifiers are found for situations where the coupling Y — X induces a
very weak change in oscillatory dynamics of the subsystem X or quite a strong change,
e.g. where introduction of the coupling leads to a strong amplitude modulation of the
oscillations of X. These results improve our understanding of what values of causality
quantifiers are large or small in terms of long-term oscillatory effects of a directional
coupling. Thereby, this work may further contribute to the construction of a united
theory of causality quantifiers for processes.

This work was carried out within the framework of the state task.

[1] T. Schreiber, Phys. Rev. Lett. 85, 461-464 (2000).
[2] M.G. Rosenblum, A.S. Pikovsky, Phys. Rev. E 64, 045202(R) (2001).
[3] D.A. Smirnov, Phys. Rev. E 90, 062921 (2014).

[4] D.A. Smirnov, Phys. Rev. E 105, 034209 (2022).
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The dynamics of oscillator populations attracts much interest across different fields
of science and engineering. One of the paradigmatic and universal objects of study is
the model of nonlocally coupled phase oscillators. The theoretical and experimental
investigations have shown that such systems possess so-called chimera states (symmetry
broken states characterized by the coexistence of synchronous and asynchronous groups
of oscillators). For the first time, chimera regimes were observed and explained by
Kuramoto and Battogtokh (KB) [1]. They consider a ring of interacting phase oscillators
with the exponential kernel. Then, Abrams and Strogatz [2| proposed the alternative
version of the convolution operator kernel, which allowed them to describe chimeras semi-
analytically using the Ott-Antonsen (OA) approach [3]. Note, in the works [4], it has been
shown that for the KB model a number of theoretical results can be obtained by using
just a generalization of the exponential kernel taking into account periodic boundary
conditions on the ring. Chimera regimes, discovered almost 20 years ago, continue to be
in the focus of theoretical and experimental studies [5].

Recently, in the article [6], the authors have studied AS model with asymmetry in

nonlocal interaction of nonidentical phase oscillators (with different natural frequencies).
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In this case, it have been found nontrivial patterns in the form of traveling waves moving
at constant velocities and investigated them in detail. However, there is a diversity of
particles of their natural frequencies in the considered model, and the case of a purely
regular system was not treated. Hence, the possibility of such traveling waves in purely
regular oscillatory media remains an open problem. Our work is aimed at bridging this
gap.

We consider the model based on KB setup. In the continuum limit, our model can be
written as a one-dimensional array of phase oscillators coupled via a complex diffusive
mean-field. In this case, the dynamics of the phase ¢(z,t) of each unit is given by the

following equation:

Oyp = w + Im[H (z, t)e "¢+ (1)

and the evolution of the coupling field H(z,t) is governed by the following equation:
TOH = 02, H — 2q0,H — k*(H — ') (2)

with periodic boundary conditions. In the presenting research, we assume that there is
advection of the coupling field in the system under consideration. This assumption makes
the interaction between identical oscillators asymmetric. We also restrict ourselves to the
case of very fast relaxation of the diffusion field. In this limit, the value terns to zero,
and the phase dynamics can be written as an integro-differential equation.

For the model formulated as an integro-differential equation, we consider a finite
set of oscillators at equidistant positions and approximate the integrals as sums and
perform numerical simulations. Here, our strategy is as follows. In the case of symmetric
coupling, using the OA approach, we find a spatially inhomogeneous profile of the local
complex order parameter. Then, one can reconstruct the distribution of the randomized
phases in a standing chimera regime. This procedure allows us to generate a finite
sample of points in the form of a coherent-incoherent pattern, which appears to be
stable for symmetric coupling kernel despite the deviations from the OA description.
For a relatively small number of oscillators, such an initial state starts to move and

transforms to a traveling chimera, with synchronous and asynchronous domains, after
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the asymmetry in the coupling is switched on. Contrariwise, for a relatively large number
of particles, on the same stages of evolution, a continuous spatial profile develops without
a disordered domain, and a continuous profile of the phase distribution appears. On the
other hand, this profile is strongly inhomogeneous. It has a smooth domain like the
synchronous part of the standing chimera, and there is also a domain where the phase
derivative is large. If we continue simulations, we see that this state is nearly an exact
traveling wave. However, further evolution shows that the ideal picture gets destroyed
because of a weak instability, and a weakly turbulent regime is observed, where one can
see branches of continues in space phases which are nonstationary (they move, merge,
and create defects).

First, we focus on the stage, where one can observe a continuous phase distribution
with a nearly permanent form moving at an approximately constant velocity. We develop
a procedure allows one to exact solutions in the form of traveling waves for the KB
setup. In this way, we obtain a family of traveling solutions with different velocities for
the different advection parameters. We also analyze the stability of such phase profiles
moving at constant velocities, and find that the most of them are weakly unstable.

