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Summary of this work

pWe study the hydrogen line emission from SNR 
shocks including the effects of Lyman line trapping.

pWe find that the Ha emission can be mildly 
absorbed by hydrogen atoms in the 2s state at the 
realistic SNRs.

pOur calculation will explain the anomalous width 
of Ha line with no cosmic-ray.
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Figure 3. Large upper panel shows a very deep Hα image of SN 1006, after continuum subtraction, obtained at the CTIO 4 m Blanco telescope with the Mosaic II
camera, 2010. The relatively bright filaments to the NW are saturated in this display, in order to emphasize the far fainter emission elsewhere in the remnant. The field
is 36′ square, and exactly matches that of the X-ray image, Figure 2. The smaller images below show both the 1998 and 2010 images at the same scale; most of the
features seen in the 2010 image are also visible in the earlier low-resolution image.

2013). We discuss these possibilities further in Section 8.3.
There are also several thin arcs of Balmer emission without an
obvious X-ray knot behind, which could have resulted from less
dense clumps of ejecta or ones that have dissipated.

In the NW, the new Hα image clearly shows the complex
structure ahead of the bright filaments, best shown in Figure 5
(center), where this region is displayed with a very hard stretch
to show the faintest emission. Very faint X-ray emission is also

seen outside the main Balmer filament, up to the outermost
limit of optical emission. The optical morphology indicates a
rippled sheet seen edge-on, with the multiple edges representing
tangencies at different locations (as shown by Hester 1987). It
has long been clear that this is the cause for the undulating
structure of the primary NW filament, but the deeper image
shows this structure to be more complex than previously
realized. The bright filament is the result of an encounter
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Mass loading of bow shock PWNe 3887

Figure 1. Schematic illustration of a bow shock nebula propagating through
fully ionized ISM, as seen in the rest frame of the pulsar. The dot–dashed
rectangle shows the region zoomed in Fig. 3.

Figure 2. Montage of H α images of optical bow shocks associated with
PWNe. Shown are J2224+65, the so-called Guitar nebula (Chatterjee &
Cordes 2002), J0742−2822, J2030+4415 and J2124−3348 (Brownsberger
& Romani 2014).

with a bright head, a faint neck and a body consisting of several
larger bubbles.

Although the morphologies of these nebulae vary from source to
source, there are a number of common features which, in our view,
not only reflect the intrinsic dynamical properties of the flows, but
which are also independent of the subtle details of both the pulsar
winds (e.g. the relative orientation of the velocity and spin axis) and
of the ISM. We stress the fact that all bow shock nebulae show qual-
itatively similar morphological features not expected from simple
fluid models. In the X-ray and radio bands the tails show highly non-
trivial morphologies with quasi-periodic variations in the intensity
(e.g. Kargaltsev & Pavlov 2008). For example, in the case of the
Guitar nebula the tail shows quasi-periodic bubble-like structures
(van Kerkwijk & Ingle 2008).

These peculiar tail shapes have been interpreted as the result
of density variations in the ISM (Romani, Cordes & Yadigaroglu

1997; Vigelius et al. 2007). However, based on the following con-
siderations, we find this explanation unsatisfactory: (i) all tails show
similar morphological variations (see Fig. 2); (ii) a common char-
acteristic of these bow shock nebulae is that they are all highly
symmetric with respect to the direction of motion of the pulsar –
this is not expected if variations are due to the external medium; (iii)
morphological features in H α, radio and X-rays are quasi-periodic
– this is also not expected from random ISM density variations.
From these observations we conclude that the peculiar morpholog-
ical features result from the internal dynamics of the pulsar wind,
rather than through inhomogeneities in the ISM.

van Kerkwijk & Ingle (2008) have also previously proposed that
the morphology of the Guitar nebula could be explained by (uniden-
tified) instabilities in the jet-like flow of pulsar material away from
the bow shock. Alternatively, Bucciantini & Bandiera (2001) and
Bucciantini (2002b) have suggested that the mass loading of pulsar
wind nebulae (PWNe) may strongly affect their dynamics. These
authors have shown that a non-negligible fraction of neutral atoms
can cross the shocked ISM behind the bow shock without undergo-
ing any interaction, thereby enabling these atoms to propagate into
the pulsar wind region. Once inside the wind, neutral hydrogen can
be ionized by UV or X photons emitted by the nebula, and possibly
by collisions with relativistic electrons and positrons, resulting in a
net mass loading of the wind.

