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ABSTRACT

Nearby supernova explosions—within a few tens of pc of the solar system—have become a subject of intense
scrutiny, due to the discovery of live undersea 60Fe from an event 2.8 Myr ago. A key open question concerns the
delivery of supernova ejecta to the Earth, in particular penetration of the heliosphere by the supernova remnant (SNR).
We present the first systematic numerical hydrodynamical study of the interaction between a supernova blast and the
solar wind. Our simulations explore dynamic pressure regimes that are factors�10 above those in other studies of the
heliosphere under exotic conditions, for supernovae exploding at a range of distances through different interstellar
environments, and interacting with solar winds of varying strengths. Our results are qualitatively consistent with the
structure of the contemporary heliosphere modeled by previous work, but compressed to within the inner solar system.
We demonstrate that key characteristics of the resulting heliospheric structure follow simple scaling laws that can be
understood in terms of pressure-balance arguments, and which are in agreement with previous work. Our models show
that a 10 pc supernova event, incident on a solar-wind outflow with the mean observed properties, compresses the
heliopause to just beyond 1 AU. We also demonstrate scenarios where the supernova remnant compresses the helio-
pause to within 1 AU, in which cases supernova material will be directly deposited on Earth. Since 8 pc marks the
nominal ‘‘kill radius’’ for severe biosphere damage, any extinction-level events should have left terrestrial deposits of
supernova debris. We conclude with a brief discussion of the effect of our approximations and the impact of additional
physics.
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1. INTRODUCTION

The consequences and signatures of supernova explosions near
the solar system (or other planetary systems) have been the sub-
ject of speculation for almost a half century (Schindewolf 1954;
Krasovskii & Shklovskii 1957; Terry & Tucker 1968; Laster et al.
1968; Benı́tez et al. 2002). The topic is rich, spanning astrophysics,
geoscience, and now astrobiology. Special attention has been fo-
cused on the effect of a nearby supernova on the terrestrial environ-
ment. Ruderman (1974) showed the primary effect to be damage
to, or outright removal of, ozone in the upper atmosphere (e.g.,
Ruderman 1974; Crutzen & Brühl 1996; Gehrels et al. 2003), al-
though other effects have been considered (e.g., Fields & Ellis
1999). This in turn could lead (Karam 2002a, 2002b) to a signifi-
cant insult to the biosphere and/or stimulation of beneficial ge-
netic variation. On the basis of these effects, the ‘‘minimum safe
distance’’ froma supernova is estimated at�8pc (Ellis&Schramm
1995; Gehrels et al. 2003).

Our understanding of the astrophysics and astrobiology of
nearby supernovae can only move beyond speculation in the pre-
sence of a concrete empirical signature of such an event. Ellis et al.
(1996) showed in detail how such a signature can be obtained by
the detection of live radioisotopes with lifetimes shorter than the
age of the solar system. These species lack a strong terrestrial back-
ground, a crucial advantage in the face of the tiny expected super-
nova signal. Knie et al. (1999) first reported detection of such live
radioactivity, in the form of accelerator mass spectrometry meas-
urements of 60Fe(t1=2 ¼ 1:5Myr) in a deep-ocean ferromanganese
crust. The 60Fe abundance, while tiny, exceeds known back-
grounds by a factor of �100, and thus can only be understood as
a supernova signature (Knie et al. 1999; Fields & Ellis 1999). Re-
cently, Knie et al. (2004) confirmed this detection by identifying

60Fe in another crustwithmuchbetter time resolution,whichpinned
down the supernova epoch to 2:8 � 0:4 Myr ago. This landmark
discovery opens theway for ‘‘supernova archeology.’’ For example,
the 60Fe abundance yields a supernova distance of 15Y100 pc,
where the large uncertainty is dominated by large variations in the
supernova 60Fe yield (Fields et al. 2005). The upper end of the dis-
tance range is consistentwith the location of the Scorpius-Centarus
OB association (the nearest site of massive star formation) at the
time of the explosion (Benı́tez et al. 2002). Such a nearby and
relatively recent eventmay play a role in forming and /or sustaining
the hot, rarefied Local Bubble in which the Sun is currently em-
bedded (Smith & Cox 2001).1

A physically clear and quantitatively accurate understanding of
the penetration of a supernova blast into the heliosphere is critical
for understanding both the impact of a nearby supernova on the
biosphere and the deposition of observable radioisotopic super-
nova signatures. Currently, however, no detailedmodels exist that
directly and systematically address this problem. Ellis et al. (1996)
briefly addressed supernova collisions, but this was limited to a

A

1 Since this paper was initially submitted, Basu et al. ( 2007) have detected
large abundances of 3He in the same crust; this isotope is also found in sea sed-
iments, and is likely due to the infall of cosmic rayYirradiated dust. This result con-
firms that extraterrestrial material can indeed become incorporated into these crusts.
3He abundances in the crust show a significant increase over the past �4 Myr,
although a correlation with the 60Fe spike is not seen. Basu et al. (2007) argue that
because the 3He can be understood as having a solar system origin, it is possible
that the 60Fe might have been delivered in one or a few very large (k0.5 mm)
iron/nickel-rich micrometeorites. On the other hand, if the 60Fe is of meteoritic
origin, it should be accompanied by a similarly large spike in 53Mn, which has not
been found for this crust. A detailed study of this issue iswarranted, but goes beyond
the scope of this paper; in any case, the motivation for and importance of nearby
supernova studies goes beyond the 60Fe evidence.
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simple order-of-magnitude estimate, which used a momentum-
conservation argument to infer a maximum penetration distance
on the order of a few tens of pc. After decades of effort (Axford
et al. 1963; Patterson et al. 1963), extensive analytical and nu-
merical studies of the present heliosphere do exist and provide a
useful theoretical and numerical framework (e.g., Zank 1999;
Baranov 1990 and references therein). While the present helio-
spheric conditions are very different (with collision speeds an or-
der of magnitude smaller) from those in a supernova impact, two
studies in particular have simulated the heliosphere in a wide
variety of interstellar environments (Zank & Frisch 1999; Müller
et al. 2006). These come the closest to our own work, offering in-
valuable insights and points of quantitative comparison; our study
follows the approach and analytical techniques laid out in these
papers. Even these simulations, however, consider parameters con-
siderably less extreme than those produced by a supernova: the
fastest interstellar velocities in Müller et al. (2006) have ram pres-
sures an order of magnitude smaller than those we will consider,
and the heliopause standoff never comes closer than tens of AU.

To date, no gas dynamics calculation has self-consistently ad-
dressed the supernova evolution and blast passage together; also,
no study has systematically addressed the detailed structure and dy-
namics of the collision with the heliosphere for a range of super-
nova parameters. This paper represents a first step toward filling
this gap in our knowledge. We present the first gas dynamics sim-
ulations to make a detailed, systematic study of supernova rem-
nant collisionswith the heliosphere.Ourwork is based on FLASH
(Fryxell et al. 2000), an adaptive mesh code which is adept at
shock capturing, and is thuswell suited for our problem.Our study
is in two parts.Wefirst construct simplemodels of supernova rem-
nant evolution, and from this derive the properties of the remnant
fluid over its history as it passes observers at different distances.
The important point here is that the supernova remnant is large
compared to 1 AU, and that its passage is very long lived (k1 kyr)
compared to characteristic timescales for solar wind response
(�1 AU/vsw � 1 day). Consequently, on the length and time scales
of the heliosphere collision problem, wemay treat the supernova
blast as a uniformwind, whose propertieswe derive fromour rem-
nant simulation.

We then zoom into scales of a fewAU and perform simulations
of the collision of a supernova with the solar wind. Our numerical
work is guided and checked against analytical results, some of
which have been derived for the case of the present heliosphere
(e.g., Baranov 1990). Numerical simulations of the heliosphere
under present-day (e.g., Zank 1999 and references therein) and
exotic conditions (Müller et al. 2006) similarly provide invaluable
qualitative insight and quantitative benchmarks. We find that the
basic structure of the supernovaYsolar wind collision is quite sim-
ilar to that of the present-day heliosphere, whose terminology we
borrow. Since both flows are initially supersonic, there are two
shocks: a termination shock marking the deceleration of the
solar wind, and a bow shock in the supernova flow.A contact dis-
continuity, the heliopause, forms at the interface of the supernova
and solar wind flows. The heliopause is of particular interest for
our problem, as it marks the innermost boundary of supernovama-
terial. We find that the heliopause is subject to Kelvin-Helmholtz
instabilities, the presence of which smears out somewhat the re-
gion of ‘‘supernova contamination’’ beyond the values obtained
from simple pressure-balance estimates of distance of closest ap-
proach (stagnation point).