The results of numerical simulations of the propagation of an exact traveling wave
solution we found in the KB setup show these solutions do indeed propagate at a constant
velocity with a permanent shape in long time intervals. However, at large times, the
regular structure of this solution undergoes partial decay, and weak turbulence appears.
Next, we investigate the properties of such weakly turbulent states. To this end, we can
take one of an exact traveling wave profile with many continuous branches as initial
conditions for direct numerical simulations. One characteristic feature is that we see
continuous profiles of phases if the number of oscillators is large. To confirm this, we
calculated the cross-correlation function of the phases. We also calculate the Lyapunov
exponents spectrum for the regime with a weakly turbulent domain repeatedly run over
the system and compare it with the Lyapunov spectrum for the standing chimera. For
standard chimera, the maximal Lyapunov exponent decays with the number of elements
in the system. This means that, for finite, but large numbers of oscillators, a stable

KB chimera is weakly chaotic, and indicates the absence of chaos in the thermodynamic
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limit. For traveling chimera, the maximal Lyapunov exponent becomes size-independent,
what indicates on macroscopic chaos in the thermodynamic limit.

The work was supported by the Russian Science Foundation (Project No. 22-12-
00348, numerical results), the Scientific and Education Mathematical Center “Mathematics

for Future Technologies” (Project No. 075-02-2022-883, analytical results).
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The brain is characterized by extreme complexity of the processes occurring in it [1].
Understanding these processes is also complicated by a tangled network of interdependencies
between different areas and neuronal ensembles. One of the methods for analyzing such
dependencies is to perturb certain areas of the brain by magnetic stimulation. This
method helps to establish both the configuration of networks active in a particular task
and the model of how these networks activate and deactivate [2].

In this work, we hypothesize that using repetitive transcranial magnetic stimulation
(rTMS) [3]|, which stimulates a specific area of the brain, it is possible to change the
configuration of the human brain networks before MI, what should be reflected in changed
characteristics reflecting the processes affecting MI.

For the study, an experiment using r'TMS and 32-channel EEG recording was performed,
30 healthy subjects were randomly divided into TMS and TMS sham groups. Each
subject imagined right fist making during 20 trials before (session Im1) and after (session
Im2) the stimulation. TMS power was set according to established MEP. We chose
to stimulate the dorsolateral prefrontal cortex, since it is one of the hubs of activity
during motor imagery, along with the motor area [4]. Previously, this area has not been
stimulated to analyze MI.

The following eLORETA source analysis [5] revealed the significant change in 6-
power in Precuneus R for TMS group, which is the part of the default mode network
[6]. We also assessed the subjects’ reaction time using an algorithm based on cluster
permutation test. A strong correlation was found between Precuneus R #-activation

caused by TMS of left DLPFC and MI rate. This pattern of activity, i.e., CEN activation
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and DMN deactivation, is usually observed during task performance and indicates greater
attention to external stimuli and tasks and less attention to internal feelings and thoughts
[7]. Obtained results may suggest that for a part of the group, TMS modulates these
networks through DMN deactivation and CEN activation, which results in a transition
to a focused state.

The study is supported by Russian Science Foundation (Grant 21-72-10121).
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A hyperhaotic attractor is an attractor whose feature is the presence of more than
one positive Lyapunov exponent. Recently, quite detailed results have been obtained on
the mechanisms of occurrence of hyperchaotic attractors characterized by the presence
of two positive Lyapunov exponents in the works [1] and [2]. However, it is completely
unclear how attractors with three positive Lyapunov exponents can arise.

In this work, we propose scenarios for the occurrence of such attractors using a three-

dimensional endomorphism proposed Kaneko as an example [3].

This work was supported by the RSF grant No. 19-71-10048.
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The inclusion of astrocytes in the classical presynapse-postsynapse scheme led to
the formation of the concept of a triple synapse [1, 2| based on the fact that glial
cells (astrocytes) through calcium-dependent release of the gliatransmitter (glutamate)
are able to act on the pre- and postsynaptic compartments of the synapse. When
spikes are generated on a presynaptic neuron, a neurotransmitter (eg, glutamate) is
released from the presynaptic terminal. A portion of the neurotransmitter may diffuse
outside the synaptic cleft and bind to metabotropic glutamate receptors (mGluRs)
on the astrocyte, which may be located near the presynaptic terminal. Activation of
metabotropic glutamate receptors G-mediated leads to the formation of inositol-1,4,5-

triphosphate (ITP). ITP diffuses inside the cell and binds to ITP-dependent endoplasmic
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reticulum (ER) receptors and leads to the release of C'a®" into the cytoplasm. An increase
in free calcium in the astrocyte can lead to the release of gliatransmitters (eg, glutamate,
adenosine triphosphate (ATP), D-serine, GABA) into the synaptic cleft and into the
extrasynaptic space and a subsequent modulatory effect on synaptic transmission upon
binding to pre- or postsynaptic receptors [3].

