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In this paper, a new hydrodynamics code called gooPhi to simulate astrophysical �ows on
modern Intel Xeon Phi processors with KNL architecture is presented. In this paper, an astrophysical
phenomenon a “jelly�sh“ galaxy formation was considered. It is known, that the main scenarios of
formation these objects are based on the ram-pressure mechanism of intergalactic gas or based on the
galactic wind by means active galaxy nuclei. However, the ram-pressure mechanism can be obtained as
a result of collision of galaxies with di�erent masses. This scenario was investigated in the present work
using the developed code. A new vector numerical method implemented in the form of a program code
for massively parallel architectures is proposed. For the numerical solution of hydrodynamic equations,
the modi�cation of the original numerical method based on a combination of the operator splitting
method, Godunov method and HLL solver was used. This method combines all advantages of the above
methods and has a high degree of parallelism. In the base of parallel implementation is a multi-level
decomposition of computing. At the �rst level, geometric decomposition of the computational domain
by means MPI library was used. At the second level, there is a decomposition of computing between
the Intel Xeon Phi accelerator threads by means OpenMP library. In everyone thread, vectorization of
computing is carried out by means of AVX512. It should be noted, that the construction of the numerical
method allows all kinds of decomposition. The results of the veri�cation of numerical method on three
tests of Godunov and on the Sedov blast wave test are presented. The purpose of the �rst test is the
correctness of the contact discontinuity description. Most methods for solving hydrodynamics equations
yield either oscillation or di�usion of shock waves. The author's method gives the di�usion of the shock
wave, while at the same time correctly reproduces the location of the shock wave, contact discontinuity
and the waveform of the rarefaction wave. In the second test, a gas with the same thermodynamic
parameters expands in di�erent directions, forming a rari�ed region in the center. The test reveals an
ability to physically believable simulate such a situation. It is known from the literature that many
methods give an erroneous (unphysical) temperature jump in the region of strong rarefaction, and as
a result, the resulting solution is distorted. The author's method successfully simulates the rarefaction
region. The main idea of the third test is to check the stability of the numerical method. A big pressure
drop (5 decimal orders) should reveal the ability of the method to stably model strong perturbations
with the emergence of rapidly propagating shock waves. The author's method successfully simulates
a strong wave. Sedov blast wave test is a standard test that veri�es the ability of a method and its
realization to reproduce strong shock waves with large Mach numbers. The author's numerical method
reproduces quite well the position of the shock wave, as well as the density pro�le. A detailed description
is given, and a parallel implementation of the code is made. A performance of 173 giga�ops and 48
speedup are obtained on a single Intel Xeon Phi processor. A 97 per cent scalability is reached with
16 processors. In this paper, we considered the scenario of the formation of galaxies like a “jelly�sh“
on the basis of the collision of two dwarf galaxies dSph, which di�er by an order in mass. We also
considered the chemical processes taking place in the tail of galaxies by means of the complete system
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of chemical reactions and a shortened version that allow construct an analytical solution. It is worth
noting that the asymptotics of these solutions has one nature. Behind the front of a massive galaxy, a
tail is formed, in which the development of the Kelvin-Helmholtz instability develops an analog of the
turbulent �ow, due to which the tail is fragmented into tentacles observed in the “jelly�sh“ galaxies.
For characteristic temperature values, as well as the characteristic concentration of atomic neutral
hydrogen in tentacles, the behavior of the concentration of various forms of hydrogen was modeled by
means of the ChemPAK code, which in its overwhelming part was ionized and the molecular one was
several thousandths percent. It is obvious that the process of formation of molecular hydrogen plays a
smaller role than the processes leading to the ionization of hydrogen. In this connection, an analytic
solution of the ionization process is of main interest.

Key words: Numerical modeling, computational astrophysics, Intel Xeon Phi.
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GOOPHI: ÍÎÂÛÉ ÊÎÄ ÄËß ÌÎÄÅËÈÐÎÂÀÍÈß
ÀÑÒÐÎÔÈÇÈ×ÅÑÊÈÕ ÒÅ×ÅÍÈÉ ÍÀ ÑÓÏÅÐÝÂÌ,
ÎÑÍÀÙÅÍÍÛÕ ÓÑÊÎÐÈÒÅËßÌÈ INTEL XEON PHI

È.Ì. Êóëèêîâ, È. Ã. ×åðíûõ

Èíñòèòóò âû÷èñëèòåëüíîé ìàòåìàòèêè è ìàòåìàòè÷åñêîé ãåîôèçèêè ÑÎ ÐÀÍ,
630090, Íîâîñèáèðñê, Ðîññèÿ

ÓÄÊ 519.6, 524.3

Â ñòàòüå èçëîæåí íîâûé ãèäðîäíàìè÷åñêèé êîä gooPhi äëÿ ìîäåëèðîâàíèÿ àñòðîôèçè÷åñêèõ
òå÷åíèé ñ èñïîëüçîâàíèåì íîâåéøèõ óñêîðèòåëåé Intel Xeon Phi ñ àðõèòåêòóðîé KNL. Â ðàì-
êàõ ñòàòüè ìû ðàññìîòðèì àñòðîôèçè÷åñêîå ÿâëåíèå: ãàëàêòèêó òèïà ìåäóçà. Èçâåñòíî, ÷òî
îñíîâíûå ñöåíàðèè îáðàçîâàíèÿ òàêèõ îáúåêòîâ îñíîâàíû íà ìåõàíèçìå íàáåãàþùåãî äàâëåíèÿ
ìåæãàëàêòè÷åñêîãî ãàçà èëè ãàëàêòè÷åñêîãî âåòðà, ñîçäàâàåìîãî àêòèâíûì ÿäðîì ãàëàêòèêè.
Îäíàêî, ìåõàíèçì íàáåãàþùåãî äàâëåíèÿ ìîæåò áûòü ïîëó÷åí â ðåçóëüòàòå ñòîëêíîâåíèÿ ãà-
ëàêòèê ðàçëè÷íîé ìàññû. Òàêîé ñöåíàðèé è áûë èññëåäîâàí â íàñòîÿùåé ðàáîòå ñ ïîìîùüþ
ðàçðàáîòàííîãî êîäà. Ïîäðîáíî îïèñàí íîâûé âåêòîðíûé ÷èñëåííûé ìåòîä, ðåàëèçîâàííûé â
âèäå ïðîãðàììíîãî êîäà äëÿ ìàññèâíî-ïàðàëëåëüíûõ àðõèòåêòóð. Äëÿ ðåøåíèÿ ãèäðîäèíàìè-
÷åñêèõ óðàâíåíèé èñïîëüçóåòñÿ ìîäèôèêàöèÿ îðèãèíàëüíîãî ÷èñëåííîãî ìåòîäà, îñíîâàííîãî
íà êîìáèíàöèè ìåòîäà ðàçäåëåíèÿ îïåðàòîðîâ, ìåòîäà Ãîäóíîâà è HLL ñõåìû. Òàêîé ìåòîä
îáúåäèíÿåò âñå äîñòîèíñòâà ïåðå÷èñëåííûõ ìåòîäîâ è îáëàäàåò âûñîêîé ñòåïåíüþ ïàðàëëåëè-
çàöèè. Â îñíîâå ïàðàëëåëüíîé ðåàëèçàöèè ëåæèò ìíîãîóðîâíåâàÿ äåêîìïîçèöèÿ âû÷èñëåíèé.
Íà ïåðâîì óðîâíå èñïîëüçóåòñÿ ãåîìåòðè÷åñêàÿ äåêîìïîçèöèÿ ðàñ÷åòíîé îáëàñòè ñ ïîìîùüþ
áèáëèîòåêè MPI. Íà âòîðîì óðîâíå ïðîèñõîäèò äåêîìïîçèöèÿ âû÷èñëåíèé ìåæäó ïîòîêàìè
óñêîðèòåëÿ Intel Xeon Phi ñ ïîìîùüþ áèáëèîòåêè OpenMP. Â ðàìêàõ êàæäîãî ïîòîêà ïðîèñõî-
äèò âåêòîðèçàöèÿ âû÷èñëåíèé ñðåäñòâàìè AVX512. Ñòîèò îòìåòèòü, ÷òî êîíñòðóêöèÿ ÷èñëåí-
íîãî ìåòîäà äîïóñêàåò âñå âèäû äåêîìïîçèöèè âû÷èñëåíèé. Ïðèâåäåíû ðåçóëüòàòû âåðèôèêà-
öèè ÷èñëåííîãî ìåòîäà íà òðåõ òåñòàõ Ãîäóíîâà è íà çàäà÷å Ñåäîâà î òî÷å÷íîì âçðûâå. Öåëüþ
ïåðâîãî òåñòà ÿâëÿåòñÿ îïðåäåëåíèå ïðàâèëüíîñòè îïèñàíèÿ êîíòàêòíîãî ðàçðûâà. Áîëüøèí-
ñòâî ìåòîäîâ ðåøåíèÿ ãàçîäèíàìè÷åñêèõ óðàâíåíèé äàåò ëèáî îñöèëëÿöèþ, ëèáî äèôôóçèþ
(“ðàçìàçûâàíèå“ óäàðíûõ âîëí). Àâòîðñêèé ìåòîä äàåò ðàçìàçûâàíèå óäàðíîé âîëíû, â òî
æå âðåìÿ êîððåêòíî âîñïðîèçâîäèò ìåñòîïîëîæåíèå óäàðíîé âîëíû, êîíòàêòíîãî ðàçðûâà è
ôîðìû âîëíû ðàçðåæåíèÿ. Â õîäå âòîðîãî òåñòà, ãàç ñ îäèíàêîâûìè òåðìîäèíàìè÷åñêèìè
ïàðàìåòðàìè ðàçëåòàåòñÿ â ðàçíûå ñòîðîíû, îáðàçóÿ â öåíòðå ñóùåñòâåííóþ îáëàñòü ðàçðåæå-
íèÿ. Òåñò âûÿâëÿåò ñïîñîáíîñòü ôèçè÷åñêè ïðàâäîïîäîáíî ìîäåëèðîâàòü òàêóþ ñèòóàöèþ. Èç
ëèòåðàòóðû èçâåñòíî, ÷òî ìíîãèå ìåòîäû äàþò îøèáî÷íûé (íåôèçè÷åñêèé) ðîñò òåìïåðàòóðû
â îáëàñòè ñèëüíîãî ðàçðåæåíèÿ, è, êàê ñëåäñòâèå, ïîëó÷àåìîå ðåøåíèå èñêàæàåòñÿ. Àâòîðñêèé
ìåòîä óñïåøíî ìîäåëèðóåò îáëàñòü ðàçðåæåíèÿ.

