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ABSTRACT

We examine MHD simulations of the propagation of a strongckh@ave through the interstellar two-phase
medium composed of small-scale cloudlets and diffuse wagatral medium in two-dimensional geometry.
The pre-shock two-phase medium is provided as a naturakqoesice of the thermal instability that is ex-
pected to be ubiquitous in the interstellar medium. We st the shock-compressed shell becomes turbu-
lent owing to the preshock density inhomogeneity and magredti ampli cation takes place in the shell. The
maximum eld strength is determined by the condition thatgsha 1, which gives the eld strength on the
order of 1 mG in the case of shock velocityl0® km s . The strongly magnetized region shows lamentary
and knot-like structures in two-dimensional simulatiofifie spatial scale of the regions with magnetic eld
of 1 mG in our simulation is roughly 0.05 pc which is comparabléhe spatial scale of the X-ray hot spots
recently discovered in supernova remnants where the magelet strength is indicated to be ampli ed up to
the order of 1 mG. This result may also suggest that the tanuegion with locally strong magnetic eld is
expected to be spread out in the region with frequent suparexplosions, such as in the Galactic center and
starburst galaxies.

Subject headings:

1. INTRODUCTION seem to be able to amplify magnetic eld to the level of milli-

Recent discovery of the year-scale variability in the syn- Gauss.

chrotron X-ray emission of supernova remnants (SNRs) sug-, |thas beenknownthatthe ISM s not a uniform buta highly
gests that the magnetic eld should be amplied in the inhomogeneous medium composed of clumpy HI clouds em-

SNR up to the level of milli-Gauss (Uchiyama et al. 2007; bedded in diffuse intercloud medium. Observations through

Uchiyama & Aharonian 2008, see also Bamba et al. 2003,the 21cm absorption lines have shown that HI clouds with
2005a, 2005b; Vink & Laming 2003). Since the typical mag- CO'“”&” dgnsngsN 10t crl?_' , whose s%atlal scale corre-
netic eld strength in the interstellar medium (ISM) is oreth  SPonds td  0:1 pc, are ubiquitous in the ISM (see, e.g.,

order of micro-Gauss, ampli cation beyond the simple shock He(ijlgs & Tm'g‘”d 2003)5 Thedcoexiséenc? ﬁf the Hi ﬁlousds
compression is necessary to achieve a milli-Gauss level of2nd intercloud gas can be understood as follows: In the ISM,
magnetic eld in a supernova shell. the balance between the line-emission coolings and the heat

The ampli cation of magnetic eld around the shock wave N9 due to ultraviolet background radiation determines two
has been one of the main interests of plasma physics. Rethermally stable equilibrium states with different temeper
cently Giacalone & Jokipii (2007) have demonstrated by us- lUres that can coexist in pressure balance (Field et al. ;1969
ing magnetohydrodynamic (MHD) simulation that density Wol re et al. 1995). _One of the eq_U|I|br|um states corre-
uctuations in the preshock medium cause turbulence andSPOnds to the diffuse intercloud meghum, the so-called warm
magnetic eld ampli cation in the postshock medium. The neutral medium (WNMn 05 cmi® T 8,000 K), and
density uctuations in their preshock state are given by a € othlerog_e corresponds to the Hi clouds, the S%'C"""?]ﬁ col
lognormal probability distribution with a Kolmogorov-i ~ neutral medium (CNMn 50 cmi®, T~ 100 K). Thus, the
power spectrum, and the maximum magnetic eld strength coexistence of HI clouds and surrounding diffuse interdlou

achieved in the postshock medium is larger than a hundredd@s iS naturally achieved by the thermally bistable natdre o
times the preshock eld strength. The density uctuations the ISM. The high-resolution MHD simulation performed by

with Kolmogorov power spectrum would be accomplished in INoue & Inutsukak(20018) has shown that vr\]/hedr]ﬁa weak shock
the preshock medium owing to the transonic nature of turbu-Vae ¥shock 20 km s7) propagates into the diffuse WNM,

