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ABSTRACT

We report on a multiwavelength study of the relationship between young star clusters in the Antennae
galaxies (NGC 4038/9) and their interstellar environment, with the goal of understanding the formation
and feedback effects of star clusters in merging galaxies. This is possible for the first time because various
new observations (from X-rays to radio wavelengths) have become available in the past several years.
Quantitative comparisons are made between the positions of the star clusters (broken into three age
groups) and the properties of the interstellar medium by calculating the two-point correlation functions.
We find that young star clusters are distributed in a clustered fashion, demonstrated by power-law
angular autocorrelation functions with slopes in the range —0.8 to —1.0. The young embedded clusters
(ages ~5 Myr) are found to be more associated with long-wavelength radiation (mid-infrared and
longer), while clusters with ages ~10 Myr or older are more associated with short-wavelength radiation
(e.g., far-UV and X-ray). The youngest star clusters are associated with molecular cloud complexes with
characteristic radii of about 1 kpc. In addition, there is a weak tendency for them to be found in regions
with higher H 1 velocity dispersions. There is some evidence that both cloud-cloud collisions and shocks
from recent star formation can trigger star cluster formation, but no dominant triggering mechanism is
identified for the majority of the clusters in the Antennae. Feedback from young bright cluster complexes
reveals itself in the form of large Ha bubbles and Ha velocity gradients in shells around the complexes.
We estimate the current star formation rate to be ~20 M, yr~ ! and the gas consumption timescale to
be ~700 Myr. The latter is comparable to the merging timescale and indicates that star formation has
been enhanced by the merger event. Finally, we find that the Schmidt law, with index N ~ — 1.4, is also
a good description of the cluster formation triggered by merging in the Antennae. There is some evi-
dence that feedback effects may modify the Schmidt law at scales below 1 kpc.

Subject headings: galaxies: individual (NGC 4038/9) — galaxies: interactions — galaxies: star clusters —

stars: formation
On-line material : machine-readable table

1. INTRODUCTION

During the last decade, Hubble Space Telescope (HST)
observations have revealed the presence of many young star
clusters formed in various mergers along the Toomre (1977)
sequence (e.g., NGC 4038/9, Whitmore & Schweizer 1995,
hereafter WS95; Whitmore et al. 1999; NGC 3921, Schwei-
zer et al. 1996; NGC 7252, Miller et al. 1997; NGC 3256,
Zepf et al. 1999; see Schweizer 1998 and Whitmore 2001 for
reviews), as well as a variety of other starburst galaxies (e.g.,
NGC 1275, Holtzman et al. 1992; Carlson et al. 1998 ; M82,
de Grijs, O’Connell, & Gallagher 2001). These young star
clusters are often regarded as candidate “young globular
clusters.” Indeed, the brightest star clusters formed in
mergers have properties (mass, size, etc.) similar to those of
old globular clusters (GCs). On the other hand, the lumi-
nosity and mass functions of the young star clusters are
completely different from those of old GCs, being power
laws for the young star clusters (e.g., Whitmore et al. 1999;
Zhang & Fall 1999 and references therein), and lognormal
or similar centrally peaked distributions for old GCs (with a
“preferred” scale at M, ~ —7.3 mag and M ~ 2 x 10°
Mg ; e.g., Harris 1991). Theoretical studies show that dis-
ruption by various effects might convert an initial power-
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law mass function into a centrally peaked one over a
Hubble time (Vesperini 1998; Baumgardt 1998; Fall &
Zhang 2001). Thus, the study of young star clusters formed
in mergers may increase our understanding of the formation
of GCs in the early universe.

Irrespective of the GC issue, the discovery of many young
star clusters in mergers provides a good opportunity to
observe cluster evolution directly and to test theories that
have been proposed for their formation. For example, clus-
ters might form in the cool and compressed gas behind
strong shocks resulting from the collision of high-speed
streams in the violent environment of merging galaxies
(Gunn 1980; Kang et al. 1990). It has also been suggested
that the turbulent velocities between molecular clouds need
to be larger than 50-100 km s~ ! before clusters can form,
and higher velocity collisions may favor the formation of
more massive clusters (Kumai, Basu, & Fujimoto 1993).
The high-speed motions may also lead to high-pressure
environments that trigger turbulence or shocks (Jog &
Solomon 1992; Elmegreen & Efremov 1997; Elmegreen et
al. 2000). Fall & Rees (1985) have proposed a general two-
phase structure due to thermal instability and/or shocks
that leads to cool clouds compressed by surrounding hot
gas (see also Kang et al. 1990). Finally, star formation may
be triggered by stellar winds and supernova explosions of
young massive stars through compression by turbulent
motions (e.g., Larson 1993). We may be able to distinguish
between these different models by determining the corre-
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lation between young star clusters and factors in their inter-
stellar environment, such as the atomic and molecular gas
content, the velocity gradient, and the velocity dispersion.

The Antennae galaxies (NGC 4038/9) provide the nearest
opportunity for studying young star clusters formed in a
prototypical merger. A large sample of star clusters with a
variety of ages has been identified using the WFPC2 on
board the HST (Whitmore et al. 1999). Following the orig-
inal discovery of the young clusters, this merger has been
the focus of a full arsenal of state-of-the-art observations
across a wide range of wavelength bands over the past few
years. These include hydrogen 21 cm line emission (Hibbard
et al. 2001), radio continuum at 6 and 3.5 cm with the VLA
(Neff & Ulvestad 2000), CO (1-0) observations with the
Caltech Millimeter Array (Wilson et al. 2000) and with
BIMA (Lo et al. 2000), far-infrared emission at 450 and 850
um with SCUBA (Haas et al. 2000) and at 100-160 um
(Bushouse, Telesco, & Werner 1998) and 60 ym with the
Kuiper Airborne Observatory (KAO) (Evans, Harper, &
Helou 1997), mid-infrared emission at 15 um with the Infra-
red Space Observatory (ISO) (Vigroux et al. 1996; Mirabel et
al. 1998) and at 10 um with the NASA Infrared Telescope
Facility (Bushouse et al. 1998), Ha line and UBVI broad
bands with HST (Whitmore et al. 1999), far-ultraviolet
(FUV) at ~1500 A with the Ultraviolet Imaging Telescope
(UIT) (Neff et al. 1997), and soft X-ray observations with
ROSAT (Fabbiano, Schweizer, & Mackie 1997) and with
Chandra (Fabbiano, Zezas, & Murray 2001). Velocity fields
have also been obtained in the hydrogen 21 cm line
(Hibbard et al. 2001) and He line (Amram et al. 1992). The
wealth of information available on the Antennae provides a
unique opportunity to conduct a comprehensive study of
the relation between star clusters and their interstellar
environment and thus provides the ideal laboratory to
study how star clusters form. The main limitation in this
program is that some observations at longer wavelengths
have relatively low spatial resolution (e.g., 17" at 60 yum and
1174 x 7"4 with hydrogen 21 cm line emission).

In this paper we explore the spatial distribution of star
clusters of different ages and compare these with the inten-
sities observed at other wavelengths. We quantify these
comparisons by calculating two-point correlation functions.
This objective statistic complements, in a quantitative
manner, the subjective impressions one obtains from
visually examining the maps. However, we recognize that
this technique does not make full use of all the available
information. Our goal is to determine the spatial associ-
ation between star clusters and the properties of their inter-
stellar environment. Some of the questions we hope to
explore are as follows: What conditions are required for
cluster formation? Is there direct evidence showing that
high-speed gas motion and shocks have triggered the for-
mation of young clusters? How is the cluster formation rate
related to local gas content? Does the Schmidt law hold
for star and cluster formation in mergers at subgalactic
scales?

The plan for the remainder of the paper is the following.
In § 2 we divide the sample of clusters into three age groups.
We describe our method for estimating correlation func-
tions in § 3. We then calculate in § 4 the autocorrelation
functions for star clusters. In §§ 5 and 6 we cross-correlate
the positions of star clusters with intensity and velocity
maps. In § 7 we discuss the Schmidt laws for star and cluster
formation in the Antennae on subgalactic scales. Finally, in
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§ 8 we summarize our results and discuss some implications
relevant to the cluster formation scenarios. Throughout, we
adopt a distance of 19.2 Mpc for the Antennae (H, = 75 km
s~ 1 Mpc 1), corresponding to a distance modulus of 31.41.

2. STAR CLUSTER AGE GROUPS

The star clusters in the Antennae galaxies are found to
have a wide spread of ages, ranging from <10° to =10!° yr
(Whitmore et al. 1999 and tables therein). In this study we
use the same HST WFPC2 data as in Whitmore et al.
(1999). From this cluster sample, we form three major age
groups of young star clusters: the red clusters (denoted as
“R ™), the young bright clusters (denoted as “B1”), and the
older bright clusters (denoted as “B2 ™). The R sample con-
tains candidates for the youngest star clusters, since they
appear to be embedded still in dusty clouds. The B1 and B2
samples contain more evolved clusters where much of the
surrounding gas has been removed. We do not consider
intermediate-age (~500 Myr) or old globular clusters
because they have small sample sizes and they are likely to
have moved far from where they originally formed.

We define the R clusters as clusters with ¥V —1I > 2. To
reduce possible stellar contamination, we require the
extinction-corrected magnitude to be brighter than M, =
—10. In estimating the extinction for the R sample, we
adopt an intrinsic color of (V —1I), ~ 0.0, based on a solar
metallicity cluster less than 3 Myr old in stellar population
synthesis models (e.g., Leitherer et al. 1999). Moreover, we
exclude individual objects that were identified as fore-
ground stars and old globular clusters by Whitmore et al.
(1999).

