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Background: outtlows ~ Snell+ 1980

* Star fromation: collapse+accretion+outflows. &

* Outflows
* Injecting energy from few AU to several pc (Arce+2007).
* the earliest observable signatures (e.g.,Arce+2007).
e First detection in 1976 (Zuckerman+1967), non-Gaussian molecular lines
* High-velocity wings and spatially separated lobes at blue and red velocity shif]
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Background:outflows

» Therefore, outflow 1s a useful tool to understand star formation for all masse

Max-Planck-Institut

* High-mass star: high extinction + large distance + short timescale i Rahomsronoie
* How do massive star form?
* Two competitive models:
* Core Accretion? (e.g., MeKee+2003) Or Competition accretion? (e.g., Bonnell +2001)
* Massive collimated outflows VS less collimated outflows
* Outflows

* Theoretical models: highly ordered outflows of massive starless core candidate
* Observations: outflows 1s observed from IRDC(Feng+2016) to UCHII(Codella+2004)
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Background: outflows
¢ Observations: Outflows have been observed in high-mass protostars

* Possible evolutionary sequences suggested by Zinnecker & Yorke 2007 Max-Planck-Institut

fiir Radioastronomie
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Background: outflows
¢ Observations: Outflows have been observed in high-mass protostars

* Possible evolutionary sequences suggested by Zinnecker & Yorke 2007 Max-Planck-Institut

fiir Radioastronomie
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Background: Outflows statistics

 ATLASGAL: unbiased survey of massive star-forming clumps in a variety

stages 1n the Galactic plane. o Plancl- it

fiir Radioastronomie

targe Programme 2008-2009 Observations 2007

~ e e

From ATLASGAL Survey Web
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Background: Outflows statistics
o Koing+ 2017, Giannetti+ 2017: classify the evolutionary sequences for clu

e Urquhart+ 2018: determine the physical properties for ATLASGAL clumpsiimi

iir Radioastronomie

i

D, MSF stage/Compact HII region: bright mid-
infrared emission, with maser/radio emission

C, YSO-forming: strong and compact in 8 um
and 24 um

B, Protostellar stage: 24 um weak

Koing+2017

A, Starless/pre-stellar stage: 70 um weak

15.09.21 Aiyuan Yang@MPIfR 9



Background: Outflows properties

e 325 clumps—>225 with outflows—=> 153 can be used to determine outflow properties.
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Background: Outflows properties

* Outflows activity evolves with time—its properties at different stages
Max-Planck-Institut
3. Outflow properties as a function of the physical properties of clumps fir Radioastronomie
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Background: Outflows properties

* Outflows activity evolves with time—its properties at different stages
Max-Planck-Institut
3. Outflow properties as a function of the physical properties of clumps fir Radioastronomie
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Background

¢ Low-mass VS high-mass

Table 1

Typical Values for Low-mass and High-mass Outflows

Parameters Low-mass Outflows”

High-mass Outflows”

Moy, 0.1 ~1M:- 10 ~ 103 M.

Mou 1077 ~ 107 M, yr! 1075 ~ 103 M, yr!

Foy 106~ 10°M, kmslyr! 104~ 102M, kms 'yr!
Lou 0.1~ 1L 0.1 ~ 100 L.

bou 0.1 ~ 1pc 0.5 ~25pc

tq 0.1 ~ 10) x 10° years 0.1 ~ 10) x 10° years
Notes.

? E.g., Bontemps et al. (1996), Wu et al. (2004), Arce et al. (2007), Hatchell

et al. (2007).

bE. g., Richer et al. (2000), Beuther et al. (2002), Wu et al. (2004), Zhang et al.
(2005), Kim & Kurtz (2006), Arce et al. (2007), de Villiers et al. (2014), de

Villiers et al. (2015), Maud et al. (2015).
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<-Planck-Institut
Radioastronomie

A statistically significant samples of clumps in the early evolutionary stages are needed!

Yang et al. 2018
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Two Surveys

Max-Planck-Institut

SEDIGISM -60<I<18°, |b|<0 5° BCO+C!80 28 APEX Schuller+ 2017 fiir Radioastronomie
ATLASGAL |0]<60°, [b| < 1.5° 870um 50mJy 19” APEX Schuller+ 2009

SEDIGISM+ATLASGAL-GC

Overlap sky region: ;|b|<0.5

Outer
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Excluding GC: 68 square degree!
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Two Surveys

Max-Planck-Institut
8 29

SEDIGISM 6O<l<180 |b|<0 50 13CO+C180 APEX Schuller+ 2017 fiir Radinastranomie
ATLASGAL |0]<60°, [b| < 1.5° 870um 50mJy 19” APEX Schuller+ 2009

SEDIGISM+ATLASGAL-GC

Overlap sky region: -60<I<18;

'.a,.:-:.l;..
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Excluding GC: 68 square degree!

