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THE BAR PATTERN SPEED OF DWARF GALAXY NGC 4431
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ABSTRACT

We present surface photometry and stellar kinematics of NGC 4431, a barred dwarf galaxy in the Virgo Cluster
undergoing a tidal interaction with one of its neighbors, NGC 4436. We measured its bar pattern speed using
the Tremaine-Weinberg method and derived the ratio of the corotation rdglius, , to the bar semimajor axis,
ag. We foundD,/a; = 0.6°32 at 99% confidence level. Albeit with large uncertainty, the probability that the bar
ends close to its corotation radius (i.80<D,/a; < 1.4 ) is about twice as likely as that the bar is much shorter
than the corotation radius (i.D,/ag>1.4 ).

Subject headings: galaxies: elliptical and lenticular, cD — galaxies: individual (NGC 4431) —
galaxies: kinematics and dynamics — galaxies: photometry — galaxies: structure

1. INTRODUCTION type barred galaxies (see Corsini 2004 and references therein),
. . . and it has been successfully tested agdibbdy simulations
Stellar bars are observed in a substantial fraction of ”earby(Debattista 2003; O'Neill & Dubinski 2003). All measured bars
Q'Sk gzlasmes (}é%%%en_ﬁ: 6."' ZOOCi;h ESk”dﬁe et all. %03% '\{clr?r- are compatible with being fast, implying that the inner regions
inova & Jogee )- Their growth is partly regulated by the of these galaxies are not dominated by DM. The only exception

O el sk o e appearst b te sow b 1 NGC 2015, bluecompact
’ y galaxy, for which the TW84 method was applied ta kadio

of bars can be used to constrain the distribution of DM in the synthesis data (Bureau et al. 1999)
inner regions of galaxy disks. Using perturbation theory, Wein- The minimum possible amount of DM in disk galaxies can

berg (1985) predicted that a bar would lose angular momentumb d ined f h . b i h
to a massive DM halo through dynamical friction, slowing P€ détermined from the rotation curve, by scaling up the mass-

down in the process. This prediction was subsequently Con_to—Iight ratios of the luminous components to fit the central
firmed in N-body simulations (Debattista & Sellwood 1998, Velocity gradient (see Bosma 1999 for a review). However, the
2000; Athanassoula 2003; O'Neill & Dubinski 2003; Sellwood lack of any obvious transition region from the bulge/disk-
& Debattista 2006). They found that bars are slowed efficiently dominated to the halo-dominated part of rotation curves se-
within a few rotation periods if a substantial density of DM is verely limits the ability to obtain a unique decomposition and
present in the region of the bar. On the other hand, if the massderive the central DM distribution (e.g., Corsini et al. 1999).
distribution is dominated by the stellar disk throughout the inner The structure of DM halos is more directly revealed in galaxies
few disk scale lengths, then the bar remains rapidly rotating where the luminous components are thought to give a nearly
(here defined as the bar ending just inside its corotation radius)zero contribution to the mass budget, because this makes mass
for a long time. Thus, the accurate measurement of the barmodeling easier and the derived DM distribution less uncertain.
pattern speed}, , provides a way to discriminate whether theFor this reason dwarf galaxies were considered ideal targets
central regions of the host galaxy are dominated by baryonsfor studying the properties of DM halos and for testing if they
or by DM. have a central cuspy power-law mass density distribution as
Bar pattern speeds are most usefully parameterized by thepredicted by cold dark matter (CDM) cosmology (Navarro et
distance-independent rati®R = D//a; , whelg is the co- al. 1996, 1997; Moore et al. 1998, 1999). However, recent
rotation radius and, the semimajor axis of the bar. Bars that extensive studies have shown that in most of them the contri-
end near corotatiori(< R < 1.4 ) are termed fast, while shorter pytion of the stellar disk can account for the inner rotation
bars (% > 1.4) are said to be slow. The best way to determine cyrye, and DM halos with a constant-density core provide a
the bar rotation paramets®  is by measurfag  with the peyer fit 1o than those with a density cusp (e.g., de Blok &

model-independent method developed by Tremaine & Wein- goama 2002: Swaters et al. 2003 Spekkens et al. 2005: Gentile
berg (1984, hereafter TW84). To date, this method has beeny; 5 2005).’ ' » P . ;

used to measui, of mainly massive£ 150  kmsearly- Nonetheless, the interpretation of these results has been con-

troversial because of possible observational systematic effects,
* Based on observations collected at the European Southern Observatoryg ch as the poor spatial resolution of radio maps (van den Bosch

