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** Motivation

% BH-BH
® History
® Recent technical improvements
® The big picture

<+ Beyond vacuum GR
® BH-NS
® NIS-NS
® core-collapse SN

*** The Future
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Motivation for Numerical Simulations @

CITA-ICAT

“** Investigate General Relativity in the dynamic, strong-field regime
® compact object mergers
o critical collapse
® higher-dimensional gravity

< Astrophysics: What happens when
e ... stars collapse!
® ...compact objects collide!?

+ Aid GW detectors
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LIGO’s many Numerical Relativity needs@

CITA-ICAT

<« Signal detection

* Need template banks of that region of parameter space that is
targeted in searches
e.g. dligned spin binaries

*** Bounds on event=rates from non-detection

® Some waveforms elsewhere in parameter space
e.g. precessing systems; eccentric systems

< Parameter estimation
® Especially accurate waveform models in all parameters being estimated

Sl, SQ,Ml,MQ,e,

<+ Properties of electro-magnetic counterparts
® What should telescopes look for?

Harald Pfeiffer ICTS @ Bangalore Jun 21,2013 4

Friday, June 21, 13



Tools for computing waveforms @

CITA-ICAT
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NR
% Early inspiral % Late inspiral & % Ringdown
* Post-Newtonian Merger e Perturbation
calculations e Computer theory
simulations e Computer
simulations
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More generic case

&
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(5+15)M__, SIM’=0.5, 60° inclination
Wy A
S hx
40Hz | 40Hz | 500Hz
OI.2 Ol.4 OI.6 OI.8 OI.I98 1 .(1)2 1 :)4

* Modulated amplitude
“** Higher temporal harmonics
“* Dependence on inclination

<+ Modified phasing

Time [seconds]
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50 Years of Vacuum Numerical Relativity }!5;[
2000-04 2005 Pretorius 2007-

1994 Cook ) CITA-ICAT
1962 (ADM) Bowen-York AEI/UTB-NASA inspiral-merger- Ajlth, AEl, Jena
3+| formulation  initial data  1999-00 revive crashing ringdown (IMR) phenom GW models -t
AEI/PSU codes (Lazarus) W/ harmonic
1964 razing collisions 2005-06 2009- Lousto ea
Hahn-Lindquist : : | UTB/NASA UMD, SXS q=100
2 wormholes 1997 ~2000 Ch?thIk,’ IMR with BSSN + EOB GW models
Brandt- SCZZfﬁtigﬁrggginn moving punctures 201 |
Brtigmann Schmidt ea;
1984 puncture data 2004 2006-08 Boyle ea
Unruh (no excision) Briigmann et al Cornell/Caltech Radiation aligned
excision J one orbit IMR w/ spectral frame
| RN R
[ | |;92 3 | |9L9 | ] I | I ] | ‘
1975-77 Choptuik; S 20001-02 2006,07 2008
Smarr-EppleyAbrahams+Evans |y poior Alcub/e(rg Baker et al all of NR 201 |
head-on  [ritical phenomena| g tem el el e Gonzalez et al NINJA Lovelace ea
collision non-spinning BBH S/MA2=0.97
99495 | tormal i ks | 2007 SXS
NCSA-WashU . ;
1989-95 improved sandwich [D 2003-08 comparison 201
Bona-Masso head-on collision COOk} Pfeiffer ea 2009-1 | GaTeCh’ SXS
: improved ID Bish Precessing
modified ADM, 1999-2005 J.W.York; 2007-11 ISNOP, ... barameter
(hyperbolicity) Cornell, Caltech, LSU T RIT, Jena, AEI,... ) Cauchy studies
Courtesy Carlos Lousto, hyperbolic formulations < olnted hso:iiogg BBH superkicks ¢ ezi;ii::;'c

updated by HP
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50 Years: The early days

1994 Cook 2000-04
1962 (ADM) Bowen-York AEI/UTB-NASA
3+| formulation  initial data  1999-00 revive crashing
AEI/PSU codes (Lazarus)
1964 grazing collisions
Hahn-Lindquist
2 wormholes
1984
Unruh
excision
}
i t
[ 1992,3

1975-77 Choptuik;
Smarr-EppleyAbrahams+Evans
head-on (ritical phenomena

collision
1994-95
NCSA-WashU
1989-95 improved
Bona-Masso head-on collision
modified ADM,

(hyperbolicity)

Courtesy Carlos Lousto,
updated by HP
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50 Years: Foundations for success @

CITA-ICAT

1997 ~2000 ChOthik,’
Brandlt- Schnetter;Briigmann
BrL'igmann mesh refinement
puncture data 2004
(no excision) Briigmann et al
one orbit
1
1999 2000-02
BSSN Alcubierre
evolution gauge conditions
system
1999 York
conformal thin
sandwich ID 2003-08
Cook, Prfeiffer ea
1999-2005 J.W.York; improved ID
Cornell, Caltech, LSU

2000 Ashtekar

Courtesy Carlos Lousto, yperbolic formulations - .
isolated horizons

updated by HP
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50 Years: Coming of Age

Courtesy Carlos Lousto,

updated by HP
Harald Pfeiffer

&

2005 Pretorius 2007- CITA 1CAT
inspiral-merger- Ajith, AEl Jena
ringdown (IMR) phenom GW models
w/ harmonic 2011
2009- Lousto ea
2005-06
UMD, SXS q=100
UTB/NASA —OR O e
IMR with BSSN + noaeE
moving punctures 2011
Schmidlt ea;
2006-08 ’
Boyle ea
Cornell/Caltech Radiation aligned
IMR w/ spectral frame
l 1
2006,07 2008 ‘
Baker et al all of NR 2011
Gonzalez et al NINJA™1 [ ovelace ea
-spinning BBH A)=
non SP|I(?<|;1|l:g 2007 SXS S/M"2=0.97
PR 2013
comparison
2009-11 Galech, SXS
: Precessing
2007-11 Bishop, ... ST
RIT Jena, AE.... Cauchy studies
BBH superkicks charactel.*lstlc
extraction
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50 Years: @

