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X-Ray	Spectroscopy	of	Supernova	Remnants	
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SuperNova	Remnant	(SNR)	
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Hydrodynamic	simulaFons	
(Chevalier	&	Blondin	1995;		
Warren	&	Blondin	2013)	

Reverse	shock	
(heaFng	SN	ejecta)	

Forward	shock	
(heaFng	ISM)	

Thermal	emission	model	(by	Herman	Lee)	

©	CXC	

Chandra	image	of	SN	1572	

SNRs	are	usually	extremely	hot	(~107	K),	so	that	
they	can	efficiently	emit	X-rays.		The	X-ray	emission	
includes	a	number	of	lines	from	almost	all	
elements,	allowing	us	to	measure	elemental	
abundances	as	well	as	elemental	distribuFon.	

X-ray	observaFons	of	SNRs	can	directly	
test	SN	nucleosyntheFc/explosion	models.	
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Imaging	Spectroscopy	with	X-Ray	CCDs	

Vink	(2004)	

Chandra	view	

□	The	jets	are	rich	in	Si	(Not	Fe!).	
□	There	seems	to	be	inversion	of	Si	and	Fe	in	the	SE.	

Fe-L	 Fe-K	

X-ray	CCDs	allowed	for	detailed	spaFally-resolved	spectroscopy.	

1	

2	

3	
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Need	for	High-Res.	X-Ray	Spectroscopy	(E/ΔE>100)	
– Ejecta	dynamics	
•  ReconstrucFon	of	3D	ejecta	structures	

à	Explosion	asymmetries	&	NS	kicks	

– Collisionless	shock	physics	
•  Ti-Te	equilibraFon		
•  Cosmic-ray	acceleraFon	

– Plasma	diagnosFcs	
•  Thermodynamic	parameters	
•  New	radiaFve	processes		

– ComposiFon	measurements	
•  Odd-Z/neutron-rich	elements	
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Suzaku	XIS	(E/ΔE	~	20)	
Model	spectrum	
à	Need	for	higher	resoluFon!	
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High-ResoluGon	Spectroscopy	with	Hitomi	
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□	「ASTRO-H」 à	「Hitomi」:		
-  The	6th	Japanese	X-ray	astronomy	satellite	
-  Successfully	launched	on	2/17	
-  Lost	its	ground	contact	on	3/26	
	
□	X-ray	micro-calorimeter	(SXS):	
-  E/ΔE:	~200@1keV	

(Non-dispersive!)	
-  SpaFal	resoluFon:	1’	
-  FoV:	3’x3’	(6x6	array)		
-  Dynamic	range:		

0.2-10	keV	

©	ASTRO-H	

©	ASTRO-H	

Astronomy	Picture	of	the	Day	
(2016-02-18)	©	F.S.	Porter	

Telescope	

SXS	
HXI	
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GraGngs	onboard	XMM-Newton	&	Chandra	
XMM-Newton	(RGS) 	 									Chandra	(H/LETG)	

ReflecFon	graFng		
Slitless	à	DegradaFon	in	λ resoluFon:		
		Δλ	~	0.13	*	Δext(arcmin)	Å	
		Δextmin(spaFal	resoluFon):	0.25’		
(E/ΔE	~	200	@1keV;	cf.	E/ΔE	~	20	for	CCD)	

den	Herder	et	al.	(2001)	 Canizares	et	al.	(2005)	

Transmission	graFng	
Slitless	à	DegradaFon	in	λ	resoluFon:		
		Δλ	~	0.67	*	Δext(arcmin)	Å	
 Δextmin	(spaFal	resoluFon):	0.01’		

RIKEN-SESCUE	Seminar@RESCUE	2016/07/26	 6	

Strong	for	relaFvely	large	sources	
(a	few	arcmin	size	is	OK)	

Strong	for	small(”)-scale	features	complementary	
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High-Res.	X-Ray	Spectroscopy	(E/ΔE>100)	
– Ejecta	dynamics	
•  3D	ejecta	structures	