We verify the young ages of the R clusters by comparing
them with stellar population synthesis models in both the
U—B versus B—V diagrams and the reddening-free Q
parameter diagrams, as discussed by Zhang & Fall (1999).
We first correct the U-band magnitudes of the R clusters for
the red leak of the F336W filter of the WFPC2 by adopting
the values listed in the WFPC2 manual for M stars with
values of V —I similar to those of the R clusters. In Figure 1
we show both the stellar population synthesis models
(Starburst99, Leitherer et al. 1999; A. G. Bruzual &
S. Charlot 1996, unpublished, hereafter BC96) and the
objects with errors in both U— B and B— V smaller than 1
mag. We find that 17 out of the 19 objects (nearly 90%) are
in the regions of the diagram indicating young ages (i.e.,
0, < —0.7; age < 10 Myr). This confirms the young age of
the R clusters. The scatter toward more negative values of
0, may indicate that we have not fully corrected for the red
leak in the F336W filter. We exclude the objects with 0, >
—0.7 (corresponding to old ages as discussed above) from
the subsequent analysis. This results in a sample of 84
objects, listed in Table 1.

Our R sample includes the well-studied cluster 80 from
WS95, hereafter WS 80, which has age estimates of ~4 Myr
(Gilbert et al. 2000) and 5.5 Myr (Mengel et al. 2001) from
infrared spectroscopy. We estimate the extinction of WS 80
to be 4, = 5.7-6.2 using V —I colors and stellar population
synthesis models (Leitherer et al. 1999; BC96). Other esti-
mates of the extinction are A, ~ 9—10 (Gilbert et al. 2000)
and 4, = 4.3 £+ 0.3 (Mengel et al. 2001). We note that these
young clusters are relatively faint as a result of higher levels
of extinction and are thus subject to larger observational
errors than bright clusters. This introduces some uncer-
tainty in the separation of heavily obscured young clusters



No. 2, 2001

.0 1.5 2.0 2.5

05[ T T T T

Qe

-2.0L . . | .

Q

F1G. 1.—Comparison of the R clusters and stellar population synthesis
models in the color-color diagram and the reddening-free Q parameter
diagram. Only the R clusters with errors in U—B and B—V less than 1
mag are shown. The solid and dotted lines represent the BC96 and
Starburst99 models with solar metallicity, respectively. The numbers label
the logarithmic age in years for the models. The arrow in the upper panel
shows a standard reddening vector with 1 mag of extinction. The cross in
the lower panel shows the error-weighted average position of the objects
with Q; < —0.7. Note that most of the R clusters have an age of ~5 Myr.

from red stars, which may not be entirely excluded from the
R sample.

We identify the B1 and B2 samples with the use of the
0,0, diagram by the same procedure as in Zhang & Fall
(1999). By comparing the Q parameters with stellar popu-
lation synthesis models, we determine the ages, intrinsic
colors, and extinction for the clusters. We use the BC96
models with a Salpeter initial mass function (IMF) and
solar metallicity. We also require the extinction-corrected
M, to be brighter than —9 because almost all known indi-
vidual stars are fainter than this limit (Humphreys 1983).
The mean extinction, A, varies from ~ 1.5 for the youngest
B1 clusters (t < 10 Myr) to ~0.3 for the oldest B2 clusters
(t 2 100 Myr). The masses of the clusters are mostly
between 10* and 10° M, (Zhang & Fall 1999). The B1 and
B2 samples are defined as the clusters with ages 3 <t < 16
Myr and 16 <t <160 Myr and contain 1560 and 327
objects, respectively. The division at 16 Myr between the
two samples is mainly due to a sharp cusp in the tracks of
stellar synthesis models in the Q,Q, diagram (see Fig. 1 of
Zhang & Fall 1999). The brightest objects in the B1 sample
are listed in Whitmore et al. (1999). We note that the B1 and
B2 clusters are selected according to their intrinsic rather
than their apparent colors; this procedure minimizes any
selection biases caused by obscuration.
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We also identify a sample of candidate young stars for the
purpose of comparing their distribution with those of the
clusters (see § 4). About 4000 candidate young stars are
selected based on the criteria that they are relatively faint
(—6.0 < M, < —9.0) and are located far from the stellar
population synthesis models in the Q,Q, diagram. Based on
their luminosities, most of these objects are probably indi-
vidual massive stars younger than 107 yr, although some
might be small associations where a single star dominates
both in brightness and color.

3. CORRELATION FUNCTIONS

We will adopt the two-point correlation function to
explore the distribution of star clusters and their association
with flux maps and velocity fields in other wavelength
bands. This quantitative measure of clustering is useful as a
complement to the visual impression of the maps. Gener-
ally, the three-dimensional two-point correlation function
&(r) is defined such that ii[1 + &(r)]d>r is the probability of
finding a neighbor in a shell element with volume d°r at a
distance of r from any object in the sample and 7 is the
average density of objects (see Peebles 1980). In principle,
for the two-dimensional discrete distribution of star clus-
ters, the autocorrelation function can be estimated as

1 N

L+ &) =z ), M)
where n(r) is the number density of objects found in the
annulus of radius r centered on object i and N is the total
number of objects (e.g., Martinez 1991). When an annulus
extends outside the studied region, a boundary correction is
applied by only taking into account the included area using
a Monte Carlo algorithm. In the case of associating star
clusters with a continuous map (e.g., flux or velocity gra-
dient maps), the cross-correlation function is estimated as

1 N
— (r) . 2
N 2 S0 @
The function f{(r) is the average flux in an annulus with
radius r centered on cluster location x;, and fis the average
flux over the whole region.

The large-scale structure of the Antennae galaxies intro-
duces a complication when calculating the correlation func-
tions for the star clusters. Unlike the classical case of
determining the correlation function between galaxies on
the sky (e.g., Peebles 1980), where large-scale uniformity of
the distribution of galaxies is assumed, the star clusters in
the Antennae are located in a galaxy with nonuniform
large-scale structure. The simple fact that both the star clus-
ters and the emission from the various wavelength bands
are only found within the galaxy introduces a positive
correlation, even if there is no other physical connection
between the star clusters and their interstellar environment.
In the following sections we correct for this effect by sub-
tracting a smoothed flux map from the original map, both
normalized by their average density. This is equivalent to
the subtraction of &(r),, obtained from a smoothed flux map
that reflects the large-scale structure of the galaxy, from
&(r),, obtained from the original map. Hence, the
“corrected ” correlation function is given by

). = &)y — <(r); - 3)

1+ &r) =



TABLE 1
RED CLUSTERS

Number AR.A? ADecl.? Chip M, B—-V V—I AV, WS95 Number®
1........ -17.71 —17.14 2 —8.32 1.47 225 1.92 356
2. 32.28 —38.13 3 —8.14 1.96 3.00 1.86 124
3o, 28.87 —56.58 3 —17.89 1.99 292 2.08 80
4........ 31.17 —7.63 3 —7.63 2.85 2.08 355
5. 28.56 —45.48 3 —17.55 2.51 2.81 222

6........ 32.82 —36.44 3 —7.51 1.94 2.58 1.64 132
Taeennn. 28.74 —45.20 3 —7.48 1.71 222 3.25

8.niin. 30.33 —30.30 3 —7.24 1.88 2.16 2.75

9ennnnn. 23.20 —38.08 3 —17.18 222 3.25 2.21 125
10 ...... 5.46 39.93 2 —17.16 271 2.04 1.67

11 ... 31.00 —17.63 3 —17.05 2.53 3.10 3.10 355
12 ... 26.48 —26.38 3 —6.97 1.63 2.32 2.06

13 ...... 36.03 —33.44 3 —6.96 2.16 2.90 1.77

14 ...... 28.44 —49.18 3 —6.93 2.07 2.19 2.56

15 ...... 21.01 —4791 3 —6.88 0.50 2.04 1.84

16 ...... 3.96 33.05 2 —6.85 1.84 2.36 1.67

17 ...... —23.42 17.24 2 —6.77 1.97 2.07 2.57

18 ...... —0.64 2.57 2 —6.76 2.33 1.92

19 ...... 3291 —30.09 3 —6.75 2.79 2.04 2.86

20 ...... —2.08 11.24 2 —6.72 0.97 224 1.77

21 ...... 2.36 33.25 2 —6.72 0.96 2.06 225

22 ...... —8.17 —16.34 3 —6.66 1.55 2.07 2.59

23 ... —19.31 —17.68 1 —6.65 1.39 222 2.73

24 ... 26.27 —24.23 3 —6.65 2.70 2.19 2.69

25 ... 24.45 —49.07 3 —6.63 0.82 211 2.32

26 ...... —9.64 33.61 2 —6.62 1.49 2.12 2.43

27 ...... —2791 0.72 1 —6.61 1.64 212 2.78

28 ...... 17.58 —60.77 3 —6.60 2.08 1.69

29 ...... 12.10 —3.24 3 —6.59 2.07 213 2.89

30 ...... 1.45 25.40 2 —6.56 2.12 1.40

31 ...... 12.17 —-3.21 3 —6.56 1.27 2.06 2.66

32 ... —30.38 —6.92 1 —6.54 1.58 2.14 1.61

33 ...... —11.19 16.84 2 —6.54 231 2.00

34 ... 26.08 —29.41 3 —6.52 2.29 2.14 2.10

35 ...... 40.39 —17.66 3 —6.44 2.36 2.57

36 ...... 9.34 3345 2 —643 1.77 2.05 1.32

37 ... —27.99 0.85 1 —6.41 0.85 2.20 2.61

38 ...... —2.65 28.67 2 —6.37 1.62 2.08 1.67

39 ... 32.00 —38.04 3 —6.37 0.67 2.79 2.95 124
40 ...... 31.72 —-1.77 3 —6.36 2.39 2.35

