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n  Shockwaves / injection of heavy elements / CR acceleration  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 Diversified approaches  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Why supernova remnants?



The latest topics in SNRs with the ISM (2009−2019)

n  Origin	of	cosmic-ray	protons	(e.g.,	Fukui+12,	17;	Fukuda+14;	Sano+18a)	
	

︎ Hadronic	gamma-ray	flux	 	ISM	gas	density	
	

n  Shock-cloud	interactions	with	B	amplification	(Sano+10,13,15ab,17ab;Inoue+12)	
	

︎	Strong	B	around	gas	clumps	enhances	synchrotron	X-rays	&	CR	energy	
	

n  Origin	of	recombining	plasma	(RP)	(Matsumura+17;	Okon+18;	Yamane+18)	
	

︎ RP	may	be	created	by	thermal	conduction	of	shocks	and	MC	
	

n  Revealing	a	progenitor	system	of	Type	Ia	SNe	(Sano+18b,	19a	in	prep.)	
	

︎ Explosion	type	(SD	or	DD)	can	be	distinguished	by	the	ISM	environment	
	

n  Shock-ionization	&	heating	processes	of	the	ISM	(Sano+17b,19b;	Kuriki+18)	
	

︎ Comparative	studies	of	neutral/ionized	gas	and	its	physical	properties	
	

n  Expanding	gas	motion	(e.g.,	Sano+17ab Kuriki+18)	
	

︎ Exploring	an	expanding	HI/CO	gas	originated	by	progenitor’s	winds	

High-energy	astrophysics	(X-/Gamma-rays)	
Astrophysics	for	the	interstellar	medium
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Shock-cloud interactions with B amplification

Image Suzaku	X-ray	(5−10	keV)	
Contours NANTEN2	12CO	J	=	2−1	

N

Sano+10, ApJ, 724, 59
Sano+13, ApJ, 778, 59

RX	J1713.7−3946	
	

︎	Age:	~1,600	yr	
︎	Distance:	~1	kpc	
︎	Size:	~19	pc	
︎	Core-collapse	SNR	
︎	Associated	with	MCs	



X-ray rim-brightening around the CO clumps

Sano+10, ApJ, 724, 59
Sano+13, ApJ, 778, 59

RX	J1713.7−3946	
	

︎	Age:	~1,600	yr	
︎	Distance:	~1	kpc	
︎	Size:	~19	pc	
︎	Core-collapse	SNR	
︎	Bright	in	TeV	γ-	&	

					non-thermal	X-rays		
︎	CO	cavity	+	cold	HI

1	pc

Image Suzaku	X-ray	(5−10	keV)	
Contours NANTEN2	12CO	J	=	2−1	



Maximum energies of CR electrons were increased…!!

Sano+15, ApJ, 799, 175

1	pc
Image 	Photon	index	of	X-ray	
Contours Total	ISM	protons	
Crosses:	CO	peaks	
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Figure 9. Schematic view of wind bubble expanding in a cloudy ISM. Diffuse
intercloud gas is swept by the stellar wind, while dense cloud cores and clumps
can survive in the wind. Density in the wind bubble is much smaller than the
intercloud gas density that is determined by the evaporation of the wind shell
by thermal conduction.

The requirement for the density of the diffuse gas can be
achieved if the progenitor of RX J1713.7−3946 is a massive
star as is widely believed (Slane et al. 1999). This is because the
stellar wind from the massive star would sweep up preexisting
intercloud gas rarefying the intercloud gas significantly, while
dense clumps are not swept off owing to their high density
(e.g., Gritschneder et al. 2009). The situation is illustrated
schematically in Figure 9. According to Weaver et al. (1977),
who studied the expansion of a bubble formed by stellar wind
from O-type stars, the resulting gas density in the wind bubble
is n ∼ 0.01 cm−3 (see, e.g., Figure 3 of Weaver et al. 1977).
Note that the density in the wind bubble is not determined by the
density of wind gas but by the evaporation of the wind shell into
the cavity. The radius of stellar wind bubble Rw is described
using the mechanical luminosity of the wind Lw, density of
interstellar gas n0, and lifetime of the wind tlife as Rw = 27 pc
(Lw/1036 erg s−1)1/5 (n0/1 cm−3)−1/5 (tlife/1 Myr)3/5 (Castor
et al. 1975). According to this expansion law, in order for the
dense gas to stay within the cavity of the wind bubble, the
density should be at least larger than

n0 ! 103 cm−3
!

