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Abstract. A number of supernova remnants (SNRs) show nonthermal X-rays assumed to be synchrotron emission from shock
accelerated TeV electrons. The existence of these TeV electrons strongly suggests that the shocks in SNRs are sources of galactic
cosmic rays (CRs). In addition, there is convincing evidence from broad-band studies of individual SNRs and elsewhere that
the particle acceleration process in SNRs canfieient and nonlinear. If SNR shocks améi@ent particle accelerators, the
production of CRs impacts the thermal properties of the shock heated, X-ray emitting gas and the SNR evolution. We report
on a technique that couples nonlineaffuive shock acceleration, including the backreaction of the accelerated particles on

the structure of the forward and reverse shocks, with a hydrodynamic simulation of SNR evolution. Compared to models
which ignore CRs, the most important hydrodynamid&es of placing a significant fraction of shock energy into CRs are

larger shock compression ratios and lower temperatures in the shocked gas. We compare our results, which use an approximate
description of the acceleration process, with a more complete model where the full CR transport equations are solved (i.e.,
Berezhko et al. 2002), and find excellent agreement for the CR spectrum summed over the SNR lifetime and the evolving shock
compression ratio. The importance of the coupling between particle acceleration and SNR dynamics for the interpretation of
broad-band continuum and thermal X-ray observations is discussed.
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1. Introduction guantities such as the supernova (SN) explosion energy, ejecta

. . . mass and composition, ambient densities, shock speed, and rate
Itis commonly believed that the shocks in supernova remnagts

T ; . electron and proton equilibration. That CR production and
(S.NRS) prqduce the maéorlty Qf 9"?"""0‘.'0 cosmic rays (CRmermal heating in SNRs may be coupled comes from the fact
with energies below~10'° eV via difusive shock accelera-

~~ 7 that difusive shock acceleration is intrinsicallffieient in high

%ach number shocks if even a small fraction of the shock

support for the produ_ctlon of TgV electrons in SNRs COMEZ ated plasma is injected into the acceleration process (e.g.,
from the synchrotron interpretation of nonthermal X-ray eMIgison & Eichler 1984: Jones & Ellison 1991: Berezhko &

sion (e.g., Reynolds 1998) observed in an increasing nu T 1999: Malkov 1998: Blasi 2002
ber of young SNRs such as SN1006 (Koyama et al. 199E;,|son » Valkov »asl )

Cas A (Allen et al. 1997), G347-®.5 (Slane et al. 1999), and  f strong coupling between particle acceleration and shock
RCW 86 (Borkowski et al. 2001) heating occurs, the modeling offieient particle acceleration

In addition to their putative role in accelerating cosmith SNRs dfers the possibility of using the high-quality X-ray
rays, the shocks in SNRs heat the ambient interstellar medigffl y-ray data currently being collected by spacecraft (e.g.,
and ejecta to X-ray emitting temperatures. The interpretatiéfandra XMM-Newton INTEGRAL) to address fundamen-
of these X-ray observations leads to inferences for importdat questions concerning the SNR origin of CRs and the un-
derlying physics of dfusive shock acceleration, particularly
Send gfprint requests toD. Ellison, the injection of thermal particles into the acceleration pro-
e-mail:don_ellison@ncsu.edu cess. Furthermore, strong coupling implies that the inferences

1 As of this writing, there is no unambiguous evidence for the prgnade from X-ray observations mayfidir substantially be-

duction of TeV ions in SNRs (see Berezhko et al. 2002,for a disCugyeen interpretations which include particle acceleration self-
sion of SN1006 in this regard). The recent claim that TeV em'ss'%nsistently and those that do not.

from SNR RX J1713.7-3946 (also called G347035) observed by ) . )
CANGAROO Il is from pion-decay (e.g., Enomoto et al. 2002) is still  Despite the expectediiency of difusive shock acceler-
under debate (see, for example, Reimer & Pohl 2002; Butt et al. 200&)ion, X-ray spectra from SNRs have generally been modeled
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and interpreted assuming that the shocks pladasignificant broad-band continuum photon emission from radio to TeV en-
fraction of their energy in cosmic rays. Exceptions to this irergies (e.g., Ellison et al. 2001), and use the self-consistent
clude the early works of Chevalier (1983), Heavens (1984hermal properties in a non-equilibrium calculation of X-ray
and Boulares & Cox (1988). Chevalier (1983) investigatduhes (e.g., Decourchelle et al. 2000). For now, we restrict our-
the dfects of cosmic-ray pressure on SNR dynamics usisglves to calculating CR proton spectra integrated over the SNR
a two-fluid, self-similar solution with an arbitrary fraction oflifetime.
thermal gas (adiabatic index = 5/3) and relativistic gas
(y = 4/3). More recent work has been done by Dorfi &.1. Hydrodynamic simulation
Bohringer (1993) and Dorfi (1994). In our preliminary work o o . .
(i.e., Decourchelle et al. 2000), we developed a model whil¥f Use a standard hydrodynamic simulation in one dimension
coupled the approximate nonlinear (NL) acceleration calcufg-m0del the gects of a supernova explosion in the interstel-
tion of Berezhko & Ellison (1999) with an analytic, self-similaf2” medium (ISM) (see Blondin & Ellison 2001, and references
description of the SNR hydrodynamics (i.e., Chevalier 1984}€rein). We are free to choose arbitrary ejecta and ISM mass
and a non-equilibrium ionization calculation of X-ray emissiof€Nsity profiles, but to facilitate our comparisons discussed
(e.g., Decourchelle & Ballet 1994). We illustrated this moddlow, we adopt the parameters determined for SN1006 by
by fitting ASCA and RXTE observations of Kepler's SNR anf€rézhko etal. (2002), i.e., we assume a constant density, con-
found adequate fits when acceleration wéiient at the for- ;tant temperature .ISM, and take the initial eject_a density pro-
ward shock but inicient at the reverse shock. file to bep « r™", with n = 7 and a constant density plateau at
The efects of éficient particle acceleration on SNR hydro-s_ma" radii (i.e., Chevalier 1982)\_/\_/hi|e the mode_ling of par-
dynamics where calculated in a hydro computer simulation gfu@r young SNRs depends critically on the ejecta and ISM
SNRs by Blondin & Ellison (2001). This was done by gmba”)giensnms (e.g., Decourchelle et al. 200_0), the. general charac-
changing the fective ratio of specific heatges, from 5/3 to ter of the r_e;ults we presgnt here are insensitive to these de-
values approaching 1, but did not include coupling between #S- Specifically, we begin at some tintgax < 0.1t with
acceleration and the hydro. Ag; was decreased, the shockeH”d'St“rbed ejecta and _ISM separated l_)y a contac_t discontinu-
gas became more compressible, the shock compression ratid-1€re. ten Ta Ren/Ven is the characteristic age witRen =
creased, and the interaction region between the forward andiia¥lei/ (4700)] %, Ven = y2Esn/Mej, andpo = (1+ 4fie)Mpripo,
verse shocks narrowed. Blondin & Ellison (2001) were able Y§N€r€Esn is the explosion energile; is the ejecta massipo
show in two and three-dimensional simulations that if the inte € ISM proton number densitfje is the helium to proton
action region was narrow enough, convective instabilities prgdMPer ratio, andy, is the proton ma§§ _
duced Rayleigh-Taylor fingers of dense ejecta material which 1he magnetic fieldB, is ignored in our hydrodynamic
were able to reach and perturb the forward shock. model (we implicitly assume _tthz/_87r is small compared to
Here, we introduce and describe in detail a CR-HdeBe Fhermal press_ure){ but it is an important parameter for the
model which uses the same NL acceleration calculation Rirticle acceleration discussed next.
Berezhko & Ellison (1999), but replaces the self-similar de-
scription used in Decourchelle et al. (2000) with a 1D hydré 2. Nonlinear diffusive shock acceleration

