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The Advantages of the LMC in SNR Studies

1. Low internal extinction
2. Known distance (50 kpc)

• XMM-Newton LMC survey
   (PI: Frank Haberl) 

• Catalogue of 59 LMC SNRs 
observed in X-ray 

   (Maggi et al. 2016)

(Credit: Steve Snowden)

Physical parameters of SNRs 
can be measured accurately.



Plotting Lx vs Size of Supernova Remnants

X-ray Luminosity
From Maggi et al. (2016)

Size
From Bozzetto et al. (2017)

Comparison with
Desai et al. (2010),

Badanes et al. (2010)

XMM-Newton 
Observations 

Our measurement with 
multiwavelength images

LX-Size Diagram

We may learn about

• Environments of SNRs

• Evolution of SNRs



Discrepancies in Size Measurements
• X-ray SNR with nonuniform surface brightness or complex background



Discrepancies in Size Measurements
• X-ray SNR with nonuniform surface brightness or complex background
•  Superposed on confusing Hα emission; use [S II] & X-rays



Discrepancies in Size Measurements
• X-ray SNR with nonuniform surface brightness or complex background
•  Superposed on confusing Hα emission; use [S II] & X-rays
•  SNR morphology is wavelength-dependent.



Discrepancies in Size Measurements
• X-ray SNR with nonuniform surface brightness or complex background
•  Superposed on confusing Hα emission; use [S II] & X-rays
•  SNR morphology is wavelength-dependent.
•  Subjective size measurements of irregular SNRs; up to 20% uncertainty



Small and 
luminous 

Type Ia SNRs

The Lx-Size Diagram

X-ray bright 
CC SNRs

X-ray faint 
CC SNRs



Evolution of SNRs- Canonical Picture

•  1

108 SUPERNOVA EXPLOSIONS AND THEIR REMNANTS

Phase 1

Phase 3

Free expansion

Energy of expansion radiated away,
bright optical filaments

Fade to invisibility

 Expansion slows Reverse shock propagates
inwards

Phase 2Fig 8.11 Evolution of a supernova
remnant. The young remnant first
expands freely into the surrounding
interstellar space. As the size
increases, it incorporates an
ever-increasing amount of
interstellar material, radiating
continuously, until it cools and is no
longer distinguishable from the
background.

Box 8.2 The shock wave in circumstellar material

The speed of sound in a gas with temperature T
and average molecular mass µ is γ kT /µ. For an
ideal monatomic gas, the ratio of specific heats
at constant pressure and constant volume, γ is
5/3. In the cold ISM the speed of sound is 1–
10 km s−1, which is very much less than the
velocity of the stellar ejecta. A shock wave conse-
quently forms at the leading edge of the ejecta
and travels before it into the interstellar mate-
rial. An atom or ion of interstellar hydrogen far
from the star will suddenly find itself violently
perturbed as the shock passes. The gas density
just behind the shock is increased by a factor
(γ + 1)/(γ − 1) = 4. Conservation of momentum
at the shock front requires that for a shock
of velocity v, material behind the shock is pro-
pelled outward, in the direction of motion of the
shock, at a velocity 3v/4. The temperature of mate-
rial behind the shock is raised to T = 3µv2/16k.

Behind an SNR shock the temperature becomes
107–108 K, causing the atoms to become largely
ionised.

Within Earth’s atmosphere, shock character-
istics are well understood and shocks propagate
via collisions of molecules (as demonstrated in
Fig. 8.12). However, the ISM is more complicated.
The density is a factor of 1021 less, and collisions are
rare. Magnetic fields, however, are strong enough
to moderate the process. Energy in a shock in the
ISM is not transferred by collisions between ions
and atoms. The energetic ions behind the shock
transfer energy to material in front of the shock
via the magnetic field. SNR shocks are thus called
‘collisionless’ shocks. Magnetic fields compressed
by the shock account for the non-thermal radio
emission observed from the shells of most SNRs,
so their existence is not in doubt.
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(1)  Free Expansion phase/
Ejecta dominated phase

