Title: Fully General Relativistic Simulations of Black Hole-Neutron Star Mergers: A Current Overview
Date: Jun 25, 2010 01:30 PM
URL: http://pirsa.org/10060073

Abstract: Black hole-neutron star binary (BHNS) mergers are likely sources for detectable gravitational radiation and candidate engines for
short-hard gamma-ray bursts. However, accurate modeling of these mergers requires fully genera relativistic ssmulations, incorporating both
relativistic hydrodynamics for the matter and Einstein's field equations for the (strong) gravitational fields. | will review techniques and results from
recent fully general relativistic BHNS merger simulations. These simulations examine the effects of the BH:NS mass ratio, BH spin, and NS
equation of state, focusing on both the gravitational waveforms and remnant disk.
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BHNSs: SGRB progenitors?

» Short-hard gamma-ray burst (SGRB) progenitor
— Plausible scenario:

» BH+NS binary inspiral
» Tidal disruption of NS — massive, high temp. disk
» Huge amount of EM energy radiated (lasting ~10 — 10° ms) -> SGRB!
- So, SGRB engine may need substantial disk, not direct plunge into BH
* i.c., tidal disruption @ orbital separation _
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- SRR . s tically disrupts before BH ISCO — Substantial disk?
— Note: Test particle around Kerr BH - _ decreases as aligned spin increases
* _. Expect more disk as aligned spin increases




Example:
lllinois Case Studies

]

BH Spin Mass Ratio
Study Study
Case C: CaseE:
3:1 Mass Ratio CaseA: 1:1 Mass Ratio
Spin—0.5 3:1 Mass Ratio Spin 0.0
Spm 0.0
Case D:
— 5:1 Mass Ratio
3:11V_IassRam Spin 0.0
Spm +0.75




BHNS Initial Data

Conformal "

Thin-Sandwid Puncture
* Chawlaet al. * Japan
« Comnell
* [llinois

NS

g * Default case: Imrotational NS
with n=1 () polytropic
EOS (irr- — nidal locking
time>>inspiral)

BH

* Defauit case: BH
spin paramefer=0.

* 3:1 Mass ratio
— ~T:1 preferred
by pop. synth.




BHNS Initial
Data

* Defauit case: Irrotational NS with n=] ( IER) polyiropic
EOS (irr. — nidal locking time>>inspirai)
— Other EOSs, irrotational NS: Japan, Comell
* (Conformal thin-sandwich (CTS) imiial data (all except
Japan)
— CTS: GR soln for quasieg. binaries in circular orbit
— Models BH spin. mass via boundary condition on AH
o 05 < Jgg! Mgg* <075

* Punciure evolutions: Fill with smoothly extrapolated
data from extenior (“junk” initial data)

» [Etienne et al. PRD 76, 101503(R) (2007)]
* [Brown et al. PRD 76, 081503(R) (2007)]
» [Brownet al. PRD 79, (44023 (2009)]

— Magnetic fields added by Chawla et al. (2010)
* Moving puncture framework imitial data (Japan)
— So far, nonspmning BH imitial data only
— Exira degree of freedom, allows for beiter maich to PN
* Corresponding reduction in eccentricity




Have BHNS Initial Data

Next Step: Evolve!

* Basic Equations
~ Gravitational fields (E el
» Generalized Harmonic formalism
— Comell, Chawia et al
* BSSN (Baumgarte-Shapiro Shibata-Nakamura) formalism
— Illinois, Japan
~ Fluids
* General Relativistic Hydrodynamics
* Magnetic fields added (MHD approximation)

— Chawla et al
~ Illinois (in progress)




Evolution Codes

~ Time evolution: 4™ order finite differences (RK4)
- Einstein's equations for metric (BSSN/GH formalism)
» Spatial derivatives: 4™ order+ finite differences - Cornell: Spectral!
— Coordinates: “puncture gauge” or “generalized harmonic coordinates™
» Puncture coords avoid BH physical singularity — stability!
» Generalized harm. coords use excision: BC @ BH
— General relativistic hydro/MHD equations: conservative, HRSC scheme
» Reconstruction: 2™ or 3* order accurate, for smooth flows
* MHD: div B
— Chawla, [llinois, Japan: AMR infrastructure
— Comnell: Muiti-Domain (MD) spectral grid + hydro unigrid




