>0
o0

OCAD
UNIVERSITY

OCAD University Open Research Repository

U

Faculty of Liberal Arts & Sciences

2023

Arp 220: A Post-starburst Galaxy with
Little Current Star Formation outside of
Its Nuclear Disks

Chandar, Rupali, Caputo, Miranda, Linden, Sean, Mok, Angus, Whitmore,
Bradley C., Calzetti, Daniela, Elmegreen, Debra M., Lee, Janice C., Ubeda,
Leonardo, White, Richard and Cook, David O.

Suggested citation:

Chandar, Rupali, Caputo, Miranda, Linden, Sean, Mok, Angus, Whitmore, Bradley C.,,
Calzetti, Daniela, Elmegreen, Debra M., Lee, Janice C., Ubeda, Leonardo, White, Richard
and Cook, David O. (2023) Arp 220: A Post-starburst Galaxy with Little Current Star
Formation outside of Its Nuclear Disks. The Astrophysical Journal, 943 (2). p. 142. ISSN
0004-637X Available at https://openresearch.ocadu.ca/id/eprint/3981/

Open Research is a publicly accessible, curated repository for the preservation and dissemination of
scholarly and creative output of the OCAD University community. Material in Open Research is open
access and made available via the consent of the author and/or rights holder on a non-exclusive basis.

The OCAD University Library is committed to accessibility as outlined in the Ontario Human Rights Code
and the Accessibility for Ontarians with Disabilities Act (AODA) and is working to improve accessibility of
the Open Research Repository collection. If you require an accessible version of a repository item contact us
at repository@ocadu.ca.



mailto:repository@ocadu.ca

THE ASTROPHYSICAL JOURNAL, 943:142 (16pp), 2023 February 1
© 2023. The Author(s). Published by the American Astronomical Society.

OPEN ACCESS

https://doi.org/10.3847/1538-4357 /acac96

CrossMark

Arp 220: A Post-starburst Galaxy with Little Current Star Formation outside of Its
Nuclear Disks

Rupali Chandar' @, Miranda Caputol, Sean Linden”

, Angus Mok

, Bradley C. Whitmore* , Daniela Calzetti’ R

Debra M. Elmegreen5 , Janice C. Lee®®, Leonardo Ubeda®, Richard White*®, and David O. Cook’
! Ritter A%trophy%lcal Reﬂearch Center, Umvermy of Toledo, Toledo, OH 43606, USA; Rupall Chandar@utoledo.edo
Dept of Astronogmy, University of Massachusetts at Amherst, Amherst, MA 01003, USA
OCAD University, Toronto, ON M5T 1W1, Canada

Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD, 21218, USA
5 Department of Physics & Astronomy, Vassar College, Poughkeepsie, NY 12604, USA

6 Gemini Observatory /NSF’s NOIRLab, 950 N. Cherry Avenue, Tucson, AZ 85719, USA

7 Caltech /IPAC, 1200 E. California Boulevard, Pasadena, CA 91125, USA
Received 2022 March 30; revised 2022 December 15; accepted 2022 December 17; published 2023 February 3

Abstract

The ultraluminous infrared galaxy Arp 220 is a late-stage merger with several tidal structures in the outskirts and
two very compact, dusty nuclei that show evidence for extreme star formation and host at least one active galactic
nucleus (AGN). New and archival high-resolution images taken by the Hubble Space Telescope provide a state-of-
the-art view of the structures, dust, and stellar clusters in Arp 220. These images cover the near-ultraviolet, optical,
and near-infrared in both broad- and narrowband filters. We find that ~90% of the Ha emission arises from a
shock-ionized bubble emanating from the AGN in the western nucleus, while the nuclear disks dominate the Paj
emission. Four very young (~3-6 Myr) but lower-mass (<10% M. )) clusters are detected in Ha within a few
arcseconds of the nuclei, but they produce less than 1% of the line emission. We see little evidence for a population
of massive clusters younger than 100 Myr anywhere in Arp 220, unlike previous reports in the literature. From the
masses and ages of the detected clusters, we find that star formation took place more or less continuously starting
approximately a few gigayears ago with a moderate rate between ~3 and 12 M. yr '. Approximately 100 Myr
ago, star formation shut off suddenly everywhere (possibly due to a merging event), except in the nuclear disks. A
very recent flicker of weak star formation produced the four young, low-mass clusters, while the rest of the galaxy
appears to have remained in a post-starburst state. Cluster ages indicate that the tidal structures on the west side of
the galaxy are older than those on the east side, but all appear to predate the shutoff of star formation. Arp 220 has
many of the characteristics expected of a “shocked post-starburst galaxy,” since most of the system has been in a
post-starburst state for the past ~100 Myr and the detected Ha emission arises from shocked rather than
photoionized gas.

Unified Astronomy Thesaurus concepts: Galaxy evolution (594)

1. Introduction

At a distance of ~88 Mpc (e.g., Parra et al. 2007; Armus
et al. 2009), Arp220 is the closest ultraluminous infrared
galaxy (ULIRG), with logLir /L, = 12.21 (Sanders et al.
2003) and a stellar mass of log M, ~ 10.8 (U et al. 2012). This
late-stage merger contains two compact (=150 pc), highly
obscured nuclei (east and west) separated by ~400 pc (1”) that
dominate the infrared luminosity. There is clear evidence for an
active galactic nucleus (AGN) in the western, more infrared-
luminous nucleus and partial but inconclusive evidence for an
AGN in the eastern nucleus. Long-term monitoring with very
long baseline interferometry has revealed around 100 point
sources, believed to be supernovae (SNe) and supernova
remnants (SNRs) resulting from the extreme star formation
occurring in the compact nuclei (e.g., Varenius et al. 2019).
Outside of the nuclear disks, the central 12”5 shows significant
obscuration by dust in some locations, and there are several
faint but distinct tidal features in the outskirts on both the west
and east sides of the system.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

Ages of the stellar populations in the different structures
within Arp 220 provide important clues to its star formation
and merger/interaction history. Wilson et al. (2006) concluded
that the system has formed a rich population of very young
(<10 Myr), extremely massive (~106—107 M) clusters, plus a
less dominant intermediate-age (70-500 Myr) population with
lower masses ~10°—10° M, located at larger radii, based on
somewhat limited Hubble Space Telescope (HST) imaging of the
central region. Spectroscopy of the diffuse starlight in the outer
portions of the system suggests that these regions are dominated
by an intermediate-age stellar population (~500-900 Myr), with
a young stellar population (<100 Myr) that has an increasing
contribution as one moves toward the center of the galaxy
(Rodriguez Zaurin et al. 2008). The older population has ages
similar to those found for stars in many post-starburst galaxies
(e.g., Dressler & Gunn 1983; Couch & Sharples 1987; French
et al. 2018).

The central 1275 (=5 kpc) of Arp 220 is crisscrossed by
dust, with significant obscuration in places, as shown in
Figure 1. Because of this patchiness, the range of ages of the
stellar populations in the central 12”5 but outside of the nuclear
disks is still not well known. In this work, we use an age-dating
method that allows the maximum cluster reddening to vary
during the fitting process based on the amount of dust in the
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Figure 1. Left: an HST BVI image of Arp 220 identifies the locations of the two nuclear disks (small black circles), the inner 1275 (=5 kpc) and outer region beyond
40”. Clusters, shown as yellow circles, are detected throughout the system, including very close to the dusty nuclear disks. The red circles running diagonally through
this image are artifacts resulting from the gap between detectors in the ACS camera. Right: three-color image of the central portion of Arp 220 created from the B-band
(blue), Ho (green), and 6 GHz (red) emission. The nuclear disks and shocked, outflowing Ho gas are identified, along with four very young (<10 Myr) line-emitting
clusters identified in MUSE observations (Perna et al. 2020). The bright green points that fall diagonally from the top left side of the image to the bottom middle in the
right panel (also seen in the top right panel of Figure 2) are artifacts from cosmic-ray hits. The images are oriented with north up and east to the left.

region. The results from this method allow us to directly
address the following: How much star formation has taken
place in the past 10 Myr outside of the nuclear disks? How
much star formation took place between 10 and 100 Myr ago?
Was star formation over the past gigayear bursty or
continuous? Do different regions and structures within
Arp 220 have stellar populations with different ages? The
answers to these questions provide critical clues to the star
formation and merger/interaction history of Arp 220 and are
the focus of this paper.

A direct and independent method of measuring the recent
star formation history of galaxies over at least the past 0.5 Gyr
is to use the ages and masses of their stellar clusters. Young
clusters directly trace the star formation process, since their
numbers and masses scale with the rate of star formation (e.g.,
Larsen 2002; Chandar et al. 2017; Whitmore et al. 2020),
although some authors report a more complicated relationship
(e.g., Bastian et al. 2012; Adamo et al. 2015; Krumholz et al.
2019).

In this work, we revisit Arp 220 and its cluster population by
taking advantage of new, high-resolution observations that
cover the entirety of this system from the near-ultraviolet
(NUV) through the near-infrared (NIR). The observations were
taken as part of the Clusters, Clumps, Dust, and Gas in Extreme
Star-forming Galaxies (CCDG) survey (PI: Chandar), which
has recently collected both broad- and narrowband imaging of
13 of the most extreme, star-forming galaxies found in the
nearby (D < 100 Mpc) universe. Our observations significantly
extend the Wilson et al. (2006) coverage to the entire optically

bright portion of Arp 220 and provide the definitive view of the
cluster population in Arp 220.

