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Abstract: There has been a growing interest in electromagnetic counterparts to gravitational wave signals. Of particular interest he
counterparts to gravitational wave signals from super-massive black hole mergers. We consider a circumbinary disk, hollowed out by torque
the binary, and provide an analytic solution to its response following merger. There are two changes to the potential which occur during the
process: an axisymmetric mass-energy loss and asymmetric recoil kick given to the resulting super-massive black hole. With a brief literature
we argue that, for fiducial disk values and for black hole spins aligned and anti-aligned with the orbital angular momentum, throughout the m
of parameter space the mass loss well dominates the effects of the recoil kicks on the circumbinary disk. This, along with assuming \
hydrodynamic equilibrium, reduces the problem to one dimension. Using a 1D hydrodynamical code we explore the majority of parameter
and describe the different possible flows. In the 1D case, we give analytic approximations for the locations of the first shocks, their strengtl
the final density after the disk has again reached a steady state. This allows one to determine the temperature jump across the shock
determine the observability, modulo the yet unknown disk mass.
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INTRODUCTION: THE SETTING

A long time ago in a galaxy far, far away....
there was SMBH binary merger...

and it radiated grav. waves.
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INTRODUCTION: THE SETTING

A long time ago in a galaxy far, far away....
there was SMBH binary merger...

and it radiated grav. waves.

Fortunately, there was LISA
to detect it...

And LISA told us where
to look in the skv to see it...




INTRODUCTION: THE SETTING

[t's somewhere in a 1deg x 1deg field of view:

Hubble Ultra Deep Field x324
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1) Using transient survey telescopes like LSST
2) If a galaxy changes luminosity in an expected way the

host is known.
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INTRODUCTION:

ELECTROMAGNETIC COUNTERPARTS

® This is where EM counterparts come in

1) Using transient survey telescopes like LSST
2) If a galaxy changes luminosity in an expected way the

host is known.

But, why would we bother?
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EM COUNTERPARTS: WHY?

An EM counterpart to a GW Signal



EM COUNTERPARTS: WHY?

An EM counterpart to a GW signal ...

® _. finds the host galaxy, helping us understand

1) the D1-z relation to extract 2, and (2A. (Holz & Hughes 05)
2) galaxies having undergone recent mergers (even if we
can’t tell based on morphology)

3) the environs of SMBH binaries.
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EM COUNTERPARTS: WHY?

An EM counterpart to a GW signal ...

® _. finds the host galaxy, helping us understand

1) the Di-z relation to extract s and €24 . (Holz & Hughes 05)
2) galaxies having undergone recent mergers (even if we
can’t tell based on morphology)

3) the environs of SMBH binaries.

® __learn about accretion disk structure. Good light

curves would allow us to...

1) determine h(r) and therefore coounda(r). (Bode & Phinny-in prep)
2) find mass of inner disk.
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EM COUNTERPARTS: WHY?

An EM counterpart to a GW signal ...
® _. finds the host galaxy, helping us understand

1) the D1~z relation to extract Q2 and {24 . (Holz & Hughes 05)
2) galaxies having undergone recent mergers (even if we

can’t tell based on morphology)
3) the environs of SMBH binaries.

® __learn about accretion disk structure. Good light

curves would allow us to...

1) determine h(r) and therefore csound(r). (Bode & Phinny-in prep)
2) find mass of inner disk.

® ... gives an unprecedented opportunity to view all
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WHAT I’M TALKING ABOUT

* To understand the EM signal, we must
understand the source.

* One of the more likely prompt EM sources, is
a gaseous disk surrounding the binary.

e [ am presenting both an analytic solution to
and a numerical study of the evolution of
such a circumbinary disk just following
merger.
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DISKS 101: LET’S TALK ABOUT
DISKS
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DISKS 101: LET’S TALK ABOUT
DISKS
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DISKS 101: LET’S TALK ABOUT

DISKS

* There are several length scales and timescales

that are relevant to disks:
- SCalE' hfi‘ight: P = pPo qu\{\i
- dynamical time:
- viscous time:

- merger time:
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DISKS 101: LET’S TALK ABOUT
DISKS

® There are several length scales and timescales
that are relevant to disks:

= Scale hE‘ightI P = Po qu\{\i)ﬂ}
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- dynamical time: tay, = aF)  VGEM

- VIScous time:

- merger time:
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DISKS 101: LET’S TALK ABOUT
DISKS

* There are several length scales and timescales
that are relevant to disks:

= Scale hEight: P = pPo qu\{‘i)j}
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- viscous time:

- merger time:
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DISKS 101: LET’S TALK ABOUT
DISKS

