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ABSTRACT

We present the first dynamical analysis of a galaxy cluster to include a large fraction of dwarf galaxies. Our
sample of 108 Fornax Cluster members measured with the UK Schmidt Telescope FLAIR-II spectrograph contains
55 dwarf galaxies (15.5 > b, > 18.0 or —16 > M > —13.5). Ha emission shows that 36% =+ 8% of the dwarfs are
star forming, twice the fraction implied by morphologicd classifications. The total sample has a mean velocity of
1493 + 36 km s and a velocity dispersion of 374 + 26 km s™*. The dwarf galaxies form a distinct population:
their velocity dispersion (429 + 41 km s ) is larger than that of the giants (308 + 30 km s™) at the 98% con-
fidence level. This suggests that the dwarf population is dominated by infaling objects whereas the giants are
virialized. The Fornax system has two components, the main Fornax Cluster centered on NGC 1399 with ¢z =
1478 km s* and ¢, = 370 km s* and a subcluster centered 3° to the southwest including NGC 1316 with
cz = 1583 km s* and o, = 377 km s*. This partition is preferred over a single cluster at the 99% confidence
level. The subcluster, a site of intense star formation, is bound to Fornax and probably infalling toward the cluster
core for the first time. We discuss the implications of this substructure for distance estimates of the Fornax Cluster.
We determine the cluster mass profile using the method of Diaferio, which does not assume a virialized sample.
The mass within a projected radius of 1.4 Mpc is (7 + 2) x 10" M, and the mass-to-light ratio is 300 =
100 M, /L. The mass is consistent with values derived from the projected mass virid estimator and X-ray

measurements at smaller radii.

Subject headings: distance scale— galaxies: clusters. general — galaxies. clusters: individual (Fornax)

1. INTRODUCTION

Asthe largest gravitationally bound systems in the universe,
clusters of galaxies offer unique constraints on the formation
of large-scale structure: models of galaxy infall onto clusters
predict the velocity distributions of the infalling galaxies in
terms of the density enhancement of the cluster and the cos-
mological mass density Q, (Regos & Geller 1989). On smaller
scales, clusters also provide important clues for theories of
galaxy formation and evolution: the broader distribution of late-
type (star-forming) galaxies compared with early typesin both
poor clusters (e.g., Virgo; Huchra 1985) and rich clusters (e.g.,
Coma; Coalless & Dunn 1996) is generaly interpreted as evi-
dence that the late-type galaxies are falling into the clustersfor
the first time, whereas the early types are an older, virialized
population. These observations are based on luminous cluster
galaxies (Mg < —16), even though they are greatly outnum-
bered by dwarf galaxies. Studies of the dwarf populations are
limited to small samples in nearby clusters and groups, such
as the Fornax Cluster (Held & Mould 1994) and the Sculptor
and Centaurus A groups (Coté et a. 1997). In these studies,
the dwarfs had more extended vel ocity and spatial distributions
than the giants, but not at statistically significant levels. It is
timely to investigate the behavior of dwarfs in clusters using
larger samples, as numerical simulations of cluster formation
can now resolve the formation of dark matter halos the size of
dwarf galaxies (Ghigna et al. 2000).

We present adynamical study of the Fornax Cluster, anearby
poor, but relatively dense cluster. Our sample includes a sig-
nificant number of dwarf galaxies that form a distinct popu-
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lation kinematically. We find strong evidence that Fornax has
a distinct subcluster containing a high concentration of star-
forming galaxies. For our analysis we adopt a cluster distance
of 20 Mpc (Mould et a. 2000; but see discussion below).

2. GALAXY SAMPLE

Our analysisis based on alarge study (Drinkwater et a. 2001)
of the Fornax Cluster made with the FLAIR-I1 spectrograph on
the UK Schmidt Telescope (UKST). We obtained redshifts for
516 galaxies with b, < 18 in a 5°8 x 5°8 field centered on the
Fornax Cluster. Mogt of the targets (426, or =~30% of all galaxies
in the field with 16.5 < b, < 18.0) were compact galaxies (scale
lengths <4") selected from a digitized UKST plate to search for
new_compact cluster members. The spectra have a resolution of
13 A (velocity uncertainty Av = 50 km s%). Eighteen were
confirmed as cluster members, nine being new compact cluster
dwarfs (Drinkwater & Gregg 1998). We aso aobtained 5.3 A
resolution spectra(Av = 30 km s™*) for asample of 90 gaaxies
listed as probable cluster membersin the Fornax Cluster Catalog
(FCC; Ferguson 1989); this is 54% of the FCC members with
b, < 18. All 90 were confirmed as cluster members, giving a
total sample of 108. The 53 galaxies with b, <155 (Mg <
—16) we classify as giants and the remainder (55) as dwarfs.
We dso spectroscopicaly classify each galaxy as late type or
early type; the 42 galaxies with Ha: emission equivaent width
greater than 1 A (a 3 o detection) were classified as late and the
remainder (66) as early. Of the 43 dwarf galaxies with early-
type morphological classifications in the FCC, 11 had enough
Ho emission to be reclassified by this criterion, so that
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Fic. 1.—Cumulative distribution functions of (a, b) Fornax galaxy velocities
for the total sample and (c, d) projected radii for the Fornax-main group only.
In the top panels the total samples are compared with the early- and late-type
subsamples, and in the bottom panels they are compared with the giant and
dwarf subsamples. Also shown is (a, b) the Gaussian fit to velocities of the
total sample and (c, d) the King model fitted to the radial distribution of the
whole cluster (Ferguson 1989).

