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RENYUE CEN*
Received 2006 October 6; accepted 2006 November 16; published 2006 December 20

ABSTRACT

It is shown that if gas accretion via a disk onto the central supermassive black hole is efficient only for a
surface densitf > 10 g cnd, the black hole mass—galactic bulge velocity dispersion relation (Tremaine et al.)
is borne out and so may be the modest dispersion in that relation, in the context of hierarchical structure formation
theory. The relation is not expected to evolve with redshift in this model.

Subject headings. accretion, accretion disks — black hole physics — galaxies: formation — stars: formation

1. INTRODUCTION curves in galactic bulges are nearly flat within a factor of 2
ver a radial span of three to four decades (Sofue & Rubin
001), except in the very inner region within the sphere of
of the host galactic bulge, and the small dispersion about tha'[imcluence of the (;entral SMBH. These ponsiderations lead us
ost g > DUIGE, i ISP to conclude that it may be assumed, with good accuracy, that
correlation (Tremame_et al. 2_002), are intriguing and not well the velocity dispersiors within the bulge region is constant
understood. Several interesting models have been offered {0 nd the infalling gas from each merger event produces a gas

possibly provide an explanation for such a relation (Silk & disk of a surface densit :
) . i i y run governed by equation (1). The
Rees 1998; Ostriker 2000; Adams et al. 2001; Colgate et al'exact value o, ata fixed, will depend on the strength of

{ne oase that, if there 1 a orfical scrface density fo accretion 1S METGr EVent. We note that baly _ and  cancel out i
disks atX ~ 1,0 g cm? then the exact observed relation as the final expression that we derive _below. S :
well as the modest diépersion in the relation can be obtained F-O”O\ng a merge, when the disk gas Wlthm a physm_al
in the cold dark matter model rad.|us o forms into stars (except the very inner small disk
' which will be assumed to accrete mostly onto the SMBH and

is a very small fraction of the overall mass), an amount of
2. SYNCHRONOUS GROWTH OF SUPERMASSIVE BLACK HOLE stellar mass equal to

AND BULGE

Both the observed correlation between the mass of the centrag
supermassive black hole (SMBH) and the velocity dispersion

During a significant merger event, gravitational torques drive AM, = 27,15 2
a significant amount of gas toward the central region (Barnes
& Hernquist 1991; Mihos & Hernquist 1996). What is the Wwill be added to the bulge within,
density run of the resulting gas disk? Let us now propose that only the gas in the inner region
Simulations have shown thit(<j) ocj  for dark matter ha- where the surface density exceélls  at a ragd{%s, r,) will
los (Bullock et al. 2001; Cen et al. 2004) at the Ipwend, be accreted onto the central SMBH. It can then be shown that
where M(< j) is the amount of matter with specific angular the following mass,
momentum smaller thajp It seems reasonable to expect that
such a relation may be extended to gas in halos, since both
dark matter and gas are subject to largely the same gravitational
forces (van den Bosch et al. 2002). When the gas in the small

j end is channeled to the central region during the merger andy i he added to the SMBH due to gas accretion. To make
_cools, with lowerj gas self—gdqutlng to ;ettle at smaller radii, things simple, we assert thaM,,,  in equation (3) holds, even
it would produce a self-gravitating gas disk whose surface den- r.is smaller than the Bondi radius, within which SMBH may
Sity runs as start to dominate the gravitational potential well and the rotation
velocity rises. We assume that in this case, instead, that there
I(r) = Io(rire) ™ 1) will be an initial, unsteady state of gas accretion onto the
SMBH, until a steady state is reached that conforms to the
This occurs when a pre-existing gravitational potential well is rotation velocity profile. In a hierarchical cold dark matter struc-
small compared to that produced by the newly formed gas disk.ture formation model (Spergel et al. 2006) galaxies grow
On the other hand, if the newly formed gas disk only incre- through mergers and acquisitions (Lacey & Cole 1993; Kauff-
mentally fortifies an existing gravitational potential well, the mann et al. 1993). Equation (3) suggests that the central SMBH
gas disk should also follow equation (1) in a steady state, sincegrow synchronously with the bulges of galaxies, albeit at a
the existing gravitational potential well corresponds to a flat different rate: the growth of black holes is more heavily fa-
rotation curve. Thus, it seems that a flat rotation curve may becilitated by large mergers. Integrating equation (3) yields
maintained in the galactic bulge through a sequence of largely
random mergers. Indeed, observations indicate that the rotation S (AM,)?

(aMm,)?
AMey, = 2nr2L,’
0“~c

3)

BH T o 2y +C, (4)
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Fic. 1.—g(M) as a function of halo madd, . We assume that each merger
channels an amount of gagM, « M,R  fB*= M/M,>R,, and zero oth-
erwise, whereM, anil,
merging pair, respectively. Three simulations are run each 5iith particles,
in a box of size (50, 25, 12.5) Mpa™* comoving, respectively, shown from
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denote the mass of the small and large halos of the
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gravitational constant. Equation (7) would be in remarkably
good agreement with the observed onég, = (1.3 =+
0.2) x 10° (/200 km s* ¥°*°% M (Tremaine et al. 2002),

if the two parameterg andZ, , in the equation have the fiducial
constant values given.

