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Star clusters
• Trace the densest peaks of the star formation hierarchy
• Bright and observable to large distances*
• Cosmic clocks - (effectively) single-age populations

The utility of star clusters
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* to z~10 with lensing!  ”Cosmic Gems” 
(Adamo+24; Mayer+25)



Star clusters
• Trace the densest peaks of the star formation hierarchy
• Bright and observable to large distances*
• Cosmic clocks - (effectively) single-age populations

The utility of star clusters 

Isochrone fitting of MW open clusters
Cummings+18



Hubble 25th Anniversary Image - NASA, ESA, Hubble Heritage Team 
(STScI/AURA), A. Nota (ESA/STScI), Westerlund 2 Science Team

Hubble imaging of a MW star cluster 6000 pc away



Brightest star cluster in each of the 38 PHANGS galaxies (5-23 Mpc).
Postage stamps span 50-270 pc.

JCL+22, Maschmann, JCL+24, Thilker, JCL+25

2.”4

Beyond Local Group: Hubble resolution required 
to identify star clusters in nearby galaxies



NGC 1087 PHANGS 
JWST & HST

2024 MAST release
Photometric catalogs: 

~100,000 clusters & assn
Imaging data:

Hubble: 38 galaxies
JWST: 19 galaxies
color composites: 

19 galaxies 

Next release: 2026
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Star Clusters as Clocks
SED fitting of 5-band UV-optical integrated photometry for 

cluster age, mass, dust reddening



Results from 4000 visible star clusters in 
16 galaxies with 
LEGUS (Calzetti, JCL+15)
HST Halpha imaging 

(Hannon, JCL+19, 22)
Also Whitmore+11, Hollyhead+15 for M83

Clusters as Clocks
HII region morphologies – cluster age distributions

C oncentrated Partially Exposed Exposed

Age distributions of parent star clusters

Partially exposed HII regions have clusters with 
median age of 2-3 Myr. 
 ISM clearing must begin before SNe



Median age of clusters: 
• within GMC radius ~1 Myr
• Between 2-3 radii 4-6 Myr

11 PHANGS Galaxies: Turner+22
(also M51: Grasha+19 NGC7793: 
Grasha+18)

Clusters quickly lose association with 
GMCs (~6 Myr)

Clusters as Clocks
GMC-Cluster Correlation Analysis



Clusters as Clocks
Embedded Clusters & Compact 3.3 um PAH emission timescales

And many subsequent 
studies, incl.

NGC1365: Whitmore+23
NGC3256: Linden+24,
NG628: Pedrini+24, 
Whitmore+25
M83: Kuntas+25
….

Compact 3.3 um PAH emission is short-lived:        
3 Myr



SL25: [The data] suggest a period of cloud collapse 
on the order of the free-fall or turbulent crossing 
time (~10–30 Myr) followed by forming massive 
stars and subsequent rapid (<5 Myr) gas clearing 
after the onset of star formation.

Meanwhile, the short gas-clearing timescales 
suggest a large role for presupernova feedback in 
cloud disruption. This leaves the supernovae free 
to exert a large influence on the larger galaxy, 
including stirring turbulence, launching galactic-
scale winds, and carving superbubbles.
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on the order of the free-fall or turbulent crossing 
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stars and subsequent rapid (<5 Myr) gas clearing 
after the onset of star formation.
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HOW GOOD IS AGE DATING OF 
UNRESOLVED CLUSTERS?



M33
HST PHATTER
Williams+2021

A cluster in M33
D~0.84 Mpc

Convolved to 10 Mpc

Age Ladder I: Comparison of Isochrone and 
SED model ages for Clusters in M31+M33

K. Henny (U. Wy)
PhD Thesis



Age Ladder II: Age dating of NGC 604 with multiple methods 
at native and 10 Mpc resolution  



Other ways of age dating 
(e.g., fitting of UV spectra for young 
clusters)?

How can we mobilize the community to 
build an age ladder for clusters?

