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ABSTRACT

The maps of intensity and polarization of the radio synchrotron emission from shell-
type supernova remnants (SNRs) contain a considerable amount of information, al-
though of not easy interpretation. With the aim of deriving constraints on the 3-D
spatial distribution of the emissivity, as well as on the structure of both ordered and
random magnetic fields (MFs), we present here a scheme to model maps of the emission
and polarization in SNRs.

We first generalize the classical treatment of the synchrotron emission to the case
in which the MF is composed by an ordered MF plus an isotropic random component,
with arbitrary relative strengths. In the case of a power-law particle energy distribu-
tion, we derive analytic formulae that formally resemble those for the classical case.
We also treat the case of a shock compression of a fully random upstream field and
we predict that the polarization fraction in this case should be higher than typically
measured in SNRs. We implement the above treatment into a code, which simulates
the observed polarized emission of an emitting shell, taking into account also the effect
of the internal Faraday rotation.

Finally, we show simulated maps for different orientations with respect to the
observer, levels of the turbulent MF component, Faraday rotation levels, distributions
of the emissivity (either barrel-shaped or limited to polar caps), and geometries for the
ordered MF component (either tangential to the shell, or radial). Their analysis allows
us to outline properties useful for the interpretation of radio intensity and polarization
maps.

Key words: (ISM:) supernova remnants — radiation mechanisms: non-thermal —
polarization — radio continuum: general — magnetic fields — acceleration of particles

dio emissivity, which in SNRs is typically non-thermal and
of synchrotron origin, depends on a combination of phys-

ar

Supernova remnants (SNRs), an aftermath of stellar explo-
sions, are among the first sources that have been observed
by radio astronomers and, since the advent of radio interfer-
ometers, many of them have been mapped with high spatial
resolution: their typical shell-like emission pattern roughly
traces the location where the blast wave of the explosion hits
the ambient medium. In many cases radio detectors have
been devised to provide the observer with full information
about the incoming polarized radiation (i.e. all four Stokes
parameters).

In spite of this wealth of information, it seems that radio
observations of SNRs have not been fully exploited, at least
if compared with observations in other spectral bands, like
for instance in the X rays. One possible reason is that the ra-
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ical parameters that are separately poorly known, namely
the injection efficiency of the relativistic electrons and the
magnitude of the magnetic fields (hereafter MF's).

On the other hand, the spatial structure of the polariza-
tion may provide important clues on the geometrical struc-
ture of the MF. For instance, it was noted (Milne 1987)
that there is the tendency, in younger SNRs, for the polar-
ization to be consistent with a predominantly radial struc-
ture of the MF while, in older SNRs, with a MF structure
predominantly tangential to the SNR boundary: a review
on this issue may be found in Dubner & Giacani (2015).
This kind of dichotomy had been interpreted by some au-
thors (e.g. Jun & Norman 1996; Inoue et al. 2013) as an ev-
idence that in younger SNRs instabilities lead to strongly
tangled MFs. Instead in older SNRs the ordered component
of the MF still keeps memory of the pattern originated by
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the shock compression of the ambient MF. It has also been
shown (Petruk et al. 2016) that in post-adiabatic SNRs the
parallel component of the MF decreases, while the perpen-
dicular one increases in the shock downstream. Therefore,
shocks of different obliquities in old SNRs tend to eventu-
ally become quasi-perpendicular, even those that initially
were quasi-parallel.

MF turbulent amplification generated by kinetic pro-
cesses in the case of a “quasi-parallel” shock (e.g.
Caprioli & Spitkovsky 2014b, and reference therein) should
give rise to a tangential ordered component: in fact, efficient
MF amplification taking place upstream of the shock leads,
in the most extreme case, to a completely random MF; but
then the shock compresses this field, enhancing the tangen-
tial component with respect to the radial one. Therefore the
observation of a radially oriented MFs cannot be justified
even in this case, but suggests instead the onset of hydrody-
namic instabilities, like Rayleigh-Taylor (e.g. Jun & Norman
1996) or Richtmyer-Meshkov (e.g. Inoue et al. 2013) insta-
bilities.

Observations show that the polarization fractions vary
from object to object, and from region to region within
the same object, but their typical values are much lower
than the maximum theoretically allowed limit (~ 69%, for
a slope —0.5 of the synchrotron emission, namely a slope
—2.0 in the energy distribution of the emitting electrons).
For instance, Dickel & Milne (1976) quote generally low po-
larizations, usually < 10%; while Kothes et al. (2006) show
that the peaks of polarization fraction typically range from
about 10% to about 50%. This seems to indicate that the
discrepancy between theory and observations can be partly
explained with the superposition, along the line of sight, of
regions where the MFs have different orientations, and/or
with the presence of a partially random MF.

