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Llenbio Hawel paboTbl ABNSAETCA aHanNU3 pe3ynbTaToOB NapanesibHOro YACNEHHOro MoaenMpPoBaHUA coyaapeHusi MOMeKYNAPHbIX
obnakoB npu no6oBom yaape ¢ y4yeToM BpaieHust MO npu BcTpeyHOM ABUXKEHUN.

ONKHOBEHMS MOTIE

U3yyeHne guHamuku monekynspHbix obnakoB (MO) — orpom- OunHamuyeckue npouecchbli B MONEKyAPHbIX Obrakax ¢ BpaleHuem
HbIX CKONMeHWi rasa B mexsse3gHon cpeae (M3C) BaxHo TONbLKO HAaYMHAIOT M3Y4aTLCS, BOMPOC O TOM, KaKyto ponb urpaet
Ans 06bsACHeHUs U3MeHeHU Bo BceneHHoOM, B nepBylo oue- BpalleHne B IBONIOLIMM MOJIEKYTsIpHbIX OG/IaKOB U CO3A4aHuUn

peAb Ansi NOHUMaHNA NPOLIECCOB 3Be34000pa3oBaHuUA. Ao3Be3aHbIX 30H, OCTaeTCsA OTKPbIThIM.

MopaenupoBaHue Takux NPoLecCoB UrpaeT BaXkHylo ponb B
M3yYeHUU 3BOSIOL MU ranakTuk 1 MHOroobpasus TymaHHocC-
TeWn, CONpoBOXAarLMXCcsl AMCCUNaTUBHbLIM B3aUMOAENCT-
BUEM TYpOYNeHTHbIX, TEMMOBbIX U MarHUTHbIX Nonemn
MeX3Be34HOoro BellecTBa.

2 FEEHZEETE (Takahira et al. 2014; Habe et al. in prep.)
Vx < 5km/s Vx> 10km/s
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MuoHepckoe nccnegoBaHNe YNCHEHHbIX PacYeTOB CTONKHOBEHWUIA
o6bnakos ¢ obnakamu (CCC) 6bino BeinonHeHo Habe & Ohta (1992). One
can find a last results of CCC simulation “Massive Star Formation
Triggered by Collisions of Molecular Clouds” in presentation of Torii, at all
(Nagoya Univ., 2019).

OpHo HejaBHee ccnefoBaHUe BpaLleHWs U CTPYKTYpbl cnvparnbHOro MonekynsipHoro obnaka G052.24 +
00.74 npenctaeneHo B Guang-Xing Li, F. Wyrowski, K Menten “Revealing a spiral-shaped molecular cloud
in our galaxy: Cloud fragmentation under rotation and gravity”. A&A, 598, A96, 1-15, (2017)



BHEHVISI_ N MPENNONOKEHMS

HecTaumoHapHoe aBuKeHMe rasa ONMUCbIBaOTCS CUCTEMOW ypaBHEHUI Jnepa, KoTopble NpeacTaBnsoT
coboK 3aKOHbl COXpPaHEHNA MacChbl, UMMynbca U 3HEPIUN.
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Here p is the mass density, U = is the velocity vector.

The total energy density € and gas pressure P are related through the ideal gas closure,
where adiabatic index - y = ¢,/ ¢, is equal to 5/3.

# bbino npoBegeHo moaenupoBaHue coygapeHnsa ans MO B obnactax gecaTb M COpoK napcek. PacyeTHas
ceTka npegcrasnseT cobon kyd 102473 ona Bcex criydaeB MogenmpoBaHust ctorikHoBeHnn MO 6e3 3akpyTKu
N c BpaweHnem obnakos.

