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ABSTRACT

Recent X-ray observations show evidence for substantial accretion onto central black
holes in galaxies at z > 6, which is not reflected in optical output, suggesting that
most black-hole mass at high redshift is accreted during an obscured phase and with
high duty cycle. In this Letter we identify a physical mechanism that naturally leads
to obscured growth in galaxies at z > 6. Specifically we find that the density at the
centre of z > 6 reaches a level where the diffusion time of optical photons out to the
Bondi accretion radius is expected to be longer than the gravitational free-fall time,
so that they are trapped. We argue that the observed prevalance of obscured accre-
tion indicates that black-holes are undergo an extended phase of very low efficiency
accretion, providing a natural explaination the presence of super-massive black-holes
at z ~ 6 — 7 less than a billion years after the Big Bang.
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1 INTRODUCTION

Exceptionally bright quasars with redshifts up to z ~ 7 have
recently been discovered (Mortlock et al. 2011). Quasars are
thought to be powered by the accretion of gas onto super-
massive black holes at the centres of galaxies. Their max-
imum (Eddington) luminosity depends on the mass of the
black hole, and the brighter quasars are inferred to have
black holes with masses of more than a few billion solar
masses. Since their discovery (Fan et al 2002), the existence
of such massive black holes at z > 6 has posed a challenge
to models for their formation. This is because a ~ 10°Mg
black-hole accreting with a radiative efficiency of 10% re-
quires almost the full age of the Universe at z ~ 6 to grow
from a stellar mass seed. Many authors have therefore dis-
cussed solutions to this apparent mystery by including a
significant build-up of mass through mergers (reference from
Haiman I think), or Super-Eddington Accretion (reference
from Vollonteri & Rees I think).

Motivated by the recent discovery that most black-hole
accretion at z 2 6 is optically obscured and in galaxies be-
low halo masses of ~ 10*'Mg, we identify an important
physical mechanism that is expected to operate in the very
dense centres of high redshift galaxies. Specifically, we find
that at sufficiently high redshift the Bondi accretion rate
exceeds the rate required to trap optical-UV radiation and
advect it into the black-hole. We show that this required
rate is several orders of magnitude larger than the Edding-
ton accretion rate corresponding to an accretion efficiency
of 10% which is typical for quasars. Since such an accretion
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rate would drive a wind that would prevent the inflow from
reaching a level where it would trap the radiation, we ar-
gue that the observation of obscured accretion implies that
most super-massive black-hole mass is accreted at very low
efficiency. This low efficiency allows the build-up of super-
massive black-hole mass over a period that is several orders
of magnitude shorter than the Hubble time.

We begin in § 2 with a description of our simple model,
before presenting our results in §3 and discussion in § 4.
In our numerical examples, we adopt the standard set of
cosmological parameters Komatsu et al. (2011), with values
of O, = 0.04, O, = 0.24 and Q2 = 0.76 for the matter,
baryon, and dark energy fractional density respectively, h =
0.73, for the dimensionless Hubble constant, and g = 0.82.

2 MODEL

The basis of this Letter is a comparison between the Bondi
accretion rate, and the accretion rate required to trap pho-
tons within the accretion flow. We discuss these in turn.

2.1 The Bondi accretion rate

We begin with the expression for the Bondi accretion rate
onto a central black hole of mass My
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where vg is the free-fall time at the Bondi radius

_ GMbh (2)

b
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and c¢s is the sound speed, which for an isothermal gas we
assume corresponds to a temperature of 10*K. To evaluate
Mpondi we need to specify the central number density of a
self gravitating disk (Schaye 2004)

o GMd21$k
T 12me2RApmy,

®3)

o

Here Rq is the characteristic radius of an exponential disk
of surface density profile

¥ =Xoexp(—r/Rq), (4)

with Yo = Maisk/27R2, and the disk scale length is given
by

A
R = —="Tvir, 5
1= 7 (5)
where A\ = 0.05 is the mean value for the dimensionless

spin parameter of the halo. In equation (3) the disk mass
Maisk = maM, my is the mass of hydrogen, and p is the
molecular weight. At the high redshifts of interest, most of
the virialized galactic gas is expected to cool rapidly and
assemble into the disk. We therefore assume mq = 0.17.
The corresponding mass density is po = mpng. The virial
radius is given by the expression

1 -1
o —1 Mhato \ 3 -1 (14 2)
e = 01800 pe (e ) e 5 (E2)

where ((z) is close to unity and defined as ( =
(2 /Q5)(Ac/1872)], Qi = [1+ (Qu/Qu)(1 + 2) 7],
A, = 187%+82d—39d?, and d = QZ, —1 (see equations 22-25
in Barkana & Loeb 2001 for more details). From equations
(6) and (3) we see that the central density no, and hence
the Bondi accretion rate Mpona; scales as 1+ 2)4, and thus
that accretion rates are expected to be much larger at high
redshift.

