
High-Resolu,on	Hα	Spectroscopy	of	
Balmer-Dominated	Shocks	in	

Supernova	Remnants	
Satoru	Katsuda1,		

Keiichi	Maeda2,3,	Yutaka	Ohira4,	Yoichi	Yatsu5,	Koji	Mori6,	Wako	Aoki7,	Kumiko	
Morihana8,	John	Raymond9,	Parvis	Ghavamian10,	Jae-Joon	Lee11,	Jiro	Shimoda4,	

Ryo	Yamazaki4,	Masaomi	Tanaka7,	Tomoki	Morokuma12,	Hidetoshi	Sano13		

1.	Chuo	U.;	2.	Kyoto	U.;	3.	IPMU;	4.	AGU;	5.	Tokyo	Tech.;	6.	U.	Miyazaki;		
7.	NAOJ;	8.	NHAO;	9.	CfA;	10.	Towson	U.;	11.	KASI;	12.	U.	Tokyo;	13.	Nagoya	U.	

Katsuda,	et	al.	2016,	ApJL,	819,	L32	



Balmer-Dominated	(BD)	Shock	
•  Rela,vely	fast	(>100	km/s)	shock	seen	in	~10	SNRs.		
•  Presence	of	strong	Hα	lines	with	broad	+	narrow	components.		

à	The	shock	must	propagate	into	(par,ally)	neutral	gas.	
•  Absence	of	(or	licle)	forbidden	lines	from	metals.	

à	The	plasma	is	not	recombining	but	ionizing.	
•  BD	shocks	are	the	only	sites	to	see	fast	SNR	shocks	in	op,cal.	

BD	shock	(V~5000	km/s)	

Hα	image	of	SNR	0509	in	LMC	 Hα	line	profile	
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I. INTRODUCTION

The earth’s atmosphere is continuously bombarded by
relativistic particles that have a kinetic energy equiva-
lent to that of a tennis ball moving at 100 km/h. Such
particles strike every 100 km2 of the earth’s surface
about once a year. They form the tail of the cosmic-ray
spectrum, which extends from 1 GeV to beyond 1020 eV
(Fig. 1). Because of their rarity we know relatively little
about them; in particular, we do not understand how or
where these particles gain their remarkable energies.
They represent matter in the most extreme departure
from thermal equilibrium found anywhere in the uni-
verse and may be evidence of unknown physics or of
exotic particles formed in the early universe. They are
possibly the only samples of extragalactic material that
we can detect directly.

In this review we trace the history of the discovery of
these particles and explain the astrophysical context in
which they are set. We describe the methods used for
their detection and the implications of the latest mea-
surements of their energy spectrum, mass composition,
and arrival direction distribution. Finally, we review the-
oretical speculations on the origin of ultrahigh-energy
cosmic rays (UHECRs) and new methods that are being
developed to study these mysterious particles.

A short overview, which contains references to previ-
ous reviews of this field, was given recently by Cronin
(1999).

II. HISTORICAL BACKGROUND

Cosmic rays of energies greater than about 1014 eV
arrive at the outer limits of the earth’s atmosphere too
infrequently to be detected directly by instruments car-
ried by balloons or spacecraft. For their detection we
rely on the particle cascades, or extensive air showers
(EAS) that the cosmic rays produce in the earth’s atmo-
sphere. The properties of extensive air showers have
been much studied in the 50 years since they were first
explored by Auger and his collaborators (Auger, Maze,
and Grivet-Meyer, 1938; Auger et al., 1939). The phe-
nomenon that Auger discovered seems first to have
been suspected by Rossi (1934), who reported on the
basis of observations in Eritrea that ‘‘It would seem . . .
from time to time there arrive upon the equipment very
extensive groups of particles which produce coinci-
dences between counters even rather distant from each
other.’’ This translation is due to Linsley who has re-
cently written a well-researched review of the early his-
tory of EAS work (Linsley, 1998).

The serendipitous discovery of extensive air showers
by Auger and his group stemmed from a technical im-
provement in the resolving time of coincidence circuits
to 5!10"6 s, made possibly by Maze (1938). The stan-
dard method of deducing the resolving time, from a
measurement of the chance rate of coincident discharge
of two widely separated counters, showed that corre-
lated arrivals of particles at widely separated points did

FIG. 1. Observed energy spectrum of primary cosmic rays.
The spectrum is expressed by a power law from 1011 to 1020 eV
with a slight change of slopes around 1015.5 eV (knee), 1017.8 eV
(second knee), and 1019 eV (ankle). The integral fluxes above
the ‘‘knee’’ and the ‘‘ankle’’ are approximately 1 per m2 year
and 1 per km2 year. Details of the spectrum and sources of the
data above 1017 eV are shown in Figs. 23 and 24.
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SNR	Shocks	Are	Accelera,ng	Cosmic	Rays	

©	Uchiyama	

SNR	shock	accelera,ng	CRs	

What	is	the	mechanism	of	
the	accelera,on?	
à	A	promising	scenario	is	
the	diffusive	shock	
accelera,on	(DSA)	theory.	

(Cf.	Bamba	&	Yamazaki	2004)	



Reynolds	(2008)	

The	DSA	theory	predicts	a	cosmic-ray	
(CR)	precursors,	whose	length	scale	is	
~κ/Vs	(κ	is	the	diffusion	coefficient).	

