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Stellar Orbits in the Central Arcsec

Caption:
The orbits of stars within the central 1.0 X 1.0 arcseconds of our Galaxy. In the background,
the central portion of a diffraction-limited image taken in 2012 is displayed. While every
star in this image has been seen to move over the past 17 years, estimates of orbital
parameters are best constrained for stars that have been observed through at least one
turning point of their orbit. The annual average positions for these stars are plotted as
colored dots, which have increasing color saturation with time. Also plotted are the best
fitting simultaneous orbital solutions. These orbits provide the best evidence yet for a
supermassive black hole, which has a mass of 4 million times the mass of the Sun.

http://www.galacticcenter.astro.ucla.edu/pictures/orbitsOverIm...
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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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Figure 8.3.1

From Schawinski et al. (2010), the distribution (green shading) of the fraction of galaxies that host
AGNs superposed on the SDSS galaxy color-mass correlation (contours). The key relates the green
shading to the AGN fraction, which is interpreted by Schawinski et al. (2010) as approximately
equal to the fraction of time that an AGN is switched on. The solid black contours show, for
morphological subsamples identified in the keys, relative numbers of all 47675 galaxies (not just
the 942 AGN hosts) as functions of u − r color and stellar mass as determined from fitting stellar
population models to five-point spectral energy distributions measured in the SDSS photometric
bandpasses. To guide the eye, the contours for all galaxies are repeated in the other panels with
dotted lines. Galaxy classifications are from the Galaxy Zoo project (Lintott et al. 2008), requiring
80% agreement among multiple citizen scientist classifiers for the early and late types. Early-type
galaxies comprise 19% of the 47675 galaxies in the sample and mostly are ellipticals and S0s along
with probably a few spheroidals as defined by KFCB. Late-type galaxies are 34% of the sample
and include all galaxies (even Sas) with robustly discernably disks. Intermediate types are 47% of
the sample and are those galaxies for which < 80% of classifiers agreed; images show that many of
these galaxies contain disks, but this subsample also includes the few mergers-in-progress. AGNs
are identified using BPT diagrams (Baldwin et al. 1981) based on emission-line ratios from SDSS
spectra; they are reliable for Seyfert II AGNs (argued to have hosts galaxies that are representative
of all Seyferts) but miss other AGNs (e. g., Seyfert I galaxies, many radio galaxies, and heavily
obscured AGNs). LINERs are not included, but adding high-luminosity LINERs does not change
the results. Of the 942 AGNs, 12% are in early-type galaxies, 46% are in intermediate-type
galaxies, and 43% are in late-type galaxies.

Schawinski et al. (2010)



Standard “Paradigm”

☯ All bulges contain BHs

☯ M• ~  Mbulge        〈M• / Mbulge〉 ~ 0.1%− 0.2%

☯ M• ∝ σ4 

☯	 M•−σ relation tighter than  M• − Mbulge relation

☯	 No strong dependence on galaxy mass or type

☯ Mild to strong evolution with redshift

☯ AGN feedback engineers BH-host correlations

1.0



Recent Developments

Kormendy & Ho (2013, ARA&A): 

Coevolution (or Not) of Supermassive Black Holes and Galaxies









NGC 4889: M• = 2.1 x 1010 M⊙  (McConnell et al. 2011)
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3.22. NGC 4526
NGC 4526 is the brightest S0 galaxy in the Virgo cluster

(after correction of misclassifications of brighter ellipticals
in KFCB). Figure 0 shows a spectacular dust disk near the
center; this is associated with molecular gas that makes it
feasible to detect a BH by observing the CO rotation curve with
the Combined Array for Research in Millimetre Astronomy
(CARMA) (Davis et al. 2013). This will be a very promising
technique with the Atacama Large Millimeter Array (ALMA).
Davis et al. (2013) get M• = 4.51+4.21

−3.10×108 M! for our adopted
distance of D = 16.44 Mpc (Tonry et al. 2001 corrected via
Equation A1 in Blakeslee et al. 2010). They also provide
σe = 222 km s−1 from Cappellari et al. (2006).

FIG. 0.— SDSS color image (bottom) and HST WFPC2 V -band images at
two different grayscale “stretches” (top panels) of NGC 4526, the brightest S0
galaxy in the Virgo cluster. To get more dynamic range, brightness in the HST
images is proportional to the square root of intensity. North is up and east is
at left. The prominent dust lane is a complication for the photometry, but the
molecular gas that is associated with the dust makes the BH detection via the
molecular gas rotation curve feasible (Davis et al. 2013).

Our photometry of the galaxy is shown in Figure 00. Because
of the dust, we use a central profile measured from an archival
HST NICMOS NIC1 image taken with the F160W filter and
graft this onto an HST ACS profile taken in F850LP. This
actually agrees very well with a profile measured at larger radii
from the SDSS g-band image. The profile is zeropointed to
V band by making the total brightness of the galaxy (taking
the ellipticity profile into account) equal to the total V -band
apparent magnitude VT = 9.70 ± 0.03 given by the RC3 and
Hyperleda. The local increase in ellipticity to ε ∼ 0.5± 0.1
at r1/4 # 1 to 1.6 (in arcsec) is caused by the dust. This is
also seen in the comparison with the Caon et al. (1994) B
profile (shifted to the V zeropoint). But the major-axis profile
is relatively well determined, and so is the Sérsic – exponential
decomposition. The version shown omits an annular region
shown by the middle two vertical dashes in Figure 00, but a
fit that includes these points is essentially the same. The RMS
deviations of the adopted decomposition model (solid curve)
from the mean profile is 0.061 V mag arcsec−2.

The main uncertainty in the bulge-to-total ratio comes from
the uncertainty in ε = 0.69 ± 0.05 for the disk and from the
poorly constrained ε # 0.25± 0.05 in the bulge. From these
values, we adopt B/T = 0.65±0.05. This is in good agreement
with Simien & de Vaucouleurs’ (1986: B/T = 0.65) and with
Burstein (1979: B/T = 0.59). At MV,bulge = −20.98, this bulge
is essentially as bright as the one in NGC 3115. It is more than
a magnitude brighter than the bulges in M 31 and M 81, but
more than a magnitude fainter than the bulge in NGC 4594 (the
Sombrero Galaxy). It is one of the brightest classical bulges.

FIG. 00.— Major-axis, V -band brightness, ellipticity, and PA profiles of
NGC 4526. The black lines show a decomposition into a classical bulge
(n = 4.2) and an outer exponential disk.
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Table 2 Supermassive black holes detected dynamically in 45 elliptical galaxies (December 2012)

Galaxy Type Distance Ks MKsT MV T (V −Ks)0 (B−V )0 log Mbulge M•(low M• – high M•) σe Flags Source

(Mpc) (M!) (M!) (km s−1) MCM•

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

M 32 E2 0.805 7 5.10 −19.45 −16.64 2.816 0.895 9.05 ± 0.10 2.45(1.43 − 3.46) × 106 77 ± 3 1 0 1 van denBosch +2010
NGC 1316 E4 20.95 1 5.32 −26.29 −23.38 2.910 0.871 11.84 ± 0.09 1.69(1.39 − 1.97) × 108 226 ± 9 1 0 0 Nowak + 2008
NGC 1332 E6 22.66 2 7.05 −24.73 −21.58 3.159 0.931 11.27 ± 0.09 1.47(1.27 − 1.68) × 109 328 ± 9 1 0 0 Rusli + 2011
NGC 1374 E0 19.57 1 8.16 −23.30 −20.43 2.874 0.908 10.65 ± 0.09 5.90(5.39 − 6.51) × 108 167 ± 03 1 0 1 Rusli+2013
NGC 1399 E1 20.85 1 6.31 −25.29 −22.43 2.863 0.948 11.50 ± 0.09 8.81(4.35 − 17.81) × 108 315 ± 03 1 1 0 see notes
NGC 1407 E0 29.00 2 6.46 −25.87 −22.89 2.980 0.969 11.74 ± 0.09 4.65(4.24 − 5.38) × 109 276 ± 2 1 1 1 Rusli+2013
NGC 1550 E1 52.50 9 8.77 −24.87 −21.89 2.974 0.963 11.33 ± 0.09 3.87(3.16 − 4.48) × 109 270 ± 10 1 1 1 Rusli+2013
NGC 2778 E2 23.44 2 9.51 −22.34 −19.39 2.955 0.911 10.26 ± 0.09 1.45(0.00 − 2.91) × 107 175 ± 8 1 0 1 Schulze + 2011
NGC 2960 E2 67.1 9 9.78 −24.36 −21.30 3.068 0.880 11.06 ± 0.09 1.08(1.03 − 1.12) × 107 166 ± 16 3 0 0 Kuo + 2011
NGC 3091 E3 53.02 9 8.09 −25.54 −22.56 2.980 0.962 11.61 ± 0.09 3.72(3.21 − 3.83) × 109 297 ± 12 1 1 1 Rusli+2013
NGC 3377 E5 10.99 2 7.16 −23.06 −20.08 2.980 0.830 10.50 ± 0.09 1.78(0.85 − 2.72) × 108 145 ± 7 1 0 1 Schulze + 2011
NGC 3379 E1 10.70 2 6.27 −23.88 −21.01 2.867 0.939 10.91 ± 0.09 4.16(3.12 − 5.20) × 108 206 ± 10 1 1 1 van denBosch +2010
NGC 3607 E1 22.65 2 6.99 −24.79 −21.92 2.872 0.911 11.26 ± 0.09 1.37(0.90 − 1.82) × 108 229 ± 11 1 1 0 Gültekin + 2009b
NGC 3608 E1 22.75 2 7.62 −24.17 −21.19 2.980 0.921 11.01 ± 0.09 4.65(3.66 − 5.64) × 108 182 ± 9 1 1 1 Schulze + 2011
NGC 3842 E1 92.2 9 8.84 −25.99 −23.01 2.980 0.941 11.77 ± 0.09 9.09(6.28 − 11.43) × 109 270 ± 27 1 1 1 McConnell + 2012
NGC 4261 E2 32.36 2 6.94 −25.62 −22.64 2.980 0.974 11.65 ± 0.09 5.29(4.21 − 6.36) × 108 315 ± 15 2 1 0 Ferrarese + 1996
NGC 4291 E2 26.58 2 8.42 −23.72 −20.76 2.954 0.927 10.85 ± 0.09 9.78(6.70 − 12.86) × 108 242 ± 12 1 1 1 Schulze + 2011
NGC 4374 E1 18.51 1 5.75 −25.60 −22.62 2.980 0.945 11.62 ± 0.09 9.25(8.38 − 10.23) × 108 296 ± 14 2 1 0 Walsh + 2010
NGC 4382 E2 17.88 1 5.76 −25.51 −22.53 2.980 0.863 11.51 ± 0.09 1.30(0.00 − 22.4 ) × 107 182 ± 5 1 1 0 Gültekin + 2011
NGC 4459 E2 16.01 1 7.15 −23.88 −20.91 2.975 0.909 10.88 ± 0.09 6.96(5.62 − 8.29) × 107 167 ± 8 2 0 0 Sarzi + 2001
NGC 4472 E2 16.72 1 4.97 −26.16 −23.18 2.980 0.940 11.84 ± 0.09 2.54(2.44 − 3.12) × 109 300 ± 7 1 1 1 Rusli + 2013
NGC 4473 E5 15.25 1 7.16 −23.77 −20.89 2.874 0.935 10.85 ± 0.09 0.90(0.45 − 1.35) × 108 190 ± 9 1 0 1 Schulze + 2011
M 87 E1 16.68 1 5.27 −25.85 −22.87 2.980 0.940 11.72 ± 0.09 6.15(5.78 − 6.53) × 109 324+28

