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Figure 4. Same as in Fig. 3 for the SINFONI 100 mas observations. The colour levels are the same in this figure as in Fig. 3.

shows that, at those radii, the galaxy has not reached an equilibrium
configuration. The relatively low but ordered rotation near the nu-
cleus, the presence of prominent stellar shells at large radii and
the strong kinematical misalignment of Cen A are reminiscent of
the fast rotator S0 NGC 474 in Emsellem et al. (2007). However,
only much more extended integral-field observations in the near-IR,
sampling up to 1Re, could conclusively reveal the dynamical status
of the central regions of Cen A.

At different radii, the galaxy is expected to reach an equilib-
rium configuration in very different time-scales, starting from the
centre. We estimated the circular velocity Vc of Cen A from the
multi-Gaussian expansion (MGE; Emsellem, Monnet & Bacon
1994) parametrization of its K-band surface brightness tabulated
in Häring-Neumayer et al. (2006) and the best-fitting mass-to-light
ratio M/L we derive in this paper. It is nearly flat over two orders
of magnitude in radius Vc ∼ 200 km s−1 from 4 to 400 arcsec.
This implies that at the edge of our SINFONI observations (R ∼
4 arcsec), the characteristic orbital period is T ∼ 2 Myr, while it is
T ∼ 0.2 Gyr at large radii where the stellar body starts to become
more elongated and shells are still visible. The very short orbital
period in the central regions, where the galaxy is nearly circular

in projection, suggests that it has already reached an equilibrium
configuration there. Given that the kinematics at a certain projected
radius R are mostly influenced by stellar orbits having that same
characteristic radius R (Krajnović et al. 2005), this justifies the use
of stationary dynamical models to study the central dynamics of
Cen A, even though the galaxy is still dynamically evolving at
larger radii.

For this paper, we will construct two types of models to test the
sensitivity of the MBH estimate to the assumed geometry and dynam-
ics. We build (i) an axisymmetric orbit-based model, to reproduce
in detail the kinematic observations and (ii) a simple anisotropic
spherical Jeans model to qualitatively check the MBH determina-
tion.

3.2 Axisymmetric three-integral models

Our axisymmetric three-integral dynamical model is based on
Schwarzschild (1979) numerical orbit-superposition method. This
has become the current standard for all MBH determinations from the
stellar kinematics, available in the literature from different groups
(e.g. van der Marel et al. 1998; Gebhardt et al. 2003; Valluri et al.
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  Tingay et al. 1998; Hardcastle et al. 2003). The measured values

for the inclination angle of the jet vary between 50! < i < 80!

(Tingay et al. [1998] from VLBI data) and 20! < i < 50!

(Hardcastle et al. [2003] from VLA data), but without doubt
the northeastern part is pointed toward us. Surprisingly, the di-
rection of motion seen in [Si vi] is redshifted in the jet pointing
toward us and blueshifted in the counterjet. Under the plausible
assumption that the geometries of the jet and [Si vi] are aligned,
this indicates an inflow of material toward the nucleus.

This inflow motion could be associated with backflow of gas
that was accelerated byCenA’s jet and after producing a bow shock
is flowing back at the side of the jet cocoon, although on much
larger scales, this phenomenon is seen in jet simulations (e.g.,
Krause 2005). As the gas is flowing back, it is reionized by ra-
diation from the central source. This was proposed by Taylor et al.
(1992) as a mechanism to produce the narrow line regions in
Seyfert galaxies.

While the kinematics of the very high and medium ionization
lines [Si vi] and [Fe ii] are manifestly influenced by this jet-
induced motion, the velocity field of H2 shows no distortion due
to the jet. The velocity field is very smooth and symmetric and in-
dicative of rotation, with a striking twist of the major kinematic
axis around a median P:A: ¼ 155!. However, the velocity fields

in all the other gas tracers give evidence that at least part of that
gas rotates in a nuclear gas disk.Moreover, the velocity dispersion
maps of [Si vi], Br!, [Fe ii], and H2 support the picture of an
inclined nuclear gas disk. They all show an elongated structure in
their high-dispersion component, mimicking a disk, at a position
angle of 125! # 25!, and a declining dispersion profile outward.
The ionized gas species ([Si vi], [Fe ii], and Br!) show in addition
a colder component (with " $ 150 km s%1) that is elongated in the
direction of the translational motion. Although it is as high as
" $ 400 km s%1, the velocity dispersion of H2 has the lowest
central value. It is not clear what causes this high velocity dis-
persion for the molecular gas (see also x 4.2). Nevertheless, H2

shows the most ordered structure both in the maps of velocity
dispersion and mean velocity and it seems to be well settled in a
disk.

