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CLOUDS AND INSTABILITIES IN SUPERNOVA REMNANT STRUCTURE:INTERSTELLAR TURBULENCE AND RIPPLED SHOCKSJ. C. RaymondHarvard-Smithsonian Center for Astrophysi
s, USARESUMENLas hermosas ondas de 
hoque esf�eri
as de la teor��a se desbaratan por la intera

i�on 
on inhomogeneidadesde densidad y por las inestabilidades t�ermi
as y din�ami
as. A trav�es de varios tru
os, involu
rando las velo
i-dades de 
orrimiento Doppler o suposi
iones de los modelos, se puede 
onstruir una idea tridimensional de laestru
tura a partir de una imagen bidimensional. En este art��
ulo dis
utiremos la naturaleza esperada de lasinhomogeneidades de densidad y las 
onse
uen
ias para la aparien
ia de un remanente de supernova, junto 
onlas 
ondi
iones ne
esarias para algunas inestabilidades, y se presentar�a un ejemplo de los intentos de desenredarel problema y se dis
utir�a el papel de la turbulen
ia interestelar.ABSTRACTThe beautiful spheri
al blastwaves of theory are disrupted by intera
tion with density inhomogeneities andby thermal and dynami
al instabilities. Various tri
ks, involving either Doppler shift velo
ities or modelassumptions, make it possible to 
onstru
t a 3-D pi
ture of the stru
ture from a 2-D image. This paper willdis
uss the expe
ted nature of the density inhomogeneities and the 
onsequen
es for the appearan
e of an SNR,along with the 
onditions for some instabilities, and it will present an example of attempts to sort it all outand dis
uss the role of interstellar turbulen
e.Key Words: SHOCK WAVES | SUPERNOVA REMNANTS | TURBULENCE1. INTRODUCTIONTo �rst order, supernova remnants (SNR) arespheri
al, but real SNRs show signi�
ant deviationsfrom spheri
al shape. Large deviations 
ome aboutwhen the SNR blast wave hits a dense 
loud (Leven-son, Graham, & Walters 2003). The large deviationimplies a large density 
ontrast, and the resultingsho
k in the 
loud is usually a radiative one, in whi
hthe sho
ked gas 
ools and most of the energy dissi-pated by the sho
k is 
onverted to radiation. Largedeviations 
an also o

ur if the blast wave en
ountersa large low-density region, resulting in a blowout. Ei-ther sort of large deviation 
an drasti
ally a�e
t theevolution of the remnant.In some 
ases another sort of deviation is seen.The opti
al �laments of SN 1006 and the faint �la-ments that en
lose the northern Cygnus Loop showsmall amplitude undulations, epitomizing the inter-pretation of SNR �laments as tangen
ies betweena gently rippled sheet of emitting gas and the lineof sight (Hester 1987). Beautiful examples 
an beseen in the H� images of SN 1006 (Winkler & Long1997) and the Cygnus Loop (Hester, Danielson, &

Raymond 1986; Ghavamian et al. 2001). The HSTimage of one �lament is the most spe
ta
ular exam-ple (Blair et al. 1999), showing that the sheet emit-ting H� is less than 1015 
m thi
k and very smooth.Levenson et al. (1998) show how the H� �lamentsaround the northern Cygnus Loop bound the X-ray emission. Figure 1 shows an example from thenorthern Cygnus Loop. This H� image is 
enteredon the position studied at opti
al wavelengths byGhavamian et al. (2001) and in the UV and X-rayby Raymond et al. (2003). We will analyze this re-gion in more detail below.The smoothly rippled surfa
es have in 
ommonthat they are pure Balmer line �laments, whi
hare interpreted as non-radiative sho
ks (Chevalier &Raymond 1978). The Balmer line emission ariseswhen neutral hydrogen atoms swept up by the sho
kare ex
ited before they are ionized. The emission israther faint, be
ause the average atom emits onlyabout 0.2 photons, but the forbidden lines thatdominate the opti
al spe
tra of radiative interstel-lar sho
ks are far fainter. Several permitted lines inthe ultraviolet are reasonably bright, however, and258
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CLOUDS AND INSTABILITIES IN SNRS 259

