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Motivations

Physical mechanisms,
nature of shocks:

- parametric molecular
Jimenez-Serra et al. 2008

- molecular

Neufeld & Kaufman 1996
Flower & Pineau des Foréts 2015
- radiative precursor
Hollenbach & McKee 1989
- irradiated
(=FUV-illuminated)
Lesaftre et al. 2013,
Melnick & Kaufman 2015
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Physical mechanisms,
nature of shocks

Astrochemuistry:

- S10

Caselli et al. 1997,

Schilke et al. 1997,

Gusdorf et al. 2008a,b, 2011,
Guillet et al. 2009,
Jimenez-Serra et al. 2009,
Nguyen Luong et al. 2011,
Anderl et al. 2013,

Leurini et al. 2014,...
_H,0/0H/01
WISH/WADI Herschel KP,
Recent SOFIA works

- 1onized species

Podio et al. 2014 & ref. therein
- GCOMs

Codella et al. 2015 & ref. therein

Also see .. Podio’s talk

Velocity (km/s) Velocity (km/s) Velocity (km/s)

& Leurini et al. 2015

(5.89-0.39

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

%Tafalla et al. 2015
L1157




Motivations

Physical mechanisms,
nature of shocks

Ap299-A
NGC 253
— Mg2

_wmlamenetzky et al. 2014
= CO ladders

— CenA

Astrochemistry

Luminosity [L,scaled to Mrk 231 CO J=1-0]

Energetic impacts and

contribution to energetic

balance of galaxies:

Epper/ ke [K]

- Galactic studies

Cabrit & Berthout 1990, 1o ; T ek L,
Bontemps et al. 1996, »
Beuther et al. 2002,

Zhang et al. 2003,
Lopez-Sepulcre et al. 2009,
Visser et al. 2014 & ref. therein

- extragalactic studies
Hailey-Dunsheath et al. 2012,
Meijerink et al. 2013,
Kamenetzky et al. 2014

& ref. therein
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Motivations

Physical mechanisms,
nature of shocks

AStrOChemlStrY Lefloch et al. 2015

CO in Cep E

Energetic impacts and
contribution to energetic

balance of galaxies

Star formation scenarios 23%0000" |- '(o)' N e R

L s ;'..".. V....- ... ,..*..\:'.'.,‘ ;'. .. ’.' 4
through the mass-ladder: I N e AR i
B 1I1dU.C1I1g 22°48'00" — -‘ .':Z..-:‘..':ﬁ":'.'.*3.:"‘2(-:‘.‘. ".. ::f:'-'.".;:-,"- c &)

low-mass to high-mass
Codella et al. 2012,
CALYPSO program,

_ Xu etal. 2011
504 ] SF induced by SNR
shock in 1C443 ?

‘: IR St
22°42'00" | s v, e

22°36'00" p.*

Declination |J2000]

Lefloch et al 2015, et ]
Hunter et al. 2008 22°2400" | o )
- induced 22°18'00" [ -

I e :::. -'l' ..::-..'.’J‘:.‘”. I [ R |
6"19™00% 30 o00% 30 00 30 00% 30%
Right Ascension [J2000]

Xu etal. 2011




Motivations

Physical mechanisms,
nature of shocks
Astrochemistry
12 .
o i — model W
.. = 10l ;7 \ — 3
Energetic impacts and L e gy
. . . N - A — model P(x107)
contribution to energetic LB 4 '
balance of galaxies PG \
L4
. . ;ﬁ/
Star formation scenarios ‘ :
propagation region : | o I
through the mass-ladder = = Uik g
(induced or inducing shocks) R <
""“"acceleration region _: =21
............ BB, EE
CR-related questions: = -
ration, composition i 0
accele t.o , composltion, o (BN
propagation:
AL\raud() t‘l al' 2()()7J I)ad()\’"cllli Ct cll 2015, 2016
Bosch-Ramon et al. 2010,
Munar-Adrover et al. 2011,
Padovani et al. 2015, 2016
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Previous studies of Cep L
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Previous studies of Cep L

AF, (ergs/cm®/s)
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Velusamy et al. 2011
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* Lefloch et al. 1996, Ladd & Hodapp 1997, Chini et al. 2001, Froebrich et al. 2003,

Noriega-Crespo et al. 2004, Velusamy et al. 2011:
= (lass 0, few 10 000 yrs
= L~ 100 Lg; M ~ 3 Mg;
= d=730pc, v, =-11.2km/s
» (Compact cloud core: 0.18 pc size, 8 Mg
= Mg, ~ 7-10° Mg; Mg’ ~ 3108 Mg /yr
M., ~ 7.4 Mg; M., ~ 10*Mg/yr

L. ~00l7L,,



Previous studies of Cep L
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Previous studies of Cep L
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Previous studies of Cep L

* Numerous NIR, MIR and sub-mm observations (ISO, Sputzer, IRAM-30m):
Eisloftel et al. 1996, Noriega-Crespo et al. 1998, 2014, Moro-Martin et al. 2001,
Smith et al. 2003, Lefloch et al. 2011, ...

