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The LOw Frequency ARray
• Interferometer with stations in 

the Netherlands (24 Core, 14 
Remote) and across Europe 
(12 International) 

• Phased-array design 

• 10-90 MHz (LBA);            
110-240 MHz (HBA) 

• For 30 MHz on Full NL config., 
sensitivity of 5.7 mJy, angular 
resolution of ~20 arcsec LOFAR Superterp, which houses six stations.
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SNR Population at 
Low Frequencies
• Missing (young, small; 

old, faint) SNRs —LOFAR 
as a survey instrument. 

• Confusion with HII 
regions —LOFAR is 
multifrequency (different 
values of α) 

See V. Domcek’s talk

W 50

SS 433

4C +06.66 

G 38.7−1.4

3C 396
3C 397

Right: HBA image of the W50 region. 
48 MHz bandwidth; 115-163 MHz. 
Broderick+ 2018

3



Issues
• Beams 

• In-band spectral index 

• LBA: challenging 
ionospheric effects 

• Bright sources create 
artefacts 

• (RFI)
Initial-Subtract output from 60 

subbands. Source in bottom-right 
needs to be peeled
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Full bandwidth (275 
subbands) CS only 
Stokes I image. The 

noise measured 
towards the edges 
of the map is 0.9 

mJy/beam, the psf 
size is 152 arcsec. 
The source in the 
bottom-right has 
been properly 

peeled.
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Cassiopeia A 

• ISM along its line-of-sight from carbon 
recombination lines (CRRL) 

• Detailed morphological study of the source at Low 
Band Antenna (LBA) frequencies
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Even though at low frequencies there 
are barely any lines, carbon radio 
recombination lines can provide 
unique diagnostics on the conditions 
in photodissociation regions.
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Figure 9. Gas properties derived from the CRRL ratios for the Perseus arm
component at −47 km s−1. The top panel shows the electron density, the
middle panel shows the electron temperature, and the bottom panel shows
the electron pressure. These are derived under the assumption of a constant
radiation field of 1400 K at 100 MHz. The pink crosses in the top panel show
the regions used in Fig. 8. The 70 arcsec resolution of these maps is shown
in the bottom left corner of each map.

Table 2. Grid of CRRL models.

Parameter Notation Value Step

Electron density ne 0.01–0.1 cm−3 0.005 cm−3

Electron temperature Te 10–400 K 5 K
Radiation field Tr,100 800–2000 K 400 K
at 100 MHz and 1400 K

we assume that 94 per cent of the free electrons come from ionized
carbon (Oonk et al. 2017). Maps with EMC II, N (C II), and LC II for the
−47 km s−1 velocity component are shown in Fig. 10. These show
a similar structure to the C268α integrated optical depth map, with
larger values towards the south and west of Cas A. The structures
smaller than the beam size are due to the strong dependence of the
integrated optical depth on the electron temperature (∝ T −5/2

e ), and
the discrete nature of the model grid used. For a constant electron
and carbon density, the only variation in the emission measure
comes from variations in the path length of the gas along the line

Table 3. Ranges of the mean gas properties over the face
of Cas A.

Gas property Velocity component
−47 km s−1 −38 km s−1

Te (K) 71–137 50–145
ne (cm−3) 0.03–0.055 0.03–0.07
Pe (K cm−3) 3.1–4.95 2.7–4.8

EMCII (pc cm−6) 0.046–0.26 0.02–0.21
NCII (1018 cm−2) 3.4–25.9 1.6–18.1
LC II (pc) 27–182 10–180

nH
a (cm−3) 210–360 200–470

NH
a (1022 cm−2) 2.3–17.3 1–12

AV
b 11.5–360 200–470

aAssuming a carbon abundance relative to hydrogen of
1.5 × 10−4 (Sofia et al. 1997) and that 94 per cent and
100 per cent of the free electrons come from ionized car-
bon for the −47 and −38 km s−1 velocity components
respectively (Oonk et al. 2017).
bAdopting NH = (2.08 ± 0.02) × 1021AV cm−2 (Zhu
et al. 2017).

of sight. This will also be reflected in the column density N (C II) =
LC IInC II.

