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Context: Inner Milky Way

Jens Kauffmann e MPIfR

Central Bar
out to ~3 kpc radius
feeding the innermost region

Central Molecular Zone (CMZ2)
Innermost ~200 pc (]2| < 1.5 deg)

largely molecular gas
main focus of this review

Central Engine
region within few pc of Sgr A* not
covered here



The CMZ Star Formation Problem
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star formation
not concentrated

dense gas concentrated
around £ = 0°

= star formation in dense gas is suppressed

Jens Kauffmann e MPIfR 4



Outline & References

topics of this review:

y
I

. |OUdS
pl |YSica| prOCGSSGS In CMZ C tl
pr | Of CMZ star fOI‘ aton
® Sup ession m

Jens Kauﬂ‘mann

Max—fPlanck—fInstitut fiir Radioastronomie, Auf dem Hiige] 69, 53125 Bonn, Germany
email: jepg .kauffmann@gmail -com

1. Introduction
The Galactic Center environmepy Provideg unique conditiong for stay formation Within

therefore also kiiOWii as the Cengry) Moleculay Zone (CMz; Morris & Serabyy 1996). The
moleculay clouds jp the C), are unusually warm, dense, and “turbulent” (see below).
This text Iargely ignoreg the immediate environmen of Sgr A* and the question why

latter aspect of CMz Science, Insteaq this text sets out ¢, SUmmarjze g, knowledge

about Ongoing star formation and the State ang distribution of denge moleculay gas in

Jens Kauffmann e MPIfR

most material detailedzlg
proceedings of IAUS3

. . <
this in particular include
references

see arXiv:1611.07022

Kauffmann (2017)




Gas and Stars in the CMZ

Yusef—Zadeh et al. (2009)






Hard to probe the Center in IR Bands

extreme foreground obscuration:
Ak =2 mag = Av =20 mag

Spitzer little help:
sensitive to Lint = 103 Lsun In ,regular” clouds

...but some clouds are opaque even at 70 um

= can only probe high—mass stars, using

wavelengths = 2 um

Jens Kauffmann e MPIfR



High—Mass Stars in IR Bands

Artﬁé*g" h . cluster properties:
CIUSter> ok . ~¥ e total of 200 OB stars

q e 2x10¢ Msun In 0.4 pc radius
(e.g., In Arches)

® unusual — but not exceptional
— in Milky Way

f Qul }u R
3 /— CIuster !

" Spitzer, Hubble, Chandra
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High—Mass Stars in IR Bands

¥ v I 5 I

Arth‘es Earn
Cluster A

" B .Qw ,tupfet
g4 Cluster ~

; : "“ PlStOl Star
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Dong et al. (2009)

10



High—Mass Stars in IR Bands

o E_ tidal disruption of clusters
s ob
& = eI
v E 5.0 Myr
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= MMM, Habibi et al. (2014) | Arches .
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Spitzer: An asymmetric Distribution of Young Stars?

Yusef—Zadeh et al. (2009)

...0or maybe just main—sequence stars illuminating clouds? Koepferl et al. (2015)

IR search refined with spectra
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Star Formation at Radio Wavelengths
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Lu et al. (2016)
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Star Formation at Radio Wavelengths
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observations at 8.4 GHz
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Star Formation Tracers: A Summary
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Galactic Longitude (deg

=> total ~0.1 Msun yr-1in |2| < 3 deg
=> ~10% of SF in Milky Way
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Longmore et al. (2013)
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Distribution of Dense Gas in CMZ

CO J=1-0 Tmax

1_— Bania's Clump 2
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~5:107 Msun in |£| < 3 deg
~2 - 107 Msun in I-Ql < 1 deg
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Galactic Longitude

Bally et al. (2011)|
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Distribution of Dense Gas in CMZ

CO J=1-0 Tmax
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Distribution of Dense Gas in CMZ

CO J=1-0 Tmax

Infrared Dark Clouds (IRDCs): g 05
invented to describe G0.253+0.016 3
(the “Brick”) E
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Distribution of Dense Gas in CMZ
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Galactic longitude
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CO J=1-0 Tmax