Our results depend on various physical parameters, particularly
the supernova distance, as well as the strength of the solar wind
(i.e., phase in the solar cycle) and the density of the interstellarme-
dium intowhich the supernova explodes.We examine the effect of

these parameters, and find that the supernova distance is the most
important; for the heliopause to penetrate to within 1 AU,we find
that a supernova distance not much more than 10 pc is required.
However, we find that some of these dependencies are linked by
scaling relations, which we derive and test. These scalings not
only allow for useful semi-analytical treatment of the supernova
collision problem, but also allow a comparison with the very sim-
ilar relations found in models of the heliosphere in a wide variety
of other environments (Müller et al. 2006).Our results extend these
to extreme impact velocities.

2. OBSERVATIONAL DATA

2.1. The Solar Wind

The solar wind is a time-varying, non-axisymmetric, multi-
component, magnetohydrodynamic flow; a full description of the
solar wind should include these properties. However, for our ini-
tial investigations we will adopt an idealized model of the solar
wind, with attention to reproducing the bulk properties at 1AU and
globally. Here, wewill summarize these properties, some of which
will be inputs to our simplified description, and some of which
will be checks on it.
At 1 AU, the observed properties of the solar wind plasma vary

with time, particularly over the solar cycle, but also on shorter time-
scales. For a period roughly spanning the calendar year 1996, the
Solar andHeliospheric Observatory (SOHO) found (Ipavich et al.
1998) a proton number density np;sw ¼ 8:1 � 4:3 cm�3 and speed
vsw ¼ 421 � 76 km s�1, where in both cases the first value gives
the time-averagedmean, and the error range indicates the variance,
which is much larger than the measurement error. Furthermore,
Ipavich et al. (1998) found that the solar wind density and ve-
locity are anticorrelated, with a best-fit power-law relation np;sw ¼
7:6 cm�3(vsw /400 km s�1)�1:92. Thus we see that the solar wind
ram pressure,

Pram;sw ¼ mpnp;swv
2
sw � 2:0 ;10�8 dyne cm�2; ð1Þ

is nearly independent of the solar wind speed, with a very weak
scaling as Pram;sw/ (vsw /400 km s�1)0:08.
This finding that the solar wind ram pressure is roughly con-

stant over a solar cycle is fortuitous for our problem, since we will
soon see that force (i.e., pressure) balance sets themaximumpene-
tration of the supernova remnant. The constancy of solarwind ram
pressure has been noted in previous studies (Steinitz & Eyni 1980;
Mullan 1983; Leinert& Jackson 1998) that span larger ranges over
the solar cycle.
Still, while the ram pressure variance is less than it would be if

the density and speeds were uncorrelated, it is still large; Ipavich
et al. (1998) find Psw;ram ¼ (2:2 � 0:9) ; 10�8 dyne cm�2. The
large excursions�Pram /Pram � #(1) imply for our problem that
we can expect that the supernova penetration will in general fluc-
tuate significantly over a single solar cycle, in addition to long-term
secular variations due to the supernova blast profile and/or solar
variations. Furthermore, it is worth noting that much of the anal-
ysis has been on data taken near the ecliptic plane. In traversing
from one heliocentric pole to another, Ulysses found that the solar
wind ram pressure was stronger toward the poles. Phillips et al.
(1995) reportedPram;poles ’ 3 ;10�8 dyne cm�2 (scaled to 1AU),
which is roughly a 50% enhancement above the mean equatorial
value. Thus in our collision problem, one might imagine that the
maximum penetration distance might well depend on the inclina-
tion of the ecliptic relative to the incoming supernova blast.
In light of these trends, our approach in the present studywill be

to focus on the heliospheric collision response for typical solar
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wind parameters. We will adopt fiducial solar wind parameters
such that the (unperturbed) density and velocity values at 1AU are
near (within ’10%) the means reported by Ipavich et al. (1998).
Wewill take particular care that our fiducial rampressurePsw;ram ¼
2 ;10�8 dyne cm�2.Wewill also explore the response of different
rampressures, butwill defer a thorough study of these variations to
forthcoming work.

2.2. The Local Interstellar Medium

The present-day structure of the local interstellar medium
(LISM ) and of the heliosphere both provide qualitative insight,
as well as quantitative inputs for the nearby supernova problem.

The nature of the LISM today sheds light on the ambient con-
ditions one might expect for a recent nearby supernova.2 The pre-
sent ISM in the �100 pc region surrounding the heliosphere
consists of a hot, low-density gas. This region is thus known as the
‘‘Local Bubble’’ (e.g., Frisch 1995 and references therein). Smith
& Cox (2001) suggest that the LISM, particularly its X-ray emis-
sion properties, can be understood as a result of multiple super-
nova explosions, and intriguingly conclude that the most recent
event should have beenwithin the past fewMyr. In any case, given
that the Local Bubble is large enough to exceed the size of a typ-
ical supernova remnant, it is likely that an event producing the
60Fe signal 2.8 Myr ago occurred within a pre-existing bubble.
At present, the immediate environment of the Sun is the Local
Interstellar Cloud (or ‘‘local fluff’’; Frisch 1995), a relatively small
region both denser and cooler than the Local Bubble. The Sun en-
tered this region in the past 10,000 yr, and so at the time of the 60Fe
event, the Sun was probably inside the Local Bubble itself.

To study the effect of the presupernova medium, we will ex-
amine conditions like that of the Local Bubble, as well as the
Local Interstellar Cloud. For comparison, we will also discuss
results in which an explosion occurs within a ‘‘typical’’ ISM re-
gion, with parameters set at Galactic average values; we will see
that the high-density (and high-pressure) values allow for a more
distant supernova to drop out of the Sedov phase and into the
radiative phase. These sets of ISM parameters appear in Table 1.

2.3. The Heliosphere

The present heliosphere has the basic structure defined by the
interaction between the solar wind and the LISM through which
we move at v�� 26 km s�1. Zank (1999) provides an excellent
review of the solar windYLISM interaction. The deceleration of
the solar wind leads to a ‘‘termination shock,’’ where the flow be-
comes subsonic; the interface between the flows is a contact dis-
continuity, the ‘‘heliopause.’’ If the LISM sound speed is such that
cs < v�, then our motion through it is supersonic, leading to a

second shock, the ‘‘bow shock’’ which decelerates the interstellar
material. The detailed structure and stability of these boundaries,
and their distances at closest approach, remains a subject of intense
interest.

RecentVoyager 1 data have enriched (and complicated!) our un-
derstanding of the heliosphere. In late 2004, Voyager 1 experi-
enced a sharp enhancement in magnetic field strength (Burlaga
et al. 2005), along with a rise in pick-up ion intensity (Stone et al.
2005) and a steady increase in low-energy cosmic rays (Stone
et al. 2005). All of these enhancements have been sustained since,
and point to Voyager 1 having crossed the termination shock at a
distance of 94 AU. The termination shock location should vary
with the solar cycle, and thus increases in the solar wind ram pres-
sure over 2002Y2005 could explain (e.g., Webber 2005) particle
enhancements (Krimigis et al. 2003;McDonald et al. 2003) around
85 AU as precursor encounters with a receding heliosheath.

3. ANALYTIC EXPECTATIONS

Some idealized analytical considerations help to elucidate some
of the basic scales and structures in our problem; many of these
considerations are elucidated for the case of the present-day he-
liosphere by Baranov (1990) and Zank (1999).

3.1. Supernova Remnant: Sedov-Taylor Model

We first consider the largest scales relevant to our problem, set
by the development of the supernova blast wave and the SNR. In
both our analytical and numerical results, we will take the super-
nova, the surrounding pre-explosion interstellar medium, and the
Sun to all be at rest relative to one another.