Lw

1036 erg s−1

"!
Rw

10 pc

"−5 !
tlife

1 Myr

"3

, (8)

where we have adopted a distance of 1 kpc and thus the radius
of RX J1713.7−3946 ∼10 pc (Fukui et al. 2003).

Recently, Sano et al. (2010) have shown by using the
NANTEN telescope that the “peak C” of a CO molecular cloud
core associated with the region in RX J1713.7−3946 seems to
be embedded in the SNR. Since the density of the molecular
cloud core is approximately 104 cm−3, it is reasonable for such
a dense object to stay in the SNR. Equation (8) suggests that less
dense molecular cloud cores or molecular clumps with density
on the order of 103 cm−3 depending on Lw and tage would also
be embedded in RX J1713.7−3946, although these may not be
observed by CO line-emission surveys due to the dissociation
of molecules by UV radiations from the progenitor massive star.
We conclude that if we take into account the effect of the stellar
wind from the massive progenitor, the diffuse intercloud gas
density becomes on the order of n ∼ 0.01 cm−3, which does

not conflict the lack of the thermal X-ray line emission, while
dense molecular clumps/cores can be left in the wind bubble.

The remaining issue for the X-ray line emission from the
shocked clouds is resolved easily as follows. The temperature of
protons in the shocked gas, which corresponds to the maximum
temperature of electrons, is given by

kB T = 3
16

mp v2
sh = 18

# vsh

3000 km s−1

$2
keV, (9)

where vsh is the shock velocity that is supposed to be
3000 km s−1 in the diffuse gas (gas in the wind cavity with
the density nd ∼ 0.01 cm−3). In the cloudy ISM, the shock is
stalled when it hits a cloud. As we show in Section 3.1 and the
Appendix in more detail, the velocity ratio of the shock wave in
the diffuse gas and the cloud is proportional to the square root of
their density ratio: vsh,d/vsh,c ≃ (nc/nd)1/2. From this relation,
we can estimate the proton temperature (corresponding to the
upper bound of the electron temperature) of the shocked cloud
as

kB Tc = 3
16

mp v2
sh,c

= 2 × 10−4
# vsh,d

3000 km s−1

$2 # nd

0.01 cm−3

$

×
# nc

103 cm−3

$−1
keV. (10)

Therefore, even after the passage of the shock wave in the
clouds, bright thermal X-ray line emission from the clouds is
not expected.

4.4. Spectrum of Hadronic Gamma Rays

Recently, using a one-dimensional model assuming a uniform
ISM, Ellison et al. (2010) claimed that if we reduce the ambient
density to reconcile the absence of the thermal X-ray line emis-
sion from RX J1713.7−3946, the hadronic gamma-ray emission
becomes dim owing to the low target gas density for π0 creation.
The reason is as follows. According to Aharonian et al. (2006),
the total gamma-ray energy measured from 0.2 to 40 TeV in
RX J1713.7−3946 is W ≃ 6 × 1049 (d/1 kpc)2 (ntg/1 cm−3)−1

erg, where d is a distance and ntg is a mean target gas density.
Thus, supposing the low-density ISM, the efficiency of parti-
cle acceleration becomes 100 (ntg/0.06 cm−3) (E/1051 erg)%,
indicating that the hadronic gamma-ray emission cannot be as
bright as observed even if the acceleration is extremely efficient.

