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MUSE is excellent for studying star formation, including
outflows — one of the original science goals for MUSE.
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MUSE is excellent for studying star formation, including
outflows — one of the original science goals for MUSE.

* FOV: ‘gigantic’

* AO: image quality and
efficiency

e Continuous sampling:

outflows, stars, Hll region
are all bright...
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Outflows are excellent for studying star/planet formation,
especially when observed with MUSE+ERIS+ALMA.
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Outflows are excellent for studying star/planet formation,
especially when observed with MUSE+ERIS+ALMA.

* Multi-phase medium [S 1]
requires multi-A obs o
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e Faint emission, medium

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

Relative 2D probability density for stars (log-space)
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Most stars form near high-mass stars that will illuminate and
evaporate the planet-forming disks around nearby low-mass stars.
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Feedback (esp. radiation) from massive stars affects planet-
forming disks by heating and photoevaporating them.

B HST [O 1] 0.63 um
' No: |
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' -GH,
1. the timescale for planet formation _.
But! First L bt
detécti_on of CH3+ ( '; g 2000 0 2000
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2. the ingredients for terrestrial planets
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dy (av)
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Orion Bar .
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Berné et al. 2023

- see also Ramirez-Tannus et al. 2023



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

1. the timescale for planet formation
2. the ingredients for terrestrial planets

3. how the ecosystem evolves, thus
regulating exoplanet demographics

ALMA Partnership
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Models suggest that essentially all disks are evaporating
in a high-mass region after ~2 Myr.
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Photoevaporating protoplanetary disks (proplyds) are direct
evidence of external photoevaporation of disks.

= next talk from
.Mari-Liis Aru

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



Most planet-forming disks will be affected
by UV from nearby high-mass stars.
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Most planet-forming disks will be affected
by UV from nearby high-mass stars.
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Timescale: external UV destroys disks,

Most planet—forming disks will be affected reducing time & mass for planet formation
by UV from nearby high-mass stars.

- Need surveys of different
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Most planet-forming disks will be affected
by UV from nearby high-mass stars.
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Timescale: external UV destroys disks,

Most planet—forming disks will be affected reducing time & mass for planet formation
by UV from nearby high-mass stars.

- Need surveys of different
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True proplyds are small, ¥250-500 AU, not well-resolved
for d = 2 kpc even with MUSE NFM.
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ESA/Hubble

Smith et al. 2003



Most published candidates are evaporating gaseous
globules; need ELT to resolve proplyds in d = 2 kpc regions.
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Most published candidates are evaporating gaseous
globules; need ELT to resolve proplyds in d = 2 kpc regions.

Smith et al. 2003




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

Smith et al. 2003
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- see also Cortes-Rangel et al. 2020, 2023, Reiter et al. 2020



Need ELT to resolve proplyds in d = 1 kpc regions; most
oublished candidates are evaporating gaseous globules.

Smith et al. 2003



Need ELT to resolve proplyds in d = 1 kpc regions; most
oublished candidates are evaporating gaseous globules.
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Need ELT to resolve proplyds in d = 1 kpc regions; most
oublished candidates are evaporating gaseous globules.
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Need ELT to resolve proplyds in d = 1 kpc regions; most
oublished candidates are evaporating gaseous globules.

HH 900 YSO
(unseen)

unresolved °

rk proplyd?

%

HH 900 outflow

;' Smith'et al. 2010; Reiter et al. 2015

W) 4
e, B
b '._ _.‘l..‘ : :

Smith et al. 2003




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

Externally illuminated by nearby OB stars?
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Using MUSE to put star/planet-forming disks in context:
ionization front properties of the globule and outflow.

Externally illuminated by nearby OB stars?
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MUSE+ALMA connects the ionized outflow (in the Hil
region) and the molecular outflow (in the globule).
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MUSE+ALMA connects the ionized outflow (in the Hil
region) and the molecular outflow (in the globule).

globulette PCYC 842




MUSE+ALMA connects the ionized outflow (in the H 1
region) and the molecular outflow (in the globule).
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Molecules are rapidly dissociated once the outflow enters
the H Il region — no cold CO, only hot H,.
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Molecules are rapidly dissociated once the outflow enters
the H 1l region —no cold CO, only hot H,.
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with MUSE!

ERIS SV!




Molecules are rapidly dissociated once the outflow enters
the H 1l region —no cold CO, only hot H,.

- expected
because of
[CI] detection
with MUSE!

CO outflow

ERIS SV!




Molecules are rapidly dissociated once the outflow enters
the H 1l region —no cold CO, only hot H,.

- expected
because of
[CI] detection
with MUSE!

