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Central Molecular Zone: “extreme physics” laboratory

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

e

o

“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




Central Molecular Zone: “extreme physics” laboratory

Radio sub-mm/mm

Infrared X-Rays [CETNINERIENS
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Central Molecular Zone: “extreme physics” laboratory

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

— S0pc@8kpc

Figure adapted from Henshaw et al. 2019

sub-mm/mm Infrared uv X-Rays [CETNINERIENS
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Spitzer GLIMPSE wavebands Blue, 3.6um; Green, 5.8um; Red, 8.0um




Central Molecular Zone: “extreme physics” laboratory

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

— — 50pc @ 8kpc
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Central Molecular Zone: “extreme physics” laboratory

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

— — 50pc @ 8kpc
, /\\Galactic outflow
. 1 Laboratory to probe key open questions : |
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Full-community, open projects

ACES 1200h ALMA Large Program % “;{‘73 JWST Galactlc Centre Survey

Derive propertles of all star-forming gas in the Treasury,GO JWST Large program '
CMZ from global (100 pc) to proto-stellar: ‘core’ 3 il B ; G T ' '
2 ( L ot || | Inner 100pc multi-A, multi-epoch NIRCam survey
(0.05 pc) scales . & .. : : 4 :

- | 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 ;

Provide the community with a unified
framework of the gas, young stars, and key
physical variables in the Galactic Centre

ot




World-wide, open collaborations exploiting this laboratory

N

ACES 1200h ALMA Large Program |

Derive propertles of all star- formmg 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

-

& JWST Galactlc Centre Survey

‘ Treasury.GO JWST Large Program : :
1 Inner 100pc rr.iu_lti-l, multi-epoch NIRCam survey

Je i) 3D structure and kinematics of gas and stars
i) S'F history & energetics of Galaxy’s-nucleus
iii) the (non-)universality of star formation and

the stellar initial mass function




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

formation and feedback.

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

ACES : > 50x sensitivity, > 10x angular resolution, > 10x velocity resolution, 20+ simultaneous spéctratines.

Peak CS(2-1)
Intensity SO(3-2)
Ratio CH,CHO

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



ACES DR team: Ash Barnes, Dan Walker, Walker Lu, Pei-Ying Hsieh, Qizhou Zhang, Katharina Immer, Xinyu Mai, Savannah Gramze, Alyssa Bulatek,
Nazar Budaiev, Desmond Jeff, Claire Cook, Betsy Mills, Alvaro Sanchez-Monge, Sergio Martin (np), Xunchuan Liu (np), Marc Pound (np)

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

ACES: ALMA's largest
mosaic: >5000 12-m
pointings:

Peak
Intensity
Ratio

CS(2-1)
SO(3-2)
CH,CHO

Uniform, homogenous coverage of all potentially star forming gas in the inner 100pc radius of

the Galaxy (CMZ) from 100 - 0.05 pc scales




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

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

s spectratines.

.

Peak CS(2-1)
Intensity  SO(3-2)
Ratio CH,CHO

Dense Gas— HNCO, HCO+, CS, H3CN
Shocked Gas —SiO, SO A‘ E S
Ionised Gas —H40a & He40

Dust + free-free continuum

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

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

Uniform, homogenous coverage of all potentially star forming gas in the inner 100pc radius of
the Galaxy (CMZ) from 100 - 0.05 pc scales
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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
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IOQIO X(Species) time — averaged
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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 <10* 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 10°> Msun molecular cloud
(Nonhebel+, 2024, AR&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)

e The JWST-NIRCam View of Sagittarius C. Il. Evidence for Ma%netically Dominated H I
Regions in the Central Molecular Zone, Bally+ 2025, ApJ, 983, 20B

e The JWST-NIRCam View of Sagittarius C. . Massive Star Formation and Protostellar
Outflows, Crowe, 2025, ApJ, 983, 19C

