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Vlasiator Numerical Implementation
« Vlasiator [1,2] — new hybrid-Vlasov simulation code « Hybrid-Vlasov « 6D distribution function discretization ST -
_ - _ Y y o _ o _ T _ _ « Sparse proton distribution function

— First of its kind — simulates Earth’s magnetosphere on a global — Protons modeled by a six-dimensional distribution function — 3D spatial grid [3] in ordinary space _ Reduced problem size, only non-zero velocity block exist

scale based on a hybrid-Vlasov description of plasma f(r,v,t) In ordinary space (r-space) and velocity space (v- _ i id i ' . . T .
— Novel sparse re IYesentation of rotor:1 distribﬁ)ﬂion function SEJace)) v space (rspaes vpace! parse 3[|) velocty Spac? o rl]n iaCh opeta CT:I —  Intypical simulations 1% fill ratio and overhead less than 10%

. P P P — Electrons fluid, hence hybrid-Vlasov N Stor_es VO %Jme averages i eaf: PRAse SPace ¢€ — Increases performance, and also decreases memory,
« Earth’s Magnetosphere oo distrib t P o i s i | Spatial Grid Spatial Cell communication and 10 proportionally
- - : : — Proton distribution function propagated in six dimensions | S T _

~ Region of space formed by the interaction between the solar wind o : propag y E on cell edges _ Distribution function is divided in blocks of 4x4x4 velocity cells

and Earth’s dipole oliowing Vlasov's equation B on cell faces Y A block exists if it hbor in the six di ns
_ Solar wind — stream of protons and electrons (plasma) —  Field solver propagates the magnetic and electric fields and > (T V) - - contgrft eXISTS ITIL orany helghbor ih e six dimensions have

- : Includes the effects of the electrons through Ohm’s law | i

— Solar eruptions may cause harmful effects on satellites and s —  Ablock has content if the value in any of its phase space cells is

electric grids — great Interest in better physical understanding lons (protons) Eields | X above a user defined threshold

(14 99 . . . >
B ;?rge. scale 1|3|1 asgn 4 laboraéoryl Wﬂ; rich Ip hySlC_S l_augcban be ' - Propagation X — Infigure A,_B have content; E,C have neighbors with content; D
perimentally be measured only in few places visited by probes, 5 9 L _ does not exist
high quality simulations needed to fill in the gaps 5/ (V1) + v Vi f(rv,t) +a-Vof(r,v,t) =0 VxE= —5;B — Protons: Finite \{ol_ume method, sec_:ond-_order wave propagation
. V.B=0 method [4,5] split into 3D propagations in r-space propagation
a=—(vxB-V; ><B+p—q.1 x B) V % B = 0] (S+) and v-space (S,) 1006 %
o (2) = g / Frv. 0% E-_V,xB — Fields: Upwind constrained transport method [6] on staggered 000
q T » vV .
grid .
. 1 . 3
ji(r) = /Vf(r,v,t)d3v fo ot gdi) (&, 0,0+ 5di) 1000\
. Sa(dt) > Si(dt) > [Su(dt) > |Sydt) > ocoo
V==

Py B(t) B(t + dt) B(t + 2dt) Ot \

f(z,v,1) f(z,v,t + dt) fz,v,t+ 2dt)
— Hybrid-Vlasov gives noise-free representation of proton £(t) — 1 Ft) + (e 4 dt/2) -1000¢
distribution function (cf. hybrid particle-in-cell) with good T2 000
representation of even tenuous regions — new science enabled ft+ %dt) = %[ Ft+dt) + f*(t+dt/2)] 0
B(t) |Fieldsolver >B(t +dt) ooo
Scalability & Throughput Science
« Computational challenges ot 1 [= = v eaman] ©  Slmulation setup Densiy e Proton density
— Typical global 5D (2 in r-space and 3 in v-space) has 101 phase space cells ' 1 [— lg _- lﬁll;spaﬁ?' Telllsl — oD simulation of ecliptic plane , 450x900 cells in r-space, and [ L
. —o 100 - 10 - *© 40
simulated over 105 steps s 0 10° ot el up to 50x50x50 In v-space
« Parallelization 3 - ;’ypi_cal 1soelsar wind c_onfqlitli(;)rlls ('}'IEIOZ?;SOO km/s, r?umber
— Target Is to scale to tens of thousands of cores E EZ?tSrI\t-éuﬁ a,xrir;z);lgnetlc leld Lntat egrees with respect to
— Hybrid MP1+OpenMP parallelization gy e
 Results oo, | 11eon
« r-space over MPI, v-space over OpenMP i< able t Huce key feat ) 5 eemon
- Reduced overhead from boundary cells and better load balancing — 1> avic 10 Teproduce Key Teatlres of ) W 2
Local 5D test Crav XE6 with h | solar wind-magnetosphere interaction
— nCr Wi mogen m 1.5 .. .
OC?:I tes > Of t iy 2 ko (I)gs_l_etou(s Pas f? ) — jg;g cores — lon foreshock: Backstreaming ion population o
. ose to perfect strong & weak scalability (upper figure 14 o—o cores - :
P . g_ _ 1y p_p J e 8192 cores and assoclated EM-waves In agreement
« Improved scalability with threading (middle figure) o 13 — e 16384 cores with observations 20
2 _ - N A
— Global 5D tests on Cray XEG £ 1o — Magnetosheath: Subject to mirror instability. ; sbc
« Good efficiency up to 20 spatial cells per core at 16k cores (lower figure) < —  Detailed and noiseless description of v-space
a 1.1 )
»  Scalability limited by strong computational imbalance; substepped breakthrough for understanding kinetic processes 40
acceleration and sparse velocity space H0 °
« Vectorization 0.9
— Core-solvers operate on vectors with 4 floating point values [7] °0
— Efficient utilization of SSE2 and AV X Instructions | i e o i i
—  52% better performance on Intel Sandy Bridge e B e
—  31% better performance on AMD Istanbul 9
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