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CynepKoMnbIlOTepHOe MoaenupoBaHue ranakTuk

L " %

INTERACTING GALAXIES

MupoLe SPpace TeLescore

«[ABUXXKeHUe ranakTmk B NIOTHbIX CKOMNJIEHUAX
Mpouecc 3Be3foobpasoBaHus npeBpaLlaeT CTONIKHOBEHUA MeXAy HUMU B BaXKHbIN
U 06pa30BaHUSI HOBbIX 3BOJTIOLUOHHBLIN haKkTop»

3/1eMeHTOB BMNJIOTb A0 Xere3a
Tymykoe A.B.
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NMopgrotoBka. LLlar nepBbIN — cNUpanbHble rariakTUKu

Mopensb:
Mopenb Nano:
Mpodwumnb ancka:
Macca gucka:
CueHapwun:

The Global Fourier Amplitude

-T04

U3oTepmMuyeckas rpaButTayuMoHHasl razoBas AMHaMuKa
aHanutnyeckum NFW-npodunb

paBHOBeCHasi BpaljaroLwascs KoHurypauus

10° Mg

ycToM4umBasa KoOHurypaums

Time, Myrs

Q 100 200 300 400




NMNoarotoBka. LLlar nepBbIN — cnupanbHble ranakTuku

Mogenb: n3oTepmMmyeckKasa rpaBuTalMoHHas rasoBas AMHaMMKa
Mopaenb Nano: aHanutuyeckum NFW-npodunb

MNMpodunb aucka: paBHOBeCHas BpaljaroLwasacs KoHdurypauusa

Macca aucka: 10° Mg

CueHapwun: HeyCTOMYUBOCTb, pa3BUTUE ABYX PYKaBOB

The Global Fourier Amplitude

—m—m =1
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NMopgrotoBka. LLlar nepBbIN — cNUpanbHble rariakTUKu

Mogenb: n3oTepMuYyeckas rpaBMTalMoHHas rasoBas AMHaMUKa
Moaenb Mano: aHanutnyeckum NFW-npodunb

Mpodwumnb ancka: paBHOBeCHasi BpaljaroLwascs KoHurypauus

Macca aucka: 10° Mg

CueHapwun: HEeyCTOMUYUBOCTb, Pa3BUTUE YETbIPEX PYKaBOB

—m—m =1
—&—m =2
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m =7
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The Global Fourier Amplitude

400

Time, Myrs



NMNoarotoBka. LLlar nepBbIN — cnupanbHble ranakTuku

Moaensb:

Mopenb Nano:

Mpodwumnb ancka:
Macca gucka:

CueHapum:
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n3otepmMmmyeckasa rpaButTalMoHHasa rasosas AMHaMuKa
aHanutuyeckum NFW-npodunb

paBHOBeCHasi BpaljaroLwascs KoHurypauus

10° Mg

HEeyCTOM4YUBOCTb, pa3BUTUE CEMU PyKaBOB
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NMoarotoBka. LLlar BTopon — CTONKHOBEHME rarnakTuk

Moaenb:
Mpodunb ancka:

AByxdasHasa mogenb (ras + aBesabl/TeMHass matepus)
paBHOBeCHas BpawjaroLwasca KoHdpurypauums

Macca ranakTuk: 1013 Mg
NMoacetouyHasa ¢pm3uka:. 3Be3poobpasoBaHue CBEepPXHOBbIe
obpa3oBaHue H, oxrnaxaeHue / HarpeBaHue
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—+V:(pli)=S-D —+V:(nv)=D-S

p” (pU) p» (nv)

a R —

P V. (pl) =S, +S D P MV | () = —VIT — NV () +GD — S

ot p p ot
0 opW D
Pr, +V:(p, 0)=S, . +S P, -D P, P Ly (/W) =-V-(ITV) = (nV(D),V)-T + & —
ot 2 e 0 0 ot )

85[ +V-(pll) =-Vp— pV(®)+VS —UD

a'gtEJrV(pEu)——V(pv) (PV(D), ()~ A+T -2
Jo,
apt +V-(pril) = —(y—1) VI — A +T — £ 2

o,

1
pE=§pu2+pg p=(-1ps

= +V-(H§§\7)=—2HV-U—F+<€E
3p

I, +I1, +II

IOW :%p\—iZ_'_ XX 2yy Y24

AD =47G(p+n)



NMoarotoBka. LLlar BTopon — CTONKHOBEHME rarnakTuk

O6pa3oBaHue H, (Khoperskov et al., 2013; Glover & Mac Low, 2007)

dn,
dt2 =R, (T)n, (n, +2nH2)—(§H +§diss(NH2,A,))nH2

3Be3goobpasoBaHue (Katz et al., 1996) CBepxHOBbIe + HarpeBaHue
M (Springel & Hernquist, 2003)
T <10°K "U<0 p>1.64——:
pC
32G
D = Cp*? /_ 326G
L 37 S ,8013/2
3

CDyH KUuUsA oxnaxkgeHus

(Sutherland & Dopita, 1993) >N

M
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NMoarotoBka. LLlar BTopon — CTONKHOBEHME rarnakTuk

Boaopona

Qkpc

2

20 xpc

10kpc

-30kpc
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30kpc

-30kpc

-0 kpc-20kpc -10kpz Okoc 10 kpc 20kpc 30kpco

MonekynsapHbin BogopoAa
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3Be34bl U TeMHaA maTepus

30kpc
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-30kpe

-0 kpc-20kpt -10kpz Okoc 10 kpc 20kpc 30kpo

CkopocTb 3Be30006pa3oBaHuA

30kpc
20kpc
10kpe

Okpc %
-10kpe I

-20kpc
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-0 kpc-20kps -10kpz Okoc 10 kpc 20kpc 30kpc
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NMoarotoBka. LWar Tpetun — napannenbHasa peanu3auus

MICs . 64X Wtelxgon. Phif’
Logical cores  : 157360 (64 x 240)
Th:gology -«7,_one dimensional

—

B
—_—

—_
.
—

.
— '

RSC PetaStréam”(JSCC RAS)

260 logical cores

2. The efficiency of 92% on 64
MICs (or on 15 360 cores)

3. The 29 GFLOPS of scalar

1. The speed-up factors of 134 on\

< performance (or 40% from peak))

'/ MPI

LV

#pragma omp parallel for ...

