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ABSTRACT

In this paper, we revisit the issue of estimating the “fdsgisc mass in the circumprimary
disc, during the merger of a supermassive black hole biAarthe binary orbital decay speeds
up due to the emission of gravitational waves, the gas in tleemprimary disc might be
forced to accrete rapidly and could in principle provide gnfficant electromagnetic coun-
terpart to the gravitational wave emission. Since the lusilty of such flare is proportional
to the gaseous mass in the circumprimary disc, estimatioly suass accurately is important.
Previous investigations of this issue have produced cdittiary results, with some authors
estimating super-Eddington flares and large disc massewttiers suggesting that the “fos-
sil” disc mass is very low, even less than a Jupiter mass.,Mag@erform simple 1D calcu-
lations to show that such very low estimates of the disc messia artifact of the specific
implementation of the tidal torque in 1D models. In partaoufor moderate mass ratios of
the binary, the usual formula for the torque used in 1D mosiglsificantly overestimates the
width of the gap induced by the secondary and this artificieidds to a very small leftover
circumprimary disc. Using a modified torque, calibratedeproduce the correct gap width
as estimated by 3D models, leads to fossil disc masses ofrtlee of one solar mass. The
rapid accretion of the whole circumprimary disc would progypeak luminosities of the or-
der of 1-20 times the Eddington luminosity. Even if a sigmwifit fraction of the gas escapes
accretion by flowing out the secondary orbit during the mefge effect not included in
our calculations), we would still predict close to Eddingtominosities that might be easily

detected.

Key words: accretion, accretion discs — black hole physics — hydroohjoe— gravitational

waves — galaxies: formation

1 INTRODUCTION

The merger of two supermassive black holes (SMBH) is es@that
to be one of the most intense events of gravitational wave YGW
emission and the ability to detect one such event is of panamo
importance not only to test General Relativity directly higo to
provide constraints on galaxy formation.

There is now strong evidence for the presence of SMBHSs with
masses between 4@nd 16 M, in the nuclei of the local Universe
galaxies/(Kormendv & Richstone 1995; Magorrian et al. 1998+
rarese & Ford 2005). In a hierarchical scenario for the ga&uvo-
lution, nearby galaxies are the outcome of several merggveden
progenitors of smaller mass. If each of the progenitors ddlaxy
merger contains a SMBH in its centre the resulting galaxy/weit-
urally host a pair of SMBHs.

It is expected that dynamical friction between the binargt an
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the crowded field of stars in which they are embedded can remov
angular momentum from the binary and reduce its orbital rsepa
tion down to parsec scales (Begelman, Blandford & Reesl1980)
at which the process is expected to stall due to the depletion
the loss cone (Milosavlje@i& Merritt 2001). Galaxy scale 3D hy-
drodynamical simulations (Escala etlal. 2005; Cuadra|€2Cfl9;
Dotti et al.l2006) have shown that further shrinkage of thehyi
due to angular momentum loss to the gaseous backgroundazhn le
to orbital separations of the order of 0.1 pc. At separatmfirthe
order of 0.001 pc, the main driver of orbital decay is the siois of
GW. The evolution of the system between 0.1 and 0.001 pc isimuc
harder to study. 3D and 2D simulations are appropriate wyste
dynamics of binary-disc interaction on short timescalesl are
thus well suited to study the final stages of the orbital delsefore
and during the GW-driven phase (D’Orazio, Haiman & MacFadye
2013; Farris et al. 2014). The overall evolution of the systkiring

the long disc-driven decay is best followed using simple iffud
sion models for the disc (Armitage & Natargjan 2002; Loddtale
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2009; Chang et al. 2010: Rafikov 2013: Haiman. Kocsis & Menou
12009; Kocsis, Haiman & Loéb 2012).

In this paper, we want to estimate the mass left over in the
circumprimary disc at decoupling, i.e. when the orbitaladedue
to GW emission becomes dominant. This quantity is the result
the long term evolution of the system from large distanee$.Q
pc) down to the decoupling region. For our purposes, thissgibst
appropriate to study the problem within a 1D diffusion model

In previous studies several configurations for the disadyin
system have been investigated. Armitage & Natargjan (2662)
sumed that the binary finds itself embedded in a gaseoustdisc t
has already settled down to a steady-state disc. Lodato(@0a19)
investigated a configuration in which the binary interacithva
finite amount of gas that is brought in the binary vicinity asoa-
sequence of the same accretion episode that has formedhtinry bi
itself.l@.O) considered the evolution of atjirem-
bedded in a steady-state disc with a large mass inflow comamg f
the disc exterior. In all these configurations we can desctib sys-
tem as sketched in Figulé 1: the accretion disc is rotatingrat
a central (omprimary) BH of massMp, and thesecondaryBH of
massMs is in Keplerian orbit at a radiua around the primary.
For simplicity, we assume that the primary BH is located &t th
centre of the accretion disc (thus neglecting the displacerhe-

Figure 1. Sketch of the binary system. The accretion disc, that oabdand

the primary BH of massM;, is divided into two regions by the presence of
the secondary BH of mad4s that orbits in Keplerian motion at a radias

a circumprimary discifiner disg and a circumbinary dis@(ter disg. The
inner disc is truncated &®qqge Whose size depends on the intensity of the

tween the primary BH and the centre of mass of the binary) and tidal torques.

that the disc is coplanar to the binary orbit (Ivanov, Paipalo &

Polnarev 1999). The disc and the binary exchange angularmom  much more rapidly. The extremely rapid accretion of the etint
tum through tidal interaction in a planet-like dynamicseaandary ner disc (whose mass is substantially frozen during the Gl
BH of non negligible mass opens up a gap in the disc at the loca- phase) might lead to a super-Eddington flare. Note that Bauyt

tions where the tidal torques equal the viscous torques thig
gap following the secondary as it migratelis¢-drivenphase). A
low-mass secondary BH barely perturbs the disc and thusateigr
on a viscous timescaly = Rz/v, whereR is the radial cylindri-
cal coordinate and is the disc viscosity. Conversely, a secondary
BH of mass comparable to the disc is able to heavily pertueb th
disc by opening a wide gap but migrates more slowly. Negigcti
accretion onto the secondary BH, the disc results thus efividto
two well defined regions: eircumprimary(or inner) disc orbiting
aroundM, and acircumbinary(or outer) disc orbiting around the
whole binary.