We compare the derived gas physical conditions against the spa-
tially unresolved work of Oonk et al. (2017) towards the same
background source to check for any differences. We focus on their
study as it was the first one which was able to simultaneously ex-
plain the line width and integrated optical depth change with n.
Additionally, this work and that of Oonk et al. (2017) use the same
models, which reduces the need to account for different assump-
tions in the modelling. If we compare Table 3 with table 7 of Oonk
et al. (2017), we see that our results, averaged over the face of
Cas A, are consistent.

3.5 158 µm-[C II] line properties

The 158 µm-[C II] line is the main coolant of the neutral diffuse ISM
(e.g. Wolfire et al. 1995, 2003). Here, we present the properties of
the spatially resolved, velocity unresolved, 158 µm [C II] line.

To determine the properties of the 158 µm-[C II] line, we fit a
Gaussian profile to each of the nine PACS footprints. We only fit
one Gaussian component since the line is unresolved in velocity.
The best-fitting parameters of the Gaussian profile are presented in
Table 4. These show little variation in the line frequency integrated
intensity, but we do note that the lowest values are found in the
northern footprints (5 and 6, see Fig. 11). This could be due to
the lower column densities found towards the north of Cas A (see
Fig. 10).

If we take the observed luminosity of the 158 µm [C II] line and
compare it to the CRRL-derived gas column density, we obtain val-
ues of the order of (1.4 ± 0.1) × 10−26 erg s−1 (H-atom)−1. This
cooling [C II] rate is somewhat less than the cooling rate derived
from ultraviolet absorption line studies originating from the upper
fine-structure level in sightlines through nearby diffuse clouds ((3–
10) × 10−26 erg s−1 (H-atom)−1; Pottasch, Wesselius & van Duinen
1979; Gry, Lequeux & Boulanger 1992), but comparable to the av-
erage cooling rate of the Galaxy [(2.65 ± 0.15) × 10−26 erg s−1

(H-atom)−1; Bennett et al. 1994. For the CRRL-derived col-
umn densities (Table 3), the 158 µm-[C II] line will be optically
thick (e.g. Tielens & Hollenbach 1985). If the [C II] line is opti-
cally thick, then the observed line does not account for the total
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Figure 15. Cartoon depicting the geometry of the studied gas relative to Cassiopeia A and the observer. The gas studied in this work is part of the Perseus arm
of the Galaxy and does not show signs of interaction with the supernova remnant shock.

di↵use PDR, in which low frequency CRRLs trace the less dense,
warmer envelope of molecular gas.

Using the ratios between CRRLs we have constrained the gas
electron temperature and density along the line of sight on scales of
. 1.2 pc. With the line ratios used here, the constraints result in a
range of allowed electron temperatures and densities. A better con-
strained quantity is the electron pressure, which can be determined
to within a factor of two in most regions. The pressure shows varia-
tions of less than a factor of two on . 1.2 pc scales. Averaged over
the face of Cas A these constraints are 0.025  ne  0.07 cm�3 and
Te � 50 K.

From the constraints on the electron temperature and density
we derived lower limits for the ionized carbon emission measure,
column density and its line of sight path length. The lower limit
on the column density is 1.7 ⇥ 1018 cm�2, which corresponds to an
hydrogen column density of 1.1⇥1022 cm�2 if all carbon is ionized
and [C/H]= 1.5⇥10�4. The hydrogen density derived from analysis
of the CRRLs integrated optical depths is 250 cm�3.

A PDR model with an average hydrogen density of 300 cm�3,
and conditions similar to those inferred for the clouds in this re-
gion, is able to reproduce the observed distribution of 12CO(2–1),
13CO(2–1), 13CO(1–0) and 1667 MHz OH.

The relatively high spatial resolution of the present observa-
tions enables us to study the relation between CRRLs and other
tracers of the ISM on scales where it is possible to observe the
PDR like structure in the surface of a molecular cloud. This also
highlights the importance of CRRLs as tracers of the di↵use ISM,
as they allow us to determine the gas physical conditions in regions
which are not readily traced by 21 cm-HI and/or CO. Future sur-
veys of CRRLs with the low frequency array (LOFAR) are promis-
ing as they could reveal important new clues about the physics of
the ISM, particularly about the transition from atomic-to-molecular
gas and the properties of CO-dark gas.
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LOFAR Cassiopeia A Spectral Survey (Oonk+)

Carbon RRL (n=576)

Cas A: 60 MHz (10'')

 M.C.Toribio

Constraining the CNM with LOFAR

see also Cas A (Asgekar+13) and CygA (Oonk+14)

Salgado+ 16  
Oonk+17 
Salas+ 18
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Cassiopeia A 

Cas A as seen with the LOFAR LBA and VLA L-band 
with10'' resolution. Source size is ~5'    Arias+18



1.3. THE REVERSE SHOCK 3
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Figure 1.1: Schematic view of the forward shock/reverse shock system [after 19].