This work presents a detailed treatment of synchrotron
emission in the case of a partially random MF, and imple-
ments it within a thin-shell SNR model. This approximation
allows us to considerably simplify the problem (also making
our numerical models much lighter to compute), while re-
taining a a large number of effects, and therefore allowing
an analysis a wide variety of realistic cases. Since our aim
is to to show in which way quantitative information could
be effectively extracted from (suitably detailed) polarization
maps, but not to model specific sources, we will discuss here
only simple geometries.

The plan of the paper is as follows.

Sect. 2 analyzes the synchrotron emissivity and its po-
larization properties. We begin reviewing the classical ap-
proach, valid for the case of particles with a power-law en-
ergy distribution (as it is typically the case for radio emit-
ting particles) sitting in a uniform MF. We then introduce
a generalization of this approach, which extends its validity
to the case of a partially disordered MF, with the random
component assumed to be isotropic. This treatment allows
a continuity from the case of an almost uniform MF to that
of an almost completely randomized one. In a similar way,
we also estimate the level of polarization induced by the
compression, at a shock front, of an originally fully random
MF. Just a feeling is given of the difficulties that arise if the
particle distribution is not a power-law, by considering the
mono-energetic case.

For a correct modelling of radio polarization maps, to

be compared with actual observations, it is required to prop-
erly sum up the local emissivity in the various Stokes pa-
rameters, by also correcting for the Faraday Rotation (FR)
effects. While this could apply to many different classes of
astrophysical sources, in Sect. 3 we focus on the case of radio
shell-type SNRs, with suitable assumptions on the geometry
of the MF as well as on the spatial distribution of thermal gas
and of the emitting particles. In particular, we assume axial
symmetry, and the “thin-layer” simplified approach, deriving
formulae that we then extensively use in our modelling. At
the end of this section we also present a momenta approach,
which allows us to formally treat also a more general case of
source structure, in the limit of sufficiently short radiation
wavelengths.

In Sect. 4 we present a variety of simulated maps ob-
tained under different parameters choices, and we use them
to discuss for instance the effects of changing the aspect an-
gle, the level of internal FR, the level of MF fluctuations.

In addition to the “classical” case, in which the ordered
MF component has a meridional structure, consistent with a
compression of a pre-existing uniform ambient MF, in Sect. 5
we also investigate the completely different case, probably
more appropriate for some young SNRs, in which the ob-
served MF structure is mostly radial. We compare some of
your results with the observed structure of the SNR SN 1006.

Sect. 5 concludes.

2 LOCAL EMISSIVITY AND POLARIZATION

In this section we study the synchrotron emissivity, from an
element of volume. The meaning of adding the word “radio”
is that we consider only the case in which the energy dis-
tribution of the relevant electrons is a pure power law, as it
is typically for radio emission. For X-ray emitting electrons,
instead, their energy distribution experiences a cutoff, which
would require a different treatment from that presented be-
low.

2.1 The classical case of a uniform MF

Let us begin with a review of the basic formulae about syn-
chrotron radiation, and polarized radiation in general (see
e.g. Rybicki & Lightman 1979). Let us first consider the
case of a particle with a given Lorentz factor v, moving in a
MF B (assumed to be uniform, at least on scales smaller
than the particle gyration radius). In this case the syn-
chrotron power emitted per unit frequency (w = 27v; so
that P(v) = 2w P(w)) is the sum of polarized components,
respectively perpendicular and parallel to the direction of
the projected MF, which are equal to

P = LB pmrowy; )
Pw = LB pw ey, @

where

F(z) = x/ooK5/3(z)dz; (3)

G(z) = zKy3(x), (4)

MNRAS 000, 1-21 (2016)



with K, (z) being a modified Bessel function of the second
kind,
W g MeC W . 2K
T we 3eBi A2 BiA?’

()

(where the constant K is defined by the last equation; here-
after the symbol = will be used to indicate the definition of a
new quantity, rather than a result), and B, the modulus of
the projected MF: note that all formulae depend only on the
projected MF, while the component radial to the observer
does not affect the emission (it could be investigated only
through propagation effects, namely through FR).

