


A well-established(predominantly) non-thermal continuum
emission is one of the distinguishing characteristics of SNRs at
radio frequencies. The majority of SNRs have a radio spectral
index of �B� _ � �0.5 (de� ned as �O�r �BS ), although there is a
large scatter because of the wide variety of SNRs and different
environments and stages of evolution(Filipovic et al. 1998;
Filipovi� & Bozzetto2016). On one hand, younger and very
old remnants can have a steeper spectral index of�B� _ � �0.8,
while mid-to-older aged remnants tend to have radio spectra
with �B� _ � �0.5. SNRs that harbour a Pulsar Wind Nebula
(PWN) exhibit � atter radio spectra with�B� _ � �0.1. As one of
the most energetic class of sources in the universe, SN/ SNRs
greatly impact the structure, physical properties, and evolution
of the interstellar medium(ISM) of the host galaxy.
Conversely, the interstellar environments in which SNRs
reside will heavily affect the remnants’ evolution.

A complete sample of SNRs in any galaxy provides the
opportunity to study the global properties of SNRs, in addition to
carrying out a detailed analysis on the subclasses(e.g., sorted by
X-ray and radio morphology or by progenitor SN type). Toward
this goal, we have been identifying new LMC SNRs using
combined optical, radio, IR, and X-ray observations. Apart from
the above-mentioned LMC SNR survey papers, there are a
number of studies focusing on particular LMC SNRs. Some
recent studies include: Boji� i� et al. (2007), Cajko et al.(2009),
Crawford et al. (2008, 2010, 2014), Bozzetto et al.(2010,
2012a, 2012b, 2012c, 2012d, 2013, 2014a, 2014b, 2015),
Brantseg et al.(2014), Grondin et al.(2012), de Horta et al.
(2012, 2014), Kavanagh et al.(2013, 2015a, 2015b, 2015c, 2016),
Bozzetto & Filipovi� (2014), Warth et al.(2014), Maggi et al.
(2014), and Reid et al.(2015).

These major contributions, coupled with various additional
studies, led to the discovery of 59 con� rmed and an additional
15 candidate SNRs. Therefore, this is the� rst opportunity to
perform a complete statistical study on a type of object that is
crucial in galaxy evolution in one of the best laboratories
available—the LMC. Here, we report on a radio-continuum
study of the most up-to-date sample of the LMC SNRs and
SNR candidates, consisting of 74 of these objects.

2. Observations

Common analysis methodologies were undertaken and
shown for all remnants, such as emission images from across
the EM spectrum including radio-continuum 36�cm (MOST;
Mills & Turtle 1984), 20�cm (Hughes et al.2007), and 6�cm
(Dickel et al. 2010); infrared 24, 70, and 160� m (SAGE;
Meixner et al.2006); optical(Magellanic Cloud Emission Line
Survey, MCELS; Smith et al.2000); and X-ray(LMC XMM-
NewtonLarge Project; Haberl2014 Maggi et al.2016). The
aforementioned radio-continuum mosaic images were also the
default images used for� ux density measurements at these
wavelengths. Our own spectroscopic surveys of the MCs
(Filipovi� et al.2005; Payne et al.2007, 2008) and their SNR
samples were mainly taken with the SAAO 1.9 m and MSSSO
2.3 m telescopes.

3. Source List

The number of con� rmed SNRs in the LMC is currently
at 59 (as shown in Maggi et al.2016; see also� Table 1). In
this paper, we used the same sample with the addition of a
further 15 candidates, of which 7 are presented here for the

� rst time (Table 2). These seven new SNR candidates are
MCSNR J0447-6919, MCSNR J0456-6950, MCSNR J0457-
6739, MCSNR J0507-7110, MCSNR J0510-6708, MCSNR -
J0512-6716, and MCSNR J0527-7134(for more details, see
Table2 and Section3.1).

We searched all available optical, radio, and X-ray surveys in
order to secure the most complete population of LMC SNRs.
Primarily, we classi� ed the 15 LMC SNR candidates based on
the well-established criteria described in Filipovic et al.(1998).
We emphasize that all these sources require further study in
order to secure a bona� de classi� cation as SNRs. In Figures1–3
we show images of the 14 LMC SNR candidates at various
frequencies. An image of MCSNR J0507-6846 is shown in Chu
et al. (2000). SNR extent is primarily measured using MCELS
images, with some additional information obtained viaChandra
XMM-Newtonor ROSATsurveys when needed. Because of their
very low surface brightness, we could not measure radio
emission from 6 of these 15 LMC SNRs candidates.

All of the radio � ux density measurements of the LMC
SNRs and SNR candidates are shown here for the� rst time,
and their associated errors are well below 10%. We determined
source diameters from the highest resolution image available
including optical and X-ray images. We estimated that the error
in diameter is smaller than 2� or � 0.5�pc. We found that our
diameters estimated here are� 10% smaller compared to Maggi
et al. (2016). The reason for this small discrepancy is because
of a better resolution images that we used here compared to
XMM. Also, we show here, for the� rst time, a compilation of
estimated LMC SNR ages using various methods. Therefore,
Table1 is a compilation of our own measurements as well as
those of other papers for this well-established sample of
LMC SNRs.

3.1. Notes on the LMC SNR Candidates

MCSNR J0447-6918(Figure 1; top left)—A large optical
shell (245� × 245� ) was present with an enhanced[SII]/ H�
ratio of> 0.4. Also, some weak 20�cm emission was detected in
the NE part but no reliable� ux density estimate was possible.
No sensitive X-ray coverage is available in this� eld.

MCSNR J0449-6903(Figure 1; top right)—Turtle & Mills
(1984) originally proposed this source to be an SNR
exemplifying the typical evolved shell-type SNR morphology.
Although there was no obvious optical identi� cation in
MCELS, we estimated a radio spectral index of
�B� � � � � o0.50 0.01 using measured � ux densities of
108�mJy, 83�mJy, and 45�mJy at 36�cm (843 MHz), 20�cm
(1377 MHz), and 6�cm (4800 MHz), respectively. Unfortu-
nately, no sensitive X-ray coverage is available at this point.

MCSNR J0456-6950(Figure1; middle left)—This source is
a potential radio SNR based on a shell-like radio structure. We
have no de� nite optical con� rmation, and X-ray surveys have
not covered this region.

MCSNR J0457-6923(Figure 1; middle right)—This source
was classi� ed as a potential optical SNR based on an[SII]/ H�
ratio of> 0.4 as well as an evident radio emission. No sensitive
X-ray coverage is available.

