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Correlation of dynamically measured BH mass M• with (left ) K-band absolute magnitude MK,bulge
-1-1
and luminosity L
and
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)
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dispersion
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for
(red
)
classical
bulges
and
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K,⊙
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K,bulge
K,⨀
e
elliptical galaxies. The lines are symmetric least-squares fits to all the points except the monsters
(points in light colors), NGC 3842, and NGC 4889. Figure 17 shows this fit with 1-σ error bars.

Interpretations6.6
ofThe
theMM
BH - galaxy relations rests on reliable MBH measurements.
• – Lbulge, M• – Mbulge, and M• – σe correlations for
classical bulges and elliptical galaxies

To date, ~90 MBHFigure
measurements
haveof been
made,
but
there
remain open questions.
16 shows the updated correlations
M with bulge
luminosity
and velocity
dispersion.
•

Recent advances allow us to derive more robust correlations and to better understand the
systematic eﬀects in their scatter. First, we distinguish classical bulges that are structurally
like ellipticals from pseudobulges that are structurally more disk-like than classical bulges. There
is now a strong case that classical bulges are made in major mergers, like ellipticals, whereas
pseudobulges are grown secularly by the internal evolution of galaxy disks. We show in Section 6.8
that pseudobulges do not satisfy the same tight M• –host-galaxy correlations as classical bulges and
BH
ellipticals. Therefore we omit them here. Second, we now have bulge and pseudobulge data for all
BH galaxies (Kormendy & Bender 2013b). Third (Section 3), we have more accurate BH masses,

At the high-mass end of the correlations:
‣ slope, intrinsic scatter, and possibly functional form are not well understood
‣ MBH - σ and M - L disagree

Pro’s and Con’s of Each Mass Measurement Method
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Widely applicable, BUT
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Assumption of circular rotation must be
verified.

✦

Models are complex.
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Models can be biased due to a number
of systematic effects.

✦

Often the observed velocity dispersion
is larger than that predicted from
models.
‣

what is the physical origin and what
does that mean for MBH?

‣
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intrinsic shape/orientation effects
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Black Hole Mass Consistency Tests
✦

There have been very few consistency checks between stellar and gas-dynamical
BH mass measurement methods.
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M87 Black Hole Mass Measurements
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✦

M87 has been the subject of a number of MBH measurements, beginning as early
as 1978 (Young et al. & Sargent et al. 1978).

✦

Most recent stellar and gas-dynamical measurements disagree by a factor of ~2
(Gebhardt et al. 2011, Walsh et al. 2013).
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A Gas-dynamical Black Hole Mass from FOS

✦

Obtained spectra with HST/FOS at 6
aperture positions.

✦

Fit a rotating thin disk model to the velocity
measurements.
(Harms et al. 1994)

FIG. 13.ÈModel rotation curves computed from the equations of °° 7 and 8 and representing ““ extreme ÏÏ cases, i.e., with parameters chosen to maximize
the various e†ects. For all the curves b \ 0A. 03 and M (sin i)2 \ 2.5 ] 109 M , h and i are indicated at the top of each panel. The dashed line is the rotation
BH
_
curve from the analytical formula of ° 7. The solid line is derived from the simple convolution of the analytical relation with the two-dimensional spatial PSF.
The dotted line takes into account the luminosity distribution, which is also plotted with the same line style. ““ Exp.ÏÏ and ““ Pow. Law ÏÏ are the exponential and
power-law luminosity distributions described in ° 9. In the lower inserts in both panels these luminosity distributions are multiplied by a ““ hole ÏÏ function (° 9).
The e†ects of averaging over the slit width are always so small as to not being visible in this Ðgure.

