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ABSTRACT

Context. Charge transfer (or exchange) reactions between hydrdgemsand protons in shocks of supernova remnants (SNRs) are
a natural way of broadening the Balmer and Lyman lines of tgeln.

Aims. We present a method to estimate the luminosity of breaflq00 km s?) Lye, Lys, Lyy, H8 and Ry lines, as well as the total
luminosity of the two-photon (2 continuum, from existing measurements of the fliix. We consider cases gf= 0.1 and 1, where

B = Te/ Ty is the ratio of electron to proton temperatures.

Methods. We examine a modest sample of 8 proximate, Balmer-domirgitls from our Galaxy and the Large Magellanic Cloud.
The expected broad kyluminosity per object is at most 10°¢ erg s*. The 2 continuum luminosities is comparable to the broad
Ha and Ly ones.

Results. Differences in the Ly/Ha and Ly3/Ha luminosity ratios between th&= 0.1 and 1 cases are factors2 for shock velocities
10005 vs < 4000 km s?, thereby providing a direct and unique way to directly meaguln principle, broad, “non-radiative” Ly
from SNRs in young galaxies can be directly observed in thieajprange of wavelengths. However, by taking into consitien
the diferent supernova rates between core collapse and thermsangcipernovae, as well as the duration we expect to obsernve n
radiative Lyr emission from SNRs, we expect their contribution to theltiofar luminosity from young galaxies at~ 3 to 5 to be
negligibly small ¢ 0.001%), compared to the mechanism described by Shull & S8K9L
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1. Introduction

Observations of galaxies at high redshifts have revealesadbclass of Ly-emitting galaxies at ~ 3 to 5 (e.g., Tapken et al.
2007). The Lyr emission from these objects is reaching us as light in thibleispectral band, enabling their study using large,
ground-based optical telescopes, which in turn permitsiléet spectroscopic studies of these galaxies. Obsengatibquasars at

z ~ 6 (e.g., Fan et al. 2006) have revealed heavy elemental abhuad exceeding solar values. We know that at least some of th
galaxies az ~ 3 to 5 have high abundances of heavy elements, facilitatinddrmation of dust. The dust particles impede the
escape of Ly emission from gas-rich galaxies, due to the small mean fatlespof the photons, low temperatures of the gas and
ultimately high probabilities of absorption. Broadenifg g« lines due to multiple scatterings is a slow process reqgiaifong
diffusion time. Hence, there is special interest in the physicaiesses that are able to naturally produce extremelyllwoays in

Lya lines, which permit the photons to leave the host galaxyauitiiequiring many scatterings.

Among obvious mechanisms is the one at work in the uniqueiseabmary SS433 (for a recent review, see Fabrika [2004]),
with strongly blue- and redshifteddHand H3 lines, due to cooling and recombination of hydrogen in theydwa-dominated,
precessing jet moving with velocity 0.26¢. Such objects are very rare — SS433 is the only such exampleriGalaxy. More
well-known Galactic sources ofddemission with broad line wings are the supernova remnadR§¥ of Type la, emitting due to
charge transfer (or “charge exchange”) reactions betwgdrolgen atoms and protons in the blast wave penetratingihelénsity
(~ 1 cnT3), ambient gas. The widths of thenHines correspond to Doppler broadening with velocitiesaip 5000 km st. The
same process should produce not only é¢inission, but photons in the Lyman series of hydrogen as Reltently, some of these
SNRs were observed in Byusing theFUSE spacecraft (Korreck et al. 2004; Ghavamian et al. 2007).

Knowledge of the cross sections of charge transfers toexktatzels and excitation of the fast-moving hydrogen atoems us
to find simple formulae relating the luminosities of SNRsha broad k and Lyw lines. The Lyr line should have a similar spectral
distribution to the observedddone in the broad wings, because the optical depth of the SNBréad photons is negligibly small
and the optical depth for coherent scattering (in the didtarentzian wings) in interstellar gas is low.

We compile the existing data for core collapse and thermi@eanSNRs, including SNR 1987A (where the reverse shock is
bright in the broad K line), and present their theoretically expected, broad &gd Ly3 luminosities. For two objects, we present
their expected broad by HB and Ry luminosities. Taking into account the supernova (SN) tthteJuminosities of the SNRs indd
and the duration of their active phase (for the charge teamachanism described), we find that — even without disogdsie
cosmological evolution of the SN rate — the expected broadikyseveral orders of magnitude lower than the estimate ofl &u
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Silk (1979), who treated fully radiative SNRs with low méditzities and velocities (20 to 120 knT¥. We come to the conclusion
that the contribution of both core collapse and thermorarcBN\Rs to the Ly luminosity of young galaxies is negligibly small.
In §2, we gather a modest sample of 8 Galactic and Large Magel@lioud (LMC) remnants, and use them as a template for
estimating the expected by Lyg, Lyy, HB and Ry production. In§3, we compute the ly/Ha, Lya/LyB, LyB/Ha, Lyy/Ha, HB/Ha

and Ry/Ha luminosity ratios. We present our results§ifi and discuss their implications §f&.

