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Abstract

Cassiopeia A (Cas A) is a well-known candidate for studying cosmic-ray acceleration, in which compact features
of various scales have attracted much attention. Based on observations by the Very Large Array of Cas A at 6 cm
and 21 cm, we measure the spectral index distribution of various scale components using the observation of the
1998 epoch. We decompose its total density image into nine scale components, and map the temperature spectral
index distribution of each component, which ranges from −2.48± 0.01 to −2.91± 0.05. We find that the spectral
indices increase from the small scale to large scale components. A damped post-shock magnetic field model with a
strength larger than ∼200 μG and a damping length scale less than ∼10% of the remnant radius can account for the
spectral index variation naturally.
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1. Introduction

Supernova remnants (SNRs) are widely considered as the
primary source of Galactic Cosmic Ray (CR) acceleration
(Blasi 2013; Brose et al. 2022; Vink & Bamba 2022), where
high-energy particles can be accelerated to TeV or even PeV
energy level through the diffusion shock acceleration (DSA)
mechanism (Bell 1978; Blandford & Eichler 1987; Tian et al.
2008; Cao et al. 2021). Although there is still a lack of PeV
particles in SNRs, the characteristic π0-decay feature, detected
in the gamma-ray SNRs IC 443, W44 and W51C, shows that
SNRs indeed can accelerate cosmic-ray protons to relativistic
energy (Ackermann et al. 2013; Cardillo et al. 2014; Jogler &
Funk 2016).

Cassiopeia A (Cas A), as the youngest known core-collapse
SNR with an age of ∼350 yr in the Galaxy (Fesen et al. 2006),
has long been considered as one of the powerful accelerators
that can accelerate relativistic particles to PeV energy level.
The optical spectrum of its light echo indicates that the remnant
originated from a Type IIb supernova explosion (Krause et al.
2008). Based on its explosion date, Reed et al. (1995)
combined radial velocity and proper motion of optical filaments
to yield its distance of ∼3.4 kpc. As a radio bright source, most
of its bright radio emission comes from a radio ring with a
radius of ∼1.7 pc that marks the location of ejecta interacting
with the reverse shock (Kassim et al. 1995; Morse et al. 2004),
and the fainter radio emission mainly comes from a plateau
region extending to a radius of ∼2.5 pc (DeLaney et al. 2014).
Non-thermal X-ray emission has been detected both in forward

and reverse shocks, and dominant non-thermal X-ray emission
is associated with filaments or knots in the reverse-shock region
(Gotthelf et al. 2001; Helder & Vink 2008). Thanks to the
HERGA stereoscopic Cherenkov telescope system, Cas A was
the first SNR with confirmed TeV gamma-ray emission
(Aharonian et al. 2001), which was further verified by MAGIC
(Albert et al. 2007) and VERITAS (Humensky 2008).
SNRs are well-established non-thermal radio sources, i.e

Sv∝ vα, with an overall spectral index of about −0.5
(Green 2019). Cas A with an overall mean spectral index of
−0.77 is obviously steeper (Baars et al. 1977), which has been
considered as the result of nonlinear DSA effects (Domček
et al. 2021). Bright knots in Cas A are the interesting targets of
most studies, and the spectral index of these knots varies from
−0.64 to −0.92 (Anderson et al. 1991; Anderson &
Rudnick 1996). In contrast, the features outside the bright ring
have steeper spectral index (Wright et al. 1999).
In this letter, we analyze the spectral index distribution of

various scale components in Cas A using the constrained
diffusion decomposition (CDD) method. Spectral index data
calculated here are based on the high-resolution observations of
Very Large Array (VLA4) for Cas A at 1.475 GHz (21 cm) and
4.747 GHz (6 cm). Section 2 describes the data calibration
process and the method of multi-scale decomposition images.
Section 3 lists the spectral index measurement results of each
scale component. The work concludes in Section 4.
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2. Data and Image Decomposition

Since the VLA commissioning in 1980, Cas A has been
widely observed at multiple frequencies. Based on the high-
resolution observations of VLA, the evolution of compact
knots within Cas A have been well-studied (Anderson &
Rudnick 1995; Lei et al. 2022). To understand the spectral
index distribution of various scale features in Cas A, we follow
the CDD method developed by Li (2022) to decompose the
total density images of the SNR into various angular scale
components.

2.1. Data Reduction

In this work, we used images of 6 cm and 21 cm obtained by
VLA in 1997–1998 (Project code: AR0378) to construct the
spectral index distribution maps of Cas A. The two images
were observed by the A-, B-, C- and D-configurations of VLA,
where the A-configuration is the most extended with a
maximum baseline of 36.4 km, and the D-configuration is the
most compact with a minimum baseline of 0.035 km.5 To
improve the aperture coverage, observations were made at
several frequencies around 4.747 GHz (4.410, 4.985, 4.640 and
5.085 GHz) and 1.475 GHz (1.285, 1.464, 1.365 and
1.665 GHz).

