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Selection Criteria for detecting SNRs
|1 Optical: [SIT]/Ha > 0.4 (Mathewson & Clarke 1973)

,‘TT_Z X-rays: soft (< 2 keV) sources with thermal emission

~#

1 SNRs

2

log(M/H)

Col2

Coll = log(S/M)

Leonidaki et al. (2010)

3, Radio: Non-thermal emission

4 [FeII](1.644 um) (e.g. Blair et al. 2014)
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- Cavea'l's in the op1'|cal
‘® Subtraction...hard work

-

(e.g. different seeing conditions, stars with different spectral types)

© ® Researchers adopt different criteria
(e.g. visual inspection of Ha-[SII] emission, certain morphology, exclude nebulae with interior blue

~ stars)

e
§

- © Contamination of [ N II] A 6548, 6583 lines adjacent to Ha

(thus lowering the [ S 11] :Ha ratio)

. ® Confusion near the [ S II] : Ha = 0.4 criterion

(especially for fainter objects. Diffuse ionized gas ( DIG) can also have a high [ S IT]: Ha r'a‘rlo)

Is the [ S IT]: Ha criterion alone completely reliable...?
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ABSTRACT

We present new diagnostic tools for distinguishing supernova remnants (SNRs) from
HII regions. Up to now, sources with flux ratio [S II]/Ho higher than 0.4 have been
considered as SNRs. Here, we present the combinations of three or two line ratios as
more effective tools for the separation of these two kinds of nebulae, depicting them
as 3D surfaces or 2D lines. The diagnostics are based on photoionization and shock
excitation models (MAPPINGS III) analysed with Support Vector Machine (SVM)
models for classification. The line-ratio combination that gives the most efficient diag-
nostic is: [O I]/He - [O I]/HS - [O III] /HB. This method gives 98.95% completeness
in the SNR selection and 1.20% contamination. We also suggest the [O I/Ha line
ratio as a more effective 1D diagnostic for the photometric selection of SNRs.

Key words: SNRs — HII regions — Diagnostic tool — shock models — starburst models

1 INTRODUCTION with 225 photometric SNRs; (Blair et al. 2013; Blair et al.
2012), M33 with 220 (Long et al. 2018), M31 with 150 (Lee
& Lee 2014). The small number of observed extragalactic
SNRs compared to those in our Galaxy, is the result of dif-
ferent sensitivity limits and also different selection criteria.

The identification of SNRs in our Galaxy or the Magellanic

Study of SNR demographics and their physical properties
(density, temperature, shock velocities) is very important in
order to understand their role in galaxies. Their feedback
to the Interstellar Medium (ISM), and consequently to the

entire galaxy, is of high importance sinee they provide signif-
icant amounts of energy that heat the ISM and they enrich
it with heavy elements. They are fundamentally related to
the star-forming process in a galaxy, inasmuch as the com-
pression of the ISM by the shock wave, under appropriate
conditions, can lead to the formation of new stars. Having a
complete census of SNR populations ean also give us a pie-
ture of the on-going massive star formation rate (SFR) since

clonds is generally based on the detection of extended non-
thermal radio sources, or X-ray sources, while studies in
other galaxies rely on photometric or spectroscopic measure-
ments of diagnostic spectral lines.

The most common mean of identifying SNEs in the
optical regime, is the use of the flux ratio of the [S II]
(AMBTLT,6731) to Ho (A6563) emission lines, as first sug-
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ABSTRACT