s!mulat!on S_UCh as that used by Blondin & EII_ison (2001). Thene 11 details of the nonlinear acceleration model used here
simulation is more general than the analytic approach us given in Berezhko & Ellison (1999) and Ellison et al.
by Decourchelle et al. (2000) since it is not restricted to se 5000). This is an approximate, algebraic model dfusive
similar evolution and allows for a continuous change in the agq " acceleration containing the essential physics of NL ac-

celeration éiciency as the SNR evolves. We show, NOWeVELy|q ation, hut which parameterizes important properties of the

thall]} vyhgln acr?elerat;]orﬂmenc;gsl nelarly Iconstant duréng the@ocess such as the injectioffieiency and the maximum en-
self-similar phase, the two models closely correspond, prov gy particles achieve. While more complete models of non-

ing an important check on the validity of both models. Wh"ﬁnear shock acceleration exist (e.g., Jones & Ellison 1991;

we do not calculate X-ray thermal spectra in this paper, W, e hko et al. 1996; Malkov & Drury 2001), our algebraic

show, with \{a][;ous examples, hfw thﬁieldegF produ%tlop Ofl_ approximation is easier to include in global models of SNRs.

QR proFons Influences SNR evo ution and discuss t 1€ IMPliGRs computationally fast making it far less time consuming to

tions this has on the interpretation of X-ray observations. g parameter searches and to compare model results with ob-
servations. In Sect. 2.5 we show by direct comparison that it

2. CR-hydro model gives similar results to the more physically complete model of

our CR-hvd del | hericall ic hvd Berezhko et al. (2002).

ur CR-hydro model couples a spherically symmetric hydro- Briefly, the nonlinear ects in difusive shock acceleration

dynamic simulation with a calculation of nonlinearfdsive (i) the self-generation of magnetic turbulence by counter-

sh_ock acceleratlon._ Th_e_partlcle acceleration calculation det&?eaming energetic particles. Back streaming particles produce
mines how energy is divided between the thermal gas and rel-

ativistic particles, and provides the particle distribution overz atthe start of the simulation, the ejecta temperature is assumed to
all energies behind the shock, as well as tiieaive ratio pe low enough to be insignificant.

of specific heatsyer, defined below. In future work, we will 3 Throughout this paper the subscript 0 (2) implies values upstream
use the electron and ion distribution functions to calculate ti@ownstream) from the shock.
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turbulence in the magnetic field which leads to stronger scatjection remains dependent on approximations of poorly un-
tering of the particles and hence to more acceleration, quicklgrstood wave-particle interactidngiere, we investigate the
leading to saturated turbulence levels n#fB ~ 1 in strong effects of éficient acceleration by varyings;. A principle aim
shocks; (ii) the modification (i.e., smoothing) of the shock pref future work is to constrain;,; from models using X-ray and
cursor by the backpressure of energetic particles. The prednead-band observations of particular SNRs.

sor influences the subshock compressign, the injection and In order to compare our results directly to those of
acceleration ficiencies, and the shape of the accelerated spggrezhko et al. (2002), we assume as they do that the magnetic
trum. Since particle diiusion lengths are generally increasfield is turbulent, adopting the Bohm limit for strong particle
ing functions of momentum (e.g., Blandford & Eichler 19873cattering, and somewhat arbitrarily take the field downstream
Giacalone et al. 1993), high momentum particles samplefrgm the shock to be the compressed upstream magnetic field
broader portion of the flow velocity profile, and hence expge., B, = r,,:Bo, whereBy(B,) is the upstream (downstream)
rience larger ffective total compression ratioet, than low magnetic field strength. We do not expressly consider shock
momentum particles. Consequently, higher momentum paghliquity, i.e., the angle between the local shock normalBgd
cles have a flatter power-law index than those at lower mgyen though this may be an important factor for understand-
menta and can dominate the pressure in a NL fashion. Themg emission around the rims of some SNRs (See Reyno|ds
sultant superthermal distribution has a characteristic concag®sg, for a discussion of theffects of shock obliquity in a
upward curvature until the spectrum turns over at the highgsét-particle description of particle acceleration in SNRs). As a
energies from losses (e.g., Ellison & Eichler 1984; Blasi 200g;ude approximation, we could model the asymmetry seen in
Malkov et al. 2002); and (iii) the increaserig; from relativis- many SNRs, including SN 1006, by combining results for dif-
tic particle pressure and particle escape. As relativistic partickegent quadrants of the remnant where values of the magnetic
are produced and contribute significantly to the total pressufigld and injection parameter were varied.

their softer equation of state makes the shocked plasma more;, or examples presented here, we take the unshocked
compressibley — 4/3). Even more important, as the highesig fieid to beBy = 20 4G to match the value determined by
energy particles escape from strong shocks they drain away 88rezhko et al. (2002) for SN 1006. For simplicity, unless ex-
ergy flux which must be compensated for by ramping up thcitly stated we use the same constant value for the field in the
overall compression ratio to conserve the fluxes. Just as in f@shocked supernova ejecta even though, in reality, this field is
diative shocks, this is equivalentfo— 1 andri: can become jixely to weaken considerably with time because of flux con-
arbitrarily large (e.g., Kazanas & Ellison 1986; Berezhko &eryation (in the discussions associated with Figs. 4 (Sect. 2.3)

Ellison 1999; Malkov 1997). As the overall compression iny,q g (Sect. 2.4), we show somféeets of a weak ejecta field).

creasesr{, > 4), the subshock compression ratigy, which . . . .

. : . The maximum energy cosmic rays obtain depends, in part,

is responsible for heating the gas, must become less than theE : )
) . on the scattering mean free pathwhich is assumed to be,

test-particle (TP) valuer{y, < 4), causing the temperature

of the shocked gas to drop below TP values. These changes

in shock compression occur simultaneously with changesAr 7mfp fg, 1)

the shape of the accelerated particle spectrum, thus linking

X-ray heating to cosmic-ray production. For reviews ofitdi wherenmg 2 1 is taken to be a constant ang= p/(gqB) is the

sive shock acceleration see Drury (1983), Blandford & Eichlg@yroradius in S| units. Small values gfs, imply strong scat-

(1987), Berezhko & Krymsky (1988), Jones & Ellison (1991)ering and allow higher maximum proton energies in a given

and Malkov & Drury (2001). system. The Bohm limit impliegmg =~ 1.