CITA-ICAT

* These should also have been on the time-line
¢ 2005 Constraint Damping (Gundlach, Pretorius, Lindblom)

e 2005 Constraint-preserving outer boundary conditions for GH
(Lindblom, Scheel)

e 2009 Unstable 5-D black strings (Lehner, Pretorius)

** Audience’s additions:
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ANNALS OF PHYSICS: 29, 304-331 (1964)

The Two-Body Problem in Geometrodynamics

SusaN G. Haun

International Business Machines Corporation, New York, New York
AND

Ricuarp W. LiNDQuUIST

The numerical calculations were carried out on an IBM 7090 electronic com-
puter. The parameters a and p were both set equal to unity; the mesh lengths
were assigned the values by = 0.02, h: = 7/150 ~ 0.021, yielding a 51 X 151

mesh. The calculations of all unknown functions, including a great number of
input-output operations and some built-in checking procedures, took approxi-
mately four minutes per time step. Different check routines indicated that
results close to the point p = 0, n = 0 lost accuracy fairly quickly. Since these
would, in the long run, influence meshpoints further away, the computations were
stopped after the 50th time step, when the total time elapsed was approximately
1.8. Some of the results are shown in Table I.
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PRL 95, 121101 (2005) PHYSICAL REVIEW LETTERS 168&;31?&51
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Evolution of Binary Black-Hole Spacetimes

Frans Pretorius’>*

"Theoretical Astrophysics, California Institute of Technology, Pasadena, California 91125, USA
’Department of Physics, University of Alberta, Edmonton, AB T6G 2J1 Canada
(Received 6 July 2005; published 14 September 2005)

We describe early success in the evolution of binary black-hole spacetimes with a numerical code based
on a generalization of harmonic coordinates. Indications are that with sufficient resolution this scheme is
capable of evolving binary systems for enough time to extract information about the orbit, merger, and
gravitational waves emitted during the event. As an example we show results from the evolution of a
binary composed of two equal mass, nonspinning black holes, through a single plunge orbit, merger, and
ringdown. The resultant black hole is estimated to be a Kerr black hole with angular momentum parameter
a =~ 0.70. At present, lack of resolution far from the binary prevents an accurate estimate of the energy
emitted, though a rough calculation suggests on the order of 5% of the initial rest mass of the system is
radiated as gravitational waves during the final orbit and ringdown.

k ending
PRL 96, 111101 (2006) PHYSICAL REVIEW LETTERS 24 MARCH 2006

Accurate Evolutions of Orbiting Black-Hole Binaries without Excision

1

M. Campanelli,] C.0. Lousto,! P. Marronetti,” and Y. Zlochower

lDepmrtrmmr of Physics and Astron

PRL 96, 111102 (2006) PHYSICAL REVIEW LETTERS

2Department of

We present a new alg Gravitational-Wave Extraction from an Inspiraling Configuration of Mergin;
corotating shift. Our alg

factor. This system, b John G. Baker,' Joan Centrella,' Dae-I1 Choi,"* Michael Koppitz,' and James van

equations, when used \ 1y yional Astrophysics Laboratory, NASA Goddard Space Flight Center, 8800 Greenbelt Road, Greenbelt,
and remains nonsingula 2Universities Space Research Association, 10211 Wincopin Circle, Suite 500, Columbia, Maryland

use this technique to ful (Received 15 November 2005; published 22 March 2006)
Harald Pfeif regime. We show fourth
and angular momentum We present new ideas for evolving black holes through a computational grid without excisio
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Evolution of Binary Black-Hole Spacetimes

1,2,%

Frans Pretorius

I S S N L A S s s Technology, Pasadena, California 91125, USA
1 berta, Edmonton, AB T6G 2J1 Canada
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Early days of BH-BH sims @

CITA-ICAT
300 T I
250 i~
] I T | " TTTTT
2001 5 000047 ¢ m Re(*V,) L
e | ; [ .", f ! NAAI HBHE:
2 P i M inou aan AR AARARAL | :“ L
o T ﬂ‘*\‘ | O 4’
g Ny N L L T 1
- ¢ pimas | ﬁ i
O Dicnonr sad Gopabumr -0.0004 & ) R
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| L , ) L ' 0.004 7 | -
8 . - TaylorT1 3.5/2.5 -
05 1 . ' g sam o SRR
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M | b 55 S T _ J A\ 1
Spin=0 BH-BH kicks = BH-BH superkicks | oo:i =~ |
- . 3200 3400 3600 3800
Gonzalez, Sperhake, Brug- Campanelli ea 07 (Lr#)/m

mann, Hannam, Husa 07

k Vmax~3500km/sec (in-)validating PN
Vmax= | 30km/sec Boyle...HP ea 07

Harald Pfeiffer ICTS @ Bangalore Jun 21,2013 14

Friday, June 21, 13



CITA-ICAT
Puncture initial-data ‘ - Quasi-equilibrium

(Brandt&Briigmann 97) excision initial-data
(Cook 02, Cook&HP 04)

The two approaches to BH-BH @

Generalized Harmonic

(Campanelli ea 06, Baker ea 06) i i
w/ constraint damping

g = e“g, (Gundlach ea 05, Pretorius 05)
I = g
e = i 1
80 ~ —Aj Ugas = =2V (o Hpy + 70 [t(aC’b) - QQathC(;] + lower
6,2\,7 ~ —Ag,'j
of = o (8"h) Multi-domain spectral
Finite differences w/ AMR methods SpEC
(RIT, AEl, GATech, SXS collaboration (Cornell-

Caltech-CITA-Washington State Univ-
Goddard,]ena, Palma, California State Univ Fullerton)

- Cardiff, Perimeter) 2013 15
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The two approaches to BH-BH

Finite differences w/ AMR
(RIT, AEl, GeorgiaTech, Jena, Palma,

Cardiff, Perimeter)

