
3
2

S
p

rin
g

 2
0

0
8

 • V
o

l.  6
 N

o. 1
 • in

S
iD

E
3

3
S

p
rin

g
 2

0
0

8
 • V

o
l.  6

 N
o. 1

 • in
S

iD
E

A
pplications

A
pplications

in
ve

rse
ly p

ro
p

o
rtio

n
a

l to
 th

e sq
u

a
re ro

o
t 

o
f th

e d
e

n
sity, so

 sim
u

la
tin

g
 a

 C
D

M
 h

a
lo

 

m
e

a
n

s d
e

a
lin

g
 w

ith
 a

 sys
te

m
 w

h
e

re 

d
iffe

re
n

t re
g

io
n

s e
vo

lve o
n

 tim
e

sca
le

s 

w
h

ich
 m

a
y d

iffe
r b

y fa
c

to
rs o

f th
o

u
-

sa
n

d
s. C

o
d

e
s w

ith
 sp

a
tia

lly-d
e

p
e

n
d

e
n

t, 

a
d

a
p

tive tim
e

s
te

p
p

in
g

 a
re m

a
n

d
a

to
ry 

o
th

e
rw

ise th
e m

o
s

t ra
p

id
ly e

vo
lvin

g
 re

-

g
io

n
s, w

h
ich

 u
su

a
lly in

clu
d

e o
n

ly a
 tin

y 

fra
c

tio
n

 o
f th

e m
a

ss, fo
rce tim

e
s

te
p

s 

so
 sh

o
rt th

a
t th

e ca
lcu

la
tio

n
 g

rin
d

s to
 

a
 h

a
lt.

A
 se

co
n

d
 ch

a
lle

n
g

e s
te

m
s fro

m
 th

e 

h
ig

h
ly clu

s
te

re
d

 sp
a

tia
l d

is
trib

u
tio

n
 o

f 

m
a

tte
r w

h
ich

 a
ffe

c
ts in

 p
a

rticu
la

r th
e 

sca
la

b
ility o

f p
a

ra
lle

l a
lg

o
rith

m
s. A

 C
D

M
 

h
a

lo
 is a

 n
e

a
r-m

o
n

o
lith

ic, h
ig

h
ly co

n
-

ce
n

tra
te

d
 s

tru
c

tu
re w

ith
 a

 w
e

ll-d
e

fin
e

d
 

ce
n

tre a
n

d
 n

o
 o

b
vio

u
s g

e
o

m
e

trica
l d

e
-

co
m

p
o

sitio
n

 w
h

ich
 ca

n
 se

p
a

ra
te it in

to
 

th
e la

rg
e n

u
m

b
e

r o
f co

m
p

u
ta

tio
n

a
lly 

e
q

u
iva

le
n

t d
o

m
a

in
s re

q
u

ire
d

 fo
r o

p
tim

a
l 

e
xp

lo
ita

tio
n

 o
f th

e m
a

n
y p

ro
ce

sso
rs 

a
va

ila
b

le in
 h

ig
h

-p
e

rfo
rm

a
n

ce p
a

ra
lle

l 

a
rch

itectu
res. In

 ad
dition, g

ra
vity coup

les 

th
e d

yn
a

m
ics o

f m
a

tte
r th

ro
u

g
h

o
u

t 

th
e h

a
lo

 a
n

d
 b

e
yo

n
d, re

q
u

irin
g

 e
fficie

n
t 

co
m

m
u

n
ica

tio
n

 b
e

tw
e

e
n

 a
ll p

a
rts o

f th
e 

sim
u

la
te

d
 re

g
io

n. In
 o

u
r ca

lcu
la

tio
n, th

e 

clu
s

te
rin

g
 is so

 e
xtre

m
e th

a
t a

b
o

u
t o

n
e 

th
ird

 o
f a

ll sim
u

la
tio

n
 p

a
rticle

s co
lle

c
t in

 

a
 re

g
io

n
 th

a
t e

n
co

m
p

a
sse

s le
ss th

a
n

 a
 

fra
c

tio
n

 o
f 1

0
-8 o

f th
e sim

u
la

te
d

 vo
lu

m
e

!

