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A well-establishedpredominantly non-thermal continuum rst time (Table 2). These seven new SNR candidates are
emission is one of the distinguishing characteristics of SNRs atMCSNR J0447-6919, MCSNR J0456-6950, MCSNR J0457-
radio frequencies. The majority of SNRs have a radio spectra6739, MCSNR J0507-7110, MCSNR J0510-6708, MCSNR -
index of B _ 0.5 (de ned asS r @, although there is a J0512-6716, and MCSNR J0527-71@4r more details, see
large scatter because of the wide variety of SNRs and differeniTable2 and Sectior8.1).

environments and stages of evoluti@ilipovic et al. 1998 We searched all available optical, radio, and X-ray surveys in
Filipovi & Bozzetto2016. On one hand, younger and very order to secure the most complete population of LMC SNRs.
old remnants can have a steeper spectral inde® of 0.8, Primarily, we classied the 15 LMC SNR candidates based on

while mid-to-older aged remnants tend to have radio spectrahe well-established criteria described in Filipovic e{X098.
with B _ 0.5 SNRs that harbour a Pulsar Wind Nebula We emphasize that all these sources require further study in
(PWN) exhibit atter radio spectra witl8 _ 0.1. As one of order to secure a bonde classication as SNRs. In Figurés3
the most energetic class of sources in the universeSSRs we show images of the 14 LMC SNR candidates at various
greatly impact the structure, physical properties, and evolutionfrequencies. An image of MCSNR J0507-6846 is shown in Chu
of the interstellar medium(ISM) of the host galaxy. et al.(2000. SNR extent is primarily measured using MCELS
Conversely, the interstellar environments in which SNRs images, with some additional information obtainedGhendra
reside will heavily affect the remnahessolution. XMM-Newtoror ROSATsurveys when needed. Because of their
A complete sample of SNRs in any galaxy provides the very low surface brightness, we could not measure radio
opportunity to study the global prerties of SNRs, in addition to  emission from 6 of these 15 LMC SNRs candidates.
carrying out a detailed analysis on the subcla@&sgs sorted by All of the radio ux density measurements of the LMC
X-ray and radio morphology or by progenitor SN fypeoward SNRs and SNR candidates are shown here for thetime,
this goal, we have been identifying new LMC SNRs using and their associated errors are well below 10%. We determined
combined optical, radio, IR, and X-ray observations. Apart from source diameters from the highest resolution image available
the above-mentioned LMC SNRursey papers, there are a including optical and X-ray images. We estimated that the error
number of studies focusing on particular LMC SNRs. Some in diameter is smaller than 2r 0.5 pc. We found that our
recent studies include: Bdji et al. (2007, Cajko et al.(2009, diameters estimated here are0% smaller compared to Maggi
Crawford et al.(2008 201Q 2014, Bozzetto et al.(201Q et al.(2019. The reason for this small discrepancy is because
2012a 2012k 2012¢ 2012d 2013 2014a 2014h 2015, of a better resolution images that we used here compared to
Brantseg et al(2014, Grondin et al.(2012, de Horta et al. XMM. Also, we show here, for therst time, a compilation of
(2012 2014, Kavanagh et a(2013 201542015k 2015¢ 2016, estimated LMC SNR ages using various methods. Therefore,
Bozzetto & Filipovi (2014, Warth et al.(2014, Maggi et al. Tablel is a compilation of our own measurements as well as
(2014, and Reid et al(2015. those of other papers for this well-established sample of
These major contributions, coupled with various additional LMC SNRs.
studies, led to the discovery of 59 comed and an additional
15 candidate SNRs. Therefore, this is thist opportunity to :
perform a complete statistical study on a type of object that is 3.1. Notes on the LMC SNR Candidates
crucial in galaxy evolution in one of the best laboratories MCSNR J0447-6918Figure 1; top lef)—A large optical
available—the LMC. Here, we report on a radio-continuum shell (245 x 245) was present with an enhancgsli]/ H
study of the most up-to-date sample of the LMC SNRs andratio of>0.4. Also, some weak 26m emission was detected in
SNR candidates, consisting of 74 of these objects. the NE part but no reliableux density estimate was possible.
No sensitive X-ray coverage is available in thédd.
MCSNR J0449-6908Figure 1; top righ)—Turtle & Mills
(1984 originally proposed this source to be an SNR
Common analysis methodologies were undertaken andexemplifying the typical evolved shell-type SNR morphology.
shown for all remnants, such as emission images from acros#&lthough there was no obvious optical idewtion in
the EM spectrum including radio-continuum && (MOST, MCELS, we estimated a radio spectral index of
Mills & Turtle 1984, 20 cm (Hughes et al2007), and 6cm B 0.50 00.01 using measured ux densities of
(Dickel et al. 2010; infrared 24, 70, and 160m (SAGE; 108 mJy, 83mJy, and 45nJy at 36cm (843 MH2, 20cm
Meixner et al2006); optical(Magellanic Cloud Emission Line (1377 MH2, and 6cm (4800 MH32, respectively. Unfortu-
Survey, MCELS; Smith et aR000; and X-ray(LMC XMM- nately, no sensitive X-ray coverage is available at this point.
NewtonLarge Project; Habe2014 Maggi et al.2016. The MCSNR J0456-695@igure 1; middle lef)—This source is
aforementioned radio-continuum mosaic images were also the potential radio SNR based on a shell-like radio structure. We
default images used forux density measurements at these have no denite optical conrmation, and X-ray surveys have
wavelengths. Our own spectroscopic surveys of the MCsnot covered this region.

2. Observations

(Filipovi et al.2005 Payne et al2007, 2008 and their SNR MCSNR J0457-6928igure 1; middle righ}—This source
samples were mainly taken with the SAAO 1.9 m and MSSSOwas classied as a potential optical SNR based ori&un]/ H
2.3 m telescopes. ratio of>0.4 as well as an evident radio emission. No sensitive

X-ray coverage is available.