Èññëåäîâàíèå âûïîëíåíî çà ñ÷åò ãðàíòà Ðîññèéñêîãî íàó÷íîãî ôîíäà (ïðîåêò 18�11-00044), ïîñòðîåíèå
àíàëèòè÷åñêèõ ðåøåíèé âûïîëíåíî â ðàìêàõ áþäæåòíîé òåìàòèêè ÈÂÌèÌÃ ÑÎ ÐÀÍ 0315�2016-0009.
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Îñíîâíàÿ çàäà÷à òðåòüåãî òåñòà � ïðîâåðêà óñòîé÷èâîñòè ÷èñëåííîãî ìåòîäà. Îãðîìíûé ïåðå-
ïàä äàâëåíèÿ (5 äåñÿòè÷íûõ ïîðÿäêîâ) äîëæåí âûÿâèòü ñïîñîáíîñòü ìåòîäà óñòîé÷èâî ìîäå-
ëèðîâàòü ñèëüíûå âîçìóùåíèÿ ñ âîçíèêíîâåíèåì áûñòðî ðàñïðîñòðàíÿþùèõñÿ óäàðíûõ âîëí.
Àâòîðñêèé ìåòîä óñïåøíî ìîäåëèðóåò ñèëüíûé ðàçðûâ. Çàäà÷à Ñåäîâà î òî÷å÷íîì âçðûâå
ÿâëÿåòñÿ ñòàíäàðòíûì òåñòîì, ïðîâåðÿþùèì ñïîñîáíîñòü ìåòîäà è åãî ðåàëèçàöèè âîñïðî-
èçâîäèòü ñèëüíûå óäàðíûå âîëíû ñ áîëüøèìè ÷èñëàìè Ìàõà. Àâòîðñêèé ÷èñëåííûé ìåòîä
äîñòàòî÷íî õîðîøî âîñïðîèçâîäèò ïîëîæåíèå óäàðíîé âîëíû, à òàêæå ïðîôèëü ïëîòíîñòè.
Ïîäðîáíî îïèñàíû äåòàëè è èññëåäîâàíèå ïàðàëëåëüíîé ðåàëèçàöèè êîäà. Â ðàìêàõ îäíîãî
Intel Xeon Phi ïîëó÷åíà ïðîèçâîäèòåëüíîñòü 173 ÃèãàÔëîïñ è 48-êðàòíîå óñêîðåíèå, ïðè èñ-
ïîëüçîâàíèè 16 óñêîðèòåëåé ïîëó÷åíà 97-ïðîöåíòíàÿ ìàñøòàáèðóåìîñòü. Â ðàáîòå ìû ðàññìîò-
ðåëè ñöåíàðèé îáðàçîâàíèÿ ãàëàêòèê òèïà ìåäóçà íà îñíîâå ñòîëêíîâåíèÿ äâóõ êàðëèêîâûõ
ãàëàêòèê dSph, îòëè÷àþùèõñÿ íà ïîðÿäîê ïî ìàññå. Òàêæå ìû ðàññìîòðåëè õèìè÷åñêèå ïðî-
öåññû, ïðîèñõîäÿùèå â õâîñòå ãàëàêòèê ñ ïîìîùüþ ïîëíîé ñèñòåìû õèìè÷åñêèõ ðåàêöèé, è
ñîêðàùåííûé âàðèàíò, äîïóñêàþùèå àíàëèòè÷åñêîå ðåøåíèå. Ñòîèò îòìåòèòü, ÷òî àñèìïòî-
òèêè ýòèõ ðåøåíèé èìåþò îäíó ïðèðîäó. Çà ôðîíòîì ìàññèâíîé ãàëàêòèêè îáðàçóåòñÿ õâîñò,
â êîòîðîì çà ñ÷åò ðàçâèòèÿ íåóñòîé÷èâîñòè òèïà Êåëüâèíà-Ãåëüìãîëüöà ðàçâèâàåòñÿ àíàëîã
òóðáóëåíòíîãî òå÷åíèÿ, çà ñ÷åò êîòîðîãî õâîñò ôðàãìåíòèðóåòñÿ íà òåíòàêëè, íàáëþäàåìûå
â ãàëàêòèêàõ òèïà ìåäóçà. Äëÿ õàðàêòåðíûõ çíà÷åíèé òåìïåðàòóðû, à òàêæå õàðàêòåðíîé
êîíöåíòðàöèè àòîìàðíîãî íåéòðàëüíîãî âîäîðîäà â òåíòàêëÿõ ñ ïîìîùüþ ïàêåòà ChemPAK
áûëî ñìîäåëèðîâàíî ïîâåäåíèå êîíöåíòðàöèè ðàçëè÷íûõ ôîðì âîäîðîäà, êîòîðûé â ïîäàâëÿ-
þùåé ñâîåé ÷àñòè èîíèçèðîâàëñÿ, à ìîëåêóëÿðíûé ñîñòàâëÿë íåñêîëüêî òûñÿ÷íûõ ïðîöåíòà.
Î÷åâèäíî, ÷òî ïðîöåññ îáðàçîâàíèÿ ìîëåêóëÿðíîãî âîäîðîäà èãðàåò ìåíüøóþ ðîëü, ÷åì ïðî-
öåññû, ïðèâîäÿùèå ê èîíèçàöèè âîäîðîäà. Â ñâÿçè ñ ýòèì îñîáûé èíòåðåñ ïðåäñòàâëÿåò ñîáîé
àíàëèòè÷åñêîå ðåøåíèå ïðîöåññà èîíèçàöèè.

Êëþ÷åâûå ñëîâà: ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå, âû÷èñëèòåëüíàÿ àñòðîôèçèêà, Intel
Xeon Phi.

Ââåäåíèå. Ïðåäìåòîì ñîâðåìåííîé àñòðîôèçèêè ÿâëÿåòñÿ èññëåäîâàíèå ôèçè÷åñêèõ
ïðîöåññîâ âî Âñåëåííîé, èõ âëèÿíèå íà ñàìîîðãàíèçàöèþ è ýâîëþöèþ àñòðîíîìè÷åñêèõ
îáúåêòîâ, à òàêæå íà äàëüíåéøóþ èõ äèíàìèêó è âçàèìîäåéñòâèå. Â îñíîâå îïèñàíèÿ
àñòðîíîìè÷åñêèõ îáúåêòîâ ëåæàò ãèäðîäèíàìè÷åñêèå ïðîöåññû. Èìåííî ãèäðîäèíàìèêà
îïðåäåëÿåò õàðàêòåð àñòðîôèçè÷åñêèõ òå÷åíèé, êîòîðûå ïðèâîäÿò ê ýâîëþöèè àñòðîíî-
ìè÷åñêèõ îáúåêòîâ. Ñóùåñòâåííîñòü ó÷åòà ãðàâèòàöèîííîãî è ìàãíèòíîãî ïîëåé, à òàêæå
ñëîæíîñòü âîñïðîèçâåäåíèÿ óñëîâèé êîñìîñà â ëàáîðàòîðíûõ óñëîâèÿõ íàêëàäûâàþò çíà-
÷èòåëüíûå îãðàíè÷åíèÿ íà ýêñïåðèìåíòàëüíîå èçó÷åíèå àñòðîíîìè÷åñêèõ îáúåêòîâ. Òà-
êèì îáðàçîì, ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå � ýòî îñíîâíîé, à ÷àñòî è åäèíñòâåííûé,
ïîäõîä ê òåîðåòè÷åñêîìó èññëåäîâàíèþ àñòðîôèçè÷åñêèõ òå÷åíèé.

Â ïîñëåäíåå âðåìÿ áîëüøîé èíòåðåñ âûçûâàþò ãàëàêòèêè òèïà ìåäóçà, íàïðèìåð ãà-
ëàêòèêà ESO 137�001. Îñíîâíîé ìåõàíèçì îáðàçîâàíèÿ ïîäîáíûõ ãàëàêòèê � ìåõàíèçì
íàáåãàþùåãî äàâëåíèÿ (â çàðóáåæíîé ëèòåðàòóðå � ram-pressure) îòíîñèòåëüíî ïëîòíîãî
ìåæãàëàêòè÷åñêîãî ãàçà íà ãàëàêòèêó, â ðåçóëüòàòå ÷åãî îíà òåðÿåò çâåçäû, ãàç è ïûëü â
âèäå òåíòàêëåé. Àëüòåðíàòèâíûé ñöåíàðèé îáðàçîâàíèÿ ìåõàíèçìà èçëîæåí â ðàáîòå [1],
ãäå âûñêàçûâàåòñÿ ãèïîòåçà î ìåõàíèçìå, îñíîâàííîì íà ýâîëþöèè àêòèâíîãî ÿäðà ãàëàê-
òèêè. Îäíàêî, ïî íàøåìó ìíåíèþ, ñöåíàðèè íå îãðàíè÷åíû ýòèìè äâóìÿ è âîçíèêíîâåíèå
ìåõàíèçìà âîçìîæíî ïðè ñòîëêíîâåíèè ãàëàêòèê ðàçëè÷íûõ ìàññ [2], ÷òî â öåëîì ñîîò-
âåòñòâóåò âûâîäàì äîêëàäà íà Ãåíåðàëüíîé Àññàìáëåå Ìåæäóíàðîäíîãî àñòðîíîìè÷åñêîãî
ñîþçà â 2015 ãîäó [3] â êîñìîëîãè÷åñêîì êîíòåêñòå. Â íàñòîÿùåé ðàáîòå ìû ðàññìîòðèì
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ìîäåëüíóþ çàäà÷ó ñòîëêíîâåíèÿ äâóõ êàðëèêîâûõ ñôåðîèäàëüíûõ ãàëàêòèê (dSph) ñ ñî-
îòíîøåíèåì ìàññ 1:10. Ïðîâåäåí ðÿä èññëåäîâàíèé õèìè÷åñêîãî ñîñòàâà òåíòàêëåé â âèäå
èîíèçèðîâàííîãî è ìîëåêóëÿðíîãî âîäîðîäà [4]. Îòäåëüíûé èíòåðåñ òåíòàêëè ïðåäñòàâ-
ëÿþò ñ òî÷êè çðåíèÿ ïðîöåññà çâåçäîîáðàçîâàíèÿ [5, 6]. Òàêèì îáðàçîì, â ñòàòüå áóäåò
èçëîæåíà ïåðâè÷íàÿ ïðîâåðêà ãèïîòåçû îá îáðàçîâàíèè ãàëàêòèê òèïà ìåäóçà íà îñíîâå
ñöåíàðèÿ ñòîëêíîâåíèÿ äâóõ dSph ãàëàêòèê ñ ñîîòíîøåíèåì ìàññ 1:10 ñ ó÷åòîì õèìî-
êèíåòèêè îñíîâíûõ ôîðì âîäîðîäà [7]. Äëÿ ïðîâåðêè íàñòîÿùåé ãèïîòåçû íåîáõîäèìî
ïðîâåäåíèå ïîëíîìàñøòàáíîãî ãèäðîäèíàìè÷åñêîãî ìîäåëèðîâàíèÿ.