® There are several length scales and timescales
that are relevant to disks:

- z\ 2 h
- scale height: p = po exq\{‘—) } -
h T
- dvnamical time: tq. = N
y - Tk VGl
; . 1
- VIScous time: e — otk /r)ﬂtd?’“ (a ~ 0.1)

- merger ﬁme: tmerger X ir*lh:l:-ina.l'j_'gr
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DISKS 102: CIRCUMBINARY

DISKS

® One of the most likely prompt EM counterparts are

circumbinary disks:
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® One of the most likely prompt EM counterparts are
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DISKS 102: CIRCUMBINARY

DISKS

® One of the most likely prompt EM counterparts are

circumbinary disks:
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DISKS 101: LET’S TALK ABOUT
DISKS

* There are several length scales and timescales
that are relevant to disks:

. . 2 h-
- scale helght: P = Po e:{q\(\—) } =
h r
- dynamical time: ¢4 = B g £
Y - T ak) Y CE
- Viscous time: k. (a ~ 0.1)

= \ f'vn
alh/r)? ®

= merger time: tmerger X réinar}’
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DISKS 102: CIRCUMBINARY

® One of the most likely prompt EM counterparts are

circumbinary disks:
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. DISKS =
® One of the most likely prompt EM counterparts are
circumbinary disks: . -/ (EM/e) :
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MERGERS: WHAT CHANGES?
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MERGERS: WHAT CHANGES?
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MERGERS: WHAT CHANGES?

oM
— < 0.10
M

Ukick
Ukick < 3000km /s
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MERGERS: WHAT CHANGES?

oM
— < 01
M el

Ukick
Vkick ~ 3000km /s

viasened) < 9200km/s

irsa: 10120019 Page 51/157



ANALYTIC SOLUTION:
MERGER WITH A KICK

e Initial conditions determine both mass
loss and kick magnitude /direction.
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ANALYTIC SOLUTION:
MERGER WITH A KICK

e Initial conditions determine both mass
loss and kick magnitude / direction.
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ANALYTIC SOLUTION:
MERGER WITH A KICK

e Initial conditions determine both mass
loss and kick magnitude / direction.
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SUMMARY

T‘/ Tinner
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SUMMARY

1) Analytic Non-interacting Soln
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T/ Tinner
\*2) Describe where the shocks are.
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SUMMARY

T/ Tinner
\2) Describe where the shocks are.
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SUMMARY

4) Describe what happens after shocks.

i"/ Tinner
\2) Describe where the shocks are.

e e e e e Ty ey e L
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SUMMARY

And we finally show the theory is reflected in a
1D gaseous disk.

T/ Tinner
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WHERE WE’RE GOING

1) Analytic Non-interacting Soln
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THE DISK’S RESPONSE

® How do we proceed?

[Density plot of surface density of circumbinary disk
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THE DISK’S RESPONSE

® How do we proceed?

[Density plot of surface density of cdrcumbinary disk
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1) First assume just mass
loss: this is axisymmetric

2) Let’s consider a particle in
the disk

3) And assume circular orbit
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THE DISK’S RESPONSE

How do we proceed?

Pirsa: 1012

[Density plot of surface density of circumbinary disk

0019

MacFadyen & Milosavijevic 2006

1) First assume just mass
loss: this is axisymmetric

2) Let’s consider a particle in
the disk

3) And assume circular orbit

4) And find how it responds

Page 66/157



ANALYTIC SOLUTION: INTRO

e What happens to the disk after mass loss?

Pirsa: 10120019



ANALYTIC SOLUTION: INTRO

e What happens to disk after mass loss?

Pirsa: 10120019



ANALYTIC SOLUTION: INTRO
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e What happens to disk after mass loss?

- p—— -
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ANALYTIC SOLUTION: INTRO

e What happens to disk after mass loss?

or oM
.f'n = -’Uf[}
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ANALYTIC SOLUTION: INTRO

e Actually a ring of mass, but moves the same.
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ANALYTIC SOLUTION: INTRO

e What happens to disk after mass loss?

e or oM
v ™ | iy 2 31-1([}
: oM
; T ﬂmc ~ §2 1 r
. ) o(ro) ( + ﬁflg)
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ANALYTIC SOLUTION: INTRO

e Actually a ring of mass, but moves the same.

or oM
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ANALYTIC SOLUTION: INTRO

e Actually a ring of mass, but moves the same.

or oM
Ir'(] = .-31-1([}

| 5M
j ﬂasc . Qﬂ(rﬂ) (1 -+ QE)

Pirsa: 10120019



ANALYTIC SOLUTION: INTRO

e Actually a ring of mass, but moves the same.

or oM
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