MCSNR J0457-6739(Figure 1; bottom left)—This object
exhibits a shell-like optical nebula with a somewhat enhanced
[SII]/ H� ratio of � 0.4 and a shell-like radio-continuum
morphology. However, we were only able to measure a� ux
density at 20�cm of 25.9�mJy. No sensitive X-ray coverage is
available.
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Table 1
59 Con� rmed SNRs in the LMC

Name Other R.A. Decl. �qD Dmaj min PA Dav � B � B� o � % S1GHz �41GHz (�q ��10 20) Type Age�± �� Agesa

MCSNR J Name (J2000) (J2000) (� ) (°) (pc) (Jy) (W mŠ2HzŠ1srŠ1) (yr)

0448-6700 HP 460 04h48m26 3 Š67°00�24� 290�× �196 135 57.9 Š0.11�± �0.05 0.0334 0.0317 X L
0449-6920 04h49m22 3 Š69°20�25� 115�× �115 0 27.9 Š0.40�± �0.08 0.0869 0.3560 X L
0450-7050 04h50m23 5 Š70°50�23� 535�× �340 30 103.4 Š0.41�± �0.03 0.6893 0.2050 CCq 70000�± �250001

0453-6655 N4D 04h53m14 0 Š66°55�10� 222�× �263 15 58.6 Š0.58�± �0.06 0.1116 0.1040 X L
0453-6829 LHG 1 04h53m37 2 Š68°29�28� 120�× �123 20 29.4 Š0.34�± �0.01 0.2100 0.7730 CCpwn 13500�± �15002

0454-6712 N9 04h54m33 0 Š67°12�50� 140�× �120 0 31.4 Š0.51�± �0.03 0.0767 0.2470 TN 29500�± �75003

0454-6625 N11 L 04h54m49 9 Š66°25�36� 95�× �68 45 19.4 Š0.50�± �0.03 0.1539 1.3000 CCq 11000�± �40004

0455-6839 N86 04h55m43 7 Š68°39�02� 279�× �213 170 59.1 Š0.51�± �0.04 0.3345 0.3050 X 53000�± �330004

0459-7008 N186D 04h59m57 3 Š70°08�07� 116�× �116 0 28.1 L L L CCq 110005

0505-6752 DEM L71 05h05m41 9 Š67°52�39� 88�× �61 170 17.8 Š0.60�± �0.02 0.0087 0.0882 TN 4360�± �2906

0505-6801 N23 05h05m54 1 Š68°01�42� 97�× �92 20 23.0 Š0.60�± �0.04 0.3926 2.3700 CC 4600�± �12007

0506-6542 DEM L72 05h06m08 2 Š65°42�10� 410�× �360 50 93.1 L L L X 115000�± �350008

0506-7025 DEM L80 05h06m47 9 Š70°25�38� 183�× �157 17 41.2 L L L TN 19000�± �20009

0508-6902 HP 791 05h08m33 9 Š69°02�40� 302�× �234 30 64.5 L L L TN 22500�± �250010

0508-6830 05h08m49 5 Š68°30�41� 138�× �108 45 29.8 L L L TN 2000011

0508-6843 N103B 05h08m59 4 Š68°43�35� 27�× �29 0 6.8 Š0.65�± �0.03 0.5780 39.700 TN 86012

0509-6731 LHG 14 05h09m31 1 Š67°31�17� 32�× �29 0 7.4 Š0.73�± �0.02 0.0974 5.7200 TN 310�± �12013

0511-6759 05h11m10 7 Š67°59�07� 228�× �216 0 53.8 L L L TN 2000011

0512-6707 HP 483 05h12m28 8 Š67°07�15� 55�× �45 0 12.1 Š0.49�± �0.01 0.1046 2.2900 TN 3150�± �125014

0513-6912 N112 05h13m14 4 Š69°12�15� 245�× �200 135 53.7 Š0.52�± �0.09 0.2423 0.2680 X 3500�± �150015

0514-6840 HP 700 05h14m15 5 Š68°40�14� 220�× �220 0 53.2 L L L X L
0517-6759 HP 607 05h17m10 2 Š67°59�03� 324�× �210 40 63.2 L L L X L
0518-6939 N120A 05h18m43 5 Š69°39�11� 85�× �102 0 22.7 Š0.61�± �0.03 0.4504 2.7900 CCq 730016

0519-6902 LHG 26 05h19m34 8 Š69°02�06� 36�× �33 0 8.3 Š0.64�± �0.02 0.1316 6.0900 TN 600�± �20017

0519-6926 LHG 27 05h19m45 3 Š69°26�01� 140�× �110 30 30.1 Š0.53�± �0.03 0.1606 0.5650 X L
0521-6542 DEM L142 05h21m38 8 Š65°42�58� 135�× �141 0 33.4 L L L X L
0523-6753 N44I 05h23m06 5 Š67°53�09� 230�× �230 0 55.8 L L L CCq 1800018

0524-6623 N48E 05h24m18 9 Š66°23�33� 145�× �145 0 35.1 Š0.41�± �0.02 0.0725 0.1870 CCq L
0525-6938 N132D 05h25m02 7 Š69°38�33� 114�× �90 30 24.5 Š0.65�± �0.04 5.2642 27.900 CC 3150�± �20019

0525-6559 N49B 05h25m24 9 Š65°59�18� 155�× �155 0 37.6 Š0.56�± �0.03 0.6344 1.4300 CC 1000020

0526-6605 N49A 05h26m00 1 Š66°05�00� 75�× �75 0 18.2 Š0.59�± �0.03 1.6618 16.000 CCq 480021

0527-6912 LHG 40 05h27m39 3 Š69°12�07� 157�× �123 80 33.8 L L L CCq L
0527-6549 DEM L204 05h27m54 9 Š65°49�49� 335�× �275 45 73.6 Š0.51�± �0.04 0.1365 0.0803 X L
0528-7104 HP 1234 05h28m04 3 Š71°04�40� 328�× �234 155 67.1 L L L X 2500022

0528-6726 DEM L205 05h28m11 1 Š67°26�49� 260�× �180 30 52.4 L L L CCq 33500�± �350023

0528-6713 HP 498 05h28m18 5 Š67°13�49� 216�× �216 0 52.4 Š0.28�± �0.09 0.1113 0.1290 X L
0529-6653 DEM L214 05h29m51 0 Š66°53�27� 137�× �128 0 29.1 Š0.68�± �0.03 0.0863 0.2670 X L
0530-7007 DEM L218 05h30m40 4 Š70°07�27� 215�× �180 45 47.7 Š0.27�± �0.01 0.0718 0.1010 TNq L
0531-7100 N206 05h31m57 9 Š71°00�16� 190�× �170 90 43.6 Š0.66�± �0.03 0.4086 0.6850 CCpwn 25000�± �200024