MCSNR J0457-6739Figure 1; bottom lef)—This object
exhibits a shell-like optical nebula with a somewhat enhanced
The number of corrmed SNRs in the LMC is currently [Sn]/H ratio of 0.4 and a shell-like radio-continuum

at 59 (as shown in Maggi et aR016 see alsoTablel). In morphology. However, we were only able to measurana
this paper, we used the same sample with the addition of adensity at 2@cm of 25.9mJy. No sensitive X-ray coverage is
further 15 candidates, of which 7 are presented here for theavailable.

3. Source List
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Table 1

59 Con rmed SNRs in the LMC
Name Other R.A. Decl. Dmaj d Dmin PA Day o B% Berz 4161, (010 29 Type Agex Ages
MCSNR J Name (32000 (32000 ) ©) (PO Ay (W m>2HZ> s Y 0
0448-6700 HP 460 (48M26° 3 $67°0024 290x 196 135 57.9 $0.11+ 0.05 0.0334 0.0317 X L
0449-6920 09228 3 §69°2025 115x 115 0 27.9 $0.40+ 0.08 0.0869 0.3560 X L
0450-7050 0850M2385 §70°5023 535x 340 30 103.4 $0.41+ 0.03 0.6893 0.2050 CCq 70080 25000
0453-6655 N4D 0%3M1450 $66°5510 222x 263 15 58.6 $0.58+ 0.06 0.1116 0.1040 X L
0453-6829 LHG 1 0%3M37:2 §$68°2928 120x 123 20 29.4 $0.34+ 0.01 0.2100 0.7730 CCpwn 135801500
0454-6712 N9 02%4™3330 $§67°1250 140x 120 0 31.4 $0.51+ 0.03 0.0767 0.2470 TN 29500 7500°
0454-6625 N11L 0%4™49% 9 $66°2536 95x 68 45 19.4 $0.50+ 0.03 0.1539 1.3000 CCq 110@0 4000
0455-6839 N86 0%5M43: 7 §68°3902 279x 213 170 59.1 $0.51+ 0.04 0.3345 0.3050 X 53009 33000
0459-7008 N186D 0%9M575 3 §7000807 116 x 116 0 28.1 L L L CCq 11006
0505-6752 DEM L71 0®5M415 9 §67°5239 88x 61 170 17.8 $0.60+ 0.02 0.0087 0.0882 TN 4360 290°
0505-6801 N23 05545 1 §$68°0142 97 x 92 20 23.0 $0.60+ 0.04 0.3926 2.3700 cc 4600 1200
0506-6542 DEM L72 0®6M088 2 $§65°4210 410x 360 50 93.1 L L L X 115000+ 35006
0506-7025 DEM L80 0%6M475 9 §7002538 183x 157 17 41.2 L L L TN 19000+ 2000
0508-6902 HP 791 098M33: 9 $§69°0240 302x 234 30 64.5 L L L TN 22500+ 2500°
0508-6830 0B8™49s 5 $68°3041 138x 108 45 29.8 L L L TN 20000
0508-6843 N103B 0B8"59: 4 $68°4335 27 x 29 0 6.8 $0.65+ 0.03 0.5780 39.700 TN 860
0509-6731 LHG 14 0pIm31s1 §67°3117 32x 29 0 7.4 $0.73+ 0.02 0.0974 5.7200 TN 318 1208
0511-6759 0B11M108 7 §67°5907 228x 216 0 53.8 L L L TN 20000+
0512-6707 HP 483 052m28: 8 $67°0715 55x 45 0 12.1 $0.49+ 0.01 0.1046 2.2900 TN 3150 1250+
0513-6912 N112 d0"3M14 4 §69°1215 245x 200 135 53.7 $§0.52+ 0.09 0.2423 0.2680 X 3508 1500°
0514-6840 HP 700 054M1555 $68°4014 220x 220 0 53.2 L L L X L
0517-6759 HP 607 0%7m10° 2 §67°5903 324x 210 40 63.2 L L L X L
0518-6939 N120A 08.8m435 $69°3911 85x 102 0 22.7 $0.61+ 0.03 0.4504 2.7900 CCq 73%0
0519-6902 LHG 26 05.9m3458 $69°0206 36x 33 0 8.3 $0.64+ 0.02 0.1316 6.0900 TN 608 200"
0519-6926 LHG 27 08.9m45: 3 $69°2601 140x 110 30 30.1 $0.53+ 0.03 0.1606 0.5650 X L
0521-6542 DEM L142 d0%1m38: 8 $65°4258 135x 141 0 33.4 L L L X L
0523-6753 N44 0%®3M06% 5 $67°5309 230x 230 0 55.8 L L L CCq 180068
0524-6623 N48E d®»4m185 9 $66°2333 145x 145 0 35.1 $0.41+ 0.02 0.0725 0.1870 CCq L
0525-6938 N132D d0®5m028 7 $69°3833 114x 90 30 245 $0.65+ 0.04 5.2642 27.900 cc 3156 200'°
0525-6559 N49B 052459 §65°5918 155x 155 0 37.6 $0.56+ 0.03 0.6344 1.4300 cc 10080
0526-6605 N49A 0%6M00% 1 $66°0500 75% 75 0 18.2 $0.59+ 0.03 1.6618 16.000 CCq 48%0
0527-6912 LHG 40 0®7m39:3 $69°1207 157 x 123 80 33.8 L L L CCq L
0527-6549 DEM L204 0R7"5459 §65°4949 335x 275 45 73.6 $0.51+ 0.04 0.1365 0.0803 X L
0528-7104 HP 1234 ('38M045 3 §71°0440 328x 234 155 67.1 L L L X 250002
0528-6726 DEM L205 dpemis1 $67°2649 260x 180 30 52.4 L L L CCq 33500+ 35007
0528-6713 HP 498 028M18:5 §67°1349 216 216 0 52.4 $0.28+ 0.09 0.1113 0.1290 X L
0529-6653 DEM L214 d®9"5150 $66°5327 137x 128 0 29.1 $0.68+ 0.03 0.0863 0.2670 X L
0530-7007 DEM L218 dB0m40: 4 §7000727 215x 180 45 47.7 $0.27+ 0.01 0.0718 0.1010 TNq L
0531-7100 N206 d081M575 9 §71°0016 190x 170 90 436 $0.66+ 0.03 0.4086 0.6850 CCpwn 2508020004
0532-6731 N56 082m1959 §67°3137 180 180 0 43.6 $0.63+ 0.04 0.2152 0.3600 X L
0533-7202 RASS 236 0335150 §72°0250 200 160 45 435 §0.47+ 0.06 0.1333 0.2250 TNg 23066 50064
0534-6955 LHG 53 084™008 8 $69°5508 120x 110 155 27.2 $0.51+ 0.01 0.0889 0.3820 TN 10180
0534-7033 DEM L238 084m23:0 §70°3325 222x 158 190 454 $0.44+ 0.09 0.0796 0.1230 TN 12500 25007
0535-6916 SNR1987A (352850 $69°1612 1.8x 1.8 0 0.4 $0.68+ 0.03 0.8200 13700 cc 30
0535-6602 N63A 0%35M43: 8 $66°0213 81x 67 45 17.8 §0.74+ 0.02 1.8641 18.700 CCq 35@0 150F°
0535-6918 Honeycomb 685M45: 5 $69°1808 91x 59 160 17.7 §0.71+ 0.05 0.1483 1.5200 X L
0536-6735 N59B 0B6M04: 2 §67°3511 147 x 125 35 32.9 L L L CCpwn 60000+ 1000G°
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Figure 1. LMC SNR candidates 1. Color images are MCELS, where RGB corresponds [8 #H, and[O 11]. The color image of MCSNR J0457-6923 is the ratio
map betweefiS11] and H . Contours are from the ATCA 2m mosaic survey and start at thel8cal noise level with a spacing of 1The circlesellipses(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 {& H, and[O 11]. The MCSNR J0512-6716 color image is from the
XMM-NewtonX-ray survey of LMC SNRgKavanagh et a015h. Contours are from the ATCA 26m mosaic survey and start at thel8cal noise level with a
spacing of 1. The circlesellipses(purple represent the approximate extent of the SNR candidates.
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Figure 3. LMC SNR candidates 3. Color images are MCELS where RGB corresponds {& H, and[O 111]. Contours are from the ATCA 26m mosaic survey
and start at the 3local noise level with a spacing of 1The ellipsegpurplé represent the approximate extent of the SNR candidates.