However, in our shock–cloud interaction model, the hadronic
emission from the clouds embedded in the SNR can be ex-
pected, because the high-density shocked clouds do not emit
thermal X-ray lines owing to the low-temperature as shown
in Equation (10). If we assume a typical density of clumps
ncl ∼ 103 cm−3 and their volume filling factor f ∼ 10−3, the
effective mean target density can be rewritten as ntg ≃ ncl f

and thus the efficiency becomes 6 (ncl/103 cm−3) (f/10−3)%.
Although precise evaluation of the filling factor f is beyond
the scope of this paper, our model can reproduce the hadronic
gamma-ray emission that is compatible with the canonical ac-
celeration efficiency ∼10%.

In the case of a uniform ISM model, the spectral energy
distribution of the hadronic gamma rays directly reflects that
of the accelerated nuclei roughly above the critical energy
of the π0 creation (∼0.1 GeV), i.e., the photon index of the
hadronic gamma-ray emission is p = 2 for the standard DSA
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Inhomogeneous density distribution of the ISM

Inoue+12



Shock interactions with gas clumps

Inoue+12



Inoue+12
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Shock interaction with gas clumps: MHD simulation
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2	pc	

n  B	field	are	amplified	around	the	CO-like	clump	or	filaments	
n Maximum	B	field	strength	reaches	~1	mG	

Averaged	B	field:	~30−40	μG	in	the	down	stream)	



What do ALMA observations of SNRs provide us?

© ALMA (ESO/NRAO/NAOJ)



Case 1: ALMA CO observations in Galactic SNRs

n  Detailed	studies	of	shock-cloud	interactions	
	

-	ALMA’s	high-angular	resolution	observations	reveals	small-scale	structures	of	clouds	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Image: Suzaku X-rays 
Contours: NANTEN2 CO(J =2-1) (Δθ ~ 90")

Image: ALMA CO(J =1-0) (Δθ ~ 3”, 0.015 pc)
2017.1.1406.S  (PI: Sano) 
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Case 1: ALMA CO observations in Galactic SNRs

n  Detailed	studies	of	shock-cloud	interactions	
	

-	ALMA’s	high-angular	resolution	observations	reveals	small-scale	structures	of	clouds	
	
	
	
	
	 ISM	Density	(MHD	simulation) ALMA	CO	result	(same	scale)

Inoue+09



Case 2: ALMA CO observations in external galaxies

n  ALMA	CO	studies	of	 he	Magellanic	SNRs		
	

We	are	entering	a	new	age	in	studying	the	Magellanic	SNRs	yielding		
a	spatial	resolution	comparable	to	what	had	been	possible	only	for	Galactic	SNRs	

n  Advantage	of	SNR	studies	in	the	LMC	
	

︎ Low	contamination	→	Advantage	for	identifying	the	ISM	associated	with	SNRs	
︎ Well	Known	distance	(~50	kpc)	→	Accurate	estimation	of	physical	properties	
︎ Many	SNRs	(59	sources,	e.g.,	Bozzetto+17)	→	Statistical	studies	

←		LMC	SNR	N49		(Banas+97)	
	

Image 	ROSAT	X-rays	
Contours SEST	CO	2-1	 Mopra	Radio	telescope



mage: X-rays three color images



mage:  Mopra CO
Contours: X-rays



74 ALMA proposals have been accepted in the LMC

Image:	Spitzer	8	micron	
											:	Observed	regions	with	ALMA

3 papers have been published + 1 paper is in preparation 
  
- Yamane et al. (2018), ApJ, 863, 55 (N49)  
- Sano et al. (2018), ApJ, 867, 7 (N103B)  
- Sano et al. (2019), ApJ, 873, 40 (N63A)  
- Yamane et al. (2019), to be submitted to ApJ (30 Doradus C)

No other CO papers and proposals have been accepted in the LMC SNRs
à We are leading studies of the ISM interacting with the LMC SNRs

13 ALMA proposals observed three LMC SNRs (e.g., SN1987A)
But only for continuum observations of ejecta

Our 5 ALMA proposals carried out CO observations toward five LMC SNRs
N132D (PI: Sano), N49 (PI: Loon), N103B/N63A (PI: Fujii, Sano), 
30 Doradus C NW (PI: Sano), 30 Doradus C SW (PI: Yamane)



LMC SNR 103B  
•  Type Ia SNR 
•  Size: ~ 6.8 pc
•  Age 380-860 years
•  Single degenerated? 