1.3 The reverse shock

As already indicated the fast expanding ejecta will rapidly cool adiabatically. As a
result the pressure P of the ejecta gas drops fast. For an ideal gas we have:fr

PV g =constant (1.4)
)

Pej = P
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Rej
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with V the volume, and P

⇤

and T

⇤

the initial pressure and temperature at a radius R

⇤

.
The fastest moving, outer-most, ejecta will create a shock wave in the CSM/ISM,

and as a result a hot shell is created, which has a velocity lower than the ejecta that
caused the formation of the shock wave. As a result the freely expanding ejecta inside
the shell will collide with the shell. If this collision occurs at supersonic speed then a
shock wave will form, which (re)heats the adiabatically cooled ejecta [19]. This shock
wave is called the reverse shock (subscript rsh) and to distinguish from the forward
moving blast wave, the latter is often referred to as the forward shock (fsh).

The reverse shock (re)heats the ejecta, and makes that in young supernova remnants
we detect many X-ray lines from hot metal enriched ejecta (chapter ??). A schematic
drawing of a young supernova remnant is shown in Fig. 1.1. It shows that the hot shell
consists of two parts, roughly in pressure equilibrium: the outer most shell region con-
sists of ISM/CSM heated by the forward shock, more toward the center is the reverse
shock heated ejecta, and inside the reverse shock radius is cold freely expanding ejecta.
The boundary between the shock-heated ejecta and CSM/ISM is called the contact dis-
continuity. As the hot ejecta and shock-heated CSM/ISM are likely to have different
densities, Rayleigh-Taylor instabilities are likely to wrinkle this boundary. In addition,
clumpiness of the ejecta and/or CSM/ISM are also likely to blur the distinction between
hot ejecta and CSM/ISM.
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Blue: 44Ti, NuSTAR 
Grefenstette+ 16 

IR lines, Spitzer 
Delaney+ 10

No. 2, 2010 THREE-DIMENSIONAL STRUCTURE OF CAS A 2041

Figure 2. Left: 6.99 µm [Ar ii] image and center: 12.81 µm [Ne ii] image showing the Bright Ring. Right: 34.8 µm [Si ii] image showing the Diffuse Interior Emission.
For reference, the location of the central compact object (CCO) is denoted by the crosses. The [Ar ii] spectrum in Figure 4 was extracted from the small box region on
the southwest Bright Ring. The [Si ii] spectrum in Figure 4 was extracted from the central box near the CCO.

Figure 3. First moment map for [Ar ii] showing the major Doppler structures
that define the Bright Ring. Note that in locations with more than one Doppler
component, the color represents a brightness-weighted average velocity.

2.3. Gaussian Fitting

In order to determine velocities for the structures in the
remnant, we fit Gaussian profiles to each selected emission line
as described below. The data cubes were first spatially binned
by 2 pixels in the x- and y-directions to improve signal to noise,
resulting in effective resolutions of 3.′′7 for the [Ar ii] emission
and 10.′′2 for the [Si ii] emission. Rather than concentrate on
individual knots or clumps of ejecta, we systematically fit
every spatial pixel in our binned cubes that had an emission
line detection at greater than 3σ . The spectral resolution is
approximately the same for all of our selected emission lines
(R ≈ 100). The corresponding velocity resolution varies from
2500 to 3000 km s−1.

The Gaussian fitting was carried out using the Interactive
Data Language and the routines MPFIT10 for the Gaussian
component(s) and POLY-FIT to model the local continuum
as a straight line. We began with an automated routine in
which only 1 or 2 Gaussian components were allowed per
emission line with no constraint on their positions with respect to
zero velocity—i.e., they could both be negative, both positive,
or one negative and one positive. The [S iii] and [Si ii] lines

10 http://cow.physics.wisc.edu/∼craigm/idl/fitting.html

were jointly fit because they were close enough in wavelength
that highly redshifted S could blend with highly blueshifted
Si. The automated process only allowed fits that met the
following criteria: (1) Gaussian full width at half-maximum
within 500 km s−1 of the spectral resolution of the line being fit,
(2) a signal-to-noise ratio greater than 3, (3) statistical velocity
errors less than 1000 km s−1, (4) velocity values less than
±20,000 km s−1, and (5) a reduced χ2 value less than 70 for
[S iii] and [Si ii] and less than 25 for [Ar ii] and [Ne ii]. The
automated fits were then examined by hand for accuracy and
some fitting was redone manually to reject “false positives” and
recover “false negatives.”