Molinari et al. (2011)
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Distribution of Dense Gas in CMZ
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20

suggestion:
a twisted infinity loop

Molinari et al. (2011) |
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Distribution of Dense Gas in CMZ
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Distribution of Dense Gas in CMZ

model: point mass on orbit

0.200

0.100

Galactic longltude deg

Galactic latitude

05
e B | | | | | | | | | ]
I Stream 1
- 100 _ Stream 2
50 \
R /
& 0r o
problem: ) _
¢ need to feed orbit for ~4 Myr with —50F ser B2
source not changing in position or ! e/fd pi 50 0
injection velocity (strict interpretation) . I e Sgr €
. —100 [
e must dump ~107 Msun ON orbit in [ Kruijssen et al. (2015)
single event (workaround) l . . . . .

L —100 =50 0 50 100
Lucas (2015) |
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Distribution of Dense Gas in CMZ
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0.200 0.000
Galactic longitude

359.800

359.600
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model: hydrodynamical flow
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Distribution of Dense Gas in CMZ

problem:

0200 ® not clear whether vertical structure
g reproducible — but limited physics included
e CMZ too large — but potential could be

adjusted

-0.500

structure like dust ridge?
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Gas Distribution is Asymmetric

CO J=1-0 Tmax
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Gas Distribution is Asymmetric

CO J=1-0 Tmax

Galactic Latitude
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Gas Distribution is Asymmetric

CO

Sormani et al. (2017)

asymmetries naturally arise
In hydrodynamical flows
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Progression of Star Formation along Kruijssen et al. Orbit?

2 ' ' : utnl :
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9 Barnes et al. (2017)

idea:
close passage to Sgr A* triggers SF via compression

Longmore et al. (2013)
Kruijssen et al. (2015)

plausible in the ,dust ridge

(but not proven)
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Counter Example: SF ahead of Passage near Sgr A*

Flux Density [m]y/beam] Peak Temperature [K] Peak Temperature [K]
0 50 100 150 0 1 2 3 4 5 6 7 O 1 2 3 4 5 6 7
S AN N S N NN AN S 1 1T 1 [ 1 T
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, KRR
i I
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RA (J2000) RA (J2000)

Lu et al. (2015)
Kauffmann et al. (2016a,b)

,mature” star—forming cloud containing Hil regions and H>O masers
but 0.2 Myr to go until passage near Sgr A*

= star formation ahead of supposed trigger
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Global Evolution along Orbit
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no obvious trend along orbit
=> no evolutionary timeline along orbit
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B XDust Ridge C T
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TDust Ridge D
- trend if SF would become _
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Global Evolution: NH3 seen by the VLA

==

Arches
cluster 50pc

o
)

| SgrB2 cloud e/f Brick
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Galactic Latitude

0.2 Quintuplet |
cluster 20 km/s |
50 kms/s cloud foreground .
cloud cloud [F.bT
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Galactic Longitude

study of various NHz—derived cloud properties
mixed evidence for global evolution

Krieger et al. (subm.)|
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Anticorrelation between Stars and Gas?

Yusef—Zadeh et al. (2009)

...0or maybe just main—sequence stars illuminating clouds? Koepferl et al. (2015)

IR search refined with spectra
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Original Research: Single—Dish Studies
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Recent Development: Resolved Views of CMZ Clouds
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0 S
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Surveys with Interferometers

Galactic Center Molecular Cloud Survey (GCMS; Kauffmann et al.)

.' Yy ."' Fiko e i

Q

’ ‘a
1 *&’*’

U i .
y A T 2 .. v 3
JPL Photojournal — PIA10955 #5100 pc =42 arcimifkes

CMZoom: SMA (~500h)

Galactic Center Molecular Cloud Survey (GCMS): covers all area at high column density

ALMA (~30h), SMA (~100h), CARMA (~100h)

Includes first high—resolution study of all major
CMZ clouds

Kauffmann et al. (2013a, 2017a,b) C—band survey: VLA (~3h)
covers all area at high column density

Battersby, Keto et al. (in prep.)|

numerous studies of selected fields:
using ALMA, VLA, and SMA
Rathborne et al., Mills et al., Lu et al., Walker et al., Kendrew et al., Yusef-Zadeh et al.