41 ...... —19.90 —25.76 4 —6.29 ... 2.01 1.81

42 ... —27.63 0.64 1 —6.29 1.35 2.20 2.38

43 ... 67.95 —19.34 3 —6.28 0.70 217 2.56

4 ... 31.73 —11.11 3 —6.27 2.18 2.74 1.83

45 ...... 66.37 —20.12 3 —6.24 2.02 213 2.86

46 ...... —39.36 —1.37 1 —6.23 2.20 1.88

47 ...... 33.55 —22.04 3 —6.22 2.19 2.53

48 ...... —31.59 —5.02 1 —6.22 1.04 2.06 2.30

49 ...... 37.27 —32.52 3 —6.20 1.19 2.37 0.37

50 ...... 26.84 —16.52 3 —6.14 1.47 2.34 2.40

51 ... 24.15 —22.99 3 —6.11 2.06 2.09 2.01

52 ...... 32.65 —4.88 3 —6.11 2.81 2.03 0.61

53 ... 23.22 —2.54 3 —6.08 2.44 2.37 1.33

54 ...... 422 —59.14 4 —6.08 1.18 242 1.13

55 ... 39.66 —49.98 3 —6.06 2.67 231 2.15

56 ...... 48.78 15.74 3 —6.02 2.26 2.17 1.63

57 ...... —20.04 —14.99 1 —6.00 2.66 1.81

58 ...... 28.26 —42.08 3 —6.00 1.65 2.26 2.17

59 ... 6.12 22.69 2 —5.98 2.09 1.53

60 ...... —25.74 —18.11 1 —594 2.11 1.79

61 ...... 42.69 —56.09 3 —5.92 247 1.17

62 ...... 29.25 —845 3 —585 1.57 2.20 1.93

63 ...... 34.00 —44.39 3 —5.84 1.29 227 191

64 ...... —33.70 —1547 1 —5.82 2.58 1.28

65 ...... 46.27 —44.23 3 —5.82 223 1.98
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TABLE 1—Continued

Number AR.A? ADecl.? Chip M, B-V V—I AV,_¢® WS95 Number®
66 ...... 40.07 —21.60 3 —5.78 ... 2.38 1.55
67 ...... 26.03 —24.79 3 —5.76 2.17 2.59 1.81
68 ...... 18.73 —0.58 3 —5.73 ... 332 2.50
69 ...... —30.50 —15.71 1 —5.73 2.33 2.30 1.62
70 ...... 31.70 —29.35 3 —5.67 1.38 2.71 1.96
71 ...... —42.57 1.88 1 —5.64 0.89 2.36 243
72 ...... —41.09 —2.09 1 —5.55 2.60 223
73 ...... 36.10 —21.07 3 —5.39 ... 295 1.52
74 ...... 25.61 —42.25 3 —5.39 1.04 2.54 1.78
75 ...... 45.50 —33.12 3 —5.30 0.69 242 1.03
76 ...... —29.78 3.48 1 —5.24 ... 2.58 225
17 ...... 26.15 —28.16 3 —5.18 1.29 3.15 1.10
78 ...... —48.24 —11.58 1 —5.12 2.72 1.57
79 ...... 30.40 —44.14 3 —4.94 2.86 1.11
80 ...... 24.94 —42.67 3 —4.88 1.04 4.12 1.76
81 ...... 15.90 —3221 3 —4.83 1.25 2.71 0.35
82 ...... —20.49 —21.53 4 —4.82 2.81 1.91
83 ...... 22.95 —49.74 3 —4.69 297 0.19
84 ...... —41.36 —4.80 1 —4.37 3.04 0.05

Note—Table 1 is also available in machine-readable form in the electronic edition of the Astrophysical

Journal.

* Following the convention used in WS95 and Whitmore et al. 1999, the coordinates are the offsets in
arcseconds from R.A. = 12801™52397 and decl. = —18°52'08”29 (J2000.0), near the center of NGC 4038.

b Objects with AV,_ < 1.0 are likely to be cosmic rays.

¢ Number assigned by WS95. Duplicated numbers are neighboring objects, generally because of differ-
ences in spatial resolution between the cycle 2 and cycle 5 observations.

In order to calculate &(r),, we adopt a Gaussian filter with
FWHM = 3 kpc (~32"), which is large enough so that two
clusters cannot communicate within 100 Myr at a signal
speed of <30 km s™!. This smoothing scale is much larger
than the resolution of the observations we use in this study
but is less than one-quarter of the scale of the WFPC2 field
of view.

To subtract the effects of large-scale galactic structure
when calculating the autocorrelation functions for clusters
and candidate young stars, we use equation (2) along with
the following technique to estimate &(r), and &(r),. We first
map the individual objects onto a 700 x 700 grid, which is
the same size as the flux maps. The autocorrelation is then
calculated between the positions of the individual objects
and the density distribution defined by the grid map. The
central object on the grid is always excluded to avoid
redundant counting of the objects. Finally, since objects are
only located within the field of view of the WFPC2, we
mask out other regions of the map when calculating the
autocorrelation functions.

We also cross-correlate the cluster positions with maps of
velocity gradients and velocity dispersions. Note that the
correlation is not made with the velocity itself, which would
be meaningless. The velocity gradient at each pixel is calcu-
lated by finding the largest spread in the integrated line-of-
sight velocities within a rectangular box with the equivalent
size and orientation of the observed spatial resolution
beam. Regions without velocity information are not con-
sidered in the calculation of the velocity gradient and hence
are not included in estimating the correlation functions. In
this case, we do not need to subtract the smoothed corre-
lation function, as in equation (3), because the method of
deriving gradients already removes the large-scale structure
of the galaxy.

Finally, we estimate the statistical uncertainties in the
correlation functions. For the autocorrelation functions, we

adopt an estimate of uncertainty N, '/?, where N, is the

number of distinct pairs of objects (see Peebles 1980, § 48).
Although this estimate is strictly valid only for small &(r), it
may provide an approximate indication of the uncertainties
when &(r) is large. For the cross-correlation functions we
consider only the statistical uncertainty due to the finite
number of clusters, N. This leads to approximate fractional
errors of 1 /\/N in 1 + &(r). Any errors in the determination
of the flux and velocity gradients would increase the uncer-
tainty.

With the autocorrelation and cross-correlation functions
computed as above, a random distribution of clusters will
result in a flat correlation, with &(r), = 0. On the other hand,
a peaked &(r), at small radii indicates a positive correlation.
The width of the central peak represents the spatial scale of
association between the clusters and the flux for the various
wavelength bands (convolved with the resolution), while the
absolute value of £(r), is a measure of the concentration of
flux surrounding the clusters at a given distance r, relative
to the average over the whole galaxy. From a practical
standpoint, it should be noted that the resolution can some-
times dominate the determination of the width and ampli-
tude of the peak.

4. THE SPATIAL DISTRIBUTION OF STAR CLUSTERS

We first compare the spatial distributions of the young
star clusters and the candidate star samples in Figure 2. We
label several interesting regions, major bright knots, and the
nuclei of NGC 4038 and NGC 4039, for later references.
The R clusters mainly reside in the “ overlap region” (where
the main bodies of NGC 4038 and NGC 4039 are
superimposed), as well as the western loop of NGC 4038.
The Bl and B2 clusters spread more widely over the
Antennae galaxies. We find that they have generally similar
spatial distributions, although the B1 sample is slightly
more clustered than the B2 sample. The distributions of
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candidate young stars and young clusters are broadly
similar, but at small scales they are distinctly different.

The autocorrelation functions for the cluster samples and
the candidate young stars are shown in Figure 3. The panels
from the top to the bottom show &(r),, &(r),, and &(r),,
respectively, as defined by equation (2). The observed corre-
lation functions decrease approximately as power laws up
to a distance of ~ 15", corresponding to ~ 1.4 kpc. Beyond
this scale, they decrease even more rapidly. The smoothed
correlation functions, shown in the middle panel, are essen-
tially flat within =~ 10". After the subtraction, the corrected
correlation functions shown in the bottom panel remain
power laws within ~8", corresponding to 0.74 kpc. The
power laws have indices of —0.83, —1.06, and —0.89 for the
R, B1, and B2 clusters and are similar to the value —0.7 for
galaxies (Peebles 1980), although the reasons for this are
presumably very different. It is interesting to note that the
autocorrelation functions for the candidate young stars are
flatter (with a power-law index of —0.41), implying a
weaker correlation. The relatively small sample size for the

R clusters is responsible for the noisy behavior in the auto-
correlation function; however, it is clear that &(r) for the R
clusters largely follows those of the B1 and B2 clusters
(especially at small r) rather than that of the candidate
young stars.