CO outflow

[Fe ll] jet




Jsing MUSE to put star/planet-forming disks in context:
ohotoevaporation rate and lifetime of the globule.
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Tadpole glob.le
bow shock /

PCYC 838 &
/ possible microjet
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HH 900

bow shock

Reiter et al. 2019
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Jsing MUSE to put star/planet-forming disks in context:
ohotoevaporation rate and lifetime of the globule.
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Jsing MUSE to put star/planet-forming disks in context:
ohotoevaporation rate and lifetime of the globule.
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Jsing MUSE to put star/planet-forming disks in context:
ohotoevaporation rate and lifetime of the globule.
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- globule will be completely ablated in ~4 Myr




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

globulette PCYC 842
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Quantify the impact of external heating on the chemistry

and kinematics of the star-/planet-forming system.

- = dust near the protostar is cold T
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Quantify the impact of external heating on the chemistry
and kinematics of the star-/planet-forming system.

= dust near the protostar is cold 1
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Quantify the impact of external heating on the chemistry
and kinematics of the star-/planet-forming system.
RS | o

- = dust near the protostar is cold T

continuum
contours

) | black / gray — continuum
red / blue —12C0 J=2-1

| ans near the protostar is cold

- m | R - globule will be completely ablated in ~4 Myr




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

12C0 2-1 I§3

well-shielded

: exposed P
= , -%.VLSR
\ _(km/s)
ICKS Kight Ascension -37

Reiter et al. 2020a



Timescale: external UV destroys disks,

Most planet—forming disks will be affected reducing time & mass for planet formation
by UV from nearby high-mass stars.

- Need surveys of different

Relative 2D probability density for stars (log-space) high-mass regions — MUSE!
—2.5 —2.0 —-1.5 —1.0 —0.5 0.(

Ingredients: UV may leave organics intact

“there be dragons” and/or enable organic chemistry — need

T 1040 more representative samples
E ,_
g U - Need sample of low-mass sources
2 1038 1 {| indifferent UV environments — MUSE!
tl_}__’ ——————
(o]
‘g 1036 Environment: evolution may be crucial to
= —— Mean understand the demographics of exoplanets
;3 ," ---- Median
T

1034 . O 1 o ra nge
4 "best studied disks >FR realisations i
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Reiter et al. 2019
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Most planet—forming disks will be affected reducing time & mass for planet formation
by UV from nearby high-mass stars.

- Need surveys of different

Relative 2D probability density for stars (log-space) high-mass regions — MUSE!
—2.5 —2.0 —-1.5 —1.0 —0.5 0.(
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- Need sample of low-mass sources
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Environment: evolution may be crucial to

— Mean understand the demographics of exoplanets

FUV luminosity of SFR: Lgpgr [erg s ]
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Quantifying the impact of external photoevaporation on
planet-forming disks requires a survey of typical conditions.

*observed

*observed

P114

Cone Nebula

MUSE VLT: 112 hours awarded
67 hours observed

Pl: M. Reiter

NSF CAREER grant 2339164
*hiring a postdoc soon!

| oe= N\ GC 6530 & NGC 6523

N, (OB)

NGC2264 RSN



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

32 S
s

4 (J2000)

34' I

10844™125 005 437485 36° 245 _
a (J2000) Itrich et al. 2024
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With MUSE, measure spectral types, accretion (requires a
disk!), outflows, and separate stars from the background.

T 11
—— MUSE spectrum

M7.5 template
Ay=0.3, r=0.04

-59°30" :

w
)

4 (J2000)

A (A)

34' I

10844™125  00° 43m4gs 36° 245 _
a (J2000) Itrich et al. 2024



L[OI]/Lacc

Search for diagnostics of external photoevaporation
that are not spatially resolved — confirm with ELT.

107 10° B T L T R T T
FUV field strength [Gp]



Search for diagnostics of external photoevaporation
that are not spatially resolved — confirm with ELT.

L[OI]/Lacc
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Challenge: subtracting sky lines without affecting the
fluxes or shapes of key emission lines.
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modified sky subtraction
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wavelength [A] Zeidler et al. 2019
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Challenge: subtracting sky lines without affecting the
fluxes or shapes of key emission lines.
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Challenge: subtracting the “sky” without affecting the
fluxes or shapes of key emission lines.

MUSE spectrum - data
31 M5.0 template - model
Ay=1.9, r=0.04
2 i
o
2
=
£3
1 4
0
5 )Fo 6000 ' 7000 8000 900
A (A)




Dec (J2000)

Challenge: everything is evaporating — clouds, jets, disks,
and the Hil region are all bright in key lines.
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Challenge: everything is evaporating — clouds, jets, disks,
and the Hil region are all bright in key lines.
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Dec (J2000)

Challenge: everything is evaporating — clouds, jets, disks,
and the Hil region are all bright in key lines.

