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Abstract. Radio and X-ray maps of supernova remnants (SNRs) in many cases revealed an
asymmetric global structure. This may reflect the inhomogeneity of the circumstellar/ambient
matter, anisotropic energy release or both. Given a growing sample of the observed SNRs
some techniques to characterize the global asymmetry are needed to identify old SNRs in sky
surveys among other observed extended structures of low surface brightness. We discuss here
the applications of modified power-ratio technique to quantify the global asymmetry of the
mixed-morphology SNR G 18.95-1.1 using its recent mapping with SRG and compare results
with the well-studied SNRs IC 443 and Cas A.
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AnHoTamms. Panno m peHTreHoBCKHe HaOMOAeHUsI OCcTaTKoB cBepxHOBBIX (OCH) Bo MHOrMX
CJIy4asix BBISIBUIIA UX aCUMMETPUYHYIO IJI00ATBHYIO CTPYKTYPY. DTa aCUMMETPUSI MOXKET OTPaXKaTh
HEOJIHOPOIHOCTh OKPYXKAIOIIIEro BElleCTBa, aHM30TPOITHOE BhIICICHUE SHEPTUU B3phIBa WIX U TO,
M Apyroe. YUuTbiBas pacTyulee unciao ooHapyxxeHHbIXx OCH, HeoOX0oauMbl METObI AJIsl U3BMEPEHMUS
¥ KJTacCH(pUKAIIN MX HaOTI0gaeMoit aCMMMETPHUH, B TOM YucIIe st nneHTruduKamm ctaperix OCH
B 0030pax Heba cpenm APYTUX HAOIIOMAEMBIX IMPOTSTKEHHBIX CTPYKTYP ¢ HU3KOI TTOBEPXHOCTHOM
SIPKOCTbI0. MBI O0CYyXIaeM IpUMeHeHHe MOAU(PULIMPOBAHHOIO METOJA OTHOILIEHMI MOMEHTOB
JIJISI KOJIMYECTBEHHOM olleHKU miobanbHoit acumMmeTpun OCH cmemanHoro tuna G 18.95-1.1, Ha
OCHOBE ero HelaBHUX HabmoaeHuit ooceppatopueit CPI', 1 cpaBHUMBaeM MOJyYeHHbBIE PE3YJIbTaThl
¢ pesyabTatramu aHanu3a xopoiuo u3dydyeHHbix OCH IC 443 u Cas A.

Kmouesbie ciioBa: octatku cBepxHOBBIX, OCH, MeTon OTHOILIEHUSI MOMEHTOB
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Introduction

Mixed-morphology SNRs comprise a subclass of more than 40 SNRs with shell-type radio
images and a central-filled thermal X-ray maps (see [1—3] for a review). A mixed-morphology
supernova remnant G 18.95-1.1 was studied in a broad energy range from radio to X-rays. It was
discovered by Fuerst et al. [4] in the radio survey of the galactic plane [5]. In H_it was studied
in [6]. X-ray observations with ROSAT [7, 8], ASCA [9], Chandra [10] and recently SRG [11]
established a highly anisotropic shape with a bunch of bright emission clumps in the south with
a prominent line emission, dim north part and a likely pulsar wind nebula (PWN) in the center
elongated to the north. Bright southern clumps line emission shows an excess of element abun-
dances over the solar values which is typical for ejecta fragments [11]. These features can be
understood if G18.95-1.1 is a result of the asymmetric supernova explosion with a progenitor star
interior material ejected to the south and a pulsar kick directed to the north. An asymmetric mass
gjection right after the supernova core collapse was modelled, e.g., in [12] while the subsequent
sphericization of the remnants in the isotropic interstellar medium was discussed earlier in [13]. To
quantify the global asymmetric morphology of SNRs in [14] was proposed the power-ratio tech-
nique which modified version we apply here to the recent detailed maps of SNR G18.95-1.1 [11]
obtained with SRG X-ray observatory [15]. A similar analyses of the asymmetry of 1C443 and Cas
A SNRs are also discussed for a comparison.

IC 443 (G189.1+3.0) is an extended and old SNR (~ 45'size at a distance of 1.5 kpc [16]). In
radio bands it shows two half shell structure [17]. This is considered to be an effect of an interaction
with a torus-like molecular cloud [18, 19] that separates two half-shells. In X-rays it was studied
with ROSAT [20], ASCA |21, 22], BeppoSAX [23], Chandra [24—26], XMMNewton [27, 28, 19],
and RXTE [29]. XMM-Newton mosaic exposure corrected X-ray image in the 0.4—8.0 keV energy
range is shown in Fig. 1. X-ray emission morphology is center-filled with maximum emission in the
north and a bright clump of the emission in the south (1SAX J0618.0+2227). This southern source
is considered to be a PWN [24, 25, 27]. There is a bunch of clump-like sources in the southern part
that could be considered as interaction cites of the ejecta fragments and a molecular cloud [28, 30].