# [1na aToro ncnonb3oBaH COOCTBEHHbIN KOA C pacnapanienMBaHnemM Ha OCHOBE ypaBHEHUI Junepa C
NCNONb30BaHMEM CETOK BbICOKOM AeTanu3auni.
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CLI,eHapVIVI CTONKHOBEHMA 06NaKkos, peann3oBaHHbIE B NCClleaoBaHNN

B uncneHHom SKCNnepmmeHTe NcnoJjib3oBarinCb 4YeTblpe
BapunaHTa B3aUMOOENCTBUS:

1. noboeoe cTonkHoBeHMe 6e3 BpalleHus;
2. BO3geNcTBMe He Bpallatollerocs obnaka Ha BpallaroLleecs;

3. obnaka, cTankvMeawLLMecs ¢ BpalleHMeM B O4HOM HarnpaBneHuu;
4. B3auMMHOe NPOHMKHOBEHMEe 061akoB CO BCTPEYHbIM BpaLLEHNEM.

MC1 Johansson, E. & Ziegler, U., 2011.
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MC2 Pittard, J.M. at al. 2009.
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Ocu BpaLweHns obnakoB coBnaganu c HanpaeJlieHNeEM yaapa.



WiTaLoHHOre IoTeHUMana

B npoeeeHHOM TeCTe Mbl MOoAennpoBanu FpaBI/ITaLI,VIOHHbIﬁ Kosnarc ra3oBoro
obbema, NOBTOPAA UCXOAHbIE aHHble O pacnpeneneHnn nNinoTHOCTU BeLleCTBa

2 0.8 LieHTpanbHO-KOHOEHCMPOBaHHOIO LWapa paguyca R B Buge cnegyrolen
— yHKLNN.
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Stone J.M., Norman M.L. ZEUS-2D: A Radiation Magnetnohydrodynamics Code for
Astrophysical Flows in Two Space Dimensions. |: The Hydrodynamic Algorithms and Tests. The
Astrophysical Journal Supplement Series, 80, 753-790 (1992).

MoBEPXHOCTL rPaBUTALMOHHOTO NOTEHLMana u Hekotopas usogeHca B V()
pacyeTe C MUCMOoNb30BaHNEM CTyLLEHUS] CETKM [0 NATOrO YPOBHS.

B cnyyae pac4yeta rpaBMTaLlMOHHOrO NoTeHUMana Ncnonb30Banmcb NATb YPOBHEN yTouHsoLwen ceTkm (AMR) gns 6onee TOYHOro MogenupoBaHus
3BOMOLMM BellecTBa BOMM3N LieHTpa Mogenupyemon cepudeckon obnactu. B peleHmmn BeiNONHEHO YMEHbLLIEHWE pa3Mepa A4Yeek U NOBbILLEHNE
TOYHOCTM B 32 pa3a. [Ans 6anaHCUpOBKM Harpysku, BblYUCNEHNS FpaBUTaLMOHHOrO NoTeHuuana 6eino nepeHeceHo Ha GPU. YpaBHeHusa Junepa
pacunTbiBannCb Ha 0ObIYHbBIX MPOLECCOopax.



[paBUTALIMOHHDIA MOTEHLMAM 1 KONNane == yul

Ha ncxopHow rpybow ceTke ntepawumm
NMPOBOAMNUCHL OO TEX Nop, Nnoka He
BbIMOMHANCH KPUTEPUIA CXOQUMOCTM AN
rpyoon BNoXeHHOW ceTkn. 3aTem
OCYLLIECTBNANCA Nepexo Ha CeTKy BTOPOro
YPOBHS C NMOMOLLbIO NpoLeaypbl
CoarseToFine. [lanee npovenypa c
YOBOEHUEM 4Yncna pa3bueHnii y3noB CEeTKU
noBTOpsiNack 4O NOMYyYEHUs] pe3ynbTaToB Ha
ceTKax nAToro ypoBHs. Ha camow rpy6oi
ceTke Obino BbinonHeHo 12502 ntepauun, Ha
ceTke BTOPOro ypoBHa — 8131 ntepauus, Ha
TpeTbeM ypoBHe — 2311 utepauui, Ha
yeTBEPTOM ypoBHEe — 1874 utepauun, Ha
nsTom yposHe — 1665 utepauui. MNocne
pac4yeToB 6bIn OCYLECTBMNEH Nepexoa Ha
CeTKy NepBOro ypoBHS C y4eTOM BCeEX
pac4yeTtoB. Ha 5-m ypoBHe gocTurHyTa
ocTaToyHast To4HoCcTb €=9,99418-10-7, uTO
npesbllaeT 3agaHHyo. Takum obpasom, bbino
NoKa3aHo, YTO YMCMEHHOE peLleHne
NpakTU4eCKn coBnagaeT C aHanuTUYeCKnm
peLLeHnemM, onucbiBaemMbIiM hopmynamm n3
Stone J.M., Norman M.L.