The rest of this paper is organized as follows. Section 2
presents multiwavelength (NUV through NIR) HST images of
Arp 220, cluster selection, and photometry. We examine key
features in Arp 220, including the central dusty region and tidal
tails using the measured colors of clusters in Section 3. In
Section 4 we constrain the reddening and use it to derive the
ages and masses of the clusters. Section 5 presents the cluster
mass function (CMF) and determines the shape at the upper
end. In Section 6 we estimate the star formation rate (SFR) in
different intervals of age, and in Section 7 we discuss these
results in the context of galaxy formation and evolution. Our
main results are summarized in Section 8.

2. Hubble’s View of Arp 220
2.1. Observations

HST has imaged Arp 220 in broad- and narrowband filters
covering the NUV to the NIR. The observations used in this
work are a mix of new and archival data. New observations
with the WFC3 camera were taken as part of our program GO-
15649 (Pl:Chandar) in the NUV (F275W), U (F336W), V
(F555W), Pag (F130N), and H (F160W) bands, and archival
images are available in the B (F438W), I (F814W), and Ha
(F665N) bands (the first two taken with the ACS camera, and
the last with the WFC3). Figure 1 shows an image of Arp 220
that captures the multiple extended tail-like features in the outer
regions, as well as the bright, dusty central region. The faint,
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diffuse emission in the tidal features is dotted with point
sources, which are stellar clusters. The central region is
crisscrossed by dark dust lanes. Despite the dust, bright
starlight and point-like clusters are clearly seen throughout the
central region. We follow Scoville et al. (2017) and adopt a
luminosity distance of 88 Mpc to Arp 220 (Armus et al. 2009),
which gives a scale where 1”7 ~ 400" pc.

Individual exposures are processed through the standard
Pyraf/[0]STSDAS CALACS or CALWFC3 software, which
performs initial data quality flagging, bias subtraction, gain
correction, bias stripe removal, correction for charge transfer
efficiency losses, dark current subtraction, flat-fielding, and
photometric calibration. These individual files are aligned and
drizzled onto a common grid to create a single image per filter
using the DRIZZLEPAC software package. The V-band image
is used as the reference, with a pixel scale of 0”04 (the native
WEFC3 pixel scale), and astrometry calibrated with Gaia DR2
sources (Gaia Collaboration et al. 2018; Lindegren et al. 2018).
Sky subtraction is performed during the drizzling process, and
the output images are all oriented with north up and east to the
left. The final FITS files are in units of electrons per second.

We create a continuum-subtracted Pa/3 line map for Arp 220
by first using the F110W and F160W broadband WFC3 /IR
images to estimate the stellar continuum at 1.28 pm (F »g,,m) in
each pixel. Several bright isolated stars, which do not have
associated recombination line emission, are used to determine
the scale factor needed to remove the stellar contribution from
the narrowband filter. We find Fp, = Fzov — a@ X F{28um,
with a range of a values between 0.98 and 1.03, and adopt a
best-fit scale factor of @ = 1.015. We use a similar technique to
create a continuum-subtracted Ho image, but we use the V and
I filters to estimate the stellar continuum. While the Paj image
has a significantly longer exposure time than Ha (2000s vs.
400s), the Ha images have higher resolution, better for
identifying clusters. The expected Ho/Paf ratio for an HII
region with no extinction (assuming case B recombination) is
~17. For both of these reasons, we expect the Ha image to
better identify all but the most heavily extincted line-emitting
clusters.

In this study, we define three regions within Arp 220, shown
in Figure 1: (1) the two small, nuclear disks; (2) the inner 1275
(~5kpc) region demarcated by the inner circle, which is
dominated by the bulge and by the presence of dust; and (3) an
outer region that has little dust and includes several tidal
features. These regions are discussed in detail in Section 3.

2.2. Color Images of the Inner Region

In Figure 2, we show four different filter combinations of the
inner region of Arp220. These composite images reveal
different structures and provide insight into the cluster
population and dust in this region.

1. The BVI figure in the top left panel of Figure 2 gives a
good view of the dust crisscrossing the central region of
Arp 220. It also shows that a significant portion (~50%)
of the central 12”5 is not strongly affected by dust. Many
point-like clusters are seen in the optically bright and the
moderately dusty regions. The red streaks in the lower
left portion of this figure are caused by artifacts in the /
band (due to too few exposures).

2. The B Ha Pag image in the top right panel of Figure 2
highlights the contribution and location of line emission.

Chandar et al.

One striking result is that Ha emission and Pa/3 emission
originate from completely different regions in Arp 220.
The dominant Ha (green) feature is the shocked,
outflowing “superbubble” originating from the AGN in
the west nuclear disk (Lockhart et al. 2015). The most
intense Pa/3 emission arises from the two nuclear disks,
which are embedded in extended, diffuse Pag.

3. The UVH image in the bottom left panel emphasizes faint
blue cluster C1 and does not reveal any obvious red
clusters in the dust lanes.

4. The JH Paf image in the bottom right panel is the best
filter combination currently available to identify very
young, still embedded clusters that are obscured at optical
wavelengths. We have carefully searched this image and
find a dozen broadband sources in dust lanes; none,
however, have Pag line emission. Several of these are
visible in the 7 band (but not at shorter wavelengths). We
discuss the nature of these clusters in Section 3.2.°

In Figure 1, we identify the only (four) line-emitting clusters
identified thus far in Arp 220, designated C1, C2, C3, and C4.
These were discovered in MUSE optical IFU spectra (Perna
et al. 2020) and help guide searches for additional very young,
line-emitting clusters. Source C1 is the brightest blue cluster
observed in the HST images. We measure an Ha flux of
~25%x 10 Bergs™! and Paf~3.5x 10 Yergs™ in a
5-pixel aperture, consistent with the modest level of reddening
determined by Perna et al. (2020) for this cluster. C3 is at the
limit of what we can detect in the line maps and has measured
Ho ~PaB~5 x 10" ergs™". Clusters C1 and C2 are also
visible in the broadband images. C3 and C4 are fainter and not
detected in our V-band image (see below).

2.3. Cluster Selection and Photometry

At the distance of Arp 220, clusters appear as point-like
sources, while individual stars are not detectable. The cluster
catalog was created by running the IRAF/DAOFIND task on
the V-band image with a signal-to-noise ratio threshold of 3
above the background. This procedure detected almost all
obvious sources with very few spurious detections. Aperture
photometry was performed in a 2-pixel radius for all sources in
the five broadband NUV through optical filters, with the
background level determined in an annulus with radii between
7 and 9 pixels around each source. The following zero-points
from the online instrument handbook were applied to convert
the apparent magnitudes to the VEGAMAG system: 22.640
mag (WFC3/F275W), 23.526 mag (WFC3/F336W), 25.764
mag (ACS/F438W), 25.832 mag (WFC3/F555W), and 25.518
mag (WFC3/F814W). Filter-dependent aperture corrections of
1.097 mag (F275W), 0.991 mag (F336W), 0.821 mag
(F435W), 0.741 mag (F555W), and 0.913 mag (F814W) were
determined from isolated sources and applied to obtain the total
apparent magnitude for each cluster. While our photometry is
in the VEGAMAG system, we refer to the filters as NUV
(F275W), U (F336W), B (F438W), V (F555W), and 7 (F814W)
throughout. Our final catalog includes 596 cluster candidates
down to a magnitude limit of my =27 mag (My ~ — 8).

Clusters are detected throughout Arp 220, including in all
tidal features. It is important to note that many optically bright

8 While unsharp-masked 8 ym images with Spitzer often reveal young,

embedded clusters, this band is saturated in observations of Arp 220,
presumably due to the AGN.
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Figure 2. We show four different filter combinations with blue-green-red as indicated in each panel, and which highlight different features in the central portion of
Arp 220. The top left panel (BVI) highlights the dust lanes. One of two young <10 Myr clusters detected in our HST images is identified. The top right panel shows
that Ha and Pa/3 emission are not cospatial; the horseshoe-shaped Ha emission in green is produced by outflows from western nuclear disks that host an AGN, while
most of the Paj emission comes from the nuclear disks and the area immediately surrounding them. The bottom left panel shows a wide-wavelength coverage of
broadband filters, and the bottom right panel highlights new, NIR images in J and H band. The small yellow and black circles mark the locations of the two nuclear

disks.

clusters are detected in the central 1275, including within ~1”
of the extremely dusty region, where the nuclear disks are
located. Nearly 40% (223) of the 596 clusters in our sample are
found within the inner 12”5.

Crowding of recently formed clusters is one of the most
challenging issues related to cluster detection and photometry.
Luckily, the cluster population in Arp 220 is significantly more
dispersed than in well-studied ongoing merger systems like the
Antennae and NGC 3256. Although these galaxies are 2 and 4
times closer than Arp 220, respectively, their strong star and
cluster formation makes cluster detection more challenging
than in Arp 220.