We present new diagnostic tools for distinguishing supernova remnants (SNRs) from
HII regions. Up to now, sources with flux ratio [S 1I]/Ha higher than 0.4 have been
considered as SNRs. Here, we present the combinations of three or two line ratios as
more effective tools for the separation of these two kinds of nebulae, depicting them
as 3D surfaces or 2D lines. The diagnostics are based on photoionization and shock
excitation models (MAPPINGS III) analysed with Support Vector Machine (SVM)
models for classification. The line-ratio combination that gives the most efficient diag-
nostic is: [0 I]/Ha - [O II]/HF - [O III]/HA. This method gives 98.95% completeness
in the SNR selection and 1.20% contamination. We also suggest the [0 I)/Ha line
ratio as a more effective 1D diagnostic for the photometric selection of SNRs.
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1 INTRODUCTION with 225 photometric SNRs; (Blair ¢t al. 2013; Blair et al.
2012), M33 with 220 (Long et al. 2018), M31 with 150 (Lee
& Lee 2014). The small number of observed extragalactie
SNRs compared to those in our Galaxy, is the result of dil-
ferent sensitivity limits and also different selection criteria.
The identification of SNRs in our Galaxy or the Magellanie
clouds is generally based on the detection of extended non-
thermal radio sources, or X-ray sources, while studies in
other galaxies rely on photometric or spectroscopic measure-
ments of diagnostic spectral lines.

Study of SNR demographics and their physical properties
(density, temperature, shock velocities) is very important in
order to understand their role in galaxies. Their feedback
to the Interstellar Medium (ISM), and consequently to the
entire galaxy, is of high importance since they provide signil-
icant amounts of energy that heat the ISM and they enrich
it with heavy elements. They are fundamentally related to
the star-forming process in a galaxy, inasmuch as the com-




SNRs in the optical: Emission 'iﬂe'di‘ignos‘-ﬂt‘lﬁg%
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~ [NIT)/Ha: metdllicity and shock-heated gas indicator
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- Irregular Galaxies (Leonidaki et al. 2013) | MeTGIIICITy gr.adien.‘. = Ilnked 1_0 sTar‘;'i_.

| M83 (Winkler et al. 2018) | formation mechanism 5
. M81-M82 (Lee et al. 2015)

- * SNRs in irregular galaxies pr'esen'r_-":
higher ~ Ha/[NII] ratios  (lower ¢
metallicities) than those in spirals. "
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~* New locus of extragalactic SNRs

"~ ¢ Case of M33: high [NII]/Ha -> non-_.
uniform/clumpy ISM ? Galaxy type? |

log Ha/ [S 1I]

_ Leonidaki et al. 2019 (in preparation)
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SNRs in the optical: Emussuon Ime dlagnoshc
[SIT] 6716/6731: electron density indicator
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Smaller (and likely younger) remnants generally lie at higher-density (cnr'cums‘rellar')
material
'+ The X-ray detected (and probably younger?) remnants are generally smaller and have
. higher densities -'
> In most cases the higher the density in the [SII] zone the higher the Ha and X- r'ay
,~',,'em|sswn
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SNRS |n ‘I'he X-r‘aYS Hﬁ
Characterizing SNR populations

1.00

Me‘ral abundances: + oes13
* Fe-rich -> Type Igq,
O-rich -> Type IT (Hughes et al. 1995, Maggi et al.

0.5 < O0/Fe < 1.5

075
0/Fe = 0.5

050

025

0.0

(M-5S)/{H+M+5)

* Fe Ka line energy centroids: 6.4 keV -> Type Ia; 6.7
keV -> Type IT (Yamaguchi et al. 2014)
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_.x = LHa - [SII]/Ha

M3 3 Detections ] L Egg 4213(1)2

2 o Upper Limits ] NGC 3077
* NGC 4449

LA S o 0406081012 0}
345 35.0 35.?0g Li:i.o 36.5 37.0 37.5 37 - LHaS?erg S_l)sg [SII] H(I ']
Long et al. (2010) Leonidaki et al. (2013) Lee & Lee (2014)

No strong correlation Higher LX..less [S TT]/Ha

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

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

* Inhomogeneous local ISM around SNRs of the X- -ray e ma‘remal

Pannuti, Schlegel & Lacey 2007)
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* Multi-A pr'oper'hes Lummosrry func'rlons

Showing environmental effects...
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- Shape: Sample completeness at low luminosities

B Slope: different populations

e

Waveleng‘rh Radio LFs are much less dependen‘r on local ISM density than ophcal/X--_;._g:
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Multi-A p"r'oper"ries: Venn diagrams

M33

. Optical Optical

A
avA

i

X-rays X-rays

Long et al. (2010) Garofali et al. (2017)

- * Not individual multi-wavelength studies
* Observational sensitivities %
» Environmental effects
Different evolutionary stages...????




