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Feedback



Are we making 
progress?

Yes.

Observations: 

resolution (spatial, 

velocity) and sensitivity 
are game-changers.

Theory: multiple 

simulations now 

include multiple forms 
of feedback. 



à posters: 
 P01 Ahmad Ali
 P11 Wonju Kim 
 P13 Rolf Kuiper 
 P21 Alice Nucara  



Multiple simulations now include multiple forms of 
feedback – and not just star-formation simulations.

e.g., Hopkins et al. 2014; Walch et al. 2015; Wetzel et al. 2016; Seifried et al. 2017; Ali 2021; Grudić et al. 2021; Guszejnov et 
al. 2021; Mathew & Federrath 2021; Menon et al. 2022, 2023; Verliat et al. 2022; Polak et al. 2023; Andersson et al. 2024; …



Smith et al. (2021) 

Pre-SN feedback shapes the ISM that SNe explode into… 
and regulates the star formation that leads to the SN. 

Sarbadhicary et al. 2024



Observations now constrain what form of feedback dominates at 
different ages, in different environments, and different galaxies. 

Della Bruna et al. 2022

M83 Barnes et al. 2021

e.g., Lopez et al. 2011, 2014; McLeod et al. 2019, 2020, 2021; Barnes et al. 2022, 2023; Olivier et al. 2021; Rosen et al. 
2014; Rowland et al. 2024; Sirressi et al. 2024; Gerasimov et al. 2022, 2024; …



Observations now constrain what form of feedback dominates at 
different ages, in different environments, and different galaxies. 

Figure 4. from Evolution of Stellar Feedback in H II Regions
null 2021 APJ 908 68 doi:10.3847/1538-4357/abd24a
https://dx.doi.org/10.3847/1538-4357/abd24a
© 2021. The American Astronomical Society. All rights reserved.

Figure 5. from Evolution of Stellar Feedback in H II Regions
null 2021 APJ 908 68 doi:10.3847/1538-4357/abd24a
https://dx.doi.org/10.3847/1538-4357/abd24a
© 2021. The American Astronomical Society. All rights reserved.

Figure 8. from The Role of Stellar Feedback in the Dynamics of H II Regions
Lopez et al. 2014 ApJ 795 121 doi:10.1088/0004-637X/795/2/121
https://dx.doi.org/10.1088/0004-637X/795/2/121
© 2014. The American Astronomical Society. All rights reserved.

Olivier et al. 2021; Lopez et al. 2014

evolved H II region sampleyoung H II region sample



We should also use our newfound 
resolution and sensitivity to study 
feedback locally.



Pontopiddan et al. 2022

The ‘Cosmic Cliffs’ samples part of the molecular gas 
surrounding a bubble.

most active star formation…



NGC 3324 (the `Cosmic Cliffs’) is next to the Carina star-
forming complex but is ionized by different stars.

Reiter et al. 2022; adapted from Smith et al. 2000, 2007 and Telescope Live with permission (V. Unguru / Telescope Live)

bubble
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NGC 3324 (the `Cosmic Cliffs’) is next to the Carina star-
forming complex but is ionized by different stars.

bubble

superbubble

EPoS 2024

Reiter et al. 2022; adapted from Smith et al. 2000, 2007 and Telescope Live with permission (V. Unguru / Telescope Live)



Carina-like regions (many O stars) sample all forms of 
feedback and are close enough to study how they interact.

jets and outflows

Townsley et al. (2011)winds

(imminent) SNe
(>70 to follow)



Carina-like regions (many O stars) sample all forms of 
feedback and are close enough to study how they interact.

Ge et al. (2022)

cosmic rays

à poster: P22 Giovanni Sabatini 
à talk: Gan Luo 
Padovani et al. 2019

NGC 3324
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h Car
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assuming local CR flux (ISS)



Jets / outflows affect smaller scales than radiation and 
winds but may be important early. 

NASA, ESA, CSA, STScI, Klaus Pontoppidan (STScI)

à talks: 
 Seamus Clarke
 Alessio Trificante

à posters: 
P09 Katharine G. Johnston 
P20 Luca Moscadelli 



Origin of the IMF? Masses of stars set by outflows and 
radiative feedback more than environment. 

Guszejnov et al. 2022



jets
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Origin of the IMF? Masses of stars set by outflows and 
radiative feedback more than environment. 



JWST: excellent resolution over  
large FOV – quantify jet impact 
on local and large scales. 

Figure 2. from
Samuel A. Federman et al 2024 Astrophys. J. 966 doi:10.3847/1538-4357/ad2fa0
https://dx.doi.org/10.3847/1538-4357/ad2fa0
© 2024. The Author(s). Published by the American Astronomical Society.

Ray et al. 2023
Federman et al. 2023

à talk: Henrik Beuther

[Fe II]

H2



JWST: excellent resolution over  
large FOV – quantify jet impact 
on local and large scales. 

Figure 2. from
Samuel A. Federman et al 2024 Astrophys. J. 966 doi:10.3847/1538-4357/ad2fa0
https://dx.doi.org/10.3847/1538-4357/ad2fa0
© 2024. The Author(s). Published by the American Astronomical Society.

Ray et al. 2023

Federman et al. 2023Nisini et al. (2024)

à talk: Henrik Beuther



Some hints for outflow alignment in young regions but too 
few examples to constrain how long alignment persists.

Kwon et al. (2022)

Serpens Main

à strong outflow 
alignment in Serpens Main 
(Green et al. subm)

embargoed!