The most important parameters associated with nonline rThe phase-space mom_entum distributions for protons,
), are calculated as in Ellison et al. (2000) and consist of a

shock acceleration are the Mach numbers (i.e., the shock sp 8
Up, pre-shock hydrogen number densityy, and preshock
magnetic field By), the injection #iciency,niy (i.e., the frac- 4 While in principle plasma simulations, where particles move in
tion of total protons which end up with superthermal energieg§SPonse to Newton’s and Maxwell's equations (particle-in-cell), can
and the maximum proton energy producBglex. As described fully describe wave-particle interactions and |r_11ect|o_n,_|n pract_lcg,
in Berezhko & Ellison (1999), our model includes At heat- they have n.ot yet done so because of gomputatlohgl Ilmlts._The Ilmlts
S . . have been insurmountable for two main reasons: (i) The simulations
mg_ n the pregursor which reduces thﬁca_engy compared to must be performed fully in 3D because 1- or 2D simulations unphys-
adiabatic heating and makes the _magnetlc field strength an “%Hy prevent cross-field diusion (Jokipii et al. 1993; Jones et al.
portant parameter. For given sonic and AlfvMach numbers 199g). In all cases except strictly parallel shocks (where the upstream

(i.e., givenMsg = /poug/(ypo) andMa = /4ﬂp0ug/|30), and magnetic field is parallel to the shock normal), cross-fieffludion

a given shock size and aggy; sets the overall accelerationw'” be an essential part of the injection and acceleration process; and

efficiency and determines the importance of Nieets. With (i) in order for NL effects to become apparent or field amplification

h fixed. Alerf heati h 0 occur on large scales, the simulations must be run long enough in
other parameters fixed, wave heating causes the acce . large enough box with enough particles for a significant population

eration dficiency to decrease with increasig. In a com- 4 5 perthermal particles to be produced. If, in addition, electrons are
plete model of diusive shock acceleration, the injectiofi€ to be investigated, the simulations must use the short electron time-
ciency would be determined from first principles. However, n§iep yet run for many proton time-scales increasing computation time
current model of dtusive shock acceleration can do this ancbnsiderably.
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37 L Start of superthermal | acceleration with dferent injection #iciencies (solid and dot-
population ted lines). Compared to the TP power law, i.e.,
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Solid: myy; = 1072 4 f(p)dPpoec pd®p with o= ,
Mot — 1

Dotted: 7,; = 5 107°
Dashed: 7qp = 2.5 107° the high-energy portiong(> myc) of a NL spectrum is flatter,
n the low-energy portion of the superthermal spectrum (above the
thermal peak and belom,c) is steeper, and the thermal part is
at a lower temperature. In the TP approximation, the normal-
N ization of the power-law portion of the spectrum (relative to
z the thermal peak) is arbitrary as long as it is low enough to
iy contain an insignificant fraction of the total energy. If we arbi-
trarily set this fraction at 0.01, we can determine, for a given
set of shock parameters, the injectioficency, nrtp, below
which the thermal gas is decoupled from the power law, i.e.,
for any niny < n7e, the temperature and density of the ther-
mal gas remains constant. For the example shown in Fig. 1,
ne =~ 2.5x 107,
-3 0 3 6 In contrast, the energetic portions of NL spectra are set by
Log,o P/(m c) the conservation of mass, momentum, and energy fluxes and
P any change in the relativistic population influences the thermal
Fig. 1. Schematic particle distribution functionfp), versus momen- population. When acceleration ifieient, the relation between
tum, p, where p*f(p) is plotted to emphasize the spectral curvaturthe shock velocity, and the temperature of the shocked gas,
in the nonlinear results (solid and dotted curves). The kinks in thegg, is no longer approximated by the commonly used expres-
spectra are manifestations of the piecewise approximation usedsjgn for a strong, TP shock. That is,
Berezhko & Ellison (1999). The lowest momentum kink separates
the thermal from superthermal population. Above that is the threekT> 4 i 4)
component power law, and the turnover at the highest momentum. Tﬁ‘ﬁbuz 16’
up and down arrow on the test-particle result (dashed curve) indicates
that there is no constraint in TP models on the density of superthermaierez m, is the mean particle mass afds Boltzmann’s
particles other than that their energy density be insignificant. constant. If the equality in Eq. (4) is assumed for a fully ion-
ized plasma witmye/Npo = 0.1 (Npe is the unshocked number
density of helium) and equal downstream temperatures for all

36 (3

—— ——
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Log,q p* f(p) [Arbitrary units]

31

species,
thermal component, a three-component power law at superthepr—
mal energies, and a turnover at the highest energies given by Uo 2
T, ~13x 10 (71) (5)
1®kms
1({ p \"
exp[—;(pmax) } (2)  For young SNRs, this predicts temperatures just behind the

blast wave well above those capable of explaining observed
X-ray line emission (e.gyp = 3000 km s? — T, ~ 1.2 x

10° K) and suggests that the shockelectrontemperature is
é)nsiderably less than predicted by Eq. (5) (e.g., Hughes et al.

Here,a is a constant an@max = Emax/C is determined by set-
ting the acceleration time equal to the SNR &gg, or by set-

ting the dtfusion length of the highest energy particles equal ) )
some fractionfsy, of the shock radiugisk, whichever gives the 000; Hwang et al. 2002; Long et al. 2003).

lowest pmax (Se€ Baring et al. 1999). With these assumptions Normally, it is assumed that electrons obtain a much lower

Dmax IS proportional to the magnetic field strength. Reynol(}gmpera}ture than the ions in the shock layer and talfe_sometime
(1998) has shown that when synchrotron emission is sumnjigdeq“'“brate dow_nstream through _Coulo_mb collisions (_see
over space in a spherically symmetric SNR model, the resijecourchelle & Ellison 2001, for a discussion of electron-ion
tant photon spectrum tends to be broader than that produceByiliPration in modified shocks). However, the heating pro-
a single electron distribution fallingfoas exp & p/ Pmay). This cess in the shock layer is certainly dominated by collisionless,
behavior can be approximated in our model by varyingnd wave-particle interactions which are poorly understood. The
« ~ 05 has been used to fit X-ray and radio spectra in p‘,;fi_mplest possibility, that all particles upon crossing the shock

ticular SNRs (e.g., Berezhko et al. 1999; Ellison et al. 200 ain a speed derentialAu ~ Up — Up, whereu, is_the down-
However, Berezhko et al. (2002) obtain a good fit to SN10 ream flow speed as seen from the shock, predicts that ions are

with a sharp turnover ifi(p) and to match their resuits, we také‘neated far more than electréndevertheless, the possibility

