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Massive Stars: what next?
Future Ground and Space Facilities 

Dimitra Rigopoulou
Univ. of Oxford, UK

(A somewhat biased review)
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The context : in Space

IRAS (1983)

ISO(1995-98)

AKARI (2006-11)

Spitzer (2003-)

Herschel (2009-2013)

JWST (sch. 2021)BLAST-Pol 

GUSSTO (early ‘20s)
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The context : on the ground

VLT & 8-10m class
ELT (first light ~2024)

ALMA VLA
ng-VLA

LSST (first light ~2022)
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Outline of this talk

Large scale view of Star Formation 
Feedback from Massive Stars
CO-dark clouds

FIRSPEX

SPICAMIR Spectroscopy
Polarised dust & Filaments 

OSTFeedback/shocks and cosmic rays
Evolved stars
ISM properties of the MW & Nearby Galaxies

ELTPop III Stars w ELT- HARMONI
Resolved Stellar Pops
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The Far-Infrared Spectroscopic Explorer (FIRSPEX)

The Herschel infrared Galactic Plane Survey (Hi-GAL, S. Molinari)

Probing the Life-Cycle of the ISM in the 
Universe: the FIRSPEX concept

What is FIRSPEX?
~1m SiC telescope
Heterodyne Payload SIS/HEB 
Mechanically cooled to 4K
UK-led multi-lateral mission 
(UK/India/China/Europe)
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Spectroscopic equivalent to the
Herschel continuum survey of the Galactic Plane  

Channels: [OI] 63μm, [CII] 158μm, [NII] 205μm, [CI] 370μm

Spectral Resolution: 106, spatial resolution: 18” to 40” 
Provide resolved 3D distribution of different ISM phases

The Herschel infrared Galactic Plane Survey (credit: S. Molinari, 2012, 2016)
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Heritage & Motivation

Herschel-HIFI
GREAT-SOFIA

GOTC+ (Pineda et al. 2010, 2013)

Example of [CII] emission associated

With massive star-forming region. The 

line of sight G345.65+0.0 passes near 

several bright HII regions as  shown in 

Spitzer 8um image

Spectral Resolution is Key!
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FIRSPEX Core Science & Sensitivity

To find out more on FIRSPEX: http://futuremission.wix.com/firspex

The ISM in our Galaxy: large area 
survey of  the Galactic Plane

Nearby Galaxies: survey of  nearby 
Starburst/Normal Galaxies and 

AGN, mapping the ISM

Blind deep survey of  extragalactic 
fields, FIR FS Lines number counts 

and ISM in intermediate redshift 
Galaxies
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FIRSPEX Deep GP Survey 
Cover 3600sq degrees simultaneously in all four bands
Effective spatial resolution 2.4’ (telescope beams 0.3 -1.9’)
2 passes of the GP :full survey ~2 yrs

[CI]: 3.77x10-17 Wm-2 (0.02K),  [CII]: 2.7x10-17  Wm-2 (0.18K) 
[NII]: 2.7x10-17  Wm-2 (0.18K), [OI]:  4.3x10-17  Wm-2 (0.28K)      
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The FIRSPEX Galactic Plane Survey

Complex configuration
● Mixture of phases
including HII regions
● Separated in
velocity space

Velusamy et al. (2013)

[CII] from HII regions, CNM, PDRs
● [NII] from HII regions, little from WIM
● [OI] for hot dense gas
● [CI] for part of CO-dark gas
need all data at same velocity resolution
Pineda et al. (2014)

Probing different gas phases
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The FIRSPEX Galactic Plane Survey
CO-dark clouds: how much gas are we missing?

• CO-dark molecular clouds: large envelopes of atomic gas and 
a transition region where H2 molecules survive. Hydrogen in 
molecular form and Carbon is in C+ (not in CO)                           

detectable in C+ 
As much as 1/3 of the C in the Galaxy is located in CO-dark
clouds
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• What is the impact of radiative feedback on the ISM?

fundamental for 
understanding
Star Formation

13

FIRSPEX DEEP GP Survey: the questions

• How do molecular clouds form?  