MCSNR J0539-700% [HP99 1063 (Figure 3; right)—
HP99 assigned this source the nafH®99 1063, recording
an extent of 182, in addition to listing HR1 and HR2 values of
1.00+ 0.17 andS0.17+ 0.10, respectively. They classd
the X-ray source, which was constant in during theROSAT

observations, as an SNR candidate. We found a weak radio

point source in the center of this remnant with measuted
densities at 3@m of 5.8mJy and at 2@m of 4.6mJy, giving
a spectral index of = S0.47.

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

(PDR for the diameter, ux density, spectral index, and

ovality. We note that the errors associated with the diamete

(<2) and ux density (<10% are small and thus not
displayed in this analysis. Far independent and identically
distributed(iid) measurements of a variabl€x, %, %,..., %),
the PDF (f(X)) is reconstructed using the Gaussian kernel
smoothing (Sheather2004 Wasserman201Q Feigelson &
Babu2012, with the kernel function

1

X X
K e
( h ) V2Q
The common way to select the kernel bandwidtland
obtain thef (X) estimatef,(x),

XIO(x X)?

o (1)

1" X >q)
() — , 2
0 o o5 @
is to minimize the mean integrated square givtiSE):
d
MISE(h) = (f,(x) f(X)?dx (3
d

thumb bandwidth is calculated hg

For a Gaussian kernel, under asymptotic conditiond, d
and h | 0, such thatnh | d, MISE(h) translates to the
asymptotic MISEAMISE):

h

AMISE (h) %h“R( ) o (4)
whereR(f) is the roughness dfcalculated as
R(f) j f (®2dx (5)
It can be shown that AMISE) has the minimum at
h VR *2 (6)

To estimatef (x)” d?f(x)/d¥, a “plug-in’ bandwidth
valuehy is required so thaf, “(x) can be calculated. Usually, a
rule-of-thumb value can be uséSilverman1986. If s the
standard deviation of the sampleroflata points, the rule-of-
Th %2 This value is
obtained by minimizing MISE as described above under the
additional assumption that the data are normally distributed.

However, thehg optimal for calculating (x) need not be the
optimal choice for estimating "(x). In addition, the asymptotic
nature of Equatio6) may give incorrect results when there is
alot of ne structure in the data. We illustrate this in Figure
The AMISE data do not appear to have a noticeable minimum
value.

As a more robust way of estimatihgwe used a procedure
similar to that described in Faraway & Jh1®90. Instead of
minimizing AMISEh), they minimized the bootstrap MISE:

B
B!lqe

i1

d
BIMSE(h) (R0 f(X)?dx (7

d
whereB is the number of smooth bootstrap resamplings from
the original data sample. At a giveh, each resample
gives fr(x). Unlike the common bootstragEfron &
Tibshirani1993, the smooth bootstrap also requireSpéug-

in” bandwidthhy for resampling and estimatirf@x). To each
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Figure 4. Asymptotic mean integrated squared e(AMISE) and bootstrap integrated mean squared €BidASE) for the LMC ux density data at GHz, shown
in Figure17. Unlike AMISE, the BIMSE merit estimator shows a clear minimum ahtlalue, which is considered the optimal smoothing bandwidth.

resampled data pointx*, an offset is added as differencehy; changes sign, in which case we took the input
X5 X Rho, %), where is normally distributed with ~ valueh;, of the nal iteration as the outcome of the procedure.
standard deviatioth, around a mearx*. The x&,; values Even in such a casé,is calculated with a Nhi,x 1 order
obtained in this manner are then used to calcuiatg). The of magnitude accuracy. The change of signhig can be

