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ABSTRACT

Various early-type dwarf galaxies with disk features welenti ed in the Virgo cluster, including objects that diaglweak grand-
design spiral arms despite being devoid of gas. Are thelbeettited to the classical dEs, or are they a continuatioordinary spiral
galaxies? Kinematical information of acceptable quaktavailable for one of these galaxies, IC 3328. We perforrmestigation
of its dynamical con guration, taking into account theeet of asymmetric drift, and using the Toomre parameter dsasalensity
wave considerations. The derived mass-to-light ratiosratational velocities indicate the presence of a signitcdynamically hot
component in addition to the disk. However, unambiguougleminns need to await the availability of further data fustand other
early-type dwarfs with spiral structure.
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1. Introduction 20 L diii

As the most numerous type of galaxy in clusters and the pc
sible descendants of building blocks in hierarchical dtriee
formation, early-type dwarf (dE) galaxies play a key role i
understanding galaxy cluster evolution. Initially bekelvto be
spheroidal objects having old stellar populations andeprifg
the high-density regions of clusters, today's picture of d&far
more diverse. In the Virgo cluster, several subclasses siith
ni cantly di erent characteristics exist (Lisker et al. 2007) —
and these are correlated with environmental density. THase
that populate the less dense cluster regions partly haveggsu I ]
stellar populations (Lisker et al. 2006a, 2008), atter pbs 26 |- e 2.2h 4
(Ferguson & Sandage 1989; Lisker et al. 2006b, 2007), arsd cl PRI T S S AR AR B
tering properties not like giant ellipticals but similar spiral 0 ! 2 r/kpi’ 4 3
galaxies (Lisker et al. 2007).

Among them is the “dE(di)” subclass, characterized by wedkg- 1. Appearance and light pro le of IC 3328. Surface brightness in
disk features — like spiral arms or bars — that could only e seSDSSF versus radius, adopting a distance modufus M = 31:0mag
through unsharp masks or by subtracting a model of the smoéfiy= 1585Mpc, van den Bergh 1996), corresponding to a scale of
galaxy light (Lisker et al. 2006b). The rst discovery of gpi //Pd" The half-light radiusre as well as 2.2 scalelengtiis (using
structure in a dE was reported by Jerjen et al. (2000) for t%ﬁ = 1:68h) are indicated by the vertical dotted lines. The images
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T own on the right are, from top to bottom, the SD'€%nd image, a
galaxy IC 3328 (VCC 856), which is also at the focus of the Worlfeey white- Iter image obtained with ESO 2.2WFI (program 077.B-

presented here (Fig. 1). The dE(di)s are not a negligibleispe 0785), and an unsharp mask image of the latter, revealingpine! arm
but they make up one third of the brightévig < 16) Virgo structure. The half-light aperture is indicated in the S8 unsharp
cluster dEs, reaching a fraction of 50% at the bright end. Foask image.

those showing spiral substructure, the arm opening angées a
inconsistent with being the mere remainders of late-type pr

genitor galaxies (Jerjen et al. 2000; Lisker et al. 20064, the

arms do not show up in color maps that would indicate stellar _Afn Iilndiczt_io; th?t the d.E(dri])S mightlhave beer& f(t:))rmed out
bopulation di erences (Lisker et al. 2006b). of infalling disk galaxies is that spiral arms and bar struc-

tures in dEs also arise in N-body simulations of galaxy ha-
rassment (Mastropietro et al. 2005), in which late-typeagal

? Partly based on observations collected at the Europeam@egimn  i€s accreted by the cluster experience a violent structtams-
for Astronomical Research in the Southern Hemisphere eCtit pro-  formation (Moore et al. 1996). Alternatively, the dE(di)de-
gram 077.B-0785. ing compact, gas-poor disk galaxies — might simply contstitu
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shown in Fig. 1, was measured from annuli of xed elliptical
shape, using IRAllipse' (Tody 1993). Out to the radial extent
of the rotation curve (Fig. 3) it would be compatible with aa e
ponential pro le, i.e. a straight line. Nevertheless, ame in
the pro le slope is seen at larger radii. This is included lie t
discussion (Sect. 4).
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2.2. Stellar mass-to-light ratio