[nsa noctpoeHus adhpekTMBHOro anropntma
pacnapannenusaHua Ha CPU n GPU
Heo6xoauMOo ONTUMN3MPOBATL NPOLLECCHI
obMeHa JaHHbIMK Mexay npoueccopamu Ansi
pacdeTa ypaBHEeHUN Onnepa n rpaBUTaLmoH-
HOro noTeHuMana Ha Kakgom BpeMeHHOM
ware.
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OTHocuTenbHoe yckopeHue BbluncrieHnin Ha GPU no cpaBHeHuu ¢ CPU.

[ns Beibopa adphekTUBHOIO peLleHnsi bbinv NPOBEAEHbI TECTOBLIE pacyeTbl MOy4YeHHbIE NpU
pacnapannenueaHun ¢ ucnons3osaHnem OpenACC, no cpaBHeHuto ¢ OpenMP. Noka3saHbl
pe3ynbTaTbl YCKOPEHUs BbluMcneHun Ha rpaduyeckom npoueccope NVIDIA GeForce GTX 980 Ti, no
CpaBHEHUIO C pesyrnbTaTtaMu, nonyvyeHHbIMn Ha npoLeccope Intel Xeon E5 2620 ¢ ucnons3osaHnem 6
anep (12 noTokos).



ata~and Numerical Realization

B npeacraBneHHOM MoaenMpoBaHun obpasoBaHne HOBbIX NPOTO3BE3AHbLIX CUCTEM HAYMHAETCA NPU KPyNHOMAaCLUTabHbIX
CBEpPX3BYKOBbIX CXaTusix B 30He coyaapeHus MO. CornacHo cueHapusm no60BOro CTONIKHOBEHWUS, MPOTUBOMOMOXHO
ABvxkywmecs obnaka MC1 n MC2 pasHbix Macc, pasMepoB 1 pacnpegeneHns NIoTHOCTU CTankmBatoTcsa Apyr C ApYromM co
CKOpOCTbI0 HaberaHus 5,32 kM c-1, Bpallasicb B NPOTUBOMOMOXHbLIX HanpaeneHusix. PacyeTbl npoBegeHbl C UCNONIb30BaHNEM
nNpeanonoXeHnn o gnameTpax nsHavanbHo cgepudeckmnx obnakos MC1 - 13,44 nk u MC2 - 13,76 nk. Maccbl obnakoB ans
3TOro cueHapus 6biv NPUHATLI paBHbIMK 694 MO 1 675 M, YTO COOTBETCTBYET XapaKTEPUCTMUKAM MMraHTCKUX MOSEKYNsp-

Hblx obnakos (TMQO). KoHTpacT NiIOTHOCTY - OTHOLUEHUE ), = Py/Pism » OOO03HaYaemMoe 3HadeHnaMmn mexay LeHTpom MO u
3HadyeHnem B M3C, npuHumanock pasHbiM 500 B sgpax 06rnakoB B Ha4asnbHbIi MOMEHT CTOSNTKHOBEHUS. [10THOCTD
okpyxatoLlero raza B M3C npuHumManach p,,=1%10725g-cm™3. B HacTosile paboTe npeacTaBneHbl pe3ynsTaThl CoyaapeHns
N B3aMMHOIO NPOHMKHOBEHUS B pacYE€THOM NPOCTPaHCTBEHHOM 06beme 40x40%40 nK.