0532-6731 N56 05h32m19 9 Š67°31�37� 180�× �180 0 43.6 Š0.63�± �0.04 0.2152 0.3600 X L
0533-7202 RASS 236 05h33m51 0 Š72°02�50� 200�× �160 45 43.5 Š0.47�± �0.06 0.1333 0.2250 TNq 23000�± �500024

0534-6955 LHG 53 05h34m00 8 Š69°55�08� 120�× �110 155 27.2 Š0.51�± �0.01 0.0889 0.3820 TN 1010026

0534-7033 DEM L238 05h34m23 0 Š70°33�25� 222�× �158 190 45.4 Š0.44�± �0.09 0.0796 0.1230 TN 12500�± �250027

0535-6916 SNR1987A 05h35m28 0 Š69°16�12� 1.8�× �1.8 0 0.4 Š0.68�± �0.03 0.8200 13700 CC 30
0535-6602 N63A 05h35m43 8 Š66°02�13� 81�× �67 45 17.8 Š0.74�± �0.02 1.8641 18.700 CCq 3500�± �150028

0535-6918 Honeycomb 05h35m45 5 Š69°18�08� 91�× �59 160 17.7 Š0.71�± �0.05 0.1483 1.5200 X L
0536-6735 N59B 05h36m04 2 Š67°35�11� 147�× �125 35 32.9 L L L CCpwn 60000�± �1000029
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Figure 1. LMC SNR candidates 1. Color images are MCELS, where RGB corresponds to H� , [S II], and[O III ]. The color image of MCSNR J0457-6923 is the ratio
map between[S II] and H� . Contours are from the ATCA 20�cm mosaic survey and start at the 3� local noise level with a spacing of 1� . The circles/ ellipses(purple)
represent the approximate extent of the SNR candidates.
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Figure 2. LMC SNR candidates 2. Color images are MCELS, where RGB corresponds to H� , [S II], and[O III ]. The MCSNR J0512-6716 color image is from the
XMM-NewtonX-ray survey of LMC SNRs(Kavanagh et al.2015b). Contours are from the ATCA 20�cm mosaic survey and start at the 3� local noise level with a
spacing of 1� . The circles/ ellipses(purple) represent the approximate extent of the SNR candidates.
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MCSNR J0539-7001�= �[HP99]�1063 (Figure 3; right)—
HP99 assigned this source the name[HP99]�1063, recording
an extent of 182, in addition to listing HR1 and HR2 values of
1.00�± �0.17 andŠ0.17�± �0.10, respectively. They classi� ed
the X-ray source, which was constant in� ux during theROSAT
observations, as an SNR candidate. We found a weak radio
point source in the center of this remnant with measured� ux
densities at 36�cm of 5.8�mJy and at 20�cm of 4.6�mJy, giving
a spectral index of� �= �Š0.47.

4. Physical Properties from Kernel Density Estimates

This most complete sample of LMC SNRs allows us to
better study their morphology, evolution, and physical
processes that are responsible for their observed emission. To
get better statistical insight into the physical properties of the
LMC SNRs, we reconstructed the probability density functions
(PDF) for the diameter,� ux density, spectral index, and
ovality. We note that the errors associated with the diameter
(< 2� ) and � ux density (< 10%) are small and thus not
displayed in this analysis. Forn independent and identically
distributed(iid) measurements of a variable( )X x x x x, , ,..., n1 2 3 ,
the PDF ( f (x)) is reconstructed using the Gaussian kernel
smoothing (Sheather2004; Wasserman2010; Feigelson &
Babu2012), with the kernel function
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is to minimize the mean integrated square error(MISE):

�¨� � � �
���d

�d
( ) ( ( ) ( )) ( )h f x f x dxMISE . 3h

2

For a Gaussian kernel, under asymptotic conditions,� l � dn
and �lh 0, such that � l � dnh , MISE(h) translates to the
asymptotic MISE(AMISE):

�Q
� � � �( ) ( ) ( )h h R f

h
n

AMISE
1
4 2

, 44

whereR( f ) is the roughness off calculated as

�¨� � � ´
���d

�d
( ) ( ) ( )R f f x dx. 52

It can be shown that AMISE(h) has the minimum at

�Q�� ��( ( )) ( )h nR f2 . 60.2

To estimate � ´ � �( ) ( )f x d f x dx ,2 2 a “plug-in” bandwidth
valueh0 is required so that � (́ )f xh0

can be calculated. Usually, a
rule-of-thumb value can be used(Silverman1986). If � is the
standard deviation of the sample ofn data points, the rule-of-
thumb bandwidth is calculated as �T�� ��h n0

0.2. This value is
obtained by minimizing MISE as described above under the
additional assumption that the data are normally distributed.

However, theh0 optimal for calculatingf (x) need not be the
optimal choice for estimating� (́ )f x . In addition, the asymptotic
nature of Equation(6) may give incorrect results when there is
a lot of � ne structure in the data. We illustrate this in Figure4.
The AMISE data do not appear to have a noticeable minimum
value.

As a more robust way of estimatingh, we used a procedure
similar to that described in Faraway & Jhun(1990). Instead of
minimizing AMISE(h), they minimized the bootstrap MISE:

*�¨�œ� � � ���

�� ���d

�d
( ) ( ( ) ( )) ( )h B f x f x dxBIMSE . 7

i

B

h
1

1

2

whereB is the number of smooth bootstrap resamplings from
the original data sample. At a givenh, each resample
gives * ( )f xh . Unlike the common bootstrap(Efron &
Tibshirani1993), the smooth bootstrap also requires a“plug-
in” bandwidthh0 for resampling and estimatingf (x). To each

Figure 3. LMC SNR candidates 3. Color images are MCELS where RGB corresponds to H� , [S II], and[O III ]. Contours are from the ATCA 20�cm mosaic survey
and start at the 3� local noise level with a spacing of 1� . The ellipses(purple) represent the approximate extent of the SNR candidates.
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resampled data point *xi , an offset is added as
* * *�R� � � �( )x x h x,i i isb 0 , where� is normally distributed with

standard deviationh0 around a mean *xi . The *x isb values
obtained in this manner are then used to calculate* ( )f xh . The
BIMSE(h) in Figure4 is calculated with the optimal bandwidth
resulting from the procedure described below, the results of
which are presented in Section6.3. Unlike AMISE, it shows a
very distinctive, unambiguous, minimum value of global
character. Although the BIMSE calculation is much more
intensive than the calculation of AMISE, we� nd it
signi� cantly more robust and reliable for estimating optimal
smoothing bandwidths. Since AMISE data do not appear to
have a strong minimum value in many of the cases examined in
this work, we adopted the BIMSE procedure, which(as evident
from Figure4) shows a distinctive BIMSE(h) minimum value
even on an order of magnitude smaller scale than AMISE(h),
for estimating optimal smoothing bandwidths.

