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Abstract
Supernova remnants (SNRs) have a variety of overall morphology

as well as rich structures over a wide range of scales. Quantitative study
of these structures can potentially reveal fluctuations of density and
magnetic field originating from the interaction with ambient medium
and turbulence in the expanding ejecta. We have used 1.5GHz (L band)
and SGHz (C band) VLA data to estimate the angular power spectrum
C, of the synchrotron emission fluctuations of the Kepler SNR. This
1s done using the novel, visibility based, Tapered Gridded Estimator of
Cy.

Introduction

At radio wavelengths, the dominant contribution to the SNR
emission comes from the non-thermal synchrotron radiation. The
interaction between the ISM and the ejecta amounts to a con-
vective instability, which accounts for the observed synchrotron
radio emission.

e We want to estimate the angular power spectrum Cp of
observed intensity fluctuations of Kepler SNR using VLA
archival visibility data (AD498) observed in 1.5GHz (L band)
and SGHz (C band).

e Tapered Gridded Estimator (TGE) [1] helps in computing the
angular power spectrum directly from the visibilities by effi-
ciently gridding the data, thereby reducing the computational
time.

e We also present Cp estimates of Cas A and Crab as consis-
tency checks for the estimator and to verify the results re-
ported 1n [2].

Methodology

Power spectrum estimation using TGE

e The visibility based TGE (details in [3, 1]) applied to the cal-

ibrated visibility data of the SNR to estimate Cp.
e The sky 1s tapered by multiplying with a frequency indepen-
2 /102
dent window function W(6) = e /0,

e Tapering suppresses the contribution from the outer region of
the telescope’s field of view (FoV).

Veg = ) W(Ug ~ UV, (1)

where w(U) 1s the Fourier transform of the taper window
function W(6) and Uy refers to the corresponding baseline of
the grid point.

e The estimator 1s defined as

By = Moy X ([VegP = Y 1w = UDRAIVIR)

where M, is the normalization constant and () gives an un-
biased estimate of Cy at the angular multipole £, = 27U,.

e The circular bin averaged values of Cy referred as C f :

Interpreting C,

e The specific intensity fluctuation 6/(f) of the radiation re-
cerved from the SNR modelled through

0I(6) = R(O)[I; + o15(0)] 3)
where I is a mean uniform intensity and 6/4(6) is a fluctuating

component.

e 0/4(0) assumed to be the outcome of a statistically homoge-
neous and 1sotropic Gaussin random process (presumably tur-
bulence) whose statistical properties are completely specified

by Cg.

e The Cf estimated from 06/(0) is related to Cp (which corre-
sponds to 6/4(#)) through a convolution

E 247 | = N2
C27T|U| :fd U |[/(U-U)| (?27T|U,| (4)

where 7(U) 1s the Fourier transform of profile function R(6).
e The angular profile of the SNR modelled as a Gaussian of the
form R(9) = e~0/%;.

e The value of 6, chosen so as to correctly reproduce the break
{m 1n C f :

Error estimation

e The statistical fluctuations inherent to the sky signal S(U;) as
well as the system noise contribution N; both contribute to
statistical errors 6Cy in Cf :

e Several statistically independent realizations of the visibilities
“V; simulated for which the average Cy matches C f :

e The variance determined from the multiple realizations of the
simulation used to estimate the statistical errors 6Cy 1n the es-
timated C f :

Cas A and Crab revisited

The angular power spectrum Cf of Cas A and Crab SNR ob-
tained using TGE are broadly consistent with the earlier results
of [2].
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Figure 1: C f of Cas A and Crab SNRs as a function of angular multipole £
with =10 error bars. The amplitude of C f of Cas A and Crab SNRs is arbi-
trarily set for clarity. The convolution dominated region for £ < 10* has not
been shown in the right panel. The best fit lines are plotted with red solid and
dot lines in the right panel.

Results
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Figure 2: C f of Kepler SNR as a function of angular multipole ¢ with 1o
error bars.

e The value of £, 1s inversely proportional to the angular extent
of the SNR, the exact value of ¢, however depends on the
slope B and the shape of the profile function R(6).
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Figure 3: C f of Kepler SNR for C and L bands in arbitary units, without the
1o error bars.

e The kink like features seen in the C and L bands match with
respect to both the € position as well as the relative amplitude.

e The C and L band results are in close agreement over a broad
¢ range €1 = 4.76 x 10° to £, = 6.91 x 10%.

e The close match between C and L band results reinforces that

Cf reflects genuine astrophysical features pertaining to Ke-
pler SNR.
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Figure 4: C; of Kepler SNR as a function of angular multipole ¢, for £ > 10™.
The best fit lines are plotted in black solid line, dot line and dot-dash line for
the three € ranges (demarcated by vertical red dot lines) respectively.

e Used y2 minimization to fit power-law of the form C,= AP
for € > €,

e For ¢ = (1.9 — 6.9) x 10%, the power spectrum 1s a broken
power law with a break at £ = 3.3 X 10

e Power law index of —2.84 +0.07 and —4.39 + 0.04 before and
after the break respectively

e The break interpreted to be the shell thickness of the SNR

(0.35 pc) which approximately matches £ = 3.3 X 10% (ie.,
0.48 pc or 0.33).

e For ¢ > 6.9x10% C f of L band likely to have dominant con-
tribution from the foregrounds like extragalactic point sources
or diffuse Galactic synchrotron emission or both and excluded
from further discussion.
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Figure 5: Comparison of C band Cf (for £ > ¢,,) of Kepler SNR with the

simulated models of varying shell thickness ¢ of the remnant. Here, p = -—

Yout

where r,,, = 1.5, the angular radius of the remnant.

e For L band also, the transition angular scale from g = —2.8 to
—4.4 of Kepler SNR agrees with the model p = 0.2.

e This supports the interpretation of the shell thickness derived
from the results.

Conclusions

e We have interpreted the intensity fluctuations of the Kepler
SNR as arising from MHD turbulence.

e At large angular scales the slope (8 = —2.8) is consistent with
2D Kolmogorov turbulence and also the angular two-point
correlation of the Tycho SNR [4].

e At small angular scales the slope (6 = —3.1) 1s consistent with
earlier measurements for Cas A and Crab SNRs [2].

e The third intermediate € range where the power spectrum falls
steeply with f = —4.4 has not been observed in any of the
three SNRs analyzed earlier and this 1s possibly an outcome
of the complex morphology of Kepler SNR.
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