3. Regions of Interest

In this section, we focus on key features found in three
distinct regions within Arp 220: (1) the nuclear disks, (2) the
central 12”5 outside of these disks, and (3) several tidal

features located toward the outskirts of the system. We examine
the broad distribution of cluster colors in different regions
within Arp 220 (leaving detailed age dating to Section 4), but
not in the nuclear disks, which are too dusty and compact to
identify individual clusters even at HST resolution.

3.1. The Nuclear Disks of Arp 220

As highlighted in Figure 1, the center of Arp 220 contains
two very compact (=150 pc) nuclear disks. Despite covering
less than 0.1% of the area of the galaxy, most of the current star
formation appears to be taking place in these disks. They are
heavily obscured at optical wavelengths but emit strongly in
Paf. Very high resolution radio, submillimeter, and infrared
imaging has revealed ~100 total point sources in the two disks,
almost certainly SNe and SNRs, the signature of recent, intense
star formation (e.g., Smith et al. 1998; Varenius et al. 2019).



THE ASTROPHYSICAL JOURNAL, 943:142 (16pp), 2023 February 1

Chandar et al.

-0.5

0.0

1.0

ks s o Lo s

P Ak, | EFEFEENE BT BRI Erararar | "

V-1

500051015 20

-0.50.0051.01.5 2.0
V-1

Figure 3. The panels on the left show the U — B vs. V — I (top left) and B — V vs. V — I (bottom left) color—color diagrams for clusters detected in Arp 220; the
photometry is in the VEGAMAG system, but for ease we refer to the filters by their Johnson names, as described in Section 2.3. Predictions from Bruzual & Charlot
(2003) show the expected aging of clusters from soon after their birth around log (7/yr) = 6 to the ages of globular clusters for solar metallicity (solid line) and 1/
4 x solar (dashed line). We plot clusters brighter than 2, < 25.5 mag found inside (outside) of 1275 as circles (triangles). The one young, blue cluster seen close to
the youngest portion of the model track is source C1. There are essentially no clusters with colors between the log (7/yr) = 6-8 model tracks. The right panels show
that the colors of the cluster population in Arp 220 are quite different from those in the ongoing mergers in the Antennae (red) and NGC 3256 (blue).

There is clear evidence for an embedded AGN in the western
nucleus of Arp 220 (e.g Lockhart et al. 2015; Rangwala et al.
2015; Barcos-Muifioz et al. 2018). A number of observations,
including the detection of Fe Ko emission at 6.3 keV, support
this conclusion (e.g., Yoast-Hull et al. 2017; Wang et al. 2021).
Varenius et al. (2016) further suggested that the alignment of
the 150 MHz continuum morphology above and below the
nuclear disk and the similarity to the 150 MHz observations of
MS?2 are evidence for an outflow in the eastern nucleus, with
the southern side being the closer (approaching) part consistent
with CO (6-5) observations presented in Rangwala et al.
(2011). This suggests that the eastern nucleus may also contain
an AGN, although this is not yet certain.

3.2. Inner 12"5 (outside of Nuclear Disks)

Although this region contains much of the dust that Arp 220
is famous for, a large number of clusters are clearly visible in
the optical and NUV images. In Figure 3 we show the
measured U — B versus V — [ colors of clusters brighter than
my of 25.5 mag (the U-band photometry becomes less certain
for sources fainter than this). Clusters in the inner 12”5 portion
of Arp 220 are shown as black circles, and those between 1275

and 45" are shown as gray triangles. The cluster colors are
compared with predictions from the stellar evolution models of
Bruzual & Charlot (2003, hereafter BCO03), which closely
match the observed colors of clusters in nearby spiral galaxies
(Turner et al. 2021). The models predict the luminosity and
color evolution of clusters starting soon after they form (ages
~1 Myr), through the ages of ancient globular clusters of
~12 Gyr. The arrow in each panel shows the direction of
reddening, assuming a Galactic extinction law (Fitzpatrick
1999). We show the solar-metallicity BCO3 model with no
nebular contribution.

1. A single cluster, labeled C1 in Figures 1 and 2, has
(U — B) versus (V —I) colors that indicate an age of just a
few megayears. It falls slightly left of the models in the
region expected of clusters with Ha emission. Source C2
is also in our V-band-selected sample and has fairly blue
colors, but it is fainter than m, = 25.5 mag and therefore
not shown in the figure. All other clusters detected in our
HST images are significantly redder than C1 and C2. We
inspected our Paf continuum-subtracted image and found
no line emission from any cluster besides C1-C4.



THE ASTROPHYSICAL JOURNAL, 943:142 (16pp), 2023 February 1

2. As one moves along the cluster model track starting from
the youngest ages at the upper left, the colors of clusters
start abruptly around ~10% yr and continue redward more
or less continuously along the model toward older ages of
at least several gigayears.

3. Clusters located within 127”5 (filled circles) have some-
what redder U — B colors than those located farther than
this (gray triangles), including a number that fall off the
models to the red side. This is almost certainly due to
reddening by dust in the central region.

4. The B — V versus V — I two-color diagram in the lower
left corner has less scatter around the models than U — B
versus V — I (upper left) and supports the points made
above from the U — B versus V — I diagram.

Two-color diagrams give important constraints on the ages
and reddening of the clusters. Almost all clusters have colors
indicating that they are at least 100 Myr old. We have carefully
inspected our continuum-subtracted Ha and Pafg images and
find that none of the clusters in our catalog have any detectable
hydrogen line emission, except C1-C4, consistent with the
ages indicated by the broadband colors. If other very young
(1 < 6 Myr), moderately reddened clusters were present, we
would detect their Ha emission. We estimate that ~90% of the
Ha line emission (measured from the continuum-subtracted
HST Ha image) comes from the AGN-driven shocked gas
bubble rather than from recently formed clusters. Therefore,
estimates of the SFR in Arp220 that rely on global Ha
intensity should be viewed with caution.

In the right panels of Figure 3, we compare the colors for
clusters in Arp220 with those in the Antennae (red) and
NGC 3256 (blue), two ongoing merging systems. Both systems
are dominated by very young, blue clusters, which is quite
different from Arp 220. Although not shown, the distributions
of cluster colors in the Antennae and NGC 3256 are similar to
those of cluster populations in spirals, irregulars, and dwarf
starbursts. The color—color diagrams of optically detected
clusters indicate that, outside of the nuclear disks, Arp 220 has
nearly stopped forming clusters altogether over the past
100 Myr. While the Arp 220 cluster color distribution is quite
different from that observed in spirals, irregulars, and
mergers, it is similar to the U — B versus B — R color—color
diagram for the cluster population in the post-starburst galaxy
S12 (Chandar et al. 2021). In Section 4.2 we assess the
possibility that Arp 220 has formed young, massive clusters
that remain embedded or obscured by dust, after estimating the
amount of reddening in Section 4.1.

3.3. Outer Region and Tidal Features

Tidal tails form during interactions between galaxies. The
ages of the stellar populations in these tails provide clues to the
formation history of the system and are particularly interesting
for Arp 220, which is an advanced merger. In the left panel of
Figure 4, we identify six distinct tidal features in Arp 220 from
their diffuse emission. All are located outside of 12”5. T1
(cyan), T2 (green), and T3 (yellow) are on the west side of the
galaxy and fainter than tidal features T4 (blue), TS (red), and
T6 (magenta) identified on the east side of the galaxy. T1 is the
faintest tidal structure; T3 is long and curved, wrapping nearly
a quarter of the way around Arp220. T1 is oriented nearly
orthogonal to T2 and T3, and regions of little diffuse emission
separate T2 from T3 and T4 from TS. We highlight some of the
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clusters found in the tidal tails of Arp 220 in the three zoomed-
in panels.

In the right panel of Figure 4 we show the colors of the
clusters identified in each tidal structure, using the same color
scheme as in the left panel. The U — B versus V — I color—color
diagram is at the top, and the B — V versus V — I diagram is
below. While the U— B versus V —1 diagram is usually
preferred because age/reddening/metallicity are better sepa-
rated, many of the clusters in the tidal features are quite faint
and have large photometric uncertainties in the U band. The
outer portion of Arp 220 shows little evidence for dust, so the
B — V versus V — I diagram should give important insight into
the relative ages of the tidal features. The BCO3 models are
shown for solar (solid line) and 1/4 x solar metallicity (dashed
line), and black triangles track the evolution of (logarithmic)
ages from log (7/yr)=6 in the upper left down to log (7/
yr) =9 toward the lower right of each panel. The black arrows
show the direction of reddening based on a Milky Way
extinction law (Fitzpatrick 1999), although we do not believe
that reddening has much impact on the clusters studied in this
section.

The right panel of Figure 4 shows the colors measured for
individual clusters in each tidal feature (small colored circles),
as well as the median colors (larger colored circles), using the
same color-coding as in the left panel. We use a magnitude cut
of my < 25.5 mag for all tails except for T1 and T2, where we
use my < 26.5 mag because most clusters are quite faint. We
see that the clusters in T6 (shown in magenta) have a small
spread in colors, as do most clusters in T4, which are shown in
blue (especially in the bottom panel). The clusters in the other
tails have a larger range of colors. The median cluster colors
from the six different tidal features form a nice sequence along
the tracks, particularly in the B — V versus V — I diagram, and
are compiled in Table 1. The oldest/reddest median cluster
colors are found in tails T1 and T2, whereas those in T4 and T5
are fairly similar and fall between T6 and T1/T2/T3.