2. Galactic & LMC Remnants

SNRs are the result of the interaction of SN ejecta with amnthieatter. The nature of the interaction can be approximatat-
egorized into several stages (Truelove & McKee 1999, hegedM99; and references therein): the ejecta-dominatéd) (&
freely-streaming stage; the Sedov-Taylor (ST) or selfilsinstage; the pressure-driven snowplow (PDS) stage; apalsaible,
momentum-conserving snowplow stage (BidvVicKee & Bertschinger 1988). Many of the well-studied, yguBNRs like Kepler,
Tycho and SN 1006 are intermediate between the ED and STsstijgehas been corroborated by the numerical studies ofdTM9
who showed that there is no sharp transition between thetages. The transition from the ED to ST stage occurs on a tiales
tsp ~ tcn; the characteristic timescale is

tCh = tch,O mgj/GE;i'/znal/S, (1)
whereMej = mejMg is the mass of the eject&, = Es;10°! erg is the energy of the supernova explosion, anis the density of
the ambient medium (in cm). The codicient in equation{|1) ifno = 423 yrs (TM99). If one makes the argument thag (with
densityp = 1.4myng) of mass is swept up in a timg,, one instead gets,o = 186 yrs. The PDS stage occurs at

_5/6=5/7,,-5/21
tpps ~ 30t M o S (2)

after the explosion (Citi, McKee & Bertschinger 1988; TM99), whetg, is a dimensionless metallicity correction factor. More
precise estimates fadgp andtpps are dependent upon the spatial density distributions df thet ejecta and the ambient matter.

In the ED and SD stages, the emission from some SNRs is “rdiatiae”, meaning the timescale for thermal, radiativeskxs
from the interacting gases is much longer thanWhen the blast wave of the SNR slams into ambient gas cargtedominantly
of hydrogen atoms, it emits in Balmer and Lyman lines coimsisif a broad £ 1000 km s?) and a narrow+{ 10 km s) component
(Chevalier & Raymond 1978; Bychkov & Lebedev 1979; Chevakérshner & Raymond 1980; Heng & McCray 2007, hereafter
HMO7; Heng et al. 2007, hereafter HO7; Ghavamian et al. 2B8igafter GO7; and references therein). These objectharvekas
“Balmer-dominated” SNRs. Positive detections of the linexponents are so far only from Galactic and LMC SNRs. Evendgho
narrow Ly emission is produced, it is not seen due to interstellarraitisn; broad Lyr should be observed.

The narrow Balmer and Lyman lines are produced when thenfasing ejecta collisionally excite stationary hydrogeoras in
the surrounding material. The broad lines are produced wheepost-shock protons and atoms engage in charge traesafgians,
creating a population of post-shock atoms in broad velatigtributions known as “broad neutrals” (HMO7; HO7). In fin@me of
the observer, these broad neutrals move at a velagity 3vs/4, wherevs is the shock velocity (of the blast wave). Rgr> 500 km
s71, the broad neutrals can produceanlihat is blue- or redshifted out of resonance with the statipmtoms, hence providing an
escape route for the photons. The ratio of broad to narrawadd Lyw) emission is a function of the shock velocity (HM07; HO7);
it also depends on factors like the pre-shock neutral deasitl the degree to which the temperatures of the electrahoas are
equilibrated. The contribution from the broad #ine dominates when the shock velocitygs3000 km s* and when the narrow
Ha line assumes Case A conditions (HMOQ7). Existing obsermatmf Hr and Ly3 emission from 8 Balmer-dominated SNRs are
catalogued in Tablg 1. At least 5 of these SNRs are believedwe resulted from Type la explosions. Only SNR 1987A hasarcl
core collapse origin; itis also the youngest SNR in the sampl