−12 1 1 1 Gebhardt + 2011
NGC 4486AE2 18.36 1 9.49 −21.83 −18.85 2.980 . . . 10.04 ± 0.09 1.44(0.92 − 1.97) × 107 111 ± 5 1 0 0 Nowak + 2007
NGC 4486BE0 16.26 1 10.39 −20.67 −17.69 2.980 0.991 9.64 ± 0.10 6. (4. − 9. ) × 108 185 ± 9 1 0 0 Kormendy + 1997
NGC 4649 E2 16.46 1 5.49 −25.61 −22.63 2.980 0.947 11.64 ± 0.09 4.72(3.67 − 5.76) × 109 380 ± 19 1 1 1 Shen + 2010
NGC 4697 E5 12.54 1 6.37 −24.13 −21.33 2.799 0.883 10.97 ± 0.09 2.02(1.52 − 2.53) × 108 177 ± 8 1 0 1 Schulze + 2011
NGC 4751 E6 32.81 2 8.24 −24.38 −21.22 3.158 0.983 11.16 ± 0.09 2.44(2.07 − 2.56) × 109 355 ± 14 1 0 1 Rusli + 2013
NGC 4889 E4 102.0 9 8.41 −26.64 −23.63 3.007 1.031 12.09 ± 0.09 2.08(0.49 − 3.66) × 1010 347 ± 5 1 1 1 McConnell + 2012
NGC 5077 E3 38.7 9 8.22 −24.74 −21.66 2.949 0.987 11.28 ± 0.09 8.55(4.07 − 12.93) × 108 222 ± 11 2 1 0 De Francesco+2008
NGC 5128 E 3.62 6 3.49 −24.34 −21.36 2.980 0.898 11.05 ± 0.09 5.69(4.65 − 6.73) × 107 150 ± 7 1 1 0 Cappellari + 2009
NGC 5516 E3 55.3 9 8.31 −25.47 −22.50 2.970 0.993 11.60 ± 0.09 3.69(2.65 − 3.79) × 109 328 ± 11 1 1 1 Rusli + 2013
NGC 5576 E3 25.68 2 7.83 −24.23 −21.29 2.939 0.862 11.00 ± 0.09 2.73(1.94 − 3.41) × 108 183 ± 9 1 1 0 Gültekin + 2009b
NGC 5845 E3 25.87 2 9.11 −22.97 −19.73 3.238 0.973 10.57 ± 0.09 4.87(3.34 − 6.40) × 108 239 ± 11 1 0 1 Schulze + 2011
NGC 6086 E 138.0 9 9.97 −25.74 −22.84 2.884 0.965 11.69 ± 0.09 3.74(2.59 − 5.50) × 109 318 ± 2 1 1 1 McConnell + 2011b
NGC 6251 E1 108.4 9 9.03 −26.18 −23.18 2.998 . . . 11.88 ± 0.09 6.14(4.09 − 8.18) × 108 290 ± 14 2 1 0 Ferrarese + 1999
NGC 6861 E4 28.71 2 7.71 −24.60 −21.42 3.179 0.962 11.25 ± 0.09 2.10(2.00 − 2.73) × 109 389 ± 3 1 0 1 Rusli + 2013
NGC 7052 E3 70.4 9 8.57 −25.70 −22.86 2.841 0.86 11.61 ± 0.10 3.96(2.40 − 6.72) × 108 266 ± 13 2 1 0 van derMarel+ 1998
NGC 7619 E3 53.85 2 8.03 −25.65 −22.83 2.821 0.969 11.65 ± 0.09 2.30(2.19 − 3.45) × 109 292 ± 5 1 1 1 Rusli + 2013
NGC 7768 E4 116.0 9 9.34 −26.00 −23.19 2.811 0.906 11.75 ± 0.09 1.34(0.93 − 1.85) × 109 257 ± 26 1 1 1 McConnell + 2012
IC 1459 E4 28.92 2 6.81 −25.51 −22.42 3.081 0.966 11.60 ± 0.09 2.48(2.29 − 2.96) × 109 331 ± 5 1 0 0 Cappellari + 2002
IC 1481 E1.5 89.9 9 10.62 −24.17 . . . . . . . . . . . . 1.49(1.04 − 1.93) × 107 . . . 3 0 0 Huré + 2011
A1836 BCGE 152.4 9 9.99 −25.95 −22.64 3.310 1.043 11.81 ± 0.10 3.74(3.22 − 4.16) × 109 288 ± 14 2 1 0 Dalla Bontá+ 2009
A3565 BCGE 49.2 9 7.50 −25.98 −23.03 2.948 0.956 11.78 ± 0.09 1.30(1.11 − 1.50) × 109 322 ± 16 2 1 0 Dalla Bontá+ 2009
Cygnus A E 242.7 9 10.28 −26.77 −23.23 3.54 . . . . . . 2.66(1.91 − 3.40) × 109 270 ± 90 2 1 0 Tadhunter + 2003

Column 1 is the galaxy name; BCGs are brightest cluster galaxies in the Abell clusters named. Cyan listings are not included in the fits (Section 6.3).
Column 2 is Hubble type (mostly RC3). Green lines are for mergers in progress (Section 6.4). If only M• is cyan, we accept it but do not include it
Column 3 is the assumed distance from the following sources, starting with the highest-priority sources: in the correlation fits (see Section 6.6).

(1) Blakeslee et al. (2009) surface-brightness fluctuation (SBF) distances for individual galaxies in the Virgo and Fornax clusters;
(2) Tonry et al. (2001) SBF corrected via Equation A1 in Blakeslee et al. (2010);
(3) Mei et al. (2007) SBF mean distance to the Virgo W′ cloud (de Vaucouleurs 1961);
(4) Mei et al. (2007) SBF mean distance to the Virgo cluster (no W′ cloud);
(5) Thomsen et al. (1997) SBF distance to NGC 4881 in the Coma cluster;
(6) mean of distance determinations adopted in Kormendy et al. (2010); sources are given there;
(7) Monachesi et al. (2011); agrees with (8);
(8) mean of many determinations listed on NED, using mainly Cepheids, SBF, TRGB, and RR Lyrae stars.
(9) As a last resort, we adopt D (Local Group) given by NED for the recession velocity of the galaxy (if isolated) or its group (if in a group

or cluster) and for the WMAP 5-year cosmology parameters (Komatsu et al. 2009).
(10) van den Bosch et al. (2012).

Column 4 is the 2MASS Ks total magnitude. When (V −Ks)0 = 2.980 in Column 7, Ks has been corrected as discussed in Apparent Magnitude
Corrections in the notes that follow Table 2 and in the Supplemental Information.

Columns 5 and 6 are the Ks- and V -band absolute magnitudes based on the adopted distances and Galactic absorption corrections from Schlegel
et al. (1998) as recalibrated by Schlafly & Finkbeiner (2011). The V -band magnitudes are taken, in order of preference, from KFCB, from
RC3, or from Hyperleda (usually “integrated photometry” but sometimes the main table if it implies a more realistic (V − Ks)0 color).

Columns 7 and 8 are the V − Ks and B − V colors of the galaxy corrected for Galactic reddening.
Column 9 is the base-10 logarithm of the bulge mass (Section 6.6.1).
Column 10 is the measured BH mass with 1-sigma range in parentheses from sources in Column 13.
Column 11 is the stellar velocity dispersion σe. We adopt the usual convention that σ2

e is the intensity-weighted mean of V 2+σ2 out to a fixed fraction
of the effective radius re that contains half of the light of the galaxy. As discussed in Corrections to effective velocity dispersions in
the table notes, we adopt re/2 when we calculate σe from photometry and published kinematics (see notes on individual objects). When
no note is given, σe is from the M• source paper or from Gültekin et al. (2009c).

Column 12 lists three flags: “M” encodes the method used to measure M•, using 1 for stellar dynamics, 2 for ionized gas dynamics, and 3 for maser
dynamics. “C” = 1 implies that the galaxy has a core (e. g., Lauer et al. 1995). “M•” = 1 implies that the BH mass has been “corrected”
by making dynamical models that include large orbit libraries and triaxiality (M32 and NGC 3379) or dark matter halos.
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Table 3 Supermassive black holes detected dynamically in spiral and S0 galaxies galaxies (21 with classical bulges; 22 with pseudobulges; December 2012)

Object Type Distance Ks MKsT MKs,bulge MKs,disk B/T PB/T MV T MV,bulge MV,disk (V − Ks)0 (B − V )0 log Mbulge M•(low M• – high M•) σe Vcirc Flags Source

(Mpc) (M!) (M!) (km s−1) (km s−1) M M•

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20)

M 31 Sb 0.774 8 0.573 −23.89 −22.62 −23.85 0.31 0.0 −21.14 −19.64 −20.83 2.746 0.865 10.35 ± 0.09 1.43(1.12 − 2.34) × 108 169 ± 8 250 ± 20 1 0 Bender + 2005
M 81 Sb 3.604 8 3.831 −23.98 −22.81 −23.53 0.34 0.0 −21.06 −19.89 −20.61 2.913 0.879 10.42 ± 0.09 6.5 (5. − 9. ) × 107 143 ± 7 240 ± 10 1,2 0 see notes
NGC 524 S0 24.22 2 7.163 −24.78 −24.69 −22.04 0.92 0.0 −21.86 −21.77 −19.12 2.923 0.977 11.26 ± 0.09 8.67(8.21 − 9.61) × 108 247 ± 12 . . . 1 0 Krajnović + 2009
NGC 821 S0 23.44 2 7.715 −24.17 −24.11 −20.92 0.95 0.0 −21.19 −21.13 −17.94 2.980 0.893 10.98 ± 0.09 1.65(0.92 − 2.39) × 108 209 ± 10 . . . 1 1 Schulze + 2011
NGC 1023 SB0 10.81 2 6.238 −23.95 −22.93 −23.41 0.39 0.0 −20.99 −19.96 −20.45 2.964 0.946 10.53 ± 0.09 4.13(3.71 − 4.56) × 107 205 ± 10 251 ± 15 1 0 Bower + 2001
NGC 1194 S0/ 57.98 9 9.758 −24.08 −23.33 −23.33 0.5 0.0 −21.16 −20.40 −20.40 2.925 0.893 10.64 ± 0.09 7.08(6.76 − 7.41) × 107 148 ± 24 203 ± 16 3 0 Kuo + 2011
NGC 1277 S0/ 73. 10 9.813 −24.63 −23.98 −23.76 0.55 0.0 −21.31 −20.67 −20.45 3.313 0.985 11.00 ± 0.09 1.7 (1.4 − 2.0 ) × 1010 333 ± 17 . . . 1 1 van den Bosch + 2012
NGC 2549 S0/ 12.70 2 8.046 −22.49 −20.99 −22.18 0.25 0.0 −19.55 −18.05 −19.24 2.942 0.912 9.71 ± 0.09 1.45(0.31 − 1.65) × 107 145 ± 7 . . . 1 0 Krajnović + 2009
NGC 3115 S0/ 9.54 2 5.883 −24.03 −23.91 −21.53 0.90 0.0 −21.13 −21.01 −18.63 2.901 0.928 10.92 ± 0.09 8.97(6.20 − 9.54) × 108 230 ± 11 315 ± 20 1 1 Emsellem + 1999
NGC 3245 S0 21.38 2 7.862 −23.80 −23.41 −22.49 0.70 0.0 −20.88 −20.50 −19.58 2.914 0.888 10.69 ± 0.09 2.39(1.63 − 2.66) × 108 205 ± 10 . . . 2 0 Barth + 2001
NGC 3585 S0 20.51 2 6.703 −24.88 −24.80 −21.99 0.93 0.0 −21.93 −21.85 −19.04 2.951 0.913 11.26 ± 0.09 3.29(2.71 − 4.74) × 108 213 ± 11 280 ± 20 1 0 Gultekin + 2009a
NGC 3998 S0 14.30 2 7.365 −23.42 −23.24 −21.36 0.85 0.0 −20.63 −20.46 −18.57 2.786 0.936 10.67 ± 0.09 8.45(7.79 − 9.15) × 108 275 ± 7 . . . 1 1 Walsh + 2012
NGC 3998 S0 14.30 2 7.365 −23.42 −23.24 −21.36 0.85 0.0 −20.63 −20.46 −18.57 2.786 0.936 10.67 ± 0.09 2.27(1.43 − 3.28) × 108 275 ± 7 . . . 2 0 DeFrancesco + 2006
NGC 4026 S0 13.35 2 7.584 −23.05 −22.51 −22.03 0.61 0.0 −20.01 −19.47 −18.99 3.043 0.900 10.33 ± 0.09 1.80(1.45 − 2.40) × 108 180 ± 9 300 ± 20 1 0 Gultekin + 2009a
NGC 4258 SABbc 7.27 6 5.464 −23.85 −21.55 −23.71 0.12 0.0 −20.94 −18.64 −20.80 2.907 0.676 9.86 ± 0.09 3.78(3.74 − 3.82) × 107 115 ± 10 208 ± 6 3 0 Section 3.3
NGC 4342 S0 22.91 3 9.023 −22.78 −22.40 −21.48 0.70 0.01 −19.50 −19.11 −18.19 3.287 0.932 10.31 ± 0.09 4.53(3.05 − 7.18) × 108 225 ± 11 . . . 1 0 Cretton + 1999b
NGC 4526 S0/ 16.44 2 6.473 −24.61 −24.15 −23.47 0.65 0.0 −21.44 −20.98 −20.30 3.170 0.941 11.02 ± 0.09 4.51(3.48 − 5.91) × 108 222 ± 11 290 ± 20 4 0 Davis + 2013
NGC 4564 S0 15.94 2 7.937 −23.09 −22.65 −21.88 0.67 0.0 −20.06 −19.62 −18.85 3.028 0.899 10.38 ± 0.09 8.81(6.38 − 11.26) × 107 162 ± 8 . . . 1 1 Schulze + 2011
NGC 4594 Sa 9.87 2 4.625 −25.36 −25.28 −22.55 0.925 0.01 −22.38 −22.30 −19.57 2.980 0.934 11.47 ± 0.09 6.65(6.24 − 7.05) × 108 240 ± 12 360 ± 10 1 1 Jardel + 2011
NGC 4596 SB0 16.53 4 7.463 −23.64 −22.21 −23.29 0.27 0.0 −20.72 −19.30 −20.38 2.913 0.920 10.20 ± 0.09 7.67(4.43 − 11.41) × 107 136 ± 6 230 ± 30 2 0 Sarzi + 2001
NGC 7457 S0 12.53 2 8.179 −22.33 −20.82 −22.02 0.25 0.0 −19.45 −17.94 −19.14 2.880 0.844 9.56 ± 0.09 0.90(0.36 − 1.43) × 107 67 ± 3 145 ± 6 1 1 Schulze + 2011

