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ABSTRACT

We consider the interaction between a binary system (emstypermassive black holes or
two stars) and an external accretion disc with misalignegilamn momentum. This situation
occurs in galaxy merger events involving supermassivekiitates, and in the formation of
stellar—mass binaries in star clusters. We work out theigtganal torque between the binary
and disc, and show that their angular momelgidy stably counteralign if their initial orienta-
tion is suficiently retrograde, specifically if the angldetween them obeys cOs —Jq/2Jp,

on a time short compared with the mass gain time of the ceat@ketor(s). The magnitude
Jp remains unchanged in this process. Counteralignment cangie the rapid merger of su-
permassive black hole binaries, and possibly the formati@oplanar but retrograde planets
around stars in binary systems.

Key words: accretion, accretion discs — black hole physics — galax@estution — stars:
formation — planets and satellites: formation

1 INTRODUCTION because there are no orbital resonances between the birthtiyea
disc and thus there is direct accretion of retrograde gas tha
binary.

Here we consider the alignment process between a binary sys-
tem and an external misaligned accretion disc. This s@inatan
arise in at least two astronomical contexts. First, a meegent
between galaxies can produce a SMBH binary in the centreeof th

Galaxy mergers are commonly thought to be the main mechanism
driving the coevolution of galaxies and their central sopassive
black holes (SMBH). In such a merger we expect the forma-
tion of a SMBH binary in the centre of the merged galaxy.
Gravitational waves quickly drive the binary to coalescehié
orbital separation can be shortened ¢o 10?pc. The binary ) ]
may stall at a separation greater than this if the interaatiiih merged galaxy, and this or a later accretion event may sodrthe
the merged galaxy is notfficient enough in extracting orbital hole with a disc of accreting gas. A similar situation aridasing
angular momentum and energy. For the stellar componenteof th the formation of stars in a cluster. A binary system may fdout,
galaxies this occurs at approximately a parsec, creating final also capture gas into an external disc.
parsec problem’ (Milosavljevic & Merritt, 2001). Therevebeen In both of these cases, there is no compelling reason to as-
many papers exploring potential solutions to this probldon, sume that the binary and disc rotation are initially patalfeeven
example a sling-shot mechanism involving a triple SMBH eyst roughly coaligned (cf King & Pringle 2006). As we shall sefee t
(lwasawa et al., 2006) flécient refilling of the binary loss cone by  gravitational interaction between the binary and the distegates
angular momentum exchange between stellar orbits andx@atria  differential precession in the disc gas, and thus viscous digsip
dark matter halo| (Berczik et al.. 2006) and also the evaiutie This gives a dissipative torque which vanishes only whemihary
the blnary with a prograde accretion disc (circumbinarycstis and disc angular momengg, J4 are either parallel or antiparallel.

5; |_MacFadyen & Milosavljevic 2008 In all such cases, the torquefiises the tilt or warp through the
[Lodato et al. 2009; | Cuadra etal. 2009 and embedded discs:disc (cfiPringle 1992Pringle 1999: Wijers & Pringle 1099ivitrg
lEssala_el_aLZDLOEL_D_ojll_el_aL_Zﬂ_OlD_om_eLaL_ZOOg) In aer the system to one of these equilibria. The existence of a maies

paper 1) we explored the evolution of a hina  the precise definition of disc angular momentiyuite subtle and
interacting with aretrograde circumbinary accretion disc. We  we return to this point in the Discussion.
showed that this is moreficient than a prograde disc in removing The binary—external disc interaction is very similar to the

binary orbital angular momentum and energy. This is simply effect of the Lense-Thirring (LT) precession on an accretion
disc around a spinning black hole (Bardeen & Petterson| 1975;

Pringle 1992:| Scheuer & Feiler 1996; Natarajan & Pringle€t99

* E-mail: Chris.Nixon@astro.le.ac.uk |Armitage & Natarajan 1999; |_Natarajan & Armitage 1999;



http://arxiv.org/abs/1107.5056v1

2 C.J.Nixon, A.R. Kingr J.E. Pringle

0i_Lodato & Pringle 2006 etc) if we
replaceJ, by the hole spin angular momentud. For some
years it was thought that the LT interaction always led to co—
alignment (i.e.Jp, and Jq parallel). Howeve 5)
(hereafter KLOP) showed on very general grounds that coun-
teralignment does occur, if (and only if) the initial angte
betweenJy and J,, satisfies co8 < —J4/2J,, whereJy = |J4|

and J, = |Jyl. [Scheuer & Feiler (1996) had implicitly assumed

Js > Jy and so enforced co-alignment. With this restric-
tion _lifted, L&mg_&ﬁungmzmmng_&ﬁungmzmbn and
[King et al. (2008) showed that accretion from a succession of
randomly—oriented discs leads to spindown of the supeliveass
black hole, allowing rapid mass growth.