This work proposes a model for the regulation of network neuronal activity by glial
cells - astrocytes. The neuron model is described by the Hodgkin-Huxley equations [4].
Neuron-glial interaction is described by the phenomenological approaches proposed in
[5, 6] . The neural network consists of 900 neurons, 80% of which are excitatory neurons,
20% are inhibitory neurons. The probability of connection of excitatory neurons is 5%,
the probability of connection of inhibitory neurons is 10%. External noise is applied to
each neuron, having a uniform distribution from 0 to 1. An image is fed to the neural
network for 100 ms, the pixels of which are converted into a current from 0 to 1, in a
spatial scan on a layer of excitatory and inhibitory neurons. It was found that with the
simultaneous supply of noise and a useful signal in the form of an image to a layer of
neurons, random activation of neurons and blurring of the image on the raster diagram
of neuronal activity occur. Activation of astrocytes leads to a decrease in the noise of
neurons and an improvement in the image on the raster diagram. Thus, it was shown
that astrocytes perform the function of filtering the useful signal, which is important in
the perception of an external signal by the receptive field.

The work in terms of developing a mathematical model was supported within the
framework of the Development Program of the Regional Scientific and Educational
Mathematical Center "Mathematics of Future Technologies project No. 075-02-2020-
1483/1 and in terms of data analysis by the grant of the President of the Russian
Federation NSh-2256.2022.1.2.
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[4] Hodgkin, A. L. , Huxley, A. F. J. Physiol. 117, 500-544 (1952).

89



[5] Gordleeva, S. Y., Stasenko, S. V, Semyanov, A. V, Dityatev, A. E. , Kazantsev, V.
B. Front. Comput. Neurosci. 6, 92 (2012).

[6] Lazarevich, I. A., Stasenko, S. V., Kazantsev, V. B. JETP Lett. 105, 210-213 (2017).

Biunsnue acTponmToB Ha mporiecchl 0OPabOTKN M XpaHEeHWUs

nHGOPMAINN B CIIAIKOBOII HEMPOHHOII ceTn

IO. A. ITui6una !, A. A. Baukun!, C. FO. I'opaseesal

U Hayuonasvnwiti uccaedosamenvcruti Hustcezopoockud
2ocydapcmeennnili yrusepcumem um. H. . Jlobauesckozo

lotarevaj@gmail.com

OpHolt n3 QyHIaAMEHTAJBHBIX 3a/a9 COBPEMEHHON HEeJIMHEHHON IUHAMUKN sIBJISIET-
cd TIOUCK JTUHAMUYECKUX MEXaHM3MOB CETEBOW CHUTHAJIM3AINU, Iepeiadu u 00paboTKH
nndopmaruu B Mo3re. CoBpeMeHHbIE PEICTaBICHUs O JAMHAMUKE HEHPOHHBIX CHUCTEM
CBSI3aHBI C IIPOIECCAMU T'€HepallMi CUTHAJIOB OTJEIbHBIMUA KJIETKAMU, (DOPMUPOBAHUEM
CTPYKTYP 7 BOJIH 32 CYET CHHAITAYECKNX CBA3€H B CETEBBIX MOJENAX, BBIHYKICHHBIMUA
KOJIEOAHUSMU B HEABTOHOMHBIX cucTemMax. OIUH U3 MOC/IeTHUX TPEHJI0B B HefipoHayd-
HBIX HCCJIEJIOBAHUAX CBSI3aH C HCciIegoBanneM 3hdeKToB Bo3aeiicTBIA Ha HEHPOHBI pa3-
JINYHBIX (PAKTOPOB BHEKJIETOUHON Cpeibl. DTU (PaKTOPhI BKIIFOUAIOT PACIIpE/Ie/IEHHBIE BO
BHEKJICTOYHOM IPOCTPAHCTBE HEMPOAKTUBHBIE BEIIECTBa, BblJAeadeMble KaK CaMUMU Heil-
pOHaMHU, TaK U JIPYT'HUMU KJIETKAMU B YACTHOCTHU, IVINAJIbHBIMU KJIETKAMU - ACTPOIATAMU.

WccnenoBanne MexaHu3MOB 00pab0OTKU NHMOPMAIMU B Y€JI0BEIECKOM MO3Te, 6e3 BCsI-
KOI'0 COMHEHW, ABJAETCA OJTHON U3 CaMbIX BaKHBIX HAYYHBIX 3aJ1a49 TEKYIIIEr0 MOMEHTA..
B mocnennue rogpl CymecTBEHHO BO3POCN SKCIIEPUMEHTAIbHBIE BO3MOXKHOCTH, TTO3BO-
JISIIOIIKE TOJIYYaTh AeTaJIbHYI0 HHMOPMAINIO 0 (PYHKIIMOHUPOBAHUN PA3JINIHBIX CHCTEM

