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Abstract

Based on continuing observations in the X-ray energy band using .

Following the spectral modellings of the

Broadband Spectra March 2018 HETGS : MEG +1 (Black) MEG -1 (Red) Si & Mg : Evolution of He-like to H-like Line Flux Ratios

Chandra X-ray Telescope, we present the latest evolution of the X- broadband X-ray spectrum of SN 1987A : Mg XTI | v sineiie ke
ray remnant of SN 1987A. We present a high—resoﬂ_ution i literature [e.g., 5,7], we perf()rm a : Nex Si X1l j | 2004 200 e
spectroscopic analysis using our latest deep (340 ks) Chandra HETG similar two NEI shock component model . ? | i |

observation in March 2018. We find significant changes in the fits for our new CXO data (March 2018) s |t 200

atomic X-ray line flux ratios (among S1 and Mg 10ns) over the last of 87A (Fig 1). 5 MEXT ] i 5 + *

decade or so, suggesting changes in the thermal conditions of the X- : : . 2018
ray emitting plasma. Changing electron temperatures and volume . All spectra from deep observations (day ~ ; W W ] . : : o
emission measures suggest that shocks moving through the inner 6300 to day ~11,300) were re-extracted o i o “ ;
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ring have started interacting with less dense CSM, probably beyond 7000 8000
the mner ring. We do not observe any clear evidence of abundance
enhancement yet, suggesting that X-ray emission from the reverse-

shocked ejecta is not yet significant. .

Background

SN 1987A, a core collapse supernova, was the nearest (d ~ 51 kpc
in the LMC) and hence apparently brightest supernova since
Kepler’s supernova (1604 AD).

Energy (keV)

and re-analyzed wusing the latest

calibration ( Chandra CalDB v4.8.5). Fig 2: Temporal evolution ( ~ 6500 to ~ 11,300

days) of He-like / H-like 1on line flux ratios of Si
and Mg

Fig 1: The 1%t order dispersed X-ray spectrum
[MEG +1 (black) MEG-1 (red)] of SN 1987A
based on our 340 ks Chandra HETGS observation

The He-like to H-like line flux ratio for tdken i1 March 2018,

Si and Mg considerably decline ( by
~40%) between day ~9000 (2011) and
day ~11,300 (2018) (Fig 2). Follow-up
observations from CXO can shed more
light on this trend.
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. Between 2011 and 2018, forbidden (F)
and resonance (R) lines from the He-like
triplets (e.g., S1 XIII & Mg XI) and the
Lya line from the H-like doublets (eg: Si
XIV & Mg XII) underwent significant
changes for both Si and Mg. Relative to
(F) and (R) lines, the Lya strengthened
for Si and Mg (day ~11,300 (2018)),
which results in the decreasing He-like /
H-like line flux ratios (Fig 3 & 4).
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* Owing to its proximity, SN 1987A can be detected and resolved
even ~30 years after explosion. Thus, 1t 1s a unique astrophysical
laboratory for the detailed study of the birth of a supernova
remnant and a neutron star.
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Fig 3 : 3a (Left) Si XIII and XIV lines detected in March 2011 (~ day 9000) ; 3b (Right ) Si XIIT and XIV lines
detected in March 2018 (~day 11,300). Soft component(blue), hard component(black) and the composite two
component model(red) show the models used for fitting data in 3a & 3b.
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* The excellent spatial and spectral resolution of the Chandra X-ray
Observatory (CXO) has been used to study the photometric,
morphological, and spectroscopic evolution of SN 1987A. We
have been observing SN 1987A roughly every 6 months for the
past 20 years (total 45 observations as of September 2019) as
part of our Chandra monitoring program [eg., 1, 2, 3, 6, 8, I

10] o Between 2004 and 2007, electron
temperatures for the soft component had 5 | | | H |

remained nearly stationary, while that for —— et ] 7o ey “ﬁfﬂﬁﬁm W

the hard component gradually decreased R :

(see Fig 5). We find that between 2011

and 2018, electron temperatures for the

soft component (KT ~0.7 keV) and hard

Mg XI + Mg X1l March 2018
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 We use the High Energy Transmission Grating (HETG) aboard
CXO to obtain high resolution dispersed X-ray spectrum of SN
1987A from which we can detect detailed atomic emission lines
(Fig 1). In particular, we performed our 5th deep (340 Kks)
spectroscopic observation with CXO HETGS in March 2018

to perform a detailed spectral study of the recent X-ray emission
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Fig 4 : 4a (Left) Mg XI and XII lines detected in March 2011 (~ day 9000) ; 4b (Right ) Mg XI and XII lines
detected in March 2018 (~day 11,300). Soft component(blue), hard component(black) and the composite two
component model(red) show the models used for fitting data in 4a & 4b.