To convert Hr line fluxes to broad Ly luminosities, we use

Rbn
Liye = 470%FHe — 2 Tlya/tas 3
Ly 70 He g, Toem (3

whered is the distance to the SNR afRh, ~ 1 is the observed ratio of broad to narrow ldmission. The quantit¥,yo/m. is the
ratio of Lya to Ha luminosities (se€3). For SNRs in the LMC, we adogt= 50 kpc. In the case of the LMC remnant 0509—67.5,
Rpn IS unavailable, so we quote an upper limit. If several vafoethe Hx flux are given, we simply choose the brightest one (e.g.,
different emission knots of Kepler's SNR). For SNR 1987A, we thkeobserved value &y, ~ 1 (Heng et al. 2006), as opposed
to the theoretically calculated one 0.1; HMO7); we use the measuredHux to obtain an estimate for the broadd_juminaosity,

as the measured byflux is subjected to resonant scattering. The Cygnus Loogdkided from our sample due to its low shock
velocity of ~ 250 km s*. In using equation{3), we note that the measuredadd Ly3 fluxes are mostly from limb-brightened
portions of the SNRs. Assuming spherical remnants, thesities from these parts are brightened by facto(R/15)Y? (Chevalier

& Raymond 1978; HO7), whetR ~ 1 pc is the typical radius of the SNR ahgd~ 10 cm is the length scale for atomic interactions
(assuming density 1 cnm2 and velocity> 1000 km st). Hence, the luminosity inferred might be over-estimatga ffiactor~ 50.

3. THE Lya/LyB & Ly a/Ha Ratios
The ratio of Lyr to Ha luminosities (Figl1Ll) is computed using the methods dewveddgy HMO7:

€(Ren + Rr-n) + RTg,nl

(4)

Tiya/He (NI, 1Y) = ,
yo/Ha E(RE,n’I’ + RT*,n’l’) + RTg,n/I/
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Fig. 1. Luminosity ratios of Lyr to Ha, Lya to LyS, and Ly3 to Ha, denoted bY Ly He: Tiye/ys @ndTysHa, respectively, as a
function of the shock velocitys.

wheree = Pro/P;. The quantityPr is the probability for pre-shock atoms (found in a beam, aeone velocity) to engage in
charge transfer reactions with ions (thereby creatingdraautrals), whileP, is the probability for the broad neutrals to be ionized
by both electrons and ions. Physically, broadéiission is produced in two ways: charge transfer of theshaek atoms to excited
states of broad neutrals (with a rate ffagent, in cn? s, of Rr: n); creation of broad neutrals in the ground state, followgd b
excitation Re ) andor charge transfers between them and ions to excited sReg)( Hence e is a measure of howfigcient the
first contribution is relative to the second one. At low sheelocities ¢s < 1000 km s?), € > 3 — charge transfer to the ground
state is the dominant process, and itfisogent to create broad neutrals that subsequently get eixéife emphasize that equation
(@) is only valid in the case of optically-thin plasmas.

For Lya, we consider charge transfers (with protons) and excitat{ty electrons and protons) to the sub-leveds 3 and
3d. For He, we consider the same processes, but for the sub-leseBp3and 31. Hence, we computEyy./m.(nl, n’l’) for nl =
2p+ 3s+ 3d andn’l’ = 3s+ 3d + Bgzp2s3p, where the factor oBzp»s = 0.1183 is the fraction of radiative decays fromp that
result in Hy, with the remainder going to |8/ ForT'Ly.,ys(nl, n'l), we consider insteall” = (1 - Bap25)3p. Cascade contributions
from higher levels ares 5% dfects. For example, contributions taxHrom n = 4 are at most (3/4)384&&,83,),2S ~ 2%; other
contributions from 4, 4d and 4f are at thes 1% level.

One can calculate the luminosity ratios forlida, H3/Ha and Ry/Ha as well. However, the cross sections for collisional
excitation of hydrogen atoms by protons to the sub-levalsdp, 4d and 4f are unavailable at the time of writing. The cross
sections for charge transfers to these excited states,veoyare available. Avs > 5000 km s?, e < 0.5, and we may obtain
luminosity ratios for Ly/Ha, HB/Ha and Ry/Ha to within a factor of 2 (FiglR). A list of the relevant radieti decay fractions,
Bni i, is given in TabléB (see AppendiX A for details). In prineipif the charge transfer and excitation cross sections reverik
to higher levels, one can calculate the luminosity ratioofber lines in the Balmer, Lyman, Paschen and other sefiegdvogen.