In order to study this scenario, Bucciantini & Bandiera (2001) and
Bucciantini (2002b) extended the thin-layer approximation used to
model cometary nebulae (Bandiera 1993; Wilkin 1996, 2000). The
thin-layer approximation is conceptually analogous to a 1D model
as it neglects the thickness of the nebula, while all quantities depend
only on the distance from the apex. Despite the above-mentioned
simplifications, these models provide a good description of the head
region of the nebulae in terms of shape, hydrogen penetration length
scale and H α luminosity, as was later confirmed by more accurate
2D axisymmetric simulations, both in the HD regime (Bucciantini
2002a; Gaensler et al. 2004) and in the relativistic magnetohydro-
dynamic (MHD) regime (Bucciantini, Amato & Del Zanna 2005).
Using a 3D model, Vigelius et al. (2007) were able to extend the
study of these systems by also taking into account either a non-
uniform ambient medium, or the anisotropy of the pulsar wind
energy flux. However, none of these models is able to explain the
peculiar morphology of the H α emission often observed in the tail
regions of bow shock nebulae.

While the above-mentioned studies focused primarily on the head
of bow shock nebulae, the aim of the present paper is to investigate
the effect of neutral hydrogen on the tail region of these nebulae. The
question we would like to investigate is whether the mass loading
of neutral hydrogen in the pulsar wind can explain the peculiar
morphology observed at H α, radio and X-ray energies. In order to
focus on the effect of mass loading on the evolution of bow shock
nebulae, complications introduced by magnetic field pressure (and
topology) are neglected in the present paper. These aspects are
indeed necessary for a comprehensive and realistic treatment of the
problem, and will be the subject of a future study.

At this point the question arises as to whether one can use obser-
vations of the heliosphere to understand the problem formulated in
the previous paragraph. Although mass loading plays an important
role in the dynamics of the solar wind (Baranov, Krasnobaev &
Kilikovskii 1971; Baranov 1990; Zank 1999), there are a number of
key differences between this scenario and the pulsar wind scenario.
First, the velocity of the Sun through the ISM is, most likely, weakly
subfast magnetosonic (McComas et al. 2012), whereas the pul-
sar’s motion is highly supersonic; secondly, the pulsar wind is very
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Supernova Remnants (SNRs) Pulsar Wind Nebulae

Balmer line emissions (especially Hα) are 
ubiquitously seen in collisionless shocks 
propagating into the ISM.

Winkler+14 Smith 97 Figures from Morlino+15
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Figure 3. Large upper panel shows a very deep Hα image of SN 1006, after continuum subtraction, obtained at the CTIO 4 m Blanco telescope with the Mosaic II
camera, 2010. The relatively bright filaments to the NW are saturated in this display, in order to emphasize the far fainter emission elsewhere in the remnant. The field
is 36′ square, and exactly matches that of the X-ray image, Figure 2. The smaller images below show both the 1998 and 2010 images at the same scale; most of the
features seen in the 2010 image are also visible in the earlier low-resolution image.

2013). We discuss these possibilities further in Section 8.3.
There are also several thin arcs of Balmer emission without an
obvious X-ray knot behind, which could have resulted from less
dense clumps of ejecta or ones that have dissipated.

In the NW, the new Hα image clearly shows the complex
structure ahead of the bright filaments, best shown in Figure 5
(center), where this region is displayed with a very hard stretch
to show the faintest emission. Very faint X-ray emission is also

seen outside the main Balmer filament, up to the outermost
limit of optical emission. The optical morphology indicates a
rippled sheet seen edge-on, with the multiple edges representing
tangencies at different locations (as shown by Hester 1987). It
has long been clear that this is the cause for the undulating
structure of the primary NW filament, but the deeper image
shows this structure to be more complex than previously
realized. The bright filament is the result of an encounter
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Supernova Remnants (SNRs)

Balmer line emissions (especially Hα) are 
ubiquitously seen in collisionless shocks 
propagating into the ISM.

Winkler+14 Smith 97

Hereafter, we 
focus on the 
SNRs. (although 
our study is 
applicable to other 
objects)
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filament, for a good sky subtraction. It is virtually identical
to the position used by KWC87. We obtained 4 exposures
at this location, with a total exposure time of 8400 s, which
we combined into a single two-dimensional spectrum fol-
lowing initial reduction.

The data were reduced using standard IRAF6 procedures
of bias subtraction, flat fielding, and illumination correc-
tion. Spectra of a HeNeAr lamp taken at the beginning and
end of the series of object frames were used for wavelength
calibration. We subtracted the night sky contribution from
the two-dimensional spectrum using emission from the two
ends of the slit. The H! line profiles (both broad and narrow
components) were nearly constant along the observed fila-
ment; therefore, we integrated the emission along the slit to
obtain a single high signal-to-noise ratio spectrum from a
5100 section of the filament (Figs. 2 and 3). Exposures of sev-
eral spectrophotometric standard stars from Hamuy et al.
(1994) were used for flux calibration. We estimate an abso-
lute photometric accuracy of 20% for our quoted emission
line fluxes.