Galaxy Sbc 0.00828 . . . −23.7 −21.9 −23.5 0.0 0.19 −20.8 −18.9 −20.5 2.980 . . . 10.09 ± 0.10 4.30(3.94 − 4.66) × 106 105 ± 20 220 ± 20 1 0 Genzel + 2010
Circinus SABb: 2.82 4.71 −22.85 −21.55 −22.47 0.0 0.30 −19.80 −18.49 −19.41 3.052 0.410 9.63 ± 0.14 1.14(0.94 − 1.34) × 106 79 ± 3 155 ± 5 3 0 Greenhill + 2003
NGC 1068 Sb 15.9 9 5.788 −25.23 −24.25 −24.66 0.0 0.41 −22.23 −20.92 −21.84 3.000 0.710 10.92 ± 0.10 8.39(7.95 − 8.83) × 106 151 ± 7 283 ± 9 3 0 Lodato+2003, Huré+2002
NGC 1300 SBbc 21.5 9 7.564 −24.11 −21.71 −23.98 0.0 0.11 −21.32 −18.92 −21.19 2.791 0.653 9.84 ± 0.10 7.55(3.89 − 14.75) × 107 88 ± 3 220 ± 10 2 0 Atkinson + 2005
NGC 2273 SBa 29.5 9 8.480 −23.89 −22.07 −23.67 0.0 0.19 −20.88 −19.06 −20.66 3.007 0.827 10.08 ± 0.09 8.61(8.15 − 9.07) × 106 125 ± 9 220 ± 6 3 0 Kuo + 2011
NGC 2748 Sc 23.4 9 8.723 −23.13 −20.56 −23.02 0.0 0.094 −20.27 −17.70 −20.16 2.862 0.707 9.41 ± 0.10 4.44(2.62 − 6.20) × 107 115 ± 5 150 ± 10 2 0 Atkinson + 2005
NGC 2787 SB0/a 7.45 2 7.263 −22.14 −21.06 −21.64 0.11 0.26 −19.10 −18.02 −18.60 3.038 0.944 9.78 ± 0.09 4.07(3.55 − 4.47) × 107 189 ± 9 226 ± 10 2 0 Sarzi + 2001
NGC 3227 SBa 23.75 2 7.639 −24.25 −21.83 −24.12 0.0 0.108 −21.55 −19.13 −21.43 2.696 0.800 9.99 ± 0.09 2.10(0.98 − 2.79) × 107 133 ± 12 250 ± 10 1 0 Davies + 2006
NGC 3368 SABab 10.62 2 6.320 −23.99 −22.48 −23.68 0.0 0.25 −21.14 −19.63 −20.82 2.854 0.838 10.26 ± 0.09 7.66(6.13 − 9.19) × 106 125 ± 6 204 ± 5 1 0 Nowak + 2010
NGC 3384 SB0 11.49 2 6.750 −23.65 −22.56 −23.15 0.0 0.37 −20.55 −19.46 −20.05 3.105 0.906 10.34 ± 0.09 1.08(0.59 − 1.57) × 107 146 ± 7 160 ± 10 1 1 Schulze + 2011
NGC 3393 SABa 49.2 9 9.059 −24.45 −23.03 −24.11 0.0 0.27 −21.48 −20.05 −21.14 2.968 0.813 10.48 ± 0.09 1.57(0.58 − 2.55) × 107 148 ± 10 . . . 3 0 Kondratko+2008, Huré+2011
NGC 3489 SABa 11.98 2 7.370 −23.29 −22.15 −22.82 0.11 0.24 −20.17 −19.03 −19.70 3.120 0.815 10.11 ± 0.09 5.94(5.11 − 6.78) × 106 113 ± 4 . . . 1 0 Nowak + 2010
NGC 3945 SB0 19.5 9 7.526 −23.93 −22.88 −23.41 0.04 0.34 −20.95 −19.90 −20.43 2.980 0.925 10.50 ± 0.09 8.8 (0.00 − 25.5 ) × 106 192 ± 10 . . . 1 0 Gültekin + 2009b
NGC 4388 SBbc 16.53 4 8.004 −23.10 −20.55 −22.99 0.0 0.096 −20.14 −17.60 −20.03 2.955 0.711 9.41 ± 0.10 7.31(7.13 − 7.48) × 106 99 ± 10 200 ± 10 3 0 Kuo + 2011
NGC 4736 Sab 5.00 2 5.106 −23.39 −22.29 −22.91 0.0 0.36 −20.68 −19.58 −20.20 2.710 0.735 10.13 ± 0.10 6.77(5.21 − 8.33) × 106 120 ± 6 181 ± 10 1 0 Gebhardt + 2013
NGC 4826 Sab 7.27 2 5.330 −23.99 −22.24 −23.75 0.0 0.20 −20.98 −19.23 −20.74 3.009 0.803 10.14 ± 0.09 1.56(1.17 − 1.95) × 106 104 ± 3 155 ± 5 1 0 Gebhardt + 2013
NGC 4945 Scd 3.58 4.438 −23.38 −20.50 −23.30 0.0 0.07 −20.58 −17.70 −20.50 2.801 1.20 9.35 ± 0.12 1.35(0.87 − 2.03) × 106 134 ± 20 174 ± 10 3 0 Greenhill + 1997b
NGC 6264 SBb 147.6 9 11.407 −24.5 −22.6 −24.3 0.0 0.17 . . . . . . . . . . . . . . . 10.36 ± 0.09 3.08(3.04 − 3.12) × 107 158 ± 15 . . . 3 0 Kuo + 2011
NGC 6323 SBab 113.4 9 10.530 −24.80 −21.55 −24.75 0.0 0.050 . . . . . . . . . . . . . . . 9.94 ± 0.09 1.01(1.00 − 1.03) × 107 158 ± 26 . . . 3 0 Kuo + 2011
NGC 7582 SBab 22.3 9 7.316 −24.43 −21.96 −24.31 0.0 0.103 −21.78 −19.31 −21.66 2.649 0.738 10.02 ± 0.10 5.51(4.56 − 6.81) × 107 156 ± 19 226 ± 10 2 0 Wold + 2006
IC 2560 SBbc 37.2 9 8.694 −24.19 −22.05 −24.02 0.0 0.14 −21.65 −19.51 −21.48 2.541 0.886 10.12 ± 0.09 5.01(0.00 − 5.72) × 106 141 ± 10 196 ± 3 3 0 Yamauchi + 2012
UGC 3789 SABab 49.9 9.510 −24.03 −22.79 −23.61 0.0 0.32 −21.13 −19.89 −20.71 2.9 0.86 10.39 ± 0.09 9.65(8.10 − 11.20) × 106 107 ± 12 273 ± 20 3 0 Kuo+2011, Huré+2011

Column 1 is the galaxy name. Rows are printed in red for galaxies with classical bulges; these are plotted with red symbols in BH correlation diagrams. Blue text and plot symbols are used for pseudobulges. The cyan M• for NGC 3998 is plotted only in Figure 12.
Column 2 is the galaxy Hubble type, mostly from RC3 with a few corrections from Kormendy & Bender (2013b). Otherwise, if M• is shown in cyan, we accept the BH mass but do not include it in correlation fits (Sections 6.5, 6.6).
Column 3 is the assumed distance (see notes to Table 2). For our Galaxy, Circinus, NGC 4945, and UGC 3789, see supplemental notes on individual galaxies.
Column 4 is the 2MASS Ks total magnitude. For three galaxies, it has been corrected as discussed in Apparent Magnitude Corrections in the table supplemental notes and in Supplemental Information. These corrections are generally negligible for disk galaxies,

which usually have steep (nearly exponential) outer profiles, unless their images are both very large and very bulge-dominated. The adopted corrections are −0.363 mag for NGC 4594 (which has an outer brightness profile like that of a giant ellipticals) and
−0.411 mag for M31 (which has an exceptionally large image on the sky). Both corrections were determined in order to make (V − Ks)0 = 2.980. M31 is discussed in the notes.

Columns 5 – 7 are the corresponding total, (pseudo)bulge, and disk Ks-band absolute magnitudes based on the adopted distances and Galactic absorption corrections from the Schlafly & Finkbeiner (2011) recalibration of Schlegel et al. (1998) as tabulated in NED.
Columns 8 and 9 are the classical-bulge-to-total luminosity ratio B/T and the pseudobulge-to-total luminosity ratio PB/T from Kormendy & Bender (2013b). These values used in Ks band are determined as close to Ks band as feasible; for some galaxies (especially

S0s), they are determined in the optical but can be used in the infrared with relatively small errors. Parameters for the Galaxy and for Circinus are summarized further in the notes on individual galaxies.
Columns 10 – 12 are the V -band total, (pseudo)bulge, and disk absolute magnitudes. Total magnitudes are taken from Kormendy & Bender (2013b) or from the RC3 and Hyperleda. We generally used the mean of the RC3, Hyperleda main table, and Hyperleda

“integrated photometry” BT values and subtracted (B − V )T , usually from RC3. When the RC3 or Hyperleda magnitude gave a much more realistic (V − K)0 color, we used these values. The V -band B/T and PB/T values are usually assumed to be
the same as the Ks-band values. For two galaxies, optical and infrared measurements imply different (pseudo)bulge-to-total ratios. Then we used (B/T )V = 0.25 for M31 and (PB/T )V = 0.30 for NGC 1068 to get the V -band (pseudo)bulge magnitudes.

