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Outline of lectures

Part 1: Supermassive black holes in galactic nuclei: 
detections and mass measurements (2 lectures)

Part 2: Scaling relations between black holes and their 
host galaxies (2 lectures) 

Part 3: The cosmological evolution of AGN and BHs 
(2 lectures)

Part 4: The observational signatures of coevolution 
(2 lectures)
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1. Supermassive 
black holes in galactic 
nuclei: detections and 
mass measurements



1783 - 1795 John Michell and Pierre-Simon Laplace hypothesize 
existence of “dark stars” or “invisible bodies” 

1915 Albert Einstein’s General Relativity

1916 Karl Schwarzschild finds the 
“black hole” solution for GR equations

1963 Maarten Schmidt, Jesse Greenstein 
& Thomas Matthews discover Quasars

1964 Edwin Salpeter and Yakov Zel’dovich 
independently hypothesize mass accretion 
onto a supermassive BH for quasars.

1968 John Wheeler coins the term “Black Hole”

1970s (beginning of) X-ray source Cygnus X-1 
is the first BH candidate with MBH ~12 M⊙

1979 Sargent et al. showed that images and 
spectra of the central region of M87 indicate 
the presence of a BH with  MBH ~ 6 × 109 M⊙

Brief historical introduction

Schmidt 1963, Nature, 197, 1040

Greenstein & Matthews 1963, Nature, 197, 1041

Salpeter 1964, ApJ, 140, 796
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Astrophysical Black Holes
Black holes (BH) are characterized by: 

mass (MBH), angular momentum (also called spin) and charge.

Astrophysical black holes

End states of stellar evolution: MBH ~ 1 - 10 M⊙

End states of Population III evolution (?): MBH ~ 10 - 1000 M⊙ 

Intermediate mass black holes (IMBH): MBH~103-105 M⊙

Supermassive black holes: MBH~106-1010 M⊙

We suppose that IMBH and SMBH grow by accreting gas, stars, other IM or 
SM black holes, but the origin of the seeds is still not clear.

Should we expect IMBH and SMBH? Where?
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Remnants of Active Galactic Nuclei
AGN are powered by accretion on supermassive BHs.
Consider an active galactic nucleus accreting a mass ΔMacc for a time ΔtAGN  

and emitting LAGN,
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∆MBH = 6.1× 106 M⊙

�
LAGN

1012 L⊙

� �
∆tAGN

107 yr

�
for ε = 0.1

LAGN = ε

�
∆Macc

∆tAGN

�
c2

fraction ε ΔMacc is radiated away, 
(1-ε) ΔMacc goes into the BH 

∆MBH = (1− ε)∆Macc

∆MBH =
1− ε

ε c2
LAGN∆tAGN ε = 0.06 - 0.42

We expect IM/SMBH in the nuclei of quiescent (old) galaxies, as remnants of 
past AGN activity. How to find them and measure their masses?
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The very first ideas ...
From the letter by John Michell read by Henry Cavendish before the Royal 
Society on 27 November 1783:

If there should really exist in nature any bodies whose density is not less than that of 
the Sun, and whose diameters are more than 500 times the diameter of the Sun, since 
their light could not arrive at us; or if there should exist any other bodies of a 
somewhat smaller size which are not naturally luminous; of the existence of bodies 
under either of these circumstances, we could have no information from sight; 
yet, if any luminous bodies infer their existence of the central ones with some degree 
of probability, as this might afford a clue to some of the apparent irregularities of the 
revolving bodies, which would not be easily explicable on any other hypothesis; 
but as the consequences of such a supposition are very obvious ...

Laplace in his book “Exposition du Systeme du Monde” (1795) called these 
hypothetical objects les corps obscures, "invisible bodies.”
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The very first ideas ...
If there should really exist in nature any bodies whose density is not less than that of 
the Sun, and whose diameters are more than 500 times the diameter of the Sun, since 
their light could not arrive at us; ...

Assume light is made of particles subjected to gravity like mass bodies 
[Wrong!]
A Dark Star (mass MDS, radius RDS) has an escape velocity equal to or 
larger than the speed of light [Newtonian dynamics, wrong!]
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vesc =

�
2GMDS

RDS

�1/2

= c
correct Schwarzschild radius 
but wrong hypothesis!

RDS =
2GMDS

c2
= 3.0× 1013 cm

�
MBH

108 M⊙

�
= 2.0AU

�
MBH

108 M⊙

�

RDS =

�
3c2

8πGρ

�1/2

= 3.4× 1013 cm

�
ρ

ρ⊙

�−1/2

= 487R⊙

�
ρ

ρ⊙

�−1/2
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... and how we do it today!
if any luminous bodies infer their existence of the central ones with some degree of 
probability, as this might afford a clue to some of the apparent irregularities of the 
revolving bodies, which would not be easily explicable on any other hypothesis;

9

Use the kinematics of ‘test particles’ (gas clouds, stars) in 
the nuclear region of galaxies to infer the presence of a BH.

Gas/Stars as tracers 
of kinematics (V,σ) 

around BH 

Gravitational potential 
of stars (Φ Stars) from

observed surface
brightness of galaxy

(assume L ≈ ΥM) 

Observables:

Models:

Evidence for BH?
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Dynamical evidences for BHs
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Motions of test particles
n Star proper motions and radial 

velocities             
n Radial velocities of single gas 

clouds (masers) 

Ensemble motions 
(spatially resolved)

n Stellar Dynamics 
V from Stellar Absorption Lines

n Gas Kinematics
V from Gas Emission Lines

Ensemble motions 
(time resolved)

n Reverberation Mapping 
V from line width, R from time 
variability → Hagai Netzer’s lectures
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Dynamical evidences for BHs
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Motions of test particles
n Star proper motions and radial 

velocities             
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The concept of spatial resolution
A given source has “intrinsic” surface brightness O(α,δ) on the plane of the 
sky (α,δ are angular coordinates), the observed one I(α,δ) is given by 
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I(α, δ) =
� �

P (α− α
�
, δ − δ

�) O(α�
, δ

�) dα
�
dδ

�

P(α,δ) is the Point Spread Function (PSF) of 
telescope+instrument, i.e. the response of 
the system to a “point-like” source like a 
star.

The PSF is usually characterized by its Full 
Width at Half Maximum (FWHM), and most 
of the times a Gaussian function is a good 
approximation for it. α

δ
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For an observatory in space (outside Earth’s atmosphere), the PSF is 
mostly determined by the diffraction limit of the telescope and its size 
depends on the telescope diameter d

For a ground based observatory, the diffraction limited PSF is grossly 
degraded by refraction through the turbulent atmosphere, and is called 
“seeing”.
In the optical telescopes are diffraction limited only up to ~10 cm 
diameter.

Adaptive Optics can correct for the atmospheric degradation by 
observing simultaneously with the target a reference star (natural or laser) 
which “maps” the degradation induced by the atmosphere and which 
can then be corrected in the source image.

The concept of spatial resolution
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∆θ �
�
λ

d

�
rad



The Galactic center in IR

Galactic disk plane



The Galactic center in IR

Star cluster

Galactic center

AV=30 (AK=3 mag) toward galactic center 

Galactic disk plane
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Galactic center in radio (λ = 90 cm)

G
alactic disk 

plane
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Galactic center in radio (λ = 90 cm)

G
alactic disk 

plane

Sagittarius A
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Galactic center in radio (λ = 90 cm)

G
alactic disk 

plane

Sagittarius A

Sgr A*
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Star proper motions and orbits
Breakthrough from the detection of accelerations (i.e. curvature of proper 
motions), and the determination of stellar orbits.

Proper motions

ther substantiated this evidence. Higher quality data are
now available mainly due to the advent of high-quality
adaptive optics !AO" data, based either on near-infrared
wave front sensing or on laser guide star AO. High qual-
ity radial velocities have been obtained for roughly two
dozen of the S-stars !Eisenhauer et al., 2005; Gillessen et
al., 2009a, 2009b". Detailed analysis significantly im-
proved the astrometric precision by elimination of a
number of systematic uncertainties, especially in the dis-
tortion of the infrared cameras and the long-term defi-
nition of the reference frame !between 150 and
300 !arc sec" !Ghez et al., 2008; Gillessen et al., 2009b;
Fritz et al., 2010a". Currently the number of well-
determined S-star orbits has grown to about 30 !Fig. 18"4

!Gillessen et al., 2009b". For the star S2 a complete orbit
is now available !Fig. 17" !Gillessen et al., 2009a". Given
uncertainties, a near perfect agreement between the
NTT/VLT and Keck-data sets is reached by allowing for
a linear drift between the two reference frames
!Gillessen et al., 2009a". Ghez et al. and Gillessen et al.
reported a mass of M•=4.4"106M! and 4.28"106M!,
respectively !for R0=8.3 kpc", with a statistical uncer-
tainty of about ±0.07"106M! !Gillessen et al." at fixed
distance R0. The mass scales roughly as M•#R0

2 which is
the result of mixing astrometry !M•#R0

3" and radial ve-
locity information !M•#R0". Including the dominating
systematic uncertainty of the distance !see Sec. V.C"
gives a total mass uncertainty of ±0.4"106M!.

The combined data set, including also the stars S1, S8,
S12, S13, and S14, yields a marginal improvement over
the numbers cited by Gillessen et al. !2009b",

R0 = 8.28 ± 0.15 ± 0.29 kpc,
!2"

M• = 4.30 ± 0.20 ± 0.30 " 106M!,

where the first error is the statistical fit error and the
second is the systematic error !Gillessen et al., 2009a".
The extended mass component within the orbit of S2
!visible stars, stellar remnants, and possible diffuse dark
matter" contributes less than 4–6.6 % of this central
mass !2#" !Ghez et al., 2008; Gillessen et al., 2009b".

The analysis has two main sources of uncertainty.
First, the S2 data during the pericenter passage are sus-
picious. The star was brighter than usual in 2002 and its
position may have been confused !and offset" by another
weaker source on or near Sgr A*. Such “astrometric”
confusions by faint !Ks$16.5" stars very close to Sgr A*
have since been seen on other occasions, for instance, in
the astrometry of Sgr A* itself $see, e.g., Dodds-Eden et
al. !2010a"%. For this reason, Gillessen et al. !2009b" as-
signed lower weights !larger uncertainties" for the 2002
data, and Ghez et al. !2008" ignored their 2002 points.
This is unfortunate since the pericenter data are most
constraining for the gravitational potential. Second, the
motion of the reference frame cannot yet be determined
from the orbital data itself to a high precision. Ghez et
al. !2008" showed two orbital fits, one with the 3D refer-
ence system fixed !yielding R0=8.4±0.4 kpc" and the
other with the reference system motion treated as free
parameters !R0=8.0±0.6 kpc", the mass scaling corre-
spondingly. In particular, the line-of-sight velocity of the
massive black hole is degenerate with mass and distance.
Gillessen et al. !2009a" used priors on the coordinate
system derived from tests of the accuracy of the coordi-
nate system. They also presented a table of fit results for
various combinations of priors and selections of orbital
data.

The position of the mass and that of the radio source
coincide to ±2 marc sec. The mapping between radio
and infrared coordinates is hampered by the absence of
any extragalactic reference sources in the Galactic Cen-
ter field. The measurement is nevertheless achieved by
comparing the positions of SiO maser stars that are vis-
ible in both the near infrared and the radio !Menten et
al., 1997; Reid et al., 2003, 2007". The level of agreement
matches the expectation following from the formal un-
certainties of the radio and near-infrared positions of the
SiO maser stars. It is also worth noting that positions of
various near-infrared flares agree with the same posi-
tion. Sgr A* is the only galactic nucleus for which the
coincidence of mass and variable emission can be shown
to the remarkable precision of 2 marc sec.

In summary, from the stellar orbits it is now estab-
lished that the Galactic Center contains a highly concen-
trated mass of #4"106 solar masses within the peri-
center of S2, i.e., within 125 AU. This requires a
minimum density of 5"1015M! pc−3. The mass centroid

4For movies of these orbits see http://www.mpe.mpg.de/ir/
GC/index.php, http://www.eso.org/public/news/eso0846/,
and http://www.astro.ucla.edu/~ghezgroup/gc/pictures/
orbitsMovie.shtml

FIG. 18. !Color" A summary of 20 of the #30 S-star orbits
delineated by the most recent orbital analysis of Gillessen et al.
!2009b".

3147Genzel, Eisenhauer, and Gillessen: The Galactic Center massive black hole and …

Rev. Mod. Phys., Vol. 82, No. 4, October–December 2010

Gillessen+2009
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Example: the star S2

�
2π

P

�2

=
GM

a3

M = M⊙

� a

1 AU

�3
�

P

1 yr

�−2

M = 4.3× 106 M⊙

� a

1025 AU

�3
�

P

15.8 yr

�−2

!both rescaled to R0=8.3 kpc", in agreement with each
other to within the uncertainties and with the statistical
estimates at larger radii.

Recent work on the S-star orbits !Schödel et al., 2003;
Eisenhauer et al., 2005; Ghez et al., 2005b, 2008;
Gillessen et al., 2009a, 2009b" has corroborated and fur-

FIG. 16. !Color" Stellar motions in the immediate vicinity of Sgr A*. Left: Stellar velocity dispersion as a function of projected
separation from Sgr A* !Eckart and Genzel, 1996, 1997; Genzel et al., 1997". Circles are data derived from proper motions; crossed
squares from line of sight velocities. The best fitting point mass model and its 1! uncertainty are shown as continuous curves.
Right: First detections of orbital accelerations for the stars S1 !S01", S2 !S02", and S8 !S04" and inferred possible orbits. From Ghez
et al., 2000.