4.1. Procedure Description

Using the rule-of-thumb bandwidth, we performed smooth
bootstrap resamplings and estimatedf (x) from the original data
points. To minimize BIMSE(h), we used a golden section
search algorithm(Kiefer 1953), which narrows down the
interval that contains the minimum value by comparing the
BIMSE(h) values at four points. To reduce the in� uence of the
Monte Carlo error on the minimizing procedure, we allowed
theh values within the algorithm to change only in increments
of �� �N ��( )h 10 h

s
20 , where� presents the order of magnitude of

its argument. The search was stopped when the size of theh
interval containing the minimum fell belowhs. At each givenh
value, the * ( )f xh was calculated for all resamplings and the

* ��( ( ) ( ))f x f xh
2 term was averaged to obtain BIMSE(h).

In the work of Faraway & Jhun(1990), the authors stated
that their procedure can be used in an iterative manner and
hence improve the values obtained for an optimal smoothing
bandwidth. We iterated the above procedure until the difference
between the input and outputh values fell belowhs or until this

differencehdif changes sign, in which case we took the input
valuehin of the� nal iteration as the outcome of the procedure.
Even in such a case,h is calculated with a �N� x � �( )h 1in order
of magnitude accuracy. The change of sign inhdif can be
avoided and the accuracy improved simply by applying a larger
number of bootstrap resamplings. However, Faraway & Jhun
(1990) noted that, at the time, their procedure was very
computationally intensive and that they obtained satisfactory
results using only 100 resamplings. The calculations described
in this work took up to�x1day of computing per examined data
sample on a standard desktop PC using 500 bootstrap
resamplings. However, this computing time was dominated
by repeating the procedure for computing con� dence bands
(described below), which required a much greater computation
intensity. To increase the speed of the computations, we
calculated the Gaussian distribution values only within the� ve
standard deviations from the mean, considering the values
outside this interval to be zero.

4.2. Confidence Bands and Parameters

Faraway & Jhun(1990) noted that a by-product of their
procedure is the estimation of con� dence intervals as desired
quantiles of the * ( )�f xh distributions, where�h is the output
optimal bandwidth of their smoothed bootstrap procedure.
However, the con� dence band derived in this manner depends
on �h, which depends onh0. To avoid this we applied a common
bootstrap resampling(without the addition of a smoothing term
� ) to the original data sample. For each of the resamples
obtained in this way, we applied the described smoothed
bootstrap procedure to obtain* ( )�f xh€

, where the bullet sign
designates that an optimal smoothing bandwidth was obtained
for the common bootstrap resample of the original data sample.
At each selected pointxj along thex-axis, we then calculated
the desired con� dence fractionfci of the * ( )�f xh j

€
values. First, we

calculated the median of the given* ( )�f xh j
€

array of values and
then the� upper and lower limits of con� dence bands as the
f 2ci fraction of the total number of array elements from the

Figure 4. Asymptotic mean integrated squared error(AMISE) and bootstrap integrated mean squared error(BIMSE) for the LMC� ux density data at 1�GHz, shown
in Figure17. Unlike AMISE, the BIMSE merit estimator shows a clear minimum at theh value, which is considered the optimal smoothing bandwidth.
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median value. The median value was also used as the value of
the smoothed density distribution� ( )f xj at a pointxj.

If the testingxmin andxmax are the lowest and highest values
of the data sample, respectively, the density distributions were
calculated in the � � � � � � � �[ ]x h x h5 , 5min 0 max 0 interval at the
centers of 103 bins of equal width. The con� dence bands are
calculated as an ��f 0.75ci fraction of the total number of 500
common bootstrap resamplings(•) of the original data sample.
We also used 500 smooth bootstrap resamplings(� ) for each(•)
resampling. For each(•) distribution, we calculated the mean,
mode, and median. The uncertainties of the mean, mode, and
median were calculated similarly to the con� dence bands for
the smooth density distribution, and we give the con� dence
band with the higher discrepancy from the median as the
uncertainty. Con� dence bands were also obtained at

��f 0.75ci , similar to � ( )f xj . The smooth density functions,
with their parameters obtained as described above, for
diameter, radio� ux, spectral index, and ovality, are presented
in Section5.

4.3. Kernel Density Smoothing in 2D

A similar procedure to that described in this section can be
generalized to a 2D case. We applied the procedure in 2D to the
LMC and SMC radio surface brightness and diameter data to
check if there were any signi� cant emergent data features
(Figure20). The generalization of the procedure can be done in
two ways, either by using a 2D Gaussian kernel(where a kernel
is a function of two variables and two smoothing bandwidths),
or as a product kernel of separate Gaussian kernels in each
dimension. We adopted the latter. As described in Feigelson &
Babu(2012), for a 2D case, the density estimate in(x, y) space
is calculated as
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wherehx andhy are the bandwidths for the kernel components
in x andy, respectively. For the 2D density estimate procedure,
only the smoothed bootstrap was used to minimize over
BIMSE. Due to higher computation requirements, we did not
use common bootstrap resamplings to estimate con� dence
intervals. For the input values to the procedurehx

0 and hy
0

(similar to the 1D case), we used rule-of-thumb bandwidths
calculated separately in each dimension. For the range ofhx

andhy we calculated and minimized BIMSE. The values ofhx

and hy where BIMSE reached a minimum were used as the
next iteration input values. The procedure was repeated until
the output values forhx and hy equal the input values at the
given level of accuracy.

5. Results

Here we present a statistical analysis and discussion of the 59
con� rmed (Table 1) and 15 candidate SNRs(Table2) in the
LMC (Figure5). This includes 16 known SNRs resulting from
a thermonuclear SN(type Ia) explosion and 23 con� rmed to
arise from a core-collapse(CC) SN event(Maggi et al.2016,
and reference therein).

5.1. Spatial Distribution

To investigate the spatial distribution of SNRs in the LMC,
annotations containing the size and position angle of the 59
con� rmed and 15 candidate remnants were superimposed on the
H I peak temperature map from Kim et al.(1998). There is an
indication of a connection between the higher HI density(also
including H� and radio continuum) and the location of SNRs,
which seems to follow a spiral structure(Filipovic et al.1998).
The mean foreground HI column density in the direction to the 59
con� rmed and 15 candidate remnants was estimated to be
� _ � q2 1021 atoms�cmŠ2 (with a Standard Deviation
SD�= �1�× �1021atoms cmŠ2), while the “empty” LMC 4 super-
shell (Bozzetto et al.2012b) exhibits a mean HI density of
5�× �1020�atoms�cmŠ2 (SD�= �1�× �1020atoms cmŠ2). Curiously,
we found only one SNR(MCSNR J0529-6653 inside the LMC4
supershell) to be located outside the apparent spiral structure of the
H I distribution. Also, MCSNR J0527-6549 expands in a very
rari� ed environment with a mean HI column density of
6�× �1020�atoms�cmŠ2. We note that our 16 type�Ia SNR sample
might be expanding in a somewhat lower density environment
(mean�= �1.9�× �1021atoms cmŠ2), while the CC sample of 23
LMC SNRs exhibits a mean HI column density of
2.4�× �1021�atoms�cmŠ2. However, SDs of both samples are quite
large(SD�= �1.1× 1021atoms cmŠ2). Therefore, this is indicative
of a different molecular environment in which type�Ia and CC
LMC SNRs are expanding, although it should be taken with
caution.