Cornell Movie Details

¥

* BH spin 0.5, 80 degrees inclined to orbital J

— — First precessing case!
* 3:1 mass ratio, EOS not mentioned

* ~3% disk at end of simulation
— Less disk than same case, but with aligned BH spin

* Final spin: 20 degrees inclined to orbital J




Evolution Codes

~ Time evolution: 4™ order finite differences (RK4)
— Einstein's equations for metric (BSSN/GH formalism)
» Spatial derivatives: 4® order+ finite differences - Comnell: Spectral!
— Coordinates: “puncture gauge” or “generalized harmonic coordinates™
» Puncture coords avoid BH physical singularity — stability!
« Generalized harm. coords use excision: BC @ BH
— General relativistic hydro/MHD equations: conservative, HRSC scheme
» Reconstruction: 2™ or 3* order accurate, for smooth flows
« MHD: div B
— Chawla, [llinois, Japan: AMR infrastructure
— Comell: Muiti-Domain (MD) spectral grid + hydro unigrid
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Cornell Movie Details

*

* BH spin 0.5, 80 degrees inclined to orbital J

— - First precessing case!
* 3:1 mass ratio, EOS not mentioned

* ~3% disk at end of simulation
— Less disk than same case, but with aligned BH spin

* Final spin: 20 degrees inclined to orbital J
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* BH spin 0.5, 80 degrees inclined to orbital J
— — First precessing case!
* 3.1 mass ratio, EOS not mentioned

* ~3% disk at end of simulation
— Less disk than same case, but with aligned BH spin

* Final spin: 20 degrees inclined to orbital J
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* BH spin 0.5, 80 degrees inclined to orbital J
— — First precessing case!
* 3.1 mass ratio, EOS not mentioned

* ~3% disk at end of simulation
— Less disk than same case, but with aligned BH spin

* Final spin: 20 degrees inclined to orbital J
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Cornell Movie Details

&

* BH spin 0.5, 80 degrees inclined to orbital J

— — First precessing case!
e 3:1 mass ratio, EOS not mentioned

* ~3% disk at end of simulation
— Less disk than same case, but with aligned BH spin

* Final spin: 20 degrees inclined to orbital J




lllinois Non-AMR Code Validation lests
o Tests with analytic solutions
— Shock tube, OS collapse, Bondi flow
* Tesis against other codes (Japan)
— Magnetized hypermassive NSs
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[Duez et al. PRD 72 (2005) 024028]




lllinois AMR Code Tests, Part |: BHBH Binary
« BHBH: equal & unequal mass (Equal: 7 orbits, Unequal 3:1: 5 orbits)
* (9 ref. levels) ==




lllinois AMR Code Tests, Part Il: AMR+Matter

* Typical BHNS during merger phase
* Matter crosses refinement boundaries!
* Unigrid — Hydro. scheme preserves rest mass

* AMR - Rest mass conservaiion not ﬁuaraﬂteed. How much error?




lllinois AMR Code Tests, Part ll: AMR+Matter

Equilibrium, rapidly,rotating neutron star

Moving AMR boxes:
(darker — higher resolution)




lllinois AMR Code Tests, Part ll: AMR+Matter

* Equil., rapidly rotating star maintains equilibrium, many rotation periods
* Rest-mass violation error converges fo zero @ >2™ order. <1%
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lllinois Code Tests, Part lll: BHNS Initial Data
CTS imposes circularity condition on binary orbit — HKV
* Smaller seps — Radial infall increases — Circular data inconsistent!

Have CTS initial data at very small separations
* How far apart must we start bfharies to ensure consistent results?

