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SNRsresult by the interaction of the
supersonically moving ejecta with
their ambient medium




Structure :

A Forward shock (or blast wave)
A Reverse shock

A Contact discontinuity
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Evolution :
Free expansion phase (m= 1)

Sedov -Taylor phase (m = 0.4)
Snowplow -phase (m=0.3)
Momentum driven phase (m=0.25)

Merge with the ambient medium

merging
r = constant

T-~10°K
v ~ 200 km/s v~ 10 kmis




RING NEBULA

From nature




% Magnetic fields
&Cosmic Rays







Progenitors: SN Type:

- RSGsS/YSGs A 1IP&L/IIb
- BSGs A ll-pec
- He stars A lb ==
- WR Stars A Ic

- LBVs

A lin/Ibn
(Smith 2014)

Core Collapse Supernovae

All of there progenitors are
characterized by substantial mass
outflows

For CC SNRs:SN + CSM
interaction is inevitable

Cas A: Type lIb A Evolution
within the wind bubble

SN 1987A: Type ll-pec (BSG)
A collision with a CSM shell



Core Collapse Supernovae

U Multiple phases of mass loss A Complex CSM
MS phase (t =1 & 2 Myr) . RSG phase
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See also: Garcia -Segura et al. (1996a), Freyer et al. (2006), Dwarkadas (2005) ,Toala & Arthur (2011)
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sensee

U Low mass progenitor stars (M <8 Msun)

Lopez + 2009

A No essential mass outflows are expected




However é

U Al monsanef
a SNR +

Kepl er 0s
interaction with a
dense CSM

(e.g. Chiotellis + 2012,
Patnaude + 2012,
Kasuga + 2021)

Type la Supernovae
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homogeneous

SNR G1.9+0.3
Interaction with a dense
circumstellar shell

(e.g. Borkowski et al. 2014,
2017; Villagran 2024)

amb i

ent medi um

RCW 86

Evolution in a low density
cavity excavated by the
progenitor

(e.g. Vink + 1997; Williams +2011;

Broersen + 2014)
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Type la Supernovae

U The existence of CSM favors OAl ternatived Scenari o:

for the single degenerate scenario
Bipolar PN (Chiotellis + 20)
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Mass losses In the form a continuum outflow

Density profile (mass conservation law):

freely expanding wind : unperturbed
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Wind bubble evolution:
Weaver et al. (1977); Koo & McKee (1992)
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- Slow, intense winds ( 0 Yo 8 :
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A (AGB, RSG, LBV)

Average mass—loss rate (log Mg yr™')

- Fast, tenuous winds( 0 8ho 4 :
A (OB MS, WR, WDs)

Expansion speed (km s™')

density (gr cm™?)
density (gr cm™?)



Evolution of a SNR within the wind bubble: |. Dynamics

U Evolution withinthe ”(i)® 1 wind profile

A Self-similar solution (Chevalier 1982): Ejecta Density: pg, T

Density of ambient

medium: p, o<1’

A ISM: s=0 o
Hi- Then contact discontinuity
2 A Wind bubble: s= 2 evolves as:
RCD o I:(n-3)/(n-s)
=| FAG <

expansion parameter: Dy, 44w Ll v

e.g. for Type I SNe (n=7):

Bubble m=0.8 ; ISM m= 0.57



Collision of SNR with the outer walls of the CSM

u Effect I: A substantial deceleration of the forward shock

A The velocity decreases and the shocked density increases
pwd Fdyn > Fcool (possible) -> The shock becomes radiative

freely exponding wind
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Collision of SNR with the outer walls of the CSM

u Effect I: A substantial deceleration of the forward shock

A The velocity decreases and the shocked density increases
pwd Fdyn > Fcool (possible) -> The shock becomes radiative

freely exponding wind

“shocked wind
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(Vink 2008)

(Reynolds+ 2007)



U Effect Il: Formation of a reflected shock

Reflected shock Velocity:
Sgro (1975):

Ar: related to the wall to cavity density contrast

A Forhighcontrast A Vra f e w km/s

40" |

| —» Reflected
shock
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Peculiar SNRS (Rho & Petre 1998; Jones et al. 1998) :

u Shell type in Radio (synchrotron)
u X-ray bright in their center (thermal)

A No active pulsar (as in Plerions or Composite SNRs)
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Standard SNR
Evolution

Ejecta dominated phase

MMSNRS
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Sedov -Taylor phase Radiative phase



The role of reflected shocks In

WA49B (Zhou et al 2011)

KESTEVEN 2{Chen et al. 2008)

36 |

40

A4
(=
<o
o
o

Q Nz

o 48

-53'56' |-

1 L iz 1 T N 1
15™49™30° 49™00% 30° 48™00° 30° 47700

a (2000)

N

Density

time= 1425 years

MMSNRS

|C443 (Ustamuijic et al 2021)

IC 443 model

b, TP TN "
L e W - .
s e A"
P Nk T »
3 .  § 3 =
b &

& 3 atomic cloud
R
>

t=317yr

soft

20 B
-2.5
-3.0
-3.5
-4.0
-4.5
-5.0

{counts s') hard

20
25
-3.0
35
40
45
5.0

(counts s')




MMSNRS
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Evaporation of

Require: density walls No [, no mixing
(Chen+ 2008; Zhou + 2011; (Cox + 1999; Shelton+ 1999;
Ustamujic +2021; Chiotellis+ 2024 ) : Velazquez+2004; Zhong + 2019)

(White and Lond 1991,
Slavin +2017, Zhang +2019)

Reflected shocks | Thermal conduction : shock -engulfed cloudlets
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Chapter Il

Deviations from spherical
symmetry

Nature would have been
strange if everything were

7z

spheri cal l

Ve

| same appl i e
Stellar winds &

Supernova Remnants




Non -spherical symmetric stellar winds

U Stellar duplicity

u Stellar magnetic fields

0 Stellar rotation ’ : _ oA
U Stellar systemic motion - A
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Ram pressure balance:

|. Bow shocks

Zeta Oph BN+43 3654

I Toala + 2016
10° 10° N . \

Runways (progenitor) stars:

Stagnation point:

(Poveda+ 1967; Spitzer & Varshalovich 1980; ro = 148 ( ' Uy )uz
Gvaramadze & Gualandris 2011) 5x107° Mg yr~ 15 km s~ 1

b, -1 Mo —-1/2
) (280 km s_’) (0.001 cm—3) pe

Borkowski + 1992; Houpis & Mendis (1980); Rozyczka +1993

(Zwicky 1957; Blaauw 1961)



Bow shocks Chiotel2l is + 6
on SNRs

Toledo-Roy + 0614

Keplerds SNR (Reyno



