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Diffusive Shock 
Acceleration

First order Fermi acceleration:
Worked out in the 1970’s by several groups 
(Axford, Leer, & Skadron 1977, Krymsky 
1977, Bell 1978, Blandford & Ostriker 1978).

Particles gain energy each time they cross a 
strong shock.

Results in power law spectrum with energy 
index approx. −2

Acceleration is typically limited by time (i.e., 
number of shock crossings), so SNR shocks 
probably can only account for CRs up to 
energies of 1013 – 1015 eV.

A key component is that SNR shocks are 
mediated by magnetic fields (not collisions)
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Acceleration Mechanism
Spitkovsky 2008 – Particle Acceleration in a Relativistic Shock
2D particle-in-cell simulation, magnetic energy density (color)
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Spectral Evidence for CR Acceleration 
at Shocks: the Case of SN1006

The Astrophysical Journal, 759:12 (7pp), 2012 November 1 Berezhko, Ksenofontov, & Völk

Figure 2. Spatially integrated spectral energy distribution of SN 1006, calculated for NH = 0.08 cm−3 (solid line) and NH = 0.05 cm−3 (dashed line), and compared
with observational data. The observed radio spectrum is from a compilation of Allen et al. (2004). The form of the Chandra X-ray spectrum was measured for a small
region of the bright northeastern (NE) rim of SN 1006 (Allen et al. 2004), whereas the Suzaku spectrum (blue color; Bamba et al. 2008) is for the entire remnant. The
corresponding Chandra X-ray flux has been multiplied by a factor of 60 (red color) such as to be consistent with the Suzaku flux for energies ϵ > 2 keV. The H.E.S.S.
data (Acero et al. 2010) are for the NE region (green color) and the SW region (magenta color). Both these H.E.S.S. data sets have been multiplied by a factor of two,
in order to facilitate a comparison with the global theoretical spectra.
(A color version of this figure is available in the online journal.)

flux (Bamba et al. 2008) at energies ϵ > 2 keV (for details, see
BKV09).

The only important parameter which cannot be determined
from the analysis of the synchrotron emission data is the external
gas number density NH: Figure 2 shows that the spectrum of
synchrotron emission is almost non-sensitive to the ambient gas
density. Consequently, numerical solutions have been calculated
for the pair of values NH = 0.08 cm−3 and NH = 0.05 cm−3 that
appear to bracket the density range consistent with the H.E.S.S.
γ -ray measurements. It should be noted that this estimate for
NH is larger by a factor of ≈1.5 than the estimate of BKV09.
The reason is that in the analysis of BKV09, the total calculated
γ -ray energy flux was compared with the energy flux from the
NE rim. However, the latter flux corresponded only to about
50% of the total observed energy flux, as it had been reported
for the H.E.S.S. instrument by Naumann-Godo et al. (2008). A
detailed comparison of the γ -ray spectrum with the calculated
spectrum will be made in the context of Figure 4.

3.3. γ -Ray Morphology

The γ -ray morphology, as found in the H.E.S.S. measure-
ments (Acero et al. 2010), is consistent with the prediction of
a polar cap geometry on account of the strongly preferred in-
jection of nuclear particles in the quasi-parallel regions of the
shock (Völk et al. 2003). Such a geometry has also been found
experimentally from an analysis of the synchrotron morphology
in hard X-rays by Rothenflug et al. (2004) and Cassam-Chenaı̈
et al. (2008). This means that the γ -ray emission calculated
in the spherically symmetric model must be renormalized (re-
duced) by a factor fre ≈ 0.2, as in Ksenofontov et al. (2005) and
BKV09. This renormalization factor is applied here. The total
γ -ray flux from the source is the sum of the fluxes from these
two regions.

This morphology is also a key argument for the existence of
an energetically dominant nuclear CR component in SN 1006,
because only such a component can amplify the magnetic field
to the observed degree. The accelerated electrons are unable to
amplify the magnetic field to the required level (BKV09).

