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e introduction

e SINFONI program to measure BH masses in local galaxies
from stellar kinematics

e dynamical models of low-mass galaxies
NGC 3368, NGC 3489 (multi-component bulges)
NGC 5102 (sigma ~ 66 km/s)

e summary



= BH scaling relations

e direct, dynamical BH mass
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e BH masses scale with
bulge velocity dispersion
bulge luminosity

bulge stellar mass

(e.g. Marconi & Hunt 2003, Haering & Rix
2004, Ferrarese & Merritt 2000,
Gebhardt+ 2000 ...)

III.II

e evolution of BHs and hosts:
slope, scatter,
fundamental relation?
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e Jack of measurements at
high masses ¢ > 300 km/s
low masses 0 <120 km/s (from Gueltekin et al. 2009)
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ﬁ?? different bulge types

L:-/
e bulges come in two flavours (e.g. Kormendy & Kennicutt 20
e classical bulges:

“mini-ellipticals”
relatively round

dispersion dominated kinematics
steep surface-brightness profiles

e pseudo-bulges:
flattened & oriented more like disks

rotation-dominated kinematics
substructure (spiral arms, dust, ...)

e probably different formation mechanisms
(merging vs. secular evolution)

e differences in BH growth & BH scaling relations?
(e.g. Kormendy 2001, Hu 2008, Greene+ 2008, Gadotti & Kauffmann 2009)
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=) SINFONI program
L\-/ ‘
USM
e a sample of 33 galaxies observed with SINFONI at the VLT

in particular at the high & low mass end
almost doubles existing dyn. BH masses

e advantages of SINFONI
AO resolution ~ 0.15”
integral-field kinematics (IFU)
-> better data-coverage increases
reliability of dynamical models
infrared kinematics important for low-mass galaxies (dust)
large collective power (core ellipticals)
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=) SINFONI program
L_:-/ ‘
USM
e a sample of 33 galaxies observed with SINFONI at the VLT

in particular at the high & low mass end
almost doubles existing dyn. BH masses

e advantages of SINFONI
AO resolution ~ 0.15”
integral-field kinematics (IFU)
-> better data-coverage increases
reliability of dynamical models
infrared kinematics important for low-mass galaxies (dust)
large collective power (core ellipticals)

e eight galaxies with 0 <120 km/s
NGC3368, NGC3489, NGC5102
NGC3412, NGC3627, NGC4371, NGC4486a, NGC4569
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NGC 3368

NGC 3368
SDSS

g 1 .

Semi-major axis [arc sec]

e double-barred spiral galaxy

e r<50”:
excess-light with respect to
inward extrapolation of outer
exponential disk SB-profile .
-> photometric bulge



NGC 3368: bulge light profile }

¢ 1”<r<50":
bulge can be well
described by an
exponential SB

o r<1”:
excess light with
respect to
exponential SB

Semi—major axis [arc sec]




photometric data:

NICMOS2 F160W

Bar 1

Inner Disk/

Pseudobulge _ 5 SDSS r-band

10.0 . 200 300
semi—major axis [arc sec] semi—-major axis [arc sec]

bulge flattened & oriented like disk,
rotation dominated

round & dispersion dominated

dispersion

e composite bulge dominated
r<1” '

Radius [arc sec]

1” <r< 50” (kin. from Heraudeau+ 99)




Semi—-major axis [arc sec]

[0

OO OO O OO,

LMW

T

NGC 3489

photometric bulge
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e similar structure as NGC 3368 (but single-barred)
outer photometric bulge (r>2"): exponential surface-brightness
inner photometric bulge (r<2”): light excess

15




. NGC 3489
rotation

dominated

»¥ INGRID H-band

SAURON : g _
ispersion
SDSS r-band OASIS ! dominated
1.0 10.0 100.0 1000.

semi—major axis [arc sec] Radius [arc SCC]

e similar composite bulge structure as in NGC 3368
r < 2”
round & dispersion dominated
2!! < r < 10!!
flattened & oriented like outer disk, rotation dominated
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=) SINFONI kinematics
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do the BH masses scale with classical or total bulge luminosity?