5 pc ~ 20 arcsec



 

Fig. 6. (a) Integrated intensity map of ALMA 12CO(J = 1−0) superposed on the Chandra X-ray 
contours. The integration velocity range is from 244.8 to 252.8 km s−1. The contour levels are the 
same as in Figure 2. The tiny molecular clumps A and B are also shown. (b) Position-velocity 
diagram of the ALMA 12CO(J = 1−0). The integration range in Declination is from −68°43'51" 
to −68°43'21", corresponding to the dashed lines in Figure 6a. The dashed-curve represents an 
expanding gas motion. 
 

Image  ALMA CO 1-0 (ALMA, Δθ~3")
Contours Chandra Thermal X-rays

Sano	et	al.	(2018),	ApJ,	867,	7

SNR	N103B



N103B: ALMA 12CO(J = 1−0) position velocity diagram

Image  ALMA 12CO(J = 1−0) 
Sano et al. (2018), ApJ, 867, 7

Double	Degenerate:	DD	

Credit: GSFC/D.Berry

Single Degenerate: SD

Credit: STFC/David Hardy

Survived companion
Dense CSM & accretion winds

No survived companion
Symmetric SNR shell is expected 



N103B: ALMA 12CO(J = 1−0) position velocity diagram

Image  ALMA 12CO(J = 1−0) 
Sano et al. (2018), ApJ, 867, 7

Double	Degenerate:	DD	

Credit: GSFC/D.Berry

Single Degenerate: SD

Credit: STFC/David Hardy

Survived companion
Dense CSM & accretion winds

No survived companion
Symmetric SNR shell is expected 



ALMA CO Studies of the four LMC SNRs
N49 (Yamane+18)

30 Dor C (Yamane+19 in prep.) N103B (Sano+18)

We have observed four LMC SNRs using ALMA with sub-pc resolution…!!

N103B
30 Dor C

N49
N63A

Image:	ALMA	CO	
Contours:	X-ray

Image:	ALMA	CO	
Contours:	X-ray

N63A (Sano+19)
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N103B
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N49
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Image:	ALMA	CO	
Contours:	X-ray

Image:	ALMA	CO	
Contours:	X-ray

N63A (Sano+19)

Yamane’s talk
in ASJ annual meeting

Yamane’s talk



ALMA CO Studies of the four LMC SNRs
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Contours:	X-ray
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LMC SNR N63A  
•  Core-collapse
•  Diameter: ~18 pc
•  Age 3500 ± 1500 years

Red: 0.3−0.6 keV 
Green 0.6−1.1 keV
Blue: 1.1−6.0 keV

60	arcsec

Soft X-ray hole  
à interstellar absorption (> 450 M )

Warren et al. (2003)



Red: ATCA radio continuum (RC) 
Green HST Optical (Hα)
Blue: Chandra X-rays
Warren et al. (2003)

•  Bright in thermal X-rays & RC
•  Associated with optical nebula (left: shock-ionized, right: photo ionized)
•  No CO clouds are observed



Red: HST Optical (Hα) 
Green  ALMA 12CO(J = 1−0)
Blue: Chandra X-rays (0.3−6.0 keV)

Sano et al. (2019), ApJ, 873, 40

Two	GMCs	are	unlikely		
associated	with	the	shell

Molecular	clouds	embedded	
within	the	optical	nebula



Sano et al. (2019)