à talk: Seamus Clarke

à see also Stephens et 
al. 2017; Xu et al 2022; …



Winds: the potato chip bag model of an H II region



FEEDBACK: SOFIA legacy survey to 
quantify interaction of high-mass stars 
with their environment. 

e.g., Schneider et al. 2020; Luisi et al. 2021; Tiwari et al. 2021; Beuther et al. 2022; Bonne et al. 2022; Kabanovic et al. 2022; …



Photoevaporating PDR models may better explain the 
structure in PDRs; dynamical effects are important. 

Figure 1: Multiphase view of the Orion nebula and molecular cloud. a, Overlay
of the HCO+ J=3-2 emission (red) tracing the extended Orion molecular cloud. The hot
ionised gas surrounding the Trapezium stars is shown by the [S ii] 6,731 Å emission (green).
The interfaces between the ionised and the neutral gas, the ionisation fronts, are traced by
the [O i] 6,300 Å emission (blue), both lines imaged with VLT/MUSE[15]. The size of the
image is ⇠5.80⇥4.60. b, Close-up of the Bar region imaged with ALMA in the HCO+ J=4-3
emission (red). The black-shaded region is the atomic layer.

9

Goicochea et al. 2016



Radiation from high-mass stars heats and reshapes 
surrounding cloud, may affect fragmentation, chemistry, …

Carina

NGC 3324
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Rebolledo et al. 2020

Rebolledo et al. 2016



Comparing dust and gas properties in two regions with an 
order of magnitude difference in the incident UV radiation. 

Figure 10. from Effect of Feedback of Massive Stars in the Fragmentation, Distribution, and Kinematics of the Gas in Two Star-forming Regions
in the Carina Nebula
null 2020 APJ 891 113 doi:10.3847/1538-4357/ab6d76
https://dx.doi.org/10.3847/1538-4357/ab6d76
© 2020. The American Astronomical Society. All rights reserved.

Rebolledo et al. 2020

Jeans fragmentation
turbulent fragmentation



Comparing dust and gas properties in two regions with an 
order of magnitude difference in the incident UV radiation. 

Rebolledo et al. 2020
Figure 1. from
Patrick Hartigan et al 2022 Astron. J. 164 doi:10.3847/1538-3881/ac9522
https://dx.doi.org/10.3847/1538-3881/ac9522
© 2022. The Author(s). Published by the American Astronomical Society.

Hartigan et al. 2022; Downes et al. 2023

Figure 12. from
Patrick Hartigan et al 2022 Astron. J. 164 doi:10.3847/1538-3881/ac9522
https://dx.doi.org/10.3847/1538-3881/ac9522
© 2022. The Author(s). Published by the American Astronomical Society.



Ionization-driven compression may trigger star formation 
– observations can now resolve relevant scales.

Gritschneder et al. 2010; Dale et al. 2012; Tremblin et al. 
2012a,b; Walch et al. 2012, 2013; Menon et al. 2020 Klaassen et al. 2020; Menon et al. 2021; Reiter et al. 2023



Ionization-driven compression may trigger star formation 
– observations can now resolve relevant scales.

Menon  et al. (2020)

Carina

NGC 3324

+ high-mass star

Reiter et al. 2019,2020a,b

Rebolledo et al. 2016 Klaassen et al. 2020; Menon et al. 2021; Reiter et al. 2023



Feedback doesn’t significantly change kinematic 
properties of embedded dense gas structures.

Zhou et al. 2024



Feedback from high-mass stars heats and reshapes 
surrounding cloud, may affect fragmentation, chemistry, …
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Quantify the impact of external heating: the surface of the star-
forming cocoon is hot but the inside remains cold.

à positive radial temperature gradient

to Tr16

Reiter et al. 2020

àposter: P25 Kamber Schwarz



Protostars embedded in dense cocoons may not notice 
their environment; exposed YSOs absolutely will. ALMA looks into a tadpole 5
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Figure 2. CO isotopologues panels show moment one maps with moment 0 contours over-plotted. Contours of top panel are the same as
in Figure 1. For the other CO isotopologue panels contour levels are �2 (dashed), 1, 2, 4, 8, and 16⇥�, with � equal to 5.6 mJy km s�1

and 50 mJy km s�1 for 13CO J=2-1 and J=3-2; and 5.4 mJy km s�1 and 42 mJy km s�1 for C18O J=2-1 and J=3-2, respectively. Left
and right bottom panels use a di↵erent color scale and show the moment 0 of DCN J=3-2 and CS J=7-6 lines, respectively.

MNRAS 000, 1–21 (2019)

Reiter et al. 2020

well-shielded

exposed

à see also: Qiao et al. 2023



Yesterday, we talked a lot about disks that look a bit like this. 
UV radiation from neighbors can change the picture a lot. 

ALMA partnership



NASA, ESA, M. Robberto (Space Telescope Science Institute/ESA), the Hubble Space Telescope Orion Treasury Project Team and L. Ricci (ESO)

ONC

Taurus

Disks in high-mass regions (i.e. 
Orion) are physically smaller and 
lower in mass than in local clouds. 

Mann et al. 2014
Eisner et al. 2018



NASA, ESA, M. Robberto (Space Telescope Science Institute/ESA), the Hubble Space Telescope Orion Treasury Project Team and L. Ricci (ESO)

Disks in high-mass regions (i.e. 
Orion) are physically smaller and 
lower in mass than in local clouds. 

