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Cosmic rays and interstellar medium in one slide

chemistry of molecular clouds collapse timescale

Caselli+ (1998) Nakano+ (2002)

Padovani+ (2009,2011) Padovani+ (2013,2014)
Indriolo+ (2012)

Padovani & Galli (2013)

gas temperature dust grain charge

Glassgold & Langer (1973) Prasad & Tarafdar (1983)
Cravens & Dalgarno (1978) Cecchi-Pestellini & Aiello (1992)
Dalgarno+ (1999) Shen+ (2004)

)

Glassgold+ (2012) Ivlev, Padovani, Galli+ (2015
Galli & Padovani (2015)

protostars as ionisation degree in
cosmic-ray sources circumstellar discs

Padovani+ (2015,2016,2017) Padovani+ (2018)

(production of light elements, y-ray emission through n0 decay...)
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Cosmic rays and interstellar medium in one slide

PR collxs timescalc

Caselli+ (1998) Nakano+ (2002)
Padovani+ (2009,2011) Padovani+ (2013,2014)
Indriolo+ (2012)

Padovani & Galli (2013)

gas temperature dust grain charge

Glassgold & Langer (1973) Prasad & Tarafdar (1983)
Cravens & Dalgarno (1978) Cecchi-Pestellini & Aiello (1992)
Dalgarno+ (1999) Shen+ (2004)
Glassgold+ (2012) lvlev, Padovani, Galli+ (2015)

Galli & Padovani (2015)

Padovani+ (2015,2016,2017) Padovani+ (2018)

(production of light elements, y-ray emission through n0 decay...)
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Cosmic-ray propagation

in molecular clouds

and 1n circumstellar discs

Padovani, Galli & Glassgold (2009)
Padovani & Galli (2013)
Padovani, Ivlev, Galli & Caselli (2018)
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* Diffuse clouds (Av ~ | mag) — the UV radiation field is the principal ionising
agent (photodissociation regions);

* Dense clouds (Av = 5 mag) — the ionisation is due to low-energy CRs
(E < 100 MeV) and, if close to young stars, to soft X—rays (E < |10 keV).
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Cosmic-ray ionisation rate

(number of ionisation per second)

key-brick parameter:
— chemical models (interpretation of
observed abundances);

— non-ideal MHD simulations (study of
the collapse of a molecular cloud core
and the formation of a protostellar
disc);
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Dense cores

(HCO+, DCO+)

Guélin (1977)
Caselli+ (1998)
Maret & Bergin (2007)

Diffuse clouds

(OH, HD, NH)

Black & Dalgarno (1977),
Hartquist+ (1978), Black+ (1978),
van Dishoeck & Black (1986),
Federman+ (1996)

(Hs ™)

McCall+ (1993), Geballe+ (1999)
McCall+ (2003),
Indriolo+ (2009,2012,2015)

(OH+, HyO+)

Neufeld+ (2010), Gerin+ (2010)
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|
Shaw+ (2008)
Indriolo+ (2012)

: Diffuse regions : Caselli+ (1998)
Ceccarelli+ (2004)
T Maret & Bergin (2007)
Starless cores Doty+ (2002)
T Hezareh+ (2008)
: Boisanger+ (1996)
van der Tak+ (2000)

——

f === == | ;, . —

Massive
protostellar
X envelopes

“Spitzer” value
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protostar dense diffuse
T + + + +
set by decay of short- HCO*, DCO Hs*, OH+, H20

lived radionuclei Guélin+ 1977 McCall+ 1993; Geballe+ 1999;
Cleeves+ 2013 2015 Caselli+ 1998 McCall+ 2003; Indriolo+ 2009,2012,2015
’ Maret & Bergin 2007 Gerin+ 2010; Neufeld+ 2010

HOW TO RECONCILE THE HIGH VALUES OF ¢ IN DIFFUSE CLOUDS
WITH THE LOWER VALUES IN DENSER ENVIRONMENTS?
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CR propagation inside a cloud

Theoretical model (Padovani, Galli & Glassgold 2009)

computing the variation of the ionisation rate due to cosmic rays, Ccr [s7'], inside a
molecular cloud, with the increasing of the column density, N [cm~2], of the traversed
interstellar matter.

R0 =ir [ i(BNo(B)dE

SPECILES 4

excitation of
. ELECTREOM | Coulomblosses  vibrational and  ionisation  bremsstrahlung  synchrotron
electronic levels

LR FPROTOM | Coulomblosses  elastic interaction  ionisation  pion production




isation in diffuse clouds — Arcetri, Jun 22th 2018

Effective
e=» Column
Density

Courtesy of T. Grassi
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Numerical models : rotating collapsing core

\

PM, Hnnebelle & Gall1 2013a
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CR propagation inside a cloud

Theoretical model (Padovani, Galli & Glassgold 2009)

computing the variation of the ionisation rate due to cosmic rays, Ccr [s7'], inside a
molecular cloud, with the increasing of the column density, N [cm~2], of the traversed
interstellar matter.

