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M87:  M• = 6.6 (+0.4-0.4) x 109 M⊙
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M87:  M• = 3.5 (+0.9-0.7) x 109 M⊙
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Gebhardt et al. (2000); Ferrarese & Merritt (2000); Gültekin et al. (2009)
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Kormendy & Ho (2013, ARA&A)

Intrinsic scatter  𝛆0 = 0.29 dex for both relations
Valid only for ellipticals and classical bulges!
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Figure 9
(top) Schematic views of the almost-edge-on, warped maser disk of NGC 4258 (from Moran 2008)
with warp parameters from Herrnstein et al. (2005) and including the inner contours of the radio jet.
The relative positions of the receding, near-systemic, and approaching masers are indicated by red,
green, and blue spots, respectively. Differences in line-of-sight projection corrections to the slightly
tilted maser velocities account for the departures in the high-|V | masers from exact Keplerian
rotation. The near-systemic masers are seen tangent to the bottom of the maser disk bowl along the
line of sight. They drift from right to left in ∼ 12 years across the green patch where amplification
is sufficient for detection; this patch subtends ±4◦ as seen from the center (Moran 2008).
(bottom) NGC 4258 rotation curve V (r) versus radius in units of pc (bottom axis), Schwarzschild
radii (top axis), and milliarcsec (extra axis). The black curve is a Keplerian fit to 4255 velocities
of red- and blue-shifted masers (red and blue dots). The small green points and line show
10036 velocities of near-systemic masers and a linear fit to them. The green filled circle is the
corresponding mean V (r) point (§ 3.3.2). The maser data are taken from Argon et al. (2007).
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Reverberation Mapping

   R = BLR size
∆V = viral velocity
    f = viral factor

      time delay：
𝜏 = (1+cos 𝛉) R/c 

continuum

broad line

 f = viral factor
needs external calibration



Calibration of f-factor

Ho & Kim (2014)

f = 6.3 ± 1.3   𝛆0 = 0.39 ± 0.07 
Classical bulges

f = 3.2 ± 0.7   𝛆0 = 0.34 ± 0.06 
Pseudo bulges



Calibration of Single-Epoch Virial Masses

Ho & Kim (2015)

a = 7.03 ± 0.02   𝛆0 = 0.32 
Classical bulges

a = 6.62 ± 0.04   𝛆0 = 0.38
Pseudo bulges



Kim, Ho, et al. (2016)

Figure 1: ACS/WFC F625W images of two PG quasars in interacting host galaxies from our Cycle 12

program. The wide field of view of the WFC camera makes it possible to detect tidal tails, interacting

companions, and other structure that would have been missed with the ACS/HRC, WFPC2/PC, or

NICMOS/NIC1 or NIC2 cameras.

Figure 2: Host galaxy morphologies of low-z PG quasars, from our Cycle 12 ACS program. The AGN

point source component has been subtracted off using GALFIT, leaving the host galaxy morphology

clearly visible. Each image section is 25 25 . Three hosts are normal spirals (two of which are strongly

barred), one is an elliptical, two are spirals involved in interactions, and one (PG1613+658) is a late-stage

merger which cannot clearly be classified in the Hubble sequence. From left to right, the quasars are

PG 0804+761, 0844+349, 1211+143, 1351+640, 1411+442, 1613+658, and 1617+175.

Figure 3: Example of a GALFIT decomposition for PG 0804+761. The host galaxy is an early-type barred

spiral. From left to right, the panels are (a) the raw quasar image, (b) the host galaxy after subtracting off

the AGN point source, (c) the GALFIT host galaxy model including bulge, disk, and bar components, and

(d) residuals after subtracting off all components (shown with a much higher-contrast grayscale stretch). In

the final fit, the bulge has R = 20.3 mag and reff = 1 1.
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The Radius-Luminosity Relation

Bentz et al. (2013)

R ∝ L0.5

→ ←
       ∆V

Hβ 

continuum
         L

Du et al. (2016b) Du et al. (2016a)



Can we ever get rid of the f-factor?

How well can we interpret velocity-delay maps? 

How well can we trust BLR dynamical modeling?

Can we obtain masses better than 0.3-0.5 dex?



A New Strategy Using ALMA

Figure 1: Central portion of HST optical images of NGC 1332, 4261, and 4374 (from left to right).
In each case the field of view is 6′′ × 6′′. All images were taken with the WFPC2/PC camera. In
NGC 4374, in addition to the rotating circumnuclear disk, there is a larger-scale dust lane that is
spatially offset from the disk; this offset dust lane is visible in the upper half of the figure.

Table 1. Sample Properties
Galaxy Type cz D σ MBH Method rg rdisk

(km s−1) (Mpc) (km s−1) (M⊙) (arcsec) (arcsec)
NGC 1332 S0 1524 20.0 320 ± 10 (1.45 ± 0.2) × 109 stars 0.63 2.1
NGC 4261 E 2238 33.4 315 ± 15 5.5+1.1

−1.2 × 108 gas 0.15 0.8
NGC 4374 E 1060 17.0 296 ± 14 8.5+0.9

−0.8 × 108 gas 0.51 1.2

Notes: Basic data and BH masses are taken from NED and from Gültekin et al. (2009), Rusli et al.
(2011), Ferrarese et al. (1996), and Walsh et al. (2010). The “Method” column indicates whether
the previous BH mass measurement was done via the dynamics of stars or ionized gas. As described
above, we believe that the mass measured for NGC 4261 should be considered a lower limit, since
turbulent pressure support was not accounted for in modeling the ionized gas dynamics, thus the
estimated rg would also be a lower limit. The last column gives the dust disk radius rdisk in arcseconds.

2.3 Immediate objective:

Our goal is to detect the 12CO(2-1) emission from the circumnuclear disks and measure the velocity
profiles, which we anticipate will show double-horned shapes due to disk rotation (e.g., Lim et al.
2000). We choose 12CO(2-1) because it is likely to be the strongest molecular feature (i.e., often
stronger than the 1-0 transition), as shown by previous observations of early-type galaxies (e.g.,
Young et al. 2011). Additionally, the 12CO(2-1) line allows us to achieve higher angular resolution
than the 12CO(1-0) line. We will model the CO line profiles to obtain preliminary estimates of
BH masses, and we will use the measured CO fluxes as a guide toward preparation of future ALMA
proposals for deeper and higher-resolution observations that will enable us to measure the BH masses
directly and accurately from the spatially resolved disk kinematics.

Figure 2 shows simulations of the 12CO(2-1) line profiles for the NGC 4261 disk as an example.
Using the disk inclination measured from HST data (i = 64◦; Ferrarese et al. 1996), the simulations
show that the overall profile width and separation of the double horns of the profile are sensitive
to MBH, even when the disk is spatially unresolved. Furthermore, the overall profile width is not
highly sensitive to the radial profile of CO surface brightness in the disk. While local inhomogeneities
in disk structure will likely make the line profiles somewhat irregular compared with these simple
model predictions, the profile width is still capable of demonstrating the presence of a central massive
object. Future, higher-resolution ALMA data that spatially resolves the disk kinematics can be used
to directly model the disk kinematics and BH mass even if local irregularities in surface brightness
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ALMA (NRAO/ESO/NAOJ) /  
Hubble Space Telescope (NASA/ESA) /  
Carnegie-Irvine Galaxy Survey

Hubble ALMA

NGC 1332
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