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PREFACE

This ._eedings containscopies of the viewgraphs _esented at the September 1993 Workshop
on Advances in Smooth Panicle HydrMynamicsheld at Los Alamos National Laboratory,Los
Alamos, New Mexico. This was the second conference of this series. The first conference in this
series was held at Phillips Labin Albuquerque,New Mexico in January1993 and was organized
jointly by PhillipsLab and SandiaNationalLaborau)ry.Proceedingsfrom the firstconference,in-
cluding avideotape of the meeting,can be obtainedfrom a"_ve Attaway atSandia.

We arenow in the _ of planningthe third SPH meeting.If anyone has any suggestions for
thene_ meetingplease contactChuckW'mgateorWarnerMilleratLos Alamos or Steve Attaway
at SaudiL

We areindebted to M_ JanMuirwho workedvery diligentlyto assemble these prigs, and
to the TheoreticalDivision Office foz their administrativeassistance. We wish to acknowledge
supportfor this conference from NASA underthe High PerformanceComputing and Communi-
cationsProgram.

ChuckW'mgate(X-I,MS F645)
Warner Miller (T-6, MS B_8)

Los Alamos NationalLaboratory
Los Alamos,NM 87545

_mber, 1993
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WORKSHOP ON ADVANCKS IN SMOOTH PARTICLE
HYDRODYNAMICS

Los Alamos National Laboratory, September 21-22 and September 23, 1993

At the Study Center (top floor of the library)

AGENDA

Tuesday, September 21,1993

8:30 Welcome and adminisumiveannouncements

8:35 Bob Stellingwerf What is SPH?

9:15 Joe Monaghan SPH MastersNegative Stress

9:45 Break

10:.15 LazryI,/bersky Cylindrical SPH/SPH with energeticreactions

10:55 Dave Amdahl Topicsin SPH,

11".30 Lunch

1:30 CharlesLuehr Progresson InterfaceProblemsin SPH

2:00 Lou Baker Boundariesand Interfaces in SPH

2:30 Break

3:00 Mike Owen Methodology and Testsof AdaptiveSPH

3:30 Mike Fisher SPH EnergyConservationfor Viscous Rows

5:30 Reception at the University House (next to the StudyCenter)
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Wednesday,September 22,1993

8:30 Adminimr_ve Announcements

8".35 Gordon Johnson Linked Fe_ C_.alculafiom

9:.00 ChuckW'mgate Topics in SPH

9".30 MaryAline SPHINXSimulations of ObliqueImpactof Steel Fragmentsonto
Steel Annar Plate(withNick Feaiter)

10:00 Break

1{____0JeffSwegle Stabilityand_ oftheSPHMethod

lh00 Dave Amdahl, M9_ Fisher,ChuckW'mgateandBob Slel]ingwerf
Graphics Demos

11".30Lunch

1:30 DarrellHicks SPH: Instabilities,WallHeatingandComervafive Smoothing

2:00 W'dlyBenz TensorH andFragmentation

2:30 Break

3:00 Bob Stellingwerf Workshopon Numericalproblemsin SPI-I
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Thursday,September23,1993

9_0 Wo'_hZm_ _g_

9:.15v01UyBenz TKIal_o_ andEllip__

9-_$ MikeWarren Breakingtlzel.e07 Pm_cle Limit in SPH

10".35 Break

11._0 PaukkMann SPHv_ FEM:Ret__ SpMrimlConapse

11:40 I.mzch

1:00 Pablo Laguna SPH withoutH

1:40 WarnerMiller Avoidanceof Velocity-B_

2:30 Break

3:00 HazmoSponholz_dal Di,sruptionzandAccretionDisks

3:40 Joe M_ Enm_ andViscosity in Relativistic SPH
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WHAT IS SPH ?
I I I lll III I II I II I IIII I I I I I II I IIIII I J

e

Overview, Comments, Trieste

Smooth Particle Hydrodynamics Workshop

September, 21, 1993, LANL
!

t_
!

0

Bob Stellingwerf

Los Alamos National Laboratory

Applied Theoretical Division

Los Alamos
i



• SPH is a MONTE CARLO Technique!
l I l II I I I I I I I I I I II IIIIII llllllilllllli l i lil III I IIII ..................

• First proposed as such by Lucy in 1977.

• Many improvements have been made to SPH since then, but it still is
based on a Monte Carlo integration step.

• Basic Monte Carlo theorem, uniform sampling, i=l,N, over volume V.

• For random sampling with probability density pdV (Lucy):&

' p(,.). ,,,(,...,j)- _.,,,,c,_,.s)A,s
o.

where w(r-r9 is a kernel thaeprovides a local, compact support.

• Then for any specific quantity, 42(something/gm), we can compute the
__pondin$ "density" q = PI_ (somefldn_ee) via."'

q(,.)- ,y_.,Q.t,,,(,-,j)A,,,j

LosAlamos



SPH is a MONTE CARLO Technique (continued)
- -- I II I II " - II III I I I I II I '1 I I I IIIIll .... I I I I I IIII IJ

• Now, since Qt is a constant, and all of the local variation of (_(r) has
been transfet_d to the w(v-rg, we have:.

• Now,.to do physics we interpret the Amt as the mass associated with
"pm'Hcle"j, and the mte_olated velocily as the mean velod_, of that
mass, and presto, we have a (real) Lagrangian scheme!

z, • Note, however, that the "particles" are still actually Monte Carlo
' samplin Kpoints, the kernels overlap, and SPH is actually not a particle

scheme at all, much less a Lagrangian hydro scheme_ '

• Much progress since Lucy can be attributed to MonaKhan,who noted:

1. Since an interpolation is involvedto apply the integral _eorem, a
considerable body of interpolation theory can be apphed.

2. By applying some algebraic tricks, the SPHequations can be _
made to _onserve mass, momentum, angular momentum and
(optionally) total enerKy.

3. The sam.pltng errorcan be reduced by starting with a regulargrid
of pomts.

Los Alamos



, _ ,,is.

SPH Volume Element
...........

I I II I I I IIl Illl l I I I II I II

• A handy form of the Monte Carlo integral for SPH is: ,
¢r(,._>- Ir(r')-o--,')_r- _f, (r-rj_AVj

• Where <.> indicates the interpolated function, and the usual choice for
Avji.

(,,-,j)-j
• Other possibilities can be considered: Lucy used (f_)= Pt

orwe couldcons|der (fdl): (_-_]_p(re-r,) .
I

Oo

' • Another possible choice might be
_.rr,(,_-r_) "

el) =- _. (ri- rj)

- this has the advantage that neither the ma. nor thedensi _ enters
the interpolation, and edge effec_ are eliminated I_nctmns are
constant-to the edge of the ke.reel),but the implied boundary
cond,Uon at the edge of an oblect ,s APffiO,raiher than P ffiO.

• Another problem with all of these alternatives is that _]n_et_
• (required for momentum and energy conservation) musually lost, but

not all possibilities have been explored.

' Los Alamos



SPH Problem Areas
[ , i |ll

• Adequate coverage of w(r-r9 is needed to approxinl.atethe integral This
means lots of nelghbors, and preferrably a non-uniform spaan$.
Interpolation theory, on the other hand, requires regular spacing and
gives best results with narrow kernels. A balance is needed.

• Spherical particles impose a maximum ID strain that can be tolerated,
and imply an elasticity limit that can cause premature fracture (tennm
ball problem}. Widening the kernel fixes this in most cases.

' • Instabilities related to the "cell-centered" averagm.gare sometimes. seen.
These are most often encountered in quiescent regions under tension,
althou_ the analogous compressional instability has never been seen.

• Interfa.cesin.whlch some quantifies {such as .meanmolecular weight}
vary dmcontinuously can cause large fluctuations when perturbed.

• Density given by the sum of masses formula cannot be constant at the
edge of an object. This is incompatible with a solid equation of state.

• Densities given by integrating a continuity equation may not be
consmtent wlth the masses used m the integral sums.

. Los Alamos



• SPH- Some Comments
II I I i i Ill II I III I I II I i I I Ill I Pi ................. I I i I I

• TennlsBall Problem: extra viscosity, different kernel, or simply
increasing the smoothing length (moreneighbors) fixes this. The
op__ fix maybe to allow non-spherlealkernels.

• Fracture:very high strain/high fractureexperimentsaremodeled very
well forboth ductile and brittle materials,even without a fracture
model Benz/Asphaug model shows promise of modeling fracture
accuratelyon all scales.

"o • Continuity Equation: seems to work, but no consistent way of setting
' the masses, or verifying that mass is conservedhas been proposed.

,.

• Interfaces: for individual problems a workable solution can often be
found by carefullymatching masses, sizes and placementof particles.
No general treatmentis known. Probablythe most serious problemnow
facing the technique.

• Cell-centeredinstability:, usually seen atvery late time in relaxing
problems such as craterformation. Varyingthe pressureaverage
sometimes helps (Libersky). Not normallya serious problem for most
applications.

Los Alamos
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CAI,£UI.ATIONOFREACTIVE)'Z,OWUSING
SMOOTHEDPARTICLEHYDRODYNAMICS

I.D.Lbmky A.G.Pmchek Per-AndrePa'sson

Depam_morP_
New_ _ of_ andT_jy

Socc:_ _ S_OI



Lm_ #!4S

]tmc6n8 nme_ is t_icmd into unbun_ soSd (s) _r'/. ='_/, _/.andmind ps (S)pbam_ m era,minion 3' . _ =T o (Z3)
ires formm mdmml_.

Asmmins._ _pmfionofmne
V- _.V.+O-X)V, (6)

=_. +0-_)_, (7) J,0_._ = P.0_)+_[E-E,0')]. 04)

Hm_ V-l/0 is the specific voimne. In orderto close tbepnmuredesivmivein (13) can bewrhu_m
tin ememof'_ (l-S)two_ _

oAenlinen8,mm_ thatdie chmnimlrescdonoccurs =
...... _--_.... ,_ _.J, m/, _7" (]5)_---_-___-_y, _ one chooses promm sad
z_nmmmlequaiblkun_ zheIor_ taxisam Anequxzimformemlidadiat_umqpmmmlis.
pbmmor_ __ However.r_anmpo=zenm_qnmmi_havingsmms=m_ ormmy
_ nd Wopd,m. _ _ -- ,_
_mpmn_eq_IriumisnmvdM. Amomns/is_ J, _= T (16)_ _ Uu__ mmm_wouu/be_n aV
_ bm mms_ occurs_ tSe twoIdmm,
Le., the unrescuxlsolid behavm_. We _fgr_-com:.b_nnmto

dose ,_e s_ ot _ 0-6) by
Jmpos_mecomum_ofpresmre_ sndan T,,e_,.'-w= T.,_. (17)
sdmbm/cso_

weol_ _ _ e_,Es _ Jntep_on.
=.,,, (8) v

,E.O,')=- ,l_,n,=
a_,.__, (9) vo. .

ir
InonJermuse(9)wemustknowwSich_ ti_ ,,.L v j,s'v
runins maxm'ialis on. For idealsmu:lysate whmd_I._mlnm_m/_mSJvenby

,. dmmmuimstroisisthebenuopepminsthroughtheroe-
Nemnmmpo_ Foru_m_iom m dnom_n a fzmilyof Ca(F. _F)

_ bya__ x.u_o,_ _ "' [v.-._v. jj-'---v"_ o9)_ thermn_ mmeri_.,,pmmomicequmim_ me
emuopyisaddedfarthispmlx)_.

_,=_e.lv.-v) (2o)
as .._ 0o)ram,- aE:

d_ T _ Cml $ are__: ind_eEnmrshockspeed-

l"_ bmadd,_(,_) is_,__ v_smswork(n vokun__ _/P.ato becoumnt,and
mm is,qumim3)._ 0o) sumimmdum_ kninsF-_,nV,[aV]we]hxve
umwannTvd_ we_ by_mr_obu_

:[,. ]fomtbe_adiab_ F- /,_" -F._, _ (21)
T.T.+(_-_,)/C. (ZZ) "- •

b_S the1:'restLsw wJ_bimepmmto

_.{-c', [ (,-.v.,s) ][,_= T_-,/',_,". 02) .v_. (xs-.v.)_.. _+(sv_v.-s+,)JJ(22)

c'(_-,_'..,_v'..),._ _ _..__ ,_.dz_rdmimsmnbedmiv_ .t. _ t_,(v, v)+, ._)j Ju(._s)}
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s_pmIk=_ o_ _e _ bm 1_w :be _ o_
vo_= i med for the _ T__

Na,mBmspiketo theCJpoint.3"bxtcompmdoato
thevm-Neumm,,.,pointisnotabrupt,andtb_ the
to ddspoimis curved,m'ebothdueto d3e_

nm_tspumtedherewebrv,e_o modeledcB.wsuq j_ _f._ speeds(_ shock_) and _ .

withwedsetest remks_ We apect to pruaz thisdam
oal_st dn cm_-a_ o_

"- °'5_' o._- o._,......._ '
o.s, _ (ce/s)

IFspR 3. P TsV damesshe_mt-Neemmmqn'k_

o_ _ limmt CJpo_

o._ CONCLUSIONS

_ , We havederiveda new formalismfortrming_ flowand haveba_xm_d JtwithinthegtJ
" tlnm,n_ of Smoodml_e H_. The

_ roles_1 the a__ of _ _
• cslcuisdonsto 18_e-psis_ mstabls and the SPH

_S _ allowsforeasye_.emionto
" dimauionsendimprovedaccuracy.Wehsveumedthe

°_o _' _' _' o_' o_ '-o_o approachbycalculmi_ plmursteady-sinedetoamioain
Cmposidm_B•ltmm _ow Jdaddetonmio__ so

km_(_) 5e_ qui_ we_
F,psre]. s_ mnwtedWusurepmme_ ands.
sun p_urmmmonmCmpoa_e-n_
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• Topics in SPH
o

' o

Capt David Amdahl
,o o
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21 September 1993
SPH Meeti

Los Alamos



. Outline
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', Aero-SPH ., .
- Review
- Revisit the Previous Work

- Variable H
, - Wall Heating

- SupersonicAirfoil '
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• Review
II i i ii ! i .... i iii ii i | ii i i ! i i . i i| ii i| i | i iiill i iii i|1 lUl i i

• SPH Requires No Grid ' '
Saves Time and Opens Problem Domain
of Traditional CFD Methods

i

• Validate SPH
0 "

!

• Boundary Conditions ,_
Solid Boundary, In-Flow, and Out-Flow

• Inviscid, Compressible Flow
Supersonic With Local Sub-Sonic Regions

e



• Ramp Problem
n ]i in i m - i -- n ,11 ,,,, i -- _ : _ - ----- " - ' _ "..................... III ..............

o

i i i i i i Ol i i i i i

' Math = 2.0

Denslty = 1.

