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Origin and emission mechanisms

X-RAYS: newly formed SNRs
Free expansion phase Adiabatic phase Thermal emission from the material
T2 10 e, behind the shock front (T>10¢K) or/and
badio RN non-thermal emission from relativistic
it ot electrons
(e.g. review by Vink 2012)

OPTICAL: sign of older SNRs
Cooling region behind the shock fr'onT
(T~10° K) ’

RADIO: throughout the life of a
remnant
Around the shock or behind it

Radiative phase Dissipa.‘rion

lefer'en’r wavelengths depict different evolutionary stages in the life 1
of a r'emnanT g
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por"rance of lel‘l'l- aveleng‘rh s'rudles on SNR:

The (derived) properties of SNRs depend on:

Environment/ISM (density, temperature)

_'.Progen/'for properties The details of this

(stellar wind density, connection are

Age / Evolutionary
poorly understood stage of the SNR

.~ mass loss rate,
' composition)

Selection effects
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mpor"rance of mul'n-wavelehg‘th s‘rudles on SNR

The (derived) properties of SNRs depend on:

Environment/ISM (density, temperature)
(multi-wavelength properties)

| Progenitor properties A multi-A S‘fudy is Age / Evolutionary
(g X—{"ay spectra from essential stage of the SNR
= the ejecta of young (Toy fiodel)

- SNRs)
o (e.g. easier to detect optical SNRs in
low density/diffuse emission regions)

Selection effects
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MW SNRs Pr'os and Cons

Census of Galactic SNRs: 294 (Green 2014)

Physics from individual remnants - interaction with ISM

However, they are severely hampered by

N

Galactic absorption distance uncertainties

(SNRs are almost exclusively in the (crucial  properties cannot be
galactic plane-most can only be studied estimated:; e.g. size, luminosities)

at radio) I

Difficulties in probing their evolution and performing systematic
studies




Ex’rragalac’rlc SNs Pros cmd Cons &

_j At the same distance

i Internal Galactic absorption effects are minimized (especially on |
'face -on galaxies)

i Observing SNRs in different environments

g i Larger samples

I Limited sensitivity and spatial resolution
However:

¥Sampling more galaxies helps us understand the global properties and |
i the systematics of SNR populations as a function of their environment.




Historically. ..

® First record of extragalactic SNRs: LMC (radio)
(Mathewson & Healey 1964)

= Pioneering work of Mathewson & Clarke (1973) on the MCs
(based on the [SII]/Ha criterion and radio data)

® The SNR census continued primarily by exploiting ground-based

telescopes
(largest number of extragalactic SNRs in the optical band)

® Advent of multi-A sensitive observations:
X-rays: Einstein, ROSAT, XMM, Chandra
Optical: HST
Radio: VLA

I3

b Last decade: more systematic studies of extragalactic SNR populations
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Selection Criteria for detecting SNRs

' 1. Optical: [SII)/Ha > 0.4 (Mathewson & Clarke 1973)
,:_2 Radio: Non-thermal emission

%3. X-rays: soft (x 2 keV) sources with thermal emission

-
L

~

log(M/H)

Col2

Coll = log(S/M)

Leonidaki et al. (2010)

4. [FeII] (1.644 ym) (e.g. Blair et al. 2014)

. L8 -‘ﬂ
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SNRs in the optical: Emission line diagnostics"_'_

o
e

Various physical parameters can be estimated:
.:.;"[SII]/ Ha: main shock-heating gas indicator
I_:[NII]/ Ha: metallicity indicator, secondary shock-heating gas indicator
[OIITI]/Hp: shock velocity indicator

- . [STI]6716/6731: electron density indicator

Elemental abundances and shock velocities can be calculated using
sophisticated shock models
(e.g. Raymond 1979, Dopita 1984, Allen 2008)

- o

= . L o
Ly Hgi—l""'t{



" SNRs in the optical: Emission line diagnostics
~ [NII)/Ha: metallicity and shock-heating gas indicator

=

NGC 3077 +NGC2403
* NGC 4214 *NGC 6946

NGC 4395 °NGC 5585 .
ONGC 4449 ©M 81 } Matonick &ﬁ,esen (19
ANGC 5204 *M101 ;

SNRs in irregular galaxies
present  higher Ha/[NII]
ratios (lower metadllicities) =
than those in spirals. )

p
(]

0 )

ey eonidaki et al. (2013)
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" SNRs in the optical: Emission line diagnostics '
~ [NII]/Ha: metallicity and shock-heating gas indicator

=

Blair r& ILo[nql (2EO1O4r)
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* SNRs present higher =
[NII]/Ha than HITI regions

II|III||II|III|I
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* Higher [SIT]/Ha ratios
— present higher [NII]/Ha
ratio values