A Gas-dynamical Black Hole Mass from FOC
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FIG. 1.ÈPositions of the slit during the observations compared with the Ha ] N II image of the M87 disk from the WFPC2 archive. The gray levels are
between 0% and 40% of the nuclear peak in the outer region. The nucleus has been rescaled to be displayed within this range of values. North is up and east is
to the left.

frames.
In addition, geometric distortion is also induced on the slit and dispersion directions by the spectrographic mirror and the
grating. The distortion in the dispersion direction was determined by tracing the spectra of two stars taken in the core of the
47 Tucanae globular cluster. These stars are ^130 pixels apart and almost at the opposite extremes of the slit. The distortion
along the slit direction was determined by tracing the brightness distribution along the slit of the planetary nebula NGC 6543
emission lines. Ground-based observations (Perez, Cuesta, Axon, & Robinson, in preparation) indicate that the distortion

(Macchetto et al. 1997)
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Jul
Jul
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47 Tuc . . . . . . . . . .
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NGC 6543 . . . . . .
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FIG. 14.ÈBest
Ðts to the observed rotation curve taking into account the smearing due to the spatial PSF ; theFIG.
solid
line corresponds
to theatparameters
of for Ðt A (solid line), B (dotted line) and C (dashed line). Given the uncertainties on the zero
Spectrum =POS1
15.ÈPredicted
rotation curves
POS1 and POS2
Internal Ñat
Ðt A, the dotted
described in the text, the data points have been shifted in velocity and space to match model A.
Internalline
dark to Ðt B and the dashed line to Ðt C (see ° 8). The errors on the residuals are as in Fig. 12.
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weighting of the luminosity distribution can result in an overestimate of the mass of up to 0.5 ] 109 M , still with
_
formal uncertainties of the Ðt derived below. The weak dependence of the model rotation curve on the luminosity
distrib
is important because the true luminosity distribution for [O II] is unknown.
The presence of a ““ hole ÏÏ at the center of the luminosity distribution whose size is comparable with the FWHM of th
has little e†ect on the rotation curve but, as we shall see in ° 9, holes do have an e†ect on the width of the line proÐles.
Using this modiÐed Ðtting function under the same basic assumptions described in ° 7 leads to the parameters giv
Table 4. The errors quoted are conservative as they are based on the mean absolute deviation of values obtained fro
histogram of the local minima.
As a sanity check, we have repeated the above Ðtting procedure taking into account the luminosity proÐles plot
Figure 13, i.e., exponential and power-law dependences on radius (see ° 9). We found that the luminosity weighting intro
no signiÐcant change in the loci of acceptable solutions.
The PSF smearing has three e†ects on the model Ðts, Ðrstly, as one would expect, the required black hole mass is incr
to compensate for the lowering of the velocity amplitudes. In addition the inclination is more poorly constrained and
angles with the line of nodes become admissible. However, taking into account the POS1 and POS2 data restric
inclination to less than ^65¡.

Acquired spectra with HST/FOC at 3 parallel, non-contiguous slit positions.

Used rotating thin-disk models that, for the first time, incorporated the effects of
the propagation of light through the telescope and spectrograph optics.

The Need to Revisit the M87 Gas-dynamical Black Hole Mass
✦

The two previous gas-dynamical measurements were milestones for HST and
the field of BH detection, but:
‣
‣
‣

✦

Neither study was able to map out the full kinematic structure of disk.
Disk inclination angle was a source of uncertainty.
Is there velocity dispersion internal to the disk, and if dynamically
significant, how does that affect MBH?

The goal of our work was to improve gas-dynamical measurement using new
HST data and calculating more comprehensive models than had previously
been used for M87.

STIS Observations & Measurements
✦

Acquired new HST/STIS observations.
‣
‣
‣

0.1”-wide slit placed at 5 positions
spatial scale: 0.05”/pix
spectral coverage of Hα region

✦

Extracted spectra from individual rows of 2D
STIS image.

✦

Simultaneously fit 3 Gaussians to Hα and [N II]
emission lines.
(Walsh et al. 2013)

Observed Velocity Fields
✦

Measured the velocity, velocity dispersion, and flux as a function of
location along the slit.

(Walsh et al. 2013)

Gas-dynamical Models
✦

Assume a thin disk of gas in circular rotation. Determine vc based on enclosed
mass.

✦

Project onto the plane of the sky given i.

✦

Intrinsic line-of-sight velocity profiles assumed Gaussian before passing
through the telescope optics.

✦

Model velocity field “observed” in a manner that matches the STIS
observations.