" Pressure- 1:o _/_ I
n i | V

h

!

I ' o



4:
gO

. ,,- q_rJJJimJl

D
._ " o . .- •

"" _ '' °. I

i ..... T

- : .

o .o

o

...._-.. • O_J7aIP

• . - .....,. .. ..........
.. _ .,,._,.,- • q, .Q ........... ......



.° • -io°
°

....- °°

•.-" .-. .
._ ".

".

.
n

.°

e

• .... . : .......... T _.',.:' • qnmm_Im_

•.... -'.',"
,._ -0 ,m ,.mm._.-.- ...... oo4m.emMm_q_-_ .... • _,;-._-'0 ................

• -.... o • . . o. .... • .... _..





--- _ _e,
"":'_''_,o.-o..o-.- ..... .----.-, ..0.... ,I .._,_,., , . ,. i ................... _-?-?-,, ml,ll,,,. . ._l.,.., ..... ,,





o o

o- i n i n n • ..... • ,



! *

_'! = ._,!suo_ _.................

0"£ = qorl_ ..
i ii | Ill_ I _ -

o .

I II I _ . IJ _ _ II I- - - I I ..

dais e Iouun_LPU!.AA •
II





N_mCAL SIMm_TIONOF FLUrDFLOW 13 i





. I.o •

| i

°

• -47--
.... °° .....



I







, o.

I • • 'o i 'h.', _ :.'o_,,
• - %f,.

;:_,:;_:o

, .... ° ..¢.

• O," " • • ' ' ".";

,_ ,; ;, ':, • .R'..' ..:s,,.
• • . °. .,,_,

• *°," ,

, • _.,_•...... : , .'.,.,..

., . ; ..

:,,,. • .; ,

Q •

,o
• .

t

I' ....I'-'"i__'l_._"g_'_"....-6 "--'"._'._:'....-.7_....'',_..'/"../"-""'.,___-r..J_-_"°°""'-.'>I
. ,, . , , ' -.,._-.._-_-_,

O
(,11
Ip,d
!

..

.,:1

.°.*... .
/.

°*. ,

• o,

•. •

...... ,... . nu mn ._ i n n .,, , , In nllmnn -I I - n nn n n I U_



o

° °

• .-52-
• 2. "



Q

' Supersonic Airfoil in a Tunnel
n I i i In li i I i [ i I Ill I ill I I I IN III
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• NACA 0012 Airfoil
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Maeh = 1.2

. Density = 1.0 ..
Pressure = 1.0

Angle of Attack = 1.25 Deg
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Conclusion
...

.......... , ,., |,...,,., i i,i i i | ........ L I _ i I I I I I I
==.=, n I -

• Boundary Conditions i'!!

• Noise Reduction, Sharpen Discontinuities

• Overall, Improved Quality of Solution
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PROGRESS ON INTERFACE
PROBLEMS IN SPH

Charles P. Luehr & Firooz A. All_hdadi

USAF Phillips Laboratory, PL/WSSD

OUTLINE-

1. Cutoff Method for Separated Impact

2. Density Deviation Cancellation

3. Effective Relative Velocity Scheme

4. Velocity Divergence Based on
Estimates Used in Artificial

Viscosity Theory

--59-



CUTOFF METHOD FOR
SEPARATED IMPACT

Smoothing function cutoff with shutoff:
Diff. kinds interact by cutoff method
Same kinds interact'as usual.

Example (see diagram):
Dim. is 1. Cutoff dist., d = 2h/3.
No. of particles per h is 3/2.

Procedure:

1. Find active particles (i.e., particles
within dist. d from any particle
of the other kind).

2. For all i and j of diff. kinds:
a. If neither is active, they do

not interact.

b. If either is active, they
interact as usual.

_ .

o

. •





0, 0 []](OD(0-Ortginal,l-Model,2--Xode2) ,ZVARH(0=Fixed, l-Var) ]
0.0, 0.0, 3 [H(ignored) ,NPH(Ignored) ,IEOS(l-PerGas,2-Grun,3-Mie-Grun) ]
5000, I [Ntaaber of Iterations,Density(0:Summ, l=Cont)]
2.6, 2.5, 0.1 [Alpha, Beta, Epsilon, (Artificial Viscosity)]
o.so, 1.oo [G1, G2 (Wall Heating)]
50 [Interval]
0.3, 3.0 [CFL No., Stop Time]
-1.0, 3.0 [lath, Znax (Proble',, _tn)]
o [zestarc (o-No, l-Yes) ]
rstrt. 000000
2 [mmber of Lines)
alualnua [Materlal]
0.0, 1.0 [Start and End]
2.71, 1.0E-08, 0.01 [Density, Internal Energy, and Veloc2ty]
0.01, 1.5 [H,NPH]
alua/nun [Material] .
/.02, 2.02 [Start and End]
2.71, 1.0E-08, 0.0 [Density, In_ Energy, and Velocity)
0.01, 1.5 [H,NPH]
1 [Number of Tiue Dump Intervals]
2.0
rstrt

OT'ggZ_q(_et_oJ

Sep.,-_'l-ed ;_ P.c

°- .e °.1



• . Densltyvs.X [NP=300,Tlme=3.0000,Iter=549] _'_("G_. :_
%w

2.77,

. MaxDensity= 2.770667
=m

- MinDensity= 2.708231
2.76-

m e e

" Alpha= 2.5000==,=

2.75- Beta= 2.5000i

- Eps. 0.I000

-, 2.74- ' GI = 0.5000
- ; G2 - 1.0000

CFL= 0.3O00

...... _ Calculation

2.71 29 December1992

-t .0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0

. X-Coordinates

t



• Q $

' 0, Pressurevs. X [NP=300,Time=3.0000,Iter=549] r w, G= ",
_'K,,

•10•

1.75-

. " MaxPressure= 0.017880
. ' em

" Min Pressure= -0.0003221!15

1.2S Alpha = 2.5000

Beta= 2.5000
1.0- . Eps= 0.1000

,= _ G1 = 0.5000

_" 0.75- • G2 = 1.0000

CFL = 0.30,00
0.5_ Calculation

0.25_

0.0- 29 December1992
-' .0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0

. X-Coordinates

I



0, 0 [IMOD (0-Original • 1--Model • 2-Mode2 ) • IVARH ( 0-Fixed, 1=Vat) ]
0.0• 0.0• 3 [H (ignored) ,NPH(ignored) •ZEOS(Z-PerGase2=Grun,3=Mie-Grun) ]
5000, i [Number of Zterattons•Density(0-Summ, i-Cont) ]
2.5, 2.5• 0.1 [Alpha, Beta• Epsilon, (Artificial Viscosity)]
0.50, 1.00 [GI, G2 (Wall Heating)]
5 0 [Interva I]
0.3, 3.0 [CFL No., Stop Time]
-1.0, 3.0 [Xmln• Xmax (Problem Domain)]
o [Restart (_No, l-_es) ]
rstrt. 000000
2 [N_ of L_es]
aluminum [Material ]
0.0, 1.0 [Start and End]
2.71, 1.0E-08, 0.01 [Density, Internal Energy, and Velocity]
0.01, 1.5 [H,NPH]
alumlnu= [Mater_al ]
1.0, 2.0 [Start and End]
2.71, 1.0E-08, 0.0 [Density, Internal Energy, and Velocity]
0.01, 1.5 [H,NPH]
2 [Number of Time Dump Intervals]
1.0
2.0

-6,_
°

.



Densityvs. X [NP=300,Time=1.0000,Iter=182] t'w_G5"

ill

ii=

. MaxDensity= 2.733039

2.73- MinDensity = 2.710000

_ .Alpha = 2.5000

2.725- Beta= 2.5000
i

- Eps= 0.1000

" = GI - 0 5000

2:,2- . " 1.oo' "
,,,,, ._

- CFL= 0.3000
i

e=,

2.715- - Calculation
lib

i,

/

2.7t- ,,,,i,,i, I'' i,li i"iil i I / Ol , - ,"1',, /l, ,, l i 04January 1993
-".0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0

X-Coo_inates ' '

o

I II I ,



' Pressurevs.X [NP=300,Time=1.0000, Iter=182] _uT,(:;5"

•10•

=m m

am

- Max Pressure= 0.006720
6-

- Min Pressure = 0.000000

S- "
- Alpha- 2.5000
,am

" Beta = 2.5000
lib

4- Eps = 0.1000

,I 1 G1 = 0.5000

¢=_ . Q2-1.oooo
-_ (_FL= 0.3000
ill

2-
4

Calculation
,., ,D.

1-

am
o 04 January1993
-10 -05 O0 05 t 0 15 20 25 30

X-Coordinates



0, 0 [IMOD (0-Orlglnal, 1-Model, 2-Mode2 ),IVARH (0=Fixed, 1=Var) ]
I.0, 0.667 [HMULT (I.0-usual), DXOHKX (2.0-usual) ]
0.0, 0.0, 3 [H (ignored) ,NPH(ignored) ,IEOS(l-PerGas,2_Grun,3=Mie-Grun) ]
5000, I [Number of Iteratlons,Denslty(0-Summ, l-Cont)]
2.5, 2.5, 0.1 [Alpha, Beta, Epsilon, (Artificial Viscosity)]
0.50, 1.00 [G1, G2 (Wall Heating)]
50 [Interval]
0.3, 3.0 [CFL NO., Stop Time]
-1.0, 3.0 (Xmin, Xmax (Problem Domain))
0 (Restart (0-No, 1-Yes) ]
=:stzl:. 000000
2 [Number of Lines]
alumlntm [Material ]
0.0, 1.0 [ Start and End] :
2.71, 1.0E-08, 0.01 [Dens2ty, Internal Energy, and Velocity]
0.01, 1.5 [H,NPH]
aluauL_ [Material ]
1.02, 2.02 (Start 8rid End]
2.71, 1.0E-08, 0.0 [Density, Internal Energy, and Velocity]
0.01, 1.5 [H,NPH]
1 [Number of Time Dump Intervals]
2.0
:sift



' Densityvs. X [NP=300,Time=3.0000,Iter=539] T-_,k/T-I

m

. MaxDensity= 2.732930

2.73- Min Density= 2.710000
in

,,,,,

e..

1ira

. Alpha = 2.5000

2.725- Beta = 2.5000

- Eps= 0.1000

-=' G1 = 0.5000
'_ • "

r-, 2.72- G2 = 1.0000
lira

. CFL= 0.3000

2.715..... Calculation
Im

l
2.71- ..... 12July1993

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0

X-Coordinates



I

•' Pressurevs. X [NP=300,Time=3.0000,Iter=53g] _.u. k'/_-I

"10"
+

n

6- MaxPressure- 0.006695
" MinPressure= 0.000000
m,,

am

5-" '

" Alpha= 2.5000
qm

- Beta = 2.5000
4-

i Eps- 0.1000

I '

,= G1 -- O.5000
o

o. + G2 - 1.0000

CFL= 0.3000

- Calculation

t
1-

0 12July1993
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3_0

X-Coo_linates



°

DENSITY DEVIATION
CANCELLATION

Continuity Equation:

dp_ldt = -a.(Vov)..,-- -,

with

(_,V)i =- -1 __ •

i

New velocity divergence:

Deviation factors due to an
interface with a vacuum cancel out.

°



I
f •

New Continuity Equation:



EFFECTIVE RELATIVE
VELOCITY SCHEME

Usual Continuity Equation:

Replace m. with m..
J

Use eft. tel. yel.: 2_(m.¢',F..-r,,,-t,_t,,•) +mJ)-_(v_-v)
Let

=

New Continuity Equation:

dp_/dt = %jM..('v.-v.).V.w..

New density by summation:

R.=_, M..w..
z j y



I °

t

Comparison with usual demity by sum:

M m.
/j j

If %.=m., m.j = m.jOustright)

If mj.>>m., 2m., _< m.j (too large)

If mj<<m., 2mj. 2 m.j(toosmall)

Continuity Equation with
density deviation cancellation:



The resulting SPH equations.

Let

Density by summation:

R. = X N..rn.w..
j _ J Y

Velocity Divergence:

Velocity Gradient:



i

Continuity Equations'.

d_/dt = -_(V.v)_.,

=
Energy Equations'.

d_/dt=p;-'T,:L,

Momentum Equations'.

+



Comments:

The above equations are for the
"Effective Relative Velocity" scheme
combined with the "Density Deviation

°

Cancellation" idea.

To get the equations without the
"Density Deviation Cancellation" idea,

replace all R. and R. (on the fight side

of the equations) with p/ audpj
respectively.

To get the equations without the
"Effective Relative Velocity" scheme,

replace Nj and N. i with 1 everywhere.



2, I [IMOD (0=Orig, l=LouB, 2-EffVel), IVARH (0-Fixed, l=Var) ]
0.0, 0.0, 0 [H(ignr} ,NPH(ignr) ,IEOS(ignr) (l=PerGas,2-Grun,3-Mie-Grun) ]
7500, 1 [Number of Iteratlons,Density(0-Summ,1=Cont) ]
2.5, 2.5, 0.I [Alpha, Beta, Epsilon, (Artificial Viscosity)]
0.50, 1.00 [GI, G2 (Wall Heating)]
50 [Interval ]
0.3, 2.0 [CFL No., Stop Time]
-1.0, 2.0 [Xmin, Xmax (Problem Domain)]
0 [Restart (0=No, l=¥es) ]
I_. 000000
2 [Number of Lines]
aluminum [Material ]
-0.2, 0.0 [Start and End]
2.71, 2.0E-08, 0.6 [Density, Internal Energy, _nd Velocity]
0.01, 1.5, 3 [H,NPH,IEOS(l-PerGas,2=Grun,3-Mie-Grun)]
air [Materlal] •
0.0, 2.0 [Start and End]
$.99E-5, 2.0E-8, 0.0 [Density, Internal Energy, and Velocity]
0.01, 1.5, 2 [H,NPH,IEOS(2=PerGas,2-Grun,3-Mie-Grun)]
2 [Number of Time Dump Intervals]
0.5
1.0

•-_ ,--,,-,z._P_/..It61/VAl_yReSUL.T5

_w-._,Rel.VeI._,e_b J w;'t_ Pe_s.De,r._ _.
P;5to_ pro_le_



"o e

Densityvs.X [NP=330,Time=0.2067,Iter=1000] lr'M_1_.6

a qlmm=m,ma

Ira,

2.5- MaxDensity= 2.71007
am

. MlnDensity= 0.0000_'0
im

2.0-_ Alpha= 2.50011 '
- Beta= 2.5000
am

._,1.5- Eps= 0.1000
= - GI =0.5000

I _ -
'_ O -= G2= 1.0000

t.0- CFL = 0.3000
e=

In=

== 6

..... Calculation
0.5- '

.... 30 August1993
-1.0 -0.5 0.0 0.5 1.0 t.5 2.0

X-Coordinates

o •



• Pressurevs. X [NP=330,Time--0.2067,Iter=t000] Tu _ L 6

" MaxPressure= 0.0001
, all

. MinPressure= -0.00005"0
1,t0 4-

Alpha= 2.5000 'ml,

- Beta= 2.5000

_= - Eps= 0.10nO5"10"-
_= G1 = 0.5O00!