Lu et al. (in prep.)]
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Physical Processes in CMZ Clouds

gas Is warm (Tgas = 50-100 K)

thermal Jeans Mass high



Observations of Gas Temperatures

Galactic Latitude

Ginsburg et al. (2015)
0050 00.00°
180 — Galactic Longitude /
160} i
gas is warm
140f -
120} 4 gas is heated by turbulence
100f- -
% !
80} -
60f- "
40}~ E gas temperature matters for SF:
201 7 immer et al. (2016)| Mee = 20 Mg, - (Tgas/50 K)*/2 - (my/10° cm=2)~1/2
- 21
Opipmnloelsl 2'5 7 315 20 => hard to form stars?!

FWHM (km/s)
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Physical Processes in CMZ Clouds

clouds are not disrupted by tidal forces



Galactic Center Tides

classical treatment:

cloud sectors closer to Sgr A* are torn away
If binding Is not strong enough

=> CMZ clouds must be dense
nes (198(%

Gusten & PO 0
* .
Sgr A* 3
Z,
g/ 10
with new potential:
M(r)m
M(r)ocr”, Fgrav:G (r2) 10
_ A cas
— Fgrav x r’ 2 _ 402 \N\\\\ag \é\i Andfe\NS)

Sgr A*

=> no limit on cloud density

Jens Kauffmann e MPIfR

Launhardt et al. (2002) |

i M
E E - M
£ NSC
NSD
| i |
1 10" 10°
RGC [PC]
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Physical Processes in CMZ Clouds

clouds are dense due to confining pressure(?)



High Thermal Plasma Pressure confining Clouds

Blue: Ar-Ca

Red: Si-S ” ~ .
Green: S-Ar ‘ Ponti et al. (2015) I

.,,_
g
~N &

~

e

! ! ~. 7t
> X

y i

GaIaCjtic latitude

-0.600 1,500 0.500 : 359.500

Galactic longitude

In pressure equilibrium:

hot plasma from X—ray data ,

Tplasma — 107 K, nplasma ~ 0.1 cm™

=> confining pressure
= Ndense = 10% cm™> - ( Tyense /100 K) ™
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Physical Processes in CMZ Clouds

clouds are — probably — highly disturbed



Bania's|Clump 2

To Sun




Cartoon of CMZ Orbits

S10 86.85 GHz

GLAT (degrees)

Bania's/Clump 2

Jens Kauffmann e MPIfR

GLON (degrees) Jones et al. (2012)'

mass transfer between orbits
=> energy losses needed
=> shocks?!
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Simulation of CMZ Orbit Dynamics

200

150}

100}

507

0

y [pc]

—50!
colliding flow lines

—100} => shocks

—150}
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Shocks also prevail in Clouds

(a) ALMA continuum on Spitzer IRAC (b) ALMA 220 GHz continuum (c) ALMA SiO (5-4) (d) ALMA warm gas vs. SiO (5-4)
r~rrrrrrrrrrr~rrrr*[[rrrr*rrrrr1rrrr 1 Irrrrrrrrrrr v
28°41" _ 1 long SiO ridges __ regions at >140 K _
=> cloud—cloud collisions | from ALMA H2CO
* - = oN\Q.
1 ooy JYO
; .'
> T o - >
42'- - o -
S .
o
o
N
E I
A 43'- -+ -
44' - -+ -

1 + » » & 0 5 s s » 0 5 5 3 5 0 5 5 5 5 010 5 5 5 5 0 5 o 5 5 0 5 5 5 5 0 3 5 5 o 010 5 5 5 5 0 3 5 5 5 0 5 5 5 5 0 5 5 5 31
14s 12s 10s 08s 0657h46m04s 12s 09s 06s 17h46m03s 12s 09s 06s 17h46m03s 12s 09s 06s 17h46mO03s
RA (J2000)