YpaBHeHust Jrinepa peLuanucb Ha ceTkax BbICOKOro paspelleHuns B aAnanasoHe 2563 - 10242 y3noB ¢ MCNONb30BaHMEM CXEM
Tvna TVD u peanusauun agantusHoro peluartenst Poy. YucneHHas peanuaaums 6bina BbINOHEHA C UCMNONb30BaHUEM
cobCTBEHHOIO Koaa, paspaboTaHHOro Ansi BbICOKONPOU3BOANTENBHbBIX KOMMNbLIOTEPHBLIX cUCcTeM. [porpamma cosgaHa ¢
ncnonb3oBaHnem Coarray Fortran 1 AMR ans yTo4HEHUS CETOK B 30HaxX C 60NbLUMMWU rpagneHTamMu. YunToiBas
BO3MOXHOCTW, KOTOPble NPeoCTaBNAT COBPEMEHHbIE MPOLIECCopbl U rpadnyeckne npoLeccopsl, B nporpammMy 6binm
BHECEHbl UBMEHEHUS 151 MOBbILLEHUS NPOM3BOAUTENBHOCTM pac4eToB. JTO LienecoobpasHo Npun peanmsauum
MHOIOCETOYHbIX afirTOPUTMOB, KOTOPbIE LUMPOKO UCMOMb3YIOTCA NPU peLleHnn 3agad rpaBuTaLMOHHON ra3oBOn AUHAMUKMN.

Pacuet npoBeneH ansa npoueccopoB Xeon E2620 n Xeon E5 2630 Ivy Bridge. O dekTnBHOCTb pacnapannenmeaHus

oueHmBanach ¢ nomoLupbto nporpammel Intel VTune Amplifier XE. [Ana peanusaumm napannenbHbIX BbIYUCIIEHWI BbInK

anpobupoBaHbl HOBblE OTMEYEHHbIe TexHonoruu ansa LIM. HekoTtopble nognporpammebl, UCNONb3yeMble B TECTUPYEMOM
YMCnNoBOM KoAe, Oblnn BbiNONHeHbI ¢ nucnonb3osaHnem GPU n CUDA..



Cloud’s Shape Change before and'a

Sdite in Two CEC scenarios

Ha pucyHkax nokasaHo, kak NpoMcxXoauT fiokarbHoe
nepepacnpegeneHne HaberaroLmnx ra3oBbix NOTOKOB B 06nactu
aapa cTonkHoBeHus. LiBeToBas kognposka RGB-u3obpaxeHumn
pacrnpegeneHns nonsi CKOpocTen nokasblBaeT fokarbHoe
N3MeHeHNe BENNYMHbI KOMMOHEHTbI CKopocTh UX.

BuaHo, Kak nokanbHas 3akpyTka B3auMOMNPOHUKAKLLMX ra30BbIX
CTPYWM BRMSAIET Ha CTPYKTYypy 06pa3oBaBLUMXCSA HATEN B 0BnacTu
yoapa. [Npun aTom obpasytotca cryctku (clamps). OHu
rPYNNMpYOTCS B KOHLEHTPUYECKME KombLEeBble CTPYKTYpbI. [Mpu
yaape Bpaluatomxca obnakos 0b6pasyoTcs BbITAHYThIE B
HanpaBfeHnn BpaLLEHNs HATU NepeckaToro rasa c
NepuoaNYEeCcKMMM BKNKOYEHMAMM CrycTKOB. BugHo, kak
yBenMuymBaeTcsa pasmep HoBoobpasoBaHusi 06naKkos,
AnameTpanbHble pa3Mmepbl BO3MOXHbIX 403Be34HbIX obnacTten
YyBENMYMBAKOTCS NPMMEPHO B NONTOpa pa3a B CpaBHMBAEMbIX
BapmaHTax AByXx cueHapuneB. MOXHO OTMETUTb, YTO B Criyyae a)
CTonkHoBeHuA obnakoB 6e3 BpaweHna MO1 nonagaet B
obnactb MO2. Npu aBmxeHun no cueHaputo 6) - Nnpu BCTpeYHOM
ABWXEHUM BpallaroLwmxca obnakos HabntogaeTcs obpaTtHas
KapTuHa - obnako MC1 HanonsaeT Ha obnako MC2. 3T1o
[OCTaTO4YHO nokasaTerbHbIn 3G EKT PE3KOro M3MEHEHUS
cTpykTypbl CCC no pasHbIM CLEeHapUsIM.