For a simple analytic description of the supernova blast, we adopt
the spherically symmetric, adiabatic Sedov-Taylor solution (e.g.,
Landau&Lifshitz 1987). In thismodel, the supernova shock front
position is RSN ¼ �(ESN/mpnISM)1

=5t 2
=5, where ESN is the explo-

sion energy, n ISM is the ambient interstellar (hydrogen) density,
and � �1 is a numerical factor weakly dependent on the adiabatic
index �. Here and throughout the numerical expressions, we use
� ¼ 5/3,which gives� ¼ 1:1517.Because our detector (the Earth)
is at a fixed distance, we will be interested in the remnant prop-
erties as a function of SNR radius; for convenience, we list them
here. The shock front arrival time at position RSN is

t ¼ ��5=2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mpnISM

ESN

r
R
5=2
SN ¼ 4:8 kyr

nISM

1 cm�3

� �1=2 RSN

10 pc

� �5=2

;

ð2Þ

where here and throughout we adopt a supernova baryonic energy
with the canonical value ESN ¼ 1051 erg. The shock front speed is

vshock ¼
2

5

RSN

t
¼ 2

5
� 5=2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ESN

mpnISM

s
R

�3=2
SN : ð3Þ

The speed of the material behind the shock ( i.e., the speed of
shocked material flowing downstream of the shock) is

vSNR ¼ 2

� þ1
vshock ¼

4

5

� 5=2

� þ1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ESN

mpnISM

s
R

�3=2
SN ð4Þ

¼ 610 km s�1 1 cm�3

nISM

� �1=2
10 pc

RSN

� �3=2

; ð5Þ

TABLE 1

Adopted Interstellar Medium Parameters for Supernova Simulations

ISM Model

Density, nH
(cm�3)

Temperature, T

(K)

Pressure, P

(dyne cm�2)

Local Interstellar Cloud ........ 0.1 8000 2:2 ; 10�13

Local Bubble......................... 0.005 1:28 ;106 1:8 ; 10�12

Average ISM......................... 1.0 8000 2:2 ; 10�12

2 Of course, to describe events in the more distant past, one must consider the
effect of different phases in a multicomponent interstellar medium, as well as
the fact that supernovae will not occur under random interstellar conditions, but
rather will explode in environments which have been ‘‘preprocessed’’ by the pre-
supernova ionizing radiation and possibly winds. See discussion in x 8.

SUPERNOVA COLLISIONS WITH THE HELIOSPHERE 551No. 1, 2008



as measured in the ISM frame. The sound speed behind the shock
is c 2

s ¼ 2�(� �1)v 2
shock /(� þ1)2, and so theMach number behind

the shock takes the constant value

MSNR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2

�(� � 1)

s
¼

ffiffiffi
9

5

r
¼ 1:34; ð6Þ

i.e., the postshock flow is mildly supersonic.
The density behind the shock is enhanced over the ambient den-

sity by the usual compression

�SNR ¼ � þ1

� �1
�ISM ¼ 4�ISM: ð7Þ

The postshock ram pressure in the ISM frame is PSNR;ram ¼
�SNRv

2
SNR, and the thermal pressure is PSNR;therm ¼ 2�ISMv

2
shock /

(� þ 1). Thus the total pressure is

PSNR;tot ¼ PSNR;ram þ PSNR;therm ¼ 8�5

25(� � 1)

ESN

R3
SN

ð8Þ

¼ 3:3 ; 10�8 dyne cm�2 10 pc

RSN

� �3

: ð9Þ

It is worth noting that, as demanded by self-similarity, the su-
pernova pressure scales as E /R3 and is independent of the den-
sity of the ambient medium.Wewill find that pressure balance is
the key factor in determining the distance of closest supernova
approach, and thus, as long as the remnant is in the Sedov phase,
its effect on the solar system will be largely independent of the
nature of the ambient medium.

3.2. Solar Wind

For our analytic estimates, we consider a steady state, spheri-
cally symmetric, adiabatic flow to describe the solar wind. Under
these conditions, the mass flux at radius r is directed radially, with
magnitude

jsw(Rsw) ¼ �swvsw ¼ Ṁ

4�R2
sw

¼ jsw(1 AU)
1 AU

Rsw

� �2

; ð10Þ

which immediately follows from mass conservation. For dis-
tances k1 AU, we can to a reasonable approximation ignore the
acceleration of the solar wind; momentum conservation then
implies a constant velocity, so that the density falls off as R�2

sw , as
does the ram pressure. On the other hand, the thermal pressure
drops more sharply asP / �� / R�2�

sw , and thus beyond 1 AUbe-
comes even more negligible than at 1 AU. We then have

vsw � vsw;1 AU � 450 km s�1; ð11Þ

�sw � �sw;1 AU
1 AU

Rsw

� �2

; ð12Þ

Ptot;sw¼ �swv
2
swþPsw ��swv

2
sw�2 ;10�8 dyne cm�2 1 AU

Rsw

� �2
:

ð13Þ

Wewill henceforward refer to these expressions as the ‘‘constant-
velocity approximation’’ for the solar wind.

3.3. SupernovaYSolar Wind Collision

For the incoming supernova blast, we take a steady state uni-
form adiabatic planar flow. The assumption of planar symmetry is
in part for convenience, but also because current observations of
supernova remnants are unable to probe this regime, and thus offer
no guidance on the scales and amplitudes of possible density vari-
ations.3 We take the supernova flow direction to be in the z-axis,
with initial density �SNR, pressure PSNR, and speed vSNR.
The geometry of the supernovaYsolar wind collision thus has

axial symmetry about the z-axis. This symmetry guarantees that
the point of closest penetration (the stagnation point) will lie along
the z-axis, where the solar wind is oriented to directly oppose the
supernova blast. In a steady state, we expect force balance, and
hence momentum balance, to be established; this will occur
when the total pressures (thermal and ram) in the two flows are
equal, which occurs at the pressure-balance or stagnation dis-
tance (e.g., Baranov 1990)

Rstag ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Psw þ �swv

2
sw

PSNR þ �SNRv 2SNR

s
AU; ð14Þ

where the solar wind quantities are evaluated atRsw ¼ 1 AU.Note
that since both the solar wind and supernova are supersonic, their
thermal pressure is small compared to their ram pressure. As a
check on this expression, we can use it to estimate the present-day
stagnation point. For a Local Interstellar Cloud density of nISM ¼
0:1 cm�3 and a relative speed v� ¼ 26 km s�1, we find a ram pres-
sure Pram;ISM ’ 10�12 dyne cm�2, and thus Ptot;ISM � Pram;ISM.
Substituting this for the SNR pressures in equation (14) gives
Rstag ’ 100 AU, which is in good agreement with present ob-
servations (x 2.3).
The solar wind at 1 AU is observed to have a total pressure

Psw þ �swv
2
sw ’ 2 ;10�8 dyne cm�2 (eq. [13]), a value that is just

comparable to that of a SNR at 10 pc (eq. [8]). Because of this
numerical coincidence, we can see that the stagnation point for a
supernovaYsolar wind collision will be on the order of Rstag �
1 AU. The stagnation distance sets the characteristic length scale
in our problem.Moreover, it marks the location of the contact dis-
continuity, and thus is the innermost boundary of the heliopause,
and hence of supernova gas. Obtaining accurate estimates of this
distance of maximum penetration by the supernova remnant is a
central goal of this paper. Taken at face value, this estimate suggests
a penetration cutoff Rstag � 1 AU for a supernova at RSN � 10 pc,
which coincidentally is just around the ‘‘minimum safe distance.’’
The fact that Rstag � 1 AU has major implications for the

supernova-heliospheric collision and its geological and biolog-
ical impact. Immediately we see that indeed supernova penetra-
tion to the Earth’s orbit is feasible for nearby events at interesting
distances (and frequencies; see, e.g., Shklovskii 1968; Fields 2004).
Thuswemay indeed hope for radioisotope deposition, and possibly
terrestrial environmental damage due to the increased cosmic-ray
flux due to anomalous and Galactic cosmic rays accelerated in the
two shocks.
On the other hand, the fact that the stagnation distance is, within

our simplified treatment, exactly at the 1AUboundary implies that

3 Obviously, the curvature in a perfectly spherical SNR that is parsecs in size
will be totally negligible on AU scales, and so our assumption of a planar SNR
flow is self-consistent with our SNR simulations. Of course, real SNRs are aspher-
ical, so the true physical situation might be more complicated.
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the ability of the supernova remnant to engulf the Earth depends
not only on the supernova distance, but also on a number of other
factors. One major issue is the nature of the detailed hydrody-
namics, especially the possibility of instabilities. At the stagna-
tion point, the initially supersonic solar and supernova flows are
both decelerated to zero speed; this requires not only that each
flow develop shocks, but also suggests that a contact discontinuity
develops that separates the solar wind from the supernova mate-
rial. The pressure across this discontinuity is continuous, but the
density and tangential velocity are discontinuous. This implies that
at the stagnation point, the flows are diverted tangentially away
from the symmetry axis; due to their unequal densities and sur-
rounding velocity shear, one expects Kelvin-Helmholtz instabil-
ities to result.