ATLASGL clumps;
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In SEDIGISM:
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Freq./Beam | Rms(10) SKy coverage

ATLASGAL 345GHz@19" ~~50mJy -60<1<60;|b|<2
SEDIGISM  219GHz@28" ~0.8K@0.25km/s -60<I<18;|b|<0.5

ATLASGL clumps:

Spectra extraction:

* Centered on the peak coordinates of clumps
* Spectra averaged over the source size
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1,No C180 & No 13CO : 147 2, No/weak C180 & Weak 13CO : 1969
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Freq./Beam | Rms(10) SKky coverage
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Cumulative Fraction

Cumulative Fraction

15.09.21
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Cumulative Fraction

15.09.21

Cumulative Fraction

The selected sample VS the total sample
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 QOutflows identification:
1, 3BCO emission
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* Outflows identification: opacity broadening
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* Outflows identification: opacity broadening
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_ . fiir Radioastronomie
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* Outflows i1dentification: after considering the opacity broadening
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Consider the opacity broadening
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24
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Velocity ranges of the outflow wings

AGAL008.377-00.347

Blue/Red velocity range
AVmaxp,

Max-Planck-Institut
fiir Radioastronomie

AYma?cb =“Vc‘1?o - Vminb ana AVmazﬁr‘ =_Ym51xr - Vclgo.
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Velocity ranges of the outflow wings
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Max-Planck-Institut
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Velocity ranges of outflow wings
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Cumulative Fraction

15.09.2,

1.0 2052 clumps
[ 1 1192 outflow clumps
| [ 860 non-outflow Clumps p-value=0.003
0.8F .
0.6 -1
0.4 1
0.2 1
0.0 102 103 104
IVlclump [Mo]
LA S |
1.0 FC 2052 clumps
[ 1 1192 outflow clumps
c | [ 860 non-outflow C.Iur-n;?s p-value < 0.001
o 0.8 - =
S
O
©
G
L 0.6 .
()
=
©
S 0.4 E
£
&
0.2F .
0.0 L

Outflow clumps VS non-outflow clumps

— iOIZ2
peak N(H;) [cm~2]

107

Cumulative Fraction

1.0 2052 clumps
[ 1 1192 outflow clumps
[ 1 860 non-outflow Clumps

0.8
0.6

0.4

0.9‘00

Cumulative Fraction

1.0

0.8

0.6

0.4

0.2

0.0

10T 102 103 10°
I—boI [Lo]

p-value < 0.001 4

105 106

-1 2052 clumps
[ 1 1192 outflow clumps
[ 1 860 non-outflow Clumps

p-value=0.0011

55
Z[Mo pc~?]
Aiyuan Yang@MPIfR

104

Cumulative Fraction

LS LLLL R AL e R RN | T T T
1.0 2052 clumps ,

[ 1 1192 outflow clumps T

| [ 860 non-outflow Clumps 4-value < 0.001 |
0.8 -
0.6
0.4
0.2
00 =) 0 i 1 2 3

10 10 10 10 10 10
I—boI/McIump [LO/MG]
. -
1.0 2052 clumps -
F 7 1192 outflow clumps ~: /

c | [ 860 non-outflow Clumps | 7 p-value=0.0012
o 08 [~ 7
‘= L ]
U E
© L 4
—
L 0.6 -
) L ]
> | ]
E= ! )
)
5 0.4.- _
£ ]
8 ! J

0.2F .

o . MRS R |
0.0 104 10°

n(Hz) [cm—3]

108



15.09.21

Outtlow detection rate statistics

F1 T T T T g |
Max-Planck-Institut
fiir Radioastronomie
206} i 7
od |
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leb) 04 B =
i’
O L
®)
S | ——
= 0.2F 1k -
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5 3
@
0.0F ] ] ] ] |.“ ]
0 5 10 15 20
Dist. (kpc)

The detection rates are more or less similar for clumps with d < 1,kpc and sharply decrease when d > 14 kpc,
however, only <I % of the sources with d> 14 kpc in the sample.

The distances bias for the outflow identification wouldn't be significant and the systematical analysis of the detection
rate 1s valid.
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Outflow detection rate

Outflow detection rate

Outtlow detection rate statistics
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Table 4. Results of outflow detection rate for clumps in different evolu-

tionary stages.