BIMSE(h) in Figure4 is calculated with the optimal bandwidth 2v0lded and the accuracy improved simply by applying a larger

. ) umber of bootstrap resamplings. However, Faraway & Jhun
resulting from the procedure described below, the results of](q1990 noted that, at the time, their procedure was very

which are presented in Secti6r8. Unlike AMISE, it shows & oo 5 ationally intensive and that they obtained satisfactory
very distinctive, unambiguous, minimum value of global yegyts using only 100 resamplings. The calculations described
character. Although the BIMSE calculation is much more jn this work took up tox1 day of computing per examined data
intensive than the calculation of AMISE, wend it Samp]e on a standard desktop PC using 500 bootstrap
signi cantly more robust and reliable for estimating optimal resamplings. However, this computing time was dominated
smoothing bandwidths. Since AMISE data do not appear toby repeating the procedure for computing adence bands
have a strong minimum value in many of the cases examined indescribed beloyy which required a much greater computation
this work, we adopted the BIMSE procedure, whihevident  intensity. To increase the speed of the computations, we
from Figure4) shows a distinctive BIMSE) minimum value calculated the Gaussian distribution values only within the
even on an order of magnitude smaller scale than AKNSE stangiard Qeyiations from the mean, considering the values
for estimating optimal smoothing bandwidths. outside this interval to be zero.

4.1. Procedure Description 4.2. Conidence Bands and Parameters

Faraway & Jhun(1990 noted that a by-product of their
procedure is the estimation of catence intervals as desired
quantiles of thef” (x) distributions, whereh is the output

Using the rule-of-thumb bandwidth, we performed smooth
bootstrap resamplings and estimdteq from the original data
points. To minimize BIMSH), we used a golden section

search algorithm(Kiefer 1953, which narrows down the . ) .
interval that contains the minimum value by comparing the optimal bandwidth of their smoothed bootstrap procedure.

BIMSE(h) values at four points. To reduce theience of the ~ However, the cordence band derived in this manner depends
Monte Carlo error on the minimizing procedure, we allowed 9NN, which depends oh,. To avoid this we applied a common
the h values within the algorithm to change only in increments bootstrap resamplingvithout the addition of a smoothing term
of hs 10NN 2 where presents the order of magnitude of ) to the original data sample. For each of the resamples
its argument. The search was stopped when the size df the Obtained in this way, we applied the described smoothed

interval containing the minimum fell beldw, At each giverh bootstrap procedure to obtaiff (x), where the bullet sign
value, thef* (x) was calculated for all resamplings and the designates that an optimal smoothing bandwidth was obtained
(f*(¢)  (x)? term was averaged to obtain BIMGE for the common bootstrap resample of the original data sample.

In the work of Faraway & Jhul990, the authors stated At each selected poing along thex-axis, we then calculated
that their procedure can be used in an iterative manner andhe desired cordence fractior; of the f;_(x) values. First, we
hence improve the values obtained for an optimal smoothingcalculated the median of the givéfi(x) array of values and
bandwidth. We iterated the above procedure until the differencehen the upper and lower limits of comlence bands as the
between the input and outpuwalues fell belovhs or until this f, /2 fraction of the total number of array elements from the
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median value. The median value was also used as the value of 5.1. Spatial Distribution
the smoothed density distributidin(x;) at a pointx;.

If the testingxmin andxmax are the lowest and highest values
of the data sample, respectively, the density distributions wer

calculated in th_@(mi“ 5 hO’_XmaX 5 hdinterval at the H1 peak temperature map from Kim et @998. There is an
centers of 1dbins of equal width. The comlence bands are jnication of a connection between the higher dénsity (also
calculated as af;  0.75fraction of the total number of 500 ncjyding H and radio continuujnand the location of SNRs,
common bootstrap resamplin@} of the original data sample.  \hich seems to follow a spiral structufilipovic et al. 1999.
We also used 500 smooth bootstrap resampl(ingsr each(+) The mean foreground Holumn density in the direction to the 59
resampling. For eacft) distribution, we calculated the mean, con rmed and 15 candidate remnants was estimated to be
mode, and median. The uncertainties of the mean, mode, and 2 1@' atomscn™? (with a Standard Deviation
median were calculated similarly to the cdence bands for SD= 1 x 10**atoms cri®), while the“empty LMC 4 super-
the smooth density distribution, and we give the cmmce shell (Bozzetto et al.2012) exhibits a mean H density of
band with the higher discrepancy from the median as the5 x 10?° atomscm™? (SD= 1 x 10?°atoms cmi?). Curiously,
uncertainty. Condence bands were also obtained at we found only one SNRMCSNR J0529-6653 inside the LMC4
f,  0.75 similar to f (x). The smooth density functions, supershelito be located outside the apparent spiral structure of the
with their parameters obtained as described above, forH! distribution. Also, MCSNR J0527-6549 expands in a very
diameter, radio ux, spectral index, and ovality, are presented rari ed_environment with a mean IHcolumn density of
in Sections. 6 x 10°7° atomscnT2 We note that our 16 typa SNR sample
might be expanding in a somewhat lower density environment
(mean= 1.9x 107 atoms cmi?), while the CC sample of 23
4.3. Kernel Density Smoothing in 2D LMC SNRs exhibits a mean H column density of
o T _ 2.4x 10°* atomscn2. However, SDs of both samples are quite
A similar procedure to that described in this section can belarge(SD: 1.1x 10%*atoms cmi?). Therefore, this is indicative
generalized to a 2D case. We applied the procedure in 2D to thef a different molecular environment in which typeand CC
LMC and SMC radio surface brightness and diameter data to. MC SNRs are expanding, although it should be taken with
check if there were any sigrmiant emergent data features caution.