Indeed, simulations of the present-day heliosphere do find
instabilities. The detailed study of Florinski et al. (2005) iden-
tifies Kelvin-Helmholtz instabilities in four-fluid simulations of
the heliopause that include the effects of magnetic fields.
Moreover, their multifluid approach can and does find Rayleigh-
Taylor instabilities, i.e., where a low-density fluid supports a
high-density one, with the role of gravity replaced by the mo-
mentum transfer through ion-neutral interactions. Kryukov et al.
(2006) find similar results in both two-fluid and four-fluid sim-
ulations. Instabilities are found in other colliding flows. The
intensive study of colliding winds (e.g., Luo et al. 1990; Stevens
et al. 1992) in models of binary massive stars with supersonic
mass loss demonstrates the onset of Kelvin-Helmholtz instabil-
ities due to the velocity shear across the discontinuity. Instabil-
ities also appeared in the Velázquez et al. (2003) simulations of a
SNR collisionwith a very fast stellar wind, characteristic of mas-
sive O-type stars.

Our own nonmagnetic, purely hydrodynamic simulations are
blind to magnetohydrodynamic and/or multifluid effects; thus we
do not expect to seeRayleigh-Taylor features, butwe can (andwill)
find Kelvin-Helmholtz rolls, features also seen in heliospheric
simulations under present-day conditions (Florinski et al. 2005;
Kryukov et al. 2006).

The development of such instabilities can lead to significant time
fluctuations in the stagnation point. Such excursions in the super-
nova boundary could be very important for our problem. Thus, we
conclude that the closeness of the stagnation point to the crucial
1 AU boundary demands that we pursue the problem further with
a full hydrodynamic treatment. As we will see, Kelvin-Helmholtz
instabilities do indeed arise in our problem, and do ‘‘smear’’ the
separation between supernova and solar wind material.

Another important diagnostic of our problem is the character-
istic timescale in the collision problem. The ‘‘crossing time’’ for
(unimpeded) supernovamaterial to traverse the stagnation distance
is

tcross ¼
Rstag

vSNR
¼ 4:3 days

Rstag

1 AU

� �
400 km s�1

vSNR

� �
: ð15Þ

This very short duration has two immediate consequences. First, it
is clear that timescales in the collision will be very short compared
to the >1 kyr time for the passage of a supernova blast (eq. [2]; see
also Fig. 2). Thus we cannot hope to directly model the full du-
ration over which the Earth is exposed. Instead, our collision sim-
ulations amount to ‘‘snapshots’’ during this process, and we can
deduce the net effect of the supernova by an integration over a
time series of blast properties. Second, we see that the characteris-
tic timescale in our problem is small, even compared to the 11 year
solar cycle. Thus, rather than averaging solar wind properties over

the cycle, a better approach is to examine the collision for solar
wind parameters corresponding to different phases in the cycle.

4. NUMERICAL METHODS

To study both the evolution of a supernova remnant in its
Sedov-Taylor phase, as well as the supernovaYsolar wind col-
lision problem, we use the FLASH code (Fryxell et al. 2000), an
adaptivemesh, parallel simulation code. The hydrodynamic solver
used in FLASH is a directionally split piecewise parabolic method
(PPM) solver, originally described byWoodward&Colella (1984).
PPM is a second-order scheme both in space and time, and per-
forms very well in resolving discontinuities. FLASH uses the
PARAMESH library to manage a block-structured grid, placing
resolution elements where they are needed most.

Both the PPM solver and the adaptive mesh feature are well
suited for our problem, in which we encounter shocks and con-
tact discontinuities, as well as hydrodynamic instabilities that
can be resolved without too much computational expense.

We employ FLASH to solve the Euler equations of hydro-
dynamics with a cooling source term. These can be written as:

@�

@t
þ: = (�v) ¼ 0; ð16Þ

@�v

@t
þ: = (�vv)þ:P ¼ 0; ð17Þ

@(�E )

@t
þ: = �E þ Pð Þv½ � ¼ ��(T )n2; ð18Þ

where � is the mass density of the fluid, np is the proton (and elec-
tron) number density, v its velocity, P is the thermal pressure,
and E is the total specific energy, i.e., the sum of the internal en-
ergy " and the kinetic energy per unit mass,

E ¼ "þ 1

2
vj j2: ð19Þ

The rate of radiative energy loss per unit volume is given by
�n2. The cooling function �(T ) used in FLASH is given by
Rosner et al. (1978) in the temperature range 2 ; 104 K < T <
108 K, and by Peres et al. (1982) in the range 4 ; 103 K < T <
2 ;104 K.Wedo not allow for radiative heating or heat conduction.

Throughoutwe also adopt an adiabatic equation of state,P / �� ,
where � is the ratio of specific heats. In our simulations, we adopt
� ¼ 5/3. Thus pressure and specific internal energy are related by
P ¼ (� �1)�". Finally, in all cases, we take the fluid to be a fully
ionized proton-electron plasma, such that the density of the fluid is
given by � � mpnp, withmp being the proton mass and np the pro-
ton (and electron) number density. The electron contributions to
pressure are significant and included; the electron contributions to
density are small but nevertheless are also included. We do not
allow for the possibility of recombination.

For the collision simulations, it is useful to be able to distinguish
supernovamaterial from that of the solar wind, and tomeasure the
degree to which they mix. FLASH offers a convenient way to do
this by introducing a newfluid variableC (‘‘contamination’’),which
obeys

@ (�C )

@t
þ: = �Cvð Þ ¼ 0: ð20Þ

That is, the ‘‘mass scalar’’C evolves passively, simply following
the fluid element with which it was born. We inject supernova
material with CSNR ¼ 1 and solar wind material with Csw ¼ 0;
mixed material will thus have 0 < C < 1. Thus a map of C over
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the computational domain measures the penetration and mixing
of supernova material.

Our simulations are thus aimed at addressing the basic hydro-
dynamics of the problem.We do not includemagnetic fields, dust,
or cosmic rays. As we will argue below (x 8), these are unlikely to
change the gross structure of the heliosphere in a collision with a
supernova remnant. However, they may be crucial for a full
quantitative understanding of the heliosphere in a collision with a
supernova, and for the resulting geological signatures and astro-
biology consequences of a nearby explosion. These will be the
subject of future work.

5. SUPERNOVA REMNANT SIMULATIONS

5.1. Supernova Remnant Model

The simulations of the evolution of a supernova remnant served
two purposes: (1) to test the accuracy of the code and (2) to pro-
vide the input parameters of pressure, density, and velocity of the
shock impacting the heliosphere based on the distance of the explo-
sion from the Sun. Themodel for the supernova explosion adopted
for the simulation is that of an injection of energy into a small
volume element. We neglect gravitational forces, heat conduction,
and magnetic fields, but we allow for radiative cooling.

We impose axisymmetry, and thus set up a two-dimensional
computational volume. To initialize the explosion, we inject an
overpressure in a sphere centered at the origin and with a radius
of no more than 1% of the extent of our computational domain,
with an energy of ESN ¼ 1051 ergs. The rest of the computational
domain is initialized with uniform density and pressure consis-
tent with ISM parameters as listed in Table 1. The velocity of this
ambient medium is zero in all directions.