Conventional wisdom:

-- Robust, “easy”

-- Many short simulations
-- Lower accuracy, higher cost

More recent:

-- longer and more accurate sims
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Schmidt ea 1012.2879

Multi-domain spectral methods

SPEC (Cornell-Caltech-CITA-WSU-CSUF)

Conventional wisdom:

Less robust, “difficult”
Few long simulations
Higher accuracy, lower cost

More recent:

mergers becoming routine
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Numerical Relativity Groups

% Canada X
e CITA/Univ. of Toronto
(Pfeiffer)

/7
%

® Perimeter Institute/Guelph
University (Lehner)

® Vancouver (Choptuik) o

/7

% France
¢ |nstitute d’ Astrophysique,
Paris (Barausse)

® Meudon near Paris
(Gourgoulhon) K

R/

<+ Germany

o AEIl (Rezzolla)

¢ Garching (Janka, Muller)

® Jena (Briigmann,Ansorg)
® Tubingen (Kokkotas)

® Trento (Giacomazzo)

Harald Pfeiffer

Japan
e Kyoto (Shibata)

New Zealand
® Otago (Beyer, Fraundiener)

Spain

® Barcelona (Cardoso)

® Palma de Mallorca (Husa)
® Valencia (Font)

UK

e Cambridge (Sperhake)
e Cardiff (Hannam)

® Southampton (Hawke)

United States

® Brigham Young Unviersity
(David Neilsen)

e Cal State Fullerton
(Lovelace, Read)

ICTS @ Bangalore Jun 21,2013
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e Caltech (Ott, Scheel,
Szilagyi)
e Cornell (Teukolsky, Kidder)

® Florida Atlantic Univ.
(Marronetti, Tichy)

e Georgia Tech (Laguna,
Shoemaker)

® Long Island (Liebling)

e NASA/Goddard (Baker)

e Oakland University
(Garfinkle)

® Princeton (Pretorius,
Burrows)

® Rochester Institute of
Technology (Campanelli,
Faber, Louso, Zlochower)

® Urbana Champaign
(Shapiro)

® Washington State
University (Duez)
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Some recent BH-BH
technical advances
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Orbital eccentricity @

CITA-ICAT
< Initial data parameters ()g, v, (or Pt,Pr) determine
orbital eccentricity and phase at periastron

, o iterative ecc-removal
<* Unique values for zero eccentricity

0.001-  ds/dt | h
— e~0.01
[/ |— e~0.0008
ok e~0.00005 .
use PN parameters ,'
Read off D¢, Pr from long post- oo~ \
Newtonian inspiral [ | |
00021 |
+ easy o\ |
+ works for cases w/o precession o003\ / -
=2 €final ~ few | 0-3 \_/
0004 500 idho
tINIADM

Husa ea 08, Hannam ea |10
HP ea 07, Boyle ea 07, Purrer ea 12
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Eccentricity in precessing BH-BH @

CITA-ICAT

“** With enough care, iterative eccentricity removal works!

0-1 Z | | ! | | R
F a
*® S z--80,=1/6
\\ \\.'-_\'A
0.01 \\\-ﬁ'\ a---A 0 =n/2
- . N
TN . .\ - -
%N * *91 92=Jt/2
' \ \
\\ "
O .\\\ \'A
\ p = - - ! .\ -
| : — 0.001 ‘g_‘_.s‘ E
i\ i \“‘:\ :'
i === Iter 0: e~0.04 ."?-\'\\\* ~
| — Iter 1: e~0.01 ‘ REV = I 1
104 ' /|o-Olter2:e~00014 [ A RN

o | =x Iter 3: e~0.0001 | “.. 0.0001 8., S~ % 3
-6 Iter 4: e~0.00006 L rta 3
i 1 1 I L L L l : .8 :

O l 2 | 1 | | |

t/P 0 1 2 3 4

Iter

Buonnano, Kidder, Mroue, HP, Tarraccini, 10

Purrer, Husa, Hannam 201 2:
Iterative ecc. removal for moving
punctures
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Mass-ratio |:100

CITA-ICAT

q| d/M LiM| E™/M ER2S 5 4(%)  v/(km/s) 6 ——— T T
1(10.24 12.48| 5.32 x 10‘: 99.6 0 003 0 —-— h=h1.2
1/12.74 16.76| 539 x 107" 993 0 003 0 | heh 0P ~
1/17.51 21.82| 5.56 x 107" 994 0 003 0 4 r h_h011.2{'/,,» '\"-.\ .
1/2(12.74 16.69| 4.33 x 107" 98.1 1.28 0.07| 3.71 A
1/3(12.74 16.60| 3.11 x 10~* 96.7 2.83 0.16| 3.97 '
1/4| 7.31 10.57| 2.16 x 107" 95.8 3.85 0.25| 3.65 o | i/ ‘ .
1/4(12.74 16.53| 2.28 x 10™* 954 4.14 0.28| 3.72 , T
1/4(17.51 21.61| 2.33 x 107" 95.6 4.13 0.27| 3.83 = ' , * \
1/1012.72 16.28| 6.05 x 107" 92.1 7.09 0.67 1.31 S ot : >, \ §
1/10|16.72 20.55| 6.16 x 10'? 92.5 7.23 0.70 1.33 - ) |
1/10|20.72 24.76| 6.29 x 10™° 92.0 7.15 0.67| 1.34 > o\ ' /
1/100| 7.15 9.58|9.10 x 1077 88.1 9.01 L15| 0.0243 Py Y\ ! ; |
1/100(11.87 15.08| 9.65 x 1077 88.0 9.87 1.46| 0.0248 LN /,/ /
1/100(13.85 17.21| 9.94 x 1077 87.8 10.11 1.46| 0.0256 - AN New -7 /4
1/10015.08 18.53|1.012 x 10~° 87.7 10.05 1.51| 0.0260 TomemT 7
-4 | SN, o i,
Head on collisions q=1...100 N
-6 -4 -2 0 2 4 6
Sperhake ea |1 105.5391 - x)M

Two orbits, starting @ ISCO
Lousto, Zlochower | |
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Simulation:
Carlos Lousto
Yosef Zlochower

Dnimne s BB

Visualization:

Hans-Peter Bis“

CCRG
RIT

Copyright - CCRG - 2010
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Spins above the Bowen-York limit @
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N/

** Puncture-data limit;
S/M2<0.93

* First complete BBH
simulation above
0.93 limit!

