Variety in the Variability of Accreting Supermassive Binary Black Holes

phvs-cs APRILMEETING2021  Session YO01: New Vistas in the Simulation of Matter in Strongly Gravitating Systems

DCOMP DGRAV
? COSMOS Tuesday April 20, 2021

APRIL 17-20 ONLINE

Team Members: Scott C. Noble
L. Combi (RIT, I. Argentino Radioastronomia)

F. Lopez Armengol (RIT)

M. Avara (Cambridge)

E. Gutierrez (Nac. Uni. La Plata)
M. Campanelli (RIT)

J. Krolik (JHU)

Research Astrophysicist
Gravitational Astrophysics Lab
NASA Goddard Space Flight Center

nttps://arxiv.org/abs/2102.00243
nttps://arxiv.org/abs/2103.12100
https://arxiv.org/abs/2103.15707

D. Bowen (LANL)

V. Mewes (ORNL)

B. Mundim (SciNet/U. Toronto)
H. Nakano (Ryukoku U.)

M. Zilhao (Lisboa U.)

Y. Zlochower (RIT)

Thanks to the NASA LISA Study Office,
NSF PRAC ACI-1515969 & OAC-1811228, AST-1515982, AST-2009330 & PHY-2001000

.r', o - -\\

r’/ \\
l"f \U
| 1
I. Ns F "
\ ®/

N e
S I



https://arxiv.org/abs/2102.00243
https://arxiv.org/abs/2103.12100
https://arxiv.org/abs/2103.15707

Supermassive Binary Black Holes

 Binary AGN are a primary multi-messenger source for

LISA (inspirals, mergers, ringdowns) and PTA (inspirals). The Gravitational Wave Spectrum

Quantum fluctuations in early universe
<

* Likeliest EM-bright binary black hole system.

Binary Supermassive Black

Holes in galactic nuclei
4 i

* Best candidate for exploring plasma physics In the
strongest and most dynamical regime of gravity.

Compact Binaries in our

Galaxy & beyond
< >
Compact objects

« GWs with LISA aid localization, & with smart pointing
captured b
strategies with fast-slewing X-ray telescopes (e.g. sup‘;massize Rotating NS,

Sources
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Transient Astrophysics Probe) one may find O(1-5) . agea) S mci

systems before merger. WAVEPETOT universe years hours sec ms

Dal Canton++, ApJ 886 (2019). ,_
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* Only (?) likely opportunity to see EM/GW through all ) . B "

phases: inspiral to merger to ring-down. W Cosmic Microwave pulsar Timil = Space Terrestrial

B Background Interferometers Interferometers

« Rubin Observatory will identify 100k’s of AGN, so even a g fsostonsgy

“small” binary fraction implies many sources. T
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 EM identification will be critical for detection and
characterization—> realistic simulations and their EM
output are needed!



Strategy & Techniques
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Matter: Viscous Hydro. MHD GR MHD GR MHD
Gravity: Newtonian Newtonian Post-Newtonian

 Use well-tested GRMHD code for accretion disks: HARM3d;
* Novel methods tailored for accuracy and affordability:

 Dynamic warped grids;

* Perturbative solutions for gravity consistent with Einstein’s equations in our
regime;

= Key Challenges: Ability to evolve accreting binaries while resolving the MRI
and MHD dynamics at the scale of the event horizons in the inspiral regime —
key for establishing pre-merger conditions.
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- Eccentricity evolves with the inspiral rate;
- Sweeping over eccentricity, fixed points at e=0, 0.4;
 Careful attention to e=0.4 case shows it inspirals!
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Matter: Viscous Hydro. MHD GR MHD GR MHD
Gravity: Newtonian Newtonian Post-Newtonian

 Use well-tested GRMHD code for accretion disks: HARM3d;
* Novel methods tailored for accuracy and affordability:

 Dynamic warped grids;

* Perturbative solutions for gravity consistent with Einstein’s equations in our
regime;

= Key Challenges: Ability to evolve accreting binaries while resolving the MRI
and MHD dynamics at the scale of the event horizons in the inspiral regime —
key for establishing pre-merger conditions.