» Data release papers =2 submitted next week
* Overview: Longmore+
e Continuum: Ginsburg+
* High spectral resolution windows HNCO/HCO+: Walker+
* Medium spectral resolution windows: Liu+
* Low spectral resolution windows: Hsieh+




h The Star Formation Rate in Central Molecular
in Cloud E/F with ACES? g Zone Cloud E/F with JWST imaging
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Rojita Buddhacharya', Jonathan Henshaw'”, Steve Lonsmorc Daniel Walker?, Rebecca Houghton'
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Milky Way’s Central Molecular Zone (CMZ) Star Formation in the CMZ The C | Molecular Z s Rinctocs R —
3 i s Rhey e Mi e Central Molecular Zone rching for low-mass s wit

The CMZ - a ring of dense gas in the innermost 300 pc of the Milky The CMZ violates empirical star formation laws and exhibits an €a 9 0 a

Way, is ch ized by ic fields, higk bul. , high . roA

m:}’;)e‘j:lu:“:i‘;:tas d’c::“’y"f“':ii';:::o ')‘ :‘ ulfd'c:";a: ;rl'(;c ::igghor order of magnitude lower star formation rate than expected despite The Central Molecular Zone (CMZ) is a ring-like Previous studies found that the star formation nu(srn)mmcvah-om“n@yrt

, high g n - ar nitu i i

c ed to local molecular clouds in the Galactic disk at the same size its high gas density (Longmore et al. 2013, Barnes et al. 2017). st.ruc!ure s dense. moleculaf gasn tf‘e cemr? ofithe 10x lower than in the solar neighbourhood [11. We used JWST imaging of a massive

compared to local molecular clouds in the Galactic disk at the same size Milky Way. The environment in the CMZ is very different (~10° M), compact (R~3-5 pc) molecular cloud in the dust ridge of the CMZ [2], which

scale (Henshaw et al. 2022). An extreme environment like no other! What controls the star formation there? to the local solar neighbourhood, with much higher contains a single high-mass protostar [3). Cloud E/F may be a precursor to a young
molecular gas densities, temperatures, pressures, and massive cluster like the Arches or Quintuplet, making it an ideal target for a JWST study.

ic fields [1]. It is one of the most extreme
SgrBz  Cloud E/f  Brick Sgr A+ ACES HNCO Map of CMZ star-forming environments in the Milky Way. o camtioa- L3 =

p

e Cloud E/F field with JWST. FI62M (blue),
quaav(,mm«)r«wx ). and FT70W red).

Colour i
) F210M(c

Galactic Latitude
o
8

-0°10' Motivation

With the unparalleled resolution and sensitivity of JWST, we are able to
detect protostars >0.1Lc at ~8.4 kpc, whereas previous Spitzer studies of
the region estimated the SFR using only the most luminous protostars
(21,000Lo). If Cloud E/F was in the Galactic disc, it would be forming ~1500
young stellar objects (YSOs), according to dense-gas / SFR scaling
relations [4,5,6]. Our aim was to use JWST to uncover these low- and
inter mass p in Cloud E/F to obtain a more
comprehensive picture of star formation in the CMZ.

0°40" 20" 00 359°40"

Galactic Longitude
Cloud E/F is a massive (~10° M), extemely dense (R.~4.1 pc) and
young GMC, situated between Brick and Sgr B2 (Walker et al. 2015,
Battersby et al. 2024). ohes ’ .
If Cloud E/F were near the Sun, it would make thousands of stars senzitivityiandiesolitionlof SENIEE TRl LaL DI 2 EYeY

Is it because of high turbulence?
This research investigates ‘why’ leveraging unprecedented

but in reality, it barely makes any. (AcEs)
HNCO Linewidths of Cloud E/F Turbulence Vs. Coherence Results: Where is all the star format

sonic speed = 0.461 km/s at 60 K
We observed Cloud E/F with NIRCam (1.62pm, 2.1um,  The YSO candidates identified in

estimated the number of AGB

\ contaminants expected in the

7 cloud E/F field using a non-

T EXGESSES star-forming control field. We

therefore find that are results are

consistent with there being no  Fig 3: YSO candidates (blue circles) shown on the F480M

& low- or intermediate-mass star and F770W mosaics. The red contours are generated
>4 formation in Cloud E/F. from the Herschel Hi-GAL N(H,) column density map.

