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I Star Formation in a Barred Spiral Galaxy

spatially resolved K-S plot In the bar,

Iog ZSFR [Msun yr_‘I pC_Q]

(Momose+ 2010)
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I Molecular Gas in Ridges of the Bar

Zgas [Msun pC_Z]
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v Molecular clouds in bar ridges may be gravitationally unbound

v There are few studies derived physical properties of molecular gas

in the bar because of difficulty

- Does lower density condition of molecular clouds in the bar
suppress star formation? (cause lower SFE?)



Our observation - COMING project

® CO Multi-line Imaging of Nearby Galaxies

Sorai+ 2018 in-prep ( O /\/\‘ /\/<
® A NRO Legacy Project
CO MULTI-LINE IMAGING OF NEARBY (GALAXIES

® Observation period Mar.; 2014 = Apr., 2018

® Number of observed galaxies
# > 140 with NRO 45-m telescope, FOREST receiver

® Observed emission lines

12C0O (J=1-0), 3CO (J=1->0), C80 (J=1-0)

with simultaneous observation
® Spatial resolution

17”.4 (12CO (J=1-0)), 177.9 (13CO (J=1->0), C180 (J=1->0))
® \/elocity resolution

10 km/s




I Archival data

Line, Band Telescope, Instrument
12G0 (J=3-2) line ‘(JJaénl\i_?_)—Cl_llig—ll\/laxwell Telescope

Far UV (\A=1350-1750A) band | GALEX
24pum mid-IR band Spitzer Space Telescope, MIPS




Samples of barred spiral galaxies

NGC 3627

NGC 4303

v 12C0(J=3->2) archival
mapping data is available

v' easy to recognize the bar
v gas rich in the bar

—> make it easy to

E 4_1 images by HST

discuss properties of
molecular gas in the bar

spatial resolution 17”.4

- 0.76 kpc for NGC 3627
1.6 kpc for NGC 4303




I Region separation

NeloklkY Arms, bar-ends & bar region are defined

We measured SFE, I15c0.1-0)/113c0(1-0)
I15c03-2) /11200010 fOr €ach region




I Stacking analysis

Declination (J2000)

13CO(J=1->0) spectrum is v shifting velocity
too noisy to measure Iy3c0(1-g) | | according to
¢ Intensity mean velocity field
performed ‘stacking analysis’ h
(Schruba+ 2011) velocity
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I Deriving molecular gas density & temperature

Ve

integrated intensity ratios

I126001-0)113c0(1-0)

I12603-2) M112c0(1-0)

a code ‘RADEX
(van der Tak+ 2007)
for non-LTE analysis _

‘ T

( number density n(H,)

Kinetic temperature T,
of molecular gas

(LTE: Local Thermodynamic Equilibrium)

iteratively solve

 |evel population of the molecule

at static state
dni 0
dt
= [ni(Bji + Cji) = ni(Aij + By + Cij)]
1>7
+ Z [nj (Aﬂ + Bﬂj -+ OJ@) — nz(BwJ_ + C@ )]

1<g

—O;O—O— level j+1

—0-0-0-0-0— '
e IeveI/_

-0-0-0-0-0-0— |evel j-1

* radiative transfer

dT Tog
T
"




I Correction for ‘beam dilution’ effect

For RADEX calculation, 2CO column density of one cloud is necessary

« an usual method for deriving column density

Nizco _ (112co@-0),0bs cosi X Xco » [**CO] Q2 << LQpeam
cm 2 K km s—1 em~—2 (K km s—1)~1 [Ho]
However,
c cloud size
Tops = 0 ch <1 < so-called ‘beam dilution’ ~ afew 10 pc
column density will be underestimated ) g
beam size
Hence, ~ 1 kpc

12 12 —0).obs 12
(N co):< Cco(1 0)’b>cos7j><i><{ Xco }x[ CO]

cm 2 K km s—! i cm—2 (K km s—1)~1 [Ho]
ne = Qc/Qmb ; beam filling factor
Considering Oinier-cioug, the best value of n; is determined when

Anf = ]12CO(1—0),obs X COsS Z./[12(3C)(1—0),(:10ud — Tt
becomes 0 with given n; - best beam filling factor



I SFE vs. Molecular Gas Density
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I Gas Density & Inter-cloud Velocity Dispersion
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I Gas Density & Inter-cloud Velocity Dispersion

In positive correl. phase
< Thar-end (from arms to bar-ends)

due to moderate G ier-cioug

 cloud-cloud collision
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10%
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I Summary & Conclusions