We use the atomic cross sections of Balanca, Lin & Feaytti98), Barnett et al. (1990), Belkic, Gayet & Salin (19%2arel,
Jouin & Pons (1998) and Janev & Smith (1993), as well as thmsed in theNI ST Electron-Impact Cross Section Database. Details
concerning the cross sections are given in Appehndlix B, wivergrovide fitting functions to them. We consider a pure hgero
gas and include charge transfer, excitation and ionizati@mts between hydrogen atoms, electrons and protons. \Mewthe
thin shock approximation, such that the relative velociyween atoms and ions ivg34; this has been shown by HO7 to be an
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Fig. 2. Luminosity ratios of Ly to He, HB to He, and Ry to He, denoted bY iy, /Hq, THg/He @NdTpy He, FeSpectively, as a function
of the shock velocityys. Only charge transfers to excited states are considerdebgetratios, so they should be used with caution;
we use only the luminosity ratios feg > 5000 km s?.

excellent approximation. At the shock velocities consédie’500< vs < 10,000 km s?, the significance of impact excitation by
electrons is comparable to that by protons and cannot bectegl. We do not consider broad emission from within the lsffront
(see Appendik ).

4. Results

The luminosities ratioBiyq/Ha, I'Lya/Lys @ndIys/H. are shown in Fid.]1. In the shock velocity range 1@0@ < 4000 km sl the
differences i yq/He @andILysH, between thg = 0.1 and 1 cases are factors2, and are due to the sensitivity to temperature of
impact excitation and ionization of hydrogen atoms by etetd. This may present a direct and unique opportunity tosoreg.
We emphasize that our calculations are only valid for th@bdilimes; the narrow lines have optical depths © < 1 and Lyman line
trapping is a non-negligiblefiect (Ghavamian et al. 2001, 2002). For example, narrggvdlyotons may be converted into narrow
Ha photons and two-photon 42 continuum. In addition, narrow loycannot propagate easily through the interstellar gas.

We use the data in Tablé 1 to compute the expected luminoslty @ L.y, (Fig.[d). In estimating a range fafy,, we only
consider the observational error barsHp, (if available) and allow for a generous range in temperagagpailibration between
electrons and protons,D< g < 1, wheres8 = Te/Tp. Hence, the displayed error bars 1ag,, are not formal ones. We are aware
of the recent work by Ghavamian, Laming & Rakowski (2007)pveinowed that there is an empirical correlation betwgand
vs — namely,8 = 1 for vs < 400 km st andg « vg2 for vs > 400 km s?. For the LMC remnants detected ingypy G07, we
compute the range ibyy, by considering both the ddand Ly fluxes. We note that the computed9@+ 0.05)x 10* erg s value
for broad Lyr in SNR 1987A is comparable to the10% erg s figure predicted by Michael et al. (2003). Note that the ctadi
Lig/Lhe = AHa/ALp = 6.4 is not true in general. This is because the cross sectiathtoge transfers to the levep3alls below that
to 3sat a relative velocity- 2000 km s? (Fig.[B.2).

In Table[2, we make some predictions for thegLiyy, H8 and Ry luminosities. It is puzzling that the theoretically expestt
LyB luminosities are about 10 to 20 times higher than thoser@fdrom the observations of GO7. In other words, the obskirie
fluxes in the LMC SNRs are comparable to the observggldnes. We are not certain why this is the case, but we note yigaisL
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Fig.3. Left: Expected Ly luminosities,Ly,, from the SNR sample as a function of the shock velosityRight: L.y, plotted
versus the age of the SNR.

more susceptible to absorption by interstellar dust thandid we suspect thigfect to play at least some part in the discrepancy.
Moreover, the |t and Ly3 observations were taken affigirent epochs (Tuohy et al. 1982; Ghavamian et al. 2007). Asritbed

in §3, we are only able to provide rough predictions foyl{i5 and Ry, and only in the cases of 0509—67.5 and SNR 1987A, as
these SNRs have shock velocitie$000 km s?.

We can make some estimates for the expecjedahtinuum as well, which is produced in the 2 1stransition. In the case
of an optically-thin plasma, thes2— 2p transition is negligible as collisions are unimportantTable[2, we make conservative
predictions for the £ continuum luminosity from both broad and narrow atoms, lamisider only charge transfers and excitations
to the  level. Additional contributions fromm = 3 range from~ (2/3)®Bsp 25 ~ 4% (Case A) to- (2/3)* ~ 30% (Case B); those
fromn = 4 are< 1%. We only wish to make the point thas, is comparable td.y, andLy,, and thus the 2 transitions are a
potentially observable source of continuum. In the caseal&@ic and LMC SNRs, th&alaxy Evolution Explorer (GALEX) is in
principle able to measure the low-frequency wing efdecay, using its 135—175 and 175—280 nm channels. By conmphki
and 2 emission, it will be possible to directly estimate emissimmm the SNR shock due to broad dfand the contribution of
narrow Ly that cannot reach us). This is an additional, unique sourcéarmation on the detailed physical processes in shocks.