Isodense (y = 5000) with map distribution of axial velocity component and contours
of flow velocity in meridional plane of the calculation domain for MCs collision

without rotation (a) and for the case of rotated clouds (b) in the CCC evolution from
t=1.0to 2.0 Myr.
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| OcuunnnupyoLime NMHUK
TOKa U TaHreHumanbHble

& TpaekTopuu Hag pparmeH-
. TUPOBAaHHBLIMM CrycTKamu B
- nuanasoHe 100 <y <
70000 npw B3aMMHOM

| MPOHVKHOBEHWM BpaLLa-
towmxca MO B MOMEHT
BpemeHn t = 1.5 Myr.

Mpv B3aMHOM BCTPEYHOM MPOHMKHOBEHMW HaberawLwmx 1 BpallaloLwmuxcst obnakos HabnoaaeTcs BoNHOBOE
nepepacnpeneneHe 1 CMeLLeHe CryCTKOB MOBbILLEHHON MIIOTHOCTU MO CnvparnbHbIM TpaekTopusaMm. Mynbcauum
NMOTHOCTM C KoneGaHeM NoKanbHbIX NATEH CXATUS BHYTPU NIMH3OBUAHOIMO SiApa Bbi3biBAOTCSA NTOKaNbHbIMU
HEeYCTOMYMBOCTAMU Mexay 06pasyloUMNCA CrycTkaMu. TaHreHuManbHble NMMHUK ToKa, NokasaHHbIe Ha PUCYHKeE,
Hanbonee MHTEHCUBHO AehOPMMPYIOTCA B 06NacTsAX BOKPYT ra3oBbIX CryCTKOB M TOYEYHBIX MyYKOB HUTEN C
MaKCUManbHbIMU 3HAYEHUSIMM NIOTHOCTM BELLECTBa.



Myykn obpas3oBaBLUMXCA CTYCTKOB OT CTafKMBaKLLMXCS
NOTOKOB (oparMeHTUPYOTCA U NnepepacnpesensitoTcs no
KomnbLiaM BOKPYr ocu yaapa. [a3oBble NOTOKU OBUXKYTCS
N3 30HbI LEeHTparbHOro 3aCTOMHOrO NATHa K nepudepumn
C NPOCTPaHCTBEHHbIM MOBTOPEHNEM CXMMAEMOCTM
BeLLEeCTBa B KOmnbLieobpasHbix 06pa3oBaHUNAX.

ICs Callision-with Rotation

MC195MC2 : lMpocTpaHCTBEHHOE N3MEHEHME DOPMbI
AByx ctankusatowwmxca MC nokasaHo Ha pUCYHKe, roe
3apoauBLUMecs NpoTosapa 1 3apoabilun ounamMmeHToB
rnokasaHbl BO BpeMS CTOSIKHOBEHMS B COOTBETCTBUN CO
CLieHap1siMu CTONKHOBEHWS C BpaLLEHNEM B OAHOM
HanpasreHuu (C) 1 B NPOTUBONONOXHOM HanpasneHum (d).