The investigations by Lodato etlal. (2009) and Chang &t al.
(2010) lead to apparently conflicting results. Indéed enal.
(2010) estimate that the fossil disc mass is extremely Ibwlmor-
der of 10 — 103 M., depending on the parameters. On the other
hand MIL(TQbQ) while not giving specific numkers

the inner disc mass, clearly show that the surface densitgaiu-

pling can be much higher than estimatee@ZOlO)

The origin of this discrepancy is unclear, and it could be tuthe
different setup and initial conditions used in the two s#sdin this
paper, we aim to resolve the issue by re-evaluating the idiser

Ramirez-Ruiz & Masset_(2012), using 2D simulations, shoat th
such rapid accretion can be reduced due to the funnelingeof th
inner gas out of the secondary orbit during the GW-drivenspha
estimating that up to 80 percent of the inner disc mass caapesc
accretion in this way. Such results, however, need to be rooad

in 3D simulations and using a wider range of parameterspmpe

for the disc aspect ratio (whi -

2012 fix to a relatively large value).

The paper is organized as follows. In Seci{idn 2 we illustrate
the physical model that we adopt to describe the disc-bisygstem
with a detailed discussion of the torque implementationSét-
tion[3 we describe the results of a set of simulations witfediint
parameters and the overall evolution of a fiducial run. Inti8af]
we discuss our results in comparison with those in liteeaamd
we propose an analytic argument to explain the discrepantiyei
estimate of the inner disc mass. In Secfibn 5 we present aur co
clusions and the outlook for this work.

2 PHYSICAL MODEL

mass, using a disc configuration close to the one used by Changln order to describe the coupled evolution of the disc-hyiisgstem,

et al. (2010).

we have implemented a time-dependent 1D model that solves fo

As the binary decays further, the angular momentum loss due the disc surface densigy(R;t) and for the binary separatiait) in

to the emission of GW rapidly increases and eventually takes
(GW-drivenphase). We define ttaecouplingtime tyec as the time
when the binary merger timescale becomes shorter than $he vi
cous timescale at the inner edge of the outer disc, i.e. when t
outer disc is not able to follow viscously the acceleratiegsdary
and thus decouples from the evolution of the binary (for @itk
study on the decoupling process 2014).mxssu
ing for simplicity that the inner disc can drain only by adare
onto the primary BH, in the late GW-driven phase the innec dis
is forced to accrete by the plunging secondary BH that migrat

a self-consistent way.

2.1 Disc dynamics

The evolution of the disc surface density in presence of dte s
ondary BH is described by the classical hydrodynamical égjus

of accretion theory (Lynden-Bell & Pringle 1974: Pringles1y:

the continuity equation
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ot ROR

(ZRw) =0, (1)



and the angular momentum conservation
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whereV = (Vr,Vyp,Vz) is the fluid velocity,Gy = 2mvIR3QY is the
usual viscous torque antiy is the specific tidal torque exerted by
the binary on the disc. Usin@](1) arld (2) we obtain an expoessi
for vg and substituting it back if.{2) we obtain the time evolution

equation:
E‘F«TR[R R(FPI)| - cla | ®

wherev(R) is the disc viscosity an@(R) = y/GM,/R3 is the disc
angular velocity.

Making use of thempulse approximatiorfLin & Papaloizou
1979a/ Binney & Tremaine 1987) we can compute a simplified ex-
pression forAt(R) that has been widely used in literature (Lin &
Papaloizou 1979b; Armitage & Natardjan 2002; L odato & Gdark
2004 Lodato et al. 2009):

A= —Lpazre( R ) R<a (4)
T = zq A 9
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where f is a normalization factor and = R—a. The change of
sign acrossR=a in the tidal torque accounts for the behaviour
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Figure 2. Different torque intensity induce different gap sizes. Tomues
of different intensity are shown, the upper one being motenise than the
lower one. The gap inner edgBgfgd is located where the tidal torquier
equals the viscous torqués, (that here for simplicity has been fixed to be
constant). It can be seen that, for a givep, the gap edge produced by
the stronger torque is located I%G’tdge that is smaller (i.e. the gap is wider)
than that produced by the weaker torqlﬁtgdgg. The same result applies
forR>a.

the figure is assumed constant for simplicity) a strongexd tmrque
truncates the inner disc at a smaller radius. Thereforerderado

of the secondary BH that removes angular momentum from the implement a realistic tidal torque, the parameters desgithe

gas inside its orbit and adds angular momentum to the gagleuts
The net effect is that the satellite repels the gas from b ahus
creating an annulagap whose width depends on the intensity of
the tidal torques with respect to the pressure and viscgsigients
that act to close the gap.

Since the above expression divergeRia a, following Lin &
Papaloizou (1986) and Syer & Clarke (1995) we smooth thaiorq
by taking:

A =max{H,Ry,|R—4a|}, (6)

whereH is the disc thickness anBy = a(q/3)1/3 is the Hill's
sphere radius of the secondary BH. This smoothing pregmnipt
follows from the basic idea that the gap should be larger tath
H (otherwise it would be replenished by the pressure graslient
less than a dynamical timescale) aRg (that should be depleted
due to the accretion on the secondary BH)

Itis easy to see that the intensity of the tidal torque deitezm
the gap width since the gap edges are the locations wheréshe v
cous torques, that try to refill the gap with a diffusive bebay, are
balanced by the tidal torques that act to keep the gap opealoAn
gously toAT, we can define the specific viscous torduedividing
the annular viscous torqu®, by the mass of the annulus, namely:

T :EQ':—:}%V, @
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where the last equality holds for a Keplerian disc. The gagittwi
is thus the value af for which A, = At. In Figure 2 we illustrate
how, if the intensity ofAt changes, then the location of the gap

edges changes as well: for a given viscous torque intertbidy in

Ny

1 We should note that apart from this smoothing prescriptienhave not
taken into account the accretion on the secondary BH in théem@his is

a good approximation fay = 0.1 (Farris et al. 2014), but some accretion is
expected fog = 0.3, which might slow down migration somewhat.

torque ( and the smoothing prescription) have to be chosen care-
fully, so as to reproduce the gap size obtained by more siqatisd
3D simulations.