W2) (N = 4 /O N j(E,N)o(E)dE

SPECIES 4 IS CR spectrum

excitation of
. ELECTREOM | Coulomblosses  vibrational and  ionisation  bremsstrahlung  synchrotron
electronic levels

LR FPROTOM | Coulomblosses  elastic interaction  ionisation  pion production
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August, 25th 2012

Voyager 1 crossed the heliopause

; ‘_|“ =
HELIOPAUSE

"‘

A VOYAGER 1

Launched 5 September 1977.

- - Current distance from Sun:
182 billion kilometres.

- BOW SHOCK?
A shock wave of ionized gas.
Latest observations suggest the =~ -
Solar System is not movirig. -~ :
through the interstellar medium * -
fast enough to create one. -

TERMINATION SHOCK

Past this boundary, p:
1ing from the Si

VOYAGER2
Launched 20 August 1977. :
Current distance from Sun:
14.9 billion kilometres.

INTERSTELLAR -~
SSPABE
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Magnetic field:
- in the ISM (black lines);
- from the Sun (white lines).

Next expected signature:
variation in the magnetic
field direction

www.jpl.nasa.gov
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T T

Diffuse regions

Massive _
T TStarless cores protostellar Indriolo+ (2012)
<P envelopes | Caselli+ (1998)

D y— |  Maret & Bergin (2007)

Boisanger+ (1996)
van der Tak-+ (2000)
Doty (2002)
Hezareh+ (2008)

Voyager-like spectrum

108l ...
1020 1021 1022 1023 1024 1025 1026

PM, Galli & Glassgold (2009)
N [Cm_Q] Ivlev, PM, Galli & Caselli (2015)
PM, Ivlev, Galli & Caselli (2018)
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CR i1onisation in circumstellar discs

—24) 500 1000 1500

Padovani+ (2018) > g em”
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CR i1onisation in circumstellar discs

CR p

CRe” -
e (CRp+CRe)
e* (= + pair)

total

Tt — ut — et

—23 1000 1500 2000 2500 3000

Padovani-+ (2018) Y [g cm™]
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CR i1onisation in circumstellar discs

N (Hy) [10%° cm 2]
2 3 4 D

consequences on
ionisation degree in discs!

this work

—24) 500 1000 1500

Padovani+ (2018) > g em”
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Protostars: forge

of cosmiec rays

Padovani, Hennebelle, Marcowith & Ferriére (2015)
Padovani, Marcowith, Hennebelle & Ferriére (2016,2017)
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protostar dense diffuse
{~-3%10-16 s-1in L1157-B1 (Podio+ 2014)
(~4%x10-14 s-tand 8%x10-12s-1in OMC-2 FIR 4 (Ceccarelli+ 2014)

Syoxy~0.89£0.07 jn the bow shock of DG Tau (Ainsworth+ 2014)
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protostar
(~3%x10-16 s-1in L1157-B1 (Podio+ 2014)
(~4%x10-14 s-tand 8%x10-12s-1in OMC-2 FIR 4 (Ceccarelli+ 2014)

Syoxy~0.89£0.07 jn the bow shock of DG Tau (Ainsworth+ 2014)
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Padovani+ (2016)

N
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Acceleration sites

(1)accretion flows;
(2) protostellar surface;
(3)jet shock;

Diffusive Shock Acceleration (DSA) or
First-order Fermi acceleration

upstream downstream

:

Melrose (2009)
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Parameters needed for the model

site” Ug T ny
[km s™'] [K] [cm™]
& 1-10 50-100 107 -10 < 107 — 10~
g 40-160 10*-10° 10*-10" 0.01-09 5x10™> =107
P 260 94x10° 1.9x 102 0.01-09 1 -10°
‘G =envelope J =jet P = protostellar surface

Refs: Usn (Raga+ 2002,2011; Hartigan & Morse 2007; Agra-Amboage+ 2011);

T (Frank+ 2014);

nu (Lefloch+ 2012; Gomez-Ruiz+ 2012);

x (Nisini+ 2005; Podio+ 2006; Antoniucci+ 2008; Garcia Lopez+ 2008;
Dionatos+ 2010; Frank+ 2014; Maurri+ 2014);

B (Tesileanu+ 2009, 2012)
For protostellar surface shock, parameters from Masunaga & Inutsuka (2000)

e DSA works only for protons (electrons lose energy too fast, Emax(e)<300 MeV);

e DSA is effective only in jet and protostellar surface shocks (in accretion flows,
x and Usn are too small, quenching the particle acceleration; B is as large as to

produce a sub-Alfvénic shock).
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Maximum Energy

Lace = min(hossa tesc,ua tesc,da tdyn) — Emax

. Jet, strong shock (model S) Protostar (model P)
N U=160 km s U=260 km s

PM, Marcowith, Hennebelle & Ferriére (2017)
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Application of the modelling: comparison with available observations

Ainsworth+ (2014) detected synchrotron emission (GMRT) towards the bow shock (knot
C) of DG Tau, speculating that this could be due to relativistic electrons accelerated in
the interaction between the jet and the ambient medium.