{ /
p P

The simulation of behavior of
parallel implementation on
983 040 cores
by means AGNES* system the
80% efficiency
was shown

\ * Weins 2015, Podkorytov et al., LNCS 2010)
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NMoaroTtoBka. LLlar yeTBepTbIN — YUCNEHHbLIN MeTOoA
BbicOkMM nopsagok TOYHOCTM (Manasi guccunauusa Ha
pa3pbIBHbLIX PELUeHUsAX) YACNIEHHOro metoaa
OTcyTCcTBUE UCKYCTBEHHOU BA3KOCTU U JIMMUTEPOB
MHBapuaHTHOCTb OTHOCUTENIBLHO NOBOPOTA
[apaHTNA HeyObIBaHMUA AHTPONUMU

PerynapHasa npoueaypa o6o0weHnsa Ha apyrue mopenwu

(ypasHeHust bornbumaHa u Ml ypasHeHUs)
[MpocToTa napannenbHON peanu3auuu

NoTeHUumanbHO 6eCKOHeYHaa MmacTadbupyemMocCcTb
12
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Cunb IT Popym 2015

KawkoBsckun A. UTINM CO PAH
PelwweHne KMHeTU4YeCKoro ypaBHeHna bonbumaHa.
1 GPU =40 CPU Cores

KapaBaes 1. UBMuMI" CO PAH
PelweHune 3aga4 Teopumn ynpyroctu
1 Intel Xeon Phi = 7,7 CPU Cores
1 GPU =50 CPU cores

Kynukos U. UBMuMIT CO PAH
PeweHune actpodpunsnyeckux sagad
1 Intel Xeon Phi = 30 GFLOPS

Kupees C. UBMuMIT CO PAH
PelweHne 3apgay Teopumn ynpyroctu
1 Intel Xeon Phi = 8 CPU Cores

CHbITHUKOB A.

dusnka nnasmsbl
1 GPU =32 CPU Cores

13
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IEEE CCGRID 2015

B OHeproad@EeKTMBHOCTbL  BblMUCNIEHUW (crmoumocmb 8  dorinapax
anekmpu4yecmea 0515l peweHus 3adaqu)

m Paspabotka HoBoro ctaHgapta MPI ana obnadHbIX BblYUCIIEHNN
m PaspaboTka HOBbIX CMCTEM NapannenibHOro BBoAa/BbiBoaa
m l/lcnonb3oBaHue yckopuUTeNen 1 cneunanmampoBaHHbIX YCTPOWUCTB

m [logoepxka TEXHONOMMU BIIOXKEHHbBIX CETOK Ha YPOBHE HU3KOYPOBHEBOIO
nporpamMMHoOro nHtepdpenca

m  Ob6paboTtka OonblUMX OaHHbIX U3 couunarnbHbIX ceTen (01 peweHus
3aday Ucriofib3yrmcs ana2opummabl pacrio3HasaHusi 2eHoMa)

m  PasnuyHble Mmogenun napannenbHbIX BblYUCIIEHUN
m PaspaboTtka ouepenen 3agav

m  PelweHune bnonornyeckmx sagad METOAOM MOMEKYNAPHOWU AMHAMMUKN

14



AstroNum 2015

ASTRONUM 2015
Avignon, France
June 8-12,2015
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HeKoTopble Y4aCTHUKU
KOHdepeHuunu:

N. Pogorelov A. Mignone
D. Balsara S. Li
G. Zank R. Keppens
P. Collela M. Mac Low
D. Bisikalo V. lzmodenov
E. Audit G. Toth

CoctaB YYaCTHUKOB:
ACnNUpPaHTLI
Y4yéHble co cTeNEeHbIO
npodeccopos

Bcero

feorpaduma y4aCTHUKOB:

FOXKHaa AmMepuKa
CeBepHaa AmepuKa
EBpona

Poccua
A3una
AdpurKa/OKkeaHusn

68
50
70
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OCHOBHbIe TeMbl KOH(epeHUnU

m  3ajava B3pbiBa CBEPXHOBLIX 3Be3[ (r1o0pobHee Ha ISC)

m BsaumopenctBne conHeyHOro BeTpa C  KOMETaMMu,
nnaHeTamu, MONEeKynsipHbIMM obnakamun 1 ranakTnkamm

m MHorocnouvHble pewartenu BbicOKoro nopsagka gna MM
ypaBHEHUA

m  MogenuposaHune MI'[] aBontoummn MonekynsapHbix obnakos

m Pelwarenu ong YpaBHEHNU PENATUBNCTCKOU
rmapoanHaMuKu

m PasnnyHble wmopenu subgrid dwusukm  (ana  pasHbiX
MacLuTaboB)

16
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KoHdepeHunsa namatu M.C. UBaHOBa

The disadvantages of N-body model

a spurious generation of entropy

a problem of choice of the kernel function in cell
a necessary minimal number of particles in cell
Increased communication overhead

poor load balancing

a thermodynamically unconsistent of star formation

The hydrodynamic alternative

m The pressureless hydrodynamic

m The collisionless hydrodynamic*

* Mitchell, Vorobyov, Hensler, MNRAS, 2013 17



KompepeHum‘-l namsaTn M.C. UBaHOBa

CWEN p

=0
c’Bt 8x oV,

d’v =dv,dv,dv,
= [ mfd®y
u=p* j‘ mfvd v

O Itis important to movement of the
cluster and not single particle

a2 No thermal transfer effects (the
property of almost all the
astrophysical problems)

0 The velocity dispersion is much
less than the velocity squared

at

Gg)tu+v (puu)—— (,00‘ ) VD

opE,

SV (pEu) (2p02u)—2(pu, V)
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" A
KoHdepeHunsa namatu M.C. UBaHOBa
The advantages of collisionless hydrodynamic

m a thermodynamically consistent of star formation
m one numerical method for gaseous and stellar components

