Mon. Not. R. Astron. Sod000, [IHTT (2005) Printed 4 July 2007

(MNTEX style file v2.2)

NGC 4435: a bulge dominated galaxy with an unforeseen low mas
central black hole*

L. Coccatdt, M. Sarzt, A. Pizzell&, E. M. Corsini#, E. Dalla Bon&’, and F. Bertola
1Kapteyn Astronomical Institute, Postbus 800, 9700 AV Grgenm, The Netherlands

2Physics Department, University of Oxford, Keble Road, @xf0X1 3RH, UK

3Dipartimento di Astronomia, Universita di Padova, vicalell'Osservatorio 2, 35122 Padova, Italy

4Scuola Galileiana di Studi Superiori, via VIII Febbraio 82 Padova, Italy

Accepted ... Received ...; in original ...

ABSTRACT

We present the ionised gas kinematics of the SBO galaxy NGI5 #dm spectra obtained
with the Space Telescope Imaging Spectrograph. This gdlagypeen selected on the basis
of its ground-based spectroscopy, for displaying a posiielocity diagram consistent with
the presence of a circumnuclear Keplerian disc rotatingradca supermassive black hole
(SMBH). We obtained the & and [N11] A6583 kinematics kinematics in the galaxy nucleus
along the major axis and two parallel offset positions. Wét laudynamical model of the
gaseous disc taking into account the whole bidimensioratity field and the instrumental
set-up. For the mass of the central SMBH we found an uppetdifiti.5 - 10° M, at3o level.
This indicates that the mass of SMBH of NGC 4435 is lower themndne expected from the
M.—o. (5-10" Mg) and near-infrared/q— L4 (4 - 107 M) relationships.

Key words: Black hole physics — Galaxies: kinematics and dynamics axées: individual:
NGC 4435

1 INTRODUCTION follow the same scaling relations. However, accurate nreasents
of SMBH masses are available for only 11 disc galaxies (Fesma

Over the last decade, kinematical studies have proved #sepce & Ford 2005) and the addition of new determinations for SO and
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of a supermassive black hole (hereafter SMBH) in the cerftre o
about 40 galaxies of different morphological types. For aetqp

of reasons, SMBH are suspected to be present in the centadls of
galaxies (see Ferrarese & Ford 2005 for a review).

The census of SMBHs is how large enough to probe the links
between mass of SMBHs and the global properties of the host
galaxies. The mass of SMBHSs correlates with several prigsert
of their hosting spheroid, such as the luminosity (Kormeg&dy
Richstone 1995; Magorrian et al. 1998; Marconi & Hunt 2003g,
central stellar velocity dispersion (Ferrarese & Merrli0; Geb-
hardt et al. 2000), the degree of light concentration (Grabaal.
2001), and the mass (Haring & Rix 2004). On the other hand, the
SMBH masses do not correlate with the main properties ofsdisc
(Kormendy 2001), suggesting that formation of SMBHs is didk
only to the formation of the spheroidal component of galsxighe
recent finding of a new correlation between the centralaste#loc-
ity dispersion and the rotational circular velocity (Feese 2002;
Baes et al. 2003; Pizzella et al. 2005) indicates that thes ro&ihe
SMBH could be also related to the mass of the dark matter halo.

The mass of SMBHs in elliptical and disc galaxies seems to

* Based on observations with the NASA/ESA Hubble Space Tefesob-
tained at STScl, which is operated by the Association of Ehsities for
Research in Astronomy, Incorporated, under NASA contrakB5t26555.
1 E-mail: coccato@astro.rug.nl

spiral galaxies are highly desirable. Reliable mass estisnaf
SMBHs in disc galaxies have been derived from observatidns o
stellar proper motions in the Milky Way (Ghez et al. 2003) and
spatially resolved kinematics of water vapor masers (Miyesal.
1995), ionised gas (see Barth 2004 for a review) and stag{ge
rmendy 2004 for a review) in the other galaxies. It is wortthiray
that stellar proper motions can only be measured in our gakee-

ter masers are not common and both the other two technigfers of
merits and limitations. Stellar dynamical models are péueas
they give information not only on the mass of the SMBH but also
on the orbital structure of the galaxy. However, both obstonal
and computational requirements are expensive. The studlyeof
ionised-gas kinematics represents a much easier way te tinec
gravitational potential of galactic nuclei, since the tabstructure

of the gas can be assumed to have a simple form, namely the one
corresponding to a nearly Keplerian velocity field. Howetlee gas

is more susceptible to non-gravitational forces and isnoftaind

in non-equilibrium configurations. Therefore the regujadf the
ionised gas kinematics has to be verified observationabyz{St
al. 2001; Ho et al. 2002). The analysis of position-velodaitg-
grams (hereafter PVD) of the emission-line spectra obslenith
ground-based spectroscopy allows the identification cfelyalax-
ies which are good candidates for hosting a circumnucleq- Ke
lerian disc (hereafter CNKD) rotating around a central nass
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centration (Bertola et al. 1998). Their PVDs are charanterby a
sharp increase of the velocity gradient toward small radiithe in-
tensity distribution along the line shows two symmetrickseaith
respect to the centre (Rubin et al. 1997; Sofue et al. 1998e$u
et al. 2002). These objects are good candidates for a specpic
follow-up with theHubble Space TelescopdST).

In this paper we present and model the ionised-gas kinemat-
ics of the SBO galaxy NGC 4435 which we measured in spectra
obtained with the Space Telescope Imaging Spectrograpts{ST
This is one of the galaxies we selected on the basis of grbasdd
spectroscopy, for displaying a PVD consistent with the gmes of
a CNKD rotating around a SMBH (Bertola et al. 1998). The paper
is organized as follows. The criteria of galaxy selectioa pre-
sented in Sectiofl 2. STIS observations are described amgzada
in SectioB. The resulting ionised-gas kinematics and thephrol-
ogy of the dust pattern are discussed in Sedflon 4. An uppet li
for the SMBH mass of NGC 4435 is derived in Seciidn 5. Finally,
results are discussed in Sectidn 7.

2 SAMPLE SELECTION

Our sample is constituted by three disc galaxies, namely
NGC 2179, NGC 4343 and NGC 4435. We considered them as in-
teresting targets for STIS because ground-based spempiosub-
servations already allowed the determination of an upjpeit for
their SMBH mass M, (Bertola et al. 1998). Moreover, they are
characterized by value of.~ 150 km s~*. Thisco. value is lower
than those of most of the galaxies so far studied with iongzsl
dynamics and higher than the few galaxies studied by meama-of
ter masers (Ferrarese & Ford 2005). For this reason, SMBH mas
determinations in the proposed range would allow a better com-
parison between data obtained either with gas or stellaarmjos.
Finally, our sample galaxies belong to morphological typbsch

are underrepresented in the sample of galaxies studied.so fa

In this paper we present only the results of NGC 4435, since
it is the only galaxy of our sample with smooth and circulayyn-
metric dust lanes as well as it is the only sample galaxy with a
regular and symmetric velocity field of the ionised gas. Thikes
NGC 4435 an excellent candidate for the dynamical analy¥és.
defer discussion of both NGC 2179 and NGC 4343, as well as the
estimate of the upper limit of their SMBH mass to a forthcognin
paper (Corsini et al., in preparation).

NGC 4435 is a large (2.8 arcmin 2.0 arcmin, [de Vau-
couleurs et al. 1991, hereafter RC3]) and brigBt-( = 11.74
[RC3]) early-type barred galaxy with intermediate inctina (i =
45°, from RC3 following Guthrie 1992). It is classified SH8)
and its total absolute magnitudefi$y = —19.41 (RC3), adopting
a distance of 16 Mpc (Graham et al. 1999).

3 STIS OBSERVATIONS AND DATA REDUCTION

The long-slit spectroscopic observations of NGC 4435 wargex

out with STIS on March 2003 (Prog. Id. 9068, P.1. F. Berto&)IS
mounted the G750M grating centered at ith the 0.2 arcsex

52 arcsec slit. The detector was the SITe CCD with 1822024
pixels of 21 x 21 um?. No on-chip binning of the detector pix-
els yielded a wavelength coverage between about 6290 ar@l 687
A with a reciprocal dispersion of 0.55% pixel~!. The instrumen-

tal resolution was 1.6\ (FWHM) corresponding t@rinser =~ 30

km s~! at Ha. The spatial scale was 0.05071 arcsec pikel

3.1 Acquisition images

Four HST orbits were allocated for observing the galaxy. At
the beginning of the first orbit, two images were taken wita th
F28X20LP long-pass filter to acquire the nucleus. The adépris
images have a field of view &4 x 5.4 arcseé and a pixel scale of
0.05071 arcsec. The exposure time was 40 s. The long-p&ssdilt
centered at 7238 and has &WHM= 2720 A. It roughly covers
the R band.

The first image was obtained by adopting for the nucleus the
galaxy coordinates from the RC3 catalog. The image was boxca
summed over a check box 6fx 5 pixels to find the position of
the intensity peak. The flux-weighted centre of the brightbeck
box was assumed to be coincident with the nucleus locatibis. T
was used to recenter the nucleus and to obtain the secone.imag
After determining the nucleus location, a small move was enad
to centre the nucleus in the slit. The acquisition imagesvbas-
subtracted, corrected for hot pixels and cosmic rays, atfiélded
using IRAF! and the STIS reduction pipeline maintained by the
Space Telescope Science Institute (Brown et al. 2002). érahgn-
ment and combination were performed using standard taskein
STSDASpackage.