	

Castillo et al. (2017) master thesis

Image:  IRSF H2 2.12 μm line
Contours: Chandra X-rays



CIE plasma (ISM)
Power-law

NEI plasma

X-ray Spectroscopy of N63A 

Absorbing column density of ~1.3−3.2 × 1021 cm−2 << ISM column density of ~3 × 1022 cm−3 

→ The X-rays are produced not only behind the molecular clouds, but also in front of the clouds

Sano et al. (2019), ApJ, 873, 40



Geometry of the LMC SNR N63A

Observer	

Molecular	clouds	associated	with	N63A	are		
completely	engulfed	by	the	shock	waves…!!

N63A	is	 he	best	laboratory	for	studying	
shock-ionization	and	photo-dissociation	in	SNR		



ALMA proposal : N63A multi-J CO + [CI] observations

n  How	the	clouds	distracted	by	shocks	or	UV	radiation?		
	

︎ Estimating	[CI]/CO	ratios	as	an	indicator	of	CO	distraction		
︎	Revealing	density	and	temperature	of	shocked	clouds	
︎ Comparison	with	numerical	simulations	

19
99
sf
99
.p
ro
c.
..
88
A

SNR  W51C

Arikawa et al. (1999)



ALMA proposal : N63A multi-J CO + [CI] observations

n  How	the	clouds	distracted	by	shocks	or	UV	radiation?		
	

︎ Estimating	[CI]/CO	ratios	as	an	indicator	of	CO	distraction		
︎	Revealing	density	and	temperature	of	shocked	clouds	
︎ Comparison	with	numerical	simulations	

The molecular gas associated with IC 443 25
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Figure 5. Spatial distribution of (a) 12CO(J = 2–1) integrated intensity and (b) the line intensity

ratio between 12CO(J = 2–1) and 12CO(J = 1–0) in the velocity range of −60.0–−6.0 km s−1 (left), −6.0–

0.0 km s−1 (center), and 0.0–+20.0 km s−1 (right). The white contours in (a1), (a2), and (a3) are illustrated

every 7.7, 2.7, and 4.7Kkm s−1 from 2.3, 0.8, and 1.4Kkm s−1, respectively. The black contours in (b1),

(b2), and (b3) indicate the distribution of 12CO(J = 1–0) integrated intensity illustrated every 2.8, 2.0, and

1.7Kkm s−1 from 5.6, 2.0, and 3.5Kkm s−1, respectively. The crosses of each panel indicate the positions

where 1720MHz OH maser emission was detected (Hewitt et al. 2006).

CO 2-1/1-0 ratio of shocked 
gas in IC 443 (Yoshiike+19)

The cavity wall of dense gas surrounding the SNR is also
consistent with the thermal X-ray properties of the SNR
Kes79. Sato et al. (2016) discovered that the CIE plasma
extends to the outer radio shell, whereas the NEI plasma is
spatially concentrated within the inner radio shell. We can
interpret the X-ray properties with two scenarios: (1) the CIE
plasma in the shock front was produced by the interaction
between the forward shock and the dense gas wall, and (2) the
reflected shock generated by the shock–cloud interaction
thermalized the supernova ejecta inside the radio shell,
which is observed as the NEI plasma. Moreover, since the
bremsstrahlung X-ray flux is proportional to the square of the

ambient gas density, the bright thermal X-rays toward cloud C
give support to the interpretation that shock–cloud interaction
is occurring. In light of these considerations, we conclude that
the 80 km−1 cloud is the one most likely to be associated with
the SNR Kes79.