(Figure20). The generalization of the procedure can be done in
two ways, either by using a 2D Gaussian kefndlere a kernel

is a function of two variables and two smoothing bandwjdths 5.2. Multifrequency Emission Comparison
or as a product kernel of separate Gaussian kernels in each
dimension. We adopted the latter. As described in Feigelson &g
Babu(2012), for a 2D case, the density estimatéxny) space
is calculated as

To investigate the spatial distribution of SNRs in the LMC,
annotations containing the size and position angle of the 59
€on rmed and 15 candidate remnants were superimposed on the

To compare the multifrequency emission from the 59 known
NRs in the LMC, we plotted a Venn diagrgRigure6) that
summarizes the number of SNRs exhibiting emission in the
different EM domains. It is important to note that the lack of
n detected emission does not mean that the remnant does not emit
oy (X, ) 1 (E<(X X‘)K (y yl), (8 such a radiation. However, it may indicate that the emission is
nh*hY,; 7} hx hy under the sensitivity level of current surveys. As for the
candidate remnants, many of them were entangled in unrelated
whereh* andh? are the bandwidths for the kernel components emission or not part of current surveys, making it clit to

in x andy, respectively. For the 2D density estimate procedure, construct a worthwhile Venn diagram for these sources. We
only the smoothed bootstrap was used to minimize over@lso note that there are examples of SNRs such as the SMC

SNR HFPK 334(Crawford et al2014) or the Galactic Veldr
SNR (Filipovi et al.2002; Stupar et al2009 that could not be

BIMSE. Due to higher computation requirements, we did not

Use common boot.strap resamplings to estimate dmn:ye identi ed in optical frequencies despite extensive searches.

mFer.vaIs. For the input values to the procedbgeand ho For comparison to our LMC results, Venn diagrams were

(similar to the 1D cagewe used rule-of-thumb bandwidths  constructed for various other nearby galaxies, shown in

calculated separately in each dimension. For the rang€ of Figure 7. We note that some of these galaxies do not have

andh” we calculated and minimized BIMSE. The valuesdf  deep X-ray antor radio coverage. Still, our results are closely

and hY where BIMSE reached a minimum were used as the comparable to those found for the SNFlipovi et al.2005,

next iteration input values. The procedure was repeated untiWwhich is to be expected as it is the most similar to the LMC.

the output values fon* and hY equal the input values at the The obvious common trait between the LMC and SMC SNR

given level of accuracy. 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 severeuance from

5. Results observational biases. Although the LMC and SM®&M-
Newton surveys reach similar depth, the LMC X-ragld
Here we present a statistical analysis and discussion of the 5@overage is somewhat incomplete and therefore our present

con rmed (Table 1) and 15 candidate SNR3able2) in the LMC X-ray SNR sample is likely incomplete as well.

LMC (Figure5). This includes 16 known SNRs resulting from Comparing Figure$ and7, we note that all other galaxies

a thermonuclear SNtype I3 explosion and 23 commed to have high numbers of detected SNRs only in optical

arise from a core-collapg€C) SN event(Maggi et al.2016 frequencies, with small numbers of SNRs in cross-sections of

and reference thergin the Venn diagrams. This is expected, as Pannuti ¢2@0D0
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Figure 5. Spatial distribution of the 59 comrmed 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 pleak temperature mgidim et al. 1998 gray scalg Green symbols represent comed remnants, while blue symbols show
the position of candidate remnants.

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 NGG5 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 cored
and candidate SNRs in this stufBozzetto et al2014h see
0 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
OptZCCLl 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 béagd., X-ray}is
Figure 6. Venn dlagram ShOWIng the 59 camed LMC SNRs in different |Ocated |n the center and encased by an Optmio She”, eg'

electromagnetic domains. In the center pane, th&)3and 2 (O), where 5 :
X = X-ray and O= optical, show those remnants which either lack MCSNR J05086902 presented in Bozzetto et §014h

observations or are entangled in unassociated emission, although if presenl,:ig_ure_ 2), where t_he radi0(5.50_0 MHZ) _and thical H)
would reside in this group. emission form théring” 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
argued that X-ray and radio SNRs are mbabedded and in Tables 1 aﬁd 2. Theg resulting PDF showcasing the

therefore confused with Hregions in distant galaxies. Also, distribution of these data is displayed in Fig@revhere the

we argue that the detection of optical SNRs in distant galaxieSjiameter was taken as the geometric average of the major and

is biased toward lower densities. Therefore, we detect onlyyinor axeg(Tablesl and?2).

smaller numbers of X-réyadio SNRs in the more distant  The mean value of the reconstructed distribution for the 59

samples—ones that are brighter and in denser, star-forming con rmed and 15 candidate remnants was found to be

regions. _ _ . 39+ 4 pc for conrmed SNRs, and 4% 3 pc for the entire
Interestingly, in a revised catalog of 294 Galactic SNRs by sample(Figure 8). This increased mean value for the entire

Green(2014, 93% were detected in radiod0% in X-ray, and  sample is most likely due to many of the candidate remnants

11
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Figure 17.1 GHz ux density smoothed density distributi¢@ectiond) for the sample of 40 LMC SNRs with measurad 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. DistributfrspartsOnitive no physical
meaning and are plotted for completeness. A dence interval of 75% was used for estimating the uncerta(gtieg line3. The optimal smoothing bandwidth for
the analyzed data sample was calculated to be 0.0491

tested samples are likely sampled from the same underlying 6.4. Radio to X-Ray Flux Density Comparison

distribution. We also emphasize that the second you(®E3yr We compared our estimated radiox densities at GHz
old; Bozzetto et al2014§\ Hovey et al2019 SNR in the LMC (Table 1) aﬁd broadband X-rayux in the 0.38 keV range
—MCSNR J0509-673%is a well-known type la and arelatively  fom Maggi et al(2016. There are 58 known LMC SNRs with
weak radio emitter witl g, of 97.4mJy. X-ray ux andor radio ux density measurementsee

The ux density q!strlbutlon for the 49 LMC SNRsltDat have Figure 18). Only one conrmed LMC SNR(J0521-654p has
estimated ux densities are shown in Figure8and17. The no measurements at either frequency.