Columns 13 and 14 are the V − Ks and B − V colors of the galaxy corrected for Galactic reddening.
Column 15 is the base-10 logarithm of the (pseudo)bulge stellar mass derived from MKs,bulge and from the average of the M/LKs values given by Equations 8 and 9 in Section 6.6.1.
Column 16 is the measured BH mass with 1-σ range in parentheses from sources in Column 20.
Column 17 is the stellar velocity dispersion σe, mostly from Gültekin et al. (2009c) or the source in Column 20. Checks or corrections are described in table notes. For the definition of σe, see Corrections to effective velocity dispersions in the table notes.
Column 18 is the asymptotic, circular-orbit rotation velocity Vcirc at large radii, usually from H I observations, as documented in Kormendy & Bender (2013b).
Column 19 lists two flags: “M” encodes the method used to measure M•, using 1 for stellar dynamics, 2 for ionized gas dynamics, 3 for maser dynamics, and 4 for CO rotation curve dynamics. “M•” = 1 implies that the BH mass has been “corrected” by making

dynamical models that include large orbit libraries and dark matter halos. Flag “C” which identifies galaxies with cores in Table 2 is not necessary here: None of these galaxies have cores, although NGC 524 has often been classified as a core galaxy (see
Kormendy & Bender 2013b).

Column 20 is the source of the BH mass in Column 16. When there is more than one M• measurement, the other sources are given in the notes on individual galaxies. If a galaxy does not appear there, then the reference in Column 20 is also the BH discovery paper.

Quantities not otherwise credited are discussed in the notes on individual objects in the Supplementary Information or are from Gültekin et al. (2009c), Kormendy & Bender (2013b), or Kormendy et al. (2010).
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Table 3 Supermassive black holes detected dynamically in spiral and S0 galaxies galaxies (21 with classical bulges; 22 with pseudobulges; December 2012)

Object Type Distance Ks MKsT MKs,bulge MKs,disk B/T PB/T MV T MV,bulge MV,disk (V − Ks)0 (B − V )0 log Mbulge M•(low M• – high M•) σe Vcirc Flags Source

(Mpc) (M!) (M!) (km s−1) (km s−1) M M•

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20)

M 31 Sb 0.774 8 0.573 −23.89 −22.62 −23.85 0.31 0.0 −21.14 −19.64 −20.83 2.746 0.865 10.35 ± 0.09 1.43(1.12 − 2.34) × 108 169 ± 8 250 ± 20 1 0 Bender + 2005
M 81 Sb 3.604 8 3.831 −23.98 −22.81 −23.53 0.34 0.0 −21.06 −19.89 −20.61 2.913 0.879 10.42 ± 0.09 6.5 (5. − 9. ) × 107 143 ± 7 240 ± 10 1,2 0 see notes
NGC 524 S0 24.22 2 7.163 −24.78 −24.69 −22.04 0.92 0.0 −21.86 −21.77 −19.12 2.923 0.977 11.26 ± 0.09 8.67(8.21 − 9.61) × 108 247 ± 12 . . . 1 0 Krajnović + 2009
NGC 821 S0 23.44 2 7.715 −24.17 −24.11 −20.92 0.95 0.0 −21.19 −21.13 −17.94 2.980 0.893 10.98 ± 0.09 1.65(0.92 − 2.39) × 108 209 ± 10 . . . 1 1 Schulze + 2011
NGC 1023 SB0 10.81 2 6.238 −23.95 −22.93 −23.41 0.39 0.0 −20.99 −19.96 −20.45 2.964 0.946 10.53 ± 0.09 4.13(3.71 − 4.56) × 107 205 ± 10 251 ± 15 1 0 Bower + 2001
NGC 1194 S0/ 57.98 9 9.758 −24.08 −23.33 −23.33 0.5 0.0 −21.16 −20.40 −20.40 2.925 0.893 10.64 ± 0.09 7.08(6.76 − 7.41) × 107 148 ± 24 203 ± 16 3 0 Kuo + 2011
NGC 1277 S0/ 73. 10 9.813 −24.63 −23.98 −23.76 0.55 0.0 −21.31 −20.67 −20.45 3.313 0.985 11.00 ± 0.09 1.7 (1.4 − 2.0 ) × 1010 333 ± 17 . . . 1 1 van den Bosch + 2012
NGC 2549 S0/ 12.70 2 8.046 −22.49 −20.99 −22.18 0.25 0.0 −19.55 −18.05 −19.24 2.942 0.912 9.71 ± 0.09 1.45(0.31 − 1.65) × 107 145 ± 7 . . . 1 0 Krajnović + 2009
NGC 3115 S0/ 9.54 2 5.883 −24.03 −23.91 −21.53 0.90 0.0 −21.13 −21.01 −18.63 2.901 0.928 10.92 ± 0.09 8.97(6.20 − 9.54) × 108 230 ± 11 315 ± 20 1 1 Emsellem + 1999
NGC 3245 S0 21.38 2 7.862 −23.80 −23.41 −22.49 0.70 0.0 −20.88 −20.50 −19.58 2.914 0.888 10.69 ± 0.09 2.39(1.63 − 2.66) × 108 205 ± 10 . . . 2 0 Barth + 2001
NGC 3585 S0 20.51 2 6.703 −24.88 −24.80 −21.99 0.93 0.0 −21.93 −21.85 −19.04 2.951 0.913 11.26 ± 0.09 3.29(2.71 − 4.74) × 108 213 ± 11 280 ± 20 1 0 Gultekin + 2009a
NGC 3998 S0 14.30 2 7.365 −23.42 −23.24 −21.36 0.85 0.0 −20.63 −20.46 −18.57 2.786 0.936 10.67 ± 0.09 8.45(7.79 − 9.15) × 108 275 ± 7 . . . 1 1 Walsh + 2012
NGC 3998 S0 14.30 2 7.365 −23.42 −23.24 −21.36 0.85 0.0 −20.63 −20.46 −18.57 2.786 0.936 10.67 ± 0.09 2.27(1.43 − 3.28) × 108 275 ± 7 . . . 2 0 DeFrancesco + 2006
NGC 4026 S0 13.35 2 7.584 −23.05 −22.51 −22.03 0.61 0.0 −20.01 −19.47 −18.99 3.043 0.900 10.33 ± 0.09 1.80(1.45 − 2.40) × 108 180 ± 9 300 ± 20 1 0 Gultekin + 2009a
NGC 4258 SABbc 7.27 6 5.464 −23.85 −21.55 −23.71 0.12 0.0 −20.94 −18.64 −20.80 2.907 0.676 9.86 ± 0.09 3.78(3.74 − 3.82) × 107 115 ± 10 208 ± 6 3 0 Section 3.3
NGC 4342 S0 22.91 3 9.023 −22.78 −22.40 −21.48 0.70 0.01 −19.50 −19.11 −18.19 3.287 0.932 10.31 ± 0.09 4.53(3.05 − 7.18) × 108 225 ± 11 . . . 1 0 Cretton + 1999b
NGC 4526 S0/ 16.44 2 6.473 −24.61 −24.15 −23.47 0.65 0.0 −21.44 −20.98 −20.30 3.170 0.941 11.02 ± 0.09 4.51(3.48 − 5.91) × 108 222 ± 11 290 ± 20 4 0 Davis + 2013
NGC 4564 S0 15.94 2 7.937 −23.09 −22.65 −21.88 0.67 0.0 −20.06 −19.62 −18.85 3.028 0.899 10.38 ± 0.09 8.81(6.38 − 11.26) × 107 162 ± 8 . . . 1 1 Schulze + 2011
NGC 4594 Sa 9.87 2 4.625 −25.36 −25.28 −22.55 0.925 0.01 −22.38 −22.30 −19.57 2.980 0.934 11.47 ± 0.09 6.65(6.24 − 7.05) × 108 240 ± 12 360 ± 10 1 1 Jardel + 2011
NGC 4596 SB0 16.53 4 7.463 −23.64 −22.21 −23.29 0.27 0.0 −20.72 −19.30 −20.38 2.913 0.920 10.20 ± 0.09 7.67(4.43 − 11.41) × 107 136 ± 6 230 ± 30 2 0 Sarzi + 2001
NGC 7457 S0 12.53 2 8.179 −22.33 −20.82 −22.02 0.25 0.0 −19.45 −17.94 −19.14 2.880 0.844 9.56 ± 0.09 0.90(0.36 − 1.43) × 107 67 ± 3 145 ± 6 1 1 Schulze + 2011