4.2. Distance and Age

On the basis of the physical association between the SNR
shock waves and the 80 km s−1 cloud, here we discuss the age
and distance of Kes79. In Sections 3.1 and 3.2, we found that
the velocity range of the 80 km s−1 cloud extends from ∼81.5
to ∼89.5 km s−1; this corresponds to a central radial velocity of
∼85.5 km s−1 and an expansion velocity of ∼4 km s−1. By
adapting the Galactic rotation curve model of Brand & Blitz
(1993), we therefore obtain the kinematic distance of Kes79 as
5.5±0.3 kpc for the near side and 8.7±0.3 kpc for the
far side.
It is difficult to distinguish the near and far sides if the two

distances are relatively close to each other, but Kes79 is likely to
be located at the near side. Because the absorbing column density
toward Kes79 ( 1.5 1022~ ´ cm−2, Sato et al. 2016) is consistent
with the column density of foreground interstellar gas between the
Sun and the SNR if it is located at the near side. The foreground
interstellar gas on the near side corresponds to the velocity range
from 2 to 81.5 km s−1. The column density of foreground
interstellar gas is Np(H2+H I)=2×N(H2)+N(H I), where
N(H2) is the column density of molecular hydrogen and N(H I) is
the column density of atomic hydrogen. In this work, we use the
relations N(H2)=1.0×1020×W(CO) cm−2 (Okamoto et al.
2017) and N(H I)=1.823×1020×W(H I) cm−2 (Dickey &
Lockman 1990), where W(CO) and W(H I) are the integrated
intensities of CO and H I, respectively. We thus obtain Np(H2+
H I)=∼3×1022 cm−2, which is enough to explain the absorb-
ing column density toward Kes79. On the other hand,

Figure 5. (a) CO spectra toward cloud C. The black, red, and blue spectra
represent the 12CO(J=1–0), 12CO(J=3–2), and 13CO(J=1–0) emission lines,
respectively. (b) LVG results on the number density n(H2) and kinematic
temperature Tkin plane toward cloud C. The red and blue solid lines indicate the
intensity ratios of 12CO(J=3–2)/12CO(J=1–0) and 13CO(J=1–0)/12CO(J=
1–0), respectively. The cross represents the best-fit values of n(H2) and Tkin (for
details, see the text).

Figure 6. RGB image of the SNR Kes79. The red, green, and blue colors
represent the intensity maps of the radio continuum, 12CO(J=1–0), and
X-rays. The superposed contours indicate 12CO(J=1–0) integrated intensity.
The contour levels are every 3 K km s−1 from 20 K km s−1. The integration
velocity range of CO is VLSR=82.5–86.5 km s−1. The position of the GeV
gamma-ray peak is indicated by the yellow cross (Auchettl et al. 2014).
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A sample of LVG result 
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3. Results

In Figure 1 we show the density for four snapshots of the
evolution for one simulation. For this case we use a value for
the WL parameter C=10, ratio of mass in clouds to that in the
intercloud medium. Given the definition of C, the volume
filling factor of the clouds is
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where χ is the ratio of the cloud density to the intercloud
density. With our assumption that χ=100, for the C=10
case, f=0.091. For our 2D cylindrically symmetric runs, the
clouds are really toroids. However, for these cases the area
filling factor, that is the fraction of the r−z plane filled with
clouds, is quite close to the volume filling factor of the toroidal
clouds. If the clouds are evenly distributed in cylindrical radial
distance this will always be the case. We have explored a range
of C values ranging from 3 to 30. We take 10 as our standard
case for much of the discussion in this paper. Figure 2 shows

Figure 1. Snapshots of the density for a 2D cylindrically symmetric run of SNR evolution in a cloudy medium. The cloud filling factor is set by the WL
parameter C=10.

Figure 2. Slice of the density for a 3D run of SNR evolution in a cloudy medium, again with WL parameter C=10. The slice is taken parallel to the z axis and at a
45° angle to the x and y axes. The age of the remnant here is 3.5×104 yr.

3

The Astrophysical Journal, 846:77 (11pp), 2017 September 1 Slavin et al.

