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Bipyc kancio PCV2 odocnidocyemvbcsi 3a 00nomoeorw nobyoosu ideanizosanoi modeni gipycy. Bowa
ONUCYEMBC MPUBUMIDHOIO OUHAMIYHOIO 3A0auer0 meopii NPyICHOCMI, Wo CchOopMYIbosana y coepuunill
cucmemi KoOOpouHam 018 BUNAOKY cmayionapuux Koausans. Kpaiiosa 3adaua po3s'a3zyemscs 3a 00nomMo2ow0
MemoQy iHmezpanrbHUX nepemseopets ma Memody po3pusHuUx po3s'askis. Y pezyromami ompumanuii mounuil
P038'330k 3a0aui. OMpUMaHo YUCI08i PO3PAXYHKU NPYICHUX XAPAKMEPUCMUK 8IPYCY.

Kniouoei cnosa: sipyc xancio PCV2, nopooichs cipepa, axycmuune cepedosuuye, inmezpaibHe
nepemeopenHsl, po3pUeHi po3e’ a3Ku.

The virus capsid PCV2 is investigated by the construction of the idealized virus model. It is described by
the 3-D dynamical elasticity problem formulated in the spherical coordinate system for the steady-state os-
cillation process. The virus is modeled as the hollow elastic sphere, which is surrounded and fulfilled with
the two different acoustic mediums. The integral Fourier and Legendre transformations were applied to the
stated initial-boundary value problem. With the help of the discontinuous solutions’ method the expressions
for the displacements and acoustic potentials were derived in the exact form depending on the unknown
Jumps of the displacements and stresses. The conditions at the virus surfaces allowed to express the dis-
placement and stress jumps via jumps of the acoustic potentials, which were obtained after solving of the two
linear equations system. As a result, the exact solution of the problem is derived. The numerical calculations
of the virus's elastic characteristics are conducted. This problem is the first step in the virus simulation with
the help of the elasticity equations. It was established that more complicated statement of the problem in the
frame of the anisotropic elastic problem should be used for the more adequate virus modeling.

Key Words: virus capsid PCV2, hollow sphere, acoustic environment, integral transformation,
discontinuous solutions.

1. Betyn VY gpanii poOOTi I MOZETIOBaHHSA Bipycy
BIIEpIIIC 3aCTOCOBaHa JiHIHHA TUHAMITHA
TpuBUMipHa Teopiss mnpyxkHocTi. Lle mo3Bommio
pO3IIAHYTH BipyC SK TPUBUMIpHHUH 00’€KT Ta
OTPUMATH HOTO BaXKJIMBI XapaKTEPUCTHKH.

Hdns  MopenmroBaHHs BIpYCiB 32 JIOIIOMOTOIO
MaTeMaTHYHUX  MOZENell  BHUKOPHCTOBYBAJHCH
HACTymHI migxoau: 1) migxim, 1o Oa3yeTbes Ha
rigponuHamiunid Teopii [1]-[3]; 2) migxim, mo
BUKOPUCTOBY€E 00UYHCITIOBAIBHIL METOIU s 2. ITocTanoBKka 3aa4i Ta ii po3B’A3aHHS
pO3B’s3aHHA TiAPOAMHAMIYHHMX 3adad Ta 3ajad

C g . . o Bipyc PCV2 MOJEIIOETHCS IIPYKHOIO
HeiHiiHOT Teopii npyxuocTi [4]-[9]; 3) miaxin, 1o .\
e MTOPOXKHBOIO C(HEeporo, MO OMHUCYETHCA Y chepuuHiit

0a3yeThCs Ha JHIHHUX npy)HUX Moaensx [8]-[11]. . .
) cucremi KOOPIHHAT CITiBBiTHOIIIEHHAMH:
3asHaueHi poOOTH JO3BOJMIM OTPUMATH OAarato R<r<R.0<O<? o< o
BAXKIIMBHX XapaKTEPUCTHK Bipycy, ame Bomu He o 7 =% - A<P<T. YHKIIL

. , .
JIO3BOJSIIOTH MOBHICTIO PO3B’A3aTH  3a1ady JUId TIepeMilleHb u, (r, 0, (p,t),ug (r, 0, qo,t),
JOCTIIKEHHS BIpyCY K TPUBUMIPHOTO 00’ EKTY.
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u, (r, 0,0, t) 3aJOBOJILHSIOTH PIBHSAHHS pyXxy [12].