5.2. Supernova Remnant Evolution

Our supernova simulations were done in axisymmetry (cylin-
drical coordinates), but for spherically symmetric initial condi-
tions. Thus an immediate test of the code is its ability to maintain
spherical symmetry throughout the systemevolution.We indeedfind
that the remnant remains very accurately spherical. Consequently,
we need not display the full two-dimensional results, but can in-
stead summarize themcompletely in terms of the one-dimensional
spherical properties.

Throughout the simulations the shock is very well resolved,
reflecting the power of the FLASH shock-capturing algorithms.
In Figure 1, we plot the shock position R as a function of time for
explosions in media with two different densities. We see that in
both cases, the shock trajectory displays the expected power-law
behavior. In the lower density case corresponding to the Local
Interstellar Cloud, the Sedov R � t 2

=5 behavior is reproduced
throughout, while in the high-density (average ISM) case, the
initial Sedov behavior shows a transition to a R � t 1

=4 trend.
The transition from an initial energy-conserving (Sedov) phase

to a momentum-conserving (snowplow) phase occurs when en-
ergy losses become important. Radiative energy loss (‘‘cooling’’)
ismostly due to bremsstrahlung, and occurs at a rate per particle of
�cool � �ne. We expect significant energy losses when the cool-
ing timescale �cool ¼ kT /�cool is on the order of the Sedov age
tshock (eq. [2]). Equating these gives an estimate for the transition
to a radiative expansion at a distance of Rrad ’ 30 pc for np;ISM ¼
1 cm�3. Around this distance, one should see a change in the slope
in log R� log t. A break in the slope is indeed seen in Figure 1,
and occurs near 30 pc; this agreement adds to our confidence in
our simulation, and will provide insight on the different hydro-
dynamic properties in the radiative phase.

The main results of the simulation are summarized in Table 2,
which lists the postshock density, pressure, and velocity at dis-
tances of 10, 20, and 30 pc from the center of explosion. Re-
sults are given for the case where the supernova explodes in a
np ¼ 0:1 cm�3 and T ¼ 8000 K medium like that of the Local
Cloud today, and the case where it explodes in an ISM with
T ¼ 8000 K, but np ¼ 1 cm�3 in order to investigate the effects
of higher density and pressure, where the SNR can depart form
the Sedov phase at large distances from the supernova. These
results provide the input parameters for the supernova flow in
the collision simulations.
Time profiles of the blast fluid properties are shown in Figure 2

for an observer located at a fixed distance R ¼ 10 pc from the
supernova explosion. Note that the time profile amounts to a sort
of inversion of the blast profile in space. We see that the shock
passage corresponds to the arrival of the densest, fastest, and
highest pressure material, with these properties decaying with
time as the slower, more rarefied, and hotter interior material
passes the observer.We see that the density drop-off is fairly rapid
compared to the supernova remnant age; still, the density remains
within a factor of 2 of its peak value for k1 kyr in both cases.
This verifies our expectations that a fixed observer sees the
remnant properties change on timescales that are much larger
than the dynamic timescales of the heliosphere itself. Thus in the
context of our collision simulations, we are well justified in adopt-
ing the incident supernova blast properties as constant in space
and time.

6. SOLAR WIND SIMULATIONS

6.1. Solar Wind Model

We simulate the solar wind as a spherically symmetric outflow.
The solar wind simulation is over the same domain as the full col-
lision simulation described below. The flow is spherically sym-
metric, but is solved in an axisymmetric domain, in cylindrical
coordinates (r; z) with a spherical radius given by R2 ¼ r2 þ z2.
The �z and +r boundaries have outflow conditions imposed;

Fig. 1.—Shock trajectories for spherically symmetric supernova explosions in
our two adopted ISM states (see Table 1). The shock position R follows the Sedov
scalingR / t 2

=5 for the entire low-density (Local Interstellar Cloud) simulation. In
the high-density simulation, the initial Sedov (energy-conserving) phase endswhen
radiative energy losses become large, in this case at about R ’ 20 pc. There-
after, theSNRevolves in the snowplowphase, following theR / t1

=4 law frommo-
mentum conservation. [See the electronic edition of the Journal for a color version
of this figure.]
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axisymmetry guarantees that there is no flow ‘‘across’’ r¼0,which
is enforced by a reflecting boundary condition.

Because the length scales of interest to us (kfew ; 0:1 AU)
are much larger than the solar radius, in our simulation we in-
ject the wind at a radiusRinj 3R�; the region interior toRinj plays

no role in our simulations. The fluid properties at injection are
chosen to lead to solar wind behavior at 1 AU that is consistent
with observations (x 2.1). The rest of the computational volume in
our solar wind simulations (and some collisions simulations) is
initialized using the constant-velocity approximation above

TABLE 2

Supernova Blast Properties

Pressure (10�8 dyne cm�2)
Distance, RSN

(pc)

Density, np;SNR
(cm�3)

Velocity, vSNR
(km s�1) PSNR;ram PSNR;therm

Arrival Time, tcross
(kyr) Adiabatic Evolution?

ESN ¼ 1051 erg explosion into a np;ISM ¼ 0:005 cm�3 medium (Local Bubble)

10......................................... 0.02 8646 2.5 0.82 0.34 yes

20......................................... 0.02 3056 0.31 0.10 1.9 yes

30......................................... 0.02 1664 0.091 0.031 5.3 yes

ESN ¼ 1051 erg explosion into a np;ISM ¼ 0:1 cm�3 medium (Local Cloud)

10......................................... 0.38 1940 2.4 0.82 1.5 yes

20......................................... 0.38 688 0.30 0.10 8.5 yes

30......................................... 0.39 375 0.091 0.031 23.4 yes

ESN ¼ 1051 erg explosion into a np;ISM ¼ 1 cm�3 medium

10......................................... 3.8 614 2.4 0.82 4.8 yes

20......................................... 3.9 201 0.26 0.090 27 transition

30......................................... 31 131 0.0066 0.88 105 no

Fig. 2.—Time profiles of local fluid properties for an observer at a fixed distance R ¼ 10 pc from a supernova blast of 1051 erg. The constant early time values are those
of the ambient medium; the spike then denotes the arrival of the shock, which is followed by a drop in density and rise in temperature as the observer’s location is engulfed
in the SNR. The pressure curves displayPtherm (dotted lines),Pram (dashed lines), andPtot ¼ Ptherm þ Pram (solid lines ).Left: Explosion into a Local Cloudmedium.Right: Ex-
plosion into the average ISM. [See the electronic edition of the Journal for a color version of this figure.]
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(eqs. [11]Y[13]). As seen in Figure 3, this approximation is very
close to the full adiabatic solution, to which the domain adjusts
itself within a few time steps.

We select the injection radius Rinj based on two considerations:
(1) Small values of the injection radius introduce large asphericity
in the flow when placed in the cylindrical coordinates of our grid;
to minimize these asphericities imposes the computational ex-
pense of increasing the finest grid resolution. Thus computational
speed and memory push for the largest possible injection radius.
(2) On the other hand, the injection radius must lie safely away
from the termination shock, particularly at its closest approach. As
we will see, the termination shock and heliopause scale together,
and are both set by pressure balance; thus we change the injection
radius to follow the scales of the simulations. We find that a good
compromise between these two competing demands is to initialize
the solar wind at a radius in a range Rinj � 0:1Y 0:5 AU, with the
larger values corresponding to the larger overall computational do-
mains; in general, this corresponds to about half of the termination
shock’s closest approach.

We include a point-mass gravitational source term, situated at
the origin and having a massM�. In fact, gravitational effects are
in practice small, because our injection radius is significantly be-
yond the sonic point, at which the wind becomes supersonic.

