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Summary

Corrected Mdense Of extra gal.
based on our results of obs. toward nearby clouds.

Goo & Solomon 2004
(Corrected)

Chen et pl. 2015(M51,0uter)
Lado et al. 2010
(Extinction)

This paper

Brouillet et al. 2005(M31)
Chen et al. 2016(M51,GMA)

102 10* 10° 10® 10"
Mass of dense gas (Mg)

We found
constant SFE on a wide range of the scale from=1-10pc to > 10 kpc
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Introduction: o 2
Herschel Gould Belt Survey Result
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0.1pc-width filaments
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Mass accretion

(a) Observations, .

Palmeirim+13

Shimajiri+in prep.

Filaments to cores

Velocity Structure Function

Modeled filament
with fragmentation

our H”CO" centroid velocity

Shimajir1 +1n prep.

(b) Model BCO(1-0):5.6-6.4km/s
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Introduction:
Mass budget in the Aquila cloud complex

Column Density Probability Density Function

10° |

e Aquila

= ~ 85% of
' cloud
mass

PDF

after subtracting cores

after subtracting cores &

filaments
(Konyves et al. 2015)

eBelow Ay ~ 7: ~10-20% of the mass in the form in filaments,

<1% in prestellar cores
eAbove Ay ~ 7: >50-75%o0f1 the mass in the form of filaments,
fore~15+5% in prestellar cores

Number of pixels per bin: AN/AlogNy,

1 022
Column density, Ny, (cm™?)



e Critical (thermal) mass per unit length: Miine cri=2¢s*/G

(Stodolkiewicz 1963, Ostriker 1964)

e Thermally supercritical filament with Miine > Miine crit:
Unstable for radial collapse and gravitational fragmentation

(Inustuka & Miyama 1992, 1997)

® Miine,crit ~ 16 Msun/pc @10K

.Mine,crﬂ/ Wi ~ 160 Mgun/ p02
which 1s corresponding to Av ~ 8mag

.Mine,crﬂ/ I/Vﬁl2 ~ 1600 Mgyn/ pC3
which 1s corresponding to
n(Hz) ~2.3x10* cm™.

L
(Filament length)

Miine =M/ L




Introduction:
Universality of the relation between SFR and M

dense
SFR directly proportional to the mass of dense gas (z10% cm™)

SFR'M dense I'elathIl

| External galaxies]
SFR=1.8x10-8 Msun/yr X (Mdense/Msun)
(Gao&Solomon 2004)

n Yr

S]f_<‘I{:4'6>< 10_8 Msun/yr X (Mdense/Msun)
(Lada et al. 2010,12)
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10° 10° 10'°
Mass of dense gas (Mg,) (also see Andre et al. 2014)

The similar SFR-Mgense relation has been found
in the nearby galactic clouds and external galaxies.

May be a universal “star formation law” converting the dense gas into stars

M ense in external galaxies are larger than Mgense expected
from the SFR-Mgense relation in the nearby clouds.




Introduction:
Universality of the relation between SFR and M

dense

SFR directly proportional to the mass of dense gas (z10* cm™)
SFR'Mdense I‘elatlon
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Mass of dense gas (Mg,,)

M dense = 0HCN X LHCN
*ouen = 10
Different tracers were used to estimate Mense.
—QObservations 1n the same tracer are required.



(Miine.cri~16Msun/pc — n=2.3x10%m3 HCN(1-0) — 8.4x103cm"

Effective excitation densities at 10K H'3CN(1-0)— 3.5x10°cm™?
(Shirley 2015) HCO*(1-0)—9.5x10%*cm™?
K *Density results in a spectral line with 1 K km/s. H13CO+( ] -O)—3 Ox10%cm™3 /

e Detectable 1n extra gal.
e Many HCN studies 1n extra gal.

mChin et al. 1997 (LMC)
mChin et al. 1998 (SMC)

mGao & Solomon 2004 (LIGs, ULIGs)
mBrouillet et al. 2005 (M31)
mBuchbender et al. 2013 (M33)

mChen et al. 2015, 2016 (M51)

etc...




HCN(1-
HIBCN(




Results: Maps 1n Aquila
Herschel N(Hb») HBCO*(1-0) HBCN(1-0)

Distributions of H3CO* & HI’*CN
are similar to that of Herschel N(H»).