Galaxy Sbc 0.00828 . . . −23.7 −21.9 −23.5 0.0 0.19 −20.8 −18.9 −20.5 2.980 . . . 10.09 ± 0.10 4.30(3.94 − 4.66) × 106 105 ± 20 220 ± 20 1 0 Genzel + 2010
Circinus SABb: 2.82 4.71 −22.85 −21.55 −22.47 0.0 0.30 −19.80 −18.49 −19.41 3.052 0.410 9.63 ± 0.14 1.14(0.94 − 1.34) × 106 79 ± 3 155 ± 5 3 0 Greenhill + 2003
NGC 1068 Sb 15.9 9 5.788 −25.23 −24.25 −24.66 0.0 0.41 −22.23 −20.92 −21.84 3.000 0.710 10.92 ± 0.10 8.39(7.95 − 8.83) × 106 151 ± 7 283 ± 9 3 0 Lodato+2003, Huré+2002
NGC 1300 SBbc 21.5 9 7.564 −24.11 −21.71 −23.98 0.0 0.11 −21.32 −18.92 −21.19 2.791 0.653 9.84 ± 0.10 7.55(3.89 − 14.75) × 107 88 ± 3 220 ± 10 2 0 Atkinson + 2005
NGC 2273 SBa 29.5 9 8.480 −23.89 −22.07 −23.67 0.0 0.19 −20.88 −19.06 −20.66 3.007 0.827 10.08 ± 0.09 8.61(8.15 − 9.07) × 106 125 ± 9 220 ± 6 3 0 Kuo + 2011
NGC 2748 Sc 23.4 9 8.723 −23.13 −20.56 −23.02 0.0 0.094 −20.27 −17.70 −20.16 2.862 0.707 9.41 ± 0.10 4.44(2.62 − 6.20) × 107 115 ± 5 150 ± 10 2 0 Atkinson + 2005
NGC 2787 SB0/a 7.45 2 7.263 −22.14 −21.06 −21.64 0.11 0.26 −19.10 −18.02 −18.60 3.038 0.944 9.78 ± 0.09 4.07(3.55 − 4.47) × 107 189 ± 9 226 ± 10 2 0 Sarzi + 2001
NGC 3227 SBa 23.75 2 7.639 −24.25 −21.83 −24.12 0.0 0.108 −21.55 −19.13 −21.43 2.696 0.800 9.99 ± 0.09 2.10(0.98 − 2.79) × 107 133 ± 12 250 ± 10 1 0 Davies + 2006
NGC 3368 SABab 10.62 2 6.320 −23.99 −22.48 −23.68 0.0 0.25 −21.14 −19.63 −20.82 2.854 0.838 10.26 ± 0.09 7.66(6.13 − 9.19) × 106 125 ± 6 204 ± 5 1 0 Nowak + 2010
NGC 3384 SB0 11.49 2 6.750 −23.65 −22.56 −23.15 0.0 0.37 −20.55 −19.46 −20.05 3.105 0.906 10.34 ± 0.09 1.08(0.59 − 1.57) × 107 146 ± 7 160 ± 10 1 1 Schulze + 2011
NGC 3393 SABa 49.2 9 9.059 −24.45 −23.03 −24.11 0.0 0.27 −21.48 −20.05 −21.14 2.968 0.813 10.48 ± 0.09 1.57(0.58 − 2.55) × 107 148 ± 10 . . . 3 0 Kondratko+2008, Huré+2011
NGC 3489 SABa 11.98 2 7.370 −23.29 −22.15 −22.82 0.11 0.24 −20.17 −19.03 −19.70 3.120 0.815 10.11 ± 0.09 5.94(5.11 − 6.78) × 106 113 ± 4 . . . 1 0 Nowak + 2010
NGC 3945 SB0 19.5 9 7.526 −23.93 −22.88 −23.41 0.04 0.34 −20.95 −19.90 −20.43 2.980 0.925 10.50 ± 0.09 8.8 (0.00 − 25.5 ) × 106 192 ± 10 . . . 1 0 Gültekin + 2009b
NGC 4388 SBbc 16.53 4 8.004 −23.10 −20.55 −22.99 0.0 0.096 −20.14 −17.60 −20.03 2.955 0.711 9.41 ± 0.10 7.31(7.13 − 7.48) × 106 99 ± 10 200 ± 10 3 0 Kuo + 2011
NGC 4736 Sab 5.00 2 5.106 −23.39 −22.29 −22.91 0.0 0.36 −20.68 −19.58 −20.20 2.710 0.735 10.13 ± 0.10 6.77(5.21 − 8.33) × 106 120 ± 6 181 ± 10 1 0 Gebhardt + 2013
NGC 4826 Sab 7.27 2 5.330 −23.99 −22.24 −23.75 0.0 0.20 −20.98 −19.23 −20.74 3.009 0.803 10.14 ± 0.09 1.56(1.17 − 1.95) × 106 104 ± 3 155 ± 5 1 0 Gebhardt + 2013
NGC 4945 Scd 3.58 4.438 −23.38 −20.50 −23.30 0.0 0.07 −20.58 −17.70 −20.50 2.801 1.20 9.35 ± 0.12 1.35(0.87 − 2.03) × 106 134 ± 20 174 ± 10 3 0 Greenhill + 1997b
NGC 6264 SBb 147.6 9 11.407 −24.5 −22.6 −24.3 0.0 0.17 . . . . . . . . . . . . . . . 10.36 ± 0.09 3.08(3.04 − 3.12) × 107 158 ± 15 . . . 3 0 Kuo + 2011
NGC 6323 SBab 113.4 9 10.530 −24.80 −21.55 −24.75 0.0 0.050 . . . . . . . . . . . . . . . 9.94 ± 0.09 1.01(1.00 − 1.03) × 107 158 ± 26 . . . 3 0 Kuo + 2011
NGC 7582 SBab 22.3 9 7.316 −24.43 −21.96 −24.31 0.0 0.103 −21.78 −19.31 −21.66 2.649 0.738 10.02 ± 0.10 5.51(4.56 − 6.81) × 107 156 ± 19 226 ± 10 2 0 Wold + 2006
IC 2560 SBbc 37.2 9 8.694 −24.19 −22.05 −24.02 0.0 0.14 −21.65 −19.51 −21.48 2.541 0.886 10.12 ± 0.09 5.01(0.00 − 5.72) × 106 141 ± 10 196 ± 3 3 0 Yamauchi + 2012
UGC 3789 SABab 49.9 9.510 −24.03 −22.79 −23.61 0.0 0.32 −21.13 −19.89 −20.71 2.9 0.86 10.39 ± 0.09 9.65(8.10 − 11.20) × 106 107 ± 12 273 ± 20 3 0 Kuo+2011, Huré+2011

Column 1 is the galaxy name. Rows are printed in red for galaxies with classical bulges; these are plotted with red symbols in BH correlation diagrams. Blue text and plot symbols are used for pseudobulges. The cyan M• for NGC 3998 is plotted only in Figure 12.
Column 2 is the galaxy Hubble type, mostly from RC3 with a few corrections from Kormendy & Bender (2013b). Otherwise, if M• is shown in cyan, we accept the BH mass but do not include it in correlation fits (Sections 6.5, 6.6).
Column 3 is the assumed distance (see notes to Table 2). For our Galaxy, Circinus, NGC 4945, and UGC 3789, see supplemental notes on individual galaxies.
Column 4 is the 2MASS Ks total magnitude. For three galaxies, it has been corrected as discussed in Apparent Magnitude Corrections in the table supplemental notes and in Supplemental Information. These corrections are generally negligible for disk galaxies,

which usually have steep (nearly exponential) outer profiles, unless their images are both very large and very bulge-dominated. The adopted corrections are −0.363 mag for NGC 4594 (which has an outer brightness profile like that of a giant ellipticals) and
−0.411 mag for M31 (which has an exceptionally large image on the sky). Both corrections were determined in order to make (V − Ks)0 = 2.980. M31 is discussed in the notes.

Columns 5 – 7 are the corresponding total, (pseudo)bulge, and disk Ks-band absolute magnitudes based on the adopted distances and Galactic absorption corrections from the Schlafly & Finkbeiner (2011) recalibration of Schlegel et al. (1998) as tabulated in NED.
Columns 8 and 9 are the classical-bulge-to-total luminosity ratio B/T and the pseudobulge-to-total luminosity ratio PB/T from Kormendy & Bender (2013b). These values used in Ks band are determined as close to Ks band as feasible; for some galaxies (especially

S0s), they are determined in the optical but can be used in the infrared with relatively small errors. Parameters for the Galaxy and for Circinus are summarized further in the notes on individual galaxies.
Columns 10 – 12 are the V -band total, (pseudo)bulge, and disk absolute magnitudes. Total magnitudes are taken from Kormendy & Bender (2013b) or from the RC3 and Hyperleda. We generally used the mean of the RC3, Hyperleda main table, and Hyperleda

“integrated photometry” BT values and subtracted (B − V )T , usually from RC3. When the RC3 or Hyperleda magnitude gave a much more realistic (V − K)0 color, we used these values. The V -band B/T and PB/T values are usually assumed to be
the same as the Ks-band values. For two galaxies, optical and infrared measurements imply different (pseudo)bulge-to-total ratios. Then we used (B/T )V = 0.25 for M31 and (PB/T )V = 0.30 for NGC 1068 to get the V -band (pseudo)bulge magnitudes.

Columns 13 and 14 are the V − Ks and B − V colors of the galaxy corrected for Galactic reddening.
Column 15 is the base-10 logarithm of the (pseudo)bulge stellar mass derived from MKs,bulge and from the average of the M/LKs values given by Equations 8 and 9 in Section 6.6.1.
Column 16 is the measured BH mass with 1-σ range in parentheses from sources in Column 20.
Column 17 is the stellar velocity dispersion σe, mostly from Gültekin et al. (2009c) or the source in Column 20. Checks or corrections are described in table notes. For the definition of σe, see Corrections to effective velocity dispersions in the table notes.
Column 18 is the asymptotic, circular-orbit rotation velocity Vcirc at large radii, usually from H I observations, as documented in Kormendy & Bender (2013b).
Column 19 lists two flags: “M” encodes the method used to measure M•, using 1 for stellar dynamics, 2 for ionized gas dynamics, 3 for maser dynamics, and 4 for CO rotation curve dynamics. “M•” = 1 implies that the BH mass has been “corrected” by making

dynamical models that include large orbit libraries and dark matter halos. Flag “C” which identifies galaxies with cores in Table 2 is not necessary here: None of these galaxies have cores, although NGC 524 has often been classified as a core galaxy (see
Kormendy & Bender 2013b).

Column 20 is the source of the BH mass in Column 16. When there is more than one M• measurement, the other sources are given in the notes on individual galaxies. If a galaxy does not appear there, then the reference in Column 20 is also the BH discovery paper.

Quantities not otherwise credited are discussed in the notes on individual objects in the Supplementary Information or are from Gültekin et al. (2009c), Kormendy & Bender (2013b), or Kormendy et al. (2010).
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Table 3 Supermassive black holes detected dynamically in spiral and S0 galaxies galaxies (21 with classical bulges; 22 with pseudobulges; December 2012)

Object Type Distance Ks MKsT MKs,bulge MKs,disk B/T PB/T MV T MV,bulge MV,disk (V − Ks)0 (B − V )0 log Mbulge M•(low M• – high M•) σe Vcirc Flags Source

(Mpc) (M!) (M!) (km s−1) (km s−1) M M•

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20)

M 31 Sb 0.774 8 0.573 −23.89 −22.62 −23.85 0.31 0.0 −21.14 −19.64 −20.83 2.746 0.865 10.35 ± 0.09 1.43(1.12 − 2.34) × 108 169 ± 8 250 ± 20 1 0 Bender + 2005
M 81 Sb 3.604 8 3.831 −23.98 −22.81 −23.53 0.34 0.0 −21.06 −19.89 −20.61 2.913 0.879 10.42 ± 0.09 6.5 (5. − 9. ) × 107 143 ± 7 240 ± 10 1,2 0 see notes
NGC 524 S0 24.22 2 7.163 −24.78 −24.69 −22.04 0.92 0.0 −21.86 −21.77 −19.12 2.923 0.977 11.26 ± 0.09 8.67(8.21 − 9.61) × 108 247 ± 12 . . . 1 0 Krajnović + 2009
NGC 821 S0 23.44 2 7.715 −24.17 −24.11 −20.92 0.95 0.0 −21.19 −21.13 −17.94 2.980 0.893 10.98 ± 0.09 1.65(0.92 − 2.39) × 108 209 ± 10 . . . 1 1 Schulze + 2011
NGC 1023 SB0 10.81 2 6.238 −23.95 −22.93 −23.41 0.39 0.0 −20.99 −19.96 −20.45 2.964 0.946 10.53 ± 0.09 4.13(3.71 − 4.56) × 107 205 ± 10 251 ± 15 1 0 Bower + 2001
NGC 1194 S0/ 57.98 9 9.758 −24.08 −23.33 −23.33 0.5 0.0 −21.16 −20.40 −20.40 2.925 0.893 10.64 ± 0.09 7.08(6.76 − 7.41) × 107 148 ± 24 203 ± 16 3 0 Kuo + 2011
NGC 1277 S0/ 73. 10 9.813 −24.63 −23.98 −23.76 0.55 0.0 −21.31 −20.67 −20.45 3.313 0.985 11.00 ± 0.09 1.7 (1.4 − 2.0 ) × 1010 333 ± 17 . . . 1 1 van den Bosch + 2012
NGC 2549 S0/ 12.70 2 8.046 −22.49 −20.99 −22.18 0.25 0.0 −19.55 −18.05 −19.24 2.942 0.912 9.71 ± 0.09 1.45(0.31 − 1.65) × 107 145 ± 7 . . . 1 0 Krajnović + 2009
NGC 3115 S0/ 9.54 2 5.883 −24.03 −23.91 −21.53 0.90 0.0 −21.13 −21.01 −18.63 2.901 0.928 10.92 ± 0.09 8.97(6.20 − 9.54) × 108 230 ± 11 315 ± 20 1 1 Emsellem + 1999
NGC 3245 S0 21.38 2 7.862 −23.80 −23.41 −22.49 0.70 0.0 −20.88 −20.50 −19.58 2.914 0.888 10.69 ± 0.09 2.39(1.63 − 2.66) × 108 205 ± 10 . . . 2 0 Barth + 2001
NGC 3585 S0 20.51 2 6.703 −24.88 −24.80 −21.99 0.93 0.0 −21.93 −21.85 −19.04 2.951 0.913 11.26 ± 0.09 3.29(2.71 − 4.74) × 108 213 ± 11 280 ± 20 1 0 Gultekin + 2009a
NGC 3998 S0 14.30 2 7.365 −23.42 −23.24 −21.36 0.85 0.0 −20.63 −20.46 −18.57 2.786 0.936 10.67 ± 0.09 8.45(7.79 − 9.15) × 108 275 ± 7 . . . 1 1 Walsh + 2012
NGC 3998 S0 14.30 2 7.365 −23.42 −23.24 −21.36 0.85 0.0 −20.63 −20.46 −18.57 2.786 0.936 10.67 ± 0.09 2.27(1.43 − 3.28) × 108 275 ± 7 . . . 2 0 DeFrancesco + 2006
NGC 4026 S0 13.35 2 7.584 −23.05 −22.51 −22.03 0.61 0.0 −20.01 −19.47 −18.99 3.043 0.900 10.33 ± 0.09 1.80(1.45 − 2.40) × 108 180 ± 9 300 ± 20 1 0 Gultekin + 2009a
NGC 4258 SABbc 7.27 6 5.464 −23.85 −21.55 −23.71 0.12 0.0 −20.94 −18.64 −20.80 2.907 0.676 9.86 ± 0.09 3.78(3.74 − 3.82) × 107 115 ± 10 208 ± 6 3 0 Section 3.3
NGC 4342 S0 22.91 3 9.023 −22.78 −22.40 −21.48 0.70 0.01 −19.50 −19.11 −18.19 3.287 0.932 10.31 ± 0.09 4.53(3.05 − 7.18) × 108 225 ± 11 . . . 1 0 Cretton + 1999b
NGC 4526 S0/ 16.44 2 6.473 −24.61 −24.15 −23.47 0.65 0.0 −21.44 −20.98 −20.30 3.170 0.941 11.02 ± 0.09 4.51(3.48 − 5.91) × 108 222 ± 11 290 ± 20 4 0 Davis + 2013
NGC 4564 S0 15.94 2 7.937 −23.09 −22.65 −21.88 0.67 0.0 −20.06 −19.62 −18.85 3.028 0.899 10.38 ± 0.09 8.81(6.38 − 11.26) × 107 162 ± 8 . . . 1 1 Schulze + 2011
NGC 4594 Sa 9.87 2 4.625 −25.36 −25.28 −22.55 0.925 0.01 −22.38 −22.30 −19.57 2.980 0.934 11.47 ± 0.09 6.65(6.24 − 7.05) × 108 240 ± 12 360 ± 10 1 1 Jardel + 2011
NGC 4596 SB0 16.53 4 7.463 −23.64 −22.21 −23.29 0.27 0.0 −20.72 −19.30 −20.38 2.913 0.920 10.20 ± 0.09 7.67(4.43 − 11.41) × 107 136 ± 6 230 ± 30 2 0 Sarzi + 2001
NGC 7457 S0 12.53 2 8.179 −22.33 −20.82 −22.02 0.25 0.0 −19.45 −17.94 −19.14 2.880 0.844 9.56 ± 0.09 0.90(0.36 − 1.43) × 107 67 ± 3 145 ± 6 1 1 Schulze + 2011