Fig. 1. H� image of the non-radiative sho
k. Four FUSEspe
tra separated by about 500 were obtained with the2000 by 400 slit parallel to the �laments between the twoarrows. The image is 110 on a side, and the bar in thelower-right 
orner indi
ates 10.they have been exploited to explore the physi
s of
ollisionless sho
k waves. The pro�les of the Balmerlines and the UV lines provide powerful diagnosti
sfor the thermal equilibration of ele
trons and ionsin the gas just behind the sho
k (Long et al. 1992;Hester et al. 1994; Raymond, Blair, & Long 1995;Laming et al. 1996; Ghavamian et al. 2001, 2002).One possible explanation for the ripples is aninstability in the sho
k. The thermal instability,or more pre
isely overstability, has been extensivelyinvestigated, both analyti
ally (Berts
hinger 1986)and numeri
ally (Gaetz, Edgar, & Chevalier 1988;Innes, Giddings, & Falle 1987; Innes 1992). Ther-mal instability is undoubtably responsible for mu
hof the 
omplex stru
ture of radiative sho
ks as 
om-pared with non-radiative ones. It results from thehigh radiative 
ooling rate at temperatures above105K, and it is 
atastrophi
 for sho
k speeds aboveabout 150 km s�1 where the sound 
rossing time ex-
eeds the 
ooling time. The transverse s
ale of theresulting stru
tures should be 
omparable to the
ooling length. Another possibility is the thin shellinstability (Vishnia
 1983). Again, this is a
tuallyan overstability. It depends upon the misalignmentof the ram pressure of the sho
k with the thermalpressure that drives it when the sho
k is rippled.The thin shell instability requires a 
ompression ra-tio above 10, or 
 < 1:2 for a sho
k in a perfe
t gas

(Vishnia
 & Ryu 1989). Neither the thermal insta-bility nor the thin shell instability is 
onsistent witha non-radiative sho
k.It is also possible that the deformation of thesho
k re
e
ts inhomogeneity of the hot gas drivingit. This 
ould result from shrapnel of the original ex-plosion or from Rayleigh-Taylor �ngers generated atthe 
onta
t dis
ontinuity between sho
ked intestel-lar medium (ISM) and sho
ked eje
ta during thetranstion to the Sedov phase (e.g., Wang & Chevalier2001). This would seem plausible for SN 1006, andindeed Chandra observations show enri
hed eje
tagas within a few ar
se
onds of the sho
k front (Longet al. 2003). It seems very unlikely that the blastwave of a remnant as old as the Cygnus Loop wouldbe a�e
ted by 
lumps of eje
ta. However, the ap-parently eje
ta-driven bowsho
ks at the peripheryof the Vela Supernova Remnant (As
henba
h, Eg-ger, & Tr�umper 1995) show that this possibility mustbe 
onsidered. Nevertheless, even with the smallerdistan
e to the Cygnus Loop of 440 p
 (Blair et al.1999), the swept-up mass of the Cygnus Loop is quitelarge, and no obvious eje
ta bowsho
ks are seen.If none of these me
hanisms 
an a