The question, whether these bright NE and SW regions of
SN 1006 represent quasi-parallel portions of the SN shock
or not, is still debated (Petruk et al. 2009; Schneiter et al.
2010; Morlino et al. 2010). On the other hand, Bocchino et al.
(2011) have recently argued from the radio morphology that
the radio limbs—morphologically similar to the X-ray and
γ -ray limbs—are polar caps and that electrons are accelerated
with quasi-parallel injection efficiency. Like the aforementioned
theoretical arguments and X-ray analyses, this argues against a
scenario where the magnetic field is perpendicular to the shock
normal (Fulbright & Reynolds 1990). Bocchino et al. (2011)
also concluded that the remaining asymmetries (converging
limbs and different surface brightness), also clearly visible in
the H.E.S.S. γ -ray data (Acero et al. 2010), could be explained
by a gradient of the ambient ISM magnetic field strength.

Additional arguments which confirm that the NE and SW
regions correspond to quasi-parallel shock regions are given by
Reynoso et al. (2011). Their analysis of the polarization of radio
emission led them to the conclusion that the magnetic field in
SN 1006 is radial at the NE and SW lobes but tangential in the
southeast (SE) of the radio shell. In addition, they established the
maximum fractional polarization in the SE which implies that
the magnetic field is highly ordered there. On the other hand, the
low fractional polarization in the lobes suggests a considerable
randomization of the magnetic field. The fact that a turbulent
magnetic field coexists with the brightest synchrotron emission
in the SW strongly supports the efficient acceleration of the CR
nuclear component, followed by magnetic field amplification
which provides its own directional randomization.

3.4. Relative Contributions to the γ -Ray Flux

Figure 3 shows the π0-decay, the inverse-Compton (IC),
and the total (π0-decay plus IC) γ -ray energy spectra of the
remnant, calculated for NH = 0.05 cm−3 and NH = 0.08 cm−3,
respectively. It can be seen that the γ -ray spectrum produced by
the nuclear CRs is rather close to the IC emission spectrum
produced by CR electrons alone, especially in the case of
NH = 0.05 cm−3. Even for the case NH = 0.035 cm−3, which is
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F. Acero et al.: First detection of VHE γ-rays from SN 1006 by HESS

Fig. 8. Broadband SED models of SN 1006 for a leptonic scenario
(top), a hadronic one (centre) and a mixed leptonic/hadronic scenario
(bottom). Top: Modelling was done by using an electron spectrum in
the form of a power law with an index of 2.1, an exponential cutoff
at 10 TeV and a total energy of We = 3.3 × 1047 erg. The magnetic
field amounts to 30 µG. Centre: Modelling using a proton spectrum in
the form of a power law with an index of 2.0, an exponential cutoff at
80 TeV and a total proton energy of Wp = 3.0 × 1050 erg (using a lower
energy cut off of 1 GeV). The electron/proton ratio above 1 GeV was
Kep = 1 × 10−4 with an electron spectral index of 2.1 and cutoff en-
ergy at 5 TeV. The magnetic field amounts to 120 µG and the average
medium density is 0.085 cm−3. Bottom: Modelling using a mixture of
the above two cases. The total proton energy was Wp = 2.0 × 1050 erg,
with Kep = 7 × 10−3, with exponential cutoffs at 8 TeV and 100 TeV
for electrons and protons respectively. The magnetic field amounts to
45 µG. The radio data Reynolds (1996), X-ray data Bamba et al. (2008)
and HESS data (sum of the two regions) are indicated. The following
processes have been taken into account: synchrotron radiation from pri-
mary electrons (dashed black lines), IC scattering (dotted red lines),
bremsstrahlung (dot-dashed green lines) and proton-proton interactions
(dotted blue lines). The Fermi/LAT sensitivity for one year is shown
(pink) for Galactic (upper) and extragalactic (lower) background. The
latter is more representative given that SN 1006 is 14◦ north of the
Galactic plane.

5. Discussion

The source SN 1006 is an ideal example of a shell-type super-
nova remnant because it represents a type Ia supernova explod-
ing into an approximately uniform medium and magnetic field,
thereby essentially maintaining the spherical geometry of a point
explosion. This can be attributed to the fact that SN 1006 is
about 500 pc above the Galactic plane in a relatively clean en-
vironment, where the external gas density is rather low, nH ≈
0.085 cm−3 as indicated by Katsuda et al. (2009). Moreover,
SN 1006 is one of the best-observed SNRs with a rich data-set of
astronomical multi-wavelength information in radio, optical and
X-rays, and all the important parameters like the ejected mass,
its distance and age are fairly well-known (Cassam-Chenaï et al.
2008). For this reason, the semi-analytical models of Truelove &
McKee (1999) can be approximately applied and the velocity of
the shock calculated. The value of the shock velocity calculated
by this means agrees well with the recent measurement in X-rays
by Katsuda et al. (2009), yielding (0.48±0.04) arcsec yr−1 in the
synchrotron emitting regions (NE and SW), which corresponds
to 5000 ± 400 km s−1 for a distance of 2.2 kpc. This does not
contradict the value of (0.28 ± 0.008) arcsec yr−1 measured by
Winkler et al. (2003) in the optical filaments, which are situated
in the NW region of the remnant. All those calculations neglect
the dynamic role of accelerated particles however, which is po-
tentially quite important.