,_ "-= - G2 = 1.0000
Im

" CFL = 0.3000,
elm ,,

0,10°-
........ Calculation

t
aim

,m,

|/,, l l, t, '1 i i i i i i i i i i i i i i i i w i i i" 30 August t993
-' .0 -0.5 0.0 0.5 t.0 1.5 2.0

X-Coordinates



2, 1 [IMOD(0-OrLg,l-LouB,2-EffVel) ,ZVARH(0-¥ixed,l-Var) ]
0.0, 0.0; 0 [H(Ignr) ,NPH(Ignr) ,IEOS(ignr) (l=PerGas,2_run,3-M_e-Grun) ]
10000, 1 [Number of Iteratlons,Denslty(O-Sum_,l=Cont) ]
2.5, 2.5, 0.1 [Alpha, Beta, Epsilon, (Artificial Viscosity)]
0._0, 0.00 [GI, G2 (Wall Heating) ]
Z0 [Interval]
0.3, 0.2 [CFL No., Stop Time]
-0.1, 1.1 [Xmin, ]0ux (Problem Domain))
o [Restart (o-No,l-Yes) ]
rstrt. 000000
2 [Number of Lines]
air [Materlal]
0.o, 0.5 [Start and End]
1.00, 2.5, 0.0 [Density, Internal Energy, and VelocLty]
0.0025, 1.5, 1 [H,NPH,IEOS(1-PerGas,2--Grun,3-Mie-Grun) ]
air [Materlal ] -.
0.5, 1.0 [Start and End]
0.125, 2.0, 0.0 [Density, Internal Energy, and VelocSty]
0.0025, 1.5, I [H,NPH,IEOS(1-PerGas,2-Grun,3-Mie-Grun) ]
I [Number of Time Dump Intervals]
0.1
rstrt

L% esvcr5
_./_1. w{. ,,_f_d _;f_,De-,.D_.c_c,

S_ock _-_ e proLle_.

-81-



Densityvs. X [NP=600,Time=0.2000,Iter=904] TI4_tLg

o

t.0- .....

" MaxDensity= 1.00097.

0.9- MinDensity= 0.1107W"i,=

0.8-

- Alpha= 2.5000
0.7- Beta= 2.5000

o.6- Eps= 0.1000
_' G1 - 0.000(}we e m

_ 0.5- G2 = 0.0000
lib

CFL= 0.3000
0.4-

0.3.... Calculation
A h,4'|

t ............... ,_na,v,c

in

0.2-
,m .......

20 September1993
0.0 0.25 0.5 0.75 1.0

X-Coordinates



Pressurevs.X [NP=600,Tirr,e---0.2000,Iter=904] 1"u.eL.

1.0--

- Max Pressure= 1.001363

MinPressure = 0.0972_'_-

all

- ,iio ii i | i i i ji i, | i i ', i i i , 20September 1993
0.0 0.25 0.5 0.75 1.0

X-Coordinates



VELOCITY DIVERGENCE BASED
ON ESTIMATES USED IN "
ARTIFICIAL VISCOSITY TttEORY

Estimate of contdb, to vel. div. at

particle i due to particle j:

An averaging procedure weighted by
m.w.. gives:./ g

f_.v)_ -(Ej -1
•[-15- ril-2(r_-rj.)_).]}

The result: In the SPH governing

equations, V.w). is replaced by

\
- _r,.-__-_(r,.-_)_,_.



o_,D0,P...... _ . .,m, ,,,...

Boundaries and Interfaces
in SPH

1
m

LouisBaker
DagonetSoftware



s

' o o

!

Problem:
Robust SPH for .

large density differences
various EOSI

RiemannShockTube
' Aluminum Impact Test Cases

Q

e

o o

llr I III I I lln i ,minn n, , .................



•. SPH Interpolation

GibbsPhenomenaat Discontinuities
Kernel:CardinalB-Splines..

' Ok foruniformspacing,noboundaries '
Choice:either

1) ensuresmoothness
2) modifyinterpolat=onforjumps



Cubic CardinalB-Splines
1

0



DONT'S
o

' Mass Match
MassAdjust ..
Ratio Zone

e



• i

i

DO's

I

Use Summation,Not Continuity ' 'Needto re normalizedensityfor EOS
Volume Match

o

I I H III i nmll n nn __
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Densityvs. X [NP=800,Tlme--O.1000, Iter=t706]
I
J

o

t0.0 _

- MaxDensity= 10.0052
am

. MIn Density= 0.1249
am

7.5- Alpha= 2.5000_m

- Beta= 2.5000

" Eps = O.I000

,.,'1' 5.0- G1 : 0.0000
' - G2 =0._

" CFL= 0.2000
ell

ea

2.6- , Calculation
lira

o6

16 September1993
0.0 0.25 0.5 0.75 t.0

X-Coordinates





; Densityvs.X [NP=800,Time=-0.0050,Iler=1651]
q' o •

100-
aim

_ Max Density= 100.3448o

- MinDensity= 0.1225
el=

75-
- Alpha= 2.5000 '

Beta= 2.5000

_, Eps= 0.1000
W
c 50- G1 = 0.0000G

o (;3 -
- G2 = 0.0000

-- CFL= 0.2000
o

- _ Calculation
=m

in

,m

. , _ t7 September1993
0.0 0.25 0.5 0.75 1.0

X-Coordinates

o •



Densityvs.X [NP=450,"rime=l.0000,Iter=409]

m

2.825" MaxDensity= 2.8356
' MinDensity= 2.7100

i 2.8- Alpha= 2.5000
Beta = 2.5000

Eps= 0.1000

_ 2.775- G1 - 0.5000!

a G2 = 1.0000

CFL = 0.3000
2.75-

- , Calculation
e=

13 September1993
0.0 0.25 0.5 0.75 1.0 i .25 t .5

X-Coordinates



e

Velocity vs. X [NP=450, Time=-1.0000, Iter=409]

0.025-

_ Max Velocity= 0.0250

- Min Velocity= 0.0000
0.02-

a.

Alpha 2 5000
em

- Beta = 2.5000

0.015- Eps -- 0.1000

-, - G1 = 0.5000
qD -

'_ _ - G2= 1.0000
0.01-

- CFL = 0.3000
o°

- .... Calculation0.005-

0.0. 13 September 1993
0.0 0.25 0.5 0.75 1.0 1.25 t .5

X-Coordinates

, |



Pressurevs. X [NP=450,Time=l.0000, Iter=409]

" MaxPressure= 0.0397
el,

- Min Pressure= 0.0000
=,.

0.03-
_ Alpha = 2.5000
- Beta= 2.5000
a=

_ , Eps - 0,1000
0.02- G1 = 0.5000,_D,,, Q. G2 = 1.0000,

!

_ CFL = 0.3000

0.0t- -_ Calculation
em

=m

tim

m

0.0 13 September 1993
0,0 0.25 0.5 0,75 t .0 1.25 t .5

X-Coordinates



I

o o ,

• ., ql

. Density vs. X [NP=450, Time=-1.0000, Iter=505]

e

2.75-- f - _ _ Max Density= 2.8454, I==

" Min Density= 1.2057

2.5-
u=

" Alpha = 2.5000am,

2.25- Beta = 2.5000

- Eps; 0.1000-
' = - G1 =0.5000= = 2.0-(I) , .
n D -_ G2 -- 1.0000

t.752 .. CFL = 0.3000
Gun=,

- ......... Calculation
1.5-

1.25- ,, 16 September 1993i i' v u i i U _--u I u u i t I i i v v'i I i i i I i i t v i j

0.0 0.25 0.5 0.75 1.0 t .25 t .5
X-Coordinates

/



Velocityvs. X [NP=450, Time=l.0000, Iter=505]

Max Velocity= 0.0261

Min Velocity= -0.0015

0.02
Alpha= 2.5000
Beta = 2.5000

0.015 Eps = 0.1000

G1 =0.5000
I
,_ _ G2 = 1.0900
, 0.01

CFI. = 0.3000

,_ , - Calculation

13 September 1993

0.0 0.25 0.5 0.75 t.0 1.25 1.5
X-Coordinates



Pressurevs. X [NP=450,Time=l.0000, Iter=505]

MaxPressure= 0.0428

0.04 MinPressure= 0.0000

• 0.03 Alpha= 2.5000

i Beta= 2.5000_= Eps= 0.1000
, _ G1 =0.5000
," _ 0.02-
, o. G2 = 1.0000

i . CFL= 0.3000

0.0t- - Calculation

0.0 ,,_*w*, ,_|,,_i_i_ll,,,i,,,,wi .16September 1993
0.0 0.25 0.5 0.75 1.0 1.25 1.5

X-Coordinates

.. cF
II II I ,,m,, ,, ,,, ........



Densityvs. X [NP=450, Time=-1.0000,Iter=413]
* t

Max Density = 2.8463

MIn Density = 1.9618

. Alpha = 2.50002.6
Beta = 2.5000

2.5 Eps = 0.1000

, _ G1 = 0.5000

,= _ 2.4'=G2 = 1.0000I

• CFL = 0.3000

Calculation• i i

13 September 1993

0.0 0.25 0.5 0.75 1.0 t .25 1.5
X-Coordinates

I IIIIIII IIII I I ,,,,. , .....,..|.|, ,,., ........



Velocityvs. X [NP=450,Time=1.0000,Iter=-413]

0.025-
- MaxVelocity= 0.0250em

- MInVel_ity = 0.0_

0.t_--
elm

' _ ' Alpha= 2.5000
- Beta= 2.5000m,

0.015- Eps = O.1000

" G1 0 50O0
,8 _ _ G2=1.oooo

0.0t- CFL= 0.3000

- _ .. Calculation
0.005--

am

- /
0.0 13September1993

0.0 0.25 0.5 0.75 1.0 1.25 1.5
X.C_lnates

Mcor_
IIIII I I I ,,,, ,,, ,,r .......



Pressurevs. X [NP=450, Time=1.0000, Iter-413]

aim

Max Pressure= 0.0392

- MIn Pressure= 0.0000

• 0.03-
_ Alpha- 2.5000
- Beta -- 2.5000

E Eps = 0.1000

o.o2- G1=0.5000I

= _. . G2 = 1.(_t_
!

- CFL - 0.3000
,.

0.01 -
Calculation

im

- t,
0.I) i, i l Vl u i' ivy i iii i-ii i iu I'' i, i- 16September1993

0.0 0.25. 0.5 0.75 1.0 1.25 1.5
X-Coordinates



Densityvs. X [NP=285, Time=l.0000, Iter=2810]

=

=,=

o 2.5- Max Density = 2.7213
am

- Min Density = 0.0001 ,

2.0-_ Alpha= 2.5000
- Beta -- 2.5000

F "

.__.s- Eps=O.1Ooo
= G1 = 0.5000
ID -

e Q -
,.,G2 = 1.00000 -

' t.0- CFL = 0.1000

.... Calculation
0.5-

w, = J I,, t' | I b 'i , 1 i ; _ , I 20September 1993
0.0 0.25 0.5 0.75 1.0

X-C(x)rdlnates



Velocityvs.X [NP=285,Time=1.0000,Iter=2810]

0.05- - '
mm

_ Max Velocity = 0.0500

"_ MinVelocity= -0.0000
0.04-

Alpha 2 5000 '
- Bet__= 2.5000

0.03- Ep_,;= O.1000

' - G1 5000" 0

' _ - G2 - 1.0000
o 0.02-
' - CFL = 0.1000

== .'

=

iB

- Calculationo.0t -

o

0.0 i, i i I,, i, i,, _ t t,, i, i 20September1993
0.0 0.25 0.5 0.75 1.0 '

X-Coordinates



q

InternalEnergyvs. X [NP=285, Ttme=1.0000, Iter=2810]

•104

t .25-
- Max Internal Energy = 0.0012

- Min intemal Energy= -0.0000
em

1.0-

" Alpha = 2.5000 '

• - Beta = 2.5000

_0.75- Eps = 0.1000C -
W - G1 = 0.5000

0 E -" - G2 = 1.0000

' . CFL = 0.1000
I

• _ ' .

i

i

a,H ..... - - Calculation0.25--

em

0.0 20 September 1993
0.0 025 0.5 0.75 1.0

• 0

X-Coordinates



Methodology and Tests of Adaptive
SPH

o

Mike Owen * Jens V'dlumsen I Paul Shapiro _

Hugo Ma_ell §
Septmltm" 17, 1993

ii

°Dept.d Ammm_. OldoSu_ _t:r
tD._. d _.m_. OIdoSu_ _ty
SDss_d Ammm_. _ d Tam
ID_ d Ammm_. U_m_ d Tam
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I Caveat

The Ohio group(Mike Owen and JensVillumsen) andthe Texas
group(Paul Shapiroand HugoMartell) have collaboratedon the
basic ideas and goa_ for the developmentof Asph, but the two
groupshave independentlyderived their ownAsph theories and
algorithmsas well as developedentirelyindependentcodes based
on those ideas. The bodies of work of both of these groupsare
basedonthe samebasicprinciplesandshouldgivesimilarresults.
All the workpresentedtoday is the result of our developmentin
Ohio and any questionson this material should be directed to
eitherMike Owen orJensVillumsen;questionspertahdngto the
Texas developmentshould be referredto Paul Shapiro or Hugo
Marten.

-106-
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2 Definitions

Standard Smoothed Particle Hydrodynamics (Sph)

• Utilizes a single isotropic smoothing scale per particle.

• Interpolation kernel W(_, h) may.be expressed as

• Smoothing scale allowed to vary spatially from particle to
particle as well as temporally.

• Artificial viscosity is implemented for any convergent flow
within the gas.

Adaptive Smoothed Particle Hydrodynamics (Asph)

• Utilizes an auisotropic smoothing scale per particle, as em-
bodied by the H tensor.

• The smoothing tensor is allowed to vary both spatially and
temporally, as in Standard Sph.

• The interpolation kernel W(F', H) may be e_ressed as

W(F,H) = W(Hr') (2)

• There are two current variations of Asph, unsuppressed and
supprea_d:
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-- Unsuppressed Asph utilizes the artificial viscosiW for
any convergent flow, as in Standard Sph.