VYcepenunai Ta 330BHI cepu po3TAIOBaHi JBa
pI3HOPINHI aKyCTW4HI cepefoBUINa. AKYCTHYHI
MOTCHIAIN q)i(r,H’(o,t) Ha BHyTpimHIA (i=1) Ta

30BHIHIA  (i=2) MOBEpXHIX
XBWJIBOBI piBHSHHSA [13]

3a10BOJIBHAIOTH

1 &0,
AT

1

t>0,i=12,
ne c;,i =1,2 - xBunboBi mBKAKOCTI. Ha BHYTpimHii

Ta 3OBHIIIHIA TOBEPXHIX cdeprn 3amaHO THUCK
OTOUYYIOUYHMX aKyCTHYHHX CEPEOBUII

Gr (Rl +0,0,¢,t) :p] a;(;l(R] _0,0:¢at)a

(1)
o(®, +3)
o,(R,—0,0,p,t)=p, T(R2 +0,0,0,1)
Tl = Ftlor, =05 P12 @
Ta YMOBH PIiBHOCTI IIBUIKOCTEN
8ur 8(1)1
R +0,0,0.1) = S2L(R, 0,0
o P+ 000027 (R =0.0.0.0) G)
%(R2 00,00 =2 P25%0) (g g 451

IToTpiOHO BU3HAYMTH TIOJIE TIEPEMIIICHbh Ta
HaIpy>KeHb Ha TMIOBEPXHAX Ta ycepenuHi chepu.

PosrnsgaroTeest cTarioHapHi KOJTUBAHHS.

Jo kpaiioBOi 3amaui 3acTOCOBYEThCS CKiHYCHE
neperBopeHHs Dyp’e 3a 3MIHHOIO @.

Tpanchopmantu
noz[aIOTLc;I y

¢byHKLIH nepeMileHb
BUTIAA  cyneprio3uiii  [14]
_ _ 1 2 1 2 .y

u, u +u? v, =V +V, W =w +Ww,, JI€ BEPXHIA

0o
iHgekc | Tmo3Ha4Yae MeXaHiuHI XapaKTepUCTHKH,
HEeNepepBHI Ha 30BHIIIHIA TOBepxHi cdepu Ta
pO3pWBHI Ha BHYTPIIIHIA, a iHAEKC 2 TO3HAYAE
MeXaHI4HI  XapaKTepUCTHKW,  HENepepBHI  Ha
BHYTpIIIHI mMOBepxHi cdepu Ta PO3pPHBHI Ha
30BHIMIHINA, TOOTO

Ul =00+, = (0], == (R+0.0),
Sl = (0] < %%=Oﬁn& 17 (R, =0.0),
7 (ful—p f( 0.6)~ /, (R +0.6),

fe {uvwa T,4.7, }
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Jns  akyCTHYHHX TIOTCHLIaNliB  CIIpaBeJIUBI
HacTyMHi GopMynn
(@) rer, = P (R —0.0),

(®,,)

TaK SK aKyCTHYHI CEPEIOBHINA pPO3TAIIOBAHI JIHIIE
ycepeuHi Ta 330BHI cdepu.

~0,, (R, +0,0)+®,, (R,,0).

r=R,

Jlo xpalioBoi 3a7a4i 3aCTOCOBYETHCS IHTETpalbHE
nepeTrBopeHHs Jlexxanapa 3a 3minHoO 6 [15].

