


H binaries .... 
Y are found at the 

enter?; of most gzillaxies 

wit galaxies mel-ge one 

MBH binaries 

13H mergers trace gala 

BF-I rrrcrgers are strcrng sou 
1=avitational \ IT~VCS 

hese G'IVs arc cietectab 
out to z - 10 or rllorc 

leces o f  

LISA 

E'xpect --. se'ryeral evexr tsiy eirr, ur rrror-e 
possibh %, more... 

Observiajg t ese GWs can probe 
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A Different Type o f  Astronomical Messenger 

Ripplcs ira spircclirr~c cu rvlrtrrre 
F -+ 

I r a a  \. c a t  veIr~cit-v IY - I: 
%' 

Genrere:rlcd by xar i lsses \vil la l iar e 
ch:rnrgirrg t l rrar lru~~~li i r  ~110mler11.5; 

C;~s*ry eneg4gy and ~snomcntu rn 
Interact wcaklv "ji with ~rti~tlcir 

c a w  il!fo nboccl ilrvep, itidderg 
regiorfs in tlic: universe 
First iilrlirccl detcctiola of' I(: Ws: 
1-i"rrisemTaylor bir~ar*)~ pnis:rx* 

- Orbital period decay agrees 6b cr ravi tatiorr a waves w i l  
with GR to withi11 the 
observational errors o f  < 1% wirrdtrrv on tlse rrrriver-sc., , , 

- Nobel Prize 1993 



Iletector of lerrgtl~ scale L 

A passi~lg gravitational wave distorts detect 
via 2 polarizittion states, h, and b K 
Measurc strain amplitude h 
Sorx rce waveforms scil 

Bur istz, 



griea! sorrrces: MBlIiMBI-I 
innleics, gaPactic cump;~ct biaaries, 
xtrerare rrrasu rat io birraries, , , 

spacecraft in equilateral triangle 
- orbits Sun at I AU 
- 20" bellind Earth in its orbit 

a lengtla % fl I, = 5 s 1 04' lmi 

recision nnciisorerl~en is: 



I:iix 5 * f;.?, I3 .: 1OJ 1-42 

onaetcr--~c;llt; nrmnies 

- LIGO: I-lanford, WA, and 
Livingston, LA; 1, = 4 km 

- VIIIGO: PISA, L = 3 km 
- GE0600: Hannover 1, = 6( 

5 stellar ct~llapsc,,, 

J14;01(; KO ctrrrcrttly i r j  ye21 is-lolrg 
ieslcc tlata-talting leutts.. . 

'a rleerrl- sensitivity o f  tleleetor 

;tilablie in rc:ld-o%alv a/ iili~otlc rlzrily 
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'2ll)e kYj?elatrt4r~# @ @ @ 

omplementary observations, different frequencies & sources.. . 



G'roun~l~DuseJ rlc&ctc~r.s rviN also see 14'S and stefl~cr 
Blf  B~i~zcrcv crlirrlt~sc~~~ce s ~ G ~ ~ B ' M O V C ~ ~ ,  , , 



1-n ics o f  inassiva ctl? 

servinq %- CiWs :I  iris tlirt8~ 

(NR SA/CXC/MPE/S. Komossa e f a/. ) 

bservations in the clynnmical, strong field regi~ze.  .. 
.... iJ'we lcno~9 tlge melfiger wavefofflms 

;tj+~d/ol* in, $ 111,~ t. e G\N cjnission i;s 
Axxi 

argc enough, i t  GOLI merged rcllmant li-cjln 



1 Ws from f i ~ u l  nzelpger c!f'black hole binary@. . 
*ong-field 9: c nlerger. is: b1-ightcst GW sctrrr*co, Iaa~iriosity I Qz-"t,,,, 

tvetbrms scale w i  rrnasses, sp~ias appii~j %I to gronnci-based & LISA 

I Merger I 

I 
Ringdow n 

? 
i 
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'T" I 
""1 c&".."+ 3. 



