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Interstellar shocks configuration

Termination shock

- Bow shock (forward shock):
formed in the ambient materials.

o

Bow shock

Contact disco
astropause

- Termination shock (reverse shock?
formed in the stellar wind/Jet materia

S.
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Bow shock (forward shock)

- Bow shock (forward shock):
formed in the ambient materials.

- Termination shock (reverse shock):
formed in the stellar wind/Jet materials.

Bow shock

Contact disco
astropause
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I1. 1D shock model

Stationary shock waves: J-shock and C-shock

C-shock and J-shock
n, =10°cm?, v =15 km s
B=0.01 mG (J-shock), B=0.1 mG (C-shock)

104 [ « Absent/weak magnetic field } J-shock
E | Jeshock « Large Ionization fraction
<V5>Vims>

% 10 - C-shock
g e Strong magnetic field C-shock
3 « Small ionization fraction (v.<v. )
g S ims

107 ¢

Magnetosonic speed in charged fluid
1 1 2000 2
0 500 1000 ﬁigo(yr) 000 2500 3000 v = m ~v,= B
VAT,
7/11/18
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I1. 1D shock model

Young shock waves: CJ-shock

(Chieze et al., 1998; Lesaffre et al., 2004)

CJ-shock J-shock, C-shock and CJ-shock
n, = 10° cm?, v =15 km s, age = 10> yr n, = 10° cm?, v =15 km s, age = 10* yr
 [1).2 BEEE ; i : = A “J-shock
: ] 10*
J-shock F
CJ-shock
% 10°} 9
PR S 103}
: E:
g %‘ C-shock
o 102 . e
3 10°
C-shock :
0 50 100 150 200 0 500 1000 1500 2000 2500 3000 350(
time (yr) time (yr)
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I1. 1D shock model

Energy flux (erg cm?s™)

Energy transfer through a shock

J-shock
n,=10°cm?, v=15kms’, B=0

04 L

0.3 +

01 -

kinetic

radiation

thermal /

(Flower et al., 2003) |

During the shock

0.001 0.1 10 1000
time (yr)

» Kinetic energy goes to thermal energy
» Thermal energy excites the molecular gas

» Molecular gas radiates through de-excitation

=—p H, is one of the best shock tracers

7/11/18
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I1. 1D shock model

1D shock models to interpret observations

Orion molecular cloud OMC-Peak1 s Rosenthatieta’. 2000 = =

- ' .
.7 < Il B Observational data
- +
:

5000 10000 15000 20000 25000 30000
Evj/ kg [K]
One single planar shock model cannot reproduce observations

» good at “low” excitation energy (KN96)
> good at “high” excitation energy (B88)

: '1.,]; Orion KL CISCO (H2 (v=1-0 S(1)) — Cont)
w Subaru Telescope, National Astronomical Observatory of Japan Januar y 28, 1999
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I11. 3D bow shock model

3D shock model approximation

» Running 2D, 3D numerical MHD simulations: hard to do properly
» Give a bow shape, each surface element considered as an independent 1D shock model

3v Observer
Ambient flow
—_—
U

Q
S
= \

R A ) 1 .

E ko
. 0
5 A&ﬁ\

Ambient magnetic field < of

First introduced by Smith et al.,1990

7/11/18 LE Ngoc Tram — ICISE 2018
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I11. 3D bow shock model

Validation of 3D shock model approximation

» Collecti f steady-state C-shock :
ollection of steady-state L.-ShOCKS } (1D Paris-Durham code)

(Flower & Pineau des Forets, 2015)

» Non-equilibrium chemistry, ionization and cooling
> Bow shock shape: z~x"

1-0 S(1) (W m™sr ™)
= I

0.0e+00  2.8¢-05  5.6e-0 Gustafsson et al., 2010
600

Kristensen et al., 2008

0.00 0.50 1.00 1.50 2.00

,1?:_

~el 1-0 S(0) 1-0 S(1) 1-0 S(1)

400 400

| 200 200

= 9 0 0

-55 150 AU 3 [
N3 200 P ~200
S W obs

11 Orion KL CISCO (Hz (v=1-0 S(1)) - Cont) - R —600 B 600

w Subaru Telescope, National Astronomical Observatory of Japan January 28, 1999 —-19.5 —-20.0 -20.5 -21.0 _ 40 O_ 2 O O O 2 O O 4 O O _ 40 G— 2 O O O 2 OO 40 O
AU
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I11. 3D bow shock model