FIG. 17. !Color" Orbit of the star S2 !S02" on the sky !left panel" and in radial velocity !right panel". Blue filled circles denote the
NTT and VLT points of Gillessen et al. !2009a, 2009b" !updated to 2010" and open and filled red circles are the Keck data of Ghez
et al. !2008" corrected for the difference in coordinate system definition !Gillessen et al., 2009a". The positions are relative to the
radio position of Sgr A* !black circle". The gray crosses are the positions of various Sgr A* IR flares !Sec. VII". The center of mass
as deduced from the orbit lies within the black circle. The orbit figure is not a closed ellipse since the best fitting model ascribes
a small proper motion to the point mass, which is consistent with the uncertainties of the current IR-frame definition. Adapted
from Gillessen et al., 2009a.

3146 Genzel, Eisenhauer, and Gillessen: The Galactic Center massive black hole and …
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By fitting orbit and radial velocities
Period ~15.8 y 
Eccentricity ~ 0.87 
Semi-major axis ~1025 AU 
Pericenter ~ 125 AU

MBH ~ 4.3×106 M⊙ 

D ~ 8.3 kpc

Gillessen+2009

Orbit is not closed for possible 
small proper motion of BH.
Gray crosses are positions 

of SgrA* IR flares

Using Kepler’s Third Law ...
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Overall from S-star orbits (Review by Genzel+2010):

MBH = (4.3 ±0.2 ±0.3)×106 M⊙ 

D = ( 8.28 ±0.15 ±0.29 ) kpc

Mass scales roughly as D2 
(from astrometry ~D3 and radial velocities ~D)

One of the biggest sources of uncertainty come from possible motion 
of BH: line of sight velocity of BH degenerate with mass and distance

MBH is concentrated within the pericenter of S2 i.e. r < 125 AU

Minimum density for MBH of 5 ×1015 M⊙ pc-3

The mass centroid lies within +/-2 mas of Sgr A* 

The case for a BH in Sgr A*
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Wonderful result, but it is simple to realize that the proper motions of stars so 
close to the BH cannot be detected even in the Andromeda galaxy!
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Dynamical evidences for BHs

19

Motions of test particles
n Star proper motions and radial 

velocities             
n Radial velocities of single gas 

clouds (masers) 

Ensemble motions 
(spatially resolved)

n Stellar Dynamics 
V from Stellar Absorption Lines

n Gas Kinematics
V from Gas Emission Lines

Ensemble motions 
(time resolved)

n Reverberation Mapping 
V from line width, R from time 
variability → Hagai Netzer’s lectures
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Dynamical evidences for BHs
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Motions of test particles
n  

              
n Radial velocities of single gas 

clouds (masers) 
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MBH from H2O megamasers: NGC 4258

21

H2O maser emission (λ=1.35 cm) can be used to trace single gas clouds 
orbiting massive black holes in galactic nuclei.

Radio interferometers (e.g. VLBA) can reach exceptional spatial and velocity 
resolution compared to optical  and near-IR.

Observations of NGC4258 (D=7.2Mpc; 
Miyoshi et al. 1995) reached:
Δθ = 0.6 mas ×0.3 mas
ΔV = 0.2 km/s 
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Emission from edge-on disks

22
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plane of the sky, our own view)
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Emission from edge-on disks
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MBH from H2O megamasers: NGC 4258
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MBH = (3.9±0.1) × 107 M 
(Miyoshi+1995, Herrnstein+1999)

Using rotation curves, it is also 
possible to measure centripetal 
acceleration of maser spots and 
derive galaxy distance 
(Herrnstein+1999)

Disk is also slightly warped
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MBH from H2O megamasers: NGC 1068

MBH~107 M (Greenhill et al. 1996)

... but rotation flatter than 
Keplerian!

Self-gravitating disk model by 
Lodato & Bertin (2003) gives 
MBH=(8.0±0.3) 106 M 
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MBH from H2O megamasers: Circinus

MBH=(1.7±0.3) 106 M 

(Greenhill et al. 2001)

Edge-on disk extends from 
0.1 to 0.4 pc. 

The rotation curve is nearly Keplerian 
(massive disk is probably massive 
and self-gravity is not negligible).

A second population of masers traces 
a wide angle outflow up to 1pc from 
the central engine.

V ~ r0.5

V ~ r0.45

26



MBH from H2O megamasers: other examples

emission component. We note that low-velocity emission that
arises from behind the dynamical center has not been detected
to date from any known nuclear water maser sources. This non-
detection can be explained if free-free absorption by an inter-
vening ionized gas is considerable (e.g., Herrnstein et al. 1996)
or the presence of a background nuclear continuum source is
necessary to generate, via amplification, low-velocity emission
luminous enough for us to detect (e.g., Herrnstein et al. 1997).

4. DISCUSSION

We interpret the linear distribution of the maser emission,
perpendicular to the radio jet and to the axis of the NLR, as well
as the segregation of the blue- and the redshifted emission on the
sky in the context of a parsec-scale molecular disk. We assume
that the disk is nearly edge-on and, based on the measured
positive centripetal acceleration, we infer that the low-velocity
emission lies in front of and along the line of sight to the dy-
namical center. The distribution of maser emission on the sky is
consistent with a relatively straight (i.e., nonwarped) disk. We
note that a fourth-degree polynomial fit to the maser distri-
bution yields a marginal (i.e.,!10%) improvement in !2 over a
straight line fit. Thus, the evidence for a warp is at most ten-
tative with our S/N.

We use the mean position of the low-velocity maser features
to estimate the absolute position of the dynamical center (Fig. 2):

R.A.BH and decl.BH. The absolute position (J2000.0) of the dy-
namical center is

"0 ¼ 10h48m23:4659s # 0:0001s;

#0 ¼ $25
%
09043:47700 # 0:00100:

The errors are dominated by the uncertainty in the position of
1055$248 of about 1 mas (Beasley et al. 2002).

The impact parameter of each maser feature was calcu-
lated as ½(" $ "0)

2 þ (# $ #0)
2(1/2. The resulting position-ve-

locity diagram displays a red-blue antisymmetry about the
adopted vsys and estimated dynamical center and is thus con-
sistent with rotation (Fig. 4). From a fit of the Keplerian rota-
tion to the high-velocity features (!2

R ¼ 0:6), we obtain a mass
of (3:1 # 0:2) ; 107 M) enclosed within 0:36 # 0:01 pc (1:48#
0:06 mas; to estimate the minimum impact parameter from high-
velocity data, we used the probability distribution function for
a minimum of random variables following the Rice distribu-
tion). The fit to the blue- or the redshifted emission alone yields
(3:0 # 0:3) ; 107 or (3:2 # 0:2) ; 107 M), respectively. If one
correlator pass is shifted 0.9 mas so that its single low-velocity
maser feature overlaps the two low-velocity features in the other
data set, then the mass becomes (3:5 # 0:2) ; 107 M) enclosed
within 0:41 # 0:02 pc (1:71 # 0:07 mas), which reflects the

Fig. 2.—Distribution of maser emission in the nuclear region of NGC 3393. Position uncertainties are 1 $, and the colors of the maser spots indicate heliocentric op-
tical line-of-sight velocity in accordance with the bar on the right. The dotted line in the color bar shows the adopted systemic velocity of 3750 km s$1. The adopted
location for the dynamical center (black circle) is the weighted mean for the low-velocity maser features. A line fitted to the distribution of maser emission on the sky
(P:A: !$34%) is close to orthogonal to the kiloparsec-scale radio jet ( P:A: ! 45%, black arrows [Morganti et al. 1999];!56% [Schmitt et al. 2001b]) and to the axis of
the NLR (dashed cone; P:A: ! 55% with an opening angle of !90% [Schmitt &Kinney 1996; Cooke et al. 2000]). The coordinates are relative to" ¼ 10h48m23:4660s

and # ¼ $25%09043:47800 (J2000.0). At a distance of 50 Mpc, 0.24 pc subtends 1 mas.
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disk radius of the systemic maser feature at !3880 km s"1 of
rsys ¼ GMBH/að Þ1/2¼ 0:17 & 0:02 pc, which is significantly
smaller than the inner disk radius of the high-velocity emission
(0:36 & 0:02 pc). Evidently, the systemic emission in NGC 3393
arises much closer to the dynamical center than the high-velocity
emission, which is in contrast to the situation in NGC 4258
(Herrnstein et al. 2005) and NGC 1068 (Greenhill et al. 1997),
where disk radii of low-velocity features is about equal to the
inner radius of the high-velocity masers. It has been suggested
that the systemic emission in NGC 4258 resides in a bowl that
is a consequence of an inclination-warped disk (Herrnstein et al.
2005). Such a warp in the accretion disk structure might also
determine the preferred radial location of the low-velocity features
in NGC 3393. The resulting orbital velocity of the!3880 km s"1

maser feature is 890 & 60 km s"1 (which might be as high as
920 & 60 km s"1 due to systematic errors). We note that the
130 km s"1 offset of this feature from the adopted systemic
velocity might be due its location within the disk at a nonzero
azimuthal angle ! from the line of sight to the central engine.
Using this velocity offset, we estimate ! ¼ 8' and the resulting
corrections to the derived radius and orbital velocity are much
smaller than the corresponding uncertainties. The newly detected
feature at !4051 km s"1 that we postulate to be high-velocity
emission was not detected in the VLBI experiment but would
appear at a large disk radius which from the computed enclosed
mass and Keplerian formula, r ¼ GMBH/v 2, is!6 mas or 1.5 pc
(see Fig. 4). Hence, we estimate that the accretion disk extends
from 0.17 to 1.5 pc.

5. CONCLUSION

We have mapped for the first time the maser emission in the
nuclear region of NGC 3393. We interpret the linear distribu-
tion of the maser emission and the segregation of the blue- and
the redshifted emission on the sky in the context of a parsec-
scale nearly edge-on molecular disk that orbits a central mass of
(3:1 & 0:2) ; 107 M( enclosed within 0:36 & 0:02 pc (1:48 &
0:06 mas). We also report the measurement of centripetal ac-
celeration, a ¼ 5 & 1 km s"1 yr"1, in the low-velocity maser
feature at !3880 km s"1, which yields disk radius of 0:17 &
0:02 pc for the derived central mass. The low-velocity emission
in NGC 3393 occurs much closer to the dynamical center than
the high-velocity emission, in contrast to the situation in NGC
4258 and NGC 1068, two archetypal maser systems. An inde-
pendent estimate for the disk radius of the low-velocity features
would be provided by the measurement of their proper mo-
tions. For a distanceD, a central mass 3:1(D/50 Mpc) ; 107 M(,
and a radius 0.17(D/50 Mpc)1/2 pc, we expect motions of
!4(D/50Mpc)"3/4 "as yr"1, which would be challenging to mea-
sure because of the typical lifetimes of the maser’s features and
their weakness. Alternatively, a measurement of the position-
velocity gradient in the low-velocity maser features would pro-
vide an independent estimate for their radial location within the
disk (rsys ¼ 0:17½D/50 Mpc*½!/0:27 Mpc yr"1 rad"1*"2/3 pc,
where D is the distance and ! ¼ v/# is the velocity gradient).
The limited S/N in our VLBI data precluded measurement of the
gradient (as evident from Fig. 4). It is unclear what improvement
in S/N would be necessary to yield a useful measurement, as
there is a dearth of low-velocity features even in the sensitive
single-dish spectra of the source. Nonetheless, the maser is time
variable, and new spectral features may emerge with time. An
independent estimate for the disk radius of the low-velocity
features either from proper motions or position-velocity gradient
could be used to determine a distance to NGC 3393, a result of
considerable value since the galaxy is within the Hubble flow
(vsys ¼ 3750 km s"1) and thus might be used to establish a
Hubble relation independent of standard candle calibrators such
as Cepheids (e.g., Greenhill 2004). Over and above eventual
modeling errors for VLBI data, the peculiar motion of NGC 3393
(or the barycenter of the parent Hydra cluster) would probably
limit the accuracy of inference for the Hubble constant from
NGC3393 alone to!10%.Within this, uncertainty over the flow
field in the vicinity of the Great Attractor would probably dom-
inate (Masters et al. 2006).

We thank M. Reid for suggestions related to VLBI sched-
uling and software that aided atmospheric delay calibration and
component analysis of maser spectra. We also thank M. Elvis
and R. Narayan for helpful discussions, C. Bignell for flexibility
in GBT scheduling, and J. Braatz for help in GBT set-up and
observing. This research has made extensive use of the NASA/
IPACExtragalactic Database (NED) which is operated by the Jet
Propulsion Laboratory (JPL), California Institute of Technology,
under contract with NASA. This work was supported byGBTstu-
dent support program, grants GSSP004-0005 andGSSP004-0011.

REFERENCES

Antonucci, R. 1993, ARA&A, 31, 473
Baan, W. A., & Haschick, A. 1996, ApJ, 473, 269
Beasley, A. J., Gordon, D., Peck, A. B., Petrov, L., MacMillan, D. S., Fomalont,
E. B., & Ma, C. 2002, ApJS, 141, 13

Braatz, J.,Greenhill, L.,Moran, J.,Wilson,A.,&Herrnstein, J. 1997,BAAS, 29, 1374
Carilli, C. L., & Holdaway, M. A. 1999, Radio Sci., 34, 817
Cid Fernandes, R., Gu, Q., Melnick, J., Terlevich, E., Terlevich, R., Kunth, D.,
Rodrigues Lacerda, R., & Joguet, B. 2004, MNRAS, 355, 273

Fig. 4.—Position-velocity diagram for the detected maser emission in NGC
3393. A fit of the Keplerian rotation law to the high-velocity features ( filled gray
curves) yields a mass of (3:1 & 0:2) ; 107 M( enclosed within 0:36 & 0:02 pc
(1:48 & 0:06 mas). From the measured velocity drift (a ¼ 5 & 1 km s"1 yr"1),
we infer the radius of the systemic feature at !3880 km s"1 (not detected at the
VLBI epoch itself ) of rsys ¼ GMBH/að Þ1/2¼ 0:17 & 0:02 pc, which corresponds
to "sys ¼ ðGMBH/r

3
sysÞ1/2 ¼ a3/4/(GMBH)

1/4 ¼ 0:005 & 0:001 rad yr"1 (nearly
vertical; filled gray cone). The systemic velocity estimates are cited by the NED
(3 $ uncertainties are plotted). In our calculations, we adopted the systemic ve-
locity from 21 cm line measurements of 3750 & 5 km s"1 (Theureau et al. 1998).