Numerical Relativity + MHD Evolutions

Accretion in Uniform Plasma

Kelly, Baker, Etienne, Giacomazzo, Schnittman, PRD 96, 123003 (2017)
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Kelly, Etienne, Golomb, Schnittman, Baker, Noble, Ryan, PRD 103,063039 (2021)

- Non-Spinning post-merger single BHs, Uniform B-field;
 Survey over angle between B-field and spin;

 Survey over temperature;
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Cattorini, Giacomazzo, Haardt, Colpi, arxiv:2102.13166 (2021)
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Numerical Relativity + MHD Evolutions

Accretion in Uniform Plasma

Kelly, Baker, Etienne, Giacomazzo, Schnittman, PRD 96, 123003 (2017)
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- Non-Spinning post-merger single BHs, Uniform B-field;
 Survey over angle between B-field and spin;
 Survey over temperature;
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 Spinning & merging BHs, Uniform aligned B-field
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Numerical Relativity + MHD Evolutions

Accretion in Uniform Plasma

Kelly, Baker, Etienne, Giacomazzo, Schnittman, PRD 96, 123003 (2017)
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 Spinning & merging BHs, Uniform aligned B-field
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- Non-Spinning post-merger single BHs, Uniform B-field;
 Survey over angle between B-field and spin;

 Survey over temperature;
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Numerical Relativity + MHD Evolutions

Accretion in Uniform Plasma

Kelly, Baker, Etienne, Giacomazzo, Schnittman, PRD 96, 123003 (2017)
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- Non-Spinning post-merger single BHs, Uniform B-field;
 Survey over angle between B-field and spin;

 Survey over temperature;
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 Spinning & merging BHs, Uniform aligned B-field

40 10! 40 10! 40
10V 10°
30 30 30
1071 1071
20 102 E‘ 2;]20 1072 E‘ §§:20
~ N ~ Q
1073 1073
10 10 10
V “N 1074 1074
0 "’ " e 0 1070 0
—20 —10 0 10 20 —20 —10 0 10 20 —20 —10 0 10
x [M] x [M] x [M]
t = 306.67 [M] t = 1863.33 [M] t = 2500.00 [M]
l | l
| 1 |
a=0.0 o B2
40 | ! !
| 1 |
a=0.3 ; .
- : )
= a=0.6 5 | ;
O | 1 |
& 301 : | |
> : I |
- || ! ! !
TN | ! |
o O : l I
c N : : |
= 20 : | '
:: [ 1
-} | 1
> ; :
~—
o = | |
> [ I
=10 ’ ’
J I/q; |
~ AN |
e 4 1
" 1 |
1 |
| 1 |
| 1 |
| 1 |
| 1 |
| 1 |
4 | 1 1
0 . ! !
. , 1 1 1 ,

t |Ms - hours|

20

10!

10°

1071

1072

1073

1074

107

L Poynt



Numerical Relativity + MHD Evolutions

Accretion in Uniform Plasma

Kelly, Etienne, Golomb, Schnittman, Baker, Noble, Ryan, PRD 103,063039 (2021)
Cattorini, Giacomazzo, Haardt, Colpi, arxiv:2102.13166 (2021)

« Spinning post-merger single BHs, Uniform plasma;
- Survey over angle between B-field and spin;
« Survey over temperature;

 Spinning & merging BHs, Uniform aligned B-field
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Numerical Relativity + MHD Evolutions

Accretion with Magnetized Tori

Farris, B. D., Gold, R., Paschalidis,V,, Etienne, Z. B, Shapiro, S. L., PhRvL, 109,221102, (2012).
Gold, R., Paschalidis,V,, Etienne, Z. B., Shapiro, S. L., Pfeiffer, H. P, PhRvD, 89, 064060, (2014).
Gold, R, Paschalidis,V,, Ruiz, M., Shapiro, S. L., Etienne, Z. B., Pfeiffer, H. P, PhRvD, 90, 104030, (2014).

Paschalidis, V., Bright, J., Ruiz, M., Gold, R., ApJL, 910, L26, (2021).

Khan, A., Paschalidis, V., Ruiz, M., Shapiro, S. L., PhRvD, 97, 044036, (201 8). Bright @APS: L08.00001
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MHD Simulations Predict an EM Signhature:

Noble++2012

Periodic Signal

Tamp = 2.00
QK(Tlump)

-3

-3 i

-5 i
§
i
]
I

"5 ' {]
I '
i
I
I

-6 |

1.47C 0

Surface
Density

t=544900.

(in frame co-rotating with lump)

0.05
0.04
0.03
0.02

0.0




Longterm 3-d GRMHD Mini-disk Evolutions

-Noble++2012 circumbinary disk plus mini- Bowen et. al, ApJ (2019).
disks, with domain covering black hole | l0g10jrho| t= 10.0 |
region; o

40 | !

 Extending Bowen++2018 run from 3 orbits
to 12 orbits. -1.75

Resolved GRMHD simulation of an
accreting binary with relaxed circumbinary
disk data and mini-disks evolved to steady
mini-disk phase.