It is more convenient to express this emission in terms of
the Stokes parameters. To be more precise, by now we con-
sider only their “local values”, namely their values per unit
path; while the actual Stokes parameters (namely those that
should match the observations) will be obtained by integra-
tion along the line of sight. The choice of reference orienta-
tion for the linear polarization parameters, Q and U, is such
that:

Q = (B.E;)—(E,Ey); (6)
U = (E.E;)+(EE;), (7

where E, and Ey are the components of the complex ampli-
tude of the electric vector.

Without loss of generality, let us first consider an ori-
entation of axes with the unit vector 2’ perpendicular to
B, and g parallel to it. In this way, the parameters Z' (to-
tal flux) and Q' (difference between the linear polarizations
along the two axes) relative to the emission of a single par-
ticle are

_PL-f—P“ _\/§€SBL
o 4 T 8m2mec?
_P-P V3e2B,
a 4 T 8m2mec?

T'(w) F(z)= HB F(z); (8)

Q' (w)

G(z) = HB.G(z), (9)

where the quantity H is defined by the rightmost equalities.
Note that the Stokes parameters respectively associated to
tilted linear polarization (U’) and circular polarization (V')
are both vanishing.

For any other reference frame x-y, rotated of an angle x
(taken to be anti-clockwise) with respect to the z'-y" refer-
ence frame chosen above, the Stokes parameters transform
as

I = T
Q = cos(2)Q + sin(2x)U' = cos(2x)Q’; (10)
U = —sin(2x)Q + cos(2x)U' = —sin(2x)Q’;
y = V=0
In terms of the MF components we can write

B; — B?

cos(2x) = —L—,
Bi
(11)

sin(2y) = %7

where B2 = B2 + Bﬁ. In the case of a power-law energy
distribution

n(y) = Ay~° (12)

for the emitting particles, the known formulae for the emis-
sivities (per unit volume) are recovered after integration over
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5
Tpr,(w) S;F—ngOBf“)/Q; (13)
Q%L(w) _ WOB(f“)/Q, (14)
where
AH s 7 s 1
Wo = 1xG-o " (1 i E) r (z - E) 7 (15)

while Zp1, and Opi, are obtained with a rotation of an angle
X, according to Eqgs. 10. In this case the polarization fraction
is

I _ V Qb + Uz _ Qb1 _ s+l (16)
e Ipr, Tpy, s+7/3

So far, the distinction between primed and unprimed Stokes
parameters has been just formal. However, starting from the
next section, it will become more substantial. With a MF
varying in time the primed reference frame, which is instan-
taneously oriented with the MF, also changes its orientation
with time, and therefore the primed Stokes parameters can
only appear, as instantaneous values, inside the integrals
that we will use to estimate quantities averaged over fluctu-
ations.

2.2 Inclusion of an isotropic random MF

Scope of this section is to extend the classical treatment
of the synchrotron emission to the case in which the MF
is a combination of an ordered and of a random compo-
nent. While the two limit cases of a uniform MF (maximally
anisotropic emissivity, and maximal polarization fraction),
and of a completely random MF (isotropic and unpolarized
emission) are well known, the intermediate cases are not so
obvious. In particular, it must be clear that in the case of
a partly random MF it would be incorrect to estimate the
time-averaged synchrotron emissivity as simply the sum of
the emissivities of its ordered component and of random
part. We will show, instead, that a general theory can be
developed, as a rather natural extension of the treatment
for the case of a uniform MF.

Let us consider now a MF B = B + §B, where B is
its average (which, without loss of generality, we assume to
be directed along ) while 6 B varies randomly according to
an isotropic Gaussian distribution. Indeed, one may envis-
age an ample choice of statistical distributions for the ran-
dom component: for instance, one could have assumed §B
to be perpendicular to B. Our choice is motivated instead
not only by an advantage for the computations but also by
the fact that, with our recipe, we can treat in a continu-
ous and homogeneous way both cases in which fluctuations
are just a small perturbation and those in which they dom-
inate, and that in all cases the observed emission depends
uniquely on the properties of the projected MF. Instead, for
instance, the prescription of purely transverse fluctuations
would have lead to the paradox that, in the limit of very
large fluctuations, an energetically irrelevant B would still
play a leading role, determining the orientation of fluctua-
tions. Another important constraint on the fluctuations is
that they must be consistent with a vanishing divergence
of the total MF. However, this constraint applies only to
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Figure 1. Maps of (T)p, /Zp1, (left) and (Q)py, /Qpr, (right), as functions of /B and s, in the case in which the random MF component

is isotropic.