Chile [ESO programs 71.B-0138(A) and 73.B-0091(A)]. Lo . J
2 Dipartimento di Astronomia, Universitdi Padova, 1-35122 Padova, Italy; & Swaters 2001) and slit mlsplacement n optlcal spectroscopy

enricomaria.corsini@unipd.it, alessandro.pizzella@unipd.it. (Swaters et al. 2003), as well as noncircular (Hayashi & Na-
®Instituto de Astrofsica de Canarias, E-38200 La Laguna, Spain; varro 2006), and off-plane gas motions (Swaters et al. 2003;
jalfonso@iac.es.
4 Astronomy Department, University of Washington, Seattle, WA 98195- Valse.nzuela et al. 2007). f ds with the TW84 hod
1580; debattis@astro.washington.edu. ince measurements of pattern speeds with the TW84 metho
5 Brooks Prize Fellow. do not require high spatial resolution or slits passing exactly

® Department of Astronomy, University of Texas at Austin, Austin, TX through the galaxy center and refers to the stellar component

78712-0259; barazza@astro.as.utexas.edu. i i -
" Research School of Astronomy and Astrophysics, Mount Stromlo Obser- Only’ such a measurement in a dwarf disk galaxy can test un

vatory, Australian National University, Weston ACT 2611, Australia; jerien@ ambiguously for the presence of a dense DM cusp. In the present
mso.anu.edu.au. Letter we attempt such a measurement for NGC 4431.
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2. NGC 4431 180 T T T N T T T T | .I...L".l T | T T T T N T T T T
150 totesecssnsesnsnsensessetrers®”
NGC 4431 (VCC 1010) is a small (1.% 1.1'; de Vaucouleurs 138

etal. 1991, hereafter RC3) and faiBt (= 13.74 ; RC3)nucleated ©
dwarf galaxy (Binggeli et al. 1985) classified as dSB0/a by Barazza
et al. (2002), following an unsharp mask analysis of the galaxy.
The presence of a bar had earlier been missed by virtue of the
galaxy’s low luminosity and the relatively small angle between
the bar's and disk’s position angle (P.A.). Both the presence of a
strong bar and trailing arms (which are clearly visible in Fig. 3
of Barazza et al. 2002) and the rotationally supported kinematics
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(Simien & Prugniel 2002; Pedraz et al. 2002) are indicative of a 180 T -3

; ; ; 150 | ”
genuine disk galaxy. The total absolute magnitude of the galaxy 120 £ E
is Mg = —17.41 corrected for inclination and extinction (RC3) 90 / 3
and adopting a distance of 16.2 Mpc (Jerjen et al. 2004). Itis & 60 E =
located close to the center of the Virgo Cluster at a projected 30 B (c) =
distance 0f~300 kpc from M87. Its closest neighbor in projection 13 L A S e B e e A IO
is the dE6/dSO galaxy NGC 4436, at a projected separation of (d) 5
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Fic. 1.—Bar semimajor axis length of NGC 4431a) (Phase angle of

3. BROADBAND IMAGING

Deep broadband imaging of NGC 4431 was carried out with
the Very Large Telescope_ (VLT) at the Europ_ean S.OUthem m = 2 Fourier component.b) Bar/interbar intensity ratio.cf P.A. of the
Observ_atory_on 2000 April _1', ,as part of a project aimed ?‘t deprojected isophotgl eIIips?si)(Surface brightnessydecomgosition in bulge
measuring distances, metallicities, and ages of dwarf galaxiesdashed line), disk (dotted line), and bar gash-dotted line). The vertical lines
in the Virgo Cluster. Details of observations, data reduction, show the value o, obtained with each model.
and analysis are reported elsewhere (Barazza et al. 2003; Jerjen
et al. 2004).