MO3ra OT MOJIEKYJIAPHO-IT'€HETUIEeCKOI'O JJO KJIETOYHO-CETEBOI'O YPOBHI. STO, B 9aCTHOCTH,
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MIO3BOJISIET HE TOJILKO MPUOIU3UTHCS K MOHUMAHUIO (DYyHKIIMOHAIBLHOTO 3HAYEHUS UCCIIe-
JIyEMBIX CUCTEM, HO U TPUJIAET OCOOYIO aKTYaJbHOCTH 3aJiade pa3paboTKh MaTeMaTude-
CKOTO anmapaTta Il KOJIMYeCTBEHHOIO ONMUCAHUS JTAHHBIX, (DOPMHUPOBAHUS W IMPOBEPKH
runore3 HaOI01aeMbIX 3bdekToB. PazpadboTka ajleKBaTHBIX OMOJIOTO-PEJIEBAHTHBIX Ma-
TEeMaTUIeCKUX Mojiejiell (PyHKIIMOHUPOBAHUS CUCTEM MO3Ta Ha KJIETOYHOM, U OCOOEHHO
Ha CETEBOM yPOBHE KpaliHe BaKHa KaK J[Jisi OTBETOB Ha (pyHIaMeHTAJIbHbIC HayIHbIE BO-
IPOCHI, TaK M B KadecTBe 0a3bl JIJIi HOBBIX MPAKTHYECKUX IPUMEHEHU - B MeJUInHE,
pPOOOTOTEXHUKE U B PA3BUTUU BBHICOKOI(D(MEKTUBHBIX MHMOOPMAIMOHHBIX CUCTEM UCKYC-
CTBEHHOT'O MHTEJ/IJIEKTA, UCIIOJIb3YIONMIX TPUHITUIIBI PAOOTHI MO3TA.

B pabore mpeiioxkena 6nodusndeckas Moje/ b KPATKOBPEMEHHON ITaMATH, PeaJiu-
3yeMasl CHaKOBOI JBYXCJIOWHON HEIPpOH-acTpoIuTapHOil cerbio. Heitpornnas ceTb Moje-
JIMPYETCs CHHAITHYIECKN CBsI3aHHBIME HelipornaMu Vxukesnda [3]. Cunanrtudeckast mia-
CTUYHOCTD B ceTn peaym3oBana Kak STDP mpomece. Jlnnamuka BHYTPUK/IETOYHONW KOH-
HEHTPAINK KaJIbIUs B KasKJIOM aCTPOIUTE OIMChIBAETCS MOJIebio Yiutaxa [4]. Acrpornu-
ThI CBSI3aHBI JIOKAJTLHBIMU UMM Y3UOHHBIME CBA3SIMU U B3AUMOJIEHCTBYIOT ¢ HEMPOHAMME
C TTIOMOTIIHIO XUMUYIECKUX BeIIecTB, TUMOYHIUPYIOMNX BO BHEKJIETOTHOM ITPOCTPAHCTBE.
[loBbImIenne ypoBHS KaJIbIHs IPOUCXOIUT B OTBET Ha MOBBIIIIEHNE KOHIIEHTPAIIH HEepo-
TPAHCMUTTEPA, BHICBOOOXKIAEMOI'0 UMITYJILCHBIMU HEHPOHAMHU, KOIJIa YaCTh U3 HUX CHUH-
XPOHHO T€HEePUPYeT UMILYJIbChI. B CBOIO 0Yepesb, acTPOIUTHI CIIOCOOHBI BHICBOOOXKIATh
JINOTEPETATYNKY, KOTOPbIE MO/LYJIMPYIOT CUJIYy CUHAIITUYECKX KOHTAKTOB B I'DYIIIIE Heli-
POHOB B3aUMOJICHCTBYIOININX C JAHHBIMHA aCTPOIIUTAMMU.

Ha ocnoe pazpaboranHoii 610JI0TO-pe/IeBAHTHON CIIAiKOBO HEPOH-ACTPOIUTAPHON
ceTn ObLIa UCCJIe0BaHa POJIb KAJIbINI-3aBUCUMO acTPOIUTAPHON MOTY/ISIINA CUHAIITH-
YeCKOil Iepeiatn B mpoleccax 0opadboTku nHdopMaln. Belio moka3aHo, 9To JIOKaIbHAS
IIPOCTPAHCTBEHHAs CHUHXPOHU3AIAA aKTUBHOCTH B HEHPOHHOHN CeTH, MHAYIMPOBAHHAA
aCTPOIIMTAMU Ha XapaKTEePHbIX BpeMeHaX IOBBIIEeHUs] BHY TPUKJIETOUYHONI KOHIIEHTPAIlUU
KaJIbIINS, MOXKET ABJIATHCS MEXaHU3MOM (DOPMUPOBaHUs KPATKOBpPEeMEHHO# paboyeil ma-

MATHA B HEUPOH-aCTPOIIUTAPHON CETH.
[1] D.O. Hebb, The Organization of Behavior, John Wiley & Sons inc, (1949).
[2] A. Lansner, Trends in neurosciences 3, 178-186 (2009).
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Phase description for oscillatory Soret-driven convection in

adjoined porous cells

I. V. Tyulkina!, D. S. Golodobin!?

U Institute of Continuous Media Mechanics, UB RAS, Perm, Russia
2 Perm State University, Perm, Russia

wrinatiulkina95@gmail. com

In studies of general patterns of the complex behavior of nonlinear systems, special
attention is drawn to collective phenomena in ensembles of coupled elements, such as
synchronization. The concept of phase is used to characterize synchronism. The dynamics
of phase systems is of interest for many applications in physics, including hydrodynamics.
The primary interest here is related to systems in which the intrinsic dynamics of the
ensemble elements is simple, and complexity arises as a consequence of their network
interaction. From the viewpoint of problems of control and self-organization, the most
important situations are the ones where collective phenomena arise as a result of a weak
coupling between elements or a weak driving of them. Previously [1], convective currents
in a thin layer of a porous medium, caused by a localized source of heat or impurities, were
studied, and the modes of behavior of the system were characterised. In [2], a collective
phase description of oscillatory thermal convection in Hele-Shaw cells was constructed
and the dynamics of oscillatory convection in the system was described.