: : o hermally unstable gas that evolves into tladl sm
lence expected in the diffuse ISM (e.g., Hennebelle & Audit 't 9éneratest y gas _
2007). However, applicability of the lognormal distritmii scale cloudlets of CNM embedded in the WNM via the ther-

of density uctuations for the ISM is unknown, although thei M@l instability (Field 1965). The scale of the CNM cloudlets
pioneering study is signi cant. Balsara et al. (2001) have generated by the thermal instability is typically 0.1 pcttha
studied the case of expanding supernova blast wave in the tur’€Sémbles the Hi clouds observed in 21cm absorption lines.
bulent ISM, but have not found the magnetic eld ampli ca- Snce the ISMis frequently swept up by weak shock waves,

tion b d 50 G. Thus. the turbulent eld al d t €.g., due to old supernova blast waves at a rate on the order
on beyon us, the turbuient eid aione does no of once per millions of years (McKee & Ostriker 1977), the
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the Sedov-Taylor phase of the SNR. In §2 we provide basic as- 10000

sumptions and numerical methods to generate the two-phase
medium and to induce shock waves. The results of the sim-
ulations are shown in 8§3. Finally, in 84, we summarize our
results and discuss the implications.

2. BASIC ASSUMPTIONS AND NUMERICAL METHODS

We solve the MHD equations for Cartesian geometry in a
conservative fashion:

5000 §/
S

7 thermal instability
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where is the thermal conductivity antd(n;T) is the net

cooling function whose details are noted in the following-se  iffuse WNM and the subsequent isochoric radiative cooling
tion. We impose the ideal gas equation of state to close the, Fig. [ we illustrate a schematic evolutionary track frdma t
equations. We use the second-order Godunov scheme (vagynM to thermally unstable medium based on the results of
Leer 1979) for solving MHD equations, in which the hy- hoye & Inutsuka (2008). We use the periodic boundary con-
drodynamic equations with the magnetic pressure term ar€gjtions. The calculation of the rst stage is stopped at4:0
solved based on the solution of the Riemann problem (Sanoyyr. Since the growth timescale of the thermal instability i
etal. 1999), the magnetic tension terms are solved using theyyproximately equal to the cooling timescale that is approx
method of characteristics for Alfvén waves (MOC: Stone & imately a few Myr in the typical ISM, a typical two-phase
Norman 1992), and the induction equations are solved US-medium is formed at = 4 Myr as a consequence of the ther-
ing the consistent MOC with the constrained transport algo- i, instability.
rithm (Clark 1996). We use the second-order explicit time
integration for the cooling/heating and thermal conduttio
The two-dimensional computational domain f y = 22 . )
pc2 (0 xy 2 pc)is used with the uniform 409&ells In stage 2, we examine propagation of a shock wave
( x= y=49 10%pc). through the two-phase medium generated as a result of stage
Computations are performed in the following two stages: 1. We consider the propagation of parallel shock and perpen-
(1) the generation stage of the two-phase medium by the therdicular shock. In the case of the parallel shock, we set the ho
mal instability, and (2) the propagation stage of the shock Plasma withn = 0:1 cnv? at the boundary = 0:0 by which
wave through the two-phase medium. In the following we the shock wave is induced. The free boundary condition is

describe the detailed numerical settings of each stage. imposed ak = 2:0 pc, and we impose the periodic boundary
conditions for the boundaries gt= 0.0 and 20 pc. In the

2.1. Stage 1: Generation of Pre-Shock Two-Phase Medium case of the perpendicular shock, we set the hot plasma at the
In stage 1, we take into account the effects of the cool- boundaryy = 0:0. The free boundary condition is imposed at
ing/heating and thermal conduction. We use the cool- Y= 20 pc, and the periodic boundary conditions are imposed

ing/heating functions given by Koyama & Inutsuka (2002) for the boundaries a¢=0:0 and 20 pc. We measure the time

that are obtained by tting various line-emission coolirfGsl since the shock is induced. .

158 m, Ol 63 m, etc.) and photoelectric heating from dusts, ~ We study the effect of the shock strength by changing ther-

which can adequately describe the effects of cooling/hgati mal pressure of the hot plasma fraps=kg = 10° to 10’ K

in the ISM in the range 10 K T. 10* K. The thermal ~ cnr®. These models are summarized in Tdble 1. For con-

equilibrium state with this cooling/heating is shown in Fig venience, we list the resulting average propagation spefeds

. Since this stage deals with weakly ionized medium, the the shocks/shockin the fourth column of Tablel1. The com-

isotropic thermal conductivity due to the neutral atomittico ~ putations are stopped when the shock front reaches the oppo-

sions( =25 10ergcm!s?! K 1 Parker 1953)isused.  site boundary. The effects of the thermal conduction, cool-
In order to generate the two-phase medium, we initially ing, and heating that considered in stage 1 are omitted én thi

prepare a uniform gas in thermally unstable equilibriunhwit  stage, since the dynamical timescale of this stagd,000

n=2:0 cnT 2 andp=kg = 2900 K cm? (the initial point is plot- yr) is much shorter than the timescales of these effect$ (

ted in Fig.[1 as a cross). Flat-spectrum density perturbatio Myr). The hydrodynamic treatment would be reasonable on

are added to the unstable gas to seed the thermal instabilitythe scale considered in this paper, since the gyrationsddiu

