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ABSTRACT

We continue to explore the validity of the reflected-shock structure (RSS) picture in SNR 1987A
that was proposed in our previous analyses of the X-ray emission from this object. We used an
improved version of our RSS model in a global analysis of 14 CCD spectra from the monitoring
program with Chandra. In the framework of the RSS picture, we are able to match both the
expansion velocity curve deduced from the analysis of the X-ray images and light curve. Using
a simplified analysis, we also show that the X-rays and the non-thermal radio emission may
originate from the same shock structure (the blast wave). We believe that using the RSS model
in the analysis of grating data from the Chandra monitoring program of SNR 1987 A that cover
a long enough time interval will allow us to build a more realistic physical picture and model
of SNR 1987A.
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1 INTRODUCTION

After its reappearance in radio (Turtle et al. 1990; Staveley-Smith
et al. 1992, 1993) and in X-rays (Beuermann, Brandt & Pietsch
1994; Gorenstein, Hughes & Tucker 1994; Hasinger, Aschenbach
& Triimper 1996) at about 1000-1200 d after the explosion (DAE),
supernova (SN) 1987A entered into the phase of supernova remnant
(SNR) formation (McCray 2007). Observations of this phenomenon
from its onset give us a chance to study in detail the physics of strong
shocks as well as to investigate the distribution of the circumstellar
matter (CSM) around the exploded star. The latter may help us
solve the mystery of the origin of the triple-ring system observed
in the optical (Wampler et al. 1990; Crotts & Heathcote 1991;
Jakobsen et al. 1991; Burrows et al. 1995). With this respect, X-ray
observations are very important since they manifest most of the
energetics at present, and they provide us with direct information
about the underlying physics of this evolving object.

The richness and variety of processes involved in the birth of
SNR 1987A are manifested by observations across the entire elec-
tromagnetic spectrum. Radio observations (Staveley-Smith et al.
1992, 1993, 2007; Ball et al. 2001; Manchester et al. 2002, 2005;
Gaensler et al. 1997, 2007; Ng et al. 2008; Potter et al. 2009;
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Zanardo et al. 2010) tell us about the non-thermal (NT) (syn-
chrotron) emission mechanisms and relativistic particle accelera-
tion in strong shocks. Near-infrared observations tell us about the
distribution of dust in the CSM and the physics of its interaction
with the hot plasma (Bouchet et al. 2004, 2006; Dwek et al. 2008).
Optical and UV observations (Sonnerborn et al. 1998; Lawrence
et al. 2000; Pun et al. 2002; Sugerman et al. 2002; Groningsson
et al. 2006, 2008) tell us about the physics of slow shocks and the
distribution of dense clumps of gas.

The early evolution of SNR 1987A is strongly influenced by the
distribution of circumstellar gas, which is concentrated in its triple-
ring system. Although the origin of the ring system is not well
understood, the colliding wind scenario that assumes a spherically
symmetric blue supergiant (BSG) wind interacting with an earlier
emitted asymmetric red supergiant (RSG) wind seems the physi-
cally most reasonable explanation (Luo & McCray 1991; Wang &
Mazzali 1992; Morris & Podsiadlowski 2007). It has been explored
in detail by Blondin & Lundqvist (1993), who demonstrated that
such a model is capable of accounting for the observed CSM charac-
teristics, provided the RSG wind was highly asymmetric with most
of its mass confined near the equator. This picture needed an addi-
tional ingredient in order to explain the reappearance of SNR 1987A
inradio and X-rays. Chevalier & Dwarkadas (1995) proposed that an
extended H 11 region was formed inside the inner equatorial ring that
was naturally produced by the photoionization of the shocked RSG
wind (the inner ring) by the central progenitor BSG star. Based on
this, Borkowski, Blondin & McCray (1997a,b) studied the complex
hydrodynamics of the interaction of the SN ejecta with the CSM in
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vicinity of the inner ring that also predicts a continuous brightening
of SNR 1987A in UV and X-rays.

Since its reappearance, SNR 1987A has been brightening con-
tinuously in X-rays with an accelerating rate in the past few years
(Park et al. 2005, 2006, 2007; Racusin et al. 2009). The first spec-
trum of SNR 1987A with high spectral resolution was obtained with
the high-energy transmission grating on Chandra by Michael et al.
(2002). The subsequent brightening has enabled dispersed spec-
tra with good photon statistics to be obtained with both Chandra
(Zhekov et al. 2005, 2006; Dewey et al. 2008; Zhekov et al. 2009)
and XMM-Newton (Haberl et al. 2006; Heng et al. 2008). With the
superb spatial and spectral resolution of the Chandra observatory,
the first direct evidence was obtained that the distribution of the
X-ray emitting plasma in SNR 1987A is not spherically symmetric
but it is ‘flat’, i.e. it is concentrated in the vicinity of the equatorial
ring (Zhekov et al. 2005, 2006; Dewey et al. 2008; Zhekov et al.
2009). These authors also showed that the bulk gas velocities de-
duced from the X-ray spectral lines are too low to account for the
plasma temperatures inferred from the spectral fit, and showed that
a simplified reflected-shock structure (RSS) model could match the
observed spectra successfully.

Superb spatial resolution of Chandra allowed Burrows et al.
(2000) to obtain the first image of SNR 1987A that showed a ring-
like structure in X-rays. Subsequently, a monitoring program was
established with Chandra to track the evolution of the X-ray images
and CCD spectra of SNR 1987A. In addition to the continuing
brightening in X-rays, the spectral data showed a gradual decrease
of the plasma temperature behind the fast shocks. From the imaging
data, we measured the expansion velocity of the remnant (Park
et al. 2002, 2004, 2007). After applying a physically more realistic
method to analyse the X-ray images, Racusin et al. (2009) obtained
a more accurate expansion velocity curve. It showed clearly that
the velocity started to decelerate after ~6000 DAE, about the same
time that the X-ray light curve (LC) turned up (Park et al. 2005).

Here we analyse the evolution of the X-ray spectrum of
SNR 1987A as observed with the pulse-height spectra obtained
with the ACIS CCD camera during the monitoring program. One of
the main goals of our study is to test the RSS picture that emerged
from analysis of the Chandra grating data. Since the pulse-height
spectra have much better time coverage than the grating data, they
can test whether is possible to match the CCD spectra and the ex-
pansion velocity curve in the framework of the RSS picture. In
Section 2, we give a qualitative description of the RSS picture for
SNR 1987A. In Section 3, we present details about the global RSS
model. We describe the evolution of the CCD spectra and results
from the spectral fits in Sections 4 and 5, respectively. In Section 6
we discuss the results; how they might be related to the NT radio
emission from SNR 1987A and the consistency of the global RSS
picture. We present our conclusions in Section 7.

