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A: Yes, there is! Mmax ~ 1010Msun
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SMBH !!!

・very massive objects: MBH ~ 106 - 1010Msun

・very luminous sources: AGN, ULIRGs

・coevolution with host galaxies

Supermassive black holes (SMBH)

nuclear disk



A long time ago in galaxies far, far away....

Development of  
Galaxies, Stars, Planets. 
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Maximum mass of SMBHs

Figure 9: MBH versus z for a low-z sample (grey dots Zamfir et al., 2010), and
several imtermediate to high z samples. Red circles: Marziani et al. (2009); open
squares: Dietrich et al. (2009); open triangles: Shemmer et al. (2004); filled pentagons:
Netzer et al. (2007); filled squares: Trakhtenbrot et al. (2011); open starred octagons:
Willott et al. (2010); filled octagons: Kurk et al. (2007); large spot at z ≈ 7: the high-z
quasar whose discovery was announced in late June 2011 (Mortlock et al., 2011). The
dashed line marks MBH = 5·109 M⊙.
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several imtermediate to high z samples. Red circles: Marziani et al. (2009); open
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quasar whose discovery was announced in late June 2011 (Mortlock et al., 2011). The
dashed line marks MBH = 5·109 M⊙.
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　 MBH,max ~ 1010Msun

MBH,max seems independent of redshift
see McConnell+11; Kormendy & Ho 13 for the local SMBHs,  
and Netzer+03; Trankhtenbrot 14; Wu+15 for high-z SMBHs



Star-forming + AGN accretion disk

SMBH AGN disk

star-forming 
disk

2. gravitationally unstable: Q =
cs⌦
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MBH
・

 1

 10

 100

 1000
ac

cre
tio

n r
ate

 (M
su

n/y
r)

 1 0.1  100 10
radius (pc)

SMBH feeding rates

star-forming diskAGN disk

0.1                1                10              100
radius (pc)

in
flo

w
 ra

te
 (M

su
n/y

r)
 1000

100

10

1

KI & Haiman (2016)

dust sublimation

more SFR!!

Mout
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BH feeding rate = 
galaxy properties
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SMBH AGN disk

~pc

2D rad-hydro simulation

Numerical simulation setup

Min
・

・initial conditions

Bondi profile for given ρ∞, T∞, MBH

0.01RB< r <10RB ,  0< θ < π

・rotation (specific angular mom)

j(R, ✓) = j0f(✓)   (                         )j0 =
p

R0
cRBc1

・Viscosity

・Radiation (optically thin)

cooling (free-free)

alpha-viscosity: α=0.01

+ Compton heating
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Figure 3. Distribution of the gas density (top) and temperature (bottom) for di↵erent values of angular momentum with RC/RB = 0.3
(left) and 0.1 (right). The isodensity contours and the velocity vectors are shown in the top and bottom panel, respectively. The elapsed
times is set to t = 13 tdyn as shown in Fig. 2. Red dashed curve in the top panel presents the boundary where ⇢ = 0 for the initial
distribution. Thick black curve in the bottom panel shows the location of the Bondi radius.

Those profiles inside the disk (r < 2 RC) are summarized as
c2s / r�1, v�/vK ' 1, and Be/v2K ' 0, where vK =

p
GM•/r

is the Keplerian velocity. Since gas accretion begins from the
Bondi radius, the Bernoulli number is close to zero unless en-
ergy dissipation via viscosity is significant. Within the cen-
trifugal radius (r <⇠RC), the rotational velocity dominates
and is approximated as ⇠ vK. Therefore, the sound speed
follows as c2s / r�1 as shown in panel (a). We note that the
profiles of the sound speed do not depend on the angular

momentum of the flow. In fact, the profiles can be fit with

c2s = c21


1 + f(�)

RB

r

�
, (23)

where we adopt a functional form of f(�) as

f(�) ⌘ � � 1
� + 1� (� � 1)/2

(24)

Moreover, the rotational velocity inside the disk is approxi-
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Figure 4. Distribution of the gas density in the inner region for di↵erent values of angular momentum with RC/RB = 0.3 (left) and
0.1 (right). Isodensity contours and velocity vectors are shown, and the elapsed time is set to t = 13 tdyn as shown in Fig. 2.
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Figure 5. Radial profiles of the gas density along the equator
(✓ = ⇡/2) for the cases with RC/RB = 0.1 (red) 0.2 (green)
and 0.3 (blue). The density profiles are time-averaged over 6 
t/tdyn  16, and consist of two components. In the outer region,
they are approximated by an equilibrium solution of rotating gas,
“Fishbone-Moncrief solution”, following ⇢/⇢1 = (1 + RB/r)3/2

(dotted curve). In the inner region, the density profiles approach
⇢ / r�1/2 (dashed lines; Eq. 21), whose slope is the same as in
CDAF solutions. The transition occurs at r ' 2 RC for each case
(open circles).

Those profiles inside the centrifugal radius (r < 2 RC) are
summarized as c2s / r�1, v�/vK ' 1, and Be/v2K ' 0, where
vK =

p
GM•/r is the Keplerian velocity. Since gas accretion

begins from the Bondi radius, the Bernoulli number is close
to zero unless energy dissipation via viscosity is significant.
Within the centrifugal radius (r <⇠RC), the rotational veloc-
ity dominates and is approximated as ⇠ vK. Therefore, the
sound speed follows as c2s / r�1 as shown in panel (a). We

note that the profiles of the sound speed do not depend on
the angular momentum of the flow. In fact, the profiles can
be fit with

c2s = c21


1 + f(�)

RB

r

�
, (23)

where we adopt a functional form of f(�) as

f(�) ⌘ � � 1
� + 1� (� � 1)/2

(24)

Moreover, the rotational velocity inside the centrifugal ra-
dius is approximated as

v�
vK

= g(�) ⌘

s
2� (� � 1)

� + 1� (� � 1)/2
. (25)

For � = 1.6, f(�) = 0.26 and g(�) = 0.78. These functions
of f and g have been calculated by Quataert & Gruzinov
(2000) for marginally stable rotating accretion flows against
convection motions, i.e., CDAF solutions.