20 | -

(@ &

— — — 1

- 1-4.25

* First measurement with GRMHD of quasi-
periodic interactions In the steady state
between mini-disks and circumbinary
disks in the inspiral regime of the binary,
the longest phase observable by LISA.

1-5.5

8 -6.75

 Enough time series data to calculate light _4¢| J
curve. 8

—40 —20 O 20 40



Longterm 3-d GRMHD Mini-disk Evolutions

Bowen et. al, Apd (2019).

0.8 |
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0.0 2.5 5.0 7.5 10.0 12.5
Norbits
* Mini-disks settle to a steady-state after several binary
orbits.

* Mini-disks replenish with material in alternating fashion
as they pass by the circumbinary disk’s lump, then
drain at time scale close to one orbit period.

* At these close separations and cooling rate, accretion
through mini-disks is driven primarily through spiral
shocks.

I
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Frequency[{pin]

» Significant modulation in each mini-disk’s mass —>
possible EM signal?

o If light follows mass, EM period would be a ~1.5
times the binary period, the beat frequency between
the orbital periods of the lump and mini-disks.

 Dimmer circumbinary lump modulated at the same
frequency plus its local orbital rate (Noble++2012).



Light from GRMHD Mini-disks

d’Ascoli et. al, ApJ, (2018).

* Predicted spectrum from accreting binary black
holes in the inspiral regime.

1043 -
 The systems will likely be too distant to be ]
spatially resolved, so we need to understand ]
their spectrum and how it varies in time. 10 -
* Key distinctions from single black hole (AGN) =~ 1041 -
systems: ; 5
3 _
*Brighter X-ray emission relative to UV/EUV. ::. 1040 -
*Variable and broadened thermal UV/EUV peak. ]
«“Notch” between thermal peaks of mini-disks 107
and circumbinary disk will likely be more
visible at larger separations and for spinning 1038 |

black holes.

T T

Face-on View,
Optically Thick Case

Variability over 1 orbit

circumbinary

- mini-disks

e accretion streams
total

Variability on longer lump’s time scale not present here!




Mass Ratio Survey : Circumbinary Disks
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Noble, Krolik, Campanelli, Zlochower,
Mundim, Nakano, Zilhao (2021)

q — MZ/M https://arxiv.org/abs/2103.12100

q=|

- Simulations of only

circumbinary disk region,
starting from Noble++2012
conditions, only changing g.

- As mass-ratio diminishes,

so does gravitational torque
density of the binary,
asymptoting to “single BH”
disk;

- Weaker torques also

diminish strength of the
lump feature.

- Weaker torques (smaller

mass ratio binaries) take
longer to form lumps.

* Duffel++2019, see transition

In lump’s relevance at g~0.2
for viscous Newtonian
hydro. disks; See also Shi &
Krolik 2016, Munoz+2019,
Moody+2019.
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| Mass Ratio Survey|

Lump Formation Criterion:
Ratio of m=1 to m=0 Amp.

Noble, Krolik, Campanelli, Zlochower, Mundim, Nakano, Zilhao (2021)
https://arxiv.org/abs/2103.12100
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- Lump is well-described by relatively stronger m=1 azimuthal mode amplitude.

- A quantitative threshold is found for the m=1 relative amplitude above which the lump
continues to at least persist or grow.

* Threshold value is consistent across different mass ratios and initial disk configurations.

* Provides a quantifiable means of recognizing the lump’s genesis and strength.
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° Global Trends of the Lum Noble, Krolik, Campanelli, Zlochower, Mundim, Nakano, Zilhao (2021)
Mass Ratio SUI’VEY P https://arxiv.org/abs/2103.12100
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» Accretion rate and bolometric luminosity histories follow similar trends, largely dictated by initial data of
the disk;

- Radiative efficiency improves over time as more mass fills the interior region, likely due to more dissipative
binary torque;
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° Global Trends of the Lum Noble, Krolik, Campanelli, Zlochower, Mundim, Nakano, Zilhao (2021)
Mass Ratio Su rvey P https://arxiv.org/abs/2103.12100
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- Lump-forming runs exhibit correlations with large amplitude oscillations at Qlump and 2{)cat

- Positive lags mean accretion rate leads luminosity: accretion stream is pulled in, then partially expelled
and dissipated along the cavity wall;
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° Global Trends of the Lum Noble, Krolik, Campanelli, Zlochower, Mundim, Nakano, Zilhao (2021)
Mass Ratio Su rvey P https://arxiv.org/abs/2103.12100
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- Non-trivial signals apparent in L(t) and Mdot(t) at 2{2}, cat