Pathlines flowing from the impact zone of core formations (¥ = 10000) for oncoming rotated MC'’s collision.
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MC1%5MC2 : Isodensity y = 4000 - 25000 and contours of tangential velocity in the
impact zone of MC'’s for collision with counter rotation of clouds at first stage of evolution.

lead-on.CCG-With Rotation

N3meHeHne yrnoBoro MomeHTa obnakos,
BpaLLAoLLMXCSA B MPOTUBOMONIOXHOM
HanpasneHun, NPMBOANT K BO3HUKHOBEHMIO
nepudepuyYecKkmx HUTen BO BHELLIHUX CrosAX Ha
nepBoWi CTaaun CTonkHoBeHus. Mo mepe
pa3BUTKA NpoLiecca B3anMHOro
NPOHMKHOBEHMS 0OMakoB pacnpeaeneHne
TaHreHuManbHoW CKOpoCTM Briepeam 1 nosaam
NOBEPXHOCTU TOPMOXXEHUS ra3oBbIX NMOTOKOB
npeTepreBaeT CNOoXHY TpaHcgopmaLmio B
paguanbHOM Y OCEBOM HarnpaBreHusXx.

Peskune npocTpaHCTBEHHbIE N3MEHEHNS
roren CKOpoCTU N NNOTHOCTU NPUBOASAT K
cnupaneBugHOMY U3MEHEHWNIo NepeHoca
rasa c BblgeneHnem TopongarnbHbIX 30H C
nepecxaTnem BKIOMEHUI BELLECTBa B siape
CTONKHOBEHMUS.

Different level of Iso-densities (separately highlighted in
the figure) and tangential velocity contours on them.



“Field in CCC

BuayanbHbIM aHanus pac-
npegeneHns 3aBUxXpeH-
HOCTW B 0651aCTH CTONK-

HOBEHUS NOKa3bIBaeT, YTO

N3MEeHeHWs NITIOTHOCTU
BOSHbI NMPOBOLMPYHOTCS
HEYCTOMYMBOCTbIO
KenbBuHa -['enbmMmronbua u
nepvoanyecknm n3ameHe-
HMeM HanpaBneHuns
NMPOHMKHOBEHUS ra3oBbIX
CTPYM Yepes 3aCTONHYIO
NOBEPXHOCTb, e CKOPOCTb
CTPEMUTCS K HyNieBOMY
3Ha4YeHMI0 NPU CTOSKHO-
BEHMM NOTOKOB M COOTBETC-

TBYIOLLMX pacnpeaeneHus

NNOTHOCTW BOGNIM3KM 3TON

NOBEPXHOCTU, KOTOPbIE
ObICTPO MeHSATCS.
HeycTtonunBocTb yckopsieT
reHepawmio BUXpEn BHYTpU
obnayHoro obpasoBaHus,

YTO HaxOAUT OTPaXeHWE B

rodopmpoBaHHbIX dopmax

crnoes sgpa ¢ razoobpas-
HbIMW BKIIOYEHUAMMN
CBEPXNSIOTHOrO rasa.
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Contours of rotation Q, component on magnitude iso-surface |Q2|=0.5 in vortex field for case of clouds mutual
penetration at a transitional interval of evolution from t = 1.5 to 2.0 Myr.



with Counter Rotation

MporHo3 obpa3oBaHWs BO3MOXHbIX Npea-
3Be3HbIX 30H HyKneauun ocyLlecTBnsancy
Ha OCHOBE Moncka NPoCTPaHCTBEHHO
OorpaHnyeHHbIX nepecxarblX CryCTKOB, roe
BbINONHALTCA ycrosus [xuHca ans
KOHconuaaumn ra3oBoro BellecTsa B
Marnbix 00 bemax 1 OCYLLECTBIISAOTCS
BGraronpusTHble ycrnoBus Ans ra3aoobpaso-
BaHWsA. 06pa3oBaHNe CTOKOB, KOTOpbIE
MOTyT ObITb TPUITEPOM BKITHOYEHUS
MexaHu3ma camorpasuTaLmm no Metogam
SPH [Hubber D. at al., Astronomy &
Astrophysics, 529 ].