® Equal mass, equal
spins anti-parallel to

san orbital L

> e
~ 0 | & -
= ™ |
- -0.2 - i =

04— 1 A T R T MR Y 1 e

0 1000 2000 3000 4000
t/M
Lovelace, Scheel, Szilagyi |1,
Lovelace ea | |
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Importance of S/M2>0.93 s

CITA-ICAT
< Observational evidence for BH’s with S/M2~0.998
l— TSP N N Y BT S
< Expansion parameter ] — e .|| ]
. 0.8} P "
around extremality -l l
R 2 0.6 .
Sspin = V1 — X 05| .
0.4l Puncture data: ¢=0.93, espin=0.37 -
i 03+ Lovelace: =0.97, ¢ . =0.24 -
¢ 0.93 is far from extremal! ik 5 Spin
0.1+ y=0.999, E_ 0.045 \%
O | | | | : I ,‘ : l \ : l A
0 0.2 0.4 0.6 0.8 1
2
X =S/M
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Merger Remnant approaches Kerr! @

CITA-ICAT

< Gauge invariant horizon structure Robert Owen 09
T T (also Campanelli ea 09, Owen 10)
Kerr ——4> X -
: | — =191
E ----- ly=191
‘2 In_=2.10
£
;
B
E
:
5 AT (015
200 w0 w600 ssloo —~ 5000
coordinate time
Quadrupole moments
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Merger Remnant approaches Kerr!

* Gauge invariant horizon structure

&

CITA-ICAT

Robert Owen 09

Kerr

-

(also Campanelli ea 09, Owen 10)

excited mass quadrupole moments (code units)

Quadru

Harald Pfeiffer

T T T T
‘.., ----------------------------------
\' — lm= 301
f‘ ' =301
-= 1 =317
yi
ik [1 ,v! ' | !
1 . | . | |
8200 8400 8600 8800 9000
coordinate time
Octupole

ICTS @ Bangalore Jun 21,2013
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Merger Remnant approaches Kerr!

¢ Gauge invariant horizon structure

Kerr

excited mass quadrupole moments (code units)

CITA-ICAT

Robert Owen 09
(also Campanelli ea 09, Owen 10)

Quadru

Harald Pfeiffer
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Merger Remnant approaches Kerr! @

CITA-ICAT

’ ° ° °
» Gauge invariant horizon structure Robert Owen 09
— 1 (also Campanelli ea 09, Owen 10)
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Cauchy-characteristic Extraction @

CITA-ICAT

J-f

* h(t) at Scri+
** Post-processing tool for any Cauchy evolution (open source)

Reisswig ea 09, Reisswig ea |0, Babiuc ea 1011.4223, Babiuc ea |1106.4841
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Radiation-aligned minimally-rotating frame @

CITA-ICAT
* Decompose radiation in a good frame, not an inertial frame

%« Schmidt ea 201 |, O’Shaugnessy ea 201 |, Boyle ea 201 |:

® Polar axis of YIm-decomposition along dominant emission direction

Ultimate Run ' ' ' ' ' Ultimate Run
x

1072 Stationary frame i 1072 Minimal-rotation frame

1072 B

Y4l

T AL
1076 Havy, P r‘«A\Lm!iiii!:
0 200 400 (?_Or(Z)/M 800 1000 1200
q=6, LA=0.9, [B=0.3, 8 orbits
Figures courtesy Mike Boyle & Larry Kidder
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News on critical collapse @
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09 T | I I | I |
. . . 0.8 °:°:;w =
% Incoming grav wave with L ]

Spin param. ® = 0.1

Angular momentum o6}
Tony Chu| s

X SmaIIAmplitude CITA é 0al :’“i'lz(;;(;;;""hr )
o dispersal 0l 1= 07701 ]

L ["=0.5001
< Large Amplitude (:“ |
e BH formation Lo ]
® signs of discrete self-similarity 085 09 095 1 105 L1 L5 12 125

Time: 60.600000 Time: 61.300000 Time: 63.600000
c
46.1431 |
540
30

20

10

<
~
|
-

bossssnsssbnissssss.  1,10779e-10 wssabisssssss.  1,13724e-10 ~
0 20 30 30 2 <10 oQ 0 0 30
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News on 5-D black strings @

CITA-ICAT

** Lehner, Pretorius
| 106.5184
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Some details about
Spectral Einstein Code (SpEC)
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Numerics |:Spectral methods @

CITA-ICAT
“*Expand in basis-functions,
solve for coefficients

N
Z t) Pk (2

* Compute derivatives exactly

Spectral

N Finite differences
=) a(t), @] -
,;u( ) @k(z) 111120111,

o ©
| |
* Compute nonlinearities in lollo°
physical space
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Numerics |I: Domain-decomposition @

CITA-ICAT

* Full resolution to outer boundary

* Can place resolution where needed

Spectral Einstein Code SpEC (Caltech-Cornell-CITA)
http://www.black-holes.org/SpEC.html
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Einstein Constraint Equations @

CITA-ICAT
% Can be written as five coupled non-linear elliptic PDEs

e Unknowns %, ﬁ N

® Everything else know
® Derivative-operators on possibly non-flat 3-D (t=0) manifold

"R+ —ytK? 4+ —p 84, AY 4+ 2 Gy 28
R+ 5y + 3 jAY 427Gy~ (p + 25)

= —¢° (0. K — BF O K)

HP, Kidder, Scheel, Teukolsky, 2002
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Recap: Solving the constraints @