(2) Sedov phase/
adiabatic phase

(3) Radiative phase (4) Merging phase

Figures taken from Seward & Charles (2010) 
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Small and Luminous Type Ia SNRs

0509
0519

N103B
Kepler

Tycho



Cavity Explosion of CC SNe

10 pc

Mswept-up~100 M¤

1 H-atom cm-3

10 pc

Before reaching the shell: Mswept-up~1 M¤

After reaching the shell: Mswept-up~100 M¤


0.01 H-atom cm-3

Shock velocity 
10000 km s-1

→Only 1000 yr to 
reach the shell



Balmer-Dominated: Collisionless Shocks

•  “Balmer-dominated”: no forbidden 
line emission
• Origin: in a partially neutral gas

R 

To enter the Sedov phase, Mswept-up~1.4 M¤

èR~2.4(1-η)-1/3 pc
²  η=0.9: R~5.2 pc
²  η=0.5: R~3.0 pc

1 H-atom cm-3

Neutral fraction η

Young Type Ia SNRs
(size=6~10pc)

entering the Sedov phase



Evolution of Young Type Ia SNRs

 Reverse shocks cause the high LX of young Type Ia SNRs.

DEM L71 (Size=18.6pc)0519-69.0 (Size=8.6pc)



X-ray Bright CC SNRs

0540

N157B

N132D

N23

N63A

N49



X-ray emission from SNRs

Thermal X-ray

Nonthermal X-ray

•  Shocked ISM
•  Shocked SN ejecta

•  Pulsar wind nebulae
•  Shock front

DEM L71

The Crab



Causes of Enhanced X-ray Emission

0540-69.3

N157B

N132D

N63A

N49

N23

Po-Sheng Ou1,2, Chuan-Jui Li1,2, You-Hua Chu1,2

1Institute of Astronomy and Astrophysics, Academia Sinica, Taipei City, Taiwan
2Department of Physics, National Taiwan University, Taipei City, Taiwan

Differences:
z Obs: For small SNRs (size <30pc), 

all the Type Ia SNRs are nearly 
round, but C-C SNRs are irregular.

Reason: Type Ia SNRs are located in 
low-density interstellar medium (ISM) 
without large density variations, while 
C-C SNRs are in dense ISM that has 
been modified by massive star 
progenitors’ stellar wind.

z Obs: Very young Type Ia SNRs are 
Balmer line dominated (no forbidden 
line emission), while young C-C 
SNRs are bright in recombination 
lines as well as forbidden lines.

Reason: Type Ia SN ejecta interact 
with a mostly neutral ISM. The 
associated shocks are collisionless, 
and thus the ISM is not ionized to emit 
forbidden lines. Charge exchange in 
the post-shock region produces the 
Balmer lines (Chevalier et al. 1980).

z Obs: There exist very small Type Ia
SNRs (size < 15pc), but young C-C 
SNRs tend to be larger except for the 
very young SNR 1987A.

Reason: C-C SN exploding in a bubble 
interior (cavity explosion) expands 
quickly to interact with the dense ISM 
shell of the bubble, thus few small C-C 
SNRs are seen.

z Obs: Type Ia SNRs detected in the 
optical show relatively simple shell 
morphology, while C-C SNRs rarely 
show simple shell morphology.

Reason: The interstellar environments 
of C-C SNRs are much more complex 
than those of Type Ia SNRs.

z Obs: Bright compact X-ray sources 
are observed at the centers of some 
C-C SNRs, but not Type Ia SNRs.

Reason: C-C SNe can produce neutron 
stars with pulsar wind nebula, while 
Type Ia SNe destroy their white dwarf 
progenitors.

z Obs: X-ray spectra of Type Ia SN 
ejecta show enhanced abundance of 
Fe, Si, S, Ar, Ca, while those of C-C 
SN ejecta show enhanced oxygen 
abundance.