We used the resulting image to check the actual positioneof th
slit during the spectroscopic observation as discusseddti@3B
and shown in FigurlE 1a. Moreover, this image was analyzedp m
the dust distribution in the nuclear region of the galaxy. tte-
structed the unsharp-masked image using an identical guoe¢o
Pizzella et al. (2002). We divided the image by itself afteno-
lution by a circular Gaussian of widthh = 6 pixels, correspond-
ing t00.30 arcsec. This technique enhances any surface-brightness
fluctuation and non-circular structure extending over aiapee-
gion comparable to the of the smoothing Gaussian. The resulting
unsharp-masked image of NGC 4435 is given in Fifilire 1b.

3.2 Long-slit spectra

The position angle of the major axis of NGC 443504 = 13°
(RC3). We took STIS spectra of NGC4435 with the slit centened
the galaxy nucleus and located along its major axis, andtwlslit
parallel to the galaxy major axis on each side of its nucleitis an
offset 0f0.25 arcsec. Following the target acquisition and peak up,
3 spectra were obtained with the slit along the major axientthe

slit was offset westward by.25 arcsec and 4 spectra were obtained
in the first offset position. Finally, the slit was offset t@ard by

0.5 arcsec and 4 spectra were obtained in the second offset posi-
tion. Observations of internal line lamps were obtainedrdueach
orbit for wavelength calibration. At each slit position bsequent
spectra were shifted along the slit by 5 detector pixels deoto
remove the bad pixels. The total exposure time for eachadition
was balanced within the constraints of a predefiH&T offsetting
pattern. The log of the observations with details about flexsa
obtained for NGC 4435 are given in Talle 1.

The spectra were reduced using the standard STIS reduction
pipeline. The basic reduction steps included overscarratimn,
bias subtraction, dark subtraction, and flatfield correct®ubse-
guent reduction was performed using standard tasks iBTB®AS
package ofRAF. Different spectra obtained for the same slit posi-
tion were aligned usingMSHIFT and knowledge of the adopted

1 IRAF is distributed by NOAO, which is operated by AURA Incnder
contract with the National Science Foundation
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Figure 1. a) HSTSTIS/F28X20LP acquisition image of NGC 4435. The image elrotated to the STIS instrumental frame. Orientationsmade are
given. The white cross is the position of the nucleus fromSSddquisition procedure. The rectangles overplotted omtage show the actual locations of the
slit during the spectroscopic observations. Téble 1 listsdffsets of slit position 1, 2, and 3 with respect to the tiocaof the nucleusb) Unsharp-masking
of the acquisition image of NGC 4436) Portions of the bidimensional STIS spectra of NGC 4435 akthiin position 1dentral pane), 2 (right pane)
and 3 (eft pane). The spectral region centered on tha Emission line is shown after wavelength calibration, flukbcation and geometrical rectification.
The spatial axis is horizontal and ranges between2 and-+3.2 arcsec, while the wavelength axis is vertical and ranges 8647 to 6619A. Individual
emission lines are identified using a key, such that [N [I4@p Ho, and [N 11] (6583) correspond to [N 1116548, Ha, and [N 1] A6583, respectivelyd) Ho
kinematics from the spectra of NGC 4435 obtained in positidoentral panel} 2 (right paneld and 3 (eft panel3. For each slit position the line-of-sight
velocity curve fop pane), the radial profile of the line-of-sight velocity dispeysi (uncorrected for instrumental velocity dispersioniddle panél, and the
radial profile of line flux in arbitrary unitsbpttom panglare given. Errorbars are not plotted for clarity, but theidgl errors are shown on the right side of
each plote) Same as iml), but for the [N 1]]A\6583 emission line.
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Figure 2. Similar to FigurdlL, but for the archival spectrum of NGC 448Be acquisition image of NGC 4435 with the slit location,atjon of the two-
dimensional STIS spectrum after data reduction, and thd][N6b83 kinematics are shown in paned3, b), andc), respectively. Ira) the image orientation
and scale is the same as in Figllle 1ac)lthe spatial axis ranges betwees3.2 and+3.2 arcsec, and the wavelength axis ranges from 6549 to 8627

Table 1.Log of the STIS observations of NGC 4435. The number of spec-
tra, nominal and actual offset, position angle, total exgpedime, and ob-
serving date are listed for each slit position. Slit offsats given with re-
spect to the location of the target peak up.

Pos. #Exp. Nom.Of. Act Of. PA Exp. T. Obs. Date
(arcsec) (arcsec) °f (s)

1 3 0 +0.05 125 3012 9 Mar 2003

2 4 —0.25 —-0.25 125 3574 9 Mar 2003

3 4 +0.25 +0.30 125 3584 9 Mar 2003

4 3 0 —0.08 89.6 2673 26 Apr 1999

shifts along the slit position. Cosmic ray events and hotlgix
were removed using the taskCOS_SPEChy van Dokkum (2001).
Residual bad pixels were corrected by means of a linear one-
dimensional interpolation using the data quality files atatléng
individual spectra withMCOMBINE. We performed wavelength
and flux calibration as well as geometrical correction footw
dimensional distortion following the standard reductidpetine
and applying th&2D task. This task corrected the wavelength scale
to the heliocentric frame too. The contribution of the skyswlater-
mined from the edges of the resulting spectra and then sibtra
The resulting major-axis and offset spectra of NGC 4435 ke p
ted in Figure[dlLc.

We found in theHST archive 3 other spectra of NGC 4435
which were taken in 1999 (Prog. Id. 7361, P.I. H.-W. Rix) witle
same setup we adopted for our observations. These speatea we
obtained with the slit placed across the galaxy nucleus avjibsi-
tion angle close to the galaxy minor axis (see Table 1). Weeketd
the spectra and reduced them as explained above. The spextiru
tained close to the minor axis of NGC 4435 is shown in Fifilire 2c

3.3 Location of the slits

In our observing strategy, tHe2—arcsec slit is centered on galaxy
nucleus and it is aligned along the direction of the colunfrthe
acquisition image at the end of target acquisition and pgal he
two subsequent offsets were done by applying shifts @R5 (i.e.
westward) and+0.5 arcsec (i.e. eastward) in the direction of the
rows of the acquisition image. In the archival spectra slitomi-
nally centered on galaxy nucleus.

We determined the actual location of the slits by comparing

the light profile of the spectrum with the light profiles extied
from the acquisition image. We obtained the light profile lof t
spectrum by collapsing the spectrum along the wavelengttdi
tion over the spectral range betwegsb0 and 6800 A. The com-
parison profiles were extracted from the acquisition image
eraging 4 adjacent columns. Each strip corresponds to aetymt
slit which is 0.2 arcsec wide. Each slit position was determined
with a x? minimization of the ratio between the light profile of the
spectrum and the light profile extracted from the acquisitinage.

We found that the slit centers were misplaced with respect to
their nominal position. The difference between the nomémal ac-
tual positions of the slit centre with respect to intensigak of the
acquisition image is typically 1 STIS pixel. The locatiorigtee slit
are overlaid to the acquisition image in Figuilds. 1aldnd 2 tlee
details about their positions are listed in TdHdle 1.

3.4 Measurement of the emission lines

We derived the kinematics of the ionised-gas component kg me
suring the Hv and [N 1I] A6583 emission lines, which are the
strongest lines of the observed spectral range.

For each spectrum we extracted the individual rows out to a
distance of abou? arcsec from the slit centre. At larger radii the
intensity of the emission lines dropped off and we therebinaed
adjacent spectral rows until a line signal-to-noise r&tio&v > 10
was attained. On each single-row extraction we determinego-
sition, FWHM, and flux of the two emission lines by interaetiv
fitting one Gaussian to each line plus a straight line to italo
continuum. The non-linear least-squares minimization deise
adopting theCURVEFIT routine inIDL2. The centre wavelength of
the fitting Gaussian was converted into heliocentric véjoici the
optical conventionv = cz. The Gaussian FWHM was converted
into the velocity dispersioa. The values of heliocentric velocity
and velocity dispersion include no correction for inclioatand
instrumental velocity dispersion. Errors were calculaigdaking
into account Poisson noise, level of sky and continuum,-cesad
noise and gain of the CCD. The noise associated to the ski; leve
continuum level, and read out was estimated from a speetaim
free of absorption and emission features after subtrathieditted
emission lines. For the archival spectrum of NGC 4435 wedfitte

2 Interactive Data Language is distributed by Research Bybte.



only [N 1171 A6583 line because the dline was so weak that little
kinematic information could be derived from it.

Heliocentric velocities, velocity dispersions and fluxesam
sured from the k| and [N11] A6583 lines along the major and offset
axes of NGC 4435, are plotted in FigurEk. 1d Bhd 1e, resjéetiv
Heliocentric velocities, velocity dispersions and fluxesasured
close to the minor axis of NGC 4435 are given in Fiddre 2c.