Y  pe3ympTaTi  OTPUMYEMO
aKyCTHYHUX MOTEHIliaiB

BHUpa3n JJIA

®,.(r)=R <q)mk (Ri)>{gik (R[)—a%l“ik (r,R[)},i =1,2

i

IS

8k (Ri):7r

afe a(R+(=1)"0.R, )/r,,k (R +(-1)" 0.R,),

i

g |L(Ra)K,(rg).r>R,v=k+1/2

LR )=
”’“(r ") 2,/rR, Iv(rql.)KV(R‘,-qf)J’<R./’k:0’1’2""

Bupasu s GpyHKIiH epeMilieHs Ta HanpyXeHb
OTPUMAaHO y SBHOMY BHUTIISAAI depe3 HEBiIOMi
CTpUOKM TepeMilleHb <u; i (R; )> Ta HaIpyXeHb

<g;'nk (Rl,)>,l'=1,2. Buxopucrosyroun ymosu (1), (3)

MOXHA BHpa3UTH CTPHOKM  MepeMillieHb Ta
Halpy>XeHb 4epe3 CTPUOKU aKyCTUYHUX MOTCHLIaTIB
HACTYTTHUM YHHOM

<O-ink (Ri )> = (_1)i PiS; (q):)nk
+R52 <q)mk (Ri )>|:gik (Ri ) -

(bt (R))) = (1) {1 AP (R +(-1) 0]+

s (o

+RTi2<(I)ink (R; )>|:gik (Ri)-

62
T (r.R
oroR, i ’)}

r=R+(-1)'0
i=12
Jna  Bu3HaueHHA  CTPUOKIB  aKyCTHYHHUX
[MOTEHIIIAIIB

<‘D1nk (R )>’<q)2nk (R2)>

BHKOPHUCTOBYETHCS pyra yMoBa y (2).
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B pesymerari OTpuMaHO TOYHHMH PO3B 30K
KpaiioBoi 3a1adi A HOpOXKHBOI chepH, 0 OToUeHa
JIBOMA aKyCTHUYHHUMH CEPEJOBUILAMH.

UmcinoBi po3paxyHKH TPOBEACHO ISl TPY>KHOI

chepu 3 mapamerpamu E =0.25-10° Ila, n=04,
R =104 wuM, R,=132 um, p=750 a.o./HM3,
YaCTOTH KOJWBaHb cdepu, BHYTPIITHROTO Ta
30BHIIIHBOTO AKyCTHYHUX CEPEIOBUII BiJIIIOBIIHO
0, =0,=0.1,0,=02, ¢ =1400 wm/c, c,=1560
M/c. Ha BHyTpimHIA TMMOBEpXHI BIpyCy BIACYTHS
najarouya XBWJIS, & Ha 3OBHIIIHIM MOBEPXHI BOHA
3aJlaHa y HACTYITHOMY BHIJISIT

e p 102 Z<g< %

@, (R,,0,0,t) = [16]
0, 0<9<£,£<9<7r
4°2
k=w,/c,.
Ha rpadikax (Puc. 1-2) mpexncrasieHi
nepeMillleHHs Ha BHYTpILIHIK Ta  30BHIIHIA

MIOBEPXHSIX Bipycy.
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Puc. 1. [lepemitenns v, (r,0,p), uy(r,0,p) HA

AN AN NS AN AN NS A D A S A

BHYTpIlIHIH moBepxHi chepu (r=R;)
Cnucox BUKOPUCTAHUX JIZKEpes

1. Markesteijn A. Concurrent multiscale modelling
of atomistic and hydrodynamic processes in
liquids / A. Markesteijn, S. Karabasov, A.
Scukins, D. Nerukh, V. Glotov, V.Goloviznin //
Phil. Trans. R. Soc. —2014. — Vol. 372. — P. 2021.

2. Korotkin I. Two-phase flow analogy as an
effective boundary condition for modelling
liquids at atomistic resolution / 1. Korotkin, D.
Nerukh, E. Tarasova, V. Farafonov, S. Karabasov
// Journal of Computational Science. — 2016.

3. Scukins A. Multiscale molecular
dynamics/hydrodynamics implementation of two
dimensional “Mercedes Benz” water model / A.
Scukins, D. Nerukh, E. Pavlov, S. Karabasov, A.
Markesteijn // European Physical Journal. — 2015.