✦

Extract a 1D spectrum from each row of the model 2D spectral image and fit
a Gaussian to the emission line.

✦

Determine best-fit parameters (MBH, M/L, i, θ, vsys, xoffset, yoffset) that produce a
model velocity field that most closely matches the observations.
(Walsh et al. 2013)
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discrepant with the most recent stellar-dynamical mass by 2σ.⊙
✦

Assigning a dynamical origin
to the intrinsic velocity
dispersion causes MBH to
increase by 6%.
(Walsh et al. 2013)

M87 Stellar-dynamical Black Hole Masses

✦

Early work showed MBH depended on the use of isotropic vs. anisotropic
models (e.g. Sargent et al. 1978, van der Marel 1994).

✦

More recently, it was found that a dark halo needs to be included in the
models to prevent a biased MBH measurement if large-scale kinematics are fit
(Gebhardt & Thomas 2009).

✦

The current stellar-dynamical measurement is a significant improvement over
previous work (Gebhardt et al. 2011).
Uses high angular resolution spectroscopy that probes well within BH
sphere of influence.
‣ Employs general orbit-based models without assumptions about the
orbital anisotropy.
‣

Imaging and Spectroscopic Observations
Figure 3. Binning scheme in M87 for the NIFS data only. Although this
particular frame does not have data for each bin, the dithered set fills all bins.
Data in the mirror bins around the major axis are added to the bins shown.

Figure 5. Velocity dispersion vs. radius for M87. The black points are the
NIFS data. The red points are the VIRUS-P data from Murphy et al. (2011),
and the blue points are from the SAURON data. The multiple points at each
radius represent the various position angles. The solid line is the best-fit model,
convolved to the appropriate PSF. For the dynamical model, we include the
predicted dispersion within 0.′′ 18.
(A color version of this figure is available in the online journal.)

The technique is described in Gebhardt et al. (2000a) and
Pinkney et al. (2003). The LOSVD is defined in 15 velocity
bins of 260 km s−1 . There is a smoothing parameter applied to
the LOSVD, but given the high S/N for most of the spectra,
the smoothing has little effect on the extractions; thus, there is
only a modest correlation between adjacent velocity bins. We
use Monte Carlo simulations to determine the uncertainties in
the LOSVD. The S/N of each spectrum determines the noise to
be used in the Monte Carlo simulations; from 1000 realizations
of each spectrum, we generate an average LOSVD and the 68%
uncertainty.
The dynamical modeling uses the non-parametric LOSVD
directly. However, it is sometimes convenient to express the
LOSVD in a parameterized form as Gauss–Hermite moments,
to show the radial run of the kinematics, and to compare the data
with the models. Table 2 shows the first four Gauss–Hermite
moments for the NIFS data. Figure 5 plots the velocity dispersion versus radius, where the dispersion is measured from a
Gauss–Hermite fit to the LOSVDs. Figure 5 plots all of the data
at each radius, and there are between 1 and 10 angular bins at
each radii; thus, there are multiple points at nearly all radii in
the figure. There is no rotation seen at a significant level in the
NIFS data.
We input 107 LOSVDs in the dynamical models. These
LOSVDs come from 40 spatial bins from the NIFS data, 25 from
the SAURON data, and 42 from the large radial data of Murphy
et al. (2011). The data in Murphy et al. come from the IFU
VIRUS-P, where we have nearly complete angular coverage. The
S/N of those data is very high (50–100 per resolution element).
The solid line in Figure 5 plots the velocity dispersion from
the best-fit dynamical model. The model generates LOSVDs,
and their dispersions come from Gauss–Hermite fits to those
LOSVDs. For the dynamical model dispersions, we average
along angles at a given radius for clarity. In Figure 5, we plot

✦

Imaging comes from:
‣
‣

✦

Spectroscopy comes from:
‣
‣
‣

Figure 4. Spectra at three different radii. The top is from 0.′′ 08 < R < 0.′′ 18, the
middle is from 0.′′ 18 < R < 0.′′ 3, and the bottom is from R = 0.′′ 6. The black
line is the spectrum and the smooth red line is the best-fit template convolved
with the best-fit LOSVD. The dashed lines are those regions excluded from
the fit due to high sky contamination. The spectrum at the top, which comes
from the central region, is not used in the fit due to AGN contamination. The