In this paper we examine the alignment process for a bi-
nary and an external disc. We show that the argument of KLOP
is generic, and that the disc and binary counteralign if anlg o
if cosd < —Jg/2J,. As a result it is quite possible for SMBH
binaries to be surrounded by a completely retrograde dischwh
strongly promotes coalescence 011). Inciwe
of a newly—formed stellar binary, the presence of a coulgered
disc can lead to the formation of planets with retrogradésrb

2 THE BINARY-DISC TORQUE

We consider a binary system with masdég, M, and a circular
orbit, with the binary angular momentum vector pointingrgdhe
z-axis of cylindrical polar coordinate®R(¢, z). For simplicity we
assumeM, < M; and placeM; at the origin, withM, orbiting at
radiusain the R, ¢) plane (our conclusions are ndtected by this
assumption). The orbit has angular velocity

o

Now we consider a disc particle in an orbit about the binary
at radiusR > a. If both the small quantitie®l,/M; anda/R ac-
tually vanished, the particle’s orbit would be a circle, wéngu-
lar velocity GM;/R)¥2. When these quantities are small but finite
they induce various perturbations in the orbit. Some ofeheey-
turbations have (inertial-frame) frequenc2and higher multi-
ples. These are oscillatory, and have no long-term secfliecte
Long—-term éects on the orbit, and hence eventually on the disc,
come from the zero—frequency (azimuthally symmetric= 0)
term in the binary potential. This point is considered in ende-
tail in 0), who considered the related probdé a
disc around the primary ma$s; (i.e. M, < My, butR < a).

Physically thism = 0 term is given by replacing the orbiting
massM, with the same mass spread uniformly over its orbit, i.e.
a ring of masaM, and radiusa in the R, ¢) plane. Adding in the
potential from the fixed point maddl; at the origin we find the
effective gravitational potential experienced by a disc plrtas

GM; GM, (% d¢p )
R+2)2 21 Jo 1 @

wherer is the distance between the particle position and a point on
thering at &, ¢, 2), i.e.

@

G(My + M) |
a

PR 2 = -

r? = R+ a + Z - 2Racosg. (3)

We now expand equatigi 2 in powerssgRandz/R, keeping terms
only up to second order. This gives
G(Ml + Mz) GM2a2 + G(Ml + M2)22

*R2=-—"F =3 R

9G M2a222
TR )
The orbital frequency2 of the particle subject to this potential is
given by

100
Q2= 5
R oOR ©)
and its vertical oscillation frequenayby
0°D
2 _
S ©

both evaluated a = 0. The nodal precession frequencyls =
Q - v and we find

§ G(Ml + M2) v
4 Re

This frequency is very similar to that for LT precession ardu
a spinning black hole (e.g. Scheuer & Feiler 1996), whichsgae
R~3 rather than th&"/2 here. Equatiofl7 is formally almost iden-
tical to the precession frequency foundzmﬁoai
disc around the primary, although derived ®r> a rather than
R < a The same argument as in that paper shows that if the
disc and binary axis are misaligned by an an@lécalled ¢ in

0) with 0 @ < x/2, the precession frequency is

just multiplied by co®. The opposite case with the disc somewhat
counteraligned (i.&4 > /2) is equivalent to th€ < n/2 case with
the binary angular momentum reversed. But this reversa¢etne
precession frequency unchanged, since we are dealing atily w
them = 0 part of the potential. So for all with 0 < 8 < x the
precession frequency is

Q(6) = ®)

This result difers from the LT case, where the factor éagppears
without modulus signs.

M, @
M; + M» R2’

Q(R) = @)

Q, Icost].