Çà ïîñëåäíèå 60 ëåò ðàçðàáîòàí ðÿä ÷èñëåííûõ ìåòîäîâ ðåøåíèÿ ãèäðîäèíàìè÷åñêèõ
óðàâíåíèé, èçó÷åíû èõ ñâîéñòâà (òî÷íîñòü, ñõîäèìîñòü, óñòîé÷èâîñòü) è îáëàñòè èõ ïðè-
ìåíåíèÿ. Íà÷èíàÿ ñ ìåòîäà Ãîäóíîâà [8], îñíîâàííîãî íà òî÷íîì ðåøåíèè çàäà÷è Ðèìàíà,
íà÷àëîñü ðàçâèòèå ÷èñëåííûõ ìåòîäîâ ðåøåíèÿ ãèäðîäèíàìè÷åñêèõ óðàâíåíèé. Èñïîëüçî-
âàíèå ðàçëè÷íûõ ñïîñîáîâ ëèíåàðèçàöèè çàäà÷è Ðèìàíà äàëî êëàññ ìåòîäîâ: Êóðàíòà �
Èçàêñîíà � Ðèñà [9], Roe [10], Îøåðà [11], ìåòîäà HLL [12], HLLE [13] è HLLC [14]. Òàêæå
íà îñíîâå ìåòîäà Ãîäóíîâà áûëè ñäåëàíû ðåàëèçàöèè âûñîêîãî ïîðÿäêà � ìîíîòîííàÿ
ïðîòèâîïîòîêîâàÿ ñõåìà âòîðîãî ïîðÿäêà òî÷íîñòè MUSCL [15] è TVD ñõåìû [16], òðåòüå-
ãî ïîðÿäêà êóñî÷íî-ïàðàáîëè÷åñêèé ìåòîä PPM [17] è åãî ìîäèôèêàöèÿ äëÿ êîìïàêòíîãî
øàáëîíà âû÷èñëåíèé [18�20], íåîñöèëëèðóþùèå ñõåìû ñ âåñàìè WENO [21]. Àëüòåðíà-
òèâíûì ïîäõîäîì ê ñåòî÷íûì ìåòîäàì ÿâëÿåòñÿ ìåòîä ñãëàæåííûõ ÷àñòèö SPH [22�23],
êîòîðûé èñïîëüçóåòñÿ, íî ìåíåå àêòèâíî ÷åì ðàíåå, äëÿ çàäà÷ àñòðîôèçèêè (ñì. îáçîðû
êîäîâ â ðàáîòàõ [24�25]).

Â 2015 ãîäó íàìè áûë ðàçðàáîòàí êîä AstroPhi [26�27], â åãî îñíîâå áûëà ðåàëèçà-
öèÿ îðèãèíàëüíîãî ÷èñëåííîãî ìåòîäà ñ èñïîëüçîâàíèåì o�oad ìîäåëè ïðîãðàììèðîâà-
íèÿ Intel Xeon Phi. Èñïîëüçóåìàÿ àðõèòåêòóðà óñêîðèòåëåé òàêæå íå ïîçâîëèëà íàì ðå-
àëèçîâàòü âåêòîðíûå èíñòðóêöèè, â òî æå âðåìÿ ïåðåõîä íà native ðåæèì ïîçâîëèë íàì
ïîëó÷èòü ïðîèçâîäèòåëüíîñòü êîäà â ðàçìåðå 28 ÃèãàÔëîïñ [28]. Èñïîëüçîâàíèå íèçêî-
óðîâíåâîé âåêòîðèçàöèè öèêëîâ â êîäå AstroPhi ïîçâîëèëî ïîëó÷èòü ïðèðîñò ïðîèçâî-
äèòåëüíîñòè äî âåëè÷èíû ïîðÿäêà 100 ÃèãàÔëîïñ [29]. Ñòàëî ïîíÿòíî, ÷òî íåîáõîäèìî
èñïîëüçîâàòü íèçêîóðîâíåâûå ñðåäñòâà âåêòîðèçàöèè äëÿ äîñòèæåíèÿ ìàêñèìàëüíîé ïðî-
èçâîäèòåëüíîñòè, ÷òî è áûëî ðåàëèçîâàíî â íîâîé âåðñèè êîäà íà îñíîâå HLL ìåòîäà è
ïðè èñïîëüçîâàíèè îäíîãî óñêîðèòåëÿ [30]. Â ýòîé ðåàëèçàöèè óäàëîñü äîñòèãíóòü 245 Ãè-
ãàÔëîïñ ïðîèçâîäèòåëüíîñòè íà Intel Xeon Phi 7250 è 302 ÃèãàÔëîïñ íà Intel Xeon Phi
7290. Îãðàíè÷åíèÿ HLL ìåòîäà è îäíîïðîöåññîðíûé âàðèàíò ïðîãðàììû ïîáóäèëè íàñ ê
ñîçäàíèþ íîâîãî ïàðàëëåëüíîãî êîäà gooPhi íà îñíîâå îðèãèíàëüíîãî ÷èñëåííîãî ìåòî-
äà, äîïóñêàþùåãî âåêòîðèçàöèþ âû÷èñëåíèé. Âòîðîé ðàçäåë ñòàòüè ïîñâÿùåí îïèñàíèþ
÷èñëåííîé ìîäåëè è êîíñòðóèðîâàíèþ ÷èñëåííîãî ìåòîäà. Â òðåòüåì ðàçäåëå ïðèâåäå-
íû äåòàëè ïàðàëëåëüíîé ðåàëèçàöèè. ×åòâåðòûé ðàçäåë ïîñâÿùåí âåðèôèêàöèè ìåòîäà
íà ñòàíäàðòíûõ ãèäðîäèíàìè÷åñêèõ òåñòàõ. Â ïÿòîì ðàçäåëå îïèñàíû âû÷èñëèòåëüíûå
ýêñïåðèìåíòû ïî èçó÷åíèþ ñöåíàðèÿ îáðàçîâàíèÿ ãàëàêòèê òèïà ìåäóçà íà îñíîâå ñòîëê-
íîâåíèÿ äâóõ dSph ãàëàêòèê. Â øåñòîì ðàçäåëå ñôîðìóëèðîâàíî çàêëþ÷åíèå ïî ñòàòüå.

1. Îïèñàíèå ÷èñëåííîé ìîäåëè. 1.1. Óðàâíåíèÿ ãðàâèòàöèîííîé ãàçîâîé äèíàìèêè.
Â îñíîâå ìàòåìàòè÷åñêîé ìîäåëè ëåæàò óðàâíåíèÿ ìíîãîêîìïîíåíòíîé ãðàâèòàöèîííîé
ãèäðîäèíàìèêè. Âàæíûì óñëîâèåì äëÿ ïîñëåäóþùåãî êîíñòðóèðîâàíèÿ âåêòîðèçîâàííî-
ãî ÷èñëåííîãî ìåòîäà ÿâëÿåòñÿ çàïèñü óðàâíåíèé â âåêòîðíîì âèäå. Ýòî ñîîòâåòñòâóåò
êîíöåïöèè ñî-äèçàéíà, êîòîðûé áûë ñôîðìóëèðîâàí àâòîðàìè íàñòîÿùåé ñòàòüè ðàíåå
[31]. Áóäåì èñïîëüçîâàòü ïåðåîïðåäåëåííóþ ñèñòåìó óðàâíåíèé ãèäðîäèíàìèêè ñ óðàâíå-
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íèåì ýíòðîïèè. Òàêàÿ çàïèñü ïîçâîëÿåò çàïèñàòü ñèñòåìó ãèäðîäèíàìè÷åñêèõ óðàâíåíèé
â äèâåðãåíòíîé ôîðìå, ÷òî ïîçâîëÿåò ñôîðìóëèðîâàòü âåêòîðíûé ÷èñëåííûé ìåòîä. Âî
ââåäåíèè áûëî ñêàçàíî, ÷òî, ïîìèìî ñàìîé ôîðìû òåíòàêëåé, îñîáûé èíòåðåñ ïðåäñòàâ-
ëÿþò ïðîöåññû îáðàçîâàíèÿ ìîëåêóëÿðíîãî H2 è èîíèçèðîâàííîãî H

+ âîäîðîäà. Äëÿ íèõ
è àòîìàðíîãî âîäîðîäà H çàïèøåì óðàâíåíèÿ íåðàçðûâíîñòè.