à	Explosion	asymmetries	&	NS	kicks	

– Collisionless	shock	physics	
•  Ti-Te	equilibraFon		
•  Cosmic-ray	acceleraFon	

– Plasma	diagnosFcs	
•  Thermodynamic	parameters	
•  New	radiaFve	processes		

– ComposiFon	measurements	
•  Odd-Z/neutron-rich	elements	
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Suzaku	XIS	(E/ΔE	~	20)	
Model	spectrum	
à	Need	for	higher	resoluFon!	
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Good	Targets	to	Reveal	Ejecta	Dynamics	

•  GalacFc	(so-called)	Oxygen-rich	SNRs	
		 Cassiopeia	A	(~340	yr	old) 	G292.0+1.8	(~3000	yr	old) 	Puppis	A	(~4500	yr	old)		

RIKEN-SESCUE	Seminar@RESCUE	2016/07/26	 8	

3	arcmin	(d~5	pc)	 5	arcmin	(d~9	pc)	 50	arcmin	(d~30	pc)	

Very	small-scale	(”-scale)	knots	are	
suitable	for	the	Chandra	HETG.	

Small-scale	(’-scale)	knots	are	
suitable	for	the	XMM-Newton	RGS.	
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Cassiopeia	A:	NS	Kick?	

Fesen	et	al.	(2006)	

Red:	[N	II]	
Green:	[O	II]	
Blue:	[S	II]	

Proper	moFon	of	the	knots	

□	OpFcal	fast-moving	knots	
Chandra	view	

Expansion	center	

The	NS	is	displaced	from	the	
expansion	center,	suggesFng	a	kick.	

□	Neutron	star	
Center	of	expansion	

V	~	330	km/s?	(proper	moFon	not	yet	measured)	
RIKEN-SESCUE	Seminar@RESCUE	2016/07/26	 9	
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Spectroscopy	with	the	Chandra	HETG	

分
散

軸
	

Lazendic	et	al.	(2006)	

Blue-shixed!	

RIKEN-SESCUE	Seminar@RESCUE	2016/07/26	 10	

Dispersion	axis	

Doppler	velocity:	
-2600±70	km/s		
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Doppler	VelociGes	!	3D	Structure	

Lazendic	et	al.	(2006)	

DeLaney	et	al.	(2010)	added	Fe	(X-
ray)	as	well	as	Ar	data	(infrared).	

Line	of	sight	

Line	of	sight	locaFons	of	21	knots		
measured	by	Si	K	lines	

RIKEN-SESCUE	Seminar@RESCUE	2016/07/26	 11	

Red:	Infrared	Ar	II	
Black:	X-ray	Si	
Green:	X-ray	Fe	K	
Peach:	Fiducial	RS	

à Vcenter	=	+589	km/s	
(CCO’s	velocity	is	unknown)	

The	center	of	the	
fi|ed	sphere.	
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G292.0+1.8	
Chandra	view		
Red:	O	&	Ne	IX	
Green:	Ne	X	
Blue:	Si	&	S	

□	Fast-moving	knots	in	opFcal	

Neutron	star	
&	its	wind	nebula	

Winkler	et	al.	2009	

Park	et	al.	2007	

RIKEN-SESCUE	Seminar@RESCUE	2016/07/26	 12	

□	NS	displacement	

450	km/s?	
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High-Res.	X-Ray	Spectroscopy	with	HETG	

2016/07/26	 RIKEN-SESCUE	Seminar@RESCUE	 13	

Bhalerao	et	al.	(2015)	

□	The	ejecta	are	biased	to	the	near	side.	à	Asymmetric	explosion?	
□	The	ejecta	distribuFon	suggests	RRS/RFS	~	0.5.	
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Puppis	A:	
Recoil	between	Ejecta	and	NS	
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O-rich	and	S-rich	FMKs	
Blue:	[O	III]	
Green:	[S	II]		
Red:	Hα	

Winkler	&	Kirshner	1985;	Garber	et	al.	2010	

X-ray	view	(ROSAT)	

NS	

□	One-sided	O-rich	fast-moving	knots	
□	A	recoiling	(fast-moving)	neutron	star	

Fast-moving	NS	

The Astrophysical Journal, 755:141 (7pp), 2012 August 20 Becker et al.

incorporated all the current wisdom regarding telescope and
instrument performance.