4 |ONISED-GAS KINEMATICS AND DUST

MORPHOLOGY

The presence of a fairly-well defined nuclear disc of dushwat-
atively smooth and circularly symmetric dust rings and plyade-
fined edges is clearly visible in Figuk 1b. It was first redegd in
NGC 4435 by Ho et al. (2002).

We measured the dd and [N 11] A6583 kinematics of
NGC 4435 out to about 2 arcsec from the centre along the ma-
jor and offset axes of NGC 4435 (Figur€$. 1d &hd le). The H
and [N11] A\6583 velocity curves are regular and consistent within
the errors. However, strong discrepancies are observexd ahe
central slit for0 < r < 0.5 arcsec, and along the western offset
position for—1 < r < —0.5 arcsec. We measured consistent val-
ues of velocity dispersion from thedHand [N 11] A6583 lines, in
spite of the larger scatter shown by thel[[NA6583 data.

We measured only the [N] A6583 kinematics along the slit
position close to the minor axis of NGC 4435 (Figlike 2c). Tleam
surements extend out to 1.5 arcsec along the eastern side and to
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finitesimally thin disc located in the nucleus of NGC 4435.end
the SMBH. The model is projected onto the sky plane accortting
the inclination of the gaseous disc. Finally the model isst&ived”
simulating as close as possible the actual setup of STISrepec
scopic observations. The simulated observation depenagdih
and location (namely position angle and offset with respecthe
centre) of each slit, STIS PSF and charge bleeding betwgan ad
cent CCD pixels. The mass of the SMBH is determined by find-
ing the model parameters which produce the best match tothe o
served velocity curve. This modeling technique is simitathat
adopted by Barth et al. (2001) and Marconi et al. (2003) tdyara
STIS spectra obtained along parallel positions across ticens

of NGC 3245 and NGC 4041, respectively.

5.1.2 Model calculation

Let (r, ¢, z) be cylindrical coordinates and consider the gaseous
disc in the(r, ¢) plane with its centre in the origin. In the case of
a spherical mass distribution, the gas circular velogitat a given

radiusr is
) v (r) +

ve(r) = {%

T
whereM is the total mass enclosed by the circular orbit of radius
(M/L), is the (constant) mass-to-light ratio of the stellar compo-
nent (and dark matter halo), andis the circular velocity of radius
r for a stellar component with//L),= 1. The radial profile of
v, is derived from the observed surface-brightness disinhun

M

| -1

L

G

r

~ 0.5 arcsec along the western side, where the dust lanes are Moresectio5R.

prominent. The minor-axis velocity curve and velocity disgon
profiles are strongly asymmetric. Our velocities are in agrent
within the errorbars with those measured by Ho et al. (2082) b
fitting simultaneously the H and the two [NiI] emission lines.

We note that along all slit positions the gas kinematics ob-
tained from the K and [N11] A6583 lines are too different to sim-
ply combine them in luminosity-weighted mean values. Irtipar
ular, the Hx rotation is characterised by a shallower velocity gra-
dient than [Nil]. Furthermore, most of the Ha flux appear to come
from circumnuclear regions where low [N/Ha ratios suggest star
formation. On the other hand, the [N flux is much more con-
centrated toward the centre. Since thel[Nemission appears to
probe better the nuclear regions and is characterised by alesi
flux distribution than Ky, we will take into account only the [N]
kinematics in our model.

NGC 4435 has smooth and circularly symmetric dust lanes as
well as a regular and symmetric velocity field of the ionisaed.gon
the contrary, the other two galaxies of our sample are cheniaed
by an irregular kinematics and an irregular dust lane mdouyo
(Corsini et al., in preparation). This finding is in agreemeith the
results of Ho et al. (2002), that dust lanes can be used di/edya
reliable predictor of the regularity of the gas kinematitshe nu-
clear regions of bulges. This makes NGC 4435 an ideal cat&lida
for dynamical modeling.

5 DYNAMICAL MODEL
5.1 Velocity field modeling
5.1.1 Basic steps

A model of the gas velocity field is generated assuming that th
ionised-gas component is moving onto circular orbits in @n i

The velocity dispersion of the gaseous disc is assumed to be
isotropic with a Gaussian radial profile

77“2/27'3 ) (2)
Unfortunately, Hx-+[N 1] imaging atHST resolution is not avail-
able for NGC 4435. This prevented us to build a map of the sarfa
brightness distribution of the ionised gas, as done for gkarim
Barth et al. (2001). We therefore assume that the flux of tse@as
disc has an exponential radial profile

o(r) =00+ o1e

F(r)=Fo+ Fie /", (3)

We now project the velocity field of the gaseous disc on the
sky plane. Le{(z, y, z) be Cartesian coordinates with the origin in
the centre of the gas disc, theaxis aligned along the apparent ma-
jor axis of the galaxy, and theaxis along the line of sight directed
toward the observer. The sky plane is confined to(the/) plane.

If the gaseous disc has an inclination anglgvith « = 0° corre-
sponding to the face-on case), at a given sky point with doates
(z,y) the observed gas velocityz, y) is

v(z,y) = ve(x,y) sini cos ¢, 4)
where
y = rcosg, (5)
22 1/2
r = |: 5 —+ y2:| . (6)
cos? g

We assume that the velocity distribution of the gas at parsiti
(z,y) is a Gaussian with mear(z, y), dispersiorr(z, y), and area
F(x,y).

We now take into account the slit orientation. I(€tn, ¢) be
Cartesian coordinates with the origin in the STIS focal plahe
£—axis aligned with the direction of the slit width;axis aligned
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with the direction of the slit length and thgaxis along the line

of sight directed toward the observer and crossing the e@ifthe

gas disc. The STIS focal plane corresponds td¢he) plane. The
(z,y) and(&,n) coordinate systems are related by the transforma-
tion

@)
®)

whered is the angle between the slit direction and the disc major
axis.

At position (¢, 1) the flux contribution due to gas with a line-
of-sight velocityv in the rangdv — dv/2, v + dv/2] is given by

B v+6v/2 F(&n) [U/ —0(577))]2 ,
F(v|§7 n) B ~/1)6U/2 0-(67 77)\/% P 20’(67 77)2 v

wheredw is the velocity resolution of the model. For a given line-
of-sight velocityd, F'(9) is the “monochromatic” image of the gas
velocity field observed ak = X\o(1 + ©/c) for a restframe wave-
length\o.

The LOSVD predicted by the model at positigh ) on the
focal plane is

S(vlg;m) = F(vl§,n) @ PSF(E, ).

This takes into account the diffraction of light through th8T and
STIS aperture.

For each positiom; along the slit the LOSVD predicted by
the model is given by the contribution of all the points on fieal
plane inside the slit

€c+w/2
S(oln) = /
§wa/2

whereé. is the¢ position of the slit centrey is the slit width,v4 is
the velocity bin along the wavelength direction in the spcange
of interest, and\/, is the anamorphic magnification factor which
accounts for the different scale in the wavelength and abdti
rection on the focal plane. For STIS in the observed speciraje
va = 25.2 km s~ pixel™!. The scale in the wavelength direction
is 0.05477 arcsec pixel! and the scale in the spatial direction is
0.05071 arcsec pixet!, thusM, = 0.93 (Bowers & Baum 1998).
The velocity offsetvg M, (£ — &) is the shift due to the nonzero
width of the slit and its projection onto the STIS CCD. Thdetif
encet —&. is in pixel units sincey is given inkm s~ ! pixel~!. The
velocity offset accounts for the fact that the wavelengttorded
for a photon depends on the positién- £. at which the photon
enters the slit along the axis (Maciejewki & Binney 2001; Barth
et al. 2001). This effect is sketched in Fig[ite 3.

We performed a summation over pixels rather than an integra-
tion of analytic functions. The model LOSVD and the STIS PSF
were calculated on a subsampled pixel grid with the bin size o
§s = 0.01268 x 0.01268 arcseé (i.e., a subsampling factar x 4
relative to the STIS pixel scale) and on a velocity grid with &ize
of v = 10 km s™!. s anddv correspond to spatial and veloc-
ity resolution of the model calculation, respectively. Inngiple,
smaller values fods anddv could give a more accurate model cal-
culation, but do notincrease the result accuracy. The adogtlues
are the best comprise between good sampling and reasormaiie c

&cosf —nsind
&sinf + ncosd

xT

)

9)

(10)

S(v+vaMa(§' — &)IE' n)dE’ (11)

‘él 52“53 54 S(v—-2av|é& )
| S —Avl|g, m)
o S+ av|g . m)

+ 2 | &, m)

T

S (vin)

0.2 arcsec

Figure 3. Schematic representation of the velocity shift caused byntin
zero width of the slit. The spectra generated along the stithnin pixels
of coordinates(¢1,n), (£2,7), (€3,m), and(€4,n) are characterized by a
velocity offsetAv(&; — &¢), wherei = 1,2, 3,4 andg,. corresponds to the
slit centre. The resulting spectrumSgv|n).