DG Tau Ainsw;)rth+ (2014')

325 MHz (solid contours);
610 MHz (dashed contours).

observations

Using results by Lynch+ (2013), EVLA obs. o=—0.89+0.07
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Application of the modelling: comparison with available observations

Ainsworth+ (2014) detected synchrotron emission (GMRT) towards the bow shock (knot
C) of DG Tau, speculating that this could be due to relativistic electrons accelerated in
the interaction between the jet and the ambient medium.

re-acceleration of
interstellar CR electrons -

U, =200 kms™

observations

o=—0.89+0.07

10°
Padovani+ (2016)
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Application of the modelling: comparison with available observations

Ainsworth+ (2014) detected synchrotron emission (GMRg e bow shock (knot
C) of DG Tau, speculating that this could be dug ons accelerated in
the interaction between the jet and the 24

lectrons -

observations

=—0.89+0.07

10°
Padovani+ (2016)
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Application of the modelling: comparison with available observations

Podio+ (2014): (=3x10-1¢ s-1 in the bow shock B1 in L1157 (HCO*, N2H*).

OUR MODEL: Z=6.1x10-16 s
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Application of the modelling: comparison with available observations

Podio+ (2014): (=3x10-1¢ s-1 in the bow shock
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Application of the modelling: comparison with available observations

OMC-2 FIR 4 : (=4x10-14 s

(Ceccarelli+ 2014: HCO*,N2H* ; Fontani+ 2017: HC3N,HCsN; Favre+ 2018: c-C3Ha)

Fontani+ (2017)

Dec (J2000)

Osorio+ (2017)

~5°10'30" —5°10'00" —5°09'30"

VLA 12N
<

"
3
"
~
N
)
"

ation

b PS 64
\\

VLA12C

J2000 Declin
|
a

Protostellar surface acceleration
model (parameters from Masunaga
& Inutsuka 2000).

diffusion with Rgg>R
R~! Aharonian (2004)

- ‘)
free-streaming /7~

Padovani+ (2016) log, [R/AU]

— The propagation mechanism is probably neither purely diffusive nor free streaming.
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Application of the modelling: comparison with available observations

OMC-2 FIR 4 : (=4x10-14 s-1
(Ceccarelli+ 2014: HCO*,N2H* ; Fontani+ 2017: HCsN,HC& 018: c-C3H;)

Fontani+ (2017)

ace acceleration
s from Masunaga

Dec (J2000)
-5°10'30" -5°10'00" —5°09'30"

n with Rgig>R
aronian (2004)

—16}

-18
-2

Padovani+ (2016) log [R/AU]

— The propagation mechanism is probably neither purely diffusive nor free streaming.
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Application of the modelling: comparison with available observations

[1 OBe] meteorites > [1 OBe] ISM

LOCAL CRS could be responsible for the formation of short-lived radionuclei (1°Be)
contained in calcium-aluminium-inclusions of carbonaceous meteorites.

spallation reactions during the earliest phases of the protosolar nebula

p+%0 ="V Be+. ..
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HCO+ and NosH+ as CR 1onisation tracers

usually |[HCO+|/[NH*| » 1
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HCO+ and NosH+ as CR 1onisation tracers

CcO

H
@ i @ CR electrons!
5%

usually |[HCO+|/[NH*| » 1

in presence of CRs |[HCO*|/|[N2H*| = 1
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In high-mass YSOs it is even easier to accelerate CRs!
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Rodriguez-Kamenetzky+ (2015)

Carrasco-Gonzalez+ (2013)
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In high-mass YSOs it is even easier to accelerate CRs!

T 1 I T T T T I T T T

[ 3.6 cm b

1.3 cm 7
L 130

-

i 312

1 | l 1 1 1 1 l 1

18"58M13%1  13%

G35.20-0.74N

5(J2000)

1°40'30"

[ ] vl
1 | R 1L -
18"58™13%2 12%9 | @1 I

Beltran+ (2016) «(J2000) 18"58™13%  13%




M. Padovani — Protostars: Forges of cosmic rays? — Roma, Jun 25t 2018

In high-mass YSOs it is even easier to accelerate CRs!
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In high-mass YSOs it is even easier to accelerate CRs!
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Conclusions and Perspectives

% We identified a new mechanism to accelerate CRs in protostellar shocks.

Y A number of observations can be explained by our model: synchrotron
emission in DG Tau, very high ionisation rate in L1157-B1 and OMC-2 FIR 4.

OUTCOMES >l the formation of meteoric 1°Be

the creation of COMs on dust grains
+ release in the gas phase

.

the extension of dead zone in discs
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Conclusions and Perspectives

% We identified a new mechanism to accelerate CRs in protostellar shocks.

Y A number of observations can be explained by our model: synchrotron
emission in DG Tau, very high ionisation rate in L1157-B1 and OMC-2 FIR 4.

LOCAL CR acceleration is revealed by

molecular line emission synchrotron and
(ionisation rate) / gamma emission

SKA
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NOEMA VLA
IRAM-30m
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