6.2. Solar Wind Results

The fluid evolves from an initial state set by the constant-
velocity approximation above. Very rapidly the simulation re-
laxes to an adiabatic steady state. The relaxation timescale is,
as one would anticipate, on the order of days per AU in radius
(cf. eq. [15] ). We find that the adiabatic solution has a velocity
which is very nearly constant with radius; consequently the flow
is very close to the ‘‘freewind’’solution inwhich pressure and gra-
vity forces are negligible. Thus, to a good approximation, we have
a spatially constant velocity profile v � v1 AU, and hence mass
conservation demands � (Rsw) ¼ �1 AU(1 AU/Rsw)

2. We see then
that the analytic approximation we made in x 3.2 is a good one;
in particular, the ram pressure scales as Pram / R�2

sw , as given in
equation (13).
As with the supernova remnant simulations, we construct an

axisymmetric grid to model a problem with spherical symme-
try. Here again therefore, the degree of spherical symmetry in
our results is a test of our code. We indeed find that the evolu-
tion maintains spherical symmetry quite well. Small asphericities
necessarily do appear, manifesting as radial ‘‘spokes’’ in density
and velocity maps. These numerical artifacts arise predominantly
because of grid asphericities in the region at which the wind is
injected. However, these asphericities are small: the density and
velocity variations at a given spherical radius are always within
P7% of the mean in the region of interest beyond k0.5 AU.

7. SIMULATIONS OF SUPERNOVA COLLISION
WITH THE SOLAR WIND

7.1. Collision Model

Having implemented prescriptions for the supernova and so-
lar flows, we are now in a position to bring the two into col-
lision. This simulation is of course the main goal of this paper.
The basic structure of the simulation is a spherically symmetric
outflow representing the solar wind, subject to an incident pla-
nar flow representing the supernova blast. The solar wind is
injected as described in the previous section (x 6.1). The su-
pernova blast has the properties found for a particular time and
distance in the simulations described in x 5.1. We examine the
sensitivity of our results for different supernova distances and
explosions into different media.
For computational expedience, we adopt a geometry that is

axisymmetric about the stagnation line. The simulation thus is a
grid in cylindrical coordinates (r; z), as in the solar wind simula-
tions. The supernova flow is injected at the �z boundary moving
in the +z direction; this makes z the symmetry axis, and thus the
stagnation line is r ¼ 0. The +z and +r boundaries have outflow
conditions imposed.
The two-dimensional simulation can be performed fairly rap-

idly, so that we can explore the sensitivity of the winds to the pa-
rameters.Also, instabilities—notablyKelvin-Helmholtz—can and
do develop in our simulations, and thus we are able to capture all of
themost essential features of the hydrodynamic problem.Of course,
the enforcement of axisymmetry does represent an important sim-
plification. In particular, the instabilities in a full three-dimensional
simulation may well be more substantial. Our work here will mo-
tivate further studies that will address these issues.
As noted in the discussion around equation (15), the natural

timescale in our computational domain is on the order of days
(down to hours for the crossing time over a single grid cel l). Con-
sequently, it is impracticable to model the entire k1 kyr passage
of the supernova blast. Indeed, we will find that this is not nec-
essary, as the system will rapidly reach a quasi-static equilibrium.

Fig. 3.—Radial profiles of solarwind fluid variables for a spherical, steady flow,
which at r ¼ 1 AU matches the average observed solar wind properties. The pres-
sure curves display Ptherm (dotted line), Pram (dashed line), and Ptot ¼ Ptherm þ Pram

(solid line). Note the restricted, linear scale for the velocity panel; the underlying
message is that the velocity is nearly constant. In the bottom panel are plotted
r 2AUnp(r) /10 cm

�3 (lower curve) and r 2�AUPram(r) /10
�8 erg cm�3 (upper curve);

note the linear scale. These test the scalings that would result if the velocity were
perfectly constant: the curves would be exactly flat in that case. The nearly
constant behavior of the curves confirms that the scalings (eqs. [12] and [13]) are
excellent approximations to the full solution. [See the electronic edition of the Jour-
nal for a color version of this figure.]
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Also note that the simulation timescales are short enough that we
do not need to average over the 11 yr solar cycle. In fact, we will
investigate the effect of changes in the solar wind properties over
the cycle.

We have examined two sets of initial conditions. One begins
with the computational domain initialized as in the solarwind sim-
ulations. The supernova blast then enters the simulation and
drives back the solar wind until a quasiYsteady state heliosphere
emerges. The other initialization fills the domain with the super-
nova flow into which the solar wind emerges, diverting the blast
until a quasiYsteady state again is reached. Because our problem
has a quasi-steady solution, the results should be independent of
the initial conditions once the simulation has relaxed to this state.
We indeed find this to be the case.

7.2. Collision Results

We ran our simulations for a wide variety of SNR parameters
and an observationally motivated set of variations in solar wind
strengths. The input parameters and main quantitative outputs of
these runs are summarized in Table 3. In this section, we will first
focus on a few important cases that illustrate the general quali-
tative features of our simulations. Then we will turn to trends
and scalings.

7.2.1. Highlights from Individual Simulations

We find that our simulations relax to a quasiYsteady state in a
timescale about equal to the supernova crossing time over the com-
putational domain (eq. [15]).A still from such a relaxed simulation
appears in Figure 4, model 7 in Table 3. This particular simulation
corresponds to a supernova at 10 pc exploding into a Local Inter-
stellar Cloud medium (n ¼ 0:1 cm�3) and colliding with a solar
wind with the mean ram observed pressure (eq. [13]). However,
the overall structure of the steady state supernova-compressed heli-
osphere is quite general, and obtains in all of the collision simu-
lations we have run.

As seen in Figure 4, the basic structure is that of the present-day
heliosphere for the case of a supersonic interstellar flow (e.g.,
Baranov 1990;Zank 1999).We see two shocks separated by a con-
tact discontinuity. The supernova blast is decelerated in a bow
shock, which we see has a characteristic smooth geometry and
a shape and position that do not vary with time. The solar wind
is similarly decelerated in a termination shock that surrounds the
Sun. We see a forward/backward asymmetry in the termination

shock. The termination shock has a time-invariant position and
smooth shape in the ‘‘forward’’ region, i.e., where the solar wind
velocity has a component in the �z-direction, and thus opposes
the supernova blast. In the opposite ‘‘rearward’’ region, the ter-
mination shock has a more irregular geometry, which fluctuates

TABLE 3

Simulation Results: Characteristic Scales

Simulation
Number

�tot;sw (1 AU)

(10�24g cm�3)

vsw(1 AU)

(km s�1)

RSN

(pc)

�SNR
(10�24 g cm�3)

vSNR
(km s�1)

rbal
(AU)

rts
(AU)

rhp
(AU)

1.................... 9.2 459 8 0.033 12084 0.62 0.62 0.87

2.................... 9.6 455 10 0.033 8646 0.78 0.78 1.07

3.................... 4.6 460 10 0.033 8646 0.54 0.55 0.80

4.................... 4.8 459 10 0.059 4443 0.56 0.55 0.80

5.................... 10.5 453 20 0.033 3057 2.29 2.11 3.34

6.................... 5.0 456 8 0.63 2702 0.41 0.42 0.66

7.................... 10.6 454 10 0.63 1940 0.83 0.82 1.20

8.................... 4.8 459 10 0.63 1940 0.57 0.61 0.87

9.................... 10.5 453 30 0.033 1664 4.21 4.41 5.88

10.................. 9.6 468 10 1.1 1102 0.81 0.74 0.94

11.................. 12.8 585 20 0.64 688 3.30 3.12 3.61

12.................. 10.2 464 20 0.64 688 2.34 2.37 3.07

13.................. 10.8 453 30 52 131 1.58 1.45 1.94

14.................. 4.0 307 30 52 131 0.65 0.58 0.87

15.................. 10.6 450 10 0.022 118 7.29 5.65 8.69

Fig. 4.—Snapshot of the heliosphere during the arrival of a shock from a super-
nova explosion 10 pc away, for model 7 in Table 3. The simulation uses cylindrical
coordinates, with cylindrical r and z axes plotted; axisymmetry about the z axis is
imposed. The Sun is located at the origin, and the SNR approaches frombelow; i.e.,
it advances in the +z-direction. The ambient ISMconditions are those of the present-
day Local Interstellar Cloud. Plotted is a logarithmic density map. We see that two
shocks develop: one surrounds the Sun and is due to the deceleration of the super-
sonic solar wind. The other is the bow shock due to the deceleration of the SNR. The
flows then converge onto the heliopause, which can be seen as the ragged interface;
the irregular shape is due to Kelvin-Helmholtz instabilities. A circle is drawn at a
(spherical ) radius of 1 AU, i.e., indicating the Earth’s orbit (up to inclination effects).
We see that a SNR under these conditions will penetrate to just beyond 1 AU.
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in time, as does the position of the shock. This is because the
rearward shock arises because of the diversion of all of the radial
solar outflow into highly disrupted flow moving in the +z di-
rection inside a small, roughly cylindrical region. We find that
while this rearward termination shock is irregular in space and
time, it is alwaysmore distant from the Sun than the forward shock.