2 PHYSICAL PICTURE AND MOTIVATION

The physical picture that emerges from the analysis of SNR 1987A
so far is the following. The CSM around the inner equatorial ring
likely consists of at least two components: (1) a smooth gas com-
ponent which represents the so-called Hn region (resulting from
evaporation of the inner ring or being the hot bubble in the interact-
ing stellar winds scenario) and (2) much denser clumps distributed
within the smooth component. Although the origin of the dense
clumps is unclear, it seems realistic to expect that they will form as a
result from various dynamical instabilities. As Blondin & Lundqvist
(1993) point out, in the interacting stellar winds scenario these in-

stabilities are expected to produce a very clumpy and non-uniform
shell. Thus, during the shell evolution dense clumps penetrate into
the smooth component and form protrusions of various shapes.

Interaction of the SN ejecta with the smooth component gives
rise to the standard two-slab structure bounded by a forward shock
(blast wave compressing the smooth CSM component) and a reverse
shock (compressing the ejecta material). The slabs are separated by
a contact discontinuity.

When the blast wave overtakes a clump, it is ‘lit up’, namely,
a transmitted shock starts to heat up the clump gas. At the same
time, a reflected shock is sent back that shocks the gas behind the
blast wave again, further increasing its temperature and decreasing
its bulk velocity. Such an RSS was invoked to explain the relatively
narrow spectral lines detected by the Chandra grating observations
of SNR 1987A and the corresponding simplified model was suc-
cessful in describing these results. It should be kept in mind that
the actual hydrodynamics of such an interaction is very complex:
the clumps may have various shapes; the blast wave may wrap up
around a clump and result in a more complicated shock structure;
the reflected shocks from adjacent clumps may additionally inter-
act to create a ‘turbulent’ system of gas shocked multiple times. A
proper description of such interaction would require 3D hydrody-
namic calculations. Thus, the RSS model might be considered as a
very simple representation of the actual physical picture.

On the other hand, it does not seem feasible to attempt a complete
match of the SNR 1987A observables (X-rays spectra, LC, etc.) by
a detailed hydrodynamic model mostly because there are too many
initial (and boundary) conditions to explore. Instead, we think it
would be instructive to use a simplified model that bears the basic
physics of this complex interaction, and by using such a tool we
hope to deduce valuable information about the CSM in the vicinity
of the inner ring of SNR 1987A. Results from such an analysis of the
available (and future) observations can guide us towards building a
more realistic picture (and model) of this exciting phenomenon: the
formation and development of SNR 1987A.

3 GLOBAL RSS MODEL

Zhekov et al. (2009) proposed an RSS model to interpret the Chan-
dra grating data for SNR 1987A taken in 2004-2007. It bears the
basic physics of interaction of a shock with a dense clump whichis a
cornerstone in the physical picture described above. Since the CCD
monitoring observations provide more extensive time coverage of
the SNR 1987A evolution, they can be used to test details of this
physical picture. To do so, we adopt the following improvements of
the RSS model.

(i) At every moment (observation), the entire (integrated)
X-ray characteristics of SNR 1987A can be represented with an
RSS structure (blast wave, transmitted and reflected shocks), i.e.
the blast wave is impinging on some average clump that is repre-
sentative of the clumps at that radius from the centre of the ring (the
mean of the clumps distribution).

(i1) The emission measure (EM) of the blast wave is not a free
parameter from one observation to another but it follows the density
profile of the smooth component (EM o n%r3, where n is the density
of the smooth component and r is the radius of the SNR 1987A at
that moment).

(iii) The SNR 1987A radius is calculated from 1D analytical
solution that takes into account the density profile of the smooth
component.

© 2010 The Authors. Journal compilation © 2010 RAS, MNRAS 407, 1157-1169
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(iv) The electron and ion temperatures are not equal behind the
shocks (but see below).

3.1 Analytical solution

‘We anticipate that the density profile of the smooth component will
be increasing steeply towards the inner ring radius as measured
from the Hubble Space Telescope images. Many choices of such a
function are possible and the model chosen here is

r — RO s
P = po + (Oring — po) tanh | D —u— | | €))
ng‘_r

where Rgin, = 0.83 arcsec (Sugerman et al. 2002) is the radius
of the equatorial ring; Ry is the inner radius of the Hu region;
Pring and pp are the densities respectively at these radii; D and s
control the shape of the density profile. We assume that the outer
supernova envelope has a density profile, p oc t=3(r/t)™", where
n = 9 in the case of SNR 1987A (e.g. Eastman & Kirshner 1989;
Suzuki, Shigeyama & Nomot 1993; Borkowski et al. 1997a,b).
Chevalier (1982) derived the solution for the structure that results
from interaction of such a density profile with the circumstellar
medium. Guided by his approach (i.e. using dimensional analysis),
we derive an analytical solution for the radius, r, of the structure
(the contact discontinuity). In the case of the CSM density profile
given by equation (1), we find

o L

- - r — R() i =3
! = tmax | fo + (1 — fpo)tanh | D———
Ring — r

X(,)’ )
Rng

where 6y = po/Pring and fya is the time when the radius of the
blast wave equals that of the ring.

We found that this expression for r is in satisfactory agreement
with the result of a 1D hydrodynamic simulations for the case of
stellar ejecta with n = 9 interacting with CSM that has density
profile as given in equation (1). This makes us confident in using
the analytical solution in our model.

Fig. 1 shows that equation (2) gives a good fit to the observed
radial-expansion curve (Racusin et al. 2009). Note that there is not
a unique set of fit parameters (., 0o, D and s) that represents
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Figure 1. The analytical solution fits to the radial-expansion curve from
Racusin et al. (2009). The solid line is an overlay of a few solutions having
tmax from 10000 to 15000. The corresponding density profiles of the Hu
region are shown in the inset figure.

the ‘best’ fit. Namely, parameters #,,,, and gy cross talk and this
is illustrated in Fig. 1, where the solid curve is in fact an overlay
of a few solutions having ., in the range from 10000 to 15000
DAE (the corresponding density profiles are shown in the inset
figure). This behaviour is well understood since the fit to the radial-
expansion curve is determined by the relative change of the density
of the smooth component between the observations. It will become
possible to discriminate among different cases as the blast wave
progresses further into the equatorial ring.

3.2 XSPEC model

Based on the analytical solution, we extended the RSS model for
xspEc! by Zhekov et al. (2009). The new RSS model tracks the ra-
dius of the blast wave that is inferred from the observations (Racusin
et al. 2009). The EM behind this shock is scaled correspondingly
(EM o n%r?) and its ionization time (n.t) follows the density profile
of the pre-shock gas (in fact, its integral over time for a particular
observation). Also, the blast wave velocity is estimated for each
observation. Bearing in mind that the blast wave velocity has de-
creased recently from a few thousands km s~! (Racusin et al. 2009)
and the fact that the electron temperature of the X-ray emitting
plasma was not greater than 3 keV (Park et al. 2006), we conclude
that the electron and ion temperatures in the plasma behind the blast
wave have not completely equilibrated (the mean plasma temper-
ature kT = 1.4 X [Vihoer/1000km s~']? keV for the SNR 1987A
abundances). We recall that in the original RSS model, Zhekov et al.
(2009) assumed a complete temperature equilibration (1T approxi-
mation) and took into account the non-equilibrium ionization (NEI)
effects explicitly. Here we adopted the same approximation which
can be justified by the following considerations.