Fig. 7 shows profiles of the density as a function of the
polar angle ✓, at radial positions of 0.02  r/RB  1.0.
In the outer region (r >⇠ 2RC), the density profile follows
an equilibrium distribution and explained by the Fishbone-
Moncrief solution (short-dashed). In the inner region (r <
2 RC = 0.2 RB), the density concentration to the mid-plane
is higher. The angular profiles in the inner region can be ex-
plained by long-dashed curve, ⇢(✓) / (sin ✓)2[1/(��1)�1/2][=
(sin ✓)2.33 for � = 1.6] (Quataert & Gruzinov 2000). This
result also indicates that the profiles of the accretion flow
within the centrifugal radius are self-similar, and those prop-
erties approach those in CDAFs. Fig. 8 also presents an-
gular profiles of the Bernoulli number. In the inner region
(r < 2 RC), the value of Be is smaller than <⇠ 0.2 v2Kep

except in the vicinity of the poles. We note that the value
increases rapidly towards the poles, where weak outflows are
launched.
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Figure 15. Dependence of the net gas-inflow rate on the viscous
parameter ↵. The net rate increases with the viscous parameter
because angular momentum is transported more e�ciently. The
total net accretion rates (blue cross) and the inflow rate through
the equatorial region (red square) are shown. The results for ↵ 
0.2 can be fit by Ṁ/ṀB ' 0.12 ↵0.62 (dashed).

flows, i.e., advection-dominated accretion flows (Narayan &
Yi 1994, 1995).

Radial profiles of other physical quantities, e.g., cs,
v� and Be, do not change significantly from those with
↵ = 0.01. However, for the highest value of ↵(= 0.1), the
normalized rotational velocity decreases at r < 0.03 RB to
the center to v�/vK ' 0.3. Such a small ratio is found in
ADAF solutions (Narayan & Yi 1995).

Fig. 14 shows angular profiles of the gas density at
r = 0.02 RB for di↵erent viscous parameters: ↵ = 0.01 (red),
0.03 (green) and 0.1 (blue). For lower values of ↵(< 0.1), the
angular profiles of the density follow that of a CDAF solution
(black dashed). On the other hand, for the highest ↵(= 0.1),
where the radial density profile is as steep as �3/2, the an-
gular profile is also di↵erent from the CDAF one. Such non-
equatorial symmetric profiles produced by outflows towards
one of the poles have been reported in previous numerical
simulations by Igumenshchev & Abramowicz (2000) (their
Model G, where ↵ = 0.1).

Fig. 15 presents the dependence of the net accretion
rate on the viscous parameter ↵. Each symbol shows the
total net accretion rates (blue cross) and the rate through
the equatorial region of ⇡/6  ✓  5⇡/6 (red square). The
latter can clarify the e↵ect of angular momentum transport
via viscosity in the torus. Those results for ↵  0.2 can be
fit by Ṁ/ṀB ' 0.12 ↵�, where � = 0.62±0.24 (dashed). We

note that the relation is qualitatively di↵erent from that con-

sidered in previous works; self-similar solutions or spherical

accretion solutions without treating convection (Ṁ ' ↵ṀB;
Narayan & Fabian 2011). Therefore, this relation between
Ṁ and ↵ is an essential result from the self-consistent solu-
tion, connecting the Fishbone-Moncrief quasi-static solution
(large scales) to existing CDAF solutions (small scales), and
show the importance of the global solution because with-
out our simulates, it was unclear how physical quantities on
larger scales determine the properties of the accretion flow
on small scales.
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Figure 16. Radial structure of the angle-integrated mass inflow
and outflow rates for di↵erent sizes of the innermost grid rmin.
Physical parameters are set to RC/RB = 0.1 and ↵ = 0.01,
and the elapsed time is t ' 13 tdyn. Solid and dashed curves
present the inflow rate and the net accretion rate (including
both inflows and outflows), respectively. Since the density follows
⇢ / r�1/2 and the radial velocity follows |vr| ⇠ ⌫/r / r�1/2,
the inflow rate is proportional to the radius (Ṁ / r) within the
centrifugal radius. The net accretion rate decreases with rmin

and can be approximated by Eq. (32). The dotted line shows
Ṁ = (rmin/RB)ṀB.

4 GLOBAL SOLUTIONS OF RADIATIVELY
INEFFICIENT ACCRETION FLOWS

We now briefly discuss the global solution of radiatively in-
e�cient rotating-accretion flows, extending our results down
to the central BH. We also give an analytical expression for
the net BH feeding rate in the global solution, which can be
compared to observations of low-luminosity BHs such as Sgr
A⇤ and the BH in M87.

4.1 BH feeding rate and energy loss via radiation

As shown in Fig. 2, the mass inflow rate decreases towards
the center as Ṁ ' ⇢|vr|r2 / r. This is because the density
profile of a CDAF solution follows ⇢ / r�1/2 and the radial
velocity follows |vr| ⇠ ⌫/r / r�1/2 in the ↵-viscosity model,
respectively. Then, the net accretion rate (including both
inflows and outflows) is independent of radius and at a much
lower rate than the Bondi value.

