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About Me
 EREE (LTS5 D)

®m March 2017: PhD in physics (Supervisor: Prof. Yamamoto)
@ Dept. of Physics, The University of Tokyo (Hongo)

m April 2017~: Postdoc (ALMA Research Fellow, Prof. Kohno)
@ Institute of Astronomy, The University of Tokyo (Mitaka)

B Recent research interests:

m Molecular cloud properties and star formation in nearby galaxies
m Molecular and atomic lines in high-redshift galaxies

m ISM cycle / metallicity evolution of galaxies

m AGNSs / starbursts / (U)LIRGs / the Galactic Center

m Astrochemistry in general



Astrochemistry

Line Diagnostics — HCN/HCO* ?
Line Survey toward a Spiral Arm of M51
Large Magellanic Cloud

IC10, NGC6822

Molecular-Cloud-Scale Chemistry
W3(OH)
Bridge the Gap

Take Home Messages +a



Astrochemistry



Chemical Evolution

Two different concepts according to the context

® Enrichment of heavy elements or metals
by stellar nucleosynthesis and supernovae

® Evolution of molecular composition
along star formation processes



Astrochemistry: Evolution of Molecular Composition
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Astrochemistry: Dependency on Physical Environments
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Astrochemistry: Now Applied to External Galaxies
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Line Diagnostics
— HCN/HCO™ ?



HCN/HCO™: As a Diagnostic Tool of (Obscured)

N
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(e.g., Meijerink et al. 2007)
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HCN/HCO™: Still Being Debated...
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Line Survey toward
a Spiral Arm of M51



M571: Not Only Centers But Also Spiral Arm

PAWS: CO 1-0 mapping
e.g., Schinnerer et al. 2013
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Tus (MK)

M571: CH3;0OH Tells Something
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CH30OH Tells Something: Merger VV114
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Low-Metallicity

Dwarf Galaxies:
LMC, IC10, NGC6822



Effect of Low-Metallicity on Molecular-cloud Chemical Composition

uv
radiation

Low
metallicity

Dust
abundance

Chemical
composition

Physical
conditions

Chemical
process
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Dwarf Galaxies as a low-metallicity laboratory
®m Majority of the Local Group

®m Local approach to study galaxies in the early Universe
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Elemental abundances

Nitrogen is significantly less abundant in dwarf galaxies.

Galaxy Z/Zs O/H x 104 C/Hx10% N/Hx10> S/Hx10°
LMC 1/3-1/2 2.40 0.79 0.87 1.02
IC10 1/5-1/3 1.58 1_0.46 0.63 X1_0.75

NGC6822 1/5-1/3 1.35 . 0.68 0.52 100.41
Milky Way 1 7.41 4.47 9.12 1.70
M51 ~ 1 6.31 3.98 15.85 1.59

LMC & MW: Dufour et al. 1982, M51: Bresolin et al. 2004, Garnett et al. 2004,
IC10: Magrini et al. 2009, Bolatto et al. 2000, Lequeux et al. 1979,

NGC6822: Esteban et al. 2014
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Target galaxy: The Large Magellanic Cloud

Quiescent
clouds

m CO Peak 1
m NQC2

Star-forming
clouds
with Hil region

m N113
m N159W

LMC d=50kpc

Spitzer/MIPS, Herschel-PACS, Herschel-SPIRE

Star-forming
clouds

m N/9
m N44C
m N11B

7 clouds
450 hours
Mopra 22 m

HPBW = 38"
~ 10 pc



Similar spectral pattern

Tws [ K]

Tvs [ K]

Tws [ K]

Nishimura et al. 2016a
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Similar spectral pattern
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Nishimura et al. 2016a
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Resemblance of 7 clouds

A Correlation coefficients
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Resemblance of 7 clouds V@ —2)2(y - )2

T, Y; . integrated intensities
) o X,y :average of T;,Y;
Correlation coefficients 5 e 5

of integrated intensity among 7 clouds

CCH HCN HCO" HNC CS SO 13CO

~\

CCH [ 1.000
HCN | 0.974 1.000 high correlation
HCO* | 0.937 0.908 1.000
HNC | 0901 0912 0.928 1.000
CS 0.862 0.845 0.925 0.963 1.000

SO | 0895 0870 0948 0.983 0.985  1.000

13CO 0.555 0549 0.691 0.824 0.812 0.845 1.000
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Another target galaxy: IC10

Spitzer MIPS [24 pm], IRAC [8.0, 3.6 um]
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Again similar spectral pattern

Chemical composition of IC10 is
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The other target galaxy: NGC6822