KONDRATKO, GREENHILL, & MORAN94 Vol. 678

NGC 3393: 
MBH= 3.1 107 M 
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Figure 2. Map of the relative positions of individual maser spots toward
UGC 3789. High-velocity blueshifted (blue) and redshifted (red) masers straddle
the systemic masers (green and expanded view inset) and the linear arrangement
of spots suggests that we are viewing a nearly edge-on rotating disk, similar to
that seen in NGC 4258. The ≈2 mas extent of the maser spots in UGC 3789
is approximately seven times smaller than for NGC 4258, which is consistent
with UGC 3789 being at approximately seven times greater distance. Formal
fitting uncertainties are given in Tables 2, 3 and 4 and are typically less than
0.010 mas.

Figure 3. Position–velocity plot of the maser spots toward UGC 3789. The
high-velocity blueshifted (blue) and redshifted (red) spots display a Keplerian
1/

√
R rotation curve, indicated by the curved dotted lines. The systemic masers

(green) are consistent with projected positions and velocities for gas in Keplerian
orbit at R ≈ 0.43 mas, indicated by the straight dotted line, but small deviations
from a linear distribution are apparent. Impact parameter is defined as distance
along a position angle of 41◦ east of north from an (east, north) offset of
(−0.4,−0.5) mas; the plus sign (+) at (−0.03 mas, 3265 km s−1) indicates the
assumed center of the SMBH.

no continuum emission was detected at a 2σ limit of less than
0.14 mJy.

4. CONCLUSIONS

The discovery of H2O masers emanating from a sub-pc disk in
the Seyfert 2 galaxy NGC 4258 more than two decades ago has
led to detailed imaging of an active galactic nucleus accretion
disk. Geometric modeling of the Keplerian orbits of the masers
yielded the most accurate distance to any galaxy, allowing
recalibration of the extragalactic distance scale. Now, the recent
discovery by Braatz & Gugliucci (2008) of H2O masers in UGC
3789 offers the opportunity to extend this technique to a galaxy
seven times more distant.

In this paper we presented VLBI images of the UGC 3789
H2O masers, which showed that these masers are remarkably
similar to those in NGC 4258. In both sources, the spatial
distribution is nearly linear, with high-velocity masers on both
sides (both spatially and spectrally) of systemic velocity masers.
The masers trace gas in Keplerian orbits with rotation speeds of
∼1000 km s−1 at radii of ∼0.1 pc, presumably moving under
the influence of a ∼107 M& SMBH.

UGC 3789 has a recessional velocity of ≈3325 km s−1 and
is well into the Hubble flow. The VLBI results presented in this
paper will be followed by detailed spectral monitoring data
and disk modeling in Paper II to determine the distance to
UGC 3789. This angular-diameter distance, when combined
with its recessional velocity, should yield a direct and accurate
estimate of H0.

Facilities: VLBA, GBT, Effelsberg
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Figure 2. Map of the relative positions of individual maser spots toward
UGC 3789. High-velocity blueshifted (blue) and redshifted (red) masers straddle
the systemic masers (green and expanded view inset) and the linear arrangement
of spots suggests that we are viewing a nearly edge-on rotating disk, similar to
that seen in NGC 4258. The ≈2 mas extent of the maser spots in UGC 3789
is approximately seven times smaller than for NGC 4258, which is consistent
with UGC 3789 being at approximately seven times greater distance. Formal
fitting uncertainties are given in Tables 2, 3 and 4 and are typically less than
0.010 mas.

Figure 3. Position–velocity plot of the maser spots toward UGC 3789. The
high-velocity blueshifted (blue) and redshifted (red) spots display a Keplerian
1/

√
R rotation curve, indicated by the curved dotted lines. The systemic masers

(green) are consistent with projected positions and velocities for gas in Keplerian
orbit at R ≈ 0.43 mas, indicated by the straight dotted line, but small deviations
from a linear distribution are apparent. Impact parameter is defined as distance
along a position angle of 41◦ east of north from an (east, north) offset of
(−0.4,−0.5) mas; the plus sign (+) at (−0.03 mas, 3265 km s−1) indicates the
assumed center of the SMBH.

no continuum emission was detected at a 2σ limit of less than
0.14 mJy.

4. CONCLUSIONS

The discovery of H2O masers emanating from a sub-pc disk in
the Seyfert 2 galaxy NGC 4258 more than two decades ago has
led to detailed imaging of an active galactic nucleus accretion
disk. Geometric modeling of the Keplerian orbits of the masers
yielded the most accurate distance to any galaxy, allowing
recalibration of the extragalactic distance scale. Now, the recent
discovery by Braatz & Gugliucci (2008) of H2O masers in UGC
3789 offers the opportunity to extend this technique to a galaxy
seven times more distant.

In this paper we presented VLBI images of the UGC 3789
H2O masers, which showed that these masers are remarkably
similar to those in NGC 4258. In both sources, the spatial
distribution is nearly linear, with high-velocity masers on both
sides (both spatially and spectrally) of systemic velocity masers.
The masers trace gas in Keplerian orbits with rotation speeds of
∼1000 km s−1 at radii of ∼0.1 pc, presumably moving under
the influence of a ∼107 M& SMBH.

UGC 3789 has a recessional velocity of ≈3325 km s−1 and
is well into the Hubble flow. The VLBI results presented in this
paper will be followed by detailed spectral monitoring data
and disk modeling in Paper II to determine the distance to
UGC 3789. This angular-diameter distance, when combined
with its recessional velocity, should yield a direct and accurate
estimate of H0.

Facilities: VLBA, GBT, Effelsberg
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MBH from H2O megamasers: other examples
Six estimates in Kuo et al. 2011 (NGC 1194, NGC 2273, Mrk 1419, NGC 
4388, NGC 6264 and NGC 6323)The Astrophysical Journal, 727:20 (15pp), 2011 January 20 Kuo et al.

Figure 4. Maser distributions (top panel) and rotation curves (bottom panel) for NGC 4388, NGC 6264, and NGC 6323. Please refer to the caption of Figure 3 for the
description of this figure.

difference between maser spots having different frequencies
(velocities). The relative position errors scale with velocity
offset from the reference maser feature (Argon et al. 2007;
Greenhill et al. 1993), which may differ from source to source.
Since the BH mass is proportional to the size of the maser orbits,
relative position shifts among masers introduce errors in the
BH mass measurements. Among our megamasers, UGC 3789,
NGC 2960, and NGC 2273 have the largest absolute position
errors (10 mas; see Note h in Table 1). The resultant BH mass
errors are 3%–5%, whereas this error is smaller than 0.3% in the
other megamaser galaxies. Please note that the error for the BH
mass discussed in the following subsections does not include
the distance uncertainty. Only source position errors and errors

from Keplerian fitting are evaluated, which is the best approach
for comparing our results with BH masses derived from other
techniques as the same distance can be used for comparison.
As the distance uncertainties shrink in the future, so will the
uncertainties in our BH masses.

3.3. Notes on Individual Galaxies

3.3.1. NGC 1194

NGC 1194 hosts a Seyfert 1.9 nucleus and has a distance of
≈52 Mpc. The position angle of the maser disk (Figure 2) is 157◦

and the inclination is ≈85◦. NGC 1194 has the largest maser
disk among the megamasers presented here, with an inner and

9
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Figure 3. Maser distributions (top panels) and rotation curves (bottom panels) for NGC 1194, NGC 2273, UGC 3789, and NGC 2960. The maser distribution has been
rotated to horizontal to show the scatter in the maser positions and the offset of the systemic masers from the plane defined by high-velocity masers more clearly. The
coordinate system is chosen to place the centroid of the high-velocity maser disk (blue and red points) at θy = 0 and the centroid of the systemic masers (green points)
at θx = 0. The axes for the maps show relative position in milliarcseconds, and north (N) and east (E) are indicated by directional arrows on each map. The bottom
panel for each galaxy shows the rotation curves of the redshifted and blueshifted masers (red and blue points on the curves) plotted with the best-fit Keplerian (solid
curve) and Plummer (dotted curve) rotation curves. The velocities shown in the figure are the LSR velocities after the special and general relativistic corrections. The
residuals (data minus Keplerian curve in red and blue; data minus Plummer curve in black) are in the bottom part of each figure. Note that we plot the rotation curve
with the impact parameter θ (mas) as the ordinate and rotation speed |v| (km s−1) as the abscissa for the convenience of fitting.

In addition to the deviations of the masers from the midline
of the maser disk, there is also an error in the BH mass from the
uncertainty of the position of the BH in the fitting. To estimate
this error, we relax our assumption on the position of the BH, and
allow it to be a free parameter in the fitting. However, since the
recession velocity of the galaxy (v0) and the position of the BH
are correlated in this case, we impose a constraint on the possible

positions of the BH such that the fitted v0 does not exceed v0
determined from other methods (e.g., H i measurements) beyond
their error bars. Including all possible errors mentioned above,
we estimate the total fitting error in BH mass to be 1%–5%
depending on the galaxy.

The third source of error is from the absolute position errors of
our megamasers. Source position errors introduce an extra phase

8

Plummer = extended mass distribution following Plummer potential

|s|

vobs(|s|)
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Summary on MBH from megamasers
Pros

angular (spatial) resolution with VLBI is ~2 order of magnitudes better 
than optical/NIR observations (see later);

megamasers are observed in simple geometrical configurations (edge 
one disks) with easy and straightforward modeling;

megamaser disks smaller than gravitational sphere of influence of BH, 
little influence from stellar mass;

Cons

maser emission is beamed, large column densities required for strong 
maser amplification; 

megamaser disks observable only if disk close to edge-on (few objects);

not all megamasers have a clean Keplerian rotation curve (v ~ r-0.5); in 
some cases there is no ordered motions, same cases are affected by 
clear outflows, some cases have curves flatter than Keplerian (self 
gravitating disks? radiation pressure?)

~136 megamasers detected so far, only 14 BH mass measurements.

[see Kuo+2011]

29
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Dynamical evidences for BHs

30

Motions of test particles
n Star proper motions and radial 

velocities             
n Radial velocities of single gas 

clouds (masers) 

Ensemble motions 
(spatially resolved)

n Stellar Dynamics 
V from Stellar Absorption Lines

n Gas Kinematics
V from Gas Emission Lines

Ensemble motions 
(time resolved)

n Reverberation Mapping 
V from line width, R from time 
variability → Hagai Netzer’s lectures
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Dynamical evidences for BHs

31

Motions of test particles
n Star proper motions and radial 

velocities             
n Radial velocities of single gas 

clouds (masers) 

Ensemble motions 
(spatially resolved)

n Stellar Dynamics 
V from Stellar Absorption Lines

n Gas Kinematics
V from Gas Emission Lines



The concept of spatial resolution (2)
Let us recall that the observed surface brightness I(α,δ) is the convolution of 
the intrinsic surface brightness O(α,δ) with the PSF. 

This is true for any wavelength and thus affect both imaging and 
spectroscopy.

The smallest volume which can be singled out in the galaxy is a column 
with diameter of the order of the spatial resolution

Iλ(α, δ) =

� �
Pλ(α− α

�
, δ − δ

�)Oλ(α
�
, δ

�) dα�
dδ

�

Δθ



Black Hole Sphere of Influence
In general, gas clouds and stars move in the galaxy gravitational potential 
(mainly due to stars).

To detect a BH it is important to explore the region where the BH 
gravitational potential dominates.
Thus spatial resolution must be small enough to spatially resolve the 
region where the BH dominates the gravitational potential.

The size of the “BH sphere of influence” is given by the condition 

BH gravitational potential ~ Star gravitational potential

Rotational velocity around BH ~ Typical star velocity in galaxy

GMBH

rBH

= σ2
�

For the typical star velocity we can use the average stellar velocity 
dispersion of the galaxy (measured on spatial scales where the BH DOES 
NOT dominate the gravitational potential).

(see Peebles 1972)
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Black Hole Sphere of Influence

rBH =
G MBH

σ2
�

= 10.7 pc
�

MBH

108 M⊙

� �
σ�

200 km/s

�−2

θBH = 0.11��
�

MBH

108 M⊙

� �
σ�

200 km/s

�−2 �
D

20 Mpc

�−1

34

Considering the projected angular dimensions on the plane of the sky:



A. Marconi Beijing International Summer School 2011

Black Hole Sphere of Influence

rBH =
G MBH

σ2
�

= 10.7 pc
�

MBH

108 M⊙

� �
σ�

200 km/s

�−2

θBH = 0.11��
�

MBH

108 M⊙

� �
σ�

200 km/s

�−2 �
D

20 Mpc

�−1

n Need high spatial resolution to probe 
within the BH sphere of influence and 
detect its effects. 

n Major impact of the Hubble Space 
Telescope (d=2m → 0.05” @ 6000 Å)

n Now 8m-class telescope with AO are 
being used (d=8m → 0.05” @ 2 μm)

34

Considering the projected angular dimensions on the plane of the sky:
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... and how we do it today!
if any luminous bodies infer their existence of the central ones with some degree of 
probability, as this might afford a clue to some of the apparent irregularities of the 
revolving bodies, which would not be easily explicable on any other hypothesis;

35

Use the kinematics of ‘test particles’ (gas clouds, stars) in 
the nuclear region of galaxies to infer the presence of a BH.