The disadvantages of collisionless hydrodynamic

m The applicability of the approach in each a specific problem

Kulikov, ApJS, 2014




" A
10t Cosmology Conference

CocTraB YYAaCTHUKOB:

ACNNpPaHTbI 40

Y4yéHble CO cTeENEHbIO 60
npodeccopos 35

Bcero 100

feorpadua y4aCTHUKOB:

FOXKHaa AmepuKa 5
CeBepHaa AMepuKa 40
EBpona 35
Poccua 2
A3na 10

AdpurKa/OKkeaHUs 10

20
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10t Cosmology Conference
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OCHOBHbIe TeMbl KOH(epeHUnU

m  Habniogaemble Mopdonornyeckne CBOMCTBA CKOMMEHUW ranakTuk u
OTAENbHbIX ranakTuk (Macca, npoune NNOTHOCTU, BpALWLEHUS U T.M.)

m  Kocmonorunyeckoe rmgpogmHamMmmyeckoe MoaenmpoBaHmne
(EAGLE, CLUES u ILLUSTRIS npoekTbl)
m  Kocmonornyeckoe N-body mogenunposaHue (Horizon npoekT)
m YcnoxHeHue mogenu subgrid gpusmkn
m  MogennposaHue npouecca 38e30000pa3oBaHus
m  MogenunposaHue o6pas3oBaHUs YEPHbIX Oblp
m  MoagenupoBaHue XMMUYECKUX peaKLnmn

m  HoBble maTeMaTuyeckne Mmoaenu um napaleribHble YNCJ1eEHHbIE METOObI
anga peweHnd KoCMoJ1ormn4eCkmnx 3aaav

m [lpoekTbl N0 HabnwoaeHusam ALMA, ELT n LSST

22
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ISC 2015

Isc High Performance

The HPC Event.

CoctaB Y4aCTHUKOB:

Jloknaabl 400

Poccua 4
NMBMuMI CO PAH 1
OWUBT PAH 1
MIY 2

BbicTaBKa 153

Bcero 2 846
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OCHOBHbIe TeMbl KOH(epeHUnU

m  HoBble apxutekTypbl cynep3BM Ha napagurme «namatu-coabpukmny
(0oOHa borbwasi naMsme U a2eHmabl-8bl4uciumernu)

m [IpoekT 3k3adnoncHon cynepdBM Horizon 2020 (npozHo3upyemcs
co30aHue rnepesol egporietckou cyrnepIBM e 2020 200y)

m  KoHuenuus co-gm3anHa NporpamMmMHOro obecrnevyeHus ans
ak3adonorcHbix cyrnep3BM (npumepHo Hawa udeosioaus)

m CosgaHne Urban OS (onepauuoHHass cucmema Orns yrpaereHus
UHgbpacmpykmypoul 2opooa)

m  BusyanbHble $3blKM MOporpamMmmMmupoBaHusa ana 6uonormmn (8 oOcHose
Haxooumcsi MosieKynsapHas OuHaMuKa)

B OHeproad@eKTMBHOCTL  anroputMma (cmoumocmb 8  Qorsiniapax
ariekmpuyecmea 07151 peweHus 3adayul)

24



" I
OCHOBHbIe TeMbl KOH(epeHUnU

m  O6paboTtka OonblIMX OaHHbIX U3 couunarnbHbIX ceTen (019 peweHus
3aday ucrosnb3yrmcs anaopummsl pacrio3HagaHUsi 2eHOMa)

m  Bonpochl KndepbesonacHoOCTU oT CUCTEM ynpaerieHus
NpOMbILWNEHHbIMU  ObbekTamun (npobriema MHWpaHa) 0O MOOUNBbHbIX
TenedoHoB (npocywusaHue meriegOHHbIX Nepeao8opos)

m KBaHTOBble BblUMCNEHUS (8blHUCIUMENIbBHAsS cucmema oosedeHa 00
pabombl 8 KOMHame U 8 KOMHamHyou memrepamype, MakcumasibHas
3adaya — ckarslsipHoe rpou3eedeHue)

m  MopgenupoBaHue paboTbl Mo3ra (opaaHu3auusi obraqyHbIx 8blHucIeHUU)

m  MopgenupoBaHue cBepxHOBbIX (08e U3 Mpéx acmpoghusudeckux 3aday
Ha KoOHgbepeHyuu)
m  MopgenupoBaHue matepuanoB 1 Harpysok (om modernel MOneKyrnspHoU

OuHaMuKu 00 criiowHoU cpeosl)
25



INlnpepctBo Tianhe-2

Obama orders effort to build first exascale
CIUA pewrmnm onepeants Kurai

B nocTpoeHun sxkzadionnoro computer
CynepKommnbloTepa

w Tweet| | 45| g1 18¢] G+ 9

By Robert F_ Service 30 July 2015 5:15 pm 7 Comments

The United States is now committed to building an exascale computer,
some 30 times more powerful than today's top machine. Yesterday,
President Barack Obama signed an executive order creating a national
strategic computing initiative, which aims to coordinate high-
performance computing research and development between federal
agencies. The order should make it easier for agencies to justify
increasing their budget requests to Congress for supercomputing R&D.

Staff Writer

% saanang us Lescersn < R S S S ST

€ - C N |8 https//www.whitehouse.gov/blog/2015/07/29/advancing-us-leadership-high-performance-computing

S i T S T T T  a B

essential to economic competitiveness, scientific discovery, and national security.

Today, President Obama issued an Executive Order establishing the National Strategic Computing
Initiative (NSCI) to ensure the United States continues leading in this field over the coming
decades. This coordinated research, development, and deployment strategy will draw on the
strengths of departments and agencies to move the Federal government into a position that
sharpens, develops, and streamlines a wide range of new 215t century applications. It is designed
to advance core technologies to solve difficult computational problems and foster increased use
of the new capabilities in the public and private sectors.