» Non-equilibrium chemistry, ionization and cooling

» Collection of steady-state C-shocks, J-shocks and CJ-shocks }
» Distribution of 1D shock models, arbitrary shape of shock

3D shock model

> Integrated H, excitation diagrams and H, line profiles

(1D Paris-Durham code)
(Flower & Pineau des Foreéts, 2015)

ﬂ Observer
*
L4
4
k4
4

parameters descriptions
AX
u, Terminal shock velocity %
EETETE TEPEFEP B
n, Number density 0
v
o Ny
Magnetization o \
by=B(1G)/nH (cm ™) parameter Ve e s e il e 0
Shock age Dynamical shock age / ,‘\o‘“
o
Wy Bfield inclination G AL e & d
B Shock shape
i Viewing angle Paris—Durham(u, ,by,...
7/11/18 12
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I11. 3D bow shock model

Grid of 1D planar Paris-Durham models

n, = 10° cm”, age = 100 yr

llllllllllllllllllllllllllllllllllll é‘r
12 | © CJ-shock - e®
0¢
* J-shock V. 9%
“ 10 P 0% .
8 0‘0' ooo
= .27 50° v_ =18.5 kms™ for n, = 10%? cm™
. (6] . . - _ -
.S 8 02 o0° . o0° v =19.2 kms™! for n, = 10* cm?
N (o8 OO ooo ml H
= 6 0®° _o® 50©
@ O 00°"
£ ¢ _Lo° 50°° 00
o o o) o0
E 4 O,O'OOOOO c)OOOO 00 000°
__ o 50 o o
~ fc Ooo OOOO OOOO @ V.
el o3 0© 0000 ims
2t o o© 0© ' LA A4
goo ot 09099992995 aays
-4
78 gggggg fiiissrzrazreraaiiy
0 gg.????ggggg ........ FEEEIIIIIIIIIIIIILL,

34 7 10 13 16 19 22 25 28 31 34 37 40
u, (kms—1)
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I11. 3D bow shock model

Distribution of 1D shock model on working surface

0 r . r
10 ; . » Artymowicz: dust cloud — radiation interaction
] — Wilkin shape ; (Artymowicz and Clampin, 1997 )
10-11 - Artymowicz shape (parabolic shape)
e - Ostriker shape (cubic shape) > Ostriker: Jet-driven shock
i 5 (Ostriker et al., 2001)
~ 10~
_|
= » Wilkin: wind-cloud interaction
o e (Wilkin., 1996)
_ > PDF is dominated by low shock velocities
10~4

» PDF(cubic) has a spike due to its flatness

7/11/18 LE Ngoc Tram — ICISE 2018 14



I11. 3D bow shock model

Population of H, excited levels

n, = 10> cm”, b0=1,age=10° yr
v=0,J=3
1 ;
: CJ-shock J-shock
10° 1 =1
I \
10-1 1 e , ‘__ ______________ -
1 & .
RN P Ni\oo, 55 (1D grid)
1021 . B,
103 - .

1074

103

10-¢

Column density of a (v,J) level in the bow

N

5 (u)~ | PDF, (u,)N}5(u. ,age,by)du,

» Population of H, excited level starts
saturating at high terminal shock velocities.
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I11. 3D bow shock model

Integrated H, excitation diagram of bow shocks

45

In N/g

30 -

25

20 -

(a) Velocity effect nH=102 cm3

35 -

—g= U0= 40 km.s™?
—g= Uu0= 30 km.s™?!
== U0= 20 km.s™?
—y—

Pure rotational levels u0= 10 km.s-1

rovibrational e -...__.__.__.__-
levels -y

0

2000 4000 6000 8000
E (K)

Tram et al., 2018
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I11. 3D bow shock model

3D H, diagram to interpret observations

OMC -Peak 1
Orion Peakl

= KN96 model
=+ B88 model
M W Observational data

5000 10000 15000 20000 25000 30000
Evj/ kB [K]

CISCO (Hz (v=1-0 S(1)) - Cont)
Japan January 28, 1999
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I11. 3D bow shock model