Because of limitation of computational time, we do not
extend our computational domain down to the central BH
(r ⇠ RSch). Instead, we perform two additional simulations
with di↵erent locations of the innermost grid of rmin = 3⇥
10�3 RB (red) and 1.3⇥10�2 RB (blue). Fig. 16 shows radial
profiles of the angle-integrated inflow rate (dashed) and the
net accretion rate (solid). As shown clearly, the net accretion
rate decreases with rmin. Therefore, the time-averaged value
of the net accretion rate can be approximated as

Ṁ '
⇣ ↵
0.01

⌘�
✓
rmin

RB

◆
ṀB, (32)

where � ' 0.62. Assuming that the net accretion rate is
constant at r <⇠ 2 RC, we can estimate the net radial velocity
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Figure 4. Distribution of the gas density in the inner region for di↵erent values of angular momentum with RC/RB = 0.3 (left) and
0.1 (right). Isodensity contours and velocity vectors are shown, and the elapsed time is set to t = 13 tdyn as shown in Fig. 2.
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Figure 5. Radial profiles of the gas density along the equator
(✓ = ⇡/2) for the cases with RC/RB = 0.1 (red) 0.2 (green)
and 0.3 (blue). The density profiles are time-averaged over 6 
t/tdyn  16, and consist of two components. In the outer region,
they are approximated by an equilibrium solution of rotating gas,
“Fishbone-Moncrief solution”, following ⇢/⇢1 = (1 + RB/r)3/2

(dotted curve). In the inner region, the density profiles approach
⇢ / r�1/2 (dashed lines; Eq. 21), whose slope is the same as in
CDAF solutions. The transition occurs at r ' 2 RC for each case
(open circles).

Those profiles inside the centrifugal radius (r < 2 RC) are
summarized as c2s / r�1, v�/vK ' 1, and Be/v2K ' 0, where
vK =

p
GM•/r is the Keplerian velocity. Since gas accretion

begins from the Bondi radius, the Bernoulli number is close
to zero unless energy dissipation via viscosity is significant.
Within the centrifugal radius (r <⇠RC), the rotational veloc-
ity dominates and is approximated as ⇠ vK. Therefore, the
sound speed follows as c2s / r�1 as shown in panel (a). We

note that the profiles of the sound speed do not depend on
the angular momentum of the flow. In fact, the profiles can
be fit with

c2s = c21


1 + f(�)

RB

r

�
, (23)

where we adopt a functional form of f(�) as

f(�) ⌘ � � 1
� + 1� (� � 1)/2

(24)

Moreover, the rotational velocity inside the centrifugal ra-
dius is approximated as

v�
vK

= g(�) ⌘

s
2� (� � 1)

� + 1� (� � 1)/2
. (25)

For � = 1.6, f(�) = 0.26 and g(�) = 0.78. These functions
of f and g have been calculated by Quataert & Gruzinov
(2000) for marginally stable rotating accretion flows against
convection motions, i.e., CDAF solutions.

Fig. 7 shows profiles of the density as a function of the
polar angle ✓, at radial positions of 0.02  r/RB  1.0.
In the outer region (r >⇠ 2RC), the density profile follows
an equilibrium distribution and explained by the Fishbone-
Moncrief solution (short-dashed). In the inner region (r <
2 RC = 0.2 RB), the density concentration to the mid-plane
is higher. The angular profiles in the inner region can be ex-
plained by long-dashed curve, ⇢(✓) / (sin ✓)2[1/(��1)�1/2][=
(sin ✓)2.33 for � = 1.6] (Quataert & Gruzinov 2000). This
result also indicates that the profiles of the accretion flow
within the centrifugal radius are self-similar, and those prop-
erties approach those in CDAFs. Fig. 8 also presents an-
gular profiles of the Bernoulli number. In the inner region
(r < 2 RC), the value of Be is smaller than <⇠ 0.2 v2Kep

except in the vicinity of the poles. We note that the value
increases rapidly towards the poles, where weak outflows are
launched.
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Figure 3. Distribution of the gas density (top) and temperature (bottom) for di↵erent values of angular momentum with RC/RB = 0.3
(left) and 0.1 (right). The isodensity contours and the velocity vectors are shown in the top and bottom panel, respectively. The elapsed
times is set to t = 13 tdyn as shown in Fig. 2. Red dashed curve in the top panel presents the boundary where ⇢ = 0 for the initial
distribution. Thick black curve in the bottom panel shows the location of the Bondi radius.

Those profiles inside the disk (r < 2 RC) are summarized as
c2s / r�1, v�/vK ' 1, and Be/v2K ' 0, where vK =

p
GM•/r

is the Keplerian velocity. Since gas accretion begins from the
Bondi radius, the Bernoulli number is close to zero unless en-
ergy dissipation via viscosity is significant. Within the cen-
trifugal radius (r <⇠RC), the rotational velocity dominates
and is approximated as ⇠ vK. Therefore, the sound speed
follows as c2s / r�1 as shown in panel (a). We note that the
profiles of the sound speed do not depend on the angular

momentum of the flow. In fact, the profiles can be fit with

c2s = c21


1 + f(�)

RB

r

�
, (23)

where we adopt a functional form of f(�) as

f(�) ⌘ � � 1
� + 1� (� � 1)/2

(24)

Moreover, the rotational velocity inside the disk is approxi-
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This simulation result naturally explain 
nearby low-luminosity SMBHs
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Figure 5. Radial profiles of the gas density along the equator
(✓ = ⇡/2) for the cases with RC/RB = 0.1 (red) 0.2 (green)
and 0.3 (blue). The density profiles are time-averaged over 6 
t/tdyn  16, and consist of two components. In the outer region,
they are approximated by an equilibrium solution of rotating gas,
“Fishbone-Moncrief solution”, following ⇢/⇢1 = (1 + RB/r)3/2

(dotted curve). In the inner region, the density profiles approach
⇢ / r�1/2 (dashed lines; Eq. 21), whose slope is the same as in
CDAF solutions. The transition occurs at r ' 2 RC for each case
(open circles).

