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The MeV range - A Messenger for Everything
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Cosmic-Ray De-Excitation Lines

Questions:

Particles/(m? sec sr MeV/nuc)
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1) How does particle acceleration work?

2) What are the abundances in the ISM / SNR / CSM?
3) What is the low-energy cosmic-ray spectrum?
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The Milky Way in MeV Gamma-Rays
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The “COMPTEL Bump”

E x Intensity(cni’sr's’MeV)
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Until ~2013

Search for positron annihilation in flight:
= Positron sources (injection energy)

= Dark matter?
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SPI Spatial Fit - Inverse Compton
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SPI Spectral Modelling
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Modelling the Galaxy

E x Fe [ergcm—2s71]

Inverse Compton Scattering

1o —— Electron spectrum 8004 ___ CMB (T=2.73K,
1047 Urag = 0.261eVecm™3)
FIR (T~ 30K,
10% & 6007 =77 4 s=0.5evem3)
3 100 e NIR (T ~ 3000K,
= - 1 777 Upg=1.0eVcmT3)
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103 = 2001 \\
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Thomas Siegert, MeV-PeV Frontiers, Tokyo, Japan, 17.12.2025




Modelling the Galaxy

Bremsstrahlung
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FIR (T ~ 30K,

10% | 001 =77 yg=0.5eVem3)
2 NIR (T ~ 3000K,
[ 41
=) w0 400 Urag = 1.0eVem™3) Electron
£)g10% —— ISRF (Milky Way) and ion

1035 200 densities

1032 0 _A

105 104 103 1072 107! 10°

108 10° 10%1° 10! 10'? 10'® 10 10%°

Electron energy E, [eV] Photon energy [eV]

1075
. . —— |C (total)

. 106 The continuum is not(!) a power-law! BR (n ~ 0.3cm™—3)
P There is structure in the spectrum! x
c 1077
(9]
>
2 1078 |
I This is merely a 2%
W 1077, tangent spectrum!

10710 . . . - - - -

10~8 1075 1072 101 104 107 1010 1013

Photon energy E [eV]
Thomas Siegert, MeV-PeV Frontiers, Tokyo, Japan, 17.12.2025



Modelling the Galaxy

E x Fe [ergcm™2s571]

Detected High-Energy Components

About ~25 “good” data points between 50 and 8000 keV

Some gamma-ray lines peak out:
511 keV, ¢0Fe (1173, 1332 keV), 26Al (1809 keV)
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Thomas Siegert, MeV-PeV Frontiers, Tokyo, Japan, 17.12.2025 10



Modelling the Galaxy

E x Fe [ergcm™2s571]

Missing Components

Low-Energy Cosmic-Ray De-Excitation Lines

LECR gamma-ray lines:

12C (4439 keV),
160 (6129 keV)

103
____ ION (e.g., Ha,
Olll, OVII, Fe K)
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B IC (total)
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108, s
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Modelling the MeV Galaxy

Low-Energy Cosmic-Ray De-Excitation Lines

Pros/Cons:

- We have never detected any (only for Solar flares: same mechanism)

- They are at the energy boundaries of typical MeV telescopes (small effective area)
+ There are many of them (look for cumulative effect, not individual lines)

+ They should appear everywhere, plus localised (diffuse ISM, SNRs)
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— |c (total) /‘ \ \
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Calculating the LECR Gamma-Rays

Approximations in 2D (projected column densities)

De-excitation line flux

(approx.) Cosmic Ray spectrum
[ph/cm?/s/sr] Test with Broken PL & “Carrot” models
adopted from e.g. Indriolo+2009

Iexc — NH S‘JRX fFCR(E)/O-X(E) dE,
/ X \ Cross section
estimated with TALY'S

Hyvdrogen column density [ver. 2.0; Koning+2023]

Ny =2 x 1022 ¢cm—2
(Roughly reproducing the

diffuse GeV gamma-rays) | Abundances in ISM
R o mohiko Oka (JMU) et al. Solar abundance [Lpdders 2010]
in prep. (2026) & Metallicity x2

@ Then complete 3D modelling!

Thomas Siegert, MeV-PeV Frontiers, Tokyo, Japan, 17.12.2025 13



Calculating the LECR Gamma-Rays

Abundances in the ISM (may vary more then 1 oom!)

loc = Nt Y R [ Fex(E) ox(E) dE.
X

‘ % in prep. (2026)

A~
o
&

10 Refer to Lodders (2010)
Abundances in ISM 108 |
Solar abundance [Lodders 2010] |
z
Tomohiko Oka (JMU) et al. 100
N § 8 2 2 2
-~ 7 8 &R

@ Then complete 3D modelling!