To visualize the difference in the velocity pattern of [Si vi] and
H2, Figure 7 shows the comparison of the H2 and [Si vi] velocity
fields (left and middle) maskedwith the [Si vi] fluxmap. The right
panel shows the direct difference v(½Si vi')% v(H2). Overplotted
are the VLA contours of the radio jet (unpublished VLA data
kindly provided by M. Hardcastle). The nonrotational compo-
nent of the [Si vi] velocity field becomes strongest southwest of
the nucleus, and can be identified with the innermost knot in the

Fig. 5.—Flux, velocity, and velocity dispersion maps of [Fe ii]. See caption of Fig. 3 for more details. We masked out an artifact around y $%0:700 that is caused by
illumination effects on the SINFONI detector.

Fig. 6.—Flux, velocity, and velocity dispersion maps of H2. See caption of Fig. 3 for more details.
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Figure 4. Same as in Fig. 3 for the SINFONI 100 mas observations. The colour levels are the same in this figure as in Fig. 3.

shows that, at those radii, the galaxy has not reached an equilibrium
configuration. The relatively low but ordered rotation near the nu-
cleus, the presence of prominent stellar shells at large radii and
the strong kinematical misalignment of Cen A are reminiscent of
the fast rotator S0 NGC 474 in Emsellem et al. (2007). However,
only much more extended integral-field observations in the near-IR,
sampling up to 1Re, could conclusively reveal the dynamical status
of the central regions of Cen A.

At different radii, the galaxy is expected to reach an equilib-
rium configuration in very different time-scales, starting from the
centre. We estimated the circular velocity Vc of Cen A from the
multi-Gaussian expansion (MGE; Emsellem, Monnet & Bacon
1994) parametrization of its K-band surface brightness tabulated
in Häring-Neumayer et al. (2006) and the best-fitting mass-to-light
ratio M/L we derive in this paper. It is nearly flat over two orders
of magnitude in radius Vc ∼ 200 km s−1 from 4 to 400 arcsec.
This implies that at the edge of our SINFONI observations (R ∼
4 arcsec), the characteristic orbital period is T ∼ 2 Myr, while it is
T ∼ 0.2 Gyr at large radii where the stellar body starts to become
more elongated and shells are still visible. The very short orbital
period in the central regions, where the galaxy is nearly circular

in projection, suggests that it has already reached an equilibrium
configuration there. Given that the kinematics at a certain projected
radius R are mostly influenced by stellar orbits having that same
characteristic radius R (Krajnović et al. 2005), this justifies the use
of stationary dynamical models to study the central dynamics of
Cen A, even though the galaxy is still dynamically evolving at
larger radii.

For this paper, we will construct two types of models to test the
sensitivity of the MBH estimate to the assumed geometry and dynam-
ics. We build (i) an axisymmetric orbit-based model, to reproduce
in detail the kinematic observations and (ii) a simple anisotropic
spherical Jeans model to qualitatively check the MBH determina-
tion.

3.2 Axisymmetric three-integral models

Our axisymmetric three-integral dynamical model is based on
Schwarzschild (1979) numerical orbit-superposition method. This
has become the current standard for all MBH determinations from the
stellar kinematics, available in the literature from different groups
(e.g. van der Marel et al. 1998; Gebhardt et al. 2003; Valluri et al.

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

Cappellari	
  et	
  al.,	
  2009	
  
Neumayer	
  et	
  al.,	
  2007	
  



Dynamical	
  black-­‐hole	
  mass	
  measurements	
  
with	
  molecular	
  gas	
  Tingay et al. 1998; Hardcastle et al. 2003). The measured values

for the inclination angle of the jet vary between 50! < i < 80!

(Tingay et al. [1998] from VLBI data) and 20! < i < 50!

(Hardcastle et al. [2003] from VLA data), but without doubt
the northeastern part is pointed toward us. Surprisingly, the di-
rection of motion seen in [Si vi] is redshifted in the jet pointing
toward us and blueshifted in the counterjet. Under the plausible
assumption that the geometries of the jet and [Si vi] are aligned,
this indicates an inflow of material toward the nucleus.