First, a direct comparison between the X-ray spectra from a
plane-parallel shock (PPS) model with different electron and ion
temperatures (2T approximation; vipshock in xspec) and from a
1T PPS model (vpshock in xspec) shows that the former model
can be matched well by the latter having a post-shock tempera-
ture averaged over the shock ionization age (see also Borkowski,
Lyerly & Reynolds 2001). This simply indicates that the NEI effects
are more pronounced than the effects due to the electron temper-
ature evolution downstream from the shock front. Secondly, we
constructed an RSS model that correctly treats the temperature
equilibration behind the shock (similarly as in vapshock in XSPEC).
But we found that its application to the entire set of monitoring
observations is very unstable because the parameter space is too
complicated.

Thus, the new RSS model correctly estimates the mean plasma
temperature behind the blast wave. That result is then used to cal-
culate the mean plasma temperature behind the transmitted shock
(as well as behind the reflected shock: see appendix B in Zhekov
et al. 2009). The spectral fits assume an average electron tempera-
ture (T,) typical for either of the shocks. From these spectral fits,
we derive a parameter which is the average 8 = T./T (T is the
mean plasma temperature) for each shock and its value sets an up-
per limit to the actual 8 in the shock front. We note that the reflected
shock is assumed to have the same average § as the blast wave. As
discussed by Zhekov et al. (2009), the plasma behind the reflected
shock has quite complicated heating history. It is so since the re-
flected shock interacts with the plasma behind the blast wave that

!'Version 11.3.2 of the xspEc analysis package (Arnaud 1996) is used in this
study.

© 2010 The Authors. Journal compilation © 2010 RAS, MNRAS 407, 1157-1169
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has already evolved for some time. As a result, in the region behind
the reflected shock we have a mixture of hot plasma with different
heating histories, resulting in a distribution of temperatures and ion-
ization time-scales. To simplify the model calculations and also due
to the technical problems mentioned above, we adopted an average
B parameter for the reflected shock that is equal to that in the blast
wave.

4 CCD SPECTRA

The CCD spectra from the monitoring program of SNR 1987A
are exactly the same (source and background spectra, redistribution
and ancillary response functions) as in Park et al. (2006) and Park
et al. (2007). Details of data reduction and spectral extraction are
found therein. In this work, we analyse 14 data sets, with Chandra
Obslds as follows: 122, 1967, 1044, 2831, 2832, 3829, 3830, 4614,
4615, 5579 and 6178, 5580 and 6345, 6668, 6669, 7636 (two of the
observations were split into two subsets).

5 SPECTRAL FITS

As in previous studies of the Chandra spectra of SNR 1987A, we
assumed that the X-ray absorption and abundances of the hot plasma
do not change with time. Thus, all spectra shared the value for Ny
and had the same abundances. The procedures for fitting abundances
are the same as those described in Michael et al. (2002). Namely,
we only varied the abundances of elements having strong emission
lines in the observed (0.5—4 keV) energy range: N, O, Ne, Mg, Si,
S and Fe.

To fit the global RSS model to the data, we adopt the following
procedure. We choose one of the density profiles in the H 1 region
that provides a good fit to the expansion velocity curve (Fig. 1).
For the results presented here we used the case with 7, = 13000
DAE and gy = 0.0289 (6y = po/pring)- We held these parameters
fixed in the fits. Consequently, we know the evolution of the EM
(EM  n?r?®) and ionization time (n.t) of the blast wave, but in
relative units. We derive their absolute calibration from the fits.
From the analytical solution, we also know the velocity of the blast
wave which in turn determines the mean plasma temperature behind
this shock. For each observation, we fitted for the average B which
is a free parameter. We derive the mean plasma temperature in the
transmitted shock self-consistently as described in appendix B in
Zhekov et al. (2009), and we only fitted for the average electron
temperature in this shock. For each observed spectrum, we fitted
both the EM and ionization age of the transmitted shock. The RSS
model also estimates all the parameters (and the spectrum) of the
reflected shock in a self-consistent way.

The global RSS model was used to fit 14 CCD spectra simul-
taneously. Fig. 2 shows that the RSS model is very successful in
representing the X-ray emission from SNR 1987A. Other fit results
are given in Table 1, Figs 3 and 4. One can see that some shock
parameters follow the same pattern as derived in previous analy-
ses (e.g. Park et al. 2006) but their values are derived now in the
framework of a (highly simplified) physical model. For example, the
average electron temperature in the blast wave decreases gradually,
while the mean electron temperature behind the transmitted shock
increases slightly. These results are consequences of the increasing
pre-shock density and the corresponding decreasing shock velocity,
which helps the electron—ion temperature equilibration. As Fig. 4
shows, the blast-wave EM increases smoothly at an accelerating
rate. In contrast, the EM of the transmitted and reflected shocks

increases suddenly for epochs after ~6200 (6000-6400) DAE in
coincidence with the steep upturn in the X-ray LC (Park et al. 2005)
and the decrease in the expansion velocity curve of SNR 1987A
(Racusin et al. 2009). This behaviour is probably a consequence
of the fact that the number of dense clumps overtaken by the blast
wave started to increase at those times. Future observations will
tell us about their distribution deeper in the equatorial ring. Also,
Fig. 4 shows the ionization ages (n.t) for each RSS component.
We note that the high values for the transmitted shock in the early
observations likely result from numerical uncertainties due to the
small contribution of this component to the total X-ray emission.
Thus, we consider these (n.t) values less reliable.

Note that on average the derived abundances have smaller values
than the ones derived from analysis of the grating data (Dewey et al.
2008; Zhekov et al. 2009). This result is likely an artefact of the
diminished resolution in the CCD spectra. Figs 5 and 6 show how
the RSS model matches the X-ray LC in the ‘soft’ (0.5-2keV) and
‘hard’ (3-10keV) energy bands. All the fluxes are from Park et al.
(2006) and Park et al. (2007). We see that the emission from the blast
wave dominated the soft X-ray LC until the turning point mentioned
above, ~6200 (6000-6400) DAE, after which time the emission
from the transmitted shock became dominated. On the other hand,
the blast-wave emission continued to dominate the hard X-ray LC
after the turning point, augmented by an increasing contribution
from reflected shocks.

Interestingly, the 0.5-2keV model flux, extrapolated back to
ROSAT times, matches those SNR 1987A fluxes as well. This
extrapolation assumes that at that time the entire X-ray emission
was formed in the blast wave. Therefore, the blast wave flux from
the first Chandra observation was scaled back with the EM of
the blast wave (EM o n’r?), which is known from the analytical
solution. This result gives us more confidence in the global RSS
model.