ount for therippled appearan
e of non-radiative sho
ks, the obvi-ous remaining explanation is small amplitude densityvariation in the pre-sho
k gas. Flu
tuations oughtto be present at some level, as studies of interstellarturbulen
e apparently show a Kolmogorov spe
trumof many orders of magnitude (e.g., Minter & Span-gler 1996), though Cho, Lazarian, & Vishnia
 (2002)have re
ently shown that magneti
 and density 
u
-tuations behave di�erently below the vis
ous s
ale oforder 0:1 p
.A non-radiative sho
k in the northern CygnusLoop was studied extensively by Ghavamian et al.(2001) and Raymond et al. (2003). Here we 
onsiderthe impli
ations for small-amplitude density 
u
tu-ations in the pre-sho
k medium.2. CYGNUS P7A 
ontinuous ar
 of faint opti
al �laments boundsthe northern Cygnus Loop, generally showing a pureBalmer line emission spe
trum. Filaments in thenorthwest were analyzed by Raymond et al. (1980)and Tre�ers (1981). Those in the northeast werestudied by Raymond et al. (1983), Fesen & Itoh(1985), Hester et al. (1994), Long et al. (1992), Blairet al. (1999), Sankrit et al. (2000), and Sankrit &Blair (2002). Interpretation of the NE �laments wassomewhat ambiguous, be
ause the �laments studiedthere are making the transition from non-radiativeto radiative sho
ks.
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260 RAYMONDA �lament in the northern Cygnus Loop was 
ho-sen for study with the Hopkins Ultraviolet Teles
ope,ground-based teles
opes, and FUSE based on itsla
k of any signatures of 
ooling and its probablehigher sho
k speed. For la
k of a better name, itis known by its designation for the HUT observingprogram as Cygnus P7. It is lo
ated at the 
enterof Fig. 1, an H� image obtained at the FLWO 1:2mteles
ope (Raymond et al. 2003). Images in [O III℄show no emission near the region studied. Imagesin [NeV℄ using the set-up des
ribed by Szentgyorgyiet al. (2000) show no dete
table emission.Ghavamian et al. (2001) obtained H� and H�pro�les with the FAST spe
trograph on the 1:6mteles
ope at FLWO. Analysis of the pro�les in
ludedMonte Carlo radiative transfer 
al
ulations for theLy� and Ly
 lines, along with grids of models withdi�erent sho
k speeds and degrees of ele
tron-ionequilibration at the front. Comparison of the mod-els with the observed pro�les implies Te=Ti > 0:7at the sho
k front and a sho
k speed Vs = 300 to365 km s�1.Raymond et al. (2003) observed the same posi-tion with the Hopkins Ultraviolet Teles
ope. The ab-sen
e of any emission other than the OVI, C IV andHe II lines 
on�rms the non-radiative 
hara
ter ofthe sho
k. The line pro�les show that the kineti
temperature of oxygen is less than 2.7 times thekineti
 temperature of the protons, 
on�rming the
on
lusion of Ghavamian et al. (2001) that thermalequilibration is eÆ
ient in this relatively slow sho
k.Raymond et al. (2003) also determined the ROSATPSPC 
ount rate as a fun
tion of distan
e behind thesho
k. The ROSAT data 
onstrain the sho
k speedto the upper end of the range allowed by the opti
alline pro�les, and we adopt Vs = 350 km s�1.FUSE spe
tra were obtained with the MDRS slitparallel to the sho
k at the main sho
k front andat three positions spa
ed ba
k from it by about 600,1100, and 1500. The OVI �1032 pro�les are shown inFigure 2.The double-peaked pro�les imply either absorp-tion at line 
enter or a line of sight that passesthrough the rippled sho
k in two pla
es, one ap-proa
hing the Sun and one re
eding. To sort outthe nature of the pro�les, we 
onstru
ted models ofthe emitting sheet in
luding the e�e
ts of resonan
es
attering. 3. MODELSModels of the ionization stru
ture behind non-radiative sho
ks indi
ate an opti
al depth normalto the sho
k of order 0.1 in the OVI �1032 line.

Fig. 2. Pro�les of the OVI �1032 line at the bright �la-ment (top pro�le) and the 3 o�set positions behind it.The edge-on viewing geometry of the �lament im-plies opti
al depths along the line of sight of orderone. Therefore, the e�e
ts of s
attering must bein
luded. We 
omputed plane-parallel sho
k mod-els with a 
urrent version of the 
ode des
ribed byRaymond (1979) for various 
hoi
es of model pa-rameters, in parti
ular the pre-sho
k density. Thepredi
ted ionization state and emissivity were thenused to spe
ify the emission and absorption in a two-dimensional grid for a 
hosen shape of the sho
k rip-ple. The existen
e of two parallel �laments impliestwo tangen
ies to the line of sight, Figure 3 showsone su
h shape. Note that the x-s
ale is 
ompressedby a fa
tor of 5 
ompared with the y-s
ale, so theripple is in fa
t quite gentle. The ex
ursion to largey is in keeping with the existen
e of faint H� andX-ray emission ahead of the main �lament due tomaterial ahead of the sho
k as seen in proje
tion.The numeri
al 
ode simply 
omputes the inten-sity along any given line of sight in 10 km s�1 bins.The sho
k shape and presho
k density are then ad-justed to mat
h the observed line pro�les. Withinthe 
onstraints from other observations, variation insho
k speed, magneti
 �eld, and ele
tron-ion equi-libration are unimportant. Further 
onstraints areprovided by the ROSAT X-ray emission. In essen
e,both the line pro�les and the X-ray surfa
e bright-ness are used to 
ompare quantities proportional ton2eL (X-ray brightness, OVI emissivity) with oneproportional to neL (opti
al depth) in order to dis-entangle ne from the line-of-sight depth, L. Further
onstraints arise from the fa
t that the splitting ofthe peaks of the OVI pro�le in
reases with the 
ur-vature of the sho
k front, and therefore with 1=L.
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CLOUDS AND INSTABILITIES IN SNRS 261