Kauffmann et al. (in prep.)
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Physical Processes in CMZ Clouds

clouds have steep linewidth—size relations

(calm cores in turbulent clouds)



Calm" Dense Cores In ,turbulent” Clouds

IIII 1 LI IIIII 1 1 | L IIIII 1 LI IIIII I“‘\I L LB
10° |- Shetty et al. (2012) . =
entire clouds .~
|_'l|_l 1 - " " )
c 10 clumps 1@ Eb moderate turbulence on
u . - I < I
= E local maxima et : spatial scales =1 pc!
@ 10°k #.F' _ unusually steep
9 i linewidth—size relation
n - -
z - .
> I i
S 10k —
ke E :
9 " crossing timé,of 3 x 10° yr .
- Or -
102 MW denses -
-IIII -2 1 11 11 IIII-l 1 11 11 IIII O 1 11 b1 IIII 1 1 11 1 I- KaUﬁmann et al- (2013a’b)
10 10 10 10 Kauffmann et al. (2016a,b)

Effective Radius [pc]
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Physical Processes in CMZ Clouds

bound cores reside in marginally bound clouds



Bound Cores within Marginally Bound Clouds

™
10° | E
2Ein
- 101 = _ a [ a
% |Epot|
&
o
a
T 10°F .
.;
107 E
llll [ | llll [ | llll [ | llll [ | llll [ | llll [ | llll_l llll [ |
10t 10° 10+ 10¢ 10° 10* 10° 10°
Mass [M¢,n]
L . Pillai et al. (2011)
moderate gravitational binding Li et al. (2013)
compared to HMSF clouds in the plane Kauffmann et al. (2013a,b)
Kauffmann et al. (2016a,b)
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Physical Processes in CMZ Clouds

turbulence primarily solenoidal

(iIn contrast to rest of Milky Way)



Relation between Density Fluctuation and Velocity Dispersion

Taurus ' IC5146)| @ -

— L4 . 3\—1
. ,‘ ;l\ .
} K | = <o\ K‘OZ _
> |GRSMC TR § _
i x* .- 43.30-0.33 _

L d
. *
-
A J
. - ]
g -
. Y hg . *
- L4 s * . ® -
* . Y
. -
9 . * .
— * Y —]
L d
* . ® ‘ﬂ‘
. - -
— . g - "
* L J
»l )
. . ® ”
. . e *
. 2
’ A
A J -
. : G0.253+0.016
- *- : :
R

9p/ps
N
|

R Federrath et al. (2016)|:
O"‘.“T‘.|...|...|...|...|...|...|

0 2 4 6 8 10 12 14
M(1+1/B)"/2

nature of turbulence in CMZ might be different from rest of Milky Way
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Magnetic Fields in CMZ Clouds

Sgr A*: /

Galactic Center

& 50light years
-I_:I":ﬁl-r »i

Pillai, Kauffmann et al.

dust polarization observations:
~5500 pG in G0.253+0.016

Pillai et al. (2015)

Jens Kauffmann e MPIfR

MPG & MPIfR Press Release 1/2015

strong magnetic fields in CMZ!

comparable to “turbulent” pressure

this might suppress fragmentation
and delay collapse
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Physical Processes in CMZ Clouds

CMZ clouds contain few dense cores



First Resolved Views of a CMZ Cloud

4 6

8

Signal—to—Noise Ratio

10
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o
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*
*
[
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h
17"46™10°

17"46™10° 05°
RA (J2000.0)

little evidence for dense gas!