HauynHas ¢ MoMmeHTa BpemeHn t=1.395 MnH.
neTt AOCTUraeTcsl MakcMmarbHas NnoTHOCTb
NPOTO3BE3HbIX CrYCTKOB N OTpULaTensHas
ONBEpPreHLnsi CKOpPOCTU U YCKOPEHUS —
GnaronpuaTcTByloLLas obpa3oBaHuIo
HOBbIX 3BE3HbIX CUCTEM.

Fields of velocity divergence div (U) = -1 and -5

and iso-surfaces of density contrast ( > 30000
att=1395)
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Change of Density Contrast in Clumps and Filamen(SWii Helicisy"Contours.in CGC with Rotation

Pacnpenenenune cnvpanbHbIX
koHTypos H =U -(VxU) ans
BbICOKOrPaAMEHTHbIX obnacren
KOoppenupyeT C 30HOM yBENN4eHUs
NoKanbHOW 3aBUXPEHHOCTW NOTOKA U
oTpuuaTenbHbIM 3Ha4YeHneM anBep-
reHuun ckopocten. divU
yBenuymeaetcs. JTa cuTyaums
ABNSAETCH UHOMKATOPOM BO3MOXHOIO
MECTOMONOXEHNSA NPOTO3BE3OHbIX
ra3oBbIX CTYCTKOB M BOJIOKOH, rae
BO3MOXHa camorpaBuUTaLms U MOXET
HayaTbCs 3Be340006pa3oBaHume.
PacuyeTtbl nokasanu, 4YTo BO3MOXHOCTb
obpasoBaHuMs 30H ¢ bonbLuen
NNOTHOCTBLIO MPU CTONKHOBEHUN
Bpawatomnxcsa MO moxeT ObITb
BonbLle, YemM B aHanNorm4HbIx MecTtax
BO3HMKHOBEHMSI 00fIayHbIX OCTaTKOB
Nnpu HEyCTONYNBOCTU NpU
CTONKHOBEHUN 6€3 BpaLLeHus.

Helicity contours in meridional section of CCC

domain and contrast density ,=20000 distribution
of fragmented clumps at a transitional time interval
of collision evolution from t = 1.5 to 2.0 Myr
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Summary

TexHonorus OpenACC 0Oblna npoTecTMpoBaHa Ha 3agadax opMupoBaHus rpaBUTaLMOHHO-
cBsi3aHHbIX obnacTei, BO3HMUKaLUX NPy MOAENMPOBaHMM CTONKHOBEHMIN 00rako-obnako.

MopoenupoBaHue BpallatoLLMXCS CTaNKUBaOLLIMXCS MOMEKYNSAPHbIX 06nakoB NO3BOMMMAO YTOYHUTb
AeTanu NpoucxoxaeHust Typoynusauum n popMonaMeHeHus CTPYKTYp BHYTpu octaTtkos MO, B
CrycTKax u dounameHTax.

YncneHHbIn IKCMEPUMMEHT MoKasarsl, Kak ygapHoe B3anMoOeuncTemne nHUUnnpyet Typ6ynv|3au,mo,
npoBoLUnpyetT BO3HUKHOBEHNE HUTEN U CryCTKOB, a TakxXe Tpchcbopmau,mo BO3HUKAOLLINX CTPYKTYpP U
KaK BpalleHne MOXET BJIUATb Ha 3TOT NpoLecc.

[MpoBegeHHOE MoLeNnMpoBaHMe nokasarno, YTo yaapHoe B3auMo4eNCTBME MeEXAY CTankuBaoLWMMnNCS
MC npoBouunpyetca n ycunmsaetcs Yyepes Heyctonunsoctn KH 1 NTS. BbisiBrieHbl nocneactams
BNUSHUS HEYCTOMYMBOCTU Ha 3MeHeHMe PopMbl 1 pacrnpeneneHms OCTaTouHbIX CryCTKOB U HUTEN.