Find gravitational potential Φ to explain 
observed V,σ    Φ = Φ Stars+ Φ BH 

Φ BH = -G MBH R-1    ( R >> RSchwarzschild )

Gas/Stars as tracers 
of kinematics (V,σ) 

around BH 

Gravitational potential 
of stars (Φ Stars) from

observed surface
brightness of galaxy

(assume L ≈ ΥM) 

Observables:

Models:

Evidence for BH?
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The observables

36

Gas/Stars as tracers 
of kinematics (V,σ) 

around BH 

Gravitational potential 
of stars (Φ Stars) from

observed surface
brightness of galaxy

(assume L ≈ ΥM) 

Observables:
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The kinematical observables
Without proper motions one can only 

measure velocities along the line of sight (Doppler)

measure velocities over apertures with size ~Δθ (spatial resolution)

One obtains the line-of-sight velocity distribution [  f(v) ], i.e. the distribution 
of line-of-sight velocities [ v ] within a column sampling the whole galaxy 
through an aperture set by the spatial resolution of the observations

Δθ

37



The kinematical observables
From the line-of-sight velocity distribution (within 1 resolution element!) one 
can trivially derive average velocity [ V ], and velocity dispersion [ σ ]

dn = f(v)dv
� +∞

0
f(v)dv = 1

probability of observing a star/cloud 
with line-of-sight (los) velocity v

V =

� +∞

0
vf(v)dv average velocity (“velocity”)

σ =

� +∞

0
(v − V )2f(v)dv velocity dispersion (“dispersion”)

Stellar Continuum

Gas Emission lines

V, σ



Longslit and IFU
Spectrographs can provide simultaneous spectra from several regions of the 
source (galaxy).
They are mostly of two kinds:

Longslit spectrographs
provide spectra at position x along the slit (1 spatial dimension)

Integral Field Units (IFU)
provide spectra at position x,y (2 spatial dimensions) 
→ datacube (x, y, λ)

x

y

longslitIFU

xy

x

λ

slice in x,λ 
(same as 
observation 
from longslit 
spectrum)

Datacube 
x, y, λ

slice in x,y 
(image at λ)

longslit



Use emission lines, usually from ionized gas (Te ~104 K);
intrinsic line width is usually thermal broadening, 
negligible w.r.t. motions in galaxy nuclei

observed line profile is directly line-of-sight velocity 
distribution;
fit with single/multiple Gaussian functions to obtain V, σ;
measurements at different positions → V, σ “maps”

Line flux Line V

Gas kinematics

σ �
�
3kBTe

mp

�1/2

= 16 km s−1

�
Te

104 K

�1/2

NGC 3227, H2 (Davies+2006)



Use emission lines, usually from ionized gas (Te ~104 K);
intrinsic line width is usually thermal broadening, 
negligible w.r.t. motions in galaxy nuclei

observed line profile is directly line-of-sight velocity 
distribution;
fit with single/multiple Gaussian functions to obtain V, σ;
measurements at different positions → V, σ “maps”

Line flux Line V

Gas kinematics

σ �
�
3kBTe

mp

�1/2

= 16 km s−1

�
Te

104 K

�1/2

NGC 3227, H2 (Davies+2006)



Use emission lines, usually from ionized gas (Te ~104 K);
intrinsic line width is usually thermal broadening, 
negligible w.r.t. motions in galaxy nuclei

observed line profile is directly line-of-sight velocity 
distribution;
fit with single/multiple Gaussian functions to obtain V, σ;
measurements at different positions → V, σ “maps”

Line flux Line V

Gas kinematics

σ �
�
3kBTe

mp

�1/2

= 16 km s−1

�
Te

104 K

�1/2

B

A

λ0 (→V)

2σ

NGC 3227, H2 (Davies+2006)
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Stellar kinematics
Stellar photospheric lines does not directly provide the line of sight 
velocity distribution as absorption lines are significantly broadened by 
electric and magnetic fields, stellar rotation etc.

one consider a template, i.e. a suitable combination of stellar spectra of 
different spectral types (depending on the galaxy stellar population, etc.) 
which is then convolved with a parametric function which represents the 
line of sight velocity dispersion

Recently, this is usually a Gaussian modified with Hermite polynomials 
(Hi, e.g. Cappellari & Emsellem 2004); h3, h4 (and superior order terms 
when signal-to-noise large enough) constrain the deviation of velocity 
distribution from Gaussian function.

f(v) =
e−y2/2

√
2πσ

[1 + h3 H3(y) + h4 H4(y) + . . . ] y =
v − V

σ

41



Stellar kinematics
Observed spectrum is given by 
convolution of template with line-of-
sight velocity distribution. 
Parameters which determine f(v) are 
found with X2 minimization on 
observed spectrum$Fobs vs Fmod G0V stellar template

Galaxy spectrum

v Fmod(λ)
 vs T(λ) ⊗ ϕ(λ)

Fmod(λ) =

� +∞

0
T (λ�)φ(λ− λ�)dλ�

φ(λ)dλ = f(v)dv

v = (λ/λrest − 1)c

Centaurus A, 
CO @2.3 μm 
(Cappellari+2009)

670 M. Cappellari et al.

Figure 8. Data-model comparison for the best-fitting three-integral model. Top two panels: the top row shows the bisymmetrized and linearly interpolated
100 mas SINFONI data of Fig. 4. The second row shows the best-fitting dynamical model predictions. The central bins that were excluded from the fit are
shown with the white diamonds. Bottom two panels: same as in the top two panels, for the 250 mas SINFONI kinematics. For each quantity, the colour scale
is the same in the two instrumental configurations.

Figure 9. Anisotropy variation. The diamonds, connected with solid lines,
show the anisotropy σ r/σ t (see text for a definition) measured at different
polar angles, from the equatorial plane to the symmetry axis, in the galaxy
meridional plane. As the model is nearly spherical, the differences at a given
radius provide a rough indication of the model uncertainties. Also shown
are the break radius (or core radius) Rb, the BH radius of influence RBH and
the σ of the best-fitting Gaussian model of the SINFONI 100 mas PSF.

in the nucleus of Cen A. We also show in Fig. 10, with the two
dashed lines, the Jeans predictions for two MBH corresponding to
the 3σ upper and lower confidence limits of the Schwarzschild
model. They show that, as expected, inside R ! 1 arcsec, the data
are very sensitive to a change in MBH at the level of the quoted
errors.

The dotted line shows the model prediction, still with the same
β profile as for the previous models, for MBH = 2 × 108 M". This
is the best-fitting value determined by Silge et al. (2005) from the
GNIRS data. This model has a much steeper Vrms profile near the
centre, which seems to qualitatively reproduce the steeper rise of
the Vrms in the GNIRS data within R ! 1. Unfortunately, we cannot
compare our Jeans models with the more nuclear GNIRS kinematics
(R ! 0.5 arcsec). Those measurements have rather extreme h4 " 0.2
values. In this case, it becomes not possible to reliably translate the
kinematics into a true Vrms value, as required by the Jeans equations.
In fact, when the Gauss–Hermite moments are large, the Vrms one
can derive by formally integrating over the LOSVD is extremely
sensitive to the wings of the LOSVD which are observationally not
well constrained. For this reason, we limit our comparison to the
remaining values, for which h4 is consistent with zero within the
1σ errors. Our comparison suggests that the near four times higher
value for MBH derived by those authors is not due to differences in

C© 2009 The Authors. Journal compilation C© 2009 RAS, MNRAS 394, 660–674
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Observables: galaxy surface brightness
Surface brightnesses (Σ) of galaxies (especially ellipticals) are typically 
regular, with a central peak which declines outwards.

It is useful to consider isophotes (curves of contant Σ) which can usually be 
described with ellipses.

For each isophote one can then 
determine

r the semi-major axis of 
ellipse

Σ(r) the average surface 
brightness on that ellipse

orientation of major axis, 
center, ellipticity, distorsions, 
etc.

Elliptical isophotes are expected 
from spheroidal and disk-like 
distributions of stars.

43

r

Σ(r) 
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Observables: galaxy surface brightness
The surface brightness profile well characterizes the structure of the galaxy, 
and the various galaxy types have well defined profiles.

Ellipticals: 
characterized by a 
Sersic profile with
n Sersic index
Re half-light radius
this is just empirical 
parameterization
generalization of de 
Vaucouleur profile
(Sersic with n=4)

44

For n>1, bn≈1.999n-0.327
For n=1, exponential disk
For n=0.5, Gaussian

Flattening of profile due to 
convolution with PSF (seeing)

Σ(R) = Σe exp{−bn[(R/Re)
1/n − 1]}
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Observables: galaxy surface brightness
Spirals:

Bulge is characterized 
by a Sersic profile
Disk is characterized by 
an exponential profile 
(Sersic with n=1)

45

Σd(R) = Σ0 exp{−(R/hR)}

Σb(R) = Σe exp{−bn[(R/Re)
1/n − 1]}

NGC 7331 (Sb)

Bulge/Total:
~ 0.5-0.3 in S0/Sa-Sb
~0.1-0.02 in late type spirals
Re ~ 0.1 hR
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Observables: galaxy grav. potential
Observed galaxy surface brightness in the plane of the sky can be 
converted into luminosity densities (with assumptions ...).
Spherical symmetry

s

R rr

N

E

N

Z

plane of the sky side view

P P

Surface brightness observed at point P [ Σ(r) ] on the plane of the sky at 
projected distance r from center, is integrated light density of  the galaxy 
along the direction perpendicular to the plane of the sky.

46

Σ(r) =
� +∞

−∞
J(s)ds = 2

� +∞

r

J(R)R√
R2 − r2

dR s =
√
R2 − r2
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Observables: galaxy grav. potential

47

Σ(r) = 2

� +∞

r

J(R)R√
R2 − r2

dR Σ(r) is observed, J(R) is unknown

This is Abel’s Equation with solution:

J(r) = − 1
π

� +∞

R

dΣ(r)
dr

dr√
r2 −R2

This approach can be generalized to oblate/prolate spheroids, 
i.e. axisymmetric ellipsoids which are a better approximation of a real galaxy

(see Binney & Tremaine’s book)

a
b=a

c

z

y

x

Oblate: a = b > c

Prolate: a = b < c

The more general ellipsoidal structure is triaxial: a = b < c
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Observables: galaxy grav. potential
Alternatively, “brute force” approach: numerically integrate and project the 
galaxy (of any intrinsic shape) onto the plane of the sky;
“model” surface brightness profile is then convolved with instrumental 
effects (see later ...) and varied to match the observed surface brightness.

48

Centaurus A, K band (HST/NICMOS) [Marconi+2006]

two J(r) models Σ(R) models 
vs observed

uncertainties in extrapolation 
to small scales
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Observables: galaxy grav. potential
From observed surface brightness one infers stellar luminosity density;
mass density is then obtained assuming a constant mass-to-light ratio

49

We have 2D information on sky, need assumptions to get 3D structure!

ρ(R) = Υ J(R)

If only circular velocity is needed then 

M(R) = Υ

� R

0
J(R�)4πR�2dR� = ΥL(r)

V (R)2 = Υ
GL(R)

R
or more complex formulas 
in non spherical cases

If gravitational potential ϕ is needed, one then solves Poisson’s equation

∇2φ(x, y, z) = 4πGΥ J(x, y, z)
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... and how we do it today!
if any luminous bodies infer their existence of the central ones with some degree of 
probability, as this might afford a clue to some of the apparent irregularities of the 
revolving bodies, which would not be easily explicable on any other hypothesis;

50

Use the kinematics of ‘test particles’ (gas clouds, stars) in 
the nuclear region of galaxies to infer the presence of a BH.

Find gravitational potential Φ to explain 
observed V,σ    Φ = Φ Stars+ Φ BH 

Φ BH = -G MBH R-1    ( R >> RSchwarzschild )

Gas/Stars as tracers 
of kinematics (V,σ) 

around BH 

Gravitational potential 
of stars (Φ Stars) from

observed surface
brightness of galaxy

(assume L ≈ ΥM) 

Observables:

Models:

Evidence for BH?
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... and how we do it today!
if any luminous bodies infer their existence of the central ones with some degree of 
probability, as this might afford a clue to some of the apparent irregularities of the 
revolving bodies, which would not be easily explicable on any other hypothesis;
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Use the kinematics of ‘test particles’ (gas clouds, stars) in 
the nuclear region of galaxies to infer the presence of a BH.

Find gravitational potential Φ to explain 
observed V,σ    Φ = Φ Stars+ Φ BH Models:
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Gas kinematics: assumptions
Basic assumptions

gas is in circularly rotating disks

hydrodynamical effects are negligible

motions are entirely determined by gravity 

If these assumptions are not valid then gas kinematics cannot be used to 
measure BH masses.

It is then straightforward to show that the rotation velocity of the disk at 
radius r is

52

Vcirc(r) =

�
G

MBH +M�(r)

r

�1/2

= 207 km/s

�
MBH +M�(r)

108 M⊙

�1/2 � r

10 pc

�−1/2

The rest is just geometrical projection, instrumental and finite spatial 
resolution effects. 

The contribution from stellar mass is more complex if mass is not in a 
spherical distribution (e.g. Binney & Tremaine).  
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Projected line-of-sight velocity

53

�n = − sin i�j − cos i�k

Thin disk in circular rotation with V = V(R)
Reference system xyz centered on disk

n is line-of-sight (los) versor

Galaxy has systemic velocity Vsys

�v = Vsys�n + V (R)
�
− sinφ�i + cos φ�j

�

Vobs = �v · �n = Vsys + V (R) sin i cos φ

Velocity of P along line of sight is then

We now need to project disk on the plane of the sky to write R and cosϕ as a 
function of sky coordinates.