∂

∂t


ρH
ρH2

ρH+

ρ~u
ρS
ρE

+5 ·


ρH~u
ρH2~u
ρH+~u

ρ~u⊗ ~u+ p
ρS~u

(ρE + p) ~u

 =


sH
sH2

sH+

ρ5 Φ
(γ − 1) ρ1−γ (Λ− Γ)

Λ− Γ

 (1)

ãäå ρH,H2,H+ � ïëîòíîñòü àòîìàðíîãî, ìîëåêóëÿðíîãî è èîíèçèðîâàííîãî âîäîðîäà ñîîò-
âåòñòâåííî, ρ = ρH + ρH2 + ρH+ � ïëîòíîñòü ãàçîâîé ñìåñè, ~u = (ux, uy, uz) � âåêòîð
ñêîðîñòè, S � ýíòðîïèÿ, p = Sργ � äàâëåíèå, γ � ïîêàçàòåëü àäèàáàòû, ρE = ρε+ 1

2
ρ~u2 �

ïîëíàÿ ìåõàíè÷åñêàÿ ýíåðãèÿ, p = (γ − 1)ρε � óðàâíåíèå ñîñòîÿíèÿ, sH,H2,H+ � ñêîðîñòü
îáðàçîâàíèÿ ñîîòâåòñòâóþùåé ôîðìû âîäîðîäà, Φ � ãðàâèòàöèîííûé ïîòåíöèàë, óäîâëå-
òâîðÿþùèé óðàâíåíèþ Ïóàññîíà:

4Φ = 4πGρ, (2)

ãäå G � ãðàâèòàöèîííàÿ ïîñòîÿííàÿ, Λ � ôóíêöèÿ îõëàæäåíèÿ, Γ � ôóíêöèÿ íàãðåâàíèÿ.
1.2. Õèìè÷åñêèå ïðîöåññû. Ìû áóäåì ðàññìàòðèâàòü îñíîâíûå õèìè÷åñêèå ðåàêöèè,

èçëîæåííûå â ðàáîòå [32], ñêîðîñòè õèìè÷åñêèõ ðåàêöèé, à òàêæå ôóíêöèè îõëàæäåíèÿ/-
íàãðåâàíèÿ, âçÿòûå èç ðàáîò [33�38]. Ïðèâåäåì ñïèñîê õèìè÷åñêèõ è ÿäåðíûõ ðåàêöèé:

� Îáðàçîâàíèå ìîëåêóëÿðíîãî âîäîðîäà [34]:

H +H + grain→ H2 + grain;

� Ïåðâàÿ ñòîëêíîâèòåëüíàÿ äèññîöèàöèÿ ìîëåêóëÿðíîãî âîäîðîäà [33]:

H2 +H → 3H;

� Âòîðàÿ ñòîëêíîâèòåëüíàÿ äèññîöèàöèÿ ìîëåêóëÿðíîãî âîäîðîäà [34]:

H2 +H2 → 2H +H2;

� Ôîòîäèññîöèàöèÿ ìîëåêóëÿðíîãî âîäîðîäà [34]:

H2 + γ → 2H;

� Èîíèçàöèÿ êîñìè÷åñêèìè ëó÷àìè [32]:

H + c.r.→ H+ + e;

� Ñòîëêíîâèòåëüíàÿ èîíèçàöèÿ [36]:

H + e→ H+ + 2e;

� Ðåêîìáèíàöèÿ èçëó÷åíèåì [33].
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H+ + e→ H + γ;

� Ðåêîìáèíàöèÿ íà ïûëè [32]:

H+ + e+ grain→ H + grain.

Â ìàòåìàòè÷åñêîé ìîäåëå áóäåò èñïîëüçîâàòüñÿ ýôôåêòèâíûé ïîêàçàòåëü àäèàáàòû â
âèäå:

γ =
5nH + 5ne + 7nH2

3nH + 3ne + 5nH2

.

Â ìîäåëèðîâàíèè ìû òàêæå áóäåì èñïîëüçîâàòü ðàâíîâåñíóþ õèìèþ, ïîëó÷åííóþ ñ
ïîìîùüþ êîäà ChemPAK [39] èëè àíàëèòè÷åñêèå ðåøåíèÿ ïðè èñïîëüçîâàíèè îñíîâíûõ
ðåàêöèé îáðàçîâàíèÿ ìîëåêóëÿðíîãî è èîíèçèðîâàííîãî âîäîðîäà.

1.3. ×èñëåííûé ìåòîä ðåøåíèÿ óðàâíåíèé ãèäðîäèíàìèêè. Äëÿ ðåøåíèÿ ãèäðîäèíà-
ìè÷åñêèõ óðàâíåíèé áûëà èñïîëüçîâàíà ìîäèôèêàöèÿ îðèãèíàëüíîãî ÷èñëåííîãî ìåòîäà,
îñíîâàííàãî íà êîìáèíàöèè ìåòîäà ðàçäåëåíèÿ îïåðàòîðîâ, ìåòîäà Ãîäóíîâà è HLL ñõå-
ìû. Òàêîé ìåòîä îáúåäèíÿåò âñå äîñòîèíñòâà ïåðå÷èñëåííûõ ìåòîäîâ è îáëàäàåò âûñîêîé
ñòåïåíüþ ïàðàëëåëèçàöèè, íà ÷åì îñòàíîâèìñÿ ïîäðîáíåå â ñëåäóþùèõ ðàçäåëàõ.

Äëÿ äèñêðåòèçàöèè ââåäåì â òðåõìåðíîé îáëàñòè ðåøåíèÿ ðàâíîìåðíóþ ïðÿìîóãîëü-
íóþ ñåòêó ñ ÿ÷åéêàìè xi = i × hx, i = 1,..,Imax, yk = k × hy, k = 1,..,Kmax, zl = l × hz,
l = 1,..,Lmax, ãäå hx, hy, hz � øàãè ñåòêè, Imax, Kmax, Lmax � êîëè÷åñòâî óçëîâ ñåòêè ïî
íàïðàâëåíèÿì x, y, z: hx = xmax/Imax, hy = ymax/Kmax, hz = zmax/Lmax. Äëÿ ïðîñòîòû èç-
ëîæåíèÿ áóäåì ñ÷èòàòü, ÷òî hx = hy = hz = h, øàã ïî âðåìåíè τ âû÷èñëÿåòñÿ èç óñëîâèÿ
Êóðàíòà

τ × (c+ ‖~u‖)
h

= CFL < 1,

ãäå CFL � ÷èñëî Êóðàíòà, c =
√
γp/ρ � ñêîðîñòü çâóêà. Òàêæå íàïîìíèì, ÷òî óðàâíåíèÿ

ãèäðîäèíàìèêè (1) çàïèñàíû â âåêòîðíîé ôîðìå:

∂v

∂t
+5 · f(v) = 0, (3)

ãäå v� âåêòîð êîíñåðâàòèâíûõ ïåðåìåííûõ. Äëÿ óðàâíåíèÿ (3) ÷èñëåííàÿ ñõåìà ïî îäíîìó
íàïðàâëåíèþ çàïèñûâàåòñÿ â âèäå:

vn+1
i − vni

τ
+
Fi+1/2 − Fi−1/2

h
= 0, (4)

ãäå F � ðåøåíèå çàäà÷è Ðèìàíà. Äàëåå èçëîæèì èäåþ âåêòîðíîãî ÷èñëåííîãî ìåòîäà.
Äëÿ äåìîíñòðàöèè áàçîâîé èäåè ìåòîäà ðàññìîòðèì ñêàëÿðíîå óðàâíåíèå (3), çàïèñàí-

íîå â âèäå:

∂v

∂t
+
∂f(v)

∂t
= 0, (5)

íà ãðàíèöå äâóõ ÿ÷ååê (L � ëåâàÿ ÿ÷åéêà è R � ïðàâàÿ ÿ÷åéêà) ìû ìîæåì ëèíåàðèçîâàòü
óðàâíåíèå (5) è çàïèñàòü â âèäå:
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∂v

∂t
+ a

∂v

∂t
= 0

ãäå a = const � ñêîðîñòü ðàñïðîñòðàíåíèÿ ðåøåíèÿ èëè â îáùåì ñëó÷àå ìàòðèöà ßêîáè,
òàêæå èìååò ìåñòî ñîîòíîøåíèå f = a × v. Äëÿ îïðåäåëåííîñòè áóäåì ñ÷èòàòü ñêîðîñòü
a > 0, â ïðîòèâíîì ñëó÷àå èìååò ìåñòî ñõåìà âûâîäà, äàþùàÿ òîò æå ðåçóëüòàò. Â ýòîì
ñëó÷àå ïîñëåäíåå óðàâíåíèå ìîæíî çàïèñàòü â âèäå äâóõ ñîïðÿæåííûõ óðàâíåíèé:

∂

∂t

(
v +

f

a

)
+ a

∂

∂x

(
v +

f

a

)
= 0

∂

∂t

(
v − f

a

)
− a ∂

∂x

(
v − f

a

)
= 0.

Â ýòîì ñëó÷àå íà ðàçðûâå èìåþò ìåñòî ñîîòíîøåíèÿ:

vL +
fL
a

= V +
F

a
; vR −

fR
a

= V − F

a
,

èíòåðåñóþùàÿ íàñ ôóíêöèÿ ïîòîêà íà ãðàíèöå F çàïèñûâàåòñÿ ñëåäóþùèì óðàâíåíèåì:

F =
fL + fR

2
+
a

2
(vL − vR)

Ïðè îòðèöàòåëüíîì çíà÷åíèè a âûâîä àíàëîãè÷åí è èòîãîâàÿ ôîðìóëà äëÿ îïðåäåëåíèÿ
çàäà÷è Ðèìàíà ìîæåò áûòü çàïèñàíà â âèäå:

F =
f(vL) + f(vR)

2
+
‖a‖
2

(vL − vR) . (6)

Â ñëó÷àå èñïîëüçîâàíèÿ âåêòîðíûõ óðàâíåíèé â êà÷åñòâå êîíñòàíòû ðàññìàòðèâàåòñÿ
ìàêñèìàëüíîå ñîáñòâåííîå ÷èñëî.