The initial magnetic eld strength is uniform with the orien ~ a thermal proton is estimated as

tation parallel to thec-axis and the strength &, = 6:0 G. 1=

Note that, as shown in Inoue & Inutsuka (2008), such a con- p=ks n 1=

dition is naturally produced by the shock compression of the 3 108 Kem'3 10cms3

2.2. Stage 2: Injection of Shock Wave

lg=15 10°
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3.2. Results of Stage 2: Effects of Shock Wave

TABLE 1. MODEL PARAMETERS .
3.2.1. Turbulence in The Shell

Model  pin=ks shock type shock speed In Fig.[3 and# we show the results of Model 1 at1;425
1 30 10PKcm3 perpendicular shock 1256 ks yr and Model 2 at =1 508 yr, respectively. The top and bot-
2..... 30 1BKcm3  parallel shock 1289 knT$ tom panels respectively represent the structure of the Bumb
3. 10 10°Kcm3  parallel shock 726 km'$ density and magnetic eld strength. In the following we use
4o.... 30 10'Kcem®  parallel shock 397 km'd data at these snapshots for the analyses of Models 1 and 2.

In both Models 1 and 2, the Alfvén Mach numbdg and
the sonic Mach numbeévlg in the WNM and CNM can be
roughly estimated as

B -1
— : \ ,
6 G om ©) Ma:wnm @thLm 110 (7)
which is much smaller than the spatial resolution of our nu- Mswnm  Vshoo=Cswim ' 170 (8)
merical simulations and justi es (magneto-)hydrodynasnic Vshock
approximation. Ma:cnm m' 760, 9
3. RESULTS AND INTERPRETATIONS Mscnm  VshooksCsenm | 1200 (10)

3.1. Results of Stage 1: Two-Phase Medium where we have used the conditiamsuy = 50 cm 3, Teny =
The resulting density structure of the stage 1 is shown in 100 K, nym = 1 cnt 3, andTenw = 5000 K in the evaluation.
Fig.[2. The cold and dense lamentary clumps (CNM)andthe The density structures in both models indicate that the
surrounding warm diffuse gas (WNM) are formed as a conse-shocked shells that are formed by piling up the two-phase
quence of the thermal instability. The condensation driven medium are turbulent. As discussed in Giacalone & Jokipii
by the thermal instability to form the CNM essentially asse  (2007), the density bumps in the preshock region lead to the
along the magnetic eld, since the motion perpendicular to rippling of the shock front that consequently generates vor
the eld line is easily stopped owing to the enhancement of texes in the post shock ow. This type of vorticity genera-
the magnetic pressure. Thus, the thickness of the lamentstion is known as Richtmyer-Meshkov instability that is adin
can be described by the most unstable scale of the thermabf Rayleigh-Taylor type instability (e.g., Brouillette @p).
instability (1 pc) times the compression ratio of the con- Many mushroom-shaped structures that indicate the nonlin-
densation that gives 0:1 pc, and the length of the lamentis  ear growth of the Rayleigh-Taylor type instability are folun
roughly given by the most unstable scale of the thermalinsta in the shell (see, top panels of Fig. 3 and Elg. 4).
bility. In order to adequately calculate the rippling of the shock
We stress that such a two-phase structure is quite naturafront that determines the vorticity of the post shock ow, we
and ubiquitously expected in the ISM not only from the the- have to resolve the transition layers between the WNM and
oretical but also from the observational point of view (l#sil  the CNM clumps at which the curvature of the rippling is the
& Troland 2003). A more detailed description of the evolu- |argest and the generated vorticity is the strongest. sk
tion of the thermal instability can be found, e.g., in Inotie e that the scale of ﬂbe transition layer is determined by sledal
al. (2007), Hennebelle & Audit (2007), and Inoue & Inutsuka “Fie|d length”lr=" ~ T=L(n;T) whereL(n; T) is the cooling
(2008). rate per unit volume (Begelman & McKee 1990). In the typ-
ical ISM, the Field length takes the value lgf 0:01- 0:1
pc (Inoue et al. 2006), which is much larger than the resolu-
tion of our simulations. Thus, our simulations can describe
Time = 4.00 Myr the post shock turbulence accurately.
The velocity dispersions in the shocked shells< 500 km
s ! for Model 1 and 450 km'$ for Model 2) are comparable
to the sound speed in the shell:

