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Outline

Star formation in the Milky Way's Galactic Center
How do we observe star formation?
The Brick Line Survey

Survey setup and process
Results and implications

A methanol dasar in The Brick
Remaining open questions

 | Bulatek2



The Milky Way

 | Bulatek3



The Milky Way

 | Bulatek3

Solar 
Neighborhood



The Milky Way

 | Bulatek3

Solar 
Neighborhood

Galactic Center



The Milky Way

 | Bulatek3

Henshaw+2023



The Milky Way

 | Bulatek3

Henshaw+2023



 | Bulatek4Inset: ALMA (ESO/NAOJ/NRAO)/S. Longmore et al.; inset background: ESO/D. Minniti et al.; Milky Way: ESO/S. Guisard

The Milky Way's 
Galactic Center
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SO, SiO, HNCO, HC3N, CO

The Milky Way's Central Molecular Zone (CMZ)
Molecular material within 300 pcRgal ≈

ALMA (ESO/NAOJ/NRAO) / S. Longmore et al.; ESO / D. Minniti et al.
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Bill Saxton/NRAO/AUI/NSF

Star Formation, 
simplified
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Michael Y. Grudić (Northwestern U.) 
et al., STARFORGE Collaboration
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The Brick

100,000 M⊙

2 − 3 pc

🧱

Henshaw+2023  | Bulatek10



 | Bulatek10

The (low-res) Brick

Walker+2021
ALMA 3mm dust 

continuum 
(Rathborne+2014)

Spitzer/GLIMPSE 
8μm emission 

(Churchwell+2009)

Herschel/HiGal dust 
column density 

(Battersby+2011, 
Molinari+2016)

+ water masers 
(Lu+2019)
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Walker+2021

• 1.3mm dust continuum

• SiO outflows (blueshifted, 
redshifted)

• 13CO emission, complicated 
velocity structure, outflows?



Buildings Humans Butterflies Needle Point Protozoans Molecules Atoms Atomic Nuclei

104 108 1012 1015 1016 1018 1020

1 K 100 K 10,000 K 10,000,000 K

Penetrates Earth's
Atmosphere?

Radio Microwave Infrared Visible Ultraviolet X-ray Gamma ray
103 10−2 10−5 0.5×10 −6 10−8 10−10 10−12

Radiation Type
Wavelength (m)

Approximate Scale
of Wavelength

Frequency (Hz)

Temperature of
objects at which 

this radiation is the
most intense

wavelength emitted
−272 °C −173 °C 9,727 °C ~10,000,000 °C
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The Brick Line Survey (BLS) with ALMA

The BLS covers ALMA Bands 3, ~4, and the upper half of 6 (= 90 total GHz of coverage)

• Goal is to find clear and 
unique molecular tracers for 
different physical processes 
present in The Brick, 
differentiating SF-related 
ones (cores, outflows) from 
those unassociated with SF 
(shocks, diffuse gas)

• "New" tracers can be used to 
interpret existing, smaller-
bandwidth surveys of the 
CMZ or extragalactic CMZs
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The Brick Line Survey (BLS) with ALMA
• First step: compare a protostellar core with more diffuse gas around it

Left: part of Band 3 continuum, right: nearby CH3OH/methanol line emission (108.86 GHz)
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Left: part of Band 3 continuum, right: nearby CH3OH/methanol line emission (108.86 GHz)
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Energy Levels, simplified
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Energy Levels... complicated

Slysh+1999



 | Bulatek17

Energy Levels... complicated
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The Brick Line Survey: Line Density
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Rotational Diagrams Mangum and Shirley (2015)



Molecules Clearly Detected in Core and Frown
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Molecules Unique to the Core
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Molecules Unique to the Frown
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Molecules Unique to the Frown
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COMparing to Other Star-Forming Environments
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Chemistry: Isotopic and Elemental Ratios
• 32S to 34S ratio

- Chin+1996 found a decrease in 32S/34S 
ratio moving towards the Galactic 
Center, but only measured between 

 kpc

- Humire+2020 extended to the Galactic 
Center (+50 km/s cloud, Sgr B2 N), 
found C32S/C34S ~ 18 (Chin+1996 
predicted 4.1 ± 3.1)

- C32S and C34S subthermally excited in 
Frown (and C32S is self-absorbed in 
the core), so we use SO in the Frown: 
32SO/34SO = 8.3 ± 7.9

- Maybe The Brick has a lower 34S 
abundance than other CMZ clouds, but 
maybe not

5.5 ≤ DGC ≤ 7.0
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Chemistry: Isotopic and Elemental Ratios
• C to O ratio

- Byrne+2026 investigate the 
relationship between cyanopolyyne 
(HC#N)/H2CO and C/O ratios through 
modeling chemical networks

- H2CO has unsplit hyperfine lines in the 
Frown, but we can still estimate a fit: 
HC3N/H2CO = 4.6 ± 2.2

- We can also use HC5N in the Frown: 
HC5N/H2CO = 1.1 ± 0.7

- An HC3N/H2CO ratio of 4.6 
corresponds to a C/O ratio of ~1.2, an 
HC5N/H2CO ratio of 1.1 corresponds to 
a C/O ratio of ~1.0 (within 1σ of each 
other)
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Bulatek et al. 2023

Methanol Dasar in The Brick



• MASER = Microwave Amplification by 
Stimulated Emission of Radiation
- Population inversion: excess population of 

molecules in upper energy state

- A photon knocks a molecule out of the upper state

- Needs source of coherent amplification

n = 1

n = 0
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• MASER = Microwave Amplification by 
Stimulated Emission of Radiation
- Population inversion: excess population of 

molecules in upper energy state

- A photon knocks a molecule out of the upper state

- Needs source of coherent amplification

• DASAR = Dark "Amplification" by 
"Stimulated" Absorption of Radiation
- Pump drives molecules into lower energy state, 

that then absorb photons

Nugl

Nlgu
= exp ( −ΔE

kBTex )

n = 1

n = 0
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Bulatek et al. 2023

Methanol Dasar in The Brick



• If the pump gets  cold enough, the 
molecule could even absorb the CMB!
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Bulatek et al. 2023

Methanol Dasar in The Brick

Planck Collaboration accessed via IRSA



• Modeled dasing volume 
density, column density, and 
temperature using RADEX

• Evaluated the use of this line 
for detecting/measuring 
dasing regions in high-
redshift galaxies

- Preference for edge-on spirals

• The ngVLA will be able to 
observe this line (and others) 
in starburst galaxies up to at 
least z = 5
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Bulatek et al. 2023

Methanol Dasar in 
The Brick
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Open Questions in Galactic Center Star Formation
• How do stars form in the Galactic Center?

• Why is star formation in the Galactic Center different than in the disk?

• What are the initial conditions for star formation in the Galactic Center?

• What role do chemistry, turbulence, and gas kinematics play in Galactic 
Center star formation?

• Why is The Brick forming so few stars?

• Which lines trace what physical processes in the Galactic Center?