1 | g T ! ! ! T J ¥ ‘ T : g T T
- NGC 300 B . - NGC 7793

S  FEamamea———— @
I([N 1]):1(Ha) _ I(N 0)I(Ha) b = i :
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SNRs in the optical: Emussuon Ime dlagnoshcs
[NIT]/Ha: metallicity and shock-heating gas indicator

+ SNRs in irregular galaxies (Le-'{daki et al. 20%3)
A M33 SNRs o -
& M31 SNRs
O M81 SNRs 0
»< M82 SNRs p ]  Secondary shock-heating gas !
MS&81 HII region O/ )
$ indicator

e e
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Flatter slope -> higher [SII]/Ha
-> non-uniform ISM ? |

1.0 1.5
[S II] AA6717.31 /HO(.
ee & Lee (2015) L
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" SNRs in the optical: Emission line diagnostics
| Shock models for measuring abundances and shock |
_velocities

NG AR
" NGC 4395 * NGC 5585 SOLAR  2xSOLAR
DJ=°NGC 4449 °-M 81

Using shock ionization models (of Dopita et al.
L ANGC 5204 =M 101 -

1984) for various values of oxygen abundance and
the ratio of oxygen to nitrogen abundance. @ |

Hp)

' I I l I I ' i l -t

Lee & Lee (2015)

05F

log([O I11] A5007

24%x107

o
=]
o
el
—
Z(0)

log([N 11] A6583 / Hor)

ﬁ Leonidaki et al. (2013)

Using theoretical shock model grids (of Allen
- et al. 2008) for different values of shock
velocity, magnetic field parameters and ‘1‘?1.0/ BT E—— -1.(()).0 L 015 L 110

- chemical abundances. Log([SIT] A6731/Ho) Log([O TIT] AA4959,5007/HB)

=
W

N

Log([NII] AA6548,84/Hor)
=
W

Log([NII] J\6548,83/Ho)

7
/

MS81 SNRs O I MS81 SNRs O
M82 SNRs x i M81 HII region

375 % 10
I

~_ Alfernative method for calculating abundances: X-ray spectra (Maggi et al. 2016)
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NRs in 1'he op’rlcal Age / Evolu’rlonaf'y s1'a

Cumulative Size Distributions

; (Hughes & Helfand 1984 ; Long et al. 1990 ; Gordon et al. 1998 ; Dopita et al. 2010 ; Badenes et al. 2010 ),

(a)

I"i aj zh 4550

(b)
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M33 ﬁGor‘don et al. 1998, Filled circles
M33 (Long et al. 2010 -Open cnrcles)
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Dopita et al. (2010)




¥ SNRs in the optical: Age / Evolutionary stage '

Surface Brightness - Diameter (Z-D relation)

~ (The Z-D relation has also been used to estimate the distances to the MW SNRs; Pavlovi¢ et al. 2013)

Blair & Long (1997)

10714 —

NGC 300 ] i NGC 7793

Surf. Brt. (Ha) [images]
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100 150 100 150
Diameter (pc) Diameter (pc)

ShghT trend for the relatively small diameter objects to have higher sur'face -.
“ bmgh‘rnesses
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Discrimination from superbubbles

* Moderate [SII]/Ha values (0.45 < [SII]/Ha< 0.6)
(e.g. Lasker 1977; Walterbos & Braun 1994; Chen et al. 2000)

* Large sizes (>100 pc) which are rare among known SNRs
(e.g. Williams et al. 1999)

* Slower Ha expansion velocities than those of SNRs (<100 km s-1)
(e.g. Franchetti et al. 2012)

* OB associations

* Their low-density environment is responsible for their rather faint

X-ray emission (below that of SNRs: 1034-103¢ erg/s)
(e.g. Chu & Mac Low 1990)

* Mainly thermal radio emission




" - - i Tl SRl L R -k . Py P =l c = ! i " ;
iy ot Y - " e, e T re ol s - . S R ATt b e R AT
oo SRR 2 Veraady gl > 2T P N T S S e g

ating progenitors

Criteria for Type II/Type Ia:

" (1) Distinct type of objects (plerions, oxygen-rich, Balmer-dominated)

- (2) Presence/absence of OB stars (Maggi et al. 2016, Franchetti et al 2012)

. (3) Symmetric/non-symmetric morphology (Lopez et al. 2009, 2011)

(4) Type Ia SNRs present relatively low Ha flux compared to Type IT
.SNRs (e.g. Franchetti et al. 2012)

" (5) Metal abundances:

o * Fe-rich -> Type Ia, O-rich -> Type IT (Hughes et al. 1995, Maggi et al. 2016) :
~ * Fe Ka line energy centroids: 6.4 keV -> Type Ia; 6.7 keV -> Type IT (Yamaguchi .
~  etal 2014) ,

6) Light echoes (Rest et al. 2005, 2008)