1mm continuum

CO J=2-1

near-IR excess

—> evaporation signatures?
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18.0" Tadpole globule
bow shock /
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/ possible microjet
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-
Reiter et al. 2019 bow shock
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COUNTS RESIDUALS

Developing Gaussian
process technigues
to m Od el a n d SUBTRACTION
remove structured .
: TRUE BACKGROUND \ r
b a C kg rO U n d S . TRUE BACKGROUND + STAR —— MODEL RESIDUALS

——= FLAT BACKGROUND MODEL

OVER

_ _ INTERPOLATED
~ = FLAT BACKGROUND + STAR MODEL BACKGROUND
POSITION POSITION

(Or | get by with a little help
from my friends in Statistics).

Counts
Image-Model

Saydjari & Finkbeiner 2022



Developing Gaussian
process techniques
to model and
remove structured
backgrounds.

(Or | get by with a little help
from my friends in Statistics).

v
original

. . . . .

original + well-calibrated stellar
-

templates (Manara et al. 2013, 2017)




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

Relative 2D probability density for stars (log-space)
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Timescale: external UV destroys disks,

Most planet—forming disks will be affected reducing time & mass for planet formation
by UV from nearby high-mass stars. * 4

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

Relative 2D probability density for stars (log-space)
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Most planet-forming disks will be affected
by UV from nearby high-mass stars.
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Environment: evolution may be crucial to
understand the demographics of exoplanets

Tadpole globule

PCYCB38 &
possible microjet

\/“u

HH 900

Reiter et al. 2019













Anatomy of a proplyd

= 500 AU

y-axis
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Johnstone et al. (1998)



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

JHK Excess Fraction (disk fraction)
gi
S
— =z
O o
(@] ok
S,

1. the timescale for planet formation

Q...f_
0.Z2r
| UGJ
~10s O-type 1r14
i x?
I stars (]
OO 1 I 1 L I

1 10

Age [Myr]

Preibisch et al. 2011



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

NGC 6357
E s : All the key ingredients
for terrestrial planet

~ formation in a disk

irradiated with 10° G,,.
1. the timescale for planet formation

2. the ingredients for terrestrial planets
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Dec (J2000)

Challenge: everything is evaporating — clouds, jets, disks,
and the Hil region are all bright in key lines.

1mm continuum

CO J=2-1

near-IR excess

—> evaporation signatures?
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18.0"
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18.0" Tadpole globule =) " <
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Reiter et al. 2019 bow shock )
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Difference between sky subtraction types shows that
nebular emission affects flux and shape of key lines.

le—16

— star 10
6 star 33

=

P

2

A,

A flux [erg s~ em=2 A—1]

6500 6520 6540 6560 6580 6600
A [A]
- thanks to Domi for extracting spectra from multiple reductions



Not just the flux — nebular lines have complex
shape that varies over the nebula.
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Low-mass stars are most likely to host Earth-like planets;
high-mass stars have strongest influence on environment.




Low-mass stars are most likely to host Earth-like planets;
high-mass stars have strongest influence on environment.
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Low-mass stars are most likely to host Earth-like planets;
high-mass stars have strongest influence on environment.
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1. Timescale: feedback shortens disk lifetime, thus
determines timescale for Earth-like planet formation.

. Lupus 2
Gy =10%(n./pc*)¥?  Serpens (5.1)
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1. Timescale: feedback shortens disk lifetime, thus
determines timescale for Earth-like planet formation.

Significant tidal
truncation for 100 au
disk in 3 Myr
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1. Timescale: feedback shortens disk lifetime, thus
determines timescale for Earth-like planet formation.

Significant tidal
truncation for 100 au
disk in 3 Myr

Minimum G, to
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disk around 1 M,
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1. Timescale: feedback shortens disk lifetime, thus
determines timescale for Earth-like planet formation.

Significant tidal
truncation for 100 au
disk in 3 Myr

Cyg OB2 has always

been low density
(Wright et al. 2014, 2016)

Minimum G, to
destroy 0.1 M,
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1. Timescale: feedback shortens disk lifetime, thus
determines timescale for Earth-like planet formation.

Cyg OB2 has always

been low density
(Wright et al. 2014, 2016)

Dynamical evolution
means density
changes with time

Significant tidal Closer to conditions

truncation for 100 au at peak of cosmic
disk in 3 Myr star formation (z~2)

Minimum G, to
destroy 0.1 M,
disk around 1 M,
star in 3 Myr
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In a region with d = 2 kpc, a proplyd that is ~¥250-500 AU
large will be ~1-2 pixels in a MUSE NFM image.