The basic model of VHE γ-ray production requires particles
accelerated to multi-TeV energies and a target comprising pho-
tons and/or matter of sufficient density. The close correlation be-
tween X-ray and VHE-emission points toward particle acceler-
ation in the strong shocks revealed by the Chandra observation
of the X-ray filaments. Moreover, the bipolar morphology of the
VHE-emission in the NE and SW regions of the remnant sup-
ports a major result of diffusive shock acceleration theory, ac-
cording to which efficient injection of suprathermal downstream
charged nuclear ions is only possible for sufficiently small an-
gles between the ambient magnetic field and shock normal, and
therefore a higher density of accelerated nuclei at the poles is
predicted (Ellison et al. 1995; Malkov & Völk 1995; Völk et al.
2003).

Radio (Reynolds 1996) and X-ray (Bamba et al. 2008) data
integrated over the full remnant were combined with VHE γ-ray
measurements to model the spectral energy distribution of the
source in a simple one-zone stationary model. For the sake of
consistency, the VHE γ-ray energy distribution was determined
from the sum of the two previously defined regions. In this phe-
nomenological model the current distribution of particles (elec-
trons and/or protons) is prescribed with a given spectral shape
corresponding to a power law with an exponential cutoff, from
which emission due to synchrotron radiation, bremsstrahlung
and IC scattering on the Cosmic Microwave Background (CMB)
photons is computed. The π0 production through interactions of
protons with the ambient matter are obtained following Kelner
et al. (2006).

It is clear that this model oversimplifies the acceleration
process in an expanding remnant, as discussed by e.g. Drury
et al. (1989) and Berezhko et al. (1996). In addition one must in-
clude the uncertainties introduced by the dynamics of the ejecta,
the nonuniform structure of the ambient medium and the com-
plexities of the reaction of the accelerated particles on both the
magnetic field and the remnant dynamics. This is of importance
when comparing the data to the model results below.

Assuming first a purely leptonic form (Fig. 8, top), the radio
and X-ray data constrain the synchrotron part of the SED in a
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A Different Approach: 
Evidence from Energetics

Efficient CR acceleration diverts shock energy from the 
thermal population into the nonthermal population. 
How can we test this numerically?

The necessary ingredients are measurements of the 
●  Shock velocity (in physical units)
 requires known distance         use LMC remnants 
●  Post-shock temperature of electrons and ions 

(mostly protons)
  proton temperatures are possible for a special type 
of “Balmer-dominated” shock



Balmer-dominated Shocks
Observational characteristics
●  Hydrogen emission (e.g., optical Balmer lines) 

dominates
●  No emission from metal line species: [O III], [S II]
●  Two component line profile: narrow and broad

SALT-RSS Hα



Balmer-dominated Shocks
   Physical explanation
●  Fast shock in a partially neutral medium
●  Narrow line: excitation of neutral H atoms
●  Broad line: H atoms charge exchange with hot protons to 

produce broad neutrals, that are excited and emit

Chevalier & Raymond 1978

Narrow line diagnoses the 
velocity distribution of the 
pre-shock hydrogen atoms

Broad line diagnoses the 
velocity distribution 
(temperature) of the post-
shock protons

Broad-to-narrow flux ratio 
tells us about the post-shock 
electron temperaturecartoon from Heng 2010