We also checked the distribution of the intermediate-age
clusters (t ~ 500 Myr) and old globular clusters identified
by Whitmore et al. (1999). The intermediate-age population
is more spread out than the young clusters, with most of the
clusters situated along streams apparently associated with
the tidal tails and the northwestern loop of NGC 4038. The
old GCs are mostly found in the disk of NGC 4039. Neither
of these groups shows evidence of much clustering, suggest-
ing an effect of dispersal and mixing after several galactic
orbits.

The two-point autocorrelation function provides some
insight into the physical processes of cluster formation. The
clustered distribution of young star clusters probably reflec-
ts the self-similar structure of the interstellar medium (ISM)
within the molecular cloud complexes. The radius of ~1
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kpc, beyond which the correlation functions decline, is com-
parable to the size of giant molecular cloud complexes in
the Antennae (0.8-1.8 kpc; Wilson et al. 2000). Since the
decline is also seen before the effects of large-scale structure
are subtracted, it cannot be an artifact caused by the
smoothing. We also note that the bright cluster complexes,
such as knots G, M, R, S, T in the northwest and B, C, D, E,
and F in the south of the Antennae, as marked in Figure 2,
all have sizes of ~0.5 kpc (see enlarged images in Figs. 6
and 7 of Whitmore et al. 1999), in agreement with the scale
set by the autocorrelation functions, especially if we take
into account the possible contraction of the cloud complex-
es during cluster formation.

5. CROSS-CORRELATIONS BETWEEN STAR CLUSTERS AND
THEIR ENVIRONMENT

In this section we explore the cross-correlation between
the star clusters and the flux from the Antennae galaxies in
various wavelength bands. By studying these correlations
we hope to obtain a comprehensive view of how the physi-
cal distribution of the clusters is determined by their inter-
stellar environment and to study how this depends upon the
stages of their evolution. In the following, we present the
maps in order of decreasing wavelengths.

We first overlay the positions of the three age groups of
clusters (the R, B1, and B2 samples) on the contours of
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various flux maps. The maps presented here have an
adopted pixel scale of 071992. If not mentioned otherwise,
the contours are plotted on a logarithmic scale. In addition
to the direct comparisons from the maps, we quantify the
spatial association by calculating the cross-correlation func-
tions between the clusters and the flux in various wave-
length bands. We only show the &(r), values, with the effect
of large-scale galactic structure removed.

5.1. H1 Line Emission (21 cm)

The hydrogen 21 cm line emission provides a direct mea-
surement of the properties of atomic hydrogen gas, both its
content and kinematics. The most recent high-resolution
and high-sensitivity 21 cm observations of the Antennae
galaxies were obtained with the VLA in C+D array con-
figuration, as reported by Hibbard et al. (2001). The data
with the resolution of 1174 x 774 beam (with the robust
parameter set to —1) were kindly made available by
J. Hibbard prior to publication. They determine that the
total atomic gas content is more than 4.7 x 10° My and
that about 68% of it is in the tidal tails. Within the central
disks, most of the H 1 gas is located in NGC 4038 and the
overlap region. Almost all the star and cluster formation
occurs in the disks rather than in the tails (see Hibbard et al.
2001 ; Knierman et al. 2001), which implies that the presence
of atomic hydrogen alone is not sufficient to cause star
formation.

Figure 4 shows the cross-correlation between the inte-
grated flux of 21 cm line emission and the three age groups
of young star clusters. The clusters and H 1 gas have broadly
similar distributions, although most of the clusters lie away
from the peaks of H 1 flux. On the other hand, most of the
prominent star formation regions have a nearby reservoir of
H 1, with an offset ranging from 0.2 to 0.9 kpc. The positive
cross-correlation functions in Figure 4d indicate that cluster
formation is related to atomic gas. The correlation is the
strongest for the R clusters and becomes weaker as the
clusters age. Note that for the B1 and B2 samples, &(r) is
essentially flat at scales within 10", reflecting the fact that
the clusters generally reside off the peaks of atomic gas
concentrations.

5.2. Radio Continuum Emission (6 cm)

Radio continuum emission can come from either syn-
chrotron radiation from young supernova remnants or
thermal radiation from ionized gas in H 1 regions. An
earlier radio continuum observation of the Antennae
detected both diffuse emission and 13 discrete sources
(Hummel & van der Hulst 1986). More recent high-
resolution radio continuum maps (at 6 and 4 cm) were
obtained with the VLA in its BnA, CnB, and B configu-
rations and are reported by Neff & Ulvestad (2000). They
identified 115 compact radio sources, one-third of which are
associated with H 1 regions and the others with supernova
remnants. In the following comparisons we adopt the 6 cm
radio continuum map that was kindly provided by S. Neff
and J. Ulvestad before publication. The map has been
cleaned using natural weighting with a full resolution of
1772 x 1”52 and high sensitivity (rms 10.7 uJy).

We show in Figure 5 the cross-correlations between radio
continuum flux and the three age groups of star clusters.
The continuum flux occurs mainly in the overlap region of
the galaxies, with several prominent pointlike sources.
There is also a significant amount of continuum flux from
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the two nuclei and the western loop of NGC 4038. Several
of the R clusters are coincident with the peaks of the radio
continuum flux, especially in the overlap region and part of
the western loop of NGC 4038. Many B1 clusters are
located in regions of high continuum flux in the two galactic
nuclei and the western loop. However, some B1 clusters in
the northern and eastern star formation regions are not
obviously associated with the continuum flux. Only a small
fraction of the B2 clusters coincide with the continuum flux,
since they are more evolved and their massive stars have
already gone supernovae. The different association of star
clusters with the radio flux is clearly shown in Figure 5d.
The cross-correlation is strongest for the R clusters and
weakest for the B2 clusters.

We also compare, in Figure 6, the locations of the R
clusters with the compact radio sources identified by Neff &
Ulvestad (2000) with flux larger than twice the detection
limit. Also shown are the 200 brightest B1 clusters, with
extinction-corrected M, ranging between —15.7 and
—11.5. Both the R clusters and the compact radio sources

have significant numbers of objects in the overlap region.
However, less than half of the compact radio sources in the
overlap region are directly associated with the R clusters.
Some are associated with bright clumps of B1 clusters, such
as knots B, C, D, E, and F. As suggested by Neff & Ulvestad
(2000), some of the radio sources that are not obviously
associated with star clusters in our sample may be too
deeply embedded in dust to be observed in the optical
bands.

5.3. CO (1-0) Line Emission (2.6 mm)

CO line emission provides a probe of molecular gas
within galaxies since it is related to H, column density
(Strong et al. 1988; Wilson 1995). In an early study of the
Antennae galaxies, Stanford et al. (1990) identified three
major concentrations of molecular gas, corresponding to
the nuclei of NGC 4038 and NGC 4039 and the overlap
region, with a total flux of 430 Jy km s~ !. Recent high-
resolution observations have detected a more extended dis-
tribution of CO in the whole overlap region and in the
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The notations are the same as in Fig. 4.

western loop of NGC 4038 (Lo et al. 2000; Wilson et al.
2000; Gao et al. 2001). With the Caltech Millimeter Array,
Wilson et al. (2000) reported 910 Jy km s~! of CO flux,
corresponding to 5.3 x 10° My, and Gao et al. (2001)
detected a total mass of 1.5 x 10'° M, both using the CO
(1-0) flux to H, conversion relation N(H,)/Io = 3.0 x 10°
cm”~ % (K km s~ 1)~ (Wilson 1995). Note that molecular gas
is mainly found in the disks, where the mass of H, is ~10
times the mass of H 1. Five supergiant molecular clouds are
identified in the overlap region, with masses in the range
3-6 x 108 M, and diameters 0.8-1.8 kpc (Wilson et al.
2000).

In the following, we mainly use the BIMA observations,
which cover the disks of the Antennae galaxies. The map we
use is reconstructed from CO contours with known levels
(see Lo et al. 2000; Plate 6 of Sanders, Surace, & Ishida
1999). The spatial resolution is 6761 x 7777 We repeated
our analysis using the Wilson et al. (2000) CO intensity map
and found results similar to those reported below (e.g., the
relative ordering of the correlations for the three age groups
is the same for r < 10”). We prefer the BIMA map since it
covers a larger fraction of the Antennae galaxies.

Figure 7 shows the spatial distribution of star clusters
(the R, B1, and B2 samples) overlaid on CO (1-0) flux con-

tours. The R clusters show a good correlation with molecu-
lar clouds. The overlap region is where most of the
molecular gas is detected and where more than half of the R
clusters are located. Many R clusters are clearly projected
on the peaks of CO intensity. This is also true in the north-
eastern arm of NGC 4038. The R clusters that are not obvi-
ously associated with CO (1-0) emission are located mainly
to the north of the NGC 4038 nucleus. It is not clear if these
objects are genuine embedded clusters, as a result of the
possible contamination with stars in the R sample. We note
that it is rare to find R clusters near the concentrations of
molecular gas in the nuclei. Most B1 clusters, on the other
hand, are located near the peaks of CO flux, except for the
young clusters near the nucleus of NGC 4038 (e.g., knots J
and K) and knot F on the northeastern side. The B2 clus-
ters, most of which are on the northeastern edge or the
western loop of NGC 4038, are associated with relatively
weak CO flux.