the spatial derivatives of § B, while its one-point statistical
distribution (as in our treatment) is not affected.
Then, the distribution of the projected components of

the combined MF are

Pe(B.) = ﬁexp(fi’%g); (17)

where o is the standard deviation of the fluctuations, while
the projected component B of the unperturbed MF is taken
to be oriented along y. Note that, from now on, we will skip
the index L on both unperturbed MF and MF perturba-
tions. In fact, without loss of generality, we will consider
only the transverse MF components. By changing the el-
ement area from dB.dBy to dBdB, and then integrating
over B, we obtain

P(B) = [Pu(B)Py(BY)2

0B,
0B

dB,
By

_ /;f (7 B? -2B,B+ B2> BdB,
B Bp 202 wo?y/B? — B2

= Io<B—B) exp <—7BQ hs BQ) =

o2 202 o2’

with I,,(z) being a modified Bessel function of the first kind

(note that during that change of variable a factor 2 has been
introduced to keep track of the multiplicity in B).

The average Stokes parameters in the case of a fluctu-
ating MF can be obtained by averaging over the probability
distribution of the MF fluctuations. For the total intensity
7 we then simply have

(19)

(7) = / ZP(B)dB
0
oo 2K BB B? + B?\ B?%dB
[ (G ) (5 o (5 ) S

As for the Stokes parameters (Q and U, one must note that,
while the average MF is oriented along y, this is not the case
for the instantaneous MF, in which case these parameters
(given above with respect of the orientation of the MF) must
all be derotated to the y axis, by using Eqgs. 8 and 9, before

30 T | ' | Ufﬁlj }; T | 007 ]
L f

o | / ’/ | OL / .

LT ]
L |
| o7

s20f 096 | || | | 02 L
|

150 018 ; H 0;4 H )H | [
‘ | [ |
L

b oo s aaz ]
-10 -08 -06 -04 -02 00 02 04

Igo/B

Figure 2. Map of IT /Il hax for isotropic fluctuations, where ITjax
is the case for a uniform MF. It is worth noting how weakly does

H/Hmax depend on s.

integration. We then obtain

2K B?-2B,B+ B?
@ - fro( o (222

(B®-2By)dB, JB
wo?y\/ B2
2K BB B’ + B*\ B*dB
:/HG<B72)I2( > )exp <77202 o ;
while (U) = 0 for symmetry reasons. All the above formulae
refer to an ensemble of particles with a fixed Lorentz factor
7, while in the case of a general energy distribution function

one should convolve the above expressions for (Z) and (Q)

by the particle distribution.
This convolution can be performed rather easily in the

case of a pure power-law energy distribution n(y) = Avy~°.
In this case, by making use of the following identities,

grtl w7 w2
H+2F<§+§>F<§+§)(22)
pp (B A\ p (L2
2F(2+3)F<2+3>, (23)
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one gets

o2

_8+7/3 (S+1)/2/ BB
(DprL= 8+1_WOU Io

B? + B%\ BGt3/24p
- exXp (7 202 ) O'(s+5)/2 5

WOU(SH)/Q/I2 (Bf)
(o2

B?+ B?\ BCt/2gB
- exp <_ 202 ) O'(s+5)/2

<Q>PL:

(L)pr=TrL {1“(518) (%)—Um/z

'1F1<‘118717—§)}; (26)
(Q)p=Qpr, {%F (913) <T>(3—s)/2

B

20
.1F1<E 3 _B_Q)} (27)

4 < 20_2 )

where 1 F1(a,b, z) is the Kummer confluent hypergeometric
function. Fig. 1 shows that both factors in braces approach
unity for /B — 0 and the known results are recovered
for a vanishing random component of MF. In the opposite
limit, both hypergeometric factors approach unity, so that
asymptotically

<I>PL,asymp =

7/3 (s+1)/2
8;{ r <5IS) wo (Vi) 2s)
9 _ (s-3)/2
%r < IS) W, B? (ﬁa) (29)

(cf. Egs. 13 and 14). This means that, for o > B, apart

<Q>PL,asymp

from a numerical factor the asymptotic formula for (Z)p, is

formally similar to Zpr, with v/20 taking the place of the
ordered MF; while the formula for (Q)y; is asymptotically

proportional to B20*~3/2 leading to the asymptotic for-
mula for the polarization fraction

s+1 5+8B_2
s+7/3 8 202

1_[asymp ~

(30)
MNRAS 000, 1-21 (2016)

(24)

where o, and o, are the standard deviations of the fluctu-
ations along the two axes (here we also assume o, > 0;

while the more general case can be obtained by a mere axes

lg f anis

Figure 3. Maps of (Z)p, /Zpr, and (Q)p;, /QpL, in the case of anisotropic fluctuations and a vanishing ordered MF component, as

from which one can easily see how the polarization fraction
vanishes, in the limit of a large random MF component.