TOY MODEL

Free expansion phase Admhu’rlc phuse X-RAYS: newly formed §NR§-”j
- Thermal emission from the
"w" i 4 ‘*f" material behind the shock front
_‘,_-J,,_ 5 A 1" : - (T>10%K) or/and non-thermal
; emission from relativistic
X .r
/ : ' f\ Radio electrons

(e.g. review by Vink 2012)

X-rays

OPTICAL: sign of older SNRs . )
Cooling region behind the shock
front (T~10% K)

F!uq:iimive phuse. Disslpuhun

RADIO: throughout the life '

of a remnant
Around the shock or behind it |

leferenT wavelengths depict different evolutionary stages in the life -
of a remnan’r o
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Multi-wavelength emission as a function of age and
environment

5 Using a sample that allows the study of their morphology or 3
| physical properties in small scales




SNR studies: s1'c11'e o h"

Extragalactic

® Numerous, multi-wavelength studies have

been conducted the last decades
(e.g. Long et al. 2019, 2018; Leonidaki et al. 2019, 2013;

Pannuti et al. 2007; Ghavamian et al. 2005).

Census: > 1000

Galac’ric

® A large number of Galactic SNRs has
been studied in detail in various

wavebands

(e.g. Fesen & Milisavljevic 2010; Boumis et al. 2009, 2005,
2002; Slane et al. 2002; Reach et al. 2006).

Census: 294 (Green 2014)




~ SNR studies: state-of-the-art |

Extragalactic

® Numerous, multi-wavelength studies have

been conducted the last decades
(e.g. Long et al. 2019, 2018; Leonidaki et al. 2019, 2013;

Pannuti et al. 2007; Ghavamian et al. 2005).

Census: > 1000

® SNRs in
metallicities
properties.

with  different
different ISM

galaxies
and

Galactic

® A large number of Galactic SNRs has
been studied in detail in various

wavebands

(e.g. Fesen & Milisavljevic 2010; Boumis et al. 2009, 2005,
2002; Slane et al. 2002; Reach et al. 2006).

Census: 294 (Green 2014)

® Structures can be observed in parsec
scales




' SNR studies: state-of-the-art |

Extragalactic

® Numerous, multi-wavelength studies have

been conducted the last decades
(e.g. Long et al. 2019, 2018; Leonidaki et al. 2019, 2013;

Pannuti et al. 2007; Ghavamian et al. 2005).

Census: > 1000

® SNRs in galaxies with different
metallicities  and  different  ISM
properties.

® Has allowed the systematic, multi-
wavelength investigation of extragalactic
SNR populations.

Galactic

® A large number of Galactic SNRs has
been studied in detail in various

wavebands

(e.g. Fesen & Milisavljevic 2010; Boumis et al. 2009, 2005,
2002; Slane et al. 2002; Reach et al. 2006).

Census: 294 (Green 2014)

® Structures can be observed in parsec
scales

® Important information on the
morphological characteristics,
kinematics, and dynamics in various
individual regions of the remnants.




Extragalactic

® Numerous, multi-wavelength studies have

been conducted the last decades
(e.g. Long et al. 2019, 2018; Leonidaki et al. 2019, 2013;

Pannuti et al. 2007; Ghavamian et al. 2005).

Census: > 1000

® SNRs in galaxies with different
metallicities  and  different  ISM
properties.

¥ Has allowed the systematic, multi-
wavelength investigation of extragalactic
SNR populations.

BUT:
No information on the insights of shock
structure and shock physics

Galactic

® A large number of Galactic SNRs has
been studied in detail in various

wavebands

(e.g. Fesen & Milisavljevic 2010; Boumis et al. 2009, 2005,
2002; Slane et al. 2002; Reach et al. 2006).

Census: 294 (Green 2014)

® Structures can be observed in parsec
scales

® Important information on the |
morphological characteristics,
kinematics, and dynamics in various
individual regions of the remnants.

BUT:
No study of Galactic SNRs as a population




- The missing link...