The cross-correlation functions between the star clusters
and molecular gas confirm the above visual impression (Fig.
7d). The strongest correlation is for the youngest clusters
(the R sample) with a half-maximum of &(r) at r ~ 13" (1.2
kpc), consistent with the size of molecular clouds measured
by Wilson et al. (2000). The coincidence of R clusters with
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CO flux supports the idea that molecular gas is directly
associated with star cluster formation. The correlation is the
weakest for the B2 clusters, with a plateau in &(r) at r &~ 575.
One possibility for this plateau is that the molecular gas is
being consumed, blown away, or dissociated upon the for-
mation of star clusters (e.g., the eastern star formation
region; see § 5.9). It is also possible that the molecular
clouds migrate differently from the clusters within the
galaxy. A velocity difference of ~5km s~ ! would resultin a
separation of ~500 pc (corresponding to 574) within 100
Myr. Hence, this plateau in &(r) for the B2 sample can possi-
bly result from the drifting of the clusters.

5.4. Far-Infrared Emission (60 um)

Far-infrared emission is thought to originate mainly from
dust grains mildly heated either by UV photons from
massive stars or by interstellar shocks. Emission at 60 um is
found to correlate tightly with the radio continuum for a
wide variety of galaxies (Knapp 1990), suggesting massive
star formation as the dominant underlying physical cause
(Binney & Merrifield 1998). Thus, far-infrared observations
should be a valuable tool for revealing the physics of star
cluster formation in the Antennae, a prominent starburst
containing a large amount of dust.

The Antennae galaxies were observed at 60 um with the
90 cm KAO with a resolution of 17", corresponding to 1.58
kpc, as reported by Evans et al. (1997). Half of the total

detected flux, 48.7 Jy, is from the overlap region and a
quarter from the NGC 4038 nucleus. This is a situation
similar to the radio continuum emission, CO (1-0) line
emission, and mid-infrared emission (see § 5.5). The
Antennae were also observed at longer wavelengths
(SCUBA 450 and 850 um), and both warm (& 30 K, typical
for starbursts) and cool dust (<20 K, typical for quiescent
galaxies) was found in the overlap region and in the nucleus
of NGC 4038 (Haas et al. 2000). In the following we use the
KAO 60 um image, which was kindly made available by
R. Evans.

Figure 8 shows the spatial distribution of the R, B1, and
B2 samples overlaid on the contours of the 60 um flux. The
R clusters show a good correlation with the 60 ym flux,
while the B1 and B2 clusters match the far-infrared flux in
many locations, except for the eastern star formation
region. This is a location with weak Ha emission (see § 5.7)
and both atomic and molecular gas almost depleted, as seen
in Figures 4 and 7. The cross-correlation functions in Figure
8d clearly show the positive association between the age of
the star clusters and far-infrared emission. The strongest
correlation is found for the R clusters. This is consistent
with our interpretation that most of the R clusters are
young embedded objects (see Fig. 1 and the discussion in §
2), where emission from dust would be expected. While this
correlation may partly be due to a selection effect, since dust
is responsible for both the red colors of the clusters and the
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60 um emission, we note that the B1 and B2 clusters were
chosen on the basis of their reddening-free Q parameters
(i.e., they can be red or blue) and hence do not suffer from
this selection effect. In addition, the fact that the B1 sample
shows stronger correlation than the B2 sample (by 2 o)
provides further support for an age dependence for the dust
emission.

5.5. Mid-Infrared Emission (15 ym)

Compared with far-infrared emission, mid-infrared emis-
sion is thought to be associated with warmer dust grains
heated by newly formed massive stars. Its close association
with very young stars makes it an excellent probe for forma-
tion activity, especially when dust obscuration is significant
and objects are invisible in optical bands.

Observations of the Antennae in the mid-infrared (12-17
um) were obtained with ISOCAM on ISO with a resolution
of 45, as reported by Vigroux et al. (1996) and Mirabel et
al. (1998). Half of the detected mid-infrared flux is from the
dusty overlap region, while the other half is from the two
galactic nuclei and the western loop of NGC 4038. There is
little 15 ym flux in the northeastern extension. Overall, the
distribution of mid-infrared flux in the Antennae largely

resembles the radio continuum, CO, and far-infrared maps.
In the following, we correlate the positions of the star clus-
ters with the ISO mid-infrared digital image kindly provid-
ed by I. F. Mirabel and his colleagues.

Figure 9 shows the spatial distribution of the R, B1, and
B2 samples overlaid on the contours of mid-infrared flux.
The R clusters are largely coincident with the peaks of mid-
infrared flux in the overlap region. A good example is WS
80, which coincides with the most luminous infrared source
on the ISO map. The B1 clusters are also well correlated
with mid-infrared emission. The exceptions are the clumps
of clusters located in the eastern star formation region
(discussed in § 5.4) and south of the nucleus of NGC 4039.
The correlation for the B2 clusters is weaker, in that rela-
tively few objects reside in the overlap region where mid-
infrared flux is strong.

Figure 9d shows the cross-correlation between the clus-
ters and mid-infrared flux. Evidently, the R and B1 clusters
are closely associated with the 15 yum emission. In particu-
lar, we note that for the first time the B1 sample shows a
stronger peak than the R sample. The relatively strong
correlation with mid-infrared emission for young clusters
(the R and B1 samples) over the relatively weak correlation
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for older ones (the B2 sample) indicates that dust grains are
either heated or formed along with massive star clusters and
either cool or are expelled as the clusters age. The selection
effect discussed in § 5.4 is again relevant for 15 ym emission,
but here we are on firmer ground since the difference
between the B1 and B2 samples is quite dramatic.

5.6. I-Band Emission (0.8 um)

So far we have presented the correlations between clus-
ters and long-wavelength radiation related to their gas and
dust environment. We now compare the clusters with the
distribution of old stars in the host galaxies. These popu-
lations are best depicted by the near-infrared bands because
of the existence of red giants and the absence of hot blue
stars.

The Antennae have been observed in both the J (1.25 um)
band (Bushouse & Werner 1990) and K (2.2 ym) band
(Evans et al. 1997). These images clearly reveal the promi-
nent nuclei and disks of NGC 4038 and NGC 4039. The
disks are largely symmetric, except for some bright H 1
regions adorning the overlap region between the two nuclei
and the western loop of NGC 4038 and an extension of the
NGC 4038 disk in the east. In the following, we use the

I-band image of the Antennae obtained with the F814W
broadband filter of the WFPC2 on HST (Whitmore et al.
1999). This image has a resolution of 070455 in the PC chip
and 070996 in the WF chips (corresponding to 4.23 and 9.26
pc, respectively) and generally resembles the J- and K-band
images.

We show in Figure 10 the star clusters overlaid on the
contours of the I-band flux. The R clusters do not coincide
well with the disk or nucleus of either NGC 4038 or NGC
4039, where most of the near-infrared flux is detected. The
B1 clusters, on the other hand, spread over the arms of
NGC 4038 and NGC 4039 as well as the overlap region.
Density enhancements of the B1 clusters coincide with
nearly all the I-band pointlike sources in the overlap region,
the western loop of NGC 4038, and even the extended arm
structure of NGC 4039 toward the southeast. The B1 clus-
ters are also found near both nuclei. The situation for the
B2 clusters is similar to that of the B1 clusters. As Figure
10d shows, the R clusters and I-band flux have little corre-
lation, contrary to that for the B1 and B2 clusters.

It is possible that obscuration by dust in the overlap
region is responsible for the weak correlation between the R
clusters and the I-band flux. This is not likely to be the
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0.94 mJy. The notations are the same as in Fig. 4.

whole story, however, since the J and K images, with much
less extinction, look very similar to the I-band image. The
second possibility is that the older clusters formed primarily
in the disks of NGC 4038 and NGC 4039, alongside existing
old stars, while the R clusters are primarily forming in
regions of shocked gas at the interface between the two
colliding galaxies where there are very few existing old stars.

5.7. Hoa Line Emission (6563 A)

The Ha recombination line is produced in H 11 regions,
either photoionized by hot stars or collisionally ionized by
interstellar shocks. Ho emission is often treated as an effec-
tive indicator of massive star formation. The Ha image of
the Antennae we analyze here was obtained with WFPC2
using the F658N narrowband filter (Whitmore et al. 1999)
and was continuum subtracted to obtain the flux of pure Ha
line emission. Both diffuse structures and highly concen-
trated blobs are traced by the Ha line emission. The bright
concentrations of clusters are often surrounded by fila-
ments, which appear to be products of stellar winds or
supernovae remnants.

Figure 11 shows the star clusters overlaid on a gray-scale
Ho image of the Antennae. We do not plot a contour map
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The contour levels are 0.024, 0.037, 0.055, 0.082, 0.12, 0.18, 0.28, 0.42, 0.62, and

of Ho emission because it is difficult to show the many fine
structures within the Antennae. The R clusters follow the
overall Hu flux distribution, but they are rarely coincident
with the strongest Ha peaks, either in the western loop of
NGC 4038 or in the overlap region, where a large fraction
of the Ha flux is detected. Instead, they are generally offset
from these peaks. This may be because some ionizing UV
photons from the R clusters are absorbed by dust rather
than by gas. The B1 clusters are associated with nearly all
the Ha concentrations, demonstrating that He emission is
an excellent indicator of recent cluster formation. The B2
clusters, on the other hand, are not as closely associated
with the most prominent Ha peaks. This is to be expected
since the ionizing radiation from a stellar population decays
dramatically after ~ 10 Myr (Leitherer et al. 1999).