Â îðèãèíàëüíîì ÷èñëåííîì ìåòîäå ðåøåíèå óðàâíåíèé ìû ðàçáèâàëè íà äâà ýòàïà �
ðàáîòó ñèë (ýéëåðîâ ýòàï) è àäâåêòèâíûé ïåðåíîñ (ëàãðàíæåâ ýòàï). Íà ýéëåðîâîì ýòàïå
óðàâíåíèÿ èìåëè äâå õàðàêòåðèñòèêè ±c, íà ëàãðàíæåâîì ýòàïå � ìîäóëü ñêîðîñòè. Â
ñâÿçè ñ ýòèì óðàâíåíèå äëÿ ðåøåíèÿ çàäà÷è Ðèìàíà ìîæíî ðàññìîòðåòü êàê ïîñëåäîâà-
òåëüíîñòü äâóõ ðåøåíèé ïî äâóì ýòàïàì (â ñëó÷àå èñïîëüçîâàíèÿ êîíñåðâàòèâíûõ ïåðå-
ìåííûõ � íåçàâèñèìûõ ðåøåíèé), òîãäà ôèíàëüíàÿ çàïèñü óðàâíåíèÿ äëÿ îïðåäåëåíèÿ
ïîòîêà â çàäà÷å Ðèìàíà èìååò âèä:

F =
f(vL) + f(vR)

2
+
c+ ‖~u‖

2
(vL − vR) . (7)

Î÷åâèäíî, ÷òî ñõåìà (4) ñ îïðåäåëåíèåì ïîòîêà (7) åñòåñòâåííûì îáðàçîì âåêòîðèçó-
åòñÿ. Îòìåòèì òàêæå, ÷òî ñõåìà ïî ñâîåé ñòðóêòóðå àíàëîãè÷íà ñõåìå Ðóñàíîâà, îäíàêî,
â îòëè÷èå îò ñõåìû Ðóñàíîâà [40], êîòîðàÿ ïîçèöèîíèðóåòñÿ êàê íåêîòîðîå óïðîùåíèå
HLL ìåòîäà, â îðèãèíàëüíîì ïîäõîäå èñïîëüçóåòñÿ ÿâíîå âûäåëåíèå êàæäîãî èç ýòàïîâ è
òî÷íîå âûïîëíåíèå óñëîâèÿ ñîïðÿæåíèÿ ÷èñëåííîãî ðåøåíèÿ íà ðàçðûâàõ íà êàæäîì èç
ýòàïîâ.

Îòìåòèì, ÷òî ôóíêöèè îõëàæäåíèÿ/íàãðåâàíèÿ, òàêæå êàê è õèìè÷åñêàÿ êèíåòèêà,
ðåàëèçóþòñÿ ïðîñòåéøåé ÿâíîé ñõåìîé ðåøåíèÿ ÎÄÓ.

1.4. Ðåãóëÿðèçàöèÿ ÷èñëåííîãî ðåøåíèÿ. Íà çàâåðøàþùåì ýòàïå ðåøåíèÿ ãèäðîäèíà-
ìè÷åñêèõ óðàâíåíèé ïðîèñõîäèò êîððåêòèðîâêà ðåøåíèÿ. Â ñëó÷àå ãðàíèöû ãàç-âàêóóì ñ
èñïîëüçîâàíèåì ôîðìóëû [41]:
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|~u| =
√

2(E − ε), (E − ~u2/2)/E > 10−3

â îñòàëüíîé îáëàñòè ïðîèñõîäèò êîððåêòèðîâêà, êîòîðàÿ ãàðàíòèðóåò íåóáûâàíèå ýíòðî-
ïèè [42]:

|ρε| =
(
ρE − ρ~u2

2

)
, (E − ~u2/2)/E < 10−3

Òàêàÿ ìîäèôèêàöèÿ îáåñïå÷èâàåò äåòàëüíûé áàëàíñ ýíåðãèé è ãàðàíòèðóåò íåóáûâàíèå
ýíòðîïèè.

1.5. ×èñëåííûé ìåòîä ðåøåíèÿ óðàâíåíèÿ Ïóàññîíà. Ïîñëå ðåøåíèÿ ãèäðîäèíàìè÷å-
ñêèõ óðàâíåíèé íåîáõîäèìî âîññòàíîâèòü ãðàâèòàöèîííûé ïîòåíöèàë ïî ïëîòíîñòè ãàçî-
âîé ñìåñè. Äëÿ ðåøåíèÿ óðàâíåíèÿ Ïóàññîíà èñïîëüçóåì ìåòîä, îñíîâàííûé íà áûñòðîì
ïðåîáðàçîâàíèè Ôóðüå. Äëÿ ýòîãî èñïîëüçóåì 27-òî÷å÷íûé øàáëîí äëÿ àïïðîêñèìàöèè
óðàâíåíèÿ Ïóàññîíà:

−38

9
Φi,k,l +

4

9
(Φi−1,k,l + Φi+1,k,l + Φi,k−1,l + Φi,k+1,l + Φi,k,l−1 + Φi,k,l+1) +

1

9
(Φi−1,k−1,l + Φi+1,k−1,l + Φi−1,k+1,l + Φi+1,k+1,l + Φi−1,k,l−1 + Φi+1,k,l−1 +

Φi−1,k,l+1 + Φi+1,k,l+1 + Φi,k−1,l−1 + Φi,k+1,l−1 + Φi,k−1,l+1 + Φi,k+1,l+1) +

1

36
(Φi−1,k−1,l−1 + Φi−1,k+1,l−1 + Φi−1,k−1,l+1 + Φi−1,k+1,l+1 + Φi+1,k−1,l−1 + Φi+1,k+1,l−1 +

Φi+1,k−1,l+1 + Φi+1,k+1,l+1) = 4πGh2 (ρi,k,l + ni,k,l)

Ýòî ñâÿçàíî ñ îáåñïå÷åíèåì ìàêñèìàëüíîé èíâàðèàíòíîñòè ðåøåíèÿ îòíîñèòåëüíî ïîâî-
ðîòà. Àëãîðèòì ðåøåíèÿ óðàâíåíèÿ Ïóàññîíà áóäåò ñîñòîÿòü èç íåñêîëüêèõ ýòàïîâ.

Ýòàï 1. Ïîñòàíîâêà ãðàíè÷íûõ óñëîâèé äëÿ óðàâíåíèÿ Ïóàññîíà. Äëÿ ïîñòàíîâêè ãðà-
íè÷íûõ óñëîâèé äëÿ ãðàâèòàöèîííîãî ïîòåíöèàëà íà ãðàíèöå îáëàñòè D áóäåì èñïîëüçî-
âàòü ïåðâûå ÷ëåíû ìóëüòèïîëüíîãî ðàçëîæåíèÿ � ñòàòè÷åñêèé, îñåâîé è öåíòðîáåæíûé
ìîìåíòû èíåðöèè:

Φ(x,y,z)|D = −M
r
− M

r3
(Ix + Iy + Iz − 3I0)

ãäå

I0 =
(x2Ix + y2Iy + z2Iz)− 2 (xyIxy + xzIxz + yzIyz)

r2

Ix =
∑
j

(
z2j + y2j

)
mj Iy =

∑
j

(
x2j + z2j

)
mj Iz =

∑
j

(
x2j + y2j

)
mj

Ixy =
∑
j

xjyjmj Ixz =
∑
j

xjzjmj Iyz =
∑
j

yjzjmj

ãäå x, y, z � êîîðäèíàòû öåíòðà ÿ÷ååê íà ãðàíèöå îáëàñòè, r =
√
x2 + y2 + z2 � ðàññòîÿíèå

äî öåíòðà îáëàñòè, xj,yj,zj � êîîðäèíàòà î÷åðåäíîé ÿ÷åéêè,mj � ìàññà î÷åðåäíîé ÿ÷åéêè,
M � ìàññà âñåé îáëàñòè. Êîãäà çíà÷åíèÿ ïîòåíöèàëà íà ãðàíèöå îáëàñòè îïðåäåëåíû, òî
îíè ïîäñòàâëÿþòñÿ â 27-òî÷å÷íûé øàáëîí äëÿ îïðåäåëåíèÿ èòîãîâîé ïëîòíîñòè ρi,k,l íà
ãðàíèöå D.

Ýòàï 2. Ïðåîáðàçîâàíèå ïëîòíîñòè â ïðîñòðàíñòâî ãàðìîíèê. Èòîãîâàÿ ïëîòíîñòü ïðåä-
ñòàâëÿåòñÿ â âèäå ñóïåðïîçèöèè ïî ñîáñòâåííûì ôóíêöèÿì îïåðàòîðà Ëàïëàññà:
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ρi,k,l =
∑
jmn

σjmnexp

(
~iπij

I
+
~iπkm

K
+
~iπln

L

)

ãäå I,K, L � ÷èñëî ÿ÷ååê ïî êàæäîé êîîðäèíàòå, ~i � ìíèìàÿ åäèíèöà. Äëÿ ýòîãî èñïîëü-
çóåòñÿ áûñòðîå ïðåîáðàçîâàíèå Ôóðüå.

Ýòàï 3. Ðåøåíèå óðàâíåíèÿ Ïóàññîíà â ïðîñòðàíñòâå ãàðìîíèê. Ìû ïðåäïîëàãàåì, ÷òî
ïîòåíöèàë òàêæå ïðåäñòàâëåí â âèäå ñóïåðïîçèöèè ïî ñîáñòâåííûì ôóíêöèÿì îïåðàòîðà
Ëàïëàññà:

Φi,k,l =
∑
jmn

φjmnexp

(
~iπij

I
+
~iπkm

K
+
~iπln

L

)
Ïðè ïîäñòàíîâêå òàêîãî ðàçëîæåíèÿ â ñõåìó àïïðîêñèìàöèè óðàâíåíèÿ Ïóàññîíà ìû ïî-
ëó÷àåì äîñòàòî÷íî ïðîñòóþ ôîðìóëó äëÿ âû÷èñëåíèÿ àìïëèòóä ãàðìîíèê ïîòåíöèàëà:

φjmn =
2
3
πh2σjmn

1−
(

1− 2sin2 πj
I

3

)(
1− 2sin2 πm

K

3

)(
1− 2sin2 πn

L

3

)
Ïîñëå ÷åãî íåîáõîäèìî ïðîäåëàòü îáðàòíîå áûñòðîå ïðåîáðàçîâàíèå Ôóðüå ãàðìîíèê ïî-
òåíöèàëà â ôóíêöèîíàëüíîå ïðîñòðàíñòâî ãàðìîíèê. Äëÿ ðåøåíèÿ óðàâíåíèÿ Ïóàññîíà,
â îñíîâå êîòîðîãî áûñòðîå ïðåîáðàçîâàíèå Ôóðüå äëÿ ñóïåðÝÂÌ ñ ðàñïðåäåëåííîé ïà-
ìÿòüþ, áûëà èñïîëüçîâàíà áèáëèîòåêà FFTW [43], êîòîðàÿ, íåñìîòðÿ íà èñïîëüçîâàíèå
êîëëåêòèâíûõ âçàèìîäåéñòâèé, ôóíêöèîíèðóåò äîñòàòî÷íî áûñòðî, ÷òîáû íå çàìåäëèòü
âðåìÿ ñ÷åòà îòíîñèòåëüíî ðåøåíèÿ óðàâíåíèé ãèäðîäèíàìèêè [44].