Code test: evolve same binary config. at diff. separations

——Case A

Case A—MSep

a &l
Case A—3S5ep

)
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lllinois Code Tests, Part IV: BHNS Convergence

Resolution m the mnermost refinement box:



Other Groups' Code Tests
* Japan:
— Convergence tests

* rest mass violation convergence with AMR+NSNS: 2* order
* BHNS: second order convergence

— Self-consistency:
» J & E conservation; BHNS vs post-Newtonian
* Cornell:

— Convergence tests:
» Field sector: spectral, well-tested with BHBH
* Matter (no AMR): NS tests; second-order convergent BHNS

— Self-consistency: J & E conservation

o LSU/BYU/Pl/etc:

— Evolve TOV star unigrid, ~2.4 order convergence

— Spherical accretion onto stationary Schw. BH
* converges (o analytic as more AMR levels added

— AMR spherical blast wave: HDC improves div B =0
— Convergence for BHNS unpublished




BHNS Evolutions:
Case Studies

BH Spin - Mass Ratio
Study Study
— [llinois NS : }Hmms
Compaction i
Study
— Cornell
— Japan
' Magnetic
Equation of Field Study
State StUdy — Chawla et al.
- Cornell (LSU,BYU,IU,PI,

UG,ULI)
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Mass Ratio vs Disk Mass

Multi-Group Comp

arison

|~‘-|.

* Discrepancy:
— Total energy in disk: up to ~4% of NS mass — ~1% total E
» E, J spuriously lost:
- E:0.01% Illinois, 1% Japan;
— J: 1-2% lllinais, Japan




M;,:M, . Mass Ratio Study: Gravitational Wave Analysis

1[:'[:'[\]“1

)




BHNS Evolutions:
lllinois BH Spin Study

]

BH Spin Study

Case C:
3:1 Mass Ratio Case A: ,
Spﬂl 05 3:1 MEISS Ratio
Spm 0.0
Case B:
3:1 Mass Ratio

Spin +0.75
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HNS Evolutions:
lllinois BH Spin Study

BH Spin Study

CaseC:

3:1 Mass Ratio Case A:

Spin 0.0







Initial Black Hole Spin:

a/M=J../ M;s

(q=3.00)







C A: a/M= 0.00
B: a/ M=+0.75

C:a/M=-050




%peed: x 1.00 A: a/M= 0.00

B: a/M=+0.75

Of C:a/M=-050




L A: a/M= 0.00
B: a/ M=+0.75

O C.a/M=-050




C A: a/M= 0.00

O B: a/M=+0.75




C A: a/M= 0.00

B: a/M=+0.75




L A: a/M= 0.00

B: a/M=+0.75




C A: a/M= 0.00

B: a/ M=+0.75




C A: a/M= 0.00

B: a/M=+0.75




C A: a/M= 0.00

B: a/M=+0.75




C A: a/M= 0.00

B: a/ M=+0.75




C A: a/M= 0.00

B: a/M=+0.75




C A:a/ M= 0.00
B: a/M=+0.75

QR C:a/M=-050




C A:a/ M= 0.00
B: a/ M=+0.75

Of C:a/M=-050




C A: a/M= 0.00
B: a/ M=+0.75

QR C:a/M=-050




C A: a/M= 0.00

B: a/ M=+0.75




C A: a/M= 0.00

B: a/ M=+0.75




%peed:x 1.77 A: a/M= 0.00

B: a/M=+0.75




(épeed:x 1.00 A: a/M= 0.00

B: a/ M=+0.75
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HNS Evolutions:
lllinois BH Spin Study

BH Spin Study

Case C:

3:1 Mass Ratio CaseA:
Spiﬁ 45 3:1 Mass Ratie

Spin 0.0




vary BH Spin: Accretion Histo
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EOS vs. Disk Mass, waveform effects
Cornell Results

* Gamma=2.75: Huge tida
tail - Larger disk

* Nuclear-theory-based
Shen EQS similar to
Gamma=2 EOS in lower

density NS regions
— - similar disk mass




NS Compaction vs. Disk Mass
.Multi-Group Comparison

Final disk mass strongly dependent on NS compaction
Higher compaction, lower disk — Closer to BHBH




Effects of Magnetized NS

Chawila et al. Results
* (LSU.BYU,IU.PL.UG,ULI
H:NS M/R)ys EOS BHSpin max{|Bi,;




Future Directions

. MCo;porate more physics to better model disk;
Can BHNSS produce GRBs?

— Neutrino radiation
— EM radiation
* Improve software
— Long-term disk evolution: implicit timestepping scheme?
— Work to better understand discrepancies between codes
* Need an Apple-to-Apples code validation test for GRMHD!




Fin




Future Directions

. Inco?porate more physics to better model disk;
Can BHNSs produce GRBs?