200 { B
4 | - 3.6pm, 4.8ym) and MIRI (7.7um and 21pm). YSO SEDs  Cloud E/F in Fig. 2 are shown by
il ‘75} 2 peak in the mid-infrared, meaning that we can blue circles in Fig. 3. We find only
| 150! H identify them using color-color diagrams [i.e. 8, 9]. 12 ‘YSO candidates’ in the JWST
| g ‘ g & o field, none of which are spatially
I l 2 25{ £ g 4 = E/F associated with the cloud.
1 \ ] e mo-‘ E’ ‘g . \ ©  YSO candidates "
} - |2 H \ ®  Control field Addmona_lly, we expect some of
\ 3 a ;;L ©  Contaminants these objects to be AGB stars,
[ @ which also have IR excesses. We
|

0

00 05 ) 15 20
Linewidth (kmis)

2 4 i z 30 29
Velocity (Km/s) Galactic Longitude

Cloud E/F has broad linewidths, up to 10 km/s —fast,

We discovered the narrowest linewidth of 0.2 km/s in subsonic |
turbulent gas— with few high-mass stars forming.

state over 0.1-0.3 pc scales in the extended region of Cloud E/F. Of >
| ForeGrouND

Surprisingly, we also found hundreds of narrow linewidths This first-of-its-kind discovery hints at a gas transition from y

coherence to a turbulent supersonic state in the CMZ. ‘ F480M : !
< Fig 2: Color-color diagram of sources in the Cloud
Ongoing Work i i

E/F field (blue) and the off-cloud non-star-forming

nearby and within the cloud.

What controls the Star formation in Cloud

E/F with ACES? control field (red). We make a color cut parallel to the Star formation theory suggests that there should be ~1500 YSOs in Cloud E/F.

T rare sibsonic pockets within turbulent ges suggest Clond EJE 1e Tn s eacly ${Velocity:& yelocky dispés oo gt adlent map of Cloid B extinction vector to separate infra-red (IR) excess However, we find no of star This shows that star

evolutionary.stege; preparing for star formation, explaintizg why star formation 1s slow ¢/Scanning the entire CMZ in'search of such narrow finewldths, are they objects from the general population of sources. We wmhmmdmm‘mmmm"ﬂ_m“kd'”- which has

and localized. rare? require YSO candidates to have detections at 21um. vast for our of star at cosmic noon.
+ The coexistence of both broad and narrow linewidths reveals a complex interplay of RS LIVERPOBL

turbulent and calm gas, shaping when and where stars can form. ) JOHN MOORES
« Star formation on small scales in the CMZ may resemble that in Milky Way disk. UNIVERSITY [1)Henshaw et al. (2022), [2] Walker et al. (2015),[ 3] Barnes et al. (2018}, (4] Gao & Solomon (2004), [5) Longmore & NS LIVERPOOL ARRDLARTD

Institute of Physics Kruijssen (2013), [6] Poknrel et al. (2021), [7) Offner & McKee (2011) (8] Gutermuth et al. (2008), [3] Gutermuth & Heyer (2015) \‘) iowioones FUNCICHICH @ KIARVIAND (@9




&
O
iy




In Llou 1t 4
Rojita Buddhacharya', Jonathan Henshaw'?, Steve Longmore', Daniel Walker®, Rebecca Houghton
& o ‘Astrophysics Re Institute, Liverpool John Moores University, *Max-Planck-Institut fiir Astronomie 4
ST DR UK ALMA Reg entre Node, Jodrell Bank Centre for Astrophysics, The University of Manchester r.buddhacharya@2024.ljmu.ac.uk