2. Ïàðàëëåëüíàÿ ðåàëèçàöèÿ. Â îñíîâå ïàðàëëåëüíîé ðåàëèçàöèè ëåæèò ìíîãî-
óðîâíåâàÿ äåêîìïîçèöèÿ âû÷èñëåíèé:

� îäíîìåðíàÿ äåêîìïîçèöèÿ ðàñ÷åòíîé îáëàñòè ñðåäñòâàìè MPI, êîòîðàÿ äëÿ ñîãëà-
ñîâàííîñòè ñ ðåøåíèåì óðàâíåíèÿ Ïóàññîíà çàäàåòñÿ áèáëèîòåêîé FFTW,

� îäíîìåðíàÿ äåêîìïîçèöèÿ âû÷èñëåíèé ñðåäñòâàìè OpenMP â ðàìêàõ îäíîãî ïðî-
öåññà, âûïîëíÿþùåãîñÿ íà îäíîì óñêîðèòåëå Intel Xeon Phi,

� âåêòîðèçàöèÿ âû÷èñëåíèé â ðàìêàõ îäíîé ÿ÷åéêè.
Ïåðåéäåì ê áîëåå ïîäðîáíîìó îïèñàíèþ îðãàíèçàöèè è èññëåäîâàíèÿ ïàðàëëåëüíîé

ðåàëèçàöèè.
2.1. Ãåîìåòðè÷åñêàÿ äåêîìïîçèöèÿ âû÷èñëåíèé. Ãåîìåòðè÷åñêàÿ äåêîìïîçèöèÿ ðàñ÷åò-

íîé îáëàñòè îñóùåñòâëÿåòñÿ ñðåäñòâàìè MPI ïî ïðîöåññàì è ñðåäñòâàìè OpenMP ïî ïîòî-
êàì. Â ñëó÷àå äåêîìïîçèöèè âû÷èñëåíèé ñðåäñòâàìè MPI íåîáõîäèìî ó÷åñòü ïåðåêðûâàþ-
ùèåñÿ ïîäîáëàñòè. Êîìïàêòíûé øàáëîí âû÷èñëåíèé ïîçâîëÿåò èñïîëüçîâàòü òîëüêî îäèí
ñëîé ïåðåêðûòèÿ. Ãðàôè÷åñêîå ïðåäñòàâëåíèå ãåîìåòðè÷åñêîé äåêîìïîçèöèè ðàñ÷åòíîé
îáëàñòè ïðåäñòàâëåíî íà ðèñ. 1.

Êàê óæå áûëî ñêàçàíî, äåêîìïîçèöèÿ âû÷èñëåíèé îñóùåñòâëÿåòñÿ ñðåäñòâàìè áèáëèî-
òåêè FFTW ñ èñïîëüçîâàíèåì ñëåäóþùåãî êîäà:

// Ñîçäàíèå ïëàíà ïðÿìîãî è îáðàòíîãî ÁÏÔ
fftwnd_mpi_plan plan = fftw3d_mpi_create_plan (
MPI_COMM_WORLD, NX, NY, NZ, FFTW_FORWARD, FFTW_ESTIMATE) ;
fftwnd_mpi_plan ip l an = fftw3d_mpi_create_plan (
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Ðèñ. 1. Ãåîìåòðè÷åñêàÿ äåêîìïîçèöèÿ âû÷èñëåíèé ñðåäñòâàìè MPI è OpenMP

MPI_COMM_WORLD, NX, NY, NZ, FFTW_BACKWARD, FFTW_ESTIMATE) ;

// Îïðåäåëåíèå ðàçìåðà ïîäîáëàñòè
fftwnd_mpi_local_sizes ( plan ,
&local_nx , // ðàçìåð ïî îñè X
&local_x_start , // ñòàðòîâûé èíäåêñ ïî îñè X
&local_ny_after_transpose , // ðàçìåð è èíäåêñ ïî îñè Y
&loca l_y_start_after_transpose , // ïîñëå òðàíñïîíèðîâàíèÿ
&to t a l_ l o ca l_s i z e ) ; // îáùåå êîëè÷åñòâî ÿ÷ååê â ïîäîáëàñòè

// Âûäåëåíèå ïàìÿòè ñ ó÷åòîì âûðàâíèâàíèÿ äàííûõ ïî 64 áàéòàì
U = ( double *)_mm_malloc(NX*NY*NZ*NHYDRO* s i z e o f ( double ) , 6 4 ) ;

// Ðàñïðåäåëåíèå âû÷èñëåíèé ñðåäñòâàìè OpenMP
#pragma omp p a r a l l e l f o r d e f au l t ( none ) shared (\ dots ) \
p r i va t e (\ dots ) num_threads (MIC_NUM_THREADS) schedu le ( dynamic )
f o r ( i =0; i<NX; i++)
\ dots

Îðãàíèçàöèÿ ìåæïðîöåññíîãî âçàèìîäåéñòâèÿ ïðèâåäåíî â ïðèëîæåíèè, òàêæå êàê è
ðåàëèçàöèÿ ðåøåíèÿ óðàâíåíèÿ Ïóàññîíà.

2.2. Èñïîëüçîâàíèå âåêòîðíûõ èíñòðóêöèé. Â ýòîì ïîäðàçäåëå ìû îïèøåì îñíîâíûå
èíñòðóêöèè, êîòîðûå áûëè èñïîëüçîâàíû äëÿ ðåàëèçàöèè ìåòîäà, îñòàíîâèìñÿ òîëüêî íà
äåêëàðàòèâíîì îïèñàíèè.

� _mm512_set1_pd � ôîðìèðîâàíèå âåêòîðà, âñå ýëåìåíòû êîòîðîãî ñîäåðæàò
îäíî ñêàëÿðíîå çíà÷åíèå.

� _mm512_load_pd � çàãðóçêà èç àäðåñà 8 ýëåìåíòîâ òèïà double â âåêòîð.
� _mm512_mul_pd � ïðîèçâåäåíèå âåêòîðîâ.
� _mm512_add_pd � ñëîæåíèå âåêòîðîâ.
� _mm512_sub_pd � âû÷èòàíèå âåêòîðîâ.
� _mm512_stream_pd � çàïèñü âåêòîðà â ïàìÿòü.
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Ðèñ. 2. Óñêîðåíèå (à) è ðåàëüíàÿ ïðîèçâîäèòåëüíîñòü (á) êîäà gooPhi â ðàìêàõ îäíîãî Intel Xeon Phi

Ïðèâåäåííûõ çäåñü èíñòðóêöèé äîñòàòî÷íî äëÿ ðåàëèçàöèè ÷èñëåííîãî ìåòîäà ðåøå-
íèÿ óðàâíåíèé ãèäðîäèíàìèêè. Äëÿ êîìïèëÿöèè êîäà èñïîëüçîâàëàñü ñëåäóþùàÿ ñòðîêà:

icc -xMIC-AVX512 -qopenmp -O3 -no-prec-div -o gooPhi.mic gooPhi.cpp -lm
Çäåñü ñòîèò îòìåòèòü òîëüêî óñêîðåíèå îïåðàöèè äåëåíèÿ ñ ïîìîùüþ îïöèè -no-prec-div.
Òàêàÿ îïöèÿ ÿâëÿåòñÿ ðåêîìåíäóåìîé ïðè èñïîëüçîâàíèè SSE ðàñøèðåíèé.

2.3. Èññëåäîâàíèå óñêîðåíèÿ êîäà. Ïðîâîäèëîñü èññëåäîâàíèå óñêîðåíèÿ êîäà gooPhi íà
ñåòêå 5123, äëÿ ýòîãî çàìåðÿëîñü âðåìÿ ÷èñëåííîãî ìåòîäà (Total), â ñåêóíäàõ, ïðè ðàçëè÷-
íîì ÷èñëå èñïîëüçóåìûõ ëîãè÷åñêèõ ÿäåð (Threads). Óñêîðåíèå P (Speed-Up) âû÷èñëÿëîñü
ïî ôîðìóëå 8:

P =
Total1
TotalK

(8)

ãäå Total1 � âðåìÿ âû÷èñëåíèé íà îäíîì ëîãè÷åñêîì ÿäðå, TotalK � âðåìÿ âû÷èñëåíèé ïðè
èñïîëüçîâàíèè K ëîãè÷åñêèõ ÿäåð. Òàêæå áûëà ñäåëàíà îöåíêà ðåàëüíîé ïðîèçâîäèòåëü-
íîñòè. Ðåçóëüòàòû èññëåäîâàíèé óñêîðåíèÿ è ïðîèçâîäèòåëüíîñòè íà ñåòêå 5123 ïðèâåäåíû
íà ðèñ. 2.

Â ðàìêàõ îäíîãî Intel Xeon Phi ïîëó÷åíû ïðîèçâîäèòåëüíîñòü 173 ÃèãàÔëîïñ è 48-
êðàòíîå óñêîðåíèå.