15.09.21

Clumps Number | With outflow
Total 2052 1192 (58%)
Quiescent 126 65 (51%)
Protostellar 322 153 (47% )
YSO 1152 656 (57% )
MSF 428 298 (70%)
SiO 95 73 (77%)
CH3;OH Masers 256 183 (71%)
H,O Masers 180 133 (74%)
CH;0H + H,0 103 76 (74%)
UCH n regions 161 118 (73%)
UCHn +H,O 50 39 (78%)
UCHn +CH;0H 69 57 (86%)
HC H 1 regions 5 5 (100%)
UCHn —Masers 74 48 (65%)
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detectability

— 119I2 Ol.ItﬂOWI cIumE;s I i lv\./.laX—Pla.mck—lnstiu.]t
sol 1 860 non-outflow clumps | fiir Radioastronomie
non-outflow sources,
or have weak wings that are below the detecti
\
— )
o 40k non-outflow sources,
O .
| 1-or have wings that cannot be detected
-} .
=
20}
0 . ] — Il o ]
2 3 5 10 20 30 40 50

peak 13CO T,p/3 0

The non-outflow sources shows a lower peak value than the outflow sources, indicating that part
of the sources without wings (and hence classified as non-outflow sources) could just have wings
that fall below the noise level.
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detectability

Are the increase in detection rate significant?

Max-Planck-Institut
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Furture aspects

1, Follow-up S10 line survey toward the outflow clumps

Max-Planck-Institut

The outflow identification process can be affected by: fir Radioastrononie

1, confusion (the observed sources lie along the Galactic plane where most of the molecular material resides)
2, spectral noise (in the case of weak sources);

3, outflow geometry;

4, the beam filling factor of CO line emission;

5, the opacity variations in the CO line wings;

—>1t is possible to miss outflows or mis-identification

Unlike CO, S10 emission suffer much less from confusion with ambient material,
and would be a better traces of outflows.

The observation of S10 toward the sample allows us to obtain a more rigorous
sample of outflow clumps.

Aiyuan Yang@MPIfR



Future prospects

2, Outflow mapping at higher resolution:
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Future prospects

Outflow mapping at higher resolution:
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Future prospects

Extremely high-velocity outflow source? Explosive Outflow?
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AGAL017.637+00.154

Future prospects - e
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Keplerian disc candidates around O-type high-mass stars?

% \ 13COwings
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Table 3. Properties of Keplerian disk candidates around HMYSOs as observed with ALMA to date. Max-Planck-Institut
4.0 fiir Radioastronomie
Object Distance Luminosity Star Mass Disk Mass Disk Radius References oo
[kpc ] [ Lol [ Mo] [ Mo] [AU] 18 20 VLSRilim S_1§4 2 28
B-type YSOs AGAL343.128-00.062

Orion Source I 0.4 ~10¢ 15+2 <02 75-100 [1,2] 28.0 o

IRAS 20126+4104 1.6 ~ 10* 12 15 860 341 240 — swledco

IRAS 18162-20484 1.7 ~ 10* 18 4 300 [5] 0.0 Mo~ -- FitscaledCOT

G339.88-1.26 2.1 4x104  11%5 — 430-630 6 Al Bt oo el

G35.20-0.74N 2.2 ~10¢ 18 + 3 3 2500 7 <10 ' : BCOwings

G35.03+0.35 A 3.2 6x10° 9+4 0.75 2200 [8,9] K 12.0

G16.59-0.05 3.6 3 x 10* 10+2 1.8+0.3 500 [10] 8.0

O-type YSOs 4.0

$255IR NIRS3 18 1.6x10% 20 0.3 500 [11] 0.0t _

G351.77-0.54 2.2¢ 1.7 x 10* 14-25d 0.1-0.49¢ 250-500b [12] 38 36 34 32 '30_1 28 27 7

G17.64+0.16 22 ~105  45:10 <26 120 [13,14] Visalkms™) ACALI00.17400122

IRAS16547-4247 2.9 ~10° 20 4 870 [15,16] 28.0 - oo

G11.92-0.61 MM1 34 ~10Y  34x5 2258 480 [17] 2.0 T Prseedco

AFGL 4176 42 ~ 10° 20 2-8 1000 [18,19] 200 SN e

G023.01-00.41 4.6 4% 104 20 1.6 2500 [20] < 160 N e
Note— When mass error bars are not given, the measurements should be taken as loose estimates, e.g., K 120

based on consistency checks between a stellar type and the upper-limit luminosity. Radius estimates are 8.0

wavelength-dependent. Goddi+2019 a0 ek Ll

0.0 -
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Summary

* Outflow 1s a common activity in the massive star formation process

* 1192 clumps out of the 2052 show outflows~ 58%, 34% for bipolar wings; Vi Plancl- T
24% for unipolar wings |
* higher values for HCHII(100%), UCHII(93%), Masers(84%).

* Outflow switches on the younest stages of clump 1.e. 70 um dark;
* Obtain a sample of sources in the 70 um dark and 24 dark phases;

* Outflow detection rate increases as clumps evolve, the increasing of L;
* From Prestellar(51%), Protostellar (47%), YSO-forming(58%), MSF(70%)

* However, the increase in detection rate are more likely to be due to an increase in
detectability rather than a lower fraction of outflow frequency.

* This 1s the largest outflow sample so far, providing interesting targets: (1) 70 um
dark outflow clumps, and (2) extremely high-velocity outflow clumps
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Thank you very much for your attention~

Max-Planck-Institut
fiir Radioastronomie
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