Johnstone et al. 1998; Ballering et al. 2023; 
Boyden & Eisner 2020, 2023; Concha-Ramirez et 
al. 2019, 2020, 2021; Haworth et al. 2018, 2023; 
Nicholson et al. 2019; Qiao et al. 2022, 2023; 
Winter et al. 2018; …



Kirwan et al. 2023; Aru et al. 2024

External UV irradiation may change the mass, lifetime, and 
chemistry of planet-forming disks – eg, Orion proplyds. 



Kirwan et al. 2023; Aru et al. 2024

External UV irradiation may change the mass, lifetime, and 
chemistry of planet-forming disks – eg, Orion proplyds. Figure 13. from

Ryan D. Boyden and Josh A. Eisner 2023 Astrophys. J. 947 doi:10.3847/1538-4357/acaf77
https://dx.doi.org/10.3847/1538-4357/acaf77
© 2023. The Author(s). Published by the American Astronomical Society.

Boyden & Eisner 2023



External photoevaporation 
reduces disk sizes, masses, 
and lifetimes but for what 
fraction of stars?

van Terwisga & Hacar (2023)



Winter et al. 2018

Minimum G0 to 
destroy 0.1 Msun 
disk around 1 Msun 
star in 3 Myr

Significant tidal 
truncation for 100 au 
disk in 3 Myr

G
0

nc (pc-3)

ONC

Tr 14

Cyg OB2

Dynamical evolution 
means density 
changes with time

Dynamical evolution of star-forming regions can change a 
lot the impact of feedback on relevant timescales. 

expansion collapse

à posters: 
 P07 Josefa Großschedl 
 P18 Núria Miret-Roig 
 P26 Cameren Swiggum 
à talk: João Alves 



Most disks will be affected by external UV radiation 
but most studies target local isolated disks. 

disks heated 
and evaporated 
from the 
outside-in

best studied disks

Winter & Haworth 2022



Disk lifetimes appear shorter in high-mass regions… but 
terrestrial planet-forming conditions resemble local clouds. 

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

NGC 6357
Xue1

1/15 disks in NGC 6357 observed with MIRI

Ramírez-Tannus et al. 2023



Xue1 has all the elements to make Earth-like planets that 
are seen in nearby planet-forming disks. 

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

NGC 6357

Figure 1. from
María Claudia Ramírez-Tannus et al 2023 Astrophys. J. Lett. 958 doi:10.3847/2041-8213/ad03f8
https://dx.doi.org/10.3847/2041-8213/ad03f8
© 2023. The Author(s). Published by the American Astronomical Society.

Ramírez-Tannus et al. 2023



Berné et al. 2023

Externally irradiated disks in Orion show evidence for UV-
enabled organic chemistry but few other organic molecules.



No: 
 - HCN 
 - H2O
 - C2H2 

But! First 
detection of CH3

+

CH+ CH3
+

Externally irradiated disks in Orion show evidence for UV-
enabled organic chemistry but few other organic molecules.

Berné et al. 2023



best studied disks

Winter & Haworth 2022

Xue1 looks “normal” 
compared to local disks

Disk in Orion 
look “weird” 
compared to 
local disks

CH3+

wouldn’t it 
be nice to 
have more 
data here?

A few detailed examples do not constrain how much external UV 
radiation shapes planet-forming disks – statistical surveys needed. 

Berné et al. 2023

Ramírez-Tannus et al. (2023)



Few disk detections in 
regions with D >2 kpc… 
for now. 

correlator was configured to four wide spectral windows in dual
polarization mode centered at 223.99 GHz, 234.07 GHz,
220.87 GHz, and 237.02 GHz (the average frequency of
228.5 GHz, corresponding to l � 1.3 mm). The effective
bandwidth for the 223 and 234 GHz spectral windows was
2000 MHz, and 938 MHz for the 220 and 237 GHz windows.
The weather conditions were very good and stable with an
average precipitable water vapor of 1.06 mm and system
temperature of 60–200 K. The ALMA calibration included
simultaneous observations of the 183 GHz water line with

water vapor radiometers, used to reduce the atmospheric phase
noise. Quasars J1107–4449 and J1049–6003 were used to
calibrate the bandpass and the gain fluctuations, respectively.
Data reduction was performed using the Common Astron-

omy Software Applications package (CASA 4.2.2; McMullin
et al. 2007). Imaging of the calibrated visibilities was done
using the task CLEAN. The resulting root-mean-square noise for
the continuum emission (σ) was about 60 μJy at an angular
resolution of ´ ´ ´0. 03 0. 02 with a position angle (P.A.) of
- n46 .34. We thus resolve structures with physical sizes larger

Figure 1. ALMA fields and the clusters Tr 16 and Tr 14 shown on a wide-field optical image of the Carina nebula (ESO). Red circles mark upper and lower limits to
the size of irradiation zones around each cluster (see Section 4). The ALMA fields are represented by the close-up images observed with the Hubble Space Telescope
and its Advanced Camera for Surveys instrument in the F658N narrow-band filter. Within the Tr 14 region, the circles contain proplyd candidates, whereas the squares
mark sources with near-infrared excess.

2

The Astrophysical Journal Letters, 825:L16 (6pp), 2016 July 1 Mesa-Delgado et al.

Smith et al. 2003; Smith et al. 2010; Mesa-Delgado et al. 2016; Reiter et al. 2020; Cortes-Rangel et al. 2020; 2023

àNo mm continuum detected from 

proplyd candidates in Tr14

àTwo disk detections in 

evaporating gaseous globules – 
evidence of the importance of 

shielding?