p:kB 1=2 n -1=2
3 10BKcm® 10cms3

where the velocity dispersions are estimated by the half
widths of the velocity distribution in the shell. Through-
out this paper, we de ne the region in “the shell” such that
p=kg > 10° K cm 3 andn> 1 cn1?in the region. The former
condition excludes the preshock region and the latter eondi
tionsexcludes the region lled by hot plasma with' 0:1

cn °,

1.5

Log ( Number Density )

cs=570 kms?t; (11)

1

0.5

3.2.2. Magnetic Field Ampli cation

_ _ The magnetic eld strength in the shell has huge amplitude
Fic. 2.— Resulting d(_ensny structure of the stage 1 at4:0 Myr. The uctuations as depicted in the bottom panels of FE 3 and
black lines show magnetic eld lines. - ; - -
Fig. [4. There exist many lamentary regions with the eld
strength far beyond the value expected only from the shock
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FiG. 3.— Results of Model 1. The top and bottom panels respégtrepresent the structure of the number density and magredd strength.
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Time = 1308 yr
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FIG. 4.— Results of Model 2. The top and bottom panels respégtiepresent the structure of the number density and magredti strength. The color
scale is the same as Fig. 3.
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compression. The maximum eld strengths achieved during
the evolutions are 12805 in Model 1 and 860G in Model
2.

The ampli cations of the magnetic elds would come from
the turbulence. Since the preexisting magnetic eld is much
weaker than the post shock turbulence, the turbulent ugloci
eld can easily stretch and deform the magnetic eld lines,
which creates the regions with the ampli ed magnetic eld
(Giacalone & Jokipii 2007). One can further understand the
mechanism of the strong eld ampli cation by the following
equation that is obtained from the equation of continuitgt an
the induction equation: |

d B

1 ol .
gt ==(B M)w

(12)

This equation shows that the magnetic eld can be ampli ed,
if the velocity has shear along the eld line. Such a situatio
is realized in the post shock shell due to the turbulenceeEsp
cially at the transition layer between CNM and WNM, the ve-
locity shear (vortex) is induced most strongly, since thappr
agation velocity of the shock wave is very different in WNM
and CNM. This picture of the magnetic eld ampli cation is
reinforced by the following properties of the shocked shell
First, the regions where the magnetic eld is strongly am-
pli ed roughly traces the transition layers between shatke
CNM clumps and WNM. Fig. 5 shows the closeup views of
the magnetic eld strength structure of Model tbif) and 2
(bottom). One can see that the thickness of the regions with
strong magnetic eld is approximately 0.01 pc, which agrees
well with the thickness of the transition layer (Inoue et al.

2006). Second, in the region where the strength of the mag-

netic eld is maximum, the plasma is on the order of unity
(see, §83.2.4 below). This re ects the fact that the back+eac
tion of the magnetic eld stops ampli cation due to turbuten
ows whose velocity dispersion is comparable to the sound
speed.

In the top panel of Figure 9, we plot time evolutions of
maximum 6olid) and averagedptted eld strength in the
shocked shell, where the average eld strength is de ned by

hjBji shel- The red and green lines respectively represent those

of Model 1 (perpendicular shock) and 2 (parallel shock). The
maximum eld strengths grow fast and saturate att mG
in both Models 1 and 2. The average eld strength also ex-
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FiIG. 5.— Close-up views of the magnetic eld strength distribntof
Model 1 ¢op) and 2 pottorr). The regions depicted in red have eld strength
larger than 600 G.
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ceeds the value expected only from the shock compression. g 6.— cumulative volume fraction of the region where magnetid

Does the growth of average eld strength come only from the
strong ampli cation at the narrow transition layers? Ouf an
swer is no, since the lling factor of the region where the mag
netic eld is ampli ed to the level of 1 mG is small. Further-
more, as seen in Fig.3 and 4, the magnetic elds are ampli ed
to tens or hundreds micro-Gauss broadly in the downstream
This growth of the average eld strength may be called "tur-
bulent dynamo" (Batchelor 1950; Cho & Vishniac 2000; Cho
& Lazarian 2003) that leads the magnetic eld ampli cation
through the stretching of eld line by turbulent eddies (vor
texes). Of course the origin of the eddy is the rippling of the
shock front that is due to the density inhomogeneity of the

multi-phase preshock gas. We discuss more details about thgn
turbulent dynamo in the next section by taking spectra of thed

turbulent postshock medium.
The difference between the average eld strengths betwee

strength is larger than the threshddd in the shell at the times depicted in
Fig. 3.