Several sources of uncertainty cafeat the predicted values bfy,. These include uncertainties in the age of the StR,the
distance to itd, the measuredon-radiative component of the H flux, the temperature equilibration between electrons and, i
and the atomic cross sections used. Uncertainties in thss egxtions are typically 10%. For charge transfer to excited states, the
uncertainty can be as much as 30% (R.K. Janev 2007, privatencmication). The predicted luminosities have not beedeadd.

5. Discussion

SNR 1987A is a unique example of a Balmer-dominated SNR. Bye&iof adiabatic expansion cooling, the SN ejecta comgrise
mostly neutral hydrogen; it rushes out at velocitie$2, 000 km s* (Michael et al. 2003; Heng et al. 2006). The non-radiative H
and Ly result from the interaction of the ejecta with theserse shock and not the blast wave (Heng 2007). As SNR 1987A has a
Type Il origin, it is possible to produce Balmer and Lymarebrvia this mechanism; this is obviously not possible withéelfa’s.
Smith et al. (2005) have predicted that the Bind Ly emission from the reverse shock of SNR 1987A is shortlive@@12 to
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Fig. 4. Luminosity ratios of the 2 continuum to H, I',/H.. Only charge transfers and excitations to ttsdedel are considered
(see text).

2014) and will be extinguished by the increasing flux of exteeultraviolet (EUV) and X-ray photons traveling into thefhock
region and ionizing the atoms — pre-ionization. This is nraaevidence that broad kyfrom SNRs of a core collapse origin will
be short-lived, i.e.g 100 years. In general, for this scenario to work, some ioteya of the blast wave with the ambient material
is needed, but if it is too strong the pre-shock gas beconmézad (R. Chevalier 2007, private communication).

To further investigate the viability of the short-lived, moadiative Lyr hypothesis, we examine the sample of optically identified
SNRs by Matonick & Fesen (1997), who studied an ensemble @NR samples from flierent galaxies, including the Small
Magellanic Cloud (SMC), LMC, M31 and M33, with distances otMpc. In galaxies like NGC 2403, M81 and M101, the SNRs
are associated with star-forming regions and most of therbably have a Type Jb origin. In most cases, the measured fHix is
~ 10 erg cnt? st and the inferred luminosity is 10°° erg s*. Since Matonick & Fesen (1997) did not provide Hne profiles,
it is impossible to estimate the proportion of the Eimission that is non-radiative. Furthermore, their seadatriterion is based on
picking out objects with [Si]/Ha > 0.45, which will not detect SNRs with predominantly non-radi@Ha emission.

Shull & Silk (1979) computed the time-averagedaliuminosity from radiative shocks of a population of Type NBSs,
assuming low metallicities, to be

Lss79= 3 X 10% erg §1Eg/14n61/2N3N, (5)

s whereNsy is the number of supernovae (SNe) a year. They considered $NBoth the ST and the PDS stages, agg 20
to 120 km s*. Charlot & Fall (1993) remark that the numerical fiogient in the preceding equation is about 40% lower if one
assumes solar metallicity.

A very conservative upper limit on the broadd_jrom the Matonick & Fesen (1997) samples can be obtainedafg@amerously
allows for all of the Hr to be broad, for the shock velocities to be low 600 km s1) such thatl'iyo/Hoe ~ 100, and for the
non-radiative emission to last 10* years. Even in this very unlikely scenarla,,, ~ 10*? erg s is only about QlLss7¢ Hence,
our charge transfer mechanism is not energetically conietiThere is the possibility a SNR can produce both radiasind
non-radiative components ofdd Well-known examples are Kepler (Fesen et al. 1989; Blaind & Vancura 1991) and RCW
86 (Long & Blair 1990; Smith 1997). There is also the postipithat the non-radiative emission from the SNR is inhibitEor
example, Foster (2005) observed and studied the Galac®R3EN434.1 {3ge ~ 25,000 yr;d = 4.5 + 0.9 kpc; possible Type Jio),
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which formed inside the eastern portion of a pre-existimfjatwind bubble of interior density 0.1 cn3. Strong Hr emission
(6.1 + 0.4 x 10° erg s1) is measured from the eastern side; it is believed to be froadative shock. Being farther away from
the western wall of the bubble, the shock on the western sidssentially still in free expansion and produces no maateir
non-radiative k.