In this work, we construct a description for oscillatory Soret-driven convection in
adjoined porous cells heated from below. The horizontal boundaries of the cells are

assumed to be impenetrable (including for impurities), and the heat flux through them
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is fixed. Vertical boundaries have low thermal conductivity. The equations for thermal
convection take into account the Soret effect. The oscillation phase equations are derived
using the standard method of multiple scales. In the system under consideration, there
is a term of a distributed heat source that describes the heat exchange between cells.
From here we obtain the Soret convection equations in cells with a coupling through
the temperature field. With employment of the standard method of multiple scales,
equations for longwavelength convection can be derived. Then we derive the equations
for the amplitude of the coupled oscillatory modes and from them obtain the equations
for the phases of the oscillations, which are the key equations of the phase description.
In the future, it is planned to apply the formalism of circular cumulants to this problem
to describe the collective dynamics [3].

The work was supported by the Ministry of Science and Higher Education of the
Russian Federation (theme No. 121112200078-7).

[1] D.S. Goldobin, D.V. Lyubimov, Journal of Experimental and Theoretical Physics
104(5), 830-836 (2007).

[2] Y. Kawamura, H. Nakao, Chaos 23, 043129 (2013).

[3] I.V. Tyulkina, D.S. Goldobin, L.S. Klimenko, A. Pikovsky, Phys. Rev. Lett. 120,
264101 (2018).

Exploring the dynamics after the transition to complex-saddle

Vieiro A.

Universitat de Barcelona

vieiro@maia.ub.es

In this talk, we will consider a one parameter family of 2-DOF Hamiltonian systems

that have an equilibrium point that undergoes a Hamiltonian-Hopf bifurcation. We will

93



first briefly review the well-established normal form theory in this context. We will then
focus on the homoclinic orbits to the complex-unstable equilibrium point and study the
behavior of the splitting of the 2D invariant manifolds. In particular, we will show that a
generic upper bound of the spliting behavior follows from the general results for near-the-
identity area-preserving maps after considering a suitable Poincaré map. Finally, after
discuss about the difficulties that arise when trying to derive a separatrix map to explore
the dynamics near the 2D invariant manifolds, we will propose a separatrix map model
to this end. We will illustrate the results for a concrete Hamiltonian system.

This work is in collaboration Ernest Fontich (UB).

O06 arTpakTOopax JIOPEHIIEBCKOTO TUIIA B TPEXMEPHOM

OoTOOpakeHnM C JJOPEHIEBCKOIl cmMMeTpueit

K. C. 3aituukos', A. C. Ton4yenko?

YHIY “Buicwas wrona sxonomuru”, Huorenuti Hoszopod, Poccus

2 HUY HHTY um. H. H. Jlobauescrozo, Huocruti Hoszopod, Poccus

kszaychikovQedu.hse.ru, agonchenkoQmail .ru

Arrpakrop JlopeHiia — crpaHHBIi aTTpakToOp, BIEPBLIE HaiijeHHbIA . JlopeHiem B
cucreMe Tpex nuddepeHnnaabHbX ypapHenuit [1]|. JJaHHBI aTTpaKTOP MMeeT JTUCKPEeT-
HBIIT aHAaJIor, BIIEPBbIe HANJIEHHbIN U UCCIe0BaHHbIN B pabore [2]. Panee, B paborax [3],
[4], 6bL1n 1peIoKeHbl GudYPKAIMOHHBIE CIIEHAPUU POKJIEHUs JIUCKPETHOTNO aTTPAKTO-
pa Jlopenna. B mammoit pabore paccmarpuBaeTcs oTobpazkenue, npeioxkenaoe C. B.

[onvenko, sBigrONIEecss MOAMPUKAIIIEH TPEXMEPHOI0 0TOOparKeHusT JHO:

y=unz+uwy+ Ayz

Z = 13z + By?.
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3nech vy, o, V3, A u B — napameTphbl, a x,y 1 2z — ¢da30Bble nepeMerHbie. Jlannoe oTob-
pazkeHue obJaaeT “JIopeHreBckoil” cummerpueit (z,y, z2) — (—x, —y, 2). Oupenennresnb
MaTpunbl Jkobu orobpaxkenusi: J = —uviv3 B ganpheitmem mbl pukcupyem A = 1,

B = —1, a takxe onpejiesmuresnb J = 0.5.

0.10
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20144 01

b 9100~
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Puc. 3: Cuenapuit poxxnenus arrpaxropa Jlopenia B1osb MapmpyTa vg = 0.8.

