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Star Formation in the Galactic Centre and across 
Cosmic Time

Is star and planet planet formation and evolution universally the same or environmentally dependent?

Are we equally likely to find life in all these different environments?

1. Where do we expect to find life in the 
Universe?
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Magellanic Clouds Galactic centre
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2. Using astrophysics to help 
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Vulnerable ecosystems on Earth
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Star formation → exoplanets

Foundation of our understanding 
based on observations of the 

nearest star formation regions

Star Formation in the Galactic Centre and across 
Cosmic Time

Q1. Does environment shape 
(exo)planet ecosystems?

Are we equally likely to find life in all these different environments?
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?

Q1. Does environment shape 
(exo)planet ecosystems?

Are nearby star 
forming regions  

really good examples 
of exoplanet 

progenitor systems?



What is the most 
“cosmologically typical” 

environment for star 
formation in the Universe?

Madau & Dickinson 2014



What happens to 
proto-stellar discs 
in these extreme 
environments?

?

Madau & Dickinson 2014
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Properties of ISM 
in z~1-3 galaxies 
in regime where 

discs predicted to 
be destroyed on 
short timescales 

Can we find local 
analogues to test 

these 
predictions?



Radiation field 
and proto-stellar 

density of star 
forming regions in 

the Galaxy

Winter+19

Galactic Centre



Radiation field 
and proto-stellar 

density of star 
forming regions in 

the Galaxy

Winter+19

Galactic CentreOnly region where we can 
resolve and detect forming 

protoplanetary systems of all 
mass ranges and 

evolutionary phases in high-
z-like environment

What can observations of 
the Galactic Centre tell us 

about star/planet formation, 
and feedback in a 

cosmologically typical 
environment?
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Cosmic Time

Q1. Does environment shape 
(exo)planet ecosystems?

Central few hundred pc of the Galaxy → laboratory for high-z star and planet formation

1. ACES Collaboration, JWST Galactic Centre Large Program collaboration, Diederik Kruijssen, Mélanie 
Chevance, Rebecca Houghton, Rob Gutermuth, Tracy Huard, Jens Kauffmann 

2. Serge Wich, Paul Fergus & Carl Chalmers



Central Molecular Zone: “extreme physics” laboratory

“Central Molecular Zone” = Inner ~100 pc of the Galaxy

Largest reservoir of dense gas (108 Msun)
Highest density of supernovae (SNe every 1000 yr)

Highest density of young massive star clusters (1 per Myr)
Closest supermassive black hole

At a distance of only 8 kpc it is the nearest environment where we can simultaneously 
observe many of the most extreme physical processes that shape the Universe

30 kpc



Gamma-RaysX-RaysUVVRadio

© ESA/Gaia/DPAC

Infraredsub-mm/mm

Central Molecular Zone: “extreme physics” laboratory



Spitzer GLIMPSE wavebands Blue, 3.6um; Green, 5.8um; Red, 8.0um  

Gamma-RaysX-RaysUVVRadio

Blue = hot stars ; Green & Red = emission from PAHs (excited by UV radiation from hot stars)

Galactic Centre

Figure adapted from Henshaw et al. 2019

Star cluster

Infraredsub-mm/mm

Star cluster

50pc @ 8kpc

Central Molecular Zone: “extreme physics” laboratory



Colour = SNRs, star-forming regions, radio filaments, inner-edge of outflow “chimney”.

Gamma-RaysX-RaysUVVInfraredsub-mm/mmRadio

© SARAO; MeerKAT image at 30cm

Embedded star formation

Galactic Centre

Feedback bubble

Galactic outflow

Image courtesy of John Bally

50pc @ 8kpc

Supernova 
remnants

Central Molecular Zone: “extreme physics” laboratory

Young high-mass stars

Star cluster

Star cluster



Colour = SNRs, star-forming regions, radio filaments, inner-edge of outflow “chimney”.