I—II (5+s) B> 1F1((3~5)/4,3,—B*/20°)

8 207 F(—(1+4s)/4,1,-B2/202)"

that II/Tlax is only weakly dependent on s.

2.3 An anisotropic random MF

A scenario somehow different from that outlined above ap-
plies to the case of efficient particle acceleration in a quasi-
parallel shock (see e.g. Caprioli & Spitkovsky 2014a, and ref-
erences therein): in this case a strong MF turbulent amplifi-
cation takes place upstream of the shock front. This turbu-
lent MF is roughly isotropic, as long as it keeps upstream;
but the compression at the shock has the effect of enhanc-
ing the field components parallel to the shock front, leading
to an anisotropic random MF component downstream. Un-
der general conditions, this case is more complex than that
outlined in the previous section, and does not allow an ana-
lytic solution. However, it becomes considerably simpler in
the case of a negligible original MF (B = 0): a condition

physically rather reasonable, whenever the MF experiences
a strong amplification.

Let us consider also in this case just the projected MF,
and assume the following distributions for the two compo-
nents

BQ
exp (— 20%) ;
2

v (1)
2moy b ’

T 5.2
20

2702

(32)

(33)

To conclude, the general formula for the polarization
fraction becomes

(31)

The general behaviour of II/IIax is given in Fig. 2, showing
)
The integrations can be performed in terms of special func-
tions, giving

5
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Figure 4. Map of II/IImax in the case of anisotropic fluctuations
and a vanishing ordered MF component. Note that also

in this case IT/IImax depends very weakly on s.

rotation). In an analogous way to the previous section
+B / B*- B} B, BdB
o) - [ (_72 BY__pin__
_B 202 202 To:0y\/B? — B2
2 2
= (B2 %), B2U”+0y B_ (30
4020 40202 ) oz0y

The average Stokes parameters can be then evaluated as

o 2K 200 — 08
I) = HF Iy | B*—
@ = [T () n( 10203
oy +o B%dB
-exp( B’ 4aay) ——; (39)
z0y z0y
> 2K ,02 — o2
= HG (== )1 R
@ = o () n ()

, (36)

( 202+ 05 ) B%dB
-exp | — -

Ox0y
while, again, (/) = 0 for symmetry reasons. These relations
can be simplified, by introducing an effective dispersion and
an asymmetry factor, defined respectively as

do2o

2 2
9 20252 O, — Ox
0327‘/. fan:yi. 37
e 2 2
O'z-‘rO'y oz +oj

Egs. 35 and 36 can be then rewritten as

[ )e(-2)
0 O

Vv 1— B?dB
. eXp fan 38)
20eﬁr

() e(e)
0 Ot

V1 B%dB
. exp fan 39)
2Ueﬁr

@ =

(@ =

The convolution with a pure power-law energy distribution

0.65

0.60

0.55

0.50

S

Figure 5. Polarization fraction as a function of s, in the case of
a shock compression of an originally isotropic random MF.

finally leads to
s+7/3 (s+1)/4
z = o
N s

{ 17fanl,(5—&—3)21:,1<5—§379—;—37 7

o
(Qpr, = (Wol208) /")

fan 9+ s 94s 13+s 2
{ 1*fan1—‘< 1 )2F1< 3 ' 3 )}4&1)

where 2F1(a,b,c,z) is the Gauss hypergeometric function
(see Fig. 3). It is worth noting, in the two above equations,
the formal similarity of the leading factors and Eqgs. 13, 14,
with V20 taking the place of B, . The general formula for
the polarization fraction (see Fig. 3) then becomes

(5+ ) fan 2F1((9+5)/8, (13 4 5)/8,2, f2,)
8 2F1((5—&-s)/87 (9+s)/8,1,fa2n) ’

IT = Tax - {
(42)

The ratio II/Ilmax, as shown in Fig. 4, is only weakly depen-
dent on s. In the limit of oz ~ oy, (i.e. 0 = (02 +0y)/2 and

00 =0y — 0, K 0)
3007 oo
: N~ — 4,
80' ) fa o ) ( 3)
and then the factors in braces in Egs. 40 and 41 respectively
approach
54+ s 5+ s 545\ fan
F<4) and 1 (4)2, (44)
then leading to a small polarization fraction
s+1 5+s
= —5 Jan 45
s+7/3 8 f (45)
Instead, in the limit o, < 04
202
Ooff ™~ \/iay; fan >~ 1 — 02747 (46)
x

and in this case both factors within braces in Eqgs. 40 and
41 approach

r (3 T 8) (1 — fan) AF/4

4 N ; (47)
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Figure 6. Comparison of the spectral profile of the synchrotron
emissivity from a mono-energetic particles distribution, both in
the case of a completely ordered MF (dashed line), and in that
of a fully random MF (solid line). Beg indicates the effective MF
for each case, namely B in the former case, and v/2¢ in the latter
one.

therefore leading, as expected, to the same limit value of the
polarization fraction as in the case of a fully ordered MF.