B yncneHHom akcnepumeHTe Oblnn NonyyYeHbl peannuctuyHble usmdeckme nonga ans MMO. beino
NnokKasaHo, 4TO YpoBeHb nopora nnotHocty 10719 gecm™3 BHYTpb 06pa3oBaBLUMXCS CTYCTKOB U HUTEN
(NpeaLecTBEHHUKOB 3apOXKAEHNS 3B€34) MOXHO NonacTb B Npouecce CXMMaeMoCTU NpU B3auMHOM
NPOHMKHOBEHUK O0BNakoB.

MopgenunpoBaHue cTonkHoBeHUsi TMO BbISBUIIO YCNOBUSA OCTMXKEHUS KPUTUHECKOW NITIOTHOCTU B
doparMeHTUPOBAHHbIX CFyCTKax U punameHTax, COOTBETCTBYHOLLMX J03BE3QHOMN KOHCONuaaumm
BewlectBa M3C.



Thankyou!
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ta~and Numerical'Realization

In presented modeling new MCs formation starts in large-scale supersonic compressions in impact zone between MCs.
According head-on collision scenarios oppositely moving clouds MC, and MC, of different masses, sizes, and density
distribution collide with each other at oncoming velocity of 5.32 km s-1, spinning with angular velocity W = 2.6x10-® s" in
the case with clouds rotation. The calculations are carried out using suppose about diameters of initially spherical clouds
MC, - 13.44 pc and MC, - 13.76 pc. The cloud masses for this scenario were taken equal to 694 M and 675 M, which

corresponds to giant molecular clouds (GMC) characteristics. Density contrast - the ratio y = p/pism, denoted by the
values between of the MCs center and value in ISM, was taken equal to 500 in clouds cores at the initial moment of
collision. The ambient gas density in ISM was taken as p;,,=1%x10725g-cm3. The present study considers the collision
and mutual penetration with supersonic speeds of molecular clouds in computing spatial volume 40x40x40 pc.

General equations were solved on high refinement grids in the range 2562 - 10242 nodes, using the schemes of TVD type
and implementing Row's adaptive solver. The numerical realization was done using in-house code developed for high-
performance computer systems. The program has been created using Coarray Fortran and patch AMR refinement of
grids in zones with large gradients of main variables. When implementing the author's computational code, the problems
of substantial improvement of the adopted computer architecture were taken into account. Given the capabilities, which
modern processors and GPUs provide, changes have been made to the program to improve performance and time
realization of solution. Programmatic changes made it possible to smooth out the problem of the influence of the memory
cache size in computational threads. Cache sizes for each thread, as well as the overhead of data transfer in the
implementation of calculations, began to matter less than data localization. It's advisable in the implementation of
multigrid algorithms, which are widely used in solving problems of gravitational gas dynamics.

Calculation is carried out for Xeon E2630 and Xeon E5 2650 Ivy Bridge processors used. The parallelization efficiency
was observed using the Intel VTune Amplifier XE program. To realize parallel computations, new noted technologies for
CPU were probated. Some routines used in tested numerical code were performed using GPU and CUDA
implementation.



Summary

The OpenACC technology was tested on the problems of formation of gravitationally bound regions,
which arise when modeling cloud-cloud collisions.

Simulation of rotated colliding molecular clouds made it possible to clarify the details of the origin of
turbulization and shape morphing of structures inside MCs remnants, in clumps and filaments.

A numerical experiment showed how shock interaction initiates turbulization, trigger the origin of
filaments and clumps, as well as on the transformation of emerging structures and how rotation can
affect this process.

The performed simulation revealed that the shock interplay between colliding MCs is provoked and
magnified via KH and NTS Instabilities. The consequences of the influence of the instability on the
change in the shape and distribution of remnant clumps and filaments was revealed.

Realistic physical fields for Giant Molecular Clouds were obtained in the numerical experiment. It was
shown that level of density threshold 10-1° gecm™3 inside formed clumps and filaments (precursors in
stars nucleation) can be reached in process of compressibility during mutual penetration of clouds.

The simulation of the GMC collision revealed the conditions for reaching the critical density in
fragmented clumps and filaments corresponding to the prestellar consolidation of ISM matter.