2.4. Èññëåäîâàíèå ìàñøòàáèðóåìîñòè êîäà. Ïðîâîäèëîñü èññëåäîâàíèå ìàñøòàáèðóå-
ìîñòè êîäà gooPhi íà ðàñ÷åòíîé ñåòêå 512p×512×512 ïðè èñïîëüçîâàíèè âñåõ ëîãè÷åñêèõ
ÿäåð íà êàæäûé óñêîðèòåëü, ãäå p � ÷èñëî èñïîëüçóåìûõ óñêîðèòåëåé. Òàêèì îáðàçîì,
íà êàæäûé óñêîðèòåëü ïðèõîäèòñÿ ðàçìåð ïîäîáëàñòè 5123. Äëÿ èññëåäîâàíèÿ ìàñøòàáè-
ðóåìîñòè çàìåðÿëîñü âðåìÿ ÷èñëåííîãî ìåòîäà (Total), â ñåêóíäàõ, ïðè ðàçëè÷íîì ÷èñëå
èñïîëüçóåìûõ óñêîðèòåëåé Intel Xeon Phi (KNL). Ìàñøòàáèðóåìîñòü T (Scalability) âû-
÷èñëÿëàñü ïî ôîðìóëå

T =
Total1
Totalp

(9)

ãäå Total1 � âðåìÿ âû÷èñëåíèé íà îäíîì óñêîðèòåëå ïðè èñïîëüçîâàíèè îäíîãî óñêîðèòå-
ëÿ, Totalp � âðåìÿ âû÷èñëåíèé íà îäíîì óñêîðèòåëåé ïðè èñïîëüçîâàíèè p óñêîðèòåëåé.
Ðåçóëüòàòû èññëåäîâàíèé óñêîðåíèÿ ïðèâåäåíû íà ðèñ. 3.
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Ðèñ. 3. Ìàñøòàáèðóåìîñòü êîäà gooPhi ïðè ðàçëè÷íîì ÷èñëå óñêîðèòåëåé Intel Xeon Phi

Òàáëèöà 1

Íà÷àëüíîå ñîñòîÿíèÿ äëÿ çàäà÷ îá óäàðíîé òðóáå

N ρL vL pL ρR vR pR x0 t

1 2 0 2,0 1 0 1,00 0,5 0,200
2 1 −2 0,4 1 2 0,40 0,5 0,150
3 1 0 1000,0 1 0 0,01 0,5 0,012

Òàêèì îáðàçîì, ïðè èñïîëüçîâàíèè 16 óñêîðèòåëåé ïîëó÷åíà 97-ïðîöåíòíàÿ ìàñøòàáè-
ðóåìîñòü, ÷òî ÿâëÿåòñÿ äîñòàòî÷íî âûñîêèì ðåçóëüòàòîì.

3. Âåðèôèêàöèÿ ÷èñëåííîãî ìåòîäà. 3.1. Òåñòû Ãîäóíîâà. Íà÷àëüíàÿ êîíôèãó-
ðàöèÿ äëÿ òðåõ çàäà÷ � òåñòîâ Ãîäóíîâà, ïðèâåäåíà â òàáëèöå (1), ãäå x0 � íà÷àëüíàÿ
ïîçèöèÿ ðàçäåëèòåëÿ ìåæäó äâóìÿ ñîñåäíèìè ñîñòîÿíèÿìè (L � ëåâîå, R � ïðàâîå). Äëÿ
âû÷èñëèòåëüíûõ ýêñïåðèìåíòîâ èñïîëüçîâàëîñü 200 ðàñ÷åòíûõ ÿ÷ååê.

Ïåðåéäåì ê ðåçóëüòàòàì âû÷èñëèòåëüíûõ ýêñïåðèìåíòîâ.
Öåëüþ ïåðâîãî òåñòà ÿâëÿåòñÿ îïðåäåëåíèå ïðàâèëüíîñòè îïèñàíèÿ êîíòàêòíîãî ðàçðû-

âà. Áîëüøèíñòâî ìåòîäîâ ðåøåíèÿ ãàçîäèíàìè÷åñêèõ óðàâíåíèé äàþò ëèáî îñöèëëÿöèþ,
ëèáî äèôôóçèþ (“ðàçìàçûâàíèå“ óäàðíûõ âîëí). Àâòîðñêèé ìåòîä äàåò ðàçìàçûâàíèå
óäàðíîé âîëíû, â òî æå âðåìÿ êîððåêòíî âîñïðîèçâîäèò ìåñòîïîëîæåíèå óäàðíîé âîëíû,
êîíòàêòíîãî ðàçðûâà è ôîðìû âîëíû ðàçðåæåíèÿ (ñì. ðèñ. 4).

Â õîäå âòîðîãî òåñòà, ãàç ñ îäèíàêîâûìè òåðìîäèíàìè÷åñêèìè ïàðàìåòðàìè ðàçëåòàåò-
ñÿ â ðàçíûå ñòîðîíû, îáðàçóÿ â öåíòðå ñóùåñòâåííóþ îáëàñòü ðàçðåæåíèÿ. Òåñò âûÿâëÿåò
ñïîñîáíîñòü ôèçè÷åñêè ïðàâäîïîäîáíî ìîäåëèðîâàòü òàêóþ ñèòóàöèþ. Èç ëèòåðàòóðû èç-
âåñòíî, ÷òî ìíîãèå ìåòîäû äàþò îøèáî÷íûé (íåôèçè÷åñêèé) ðîñò òåìïåðàòóðû â îáëàñòè
ñèëüíîãî ðàçðåæåíèÿ è, êàê ñëåäñòâèå, ïîëó÷àåìîå ðåøåíèå èñêàæàåòñÿ. Àâòîðñêèé ìåòîä
óñïåøíî ìîäåëèðóåò îáëàñòü ðàçðåæåíèÿ (ñì. ðèñ. 5).

Îñíîâíàÿ çàäà÷à òðåòüåãî òåñòà � ïðîâåðêà óñòîé÷èâîñòè ÷èñëåííîãî ìåòîäà. Îãðîì-
íûé ïåðåïàä äàâëåíèÿ (5 äåñÿòè÷íûõ ïîðÿäêîâ) äîëæåí âûÿâèòü ñïîñîáíîñòü ìåòîäà
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Ðèñ. 4. Ðåçóëüòàòû äëÿ ïåðâîé çàäà÷è îá óäàðíîé òðóáå
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Ðèñ. 5. Ðåçóëüòàòû äëÿ âòîðîé çàäà÷è îá óäàðíîé òðóáå
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Ðèñ. 6. Ðåçóëüòàòû äëÿ òðåòüåé çàäà÷è îá óäàðíîé òðóáå

óñòîé÷èâî ìîäåëèðîâàòü ñèëüíûå âîçìóùåíèÿ ñ âîçíèêíîâåíèåì áûñòðî ðàñïðîñòðàíÿþ-
ùèõñÿ óäàðíûõ âîëí. Àâòîðñêèé ìåòîä óñïåøíî ìîäåëèðóåò ñèëüíûé ðàçðûâ (ñì. ðèñ. 6).

3.2. Çàäà÷à Ñåäîâà î òî÷å÷íîì âçðûâå. Çàäà÷à Ñåäîâà î òî÷å÷íîì âçðûâå â àñòðîôèçè-
êå ôîðìóëèðóåòñÿ êàê çàäà÷à î âçðûâå ñâåðõíîâîé. Äëÿ ìîäåëèðîâàíèÿ çàäà÷è î òî÷å÷íîì
âçðûâå áóäåì ðàññìàòðèâàòü îáëàñòü [−0,5; 0,5]3, ïîêàçàòåëü àäèàáàòû γ = 5/3, íà÷àëüíóþ
ïëîòíîñòü â îáëàñòè ρ0 = 1 è íà÷àëüíîå äàâëåíèå p0 = 10−5. Â ìîìåíò âðåìåíè t = 0 âûäå-
ëÿåòñÿ âíóòðåííÿÿ ýíåðãèÿ E0 = 0,6. Îáëàñòü âçðûâà îãðàíè÷åíà ðàäèóñîì rcentral = 0,02.
Äëÿ âû÷èñëèòåëüíîãî ýêñïåðèìåíòà èñïîëüçîâàëàñü ðàñ÷åòíàÿ ñåòêà 1003. Ñìîäåëèðîâàí-
íûé ïðîôèëü ïëîòíîñòè è ìîìåíòà èìïóëüñà íà ìîìåíò âðåìåíè t = 0,05 èçîáðàæåí íà
ðèñ. 7).

Çàäà÷à Ñåäîâà î òî÷å÷íîì âçðûâå ÿâëÿåòñÿ ñòàíäàðòíûì òåñòîì, ïðîâåðÿþùèì ñïî-
ñîáíîñòü ìåòîäà è åãî ðåàëèçàöèè âîñïðîèçâîäèòü ñèëüíûå óäàðíûå âîëíû ñ áîëüøèìè
÷èñëàìè Ìàõà. Ñêîðîñòü çâóêà ôîíîâîé ñðåäû ïðåíåáðåæèìî ìàëà, ïîýòîìó ÷èñëî Ìàõà
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Ðèñ. 7. Ïëîòíîñòü, ïîëó÷åííàÿ ïðè ÷èñëåííîì ðåøåíèè çàäà÷è Ñåäîâà î òî÷å÷íîì âçðûâå. Ñïëîøíîé

ëèíèåé èçîáðàæåíî òî÷íîå ðåøåíèå

äîñòèãàåò çíà÷åíèÿ M = 1432. Àâòîðñêèé ÷èñëåííûé ìåòîä äîñòàòî÷íî õîðîøî âîñïðîèç-
âîäèò ïîëîæåíèå óäàðíîé âîëíû, à òàêæå ïðîôèëü ïëîòíîñòè.