All cosmological uncertainties iM,,, have now been con-
densed intg(M,) , which depends on the assembly history of
a bulge, for a giverM, ;i.eg(M,) may not only depend on
M, but also have multiple values (i.e., a dispersion) at a fixed
M,. Sinceg(M,) is not easily computable, we instead make
the assumption that the amount of gas driven toward the central
region in a merger is proportional to the strength of a merger
event times the host mass. A precise definition of the merger
strength is, however, difficult to pin down. The mass ratio of
the merger paiR = M,;/M, (wherd, amd, denotethe mass
of the small and large halo of the merging pair, respectively),
impact parameter, orbital inclination, initial orbital energy, the
sizes of the halos, a pre-existent bulge, etc., may all play a role
to a varying extent (Mihos & Hernquist 1996). Instead, we
simply useR as a proxy to characterize a merger strength.
Since the neglected factors that may be involved, such as the
orbital inclination and a pre-existing bulge, may largely behave
like random variables in the overall growth history of a galaxy,
it may be a good approximation to absorb all factors iRto
which is known to be important from simulations in terms of
driving gas inward, if not the most important. As shown below,

right to left in red, blue, and green. The dotted, solid, and dashed sets of curvesthe exact definition of the merger strength in termsRoflo

haveR,, = (0.1, 0.2, 0.3) respectively. Thed variance is displayed only for
the case witlR;, = 0.2 . The three simulations (and some additional ones, not

shown here) are run to test resolution effects. It is clear that the upturn toward

not appear to matter as far g3s concerned, hence justifying
our simplified approach. We also assume that there is a thresh-

small mass for each curve is resolution effect; low-mass ratio merger eventsOld (lower bound)R,, , in order to drive a significant amount

in small halos and henagM,)
The two horizontal long-dashed lines approximately bracket the range of
g = 0.11+ 0.05 The standard cold dark matter model with a cosmological

constant using the parameters determined by WMAP3 (Spergel et al. 2006)

is used.

are underestimated due to the resolution effect.0f gas toward the central region. Again, it turns out that the

results do not materially depend By, . We would like to point
out that a merger threshold may be operating, since bulgeless
spiral galaxies do exist, indicating that the growth of a galaxy
as a whole does not necessarily result in a bulge. In our picture,

whereS, (AM,)? denotes the sum of the squares of stellar masddulgeless spiral galaxies would have grown through mergers

increments in the bulge interior tg  from mergers over the
entire growth history. Since the initial mass of the central black
hole is zero or small, if there is a small seed black hole, the
integration constant is, for all practical purposes, zero. We
rewrite equation (4) as

_ g(M,)m¢
My = 27rZL, ®)
where we have defined
3 (AM,)?
gM.) = —5— M. = 2 AM,, 6)

where M, is the stellar mass withig  at the redshift under
consideration. Note that the left-hand side of equation (5) auto-
matically includes contributions of pre-existing BHs in merging
galaxies. Equation (5) may be cast into the following form:

_ 2g(M,)e*

g
Men = G2,

4
=13 x 10° (7)
* *7\200 km s*

* (10 ;Ccmz):L (Q(M*D Mo, (7)

0.1
whereo is 1-d velocity dispersion of the bulge an@lis the

of strength belowRr,, and accretion.

We use the simulation-based merger-tree method of Monaco
et al. (2002) called “Pinocchio” (PINpointing Orbit-Crossing
Collapsed Hlerarchical Objects) to compute the merger his-
tories of halos in the standard cold dark matter model with a
cosmological constant using the parameters determined by
WMAP3 (Spergel et al. 20062 = 0.27, A = 0.73,H, =
72km s*Mpct, n, = 0.95,0, = 0.77. Three simulations are
run, each with512® particles, in a box of size (50, 25, 12.5)
Mpc h™* comoving, respectively. Each simulation outputs a list
of halos at any specified redshift, where each halo is associated
with a linked list (i.e., a merger tree) that allows one to trace
back every merger event in its past with detailed information
including the merger rati® among others. BecausgM,) is
expected to depend sensitively on mass resolution for low-mass
halos and box size for large-mass halos, we present three sim-
ulations of different resolution and box sizes to illustrate such
effects. Some additional simulations were also made to help
understand these effects.