Few disk detections in 
regions with D >2 kpc… 
for now. 

correlator was configured to four wide spectral windows in dual
polarization mode centered at 223.99 GHz, 234.07 GHz,
220.87 GHz, and 237.02 GHz (the average frequency of
228.5 GHz, corresponding to l � 1.3 mm). The effective
bandwidth for the 223 and 234 GHz spectral windows was
2000 MHz, and 938 MHz for the 220 and 237 GHz windows.
The weather conditions were very good and stable with an
average precipitable water vapor of 1.06 mm and system
temperature of 60–200 K. The ALMA calibration included
simultaneous observations of the 183 GHz water line with

water vapor radiometers, used to reduce the atmospheric phase
noise. Quasars J1107–4449 and J1049–6003 were used to
calibrate the bandpass and the gain fluctuations, respectively.
Data reduction was performed using the Common Astron-

omy Software Applications package (CASA 4.2.2; McMullin
et al. 2007). Imaging of the calibrated visibilities was done
using the task CLEAN. The resulting root-mean-square noise for
the continuum emission (σ) was about 60 μJy at an angular
resolution of ´ ´ ´0. 03 0. 02 with a position angle (P.A.) of
- n46 .34. We thus resolve structures with physical sizes larger

Figure 1. ALMA fields and the clusters Tr 16 and Tr 14 shown on a wide-field optical image of the Carina nebula (ESO). Red circles mark upper and lower limits to
the size of irradiation zones around each cluster (see Section 4). The ALMA fields are represented by the close-up images observed with the Hubble Space Telescope
and its Advanced Camera for Surveys instrument in the F658N narrow-band filter. Within the Tr 14 region, the circles contain proplyd candidates, whereas the squares
mark sources with near-infrared excess.
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àNo mm continuum detected from 

proplyd candidates in Tr14

àTwo disk detections in 

evaporating gaseous globules – 
evidence of the importance of 

shielding?

Smith et al. 2003; Smith et al. 2010; Mesa-Delgado et al. 2016; Reiter et al. 2020; Cortes-Rangel et al. 2020; 2023



Few disk detections in 
regions with D >2 kpc… 
for now. 

correlator was configured to four wide spectral windows in dual
polarization mode centered at 223.99 GHz, 234.07 GHz,
220.87 GHz, and 237.02 GHz (the average frequency of
228.5 GHz, corresponding to l � 1.3 mm). The effective
bandwidth for the 223 and 234 GHz spectral windows was
2000 MHz, and 938 MHz for the 220 and 237 GHz windows.
The weather conditions were very good and stable with an
average precipitable water vapor of 1.06 mm and system
temperature of 60–200 K. The ALMA calibration included
simultaneous observations of the 183 GHz water line with

water vapor radiometers, used to reduce the atmospheric phase
noise. Quasars J1107–4449 and J1049–6003 were used to
calibrate the bandpass and the gain fluctuations, respectively.
Data reduction was performed using the Common Astron-

omy Software Applications package (CASA 4.2.2; McMullin
et al. 2007). Imaging of the calibrated visibilities was done
using the task CLEAN. The resulting root-mean-square noise for
the continuum emission (σ) was about 60 μJy at an angular
resolution of ´ ´ ´0. 03 0. 02 with a position angle (P.A.) of
- n46 .34. We thus resolve structures with physical sizes larger

Figure 1. ALMA fields and the clusters Tr 16 and Tr 14 shown on a wide-field optical image of the Carina nebula (ESO). Red circles mark upper and lower limits to
the size of irradiation zones around each cluster (see Section 4). The ALMA fields are represented by the close-up images observed with the Hubble Space Telescope
and its Advanced Camera for Surveys instrument in the F658N narrow-band filter. Within the Tr 14 region, the circles contain proplyd candidates, whereas the squares
mark sources with near-infrared excess.
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The Astrophysical Journal Letters, 825:L16 (6pp), 2016 July 1 Mesa-Delgado et al.

àNo mm continuum detected from 

proplyd candidates in Tr14

àTwo disk detections in 

evaporating gaseous globules – 
evidence of the importance of 

shielding?

Qiao et al. 2023
Wilhelm et al. 2023

Smith et al. 2003; Smith et al. 2010; Mesa-Delgado et al. 2016; Reiter et al. 2020; Cortes-Rangel et al. 2020; 2023



Looking ahead to future EPoS meetings…

• JWST – imaging, spectroscopy, proper motions…?

• ALMA – esp with wide band upgrades

• ELTs – need 30m class telescopes to resolve 
photoevaporative flows in sources at >2 kpc

• Simulations – resolution and additional physics 
(magnetic fields)

• Models – 3D models of external photoevaporation 
of planet-forming disks

NASA

ESO



Looking ahead to future EPoS meetings…

Miotello et al. 2023

PHANGS

Multi-wavelength surveys 
of Galactic HMSFRs











Comparing dust and gas properties in two regions with an 
order of magnitude difference in the incident UV radiation. 