4. Ìîäåëèðîâàíèå ñöåíàðèÿ îáðàçîâàíèÿ ãàëàêòèêè òèïà ìåäóçà íà îñíîâå
ñòîëêíîâåíèÿ ãàëàêòèê. Â ýòîì ðàçäåëå ìû ðàññìîòðèì ñöåíàðèé îáðàçîâàíèÿ ãàëàê-
òèê òèïà ìåäóçà íà îñíîâå ñòîëêíîâåíèÿ äâóõ êàðëèêîâûõ ãàëàêòèê dSph, îòëè÷àþùèõñÿ
íà ïîðÿäîê ïî ìàññå. Òàêæå ìû ðàññìîòðèì õèìè÷åñêèå ïðîöåññû, ïðîèñõîäÿùèå â õâîñòå
ãàëàêòèê ñ ïîìîùüþ ïîëíîé ñèñòåìû õèìè÷åñêèõ ðåàêöèé, ïðèâåäåííûõ âî âòîðîì ðàç-
äåëå, è ñîêðàùåííûé âàðèàíò, äîïóñêàþùèå àíàëèòè÷åñêîå ðåøåíèå. Ñòîèò îòìåòèòü, ÷òî
àñèìïòîòèêè ýòèõ ðåøåíèé èìåþò îäíó ïðèðîäó.

4.1. Ïîñòàíîâêà çàäà÷è. Áóäåì ìîäåëèðîâàòü öåíòðàëüíîå ñòîëêíîâåíèå äâóõ ãàëàê-
òèê ñ ìàññàìè M1 = 109M� è M2 = 108M�, èìåþùèå ñêîðîñòè vcr = 40 êì/ñ, ëèíåéíûé
ðàçìåð ãàëàêòèê ñîñòàâëÿåò L = 3 êèëîïàðñåê, êàæäàÿ èç êîòîðûõ çàäàíà äâóìÿ ñàìî-
ãðàâèòèðóþùèìè ñôåðè÷åñêèìè îáëàêàìè ñ NFW-ïðîôèëÿìè. Ãàëàêòèêè âðàùàþòñÿ â
ïðîòèâîïîëîæåííûå ñòîðîíû ñ äèôôåðåíöèàëüíûì âðàùåíèåì:

vφ =

√
r
∂Φ

∂r

Áóäåì ðàññìàòðèâàòü ýâîëþöèþ â òå÷åíèå 270 ìèëëèîíîâ ëåò. Íà÷àëüíîå ðàññòîÿíèå ìåæ-
äó ãàëàêòèêàìè ñîâïàäàåò ñ èõ ëèíåéíûì ðàçìåðîì.

4.2. Ðåçóëüòàòû âû÷èñëèòåëüíûõ ýêñïåðèìåíòîâ. Ðåçóëüòàòû âû÷èñëèòåëüíûõ ýêñ-
ïåðèìåíòîâ ïðèâåäåíû íà ðèñ. 8.

Çà ôðîíòîì ìàññèâíîé ãàëàêòèêè îáðàçóåòñÿ õâîñò, â êîòîðîì çà ñ÷åò ðàçâèòèÿ
íåóñòîé÷èâîñòè òèïà Êåëüâèíà-Ãåëüìãîëüöà ðàçâèâàåòñÿ àíàëîã òóðáóëåíòíîãî òå÷åíèÿ,
çà ñ÷åò êîòîðîãî õâîñò ôðàãìåíòèðóåòñÿ íà òåíòàêëè, íàáëþäàåìûå â ãàëàêòèêàõ òèïà
ìåäóçà.
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Ðèñ. 8. Ðåçóëüòàòû âû÷èñëèòåëüíûõ ýêñïåðèìåíòîâ ïî âîñïðîèçâåäåíèþ ñöåíàðèÿ îáðàçîâàíèÿ

ãàëàêòèêè òèïà ìåäóçà íà îñíîâå ñòîëêíîâåíèÿ ãàëàêòèê ðàçëè÷íîé ìàññû. Íà ðèñóíêàõ ïðèâåäåíà

ïëîòíîñòü â ñì−3 íà ìîìåíò âðåìåíè 270 ìèëëèîíîâ ëåò.

4.3. Õèìè÷åñêàÿ êèíåòèêà âîäîðîäà. Äëÿ õàðàêòåðíûõ çíà÷åíèé òåìïåðàòóðû T = 1000
K è T = 5000 K, à òàêæå õàðàêòåðíîé êîíöåíòðàöèè àòîìàðíîãî íåéòðàëüíîãî âîäîðîäà â
òåíòàêëÿõ ñ ïîìîùüþ ïàêåòà ChemPAK [39] áûëî ñìîäåëèðîâàíî ïîâåäåíèå êîíöåíòðàöèè
ðàçëè÷íûõ ôîðì âîäîðîäà, êîòîðûé â ïîäàâëÿþùåé ñâîåé ÷àñòè èîíèçèðîâàëñÿ, à ìîëå-
êóëÿðíûé ñîñòàâëÿë íåñêîëüêî òûñÿ÷íûõ ïðîöåíòà. Â èíòåðâàëå âðåìåíè 1011 < t < 1011.5

ñåêóíä ïðîèñõîäèò ðåçêèé ïðîöåññ èîíèçàöèè. Î÷åâèäíî, ÷òî ïðîöåññ îáðàçîâàíèÿ ìîëå-
êóëÿðíîãî âîäîðîäà èãðàåò ìåíüøóþ ðîëü, ÷åì ïðîöåññû, ïðèâîäÿùèå ê èîíèçàöèè âîäî-
ðîäà. Â ñâÿçè ñ ýòèì îñîáûé èíòåðåñ ïðåäñòàâëÿåò ñîáîé àíàëèòè÷åñêîå ðåøåíèå ïðîöåññà
èîíèçàöèè íà îñíîâå ñëåäóþùèõ ðåàêöèé:

� H + c.r.→ H+ + e
� H + e→ H+ + 2e
� H+ + e→ H + γ
� H+ + e+ grain→ H + grain
Â äàëüíåéøèõ ïóáëèêàöèÿõ ìû ðàññìîòðèì ýòîò âîïðîñ áîëåå ïîäðîáíî.
Çàêëþ÷åíèå. Â ñòàòüå èçëîæåí íîâûé ãèäðîäíàìè÷åñêèé êîä gooPhi äëÿ ìîäåëèðî-

âàíèÿ àñòðîôèçè÷åñêèõ òå÷åíèé ñ èñïîëüçîâàíèåì íîâåéøèõ óñêîðèòåëåé Intel Xeon Phi ñ
àðõèòåêòóðîé KNL. Ïîäðîáíî îïèñàí íîâûé âåêòîðíûé ÷èñëåííûé ìåòîä, ðåàëèçîâàííûé
â âèäå ïðîãðàììíîãî êîäà äëÿ ìàññèâíî-ïàðàëëåëüíûõ àðõèòåêòóð. Ïðèâåäåíû ðåçóëü-
òàòû âåðèôèêàöèè ÷èñëåííîãî ìåòîäà. Ïîäðîáíî îïèñàíû äåòàëè è èññëåäîâàíèå ïàðàë-
ëåëüíîé ðåàëèçàöèè êîäà. Â ðàìêàõ îäíîãî Intel Xeon Phi ïîëó÷åíà ïðîèçâîäèòåëüíîñòü
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173 ÃèãàÔëîïñ è 48-êðàòíîå óñêîðåíèå, ïðè èñïîëüçîâàíèè 16 óñêîðèòåëåé ïîëó÷åíà 97-
ïðîöåíòíàÿ ìàñøòàáèðóåìîñòü.

Ïðèëîæåíèå 1. Ìåæïðîöåññîðíûå âçàèìîäåéñòâèÿ
Pattern for MPI communications

#de f i n e COMMMPI_COMM_WORLD
#de f i n e STATUS MPI_STATUS_IGNORE
#de f i n e TR 1 // \ glqq {} to r i g h t \grqq {} communications
#de f i n e TL 2 // \ glqq {} to l e f t \ grqq {} communications
\ dots
i f ( rank == 0)
{
bu f f e r [ 0 ] = a [N−2] ;
MPI_Send( bu f f e r , 1 ,MPI_DOUBLE, rank+1,

TR,COMM) ;
MPI_Recv( bu f f e r , 1 ,MPI_DOUBLE, rank+1,

TL,COMM,STATUS) ;
a [N−1] = bu f f e r [ 0 ] ;
}

i f ( rank == s i z e −1)
{
MPI_Recv( bu f f e r , 1 ,MPI_DOUBLE, rank−1,

TR,COMM,STATUS) ;
a [ 0 ] = bu f f e r [ 0 ] ;
b u f f e r [ 0 ] = a [ 1 ] ;
MPI_Send( bu f f e r , 1 ,MPI_DOUBLE, rank−1,

TL,COMM) ;
}

i f ( rank !=0 && rank != s i z e −1)
{
MPI_Recv( bu f f e r , 1 ,MPI_DOUBLE, rank−1,

TR,COMM,STATUS) ;
a [ 0 ] = bu f f e r [ 0 ] ;
b u f f e r [ 0 ] = a [N−2] ;
MPI_Send( bu f f e r , 1 ,MPI_DOUBLE, rank+1,

TR,COMM) ;
MPI_Recv( bu f f e r , 1 ,MPI_DOUBLE, rank+1,

TL,COMM,STATUS) ;
a [N−1] = bu f f e r [ 0 ] ;
b u f f e r [ 0 ] = a [ 1 ] ;
MPI_Send( bu f f e r , 1 ,MPI_DOUBLE, rank−1,

TL,COMM) ;
}
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Ïðèëîæåíèå 2. Èñïîëüçîâàíèå áèáëèîòåêè FFTW
Øàáëîí ðåøåíèÿ óðàâíåíèÿ Ïóàññîíà

/* Ïîäãîòîâêà ïðàâîé ÷àñòè óðàâíåíèÿ Ïóàññîíà ( data ) */
/* Ïîñòàíîâêà ãðàíè÷íûõ óñëîâèé ( data ) */

// Ïðÿìîå ÁÏÔ
fftwnd_mpi ( plan , 1 , data , NULL, FFTW_TRANSPOSED_ORDER) ;
/* Ðåøåíèå óðàâíåíèÿ Ïóàññîíà â ïðîñòðàíñòâå ãàðìîíèê */

// Îáðàòíîå ÁÏÔ
fftwnd_mpi ( ip lan , 1 , data , NULL, FFTW_TRANSPOSED_ORDER) ;
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