This inflow motion could be associated with backflow of gas
that was accelerated byCenA’s jet and after producing a bow shock
is flowing back at the side of the jet cocoon, although on much
larger scales, this phenomenon is seen in jet simulations (e.g.,
Krause 2005). As the gas is flowing back, it is reionized by ra-
diation from the central source. This was proposed by Taylor et al.
(1992) as a mechanism to produce the narrow line regions in
Seyfert galaxies.

While the kinematics of the very high and medium ionization
lines [Si vi] and [Fe ii] are manifestly influenced by this jet-
induced motion, the velocity field of H2 shows no distortion due
to the jet. The velocity field is very smooth and symmetric and in-
dicative of rotation, with a striking twist of the major kinematic
axis around a median P:A: ¼ 155!. However, the velocity fields

in all the other gas tracers give evidence that at least part of that
gas rotates in a nuclear gas disk.Moreover, the velocity dispersion
maps of [Si vi], Br!, [Fe ii], and H2 support the picture of an
inclined nuclear gas disk. They all show an elongated structure in
their high-dispersion component, mimicking a disk, at a position
angle of 125! # 25!, and a declining dispersion profile outward.
The ionized gas species ([Si vi], [Fe ii], and Br!) show in addition
a colder component (with " $ 150 km s%1) that is elongated in the
direction of the translational motion. Although it is as high as
" $ 400 km s%1, the velocity dispersion of H2 has the lowest
central value. It is not clear what causes this high velocity dis-
persion for the molecular gas (see also x 4.2). Nevertheless, H2

shows the most ordered structure both in the maps of velocity
dispersion and mean velocity and it seems to be well settled in a
disk.

To visualize the difference in the velocity pattern of [Si vi] and
H2, Figure 7 shows the comparison of the H2 and [Si vi] velocity
fields (left and middle) maskedwith the [Si vi] fluxmap. The right
panel shows the direct difference v(½Si vi')% v(H2). Overplotted
are the VLA contours of the radio jet (unpublished VLA data
kindly provided by M. Hardcastle). The nonrotational compo-
nent of the [Si vi] velocity field becomes strongest southwest of
the nucleus, and can be identified with the innermost knot in the

Fig. 5.—Flux, velocity, and velocity dispersion maps of [Fe ii]. See caption of Fig. 3 for more details. We masked out an artifact around y $%0:700 that is caused by
illumination effects on the SINFONI detector.

Fig. 6.—Flux, velocity, and velocity dispersion maps of H2. See caption of Fig. 3 for more details.

CENTRAL PARSECS OF CENTAURUS A 1333No. 2, 2007

•  In	
  order	
  to	
  understand	
  this	
  problem	
  we	
  need	
  a	
  good	
  understanding	
  of	
  the	
  
BH-­‐galaxy	
  correlaNons,	
  and	
  techniques	
  for	
  measuring	
  them	
  

Stellar	
  KinemaIcs	
  
•  Observe	
  stellar	
  abs.	
  features	
  
•  Make	
  a	
  model	
  
•  RotaNon+Large	
  vel.	
  Disp	
  
•  Only	
  usually	
  possible	
  in	
  early-­‐type	
  galaxies	
  
•  ResoluNon	
  limit	
  set	
  by	
  HST/AO	
  

	
  
	
  

Ionised	
  gas	
  
•  Observe	
  emission	
  line	
  kinemaNcs	
  
•  Make	
  a	
  model	
  
•  RotaNon+smaller	
  vel.	
  Disp	
  
•  Larger	
  range	
  of	
  galaxy	
  types	
  
•  ResoluNon	
  limit	
  set	
  by	
  HST/AO	
  

Masers	
  
•  Detect	
  maser	
  emission	
  from	
  accreNon	
  disk	
  
•  Great	
  when	
  present,	
  but	
  rare!	
  

666 M. Cappellari et al.

Figure 4. Same as in Fig. 3 for the SINFONI 100 mas observations. The colour levels are the same in this figure as in Fig. 3.

shows that, at those radii, the galaxy has not reached an equilibrium
configuration. The relatively low but ordered rotation near the nu-
cleus, the presence of prominent stellar shells at large radii and
the strong kinematical misalignment of Cen A are reminiscent of
the fast rotator S0 NGC 474 in Emsellem et al. (2007). However,
only much more extended integral-field observations in the near-IR,
sampling up to 1Re, could conclusively reveal the dynamical status
of the central regions of Cen A.