Cas A is a young and bright SNR that was studied in depth in all of the spectral bands:
radio [31—33], optical [34], infrared [35, 36], X-rays [37, 38]. The total Chandra exposure used
for observation of this remnant exceeds 1 Ms that allows construction of high resolution X-ray
image of the SNR (Fig. 1) that shows a remarkable source structure.

To analyze morphology of the discussed above SNRs shown in Fig. 1 we apply a modified
power-ratio technique. This technique was developed in [39, 40] for studies of galactic clusters.

Then it was successfully applied to study asymmetric structure of a set of SNRs in [14, 41—44].
The method is described in the next section.

Methods

The power-ratio method is based on the multipole expansion of the 2D gravitation potential
within the circular aperture with radius R:

Y (R,9)=-ayn(1/R)- Z:Zl(amcos(md)) +bmsin(m¢)) / mR",
a, = J‘RRZ(F',(1))cos(m(1))r""+1 dr'dé,
b, = Irl<R2(r',(I))sin(mcl))r"’”l dr'dé,
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Here X(r,¢) is the surface mass density inside the aperture. In practice the surface mass den-
sity is not known and a X-ray brightness distribution is used instead. Thus Z(r,¢) is not directly
connected with the surface mass density and actually this method is no more than the multipole
expansion for the surface brightness filtered by aperture that allows one to make a classification of
the structure of studied objects. The power of the multipole expansion is calculated as:

1

P(R)=o-], "y (R.9)Y, (R.0)do,
" (1)
2 a’ +b?
Q:@mm»,azjzﬁn

Usually the dimensionless ratio P /P, is measured and the origin of coordinate system is chosen
in the center of brightness so P, = 0. However, P /P, ~ 1/R*In*(R) is aperture size dependent value
that makes a comparison of these ratios for objects with different sizes not straightforward. We
suggest instead calculating amplitudes 4, ,b, of multipole expansion in the dimensionless coor-
dinates r/R_where R is a characteristic radlus of the studied object. We define R to be the radius
of the minimum circle aperture fully enclosing the object. In this case, a,, =R"?G b, = R*’””b
We also suggest using ratios P, /a ao for the analyses which are d1mens10nless dont depend on
object size and reflects the object structure. We use these notations below for study G18.95-1.1,
IC 443 and Cas A SNRs.

However, usually SNR outer borders are not sharp enough and some diffuse background
emission is present that allows a systematic error in the definition of R. It also should be men-
tioned that the integrand expressions for a , b are growing as r™"' with r and thats why even
small background emission far outside the source can dramatically spoil the moment estimations
if it is included in the integration. So clearing the emission map from background point sources
and diffuse emission is essential. This is made in tree steps. At first point sources are filtered out.
Then the diffuse background emission outside the R aperture is estimated and subtracted from
the image. At last the emission outside the aperture is “set to zero. After this the values P /a aO are
independent from the aperture size R > R enclosing the circle R if the value R is used for R in the
Eq. (1). However, these values are dependent on the position of the origin of coordinate system.
In particular, P 0 if and only if the origin coincides with the center of brightness.

The systematic errors arising from the uncertainty of R can be estimated by comparison of
the results obtained for different values of R . The stochastic errors arising because of the Poisson
nature of the incoming photons can be calculated with the Monte-Carlo simulation of a set of
X-ray images as was done in [41].

Results

We demonstrate the application of the power-ratio method for study G18.95-1.1, IC 443 and
Cas A SNRs. Cas A has an almost spherically symmetric shell. However there is a special struc-
ture in the north-east part of the shell that is considered to be a trace of the jet formed during
SN explosion. IC 443 is a well-known example of the SNR interacting with a molecular cloud.
G18.95-1.1 is considered to be an example of an asymmetric SN explosion [11].

Fig. 1 shows X-ray maps of the studied SNRs and demonstrates the analyses used. G18.95-1.1
map was constructed as a result of SRG/eROSITA observations (panel (a), [11]). Panel (b) shows
the same map with point sources filtered out including pulsar candidate (P) and bright source
(1) associated with a star [11]. IC 443 map is constructed as a mosaic image of XMM-Newton
observations using ESAS!' software (panel (c)). Panel (d) shows the same map with point sources
filtered out together with PWN candidate that with some probability belongs to an other SNR
G189.6+3.3 [24—27] overlapping with I1C 443. Cas A X-ray image was obtained using Chandra
data. The center point source was filtered out in the analyses. O and X points show the geometri-
cal center of the apertures and the center of brightness. Apertures R that were used for estimation
of the systematic errors of momentum estimations are also shown for all studied remnants.