Calculation M
ethod and 

Parallelization Techniques
To

 m
a

ke th
e A

q
u

a
riu

s P
ro

je
c

t p
o

ssib
le 

o
n

 th
e H

LR
B

 II, w
e h

a
ve d

e
ve

lo
p

e
d

 a
 

m
a

jo
r n

e
w

 ve
rsio

n
 o

f o
u

r sim
u

la
tio

n
 

co
d

e, G
A

D
G

E
T-3

, in
 o

rd
e

r to
 im

p
ro

ve 

sca
la

b
ility a

n
d

 p
e

rfo
rm

a
n

ce fo
r th

is 

e
xtre

m
e

ly tig
h

tly co
u

p
le

d
 p

ro
b

le
m

. 

G
A

D
G

E
T

 u
se

s a
 h

ie
ra

rch
ica

l m
u

ltip
o

le 

e
xp

a
n

sio
n

 (o
rg

a
n

ize
d

 in
 a

 “tre
e”) to

 

ca
lcu

la
te g

ra
vita

tio
n

a
l fo

rce
s. In

 th
is 

m
e

th
o

d, p
a

rticle
s a

re h
ie

ra
rch

ica
lly 

g
ro

u
p

e
d, m

u
ltip

o
le m

o
m

e
n

ts a
re ca

lcu
-

la
te

d
 fo

r e
a

ch
 n

o
d

e, a
n

d
 th

e
n

 th
e fo

rce 

o
n

 e
a

ch
 p

a
rticle is o

b
ta

in
e

d
 b

y a
p

p
ro

xi-

m
a

tin
g

 th
e e

xa
c

t fo
rce w

ith
 a

 su
m

 o
ve

r 

m
u

ltip
o

le
s. A

 g
re

a
t s

tre
n

g
th

 o
f th

e tre
e 

a
lg

o
rith

m
 is th

e n
e

a
r in

se
n

sitivity o
f its 

p
e

rfo
rm

a
n

ce to
 clu

s
te

rin
g

 o
f m

a
tte

r, its 

ability to adap
t to arbitrary geom

e
tries o

f 

the particle distribu
tion, and the absence 

o
f an

y in
trinsic resolu

tion lim
ita

tion. 

H
o

w
e

ve
r, th

e
re a

re a
c

tu
a

lly fa
s

te
r 

m
e

th
o

d
s to

 o
b

ta
in

 th
e g

ra
vita

tio
n

a
l 

fie
ld

s o
n

 la
rg

e sca
le

s. In
 p

a
rticu

la
r, th

e 

p
a

rticle
-m

e
sh

 (P
M

) a
p

p
ro

a
ch

 b
a

se
d

 

o
n

 Fo
u

rie
r te

ch
n

iq
u

e
s is p

ro
b

a
b

ly th
e 

fa
s

te
s

t a
p

p
ro

a
ch

 to
 ca

lcu
la

te th
e g

ra
vi-

ta
tio

n
a

l fie
ld

 o
n

 a
 h

o
m

o
g

e
n

e
o

u
s m

e
sh. 