Since the size of the gap in the disc, as well as the migration
rate of the secondary, depends on the intensity and thebgistri-
bution of the tidal torques, a correct smoothing of the tidajues
is necessary not only to avoid numerical issues, but mostyoid
an unphysical estimate of the interaction between the didcalae
binary that can lead to a wrong estimate of the inner disc mass

2.2 Tidal torque smoothing

As shown by Goldreich & Tremaine (1979, 1980) the disc and the
secondary interact by exchanging angular momentum atedescr
resonantlocations, the so-calletlindblad Resonancewhere a
characteristic frequency of the secondary matches andjuidse-
guency within the disc: at these locations the disc resptmdise
presence of the secondary through the excitation of densityes
that carry energy and angular momentum in the disc and digsip
through shocks.

In a Keplerian disc the Lindblad Resonances are located at
radii:

1\2/3
&:a(li—) m=212.. (8)
m

which shows that for lowm the Lindblad resonances are
far from the position of the secondary whereas for increas-
ing m they accumulate toward®=a. We find that the in-
nermost Lindblad Resonance (hereafter, IMLR) is placed at
RMmLr = 2-%3a~ 0.63a, whereas the outermost one (OMLR) is
placed aRom g = 22/3a~ 1.5%. Since the IMLR and the OMLR
are the farthermost resonances from the satellite, thestitote the
boundaries of the region that can effectively contributéhtotidal
torque: outside this region, the disc can exert no torqubesatel-
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Table 1. Inner and outeigap edgesobtained by Artymowicz & Lubow
(12994) performing 3D SPH simulations, for= 0. We report the widths
wimLr andwomir Of the gaussian smoothing that is needed to reproduce
the same gap edges.

q Gap Edges Gaussian widths
Inner  Outer wWMmr  WoOMLR
0.11 04&a 1.8 370H 75H
043 03& 1.8 370H 83H

lite, nor the satellite can exert any torque on the disc. Agthin
Lodato et al.[(2009), sincat scales agj?, for high q it can oc-
cur that the analytical expressions (4) and (5) gives a ngtigie
ble contribution also outside the region of LRs. In order toid
this unphysical contribution, we need to smooth out the uerq
for R< RmLr andR > RomLr- We can do this by fine-tuning the
torque formulae{4) andl(5) in two different ways, dependinghe
mass ratio of the binary.

For g« 1 the torque formulad14) and](5) already gives no
contribution outside the IMLR and the OMLR, and the gap size i
determined by the parametér Therefore, in this case, it is suffi-
cient to fine-tune the value df to reproduce realistic gap sizes.
Following |Armitage & Natarajan| (2002) that performed high-
resolution 2D simulations using the ZEUS hydrodynamic code
(Stone & Normaln 1992), we take= 10~2 with which we repro-
duce gaps of approximately the correct size.

For larger mass ratios, the torque is still significant aléshe
LRs region and thus we smooth it out with a gaussian cutoff by

setting:
f o2 (RY! R—Rwmr \°
__T R _ ( 2Z8OMLR <

AT >0 Q RZ(A) exp[ ( Wi R<RMLR
9)

A= Leazre(2 4ex _ (R=Romr\* R>Ro

T= zq A p WomLR 2 RoMLR
(10)

wherew)y r andwppmLr determine the sharpness of the cutoff
and forRmLr < R< Romir the formulae[(#) and[5) still hold.
We fine-tune the values of r and womLr SO that the gap
edges (measured after the secondary has opened a cleartbap in
disc) are_located in the same positions computed by Artyrcowi
& Lubow (1994) with 3D SPH simulations. Artymowicz & Lubow
(1994) studied circumbinary discs around binaries wjta 0.11
andqg = 0.43, on circular and eccentric orbits, and for discs with
different Reynolds numbers. Furthermare, Artymowicz & bub
(1994) and Papaloizou & Pringle (1977) showed that for zero-
eccentricity binaries the location of the gap edges doeslepend

on the value of the Shakura-Sunyaev viscosity parantefsee Eqg.
[I7). In Tabldl we report the values\ofy r andwopmir that we
obtain for each mass ratio. Since the binary we are consigléor

our purposes is on a circular orbit and the values founavipi r
andwppmLr Weakly depend on the mass ratio, for our simulations
we always adopt the valuegy r = 370H andwomLr = 75H.

Note that the formula used here for the local torque is ¢fearl
an approximation, used in our 1D model to reproduce the cbrre
gap width and secondary migration rate. Recent simulabgrizar-
ris et al. (2014) allow to compute the local torque as a fumctf
radius. The torque obtained in this case has a differenttifomal
form from the one used here. In particular, it has an osoitjabe-

haviour and does not vanish until 2-3a. However, for compara
values ofg, Farris et al confirm the gap widths found by Artymow-
icz & Lubow (1994). The exact shape of the torque close to the
secondary does not affect any of our results (indeed, in masgs
one can treat the secondary, simply imposing an effectivando
ary condition, see Syer & Clarke 1995), as long as the gaphwidt
and migration rate are reproduced correctly. If we had kepgo-
alytical torque formula, allowing it to extend to 2-3a (Raret al.
2014), we would have obtained an incorrect gap width. Henee w
have preferred to be consistent with our approach and sntbeth
torque in order to reproduce reasonable gap widths.