ux density variable is, by its own nature, heavily biased At present, the SNR with the faintest measured radio
with sensitivity selection. The faint objects are not usually density is DEML71. As it is a well-studied SNBnd one of the
detected in surveys alongside the majority of the objects butbrightest X-ray SNRs in the LMCthere are many deep radio
rather with specialized high sensitivity observations. This observations available for DEM L71 that make its detection and
is re ected in the fact that only 70% (40 out of 59 of known radio ux density measurement easier than for most of the LMC
LMC SNRs have radio ux density measurements. When sample. The color-coded symbols in Figur@ at 6 mJy,
candidate SNRs are added, this number remains similaindicating radio non-detections, are not representative of toue
— 67% (49 out of 74. The object DEM L71, which has the density limits. While the rms noise will vary signantly across
lowest ux value, is a well-observed and studied object, unlike the LMC, the average radio sensitivity limit for the non-detected
much of the samplésee also Sectiof.4). Compared with ~ Sample is>1QmJy. Likewise, the three X-ray non-detections
other objects in the vicinity of the PDF moghich is close to  (ticks at  10°™erg S cm>*) stem from a lack of proper

DEM L71), this object and its immediate neightisiP9g 460 coveragée.g., observations witkMM-Newtoror Chandrg, and

appear to be rather well-separated. This implies that the higheé-{< is p;e_mature to conclude that these sources are intrinsically
-ray fainter.

concentration of detected objects is very close to the sensitivit . .
L : . The two ux-bright sources(N49B and N63A with
limits of the related observations and that surveys with Fos srey 1 10ql1ergs'51 CmS£ have ages of 3500 and

f‘eenwsg'gégizogglow SnJy should give a large number of 10,000years old. The other outlier is N157@lso known as
Although there are known LMC SNRs with@Hz ux 30 Dor B), which has ? brightroung cometary PWN and is 5000
" . yr old. The total X-ray ux (SNR+tPWN, Fy3 gkev 5 q
den§|t|es Igss than 50Jy, .most Qf the sub-S'mJ.y sample is  1g 12 ergsS em™?) is given, although the thermal component
Iacklng' reliable ux densuty estimates. ThI'S is because of (SNRonly isonly 2 1@ 3ergsSt cn2 as for the bulk of
confusmn due to unassociated nearby emission, e.g., 1an H the sample. The radioux density for this object 3Jy) also
region or a nearby and strong background source. Also, some Ofhcludes a signicant fraction of PWN emission, but is harder to
the remnants are lackingix density estimates because they are separate as both have a non-thermal spectrum.
either too weak to be accurately measured or fall below the It appears that SNRs younger than 10,000 years with higher
detection limit of the present generation of surveys. Future radio ux and ux density values in X-rays and radio, respectively,
telescopeg¢such as Australia Square Kilometre Array Patfer, show some correlation between these valugBhough it is
ASKAP) with higher sensitivity and resolution will be able to dif cult to quantify, we point to the possible correlation between
account for these remnants and provide a more complete samplgoung typela and CC SNRs, though the latter appears somewhat
brighter(in both X-rays and radjahan the former. Also, the data
points near the plotted 1-1 correspondence line in Fig8re

14 SNR 1987A is excluded from the analysis because of its separation from thdMPly that Type la Ot?jeCts might be somewhat younger than CC
rest of the sample and different physical characteristics. SNRs. For the 43 objects that have age (Edhlel), the results
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Figure 18.Broadband X-ray ux in the 0.38 keV range vs. radioux density i
at 1GHz for 58 LMC SNRs that have estimates for either one or both The parameteA depends on the properties of both the SN

of these two frequencies. The symbols designate sources that only havt,eXpIOSion and Fhe ISMe-g-’ SN energy O_f EXplosmn’ ejeCta
estimates for X-rayux or radio ux density, but not both. The black solid line ~ mass, the density of the ISM, the magnettd strength, et}

has the slope of 45and is plotted to indicate the one-to-one correspondence \yhile is thought to be independent of these properties
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 (ArbUtina_‘ & Urcgevi .2003 but expliCitly_ d?pends on the
data is offset by a 0.bg scale from the faintest detection. Four symigsls spectral index of the integrated radio emission from an SNR

d, and+) indicate SNR age based on TalleThe pink color symbols hklovskii 1 Parameter n r in in
indicate typeda SN events while light green symbols indicate CC SN type. The (S ovS 960' arameters and _are obtained bytt 9

light blue symbols represent unknown SN types. the data from the sample of SNRs with known distances.
Despite all of the criticism of the4.D relation (e.g.,

of the AD two sample tegsee sections.4and6.3) do not justify Green 2005, it remains an important statistical tool in

the assumption that CQ0 objectsand Type I1415 objectsage estimating distances to an SNR from its observed, distance-

data subsamples are independent. However, the distribution ahdependent, radio surface brightness.

objects with an undetermined progenitor typight objectsis The best-t correlation(Equation(20)) is a straight line in
distinct from the distributions of Type (at B 0.05leve)) and thelogD..log 4 plane. However, explicit care has to be taken
CC objectdat B 0.1 leve). This is consistent with FigurEs. to use the appropriate form of regression. As concluded in
The objects with undetermined progenitor types, unknown agesPavlovi et al.(2013, the slopes of the empiricdl. D relation

and ages 10000 yr have, in generalfys gy 010 %2 should be determined by using orthogonal regression because

ergs §* cn>2 This implies that objects with unknown ages are of its robust nature and equal statistical treatment of both
thus likely to be older remnants that have lost the signatures of/ariables. Both variables suffer from sigeant scatter and it is
their progenitors over time. ) ) _not statistically justied to treat one of them as independent.
There is also a number of radio non-detections that fall into Nevertheless, this is the usual practice, and regressions that
the X-ray ux range ofos skev 1 10 ergs™ cnr, minimize over offsets along one variable while the other one is
which con rms trlle.nee_d for more sensitive observations of theconsidered as independent, such 4s f (D) or D f( ), 4
LMC SNR population in radio. are very often used due to their simplicity. In this work we used
. . . the more robust orthogonal regression since it minimizes over
6.5. Radio Surface Brightness Evolution the orthogonal distance of the data points from thine and
Following the theoretical work done initially by Shklovskii consequently, both variables have the same signce
(1960, the important relation connecting the radio surface without one of them being considered the function of the other
brightness 4o of a particular SNR at frequency and its  and measured with imite accuracy. The orthogonatting
diameterD can be written in general form as performs well, regardless of the regression slope for data sets
with severe scatters in both coordinates. However, for the

dDp AD © (20 extragalactic samples of SNRs, distarie@d hence SNR
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Table 4