At different radii, the galaxy is expected to reach an equilib-
rium configuration in very different time-scales, starting from the
centre. We estimated the circular velocity Vc of Cen A from the
multi-Gaussian expansion (MGE; Emsellem, Monnet & Bacon
1994) parametrization of its K-band surface brightness tabulated
in Häring-Neumayer et al. (2006) and the best-fitting mass-to-light
ratio M/L we derive in this paper. It is nearly flat over two orders
of magnitude in radius Vc ∼ 200 km s−1 from 4 to 400 arcsec.
This implies that at the edge of our SINFONI observations (R ∼
4 arcsec), the characteristic orbital period is T ∼ 2 Myr, while it is
T ∼ 0.2 Gyr at large radii where the stellar body starts to become
more elongated and shells are still visible. The very short orbital
period in the central regions, where the galaxy is nearly circular

in projection, suggests that it has already reached an equilibrium
configuration there. Given that the kinematics at a certain projected
radius R are mostly influenced by stellar orbits having that same
characteristic radius R (Krajnović et al. 2005), this justifies the use
of stationary dynamical models to study the central dynamics of
Cen A, even though the galaxy is still dynamically evolving at
larger radii.

For this paper, we will construct two types of models to test the
sensitivity of the MBH estimate to the assumed geometry and dynam-
ics. We build (i) an axisymmetric orbit-based model, to reproduce
in detail the kinematic observations and (ii) a simple anisotropic
spherical Jeans model to qualitatively check the MBH determina-
tion.

3.2 Axisymmetric three-integral models

Our axisymmetric three-integral dynamical model is based on
Schwarzschild (1979) numerical orbit-superposition method. This
has become the current standard for all MBH determinations from the
stellar kinematics, available in the literature from different groups
(e.g. van der Marel et al. 1998; Gebhardt et al. 2003; Valluri et al.
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disk of radius 8.500 (670 pc), the average gas surface density is
170M! pc"2, including helium. The north side of the disk must
be the near side, suggesting that both the flocculent and inner
spiral arms are trailing.

The velocity field (Fig. 14) shows predominantly straight, pa-
rallel isovelocity contours, so again the inclination of the gas
disk is better obtained from the dust disk than from the gas it-
self. The axial ratio of the dust disk gives an estimated inclina-

tion of 46# $ 2#, consistent with 47# from dynamical modeling
(Cappellari et al. 2006).

For the kinematic analysis we also constrain the kinematic
center of the galaxy to be the position of the optical nucleus. Stel-
lar isophotes have a position angle of 280# outside the dust disk,
while a kinemetric analysis of the stellar velocities gives position
angles of 280# outside the dust disk, decreasing to 274# inside
it (Krajnović et al. 2006). A global kinematic position angle
measurement for themolecular gas, measured both as inKrajnović
et al. (2006) and by fitting a model velocity field, yields values in
the range 269#–273# to the receding major axis. The molecular
gas kinematics are thus very well aligned with the stellar kine-
matics and the stellar isophotes. A tilted ring analysis suggests
the systemic velocity to be 1196 $ 2 km s"1. The major axis
position-velocity diagram (Fig. 15) is very strongly peaked at its
maximum velocities, suggesting that the bulk of the molecular
gas is located in the flat part of the galaxy’s rotation curve.

4.5. NGC 4526

In NGC 4526 the CO lies in a well-developed, nearly edge-on
disk. The integrated CO profile shows the familiar double-horned
shape (Fig. 16), with both horns approximately equally bright.

Fig. 9.—CO velocity field of NGC 4150. The velocities shown here are the
intensity-weighted mean velocity (moment 1) rather than Gaussian fits, as the fits
to individual profiles are not robust in this rather low signal-to-noise detection.
Contours are from 180 to 320 km s"1 at intervals of 20 km s"1. The beam size is
indicated in the top left corner.

Fig. 10.—Major axis position-velocity diagram for NGC 4150. The galaxy is
sliced through the center at a position angle of "34#. The abcissa is measured
along the slice with the southern side of the galaxy in negative values. The gray
scale, black and white contours show CO intensity (contours are "2, 2, 3, and
5 times the rms noise level). Red crosses show the mean stellar velocities from
the SAURON data and blue crosses show [O iii]. (Velocities of H! are not fitted
independently of [O iii] in this galaxy.) The solid magenta line is Vc sin i.