3. DETECTED EMISSION LINES

Among the most interesting new features in our optical
data are the detection of broad H" and He i #6678. To our
knowledge, this is the first detection of the #6678 line in a
pure nonradiative shock. The neutral He atoms passing
downstream are unaffected by the electromagnetic turbu-
lence at the shock front. Therefore, neutral He atoms
remain cool throughout the shock and produce narrow
emission lines unresolved in our data. On the other hand,
since He+ is an ion, it is heated at the shock front by the
same collisionless processes that heat the electrons and ions.
Therefore, we expect the He ii #4686 line to be broad and
more difficult to detect than the He i #6678 line. There is a
hint of the He ii #4686 line at a low (1.5 $) statistical signifi-

cance. The surface brightnesses of the detected emission
lines from northwest SN 1006 appear in Table 1. We have
used E(B!VÞ ¼ 0:11 (Schweizer & Middleditch 1980) to
obtain dereddened line intensities from our measured
spectra.

Fig. 1.—Narrowband H! image of northwest SN 1006, acquired from
the CTIO 0.9 m telescope in 1998 June, shortly before the spectroscopy
reported here. The location and P.A. of the 200 $ 50 RC Spectrograph slit is
marked. North is at the top; east is to the left.

6 IRAF is distributed by theNational Optical AstronomyObservatories,
which is operated by AURA, Inc., under cooperative agreement with the
National Science Foundation.

Fig. 2.—Full one-dimensional spectrum of the northwest SN 1006
Balmer filament. Narrow emission lines of H!, H", H%, and H& are
detected, along with broad emission lines in H!, H", and possibly H%.
The sharp feature near the middle of the spectrum is an artifact of the sky
subtraction.

Fig. 3.—Close-up view of the northwest SN 1006 Balmer spectrum. No
smoothing has been applied. Among the newly detected lines is He i #6678.
There may also be a weak detection of the He ii #4686 line.

OPTICAL SPECTRUM OF SN 1006 REMNANT REVISITED 889

Spectrum of Balmer line 
Emissions 
(Ghavamian+02, for SNR 
SN 1006)

The lines consist of 
“narrow” and ”broad” 
components.

narrow
broad
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Measurements!of!the!downstream!
temperature�

up� down�
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Hα!emission!emerged!from!chargeeexchange!reac>on!
between!hydrogen!atoms!and!shocked!protons�
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emits!broad!Hα(
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component!of!Hα.!

chargeeexchange!reac>on�

Charged particles → shock heating
Hydrogen atoms → no dissipation

ü Emission Mechanism (e.g. Chevalier+80)
• The collisionless shock is 

formed by the 
interaction between 
charged particles and 
plasma waves rather 
than Coulomb collision.

• The neutral particles (e.g. 
hydrogen atoms) are not 
affected.
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ü The width of “narrow” reflects the 
upstream temperature of hydrogen 
atoms.

ü The width of “broad” reflects the 
downstream proton temperature.



The width of narrow is “too broad”

254 J. Sollerman et al.: The collisionless shocks in supernova remnants

Fig. 5. The narrow Hα line detected in SN 1006. The inset shows the line in velocity-space, with the best Gaussian fit of FWHM = 21 km s−1
(full line). The broken lines indicate Gaussian fits with FWHM which are 10% wider and narrower. Zero velocity refers to 6562.4 Å. The broad
component of Hα (cf. Ghavamian et al. 2002) is not detected in these high resolution observations.

Table 1. Balmer dominated supernova remnants.

SNR Shock velocity Narrow component References κ

(km s−1) FWHM (km s−1) (cm2 s−1)

Cygnus Loop 300−400 28−35 GRSH01,HRB94
RCW 86 SW 580−660 32 ± 2 GRSH01,This work <3.3 × 1026/ne
RCW 86 W 580−660 32 ± 5 This work <1.2 × 1027/ne
RCW 86 NW 580−660 40 ± 2 This work <1.5 × 1025/ne
Kepler D49 & D50 2000−2500 42 ± 3 BLV91,This work <1.7 × 1027/ne
0505-67.9 440−880 32−43 SKBW91,R01,SRL94
0548-70.4 700−950 32−58 SKBW91,R01,SRL94
0519-69.0 1100−1500 39−42 SKBW91,R01,SRL94
0509-67.5 − 25−31 SRL94
Tycho 1940−2300 44 ± 4 GRSH01,GRHB00
SN 1006 2890 ± 100 21 ± 3 GWRL02, This work

(Ferriére 2001; Raymond 2001). Whatever mechanism broad-
ens the narrow component in slower shocks is likely to oper-
ate also at higher Mach numbers. But these data do not favor
a model where the pre-heating is simply correlated with the
shock velocity, as suggested for fast neutrals (Smith et al. 1994,
but see also Hester et al. 1994).

The process heating the pre-shock gas in SN 1006 appears
to be less efficient than in the other SNRs listed in Table 1.
Detailed modeling of the energy deposition of cosmic rays or
neutrals passing upstream through the shock is still in its in-
fancy (e.g., Boulares & Cox 1988; Lim & Raga 1996) and is
outside the scope of this paper.

Sollerman+2003

ü The width of narrow 
component is in the 
30-50 km/s range 
(equivalently, 2.5-5.6 
eV).

ü If these were the ISM 
equilibrium 
temperatures, then 
all of hydrogen 
atoms would be 
completely ionized!

