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Introduction Power Law
Cosmic-rays (CRs) dN/dE o< EY

Fluxes of Cosmic Rays

Cosmic-ray particles:
* high-energy ionized nuclei
(~90% protons + 9% alpha + heavy nuclei)
* mostly relativistic

power law E27
(1 particle per m*—second)
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*x very few of them have ultra-relativistic CR “knee”
energies up to 10%° eV
9 % Knee
'.,_ (Tediicle per m*—year)
% ﬁ,_/’
N power law E
Fundamental questions of CR physics:
CR energy CR “ankle”
1)  Where do they come from? spectrum anxte
2) How are they accelerated to such A
high energies? Ankle _
3) What is their impact on the ISM? S

(Swordy —L.Chicogo} T
18 18 1020 l021

12° 10 10" 10" 10 10
GeV TeV Energy (ev)




Introduction
Interstellar medium (ISM)

* Interstellar medium (ISM)
o 99% of the mass = gas
—90% H+9% He+1%C, N, O, etc.
o 1% of the mass = grains

PROTOSTAR
WITH OUTFLOW

* Dense molecular clouds
o density: from 10*to 10’ cm™

o temperature: from 8 to 20 K e ‘ |
CLOUD. - . YOUNG STAR
: ) o PR, WITHDISK
*x Chemical reactions: ¥ Tevowvep lf  PLANETARY g
o ingas phase 2y Eka, STAR. SYSTEM

o on the grain surfaces

P/an Dishoeck 2014

* Cosmic-rays: ionization — ISM molecular complexity
— ionization of H, (most abundant molecule) = H, cosmic-ray ionization rate { (s™)

JID+I9 — P W+to+9 PD+3IIJ — YVI+ O
H, CR H,* e CR’ J

H,* H, H,* H
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https://pubs.rsc.org/en/results?searchtext=Author%3AEwine%20F.%20van%20Dishoeck

Scientificfe] 11 {24
Studied region: the |glXTAWRReZe]aq] o] (=)

Location: ~2 kpc in the northern constellation
Cassiopeia, in the Heart Nebula

W3: giant molecular cloud and HIl region L e

containing a very active factory of massive e e . e

HB3 (G132.7+1.3): Supernova Remnant.
Its south eastern part is adjacent to W3
(Digel et al. 1996)

The Heart Nebula

* Age of the SNR: ~ 20-30 kyr
* Explosion energy: ~ 10°" erg

Aimie Clément PCMI 2024 30/10/2024



Context
Astrochemistry - Cosmic-rays (CRs)

* Cosmic-rays: ionization — impact on the chemistry
— H, ionization rate T (s™) : typical value 7, = ~ 107" s™

Dec (J2000)

o n
H2 column density cm-2

* Goal: use several direct and indirect chemical tracers of
the ionization in order to constrain the CR ionization rate in
the HB3/W3 complex to better understand the processes
responsible for the acceleration and propagation of CRs in

36.5 36.0 355 35.0 345

the Galaxy

* Chemical modeling with Nautilus: identification of the most sensitive species to the ionization rate ¢

* Radio observations:
o 2 campaigns already done with the IRAM 30m before the beginning
of my PhD (single pointings)<———__

o 1 with the Yebes 40m in 2022 (P. I, single pointinm /
o 1 with the IRAM 30m in 2024 (P. 1., on-the-fly map) onAandB A

:ﬂAM 30m
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Methods
3-phase Nautilus gas-grain model (ruaud et al. 2016, Wakelam et al. 2024)

* Nautilus uses:
o 1141 chemical species, including 548 on the grains
o different types of reactions:
— in the gas phase, on the grain surfaces and gas-grain

interactions

* Based on the resolution of chemical kinetics differential equations

* Computes the gas and ice composition as a function of time for a set

of physical conditions (such as Tgas, Tiuer Ay Ny 0), either static or

time-dependent, starting from an initial gas-phase composition

Developed at the LAB by

= Qutputs: time-dependent abundances of the molecules (gas + ice) Valentine Wakelam