Gamma-RaysX-RaysUVVInfraredsub-mm/mmRadio

© SARAO; MeerKAT image at 30cm

Embedded star formation

Galactic Centre

Feedback bubble

Galactic outflow

Image courtesy of John Bally

50pc @ 8kpc

Supernova 
remnants

Central Molecular Zone: “extreme physics” laboratory

Young high-mass stars

Star cluster

Star cluster

Laboratory to probe key open questions

Nature of dark matter
Origin of cosmic rays

Feeding & feedback cycles in galactic nuclei
Evolution of prebiotic chemistry in space

Effect of natal environment on cosmic habitability



World-wide, open collaborations exploiting this laboratory

JWST Galactic Centre Survey

Derive properties of all star-forming gas in the 
CMZ from global (100 pc) to proto-stellar core 

(0.05 pc) scales 

Provide the community with a unified 
framework of the gas, young stars, and key 

physical variables in the Galactic Centre

Treasury GO JWST Large Program

Inner 100pc multi-𝜆, multi-epoch NIRCam survey 

i) 3D structure and kinematics of gas and stars
ii) SF history & energetics of Galaxy’s nucleus

iii) the (non-)universality of star formation and 
the stellar initial mass function

ACES: 1200h ALMA Large Program 

Full-community, open projects



World-wide, open collaborations exploiting this laboratory

JWST Galactic Centre Survey
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Peak 
Intensity 

Ratio

CS(2-1) 
SO(3-2) 
CH3CHO

HCN (1-0) Mopra single-dish (Jones+09) 

ACES : > 50x sensitivity, > 10x angular resolution, > 10x velocity resolution, 20+ simultaneous spectral lines

Uniform, homogenous coverage of all potentially star forming gas in the inner 100pc radius of 
the Galaxy (CMZ) from 100 - 0.05 pc scales

Link the large-scale processes that 
shape the gas structure (shear, 
infall, etc.) with the sites of star 

formation and feedback.
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ACES : > 50x sensitivity, > 10x angular resolution, > 10x velocity resolution, 20+ simultaneous spectral lines
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the Galaxy (CMZ) from 100 - 0.05 pc scales

ACES: ALMA’s largest 
mosaic: >5000 12-m 

pointings: 

120h (12m)
360h (7m)
700h (TP)

GBT MUSTANG

WP1: Data reduction

Dense Gas – HNCO, HCO+, CS, H3CN
Shocked Gas – SiO, SO
Ionised Gas – H40a & He40

Dust + free-free continuum

0.2 km/s resolution traces infall, shocks, 
gravitational collapse, rotation









Numerical Simulation SuiteChemistry and Chemical Modelling

�

Comparison of ACES spectra with single-dish spectra shows flux is entirely recovered

Chemical modelling in Galactic Centre conditions crucial for interpreting observations

WP4:  Theory Team 

ACES: ALMA CMZ Exploration Survey
Uniform, homogenous coverage of all potentially star forming gas in the inner 100pc radius of the Galaxy (CMZ) from 100 - 0.05 pc scales

Transformative observations: > 50x sensitivity, > 10x angular resolution, > 10x velocity resolution, 20+ simultaneous spectral lines



ACES: ALMA CMZ Exploration Survey
Uniform, homogenous coverage of all potentially star forming gas in the inner 100pc radius of the Galaxy (CMZ) from 100 - 0.05 pc scales

Transformative observations: > 50x sensitivity, > 10x angular resolution, > 10x velocity resolution, 20+ simultaneous spectral lines

Early science papers
• “MUBLO” – a new CMZ puzzle: object with R <104 au, only detected at 3mm, 160km/s 

linewidth, only detected in S-bearing molecules (Ginsburg+ 2024, ApJ, 968L, 11 )
• Hypernovae driving a 15 km/s, 0.2 Myr-old bubble disrupting a 105 Msun molecular cloud 

(Nonhebel+, 2024, A&A, 691A, 70)
• High-velocity noncircular flow of molecular gas in the Galactic Center by ALMA CMZ 

Exploration Survey (ACES) Sofue+ submitted (arXiv:2504.03331)
• The JWST-NIRCam View of Sagittarius C. II. Evidence for Magnetically Dominated H II 

Regions in the Central Molecular Zone, Bally+ 2025, ApJ, 983, 20B
• The JWST-NIRCam View of Sagittarius C. I. Massive Star Formation and Protostellar 

Outflows, Crowe, 2025, ApJ, 983, 19C

• Data release papers → submitted next week
• Overview: Longmore+
• Continuum: Ginsburg+
• High spectral resolution windows HNCO/HCO+: Walker+
• Medium spectral resolution windows:  Liu+
• Low spectral resolution windows: Hsieh+









Does star formation 
in the Galactic Center 
start in the same way 

as the disk?  