-Suppressed Asph employs a more restrictive algo-
rithm for implementing the artifidal viscosity.

o



3 V_hy use Asph?

• Through the use of aspherical kernels, phenomena that are
nonisotropic can be better represented (better resolution for
a given number of Sph nodes).

- Standard Sph: h, oc p-½ in 2d; h, ocp--t in 3d.

-- Asph: H is allowed to adapt in arbitrary direction to non-
isotropic density evolution, thereby improving resolution;
so long as the radius of the anisotropy (shock) is greater
than its typical thickness, Asph will have the advantage.

• We are primarily interested in simulating the evolution of
structure in the early universe, where in general gravitational
instability drives highly nonisotropic evolution. Asph has
been tuned to solve the Zeldovich pancake problem as well
as possible, as we consider this our canonical problem.

• Asph is in a sense more Lagraugian than Standard Sph, as
we are able to more accurately track and maintain a consis-
tent set of neighbors for a given Asph node. The goal of the
Asph algorithm is to maintain an equal number of neighbor-
ing nodes in all directions from the node of interest.
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• Spuriousheating resulting from overuse of the a,rtificia]vis-
cositycan artificiallyinterferewith the collapse of the Sph
gas and influencethe development of the fine structurewe
wish to exa.mme(ga]a._es,dusters,etc).

|
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4 Disadvantages to Asph

• Asph is more computationally expensive than Standard Sph
for a given number of nodes; this is hopefully balanced by
the improved resolution.

• Asph is not guaranteed augu]armomentum conservationsince
forces are not in general radial. We believe in fact angular
momentum conservation will be met so long as the shape of
the smoothing kernel faithfidly follows the shape of the un-
derlying fluid element, but this remains to be demonstrated;
regardless angular momentum conservation is not rigorously
guaranteed as in Standard Sph.

• Our current artificial viscosity suppression algorithm mildly
violates energy conservation, but this is a small effect.

-111-



5 The H tensor transformation

• The H transformation maps from real position space to nor-
realized position space:

- Standard Sph: h = _'/h, :
9"0

- Asph: h = H_"

• Shape of auisotropic smoothing volume as defined by H is
restricted to be elliptical in 2d or ellipsoidal in 3d:

- 2d: H is a symmetric 2x2 matrix

- 3d: H is a symmetric 3x3 matrix

6 Evolving the H transformation

• The smoothing volume for an individual Asph node is treated
analogously to a fluid dement, and is therefore evolved in
accordance with the changes in the local velocity field as
embodied by the rat_of-strain tensor cr- co_/co_"

• H is evolved through a first order treatment of the local
velocityfield.

(3)
Restriction to first order transformations on H guarantees H
will remain symmetric and therefore elliptical (ellipsoidal).
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7 Artificial Viscosity Suppression

We are attempting to develop a more restrictive criterion for
the _e of the artificialviscosity than the traditionaluse for any
convergentflow. Ourreasoningbehind this effortis:

• The traditional criterionfor the artifici_ viscosity switch on
is ovm_ll in the _ the the artificialvi_.csity wi]]be active
for gas which is not undergoingshocking.

• Overuseof the artificialviscosity can spuriouslyheat the sys-
tem, which is potentially a seriousproblemfor co]lapsesim-
ulations.

Some characteristicsof our new (and experimental) criterion for
the artificialviscosity:

• Itdistinguishesbetweentheapplicationoftheartificialvis-
cosityinthemomentum andenergyequations.

•Itisparamete_edintermsoftheresolutionoverthescale
ofinterestandthelocalvelocities-basicallya dosingtime
criteriononapair-by-pairbasis.
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• The new criterion does not explicitly rely on ch_ics of
Asph and could in principle be applied in Sph as well. How-
ever, it is uncertain whether the lower effective resolution of
Sph would negate the usefalness of the criterion; Asph's im-
provedresolution should give it better stopping power (larger

• Our currentparameterization of the criterion has been purely
empiric_y cahbrated against the 2d Zeldovich pancake prob-

- ]em.

• Much more work is needed here to extend the usefi_ess (and
testing) of the criterion.

o
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8 "/_.hnical aspects of the code

• Ourcurrent(A)Sph code at Ohio State is maintahledundera
make system and is configurab]ethroughpreprocessorflags
at compiletime for a varietyof situations. These include:

-- I, 2, or 3(]

-- StandardSph or Asph
- _ological or Standardspace dynamicalequations
- Choiceof Cosmologicalmodels

-- With or Without gravity
-- Suppressedor UnsuppressedArtificialXrmcosity
-A choice of symm_tion schemes in the dynamical

equations

• Individual smoothing scales (h,) or H traudormationz are
maintainedfor each Sph/Asph node.

• The code features an asynchronousintegrator based on a
second order Runge-Kutta scheme; this allows us to main-
rain individualtimes and timesteps for each Sph node. The
asynchronousalgorithmhm been designedwith the following
characteristics:

-- hnplementedwith assumptionthat on "local"sc_es (scales
the size of a local smoothing kernel)times and times_ps
will be _milar.
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-- Basic algorithm:

• Every psrt_cle is as_gned a current t_me (ti) and a
targettime(t_"g ---t_+ Ate).

• The integrator looks globally for the smallest target
time.

• All particles with this smallest target time are selected
and integrated (in local groups as batches, if possible).

• The newly integrated particles are assigned their new
current and target times, and the cycle repeats.

£

• When compiled for cosmology the code integrates all quanti-
ties in terms of a povze_"of the expansion fs_or rather than
time = .°).

• The code has been optimized for use on the Cray YMP at
the Ohio SuperComputer _ter-typically hits calculation
speeds on the order of 100 l_ops or over (problem depen-
dent).

• Current status in development of code:

- Standard Sph fully implemented and tested in 1, 2, and
3d.

-- Asph fully implemented in 2d; partially in 3d.

o
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9 Tests of Asph and the code

We have run a _-iety of test problems for the sake of testing
both our code and the _que of Asph. In standard space for
both StandardSph and Asph we have run:

• the Pdemannshocktubeproblemin I, 2, and 3d

* the Sedov blastwavesolution for Id and 2d

In cosmologicalscenefioswe haverun (both Sph and Asph):

. the Zeldovichpancakesolution for Id and 2d

• the growthof a voidin Id and2d (essentiallya gravitationally
drivenblastwave)

* a 2d Hot Dark Mattermodel

We have focussed on the Zeldovichpancakeas our canonical
problem, as we expect this to genericallyrepresentthe sort of
situationwe are interestedin.
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10 2d Shock_ube Shnulation

• High Density region initial conditions:

- pi= 1, Pi--- 1, v_---0 Vz < 0

• Low Density region initial conditions:

- pi = 0.25, P_= 0.1795, v_--- 0 Vz > 0

• ti = O, t! = 0.15

• P_o_c system(=,I/)_ ([-1,1],[-1,1])

• Particlesseededoninitialgrid

• 7 ----ce/c_ ----1.4

Numerics] Simulation Parmneters:

• N_ = 25000

- Highdensityregion:AT=--100,N U----200

--Low densityregion:N= --50,N_ ---100

•dt• [5x10-6,0.005]

•hoe[o.oos,o.os]

o
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11 Single V0'ave Planar 2d Zeldovich Pancake Simulations

Background Cosmological and Physical Parameters:

• Einstein-DeSitter cosmology (fl = 1, A ffi 0)

• f}_ ----rta_ - 0.5
f

* H0 -- 50 km/sec/Mpc

• ainitid ----1, a_rw_ -----4, aji_a -- 5, a0 -- 1000

* zi._w ----999, z__ -- 249, zyi.d -- 199

.1_= ffi 10Mpc @ a -- 1 =_ lboffiffi 50 Mpc @ a ffi 5

.k.fO,k_=1
• _ ffi 3000K _ ,_iffi 1.49 x 10-13

, "r= cp/cv= 513
• Pure Hydrogen gas (/_ ffi 1)

e No Radiative Cooling implemented

Numerical Simulation Parameters:

• -Ni_._ --- 3Vd=----4096

oaffil, _=a °)
• dp E [I0"4, 0.05]

• h,_ [Io-5,0.I]
• For Asph smoothing kernel axis rstios limited to h2/hl > 0.01
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• ' 2d pancake @a--.5:Asph with Suppression
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2d pancake@ a=5 (a__-4): UnsuppressedAsph
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12 Tilted-Shifted Planar 2d Zeldovich Pancake Simulations

Background Cosmological and Physical Parameters:

• Einstein-DeSitter cosmology (f} -- I, A - 0)

• __ -- 0.1 f}_= -- 0.9

• Ho= 50km/sec/Mpc

• zm_ -- 999, z__ ffi 249, zti, a ----199

ell, ffiffil0Mpc@affil =_ /_--50Mpc@a=5

,k.=2._,=I
• 7_ = 3000K =_ ei = 1.49 x 10-Is

• _fficpl_v= 513
• Pure Hydrogen gas (p = 1)

• No Radiative Cooling implemented

Numerical Simulation Parameters:

• N_,_o. -- N_ - 4096

oaf1,(pfa °)

• dp_ [_0-4,0.05]
• h. E [10-5, 0.1]

• For Asph smoothing kernd axis ratios limited to h_/hl > 0.01
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' 2d tllted-shlftedpancake@ a=-S:StandardSph
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13 2d Hot Dark Matter Simulations

Bar_ground Cosmological and Physical Parameters:

• Einstein-DeSitter cosmology (f_ = 1, A = 0)

. f__ = 0.1 fla,,, = 0.9
.

* .HO= 50 lrm/sec/Mpc

e a_aeW----1, a=,_ ----101.7, ap, w = 31 a0 -- 31

• zi, aia = 30, z_e,r_ = --0.7, zp,_t = 0

e lk= = 6.45 Mpc @ a = 1 =_ Ik= = 200 Mpc @ a = 31

• 4 fundame-tal waves across periodic box

e HDM density power spectnmx slope - -4 with extra factor of k to
m;m;c 3d power spectrum

• Particles displaced from regular grid with waves of random ampli-
tude and phase.

• 2_ = 2.88K _ ei -- 1.156 × 10-11

• 7- cp/c¢ -- 5/3

• Pure Hydrogen gas (p- 1)

• No Radiative Cooling implemented

Numerical Simulation Parameters:

• Nt,no. = Nero= 16384

.-= 1,(e=.*)

.dp • [10-4, 0.05], h, e [10-s, 0.1], h2/hl > 0.(}1
.
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Baryonpositionsfor2d SuppressedAsphHDM model@ a=31.0 (z=0.0)
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DarkMatterpositionsfor2d SuppressedAsphHDMmodel@ a=31.0(z=0.0)
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" 2d StandardSphHDM model@ 8=-25.0(z=0.24)
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2d UnsuppressedAsphHOMmodel@ 8--25.0(z---0.24)
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2d SuppressedAsphHDM model@ a=25.0(z---0.24)
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' 2dStandardSphHDMmodel@8--31.0(z---O.O)
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• 2dUnsuppressedAsphHDMmodel@ a=31.0(z---O.O)
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2d HDM TemperatureisocontoursforStandardSph@ a=25
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2d HDMTemperatureisocontoursforUnsuppressedAsph@ a-25
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2d HDMTemperatureisocontoursforSuppressedAsph@ a=25
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15 Conclusions

• Asph showspromisein generalfor allowingimprovedresolu-
tion within a simulation for a given number of Asph nodesr

vs. Standard Sph, particularly in intrinsically auisotropic
situations.

• The developmentof an improvedcriterionfor the use of the
artificialviscosityinordertoreducespuriousheatingincom-
binationwiththeimprovedresolutionofAsphwillhopefully
allowustoinvestigateawiderrangeofscalesincosmological
structureformationscenarios.

Futureworkandconsiderations:

•ThegeneralprinciplesofAsphneedtobetriedoutinawider
rangeoftestproblems,inordertoexplorethebenefitsand
limitsofthecurrentteclmique.

•ThequestionofangularmomentumconservationunderAsph

needsfurtherinvestigation,sinceitwouldseemangularmo-
mentumconservationunderAsphisdependentupontheH
tensorproperlyfollowingthefluidelementapproximation.

• Theartificialviscositysuppressionalgorithmneedsmuch _Jre

zefmementinordertoextenditsapplicabilityandreliability;
mostnotablyitshouldbeconvertedtoanentirelylocalcri-
terion.

.
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• Motivationand discussion

• Background

• Lagranglancode structurefor SPH nodesand standardelements
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- SPH only
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• Desirabletohavea Lagrangiancodewhichcouldaccurately
handle severn distortions

• SPHcanhandleseveredistortionsina Lagrangianframework
--But what about accuracy and computingtime?

, • Itmaybea goodcompromisebetweenStandardLagrangiancodes
= andEuleriancodes,f,

• LinkingSPHtoa StandardLagrangiancodecouldhavegreat
potential
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--Accuracy
--Efficiency (Computing time)
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Linked SPH Results Compared to Test Data
• , , ,i, I I I IIii I I I I I

50 i i i i i i ii i i i i i i ii • ii ii iii i i i i i i

im

e

2oo s/ s/e
f

£
t 150 ,_e..* ' S

," g
"_ sS SS ..

sS jl- With trlotlon
ss (11=O.OS)

t00

ss S

s .. .,_r ,,, , . ,-- • • Test Data.rr
SO ss

0
0 200 400 600 800 1000 1200 1400

Impact Velocity, Vo (m/s)

OmlO
,



Q

-163-



I

o

+ i •
4P'

Linked SPH Results Compared to Test Data
I I I I I I I II I I I I I I I II I IIIIIII III I

.o I I I I I t "

i

2oo- !
E

:P
"o. 1so -- --

+

i _ 6061-T651 ( ,,, s"°__F'_- Wllh trl©tlon
100-- _ Aluminum ) 111=0.1)61p .----

IE ,"
50 s S

0
0 200 400 800 800 1000 1200 1400

ImpactVelocity,Vo(m/s)

OltlU

ii



t

$

e

• . p

SPH Attachment to Standard Grid
[ _ II I

8PH Nodes_ > StandardNodesan Elements

Interface - r--- Interface
8PH Nodes J, Elements

_,_v._ ' ''-'_-' -_ :P Top

>-

"_ i
• • • q

• " Bottom
Sudace

ORJm
e,



o ,*

SPH Sliding on Standard Grid
III I I IIIIIIIIIllll I I I II I Illl ...... ...... ............_ .

• • • • •
D e"s e"2

l 'l
- 0, ;0 • • •

I:F, ' Ons • I 0'11 ,

, m7',, -r Sliding
5o Interface

StandardElemnta

- SPH nodesam slave nodes
• Mastersurfacedefinedby standardnodesm_ .. ms

OnJ_



t

0
.