From the analysis of SDSS multicolor photometry for VirgesdE
(Lisker et al. 2008), we can derive an estimate of the stellar
mass-to-light ratio iM=L) of IC 3328, using they r andi z
colours measured within the half-light radius. With stepiap-
ulation synthesis models of Bruzual & Charlot (2003), “Pealo
1994” isochrones (Bertelli et al. 1994), a Chabrier (2008)al
mass function, and an exponentially declining star fororatate
(decay time = 1 Gyr), we derive luminosity-weighted age and
metallicity values of % Gyr (time since the onset of star forma-
tion) andZ = 0:004 (corresponding to [Fel] = 0:64). When
T RS T S S T R using simple stellar population (SSP) models instead, ge a
-10 0 10 changesto® Gyr. This is in perfect agreement with the spectro-
z / arcsec scopic results from the Lick index analysis of Michielserakt
(2008), who nd 80Gyr and [FeH] = 0:64 using the SSP
Fig. 2. Light pro le in z-direction of IC3435. SDSSr-band image models of Vazdekis et al. (1996). It also agrees with a piielim

(inset) of IC 3435, and the intensity pro le obtained by eqifing the nary spectroscopic analysis of ESO VEDRS?2 spectra (Paudel
outlined box-shaped region along the galaxy's major axie Box has ot 51 in prep.).

a side length corresponding to the major axis of the haliftlgliptical . . . .
isophote, or equivalently, three times its minor axis. Srngadue to The chorrespgndlng SteIIaMf:L In les (MT)Y ? 1‘;
seeing eects can occur in the innermost 1:5”. Despite the good agreement of age and metallicity fronedi

ent sources, we use the rather large age uncertainties lgjven
Michielsen et al. (2008) C@Gyr) to obtainM=L uncertainties
the low-luminosity counterpart to normal && galaxies, with (1:4*14). This conservative approach is supposed to also cover

few “dwarf-like” SO/Sa galaxies possibly bridging the gap to theny potentialM=L uncertainties inherent to the modelling pro-
more luminous systems (Lisker et al. 2006a). cess.

Do the dE(di)s have a signi cant dynamically hot compo-
nent, which would be expected for dEs with embedded disks, )
or are they consistent with being pure disk galaxies? A st a2-3. Kinematical data
sessment can be provided by examining an apparently edgezo : TR ; )
dE(di), IC 3435 (VCC 1304: Fig. 2: Lisker et al. 2006b). ltssax ZOfbtation and velocity dispersion curve of IC 3328 was pub

ratio of 0.33 equals the estimate for the intrinsic axisrafithe lished by Simien & Prugniel (2002), obtained from major-
dE(di)s from Lisker et al. (2007). While itis of course not axis long-slit spectroscopy taken at the Observatoire dgdda

whether ths galaxy hosis simiar spial structure as 1G22 ;G G 428 SO PEDEE E0ey T8 EEe 0t P
SF"! appears Wort_h éxamining Wh_ether a thin .d'Sk COMPOMENt, on: errors were propagated accordingly. We correchioirt-
visible in the vertical light pro Ie,_l.e. perpendicular the disk. .cIinati,on (Sect. 2.1) and take into account theet of nite disk
However, from the SDS&band image, no such component igyiciness on the line-of-sight velocity distribution (aiéd in
seen (Fig. 2) - the pro le appears perfectly consistent with Appendix A), yielding the rotation curve shown in Fig. 3. Wit
single exponenhal qleclme. . . the adopted intrinsic axis ratio of 0.33 (Lisker et al. 2Q@7¢ re-

In this context, it would be obvious to ask about the Kings i velocity correction is negligible<(3%) for radii beyond
matical properties ofthe .dE(d')S W'th spiral arms. Unfuau_aly, 0.5 disk scalelengths. The rotation curve published by @thh
useful kinematical data is only available for one of thesig-en 2003) is not used due to its signi cantly smaller radialentt it

matic objects, namely IC 3328, and only along its major ax : -
(Simien & Prugniel 2002). Here we attempt to draw conclusiorfofi?]%\nlr?a%isquare symbols in the left panel of Fig. 3, cascect

on the nature of IC 3328 from these data.
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2. Data 3. Kinematical analysis