Fig. 3 shows that the average 8 (8 = T./T) for the blast wave
gradually increases as the shock velocity decreases. This behaviour
is similar to the one for the ratio of the electron and ion temperature
set at the shock front being reversely proportional to the Alfvén
Mach number of the shock (e.g. Ghavamian et al. 2001). The veloc-
ity evolution of the average 8 can likely be attributed to this fact as
well as to the increasing ionization age of the blast wave. However,
one should keep in mind that the actual physical picture is not that
simple, since any new gas parcel that is overtaken by the blast wave
does not follow exactly the evolution of the previous gas parcels
and has its own evolution instead.

Note also that the average S of the transmitted shock follows
exactly the same pattern as that for the blast wave. We regard this
result with caution; it might just be a coincidence that the values of
the two B’s are about the same since although relatively high the
velocity of the transmitted shock is considerably lower than that of
the blast wave.

Summarizing the basic results, we note that the global RSS model
provides a simple unified physical picture that can match the ob-
served expansion of the X-ray image as well as the X-ray LC and
spectral evolution of SNR 1987A. We are encouraged to believe
that by using the RSS model to analyse the data from the ongo-
ing monitoring of this object with Chandra we may deduce fur-
ther details, not only about CSM, but also about the kinematics
of the X-ray emitting plasma. Moreover, we are hopeful that the
information derived from the RSS model analysis of the X-rays
from SNR 1987A may be used in conjunction with observations at
other wavelength bands (e.g. radio, infrared) to further constrain the
model.

© 2010 The Authors. Journal compilation © 2010 RAS, MNRAS 407, 1157-1169
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Figure 2. The background-subtracted spectra of SNR 1987A overlaid with the model fits for the case with f,x = 13 000 DAE (see Section 5). Each panel is
marked by the DAE of the corresponding observation. All the spectra are rebinned to have a minimum of 50 counts bin~! but the observations at 4711 DAE

(20 counts bin~!) and at 5178 DAE (30 counts bin~!).

6 DISCUSSION

6.1 X-rays versus radio emission

X-rays from SNR 1987A are of thermal origin and they provide
us with direct information about the strong shocks in this ob-

ject. On the other hand, the radio emission from SNR 1987A
is NT synchrotron radiation (e.g. Staveley-Smith et al. 1992),
which requires two ingredients: relativistic electrons and a mag-
netic field. The relativistic electrons are assumed to be born
in strong shocks through the mechanism of diffusive shock ac-
celeration (DSA). Thus, the NT radio emission can provide

© 2010 The Authors. Journal compilation © 2010 RAS, MNRAS 407, 1157-1169

¥102 ‘0T AInc uo 10 w614 8%eds pleppoD YSVN 1 /Blo'sfeuinopioxo'seiuw//:diy wouy poapeojumoq


http://mnras.oxfordjournals.org/

1162  S. A. Zhekov et al.

Table 1. The RSS Model Results (CCD spectra).

x2/d.o.f. 1706/1473

Ny (102! cm™2) 2.234+0.05

H 1 1

He 2.57 2.57

C 0.09 0.09

N (1.63) 0.32 £ 0.04 0.56 [0.50-0.65]
0(0.18) 0.07 £ 0.01 0.081 [0.074-0.092]
Ne(0.29) 0.22 £ 0.01 0.29 [0.27-0.31]
Mg(0.32) 0.17 £ 0.01 0.28 [0.26-0.29]
Si(0.31) 0.26 +0.01 0.33 [0.32-0.35]
S (0.36) 0.36 + 0.02 0.30 [0.24-0.36]
Ar 0.537 0.537

Ca 0.339 0.339

Fe(0.22) 0.10 £0.01 0.19 [0.19-0.21]
Ni 0.618 0.618

Note: Results from the simultaneous fit to 14 CCD spectra of SNR 1987A.
The uncertainties are 1o errors from the fit. All abundances are expressed
as ratios to their solar values (Anders & Grevesse 1989). For comparison,
the inner-ring abundances of He, C, N, and O (Lundqvist & Fransson 1996)
and those of Ne, Mg, Si, S and Fe typical for LMC SNRs (Hughes, Hayashi
& Koyama 1998) are given in the first column in parentheses. The Ar, Ca
and Ni abundances are representative for LMC (Russel & Dopita 1992). The
derived abundances (with 90 per cent confidence interval in brackets) from
the analysis of the Chandra grating spectra (Zhekov et al. 2009) are given
in the third column.

4F 1
ns E
g w ]
R ﬁ P ]
£ : b s ;
A
E =
OE I I I ]
4000 5000 6000 7000 8000
Time (DAE)
8, 4
I ]
o ” ]
g [ SEEE —
= 4 i =
%2 : EE %E :
L t ]
oL i
o"‘ M I B ““““‘7
4000 5000 6000 7000 8000
Time (DAE)

us with additional details about the physical picture in
SNR 1987A.

An interesting question is whether the X-rays and NT radio emis-
sion originate from the same shocks. In what follows, we assume
that this is indeed the case, specifically, that the radio emission
comes from the blast wave in SNR 1987A. To explore this pos-
sibility, we adopt an approach similar to the one we took in the
analysis of the CCD X-ray spectra above. Namely, we adopt a sim-
ple model for the NT radio emission and derive some parameters
of the relativistic electrons involved in this process. Because it is
not possible to measure the magnetic field directly, we assume that
it is proportional to the density of the shocked plasma (frozen-in
conditions).

The LCs of SNR 1987A at four radio frequencies were taken from
Zanardo et al. (2010). Under the assumption that this is synchrotron
emission from relativistic electrons having a power-law distribution
in energy, the LCs were fitted simultaneously with a power-law
function whose normalization and power-law index are function of
time:

Fo(t) = Fo(t)vish, 3)

where vgy, is the radio frequency in GHz, Fy(z) is the flux at 1 GHz
in mJy and «(?) is the power-law index. The parameters Fy(¢) and
a(t) were characterized as a sum of Chebyshev polynomials of up
to the sixth power: Fy(t) = > a; Cheb;, a(t) = > b; Cheb;.
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Figure 3. Evolution of various shock parameters as derived from the global RSS model fit. Shown are the average electron temperatures for the blast wave,
transmitted and reflected shocks (see text for details). The lower right panel represents the ratio of the average electron to the mean post-shock temperature
for the blast wave (squares) and the transmitted shock (asterisks). For comparison, the blast wave velocity is denoted with dots and a dotted line, while the
velocity of the transmitted shock is depicted with dots and a dashed line. The error bars in the temperature plots are 1o errors from the fit. BW, TS and RS

stand respectively for the blast wave, transmitted and reflected shock.
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Figure 4. EM of the shock components as derived from the global RSS
model fit. BW, TS and RS stand respectively for the blast wave, transmitted
and reflected shock. The corresponding ionization ages are shown in the
inset figure of each panel.

We note that such a characterization allows deriving the power-law
index even if the data at different frequencies are not taken exactly
at the same time.

The fits to the radio LCs and the derived flux normalization ( Fp)
and power-law index («) are shown in Fig. 7. Note that the vari-
ations of the power-law index are similar to those derived in the
original analysis of these data (Manchester et al. 2002; Staveley-
Smith et al. 2007; Zanardo et al. 2010). Next we interpret these
results by considering the basic model (Bell 1978) for DSA of rel-
ativistic electrons and the theory of synchrotron emission (Rybicki
& Lightman 1979).