4.5um N 2.12um

T
» »

- 3
.
° 2

15" ‘ .




The SOFIA/GREAT observations: CO




The SOFIA/GREAT observations: CO
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The Cep E outflow at 4.5 pm by Sputzer/IRAC Gomez-Ruiz et al. 2012
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The SOFIA/GREAT observations: CO
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The Cep E outflow at 4.5 pm by Sputzer/IRAC




The SOFIA/GREAT observations: CO

CO spectra: IRAM-30m, JCM'L, Herschel, SOFIA
Also: BCO (2-1) by IRAM-30m and *CO (5-4) by Herschel
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The SOFIA/GREAT observations: CO

CO spectra: IRAM-30m, JCM'L, Herschel, SOFIA
Also: BCO (2-1) by IRAM-30m and *CO (5-4) by Herschel
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The SOFIA/GREAT observations: CO
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The SOFIA/GREAT observations: CO

* Jet, cavity, HH 377: CO
LVG analysis => (N, T}, ) estimates

* Southern lobe:
" jet mass: 0.02 Mg, 1.7 Mgkm/s
= outflow cavity mass: 0.32 Mg,

2.8 Mgkm/s

—> molecular jet driven bowshock



The SOFIA/GREAT observations: [OI]




The SOFIA/GREAT observations: [OI]

T

o (16-15), [15.3"]

1.5 |

-Cep E — Bl 1 OH Ny, 3/2 = 1/2, [15.3"]

ol °p,- °p,, [6.1"]

= A

Velocity (km/s)

Gusdorf et al., 2017




The SOFIA/GREAT observations: [OI]

01} 63.18m Spitzer/TIRAC 3.6 um
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The SOFIA/GREAT observations: [OI]

01} 63.18m Spitzer/TRAC 3.6 ym

PABI CO (2-1) jet
Herschel/PACS [Ol]g5

—10

AS (")

—30

0 -5 —-10 -—156
Boc (1) . Gusdort et al., 2017
Component Jet Bow-shock  Outflow cavity
Filling factor OI°P; — 3P, 0.25+0.05 0.55+0.15 <1

Filling factor CO (16-15) 0.09 0.06 0.15



The SOFIA/GREAT observations: [OI]
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The SOFIA/GREAT observations: [OI]

e g Co (16-15), [15.3"] Gusdorf et al., 2017

| |
| |
| !
- | | -
| |
-Cep E — BIl 1 OH “N, , 3/2 — 1/2, [15.3"]1
. | !
| 3 3 y |
| Ol "Py— “P,, [6.1"]
r LN LA L S I SR B R |
38 - ] |
.y 1 ey ] | Bl
X o 36w, Troy= 55K = |
@ 2 sl O\ Tpot= 320K :
= = L ~= R ]
= g f s o ] !
f e - Outflow Cavity B ‘1
0.5 B 0 o .2(I)Ol . ‘4(I)O‘ | .6(!)0, | l800

o
- .L——
=

-150 —-100 =50 0
Velocity (km/s)



The SOFIA/GREAT observations: [OI]

Component Jet Bow-shock outflow cavity
N(CO) (10'® cm™) 9.0 = 70.0
Txin (K) 80-100 - 55-85
Low-excitation assumption 5 (cm™>) (0.5-1) x 10° - (1-8) x 10°
N1 (10" cm™2)  24.6+8.5 - >24.8
N(O1)/N(CO) 2709 - >0.4
N(CO) (10'® cm™?) 1S5 10.0 6.0
Tyin (K) 400-750 400-500 500-1500
High-excitation assumption 7 (cm™) 0.5-1)x 10°  (1.0-2.0)x 10®  (1-5) x 10°
NOTI) (10'%cm™)  4.0+1.0 2.1+0.6 >4.9
N(O1)/N(CO) 2.7%06 02401 >0.8




The SOFIA/GREAT observations: [OI]