�1 eV ←→ 21 km/s
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Fig. 5. The narrow Hα line detected in SN 1006. The inset shows the line in velocity-space, with the best Gaussian fit of FWHM = 21 km s−1
(full line). The broken lines indicate Gaussian fits with FWHM which are 10% wider and narrower. Zero velocity refers to 6562.4 Å. The broad
component of Hα (cf. Ghavamian et al. 2002) is not detected in these high resolution observations.
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ens the narrow component in slower shocks is likely to oper-
ate also at higher Mach numbers. But these data do not favor
a model where the pre-heating is simply correlated with the
shock velocity, as suggested for fast neutrals (Smith et al. 1994,
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Detailed modeling of the energy deposition of cosmic rays or
neutrals passing upstream through the shock is still in its in-
fancy (e.g., Boulares & Cox 1988; Lim & Raga 1996) and is
outside the scope of this paper.
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ü The width of narrow 
component is in the 
30-50 km/s range 
(equivalently, 2.5-5.6 
eV).

ü If this were the ISM 
equilibrium 
temperature, then all 
of hydrogen atoms 
would be completely 
ionized!

ü The anomalous width of narrow 
component implies a pre-shock heating 
of the upstream hydrogen atoms at the 
vicinity of the shock (e.g. Smith+94).

�1 eV ←→ 21 km/s



Possible upstream heating:
(i) neutral precursor

Measurements!of!the!downstream!
temperature�
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H�

p�

e�
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SNR!shock!
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component!of!Hα.!
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Charged particles → shock heating
Hydrogen atoms → no dissipation

H + p → p + H*
p Charge Transfer

ü A part of downstream 
hydrogen atoms can be 
back to the upstream 
region (e.g. Smith+94).

ü The leaking hydrogen can 
deposit some energy flux to 
the upstream fluid via 
several atomic/plasma 
processes.
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Emits the anomalous 
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ü Smith+94 doubted that there is enough time 
for the heating until the fast protons swept 
up by the shock again.

ü The neutral precursor scenario has been 
studied in the literatures: e.g. Blasi+12; 
Ohira 12, 13, 14, 16; Morlino+12, 13.

ü Recent hybrid simulations suggested no 
significant broadening (Ohira 16).
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The formation of the 
anomalous narrow 
component is similar to the 
neutral precursor case.

heat up

ü Morlino+13 provided the Ha emission 
model based on this CR-precursor scenario.

ü Their model is now accepted as ”the 
standard model” of the Ha emission from 
the SNR shocks.
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Figure 7. Volume-integrated line profile of Balmer emission for the same cases shown in Figure 6. The right panel shows a closeup view of the narrow line region,
i.e., the shadow box in the left panel. The thick solid line shows the case without CRs, while different thin lines are calculated at fixed ξinj = 3.5 for different values
of the TH efficiency.
(A color version of this figure is available in the online journal.)
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Figure 8. FWHM of the broad Balmer line as a function of the CR acceleration efficiency ϵCR (left panel) and as a function of the shock velocity Vsh (right panel).
The upper set of curves (thin lines) corresponds to the case βdown = 0.01, while the lower curves (thick lines) correspond to βdown = 1. In the right panel, the values
near the points refer to the associated CR acceleration efficiency.
(A color version of this figure is available in the online journal.)

When the acceleration process is turned on, several phenom-
ena become visible. In the absence of TH (ηTH = 0, thin solid
line), the upstream fluid is mildly heated by the adiabatic com-
pression due to the CR-induced precursor only. Nevertheless,
the temperature of the downstream plasma drops by almost a
factor of two as a consequence of the energy channeled into
the accelerated particles. Increasing the value of ηTH, the heat-
ing in the precursor becomes more and more marked, and it
extends over increasingly larger distances. However, the down-
stream temperature is not appreciably affected by a change in
the efficiency of TH.

The shape of the global Balmer line emission is plotted in
the left panel of Figure 7, while the right panel shows a closeup
view of the region of the narrow Balmer line. The curves refer
to the same cases as in Figure 6, labeled as indicated. The
width of the broad component of the Balmer line is appreciably
reduced when CR acceleration is turned on, but the results are
not sensitive to the amount of TH. On the other hand, as noted in
the right panel, the narrow Balmer line becomes broader when
CR acceleration is efficient; the effect is more pronounced when
non-negligible TH is taken into account. Hence, the distribution
function of neutrals becomes broader mainly because of the
scattering with a warmer ion distribution in the far precursor
(i.e., where TH is more effective), rather than because of the
NRF, which operates only within a few CE interaction lengths
from the subshock.

In Figure 8, we show the FWHM of the broad Balmer line
as a function of the CR acceleration efficiency ϵCR (left panel)
and as a function of the shock velocity Vsh (right panel). In the
left panel, the two curves illustrate the change in the FWHM
obtained by assuming full or partial temperature equilibration
between electrons and protons in the downstream (βdown = 1
and βdown = 0.01, with βdown the ratio between electron and ion
temperature), for Vsh = 4000 km s−1 and n0 = 0.1 cm−3.