@= 4 ) ] ] ] ] 5 That the situation is clearly more complicated than this is evident
Figure 1 illustrates the essentialfférences in particle from the fact that if both species only receide upon crossing the
spectra between TP shock acceleration (dashed line) and siibck, energy is not conserved (see Jones & Ellison 1987).
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exists that electrons equilibrate faster than this simple conjediere we note thager < (P/pen) + 1 Sinceyes includes the
ture implies and the fact thaffieient acceleration produces aeffects from “escaping” particl&sHere,P (oer) is the pressure
considerably lower proton temperature (Fig. 1) in strong shoclenergy density) of the shocked gas; (v) The coupling between
than the TP prediction of Eq. (5), suggests that it may not bethg CR acceleration and the hydrodynamicsis accomplished by
obvious thafle,/Tp2 < 1 immediately behind the shotk replacing the ratio of specific heats used in the hydrodynamic
Furthermore, radio synchrotron observations have loeguations withye; in the shells spanning the shock transition.
confirmed that many SNRs accelerate electrons to relativide use a Lagrangian mode in the hydro simulation so the sim-
tic energies, although it is not certain that these electrons afation grid moves with the mass. Once a mass element has
drawn from the shock heated population in all cases. Whathisen shocked andyas has been assigned to it using Eq. (6),
certain is that if relatively cold upstream electrons enter thieat mass element retains that for the rest of the simulation
downstream region without being heated and then slowly eqai-until it reencounters a shock. Even though energy is leaving
librate as they advect away downstream, very few if any wilhe system via the highest energy cosmic rays, we do not ex-
be injected into the Fermi acceleration process. In the simplgdtcitly remove energy from the hydro. Loweringy causes the
kinematic models of injection in Fermi acceleration (e.g., Jongas to be more compressible and mimics the escaping energy
& Ellison 1991; Baring et al. 1999), théfizient acceleration of in one step; (vi) as the SNR evolves, the proton distribution
thermal electrons is inconsistent with a lack of electron heatifighctions in momentumf(p), associated with each shocked
in the shock layer. shell undergo adiabatic losses; and finally, (vii) at the end of
the simulation, thef(p)'s from all of the shells are summed
to determine the total contribution to the Galactic CR source
population.
When diicient particle acceleration shifts energy from the ther- To start, we show in Fig. 2 a TP case whegg = 5/3 al-
mal gas into relativistic particles, the fraction of total energyays (top panel). For this example and all others presented in
density in pressure is lowered and the evolution of the SNRti¥s paper, we have takefy, = 3 x 10°! erg, M¢j = 1.4 Mo,
modified. The modified evolution, in turn, modifies the shocky = 204G, and a constant density ISM witfyo = 0.3 cnTs,
parameters which determine the acceleration. We model thigd fie = 0.1. These values give a characteristic age,=
coupling by including nonlinear shock acceleration in a staRen/Ven =~ 210 yr. The initial ejecta density distribution is a
dard 1D hydrodynamic simulation as follows. power law p o r~7) with a flat plateau at small radii. The sim-
Briefly: (i) the hydro simulation is initiated at someulation spans 6000 yr and various quantities are shown, as a
time, tstat < 0.1t after the supernova explosion with gunction of radius, at dierent times during the SNR evolution.
plateau-power-law ejecta distribution and a constant interstelldre temperature shown in panel (b) is the average temperature
medium densitypsy; (i) at each time step, the hydro evolveslefined as
and the radii and Mach numbers of the forward and reverse Pumy
shocks are determined; (iii) with this shock information, thg T2> = ——— X fin, (7
CR acceleration is calculated using the approximate model of . ] )
Ellison et al. (2000) with the injection parametgy;, kept con- WhereP is the pressurgy is the densityu = (1 + 4fne)/(2 +
stant during the simulation and having the same value at thite), fre = 0.1 is the ratio of helium atoms to protons, afid
forward and reverse shockgiv) The acceleration calculation'S the fraction of pressure in thermal particles. In this plot and

provides the overall compression ratigy, and the &ective all others, we assume the plasma to be fully ionized. When ac-
ratio of specific heats is determined by celeration occurs, superthermal particles contribute to the total

) hydrodynamic pressur®, We define the temperature from that

MS(rot + 1) — 2ror (6) fraction of total pressure in the “thermal” particlefg,. This
Mg(rtot -1 fraction is determined fronfi(p) (see Fig. 1 where the division

between thermal and superthermal particles is indicated).

& Estimates ofTe»/Tp2 based on optical and UV line observations .
have been obtained just behind a few SNR shocks (e.g., Raymon For the particular parameters assumed for the model shown

et al. 1995; Laming et al. 1996; Ghavamian 1999). These show a wlBe9- 2, the SNR s still in the self-similar phase after 1_00 yras
range, i.e., @ < Tez/ Ty < 0.8, with large uncertainties and are gentl€ reverse shock moves through the power-law portion of the
erally restricted to regions that are partially neutral where the méecta. By 300 years, the reverse shock is moving through the
efficient particle acceleration may not be occurring (see Drury et @lateau region of the ejecta and the forward shock has reached
2001, for a more complete discussion). Rrs = 4 pc. The density of the unshocked ejecta is now well

" In an actual SNR, of course, the injectiofiieiency might vary below the ambient ISM densifyisy = 1.4 mynyo at this stage.
with time, vary over the shock surface, or béfelient at the forward By 1000 yearsRrs ~ 8 pc, the RS is now moving back to-
and reverse shocks (as in our model of Kepler's SNR; Decourchefigrd the origin, and the energy of the explosion is shifting from

et al. 2000). For the general results presented here, keggir@®n-  peing in the kinetic energy of the ejecta to thermal pressure.
stant avoids unnecessary complexity. It is important to note, however

that theacceleratiorefficiency, i.e., the fraction of ram kinetic energy 8 Performing the acceleration calculation at each time step is com-
that is transferred to superthermal particles, depends on the shockppaationally expensive. If the full spectrum is not needed and only

rameters (Mach numbers, shock age, etc.) as well ag,pand does efficient acceleration is considered, a faster approximation can use
vary with age and between the forward and reverse shocks eygn ifroe = 1.3M32 if My < M2 or rie = 1.5M3* otherwise (see Berezhko

is constant. & Ellison 1999).

2.3. CR-hydrodynamic coupling

Yeft =




194 D. C. Ellison et al.: Hicient particle acceleration in SNRs

1.6 F ] |
S 15 L Solid: TP FSE
1 L ',' 7
a L Dashed: NL A
E 8 '/
[ - fo .
= F/
° & —_ L Dotted: T & M ]
o O 4
3, o 10 F /5
—10723 L 3 i ]
rf)g E -8 | -
o2l 0% L i
= 3 5 L _
Q = -
o -8
o 1 l l
9_10 O 1111 1 L1 1111 1 L1 1111 1 111
H 10 100 1000
— 10* tSNR [yr]
~
£ i Fig. 3. Shock radius versus SNR age for forward (FS) and reverse
=1000 shocks (RS) obtained with our hydrodynamic simulation. The dashed
K 3 curves show NL results withficient particle accelerationfy =
100 [ e ) Ay 107%), while the solid curves are test-particle (TP) shocks with no par-
1 2 5 10 20 ticle acceleration. The dotted curve shows the TP forward shock radius
Radius [pc] obtained with the approximate analytic expression given in Truelove
& McKee (1999).

Fig. 2. Parameters from the hydro simulation versus radius at vari-
ous times during the simulation as labeled. These are test-particle re-

sults with no adjustment ofe; from particle acceleration. We have. .
assumecEs, = 3x 10° erg, Mg = 14 M., and a constant delrmylmportant, the region between the forward and reverse shocks

ISM with o = 0.3 cnT?, and fue = 0.1. The ejecta density Stlructurebecomes narrower and denser, a result fully consistent with t_he
is initially a power-law with indexn = 7 beyond the plateau at smali@nalytic results of Decourchelle et al. (2000) and the multi-
radii (panelc)). dimensional hydro simulations of Blondin & Ellison (2001).
In Fig. 4 we compare TP profiles to NL onestat = 200

and 1000 yr. In all panels, the heavy-weight solid curves are
By 6000 years, the RS has collapsed back through the ejectéh® TP resultsif,; < 107), the dotted curves havg, =
the origin and the SNR is well into the Sedov phase with a B® x 1074, and the dashed curves hayg = 10°3. Panels (a)
speed of about (8)750 km s1°. and (e) show the reduction jrg that occurs as shock accelera-

In Fig. 3 we illustrate how particle acceleration influenceson shifts energy into relativistic particles. This produces com-
the SNR shock evolution by comparing TP resujts (€ 10°%) pression ratios greater than 4 and results in denser, narrower
against a simulation withyi,y = 1073, The figure shows the regions between the forward and reverse shocks as shown in
forward and reverse shock radii versus remnant agefor the density profiles (b) and (f). The separation between the for-
the same parameters as used in Fi§. Zhe TP results, i.e., ward and reverse shocks varies considerably wittandzin; .
those withyer = 5/3 everywhere, are shown with solid curvegt ts, = 200 yr, this separation is0.25 pc forninj = 102 and
and the NL results are shown with dashed curves. The de®.7 pc for the TP case, while &t,, = 1000 yr it is~4.2 pc
ted curve is the TP analytic approximation given by Truelover 7i,; = 1072 and~6 pc for the TP case. The shift in energy
& McKee (1999) for the FS and this matches the hydro reut of the thermal gas also results in a significant decrease in
sults well over the entire time period. When Nfexts are the temperature of the shocked gas in the NL case, as shown in
5 ) _ panels (c) and (Q).