CITA-ICAT

<* Puncture Initial Data (Brandt, Brugmann, 1997)
- conformal flat
- analytical Bowen-York solution
- disregard “5th equation”
- Demand certain behavior inside BHs

® Simple numerics, but spins limited to <0.92

* Solve all five equations ! | ' | .
® Tailor to spinning BH’s > g': ]
G — gA 4 gB 5. & o i
Gij = 9i5 + 9ij — 0ij 0 .3
. . o 1 0134 e 1 .0'318 .
e Use BH excision 0 0.1 0.2 0.3 0.4

Lovelace, ea 2008
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Elliptic Solver |: Spectral discretization @

CITA-ICAT
< Elliptic equations:
Flu(z)| =0
* Substitute in spectral expansion
u(@) =y 4;9:(7)
“* nonlinear algebraic set of equations for U
% Linearize with Newton-Raphson

** Preconditioned fGMRES for linear solution
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Evolution equations: Pretorius’ breakthrough

@ Einstein’s equations

1
0 = Rap[gan] = — 508 + V(al p)+lower order terms, 2= —0ab

@ Generalized harmonic coordinates ga»x° = Ha(x2, gap)
(Friedrich 1985, Pretorius 2005; H = 0 used since 1920's)

Jap = lower order terms.

= Constraint C; = Hy — gap00x° =0

@ Constraint damping (Gundlach, et al., Pretorius, 2005)

1
9ab =7 |{aCp) — 5 gapt®Cc| + lower order terms

é)t Ca N - "\/ Ca -

36
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First order reduction @
Lindblom ea 2006 ~

% Rewrite as first order symmetric hyperbolic system

Oy u™ + Ako‘ﬁ[u] ou’ = R® ] u” = {g, Ot Gub &-gab}
“* Characteristic fields w.r.t. boundary normal n:

~

e®ani A" 5 = v(a)e®

%* Must impose BC on incoming fields

® |[nternal boundaries:
- Outgoing fields become incoming fields of neighbor

Vs < 0

e Outer boundary:
- Incoming Constraints=0 = conditions on some incoming fields

- two further incoming fields represent GWs -> set to zero
- final four incoming fields represent coordinates
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Black Hole Excision @

CITA-ICAT

Artificial boundary
inside horizon

time
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Technical details o
\? \/ \/ CITA-ICAT

“* BH excision (no inner BCs)
space

* Non-reflective outer BCs (Lindblom, Rinne et al. 06)

“* Wave-extraction & extrapolation (Boyle et al 07, Boyle & Mroue, 09)

* Coordinate conditions (Pretorius; Lindblom & Szilagyi, 09)

* Domain-decomposition follows BHSs (scheel, et al., 06)

< Switch domain-decomposition at merger (Scheel, et al., 08, Szilagyi et al 09)
% Construct initial data (Cook, HP 04-07, Lovelace et 08)

“* Reduce orbital eccentricity (HP ea 2006, Buonnano, et al, 10)
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Exploring Parameter Space
& Precession
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Waveform Catalog Efforts
Ninjal (2008) Ninja2 (2012)

CITA-ICAT
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Lack of parameter space coverage

<* BH-BH simulations are hard
® World-wide NINJA-2 collaboration computed 40 spin-alinged systems

Harald Pfeiffer

(no precession at all)

"‘ 10

-0

5 .Q
A

10

Ajith ea, 1211.5319

ICTS @ Bangalore Jun 21,2013
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Pushing parameter space coverage @

CITA-ICAT

%* 700 configurations quasi-circularized (Mroue, HP 1210.2958)

% 171 simulations completed
® Mroue ea, arXiv:1304.6077

Abdul H. Mroué,! Mark A. Scheel,? Béla Szildgyi,2 Harald P. Pfeiffer,’>3 Michael Boyle,* Daniel A. Hemberger,*
Lawrence E. Kidder,* Geoffrey Lovelace,®? Serguei Ossokine,*® Nicholas W. Taylor,?2 Aml Zenginoglu,?
Luisa T. Buchman,? Tony Chu,! Evan Foley,® Matthew Giesler,” Robert Owen,” and Saul A. Teukolsky*

I l 1 1 1 1 1
Non-spinning
1 Aligned Spins
B Precessing

M=
o

I

o
o

llllllllll
llllllllllllllllllllT—'

llll'llllllllllllll'll_

Number of simulations
&3
T 17 11 ‘ T 1 11 l T 1 11 | 0 B B | B |

10 .
0 1[0 |
1 2 3 4 5 6 7 8 6 12 18 24 30 36
Mass ratio Number of orbits
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| 71 waveform catalog

CITA-ICAT
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Mroue ea, arXiv:1304.6077
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Examples of precessing binaries @

CITA-ICAT

Mass-ratio 6

Mass-ratio 3 A |
't |spins 0.9 & 0.3

spins 0.5 & 0

Mroue ea, arXiv:1304.6077
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Orientation-dependence of waveform @

CITA-ICAT

Al

| | |

0.06:_ 6=11/367 , ¢=n _ ﬂ
% o AN ;/\/\ \ -
-0.0 i

006f 2% B
L ! -
g o MM“J‘MWWNVWV\!WVWW\JWWNMW\‘W {\f }\k
! 1 | 1 1 Ll | ;
LL . .-v5 ] E :
2 ‘/,,-"'/ B 13 ; L5 13
Convergence -
test! | | i L j
3000 6000 9000 10240 10320
\ /™
Mroue ea, arXiv:1304.6077
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Alternative study: Georgia Tech @

CITA-ICAT

** Pekowsky ea 1304.3176, continuing sequence of papers

® |91 generic BBH waveforms

® precessing waveform = [non-precessing waveform] x [Rotation]
* IMRPhenomB fits to better than 95% for 200Msun<M<2500Msun
® At low masses, GVW’s can measure BH-BH properties

e At high masses, GW’s can measure remnant properties
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Expanding parameter space coverage @