- Signals in accretion rate and luminosity are not always shared;

- Small-q binaries show red-noise dominated power spectrum like single-BH disks;

* Intermediate-q binary shows strongest signal at binary frequency, as the disk interacts primarily with BH#2;

- Mdot modulations will likely modulate mini-disk luminosities, which are brightest high-energy component;
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° Global Trends of the Lum Noble, Krolik, Campanelli, Zlochower, Mundim, Nakano, Zilhao (2021)
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- Kinematics of lump demonstrated through variability analysis of lump’s phase, frequency, and amplitude;

- Variability of lump’s rotation rate modulated at by each passing BH at Qﬂbeat

- Disks’s eccentricity variability strongly associated with variability of the lump (A4);

* These lump signals greatly diminish for runs without a strong lump amplitude;

- Also in the paper: we demonstrate how lump formation is connected to local amplitude of specific magnetic stress;
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_ : Combi, Lopez Armengol, Campanelli, Ireland, Noble, Nakano, Bowen (2021)
Su Perposed Kerr SCh I Id https://arxiv.org/abs/2103.15707

- Use an approximate spacetime leading up to merger to most - New Method: Superposed Kerr-Schild:
efficiently build accretion flow to a “steady” or more natural state. - Boosted set of Spinning BHs in Harmonic Cook-Scheel coordinates;
. Old Method: . Kerr+Post-Newt.+Post-Minkowski ' gﬁ’;'f'?a“tt'y_"‘°"$If°mp“tat;°ga'éysiﬁh'|°,:§“t than Matching;
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Superposed Kerr-Schild

Combi, Lopez Armengol, Campanelli, Ireland, Noble, Nakano, Bowen (2021)
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Accretion onto Spinning BBHs
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Lopez Armengol, Combi, Campanelli, Noble,
Krolik, Bowen, Avara, Mewes, Nakano (2021)

https://arxiv.org/abs/2102.00243

. ¥bh20” = 20M separation

- “—spins” = spins retrograde to orbit

» “4+spins” = spins prograde to orbit

- “v0-2” = no spins, different random
1% pressure noise

ai2/Mi2=+/-0.9

- Simulations of only circumbinary disk
region, starting from Noble++2012
conditions, only changing spin and using
Superposed metric; Equal masses, q=1;

- Ran longer than before, reached a better
steady state;

- Circumbinary dynamics largely
unaffected by spin aligned with orbital
angular momentum;

- Again, light curve modulated by the beat
mode and the lump’s orbital frequency;

- Measured the realization variance by
performing runs w/ different sets of
random perturbations to the initial data;
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Accretion onto Spinning BBHs
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Spacetime diagram of the shell-
averaged azimuthal m=1 mode
amplitude of density.

Circumbinary Disk

Region
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b20v0 -
b204spins !

Lopez Armengol, Combi, Campanelli, Noble,
Krolik, Bowen, Avara, Mewes, Nakano (2021)

https://arxiv.org/abs/2102.00243

- Lump's orbit stabilizes after ~200
binary orbits;

 Lump’s frequency is ~ 1/5 of binary’s,
at the background flow’s local
Keplerian rate at riump;

- Lump gains eccentricity, asymptotic
to 0.05,

* tump determined using “lump criterion”
already mentioned;

- Even though each run yields different
tiump, all runs’ trends coincide when
displayed in reference to tiump -

—> Transition to lump dominance is
stochastic, while subsequent lump
dynamics is not.

—> Lump’s dynamics is a relatively
robust phenomenon.


https://arxiv.org/abs/2102.00243
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Accretion onto Spinning BBHs

Combi, Lopez Armengol, (in prep, 2021)
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Spinning black holes launch jets!
- BH jets are powerful radio sources;

- Possible signature of helical field
orientation in emission’s polarization?!

- Poynting luminosity modulated by
accretion rate from circumbinary disk
and accreted magnetic field flux;

* All sorts of exciting possibilities with
binary jet dynamics!