We can use the median cluster colors in each tidal feature to
estimate the age of each structure by assuming that there is no
reddening and reading off the closest ages from the BCO3
model. T6 (magenta), the most compact and bluest feature, has
median colors consistent with an age of ~(1.5-2) x 10® Myr.
The colors of clusters in T1 (cyan) through TS5 (red) are clearly
redder than those in T6, so the stellar populations must be
older, consistent with Arp220 being an older merger of
several x 100 Myr (Mundell et al. 2001; Konig et al. 2012).
While it is somewhat challenging to precisely estimate the ages
of these features because the age—metallicity degeneracy affects
the cluster colors, the median B — V and V — I colors for T4-T5
indicate ages somewhere between 6 x 10% yr and 8 x 10® yr,
assuming solar metallicity, while cluster colors in T1-T2-T3
give ages of ~(1-2) x 10°yr. We compile these estimated
ages, which are similar from both the U — B versus V — [ and
the B — V versus V — I diagrams, in Table 1. Tails T1-T5 all
have cluster populations that are older than the youngest, most
massive clusters that we see in the main body of Arp 220,
indicating that they formed before cluster formation ceased in
Arp 220. Feature T6 has clusters with ages that are close to, but
slightly older than, the time when star formation ceased in the
main body of Arp 220.

Our age constraints based on cluster colors are consistent
with those estimated from ground-based spectroscopy of
portions of T2 and T3. Rodriguez Zaurin et al. (2008)
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Figure 4. Left: six tidal features in Arp 220 and their associated clusters are identified in the HST BVI color image. These are discussed in Section 3.3. Right: the
U —Bvs. V—1(top) and B — V vs. V — I (bottom) colors of clusters in the six features are plotted. The median cluster colors are shown as the larger symbols and
used to constrain the ages of the stellar populations in each tidal feature. See text for details.

Table 1
Tidal Feature Properties
Tidal Median  Median ~ Median Typical Approximate
Feature U-B B-V V-1 Age Length (kpc)
Tl 0.0 0.7 1.0 (1-2)x10° 19
T2 0.12 0.8 1.05 1 —-2)x 10° 20
T3 0.1 0.7 0.7 1-2)x10° 32
T4 0.6 0.6 0.65 6+1)x 10 7.9
T5 0.7 0.48 0.7 6+1) x 108 8.2
T6 —0.1 0.3 0.5 1.5-2)x 10 35

performed a direct fit of the overall continuum shape in their
spectrum using CONFIT, a x> minimum technique developed
by Tadhunter et al. (2005) that fits the minimum number of
stellar components required to model the observations. They
find best-fit ages between 6 x 10® yrand9 x 10®yr for the
stellar populations in T2 and T3, similar to the constraints we
find from the median cluster colors in each tail.

We make a very approximate estimate of the length of each
tidal feature and compile these measurements (in kpc) in the
last column of Table 1. We find a reasonable correlation
between the length of a tidal feature and its estimated age, such
that longer tidal features are older. This is expected if the stellar
component of tidal tails spreads out over time.

4. Properties of Clusters in Arp 220

The ages and masses of stellar clusters provide key windows
into their life cycles and into the evolution of their host galaxy.

In this section we estimate the age and mass of the clusters in
our Arp 220 sample after constraining the reddening in the
dusty central region. We also compare our age—mass results
with those made by Wilson et al. (2006) for a subsample of
clusters.

4.1. Constraints on Reddening

The biggest challenge to correctly age-dating clusters in
Arp220 lies in navigating the well-known age-reddening
degeneracy. This degeneracy arises because redder colors can
indicate either that a cluster is older or that it is affected by dust.
In this section, we estimate the amount of reddening that affects
clusters in the inner 12”5 of Arp 220, since dust does not
appear to have much impact on the colors of clusters outside
this region.

Several clues help us constrain the ages of the clusters,
which in turn helps constrain the amount of reddening. One of
the most important and straightforward clues is the presence or
absence of hydrogen emission lines. Massive (>10*M.)
clusters younger than ~6 Myr and moderate amounts of
reddening E(B — V) < 3 mag, Ay <9 mag will be detectable
in Hoe (and sometimes Pa(3; see also Whitmore et al. 2011). We
find line emission for optically detected clusters C1-C4 but for
no other sources. This lack of hydrogen emission lines suggests
that nearly all bright clusters in the central portion of
Arp 220 are older than 6 Myr. In fact, the colors of clusters
located farthest away from dust features but still within the
central 12”5 match the ~100-300Myr BCO03 models,
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Figure 5. We investigate reddening and extinction in the five indicated regions near the center of Arp 220 (HST BVI color image is the backdrop). The left panel
shows the regions and all clusters detected within them, and the right panels show the indicated colors and magnitudes of these clusters. See Section 4.1 for details.

consistent with age estimates made from integrated spectrosc-
opy taken in the same region (Rodriguez Zaurin et al. 2008).

We constrain the range of reddening and extinction toward
clusters in the central region of Arp220 by comparing the
ranges of measured and expected colors. In the left panel of
Figure 5, we identify clusters in five regions that visually
appear to have variable amounts of dust. We note that only 9
of the 27 clusters in these five regions have a sufficiently
bright apparent V-band magnitude to appear in Figure 3, and
that the most reddened clusters (shown in orange and red)
compose a very small fraction (only ~1%) of the full cluster
sample. For the clusters in these regions, we show the
measured U — B versus V — 1 (top right) and B — V versus
V — I (middle right) colors, along with their V versus V —1
color and magnitude (bottom right). The five clusters in the
orange circle, which are closest to the center of Arp 220, are
clearly the reddest, with all measurements in the top two
panels falling completely redward of the oldest ages predicted
by the BCO3 models. If we assume that these clusters have
ages of ~100-300 Myr, they must have E(B — V) values
between ~1.5 and 2.5 mag, or Ay ~ 5-8 mag. Clusters located
in the regions identified by the blue, cyan, and green circles
better follow the models than those shown in orange. If we
again assume that they are ~100-300 yr old, they would have
E(B — V) values between ~0.0 and 0.5 mag, or Ay ~ 0.0-1.5
mag. The clusters shown in red appear to be intermediate
between those in orange and blue/cyan/green, and we
estimate E(B — V) values between 0 and 1 mag, or Ay ~ 0-3
mag. These E(B — V) estimates by region allow us to vary the
maximum value in our age-dating procedure (described
below), based on the location of each cluster.

4.2. Age and Mass Estimates

To estimate the masses and ages of the clusters in Arp 220,
we follow the general SED-fitting technique described in
Chandar et al. (2010), where the measured luminosity of a
source in each filter is compared with stellar population model
predictions, but with an updated treatment of the reddening.
We estimate the age (7) and extinction (Ay) for each cluster by
performing a least y” fit comparing the observed cluster
magnitudes with the predictions from the BCO3 population
models. The grid runs over ages from log (7/yr) = 6.0 to 10.2
and from Ay = 0.0 to 0.1 mag for clusters in the outer regions.
For clusters in the inner regions shown in Figure 5, we adopt
the following maximum Ay values in the SED fit, based on the
discussion above: 1.5 mag for clusters in the blue, cyan, and
green regions; 3.0 mag for clusters in the red region; and
7.5 mag for clusters in the orange region.

The best-fit values of 7 and Ay minimize the statistic:
27, Ay) = 5\ WA(m™ — m™%)? | where m®™ and m™9 are
the observed and model magnitudes, respectively, and the sum
runs over all five broadband filters NUV, U, B, V, and I. The
weight factors in the formula x> are taken to be
Wi = [0} + (0.05))]"!, where o is the photometric uncer-
tainty. The mass of each cluster is estimated from the observed
V-band luminosity, corrected for extinction, and the (present-
day) age-dependent mass-to-light ratios (M/Ly) predicted by
the models, assuming a distance modulus A(m—M) of 34.72.

This updated method, which allows for a flexible maximum
Ay in the SED fitting based on the amount of reddening in a
given region, improves age results in Arp 220. For the dusty
central region, we find that a number of clusters have best-fit
ages between 100 and 400 Myr with moderate extinction,
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consistent with age estimates for a number of clusters in low-
extinction areas within the central 12”5. Only the line-emitting
clusters identified previously by Perna et al. (2020) have best-
fit ages younger than 10 Myr. We therefore do not worry about
correcting the broadband photometry for contamination by
nonhydrogen emission lines. Our method of allowing a region-
dependent maximum extinction (i.e., a maximum Ay = 0.1 mag
for clusters outside of 1275, where there is little evidence of
dust, and larger values of Ay for the dusty inner regions) in the
SED fitting prevents the common problem of “catastrophic”
age dating for old globular clusters, where they are often best fit
by a too-young age and high reddening (Whitmore et al. 2020).