36% =+ 8% of the dwarfs are spectroscopic late types compared
with 18% based on morphologicd classifications. The impli-
cations of this observation on the evolution of star formationin
dwarf galaxies are discussed by Drinkwater et a. (2001).

3. EVIDENCE FOR SUBSTRUCTURE

The Fornax Cluster has previously been noted for itsrelatively
smooth Gaussian velocity distribution (Madore et a. 1999). Us-
ing the W-test on our data for Fornax, we find that the total
sample of 108 galaxies has a velocity distribution that is mar-
gindly non-Gaussian (at the 91% confidence level), but the late/
early and giant/dwarf subsamples are al consistent with Gaus-
sians at the 2 ¢ level (Figs. 1a and 1b). The total sample has a
mean velocity of 1493 + 36 km s™* and a velocity dispersion
of 374 + 26 km s™*, in agreement with other work (see Drink-
water et al. 2000). Using the t- and F-tests, we find no significant
differences in the mean velocities of the different subsamplesor
the velocity dispersions of the early- (356 + 31 km s™) and
late-type samples (405 + 45 km s™). Thereis, however, asig-
nificant difference (at the 98% level) in the velocity dispersions
of the dwarfs (429 + 41 km s™) and the giants (308 +
30 km s™). This was suspected by Held & Mould (1994), but
their sample was too small for a significant result. We discuss
the implications of this observation in § 5 below.

We applied the “ k-test” of Colless & Dunn (1996) to the total
sample to test for velocity substructure. This test takes groups
of the N nearest neighbors to each galaxy and compares the
velocity distribution of the group to that of the whole cluster.
The test revealed substructure for the N = 4 case at the 96%
significance level, notably for a group to the southwest of the
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Fic. 2—Adaptively smoothed plot of the number density distribution of For-
nax galaxies projected onto a plane of velocity against distance along a vector
running southwest to northeast. The five brightest cluster galaxies are marked
by circles for early types (NGC 1380, NGC 1404, and NGC 1399 from top to
bottom) and plus signs for late types (Fornax A and NGC 1365 from top to
bottom). Also indicated by asterisks in squares are the four late-type galaxies
with very strong star formation activity (NGC 1341, FCC 35, FCCB 2144, and
FCC 322 from top to bottom).

cluster center. Figure 2 shows an adaptively smoothed projection
of the galaxy number density onto a plane of velocity against
distance along a diagona vector running through the cluster
center from southwest to northeast, chosen to isolate the group
in the southwest corner of the cluster. We used a mixture-
modeling agorithm to locate the substructure. This agorithm
searches for the maximum likelihood partition of a cluster into
a specified number of subclusters (see Colless & Dunn 1996).
We used a coordinate system based on offsets in projected sep-
aration on the sky measured in arcminutes from the position of
NGC 1399 (o = 03"38™29:0, 6 = —35°27'1" [J2000]). The
anaysis identified a very robust partition of the sample into a
92-member cluster (“Fornax-main”) centered at (3', 18', 1478
km s™%) with o, = 370 km s™* and a 16-member subcluster
(“Fornax-SW") at (—168', —72', 1583 km s ) with o, =
377 km s*. Fornax-main is centered near NGC 1399, while
Fornax-SW is dominated by NGC 1316 (Fornax A); see Fig-
ure 3. The estimated correct alocation rate was 99%, and the
partition was preferred over a single distribution at the 99%
confidence level. A further partition of Fornax-main identified
a high-velocity clump (including the probably infalling NGC
1404 and associated objects; see below) projected on the cluster
center, but this partition was not significantly better than asingle
distribution.

