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Star formation in the Milky Way's Galactic Center
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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
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The Milky Way's Central Molecular Zone (CMZ2)

Molecular material within R, ,; = 300 pc

50, SiO, HNCO, ,

ALMA (ESO/NAOJ/NRAOQO) / S. Longmore et al.; ESO / D. Minniti et al. 5 | Bulatek



Henshaw+2023

Physical Quantity

CMZ

Solar Neighbourhood Extragalactic CMZs z ~ 2

Distance [kpc] (a)

SFR [Myr—1]®)

Egas [10g10(M®PC_2)](C)

Ysrr [logioMeyr'kpe=2)](@)
. [log1o(Mgpc~2)](®)

tdep [Gyr](f)

tdyn [M}’f] (9)

B[uG]™

Metallicity, Z (%)

CRIR [log;o(s~ )]V
Linewidth, o(10pc) [km s—! ]
Linewidth scaling, (™

IMF slope, al™)

DGME, f(n > 10%)()

Tyas [K]®)

Tdust [K](q)

Pext/ks [K cm3](")

0.07 (0.012-0.14)
3.1 (2.8-3.2)
0.3 (—0.4-0.6)

0.5 (0.4-1.5)
10-1000

—15to —13

<2.35
0.95
50-100
20-50
> 107

0.1-0.5 3500 - 20000 ~10° (z~2)
0.002 0.001-0.08 1-100
1.5 0.6-3 1.5-3.5
2.5 -3-0 -1.5-1.5
1.5 3.4-3.9 1-4

1 0.3-2.6 0.2-1

220 4-4(0) ?
1-100 ? ?

1 ~2 0.2-0.6
—17to —15 ? ?

3 10 20-70
0.5 ? ?
2.35 ? ?
0.03 ? ?

10-30 50-250 ?
10-30 30-45 ?
> 10° 10°-108 ?

m~J
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Henshaw+2023

Physical Quantity CMZ Solar Neighbourhood Extragalactic CMZs z ~ 2
Distance [kpc] (a) 8.2 0.1-0.5 3500 - 20000 ~10% (z~2)
SFR [Myr—1]®) 0.07 (0.012-0.14) 0.002 0.001-0.08 1-100
Seas [10g10Mepe2)] 3.1 (2.8-3.2) 1.5 0.6-3 1.5-3.5
Ysrr [logioMeyr—tkpe=2)]4) 0.3 (—0.4-0.6) 2.5 -3-0 -1.5-1.5
¥, [logioMgpec~2)](®) 3.9 1.5 3.4-3.9 1-4
taep [Gyr]) 0.5 (0.4-1.5) 1 0.3-2.6 0.2-1
tayn [Myr](9) 5 220 4-40 ?
B[uG]M) 10-1000 1-100 ? ?
Metallicity, Z (%) 2 1 ~2 0.2-0.6
CRIR [log;o(s~1)]V) —15to —13 —17 to —15 ? ?
Linewidth, o(10pc) [km s~ () 12 3 10 20-70
Linewidth scaling, (™ 0.7 0.5 ? ?
IMF slope, a{™ <2.35 2.35 ? ?
DGMF, f(n > 10%)() 0.95 0.03 ? ?
Tas [K]P) 50-100 10-30 50-250 ?
Taust [K]9 20-50 10-30 30-45 ?
P.y/kg [K cm—3](") > 107 > 10° 106-10% ?
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Star Formation,

simplified :

Bill Saxton/NRAO/AUI/NSF | 7 | Bulatek




Star Formation, complicated

Bill Saxton/NRAO/AUI/NSF 7 | Bulatek



Michael Y. Grudi¢ (Northwestern U.)
et al., STARFORGE Collaboration

)Y

1ation, complicated
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Tafalla+2021
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The (low-res) Brick

ALMA 3mm dust
continuum
(Rathborne+2014)

Spitzer/GLIMPSE
SUm emission
(Churchwell+2009)