Rebolledo et al. 2020



A&A 604, A22 (2017)

Fig. 3. Surface density of the three populations, old (in blue), young (in green), and very young (in red) together with the position of the stars. The
plots have been centered on the ONC nominal center. All contours are normalized to the maximum value of the population itself. The location of
the stars belonging to each population (solid dots) are also shown.

magnitudes (and hence mass) of the two components in each
passband. When the mass ratio of two stars in the binary sys-
tem is q = 1 (equal mass binary), the unresolved binary sys-
tem appears 0.752 mag brighter than the individual component’s
brightness. The peak of the distribution of the green population
is ⇠0.75 mag brighter than the blue population (Fig. 1a) and this
distribution may therefore well reflect the presence of a popula-
tion of unresolved ONC binaries. Under the assumption that the
green and red sequences represent the binaries and higher-order
multiples of the ONC members, we derive a multiplicity frac-
tion of 39%. This number would support the unresolved binary
hypothesis given that this fraction overall agrees with that seen
for low-mass stars in other young clusters (Luhman et al. 2005;
Reipurth et al. 2014) and with the multiplicity fraction among
field M-dwarfs (Duchêne & Kraus 2013).

Besides the total fraction, the companion mass ratio distri-
bution plays an important role in shaping the CMD appearance.
Determinations of the mass ratio distribution for ONC binaries
are rare. Those studies that have derived mass ratios for close vi-
sual systems and spectroscopic systems find no indication for
an equal mass preference (Daemgen et al. 2012; Correia et al.
2013; Kounkel et al. 2016), that is, for those systems that lead to
the largest displacement in luminosity in the CMD. At most, the
observed mass ratio distribution slightly increases from low q

to higher q (Correia et al. 2013), although this result is most
likely a↵ected by incompleteness and selection e↵ects at low
q. Ward-Duong et al. (2015) performed a companion survey of
245 late-K to mid-M (K7-M6) dwarfs within 15 pc and found
that the mass ratio distribution across the q = 0.2 � 1.0 range
is flat. This seems to be a general result. Numerical simulations
of primordial binaries (e.g. Bate 2009) produce an f (q) that is
rather flat too. Moreover f (q) seems to be rather insensitive to
dynamical disruptions and interaction processes within the clus-
ter (Parker & Reggiani 2013).

The marked CMD morphology, and in particular the pres-
ence of the two gaps in the distribution of colors shown in

Fig.2c, allows us to investigate which combination of total bi-
nary frequency and companion mass ratio distribution could
explain the observed CMD, and which can be excluded. For
this, we performed Monte Carlo simulations and tested a range
of total binary fractions and mass ratio distributions f (q)4.
We randomly draw a star from the blue sequence (with its
r and i magnitudes) and, using the mass-luminosity relation
from Bressan et al. (2012), we determine its mass. We then draw
a mass ratio from a given f (q) distribution, and add a compan-
ion with a mass q m1. We then compute the color and magnitude
of the resulting binary and can then see where the thus obtained
binary falls in the CMD. Finally, we compare the obtained his-
tograms of colors with that observed in Fig.2c. A range from
40% to 100% in binary fraction and di↵erent f (q) of the form
uniformly flat, linearly increasing, quadratically increasing, or
step-like were explored. In Fig. 4 we show a number of repre-
sentative results.

It is clear that the canonical case of 40% binary fraction with
a uniform mass-ratio distribution, as shown in the upper pan-
els of Fig. 4, does not provide a satisfactory agreement with the
observations. Increasing the fraction of binaries even worsens
the comparison with observations, as does a lower total binary
fraction. We conclude that a uniformly flat mass ratio distri-
bution is not able to reproduce the observations, in particular
it is not capable of reproducing the obvious, significant gaps
in the CMD. When assuming other mass-ratio distributions we
can achieve reasonable fits (e.g., second to fourth-row panels in
Fig. 4). Here we considered as reasonable fit any solution with
a reduced �2 < 2 which indicates that it can be trusted with
99.5% confidence. The solutions come with some caveats, how-
ever. A linearly increasing f (q) (second-row panels of Fig. 4)
appears only possible in combination with a total binary frac-
tion of around 60%. However, such high overall binary frequen-
cies among ONC low-mass stars are not observed. For visual

4 We note that when doing this, we only use the blue and green popu-
lations, and ignore for now the red population.
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Beccari et al. (2017)

A&A 604, A22 (2017)

Fig. 5. Distribution of the visual extinction, Av, for the stars from
the three populations, old (in blue), young (in green), and very young
(in red). The inset shows the normalized cumulative fraction. The
Kolmogorov-Smirnov test indicates that the Av distribution of the
old and intermediate-young populations are extracted from the same
parental distribution with more than 5� significance. The very young
population shows signs of a slightly higher Av distribution but is af-
fected by low number statistics.

the ONC. The three distinct PMS populations found in our CMD
and their spatial distribution are not compatible with the pres-
ence of an old foreground population of PMS stars. Fang et al.
(2017) performed and extensive spectroscopic analysis of 691
“foreground” stars in the Orion A region and confirm that
NGC 1980 is not a foreground population. Considering that the
candidate foreground population studied by Bouy et al. (2014)
is located more than 1 deg south with respect to the peaks of the
density maps of the three populations shown in Fig. 3 we think
that it is unlikely to be related.

6. Three discrete episodes of star formation

In the previous sections we show that di↵erential extinction or
distance o↵sets are very unlikely able to explain the discovered
features in the CMD. The presence of unresolved binary and ter-
tiary populations reproduce the CMD morphology only if the
underlying mass ratio distribution is rather unusual (Fig. 4).