Component Jet Bow-shock outflow cavity
N(CO) (10' cm™) 9.0 = 70.0
Tiin (K) 80-100 . 55-85
Low-excitation assumption  n (cm™) (0.5-1) x 10° = (1-8) x 10°
NI (10%cm™)  24.6 +8.5 - >24.8
N(O1)/N(CO) 2.7+0.9 = >0.4
N(CO) (10'® cm™?) 1.5 10.0 6.0
Tiin (K) 400-750 400-500 500-1500
High-excitation assumption 7 (cm™) 0.5-1)x 10°  (1.0-2.0) x 10®  (1-5) x 10°
N(OT) (10'® cm?) 4.0+ 1.0 2.1+0.6 >4.9
N(O1)/N(CO) 2.7+0.6 0.2 +0.1 >0.8




Shock modelling in Cepheus E




Shock modelling in Cepheus E

ng = 10t cm™ ; v, = 30 km/s
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Shock modelling in Cepheus E

ng = 10t cm™ ; v, = 30 km/s
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Shock modelling in Cepheus E

ng = 10t cm™ ; v, = 30 km/s

* Jshock (Jump) ;
B =10 pG
Vs > Veritical

impulse heating ;

single fluid

*  (C shock (Continuous) ;
B =100 pG
Vs < Visitical

1on-neutral friction ;

multi-fluid
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Shock modelling in Cepheus E

ng = 10t cm™ ; v, = 30 km/s

* Jshock (Jump) ;
B =10 pG
Vs > Veritical

impulse heating ;

single fluid

*  (C shock (Continuous) ;
B =100 pG
Vs < Visitical

1on-neutral friction ;

multi-fluid

~ 1000 yrs ~ 15000 yrs
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Shock modelling in Cepheus E

ng = 10* cm™
= 30 km/s
age 2000 yrs

(] shock

neutral temperature (K)
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Shock modelling in Cepheus E
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Shock modelling in Cepheus E

T ] T T T I T T T I T T T »
36 t I --®--n=510'cm?, v = 25 kn/s, age 435 yr
* T --®--n=510'cm?, v = 30 km/s, age 315 yr
= L . »

(=% N Pra— — T =10°ecm™, v= s, age r T
& 3¢ \Tree= 70K : R R Tl
& _ N 8o [ 3

= q ] i j
= 32 : 24 0K+ "o I
o L . g 60 5]
— — — x )

— \\ - ¥ J
0T ' i~ :
i 1 L | l L 1 L l 1 1 1 l 1 1 1 ] um 40 7
o ]
K T T T ] T T T I T T T I T T T i iy : -
36 |- - 8 20 4
—= N i 4
/-é‘ :\ o TI‘Ot_ 320K ] [

w0 34 — T ——_ — 0
= i I . 0 5 10 15 20

= B .- T J
\z_/ 32 i W oy ~m- ] up
= u 4
= B n ==0--n=10°cm?, v = 25 kn/s, age 710 yr

30 :-_ HHB'?? __: ==0--n=10°cm?®, v = 25 km/s, age 740 yr
i L 1 1 l 1 L 1 l 1 1 1 I L 1 1 ] 350 L L
: ; ; ; ; ; 5 : ’ : . : : ; y E —a- nb= 10° c'rln P vF=F30 (l;r;\;s age 625 yr
- 4 300 £ observations, FF = 0.
38 +— — S " »8:
i i "w 250 F 7 '
& 86 [ T,.= 55K ! £ 4
20 - rot™ ] ¥ 200 L §/
S SN ! -l :
Z 34 N T. .= 320K B,150 | Ey
e N N = rot — > = :
= i R e s 1 S 100 F :
> il ] ;
- e — o [
32 ' Qutflow Cavity & -- =] sof 4
i 1 1 1 1 1 1 1 l 1 1 1 l 1 1 1 ] Ef
oL PRI I Y [ A DU LY e S
0 200 400 600 800 : - — — -
Eup (K) J

up



Shock modelling in Cepheus E

From low-mass... to high-mass driving proto-stars
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Perspectives




Perspectives (1): astrochemistry (1) 45
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Perspectives (1): astrochemistry (2)
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Perspectives (2): cosmic rays acceleration
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model U B ny X T r ) - ;CR A Pinj Digax
[km s!] [G] [cm‘3] [10% K] [GeV] [10_2] [MeV/c] [GeV/c]
w 40 5% 107 10° 0.33 2.977 0.13 0.88 4.010 0.306 0.505
S 160 103 6% 10° 0.60 3.890 12.9 4.70 4.062 1.146 13.762
P 260 5 1.9x 102 0.30 94 2.290 11.4 0.03 3.950 2.058 12.306




Perspectives (3): shock models

* Kiristensent et al. 2008,
Gustafsson et al. 2010

Tram et al., accepted in MNRAS:
ny = 10° cm;

Viow = 90 km s71;
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BHRY71, Spitzer/IRS observations
Best 1D fit, Gusdorf et al. (2015)
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T'hanks for your attention !