The radial distribution of the 92 galaxies in the Fornax-main
cluster alone is shown in Figures 1c and 1d. Even on removing
the spiral-rich Fornax-SW subcluster, the remaining 29 late-type
galaxies are much more extended than the 63 early types (at a
K-Stest significance level of 99%). In addition, the Fornax-main
sample is no longer well described by a King profile (Ferguson
1989), excluded at a K-S significance level of 90%. Comparison
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FiG. 3.—Partition of the Fornax system into two subclusters. (a) Adaptively
smoothed plot of the number density distribution of Fornax galaxies on the
sky (gray scale). The positions of cluster members are shown by circles (early-
type galaxies) and plus signd/asterisks (late-type galaxies). The asterisks in-
dicate galaxieswith high star formation rates. The symbol sizesare proportional
to luminosity. The dashed ellipses are the 2 ¢ limits of the subclusters. (b)
Velocity histograms of the total sample (no shading), the Fornax-main cluster
(light shading), and the Fornax-SW subcluster (heavy shading) with the fitted
Gaussians overlaid.

of the dwarf and giant distributions in Fornax-main (Fig. 1d)
shows that the dwarfs are more spatially extended at a K-S
significance level of 94%.

4. CLUSTER MASS PROFILE

Thedistributions of galaxy velocitiesagainst projected radius
from cluster centers are predicted to exhibit caustic structures
due to the overlapping of shells of infalling galaxies (Regos
& Geller 1989), but this has previously been detected only in
the Coma Cluster (Geller, Diaferio, & Kurtz 1999). We plot
this distribution for Fornax in Figure 4. A caustic-like structure
is strongly suggested when we consider just the early-type
galaxies (circles). If red, this is the first detection of caustic
structure in such a poor cluster, but the numbers of galaxies
aretoo low to accurately determine the location of the caustics.
For comparison we plot one caustic curve for a model (Praton
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Fic. 4—Top: Radia velocities of Fornax galaxies plotted against projected
radius from the cluster center. Early-type galaxies are circles, and late types
are plus signs. The solid and dotted lines indicate the locus of the velocity
amplitude .7(x) and its uncertainties discussed in the text. The dashed lines
indicate the locus of a caustic curve for a model with Q, = 0.3, 0, =
374 km s, ry., = 2.4 Mpc. Bottom: Integrated mass profile of the Fornax
Cluster derived by integrating the velocity amplitude profiles (solid and dotted
lines), from the projected mass virial estimator (dashed line) and from X-ray
observations by lkebe et al. (1996; squares) and Jones et al. (1997; circle).

& Schneider 1994) with @, = 0.3, 0, = 374 km s*, and a
turnaround radius of 2.4 Mpc, corresponding to a cluster mass
of 9 x 10" M, and a viria radius of 0.7 Mpc.

Although the caustics are not well defined, we can use the
method of Diaferio (1999) to measure the cluster mass, as it
provides a robust estimate without making assumptions of
dynamica equilibrium. Briefly, the method works by defining
caustic-like curves of the velocity amplitude .¢(r) as shown in
Figure 4. The amplitude is defined by the points wherethe galaxy
density fals below a threshold «, defined to minimize the dif-
ference between the escape velocities calculated from _7(r) and
estimated from the central velocity dispersion. The amplitude
profile is then integrated to yield the mass profile GM(<r) =
3 Jo ~(*(x)dx, also shownin Figure 4. At small radii theresulting
mass profile agrees well with independent estimates from X-ray
measurements a the center of the cluster. The total enclosed
mass at aradius of 1.4 Mpcis (7 + 2) x 10" M. Integrating
the blue light from all galaxies out to the same radius, we get
L, =2 x 10" L, and a mass-to-light ratio of 300 + 100
Ma/Lg, in the normal range for clusters (Bahcall et al. 2000).
Limiting the analysis to the 92 galaxies of the main subcluster,
we obtain a dightly smaller mass of (5 = 2) x 10® M. We
also estimated the cluster mass by applying the viria theorem
to the early-type galaxies aone (Fig. 4). We used the mean of
the projected-mass estimators for radial and isotropic orbits (see
Heider, Tremaine, & Bahcall 1985). Interestingly, the projected-
mass estimator based on the early-type galaxies alone converges
toamassof 9 x 10® M, consistent with that found using the
Diaferio method applied to all galaxies in the cluster. We also
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applied the virid (projected-mass) estimator to the southwest
subcluster, obtaining amassof 6 x 10" M, but thisisan upper
limit, as this subcluster is presumably not virialized. Alterna
tively, if it had the same mass-to-light ratio as the main cluster,
its mass would be 2 x 10* M.