100




PatchworkMHD : Mini-disks + Circumbinary Disk

Avara et. al, (in prep) log10|rho| t= 58000.0
200 - -2
* Key Challenges: How do we efficiently simulate 107-108 cells for 106-107
StepS? PatchworkMHD! 150 -
| -2.583
* Starting from CBD data of Noble++2012, let mini-disks fill in.
100 -
* 34 binary orbits;
--3.167
e Cartesian Patch: Uniform in x,y but graded in z. 50 -
* Spherical Patch: Same grid as Noble++2012, no interpolation. " _—
e Cartesian patch avoids the focusing of cells near the origin and axis, |
increasing the size of time steps we can take, plus covers the missing _5Q - ,
volume. - - -4.333
—100 -
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* Mass flux between mini-disks is a minority contribution,
though energy dissipated by mass transfer may be more
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PatchworkMHD : Mini-disks + Circumbinary Disk

Avara et. al, (in prep)
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* Accretion rate onto each BH modulated by their passage near the lump.
e Accretion rate still significant even while BBH rapidly inspirals.

« PWMHD provides the affordability to runs for the O(30-40) orbits necessary to let the
system settle into a steady-state, providing light curves from relaxed mini-disks for
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Gutierrez, Combi, Lopez Armengol++(in prep)
| image t=0.0, Log(freq)=16.5 Spinning BBHS: a=0'6M! up-up

t= OM

Light Curves from

60

Accretion onto Spinning

BBHs

* Following d'Ascoli++2018 )

« Using sim data from: Combi, Lopez Armengol, (in prep, 2021)

- BH spins (even at these modest values):

circumbinary

* Brighter mini-disks; ~=- minidisk1
—= minidisk2
* More variable mini-disks; S \ .+ cavity
& / ‘ | * streams
- - = - 38 ] o S —te
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- The spinning case provides new

signatures to search for: o1 107

- Broaden thermal peak in optical-UV,;

- Variability in the UV on the binary’s
orbital timescale;

y [M]

- Stronger variability in X-rays;

circumbinary

- == _minidiskl
- We expect SMBBHs, especially in gaseous \ \-/ — - minidisk2
= = = e g K .. e { . J o\ - cavit
environments, to be spinning even faster, / \\ . streams
these effects may be even stronger in real 60 -40 -20 0 20 40 60 / { i el NI Y
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systems.



Spinning BBHs: a=0.6M, up-up

- Total Emission
Light Curves from ou [HeD) = 15,65
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- Binary signature is most significant in X-rays; E
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Summary & Conclusion

* Numerical GRMHD simulations are critical to
predicting EM emission from SMBBH systems and
establishing their multi-messenger connection.

* The circumbinary lump modulates accretion onto
the BBH at O(1) levels for mass-ratios >~ 0.2, and
leads to a powerful EM signature of BBHs.

 Lump formation in GRMHD simulations Is generic

and robust to perturbations after a relaxation period.

* Binaries with spins give rise to jets that may
provide additional observational signatures of their
binary-ness.

 PatchworkMHD has been demonstrated to be a
powerful tool at providing the means to cover the
entire domain to sufficiently resolve MHD
turbulence in an efficient manner.

* Future work will explore how coupled radiation-MHD

physics will alter BBH disk dynamics and their EM
emission.
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MaSS Ratio Survey Global Trends of the Lump

Noble, Krolik, Campanelli, Zlochower, Mundim, Nakano, Zilhao (2021)
https://arxiv.org/abs/2103.12100
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* The lump is clearly tracked as the principal m=1 mode for q>0.2;

- Consistent trend exists between m=1 mode strength, eccentricity, and coherent m=1 angular velocity;

- All oscillate in phase, modulated by lump and binary orbital frequencies;
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Accretion onto Misaligned Spinning BBHS |Circumbinary + Mini- Disk Regions

- Jet Interaction?!

- Additional variability in the emission possible from hot
spots In collisions between jet-wind, or jet-jet regions.

* Inclined BH spins to circumbinary disk leads to tilted
mini-disks, complicating mini-disk replenishment
cycle and modulation.

Combi, Gutierrez, Lopez Armengol++(in prep)
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PatchworkMHD : Single BH Test

Avara et. al, (in prep)

* Allows us to stitch together coordinate
patches that follow local symmetries efficiently
and eliminate coordinate singularities that
arise in spherical/cylindrical coordinates.

* Adding support for MHD and preservation of
solenoidal (aka “no magnetic monopoles”™)
constraint into the hydrodynamic Patchwork
code (Shiokawa++2018).

* Generalize Patchwork for the wide range of
coordinate systems and patch situations (e.g.,
patch motion/rotation/overlap) desirable to
execute our planned simulations.

 Developed method to adjust fluxes along
patch boundaries to dissipate monopoles and
flux differences.

* Test: Single accreting black hole.

* 3 spherical patches:
* 1 aligned with z-axis;
2 aligned with x-axis covering the

poles;

* Avoids coordinate singularity along
the z-axis and admits larger time
steps;
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