Reason: Type Ia SNe destroy the white 
dwarf progenitors and release all 
nucleosynthesis product. C-C SNe
lock the heavy elements in neutron 
stars or black holes, releasing only the 
outer stellar material.

Type Ia SNRs Core-Collapse SNRs

Multiwavelength Investigation of  Differences between 
Type Ia and Core-Collapse Supernova Remnants

FOV~2*2 arcsec

X-ray emission dominated by synchrotron 
radiation from the PWNe

0540-69.3 N157B

 Associated with 
molecular clouds



SNRs Associated with Molecular Clouds
•  1
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FIG. 5.ÈROSAT X-ray image of N49 overlaid with velocity integrated CO emission contours. The X-ray contours are at 0.35, 0.87, 1.4, 1.9, 2.4, 3.0, and
3.5 counts s~1 arcmin~2. The CO contours are 1.0, 1.3, 1.7, 2.0, 2.3, and 2.7 K km s~1. The grid pattern for the CO observations is shown. Coordinates are in
epoch B1950.

All images were deconvolved with a small number of
iterations of the Lucy-Richardson algorithm using the
implementation in IRAF. The resulting X-ray maps are
shown in Figures and for N49, N132D, and N23, with5, 6, 7
the SEST scan positions and contours of emissionWCOoverlaid. Our X-ray maps of N49 and N132D agree well
with those published by et al. howeverMathewson (1983) ;
our N23 map shows much less structure than the previously
published one, although the overall appearance is similar
since our e†ective smoothing of the X-ray image is greater
than the 2A Gaussian sigma used before.

4. DISCUSSION

4.1. N49
The peak X-ray and optical emission from N49 lies along

the eastern limb and coincides extremely well with the posi-
tion of the mapped CO emission In addition to the(Fig. 5).
agreement in projected position, the agreement in velocity,
or line-of-sight position, is also quite good. N49 shows a
narrow emission line in its optical spectrum that arises from
the photoionization of unshocked gas at rest with respect to
the local environment and preceding the supernova blast
wave et al. The LSR velocity(Shull 1983 ; Vancura 1992a).
of this material is ]286 ^ 1 km s~1 which is in excellent
agreement with our integrated cloud velocity of
]286.0^ 0.1 km s~1.

The prevailing picture of the N49 environment is one of
relatively high density with a gradient in the ambient
density increasing from northwest to southeast. etVancura
al. estimate the mean preshock density of the inter-(1992a)
cloud medium surrounding N49 to be 0.9 cm~3 based on
the observed X-ray emission. They Ðnd that the optical
emission must arise from much denser regions with a range
of preshock densities covering 20È940 cm~3. The lack of
spectral variations with brightness can be well explained in
terms of sheets of optical emission formed as the supernova
blast wave encounters a large dense cloud of gas. The
molecular cloud that we have discovered provides a natural
explanation for this general picture.

N49 lies at the northern edge of a complex infrared emit-
ting region. The closest cataloged IRAS source (from the
Leiden-IRAS Magellanic Clouds Infrared Source Cata-
logues ; & Israel LI-LMC 1022, lies justSchwering 1990),
north of the CO cloud at a position of 05 :25 :59.5,
[66 :07 :03 (B1950). et al. have argued thatGraham (1987)
collisionally heated dust in the SNR could be the explana-
tion for the IRAS source. We consider it unlikely that this is
the entire explanation since the Ñux of LI-LMC 1022 (19.5
Jy at 60 km) corresponds to a luminosity about 1 order of
magnitude larger than the far infrared luminosity of similar
sized Galactic remnants where comparative morphology
and other considerations make it clear that we are observ-
ing heated dust in the SNR Fesen, & Shull In(Saken, 1992).