We analyzed théR-band image of NGC 4431 obtained by ) ] )
Barazza et al. (2003), with foreground stars and background The spectroscopic observations of NGC 4431 were carried
galaxies subtracted. We fitted ellipses to galaxy isophotes without in service mode at VLT on 2003 May 46 (run 1), 2004
the IRAF task ELLIPSE, after masking the northeastern part of April 21-22 (run 2), and 2004 May 18-23 (run 3). The Focal
the image to minimize the light contamination from NGC 4436, Reducer Low Dispersion Spectrograph 2 (FORS2) mounted the
the outskirts of which fall in the field of view of the image. We Vvolume-phased holographic grism GRIS_146@M8 with 1400
first fitted ellipses allowing their centers to vary to test whether grooves mm*and thed.7” x 6.8 slit. The detector was a mosaic
patchy dust obscuration and tidal deformations were presentof two MIT/LL CCDs. Each CCD ha@048 x 2068 pixels of
Having found no evidence of varying ellipse centers within the 15 x 15 un?. The wavelength range from 4560 to 5880  was
errors of the fits for the inner 40we concluded that in these ~covered with a reciprocal dispersion of 0.645 pixel and a
regions there is little or uniform obscuration and no tidal de- spatial scale of 0.23(ixel™ after a2 x 2 pixel binning. We
formations, and that the galaxy is a viable candidate for the TW84 obtained spectra with the slit BtA. = 7.9  crossing the galaxy
method. At larger radii, the shift of ellipse centerd() of NGC ~ center 8 x 45 minutes in run 1) and offset by 5@astward
4431 in the direction of NGC 4436 may be due to the interaction (4 x 30 minutes in run 3). We also obtained spectra with the
between the two galaxies. The ellipse fits were then repeatedslit atP.A. = 6.9 and shifted by 5'CeastwardZ x 40 minutes
with the ellipse center fixed, and the resulting surface brightnessin run 2; 2 x 40 minutes in run 3) and westward & 40
profile is plotted in Figure d The inclination { = 48.7 + minutes in run 3) with respect to the galaxy nucleus. Two dif-
1.5°) and disk P.A.RA .. = 6.9 + 1.0° ) were determined by  ferent P.A.’s were chosen for the slits to test for t.he sensitivity
averaging the values measured betweehas@ 70. They are  Of the TW84 measurement to thel® uncertainty inP.A .
consistent within the errors with values obtained by fitting el- Comparison lamp exposures obtained for each observing night
lipses with free centers. ensured accurate wavelength calibrations. Spectra of G and K

We measuredy, (Fig. 1) using four independent methods giant stars served as kinematical templates. The average seeing
based on Fourier amplitudes (Aguerri et al. 2000), Fourier and FWHM was 1.2 in run 1, 0.8 in run 2, and 0.9in run 3. Using
ellipse phases (Debattista et al. 2002), and a parametric destan(_jard MIDAS routines, all the spectra were blas-subtracteq,
composition of the surface brightness profile (Prieto et al. flat-field corrected, cleaned of cosmic rays, corrected for bad pix-
2001). The mean of the resulting values is our best estimate€ls, and wavelength-calibrated as in Debattista et al. (2002). The
of a,, and we assume the largest deviation from the mean asaccuracy of the wavelength rebinningl(km s*) was checked
our error estimatea, = 21.9' + 1.5 ). The bar length is in by measuring wavelengths of the brightest night-sky emission
agreement with the radius where the spiral arms seen in thelines. The instrumental resolution was 1.450.01A (FWHM)

unsharp mask image of Barazza et al. (2002) start. corresponding t@,,, = 35 km'$ at 5170A . Thespectra ob-
tained in the same run along the same position were co-added