An	Imprint	of	DSA:	Cosmic-Ray	Precursor	

Upstream	 Downstream	

A:	accelerated	par,cle	
B:	non-accelerated	par,cle	

CR	precursor	

□	The	effect	of	efficient	CR	accelera,on	à	

The	CR	precursor	could	be	
detected	in	Hα	emission	ahead	of	
the	BD	shocks,	as	the	gas	slows	
down	(wrt.	a	shock)	and	is	heated	
in	the	precursor.	

Shock	
However,	it’s	not	yet	detected.	

Synch.	X-rays	

The	DSA	theory	



[The	Cygnus	Loop]		
Distance:	540	pc	à	1”	=	2.6x10-3	pc	
The	nearest	SNR	with	BD	shocks	
	
[The	width	of	the	Hα	narrow	component]	
A)  21	km/s	far	away	(expected)	
B)  29	km/s	in	the	photoioniza,on	precursor	

	
C)  35	km/s	at	the	BD	shocks	
	

Hα	image	of	the	NE	limb	of	the	Cygnus	Loop	
(Medina	et	al.	2014)	
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A	Hint	of	CR	Precursors	in	the	Cygnus	Loop	

We	want	to	detect	the	CR	precursor	
and	measure	its	length	scale!	

C)	CR	precursor?	

Increase!	

B)	Photoioniza,on	
precursor	

A)	Far	away	

FWHM	~	29	km/s	

FWHM	~	35	km/s	



HST	image	 2D	spectrum	of	Hα	with	the	HDS	

Observa,on:	Aug.	31,	2015	
Exposure	,me:	2.5	hrs	

High-Resolu,on	Spectroscopy	with	Subaru/HDS	



Background	subtracted	

Example	Spectrum	



[The	Hα	line	width]	
□	29	km/s	in	the	
				photoioniza,on	precursor		
□	33	km/s	at	the	BD	shock	
	
We	found	that	the	transi,on	
zone	from	29	km/s	to	33	
km/s	(possible	CR	precursor)	
is	extremely	thin:		
<	0.5”	~	0.001	pc	

Radial	Profiles	of	Gaussian	Parameters	



•  Energy	source:	A)	Sound	wave	or	B)	Alfven	wave?	

	
•  Nature	of	broadening:	A)	Turbulence	or	B)	Hea,ng?	
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à	Impossible	to	explain	the	data	

Hea,ng	can	explain	the	width	(Boulares	&	Cox	1988),	with	fine	tuning	of	the	parameters.	
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The	Origin	of	the	Sudden	Broadening	



Lee	et	al.	(2007;	2010)	

Tycho’s	SNR	

HDS	slit		

　Hα	emission	&	width	profiles	

Upstream	

CR	precursor	

The	narrow	line	
broadens	toward	
the	shock.	In	the	NE	rim	of	Tycho’s	SNR,	Lee	et	al.	found	a	

thin	precursor	(l	~	1017	cm)	in	front	of	the	shock,	
where	they	found	a	rapid	increase	of	the	narrow	
line	width:	30	km/s	à	45	km/s.	
	
à	argues	for	a	CR	precursor	(Wagner	et	al.	2009)	

Upstream	

Another	CR	Precursor	in	Tycho’s	SNR	



Tycho’s	SNR	(Lee	et	al.	2007)	
Cygnus	Loop	(This	work)	
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Precursor’s	length	scale	∝	line	width?	
Upstream	

Length	Scale	∝	Line	Width?	

Downstream	

Length	scale	 Δ	line	width	

Tycho’s	SNR	 ~1017	cm	 ~15	km/s	

Cygnus	Loop	 ~5x1015	cm	 ~4	km/s	



•  So	far,	spa,ally-resolved	Hα	spectroscopy	has	been	
performed	only	for	Tycho	and	Cygnus.		Similar	analyses	for	
many	BD	shocks	are	important	to	tes,fy	the	possible	
correla,on	between	the	length	scale	and	the	line	width.			
This	is	an	important	step	to	establish	the	DSA	theory.	

Future	Prospects	

NE	limb	of	the	Cygnus	Loop	



We	aim	at	detec,ng	an	Hα	broad	
component	(for	the	first	,me),	and	
deriving	proton	temperature.	

Observa3on	date	 2016-11-15	

Exposure	 2	hr	each	for	source	and	BG	

Searching	for	Other	Targets:	
Subaru/HDS	Observa,on	of	G156.2+5.7	



□	Line	center:	6561.8Å	à	Heliocentric	l.o.s	velocity	of	-33	km/s	
□	FWHM:	33.5	km/s	à	Broader	than	expected	in	the	ISM,	implying	hea,ng	in	a	CR	precursor	

Hα	Profile	Fixng	(Preliminary)		



•  We	performed	spa,ally-resolved	high-resolu,on	
spectroscopy	of	a	bright	nonradia,ve	filament	in	the	
northeastern	Cygnus	Loop,	by	using	the	Subaru	HDS.	

•  We	found	that	the	Hα	narrow	component’s	width	
abruptly	increases	at	the	shock	within	a	thin	layer		
(<	0.5”	à	~0.001	pc)	just	in	front	of	the	shock.	

•  We	acribute	the	broadening	to	the	hea,ng	due	to	
damping	of	the	Alfven	waves	in	a	thin	CR	precursor.	

•  So	far,	the	precursor’s	length	scale	is	measured	only	
for	Tycho	and	the	Cygnus	Loop.		More	observa,ons	are	
important	to	understand	the	nature	of	the	precursor	
and	to	establish	the	DSA	theory.	

•  We	presented	preliminary	results	of	Subaru/HDS	
spectroscopy	of	G156.2+5.7.	

Summary	