3. Results

In Figure 1 we show the density for four snapshots of the
evolution for one simulation. For this case we use a value for
the WL parameter C=10, ratio of mass in clouds to that in the
intercloud medium. Given the definition of C, the volume
filling factor of the clouds is

f
C

C
1

c
=

+
( )

where χ is the ratio of the cloud density to the intercloud
density. With our assumption that χ=100, for the C=10
case, f=0.091. For our 2D cylindrically symmetric runs, the
clouds are really toroids. However, for these cases the area
filling factor, that is the fraction of the r−z plane filled with
clouds, is quite close to the volume filling factor of the toroidal
clouds. If the clouds are evenly distributed in cylindrical radial
distance this will always be the case. We have explored a range
of C values ranging from 3 to 30. We take 10 as our standard
case for much of the discussion in this paper. Figure 2 shows

Figure 1. Snapshots of the density for a 2D cylindrically symmetric run of SNR evolution in a cloudy medium. The cloud filling factor is set by the WL
parameter C=10.

Figure 2. Slice of the density for a 3D run of SNR evolution in a cloudy medium, again with WL parameter C=10. The slice is taken parallel to the z axis and at a
45° angle to the x and y axes. The age of the remnant here is 3.5×104 yr.

3

The Astrophysical Journal, 846:77 (11pp), 2017 September 1 Slavin et al.

3. Results

In Figure 1 we show the density for four snapshots of the
evolution for one simulation. For this case we use a value for
the WL parameter C=10, ratio of mass in clouds to that in the
intercloud medium. Given the definition of C, the volume
filling factor of the clouds is

f
C

C
1

c
=

+
( )

where χ is the ratio of the cloud density to the intercloud
density. With our assumption that χ=100, for the C=10
case, f=0.091. For our 2D cylindrically symmetric runs, the
clouds are really toroids. However, for these cases the area
filling factor, that is the fraction of the r−z plane filled with
clouds, is quite close to the volume filling factor of the toroidal
clouds. If the clouds are evenly distributed in cylindrical radial
distance this will always be the case. We have explored a range
of C values ranging from 3 to 30. We take 10 as our standard
case for much of the discussion in this paper. Figure 2 shows

Figure 1. Snapshots of the density for a 2D cylindrically symmetric run of SNR evolution in a cloudy medium. The cloud filling factor is set by the WL
parameter C=10.

Figure 2. Slice of the density for a 3D run of SNR evolution in a cloudy medium, again with WL parameter C=10. The slice is taken parallel to the z axis and at a
45° angle to the x and y axes. The age of the remnant here is 3.5×104 yr.

3

The Astrophysical Journal, 846:77 (11pp), 2017 September 1 Slavin et al.

3. Results

In Figure 1 we show the density for four snapshots of the
evolution for one simulation. For this case we use a value for
the WL parameter C=10, ratio of mass in clouds to that in the
intercloud medium. Given the definition of C, the volume
filling factor of the clouds is

f
C

C
1

c
=

+
( )

where χ is the ratio of the cloud density to the intercloud
density. With our assumption that χ=100, for the C=10
case, f=0.091. For our 2D cylindrically symmetric runs, the
clouds are really toroids. However, for these cases the area
filling factor, that is the fraction of the r−z plane filled with
clouds, is quite close to the volume filling factor of the toroidal
clouds. If the clouds are evenly distributed in cylindrical radial
distance this will always be the case. We have explored a range
of C values ranging from 3 to 30. We take 10 as our standard
case for much of the discussion in this paper. Figure 2 shows

Figure 1. Snapshots of the density for a 2D cylindrically symmetric run of SNR evolution in a cloudy medium. The cloud filling factor is set by the WL
parameter C=10.

Figure 2. Slice of the density for a 3D run of SNR evolution in a cloudy medium, again with WL parameter C=10. The slice is taken parallel to the z axis and at a
45° angle to the x and y axes. The age of the remnant here is 3.5×104 yr.