5.2. Multifrequency Emission Comparison

To compare the multifrequency emission from the 59 known
SNRs in the LMC, we plotted a Venn diagram(Figure6) that
summarizes the number of SNRs exhibiting emission in the
different EM domains. It is important to note that the lack of
detected emission does not mean that the remnant does not emit
such a radiation. However, it may indicate that the emission is
under the sensitivity level of current surveys. As for the
candidate remnants, many of them were entangled in unrelated
emission or not part of current surveys, making it dif� cult to
construct a worthwhile Venn diagram for these sources. We
also note that there are examples of SNRs such as the SMC
SNR HFPK 334(Crawford et al.2014) or the Galactic Vela�Jr
SNR(Filipovi� et al.2001; Stupar et al.2005) that could not be
identi� ed in optical frequencies despite extensive searches.

For comparison to our LMC results, Venn diagrams were
constructed for various other nearby galaxies, shown in
Figure 7. We note that some of these galaxies do not have
deep X-ray and/ or radio coverage. Still, our results are closely
comparable to those found for the SMC(Filipovi� et al.2005),
which is to be expected as it is the most similar to the LMC.
The obvious common trait between the LMC and SMC SNR
populations is that they are ubiquitous in X-rays because of low
foreground absorption toward the MCs. We concluded from
Figure 6 that this sample is not under severe in� uence from
observational biases. Although the LMC and SMCXMM-
Newton surveys reach similar depth, the LMC X-ray� eld
coverage is somewhat incomplete and therefore our present
LMC X-ray SNR sample is likely incomplete as well.

Comparing Figures6 and7, we note that all other galaxies
have high numbers of detected SNRs only in optical
frequencies, with small numbers of SNRs in cross-sections of
the Venn diagrams. This is expected, as Pannuti et al.(2000)

10

The Astrophysical Journal Supplement Series, 230:2(30pp), 2017 May Bozzetto et al.



argued that X-ray and radio SNRs are mixed/ embedded and
therefore confused with HII regions in distant galaxies. Also,
we argue that the detection of optical SNRs in distant galaxies
is biased toward lower densities. Therefore, we detect only
smaller numbers of X-ray/ radio SNRs in the more distant
samples—ones that are brighter and in denser, star-forming
regions.

Interestingly, in a revised catalog of 294 Galactic SNRs by
Green(2014), 93% were detected in radio,� 40% in X-ray, and

only � 30% at optical wavelengths. This points to a clear
selection bias, which limits the optical and X-ray detection.
This is most likely due to obscuration from dust and clouds, as
well as the lack of deeper observations at various frequencies.
Also, we note that NGC�55 is an edge-on spiral galaxy and
therefore, only a small number of SNRs can be detected due to
obscuration.

5.3. Differential Size Distribution

To measure the extent of the SNRs in the LMC, an ellipse
was� tted to delineate the bounds of emission for all con� rmed
and candidate SNRs in this study(Bozzetto et al.2014b; see
Figure7). A multiwavelength approach was used and the given
size takes into account the optical, radio, and X-ray emission.
Such an approach was taken as some shells may appear
incomplete at optical wavelengths, although complete at radio
or X-ray wavelengths, and vice versa. A somewhat typical
example of this is where emission in one band(e.g., X-rays) is
located in the center and encased by an optical/ radio shell, e.g.,
MCSNR J0508Š6902 presented in Bozzetto et al.(2014b,
Figure 2), where the radio(5500 MHz) and optical (H� )
emission form the“ring” of emission, inside which the X-ray
(0.7–1.1 keV) emission resides. The major and minor axes, in
addition to the position angle of these measurements, are listed
in Tables 1 and 2. The resulting PDF showcasing the
distribution of these data is displayed in Figure8, where the
diameter was taken as the geometric average of the major and
minor axes(Tables1 and2).

The mean value of the reconstructed distribution for the 59
con� rmed and 15 candidate remnants was found to be
39�± �4�pc for con� rmed SNRs, and 41�± �3�pc for the entire
sample(Figure 8). This increased mean value for the entire
sample is most likely due to many of the candidate remnants

Figure 5. Spatial distribution of the 59 con� rmed and 15 candidate SNRs in the LMC. There appears to be a connection between the location of the remnants and the
spiral pattern of the emission from the HI peak temperature map(Kim et al.1998, gray scale). Green symbols represent con� rmed remnants, while blue symbols show
the position of candidate remnants.

Figure 6. Venn diagram showing the 59 con� rmed LMC SNRs in different
electromagnetic domains. In the center pane, the 3(X) and 2 (O), where
X�= �X-ray and O�= �optical, show those remnants which either lack
observations or are entangled in unassociated emission, although if present,
would reside in this group.
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tested samples are likely sampled from the same underlying
distribution. We also emphasize that the second youngest(310 yr
old; Bozzetto et al.2014a; Hovey et al.2015) SNR in the LMC
—MCSNR J0509-6731—is a well-known type Ia and a relatively
weak radio emitter withS1 GHz of 97.4�mJy.

The� ux density distribution for the 40 LMC SNRs that have
estimated� ux densities are shown in Figures16 and17.14 The
� ux density variable is, by its own nature, heavily biased
with sensitivity selection. The faint objects are not usually
detected in surveys alongside the majority of the objects but
rather with specialized high sensitivity observations. This
is re� ected in the fact that only� 70%(40 out of 59) of known
LMC SNRs have radio� ux density measurements. When
candidate SNRs are added, this number remains similar
—� 67% (49 out of 74). The object DEM L71, which has the
lowest� ux value, is a well-observed and studied object, unlike
much of the sample(see also Section6.4). Compared with
other objects in the vicinity of the PDF mode(which is close to
DEM L71), this object and its immediate neighbor[HP99]�460
appear to be rather well-separated. This implies that the highest
concentration of detected objects is very close to the sensitivity
limits of the related observations and that surveys with
sensitivities below 50�mJy should give a large number of
new detections.