HPC has historically focused on using numerical techniques to simulate a variety of complex
natural and technological systems, such as galaxies, weather and climate, molecular interactions,
electric power grids, and aircraft in flight. The largest of these machines are referred to as

26
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INlnpepctBo Tianhe-2

HPC has historically focused on using nume bniques to simulate a variety of complex

eather and climate, molecular interactions,

natural and technological systems, such £ galaxies,

electric power grids, and aircraft in flight. #est of these machines are referred to as

’ &4 Advancing U.S. Leadershi; X

€ - C A B8 httpsy//www.whitehouse.gov/blog/2015/07/29/advancing-u}leadership-high-performance-computing

B B T T e T i e S

essential to economic competitiveness, scidnhtific discovery, and national security.

Today, President Obama issued an Executive}Order establishing the National Strategic Computing
Initiative (NSCI) to ensure the United States
decades. This coordinated research, developnfent, and deployment strategy will draw on the

ntinues leading in this field over the coming

the Federal government into a position that
e of new 215t century applications. It is designed
to advance core technologies to solve difficult dpmputational problems and foster increased use

strengths of departments and agencies to mo
sharpens, develops, and streamlines a wide ra

of the new capabilities in the public and private §ectors.

HPC has historically focused on using numerical techniques to simulate a variety of complex
natural and technological systems, such as galaxies, weather and climate, molecular interactions,
electric power grids, and aircraft in flight. The largest of these machines are referred to as
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" JE
MoaoenupoBaHue cBepxXHOBbLIX 3Be3.4
H.T. Janka (MPIA), C. Ott (CalTech)

Example: Stellar Core Collapse & Supernova Explosions

Fe-group nuclei

Red Supergiant Betelgeuse
credit: NASA/HST

Multi-Scale: ~10°km - stellar radius
~2000 km — collapsing core
~15 km — radius of neutron star

28
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Pe3ynbTaTtbl KOHepeHUnn

m MogenupoBaHne CTONKHOBEHUS CKOMMEHUN ranakTuk W
ranakTuk B KOCMOJTOrM4Y€eCKOM KOHTEKCTE (om
KpyriHoMacwmabHbIx cmpyKkmyp 00 omoeribHbIX 2ariakmuk)

m [nobanbHoe MIL] wmopgenumpoBaHne B3anMOOENCTBUS
CONMHEYHOrO BeTpa C  KOMeTaMW, €eCTECTBEHHbLIMU
CNyTHUKaMM W nnaHetamun (O8UXXeHUE 2arlakmuK 4epes
MexKaariakmu4yecKkuu 2a3)

m B3pblB cBEpXHOBOM C XMMOKUHETUKON (178 xumu4vecKkux u
A0epHbIX peaKkyul) B rasoauHaMMYecKon M B MOAENU
PENATUBUCTCKON r’MapOoaANHaAMUKA

29



MHTepec Ha KOH(epeHUNAX K HaM

m  Peanusauuna napannenbHbIX Bbl4UCTIEHUN

m lcnonb3oBaHue yckoputenen Intel Xeon Phi
m Martematnyeckmne moaenm

m  YucneHHble MeToabl pellueHnd

m Pelwaemblie 3agayn

(40 %)
(20 %)
(5 %)
(30 %)
(5 %)

30



" JEE
KocMmonornyeckoe mogenmpoBaHue

lNMpouecchil:
m  OxnaxpgeHue/HarpeBaHue
m  3Be3goobpasoBaHue
. OdodpekT B3pbIBa supernova

. XnMun4yeckue peakuymmu

The EAGLE project

® ~ 10 kpc ~ 100 Mpc

........ 31




" JEE
KocMmonornyeckoe mogenmpoBaHue

'mppoonHamuka
%f% (pT)=0
B> (p0)=s,
agf%“ (pUU)z—i" p—%'pu'—? ®
% i (pgﬁ):—i(y—l)pg"-(U)—Z—'ngrF—A
P2 (pEU):—i"(pﬁ)—Z%’pE—é(pU D)+ T-A

PacwupeHune no 3akoHy Xabbna

4 H\/QM (a*-1)+Q, (a* ~1)+1

32



" JEE
KocMmonornyeckoe mogenmpoBaHue

BeccTonkHoBuTeNnbHasa KOMMNOHEHTA (3Be3Abl U TEMHaA MaTepus)

— V)=0

8t a (nv)

onv 1, , _. 1 N
—+— =" (I)——nv-——-"07

at+a (nw) a (i) anv a’

aHXX . (Hqu) — _ngx an _ZEHXX
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%4_1" '(sz_b) :_EHZZ avz _Zinzz

ot a a 0z a

onwW 1 1 a’ 1
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KocMmonornyeckoe mogenmpoBaHue

Xnmmnyeckue peakumm

H+e—>H"+2e
H+e—>H +y
H+H" > H, +y
H,+H > H, +H
H +e—>H+2e

H +H" > 2H +y
H +e—>2H +y
3H —>H,+H
He+e —> He™ +2e
He" +e > He™ +2e

H +e—>H+y

H +H > H,+e
H,+H—>H,+H"
H,+e—>2H +e

H +H —>2H +e
H +H" > H, +e
H+H > H+H,
H,+H —3H

He" +e > He+y
He™ +e > He" +y
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" JEE
KocMmonornyeckoe mogenmpoBaHue

Xnmmnyeckue peakumm

2'0 T T T T T T T T

n [cm'3]

40 60 80 100

10
X 10 " sec
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KocMmonornyeckoe mogenmpoBaHue

0(-27) kg/m*3
' 0,0(-27) kg/m*3

D 0.1(-27) kg/m*3

Dark matter + Stars Hydrodynamic

0(-27) kg/m"3

0.1(-27) ka/m*3

0,2(-27) kg/m*3

10 Mpc/h
10 Mpc/h

0,2(-27) kg/m*3 0,1(-27) kg/im"3

0.3(-27) kg/m*3 | 0,2(-27) kgim*3

I 0,2(-27) kg/m"3

0,4(-27) kg/m"3

-4 -2 0 2 4
10 Mpch 10 Mpcth

Temperature

10 Mpcih
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"
KocMmonornyeckoe mogenmpoBaHue

Dark matter + Stars Hydrodynamic
- 0(-27) kg/m*3

0.1(-27) kg/m"3

' 0.2(-27) kgim*3

0,2(-27) kg/m*3

10 Mpc/h
10 Mpc/h

0.3(-27) kg/m*3

I 0.4(-27) kaim"3

10 Mpcth

Temperature

filaments A4 U A, A
walls (pancake) A, 1 A, [ A,

cluster A UA DA™

0(-27) kg/m*3
' 0,0(-27) kg/m*3
' 0.1(-27) kg/m"3

0.1(-27) kg/m"3

' 0,2(-27) kg/m*3

l 0,2(-27) kg/m"3
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MeTop pelwleHnA BbICOKOro nopsaaka toyHoctu MI] ypaBHeHUn