Before proceeding, we note that our model places high
redshift super-massive black-holes within the centre of a
disk, whereas bulge-less disks at low redshift are not known
to house black-holes. However, in the halos corresponding to
high redshift drop-out galaxies at which we aim our model,
the virial velocity and the sound speed (which sets the disk
thickness) are similar in magnitude. Disks in these high red-
shift galaxies are therefore thick, with scale heights compa-
rable to their radii.

Dormant SMBHs are ubiquitous in local galaxies
(Magorrian et al. 1998). The masses of these SMBHs scale
with physical properties of their hosts (e.g. Magorrian et
al., 1998; Merritt & Ferrarese 2001; Tremaine et al. 2002).
However at high redshift the relations observed in the local
Universe may not be in place. We therefore do not impose
a model for the relation between black-hole and halo mass
in this paper, and instead explore a range of values. Indeed,
our results indicate that feedback, which is thought to drive
the black-hole — halo-mass relation relation, would not be ef-
fective at early times. The grey curves in Figure 1 show the
Bondi accretion rate as a function of redshift for different
values of halo and black-hole mass.

2.2 Photon trapping by the accretion flow

If the time for diffusion of photons out to a radius r is longer
than the free-fall time of the material from radius r, then
photons become trapped in the accretion flow. In such cases,
the black hole would be obscured in optical wavelengths.
In this section we estimate the accretion rate required to
achieve this photon trapping.
The free-fall time from radius r is
r
b~ (6)
where vg ~ /G Mpn/r within the Bondi radius. This should
be compared with the diffusion time of

,
taig ~ T—. 7
aift ~ T (7)

Here the optical depth is given by

_FsigUT

T~ PTPT» (8)
where o1 is the Thomson cross-section, Fiig is the ratio of
the cross-section of the accreting gas to o, and p is the line-
of-sight averaged density out to radius r. The density within
the Bondi radius scales as p(r) = po(r/ry) "%, Assuming
the cross-section to be dominated by dust, and a sublimation
radius 7rsyp below which the cross-section per unit mass is
two orders of magnitude lower, we find

_ Tb Tsub \—0.5 T \-0.5
po= 2po— —I(-— ()]
T — Tsub Tb Tb
if r<mnr
=) [2e0 2 [(2) 0 1))+ (=)o
’ B (T - 7"sub)

if r>mry, (9)

where we have taken p = po at r > rp.
The condition tqig > tg at radius r is satisfied for ac-
cretion rates

. po [ Ammpe
M > — | —— | 1, 10
: (F sigd T) " (10)
where we have used the relation Mnm = 47rpr2vﬁ'. Since

the Eddington accretion rate at an efficiency € is Mgaq =
(47GMvnamyp)/(core), we find

— -1
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where 7y = G’Mbh/c2.

These limiting accretion rates are plotted in the left
hand panels of Figure 1 (dark lines) for the case where the
vertical structure of the disk is set by the sound speed of
the gas. The Upper and Lower panels correspond to cases
of halo masses of M = 10'°Mg and M = 10"'Mg. The
opacity of the gas could be larger than the Thomson opac-
ity by as much as two or three orders of magnitude due
to dust (Laor & Draine 1993). The broad emission lines of
all quasars indicate super-solar metallicities, probably be-
cause star formation precedes the quasar activity. On the
other hand, the diffusion time may be lessened if the gas is
clumpy, corresponding to an effective opacity that is low-
ered. We show curves corresponding to cross-sections that
are Fyie = 100 times larger than the Thomson cross-section
(additional cases are presented below).
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Figure 1. The grey curves show the accretion rate Bondi accretion rate as a function of redshift. The dark lines show the critical
accretion rate for which the diffusion time out to the Bondi Radius to be longer than the gravitational free-fall time. In cases where
the Bondi accretion rate is larger than the critical accretion rate, the photons are trapped and the quasar is obscured. Three cases are
considered for the vertical structure of the disk, which is assumed to be set by the sound speed of the gas (Left Panels:), the turbulent
velocity associated with a Q = 1 disk (Central Panels:), and the virial velocity (Right Panels:) respectively. In each case the Upper and
Lower panels correspond to cases of halo masses of M = 1019Mg and M = 10! Mg. Three curves in each case correspond to black-hole
masses of 10°Mg, 10Mg and 107Mg. The cross-section was assumed to be Fyig = 100 times larger than the Thomson cross-section.