• Use multiple, local age-dating 
methods to calibrate cluster ages at 
larger distances

• Quantify random/systematic 
(model) uncertainties





Missing from census: 
dust embedded stars and clusters  earliest stages of star formation



JWST Cy 1 Treasury
Co-PIs: JC Lee, K Larson, A Leroy, E Rosolowsky, K Sandstrom, E Schinnerer, D Thilker

JC Lee+23



A color composite: 
PHANGS Hubble UV-
optical 
images for the 
nearby spiral galaxy 
NGC 7496 (D=18.7 
Mpc).

Typical spiral
SFR~SFR(MW)
Barred Sy2

blue: young stellar 
clusters & assns
dark: dust

HST UV-optical (r:F814W/F555W/F438W; 
g:F336W; b:F275W) JWST MIRI (red hue: 
F1000W/F1130W/F2100W)
Image Credit: NASA / ESA / CSA / J. Schmidt



With JWST, dark 
dust lanes light up 
in emission, 
revealing the 
earliest stages of 
star formation and 
impact of feedback.Complex network 
of filaments, 
bubbles, shells, 
compact sources in 
context of visible 
young stellar pops

compact IR sources 
-invisible 
embedded star 
cluster population

HST UV-optical (r:F814W/F555W/F438W; 
g:F336W; :F275W) JWST MIRI (red hue: 
F1000W/F1130W/F2100W)
Image Credit: NASA / ESA / CSA / J. Schmidt






Clusters as Clocks
Embedded Clusters & Compact 3.3 um PAH emission timescales

JWST detection of compact 3.3 um PAH emission 
provides a new way of finding dust embedded star 
clusters in nearby galaxies.

 Census of embedded clusters across 19 PHANGS 
galaxies. 



Spitzer & JWST 3.3um Comparison
NGC 7496 at 19 Mpc

• 3.3um PAH (not extensively studied (e.g. 
Spitzer IRAC1) 

• highest resolution dust dominated NIRCam
band (PSF FWHM 0.”11) 

0.”066     0.”11         0.”24  0.”32  0.”37     0.”67 Lee+PHANGS-JWST 23

Why is this new?



yellow circles show embedded cluster candidates

MJ Rodriguez, 
JC Lee, 
Whitmore+23

How do we know that compact 3.3um PAH emission is 
a good tracer of embedded star clusters?

• Visually identify dust embedded cluster ”prototypes” (yellow)
• Use prototypes (N=12) to identify selection criteria.



yellow circles show embedded cluster candidates

All show F300M-F335M color excess 
 PAH emission

MJ Rodriguez, 
JC Lee, 
Whitmore+23

How do we know that compact 3.3um PAH emission is 
a good tracer of embedded star clusters?

• Visually identify dust embedded cluster ”prototypes” (yellow)
• Use prototypes (N=12) to identify selection criteria.
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Clusters as Clocks
Embedded Clusters & Compact 3.3 um PAH emission timescales

JWST detection of compact 3.3 um PAH emission 
provides a new way of finding dust embedded star 
clusters in nearby galaxies.

Census of embedded clusters across 19 PHANGS 
galaxies. 

Compact 3.3 um PAH emission is short-lived:        
3 Myr

And many subsequent 
studies, incl.

NGC1365: Whitmore+23
NGC3256: Linden+24,
NG628: Pedrini+24, 
Whitmore+25
M83: Kuntas+25
….



Compact 3.3 mircon PAH emission undetected in vast 
majority of Hubble optical clusters older than ~3 Myr
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Clusters as Clocks
Embedded Clusters & Compact 3.3 um PAH emission timescales



yellow circles show embedded cluster candidates

Hα equivalent width of compact PAH emitters up to 2.8 times 
higher compared with young PHANGS-HST clusters 

PAH emitters are on average younger.

Compact 3.3 um PAH 
emission, no Hα <1 Myr

Compact 3.3 um PAH 
emission & Hα <2-3 Myr

Hα+UV+optical, but 
no compact 3.3 um PAH 
emission >~3Myr

ISM clearing must begin 
before SNe; radiation 
pressure, winds etc important 
on cluster scales



Lee+23

Rodriguez+23

Challenges 

SED modeling at cluster scale – how to constrain 
ages when there is no optical emission?