The largest source of uncertainty in the age estimates comes
from uncertainties in the photometry, particularly in the NUV
and U-band measurements for fainter clusters. These uncer-
tainties tend to be largest for the clusters that fall farthest from
the models in Figure 3. This method typically produces
uncertainties at the level of log (7/yr) = 0.3 (=factor of 2; see,
e.g., Chandar et al. 2010). The uncertainties in the mass
estimates are tied to those in the ages and also are on the order
of log (M/M,) =~ 0.3. There can also be systematic errors in the
estimated masses that depend on uncertainties in the assumed
stellar initial mass function (IMF) and distance to Arp 220. An
error in the estimated distance affects all masses in the same
way and does not impact the shape of the CMF. Several studies
have shown that accounting for stochastic variations in the
stellar IMF can introduce systematic uncertainties in the
derived ages and masses of individual clusters (e.g., Krumholz
et al. 2015). However, as Fouesneau & Lancon (2010)
demonstrate, these differences are small for clusters with ages
72> 100 Myr (and masses M > 10* M), such as those we are
dealing with in Arp220. We therefore do not expect
stochasticity in the stellar IMF to significantly affect our age
and mass results.

In Figure 6, we plot our age—mass results for the clusters in
Arp 220. The approximate completeness limit is shown by the
solid curve along the bottom of the data points (and defined in
Section 5). We find that there are almost no detected clusters
younger than log (7/yr) < 8.0, and none with believable age
estimates between log 7 = 7 and 8 and brighter than my < 25.5
mag. The single cluster that has a V-band magnitude brighter
than 25.5 mag and log 7~ 7.5 has no B- or I-band photometry,
leading to significantly larger uncertainty in the estimated age
than is typical. The handful of clusters with best-fit ages
younger than 10 Myr have very low estimated masses. C1 is the
most massive in this interval, with an estimated mass of
~2 x 10* M, at an age of ~3 Myr.

One critical question is, are we missing clusters younger than
100 Myr with masses >10° M., owing to dust obscuration? To
address this question, we carefully examined our Ha and Pag
line maps for any additional line-emitting clusters besides C1—
C4, but we did not find any. While we cannot firmly rule it out,
the multiwavelength observations presented here, along with
previous deep infrared and radio observations, suggest that
massive (A>J105 M) and young (<6 Myr) line-emitting clusters
are not “hiding” in the central 12”5 of Arp 220 (although there
may be lower-mass ones). There is also circumstantial evidence
against massive clusters with ages between ~7 and 100 Myr
having formed in Arp 220. The region outside of 12”5 has little
dust, and there are no clusters younger than 100 Myr in this
area, the majority of Arp 220. Within 12”5, approximately half
of the area has no visible dust lanes, and the clusters in these
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Figure 6. Top: age and mass estimates of the clusters in Arp 220 that are
brighter than my = 25.5 amag are shown in black, and those fainter than this
are shown in gray. The intermediate-age (100400 Myr) clusters studied in
Section 5.1 are indicated, including the adopted completeness limit of log (M/
M) = 4.5. This limit is defined using the method outlined in Section 5. The
purple stars indicate the age and mass estimates from Wilson et al. (2006) for
14 clusters in Arp 220. The clusters that have estimated ages less than 10 Myr
from Wilson et al. (2006) were incorrectly assigned a very high extinction
value, leading to artificially young ages and large masses. We find that these
clusters actually have ages of a few x 100 Myr and moderate masses. Bottom:
the age and mass estimates for clusters in Arp 220 are compared with those for
clusters in the Antennae (red) and NGC 3256 (blue).

regions have colors that suggest ages =100 Myr, with none
between 7 and 100 Myr. If there are reddened, 7-100 Myr
clusters in Arp 220, they must be located only in the dusty
regions within the inner 1275.

The general lack of clusters younger than 7< 100 Myr in
Arp 220 is consistent with expectations of a post-starburst
system. In the mass—age diagram, clusters appear abruptly
around this age and then continue more or less continuously to
older ages. While the age-metallicity degeneracy makes it
challenging to precisely age-date clusters older than log (7/
yr) = 8.6 (=400 Myr), cluster formation in Arp 220 appears to
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Figure 7. Left: clusters detected in this work (red) and those detected by Wilson et al. (2006) (yellow squares) are shown. Objects in common are outlined in green.
Right: the V-band magnitude from our Arp 220 cluster catalog compared with that listed in Wilson et al. (2006). We find a median difference of —0.476 mag, such that

our magnitudes are fainter.

have been fairly continuous between 100 Myr and the past
several gigayears.

In the bottom panel of Figure 6, we compare the overall age—
mass demographics of clusters in Arp 220 with those in two
ongoing merging systems, the Antennae and NGC 3256. The
cluster system of Arp220 is quite different from the others,
which have formed massive (ZIO5 M,,) clusters more or less
continuously over the past several hundred megayears,
including in just the past few million years. Spiral galaxies
like M51 and M3, dwarf starbursts like NGC 4449 and
NGC 4214, and irregular galaxies like the LMC and SMC also
have continuous cluster age—mass diagrams (Chandar et al.
2017). The optically visible clusters in Arp 220, including those
in the central kiloparsec, are almost all older. This means that if
young clusters have formed in the highly obscured, ~150 pc
nuclear disks, none have diffused out.

4.3. Comparison with the Wilson+06 Cluster Catalog

Wilson et al. (2006) published one of the few studies of the
cluster population in Arp 220, based on UBVI images of the
central 26” x 29" taken with the ACS/HRC camera on HST.
They detected 206 candidate clusters (down to m;~ 25 mag),
shown as the yellow squares in Figure 7(a). The vast majority
(~85%) of these sources are also in our catalog. Wilson et al.
(2006) were able to estimate the ages and masses for 14 clusters
by comparing their measured colors with predictions from the
Bruzual & Charlot (2003) models. Seven of these clusters have
UBVI photometry, while the other seven only have BVI.

We match the locations of clusters from our catalog with
those from Wilson et al. (2006) and show the overlap between
the two catalogs in the left panel of Figure 7. We detect the
majority of the clusters in their catalog (sources in common are
circled in green) and many fainter clusters as well (see the
many sources circled in red). We compare the total V-band
magnitude of the matched clusters in the right panel of
Figure 7. There is a median offset of —0.48 mag between the
two works, with the Wilson et al. (2006) luminosities being
brighter; we are uncertain of the origin of this offset, but we
note that it is challenging to determine aperture corrections in
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the crowded, high-background region used by Wilson et al.
(2006).

Similar to our findings here, Wilson et al. (2006) find only
one cluster (C1) with a very blue U — B color. For the other six
clusters with U-band photometry in their catalog, they estimate
ages of a few x 100 Myr. However, for the seven clusters that
they do not detect in the U band, they assume ages of 1-3 Myr,
which results in fairly large reddening values of E(B — V)~
1-2 mag and artificially boosts the estimated masses above a
million solar masses.

5. Shape of the Cluster Mass Function
5.1. Results for Arp 220

The shape of the CMF, particularly whether or not there is a
physical cutoff or truncation at the upper end, provides
important information on the formation of the clusters. In this
section, we use clusters formed over the 100400 Myr age
interval to assess whether there is a physical (or just a
statistical) cutoff in the CMF in Arp220. This age range is
ideal in general because clusters at these ages can be reliably
detected, classified, and age-dated, and the interval covers a
fairly long elapsed time, which increases the available statistics.
After ~400 Myr, clusters are affected by the age—metallicity
degeneracy. In Arp 220, almost no clusters have formed in the
past 100 Myr, so it is not possible to use younger age intervals.

We present the cumulative mass function for 100-400 Myr
clusters detected throughout Arp220 in the left panel of
Figure 8. This figure shows that the mass distribution follows a
power law at the upper end but eventually flattens toward lower
masses. We assume that this flattening is due to incomplete-
ness, rather than to a physical effect, just as we have done
previously for cluster catalogs in other systems (e.g., Chandar
et al. 2017; Mok et al. 2019). We set the completeness limit
My, at logM/ M., = 4.5, the mass where the distribution
begins to flatten noticeably, i.e., where the mass function
begins to fall significantly below the extrapolated power law
(by a factor of ~2), represented by the dashed line in the figure.

We use the maximum likelihood method described in Mok
et al. (2019) to determine the best-fit value and confidence
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Figure 8. Left: cumulative CMF for 100—400 Myr clusters in Arp 220. The completeness limit (vertical dashed line) is set where the mass function deviates from a
power law by a factor of 2. Right: maximum likelihood confidence contours (1o, 20, and 30) of the Schechter function fit to the mass function of the clusters. See text

for details.

intervals for § and M, when fitting a Schechter function
to the cluster masses above the completeness limit, (M) x
MP exp(—M/My). This method does not use binned data,
which can hide weak features at the ends of the distribution,
or cumulative distributions, where the data points are not
independent of one another. We compute the likelihood
L(B, M,)=1I,P; as a function of g and M,, where the
probability P; for each cluster is given by

V(M)
[ vonam

min

1)

i =

and the product is over all clusters above the completeness limit
(see, e.g., Chapter 15.2 of Mo et al. 2010). We set the upper
integration limit in Equation (1) to be 100 times the mass of the
most massive cluster, which is sufficient for convergence. Next,
we find the maximum likelihood L, using the Nelder &
Mead (1965) method and use the standard formula:

InL(B. M) = In Ly~ 23360 @)

where Xi(k) is the chi-squared distribution with k degrees of
freedom at p confidence level to determine the 1o, 20, and 30
confidence contours.