Those profiles inside the centrifugal radius (r < 2 RC) are
summarized as c2s / r�1, v�/vK ' 1, and Be/v2K ' 0, where
vK =

p
GM•/r is the Keplerian velocity. Since gas accretion

begins from the Bondi radius, the Bernoulli number is close
to zero unless energy dissipation via viscosity is significant.
Within the centrifugal radius (r <⇠RC), the rotational veloc-
ity dominates and is approximated as ⇠ vK. Therefore, the
sound speed follows as c2s / r�1 as shown in panel (a). We

note that the profiles of the sound speed do not depend on
the angular momentum of the flow. In fact, the profiles can
be fit with

c2s = c21


1 + f(�)

RB

r

�
, (23)

where we adopt a functional form of f(�) as

f(�) ⌘ � � 1
� + 1� (� � 1)/2

(24)

Moreover, the rotational velocity inside the centrifugal ra-
dius is approximated as

v�
vK

= g(�) ⌘

s
2� (� � 1)

� + 1� (� � 1)/2
. (25)

For � = 1.6, f(�) = 0.26 and g(�) = 0.78. These functions
of f and g have been calculated by Quataert & Gruzinov
(2000) for marginally stable rotating accretion flows against
convection motions, i.e., CDAF solutions.

Fig. 7 shows profiles of the density as a function of the
polar angle ✓, at radial positions of 0.02  r/RB  1.0.
In the outer region (r >⇠ 2RC), the density profile follows
an equilibrium distribution and explained by the Fishbone-
Moncrief solution (short-dashed). In the inner region (r <
2 RC = 0.2 RB), the density concentration to the mid-plane
is higher. The angular profiles in the inner region can be ex-
plained by long-dashed curve, ⇢(✓) / (sin ✓)2[1/(��1)�1/2][=
(sin ✓)2.33 for � = 1.6] (Quataert & Gruzinov 2000). This
result also indicates that the profiles of the accretion flow
within the centrifugal radius are self-similar, and those prop-
erties approach those in CDAFs. Fig. 8 also presents an-
gular profiles of the Bernoulli number. In the inner region
(r < 2 RC), the value of Be is smaller than <⇠ 0.2 v2Kep

except in the vicinity of the poles. We note that the value
increases rapidly towards the poles, where weak outflows are
launched.
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Figure 3. Distribution of the gas density (top) and temperature (bottom) for di↵erent values of angular momentum with RC/RB = 0.3
(left) and 0.1 (right). The isodensity contours and the velocity vectors are shown in the top and bottom panel, respectively. The elapsed
times is set to t = 13 tdyn as shown in Fig. 2. Red dashed curve in the top panel presents the boundary where ⇢ = 0 for the initial
distribution. Thick black curve in the bottom panel shows the location of the Bondi radius.

Those profiles inside the disk (r < 2 RC) are summarized as
c2s / r�1, v�/vK ' 1, and Be/v2K ' 0, where vK =

p
GM•/r

is the Keplerian velocity. Since gas accretion begins from the
Bondi radius, the Bernoulli number is close to zero unless en-
ergy dissipation via viscosity is significant. Within the cen-
trifugal radius (r <⇠RC), the rotational velocity dominates
and is approximated as ⇠ vK. Therefore, the sound speed
follows as c2s / r�1 as shown in panel (a). We note that the
profiles of the sound speed do not depend on the angular

momentum of the flow. In fact, the profiles can be fit with

c2s = c21


1 + f(�)

RB

r

�
, (23)

where we adopt a functional form of f(�) as

f(�) ⌘ � � 1
� + 1� (� � 1)/2

(24)

Moreover, the rotational velocity inside the disk is approxi-
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results

This simulation result naturally explain 
nearby low-luminosity SMBHs



Summary

・SMBHs have a maximum mass of 1010Msun, which 
    seems independent of redshift

・The gas inflow rate onto the nuclear region for a BH  
    with M>Mmax can be 1% of the Eddington accretion rate

a radiatively inefficient AGN disk

・Such accretion flows flow from larger scales are so    
   convectively unstable that further BH feeding / growth 

 is strongly suppressed Mmax ~ 1010Msun



Thank you !



Appendix
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timescale !adv ¼ r/Vr and (2) the star formation timescale !? ¼
1/("!). At any radius in the disk, there is a critical accretion rate
Ṁc for which !adv ¼ !?. Taking the optically thick limit and as-
suming # ¼ #0T

2 (x 2.3) yields

Ṁc ¼ r2
213=2$3GQ%SB

3#2
0&

2c3

! "1=2

" 280r2200&
#1
3 ##1

#3:6Q
1=2 M$ yr#1; ð44Þ

where we have scaled the radius to 200 pc in anticipation of
numerical calculations described below. If the gas accretion rate
in the disk satisfies Ṁ > Ṁc, then !adv < !? and the gas is able
to accrete inward to smaller radii. By contrast, if Ṁ < Ṁc, then
!adv > !? and most of the gas is converted into stars at radius r
without flowing significantly inward. We note that gas supply
rates exceeding Ṁc seem plausible in view of the fact that many
ULIRGs have star formation rates greater than Ṁc.