3D H, diagram to interpret observations

2
OMC -Peak 1
Orion Peak1
; —  KNO96 model Parameter Value
= B88 model
Il B Observational data nH 106 cm_3
O O 3D-best fit b() gD |
Uo >30kms | |
_Age 10° yr
) 90° + 30°
B 2.1 +£0.2

U1 > OH observations: B ~3 mG
(Norris, 1984)

5000 10000 15000 20000 25000 30000 > Polarization observation: B ~10 mG
JC;IbCO(H( 13511)); Oort Ev'/kB [K] (Chrysostomou et al.,1994)
]

Tram et al., 2018
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I11. 3D bow shock model

H, line profile to interpret observations

Tram et al., 2018

OMC - Peak 1 . .
« We constrain u,~ 100 km/s, in good agreement

+ 3D model with ug = 30kms—! with the proper motion of the bullet
1.5 } == 3D model with ug = 60kms™? Hy1-05(1) | e We constrain i ~ 90°
“? == 3D model with uy = 96kms~1 1=90°
8 Bl Observational data
_.?:_-’. 1ol (Brand et al., 19
; Parameter Value
D
E ny 10% cm—3
| b 45+0.9
;5 uo 100 km S_1
z Age 103 yr
0.0 v 90° 4+ 30°
100 -50 0 50 100 p 2.1£02
N (kms_l)
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I. Introduction I1. 1D shock model II1. 3D bow shock model IV. SNR IC443 V. Conclusions

H, line protfile to interpret observations

HH54 observations
Santangelo et al. (2015)

I T T T I l T T I
H, 0—0 S(4) m o
Hy, 1-0 S(1)
H, 0—0 S(9)

DEC offset (arcsec)

 HHI54C1/C2
E /| I 1 /| 1

I 1 1 1 I 1
—-40 -20 0 20
Velocity (km s~ ")

RA offset (arcsec)
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I11. 3D bow shock model

H, line protfile to interpret observations

HH54 observations
Santangelo et al. (2015)

Bow shock

n, = 10* cm?, u =20 km s, age =10’ yr, b, = 1, i=-60°

| = .
‘ * CRIRES 1
. | | He0-0(4 : 1.0 = H2 0-0S(4)
H, 1-0 S(1) : . P = 60° — H21-05(1)
il Hy 0—0 S(9) : =038 — H20-05(9)
S “ : S 06
THEE 1 | e
£ ; e e g
o = | _' E 04
8 (5 [ i <
s £ 1 | E
> N p AT C [Heip RS o cik
[ t0 e W) s i H154C1 /C2
|- Hy0 ‘179}1(.71«'(.13-") > " H 1-0S(1 E= = == 0.0
GO, 27125 O 105 —40 ~20 0 20 -30 -20 -10 0 10
—20 : 2IO 3 JO ' W Velocity (km s~ ') Vi (kmsil)
RA offset (arcsec)
0-0S(4): Ellp ~ 3500 K
1-0S(1): Ellp ~ 6900 K
0-0S(9): E, ~ 10261 K HH7 SOFIA/EXE (PI: Neufeld.D)
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um, 6" resolution

. ' ] - i gv ' 0 ] 6
_IC 443@’ Spitzer — MIPS at 24 SN R IC443

\....I..;.-.‘."“*I‘....I.._..l.'.f..

22°50'00" i

Position: ~ 1.5 kpc

22°40'00"

Estimated age: 20,000 yr

Contains of many shocked regions:
$z 8 clumps (A-H) via CO, HCO+ lines
22°30'00"

Combination of shocks are

needed to explain the emission
seen in these atomic and molecular

22°20'00"
' racers

IRAM—30m S

~20" ~2.2 pc

22°10'00"



IV. SNR IC443

22°50'00"

22°40'00"

DEC. [J2000]

22°30'00"

22°20'00"

22°10'00"

SNR 1C443 as seen by Spitzer-IRS

|
6"18™00°

IRAM=30m

~20"

R.A. [J2000]

5
~2.2 pc

56

o
>

DEC. offset ()

0.003

(=4

=}

Q

N
Js/s/zmo/ma

DEC. offset (")

= 0.001

:
a
byt

:
3
8 ' b
@

| 0.001

N 12 s(3)
RA. offeet (")