The right panel of Figure 8 shows the best-fit values of 3 and
M, (dashed lines) for the 100400 Myr clusters in Arp 220.
The shaded regions show the 1o, 20, and 30 contours resulting
from our maximum likelihood fit. The contours show a short
diagonal portion, which indicates the trade-off between a
steeper value of (5 and a higher cutoff mass M,, and then a
relatively flat portion up to the highest mass tested. The green
triangle shows that the most massive cluster in the sample has a
mass very similar to the best-fit M,. The fits return a lower
limit for M, of ~5 x 10° M., at the 95% confidence level. If
there is a significant detection of a physical cutoff, the 3o
contours will close within the plotted 3 — M, parameter space.
For Arp 220, even the 1o contour remains open all the way up
to the maximum tested mass, indicating that the detected M, is
not significant even at the 1o level. We find a best-fit index of
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= -2.12+0.11 when we fit a pure power law, by allowing
M, — >00, and = —1.93 £+ 0.14 when marginalized over all
M. These results mean that the value of M, returned by the
maximum likelihood fit is indeterminant and represents a lower
limit to the actual value; the upper portion of the mass function
is consistent with a pure power law with = —2.12 £ 0.11.

5.2. Comparison with Predictions and Previous Work

The presence or absence of an upper cutoff in the CMF
figures prominently in the input and output of different
cosmological simulations (e.g., Li et al. 2017, 2018) and in
understanding star and cluster formation from progenitor
molecular clouds (Grudi¢ et al. 2021). Disruption is not
expected to affect the high-mass end of the mass function over
the first 400 Myr, so we attribute this shape to formation rather
than to disruption.

The observational literature characterizing physical cutoffs
has been decidedly mixed. The most compelling evidence for a
physical cutoff is found in the nearby spiral galaxy M3l
(Johnson et al. 2017), from the Panchromatic Hubble
Andromeda Treasury (PHAT) program that surveyed ~1/4
of the galaxy disk (but did not include the regions of strongest
star formation). A recent extension of the PHAT survey to M33
has also provided evidence of a physical cutoff at ~10% M,
(Wainer et al. 2022). There are also contradictory claims for
cutoffs in the young cluster populations in M51 (Messa et al.
2018) and M83 (Bastian et al. 2012; Adamo et al. 2015), some
of them based on the same data. Other groups have found no
preference for a physical cutoff in NGC 4449 (Whitmore et al.
2020), in a sample of seven out of eight nearby galaxies (Mok
et al. 2019), in a composite of 17 dwarf galaxies studied as part
of the LEGUS survey (Cook et al. 2019), and for two out of six
luminous infrared galaxies in the Hi-PEEC Survey (Adamo
et al. 2020). Our results for Arp 220 add to the growing list of
galaxies with little evidence for a physical cutoff.

A cosmological simulation by Li et al. (2017) developed a
new algorithm for modeling the formation and growth of
clusters in Milky Way-size galaxies at high redshift. The
clusters grow over several million years, until halted by energy



THE ASTROPHYSICAL JOURNAL, 943:142 (16pp), 2023 February 1

| [

| T
SMC

*
¢® LMC
o W NGC 4214 7
NGC 4449
+  M83
2 M51 T
B ARP 220
_2_ Antennae |
S NGC3256
T
Z 32— —
=) -3
=}
2
4~ —
-5 —
-6 ]
] | | ]
3 4 5 6

log (M/Mg)

Chandar et al.

I [ [ |
A =
e -2 —
(524
w
-
s3I 7
-_-_U_ «oee Fit - All Galaxies 1] #
Z A Fit - Arp 220 | - ¥ —
= * sMC i
= ® LMC )
~-3["m NGca214 ? I
NGC 4449
-6F + Ms3 —
M51 \
Antennae
-7 NGC3256 -
B ARP 220 (Not Normalized) I I
L !
3 4 5 §]
log (M/Mg)

Figure 9. Demonstration of method 1 for estimating the SFR. Left: the CMFs for 100400 Myr clusters in the eight galaxies analyzed in Chandar et al. (2017) and for
Arp 220 (black squares) are shown using an equal number of objects per bin. The legend shows the symbol used to represent each galaxy. Right: the CMF divided by
the SFR, along with the best-fit CMF/SFR for clusters in Arp 220. The power-law fits to the calibration galaxies and to the CMF/SFR distribution for Arp 220 are

very similar and yield a best-fit SFR of 2.4 M., yr™'. See text for details.

and momentum feedback. These simulations result in initial
CMFs that are better described by a Schechter function than a
single power law, with an upper cutoff that scales with the
SFR. For their fiducial run, Li et al. (2017) find a strong
correlation between the predicted upper cutoff (M), the most
massive cluster (M,.x), and SFR:

1.6
Mo~ 14 x 10 >R ) 3)
IM yr!
1.4
My ~ 8.8 x 104 —22 | 4)
1M yr~!

Different assumptions for the simulation parameters related
to cluster formation and feedback somewhat affect their
quantitative results for M, and max, but not the fundamental
finding that the mass function is better represented by a
Schechter function than by a power law. A related trend in the
Li et al. (2017) simulation is that a higher fraction of stars are
found in bound clusters when there is a higher Xggg.

Here we compare predictions from the fiducial Li et al.
(2017) model with our results for Arp220. At an SFR of
5M.yr ' (10M.yr "), which covers the range we find for
Arp 220 in Section 6.2 for the 100-400 Myr age interval, the
model predicts a cutoff (Schechter) mass of M, ~ 1.8 x 10°
(M, ~5.6 x 10°) and a maximum mass of My, ~ 8.4 x 103
(Mpax = 2.2 x 10°). For these SFRS, My ~ 4 X My. In
Section 4, we found that the 100400 Myr clusters in Arp 220
do not show statistically significant evidence for a cutoff mass,
with a formal best-fit value of M, ~ (1-2) x 10° M., almost
identical to the value of M, for the sample.

Li et al. (2018) presented improvements to the formation and
feedback prescriptions used in their models. They find a
relation between the maximum cluster mass and the SFR
density of My, ~ Eé{;ﬁ, where the range of normalizations for
M, 1s shown in their Figure 13. We estimate a Ygpg ~ 0.01 in
the interval 100—400 Myr ago, based on an SFR ~ 10 and a
box with the area enclosed by 40” (see Figure 11). Their Figure
13 implies My, ~ several x 10* M., for this Ygpg, signifi-
cantly lower than our results for Arp 220, likely because their
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runs have a strong upper cutoff at the high-mass end. Other
theoretical work, such as simulations of star and cluster
formation within turbulent, star-forming giant molecular clouds
(GMCs) that include stellar feedback, also find a Schechter-like
shape for the initial CMF (Grudi¢ et al. 2021). It will be
important for future simulations to provide ranges of model
parameters that can accommodate a wide range of initial CMFs,
including power-law ones.

6. Cluster-based Estimates of the Star Formation Rate in
Arp 220

In this section we estimate or constrain the rate of star
formation in different intervals of age based on measured
properties of the clusters.

6.1. Methods

Building on earlier work (e.g., Bastian 2008; Chandar et al.
2021), here we develop two cluster-based calibrations to
estimate the SFR in the parent galaxy. The mass function of
young cluster populations in nearby galaxies (7 < 0.5 Gyr) has
a near-universal shape, which is well described by a power law,
dN/dM x M°, with B = —2.0+02 (e.g., Zhang &
Fall 1999; Fall & Chandar 2012), and scales with the total
SFR (Chandar et al. 2017; see below). This near universality in
the relationship between the CMF and SFR also means that the
most massive cluster (or the third, fifth, etc.) can serve as a
proxy for the normalization of the mass function (Chandar et al.
2021), as long as the upper end of the CMF is shaped by
statistics rather than a physical truncation.

Previously, we showed that the observed cluster mass
function (CMF) in eight galaxies is proportional to the SFR of
the host galaxy. This is demonstrated in Figure 9. In the left
panel, we show the observed mass function for clusters in the
SMC and LMC (irregulars), NGC 4214 and NGC 4449 (dwarf
starbursts), M83 and M51 (spirals), and the Antennae and
NGC 3256 (mergers), in the age interval between 100 and
400 Myr. The global SFRs in these galaxies (compiled in Table
1 in Chandar et al. 2017) span a factor of nearly 1000, which is
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reflected in their very different vertical scales. The right panel
shows that when divided by the SFR, the mass functions for
these very different galaxies collapse to form essentially a
single relation. A “universal” CMF/SFR sequence means that
we can estimate the SFR of the host galaxy from the
observed CMF.

Based on this result, we develop two cluster-based methods to
estimate the SFR in nearby galaxies. Our methods have the
advantage that the SFR can be determined in different intervals of
age, which can be adapted to the system being studied. For Arp 220,
we will focus on the 1-10 Myr, 10-100 Myr, 100400 Myr, and
400 Myr—3 Gyr age intervals. This ability to select specific age
intervals presents a distinct advantage over global SFR tracers, such
as extinction-corrected far-ultraviolet or Ho luminosities.