Resolution decrease from 2-21 micron

Summary (more conventional)

• Largest census of ~100,000 optically selected clusters 
across 38 galaxies; images & catalogs publically available

• First census of embedded clusters with compact 3.3 
micron emission across 19 galaxies

Clusters as clocks to time ISM processes on pc-scales

• HII regions with bubble features have median age of 2-3 
Myr

• compact 3.3 micron emission disappears quickly, few 
clusters older than ~ 3 Myr are emitters

• pre-SNe feedback important for clearing ISM on pc-scales

Exploratory work enabled by large cluster catalogs

Many uses for the UBVI color-color diagram as model-
independent, multi-scale observational diagnostic for star 
and cluster formation and evolution, and for the evolutionary 
status of galaxies. 

Decoding Galaxies & Star Formation Feedback with 100,000 Star Clusters



Lee+23

Rodriguez+23

Challenges 

SED modeling at cluster scale – how to constrain 
ages when there is no optical emission?

Resolution decrease from 2-21 micron

Exploratory work enabled by large cluster catalogs: factor of 
10 increase over last decade

Many uses for the UBVI color-color diagram as model-
independent, multi-scale observational diagnostic for star 
and cluster formation and evolution, and for the evolutionary 
status of galaxies. 

Decoding Galaxies & Star Formation Feedback with 100,000 Star Clusters



d < 11 Mpc

50-100 Mpc
Great Observatories 
All-sky LIRG Survey
(Armus+09)

d < 25 Mpc

Legacy Extragalactic 
UV Survey 

(Calzetti, Lee+15)

Lee+ 21

Ultimately, analysis of all 
programs together needed to 

fully understand impact of 
galactic environment on star 

formation 

The Future with Habitable Worlds Observatory
Isn’t a sample of ~100,000 star clusters enough?

HWO needed to increase the volume available for star cluster studies to:
• capture galactic environments, rare in the present-day universe
• Increase the sample of massive young clusters >1e5  Msun (<1% of current census)



What is HWO?

A Super Hubble! 

…to search for life 
in the universe and 
perform 
transformative 
astrophysics largest concept:

Off axis telescope, 10 m outer diameter

Volume dual rocket compatible

5 science instruments

3 channel UV/Vis+NIR coronagraph



UV Multi-Object 
Spectrograph

High-Resolution 
Imager

Coronagraph
Telescope

UV/Vis multi-object 
spectroscopy and FUV 

imaging

Bandpass ~90 – 700 nm

Field-of-
View

~2′ × 2′

Apertures ~840 × 420
R ( ⁄λ Δλ) ~500–60,000

UV/Vis and NIR imaging

Bandpass ~200–2200 
(TBD) nm

Field-of-
View

~3′ × 2′

60+ science filters & grism

High-precision astrometry?

High-contrast imaging and 
imaging spectroscopy

Bandpass ~450 - 1700 nm

Contrast ≲ 1 × 10−10

R ( ⁄λ Δλ) Vis: ~140
NIR: ~40

HWO PRELIMINARY SPECS & CANDIDATE INSTRUMENTS

34

Diameter ~6-8 m (inner)

Bandpass ~100–2500 nm

Other Possible 
Instrument(s)

Ma include NUV coronagraph, NUV 
starshade, UV/VIS IFS, 

Spectropolarimeter  

Potential international contributions.
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HWO25 International Partnerships Panel



Bethan James: bjames@stsci.edu

65 Orbits with HST/STIS (PI: B. James, STScI)

High-R UV cube + low-R UV cube
0.2” x 0.2” spaxels (0.2”=86pc)

Science Objectives:
• map the structure and content of cold neutral ISM
• characterize multi-phase outflows 
• directly map the effects of young massive stars
• decipher the conditions for nebular CIV emission

Haro 11

Haro 11
archival optical MUSE-AO (0.13"/spaxel) data

Data in July 2026 → UV-IFU design for HWO



Spectroscopy down to 1000A to 
capture O VI 1032,1038

~15-20 mas



INSERT CONTENT HERE



Lee+ in prep
Deger+22



Web Portal for HWO Science Cases 
Released June 22

4 Science Working Groups, ~60 science cases

The Next Era for Star Formation, ISM, CGM 
Cosmic Ecosystem Studies



Lee+ in prep
Deger+22



1’’Turner+20

Deger, JCL+22

BC03 SSP

Reference cluster & compact assn sample 
from 17/38 galaxies (N~500)

Ages, M*, E(B-V) SED fits - CIGALE (Boquien+19)

NUV U B V I 1 Myr

9 Myr

1 Gyr

What can we do with a much larger cluster sample?