2.1. Structural measurements Our approach is to analyse the kinematical data of IC 33288 wit
) i i o the assumption of a pure disk, as implied by the verticaltligh
Total magnitude, half-light radius, and ellipticity of 1338 g |e of IC 3435 (Sect. 1). We will then discuss based on the

were measured from-band images of the Sloan Digital Skyyegyits whether a two-component galaxy would be more likely
Survey (Adelman-McCarthy et al. 2007), as outlined in Liske

etal. (2008). The ellipticity of 0.87, measured atthe Wiglfitra- 1 |RAF is distributed by the National Optical Astronomy
dius, is consistent with the ellipticity that could be dedrom  opservatories, which are operated by the Association ofessities
the spiral structure only, as illustrated in Fig. 1. Thislg®ean for Research in Astronomy, Inc., under cooperative agreemith the
inclinationi = 30 . The radial surface brightness prole m National Science Foundation.
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Fig. 3. Rotation curve and the e ect of asymmetric drlft Large lled circles are the inclination-corrected measueats from Simien & Prugniel
(2002). The lower solid curve is a tof(r) = a(1 e b) to them. Taking into account the asymmetric drift (see)teasults in the small lled
circles, along with the corresponding t using the same fiorc(upper solid curve). In the left panel, we usg = 45 knYs, while 71 knfs is used
in the right panel. The inclination-corrected measuremé&am Geha et al. (2003) are shown as lled squares in thebafel.

3.1. Velocity dispersion with ¢~ being the asymmetric drift velocity. (We neglect

here the tilt of the velocity ellipsoid.) Adopting r=dR =
The observed line-of-sight velocity dispersionys is more or this |eads to

less constant with radius, within the measurement unceieai

(Simien & Prugniel 2002), at 35 kfs. For major axis spectra, it !

can be expressed in terms of the angular and the verticatityelo 2-2 2 1 1 Rd. R d (4)
dispersion as: R 2 < dR dR

= 2sirfi+ Zcodi (1) with the surface mass density

Since we do not want to impose any kinematical model
Following Gerssen (2000), we adopi = 0:8 g as our “work- on the analysis, we adopt the following simple method to de-
ing value”, but also perform our analysis using factors &f Orive d .=dR and determine ¢(R). The observed, |ncl|nat|on—
and 0.9 instead This range covers the values found for @alaxcorrected rotation curve is tted with(r) = a(1 e ©), and

l:.os:

of type T=1t0 5. For , we have its derivative is used as initial estimate fir.=dR at each data
point. The so derived rst iteration for(R) is then also tted
1 r Td with f(r), and the derivative is now used as a better estimate for
=7 -p— 1+ dF\C> (2) d =R applying equation 4. Here, the surface mass density
Cc

is taken to be the observed luminosity density, which isiokth
from the surface bnghtness pro le (Fig. 1) and the adoptisd d
which we estimate to be between 0.7 and 1. With the above ranggce of 1585 Mpc. No speci cM=L value needs to be assumed
of factors, this yields values for.o.s between 0.5 and 0.9 timesfor the conversion, since it occurs in both the enumeratditae

r,leadingto38 r. 71km's, with our working value being denominator of the last term of equation 4, thus cancelling o
45km's. In this and all following steps, we exclude data pointRat 3”,
since the luminosity density is only reliable for radii sigantly
larger than the SDSS seeing FWHM L:5").

This leads to the second iteration og(R), and is repeated
While the asymmetric drift has a minor ect on the observed one more time. The resulting data points fg(R) are then also
rotation curves of normal spiral galaxies, it can be muchenoitted with f(r), yielding a rotatiorcurveinstead of discrete data
signi cant for dwarf galaxies. The true orbital velocityagiven points only. The dierences between the last and second-last it-
radius, (R), and the observed velocity, , are related by the eration are very small ( 2knvs). In this procedure we always
radial Jeans equation as follows (Binney & Tremaine 1987): set (0) = 0. The resulting curves are shown in the left panel
of Fig. 3 for our working value g = 45 km's (Sect. 3.1), and in
S , the right panel for the extreme case of = 71km's. These are
d(In( R)) c 3) the rotation curves that enter the calculations of the fwilag
 drR 2 sections.