5pc

              

> 50x sensitivity, > 10x angular resolution, > 10x velocity resolution, 20+ simultaneous spectral lines
Uniform, homogenous coverage of all gas in the inner 100pc of the Galaxy

ACES: Observations

230GHz, 0.1” resolution, 
0.1 M

⨀
 sensitivity



5pc

> 50x sensitivity, > 10x angular resolution, > 10x velocity resolution, 20+ simultaneous spectral lines
Uniform, homogenous coverage of all gas in the inner 100pc of the Galaxy

ACES: Observations

Spitzer/GLIMPSE:  3.6𝜇𝑚 4.5𝜇𝑚 8.0𝜇𝑚

Where are the YSOs?

Rebecca Houghton
Pacôme Esteve
Rob Gutermuth

Tracy Huard
Jens Kauffmann



Predicted YSO luminosity function for a 105 Msun gas cloud with typical SFE



Predicted YSO luminosity function for a 105 Msun gas cloud with typical SFE

Spitzer



Predicted YSO luminosity function for a 105 Msun gas cloud with typical SFE

SpitzerJWST



Predicted YSO luminosity function for a 105 Msun gas cloud with typical SFE

SpitzerJWST

85cm
Primary
Mirror

6.5m
Primary
Mirror



Cygnus X

D = 1.4kpc
M = 105 Msun

Beerer et al (2010)

Spitzer: 3.6𝜇m, 4.5𝜇m, 8.0𝜇m



Spitzer YSOs

870 Class 0 and 1 YSOs

7249 Class II YSOs

112 ”Transition disks”



Single–Cloud star formation relation
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> 50x sensitivity, > 10x angular resolution, > 10x velocity resolution, 20+ simultaneous spectral lines
Uniform, homogenous coverage of all gas in the inner 100pc of the Galaxy

ACES: Observations

Spitzer/GLIMPSE:  3.6𝜇𝑚 4.5𝜇𝑚 8.0𝜇𝑚
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Where are the YSOs?

YSO hunting
• “Spitzer” YSO colour-colour diagrams
• “Spitzer” YSO colour-magnitude diagrams
• On-field/control-field completeness testing

• 90% complete to 0.1Lsun YSOs
• (Extreme) Variations in dust properties



Hopes and Dreams…



Pre-match expectations

• Detect many thousand of YSOs
• Solve the 10x lower SFR in CMZ

• Finally (!) have direct measure of IMF
• Bottom-heavy? Top-heavy?

• Calibrate extragalactic star formation relations

• Combine with ACES data to determine the physics 
setting clustering, multiplicity, …



Pre-match expectations

• Detect many thousand of YSOs
• Solve the 10x lower SFR in CMZ

• Finally (!) have direct measure of IMF
• Bottom-heavy? Top-heavy?

• Calibrate extragalactic star formation relations

• Combine with ACES data to determine the physics 
setting clustering, multiplicity, …

Game on!





Foreground YSO



Reality: Germany ? - ? Scotland



Reality: Germany 5 - 1 Scotland



Reality: Germany 5 - 1 Scotland
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Where are the YSOs?

YSO hunting
• “Spitzer” YSO colour-colour diagrams
• “Spitzer” YSO colour-magnitude diagrams
• On-field/control-field completeness testing

• 90% complete to 0.1Lsun YSOs
• (Extreme) Variations in dust properties
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Where are the YSOs?

YSO hunting
• “Spitzer” YSO colour-colour diagrams
• “Spitzer” YSO colour-magnitude diagrams
• On-field/control-field completeness testing

• 90% complete to 0.1Lsun YSOs
• (Extreme) Variations in dust properties

Argh!!!



When life gives you lemons…



When life gives you lemons…



Implications of finding a single YSO

1. Star formation suppressed until orders of magnitude higher density the local 
clouds

2. Rule out universality of dense-gas-star-formation relations
    → fundamentally incompatible with Σ𝑆𝐹𝑅  ∝ Σ𝑔𝑎𝑠

n

3.  All star formation happens in regime where disks expected to be destroyed 
in <3Myr

4. Star formation, and therefore stellar feedback, constrained to smallest space-
time window

  → maximally efficient feedback

Environment is a key factor determining the outcome of the star and planet 
formation process





Jacuzzi jets driving hydrodynamic turbulence



Outflows



Thermal hydrodynamic 
pressure



Direct radiation pressure
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