B nannoit paboThl MBI CHaYaJIa MPOBOUM JIBYXIIaApaAMETPUIECKUI aHaIN3 Ha, ILJIOCKO-
cTu mapaMeTpoB (v, v3) (17 TIPH 9TOM BbIpazKaeTcs: depe3 3adUKCHPOBAHHOE 3HAYEHIE
J u vy vy = —J/v3). Jlasee, Mbl Ha IJIOCKOCTU HapaMeTpoB (Vg,V3) BBISIBUIM MapIii-
pyT 3 = 0.8, BIOJIb KOTOPOrO POXKJAETCA JTUCKPETHBIN aTTpakTop JlopeHra HOBOro
THNA: B “JIBIPKAaX’ 9TOr0 aTTPaKTOpa JIEKUT He TOYKa Mepuojia 2, KaK B KJIACCUIECKOM
[pUMepe 9TOTO ATTPAKTOPA, CM., HAPUMeED, 2|, a cuMMeTpudHasl napa HeroBUKHBIX

touek. DazoBbie mOpTpeTHI B/10/IL MapipyTa v3 = 0.8 npusejiernl Ha pucynke 3. Crep-
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Ba, aTTPAKTOPOM B OTOODAXKEHUU sIBJISETCS CUMMETPUYHAS HENOJBUXKHAs TOUYKA, PUC.
3a, Jajee 3Ta TOYKA IPETEPIEBACT CYNEPKPUTUYIECKYIO OM(YpKAIUIo BUJIKa, puc. 3b.
Bcekope pojmBiasicst mapa yCTOWYHMBBIX HEIOJIBIZKHBIX TOYEK IpeTeprieBaeT OmdypKa-
nuio Heiimapka-Cakepa, B pe3ysibrare KOTOPOW B MX OKPECTHOCTH POXKJIAIOTCS yCTOWYN-
Bble MHBapUAHTHBIE KpUBBIe, puc. 3c. [lasee y ceioBoit CHMMETPUYHON HEIOIBUKHOIM
TOYKM BO3HUKAET TOMOKJIMHHYECKasl CTPYKTypa, HAIIOMHHAIONAas U3BECTHYIO OndypKa-
nuio “BocbMepka-6abouka’, puc. 3d. BaxkHO OTMETUTB, ITO B MOMEHT 3TOi OudypKaimm
CEJITIOBOIT MHJIEKC HEIOBIKHOM TOUKHU (¥ = Y\, TJie Y — HEYCTOWIUBBINA MYJIbTUILINKA-
TOP, & A — YCTOMYUBBIN JIeHCTBUTEIbHBIN MYJIbTUILIUKATOD OJIMKANIINNG K €IUHUTHON
OKDYZKHOCTH) MEHbIIIe eJUHUIIbI, TOITOMY 3/1eCh MbI MMEEeM CHTYAINIO, KaK Ha IyTH K
poxkieHnIo arrpakTopa Posesuibl, [5]. 31ech napa ycToidMBbIX MHBAPUAHTHBIX KPUBBIX
BJIUIIAET B TOMOKJIMHUYECKYIO CTPYKTYDPY, B PE3yJIbTATe Yero, Iocje pacIielieHns] WH-
BapUaHTHBIX MHOTOOOpa3uil HapyKy, POXKIAETCA CUMMETPUYIHAS JIBYXO0OXO/IHAST WHBAPU-
aHTHas Kpuas, puc. Je. /lasee Ha paccMarpuBaeMOM MapIIpyTe MbI IEPEXOIUM HYepes
eJIMHUYHBIN CceJIoBOil nHjeke (v = 1), mocjie 4ero, mpu BOSHUKHOBEHUH JIBYXOOXOIHOM
TOMOKJIMHUYIECKON CTPYKTYpPBI ‘BocbMepKa-Oabouka’, puc. 3f, u3 Hee poxkaaercs: mapa
CeJJIOBBIX MHBAPMAHTHBIX KPUBBIX. ATTpakTop JIopeHna poxjiaercs NpakTHIeCcKn cpa-
3y mocJie 3Toi OudypKaluu, KOorja HeyCTOInBoe MHOrooOpasue HyJIeBOi HEeloBUZKHOM
TOYKH JIOYKUTC Ha YCTOMYMBOE MHOIOOOpa3ue 3THUX MHBAPUAHTHBIX KPUBBLIX. [Ipu 3Tom
aTTpakTop JIopeHra cocymecTByer ¢ CMMMETPUYHON JIBYXOOXO/THONW MHBAPUAHTHON KPU-
BOI, PoKJIatomeiicsd n3 0JIHO00X0/IHON BOCBMEpPKH-0a004KH, puc. 3g. Ilpu jnaabHeiinem
JIBUZKEHUU BJIOJIb PACCMATPUBAEMOI'0 MapIIPyTa CUMMETPUYHAS ITapa CeJIJIOBBIX ITMKJIOB
BJIMIIACT B 9TOT YCTOHYUBBIA MUK (3/1eCh TPOUCXOAUT OmdypKanus BUIKA JIJIS WHBA-
PUAHTHBIX KPUBBIX) U aTTpakTop JIOpeHIia CTAHOBUTCS €IMHCTBEHHBIM ATTPAKTOPOM B
paccMaTpuBaeMoM oToOpazkeHuu, puc. 3h. JlaHHbIl aTTpakTOp CONEPKUT T.H. JAKyHY,
BHYTPH KOTOPOI JIE2KUT CHMMETPUIHASI CeIJIOBasi MHBApHAHTHAsT KpuBast (1mocsie 6udyp-
Kallill BUJIKA) WHBAPHAHTHBIE MHOr0OOpa3msi KOTOpPOil He mepecekatorcs. Jlasee, jaky-
Ha 3aTAIMBaeTCsd, U 9Ta WHBAPUAHTHAas KPUBas TaKKe CTAHOBUTCH YacThIO aTTPaKTOpa,
puc. 3i.