The level of average eld strengths is roughly an order of
magnitude smaller than the maximum. Therefore, in some
regions where the magnetic eld is ampli ed to 1 mG, about
a half of preshock kinetic energy is converted to magnetic en
ergy, but on average the conversion factor is only 1% or less
depending on the angle of the global shock normal and the
magnetic eld.

In Fig. 6 we plot the volume fractions of the regions where
agnetic eld strength is larger thahin the shell at the times
epicted in Fig. 3 and Fig. 4. The volume fractions where
jBj 100 G and 500 G are respectively 27.6% and 0.5%
n Model 1 and 9.6% and 0.03% in Model 2.

Models 1 and 2 is larger than the difference between the max-

imum eld strengths. This is simply due to the difference in
initial eld ampli cation by the simple shock compression.

3.2.3. Spatial Pro les and Power spectra
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FIG. 7.— Cross section pro les alongaxis atx = 1:0 pc of Model 1 golid) — the pottom panel shows those in the regich [1:3; 1:8] andy 2 [0:75; 1:25]
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) x - (5=3)- (D- 1) - ; 2_ =2 indi ;
for Model 2), and velocity component tangential to the shegkor Model 1 v/ K atD =2. The ratio o5 =4 and (" "v)i indicates the ratio

andvy for Model 2) are plotted from the top to bottom panel. The &foont 0§ the magnetic and kinetic energies at sdale

is located around position 1.85 pc (Model 1) and 1.90 pc (MayeThe left
and the right sides of these are downstream and upstregoectaely.

and P ~v)Z indicates the ratio of the magnetic and kinetic en-
ergies at scalk.
In Fig. 7 we show cross section pro les of Model 1 along  The spectra of two models show qualitatively similar pro-

the y-axis atx = 1.0 pc (solid) and of Model 2 along the- les. This is due to the fact that the turbulence in the shislls
axis aty = 1.0 pc dotted. The number density, magnetic super-Alfvénicin both cases. Inthe case of the super-Altvé
eld strength, velocity component normal to the shoekfor turbulence, as mentioned in the previous section, vori@des

Model 1 andvy for Model 2), and velocity component tan- dies) cause stretching and amplify magnetic eld not only at
gential to the shocky, for Model 1 andv, for Model 2) are  the transition layers but also in diffuse region (turbuldpt
plotted from the top to bottom panel. The shock front is lo- namo). In the following we compare the spectra taking from
cated around the position= 1:85 pc (Model 1) anck= 1:90 our results and that of other simulations in which the driven
pc (Model 2). The left and right sides of the shock front turbulent dynamo is studied.

are downstream and upstream, respectively. From the den- In the large scalesk€2 . 100 pc?), the velocity power
sity cross-section, we can see many clumps in the shell withspectra show the Kolmogorov spectrufi k &=3r @D (D=
well de ned boundaries. Most of the clumps are the shocked 3 in three-dimensional case ami= 2 in two-dimensional

CNM and some of the density jumps are generated by seccase), and the spectra of magnetic elds are atter thanghos
ondary shocks in the turbulence. The velocity cross sestion of velocities. These properties are also indicated from the
also show large amplitude uctuations, in which discontinu  simulations of the simple, one-phase, super-Alfvénicetriv
ous jumps due to the secondary shocks can be seen. turbulence (see, e.g. Cho & Lazarian 2003). The coinci-
In order to understand the statistical properties of the tur dence of the large scale characteristics{pandBZ between

bulent uctuations in the shocked shell, it is h8|pr| to ob- our tWQ_phase results and other one_phase results is not sur
serve their power spectra. Fig. 8 shows the power spectra ofyrising, since the character of two-phase medium arisgs onl
the velocityv;, magnetic eldBf=4 , and (" "V); obtained  on small scales owing to the smallness of the CNM clumps.
from the data of Model 1 in the region2 [0:75/1:25] and  The only difference between the two models on large scales
y 2 [1:3;1:8] (top), and Model 2 in the regiom 2 [1:3;1:8] s that the power spectrum of the magnetic eld in Model 1
andy 2 [0:75;1:25] (bogfon). Note that the shell integrals in  has larger amplitude than that of Model 2. This can be also
k space oB{=8 , and (" "V);=2 give, respectively, the mag- seen in the bottom panels of Fig. 3 and 4, i.e., the magnetic
netic energy and the kinetic energy. Thus the rati@g4 eld in Model 1 has larger structures than in Model 2. In
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1 (2003), until the growth of average magnetic eld saturates
the power spectrum of magnetic eld shows inverse cascade,