Thomas Siegert, MeV-PeV Frontiers, Tokyo, Japan, 17.12.2025
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Calculating the LECR Gamma-Rays

LECR spectrum (the thing we want to know)

Broken PL model
Iexc — NH : :RX FL@ O-X(E) dE’ Model dependency : Broken PL
X index = 1.0 m— index = -2.0
index = 0.5 m— index = -2.5
— 100 F index = 0.0 m— index = -3.0
1 = index = -0.5 - propagated
Z10 ioin i
s
Cosmic Ray spectrum = 1072
Test with Broken PL & “Carrot” models 7 —
adopted from e.g. Indriolo+2009 P
L1074
X
3
*- 1073
-6 i i i
1071 o0 101 102 103 10
Energy [MeV/A]
P(E) ’high .
W“ Tomohiko Oka (JMU) et al. NO( Eg ; s | o)\ if E > Ep
‘ n prep. (2026 — p(E> gh ( p(E) \low .
g " prep- (2026) % =1No(523) " (5z5) i Bew <E<Ep
g Then complete 3D modelling! 0, if E < Ecyt
S = +1.0--3.0

Thomas Siegert, MeV-PeV Frontiers, Tokyo, Japan, 17.12.2025
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Calculating the LECR Gamma-Rays

LECR spectrum (the thing we want to know)

Carrot model

Iexc — NH Z RX fFCR(E) O-X(E) dE’ Model dependency : Carrot
X

f=001&a=-27
o f=0.01&a=-35
— 10 ¢ e f =-0.01 & @ = -4.3 1
7 — f=0.01 & & =-5.0
12 f=005&a=-27
S 107t f=0.05&a=":35"
v e f = 0.05 & @ = -4.3
. s . o
Cosmic Ray spectrum = 1072 oo ban S
Test with Broken PL & “Carrot” models ¢ | | === — f-olsa=3s
M Nm ......................... f=0'1&a=-5.0 d
adopted from e.g. Indriolo+2009 c ‘ ropagated
L 10—4 L —— bMeken power law |
X === carro
>
& 10-5
-6 i i i
1077 0o 10! 102 103 104

Energy [MeV/A]

W Tomohiko Oka (JMU) et al. Shigh @
,_ P(E2) p(E)
3" prep- (2020) =t ] XN"(p(Eo) (p<E2>)
§ Then complete 3D modelling!
=-2.7--5.0
£=0.01-0.1

Thomas Siegert, MeV-PeV Frontiers, Tokyo, Japan, 17.12.2025 16



Calculating the LECR Gamma-Rays

Nuclear Excitation Cross Sections (TALYS code)

p- 12C reaction Eg = 4.439 MeV

Iexc = Ny Rx | Fcr(E) ox(E) dE, _w
Cross section 1o

estimated with TALY'S 100

—— TALYS: 12C(p, p)12C L=1-0
I == TALYS: 12C(p, 2p)11B L=2-0

TALYS: total

103
[ver. 2.0; Koning+2023]
e
1 11 1 . . 100 10! 102 10°
For SlmPIIClty Of lllustratlono projectile energy [MeV]
Use tmaX CrOSS SeCtlon p-160 rea-ction Eg = 6.130 MeV
at mean energy: 10 . e e
12C: 10 MeV \%i
160: 20 MeV
W Tomohiko Oka (JMU) et al. 10760 100 102 10°
2 ‘ 3 |n prep. (2026) 10°
¢ Then complete 3D modelling! g
10700 10! 102 103

projectile energy [MeV]

Thomas Siegert, MeV-PeV Frontiers, Tokyo, Japan, 17.12.2025



What does it help to measure LECR lines?

LECR lines step-by-step: Step 1: Varying the total power P
_ CR proton spectrum: ¥ _p._*2 .. Total Power: JEmaXZ—ZEdEzP

dE ~ Egf - Egp
- Only 12C in the ISM: Strongest line 4.439 MeV
= Get P from one measured line.

P =1.0e4+00
10-% ' 101
I a=1.5=const.
1077 ! 10°
|
| 10—1
107 ! =
- I S
x 10711 ' =
= ! S o3
ot ! S 10
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! 10~
10—15 | _
| 10-°
I
I
10-17 | -6
0
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What does it help to measure LECR lines?