3.2. Asymmetric drift
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Table 1. Mass-to-light ratio in V. The colour transformatiov = model and for a Mestel disk. These values are listed in Table 2
r + 0:27 (Smith et al. 2002) was used. The rightmost column repteseand illustrated in Fig. 4, again for the thr€values.
the alternative scenario, in which only part of the obsemaddcity dis-
persion is attributed to the disk (see Sect. 4).
3.4. Density wave theory

An alternative estimate for the mass density can be obtained

Case M=Ly M=L, M=Ly . . . .
( reaskies) ( Re7Lkee)| ( pac=10kms) from density wave theory. It predicts the circumferentiave-
: length max at which density waves preferentially grow. In terms
Q=1 112 250 0:9 of the critical wavelength (Toomre 1964),
Q=15 74 167 0:6
Q=2 5:6 125 0:4 4 2G
= e 29 6:2 0:8 it = —5— (6)
+1:4
Stellar 140 the preferred wavelength is given by (Toomre 1981;
Athanassoula et al. 1987):
Table 2. Rotational velocity. Values at the half-light radius for an ex- A !
ponential disk and a Mestel disk, using the same cases able@Tarhe = X — crit (7
rightmost column represents the alternative scenariohismonly part 0

of the observed velocity dispersion is attributed to th& (kge Sect. 4). The coe cientX depends on the shape of the rotation curve

measured by Oort's constaff with
I

Case ~kms?! . kms!| =Kms? A - 1 1 Eh . @)
( R=45kFs) ( R=TLKIFS)| ( RAR=10kFS) o 2 cdrR 7’

E);BSE i's igg gg g? and is given in Fuchs (200%)The number of spiral armsy, is

Exp:lQ Y 89 133 27 given by how often max ts onto the annulus (Fuchs 2008):

EXP., = max 64 94 36 _2R_, .

Measured+ asym. drift 59 87 | 28 m= max ©)

mg:tg:lgf i's 19123 %gg gg From equations 6, 7, and 9, we have

Mestel O = 2 80 119 25 °R

Mestel, = max 58 84 34 = —_— (20)

4(3xA0

In contrast to the Toomre parameter, this involves no valoci
3.3. Toomre stability parameter dispersior® An approximation for taking into account the actual
) ) . . ... thickness of the disk yields a 15% lower value for the cee
Animportant diagnostic of the dynamics of a galactic disk&s  cjentX (see Appendix C), which we use in the calculation of the

Toomre (1964) stability parameter: resultingM=L values at the half-light radius (Table 1, labelled
R “ = max)- Like above for the Toomre parameter, rotational
Q= 336G (5) velocities can be predicted for an exponential and a Messkl d

(Table 2 and Fig. 4).
is the surface density andhe epicyclic frequency. The value
of Q for a thin disk must lie in the range4¢ Q . 2, to ensure
on the one hand that the disk is stable against local Jeatas in4. Discussion

bilities, but is also able to develop spiral arms on the ottzard . .

(Fuchs 2001). By choosing a value for Q, the mass density ;Lr:aesaﬂzlly:tlfugulrg E\?c’)lzdss t():)I/ué: qﬁnits tdaha%?cz?)czzoﬁt that

be obtained, yielding a mass-to-light ratio when combinét w P . y ! g _
However, no rotation curve had yet been obtained at that time

the observed luminosity density. With the now available kinematical data from Simien & Prugdni

In order to properly take into account the disk thiCkneSQOOZ) a more detailed investigation was possible
(adopted intrinsic axis ratio 0.33, see Sects. 1 and 2), we ¢ While the mass-to-light ratios derived with the Toomre cri-

culate how much more mass a thicker disk contains per surf%ce
o : : ; erion clearly exceed the stelldvi=L (Table 1), the value de-

area if it has the desired properties for spiral arm develpm . . ; . ' .

(Appendix B). This is equivalent to using an “ective Q" value rived using density wave theory is still compatible with #tel-

that is lower than the actual one for a thin disk. The abovgerzan:(ar value_. The predicted rotation curve of the .el?:p?]nentradim
of 1 < Q. 2thus changesto:®2 < Q. . 1:24 for the case rom = max provides good agreement with the measured,

% = 45 kn's, and 064 < Q 1:28for = 71kns asymmetric-drift-corrected curve (Fig. 4). However, Ifke the
- ’ e . . = .