Fig. 11.—CO spectrum of NGC 4459.

Fig. 12.—CO distribution in NGC 4459. The gray scale and fine black con-
tours show the SDSS g image, with a contour interval of 0.75 mag (a factor of 2).
White contours show the integrated CO distribution at "10, 10, 20, 30, 50, 70,
and 90%of the peak (21.4 Jy beam"1 km s"1 ¼ 1:2 ; 1022 cm"2 or 190M! pc"2 ).
The hashed ellipse in the upper right corner shows the CO resolution (9:000 ; 5:500).
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The systemic velocity of the galaxy is 613 ! 10 km s"1 and
emission is detected over a total width of 683 km s"1. A line
width of this magnitude, while not unknown, is unusually large
for lenticulars. In fact, we argue in x 5.3 that the galaxy’s maxi-
mum circular velocity is about 355 km s"1 and in the compilation
of 243 galaxies (54 lenticulars) made by Courteau et al. (2007)
NGC 4526’s circular velocity is exceeded by only two other len-
ticulars, one Sa galaxy, and 10 ellipticals.

The observed CO systemic velocity is consistent with the stel-
lar velocity of 592 ! 48 km s"1 given by Falco et al. (1999) and
626 ! 10 km s"1 given by Emsellem et al. (2004) but is incon-
sistent with the H i velocity of 448 ! 8 km s"1 (de Vaucouleurs
et al. 1991; Davies & Lewis 1973). In fact, a comparison of Fig-
ure 16 with the H i spectrum in Davies & Lewis (1973) shows

that the latter authors only detected one ‘‘horn,’’ so their H i ve-
locity is not a good estimate of the systemic velocity. Interfero-
metric H i observations would undoubtedly be useful in revealing
the relationships between atomic and molecular gas.

The CO distribution (Fig. 17) is elongated in the direction of
the optical major axis. Fitting a two-dimensional Gaussian to the
integrated intensity image reveals that the disk is poorly resolved
in the short dimension; the deconvolved minor axis FWHM is
4.300, comparable to the beam size. The position angle of this gas
disk is estimated as "72:7# ! 1:8#.

Individual channel maps (Fig. 18) show a close correspondence
between the CO and dust disks. Unsharp-masked Hubble Space
Telescope (HST ) images show that the dust is confined to radii less
than$1400–1500. Although the inclination is quite high, there ap-
pear to be at least two dominant dust rings of radii $1400 and
$1000. (These radii are uncertain because the features are most
prominent along the minor axis.) The centroids of CO emission
in the extreme channels suggest that the bulk of the CO may be
associated with the inner of these two rings. Assuming the gas to
be in a circular disk of radius 1400 (1.1 kpc), the average surface
density is 200 M% pc"2 including helium.

Fig. 14.—CO velocity field of NGC 4459. Velocities are derived fromGauss-
ian fits to the line profile at each position. Contours are from 1050 to 1350 km s"1

at intervals of 50 km s"1. The beam size is indicated in the top left corner.

Fig. 15.—Major axis position-velocity diagram for NGC 4459. The galaxy is
sliced through the center at a position angle of 90#. The east side of the galaxy is
at the left side of the figure. The gray scale, black, and white contours show CO
intensity (contours are "3, "2, 2, 3, 5, 7, and 9 times the rms noise level). Red
symbols show the SAURON stellar velocities along the major axis; blue symbols
show [O iii] velocities, and green symbols show H!. The solid magenta line is
Vc sin i.

Fig. 16.—CO spectrum of NGC 4526.

Fig. 17.—CO distribution in NGC 4526. The gray scale and fine black con-
tours show the SDSS g image with a contour interval of 0.75 mag (a factor of 2).
White contours show the integrated CO distribution at "10, 10, 20, 30, 50, 70,
and 90% of the peak (37.1 Jy beam"1 km s"1 ¼ 5:3 ; 1022 cm"2 or 850M% pc"2).
The hashed ellipse in the upper right corner shows the CO resolution (5:000 ; 3:900).
A slightly higher resolution integrated intensity image has a peakof 32.2 Jy beam"1

km s"1 ¼ 6:8 ; 1022 cm"2 or 1080 M% pc"2 at a beam size of 4:300 ; 3:100.
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NGC4459	
   NGC4526	
  