Herschel/HiGal dust
column density
(Battersby+2011,
Molinari+2016)

+ water masers
(Lu+2019)
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The (high-res) Brick

Walker+2021

11 | Bulatek



The (high-res) Brick & i
Walker+2021 | @ -

e 1.3mm dust continuum
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The (high-res) Brick | _

Walker+2021

e 1.3mm dust continuum

e SiO outflows ( ,
)
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The (high-res) Brick

Walker+2021

e 1.3mm dust continuum

Declination (J2000)
Declination (J2000)

e SiO outflows ( ,
17%46m125  11°  10° 17%46™125 115 10°

Right Ascension (J2000) Right Ascension (J2000)
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Penetrates Earth's

Atmosphere?

Radiation Type Radio Microwave Infrared Visible Ultraviolet  X-ray Gamma ray
Wavelength (m) 10° 0.5%x10 ~°

Approximate Scale
of Wavelength

Buildings Humans  Butterflies Needle Point Protozoans Molecules Atoms  Atomic Nucleli

Frequency (Hz)

10* 108 10" 10" 10'° 10'8 10°°

Temperature of
objects at which
this radiation is the

most intense | |
wavelength emitted 1K 100 K 10,000 K 10,000,000 K

=272 °C -173 °C 9,727 °C ~10,000,000 °C

)
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The Brick Line Survey (BLS) with ALMA

93.39 GHz

w
=3
Q
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—~t
>
D
n
n
—t
)
3
e,
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-
)
®
e

© 1.23” by 0.93” beam

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

e 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)

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

e 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)

93.39 GHz

e 'New' tracers can be used to
interpret existing, smaller-
bandwidth surveys of the
CMZ or extragalactic CMZs o 123" by 093" beam
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14 | Bulatek



The Brick Line Survey (BLS) with ALMA

e First step: compare a protostellar core with more diffuse gas around it

107.62 GHz 108.86 GHz
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® 3

e )

=

o 1.45" by 1.02" o 1.37" by 1.00”

40.0" 20.0" 0.0" —20.0" —-40.0" 40.0" 20.0" 0.0" —20.0"
RA offset [arcsec] RA offset [arcsec]

Left: part of Band 3 continuum, right: nearby CH3OH/methanol line emission (108.86 GHz)

15 | Bulatek



The Brick Line Survey (BLS) with ALMA

e First step: compare a protostellar core with more diffuse gas around it
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The Brick Line Survey (BLS) with ALMA

e First step: compare a protostellar core with more diffuse gas around it

107.62 GHz ' P— 108.86 GHz

temWerature [K]
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Left: part of Band 3 continuum, right: nearby CH3OH/methanol line emission (108.86 GHz)

15 | Bulatek



The Brick Line Survey (BLS) with ALMA

e First step: compare a protostellar core with more diffuse gas around it

107.62 GHz 108.86 GHz

- »
-
r 2
3

o -
A £
o B

"The Frown"

Dec offset [arcsec]
o
o
[>] @injeladwa) ssauiybug
[_S W] AJisuaqjul pajelbajul

o 1.45" by 1.02" o 1.37" by 1.00”

40.0" 20.0" 0.0" —20.0" —-40.0" 40.0" 20.0" 0.0" —20.0"
RA offset [arcsec] RA offset [arcsec]

Left: part of Band 3 continuum, right: nearby CH3OH/methanol line emission (108.86 GHz)

15 | Bulatek



Energy Levels, simplified

nucleus

n=3
2

I __electron orbits
//
e o‘o electron

© 2012 Encyclopasdia Britannica, Inc.

greater distance
from nucleus
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Energy Levels, simplified

Energy-level diagram for hydrogen

N=col
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(infrared)
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© 2014 Encyclopaedia Britannica, Inc.
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Energy Levels... complicated

A—state IE—state

Slysh+1999
17 | Bulatek



Energy Levels... complicated
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The Brick Line Survey: Line Density
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Niot (CH3OH, core) = 9.0e+14 cm™—?