N49 N63A

614 BANAS ET AL. Vol. 480

FIG. 6.ÈROSAT X-ray image of N132D overlaid with velocity integrated emission contours. The X-ray contours are at 0.54, 1.1, 1.6, 2.1, 2.7, 3.2, and 3.8
counts s~1 arcmin~2. The CO contours are 5.0, 8.3, 11.7, 15.0, 18.3, 21.7, 25.0, 28.3, and 31.7 K km s~1. The grid pattern for the CO observations is shown.
Coordinates are in epoch B1950.

addition, the four times higher gas-to-dust ratio of the LMC
would suggest lower comparative IR(Koornneef 1984)

Ñuxes.
It is more likely that the molecular cloud is the origin of

the IR emission. et al. detect CO emission fromIsrael (1993)
a large fraction (87%) of a sample of LMC IRAS sources
over a wide range of infrared luminosity. Far infrared emis-
sion can arise from the heating of dust in a molecular cloud
by embedded stars, the general interstellar radiation Ðeld,
stellar radiation from nearby star clusters, or other sources.

& Kutner have studied a number of molec-Caldwell (1996)
ular clouds in the LMC using the ratio of far-infrared lumi-
nosity to the cloud virial mass as a measure of starL FIR M

Vformation activity, assuming that the infrared luminosity
arises from embedded young stars. For LI-LMC 1022 we
estimate while the cloud mass isL FIR D 13 ] 104 L

_
,

(see below). The derived ratio D4M
V

D 3 ] 104 M
_is well within the range of other LMC cloudsL

_
/M

_studied by &Caldwell Kutner.
The remnant N49 is itself a strong source of optical, UV,

and X-radiation of which Lya and the O VI j1035 doublet
are the principal sources of Ñux. Our estimate of N49Ïs
intrinsic Lya luminosity, 2.1 ] 1038 ergs s~1, is based on a
two-photon continuum Ñux of 2.3 ] 10~10 ergs cm~2 s~1

et al. and a value of 3 for the ratio of Lya to(Vancura 1992a)
two-photon continuum, as expected from models of planar

shocks over a broad range in velocity Raymond,(Hartigan,
& Hartmann We estimate the O VI j1035 luminosity1987).
by scaling C IV j1550 (2.8 ] 1037 ergs s~1) by a factor 4

et al. Together with the X-ray luminosity(Vancura 1992b).
of 1.9 ] 1037 ergs s~1, this yields a total luminosity of hard
photons of 3.4 ] 1038 ergs s~1. If the molecular cloud inter-
cepts half of these photons and all that luminosity is subse-
quently reradiated in the infrared band, then we would
expect which is potentially a sizeableL FIR D 4 ] 104 L

_
,

fraction, about one-third, of that actually seen.
Since there are no other obvious signs of active star for-

mation (cataloged OB associations or H II regions) in the
vicinity of N49, heating by the interstellar radiation Ðeld
may be negligible and an embedded source origin for the
remainder of the far IR emission may need to be considered.
However, since this region of the LMC is rather complex
and the angular resolution of IRAS is modest (D1@), a
deÐnitive explanation for the origin of this emission awaits
a more comprehensive study of the N49 environment using
higher angular resolution IR data.

4.2. N132D
shows the spatial relationship between N132DFigure 6

and the bright CO cloud discovered near it. To complete
the association between them, we turn to the photoioniza-
tion precursor in the quiescent gas upstream of the expand-

N132D
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N23

(Banas et al. 1997)

(Banas et al. 1997)

– 31 –

(a) (b) (c)

(d) (e) (f)

Fig. 11.—: Spitzer line maps for SNR N63A: (a) 14-15µm continuum; (b) 29.5-30.5µm

continuum; (c) Fe II 17.94µm; (d) Fe II 25.99µm; (e) H2 12.28µm; (f) H2 17.03um. North

is indicated by the arrows.

(Segura-Cox et al., in prep.)



• Have they reached the bubble shells?
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77
W

Structure of an interstellar bubble

(Weaver et al. 1977)

N132D
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N23

 Probably reaching the 
conduction layer



X-ray Faint CC SNRs

[HP99]483

Honeycomb
N11L

N120

0536



X-ray Faint CC SNRs

•  1 [Size=10-20 pc]
No optical shell

J0536-6914

[HP99] 483
No optical counterpart

Honeycomb

[Size=20-30 pc]
With optical shell

N11L

N120

Already reached the bubble shell, 
but the ISM density is too low.