P (x, y)
•

Velocity of point P is 

i

z

x

y
R

V(R)

n

ϕ



Projected line-of-sight velocity

i

z

x

y
R

V(R)

n

ϕ

P (x, y)
•

i

z

projection on 
sky plane

i y

y

x

z

P (x, y)
•

x′

y′

y′

z′

projection 
along x (side view)

y� = y cos ix� = x

x′y′z′ reference 
(x′y′ sky plane, z′ line of sight)

•
P (x, y)

we can then obtain R and cosϕ as a 
function of sky coordinates x′y′

cosφ =
x

R
=

x�
�
x�2 + (y�/ cos i)2

R =
�

x2 + y2 =

�

x�2 +

�
y�

cos i

�2



Vlos(x
�, y�) = Vsys +

�
GM(R) sin2 i

�1/2 x�

[x�2 + (y�/ cos i)2]3/2

Projected line-of-sight velocity
We finally obtain

M(R) = MBH +M�(R)
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Contours are log 
spaced by 0.5 dex, 
Vsys=0

Isovelocity contours on the 
plane of the sky:
spider diagram
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Let us put infinitely thin 
spectrograph slits and observe 
the velocities along the slit.
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Instrumental effects
In reality there is a finite spatial resolution (either diffraction limit, or seeing, 
or intermediate resolution from AO assisted observations).

Given 

Σ(x′,y′)  instrinsic surface brightness of line emission

P(x′,y′)  Point Spread Function (PSF) of observations (e.g. Gaussian)

Vlos (x′,y′) velocity along the line of sight

we have
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Σconv(x
�
p, y

�
p) =

� +∞

−∞
dx�

� +∞

−∞
dy�Σ(x�, y�)× P (x�

p − x�, y�p − y�)

intrinsic surface brightness on the plane of the sky, convolved with PSF

convolved surface brightness averaged over aperture 
(pixel × pixel, slit × pixel, etc.)

Σobs(xp, yp) =
1

∆xp∆yp

� xp+∆xp
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dx�
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Instrumental effects
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Vobs(xp, yp) =
1

Σobs(xp, yp)

�

∆A
(V Σ)⊗ P (x�
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�
p) dx

�
pdy

�
p

Σobs(xp, yp) =
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∆A

�
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�
p) dx

�
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�
p

σ2
obs(xp, yp) =
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�
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(V 2Σ)⊗ P (x�
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�
p) dx

�
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�
p − V 2

obs(xp, yp)

Obtaining (with a simplified notation):

Observed velocity and velocity dispersion are weighted by the gas 
emissivity i.e.
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and no BH!



AO/IFU observations of Centaurus A 

model the freedom to find the best inclination angle given the
general assumptions of the model.

5.3. Best-fit Model and Black Hole Mass

We calculate a grid of possible models for varying disk in-
clination and central black hole mass to get the set of values that
best match the observed data. The best-fitting black hole mass in
our tilted-ring model to the H2 kinematics is MBH ¼ (4:5þ1:7

#1:0) ;
107 M$ for a median inclination of %34& ' 4& (error bars are
given at the 3 ! level). The best model has a "2

min of 8.2. This
represents the minimum in the !"2 distribution, shown in Fig-
ure 12. The points represent models. The contours were deter-
mined by a two-dimensional smoothing spline interpolated from
these models and represent!"2 values of 1.0, 4.0, and 9.0. This
corresponds to 68.3%, 95.4%, and 99.7% confidence levels for

1 degree of freedom, or 1, 2, and 3 ! confidence levels, respec-
tively. The associated best-fit model velocity maps are shown in
comparison to the data in Figure 13. If we would keep the in-
clination angle fixed to the mean value of 45& given by kine-
metry, the model would not be able to reproduce the overall
velocity field. The main deviation between model and data ap-
pears for radii larger than %0.700, i.e., outside the radius of in-
fluence of the black hole, where the model results in a rotational
velocity that is significantly higher than the observed one. The
"2
min for this ‘‘best-fit’’ model is 16.8 with a best fit MBH %

3:0 ; 107 M$. This model is thus ruled out to over 3!. The entire
velocity field is better reproduced by a disk at lower inclination
(i.e., more face-on) plus a higher black hole mass that makes up
for the decrease in velocity inside the radius of influence of the
black hole.

Figure 14 shows a comparison of the model and the data for
the case of no central point mass. Here, the gravitational po-
tential is made up only by the stars. The mass-to-light ratio is
0.72M /L$;K (HN+06). It is obvious that this is not a good fit in
the central 0:500 ; 0:500. The modeled rotation only catches up
with the data outside%1.000, where the stars clearly dominate the
gravitational potential. The case for no black hole is excluded to
very high significance (over 8 !).

There are various factors that influence the black hole mass
estimate in our dynamical model and we have done a substantial
number of tests to scrutinize their impact on the best-fit result. As
mentioned in x 5.1, the assumed geometry of the disk (warped
vs. flat) has a small influence on the black hole mass. The same
holds true for the parameterization of the surface brightness. We
modeled the kinematics for three different parameterizations of
the disk’s surface brightness profile, with all three being a reason-
able fit to the data.We found that the black hole mass does change
by less than 3% depending on the assumed surface brightness
profile of the inner gas disk. This result is in agreement with the
detailed analysis of Marconi et al. (2006).

Obviously, the contribution of the stellar potential to the total
gravitational potential also influences the resulting best-fit black
holemass.We used the two extreme values, 0.72 and 0.53M /L$;K

derived by Silge et al. (2005) through stellar dynamical models at

Fig. 11.—Tilted-ring model to describe the nuclear H2, gas disk seen at (a) the original orientation as fitted by kinemetry and (b) rotated by 45& to make the warp more
visible. The red and blue lines are the line of nodes for the receding and approaching sides, respectively.

Fig. 12.—Constraining the mass of the central black hole: the figure indicates
the grid of models (in black hole mass, MBH, and disk inclination) that was cal-
culated, and the contours show!" 2 in the vicinity of the best-fit dynamical mod-
els for matching the H2, kinematics. The minimum " 2 model is at MBH % 4:5 ;
107 M$ and amedian disk inclination of 34&. The contours indicate the 1, 2, and 3
! confidence levels, respectively (see text for details).
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where MBH is the mass of the black hole, G is the gravitational
constant and !! is the velocity dispersion of the stellar spheroid.
In the velocity field, this is the point of minimum rotation, where
the black hole stops to dominate the gravitational potential, be-
fore the stars (with their rising rotation curve) take over. For our
H2 velocity this is at"0.800, as seen in Figure 16 (left). For Cen A
we have the following numbers: !! ¼ 138 km s$1 (Silge et al.
2005), at D ¼ 3:5Mpc, rBH ¼ 0:800 % 0:100 ¼ 13:2 pc % 1:7 pc,
and therefore we get MBH ¼ (6:0 % 0:7) ; 107 M&.

The observed radius of minimum rotation is independent of
the inclination, and so this simple concept provides a nice check
on the black holemass derived via dynamicalmodeling.Given the
excellent spatial resolution of our AO-assisted data (FWHMcore ¼
0:1200 and FWHMhalo ¼ 0:3000), the observed radius of influence

of the black hole is well beyond the radius where PSF effects start
significantly affecting the derived velocity curve.

The best-fit black hole mass derived through modeling of the
H2 kinematics,MBH ¼ 4:5þ1:7

$1:0

! "
; 107 M& at i ¼ 34( % 4(, is in

good agreement with the mass derived by HN+06 [(6:1þ0:6
$0:8) ;

107 M& at i ¼ 45(] using high spatial resolution kinematics of
[Fe ii] derived fromAO-assisted NaCo long-slit data (FWHM ¼
0:1100). The dynamical model they used is in principle identical
to the one described above, except for the fact that we cover the
velocity field in two dimensions and they modeled only four slit
positions. Moreover, they did not include the disk inclination
angle as a free parameter, which is the main reason for their smaller
error bars. Concerning the disk geometry, HN+06 excluded disk
inclination angles below 45( due to the jet inclination derived by

Fig. 14.—Kinematic evidence for a central black hole.Top: Comparison of the observed symmetrizedH2 velocity field (left) to a velocity fieldmodel for the case of zero
black hole mass with only a stellar potential, derived by HN+06 (right). Bottom: Velocity curves extracted along the line of nodes (indicated in the top panels). Obviously,
this model is not a good fit to the data in the central 0:800 ; 0:800. Only beyond 1.000 is themodel velocity curve (diamonds) in reasonable agreement with the data (asterisks).
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model the freedom to find the best inclination angle given the
general assumptions of the model.

5.3. Best-fit Model and Black Hole Mass

We calculate a grid of possible models for varying disk in-
clination and central black hole mass to get the set of values that
best match the observed data. The best-fitting black hole mass in
our tilted-ring model to the H2 kinematics is MBH ¼ (4:5þ1:7

#1:0) ;
107 M$ for a median inclination of %34& ' 4& (error bars are
given at the 3 ! level). The best model has a "2

min of 8.2. This
represents the minimum in the !"2 distribution, shown in Fig-
ure 12. The points represent models. The contours were deter-
mined by a two-dimensional smoothing spline interpolated from
these models and represent!"2 values of 1.0, 4.0, and 9.0. This
corresponds to 68.3%, 95.4%, and 99.7% confidence levels for

1 degree of freedom, or 1, 2, and 3 ! confidence levels, respec-
tively. The associated best-fit model velocity maps are shown in
comparison to the data in Figure 13. If we would keep the in-
clination angle fixed to the mean value of 45& given by kine-
metry, the model would not be able to reproduce the overall
velocity field. The main deviation between model and data ap-
pears for radii larger than %0.700, i.e., outside the radius of in-
fluence of the black hole, where the model results in a rotational
velocity that is significantly higher than the observed one. The
"2
min for this ‘‘best-fit’’ model is 16.8 with a best fit MBH %

3:0 ; 107 M$. This model is thus ruled out to over 3!. The entire
velocity field is better reproduced by a disk at lower inclination
(i.e., more face-on) plus a higher black hole mass that makes up
for the decrease in velocity inside the radius of influence of the
black hole.

Figure 14 shows a comparison of the model and the data for
the case of no central point mass. Here, the gravitational po-
tential is made up only by the stars. The mass-to-light ratio is
0.72M /L$;K (HN+06). It is obvious that this is not a good fit in
the central 0:500 ; 0:500. The modeled rotation only catches up
with the data outside%1.000, where the stars clearly dominate the
gravitational potential. The case for no black hole is excluded to
very high significance (over 8 !).

There are various factors that influence the black hole mass
estimate in our dynamical model and we have done a substantial
number of tests to scrutinize their impact on the best-fit result. As
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by less than 3% depending on the assumed surface brightness
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Velocity field from H2 (2.12)
MBH = 4.5 × 107 M⊙ MBH = 0 Warped disk model

Neumayer et al. 2007
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A. Gnerucci et al.: Spectroastrometry of rotating gas disks: II. Application to Centaurus A.

Unit (hereafter IFU) spectrographs has allowed some improve-
ments. IFUs have proven to be powerful tools to study galaxy dy-
namics as they provide two dimensional coverage of the source
without the restrictions of longslit spectrographs, also plagued
by unavoidable light losses. Recent studies have presented mea-
surements of BH masses in galactic nuclei using integral field
spectroscopy of gas or stellar spectral features (e.g. Davies et al.
2006, Nowak et al. 2007, Nowak et al. 2010 ,Krajnović et al.
2007, Krajnović et al. 2009, Cappellari et al. 2009, Neumayer
et al. 2010, Rusli et al. 2010). Regardless of the use of longslit or
IFU spectrographs, one crucial issue in BH mass measurements
is spatial resolution: this must be small enough to spatially re-
solve the regions where the gravitational effects of the BH can
be disentangled from those of the host galaxy. Even with the
advent of Adaptive Optics (AO) assisted observations the best
spatial resolution achievable are of the order of ∼ 0.1�� which
corresponds to ∼ 10 pc at a distance of 20 Mpc.

This paper is the second in a series dealing with gas kine-
matical BH mass measurements based on a new method. This
method, based on spectroastrometry, provides a simple but ac-
curate way to estimate BH masses and partly overcomes the
limitations due to spatial resolution which plague the “classi-
cal” gas (or stellar) kinematical methods, either using longslit or
IFU spectra. In the first paper of the series (Gnerucci et al. 2010,
hereafter Paper I) we illustrated how the technique of spectroas-
trometry can be used to measure black hole masses focusing on
the basis of the spectroastrometric approach and showing with
an extended and detailed set of simulations its capabilities and
limits. While we mostly focussed on the application of spec-
troastrometry to longslit spectra, we also showed the technique
can be extended to integral field spectra.

In this paper we apply the spectroastrometric method devel-
oped in Paper I to estimate the BH mass using real data. As a
benchmark for our spectroastrometric approach to the study of
local BHs, we selected the galaxy Centaurus A because it has
been extensively studied with the gas kinematical method show-
ing that the gas is circularly rotating and that BH mass and other
free parameters are well constrained from the observed kinemat-
ics. Moreover both longslit and IFU data are available and this
allows a direct comparison of the application of spectroastrome-
try to different kinds of data.

In Sect. 2 we summarize the existing measurements of BH
mass for Centaurus A. In Sect. 3 we briefly resume the results
of Paper I on the application of spectroastrometry to rotating
gas disks for the detection of the central BH. In Sect. 4 we ap-
ply the method to the longslit ISAAC spectra of the nucleus of
Centaurus A. In Sect. 5 we apply the method to integral field
SINFONI spectra of the nucleus of Centaurus A, both with and
without the assistance of Adaptive Optics. Finally, in Sect. 6
we compare and discuss the results from the different datasets,
drawing some conclusions on the reliability and accuracy of the
method.

2. Previous measurements of the black hole mass
in Centaurus A

Existing measurements of the black hole mass in Centaurus A
are summarized in the top panel of Fig. 1.