An exception to the overall positive correlation between
Ha concentrations and the B1 clusters is in the eastern star
formation region. Here the Ho emission is low and there is
relatively little absorbing gas or dust. The presence of a
large number of B2 clusters in this region suggests the possi-
bility that a burst of star formation some 10-100 Myr ago
blew away some of the surrounding gas. Some support for
the latter speculation is provided by the arclike shape in the
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CO (1-0) contours that envelopes the northwestern side of
this region (see Fig. 7) and the indentation in the west side of
the region in the far-infrared map (see Fig. 8).

The cross-correlation functions between star clusters and
Ho line emission are shown in Figure 11d. The correlation
for the B1 clusters is much stronger than the correlation for
the R clusters or the B2 clusters. Note the very high value of
&(r) for the B1 clusters. The half-maximum width of &(r) for
the B1 clusters is ~2"2, which corresponds to ~200 pc.
This is roughly the distance traveled in 8 Myr at the typical
speed of 25 km s~ ! for stellar winds in the Antennae
(Whitmore et al. 1999) and is consistent with the typical size
of giant H 1 regions surrounding the clusters (e.g., knots G,
B, K, M, and S; see enlargements in Figs. 7 and 8 of Whit-
more et al. 1999). Moreover, the dramatic difference in &(r)
between the B1 and B2 samples gives us confidence in the
selection of different age populations using the reddening-
free Q parameters. Finally, &(r) for the R clusters is low and
has a peak at around 5” (500 pc), reflecting their off-peak
locations away from the bright Ho concentrations.

5.8. Far-Ultraviolet Emission (~ 1500 A)

FUV emission effectively traces young massive O stars
while they are hot, provided stellar winds (and possibly

supernovae) have blown away the surrounding dust. FUV
observations can thus potentially reveal young blue stellar
populations at an age of a few million years.

An FUYV image of the Antennae was obtained with UIT
during the Astro-2 mission and reported by Neff et al.
(1997). The spatial resolution and pixel spacing of the digital
image are 3" (FWHM) and 1”14, respectively. The total flux
of the Antennae in the FUV band is ~2.9 x 10~ "* ergs s ™"
cm~ 2 A™1. Most of the FUV flux is from NGC 4038 and
the eastern edge of the overlap region. Only a small fraction
is from the nucleus of NGC 4039. The data we analyze were
taken from the UIT archive at the Space Telescope Science
Institute.

Figure 12 shows the distribution of star clusters on the
UIT image. The R clusters show little coincidence with the
FUYV image, while the B1 clusters match well with almost
all the structures, as labeled in Figure 12a. The B2 clusters
coincide with some of the major features, such as the eastern
star formation region (§ 5.4) and the western loop of NGC
4038. The coexistence of the B1 and B2 clusters in some of
these features suggests a reasonably continuous formation
of clusters during the past <100 Myr. Moreover, UV flux
may linger for as long as 100 Myr after the onset of star
formation according to stellar population synthesis models
(e.g., Leitherer et al. 1999). While the B1 clusters are clearly



No. 2, 2001
P ———
[ Ho T v a
St
40 - &
ot ¢
F
-+ & .
52 00
‘i ++" i
I r *er e i
© r i B + +
he £
— 20 + . b T" ok
U — - Tl
< By P SR
0 40+ €. o
= .
[ + HSQZ
53 00 |- T
t + -~
20 -
1 L L | L L L | L L L | L L L | L L
12"01™58° 56° 54° 52° 50°

R.A. (J2000.0)

Y e R
r Ha }t_r,ﬁ;q : c
L T by, TS
40 e +iiﬁ+++ﬁ
4 Hi
[ ':tr ﬁ;&++ of
52 00 & e
b + o l® s R+ e
o [ B ﬁfﬁ H%E
= B il LR S
20 H :
U — " e e
[ g f
. i " $»+ ®
8 40 e i +
A L ﬁ;r
53 00 % t
I L ey
L + H L+
20 - %ﬁr o
[ .
b +
AU R N SO ST SO NN S} # feEei e |
12"01m58° 56° 54° 52° 50°

R.A. (J2000.0)

MULTIWAVELENGTH STUDY OF YOUNG STAR CLUSTERS

Decl. (—18°)

741

20F T
40}
52 00
201
40}

53 00

20

54° 52° 50°
R.A. (J2000.0)
r (kpc
( p4)

0 20 40 60 80
r (arcsecond)

F1G. 11.—Association between the Ha line flux and star clusters. The Hx map is shown in gray scale. The notations are the same as in Fig. 4.

sources of FUV emission, the R clusters are too deeply
embedded in dust for much of the FUV radiation to escape.
These associations are reflected in the cross-correlation
functions in Figure 12d, with weak &(r) for the R clusters but
strong &(r) for the B1 and B2 clusters. The cross-correlation
function for the R clusters has a peak at ~7”, similar to the
results for the I band and Ho .

5.9. Soft X-Ray Emission (0.1-2.5 keV)

Soft X-ray emission can originate from several sources:
binary stars, supernova remnants (hot gas behind shocks),
and the diffuse hot ISM around young stars. It can also
result from gas heated by collisional shocks with velocities
around 100-200 km s~ !,

X-ray observations of the Antennae were obtained with
the ROSAT High Resolution Imager (HRI) in 1994 and
1995 and reported by Fabbiano et al. (1997). The HRI
energy range is 0.1-2.5 keV, and the spatial resolution is
~5". The Antennae show intricate structures in X-rays,
including both extended regions and possible filaments
where the emission peaks are associated with H 1 regions.
Fabbiano et al. (1997) suggested that most of the observed
emission is from a variety of X-ray sources, such as binaries

and supernova remnants, and from a diffuse hot ISM. The
image we use in the following was processed from Figure 3¢
of Fabbiano et al. (1997).

Figure 13 shows the distribution of star clusters overlaid
on the contours of the ROSAT HRI observations. The R
clusters have a relatively poor association with the X-ray
emission, which is absent in most of the dusty overlap
region. This could be due to absorption (mainly by heavy
elements). The B1 and B2 clusters, on the other hand,
appear to be associated with many of the X-ray features.
Fabbiano et al. (1997) reported the coincidence of some
radio sources with high X-ray emissivity in the western loop
of NGC 4038 and the galactic nuclei. Figure 13d shows the
cross-correlation functions for the clusters and X-ray emis-
sion. As anticipated, £(r) is large and almost identical for the
B1 and B2 clusters but is much weaker for the R clusters.

The B1 and B2 clusters are found to be associated closely
with X-ray emission in the eastern star formation region
where the only other good correlation is with the FUV
emission. Young clusters coincide exactly with the point
source X-11 (see Fabbiano et al. 1997), where radio and
infrared emission is weak. This region probably contains
clusters with a range of ages. Unlike X-11, its eastern com-
panion X-12 has no associated clusters. As noted by Fab-
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biano et al. (1997), there is evidence of a supershell
surrounding the clusters in the eastern star formation
region. As Figure 7 shows, molecular gas surrounds the
clusters on the north and west sides of this region. Radio
and far-infrared emission also avoids this region, as shown
in Figures 5 and 8. A possible explanation is that these
clusters, which formed 10-100 Myr ago, have experienced
supernova explosions and that their remnants are the
source of the X-ray emission. The gas driven to the east by
the supernova explosions may have confronted less gas
than to the west, hence traveling farther from the clusters.

5.10. Robustness of &(r)

Finally, we discuss how the cross-correlation functions
may be affected by excluding unrepresentative regions from
the sample. The most prominent example is the eastern star
formation region, where there exist more than 100 B1 and
B2 clusters but few R clusters. We repeat the calculations of
&(r) after excluding this region and then compare with the
earlier results. As shown in Figure 14, the difference is gen-
erally small or modest (less than 25% at small r) for the Bl
sample, while it is more noticeable for the B2 sample (e.g.,
for H 1, radio continuum, and 60 um). We note that the

changes do not alter the relative rank order of the cross-
correlation functions for the R, B1, and B2 samples, even in
this extreme case.

6. VELOCITY FIELDS AND STAR CLUSTERS

Velocity fields in the ISM provide additional information
about the formation and evolution of star clusters. On the
one hand, the merging of two galaxies involves the global
motion of gas, which may have caused shocks and triggered
star and cluster formation. On the other hand, feedback
(photoionization, stellar winds and supernova explosions,
etc.) from newly formed clusters inputs energy into the ISM
and influences the local motions within galaxies. Therefore,
velocity fields may contain information concerning both the
cause and the effects of the formation of young star clusters.

In the following, we explore the relationship between the
clusters and the velocity fields of the H 1 and H 1 in the
Antennae galaxies. In addition to overlaying the clusters on
the velocity maps, we also calculate the cross-correlation
function between the star clusters and the velocity gradients
and the velocity dispersions. The regions without contours
are those with no velocity information available and are not
considered in the calculation of cross-correlation functions.
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6.1. H1 Velocity Field

The H 1 (21 cm) mean velocity and velocity dispersion
maps we analyze here were obtained with the VLA with a
velocity resolution of 5.21 km s~ ! (Hibbard et al. 2001) and
are from the same observations as the flux map discussed in
§5.1.

Figure 15 shows the clusters overlaid on the contours of
the H 1 intensity-weighted velocity map. Despite the some-
what distorted disk structures, the atomic gas shows a rela-
tively smooth velocity distribution over the two colliding
galaxies. High-velocity gradients exist in only two regions,
where the velocity contours are dense. One is located
around R.A. = 12801™55%0 and decl. = — 18°52'00"0, where
the overlap region and the base of the NGC 4038 tail are
superposed. The other is in the southern part of the overlap
region. Overall, the star clusters do not reside preferentially
in regions of high- or low-velocity gradient, as is reflected in
Figure 15d.