We here explore the possibility that age is the origin of the
discreetness of the color distribution of the PMS in the ONC.
We verified that the distance in magnitude between a 1 Myr and
a 3 Myr PMS isochrone from Bressan et al. (2012) in the r, r � i

CMD is indeed ⇠0.75, that is, equal to the the shift in luminosity
due to unresolved binaries. This unfortunate fact is at the root of
the di�culty to distinguish between the binary hypothesis and
the multiple-populations scenarios5.

In order to assign ages to the stars belonging to the three
distinct PMS populations, we use the measurements presented
by Da Rio et al. (2016, D16 hereafter). D16 performed a spec-
troscopic study of the young stellar population of the Orion A

5 We verified that the use of di↵erent combinations of filters would not
help in this respect.

Fig. 6. Distribution of the logarithm of the spectroscopically determined
ages for stars from the three populations, old (in blue), young (in green),
and very young (in red) with the best Gaussian fits indicated.

molecular cloud with the APOGEE spectrograph. In their work
they measured accurate stellar parameters (Te↵ , log g, v sin i) and
extinctions and concluded that star formation in the ONC pro-
ceeds over an extended period of ⇠3 Myr age. We have cross-
correlated our stars with the catalog of stellar parameters (in-
cluding age, temperature, and extinction) published in Table 4
of D16. We used these stellar parameters to study the properties
of the three candidate populations of PMS stars as selected in
Fig. 2. In order to have a sample which is as free as possible
from any contamination we removed stars from their study that
did not clearly obey a PMS mass-luminosity relation and that,
based on the e↵ective temperature, mass, and luminosity, cannot
populate the PMS region in the HRD. We were left with 111,
63, and 24 stars for the three sequences (blue, green, and red),
respectively.

In Fig. 6 we show the distributions of the ages derived by
D16 of the stars in the three samples. These age histograms in-
dicate that the three sequences that we discovered in the photo-
metric study have distinct ages, with the bluer population being
the oldest. We have fitted the distributions with Gaussians, using
a �2-minimization technique, to derive the mean and standard
deviation (�). As these are distributions of the logarithm of the
ages, we then estimated the corresponding distributions of the
ages and computed the respective 1-� and 5–95% intervals. Our
results are shown in Table 1.

This finding is consistent with the hypothesis that the forma-
tion of the population of PMS stars in the ONC that was thought
to be the outcome of a single episode extended over 3 Myr is
instead best described by three discrete and sequential episodes
of star formation over the same time span.

D16 also provide stellar rotational velocities. However, spec-
troscopy only provides v sin i, where i is the unknown inclination
of the rotation axis on the plane of the sky. As we may assume
that i is isotropically distributed in the sky, it is possible to decon-
volve, using a Richardson-Lucy method (see Bo�n et al. 1993),
the v sin i distributions to obtain the distributions of v. These are
shown in Fig. 7 and Table 1, where it is clear that not only do the
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three pre-main-sequences tracing three populations of different ages?

Orion as a case study:



Ansdell et al. (2017)

The mass and size of protoplanetary disks in high-mass 
regions are smaller than in nearby quiescent regions. 



Mass dependence of external photoevaporation is 
not behaving as expected.

Maucó et al. 2024



Disk lifetimes may be shorter overall in the presence of 
high-mass stars.

Preibisch et al. 2011

Haisch et al. 2001
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Fig. 2.— Spatial distribution of stars with disks (left) and without disks (right), showing the
position of the O stars (blue star symbols) and the 8 µm continuum emission contours in red (color
figure in the electronic paper).

32

Guarcello et al. (2016)

External photoevaporation leaves fewer intact disks near high-
mass stars (provided there is not too much dynamical mixing).

Cyg OB2stars with disks stars without disks



Fig. 2.— Spatial distribution of stars with disks (left) and without disks (right), showing the
position of the O stars (blue star symbols) and the 8 µm continuum emission contours in red (color
figure in the electronic paper).

32

Guarcello et al. (2016)

stars with disks stars without disks

Fig. 3.— Variation of the disk fraction as a function of the local EUV (bottom left panel) and FUV
fields (top left panel) experienced by the low-mass members. The spatial distribution of the stars
falling in each bin is shown in the right panels, with the different colors marking those stars falling
in the corresponding bin in the left panels. The star symbols mark the positions of the O stars.
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Cyg OB2

External photoevaporation leaves fewer intact disks near high-
mass stars (provided there is not too much dynamical mixing).



… but not all studies agree that more high-mass stars 
lead to shorter disk lifetimes.

Carina Nebula; Richert et al. (2015)

disk 
no disk

à must separate effects of external photoevaporation 
from stellar mass dependent disk lifetimes!



Ongoing dynamical evolution will mix stars with/without 
disks; unclear what structure to expect for multiple HM stars.

Reiter & Parker (2019)
using near-IR data from 
Preibisch et al. (2011)

*also note that 

images provide a 

2D projection of a 

3D distribution



Fraction of stars forming in clusters 

Andersson, E. P., et al.: A&A 681, A28 (2024)



3. Where do we go from here with other tracers of 
external photoevaporation? 

Ballabio et al. (2023)

Rigliaco et al. (2009)



CI may be an excellent tracer of the photoevaporative flow 
for more modest UV fields… if detected. 

Haworth et al. (2022)



Few jets and outflows seen at low metallicity (but see 
Anna McLeod’s talk). … for now. 

ESO; McLeod et al. 2018, 2023



Nisini et al. (2024)

Project-J: resolving 
multiple outflows from 
multiple stars in HH 46/47.



High resolution simulations that include all relevant 
forms of feedback: outflows, radiation, winds, SNe. 