T
h

e o
b

vio
u

s lim
ita

tio
n

 o
f th

is m
e

th
o

d
 is 

th
a

t th
e fo

rce re
so

lu
tio

n
 ca

n
n

o
t b

e b
e

t-

te
r th

a
n

 th
e size o

f o
n

e m
e

sh
 ce

ll, a
n

d
 

th
e la

tte
r ca

n
n

o
t b

e m
a

d
e sm

a
ll e

n
o

u
g

h
 

to
 re

so
lve a

ll th
e sca

le
s o

f in
te

re
s

t in
 

co
sm

o
lo

g
ica

l sim
u

la
tio

n
s. In

 fa
c

t, in
 o

u
r 

a
p

p
lica

tio
n

 w
e w

o
u

ld
 n

e
e

d
 a

 m
e

sh
 w

ith
 

(1
0

,0
0

0
.0

0
0

) 3 ce
lls to

 d
elive

r th
e d

e
-

sire
d

 re
so

lu
tio

n
 w

ith
 a

 sin
g

le P
M

 m
e

sh
 

- s
to

rin
g

 su
ch

 a
 m

e
sh

 w
o

u
ld

 re
q

u
ire 

se
ve

ra
l m

illio
n

 p
e

ta
b

yte
s!

G
A

D
G

E
T

 th
e

re
fo

re u
se

s a
 co

m
p

ro
m

ise 

b
e

tw
e

e
n

 th
e tw

o
 m

e
th

o
d

s. T
h

e g
ra

vita
-

tio
n

a
l fie

ld
 o

n
 la

rg
e sca

le
s is ca

lcu
la

te
d

 

w
ith

 a
 P

a
rticle

-M
e

sh
 (P

M
) a

lg
o

rith
m

, 

w
h

ile th
e sh

o
rt-ra

n
g

e fo
rce

s a
re d

e
-

live
re

d
 b

y th
e tre

e, su
ch

 th
a

t a
 ve

ry 

a
ccu

ra
te a

n
d

 fa
s

t g
ra

vita
tio

n
a

l so
lve

r 

re
su

lts. A
 ce

n
tra

l ro
le in

 o
u

r p
a

ra
lle

l 

co
d

e is p
la

ye
d

 b
y th

e d
o

m
a

in
 d

e
co

m
p

o
-

sitio
n. It h

a
s to

 sp
lit th

e p
ro

b
le

m
 in

to
 

sm
a

lle
r p

a
rts w

ith
o

u
t d

a
ta

 d
u

p
lica

tio
n, 

in
 a

 w
a

y th
a

t e
n

su
re

s a
 g

o
o

d
 b

a
la

n
ce 

o
f th

e co
m

p
u

ta
tio

n
a

l w
o

rk in
d

u
ce

d
 fo

r 

e
a

ch
 p

ro
ce

sso
r. G

A
D

G
E

T
 u

se
s a

 sp
a

ce
-

fillin
g

 se
lf-sim

ila
r fra

c
ta

l, a
 P

e
a

n
o

-H
ilb

e
rt 

cu
rve, fo

r th
is p

u
rp

o
se, w

h
ich

 is m
a

d
e 

to
 b

e
co

m
e fin

e
r in

 h
ig

h
-d

e
n

sity re
g

io
n

s. 

A
 m

a
jo

r p
u

zzle in
 C

o
sm

o
lo

g
y is th

a
t th

e 

m
a

in
 m

a
tte

r co
m

p
o

n
e

n
t in

 to
d

a
y‘s U

n
i-

ve
rse a

p
p

e
a

rs to
 b

e a
 ye

t u
n

d
isco

ve
re

d
 

e
le

m
e

n
ta

ry p
a

rticle w
h

o
se co

n
trib

u
tio

n
 

to
 th

e co
sm

ic d
e

n
sity is m

o
re th

a
n

 5
 

tim
e

s th
a

t o
f o

rd
in

a
ry b

a
ryo

n
ic m

a
tte

r. 

T
h

is C
o

ld
 D

a
rk M

a
tte

r (C
D

M
) in

te
ra

c
ts 

e
xtre

m
e

ly w
e

a
kly w

ith
 re

g
u

la
r a

to
m

s 

a
n

d
 p

h
o

to
n

s, so
 th

a
t g

ra
vity a

lo
n

e h
a

s 

a
ffe

c
te

d
 its d

is
trib

u
tio

n
 sin

ce ve
ry e

a
rly 

tim
e

s, w
h

e
n

 th
e U

n
ive

rse w
a

s in
 a

 

n
e

a
rly u

n
ifo

rm
 s

ta
te. 