Parameters of Available Nearby Galaxy Data Samples Using Ti&#tz5Radio 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 5.76 Filipovi et al.(2005
M82 31 3.88 0.91 Fenech et 2008
M31 30 2.58 0.68 Urgevi et al.(2009
M33 51 2.66 0.85 Urgevi et al. (2005
Arp 220 6 L L Batejat et al(2011)
NGC 4449, NGC 1569 37 4.88 2.58 Chomiuk & Wilcots(2009

NGC 4214, NGC 2366

Notes.

& A large bootstrap error for slopeis expected for small samples like the SMC, containing only 19 SNRs.

® This sample contains only six SNRs and therefore calculating.tbeslope does not make physical sense.

¢ 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.

diametery can be obtained with higher accuracy than for the Surface brightnesses were calculated for the sample of 40

Galactic remnants, since they can be approximated to reside &tMC SNRs at 5GHz and orthogonaltting was applied. The

the distance of the host galaxy. Even in such a case, the depthesulting t shows a4.D slope of C 3.78 1.2Q0 whizh is

effect and intrinsic effects can cause sigant scatter i and very close to the slop€ 3.9 0.9obtained for the sample

orthogonal tting should be preferred. of 31 compact SNRs from the starburst galaxy M82, at the
We can see from extragalactic SNR samples that thesame frequencyUroSevi et al.2010. The slope errors were

intrinsic scatter still dominates the D relation and errors in  calculated by using the bootstrap method. We have done 10

distance determination are noucial, for both Galactic and  bootstrap data resamplings for ea¢h

extragalactic SNRs. Here, the intrinsic scattering originates For the purpose of proving the universality of #heD law for

from the modeling of diverse phenomena with just two SNRs, regardless of which samples are used, we constructed a

parameter¢ andD) and not taking into account individual composite sample containing dable extragalactic SNR popula-

characteristics of SNRs such as different SN explosiontions at the same frequency of#z (214 SNRs in totd which

energies, densities of ISM into which they expand, evolu- is shown in Figur@l Properties of the 10 extragalactic samples

tionary stages, etc. Also, data sets made up of extragalacticonsidered in this paper are listed in Tabl&he entire sample

SNRs do not suffer from the Malmquist bias because all SNRshas a compact appearance for the presented variable range, with

are at the same distance, while they still suffer from otheran overall slope ofC 3.60 0.15 very close to that of the

selection effects caused bymitations in sensitivity and LMC sample in this study. The gelting slope indicates that the

resolution(UroSevi et al.2009. observed extragalactic SNRs are mainly in the Sedov phase of

For the 40 LMC SNRs with measuredix densities, we  evolution, as it was predicted by the values of slopes that are
estimated the radio surface brightness via theoretically derived(Duric & Seaquist1986 Berezhko &

s Volk 2009.
4 5418 1Qf6=2, (21 In Figure22 we show the theoreticakéquipartitiori models
. . R . for radio evolution similar to the ones given by Reynolds &
whereSgis the integrated ux density in JanskyJy) and is hevalier(1981) and Berezhko & V6IK2004. The emissivity
the diameter in arcseconds. Our data sample consisting of5 ge ned as
SNRs from the LMC is displayed in Figufe®, where there
. . . @ /2

appears to be a correlation betweeandD, in con rmation of B csK(Bsin )(H /2 0O 2 22)
the theoretical models. Sigmiant scattering is still present 2q

despite having more precise SNR diameters in comparison to 3 1. .M 19

the Galactic sample. This is expected due to an intrinsic scatteherec, czandcs ¢z () (& I/( H 1) dte from
which dominates any errors arising from the measurement’acholczyk (1970. The model assume& r ¢r, <r X
process. Furthermore, SNRs formed from tigpexplosion il g EVB, <g 8%82 (Arbutina et al. 2012 2013,

have lower surface brightnesses than those arising from CC SNyhere we applied Equatiofl3), and assumed a CR proton-
events. This is in agreement with the theoretical prediction thato-electron number of 100:1. The slopebD in the adiabatic

the larger ISM density produces greater synclhrotron emissiorhhase is then given approximately &s 32 " where is

from an SNR, given in the form4 r§ ny (Duric & the spectral index. From Figu®, we also observe that, as
Seaquist. 984 Berezhko & V6k2004 2010, wherep andny —  axpected, the typa events could have overall lower surface
are the average ambient density and hydrogen number density, jghiness and smaller diameters than the known CC popula-
respectively. As the distance to the LMC of S8.QL.3kpcis  tjon However, no denite conclusion can be drawn as there are
determined to_a very _hlgh accura(Bietrzy s_kl et al.2013, large population of yet unknown SN types.