3 RESULTS

In cases where the Bondi accretion rate is larger than the
critical accretion rate, the photons are trapped and the
quasar is obscured. Thus the cross-over of the limiting and
Bondi accretion rate curves in Figure 1 represents the red-
shift beyond which quasar activity would be obscured for
the particular masses shown. Figure 1 shows that the more
massive the black-hole, the lower the redshift above which
it is obscured (at fixed halo mass and assuming constant
values for Fig and mgq). This means that a small black-
hole could begin obscured growth at high redshift, following
which the obscuration continues as the black-hole grows to-
wards low redshift. If the vertical disk structure is set by the
sound speed, we find that a 10°M¢ black hole in a 10*°Mg
halo will be obscured at z > 6. This redshift is shown more
clearly in Figure 2 which plots contours of the redshift at
which the Bondi accretion rate becomes larger than the crit-
ical accretion rate as a function of halo and black-hole mass
mass. This figure shows the mass combinations that give a
cross over from non-obscured to obscured quasars. As al-
ready noted, at z ~ 6 — 8, this crossover should happen
in galaxies with black-hole masses of ~ 10°M in halos of
10*°Meg.

3.1 Scaling relations

At a given redshift, the obscuration is more easily achieved
for larger black-holes. This result follows from the scalings of
free-fall and diffusion time (equations 6 and 7), which show
tg o r*/? and tair o< 2, so that the ratio of diffusion time
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to free-fall time is larger for more massive black holes which
have a larger Bondi radius in galaxies of fixed mass.

The conditions for the halo mass, black hole mass, and
redshift that conspire to provide accretion rates that trap
the radiation can be obtained by combining equations (1)
and (10), and evaluating at r = b > rsup. We find

Mhalo )

2/3 4 )
~05 Ltz Fig
1010M, 7 10

mq 2 Fsub —1/2 Cs - )\ -
(517 ( 108 ) (W) (W) (12)

where we have related the sublimation radius to the gravita-
tional radius through 7gu, = Fisupre. This expression makes
explicit the dependencies that lead to photons being more
easily trapped (i.e. Mbondi/Mlim > 1) around larger black-
holes in larger halos, and at higher redshift. Black-holes in
excess of 10°Mg within halos of mass 10'°Mg, or larger are
obscured at z 2 6.

Similarly, the relation between the limiting rate for pho-
ton trapping and the Eddington rate can be illustrated via

the condition
M 5510° (i) (F%) 1 ( )0'5 (L) g
Mgad 0.1 102 10km/s

(13)
Thus an accretion rate that leads to photon trapping must
be associated with accretion onto the black hole that is far in
excess of the Eddington rate for a thin accretion disk (e ~
10%), and hence with a very rapid build-up of black-hole

mass. Equation (13) therefore suggests that the obscured
accretion observed in high redshift galaxies by Treister et

My
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Figure 2. Contours of the redshift at which the Bondi accretion rate becomes larger than the critical accretion rate as a function of
halo and black-hole mass. This shows the parameter combinations that give a cross over from non-obscured to obscured quasars (or from
low to high duty-cycle). We show contours for cases where the vertical structure of the disk is assumed to be set by the sound speed
of the gas. In the Left, Central and Right panels we show contours for opacities which are Fyjz = 100 Fgjg = 10 and Fijz = 1000 times
larger than the Thomson cross-section. The grey regions show the obscured portion of parameter space at z ~ 6. The black areas show

unphysical regions with My, > mqM.

al. (2011) provides evidence for low high accretion rates at
low efficiency (e < 10%).

3.2 Disk structure

In the previous section we have assumed that the thick-
ness of the disk in its centre is set by the sound speed of
gas at 10°K. However in turbulent disks, the turbulent ve-
locity replaces the role of the sound speed. Recently, Gen-
zel et al. (2007) inferred a Toomre’s Q value of Q@ = 1
in ULIRGS, implying a value for the turbulent velocity of
cr ~ GE/Q = /GXor/m, where v? = GEoﬂr2/r yielding
Q =v/r = \/GXo7/r. Evaluating at the Bondi radius, we
get

2 0.25
cp = (L EOMbh) (14)

™

This value of ¢t is the maximum value possible for a disk at
large radius (as a higher ¢t would imply an unphysical disk
with h > r). Therefore, for @ = 1 disk the turbulent velocity
should decrease towards small . At sufficiently small radii,
cr < ¢s, implying that the minimum thickness of the disk at
its centre is set by the sound speed in the gas. We find that
when evaluated at the Bondi radius, the turbulent velocity
is smaller than the sound at high redshift unless the halo is
very massive (> 10' at z > 4).