Grudíc et al. 2022



Mon Not R Astron Soc, Volume 506, Issue 2, September 2021, Pages 2199–2231, https://doi.org/10.1093/mnras/stab1347
The content of this slide may be subject to copyright: please see the slide notes for details.

Outflows in STARFORGE 

Grudić et al. 2021

https://doi.org/10.1093/mnras/stab1347


à posters: P16 Shanghuo Li 

Grudić et al. 2022

Multiplicity in STARFORGE under-predicts multiples 
probably because disk fragmentation not included. 



Mathew & Federrath 2021

Broad agreement in 3D MHD simulations that include 
gravity, turbulence, magnetic fields, stellar radiative 
heating, and outflows. 

average MF in 
patch interval

Standard 
deviation across 
all 10 sims.



Mathew & Federrath 2021

Projected separation-from-primary distribution in 10 
simulations including outflow feedback. 



A very optical view.. H2 and PAHs with JWST

Vicente et al. (2013)



Far fewer disk detections 
in regions with D >2 kpc… 
for now. 

Figure 6. from ALMA Observations of the Extraordinary Carina Pillars: HH 901/902
null 2020 AJ 159 62 doi:10.3847/1538-3881/ab6295
https://dx.doi.org/10.3847/1538-3881/ab6295
© 2020. The American Astronomical Society. All rights reserved.

Figure 5. from ALMA Observations of the Extraordinary Carina Pillars: HH 901/902
null 2020 AJ 159 62 doi:10.3847/1538-3881/ab6295
https://dx.doi.org/10.3847/1538-3881/ab6295
© 2020. The American Astronomical Society. All rights reserved.

Figure 4. from ALMA Observations of the Extraordinary Carina Pillars: HH 901/902
null 2020 AJ 159 62 doi:10.3847/1538-3881/ab6295
https://dx.doi.org/10.3847/1538-3881/ab6295
© 2020. The American Astronomical Society. All rights reserved.

Cortes-Rangel et al. 2020; 2023Cortes-Rangel et al. 2020



Proplyds most often been observed in hydrogen 
recombination lines like Ha and Pa-a that trace the i-front

Haworth et al. 2021
NGC 2024

Kim et al. (2016)
NGC 1977

à Incident UV ~10-30x lower than ONC



The Astrophysical Journal Letters, 746:L21 (7pp), 2012 February 20 Wright et al.

Figure 1. IPHAS Hα image of the Cygnus OB2 region displayed using a
logarithmic intensity scale. The image is 1◦ × 1◦ (∼24 × 24 pc at 1.40 kpc)
and centered on (R.A., decl.) = (20:33:20, +41:05:00) with north up and east
to the left. The locations of the 10 objects are indicated and numbered, with
arrows showing the direction of their semi-major axes and ionization fronts.
The positions of all known O-type stars are shown as red stars. DR 15 is
approximately 20′ south of this image.
(A color version of this figure is available in the online journal.)

the majority of molecular gas in the vicinity of the association
(Schneider et al. 2006), but recent observations have revealed
sites of ongoing star formation around the periphery (e.g., Vink
et al. 2008).

In this Letter, we present the discovery of 10 objects in the
vicinity of Cygnus OB2 that appear remarkably similar to the
Orion proplyds. In Section 2 we present the observations used
to identify and characterize them, in Section 3 we discuss their
physical properties and consider their true nature, and finally
in Section 4 we discuss the implications of this finding for our
understanding of the propagation of star formation in Cygnus
OB2. We adopt a distance of 1.40 kpc for Cyg OB2 (Rygl et al.
2012), whereby 1′ = 0.41 pc.

2. OBSERVATIONS

The objects presented here were discovered through visual
inspection of INT (Isaac Newton Telescope) Photometric Hα
Survey (IPHAS; Drew et al. 2005) Hα images of Cygnus OB2.
Here we present the observations that led to their discovery and
complementary data at other wavelengths. We enumerate the
objects and adopt the IPHAS naming system based on their
right ascension and declination. One of these objects, object 5,
was identified as an Hα emission source by Viironen et al. (2009)
and labeled IPHASX J203311.5+404141 during an automated
search of IPHAS images for compact planetary nebulae.

2.1. IPHAS Hα Observations

IPHAS is a survey of the northern Galactic plane in broadband
Sloan r ′, i ′, and narrowband Hα filters using the INT. Tiling of
the 0.25 deg2 Wide Field Camera field of view leads to almost
uninterrupted survey coverage across the Galactic plane at high
spatial resolution (1 pixel = 0.′′333). The use of a narrowband

Hα filter (λc = 6568 Å, FWHM = 95 Å) picks out extended
emission-line nebulae and point sources (e.g., Wareing et al.
2006; Witham et al. 2008; Sabin et al. 2010). A 1.5 × 1.5 deg
Hα mosaic of the Cygnus region was produced using montage,
part of which is shown in Figure 1 with the positions of the
10 objects discussed in this work indicated. This image was
searched for other structures similar to these, but none were
found down to the limiting resolution of the image. Individual
images of the objects in the Hα filter are shown in Figures 2–4.
The r ′ and i ′ broadband images provide no further information
on these diffuse structures and are omitted.

2.2. UKIDSS Near-IR Observations

Near-IR observations were taken from the UKIRT Infrared
Deep Sky Survey (UKIDSS; Lawrence et al. 2007, pixel size
0.′′4) Galactic Plane Survey (GPS; Lucas et al. 2008). The J- and
H-band images are broadly similar to the deeper K-band image
shown in Figures 2–4.