(Neufeld et al. 2007)
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IV. SNR 1C443

SNR 1C443 as seen by Spitzer-IRS

IC443G

46
H B Observational data
1 44 ¢ & 3D-best fit with p = 140°
[
; 1 . . 0 | 4D n
- e 0.003 (}%
IC 443G Spitzer — MIPS at 24 um, 6" resolution é ~ 40 ]
2 . o S
: T Z °
0.002 ? c
22°50'00" s v
v
0.001 36
"
— 22°40'00" 34
3 o 0 1000 2000 3000 4000 5000 6000 7000 8000
2 1C443C
=
O 44 Il B Observational data
g 22°30'00" ’ 0 3D-best fit with i = 80°
0.003 .
: 2 ()
o g Fot] | |
3 9 ¢
22°20'00" 5 Qo2 > 40
. ’ B % IS -
IRAM—30m &' s Z
~20" ~2.2 pc R= (]
. 0.001 38
22°10'00" h &
6"'18™00° 16™00° 36 ]
R.A. [J2000] o
0 1000 2000 3000 4000 5000 6000 7000 8000
E,;/kg [K]
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IV. SNR 1C443

SNR 1C443 as seen by Spitzer-IRS

IC443G

46
Il B Observational data
Parameters Values 44 ¢ ¢ 3D-bestfit with y = 140°
Ny 10%cm® > a
. ] S ] | bO 4 ";\ .
IC 443@" Spitzer — MIPS at 24 um, 6" resoluti_on J ii 40 [ ]
- | Ve [12-38] km.s™ z *
=
22°50'00" & age 5.10%yr il 61 v
psi 140° i v
[
ad H? S(3 34
§m4wo . ! ‘.()‘ S— 0 1000 2000 3000 4000 5000 6000 7000 8000
8 i RA. of(f)set Q) B 1C443C
S
3 Il B Observational data
[&) 2
g 22°30'00" ParamEters Values 44 ’ ’ 3D-best fit Withlngoa
| Ny 10°cm™ .
) T
b() 2 = u
; S Y
e i
22°20'00" B o Vs [25-32] km.s > 40 »
L - td
IRAM—30m 5 2 3 2
~20"  n2.2 pe i 107yr i &
- ’ psi 80° &
22°10'00" B .
R.A. [J2000] " - - 5
RA. offset (' &
. 0 1000 2000 3000 4000 5000 6000 7000 8000
1C443, W28, W44, 3C391 SOFIA/EXE (PI: Reach. B. W)
Eyj/kg [K]
21
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IV. SNR 1C443

SNR 1C443 as seen by Spitzer-IRS

IC443G

46
H B Observational data
3D-best fit with ¢» = 140°
L 44 ‘ ’ est fit with ¢
[
. ] . 0 . | 4D n
- ¢ 0.003 (}%
IC 443G Spitzer — MIPS at 24 um, 6" resolution é ~ 40 ]
2 . o S
: T Z °
0.002 ? c
22°50'00" s v
v
- 0.001 36
"
22°40'00" i
'é' o 0 1000 2000 3000 4000 5000 6000 7000 8000
2 1C443C
=
o 44 Il B Observational data
g 22°30'00" ’ 0 3D-best fit with i = 80°
0.003 .
: 2 ()
= S Zoel | |
3 9 ¢
22°20'00" 5 Q02 > 40
. ’ B % IS -
IRAM—30m &' s Z
~20" ~2.2 pc R= (]
. 0.001 38
22°10'00" h &
6"'18™00° 16™00° 36 ]
R.A. [J2000] o
0 1000 2000 3000 4000 5000 6000 7000 8000
E,j/kg [K]
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IV. SNR 1C443

Magnetic field in SNR 1C443G (Hezareh et al. 2013 )

Dec-offset

Dust Blueshifted CO(2-1) Redshifted CO(2-1)
linear polarization linear polarization linear polarization
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IV. SNR 1C443

Magnetic field in SNR 1C443G (Hezareh et al. 2013 )

100 NN\
SSNERNON,
[ ; .
0N
< ;e :
O ;
O 8 8
O
- Ra offset (arcsec)
Dust Blueshifted CO(2-1) Redshifted CO(2-1)
linear polarization corrected linear polarization corrected linear polarization
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V. Conclusions