i.e., the scale of magnetic eld becomes larger as the eld be
comes stronger. In our case, the average eld strength does
Fic. 9 Evolutions of the maximuntli{ick lineg and averagetifin lineg not show clear saturation, though the growth rate is small
eld strengths {op), and the local plasmas at the point where the magnetic compared to the earlier stage (see the top panel of Fig. 9).

eld strength is maximumligottor). The red, green, blue, and black lines are  Thus, the average eld strength has some possibility to grow
the results of Models 1, 2, 3, and 4, respectively. further and the scale at which the spectra change their prop-

erties kK 100 at the moment taking the spectra in Fig. 8)
possibly becomes larger. Thus, it remains imperative to do

Model 1, the timescale of the interaction between the shock!0ng term calculations for studying the time evolution o th
wave and CNM clumps is longer than that of Model 2 owing turbulence spectra.
to the lamentary structure of the CNM clumps that would
cause the larger eddies and thus larger structures of the mag 3.2.4. Dependence on Shock Strength
BetIC eld. In contrast to the velocity, the power spectra of  In Figure 9, we show the results of the parameter study.
vare slightly atter than the Kolmogorov spectrum. Thisis The top panel represents the evolutions of the maxinthiok
due to the small scale structures of the shocked CNM clumps lines) and averagetliin lineg eld strengths, and the bottom
since the existence of the delta-function-like structufethe panel represents the local plasma at the point where the
density makes the power spectra atter than the Kolmogorov magnetic eld strength is maximum. The red, green, blue,
spectrum (e.g., Hennebelle & Audit 2007). and black lines are the results of Models 1, 2, 3, and 4 ,respec
On small scalesk2 & 100 pcl), the velocity spectra de-  tively. The top panel shows that the magnetic eld strengths
cline more steeply than Kolmogoroy, The level of the mag- decrease with increasing thermal pressure of the hot plasma
netic powerBZ and the kinetic powen\‘b( ~V)Z are closer than  or decreasing strength of the shock waves. As indicated in
on the large scale. In the case of the transonic, super-#ifivé  83.2.1, in the case of Models 1 and 2, the velocity dispersion
turbulence (Cho & Lazarian 2003) and the incompressible, of the turbulence is on the order of sound speed of the post
super-Alfvénic turbulence (Kida et al. 1991: Cho & Vishniac shock medium. In the case of Models 3 and 4, the velocity
2000), the power of the magnetic eld is reported to be larger dispersions in the shocked shell are respectively 240 Rm s
than that of the velocity eld on small scales. Note that in and 130 km S, which are on the order of the sound speeds in
the case of one-phase turbulence the ratio of the velocily an each shocked shell (see equation [11]). If one assumesthat,
magnetic eld power spectra gives the ratio of the kinetidan discussed in §83.2.2, the maximum magnetic eld strength is
magnetic energy spectra, since the density is normalized todetermined by the strength of the turbulent ow that is compa
unity. In our case, however, the magnetic eld power spec- rable to the sound speed, the local plasmahere magnetic
trum does not dominate the kinetic power spectrum even on eld strength is maximum should be on the order of unity.
small scales, although the difference is small. A resuli-sim The bottom panel clearly veri es this expectation.
lar to ours was also reported in Padoan & Nordlund (1999) in  The velocity and magnetic eld power spectra do not show
which highly supersonic, super-Alfvénic turbulence waglst  any qualitative difference between Models 1 and 2. The
ied. Thus, whether or not the magnetic power dominates theprobability distribution functions (PDF) of the magnetield
kinetic power on small scales seems to depend on the propertgtrength in the shocked shell (Fig. 10) indicate that th&re e
of dynamics. ists a range in which the PDFs show the power law depen-
So far, we have not discussed time evolutions of the spec-dence of the eld strengtiR[B] / B P) with the indexp 1.
tra. In the case of our simulation, it is dif cult to analyZeet This power law range is extended to higher eld strength with
detailed time dependence of the power spectra, since stitockeincreasing shock speed and increasing angle of the préeshoc
shell is too thin to take the spectra at early stage. In the cas magnetic eld direction to the normal of the plane of the
of the results of Cho & Vishniac (2000) and Cho & Lazarian global shock wave.