2.3 Disc energetics

In an accretion disc surrounding a SMBH binary we expect @ fin
regions characterized by different regimes, dependingherdis-
tance from the central BH, the temperature, the disc thisknetc.
Following the approach adoptedlin Lodato et lal. (2009), agec
is capable of reproducing both radiation-pressure ancggassure
dominated regimes (we expect the first to occur in the inngrgfa
the disc and the latter in the outer ones), and also to takeaictt
count both Thomson scattering and free-free absorptionasas
of opacity.

In order to compute the viscosity of the disc, we adopt the
standardx —prescription|(Shakura & Sunyaev 1973):

V=acsH, (11)

where ¢s is the sound speed andl is a dimensionless number
smaller than unity. In order to avoid viscous and thermatiaioidi-

ties in the disc, following Lightman & Eardley (1974) we assu
that the viscous stresses are proportional to the gas peetand
not to thetotal pressure, sum of gas and radiation contributions),
and therefores = |/kgTe/imp, with kg being the Boltzmann con-
stant, T the midplane temperaturg, = 0.67 the mean molecular
weight (ionized Hydrogen) anah, the proton mass.

The midplane temperature profile is computed by solving the
vertical energy balance at each radius. First, we suppagethh
energy dissipated by the viscous processes (releasedynrathle
disc midplane) is completely irradiated by the disc at itdaze by
imposing:
~vsQ? = 0spTE, (12)
whereosp is the Stefan-Boltzmann constant ahgis the surface
temperature. Then, we assume that the disc is opticalli thigts
own radiation, i.e. the optical depth= kX/2 > 1, wherexk is the
opacity (given by the dominant source among Thomson saaiter
or free-free absorption). Finally, plugging the-prescription[(T1L)
in Eq. (12) and using the fact th@ = 4T, /31%/4, we find that the
midplane temperature is given by:

( 9 akg 2) 13
Tc: A K Z .
16 pumyose
Once computed the viscosity and the central temperatuzejiic
thickness can be calculated from the vertical hydrostajiali-
rium that results from the balance between gravity and the to
pressure. At each radius the structure of the disc is fullgrdeined
by v, Tc andH, and we use an iterative procedure that converges to
consistent values for these three parameters.

Note that Lodato et all (2009) have shown that, in order to
simultaneously conserve energy and angular momentum ihRhe
formulation that we adopt here, a tidal heating contribusbould

(13)



be added at the disc edge to account for the dissipation of non
axisymmetric structures induced by the tidal force. We eetghere
this contribution, mostly to compare more directly to Chanal.
(2010) (who also do not include it). This tidal heating terouicl
modify some of the results in limited portion of the paramsfece
(see Kocsis, Haiman & Logb 2012), when the gap is not fullynope

2.4 Binary dynamics

To derive the equation for the binary evolution we simply os@
that the angular momentum of the whole disc-binary systeraris
served and we take into account the angular momentum logbdue
the emission of GW. The binary separation thus evolves &s\si

41T "Rout
- aMst Rin

3
ATERAR— %Cq(uq) (%) (14)
whereQs = ,/GMy/a8 is the angular velocity of the secondary and

Rs is the Schwarzschild radius of the primaRg = ZGMp/cz. The
first term on the right hand side is the tidal back reactionhef t
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mass. To do this, instead of adopting analytic solutionshawe ob-
tained the steady state configurations by solving numéyieath

our code Eq.[{B) without the tidal term on the rhs and applying
a Mext?é 0. To probe the accuracy of our code, we successfully
proved that the surface density profile of this initial steathate

is in good agreement with the standard solutions of the Shaku
Sunyaewa —disc. The initial accretion rate through the disc is thus
constant and is set to a very low value, much smaller thalthe
that we then apply. As the simulation starts, the disc starfifl up
with mass and the accretion rate thus starts to slowly grevha
disc tries to evolve toward the new configuration appropriat the
higher accretion rate. At the initial time-step, we set thsifion of

the secondary BH iflR= ap and we let the system evolve: at the
beginning, the secondary BH clears a gap in the disc and, thece
tidal interaction becomes strong enough, it starts miggati

3.2 Resulting fossil disc mass

How much mass is left in the inner disc at decoupling has been t
subject of debate recently. Armitage & Natarajan (2002)rese

disc on the binary and the second term is due to the GW emission@ relatively large mass based on very idealized initial dooms.

(Peters & Mathews 1963; Peters 1964).

We note that while the direction of migration due to the tidal
torque can change in time since it depends both on the ityeofsi
the torque and on the surface density distribution, the sionsof
GW always acts to shrink the binary.

3 RESULTS
3.1 Numerical code: setup and initial configuration

We solve numerically the coupled equatiohf (3) dnd (14) with
1D finite-difference numerical scheme that allow us to corapie
time evolution time o&(R,t) anda(t). We use a radial logarithmic
grid of 200 points, with the inner radius equal to the inneshsta-
ble circular orbit (ISCO) around the central BH, iR, = 3Rg, and
the outer radiusRyy: = 10ag whereag = 10*Rs is the initial posi-
tion of the secondary BH. AR, we apply a zero-torque boundary
condition to implement the accretion on the central BH, whsrat

Lodato et al.|(2009), using more realistic conditions foancel-
atively large mass, too, with super-Eddington accretidgesance
the inner disc is rapidly accreted during the GW-driven hjrde-
cay. Conversely, Chang et/al. (2010) found that the fossd diass
is extremely low, being of the order of planetary massessTaur
main aim is to resolve the discrepancy and estimate whateis th
mass of the fossil disc at decoupling, comparing our resulisose
ofIChang et &l.[(2010). We thus perform a number of simulation
using the very same parameters of Changlet al. (2010). Oerisod
similar to the one used by Chang et al. (2010) in many respects
we would thus expect to reproduce their results.