The data calibrations were performed by the Common
Astronomy Software Applications (CASA; McMullin et al.
2007) package. Primary flux calibration was based on 0134
+329 (3C 48), and the phase calibrator was 2352+495. To
match the resolution of the 21 cm image, the data of A-
configuration at 6 cm have been excluded. After initial

calibration, we performed multiple self-calibration and imaging
to clean the residual calibration artifacts. A Multi-Scale
CLEAN (MS) deconvolution method was used for imaging
(Cornwell 2008), which avoids a negative “bowl” around the
source. During the imaging, the used multiscale was 0″, 2 5,
25″, 75″ and 150″, and “briggs” weighting with a parameter
robust= 0. The resulting total flux density images are shown in
Figure 1.
The radio flux density of Cas A described by the spectrum

between 0.3 and 31 GHz at the epoch 1980.0 is given

( )= -S vlog 5.745 0.77 log , 1

where S is in Jy and v is in MHz (Baars et al. 1977). With a
fade rate of 0.67% yr−1 reported by Trotter et al. (2017), the
calculated absolute flux density at epoch 1998.0 is
S4.747 GHz= 728.65 Jy and S1.475 GHz= 1792.58 Jy. The inte-
grated flux density of our calibrated images is S4.747 GHz=
748.61± 37 Jy and S1.475 GHz= 1858.60± 93 Jy, and the
uncertainty is based on 5% absolute accuracy of the spectral
flux density estimated by 1977 Baars et al. (1977).
The minimum separation of the radio telescope is 35 m,

which results in an unsampled aperture plane within a diameter
l 2Dmin being ∼170″ at 6 cm and ∼600″ at 21 cm. Since the
diameter of Cas A is ∼300″, the sampling of the large scale
structure in the remnant is very different between 6 cm and
21 cm. To explore the effect of sampling difference for
imaging, we have removed baseline data of less than 140 m
from the 21 cm data to ensure that the aperture plane diameter
is consistent with the 6 cm data. The flux density of the image
is consistent with maintaining short baselines. Therefore, the
sampling difference does not affect the spectral index
calculation.

Figure 1. Total density image of Cas A at 4.747 GHz (left) and 1.475 GHz (right) from epoch 1998 observed by VLA; the angular resolution is 2 0. Color-scale is in
units of Jy beam−1.

5 https://science.nrao.edu/facilities/vla/docs/manuals/oss/performance
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2.2. Multi-scale Maps

Cas A, a shell-type SNR, contains various angular size
structures, and these features are widely used to study the
relationship between the dynamical evolution and charged
particle energy distributions. We decompose the total-density
images observed by VLA in 6 cm and 21 cm into different scale
components using the CDD method. Referring to the wavelet
transform method, Li (2022) developed the CDD method,
which eliminates an artifact that appears in other decomposition
methods.

In the CDD method, an input image I(x, y) is convolved with
a set of nonlinear constraint diffusion equations of increasing
scales to construct a set of corresponding smoothed images
Il(x, y), and the smoothed images are subtracted from each
other to produce decomposed images. The scale of each
component is n= 0: [1.0–3.0] arcsec, n= 1: [3.0–5.0] arcsec,
n= 2: [5.0–10.0] arcsec, n= 3: [10.0–15.0] arcsec, n= 4:
[15.0–25.0] arcsec, n= 5: [25.0–38.0] arcsec, n= 6: [38.0–
53.0] arcsec, n= 7: [53 0–68 0], n= 8: [>68.0] arcsec. Flux
density and spectral index of each component are presented in
Table 1, and the errors of spectral index are calculated based on
an accuracy of 2% (Baars et al. 1977). Taking the C-band
image as an example, the images of each scale component are
listed in Figure 2. The components n= 0–5 are predominantly
the bright compact features and fragments. The diffuse plateau
regions are expressed with components n= 7 and 8.

3. Results and Discussion

We analyze the temperature spectral index β between L- and
C-band of each component based on the temperature-versus-
temperature plots (T-T plots) method (Turtle et al. 1962),
which is defined as Tν∝ νβ and related to the flux density
spectral index α by β= α −2. The T-T plot method is
performed by linearly fitting the brightness temperature T1 at
frequency ν1 to the bright temperature T2 at frequency ν2, and
the temperature spectral index β is obtained from the slope of
the line. The T-T plots of each component between frequency
1.475 and 4.745 GHz are shown in Figure 3, with the radio
spectral index variations in a range of −0.48± 0.01 to
−0.91± 0.05. When we simply consider Cas A as a single

structure model, the calculated mean spectral index of the
whole remnant is α=− 0.78± 0.02, which coincides with the
result of Baars et al. (1977).
For the complex morphology and wide range spectral index

distribution of Cas A, Atoyan et al. (2000b) developed a two-
zone model to explain the detailed spectral properties.
Combined with the spectral index distribution of radio knots
calculated in Anderson & Rudnick (1996), the two-zone model
places compact components and steep-spectrum radio knots at
zone 1, and the other diffusion region with electron densities
relatively lower is zone 2. The definitions of these two zones
indicate that the spectral index of the compact regions (zone 1)
is steeper than the diffusion regions (zone 2). However, our
calculation results of spectral indices for each scale components
show that the diffusion region of large scales components is
steeper (see Figure 4). The results are significantly inconsistent
with what is predicted in Atoyan et al. (2000b).
To explain the distribution of the spectral index in Figure 4,

we consider the following scenario:
(1) The post-shock magnetic field is not a constant field but

an exponentially damped field, described by the equation (Pohl
et al. 2005; Tran et al. 2015)