CITA-ICAT

<* Most spinning runs at q<2

0.25-: oLy Q © oo0® 0'25’8 o Cod%H0Q © o000 ® 1
q=2 .@Q& ° R o ® !o.o
0.20f ] { o0.20f, .
(@) (€ ] O
= z o = o 0
o.1ow o | 0.10e
0.0006 02 07 06 08 1. 99% 0 02 024 06 08 1.0 1

XA XB

* So far, pushing parameters was always difficult
® Fach arrow |-2years hard work
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Precessing Movie @

CITA-ICAT
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Precessing Movie @

CITA-ICAT
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BH-BH the big picture
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CITA-ICAT

< BH-BH simulations quite mature
® | ot’s of parameter space remains for exploration

® Boundaries of parameter space challenge current codes:
- spins very close to maximal
- mass-ratios beyond |0

“** Present goal: Remove waveform modeling errors from GW
data-analysis
® Explore all parameters w/ sufficient accuracy
® Check where Post-Newtonian is sufficient
e Construct waveform models
® Perform injection studies
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post-Newtonian -- NR comparison

Harald Pfeiffer

GW-cycles to merger

“* NR & PN agree! 26 18

10
T

I | T T T
03l PN order 2.0
~ ,
A X
S
g Op e
S
Pt
o
Z.
_e_
v 0.3
Z.
= - TaylorT1
-+« TaylorT2
----- TaylorT3
-0.6 — TaylorT4
| |
1200 2400

t/m

Boyle et al 2007
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post-Newtonian -- NR comparison @

CITA-ICAT
. GW-cycles to merger
L L I
0.3r 7
PN order 2.5
)
<
.S ‘o
= 0 7
av
N’
o
Z.
_e_
'Z—O.3 s
ee* ---- TaylorT1
-+« TaylorT2
----- TaylorT3
0.6- — TaylorT4 |
| | |
1200 2400 3600
t/m
Boyle et al 2007
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post-Newtonian -- NR comparison @

CITA-ICAT
o GW-cycles to merger
<+ NR & PN agree! 26 18 10 2
— T T T T T T T T T T
0.3 }
- PN order 3.0 |
»
-
S S
C
o
Z
_e_
'2—0.3— }
e@ ---- TaylorTl1
-+« TaylorT2
----- TaylorT3
06k — TaylorT4 =
| | R
1200 2400 3600
t/m
Boyle et al 2007
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post-Newtonian -- NR comparison @

CITA-ICAT
o GW-cycles to merger
L L I A
0.3F P
)
-
S
= O] .
av
N’
o
Z.
_e_
'2—0.3— 7
ee* ---- TaylorT1
-+« TaylorT2
----- TaylorT3 3
0.6- — TaylorT4 |
| | i
1200 2400 3600
t/m
Boyle et al 2007
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post-Newtonian -- NR comparison @

CITA-ICAT

T T T l

N ’ I T
“* NR & PN agree! 00004 NR
- TaylorT4 3.5

|
|
|
|
1
|
1
I
1
- I
| |
h N a 'l I
\ \ I |
‘I‘l| 1
O /4 ]
| \
1 [ Y I
Yooy |
1
1
1
1

< Or do they? N i)
| |
| -0.0004 - ! n
¢ SOME versions of PN 01000 2000 3000 4000
match very well T T T T
0.005]- R —

® NO a priori knowledge

which ones work (if any) 0

-0.005

3500 3600 3700 3800 3900
Boyle et al 2007
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post-Newtonian -- NR comparison

“* NR & PN agree!

< Or do they!?

e SOME versions of PN

match very well

® NO a priori knowledge
which ones work (if any)

&

CITA-ICAT

0.0004

-0.0004

0.004

-0.004

Boyle et al 2007
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Phenomenological, alighed spins

&

CITA-ICAT

< Unequal-mass, aligned spins (Ajith ea 201 1) “IMRPhenomC”

e 2-dim waveform family (mass-ratio, effective spin)

® (2,2) mode calibrated against 24 sims (BAM, Ccatie, Llama)

< Two stages:
| .construct TaylorTI+NR
hybrids
2.fit model to hybrids
1+ apf) Hf<f

AN =C " w2+ T2, ) if fi=f<f,
w, L(f, f, o) if fo=Ff<fi

3 7
Y =2mft oot (14 Sk} O

Harald Pfeiffer ICTS @ Bangalore Jun 21,2013

—t— y ==(0.85
—t—y ==0.75
—d—y ==0.5
ey ==(),25

—t—y = 0.25
= 0.5
ey = 0.75
| —f—y = (.85

NS 0.16
0.1875

100 N\ 0.2222
10 0.25 n
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FOB + NR By

CITA-ICAT

< Effective one body
® Buonanno, Damour 1999; many papers since
“* Inspiral-Merger-Ringdown waveform model based on

o Effective Hamiltonian to capture conservative dynamics

H#\/p%ﬂLA(fr)[ +&+2(4 3u)v pﬁ], Ay =3 @) | 6sv)

T2 Tk T5
e Radiation reaction terms

dp, oOH . T A
i@ op RR 307
dpy C

at 0 — Vv‘g/26 F}(Vg;v,Upole), using 4-PN term Fg ,—g + vAg
® Attach ringdown modes

* Fit parameters to NR simulations
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EOB for non-spinning BH-BH

“* Physical parameter mass-ratio g

* “EOBNRvV2” Pan ea, 201 |

e supersedes EOBNRv| (Buonnano ea 2007)

® Five modes: (2,2), (2,1), (3,3), (4,4), (5,5)
e calibrated against SpEC g=1,2,3,4,6.