3

The Astrophysical Journal, 846:77 (11pp), 2017 September 1 Slavin et al.

the density for a slice through one of our 3D runs. That run also
had C=10. Note the similar area filling factor for the clouds.
The fact that it is a slice through a 3D volume results in the
cloud radii appearing systematically smaller than the true cloud
radii.

In Figure 3 we show temperature and density profiles for the
same 3D run as in Figure 2. The rays illustrate the variations
along a line of sight from the origin outward along the direction
given by the angles listed in the legend. We also show the
radially averaged profiles for temperature and density, but for
those we exclude cloud material, here defined as parcels with
temperature below 105 K. The averaging is done by calculating
a volume weighted sum of all parcels within each radial bin
that have hot gas in them and dividing by the volume of parcels
(whether or not they have hot gas) in the same radial bin. The
WL profile uses the actual value of C for the simulation at
the given time (2.5× 104 year) and given the current shape of
the shock front (C= 9.0), which is calculated as the mass in
clouds within the shock front divided by the mass in the
intercloud medium inside the same volume, both for the initial,
undisturbed medium. The value of τ used is that which leads to
the same mass of hot gas as for the simulation. We see that,
while for much of the outer parts of the remnant the radially
averaged profile is similar to the WL profile, in the inner region
the density and temperature stay flat for the simulation while
the WL profile has a steeply rising temperature and falling
density, similar to a Sedov–Taylor type profile. In addition, the
density variations, as well as averaged values, are important for
the X-ray emission, as discussed below, since emissivity goes
as density squared.

3.1. Shock Evolution

The similarity solution of WL results in expansion of the
shock front with the same power law in time as for the Sedov–
Taylor solution, i.e., R ts

2 5µ . For our calculations, evaluating
the shock radius is not entirely straightforward since in regions
where a cloud is being encountered the shock is slowed and the
front in general is complex. In Figure 4 we show 3D contours
of the shock and clouds which illustrate the complexity of the
shock front. We found that the simplest approach, and the one

that is closest to what one would find from observations, is to
find the outermost pressure contour that is substantially above
the ambient pressure, P k 10B

4= cm−3 K for our case with an
ambient pressure of 5200 cm−3 K, and use that to calculate the
volume inside the remnant. The shock radius is then just
Rs,eff=(3 Vs/4π)1/3, where Vs is the volume enclosed by the
shock. (Note: the find_contours and grid_points_in_-
poly methods in the scikit-image measure python module
provide effective methods for finding parcels inside the shock.)
This leads to a relatively smooth shock expansion except for
some cases in which the shock wraps around a large cloud,
leading to a jump in the shock radius. An alternative and easier
approach is to use the volume of hot gas to define the shock
radius, though in that case the volume in the clouds contained
in the SNR is not included. In practice for our calculations that

Figure 3. Temperature (left) and density (right) radial profiles for a 3D run. The rays show all the variations along the particular sight line as indicated in the legend
(using spherical coordinates) while the “radially averaged” curves only include the parcels that are hot (T > 105 K). The “W&L solution” curves show the WL-type
profiles for the actual values of C in the simulation and the value for τ that results in the same mass in hot gas as in the simulation. The SNR age for this run
is 2.5 10 year4´ .

Figure 4. 3D rendering of the shock and clouds for one of our 3D runs. The
cloud and shock surfaces are shown as temperature contours. The age of the
remnant is 1.5×104 year. The box is 30 pc along a side. Note the strong
distortions of the shock front.
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Target
dθ	
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Time	
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Time	
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Sensitivity	
(K)

Vres	
(km	s−1)

#	of	p.	
(12	m)
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(")

N63A Band 8 0.8 [CI] 1-0 4.2 h 33.6 h 0.3 0.3 13 12.0
N63A Band 7 0.8 CO 3-2 1.1 h 5.99 h 0.2 0.3 11 12.0
N63A band 6 0.8 CO 2-1 1.3 h 4.51 h 0.2 0.3 5 12.0
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