ap , 0(P%) oo o(pv,) ov
+ =0 p x) _ _ 1 X
o ox R U L
8(pvy)+8(pvyvx—ByBx):O aBy+8(Bva—vay):O
ot OX ot OX
a(,ovz)Jr@(,ovzvX -B,B,) 0 0B, +8(BZVX -Bv,) 0
ot OX ot OX -
0 2 _ B2 2 2 2
8(pv)+ (,ovX x):_g(p+5x+5y+52]
ot OX OX 2
B + B’ + B’ -
o|| pE+p+ y v,—B, (v,B)
6(,0E)+ =0

ot OX 38



MeTop pelwleHnA BbICOKOro nopsaaka toyHoctu MI] ypaBHeHUn

ap , O(p%) op o(pv,) ov
=0 P X) _ (A X
o ox o xRy
8(pvy)+8(pvyvx—ByBx):O aBy+8(Bva—vay):O
ot OX ot OX
8(pvz)+8(pvzvX—BzBX)_O OB +8(BZVX—BXVZ)_O
ot OX ot OX -
0 2 _ B2 2 2 2
8(,0V)+ (,OvX X):_g(p+Bx+By+BZ]
ot OX OX 2
B + B’ + B’ -
ol | pE+p+ ! vX—BX(v B)
8(,0E)+ =0

ot OX 39



"
KpaTkoe onncaHue YncrneHHoro metoaa

%Jrvt(m V)=3(0,v0) > %ﬂ(ﬂ va)

A4
YV / 3apaya PumaHa ﬁ - \

%WE(D 7)=0 %w%:o B=RAL LR=|
\
L@—F LRAL@:O w=Lu

M ot OX

e " : ] + A6—VV =0 w(xt)=w(x—At) u=Rw
/ K@t > j
t 4 X —
0 art > o ———

KycouyHo-napabonunyeckue cpyHKUnM

(*) Kulikov, et al., LNCS, 2009; APJS, 2011, 2014; AAABS, 2013; CPC 2015; NewA 2016

(**) Ustyugov, Popov, Comp. Math. & Math. Phys., 2007, 2008, Comp. Phys., 2009 40



MeToa pewieHna BbICOKOro nopsaaka toyHoctn Ml ypaBHeHUH
Aunepos 3Tan

( B, B 1
(v, PP Py )
BX
Vy —; Vy
Vv Vv
AR + B, a1V =0
ot| B, —— OX| B,
o B
B
YA By _BX YA
\ M/ B B \ M/
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"
MeToa pewieHna BbICOKOro nopsaaka toyHoctn Ml ypaBHeHUH
Aunepos 3tan. OcpegHeHne BenNYUH.

_,0\/7+,0\F _p\/7+p\r
R ot +p"

V _ V[i,y,l]\ﬁ_l_v[z,y,z]\ﬁ ul uR
v EEE

[yz \F+B z]\/:
SN PO

B
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" A
MeToa pewieHna BbICOKOro nopsaaka toyHoctn Ml ypaBHeHUH
AuneposB 3tan. CKopocTu BOJIH

. [rp \/(cz+b2)i\/(cz+b2)2—4czc§ <

7 Cf,s = 2

(\/Cz—cf,\/ci—cz)
/2 2 ’
(af’as):< Cf _Cs

B, +B;#0 or yp=B;

(%%) B;+B;=0 and yp=B;
(B,.B.)
Y B2+B%=0
f 2 2 y Z
('BBI’IBZ):< By+ Z
1 1] .
—=,—&—= |, B, +B;=0
\(ﬁ J2 ! .



" A
MeToa pewieHna BbICOKOro nopsaaka toyHoctn Ml ypaBHeHUH
AunepoB 3Tan. PeweHune 3agaum PumaHa (CKOpoCTb)

V. = (;‘3(23 (Vg (€sT) + vy (—ceT)) + 2;(; Wz lerT) +0: (—err)) +
sl o B, ;(-Jszqn (B:) (vy (€sT) + vy (—coT) — vy (€4T) — vy (—cy7)) +
i ascsg;:ign (B) (Vs (€sT) + v (=€) — v, (€pT) — vz (—¢47)) +
“fQ((f\(;;'/ (by (—cf7) — by (cs7)) + (:Yg;\(j;?y (by (—coT) — by (cs7)) +
(”2((11\(;553& (bz (—eyT) — b (cf7)) + (Yfz((’\(;;3~ (bs (=¢57) = b: (c57)) +

(;f)z; (p(=cs7) — plcsT)) + ;;;2 (p(—c.T) —p(csT))
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" A
MeToa pewieHna BbICOKOro nopsaaka toyHoctn Ml ypaBHeHUH
AunepoB 3Tan. PeweHune 3agaum PumaHa (CKOpoCTb)

B 2 2.2 32
azcr 3y aicip,

Vy = 2¢2 = (vy (es7) + vy (—6s7)) + — 5 = (vy (es7) + vy (—¢7)) +
c 2c
sign (B, ) ascsf3,0
gn ( ).)(‘f / (1..-'_,. (€sT) + vz (—€sT) — Vo (¢fT) — v (—c57)) +
2. 27 ¢
asc:iB,8., a%ciB, B
— = 2 (v ey T) + v (=epT)) + - i ¥ (csT) + v, (—ceT)) +
2c 2¢
Iig g .‘82 p'iy
B (vy (€aT) + vy (—caT)) + 5 (vs (caT) + vs (—caT)) +
sign (B,) ajcs 3] sign (B,) a’c,3?