Star Formation in the CMZ

The CMZ violates empirical star formation laws and exhibits an

Milky Way’s Central Molecular Zone (CMZ)
The CMZ - a ring of dense gas in the innermost 300 pc of the Milky
Way, is characterized by strong magnetic fields, high turbulence, high
temperature, high gas density and radiation - an order magnitude higher

order of magnitude lower star formation rate than expected despite

its high gas density (Longmore et al. 2013, Barnes et al. 2017).

compared to local molecular clouds in the Galactic disk at the same size
scale (Henshaw et al. 2022). An extreme environment like no other!

‘What controls the star formation there?

SgrB2  Cloud E/F Brick Sgr A ACES HNCO Map of CMZ
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Galactic Latitude
o
8
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0°40" 20' 00’ 359°40"
Galactic Longitude
Cloud E/F is a massive (~10° M), extemely dense (R.~4.1 pc) and
young GMC, situated between Brick and Sgr B2 (Walker et al. 2015,
Battersby et al. 2024).
If Cloud E/F were near the Sun, it would make thousands of stars
but in reality, it barely makes any.

Is it because of high turbulence?

This research investigates ‘why’ leveraging unprecedented
sensitivity and resolution of ALMA Exploration CMZ Survey
(ACES).

HNCO Linewidths of Cloud E/F Turbulence Vs. Coherence
N N ‘ sonic speed = 0.461 km/s at 60 K

Transonic state

Galactic Latitude
Subsonic state
Supersonic state

{ l! |
it Y 1:IHL/ et

5 10 1
Linewidth (kvs)

2
Mach Number

Cloud E/F has broad linewidths, up to 10 km/s —fast,
turbulent gas— with few high-mass stars formin,

We discovered the narrowest linewidth of 0.2 km/s in subsonic
state over 0.1-0.3 pc scales in the extended region of Cloud E/F.
This first-of-its-kind discovery hints at a gas transition from

Surprisingly, we also found hundreds of narrow linewidths

nearby and within the cloud. coherence to a turbulent supersonic state in the CMZ.

What controls the Star formation in Cloud
E/F with ACES?

» The rare subsonic pockets within turbulent gas suggest Cloud E/F is in an early

Ongoing Work

« Velocity & velocity dispersion gradient map of Cloud E/F

« Scanning the entire CMZ in search of such narrow linewidths, are they
evolutionary stage, preparing for star formation, explaining why star formation is slow 8

and localized Ehret
+ The coexistence of both broad and narrow linewidths reveals a complex interplay of ==
he coexi oth nd narrow linewidths reveals a complex interplay oo
turbulent and calm gas, shaping when and where stars can form.

JOHN MOORES
« Star formation on small scales in the CMZ may resemble that in Milky Way disk. ) UNIVERSITY Institute of Physics
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The Star Formation Rate in Central Molecular
Zone Cloud E/F with JWST imaging

Rebecca Houghton', Pacéme Esteve'?, Tracy Huard®, Robert Gutermuth®, Jens Kauffmann®, Steven Longmore'

Liverpool John Moores University, ’ENS Paris-Saclay, *The University of Maryland, “UMass Amherst, “MIT

o The Central Molecular Zone Searching for low-mass YSOs with JWST 9

Previous studies found that the star formation rate (SFR) in the CMZ is ~0.07:3%3M yr™;
~10x lower than in the solar neighbourhood [1]. We used JWST imaging of a massive
(~10° M.), compact (R~3-5 pc) molecular cloud in the dust ridge of the CMZ [2], which
contains a single high-mass protostar [3]. Cloud E/F may be a precursor to a young
massive cluster like the Arches or Quintuplet, making it an ideal target for a JWST study.