The model LOSVD was rebinned on a spatial grid with the
bin size 0f0.05701 x 0.05701 arcseé and on a velocity grid with
the bin size ofug = 25.2 km s~! to match the STIS pixel scale
in the spatial and wavelength direction, respectively. &arh slit
position, the array of model LOVSDs forms a synthetic speuntr
which is similar to the STIS spectrum. It was convolved wthik t
CCD-charge diffusion kernel given by Krist & Hook (1999) ino
der to mimic the bleeding of charges between adjacent STIB CC
pixels.

Finally, we analyzed the synthetic spectrum as the STIS spec
tra and measured line-of-sight velocity,.q, velocity dispersion
Omod, and fluxFp,.q as a function of radius.

5.2 Stellar component

To investigate the central mass concentration of NGC 443§ it
necessary to determine the contribution of the stellar @mapt to
the total potential (see EQl 1).

5.2.1 WFPC2 imaging

We retrieved Wide Field Planetary Camera 2 (WFPC2) images of
NGC 4435 from theHST archive. Data for the filter FA50W and
F814W (Prog. Id. 6791, P.I. J. Kenney) were selected to ohter

the stellar light profile minimizing the effects of dust alysoon.

Two images are available for both filters. Total exposuretinvere
600 s and 520 s with the F450W and F814W filter, respectively.

putational time (300 s on a 1-GHz PC). We generated the PSF for All exposures were taken with the telescope guiding in firgk,lo

a monochromatic source at 66§msing theTINY TIM package in
IRAF (Krist & Hook 1999). Convolution with the PSF is done using
the fast Fourier transform algorithm (Press et al. 1992).

which typically gave an rms tracking error 6f003 arcsec. We
focused our attention on the Planetary Camera chip (PC)exther
nucleus of the galaxy was centered for both the filters. Thisists
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of 800 x 800 pixels 0f0.0455 x 0.0455 arcseé each, yielding a
field of view of about36 x 36 arcseé.

The images were calibrated using the standard WFPC2 reduc-
tion pipeline maintained by the Space Telescope Scientiuites
Reduction steps include bias subtraction, dark currertraction,
and flat-fielding are described in detail in Holtzman et a@93). 1.0
Subsequent reduction was completed using standard tagke in
STSDASpackage ofRAF. Bad pixels were corrected by means of
a linear one-dimensional interpolation using the dataityuéiles
and theWFIXUP task. Different images of the same filter were
aligned and combined usingISHIFT and knowledge of the offset 0.0
shifts. Cosmic ray events were removed using the G&REJ The
cosmic-ray removal and bad pixel correction were checkehby
spection of the residual images between the cleaned andicedb
image and each of the original frames. Residual cosmic ragls a
bad pixels in the PC were corrected by manually editing the-co

2.0

2.5

B-1 [mag]

8
bined image withMEDIT. The sky level & 1 count pixel'!) was a [aresec]
determined from regions free of sources in the Wide Fielgphi _ _ o
and subtracted from the PC frame after appropriate scaling. Figure 4. Calibrated Johnso® — I color for every pixel in the WFPC2

Flux calibration to Vega magnitudes was performed using the image of NGC 4435 as a function of its elliptical radiusBlack andred
dotsrefer to pixel on the eastern and western side of the galazpgrctively.

Zer.o pOIr.1tS by Whitmore (1995). To cor!vert to standétcand Thethick and twothin continuous linescorrespond to fitted intrinsic color

I_ f'lters_ in the Johnson system, we esm_nated the color correc- (B — I)p and E(B — I) thresholds, respectively. Thresholds have been
tion using theSYNPHOT package ofiRAF with the SO spectrum  gerived for pixels att < a < 15 arcsec and extrapolated to the innermost
from Kinney et al. (1996) as template. The color correctians radii.

B — F450W = 40.115 and] — F814W = —0.119.

5.2.3 Stellar density profile

Surface photometry was derived on the-band extinction-
corrected image by performing an isophotal analysis wighRIAF
We attempted to correct the data for the effects of dust akisor task ELLIPSE. We derived the isophotal profiles of the galaxy by
using a method similar to the one described in Cappellari.et a first masking out the remaining dust patches and then fitting e

5.2.2 Correction of dust absorption

(2002). lipses to the isophotes. We allowed the centres of the eBips
For each galaxy pixel we measured tBe- I color and we de- vary, to test whether the light distribution in galaxy nudevas

rived the length: of the semi-major axis of its elliptical isophote.  still affected by dust obscuration. Since we found someendéd

The average position anglé & 17°) and ellipticity € = 0.66) of variations in the fitted centre, the ellipse fitting wase&ied

of the dust features were derived from the analysis of thbanps with the ellipse centres fixed to the location found for theeomost

masked STIS acquisition images as discussed in SdclibWe3.  isophotes. The resulting azimuthally averaged surfaigghtmess,

assumed that the intrinsic galaxy color varies linearly amation ellipticity, and position angle radial profiles are presehin Figure

of radius. This assumption is justified by Figlite 4 which stthe B

intrinsic galaxy color(B — I)o obtained as a straight-line fit to The isophotes of the masked image are quite circular with

the pixel color as a function af. For each pixel we computed the ¢ < 0.3 (Figure®). For- < 9 pc (2.5 pixels) the ellipticity is poorly
color exces (B — I) as difference between the measured color estimated due to the limited pixel sampling. This allowethuseat
B — I and the intrinsic galaxy colqfB — I)o fitted at that radius. the surface-brightness distribution as circularly symiogand to
This allowed us to obtain &(V — I) map of the nuclear region  assume the stellar density distribution as spherically rsgiic.
of NGC 4435. The result is shown in Figurke 5. We computed the This approximation is sufficient to estimate the mass4gabtlira-
A(I) = 0.558E(B — I) using the standard Galactic extinction tio in the radial range where the ionised-gas kinematicbgsdhe

curve given by Cardelli et al. (1989) with the assumptiort tha galaxy potential.

observed color gradient is due to dust rather than steljaulption. We derived the radial profile of the deprojected stellar lumi
We assumed that dust is distributed in an uniform screeroimt fif nosity densityl"(r) from the radial profile of the observed surface-
the galaxy and we used th 1) map to correct thé —band image brightness profil&(R). The intrinsic surface-brightness profile of
for extinction. The extinction-corrected image is showrFigure the galaxyS(R) and image PSF were modeled as a sum of Gaus-
B. We applied theA(I) correction only to pixels withE(B — T)| sian components using the Multi Gaussian Expansion (MGE-her
above a given threshold. By comparing the pixel color in tern after) described by Monnet et al. (1992) as done by Sarzi.et al
and western sides of the galaxy, we defined the threshddiaees (2001). The PSF for the WFPC2/F814W image was generated us-
the standard deviation of the observed color with respetttedan- ing theTINY TIM package inRAF (Krist & Hook 1999). The multi-

trinsic one. We calculated the threshold fox a < 15 arcsec and GaussianS(R) was convolved with the multi-Gaussian PSF and
extrapolated it form < 4 arcsec to account for the increasing dust then compared witli( R) to obtain optimal scaling coefficients for

absorption at smaller radii (Figui® 4). the Gaussian components. The Gaussian width coefficients we
This method corrects the major effects of patchy dust absorp constrained to be a set of logarithmically spaced values $im-
tion. Nevertheless, the dust disc is still visible in thereoted im- plifying the MGE into a general non-negative least-squamed-

age, although itis much less optically thick than in the ioadjone. lem for the corresponding Gaussian amplitudes. For a smieri
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Figure 5. Dust correction of the WFPC2/F814W image of NGC 44B&ft panel: Observed WFPC2/F814W image after calibration to Johrfsehand.
Middle panel:Map of the color exces& (B — I). Right panel:Extinction-corrected/ —band image. The field of view i80.6 x 10.6 arcseé and the color

scale is given in magnitudes.
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Figure 6. Radial profiles of Johnsah—band surface brightnes®p pane),
ellipticity (middle panél, and position anglebpttom pangl measured on
the extinction-corrected image of NGC 4435.

light distribution, the MGE method leads to a straightforgvee-
projection of S(R) into the deprojected stellar luminosity density

I'(r), which can be also expressed as the sum of set of Gaussians.

For a spherical mass distribution and a radially constasisma
to-light ratio, (M/L)., the stellar mass densify(r) can be ex-
pressed ag(r) =(M/L).I'(r). It is the sum of spherical mass
components whose potential can be computed in term of emar f
tions. The circular velocity, (r) to be used in EQ1 is derived as-
suming(M/L),.= 1. The multi-Gaussian fit to observed surface-
brightness profile is shown in FiguEg¢ 7 along with the recesler
luminosity density profile, and the corresponding circwialocity
curve for(M/L),= 1.

6x10%

T [Ly pe?]

4x10t |-

4000 [
2000 |-

1000
800 [
600 |-

400 —

T [Ly pc?]

200 =

80 [
60

40

v, [km s71]

20 [

okl oy
0 10 20 30
r [pc]

Figure 7. Deprojection steps for the stellar mass profile of NGC 4435.
Top panelMulti-Gaussian fit to observed surface-brightness prdfliedle
panel: Deprojected stellar luminosity density profiRottom panelCircu-

lar velocity curve that results if the stellar mass and lusity density are
proportional with(M/L).= 1. In each panel thdashed linegorrespond

to thelo confidence limits.

dust, the B-I maps can only deal a limited description fordhet
distribution. Unfortunately near-IR images of high splatesolu-
tion for NGC 4435 do not exist. The use of such images would
likely lead to find a larger amount of dust absorption tharsengly
estimated. Hence, we are currently underestimating th&iban
tion of the stars to the total mass, and overrating the SMBKsma

We note that since both B and I-band images are affected by The use of the B-I colour will therefore not affect our corsitins.