No interaction with dense clouds.
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FIG . 1a

FIG . 1.ÈCTIO 4 m optical images of N11L in (a) Ha , (b) [S II], and (c) [O III]. All coordinates for this and following Ðgures are in J2000.0.

calibrated Curtis Schmidt images. Flux calibration for the
Curtis Schmidt and 1.5 m images was based on photometry
of spectrophotometric standard stars ; these calibrations are
accurate to approximately 10%. The actual resolution for
the images, measured from the FWHM of several stars, was

for N11L and for N86.1A.1 1A.7

2.2. Optical Echelle Observations
High-dispersion spectra for N11L and N86 were taken

using the echelle spectrograph with the long-focus red

TABLE 3

RADIO OBSERVATIONS OF N11L

Date Frequencies
(UT) (MHz) Array ConÐguration

1993 Jul 18 . . . . . . . . 4500, 6000 6C
1994 May 6 . . . . . . . 4790, 8640 6D
1994 May 29 . . . . . . 4790, 8640 1.5 D
1994 Dec 6 . . . . . . . . 4790, 8640 1.5 B
1995 May 15 . . . . . . 8000, 9152 1.5 C
1995 Jul 8 . . . . . . . . . 8000, 8384 6C

camera on the 4 m telescope at CTIO. The spectrograph
used a 79 line mm~1 echelle grating. A postslit Ha (j

c
\

6563 *j \ 75 Ðlter was used, and a Ñat mirrorA! , A! )
replaced the cross-disperser. We used a slit width of 150 km

resulting in an instrumental FWHM of about 8.4 km(0A.99),
s~1, for N11L and a slit width of 250 km resulting in(1A.65),
an instrumental FWHM of about 14 km s~1, for N86. The
data were recorded with a Tek 2048 ] 2048 CCD. The pixel
size is 24 km, corresponding to 0.082 pixel~1 (3.75 km s~1A!
pixel~1) along the direction of dispersion, and pixel~10A.267
perpendicular to the dispersion. At the telescope, the data
were bias subtracted and Ñat-Ðeld corrected. The spectra
were later processed using the IRAF software. Cosmic rays
were removed and Th-Ar lamp scans were used for wave-
length calibration and geometric distortion correction. The
geocoronal Ha emission in each frame was used to Ðne-tune
the absolute wavelength calibration. Table 2 contains a list
of slit positions, orientations, and exposure times.

2.3. X-Ray Observations
N11L was observed with the ROSAT Position Sensitive

Proportional Counter (PSPC), without the boron Ðlter
(sequence number RP900320, 31.3 ks exposure). The PSPC

(Williams et al. 1999)

N11L

Po-Sheng Ou1,2, Chuan-Jui Li1,2, You-Hua Chu1,2

1Institute of Astronomy and Astrophysics, Academia Sinica, Taipei City, Taiwan
2Department of Physics, National Taiwan University, Taipei City, Taiwan
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Balmer line dominated (no forbidden 
line emission), while young C-C 
SNRs are bright in recombination 
lines as well as forbidden lines.

Reason: Type Ia SN ejecta interact 
with a mostly neutral ISM. The 
associated shocks are collisionless, 
and thus the ISM is not ionized to emit 
forbidden lines. Charge exchange in 
the post-shock region produces the 
Balmer lines (Chevalier et al. 1980).

z Obs: There exist very small Type Ia
SNRs (size < 15pc), but young C-C 
SNRs tend to be larger except for the 
very young SNR 1987A.

Reason: C-C SN exploding in a bubble 
interior (cavity explosion) expands 
quickly to interact with the dense ISM 
shell of the bubble, thus few small C-C 
SNRs are seen.

z Obs: Type Ia SNRs detected in the 
optical show relatively simple shell 
morphology, while C-C SNRs rarely 
show simple shell morphology.