the 4.D relation is in our case more important from a |y addition to dependence on SNR size, the radio surface
theoretical point of view, for comparison with Galactic and brightness of an SNR might also depend on the properties of
other extragalactic relations and also for comparing thethe ambient medium into which the SNR expands. Arbutina &
environments into which SNRs expand. UroSevi (2009 argued that based on the progenitor type,
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Figure 20. Smoothed density distribution for the sample of LMC and 10° 102 10" 10° 10" 10* 10° 10* 10°
SMC SNRs at IGHz, containing 59 SNRs. Red dots represent LMC SNRs D [pc]

while green dots represent SNRs from SMC. Contour levels a@e08f
0.1, 0.2, 0.4, 0.8andL.0. The procedure for density smoothing is described in  Figure 21. 4.D graph of LMC SNRs alongside nine other nearby galaxies.
Section4.3 with the relevant parameters given in Sectioh As the smallest This composite sample contains 214 SNRs. Orthogdtiaf has been applied
and brightest object of the sample, SNR 1987A was not considered in thisto the 5GHz data for the galaxies. The youngest known SNR in the LMC,
analysis. 1987A, is also showfcircled plu$, but it is not included in thet. D t, being
in the early free-expansion phase of evolution. The solid black line represents
the best orthogonalt to the datgf C 3.60 0.E). o
SNRs are likely to be associated with an ambient medium of

different densities. Consequently, depending on the progenitor

type (ambient densify SNRs should form a broad band P

corresponding to evolutionary tracks in tdeD plane. The {*ggDQ'°gl“él(;)gg[r)iaIon%a?ggdﬁgﬁgzzg Wa(sOCSa Iczulgltzié) rlloz Tgular
dependence o#.D evolution on ambient density is further ( 225, 17.5ranges T

explored in Kosti et al. (2019. Under the assumption that  * £00) the given contour pldFigure 20), it is evident that
SNRs expanding in an ambient medium of higher density haVethere are no4.D data groupings in par,allel tracks that are

higher , they argued in favor of the dependence of the slope ol indi~ati

. ' -~ emergent, or any other features possibly indicative of SNRs
of the 4. D relation on the fractal properties of the ISM density expar?ding out ofymolecular cloudspor out)g/]rowing the relevant
distribution in the areas crowded with molecular clouds. Thesedensity scale of the molecular clougis analyzed in Kosti
gﬁLFledsSe?nri? n?gpesg;ntgﬁgtrtgﬁ rztégg?ilcj)gd\l/\l/}%lel%,\fp:r?;nglsvri?r]:?r:em al.2016). Further analysis and theoretical work are required
it. After reaching the edge of the cloud, SNR evolution on this matter in addition to thorough surveys.
continues outside the cloud, and it emits less radiation due to .
the lower density of the ISM. This effect might result in 7. Supernova Remnants and Cosmic Rays

different slopes of thetl..D relation. Baade & Zwicky(1934 origi
; ginally proposed that SNRs may

__To further analyze the denstgpendence, the PDF of the data. e the primary site of CR acceleration. This initiated a debate as
in the 4.D plqne should be obtained. As described in Vukoti (io the validity of this claim and to the extent of which SNRs
et al.(2014 this has many _ad\(antages cqmpared_ to the standard,celerate CRs. Ackermann et(aD13 measured a gamma-ray

tparameter-based analysis since aII'the information from the dat@actrum that is better explained by a pion-decay origin rather
sample is preserved and not just prOJect_ed onto the parameters ghan 5 leptonic origin in two galactic SNRE 443 and W4)
the tline. We calculated thd. D PDF using the kemel density  ,4\iging direct evidence that CR protons are accelerated in
smoothing described in Sectidr8 To test if there are statistically gNRs. However. CR electrons are similarly important in this
signi cant data density features in theD plane, in relation = yepate as they are accelerated in the SNR shock, as revealed by
to the 4( § dependence, 2D kernel smoothing was performed ONyagin synchrotron emission and X-ray synchrotrtaments.
the 4.0 LMC and SMC data sampleontaining 40+ 19= 59 The acceleration of CRs by strong shocks predicts a
SNRs; SN 1987A not mclqded in this .sarr)_pIéDne hundred differential energy power-law spectrumE)dE r E " dE
smooth bootstrap resamplinggere applleld in each step of \yith a spectral index oH 2 (Krymskii 1977 Bell 1978a
the iterative procedure initialized withg® 0129 and  Bjandford & Ostriker 1979. It was suggested that the
hc|)094 0.382 The ranges over which the BIMSE was acceleration of these CRs may be due to them repeatedly
calculated werb®®  [0.01, 0.3 andh'°94  [0.1, 0.7, with crossing the shock in arst-order Fermi process, gaining a
steps of 0.01 in both dimensioMge obtained optimal smoothing  fractional energy?&/E r u/ cwith each crossover, whetg
bandwidths ath'°9® 0.12 and h'°94 0.34. The resulting is the shock velocity. However, observationally, CR indices are
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Figure 22. An “equipartitiori evolution modelcg il X EV8 <p %_BZ, obtained by applying Equatid?2), and gssuming CR proton to electron number
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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 represettdgtee entire sample resulting B 0.73  0.25 logy(Ven/ 16 km sb.

found to signi cantly differ from such an index, e.g., the well- wherev, is the radius divided by the age of the SNRs. For a
known deviation found for relativistic shock&Kirk & more reliable set of measurements, they atsa trend line to
Heavensl989 Ostrowskil991; Baring et al1993 Achterberg only historic SNRs, resulting in

et al.2001;, Kobayakawa et aR002. Bell et al.(2011) updated .

the theory of CR acceleration to explain sgtiviations fidm 2 B 07 0.8logy(ven/ 16 kms?) . (¢

for shock velocities as low as 10,0R6h s°~. For this, they ; ; .
plotted the SNR spectral index against its mean shock veIocity,Taklng the same approach as in Bell e(a013, we found:
that is, the radius of the SNR divided by its age, in lieu of the B 0.73  0.25 logy(Vsn/ 16 kmsY ( 25
momentary shock velocity. The reason for taking this approach ith tqualityR® = 0.86(Ris the correlation coetieny, for the

can be explained to be due to the spectrum being the additior{" N i ,
of CRs that have been accelerated throughout the reranant -MC subsample containing 17 young SNRs with established

lifetime. For their entire sample of SNe and SNRs, Bell et al. shell morphology and readily available spectral index and age

(201D nd a trend line of estimates. We selected only SNRs that are estimated to be
. younger than 10,000 years. The bestis represented by the
B 07 03logy(wn/ 16 kms) , ( 283 dotted line in Figure23. This t is close to the trend line,
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