Eroding Penetrator Computation '

Vo
! 0

• I !
t J Tungsten Rod
ol UD,, 10
I I

I e

!

Vo--S00mls Vo=1000mill
P/Ln0.07 P/L- 0.37

ste_Target



.e

Eroding Penetrator Computation
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Linked SPH Results Compared to Test Data
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AUTOMATIC SPH NODE GENERATION "
I I I III I I II I III II I I III I II IIIIIIIIII I ....

STANDARDEROSIONALGORITHM SPH NODE GENERATION
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Summaryand Conclusions
Jl I II II I I II I II I I III III II I I I I [ I II I I I I I I I I II II IIII II

• Linked SPH computationsshow goodagreementwith test data
for three sets of problems

o

• Linked SPHtechniquesshowgreat potentialfor some classes
of problems

• More evaluation and development Is required for linked SPH
- Capability

, - Accuracy (materialInterfaces)I,,I

_, - Effl©lenw (computing time)

II III I I lIIilIIi ii , , ,
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• Strong Shock Tube (TP37C) - SPH Results
.,

, 360 particles
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STABILITYAND CONSISTENCYOF THE SPH
METHOD

I II I I II II I I IIIIIIIII II I I L_

J. W.Swegle* and D. L. Hicks &

.I

' "S,. ndia National LaboratoriesO0
10
I

_Michigan Technological Universi_'

Presented at the

Workshop on Advances in Smoothed Particle Hydrodynamics
LANL, September 21-22, 1993
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r Outline -_

1. Shortreviewofstabilitycriterion

2. Stability, the kemel function, and area vectom

3. Consistencyof SPH

4. Adjustable faetom in SPH numerics
I

I
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Physical Basis of Instability- Effective Stress

_)a z%(; A(;

podX po_. rn

' ._ A.- (-oW')
4b

' m

==>effectivestressis -o (e) W' (e)

K rnN an ins bili ie
• frequencydependencenot . unstable stable unstable

taken into account

_1_ _ -150f18- JW5:1562:1119/93Rle,,/u10/Jmwegl/frameftles/sph/colloq193.vg
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r _

Effective Stress at Noise Frequency
_ o
8_- 8 (-aw') = -_Sw' -_

8_ = -(;SW' at _',,,i,,,a constant ieSS-(;AW' tension
_-- stable unstablen,l

oe#--W' ;effectivestressisa

, constant multipleof W' at _'mt.
qD

_ U

Tensile stress decreaseswith
increasing particle separation.

unstable

Thus, noise frequency grows unboundodly 1 compressionwhenW"o > O,so anylevelof tensilestress
is unstable even at zero strain with cubic
b-sph'nekemel.

_N_l -t6of18- JWS:1562:1119/93FIl_ul_m_lu/sph/colloq 193.vg
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Stability Criterion for Arbitrary Smoothing Length

(W"l'l+ l + W"/' l+ 3+ W"l' I+5 + ...) T> 0 unstable

( W.t, t + ! + W,,l, ! + 3 + W,,I, / + 5 +...) T < 0 stable
bg Ill •b" - I" k rnel

w_ h = l.sAx

t
l-=

W' h = 2AX h = 3AX

_N_ -2042- JWS:1433:1/20/93t_ Fle=/.lO4ws_g_rmetles/sph/colbqlS3.r._.vg
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r Stress, Force, and Area Vectors

_ = _o,_

! _ isnormalto
surfacewith

. magnitude
t

Total force: sum over all areas

_N_ -20115- JWS:1562:g/16/93I_mtBIB RP-/nC/sahl_l_12/_,eg_mCttes/_#_pm.vgs



I IIII II IIIII IIIIIIIIII II IIII _ I
r

SPH and Area Vectors

J

1 Interactionareabetween

, " _ particlesI andJ
I

• o
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Area Vectors in 1D

!

O

,_ , No y, z motionmeansareasareconstantby definition
• SPH areas depend on the inte_adicle separation.,
• Variablesmoothinglengthreducesareavariations

- areas am still not constant if h is densiN-based
- stillunstableintension

• Seffing area vectors constant removes instability
- spatial differencescheme is Lax-Wendroff

_ _Nel_iond -4of15- JW8:1562:9/16/93File--/neVsahp046/u12/jwswegl/fmmeflles/spNwkshp993.vgs
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Multi-dimensional Area Vectors

• Areas should Increasein uniformexpansionifbody.isintact
- SPH areasdecrease

• Areasshoulddependontransversedimensions
- SPH areasdependonlyonparticleseparation

• Methodbasedon estimationof areasmightbe usefulapproach
- beginsto looklikefree Lagrangemethod

I I I I I I I II II

Sm_ -5of15- JWS:1562:9116/93File=/neVsahr_e/.124wswegt/Irameflles/sptf,kshpmvgs
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Consistency

Definition of co nsist,ency- the discretized forms reduce to the
differential forms

p_J= Voo'

' Svmmetrized SPH equation of motion-- i ii inml i m,_re,L_

4b

' -- + _ ,V.,W ..

The above SPH form of the equation of motion is not
consistent with the continuum equation.

_N_ -6of15- JWS:1562:9116/93L_ File-../net/sahpO46/u12/iwswegl/fmmeflles/splVwkshpg93.vgs
o
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r Example: Accelerations at a Material Interface

p

--. correctaccelerationdirection

.4-. &x --_. .4-- _ -_

' pL mR Density=pR"0= Mass= mL Density= Mass=
|

• Standard.SPH accelerationsdo notcorrespondto -_P/(ptu:)

• Lowmass padicle is accelerated in wrong directionif mL> 2mR
• Accelerationsareobtainedevenif P isconstantacrossinterface

l J I I III IIIIIII II II II II I I IIInnll Ill I _,d

_[md -7of15- JWS:1562:9/16/93
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Adjustable Factors in SPH Numerics
• Resolution
• Viscosily coefficients
• Stabilitycrffe#on(stable timestep factor)
• Smoothinglength/particlespacingi'atio(3) "
• Constant smoothing length vs. vadable smoothing length (2)

• Kernelsum density vs continuityequation(2)
• Von Nuemanngichtmyerviscosityvs. SPH (ionaghan)viscosity(2)
• In,tialpart,clepack,ng(rectangular,hexagonal,rad,al)(2)
• Orderedparticledlstnbutlonvs. perturbedparticledmtnbution(2)

I

oEquationofmotionsymmetrization((_)' ((;)_r oj,+_p:Z + _ p,pi etc )(2)
+

OW

" Vel°citygradientsymmetdzati°n( _ (_- _) _, _ (_- _) ;_x_) (2'
• Kernelfunction (spltnes, exponential, gaussian, super-gausslan) (3)

Number of combinations = 3 x 2 x 2 x 2 x 2 x 2 x 2 x 2 x 3 = 1152

_ ,Sem_ -10of15- JWS:1562:g/16/93*_ _sahpo4s, ut__C_m._
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r "
....o Calculational Matrix

h=Ax h=2Ax

o

Continuity Continuity Continuity
equation h = &x h = 2_

i.a

I

Kernelsum Kemelsum
Kernelsum ,

density h = _u; h = 2_uc

Sm_ -16of16- JW8:1562:9/20/93
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r Conclusions

A numer cal method must be"

• Stable

• Consistent
Q 0

", • Conservative

Satisfying one or two of these conditions is relatively
easy. The challenge is to make SPH meet all three

simultaneously.

_N_ -11of15- JWS:1562:9/16/93Fne--/neVsahp046/u1_egl/lrameflles/spW_shpg93.vgs
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SPH: Instabilities, Wall Heating,
" and Conservative Smoothing

D.L. Hicks, J.W. Swegle, S.W. Attaway

• (September 22; 1993)
e .o° ° . _°

o - •
°.

° •

°

°
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Outline

I. Instabilities in SPH.

II. Conservative Smoothing can stabilize SPH.

But is there anything left except FLATLAND?

III. Test Problems
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Instabilities in SPH

Sufficient condition for instabilities:

®Ne,_e_ neighbor c_e: .

o'W" < 0

• Many neighbors case:

_: w_'<o

IIwh_ w_'= (wj,"+_+%,-t)12.

This analysis is for a uniform stress: -

a=p+q

Note: instabilities are possible for both cases

:. . . { _ > O,positive _ .o < O, negative "

-225-



Conservative smoothing_can
stabilize SPH.

But is there anythlngleft except
FLATLAND?

• Conservative smoothing on the s.mom, of
the artitical viscosity type:

sm--omj = smOmj

c_._j_½• (o_j- _-1)
°

• Conservative smoothing on the s.i.erg, of
the artifical heat conduction type:

0_ •

s:ergj = s:ergj

. +cs!ej+½ • (siergj+l -- siergj)
--cs$ej_½ • (siergj- siergj_l)

.V_.._,ro,t,,ee I _ l'_r.q _ _l_:_t.-'ra- t.q- :_o b3 I).L.utek_.

-226-



• Conservative smoothing on the s.vol, of the
art_cal strain relaxation type:

8_z_= 8voZ_.
+c8%.I • (.voZ_._-.voZ_)
- _-I*(.voZj-.volj_1)

Our analysis shows that we can stab_Uze SPH
with conservative smoothing of the type de-
scribed above. The result boils down, approx-
hnately, to the following timestep restriction
for an ideal gas (7- 1.4) in compression:

C_L< !.
-2

Full blown conservativesmoothing_(csj+t =
0.25) was assumedto get this result. We de-
tided to test this theory with some numerical

exper_ents.

0 • ce_• -_b-

-227-
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Test Problems

Several. years ago_we developed a set of hy-
drocode test problem_ [Hicks:_zPelzl (1968): AFWL-

• TR.68.1121"

These test problems have seven categories:
m

SCTP I Single Shock Wave Problems

SCTP II Single Rarefaction Wave Problems

SCTP III Accelerating Wave Problems

" SCTP IV Decelerating Wave Problems

SCTP V R/emann's Resolution of the Dis-
continuity Problems

' SCTP VI Shock Collision Problems

SCTP VII Shock Overtake Shock Problems

° o:

t

-228-
o

e



o

Along with these test problems (whose solu-
tion's are known ex_'!ly) we developed a pro-
cedure for quantitativ_y comparing hydrocodes
using the ll, t2, _, norms to measure the er-
ror in various functions. We compared a yon
Neumann-Pdchtmyer code with a Lax-Wen&off
code.

• Next we show some samples of the tables and
graphs from that comparison.

-229-
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m0u oN scIT-l-| I

Q

I I ___11 I J I __ Bit lilt i I nnnnn, I _in i il I stun Ill

_ .
' l_mblm time - 1. z 10"3 eae.. Cycle - 1463 Ij

co.j...... ;4... (C_ _e m, ebc.&_,oo) k_,. ot_.. zo., ,,,.T E
............... _ ......... ._., ........ I, _ ......t .....Sun Abe. Error Sun Sqr. Error Nuimm for foaitiou o muximm Error

_ Illl I I ..... I I __ I till mannn[n II I I

PreEenre 1.06 .683 + .644 Current 8hock pomltlon ,
I I I _ I I II I • I I I

Velocity 1.86 1.08 + .850 Current 8hock pooLtloa
................... I I I II I I n I ......

"Deuity 1.78 .799 + .$77 Current shock posit/on
- -- n n • I IN Jl I II I m u I W • II I I In I I I I I n I I Jl I Ill

mNr8y 2.76 1.32 i + .865 Current chock position
L J l II I I I I I ............ I I _ml III I I I I I

' ' i .........,-.,o,- / .......'---- '-'- I .....,.,o,. I ..............................
I - -- I nan I II ..... I

• 3.0_;9,. lo,a 3.oa71_. loia ! 6.1.04_ 1o'" j_--_e_u I i Jill I mira I El I I | • I I

6

|
N t • • '

0

Problm tim - 1. z 10"s eee " O) Cycle - 1762Cauputor tim - 661 see CGP'_e o'vt _'_C, _O Huuber of Active Zouee- 302
Illl I I I I I l i ..........

Sun Abe: Error _ SumSqr. Error _ MaximumError N Poaitim of NadnmErnror
I I i -- n in in munro i n n i nd ..... i i n a n i nell n " "

Pressure 1o33 .6g_ - .663 Current shock pooitlon-- I I I I -- I I III • I i ....... i I II II in

Velocity .721 .396 - .372 Current shock poeLtion..... I I II I I I I ii .......... I I l ii lUll I _ _ _ I I i

Deulty logl .636 - .492 Current 8_ock position_ I nun I m Jlq J J

EnerEy .1.67 .611 L +_...449 Initial uhock position

ii ......I .......: I Sum Int. EnerEy- Sun Kin: EnerEy _un Tot. Enerf_ i
...... II " , i in II I I I IIU II _ ;- I I I IIIIII II I I Illl --
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Recently we tried to run an SPH calculation
on SCTP VIoB. Our SPH calculation is of the

- following form:

u r = (v,u,E)

F T = (-u, o',u* a)
.

., pU = -div F

•mjUj= F(zi) + F(z./ • AO2

Aij = 2VoliVoljgradz, W0

The results were as follows.
• .

. -. q,..._......_ o-i" •
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Breaking the I0,000,000 particle limit in SPH
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-°_s

sampson% Is include
Assert. h error, h macr.h stk.h
IOinit. h fast flpt. h malloc, h sysdep, h
Malloc. h files, h physics generic, h tensop, h
Msgs. h gc. h pqsort .h t liners,h
SDF. h gccextension8, h protos, h tree. h
SDFwrite. h getparam, h random, h vop. h
b_e swap. h gnusort .h randoms2, h
chn. h heap. h rddata, h
collective .h key.h signals, h

2475 total

sampson% is libtree
com=. c pqsort, tix. c traverse, c walk. c
pqsozt, c pqso_, c tree. c

2569 total

sampson% is libsw
Malloc. c chn. c gc. c memmove, c 8tk. c
Msg8. c collective, c gnusort, c randoms, c timers, c
SDFwrite. c error, c heap. c randoms2, c
alloca, c files, c key. c rddata, c
_eswap. c finite, c malloc, c signals, c

3707 total

sampson% Is IibSDF
ls *. [cb]
SDF-Zex. c SDFfunc8. c copyright .h m_alloc, h
SDF-pars e. c SDFget. c fseekrd, c obstack, c
SDF-private. h alloca, c kwds. h obstack, h

4 681 total

sampsont is sphf14
corm sph. c integrate.h physics sph.c r_est, c
grav--sph.c mats sph.c physics_--_h.h sph.c
integrate, c main_h, c prlnt. 6- walk_sph, c

2865 total

sa:psont ls 8ysdep
data. c - 8ysdep eui. c 8ysdep 8zv. c time=s mclock, c
ivfprint f.c sysdep--ezpress, c tliners--clock,c time rs-ntime, c
singlPrint f szv.c sys__--ncube, c timers--tin5, c timers--zeadrtc, c
siagLPrintf-uniz.c sysdep a:. c tAmers_--getttmer.c --
sysdep cm5 ._ sysdep__s eq. c t ime rs-hwclock, c

1847 total
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SPH Performance



typedef struct {
float mass;

float pos INDIMI ;float vel NDIM ;
float h;
float rho;
float pr;
float vsound;
float rho est;

Key_t key_

float acc_NDIM] ;float phi.
float u;
float udot;
float pos_last [NDIM] ;
float udot last;
float drho-"dt;

* float hdot_
unsigned int ident;
unsigned int nterms;
unsigned int nbrs;

} body, *bodyptr;

i
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Modelling Relativistic Collapse:
SPH vs FEM

Patrick J. Mann

Department of Applied Mathematics

University of Western Ontario.