The FWHM decreases when the energy density in CRs
increases, confirming the very important notion that the width
of the broad Balmer line can be used to measure the CR
acceleration efficiency. There is, however an important caveat
to keep in mind: for a given value of ϵCR, the uncertainty
in the electron–proton equilibration translates into a spread
in the FWHM of ∼500 km s−1. Hence, unequivocal evidence
of efficient CR acceleration is likely to be achievable only if
the measured FWHM is below the line corresponding to full
equilibration. Even in this case, the value of ϵCR is likely to be
quite uncertain because of the unknown level of equilibration.
For instance, if an FWHM of 2200 km s−1 were measured for
a shock with Vsh = 4000 km s−1, then the result could be
interpreted as a measurement of ϵCR ∼ 0.25 in the case of full
equilibration. In the more general case of partial equilibration,
the above value of ϵCR can be taken as a lower limit. On the
other hand, for the same shock velocity, if one measured an
FWHM of 2600 km s−1, then it would hardly be possible to say
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model predicts the 
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component arising from 
the CR precursor 
(Morlino+13).
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Figure 9. FWHM of the narrow line as a function of the maximum momentum of
accelerated protons. The three panels refer to ηTH = 0.2, 0.5, and 0.8. Each panel
shows three lines calculated assuming different injection parameters, ξinj = 3.5,
3.7, and 3.8, which approximately correspond to ϵCR = 0.4, 0.2, and 0.1.

anything at all about the efficiency of CR acceleration without
knowing the level of electron–proton thermalization. In order to
have an independent estimate of β, it would be very helpful to
pair optical observations with the emission of SNR shocks in
the (thermal) X-rays as well.

In the right panel of Figure 8, we fix the injection parameter
ξinj = 3.5 and we calculate the FWHM of the broad Balmer line
as a function of the shock velocity. The two thin (red) lines refer
to the cases with no CR acceleration with βdown = 0.01 (upper
curve) and βdown = 1 (upper curve). The dashed (ηTH = 0)
and dash-dotted lines (ηTH = 1) refer to the cases with CR
acceleration (efficiencies in parentheses), again for βdown =
0.01 (upper curves) and βdown = 1 (lower curves). From the
plot, it is clear that the TH does not appreciably affect the width
of the broad line. As pointed out above, if the electron–proton
thermalization is inefficient, it may be difficult to draw any
strong conclusions about the CR acceleration efficiency unless
additional information is available to constrain the value of
βdown. Nevertheless, measuring an FWHM of the broad line
below the solid thick line allows one to put a lower limit on the
CR acceleration efficiency.

Additional discrimination power might derive from a com-
bined analysis of the broad and narrow Balmer line compo-
nents. The FWHM of the narrow Balmer line as a function
of the maximum momentum pmax is plotted in Figure 9 for
ηTH = 0.2 (top left panel), ηTH = 0.5 (top right panel), and
ηTH = 0.8 (bottom panel). The three curves in each panel are
obtained for ξinj = 3.5, 3.7, 3.8. The shock velocity and to-
tal density are set to Vsh = 4000 km s−1 and n0 = 0.1 cm−3,
which approximately correspond to ϵCR = 0.4, 0.2, and 0.1
(weakly dependent upon ηTH) for the three values of ξinj. The
maximum momentum, pmax, determines the spatial extent of the
CR-induced precursor. Larger values of pmax imply that there
is more time (space) for depositing heat in the upstream, and
the width of the narrow Balmer line broadens correspondingly.
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Figure 10. FWHM of the intermediate Balmer line as a function of the CR
acceleration efficiency, ϵCR, for a shock speed Vsh = 4000 km s−1 ηTH = 0.5
and pmax = 50 TeV. The solid and dashed lines refer to the cases βdown = 1
and βdown = 0.01, respectively.

The effect becomes more pronounced for larger values of the
parameter ηTH. It is worth noting that the behavior of the curves
in Figure 9 is the same in all cases and reflects the slight broad-
ening of the narrow Balmer line as due to the NRF. In fact,
one can estimate the momentum at which the diffusion length
equals the size of the precursor induced by the NRF, which
is of the order of λNRF ∼ 1016 cm for the parameters used
here. By imposing D(pmax)/Vsh = pmaxc

2/3e δB = λNRF, one
gets pmax ∼ 5–10 TeV/c (from our calculations the amplified
magnetic field close to the subshock is δB ∼ 50 µG). This in-
terpretation of the modest increase in the FWHM for low values
of pmax is further confirmed by the fact that the width is very
weakly dependent on both ξinj and ηTH for pmax ! 10 TeV/c.