The supermassive black hole in Centaurus A was first de-
tected and its mass measured with a near infrared gas kinemati-
cal study using seeing limited spectra obtained with ISAAC at
the ESO VLT (Marconi et al. 2001). Subsequent higher spa-
tial resolution gas kinematical studies based on longslit spec-
troscopy were performed using STIS on the HST (Marconi

et al. 2006) and AO assisted observations with NAOS-CONICA
at the ESO VLT Häring-Neumayer et al. (2006). More recent
studies based on integral field spectroscopy were performed by
Krajnović et al. (2007) using seeing limited observations with
CIRPASS at the Gemini South telescope and by Neumayer et al.
(2007) using AO-assisted observations obtained with SINFONI
at VLT. On the other hand, Silge et al. (2005) and Cappellari
et al. (2009) performed near infrared stellar kinematical studies
based, respectively, on seeing limited longslit spectra (GNIRS at
Gemini South) and AO-assisted integral field spectra (SINFONI
at the ESO VLT).

The top panel of Fig. 1 shows the different MBH values ob-
tained by the previous authors, spread over almost an order of
magnitude. To understand the origin of these differences, in the
bottom panel of Fig. 1 we plot the MBH sin

2
i values, i.e. the val-

ues constrained by the observed velocity fields and not depen-
dent on the inclination of the rotating gas disks. In the case of
the stellar kinematical studies, the authors assumed edge on ax-
isymmetric potentials, therefore no correction is made to obtain
MBH sin

2
i. After removing the inclination effect all gas kinemat-

ical measurements show statistical fluctuation within two times
the respective sigma; as noted several times, the inclination of
the rotating disk is an important source of uncertainty in gas
kinematical measurements.

Fig. 1. BH mass measurements for Centaurus A from the works men-
tioned in the text (top panel) and the corresponding MBH sin

2
i values

(bottom panel). Note that the uncertainties on the measurement by
Marconi et al. (2001) are reduced because they were including uncer-
tainties on i.

3. The spectroastrometric measurement of black
holes masses

In Paper I (Gnerucci et al. 2010) we illustrated how the tech-
nique of spectroastrometry can be used to measure the black
hole masses at the center of galaxies. In that paper we focused

2
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ical measurements show statistical fluctuation within two times
the respective sigma; as noted several times, the inclination of
the rotating disk is an important source of uncertainty in gas
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Unit (hereafter IFU) spectrographs has allowed some improve-
ments. IFUs have proven to be powerful tools to study galaxy dy-
namics as they provide two dimensional coverage of the source
without the restrictions of longslit spectrographs, also plagued
by unavoidable light losses. Recent studies have presented mea-
surements of BH masses in galactic nuclei using integral field
spectroscopy of gas or stellar spectral features (e.g. Davies et al.
2006, Nowak et al. 2007, Nowak et al. 2010 ,Krajnović et al.
2007, Krajnović et al. 2009, Cappellari et al. 2009, Neumayer
et al. 2010, Rusli et al. 2010). Regardless of the use of longslit or
IFU spectrographs, one crucial issue in BH mass measurements
is spatial resolution: this must be small enough to spatially re-
solve the regions where the gravitational effects of the BH can
be disentangled from those of the host galaxy. Even with the
advent of Adaptive Optics (AO) assisted observations the best
spatial resolution achievable are of the order of ∼ 0.1�� which
corresponds to ∼ 10 pc at a distance of 20 Mpc.

This paper is the second in a series dealing with gas kine-
matical BH mass measurements based on a new method. This
method, based on spectroastrometry, provides a simple but ac-
curate way to estimate BH masses and partly overcomes the
limitations due to spatial resolution which plague the “classi-
cal” gas (or stellar) kinematical methods, either using longslit or
IFU spectra. In the first paper of the series (Gnerucci et al. 2010,
hereafter Paper I) we illustrated how the technique of spectroas-
trometry can be used to measure black hole masses focusing on
the basis of the spectroastrometric approach and showing with
an extended and detailed set of simulations its capabilities and
limits. While we mostly focussed on the application of spec-
troastrometry to longslit spectra, we also showed the technique
can be extended to integral field spectra.

In this paper we apply the spectroastrometric method devel-
oped in Paper I to estimate the BH mass using real data. As a
benchmark for our spectroastrometric approach to the study of
local BHs, we selected the galaxy Centaurus A because it has
been extensively studied with the gas kinematical method show-
ing that the gas is circularly rotating and that BH mass and other
free parameters are well constrained from the observed kinemat-
ics. Moreover both longslit and IFU data are available and this
allows a direct comparison of the application of spectroastrome-
try to different kinds of data.

In Sect. 2 we summarize the existing measurements of BH
mass for Centaurus A. In Sect. 3 we briefly resume the results
of Paper I on the application of spectroastrometry to rotating
gas disks for the detection of the central BH. In Sect. 4 we ap-
ply the method to the longslit ISAAC spectra of the nucleus of
Centaurus A. In Sect. 5 we apply the method to integral field
SINFONI spectra of the nucleus of Centaurus A, both with and
without the assistance of Adaptive Optics. Finally, in Sect. 6
we compare and discuss the results from the different datasets,
drawing some conclusions on the reliability and accuracy of the
method.

2. Previous measurements of the black hole mass
in Centaurus A

Existing measurements of the black hole mass in Centaurus A
are summarized in the top panel of Fig. 1.

The supermassive black hole in Centaurus A was first de-
tected and its mass measured with a near infrared gas kinemati-
cal study using seeing limited spectra obtained with ISAAC at
the ESO VLT (Marconi et al. 2001). Subsequent higher spa-
tial resolution gas kinematical studies based on longslit spec-
troscopy were performed using STIS on the HST (Marconi

et al. 2006) and AO assisted observations with NAOS-CONICA
at the ESO VLT Häring-Neumayer et al. (2006). More recent
studies based on integral field spectroscopy were performed by
Krajnović et al. (2007) using seeing limited observations with
CIRPASS at the Gemini South telescope and by Neumayer et al.
(2007) using AO-assisted observations obtained with SINFONI
at VLT. On the other hand, Silge et al. (2005) and Cappellari
et al. (2009) performed near infrared stellar kinematical studies
based, respectively, on seeing limited longslit spectra (GNIRS at
Gemini South) and AO-assisted integral field spectra (SINFONI
at the ESO VLT).

The top panel of Fig. 1 shows the different MBH values ob-
tained by the previous authors, spread over almost an order of
magnitude. To understand the origin of these differences, in the
bottom panel of Fig. 1 we plot the MBH sin
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dent on the inclination of the rotating gas disks. In the case of
the stellar kinematical studies, the authors assumed edge on ax-
isymmetric potentials, therefore no correction is made to obtain
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2
i. After removing the inclination effect all gas kinemat-

ical measurements show statistical fluctuation within two times
the respective sigma; as noted several times, the inclination of
the rotating disk is an important source of uncertainty in gas
kinematical measurements.

Fig. 1. BH mass measurements for Centaurus A from the works men-
tioned in the text (top panel) and the corresponding MBH sin
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(bottom panel). Note that the uncertainties on the measurement by
Marconi et al. (2001) are reduced because they were including uncer-
tainties on i.

3. The spectroastrometric measurement of black
holes masses

In Paper I (Gnerucci et al. 2010) we illustrated how the tech-
nique of spectroastrometry can be used to measure the black
hole masses at the center of galaxies. In that paper we focused
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Unit (hereafter IFU) spectrographs has allowed some improve-
ments. IFUs have proven to be powerful tools to study galaxy dy-
namics as they provide two dimensional coverage of the source
without the restrictions of longslit spectrographs, also plagued
by unavoidable light losses. Recent studies have presented mea-
surements of BH masses in galactic nuclei using integral field
spectroscopy of gas or stellar spectral features (e.g. Davies et al.
2006, Nowak et al. 2007, Nowak et al. 2010 ,Krajnović et al.
2007, Krajnović et al. 2009, Cappellari et al. 2009, Neumayer
et al. 2010, Rusli et al. 2010). Regardless of the use of longslit or
IFU spectrographs, one crucial issue in BH mass measurements
is spatial resolution: this must be small enough to spatially re-
solve the regions where the gravitational effects of the BH can
be disentangled from those of the host galaxy. Even with the
advent of Adaptive Optics (AO) assisted observations the best
spatial resolution achievable are of the order of ∼ 0.1�� which
corresponds to ∼ 10 pc at a distance of 20 Mpc.

This paper is the second in a series dealing with gas kine-
matical BH mass measurements based on a new method. This
method, based on spectroastrometry, provides a simple but ac-
curate way to estimate BH masses and partly overcomes the
limitations due to spatial resolution which plague the “classi-
cal” gas (or stellar) kinematical methods, either using longslit or
IFU spectra. In the first paper of the series (Gnerucci et al. 2010,
hereafter Paper I) we illustrated how the technique of spectroas-
trometry can be used to measure black hole masses focusing on
the basis of the spectroastrometric approach and showing with
an extended and detailed set of simulations its capabilities and
limits. While we mostly focussed on the application of spec-
troastrometry to longslit spectra, we also showed the technique
can be extended to integral field spectra.

In this paper we apply the spectroastrometric method devel-
oped in Paper I to estimate the BH mass using real data. As a
benchmark for our spectroastrometric approach to the study of
local BHs, we selected the galaxy Centaurus A because it has
been extensively studied with the gas kinematical method show-
ing that the gas is circularly rotating and that BH mass and other
free parameters are well constrained from the observed kinemat-
ics. Moreover both longslit and IFU data are available and this
allows a direct comparison of the application of spectroastrome-
try to different kinds of data.

In Sect. 2 we summarize the existing measurements of BH
mass for Centaurus A. In Sect. 3 we briefly resume the results
of Paper I on the application of spectroastrometry to rotating
gas disks for the detection of the central BH. In Sect. 4 we ap-
ply the method to the longslit ISAAC spectra of the nucleus of
Centaurus A. In Sect. 5 we apply the method to integral field
SINFONI spectra of the nucleus of Centaurus A, both with and
without the assistance of Adaptive Optics. Finally, in Sect. 6
we compare and discuss the results from the different datasets,
drawing some conclusions on the reliability and accuracy of the
method.

2. Previous measurements of the black hole mass
in Centaurus A

Existing measurements of the black hole mass in Centaurus A
are summarized in the top panel of Fig. 1.

The supermassive black hole in Centaurus A was first de-
tected and its mass measured with a near infrared gas kinemati-
cal study using seeing limited spectra obtained with ISAAC at
the ESO VLT (Marconi et al. 2001). Subsequent higher spa-
tial resolution gas kinematical studies based on longslit spec-
troscopy were performed using STIS on the HST (Marconi

et al. 2006) and AO assisted observations with NAOS-CONICA
at the ESO VLT Häring-Neumayer et al. (2006). More recent
studies based on integral field spectroscopy were performed by
Krajnović et al. (2007) using seeing limited observations with
CIRPASS at the Gemini South telescope and by Neumayer et al.
(2007) using AO-assisted observations obtained with SINFONI
at VLT. On the other hand, Silge et al. (2005) and Cappellari
et al. (2009) performed near infrared stellar kinematical studies
based, respectively, on seeing limited longslit spectra (GNIRS at
Gemini South) and AO-assisted integral field spectra (SINFONI
at the ESO VLT).

The top panel of Fig. 1 shows the different MBH values ob-
tained by the previous authors, spread over almost an order of
magnitude. To understand the origin of these differences, in the
bottom panel of Fig. 1 we plot the MBH sin
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ues constrained by the observed velocity fields and not depen-
dent on the inclination of the rotating gas disks. In the case of
the stellar kinematical studies, the authors assumed edge on ax-
isymmetric potentials, therefore no correction is made to obtain
MBH sin

2
i. After removing the inclination effect all gas kinemat-

ical measurements show statistical fluctuation within two times
the respective sigma; as noted several times, the inclination of
the rotating disk is an important source of uncertainty in gas
kinematical measurements.

Fig. 1. BH mass measurements for Centaurus A from the works men-
tioned in the text (top panel) and the corresponding MBH sin
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(bottom panel). Note that the uncertainties on the measurement by
Marconi et al. (2001) are reduced because they were including uncer-
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Unit (hereafter IFU) spectrographs has allowed some improve-
ments. IFUs have proven to be powerful tools to study galaxy dy-
namics as they provide two dimensional coverage of the source
without the restrictions of longslit spectrographs, also plagued
by unavoidable light losses. Recent studies have presented mea-
surements of BH masses in galactic nuclei using integral field
spectroscopy of gas or stellar spectral features (e.g. Davies et al.
2006, Nowak et al. 2007, Nowak et al. 2010 ,Krajnović et al.
2007, Krajnović et al. 2009, Cappellari et al. 2009, Neumayer
et al. 2010, Rusli et al. 2010). Regardless of the use of longslit or
IFU spectrographs, one crucial issue in BH mass measurements
is spatial resolution: this must be small enough to spatially re-
solve the regions where the gravitational effects of the BH can
be disentangled from those of the host galaxy. Even with the
advent of Adaptive Optics (AO) assisted observations the best
spatial resolution achievable are of the order of ∼ 0.1�� which
corresponds to ∼ 10 pc at a distance of 20 Mpc.

This paper is the second in a series dealing with gas kine-
matical BH mass measurements based on a new method. This
method, based on spectroastrometry, provides a simple but ac-
curate way to estimate BH masses and partly overcomes the
limitations due to spatial resolution which plague the “classi-
cal” gas (or stellar) kinematical methods, either using longslit or
IFU spectra. In the first paper of the series (Gnerucci et al. 2010,
hereafter Paper I) we illustrated how the technique of spectroas-
trometry can be used to measure black hole masses focusing on
the basis of the spectroastrometric approach and showing with
an extended and detailed set of simulations its capabilities and
limits. While we mostly focussed on the application of spec-
troastrometry to longslit spectra, we also showed the technique
can be extended to integral field spectra.