LECR lines step-by-step: Step 2: Varying the index a
_ CR proton spectrum: ¥ _p._*2 .. Total Power: JEmaXZ—ZEdEzP

dE Bt - E?
- Only 12C in the ISM: Strongest line 4.439 MeV
= But P is degenerate with a.

alpha = -2.00

1075 | 10%
I
- P = const. ;
10-7 ! 10
| 10—1
107 : =
p— =
B I G .
g ! x 107
x 107! : 2
5
: | § 10
o
~ 10713 : &
104
I
I
-15 |
1 | 10-5
I
I
10-17 | -6
07

, : ' 10 . . , . , , .
108 109 1010 1011 40 45 50 55 60 65 70 75 8.0
CR energy [eV] Photon energy [MeV]

10° 10°¢ 1



What does it help to measure LECR lines?

LECR lines step-by-step: Step 3: Adding other elements

_ CR proton spectrum: ¥ _p.

dE

a+2

+2 _ Fa+2
Eglax Emin

= Total Power: J N pag=r

Emin

- 12C & 160 in the ISM: Strongest lines 4.439, 6.129 MeV
= Get a/P from only two(!) measured lines!

CR flux [a.u.]

alpha = -2.00

10-°

1077

10-°

10—11
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P = const.

Photon flux [a.u.]
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What does it help to measure LECR lines?

LECR lines step-by-step: Step 5: Add more lines / elements

_ CR proton spectrum: ¥ _»._2*2 ;. Total Power: JEmaX—EdEzP
dE Egi2 — Eaf2 g dE

- All elements in the ISM: many many lines
= Get a and(!) P from three+ measured lines! (+ LECR shape!)

104 . , - - -
° Oka+2026
o I e o © o .
1 o L1 & & |(inprep.)
|| - Il [} Il [}
- 0 Tvl - - -
- [} 2 8] o O
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) Q
~ 0
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= s : P ; Y 5O N :
= P o i I .
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S NHER AN A
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(@] - : i R
N 10 7 H QQQ E:
[a i HE
o i A
| EEQ
H Fia-1
1 Fi : orh E:
10—8 Qi i § : F o) ORRXY RS SR LR P el P e ST
0.1 0.5 1.0 2.0 5.0 10.0

Photon energy [MeV]
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What does it help to measure LECR lines?

LECR lines step-by-step: Step 5: Add more lines / elements
- CR proton spectrum: - »._<*2_. Total Power: JEmaXZ—ZEdEzP

+2 _ +2
d E¢t2 — Eot

‘min

- All elements in the ISM: many maye lines
= Get a and(!) P from three+ measured lines! (+ LECR shape!)

Lot Carrot: f=0.01, a = -2.7 10-4 Carrot: a =-2.7, f = 0.01
Oka+2026 ° z © ° ° °
— 10° (in prep.) 3 W _f..', i RN
= T 10-5 © z 8 9 o0
< ‘_ - ~ © - = -
- 10—1 (2]
> -
= o
ol 1072 =
ok 51076
w1073 3
h =
810 s
2 10~ H
E S 197 ®
w — {
1073 Bl
1076 10-8 U it: | 6 I N [ N B S R JHNERDR T
10° 10! 102 10° 10° 0.1 0.2 0.5 1.0 2.0 5.0 10.0

Energy [MeV/A] Photon energy [MeV]



What does it help to measure LECR lines?

LECR lines step-by-step: Step 6: Carefully check TALYS

- TALYS does not check if line is forbidden

- 16Q L=1-0 is an EO transition (no gamma-rays!)

- 160 L=1-0 is internal pair creation (IPC: e*/e- pair created!)

- 160*(6049) is not a real y-ray, but leads to 2.5 MeV positrons

Carrot: a =-2.7,f=0.01

10! Carrot: f=0.01, a = -2.7 10-4

Oka+2026 el |e °
— 10° (in prep.) W i
J 7710 5 o2 e
< — - - -
-~ 10—1 ("]
2 Y
= o
~ 1072 !
I
F’ EIO‘6
;m 1073 x
IE E ¥ *
S 1074 S

©10° *
3 T * 4 *
w105 * T
** x X *
- e " *
10~6 10—8 ey * @ o Y * A a *
100 10! 102 103 104 5.0 6.0 7.0 8.0

Energy [MeV/A] Photon energy [MeV]



What does it help to measure LECR lines?
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Supernovae: Timescales

Explosion

Non-gamma-ray observations

Lightcurve

Remnant

Superbubble

Year <107
: >

<10"> s

Bouchet+2015, 2‘5AI
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SN Remnants vs. Galactic Diffuse

CR Flux [a.u.]