5.3 Orientation of the gaseous disc

The prediction of the observed gas velocity field for NGC 4435
depends on the orientation of the nuclear gaseous dischvehic
be different from that of the main galaxy disc.

We therefore modeled the gas kinematics by constraining the
position anglé and inclination; of the gaseous disc under the as-
sumption that the dust lanes are a good tracer of the orientat
the gaseous disc (Sarzi et al. 2001). We estiméatadd: by defin-
ing ellipses consistent with the morphology of the dustegrat{as
observed in FigurEl1b) and assuming that dust lanes ardarircu
symmetric. Although the strength of the dust lanes variesiaiy,
it is possible to identify the two most conspicuous ones lsyai
inspection of the unsharp-masked version of the STIS aitiquis
image. To constrain the orientation of the gaseous disc leetsel
two of these features. The inner one has a semi-major axis df
arcsec, which corresponds to the maximum extent of our katiem
measurements, and the outer one marks out the edge of digshpat
on the western side of the galaxy.

In each row of the unsharp-masked acquisition image we de-
termined the position of the two main dust lanes by intevati
fitting one Gaussian to each absorption feature plus a btrhige
to its local starlight continuum on both side of the nucleDace
determined the position of the dust lanes, we fitted them twith
ellipses with same centre (Figurk 8). The non-linear legstres
minimization was done adopting t@JRVEFIT routine inIDL. The
ellipses have different position anglés( = 17.0° +1.0°, 5t =
13.8° £ 0.5°) but same ellipticity €, = €our = 0.66 £0.03). The
different position angles of the two ellipses can be intetgnl as
indicative of a slightly warped gaseous disc, but this dagsaffect
the final results of the dynamical model as discussed in @456id.
We assumed for the gaseous dise 17° £+ 1° andi = 70° + 2°,
since the measured kinematics are encircled by the ellipge-c
sponding to the inner dust lane.

5.4 Best-fitting model

The parameters in our model are the masés of the SMBH, the
mass-to-light ratio(M /L), of the stellar component (and dark
matter halo), the inclination and position anglé of the gaseous
disc, the parametets), o1, andr,, of the Gaussian radial profile of
the intrinsic velocity dispersion of the gas ( see Hq. 2), tedpa-
rametersky, F1, andrr of the exponential radial profile of the gas
flux ( see EdB). Given the large number of parameters, igisii
desirable to constrain as many as possible of them. We dtayte
fixing the orientation of the gaseous disc using the resiithe®
analysis of the dust lanes of Sectionl5.3. We therefore asgum
0 = 17° and: = 70° to model the gas velocity field.

We initially considered a grid of models in which every point
is determined byM, and (AM/L).. For every model in this grid
we explored several combination feg, o1, r», Fo, F1, andrg
in order to match the observations. This preliminary arisalys-
vealed that the predicted flux profile does not depend on gt in
values of M, and (M/L),, while the velocity dispersion profile
depends only on the adopted value df,. The flux parameters
need to be adjusted only if different disc orientations amasid-
ered. This means that we can adopt the same flux paramétgrs (
Fy, andrr) for every point of the grid, but we need to adjust the
velocity dispersion parametersq, o1, ) depending on the value
the black hole masa/,. Therefore, we can find the optimal values
for Fy, F1, andrp at any position in thé\/, — (M/L). grid, by
minimizing thex? = Y (F — Fy0a)?/0F? whereF' £ §F and

Central black hole of NGC 4435 9

Figure 8. The orientation of the gaseous disc of NGC 443&mondsand
crossescorresponding to the points of the inner and outer dust lanes
overplotted to Figurgllb. Absorption features are brightethis unsharp-
masked image. The best-fit ellipses of the inner and outerldoss and
their position angles are shown wislolid ellipsesandsolid lines respec-
tively. The dashed ellipsesnd dashed linesenclose the & confidence
ranges on best-fit ellipticity and position angle for bota thophotes.

F..q are the observed and the corresponding model flux along the
major axis (the other slit positions are not reproducibld)e best-
fitting values ard’y = 0.08 andF; = 0.61 in the adopted arbitrary
units andrr = 10 pc. The velocity dispersion parameters need to
be optimized for every value of th&/, in the grid, by minimizing
thexZ = >"(0 — o moa)’/60” Whereo £ 5o ando .4 are the ob-
served and the corresponding model velocity dispersiongalbe
different slit positions, respectively. The values of thiepted pa-
rameters for differend/, values are listed in Tab[@ 2. Although the
velocity dispersion parameters depend only mildly on tise dii-
entation, we changed them when considering different tate&ms
than the one traced by the dust lanes (Seéfioh 6.2).

We then explored a grid of models with< M, < 1.25 - 107
Mg and2.0 < (M/L), < 2.35 (M/L) o, where at every point of
the grid we now use the optimized parameters for the flux and ve
locity dispersion obtained before. For each model we catedithe
X2 = D (v — Umod)? /6% (v) Wherev £ 6(v) andv,,.q are the ob-
served and the corresponding model velocity along thereiffieslit
positions. The best model hgg = 955 and a reduced® = 5.2.
The best-fitting model requires &, and is compared to the ob-
served [NII] A6583 kinematics in FigurE&11. As we cannot repro-
duce the observed wiggles and asymmetries, which could &e du
to the patchiness of the surface-brightness distributiothe® gas
(Barth et al. 2001), in a strig¢? sense our best match is not a good
model. Before deriving confidence limits dd, and(M/L),, we
therefore need to allow for the velocity structures thatrentarepro-
duced by rescaling aj}{> values in order for the best® to match
the number of degree of freedoM — M, whereN = 184 is the
number of the observed points add = 2 is the number of the
parameters in our model. Note that this procedure is eqnvdb
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[ (M/L). = 2.2 My/ L

0 05 1 2 21 22 23 24
M, [107 M,] (M/L). [My/ L]

Figure 9. x2 as a function ofM, (left pane) and (M /L), (right pane).
Thedotted horizontal linesndicate the confidence levels on the best fitting
values ofMe= 0 M and(M/L),= 2.2 (M/L) .

allowing for an additional source of error in our data andifto
more conservative confidence intervals. Fiddre 9 sheywlt, and
30 confidence levels od/, and(M/L). alone, according to the
Ax? variations expected for one parameter (i.e. 1, 3, and 9sRites
al. 1992). Figur&Zlo shows similar confidence regionsiMgrand
(M/L), jointly, according to theAx? variation expected for two
parameters (i.e. 2.4, 6.2, 11.8). For the SMBH in NGC 4435e&ve d
rived an upper limit\/, < 7.5-10° Mg, at 3 confidence level. The
mass-to-light ratio i§M/L).= 2.207):13 at 3r confidence level.
The sampling of the grid in the parameters spac@ssis< 10° M,

for the SMBH mass, and 0.05 (M/k)for the mass-to-light ratio.
The previous results do not change significantly if we useic gr
with a smaller sampling step.

As stated before, according to thé analysis the model is
not sophisticated enough to reproduce the data wiggles ektaw
to mitigate this problem we can rebin the kinematics in the ou
ermost regions (beyonid?| > 0.5 arcsec, where the influence of
the SMBH is negligible). The errors on every re-binned dagaewv
computed as the semi difference between the the maximune valu
and the minimum value in the bin. This represent a more rgliab
estimate of the velocity error with respect the error detif®m
the fitting procedure, which take into account the presericheo
wiggles. We tried several binning on the observed data iercil
obtain the lower value of the reduced. Using this approach we
can reach a reduced® = 1.46, with negligible impact on the pre-
vious results. The best model still requires no SMBH and3he
upper limit is now even tightei6(- 10° M), a consequence of the
augmented relative weight in thg of the data close to the cen-
ter, where the difference between models with differefit is the
greatest.

Finally, to account for the uncertainty in the estimate & th
inclination and position angle of the gaseous disc we catedIthe
best-fitting values o, and(M /L), by building a grid of models
of the gas velocity fields with6° < 6 < 18° and68° < 1 < 72°.
We fitted for each disc orientation the velocity dispersiad dux
radial profiles measured along the major axis. The largessita

Table 2.Parameters of the velocity dispersion radial profile adbptenod-
els with (M/L),= 2.2 (MIL)p, 0§ = 17°,i = 70°, Fy = 0.08 and
Fy = 0.61 in arbitrary units, and» = 10 pc.

Mae 00 o1 To
[10"Mge] [km s [kms™'] [pc]
0.00 40 109 7.8
0.25 40 104 7.9
0.50 40 103 7.8
0.75 40 96 7.9
1.00 40 929 7.7
1.25 40 89 8.0
4.0 39 13 2.8
5.0 41 12 3.9

\ \ \

2.3F

2.2F

M/L [Mg / Lo

0.5 1.0
M sypn [107 Mo

Figure 10. x2 grid for models with different values of mass-to-light cati
and SMBH mass values. Thentinuous linesre the confidence levels on
the best-fitting values affe= 0 Mg and(M/L).= 2.2 (M/L) 5.