The fitted X-ray positions of RX J0822−4300 (labeled as NS)
and that of the three fiducial reference stars are listed for each
of the four observations in Table 3, along the respective HRC
counting rates.

2.2. Transformation to the World Coordinate System (WCS)

In order to determine the position of RX J0822−4300 relative
to the three reference stars we assume a linear transformation
with four free parameters: translations in right ascension, tRA,
and in declination, tDecl, a scale factor r, and a rotation of the
detector θ . The transformation can be expressed in the following
way:

⎛

⎜⎝

xA −yA 1 0
yA xA 0 1
xB −yB 1 0
yB xB 0 1

⎞

⎟⎠

⎛
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⎞

⎟⎠ =

⎛
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B

⎞

⎟⎠ , (1)

where xi, yi is the x-, y-positions of star i in the HRC image at
epoch T and x ′

A, y ′
A are the corresponding optical coordinates

of star i. These coordinates are given by the UCAC3 catalog
and are corrected for proper motion (see Tables 2 and 3). We
used stars A and B to calculate the transformation and star C to
verify the resulting parameters. Multiplying Equation (1) with
the inverse of the matrix leads to the missing parameters tx, ty,
r, and θ . The position of RX J0822−4300 at epoch T can then
be calculated straightforwardly by the following equation:

(
x ′

NS
y ′

NS

)
=

(
r cos θ −r sin θ
r sin θ r cos θ

)(
xNS
yNS

)
+

(
tRA
tDecl

)
. (2)

Calculating the transformation gives a rotation angle θ of
−0.◦061(31), 0.◦076(28), −0.◦018(27), and 0.◦000(29), and a
scale factor r of 1.00059(60), 1.00182(52), 1.00044(40), and
1.00033(45) for the epochs 1999.97 (HRC-I), 2001.07 (HRC-S),
2005.31 (HRC-I), and 2010.61 (HRC-I), respectively (numbers
in parentheses represent the uncertainty in the final digits). The
values of r and θ for the HRC-I observations match within the
1σ error and are significantly smaller than these for the HRC-S
observation. tRA and tDecl used in the translations of the position
of RX J0822−4300 from the image to the world coordinate
system are all below 0.′′5. Indeed, the largest shift is 0.′′29 for the
y-coordinate in the 2010 HRC-I observation. The positions of
the neutron star in the four epochs are listed in Table 4.

To estimate the error in the coordinates of RX J0822−4300,
we used the Gaussian elimination algorithm to solve
Equation (1) for tx, ty, r, and θ . We then inserted these pa-
rameters into Equation (2). This results in equations for x ′

NS
and y ′

NS that depend only on values with known errors: xA, yA,
xB, yB, x ′

A, y ′
A, x ′

B , y ′
B , xNS, and yNS. The uncertainties in these

two neutron star coordinates at each epoch can then be derived
through straightforward error propagation:

σx ′
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=
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∂x ′
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∂xA

)2

σ 2
xA

+
(

∂x ′
NS

∂yA

)2

σ 2
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+ · · ·

+
(
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)2

σ 2
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]1/2

. (3)

The same formula is applicable for σy ′
NS

. The corresponding
values are listed in parentheses in Table 4.

2010

2005

1999

1 arcsec

Figure 2. This enlargement of the immediate region of RX J0822−4300 shows
the data from all three HRC-I epochs (after alignment to a common coordinate
system) in different colors. The neutron star’s motion is apparent.

To check the robustness of our results we applied several
cross-checks. We first repeated the transformation using the
fiducial points B & C rather than A & B. The positions of
RX J0822−4300 obtained this way are also listed in Table 4
for comparison. As can be seen, they have larger errors than
using the reference stars A & B (because star C has only a
few counts at each epoch) but match the other positions within
the 1σ uncertainty range. Using the combination of stars A
& C rather than A & B leads to large errors, as A and C are
located quite close to one another and are in approximately the
same direction relative to RX J0822−4300. In a third test, we
calculated the position of RX J0822−4300 by applying only a
two-dimensional translation of the four images. We weighted
the shifts of the three reference stars inversely as the variance
and calculated their mean for every epoch. The results for the
position of RX J0822−4300 differ for the HRC-I observations
by at most 0.4 pixels from the ones calculated according to
Equation (1). For the HRC-S image the difference in x is
≈1 pixel, though this is mainly due to systematic offsets between
the HRC-S and HRC-I detectors. This is also seen if we compare
the scale factors and rotation angles that we computed for the
HRC-I and HRC-S observations.