Galaxy Sbc 0.00828 . . . −23.7 −21.9 −23.5 0.0 0.19 −20.8 −18.9 −20.5 2.980 . . . 10.09 ± 0.10 4.30(3.94 − 4.66) × 106 105 ± 20 220 ± 20 1 0 Genzel + 2010
Circinus SABb: 2.82 4.71 −22.85 −21.55 −22.47 0.0 0.30 −19.80 −18.49 −19.41 3.052 0.410 9.63 ± 0.14 1.14(0.94 − 1.34) × 106 79 ± 3 155 ± 5 3 0 Greenhill + 2003
NGC 1068 Sb 15.9 9 5.788 −25.23 −24.25 −24.66 0.0 0.41 −22.23 −20.92 −21.84 3.000 0.710 10.92 ± 0.10 8.39(7.95 − 8.83) × 106 151 ± 7 283 ± 9 3 0 Lodato+2003, Huré+2002
NGC 1300 SBbc 21.5 9 7.564 −24.11 −21.71 −23.98 0.0 0.11 −21.32 −18.92 −21.19 2.791 0.653 9.84 ± 0.10 7.55(3.89 − 14.75) × 107 88 ± 3 220 ± 10 2 0 Atkinson + 2005
NGC 2273 SBa 29.5 9 8.480 −23.89 −22.07 −23.67 0.0 0.19 −20.88 −19.06 −20.66 3.007 0.827 10.08 ± 0.09 8.61(8.15 − 9.07) × 106 125 ± 9 220 ± 6 3 0 Kuo + 2011
NGC 2748 Sc 23.4 9 8.723 −23.13 −20.56 −23.02 0.0 0.094 −20.27 −17.70 −20.16 2.862 0.707 9.41 ± 0.10 4.44(2.62 − 6.20) × 107 115 ± 5 150 ± 10 2 0 Atkinson + 2005
NGC 2787 SB0/a 7.45 2 7.263 −22.14 −21.06 −21.64 0.11 0.26 −19.10 −18.02 −18.60 3.038 0.944 9.78 ± 0.09 4.07(3.55 − 4.47) × 107 189 ± 9 226 ± 10 2 0 Sarzi + 2001
NGC 3227 SBa 23.75 2 7.639 −24.25 −21.83 −24.12 0.0 0.108 −21.55 −19.13 −21.43 2.696 0.800 9.99 ± 0.09 2.10(0.98 − 2.79) × 107 133 ± 12 250 ± 10 1 0 Davies + 2006
NGC 3368 SABab 10.62 2 6.320 −23.99 −22.48 −23.68 0.0 0.25 −21.14 −19.63 −20.82 2.854 0.838 10.26 ± 0.09 7.66(6.13 − 9.19) × 106 125 ± 6 204 ± 5 1 0 Nowak + 2010
NGC 3384 SB0 11.49 2 6.750 −23.65 −22.56 −23.15 0.0 0.37 −20.55 −19.46 −20.05 3.105 0.906 10.34 ± 0.09 1.08(0.59 − 1.57) × 107 146 ± 7 160 ± 10 1 1 Schulze + 2011
NGC 3393 SABa 49.2 9 9.059 −24.45 −23.03 −24.11 0.0 0.27 −21.48 −20.05 −21.14 2.968 0.813 10.48 ± 0.09 1.57(0.58 − 2.55) × 107 148 ± 10 . . . 3 0 Kondratko+2008, Huré+2011
NGC 3489 SABa 11.98 2 7.370 −23.29 −22.15 −22.82 0.11 0.24 −20.17 −19.03 −19.70 3.120 0.815 10.11 ± 0.09 5.94(5.11 − 6.78) × 106 113 ± 4 . . . 1 0 Nowak + 2010
NGC 3945 SB0 19.5 9 7.526 −23.93 −22.88 −23.41 0.04 0.34 −20.95 −19.90 −20.43 2.980 0.925 10.50 ± 0.09 8.8 (0.00 − 25.5 ) × 106 192 ± 10 . . . 1 0 Gültekin + 2009b
NGC 4388 SBbc 16.53 4 8.004 −23.10 −20.55 −22.99 0.0 0.096 −20.14 −17.60 −20.03 2.955 0.711 9.41 ± 0.10 7.31(7.13 − 7.48) × 106 99 ± 10 200 ± 10 3 0 Kuo + 2011
NGC 4736 Sab 5.00 2 5.106 −23.39 −22.29 −22.91 0.0 0.36 −20.68 −19.58 −20.20 2.710 0.735 10.13 ± 0.10 6.77(5.21 − 8.33) × 106 120 ± 6 181 ± 10 1 0 Gebhardt + 2013
NGC 4826 Sab 7.27 2 5.330 −23.99 −22.24 −23.75 0.0 0.20 −20.98 −19.23 −20.74 3.009 0.803 10.14 ± 0.09 1.56(1.17 − 1.95) × 106 104 ± 3 155 ± 5 1 0 Gebhardt + 2013
NGC 4945 Scd 3.58 4.438 −23.38 −20.50 −23.30 0.0 0.07 −20.58 −17.70 −20.50 2.801 1.20 9.35 ± 0.12 1.35(0.87 − 2.03) × 106 134 ± 20 174 ± 10 3 0 Greenhill + 1997b
NGC 6264 SBb 147.6 9 11.407 −24.5 −22.6 −24.3 0.0 0.17 . . . . . . . . . . . . . . . 10.36 ± 0.09 3.08(3.04 − 3.12) × 107 158 ± 15 . . . 3 0 Kuo + 2011
NGC 6323 SBab 113.4 9 10.530 −24.80 −21.55 −24.75 0.0 0.050 . . . . . . . . . . . . . . . 9.94 ± 0.09 1.01(1.00 − 1.03) × 107 158 ± 26 . . . 3 0 Kuo + 2011
NGC 7582 SBab 22.3 9 7.316 −24.43 −21.96 −24.31 0.0 0.103 −21.78 −19.31 −21.66 2.649 0.738 10.02 ± 0.10 5.51(4.56 − 6.81) × 107 156 ± 19 226 ± 10 2 0 Wold + 2006
IC 2560 SBbc 37.2 9 8.694 −24.19 −22.05 −24.02 0.0 0.14 −21.65 −19.51 −21.48 2.541 0.886 10.12 ± 0.09 5.01(0.00 − 5.72) × 106 141 ± 10 196 ± 3 3 0 Yamauchi + 2012
UGC 3789 SABab 49.9 9.510 −24.03 −22.79 −23.61 0.0 0.32 −21.13 −19.89 −20.71 2.9 0.86 10.39 ± 0.09 9.65(8.10 − 11.20) × 106 107 ± 12 273 ± 20 3 0 Kuo+2011, Huré+2011

Column 1 is the galaxy name. Rows are printed in red for galaxies with classical bulges; these are plotted with red symbols in BH correlation diagrams. Blue text and plot symbols are used for pseudobulges. The cyan M• for NGC 3998 is plotted only in Figure 12.
Column 2 is the galaxy Hubble type, mostly from RC3 with a few corrections from Kormendy & Bender (2013b). Otherwise, if M• is shown in cyan, we accept the BH mass but do not include it in correlation fits (Sections 6.5, 6.6).
Column 3 is the assumed distance (see notes to Table 2). For our Galaxy, Circinus, NGC 4945, and UGC 3789, see supplemental notes on individual galaxies.
Column 4 is the 2MASS Ks total magnitude. For three galaxies, it has been corrected as discussed in Apparent Magnitude Corrections in the table supplemental notes and in Supplemental Information. These corrections are generally negligible for disk galaxies,

which usually have steep (nearly exponential) outer profiles, unless their images are both very large and very bulge-dominated. The adopted corrections are −0.363 mag for NGC 4594 (which has an outer brightness profile like that of a giant ellipticals) and
−0.411 mag for M31 (which has an exceptionally large image on the sky). Both corrections were determined in order to make (V − Ks)0 = 2.980. M31 is discussed in the notes.

Columns 5 – 7 are the corresponding total, (pseudo)bulge, and disk Ks-band absolute magnitudes based on the adopted distances and Galactic absorption corrections from the Schlafly & Finkbeiner (2011) recalibration of Schlegel et al. (1998) as tabulated in NED.
Columns 8 and 9 are the classical-bulge-to-total luminosity ratio B/T and the pseudobulge-to-total luminosity ratio PB/T from Kormendy & Bender (2013b). These values used in Ks band are determined as close to Ks band as feasible; for some galaxies (especially

S0s), they are determined in the optical but can be used in the infrared with relatively small errors. Parameters for the Galaxy and for Circinus are summarized further in the notes on individual galaxies.
Columns 10 – 12 are the V -band total, (pseudo)bulge, and disk absolute magnitudes. Total magnitudes are taken from Kormendy & Bender (2013b) or from the RC3 and Hyperleda. We generally used the mean of the RC3, Hyperleda main table, and Hyperleda

“integrated photometry” BT values and subtracted (B − V )T , usually from RC3. When the RC3 or Hyperleda magnitude gave a much more realistic (V − K)0 color, we used these values. The V -band B/T and PB/T values are usually assumed to be
the same as the Ks-band values. For two galaxies, optical and infrared measurements imply different (pseudo)bulge-to-total ratios. Then we used (B/T )V = 0.25 for M31 and (PB/T )V = 0.30 for NGC 1068 to get the V -band (pseudo)bulge magnitudes.

