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UV feedback in stellar clusters: photo-evaporation 
of planet forming disks and proplyds (and outflows). 



ALMA Partnership

Feedback (esp. radiation) from massive stars affects planet-
forming disks by heating and photoevaporating them. 

makeagif.com



Photoevaporating protoplanetary disks (proplyds) are direct 
evidence of external photoevaporation of disks. 

2005

Aru et al. 2023, 2024



Photoevaporating protoplanetary disks (proplyds) are direct 
evidence of external photoevaporation of disks. 

2005

jet!



NASA, ESA, M. Robberto (STScI/ESA), the Hubble Space Telescope Orion Treasury Project Team and L. Ricci (ESO) Bally et al. 2006

UV radiation from high-mass stars illuminated everything in 
the vicinity – disks, globules, outflows…

External illumination to measure 
all of the mass in the outflow?
Reipurth, Bally, et al. 1998 
Bally & Reipurth 2001



Most stars form near high-mass stars that will illuminate and 
evaporate the planet-forming disks around nearby low-mass stars.

Winter & Haworth 2022

best studied disks



Feedback (esp. radiation) from massive stars affects planet-
forming disks by heating and photoevaporating them. 

makeagif.com

ALMA Partnership

1. the timescale for planet formation

2. the ingredients for terrestrial planets

3. how the ecosystem evolves, thus 
regulating exoplanet demographics

makeagif.com

→ see Sam Millstone’s poster
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No: 
 - HCN 
 - H2O
 - C2H2 

But! First 
detection of CH3

+

CH3
+

Berné et al. 2023

Orion Bar



ESO/VVV Survey/Digitized Sky Survey 2/D. Minniti. Acknowledgement: Ignacio Toledo

NGC 6357
Xue1

1/15 disks in NGC 6357 observed with MIRI

Xue1 has all the elements to make Earth-like planets 
despite living in an H II region more extreme than Orion. 

Ramirez-Tannus et al. 2023
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Remaining gas and dust in the star-forming ecosystem protects 
disks, affects dynamical evolution, may aid enrichment, ... 

The Pillars of Creation revisited with MUSE
McLeod et al. 2015 (see also McLeod et al. 2016)



Number of disks 
with mass-loss 
driven by 
photoevaporation

Fraction of all disks with 
photoevaporation-
driven mass loss 

shielding time

Qiao et al. 2023Qiao et al. 2022

Shielding time has a strong impact on the final mass and 
orbital radii of single planets (pebble accretion models). 



Winter & Haworth 2022

best studied disks

Most planet-forming disks will be affected 
by UV from nearby high-mass stars.

Ramírez-Tannus et al. 2023

“there be dragons”



Winter & Haworth 2022

best studied disks

Most planet-forming disks will be affected 
by UV from nearby high-mass stars.

“there be dragons”

Timescale: external UV destroys disks, 
reducing time & mass for planet formation

→ Need surveys of different 
high-mass regions

Ingredients: UV may leave organics intact 
and/or enable organic chemistry – need 
more representative samples 

→ Need sample of low-mass sources 
in different UV environments

Environment: evolution may be crucial to 
understand the demographics of exoplanets

→ Need to measure the local 
gas/dust environment



Smith, Bally, & Morse et al. 2003

ESA/Hubble

True proplyds are small, ~250-500 AU, not well-resolved 
for d ≥ 2 kpc with the best-available instruments.



Protostellar jets have enabled the first and so far only 
ALMA observations of disks in d ≥ 2 kpc regions. 

Rdisk ~ 60 au

Mesa-Delgado et al. 2016

→ see also Cortes-Rangel et al. 2020, 2023, Reiter et al. 2020Smith, Bally, & Morse et al. 2003



Protostellar jets have enabled the first and so far only 
ALMA observations of disks in d ≥ 2 kpc regions. 

HH 900 outflow

tadpole globule
This is not a 

proplyd!

Smith, Bally, & Walborn 2010; Reiter (incl. Bally) et al. 2015

Smith, Bally, & Morse et al. 2003



Protostellar jets have enabled the first and so far only 
ALMA observations of disks in d ≥ 2 kpc regions. 

HH 900 outflow

HH 900 YSO 
(unseen)

unresolved 
proplyd?

Smith, Bally, & Walborn 2010; Reiter (incl. Bally) et al. 2015

Smith, Bally, & Morse et al. 2003



Illuminating the tadpole’s metamorphosis: UV radiation 
from >70 O-type stars floods the Carina region. 

Reiter et al. 2022; adapted from Smith et al. 2000 and Smith & Brooks 2007 and Telescope Live with permission (image credit: V. Unguru / Telescope Live).

more on Carina 
→ talks by Patrick 
Hartigan and 
David Rebolledo

Carina 

not Carina



Illuminating the tadpole’s metamorphosis: UV radiation 
from >70 O-type stars floods the Carina region. 

Reiter et al. 2022; adapted from Smith et al. 2000 and Smith & Brooks 2007 and Telescope Live with permission (image credit: V. Unguru / Telescope Live).