Although there are known LMC SNRs with 1�GHz � ux
densities less than 50�mJy, most of the sub-50�mJy sample is
lacking reliable � ux density estimates. This is because of
confusion due to unassociated nearby emission, e.g., an HII
region or a nearby and strong background source. Also, some of
the remnants are lacking� ux density estimates because they are
either too weak to be accurately measured or fall below the
detection limit of the present generation of surveys. Future radio
telescopes(such as Australia Square Kilometre Array Path� nder,
ASKAP) with higher sensitivity and resolution will be able to
account for these remnants and provide a more complete sample.

6.4. Radio to X-Ray Flux Density Comparison

We compared our estimated radio� ux densities at 1�GHz
(Table 1) and broadband X-ray� ux in the 0.3–8 keV range
from Maggi et al.(2016). There are 58 known LMC SNRs with
X-ray � ux and/ or radio � ux density measurements(see
Figure18). Only one con� rmed LMC SNR(J0521-6542) has
no measurements at either frequency.

At present, the SNR with the faintest measured radio� ux
density is DEM L71. As it is a well-studied SNR(and one of the
brightest X-ray SNRs in the LMC), there are many deep radio
observations available for DEM L71 that make its detection and
radio� ux density measurement easier than for most of the LMC
sample. The color-coded symbols in Figure18 at � 6�mJy,
indicating radio non-detections, are not representative of true� ux
density limits. While the rms noise will vary signi� cantly across
the LMC, the average radio sensitivity limit for the non-detected
sample is> 10�mJy. Likewise, the three X-ray non-detections
(ticks at � 10Š14erg sŠ1 cmŠ2) stem from a lack of proper
coverage(e.g., observations withXMM-Newtonor Chandra), and
it is premature to conclude that these sources are intrinsically
X-ray fainter.

The two � ux-bright sources(N49B and N63A) with
� � � q��

��F 1 100.3 8 keV
11erg�sŠ1�cmŠ2 have ages of 3500 and

10,000�years old. The other outlier is N157B(also known as
30 Dor B), which has a bright/ young cometary PWN and is 5000
yr old. The total X-ray� ux (SNR+ PWN, � � � q��F 50.3 8 keV

��10 12 erg�sŠ1�cmŠ2) is given, although the thermal component
(SNR only) is only � _ � q��2 10 13 erg�sŠ1�cmŠ2 as for the bulk of
the sample. The radio� ux density for this object(� 3 Jy) also
includes a signi� cant fraction of PWN emission, but is harder to
separate as both have a non-thermal spectrum.

It appears that SNRs younger than 10,000 years with higher
� ux and� ux density values in X-rays and radio, respectively,
show some correlation between these values.� Although it is
dif� cult to quantify, we point to the possible correlation between
young type�Ia and CC SNRs, though the latter appears somewhat
brighter(in both X-rays and radio) than the former. Also, the data
points near the plotted 1-1 correspondence line in Figure18
imply that Type Ia objects might be somewhat younger than CC
SNRs. For the 43 objects that have age data(Table1), the results

Figure 17.1�GHz � ux density smoothed density distribution(Section4) for the sample of 40 LMC SNRs with measured� ux densities. The round-up values for the
mean, mode, and median are also presented. The data points are marked with vertical dashes on the horizontal axis. Distribution parts with��S 01 GHz have no physical
meaning and are plotted for completeness. A con� dence interval of 75% was used for estimating the uncertainties(gray lines). The optimal smoothing bandwidth for
the analyzed data sample was calculated to be 0.0491�Jy.

14 SNR 1987A is excluded from the analysis because of its separation from the
rest of the sample and different physical characteristics.
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of the AD two sample test(see sections5.4and6.3) do not justify
the assumption that CC(20 objects) and Type Ia(15 objects) age
data subsamples are independent. However, the distribution of
objects with an undetermined progenitor type(eight objects) is
distinct from the distributions of Type Ia(at �B�� 0.05level) and
CC objects(at �B�� 0.1 level). This is consistent with Figure18.
The objects with undetermined progenitor types, unknown ages,
and ages�� 10 000 yr have, in general, � � � q��

��F 100.3 8 keV
12

ergs sŠ1 cmŠ2. This implies that objects with unknown ages are
thus likely to be older remnants that have lost the signatures of
their progenitors over time.

There is also a number of radio non-detections that fall into
the X-ray� ux range of � � � q��

��F 1 100.3 8 keV
12 erg�sŠ1�cmŠ2,

which con� rms the need for more sensitive observations of the
LMC SNR population in radio.

6.5. Radio Surface Brightness Evolution

Following the theoretical work done initially by Shklovskii
(1960), the important relation connecting the radio surface
brightness�4�O of a particular SNR at frequency	 and its
diameterD can be written in general form as

� 4 � ��O
�C��( ) ( )D AD . 20

The parameterA depends on the properties of both the SN
explosion and the ISM(e.g., SN energy of explosion, ejecta
mass, the density of the ISM, the magnetic� eld strength, etc.),
while 
 is thought to be independent of these properties
(Arbutina & Uroševi� 2005) but explicitly depends on the
spectral index� of the integrated radio emission from an SNR
(Shklovskii 1960). ParametersA and
 are obtained by� tting
the data from the sample of SNRs with known distances.
Despite all of the criticism of the�4…D relation (e.g.,
Green 2005), it remains an important statistical tool in
estimating distances to an SNR from its observed, distance-
independent, radio surface brightness.

The best-� t correlation(Equation(20)) is a straight line in
the �4…Dlog log plane. However, explicit care has to be taken
to use the appropriate form of regression. As concluded in
Pavlovi� et al.(2013), the slopes of the empirical�4…D relation
should be determined by using orthogonal regression because
of its robust nature and equal statistical treatment of both
variables. Both variables suffer from signi� cant scatter and it is
not statistically justi� ed to treat one of them as independent.
Nevertheless, this is the usual practice, and regressions that
minimize over offsets along one variable while the other one is
considered as independent, such as� 4 � � ( )f D or � � � 4( )D f ,
are very often used due to their simplicity. In this work we used
the more robust orthogonal regression since it minimizes over
the orthogonal distance of the data points from the� t line and
consequently, both variables have the same signi� cance
without one of them being considered the function of the other
and measured with in� nite accuracy. The orthogonal� tting
performs well, regardless of the regression slope for data sets
with severe scatters in both coordinates. However, for the
extragalactic samples of SNRs, distance(and hence SNR

Figure 18.Broadband X-ray� ux in the 0.3–8�keV range vs. radio� ux density
at 1�GHz for 58 LMC SNRs that have estimates for either one or both
of these two frequencies. The symbols designate sources that only have
estimates for X-ray� ux or radio� ux density, but not both. The black solid line
has the slope of 45° and is plotted to indicate the one-to-one correspondence
between the plotted variables for the objects with high values in both
frequencies. The position of the thin symbols along the axis with the missing
data is offset by a 0.2�log scale from the faintest detection. Four symbols(× ,
d , � �and + ) indicate SNR age based on Table1. The pink color symbols
indicate type�Ia SN events while light green symbols indicate CC SN type. The
light blue symbols represent unknown SN types.