For completeness, Figure 10 shows the width of the inter-
mediate component of the Balmer line as a function of the CR
acceleration efficiency ϵCR, for Vsh = 4000 km s−1, ηTH = 0.5,
and neutral fraction hN = 0.5. The two curves refer again to
βdown = 0.01 (upper curve) and βdown = 1 (lower curve). In the
upstream, energy is assumed to be deposited only in the protons,
which therefore become warmer than the electrons. We assume
that they do not equilibrate very effectively since the Coulomb
collision timescale is typically longer than the advection one.

The reason why the width of the intermediate Balmer line
depends on the CR acceleration efficiency is that when ϵCR
increases, the amount of TH close to the subshock increases
as well, leading to a broader distribution of neutrals in the re-
gion affected by the NRF. The dependence of the width of the
intermediate line on βdown lies in the fact that the NRF car-
ries upstream the information about the ion temperature behind
the shock. We further note that the width of the intermediate
component may also depend on the electron–ion equilibration
upstream, βup. In Figure 10, we assume no equilibration up-
stream, namely while ions are heated by NRF and TH, electrons
always have T = 104 K. Hence one must be careful in using the
intermediate line to infer shock properties because this line is a
function of several parameters.

4. SUMMARY AND CONCLUSIONS

In this paper, we have presented the first formulation of
the nonlinear theory of DSA at SNR shocks propagating in
a partially ionized medium. At the same time, we have put
forward the first fully self-consistent calculation of how the
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knowing the level of electron–proton thermalization. In order to
have an independent estimate of β, it would be very helpful to
pair optical observations with the emission of SNR shocks in
the (thermal) X-rays as well.

In the right panel of Figure 8, we fix the injection parameter
ξinj = 3.5 and we calculate the FWHM of the broad Balmer line
as a function of the shock velocity. The two thin (red) lines refer
to the cases with no CR acceleration with βdown = 0.01 (upper
curve) and βdown = 1 (upper curve). The dashed (ηTH = 0)
and dash-dotted lines (ηTH = 1) refer to the cases with CR
acceleration (efficiencies in parentheses), again for βdown =
0.01 (upper curves) and βdown = 1 (lower curves). From the
plot, it is clear that the TH does not appreciably affect the width
of the broad line. As pointed out above, if the electron–proton
thermalization is inefficient, it may be difficult to draw any
strong conclusions about the CR acceleration efficiency unless
additional information is available to constrain the value of
βdown. Nevertheless, measuring an FWHM of the broad line
below the solid thick line allows one to put a lower limit on the
CR acceleration efficiency.

Additional discrimination power might derive from a com-
bined analysis of the broad and narrow Balmer line compo-
nents. The FWHM of the narrow Balmer line as a function
of the maximum momentum pmax is plotted in Figure 9 for
ηTH = 0.2 (top left panel), ηTH = 0.5 (top right panel), and
ηTH = 0.8 (bottom panel). The three curves in each panel are
obtained for ξinj = 3.5, 3.7, 3.8. The shock velocity and to-
tal density are set to Vsh = 4000 km s−1 and n0 = 0.1 cm−3,
which approximately correspond to ϵCR = 0.4, 0.2, and 0.1
(weakly dependent upon ηTH) for the three values of ξinj. The
maximum momentum, pmax, determines the spatial extent of the
CR-induced precursor. Larger values of pmax imply that there
is more time (space) for depositing heat in the upstream, and
the width of the narrow Balmer line broadens correspondingly.
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The effect becomes more pronounced for larger values of the
parameter ηTH. It is worth noting that the behavior of the curves
in Figure 9 is the same in all cases and reflects the slight broad-
ening of the narrow Balmer line as due to the NRF. In fact,
one can estimate the momentum at which the diffusion length
equals the size of the precursor induced by the NRF, which
is of the order of λNRF ∼ 1016 cm for the parameters used
here. By imposing D(pmax)/Vsh = pmaxc

2/3e δB = λNRF, one
gets pmax ∼ 5–10 TeV/c (from our calculations the amplified
magnetic field close to the subshock is δB ∼ 50 µG). This in-
terpretation of the modest increase in the FWHM for low values
of pmax is further confirmed by the fact that the width is very
weakly dependent on both ξinj and ηTH for pmax ! 10 TeV/c.

For completeness, Figure 10 shows the width of the inter-
mediate component of the Balmer line as a function of the CR
acceleration efficiency ϵCR, for Vsh = 4000 km s−1, ηTH = 0.5,
and neutral fraction hN = 0.5. The two curves refer again to
βdown = 0.01 (upper curve) and βdown = 1 (lower curve). In the
upstream, energy is assumed to be deposited only in the protons,
which therefore become warmer than the electrons. We assume
that they do not equilibrate very effectively since the Coulomb
collision timescale is typically longer than the advection one.