Of particular interest to our problem is the contact discontinuity
that develops between the two shocks. Aswith the solar wind, this
heliopause marks the separation between the supernova and
the solar material, and thus delimits the innermost boundary of
the SNR. Figure 4 illustrates the general result that the helio-
pause has a structure that is highly irregular in space and time.
These large fluctuations are due to Kelvin-Helmholtz instabil-
ities caused by velocity shear at the interface between the two
flows. Elongated structures in the instabilities can be sheared
into large plumes of material ejected laterally into the supernova
flow (i.e., in the +r-direction), further distorted as they are en-
trained in the blast, and finally carried out of the simulation do-
main. These instabilities are present at all polar angles from the
Sun, up to the stagnation point. In particular, the forward region
of closest supernova approach is subject to these instabilities,
and the stagnation distance varies significantly over�1 day time-
scales, with fluctuations in distance often ��10% of the mean,
and sometimes more.

Figure 4 not only illustrates the general structure of supernovaY
solar wind collisions, but also specifically the case of a 10 pc ex-
plosion (in a Local Interstellar Cloudmedium, n ¼ 0:1 cm�3) onto
an ‘‘average’’ solar wind. We see that the stagnation point, while
somewhat variable, is located just barely beyond 1AU. Several im-
portant conclusions follow from this result. First, we see that our
full numerical simulations confirm (to within �10%) the simple

pressure-balance stagnation estimate in equation (14). Also, taken
at face value, the ’1.1 AU stagnation distance suggests that the
average solar wind of the present epoch is just strong enough to
prevent the Earth frombeing engulfed by a 10 pc supernova.How-
ever, as noted in x 3.3, the larger lesson to take from this result is
that the question of supernovapenetration to 1AU is not an ‘‘open-
and-shut case,’’ but rather will be sensitive to the details of the
problem. For example, we would expect a slightly closer (or more
powerful) supernova, and/or a slightly weaker solar wind to lead
to a successful supernova approach to within 1 AU.
To illustrate the sensitivity of the supernova penetration to the

parameters in our problem, and to test the pressure-balance scal-
ings, we show in Figure 5 the results from model 8 in Table 3. In
this collision, the supernova properties are identical to those in
Figure 4 (i.e., a 10 pc explosion into a Local Interstellar Cloudme-
dium). However, the solar wind has a lower density, such that the
ram pressure is Pram;1 AU ¼ 1:2 ;10�8 dyne cm�2 at 1 AU. This
value is about half that in Figure 4, and thus the solar wind ram
pressure is correspondingly smaller throughout. This value cor-
responds to a fluctuation of slightly less than 1 � below the time-
averaged mean. In other words, this illustrates the heliosphere
during a phase in which the solar wind is slightly weakened to a
level still quite commonly observed. We see that in this case, the
supernova now does penetrate to just within 1 AU, and thus the
Earth can be directly exposed to remnant material. This point is
made clear in Figure 5b, which shows the ‘‘contamination’’ mass
scalar field (eq. [20]); we also see that in the flow trailing the
rearward termination shock, supernova and solar wind material
is interspersed in complex eddies, and is often well mixed.
To show the effect of the supernova blast, we plot in Figure 6

the results for a more distant supernova, model 12 in Table 3. The

Fig. 5.—Left: Density map as in Fig. 4, for model 8 in Table 3. This is also for a supernova explosion at RSN ¼ 10 pc, but with a solar wind with a ram pressure set by
Pram;1AU ¼ 1:2 ;10�8 dyne cm�2. This is about half of the time-averaged mean observed value today (and used in Fig. 4 ), and also represents a 1 � fluctuation below the
mean. In this case, the supernova blast does engulf the Earth, and the Earth’s orbit may carry it into the remnant where it will be directly exposed to supernova material.
Right: Contamination map of the domain in the left panel; the C ¼ 1 region corresponds to supernova material, the C ¼ 0 region to solar material. We see that the super-
nova does penetrate to 1 AU, and also that in the disturbed flows rearward of the collision, the material becomes well mixed.
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blast parameters are those of an explosion at 20 pc,with a Local In-
terstellar Cloud ambient medium (Table 2). The solar wind is re-
stored to its full-strength, time-averaged mean observed value.
Noting the change in scale in the plot, we see that the supernova
penetrates to the inner solar system, but that now the stagnation
radius, at about 3 AU, is far from Earth.

7.2.2. Scaling Relations from the Full Suite of Simulations

We have performed a suite of other simulations, spanning a
wide variety of supernova distances and a range of solar wind pa-
rameters reflecting the observed time variations in wind prop-
erties. This parameter study and our analysis of its results applies
the approach of Müller et al. (2006) to our case of a supernova-
confined heliosphere. Input parameters and resulting locations of
the termination shock rts and heliopause rhp appear in Table 3.
Also tabulated is the pressure-balance distance r bal, computed
using equation (14), the solar wind, and supernova properties.

These data are well described by simple scaling relations, as ex-
pected based on the analytical arguments above, and in agreement
with other studies of the heliosphere under less drastic conditions.
Figure 7 displays the tight correlation between the locations of the
termination shock and the heliopause at their closest approach (i.e.,
along the�z symmetry axis). Error bars in the vertical axis reflect
the �10% fluctuations in the heliopause location due to instabil-
ities. A linear relation is clearly evident, and a least-squares fit gives
an intercept consistent with zero and a slope of r hp /rts ¼ 1:4.

This result is interesting for several reasons. First, from a purely
empirical point of view, it is remarkable that such a simple rela-
tionship accurately summarizes the behavior of a wide variety
of flows (supernova dynamic pressures spanning 2 orders of mag-
nitude). This empirical relationship is also useful for the super-
nova problem, as it allows for determination of both of these

heliospheric dimensions if either of the two boundaries can be
predicted. Also, the specific slope of 1.4 is intriguing because
this is precisely the value obtained for the same slope in the
Müller et al. (2006) simulations. That the agreement is so close
is nontrivial and perhaps even surprising, given their significantly
slower interstellar flow and, more importantly, the inclusion of
neutral species in their multifluid results. A naı̈ve interpretation of
the similarity between our result and that of Müller et al. (2006)
would be that this scaling arises from the basic hydrodynamics,
and is not strongly sensitive to multifluid effects. However, a full
exploration of this comparison must await the inclusion of neu-
trals in our simulations.

The simplicity and robustness of the scaling between termi-
nation shock and heliopause suggests that the gross characteristics
of our results are the result of an equilibrium, such as the momen-
tum balance between pressure forces. Using our suite of models,
we can compare the pressure-balance distance r bal (eq. [14]) to the
characteristic scales observed in the simulations. Since we have
seen that the termination shock and heliopause location scale in a
linear way, comparison of r bal with either will suffice for both.

In the top panel of Figure 8, we plot r bal versus the termination
shock location for our simulations. We again see a tight correla-
tion, nowwith a slope very close to unity.We thusfind that the sim-
ple pressure-balance distance as given in equation (14) turns out to

Fig. 6.—Same as Fig. 4, but for a supernova at RSN ¼ 20 pc; this is model 12
in Table 3. Note the enlarged scale. We see a similar overall structure, but the
heliopause has now moved well beyond 1 AU. In this case, the supernova blast
would not engulf the Earth.