HST/WFPC V-band observations (Lauer et al. 1992)
Various ground-based observations (Kormendy 2009)

AO-assisted NIFS, extending to r ~ 2”
SAURON, with r ~2.5” to 11” (Emsellem et al. 2004)
VIRUS-P, with r ~ 10” to 250” (Murphy et al. 2011)

(Gebhardt et al. 2011)

Stellar-dynamical Models

✦

Potential consists of contributions from the BH, stars, and dark matter.
‣ M/L assumed to be constant with radius, and galaxy assumed to
be axisymmetric and edge-on.

✦

Integrate orbits in potential. Assign weights to each orbit such that the
superposition matches the observed kinematics and surface brightness.

✦

Repeat for different combination of parameters until lowest χ2 is found.
(Gebhardt et al. 2011)

Modeling Results

rch 10
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M

= (6.6 ± 0.4) x 10 M .

Recent stellar-dynamical work has shown the importance of incorporating a dark
halo, including orbital libraries that better sample tangential orbits, and exploring
triaxial shapes
.
The most recent stellar-dynamical analysis addresses the first two possible
systematics, but not the third.

et al. 2011)
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The Stellar-dynamical Black Hole Mass for NGC 3998
✦

Obtained Keck/OSIRIS+AO observations and long-slit Keck/LRIS observations
at 4 position angles to measure the stellar kinematics in NGC 3998.

✦

Constructed orbit-based models that sampled over possible intrinsic galaxy
shapes and tested incorporating the contribution from dark matter.

The Astrophysical Journal, 753:79 (18pp), 2012 July 1

Walsh et al.

MBH = (8.1+2.0-1.9)x108 M⊙
(Walsh
et al.2012
2012)
The Astrophysical Journal,
753:79 (18pp),
July 1

Figure 7. Results of the stellar dynamical models after marginalizing over
Figure 8. Stellar kinematics measured for NGC 3998 from the OSIRIS data (top panels) and the predicted values (bottom panels) from the best-fit stellar dynamical
the intrinsic shape of the galaxy. At each gray cross, a dynamical model was

fit black h
axis ratios
possible v
tween 4.2
be describ
(3σ uncer
axis ratios
out to 100
ality param
upper erro
limited by
from the M
round as t
an oblate a
to place s
the inclina
φ = −90+−
are consis
early-type

Comparison to the NGC 3998 Gas-dynamical Black Hole Mass

✦

Gas kinematics from HST/STIS data were fit with a circularly rotating thin disk,
suggesting MBH = (2.2+1.9-1.6) x 108 M⊙ (de Francesco et al. 2006).

✦

Observed and model line widths from gas-dynamical analysis do not fully match,
but unclear how much MBH would increase if an intrinsic velocity dispersion was
included in the model and assigned a dynamical origin.
‣

The effect could be small, as seen in M87, or quite large, as seen in M84
where MBH increased by a factor of 2 (Walsh et al. 2010).

Summary
✦

Gas-dynamical models of STIS data for M87 suggest: MBH = (3.5+0.9-0.7) x 109 M⊙
(Walsh et al. 2013).

✦

Unlike past gas-dynamical studies of M87, we have:
‣ mapped out the full kinematic structure of the disk, constraining i
‣ found that there is a small amount of velocity dispersion internal to the disk
‣ allowed for the intrinsic velocity dispersion to be dynamically significant

✦

Previous gas-dynamical MBH’s: (2.9 ± 0.8) x 109 M⊙ (Harms et al. 1994)
(3.8 ± 1.1) x 109 M⊙ (Macchetto et al. 1997)

✦

Stellar-dynamical models of AO-assisted NIFS data for M87 suggest: MBH = (6.6 ±
9
0.4) x 10 M⊙ (Gebhardt et al. 2011).

✦

M87, NGC 3998, and NGC 1332 highlight the need for carrying out more crosschecks between the two methods in the same galaxy.