B core

_\\\\\\\\\]jiii OUmH
- 0D
T 77—~ Og12
0;12
- HOD
HOfHD
ON
EHD(0)DEHD
HDDEHD
ZHN(0)DEHD
HOODZHONZH
OHDOEHD
C {(HO%HD)—.696
_ NDEHYD—U—vO
_ . OQH
e S 0
_ . HOHD =DJZH-5
_ ! OHDOSHZ
. _ EHDOEHD
_ NDSHPD—U—VV
e {(HO%HD)—boe
_ HOQZHD
_ ZHNEHD
0S
SOTH
ND
adDfHD
HDDQZHD
HOSH®
OHDEHD
HODEHD¢t
HOEHD¢{
:ummum:u
HO5tHO
HSEHD
xuu%xu
HNDH
OHDSHID-S
OHD(HO)ZHD
0,1SO
0g1SO
IHEDY =D
NO¢r
NDLHED—U
HOHD =D%H-e
HOZHDfHD—®
AZHN
NEDH
)
HOIHDEHD(—B
02%H
0DJ2%H
S4e00
HOODH-1
dd
HNDDZH
S2¢0
NDEHD
20s
SDJ0gt
OHDDHD
NDSHZD
COSy¢
NSDH
+HIN
NDZH
ND¢H
ODNEHD
IS
HO¢ D
ODH
HDD¢p
OHDEHID -]
022¢¢H
+4D
N¢D
02¢1D%H
0D¢{NH
ODNH
OS¢
OYHID-2
SN
NDEHZD
HOODH-2
SOQH
SD¢r
SeeDH
H"D
SpeD
+HOD%™H
SONH-—©
OgrONH
.05
SO¢EH
ZHN(0)2a
AHN(O)DH-2
CHN(O)D¢H
ZHN(O)DH
S¢D
Od
NDQ
0g1S
OS¢
JONQd
NOSH
02%a
o)
S2D¢1
JONZH
NOH
OJQH
AHN(0)DH-2
QHED -2
HED
SpeD
NED
+0D¢rH
02¢fH
SIS
g INH
NDEHD¢
NEDEHD
zummmxu
NDDZH
+0DOH
Sggd
_NSD
NDZHN
Sced
DNEHD
OgrD°H
HODD¢H—2
DNDDH
HD¢DDH-2
+ODH
+SOH
NDD¢DH
CHED—|
ND¢DD¢rH
NDOH
NDD¢rderH
NDDD¢rH
ONH
+SN
NJ¢ 1IOH
NcEOH
NES
Speet
Nd
oIS
_ ND¢:Q
c _ NO¢ e OH
_ +Q°N
C +H®D
_ = Og1!S
_ ONgH
. 0!S¢
01Sg;
_ +DJOH
_ “——+ . HNNq;
—— ZmHUI
[ + —l_z mﬁz
————]
__ —
| S —

I
C Ll L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L

2/18e+15 cm™4

OH, |Frown)

2
-

Niot (CH

E

residual signal from LSS

-0D2d
NgrIgrH
+OgroH

(X

r.v

B fFrown

1 upper limit

¥ZA subthermal excitation
X self-absorption

107 7

T T T

T T
=) =)
—~ —~

H“”| lo:UI
b
o
—

101 ;

.:...
=)

(@]

—~

101 5

AJISUSp UWN|OD [ouRYIDW/AJISUSBP UWN[OD)

- 0D

WL L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L

OD¢t

o i s s s R O 2O

W v

HOEHD

NDPHPD—U—-DV

i

| VA L L LN L L S B L LN L AL S AL SA LAV S BB LA SV SA S LA LA LA S AT S S 4

0,10

HOODEHD

HD2D

O;19¢1

Og1I¢t

ODNH

_—
I SO0

I ON

HND?H

I EHD(0)DEHD

e ———— OH0 H)
HOfHD¢;