( ) ( ) ( ) ( )= - - +B x B B x a Bexp . 2b0 min min

Here, B0 represents the magnetic field immediately downstream
of the shock, and ab is the e-folding damping length-scale.
(2) High-energy electrons are accelerated by the forward and

reverse shocks and lose their energy as they propagate through
the post-shock region via synchrotron radiation and/or inverse
Compton scattering. When the propagation distance is less than
the damping length-scale the strong magnetic field effectively
cools down the GeV electrons through synchrotron radiation,
resulting in a gradually softer spectrum from small-scale to
large-scale components. Beyond that length-scale the strength
of the magnetic field decreases rapidly, and the cooling of the
electrons becomes less apparent, leading to a nearly constant
spectral index.
We estimate the required value of B0 using the calculations

provided in Longair (2011). The energy losses caused by
synchrotron radiation and inverse Compton scattering can be

Table 1
Brightness Spectral Index of Each Component for Cas A, λ = 6 cm and 21 cm

Scale (″) [1.0–3.0] [3.0–5.0] [5.0–10.0] [10.0–15.0] [15.0–25.0]
[25.0–38.0] [38.0–53.0] [53.0–68.0] [> 68.0]

S6 cm (Jy) 59.79 51.03 93.93 61.03 80.05
71.03 65.72 53.25 205.95

S21 cm (Jy) 105.49 101.64 219.54 149.97 204.45
197.55 189.10 150.83 537.85

α −0.49 ± 0.01 −0.59 ± 0.01 −0.73 ± 0.02 −0.77 ± 0.02 −0.80 ± 0.02
−0.88 ± 0.02 −0.90 ± 0.02 −0.89 ± 0.02 −0.82 ± 0.02
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described by the equations:
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In these equations, σT, c, γ, Umag and Urad represent the
Thomson cross-section, speed of light in a vacuum, Lorentz
factor, magnetic field energy density, and radiation energy
density, respectively. For Cas A, the photon fields contributing
to inverse Compton scattering are the 2.7 K cosmic microwave

background and the far-infrared field with a value of
∼2 eV cm−3 (Ahnen et al. 2017). Assuming the upper limit
of the cooling time is the age of Cas A, e.g., 350 yr (Suzuki
et al. 2021), we obtain a lower limit of 200 μG for the magnetic
field B0, which is consistent with previous results such as
Cowsik & Sarkar (1980), Atoyan et al. (2000a) and Vink &
Laming (2003). It is worth noting that the theoretical
calculation of the spectral index as a function of the length
scale based on the damped-magnetic-field model needs to
consider a three-dimensional projection. Because the morph-
ology of Cas A is quite complex, the component scales cannot
be described by a simple function. Therefore, we take 15″ as a
typical value of the damping length-scale due to the spectral

n=0:  [1.0 - 3.0] arcsec n=1: [3.0-5.0] arcsec n=2: [5.0-10.0] arcsec

n=3: [10.0 - 15.0] arcsec n=4: [15.0 - 25.0] arcsec n=5: [25.0 - 38.0] arcsec

n=6: [38.0 - 53.0] arcsec n=7: [53.0 - 68.0] arcsec n=8: [>68.] arcsec

Figure 2. The components of each scale decomposed by CDD. Color-scale is in units of Jy beam−1.
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Figure 3. T-T plots for each component of Cas A between 1.475 and 4.747 GHz.
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index being flattened after the component scales larger than
15″. The distance of Cas A is ∼3.4 kpc, indicating that the
damping length-scale is less than 7.4× 1017 cm corresponding
to ∼10% of Cas A’s radius. This result is also consistent with
the theoretical prediction of the thickness of the region with
enhanced magnetic field strength, which ranges from 1016 to
1017 cm (Pohl et al. 2005).

4. Summary

Thanks to the high-resolution observations by VLA of Cas A
at 6 cm and 21 cm, this essay is the first time to measure the
spectral indices of various scale components in Cas A. The
overall mean spectral index is α=− 0.78± 0.02, and the
spectral index of various scale components is in the range of
−0.48± 0.01 to −0.91± 0.05. The spectral index steepens
from small to large scale components, which contradicts the
expected spectral index distribution of the two-zone model
developed by Atoyan et al. (2000b). To explain these multi-
component spectral index distributions, we consider a damped
post-shock magnetic field model described by Equation (2). We
find that, if the magnetic field immediately downstream of the
shock is larger than ∼200 μG and the damping length-scale is
smaller than ∼10% of Cas A’s radius, the distribution of the
spectral index can be accounted for naturally.
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