1. Method 1: This is the more robust method, but it requires
a sufficient number of clusters to determine the mass
function. We fit a power law to the combined CMF/SFR
distribution of the eight calibration galaxies listed above,
using a least-squares fitting routine. Then, a power law
with the same slope is fitted to the CMF of the galaxy for
which we want to estimate the SFR. We highlight that the
exact same age interval must be used for the calibration
and SFR determination. The best-fit normalization
required to match the mean CMF/SFR statistic from
the eight galaxies gives the estimated SFR. The method is
demonstrated in Figure 9.

As a test of our method, we applied the procedure to
the observed mass function of 100—400 Myr clusters in
the Antennae (after first taking this galaxy out of the
calibration). Our procedure returns an estimated SFR of
125M.yr~", quite similar to the 11+£3M.yr '
estimated from global measurements of the far-ultraviolet
and infrared luminosity for the Antennae (see Table 2 in
Chandar et al. 2017). We will apply Method 1 to estimate
the SFR in the 100400 Myr age interval in Arp 220.

2. Method 2: A direct consequence of the proportionality
between the CMF and SFR is that the total number of
clusters, and therefore the mass of the most massive
cluster, also scales directly with the SFR of the host
galaxy (e.g., Whitmore et al. 2014; Chandar et al. 2015).
When the cluster sample is insufficient to determine the
mass function, the method developed in Chandar et al.
(2021) and applied to a post-starburst galaxy can be used.
This method uses the best fit from the calibration between
the first (third, fifth) most massive cluster in a given age
interval and the SFR and is demonstrated in Figure 10.
This method has significantly larger uncertainties than
method 1 but the advantage that it can be applied when
only a handful of clusters are detected. For the Antennae,
we find estimates between 9 and 14 M, yr~' for the SFR
when we apply method 2 using the first, third, and fifth
most massive cluster. We will use this method to
constrain the SFR in the following age intervals in
Arp 220: 1-10 Myr, 10-100 Myr, and 0.4-2 Gyr.

Here we perform a sanity check that it is reasonable to apply
method 1 to Arp 220. First, we note that over the 100400 Myr
age interval clusters in Arp 220 appear to have formed fairly
continuously, just as in the galaxies used for the calibration
between SFR and CMF. We have also measured the fraction of
light found in intermediate-age clusters in the region between
12”5 and 45", where there is little dust. We find that ~2%-3%
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Figure 10. Demonstration of method 2 for estimating the SFR. This figure
shows the calibration between SFR and the most massive cluster (M, ), based
on the eight galaxies (LMC, SMC, NGC 4214, NGC 4449, M83, M51, the
Antennae, and NGC 3256) studied in Chandar et al. (2017). The calibration is
done separately for each of four age intervals that we study in Arp 220: (1) log
(t/yr) = 6-7 (blue circles), (2) log (t/yr) =7-8 (green circles), (3) log (7/
yr) = 8-8.6 (red squares), and (4) log (7/yr) = 8.6-9.5 (pink squares). The
color-coded diagonal lines show the best-fit relation for the calibration galaxies,
and the most massive cluster found in Arp 220 in each age interval is indicated
by the horizontal line with the appropriate color. See text for details.

3 L1l

of the light in this region is found in clusters, quite similar to
the result found by Whitmore et al. (2020) for regions in
NGC 4449 that are dominated by a similar-age population.

6.2. Star Formation Rate Estimates outside of Nuclear Disks

In this section, we use the two methods described above to
estimate the SFR using observed cluster masses in different age
intervals.

1. Past 10 Myr: Here we estimate the current rate of star
formation outside of the nuclear disks using method 2. Our
optical sample only contains two clusters (C1 and C2) that
are younger than 10 Myr in the central 12”5. C1 is the
brightest and has the highest estimated mass, which is
M ~ (1-2) x 10" M,... This gives an estimate of the SFR of
0.06 M, yr ', similar to the current SFR in the SMC.

2. 10-100 Myr: There are essentially no clusters in our
catalog with ages between 10 and 100 Myr, as discussed
in Section 4.2.” Previous spectroscopic studies of Arp 220
did not discriminate between stellar population ages
between 1 and 10Myr and those between 10 and

 Two clusters in the outer portion of Arp 220 that have somewhat blue

U — B colors are quite faint in the U band and have large photometric
uncertainties. These are consistent with ages 2100 Myr in the B — V versus
V — I color—color diagram. No clusters in the inner 125 of Arp 220 have
colors that suggest ages between 10 and 100 Myr.
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100 Myr (e.g., Rodriguez Zaurin et al. 2008) and so do
not provide any additional constraints on the rate of star
formation during the 10-100 Myr interval specifically.

We use the lack of clusters in this age interval to set an upper
limit on the rate of star formation. The luminosity limit of
clusters in our catalog (dashed curved line along the bottom of
the data points in Figure 6) indicates that we should be able to
detect clusters down to ~10* M., over the 10-100 Myr age
interval. Using method 2, this provides an upper limit for the
SFR of 0.05 M yr .

3. 100-400 Myr: Here, we use method 1 to estimate the SFR
of Arp 220 over the 100-400 Myr age interval. The CMF
in equal-number bins is shown as the black squares in the
left panel of Figure 8. The observed CMF falls closest to
those for the spirals M83 and M51. Using method 1, we
find a best-fit normalization of 2.4 M, yr ' to the CMF /
SFR distribution from the other galaxies, with no
correction for incompleteness in the dusty inner 1275.
Based on the area covered by the dusty regions and
number of clusters detected in the inner region, we
estimate a 20% correction, giving an estimated SFR of
~3M, yr'. If we use method?2 instead, we find
estimates in the range 4-9 M. yr ' from the first, third,
and fifth brightest cluster. Based on these results, we
estimate that the SFR between 100 and 400 Myr ago was
between ~3 and 9 M. yr .

4. >400 Myr: Arp 220 has formed many clusters that have
sufficiently red colors (in areas of low extinction) that
they are almost certainly older than 400 Myr. While there
is no known calibration between SFR and cluster masses
at these ages, we can place some loose (but uncertain)
constraints on the SFR by comparing the properties of the
clusters that fall redward of the 400 Myr model age to
cluster populations found in typical irregular, spiral, and
other merging galaxies. By applying the procedure used
in method 2 to this age range, we estimate an SFR on the
order of ~10 M yr .

7. Discussion

7.1. Gas, ISM, and the Lack of Current Star Formation outside
of the Nuclear Disks

Molecular gas emission in Arp 220 originates from the two
~100 pc scale nuclear disks and also from a larger, kiloparsec-
scale disk (e.g., Scoville et al. 1997; Sakamoto et al. 1999, 2008;
Rangwala et al. 2015; Wheeler et al. 2020). Approximately half of
the molecular gas is found in the compact disks and the other half
in the extended components, while ~10% of this gas is warm as
traced by CO 3-2 (Rangwala et al. 2011). Approximately half of
the total infrared (e.g., Dwek & Arendt 2020) and Pag emission
(this work) also originates from the extended disk.

A number of studies have unsuccessfully searched for
signatures of ongoing star formation in the extended kilo-
parsec-scale disk region. If Pa/3 emission traces star formation,
we would expect to see a comparable number (~100) of radio
point sources outside of the nuclear disks as found within them.
Yet previous searches for deeply embedded sources in the radio
and infrared have not detected any point sources in this
extended region (Varenius et al. 2019), including a dedicated
infrared SN search (J. Kezwer thesis, https://dspace.library.
uvic.ca/handle/1828/4992). These results at longer wavelengths
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Figure 11. The recent star formation history of Arp 220 determined from its
cluster population as described in Section 6 is shown as the black histogram.
The cluster-based star formation history determined by Chandar et al. (2021)
for the post-starburst galaxy S12 is shown in pink. The histories determined for
the eight labeled galaxies from integrated light measurements (not clusters) and
presented in Chandar et al. (2017) are shown for comparison and are quite
constant, unlike those of Arp 220 and S12.

are consistent with the lack of detections of young clusters in the
optical /IR HST observations.

Rotational transitions are an excellent tracer of the physical
conditions of the gas over a range of temperatures (10-1000 K)
and densities (10‘—108 cm > ) and can be used as diagnostics to
differentiate between different energy sources responsible for
exciting the gas. ALMA and Herschel SPIRE-FTS observa-
tions of the warm molecular gas in Arp 220, which dominates
the CO emission, suggest that it is impacted by mechanical
energy rather than by photoionization (Rangwala et al. 2015).
This is similar to the situation in some post-starburst galaxies,
which can also have significant ISM that is supported against
collapse by mechanical heating (e.g., Smercina et al. 2018;
French et al. 2023). We conclude that, despite a significant
amount of ISM and molecular gas, little star formation has
taken place over the past ~100 Myr outside of the tiny nuclear
disks in Arp 220.

7.2. The Star Formation History of Arp 220

The cluster-based star formation history of Arp220
calculated in Section 6.2 is shown in Figure 11. In the past
10 Myr, Arp220 has had a very modest SFR outside of the
nuclear disks, estimated in the previous section to be
~0.05M_ yr'. Because we did not find any clusters with
ages in the 10-100 Myr interval, we place an upper limit
(<0.05 M, yr ") on the SFR over this period. Many clusters in
Arp 220 have ages of 100 Myr and older. We estimate that the
SFR over the 100400Myr time period was between
~3and9 M, yr ', similar to that found in many spiral
galaxies.