— HODEHD

ZHN(O)DEHD

HOODZHONTH
NEDH

F {(HO®HD)—,b0b

e
: 0s

OdH

- OIS

HOHD = DZH-5

OHDOSH®D

NDSHPD—U—-VD

EHDOEHD
SIS

II
NSDH

HOSH®D

OHDEHD

NDSHPD—U—-VV

{(HO'HD)—.boe

HOQZHD
HOODH—2

e R Ry
]
: SO%H

CHNEHD

tos

0DD%H

OHD(HO)ZHD

Iumbfu
+HN

HISEHO

OHDSHID-S

qumzu
05190

NDLHED—U

HODAHD

0,150

e
L
el B8

HSEHD

e —— N DEHD

Izum

H
£HD

0D%H

-

HOZHDEHD (-8
OSye

ODNEHD

HOHD =D%H-e
HO‘HD¢fHD—®

S4e00

Se i)

ddDEHD

T " - ZUmHI

IHEDY =D

OHDJDHD

T —— 11

SD0gt

- SO

C0S¢

_I. QZHN

JIS

- . HODH

CHN(O)DH

]

0I1S¢;

OHDEHID?

HO g1

ODH

HO¢ D

Ry NOD¢1OH

dd

NDSH®

NDZH

02D:%H
SoH

NJcy

+0OD0H

Il
]
g
_ SONH—#

ouﬁuf
NDEHZD

+dD

ZmHU

OYHID-2

0D¢ {NH

HOODH-2
+0D¢H

OS¢e

ZHN(0)D2a

aHN(O)OH-2

NED

SJeD

SDD¢q

SpeDD

NOSH

AHN(O)OH-2

N¢OH

aHED -2

Seed

ONZH

0d2%a

NDD?H

HED

NEDEHD

NDZHN

Nd

_N5D

NDEH D¢t

HDDJ¢H—2

9.0e+14 cm™—2

JNDDH

HD¢{DDH-2

Spedet

THED—

zu%:u

NcEOH

NOOH

JNd

ND¢DD¢rH

NOH

¢ (CH3QOH, Frown) |= 2.8e+15 cmT2

NOgO¢OH

NDDg1dgrH

-~
o

N¢ot (CH3OH, core)

N

NIS

ND¢d

B Frown

] upper limit

¥ZA subthermal excitation
X3 self-absorption

XA residual signal from LSS

B core

I
+
o
r~
—
Q
I

T T T
m -
| |
o o
~ ~

T
=] —
o |
— o
~

102 3
107 3
1072 7

AJISUSp uwNjod [oueylaW/A}ISUSp UWN[OD)

4

Q
d
©

>
a'a
@)
—




Ey=71.69 K
LGINT =-2.27

87.85

0.15 -

0.10 -

e
o o o
(9] o Ul

1 1 1

Ey=94.69 K
LGINT =-2.12

o

101.15 101.16 101.17

101.18 101.19

Brightness temperature [K]

| |
| |
0.10 A : :
___________ bopmmhe e m e
| |
0.05 A : :
: :
| |
0.00 A
—0.0571 Ey=144.14K
LGINT =—1.91 |
—0.10 - !
125.12 125.14
0.050 A : :
___________ Tt
|
0.025 - i
|
|
0.000 - :
—0.025 A A
E,=182.85 K
~0.050 LGINT =-1.81 .
141.08 141.10 141.12

HCsN, frown, T,ot = 20.0 K, Nior = 1e+14 cm™2, Veep = 12.0 km s71, vgisp = 3.0 km s71

0.3 -
0.2 -
0.1 - 7/\
0.0 1 Eu=76.03K .
LGINT =-2.24 i
90.51 90.52 90.53 90.54
1 1
: :
0.10 A ! !
1 1
1 1
| |
0.054 -—-——=p~~—- Hf-\r---=-=-
OOO N 1 1
E,=99.67 K i
103.82 103.83 103.84 103.85
0.06 - , ,
1 1
1 1
0.044 ——~~—- :L ------------
1
0.02 - i
1
1
0.00 - '
—0.027 F,=15027K
_0.044 LGINT=-1.89 |
127.78 127.80
____________ {_____I____________.
0.050 - ! !
1
1
0.025 A . i
1 |
0.000 - 1~
1
1
—0.025 - !
Ey=189.75 K| |
—0.050 1 LGINT =-1.8 i
143.74 143.76 143.78