Conclusions

v Provide a mathematical formulation which links the bow shape to a distribution with 1D shocks.
v Confirm the results of the statistical equilibrium for a power-law distribution of gas temperature.

v lllustrations of how 3D bow shock model can improve significantly the match between model and observations in
BHR71 and Orion OMC-Peak1.

v Show how different lines probe different parts of the shocks depending on the temperature sensitivity of the
excitation of their upper level.

v 3D bow shock model can reproduce the broad velocity profile of the H, 1-0S(1) line in Orion Peakl with a
magnetization compatible with other measurements.

v Line shapes provide missing constraints on dynamical information.
i
I am looking for postdoctoral possibilities ! @

Thanks for your attention!
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Appendix

Orion as seen by JWST

Bow-shock of 40 km/s, nH=10® cm~—3

104 _ e JWST limit (S/N=10 for 10* s)

103 3

1023 e

10t 3

10°

H, lines |ntensity (uJy)

10-13
10° 10!
Wavelength (pum)
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Appendix

Power-law statistical equilibrium assumption

( Neufeld and Yuan, 2008; Neufeld et al., 2009; Neufeld et al., 2014)

e The gas temperature follows the power-law distribution: E
f (T ) - T_b 0 1000 2000 3000 4000 5000 6000 7000 BjOD
Fsf %2 L1157 E
 The column density in T, T + dT Tof ;
dN=aT "dT Fuf oz L1448 3
0 1000 2000 3000 4000 5000 6000 7000 8000
L FOI" BHR71, b ~ 2.4 ;:545_ U2 _ _ NGC2071 _;
z,,ﬁ 50 : 958 :E
« If the geometry of shock is taken into account, S P
. @ 54— J=2 —
for a parabolic shock shape: b ~ -3.77 Sap S E

0 1000 2000 3000 4000 5000 6000 7000 8000
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Appendix

1D shock model to interpret BHR71

BHR 71 outflow _
Best input parameters

e
PR Gusdorf et al. , 2015
3. : mdort eta parameters value
s 200

o o n, 10* cm™
~ \._‘
& ="
S ~— -1
; = vV, 22 km s
& "

® & b 1.5

: age 3800 yrs

~32
S AR o 0 1000 2000 3000 4000 5000 6000 7000 8000
RA. offset (") Evj / kB (K)
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Appendix

First 3D shock model approximation

> First introduced by Smith et al.,1990a 1 T | ol
» Smith et al.,1991b reproduce the H, line in OMC-Peak1 1+ 1-0 S(1) (Smith et al., 1991
e (C-shocks collection,

e LTE calculated H, excitation
e B =50 mG required
But: 0.6

> OH observations: B ~ 3 mG (Norris,1984)

> Polarization observation: B ~ 10 mG
(Chrysostomou et al.,1994)

0.2 | =g ases Observations
: (Moorhouse et al., 1990

! | ] |
-1

km s
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Appendix

Observations
> First introduced by Smith et al.,1990a (Rosenthal-et-al;;2000):
. .. 200 2 i St
> Smith et al.,1991b reproduce the H, line in OMC-Peak1 e I - EE%D *
o (C-shocks collection, . i SR o
o LTE calculated H, excitation ‘TE 10181 o
e B =50 mG required S
But: 2 1016} |
> OH observations: B ~ 3 mG (Norris,1984) =
=z
> Polarization observation: B ~ 10 mG 0 .
(Chrysostomou et al.,1994)
12 \
» Smith et al.,1991b matches well the “medium” excitation '° ' ' ' ' :
1 2 St
E ()l [10 K]