In the framework of the DSA model, the resultant relativistic par-
ticles have a power-law distribution in energy and the corresponding
power-law index is (equation 12 in Bell 1978)

2+ dw) + du@Ve/Vin — 1/Ma)

, C))]
(dyy — 1) — diu(Viy/ Vi + 1/ M)
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Figure 5. The soft X-ray LC of SNR 1987A from ROSAT and Chandra.
The data with error bars are from Park et al. (2007). Components of the
RSS model are marked with: asterisks (the blast wave); diamonds (the
transmitted shock); squares (the reflected shock). The solid line denotes the
extrapolation from the first Chandra observation back to the ROSAT times
under the assumption that all the X-ray emission is due to the blast wave
alone.
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Figure 6. The hard X-ray LC of SNR 1987A from Chandra. The data with
error bars are from Park et al. (2007). Components of the RSS model are
marked with: asterisks (the blast wave) and squares (the reflected shock).
The contribution of the transmitted shock is very low and thus it is out of
the shown range on the y-axis.

where dj, is the density jump at the shock front, Vg, is the shock
velocity, Vy, is the velocity of the turbulent waves downstream and
M, is the Alfvén Mach number of the shock. We note that for
strong adiabatic shocks (as expected in SNR 1987A), the density
jump is dj, = 4 for gas (plasma) with adiabatic index y = 5/3.
Thus, three limiting cases are possible: (i) shocks with large Alfvén
Mach number and turbulent waves which have quickly isotropized
(Vo K Vi, Ma > 1); (ii) strong shocks with similar turbulent
waves as above but with Alfvén Mach number not much larger
than unity (dj, = 4, Vw < Vi, Mo > 1) and (iii) strong shocks
with large Alfvén Mach number and turbulent waves that have not
isotropized yet (djy = 4, Viy/Vin 7 0; Ma > 1).

The corresponding results for these three limiting cases are shown
in the two upper panels of Fig. 8. We made use of the relation
between the spectral index of the resultant synchrotron emission
from relativistic electrons with a power-law distribution in energy,
o = —(p—1)/2 (Rybicki & Lightman 1979). In case (i), we see that
the density jump at the shock(s) in SNR 1987A is smaller than its
canonical value (dj, = 4) for strong shocks. This may indicate that
efficient particle acceleration influenced the hydrodynamic struc-
ture of the shock(s). If so, the derived values for the density jump
correspond to the subshock while the total compression (for the
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Figure 7. The radio LCs (pluses) of SNR 1987A (from Zanardo et al. 2010) and their model fits with equation (3) (solid line). The model parameters, flux
normalization at 1 GHz (Fp) and spectral index («) are shown in the bottom two panels. The dashed lines represent the corresponding 1o errors from the fit.
The rms from the entire fit is 3.9 mJy while its value for the individual frequencies is 4.8 mJy (1.4 GHz), 5.2 mJy (2.4 GHz), 2.8 mJy (4.8 GHz) and 2.4 mJy

(8.6 GHz).

downstream versus upstream gas) is greater than 4 (e.g. for the case
of SNR 1987A, see Berezhko & Ksenofontov 2006; Duffy, Ball
& Kirk 1995). In case (ii), we see that the Alfvén Mach number
has a tendency to increase with time. We note that the opposite is
expected if the blast wave penetrates further on in the Hu region
near the inner ring and the magnetic field is subject to the frozen-in
conditions (being proportional to the density). In case (iii), we see
that after an initial increase the turbulent waves velocity is decreas-
ing which may indicate that they evolve towards equilibrium — that
is they tend to isotropize with time.

On the other hand, the fits to the radio LCs of SNR 1987A tell
us the time evolution of the normalization for its flux (F,), which
in turn can be used to deduce some valuable information about
the relativistic electrons, magnetic field, etc. From equation (6.36)
in Rybicki & Lightman (1979) and for a distance of 50 kpc to
SNR 1987A we can write:

Fo = 4.272 x 101 "tV B TiTaCi(~2a)
o= 2(1 — a)

: &)

where Fj is in mly; nff,z is the total number density of the relativistic
electrons; V = V(¢) /Ve=(r/ RRing)3A is the volume occupied by
the shocked gas (and relativistic electrons), that is between the
blast wave and the contact discontinuity, in relative units and A =
Ar/r is the relative thickness of that volume; B is the magnetic
field strength in Gauss [B = By(n/ng) — frozen-in conditions, the
subscript 0 denotes parameters at the inner radius of the Hu region];
Co = (Rmmec/3e) x 10° = 119.119 is a constant (m., e are the
electron mass and charge, c is the speed of light, while the factor 10°

comes from using the radio frequencies in GHz); I'y = I'[(p/4) +
(19/12)] and I', = I'[(p/4) — (1/12)] as I is the gamma function.

Thus, from equation (5) and the fit results for the radio LCs, we
can derive the time evolution of the mean number density of rela-
tivistic electrons. We recall that the radius of the blast wave, and
the pre-shock density profile are those used in the fits to the X-ray
CCD spectra of SNR 1987A. The relativistic number density can
then be used to estimate the pressure of relativistic electrons in the
radio-emitting region. Fig. 8 presents results for a nominal set of
values for the pre-shock nucleon density and magnetic field at the
inner radius of the Hu region (ny = 100 cm™>, By = 1 mG) and
thickness (e.g. A & 0.1). We recall that the gas pressure behind the
shock is p, = 3/4po V2 (po = 1.6myn, for the SNR 1987A abun-
dances, m,, is the proton mass). We see that neither the pressure of
relativistic electrons nor the magnetic field pressure is a significant
fraction of the thermal gas pressure. This indicates that the model
of standard strong shocks can explain both the observed X-ray and
radio emission from SNR 1987A. Also, the small magnetic pressure
is a sign of large Alfvén Mach numbers, thus case (iii) mentioned
above seems a realistic option for the corresponding physical pic-
ture, and future observations will show us if this picture may evolve
to being intermediate between cases (ii) and (iii).

From equation (5) and the fit results for the radio LCs, we can
also estimate the time evolution of the total number of relativistic
electrons in the shock region and some related quantities. Namely,
the total number of particles is n\, V = N(t) = N(to) + N(1)(t —
ty), where N(z) is the time-averaged production rate of relativistic
electrons. Since the relativistic particles are accelerated at the shock
front and then injected into the post-shock region, we could also
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Figure 8. The radio LC fit parameters of SNR 1987A. Upper left panel: the Alfvén Mach number (solid line) and the density jump (dashed line). Upper right
panel: the turbulent velocity. Lower left panel: the time-averaged production rate of relativistic electrons (dashed line), the number density of the injected
relativistic electrons (solid line) and the blast wave velocity (dotted line) as all these are normalized to their maximum value for clarity. Lower right panel:
the ratios of the pressure of relativistic electrons (dashed line) and magnetic pressure (dotted line) to the thermal pressure behind the blast wave. See text for

details.

write: N(t) = N(to) + nDu> S At, where n{) is the number density
of the injected relativistic electrons, S is the shock surface (S o
[r/RRing]z) and according to the DSA model: u, = Vy/4 + V,
for strong shocks (Bell 1978). Fig. 8 presents the time evolution
of N(#) and n{") based on the fits to the radio LCs and for case
(iii). We see that after an initial steep increase of the newly born
relativistic electrons, their average production rate follows a gradual
decline. Note also that the number density of the newly injected
relativistic electrons, normalized to the local pre-shock density,
follows a similar pattern. We tentatively attribute this decline to
decreasing efficiency of particle acceleration in the decelerating
shocks. We believe that this behaviour may be an important clue
to the details of the particle acceleration mechanism that operates
in SNR 1987A. Such details might be helpful to build a physically
more sophisticated model of this system.

