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NONEQUILIBRIUM IONIZATION MODELS FOR ANALYSIS OF X-RAYSPECTRA OF SUPERNOVA REMNANTSK. J. BorkowskiDepartment of Physi
s, North Carolina State University, USARESUMENLas remanentes de supernova (SNRs) son de los objetos m�as brillantes enrayos-X que ser�an observados por los nuevos sat�elites de rayos-X (Chandra, XMMy Astro-E). La emisi�on t�ermi
a de las SNRs no puede ser analizada 
on los 
�odigosusuales de emisi�on de rayos-X porque el plasma de estos objetos no est�a en equilibriode ioniza
i�on. Se ne
esitan modelos de ioniza
i�on fuera de equilibrio (NEI) parasa
arle prove
ho a los datos venideros de alta 
alidad sobre SNRs. Presento un
onjunto b�asi
o de modelos NEI para el an�alisis de espe
tros de rayos-X de SNRs;modelos 
on temperatura 
onstante, 
on es
alas temporales de ioniza
i�on �uni
asy generalizadas, 
hoques plano paralelos 
on temperatura ele
tr�oni
a 
onstante ymodelos de Sedov 
on temperaturas diferentes para iones y ele
trones.ABSTRACTAmong the brightest sour
es of X-ray emission are supernova remnants(SNRs), whi
h will be extensively observed by new X-ray satellites (Chandra, XMM,and Astro-E). Thermal X-ray emission from SNRs 
annot be analyzed with stan-dard X-ray plasma 
odes, be
ause plasmas in these obje
ts are not in ionizationequilibrium. Nonequilibrium ionization (NEI) models are ne
essary in order totake advantage of the anti
ipated 
ood of high quality X-ray data on SNRs. Ipresent a basi
 set of NEI models for analysis of thermal X-ray spe
tra of SNRs:
onstant-temperature, single ionization times
ale models, generalized single ion-ization times
ale models, plane-parallel sho
ks with 
onstant ele
tron temperature,plane-parallel sho
ks and Sedov models with unequal ion and ele
tron temperatures.Key Words: SUPERNOVA REMNANTS | X-RAYS: ISM1. MODELING THERMAL X-RAY EMISSION FROM SUPERNOVA REMNANTSX-ray astronomy has advan
ed signi�
antly in re
ent years be
ause of improved X-ray instrumentation. Inthe �eld of SNRs, this has led to many advan
es, su
h as the dis
overy of the nonthermal syn
hrotron X-rayemission produ
ed by energeti
 ele
trons a

elerated at a sho
k front, identi�
ation of a number of new neutronstars and asso
iated syn
hrotron nebulae, dis
overy of new SNRs, and identi�
ation of young, eje
ta-dominatedSNRs. Spatially-resolved X-ray spe
tros
opy, provided by the ASCA satellite, played a 
ru
ial role in thesedis
overies. The ASCA database now 
ontains a large number of ex
ellent spe
tra of SNRs. Observations withthe next generation of X-ray satellites (Chandra, XMM, and Astro-E) will provide even better quality data,ensuring 
ontinuing progress in the SNR resear
h.While the new X-ray observations led to a signi�
ant progress, X-ray spe
tral data on SNRs, and ASCAdata in parti
ular, have been mostly underutilized. The fundamental reason for this unsatisfa
tory situation isthat X-ray emitting plasmas in SNRs are not in ionization equilibrium, signi�
antly 
ompli
ating analysis oftheir X-ray spe
tra. Most X-ray observers do not even have a

ess to simple nonequilibrium ionization (NEI)models. The simplest NEI model 
onsists of an impulsively heated, uniform and homogeneous gas, initially
old and neutral. While this model is often used in analysis of X-ray spe
tra of SNRs, in most 
ases it isunlikely to be a good approximation to sho
k-heated plasmas in SNRs. The best 
hoi
e for general NEI models288
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NONEQUILIBRIUM IONIZATION MODELS 289are idealized hydrodynami
al stru
tures, su
h as the Sedov-Taylor self-similar solution des
ribing a point blastexplosion in a uniform ambient medium.X-ray emission 
al
ulations based on the Sedov dynami
s have been performed numerous times in the past,with the most extensive set of 
al
ulations presented by Hamilton, Sarazin, & Chevalier (1983). Sedov modelswere su