Mismatch
with NR

waveforms aﬁﬁi-*“‘j

used in

fitting

Harald Pfeiffer
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EOB for aligned spins @

CITA-ICAT

< EOB w/ aligned spins “SEOBNRv|”
® Taracchini ea 2012
® (2,2) mode calibrated against 7x SpEC & Teukolsky code
® Prototype-model: Intended for re-calibration with more NR sims

04
- q=1, %,=x,=+0.43655
< Caveats: 02} %
e Calibrated in tiny region °'OMAIW\ANW\A
. 02} — NRReth,)
of param space: | —— |
(a) zero spin q=1,2,3,4,6 04 1000 2000 30003300 3350
(b) g=1, equal spin £0.44 03 7 103
0.2} AA/A : 102
, 0.1} | : {0.1
® Current EOB model fails ol 1t VANV, Il
for aligned spins >0.7 o1} AT
0 1000 2000 30003300 3350 3400
(t-r,)M t-r,)M
Taracchini ea 2012
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Precessing BH-BH @

CITA-ICAT

* First generic spin model (Sturani ea 2010)
® Based on 24 MayaKranc sims
® TaylorT4 until very close to merger & phenomenological Ansatz

Vil s f i
|| bl i—
— 172

s

of the Sturani ea NR
waveforms
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BH-BH In hon-vacuum
environment

Harald Pfeiffer NRDA/Amaldi July 11,2011 61

Friday, June 21, 13



BH-BH in gaseous environment
< center-of-mass v=0.1¢ “Bondi-Hoyle-Lyttleton BH-BH"

CITA-ICAT

L6M=-2.0x105 léM=—2.0xlO‘ 0.25¢" lélul=-2.0x10‘ 0.25¢" ‘
3 . 30 g = 3 P - o4 e ]
73
< 3
20 § 3 - -
- luminosity increase
10 ¢ -3
- @ merger
~ 0 i
> : E |
-10} 10¢ —
-20 = -
_30 E :-:. aadaaad - 30 E-g: M AT R N 11-.'1‘-;1’41_1 Ny s looo
-30 -20 -10 O 10 20 30 -30 -20 -10 O 10 2¢ =)
X/ M ©
t/M=315.4 { ~ 100
I iSHAdEEnEsRagay = - |
YA T T2 VA Vel B B o A o
:[// 10
" Yn ™
- -~ :
r l A A L l A1 L i l A b l L A 1 l 1 1 L
~600 -400 -200 O 200
t/ M

Farris, Liu, Shapiro 10
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BH-BH in gaseous environment @

CITA-ICAT

MI=M2 MI/M2=2 MIT=M2

aligned spins 0.6  random spins 0.6 aligned spins 0.6
retrograde disk

Bode, Bogdanovic, Haas, Healy, Laguna, Shoemaker | 101.4684
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Black hole magnetosphere @

CITA-ICAT
< Tenuous plasma. Inertia dominated by magnetic field
/OE -+ 7>< B = pplasmaaplasma =0

e Maxwell’s equations close; matter disappears from eqns.

E=VxB-],

oB=—-VxE, ~ B = - - ExXB_ -
) = 2 |B.(VxB)—F - (V E] V.E.

v.E—p j=27 |B-(VxB)-E-(VxE)| + =

V.-B=0,

* Appropriate for pulsar and BH magnetospheres

% cf. MHD: B-field attached to moving fluid
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BH in force-free plasma @

CITA-ICAT

* Single BH’s consistent with Blandford-Znajek

‘1
FIG. 7 (color online). Density of energy flux Fgy; at t = 100M
for a single spinning black hole with a = 0.99, together with the

magnetic field lines. Left: An aligned black hole (8, = 0). Right:
A misaligned black hole with 8, = /4.

Palenzuela, Garrett, Lehner, Liebling 10
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BH-BH in force-free plasma @

CITA-ICAT
A B l_ 2.00x 1010
1.85x 1010
‘s ' L ’ \ 1291010
1012

gl

Palenzuela, Lehner,
Liebling 10
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BH-NS & NS-NS

Much harder than BH-BH
* BH-BH: Completely solve the problem for GW detectors
* BH-NS, NS-NS: investigate qualitative features
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BH-NS & NS-NS: Goals @

CITA-ICAT

*** Gravitational Waves

® | ong inspirals, accurate bulk evolution,
accurate metric & GWV extraction

% Test short GRB viability
* Need massive disk, baryon poor region
®* Need MHD and/or neutrio radiation for energy extraction

+ Ejecta effects (r-process elements, afterglow emission)
® Need to track outflows with reasonable accuracy

Courtesy Matt Duez
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Basic stages @

CITA-ICAT

NSNS "I‘SP""' BHNS inspiral

merger

h"pe"““‘:;’e NS disrupfion plunge
remna

nonhypermassive prompt collapse
remnant |
delayed collapse
stable BH + diisk BH+disk BH

Courtesy Matt Duez
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BH-NS: disruption vs. direct plunge @

CITA-ICAT

* Toy-model w/ tidal effects (courtesy Matt Duez)

136 | ' | pu | ' | e -

massive postmerger disks

Disruption outside ISCO

=== ected mass ta80 Geil7

1/10 -
1720 |-
"BH + test plarticle limit 1 disrlllption inside lergoregion
00 0.2 04 0.6 0.8 1
a/Mg, .
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BH-NS s
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< Early fully GR simulations
e Shibata et al 06,07,08: Polytropic EOS
® Etienne et al 08,09: Polytropic EQOS, aligned spin BH
® Duez et al 08: Polytropic EOS

% Current activity:
® Higher mass-ratios
o Effect of BH-spin (aligned, and non-aligned)
® Magnetic fields
® Neutrino cooling

e Realistic EOS

* Different groups chose different order of attack
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BH-NS: some recent activities @
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“** Kyotuko, Shipara, Taniguchi 10

® Piecewise polytropic EOS’s, zero spin, q=2,3

% Kiuchi et al
® Study of compactness, mass-ratio, BH spin

* Chawla et al, 10
e BH spin 0.5, =5, MHD

* Geleazzi et al
® =5, MHD

** Duez, et al 10
® Polytropic & Shen EOS’s, spin 0.5, q=3

** Foucart et al ||
® BH spin 0 ...0.9, vary angle, q=3
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Precessing BH-NS Foucart et al, | | @