! http://www.cosmos.esa.int/web/xmm-newton/xmm-esas
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Fig. 1. X-ray maps of studied SNRs. Upper panels show SRG/eROSITA map (0.5—2.3 keV)
of the G18.95-1.1 with (a) and without (b) filtering of point sources. Middle panels show XMMNewton
map (0.4—8.0 keV) of the 1C443 produced with ESAS software with (¢) and without (d) filtering
of point sources and PWN region. Lower panel (e) shows Chandra map (0.4—8.0 keV) of the Cas A.
Different apertures R used for systematic errors estimations are shown
as cyan circles whose radius values are listed in Tables 1,2. O and X points
show the geometrical center of the apertures and the center of brightness
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Tables 1, 2 list calculated values P, /a; for m = 1, 2, 3, 4 for each values of R used. Table
1 lists the results for the case when the origin of coordrnate system coincides with the center
of brightness soP 0. Table 2 lists the results for the case when the origin coincides with the
center of aperture. 1o statistical error due to Poisson statistic of the incoming photons, listed
in the Tables, was calculated in Monte-Carlo simulations of the emission maps with 1000 iter-
ations and subsequent image smoothing with the same criteria that was used to construct an

initial map.

Table 1
Values of P, /a; form=2,3, 4
Center of brightness coordinate system
object R, arcmin P /a; P, /a; P,/ a;
21.6 (8.0+£0.4)-10° (3.9+0.2)-10° (4.2+0.3)-10°
G 18.95-09
19.2 (5.6+£0.3)-10° (3.3+£0.1)-10° (2.8+0.2)-10¢
1C 443 27.0 (9.50+0.05)-10* | (4.75+£0.05)-10° | (1.85+0.01)-10*
25.0 (9.20+0.05)-10* | (4.85+0.05)-10° | (1.75+0.01)-10*
Cas A 3.9 (4.03+£0.04)-10* | (2.70+0.03)-10" | (2.60+0.03)-10¢
as
3.1 (3.60+0.01)-10* | (3.42+0.01)-10° | (1.14+0.01)-10°
Note: lo statistical error due to Poisson photon distribution is listed in the Table.
Table 2
Values of P, /a, form=1,2,3,4
Center of aperture coordinate system
. R R/a; P/ a; B/ P/ a,
object *
arcmin %1073 %1073 x1073 x10¢
21.6 10.2+0.1 (9.8+0.4)-10 (1.5£0.1)-10 1.7+£0.2
G 18.95-09
19.2 9.8+0.1 (7.7+£0.3)-10* (1.4+0.1)-10 1.0+0.1
27.0 91.9+0.1 9.11+0.01 1.44+0.01 730+1
1C 443
25.0 93.2+0.1 9.20+0.01 1.45+0.01 700+1
Cas A 3.9 3.45+0.01 |(3.10+£0.01)-10"|(2.36+0.01)-10> 5.42+0.04
as
3.1 3.28+£0.01 [(2.77+0.01)-10"| (2.97+0.01)-10 3.57+0.02

Note: 1o statistical error due to Poisson photon distribution is listed in the Table. Multiplication factors listed
in the first row should be applied to the table values of the corresponding columns.
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Discussion and Conclusions

In this work three anisotropic SNRs were considered: G18.95-1.1, IC 443 and Cas A. Cas A
image has a possible trace of the jet formed during SN explosion, IC 443 is an example of SNR
interacting with a molecular cloud and G18.95-1.1 is considered to be a result of an asymmetric
SN explosion. We modified the power-ratio method for analyses of the objects with different sizes
and applied it for listed SNRs using two different coordinate systems. One of which coincides
with the center of brightness and the other with the geometrical center of the object. A center of
minimal circular aperture fully enclosing the object was chosen as the geometrical center of SNR.

For both systems of coordinates asymmetry of 1C443, which is interacting with a molecular
cloud, is characterized by greater values of all 4 moments B, P, P, P,. While G18.95-1.1, that
was born in an asymmetric explosion, has higher value of B and lower values of P, and P,, than
Cas A, which has more symmetric shell with a trace of a jet. We demonstrate that a modified
power-ratio method can be used for the comparative analysis of SNR anisotropy even if angular
sizes of studied remnants differ.
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