Figure 19. Surface brightness vs. diameter,�4…D, relation at 1�GHz for LMC
SNRs. The solid black line represents the best orthogonal� t
(�C� � � o3.92 1.20). SNR 1987A, the smallest and brightest SNR in the
LMC, is excluded from the graph because of its separation from the rest of the
sample and different physical characteristics.
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diameters) can be obtained with higher accuracy than for the
Galactic remnants, since they can be approximated to reside at
the distance of the host galaxy. Even in such a case, the depth
effect and intrinsic effects can cause signi� cant scatter inD and
orthogonal� tting should be preferred.

We can see from extragalactic SNR samples that the
intrinsic scatter still dominates the�4…D relation and errors in
distance determination are notcrucial, for both Galactic and
extragalactic SNRs. Here, the intrinsic scattering originates
from the modeling of diverse phenomena with just two
parameters(� andD) and not taking into account individual
characteristics of SNRs such as different SN explosion
energies, densities of ISM into which they expand, evolu-
tionary stages, etc. Also, data sets made up of extragalactic
SNRs do not suffer from the Malmquist bias because all SNRs
are at the same distance, while they still suffer from other
selection effects caused by limitations in sensitivity and
resolution(Uroševi� et al.2005).

For the 40 LMC SNRs with measured� ux densities, we
estimated the radio surface brightness via

�R
� 4 � � � q�O

�O�� ( )
S

5.418 10 , 2116
2

where �OS is the integrated� ux density in Jansky(Jy) and� is
the diameter in arcseconds. Our data sample consisting of
SNRs from the LMC is displayed in Figure19, where there
appears to be a correlation between� andD, in con� rmation of
the theoretical models. Signi� cant scattering is still present
despite having more precise SNR diameters in comparison to
the Galactic sample. This is expected due to an intrinsic scatter
which dominates any errors arising from the measurement
process. Furthermore, SNRs formed from type�Ia explosion
have lower surface brightnesses than those arising from CC SN
events. This is in agreement with the theoretical prediction that
the larger ISM density produces greater synchrotron emission
from an SNR, given in the form �S� 4 � r � r�I �InH0 (Duric &
Seaquist1986; Berezhko & Völk2004, 2010), where�S0 andnH

are the average ambient density and hydrogen number density,
respectively. As the distance to the LMC of 50.0�± �1.3�kpc is
determined to a very high accuracy(Pietrzy� ski et al.2013),
the �4…D relation is in our case more important from a
theoretical point of view, for comparison with Galactic and
other extragalactic relations and also for comparing the
environments into which SNRs expand.

Surface brightnesses were calculated for the sample of 40
LMC SNRs at 5�GHz and orthogonal� tting was applied. The
resulting� t shows a�4…D slope of�C� � � o3.78 1.20, which is
very close to the slope�C� � � o3.9 0.9obtained for the sample
of 31 compact SNRs from the starburst galaxy M82, at the
same frequency(Uroševi� et al. 2010). The slope errors were
calculated by using the bootstrap method. We have done 105

bootstrap data resamplings for each� t.
For the purpose of proving the universality of the�4…D law for

SNRs, regardless of which samples are used, we constructed a
composite sample containing available extragalactic SNR popula-
tions at the same frequency of 5�GHz (214 SNRs in total), which
is shown in Figure21. Properties of the 10 extragalactic samples
considered in this paper are listed in Table4. The entire sample
has a compact appearance for the presented variable range, with
an overall slope of�C� � � o3.60 0.15, very close to that of the
LMC sample in this study. The resulting slope indicates that the
observed extragalactic SNRs are mainly in the Sedov phase of
evolution, as it was predicted by the values of slopes that are
theoretically derived(Duric & Seaquist1986; Berezhko &
Völk 2004).

In Figure22 we show the theoretical“equipartition” models
for radio evolution similar to the ones given by Reynolds &
Chevalier(1981) and Berezhko & Völk(2004). The emissivity
is de� ned as

�F
�O

� � � 2�O
�H

�H
��

��⎛
⎝⎜

⎞
⎠⎟( ) ( )( )

( )

c K B
c

sin
2

, 225
1 2

1

1 2

wherec c,1 3 and �H� � � ( � ( � �� H � H� � � �( ) ( ) ( )c c 15 3
3 1

12
3 19

12
are from

Pacholczyk (1970). The model assumes �‹�rK CR, �‹ �xCR

� ‹ � ‹�E�S� _ � �
� H � Q��

v B,B B
4

1
2 1

8
2 (Arbutina et al. 2012, 2013),

where we applied Equation(13), and assumed a CR proton-
to-electron number of 100:1. The slope of�4…D in the adiabatic
phase is then given approximately as�C�� �B� � � �3 7

2
, where� is

the spectral index. From Figure22, we also observe that, as
expected, the type�Ia events could have overall lower surface
brightness and smaller diameters than the known CC popula-
tion. However, no de� nite conclusion can be drawn as there are
large population of yet unknown SN types.

In addition to dependence on SNR size, the radio surface
brightness of an SNR might also depend on the properties of
the ambient medium into which the SNR expands. Arbutina &
Uroševi� (2005) argued that based on the progenitor type,

Table 4
Parameters of Available Nearby Galaxy Data Samples Using Their 5�GHz Radio Fluxes

Name Number of SNRs 
 �C�% Reference

Entire data sample 214 3.60 0.15 This work
LMC 40 3.78 1.25 This work
SMC 19 5.16 5.76a Filipovi� et al. (2005)
M82 31 3.88 0.91 Fenech et al.(2008)
M31 30 2.58 0.68 Uroševi� et al. (2005)
M33 51 2.66 0.85 Uroševi� et al. (2005)
Arp 220b 6 L L Batejat et al.(2011)
NGC 4449, NGC 1569 37 4.68c 2.58 Chomiuk & Wilcots(2009)
NGC 4214, NGC 2366

Notes.
a A large bootstrap error for slope
 is expected for small samples like the SMC, containing only 19 SNRs.
b This sample contains only six SNRs and therefore calculating the�4…D slope does not make physical sense.
c The�4…D slope was calculated for the composite sample containing 37 SNRs in four galaxies: NGC 4449, NGC 1569, NGC 4214, and NGC 2366.
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SNRs are likely to be associated with an ambient medium of
different densities. Consequently, depending on the progenitor
type (ambient density), SNRs should form a broad band
corresponding to evolutionary tracks in the�4…D plane. The
dependence of�4…D evolution on ambient density is further
explored in Kosti� et al. (2016). Under the assumption that
SNRs expanding in an ambient medium of higher density have
higher� , they argued in favor of the dependence of the slope
of the�4…D relation on the fractal properties of the ISM density
distribution in the areas crowded with molecular clouds. These
clouds are denser than the surrounding ISM and therefore
SNRs emit more synchrotron radiation while expanding within
it. After reaching the edge of the cloud, SNR evolution
continues outside the cloud, and it emits less radiation due to
the lower density of the ISM. This effect might result in
different slopes of the�4…D relation.