The reason why the width of the intermediate Balmer line
depends on the CR acceleration efficiency is that when ϵCR
increases, the amount of TH close to the subshock increases
as well, leading to a broader distribution of neutrals in the re-
gion affected by the NRF. The dependence of the width of the
intermediate line on βdown lies in the fact that the NRF car-
ries upstream the information about the ion temperature behind
the shock. We further note that the width of the intermediate
component may also depend on the electron–ion equilibration
upstream, βup. In Figure 10, we assume no equilibration up-
stream, namely while ions are heated by NRF and TH, electrons
always have T = 104 K. Hence one must be careful in using the
intermediate line to infer shock properties because this line is a
function of several parameters.

4. SUMMARY AND CONCLUSIONS

In this paper, we have presented the first formulation of
the nonlinear theory of DSA at SNR shocks propagating in
a partially ionized medium. At the same time, we have put
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ü This model does not sufficiently include the 
effects of Lyman line trapping.



Lyman line trapping Lyβ→Hα

Lyb

absorbed
reemitted

Ha
Ha 3p → 2s 

Ha is not absorbed by 
the hydrogen atoms in 
ground state.

Lyb 3p → 1s

a) A part of hydrogen atoms in n=3 emit Lyb due to 3p to 1s transition.
b) The emitted Lyb is absorbed by the hydrogen atoms in ground state.
c) Eventually, Lyb is converted to Ha due to 3p to 2s transition.

Optically thin for Lyb is “Case A”
Optically thick for Lyb is “Case B”



Lyman line trapping Lyβ→Hα

Lyb

absorbed
reemitted

Ha
Ha 3p → 2s 

Ha is not absorbed by 
the hydrogen atoms in 
ground state.

Lyb 3p → 1s

When the SNR shocks are in Case B, the 
efficient conversion of Lyb to Ha yields 
“2s” hydrogen atoms, which absorb the 
Ha photons.
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A2s,1s ≈ 8.2 s−1 (140)
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üThe Ha photons can be 
absorbed in the realistic SNR 
shocks.
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üThe line width of Ha can be 
broaden with increasing the 
optical thickness.
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ü Morlino+13 considered “Case B”.
ü They neglected the production of 

“2s” hydrogen atoms.
ü We are now constructing the 

emission model including the 
radiative line transfer. 
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1. Rate equation for the statistical equilibrium

: the number density of hydrogen atom at the state k
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1. Populations

The general rate equation:

dNj

dt
=

∑

k

[Nk (Pk,j + Ck,j)−Nj (Pj,k + Cj,k)] , (1)

∑

k

[nH(k) (Pk,j + Ck,j)− nH(j) (Pj,k + Cj,k)] = 0, (2)

where j and k are atomic levels. Pk,j and Ck,j (Pj,k and Cj,k) are the radiative and collisional rate coefficient
per second for the transition of k to j (j to k), respectively. Nk (Nj) is the number density of particle at the
level k (j).

Assuming the steady state of Eq. (2), we can write the rate equation for an upper level Nu and a lower
level Nl like the two-level system:

(Pl,u + Cl,u + a1)Nl − (Pu,l + Cu,l)Nu = a2 (3)

− (Pl,u + Cl,u)Nl + (Pu,l + Cu,l + a3)Nu = a4. (4)

Eq. (3) comes from the rate equation for the lower population, while Eq. (4) from the upper one. The terms
a1 and a3 represent the transition rates away from the level l or u to the others:

a1 =
∑

i ̸=l,u

(Pl,i + Cl,i) (5)

a3 =
∑

i ̸=l,u

(Pu,i + Cu,i) . (6)

Similarly, the terms a2 and a4 represent the transition rates coming to the level l or u from the others:

a2 =
∑

i ̸=l,u

(Pi,l + Ci,l)Ni (7)

a4 =
∑

i ̸=l,u

(Pi,u + Ci,u)Ni. (8)
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: the collisional rate for k to j

Here, we only consider the collisional rate 
from 1s because the mean collision time is 
very longer than the radiative decay time.
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Then, we obtain the ratio of Nl to Nu,

Nl

Nu
=

Pu,l + Cu,l +
a2a3
a2+a4

Pl,u + Cl,u + a1a4
a2+a4

. (9)

Note that

Pu,l = Au,l +
gl
gu

∫
4πσν
hν

Jνdν, (10)

Pl,u =

∫
4πσν
hν

Jνdν, (11)

σν =
πe2

mec
fl,uφ(ν), (12)

∫
φ(ν)dν = 1, (13)

Jν =
1

4π

∫
IνdΩ, (14)

Pk,j = Ak,j +
gj
gk

∫
4πσν
hν

Jνdν, (15)

Pj,k =

∫
4πσν
hν

Jνdν, (16)

σν =
πe2

mec
fl,uφ(ν), (17)

∫
φ(ν)dν = 1, (18)

Jν =
1

4π

∫
IνdΩ, (19)

where Au,l is the spontaneous transition probability for u to l, gi is the statistical weight of the state i, fu,l is
the oscillator strength for l–u, e2

mec2
is equal to the classical electron radius, φ(ν) is the line profile function,

Iν is the specific intensity and Ω is the solid angle of photon.
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where Au,l is the spontaneous transition probability for u to l, gi is the statistical weight of the state i, fu,l is
the oscillator strength for l–u, e2

mec2
is equal to the classical electron radius, φ(ν) is the line profile function,

Iν is the specific intensity and Ω is the solid angle of photon.