— Neutrino radiation
— EM radiation
» Improve software
— Long-term disk evolution: implicit timestepping scheme?
— Work to better understand discrepancies between codes
* Need an Apple-to-Apples code validation test for GRMHD!




Fin




Effects of Magnetized NS

Chawla et al. Results
* (LSU.BYU,IU.PL.UG,ULI
H-NS M/R)ix¢ EOS BHSpin max{|B,:

* No significant effect from B field




NS Compaction vs. Disk Mass
.Multi-Group Comparison

Final disk mass strongly dependent on NS compaction
Higher compaction, lower disk — Closer to BHBH




EOS vs. Disk Mass, waveform effects
Cornell Results

* Gamma=2.75: Huge tida
tail - Larger disk

* Nuclear-theory-based
Shen EQS similar to
Gamma=2 EOS in lower

density NS regions
— - similar disk mass




NS Compaction vs. Disk Mass
.Multi-Group Comparison

Final disk mass strongly dependent on NS compaction
Higher compaction, lower disk — Closer to BHBH




EOS vs. Disk Mass, waveform effects
Cornell Results

* Gamma=2.75: Huge tida
tail - Larger disk
* Nuclear-theory-based
Shen EOS similar to
Gamma=2 EOS in lower
density NS regions
— — similar disk mass




Future Directions

. Incofporate more physics to better model disk;
Can BHNSs produce GRBs?

— Neutrino radiation
— EM radiation
* Improve software
— Long-term disk evolution: implicit timestepping scheme?

— Work to better understand discrepancies between codes
* Need an Apple-to-Apples code validation test for GRMHD!




lllinois AMR Code Tests, Part ll: AMR+Matter

* Equil., rapidly rotating star maintains equilibrium, many rotation periods
* Rest-mass vielation error converges fo zero @ >2" order, <1%




Have BHNS Initial Data

Next Step: Evolve!

* Basic Equations
~ Gravitational fields (EsiERndil
* Generalized Harmonic formalism
— Comell, Chawla et al
* BSSN (Baumgarte-Shapiro Shibata-Nakamura) formalism
— Illinois, Japan
~ Fluids
* General Relativistic Hydrodynamics
* Magnetic fields added (MHD approximation)

— Chawla et al
— Illinois (in progress)




BHNS Initial Data

Confrmal
Thin-Sandwich Puncture
* Chawla et al. + Tapan
« Comnell
* [llinois

NS

o Default case: [rrotational NS

BH

» Defauit case: BH

spin parameter={). with n=1 ([l polytropic
* 3:1 Mass ratio EOS (irr- — tidal locking
— ~T:1 preferred time>>inspiral)

by pop. synth.




lllinois Non-AMR Code Validation lests
o Tests with analytic solutions
— Shock tube, OS collapse, Bondi flow
* Tests agamst gther codes (Japan)
— Magnetized hypermassive NSs

[Duez et al. PRD 72 (2005) 024028]




BHNS Evolutions:
Case Studies

BH S*pin Mass Ratio
Study Study
— [llinois NS : }HJJ]UIS
Compaction o
Study
— Cornell
— Japan
‘ Magnetic
Equation of Field Study
State StUdy — Chawla et al.
- Cornell (LSU,BYU,IU,PI,

UG,ULI)




M;,:M, Mass Ratio Study: Gravitational Wave Analysis
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Fully General Relativistic Simulations of
Black Hole-Neutron Star Binary Mergers:
A Current Overview

Zachariah B. Etienne

References

O U mulations of Black Hole-Neutron Star Meroers: Efiects of black-hole spin
?" IAIVISTIC SIMIUAIIONS OF DUICK [OIE-:NEWTon Sid i £f .:!’-F.-. CIreLis o thd nole SN

e

Liu, Shapiro. & Baumgarie. PRD 79, 044024 (2009).

= | Fullv General Relativistic Simulations of Black Hole-Newron Star Meroers . Faber. L
g | - - _!_- - . - .- g 'R am el T"n_‘\:_ i ] I- .Il-' -‘I. 19
Shapiro, Tamguch, & Baumgarte. PRD 77, 084002 (2008).

Equation of state effects in black hole-neutron star mergers. Duez, Foucart, Kidder, Ott. &
Teukolsky. CQG 27. 114106 (2010).