24 K. Heng

Protons

Broad neutrals

Pre-shock Post-shock

Cosmic rays

Shock transition zone ~ latomic

Gyroradius ~ lgyro

Shock front

Hydrogen atoms

Figure 1 Schematic structure of a Balmer-dominated shock.As the
cold, pre-shock hydrogen atoms stream past the collisionless shock
front, they interact with the post-shock protons via charge trans-
fer reactions to create a secondary population of atoms known as
‘broad neutrals’ (Section 6.3). The post-shock electrons and protons
are heated in a thin layer with thickness ∼ lgyro (Equation 11). Broad
neutrals carry information about the post-shock gas and are created
in the post-shock region known as the ‘shock transition zone’ (Sec-
tion 6.1) with a thickness ∼ latomic (Equation 10). The densities of the
pre-shock hydrogen atoms, broad neutrals and protons are shown; the
density jump for the protons reflects the Rankine–Hugoniot condi-
tions. The dashed arrows indicate that cosmic rays and broad neutrals
may diffuse upstream and heat the pre-shock gas (Section 6.2).

Figure 2 Example of the two-component Hα line from a
Balmer-dominated shock located in northeastern RCW 86, a Galac-
tic supernova remnant. The vertical arrows indicate [Nii] λλ6548,
6584 emission. Courtesy of Eveline Helder.

atomic cross sections that are imperative for constructing
these models. Probable and possible observations of BDSs
in other astrophysical objects are described in Section 7.
The case for the continued future of studying BDSs is
made in Section 8. Table 1 contains a list of symbols that
are commonly used throughout the paper.

2 Order-of-Magnitude Physics: Time and
Length Scales

A shock with a velocity vs impacting upon ambient ISM
with a density n, magnetic field strength BISM and average

Table 1. Commonly used symbols

Symbol Meaning

vs Shock velocity
#v Relative velocity between atoms and ions
n Ambient density (total)
fion Pre-shock ion fraction
BISM Magnetic field strength of ambient ISM
T0 Pre-shock temperature
Ts Post-shock temperature
Te, Tp, Ti Post-shock electron, proton and ion temperatures
β Ratio of electron to proton temperatures
W0 Full width at half-maximum of narrow hydrogen† line
W Full width at half-maximum of broad hydrogen† line
Ib/In Ratio of broad to narrow hydrogen† line intensities

† Typically Hα unless otherwise noted.

gas mass µ has sonic and Alfvénic3 Mach numbers of

Ms ∼ vs

!
µ

kT0

∼ 100
"

vs

1000 km s−1

# "
µ

mH

#1/2 "
T0

104 K

#−1/2

(1)

and

MA ∼ 2vs
√

πnµ

BISM

∼ 500
"

vs

1000 km s−1

# "
n

1 cm−3

µ

mH

#1/2

×
"

BISM

1 µG

#−1

, (2)

implying that high-velocity shocks are inaccessible to
terrestrial investigations, where mH is the mass of the
hydrogen atom and k is the Boltzmann constant.

If the pre-shock hydrogen gas has a temperature T0
and emits a thermal, Gaussian-shaped line, its full width
at half-maximum (FWHM) is

W0 = 2

$
2 ln 2kT0

mH

= 21 km s−1
"

T0

104 K

#1/2

. (3)

Since T0 ≈ 104 K is the temperature above which col-
lisional ionization overwhelms recombination (e.g. see
Figure 12.4 of Osterbrock & Ferland 2006), narrow hydro-
gen lines with widths greater than about 20 km s−1 are
believed to be non-thermally broadened (see Section 5.1).
In this paper, we take the thermal velocity of an ion to be

3 We differentiate between Alfvénic and magnetosonic Mach numbers;
the latter is defined as vs relative to the sound and Alfvén speeds summed
in quadrature.



LMC SNRs 0509-67.5 & 0519-69.0 
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Fig. 1.— left - Narrow-band H↵ image of 0509�67.5 taken with the ACS wide-field camera aboard HST is shown. The longslit for the
FORS2 spectrum is also shown, along with a blown-up in-lay of the southwestern region of the remnants. Proper motion measurements
were made in Hovey et al. (2015) for all of the H↵ extraction apertures (see table 1 and 2 therein). All four filaments are labeled within the
inlay. right - ACS narrow-band image of 0519�69.0 is shown along with the longslit position (cyan) and areas of spectroscopic extraction
used in Smith et al. (1991), which we label as east. We do the same with the slit positions where we obtained optical spectra with the RSS
on SALT. Slit 1, shown in blue, is divided into a north and south spectral extraction regions, while slit 2, seen in green, is divided into a
north, middle 2, middle1, and south spectral extraction apertures.