P P ~  ajar e o r ~  B# c 

y as difficu ~ e s e  (gravitational wav 
bservatories, however, i s  the task o f  computing the 
ravitational waveforms tl-rat are expected when two black ]lo 
erge. This is a lnajor challenge in comp~~tational general 

elativity and one that wi stretch co~~~putational hardware and 
oRware to the imits. Elowever, a bonus i s  that ihe waveforms 
iZ1 be q u i t e  unique to general relativity, and if they are 

eproduced observations y, scientists wi 
ed a lnghly sensitive test of gravity in 

e strong-field regime." 
-- "What 'ire ihc ilirniis o!* l3 

Ct~rtrtecfi~tg Quurh-s ~ r ~ i f i l  ;Ilrc C'osntos: 

oat-cl 011 1' ~ v s i c s  mi it11~I A s l r * o i ~ ~ j n ~ y ~  
Acadclnies, 2003 1, p. 1 1 X. 



merica 

olve Ei.nsteilil eyns llun~erically 
pacetime sliced irito 3- 
= constant ~vpersu %! rf;gces 
irrsteilx9s eqals split into 2 sets: 
- Constraint equations 
- Evolution equations 
oilstrained illitiall data at t = O 
volve forward in tirnc, fi-om one 
ice to the ~ lex t  

1-v %, solve (7 or  rrrore 
alllinear) cotlpled f3DEs 

Coordinate or  gauge conditio~as: 
relate coordinates on iheighborirrg 

ices 
- lapse function -7 shift- vector 1 - 



A BriefHistory % ofBLYIi s i~zu  tions.. .. 
3 ,9s 6.6: Walmn i!! Linrlrluist: try to evolve collision of 2 '%wcplernlrol~h 

70s: Smar-r ;;arnrl XCl~g~ley: tleatl-o~n rollision o f  2 B Hs, wtrrtct G Ws 

Pioneering efforts 011 supercomputers at Livermore Natl Lab 

90s: LIGO lliovcs alrearl & bv-or*lr on BBtl 1,roblem starts np ilgaixl,, 

Work on 2-D head-on collisions at NCSA 

- NSF Grand Challenge: multi-institution, multi-year effort in 3-D 
? y-* 

i i~0. i~ -= redlit: - ---A- :1iffk;t*{4ie! & *B> tirsttahiBI;tsi~s0 ,'$$srec..i iri fir.ane,li$~l;rts, elc,.. 

- Diaspora: multiple efforts AEI, UT-Austin, PSU, Cornell.. . 
- Difficulties proliferate, instabilities arise, codes crash ,... 

* m  (l i t  " " N r r ~ j c i r ~ i c c n l  rrlrltd.;?ifi: is irrtl~ossil~ta:~ l;,. 

00s: IJ8GO/GEO/VIIEG0 and LiSA s ~ ~ u r  more cievcloi>nleat 

- New groups arise: Caltech, UT-Brownsville, LSU, NASAIGSFC.. . 

-- Breakthroughs & rapid progress throughout eom~nunity 
- Orbits, waveforms, and astrophysical applications .... 



orr~~uIatiolrs of' the Ebstein ey nations 
fully 2Bd order, fully 1" order, mixed ISf and 2lKhorder PDEs 

- which variables to use? 
incorporate constrailrts illto evolln eqns? solve constraints? 

oordillu te corrclitions: 

- lapse function - - "singularity avoiding" time slicing 
- shift vector - - I~eep coordinates from falling into black holes... 
Corrstrained initial data to ;rl>proxirnate astrophysical billary 
- start on approx quasi-circular orbits 
- inward radial velocity ... 