Both	
  Young	
  et	
  al.,	
  2008	
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BIMA	
  observaNons	
  of	
  Young	
  et	
  al.,	
  2008	
  
	
  
ResoluNon:	
  9.0	
  x	
  5.5	
  arcseconds	
  	
  	
  

NGC4459:	
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à	
  

BIMA	
  observaNons	
  of	
  Young	
  et	
  al.,	
  2008	
  
	
  
ResoluNon:	
  9.0	
  x	
  5.5	
  arcseconds	
  	
  	
  

CARMA	
  observaNons	
  of	
  Davis	
  et	
  al.,	
  in	
  prep	
  
ResoluNon:	
  1x1	
  arcseconds	
  	
  	
  
	
  
à	
  Resolve	
  inner	
  ring	
  	
  
à	
  Outer	
  disk	
  is	
  flocculent	
  

NGC4459:	
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NGC4459:	
  

à	
  

BIMA	
  observaNons	
  of	
  Young	
  et	
  al.,	
  2008	
  
	
  
ResoluNon:	
  9.0	
  x	
  5.5	
  arceconds	
  	
  	
  

CARMA	
  observaNons	
  of	
  Davis	
  et	
  al.,	
  in	
  prep	
  
	
  
ResoluNon:	
  1x1	
  arceconds	
  	
  	
  

Correlates	
  well	
  with	
  dust	
  structures	
  visible	
  in	
  HST	
  images	
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NGC4526:	
  A	
  BH	
  mass	
  measurement	
  candidate	
  

•  An	
  S0	
  galaxy	
  in	
  the	
  Virgo	
  cluster	
  

•  D=	
  16.4	
  Mpc	
  
	
  à	
  80	
  pc/arcsecond	
  

•  σ	
  =	
  216	
  km/s	
  
à Predicted	
  BH	
  mass:	
  2x108	
  Msun	
  
	
  

•  BH	
  SOI=	
  20pc	
  =	
  0.25	
  arcseconds	
  
	
  
	
  
•  Nice	
  smooth	
  dust	
  lanes	
  visible	
  right	
  

to	
  centre	
  
à	
  Good	
  selecNon	
  criteria	
  (see	
  Ho	
  
et	
  al.,	
  2002)	
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NGC4526:	
  Our	
  BH	
  mass	
  measurement	
  candidate	
  

BIMA	
  observaNons	
  of	
  Young	
  et	
  al.,	
  2008	
  
	
  
ResoluNon:	
  5.0	
  x	
  3.8	
  arcseconds	
  	
  	
  

Davis	
  et	
  al.,	
  2013,	
  Nature,	
  494,	
  328-­‐330	
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NGC4526:	
  

à	
  

BIMA	
  observaNons	
  of	
  Young	
  et	
  al.,	
  2008	
  
	
  
ResoluNon:	
  5.0	
  x	
  3.8	
  arcseconds	
  	
  	
  

CARMA	
  observaNons	
  of	
  Davis	
  et	
  al.,	
  2012	
  
	
  
ResoluNon:	
  0.27	
  x	
  0.17	
  arcseconds	
  	
  	
  
	
  
à At	
  least	
  2	
  molecular	
  rings!	
  
à Spiral	
  spurs	
  between	
  these	
  rings	
  

Higher	
  resoluIon	
  image	
  of	
  gas	
  in	
  an	
  ETG	
  ever!	
  

NGC4526:	
  Our	
  BH	
  mass	
  measurement	
  candidate	
  

Davis	
  et	
  al.,	
  2013,	
  Nature,	
  494,	
  328-­‐330	
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CARMA	
  Data	
  à	
  
0.25	
  arcsecond	
  resoluNon	
  
	
  =	
  ~20	
  pc	
  @	
  16.4	
  Mpc	
  
	
  
-­‐	
  Resolve	
  individual	
  
molecular	
  clouds	
  

HST	
  WFPC3	
  NUV	
  dataà	
  
0.04	
  arcsecond	
  resoluNon	
  
	
  
Great	
  correspondence!	
  	
  
Coming	
  soon:	
  
(very)	
  resolved	
  SF	
  laws	
  in	
  	
  
NGC4526!	
  