• What fraction of the baryonic matter is in CO-dark clouds?
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SPICA

A joint ESA/JAXA Infrared Space Observatory
SPICA

A 2.5m telescope (cooled to 8K)
MIR-Spectrometer/camera (SMI)17-36microns
SAFARI: 34-230 microns (TES), R~300

Martin Pupplet R~3,000-11,000
POL: imaging polarimeter 110,220,350 microns

Currently in Phase A study (ESA M5)
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SPICA capabilities - spectral resolution

Herschel

Herschel
Herschel

l/dl (dv)

2 µm 20 µm 200 µm

100
(3000 km s-1)

1000
(300 km s-1)

10000
(30 km s-1)

JWST
SMI/MR

SMI/LR

Wavelength

ALMA

SAFARI

SMI/HR

Credit: P. Roelfsema
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Science Objectives – mission design drivers
• What processes govern star formation across cosmic time 

- what starts it, controls it, and stops it?
• What are the major physical processes in the most 

obscured regions of the universe?
• How is this related to the enrichment 

of the universe with metals

• What is the origin and composition of the first dust,
how does this relate to present day dust processing?

• What is the thermal and chemical history of 
the building blocks of planets?

• What is the role of magnetic fields 
in dust filaments?

Credit: P. Roelfsema
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Turbulence dissipation - Origin of filaments

Cooling lines from weak PDRs and cold turbulent ISM are too 

weak to be studied so far …

SPICA will directly measure gas cooling in the formation 
of clouds and SF filaments

From HI to dense SF filaments 

(~1 pc long flows)

Draine et al. (1983) main gas

coolants for magnetized

shocks

• Star Formation is a (very) dynamical process

• Turbulence partly dissipates through low-velocity shocks 

• Weak cooling lines (shocks): [OI] 63mm, high-J CO, H2 lines.

• Mixture of weak PDRs and shocks, initial conditions for astro-chemistry (gas, dust, ices): HD 

lines, dust/water ice features.

Musca

Herschel 250 μm

(gradient enhanced)

HI, H2

~0.1 mag

H2, CO-dark

0.1 - 1  mag

H2, CO

1 – 10 mag

(star formation)

1 pc

Credit: P. Roelfsema
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gnetic fields – Magnetic fields – driver of star formation in ISM filaments?

Example: 
Taurus B211 filaments

Herschel 250 µm and PLANCK 
magnetic field

POL will probe the link between magnetic field, low-density
filaments (striations) and dense star-forming filaments

characteristic filament width of 0.1 pc observable out to d ~ 350 pc

not accessible to ALMA, neither to ground-based SCUBA2-Pol, NIKA2-Pol, neither to 
SOFIA, nor to balloon-borne Super BLAST-Pol

2.7 deg ~ 3 pc

Talks by J.D. Soler and L. Fissel
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Star and Planet Formation and Evolution
Unique areas of planet formation to be studied with SPICA:
• The water trail à tracing the snow line 
• From pristine dust to differentiated bodies

à making the link to the Solar System

• The gas revolution: 
àmeasuring the reservoir 
in planet forming regions

• Gas dissipation and 
photo-evaporation

à setting the clock for 
planet formation

Credit: P. Roelfsema
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HD – probing the mass of planetary disks

• HD 56/112 µm lines in the SAFARI bands
• Direct tracer of gas mass in PPD’s
• Opens new domain of disk masses

Trapman et.al. 2017
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The Origins Space Telescope

Credit A. Cooray & M. Meixner
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Science Driver for OST-HERO
Massive Stars and Feedback

How do massive stars form?
Scaled up version of  low mass SF
(Zinnecker & Yorke)
OR
Competitive accretion (Tan & McKee)

FIR coolants (CO, H2O, OH crucial
In tracing proto-stellar activity

Sample size is crucial as is high
spectral resolution
Spatial resolution is necessary to study individual protostars: ~1’’ angular-resolution 
1’’≈500AU at the distance to Orion,
1’’≈5,000 AU at ~5 kpc typical distance of high-mass star-forming regions in the Milky Way 

Gerin, Neufeld, Goichoechea 2016
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Science driver for OST-FIP
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From slow shocks to fast shocks: 
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HARMONI – the first light ELT 
spectrograph