Columns 13 and 14 are the V − Ks and B − V colors of the galaxy corrected for Galactic reddening.
Column 15 is the base-10 logarithm of the (pseudo)bulge stellar mass derived from MKs,bulge and from the average of the M/LKs values given by Equations 8 and 9 in Section 6.6.1.
Column 16 is the measured BH mass with 1-σ range in parentheses from sources in Column 20.
Column 17 is the stellar velocity dispersion σe, mostly from Gültekin et al. (2009c) or the source in Column 20. Checks or corrections are described in table notes. For the definition of σe, see Corrections to effective velocity dispersions in the table notes.
Column 18 is the asymptotic, circular-orbit rotation velocity Vcirc at large radii, usually from H I observations, as documented in Kormendy & Bender (2013b).
Column 19 lists two flags: “M” encodes the method used to measure M•, using 1 for stellar dynamics, 2 for ionized gas dynamics, 3 for maser dynamics, and 4 for CO rotation curve dynamics. “M•” = 1 implies that the BH mass has been “corrected” by making

dynamical models that include large orbit libraries and dark matter halos. Flag “C” which identifies galaxies with cores in Table 2 is not necessary here: None of these galaxies have cores, although NGC 524 has often been classified as a core galaxy (see
Kormendy & Bender 2013b).

Column 20 is the source of the BH mass in Column 16. When there is more than one M• measurement, the other sources are given in the notes on individual galaxies. If a galaxy does not appear there, then the reference in Column 20 is also the BH discovery paper.

Quantities not otherwise credited are discussed in the notes on individual objects in the Supplementary Information or are from Gültekin et al. (2009c), Kormendy & Bender (2013b), or Kormendy et al. (2010).
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If we use individual errors in MK,bulge (± 0.2) and log �e and add individual errors in log M• to
the intrinsic scatter in quadrature and iterate the intrinsic scatter until the reduced �2 = 1, then

log
✓

M•

109 M�

◆
= �(0.253±0.052)�(0.484±0.036)(MK,bulge+24.21); intrinsic scatter = 0.31; (4)

log
✓

M•

109 M�

◆
= �(0.501±0.049)+(4.414±0.295) log

✓
�

200 km s�1

◆
; intrinsic scatter = 0.28. (5)

The di↵erence between the two sets of fits is small. Taking account also of fits that use di↵erent
combinations of points, we conclude that the intrinsic log M• scatter in M•–MK,bulge is 0.31±0.02,
almost the same as the intrinsic scatter 0.29±0.03 in M•–�e. This conclusion has also been reached
by other authors who use infrared luminosities (e. g., Marconi&Hunt 2003; Sani et al. 2011).

Rewriting Equations 2 and 3 in physically more transparent forms,

M•

109 M�
=

✓
0.542+0.069

�0.061

◆ ✓
LK,bulge

1011 LK�

◆1.21±0.09

(6)

M•

109 M�
=

✓
0.309+0.037

�0.033

◆ ✓
�

200 km s�1

◆4.38±0.29

(7)

6.6.1.The M• – Mbulge correlation and the ratio of BH mass to bulge mass
Galaxy formation work requires the mass equivalent of Equation 6, the M• – Mbulge correlation.

This is tricker to derive than it sounds. It is not just a matter of multiplying the bulge luminosity by
a mass-to-light ratio that is provided automatically by the stellar dynamical models that give us M•.
Bulge mass is inherently less well defined than bulge luminosity. Mass-to-light ratios of old stellar
populations are uncertain; (1) the initial mass function (IMF) of star formation is poorly known; it
may vary with radius in an individual galaxy or from galaxy to galaxy; (2) stellar population age
and metallicity distributions a↵ect M/L and are famously di�cult to disentangle; one consequence
is that late stages of stellar evolution – especially asymptotic giant branch stars – a↵ect M/L but
but are poorly constrained observationally (e. g., Portinari & Into 2011). Most important of all, (4)
dark matter contributes di↵erently at di↵erent radii and probably di↵erently in di↵erent galaxies.

Graves & Faber (2010) provide an up-to-date discussion of these problems. They conclude that
all of the above are important, with stellar population e↵ects (age and metallicity) accounting for
⇠ 1/4 of the variations in optical mass-to-light ratios and some combination of IMF and dark
matter variations accounting for the rest. However, this field is unsettled; extreme points of view
are that even K-band mass-to-light ratios vary by factors of ⇠ 4 from galaxy to galaxy and that all
of this range is due to variations in IMF (Conroy & van Dokkum 2012) or contrariwise that IMFs
vary little from one place to another (Bastian, Covey, & Meyer 2010).

These problems are background worries that may yet hold unpleasant surprises, but mostly, they
are beyond the scope of this paper. The extensive work of the SAURON and ATLAS3D teams
(Cappellari et al. 2006, 2013) shows that dynamically determined I- and r-band mass-to-light ratios
are very well behaved. For 260 ATLAS3D galaxies, M/Lr / �0.69±0.04

e with an intrinsic scatter
of only 22%. Since M/LK almost inevitably varies less from galaxy to galaxy than M/Lr, this
suggests that we proceed by finding a way to estimate M/LK . In particular, we want an algorithm
that does not involve the use of uncertain e↵ective radii re. Here’s why:

Published studies often derive Mbulge dynamically from re, �e, and a virial-theorem-like relation
Mbulge = k�2

ere/G, where k is, e. g., 3 (Marconi & Hunt 2003) or 5 (Cappellari et al. 2006, 2010)
or 8 (Wolf et al. 2010). This situation is unsatisfactory; di↵erent assumptions about the density
profile are one reason why k is uncertain. Also, re values are less well measured than we think.
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If we use individual errors in MK,bulge (± 0.2) and log �e and add individual errors in log M• to
the intrinsic scatter in quadrature and iterate the intrinsic scatter until the reduced �2 = 1, then

log
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◆
= �(0.253±0.052)�(0.484±0.036)(MK,bulge+24.21); intrinsic scatter = 0.31; (4)
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200 km s�1
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; intrinsic scatter = 0.28. (5)

The di↵erence between the two sets of fits is small. Taking account also of fits that use di↵erent
combinations of points, we conclude that the intrinsic log M• scatter in M•–MK,bulge is 0.31±0.02,
almost the same as the intrinsic scatter 0.29±0.03 in M•–�e. This conclusion has also been reached
by other authors who use infrared luminosities (e. g., Marconi&Hunt 2003; Sani et al. 2011).

Rewriting Equations 2 and 3 in physically more transparent forms,
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0.309+0.037
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(7)

6.6.1.The M• – Mbulge correlation and the ratio of BH mass to bulge mass
Galaxy formation work requires the mass equivalent of Equation 6, the M• – Mbulge correlation.

This is tricker to derive than it sounds. It is not just a matter of multiplying the bulge luminosity by
a mass-to-light ratio that is provided automatically by the stellar dynamical models that give us M•.
Bulge mass is inherently less well defined than bulge luminosity. Mass-to-light ratios of old stellar
populations are uncertain; (1) the initial mass function (IMF) of star formation is poorly known; it
may vary with radius in an individual galaxy or from galaxy to galaxy; (2) stellar population age
and metallicity distributions a↵ect M/L and are famously di�cult to disentangle; one consequence
is that late stages of stellar evolution – especially asymptotic giant branch stars – a↵ect M/L but
but are poorly constrained observationally (e. g., Portinari & Into 2011). Most important of all, (4)
dark matter contributes di↵erently at di↵erent radii and probably di↵erently in di↵erent galaxies.

Graves & Faber (2010) provide an up-to-date discussion of these problems. They conclude that
all of the above are important, with stellar population e↵ects (age and metallicity) accounting for
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Presumably these galaxies contain larger contributions of dark matter that we choose not to include.
The remaining 22 galaxies satisfy log (M/LK) = 0.287 log σe−0.637 with an RMS scatter of 0.088.
As expected, the relation is shallower than the one in r band (above). It has essentially the same
scatter of ∼ 23 %. Dynamically, M/LK = 1 at σe = 166 km s−1, where the Into & Portinari (2013)
calibration gives M/LK # 0.76. Cappellari et al. (2006) argue that the difference may be due to
the inclusion of some dark matter in the dynamical models. We use the dynamical zeropoint.

To shift the Into & Portinari log M/LK values to the above, dynamical zeropoint, we first use
their Table 3 relation log M/LK = 1.055(B−V )0−1.066 to predict an initial, uncorrected M/LK .
This correlates tightly with σe: log M/LK = 0.239 log σe−0.649 with an RMS scatter of only 0.030.
We then apply the shift ∆ log M/LK = 0.1258 or a factor of 1.34 that makes the corrected Into &
Portinari mass-to-light ratio agree with the dynamic one, M/LK = 1.124, at σe = 250 km s−1.

We then have two ways to predict M/LK that are independent except for the above shift,

log M/LK = 0.2871 log σe − 0.6375; RMS = 0.088; (8)

log M/LK = 1.055(B − V )0 − 0.9402; RMS = 0.030, (9)

where we use the RMS scatter of the correlation with σe to estimate errors for the latter equation.
We adopt the mean of the mass-to-light ratios given by Equations 8 and 9. For the error estimate,
we use 0.5

√

0.0882 + 0.0302 + (half of the difference between the two log M/LK values)2. We use
the resulting M/LK together with MK,bulge to determine bulge masses. For the log Mbulge error
estimate, we add the above in quadrature to (0.2/2.5)2. The results are listed in Tables 2 and 3.

Figure 18 shows the correlation of M• with bulge mass Mbulge. A symmetric, least-squares fit
to the classical bulges and ellipticals omitting the monsters and (for consistency with M• – σe), the
emission-lime M• values for NGC 4459 and NGC 4596 plus NGC 3842 and NGC 4889 gives the
mass equivalent of Equation 6,

M•

109 M"

=

(

0.49+0.06
−0.05

) (

Mbulge

1011 M"

)1.16±0.08

; intrinsic scatter = 0.29 dex. (10)

Thus the canonical BH-to-bulge mass ratio is M•/Mbulge = 0.49+0.06
−0.05 % at Mbulge = 1011 M".

This BH mass ratio at Mbulge = 1011 M" is 2–4 times larger than previous values, which range
from ∼ 0.1 % (Sani et al. 2011), 0.12 % (McLure & Dunlop 2002), and 0.13+0.23

−0.08 % (Merritt &
Ferrarese 2001; Kormendy & Gebhardt 2001) to 0.23+0.20

−0.11 % (Marconi & Hunt 2003). The reasons
are clear: (1) we omit pseudobulges; these do not satisfy the tight correlations in Equations 2 – 7;
(2) we omit galaxies with M• measurements based on ionized gas dynamics that do not take broad
emission-line widths into account; (3) we omit mergers in progress. All three of these tend to have
smaller BH masses than the objects that define the above correlations. Also, the highest BH masses
occur in core ellipticals (more on these below), and these have been revised upward, sometimes by
factors of ∼ 2, by the addition of dark matter to dynamical models. Moreover, thanks to papers
like Schulze & Gebhardt (2011) and Rusli et al. (2013), we have many such objects.

The exponent in Equation 10 is slightly larger than 1, in reasonable agreement with Häring &
Rix (2004), who got M• ∝ M1.12±0.06

bulge and again a lower normalization, BH mass fraction # 15 %
at Mbulge = 1011 M". McConnell & Ma (2013) get a similar range of exponents from 1.05±0.11 to
1.23 ± 0.16 depending on how the bulge mass is calculated (dynamics versus stellar populations).
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Fig. 7.— Volume-weighted BH mass function in bins of 0.25
dex (# Mpc−3 log MBH

−1). The weights used are identical to
those for the luminosity function, and as above we show in the inset
the mass functions for objects targeted as galaxies (left) and QSOs
(right), respectively. Although we are subject to significant incom-
pleteness, we will argue below that there is truly a turnover in active
galaxy masses at both lower and higher BH masses. We have fit the
mass function with both a double power-law (dashed line) and a
log-normal function (solid line).