The above results can be readily applied to estimate
the polarization induced by a shock compression. If the pro-
jected shock velocity is along the x axis, in the downstream
0. would be equal to ¢ in the upstream, while o, would be
enhanced by a factor k (where k is the shock compression
ratio). In the case of a strong shock with x = 4, then, fan
would be equal to 15/17; the related polarization fraction,
evaluated from Eq. 42 is shown in Fig. 5. It is worth noting
that in this case the downstream emission still exhibits a
strong polarization, much stronger than typically measured
in typical shell-like SNRs.

2.4 Mono-energetic electron distribution

We have shown how, in the case of a power-law energy dis-
tribution of the electrons, one may obtain in a rather elegant
way analytic formulae for the polarized emission that resem-
ble the classical formulae for a the case of a fully ordered
MF.

Unfortunately, for a general particle energy distribution
the situation is much more complex, and there is no guar-
antee about the existence of analytic solutions. Just to give
an feeling of the kind of additional problems arising in the
general case, let us consider here the case of total intensity
({Z).,) for a mono-energetic distribution of particles: this
case requires one to solve Eq. 20, for a fixed ~ value. In spite
of the expected simplicity of this problem, we have not found
any analytic solution to it except for the two limiting cases,
namely a fully ordered and a completely random MF.

The former case is simply proportional to the emitted
spectrum from a single particle, Eq. 8. The latter case, in-
stead, is obtained by evaluating Eq. 20 in the limit B = 0.
Using Eq. 3 for the definition of F(z), and inverting the
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integration order, one may reduce Eq. 20 to
w1
HO’/ K5/3 oo ( g 2—) dZ
™ w
HU% <WC’(7 +3 1/3) < 2/3) 8)

HoFy(w/we,qs),

5

>

where we have introduced the quantities Fi» (defined above),
and

360‘2

—7, (49)

We,o0 =

)

2 MeC

in order to obtain a formula that formally resembles Eq. 8.
Fig. 6 shows a comparison between F(z) and F,(v/2z)/v/2
(where the /2 factors come from the fact that, in the com-
pletely random case, the effective MF strength would be
equal to \/50). The present analysis is in a sense similar
to that in Pohl et al. (2015); the main differences are that
that paper assumes a 1-D Gaussian distribution for the MF
values and an approximation of F'(x), while here we use a
2-D one, which we think is more correct, and the exact F'(x)
function: the interesting fact is that our approach luckily
allows an exact solution.

However, no analytic solution is known for cases inter-
mediate between a fully ordered and a fully random field.
This issue, which is also preliminary to any further gen-
eralization to particle energy distributions different from
the pure power-law one (the case thoroughly treated in the
present work), will need a separate treatment.

3 MODELLING SHELL-TYPE SNRS

In order to apply the formulae derived in the previous section
and to synthesize the emission and polarization maps for
shell-like SNRs, we need to introduce SNR models on which
to integrate the contribution of all volume elements along
the lines of sight. In the most general case the number of
parameters would be unfortunately so large to hinder any
extensive investigation in the parameters space.

For this reason in the following of this paper we will
limit our discussion to the case of a thin layer model of a
spherical shell-type SNR. According to this approximation,
in each position of the map the observed emission originates
from two (geometrically thin) limbs, at a physical distance
Rs from the SNR center. Moreover, we assume that we can
substitute the actual profiles of all physical quantities (like
the density of the thermal gas, that of the relativistic par-
ticles, as well as the MF direction and strength) with their
average values. As we shall see, also this very simplified ap-
proximation my lead to a rather complex and various phe-
nomenology. In a forthcoming paper we shall release this
assumption, and discuss the validity and limits of the thin
layer approximation.

In the rest of this section we will describe in more detail
the various elements of this model.

3.1 Physical and projected coordinates

A very important although just geometrical task is how to
convert specific elements in the SNR from/to points on the
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observed map, and in this section we present some relations
that allow us to make this conversion easier.