In the simulations that we perform we are interested in com-
puting the evolution of the accretion luminositycc as the bi-
nary approaches to the merger and we do that by simply com-
puting Lacc= NMc? wheren = 0.1 is the accretion efficiency and
M is the instantaneous mass accretion rate onto the primary BH
(measured as the mass per unit time flowing inside the IS@O, i.
R < Rin). As described above, we calecouplingradius the loca-
tion where the merger time driven by the emission of GW besme

Rout We can choose to set either a zero-torque boundary condition smaller than the merger time due to the tidal interactior wie

or an inflow of materiaMeys, depending on the scenario we want
to model.

In previous investigations, Armitage & Natarajan (2002)
initialized the disc with a steady-state disc corresponmdin
Mext= 1Mo yr~1, while during the simulation they assumed
Mext = 0. With this choice, the secondary BH results parachuted
inside a disc that has already settled down to a steady stdte a
therefore the binary hardening is driven by the almost itdireser-
voir of gas upstream and not by an inflow of material comingnfro
Rout- More recently, Lodato et al. (2009) investigated a scenari
which the SMBH binary interacts with a finite amount of gasttha
evolves together with the binary and is far from a steadyestd
initial configuration they assumed a constant surface tdepso-
file between Bag and 2 andMey; = O to simply model this sce-
nario. We performed several tests of our code using thesedwo
figurations and we are able to reproduce the results of Agaita
& Natarajan I(2002) and Lodato etlal. (2009) to a high degree of
accuracy.

Despite being less realistic than the previous scenarmne
pare our results to the work bf Chang et al. (2010), in all dors
ulations we choose initialize the disc to a steady-state afisow

disc. At that point, the binary decouples from the dynamicthe
disc and evolves on a timescale that is too short for the dige-t
spond viscously (but see Farris etlal. 2014). During thisphthe
mass of the inner disc is substantially frozen since the reisny
forces it to accrete onto the primary at a rate much highen tha
the viscous one. During the evolution of the system, we cdaepu
Laccfrom M at each timestep and we estimate the peak luminosity
Lpeak= MaxXLacc) that is reached immediately before the merger.
We can put a lower limit tdpeqx €Stimating the average luminos-
ity that is produced by the accretion of the inner disc in theet
interval between the decoupling and the merger, namely

M,in (tdec) ne.

tmerger* tdec

Lpeak> (15)

whereMg in (t) is the time-dependent mass of the inner disc, defined
as follows:
Redge
Mgin(t) = / 2MRE(R )R, (16)
Rin

whereReqgeis the outer edge of the inner disc, as shown in Fifibre 1.
Clearly, this estimate is valid if we assume that the whaheirdisc
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is accreted during the mergér (Baruteau, Ramirez-Ruiz &deas
2012).

We perform a series of simulations exploring differ-

Table 2. Comparison of simulations results. We perform simulations
for different values oM, = 10f, 107, 10°M, Mey = 0.1, 0.0IMg yr—2,
g=0.1, 0.3 anda = 0.1, 0.01. In the Table, masses are in units\df, and

ent regions of the parameters space by varying the primary luminosities in units oLgqq. We report the inner disc mass at decoupling

BH mass Mp = 10°, 10’, 1®M,,, the external accretion rate
Mext = 0.1, 0.01Mo yr~1, the mass ratioq=0.3, 0.1 and the

Shakura-Sunyaev viscosity parametes 0.1, 0.01, whereas we
keep fixed the initial separatioay = 10*Rs and the initial disc

massMq = 10°M.,.

The results of the simulations are shown in Tdlle 2. We re-
port the inner disc mass at decoupliiy i, and the peak value of
the accretion luminositlpeaxjust prior to merger. In almost all the
cases we obtain peak luminosities that clearly exceed tidingd
ton luminosity and in four cases the flare is super-Eddingtoane
order of magnitude. It is remarkable that even thoMfy, is rel-
atively small (in many cases a few percent of one solar méss),
forced accretion during the final inspiral of the secondasuits in
an extremely luminous flare.

The last two columns in Table 2 show the fossil disc mass and

peak luminosity as obtained by Chang etlal. (2010). Therstiska
ing difference in the estimated disc mass by up to three sror
magnitude with respect to ours. This systematic differesfeund
for all parameters used and results also in a significargraiffce in
peak luminosity. We discuss the origin of this discrepamcgec-
tion[4, after describing the dynamical evolution of a fidlicin.

Note that while Chang et al. (2010) obtain an almost linear re
lation between the fossil disc mals i, and the external accretion
rateMeyx:, in our case the dependence Mgy is much weaker. For
most of our simulations (with the exceptions of the low vistp
and high primary mass cases), the inner disc mass scak'ﬂg;(%is
Increasing\)lext leads to a faster migration rate which implies that
the inner disc has less time to drain out, but a linear scélkatgeen

Mg,in and Mext is not necessarily expected. Indeed, the dependence

of the migration rate on the external accretion rate is noedri as
it depends both on the surface density and the temperatihe at
inner edge of the outer disc, thus making it not straightéordvo
find a simple prescription to relate these two quantities.

3.3 Evolution of a fiducial run

Let us describe the evolution of the system for a fiducial ceitie
Mp = 10’ Mg, g = 0.1, Mex; = 0.1M yr* anda = 0.1.
We choose to initialize the disc with the same choice of Chang
et al. (2010), i.e. with a low mass disc of mass WQ,, appropri-
ate for a Shakura-Sunyaev disc accreting at a very low rage, e
106 —-10""M, /yr. Note that the purpose of this initial config-
uration of the disc is to give a simple realization of the plan
like regime in which the binary evolution takes place andaih c
be shown (for a detailed discussion see Chang!et al| 2010htha
inner disc mass at decoupling — and thus the peak luminassty |
prior to merger — does not depend on the initial mass of the dis
The general evolution of the system is very similar to the one
described in_Chang etlal. (2010). Following Figre 3, in eswdp-
shot we show the surface density profile (solid line), thesis
timescale (dashed line) and the merger timesgalger= a/a (dot-
ted line). Time evolution proceeds as follows: top-leffp-tight,
bottom-left, bottom-right. At the beginning (Figurk 3, tl&it), the
system reaches an initial quasi-stationary state in whiehouter
disc accumulates some mass due to the external accret@hbutt
the tidal torques are still not strong enough to push therstany.