Note that the speed shown in the bottom panel of Fig. 2 and 6 fiow speed is shown in the bottom panel and the for-
gige;h(giko; F;%adgs's itl/neenfllnisw_s?reeg n t:e);z;\mci 2‘; tcvi;);'[:os'o(hard and reverse shocks are easily identified in all panels.

P 9 L toris - up)f ot T ok N tsnr = 1000 yr, the flow speeds just behind the forward

(ugs) is the flow speed just upstream (downstream) from the shock .
rot is the shock compression ratio. For the ISM conditions we assurﬁaOCks of the three examples are about equal,usgTP) =

here,u,, always equals zero for the forward shock.t4t = 6000 yr 2600 km st anduas(ning = 10°°) = 2500 km s*. However,
in Fig. 2 at the FSuigs ~ 750 km S?, o ~ 4, andug ~ 1000 km st.  since the shock speed dependsrgp the TP shock is mov-
10 We do not follow particle acceleration at the reverse shock afteiitg faster, i.e.ug(TP) ~ (4/3)2600 ~ 3500 km s, while
first collapses to zero radius. Uo(minj = 1073) = (7/6)2500=~ 2900 km s?.
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Fig. 4. Comparison of the parameters for a test-particle simulation (solid curves) with those undergoing particle acceleration. The results are
shown atts,, = 200 and 1000 yr and the supernova parameters are the same as those in Fig. 2. The light-weight solid curvesjmapdeagls

show the &ect ony; of reducing the unshocked ejecta magnetic field fr@g)s = 20 uG to 1uG. Apart from Bo)rs, all other parameters

are the same as in thg; = 1.2x 10~* examples shown with dotted curves. In pagethe shocked ISM portion of thg)rs = 1 uG curve is
essentially identical to the dotted curve.

The intermediate NL case withj = 1.2 x 10™ (dot- stages of evolution, exactly the opposite behavior as with e
ted curves) produces temperatures and compression ratiosdint injectiort!.
tween the TP angiy = 1073 cases, as expected. However, as After the initial transition from a strong, unmodified shock
seen in the variations gfy (panels (a) and (e) of Fig. 4), theto a strong, modified one, the forward shock will enter the long
ninj = 1.2 x 107* case acts quite flerently at the beginning of stage where it slowly weakens, the acceleration becomes less
the simulation. As described in Berezhko & Ellison (1998); efficient, andyes increases toward/3. However, as shown by
modifiedshocks withr,; ~ 4 can occur for high Mach numbersthe dotted curve in panel (e) in Fig. 4, the reverse shock weak-
if 77inj is small enough. In this case, the pressure in relativisens much more quickly and &, = 1000 yr hasyes =~ 5/3.
particles,Pre, is small compared t@oug and these particles Since we assume th&, is a constant everywhere, the RS
do not slow the incoming gas enough to produce the nonlins
gggrzr;c;(:;jm3?;flﬁg)tli?]2'r§:sreas gz;\lfl?jﬁ]gﬁeassht()r](:ek iEICF;IZ?:tﬁ)On bta_l_in that actual SNR shock; _wiII have injection rates low enough for

irel/ \Wotg ' \ ON Digh Mach number, unmodified shocks to occur. Furthermore, there
comes more féicient and more nonlinear. Thus, for relat“’e')fnay be large dferences in injection rates for parallel and oblique
inefficient injection,yey drops andr increases in the early regions of the same SNR blast wave, making it possible that some
regions are highly modified and others unmodified.

As discussed in Berezhko & Ellison (1999), it is by no means cer-
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Fig. 5. Forward shock compression ratios vs. supermnova age for vatjy 6, Temperatures immediately behind the forward and reverse
ous injection rates;iy;. In all cases, the solid curves are obtained frorghocks as a function df,.. The solid curves are the TP case, the dot-
the NL particle acceleration calculation and the dashed curves are @t curves are foy, = 1.2 x 104, and the dashed curves are for

tained from the density rati@aw/oup, just downstream and upstreamy, . — 10-3, The reverse shock temperatures are plotted with heavy-
from the shock. weight curves.

weakens as the ejecta density drops and the magnetic pressure _
becomes dominant over the gas pressure. In an actual SKRE10%. Theriy = 1.2 107 case clearly shows the rapid
magnetic flux conservation in the expanding, unshocked ejef@nsition from the strong, unmodified shock witl ~ 4 at
would causeB, to weaken as the ejecta density drops and t§&"y times to the modified shock witl > 4 at intermedi-
RS would remain stronger than with a constBatFor a given ate times. The striking ierence between thgy = 10°° and
unshocked density, a wedk results in dicient shock acceler- 7finj = 1.2 x 10-* cases will leave an imprint on the post-shock
ation because the Aléri Mach number increases with decrea@s that may be an important diagnostic for determiningif e
ing Bo, and because the amount of energy transferred out@§nt Fermi acceleration takes place in young SNRs.
accelerated particles into waves and then into heating of the IN Fig. 6 we show the postshock proton temperatures for
precursor gets less. Of course, if the magnetic field gets fh¢ same three examples. Comparing the heavy-weight solid
weak, the gyroradii of accelerated particles will become cor@d dashed curves shows that the RS temperature ipnthe
parable to the shock radius, or the acceleration time will &0~ efficient shock is less than1/10 that of the test-particle
come Comparab'e thh before h|gh partic|e energies or h|ghShOCk over most of the time pel‘iod shown. This isféedence
efficiencies are obtained. To illustrate tHeeets of a low ejecta large enough to have profound consequences for the interpre-
magnetic field, we show in panels (a) and (€) of Figedpro- tation of X-ray thgrmal e_mission i_n young SNRs. Furthermore,
duced by oungi; = 1.2 x 10 example with the unshockedthe temperature in the intermediate cag (= 1.2 x 10°)
ejecta field set at LG (light-weight solid curves). As seenshows astronger time variation than either the TRpr= 10°°
clearly in panel (e)yes remains lower at the end of the simulacase. This is reflected as a somewhat steeper spatial gradient ir
tion than in the Bo)rs = 20 4G case, indicating morefficient temperature as seen in panel (g) of Fig. 4, agdiermg a pos-
acceleration. sible diagnostic to test forfigcient particle acceleration.

In Fig. 5 we plot the compression ratie, Versustsy, for
our TP and two NL examples. There_a_re two sets pf curves beg 1 Comparison with analytic model
cause there are two ways of determinigg The solid curves
are values obtained from the particle acceleration calculation
which are then used in Eq. (6) to calculaig. The dashed In our previous work (Decourchelle et al. 2000) we cou-
curves are determined directly from the hydro density ratjded NL acceleration with an analytic, self-similar descrip-
taken just downstream and upstream from the shogl,oup. tion of the SNR hydrodynamics (i.e., Chevalier 1983) and a
In principle, these should be identical but in practic&att non-equilibrium ionization calculation of thermal X-ray emis-
ences occur, indicating the inherent errors ingrtechnique. sion. That model used the same algebraic acceleration cal-
The largest average flérence shown here withy = 1073 culation we use here with the same injection parameter,

of Decourchelle et al.
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T
tgng = 100 yr

The assumptions of the two modeldfdi mainly in the way 10723 ITP v = 5/3
v Teff

the hydrodynamics are treated.