Figure 16 shows the clusters overlaid on the contours of
the intensity-weighted velocity dispersion map. As seen in
Figure 16d, there are weak but nonnegligible statistical
associations for the R (2 ¢) and the B1 (5 o) samples. While
none of these correlations are compelling by themselves, the

fact that they increase in the age sequence B2, B1, R in a
similar way as found in Figures 4, 5, 7, and 8 provides
additional support for their reality.

6.2. Ha Velocity Field

The Ha velocity map we analyze was obtained using a
Fabry-Perot interferometer on the ESO 3.6 m telescope, as
reported by Amram et al. (1992). The spatial resolution is
0791, and the spectral resolution is ~16 km s~ . The pro-
cessed data were kindly provided by M. Marcelin and
P. Amram.

Figure 17 shows the clusters with the contours of the Ha
velocity field superimposed. The Ha velocity field in the
northern part of NGC 4038 shows a relatively smooth
pattern similar to that of the atomic gas, while those in the
southern part of NGC 4038 and in the overlap region show
many loops and disturbed structures. Interestingly, the
three major loops in the overlap region are exactly centered
on the knots B, C, and D, as labeled in Figure 17a, with the
central line-of-sight velocity smaller than those of the sur-
rounding annuli. The contour loops are indicative of super-
shells blown by the newly formed star clusters in these
regions. We examine knot D in more detail below. Note
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that similar velocity loops are not seen in other regions,
such as knots J, K, G, S, and T, even though these knots
also have Ha supershells around them (possibly as a result
of the heavy dust obscuration in knots J and K and the
greater ages in knots G, S, and T).

The Hu velocity near knot D is 1457 km s~ . The velocity
gradient is nearly the same on the north, west, and south
sides of the knot, with the velocity increasing by 38 km s~ !
at a distance of 572, corresponding to 0.48 kpc. For com-
parison, the central velocities of knots B and C are 1485 and
1442 km s~ !, respectively, and the velocities increase by
~39 and ~60 km s~ ! at distances of 0.5 and 0.28 kpc,
respectively. On the fourth (east) side of knot D, a blowout
has apparently occurred. As shown in Figure 7, knot D
resides near the edge of the molecular cloud complexes in
the overlap region. Thus, the eastward opening of the Ha
velocity contours is probably due to the relatively dilute gas
in this direction. It is interesting to note that the Ha velocity
contours around knot D exactly match the indentation in
the H 1 flux map in Figure 4, showing the lack of atomic gas
to the east. In addition, knots B, C, and D have velocities
00111sistent with their interstellar environment (~1500 km
s ).

Clearly, there is strong evidence for feedback from the B1
clusters in the overlap region. The outflows from these

knots have velocities slightly larger than the typical velocity
of 25-30 km s~ ! in knots S and K (Whitmore et al. 1999)
and may inject a large amount of energy into the local ISM.
Moreover, the velocity of the straight dense contours just
north of knots C and D increases from 1495 to 1564 km s ~*
within a distance of ~274 (0.22 kpc), corresponding to a
gradient of about 314 km s~ ! kpc~ 1. We speculate that the
outflows in this region may be responsible for triggering the
formation of some of the R clusters.

Statistically, there is no obvious correlation between the
clusters and the Ha velocity field for the R and B2 samples
in Figure 17d. There is a negative correlation (10 o) for the
B1 sample, as a result of the flatter velocity gradients in the
centers of the supershells than in their surrounding velocity
loops. This negative correlation survives the test of using
different regions when measuring the correlation function,
as long as knots B, C, and D are included.

7. THE SCHMIDT LAW IN THE ANTENNAE

The Schmidt law, which relates the star formation rate
and the surface density of gas in the form Z¢z = AZY,, has
been empirically tested for many galaxies. The index N is
found to be 1.4 + 0.15 over a large sample including a
variety of galaxies from “quiescent” disk galaxies to star-

bursts (Kennicutt 1998). It is also noted that, for star forma-
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tion to commence, the density of gas must reach a threshold
of ~10*° H cm™? (~1 Mg pc~?), which appears to be
consistent with the critical density of gravitational insta-
bility in spiral disks (Kennicutt 1989). Given the prominent
star and cluster formation in the Antennae, it would be
interesting to check if the Schmidt law is also valid within
this pair of merging galaxies.

We explore the relationship between the star formation
rate and gas density at various locations within the
Antennae galaxies. First we grid the central disk into small
regions and calculate the total flux of Ha as well as the total
gas content in each cell by summing up both the atomic and
molecular gas. To obtain the mass of the atomic hydrogen
from the 21 cm flux, we adopt the conversion formula
My/Mg =236 x 10°D?| S, dv, where D is the distance in
Mpc and S, dv is in Jy km s~ ! (Rohlfs & Wilson 2000, their
eq. [12.57]). We obtain a total mass of 3.95 x 10° M, in
atomic hydrogen including the tidal tails, consistent with
the value reported by Hibbard et al. (2001). To obtain the
molecular gas content from the CO (1-0) line emission, we
use the same conversion factor N(H,)/Ico = 3.0 x 10%°

cm™? (K km s™')7! as in § 5.3 and obtain a relation
M(molecular gas)/M o = 1.60 x 104(D/Mpc)*Sco/Jy km
s~1. This includes an additional correction of 36% for
heavy elements (see Rohlfs & Wilson 2000). We thus obtain
a total molecular mass of 1.44 x 10'° M, within the central
disk of the Antennae, similar to the value reported by Gao
et al. (2001). Finally, we convert the flux of Ha line emission
(continuum-subtracted) into the star formation rate using
the relation Sgp(Mo yr~ ') =79 x 10" *’L(Ho)(ergs s~ 1)
(Kennicutt 1998; see references therein for the calibration).
Wilson (1995) found that the CO to H, conversion factor
varies with the metallicity in the host galaxy. Since NGC
4038 and NGC 4039 have luminosities and morphologies
similar to giant spiral galaxies, it is likely that their metal-
licity is similar to that of the Milky Way and M31. Hence,
we will adopt the empirical conversion factor listed above
throughout this section. We also note that any variation in
the metallicity will shift the data without altering the slope
of the Xgpp-Z, relation. Other factors that may cause
variations in the conversion factor include the size of molec-
ular clouds, the temperature of the ISM, and the optical
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depth of the CO line. Moreover, there may be com-
plications from the dissociation and consumption of molec-
ular gas due to the starburst in the Antennae.

We correct for extinction in the Ha flux by assuming a
uniform value over the whole galaxy. It is not possible to
correct for each individual cluster using the QQ analysis (see
§ 2), since we only have useful U measurements (hence Q,
values) for 37% of the R clusters, where extinction is most
important. However, we can correct for each of the three
samples using the mean values for the clusters for which we
do have Q values. In this way, we obtain A,, ~ 4.7 for the R
sample, 1.6 for the B1 sample, and 0.6 for the B2 sample,
resulting in an average of A, ~ 1.6 for all clusters. The
mean extinction estimated in this way should be regarded
as the lower limit since it may be biased toward the least
extincted clusters (i.e., we tend to miss clusters with the
highest values of 4,). Another method is to estimate the
extinction from the measured Ho/Hp line ratio that was
reported by Keel et al. (1985). We obtain a value of 4, ~ 2.8
with the intrinsic Ho/Hp ratio of 2.86 (assuming a Galactic
extinction law and T, = 10* K; Caplan & Deharveng 1986).

Since the line ratio is affected by absorption lines from
young stars, this estimate should be regarded as an upper
limit. Thus, we find A4y, to be within the range 1.3-2.3, after
interpolating between 4, and A;. In the following we will
use the middle value of 1.8. Better estimates of extinction
can eventually be made as more infrared spectra become
available.

The relation between g and X, in the Antennae gal-
axies is shown in Figure 18. Figure 18a shows the result
from a grid size of 1174 x 1174 (1.06 x 1.06 kpc), compara-
ble to the resolution of the H 1 observations. The data show
significant scatter; the Spearman coefficient is 0.72 for the
total gas density. Figure 18b shows the result from a larger
grid size of 2875 x 2875 (2.65 x 2.65 kpc). The Spearman
coefficient is 0.89 for the total gas density. We fit the data by
using first Zgep and then X, as the independent variable
and then using the averaged relation as our final result, as
shown by the dotted lines in Figure 18. The slopes of the
data in Figures 184 and 18b are N = 1.20 + 0.23 and
1.38 + 0.20, respectively, and are consistent with the
Schmidt law with N = 1.4 4+ 0.15 within the 1 ¢ error, espe-
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F1G. 17.—Association between the Ha line-of-sight velocity and star clusters. The notations are the same as in Fig. 15.

cially in the case of the larger grid size. Repeating the
analysis using the Wilson et al. (2000) CO intensity map
rather than the BIMA map results in correlations with
similar slopes. A possible explanation for the poorer rela-
tion on smaller grid scales is that below a certain size limit
the young clusters may alter their interstellar environment
by depleting the local molecular and atomic hydrogen gas.
Hence, the Schmidt law may be modified at scales smaller
than the range of the feedback effects.