SMBH is M, < 8 - 10° Mg at 3 confidence level to find the opti-
mized values foy, Fi,rr, 00, 01, andr,. The mass-to-light ratio
ranges betwee(/L),= 2.1570:9 and(M/L),= 2.257013 at
30 confidence level. These values are consistent within treserr
with the previously found values.

6 COMPARISON WITH THE PREDICTIONS OF THE
NEAR-INFRARED M¢—Lyyuige AND Me—0.
RELATIONS

In order to compare our SMBH mass determination for NGC 4435
with the predictions of the near-infrare, — L.y relation by
Marconi & Hunt (2003), we retrieved the 2MAS$—band images
from the NASA/IPAC Infrared Science Archive. The galaxy oea
was reduced and flux calibrated with the standard 2MASS detn
source processaBALWORKS (Jarrett et al. 2000). We chose the
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Figure 11. Observed [N 11]\6583 kinematics filled circle§ along with the best-fitting modeké¢lid line) and model predictions for the SMBH masses of
NGC 4435 derived in Sectidi¥.4 from tid, —o . relation by Ferrarese & Ford (2005{e = 5-107 Mg, dotted ling and from the near-infraredife — Ly yige
relation by Marconi et al. (20034, = 4 - 107 M, dashed ling The observed and modeled velocity curt@p(pane), velocity dispersion radial profile
(middle panél and flux radial profilel§ottom panélare shown for slit along the major axis (slit #fper left panels close to minor axis (slit #4jpper right
pane), along eastern offset (slit #Rywer left pane), and western offset (slit #&wer right pane).

H—band image since it is characterized by lower sky noise with Hunt (2003). The presence of the bar in NGC 4435 is enhanced in
respect to the/ — and K —band ones. model-subtracted image (Figurd 13). However, it has to bieed

We performed a bidimensional photometric decomposition that the bar component dominates the surface-brightnessbdi-
using a Sérsic law for the bulge component and an expomhémtia tion of NGC 4435 at a larger radial scale with respect to therex
for the disc component and taking into account seeing smgpari  sion of STIS kinematics. We conclude that the effects of tredn
We adopted the decomposition technique developed by Mendezthe observed kinematics are negligible in the innermostgear.
Abreu et al. (2004). The best-fitting parameters are= 2.39,
re = 11.14 arcsecyu. = 16.10 mag arcsec?, and(b/a), = 0.64
for the bulge andh = 14.41 arcsecyo = 18.15 mag arcsec?,
and(b/a)q = 0.60 for the disc. The typical error on each parame- Bernardi et al. (2002) and Tonry & Davis (1981) both reported
ter is < 20%. The total bulge luminosity i€y = 2.8 - 10'° L, a value ofo.= 174 + 16 km s~!, whereas Simien & Prugniel
which corresponds to af,= 4 - 107 M, following Marconi & (1997) measured a value of= 156 &+ 7 km s~'. The Hypercat

Several authors report different values for the centrdlaste
velocity dispersion in NGC 4435.
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Figure 12. Location of the upper limit value of the SMBH mass of
NGC 4435 with respect to thil, — o relation by Ferrarese & Ford (2005,
left pane) and near-infrared\/e — Ly, relation by Marconi & Hunt
(2003, right pane). In the left panel, following Ferrarese & Ford (2005)
we plot the SMBH masses based on resolved dynamical stutiiesised
gas ppen circle, water masersofpen squares and starsf{lled circles.
The upper limit of the SMBH mass of NGC 4335 (Verdoes Kleijnakt
2002) has been included for sake of comparison (see S&dtitmtiie right
panel we plot the SMBH masses which for whigh—band luminosity of
the host spheroid is available in Marconi & Hunt (2003). Irtthpanels
dotted linegepresent théo scatter inM,.

database also lists an unpublished valuel@f + 6 km s~' by
Prugniel & Simien.

In order to be conservative, we adopted the value 15647
km s~! from Simien & Prugniel (1997). Using the correction pro-
posed by Jorgensen et al. (1995), we derived the velocipedison
that would have been measured within a circular apertutg®f.,
wherer. is the bulge effective radius derived from our photomet-
ric decomposition. We foune, ;s = 157 km s~!. According to
the most recent version of thef, —o. relation (Ferrarese & Ford

observed our model M*LH relation M—o relation
7 ¥ ' -
. i ! : i
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Figure 14.Comparison between the observed two-dimensional spéetra (
panel§ and the two-dimesional synthetic spectra for (i) the bigstg
model, (i) a model with\/e= 4-107 M, as predicted by the near-infrared
Me — L4 relation, and (jii) a model withV/e= 5- 107 Mg as predicted
by the M,—o relation for the different slit positions. In the models we
added a random noise in order to mimic the acttiadN ratio of the ob-
served spectra. Each box is AB5x 2.6 arcsec.

2005), the expected SMBH mass corresponding to this value of order to mimic theS/N ratio of the observations. Figutel14 shows

0.i85-10” M. We note that the other published values-gfvould
lead to even larger black-hole mass for NGC4435.

In both cases, the upper limit found in our model is signifi-
cantly below the prediction of these two scaling relatidnskig-
ure[T1 we show the comparison between the observed kinematic
the best-fit model, and models adopting the prediction ofhtee-
infrared M¢— Lpyig. (Marconi & Hunt 2003) andVf,—o. (Fer-
rarese & Ford 2004) relationships, where the intrinsic eigjadis-
persion profiles were accordingly adjusted. The biggerrejzm-
cies between the observed and predicted velocity fieldscanedf
in the innermost-0.25 arcsec. In Figur&212 we report the posi-
tion of the upper limit of theV/, of NGC 4435 in theM,—o. and
near-infraredVe — Ly .4 relations.

6.1 Uncertainties due the signal-to-noise ratio

One important point to investigate is if ti% IV ratio of our spectra
is sufficiently high to exclude the presence of a SMBH with the
mass predicted by the scaling relations. If it is not the cése
central velocity gradient is washed out by the noise and itois
possible to detect the presence of a SMBH.

To exclude this possibility we measured the noise level én th
observed spectra as the rms of the counts in spectral refyemef
emission lines. This noise has been added to the model apectr

that the signature of a SMBH with/,> 4 - 10”7 Mg, is clearly
visible in the modeled major-axis spectrum which looksetght
than the observed one. We conclude that the velocity grad@n
responding td/,> 4 - 107 Mg could be measured in the velocity
profiles of the observed spectra.

6.2 Uncertainties due to the disc orientation

The upper limit we derived fak/, depends on the two assumptions
we did on the orientation of the gaseous disc, i.e. the mdoglyo
of dust lanes is a good tracer of the orientation of the gasdime,
and the gaseous disc is not warped.

We test if the presence of a SMBH with a mas$éf= 4-107
Mg (i.e., consistent with the near-infrardd, — L .4 relation) is
consistent with the major-axis kinematics assuming fogémeous
disc a different geometrical configuration with respecthe one
we derived from the dust lanes analysis. We explored theespfhic
parameter® andi by building a grid of models of the gas veloc-
ity fields with Me= 4 - 10" Mg and (M/L).= 2.2. For every
value of@ and: we use different values dfy, Fi, 7, 0o, o1, and
r+, Optimising them according to the prescription given intiec
B2 in order to match the observations. This value is coingtda
by the gaseous kinematics measured in outer regions whiobt is
influenced by the presence of the central SMBH. The best fiteo t
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Figure 13. Two-dimensional photometric decomposition of the suradghtness distribution of NGC 443%keft panel: Background- and star-subtracted
H—band image of NGC 4435 from the 2MASS archi@entral panel:Galaxy model as derived from the photometric decomposifitre bulge is modeled
with a Sérsic law#% = 2.39, Re = 11714, ue = 16.10 mag arcsec® andb/a = 0.64) the disc is modeled with and exponential latv £ 104741,
po = 18.15 mag arcsec! andb/a = 0.60). Right panel:Residuals of the model. Images are 3 arcmi arcmin.

observed data is found with= 74° and@ = 6.5°. Nevertheless,

in the central-0.25 arcsec there is a great discrepancy between the
model and observed kinematics (Figliré 15) which convineetbu
reject this model as a reliable solution.

We performed also a simultaneous fit of the velocity curves
leaving the parameter®, (M/L)., 6 andi free to vary. The best
fit parameters ar@f, < 9 - 10° Mg, (M/L),= 2.5 £ 2 (M/L) o
0 = 15° £+ 2°, andi = 75° &+ 3°. Although for computational
reasons this minimization is performed with all parametershe
intrinsic flux and velocity dispersion profiles fixed at thestealues
derived in SectiofiBl4, the similarity of the disc orieraatfound
in this fit with respect to the one determined in Secfion 5.8esa
us confident about the choice of adopting the dust-lane notogi
to constrain the orientation of the gaseous disc.