Evolving black hole-neutron star binaries in general relativity using pseudospectral and finite
difference methods. Duez. Foucart, Kidder, Pfeiffer. Scheel. & Teukolsky. PRD 78. 104015
2008).

Gray aves from black hole-newtron star binaries I: Classification of waveforms.

TR ATET F '|: -':"._

TRy
Shihaia Kwvninkn Ya b B Toncesek: TS A0 (NG
Shibata. Kyuiokn. Yamamoto, & Tameuch. PRD 79. 044030 (2009).

I SN RNy | DR T SRR - e O &

Simulatin ¢ COAlesCIng compact omaries ov a new code SACKA. Yamamoto, Shibata, &

Taniguchi. PRD 78. 064054 (2008).

- o i 7 SN 1 e e Tl e T e
Mer Jt.":- of Ma; STIETIZE! d [Neutron diars with Spinning Ef.'.'ft.x Holes: IASTUDIION. ACCTeIlon and

—= = —

T F\.-'-.-.'.." -
Fallback. Chawla. Anderson. Besselman. [ chner. Liebline. Motl. & Neilsen. arXiv: 1006.2839



BHNS Initial Data

Conf¥rmal
Thin-Sandwich Punciure
* Chawla et al. + Japan
« Cornell
* [llinois

NS

o Default case: Irrotational NS

BH

o Defauit case: BH

spin parameter={). with n=1 ([l polytropic
* 3:1 Mass ratio EOS (irr. — tidal locking
— ~T:1 preferred time>>inspiral)

by pop. synth.




Evolution Codes

~ Time evolution: 4™ order finite differences (RK4)
- Emstein’s gquations for metric (BSSN/GH formalism)
» Spatial derivatives: 4™ order+ finite differences — Comell: Spectral!
— Coordinates: “puncture gauge” or “generalized harmonic coordinates™
» Puncture coords avoid BH physical singularity — stability!
« Generalized harm. coords use excision: BC @ BH
— General relativistic hydro/MHD equations: conservative, HRSC scheme
» Reconstruction: 2™ or 3* order accurate, for smooth flows
« MHD: div B
— Chawla, [llinois, Japan: AMR infrastructure
— Comell: Muiti-Domain (MD) spectral grid + hydro unigrid

——AMR Gnd




lllinois AMR Code Tests, Part ll: AMR+Matter

* Equil., rapidly rotating star maintains equilibrium, many rotation periods
* Rest-mass vielation error converges to zero @ >2™ order, <1%




Other Groups' Code Tests
* Japan:
— Convergence tesis

* rest mass violation convergence with AMR+NSNS: 2™ order
* BHNS: second order convergence

— Self-consistency:
» J & E conservation; BHNS vs post-Newtonian
* Cornell:

— Convergence tests:
» Field sector: spectral, well-tested with BHBH
* Matter (no AMR): NS tests; second-order convergent BHNS

— Self-consistency: J & E conservation

o LSU/BYU/Pl/etc:

— Evolve TOV star unigrid, ~2.4 order convergence

— Spherical accretion onto stationary Schw. BH
* converges o analytic as more AMR levels added

— AMR spherical blast wave: HDC improves div B =0
— Convergence for BHNS unpublished




Mass Ratio vs Disk Mass
Multi-Group Comparison

THE = N | [ I

* Discrepancy:
— Total energy in disk: up to ~4% of NS mass - ~1% total E
« E, ] spuriously lost:
— E: 0.01% Illinois, 1% Japan;
— J: 1 - 2% lllinois, Japan




Mg,,:M, Mass Ratio Study: Gravitational Wave Analysis
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vary BH Spin: Accretion Histo
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M;,:M, Mass Ratio Study: Gravitational Wave Analysis
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BH Spin: Accretion Histo



— Approx scalings from BH disk sim's predict:

Qatiawan Rnffart & Tanla WMN&T




Disk Temperature Estimate
+ EOS: Initial: R Ay
Juhabatlc wlutmn

 Estimate temperamreabfoﬂows: N
f. Popham, Woosley, & Fryer (1999)

— Approx scalings from BH disk sim's predict:

[Qatiowan Bnffart & Tanka YO0NET
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