6.2 Overall consistency of the global RSS picture

As a further constraint on this picture and as a check on its internal
consistency, we can use the results from the fits to the CCD X-
ray spectra of SNR 1987A. Namely, the pre-shock nucleon number
density can be deduced from the EM of the blast wave and a density
jump for strong adiabatic shocks (dj, = 4). For distance of 50 kpc
to SNR 1987A the X-ray fits yield a nucleon number density at the
inner radius of the Hu region: ng x = (49.2 &£ 1)/+/sin6, cm™3,
where 0 is the opening half-angle of the inner ring (6 = 7t/2 gives
a complete spherical shell). Recall that we have a clear evidence
based on the spatial-spectral effects in grating spectra that the X-ray
emission in SNR 1987A is confined in the equatorial plane although
the opening angle of the X-ray emission region is not yet well
constrained (Zhekov et al. 2005, 2006; Dewey et al. 2008; Zhekov

et al. 2009). On the other hand, the triple-ring system observed
in the optical (Burrows et al. 1995) is solid evidence for a highly
asymmetric distribution of the CSM around the exploded star in
the centre of SNR 1987A. Although the origin of this asymmetry
is not yet well understood, the scenario of colliding stellar winds
that considers a spherically symmetric BSG wind impinging on to
an asymmetric RSG is probably the most realistic model so far.
Blondin & Lundqvist (1993) investigated this scenario in detail and
their ‘best’ model, which correctly predicts various parameters of
the circumstellar environment prior to the explosion of SN 1987A,
requires that 50 per cent of the RSG wind mass is collimated within
~10° from the equatorial plane. We thus see that the nucleon density
of the H nregion that is deduced from the analysis of the CCD X-ray
spectra is ng x = 118 4 2.5 cm™3. This value is consistent with the
one assumed for the estimates presented in Fig. 8.

From these considerations we conclude that the case of strong
adiabatic shock(s) is suitable for explaining both the X-ray and
radio emission from SNR 1987A and that further analysis of the
newly obtained data along the same lines might be indeed helpful in
building a realistic picture of this object. It is worth noting, though,
that this is indeed the case, provided the DSA of heavy particles
is not as efficient as the one for the electrons in SNR 1987A. For
example, if the relativistic protons gain the same amount of energy
from the blast wave as supplied into relativistic electrons, the pic-
ture will remain the same. But, if the DSA is very efficient and
produces relativistic protons [or nuclear cosmic rays (CRs)] and
electrons with similar densities, the total pressure of all the rela-
tivistic particles will be comparable to the thermal gas pressure and
the physical picture will be more similar to case (i) as described
above. We recall that in such a case the blast wave in SNR 1987A
will be affected by the feedback from the relativistic particles which
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will result in changed physical parameters in the post-shock region.
A self-consistent treatment of these effects is needed which is be-
yond the scope of this study. We only note that the kinematics of the
post-shock (X-ray emitting) plasma will be influenced most, thus
a continuing monitoring of the X-ray emission from SNR 1987A
with high spectral resolution (grating spectra) will be crucial in this
respect.

Some deceleration in the bulk gas velocities was found between
2004 and 2007 from the grating spectra with very good photon
statistics. The most important kinematic result from these data,
however, was the finding that the bulk gas velocities inferred from
the X-ray line profiles are too low to account for the post-shock
plasma temperatures derived from the spectral fits (Zhekov et al.
2005, 2006; Dewey et al. 2008; Zhekov et al. 2009). On the other
hand, if efficient DSA operates in SNR 1987A, the total gas com-
pression downstream from the shock front (i.e. in the X-ray emitting
region) will be greater than its canonical value (djy . > 4). Such a
result would imply that the bulk gas velocities in the space will be
greater: Vouk = (djuior — 1/dju,100) Ven (€.g. see also Chevalier 1983).
If so, the X-ray spectral lines would be broader, in conflict to obser-
vations. These considerations support our assumption that the DSA
in SNR 1987A is not very efficient.

This assumption gets additional support from the fact that the
X-ray spectrum of SNR 1987A is dominated by emission from
thermal plasma. Moreover, if, using the results from the fits to
radio LCs (Fy, ), we extrapolate the NT radio spectrum to X-rays
(equivalent to assuming efficient particle acceleration), the observed
flux in the 3—10keV energy band is smaller than the one expected
from relativistic electrons for the SNR 1987A age larger than 5,500
DAE. This result confirms that the DSA is not very efficient in
producing relativistic particles with very high energies.

In the analysis presented here, we have argued that the physical
picture in which the X-ray and NT radio emission from SNR 1987A
originate in one and the same shock structure is realistic and capable
of describing the observations. But, there is one important detail
that emerges from the analyses of the X-ray and radio images of
this object and needs more attention. If the picture adopted here is
correct, the LCs in X-rays and radio may differ, but the angular size
of SNR 1987A in these spectral domains must be about the same.
However, the image analyses so far indicate that the X-ray size
of SNR 1987A is consistently smaller than its radio size. Because
the object size is not measured directly but only after applying
image-analysis techniques, such a difference might be attributed
to the different methods used in analysing the X-ray and radio
images (Gaensler et al. 2007). On the other hand, a recent and more
elaborate analysis of the radio images of SNR 1987A (Ng et al.
2008) find that for times beyond 6000 DAE (6000-7600 DAE), the
radius of the radio remnant is greater than 0.83 arcsec, i.e. greater
than the radius of the inner ring (see their table 3). For the same
period of time, the X-ray remnant still lies within the equatorial ring
(Racusin et al. 2009).