essfully used in X-ray spe
tral modeling of SNRs in the Large Magellani
 Cloud (Hughes, Hayashi,& Koyama 1998). But the progress has been slow be
ause of te
hni
al diÆ
ulties in 
onstru
ting a robustNEI pa
kage for use by the general X-ray 
ommunity. This unfortunate situation is improving, beginning withSedov models and a number of simpler NEI models based on an updated Hamilton & Sarazin spe
tral 
ode.In parti
ular, modeling of the prominent Fe L-shell 
omplex near 1 keV is based on atomi
 
al
ulations byLiedahl, Osterheld, & Goldstein (1995). These NEI models, brie
y des
ribed below, will be in
luded in thenext release of the XSPEC software pa
kage.2. NONEQULIBRIUM IONIZATION MODELSConstant Temperature, Single Ionization Times
ale Model | parameters: temperature T (keV), heavy-element abundan
es, ionization age � = net (s 
m�3), redshift. The simplest NEI model 
onsists of animpulsively heated, uniform and homogeneous gas with ele
tron density ne, initially 
old and neutral. Inmost 
ases, this 
onstant temperature, single-ionization times
ale model is too simple to provide an adequatedes
ription of SNR spe
tra.Generalized Single Ionization Times
ale Model | parameters: temperature T (keV), heavy-element abun-dan
es, ionization age � (s 
m�3), ionization times
ale-averaged temperature hT i (keV), redshift. This is ageneralization of the simplest NEI model just dis
ussed, where temperature is allowed to vary with time. Thissingle-ionization times
ale model should also be used with 
aution in analysis of X-ray spe
tra of SNRs.Constant-Temperature, Plane-Parallel Sho
k | parameters: temperature T (keV), heavy-element abun-dan
es, ionization age � (s 
m�3), redshift. This is a plane-parallel sho
k model with a 
onstant postsho
kele
tron temperature T and with ionization age � = net, where ne is the postsho
k ele
tron temperature and tis the sho
k age. This model di�ers from single ionization times
ale models in its linear distribution of ioniza-tion times
ale vs. emission measure (at the sho
k front ionization times
ale is 0, and attains maximum � forthe material sho
ked �rst). In a limited range of photon energies, plane-parallel sho
ks might serve as usefulapproximations to Sedov models with high ele
tron temperatures.Plane-Parallel Sho
k with Collisionless and Coulomb Heating | parameters: mean sho
k temperature Ts(keV), postsho
k ele
tron temperature Tes (keV) immediately behind the sho
k front, heavy-element abun-dan
es, ionization age � (s 
m�3), redshift. It is likely that ele
trons are not fully equilibrated with ions in
ollisionless sho
ks in SNRs. Be
ause the ion temperature is then larger than the ele
tron temperature, ele
-trons are heated by Coulomb 
ollisions with ions in the postsho
k plasma. This leads us to a more general typeof a plane-parallel sho
k, where the postsho
k ele
tron temperature Tes depends on the amount of 
ollisionlessele
tron heating at the sho
k, but it is less than or equal to the mean gas temperature Ts. In the postsho
kregion, Coulomb 
ollisions gradually lead to in
rease in the ele
tron temperature Te, whi
h be
omes equal toTs for a large sho
k ionization age � , far from the sho
k front.Spatially-Integrated Sedov Model | parameters: the same as in the plane-parallel sho
k with Coulombheating. This is a spheri
al blast wave des
ribed by the Sedov dynami
s, with both 
ollisionless and Coulombheating of ele
trons. This model should be routinely used in analysis of SNR spe
tra.REFERENCESHamilton, A. J. S., Sarazin, C. L., & Chevalier, R. A. 1983, ApJS, 51, 115Hughes, J. P., Hayashi, I., & Koyama, K. 1998, ApJ, 505, 732Liedahl, D. A., Osterheld, A. L., & Goldstein, W. H. 1995, ApJ, 438, L115K. J. Borkowski: Department of Physi
s, NCSU, Box 8202, Raleigh, NC 27695, USA (kborkow�unity.n
su.edu).