1.5 A i 0.20 - i i
| | |
N i 0.15 - i i
1.0 - | I I
! 0.10 - ! !
I I I
0.5 - | i 0.05 1 N T
Ey = 80.50 K 0.00{ E,=85.10K AN
0.04 LGINT =—2.21 _0.05] LGINT =218 |
93.17 93.18 93.19 93.20 95.83 95.84 95.85 95.86
3 -
0.10 A I | I |
| | | |
| | | |
I I I I
I\E 21 L
0.05 A ' I I I
____________ Fe————————— | |
| | |
| | |
N : 14 N
M ' |
0.00 A
Ey=10478K ¥ Ey=110.02 K
LGINT =—2.07 i 01 LGINT==2.04 T5F=—"X"
106.48 106.49 106.50 106.51 109.14 109.15 109.16 109.17
0.075 - . ,
|
[ I ——————— I____
0.050{ ~~""""- 0.04 !
0.025 - 0.02 A
0.000 - 0.00 A
A i
—0.0257 g,=156.53K -0.024 Ey=162.92K
_ | LGINT =-1.88 | LGINT =—1.86
0.050 | L 0.04- |
130.44 130.46 133.10
0.050 - 0.06 - :
|
0.025 1 0.04 4 oo :L___
|
0.000 - 0.02 - i
~0.025 A i 0.00 - M\ |
—0.0507 £ =10678 K —0.027 £, =203.93k
~0.0754 LGINT=-1.78 | _0.04 4 LGINT =-1.77
146.40  146.42  146.44 149.06  149.08  149.10

Frequency [GHZ]

0.20

0.15 -

0.10 -

0.05 A

0.00 A

—0.05 A

AA

Ey=289.83 K
LGINT =-2.15

YW

98.49 98.50 98.51

98.52

0.075 A
I I
I I
0.050 - : :
N U Y I
0.025 - | M
= A
1 1
005 | Eu=11539K V
I LGINT =—2.02
111.80111.81 111.82111.83111.84
0.10 -
0.05 -
0.00 -
Ey=169.44K V.
~0.05 LGINT=-1.84
135.76 135.78 135.80
0.04- —————————--- e
I I
0.02 - L]
1
1
0.00 - w
__0-02 T 1 “
Ey=203.93K |
_0.044 LGINT=-1.77 .
149.06 149.08 149.10

0.15 -

0.10 -

0.05 A

0.00 A

—0.05 -

——— e ———————

——— ] i ———

Ey=94.69 K
LGINT =-2.12

101.16 101.17 101.18 101.19

0.05 -

0.00 -

—0.05 -

—0.10 A

E,=120.88 K v
LGINT ==2.0

0.05 -
0.00 1
1
I
LGINT =—1.83 |
138.42  138.44  138.46
I I
0.04 - T
____________ 1§ N S
I I
0.02 A 1 .
1A
18T
0.00 - .
1
—0.0279 gy=21122K |:
LGINT =-1.76 |
~0.04 1 !
151.72 15174  151.76

20 | Bulatek




Rotational Diagrams

Mangum and Shirley (2015)

HC:sN, frown, Veep =12.0 km s™1

9.50 -

—-—

9.25 -

=0
o

9.00 -

|

8.25 -

—eo—
F—o—i

8.00 -

Column density [log1o (N,/g, [cm~2])]
o0
Ul
()
+—e—

7.75 -

Trot = 25.1 £ 3 K, |0910 (Ntor) = 13.61 £ 0.2

=

\ 4 v '