0.045

004

0035+

0015} u(R,80) |

—_—— ue(RZ,e@)

0011

0.005

Lo AN Y VY PPl AN AN N NN A
0 05 1 15 2 25 3 315
)

Puc. 2. llepeMiluenss u, (r,0,p), ug(r,0,p) Ha

30BHINIHIN TOBepXHi chepu (r=R;)

3 aHami3y mepeMilleHb Ha TOBEPXHAX Ta ycepe-
IUHI chepu BCTaHOBIIEHO, IO 3MiHA KyTa ¢ ciabo
BILTMBA€E Ha 3HAYCHHS IMEPEMIIICHb, TOOTO HOTO 3Mi-
HOKO MOXKHA 3HEXTYBaTH Ta PO3IJISAATH BICICUMET-
puuHy 3amady. llepemimeHHs o (r, .9,¢) 3HAYHO

MEHIIIE 32 TIEPEMIleHHs u, (r,60,p), uy (r,0,p)-
3. BucHoBkM

1. IlobymoBana  TpuBHMipHa  MOJAENb  JJS
MonyiroBaHHs Bipycy PCV2 3 BHKOpUCTaHHSIM
PIBHSHD TUHAMIYHOI TEOPil IPYKHOCTI.
2. BcraHoBieHo [esiKki 3aJEKHOCTI
XapaKTePUCTUK  TPYXKHOI  MoOpewi
3aJIe)KHOCTI BiJ 33JJaHOTO HABAHTAKEHHS.
3. OtpumaHi pe3yibTaTH CBIAYaTh, IO YIS OLIBII
pEaTbHOTO  MOJEIIOBaHHS  BIpyCy  IOTPIOHO
BpPaxoOBYBAaTH WOTO TeoMeTpiro (ikocaenpaibHICTh
CTPYKTYpH) Ta aHI3aTPONHI BIACTUBOCTI, IS YOTO
HEOOXITHO CYTTEBO YCKJIAIHUTH iICHYHOUY MOJICIIb.
PoboTa BHKOHaHAa y pamKax JIep>KOIOIKETHOI
temu 0115U003211.
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IIpo nanpysxenwuii cran Bipycy PCV2

Vkp.

bu6n. 16 Ha3s.

Bipyc xancim PCV2 nmocmimkyerbes 3a IOMOMOror TOOYIOBH imeanizoBaHoi Moneni Bipycy. Bona
OTIMCYETHCS TPUBUMIPHOIO AMHAMIYHOIO 3a7adel0 Teopil MPYXKHOCTi, MO chOpMyIbOBaHA Y cheprUIHii
CHCTEMI KOOpAMHAT JUIsl BHIIAJIKY CTalllOHAPHUX KoJMBaHb. KpaifoBa 3amava po3B'S3y€Tbesi 3a JOMOMOTOIO
METOAY IHTErpajbHUX IMEPETBOPEHb Ta METOAY PO3PUBHHX PO3B'SI3KiB. Y pPE3yNbTaTi OTPUMAaHHMN TOUYHUH
Po3B's130K 3a7a4i. OTpUMaHO YMCIIOBI PO3PAaXyHKH MPYKHUX XapAKTEPUCTHK BIipycCy.

KittouoBi cnosa: Bipyc kancin PCV2, moposxHs chepa, akyCTHYHE CepelOBHIIE, iHTErpalibHe
MEPETBOPEHHS, PO3PHUBHI PO3B’SI3KH.
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The virus capsid PCV2 is investigated by the construction of the idealized virus model. It is described by
the 3-D dynamical elasticity problem formulated in the spherical coordinate system for the steady-state oscil-
lation process. The virus is modeled as the hollow elastic sphere, which is surrounded and fulfilled with the
two different acoustic mediums. The integral Fourier and Legendre transformations were applied to the stat-
ed initial-boundary value problem. With the help of the discontinuous solutions’ method the expressions for
the displacements and acoustic potentials were derived in the exact form depending on the unknown jumps
of the displacements and stresses. The conditions at the virus surfaces allowed to express the displacement
and stress jumps via jumps of the acoustic potentials, which were obtained after solving of the two linear
equations system. As a result, the exact solution of the problem is derived. The numerical calculations of the
virus's elastic characteristics are conducted. This problem is the first step in the virus simulation with the
help of the elasticity equations. It was established that more complicated statement of the problem in the
frame of the anisotropic elastic problem should be used for the more adequate virus modeling.

Key Words: virus capsid PCV2, hollow sphere, acoustic environment, integral transformation,
discontinuous solutions.