cqumns,Mé?n andL®)

Mg in and the luminosity peak just prior to merdgfa. For better compar-
ison, we report the values obtained|by Chang et al. (201®)endst two

peak
Mp g Mext a Mg,in Lpeak Mff,L Lé)*e)ak
10° x1073 %1073
01 01 01 095  1.97 0.0012 0.146
0.01 17 137 0.012 0.277
001 01 041 0.86 0.00012 0.015
0.01 84  6.44 0.0012  0.029
03 01 01 1.47 1.7 0.0001 0.038
0.01 25 8.8 0.001 0.023
001 01 0.68 0.92 0.000008 0.004
0.01 13  5.32 0.0001  0.002
107 %1073 %1073
01 01 041 183  6.22 0.66 0.154
0.01 2970  20.8 46 1.077
001 01 83 1.38 0.073 0.018
0.01 1600  9.66 0.64 0.154
03 01 01 300 2.9 0.062 0.015
0.01 450 235 056 0.115
001 01 140 151 0.0062 0.001
0.01 2400 8.22 0.075 0.015
108
01 01 01 19 267 0.2 0.5
0.01 34 047 09 2154
001 01 1 131 0.029  0.069
0.01 35 048 0.18 0.438
03 01 01 26 215 0.024 0.052
0.01 34  0.189 0.15 0.323
001 01 22 124 0.0033  0.007
0.01 34 019 0.033  0.069

gration. The gap edges are the locations where the viscogyise®
equal the tidal torques and, since the latter depend on thiéq@o
of the secondary, the gap edges move together with the sagond
As a result the system self-regulates in such a way that the vi
cous timescale at the gap edges equals the merger timescilg d
the disc-driven phase (Chang etlal. Z010). Then, as theddigen
migration continues (Figurg 3, top-right), the gap movesairds
along with the secondary, as we expect for a Type Il migration
The orbital radius of the secondary has decreased by one afrde
magnitude, and the inner disc has a slightly enhanced sud®ic-
sity. The viscous timescale at the gap edges continues whrtted
merger timescale (Figufé 3, bottom-left). When the binayasa-
tion has decreased by another order of magnitade {00Rs) the
emission of GW rapidly takes over the tidal interaction ataits
driving the migration. At this stage the outer disc is subisadly
decoupled from the evolution of the binary and the inner dssc
pushed inwards more and more rapidly as the binary shrinkenE
tually (Figure[B, bottom-right) the increasing velocity thie sec-
ondary (accelerated by the growing GW emission) forcesrtheri
disc to accrete on a timescale much shorter than the visaoels o
thus producing the spike in the surface density profile apdtn-
sequent flare in luminosity. In the last snapsfigeris not shown

Starting from this moment, the outer disc increased surface because it is much smaller (about days) than the viscous one.

density begins to influence the secondary and to drive itaidwwi-

In Figure[4 we show the accretion luminosity on the primary
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Figure 3. Disc and binary evolution for the fiducial case wit = 10" My, g = 0.1, Mext = 0.1Mg, yr—t andar = 0.1. Each snapshot shows the surface density
profilesZ (solid lines), the viscous timescale profile(dashed lines, matched to the right axis), the merger tigage (horizontal dotted line, matched to the
right axis) and the secondary position (marked with a blaaff. @he snapshots have been taken respectively at 5 Myldfgp12 Myr (top-right), 12.941

Myr (bottom-left) and 12.948 Myr (bottom-right) after thedinning of simulation.

BH as a function of time during the overall evolution of thensi Eddington flare due to the extremely rapid accretion of thmin
ulation. During the first 19 years the accretion rate is very low, disc that occurs at the end of the GW-driven inspiral.

and it reflects the initial condition for the disc surface sign(see
Section[B). During this time the disc mass builds up as a eonse
guence of the imposed external accretion rate, slowly &sing the
disc luminosity to values closer to typical AGN values. As thisc 4 DISCUSSION

ma;ss grows, it pushes the s_ecor_1dary inwards, unt_ll, afteghly 4.1 Effects of tidal torque smoothing on luminosity peak
10" years, the secondary migration becomes dominated by grav-

itational wave emission. Finally, it can be clearly seenghper- Comparing our results with those by Chang €t lal. (2010) we see

that these authors predict much lower inner disc massesanse-
quently, much smaller peak luminosities for all the comguted-
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Figure 4. Accretion luminosity on the primary BH as a function of time
during the overall evolution of the disc-binary system fofiducial run
with Mp = 10'M,, q=0.1, Mexi, @ = 0.1. The SMBHSs coalesce around
13 Myr, immediately after the apparent super-Eddingtorefldue to the
rapid accretion of the inner disc.

els by up to three orders of magnitude. For a better compange
report their results in the last two columns of Table 2. Ineorth
explain the discrepancy in the estimate of the inner dissratthe
decoupling, we have performed several tests before fintiaigthe
issue was in the implementation of the torque.

here, the torque given by Ed.l(4) arid (5) is a significant stere
mate, and thus needs to be smoothed out as we describedionsect
2.2 above. In Fig.]5 we show the evolution of our fiducial model
with Mp = 10’ Mg, 9= 0.1, Mext = 0.1Mo yr~* andar = 0.1, but
now computed without smoothing the torque outside the Lamdlb
resonances. Note that the evolution shown here is almasticdé
to the one shown by Chang et al. (2010).