In this paper we apply the spectroastrometric method devel-
oped in Paper I to estimate the BH mass using real data. As a
benchmark for our spectroastrometric approach to the study of
local BHs, we selected the galaxy Centaurus A because it has
been extensively studied with the gas kinematical method show-
ing that the gas is circularly rotating and that BH mass and other
free parameters are well constrained from the observed kinemat-
ics. Moreover both longslit and IFU data are available and this
allows a direct comparison of the application of spectroastrome-
try to different kinds of data.

In Sect. 2 we summarize the existing measurements of BH
mass for Centaurus A. In Sect. 3 we briefly resume the results
of Paper I on the application of spectroastrometry to rotating
gas disks for the detection of the central BH. In Sect. 4 we ap-
ply the method to the longslit ISAAC spectra of the nucleus of
Centaurus A. In Sect. 5 we apply the method to integral field
SINFONI spectra of the nucleus of Centaurus A, both with and
without the assistance of Adaptive Optics. Finally, in Sect. 6
we compare and discuss the results from the different datasets,
drawing some conclusions on the reliability and accuracy of the
method.

2. Previous measurements of the black hole mass
in Centaurus A

Existing measurements of the black hole mass in Centaurus A
are summarized in the top panel of Fig. 1.

The supermassive black hole in Centaurus A was first de-
tected and its mass measured with a near infrared gas kinemati-
cal study using seeing limited spectra obtained with ISAAC at
the ESO VLT (Marconi et al. 2001). Subsequent higher spa-
tial resolution gas kinematical studies based on longslit spec-
troscopy were performed using STIS on the HST (Marconi

et al. 2006) and AO assisted observations with NAOS-CONICA
at the ESO VLT Häring-Neumayer et al. (2006). More recent
studies based on integral field spectroscopy were performed by
Krajnović et al. (2007) using seeing limited observations with
CIRPASS at the Gemini South telescope and by Neumayer et al.
(2007) using AO-assisted observations obtained with SINFONI
at VLT. On the other hand, Silge et al. (2005) and Cappellari
et al. (2009) performed near infrared stellar kinematical studies
based, respectively, on seeing limited longslit spectra (GNIRS at
Gemini South) and AO-assisted integral field spectra (SINFONI
at the ESO VLT).

The top panel of Fig. 1 shows the different MBH values ob-
tained by the previous authors, spread over almost an order of
magnitude. To understand the origin of these differences, in the
bottom panel of Fig. 1 we plot the MBH sin

2
i values, i.e. the val-

ues constrained by the observed velocity fields and not depen-
dent on the inclination of the rotating gas disks. In the case of
the stellar kinematical studies, the authors assumed edge on ax-
isymmetric potentials, therefore no correction is made to obtain
MBH sin

2
i. After removing the inclination effect all gas kinemat-

ical measurements show statistical fluctuation within two times
the respective sigma; as noted several times, the inclination of
the rotating disk is an important source of uncertainty in gas
kinematical measurements.

Fig. 1. BH mass measurements for Centaurus A from the works men-
tioned in the text (top panel) and the corresponding MBH sin
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i values

(bottom panel). Note that the uncertainties on the measurement by
Marconi et al. (2001) are reduced because they were including uncer-
tainties on i.

3. The spectroastrometric measurement of black
holes masses

In Paper I (Gnerucci et al. 2010) we illustrated how the tech-
nique of spectroastrometry can be used to measure the black
hole masses at the center of galaxies. In that paper we focused
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Unit (hereafter IFU) spectrographs has allowed some improve-
ments. IFUs have proven to be powerful tools to study galaxy dy-
namics as they provide two dimensional coverage of the source
without the restrictions of longslit spectrographs, also plagued
by unavoidable light losses. Recent studies have presented mea-
surements of BH masses in galactic nuclei using integral field
spectroscopy of gas or stellar spectral features (e.g. Davies et al.
2006, Nowak et al. 2007, Nowak et al. 2010 ,Krajnović et al.
2007, Krajnović et al. 2009, Cappellari et al. 2009, Neumayer
et al. 2010, Rusli et al. 2010). Regardless of the use of longslit or
IFU spectrographs, one crucial issue in BH mass measurements
is spatial resolution: this must be small enough to spatially re-
solve the regions where the gravitational effects of the BH can
be disentangled from those of the host galaxy. Even with the
advent of Adaptive Optics (AO) assisted observations the best
spatial resolution achievable are of the order of ∼ 0.1�� which
corresponds to ∼ 10 pc at a distance of 20 Mpc.

This paper is the second in a series dealing with gas kine-
matical BH mass measurements based on a new method. This
method, based on spectroastrometry, provides a simple but ac-
curate way to estimate BH masses and partly overcomes the
limitations due to spatial resolution which plague the “classi-
cal” gas (or stellar) kinematical methods, either using longslit or
IFU spectra. In the first paper of the series (Gnerucci et al. 2010,
hereafter Paper I) we illustrated how the technique of spectroas-
trometry can be used to measure black hole masses focusing on
the basis of the spectroastrometric approach and showing with
an extended and detailed set of simulations its capabilities and
limits. While we mostly focussed on the application of spec-
troastrometry to longslit spectra, we also showed the technique
can be extended to integral field spectra.

In this paper we apply the spectroastrometric method devel-
oped in Paper I to estimate the BH mass using real data. As a
benchmark for our spectroastrometric approach to the study of
local BHs, we selected the galaxy Centaurus A because it has
been extensively studied with the gas kinematical method show-
ing that the gas is circularly rotating and that BH mass and other
free parameters are well constrained from the observed kinemat-
ics. Moreover both longslit and IFU data are available and this
allows a direct comparison of the application of spectroastrome-
try to different kinds of data.

In Sect. 2 we summarize the existing measurements of BH
mass for Centaurus A. In Sect. 3 we briefly resume the results
of Paper I on the application of spectroastrometry to rotating
gas disks for the detection of the central BH. In Sect. 4 we ap-
ply the method to the longslit ISAAC spectra of the nucleus of
Centaurus A. In Sect. 5 we apply the method to integral field
SINFONI spectra of the nucleus of Centaurus A, both with and
without the assistance of Adaptive Optics. Finally, in Sect. 6
we compare and discuss the results from the different datasets,
drawing some conclusions on the reliability and accuracy of the
method.

2. Previous measurements of the black hole mass
in Centaurus A

Existing measurements of the black hole mass in Centaurus A
are summarized in the top panel of Fig. 1.

The supermassive black hole in Centaurus A was first de-
tected and its mass measured with a near infrared gas kinemati-
cal study using seeing limited spectra obtained with ISAAC at
the ESO VLT (Marconi et al. 2001). Subsequent higher spa-
tial resolution gas kinematical studies based on longslit spec-
troscopy were performed using STIS on the HST (Marconi

et al. 2006) and AO assisted observations with NAOS-CONICA
at the ESO VLT Häring-Neumayer et al. (2006). More recent
studies based on integral field spectroscopy were performed by
Krajnović et al. (2007) using seeing limited observations with
CIRPASS at the Gemini South telescope and by Neumayer et al.
(2007) using AO-assisted observations obtained with SINFONI
at VLT. On the other hand, Silge et al. (2005) and Cappellari
et al. (2009) performed near infrared stellar kinematical studies
based, respectively, on seeing limited longslit spectra (GNIRS at
Gemini South) and AO-assisted integral field spectra (SINFONI
at the ESO VLT).

The top panel of Fig. 1 shows the different MBH values ob-
tained by the previous authors, spread over almost an order of
magnitude. To understand the origin of these differences, in the
bottom panel of Fig. 1 we plot the MBH sin

2
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ues constrained by the observed velocity fields and not depen-
dent on the inclination of the rotating gas disks. In the case of
the stellar kinematical studies, the authors assumed edge on ax-
isymmetric potentials, therefore no correction is made to obtain
MBH sin

2
i. After removing the inclination effect all gas kinemat-

ical measurements show statistical fluctuation within two times
the respective sigma; as noted several times, the inclination of
the rotating disk is an important source of uncertainty in gas
kinematical measurements.

Fig. 1. BH mass measurements for Centaurus A from the works men-
tioned in the text (top panel) and the corresponding MBH sin
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(bottom panel). Note that the uncertainties on the measurement by
Marconi et al. (2001) are reduced because they were including uncer-
tainties on i.

3. The spectroastrometric measurement of black
holes masses

In Paper I (Gnerucci et al. 2010) we illustrated how the tech-
nique of spectroastrometry can be used to measure the black
hole masses at the center of galaxies. In that paper we focused
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Unit (hereafter IFU) spectrographs has allowed some improve-
ments. IFUs have proven to be powerful tools to study galaxy dy-
namics as they provide two dimensional coverage of the source
without the restrictions of longslit spectrographs, also plagued
by unavoidable light losses. Recent studies have presented mea-
surements of BH masses in galactic nuclei using integral field
spectroscopy of gas or stellar spectral features (e.g. Davies et al.
2006, Nowak et al. 2007, Nowak et al. 2010 ,Krajnović et al.
2007, Krajnović et al. 2009, Cappellari et al. 2009, Neumayer
et al. 2010, Rusli et al. 2010). Regardless of the use of longslit or
IFU spectrographs, one crucial issue in BH mass measurements
is spatial resolution: this must be small enough to spatially re-
solve the regions where the gravitational effects of the BH can
be disentangled from those of the host galaxy. Even with the
advent of Adaptive Optics (AO) assisted observations the best
spatial resolution achievable are of the order of ∼ 0.1�� which
corresponds to ∼ 10 pc at a distance of 20 Mpc.

This paper is the second in a series dealing with gas kine-
matical BH mass measurements based on a new method. This
method, based on spectroastrometry, provides a simple but ac-
curate way to estimate BH masses and partly overcomes the
limitations due to spatial resolution which plague the “classi-
cal” gas (or stellar) kinematical methods, either using longslit or
IFU spectra. In the first paper of the series (Gnerucci et al. 2010,
hereafter Paper I) we illustrated how the technique of spectroas-
trometry can be used to measure black hole masses focusing on
the basis of the spectroastrometric approach and showing with
an extended and detailed set of simulations its capabilities and
limits. While we mostly focussed on the application of spec-
troastrometry to longslit spectra, we also showed the technique
can be extended to integral field spectra.

In this paper we apply the spectroastrometric method devel-
oped in Paper I to estimate the BH mass using real data. As a
benchmark for our spectroastrometric approach to the study of
local BHs, we selected the galaxy Centaurus A because it has
been extensively studied with the gas kinematical method show-
ing that the gas is circularly rotating and that BH mass and other
free parameters are well constrained from the observed kinemat-
ics. Moreover both longslit and IFU data are available and this
allows a direct comparison of the application of spectroastrome-
try to different kinds of data.

In Sect. 2 we summarize the existing measurements of BH
mass for Centaurus A. In Sect. 3 we briefly resume the results
of Paper I on the application of spectroastrometry to rotating
gas disks for the detection of the central BH. In Sect. 4 we ap-
ply the method to the longslit ISAAC spectra of the nucleus of
Centaurus A. In Sect. 5 we apply the method to integral field
SINFONI spectra of the nucleus of Centaurus A, both with and
without the assistance of Adaptive Optics. Finally, in Sect. 6
we compare and discuss the results from the different datasets,
drawing some conclusions on the reliability and accuracy of the
method.

2. Previous measurements of the black hole mass
in Centaurus A

Existing measurements of the black hole mass in Centaurus A
are summarized in the top panel of Fig. 1.

The supermassive black hole in Centaurus A was first de-
tected and its mass measured with a near infrared gas kinemati-
cal study using seeing limited spectra obtained with ISAAC at
the ESO VLT (Marconi et al. 2001). Subsequent higher spa-
tial resolution gas kinematical studies based on longslit spec-
troscopy were performed using STIS on the HST (Marconi

et al. 2006) and AO assisted observations with NAOS-CONICA
at the ESO VLT Häring-Neumayer et al. (2006). More recent
studies based on integral field spectroscopy were performed by
Krajnović et al. (2007) using seeing limited observations with
CIRPASS at the Gemini South telescope and by Neumayer et al.
(2007) using AO-assisted observations obtained with SINFONI
at VLT. On the other hand, Silge et al. (2005) and Cappellari
et al. (2009) performed near infrared stellar kinematical studies
based, respectively, on seeing limited longslit spectra (GNIRS at
Gemini South) and AO-assisted integral field spectra (SINFONI
at the ESO VLT).

The top panel of Fig. 1 shows the different MBH values ob-
tained by the previous authors, spread over almost an order of
magnitude. To understand the origin of these differences, in the
bottom panel of Fig. 1 we plot the MBH sin
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ical measurements show statistical fluctuation within two times
the respective sigma; as noted several times, the inclination of
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In Paper I (Gnerucci et al. 2010) we illustrated how the tech-
nique of spectroastrometry can be used to measure the black
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Unit (hereafter IFU) spectrographs has allowed some improve-
ments. IFUs have proven to be powerful tools to study galaxy dy-
namics as they provide two dimensional coverage of the source
without the restrictions of longslit spectrographs, also plagued
by unavoidable light losses. Recent studies have presented mea-
surements of BH masses in galactic nuclei using integral field
spectroscopy of gas or stellar spectral features (e.g. Davies et al.
2006, Nowak et al. 2007, Nowak et al. 2010 ,Krajnović et al.
2007, Krajnović et al. 2009, Cappellari et al. 2009, Neumayer
et al. 2010, Rusli et al. 2010). Regardless of the use of longslit or
IFU spectrographs, one crucial issue in BH mass measurements
is spatial resolution: this must be small enough to spatially re-
solve the regions where the gravitational effects of the BH can
be disentangled from those of the host galaxy. Even with the
advent of Adaptive Optics (AO) assisted observations the best
spatial resolution achievable are of the order of ∼ 0.1�� which
corresponds to ∼ 10 pc at a distance of 20 Mpc.