2.3. The Proper Motion of RX J0822−4300

To measure the proper motion of RX J0822−4300 over a
baseline of 3886 days, we used all four positions obtained from
the observations between 1999.97 and 2010.61 and fitted a linear
function to x ′

NS(T ) and y ′
NS(T ) separately:

x ′
NS(T ) = µxT + constx, (4)

y ′
NS(T ) = µyT + consty. (5)

In these fits the projected proper-motion coordinates µx

and µy were taken as free parameters for which we find
µRA = −64 ± 12 mas yr−1 and µDecl = −31 ± 13 mas yr−1,

4

V	~	700	km/s	
Becker	et	al.	2012	

Proper	moFons	of	fast-moving	ejecta	knots	
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Searching	for	Ejecta	with	X-Ray	CCDs	

2016/07/26	 RIKEN-SESCUE	Seminar@RESCUE	 15	

SK	2008	PhD	thesis	
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Discovery	of	X-Ray	EmiZng	Ejecta	

2016/07/26	 RIKEN-SESCUE	Seminar@RESCUE	 16	

Mostly	ISM.		But,	we	do	find	ejecta	which	are	
concentrated	in	the	NE.	à	Asymmetric	explosion	
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RGS	ObservaGon	of	the	Ejecta	

2016/07/26	 RIKEN-SESCUE	Seminar@RESCUE	 17	

XMM	RGS	dispersion
	direcFon	

Knot	

ObservaFon	date：2012-10-20	
Exposure	Fme：21	ks	

Chandra	view	
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RGS	Spectra	
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Knot	 Filament	

Reg	A	 -1290±60	km/s	 690±90	km/s	

Reg	B	 -1440±60	km/s	 570±90	km/s	

Reg	C	 -1590±60	km/s	 660±90	km/s	

Reg	D	 -1560±60	km/s	 720±90	km/s	

Doppler	velociFes:	

Doppler	shixs		
Knot:	-1500	±	200	km/s		
Filament:	+650	±	130	km/s	

SK	et	al.	(2013)	

O	Lyα	 O	Heα	
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Line-of-Sight	LocaGon	of	the	SN	Debris	

2016/07/26	 RIKEN-SESCUE	Seminar@RESCUE	 19	

Knot	

Filament	

4.4	pc	

X-ray	image	taken	from	
Dubner	et	al.	(2013)	

Expansion	center	

Knot	

Filament	

Line	of	sight	

6.1	pc		
(1500	km/s×4000yr)		

2.6	pc		
(650	km/s	×	4000yr)		

*	
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The	Micro-X	Sounding	Rocket	Program	

Heine	et	al.	2013;	
Figueroa-Feliciano	et	al.	2012	

RIKEN-SESCUE	Seminar@RESCUE	2016/07/26	 20	

□	TES-type	micro-calorimeter	
□	to	be	launched	in	2014	summer	

Just	launched	on	July	6th	in	2016!	
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High-Res.	X-Ray	Spectroscopy	(E/ΔE>100)	
– Ejecta	dynamics	
•  3D	ejecta	structures	

à	Explosion	asymmetries	&	NS	kicks	

– Collisionless	shock	physics	
•  Ti-Te	equilibraFon		
•  Cosmic-ray	acceleraFon	

– Plasma	diagnosFcs	
•  Thermodynamic	parameters	
•  RadiaFve	processes		

– ComposiFon	measurements	
•  Odd-Z/neutron-rich	elements	
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Suzaku	XIS	(E/ΔE	~	20)	
Model	spectrum	
à	Need	for	higher	resoluFon!	
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RGS	Spectroscopy	of	SN	1006	NW	Knot	