= (by (es7) — by (—¢s7)) + Y (by (c7) — by (—¢s7)) +

2¢,/p ‘ 2¢\/p
sign (B,) 52 sign (B,) 3.5
. (by (caT) — by (—caT)) + :
2,/p 2,/p

sign (B;) a f( £8y5- sign (By) acs 3, 8.
20\/_ 2(:.\/,3

(p(—cs7) +p(es7) — p(—¢s7) — p (7))

- (b: (_CaT) — b. (CG'T)) +

(b, (csT) — b, (—csT)) + (by (cf7) — by (—cy7)) +

sign (Bg) aesByo

2pc?
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" A
MeToa pewieHna BbICOKOro nopsaaka toyHoctn Ml ypaBHeHUH
AunepoB 3Tan. PeweHune 3agaum PumaHa (CKOpoCTb)

V.= ﬂf;f (vz (es7) + v2 (—esT)) + 022(:;) (va (ef7) + vz (—ef7)) +
sign (BJ,-)Q((;ICff’ta.s(.fs o fecr b b e = Jowid < (el
nf(;{i”d (vy (c57) + vy (—ep7)) + n?(j(jyj (vy (esT) + vy (—C€sT)) +
%5 (v, (€aT) + Vs (—€aT)) — % (vy (caT) + vy (—€aT)) +
sign (Bz) azcpByB: sign (B;) a2es 3, 8.

(by (cs7) — by (—cs7)) +

b (cor) — b (—
Qcﬁ 2(7\/.5 (y(PfT) by( (..IT)).*-
s (B.) B8 sign (B,) 32
W“Szﬁ){ Y (b, (cat) — by (—caT)) + sign (Bz) By by () =a ler i+

27
- (2('\)/ﬁf - (b: (C-“T) = b: (—CST)) 5 aicid (2(_\)/;;8(1 = (’7: (CfT) = b: (—('f'r)) 2

sign (B;) ascpB.aq

st (p(=e) +p(e7) = p(=ey7) = p(ex7)
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MeToa pewieHna BbICOKOro nopsaaka toyHoctn Ml ypaBHeHUH
Aunepos 3tan. PeweHue 3agaum PumaHa (marHutTHoe none)

(lf )"‘ : , ol )'; v , o
= X (b, (c,T) + b, (—eeT)) + 5 (b, (¢yT) + by (—cy7)) +

B, =
v 2

_(bu ((uT)+b ( (uT))+

o— (b {eyT) +b, (—cp7)) +

: (b: (csT) + bz (—csT)) —

OV (ear) b (=) +

(l‘_f."j_l/(ls('a £ Y, ;j,’()f( [\/ﬁ

5 (v (6a) —ue(—Cam)) + 5 (e5T) — ve (—cy7)) +
B2, /psign (B:) , aff2ersign (B:) P,
VP 5 (vy (€aT) — vy (—CaT)) + i T VP (vy (€sT) — vy (—csT)) +
a?8%c.sign (B,) /P : _
— 2c s (vy (ef7) =y (—c47)) +
B./pBysign (Bz) , aif,crB.sign (B) /P
VP I; e, (v: (—CaT) — v: (€aT)) + Sy ‘)' ( VP (ve (esT) — U2 (—esT)) +
4 LC
a2B,cs8:sign (B.) 7
: _)‘{‘ \/— (": (_"}'T) — Uz (,_‘-',IT))
g fFycxy

(p (csm) +p(—cs7) = plesT) — p(—cs7))
2c
. 47



MeToa pewieHna BbICOKOro nopsaaka toyHoctn Ml ypaBHeHUH
Aunepos 3tan. PeweHue 3agaum PumaHa (marHutTHoe none)

oy 32 a? j"
B, = 5 = (b. (e,7) + b (—e 7)) + (b, (cf) + b, (—¢57)) +
_)‘
7 {b ((UT) + b: (_"(IT)) -+
(\‘%I‘j‘ j
5 (by (ef7) + by (—ef7)) +
u?-’)’ B,
(U, () F hy (=87} =
2
."f:‘.ﬂy . , '
5 (by (caT) + by (—caT)) +
a3 /P _ s Paeeper/p
: 2 \/I_("'f (es7) — vz (—€s7)) + { f\//_ e (efT) — vz (—cf7)) +
B3.8,/psign (B,) a3, 0.cpsign ( Iz ,
J\//—‘) . ({‘J/ ((',,T) — Uy (—(',,T)) i3 - - : 2c \/ ( 1/( T ) — Uy (_—(',.T)) T
a8, 8.cisign (B,) /p :
- 2c e (vy (efT) — vy (—¢47)) +
i,z pa,sign (B,) ae '13?5:1'!]7} (B:) /P | .
J\/—_ Ji) ' . (l': (—('uf) — U ((.(IT)) -+ d e .)(' \/— (I': ((’,.»T) — V- (—(‘,-T)) B

a’e,82sign (B,) /p
7 \'/_ v, (efT) — v (—¢47))

ooy

2c/p (p(csm) + p(—cs7) — plest) — p(—csT))
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" A
MeToa pewieHna BbICOKOro nopsaaka toyHoctn Ml ypaBHeHUH
AunepoB 3Tan. PeweHune 3agauv PumaHa (gaBneHue)

2 2
o
P =L @(esr)+p(e) + 5 (p(ear) +p(=cm) 4
2 2
pose s L paie,
3 (e (merm) = e (o) 4 557 (0 (=) = v (ear))
pasaesCs 3y sign (B;) _ pagovses By sign (By)
! ; (vy (efT) — vy (—c57)) + { ; (vy (€sT) — vy (—cs7)) +

e Cs 3, 81gn (B, ' 0 sCy P2 sign (B |
PO 5 gn (Bs) (vo (e57) — v, (—cy7)) + st i 5 gn (B:) (v, (€sT) — v, (—csT)) +

P f3,c
\/_ 9 > (by (Cf‘ ) + bl} ( Cf ) = bu ( ) - b'_u (—CST))

Voaragf.c
2

(bs(cs7) + b, (—cf7) — b, (€a7) — ba(—cs7))
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"