W
h

e
n

 th
e e

ffe
c

ts o
f th

e b
a

ryo
n

s ca
n

 

b
e n

e
g

le
c

te
d, th

e n
o

n
lin

e
a

r g
ro

w
th

 o
f 

s
tru

c
tu

re is a
 w

e
ll-p

o
se

d
 p

ro
b

le
m

 w
h

e
re 

b
o

th
 th

e in
itia

l co
n

d
itio

n
s a

n
d

 th
e e

vo
lu

-

tio
n

 e
q

u
a

tio
n

s a
re kn

o
w

n. In
 fa

c
t, th

is 

is a
n

 N
-b

o
d

y p
ro

b
le

m
 p

a
r e

xce
lle

n
ce. 

T
h

e fa
ith

fu
ln

e
ss o

f la
te

-tim
e p

re
d

ic
tio

n
s 

is lim
ite

d
 p

u
re

ly b
y n

u
m

e
rica

l te
ch

-

n
iq

u
e a

n
d

 b
y th

e a
va

ila
b

le co
m

p
u

tin
g

 

re
so

u
rce

s. O
ve

r th
e p

a
s

t tw
o

 d
e

ca
d

e
s, 

sim
u

la
tio

n
s h

a
ve a

lre
a

d
y b

e
e

n
 o

f tre
-

m
e

n
d

o
u

s im
p

o
rta

n
ce fo

r e
s

ta
b

lish
in

g
 

th
e via

b
ility o

f th
e C

D
M

 p
a

ra
d

ig
m

. In
 

p
a

rticu
la

r, sim
u

la
tio

n
 p

re
d

ic
tio

n
s fo

r th
e 

d
is

trib
u

tio
n

 o
f m

a
tte

r o
n

 la
rg

e sca
le

s 

h
a

ve b
e

e
n

 co
m

p
a

re
d

 d
ire

c
tly w

ith
 a

 

w
id

e a
rra

y o
f o

b
se

rva
tio

n
s; so

 fa
r th

e 

p
a

ra
d

ig
m

 h
a

s p
a

sse
d

 w
ith

 flyin
g

 co
lo

rs.

G
ive

n
 C

D
M

‘s su
cce

ss in
 re

p
ro

d
u

cin
g

 

th
e m

a
in

 a
sp

e
c

ts o
f th

e la
rg

e
-sca

le 

s
tru

c
tu

re o
f th

e U
n

ive
rse, it is im

p
o

r-

ta
n

t to
 te

s
t its p

re
d

ic
tio

n
s o

n
 sm

a
lle

r 

sca
le

s, b
o

th
 to

 te
s

t it fu
rth

e
r a

n
d

 to
 

se
e

k clu
e

s to
 th

e n
a

tu
re o

f d
a

rk m
a

t-

te
r. In

 th
e A

q
u

a
riu

s P
ro

je
c

t ca
rrie

d
 o

u
t 

b
y th

e in
te

rn
a

tio
n

a
l V

irg
o

 C
o

n
so

rtiu
m

 

o
n

 th
e H

LR
B

 II su
p

e
rco

m
p

u
te

r a
t LR

Z
, 

w
e a

im
 to

 d
o

 th
is b

y s
tu

d
yin

g
 th

e h
ig

h
ly 

n
o

n
lin

e
a

r s
tru

c
tu

re o
f C

D
M

 h
a

lo
s in

 