~w to ha~~cl le  tile blaclc holes: 
- excision? punctures? 
- comoving coordinates? move the black holes? 
a ria ble grid resoltrtion to ba~fldle illulf iple scales: 

-GW IO - IOO 
- c = G = 1 3 1 ~ - 5 x 1 0 - ~  sec - 1.5 km 
- finite differellees w/ mesh refinement; spectral methods 



Tradit ional aulmericiali 
ileela tivily techniq nes 

rial mass, norlispirxitirng Ld 131-1s 
Eseisct IEHS at  late tinlcs 

liar] hr- '- 125 -- 151))11/1 anti 
ilP1-13 cctmpletcd - L orbit 
i(.:rashrd bcfbr-e BHs xnPerg<e 

Not accra~~ate exlollglx lo be 
- gijt Aij dt gij ;\blu to ext1'28ct C~WS S' 

-- l S b o r d e  time, 2"" order space 





ow punctur-c BHs to nlove 
TOSS grid wiorit excision 

irxruitaoeorxs, iracleperrdenl 
i s co~~e ry  ag* by UT 
rolrps: 

- Campanelli, et al., PRL, 96, 

- Baker, et ale, IWL, 96, 111102 
gr-qc/0511103 

cr llok split ol.'f sixlgrult~r &2 p;trt -xi L 

- Regularize near puncture 

- New conditions for & i 
w - 
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new idea.. ..that spread ~.npi 

evelope w/in "'traditic~vrnl" n umerical relat-ivitv approach: 
- Conformal formalism, BHs represented as punctures 

si~nple, powerfell llew idea: allow the punctures to nlove 
eqrrircs rrovel coordinate conditiorrs: 
- Van Meter, et al., " w to move a pullcture black hole without 

excision. .., " PRD 7 124011 2006 gr-qc/0605030 

3"B, GSFC rx~oveci kthcacl ritpicllv, 
uiclily able to do multiple orbits 
oving purzct-ures q ulcklv @ adopted 

v other ~ rouos :  

- At April 2006 APS meeting, a 
full session devoted to BBN 
mergers w/ moving punctures! 

- Sumrller 2006: method adopted 
by lnost o f  cornnlunity 



universa behavior.. . 
gt=-qc/0602026, 

ong tlnrzrtiorn si~alulations o f  rrloving j~onctures with iiMR 

quit8 mzlss, eonspir~niag BkJs 

rnl cirses, stwrtirrg from srrceessively wider separations 

El orbits lock orr 10 urriversal trajectory rw one orbit before merger 

BH separation vs. time 





: The Movies 





23 

Observing" the mergers. . . 

Conlpare seil~sifivity, SNlZ far cilrrent and future detectors 





Observing MBH 
mergel-s with LISA. . . . 

Illrker; ef nl., gr-qd612117 

9' .!: 
t .I 



New resu 

a1techiComel.l corllaboratio~l 

e 1." order fi~r111 o f  
eneralized iharn~onic 

nlalisn.1 

lulti-domain spectra cocle - 

)Is arc excised 

otatirlg coordinates 

~olvc -- 15 orebits o f  inspiral 

ecd to rc-grid to 
erger and ringtfown - work 

rogress 



Long wavetrairgs.. . 
E\7019.'(: for ralezrr. .iy sJ 4Ql(lQ)i1.1 

VGI'V ts/ ow l~hase errors...< 0.1 ractiarls over 15 orbits 

~01lfjl~n3 res~x (s for accuracy of PN irsl clurixlg irrspiral 

' t' ; ,( ,, ,'"p, ~ { sj 1 
".j % *<<* ~t*.: "-,; ,.. .., -:''3, ", ","T'- * - ' ' ._ * *. / i-, 

""= , ,, .... i % - .  " ;.,. , ,I.-,,", ;.\ , ,,.? 8"'. . ' . - " ; $>J ,,,! j*PI b 
'--," ye'" .' .,* ".. " ~\,' >'< .$,%",* -2.. g' , ,,, " ' ,>..,<. ' % ', , s.' ,, , *' ,P... *, ~ 8q: +$ < *a,, . ~: '5,<;<j ',,, '.* :,? *.,.,',,$/ >/ ,, ; , , i 5 $ \  l ! $ l  2 j I l  

I'! ,- J ,... , * ;  *,:> $ , ' I ? )  *6':.:t < I ~ : ;  i . t s ) ) i l i i i :  

.- 
,,.-- 
".", 
hx,4 

..A" 

m 

a." 