The top panel of Figure 4 shows a typical 2-Gaussian
fit to the [Ar ii] emission at a location on the Bright Ring
with two major velocity structures superposed along the line
of sight. Typical formal velocity errors from the Gaussian
fitting averaged about 100 km s−1, however the actual velocity
uncertainties, determined by experiments with different binning
and Gaussian width constraints, are closer to 200 km s−1. For
the weaker [Ne ii] line, the actual velocity uncertainties were
about 400 km s−1. The [Ar ii] and [Ne ii] fits were compared for
each location and where their velocities agreed within 1σ , the
ratio between the fitted Gaussian heights was computed to find
the regions where [Ne ii] is relatively strong.

The bottom panel of Figure 4 shows a typical 2-Gaussian
fit to the [S iii] and [Si ii] emission in a region near the center.
Actual velocity uncertainties for the [Si ii] emission average
about 300 km s−1 and for the much weaker [S iii] line, the
actual velocity uncertainties are about 700 km s−1. The fitted
velocities for the corresponding [S iii] and [Si ii] components
generally agree within the velocity errors and there is no
systematic pattern in the velocity differences that would indicate
strong contamination by either the 33.04 µm [Fe iii] line or the
35.35 µm [Fe ii] line.

All of the final accepted fits are well described by either 1 or
2 line-of-sight Gaussian components. However, we know from
the optical images of Cas A that there is a great deal of structure
on small scales with typical knot sizes between 0.′′2 and 0.′′4
(Fesen et al. 2001). Our high-resolution infrared spectra taken
with Spitzer’s short–high and long–high IRS modules show that
the spatial substructure exhibits velocity substructure as well.
Isensee et al. (2010) show that small regions of the Bright Ring
and Diffuse Interior Emission have many velocity components
with total Doppler ranges of as much as 2000 km s−1. At angular
resolutions of 4′′–10′′ and spectral resolutions from 2500 km s−1

to 3000 km s−1 we are insensitive to the small-scale substructure.
However, based on optical Doppler maps (Lawrence et al. 1995)
and our own Doppler map in Figure 3, major structures are



S⌫ = (S⌫,front + S⌫,back exp (�⌧⌫,int)) exp (�⌧⌫,ISM)

Low-frequency free-free absorption from 
the cold, unshocked ejecta
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S⌫ = S0

⇣
⌫
⌫0

⌘�↵
(f + (1� f)e�⌧⌫,int),
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M. Arias et al.: Low-frequency radio absorption in Cassiopeia A

Fig. 4: Fit to the absorbed region. The reduced �2 of this fit is
1.24.

study to kinematically reconstruct the material emitting in the
optical. They find that the reverse shock is located at a velocity
of 4820 km s�1, which corresponds to 106 ± 1400. These values
agree within the error bar with each other, as well as with our
absorption-derived one.

3.4. Is there evidence for synchrotron self-absorption?

Atoyan et al. (2000) proposed that Cas A might have dense,
bright knots with a high magnetic field (⇠ 1.5 mG) within a dif-
fuse region of low magnetic field. These knots would begin to
self-absorb at the frequencies where the brightness temperature
approaches the e↵ective electron temperature Te.

Synchrotron electrons have e↵ective temperatures:

Te =
1
3k

r
⌫c

1.8 ⇥ 1018B
, (8)

where ⌫c is the critical frequency and E = 3kTe for a relativistic
gas. For a blackbody in the Raleigh-Jeans approximation,

I⌫ =
2kT⌫2

c2 . (9)

Since S ⌫ = I⌫⌦ ⇡ I⌫✓2, and I⌫ is at most as large as the emis-
sion from a blackbody, substituting for the temperature value in
equation 8, we arrive at