Jens Kauffmann e MPIfR

17"46™10° 05°

Kauffmann et al. (2013a) |
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Absence of Dense Cores: Not an Issue of Sensitivity

dust at 90 GHz

ALMA+5Single dish
L = 17 "™ L L

same mass as
from SMA data

0.02
|

DEC offset (degrees)
0
|

—0.02

Rathborne et al. (2014)

-4

0.02 0.01 0 —0.01 —-0.02

RA offset (degrees)

Jens Kauffmann e MPIfR

5x10

-28°41"

44

dust at 220 GHz

Kauffmann et al. (in prep.)

. 2 b s 5 5 v 1 5 3 3
12s 09s

RA (J2000)

e 1 s 3 5 31
06s 17h46mO03s
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Summary of Density Structure

T T TTT] T 1 1T 1rr1rIr] T 1 T 1TTIrT] -28°41'+ -
10° L8
S
J 20 km/s 42' L -
105 , + Sgr B1-off g
¢ A 50.253+0.016 S
,;fzﬁ"" 50 km/s 8 .l ]
2757 -
,5/?/
§ 104 5’/"‘.:” I
E $$fj:;.h T ]
2 L
0 55/’3/ T 2s 095 065 17h46m03s
(V) 3 /‘ /: < RA (J2000)
Y 4
=19 37577 | .
R clouds with average densities
+F much above Orion A...
2 . .
10 no high-mass star formation
shallow density gradients:
1 —1.3
10 = 1 1 1 01 I 1 1 1 1 1 1 41 I 1 1 1 1 1 1 41 I Q (X r
10" 10° 10"

Effective Radius [pcC
Y lus [pc] Kauffmann et al. (2013a)

..that often contain Kauffmann et al. (2016a,b)

nothing like Orion KL
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Summary of Density Structure

mass—size analysis

M2
Q
> ©
K

s 20'km/s
Ve
,_’,'_ Sgr B1-off
P4
A $0.253+0.016

x
2%, 50 km/s
‘%

’

o

s
VRS
’

Kauffmann et al. (2013a)
Kauffmann et al. (2016a,b)

Normalized number

10°
Effective Radius [pc]

Jens Kauffmann e MPIfR

1.0000

0.1000F

0.0100F

0.0010

0.0001

column density PDF

Rathborne et al. (2014)

ALMA! only

No = 1.0 £ 1.0 10 cm™?
Oogn = 0.83 + 0.04
= X% = 2.90 E
Conndl v vl \
0.1 1.0 10.0 100

H, column density /mean H, column density
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Suppression of Star Formation in Dense Gas




Suppression of Star Formation in Dense Gas

concept: star formation thresholds



Association of Young Stars and Dense Gas

cluster-forming clump

[ )
® .

Evans et al. (2009)

observation:
young stars reside near dense gas

challenge:
exact definition of ,dense gas”

Jens Kauffmann e MPIfR
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Association of Young Stars and Dense Gas

cluster-forming clump

3 pc

one possible choice:

define ,dense gas“ as material
at Av > 7 mag

=> then Nvso « Mdense

then Ay = 7 mag can be
considered a threshold...

...but SF above this threshold is
Inefficient!

Mvso / Mdense = 0.06

Jens Kauffmann e MPIfR

H> 000000 ¢0

Ori A
Ori B
Cdlifornia
Pipe
rho Oph
Taurus
Perseus
Lupus 1
Lupus 3
Lupus 4
Corona

also see Heidermann et al. (2010)

Lada et al. (2010)

102

10°
Cloud mass (M)

104

10°
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Suppression of Star Formation in Dense Gas

observational evidence in CMZ



An Example: G0.253+0.016 vs. Sgr B2

N no OB Stars

| 3 : ~039*105 Msun Of dense gas -
. " ~ - i - .

ol p il
o o - ~ .
_“ h{' 4 .

.y A
p - e &
- *

.-’

G0.253+0.016

L

"._‘:.“

prs

; 4 ‘ % he ,' 4 s L ; ! !
~49 OB Stars L TN :

L W
! rather small difference
. o in SF efficiency!