Now, here, you see, it takes all the running
you can do, to keep in the same place. If
you want to get somewhere else, you must
run twice as fast as that. "Through the
Looking Glass", Lewis Carroll, 1871
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IL_tionale

Einstein's Equations

• Extremely non-linear

• complicated

• few _analytic solutions in:non-linear reghnes
I

Therefore

Two Possibilities

I.Self-Checkingcodes:

2.Code-Code comparison:****

-31B-



Self-Checking Codes

• M. Choptuik: multi-grid methods

• Spherical, Vacuum, Scalar fields.

• Advanced Numerical Methods.

Code-Code Comparison:

• Spherical Symmetry: done

• A handful of non-spherical simulations.

• Basic Method finite differences

Alternate Methods

• Spectral Methods J. Marck, S. Bonnazola

• Multi-grid Methods M. Choptuik, A. Lanza

• Finite Element Methods P. Mama

• Particle Methods P. Maxm, M. Dubal, W.
Miller, A. Kheyfets

Direct Comparison

• FEM vs SPH P.Maxm
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Choice of Methods

• self-gravitating fluid

• Evolution equations + elliptic constratuts

• non-spherical

• robust, Easy (at least 2 codes)

Finite Element Method: FEM

• Standard, Well-developed

• Particularly good for non-symmetric prob-
lems

• Equations appear only in quadrature rou-
tines

Smoothed Particle Hydrodynamics: SPH
o

• Astrophysical standard

• Easy physical basis

• Wonderful for gravity (clustering)
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Vc-hich SPH7

• Relativity: problem with length. (proper vs
coord vs ...)

• Therefore must extend classic SPH

There are two generic approaches

1. Physical particles

• Particles move on fluid characteristics

• Particles move with locally fiat coords
000

• (see Kheyfets, Miller)

2. Numerical Interpolation

• '_Particles" parametrize an interpolation

• Interpolation solves set of pde's



ADM 3+1

The sph interpolation requires:

• time: initial value

• space: boundary value forget Einsgein

• mass: conserved

therefore:

• ADM 3+1 space-time split

• Standard, Universally used

°_.2°



I
ADM 3+1 (cont'd)

3.W.York, "K_ aM Dru.nir_ ol Genu_d Rdo_y" in

$o='_ ol Gmdt_ioa¢l _ e_LI,. $._,-r

This Project:

• Spherical metric

• Schwarzs_d Coordinates

• t = time at infinity

• r = areal radius

• z = rcos(O), etc.

• 2 elliptic equationson a time slice

• particles averaged onto ld, spherical grid

• FEM solver for metric

• metric interpolated onto particles

Metric:

ds 2 = -b2(1- 2m/r)dt 2+ dr2/(1- 2m/r) + r2df_2

where b = b(r, t) and m = re(r, t).
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Fluid Equations

Euler's Equation

1

s.,,+v .(_so)=-bp,_+_wDu_[

2 "Oval Ovr
+ ]Orr(Va-OrX;)
]

Internal Energy Equation
dA

E,, + V . (E_) = -pAV . _- p dt
Mass Conservation

D,+ V. (D_)=0
where

A = u'__'g Sa = Dw u_

3-velocity = v_ = ua/u t

E=Ae D=Apo

p=po+e

w ----(p + P)/Po
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S, A, v Relationships

, 1 S2--_S_

A = wDI !WD)12__2_r_/_"

=AwD -- r r/

• Nasty

• All variables involved (fluid, metric, even pres-
sure)

• Iterate corrector (twice)
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SPH: Density

D _ves a conserved rest mass...

Therefore write

D = EmkWk
k

where

• w,_= w (1_-_1,hk)
• ink(t): particle rest mass

• r'k(t): particle position

• hk(t): smoothing length
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SPH: Momentum

Internal Energy

S is a momentum: S = DZ
Therefore

S = EZkmkWk
k

where Z_(t) are interpolation parameters.
Also E = De so

E = _ EkmkWk
k

• mass-weighted interpolations

• Only S and E used as physical quantities, not
the parameters Zk and e_

• no divisions by D(_)
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Discretization of Fluid Equations
Weighted Residual Method

• Insert approximation in equation

• Multiply by weight Fi(r. t)

• Integrate over slice

/_,__ =/(-v. _E- ...)_dr

Time Derivative explicit differentiation:

d

Weight Galerkin

• _ = w(_-r_, h_)
• Local support: hi



Integration

• (Gauss Quadrature: overlapping particles)

• "particle position" quadrature ***

Therefore

_kT_jk W/j = - _. ((V" _)E)j Wij
-- _ime derivative terms

• Matrix equation

• Sparse, but varying pattern

• Use condensation ("m_s-htmping")

_:_ i_wjkw_j= i.,_ _ w_._w_j
jk jk

End up with

IEi_ ---

Similarly for
• o

• z_ct)
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Code

(Predictor- Correct or)

• Q

1. Define r'_,hi and update h and r

2. Predict:

(a) Predict Zi, _.i, mi

(b)Sum
(c) Compute A, _/

(d) Metric solution

3. Correct:

(a) Define r'_and update positions

(b) Compute mi, Zi, _i

(c) S uIn _i , D i , Ei

(d) Compute A, v-_

(e) Metric solution

(f) Re-compute A, _i

Iterate corrector: "P(EC) 2''
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NOTES

• Interpolations used only as interpolations

-Kernel defined in coordinate space

• Choose_d_,.= -.dtOS _i

- (not necessary)

• hi using standard schemes

• Final vi evaluation is necessary

, Modified weight: include r2D, etc.
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C-J-+ vs Fortran

• Codes in both C+-J- and Fortran

• FEM C++ is twice as fast as Fortran!!!

- Fortran data structure: d(n), e(n), ...

- C++ data structure: node[n].d, node[n].e,

. SPH C++ is slightly faster (insignificant)

- Double Sum!

- Same difference in data structure.

• C+. is as advertised

-Carefully thought out objects

- Local objects
- understandable code

- Many more compiler errors, fewer rtmtime
errors

- Reusable (eg. FEM/SPH i/o, Spherical
solver)
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Tests

1. Shock Tube: SPH vs. FEM (done)

2. Spherical Symmetry: SPH vs. FEM (done)

3. 3d Collapse: SPH vs. FEM (in progress)

4. 3d Collision: SPH (in progress) vs. FEM (not
yet)

Summary

• Comparable results

• SPH smooths more than FEM

• FEM is more sensitive to instability

• FEM is much faster for equivalent resolution

- (but no binning in SPH yet)

• SPH better during horizon formation

- Robust, Co-moving

- (almost freefall)
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Future

t • Non-spherical Tests in progress

• Gravitational Radiation estimates in progress

• Gravity --, Perturbed --, Poisson's Eq'n : Col-
liding neutron stars

• Gravity --* 2d Axisymmetrie in progress

• Gravity -, 3d (Huge job here)
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RELATIVISTIC SPH

AVOIDANCE OF VELOCITY-BIASED KERNELS

Arkady Kheyfets, Warner A. Miller and Wojciech H. Zurek

Our contention is that any truly relativistic application of SPH should re-
flect thefollowing three requrements:

I. The kinematics of the smoothed particles should be relativistic;

2. The stat_ equation for the fluid should be relativistic; and
.

3. The interactions between the smoothed particles should be treated
• in a Lorentz-covariaut fashion.

The Lorentz covariaut treatment of interactions between the smoothed
particles can be achieved if one assumes that the relativistic hydrodynamical
contact interactions are mediated by kernels whose supports reside in the
local frame comoving with the fluid.
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SElf, I-RELATIVISTIC SPH

It appears to us to be common practice to satisfy only the first require-[
ment and to neglect the other two.

• The first requirement is ordinarily taken care of automatica_y via ap-

plying the SPH discretization tec]mique to the Lorentz covsriant hy-

drodynamic equations(e.g. the Wilsonequations).

• The equation of state is typically assumed to be either non-relativistic

or ultrsrelativistic. This should be more or less reasonable excluding

problems involving variations in the temperature from non-relativistic

to relativistic (collision of two clouds of cold gas moving with respect

to each other at ultrarelativist_c speeds). At mildly relativistic temper-

atures this could lead to quantitative errors, but probably, one could

get away with this qualitatively. This is not a serious problem since

these assumptions are made explicitly and can be easily corrected.

• The short range forces responsible for hydrodynsmic in_ons are

ordinarily represented by spherical kernels in the proper sps_ of an

observer, or in an arbitrary spacelike section of spacetime. This pro-

cedure is obviously not relativistically invari_t, as it depends on the

choice of observer. It does not allow one to make any sound judgments

concerning the scale of the kernels and does not allow one to draw any

conclusions concerning the applicability of the SPH technique for any

pmcular case.
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RELATIVISTIC SPH
o

The SPH representation of contact (hydrodynamical) forces can be
made relativistically invafiaut if one one assumes that the relativistic hy-
drod_ca] contact intem_ons are mediated by kernels whose supports
reside in the local frame comoving with the fluid.

The discretized SPH equations for a i-dimensional relativistic isen-
tropic fluid

n_L(,_) = const

c dr- mntG(rn_z) I¢. "-

p_+ c"_p_= mn_G(m_._)
n_Vk ----ak ffi const

UI " Ill -_ --C 2

where

K3(0G(,_) = K2(0

L(m_) K_(m0_=p_ K_(,_) j
c_

l_ffi kT

andK_(rn0 is the n-th hyperbolicBessdfunction.
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DISCUSSION

The main problem :

The kernels depend on the choice of observe. Their support, if pro-

I jetted on the comoving frame of the fluid, become e]lipmdaL The le!lipticity

depends on the choice of the observer.

Statement.
e

For any choice of the smoothing length for the kernel (spherical kernels) in

the observer's proper space, the observer can be picked in such a wsy that

the smoothed particle sppr_m,lm_itm brakes down.

For any 8iven scale, one can pick an observer such that in the direction

of his motion the smoothed particles will become decoupled. The susgestion

to stm_ from an observer and to choose the scale such that there _ be

a sufficient number of partides in the direction of the observer's motion

will ordinazily lead to silly situations (the scale of the smoothed particle

becomessma_erthanthe baryonsize,etc).

A suggestion to pick a Kmasonable observer" is sometimes forwarded.

However, a ureasonable observer" in this context means the one tha£ does

not movetoo fast (relsfivist3cany)withrespectto flui&

Statement.

The most Ureasonable"observer is the one that does not move with respect

to the ttuid,L a theobserverofthecomovingframe.
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CONCLUSION

* _hdy relativistic SPH is necessary for the problems that involve in-

teractions of parts of fluid moving relativistically with respect to each

other (no "reasonable_ global observer exists).

o _hdy relativistic SPH contains intrinsic criteria of its applicability.

Such a criterion is totally absent in semirelativistic SPH.

, When using semi-relativistic SPH one should employ the fully rela-

tivistic SPH theory when picking a "reasonable" observer. When parts

of the fluid move at relativistic speeds with respect to each other this

should be done locally.
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. Tidal compression and disruption of stars
near a supermassive rotating black hole

HamloSpoolz*

lm_ut _r Tbeombcbe Amoph35ik
der U_ Heideibers
Im NenenbMm_Feld661

D--eel0 mdrs

Abstract

Capture and tidal brea_-up of stars by a supennsu_ black hole (SBH)
and the nb,equent 8antJon of the dispa,ed mstter onto the centnl ob-
ject rosy provide a crucial mechanism for the fuelli_ of 8ctive plactic
nuclei (AGN). It is generally 8ssumed that very briKbt AGN contain •
centnd rotating SBH. Beca_ _c effects become hn_t for
the Roche-process for SBH _>106Me we present a fast hydmdyMmical
compuU_.ion at'the tidal encounter at"• main4equence-star with • rot,aXing
black bole.

To consider qualA_vely new effects, mpecia_ to include additional
effects by • Kerr black bole, me apply the Smoothed Particle Hydrody-
namics (SPH) technique for • Fixedbackground metric. Within the :kame-
work of SPIi, the star is modelled as • polyt_pe-- the Kerr metzic of
the ro_ black hole is taken into account by _ cmn_ts of the
Riemann-Tensor in • special chmen paral_p_ tetrad-frame akn_
the cen_,_m_s trajectory at"the star.

Beside tests and stability inwstipfions of the code, a cmnpazimn be-
ueeen the N_ ud the relativistic in_ is prmented, as well
as d_ cal_ of the efficiency of tidal disruptions and their d_
pendence on the angular momentum of the SBH for • modm_
5-107-_e SBH. The tidal disruptJ_ of • 1-Jlle pzdyt_e by an extremely

1-109-M® SBH is considered and the fate of the rmultiq debrk
of the st_r b shor_ discum_ Stone rmult8 of the mi_vistic tpam_iz_
Zionof the problem of tidal 8q_u_- of • star ciom_ eacoutmbg a Kerr
blzck hcde a_e sketched. F'mMlythe sul_ ofvdidi_ of these sdstivi_c
SPH4Fp_ for tidal MmulsZionsmound • SBH is derived k tmnus of
the radius of curv_ure nd the inbomogeni_ scale af the atend snets_

•E.m: .pmboisOepUUmd-beiddbeqte
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1 Tidal Processes around Blac& Holes- The
scenario

. In additioa to free gu aec_tion, tidal ia_ between a compact
object and • star (Rees, 1988) may play n important role in the pro- --

of fudrmg active _ - coac_d_ this fudamental process
exist the following lines d research:On me sidethere is the apldica-
tJon of the theor7 ed"tides t_oincmnpress[b]ebodiesin both the re_tivis_c
(e.g. ]Fkhbone,1973,_oon, 1976) and the classicalcontext. On the
other side we have the sophisti_ works with the compressible aJF_e
star model (e.g. Luminet and Carter,f1986) where the star is assumed
to keep al_ys an dlipsoidal densi_4hap_ even during a very dine a-
counter. Later, this applicafioa has been extended to • relativistic version
(Luminet and Marck, 1985) in the environment of z Sch_d-BH:,
using an earlier formulation for relativistic tidal forces (Marck, 1983).