Pathway to solve the onset of particle acceleration

Injection at SNRs

Einj ~ Ebreak,SNR

“Inference”

CR Flux [a.u.]

|
1 i Ebreak,sNR ~
' 200 MeV
102 |
|
"1 Maxwellian
1072 +Tail |
T

CR Energy[ eV]

0001 ;

Photon energy [MeV]

“Measurements”

Thomas Siegert, MeV-PeV Frontiers, Tokyo, Japa

dN/dE(MeV~1cm~—2s-1)
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= Propagation in ISM

Einj,prop ~ Ebreak,ISM

Ebreak,ISM ~
20 MeV

Losses
+ Diffusion
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Internal Pair Creation: Link to 511 keV

CR + X — 160* — e*/e(5.027/2 MeV)

proton-induced
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..... 2ONe
o)
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C
o i
+ .
S AN
3 ! .\:-.“‘
8 10 ' \ E
o ; A
R
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e 14N
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A A
100 I 1 : 1\ i \
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Projectile energy [MeV]
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Cross section [mb]

CR + X — 160* — anything

proton-induced
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— 160 (L=1-0)
—— 160 (L=2-0)
---- 160 (L=3-0)
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101 L
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\\
10° ‘ o
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= Sl (Bl 2=
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A
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Injection Problem

- Use positrons as tracers for acceleration
- Similar idea, plus: Annihilation tells us about efficiency
- Expect an annihilation signal for particles that don’t escape

Sufficient S : .
acceleration = ~-ionization (1 H/cm-)
102 - plasma (1 e/cm?, T = 8000 K) J
Insufficient —bremsstrahlung (1 H/cm?) /
acceleration 103 ¢ bremsstrahlung (1 H*/cm?) ,,"/f.-
dE - —"fynchrolron (1 nG) / /
— 104 inverse compton (CMB) /, |
dt C /¥
310 /41
= 1580
106 - 1T T~ T i ]
:' Dy Cacs L
lonisation losses 107 | L0 0
1 / s ’/
108 b R ST S
109 102 104 106 103 1010 1012

E E (eV)



='.: The Milky Way from Radio to Gamma

430 MHz

4.34

Cco

Yoneda,

Free-Free Stedert
; . Mittal
2025

511 keV

>1 eV

Ha 656 nm 21 cm > 1GeV
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E.: The Positron Puzzle

What do we see?
K

Where do the |A [
positrons come from? |O v¥

Why does it i
look like that?y# Y




S«  Positron Sources in Space

Positron production is ubiquitous!

* Massive stars / Novae / SNe la&ll
—> Radioactivity from B+-decay

* XRBs / Microquasars

- “Compact y-ray source”; Jets; ...
* Sgr A*

—> Past AGN activity; Accretion disk
« Cosmic rays

—> p-p collisions: Secondary positrons
* Pulsars

- Magnetic field interactions

« Dark Matter

- Decay; Annihilation; Excitation

« Stars

—> Stellar flares; e*-capture

* Your ad here




Positron Production Mechanisms

YY pair
production

High-energy
processes!

v/EM-field
pair production

Dark matter ...

f

.. anhnihilation

VA

... decay

¢

H

.. deexcitation

x;

f
f

X

e+



SNRs: Injection, Escape, and Annihilation

Time-dependent escape of positrons from SNRs
as tracers for acceleration

+

By measuring the annihilation gamma-rays,
we find the escaping spectrum

0 1o} . 0
S e ) Vi 3V wp L =V DEp VA4 S

af 10 dp
o R 1 ) I e

Phase
space
density
Spatial Energy Annihilation
diffusion losses term:

I'= nX(r,t)GannV
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SNRs: Injection, Escape, and Annihilation

Time-dependent escape of positrons from SNRs
as tracers for acceleration

+

By measuring the annihilation gamma-rays,

Link to we find the escaping spectrum Link to

nucleosynthesis LECR spectrum

Q(r,p,t)

Radioactive Internal pair
decay (B+*) creation (1¢0%*)
Unique
annihilation
spectrum
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000

Positron energy [keV] Positron energy [keV]
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Conclusion / Outlook