GALEX FUV image CO (2-1) intensity map
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And again similar spectral pattern in NGC6822
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Metal-poor ICT0/LMC and Metal-rich M5

Tvs [ MK1]
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Features of chemical composition
of low-metallicity dwarf galaxies

Nitrogen-bearing -. Sulfur-bearing

CCH
5 .
T o v
T wn
O U

Intensity
— CCH
e HCN <t
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Direct impact: Nitrogen-bearing species

Abundance Milky

ratio NGC6822  IC10 LMC Way M51
N/O 0.039 0.04 0.036 < 0.12 0.25
HCN/HCO™ 1.2 2.5 34 < 8.0 8.4
HNC/HCO™ <0.3 0.4 0.8 < 34 1.6

IC10: Nishimura et al. 2016, ApJ, 829, 94, LMC: Nishimura et al. 2016, ApJ, 818, 161
MW: Turner et al. 1995a, 1995b, 1996, 1997, M51: Watanabe et al. 2014

Elemental abundances @ chemical compositions




Direct impact: Nitrogen-bearing species
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Elemental abundances @ chemical compositions




Direct impact: Nitrogen-bearing species
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Metal-poor ICT0/LMC and Metal-rich M5
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Effect of UV: Enhancement of CCH

Not due to the difference of elemental abundances!

Abundance  \-ceooo ic10 LMC Milky M51
ratio Way
/0 0.5 0.3 033 < 060 0.6
CCH/HCO" 16.7 175 139 > 53 0.1

|IC10: Nishimura et al. 2016, ApJ, 829, 94, LMC: Nishimura et al. 2016, Ap), 818, 161
MW: Turner et al. 1995a, 1995b, 1996, 1997, M51: Watanabe et al. 2014

Lower abundance of dust grains w PDR
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Effect of UV: Enhancement of CCH

C/0 CCH/HCO"
0.60 0.6
0.50 '

Enhanced High Tin PDR
03 033 s - makes CH;OH

deficient.

CCH is
N6822 IC10 LMC MW M51 N6822 IC10 LMC MW M5 o op o cad

in PDR.

Lower abundance of dust grains m PDR
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Effect of UV: Enhancement of CCH

Much extendedy/
*
* / Extended PDR

Less abundant Deeper Uv @ Less UV-shielding
dust grains * penetration . L
N ® Photo-dissociation
® Photo-ionization
. »

® Abundant C*

Lower abundance of dust grains w PDR
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Effect of UV: Enhancement of CCH

Deeper UV » Higher temperature
>20 K

penetration

Much extendedV7
*

*

CH50OH formation

Successive hydrogenation
of CO on dust grains
CcO

— HCO

— HzCO

— CH3O

— CH30H

Lower abundance temperature [Fleey CH;OH
of dust grains

Less abundant
dust grains

* *




Effect of UV: Enhancement of CCH

Deeper UV » Higher temperature
>20 K

penetration

Much extendedV
*

*

CH5;OH formation

CcO H atom

Less abundant

dust grains N ~\X\ rapid_e
@ o
* = - dust grain

Lower abundance temperature [Fleey CH;OH
of dust grains




Summary 1

Characteristic features in low-metallicity galaxies

Elemental abundance UV radiation & PDR  dust grains & UV radiation
N2 \Z N2
N-bearing species Enhanced CCH Deficient CH;OH
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Frequency [ GHz ]
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ALCHEMI

ALMA large program (2017.1.00161.L) targeting at NGC253

The ALMA Comprehensive High-resolution Extragalactic Molecular Inventory
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Molecular-Cloud-
Scale Chemistry



Galactic star-forming regions
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“Molecular Cloud Scale”

Attainable spatial resolution for nearby galaxies = a fe

star-forming core

®
<0.1pc

single dish telescope
~ 30"

interferometer
~0.03”

O



Galactic vs. Extragalactic

resolution corresponds to...

Extragalactic . Galactic
| w3
D~ 2 kpc
M83 Orion
D ~ 4.5 Mpc D~412 pc
LMC L1527
D ~ 50 kpc D ~ 140 pc




Declination (J2000)

W3(OH) Observations in the 3 mm band

g W3(OH):

active star-forming region

in the Perseus arm

00' A Sk N g

R = NRO 45 m
"L m March 2015
: m 3 mm (TZ/SAM45)

61°45' o 3 GEN

i i - = 16 x 16’ (9 pc x 9 pc) area

2"30™00° 28™M00° 26M00* 24M00°

Right Ascention (J2000) B 20 hours |n tOta|

Nishimura et al. 2017
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Results
W3(OH) hot core (0.2 pc resolution) / averaged over 9.0 pc x 9.0 pc area
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Integrated intensity map: 3 mm

Integrated intensity maps of key molecules

convolved to the 30" resolution.
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Classification of 5 sub-regions according to '3CO intensity

According to the integrated intensity of 13CQO,
we classified the mapped area into 5 subregions.