. . . .
0 1000 2000 3000 4000 5000
time [yr]
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4. SUMMARY AND DISCUSSIONS (B 1mG) that correspond to the hot spots is less than 1% in our
We have examined the MHD simulations of the shocked esults. However, we emphasize here that it depends on the
two-phase medium in two-dimensional geometry. We have number of the CNM clumps embedded in the diffuse WNM. If

shown that the shocked shell becomes turbulent owing to the/V€ consider the region of ISM including much larger number

preshock density inhomogeneity and the magnetic eld am- °f CNM clumps,da ShOth wave thﬁt piles up such '.SMItO fﬁrm
pli cation taking place in the shelil. This is consistentiithe ~ SNR IS expected to show more hot spots. In particular, huge

work of Giacalone & Jokipii (2007). In the cases of Models @mounts of HI CNM clumps are expected around molecular
1 and 2, in which the propagation speeds of the shocks corClouds (see, e.g. Blitz et al. 2006 for observation and Kayam

respond to the Sedov-Taylor stage of supernova blast waves Inutsuka 2002; Inoue & Inutsuka 2008; Hennebelle et al.

; ; ; 2008 and Heitsch et al. 2008 for simulations of molecular
mgtrinsa%ﬁgﬁyﬂggﬁ?gég Eyamglggﬁ(;ggc;}thforderof 1mG cloud formation). For example, SNR RXJ1713 is suggested

The preshock density inhomogeneity in our model origi- to be interacting with molecular clouds (Fukui et al. 2008),

nates in the thermal instability that is naturally and ubiqu andhthus,_énay sr}ow many hot S'ﬁdOtS th?n our simulationr?.
tously expected in the ISM (Inoue & Inutsuka 2008). Thus, | Ne evidence for magnetic eld ampli cation in SNR has
the process of the magnetic eld ampli cation investigatad been also obtained from the thickness of X-ray laments that
this paper is also expected in real SNRs. Recent X-ray ob—ggg""s t%’gg:agy%f klOO mlqroGz%Jgsf (Bg_mba ﬁt al. 200|3*
servations of SNRs by Uchiyama et al. (2007) and Uchiyama 20022, 2005b; Vink & Laming ). Since the X-ray I-

& Aharonian (2008) discovered synchrotron X-ray hot spots @Ments have apparently coherent features on parsec stales,
or laments. The magnetic elds are amplied up to 1 seems to be refrecting the "average” eld strength in the SNR

mG there, if the ux-decreasing timescale of the X-ray hot 1he average eld strength in our simulation shows tens to a
spots, which is on the order of a few years, is determinedundred micro-Gauss (see, Fig. 9) that possibly explais th
by the synchrotron cooling timescale of accelerated adesyr <T@y laments. Note that the thickness 0:01 pc of the X-

e L5(EG) 22 <KeVy 0= year here i e cnergy (% AMEDLs wolld be deatng e spatel dittuton o
of emitted photon. In the following, we compare our simula- :

: : : ) our simulations omitting nonthermal effects. Obviouslg th
gg(r)lt;esults with the observed characterstics of the X-ray h nonthermal effects (e.g., Lucek & Bell 2000) should be also

1) Spatial scale:The typical scale length of the observed importantin understanding the origin of the X-ray laments
X—(ra)y hpot SpOtS iS O:gsp pc, which is gcomparable to the Our simulations predict the spatial power spectrum of mag-

. : . netic eld distribution in the SNR shell that is slightly dha
scale of the regions where the magnetic eld strength is am-

- - : : : lower than the Kolmogorov spectrum on the scades 100
pILed 0 the order .Of 1 mG in our simulation (see, Fig. 5, pc ! and slightly steeper than the Kolmogorov on the scales
where regions depicted in red have eld strengths largem tha k> 100 pc ! as is the case of the super Alfvénic turbulence
0.6 mG). This scale length is determined by the width of the (see, Fig. 8). Such uctuations of the magnetic eld should
transition layers between the CNM clumps and surrounding ’ T

. : - be re ected as a spatial inhomogeneity of the synchrotren ra
WNM ( 0:1-0.01 pc) at which the strongest shear is induced .- .. . : ;
and ampli es the magnetic eld. diations as the synchrotron X-ray images of SNRs depicted in