Measuring the LECR spectrum in SNRs and ISM will:
+ shed light on injection problem
+ estimate the ionisation rate in the Galaxy
+ have links to the 511 keV positron puzzle
+/- be a major target for COSI and successors
- require high sensitivity and spectral resolution

n:,l ”

C[]SI

$
5
§ 1 ﬁamma -ray Space Explnrer
s
d
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090‘\
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' 4

3
-
)
1% .
-

Thomas Siegert, MeV-PeV Frontiers, Tokyo, Japan, 17.12.2025
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MeV Gamma-Ray Measurements

Coded-Mask Spectrometer Telescope SPI

INTEGRAL foprt SERINCIERm SPI specs:
INTErnational | Energy range:
Gamma-Ray 0.02-8 MeV
Astrophysics FWHM:
Laboratory 2.1 keV @ 511 keV

Angular res.:
2.7° resolution
Line sensitivity (36/1Ms):
Background 3-10-> ph cm2 51 @ 1.8 MeV
Conti. sensitivity (36/1Ms):

2-10-10 erg cm2 s @ 1 MeVv

Patterns from the
background

Patterns from the
sky




Massive Star Nucleosynthesis

Milky Way in 26Al from massive star ejecta (1.809 MeV)

50— T A

Siegert201 7
10 i 3

-

g Scorpius Centaurus o -
p Cepheus Wquila rina' .
13 . ' v
Perseus . Sinner Gala Vela Orion
Cygnus Centat
S e 0
Eridanus

w

(=]

TprrTT
|

Flux [10° ph cm™@ s7" (0.5 keV)™]
n
S

\ . - rcinus ‘// ; g

\\K‘ . 7 105 %

Pliischke+2001 ~—— — —— g \ ; E

B R ]
POSltron' 17;5I | % I1 8%6 - I1 8|05I - I1 8|1d I' I1 8%5 II {11;20
i @ y 1.809 Me Energy [keV]

e - 1.2-2.4 M, of 26Aliin the Galaxy 3

Ty A Y & 3

o 4 4 - i - 4 -1 T
" — @ — "% Star formation rate: 4-8 Me yr S
0.7 Myr - 0.3x1043 e+ s'1 along Galactic plane *

Al oMg* Mg — Constrain star formation and
13p + 13n 12p + 14n 12p + 14n

nucleosynthesis at the same time



Massive Stars: 20 years of SPI

How does nucleosynthesis feedback from massive star groups affect the chemical evolution of

the Milky Way and the Solar System?

Diehl+2006/2010 w3 t L [oral photon mode!
Wang+2007/2020 E . +++ easure spectrum
Martin+2009/2012 o [} ;
Kretschmer+2013 ‘53 180° 150° 1200 00", 601 00 (0ie 380:1300° 370" 240° 210°
Krause+2015/2018 & P A o &
Siegert+2017/2024 92
Pleintinger+2019/2024 x /'J t
5! \
B p } t b
So bbb d bt bt b et bt
‘EO H+ M* +i+}H?/» ij it ++ PRty T N Milky Way
1790 1800 181[(5)nergy [kevl]820 1830 1840 . M(26AI) . 2 MO
Galaxy
. e SFR > 4 Mg yr-1
Milky Way oY )
Star Formation Feedback e CFR 2 0.29 X 107~ yr-1

00
LLLLLL kvl

Slngle Star

| M«{\”‘}““HM‘WM4‘ ‘v” ‘ :: l }
b =

e SNR=(1.4%1.1) X 1072 yr-1

= Single Stars and Star Groups

= Solar Vicinity

- = Tomoooss * Reduced explodability for massive stars
-’ "_\ e Clustered star formation

! H “‘L\M“h ] | H } * Frequent superbubble merging

L e M o o ’H‘ o

FOMATT

109700 1800 1810 1820 1830 1840 26
rrsy et e Large “Al flux
y2-Velorum ¥
v Star G o Small ©OFe/? Al flux ratio
' ar rou . . ..
Perseus gB ¢ High latitude emission
Nucleosynthesis e Prominent nearby emission

Thomas Siegert, MeV-PeV Frontiers, Tokyo, Japan, 17.12.2025

39



Life of a Positron in Space

‘ Scorpit te urus .
» Cepheus ila rlnl- .
& ©
Perseus g Cygnus . inner Galaxy™ contan

Circinus

Vv Orion
© i o
S 5 Eridanus
. s
-

Annihilation

.