: Subregions
; A:>70Kkm s
>84x10%3cm2/>3.8%x10°cm?3

: [ B:50-70Kkms’
4 T 24 (6.0-8.4) x 1023 cm2 / (2.4-3.8) x 105 cm3
Aeforemin . || C:30-50Kkms

: (3.6-6.0) x 1023 cm2/ (1.0-2.4) x 105 cm3

D: 10-30 K km s ;
(1.2-3.6) x 108 cm2/(3.7-10.2) x 104 cm?®

E:<10Kkm s
<1.2x1023cm?2/<5.0x103cm3

A S [arcmin]
o & K~ N O N N O 0O

--------------------------------------------------------------------

assuming Xco = 2 x 102 cm?/(K km™"), 2C0O/'3CO = 60
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Discussion: Averaged spectra of each sub-region
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Integrated intensity [K km/s]

Integrated intensity [K km/s]

Correlation between integrated intensity of 13CO: 3 mm

X-axis: integrated intensity of '3CO
y-axis: integrated intensity of a given molecule
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Different knee point!
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Integrated intensity [K km/s]

Correlation between integrated intensity of HCO™

x-axis: integrated intensity of HCO™
y-axis: integrated intensity of a given molecule
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Fractional flux from each sub-region: 3 mm
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Contribution from the cloud peripheries is not small or dominant!
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Declination (J2000)

Higher-J transitions: 0.8 mm observations with JCMT

62°15'

00'

61°45'

30'

R band image / CO 3-2

2"30™00°

28™00* 26MQ0* 24M00°
Right Ascention (J2000)

Are the higher-J transitions

spatially more closely correlated
with dense star-forming gas?

= JCMT 15 m telescope

m February -- December 2018

= On-The-Fly mapping mode

= Same region as the 3 mm band
16"x 16" (9 pc X 9 pc) area

= 20 hours in total
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Integrated intensity map: 0.8 mm

Distribution of the higher-/ transition lines are generally
more compact than that of lower-/ transition lines.
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Integrated intensity map: 3 mm

Integrated intensity maps of key molecules

convolved to the 30" resolution.
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Correlation between integrated intensity of 13CO: 0.8 mm

X-axis: integrated intensity of '3CO (1-0)

y-axis:

Integrated intensity (K km s™")
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Ta* (K)

Fractional flux from each sub-region: 0.8 mm
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Summary 2

= We have conducted multi-line imaging toward a Galactic molecular
cloud W3(OH) in the 3 mm & 0.8 mm band.

m  For the lower-] transition lines in the 3 mm band, it is indicated that the
gas in diffuse or translucent regime actually contributes to a larger
fraction of the total line emission from the 9.0 pc square region.

®m |n contrast to the lower-] transition lines in the 3 mm band, the higher-J
transition lines in the 0.8 mm band trace almost exclusively high
density, except for the 12CO (3-2) line.

= |n multi-transition analysis of "high density tracers”, the difference of the
emitting regions between low-] and high-J transitions should be taken
into account.
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Bridge the Gap
between Galactic
and Extragalactic



Leclination (J20uu)

Bridge the Gap between Galactic and Extragalactic
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Line Mapping of Galactic Molecular C

W51 vs. M51

Watanabe et al. 2017
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“densest” gas tracer?
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To Constrain Physical Properties

Chemical modeling Harada et al. 2019
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To Probe Density Distribution

o Leroy et al. 2017
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Application for Observations

para-HZCO 101 —000 / 202— 101 (15K, 25"

para-H,CO lognormal (15 K, 25", t=0.03)

Nishimura et al. 2019
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and More Observations

PHANGS Sunetal. 2018 EMPIRE Bigiel et al. 2016
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Take Home Messages

v U7 . FRE

m WAABBEERRDOFEHD

B RlRICEDIREEIIT AT IV IREITTIEEL
=R D 8 B

B Az RFICHZEINNDBDOREZEZEZTHEL
Duty work®E « &/ #1F# / 7 RNAH— « X HF—

B VWABABTIL—TDWVWBARYD FZ2R2DIXMREICE S

 IADHZEZ) ARV bT B ATRL—F—=2RYII

68



Take Home Messages
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