4. LONG-SLIT SPECTROSCOPY

8 IRAF is distributed by NOAO, which is operated by AURA, Inc., under

contract with the National Science Foundation. ° MIDAS is developed and maintained by the European Southern Observatory.
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Fic. 2.—Pattern speed of the bar in NGC 4431. The kinematic integrals
V are plotted as a function of the photometric integrals . The best-fitting
straight line has a slop@, sini = 5.56+ 1.39 km’sarcsec" . Open circles
correspond to slits ®.A. = 7.9 Y(= 0" and= +5.0' ), while filled circles
are for slits atP.A. = 6.9 Y= +5.0).
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Fic. 3.—(@) Major-axis radial profile of the stellar line-of-sight velocity
dispersion fitted with an exponential profilerat 15" sol{d line). (b) Major-
axis radial profile of the stellar line-of-sight velocity (after subtracting the
systemic velocity,,, = 948+ 3 km ) and theV,sini curvesplid line)
with errors (lotted lines) obtained by applying the asymmetric drift fo2
15 as in ADCO03. In &) and ) the measured profiles are folded around the
center, with filled circles and asterisks referring to the north (receding) and
south (approaching) sides, respectively.

P.A. is small for bothY and’ . We obtainét}, by fitting a
straight line to the values o and to the data for slits at
Y = £5.0/ and PA.= 6.9 and aty = 0" andP.A.= 7.9

(Fig. 2). Although theY = 0” slit was obtained at different
P.A., this slit constrains only the zero point (i.e., systemic)
velocity, and any slit passing through the center can be used.
This givesQ,sini = 556+ 1.39 km s* arcsec' (70.8+

using the center of the stellar continuum as reference. In thel7.7km s* kpc™).

resulting spectra the sky contribution was determined by in-

terpolating along the outermost30’ at the edges of the slit
and then subtracted.

5. PATTERN SPEED OF THE BAR

To measure the pattern speed of the iy,
TW84 method. For slits parallel to the disk major axis, this
relates the luminosity-weighted mean positiotl, , to the
luminosity-weighted mean velocity = XQ_sini , wherés
the galaxy inclination.

To measure) for each slit, we first collapsed the two-
dimensional spectrum along its spatial direction betwe8g’

We used the FCQ method to measure the line-of-sight ve-
locity curve and velocity dispersion profile of the stellar com-
ponent along the major axis (Fig. 3). Our measurements at
P.A. = 6.9 are in agreement within errors with those by Sim-
ien & Prugniel (2002) aP.A. = 6° . We derived the circular
velocity in the disk regiony, = 94 + 19 kms, after a stan-

, we used thedard correction for the asymmetric drift as in ADCO03. This

value is in agreement with the circular velocity derived from
the Tully-Fisher relation calculated in tiieband by Courteau
(1997). Thus, the corotation radius of the bar b =
\./Q, = 12.7753 arcsec and the ratio of the corotation radius
to the bar semimajor axiR = D,/a;, = 0.6'}2 . The error in-
tervals onD, andR are 99% confidence level and were mea-

and +90" in the wavelength range between 5220 and sured with Monte Carlo simulations as in ADC03. By excluding

o

5540A , obtaining a one-dimensional spectrum. The value of the possibility thatD,/a; < 1.0 as this is thought to be un-

V was then derived by fitting the resulting spectrum with the
convolution of the spectrum of the GO Ill star SAO 119458

physical (Contopoulos 1980), we estimated that the probability
that the bar ends close to its corotation radius (i.e.,<L.0

and a Gaussian line-of-sight velocity profile by means of the p /a, < 1.4) is 72%. This was calculated via Monte Carlo sim-

Fourier correlation quotient (FCQ) method (Bender 1990) as ylations by assuming a uniform distribution af

and

and

done in Aguerri et al. (2003, hereafter ADC03). We estimated Gaussian distribution o2, within their error ranges.

uncertainties by Monte Carlo simulations with photon, read-

out, and sky noise. As a precision check we analyzed separately
) that were obtained

the two eastward-offset spectda £ +5.0"
with the slit atP.A. = 6.9 in runs 2 and 3, respectively. The