Mpoueanypa nocTpoeHus napadonsbl

[Ipusegem noApoOHYI0 OpoLeAypy NoCTpoeHns napabolbl U mapameTpoB g gF,
Ag;, q°. Jlns onpesnedeHHOCTH Hy1eM KOHCTPYHPOBATEL KycodHo-napaboainieckyio (pynk-
M0 TPOH3BOJLHOIO NapaMerpa ¢(xr) Ha peryiaspHoii ceTke c¢ maroM h, Ha HHTepBaie

\Ti_1/2, Tiy1/2|. B obmem puje napabona MoykeT DBHITE 3amHcana Kak:
6
g(z) = g7 +¢€ (&qz- +¢° (1 - E))

_ 6 .
e g; — 3Hauenne B HeHTpe sieiiku, £ = (x — xi_12)h LA =qt —q¢fn q,f ) = 6(q; —

i

1/2(g* + ¢*)) npu yeaoun coxpanenns KoHCePBATHEHOCTIH, TO €CTh!

o Tisl/a |
¢ =h q(x)dz

Ti_1/2

Jlast KOHCTpYHpOBanus 3uavenuii ¢;* = ¢~ | = @+1/2 6¥/1eM HCIOIL30BATH HITEPIONSITH-

OHITY 1O ('lf)}’IIKH'HI-D HeTBepTOro NOpAIKa TOYHOCTIH!

Giv12 = 1/2(¢i + qiv1) — 1/6(0gis1 — 04;)

rae 0g; = 1/2(qiy1 — gi—1). Hadee onumeMm ajaropuru noiydenns JoKafdbHoil mapabo-
asl. Ha Bxog anropurva nojaiores 3uadenns B TOUKAX d4eeK ¢;. Ha BLIXoe aaropurua

ONnpele/IdI0TCAd Bee IapaMeTph K}’CD‘IIID-Ha.paGD.J'IH‘IECKHX (b}’IIKH'Hﬁ Ha BeeX HOTepBRadax

[-’Ef—u-z, li?:‘+L,.f2]-
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"

Mpoueanypa nocTpoeHus napadonsbl

lar 1. Ha neppoum mrare Ml KOHCTpYHpyeMm 3uadenust 0q; = 1/2(qie1 — qi—1). Haa
ATOT0 HaM HeobXOIHMo 3HaHie TOJALKO COCETHAX da49eek ¢, gt — 1. JI1a nzbexkanug aKc-

TpeMyMoB (DYHKIHI Henoab3yeM Moaudukannio nocaegueii dhopmyasl 1ud dg; B BH e

min(|0q:|, 2|gis1 — @il 2|g; — qi—1|)sign(dq;),
Onlli = (qi1 — @i)(gi — gi—1) > 0
0, ('?z'+1 - 'i'z‘)('?:‘ - ﬁ‘i-l) <0

B ciayuae napanienbnoii pealn3alii Ha apXHTEKTYpax ¢ pacupeledeHHoll MaMAThIO MBI
JOJZKHBL ¢1eTaThL 00MeHbl 0THOTO G108 MePeKpuTHA pacdeTHoil obaactu cpeacreavn MPI.
[Tocie wero nepecduTRIBaeM 3HaMeHHd Ha IPAHHIE ¢ TOMOIILI HHTEPHOIAHTA YeTBePTOro

MopAIKa TOYHOCTH!

Qf = f;-_'éLH = it+1/2 = 1/2(@:' + iy1) — 1f6(5m‘?i+1 - 5m‘3"i)
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"

Mpoueanypa nocTpoeHus napadonsbl

IMlar 2. Ha ETOpOM IIIAare AJITOPHTMA MBI HaYHHACM KOHCTPDVHPOBATDL CaMy JIOKAJILHVED

napaboay ¢ noMonibio hopMYIIb:
Agi=q —q"
G) . P '
0" = 6(q; — 1/2(¢" + ¢')

B cllydae HeEMOHOTOHHOCTH JTOKAJIBHOMN HH.F.IH.GD.?ILI (TELI{DE HMeeT MeCTOo IHHa l]&?l]LIEH}i) MEI

nepecTpanBaeM 3HAUYCHHS Ha TPaHANAX ¢, ¢ no dhopMyIam:

" = qi,q = qi, (¢" —a:)g —q') <0
c G
gt = 3q; — 24", Aqiq® > (Agy)?
¢ = 3¢ — 2¢", g™ < —(Lgy)?

Taknum DG]]HHDI&-[, rpanivnble SHaYeOHd VIOBJIETBOPDAKT VCJIOBHAM MOHOTOHHOCTH.
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"

Mpoueanypa nocTpoeHus napadonsbl

Ilar 3. Ha Tpernem mare nepecTponumM napaMeTpbl napabolbl ¢ VHeTOM HOBLIX 3Ha-
YeHUil HA TpAHHIAX SYeek:

Mg =qF —qf

0% = 6(q — 1/2(q* + ¢%))

B pesyavrare gokanbnas mapaboia B KaxKIof sveiike [T;_j9, Tii1/2] moaydena. Cront
OTMETHTE, UTO Mapadojbl MOTYT HMeTh PA3pPBLIB HAa TPAHHIIAX A4eeK, 9TO B CJIyYae HCIIo b-
30BAHNS KJIACCHYecKoro Kycouno-napabomudeckoro Meroga (PPM) npusoaur k neobxo-
JUMOCTH perntennd 3ajgaqdn Puvana gas napabosi. B namem ciayvdae JoKaldbHble napadosis

HCIIOJL3IVHIOTCA Kak cCOCTabBHad HacTh 3a/14YH Pumana.
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"

Mpoueanypa nocTpoeHus napadonsbl

IITar 4. Ha HeTBepTOM ITare NMpoHCXOIHT JTOIMOHHATE/IbBHAAd MOHOTOHHSAITHA HH.]]H.GD-

Japl. Ecan mur HaxoJIUMCH B obaacTn PaspblBa l".lf-lCCIk-[aTl".IHEH.EIk-[Dﬁ (b}’IIKH'HH, TOrda BEeTATCHA

JIOTIOJIHHTeJILHBI i MoJANPaBKH B Hal]aﬁﬂﬂ}’:

1 1
L+ ¢ R+ )
T =@ — —0md; i = q; + _ém i
; q 1 q q ] 1 q

BBD,-_"['H M JIOTIOJIH HTeJTLHBI i KpHTEeD it

— B2 Oriv1 — 0m i

n
Giv1 — Gi—1

B ClIyiae eCcjil BRINOJIMNEHO OJH0 H3 CGIe TV IOITHX }’C.;'IDEHﬁZ

1 )
Gi+1Gi—1 > 0 |Giv1 — Gi—1| — 100 min(|qgi1 |, |gi-1]s [Gisr] + [gi-1]) =0

anadenuii kpurepus 7 obuyasercd. Bec, ¢ KoTopsIM DV/eT OpaThbes B pACHETHYI) CXEMY

+ -

L, R,
3Havenud ¢, W g; = onpeaeadgercs no ¢opuyie:

h = max(min(20(n — 0.05),1),0)
ItoroBbie 3navenns MOTOKOB HA TPAHHIE BRIMHCASIOTCH 10 hopMymam:

qiL,FINAL — {]. o ﬁ)qL+ + -ﬁqL qH,FINAL — {]. - ﬁ')q:{_'_ + ﬁqIH

3 3 3

54



" JE
NMpoueaypa PyHre-KyTtTa 4-ro nopsaka
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" A
MI' TecTt NoropenoBa

~ {[0.18405,0.3541,3.8964, 0.5361, 2.4866, 2.394,1.197], x < 0.5
| PP,V A28, AT, | = {[0.1,0.1, -5.5,0,0,2,1], x>0.5

358 0.5 Ypasueuns Marmirsoi rapoasnamusn
47B, =4 t=0.15 .
0.5 2 |

Pogorelov N., Zhurov A. | =1 |
High-resolution numerical N —— ,,1”, =
methods for MHD equations I ' e
/[ 8th Int. Symp. on Compult. i} . ° ' el
Fluid Dyn., Bremen, Sept. 5- o —] vy %
10, 1999. Collection of N e —
Papers, CD-ROM v T i v Y Yo
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"

MI' TecTt NoropenoBa

T T T ! 4 —‘ T T T T 3
06 7
05+ :' o 1 “r
P o
04 H :l — 0
> . » - b
t = .
] . x
g o3t : | =
. i},
© - e h. 1
0.2 H o
L . 1 -4 i
0.1} H
L L 1 1 " ’6
0,0 0,2 04 06 08 1.0 0.0
X
25 T T v T T T 3.5
2.0 i A. 1 3.0k
1.5 i ° : 7 2.5 —t
. r
1.0 i 5 e . 20F
05 RN °‘ R 15|
. 0,0} -4 F 1.0}
> 05 . . ] >" [
W 7 05+
10} ” * '
\ . 0.0 |
- - * -
1.5 - . 05}
-2.0 b ’r ‘ 1.0+
_2'5 M 1 M L 1 a 1 " _1.5 I = | 8 [} ] ! . ]
0,0 0,2 04 06 08 1.0 0.0 0.2 04 0.6 08 1.0



1.0

0,8

0,6

0.4

0.2

. . L
| -\ ! N Il .—.

0,0

- ™ ™~ -

1.0

0.8

0,6

0.4

0.2

© !
21] c o e
o
=
@ o > ™ = o
Q. - - =] =) =]
O ‘g
@)
-
-
O
e ] T
- s e
g |
M L e o o o o
™~ o~N 1>

0,0

e o0
L Y
®9® o o o
o9 b3 Q. 9.8 .8 o f 0 -9 §
O © N O & O 9 N D
T M M N N N = -« O
ainssald

1.0
58

0.8

0,6

0,4

0.2

0.8

0,6

0,4

0.2

0,0



"
State-of-Art nporpamMmmMHas peanun3auus

BbICOKMM NOPAAOK TOYHOCTU YUCIIEHHOro MetoAaa
Manasa guccunauusa Ha pas3pbiBHbIX peLUeHNAX YUCNEeHHOro metoaa
OTcyTCcTBME MCKYCCTBEHHOU BA3KOCTU U NIMMUTEPOB
MHorocrnounHocTb no BpemeHu (PyHre-KyTtTta 4ro nopsiaka)
MHBapnaHTHOCTb OTHOCUTESNIbHO NOBOpPOTA
NapaHTUA HeyObIBaHMUSA IHTPOMNUU U COXPAaHEHUA OCHOBHbIX MHBaApUaHTOB

Peanusauna OCHOBHbIX mnep6onuqecmx Mopaeneu (rasoBaﬂ ANHaMMUKa,

MI'], ypaBHeHua bonbumMaHa, penaTUBUCTCKaA rasogMHamMukKka)
MacwTtabupyemas napannernibHaa peann3aumm Ha NOOOU apXUTEKType
Ucnonb3oBaHue noodbLIX KOOpAUHAT

BknroyeHue 6onblumnHcTBa subgrid domsmnkn

TexHonornss NoaBUXXHOW CETKU co



"

[NanbHenwasn paborta

m  MogenvpoBaHue CTOMNKHOBEHUSI CKOMMIEHUMW ranakTUK W ranakTuk B
KOCMOMNOIrM4YeCcKOM KOHTEKCTe (om_KpyrnHomacuwmabHbIX cmpyKkmyp 00
omaoesibHbIX 2arakmuk)

m [nobanbHoe MI mooennpoBaHMUe B3aMMOOENCTBUA CONMTHEYHOrO BETPA
C KOMEeTaMW, €CTECTBEHHbLIMU CMyTHUKaAMU M nnaHetamun (0suxeHue
2arlakmuk 4yepes mMmexxaariakmudyeckuu 2a3)

m B3pblB cBEpXHOBOM C XMMOKMHETUKOW (178 xumuuveckux u S0epHbIX
peakyud) B rasoguHamuyeckom ©n B MOOENN  PENATUBUCTCKON
rmapoauHaMuKm

m Peanusauma actpodmamdeckoro koga po state-of-art yposHs (ToplO
acTpodmamnyeckux kogos ao 2020 roga)
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Cnacunoo
33

BHUMAHNE