SINFONI

100mas resolution
FWHM = 0.165”
Strehl = 14%
sigma = 98.5 km/s
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NGC 3489 stellar kinematics from CO band-heads (MPL; Gebhardt+ 2000)
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SINFONI

25 mas resolution
FWHM ~ 0.08”
Strehl = 43%
sigma = 91 km/s
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P Schwarzschild modelling
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e deprojection
3d light distribution

e trial mass model
P — T* Vs + MBH 5(T)

e orbit library

o orbit superposition ‘5“.
determlne Ilght Wi "j, _ Elliptical = ZW, Pousii
on each orbit from light distribution and kinematics

e best-fit mass paramefers from chisquare analysis

Gebhardt, Richstone & Tremaine

® axisymmetr ic models (Thomas et al. 2004,2005,2007)
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dynamical models

K

e Schwarzschild models can account for any orbital structure in a
given symmetry

e codes have been tested against analytic models (Siopis et al. 2009)

e symmetry: axisymmetric, triaxial? (van den Bosch & de Zeeuw 2010)
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advantage of IFU data
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model 3 -> Mgh,3
model 4 -> MgH 4

-

X (arcsec)

e if galaxy is axisymmetric: models of individual quadrants
should be consistent within the errors

¢ if models are different: estimate on systematic errors from
model to model variation

e even without systematic variations triaxiality remains
possible
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e dynamical models

<

e Schwarzschild models can account for any orbital structure in a
given symmetry

3

e models have been tested against analytic models (Siopis et al. 2009)
e symmetry: axisymmetric, triaxial? (van den Bosch & de Zeeuw 2009)

 sphere of influence not well
resolved: degeneracy between
BH and stellar mass-to-light

e stellar mass-to-light ratio
needs to be well constrained

e stellar M/L can be biased
too high e.g. by DM (Gebhardt &
Thomas 2010)
or too low (if stellar M/L
changes with r)

degeneracy between Mgsx and Ypuige in NGC3368
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P dynamical modelling

-

to get unbiased stellar M/L and BH masses:

classical bulge region & rest of galaxy
are treated as separate components in dynamical models

fit for Yclass, Yrest, MBH

LM



L LS

=) NGC 3368: BH fits

e inclination not further
constrained by dynamical

models, but does not influence
results

e four quadrants:
MgH,1 =7 X 10° Msun
MgH,2 = 8 X 10° Msun
MgH,3 =9 X 10° Msun
MgH,4 = 6 X 106 Msun
<Mgu> = (7.5 +/- 1.5) x 10° Msun

e rms-scatter consistent with Mg
errors in individual quadrants

6 8 10 12 14 16
16X1 06 Msun
M, (10° M) ( )

no evidence for systematic
differences between quadrants

example of model results for one quadrant
LOSVDpmod — LOSVDga \ °
2 Z ( mod dat)

X —
ALOSVDday e (details in Nowak et al. 2010)

(Ndata — 900)



=) NGC 3489: BH fits

NGC 3489

— SINFONI
OASIS
=== SINFONI + SAURON (1-107)
SINFONI + OASIS (0.5-4")
== SINFONI + OASIS (0.5-4") + SAURON (4-10")
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M, (10° Mg)
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no difference between ind.
quadrants when using
SINFONI data alone

BH not constrained with
SINFONI alone

other kinematics for the
outer parts:

SAURON (r<10”; res. 1.1”)
OASIS (r<4”; res. 0.7”)

outer kinematics constrain
the bulge M/L and, thus, the
BH mass
Mgx = (6+/-0.5)x10% Msun
sys. error = 0.64x106 Msun



L@? NGC 3368 & NGC 3489: BH scalings &

E —— Tremaine et al. 2002 : E —— Marconi & Hunt 2003
2 —— Ferrarese & Ford 2005 , =" —— Graham 2007

- classical bulge/,»"/’,f"/

NGC 3368 ] - ; v # NGC 3368
NGC 3489 7 r + g — # NGC 3489

photometric bulge

NGC 3368 & NGC 3489 consistent with MgH - sigma relation

NGC 3368 & NGC 3489 fall below the MgH - Mk relation when
using the total (photometric) bulge, but not when only the
inner (classical) bulge regions are considered
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with a large
(classical) bulge

y (arcsec)

204-03-02-010 0.1

| !} e velocity dispersion
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NGC 5102, 100mas

observed in two
resolutions
FWHM ~ 0.08”

y (arcsec)

X (arcsec) X (arcsec)
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NGC 5102
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e three-component structure: & central cluster &
in the very centre

e preliminary upper limit Mgn < 4 x 10° Msun
small BH mass with respect to both o and Lyulge

o = 2.2x10% Msun Mo + =1.1x10” Msun
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: summary & outlook

SINFONI BH mass measurements will almost double the
number of existing direct dynamical BH detections

galaxy sampling at low-mass and high-mass end improves
measurements of

the slope in scaling relations
the scatter at the low-mass and high-mass end

NGC 3368 & NGC 3489: composite (pseudo + classical) bulges:
BH masses consistent with velocity dispersion
BH masses low with respect to the whole photometric bulge,
but not, if only the classical bulge region is considered

NGC 5102: lowest velocity dispersion galaxy (66 km/s)
upper limit of BH mass < 4x10° Msuyn
low compared to dispersion & bulge luminosity