Equation (44) has several important properties. First, Ṁc

is seemingly independent of the viscosity. This results from
the fact that we have assumed # / T2, which is valid only at
low temperatures and thus large radii. For general # or in the
optically thin limit, Ṁc depends explicitly on the viscosity (see
Appendix D). Second, Ṁc is an increasing function of radius.
Thus, if gas is supplied at the outer radius Rout at a rate Ṁout >
Ṁc, significant gas accretion can continue to smaller radii. How-
ever, on scales smaller than"10 pc, the central disk temperature
is high enough that dust sublimates, # decreases dramatically,
and the star formation rate required to maintainQ " 1 increases
(Fig. 2; see also Sirko & Goodman 2003). The large star for-
mation rate at small radii makes it difficult to fuel a central
accretion disk at a rate sufficient to explain bright AGNs. This
competition between star formation (!?) and inflow (!adv), par-
ticularly throughout the opacity gap on 0.1–10 pc scales, de-
termines the rate at which a central AGN is fueled.

3.1. A Model of AGN Fueling

In Appendix C we collect the equations and parameters used
in this section to derive the properties of starburst and AGN disks.
As in x 2, we assume that ! ¼ !K, but here we account for the
gravitational potential of the black hole: !2

K ¼ GMBH/r
3 þ 2%2/

r2. The black hole mass is assumed to be given by the MBH-%
relation:MBH ’ 2 ;108%4

200 M$ (Tremaine et al. 2002; Ferrarese
& Merritt 2000; Gebhardt et al. 2000). In calculating vertical
hydrostatic equilibrium, we include gas pressure, which is im-
portant for rP 1 pc. The most important change relative to the
model of x 2 is the use of a consistent accretion rate that ac-
counts for the loss of gas locally to star formation (eq. [43]).

Although the critical accretion rate Ṁc at which !adv ¼ !?
does not depend that strongly on the viscosity in the disk at large
radii (eq. [44]), the fate of gas at small radii in the opacity gap is
a very strong function of the rate of angular momentum trans-
port. The efficiency of angular momentum transport is impor-
tant because, for fixed Ṁ , higher viscosity implies lower surface
density and thus self-gravity is comparatively less problem-
atic. Indeed, it is well known that local angular momentum
transport, such as is produced by the magnetorotational insta-
bility (Balbus 2003), is incapable of supplying sufficient gas
to a central black hole to account for luminous AGNs (e.g.,
Shlosman & Begelman 1989; Shlosman et al. 1990; Goodman
2003).

One possible solution to this problem is that angular mo-
mentum transport proceeds by global torques such as would be
provided by stellar bars, spiral waves, or large-scale magnetic

stresses (Shlosman et al. 1990; Goodman 2003).10 In this sec-
tion we use a phenomenological prescription to describe this
process: we assume that the radial transport of gas by a global
torque allows the radial velocity to approach a constant fraction
m of the local sound speed (Goodman 2003). In this case,

Ṁ ¼ 2$r"gVr ¼
23=2!3rh2m

GQ
ð45Þ

and the relationship between accretion rate and gas fraction is
given by

fg ¼
23=2

Qm

ṀG

!rð Þ3

" #1=2

ð46Þ

instead of equation (42). Our hope is that, much as the Shakura-
Sunyaev prescription provides a useful zeroth-order model for
local angular momentum transport in disks, the above model
captures some of the essential physics of disks in which angu-
lar momentum transport is dominated by global torques. With
equation (45) to relate the gas surface density to the gas accre-
tion rate, we solve the equations of Appendix C to determine the
structure of the disk.

3.2. Results

The dashed lines in Figure 5 show the mass accretion rate
Ṁ as a function of radius for Ṁout ¼ 80, 160, 220, 320, and

10 An alternative possibility not considered here is that AGNs are fueled by
low angular momentum gas (Goodman 2003), including perhaps the hot ISM in
clusters of galaxies (e.g., Nulsen & Fabian 2000).

Fig. 5.—Local star formation rate (Ṁ? ¼ $r 2"̇?; solid lines) and accre-
tion rate (dashed lines) as a function of radius for Ṁout ¼ 80, 160, 220, 320, and
640M$ yr#1 in amodel with Rout ¼ 200 pc and % ¼ 300 km s#1. Note the strong
bifurcation between models with low mass supply rates (Ṁout ( 160 M$ yr#1;
see eq. [44]) andmodels with high mass supply rates (Ṁout ) 220M$ yr#1). The
latter produce outer (r " Rout) and inner (r " 1 10 pc) starbursts but also fuel
a bright central AGN with ṀBH " 4 M$ yr#1 (Appendix A). Fig. 7 shows the
computed spectra for each model. Fig. 6 shows the full disk structure for the
model with Ṁout ¼ 320 M$ yr#1.
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nuclear region. We have argued that even if gas is supplied to
the galaxy at such high rates, most of the gas forms stars at
larger radii (∼100 pc). Adopting the model by TQM05 for a
star-forming disk, the accretion rate in the subparsec nuclear
region is reduced to the smaller value of at most
_ �

: :M M M4 yr 101
BH

10 0.3( ) . This prevents SMBHs from
growing above � :M1011 in the age of the universe.
Furthermore, at this low rate ( 1 �M M 10BH Edd

2˙ ˙ ), the nuclear
BH disk cannot maintain a thin structure and changes to a
radiatively inefficient ADAF. Once this transition occurs, the
BH feeding is further suppressed by strong outflows from hot
gas near the BH. The maximum mass of SMBHs is given by
the critical mass where this transition occurs,

q� :M M0.9 6.2 10BH,max
10( – ) , and depends primarily on

the angular momentum transfer efficiency in the galactic disk,
and only weakly on other properties of the host galaxy.