The previous results still rely on the assumption that the ga
follows a coplanar distribution. However, the presence 8MBH
with a massM,= 4 - 107 M, could still be consistent with ob-
served kinematics if the gas would warp to a more face-omtaie
tion toward the central region. By exploring theand: parameter
space with models for the gas velocity field only withi.25 arc-
sec from the centre and withle= 4 - 10" Mg and(M/L),= 2.2
(M/L) o, we find that the observed kinematics could be explained
if i = 28° andf = 10° (Figure[dI®). The images, however, do
not suggest such dramatic variation of the disc orientatio in
Figurel® in particular the dust lanes suggest an highlyredicon-
figuration down to very small radiir(~ 0.5 arcsec).

6.3 Uncertainties due to the slit position

The upper limit we derived depends also on the assumed qositi
of the slits. In Sectiofp=313 we determined the actual pasitibthe
slits by comparing the light profile of the spectrum with tight
profiles extracted from the acquisition image. In the case tthis
procedure is not reliable, we try to find new slits positiont(bot
changing their relative distance) in order to allow the pree of a
M.= 4-10" M. We used the parametefis= 17° andi = 70°
and(M/L),.= 2.2 (M/L) 5 and we find that the major axis velocity

:
200 Slit 1
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Figure 15.0bserved [N 1]\6583 (filled circleg and fitted §olid line) kine-
matics in the innermost2.5 arcsec along the major axis of NGC 4435
obtained withMe= 4 - 107 Mg and(M/L),.= 2.2 (MIL) o but allowing
the position angle and inclination of the gaseous disc tg. vine central
velocity gradient is not reproduced by any choice of disdimation and
position angle.

gradient is well reproduced if we shift the slit o&3'1 S pixels. But
in that case, the kinematics along the parallel offset sitsot re-
produced anymore: there are no ways to reproduce simuliaheo
all the slits. Having parallell slits provide a kinematistéor cor-
rect slit positioning, which confirmed the slit locationdermred in
Sectior3B, using the acquisition images.
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Figure 16. Observed [N I1]\6583 (filled circleg and fitted §olid and
dotted line$ kinematics in the innermost2.5 arcsec along the major
axis of NGC 4435. Thesolid linescorrespond to a model obtained with
Me=4-10" Mg, (M/L)+= 2.2 (M/L) o, 8 = 10° ands = 28° in the
innermost+2.5 arcsec. Thalashed linesorrespond to a model obtained
with Me= 0 Mg, (M/L)x= 2.2 (M/L) &, 8 = 17° andi = 70°.

6.4 Effects of the flux distribution on the measurements

Without narrow-band images we had to resort an analytical de

scription for the intrinsic surface brightness of the ieuisgas
(see Sectioh’5.11.2). Our choice of an exponential radidllprimr
the emission-line fluxes seems well-justifi@gosteriorigiven the
good match to observed flux profiles along all slit positiqrastic-
ularly towards the centre (see Figlirg 11). However, as iodle of
NGC 3245 (Barth et al. 2001), it is likely that unaccountechm
scale flux fluctuations are responsible for the poor matchanym
part of the velocity curve (see Sectionls.4)

As far as the SMBH mass measurement is concerned, it is im-

portant to bear in mind our ignorance of the details charesite
the gas surface brightness towards the very centre of the NIGE.
In particular, the presence of nuclear dust may represénitation
for our analysis. If the very central regions, where the dasds are
more directly affected by the gravitational pull of the SMBate
affected by significant dust absorption, it possible that fysther
away from the centre and moving at slower speed could cartérib
to the observed central velocity gradient and flux peak.i$fighthe
case we would be underestimating the SMBH mass.

We investigated this possibility by using a different mofdel
the intrinsic gas surface-brightness, including an aodi central
component with negative amplitude, to mimic a central fluglde
tion due to dust absorption. We have started by trying to moeo
date a4 - 10” Mg, SMBH. As shown by FigurEZ7, to match the
observed gas rotation significant dust absorption is requiut to
about 1 arcsec, but in this case the predicted flux distobus in-
consistent with the observed profile. The extent of the rauaeist
is a direct consequence of the fact that the observed rotatiose

can be fitted without a SMBH (Figulgll1), so that dust have to

screen the emission from regions where the SMBH can comgribu
significantly to the observed rotation curve. Fof&/L).= 2.2,

FR
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R [arcsec]

Figure 17. Observed [N 11]\6583 (filled circleg and fitted éolid lineg
kinematics in the innermosit2.5 arcsec along the major axis of NGC 4435.
The model is obtained using B/e=4 - 107 Mgi = 70°, 0 = 17°,
(M/L)+= 2.2 (M/L) 5, and anad hocflux distribution to reproduce the
central gradient. The predicted flux radial profile is cortgdieinconsistent
with the observed one.

including a4 - 10° Mg SMBH still increases the circular velocity
(Eq.0) by 10km s~ at a radius of 55 pc, corresponding G
arcsec.

In this framework, to explain the observed flux profile we
would need to resort to fine-tuned geometries for the gasi-dist
bution in which intervening off-plane material would cdhtrte
to the observed central peak in flux distribution. Howevee, ¢x-
ceptional regularity of the dust distribution in our imagesl the
well-established connection between dust and gas (e.ggePet
al. 2000) strongly suggest that the gas resides on a simjmepdes
disc.

Furthermore, the required amount of central flux depletion
needed to accomodateda 10” My SMBH would translate into
an additional central reddening 8f( B — I) = 1.3 mag. which is
should be easily detected in our map for teB — I) color ex-
cess (Figure 5, in which the central valuei§ mag.). This is not
the case, however. In this calculation we had taken intowatcd
the different value of the extinctioA , at different wavelenght (the
I—band and the [NI] A6583 region , using the standard Galactic
extinction as done in Cardelli et al. 1989); ii) that only tight
from stars behind the dusty disc is absorbed.

We therefore consider it unlikely that nuclear dust couldehi
a SMBH consistent with the expectations of thg —o. relation.
On the other hand, it is still possible that nuclear dust@ddmlpact
our inferred upper limit on the SMBH mass while still matain
the flux profile. In this case however, the central dust caarisnd
beyond the width of our slit. The impact dW, will therefore be
rather limited; we find that our upper limit would increasednjy
few percent, t@ - 10° M. Gaussian profile instead of an exponen-
tial profile for the flux distribution, as done by Sarzi et &001,
2002), would have a similar small effect.



6.5 Correction for asymmetric drift

The velocity dispersion of the gas peaks at k89s~' in the cen-
tre. This intrinsic line width is far higher than that expetttei-
ther from rotational and instrumental broadening or froertimal
motion. This finding is in agreement with earlier results oifgbs
of other disc galaxies based on both ground-based (Fillrabat
1986; Bertola et al. 1995; Cinzano et al. 1999; Pignate#l €2001)
and STIS spectroscopy (Barth et al. 2001) and suggestsahat r
dom motions may be crucial for the dynamical support of the ga
If ionised-gas disc is fragmented into collisionless ckautien dy-
namical pressure supports it against gravity and the meational
velocity vy is smaller than the circular velocity. given in Equa-
tion[l. As a consequence, the enclosed mass is underestitnate
dynamical models which do not account for the asymmetritt dri
correction.

In the following we address how much of an effect this would
have on the difference between the velocity gradient we areds
and that we inferred for gas rotating around a SMBH witl3=
4-10" Mg as predicted by the near-infrardde — Ly.i4. Scaling
relation.

We assume that the motions in the gas disc are close to

isotropic in the radial and vertical direction. Then = o, and

(vrv.) = 0, and the asymmetric drift correction can be expressed

as
dlnv dlno? o2
2 2 _ 2| _ ro_ _Yr
Ve =V =0y | =T T (1 O’i):| (12)

whereo is the azimuthal velocity dispersion ands the number
density of gas clouds in the disc (e.g., Binney & Tremaine7)98

We assume that the number density of the gas clouds is propor-

tional to the gas flux whose radial profile has been paraneetriz
in Eq.[3. The relation between. ando is given by the epicycle
approximation

02 —B

¢ _ T2

o2 A—-B (13)

whereA and B are the Oort constants given by

1 /v dv,

A= 5(7_dr) (14
1 /v dv.

B = —=(= . 15
2 (r + dr) (15)

The approximation is strictly valid in the limi¢ < v.. If we as-
sume that the SMBH mass is given by the near-infrar&a- L .14
relation, we have a ratie,. /v. < 0.32 everywhere in the gaseous

disc of NGC 4435 (FigureZ18) and the method can be adopted for a

least an approximate treatment of the asymmetric drifedalcu-
lating the asymmetric drift, we obtained the line-of-sigktocity
and velocity dispersion as

v = vy (w) (16)
T
and
. . 2
o= (03 -od) (1) + a2, 17

respectively. These values ofand o are used in Eq]9 for the
model calculation. For models without an asymmetric dilig
above equations reducedp = v4 ando = o, = 04, correspond-
ing to the case where the intrinsic velocity dispersion espnts a
locally isotropic turbulence within the gaseous disc.

We applied the asymmetric drift correction fdf,= 4 - 107
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Figure 18.The ratioo /v. for the model withMe= 4 - 10" Mg

200

-100

V [km s-1]
o
)
L L S N NS I i
e,
L

—200

1.1
>
~N 1
=

0.9

1 L L L 1 L L L
-2 0 2
R [arcsec]

Figure 19. Upper panel:The observed [N 1IN6583 (filled circles along

the the major axis of NGC 4435 is compared to the one obtairibdMi, =
4-10" Mg, (M/L)x= 2.2 (ML), 6§ = 17° andi = 70° with (solid
line) and without (lashed ling applying the asymmetric drift correction.
Lower panel:Ratio between the rotation curves obtained with and without
applying the asymmetric drift correction.