Baker, Canlpt~ne ili, Pretoamius, ZlocBlower, grmqc/070 1 

v-written 9d codes 



ss BHs with spin.. . 
4 

150 r (grmqci06040 1-1 
2 

I I I 

loving puartorcs; I" BKBHs with spin 
rn *m qua1 masses, each with a = 0. /z n~ - 5 a U -  

-2 

-4 

- 

I I I 

-4 -2 13 2 4 
x J ? ~  



A spin *plip... 
li:qtu" lrxlasses ailtl spills 
I%;irallc9i spill$ it1 orloital g~lane 
Si"ins precess li>v 4 :* 'PO dcg 
Final spin of rcr~lrlarrli- b'lli~~s" 
by -- 72 deg fronr iriilial spirrs 
Also e v o l ~ ~ e  w! par;~IXel spirrs 
at 45 dleg to orbital plane 
Xlernrrrz~nl 811 iras spirn flippeal 
by - 34 dcg frool iinitial spins 



hcri m, f ITL, A< t e CiW emission i s  asyrz~r~~etric 

carry anomcrztum, so naet-ge relllnant BE-I sui-1-ktas recoi 

1st of reooi occtlrs iu stl-c~rlg gr;~vit>, + numerica 
cl ale,  ApJl,,  653, 1-93 (200(3) astro-~~i1~0603204: 

y = m,/m, =. 0.67 

widest separatioll run eorrlpletes 
- 2.5 orbits before merger. 

agrees w/ PN over most of 
ISt orbit to better than I% 

V .- 
2Sf 

- Overall, report i t ic l i  values in the 6 o 
range vkiatli = (86 - 97)limIs 40 

20 
onzales, ot al, 21 ~rl~-qciO(i'I. , 0 154 (1 

" 
-2 50 -200 -150 -100 -50 0 

- Ran series of runs, w/ mass ratios 
tinie jbl) 

in tile rarlge 0.253 5 y 5 I 
- Find nlax kicli V lgllRX = L75.7k 1 1 km/s for q = 0.36 k 0.03 



32 from mergers c!f'spianing BHs~.. 

ropl~vsical +/ UHs a re spiil nirrg.. . lro~w- will[ this ilrlpact f he kicks? 
arw resrrlls.. . 

Herrmann, e l  al., gr-qcl0701143 
y = 4, spills anti/alirr;netl %.- witlr orbital alrgtglar alo~nerltum 
a/m - 0.2,0.4,0.0, 0.8 ?3 vki 4 B l  +L U ~ J  to --t 400 klnis 

Koppitz, et al., gr-qcl0701163 
y - 1, a/rn - 0,15, spills anlilitligrtetl - 3 vki,,, up to - 250 km/s 

Campanelli, et ale, gr-qc/070111641 
q - 0.5, spillnirrg larger BH aim = 0.885 with spill at -45 deg to 
orebital plane, orbits nollspir~~xinlg smaller BH 3 vliicr, - 454 icm!s 

G onzalez, et al., gr-qcl0702052 
q - 1 9  ar/ru -+ 0.8, s l ~ i ~ l s  irt orbital i~ltrne, oplmo"ite1y directetl, 

t t  chose11 lo xnaximizr, kick 3 get v,,,,, - 2500 Eimis .. 
Baker, et al., astro-phI0702390 

motlel v~,,,,, far spins si l ig~ledianl i  to within - 10%b 

interesti~g purameter space.. .more statlies to come 
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t-essive 1-ecer-lt pieogress on a broad frollt: Inalqy research groups, 

nning BBHs: sevcrr-1 
I I I ~ ~ C ,  e r r  La arrc 

i s  gellern agrrcelnem t2 t on the sinzple waveform shape an 
GW energy elnitted in ast few cycles 

0.035 - 0.04 ends on the nuvlzber of orbitL7) 
- f-inal BH has spin a - 0.7M 

e...-- 7 orbits he 'ore mercyer t? 

lieatior~s to CiW ys is  arc begii~ning "2 

- Interesting parameter space 
- lrnportant astrophy s i ~ a l  applications . . . 



Merger 
i 

+- I( i-3 ow r1 - -----%- * supercomputer ------known---------+ 

:.. 1 QQO cvcles simulations ! j 