u
n

p
re

ce
d

e
n

te
d

 d
e

ta
il. W

e a
re e

sp
e

cia
lly 

in
te

re
s

te
d

 in
 th

e in
n

e
rm

o
s

t re
g

io
n

s o
f 

th
e

se h
a

lo
s a

n
d

 in
 th

e
ir su

b
s

tru
c

tu
re

s, 

w
h

e
re th

e d
e

n
sity co

n
tra

s
t e

xce
e

d
s 1

0
6 

a
n

d
 th

e a
s

tro
p

h
ysica

l co
n

se
q

u
e

n
ce

s o
f 

th
e n

a
tu

re o
f d

a
rk m

a
tte

r m
a

y b
e m

o
s

t 

cle
a

rly a
p

p
a

re
n

t. Q
u

a
n

tifyin
g

 th
e

se co
n

-

se
q

u
e

n
ce

s re
lia

b
ly th

ro
u

g
h

 sim
u

la
tio

n
s 

is, h
o

w
e

ve
r, a

n
 a

cu
te ch

a
lle

n
g

e to
 n

u
-

m
e

rica
l te

ch
n

iq
u

e.

The num
erical Challenge

In
 th

e A
q

u
a

riu
s P

ro
je

c
t, w

e h
a

ve p
e

r-

fo
rm

e
d

 th
e firs

t e
ve

r o
n

e
-b

illio
n

 p
a

rticle 

sim
u

la
tio

n
 o

f a
 M

ilky W
a

y-size
d

 d
a

rk 

m
a

tte
r h

a
lo, im

p
ro

vin
g

 re
so

lu
tio

n
 b

y 

a
 fa

c
to

r o
f m

o
re th

a
n

 1
5

 re
la

tive to
 

p
re

vio
u

sly p
u

b
lish

e
d

 sim
u

la
tio

n
s o

f th
is 

typ
e. T

h
e a

ch
ie

ve
d

 m
a

ss re
so

lu
tio

n
 o

f 

~1,7
0

0
 so

la
r m

a
sse

s is n
e

a
rly a

 m
illio

n
 

tim
e

s b
e

tte
r th

a
n

 th
a

t o
f th

e la
rg

e
s

t 

co
sm

o
lo

g
ica

l sim
u

la
tio

n
 o

f la
rg

e
-sca

le 

s
tru

c
tu

re fo
rm

a
tio

n
 ca

rrie
d

 o
u

t to
 d

a
te 

(th
e “M

ille
n

n
iu

m
 S

im
u

la
tio

n”). O
u

r sp
a

tia
l 

re
so

lu
tio

n
 re

a
ch

e
s 2

0
 p

a
rse

c, w
h

ich
 

im
p

lie
s a

 d
yn

a
m

ic ra
n

g
e o

f clo
se to

 1
0

7 

p
e

r d
im

e
n

sio
n

 w
ith

in
 th

e sim
u

la
te

d
 b

o
x-

size o
f m

o
re th

a
n

 4
0

0
 m

illio
n

 lig
h

tye
a

rs 

a
cro

ss. T
h

is h
u

g
e d

yn
a

m
ic ra

n
g

e m
a

ke
s 

o
u

r sim
u

la
tio

n
 a

 m
icro

sco
p

e fo
r th

e 

p
h

a
se

-sp
a

ce s
tru

c
tu

re o
f d

a
rk m

a
tte

r 

a
n

d
 e

n
a

b
le

s d
ra

m
a

tic a
d

va
n

ce
s in

 o
u

r 

u
n

d
e

rs
ta

n
d

in
g

 o
f th

e s
tru

c
tu

re a
n

d
 su

b
-

s
tru

c
tu

re o
f d

a
rk m

a
tte

r in
 o

u
r g

a
la

xy. 

H
o

w
e

ve
r, fo

rm
id

a
b

le ch
a

lle
n

g
e

s h
a

d
 to

 

b
e o

ve
rco

m
e to

 m
a

ke th
is ca

lcu
la

tio
n

 

p
o

ssib
le. G

ra
vita

tio
n

a
l tim

e
sca

le
s a

re 

T
h

e
 A

q
u

a
riu

s
 P

ro
je

c
t: 

C
o

ld
 D

a
rk

 M
a

tte
r u

n
d

e
r 

a
 N

u
m

e
ric

a
l M

ic
ro

s
c

o
p

e
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