A third _ent of such3D-problems wi_h a rumnable computa-
tional effort has become more nd more common- even if _hey are not
tha£ accura_ as conventional hydrodynamic axles, mostly applied to re-
micted problems with less dimensions: The recently introduced parti-
cle methods (Lucy, 1977, M_, 1992) are very helpful to understand
grosseffectsof tJ_ httri_c 3D-_.

Although we h_ve principle dUBcu]tiesto treat self-gmvit&ting systems
in General Relativity properly, it mmns to me useful to include the
formulztian far tidal forces (Marck, 1983) in such • particle program.
An older short description of simple SPH4imulafions for tidal actio_ of
Sch_d- and Keav-Blar_-Holes on pol_ope stars (Sponholz, 1991)
is here presented as more extended and _ pzper. An ac-
tual application in the vicinity of a Sch_d-BH is described in
LaSunsaL,

2 Tidal Processes around Black Holes ..-moti-
vation

Earg_ it hat been argued (Hi]k, 1975) that for the fuelling of AGNs,
tidal disruption may be only effective if MSH < 10sM® (if the sum J/mH
of the central Sch_d black bole exceeds 3_ x lOeMe, the rad_
of the innermoa _ble orb_ becomes huger than the tidal radius nd the
star m_l be c_ptured wholly, without emitting nd_ioa). However, tidal
disruptkm of _ hmmpmm'ble hid bodies is am excluded for

a mine mature Kerr BH with M_ < 2 x 10_M®, _ for co-rotating
orbits the Roche limit in_ while the radiu of the last stable orbit

deumm with in_ ugular momentum d the Kerrbl_ hole. Thu.,
of principle intrust zre the fraction of the star's hum which fans dJrec_

_Oaeofti_ reml_ amultiplea_mm_efthe_g _ ¢gthem_ie_min the former
N_ cme d a vest close _.
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"" Tidal ¢om_ and _tJoa of stars near a rotati_ blackbole

in_ the ho_ the fiaction which is e.kct_ into outer reins or at times,
before the disk has fully evolved |CAg0], and the :h'action, which remains
in the disk.

We consider as primary body • massive black hole (BH) with a mass
of 10e...l(PMe, op_nal!y with _ momen_mn. To model the sec-
ondm7 star as a polymq_ we divide the star into • number of £u]d ele-
men_ and simulate u encounter of the secondary star with the black hole;
this means, that we solve the equ_ of motion in the combined Fse.ldof
(i) the _ holeand(Ji)the staritself.

3 The Method: Smoothed Particle Hydrody-
namics

A recently introduced numerical method (Lucy, 1977, Benz and Hills, 1987,
Evans and Kocha=ek, 1989) -- Smoothed Particle Hydrodynamics (SPH)
-- uses • l,qgushm descr_tkm to simuhte the evolution of S_eous
systems-- the medium is modelled without • numerical grid as &collection

I of N Smmu. psn_, mment., movinsJn_ p_nu or particles.
, To solve the exact real system rosehas to use aminfinite number of such
, elements. For • compu_al method with • luite number of elements,

we have to perform local averasing over finite volumes, consequently, we
have to introduce 8 procedure for smoothing out local £uctua_ions in the
particle number.

a) If the value of"&physical field jr(r') is known at the radius vector _,
the mean value at r can be obtained by &verasinKover • kernel Wi(r- s_):

(jr(r)) - f _f(r')W_(r- s_)dr' (1)

b) The deri_tives of the functionI areobtainedby moot_ with
the derived kernel:

(after integration by parts:)

,,)Ozl

¢) H we choose the mass density Q u smoothedf_cticm Wi(r-_)
known Lt a _nite number of _ points _, include the Poim_n equ_
tion and an equafi_ of stste= the= we rosy write down a system of ODE's,
app:admLting the equations of hydrodynamics, including the Lomntz.
inva.,ia=t modificLtions (cp. Mua, 1991).

To model the m:ondary stm' u • po_yt_pe, we divide the star into
mmber ofshid elements or "smoothed particles" and simuhge ms en-

counter of the secondary star with the black bob.
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• . tL Sponbolz

4 Geodesics around a Blac_ Hole and tidal ef.-

ficiency
If that the star is much smaller3 than the BH, it is reasonabk assump

tion that the star moves along a geodesic around the BH. The trajectory
for a small main-K,quence star orbiting in the equatorial plane (# = w/2
and 6 = 0) aroud • _ve BH b given by Car_', integrals of motion:

i = (.ALE-_r_)_s,_ • (4)

" o ffi (E('_+"_)-"L]''- _s(_,,,_+x) (s),.4
1,,,; (,-g),] ,,,

where (:°, :n, :O, _) E (:t, mr,:_e,z6) => (t,r,O,O) denote the Boyer-
Lindquist-coordinates and for the mass of the BH we h_ve Malt ffi M.
For the constants we use the ¢onvention G -- c ffi 1. p:t,E,/, axe the
rest mass, energy, and aagu]ar momentum about the axis of symmetry
per unit row, respectively; K is Carter's third integnd: J¢ - (¢E-/.)2.
The dot denotes the differentiation with respect to the proper time _r,J.
Without restriction we set p -- 1. Physically moti_ted-- the star k
assumed at rest in iaftaity distance -- we use a _'parabolicworbit: E ffi 1.

The geodesics may be obtained either as the formal solution or by
numerical integration of the eqs. of motion (4) - (6). The numerical
integration --- here we use Oeodaete Behwar_chtld-BH
• Rur_-Kutt_-scheme --
seems to be reasonable sta-
ble even close to unstable _o

orbits. (For Sch_d-
geodesic an orbit close to * 6
the marginal bound or- [
bitatr_ ffi 4 ffi /_is
•ho_ ,- _-_dq_ _. 0 : + -
o_dmata (r_ I).) Al-
readyfrom the shape of -4.. ---
geodesics we may discuss
the hfliuence of relativistic
effects and. of the Black -o • 6 _o _s 80• r/a _0
Hole's rota_on on the tidal L - ¢o000t. a - oJ_ r, - ¢o:

problem: The fogowiag Ftgur3 1: Schwarnddld-geodedc (peiam_
three effects appear and rpffi4.01)
may discussed even by cmuddera_ms about the podesics:

SFo¢applicableeonditionssee sect. (5
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•. 2Ida/mmpreezianand d/smptJon of'stars near a roZati_ b/act Izo/e

(1) Theseodesic,oftest-particleschanSebytheinfluencearthe curva-
tureeffectsof the space-timeas wellas by the angularmomentumof the
BH.In Boyer-Lindquist-coordinatese.g. all the typicalradiusof profFade
test-particle-orbitsSOUto oae Schwarzsc_d-radiusforanatreme (a _ 1)
rotating BH.

IncreasinSansularmomentumofthe BHdec,ms_1orpmgm,kor6_ the
knmd nd/_ r,a: This emddes• smsllerlm_zm-dimmce
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(3) A non-va_dd_ spin-momentum a d the BH results in the known
"Fr_me-Drqg0n_ efl'ec_ the _ shifts invards and cm the khmer

Oeodaete (retrograd) Kerr-Black-Hole _
2s o_-. _, a

ot !(+ ------*-1
-sl- _%,_J,i' : .... m-'r_-_l

/
--8

4 O :l lO 11
: r/M_+

L--Z.O, a = U

_ X_c (_)
radius _ ]oca.tes the ",_t.ic limit", the "b_def' of the _ The
Boyer-Lindqukt-coordinLte "f' changes from • tim_like to • qxu_like
coordinLte. This reflects the _-¢mg coupling of the individual mbits to
the Igjven gpac_ne of the BH and results in a mm_er _ jTorcefor
the retrograde orbits compared to Schwanschild eJu and in all cases
_tlu_ forLcmn_ (the,rune_ factor_)nemmiLn
conste._km.

5 The tidal field of the SBH Kerr-space-time
The tidal problem k treated in L rut-particle app_--- we

assume tJ_t the space-time of ud around the compact object is nef_i_ble
disturbed by the secon_ star. This is the condition to consider the orbit
of the star u a Keodesic given by Carter's formulae (4)- (6). With other
words: the condition to include the self-gmviLLUonof the star in &]oczl
fla_way leads to the demand for a small extension and _ scales of the
staT against the radius of curv_ure of the primary metric (sect. 6).

The relLfive (tidal) acceJerLtionof a hydrodynamical element of the star
m_y be obtained by the eq_ of geodesic deviLtion. An orthonorma]
_rad, locally defined and parallel-prop_ sloag the centre_-mass
trajectory allows to derive a tidal tensor in terms of the Rkunun
from the equztion of geodetic deviztion. The sepm_bmty properties of •
Kerr Black Hole make it possible to ¢mmtruct such • tetrad auslytkally
(Marck, 1983):

= + + -z_c ,f

is)= cmt- _t ,
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•. 2_da/mmp_ and d/sr_ti_ dstars near• _ _ bo/e

_/_(_ +x) 6_+ j_(_ +K) - " (8)

_/_(v_ + A')_ +
(9)

ForthenSub__ d the_ _ _sv_

_ E_-.._n(_- _) (10)- ._+K

Fara rather]fighvelodt_ ia the ioctl tetr_ _ it b aplm_i_ to
use. furtherextended_ at'podmc devia_m (HodO_nJ_ 1972,
M_, 19_), which8_ Ore_ _ foredd a_eJu't_
d hydrod3nnmicalelement_withrupectto thelocal_

The tided

o o e_c,j = _®jo+_(_t _+_._,_/_x )

+_,_x'x'.,t ) . 01)

i. d,_ h_tram of t]_ _ tem_ w_ _ to tl_ __l-
propagatedtetrad:

_ _ --(o).(o)_(,) (40 (12) -

Explicitly,somenon-v_ independentcem_ at'thetidaltenor
aresirenbythe

o... ,,,, .
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• H. $_olzqe,

6 RangeofApplication

_ _t d _ _ _ the_ _-
tomsu)_t d _vitaxion d tl_ _ _ _ t_ _Uowing
cmditioufor_ d_

• The object mova on a test,-parti_ trs_ aroundthe BH and

- _ cn be trud_ in a ioca_ Jl_ w_, ud

. Productionof _ nd _ radi_ion is _
hie

on]y_ theima__ dthe m: X.(> M.) is man co.prod to t_e
' kngth rode o/' the meu'k. The external meUick_ a vacuum _

ta.or d_n,cta-_d byt_ _aow_ tk_ U_,th._k.,:

• T= Thnescale:T".' 1_. • In ter_oftheKerr-meuicthb
a,__ _ be _ derivedfromtheco,n_ ((13)- (]6))
of the _ten_r with respectto the used tetrad qVm_m:

Theconditionfor_ star's_ _ L

Lc. I

b a realresuic_ forvmydooemcout4_ _ thebnSth4caled
thedekn'medst_ inumm _ ordmof_de especid_duri__m'y
ckmeencount_'.

Thefdlovh_ talderda_ the_ steUarda_ t_ _rad_
dSBH vitk cmmq_dh_ mms.
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RANGE OF APPLICATION FOR TIDAL TENSORS -- EXAMPLES

| |s ill

_,_np_" u. (ue) n. (Re) u,t (ue) ' _ • uu (ire)"
i

B0 V 18. 7.5 3.,5- l0 s 1.22 1.6- I0e
A0 V a.,q 2.6 1.2- 10s 0.75 7.5- l0 s
GOV 1.1 1.1 0.5 - 10s 0.46 &6- 10s
M0V 0.5 0.6 0.3 - 10s 0.32 2.1- 10s
FOEll _ & _- 10• IJ58 2.3- 10e

m s.5 16. 7.5. l0 s 4.51 IA- 10so
M0 m &o 40. 1.8-107 10.0 3.7-10 s°
A01 16. 40. 1.8. 107 6.80 2.0.10 _°

] _ w. 2.s. _o" 1_.# 4..I-loso
mgim_(CAm') le. _t_ z=- zo• 41.7 s.l- ]ou

i i i i i!

t Mms d a b&Kkbob with _ __ rz_. l_.

• M_koe_ d_mu_m _=_ _rr,=Z.S, Uu=ZO'Ue
Muimalmms ara bb_ bole fara koeff, dpemustS_ _ = OJS,rp = 2.0

K Ws c,,.,-
6.1 _ea/ treatment, nGe-__l_c case vs.
Geodesic,/Uemann-tensor

Assimpletestlet'scomparethedassic81umtmeatwiththecompletenew-
tonJantidalS0t'msto_ simOarcomputatkmusingtheintegratedI_odesics
and the RJemamt-tenmr.

8000 "_ l I I

=_d Cm.msoswin..),r..
lt_ o.'m. id_l_ il_ 1.i,

_apm_s,Xe,,soe__ . -375-
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{_,t{,emnputa_m shouldsho_thesan_,esu_{_s dass{cal,I{n¢_

InF'_ 5 the _msl Eqdaia OrSitis sbom_the annlm_ urnsthe

Thisis 8 cempmmslmwit)5Z000pro'tides;the SPH-wkl_ 2Aax're
qx:ds -_ to t_ ingtt cd"the tkl: zt the --_- -- zD the _ _ale
un_s m in un_ of the _:hwa_sd_ radius Mare the luo_ oft_

10.

_,.__ _ to _ ann_ _ _. S.