importantly, these remnants are situated in the Large
Magellanic Cloud. This means we know the distance to
these remnants with much greater accuracy then any of
the galactic remnants, which allows us to translate an-
gular expansion rates into physical shock speeds. We
therefore can directly compare the shock speeds of these
remnant filaments to the measured broad H↵ widths to
search for signs of e�cient CR acceleration.
Our paper is structured as follows. In §2 we detail the

reductions of the data used in this analysis. We present
our proper motion measurements and spectroscopic mea-
surements of the H↵ line for the two remnants in §3. In
§4 we compare our measured shock speeds to the mea-
sured H↵ widths in light of the Balmer shock models of
van Adelsberg et al. (2008) and Morlino et al. (2013).
Our conclusions are given in §5.

2. DATA AND REDUCTIONS

2.1. HST Imaging

To measure the shock speeds in SNR 0519�69.0 we
use two narrow-band H↵ HST observations separated by
⇠1 year (369 days). Our first epoch observation was
imaged with the Advanced Camera for Surveys (ACS)
Wide-Field (WF) camera on 2010 April 17 using the
F658N H↵ filter for a total integrated exposure time of
4757 seconds under HST Program number 12107 (PI:
J.P. Hughes). The second epoch observation was taken
on 2011 April 21 withe the ACS WF camera for an in-
tegrated time of 4757 seconds using the same F658N H↵
narrow-band filter.1

1 Based on observations made with the NASA/ESA Hubble
Space Telescope, obtained at the Space Telescope Science Institute,

Both epochs were processed using the astrodrizzle

and tweakwcs routines, which are a part of the python
drizzlepac package. The combined images were driz-
zled onto a 0.02500 pixel�1 with a pixfrac setting of 0.8
and square convolution kernel. The combined drizzled
images were aligned using ⇠500 field stars near the cen-
ter of 0519�69.0 with a positional R.M.S. uncertainty of
0.002800. We take this uncertainty in our alignment to be
our systemic uncertainty.

2.2. Optical Spectroscopy

We reanalyzed the FORS2 spectrum of 0509�67.5
from Helder et al. (2010, 2011) (program number 384.D-
0518(A), PI: E. A. Helder). This data was taken on 2009
October 16 for 2734 seconds, 2009 October 21 for 2734
seconds, and two observations on 2009 November 11 for
a total of 5468 seconds. We do not use the data obtained
on 2009 October 16 since the seeing deteriorated from
1.000 to 2.300 from the beginning to the end of that ob-
servation. The seeing for the other nights was ⇠0.800,
which is more suited to our study of the closely spaced
H↵ filaments in the southwest portion of 0509�67.5.
The spectra from SNR 0519�69.0 were taken with the

Robert Stobie Spectrograph (RSS) at the prime focus
of the Southern African Large Telescope (SALT) at two
di↵erent positions with a 200-wide longslit and the pg0900
grating. The slit positions are shown in figure 1 (right).
The spectrum from the position labeled as slit 1 was
taken on 2011 October 03 for 1500 seconds and on 2014
March 7 for 3000 seconds. Slit 2 was taken on 2014
March 12 for 1500 seconds and on 2014 March 19 for

which is operated by the Association of Universities for Research
in Astronomy, Inc., under NASA contract NAS5-26555.

HST (Hα): red
Chandra: blue

HST (Hα): red
Chandra: green

~30”

~30”



HST Proper Motion of Shock

Distance to LMC is 50 kpc with 4% uncertainty (Clementini et al. 2003) 
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Measure Shock Speed

Global average expansion speed is 6500 ± 200 km/s (χr
2 = 1.1)  
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on SALT. Slit 1, shown in blue, is divided into a north and south spectral extraction regions, while slit 2, seen in green, is divided into a
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importantly, these remnants are situated in the Large
Magellanic Cloud. This means we know the distance to
these remnants with much greater accuracy then any of
the galactic remnants, which allows us to translate an-
gular expansion rates into physical shock speeds. We
therefore can directly compare the shock speeds of these
remnant filaments to the measured broad H↵ widths to
search for signs of e�cient CR acceleration.
Our paper is structured as follows. In §2 we detail the

reductions of the data used in this analysis. We present
our proper motion measurements and spectroscopic mea-
surements of the H↵ line for the two remnants in §3. In
§4 we compare our measured shock speeds to the mea-
sured H↵ widths in light of the Balmer shock models of
van Adelsberg et al. (2008) and Morlino et al. (2013).
Our conclusions are given in §5.