6. DISCUSSION

By measuring the bar pattern speed of NGC 4431, we have

two resulting estimates &f  are in agreement within the errors demonstrated that the TW84 method is feasible using stars as a
(Fig. 2). TocomputeX’ for each slit, we extracted the luminosity tracer for dwarf galaxies. So far, this technique has been applied
profile from theR-band image along the position of the slit only to bright barred galaxies with the result that all the measured
after convolving the image to the seeing of the spectrum. The bars are consistent with being rapidly rotating (see Corsini 2004
R-band profile matches very well the profile obtained by col- for a review). For NGC 4431 we find a bar suggestive of being
lapsing the spectrum along the wavelength direction, support-fast at 72% probability, although the measurement uncertainties
ing that the slit was placed as intended. We usedRi@and in this galaxy preclude a stronger statement.

profiles to computeY because they are less noisy than those As discussed by Debattista (2003) and Debattista & Williams
extracted from the spectra, particularly at large radii. By com- (2004), the TW84 measurement@f is particularly sensitive
paring the slits aP.A. = 6.9 and &A. = 7.9 we also ver- to errors in the P.A., . However, this is unlikely to be an issue
ified that the error introduced by thel® uncertainty in disk for NGC 4431. In fact, the values &f and measured in the
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offset position atY = +5.0 from the spectrum &A.= scribed by DM halos with an inner density core rather than the
7.9 are in agreement within the errors with those from the two cusp predicted by CDM.
spectra aP.A. = 6.9 . So, the fact that the value of the bar However, there is no consensus whether these results based
speed parameter of NGC 4431 is nominally less than unity on gas dynamics represent an actual problem for the CDM
cannot be attributed to the uncertainty on RA.  but to the paradigm or whether they could be reconciled with it by taking
scatter in the values ot and a variety of observational uncertainties (e.g., slit positioning,
A fast bar in NGC 4431 would suggest a common formation spatial resolution), analysis problems (e.qg., binning and folding
mechanism of the bar in both bright and dwarf galaxies. If disks of the rotation curves), and modeling assumptions (e.g., non-
were previously stabilized by massive DM halos, we exclude circular and off-planar gas motions) into account (de Blok et
that these bars were produced by tidal interactions because thegl. 2003; Swaters et al. 2003; Spekkens et al. 2005). Therefore,
would be slowly rotating (Noguchi 1999). But this is not the we argue that the ongoing debate will benefit from stellar dy-
case even for galaxies like NGC 4431 and the SBO NGC 1023 nhamics to constrain the inner mass distribution of DM with the
(Debattista et al. 2002), which show signs of weak interaction direct measurement ¢, in a sample of dwarf barred galaxies
with a close companion, without being significantly perturbed. by means of integral-field spectroscopy.
This finding allows us to conclude that there is no difference
between TW84 measurements in isolated or mildly interacting
barred galaxies (ADCO03; Corsini et al. 2003). E. M. C. and A. P. receive support from grant PRIN2005/32
According to high-resolutioMN-body simulations of bars in by Istituto Nazionale di Astrofisica (INAF) and from grant
cosmologically motivated, CDM halos (see Debattista 2006 for CPDA068415/06 by Padua University. JALA has been funded by
a review), a fast bar would imply that NGC 4431 has a massive the Spanish DGES, grant AYA-2004-08260-C03-01. V. P. D. is
disk and does not reside inside a centrally concentrated DM supported by a Brooks Prize Fellowship in Astrophysics at the
halo. This is in agreement with other studies of dwarf galaxies University of Washington and receives partial support from NSF
(Swaters 1999; de Blok et al. 2001; McGaugh et al. 2001; de ITR grant PHY-0205413. F. D. B. acknowledges support from
Blok & Bosma 2002; Marchesini et al. 2002; Swaters et al. the LTSA grant NAG5-13063 and from the NSF grant AST 06-
2003; Spekkens et al. 2005), who analyzed the ionized-gas07748. V. P. D. and E. M. C. acknowledge the Instituto de As-

rotation curves of up te-200 objects. By assuming minimal

trofisica de Canarias for hospitality while this Letter was in

disks and spherical symmetry, most of the data are better deprogress.
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