Large samples of extragalactic Our spiral Milky Way has the ;_'.ir*f'-i
- SNR  populations, which are largest census of SNRs known |
~ hampered by limited sensitivity (294  Green  2014),  with
~ and low resolution not allowing the structures that can be observed |
“ detailed STLIdy of their multi- in parsec SCGICS, but this SNR
- wavelength emission, excitation population has embarrassingly |
~ and interplay with the ISM incomplete optical coverage.
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Galactic SNRs: An unexp'lbi?red treasure

“ Surprisingly no study has been conducted so far to investigate the multi-wavelength ;i_'
proper‘rles of Galactic SNRs as a population...mostly due to the incomplete optical
(~25°/o) and X-ray (~35%) coverage...
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Distribution of all optically detected Galactic SNRs (Stupar & Parker
2011). Blue diamonds and red circles indicate objects observed in
different surveys.
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Project Overview

Systematic survey of all Galactic SNRs in the optical band which,
together with existing multi-wavelength data,
will create the first complete multi-wavelength atlas.

: 1

_F-We have embarked in a comprehensive campaign of observing the 294 Galactic |
SNRs in various narrow-band filters (Ha, [SII], [OIII], HPp). '

e
-

. Team members:
5 Andreas Zezas (LTA/FORTH - UoC)
Panos Boumis (IAASARS/NOA)
Makis Palaiologou (UoC)
Giannis Kypriotakis (UoC)

(R s



45 sources (almost all observed) 120 sources

1.3 m (FOV: 10') 0.3 m (FOV: 3°)
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Immediate Objectives =~ |

1. SNR evolution 2. Investigate how SNRs ener'giz'é;j
g the ISM (ISM feedback)

rEy
R

3. Remedy the inherent biases of
extragalactic SNR surveys




Immediate Objectives

%

3 1. SNR evolution 2. Investigate how SNRs"‘"--;

Correlate the multi-wavelength emission of energize the ISM (ISM
SNRs with their ages

1 feedback)

Provide for the first time an observational
framework for understanding the evolution of
SNRs as a function of their age and
environment.

3. Remedy the inherent biases of
extragalactic SNR surveys
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* Immediate Objectives |

SNR evolution 2. Investigate how SNRs energize ."

Bl Correlate the multi-wavelength emission of the ISM (ISM feedback)
i SNRs with their ages

i 1

& Provide for the first time an observational

“framework for understanding the evolution of

: SNRs as a function of their age and
environment.

|
1E
.-

3. Remedy the inherent biases of
extragalactic SNR surveys
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Immediate Objecti

ves
Investigate how SNRs energize the ISM (ISM feedback)

How the SNR kinetic energy is thermalized in its local medium?

SNR properties impact of the local medium on the SNR &
" (such as temperatures, total luminosities, shock-velocities) parameters =

e.g. higher SNR e.g. more efficient heating in denser or
temperatures/luminosities/velocities more clumpy environments is expected
denote more efficient heating of the (e.g. Chevalier & Fransson 2001).

ISM

~  Multi-wavelength approach: will allow us to disentangle the different gas phases (ho’r—
~  ~106 K, warm ~104 K, and cold, dense gas < 300 K; e.g. and dust that surrounds SNRs. &

e,

+ X-ray emission is evidence of hot gas that has been shock-heated by the ejecta of SN.
+ Optical emission is more sensitive to warm, ionized gas

. * Denser, cooler ambient ISM is responsible for HI emission.
""ﬁ}fﬁ-‘ '|-.1- " _: " o e ;. K .. . il X




~ Immediate Objectives

1. SNR evolution
‘ “Correlate the multi-wavelength emission of
SNRs with their ages

& Provide for the first time an observational
" framework for understanding the evolution of

,,,:- SNRs as a function of their age and

' environment.

2. Investigate how SNRs energize |
the ISM (ISM feedback)

Construct excitation, shock-velocity and |
extinction maps (SNR parameters)

1

The distribution and intensity of these
components will provide significant information
on the ISM energetics and thermalization. |

3. Remedy the inherent biases of
extragalactic SNR surveys




~ Immediate Objectives

1. SNR evolution
‘ “Correlate the multi-wavelength emission of
SNRs with their ages

& Provide for the first time an observational
" framework for understanding the evolution of

,,,:- SNRs as a function of their age and

' environment.