Although this model gives a compelling explanation for the
observed maximum SMBH masses, it underpredicts, by a
factor of afew, the highest observed quasar luminosities. These
rare high-luminosity objects would require a high (near-
Eddington) accretion rate, but we have argued that they do
not significantly add to the SMBH masses, because these bursts
may correspond to brief episodes following major mergers, and
because we find that self-gravity prevents a stable accretion
disk from forming for � q :M M4.5 10BH

10 even in this high-
M MBH Edd˙ ˙ regime.
Finally, if the explanation proposed here is correct, it

requires that stars forming in disks around the most massive
SMBHs have a top-heavy IMF, in order to avoid over-
producing the masses of compact nuclear starclusters in
massive elliptical galaxies. This is consistent with theoretical
expectations.

We thank Jeremiah Ostriker, Yuri Levin, Nicholas Stone,
Benny Trakhtenbrot, Kazumi Kashiyama, Shy Genel, Kohei
Ichikawa, and Jia Liu for fruitful discussions. This work is
partially supported by theSimons Foundation through the
Simons Society of Fellows (KI), and by NASA grants
NNX11AE05G and NNX15AB19G (ZH).

APPENDIX
ANALYTICAL DERIVATIONS OF

THE SCALING RELATIONS

We here give derivations of the scaling relations of

* L4 r 4g˙ (Section 2.1) and rM mMBH BH
1 3˙

(Section 2.2)and an analytical expression of Mcrit˙ (Section 2.1).
These arguments are based on TQM05 (see their Section 2 and
Appendix).

In a starburst disk, we assume that the accretion disk is
marginally stable against the self-gravity ( �Q 1 or 4 r 8cg s )
and is a hydrostatic equilibrium state to the vertical direction,
andthe total pressure is given by

S� 8 � 4 8 r 4p h c . 142 2
g s g

2 ( )

For a radiation-pressure dominant ( r�p p Trad
4) and

optically thick (U � 1) disk, the pressure is expressed as

*Ur 4p ˙ (see Equation (4)). Combining these relations with
U L4� g, we can obtain two relations:

* L4 r 4 , 15g˙ ( )

r 4T . 16g
1 2 ( )

As we discussed in Section 2.1, the star formation rate
increases at radiiwhere dust opacity decreases by sublimation
(e.g., �T 1000 Kdust,sub )to maintain the marginally stable disk
structure.
Next, we derive the relation of the BH feeding rate MBH˙ with

the BH mass and the Mach number of the radial velocity
( �m v cr s). As the gas temperature in the disk increases
inward and reaches �T 1000 Kdust,sub( ), the opacity rapidly
decreases because of dust sublimation (L r CT at 2T Tdust,sub,
where C � �20). In this opacity gap, higher star formation
rates are required to support the disk in the vertical direction via
radiation pressure (see Equation (15)). Because of the gas
consumption, the gas accretion rate decreases inward inside the
opacity gap, where timescales of the star formation * *w 4 4t g ˙
and the radial advection wt r vadv r are balanced. These
timescales are estimated as

* Lr r Ct T , 17( )

r
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8
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r
m

r
T m

, 18adv
g

2
( )

where we use Equations (15) and (16). Thus, the condition
where * �t tadv gives us a relation of
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which means that �T Tdust,sub is kept inside the opacity gap.
Since the accretion and the star formation are balanced
( *_ 4M r2˙ ˙ ), we obtain a relation from Equations (15) and
(19):
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The accretion rate decreases approximately following
rM r5 2˙ in the opacity gap, where the temperature does not

change but the density increases toward the center. As a result,
the gas pressure dominates the radiation pressure eventually,
and thus star formation becomes less important as an energy
source to support the disk structure. We estimate the
characteristic radius Rgas within which �p pgas rad. From the
equation of continuity (Equation (3)), we estimate

4 8 _
8�p c

M
rm

. 21gas g s
˙

( )

Since r 8p Tgas
2 and rp Trad

4, the condition of
�p pgas rad gives

⎜ ⎟⎛
⎝

⎞
⎠rp

M
r

, 22rad 3

4 3
( )

and thus we obtain

r �R M M m . 23gas
2 3

BH
5 9 2 3˙ ( )

At �r Rgas, the star formation rate isbelow the gas
accretion rate and thus �M r const˙ ( ) , which is the BH feeding
rate MBH˙ . Substituting Equation (23) into Equation (20), we
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nuclear region. We have argued that even if gas is supplied to
the galaxy at such high rates, most of the gas forms stars at
larger radii (∼100 pc). Adopting the model by TQM05 for a
star-forming disk, the accretion rate in the subparsec nuclear
region is reduced to the smaller value of at most
_ �

: :M M M4 yr 101
BH

10 0.3( ) . This prevents SMBHs from
growing above � :M1011 in the age of the universe.
Furthermore, at this low rate ( 1 �M M 10BH Edd

2˙ ˙ ), the nuclear
BH disk cannot maintain a thin structure and changes to a
radiatively inefficient ADAF. Once this transition occurs, the
BH feeding is further suppressed by strong outflows from hot
gas near the BH. The maximum mass of SMBHs is given by
the critical mass where this transition occurs,

q� :M M0.9 6.2 10BH,max
10( – ) , and depends primarily on

the angular momentum transfer efficiency in the galactic disk,
and only weakly on other properties of the host galaxy.