While the hydro simulation has a one-fluid approach with 10724
an dfective ratio of specific heats derived from the compression
ratio (Eqg. (6)), the analytical, self-similar solutions are based _o5 Solid: Analytic S.S.
on a two-fluid approach: a nonrelativistic one wjtk: 5/3 and 10 Dotted: CR—hydro
a relativistic one withy = 4/3. The NL particle acceleration ; | ; | ; |

: : . : : -23 1 I |

calculation provides the compression ratio and the fraction of 510
total pressure in relativistic gas at both shocks which are used'
to determine the boundary conditions of the self-similar solu- & 10~24
tion. Imposing the compression ratios, which can be greater £
than 7, mimics the féects of particle loss. The limitations of 210—25
the self-similar calculation are that the RS must be propagat- <.
ing in the power-law portion of the ejecta density profile, and
that it assumes that the forward and reverse shock compression
ratios, as well as the fractions of total pressure in relativistic —o4
gas, remain constant throughout the evolution. A limitation of 10
our hydrodynamic simulation is that it assigns at the shocks to

~
Q
~

(b) ! | ! | ..._ |

an element of gas arffective gamma, which is kept constant 1072 L =2 107* =
during its post-shock evolution. g . | 3
In the top three panels of Fig. 7 we compare the density ' | 4 3
structures for our two models &, = 100 yr when the RS — 100 L =210 .
is still propagating in the power-law portion of the ejecta den- =
sity profile. We use the same supernova and ISM parameters o 10° 3 E
as in our previous runs. For the TP (panel (a)) and= 1073 QE) 8 F 3
(panel (b)) cases, the correspondence between the two mod{~ 10 3 3
els is extremely close with smallfiiérences resulting mainly 107 L . ! ]
from the finite grid used in the hydro simulation. The reason 1.6 2.2
for this comes from the fact that self-similarity is satisfied in Radius [pc]

the TP case wherg,: ~ 4 always. It is also approximately _ _ _

satisfied in they,; = 1072 case sincey, and thereforgs, re-  Fig. 7. Density (top th_ree_ panels) versus radius for two NL models
mains fairly constant during the 100 yr evolution, as indicatéd a TP model, as indicated, @ = 100 yr. The bottom panel
by the dashed curve in panel (a) of Fig. 4. shows temperature versus radius fgg = 2 x 107 In all pan-

Ha : . els, the solid curves are calculated using the analytic, self-similar
While it was not obvious that thees prqced_ure used in model of Decourchelle et al. (2000) and tgr,le dotted {Lrves are from
the hydro model would b.e a good ap.meImatlon’. the exc%l{e CR-hydro model presented here. In the CR-hydro model, some nu-
lent agreeme.nt.we. Se? W',th the gnalytlc model, which only %erical noise is evident in the shocked ISM profilesfgr= 2x 1074,
sumes self-similarity, justifies this approach, at least at these
early times.

Much larger dfferences in the two models are seen in pan-
els (c) and (d) whergj, = 2 x 104 In this caseri; and approach by our two-fluid description of the post-shock flow in
thereforeye; vary strongly during 100 yr (similar to the dot-the framework of self-similar, cosmic-ray modified Chevalier
ted curve in panel (a) of Fig. 4), and self-similar conditions ngolutions means the more general hydro simulation can be used
longer apply. Since the analytic model takgsat the forward With some confidence when self-similar conditions do not ap-
and reverse shocks at the final time and applies these valuegfgr This will also allow us to use the analytic model to test
the entire evolution, it isféectively using values, at least for thethe hydro model when X-ray thermal and broad-band photon
FS in theninj = 2 x 107* case, which are considerably greategmission is included.
than the average values used in the hydro calculation. Using a
largerri: means there is less pressure for a given energy den%t
pushing the shock in the self-similar model than in the hydro
model. Therefore, the FS in the hydro calculation travels fastEne proton distribution functions that are calculated at the for-
and extends further than in the analytic calculation. The vaviiard and reverse shocks during the SNR evolution can be
ation inyeg is less in the shocked ejecta (again similar to treummed to determine the total contribution to the cosmic-ray
dotted curve in panel (a) of Fig. 4) so theéfdrence in the two spectrum. The amount of material swept up by each shock is

Y. Energetic proton spectra

models is less there as well. used to weight each spectrum and convi) to N(p, At)
We consider the close correspondence between these Vzvhereé)rf(;o p?N(p, At)dpis the total number of particles over-
models in the TP andi,; = 10 cases to be a clear in-taken by the shock in the time intervalf. The N(p, At)’s

dication that both adequately model the SNR hydrodynaiare then added together, with each one adjusted for adiabatic
ics during self-similar conditions. The validation of thg; losses during the time from when the spectrum was calculated
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until the end of the simulation (e.g., Reynolds 1998), to pro- 38 — T T T T T T

duce N(p)*2. Typical proton spectra calculated wiBy = SNR age = 500 yr

20 MG attsnr = 500 yr ¢Snr/tch ~ 2.4 for Esn =3 X 1()51 erg, 37 I 1

Mej = 1.4 Mo, Npo = 0.3 cm 3, and fue = 0.1) are shown in No Fermi accel.

Fig. 8. The NL examples produce cosmic rays at the expense of 36 noo=1.2107* .
inj ¢

heating and show lower temperatures, as indicated by the posi-

-3
tions of the thermal peaks. The dashed curve is the result with> 35 |- [ Tinj = 10 -
the most éicient injection finj = 1073) and this spectrum is s’ l; \ /“’. |
the flattest at relativistic energies (before the turnovexal). S 34 + e ..---:';""9',’ “_
The spectrum withyin = 1.2x 10~*is the most distorted from a E == t
Ma_xwellian at thermal ene_r_gies due to the summing of_s_pectrag 33 _/..'° Forward Shock %_
which evolve from unmodifiedr{,; ~ 4) to strongly modified =z ] ¢
(rot > 4), as discussed above. + 38—ttt

To illustrate the #&ects of a weakening unshocked ejecta ’GQ

magnetic field, we show in the bottom panel of Fig. 8 (thinsolid £ 37
curve)N(p) for the case where the unshocked ejecta field is set
at (Bo)rs = 1 uG, a factor of 20 lower than in the other cases. == 36

The unshocked ISM field is kept at 245 andpiny = 1.2x 107 =)

for both the forward and reverse shocks. The flatness of the su-8 35
perthermal part of the spectrum compared to the dotted curve™
indicates that the RS is stronger (i.gq; is larger) than when 34
(Bo)rs = 20 uG (see Fig. 4). Howevepmax is well below that

in the Bo)rs = 20 uG cases because the weak field produces 33

large gyroradii and high momentum particles cannot be accel-
erated. The FS spectrum is only slightly changed by changing _4 _o 0 5 4 6
(Bo)rs and is not shown. Lo [p/(m.c)]