Table 1 shows the resulting values fbt=L at the half- M=L, the curves derived from the Toomre criterion lie at too

light radius when choosin@Q = 1.0;1.5;2.0 (i.e.,, Q¢ = 2 Actually, 1=X is given there.
0:62,0:93 1:24 for r = 45km’s, etc.). These are compared 10 3 gjnce these calculations are performed based omsgemetric-
the stellarM=L from Sect. 2.2. drift-corrected rotation curve, a dependence on velocity dispersion is

The so derived mass density at the half-light radius can beplicitely included through, since the derivation of. from the ob-
used to predict the rotational velocity for an exponentiakd served ~ involves g (see equation 4).
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light ratios (Tables 1 and 2, rightmost colunfnin this case,
the derivedM=L values appear to be somewhat lower than the
inferred stellarM=L — but given that now the disk contributes
only part of the light that is used for the calculation, théues
are well compatible. The model rotational velocities nowoal
agree with the measured valdeis leads to a coherent picture,
in which 1C 3328 consists of a dynamically hot component with
an embedded thin disk.

Nevertheless, this interpretation must be regarded witeso
caution, given the measurement uncertainties, the maseaat
dial extent of the kinematical data, and the number of assump
tions and simpli cations made in the analysis. Clearly, awid
be desirable to obtain kinematical data of higher qualityori-
der to decrease the measurement errors and to trace thetgurve

Fig. 4. Measured versus predicted rotational velocitiesThe black larger radii. Furthermore, minor axis data would be desirab
lines are the same as in the left panel of Fig. 3, i.e. far= 45km/s.  order to pin down the velocity anisotropy.

The exponential (left) and Mestel (right) model velocitaes shown for Finally, we mention again that no thin disk component is
the cases given in Tables 1 and 2, = 1;1:5,2aswellas = mac  seen in the vertical light pro le of the apparently edge-d{di)

IC 3435 (see Sect. 1). It is of course not known whether this
galaxy hosts similar spiral structure. Nevertheless, deied

IC 3328 had a thin disk surrounded by a hotter component, then
IC 3435 would not be an edge-on version of the same kind of
object.

large velocities, implying that the picture of a pure diskisb-
ably too simple.

For the case of a very high velocity dispersion, Me. val-
ues are substantially larger (columns labelleg = 71 knVYs” in
Tables 1 and 2), and now also the value from mnaxisincom- 5. Summary
patible with the observed stellar range. The velocitiesstiee

samerelative behaviour as for the lower velocity dispersion: th ; _ . .
model velocities from the Toomre criterion are larger tteose 0WaIf galaxies with weak spiral structure by analysing tmek

from = max Which agree with the measured curve. Howeve atical data of IC 3328, the prototype of this galaxy popatat

the highM=_ values might indicate that the actual velocity dis!C our knowledge, no other object of this kind has kinematica
persion is indeed lower than in this extreme case. Of course djf.ita O.f su cient quality. Based on mass-to-light ratios C!env_ed
could argue that a signi cant amount of dark matter is preaen With di erent methods, we nd that the observed velocity dis-

well—yetGoha e 2002 concluced el g mater ST C S0 T e Y S 08 Sl
not contribute signi cantly within the half-light radiuof their bi | ynam h y p ol pd ' h 4
(admittedly small) Virgo dE sample. iguous conclusion is, however, not possible, due to theamo

TheM=L values from = maxare thus the only ones that ar ate radial coverage and the lack of minor-axis kinematietd

at least partly consistent with the inferred stellar valuenajor “We thus see our study as motivation to increase the amount of
: partly L 1a) 6(g\;/ood—quality kinematical observations for dEs.
di erence between the Toomre criterion and the density wave
approach is '.[hat _V(?|OCIty dispersion does not enter therld“ AcknowledgementsWe thank Eva Grebel for initiating this collaboration, and
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Appendix A: Finite disk thickness correction of the
observed rotation curve

In order to obtain a rst-order correction for the nite ttiness
of the disk, we approximate the density pro le of the galaishw
a double exponential,

R:hRe z=h,

=e ; (A1)

and then integrate along the line of sight over the densi

weighted rotational velocity:

12+

I:o:s:=N L dl (A.2)

cos@os;€) ¢

ith N being the normalization factoR = IOx2 +y2, andl =

Fig.B.1. The ToomreQ parameter corrected for the nite thickness
h,= it of a galactic disk. The right dashed line represents the case

r = 45km's, and the left dashed line is forr = 71 km's. See the
text of Appendix B for details.

ty- . .
\X/herek denotes the wave number of the Fourier term. Following

Toomre (1964) we consider a disk of nite thickness as a super
position of in nitesimally thin disks,

y2 + 22, such that the x-direction is perpendicular to the line d¥hich leads at the midplane to

sight. The unit vectors.. ande are de ned in the direction of

the line of sight and the direction of the (cylindrically asged)
circular rotation of the galaxy, respectively.
We assume that the vertical scalelengthis much smaller

Z .
2G k4 1 iy 1€
2) = ——¢ dhe ¥ N— B.2
@ ikj 1 2h, (8.2
. 2Gy 1
(z=0)= K 1+Kn, (B.3)

In the following we use the reduction term«kh,) *, which

than the radial scalelengtiz, and perform a Taylor expansion ofis slightly di erent from that adopted by Toomre (1964), to mod-
the integrand abouwt= 0 to second order. After the integrationjfy the diagnostics of the dynamical state of a galactic disk

we neglect terms higher than second ordédr,iryielding

11
R, din o
Ztarfi 1 30nR)

csSini 1 =7

(A.3)

l.os: =

nite thickness.

Fuchs & von Linden (1998) show in their Appendix A1 how
such a correction term must be applied to the dispersiotioala
for ring-like perturbations of the disk. In their analydtsichs &
von Linden (1998) adopted an exponential velocity distidou

Adoptinghg=h, = 3 (Lisker et al. 2006b) and using the inclinaif we switch back to a Schwarzschild distribution as assumed

tioni = 30 (Sect. 2.1), this results in

!
l:os = cSinié dln o) é

d(inR)
Appendix B: The Toomre stability criterion
corrected for the nite thickness of galactic
disks

The gravitational potential of a Fourier component of thézaxe
density of an in nitesimally thin disk is given by

1h
2R

(A.4)

— 26 keikx kizj

= (B.1)

by Toomre (1964), we nd for the line separating exponeitial
growing perturbations from neutrally stable perturbagionthe
space spanned byrkeii= (or Q) and the wavenumber,

_zeki 2= 2 ékzé 1
1= 7 e ué—z Ty (B.4)

wherelp denotes the modi ed Bessel function. Equation B.4 is
a modi ed version of equation (62) of Toomre (1964).

WhenQ is drawn as a function of = 2 =k, we always nd
a lower limit for Q, above which perturbations are stable on all
wavelengths. This is illustrated as solid line in Fig. B.k éan
be seen from the gure, the allowed values are smaller than
one, which means that a disk of nite thickness can be signi -
cantly more massive than an in nitesimally thin disk, bull &te
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dynamically stable. However, it needs to be taken into actou
that the vertical scale height, in units of i enters into the
calculation. Therefore, if one increases the disk surfaresitly,

Q will drop, but h,= ¢t drops as well. Thus the most massive,
but still dynamically stable disk model is reached wiig(orig-
inally Q = 1) has dropped by the same fraction as the originally
calculatedh,= it. These models are indicated by the intersec-
tions of the solid line and the dashed lines in Fig. B.1.

Appendix C: Density wave theory analysis with a
correction for nite thickness

We use the same reduction factor as derived in Appendix B to
correct the prediction of density wave theory for nite tkic
ness of the disk. Since we follow “swing-ampli cation” thgo
(Toomre 1981), we can straightforwardly use the formaligm o

Fuchs (2001). We have multiplied th(a kerri€l of his equa-
1

tion (68) by the reduction factorl+ h, kZ+ki and have

solved again the Volterra integral equation. The principallt

is that the operation characteristics of the swing-amplireech-
anism, i.e. at whictk, andki ampli cation peaks, are hardly

a ected by this correction, the ect being of the order of 15%.
Only the ampli cation amplitude is much reduced as compared
to in nitesimally thin disks. This shows again that disks oite
thickness are dynamically more stable than razor-thinsdisk