Niranjan Thatte

on behalf of the 
HARMONI 
consortium

First light work-horse spectrograph
Due in 2024

Credit:  N. Thatte
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HARMONI: workhorse spectrograph for the ELT
HARMONI  spectral setup

Bands Wavelengths 
(μm)

R

“V+R” or  “I+z+J” or “H+K”
0.45-0.8, 0.8-1.35, 

1.45-2.45
~3500

“I+z” or  “J” or  “H” or  “K”
0.8-1.05, 1.05-1.35, 
1.45-1.85, 1.95-2.45

~7000

“Z” or “J_high” or “H_high” or “K_high” 0.9, 1.2, 1.65, 2.2 
(TBD)

~18000

For non-
AO & 
visible

observation
s

For optimal 
sensitivity 

(faint 
targets)

Best 
combination 

of 
sensitivity 
and spatial 
resolution

60 mas � 30 mas
20 mas 10 mas

Highest 
spatial 

resolution 
(diffraction 

limited)

4 mas

7

3.04″� 4.12″

6.18″� 9.12″

1.
52
″
�

2.
06
″

0.61″� 0.82″
(0.36″
�0.49″)

152 � ~ 206 
(31300) 
spaxels at all 
scalesEquivalent 

slit length: 
16 arcmin

or

3.2 metres
in ELT focal 

plane
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HARMONI: Spectral resolution

• 10 near-IR gratings + 1 VIS grating

• Not simultaneous, not ‘tunable’

Name R λmin λmax

VIS 3300 0.463 0.820

zYJ 3300 0.810 1.370

HK 3300 1.450 2.450

zY 7200 0.830 1.050

J 7200 1.046 1.323

H 7200 1.435 1.815

K 7200 1.951 2.469

z-high 17500 0.827 0.903

J-high 17500 1.190 1.300

H-high 17500 1.534 1.676

K-high 17500 2.093 2.287
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Observing Pop III stars with ELT-HARMONI

Galaxy from NewHorizon selected for low
metallicity and >50% stellar mass have ages
<2Myrs (i.e. should be visible Pop.III stars) credit: Kearn Grisdale

v Adaptive Mesh Refinement (AMR) hydrodynamical 
code RAMSES.

v Mass resolution =106 M⨀ (DM) and 104 M⨀ (stellar).
Highest spatial resolution of 40pc

v Includes: UV background heating (z<10), metal-
dependant

v gas cooling to 0.1K and AGN

v SN feedback uses the Kimm et al., (2015) model

v Star formation based on Federrath & Klessen, (2012)

v Simulations covers 10<z<0.7 after >40million CPU hours

Simulation Suite: NewHorizon

10 Comoving Mpc

Image credit: Y. Dubois for the NewHorizon collaboration
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Observing PopIII stars with ELT-HARMONI

★ HARMONI likely to be able to 
observe and resolve spectra from 
Pop. III stars.

★ What would these spectra look like?

★ Modelling spectra by combining 
NewHorizon simulations, CLOUDY, 
Stellar SED models and HSIM

★ Primary focus on the He II 1640 Å
line

Galaxy from NewHorizon selected
metallicity and >50% stellar mass have
<2Myrs (i.e. should be visible Pop.IIIcredit: Kearn Grisdale

Results of the Simulations
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★ Use of the Yggdrasil Stellar SED models (Zackrisson et al., (2011) 

for Pop.III stars

★ Assumes a Kroupa IMF for each star particle

★ Other IMFs available for testing.

★ SED at multiple stages in stellar life cycle

Observing Pop III stars with ELT-HARMONI

K. Grisdale et al. in prep
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Summary

A number of missions are under development or study

To be launched in the next 5- 10 years

Ø Focus on ISM phases / MS feedback : high spectral resolution studies

Ø Zoom in on magnetic fields matching the resolution of existing dust maps

Ø Early phases of PPDs – link to planet formation

Ø Emphasis on MIR/FIR lines à shocks/ chemistry / energetics

From the ground: ELT spatial resolution comparable to ALMA

Resolved stellar pops, Pop III Stars
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Massive Stars:
The future is bright

Thank you!