Goal: reproduce the observed
molecular column densities to
constrain ¢
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Methods
Extract parameters from radio data: InvertSpectra code

Extract physical
parameters
(n,, T, size)

Radio »| | [InvertRadexs
Spec‘tl’a Project ID: 255 [ Leave project
A Extract
: molecular
___________ Y o compositions
Physical model (Nmo|)

*  Preliminary analysis of the 30m

|
|
|
I LTE or Radex (non-LTE)
. . . |
observations on HCBN indicates |
|
|
|
|
|
|

Inversion methods

that both sources A and B are:
) Optimization or Sampling
o quite dense (n,,>3x10°cm™)

o cold (T<13K) With priors or Without priors

*  Physical parameters determined for HC,N then used as prior distributions to help the fit for the other species

HC3N(8 - 7) HC5N(9 - 8) HC3N(10 - 9) HC3N(11-10) HC3N(12 - 11) HC3N(16 - 15)
log1ot=[-1.0; —1.0] logioTt=[-1.1; —1.0] logiet=[-1.1; —1.1] loget=[-1.2; —1.2] logipt=[-1.3; —1.3] logioT=[-2.3; —2.3]

] #A g o s 1 —=r
72.78232.78302.783%2.78402.784%2.7850 81.88081.88101.88181.88281.8825 90.97890.97880.97990.97980.9800 100.07560.07600.07660.07700.0775 109.17269.17809.17269.17309.1745 145.56005.56D55.56185.56185.5620
Frequency [GHz] Frequency [GHz] Frequency [GHz] Frequency [GHz] Frequency [GHz] Frequency [GHz]

— allows to extract N . for all the molecules in LTE + in Radex when the collision rates are

avdllidi]C
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Results
Comparison of the molecular abundances

Abundances of the molecules extracted from the IRAM 30m, in non-LTE when the collision rates are
available, or in LTE if not. The bold font is used for species presenting optically thick lines.

107
S i1 ® sourceA, non-LTE PRELIMINARY
1074 @ sourceA, LTE
. 1 W source B, non-LTE v
10 1 e sourceB, LTE b 4
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g e b 1
v] -8 ] ®
5 10 ¥ * % = *® ‘
-g ] &* ® ®
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* 38 molecules detected, including some isotopologues in the 30m data

*  Comparison with TMC-1: very similar for some species (SO, N,H", etc.), very different for others
(HC,N, CCS, etc.)
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Constraining { _, with chemistry?
Using Nautilus and simulated data

e Exploration on a grid of parameters (size 50x50x64):
o n,— between 10*and 10’ cm?
o ¢, — between10"®and 107 s™
o time — between ~100 and 107 years

e Simulated data: as a first attempt
o for the set of observed molecules
o for a given value of the uncertainty on the abundances
o fora given time and n, — check if we can differentiate two # ¢, values (Zhigh VS

Zlow)

= Goal: get the posterior probability distributions of the 3
parameters for a given observation
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Constraining { _, with chemistry? Code developed by Lydie

. . . R during her M1
A first test; likelihood only, no prior emehin atthe LAB

| Z,
z —~ 30 hig
low - !
£ 20 i h
i 1
& 10 - I
. F X
-15 ra |
~ -16 /,/
IV) :
s -17 :
1
-18 1
e / _ o [ |
—_— ] 0 |
g 4 : 5 4 1
[+F] 1 [1F]
& 2 ! £ E
0 . : : 0 T —
4 5 6 7 -18 -17 -16 -15 0 5 4 5 6 7 -18 -17 -16 -15 0 5
ny (cm=3) Z(s7} time (yrs) ny (cm=3) Z(s7Y time (yrs)

— As it is, we can already roughly discriminate between high and low ¢,
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Constraining { _, with chemistry?
Adding a prioronn

7.5 1 : z 4 hig
o ! low TE h
5.0
g : S 24
& 2.5 : S
I
0.0 -
=15
i
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[ o 1
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I e =
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@ 1 L 1
£ 1
g 2 : = 1
1 1
0 T T l ] T l
4 5 6 7 -18 =17 -16 -15 0 5 4 5 6 7 -18 =17 -16 -15 0 5
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— Adding a prior on the density reduces the uncertainty on the other parameters
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Constraining { _, with chemistry?