2.3. Spitzer Mid-IR Observations

The Spitzer Cygnus-X Legacy Survey (Hora et al. 2011)
imaged Cygnus X with the Infrared Array Camera (IRAC; Fazio
et al. 2004) in four bands (3.6, 4.5, 5.8, and 8.0 µm) and the
Multiband Imaging Photometer for Spitzer (MIPS; Rieke et al.
2004) in the 24 µm band. Figures 2–4 show the objects in the
IRAC 8.0 µm (pixel size of 1.′′2) and MIPS 24 µm (pixel size of
2.′′55) bands.

2.4. HST/ACS Observations

Object 7, also known as IRAS 20324+4057, was observed by
the Hubble Space Telescope (HST) on 2006 July 22 (GO number
10536, PI: Sahai) with the Advanced Camera for Surveys (ACS;
0.′′05 pixel−1). Observations used the broadband filters F606W
(λc = 5907 Å, ∆λ = 2342 Å, approximately V+R) and F814W
(λc = 8333 Å, ∆λ = 2511 Å, approximately a broad I filter).
Two observations were made in each filter, for a total exposure
of 694 s per filter. A color image of object 7 compiled from
these observations is shown in Figure 4.

2.5. Previous Identifications

Some of these objects have previous identifications, either
through their extended emission or their central stars; however,
none have previously been identified as proplyds or EGGs. Some
were detected in the infrared, the submillimeter, or the radio (see
Table 1). Objects 3, 5, and 7 were identified as possible OB stars
by Comerón et al. (2002) based on near-IR photometry and low-
resolution spectroscopy, suggesting that the central stars of these
objects may be more massive than the typical proplyds seen in
Orion. They found that object 3 exhibits possible H2 and CO
emission that could originate from a massive circumstellar disk,
as the mid-IR images corroborate, while object 7 shows Brγ in
emission, most likely originating from the nebulosity. Object 7
was also imaged by Pereira & Miranda (2007) during a search
for post-AGB candidates and was identified as an Hii region
with a bow shock. Spectra revealed nebular emission lines in a
ratio that implied photoionization consistent with ionization by
massive stars, rather than shock excitation.

3. DISCUSSION

We now discuss the structure and morphology of the objects
and consider the evidence that they are true proplyds like
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Wright et al. (2012)
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Figure 2. Images of objects 1–4 at different wavelengths. Top: object 1 in (from left to right) IPHAS Hα, UKIDSS K-band, IRAC 8 µm, and MIPS 24 µm. Middle:
objects 2–4 in IPHAS Hα (left) and UKIDSS K-band (right). Bottom: objects 2–4 in IRAC 8 µm (left) and MIPS 24 µm (right). All images are shown with north up
and east to the left and with axes in arcseconds offset from the center of each image. At a distance of 1.40 kpc, 10′′ ∼ 1.4 × 104AU ∼ 0.07 pc.

Table 1
Properties of the Objects Identified in the Vicinity of Cygnus OB2

Object No. Name P.A. Length Width Projected Notes
(◦) (103 AU) (103 AU) Distance (pc)

1 IPHASX J203453.6+404814 54 24 16 13.7
2 IPHASX J203453.3+405321 55 63 22 12.0
3 IPHASX J203443.2+405313 40 113 60 11.6 IRAS 20328+4042; Radio source (Wendker et al. 1991)
4 IPHASX J203436.4+405154 36 102 32 11.7
5 IPHASX J203311.5+404141 0 75 41 13.9
6 IPHASX J203318.8+405905 16 77 27 6.9 Submillimeter source (Rosolowsky et al. 2010)
7 IPHASX J203413.3+410814 80 77 22 5.6 IRAS 20324+4057
8 IPHASX J203410.5+410659 80 43 15 5.8
9 IPHASX J203419.0+410722 85 18 13 6.2
10 IPHASX J203447.4+411445 88 83 27 7.2 IRAS 20329+4104

Notes. The source name is provided in the IPHAS sexagesimal, equatorial position-based format for extended objects: IPHASX Jhhmmss.s+ddmmss, with “J”
indicating the position is J2000. The position angle (P.A.) is given as the angle measured clockwise between north and the apparent major-axis of the object. The
dimensions of the objects and the projected distance to the center of Cyg OB2 have been calculated using a distance of 1.40 kpc (Rygl et al. 2012).
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Based on Ha morphology, many bright-rimmed blobs are 
flagged as proplyd candidates despite their size and mass.

candidate proplyds

high-mass stars

Cyg OB2



A word about resolving things: proplyds are not that much 
larger than the disks themselves. 

Smith et al. (2003)

ESA/Hubble



Smith et al. (2003) Sahai et al. (2012)

Spitzer 8 µm HST Ha VLT/NACO Ks

à Molecular mass ≈ 0.35 Msun

Most candidate proplyds identified in regions with d ≥ 1 kpc 
are likely evaporating gaseous gloubles.  



New near-IR IFUs like ERIS provide spatial and spectral 
resolution to measure kinematics as well as excitation. 

Shuping et al. (2003)

à see Winter & Haworth (2022)



FEEDBACK: SOFIA legacy survey shows that winds are 
important early, radiation alone cannot explain kinematics.

e.g., Schneider et al. 2020; Luisi et al. 2021; Tiwari et al. 2021; Beuther et al. 2022; Bonne et al. 2022; Kabanovic et al. 2022; …