80 100

120 140 160 180 200
Upper state energy, Ey [K]

20 | Bulatek



Molecules Clearly Detected in Core and Frown
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COMparing to Other Star-Forming Environments

100 WM core Nio: (CH3OH, core) = 9.0e+14 cm=2

| W Frown . _5
| = upper limit N:ot (CH30H, Frown) = 2.8e+15/cm

: [Z4 subthermal excitation

=
o
o

Column density/methanol column density

=
o
o

s

HCsN
C2HsCN
CH3CN
13CH;0H
CH3CHO
CH30CHO
CH3CCH
CH3OH
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COMparing to Other Star-Forming Environments

10° 5 = Efor\?vn Ny (CH3OH, core) = 9.0e+14 cm=2 Nioi (CH3OH, Sgr B2 N2) = 4.0e+19 cm~2 )
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Chemistry: Isotopic and Elemental Ratios
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Center, but only measured between

5.5 <D< 7.0 kpc
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- Humire+2020 extended to the Galactic
Center (+50 km/s cloud, Sgr B2 N),
found C325/C34S ~ 18 (Chin+1996
predicted 4.1 + 3.1)

- (325 and C34S subthermally excited in
Frown (and C32S is self-absorbed in

the core), so we use SO in the Frown:
32§50/3450 = 8.3 =+ 7.9
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Chemistry: Isotopic and Elemental Ratios

e 325 to 34S ratio

Chin+1996 found a decrease in 325/34S
ratio moving towards the Galactic
Center, but only measured between

5.5 <D< 7.0 kpc

Humire+2020 extended to the Galactic
Center (+50 km/s cloud, Sgr B2 N),
found C325/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:

3250/3450 = 8.3 = 7.9

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

25 | Bulatek



Chemistry: Isotopic and Elemental Ratios

e Cto O ratio
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- Byrne+2026 investigate the
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Chemistry: Isotopic and Elemental Ratios

e Cto 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:
HCsN/H2CO = 4.6 + 2.2
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e Cto 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:
HCsN/H2CO = 4.6 + 2.2

- We can also use HCsN in the Frown:
HCsN/H,CO = 1.1 +£ 0.7
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Chemistry: Isotopic and Elemental Ratios

e Cto O ratio

Byrne+2026 investigate the
relationship between cyanopolyyne

(HC#N)/H2CO and C/O ratios through
modeling chemical networks

H>CO has unsplit hyperfine lines in the
Frown, but we can still estimate a fit:
HC3N/H2CO = 4.6 + 2.2

We can also use HCsN in the Frown:
HCsN/H,CO = 1.1 +£ 0.7

An HCsN/H2CO ratio of 4.6
corresponds to a C/O ratio of ~1.2, an
HCsN/H2CO ratio of 1.1 corresponds to
a C/0O ratio of ~1.0 (within 1o of each
other)
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Methanol Dasar in The Brick

Bulatek et al. 2023
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Methanol Dasar in The Brick

Bulatek et al. 2023

- 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
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Methanol Dasar in The Brick

Bulatek et al. 2023 n=1
- Population inversion: excess population of n =0
molecules in upper energy state
- A photon knocks a molecule out of the upper state
- Needs source of coherent amplification
]| = = = ] Nugl _AE
e DASAR = Dark "Amplification” by = exp
"Stimulated" Absorption of Radiation N,g, kpT, .

- Pump drives molecules into lower energy state,
that then absorb photons
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CHgOH 31 — 40 A+ at 107 GHz

—28°41'40"

Methanol Dasar in The Brick

Bulatek et al. 2023
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Integrated intensity [Kkms™!]

36 GHz CH30H 4_; — 3¢ maser flux [mJy]

e If the pump gets /, cold enough, the
molecule could even absorb the CMB!
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Methanol Dasar in
The Brick

Bulatek et al. 2023

e 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

e The ngVLA will be able to
observe this line (and others)
in starburst galaxies up to at

least z =5
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