To further analyze the densitydependence, the PDF of the data
in the �4…D plane should be obtained. As described in Vukoti�
et al.(2014) this has many advantages compared to the standard
� t parameter-based analysis since all the information from the data
sample is preserved and not just projected onto the parameters of
the� t line. We calculated the�4…D PDF using the kernel density
smoothing described in Section4.3. To test if there are statistically
signi� cant data density features in the�4…D plane, in relation
to the �S�4( ) dependence, 2D kernel smoothing was performed on
the�4…D LMC and SMC data sample(containing 40�+ �19�= �59
SNRs; SN 1987A not included in this sample). One hundred
smooth bootstrap resamplingswere applied in each step of
the iterative procedure initialized with ��h 0.129D

0
log and

���4h 0.3890
log . The ranges over which the BIMSE was

calculated were �� [ ]h 0.01, 0.3Dlog and ���4 [ ]h 0.1, 0.7log , with
steps of 0.01 in both dimensions.We obtained optimal smoothing
bandwidths at ��h 0.12Dlog and ���4h 0.34log . The resulting

�4�4 ( )f Dlog , logh hDlog log in Figure20 was calculated on a regular
100�× �100 grid mapped on �� ( )Dlog 0.5, 2.5 and �4 ��log
� � � �( )22.5, 17.5 ranges.

From the given contour plot(Figure 20), it is evident that
there are no�4…D data groupings in parallel tracks that are
emergent, or any other features possibly indicative of SNRs
expanding out of molecular clouds or outgrowing the relevant
density scale of the molecular clouds(as analyzed in Kosti�
et al.2016). Further analysis and theoretical work are required
on this matter in addition to thorough surveys.

7. Supernova Remnants and Cosmic Rays

Baade & Zwicky(1934) originally proposed that SNRs may
be the primary site of CR acceleration. This initiated a debate as
to the validity of this claim and to the extent of which SNRs
accelerate CRs. Ackermann et al.(2013) measured a gamma-ray
spectrum that is better explained by a pion-decay origin rather
than a leptonic origin in two galactic SNRs(IC 443 and W44),
providing direct evidence that CR protons are accelerated in
SNRs. However, CR electrons are similarly important in this
debate as they are accelerated in the SNR shock, as revealed by
radio synchrotron emission and X-ray synchrotron� laments.

The acceleration of CRs by strong shocks predicts a
differential energy power-law spectrum �r �H��( )n E dE E dE,
with a spectral index of�H�� 2 (Krymskii 1977; Bell 1978a;
Blandford & Ostriker 1978). It was suggested that the
acceleration of these CRs may be due to them repeatedly
crossing the shock in a� rst-order Fermi process, gaining a
fractional energy�% �rE E u cs with each crossover, whereus
is the shock velocity. However, observationally, CR indices are

Figure 20. Smoothed density distribution for the sample of LMC and
SMC SNRs at 1�GHz, containing 59 SNRs. Red dots represent LMC SNRs
while green dots represent SNRs from SMC. Contour levels are at0.05,
0.1, 0.2, 0.4, 0.8, and1.0. The procedure for density smoothing is described in
Section4.3 with the relevant parameters given in Section6.5. As the smallest
and brightest object of the sample, SNR 1987A was not considered in this
analysis.

Figure 21. �4…D graph of LMC SNRs alongside nine other nearby galaxies.
This composite sample contains 214 SNRs. Orthogonal� tting has been applied
to the 5�GHz data for the galaxies. The youngest known SNR in the LMC,
1987A, is also shown(circled plus), but it is not included in the�4…D � t, being
in the early free-expansion phase of evolution. The solid black line represents
the best orthogonal� t to the data(�C� � � o3.60 0.15).
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found to signi� cantly differ from such an index, e.g., the well-
known deviation found for relativistic shocks(Kirk &
Heavens1989; Ostrowski1991; Baring et al.1993; Achterberg
et al.2001; Kobayakawa et al.2002). Bell et al.(2011) updated
the theory of CR acceleration to explain deviations from�H�� 2
for shock velocities as low as 10,000�km sŠ1. For this, they
plotted the SNR spectral index against its mean shock velocity,
that is, the radius of the SNR divided by its age, in lieu of the
momentary shock velocity. The reason for taking this approach
can be explained to be due to the spectrum being the addition
of CRs that have been accelerated throughout the remnant’s
lifetime. For their entire sample of SNe and SNRs, Bell et al.
(2011) � nd a trend line of

�B� � � � � � ��( ) ( )v0.7 0.3 log 10 km s , 2310 sh
4 1

wherevsh is the radius divided by the age of the SNRs. For a
more reliable set of measurements, they also� t a trend line to
only historic SNRs, resulting in

�B� � � � � � ��( ) ( )v0.7 0.8 log 10 km s . 2410 sh
4 1

Taking the same approach as in Bell et al.(2011), we found:

�B� � � � � � ��( ) ( )v0.73 0.25 log 10 km s , 2510 sh
4 1

with � t qualityR2�= �0.86(Ris the correlation coef� cient), for the
LMC subsample containing 17 young SNRs with established
shell morphology and readily available spectral index and age
estimates. We selected only SNRs that are estimated to be
younger than 10,000 years. The best� t is represented by the
dotted line in Figure23. This � t is close to the trend line,

Figure 22.An “equipartition” evolution model�‹ � ‹ � ‹�E�S� x � _ � �
� H � Q��

v B, ,B BCR
4

1
2 1

8
2 obtained by applying Equation(22), and assuming CR proton to electron number

100:1. Spectral index is� andf is the volume� lling factor. The slope is in a range of�C�� …4.265 4.295.

Figure 23. Radio spectral index vs. shock velocity for the sample of 17 young LMC SNRs. These SNRs were selected as they exhibited a clear shell morphology,
measured spectral index, and age estimate. The dotted line represents a� t to the entire sample resulting in�B� � � � � � ��( )v0.73 0.25 log 10 km s10 sh

4 1 .
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