Let {r, 0, ¢} be the spherical coordinates in a reference
system oriented with respect to a given axis that we will
identify with the SNR axis. In order to further simplify the
modelling, we also assume that the SNR is axially symmet-
ric, namely no explicit dependence on ¢ of the SNR physical
quantities. Moreover, as before, let {z, y} be the coordinates
of the map and z that along the line of sight.

Let us also define p and © as the projected radial and
angular coordinates, and ¢, as the angle (aspect angle) by
which the SNR axis is tilted with respect to the line of sight.
The projection of the SNR axis can be assumed, without loss
of generality, to lie along the x direction. A preliminary step
is to set the conversion between the two sets of coordinates.
Under the above assumptions, the map coordinates read

x = pcos© =1 (cos ¢o sin b cos p + sin ¢, cos 0) ; (50)
y = 0sin©® = r sinfsin ¢, (51)

while the line of sight coordinate
z = 71 (cos¢pocosl — sin ¢, sin b cos @) . (52)
Using Egs. 50 and 51 one can derive

ocos©® — sin¢ocos9.

= 53
cosy coS ¢, sin 0 ’ (53)
. 0sin ©
= 4
sin ¢ g (54)

where ¢ = p/r, which is always less than unity. It is worth

noting that, if we consider a spherical shell, the tilt angle

(7) of an element of surface would be such that sinT = g.
Eqgs. 53 and 54 can be combined to give

cos ) = gsin ¢, cos © + cos po/1 — 02, (55)

the two solutions referring respectively to the nearer and
further limb of the sphere of radius r, intercepted by the
line of sight.

3.2 MF geometry

Probably the most natural geometry for the ordered MF
component is that based in the idea that the SNR expands
in an ambient medium with a pre-existing uniform ambient
MF Bamb, and that the MF structure inside the SNR itself
is a direct consequence of compression. We also assume that
the morphology to the SNR emission is affected by this MF
geometry, and in particular that the SNR symmetry axis is
aligned with the ambient MF direction.

Within the thin-layer approach, all MF lines are asymp-
totically aligned along the meridians. Therefore, in the SNR
reference frame, the magnetic unit vector is

B = {— cos 0 cos ¢, — cos 0 sin @, sin 0} , (56)

or with opposite sign, depending on the MF orientation
(anyway, this orientation does not affect in any way the val-
ues of the Stokes parameters). The projection of this unit
vector on the z-y plane is then

{sinqbo — ocos O cos 7§sin@cosc9}

sin @ ’ sin @ : (57)

while the magnetic pitch angle « is

. 2 2 ~ .
cos o — sin 0 s1n¢o+gc.os@cosesm¢0. (58)
COSs ¢ sin 0

As for the strength of the ordered MF, the flux conservation
leads to

sin 0 Bamb ~ sin 0 Bamb

B=1- (1—w(0)/R)? ~ 2w(0)/Rs’

(59)

where w(0) is the layer thickness, the thin-layer approxi-
mation requiring w(f) < Rs at all 6. This results in an
artificially large B, but it does not affect the patterns of
polarization maps.

Also the densities of thermal and relativistic particle
components will depend on the layer thickness. The mass
conservation implies:

Pamb Pamb
P T T —w(0)/R)® ~ 3w(0)/Rs (60)
Let us also assume that the relativistic component is frozen
in the MF and evolves adiabatically (the Lorentz factors

then evolving as v pl/S)A In this case the normalization
factor A, as defined in Eq. 12, is

1+(s—1)/3 (s+2)/3
p 3w(0)
A=A (L = A, 4 1

(ps) @) ( AR (61)

The quantity Ag(0), namely its value right downstream of
the shock, is generally unknown. Let us assume here that,
for the sake of simplicity, both w(#) and As(f) are constant.
These values are not important here, because in the rest
of the paper we will concentrate on the form factors, and
we will present only normalized emission maps. Let us add
that, as shown by Eqgs. 13-15, the synchrotron emissivity at
a given frequency w is proportional to AB(fH)/ 2 Therefore
there is a degeneracy between the layer thickness, the nor-
malization of the energy distribution of particles, and the
MF strength (to the power (s+1)/2), in the sense that if we
scale any of them by a given factor the resulting emissivity
will be scaled by the same factor, and leaving completely
unchanged the pattern of the various maps.