Young cluster 
locus

Middle-age 
plume

Old 
Globular 
Cluster 
Clump

Bright cluster sample 
38 galaxies (N~15,000)Reference cluster & compact assn sample 

from 17/38 galaxies (N~500)

What can we do with a much larger cluster sample?
Color distribution reveals three features

Deger, JCL+22



Young cluster 
locus

Middle-age 
plume

Old 
Globular 
Cluster 
Clump

Deger+22

3 principal features observed
• young cluster locus (YCL)
• middle-aged plume (MAP)
• old globular cluster clump (OGC)

slope of the YCL consistent with reddening 
vector

MAP left edge show remarkable 
consistency with solar metallicity BC03 SSP 

OGC separate into a distinct clump, 
consistent with their metal-poor nature

Bright cluster sample 
38 galaxies (N~15,000)

What can we do with a much larger cluster sample?
Color distribution reveals three features

DM, JCL, DT, BCW, SD + 24



Lee+ in prep
Deger+22

DM, JCL, DT, BCW, SD + 24

Color distribution of clusters in individual galaxies



Lee+ in prep
Deger+22

DM, JCL, DT, BCW, SD + 24

Theme 3: How can we connect small-scale physics to 
global galaxy properties?



Turner+20Turner+20

UBVI diagrams on the 
Galaxy Main Sequence

DM, JCL, DT, BCW, SD +24

Color distribution of clusters in individual galaxies
on the galaxy main sequence



Turner+20Turner+20

UBVI diagrams on the 
Galaxy Main Sequence

• strong bars feed central star forming rings, 
drive high SFR, promote cluster formation 

• Clusters trace rings & bar ends 
• Clusters tend to be dusty 

NGC 1365 NGC 1672

Above main sequence young cluster locus is weak
Clusters trace rings, bar ends; dusty

Spatial distribution of young clsuters

DM, JCL, DT, BCW, SD +24



Young cluster 
locus

Middle-age 
plume

Old 
Globular 
Cluster 
Clump

Deger+22

Bright cluster sample 
38 galaxies (N~15,000)

Hubble census of star cluster and stellar associations
UBVI color-color diagram as a diagnostic tool

A reference sample for stellar, cluster, galaxy evolution

DM, JCL, DT, BCW, SD + 24

~15,000 Human classified clusters across 38 galaxies 
(C1+C2)

3 principal features observed
• young cluster locus (YCL)
• middle-aged plume (MAP)
• old globular cluster clump (OGC)

slope of the YCL consistent with reddening vector

MAP left edge show remarkable consistency with solar 
metallicity BC03 SSP 

OGC separate into a distinct clump, consistent with their 
metal-poor nature

Provides a new test of SSP models



The processes that drive, regulate, extinguish star formation 
operate together over stellar, interstellar, galactic, circumgalactic scales to 

help create the extraordinary structures in nearby galaxies.



PHANGS Hubble Treasury Survey (Lee+22)
Pictures of the Week (ESA)

The processes that drive, regulate, extinguish star formation 
operate together over stellar, interstellar, galactic, circumgalactic scales to 

help create the extraordinary structures in nearby galaxies.



The processes that drive, regulate, extinguish star formation 
operate together over stellar, interstellar, galactic, circumgalactic scales to 

help create the extraordinary structures in nearby galaxies.

PHANGS JWST  Jan 2024 NASA Release
Depasquale,  Pagan, OPO/STScI (Lee+23)



NGC 628 - MIRI F770W/F1000W/F1130W/F2100W
Image Credit: NASA / ESA / CSA / Judy Schmidt

Key Conclusion

SL25: [The data] suggest a period of cloud collapse 
on the order of the free-fall or turbulent crossing 
time (~10–30 Myr) followed by forming massive 
stars and subsequent rapid (<5 Myr) gas clearing 
after the onset of star formation.

