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BH’s in galaxies

THE ASTROPHYSICAL JOURNAL, 698: 198221, 2005 June 10 doi: 10, 108E/D004-637 X/ 6981/ 198
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THE M- AND M-L RELATIONS IN GALACTIC BULGES, AND DETERMINATIONS OF THEIR
INTRINSIC SCATTER

KavHanw GULTEKIN', DovcLas O. RicHsToONE ', KarL GEsHARDT?, Tob R, Laver?, ScoTT TREMaINE*, M. C. ALLER,
RaLF BENDERY, ALaN DRESSLER', S. M. Faser®, ALEXEI V. FILIPPENKO?, RicHARD GREEN', Luis C. Ho', JoHN KORMENDY?,
JoHN MAGORRIAN'', JASON PINKNEY '°, AND CHRISTOS Siopis™
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Galaxy Collisions

-

The Mice — Interacting Galaxies NGC 4676 ’@ HUBBLES ) Colliding Galaxies NGC 4038 and NGC 4039 HST « WFPC2
PRC97-34a « ST Scl OPO « October 21, 1997 « B, Whitmore (ST Scl) and NASA




Galaxy Collisions & BH’s collisions

S

&
35
0.4
£
=

(e
- n,
<@
=

v
3
5
£

o
Qs
o
(=
S
O
(A0S
o
e
> )
O
o
-




Galaxy Collisions & BH’s collisions

Multiple Massive Black Holes M82: The bright spots in the center are
NGC6240 supernova remnants and X-ray binaries. The
strong ongoing merger... luminosity of the X-ray binaries suggests that
Komossa et al. 2002 most contain a black hole. A close encounter
with a large galaxy, M81, in the last 100 Myr is
Two AGN in each of Nuclei separation thought to be the cause of the starburst activity.
~1kpc Chandra X-Ray Ebisuzaki et al. 2002

-
5 arcsec




Galaxy Collisions & BH’s collisions

Swift-detected Active Black Holes in Mersing Galaxies
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Double & Triple SMBH evolution in galaxy centers.

New hvbrid code

Gyr

5.2401 Gyr

2500 Gyr

Figure 1. Mass-weighted gas density maps during last pericenter
and final merger. The line-of-sight is perpendicular to the orbital
plane and the maps are 1.8 kpc wide. While fairly symmetric
before the pericenter (top left), the density distribution becomes
clearly asymmetric after the pericenter (middle). After the final
merger, a thick ~ 10° Mg gaseous nuclear disk is formed (bot-
tom), in which the two SMBHs start orbiting.

pnroaches and performance tests.

First time reach the
< 1 mpc separation of BBH
from initial ~1 kpc scale

1:10 minor merger

Two SMBH’s ~107"6 Mo

Full up to 3.5 PN accurate
BBH dynamics!

High accuracy direct
summation: “3M
Particles!

=
3£-03  4E-02 _ 4E-01  5E+00 3603 4E-02  4E-01  5E+00

dark matter

o

dark matter

dark matter

e
36-03  4E-02  4E-01  SE+

Fi1G. 1.— Density distribution of the dark matter (top panels)
and stellar component (bottom panels) in the  — y (left column)
and y — z (right column) planes. The two high density regions are
clearly visible around the two SMBHs (black dots) in the center.
The size of each box is 4 kpc.

Fi1G. 3.— Same as in Figure 1 but at 7' = 40 Myr. Both SMBHs
are embedded in a single cusp.
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Our @GRAPE/GPU N-body code

Harfst et al, NewA, 12, 357 (2007) [astro-ph/0608125]

Hierarchical Individual Block Time Steps

particles s |{_f| |E(2]| n |(_1’|2
i " " ~\alja®] + @@z
l > é = h—;—g—;—é

: oL 4th order Hermite scheme
k > > > FE N >

L : : ) —
e e e e > > (2{ ’d
1 :2

2 1 8 time steps 16

ftp://ftp.mao.kiev.ua/pub/berczik/phi-GRAPE/

:ai




Our @GRAPE/GPU N-body code

SSE -SSEZ2

Position etc.

~N Host AVX ~NA2
Computer —
XEON
N
L » > G -m; R
a; Z fij fij = (r + £2)3/2 Ii;

J=1; j#i

ftp://ftp.mao.kiev.ua/pub/berczik/phi-GRAPE/




Our @GRAPE/GPU N-body code

~ MPI Reduce

7 Z » G\\. 7 {Z MPI Scatter
v, & VY n/ne

My 755 Vjs 4




Our @GRAPE/GPU N-body code

i,] —particle

Some communication scheme...