Reason: The interstellar environments 
of C-C SNRs are much more complex 
than those of Type Ia SNRs.

z Obs: Bright compact X-ray sources 
are observed at the centers of some 
C-C SNRs, but not Type Ia SNRs.

Reason: C-C SNe can produce neutron 
stars with pulsar wind nebula, while 
Type Ia SNe destroy their white dwarf 
progenitors.

z Obs: X-ray spectra of Type Ia SN 
ejecta show enhanced abundance of 
Fe, Si, S, Ar, Ca, while those of C-C 
SN ejecta show enhanced oxygen 
abundance.

Reason: Type Ia SNe destroy the white 
dwarf progenitors and release all 
nucleosynthesis product. C-C SNe
lock the heavy elements in neutron 
stars or black holes, releasing only the 
outer stellar material.
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What are the evolution routes?
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FIG . 1a

FIG . 1.ÈCTIO 4 m optical images of N11L in (a) Ha , (b) [S II], and (c) [O III]. All coordinates for this and following Ðgures are in J2000.0.

calibrated Curtis Schmidt images. Flux calibration for the
Curtis Schmidt and 1.5 m images was based on photometry
of spectrophotometric standard stars ; these calibrations are
accurate to approximately 10%. The actual resolution for
the images, measured from the FWHM of several stars, was

for N11L and for N86.1A.1 1A.7

2.2. Optical Echelle Observations
High-dispersion spectra for N11L and N86 were taken

using the echelle spectrograph with the long-focus red

TABLE 3

RADIO OBSERVATIONS OF N11L

Date Frequencies
(UT) (MHz) Array ConÐguration

1993 Jul 18 . . . . . . . . 4500, 6000 6C
1994 May 6 . . . . . . . 4790, 8640 6D
1994 May 29 . . . . . . 4790, 8640 1.5 D
1994 Dec 6 . . . . . . . . 4790, 8640 1.5 B
1995 May 15 . . . . . . 8000, 9152 1.5 C
1995 Jul 8 . . . . . . . . . 8000, 8384 6C

camera on the 4 m telescope at CTIO. The spectrograph
used a 79 line mm~1 echelle grating. A postslit Ha (j

c
\

6563 *j \ 75 Ðlter was used, and a Ñat mirrorA! , A! )
replaced the cross-disperser. We used a slit width of 150 km

resulting in an instrumental FWHM of about 8.4 km(0A.99),
s~1, for N11L and a slit width of 250 km resulting in(1A.65),
an instrumental FWHM of about 14 km s~1, for N86. The
data were recorded with a Tek 2048 ] 2048 CCD. The pixel
size is 24 km, corresponding to 0.082 pixel~1 (3.75 km s~1A!
pixel~1) along the direction of dispersion, and pixel~10A.267
perpendicular to the dispersion. At the telescope, the data
were bias subtracted and Ñat-Ðeld corrected. The spectra
were later processed using the IRAF software. Cosmic rays
were removed and Th-Ar lamp scans were used for wave-
length calibration and geometric distortion correction. The
geocoronal Ha emission in each frame was used to Ðne-tune
the absolute wavelength calibration. Table 2 contains a list
of slit positions, orientations, and exposure times.

2.3. X-Ray Observations
N11L was observed with the ROSAT Position Sensitive

Proportional Counter (PSPC), without the boron Ðlter
(sequence number RP900320, 31.3 ks exposure). The PSPC
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Small Type Ia SNRs:
•  Lack of small CC SNRs is consistent with cavity explosions.
•  LX of small Type Ia SNRs are enhanced by reverse shocks.

Summary

X-ray bright CC SNRs:
•  Some of them have PWNe.
•  Others are associated with 

molecular clouds. Shocks hit dense 
medium and produce bright X-ray.

X-ray faint CC SNRs:
•  w/o interactions with dense clouds.
•  20-30pc: reached bubble shells.