Hecmorpst Ha TO, UTO 3/1€Ch MBI paccMaTpuBaeM OToOpazkKeHHe, OUdYpPKaIUu COo-
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[IPOBOK/IAIOIINE POXKJIECHUS aTTpakTopa Jlopeniia, a Tak:ke cOOTBETCTBYIONINE (DAZOBBIE
MIOPTPETHI CBUJIETEIHCTBYIOT O TOM, YTO aHAJOTUYHBIN CIleHAPUNT POXKIEHUSA aTTPAKTO-
poB JlopeHra Takyke MOKeT HAOIIOAATHCA B MOTOKOBBIX crucreMax. llomrseprkienmem
9TOT0 TaKXKe sABJsgeTcsd TOT dakT, 9To arTpakTop Jlopenna 3jech poxjaercs B HEKO-
TOPO#i OKPECTHOCTH HEIOBUKHON TOYKM ¢ TPHUILJIETOM My/bTuiimkaropos (1,1,1), T.e.
371eCh MOXKHO ITPOBECTU TEOPETUIECKUE NCCIeTOBaHUS POK/IeHNS aTTPpaKTOpoB JIopenta
n PoBenbl ¢ mpuMmenerneM Teopun HOPMAaJIbHBIX (popm. Takzke OTMETHM, UTO Hadab-
HBIfl KYCOK CIIEHApPHs, XapaKTePU3YIONUcsd POXKIEHUEM M3 TOMOKJIMHUYECKUX Oudyp-
KaIil CHMMETPUYHBIX YCTOWYMBLIX WHBAPUAHTHBIX KPUBBIX, MOXKET OBITH JOCTATOYHO
OOIBITNM, JI0 TeX TOpP TMOKa CeJJIOBOI WHJIEKC He TepeiijieT depe3 e INHUILY.

Astopsr paborsl 6staroapar C. B. Torgenko u A. O. KazakoBa 3a IOCTAHOBKY 3a/1a491
U TIeHHble KOMMEHTAPUN.

Jlannas paboTa BBINTOJIHEHA IpU (BUHAHCOBON Toiep:KKe Tpanta PH® Ne 19-T1-

10048.
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Intelligence and consciousness in genetic-neuron astrocyte

networks
A. Zaikin 12

L ITMM, Nizhny Novgorod State University, Russia
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zatkin. alexey@gmail. com

Human brain has a very specific design as a result of a long evolution: a network
of neurons linked in a very complex way is overlapped with a network of coupled
astrocytes which are also linked to neurons. Additionally, inside each cell we have a very
complicated network with ability to demonstrate intelligence properties. Naturally the
research question arises how this design is related to the main feature of human brain,
namely, ability to maintain a certain level of consciousness and awareness. To answer
the question how quantify level of consciousness, recently the Integrated Information
Theory of Consciousness has been developed, controversially claimed not only as a way
to measure the complexity of brain but also its level of consciousness. Here I will report
our results on a simple but realistic model of neuro-glial network and show that presence
of astrocyte could contribute to the generation of positive Integrated Information and,
hence, its evolutionary appearance was important to develop consciousness.

Hence, astrocytes and genetic networks may contribute not only to the appearance of
intelligence |1, 2, 3], but also consciousness [4, 5, 6].

The work was supported by the Russian Science Foundation (Grant No. 22-12-00216).
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Dynamical systems and Big synchronic data in biomedicine:

pseudotime, bifurcations and principal graphs
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Thanks to the progress of modern biotechnologies, biological objects such as a cell, an
organ or a whole organism can be characterized by molecular measurements, containing
thousands and millions of variables. These measurements can help understanding and
distinguishing normal biological processes and pathological deviations from norm such as
cancer. In order to characterize the properties of complex dynamical systems underlying
biological processes, one needs to collect such measurements over the time. Following
and measuring the state of the same biological object in time is sometimes possible but
remains difficult. In many situations it is easier to collect momentary measurements of
many objects but in different states of the same dynamical process (so called synchronic
data).

The question arises: can we apply an analogy with ergodic principle in the analysis of
big synchronic data, and reconstruct the trajectories of the underlying dynamics without
having explicit information about temporal labels? It appears possible in some situations.