: , component (KT ~2.4 keV) have

from 1987A, probably in a new evolutionary stage (as suggested increased by ~18% and ~25%, N 19874 « Eloctron Temberature Evorution N 19878 Electron Temmerature Rati

by [10]). respectively (Fig 5). it f:;?f::;::s:::::::,lft oo
* X-ray flux from 87A has been dominated by the shock interaction “ } | Z': as] | 2007

with the dense "inner ring", and it increased as the shock § : ! o N

approached and heated the dense clumpy circumstellar medium of ) The electron temperature ratio between i o CL { o 2018

the mnner ring at ~5000 days since the explosion (~2002) [2]. As hard and soft component emission | + }

the shock entered the main body of the inner ring at around 2004 stopped decreasing since 2011 (day e e . + }

(~6200 days since SN), the soft X-ray light curve (LC) showed a ~9000) (Fig 6). | 000 000 000 0000 11000 000 s000 s000 | 10000 11000

Fig 6 : Temporal evolution (~ 6500 to ~
11,300 days) of electron temperature ratio of
hard component to soft component. Plot
shows that the rate of “softening” has reduced
over five epochs.

sharp upturn [3]

Fig 5 : Evolution of electron temperature for
soft and hard shock components over five

° While between 2004 - 2011, the volume epochs from ~ 6500 to ~ 11,300 days.

emission measure (EM) ratio between
the soft and hard components had

 There was a deceleration 1in the expansion rate of the X-ray
remnant [6] at around 2004 (~6200 days since SN), consistent
with the interpretations for the shock entering the main body of

SN 1987A : Emission Measure Ratio SN 1987A : Emission Measure Evolution

the inner ring as suggested by the soft X-ray LC. After 2004, till stayed constant around 2, it has oL - P o * & Vi Shock componen

2016 (~10,500 days) this rate has stayed a constant at ~1600 km/s decreased by ~41% in our latest March { o 134

9]. 2018 observation. (Fig 7). This 1s due to 225 7o 2007 2011 L
the decrease of the soft component EM 1n ;oo ! } } %125 ++ | o1

« Thermal parameters and elemental abundances were derived from 2018 (while the hard component continues o . S |

spectral model fits of deep grating observations [e.g., 4,5,7]. The to increase) (Fig 8). 125 01

X-ray spectrum of 87A was fitted with two characteristic 1004 + 251 o

components - kT ~ 0.56 and 2.43 keV (e.g., March 2007 : day 000 800 000 10000 11000 000800 sono 10000 o

~7300), representing emission from shock interaction with high ° No significant abundance evolution Fig 8 : Evolution of volume emission

and low density CSM, respectively [7]. We call these the soft and

observed between days ~7,500 (2009)
and ~11,300 (2018).

Fig 7 : Temporal evolution (~6500 to ~11,300
days) of volume emission measure ratio
between soft and hard shock components.

measure for soft and hard shock components
over five epochs from ~6500 to ~11,300
days derived from best-fit normalization.

hard components, respectively.

* Based on the deep HETG 2007 and 2011 data sets, SN 1987A’s X-
ray spectra were modelled as the weighted sum of the non-
equilibrium-ionization (NEI) emission from two smmple 1-D
hydrodynamic simulations to reproduce all observed radii and
light curves [9].

Conclusions

* The latest evolution 1n the electron temperatures and volume emission measures for the soft and hard emission components
suggest that the shocks moving through the inner ring (which are responsible for most of the X-ray emission) have started
interacting with less dense CSM since 2011 ( day ~9000 ). Continuing observations would be crucial in setting the right

* In this work, we present the preliminary results from our . _
physical picture.

continuing X-ray study of 1987A, primarily based on our latest

deep Chandra data obtained in March 2018.
* There 1s a significant decrease in the He-like / H-like line flux ratios for S1 and Mg as observed 1n 2018 (day ~11,300).

Changing evolution trends of electron temperature for soft and hard component emissions, before and after 2011 (day ~9000)
have caused significant changes 1n the spectral shape around strong Si and Mg lines. These could be the primary drivers for the
changing line flux ratios, probably because of the changing density of electrons being shocked. The reverse shock moving
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