Such an evolution of the radio size of SNR 1987A could be indeed
important since it may indicate that the blast wave has propagated
beyond the equatorial ring or the radio emission has some contri-
bution from regions above and below it. The former was concluded
by Ng et al. (2009) from their analysis of a single Chandra High
Resolution Camera image taken at 7736 DAE. They also derived
a larger X-ray radius of SNR 1987A compared to the results from
Racusin et al. (2009). But if this were the case, the radio (and or
X-ray) emission should have started to decline similarly to the ra-
dio (X-ray) evolution soon after the explosion when the supernova
ejecta was interacting with the BSG stellar wind. This is to be ex-

pected in the framework of the colliding stellar wind scenario for
the origin of the ring system in this object because the gas beyond
the inner ring is that produced by the wind of the RSG progeni-
tor of SNR 1987A. Therefore, the emission measure in radio and
X-rays must decrease with time (pre-shock number density will fol-
low 1/r? dependence). No indications of flux decline are seen both
in the radio and X-ray LCs (e.g. see Ng et al. 2008; Racusin et al.
2009; Zanardo et al. 2010). And in order to explore the possibility
for contribution from shocks above and below the equatorial plane,
we may need to change our currently used geometrical models.
Namely, models that assume deviation from a simple geometry of
a torus, equatorial belt, etc. might be a more realistic presentation
of the actual interaction of the blast wave with the inner ring. We
believe that the improving quality of the X-ray and radio data allow
us for adopting such models which in turn may provide us with
valuable details about the physics of the interaction phenomenon.

An interesting aspect of our study is about what we can expect
in the future, provided the physical picture adopted here is correct.
As mentioned earlier (see Section 3.1 and Fig. 1), the expansion
velocity curve is successfully fitted for density profiles that may have
different density contrast between the H i1 region and the maximum
density of the smooth component at the radius of the inner ring.
This results in a considerably different time (#,.x) when the blast
wave will reach the radius of the equatorial ring and the X-ray (as
well as the radio) emission will be at its maximum. We fitted all
14 CCD spectra simultaneously with the global RSS model for the
cases with #,,,x between 10000 and 15 000 DAE (with an increment
of a 1000 DAE). These fits had similar quality (x?> = 1696-1734)
as our basic case (f,,x = 13000 DAE) discussed here in detail. As
anticipated, it is not possible to discriminate between these cases
just based on the available data, and only future studies of the
expansion velocity curve and other X-ray properties will help us in
this respect. But it is worth mentioning that all these fits converge
in the following.

Since the absolute value of the EM of the blast wave is constrained
by the observed X-ray flux, in all the cases the nucleon number den-
sity near the inner radius of the H 11 region had values that are about
the same: 1y y &~ 100 cm~> (as before, we assumed an opening half-
angle of ~10°). From this it follows (see Fig 1) that the maximum
density of the smooth component will be ngin; = 10°~10* cm™ for
the cases with #,,,x between 10000 and 15000 DAE. On the other
hand, in all these cases we need to have dense clumps with about the
same typical number density (7ciump &~ 10* cm™) in order to match
the observed X-ray spectra. We note that the clump density (in fact,
its contrast to the smooth component) controls the properties of the
transmitted shocks (low-temperature plasma). Interestingly, an indi-
cation of similar pre-shock number density (~10* cm~) was found
also for the first hotspot discovered in the optical and UV. Using the
line ratios of various forbidden lines, Pun et al. (2002) showed that
the optical emission of Spot 1 comes from regions with densities of
ne ~ 10°cm™3 downstream radiative shocks that compressed the
pre-shock gas by a factor of >100. Thus, it seems conclusive that
the H 11 region consists of dense clumps with similar properties and
the density of its smooth component is not well constrained, but it
will be so depending on the time when the X-ray emission reaches
its maximum.

It is worth noting that although our global RSS model is success-
ful in matching both the expansion velocity curve of SNR 1987A
and the evolution of its X-ray emission, it neglects the role of the
reverse shock for the latter. In fact, the emission from the entire
two-slab region (see Section 2), that is of the shocked material be-
tween the forward and reverse shocks, is represented by the X-ray
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emission behind one fast shock: the evolving blast wave interacting
with dense clumps. The validity of this seems justified given the
good fits of our model to the X-ray spectra. So, it could well be that
the reverse shock produces unusually cool plasma, as it is a shock
going through an almost neutral medium, in which magnetic turbu-
lence, needed for collisionless shock heating, is damped. However,
there are enough uncertainties in our model, but also concerning the
general knowledge about collisionless shocks to remain cautious.
We only note that the physics of the reverse shock in SNR 1987A is
quite complicated to be addressed properly in a simplified physical
picture we have adopted in this work.

As indicated by the infrared observations (e.g. fig. 18 in Bouchet
et al. 20006) , the SN ejecta has become neutral already at times be-
fore the SNR 1987A reappearance in the radio and X-rays (~1000
DAE). On the other hand, detection of Ho and Lya emission from
the reverse shock (e.g. Michael et al. 2003; Heng et al. 2006) is a
clear sign for presence of both neutral and ionized species. Thus, the
reverse shock in SNR 1987A is not a standard collisional or colli-
sionless shock in plasma but instead its shock front likely consists of
arelatively broad transition zone where the ionization state changes
from neutral (pre-shock ejecta material) into ionized (compressed
ejecta plasma). As a result, it might well be that the electrons are not
pre-heated in the shock front and their temperature is determined
by the slow Coulomb collisions with protons and ions downstream
the reverse shock which may not result in strong X-ray emission.

But, there is an interesting transformation of the reverse shock
that we may witness in the near future. As suggested by Smith et al.
(2005), the rapidly increasing X-ray flux from SNR 1987A should
reach a level beyond which it will be capable of ionizing the neutral
gas before it crosses the reverse shock. When this happens, the broad
Ho and Lya emission will vanish and most importantly the reverse
shock will transform from its current state into a collisionless shock,
provided a magnetic field is present in the supernova ejecta.

The reverse shock transformation will have an interesting impact
on the radio emission from SNR 1987A as well. Manchester et al.
(2005) have suggested that the radio emission originates from the
region behind the reverse shock. Park et al. (2005, 2007) noted the
close similarity in the shape of the LCs in the hard X-rays and radio,
and suggested that they may have a common origin. But, no signs of
NT X-ray emission form SNR 1987A have been found so far, and
we argued here that the global RSS picture is capable of explaining
the radio and X-ray properties of SNR 1987A by assuming that the
radio emission originates from the region behind the blast wave and
not behind the reverse shock. On the other hand, once the supernova
ejecta gas has been ionized before entering the reverse shock, the
shock will become collisionless which will result in an efficient
DSA of relativistic particles. After that moment, we can expect a
more rapid increase of the NT emission from SNR 1987A.

We note that although this picture is only qualitative and thus
bears many uncertainties if it is correct, two observational evi-
dences should be found in the future that can serve as a test for its
validity. And it is important to note that these events must happen
almost simultaneously: (i) the broad He and Ly« emission from
SNR 1987A will vanish; (ii) there will be a turn-up in the NT radio
emission from this object.

6.3 SNR 1987A versus young SNRs

Many young SNRs (Cas A, Kepler, Tycho, SN 1006 and RCW
86) have been observed to contain NT X-ray emission (e.g. Allen,
Gotthelf & Petre 1999). These young remnants share other common
features: NT radio emission, signs of efficient (nuclear) CR accel-

eration and as a result from that they likely have amplified magnetic
fields (for a discussion see VOlk, Berezhko & Ksenofontov 2005;
Vink 2008). We note that the key signature of efficient DSA of
relativistic particles in these objects is the presence of NT X-ray
emission. As already mentioned (Section 6.2), SNR 1987A does
not have that (or it is very weak) and its X-ray spectrum is success-
fully represented by thermal emission from shock heated plasma as
analyses of both Chandra (Michael et al. 2002; Park et al. 2002,
2004, 2006; Zhekov et al. 2006, 2009) and XMM—-Newton (Haberl
et al. 2006; Heng et al. 2008) spectra have shown. This is also con-
firmed by our current analysis of the evolution of the Chandra CCD
spectra of SNR 1987A.

