
Black hole radii

Rs =
2GMBH

c2

Rinfl =
GMBH

σ2
||(Rinfl)

Mgal( < Rg) = MBH

Schwarzschild radius:

Radius of influence:

Dynamical radius:

event horizon of non-spinning BH

Kepler speed due to BH = σ||

enclosed galactic mass 
(stars, gas, DM, …) = MBH

depends on l.o.s. kinematics, 
so useful in observations

depends on mass model
orbits with apocenter <Rg are approximately Keplerian



Mass-velocity 
anisotropy degeneracy



radial bias

tangential bias 
(can hide influence of BH on σ||)

BT2, section 4.3.2 shows how to construct DF with constant anisotropy parameter

No BH



radial bias

isotropic

tangential  
bias

With BH 3D

projected

BH causes upturn 
at small radius



radial

tangential

isotropic

using spatially resolved LOSVD, fit for mass distribution and β simultaneously

No BH

shape of LOSVD constrains β



radial

tangential

With and without BH

w/ BH

no BH



M-σ: black hole mass - stellar bulge velocity dispersion

McConnell & Ma 12

“Magorrian” rel.:  
MBH ~ 0.005 Mbulge 

(Kormendy & Ho 2013) 
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Sgr A*: directly fit Keplerian orbits to S-stars

from Kormendy & Ho 2013 review
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NGC 4258: accretion disk masers

Herrnstein+05, Moran 08

Use Keplerian measurements to 
check results from stellar dynamics

that, in the context of disk models, suggested either solid-body
rotation or confinement to a narrow range of radii. In parallel with
these developments, two teams were completing comprehensive
10 yr single-dishmonitoring programs of the systemicmaser emis-
sion. Both Haschick et al. (1994) and Greenhill et al. (1995a)
reported a secular drift in the systemic maser LOS velocities of
about 9 km s!1 yr!1. In addition, Greenhill et al. made the pre-
liminary conclusion that the high-velocity masers show no ac-
celeration. Watson & Wallin (1994) were the first to propose a
self-consistent diskmodel in which the systemic masers lie along
a narrow annulus at the near edge of an edge-on disk and the
high-velocity masers are near the diameter defined by the inter-
section of the disk with the plane of the sky (the midline).

The VLBI image produced by Miyoshi et al. (1995) provides
the first unequivocal demonstration that the masers trace a well-
organized rotating disk (see Fig. 1). The bulk of high-velocity
masers extends from 0.17 to 0.28 pc on either side of the systemic
masers and apparently obeys a Keplerian rotation law. (Note that
an isolated feature has been detected recently at 0.12 pc; Modjaz
et al. 2005.) The rotation curve requires a central binding mass
of 3:8 ; 107 M" and a central density of at least 4 ; 109 M" pc!3.
This central mass, together with the systemic maser position-
velocity gradient and LOS accelerations, indicates that the sys-
temic masers occupy a narrow annulus 0.14 pc from the central
engine and spanning 8# in disk azimuth along the near edge of
the disk. At 1100 km s!1 it takes individual masers about 10 yr to
traverse the entire envelope of systemic emission. The systemic

masers lie about 0.02 pc south of the disk center as determined
from the high-velocity masers, requiring that the disk be tipped
down about 8# from edge-on. The lack of structure in the vertical
positions of the systemic masers implies that the aspect ratio of
the disk is less than about 0.2% and that the portion of the disk
traced by the masers is extremely thin (Moran et al. 1995). Be-
cause the high-velocity masers are confined to within several de-
grees of themidline by their small observed accelerations (Bragg
et al. 2000), the systematic curvature in the declinations of these
features implies that the disk is warped. The data are well fit by a
gradual 8# change in the position angle of the disk between 0.17
and 0.28 pc (Herrnstein 1997). Herrnstein et al. (1996) use this
warp to explain the relative faintness of the blueshifted emission.
An ongoingmultiepochVery LongBaselineArray (VLBA)mon-
itoring program has detected $ 30!as yr!1 proper motions of the
systemic masers as they sweep in front of the background jet at
1100 km s!1. In addition to confirming the disk geometry, these
proper motions, together with the accelerations, provide a geo-
metric distance to the galaxy (Herrnstein et al. 1999).
High-frequency VLBA continuum observations have uncov-

ered a compact jet elongated along the rotation axis of the disk,
and well aligned with the large-scale jets at the base of the anom-
alous arms (Herrnstein et al. 1997). The $ 0.01 pc offset between
the jet emission and the central engine is consistent with optical
depth effects along a mildly relativistic jet (Blandford & Königl
1979). The southern jet is 5–10 times weaker than the northern
jet, and this is probably due to thermal absorption in the disk.

Fig. 1.—Top: Warped-disk model with masers and continuum superposed. Bottom: Total power spectrum of the NGC 4258 maser, with best-fitting Keplerian
rotation curve. Maser data are from VLBA epoch BM36b, and continuum data are from epochs BH25a–c (see Table 1).