2. DATA AND REDUCTIONS

2.1. HST Imaging

To measure the shock speeds in SNR 0519�69.0 we
use two narrow-band H↵ HST observations separated by
⇠1 year (369 days). Our first epoch observation was
imaged with the Advanced Camera for Surveys (ACS)
Wide-Field (WF) camera on 2010 April 17 using the
F658N H↵ filter for a total integrated exposure time of
4757 seconds under HST Program number 12107 (PI:
J.P. Hughes). The second epoch observation was taken
on 2011 April 21 withe the ACS WF camera for an in-
tegrated time of 4757 seconds using the same F658N H↵
narrow-band filter.1

1 Based on observations made with the NASA/ESA Hubble
Space Telescope, obtained at the Space Telescope Science Institute,

Both epochs were processed using the astrodrizzle

and tweakwcs routines, which are a part of the python
drizzlepac package. The combined images were driz-
zled onto a 0.02500 pixel�1 with a pixfrac setting of 0.8
and square convolution kernel. The combined drizzled
images were aligned using ⇠500 field stars near the cen-
ter of 0519�69.0 with a positional R.M.S. uncertainty of
0.002800. We take this uncertainty in our alignment to be
our systemic uncertainty.

2.2. Optical Spectroscopy

We reanalyzed the FORS2 spectrum of 0509�67.5
from Helder et al. (2010, 2011) (program number 384.D-
0518(A), PI: E. A. Helder). This data was taken on 2009
October 16 for 2734 seconds, 2009 October 21 for 2734
seconds, and two observations on 2009 November 11 for
a total of 5468 seconds. We do not use the data obtained
on 2009 October 16 since the seeing deteriorated from
1.000 to 2.300 from the beginning to the end of that ob-
servation. The seeing for the other nights was ⇠0.800,
which is more suited to our study of the closely spaced
H↵ filaments in the southwest portion of 0509�67.5.
The spectra from SNR 0519�69.0 were taken with the

Robert Stobie Spectrograph (RSS) at the prime focus
of the Southern African Large Telescope (SALT) at two
di↵erent positions with a 200-wide longslit and the pg0900
grating. The slit positions are shown in figure 1 (right).
The spectrum from the position labeled as slit 1 was
taken on 2011 October 03 for 1500 seconds and on 2014
March 7 for 3000 seconds. Slit 2 was taken on 2014
March 12 for 1500 seconds and on 2014 March 19 for

which is operated by the Association of Universities for Research
in Astronomy, Inc., under NASA contract NAS5-26555.
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Connect shock speeds to spectra

Ave shock speeds:
1300 − 3700 km/s



SALT RSS 
Spectra

 Hα broad widths:
1300 to 2800 km/s

Broad-narrow
centroid offsets:
−240 to 370 km/s 



Compare to shock models

models from Morlino et al 2013

Yellow region shows where thermal energy 
has been diverted (e.g., CR acceleration)

Ensemble limit on CR acceleration 
efficiency: <7% (95% C.L.)



Summary
• Measured shock speeds for two young LMC SNRs
-  Two epochs of HST imaging (Hα) separated by ~1 yr
-  Location in LMC key to convert proper motions to speeds

• Measured Hα broad line widths from VLT/FORS2 and 
SALT/RSS for 11 separate shock locations (plus one 
from the literature)

•  Broad Hα line widths consistent with shock speeds: 
implies minimal energy loss to CR acceleration
-  CR efficiency limit (<7% at 95%CL) far below value of 13% 

required to explain spectral energy distribution of Tycho’s SNR
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Executive summary:   The main higher level SALT themes in the reporting period have been getting 
ready for the SARAO-funded SALT 1.5 Generation project, including resource planning from both 
SALT and SAAO perspective, and continuing discussions of future SALT sustainability plans.  
Operationally, there have been many new staff additions, more integration with SAAO 
instrumentation division, while effort has gone into reaching satisfactory operations on the new RSS 
guider.   
 
A commitment to contribute at a reasonable level to Development (SCBP) is requested.  
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