2. Investigate how SNRs ener'gizé-g
the ISM (ISM feedback)

Construct excitation, shock-velocity —— and™H
extinction maps (SNR parameters) <

The distribution and intensity of these:
components will provide significant information’
on the ISM energetics and thermalization: I

3. Remedy the inherent biases
of extragalactic SNR surveys
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Tmmediate Objectes”

3. Remedy the inherent biases of extragalactic SNR surveys

vﬁv Selection effects are
" " X present in extragalactic
Radio - v Radio SNR surveys performed in
individual wavebands.
‘ (e.g. evolutionary stages,
v v vAv observational sensitivities,
. 4 . y . . environmental effects) 1
Optical v Radio Optical v |

NGC 7793 NGC 300

Bozzetto et al. 2017

SR B Ay TG
N L e ] X -

e

2 MLl

oG

NGC 2403, 3077, 4214,
4395, 4449, 5204

O WS

Radio

NGC 6946
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4 Immedla're ObJec'rlves s

i 1. SNR evolution

Correlate the multi-wavelength emission of
SNRs with their ages

¢ Provide for the f:r'st time an observational
: framework for understanding the evolution of
SNRs as a function of their age and
environment.

2. Investigate how SNRs energize _'
the ISM (ISM feedback)

Construct excitation, shock-velocity — and¥
extinction maps (SNR parameters)

The distribution and infensity of thesed
components will provide significant informationf
on the ISM energetics and thermalization: |

ISM.

extragalactic SNR

3. Remedy the inherent biases

of extragalactic SNR surveys

We will quantify them based on the age
dependence of the multi-wavelength emission
of Galactic SNRs and the morphology of the

We will alleviate a long-standing limitation of
surveys
increase Theur‘ scientific value

and greatly




First Results

'I: Data reduction is performed by using a newly developed pipeline (Kypriotakis et al., in
_ preparation) which involves a novel approach for the removal of foreground and
;backgr'ound stars, a significant problem in studies of Galactic SNRs. ‘

. The efficiency of this pipeline has been tested in a handful of Galactic SNRs, leading ‘ro
B striking results |

Case study: 665.8 - 0.5
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First Results
(See Poster S1.11)

- Pioneering method: takes advantage of imaging instead of

spectroscopy
(Kypriotakis et al. 2019, in preparation)

Electron density: 100cm-3, magnetic field of 5u6 .

(& . .
o .m Dlaglnostlc

The 1D [SII]/(Ha+[NII]) vs. shock- i
wave velocity diagnostic. The blue
points are the diagnostic data from
MAPPINGS III (Allen et al. 2008),
while the green line is the
interpolated 1D diagnostic.
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100 200 300 400 500 600 700 BOO 900 1000
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First Results
(See Poster S1.11)
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First Results
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Observations of the first sub-sample of Galactic SNRs are almost completed

:

X-ray selected sample

~ (drawn from the compilation of Ferrand & Safi-Harb (2012) which also provides ages for > 80% of the sample)

Northern

Thermal, X-ray emitting

4/»/\;\>

shell-like or composite

with sizes <10'

Theoretical models predict that (shell-like, thermal) X-ray emitting remnants allow us

to look into the early stages in the life of the remnant.

WHAT HAPPENS OBSERVATIONALLY???

The vast majority of the X-ray selected sample doesn’'t show optical emission...
The first results are in general agreement with the toy model.
However, with this systematic campaign we can go one step further and test the

d e
e e R o
; .f_-ls-r-nﬂri'-_’ﬂ’ YRR e

theoretical models quantitatively.
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Summing up...

We have initiated a systematic survey of all Galactic SNRs in the optical band -
* which, together with other multi-wavelength data, will create the first
. complete multi-wavelength atlas of Galactic SNRs. '
First time to explore our nearest SNRs as a population
Scientific breakthrough in understanding SNR evolution

Disentangle how they energize and transform the ISM

Reveal optical emission from individual remnants

Stay tuned... |
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