HERRNSTEIN ET AL.720 Vol. 629

mas

km
/s

MBH=3×107 Msun

88 Moran

Figure 1. Top: A multiwavelength image (X-ray, Hα, 1.4 GHz radio) of the
galaxy NGC 4258, also known as M106, from data of Yang et al. (2007). This
black-and-white rendition does not serve to distinguish the various wavelength
regimes very well—see also the color rendition on the cover of this volume. The
so-called anomalous arms, seen by their synchrotron emission, have position
angles of about −45◦ and 135◦, and exhibit sharp bends about 2 kpc from the
nucleus. A large angle between the position angle of the accretion disk and the
galaxy was surmised by Oort (1982). Bottom: Image of the maser emission
from the central accretion disk of the galaxy from VLBA observations. Note
that the overplotting of many maser emission spots makes the disk look much
fatter than it actually is. From Argon et al. (2007), reproduced by permission
of the AAS.

of the accretion disk, Adam Trotter refined the warp model, Ann Bragg did an
analysis of the maser accelerations with the VLA, and Maryam Modjaz put an
upper limit on the Zeeman effect from circular polarization measurements with
the GBT, which yielded a limit on the magnetic field strength.

Figure 1 shows a multiwavelength composite image of NGC4258. In the
optical part of the spectrum the galaxy looks like a normal massive spiral galaxy



NGC 4889: most massive black hole
among 65 galaxies with direct measurements of MBH. Its luminosity
ranks fifth in this sample of galaxies and is exceeded only by other
BCGs. On the basis of the values of s and L for NGC 3842, our revised
MBH–s and MBH–L relations predict that MBH 5 9.1 3 108M8 and
2.5 3 109M8, respectively. Similarly, for NGC 4889 the respective
predictions are MBH 5 3.3 3 109M8 and 4.5 3 109M8. These predic-
tions are smaller than our direct measurements of MBH by 1.6–4.6

times the 1-s.d. scatter in the MBH–s and MBH–L relations9. Four
measurements of MBH in BCGs existed before this work. Two mea-
surements based on gas dynamics and one based on stellar dynamics
all lie within 1.2 s.d. of our revised fits to the MBH–s and MBH–L
relations15,16. Yet the measurement of MBH in NGC 1316, the BCG
of the Fornax cluster, is 3.4 s.d. less than that predicted by our MBH–L
relation17. The high scatter indicated by this collection of measure-
ments reveals large uncertainties in the standard practice of using
galactic s or L as a proxy for the central black-hole mass in giant
elliptical galaxies and their predecessors.

Several BCGs within 200 Mpc of Earth are at least twice as luminous
as NGC 3842 and three times as luminous as Messier 87, which hosted
the most massive black hole known before this work. In spite of their
extreme luminosities, BCGs have velocity dispersions similar to those
of the most massive field elliptical galaxies. Yet the most massive black
holes are found predominantly in BCGs (Fig. 3). How galaxies are
assembled and the role of gas dissipation affect the correlations (or
lack thereof) among MBH, s and L. Simulations of mergers of gas-rich
disk galaxies are able to produce remnant galaxies that follow the
observed MBH–s correlation in Fig. 3a over the intermediate mass
range MBH < 107M8–109M8 (refs 18, 19). By contrast, simulated
mergers of elliptical galaxies with low-angular-momentum progenitor
orbits increase MBH and L by similar numerical factors, without
increasing the velocity dispersion20. Because these mergers are a likely
path to forming the most massive galaxies, the MBH–s correlation may
steepen or disappear altogether at the highest galaxy masses. Massive
elliptical galaxies retain residual quantities of gas even after the decline
of star formation. Accretion of this gas onto the galaxies’ central black
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Figure 1 | Two-dimensional maps of the line-of-sight stellar velocity
dispersions. The maps show the central regions of NGC 3842 (a) and NGC
4889 (b) observed using the GMOS spectrograph23 on the 8-m Gemini North
telescope. Additional kinematics at large radii were measured using the VIRUS-
P spectrograph24 on the 2.7-m Harlan J. Smith telescope, and additional high-
resolution data were acquired with OSIRIS spectrograph25 at the 10-m Keck 2
telescope. GMOS, OSIRIS and VIRUS-P are all integral-field spectrographs,

which record spectra at multiple positions in a two-dimensional spatial array.
The horizontal dashed line in each panel traces the major axis of the galaxy. The
median 1-s.d. errors in velocity dispersion are 12 km s21 and 20 km s21 for
NGC 3842 and NGC 4889, respectively. In NGC 4889, the highest velocity
dispersions, near 410 km s21, are located on the east side of the galaxy, at least
1.1 arcsec from the centre.