Smith, Bally, & Walborn 2010

Reiter (incl. Bally) et al. 2015



Using MUSE to put star/planet-forming disks in context: 
ionization front properties of the globule and outflow.

Reiter et al. 2019

to Tr16

Tadpolemetamorphasis 5

Figure2. A [S ii] imageshowing theslices through theglobule parallel and perpendicular to the jet+outflow. Weplot thevariation along the jet+outflow (red
line; plots shown on the left) and perpendicular to it (blue dotted line; plots shown on the right) of the following physical parameters (see Sections 3.1 and
3.2): (a) AV ; (b) ne ; (c) Te ; (d) thedegreeof ionization as traced by theHe i 6678Å / ([S ii] λ6717+ λ6731/ 2) ratio (black line) and the [S iii] λ9068 / [S ii]
λ6717 ratio (gray dotted line). Vertical dashed gray lines show theapproximate position of theglobule edges.

MNRAS 000, 1–17 (2019)

ionization

Externally illuminated by nearby OB stars? 

→ Yes! Outflow ionization increases with time



Reiter et al. 2019

Reiter et al. 2020a

grayscale – H
contours – 12CO J=2-1

MUSE+ALMA connects the ionized outflow (in the HII 
region) and the molecular outflow (in the globule). 



red / blue – 12CO J=2-1
green – 13CO J=2-1 
grayscale – [Fe II]

grayscale – H
contours – 12CO J=2-1

→ molecules rapidly dissociate outside the globule

Molecules are rapidly dissociated once the outflow enters 
the H II region – no cold CO, only hot H2.

Reiter et al. 2020a
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Reiter et al. 2020a

→ molecules rapidly dissociate outside the globule



grayscale – H
contours – 12CO J=2-1

tracing dissociation region

[Fe II] jet (HST)

CO outflow

Reiter et al. 2020a

Molecules are rapidly dissociated once the outflow enters 
the H II region – no cold CO, only hot H2.

Reiter et al. 2024
(JWST scheduled in Cycle 3)



Tadpolemetamorphasis 5

Figure2. A [S ii] imageshowing theslices through theglobule parallel and perpendicular to the jet+outflow. Weplot thevariation along the jet+outflow (red
line; plots shown on the left) and perpendicular to it (blue dotted line; plots shown on the right) of the following physical parameters (see Sections 3.1 and
3.2): (a) AV ; (b) ne ; (c) Te ; (d) thedegreeof ionization as traced by theHe i 6678 Å / ([S ii] λ6717+ λ6731/ 2) ratio (black line) and the [S iii] λ9068 / [S ii]
λ6717 ratio (gray dotted line). Vertical dashed gray lines show theapproximate position of theglobule edges.

MNRAS 000, 1–17 (2019)

Reiter et al. 2019

→ globule will be completely ablated in ~4 Myr

density

temperature

ionization

Using MUSE to put star/planet-forming disks in context: 
photoevaporation rate and lifetime of the globule.



→ positive radial temperature gradient

to Tr16

Quantify the impact of external heating on the chemistry 
and kinematics of the star-/planet-forming system.

Reiter et al. 2020a

→ globule will be completely ablated in ~4 Myr



Protostars embedded in dense cocoons may not notice 
their environment; exposed YSOs absolutely will. 

Reiter et al. 2020a

well-shielded

exposed



Shielding time has a strong impact on the final mass and 
orbital radii of single planets (pebble accretion models). 

Number of disks 
with mass-loss 
driven by 
photoevaporation

Fraction of all disks with 
photoevaporation-
driven mass loss 

shielding time

Qiao et al. 2023Qiao et al. 2022



Most planet-forming disks will be affected 
by UV from nearby high-mass stars.

best studied disks

Winter & Haworth 2022

“there be dragons”

Reiter et al. 2019

MUSE Clusters 
Survey



Quantifying the impact of external photoevaporation on 
planet-forming disks requires a survey of typical conditions. 

MUSE VLT: 112 hours awarded
72 hours observed
PI: M. Reiter
NSF CAREER grant 2339164

*observed

*observed
*observed

P114

P114



With MUSE, measure spectral types, accretion (requires a 
disk!), outflows, and separate stars from the background. 

Itrich et al. 2024



With MUSE, measure spectral types, accretion (requires a 
disk!), outflows, and separate stars from the background. 

Itrich et al. 2024



Building on resolved observations of proplyds, identify 
spectral signatures of external photoevaporation. 

L14 E. Rigliaco et al.: SO587

Fig. 1. The top panel shows the spectrum in the Hα region, with Hα
and the two [NII]λ6548.05 and [NII]λ6583.45 lines. Middle panel:
[NII]λ6548.05 and [NII]λ6583.45 line profiles as function of the veloc-
ity shift with respect to the stellar velocity (vertical dashed line). Bottom
panel: same for [SII]λ6716.64 and [SII]λ6730.82, as label.