Davis	
  et	
  al.,	
  2013,	
  Nature,	
  494,	
  328-­‐330	
  



Dynamical	
  black-­‐hole	
  mass	
  measurements	
  
with	
  molecular	
  gas	
  

Gas	
  model	
  
	
  
•  Need	
  to	
  model	
  the	
  effect	
  

of	
  the	
  interferometer	
  well	
  
to	
  get	
  good	
  constraints	
  

	
  
•  Include	
  inner	
  and	
  first	
  ring	
  

•  Model	
  gas	
  distribuNon	
  
expect	
  with	
  and	
  without	
  
BHs	
  	
  

•  Couple	
  the	
  KinMS	
  tool	
  to	
  a	
  
Baysian	
  MCMC	
  fiper	
  

Davis	
  et	
  al.,	
  2013,	
  Nature,	
  494,	
  328-­‐330	
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No	
  Black	
  Hole	
  (too	
  cold!)	
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Massive	
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  hot!)	
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Best	
  fit	
  Black	
  Hole	
  (just	
  right!)	
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CARMA	
  Data	
  à	
  
0.25	
  arcsecond	
  resoluNon	
  
	
  =	
  ~20	
  pc	
  @	
  16.4	
  Mpc	
  
	
  
-­‐	
  Resolve	
  individual	
  
molecular	
  clouds	
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Best	
  fit	
  BH	
  (w/	
  3	
  sigma	
  errors):	
  
MBH=	
  4.5+4.20-­‐3.09×108	
  Msun	
  	
  
	
  
Agrees	
  with	
  M-­‐σ	
  relaIon	
  
	
  
Best	
  fit	
  M/L:	
  
	
  
M/LI=	
  2.6±0.55	
  Msun/Lsun	
  
	
  
Fits	
  with	
  M/L	
  esImate	
  from	
  
stellar	
  pops	
  of	
  2.6Msun/Lsun	
  
	
  
	
  

Davis	
  et	
  al.,	
  2013,	
  Nature,	
  494,	
  328-­‐330	
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Da
vi
s	
  e

t	
  a
l.,
	
  2
01
3,
	
  N
at
ur
e,
	
  4
94
,	
  3
28
-­‐3
30
	
  

Errors	
  smaller	
  than	
  average	
  of	
  any	
  other	
  technique!	
  (e,g,	
  Gould	
  et	
  al.,	
  2013).	
  
However-­‐	
  need	
  to	
  be	
  careful	
  with	
  systemaIcs	
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•  With	
  full	
  ALMA	
  resolving	
  the	
  SOI	
  of	
  NGC4526	
  will	
  be	
  possible	
  	
  
	
  	
  	
  	
  	
  	
  	
  to	
  1000	
  Mpc	
  (z=0.35!)	
  
•  A	
  Milky-­‐Way	
  mass	
  black-­‐hole	
  will	
  be	
  resolved	
  out	
  to	
  50	
  Mpc!	
  

à  Thousands	
  of	
  galaxies	
  accessible!	
  
à  …	
  over	
  the	
  whole	
  range	
  of	
  the	
  M-­‐σ	
  relaIon	
  
à  …	
  with	
  the	
  same	
  technique	
  (reducing	
  systemaNc	
  uncertainNes)	
  

•  Short	
  integraNon	
  Nmes	
  (CARMA=50	
  hours	
  à	
  ALMA=20	
  minutes…)	
  

This	
  technique	
  will	
  be	
  very	
  useful	
  in	
  the	
  ALMA	
  era:	
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•  With	
  full	
  ALMA	
  resolving	
  the	
  SOI	
  of	
  NGC4526	
  will	
  be	
  possible	
  	
  
	
  	
  	
  	
  	
  	
  	
  to	
  1000	
  Mpc	
  (z=0.35!)	
  
•  A	
  Milky-­‐Way	
  mass	
  black-­‐hole	
  will	
  be	
  resolved	
  out	
  to	
  50	
  Mpc!	
  

à  Thousands	
  of	
  galaxies	
  accessible!	
  
à  …	
  over	
  the	
  whole	
  range	
  of	
  the	
  M-­‐σ	
  relaIon	
  
à  …	
  with	
  the	
  same	
  technique	
  (reducing	
  systemaNc	
  uncertainNes)	
  

•  Short	
  integraNon	
  Nmes	
  (CARMA=50	
  hours	
  à	
  ALMA=20	
  minutes…)	
  

This	
  technique	
  will	
  be	
  very	
  useful	
  in	
  the	
  ALMA	
  era:	
  

See	
  P
oster
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  -­‐	
  
Kyoko

	
  

Onish
i	
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How	
  many	
  galaxies	
  are	
  accessible?	
  