In Fig. 9 we show spectra at 1000, 6000, and 20" yr for 910 LP/8Mp
the same ISM and SN parameters wih) = 10°. Asthe FS Fig 8. proton number distributions, N(p)  (multiplied by
expands and weakens, the acceleratiiniency drops and the [p/(My0)]* My/M,), for hydro simulations with no acceleration
relativistic portion of the spectrum steepens. As expected, pafbieavy solid curves), withy,; = 1.2 x 10 (dotted and thin solid
cles accelerated at the RS decrease in importance in later stages), and withy,; = 10~ (dashed curves) summed over 500 years.
of the SNR. As we show in Fig. 11 below, even moderatelyhe spectra in the top panel are from the shocked ISM (forward
efficient injection (i.e.;i;; 2 107%) results in approximately shock), while those in the bottom panel are from the shocked ejecta
50% of the explosion energy being put into relativistic part(_reverse shock). Th&l(p)'s are absolutely normalized to the total

cles over the lifetime of the SNR. Another important properp mber of protons overtaken by the shock during their lifetime. All
shown in the top panel of Fig. 9 is that, even wigh = 10-3 pectra have been adjusted for adiabatic expansion. The thin solid

. . urve in the bottom panel shows the RS spectrum for the case where
which produces strongly curved spectra at early times, the tcﬁ’@unshocked ejecta magnetic field is seBajds = 1 4G.
particle distribution function after # 10* yr is approximately
N(p) « p~? at relativistic energies. Thus the total cosmic-ray

production is fairly consistent with the observed CR flux after _ _ .
energy dependent escape from the galaxy is included. the authors conclude that satisfactory fits to the radio and X-

ray synchrotron emission, along wijhrays where observed,

are best obtained when the forward shockssdarengly mod-
2.5. Comparison with kinetic models ified by the dficient acceleration of protons in a high mag-
i_etic field. While similar results have been presented before

One of the most complete models of nonlinear CR pr : e

duction in SNRs is that of Berezhko and co-workers (e. e:.g., Re¥nolds & Ellison 1992; _Elllson et al. 2000, 2001)’.

Berezhko et al. 1996; Berezhko &Ik 1997) where the time- erezhko’s model probably contains the most complete physi-
. ?A description of the NL acceleration process at the FS, and the

dependent CR transport equations are solved together . ) . s
P P q g gg‘ tailed modeling of particular SNRs clearly lends credibility

the gas-dynamic equations in spherical symmetry. This m . :
gives the radial distribution of gas and accelerated CR spé%-th.e sugggstlon that ShOCkS In young SNRs can be strongly
gé)dwlmear with compression ratios greater than 4.

trum at any phase of the SNR evolution and has been u -
with good success to model a number of young SNRs including ©uUr CR-hydro model is complementary to that developed
SN1006 (Berezhko et al. 2002), Cassiopeia A (Berezhko et By Berezhko and co-workers in that we use a more approximate

2003), and Tycho (dlk et al. 2002). In all of the above casesmodel of the NL acceleration, but have a more complete model
’ of the hydrodynamics including the reverse shock. In partic-

12 \We do not include radiation (i.e., synchrotron) losses here sindér, we do not follow the particles through the acceleration

they are always negligible for ions. For electrons, of course, thelBEocess where previously accelerated particles can continue to
losses must be considered. be re-accelerated at later times. Instead, we assume that all
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33 o NN —e—— == Fig. 10. The dashed curve is the inferred FS proton distribution of
7 Nt ] SN1006 as obtained by Berezhko et al. (2002)at 1000 yr. Using
L ! their input parameters fdEs,, Mej, etc., we have matched this result
-4 -2 0 2 4 6 (solid curve) withyi, = 1.2 x 1074, @ = 4, andfy = 0.1 (see Eq. (2)
Log1o [p/(mpc)] and the discussion following it). The dotted curve is the corresponding
proton distribution from shocked ejecta (RS) from our model.
Fig.9. Particle number distributions,N(p) (multiplied by

[p/(MyO)]* my/Ms) from the shocked ISM (FS) and shocked _
Emax and the shape of (p) nearEnax are determined self-

ejecta (RS) at various times during the SNR evolutiofficient
particle injection is assumedy§ = 10°°) throughout the SNR evo- consistently. In our CR-hydro model, we parameterize these

lution, but the fraction of energy in relativistic particles varies as thgith « in Eq. (2) for the shape and with the fraction of shock
SNR ages. The acceleratiofiieiency decreases as the SNR ages ar?ﬁdius,fsk, set equal to the maximum particlefision length
the shocks weaken. The RS contributes little to the total CR popujg- determineEmax. TO match the results given by Berezhko

tion atts,, = 4 x 10* yr. All spectra have been adjusted for adiabatigt al. (2002), we use = 4 andfs = 0.1. While fine tuning of
' ’ - SK — Vet
our parameters could provide a more exact match than shown

in Fig. 10, the particular values are unimportant compared to

accelerated particles originate as thermal particles in the dipe fact that both models show a similar level of injection ef-
stream flow, are accelerated as the shock overtakes them, figiency and shock modification. Considering the fundamental
then remain in the shell of material where they were accalifferences in the two models, the fit of superthermal particles
erated, sffering adiabatic losses as the remnant ages. Thecelerated by the FS shown in Fig. 10 is impressive. The con-
re-acceleration of high energy particles with longfulion cave shape, accentuated by plottpfiN(p), is very similar, al-
lengths can be important as it adds to the maximum energy paeugh the piecewise nature of our approximation is apparent.
ticles obtain (e.g. Berezhko et al. 1996), but tlffeet becomes Equally important, the FS compression ratios are very simi-

less important as time goes on and new unshocked particleslareas shown in the top panel of Fig. 11 where the total and sub-
shock compression ratios are compared for this SN1006 model

overtaken and accelerated.

In Fig. 10 we compare our results with those of BerezhK€R-hydro: solid curves; Berezhko et al.: dashed curves).
et al. (2002) for the proton distribution at,, = 1000 yr As we discussed earlier, unmodified strong shocks can exist
they predict for SN1006. We have adjusted the normalizahennin; is relatively low and this is just what is predicted
tion of the FS to obtain a good fit, but otherwise have us&ud both our models fots,, < 200 yr in SN 1006. As the FS
the environmental parameters given in Berezhko et al. Whaews, the acceleration becomes mofigcent, ry; increases,
both our models require an arbitrary injection parameter d@adrgy, Starts to drop below 4 af, = 200 yr, indicating that
fined as the fraction of thermal particles overtaken by thike shocked proton temperature will be less than predicted in
shock that become superthermal, the actual implementatibe TP case. The dotted curves are CR-hydro results with vari-
of this parameter may be fterent in the two models. To fit ousnin’s and show (curveb andc) that the transition between
SN 1006, Berezhko et al. use = 2 x 104 we have used unmodified and modified shocks can be extremely abrupt. For
nnj = 1.2 x 10™* to match their results. A distinct advandarge enoughyi,j (curved) unmodified solutions do not occur

tage of Berezhko’s model is that the maximum CR energndry, is large from the start.

expansion.
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We take the excellent correspondence achieved with 14 L . A
Berezhko’s calculation as evidence that our CR-hydro model, d SN1006 1
with its algebraic NL particle acceleration approximation, is 12 L S param. |
accurate.