Production

\3

274nos™

TeV/
GeV/
MeV

Christodolou2016; Siegert2017

*://
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Positron Annihilation: e+ + e- 2 2y

- Annihilation in Flight:

. . . , ys0 |
- Direct annihilation with E,. (e*) 20 c ‘\\ Y&)\
Y e S

- E. . (e*) =E, (e) = 0: 511 keV line

1 0 )0 a0c 600
y [keW]
ortho:
Posironium
0 100 200 300 400 500 600

Energy [keV]



INTEGRAL/SPI 511 keV Portrayal

Disk Annihilation budget: 3.1x1043 e+ s-1

0.5 E

FWHM: 1.6 keVi™
D'Sk 1<0 511.1 keV.

ffps 0.8- 1.0

Siegert+2016a <

Galactic
centre:

0.1x1043 e+ s-1

. GCS  FWHM: 3.5 keV |
5 Eg: 510.6 keV
0’ pst 0.7-1.0]

“IFWHM: 3.1 keV D]Sk l>0

7 K 511.3 keV
f,,s 0.8-1.0 H

Bulge:
1.7x1043 e+ s-1

E 1 1 L |
490 500 510 520 530
Energy [keV]

Total Milky Way: (4.9+1.7)x1043 e+ s-1

42



Compact Objects: Microquasars

Microquasars are Galactic positron sources!

Red'.stt jets
4 A Compact object
of of center

e+ annihilated:
= 1042 -1

* Duty cycle:
~ 10-3

* Escape fraction:
= 20%

E*xFe [ph cm™ s keV]

2.
(A)\
T T

- Siegert+2016b, Nature a1
10E Annihilation
. (pair plasma)
[ g, o th S [
Photy, <"May
e E
0 50 70 100 200 300 500 700 1000 2000

-t
o
T L

E®xF¢ [ph cm™ s7" keV]

103 - 108 pQs expected in the Milky Way:
Understanding the “inner engine” of accreting black holes!

-y
e

Anfithilation |
/ (pair plastira)__

V404 Cygni

30 50 70 100 200 300 500 700 1000 2000
Energy [keV]




Compact Objects: Microquasars

V404 Cygni flaring

Relativistic jets
344 5
4 A Compact object
of center

o IRERAAART A . . ... e R Accrition-disk oo
optical emission

Siegert+2016b, Nature

E Rev. 1554 Rev. 1555 Rev. 6 Rev. 1557
5 FEpoch 1 Epoch 2 Epoch 3

Annihilation flux [107® ph cm™@s™]

100-200 keV band flux [107 ph cm™ s keV™"]

192 194 196 198 200 202 204
MJD - 57000 [days]

Pair-plasma
annihilation light
curve in V404 Cygni

0 - -10
MilliArc seconds Cresdit: J MiIIeF—Jones

Radio emission associated with pair plasma?
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Budgeting Galactic Positrons

Microquasars

599 In-situ annihilation

Escape from Galaxy
Non-steady state

Massive Stars
6%

Upper
contribution
limit

Dark matter
o/?
Pulsars <1%?

Type la Supernovae <1%?
37%
Lower More ‘
—== contribution sources Flares
limit required ‘

Thomas Siegert, MeV-PeV Frontiers, Tokyo, Japan, 17.12.2025
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Dark Matter in the Light of 511 keV

Decay, Annihilation, De-excitation

Fs5) (pDM>n ?

- DM density very similar to 511 keV profile

- Predict coherently primary (prompt), secon-
dary (Inverse Compton, synchrotron), and terti-
ary (positron annihilation) emission for galaxies

Galactic
centre

()

DM main halo

Dark matter simulation
Kuhlen+2008

Dwarf
galaxies

0

DM sub-
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T keV ' sr]
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From Remnants to Superbubbles

Radius {pc)

Evolution of Supernova Remnants Hydro-Simulations of Superbubble Phase
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='.: What do Line Shapes tell us?

Guessoum+1991 | Prantzos+2011 I

1
Energy losses L
L L 4 o L oeeeeenenneeans !
Thermalization Annihilat;lonhwith % _\\»\. .............. T
e" in ig t 1 (XY [ g, .:.x“
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3 N e
A A 4 y A 4 Y 'E b - ':
Charge D o SE
exchange cfn?{‘):l::izn Capture || Annihilation || Annihilation _f;,* r g . Bafs
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Line shapes trace
| warm and partly
. I /| ionised gas:

(((((

ColdH, ColdH Warm Warm  Hot - T = 7000-40000 K
neutral ionised plasma - Xion = 2-25%
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Boxy Bulge
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