L32 SLOW TEMPERATURE EQUILIBRATION Vol. 587

TABLE 1
Best-Fit NEI Model

Parameter Northwestern Bright Knot

kTe (keV) . . . . . . . . . . . . . . . . . . . . . . . 1.5 ! 0.2
net (#109 cm!3 s!1) . . . . . . . . . . . . 2.35 ! 0.07
N . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.25 ! 0.09
O . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.48 ! 0.04
Ne . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.14 ! 0.02
Mg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.56 ! 0.14
Si . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.6 ! 0.5
nHneV/4pd2 (#1011 cm!5) . . . . . . 1.9 ! 0.2

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .2x /n 324/169

Note.—The absorption column density was fixed to 6.8#
cm!2 (Dubner et al. 2002). Abundances are given with2010

respect to the cosmic abundances of Anders & Grevesse (1989);
errors were calculated using (90% confidence).2Dx p 2.7

Fig. 1.—Left: XMM-Newton image of SN 1006 in the energy range 0.50–0.61 keV, which is dominated by O vii line emission (based on four different
observations). The area contributing to the RGS spectra is indicated by the two lines. Right: O vii emission profile along the dispersion direction of the RGS
(based on a combination of EPIC and Chandra data). The inset shows the profile of the bright northwestern knot (Chandra).

The extended emission from SN 1006 means that the stan-
dard response matrices had to be convolved with the spatial
emission profile displayed in Figure 1, with an attenuation due
to off-axis telescope vignetting.
The bright knot has a spatial width of 0!.4 (FWHM), which

gives an apparent spectral broadening of ÅDl p 0.05
(FWHM) or at 21.6 Å. The intrinsic resolutionl/Dl p 430
of the RGS is Å (den Herder et al. 2001). As theDl p 0.06
knot is compact and close to the edge of SN 1006, it is unlikely
that any measurable broadening is due to bulk motions along
the line of sight.
XMM-Newton also has CCD cameras behind each of its three

mirrors, called the European Photon Imaging Camera (EPIC).
We use the spectra extracted from the EPIC data to measure
the electron temperature and abundances. All standard data
reductions and response matrix calculations were done with
SAS, version 5.3.3. Background spectra for the EPIC data were
taken from a region outside SN 1006 but close to the center
of the field. As RGS background spectra we used archival data

of targets with no apparent line emission, such as gamma-ray
bursts.

3. THE ELECTRON AND ION TEMPERATURES
IN THE NORTHWEST OF SN 1006

The measurement of the nonequilibration of the electron and
ion temperatures requires the measurement of both the ion
temperature, here oxygen temperature, and the electron tem-
perature. The electron temperature is in this case most accu-
rately measured from the spectral continuum shape observed
with the EPIC CCD spectra, as the low-ionization timescales
in SN 1006 make the available line ratios only weakly tem-
perature dependent. The EPIC spectra from the northwestern
knot were fitted with the SPEX nonequilibration ionization
(NEI) code (Kaastra et al. 1996). As the knot is relatively
compact, temperature and ionization gradients are probably of
minor importance. The plasma parameters obtained by fitting
the spectra indicate and keV, higherlog n t p 9.4 kT ∼ 1.3–1.7e e

than the keV reported by Long et al. (2003) basedkT ∼ 0.7e

on Chandra data. Note, however, that the Chandra spectra have
a lower spectral resolution and currently have more calibration
problems. Moreover, as there are two different kinds of EPIC
instruments, we were able to verify the consistency of the re-
sults (Fig. 2).
Nevertheless, the measured kTe is substantially lower than

the keV expected for a fully equilibrated plasma butkT ∼ 20e

still higher than that expected from Coulomb equilibration
alone behind a 3000 km s!1 shock. Figure 3 shows the predicted
kTe against net for current observations of the SN 1006 knot,
as well as the various ion temperatures. Our fitted net corre-
sponds to plasma shocked 200–300 yr ago, which is predicted
to have eV. Hence, we infer a small degree of col-kT p 600e

lisionless electron heating (around 5% of the shock energy, i.e.,
; see Ghavamian et al. 2001) consistent with opticalT /T ∼ 0.1e p

and UV observations (Ghavamian et al. 2002; Laming et al.Vink	et	al.	(2003)	
Emission	profile	

Chandra	image	

Knot	 Knot	

Knot’s	size	~	0.4’	(FWHM)	
à	RGS	spectral	resoluFon	for	O	VII	~	3	eV	

NW 	 												SE	

RIKEN-SESCUE	Seminar@RESCUE	2016/07/26	 22	

Chandra	view	
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Temperature	NonequilibraGon:	TO	VII	>>	Te!		