S ⌫
✓2
 2

3
1
c2
⌫5/2B�1/2
p

1.8 ⇥ 1018
, (10)

with ⌫ in hertz, ✓ in radians, and B in gauss.
It is possible to use this relation to determine at which fre-

quency ⌫ we would expect the synchrotron spectrum of a source
of angular size ✓ and magnetic field B to peak (i.e. roughly begin
to be a↵ected by self-absorption). We used the flux densities in
Fig. 3 (c) to calculate the synchrotron self-absorption frequency
for each pixel if all the remnant were to have the (high) mag-
netic field of 1.5 mG proposed by Atoyan et al. (2000). We find
that the break frequencies are only as high as ⇠ 8 MHz for the
brightest knots and ⇠ 4 MHz for the more di↵use regions of
the remnant. Features more compact than our pixel size ✓ = 300
could self-absorb at LOFAR frequencies, but are not resolved.

4. Interpretation of internal absorption

4.1. Internal mass

A measured value of internal free-free absorption alongside as-
sumptions about the source geometry and physical conditions
allows us to constrain two physical parameters: the internal elec-
tron density, and the mass.

From the best fit to our images we obtain a value for a com-
bination of the emission measure EM, the temperature T , and
the average number of charges of the ions Z. As noted before,
EM =

R s0

0 n2
eds0, so EM is the parameter that we need in order

to obtain a mass estimate of the unshocked ejecta. This requires
us to fix a value of T and Z. Moreover, solving for ne requires
assumptions about the geometry of the ejecta. If ne is constant
inside the reverse shock, then EM = n2

e l, where l is a thickness
element.

The total mass of unshocked ejecta is its density times its
volume, Munsh = ⇢V . The ions are the main contributors to the
mass, and the density of ions is their number density ni =

ne
Z

times their mass, Amp, where A is an average mass number, mp
is the mass of the proton, and Z is the ionisation state (and not
the atomic number). Hence we obtain ⇢ = Amp

ne
Z .

The volume V associated with a given pixel is related to the
thickness element l in the following way: V = S l, where S is
the projected surface area (in the case of our image, the 300 ⇥
300 pixel). The total mass in the unshocked ejecta in the case of
constant density for each given pixel is

M = AS l1/2mp
1
Z

p
EM. (11)

The measured value of EM depends weakly on Z and is
quite sensitive to T . In addition, given the dependency of the
unshocked ejecta mass on surface area S and length l, any esti-
mate critically depends on assumptions about its geometry. This
is why the images in Fig. 3 are more fundamental, as they cor-
respond to the directly measured parameters. No assumptions
about the shape, composition, ionisation state, or temperature
enter the fitting for X.

4.2. Emission measure

In order to convert our best-fit values of X into an emission mea-
sure map, we take the following steps:

1. We take only values internal to the reverse shock, since these
are the values that are relevant to internal free-free absorp-
tion.

2. We mask the values that correspond to f < 0.1 and f > 0.9.
These extreme values might be due to pixel-scale artefacts in
the images; moreover, for values of f ⇠ 1, the value of X is
degenerate (see equation 5).

3. We assume that in the plasma internal to the reverse shock
T = 100 K, and Z = 3. These values are proposed in Eriksen
(2009).

Using equation 7 and solving for EM, we obtain Fig. 6. In
the case of the fit to the absorbed region shown in Fig. 4, the best-
fit X for the same temperature and ionisation conditions implies
EM = 7.1 pc cm�6.

A caveat with this analysis is that within the reverse-shock
radius, we blanked out a significant fraction of the pixels, since
our best fit indicated that for most of these pixels f > 0.9. This
likely means that in these regions most of the radio emission is
dominated by the front side of the shell. We did find that the fitted
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The reverse shock as probed by radio absorption from the 
unshocked material (left) and from X-ray synchrotron emission 

(right). The latter requires shock speeds of >~3000 km/s



Munsh = ⇢V

M = ASl1/2mp
1

Z

p
EM

M = 2.95±0.41
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Mass in the unshocked ejecta:
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Can take as a mass estimate, or as a 
probe on the temperature and ionisation 

conditions in the unchecked ejecta, 
which are poorly constrained



Conclusions
• LOFAR is a powerful instrument to study a relatively 

unexplored radio window, in which emission from 
SNRs dominates 

• It’s a very data reduction-heavy instrument, but the 
surveys team is making progress on automation 

• More galactic plane results from LOFAR in the near 
future!
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Questions?

Thanks!
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