Our SNR sample and the considerations of SNR 1987A lead uditvb that if the short-lived emission contribution froppé
Ib/c and Type Il SNRs in young galaxies exists, it has a lumigaxit

Liya.cc ~ 10% erg s temitoNsn, (6)

wheretemit = temit2100 years is the length of time we expect core collapse SNRsottuce shock-induced byemission. On the
other hand, thermonuclear SNRs are expected to hawe= temital0* years~ tpps. However, they are also believed to be much
scarcer at high redshifts. For example, Dahlen et al. (268dnate that only 5% to 7% of available progenitors expksl&ype la
SNRs. Therefore, the expected luminosity is

Liyoa ~ 10% erg s? temizaNsn -2, (7

whereNsn -2 is the number of SN per year in units of 0.01. We conclude tbhabbth core collapse and thermonuclear SNRs,
the expected luminosity from broad d&yis only a~ 0.001% dfect, compared to the mechanism of Shull & Silk (1979 line
luminosities fromz ~ 3 to 5 galaxies have been observationally determined to b&? to 10*3 erg s* (e.qg., Saito et al. 2007), in
general agreement with theoretical expectations.
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Table 1. Ha & Ly 8 Observations of SNRs
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Object tage d v Ron Ha' LysT SN Type References
(yn (kpc) (kms™h) (ergsh) (ergs™)

0505—67.9 ~ 10,000 50 464—744 > 0.7 7.1534 (4.58+0.23), la 5,7,10,12
0509—67.5 > 250 50 5200—6300 — < 3.2%, <(2.33+£0.18), la 5,7,9,10,12
0519—69.0 > 400 50 1032—1809 8+£02 319, (2.93+0.07)4 la 5,7,9,10,12
SN 1006 992 D94 22903111 B4 (4.20+0.92), — la 4,7
Kepler 384 20+04 1518—2446 (F2+0.37 6743, — — 1,7
RCW 86 1802 2.5 496—662 18+0.03 (209« 0.25)% — — 3,7,9,13
SNR 1987A 18 50 7840—9200 1? 98+ 0.33)4 — 1] 6,7,11
Tycho 406 15—3.1 1631—2344 .G7+0.1 (415 2.31)0 — la 2,3,7,10

T Inferred broad line luminosities from published line fluxBi®te thatA, is shorthand notation fok x 10°.
1 Assuming that RCW 86 is the remnant of SN 185.
& Quoted for between.0 < 8 < 1, whereB = T¢/T,, is the ratio of electron to proton temperature.

1: Blair, Long & Vancura (1991); 2: Chevalier, Kirshner & Ragnd (1980); 3: Ghavamian et al. (2001); 4: Ghavamian e28DZ); 5: Ghavamian et al. (2007); 6: Heng et al. (2006); 7:

Heng & McCray (2007); 8: Long & Blair (1990); 9: Rest et al. (B); 10: Smith et al. (1991); 11: Smith et al. (2005); 12: Tpehal. (1982); 13: Zombeck (1982).

Table 2. Predicted broad Ly, Lys, Lyy, HB, Po and broagharrow two-photon luminosities (erg9

Object Lya LyB Lyy HB Pa Broad 2 Narrow 2y
0505—67.9 (M0+4.61)s (1.09+0.34)e — — — (6.14+1.38ks (251+0.12)5
0509—67.5 (B68+2.05%5 (1.29+0.14)%s (2.04+0.08%s (5.97+0.36); (1.07+0.06); (6.16+0.02)5 —
0519—69.0 (M6+1.29%s (293+ 1.45)ks — — — (5.00+1.37ks (2.86+1.83)s
SN 1006 (842+257);; (254+0.15), — — — (5.91+2.04), (297+203),
Kepler (295+ 1.24)%; (5.30+2.18), — — — (1.01+0.15%; (5.82+3.70);
RCW 86 (230£0.94);, (3.48x1.47);, — — — (1.76 £ 0.48); (4.11+0.06),
SNR 1987A (26+0.05%5 (7.64+0.59%,; (1.99+0.44), (596+1.40%; (1.06+0.25%; (6.43+0.52%5 (5.75+0.70)s
Tycho (103+0.04), (2.32+0.44), — — — (6.83+4.52), (5.38+4.78);

Note thatAy, is shorthand notation fok x 10°.

Table 3. Radiative decay fractions

Quantity  Value Relevance
Bapzs 0.1183 Ry, Lyp
Bus2p 0.5841 kB, Pa
Bas3p 0.4159 B Pa
B4p’15 0.8402 B, Lyy, Pa
Bup2s 0.1191 B, Lyy, Pa
B4p’35 3643_2 Hﬁ, LY’)/, Pa
Bap.ad 4.282; HB, Lyy, Py
Badzp 0.7456 kB, Pa
Bad3p 0.2544 B, Pa

Note thatA, is shorthand notation fok x 10°.