« Barred spiral galaxies often show that it is difficult
to form stars in the bar

« We study about physical properties of molecular gas in
barred spiral galaxies NGC 3627, 4303

« Beam dilution correction method is developed
for deriving physical properties of molecular gas

* There is positive correlation between SFE & n(H,)

* The relationships between n(H,) & Ginier-cioug 1S €hanging
at the boundary AV/sin i =~ 100 km/s

« Star formation in the bar is suppressed by lower density
of molecular gas &
lower density is caused due to strong motion of gas
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Declination (J2000)

CO observation results (NGC 3627)

velocity-integrated intensity map
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Declination (J2000)

CO observation results (NGC 4303)
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SFR & SFE (NGC 3627)

Declination (J2000)
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Declination (J2000)

SFR & SFE (NGC 4303)
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NGC 3627 as an interaction galaxy
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Fi1G. 1.—Neutral hydrogen contours of j T.dV superposed on an enlargement of the Palomar Sky Survey print of the Leo triplet. The northernmost galaxy is
NGC 3628; the southernmost is NGC 3627; the westernmost is NGC 3623. Crosses mark the sampling points of the Arecibo observations. The long appendage
extending eastward from NGC 3628 is referred to as the plume; the extension in the region between the three galaxies is the bridge.



I Input parameters for ‘RADEX’ code

Input parameters

¢ I12001 -0) /I1300(1 0) = R12n13
* I120032 /I12001 -0) = Ry

« 12C0O column density of a cloud Nisco
« 13CO column density of a cloud Ni5co
« FWHM of one cloud’s spectrum av

output parameters

* number density of a molecular cloud n(H,)
 kinetic temperature of a molecular cloud T,



I Setting of input parameters for ‘RADEX’ code

® column density of 12CO, 13CO

N12CO IlQCO(l—O),obs : 1 Xco [12CO]
= Cos? X — X X
cm 2 K km s—1 ur cm~2 (K km s=1)~1 [Hs]

N13CO o NlQCO v [13CO]
cm=2 )\ cm—? [12CO]
introducing

['2CO]/[H,] = 8.0 x 10-° (Langer & Penzias 1993)
['2COJ/['3CO] = 70 (Milam+ 2005)

} local ISM value in MW

® FWHM of one cloud’s spectrum dv

dv = 5 km/s for entire arms region as a standard
For other regions,

AV

adv =5 km/
v s AV (entire arms)




I Calculation of non-LTE analysis

At first, assuming optical thin case - excitation is produced by only CMB

U

—— Solve the eq. of statistical equilibrium ———

J_ = — dQ/ dv I ¢V(AU)
47
aw _ _
dt :
iteration dNu
— = > | =
B: escape probability E

(BluJ -+ Clu) —

(BiuJ + Cry) + 1y (A + By J + Cyp)

(Aul + Bulj + Cul)

Solve the eq. of radiative transfer

nuAul
nlBlu — nuBul
> I, =8,(1—e ™)+ e ™

Sy =

Vv

if A, < 107°

We get [,



Example results of ‘RADEX’ calculation

(e.g., NGC 4303)
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I How to estimate beam filling factor n;

If Ointer-cloug = O However, O ier-cioug ~ @ few 10 km/s
intensity intensity
A
Teiouds X N F-- observed Toougs X M |-=------ observed
spectrum spectrum
[ v A
Tobs,peak velocity Tobs,peak »velocity

v’ observed peak intensity is no longer available for estimating n;

v observed integrated intensity I15co1-0)0bs €@N be an alternative
to Tpeak,obs W/ O depending on Ginter—cloud

Anf = IlQCO(l—O),obs X COS 7:/]12CO(1—O),Cloud — Tt

I by ensemble of clouds I of a cloud
on galactic plane in the beam calculated by RADEX
(observed value) (theoretical value)

the best n; value > An;=0
we evaluate the best n; value to 2 significant figures



(Gas orbit in the bar
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F1G. 10.—Model for gas motions in the bar of NGC 1530. The nuclear ring traces the x, orbit. The strong head-tail peaks north and south of the nucleus
are standing shocks at the intersections of the x, and x, orbits. Material emerges from these shocks in a spray, traverses the interior of the bar, and rejoins the
x, flow at the extended, straight shock fronts. Interior to the cusped orbit, the x, orbit family is self-intersecting and forms stagnation points that trap
molecular gas near the ends of the bar. In this diagram, the horizontal scale is compressed by cos i to match the galaxy's inclination.

Downes+ 1996