—Good tracers of “dense” Herschel filaments



Results: Maps 1n Aquila
Herschel N(H») ) HCO*(1-0) HCN(1-0)

//Mpc l
FUV field strength
From 70um+100um

Stronger HCO™ & HCN
around HII region.

— Dependence of HCO+ & HCN
on FUV radiation

PDR model also predicts this dependence
(Meyrink et al. 2007)




Discussion: Variations 1n 0HCN
Estimate dnerschel-HCN 1IN OUur observed clouds as below:

ap>8ma

OlHerschel-HCN — M{Ifllerschel e / Lucn

eRange of OHerschel-HON @ 50-3800

eMuch larger than Onerschel-icN used 1n other studies
(e.g. 10:Gao & Solomon, 7+2: Wu et al. 2005)

e Large variations are recognized

Oherschei-noo- = (689 £ 151)Gg* #4452

Possible reason:
+ KUYV radiation
(correlation coefficient = -0.82
— strong correlation)

OlHerschel-HCN — MHersche] /LHCN — 496XG0'024

1072 10° 102 10* 108
Go [in Habing units]

O(Herschel—mol [MG) (K km/s pC2)—1]




Discussion:

Star Formatmn Rate in observed clouds
{Star formation rate (SFR)

SFR = 0.25N(ClassII) x 10~ °Mgyr™!

Lifetime of Class II: 2 Myrs

Median mass : 0.5 Msun
(Covey+10, Dunham+15, Muench+07)

Classification of protostars
ClassII: -1.6 = a<-0.3

(Greene et al. 1994)
Spitzer YSO catalogs:

Dunham et al. 2015 for Oph and Aquila

Megeath et al. 2012 for Orion B

main cold cold
N(ClasslI) 0
- 14.8x10 — 13.5x10 | 13.5%x10 1.8x10 2.0x10 9.0x10 1.0x10 5.0x10




Discussion:
Calibration of Mgense In external gal.

HCN survey toward etragal. HGBS N(Hz) | HCN(l 0)

lChm et al 1997 (LMC)
mChin et al. 1998 (SMC) e
mGao & Solom-’ ‘ ,’ ‘ L IGS’ ULIGS)
lBroulllet et@% - -
lBuchbend * 2 o
.lChen et al 201 : 2016 (M51)~« O
ete. .. . .

Beam size for external gal.
1s much larger. 98% of HCN flux arises
(Bbeam = 9 pc — 36kpc) from Av>2 area (Pety+16)

Need calibration of the contamination from lower Av area.



Discussion:

Calibration of Mgense In external gal.

Column Density Dependence of effective excitation
Probability Density Function densities on Temperature
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HCN(1-0) Effective density (cm™>)

Orion B + Aquila) of. Shirley 2015:

1 . 40 60 80 100
Column density, N"‘z Temperature (K)

Konyves et al. 2015, Konyves et al. 1n prep. Assumptions:
Taust < G322 Nu, o< p'~= (= 1.75 £ 0.25)

HCON\0.43 0.056+0.012
~ 10 Lucon,av=2 o (nig )" ™ o< Gy

M(Av>2mag) [ Ay=2mag
M(Ay>8mag)  \ Ay=8mag

)—1.710.‘2

fit/ N 4+0.06 —0.095+0.02 fit —0.344+0.08
OHerschel—HCN =~ 0.137g°06 X Gy X Oerschel—HCON X G




Discussion:
Relation between SFR and M gense

Corrected SFR-Myense relation

o
>

Goo & Solomon 2004
(Corrected)
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et ol. 2010 ‘ Chen et ol. 2016(M51,GMA)
xtinclion) &~ Brouillet et al. 2005(M31)
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Mass of dense gas (Mg)

Linear relation between SFR and Mgense



Discussion:
Relation between SFE and M gense

Corrected SFE-Mgense relation

1074

Gao & Solomon 2004
(Corrected)

Chen et pl, 2015(M51,0uter)
10°° Lodo et ol. 2010
(Extinction)

1078

This paper

10°'°
Universal “star formation law”
i converting the dense gas into stars
102 10* 108 108 10'°
Mass of dense gas (M

Constant SFE on a wide range of the scale from ~1-10pc to > 10 kpc
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Summary Aps

* We conducted a wide field mapping
in HCN, HCO*, H3CN, and H13CO* ¥t

toward Aquila, Oph., and Orion B.