SNRs in The op1'|cal Age / Evoluﬂonary s1'age

Cumulative Size Distributions: Based on progenitors

M33 M31
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Lee & Lee (2014b) Lee & Lee (2014aq)

"The mean diameter of Type Ia remnants is larger than that of the CC remnants. This
means that a majority of the CC remnants may lie on dense ambient ISM than the Type
Ia remnants g -

- - - - E—
o
Pl
y &L —r?;'Fi"‘
=



Sur'face Brightness - Diameter (Z-D relation): Based on ’rhe

progenitors
M31 . | M33
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Type Ia {, X
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1.5 2.0 1.0 : . 1.0 1.5 20 10 1.5
log D [pc] log D [pc]

Lee & Lee (2014qa) Lee & Lee (2014b)

. The Ha and [S IT] surface brightnesses of the Type Ia SNR candidates show
'stronger linear correlations with their sizes than the CC SNR candidates.
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 Multi-A properties: Venn diagrams

Optical NGC 7793 OPTICAL

Optical

NaVAY \V20AY, M

NGC 3077
NGC 4214
NGC 4395
NGC 4449
X-ray NGC 5204

Long et al. (2010) Pannuti et al. (2011) Leonidaki et al. (2013)
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Multi-A pfoperﬁe

s: Venn diagrams

Limited sensitivity
3807

)
~
wn

o Matonick & Fesen (1997)

m NGC 2403 -
x NGC 7793 1
+ M8I
+ NGC 5204 ]
A M101
® NGC 6946 ]
* NGC 5585 1

Log Mode Ha Luminosity

sd
n
tn

(%]
N
e

2 4 6
Galaxy Distance (Mpc)

0

Easier to detect optical SNRs in regions with low density/diffuse emission
(Long et al. 2010, Pannuti, Schlegel & Lacey 2007,2002)

* Missing specific-types of SNRs (Balmer-dominated/oxygen-rich/wind-blown
bubbles (optical), plerions(X-rays/radio) '

: ~* Evolutionary stage (easier to detect evolved/older SNRs in the optical)

-
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~ Multi-A properties: Luminosity relations
Lx - LHa

. : : . . : - T T A
M33 ® NGC 2403
. | NGC 4214
| Detections L] i NGC 3077

i T T T
" NGC 4449 . Jr %
8F O M0

2 o Upper Limits

A NGC 2403

"
- +++f.? T

(
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36.0f

log Ly (0.2-10.0 keV) (e

35.8L
| . | s !

345 350 355 360 365 370 375 a6 a7 3 39 36.0 36.5 37.0 1 37.5 38.0
log Ly, log L, ?erg s-1) log Ly, (ergs sec™)

Long et al. (2010) Leonidaki et al. (2013) Pannuti, Schlegel & Lacey (2007)

The most luminous X-ray SNRs tend to be the SNRs with the higher Ha luminosities
The X-ray luminosities are lower than the Ha luminosities
No strong correlation

Large scatter in ratio: Different materials in a wide range of temperatures (Long et
al. 2010, Leonidaki et al. 2013)

* Inhomogeneous local ISM around SNRs (Pannuti, Schlegel & Lacey 2007)
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Mul1'|-A pr'oper"rles Lummosuty shock hed’red

indicator
LX = [SII]/HG | Leomdakl et al (2013)

I I

. NGC 2403
NGC 4214

Lee & Lee (2014) , . Neg 39764

0.4 06 0.8 1.0 1.2 L ..1 -

o

[SII]:Ho 35 B oV (erg Boet) ¥ 40

Trend for SNRs with higher LX to have less [S IT]/Ha ratios

Because of the long cooling time of the X-ray material, the shock velocity we are

- measuring does not necessarily correspond to the shock that generated the bulk 2 5"’

o

;_i_"oﬁihex-r;ay emission material.
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~ Multi-A properties: Luminosity-density
| Lx - [SII] 6716/6731
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In most cases the higher the density in
the [SITI] zone the higher the X-ray
luminosity.

0.6

M33

340 345 350 355 360 365 370 375
logiLyl

Long et al. (2010)
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~ Multi-A properties: Luminosity relations

LHa - Lradio, LX - Lradio
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NGC 4736 (M94) ¢
NGC 6946 O

;]

38.0F
37.5F

37.0F

36.5F

log Ly (0.2—10.0 keV) (ergs sec™)

36.0L_. .
21.0 21.9 22.0 22.9 23.0
l0g Ly (ergs sec™)

Pannuti, Schlegel & Lacey (2007)

Lee & Lee (2014b)

No correlation - inhomogeneous local ISM around SNRs
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* SNRs in the X-rays: Environmental effects

= ]
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Systematic trend for more luminous
NGC 4395

. | SNRs to be associated with irregular
NGC 3077 NGC 4449 galaxies: :

A
Fs

NGC 4214

- R * Either due fo the typically lower

. ) metallicity of irregular galaxies -
o NGC 6946 than in typical spiral galaxies

- (e.g. Pagel & Edmunds 1981; Garnett
2002)

NGC 4736
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+ The non-uniform ISM which is
often the case in irregular galaxies

1 |
42 43

logL,,, (erg s-1)
Leonidaki et al. (2010)
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* Spiral Galaxies
¥ Irregular galaxies

¢NGC_??93
MNGC 2403 |
* -

G003 of the evolu‘rlon of +

most ‘massive 31"
their SNRs are go
indicators  of

v e s20a current SFR.