No. 1, 2003 VINK ET AL. L33

Fig. 2.—EPIC-CCD spectra of the bright knot in the northwest of SN 1006.
The solid line is the best-fit single NEI model (see Table 1). The top spectrum
is the EPIC-PN (times 5); the bottom spectrum is the combined EPIC-MOS
spectrum.

Fig. 3.—Expected relation between net and electron and ion temperature
based on a shock history model for the SN 1006 blast wave (Truelove &
McKee 1999; Laming 2001).

Fig. 4.—Left: RGS1 spectrum showing O vii and O viii line emission with line emission modeled by broadened Gaussian-shaped lines. Right: O vii triplet.
The solid line indicates the best-fit model with thermal Doppler broadening. The dotted line shows the best-fit model without broadening. The residuals are shown
as a connected line and plus signs, respectively.

1996) of SN 1006 and with observations of high Mach number
shocks in other supernova remnants such as Tycho (Ghavamian
et al. 2001) and SN 1987A (Michael et al. 2002).
The spectra are dominated by line emission from O vii; the

other line complexes are, however, not from helium-like stages
of Ne, Mg, and Si, as identified by Long et al. (2003), but from
lower ionization stages. For instance, the EPIC spectra show
consistently that the Mg line centroid is keV,1.33! 0.01
whereas the Mg xi line centroid is 1.35 keV. The Si line centroid
is keV, which differs significantly from the Si xiii1.80! 0.01
centroid of 1.85 keV. Instead, these centroids indicate ionization
stages around Mg ix and Si ix. The Ne centroid, as determined
from the RGS2 spectrum, indicates keV, con-0.900! 0.004
sistent with Ne vii. These centroids provide clear evidence for
extreme NEI conditions for the northwestern knot and corrob-
orate the measured net value.
The RGS1 spectrum (Fig. 4) shows that the emission around

0.66 keV is dominated by O vii Heb emission (O viii Lya :
O vii Heb ! 1 : 1.6). Ne is detected in the RGS2 spectrum,
but Mg and Si are too weak for the RGS instruments. No

evidence for Fe xvii line emission is seen at 15.01, 16.78, 17.0,
or 17.10 Å, presumably because Fe has not yet reached the
Fe xvii charge state.
In order to measure the ion temperature through the thermal

Doppler broadening, we fitted the RGS1 spectrum in the range
21.0–22.3 Å, dominated by oxygen line emission, with six ab-
sorbed Gaussians and a bremsstrahlung continuum with kT pe

keV fixed to the continuum outside the fitted range (1.5 N pH
cm!2; Dubner et al. 2002). The six Gaussian com-206.8# 10

ponents had centroids fixed at the energies of the bright O v,
O vi, and O vii lines. The ratios of those lines were fixed ac-
cording to calculationswith the FlexibleAtomicCode (Gu 2002),
for keV and a grid of net-values betweenkT p 1.5 log n t pe e

and 9.4. The line broadening was taken to be proportional9.0
to the line energies. Spectral fitting was done with the spectral
fitting package XSPEC (Arnaud 1996). This allowed us to use
the C-statistic, which is the maximum likelihood statistic appro-
priate for Poisson noise (Cash 1979).
The best fits corresponded to with a maximumlog n t p 9.18e

likelihood statistic of for 104 data bins, with a possibleC p 93.6
range of . This is somewhat lower but ar-log n t p 9.04–9.30e

Do|ed	line:	emission	model	w/o	broadening		
Solid	line:	emission	model	w/	thermal	broadening		