— We can discriminate high and low ¢, when working on simulated data
— Tests with increasing o still allow us to discriminate ¢, (until a factor of >100 on the abundances)

- 7.5 1 z o= 0.3
m - low
£ 5.01 H
8 1
£ 2.51 : 60 -
0.0 : i Z o=1
i - 1 low
1 404 1
IS 1
8] 1
R / | = 201 i =
— ] 1 =]
' / : L _ 1 Z o= 2
N I ‘\ T 100 A i low
i £ 1
1 N 8.5, :
= B 2 i
| }
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6 T —— N
[ -15
34
g
S 2 - -16
6 0,
0 : = N —17
4 5 6 7 -18 -17 -16 -15 0 § 4 ‘-’
ny (cm=3) T(s7h 2 -18
0 T = 6 1
4 5 6 7 =18 =17 =16 =15 0 2 1
>
-3 -1 >4 1
ny (cm=3) C(s™4) ¢ o 1
£ 5 1
= 1
0 : — :
4 5 6 7 -18 -17 -16 -15 0 5
ny (cm=3) Z(s™Y time (yrs)

— Next step: same work on our real observational data
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2 rayons
gamma

*  Analysis of 14 years of Fermi-LAT data
* Morphological analysis results after multiple

tests: X |
o for W3: Dame '?CO template iteratively ‘ AP
divided into 5 parts '- . pointings |

o for HB3: uniform disk

W3_1down

* The two 30m pointings are in two different
parts of W3 : W3_2 and W3_3

- SNR HB3
- W33
- W32

* These two parts have significantly different v
gamma-ray  spectra, thus  different 7 AN w4
cosmic-ray spectra

E2 dN/dE [MeV cm~2 571]

= we expect to find two different H, cosmic-ray
ionization rates!

103 104

Energy [MeV]
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Conclusions

*  Study of the impact of cosmic-rays on the chemistry of W3 (the molecular cloud interacting with
the SNR HB3)

* Observations:
o Radio data (IRAM 30m and Yebes 40m)

* Methods:
o Nautilus (chemical modeling)

*  Goal: Reproduce the observed molecular column densities with Nautilus to constrain ¢, , (the H,
ionization rate)
o Tests on a parameter grid (n, ¢,,, time)

o Discriminate high and low ¢, with simulated data

* Perspectives:
o Discriminate high and low ¢, on real observational data

o Link the astrochemistry and gamma-ray studies

= constrain { , and understand better the cosmic-rays in the HB3/W3 region
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Methods

Cosmic-rays related processes in Nautilus (Ruaud et al. 2016, Wakelam et al. 2024)

* Photodissociation/ionization with cosmic ray

* Gas phase photodissociations/ionizations by
secondary UV photons generated by CR

* Desorption induced by cosmic-ray stochastic
heating

* Photodissociations by cosmic rays induced UV
photons on grain surface

* Photodesorption by UV induced by cosmic
rays

X Cosmic-ray sputtering (see Wakelam et al. 2021)

Aimie Clément
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10* 10° 1 107? 10 10°® 108 1070 1072

Wavelength in centimeters

Scientific context
y-ray astronomy - Cosmic-rays (CRs)

About the size of...

i c [~ & (85 »éiao» o‘% OX @
* Y'rayS = phOtOnS Wlth E > 100 keV Buhdings l()ia'fa Honey Bee Pinhead Protgz‘;fs Molecules Atéms Atomic Nuclei

*  y-ray astronomy — fundamental tool to observe the Universe using deep penetrating y-ray photons

* Image the tinivaise with CRs — CRs are deflected by the magnetic field!