Although this model gives a compelling explanation for the
observed maximum SMBH masses, it underpredicts, by a
factor of afew, the highest observed quasar luminosities. These
rare high-luminosity objects would require a high (near-
Eddington) accretion rate, but we have argued that they do
not significantly add to the SMBH masses, because these bursts
may correspond to brief episodes following major mergers, and
because we find that self-gravity prevents a stable accretion
disk from forming for � q :M M4.5 10BH

10 even in this high-
M MBH Edd˙ ˙ regime.
Finally, if the explanation proposed here is correct, it

requires that stars forming in disks around the most massive
SMBHs have a top-heavy IMF, in order to avoid over-
producing the masses of compact nuclear starclusters in
massive elliptical galaxies. This is consistent with theoretical
expectations.
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Ichikawa, and Jia Liu for fruitful discussions. This work is
partially supported by theSimons Foundation through the
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These arguments are based on TQM05 (see their Section 2 and
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andthe total pressure is given by
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4) and
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*Ur 4p ˙ (see Equation (4)). Combining these relations with
U L4� g, we can obtain two relations:
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As we discussed in Section 2.1, the star formation rate
increases at radiiwhere dust opacity decreases by sublimation
(e.g., �T 1000 Kdust,sub )to maintain the marginally stable disk
structure.
Next, we derive the relation of the BH feeding rate MBH˙ with

the BH mass and the Mach number of the radial velocity
( �m v cr s). As the gas temperature in the disk increases
inward and reaches �T 1000 Kdust,sub( ), the opacity rapidly
decreases because of dust sublimation (L r CT at 2T Tdust,sub,
where C � �20). In this opacity gap, higher star formation
rates are required to support the disk in the vertical direction via
radiation pressure (see Equation (15)). Because of the gas
consumption, the gas accretion rate decreases inward inside the
opacity gap, where timescales of the star formation * *w 4 4t g ˙
and the radial advection wt r vadv r are balanced. These
timescales are estimated as
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The accretion rate decreases approximately following
rM r5 2˙ in the opacity gap, where the temperature does not

change but the density increases toward the center. As a result,
the gas pressure dominates the radiation pressure eventually,
and thus star formation becomes less important as an energy
source to support the disk structure. We estimate the
characteristic radius Rgas within which �p pgas rad. From the
equation of continuity (Equation (3)), we estimate
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nuclear region. We have argued that even if gas is supplied to
the galaxy at such high rates, most of the gas forms stars at
larger radii (∼100 pc). Adopting the model by TQM05 for a
star-forming disk, the accretion rate in the subparsec nuclear
region is reduced to the smaller value of at most
_ �

: :M M M4 yr 101
BH

10 0.3( ) . This prevents SMBHs from
growing above � :M1011 in the age of the universe.
Furthermore, at this low rate ( 1 �M M 10BH Edd

2˙ ˙ ), the nuclear
BH disk cannot maintain a thin structure and changes to a
radiatively inefficient ADAF. Once this transition occurs, the
BH feeding is further suppressed by strong outflows from hot
gas near the BH. The maximum mass of SMBHs is given by
the critical mass where this transition occurs,

q� :M M0.9 6.2 10BH,max
10( – ) , and depends primarily on

the angular momentum transfer efficiency in the galactic disk,
and only weakly on other properties of the host galaxy.

Although this model gives a compelling explanation for the
observed maximum SMBH masses, it underpredicts, by a
factor of afew, the highest observed quasar luminosities. These
rare high-luminosity objects would require a high (near-
Eddington) accretion rate, but we have argued that they do
not significantly add to the SMBH masses, because these bursts
may correspond to brief episodes following major mergers, and
because we find that self-gravity prevents a stable accretion
disk from forming for � q :M M4.5 10BH

10 even in this high-
M MBH Edd˙ ˙ regime.
Finally, if the explanation proposed here is correct, it

requires that stars forming in disks around the most massive
SMBHs have a top-heavy IMF, in order to avoid over-
producing the masses of compact nuclear starclusters in
massive elliptical galaxies. This is consistent with theoretical
expectations.
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4) and
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radiation pressure (see Equation (15)). Because of the gas
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The accretion rate decreases approximately following
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change but the density increases toward the center. As a result,
the gas pressure dominates the radiation pressure eventually,
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nuclear region. We have argued that even if gas is supplied to
the galaxy at such high rates, most of the gas forms stars at
larger radii (∼100 pc). Adopting the model by TQM05 for a
star-forming disk, the accretion rate in the subparsec nuclear
region is reduced to the smaller value of at most
_ �

: :M M M4 yr 101
BH

10 0.3( ) . This prevents SMBHs from
growing above � :M1011 in the age of the universe.
Furthermore, at this low rate ( 1 �M M 10BH Edd

2˙ ˙ ), the nuclear
BH disk cannot maintain a thin structure and changes to a
radiatively inefficient ADAF. Once this transition occurs, the
BH feeding is further suppressed by strong outflows from hot
gas near the BH. The maximum mass of SMBHs is given by
the critical mass where this transition occurs,

q� :M M0.9 6.2 10BH,max
10( – ) , and depends primarily on

the angular momentum transfer efficiency in the galactic disk,
and only weakly on other properties of the host galaxy.