σ  (O	VII)	=	3.4	±	0.5	eV		
kTO	=		530	±	150	keV		
kTe	=	1.5	keV	
To	>>	Te	!	
(Vink	et	al.	2003;	see	also	
Broersen	et	al.	2013)	

O	Heα	

forbidden	resonance	
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Coulomb	EquilibraGon	(+	Collisionless	HeaGng)	
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SK	&	Tsunemi	(2014)	
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High-Res.	X-Ray	Spectroscopy	(E/ΔE>100)	
– Ejecta	dynamics	
•  3D	ejecta	structures	

à	Explosion	asymmetries	&	NS	kicks	

– Collisionless	shock	physics	
•  Ti-Te	equilibraFon		
•  Cosmic-ray	acceleraFon	

– Plasma	diagnosFcs	
•  Thermodynamic	parameters	
•  New	radiaFve	processes		

– ComposiFon	measurements	
•  Odd-Z/neutron-rich	elements	

RIKEN-SESCUE	Seminar@RESCUE	2016/07/26	 25	

Suzaku	XIS	(E/ΔE	~	20)	
Model	spectrum	
à	Need	for	higher	resoluFon!	
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RGS	ObservaGons	of	ISM-Dominated	Regions	in	
																																																					The	Puppis	A	SNR	
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E1	

East	

E2	
E3	E4	

SK+2012	

Emission	profiles	

Narrow	&	bright	à	Good	for	RGS	

RGS	dispersion	

Dubner	et	al.	(2013)	
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The	Northern	Knot	
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Forbidden	and	resonance	are	clearly	resolved!	

Thermal	emission	model	reasonably	reproduces	the	data.	w/	vpshock	
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Surprise	from	the	Eastern	Knot	
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Forbidden	>	Resonance!	

Thermal	emission	model	can	not	reproduce	the	f/r	raFo.	
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PossibiliFes	to	explain	the	data:		
-  resonance	line	sca|ering		
-  recombinaFon	
-  charge	exchange	 Our	proposal	

SK	et	al.	(2012)	
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0.00000 0.00029 0.00058 0.00087 0.00115 0.00144 0.00173 0.00202 0.00231 0.00260 0.00288

Another	Example:	The	Cygnus	Loop	
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Narrow	enough	
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N VIβ

Uchida,	SK	et	al.	in	prep.	

Again,	forbidden	is	stronger	than	resonance!	

O Heα 

x, y 
w z 

f/r	(=z/w):	~	1.8	
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High-Res.	X-Ray	Spectroscopy	(E/ΔE>100)	
– Ejecta	dynamics	
•  3D	ejecta	structures	

à	Explosion	asymmetries	&	NS	kicks	

– Collisionless	shock	physics	
•  Ti-Te	equilibraFon		
•  Cosmic-ray	acceleraFon	

– Plasma	diagnosFcs	
•  Thermodynamic	parameters	
•  New	radiaFve	processes		

– ComposiFon	measurements	
•  Odd-Z/neutron-rich	elements	
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Suzaku	XIS	(E/ΔE	~	20)	
Model	spectrum	
à	Need	for	higher	resoluFon!	
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The	Circumstellar	Medium	in	Kepler’s	SNR	
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Energy	(keV)	
N	Lyα	 O	Heα	

The	N	abundance:	~4	Z◉	à	CNO-processed	CSM	
The	CSM	mass:	~1	M◉		
Mass-loss	rate:	~	1.5e-5	M◉/yr	

	(SK,	Mori,	Maeda,	Tanaka	et	al.	2015)	

3	arcmin	

RGS		XIS	
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Summary	
•  X-ray	observaFons	of	supernova	remnants	
provide	us	with	important	opportuniFes	to	test	
SN	nucleosyntheFc/explosion	models.	

•  High-resoluFon	X-ray	spectroscopy	has	long	been	
an	anFcipated	discovery	space	especially	for	
diffuse	sources	such	as	SNRs	and	galaxy	clusters.	

•  The	cu�ng-edge	research	has	been	explored	by	
graFng	spectrometers	onboard	XMM-Newton	
and	Chandra.	

•  We	do	hope	Hitomi-2	mission,	but	it’s	also	
important	to	conFnue	graFng	spectroscopy.	
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