5. DISCUSSION

As the difference in velocity dispersions between the dwarfs
(429 + 41 km s™) and the giants (308 = 30 km s™%) is con-
sistent with the expected ratio of V2 : 1forinfallingandvirialized
populations (Colless & Dunn 1996), we conclude that the dwarf
population is dominated by infalling objects whereas the giants
are virialized. The more extended spatia distribution of the
dwarfs supports this conclusion. This is the first detection of
such separation of cluster components by mass, and it is not
consistent with numerical simulationsof cluster formation, which
do not show any mass segregation in the velocity dispersions
(Ghignaet al. 2000). An dternative explanation isthat dynamical
relaxation (e.g., by dynamical friction of the massive gaaxies)
could have caused the mass segregation. The timescale for this
is ~2 Gyr for the Fornax Cluster. Even assuming the dwarfs are
only 5 times less massive than the giants (for a mass-to-light
ratio 10 times that of the giants), relaxation would give a dwarf
velocity dispersion /5 times that of the giants. We cannot rule
out partial relaxation giving the observed ratio, but this requires
fine tuning of the mass segregation compared with the picture
of_infalling/virialized samples, which naturaly predicts the
V2 : 1 ratio observed here and in the Virgo and Coma Clusters.

The Fornax-SW subcluster has a recession velocity
(105 + 102) km s* greater than that of the Fornax-main clus-
ter. We attempted to constrain the physical motion of the sub-
cluster using a two-body model as in Colless & Dunn (1996).
The small relative motion of the two components gave a range
of possible solutions, both incoming and outgoing. All the so-
Iutions were bound. Assuming all projection angles are equally
probable, the most likely solutions have Fornax-SW infalling
at velocities of 100-500 km s™* at radii of 3.5-1.1 Mpc. An
infalling solution is supported by individual galaxy properties:
Fornax-SW is a site of intense star formation, containing 15%
of al galaxies in the total Fornax sample but 31% of the star-
forming galaxies. This subcluster contains two of the four clus-
ter galaxies with exceptionally high star formation rates,
NGC 1341 and FCC 33 (Figs. 2 and 3), and a large amount
of neutral hydrogen (Putman et a. 1998), unlikely to have
survived a passage through the cluster core. Furthermore, ob-
servations of Fornax A in the subcluster (Ekers et al. 1983)
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indicate that it has a projected velocity of approximately 80
km s™* northward, consistent with infall. Similarly, the sub-
group seen in projection on the cluster core (seen in Fig. 2 at
450 km s%) is probably real and infalling, although it was not
robustly identified. This group contains NGC 1404, which has
a distorted X-ray envelope indicative of infall (Jones et al.
1997), and theirregular galaxy NGC 1427A, which showssigns
of being disrupted by itsfirst passage through the cluster (Chan-
ame, Infante, & Reisenegger 2000). The morphologies of both
these galaxies are indicative of material blown off behind them
as they move toward the cluster center.

The substructure that we have identified in Fornax bears on
the determination of its Cepheid distance. There are now three
Cepheid distances to spirals in the Fornax region: NGC 1365 at
18.6 Mpc (Madore et al. 1999), NGC 1326A at 18.7 Mpc (Pros-
ser et a. 1999), and NGC 1425 at 22.2 Mpc (Mould et al. 2000).
Mould et a. suggest that the mean of these (=20 Mpc) be
adopted, but this may till not yield an accurate cluster distance.
Though seen in projection only 70’ (~0.4 Mpc) from the cluster
core and with a similar velocity, NGC 1365 (see Fig. 2) may
be situated near the turnaround radius (~2 Mpc out or ~10% in
distance), given the tendency of late-type galaxies to avoid the
cluster core. If NGC 1365 were in the cluster core, it might be
expected to show morphological peculiarities like spiras in
Virgo, Coma, and other clusters (see Bravo-Alfaro et a. 2000),
but it is symmetric at wavelengths from optical to 20 cm (Lind-
blad 1999). With an identical Cepheid distance, and asamember
of the infalling Fornax-SW subgroup (Fig. 3), NGC 1326A is
also a doubtful indicator of the distance to the Fornax core.
NGC 1425 is perhaps a better gauge of the cluster distance, but
it is 526 (~2 Mpc), or ~10 core radii removed from the cluster
center; it is not even clear whether NGC 1425 belongs to Fornax
or the nearby Eridanus Cluster (Mould et al.). While a simpler
system than the Virgo Cluster, Fornax nevertheless presents its
own difficulties for an accurate distance measurement using Ce-
pheids; a secure result awaits observations of additional spirals
unambiguoudly residing in the cluster core.
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