The star formation history of Arp 220 tells us that around
100 Myr ago star and cluster formation shut off nearly
completely throughout 99.9% of the area of Arp 220, i.e.,
everywhere but the nuclear disks and a few small localized
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nearby regions. The ages and masses of the cluster population
in Arp220 suggest that star formation was rapidly and
effectively quenched, quite different from the situation
observed in all nearby spirals, irregulars, and dwarf starburst
galaxies, but similar to what occurs in post-starbursts.

Figure 11 compares our estimated star formation history for
Arp220 with that of eight well-known “normal” star-forming
galaxies (shown in gray), including irregulars, dwarf starbursts,
spirals, and ongoing mergers. All of these systems have had fairly
constant rates of star formation over at least the past ~400 Myr, the
time frame over which we are able to estimate the SFR without
worrying about the age/metallicity degeneracy. Arp 220, by contrast,
experienced a sharp drop in its SFR about 100 Myr ago over its
entire area outside of the tiny nuclear disks, where almost all star
formation is currently concentrated. The SFH of Arp 220 plotted in
Figure 11 is most similar to that of the post-starburst galaxy S12
(Chandar et al. 2021), which had a similar sharp cutoff, with very
little star formation over the past ~80Myr. Arp220 did not
experience any major “bursts” of SF (outside of the nuclear disks), as
we typically think of in post-starbursts, and in fact was forming stars
at a fairly modest ~3-9 M yr'. This is very different from the
short, extremely intense burst of star formation experienced by the
post-starburst galaxy S12, right before star formation shutoff.'” It is
somewhat mysterious why star formation shut off ~100 Myr
ago throughout almost all of Arp 220.

The tidal features on the west side of Arp220 all have
similar ages of ~~1-2 Gyr, while those on the east side are a bit
younger, with estimated ages somewhere between 600 and
800 Myr. This finding indicates that Arp220 may have
experienced multiple interactions or mergers in the past. The
ages of the clusters in the tidal tails indicate that the events that
created these features predate the event that shut off star
formation around 100 Myr ago. The estimated ages and
locations of the clusters found here can help constrain future
simulations of the merger history of Arp 220.

7.3. Arp 220: A Shocked, Post-starburst System?

The high infrared luminosity of Arp 220, its two prominent
nuclear disks, its dusty central region, and its numerous tidal
tails are all consistent with the expectations of an evolving
merger. Our analysis of the cluster population confirms that the
main body of the system is now essentially in a post-starburst
phase, with almost all current star formation confined to the
two ~150 pc nuclear disks."’

Arp 220 therefore appears to be in the process of transforming
from a blue, star-forming galaxy to a red, quiescent galaxy.
Mergers and interactions are known to transform disk galaxies
into spheroidal ones, to drive large amounts of gas into the nuclear
regions, and to trigger star formation and the growth of central
supermassive black holes. This activity can trigger feedback from
the AGN (e.g., Di Matteo et al. 2005; Feruglio et al. 2010; Cicone
et al. 2014, 2015) and quench star formation, as seen in Arp 220.

Arp 220 is not typically classified as a post-starburst galaxy,
despite its dominant intermediate-age stellar population,
because its integrated spectrum shows strong Ha emission.

19 The color—color diagram and resulting age—mass distribution of clusters in
S12 are unusually bursty, including when compared with Arp 220. The narrow
age bins shown for S12 in Figure 11 are driven by that particular system’s
unusual cluster population; see Chandar et al. (2021) for details.

T While Arp 220 is considered the archetypal ULIRG in the modern universe,
it is not typical of IR-bright galaxies in the early universe, where AGNs were
being actively fueled by large amounts of gas.
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Nearly all of this emission, however, arises from shocked gas
driven by AGN activity, rather than from recent star formation.
Almost all current star formation is concentrated into the very
small nuclear disk areas. These properties indicate that Arp 220
may be a shocked post-starburst galaxy (SPOG).

SPOGs are at an earlier phase in the galaxy transformation
process than traditional post-starbursts. Post-starbursts were
initially defined to be galaxies with A-type stellar spectra and
no line emission. Traditional searches, however, are biased against
galaxies that host AGNs (e.g., Wild et al. 2009; Cales et al. 2011;
Kocevski et al. 2011; Cales et al. 2013; Alatalo et al. 2014a)
because AGNs can power significant Ho and [O1I] emission.
Systems like NGC 1266, for example, would not be included in a
traditional post-starburst search because it has shock-powered Ha
emission driven by an AGN (e.g., Davis et al. 2012; Alatalo et al.
2014b), similar to Arp220. In order to identify and study these
types of galaxies, the Shocked POst-starbust Galaxy Survey
(SPOGS) cataloged galaxies in a post-starburst phase that also
have nebular lines excited by shocks instead of by star formation
(Alatalo et al. 2016). It is possible that many transitioning galaxies
go through an SPOG phase. The star formation in Arp 220 has
been mostly quenched (outside of the AGN-hosting nuclear
disks), and nearly all of the Ho emission arises from AGN-driven
shocked gas. Arp 220 also appears to have experienced recent
merger events and to be transitioning to a post-starburst phase,
consistent with the features of an SPOG.

8. Summary and Conclusions

Using new and archival multiband HST imaging taken as part
of the CCDG survey, we have detected and studied the stellar
clusters formed in Arp 220, the closest ULIRG. The observations
cover the NUV through the NIR in seven broadband filters (NUV,
U, B, V, I J, and H) and also include two narrowband filters (Ha
and Paf). The high-resolution images give one of the clearest
views of the structures, gas, dust, and stellar clusters in Arp 220 to
date, although they cannot resolve structure in either of the two
very compact, nuclear disks.

We find that, unlike the situation in actively star-forming
galaxies, the dominant Ha emission and Pag emission arise
from different locations within Arp 220 and are driven by
different processes. Approximately 90% of the Ha emission is
generated by a shock-driven bubble emanating from the AGN
in the western nucleus. Less than 1% is measured from four
very young (<6 Myr), low-mass (<2 x 10°M.) clusters
located a few arcseconds away from the nuclei. Half of the
Pag emission is emitted from the ~150 pc nuclear disk regions,
presumably due to some combination of the AGN and extreme
star-forming activity, while the rest is in a diffuse, extended
kiloparsec-scale disk surrounding the nuclei. Less than 1% of
the Pa3 emission comes from the four young clusters. A careful
search of the NIR images does not reveal any optically
obscured, recently formed massive clusters.

We estimated the range of reddening and extinction affecting
clusters within the central 12”5 and implement a flexible SED-
fitting technique that allows the maximum Ay to vary based on
the amount of reddening found in the region. The ages,
extinctions, and masses of clusters are estimated by fitting their
measured photometry with stellar evolutionary model predic-
tions from Bruzual & Charlot (2003).

One key result is that we only detect four very young (7 < 10
Myr), low-mass (M < 2 x 10* M_.) clusters in Arp 220, with no
detections of embedded clusters in the Pag line map. Our
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finding differs from previous age-mass estimates of clusters
from Wilson et al. (2006), who suggested that there may be a
population of very massive (M > 10°M.), very young (<
10 Myr) clusters forming in Arp 220 because they made an
incorrect assumption regarding cluster age and reddening but
had insufficient data to directly break the age-reddening
degeneracy. The full suite of broad- plus narrowband
observations now available shows that their (reasonable)
assumption about reddening was incorrect. We find no clusters
with estimated ages between 10 and 100 Myr. Outside of the
nuclear disks, Arp 220 is essentially in a post-starburst phase,
with very little current star formation.

While star formation halted abruptly approximately 100 Myr
ago, it was fairly continuous earlier than that, up to a few
gigayears ago. We estimated the rate of star formation in the
<10 Myr, 10-100 Myr, 100-400 Myr, and 400 Myr—3 Gyr age
intervals from a calibration between the well-studied cluster
masses and SFRs in eight nearby star-forming galaxies. We
estimated an SFR of ~3-9 M_yr ' in the age interval
~100-400 Myr, similar to that found in many nearby spiral
galaxies, but not as high as found in many actively merging
systems like the the Antennae and NGC 3256. This modest rate
and continuous rather than bursty star formation history is
intriguing because it is not fully clear what event caused the
star formation to shut off in the main body of Arp 220 and
drove the system into a post-starburst phase. The interaction/
merging event(s) that created tidal tails T1-T5 occurred well
before the shutoff of star formation based on cluster ages, so
they are unlikely to be the culprit. Tidal feature T6 has an
estimate age that is close to, although somewhat older than, the
time of star formation shutoff. The strong shock-driven Ha
emission, coupled with the dominant intermediate-age stellar
populations found in Arp 220, suggests that this system is
similar to the class of more distant galaxies known as SPOGs.

R.C. acknowledges support from NASA /HST grant GO-15469
and thanks Adam Smercina, Decker French, and the anonymous
referee for very helpful discussions about post-starburst galaxies.
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