« HB3CO'™ and HI3CN:
Good tracers of “dense” Herschel filaments.

- Larger variations in ancy (=Mdense/LHCN)
conversion factor.
— ogcN decreases as Go Increases

((I«H(jNm G0-0.24)o ) ((;)o [in Hc]t())i:g units1]o4

« Corrected Mgyense for the external galaxies
Constant SFE on a wide'range of the scale
from ~1-10 pc to > 10 kpc.

cy = SFR/Mygnge (yr™

Formation Efficien

Star



PA AR SR B 1Z & A HCNBLH]

HCH(1-0) — optically thick Contamination from lower Av area

eObs. 1n higher-J HCN or its 1sotope e Wide field mapping toward nearby
toward nearby clouds and etragal. clouds to evaluate the contamination.

e(bs. 1n continuum are also required
tO GStll’nate Mdense,

)

(yr

S F R/ Mdense

y:

HGBS N(H.) HCN(1-0)

illet et al. 2005(M31)
n et al. 2016(M51,GMA)
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PR S EEBE IS K B e b i

AzZTEC/ASTE Intensity profiles around strong sources
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Shimajiri et al. 2011,2015a
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AzZTEC/ASTE Intensity profiles around strong sources
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Reconstructing extended emission 1s crucial
for star formation studies
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ArTeMi1S/APEX ESO news letter (14 Junes 2016)

2

Jy/8"—beam

NGC6334 : y o e
= . B " BQ ———
ArTeMiS + SPIRE ; o "'{'*w -

350 pum

Galactic plane

IRAC 8um / WISE 22um / ATLASGA

ArTeMiS
beam

ArTéMIS 350um ArTéMiIS 450um

Andre et al. 201 6 http://www.eso.org/sci/publications/announcements/sciann16034.html

Combined APEX/ArTeMiS image with Herschel/SPIRE 1image.


http://www.eso.org/sci/publications/announcements/sciann16034.html

Thank you
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ABSTRACT

Stars form out of the densest parts of molecular clouds. Far-IR emission can be used to estimate the Star Formation Rate (SFR) and
high dipole moment molecules, typically HCN, trace the dense gas. A strong correlation exists between HCN and Far-IR emission,
with the ratio being nearly constant, over a large range of physical scales. A few recent observations have found HCN to be weak
with respect to the Far-IR and CO in subsolar metallicity (low-Z) objects. We present observations of the Local Group galaxies M 33,
IC 10, and NGC 6822 with the IRAM 30meter and NRO 45m telescopes, greatly improving the sample of low-Z galaxies observed.
HCN, HCO™, CS, C;H, and HNC have been detected. Compared to solar metallicity galaxies, the Nitrogen-bearing species are weak
(HCN, HNC) or not detected (CN, HNCO, N;H") relative to Far-IR or CO emission. HCO* and C;H emission is normal with respect
to CO and Far-IR. While *CO is the usual factor 10 weaker than *CO, C'™0O emission was not detected down to very low levels.
Including carhier data, we hind that the HCN/HCO® ratio vanes with metallicity (O/H) and attnbute this to the sharply decreasing
Nitrogen abundance. The dense gas fraction, traced by the HCN/CO and HCO®*/CO ratios, follows the SFR but in the low-Z objects
the HCO" is much easier to measure. Combined with larger and smaller scale measurements, the HCO* line appears to be an excellent
tracer of dense gas and vanes lincarly with the SFR for both low and high metallicities.

Key words. Galaxies: Individual: M 33 — Galaxies: Individual: IC 10 — Galaxies: Individval: NGC 6822 - Galaxies: Local Group -
Galaxies: ISM — Stars: Formation

Fig.8. Variation of the HCN/HCO" ratio with metallicity.
References are Brouillet et al. (2005); Chin et al. (1997, 1998)
for M 31 and the Magellanic Clouds, Buchbender et al. (2013)
and the present work for M 33, and this work for IC 10 and
NGC 6822. Typical uncertaintics for individual points are 0.2
dex for the metallicity and 0.3 in the HCN/HCO* ratio.