Although this model gives a compelling explanation for the
observed maximum SMBH masses, it underpredicts, by a
factor of afew, the highest observed quasar luminosities. These
rare high-luminosity objects would require a high (near-
Eddington) accretion rate, but we have argued that they do
not significantly add to the SMBH masses, because these bursts
may correspond to brief episodes following major mergers, and
because we find that self-gravity prevents a stable accretion
disk from forming for � q :M M4.5 10BH

10 even in this high-
M MBH Edd˙ ˙ regime.
Finally, if the explanation proposed here is correct, it

requires that stars forming in disks around the most massive
SMBHs have a top-heavy IMF, in order to avoid over-
producing the masses of compact nuclear starclusters in
massive elliptical galaxies. This is consistent with theoretical
expectations.

We thank Jeremiah Ostriker, Yuri Levin, Nicholas Stone,
Benny Trakhtenbrot, Kazumi Kashiyama, Shy Genel, Kohei
Ichikawa, and Jia Liu for fruitful discussions. This work is
partially supported by theSimons Foundation through the
Simons Society of Fellows (KI), and by NASA grants
NNX11AE05G and NNX15AB19G (ZH).

APPENDIX
ANALYTICAL DERIVATIONS OF

THE SCALING RELATIONS

We here give derivations of the scaling relations of

* L4 r 4g˙ (Section 2.1) and rM mMBH BH
1 3˙

(Section 2.2)and an analytical expression of Mcrit˙ (Section 2.1).
These arguments are based on TQM05 (see their Section 2 and
Appendix).
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and is a hydrostatic equilibrium state to the vertical direction,
andthe total pressure is given by
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4) and
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As we discussed in Section 2.1, the star formation rate
increases at radiiwhere dust opacity decreases by sublimation
(e.g., �T 1000 Kdust,sub )to maintain the marginally stable disk
structure.
Next, we derive the relation of the BH feeding rate MBH˙ with

the BH mass and the Mach number of the radial velocity
( �m v cr s). As the gas temperature in the disk increases
inward and reaches �T 1000 Kdust,sub( ), the opacity rapidly
decreases because of dust sublimation (L r CT at 2T Tdust,sub,
where C � �20). In this opacity gap, higher star formation
rates are required to support the disk in the vertical direction via
radiation pressure (see Equation (15)). Because of the gas
consumption, the gas accretion rate decreases inward inside the
opacity gap, where timescales of the star formation * *w 4 4t g ˙
and the radial advection wt r vadv r are balanced. These
timescales are estimated as
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The accretion rate decreases approximately following
rM r5 2˙ in the opacity gap, where the temperature does not

change but the density increases toward the center. As a result,
the gas pressure dominates the radiation pressure eventually,
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Figure 4. Distribution of the gas density in the inner region for di↵erent values of angular momentum with RC/RB = 0.3 (left) and
0.1 (right). Isodensity contours and velocity vectors are shown, and the elapsed time is set to t = 13 tdyn as shown in Fig. 2.
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Figure 5. Radial profiles of the gas density along the equator
(✓ = ⇡/2) for the cases with RC/RB = 0.1 (red) 0.2 (green)
and 0.3 (blue). The density profiles are time-averaged over 6 
t/tdyn  16, and consist of two components. In the outer region,
they are approximated by an equilibrium solution of rotating gas,
“Fishbone-Moncrief solution”, following ⇢/⇢1 = (1 + RB/r)3/2

(dotted curve). In the inner region, the density profiles approach
⇢ / r�1/2 (dashed lines; Eq. 21), whose slope is the same as in
CDAF solutions. The transition occurs at r ' 2 RC for each case
(open circles).

Those profiles inside the centrifugal radius (r < 2 RC) are
summarized as c2s / r�1, v�/vK ' 1, and Be/v2K ' 0, where
vK =

p
GM•/r is the Keplerian velocity. Since gas accretion

begins from the Bondi radius, the Bernoulli number is close
to zero unless energy dissipation via viscosity is significant.
Within the centrifugal radius (r <⇠RC), the rotational veloc-
ity dominates and is approximated as ⇠ vK. Therefore, the
sound speed follows as c2s / r�1 as shown in panel (a). We

note that the profiles of the sound speed do not depend on
the angular momentum of the flow. In fact, the profiles can
be fit with

c2s = c21


1 + f(�)

RB

r

�
, (23)

where we adopt a functional form of f(�) as

f(�) ⌘ � � 1
� + 1� (� � 1)/2

(24)

Moreover, the rotational velocity inside the centrifugal ra-
dius is approximated as

v�
vK

= g(�) ⌘

s
2� (� � 1)

� + 1� (� � 1)/2
. (25)

For � = 1.6, f(�) = 0.26 and g(�) = 0.78. These functions
of f and g have been calculated by Quataert & Gruzinov
(2000) for marginally stable rotating accretion flows against
convection motions, i.e., CDAF solutions.

Fig. 7 shows profiles of the density as a function of the
polar angle ✓, at radial positions of 0.02  r/RB  1.0.
In the outer region (r >⇠ 2RC), the density profile follows
an equilibrium distribution and explained by the Fishbone-
Moncrief solution (short-dashed). In the inner region (r <
2 RC = 0.2 RB), the density concentration to the mid-plane
is higher. The angular profiles in the inner region can be ex-
plained by long-dashed curve, ⇢(✓) / (sin ✓)2[1/(��1)�1/2][=
(sin ✓)2.33 for � = 1.6] (Quataert & Gruzinov 2000). This
result also indicates that the profiles of the accretion flow
within the centrifugal radius are self-similar, and those prop-
erties approach those in CDAFs. Fig. 8 also presents an-
gular profiles of the Bernoulli number. In the inner region
(r < 2 RC), the value of Be is smaller than <⇠ 0.2 v2Kep

except in the vicinity of the poles. We note that the value
increases rapidly towards the poles, where weak outflows are
launched.
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