The agreement with the Schmidt law is somewhat sur-
prising, given the large values of A, in the overlap region
and the fact that we are probably missing some obscured
clusters (see § 5.2). We have tested the uniformity of this
result and the dependence on our simplistic treatment of 4,
by repeating the calculations using only the northern or
western half of the maps. Based on the QQ analysis, the
extinction in these regions is much smaller than in the
overlap region. The tests show that the slopes for a 2875
x 285 grid vary from 1.2 to 1.5, with the slope of 1.4 being
always within the 1 ¢ uncertainty. The slopes for a smaller
grid of 1174 x 1174 are between 1.0 and 1.1, consistent with
the value 1.4 within the 2 ¢ uncertainty.

We also present the relationship between the cluster for-
mation rate (Zqpg) and the gas content in the Antennae in

Figure 19. The X g is defined as the number density of the
R and B1 clusters divided by 8 Myr, roughly their average
age. The slopes of the fits are N = 1.37 +0.51 and
1.53 £ 0.57 for the upper and lower panels, respectively.
The relation between X g and gas content has more scatter
than that between Xz and gas content. This might be
expected as a result of small number statistics (e.g., the
bottom row of points has n = 1), the possibility of missing
some embedded clusters due to obscuration, and incom-
pleteness at the faint end. However, the similarity in the
slopes of these relations suggests that the Schmidt law
is also a valid description of cluster formation in merging
galaxies.

We can also estimate how long it would take before all
the gas in the Antennae was consumed by star formation at
the current SFR (ignoring possible inflow and outflow).
This is sometimes called the “Roberts time,” 1z, and is
defined as M, /SFR (see Kennicutt, Tamblyn, & Congdon
1994). The overall star formation rate is 4.0 My yr~%,
derived directly from the total Ha flux of 1.13 x 10~ ! ergs
s~ cm™? within the disk of the Antennae before correction
for extinction. The star formation rate is 21.0 M yr~! if
Ay, = 1.8 is adopted. This is larger than the value of 5 M,
yr~ ! estimated by Stanford et al. (1990), mainly because of
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FIG. 18.—Star formation rate (Zgg) vs. gas density (Z,,,) in different
regions of the Antennae galaxies. The open circles are for atomic gas only,
while the filled circles are for the sum of atomic and molecular gas. Xy is
converted from Ho flux using a coefficient of 7.9 x 10*? (Kennicutt 1998)
and an extinction of 1.8 mag in the Ha flux (see text). The dashed lines are
the fits to the total gas density ( filled circles). The solid lines represent the
Schmidt law Zgpp = (2.5 + 0.7) x 1074214015 (Kennicutt 1998). Panel

gas

(a) shows the relation with a grid resolution of 11”4 x 11”4, panel (b) with
285 x 28'5.

the higher Ha line flux detected with the HST. For com-
parison, the current star formation rate of the Milky Way is
about 3 M yr~! (Mezger 1978; Scoville & Good 1989),
and that for M82 is about 2 M, yr~*! (e.g., Condon 1992).
Taking a total gas mass of ~1.5 x 10'° M, in the
Antennae, we obtain 1z &~ 700 Myr, which is comparable
with the merger age of ~500 Myr (see Mihos, Bothun, &
Richstone 1993) but is shorter than the typical Roberts time
for spiral galaxies (~3 Gyr; Kennicutt et al. 1994). These
timescales indicate that star formation in the Antennae has
been enhanced by the merger event.

8. SUMMARY

The recent availability of state-of-the-art maps of the
Antennae galaxies (NGC 4038/9), covering almost the
whole wavelength range from radio to X-ray, has made it
possible for the first time to study the relationship between
young star clusters and their interstellar environment. The
Antennae system provides the ideal laboratory for this
study since it is both the youngest and nearest of Toomre’s
(1977) prototypical mergers. We use these new data to
perform a comprehensive study of the correlation between
young star clusters of different ages and their interstellar
environment in the Antennae.
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FI1G. 19.—Cluster formation rate (X¢gg) vs. gas density (Z,,,) in different
regions of the Antennae galaxies. The open circles are for atomic gas only,
while the filled circles are for the sum of atomic and molecular gas. Xy is
defined as the density of the R and B1 clusters divided by the average age
of 8 Myr. The dashed lines are the fits to the total gas density ( filled circles).

The solid lines represent the relation g, oc =15, Panel (a) shows the

relation with a grid resolution of 1174 x 11”4, panel (b) with 285 x 28"5.

Using the UBVI images from HST WFPC2 obser-
vations, we identify three age groups of young star clusters
in the Antennae: red clusters (the R sample, t ~ 5 Myr),
young bright clusters (the B1 sample, 3 <t < 16 Myr), and
older bright clusters (the B2 sample, 16 <t < 160 Myr).
The observations in the other wavelength bands used in this
study include 21 cm line emission (H 1), radio continuum (6
cm), CO (1-0), far-infrared (60 pm), mid-infrared (15 um),
Ha line, FUV (~ 1500 A), and soft X-ray emissions. Velocity
maps are available in 21 cm and Ho lines. We first calcu-
late the autocorrelation functions for the star clusters and
then study their cross-correlation with the flux maps and
the velocity fields. We note that some observations at longer
wavelength are restricted to lower resolution (e.g., 1.58 kpc
for the far-infrared emission and 1.06 x 0.69 kpc for the H 1
21 cm line emission), and thus some important small-scale
information is not available. In addition, selection effects
caused by isolating the R sample based on color potentially
affect the interpretation of some of the correlations (e.g., the
60 and 15 um observations, which correlate with the pres-
ence of dust). This is less of a problem for the B1 and B2
clusters, which are selected based on reddening-free Q pa-
rameters rather than their apparent colors.

Our main results are as follows:

1. We find that star clusters form in a clustered distribu-
tion. Their two-point autocorrelation function is a power
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law with index in the range —1.0 to —0.8. In contrast, the
correlation function for the sample of candidate young
massive stars is much weaker, with a power-law index —0.4.
Moreover, the scale of ~1 kpc, beyond which the power-
law correlation functions for the clusters drop dramatically,
is consistent with the typical size of giant molecular cloud
complexes identified within the Antennae galaxies. These
molecular cloud complexes typically have masses of a few
times 10® M, (Wilson et al. 2000).

2. We find that the cross-correlations between the star
clusters and the flux maps vary with wavelength. The R
clusters are closely related to long-wavelength radiation,
i.e., emission in the 21 cm line, radio continuum, the CO
(1-0) line, the far-infrared, and mid-infrared. They are
poorly correlated with emission that has wavelength
shorter than near-infrared, apparently a consequence of
obscuration by dust. The B1 and B2 clusters, however, are
more closely related to short-wavelength radiation. The B1
clusters are the main sources of the FUV and Ha emission
and are associated with many of the X-ray and I-band fea-
tures. The B2 clusters, while largely following the behavior
of the B1 clusters in the correlation with flux in these bands,
have ceased to emit many Ha photons but are associated
with X-ray and I-band emission. The variation of corre-
lations in the different wavelengths is consistent with the
gradual dissociation of clusters from their formation
environment: first by heating the dust, then by ionizing the
gas, and finally by expelling the surrounding materials
through stellar winds and supernova explosions.

3. The tight correlations between the R clusters and the
H 121 cm line and CO (1-0) line emission indicate that gas
content, especially molecular gas, is closely associated with
cluster formation. Many of the R clusters are spatially coin-
cident with giant molecular cloud complexes in the overlap
region and in the western loop of NGC 4038. On the other
hand, gas concentrations alone, even molecular, do not
guarantee that clusters will form. For example, few R clus-
ters are found in the CO (1-0) flux concentrations and
atomic gas just south of the nucleus of NGC 4039, in the
southeast extension (see Fig. 7), and in the tails, where H 1is
abundant.

4. There is some evidence for weak correlations between
the locations of young star clusters and the velocity disper-
sion of atomic gas (5 ¢). The most prominent ongoing
cluster formation in the southern overlap region is coin-
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cident with chaotic velocity fields with line-of-sight velocity
gradients of ~100 km s~ ! kpc ™. This region of high veloc-
ity gradient is also the location with the largest velocity
dispersion in molecular gas. Wilson et al. (2000) suggested
that it is the site where several giant molecular clouds are
colliding. Shocks may have triggered the formation of the
clusters in this region. However, collisions among molecu-
lar clouds do not seem to account for most of the R clusters,
which are formed in other, less chaotic locations.

5. There is strong evidence for feedback by young clus-
ters. We find prominent Ha supershells surrounding bright
cluster complexes of the B1 sample, especially in the overlap
region. These outflows have typical velocities of 25-30 km
s~ ! or larger and inject a large amount of energy into the
local ISM. They may be responsible for triggering the for-
mation of some of the R clusters (e.g., north of knots C and
D where the velocity gradient in ionized gas is large). We
thus infer that the Antennae are a complicated system
where different triggering mechanisms may be at work.

6. We find that, in the Antennae, the relationship
between the star formation rate and the surface density of
gas can be described by the Schmidt law with index
N = 1.4 £ 0.15. The cluster formation rate obeys the same
relationship but with more scatter. However, the Schmidt
law may be modified at scales smaller than ~1 kpc, where
feedback effects become important.

7. We estimate the total observed flux of Ho line emis-
sion to be 1.13 x 10! ergs s~ ! cm ™2 in the central disk of
the Antennae galaxies. The star formation rate is ~20 M
yr 1, if Ay, = 1.8 is adopted. This yields a gas consumption
time (i.e., the Roberts time) of 7z ~ 700 Myr, which is com-
parable with the merger time but is smaller than that of a
typical spiral galaxy, suggesting a major enhancement of
star and cluster formation due to the merger event in the
Antennae.
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