Meanwhile, the short gas-clearing timescales 
suggest a large role for presupernova feedback in 
cloud disruption. This leaves the supernovae free 
to exert a large influence on the larger galaxy, 
including stirring turbulence, launching galactic-
scale winds, and carving superbubbles.

Watkin, Barnes+23; Barnes, Watkins+23
Bubbles in JWST F770W imaging consistent with 
being feedback-driven incl ”Phantom Void” 



NGC 628 - MIRI F770W/F1000W/F1130W/F2100W
Image Credit: NASA / ESA / CSA / Judy Schmidt

Key Conclusion

SL25: [The data] suggest a period of cloud collapse 
on the order of the free-fall or turbulent crossing 
time (~10–30 Myr) followed by forming massive 
stars and subsequent rapid (<5 Myr) gas clearing 
after the onset of star formation.

Meanwhile, the short gas-clearing timescales 
suggest a large role for presupernova feedback in 
cloud disruption. This leaves the supernovae free 
to exert a large influence on the larger galaxy, 
including stirring turbulence, launching galactic-
scale winds, and carving superbubbles.

Today’s talk: What’s the evidence?  
Leveraging star clusters as clocks



4.8 pc

32 pc

12 pc

9.0 pc

60 pc

Physics at High Angular 
resolution in Nearby GalaxieS

Reference dataset for multi-phase, multi-scale study of star formation and ISM
gas & dust  clouds, stars & clusters  galaxy disks

www.phangs.org



DT, JCL+25

A census of ~100,000 star clusters and associations 
across 38 galaxies

D. Maschmann

D. Thilker

DM, JCL+24
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HST & JWST Stellar 
Populations Group

PHANGS-HST census of ~100,000 
star clusters and compact assns

Technical pipeline efforts:
• Survey, pipeline summary (Lee+22)
• Source detection & candidate 

selection (Whitmore+21, Thilker+22) 
• Photometry & aperture corrections 

(Deger+22) 
• CNN cluster morphological 

classification (Wei+20, Whitmore+21, 
Hannon+23)  

• SED fitting with CIGALE (Turner+21)
• TRGB distances (Anand+21)
• Associations id (Larson+23)
• Catalogs (Maschmann+24, 

Thilker+25)



Star clusters:
• Trace the densest peaks of the star formation hierarchy
• Bright and observable to large distances*
• Cosmic clocks - (effectively) single-age populations - connect stars 

to gas & time ISM processes**

* to z~10 with lensing!  ”Cosmic Gems” 
(Adamo+24; Mayer+25)

**clusters-as-clocks independent complement to 
“tuning fork” method on ~100pc cloud scale 
(e.g., Kruijssen+2018, Kim+25, 
Ramambason+25, Romanelli+21)

The utility of star clusters 

Kawamura+09 & Kim+23 reproduced in SL25



2.”4

Probes smaller scales
star clusters sizes: ~few pc

Star cluster mass-size 
relation

Krumholz+19 review

1 pc

10 pc

104 Msun 106 Msun



Consistent picture from study of M33 RSG, WR, SNR  

Sarbadhicary+23:
• High fraction (∼45% of WRs; 

higher for RSGs) in atomic-gas-
dominated, inter-cloud media

• 20-pc diameter molecular gas 
cavity around a WR revealed with 
high res (0.”45) ALMA CO map

importance of pre-SN feedback for 
evacuating the dense gas around 
massive stars before explosion & the 
high-res (pc-scale) surveys of multi-
phase ISM in nearby galaxies



1’’Turner+20

BC03 SSP

Reference cluster & compact assn sample 
from 17/38 galaxies (N~500)

Ages, M*, E(B-V) SED fits - CIGALE (Boquien+19)

NUV U B V I 1 Myr

9 Myr

1 Gyr

UBVI colors consistent with SSP (single age population)

Deger, JCL+22
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