In order to evaluate the radiative rate, we need to 
calculate the mean intensity Jn , that is, the specific 
intensity In .
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pAs the first step, we consider the radiative line transfer and 

the atomic population problem for the plane parallel shock.
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Emission model (preliminary)
pAs the first step, we consider the radiative line transfer and 

the atomic population problem for the plane parallel shock.

x

Shock (x = 0)
upstream

downstream

Outer boundary

Inner boundary

z

1016 cm

5x1016 cm

Fully ionized

ü We assume the axial symmetry.
ü Setting the distribution function of 

particles, then we can derive the 
population of atomic states for 1s, 
2s, 2p, 3s, 3p, 3d, 4s, 4p, 4d and 4f.



distribution functions @ shock rest
upstream: shifted Maxwellian with temperature 
T0 = 1 eV and bulk velocity Vsh ≈ 2000 km/s with 
assuming the temperature equilibrium.
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2πkT0

)3/2
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]
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fp,0(vp) = np,0
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diν
dz

= −αiν

d log iν
dz

= −α

iν(z) = iν(z
′) exp[−

∫ z
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α(ξ)dξ] (136)
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=

∫
Iν cos θΩ

hν
(137)

θ = 0, dΩ = 1
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(z) =
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dz′
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ph,EX
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(138)

nH(2s) ! nH(1s)
C1s,2s

A2s,1s
∼ 10−8-10−7 × nH(1s) (139)

A2s,1s ≈ 8.2 s−1 (140)

C1s,2s ∼ 10−7-10−6 s−1 (141)

τ ∼ σνnH(2s)L ! 0.1

(
nH(2s)

10−7 cm−3

)(
L

1018 cm

)
(142)

ξn = 0.3, ξb = 0.7, Te,2 = 0.05Tp,2 (143)

nH,0 = 0.5(np,0 + nH,0) (144)

nH,0 = np,0 (145)
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)(
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(142)

ξn = 0.3, ξb = 0.7, Te,2 = 0.05Tp,2 (143)

nH,0 = 0.5np,0 (144)
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Plane parallel → Spherical Shell

SNR shell

z
Observer

adaptü We synthetically observed the line 
emissions from spherical shell based 
on the calculation of atomic 
population.
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FWHM: vs. Observations (Ha)
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Fig. 5. The narrow Hα line detected in SN 1006. The inset shows the line in velocity-space, with the best Gaussian fit of FWHM = 21 km s−1
(full line). The broken lines indicate Gaussian fits with FWHM which are 10% wider and narrower. Zero velocity refers to 6562.4 Å. The broad
component of Hα (cf. Ghavamian et al. 2002) is not detected in these high resolution observations.

Table 1. Balmer dominated supernova remnants.

SNR Shock velocity Narrow component References κ

(km s−1) FWHM (km s−1) (cm2 s−1)

Cygnus Loop 300−400 28−35 GRSH01,HRB94
RCW 86 SW 580−660 32 ± 2 GRSH01,This work <3.3 × 1026/ne
RCW 86 W 580−660 32 ± 5 This work <1.2 × 1027/ne
RCW 86 NW 580−660 40 ± 2 This work <1.5 × 1025/ne
Kepler D49 & D50 2000−2500 42 ± 3 BLV91,This work <1.7 × 1027/ne
0505-67.9 440−880 32−43 SKBW91,R01,SRL94
0548-70.4 700−950 32−58 SKBW91,R01,SRL94
0519-69.0 1100−1500 39−42 SKBW91,R01,SRL94
0509-67.5 − 25−31 SRL94
Tycho 1940−2300 44 ± 4 GRSH01,GRHB00
SN 1006 2890 ± 100 21 ± 3 GWRL02, This work

(Ferriére 2001; Raymond 2001). Whatever mechanism broad-
ens the narrow component in slower shocks is likely to oper-
ate also at higher Mach numbers. But these data do not favor
a model where the pre-heating is simply correlated with the
shock velocity, as suggested for fast neutrals (Smith et al. 1994,
but see also Hester et al. 1994).

The process heating the pre-shock gas in SN 1006 appears
to be less efficient than in the other SNRs listed in Table 1.
Detailed modeling of the energy deposition of cosmic rays or
neutrals passing upstream through the shock is still in its in-
fancy (e.g., Boulares & Cox 1988; Lim & Raga 1996) and is
outside the scope of this paper.
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component comes from 
the atomic processes 
without CR acceleration!



Summary of this work

pWe study the hydrogen line emission from SNR 
shocks including the effects of Lyman line trapping.

pWe find that the Ha emission can be mildly 
absorbed by hydrogen atoms in the 2s state at the 
realistic SNRs.

pOur calculation will explain the anomalous width 
of Ha line with no cosmic-ray.