It is then suggestive that the lack of NT X-ray emission from
SNR 1987A could be a signature of inefficient DSA of relativistic
particles (protons and nuclear CR), and it might simply be explained
by the fact that SNR 1987A is very young. Actually, its age is more
than one order of magnitude smaller than that of the young SNRs
showing those common features mentioned above. We can speculate
that some time is probably needed before an SNR reaches a level
when the DSA becomes very efficient and SNR 1987A has not yet
entered that stage. On the other hand, old SNRs are not expected
to have strong NT X-ray emission since their shock velocities are
decelerating (e.g. Volk et al. 2005). This can be an alternative
explanation for the case of SNR 1987A that shows clear signs of
shock deceleration at times >5500 DAE (Racusin et al. 2009; see
also Fig. 1 and the lower right panel in Fig. 3). So, due to the
presence of the inner equatorial ring and its Hu region (a CSM with
increasing outward density), the very young object, SNR 1987A,
might mimic the evolution of old SNRs. But in either case, the fact
of missing (or very weak) NT X-ray emission probably indicates
inefficient DSA in SNR 1987A.

Thus, the assumption of not very efficient DSA was adopted in
our analysis here, which also means that the magnetic field strength
cannot be derived in a self-consistent manner as can be done for
young SNRs with NT X-ray emission (e.g. Volk et al. 2005). Due to
this, our estimates (see Section 6.1; also the lower panels in Fig. 8)
use some fiducial value for the magnetic field strength at the inner
radius of the Hn region, and we adopt the frozen-in conditions.
The latter means that the field strength increases deeper in the inner
ring. We note that in the interacting wind scenario, the origin of the
magnetic field is likely related to the global field of the progenitor
star during the BSG (and RSG) phase of its evolution. The value
adopted here (By = 1 mG) suggests that not a strong surface field
is required if the global structure of the stellar magnetic field was
according to the Parker’s model (Parker 1958).

We note that such weak magnetic fields are likely present in
massive hot stars and the clear sign for this is the NT radio emis-
sion detected from wide WR+O binaries (Dougherty & Williams
2000). This emission is identified with the colliding wind shock
region in these objects, and WR 140 and WR 147 are two classical
examples of those. Interestingly, there are no signs of NT compo-
nent in the X-ray spectra of these objects which are successfully
matched by thermal emission from plasma behind strong adiabatic
shocks (e.g. for WR 140, see Zhekov & Skinner 2000; Pollock et al.
2005; for WR 147 see Zhekov 2007; Zhekov & Park 2010). Thus,
a physical picture where strong adiabatic shocks produce thermal
X-rays and the corresponding DSA of relativistic particles is not
very efficient does not seem to be anything unique, and it might
well be a reasonable assumption for the current evolution stage of
SNR 1987A.

Finally, the ongoing monitoring of the X-ray emission from
SNR 1987A will be very helpful in further constraining the
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physical picture described here. First, the continuous brightening of
SNR 1987A will allow us to establish with higher certainty the level
of NT X-ray emission from this very young SNR. We note that if
strong (and increasing) NT emission is detected, it will require con-
siderable changes in the physical picture as we described it in this
work. Secondly, the data from the monitoring observations will also
provide us with detailed spectral information (grating data) that will
reveal the evolution of the kinematics of the X-ray emitting plasma.
We note that the RSS picture was proposed to explain the relatively
narrow spectral lines in the grating spectra of SNR 1987A. As seen
from Figs 5 and 6, the contribution from the reflected shock to the
total observed fluxes is not dominant even at times after 6000 DAE
which might be a deficiency from the poor spectral resolution in
CCD spectra. Upgrading the available CCD data base with grat-
ing spectra, having good quality and spanning over long enough
period of time, will allow us to test the global RSS model more
rigorously by confronting its predictions with the actual evolution
of the gas kinematics of the X-ray emitting plasma. This will also
justify amendments to the model by taking into account the X-ray
emission from the region behind the reverse shock. In turn, we can
further improve our understanding of the exciting phenomenon of
the birth of SNR 1987A.

7 CONCLUSIONS

In this study, we continued to explore the validity of the RSS pic-
ture in SNR 1987A. This picture assumes that the blast wave is
interacting with the Hu region in vicinity of the inner ring, and
when it encounters dense clump(s) a shock is transmitted into the
clump(s) and a reflected shock forms that additionally compresses
the shocked gas behind the blast wave. We adopted an improved
version of the reflected-shock model (global RSS model) to test the
RSS picture in SNR 1987A by making use of CCD spectra from
the monitoring program with Chandra. The main results from this
analysis are as follows.

(1) The global RSS model is capable of matching both the X-ray
expansion velocity curve (Racusin et al. 2009) as well as the X-
ray spectra of SNR 1987A over its evolution for the last 10 yr or
s0. Moreover, extrapolating back in time the X-ray flux, the model
is able to match the observed ROSAT fluxes from the time of the
supernova reappearance in X-rays (1000-3000 DAE).

(2) The evolution of the mean electron temperature behind the
shocks shows a decrease with time of the electron temperature in
the blast wave, while a slight increase with time is noticed for this
parameter in the transmitted shock. The mean ratio of the electron
to the mean plasma temperature is required to increase with the
decrease of the velocity of the blast wave.

(3) Atearly times, the soft (0.5-2 ke V) X-ray flux of SNR 1987A
was dominated by the blast wave but for times after ~6000 DAE
the transmitted shock became dominant. This transition coincides
with the steep upturn in the X-ray LC reported by Park et al. (2005).
Also, the EM of the hot plasma in the transmitted shock (as well as
in the reflected shock) is increasing steeper than that for the blast
wave for times after ~6400 DAE. All this is indicative of an ongoing
penetration of the blast wave deeper in the equatorial ring debris.

(4) Results from the X-ray analysis were used to explore the pos-
sibility that the X-rays and the NT radio emission from SNR 1987A
originate from the same shock structure (the blast wave). Using a
simplified analysis, it was shown that this can indeed be the case,
provided the particle acceleration mechanisms, that operate in the

shocks in SNR 1987A, are not very efficient in producing relativistic
particles with very high energies.

(5) As anext step, the global RSS model could be used to obtain
further constraints on the RSS picture in SNR 1987A by analysing
X-ray spectra with good spectral resolution once the available data
cover a long enough time interval of the SNR 1987A evolution.
We believe that this will allow us to improve our understanding
of the underlying physics and to build a more realistic picture and
model of this fascinating phenomenon: the birth and evolution of
SNR 1987A.
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