	
  

•  Invert	
  M-­‐Sigma	
  relaNon	
  
using	
  SDSS	
  velocity	
  
dispersion	
  catalogue	
  and	
  
redshi}s	
  

	
  
•  Assuming	
  ALMA	
  resoluNon	
  

•  Also	
  shown	
  are	
  the	
  known	
  
black	
  hole	
  masses	
  and	
  upper	
  
limits	
  -­‐	
  essenNally	
  all	
  re-­‐
measurable	
  à	
  error	
  
checking	
  

~35,000	
  galaxies	
  accessible!	
  à	
  revoluIonary!	
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Target	
  SelecIon:	
  
•  IRAM-­‐30m	
  fluxes	
  –	
  30	
  objects	
  

(proposal	
  accepted)	
  
•  APEX	
  fluxes	
  –	
  20	
  objects	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

(Ime	
  allocated)	
  
•  CARMA	
  mapping	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

(50	
  hours	
  of	
  Ime	
  allocated	
  this	
  
semester)	
  

Mass	
  measurements:	
  
•  IRAM	
  PdBI	
  –	
  one	
  object	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

(Ime	
  allocated)	
  
•  CARMA	
  –	
  two	
  objects	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

(Ime	
  allocated)	
  
•  ALMA	
  –	
  three	
  objects	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

(proposal	
  submiped)	
  	
  

We	
  need	
  WISDOM!!	
  	
  
mm-­‐Wave	
  Interferometric	
  Survey	
  of	
  Dark	
  Object	
  Masses	
  

Aims:	
  	
  
•  EsNmate	
  BH	
  masses	
  in	
  accessible	
  targets	
  
•  Calibrate	
  techniques	
  
•  IdenNfy	
  targets	
  for	
  ALMA	
  follow-­‐up	
  

Data	
  already	
  requested/obtained	
  

Whats	
  next?	
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Sneak	
  Peak:	
  first	
  WISDOM	
  results	
  
	
  

Field	
  (fast-­‐rotaNng)	
  ellipNcal	
  
Preliminary-­‐	
  watch	
  this	
  space!	
  

CARMA	
  observaIons	
  
reveal	
  a	
  ~4x108	
  Msun	
  

SMBH!	
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Conclusions:	
  
	
  
•  Molecular	
  gas	
  is	
  a	
  good	
  kinemaNc	
  tracer	
  (in	
  spirals+ETGs)	
  

•  You	
  can	
  esNmate	
  BH	
  masses	
  with	
  molecular	
  gas	
  if	
  you	
  have	
  enough	
  resoluNon	
  
•  Errors	
  are	
  prepy	
  low	
  
	
  
•  It	
  is	
  possible	
  to	
  resolve	
  the	
  SOI	
  in	
  some	
  nearby	
  galaxies	
  with	
  current	
  

instruments	
  

The	
  Future:	
  
•  ALMA!!	
  Many	
  hundreds	
  of	
  BH	
  masses	
  potenIally	
  measurable	
  in	
  short	
  

observaIons!	
  
à  Thousands	
  of	
  galaxies	
  accessible!	
  
à  …	
  over	
  the	
  whole	
  range	
  of	
  the	
  M-­‐σ	
  relaIon	
  
à  …	
  with	
  the	
  same	
  technique	
  (reducing	
  systemaNc	
  uncertainNes)	
  

Use	
  the	
  KinMS	
  tool	
  for	
  your	
  research!	
  hpp://www.eso.org/~tdavis	
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Thanks	
  for	
  Listening!	
  
	
  

Any	
  quesNons?	
  

CARMA	
  in	
  winter:	
  mmarray.org	
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Dust	
  disk	
  in	
  NGC4526	
  
	
  
•  Dust	
  contaminaNon	
  present	
  

•  Simple	
  disk	
  morphology	
  

•  Easily	
  masked	
  

•  MGE	
  fit	
  ignoring	
  these	
  sectors	
  is	
  
good	
  

à	
  Should	
  give	
  a	
  good	
  mass	
  model	
  
	
  

Davis	
  et	
  al.,	
  2013,	
  Nature,	
  494,	
  328-­‐330	
  