Fig. 3. Shape of the emitting �lament derived by mat
h-ing the observed OVI line pro�les. Note that the verti
als
ale is expanded by about a fa
tor of 5. Dashed linesindi
ate the lines of sight of the four exposures.The ROSAT data provide 
onstraints both from thedependen
e of the thi
kness of the initial ionizationzone on density and the absolute brightness. Sim-ilar te
hniques for sorting out the 3-D stru
ture ofCygnus Loop sho
ks have been employed by Ray-mond et al. (1988), Szentgyorgyi et al. (2000), andPatnaude et al. (2002).The overall result is that the pre-sho
k density isbetween 0.3 and 0:5 
m�3, about twi
e the 
anoni
alvalue based on global X-ray models. Global mod-els for the X-ray emission based on a 440 p
 dis-tan
e would probably yield densities in agreementwith the higher value. The opti
al depth in the OVI�1032 line is about one near line 
enter just behindthe bright �lament, and somewhat smaller behindit. The depth of the emitting region along the lineof sight is 0.7 to 1:5 p
.4. ISM DENSITY FLUCTUATIONSAs dis
ussed in the Introdu
tion, hydrodynami
instabilities are unlikely to a

ount for the rippledshape of the sho
k. Therefore, the ripples probablyarise from small-amplitude variations in the density,whi
h translate into velo
ity variations. An a

u-rate assessment of the density 
u
tuations should bemade by propagating sho
ks through randomly se-le
ted realizations of Kolmogorov (or other) spe
traof density variations. A 
rude estimate 
an be madeby assuming that the amplitude of the ripple, about0.1 of the wavelength, is equal to ÆV=V . For 
onstantram pressure, Æn0=n0 � 0:2 at s
ales 
omparable tothe wavelength of the ripples. Thus Æn0 � 0:08 
m�3

at s
ales of order 1018 
m. For 
omparison, the typ-i
al varian
e in ele
tron density derived from radios
intillation studies is hÆnei = 0:016 
m�3 at a s
aleof 1018 
m (S. Spangler 2002, private 
ommuni
a-tion). Considering that the pre-sho
k gas is roughlyhalf ionized and that the �lling fa
tor of the warmneutral medium is less than one half, this agreementis so good that it must be fortuitous. Nevertheless,it does suggest that a systemati
 measurement ofthe wavelengths and s
ales of ripples in non-radiativesho
ks in supernova remnants might provide an in-teresting estimate of the density 
u
tuations dueto interstellar turbulen
e. A 
lear test of this pi
-ture would be measurement of the ripples at smallers
ales. The amplitude divided by the wavelengthought to s
ale as the square root of the density am-plitude, or as the L5=6 for Kolmogorov turbulen
e.5. SUMMARYThe rippled stru
ture of the non-radiative sho
kwave in the northern Cygnus Loop appears to resultfrom density 
u
tuations in the pre-sho
k mediumrather than from instabilities in the sho
ked gas. Thedensity 
u
tuations seem 
onsistent with interstellarturbulen
e. It is possible that the pre-sho
k gas hasbeen a�e
ted by the SN pre
ursor (e.g., Levenson,Graham, & Snowdon 1999), but the amplitude isnot unreasonable for the average ISM turbulen
e.Overall, it seems possible that one 
ould �tthe amplitudes and wavelengths of ripples in non-radiative sho
ks in order to estimate the density
u
tuation amplitudes in the pre-sho
k gas. Thismethod is sensitive to weak perturbations, as op-posed to the high-density 
ontrast 
louds that pro-du
e the features investigated by Levenson et al.(1999) and Patnaude et al. (2002). In 
ontrast to ra-dio s
intillation measurements, it measures the totaldensity, and it pertains to a spe
i�
 region of spa
erather than a line-of-sight average. A real assessmentof this te
hnique will require a realisti
 
al
ulationof the propagation of a strong sho
k through a tur-bulent medium, in
luding the 
orrelations betweendensity and velo
ityThis work was supported by NASA grant NAG5-9019 to the Smithsonian Astrophysi
al Observatory.REFERENCESAs
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