The Central Molecular Zone (CMZ) is a ring-like
structure of dense molecular gas in the centre of the
Milky Way. The environment in the CMZ is very different
to the local solar neighbourhood, with much higher
molecular gas densities, temperatures, pressures, and
magnetic fields [1]. It is one of the most extreme
star-forming environments in the Milky Way.

Motivation

With the unparalleled resolution and sensitivity of JWST, we are able to
detect protostars >0.1Lo at ~8.4 kpc, whereas previous Spitzer studies of
the region estimated the SFR using only the most luminous protostars
(21,000Lo). If Cloud E/F was in the Galactic disc, it would be forming ~1500
young stellar objects (YSOs), according to dense-gas / SFR scaling
relations [4,5,6]. Our aim was to use JWST to uncover these low- and
intermediate- mass protostars in Cloud E/F to obtain a more
comprehensive picture of star formation in the CMZ.

Results: Where is all the star formation?

We observed Cloud E/F with NIRCam (1.62pm, 2.1um,
3.6um, 4.8um) and MIRI (7.7um and 21pm). YSO SEDs
peak in the mid-infrared, meaning that we can
identify them using color-color diagrams [i.e. 8, 9].

o e Cloud E/F
YSO candidates
1d

Contaminants

= Control f

Color cut

FOREGROUND

Fig 2: Color-color diagram of sources in the Cloud
E/F field (blue) and the off-cloud non-star-forming
control field (red). We make a color cut parallel to the
extinction vector to separate infra-red (IR) excess
objects from the general population of sources. We
require YSO candidates to have detections at 21ym.

[6]Poknhrel et al. (2021).[7) Offner & McKee (201)

t al.(2022), [2) Walker et al. (2015). [3) Barnes et al. (2019), (4] Gao & Solomon (200
[8]Gutermuth et al. (2008). [3] Gu

The YSO candidates identified in
Cloud E/F in Fig. 2 are shown by

blue circles in Fig. 3. We find only

12 ‘'YSO candidates’ in the JWST
field, none of which are spatially -
associated with the cloud.

Additionally, we expect some of z
these objects to be AGB stars,
which also have IR excesses. We
estimated the number of AGB
contaminants expected in the
cloud E/F field using a non-
star-forming control field. We
therefore find that are results are
consistent with there being no
low- or intermediate-mass star
formation in Cloud E/F.

T, -

Star formation theory suggests that there should be ~1,500 YSOs in Cloud E/F.
However, we find no evidence of widespread star formation. This shows that star
formation is fundamentally different in the CMZ than in the Galactic disc, which has
vast impli for our under of star formation at cosmic noon.

Fig 3: YSO candidates (blue circles) shown on the F480M
and F770W mosaics. The red contours are generated
from the Herschel Hi-GAL N(H,) column density map.
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ACES: Observations

> 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
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ACES: Observations

> 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
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Predicted YSO luminosity function for a 10> M., gas cloud with typical SFE
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Predicted YSO luminosity function for a 10> M., gas cloud with typical SFE

Column density (Ny,, cm2)
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Predicted YSO luminosity function for a 10> M., gas cloud with typical SFE

Column density (Ny,, cm2)
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Predicted YSO luminosity function for a 10> M., gas cloud with typical SFE

Column density (Ny,, cm~2)
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Single—Cloud star formation relation
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ACES: Observations

> 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
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Hopes and Dreams...
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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

e Solve the 10x lower SFR in CMZ

* Finally (!) have direct measure of IMF
* Bottom-heavy? Top-heavy?
e Calibrate extragalactic star formation relations

* Combine with ACES data to determine the physics
setting clustering, multiplicity, ...

Game on!
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Reality: Germany ? - ? Scotland
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Reality: Germany 5 - 1 Scotland
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When life gives you lemons...
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Implications of finding a single YSO

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

2.  Rule out universality of dense-gas-star-formation relations
- fundamentally incompatible with Zgpp o< 44"

3. Al ;'?\zjlr 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
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