This ié not a
‘ . proplyd!
t s M > 1 Msun
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In a region with d = 2 kpc, a proplyd that is ~¥250-500 AU
large will be ~1-2 plxels in a MUSE NFM image.
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3. Ecosystem: gas and dust affect dynamical evolution,
protect disks, may aid enrlchment regulate demographlcs

Jet

Accretion
Disk

(HH 1013

' Lee et al. 2017 .

- Smith et al. 2010



Quantify the ecosystem role: connect output from high-mass
stars with impact on hot/cold gas and star/planet formation.
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	Resolving the role of environment with IFU spectroscopy in typical star and planet forming regions
	MUSE is excellent for studying star formation, including outflows – one of the original science goals for MUSE. 
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	Outflows are excellent for studying star/planet formation, especially when observed with MUSE+ERIS+ALMA. 
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	Outflows are excellent for studying star/planet formation, especially when observed with MUSE+ERIS+ALMA. 
	Outflows are excellent for studying star/planet formation, especially when observed with MUSE+ERIS+ALMA. 
	Most stars form near high-mass stars that will illuminate and evaporate the planet-forming disks around nearby low-mass stars.
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	Feedback (esp. radiation) from massive stars affects planet-forming disks by heating and photoevaporating them. 
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	Feedback (esp. radiation) from massive stars affects planet-forming disks by heating and photoevaporating them. 
	Remaining gas and dust in the star-forming ecosystem protects disks, affects dynamical evolution, may aid enrichment, ... 
	Remaining gas and dust in the star-forming ecosystem protects disks, affects dynamical evolution, may aid enrichment, ... 
	Remaining gas and dust in the star-forming ecosystem protects disks, affects dynamical evolution, may aid enrichment, ... 
	Models suggest that essentially all disks are evaporating in a high-mass region after ~2 Myr. 
	Models suggest that essentially all disks are evaporating in a high-mass region after ~2 Myr. 
	Models suggest that essentially all disks are evaporating in a high-mass region after ~2 Myr. 
	Photoevaporating protoplanetary disks (proplyds) are direct evidence of external photoevaporation of disks. 
	Most planet-forming disks will be affected by UV from nearby high-mass stars.
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	Using MUSE to put star/planet-forming disks in context: ionization front properties of the globule and outflow.
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	Protostars embedded in dense cocoons may not notice their environment; exposed YSOs absolutely will. 
	Most planet-forming disks will be affected by UV from nearby high-mass stars.
	Most planet-forming disks will be affected by UV from nearby high-mass stars.
	Quantifying the impact of external photoevaporation on planet-forming disks requires a survey of typical conditions. 
	With MUSE, measure spectral types, accretion (requires a disk!), outflows, and separate stars from the background. 
	With MUSE, measure spectral types, accretion (requires a disk!), outflows, and separate stars from the background. 
	With MUSE, measure spectral types, accretion (requires a disk!), outflows, and separate stars from the background. 
	Search for diagnostics of external photoevaporation that are not spatially resolved – confirm with ELT. 
	Search for diagnostics of external photoevaporation that are not spatially resolved – confirm with ELT. 
	Challenge: subtracting sky lines without affecting the fluxes or shapes of key emission lines. 
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	Challenge: everything is evaporating – clouds, jets, disks, and the Hii region are all bright in key lines. 
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	Developing Gaussian process techniques to model and remove structured backgrounds.
	Developing Gaussian process techniques to model and remove structured backgrounds.
	Most planet-forming disks will be affected by UV from nearby high-mass stars.
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	Feedback (esp. radiation) from massive stars affects planet-forming disks by heating and photoevaporating them. 
	Feedback (esp. radiation) from massive stars affects planet-forming disks by heating and photoevaporating them. 
	Challenge: everything is evaporating – clouds, jets, disks, and the Hii region are all bright in key lines. 
	Difference between sky subtraction types shows that nebular emission affects flux and shape of key lines.
	Not just the flux – nebular lines have complex shape that varies over the nebula.
	Low-mass stars are most likely to host Earth-like planets; high-mass stars have strongest influence on environment. 
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	Slide Number 103
	Slide Number 104
	Slide Number 105
	Slide Number 106
	Slide Number 107
	Slide Number 108
	Slide Number 109
	Slide Number 110
	Slide Number 111
	In a region with d ≥ 2 kpc, a proplyd that is ~250-500 AU large will be ~1-2 pixels in a MUSE NFM image.
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