Additionally, as the BH mass increases, the corresponding
bulge luminosity is presumably increasing, further decreas-
ing the contrast and the S/N in the broad line.

If we could uniquely ascribe a host galaxy luminosity
and light profile to each MBH, then we could easily model
our incompleteness as a function of MBH and Lbol/LEdd.
At high BH mass, this is in fact possible, as there is a re-
lation linking MBH and spheroid luminosity, and the fun-
damental plane tells us the typical sizes (and thus fiber
luminosities) of elliptical galaxies. However, for spiral or
dwarf spheroidal host galaxies, there ceases to be a unique
mapping between MBH and galaxy luminosity or structure.
The relation between bulge-to-total ratio and galaxy lumi-
nosity is poorly quantified and contains significant scatter
in any case. Furthermore, at lower masses, as the AGNs
become intrinsically fainter, only systems with relatively
luminous host galaxies will fall above the magnitude limit
of the SDSS. For these reasons, at low MBH the calculated
incompleteness is a strong function of the assumed (but
unconstrained) host galaxy morphology.

As a matter of practicality, then, we turn the problem
around. Rather than attempting to quantify our absolute
incompleteness as a function of MBH, we simply quan-
tify the range of host galaxy luminosities for which we
might hope to detect a BH of a given mass, LHα, and
z. Over narrow ranges in all of these parameters, neither
the line width nor the galaxy continuum strength changes
dramatically and the completeness ought to be constant
(provided the BHs are drawn from the same host galaxy
population). In such bins, with uniform completeness, we
are able to measure true changes in space density. Sim-

ulations allow us to isolate ranges of MBH, LHα, and z
with constant sensitivity to galaxy fiber luminosity. Note,
however, that in any given interval, we necessarily exclude
different members of the population as a function of MBH;
at the lowest masses we preferentially exclude those sys-
tems in faint hosts, while at the highest MBH we exclude
the higher Lbol/LEdd systems. Therefore, we implicitly as-
sume that the distribution of MBH is uniform independent
of both disk luminosity and Eddington luminosity. With
this approach, however, we need not concern ourselves di-
rectly with host galaxy structure3 per se, but solely the
luminosity. The total host galaxy luminosity must be high
enough that the source is spectroscopically targeted, while
the fiber luminosity must be low enough to allow detection
of the broad line.

We investigate three mass regimes (MBH=105.5 − 106.4,
106 − 107, and 106.5 − 107.5 M!), choosing optimal z and
LHα ranges for each. Our procedure is described in most
detail for the lowest (and most challenging) mass bin, and
then results are presented for all three. In the first bin,
we are fundamentally limited by the total number of ob-
jects. Therefore, we are forced to use the lowest possible
redshift bins: z = 0.05−0.07 and z = 0.07−0.1. These are
bins with ≥ 10 objects per bin for the most part; at still
lower z a prohibitively large range in distance is needed
to populate each bin. In terms of LHα, the highest lu-
minosity is set by the Eddington luminosity of the lowest
mass bin, in this case 1041 ergs s−1 for a BH with mass
105.5 M!, while the lowest luminosity is set by the paucity
of lower-luminosity objects (1040.5 ergs s−1).

Simulations allow us to verify that the selection proba-
bility is indeed independent of host galaxy fiber luminos-
ity. We make artificial spectra in the appropriate MBH

and LHα range, with fiber galaxy luminosities spanning
−14 ≤ MB ≤ −22. The galaxy continuum is modeled as a
single stellar absorption-line system, constructed from the
eigenspectra of Yip et al. (2004), and the S/N is varied to
correspond to typical SDSS spectra over the redshift range
of interest. Five realizations are made for each galaxy lu-
minosity and S/N, and each spectrum is run through our
full detection algorithm. For those with detectable broad
Hα, we then investigate whether the galaxy luminosity is
sufficient for spectroscopic targeting in the first place. Re-
call that this limit depends on total (rather than fiber)
luminosity, but there is not a one-to-one conversion from
fiber to total luminosity; it depends on galaxy morphology
and redshift rather strongly. Therefore, we place an upper
limit on the total galaxy luminosity by insisting that the
fiber luminosity account for no less than 20% of the to-
tal galaxy luminosity (as motivated by the observed range
shown in Fig. 9 of Tremonti et al. 2004). Over the entire
range of galaxy luminosities we explore, a non-zero detec-
tion fraction results only for fiber luminosities in the range
−16 < MB < −18, but the detection fractions at a given
host luminosity are very constant across the mass range of
interest, as shown in Figure 8.

In Figure 9a we show the resulting mass functions for
the two different redshift bins. Visually, it appears that
the space density is truly falling at low mass. To quantify

3At a given luminosity, a wide range of galaxy morphologies are permitted. Thus it is still possible to find significant differences in σ∗
(e.g., Greene & Ho 2006b) and potentially host galaxy structure (J. E. Greene, in preparation) as a function of MBH for the SDSS-selected
samples of low-mass systems.

Greene & Ho (2004, 2007a,b); Dong, Ho et al. (2012)
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of both disk luminosity and Eddington luminosity. With
this approach, however, we need not concern ourselves di-
rectly with host galaxy structure3 per se, but solely the
luminosity. The total host galaxy luminosity must be high
enough that the source is spectroscopically targeted, while
the fiber luminosity must be low enough to allow detection
of the broad line.

We investigate three mass regimes (MBH=105.5 − 106.4,
106 − 107, and 106.5 − 107.5 M!), choosing optimal z and
LHα ranges for each. Our procedure is described in most
detail for the lowest (and most challenging) mass bin, and
then results are presented for all three. In the first bin,
we are fundamentally limited by the total number of ob-
jects. Therefore, we are forced to use the lowest possible
redshift bins: z = 0.05−0.07 and z = 0.07−0.1. These are
bins with ≥ 10 objects per bin for the most part; at still
lower z a prohibitively large range in distance is needed
to populate each bin. In terms of LHα, the highest lu-
minosity is set by the Eddington luminosity of the lowest
mass bin, in this case 1041 ergs s−1 for a BH with mass
105.5 M!, while the lowest luminosity is set by the paucity
of lower-luminosity objects (1040.5 ergs s−1).

Simulations allow us to verify that the selection proba-
bility is indeed independent of host galaxy fiber luminos-
ity. We make artificial spectra in the appropriate MBH

and LHα range, with fiber galaxy luminosities spanning
−14 ≤ MB ≤ −22. The galaxy continuum is modeled as a
single stellar absorption-line system, constructed from the
eigenspectra of Yip et al. (2004), and the S/N is varied to
correspond to typical SDSS spectra over the redshift range
of interest. Five realizations are made for each galaxy lu-
minosity and S/N, and each spectrum is run through our
full detection algorithm. For those with detectable broad
Hα, we then investigate whether the galaxy luminosity is
sufficient for spectroscopic targeting in the first place. Re-
call that this limit depends on total (rather than fiber)
luminosity, but there is not a one-to-one conversion from
fiber to total luminosity; it depends on galaxy morphology
and redshift rather strongly. Therefore, we place an upper
limit on the total galaxy luminosity by insisting that the
fiber luminosity account for no less than 20% of the to-
tal galaxy luminosity (as motivated by the observed range
shown in Fig. 9 of Tremonti et al. 2004). Over the entire
range of galaxy luminosities we explore, a non-zero detec-
tion fraction results only for fiber luminosities in the range
−16 < MB < −18, but the detection fractions at a given
host luminosity are very constant across the mass range of
interest, as shown in Figure 8.

In Figure 9a we show the resulting mass functions for
the two different redshift bins. Visually, it appears that
the space density is truly falling at low mass. To quantify

3At a given luminosity, a wide range of galaxy morphologies are permitted. Thus it is still possible to find significant differences in σ∗
(e.g., Greene & Ho 2006b) and potentially host galaxy structure (J. E. Greene, in preparation) as a function of MBH for the SDSS-selected
samples of low-mass systems.

     200-300 
 new sources!

Greene & Ho (2004, 2007a,b); Dong, Ho et al. (2012)



HST/ACS Greene, Ho & Barth (2008); Jiang, Greene & Ho  (2011a, b)
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Fig. 5.—Locations of the dwarf-galaxy AGNs in our sample (circles) on standard emission-line
diagnostic diagrams. Solid symbols represent the two objects with clear detections of broad emis-
sion lines. Lower limits on the [O III]/H� and [S II]/H↵ ratios are indicated with arrows. Typical
error bars, computed for the object in the sample that has the median S/N ratio for all detected
diagnostic lines, are shown in the lower-right corner of each panel. The grey dots represent all
SDSS DR7 galaxies within 80 Mpc that have detections of the relevant emission lines (5345 in the
[N II] and [S II] plots, and 2826 in the [O I] plot). Empirical “maximum starburst” lines (Kewley
et al. 2006) separate the AGN and H II galaxy regions on the plots.

The second object, J1351+4012, lies in the AGN regions on all of the plots in Figure 5, but it

has relatively weak low-ionization forbidden lines and [O III]/H� < 3 (although, because the [O III]

lines are broader than H�, the ratio is closer to 3 than the spectrum in Fig. 4 might suggest).

Similar to J0948+0958, this object also has a fairly strong He II line with He II/H� = 0.08. Weak

[Fe VII] �6087 and [Fe X] �6375 lines, both of which have ionization potentials in excess of of 100

eV, appear to be present as well. The spectra of J0948+0958 and J1351+4012 near He II �4686

are displayed in Figure 6.

The combination of strong He II emission and the fact that some of the flux ratios involving

low-ionization lines are consistent with those of Seyfert nuclei suggests that these galaxies are

powered in part by AGNs. Without the benefit of additional data, our best hypothesis is that

they are composite objects whose SDSS spectra contain emission from both an active nucleus and

circumnuclear star-forming regions. Relative to a pure AGN spectrum, we would expect either the

H↵ or H� emission line to be enhanced in this scenario, which would explain the ambiguous line

ratios of the objects. Indeed, the central region of J1351+4012 is very blue (its “fiber” magnitudes

measured in the same area covered by the spectroscopic fibers indicate g � r = 0.39) and its

continuum spectrum exhibits strong Balmer absorption, confirming the presence of a young stellar

population. 1 Similarly, J0948+0958 is one of our bluer objects (g � r = 0.48). Being low-mass

1J1351+4012 would also qualify as “composite” according to Kewley et al. (2006), owing to the fact that it falls

Moran et al. (2014); cf. Barth, Greene & Ho (2008)

Mg > −18 mag           M* = 108 – 109 M⊙ 
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Recent Updates
☯ Central BHs detected from 104 – 1010 M⊙

☯ All bulges contain BHs, but not all BHs live in bulges

☯ M• ~  Mbulge          〈M• / Mbulge〉 ~ 0.5%

☯ M• ∝ σ4.4 

☯ M•− σ and  M• − Mbulge relations have similar scatter

☯ Scaling relations only tight for classical bulges and Es

☯ Scaling relations already in place for high-z QSOs

☯ Mild evolution only for most massive BHs

☯ AGN feedback effective only for classical bulges and Es

1.2





Opportunities with 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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☯ BH masses using nuclear (cold) gas disks 

☯ ISM content of quasars at all redshifts

☯ Dynamical masses of quasar host galaxies (CO ladder, [C II])
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Future Directions with TMT

☯ Direct measurement of low-mass BHs in dwarf galaxies 

☯ Direct measurement of BH masses in high-z inactive galaxies 

☯ Direct measurement of BH-host scaling relations at high-z 

☯ Calibration of BH masses in reverberation-mapped AGNs

☯ Stellar orbital structure of centers of BCGs, constrain growth 
      mechanism of most massive BHs