Fig. 7.—Plot of the innermost approach of the heliopause (rhp) vs. that of the
termination shock (rts) for the solar windYsupernova collision models we have
run. Error flags on the heliopause reflect the �10% fluctuations that arise due to
Kelvin-Helmholtz instabilities. A very strong linear correlation is observed, with
an intercept consistent with zero. A linear relation rhp ¼ 1:41rts provides the best
fit to all the data, for a wide range in supernova distance and in the relative con-
tribution from supernova thermal vs. ram pressure. The universality of this scal-
ing shows that pressure balance is the controlling factor for the collision geometry
and scalings. [See the electronic edition of the Journal for a color version of this
figure.]
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be an excellent predictor of the termination shock location. The ac-
curacy of this prediction can be seen in the bottom panel of Fig-
ure 8,which shows the residual of the scaling, i.e., the scatter in the
ratio r bal/rts. We see that the scaling always holds to within 20%,
and often to better than 10%.

It is of interest that the pressure-balance distance predicts the
location of the termination shock, rather than the heliopause,which
our simulations show to lie a factor of 1.4 beyond. For practical
purposes,we can combine these two scalings to infer the heliopause
position as

rhp ¼ 1:4rbal: ð21Þ

This can be used to estimate the heliopause position as a function
of distance from a supernova whose remnant is in the Sedov
phase. Furthermore, the sensitivity to supernova distance is

rhp ¼ 1:2 AU
Psw þ �swv

2
sw

2 ; 10�8 dyne cm�2

� �1=2
RSN

10 pc

� �3=2

; ð22Þ

and thus we see that to penetrate within rhp � 1 AU, under typical
solar wind conditions, requires a supernova within RSN � 9 pc.

These empirical results vindicate and encourage the use of
the simple estimates and scalings for the collision properties pre-
sented in x 3.3. Given the other uncertainties and complexities
of the problem, we find the usefulness of these scalings to be

heartening, allowing one to focus attention on the most relevant
parts of parameter space.

8. DISCUSSION

The Knie et al. (1999, 2004) detection and confirmation of live
60Fe in a �2Y3 Myr old sedimentary layer stands as the first evi-
dence for the terrestrial deposition of debris from a recent nearby
supernova. To qualitatively and quantitatively understand and in-
terpret these provocative data requires a reliable accounting of the
penetration of supernova ejecta into the solar system. To this end,
we have performed the first hydrodynamic simulation of the col-
lision between a supernova blast and the solar wind, using the
FLASH code (Fryxell et al. 2000).
To study the supernova impact, we first made a simple spher-

ically symmetric hydrodynamic model of a supernova remnant
with cooling; this provided the time profile of blast properties at
various distances from the explosion. We used these results in our
main, two-dimensional simulations, in which the heliosphere is
described by a spherically symmetric solar wind, subject to an in-
cident planar wind with the properties of a supernova blast at a
selected distance.We found that the resulting heliosphere displays
amorphology qualitatively similar to the results of theoretical and
numerical studies of the heliosphere under present-day conditions
(Zank 1999). The deceleration of the supersonic solar and super-
nova flows leads to a termination shock and a bow shock. These
shocks are separated by a contact discontinuity that marks the
boundary between supernova ejecta and solar material.
We further see that our results display a linear scaling between

termination shock and heliopause location that is in excellent
quantitative agreementwith the extensiveMüller et al. (2006) sim-
ulations of the heliosphere under awide variety of conditions. Our
work builds on their results and extends them to the supernova re-
gime with dynamic pressures an order of magnitude higher. It is
important to note that the multifluid simulations of Müller et al.
(2006) include the effects of interstellar neutrals, which are impor-
tant both for the present heliosphere and the perturbed environments
they consider. In our supernova case, the extreme temperatures of
young remnantswill not allow for neutrals. On the other hand, older
supernova remnants could contain high-density regions with a non-
zero neutral fraction; these might show interesting effects which
bear further future study.
The strength of the supernova blast far exceeds that of the rel-

ative interstellarwind seen today by the Sun, and so quantitatively,
the heliospheric boundaries in our simulations are pushed far
closer than those observed today. In particular, the closest ap-
proach of the supernova material extends almost exactly to 1 AU
for an explosion at 10 pc, and to within a few AU for an explo-
sion at 20 pc; we find that simple scaling laws based on a pres-
sure-balance argument (Baranov 1990) provide a surprisingly
accurate and useful description of the behavior of this stag-
nation point. We also find that mixing between the supernova
and solar windmaterial occurs only in a thin region on either side
of the contact discontinuity on the front side of the collision;
consequently, the discontinuity itself provides a goodmeasure of
the innermost boundary for penetration of SNR material. On the
other hand, the material trailing the heliopause has intertwined
pockets of material ranging frompurely supernova, to purely solar,
to well mixed.
Our results have implications for the 2.8Myr old 60Fe signal of

Knie et al. (1999, 2004) and for nearby supernova debris deposi-
tion generally. We find that the maximum supernova penetration
distance exceeds 1 AU for explosions beyond 10Y20 pc from the
Sun. Thus, our models would indicate that the Earth is never en-
gulfed within the supernova remnant for most distant explosions.

Fig. 8.—Illustration of the success of pressure balance in accounting for the
heliospheric structure. The distance r bal for solar windYsupernova pressure balance
is computed as in eq. (14) for each simulation. Results are plotted as a function of
termination shock distance rts; the dotted line is for r bal ¼ rts, i.e., with a slope of 1.
Top: Plot of rbal vs. rts, showing a tight correlation.Bottom: The small�10%Y20%
scatter in the ratio r bal/rts quantifies the accuracy of the pressure balance scaling.
[See the electronic edition of the Journal for a color version of this figure.]
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Of course, the precise quantitative ‘‘cutoff’’ distance for terrestrial
exposurewill depend on the details of the problem, some of which
we have simplified (notably, we have performed a 2D calculation,
with no magnetic fields). Nevertheless, we suspect that these ef-
fects will not strongly alter the cutoff, and thus direct terrestrial
deposition of supernova ejecta may indeed not occur for events
beyond�20 pc. On the other hand, the 60Fe abundance points to a
distance range of 10Y100 pc (Fields et al. 2005). Thus we would
conclude that the supernova event leading to the 60Fe signal either
must lie at or near the lower distance limit (pointing to a low 60Fe
nucleosynthesis yield), or that the 60Fe deposition did not require
that the supernova remnant penetrate all the way to 1 AU.4

Howcould radioisotope deposition occur for supernovaewhose
blasts do not penetrate to the Earth? A possible mechanism sug-
gests itself on considering that most heavy elements produced in
supernovae, including all of those with long-lived radioisotopes,
are refractory and condense rapidly from the gas phase onto dust
grains. These particles are far less affected by the solar wind than
the supernova plasma, andwe suspect that dust penetrates the solar
system much more readily and is deposited terrestrially. Indeed,
even today, interstellar grains penetrate to 1 AU while moving at
speeds an order of magnitude slower than grains entrained in a
supernova blast would be. Thus, the penetration of the supernova
remnant itself could deliver dust grains to the inner solar system,
where they would then follow their own trajectories into the he-
liosphere and to the Earth. This possibility will be examined in
detail in a forthcoming study.5

Our results also have implications for astrobiology. The ‘‘kill
radius’’ of a supernova is estimated to be�8 pc (Ellis & Schramm

1995; Gehrels et al. 2003). We have found that a supernova blast
launched from such a short distance can penetrate to within 1 AU.
This implies that biologically damaging events will indeed be
accompanied by radioisotope deposition. We conclude therefore
that a nearby supernova capable of leading to a paleontological
extinction signal will be accompanied by a radioisotopic signal.
Thus the presence and severity of supernova damage can be
independently corroborated and calibrated. Not only does this
allow one to confirm a supernova as the source of an extinction
event, but this also differentiates supernova damage from the
very similar environmental and biological effects of a Galactic
gamma-ray burst (Melott et al. 2004; Thomas et al. 2005; Scalo
& Wheeler 2002).

As we have emphasized, our study represents the first model
for a supernova impact on the heliosphere, and we have there-
fore intentionally adopted some simplifying assumptions. In
future work, we will extend the present results by refining our
treatment of the physics and astrophysics of the problem. Fu-
ture hydrodynamic calculations will investigate the effect of
magnetic fields in the solar wind and in the SNR. We also in-
tend to remove the assumption of axisymmetry to examine the
role of Kelvin-Helmholtz instabilities both with and without
magnetic fields. In addition, as noted above, we plan to address
the issue of supernova dust penetration of the solar system. Our
results here provide motivation and lay the foundations for these
studies.
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