3 CO-OR COUNTER-ALIGNMENT?

We have shown above that thfext of the binary potential on the
disc is to induce precession of the disc orbits. This precess
strongly dependent on radius: rings of gas closer to theyimae-
cess faster. The fiierential precession creates a dissipative torque
between adjacent rings of gas tending to make— 0,7 so that
the precession ultimately vanishes.

The precession timescale in the disc increases with radius
(cf. equatior¥). The torque therefore acts faster at smealdii
to co— or counteralign disc orbits with the binary plane. sThi
leads to the creation of a warp in the disc, where the innets par
are co— or counteraligned and the outer parts are still igiszd
(cf. Fig.[). This warp propagates outwards, eventually oo—
counter aligning the entire disc with the binary plane. Téffect
was solved numerically for discs warped under the Ifea by
ILodato & Pringle (2006).

Now we argue as in KLOP that since each ring feels a preces-
sion, the resultant back-reaction on the binary is a sumexfgs-
sions, which is just a precession. This argument is equivabethat
presented iOO) who argue that because theybin
potential is symmetric about the plane of the binary, the-digary
torque cannot have a component in the directiod,oAccordingly
Jyp can only precess. These arguments show that we can write the
torque on the binary in the same form as the LT-induced tooque
a spinning black hole considered in KLOP, i.e.
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HereKy, K; are codicients depending on disc properties. The first
term gives the magnitude and sign of the torque inducing tae p
cession. It does not change the alignment afiglehe second term
describes the torque which changesThe same arguments as in
KLOP for the LT case, a 00) for a disc aroued th
primary, show that dissipation in the disc requikesto be a posi-
tive quantity. Its magnitude depends on the properties efdilkc
and the binary. The one ftierence from the LT case is that the
|cosd| dependence means that the sign of theffom@ent K; can
be either positive or negative. But thisfidrence has nofkect on
the conditions under which the disc and binary co— or coatitgr.
These are formally identical with the ones for the LT casévedr
by KLOP, with the binary angular momentuip replacing the hole
spin angular momenturdy,. The process obviously has afdrent
timescale specified by theftirent magnitude of,.

K1[Jdp A Jg] = Ka[Jp A (Ip A Jg)].

The same arguments as in KLOP now show that the magnitude

Jp of the binary angular momentum remains constant, while ithe d
rection ofJ,, aligns with the total angular momentuin= J, + Jq,
which is of course a constant vector. During this processihgni-
tude ofJ3 decreases because of dissipation (KLOP). Counteralign-
ment @ — ) occurs if and only ifJ2 > JZ. By the cosine theorem

J2 = I+ J2 - 23,J4 cosfr - 6), (10)
so this is equivalent to
Ja
Ccosh < ——. 11
<2 (11)

Thus counteralignment of a binary and an external disc isiples
and requires

0> /2, Jg< 2. (12)

4 DISCUSSION

So far in this paper we have avoided fully spelling out the mea
ing of the disc angular momentudq. This is complicated because
the binary torque fallsfd very strongly with radius, and so a large
contribution to the angular momentum in a distant part ofdise
may be irrelevant to the alignment process, et this process in

a time—dependent way (cf Lodato & Pringle 2006). Sectionsd® a
4 of KLOP discuss these questions in more detaife@ively Jq

can be thought of as the disc angular momentum inside the warp

radius, and therefore a time—dependent quantity.

At early timesJqy is small, as only a fraction of the total gas
interacts with the binary. Counter—alignment may occérifr/2,
but at later times, agy grows and more gas is able to interact
with the binary, alignment eventually happens (whln> 2J,).
So if 8 > x/2, even forJy > 2J, we expect~ 2Jy|cosf| of
disc angular momentum to counteralign with the binary tefor
the outer disc comes to dominate and enforce coalignment (cf
lLodato & Pringle 2006).

The typical timescale for co— or counter—alignment for a
SMBH binary is

oy =~ P
binary—my_2

whereR,, is the warp radiusJ4(R,) is the disc angular momen-
tum within R,,, andv; is the vertical disc viscosity. This is identi-
cal to the formal expression for LT alignment of a spinningdhl
hole if we replace the spin angular momentuln with J, (cf

(13)

Disc—binary alignment 3

Ji binary
co- or counter-aligned
inner disc
oloe \
warp region
misaligned outer disc

Figure 1. The warped disc shape expected after the inner disc co— or
counter—aligns with the binary plane but the outer discsstaysaligned.
Eventually the entire disc will co—or counter—align wittethinary plane,
depending on the global criterion (g 12). Note that in fitagrecession
makes the warp non—axisymmetric.