2.3. Accretion rate

SO587 shows no evidence of significant accretion onto the cen-
tral star. An estimate of Ṁacc can be obtained from the U band
magnitude 18.5 ± 0.8 measured by Wolk (1996). For the spec-
tral type and luminosity of SO587, this corresponds to an ex-
cess U band emission of 1 mag at most. Using the correlation
between the U band excess emission and the accretion lumi-
nosity established by Gullbring et al. (1998) for TTS, we de-
rive Lacc ∼ 3 × 10−3 L with an uncertainty of a factor 2, i.e.,
about 1% of the stellar luminosity. Since a comparable U band
excess emission may be due to chromospheric activity (White &
Ghez 2001), this is likely an upper limit to Lacc. The correspond-
ing accretion rate is <∼3 × 10−10 M /yr.

3. Theoptical spectrum
SO587 was observed by Sacco et al. (2008) using the multi-
object instrument FLAMES on VLT/UT2 and Giraffe spectro-
graph with the HR15N grating (6470–6790 Å, spectral resolu-
tion R = 17 000). The observations were obtained in 6 sepa-
rate runs of 1 h each in October and December 2004. Details on
the observations and data reduction, in particular on sky subtrac-
tion, can be found in Sacco et al. (2008). The spectra of SO587
show Hα in emission, as well as strong forbidden lines from
[NII] at 6548 and 6583 Å and [SII] at 6716 and 6731 Å (Fig. 1).
Table 1 gives the pseudo-equivalent width (pEW) of each line
(negative values for emission lines), the FWHM (not corrected
for the instrumental resolution of about 20 km s−1), and the line
luminosities. The contribution to the lines (both Hα and the

Table 1. Characteristics of the emission lines.

Line λ pEW FWHM Luminosity
(Å) (Å) (km s−1) 10−5 L

Hα 6562.71 –15.2 ± 0.1 69.9 ± 2 12.0 ± 0.1
[NII] 6548.05 –0.82 ± 0.2 42.6 ± 1 0.6 ± 0.15
[NII] 6583.45 –2.46 ± 0.1 39.6 ± 0.5 1.9 ± 0.1
[SII] 6716.44 –1.22 ± 0.03 48.7 ± 0.4 0.6 ± 0.02
[SII] 6730.82 –1.60 ± 0.08 43.2 ± 0.4 0.8 ± 0.04

Fig. 2. Distribution of the ratios [OI]6300/([SII]6716+[SII]6731) and
[NII]6583/([SII]6716+[SII]6731) among the Hartigan et al. (1995)
Taurus TTS with detected lines. The magenta dashed region shows the
location of SO587 considering the errors on the line equivalent widths;
[OI] from Zapatero-Osorio et al. (2002).

forbidden lines) of the extended HII region due to the O9.5 star
σ Ori is negligible.
The line luminosities were computed using the observed

R magnitude to calibrate the continuum flux and the wavelength
dependence within the band appropriate for a 3300 K star. The
luminosity is of the order of 10−5 L for all the forbidden lines.
Zapatero-Osorio et al. (2002) also detected Hα and forbid-

den emission lines in two of their low-resolution spectra with
highest quality, but not in the other, lower-quality spectra; when
detected, the pEW of the lines are similar to our values. We
checked for evidence of line variability in the Sacco et al. spec-
tra, and found none. The line profiles and intensities are very
similar in each run, with the pEW varying ∼10%.
In the two spectra where emission lines were detected,

Zapatero-Osorio et al. (2002) also measured the pEW of the two
oxygen lines at 6300 and 6364 Å, which are outside our spectral
range. The corresponding luminosity is 1.2 ± 0.06 × 10−5 L for
the 6300 Å line and 0.4 ± 0.03 × 10−5 L for the 6364 Å one,
similar to the [SII] and [NII] line luminosity.

4. Notanaccretion-drivenwind
The forbidden lines detected in SO587 are seen in many TTS,
and are usually interpreted in the framework of accretion-driven
winds (e.g. Ferreira et al. 2006, and reference therein). These
centrifugally-driven MHD winds originate in the inner disk and
move fast. An estimate of the average mass-loss rate can be
obtained from the luminosity of the forbidden lines, following
Hartigan et al. (1995). Taking, e.g., the [SII]λ6731 line, this is

Ṁwind = 3.38 × 10−8 1 +
nc
ne

L6731
10−4 L

×
V⊥

150 km s−1
l⊥

2 × 1015 cm

−1

M / yr. (1)

higher ionization higher ionization 
Significant [O I] 
from external 
photoevaporation

Ballabio et al. 2023
Rigliaco et al. 2009

Aru et al. 2023, 2024



Most planet-forming disks will be affected 
by UV from nearby high-mass stars.

best studied disks

Winter & Haworth 2022

MUSE clusters survey
Ingredients: UV may leave organics intact 
and/or enable organic chemistry – need 
more representative samples 

Environment: evolution may be crucial to 
understand the demographics of exoplanets

CH3
+

Berné et al. 2023

Reiter et al. 2019

Timescale: external UV destroys disks, 
reducing time & mass for planet formation

→ see Sam 
Millstone’s poster
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