CRions and electrons can
interact with target particles
to make y-rays through
secondary nuclear production
and bremsstrahlung

* A distinctive y-ray signature of CRs — interactions of CR protons and ions with gas and dust

— characteristic n°—2y emission feature (Stecker 1971)
E2 dN/dE

(ergcm?sT)
= pion-decay bump — uniquely identifies proton acceleration /\

E (eV)




Sensitive species to the ionization rate ¢

Table 1: List of the molecules detectable in the Q band whose abundances are strongly dependent on the cosmic-ray rate.
Expected detections with peak signal to noise ratio larger than 3 are shown in bold face

CCR=1()—16 s—1

Peak Signal to Noise Ratio Tt Abundance ratio

CCR: 10—17S—l CCRz 10_168—1
CeH™ 0.0 34.8 55718.1
CgH 0.0 > 100 45422.5
CH3C4H 0.0 9.1 19278.4
CH3C3N 0.0 28.1 7947.2
C;H 0.0 > 100 6679.2
HC50 0.0 1.9 1344.6
HCCNC 0.0 21.1 1241.8
C4H2 3.7 > 100 688.8
C4H 2.3 > 100 572.1
CH3CCH 0.2 > 100 520.7
CsS 0.3 80.1 306.4
CH3;CN 0.3 89.2 262.4
C-C;;HQ 3.1 > 100 244.9
1-C3Hs 0.3 33.7 125.8
HCCCHO 0.0 4.4 111.0
SO 1.0 72.4 70.3
CS 16.2 > 100 68.5
HNCO 0.7 33.8 50.0
HCS* 0.1 5.2 35.0
CaS 11.0 > 100 28.2
H,CO 1.5 27.7 18.8
CH30H 2:7 43.0 15.8
CH3CHO 0.3 3.2 11.4
HCS 19.8 > 100 9.5
H,CCO 0.7 3.1 4.7

C,S, C,H,, C;H, CCH, CCS, CH, CH,CCH, CH,CN, CN, CS, HC,N, HCCNC, HCN, HCNH+, HNC, c¢-C,H,

42
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Fermi
(launched
| in2008)

Gamma-ray analysis
Quick method & morphological analysis

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

*  Analysis of 14 years of Fermi-LAT data using Fermipy

4635001
H . . . . .
(vs 6 years of data in a previous analysis by Katagiri et al. 2016)
s 4FGL J02_2'—1 4+6241e
+.5+6219 . . . oy . . .
*  Maximum likelihood method: probability of obtaining the data given an
| input model of the sources from a region
+

m:;;(;zma

+

* Templates tested to reproduce the gamma-ray emission:
o spatial templates that trace the interstellar matter distribution for W3
o multi-wavelength templates + disks (extension fit) for HB3

Excess TS map of

el oo WS, L, RRELIMINAR

.000 34.000 33.000 32.000
1 1 1 1

P4 63.5001
i

W3 is 10 times brighter than HB3 — importance of the template choice
for W3

[~ 63.000

- 62.500 \ 4FG) fJ0211.5+6219

[~ 62.000

Morphological analysis results after multiple tests:
o for W3: Dame 12CO template iteratively divided into 5 parts
o for HB3: uniform disk

PS J0228.9+6142
S

[~ 61.500
J0240.546113
+

- Excess TS map of

HEaony PRELIMINAR

[~ 60.500
40.000 39.000 38.000 37.000 36.000 35.000 34.000 33.000 32.000
1 ! I I 1 1 1 1 |




Gamma-ray analysis
Spectral analysis: with Dame divided into 5 parts

- SNR HB3

- W33

- W32
W3_1lup

- W3_1ldown
W3 4

E2 dN/dE [MeV cm~2 s71]

10%
Energy [MeV]

W3_4

Comparison between the different parts
of W3 and HB3 = they seem different !