This paper is the second in a series dealing with gas kine-
matical BH mass measurements based on a new method. This
method, based on spectroastrometry, provides a simple but ac-
curate way to estimate BH masses and partly overcomes the
limitations due to spatial resolution which plague the “classi-
cal” gas (or stellar) kinematical methods, either using longslit or
IFU spectra. In the first paper of the series (Gnerucci et al. 2010,
hereafter Paper I) we illustrated how the technique of spectroas-
trometry can be used to measure black hole masses focusing on
the basis of the spectroastrometric approach and showing with
an extended and detailed set of simulations its capabilities and
limits. While we mostly focussed on the application of spec-
troastrometry to longslit spectra, we also showed the technique
can be extended to integral field spectra.

In this paper we apply the spectroastrometric method devel-
oped in Paper I to estimate the BH mass using real data. As a
benchmark for our spectroastrometric approach to the study of
local BHs, we selected the galaxy Centaurus A because it has
been extensively studied with the gas kinematical method show-
ing that the gas is circularly rotating and that BH mass and other
free parameters are well constrained from the observed kinemat-
ics. Moreover both longslit and IFU data are available and this
allows a direct comparison of the application of spectroastrome-
try to different kinds of data.

In Sect. 2 we summarize the existing measurements of BH
mass for Centaurus A. In Sect. 3 we briefly resume the results
of Paper I on the application of spectroastrometry to rotating
gas disks for the detection of the central BH. In Sect. 4 we ap-
ply the method to the longslit ISAAC spectra of the nucleus of
Centaurus A. In Sect. 5 we apply the method to integral field
SINFONI spectra of the nucleus of Centaurus A, both with and
without the assistance of Adaptive Optics. Finally, in Sect. 6
we compare and discuss the results from the different datasets,
drawing some conclusions on the reliability and accuracy of the
method.

2. Previous measurements of the black hole mass
in Centaurus A

Existing measurements of the black hole mass in Centaurus A
are summarized in the top panel of Fig. 1.

The supermassive black hole in Centaurus A was first de-
tected and its mass measured with a near infrared gas kinemati-
cal study using seeing limited spectra obtained with ISAAC at
the ESO VLT (Marconi et al. 2001). Subsequent higher spa-
tial resolution gas kinematical studies based on longslit spec-
troscopy were performed using STIS on the HST (Marconi

et al. 2006) and AO assisted observations with NAOS-CONICA
at the ESO VLT Häring-Neumayer et al. (2006). More recent
studies based on integral field spectroscopy were performed by
Krajnović et al. (2007) using seeing limited observations with
CIRPASS at the Gemini South telescope and by Neumayer et al.
(2007) using AO-assisted observations obtained with SINFONI
at VLT. On the other hand, Silge et al. (2005) and Cappellari
et al. (2009) performed near infrared stellar kinematical studies
based, respectively, on seeing limited longslit spectra (GNIRS at
Gemini South) and AO-assisted integral field spectra (SINFONI
at the ESO VLT).

The top panel of Fig. 1 shows the different MBH values ob-
tained by the previous authors, spread over almost an order of
magnitude. To understand the origin of these differences, in the
bottom panel of Fig. 1 we plot the MBH sin

2
i values, i.e. the val-

ues constrained by the observed velocity fields and not depen-
dent on the inclination of the rotating gas disks. In the case of
the stellar kinematical studies, the authors assumed edge on ax-
isymmetric potentials, therefore no correction is made to obtain
MBH sin

2
i. After removing the inclination effect all gas kinemat-

ical measurements show statistical fluctuation within two times
the respective sigma; as noted several times, the inclination of
the rotating disk is an important source of uncertainty in gas
kinematical measurements.

Fig. 1. BH mass measurements for Centaurus A from the works men-
tioned in the text (top panel) and the corresponding MBH sin

2
i values

(bottom panel). Note that the uncertainties on the measurement by
Marconi et al. (2001) are reduced because they were including uncer-
tainties on i.
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n(�x) = N

�
f(�x,�v; t) d3�v

A galaxy is made of N stars (typically N~1011) thus one has to use a 
statistical approach to find its gravitational potential and kinematics.
In the case of a galaxy, 

galaxy lifetime << relaxation time 
(time over which 2 body interactions affect star orbits)
a stellar system can be considered as a collisionless gas 
to compute star orbits, gravitational field of a galaxy can be considered 
“smooth” and not concentrated in nearly point-like stars.

However, it is not possible to follow the orbits of ~1011 stars.
Consider the probability of finding a star with given position and velocity

Stellar dynamics

[see Binney & Tremaine]

f  is the distribution function.

dp = f(�x,�v; t) d3�x d3�v

�
f(�x,�v; t) d3�x d3�v = 1

is the star number density

Can easily estimate the LOS velocity distribution, average velocity, velocity 
dispersion, h3, h4, etc., by simple integration od the DF.



Stellar dynamics
The DF follows the collisionless Boltzmann equation 

�v · �∇f − �∇Φ(�x) · ∂f
∂�v

= 0

In steady state

An integral of motion is a function I of space phase coordinates such that, 
along any orbit

d

dt
I[�x(t),�v(t)] = �v · �∇I − �∇Φ(�x) · ∂I

∂�v
= 0

df

dt
=

∂f

∂t
+ �v · �∇f − �∇Φ(�x) · ∂f

∂�v
= 0

examples are energy and components of angular momentum.
Condition for I is similar to condition for f (steady state).
Can demonstrate Strong Jeans Theorem:
DF of steady state stellar system with “regular orbits” (non resonating 
frequencies) is a function only of 3 integral of motions.

[see Binney & Tremaine]

∇2Φ(�x) = 4πG ρ(�x)



Jeans equations
How to solve the steady state Boltzmann Equation (BE)?
Two possibilities mainly adopted in the literature

Jeans equations
Schwarzschild orbit superposition method

Jeans equations
Taking the moments of the BE over velocity gives analogs to fluid equations

∂n

∂t
+

∂(nv̄i)

∂xi
= 0

n
∂v̄j
∂t

− v̄j
∂(nv̄i)

∂xi
+

∂(nvivj)

∂xi
= −n

∂Φ

∂xj

incomplete set, knowing potential and density we have 9 unknown functions 
(3 vi, 6 symmetric components of tensor vij) and 4 independent equations.
Need assumptions to close the system (e.g. spherical symmetry) but beware 
that wrong assumption can bring incorrect results (a BH where there is none 
and viceversa).

v̄j average j velocity

vivj velocity dispersion 
tensor (→anisotropy)

vivi = σ2
i

i velocity dispersion

[see Binney & Tremaine]
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Schwarzschild orbit superposition method

This is a method based on considering many stellar orbits to “reconstruct” 
the DF, in practice

where fi is the DF for a single stellar orbit.

The method works as follows

assume axisymmetry (but can work also for triaxial systems);

f = f(E, Lz, I3) (I3 third integral of motion, not clear physical interpretation);

derive potential ϕstar from observed surface brightness distribution (for 
given M/L = Υ ); then ϕ = ϕstar+ ϕBH + ϕDM

compute a library of several (ten) thousands stellar orbits for different 
values of integral of motions, and initial conditions;

reconstruct the galaxy adding up all the orbits; the weight of each orbit is 
a free parameter (many thousands!);

compute model surface brightness and kinematics and compare with 
observations to constrain free parameters and MBH, Υ

Schwarzschild method
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images of model orbits (with weights)
(Cappellari et al. 2004)

Observed 
galaxy image

Stellar orbit track Image of 
orbit on sky

t

Observed 
velocity field

Schwarzschild method

[Courtesy of Michele Cappellari]

MBH, Υ, 
orbital structure
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AO/IFU observations of Centaurus A 
670 M. Cappellari et al.

Figure 8. Data-model comparison for the best-fitting three-integral model. Top two panels: the top row shows the bisymmetrized and linearly interpolated
100 mas SINFONI data of Fig. 4. The second row shows the best-fitting dynamical model predictions. The central bins that were excluded from the fit are
shown with the white diamonds. Bottom two panels: same as in the top two panels, for the 250 mas SINFONI kinematics. For each quantity, the colour scale
is the same in the two instrumental configurations.

Figure 9. Anisotropy variation. The diamonds, connected with solid lines,
show the anisotropy σ r/σ t (see text for a definition) measured at different
polar angles, from the equatorial plane to the symmetry axis, in the galaxy
meridional plane. As the model is nearly spherical, the differences at a given
radius provide a rough indication of the model uncertainties. Also shown
are the break radius (or core radius) Rb, the BH radius of influence RBH and
the σ of the best-fitting Gaussian model of the SINFONI 100 mas PSF.

in the nucleus of Cen A. We also show in Fig. 10, with the two
dashed lines, the Jeans predictions for two MBH corresponding to
the 3σ upper and lower confidence limits of the Schwarzschild
model. They show that, as expected, inside R ! 1 arcsec, the data
are very sensitive to a change in MBH at the level of the quoted
errors.

The dotted line shows the model prediction, still with the same
β profile as for the previous models, for MBH = 2 × 108 M". This
is the best-fitting value determined by Silge et al. (2005) from the
GNIRS data. This model has a much steeper Vrms profile near the
centre, which seems to qualitatively reproduce the steeper rise of
the Vrms in the GNIRS data within R ! 1. Unfortunately, we cannot
compare our Jeans models with the more nuclear GNIRS kinematics
(R ! 0.5 arcsec). Those measurements have rather extreme h4 " 0.2
values. In this case, it becomes not possible to reliably translate the
kinematics into a true Vrms value, as required by the Jeans equations.
In fact, when the Gauss–Hermite moments are large, the Vrms one
can derive by formally integrating over the LOSVD is extremely
sensitive to the wings of the LOSVD which are observationally not
well constrained. For this reason, we limit our comparison to the
remaining values, for which h4 is consistent with zero within the
1σ errors. Our comparison suggests that the near four times higher
value for MBH derived by those authors is not due to differences in

C© 2009 The Authors. Journal compilation C© 2009 RAS, MNRAS 394, 660–674

Moments of LOSVD → < V > σ h3 h4

With AO (3” x 3” FOV)

Seeing limited (8” x 8” FOV)

Data

Model

Data

Model

Cappellari et al. 2009



Gas vs Stellar dynamics: summary

Gas:
n high surface brightness, 

short integration times
n Easy interpretation

	 	 	

Stars:
n completely gravitational 

motions		
n available in all galaxies

n but not in all 
galaxies		 	

n only if system is a circularly 
rotating disk

n but interpretation difficult 
(3D star orbits)

n but observations require 
long integration times
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Gas vs Stellar dynamics

Are gas and stellar kinematical BH 
mass measurements consistent?

Comparison have been done only 
for a few cases and the derived 
MBH are consistent!

Galactic Center (Schodel et al. 
2003, Genzel & Townes 1987)

Centaurus A (Marconi et al. 
2006, Silge et al. 2005, 
Neumayer et al. 2007, Cappellari 
et al. 2007)

M87 (Macchetto+97, 
Gebhardt+11)

Need more tests!
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M(r) from gas kinematics
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BH Masses and Galaxy distances
To detect a massive BH and measure its mass it is important to 
“deconvolve” BH gravitational effects on star and/or gas kinematics from 
those of the galaxy gravitational potential.

Two related key elements:

spatial resolution of the BH sphere of influence

signal-to-Noice (S/N) ratio of the kinematical measurements

The required ratio of RBH/Δθ (sp. resolution) depends on S/N and vice-versa.

Assume one needs Δθ = RBH therefore the maximum distances

73

D = 22Mpc

�
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108 M⊙

� �
σ�
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�−2 �
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0.1��
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300 km/s

�−2 �
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0.1��
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D = 1.8Mpc

�
MBH

106 M⊙

� �
σ�

70 km/s

�−2 �
∆θ

0.1��

�−1

We are really limited to the very nearby universe (D~100-200 Mpc)!



Scales probed
Which are the scales probed in terms of the Schwarzschild radius, i.e. the 
BH typical size?

θS =
RS

D
= 2

GMBH

c2 D
� 10−7 arcsec

�
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D

20Mpc
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The spatial scales we are probing are ~106 Schwarschild radii!

Review on BHs in galaxies by Ferrarese & Ford 2005
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Are they really Black Holes?

The fact that we are probing scales ~106 RS can cast doubts on whether 
we are really detecting black holes.

Unambiguous proof of existence of BHs, as defined by GR, requires 
determination of ϕBH on scales of the event horizon.

Ideally one should follow motions of test particles close to RS

This is has not been possible until now, not even in the Galactic Center

To lower degree of confidence, one can show that ϕBH is due to a central 
mass condensation of non-stellar origin, which must be a BH because all 
other possible configurations are more extended, not stable or produce 
more light (Genzel et al. 2010)
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Are they really Black Holes?
BHs are in reality Massive Dark Objects, i.e. dark matter objects unresolved 
at the spatial resolution of observations.

Maoz (1997) use simple physical considerations to derive the maximum 
possible lifetime of a dark cluster (brown dwarfs, Jupiters, white dwarfs, 
neutron stars, stellar black holes, etc.)

He computes the lifetime of the cluster against collapse to a supermassive 
BH. Main physical processes which lead to collapse are:

Evaporation (objects in the tail of Maxwellian distribution can escape 
gravitational attraction of cluster; cluster readjusts itself and contracts 
for energy loss)

Collisions
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Are they really Black Holes?

MD from observations

Cluster size from spatial 
resolution of observations 
(FWHM~2 RD)

Estimate average density of star 
cluster ρD

Only in the case of the Milky Way 
the cluster lifetime << age of the 
universe

Boson star is the only possible 
alternative to a BH (?)

adapted from Maoz 1998 (MW updated)
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