Tuohy, I.R., Dopita, M.A., Mathewson, D.S., Long, K.S., &Ik&d, D.J. 1982, ApJ, 261, 473
Zel'dovich, Ya.B., Raizer, Yu.P. 1966, Physics of Shock ¥&aeand High-Temperature Hydrodynamic Phenomena (New Yar&demic Press)
Zombeck, M.V. 1982, Handbook of Space Astronomy & Astropts;s2nd edition (UK: Cambridge University Press)

Appendix A: Ratio of Einstein A-coefficients

To compute the rate céiecients for Ly, Lyg, Lyy, Ha, HB and Ry, one needs to calculate the ratio of Einstein Afioents. The
Einstein A-codficient for hydrogenA, -, is the radiative decay rate {3 from the levelsl to ’l”. The radiative decay fraction is

-1
B = Anirr (Z Anl,n”l”] ,
n//IH

where the sum is over all transitionls— n”I” permitted by the electric dipole selection rule= 1+1. Alist of the relevant radiative
decay fractions is listed in Tallé 3. For example, to compugay.(nl, n'l’), we need to conside@tt = Bag2p4s+ Bap 2s4p + Bad 264d.
Our computed value dBzp»s = 0.1183 is in close agreement with the 0.1184 value quoted byiVEr999).

The Einstein A-cofficients are proportional to the square of the magnitude ofatiel integraIsLRn”;"F. (See Appendix A2 of
HMO?7 for details on how to calculate them analytically.) Asteeck, we have compared our computed valuetaiﬁfl2 to the ones
tabulated by Green, Rush and Chandler (1957), and find théxm itoagreement.

(A1)
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Table B.1. Fitting Parameters for Various Cross Sections

Reaction Ao A A A; A As As A7 Ag

OTp2s -9.76244  -8.02645 —-9.03528 -6.82148; 1.41138 -843613; -1.31162; -307135; 3.60166;
OTp2p -9.47856  -1.36982 -7.48411 -655633 3 1.08973 #5255, -2.02178; -2.99212; 288704,
O Tp3s -1.0383%, 512682 -1.0331% -2.36941; 7.99974, 6.55927,; -2.64604, -6.82557; 7.65819;
OTp3p -1.0411% -9.31370  -1.0901% 2724317, 8.33272, 9.7280Q; -340175; -821497, 1.0628Q;
O Tpad -1.0618% -882542 -1.05048  9.29637, 9.65598 7.99638 121539, -6.52001, 4.15571,
OTpas -1.05018 -5.69159 -9.63683 —-8.65652; 1.06090 ®B3260Q, -8.64227; -1.30903; 432513,
O Tpap -1.06245  -7.18909 -1.07639  1.84045, 1.10514 364508, -2.30906, -4.14293; 4.42254,
OTpad -1.08456 -7.54281  -1.11995 1.15545 %5810, 9.05249, -1.37453; -4.09046,; 3.40271;
OTpat -1.1011% -8.87472  -1.00318§ 3.41036, 1.43444 122887, 435737, -7.29281, 187428,
OEe2p -7.6703Q -947539; -6.80475; 2.77805; -1.18599; 6.65029, -4.38768, 220102, -2.2401Q0,
OEesp -8.0268%  -1.00579 -6.24421, 259918, -1.13262; 648909, -4.34274, 215313, -2.31916,
OEp3s -8.43473 2.69180 -894871, -1.25347, -127427,; 2.16335; 7340013 -219545; -1.76763;
OEpap —-8.1054% 2.27478  -4.95559; 156523, 245763, -12997Q; -2.66319, -6.13906, 246815,
OEp3ad -8.22914 7.43945; -50403Q; 5.76290, 840403, -3.04995; 7.62616, 256426, —-3.65589,

Note: Ay is shorthand foA x 10°.

Appendix B: Atomic Cross Sections

Cross sections for interactions between protons and hgdratpms (charge transfer and excitation) to the sub-18seBp and 3
are computed in Balanca, Lin & Feautrier (1998) and kindlgvided to us by C. Balanga (2007, private communicatigve.fit
these cross sections, as well as those from Belkic, Gayetli®& 8992), Harel, Jouin & Pons (1998) and thkST Electron-Impact
Cross Section Database using the function:

8
F (x; A) = exp Ao, dIACH] (B.1)
2 H
where the coicientsA = A for 0 < i < 8 are the fitting parameters. The quantitizsire the Chebyshev orthogonal polynomials:
Ci(®) =x (B.2)
Ca(X) =2x% -1, (B.3)
C3(X) = 4% - 3x, (B.4)
Ca(¥) =8(x* =) +1, (B.5)
Cs(X) = 16x° — 20x® + 5%, (B.6)
Ce(X) = 326 - 48x* + 18x° - 1, (B.7)
C7(X) = 64x" — 112¢ + 56x° - 7x, (B.8)
Cs(X) = 128 — 256x° + 160x* — 32¢% + 1. (B.9)
(B.10)