~13.7x105 Msup Of'.d.e'r]‘s'e gas

Kauffmann et al. (2017a,b) |

comparison:

( M, ) . 3< M, )
M ~ M
dense Sgr B2 dense G0.253+-0.016
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CMZ in Context of Milky Way

@ 68 5022 %° o o 8, 0% - WP %0 g’%oé’:@ ®o o o & Hi regions
- O ]
_ i (;3 f%o@g anooq;, og © 000 % o © @Oi Ogoao o o R P o 80 o@pc? . O@a :
o [ % X X X X X R X X X
T kT % x ox Mgk ok O x xR X KSR o8 % % g ¥4 CH3OH masers
X X ¢ X X X % X x X % e x X X 3
@ X X J X X X ' X X 1
3 f T + — +X¥ - ¥ j' o i
= ; 4 # T4 o S +1 H.O masers
© SEE #F R T | i i#+ + ¥+ + & ++. s BN
O - L 4
+ I ] HG9 a
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] - & y } : > :
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O 0.0 Jo o “alng s oy » . lr Sy o JI0] NHs (1,0
04k Pogh i e i g gy - 3 LN ’
10 5 355 350

Galactic Longitude (deg)
Longmore et al. (2013)

star formation
not concentrated

dense gas concentrated
around £ = 0°
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Star Formation Rate in Dense Gas

=
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w
|
\
l

appears to be not

=
o
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|
S\
l

— universal!
> 101 , -
® =
=, .
5 10° e ~
o« j dense gas:
§107F ¢ . defined as Ay > 7 mag
3 - CMZclouds  -®> CMZ averages '
€ -n2[ l .
£ 10 2 - (GCMS Paperl X (Longmore et al. 2013) : equivalent of
- X ] Gas & Solomon relation
g 10_3 = » W—i-) reduction =
for flatter .
o, =23 IMF 1
1074 ¢ in CMZ _
,’ ’ representative
107 L L’ I statisticgl -
[ of unceraintyfor 1 Kauffmann et al. (2017a,b)
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Suppression of Star Formation in Dense Gas

connection to extragalactic research



Observations in Nearby Galaxies

y = 1

1071
| I 1 IIIIII

ZSFR /zdense (Myr_l)

1072
| I 1 IIIIII

SI:Edense
107°
|

Usero et al. (2015)

O( ~0.78= 030) y~0-37+0.11 |

.........................................................

.........................................................

10* 10° 10° 10%

Zstar (Msol pC_Z)

Jens Kauffmann e MPIfR

100 1000

10
ITIR/IHCN (Lsol pC_Z Sr_l)/(K km S_l)

maybe also not
universal in galaxies
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Suppression of Star Formation in Dense Gas

processes to suppress star formation



Possible Mechanisms

Signal—to—Noise Ratio
8 10 12 0 5 10

Jntermediate” explanation:

—_———_—-

P

clouds contain few dense cores...
...but what is the reason for that?

~
N

=
o
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-
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—28°44'00"

g

beam | + beam |
17"46™10° 05° 17"46™10° 05°
RA (J2000.0)

list of potentially relevant factors:

® turbulence (but how driven?)

® high gas temperature, high thermal Jeans mass
e strong magnetic fields

® tidal forces

® cloud—cloud interactions on orbit (too) many possible explanations!

Jens Kauffmann e MPIfR 75



Possible Mechanisms

list of potentially relevant factors:
® turbulence (but how driven?)

e (per cent)

systematic comparison of models

[ — KMOS5 "single-ff' a=4.3+2.3, 3=0.11-0.61
| — PN11 "single-ff" a=4.3+2.3, 3=0.11-0.61 _
102 Ll — HC13'singleff" a=13+23 5=011-0.1 "
Original fiducial valuels, b=q.33

102 L T -
10° 101 10°

® high gas temperature, high thermal Jeans mass

® strong magnetic fields
e tidal forces
® cloud—cloud interactions on orbit

Jens Kauffmann e MPIfR

(too) many possible explanations!
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Summary: Star Formation in CMZ

Star Formation Rate [M, yr?']
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DEC offset (degrees)

ALMA+Single dish
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