Figure 2 | One-dimensional profiles of the line-of-sight velocity
dispersions. a, Dispersion versus radius in NGC 3842, after averaging data at a
given radius, based on measurements with GMOS (black circles) and VIRUS-P
(red diamonds). The solid blue line is the projected line-of-sight dispersion
from our best-fitting stellar orbit model of NGC 3842. b, Dispersion versus
radius along the major axis of NGC 4889, measured using GMOS (black circles)
and the William Herschel Telescope13 (WHT; green triangles). The maximum
velocity dispersion occurs at r 5 1.4 arcsec. The solid blue line is the projected
line-of-sight dispersion from our best-fitting orbit model using data from the
east side of NGC 4889 (r . 0). The dashed orange line is from our best-fitting
orbit model using data from the west side of NGC 4889 (r , 0). Error bars, 1 s.d.
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among 65 galaxies with direct measurements of MBH. Its luminosity
ranks fifth in this sample of galaxies and is exceeded only by other
BCGs. On the basis of the values of s and L for NGC 3842, our revised
MBH–s and MBH–L relations predict that MBH 5 9.1 3 108M8 and
2.5 3 109M8, respectively. Similarly, for NGC 4889 the respective
predictions are MBH 5 3.3 3 109M8 and 4.5 3 109M8. These predic-
tions are smaller than our direct measurements of MBH by 1.6–4.6

times the 1-s.d. scatter in the MBH–s and MBH–L relations9. Four
measurements of MBH in BCGs existed before this work. Two mea-
surements based on gas dynamics and one based on stellar dynamics
all lie within 1.2 s.d. of our revised fits to the MBH–s and MBH–L
relations15,16. Yet the measurement of MBH in NGC 1316, the BCG
of the Fornax cluster, is 3.4 s.d. less than that predicted by our MBH–L
relation17. The high scatter indicated by this collection of measure-
ments reveals large uncertainties in the standard practice of using
galactic s or L as a proxy for the central black-hole mass in giant
elliptical galaxies and their predecessors.

Several BCGs within 200 Mpc of Earth are at least twice as luminous
as NGC 3842 and three times as luminous as Messier 87, which hosted
the most massive black hole known before this work. In spite of their
extreme luminosities, BCGs have velocity dispersions similar to those
of the most massive field elliptical galaxies. Yet the most massive black
holes are found predominantly in BCGs (Fig. 3). How galaxies are
assembled and the role of gas dissipation affect the correlations (or
lack thereof) among MBH, s and L. Simulations of mergers of gas-rich
disk galaxies are able to produce remnant galaxies that follow the
observed MBH–s correlation in Fig. 3a over the intermediate mass
range MBH < 107M8–109M8 (refs 18, 19). By contrast, simulated
mergers of elliptical galaxies with low-angular-momentum progenitor
orbits increase MBH and L by similar numerical factors, without
increasing the velocity dispersion20. Because these mergers are a likely
path to forming the most massive galaxies, the MBH–s correlation may
steepen or disappear altogether at the highest galaxy masses. Massive
elliptical galaxies retain residual quantities of gas even after the decline
of star formation. Accretion of this gas onto the galaxies’ central black
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Figure 1 | Two-dimensional maps of the line-of-sight stellar velocity
dispersions. The maps show the central regions of NGC 3842 (a) and NGC
4889 (b) observed using the GMOS spectrograph23 on the 8-m Gemini North
telescope. Additional kinematics at large radii were measured using the VIRUS-
P spectrograph24 on the 2.7-m Harlan J. Smith telescope, and additional high-
resolution data were acquired with OSIRIS spectrograph25 at the 10-m Keck 2
telescope. GMOS, OSIRIS and VIRUS-P are all integral-field spectrographs,

which record spectra at multiple positions in a two-dimensional spatial array.
The horizontal dashed line in each panel traces the major axis of the galaxy. The
median 1-s.d. errors in velocity dispersion are 12 km s21 and 20 km s21 for
NGC 3842 and NGC 4889, respectively. In NGC 4889, the highest velocity
dispersions, near 410 km s21, are located on the east side of the galaxy, at least
1.1 arcsec from the centre.

Figure 2 | One-dimensional profiles of the line-of-sight velocity
dispersions. a, Dispersion versus radius in NGC 3842, after averaging data at a
given radius, based on measurements with GMOS (black circles) and VIRUS-P
(red diamonds). The solid blue line is the projected line-of-sight dispersion
from our best-fitting stellar orbit model of NGC 3842. b, Dispersion versus
radius along the major axis of NGC 4889, measured using GMOS (black circles)
and the William Herschel Telescope13 (WHT; green triangles). The maximum
velocity dispersion occurs at r 5 1.4 arcsec. The solid blue line is the projected
line-of-sight dispersion from our best-fitting orbit model using data from the
east side of NGC 4889 (r . 0). The dashed orange line is from our best-fitting
orbit model using data from the west side of NGC 4889 (r , 0). Error bars, 1 s.d.
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BCG of Coma cluster, 103 Mpc away

Integral field spectroscopy (here 
with GMOS on Gemini North) 

gives LOSVD at different positions

MBH=2.1×1010 Msun inferred from 
orbit modeling even though σ|| 
dips at center (tangential bias)

McConnell+11