There may also be sources of energy injection that heat
the gas to temperatures that correspond to velocities much
larger than cr (or ¢s), although in order to remain bound
the velocity of the gas must be smaller than the virial ve-
locity of the halo. We therefore show two cases in addition
to ¢s ~ 10km/s, namely cr and ¢y ~ fuyir where f ~ 0.5
in order to bracket the range of interest, with correspond-
ing limiting accretion rates plotted in the central and right
hand panels of Figure 1 (dark lines). The results are almost
unchanged where c is used to set the disk height, since it is
generally smaller than c¢s at the bondi-radius. However if the
disk height is set by the maximum velocity vc, then larger
black-holes are needed in order for the Bondi accretion rate

to exceed the limiting rate, and at z ~ 6 black-hole accretion
would not be obscured in this case.

3.3 Dependence on Opacity

In the Central and Right panels of Figure 2 we show contours
for cases where the effective opacity of the gas is assumed to
be Fiz = 10 and Fz = 1000 times larger than the Thom-
son cross-section respectively. Smaller (larger) values of Fiig
lead to larger (smaller) inflow rates being needed to trap
the radiation, and so larger (smaller) black-holes are needed
before accretion becomes obscured at fixed halo mass and
redshift (see equation 13). However even with Fi; = 10, a
10Mg black hole in a 10'°Mg halo would be obscured at
z22 7.

4 DISCUSSION

Our results may be used to explain the observation in Treis-
ter et al. (2011) that Ly-break galaxies at z ~ 6 exhibit
obscured accretion with a high duty cycle, as evidenced by
X-rays, but with no corresponding rest-frame UV flux. In
particular we find that at z > 6, galaxies with masses cor-
responding to those of the observed Ly-break population
exhibit a Bondi-accretion rate that is sufficiently high to
trap the optical radiation. This behaviour also fits with ob-
servations up to redshift 3 that optically obscured quasars
are more common at higher redshift. On the other hand our
model does not explain why optically obscured quasars are
more common in lower mass systems, although we have not
included halo mass-dependent gas mass-fractions or Fgis. For
example, equation (13) describes a steep dependence of the
obscuration on mg which might be expected to decrease in
larger systems.

Our results point to some important implications for
the growth of high redshift black-holes. A plausible scenario
which is consistent with observations includes two episodes
of black-hole growth. Initially the accretion may be at low
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efficiency (< 107%), so that the Eddington rate is not ex-
ceeded by the inflow. In this case radiation can be trapped
by the very large Bondi accretion rates that are possible at
high redshift, and advected into the central black-hole. This
phase of growth would be obscured at optical wavelengths.
However if the gas settles into an accretion disk within the
sublimation radius, then the accretion efficiency would be
large (~ 10%), and a wind would be launched which would
halt the large accretion rate at the Bondi radius (since the
inflow and out-flow rates would be comparable, but the out-
flow velocity would be much larger than the free-fall veloc-
ity).

During the obscured phase, the Bondi accretion rates
in these high redshift galaxies would be several orders of
magnitude larger than the Eddington rate corresponding to
an efficiency of n = 0.1. This helps alleviate the difficulty
of growing super-massive black-holes of more than a bil-
lion solar masses (corresponding to the most distant known
quasars, Mortlock et al. 2011) within the first billion years
of the Universe’s age. To illustrate we note that accretion
at the Eddington rate (with n = 0.1) leads to an e-folding
time of t = 4 x 107 years. Assuming that a black-hole ac-
cretes with a duty cycle of unity, the number of e-folding
times available by z ~ 7 is therefore ~ 20. This should be
compared with the 20 e-folds needed to grow a 1 solar mass
black-hole seed up to a mass of 10° solar masses. Thus there
is only just enough time in the age of the Universe for a stel-
lar black-hole seed to grow to a super-massive black-hole.
Based on the calculations of this paper, we argue that the
period of obscured growth (as indicated by X-ray observa-
tions of distant galaxies, Treister et al. 2011) would provide
most of the mass of these super-massive black-holes. From
Equation (13) we find that the number of e-folds available
during the obscured phase would be several orders of mag-
nitude larger, indicating that super-massive black-holes at
z ~ 6 could complete their growth within 1% of the age of
the Universe.
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