IScheuer & Feiler 1996). The warp radius is given by equatieg t
precession time /L,(R) to the vertical viscous timB?/v; . Inside
this radius the precession timescale is short and the disigpdites
and co— or counter—aligns with the binary plane. Outsids
dius the disc is not dominated by the precession and so nranta
its misaligned plane. The connecting region thereforestake a
warped shape shown in F[d. 1. As time passes the warp pra&sagat
outwards and co— or counter—aligns the entire disc with tharip
plane.

Approximating the disc angular momentum as

Ju(Ry) ~ TRGZ(GMR,)?

with X the disc surface o!ensity ard = M; + My, and using the
steady—state disc relatiovi = 37vX we find

(14)

1/2
M,( a vi M
toinary ~ 3—| — | ——, 15
binary Ml [ Rw] va M ( )
where we have also used
1/2
Jy = Mle[%) . (16)

Sincev; < v, (Papaloizou & Pringle. 1983 < R, andM, < My,
we see that alignment takes place on a timescale shortettiban
mass growth of the central accretor(s).

The timescald(15) is directly analogous to the expression

Rs

R

for alignment under the LT precession, whete< 1 is the Kerr
spin parameter an&s the Schwarzschild radius of the spinning
hole. EvaluatindR,, in the two cases we find

1/2 1/4
& a
(Mz/Ml] (Rs) '

Thus in general, provided we assume that the natio, is similar

in the two cases and that the hole spin is not rather sraalk(
(Rs/@)Y2(M3/M,)), then the binary—disc alignment is rather faster
than the corresponding process for spinning black holes.

Our result has significant consequences for SMBH bi-
naries. For random orientations, equation 12 shows that ini
tial disc angles leading to alignment occur significantly reno
frequently than those giving counteralignment only J§f >

tir ~ 3&( 17)

tr 31/ 2

- (18)

tbinary
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2J,. (In the LT case this fact leads to a slow spindown

of the hole, because retrograde accretion has a larger ef-

fect on the spin,8.) A number of studies

i j 5;__MacFadyen & Milosavljevic Z)0
[Cuadra et al. 2009; Lodato et al. 2009) have shown that pdegra
external discs are rather iffieient in shrinking SMBH binaries and
solving the last parsec problem. This is essentially bexafises-
onances within the disc. In contrast, the slightly rareragitade
events have a much strongéfieet on the binary. These rapidly pro-
duce a counterrotating but coplanar accretion disc extéonte
binary, which has no resonances. We notemo
show that the binary gradually increases its eccentrigtit aap-
tures negative angular momentum from the disc, ultimately-c
lescing once this cancels its own. A non—zero binary ecigtytr
changes the detailed form of the perturbing potential frbat tn
equatiori#, but cannot change the precessional charaaténggto
the torque equatiof]9). Our results remain unchangedgcpkatly
the counteralignment conditiof {|12), apart from minor rfice
tions of the timescalé (15).
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ternal discs, the prograde events have litffe, and the retrograde
ones shrink the binary. In particular, a sequence of mirtoogeade
events withJy < J, has a cumulative fieect and must ultimately
cause the binary to coalesce once the total retrogyade = Jp.
This is important, since the disc mass is limited by the cofself—
gravity to Mg < (H/R) My (cf King, Pringle and Hofmann 2008).
Coalescence will then occur once the retrograde discs hravgbt
in a total mass\vl,, i.e. once a sequence pf(M,/M;)(R/H) retro-
grade discs have accreted. For minor mergers this requiraest
a few randomly oriented accretion disc events, rising tonatfen-
dred for major mergergy(> 0.1).

We note finally that similar considerations apply in planet—
forming discs around stellar binary systems, which can ladsimi-
tially misaligned O). This maffer a way of mak-

ing retrograde planets in binaries, as recently suggesied ©®c-

tantis (Eberle & Cuntz, 2010).
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