As is clear in Fig. 10, Berezhko et al. (2002) do not treat 10
thermal particles explicitly although, in principle, they could
convert the thermal pressure and density into a Maxwellian
distribution as we do. They also ignore the reverse shock, an
approximation that is well justified if only continuum emission
from relativistic particles is considered at timgg > tcy,. In or-
der to predict thermal X-ray emission in young SNRs, however,
thermal electrons must be modeled and particle heating and
acceleration at the forward and reverse shocks must be self- 2
consistently determined. We do not show electron spectra here,
but our NL acceleration model, with additional parameters, can
produce these along with the broad-band continuum emission 0.6 - o semenee =220
from radio to TeVy-rays produced by them (e.g., Ellison et al. o
2001). The most important advantage our CR-hydro model has, @
however, is the ability to model the RS and the potential for in- ~N 0.4 | SN1006
cluding X-ray thermal emission from the shock-heated ejecta LP
calculated using a non-equilibrium ionization calculation (e.g.,
Decourchelle et al. 2000). 0.2

In the bottom panel of Fig. 11 we show the fraction of
explosion energy in relativistic particleg,/Es,, as a func-
tion of tsy. As in the top panel, the solid curves are from 0 et
our CR-hydro model and the dashed curve (FS only) is from 10 100 1000
Berezhko et al. (2002). The tothl;/Esn is in good agreement
at early times but diverges somewhat at later times, a possi-
ble indication that _ad|abat|c losses are treatéi&dintly in the Fig. 11. Forward shock compression ratios (top panel) and fraction
two models. Most importantly, both models show that approxj e going into relativistic particlesEq/Es, (bottom panel) for
mately 50% of the explosion energy is placed into cosmic ra¥fiRs with variousy,;’s versusts,. The solid curves are for SN1006
during the SNR lifetim&. The dotted curves in the bottomparameters,;(nj = 12x 104 By = 20 4G, Esy = 3 x 10°! erg,
panel show thaE/Eg, attsy = 6000 yr remains in a fairly Mg = 1.4 Mg, nyo = 0.3 cnm®, and fue = 0.1) and showre andrgy,
narrow range+{40 to 65%) forin ranging from 8x 107° (a), in the top panel and the tot&l,/Es, and that portion from the RS in
to 1073 (d). the bottom panel. The dashed curves are the corresponding SN1006
results from Berezhko et al. (2002). The dotted curves are from the
CR-hydro model witha) iy = 8 x 105, b) niy = 2.4 x 1074,

C) 7iinj = 4% 1074, andd) iy = 1073
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3. Conclusions

The dhicient production of cosmic rays by shocks in SNRs
lowers the pressure to energy density ratio in the post-shock
gas causing dramatic changes in the thermal properties %

f . . . .
the shocked gas and the SNR evolution. We have preseq e&ent or ingicient, th|s.transf.er results in lower FS speeds,
irger overall compression ratios, cooler post-shock tempera-

a CR-hydro model that combines a 1D hydrodynamic simul . . i

. . . Iures, and a smaller and denser interaction region between the

tion of a SNR, including the forward and reverse shocks, wi X
orward and reverse shocks. At young ages, compression ra-

icl leration. W licitly incl h f par- .. ;
particle acceleration. We explicitly include théieets of par tiosrio: > 6 (top panel of Fig. 11) and proton temperatures less

ticle acceleration on the shock heated ejecta, a critical stept m . . .
o ) e . han<1/10 the TP value are predicted (Fig. 6) for the particu-
determining how X-ray thermal emission from the hot ejecta [3r set of SN and ISM parameters used here to model SN 1006.

modified by particle acceleration. L S e )
. . ' ] For some injectionfiiciencies, an abrupt transition is predicted
In accord with previous results (e.g., Dorfi 1990; Berezhk[o

) ; 0 occur at early timedd, < tcp) between high Mach number,
etal. 1996, 2002), we find that SNRs can easily transio% upmodified shocks withe; ~ 4 and strongly modified shocks

of the explosion energy into relativistic particles (bottom pangl.’ 4 (top panel of Fig. 11), causing steep spatial gra
. . . . A tot . y =
of Fig. 11). Compared to the situation where acceleranndlsentS in temperature (Fig. 4). We believe the changes in shock

13 Berezhko et al. (2002) make the important point that injectio%peed’ density, tgmpere_lture: and SPa“a' extent and pmf'_le are
may vary over the surface of the SNR and be significantly less whéf&g€ enough to (i) provide diagnostics for X-ray observations
the magnetic field is highly oblique. They estimate that to supp8f young SNRs sfiicient to place meaningful constraints on
the galactic cosmic-ray population the overali@ency need only be the accelerationficiency, and (ii) to importantly modify the
~20% of the maximum values shown in Fig. 11. inferred values oEsp, Mgj, and ambient ISM density once a full




D. C. Ellison et al.: Hicient particle acceleration in SNRs 201

thermal X-ray emission model is combined with the CR-hydmlasi, P. 2002, Astropart. Phys., 16, 429
model. Blondin, J. M., & Ellison, D. C. 2001, ApJ, 560, 244

Despite the strong NLfEects expected for young SNRsBorkowski, K. J., Rho, J., Reynolds, S. P., & Dyer, K. K. 2001, ApJ,
the CR spectrum integrated over the age of a remnant (Fig. 9p°0, 334
should have a spectrum not much flatter th(EE) o« E-2 at Boulares, A., & Cox, D. P. 1988, ApJ, 333,198
relativistic energies. Butt, Y. M., Torres, D. F., Romero, G. E., et al. 2002, Nature, 418,

. . 499

_ Our one—d|mens_|onal CR—hydr_o model uses a compg@ﬁeva"en R.A. 1982, ApJ, 258, 790
tlor_wally fast, approximate calculatlon_ of partlcle_ a(_:celerathgheva“en R.A. 1983, ApJ, 272, 765
which is coupled to the hydrodynamics by modifying the efbecourchelle, A., & Ballet, J. 1994, A&A, 287, 206
fective ratio of specific heats. We have verified the accuracy®écourchelle, A., & Ellison, D. C. 2001, Space Sci. Rev., 99, 219
this approach for parameters applicable to SN1006 by dir@micourchelle, A., Ellison, D. C., & Ballet, J. 2000, ApJ, 543, L57
comparison with the more physically complete model of a®orfi, E. A. 1990, A&A, 234, 419
celeration of Berezhko et al. (2002) (Figs. 10 and 11), whelerfi, E. A. 1994, ApJS, 90, 841
the time-dependent CR transport equations are solved sBfrfi, E. A., & Bohringer, H. 1993, A&A, 273, 251
consistently with the gas-dynamic equations. The main advat{ury, L. O'C. 1983, Rep. Prog. Phys., 46, 973 .
tage of our model lies in the fact that we can model acceler%’—“ré’;/'-gcij"';gg' D. E., Aharonian, F. A., etal. 2001, Space Sci.
tion at the fprward and reverse shocks during all stages of tl?l son. D. C., Berezhko, E. G., & Baring, M. G. 2000, ApJ, 540,
SNR evolution. In a preliminary work we modeled thermal X-
ray emi;sion from Kepler's SNR with a two-fluid, self-similarE”ison, D. C., & Eichler, D. 1984, ApJ, 286, 691
description of the SNR hydrodynamics coupled to the sarggison, D. C., Slane, P., & Gaensler, B. M. 2001, ApJ, 563, 191
calculation of particle acceleration (Decourchelle et al. 200@romoto, R., Tanimori, T., Naito, T., et al. 2002, Nature, 416, 823
We have demonstrated (Fig. 7) that the two models give essehavamian, P. 1999, Ph.D. Thesis, Rice University
tially identical results when self-similar conditions apply. OuBiacalone, J., Burgess, D., Schwartz, S. J., & Ellison, D. C. 1993,
next step will be to include this non-equilibrium calculation ApJ, 402, 550
of thermal X-ray emission, plus broad-band continuum emigeavens, A. F. 1984, MNRAS, 211, 195
sion from bremsstrahlung, synchrotron, inverse-Compton, aif#ghes, J. P., Rakowski, C. E., & Decourchelle, A. 2000, ApJ, 543,

pion-decay (Baring et al. 1999), in the CR-hydro model. L61
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