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Shocks in protostellar outflows:
observational constraint




‘Low-mass protostars:
laboratories of outflow shocks
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. Many nearby.‘regions (<500-pc) driving Iarge-scale outflows .
(up to ~pc) allow spatially-resolved observations
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yatially-resolved observations
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Complexity of outflow shocks

Bally+2016

3 3 Y
-J €O, high-J CO, H,0, H,, ...
| - Cavity wall

Wy ™
. - Forward
/ Reverse shock shock
lﬁ)) |
Internal working Terminal working

surfaces surfaces




Shock models: 1D 22

Jump’ - Npost-shock/ Npre-shock™ 1 00
(]'type) = Ipeak = 104-10° K
- b=0.1

‘Continuous’
(C-type)

= npost/npre ~ |0
= peak e I 03' I 04 K
- b=

B=b sqrt(npre)

Shock’s type depends on magnetic fields strength, shock
velocity, density and level of ionization



Kaufman &

ChemIStry plug-”'] Neufeld 1996

Flower & Pineau
des Forets 2015

C - shocks j - shocks
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- Line cooling dominated by Hz H>O and CO for typical
densities nuy~103-106 cm-3 and vsh ~10-40 km s-!
- Infrared line emission - a useful diagnostic of shocks



Utility of H,O

H>

oW High T

2

H;
H,O chemistry:

three routes




Observational constraints

. Shock velocities

2. Densities of ambient medium




Shock velocities

Herschel / HIFI

- ~160-600 ym
~dv=0.1 km/s

Kristensen+12,17
Mottram+ 14,17
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- Broad far-IR H;O line profiles due to bipolar outflows
- Gas radial velocities ~10-50 km s-!



Gas densities, shock type

Herczeg, Karska+12
Karska+13

cO H,0 | ] |
NGC 1333 IRAS 4B

Herschel /PACS

71 ‘ ' 1y
Wavelength (um)

o " "

Herschel / PACS 0 %ﬂﬂw‘, ,Maw‘

~55-200 pym 20 50 w00
dv~75-300 km/s Wavelength (um)

- Detections of highly excited CO and H,O
- Comparisons to line fluxes predicted by shock models




Single-source studies

C shock, J shock, C shock, bestfitto
v~30 km/s, v~20 km/s, v~30 km/s, rotational
n~104cm= n~10cm= n~10cm= diagrams

C shock, v~40 km/s, -

n~10°cm=

J shock, HIFl line
v~20 Km/s, ratios
n~10°cm™

C shock, v>20 km/s, PACS line

n~10°cm ratios

. dissoc. J shock, Ol fluxes,
v>30 km/s n~10¢cm? ©O/CO &
v>20 km/s n~10°cm= OH/CO

non-dissoc. - cooling In
J shock H20 lines

Real differences between sources or different approaches?




More robust comparisons

~20 low-mass protostars

. Perseus
~ NGCI333

. :'~-:'.‘ *:",
. i EEE "

-20

0 20
Velocity (km/s)

Kristensen+ 12,17, Mottram+ 14,17

- uniform sample of sources, at the same distance
- H20 and high-] CO co-spatial, similar profiles - same component



Line ratios vs. shock models

_ eXCItathn Karska+2014
H,O / H,O CO/CO OH / OH

12— 1oy / 404=333] | 16-15 / 21-20 OH 84 / 79 um

if""\, - - - F+PdF* —— KN 96
\::\ @ J shock C shock C shock
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- Line ratios remarkably similar across the sample

- Velocities > 20 km s-!, pre-shock densities of ~104-10°> cm-3



Line ratios vs. shock models
- abundances
H,O / CO H,O / OH CcO/OH

16—15 / OH 84

g

- Observed ratios with HO much lower than models

- UV photons needed to decrease the H,O abundances



Missing H20 and Oo

Santangelo+15, Yildiz+ 14, Chen+14,
Kristensen+ 13,17 Melnick & Kaufman |5
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-y o Warning
‘ . Low Oxygen

3 - Levels

- Low abundances of H2O and O high of ionic species
- Arguments in favour of the presence of UV photons



e As FUV

fleld 1s
INcreased,
Tmax gO€s up
As FUV
HEORES
INcreased,
avallable
gas-phase
oxygen
goes up
As FUV Is
INcreased,
post-shock
gas is more
dissociated

Melnick & Kaufman
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UV radiation s 18

Herschel legacy of low-mass protostars: ~ 90 objects

H,O / CO H,O / OH CO /OH
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- Irradiated C-shock models agree with observations for
pre-shock log n ~ 5 and Gp ~0.1-10
- UV photons irradiate outflows and influence chemistry



Magnetic fields

Jet from a high- mass protostar

NGC 1333 IRAS 2B
6.4 cm

Dec (J2000)

+31:14:15.0

o
o
o
N
-
O
Q
(&)

w
—
—
»
—
()
(=)

Tychoniec, Tobin, Karska+2018

200000 AU

3:28:57.3

Carassco-Gonzalez+2010, 6 cm, 0.2 mG

RA (J2000)

- Resolved radlo jets from protostars with spectral indices in
mm/cm tracing free-free and synchrotron emission



Cosmic-ray acceleration
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Angular offset [”]

- Combined radio and sub-mm data at 100 AU scales
should soon shed light on the cosmic-ray acceleration in
jets (see talk by M. Padovani)



Conclusions

. Infrared observations reveal ubiquitous slow
shocks in outflows (v < 50 km s7)
propagating in partly ionised, magnetised
medium

2. UV photons influence the physics and
chemistry of shocks even around low-mass




The Torun Astrophysics / Physics

Summer program - TAPS

website: ﬁzyka;umk.pllta o1

- Molecular Astrophysics

- Quantum Chemistry

- Density Functional Theory

- Positron Physics

- Biomedical Imaging

- Trapped lon Techniques

- Light-Matter Interactions

- Quantum Communication

- Quantum Entanglement

- Quantum Non-Markovian Systems

- Nanophotonics

- Hybrid Nanostructures

- Optical Atomic Clocks and Ultracold Matter
- Data Analysis for Eyetracking

- Molecular Modelling of Biomolecules
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