‘MGC_HD??

¥

MGC 35
* -_

MGEC 4214
v -

MGEC 4449
v -

g0 05 1.0 15 20 25 30 35 40 453 50 55
L_Ha (ergis]

| -;'Kop_sacheili et al. (in preparation)
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- X-ray properties: Environmental effects
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Luminosity functions: X-rays

T T T AL L R e

R _ _ LMC

~ M31 (with candidates, ot = -0.86
31 (confirmed SNRs onl
MSSI&all, oa=-0.7

SMC (o =-0.50

10 10
0.3-8 keV luminosity (erg s_l)

 Maggietal.(206)

36
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Summin
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g up...
* Revolution on extragalactic SNRs

- * Enabled the study of the physical properties of SNRs in
different environments (evolutionary stage, progenitors)

But this is just the beginning..

Need to observe more galaxies to larger depths and in a multi-A
context in order to:

» alleviate the selection effects that hamper the current studies
of SNRs

> obtain a more complete picture of the SNR populations







SNRs in the optical: Evolution

Cumula’rlve Size Distributions: What happens if X-rays ar'e =
present? &

M31 - Lee & Lee (2014a)

D [pc]
B 20 30 4550

0.6 08 1.0 12 14 1.6
M33 = Lee & Lee (2014b) 2 =y : s‘é‘; 2‘\2«-;.-’ Ké——m}, count.

L) E

1.0 12 14 16 1.8 20 |
log D [pc] |
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Incompleteness limit
3.2x10% (erg s™!)
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NGC 4214
Incompleteness limit

1.6x10% (erg s7!) I

L lllllllllllll 1 1

6 36.5 37 375 38 38.5 3

INGC 4395
~ Incompleteness limit 7

4x10% (erg s7!)
- & E _|

36 36.5 37 37.5
log L, (erg s1)

Number of phot SNRs

Incompleteness limit ]
1.6x10% (erg s™)

O 1
36.5
30

37

37.5 38

IIIIIIIIIlIIIIllIIIlIlII

| Incompleteness limit NGC' 4449
2x10%7 (erg s7!)

T T T T T T T FI'- b
NGe 3077 |

At

of SNRs

Mum

20 —~

10 1

O llllllllllll ll_l—lll

36.5 37 375 38 385 3
30 IIII||

T T T T T T T
lNGC 5204
| Incompleteness limit ]
20 = 1.6x10% (erg s7!)
S

10 —

O 1

36.5 37

log L, (erg s)

r
§
|

!“

A SN

Lin

* Number of SNRs

Lig = T4 = 105 prgeam ™2™

-

= e s id el
~ Matonick & Fesen (199

—-15 —14 .
= ~i
L%Hu_ ":EEN:'F_EE_?}__"'-_' f _.:'_

-3

¥ gt =T

1 i i ‘Mld]]ShRﬂ il s

30

25t

LI LB L B R

ot

- Incomplete i
Lo 2w 107" mpsem™e® ]

i o

i .

el 1 i 1 i i | I

=160

—15.0 —14.5 —14.40
. )

Loz Hex Intensity {ergs em™ 7'}

—15.5 —13.5

=13.0




h f‘i" "rq;a-r
-r""'"j H“ ":L '.._-.'-.' II'"-EF....A-

*'LMU]'I‘I A pr'oper"hes Lumuhosmi nela'rléns*f__j___
| Lx - LHa i
=) o 37.0

Complete shells - compact ObJ-QCTS i

Partial shells ® 36 5

| 1=
3 36.0¢

3551

35.0k
35.0 35.5 36.0 36.5 37.C¢
log L(Ho) log L(Ho)

Lee & Lee (2014b) Lee & Lee (2014q)

M around the A-class remnants (complete shells, compact-center bright obj Jeg
: .< ms more unlfor'm ’rhan ‘rhq‘r ar'ound the B-cla§s partial shells) r'emnan’rs e S
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* SNRs in the optical: Emission line diagnostics '
' [NII]/Ha: abundance gradient

Dependence on:

| P
S
=
cn
oo

o0
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R
\O

* Clumpy ISM?
* Progenitors (Type Ia/Type II)?

[}

P

Log([NII]

Galaxy type?

Rgep [Kpc]
Lee & Lee (2015)
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