First 3D shock model approximation

7/11/18
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Appendix

Effect of the bow parameters on H, excitation diagram

(a) Velocity effect nH=102 cm™3

(b) Density effect

(c) Age effect nH=102 cm~3

45 1 == Uu0= 40 km.s~! 45+ == NH=102 cm~3 age=105 yr 45 1 —o— 10° yr
== u0= 30 km.s"1 —o— nH=10* cm~3 age=10% yr o= 10% yr
—g= u0= 20 km.s™! 103
40 | | | — yr
—e— u0= 10 km.s™! 40 40 —— 102 yr
35 4
o = | o ]
z =3 235
E £ £
301
30 n 30 4
25 4
25 h 25 B
h ——————
201 : i : ‘ ; . ; . ; . ; . ; .
Py 2000 4000 6000 8000 0 2000 4000 6000 8000 0 2000 4000 6000 8000
E (K) E (K) E (K)
- =102 -3 . . -
(e) b0 effect nH=102 cm™3 (d) Shape effect nH=10" cm (f) Differential effect of varying ¥ ; nH=102 cm™3
45 - =e= Parabola °
o Wilkin 101 - :::0 :referem:e)
—— W=
—a— W=60°
401 0.8 7 —— W=90°
0.6 -
D . | o
z Z 0.4]
E I
9 0.2
304
0.0 -
251 -0.2-
_——————
T T T T T T T T T T _0.4_
0 2000 4000 6000 8000 o 2000 400E0 « 6000 8000 0 2000 4000 6000 8000
E (K) (K) E (K)
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Appendix

3D H, diagram to interpret observations

Fixed parameters
BHR 71 outflow n, =10*cm®, b, = 1.5
shock age = 10° yrs

Av=21-23 km s

I
Free parameter \

] — ED) —
|
\J

T
|
0

Dec. offset (")

v

20 0 —20 —40

RA. offset (") Best parameters

LE Ngoc Tram - ICISE 2018
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Appendix

Dec. offset (")

BHR 71 outflow

0
R.A. offset (")

3D H, diagram to interpret observations

—20

BHR?71 bipolar outflow

<« « Our 1D model
¢ ¢ 3D-best fit with p = —45° |
<«
2 L N ]

Observational data

+

0

1000 2000 3000 4000 5000 6000 7000 8000
Eyj/kp [K]

Parameter Value
nH 10*cm™3
Age 103 yr
u, 21-23kms™!
bo 1.5

[y - 45° + 209
uo and B NA
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Appendix

3D H, diagram to interpret observations

Orion Molecular cloud - Peak 1
Fitting results

OMC-Peakl
= KN96 model
45} -+ B88 model
H B Observational data
O O 3D-best fit Parameter Value
—~ 401 Q O SE-best fit withb =3.2
e nH 10%cm: 3
et by 45409
< 35} uo >30kms™!
= Age 103 yr
U 90° -+ 30°
30} 0 B 2.1 =£02
Q
61560 (s (ot 81— o) 5000 10000 15000 20000 25000 30000

E,i/kp [K]
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Appendix

H, line profile o

H, line profile is affected by Ambtent o
e Viewing angle
______________________ >*
o

(a) H; 1-05(1)

=00 | I+107° i=30°

cem~2sr1)

 When i = 0°, all the emission is blue-shifted.
e J-shock part of the bow shock structure causes the stronger emission
» As iincreases, the line profile then becomes doubly peaked.
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1%107° iz600 1151079 =907
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Appendix

H, line profile is affected by
* Viewing angle

H, line profile

ﬁ Observer
K
.
.
.
.
.
.

Ambient flow

e Shockage Al BN TN
/ o
o>
¢
@ i=60° Hy 1-08(1)

) I%107° I 102 years I1%107° 10° years .

4 4
ot e 3
= > 2
Nm 1 1 .
e : : e When age proceeds, the J-type tail decreases,
ml i 104 years | I+1077 L 10%years | e The temperature inside the J-shock decreases accordingly,
% : : :
R B § » The line profile becomes narrower,

: /\f\ :  The width of 1-0S(1) can be used as the age indicator.
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Appendix

H, line profile is affected by
e Viewing angle

H, line profile o

Ambient flow

Uy

e Shockage Al BN TN
o
A&
¢
%108 102 y‘fears I1%1077 103 y‘fears

4 : : 4

3 3
g a
‘7; ; A é e 0-0S(1) probes the cold gas medium, the line profiles are narrower
= | I 104 ypars | 1107 108 yiars E At early stages, there are still two peaks (signature for the J-shock)
o 3 ¢ 0-0S(1) can be used as the J-shock indicator.
i) 2

1 1
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Appendix

H, Ortho/Para ratio

HHS4

Neufeld et al., 2006

Ortho—to—paora ratio

W= < T
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