Comparing the snapshots in Figlile 5 with those in Fifilire 3 it
is apparent that, without smoothing the torque, the coddymes
a larger gap (the width being approximatel@4n instead of 07a)
and smoother gap edges. Such wide gaps are an artifact obthe 1
model with no smoothing and are not consistent with the mere d
tailed 3D simulations by Artymowicz & Lubaowy (1994). As a résu
starting from the initial stages (Figulré 5, top-left) theén disc is
truncated at a much smaller radius (as we expect after ticeisdis
sion in Sectiofi2]2). As described in Chang et al. (2010) tiase
density of the disc regulates in such a way to keep the vistoes
at the outer edge equal to the migration ffim# the outer edge
of the inner disc is located much further in, this requiresucim
smaller surface density, thus leading to a significant westeanate
of the inner disc mass.

In this way, we can provide an analytic argument to quantify
the extent to which the inner disc mass is underestimatekeif t
torque is not smoothed. At the beginning of the simulatiohemw
the binary separation is large & 10°Rg), in the region where the
inner disc is truncated by the tidal torques exerted by thellga
(at R~ Reqgg, the disc is gas pressure dominated and opacity is
dominated by Thomson scattering, and thus we can write sityco
as

4/3 1/3
V= (a_kB> (EL> $2/3R,
HMp 16 GMpGSB
where we have substitutdg from Eq. [I3) in theo —prescription
(1T) and useH = cs/Q that holds for a geometrically thin disc.

(17

Before discussing the torque implementation, we would men- With this expression for viscosity, we can estimate the aiisc

tion that a possible source of discrepancy may arise frorditfes-

ent viscosity calculation: as explained in Secfiod 2.3 |evhie ne-
glect radiation pressure when computing viscosity in otdenain-

tain the disc stable, we take it into account when computiegitsc
thickness assuming that the disc is supported by both gasadird
ation pressure. Therefore, differently from Chang et @1() that
completely neglect radiation pressure, our code is ablesornibe
radiation pressure dominated regions as well. During atsfeve
see that the radiation pressure actually becomes domiminiro
the inner disc in the very late phases just prior to mergeriatite

inner edge of the outer disc after a significant amount of @&s h Z(Redge U

piled up. However, the estimate of the inner disc mass seetris n
be affected by this choice.

timescale at the inner gap edge:

Rgdge 0 I'_\’edge
V(Regge 523~

We have seen that during the secondary migration the gapsnove
together with secondary: this means that the viscous tinfi &k
has to match the secondary migration time (Elg. 5a,b,c)nRtwe
above equation we see that, if the inner disc is truncatedratdier
radius, then the surface density has to adjust itself to ala&lue

3/2 . . .
Ret/jge to glvetV(Rede = tmergep To a first approxima-

tion we can then compute the inner disc mass:

ty (Reng) u (18)

Redge 7/2
Another source of discrepancy might come from the way the Md,in :/R 2R dR ~ aneég@ (19)

gap is initially opened in the disc: while our code computesgap
opening consistently with the torque calculated at eacledtap,
Chang et al.[(2010) artificially open a cavity in the disc bedw

0.5ap < R< 2ag in order to simply model the gap clearing. At the

very beginning of the simulation these different implenagions
produce visible differences in the gap width, however adtéew
Myr the gap width results determined by the intensity andsihe
tial distribution of the tidal torque rather than by theialitlearing.

We thus conclude that the source of the discrepancy is in the

implementation of the torque. Indeed, while for small mazos
the LRs responsible for the gap formation are those closéreo
satellite (and therefore the torque intensity is deterchibg the
parameterf), for the larger mass ratiag> 0.1 that we are using

where the strong dependence Rgyge reflects the dependence of
viscosity on surface density in the gas-pressure dominagon.
From the above result we can now estimate the discrepantyein t

2 Note that_Duffell et al.|(2014) and Dirmann & Kley (2014) haver-

formed numerical simulations of Type Il migration where tégration

timescale did not exactly match the viscous timescale idige This might
be an interesting phenomenon but needs to be studied wittegrdetail,

and in particular it is not clear whether such migration satan be sup-
ported over long timescales, where a global balance of angubmentum
could be established. A full discussion of this issue istyebeyond the
scope of the present paper.
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Figure 5. Disc properties computedlithouttorque truncation for the fiducial case wiiy = 10" Mg, g = 0.1, Mey; = 0.1Mg yr— anda = 0.1. Each snapshot
shows the surface density profilggsolid lines), the viscous timescale profije(dashed lines, matched to the right axis), the merger timage (horizontal
dotted line, matched to the right axis) and the secondarigipegmarked with a black dot). The snapshots are takeneaséime binary separations of Figlte 3.
Time evolution proceeds as follows: top-left, top-righdttom-left, bottom-right.

inner disc mass computed by two different torque implententa.
Adopting the same notation as in Fig([dd%dgeandwédgeare the
locations of the gap edges produced respectively by our coitde
torque smoothing outside the LRs) and by the torque implésnen
tion used in Chang et al. (2010) (without torque smoothikignce
we obtain that the ratio between the inner disc masses ceahjrut
the two cases is:

!
M (
M(/i/.in

Redg

7/2
e
. (20)
Rgdge>

For the fiducial case that we are considering, we get (at the ti

at which a gap has fully developed but the secondary has ot ye
started migratingRugqe= 4.66x 10%rg and Ry .~ 1.12x 10°rg

thus leading to:

Mc/i,in

(21)
M(/i/.in

~ 150,

comparable to the discrepancy that we found between oultsesu
and those in_ Chang etlal. (2010). We have verified that this st
not strong function of time.
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4.2 Limitations of the present calculations 5 CONCLUSIONS AND OUTLOOK

Some remarks should be made about the assumptions of the codeln this work we have revisited the problem of estimating thesfl
and the validity of the results. In our code the inner disc caly disc mass just prior to a SMBH merger in order to explain tise di
accrete on the primary BH, forced by the GW-driven inspifahe crepancy among the contradictory results obtained byreffieau-
secondary, thus neglecting any possible mechanism thatdsta thors. While Armitage & Natarajan (2002) and Lodato et a00%)
drain the inner disk. Therefore, the estimates of the pealosity predict large values of the inner disc mass at decoupliras (tus
that we report should be regarded as upper limits that hottén ~ result in powerful super-Eddington flares). Chang et al1(@dind
optimistic case in which there is no inner disc leakage, &gpss ~ values for the inner disc mass smaller by several orders of ma
the gap or through jets. nitude (that therefore produce significantly less powefiares).