I_ 6 ruesthesmdmicequask_ tlsetidalformsm usedasemnponad_
dt{,__ m=,= {brtbe,,,une_ (_ _ =,,e)M

I I I

-,45OOO I I I
-5000 -IBO0 • li0il0

. r/la _ _etm_1o=_._ r, - z4m_
o.'m.&,,,1.:.0.o4_ _ S.OM,,

FiSm_ S: Gemrd_ mamm_ in the Neutoam Lim_
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; 7_dalcompress_ and _pt_oa of z_ars_ar • _ blackhole

• 7 Non!inearNewtonianencounter

-- Verydeeppmetratioad tl_ scar into the Rod_ lobe we_ed_c_Jed
in _anectkm w]th

-tidal _ ==de_ pmo_dmg of _ star's _tter ('Nmdear

_T_,

[-r,T;

_,ZZ

T_.,_.,.,.,.,.,.,.,_om • ooo

=[xj
dn.=nuo,na,,,,z_ ha,=_ I.,- o¢._

o

• -t-b_,_(_, lees).
-- ]Its mmmecl,tl_ the zq_imed t]_ ti4hl latmu:tkmIs ,mm-

i_ c_trdId by the _ _ _ = "Zocbe_"

tke t_! _ rode In tJketidalleid:

• J ..,,. 4...,.J(T__) "

.mr (,, - z,) _ t_ _ k

_. u_lor tlm cem_ _Jw =f-

_ •
- Pmidm ip mbw & "eye d _ u_ "

csl_. (FIS. 8 dram, ,_ viw esto ti,e _" * -olmd

n,d_maul J,_er d tnn ..urn 1_ JSpm_
t.) -377-
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8 Tidal compression--rela__c case
For the way dine encounters in the vicinity of • BH, this tmmition

afthe_mral_ elemen_throu_theequztmialIsyeroccur
szpe_L T_ _e _ ,_e ofthewrt_ pr_d m_swm

, kwem,,,m_ _,,_-,:ms (F'_. 10). Themm'dinsze-timetof'sacbew_
9) is mostly very simfla: to the l_oper thne :ud -- if suchvjoient

processappear it must be obeervedwith the samethn_scale of _
5-.u,_ (inhereJ4 is t_emm d tl_eBHi_ Me). A mlti_ pea.khtxbe
desmityal'Utem,armuldnotbe_ probaldyduetothelovmmlution
af ti_ simuls.tion.

0 20 40 -s0o-160-.10o-_ 0

M.-LI+osM. M,- I.oM, ll.-uo, s- woo

F_p_e _. _c for veryc/_ em_ter. /l, : RR/r, : 9. Proper-t/me
aeAr,y ,m_.
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• 7_dal_VresY_ and dlmrp_ dm near• _ blackbole

*t

i 9 In_uence of BH-R_tation on Tidal compres-
sion

Fort_ c_n_ d tbe star tberesre ishes_ _ by l_.e°

__a-__Ndorlitdtbesum. For__d_,.theoditdthe
star b closer to the _ bould cs'bit ka' a _ _,_m-
pared to s sc_ota_q _ a co-_ BH. The l_Mmcmmca of several
ccmpmms, _re_ _ moree,,,_.
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into the dsaKerousregion, wherethe lehigh scale of the star hu same order
of magnitude &sthe inhomogenity scale, radius of curva£ure,respectively.

10 TSdalclisptions
To estim&te Roche-limits the linear treatment (J¢, 4_ R, J¢, 4_ £) is

&pp_icablefor comput&tious of tidal disruptions (Bp-_ 1) of Main-Sequenc_
Stars tad nnnains in the reap of application. The influence of reh_tivistic
trajectories on tidal disruptions has been discussed already in sect. 4:

• M;-;,-_I dh,_u_ ol the _ron is efl'ectedby sp'mof the SBH.

• Orbits near the __ly bound became nearly "circular" and the
tidal time-efficiency enc_e_es.

- Tidal forces kcmase with _l_'t to the Newtoniau cue.

• Tidld forces bwea_ with spin of the SBH for retrqTmdetr_jectodes
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• . 7_da/compression and _pt/on of stars near a rotating h/ar_ bole i
I

• Examples: :"

1) SBH Mss ffi 50-106M®.

• Simulations with the same _, but different angular momentum of the
SBH

2) Extreme Kerr-SBH Mjsn = IIPM® (fqp. 20-22).

A rough impression for the angular momentum-inJluence of the $BH onto
the tidal prooeu may be obtained from the f_gs. 14-19. We identify the
event of • guccesdu] disruption of the star as the increase of the total
energy F._ above zero (ftgL 15,17,19) and the decrease of central stellar
mass-density as well as • run-aw_y of the princil_d uk of the sULr(ftgs.
14,16,18).

Maximede IMvhte
10.0 _ ....... : 100.0

ii --- el

j,0o ,

0.1 ....... " 0.1
-100-80 -aK) --40 -20 0 -100-80 -80 -40 -B0 0

gqgens_ T_ gigenmJt T_
Mu-5.E+OTM,.M.,. I.OM, #.- 0.60. a - 0.000

Figure 14: Density vs. time and relative mag_tudes of t_e pr_ncJpa/axes of the
star for the escounter with the $_war_d_ld BH. Traction of pedbel at _ = O.
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thesameRoch_coeff.# (the_me _ce), butfora pro_Fade
orbit (figs. 16, 17), the tic]a] disruption-event ]_ppens _ considmab]etime
]_1_ (a.Cterthe perii_xon-tramdtion) for an eacou_ter with • moder_teJy
rotaCi_ Kerr-BH. On a rela_ed z_e orbit (fq_s. 18, 19), disruption
occursareasonabletimepriortothetrazdtionthrouKhthepeda_on(in
all the computation, we interrupt the shnulation, if the star k disrupted.

Igaxlma]e DIchte

I0.O " -' "- - • I0O.0

j,o '-'- "I0.1 ........ " - 0.11 _-"
-80 -80 ,-.4.1)-I_) 0 20 -80 -8,0 -,40 -20 0

_t Tm l_lenselt T.
M.=SJE+O?M. I¢= 1.0]_. p.= O.SO, * - O.SOO

Figure 16: Dens/ty vs. t_e and rda_ve man.furies of the prindpa/axes of the
star for a pro£rade encounter with the Kerr BH. Transition of perihel at • -- O.

71 Tidal disruptions by a 109Me Kerr-BH
The encounter of & 1M® main.sequence.star encounter with & liPM®

extreme Kerr-BH (tiEs. 20- 22) results in & clear tidal disruption-event.
(Positivetotal energy,d_ densityof the _.ar,in_ prindple
axis.) In connection with the fuellinS of AGN we assume, tlmt the tidal
I_rup_m events of m are imporlant _ _.llin_ _ also for the
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•. Tida/compres._on and d/srupL/on o[stars near a rot,atfl_ b]acJchole
I

Maximede Dichte Hauptachsen10.0 ....... 100.0 ........

j ,, __.-_.-."-e 1.0 -- x,
• _ ---'Ze

0.1 ......... 0.1 .......
20 40 O0 60 I00 20 40 60 BO 100

]_qlemmit Irm l_lenNlt -i'm
M..-6.1_+07M., It.= 1.0M. - _= o.em. a = -o_oo

Figure 18: .Dend_ vs. t/me and re_v_ maqpa/tudes of' the princ/pad axes d the
star for a _t.'o_ade encounter with _e Kerr BH. Star _ dissolved before
reaching the _aon.

0 ill ii i iiili i i . ii i_ I I ill i . + • _ _ __ il I

qp ......

;. 0 "- ----

, o,wo ,i..+ o ,i,..i, ,is

E - .......................... -- -"_ ram. mmm ,mllm. _ 411

9llm_ . i iii 1 41 l n I ] _ I

100 105 110 115 120
]_iSenHft T..

it.= o.eo. , = -o.ooo, Mw,,5_+0"fll., I/.-, 1.oi/,

Figure 19: K_net_c, yavJtsffona/and total energy vs. time. Retro_Fn_de encounter
with the Kerr BH (a= -0.8, _ parffdes) Roc_e-FtmJt F_ >_0 zeached before
transitionofperJhel. (_000Particles.)

brightest AGN's (ff the mass of the corresponding SBH is assumed for such
BH's to be about 109M® and ff it is mp_l_ rotating.) For such assumed
SBH's, the mus-range for the tidal disruption event (due to the arguments
given in Hilk, 1975) will be extended in one order of mai_tude-

The process may go to even hisher masses of the BH, ff one takes
of a mmdn-seqcence-slxra less den_ star, e.g. a red _aat.

For tidal-events, *+heenersy-distribution E = -1_ andthe orbital angu-
lar momentum-distribution L..= p_ofthe debris may be calculated by the

back-traasfo_ by pj+= A_]X,. For events close to the Roche-limit,
the en_Ty-dktribution of the debris of the star is nearly the same as the
enerl_ of the former V.Lr: No dramatic changes occur for such limiting
case. The fate of the stellar debris k euenti_y the same as it would have
been for the star itself; ff the star were on a geodesic, that is swa]lowed
completely into the hole, than the fate of the debris will be the same and
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vice versa. For the above example e.g. the distn'bution in energy and
angular momentum is &_ ___ __10-4, respectively.

For the example descn'bed in (figs. 20 - 22), we expect as result of the
tidal process that the debris leave the cIoe__environment of the BH on sim-
ilar geodesic as the former star ((fig. 20). The resulting highly elongated
fragment of an avcreti,m-d_ may be later very fast tmasfmmed into a
circular accretion disk fragment due to perihel-ahift-etfects find visc_ty
(Syeret _, z991).

Maxlmale Diehte Hauptachsen10.0 " " " ...... 100.0 .........

10.0

l | --1.o - z.

0.| ....... , 0.1 • - ... , ..z , • • ,o • i ; 8 ,o
i_emmit T.. _t T..

]I_,,I.N+0gM_ M.- Z.O]_ p.- 0.48, • - 0.1t96

' Figure 21: K/netJc, gravitxtio_al and total energy vs. time. Prograde encounter

with the Kerr BH. Roche-limit if Eu, >_.O. Trajectory (F_. 20, 8000 Parades)
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E O. Box 5800 swattawOsandia.gov
Albuquerque,NM 87185 Jeff Swegle 505-844-9369 Dept. 1562

jwswegl@sandia.gov

TetraCorporation GaryHess 505-345-8623
3701 HawkinsSt NE
Albuquerque,NM 871(}94512

University of Arizonia Willy Benz 602-621-6530
StewardObservatory wbenz@ptolemy.as.arizona.edu
Tucson,Arizona 85721

University of Heidelberg HannoSponholz 49 (6221) 56 2974
InstitutfurTheoretis_he _ysik sponholz@epikur.ita.uni-heidelberg.de
Im NeuenheimerFeld 561
D - 69120 Heidelberg
Germany

University of New Mexico Rita Smith 505-821-0416
DepL of Chemical/Nuclear Engineering rsmith@aquarius.unm.edu
FarrisEngineeringCenter A. SharifHeger
Albuquerque,NM 87131-1341 heger@hydra.unm.edu "

University of Pennsylvannia Pablo Laguna 814-863-8470
Dept. of Astronomyand Astrophysics pablo@astro.psu.edu
525 Davey Laboratory
University Park,PA 16802

University of Texas EricFahrenthold 512-471-3064
Dept. of MechanicalEngineering meed522@hermes.chpc.utexas.edu
ETC 5.160
Austin,TX 78712

University of WesternOntario Pauick Mann
Departmentof AppliedMathematics pjm@montyJqzu_aths.uwo.ca
London, Ontario,Canada,N6A 3K7
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LIST OF A'ITENDEES AND OTHERS

Tats ligis the same as the previomlig but c_mized by individualmine.

Fuooz Allahdadi _ Lab
HankAline Rice Uni_ty
MaryAlme Alme and Associa_
Dave Amdahl PhHHpsLab
NasitAri Kaman_ _on
En'kAsphaug NASA Ames ResearchCenmr
Steve Auaway SandmNational
Lm Baker Dagcam Softwa=
Tedlkle_hko Nonhwe,m_ U_mity
W-zlly]_zz Univm_ty of
Izigh Brookshaw Lawrencel.iv_mo_ National tzbontory
PhilCampbell CrayResearch,Inc.
Ted Cm_y Applied RmemchAssoc/a_s
StiflingColgate LosAlamosNationalLab_
Neck Cooper Los AlamosNationalLabommy
RobertCom'ter LouisianaSum University
Richl_vidson LosAlamosNationalL_
Melvyn B. Davies Caltech
MehcUEUas_ Advanced Sciences Inarpmated
DougEverimn Battelle
EricFahrcnthold University of Texas
MikeHsher Battelle
PatrickFox PurdueUniversity
Dave Fulk Air ForceInstituteof Tedmology
M.tkeCm'cia Los AlamosNationalI.mbomtm'y
Tony_la KachinaTeclmologies
Chuck Haroaves Bauelle
A. Sharifl-leger Uaiv_ of New Mexico
oaryR.Hess TmraCmpmeon
Dan_ L Hicks MichigjmT_n. U_
Jackl,mls "tm AlarumNatioml Lalxmmzry
BradHolian Los AlamosNational
KathyHolian Los AlamosNationalLabormmy
Bill Hoover LawrenceHvermoreNmional Labomm_
TomHughes Mission ResearchCcrpm_on
GordcmJohnson Alliant Ikch SymemsInc.
Ncmm Johnsmz Los AlamosNmimmlIzbommy

Jones Los AlarumNatioaal
Jones Kamaa Sciences_oa

BobKm_ Los Almuos Nationallaboralo_
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Jen7Ken_ LosAhmos_ Labem_
l__ LosAlamosNaeGm]tabom_
PabloLaguna University of Pennsylvannia

Leonard Los Aiamos Nmional
Lmry_ NM Insfitmeof Miningand Technology
Wing KamLiu Nerthwesu_ University
Yon YonLu No_wesu_ University
tmry Luck Los Alamos NationalLaboratory
Chades Lee_ Pht31ipsLab
Dave Man_ll Los Alamos NationalLaboratory

Mann University of WesternOntario
DavidMedina Phillips lab
WaraerMiller Los Alamos NationalIabomlm'y
Joe Monaghan Monash University
B. Nadiga Los Alamos NationalLaboratory
JamesN'm_ _ Lab
Joseph S. Oliveira La_ LivmmoreNational
MikeOwen Ohio StateUniversity
Joe Repa Los AlamosNational
LarrySchwalbe Los Alamos NationalLabonm_
JoeSecary KamanSciencesCorporation
Barry Sharer Los Alamos NJuionall.abommry
Dave Shirley CrayResean_ Inc.
BradSmith ]PhillipsLab
RimSmith University of New Mexico
CharlesSnell Los Alamos NationalLaboratory
WagrenSparks LosAlamosNational l,abomo_
Alan Spero Lawm_ LivermoreNationalLaboratory
I-lannoSponholz UnivemiWof Heidelbeq_
Bob S_llingwerf Los Alamos NationalLaboratory
Michael Stoecker Air ForceInstituteof Technology
Jeff Swegle SandiaNationalLaberatm_
Roben Swift Los Alamos National
HaroldTrease Los Alamos NationalLaboratory
ChristianVanneste Laboratoizede Physiquede la Matim_Condemee
Jens _fiilmusm Ohio StateUniversity
Mike Warren Los Alamos National Labommy
Doug W'_on Los Alamos National
ChuckW'mgau_ Los AlamosNationalLabomu_
Wo'jckch_ LosAlamosNationalLa_
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