Mg and found that the contribution of intrinsic velocity dispien
to the rotation curve is negligible( 5%). The comparison between
the model rotation curves obtained along the galaxy majisnaith
and without the asymmetric drift correction is shown in Fefl9.
We can conclude that the contribution of the velocity disjmer is
not enough to allow the presenceldf = 4-10" M, in the nucleus
of NGC 4435.

7 CONCLUSIONS

We presented long-slit STIS measurements of the ionisediga-
matics in the nucleus of the SBO NGC 4435. NGC 4435 belongs to
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a sample of 3 galaxies which were selected as STIS targetseon t
basis of their CNKD kinematics (Bertola et al. 1998).
For NGC 4435 we found the following:

(i) 1t shows a CNKD with a symmetric and regular ionised-gas
kinematics, which is suitable for dynamical modeling in erdo
estimate the mass of the central SMBH. Moreover, NGC 4435 is
characterized by the presence of smooth and circularly smien
dust lanes. This result is in agreement with early findingélof

et al. (2002) who found an empirical correlation betweenntioe-
phology of the dust lanes and the degree of regularity in e g
velocity field.

Bertola et al. (1998) demonstrated that it is possible to de-
tect the signature of a CNKD in the emission-line PVDs olsédin
from ground-based spectroscopy of nearby galaxies. Ukiage-
sult, Funes et al. (2002) estimated that the frequency of B&IK
in randomly selected emission-line disc galaxies.i20%. How-
ever, this criterion has to be combined with that of the preseof
a regular dust-lane morphology (Ho et al. 2002). On the bafsis
our STIS observations, we conclude that less thaf$ of nearby
disc galaxies, which show narrow emission lines in theiugd
based spectra, host a CNKD with a velocity field which is usefu
for dynamical modeling atiST resolution.

(ii) We modeled the ionised-gas velocity field of NGC 4435 by as-
suming the gas is moving onto circular orbits in an infinitesiy
thin disc located around the SMBH. We constrained the catéemt

of the gaseous disd (= 17° + 1°, ¢ = 70° £ 2°) by assum-
ing that the morphology of dust lanes is tracing the gasibdistr
tion. The comparison between the observed and modeledityeloc
field has been done by taking into account several effecigect|

to telescope and instrument optics (nonzero apertureaiparent
wavelength shifts for light entering the slit off centredeanamor-
phic magnification) as well as detector readout (chargedbige
between adjacent CCD pixels). We derived for the SMBH mass of
NGC 4435 an upper limif/, < 7.5 - 10° M, at 3 confidence
level.

(iii) The upper limit we derived for the SMBH mass of NGC 4435
considerably falls short of the value dff,= 4 - 10 My pre-
dicted by theM,—o. relation (Ferrarese & Ford 2005), as well
as of the value oM,= 5 - 10" M, predicted by the near-infrared
Me—Lyyuge relation (Marconi & Hunt 2003) as shown in Figure
3. This discrepancy is not due to the noise in our spectreti(®e
6.1), is robust against uncertainties in the disc oriemaSection
6.2) or slit positioning (Section 6.3), and cannot be ascttito the
presence of nuclear dust (Section 6.4) or pressure-s\gubgds
(Section 6.5). The measured velocity gradient is condistétin

a M= 4 - 107 My only if we assume an ad hoc orientation
(0 = 10° +1°,¢ = 28° £ 2°) for the central portion of the gaseous
disc (| < 0.25 arcsec). However, the images do not suggest such
a dramatic variation of the disc orientation in the obsemastial
range.

(iv) The case of NGC 4435 is very similar to that of the ellipti-
cal NGC 4335 (Verdoes Kleijn et al. 2002), where the ionigad-
kinematics measured with STIS along three parallel posstis
consistent with that of a CNKD rotating around a SMBH with an
unusually low massi/, < 10% M) for its high velocity disper-
sion (.= 300 & 25 km s~ !, see FigurE&2). Both NGC 4435 and
NGC 4335 are amenable to gas dynamical modeling. Their aucle
discs of ionised gas have a well-constrained orientationedsas

a symmetric and regular velocity field. There is no evidernz t
gas is affected by non-gravitational motions or that it isin@qui-

librium, as observed for instance in the E3 galaxy IC 145%(Ca
pellari et al. 2002) and the Sbc NGC 4041 (Marconi et al. 2003)
For NGC 4335 the observed high gas velocity dispersion in the
central arcsec potentially invalidates thé, measurement based
on a thin rotating disc model leading to a largdi value and to

a smaller discrepancy with th#/, scaling laws. On the contrary,

in NGC 4435 the more limited width of the lines allowed us to
consider the possibility of a modest dynamical supportliergas
clouds. This has little impact on the measufdd and can not ex-
plain its discrepancy with the values predicted by g scaling
relations. As such, if we suppose the resulting upper limntthe
SMBH mass of NGC 4435 is also unreliable, we are then forced to
conclude that all the SMBH masses derived from gaseous letem
ics following standard assumptions have to be treated waitticn,
even if they agree with the predictions of the scaling retagi

Thus, NGC 4435 is so far the best candidate of a galaxy with a
massive bulge component with a lowkf, content than predicted
by the M.—o. and M.— L. scaling relations. Nevertheless,
there is an increasing evidence of galaxies for which dynami
models impose an upper limit to the SMBH mass which is either
lower than or marginally consistent with the one predictgdhe
Me—o. (Sarziet al. 2001; Merritt et al. 2001; Gebhardt et al. 2001;
Valluri et al. 2005). These objects may represent the populaf
laggard SMBHs with masses below tiié, —c. relation as dis-
cussed by Vittorini et al. (2005). Laggard SMBHSs are expe:tte
reside in galaxies that spent most of their lifetime in thielfiehere
encounters are late and rare so as to cause only slow gasfoéli
the galactic centre and a limited growth of the SMBH mass.

In light of the serious implications on the slope and intrin-
sic scatter of thel/, relations that our results would imply, an in-
dependent measurement of the SMBH mass NGC 4435 based on
stellar dynamical modeling is highly desirable. This cookddone
with near-infrared spectroscopic observations with 8essltele-
scopes assisted by adaptive optics systems. Recently hittmugt
al. (2005) have shown in the case of the giant elliptical NGSA
that this technique can deliver diffraction limited higlyrsal-to-
noise spectra suitable for measuring the stellar LOSVDiwitie
sphere-of-influence of the SMBH, providing a concrete akitve
to HSTthat today is in serious jeopardy.
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APPENDIX A: CALCULATION OF THE COLOR EXCESS
E(B—1I)INTHE CASEOF A M,=4-10" Mg

In this section we evaluate the colour excéséB — I) we would
expect in the case thatid, = 4-107 M, is present and the absorp-
tion of the central dust is able to reproduce the observeshkatics
(see Section 6.4).

If the ionised gas is settled in the equatorial plane as veell a
the dust, the intrinsic flux corrected by absorptidif{*) will be
related to the intrinsic one(®™?) by the relation

Fabs _ 10*0'4A[NII] . ™S — (1 _ C) . pems (Al)

The coefficientc indicates the efficiency of the absorption, and it
can be easily derived (see FiglifielAl). ko= 1, F*b* = 0, for
c= O, Fabs — fems.

Using the standard Galactic extinction (Cardelli et al. 998
we can determine the relation between the extinctigR;;; and
the extinction in the | band4;:

Ar = 0.588An 1] (A2)

The central stellar component (bulge plus disc) is thickih we-
spect the ionised gas and the dust discs. Thus, only theopafi
stars behind the dust layer is absorbed:

Fel, = SRS 21070 A Ry =

2 2
What we should observe is the extinctidy defined by:

14100441 e
e e )

Fi, = 107041 pe (A4)
with (comparing Egs. A3 and A4):

—0.4-Ag
A, = —251og % (A5)

Then, according to the standard Galactic extinction (Qhreteal.

1989), the expected color exceBY B — I) is:

E'(B—1I)= A}/0.5583 (AB)

Then, combining Egs. Al, A2, A5 and A, it is possible to cédoel

the map ofE’ (B — I) as a function of;, derived from FigurE&Al1.

14 (1 _ C)0.588
2

In the central region, where= 1 the expected color excess is 1.3
mag, while the observed one is 0.6 mag. (Figure 5).

E'(B—1)=—4.48log (A7)

This paper has been typeset fromgXMATEX file prepared by the
author.
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Fems: Gas Emission

Flux [Arb. Units]
-~

©

R [arcsec]

Figure Al. Intrinsic flux radial profile of the gas in the NGC 4435 model.
Thesolid thin lineshows the intrinsic emission of our best model, whereas
the solid thick lineshows the absorbed emission needed to accomodate a
Me= 4 - 107 Mg and match the observed velocities (Figure 17). The
dashed lineshows the efficiency of the dust absorptien,as defined in

the text.
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