A family of unsupervised machine learning methods called principal graphs allows one
to model the geometry of a data point clouds as trajectories, and characterize the position
of each object along them, using the notion of pseudotime. In particular, we’ve introduced
a computationally efficient approach to principal graph construction called EIPiGraph,

based on the concepts of elastic energy and topological grammars|1|. This approach was
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proved successfull in the analysis of single cell molecular measurements in biology and
medicine, through extracting cellular trajectories and their bifurcations, representing
important fate decisions in the cell life2]. The same approach was successfully used in
order to extract the clinical trajectories of patients suffering from myocardial infarction,
and prognosing the risk of developing complications some of which can be lethal|3].

The work was supported by the Ministry of Science and Higher Education of the
Russian Federation (Project No. 075-15-2021-634).
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This is a joint work with A. G. Korotkov [1].

A group of homeomorphisms G of a topological space X is called chaotic (or G has
chaotic behavior) on X if the following two conditions are met: 1) there exists everywhere
a dense orbit of the group G in X (the existence of a dense orbit); 2) the union of closed
orbits is dense in X (the density of closed orbits) [2].

If (X, d) is a metric space, then we define the notion of a sensitive dependence of the
group G on the initial conditions. Relationships between a chaotic behavior and closely
related properties of topological transitivity, sensitivity to initial conditions, density of
closed orbits of homeomorphism groups and their countable products are investigated.

We prove the following theorem which is one of the main results of our work.
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Theorem Let G;, i € N, be a family of homeomorphism groups of a metrizable
topological space X;, and on the Tychonoff product X =[],y Xi the canonical action of
the product of groups G = [],cy G is given. Then the group G acts chaotically on the
product of X if and only if every group G; acted chaotically on X;, v € N.

Special attention is paid to countable group of homeomorphisms of a metrizable
compact space X; and their countable products.

Application to topological manifolds is considered. We construct numerous examples
of chaotic groups of homeomorphisms of countable products of various metrizable topolo-
gical spaces, including infinite-dimensional topological manifolds, whose factors can be
as noncompact surfaces, so triangulable closed manifolds of an arbitrary dimension.

The work was supported by the Russian Science Foundation (Grant No. 22-21-00304).
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We construct chaotic topological foliations on topological three-dimensional manifolds
using the method of suspension. Recall that a leaf L of a foliation (M, F') is called closed
if L is a closed subset of M. Follow to [1]|, we call a topological foliation (M, F') chaotic
if there exists a dense leaf and the union of closed leaves is dense in M. Analogously, the
chaotic behavior of a group of homeomorphisms is determined. These definitions can be

considered as a generalization of chaotic dynamical systems in sense of Devaney [2]. In
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the case of compact manifolds M the notion of chaotic topological foliations is coincided
with the definition of chaos “in the absence of time” belonging to Churchill [3].

Let p : m(B,by) — Homeo(T) be a homomorphism of the fundamental group
m1(B, by) of k-dimentional manifold B to the homomorphism group of a g-dimentional
manifold 7". A topological foliation (M, F') of codimention ¢, obtained by suspension of
the homomorphism p : (B, by) — Homeo(T), is called a suspended foliation and is
denoted by (M, F) = Sus(T, B, p).

We prove the following theorem.

Theorem 1. A suspended foliation (M, F) = Sus(T, B, p) is chaotic if and only if
the group W := p(m1(B,by)) acts chaotically on the topological manifold T

The group ¥ defined in Theorem 1 is referred to as the structural group of the
suspended foliation (M, F'). Thus, the investigation of the chaotic behavior of suspended
foliations is reduced to the investigation of the chaotic behavior of their structural groups.

The structure of chaotic suspended foliations (M, F') on three-dimensional closed
manifolds is studied. The base B of suspended foliation F may be only the circle S!,
and the transversal manifold 7" may be every closed surface. Therefore (M, F) has
codimension two. Its structural group is isomorphic to the group Z. The foliated manifold
M is homeomorphic to the topological quotient manifold (R x T')/Z.

We consider the category §ol of topological foliations. Isomorphisms in Fol of two
foliations are homeomorphisms of the respective foliated manifolds which map leaves of
one foliation onto leaves of another.

We define a family of chaotic homeomorphisms 20 = {g,, | m € N} of the standard
sphere S? having a common fixed point a such that the homeomorphisms g,, and g,, for
different m,n are not topologically conjugated. This allowed us to prove the following
statement.

Theorem 2. Let g,, be a homeomorphism of the sphere S? belonging to 2 and
(M., Fry) is the foliation obtained by the suspension of the homomorphism

pm - (St bo) =2 Z — Homeo(S?), pm(n) = (gm)" Vn € Z.

Then {(M,,, F,) |m € N} is a countable family of pairwise non isomorphic chaotic

topological foliations on closed three-dimensional manifolds.
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In the following theorem we use the introduced above notations.
Theorem 3. Identify the plane R* with S*\ {a}. Let hy, := gm|s2\(ay, m € N, be the
homeomorphism of the plane R?, and (M,,, F,,) is a foliation obtained by the suspension

of the group homomorphism
pm : (S bo) 2 Z — Homeo(R?), pp(n) = (hy)" Vn € Z.

Then {(My,, F,) |m € N} is a countable family of pairwise non isomorphic chaotic
topological foliations, and every manifold M,, is a non compact Eilenberg-Maclean space
of type K(Z,1).
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