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A model of the warped discs in the Galactic centre
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Abstract. Young stars in the Galactic centre appear to be organized in two
counter—rotating systems orbiting the central black hole. One of these is a
strongly warped disc, whereas the other is thicker and highly inclined with
respect to the former. We present a minimal model of this gravitationally
coupled stellar systems.
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1. Introduction

It is believed that the Galactic centre has a massive black hole with dense clusters
of stars orbiting it (Genzel, Eisenhauer & Gillessen 2010). Among these, there is a
population of about 200 young stars (mostly O supergiants and Wolf—Rayet stars),
with masses exceeding 20 M, all probably born 6 + 2 Myr ago (Paumard et al. 2006).
Proper motion and radial velocities are available for most of the stars (Bartko et al.
2009). About half the stars between about 0.04 pc and 0.4 pc seem to belong to a
rotating disc (the “clockwise system”), which is probably highly warped (Levin &
Beloborodov 2003; Lu et al. 2006, 2009). The remaining young stars appear to be
members of a counter—rotating population (the “counter—clockwise system”) which
is thicker, and inclined by about 110° to the clockwise system (Genzel et al. 2003;
Paumard et al. 2006; Bartko et al. 2009, 2010). Different types of models for the
young stars have been suggested (Nayakshin et al. 2006; Yu, Lu & Lin 2007; Perets
et al. 2009; Lockmann, Baumgardt & Kroupa 2009; éubr, Schovancova & Kroupa
2009; Kocsis & Tremaine 2011). In this work, we present a minimal model of the two
gravitationally coupled, counter—rotating systems.
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2. A minimal model

It is convenient to use cylindrical polar coordinates (R, ¢,z) centered on the black
hole and the spherical star cluster. The unperturbed “clockwise system” (henceforth
referred to as the “disc”) is modeled as a razor—thin circular disc of stars, with centre
at R = 0, and disc normal along Z. The equatorial plane of the molecular torus is the
z = 0 plane, and its symmetry axis is along Z. Stars in the disc move on circular orbits
under the combined gravitational influence of the central black hole, the spherical star
cluster, and the molecular torus. The “anti—clockwise system” (henceforth referred
to as the “ring”) is modeled as a single circular ring, with centre at R = 0, that is
inclined to the plane of the unperturbed disc. The ring precesses due to the gravita-
tional torques exerted on it by the disc and the molecular torus. This “unperturbed”
configuration of the coupled system is shown schematically in Fig. (1a) — the black
hole and the torus are not displayed.

The disc deforms in response to the gravity of the inclined, precessing ring. Our
interest is in the warping of the disc, and we imagine that a disc particle bobs up and
down while executing steady circular motion in the plane. The deformed disc can
then be described by a height function, Z(R, ¢, t). For small oscillations Z obeys

D2Z 0 ay
— = (=+Q=—| Z = 2*Z + FR,¢,1), 1
= (at 390) v (R.¢.1) (1)
where we have dropped the vertical force due to the self—gravity of the deformed disc.
F is the vertical force (per unit mass) due to the precessing ring. Q(R) and v(R) are
the circular and vertical frequencies due to the black hole, the spherical star cluster
and the torus: Q2 = QzBH + Qéc + le\/IT ,and v? = v]23H + Véc + VIZ\/IT . Since the equation
for Z is linear and the forcing is periodic in time, we seek Fourier amplitudes defined
by, Z(R, ¢.1) = Re{Y,, Zu(R) e @~»D1} and F(R,¢,1) = Re{Y,, Fu(R)elme=erly
Then Eqn. (1) gives,

[VR)? = m*(QR) = )] Zu(R) = Fu(R). )
The parameters appropriate to the Galactic centre are as follows (Genzel et al.

2010; Kocsis & Tremaine 2011). The mass of the central black hole is assumed to be
Mgy = 4 x 10° Mg . The density of the spherical star cluster (SC) density is taken as

0.4pc
R

3/2
psc(R) = 106( ) Mo pc™. 3)

We model the disc surface density as a single power law between an inner radius
Rin, = 0.04 pc, and an outer radius R,y = 0.4 pc:

0.4pc\*?
Sae(R) = 4.4 x 103(Tp) M, pc2. (4)
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Figure 1. (a) Unperturbed configuration showing flat disc plus counter-rotating ring. (b)
Warped disc

The perturbing ring has mass Mg = 4 X 10® Mg, and radius a = 0.6 pc. The mass of
the molecular torus is assumed to be Myt = 10® M. For the purpose of computing
gravitational forces, we approximate it as a thin ring of radius Ryt = 1.6 pc. Note
that the disc and the ring lie well inside the torus. The material in the disc and the ring
rotate in such a way that the angle between their angular momenta is / = 110°. The
gravitational torques on the ring, due to the combined action of the unperturbed disc
and torus, cause the ring to precess around the vertical axis of the disc, with frequency

3n Qring cos([) Rou 3 3 Myt a
N - Zaisc MRPAR - —Qupo————cos(I). (5
wp ) CleBH x. dlSC( ) 4 Ting MBH Riﬂ ( ) ( )

Evaluating various quantities occurring in Eqn. (2), we note that (i) Fj(R) >
F,.(R) for m # 1, so we need focus only on the m = 1 mode; (ii) The gravitational
potentials of the black hole and star cluster are spherically symmetric: vgy = Qgy and
vsc = Qsc. Therefore v — Q% = v, . — Q2 . Note that, because the disc lies inside the
molecular torus, the quantity QIZ\/IT is negative; (iii) It turns out that w, = 2X 1073 Qouis
where Qq is the circular frequency at the outer edge of the disc. Since w), is much
smaller than Q, we can drop w[z, when compared with 2w,Q. Then Eqn. (2) simplifies

to

PR
V2 (R) — Q2 (R) + 2w,QR)

Zi(R) = (6)

In Fig. (1b), where we show a surface plot of the warped disc, the line to the ascending
node points toward the negative Y axis; we find that the disc is warped in the sense
suggested by the gravitational pull due to the ring.
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3. Conclusions

We have presented a minimal model of the counter—rotating warped discs at the Galac-
tic centre, the main virtue of which is its simplicity. Some of the limitations of our
model are the following. Whereas the warp amplitude is large, our formalism is
valid only in the linear regime; moreover, the vertical force of self—gravity due to
the warped disc has been ignored. The main testable consequence of our model is the
relative alignment of the “warp” and the “ring”. Preliminary investigations show that
self—gravity retains this alignment; however, the sign of the vertical displacement of
the warp is sensitive to the parameters of the model.
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