Some processes that we are not considering in our simutation These previous works consider very different scenariohtedisc-
might be responsible for a reduction of the inner disc magkén  binary system and a direct comparison of the estimates ef iisc
late phases of the binary shrinking. Indeed, given the 1Dreat ~ Mass is not trivial,

of our code, by definition we are not able to describe off-plan In order to find the origin of the discrepancy, we have imple-
not cylindrically-symmetric gas flows. However these flotmt mented a 1D hydrodynamic code that solves the coupled évolut
would require 2D or, better, 3D SPH simulations to be inggstd, of the disc and the binary in a self-consistent way. With cutec
might become relevant only in the innermost regions of tiee,di ~ We have been able to reproduce the results of Armitage & Hatar
where the tidal interaction and the accretion on the pricagse a  jan (2002) and Lodato et al. (2009) with an extremely googegr
significant heating of the gas, possibly allowing the disbdoome ~ Ment. Then, we executed the simulations performed by Chealg e
geometrically thick. (2010) adopting their same initial configurations and patans:

Another possible leakage of the inner disc may be due to a W€ found inner disc masses larger by up to three orders of mag-
gas flow across the gap, as showed by Baruteau, Ramirez-Ruiz &”'t“d_e than those obtained by_C_hang et a_l. (2010). A?’ d'm
Masset|(2012). Gas flow across the gap has been studied bgrBryd Sectiori 4, we found that the origin of the discrepancy ligbéfact
et al {1999)' Artvmowicz & Lubow (19()6) and, more recenty, that for mass ratios larger tharlGhe usual analytic formula for the
a variétv of authors (Shi et 4l. 201‘2; D'Orazio, Haiman & Mac- tidal torque provides an unphysical contribution at larggteshces

Fadyen 2013; Farris etlal. 2014). In general, since the $itienf from the satellite, resulting in an artificiz_illy Wi(_je gap dathere-
the torque scales Wiﬂ]z, we expect that a low-mass secondary fore negds to be smoothed out. In our S|mulat|0ns,.we smbeth t
is less efficient in producing a clear gap, thus allowing dager  L0rdue in such away to reproduce the correct gap sizes ad foun
amount of gas to be funneled through the gap. As the secondary3D simulations by Artymowicz & Lubow (1994). D|ﬁerentIme
mass increases, the mass flow through the gap decreases signi US-Chand et all (2010) do not perform the torque smoothirig (p
cantly, reaching a minimum value of the order of 10 percent of Yai€ communication with P. Chang) and thus obtain systeatbii
the unperturbed accretion rate fgr~ 0.1 (D’'Orazio, Haiman & reduce_d fossil disc masses and peak luminosity. .
MacFadyen 2013). For even larger secondary masses, thg isavi It is worth remembering that these 1D c_omputatlonS neglect
significantly deformed, becoming elliptical and allowingsgo en- 92 streams that depart off the plane of the disc and thativeul
ter the cavity. Thus the mass flow through the gap increastss wi duire @ more realistic 3D treatment. These effects mighteoé
increasing secondary mass tpg> 0.1. For the range of mass ra- or decrease the actual luminosity during the merger. On tiee o

tios that we are interested in heg 0.1 — 0.3) the leakage from hand., for a given mass.of the fossil disc, the analysis of @amw
the outer to the inner disc might be as high as 40 percent of the R@Mmirez-Ruiz & Massel (2012) shows that up to 80 percentef th

unperturbed accretion rate, further enhancing the fossil hass ~ nner disc mass might leak out of the secondary orbit andpesee:

(D'Orazio. Haiman & MacFadyéh 2013). Note, however, that in cretion during the gravitational wave dominated inspirwever,
most cases these simulations, for numerical convenierdmpta € limitations of such 2D computations and the unclear depe

very large values for the disc aspect ratit/R ~ 0.1), much larger dence qf this_kin(_j of leakage on the disc-binary parameesysire
than the values obtained hei¢ (R ~ 0.001). further investigations. On the other hand, leakage fronotlter to

the inner disc during the earlier disc-dominated phase avhale
the opposite effect of increasing the fossil disc mass abdnat es-
timated here. Indeed, it has been shown that MRI (Shilet 420
and binary eccentricity (Artymowicz & Lubow 1996) are effige
in refilling the inner disc through the gap, possibly endinighva
further enhancement of the accretion rate on the primary BH.
As a conclusion, taking our estimates as a lower limit to the
fossil disc mass, even if, as obtained by Baruteau, Raniiez-&
Masset[(2012) the inner disc is depleted by around 80 peraent
would still have a super-Eddington flare in most cases, aonfiy
that SMBH mergers are particularly promising for obsevadi

Recent 3D magneto-hydrodynamic (MHD) simulations by Shi
et al. (201R) suggest another mechanism that might favonan i
crease in the inner disc mass through the gap. Indeed, tloey sh
that in a highly ionized gas disc, where the magneto-ratation-
stability (MRI) can effectively induce angular momenturartsport
through MHD turbulence, the gas flow across the gap results en
hanced by more than one order of magnitude with respect ¢o-cal
lations that neglect the coupling between the gas and theetiag
fields.

Finally, another limitation of the model comes from the fact
that the formulation of the problem as adopted here is btrietid

only if the mass ratiay < 1. For larger mass ratios (possibly al- purposes.

ready for theq= 0.1 case discussed here) both the primary and

the secondary will rotate around the common center of mas wi

an angular velocity that takes into account both the prineargt ACKNOWLEDGEMENTS
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