CITA-ICAT

Density

2.2e-02 T T T
| 1 === 5510
T — 8.5120
1.6e-02 [ - == 8.5140
- - = 8.5160
\ =~ 5.5i80

' 1.1e-02 - | BN
g N e ——
- e @ f T
1.0e-11 T B
Max: 0.02164
Min: 1.000e-11
0.01 - : -
-5 0 5 10
(t-tmrg“)(ms)
< Tidal tails precess
o © <* Mdisk depends on
Spin orientation
Time=0
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High mass-ratio (q=/, as expected) @
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® Disruption only occurs for large spins

qg="7,xBH = 0.5,Cns = 0.144 g="T7,xu = 0.9,Cns = 0.144

A’/]disk ~ 02]\[@
Meiecta = 0.05 M

See Foucart et al. 2012 (PRD)

Slide courtesy Francois Foucart
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Outflows: Important for counterparts @

CITA-ICAT

g XBH Mejecta

* Only computed for parts
1.3 | <05 | <I% of the parameter space

* High uncertainties at large
37 >09 | 1-20% mass ratios

* Energetic outflows
£7 | <07 0 possible for high spins
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Magnetic BH-NS Chawla et al | |

< q=5, spin 0.5, B=0 and B=10"?G
® Essentially no unbound material
® Magnetic field irrelevant

(a) t=5.9 ms (b) t=16.8 ms (c) t=27.8 ms

| @ - |

— e,
/.p” .
.
\

Harald Pfeiffer ICTS @ Bangalore Jun 21,2013
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Hyperboloidal BH-NS encounters @
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. | Stephens, East, Pretorius | |
% Vary impact parameter p

Small p
direct coalescence Larger p
Tidal disruption & tail
Yet larger p
» Large Mdisk even for a=0 periodic mass-transfer

%+ Unbounded ejecta, zoom-whirl behavior
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Some recent NS-NS simulations @
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¢ Baiotti, Shibata, Yamamoto |0

® Comparison SACRA vs.Whisky

 Baiotti et al 1103.3874
® 20GW cycles & comparison to EOB

** Giacomazzo et al | |, Rezzolla et al ||
* MHD, long run-time after merger

* Hotokezaka et al | |
® 6 piecewise polytropic EOS

* Segikuchi et al 10
® finite-temperature Shen EOS, neutrio cooling
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Dependence on EOS

* Hotokezaka et al | |
e 6 EOS’s from Read et al 09
e different masses for |16 simulations

< Different merger outcome
® Type |: Prompt BH formation
® Type 2:short-lived HMNS
* Type 3: long-lived HMNS

Harald Pfeiffer ICTS @ Bangalore Jun 21,2013
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type Il | type Il | type Il type Il | type llI
(HMNS)| (HMNS)| (HMNS) (HMNS) |(HMNS)
APR4  SlLy ALF2 H4 PS

(11.428) (11.736) (13.188) (13.840) (13.759) (15.472)
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NS-NS w/ neutrino cooling @

| | Sekiguchi ea _
< Shen EoS, neutrino cooling 1105.2125

® Equal mass NS-NS, M=1.45,1.5, [.6Msun

GW Waveforms

Neutrino luminosity (three flavours)

-  2fE ' ' R
S 2f@L o 1 -
&0 =
i -0 MMMWWM
rg l Yo : '§+ :; : . . . . ‘ :
n.]} 0 ﬁ—‘ 2 'h’ T T . 3 T ’ )
—_ : 1} )
T 3tmM 2 o
s 2t & ]
v-:?‘ l i 2 F ) ) X ) ) L
- — 2 b N v N v v .
< 0 e : , : : §01
7 dfeH | L QP — 2 of
‘P:n g- . :: -1
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:f 0 ’ Iret - tmerge [ms]
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NS-NS simulation shows jets @
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* GR+MHD+ideal fluid+long evolution (~30ms)

< B-fields amplified and ordered Giacomazzo ea 10, Rezzolla ea | |

“* Baryon-poor funnel
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Rezzolla ea | |
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NS-NS in scalar-tensor theories

CITA-ICAT

o007

S -

— B/(4nG)=0.0 | T
- BH(4nG)=-3.5 0.008
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FIG. 2: The scalar field ¢G'/2 (color code) and the NS surfaces

lid black Ii tt=418,3.1,4.0.6.3 f A47nG) = —4.5,
FIG. 1: The separation and the dominant mode of the 14 scalar e().sn?dlthe E;i:na;;egfz;i‘ig.m{ Rroa far, o)l mg) R

(encoding the effect of GWs) for a binary with gravitational masses
{1.58,1.67} M, and for different values of 3.

Barausse et al, arXiv/1212.5053

Harald Pfeiffer ICTS @ Bangalore Jun 21,2013 83

Friday, June 21, 13



Beyond compact object binaries @
“* Supernova simulations
® Require more micro-physics
® Yet higher computational cost

Ott ea, 2012
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Future challenges (BH-NS, NS-NS) @
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* Accuracy
® Hydro converges <=3rd order (shocks |st order)
e Realistic EOS has discontinuities which are hard to model

“* Neutrino transport
® |eakage schemes and beyond

<+ Magnetic fields
® magnetospheres are not MHD
® magneto-rotational instability excites small scales

“* BH-NS parameter space

Harald Pfeiffer ICTS @ Bangalore Jun 21,2013 85

Friday, June 21, 13
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Likely themes for the coming years @
« BH-BH

® precessing waveform models

e targeted simulations, in response to LIGO detection

® eccentric systems

® alternative gravity; higher dimensional gravity

® can GW observations distinguish between GR and alternative
theories?

< Matter simulations
® Tremendous amount of work needed for micro-physics

® Parameter studies with
- increasing amount of micro-physics
- increasing parameter space coverage

e Understand jets and their EM, nu signatures
® Understand ejecta and their EM, nu signatures
®* What NS properties can GW detectors measure!
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