Figure 1 showg(M,) as a function of halo m&gs , where
we assume that each merger channels an amount of gas
AM, o< M,R. In Figure 2 we use a different dependence of the
amount of gas that is driven to the center on the merger mass
ratio, AM, oc M,R?. We see thag(M,) depends weakly on
M,. The dependences @(M,) on bohand R, are also
weak. Note that each curve from each simulation box tends to
rise at the low halo mass end. We understand that this is a
resolution effect, because low-mass ratio merger events in small
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Fic. 2.—Similar to Fig. 1, except that we assume each merger channels an Fic. 3.—g(M) as a function of halo madd, at=0, 1, 2 with dotted,
amount of gasAM, oc M,R? . solid, and dashed curves, respectively, all vith= 0.2, with the assumption
that AM, o< M,R.

halos and hencg(M,) are underestimated due to resolutionThjs seems to be expected given the nonlinear dependence of

effect. Since the overall stellar mass increase in the bulge isam,,, on AM, (eq. [3]).

linearly proportional to the stellar mass increasi, while  Figure 2 showsy(M,) foz = (0, 1, 2) . We see thgidoes

the increase in SMBH mass depends quadraticallAbh g , not evolve significantly in this redshift range. We do not show

should artificially rise if smalAM, are not accounted for, hence results at higher redshifts due to the merger-tree simulation

the rise ofg at low-mass end in Figure 1 (and Figs. 2 and 3). particle mass resolution effect and significantly larger cosmic

Our extensive testing verified this, which is easily seen in Fig- variances. But there is no indication thatvill not be constant

ure 1 by comparing the results from three shown simulation and will be significantly different at higher redshifts. Therefore,

boxes. Therefore, the rise gfat the low-mass end is an artifact. it is expected that the local observed BH mass—bulge velocity
The results found are consistent with being constant,  dispersion relation (Tremaine et al. 2002) is expected to hold

g = 0.11+ 0.05(Figs. 1 and 2horizontal long-dashed lines), at all redshifts. This provides a unique and critical test of the
bracketing the computed range of halo masses where mergermodel.

tree simulation results are deemed to be reliable and for
R, = 0.1-0.3 The relatively small dispersion gpand its near
constancy with respect thl, may be reflective of temporal
smoothing of the growth of a black hole/bulge by a sequence We have proposed a simple model for the growth of SMBHs
of largely “random” merger events of varying strengths and a based on the hierarchical formation of galaxies and a critical
relatively featureless cold dark matter power spectrum. In this assumption that gas accretion onto an SMBH is only effective
sense of “randomness,” our working assumption that the overallfor surface densities in excessi®f~ 10 g Griwe show that
growth history of the bulge and SMBH in a halo, on average, the exact observed relation between the mass of the SMBH
may be approximated to be dependent onlfRpfmay be jus- and the velocity dispersion of the bulge (Tremaine et al. 2002)
tified, as long as other likely factors, such as impact parameter,is obtained in this model (eq. [7]). In addition, the small dis-
orbital inclination, initial orbital energy, the sizes of the halos, persion in the relation may also be expected in this model,
a pre-existent bulge, etc., are random variables over the historyalthough it is less certain due to a lack of clear understanding
Equation (7) also indicates that the dispersion in the massof the physics with regard to the required critical surface den-
of SMBH at a fixed bulge velocity dispersion may also be sity. It appears that thigl,,-¢ relation represents a fundamental
contributed by a dispersion ¥) , which may be of astrophysical line, relatingMy,, to the dynamic state of the bulge (the velocity
origin. The fact that the observed dispersiorMp -0 relation dispersiong). A definitive additional prediction is that the
is no larger than-0.3 dex (Tremaine et al. 2002) implies that Mg,-o relation does not evolve with redshift in this model,
the uncertaintyf, should be no larger than a factordf In which provides a test.
other words, it seems that whatever physics dictBies operates On the other hand, we show that, while the overall growth
in a precise fashion. We see thaif~ 10  gcirthe observed  of the SMBH is roughly synchronous with the growth of their
Mg,-o relation (Tremaine et al. 2002) is produced. host galactic bulges, it has a different rate and in general the
The derived result, equation (7), appears to represent a “fun-increase in mass of the SMBH is not necessarily proportional
damental” line, relatingVl,,, to a dynamical quantity of the to the increase in bulge mass. As a result, it is expected that
bulge, in this case, the velocity dispersienlt might be that, the correlation between the mass of the SMBH and the overall
if one were to expresBl,, against, say, the total stellar massbulge mass may display a much large scatter, consistent with
in the bulgeM, (tot) , the scatter would be significantly larger. observations (Magorrian et al. 1998; Ferrarese & Merritt 2000).

3. DISCUSSION AND CONCLUSIONS
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The physical origin for such a critical surface density in the large radii, which is expected to be prone to star formation,
standard accretion disk (Shakura & Sunyaev 1973) is, howevermay offer another solution (Goodman 2003). Further investi-
still unclear. A general requirement may be that gas accretiongations are warranted.
onto the central SMBH is dominant over star formation at
L > 10g cm? and the reverse is true Bt<10 g cfltis
interesting to note thal, ~ 10 corresponds to an optical depth | thank Rashid Sunyaev for a stimulating conversation and
of ~10. ThereforeX, may be directly or indirectly related to an anonymous referee for constructive comments. | am grateful
a transition from an optically thin to optically thick disk. The to Pierluigi Monaco for providing a merger tree code (Pin-
accretion disk model based on the large-scale vortices of theocchio) and useful correspondences regarding the usage of the
Rossby vortex instability may offer one solution (Colgate et code. This work is supported in part by grants NNGO5GK10G
al. 2003). The possible existence of an unstable disk at someand AST 05-07521.
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