““;

C je——
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Our @GRAPE/GPU N-body code

http://adsabs.harvard.edu/abs/2011hpc..conf....8B

active part. scan:

all part. prediction:
““9?? part. send. to GPU:
““1’’ part. send. to GPU:
‘“force’’ determ. on GPU:
receive the ‘‘force’’:

MPI global comm.:

corr. for “‘i’’ part.:

0(Naet log(Naee))
0(N/Ngpy)

0(N/Ngpu)

0 (Nact)

OCN N, /Ngpu)
0 (Nyet )
0 ((Tiat+Nact) log (Ngpu))

0 (Nact )

ftp://ftp.mao.kiev.ua/pub/berczik/phi-GPU/

+ .]ﬂh_OST_
+ l]ﬂhClST.
+ TC—UIH 111
+ TC—UIH 111
+1gpy
+ TC-'DIIl 111
+1 1P

+irhost



Our @GRAPE/GPU N-body code
http://adsabs.harvard.edu/abs/2011hpc..conf....8B

ATiotqr = ATyost + ATgpy + ATcomm + ATyp;

ATypr X (Tyge + Ngct) - 10g( Ngpy)

ALQCt

GPU

Z&Y};Pl] OCJA]‘

ftp://ftp.mao.kiev.ua/pub/berczik/phi-GPU/
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Our @GRAPE/GPU N-body code
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AT.py [sec]

Our @GRAPE/GPU N-body code

éapprox.
Nopt - N

: é - l/NP
| |

1 2 4 8 le

24 32

Processors - NP



AT.py [sec]

Our @GRAPE/GPU N-body code

Nopt

Eapprox.
1M

—_ NP

~ 1/Ng

4.

16
Processors - NP

24

32



Initial Condition

3. M, 1
M= Mo 3 Gy Y PO = a o T G/

ruy ~ 0.769

G=M =

1
Eror = =7
31
r, =—= 0.6




which have R < R,]

t of part.

1'\']-::um"'l‘lNL-:}L [C.'um.

Initial Condition

-



Initial Condition

which have dt < dt,]

t of part.

Noym/Npoe [cum.

1e-007 le—006 1e-005 0.0001 0.001 0.01 0.
dt, [NB]



Our CPU/GPU “hybrid” N-body code

3. M, 1
M= Mo T3 Gy iy PO = a o T G/

rym =~ 0.769

G=M =

) 1

TOoT — 4
_3m 0.6
EAET

Code development together with Yohai..



Our CPU/GPU “hybrid” N-body code

3. M, 1
M= Mo T3 Gy iy PO = a o T G/

rym =~ 0.769

G=M =

) 1

TOoT — 4
_3m 0.6
EAET

Code development together with Yohai..



Our CPU/GPU “hybrid” N-body code

—SSE -SSE2

2 )
Position etc.
N Host i ~NA2
Force etc. Avx
Computer |e
\. J
GPU
GPU GRAPE ETICS
direct force calculator SCF code
GRAPE 1y }
direct force calculator Y ¥
) GRAP1ite
Y intermediate layer
= [ phiGRAPE - ,\
O Hermite integrator &) —|
1 phiGRAPE
/. / / o / Hermite integrator
1nput outpu K1
/ input / /output/

gocale firsthalf

f=

jcore — core} |

Slide from Yohai..

6calc lasthalf

2

1 GRAPE call

t.., + At

ex exp

t

exp ~

!
< format >——|send]
|

.

ETICS halo SCF object

‘ lload”—»‘ \ calc ||—»|retrieve]

yes

uone[nafed 2210J JHS

2" GRAPE call|

end

ETICS core SCF object

lload”——‘ \ calc ||——|retrieve‘

<G> |1
i

{send all i particles}

‘fhalo — core}

thalo — halo}

{send halo 7 particles}

{core — halo}



Double & Triple SMBH evolution in galaxy centers.
New hybrid code approaches and performance tests.

MAO 342 new nodes 4xGF 2080S + 4xGF 3070

[Gflop/s]

Speed S
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phi-GPU: Plummer, G=M=1, E . =-1/4, g=10""*

; A | |
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‘ 1 : : : : GF 1080 Ti
GF 2080 S

2 PO -

V100
GF 3070 |
GF 3090 1%
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4 x GF 2080S, 3072 SP @ 1.81 GHz
4 x GF 3070, 5888 SP @ 1.77 GHz




JUWELS Booster consists of 936 compute nodes, each equipped with 4 NVIDIA A100 GPUs.
The GPUs are hosted by AMD EPYC Rome CPUs. The compute nodes are connected with
HDR-200 InfiniBand in a DragonFly+ topology.

The InfiniBand network of JUWELS Booster is implemented as a DragonFly+ network.

48 nodes are combined in a switch group (cell), interconnected in a full fat-tree topology, with 10 leaf switches
and 10 spine switches in a two-level configuration. 40 Tbit/s of bi-section bandwidth is available.

AAAERIAARREREARALAAI AAREERAAMIRERNAAAI

Sketch of the network topology within a JUWELS Booster cell with 48 nodes (n1 to n 48), 10 level 1 switches
(L1 1 to 11 10) and 10 level 2 switches (L2 1 to L2 1e). Only a small subset of the total amount of links are
shown for readability. The purple, 20th link leaving each level 2 switch should indicate the connection to
JUWELS Cluster, while the other 19 outgoing level 2 links connect to other cells.