The fitting variablex is defined as

_ In (E/Emin) —In (Emax/E)
- [N (Emax/ Emin) ’

whereE is the relative energy between the collidarg;, and Enax are the minimum and maximum energies to which the data
are available. We use the Levenberg-Marquardt algorithinigimcombines the steepest descent and inverse-Hessgiofufitting
methods, as implementedIDL. The fits are sensitive to the initial values of the paransdtt to the algorithm; we use the values
of the fit parameters farr 25 in Barnett et al. (1990) as a guide. In providing “measureneemrs” to our fitting algorithm, we
assume a fiducial error of 10%. Selected cross sections avensh Figs[B.1[B.P B3, Bl4 arid B.5, while the fitting ddeients

are presented in Tadle B.1.

(B.11)

Appendix C: Broad Emission from Within the Shock Front?

We have considered only the case of hydrogen atoms crodsénghiock front (in the frame of the front) and interactinghwit
protons. In this sub-section, we examine the possibilitiyaf being createdvithin the shock front. The width of the shock front
in collisional shocks is on the order of an atomic mean freh,pas, assuming a pure hydrogen gas. Zel'dovich & Raizer (1966)
have shown that for weak shocks, the collisional shock wiglth
Po
6~ , C1
e P1 - Po (©1)
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Fig.B.1. Cross sections for charge transfers between hydrogen atodgrotons, to the sub-levels and 2, taken from Belkic,
Gayet & Salin (1992) and Harel, Jouin & Pons (1998). Also share the fitting functions of Barnett et al. (1990), denotgd b
“B90".

wherepo and p; are the pre- and post-shock fluid pressures, both in the ¢aseiscous shock with no heat conduction and for a
heat-conducting shock with no viscosity. When the changeéssure across the shock front is comparable to the malgrifithe
pre-shock pressuré,~ Img, (see also Landau & Lifshitz 1963). Even in the limit of infe¥lach number, Sakurai (1957) finds that
6/lmip = 1.42.

Tphe guestion is how robust is the assumption of shocks in Battominated SNRs being collisionless? This occurs when th
electron and proton gyroradii + andr, respectively — are much smaller thkg,. The typical value of the magnetic fields in
SNRs isB = B_410™* G. For example, Strom & Duin (1973) find>x310~4 and 5x 10 G for Tycho and Cas A, respectively. The
electron gyroradius is

Fe ~ 10° cMVegBTL, (C.2)

whereveg = v/1000 km slis the velocity of the electron. For protons, we haye- 108 cm Vp,8/B_4. It follows that the transition
from collisionless to collisional shock occurs when theaygdii ~ Img,, or when the density of particlesiig > 1010\/;%30;3158_4

cm3andn, > 107%%0;{158,4 cm3, whereo, = 05 _15107° cm2 is the typical value of the cross section for atomic inteicanst

(charge transfer and ionization; see HMO7 and HO7). Thessitiles are much larger than typical values for the intdestmedium
(~ 1 cnT3) or even for molecular clouds-(100 to 1000 crm?).

About exp Els/Imgp) of the hydrogen atoms cross the shock front without beingzid, wherds is the width of the shock. In
collisional shocksls ~ ¢. In collisionless shockss ~ re, Is/Imf << 1 and virtually all of the atoms pass through. We thus corelud
that broad Ly is probably not produced in a significant amount within thecktfront, consistent with the findings of HO7.
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Fig.B.2. Cross sections for charge transfers between hydrogen aaocthgrotons, to the sub-levels, Bp and 31, taken from
Belkic, Gayet & Salin (1992) and Harel, Jouin & Pons (199)own for comparison are the calculations of Balanca, Lin &
Feautrier (1998), denoted by “BLF98".
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Fig.B.3. Cross sections for charge transfers between hydrogen aodgrotons, to the sub-levels,4lp, 4d and 4f, taken from
Belkic, Gayet & Salin (1992) and Harel, Jouin & Pons (1998).
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Fig.B.4. Cross sections for impact excitation of hydrogen atoms loggms, from the two-center atomic-orbital (TCAO) close-
coupling calculations of Balanga, Lin & Feautrier (1998hown are the fits to the TCAO-A calculations, which utilizeasym-
metric (hence the “A") basis set of 26 states so as to avoidissl oscillations caused by using a traditional, symmetat
(TCAO-S).
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Fig. B.5. Cross sections for impact excitation of hydrogen atoms bgtedns, to the sub-levelgpznd Jp, from theNIST Electron-
Impact Cross Section Database.
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