(2) Location of the X-ray hot spoffhe observed X-ray hot Uchiyama et al. (2007) and Uchiyama & Aharonian (2008).

spots seem to be located at more than 0.1 pc behind the shoc ithough the inhomogeneity of the radiation re ects the in-
front, although the projection effect should be taken inte a omogeneous distribution of accelerated particles, it ity
count. This fact can be naturally explained in our scenario ?neaeﬁzmoecfg?g% ?gsesrlflﬁighnesspatlm power spectrum of the
(see bottom panels of Fig. 3 and Fig. 4 and Fig.7). However, I\/?a netic eld strenath on thé order of mG is also indi-

it may be dif cult for high-energy electrons, which acceler catedgin the center of%he Galaxy where spectacular lamen-
ated at the shock front and emitting synchrotron X-rays, to tary structures are observed Wi)t/h olarizgd radio emission
move from the shock front to the emitting region (hot spot) Alt}fgou h the mechanism of creatior; of large-scale lamen-
because of the synchrotron cooling. Moreover, the crossingtar str%cture with non-thermal emission ren%ains to be un
time of the hot spots for such electronsy wherev is the y

ow velocity at the hot spot, is much longer than the observed ggg;isslgt tﬂrgvédaﬁggig'r::tefr?tretrhfsogg";g{er?jcioeédesgsggt?e db
variability timescale of a few years. These facts imply that P P y

the electrons responsible for the X-ray hot spots are not ac—tmhgrz asur?eetirgoéz ;er;nqiaggﬁbﬁg?ug?gg% tshrilgulg 2? tgp?d(sege for
celerated at the shock front, but acceleratesitu or at least in out%f the locall a?m li ed maanetic eld inﬁorljar' e saal
very nearby compared to the shock front. A possible accel- g y.amp g 9

eration site is the secondary shocks arising from the tertiul volume is also expected in starburst galaxies that ineyitab
ow (e.g., collisions of turbulent ows) in the shocked shel experience concurrent supernova explosions. Thus, ittmigh

As indicated in §83.2.3, our simulations show the generation be interesting to study the long-term evolution of the sgipn

: . magnetized turbulent interstellar medium with the effexfts
of many secondary shocks in the shocked shell (see, Fig. 7). mul%iple strong shock waves in such environments
(3) Variability timescale and electron acceleratiorthe In this paper we have performed simulationé in two-
maximum magnetic eld strength in our simulation is large . ; ; X .
enough to explain the ux decreasing timescale of a few years dimensional geometry in order to keep the spatial resaiutio

L ; In principle, itis imperative to perform similar high restibn
ety Sk SIMISLOnS I ree imersonal geomery o analye e
electrons enough to make the hot spot. In order to con rm istic three-dimensional phenomena. We expect, howear, th

this, further studies are necessary taking into accounathe the pOS_SIbIedeferenk():el IS not signi Cant,ISInce the Etm .
celeration of electrons at the secondary shocks. properties of the turbulence in our simulation can be under-

: - : : : stood consistently with the three-dimensional simulatioh
The lling factor of the regions with high-magnetic eld super Alfvénic turbulence (see, section 3.2.3). We also ne-
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glect the effect of explicit magnetic diffusivity in the calla-
tion of stage 2, since the resistivity of the collisionletzsma

Inoue et al.

our results should not change unless the resistivity inisupe
nova remunants is huge to leag < 100.

in supernova remnants is highly unknown. Itis known that the

strength of magnetic eld ampli cation by turbulent dynamo
depends on the resistivity or magnetic Reynolds nunigr
which determine the ef ciency of magnetic eld dissipation
mainly via reconnection, i.e., larger resistivity (smalem)
leads weaker ampli cation of magnetic eld. However we
expect that the saturation level of magnetic eld strengibgl
not change, in the cases whe®g is roughly lager than 100
(see, Fig. 2 of Cho & Vishniac 2000). In our simulation the

T.1. thanks T. K. Suzuki for the helpful discussion of MHD
turbulence and numerical scheme. Numerical computations
were carried out on NEC SX-9 and XT4 at Center for Compu-
tational Astrophysics (CfCA) of National Astronomical Ob-
servatory of Japan, and NEC SX-8 at YITP in Kyoto Univer-
sity.
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merical grid. The magnetic Reynolds numiBgy can be esti-
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