The configuration of JUWELS Booster compute nodes is the following

« CPU: AMD EPYC 7402 processor; 2 sockets, 24 cores per socket, SMT-2 (total; 2x24x2 = 96 threads) in
NPS-4 [1] configuration (details on WikiChip)

« Memory: 512 GB DDR4-3200 RAM (of which at least 20 GB is taken by the system software stack,
including the file system); 256 GB per socket; 8 memory channels per socket (2 channels per NUMA
domain)

« GPU: 4 x NVIDIA A100 Tensor Core GPU with 40 GB; connected via NVLink3 to each other

= Network: 4 x Mellanox HDR200 InfiniBand ConnectX 6 (200 Gbit/s each), HCA

« Periphery: CPU, GPU, and network adapter are connected via 2 PCle Gen 4 switches with 16 PCle lanes
going to each device (CPU socket: 2%16 lanes). PCle switches are configured in synthetic mode.
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Speedup

Peak FP&4! 9.7 TFLOPS

ACCELERATING HPC

1
. : . . : Peak FP32 19.5 TFLOPS
Molecular Dynamics Physics  Engineering Geo Science
A A
! T \ —— Peak FP16! 78 TFLOPS
2.0x peak BF16! 39 TFLOPS
Peak TF32 Tensor Core' 156 TFLOPS | 312 TFLOPSZ
Peak FP16 Tensor Core’ 312 TFLOPS | 624 TFLOPS?
1.5x
Peak BF16 Tensor Core 312 TFLOPS | 624 TFLOPSZ
Peak INT8 Tensor Care ! 624 TOPS | 1,248 TOPS?
1.0x V100 Peak INT4 Tensor Core ! 1,248 TOPS | 2,496 TOPSZ

Table 1. A100 Tensor Core GPU performance specs.,
1) Peak rates are based on the GPU boost clock.
2| Effective TFLOPS / TOPS using the new Sparsity feature.

phi-GPU: Plummer, G=M=1, E_,.=-1/4, g=10"
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Speed S
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[Gflop/s]

Speed S

Our @GRAPE/GPU (single node) N-body code

4 4

phi-GPU: Plummer, G=M=1, Etot=fl/4, e=10 phi-GPU: Plummer, G=M=1, Etot=fl/4, e=10
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Time TOT [s]

Our @GRAPE/GPU (single node) N-body code

_ . . -2 . -4
phi-GRAPE (dir/hyb) : Plum, G=M=R=1, E,_ =-3*Pi/64, &=10 4 phi-GRAPE (dir/hyb) : BBH ml=m2=10 °, Plum, G=M=R=1, E_ . =-3*Pi/64, g=10
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[s]

Time GRAV ALL -> ACT

Our @GRAPE/GPU (single node) N-body code

e=10"

. ‘ a2 T __ .
phi-GRAPE (dir/hyk): Plum, G=M=R=1, B, =-3*Pi/64, =104 phi-GRAPE (dir/hyb) : BBH ml=m2=10 °, Plum, G=M=R=1, E__  =-3*Pi/64,
4
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[s]

Time TOT

[s]

Time DEF ACT

Our @GRAPE/GPU (single node) N-body code

phi-GRAPE (dir/hyb) : BBH ml=m2=10 2, Plum, G=M=R=1, E

10*

-4
2 _ -
tot="3*P1/64, &=10 phi-GRAPE (dir/hyb) : BBH ml=m2=10"%, Plum, G=M=R=1, E,  =-3*Pi/64, e=10""

! 104 T
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Our @GRAPE/GPU (parallel) N-body code

4

@GPU (@ JUWELS A100). Plummer: G=M=1; E ,.=-1/4; &=10 °; t 1

end”
1000 T T T T
| 128K —F+— : ’ ’ :
- 256K —¢—
T 512K —¥K—
1M
M : :
[ 1008 ——— =~ 11.4 [Tflops/GPU]-N,
£
100 | ¥

Total running speed [Tflops]

R | | ;
lo | | | ]

4 8 16 32 64
Number of MPI processes (GPU’s): - Ng




Our @GRAPE/GPU (parallel) N-body code

—4
@GPU (@ JUWELS Al00). Plummer: G=M=1l; E.yr=—1/4; €&=10 *; t_ 4=1
10.0 : : ! 1

o
8 T T e .M A I i i .
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IS}
C
IS}
=
| 0.1
)
£
-
s
o
c 0.0
-—
o
c
5
O
'_|
c 0.0
i
o
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0.0

4 8 16 32 64
Number of MPTI processes (GPU’s): — Np
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Juwels booster A100 Zurich2 run on Mist (Toronto)

GPU : 4770 sec IBM Power AC922

GPU 1340 sec N = 6x10° 4.3% core particles
o oRy 1 see / i, 1nodew! 4 x Nvidia Tesla V100 GPUs

Speedup compare to
direct run: ~10 - 16

79.0% Gravity
12.3% Active search

7.5% Integration