Another MF geometry, suggested by radio polariza-
tion maps of younger SNRs (Milne 1987), is the radial one,
namely

B = {sin 0 cos i, sin 0 sin ¢, cos 0} . (62)

Of course, this does not imply the (quite unphysical) as-
sumption of a magnetic monopole. Since the polarization
properties of the synchrotron emission do not depend on
the MF orientation, one could imagine a mixture of inward
and outward oriented radial MF lines. Differently from the
previous case, now there is no obvious recipe about the de-
pendence of the ordered MF strength on the position, so we
will have to choose it a priori (see the two cases discussed in
Sect. 5).

3.3 Faraday Rotation

The Stokes parameters projected onto the plane of the sky
can be obtained by integration of the local values along the
line of sight. However, for the two Stokes parameters related
to linear polarization, one should also take into account the
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FR, a propagation effect that produces a rotation (by an
angle f3) of the polarization plane, according to the formula

B 63)\2 2 , B , J , 6
5(Z17Z2)—W . n(z)B:(z) dz’, (63)
with n being the local plasma electron density, A = 2mc/w
the radiation wavelength, and z2, z1 two given positions
along the line of sight (of which z5 is the closer to the ob-
server). By defining the rotation measure as

3

z2
RM(Zl,ZQ) = #&c‘l/zl TL(ZI)BZ(ZI)dZ,7 (64)
one can simply write 5 = RM A2, In order to simplify the no-
tation in some points, we will also use RM (z) = RM (z, Zobs )
(where zopbs is at the observer’s location). This formula for
the FR is linear in B, which means that only the ordered
MF matters, while the effect of fluctuations averages to zero.

It is however necessary to distinguish between “fore-
ground FR” (namely that produced by the medium between
the SNR and the observer) and “internal FR” (namely that
produced inside the SNR itself). The effect of a foreground
medium on the observed Stokes parameters (of course, only
Q@ and U are affected) is the following

Q cos(28)Qi — sin(28)U;; (65)
U sin(28)Qi + cos(26)U;, (66)

where @i and U; indicate the intrinsic Stokes parameters,
namely in the absence of FR, as it is the case for A — 0;
while f is the angle of rotation accumulated between the
source boundary closest to the observer, and zobs. It is worth
noting that the above formulae are not only valid to describe
the effect of the interstellar medium in front of the SNR, but
also to that of the SNR front-side limb with respect to the
emission from the rear-side limb.

Instead, the effect of the “internal FR” on the observed
polarization is more complex, since different rotation mea-
sures apply to the radiation emitted in different layers, so
that a double integral is required to evaluate its overall ef-
fect.

As it will better shown below, a more general relation
between the intrinsic and observed Stokes parameters can
be described by the relations

Q= fobs(cos(QRMobsAQ)Qi — sin(QRMobs)\Q)Ui); (67)

U= fos (sin(QRMobs)\Q)Qi + cos(QRMobs)\Q)Ui), (68)

which allow us define what we intend by “observed” Fara-
day depolarization factor (fons) and RM (RMops). Only in
the case of a purely foreground FR we have fops = 1 and
RMps equal to the quantity described by Eq. 64; while in
the general case both fobs and RMons will depend on .

Finally, it is worth noting that, while the FR due to
a foreground medium could be completely corrected in the
post-processing phase (provided that the radio data have
a sufficiently narrow bandwidth), no such correction could
be applied in the case of internal FR, since the intrinsic
depolarization is irreversible.

3.4 Observed polarization

Before proceeding with the derivation of the observed Stokes
parameters, let us draw there the general equations that
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show how they are obtained, by integrating along the line of
sight, and also accounting for the FR effect:

I = fZZfI(z')dz';
Q = [ (cos(28(1,2) Q)
~sin (28(z21, 2) U(' ))dz/; (69)

U= J7 (sin(@8(1,2) Q)

+cos (28(z1,2")) Z/{(z/)) dz'.
The polarization fraction can be then derived as
/02 + 2
I = Qi—" (70)
I
The angle

1 U
U= 3 arctan <a> . (71)

is orthogonal to the polarization angle, and gives the average
orientation of the “observed” MF, namely we have

B, = Bcos V¥, By, = Bsin V. (72)

3.5 Single-layer case

The problem simplifies considerably within the thin-layer
approximation, namely under the assumption that nB., as
well as the specific Q and U values, are constant across the
shell. In this case, since

% _ e3\2

= nB.,
dz’  2mmZc*

(73)

is constant, the integration along a layer (z1 = 0, z2 = 2)
leads to the following relations:

/OZ sin <25—5z'> dZ = ZSigﬁ sin (3; (74)

/Oz cos <2j—52') P zSigﬁ cos f3. (75)

In addition, we readily have:

z2Q = Qj; U = Ui. (76)
Then combining all together, we finally get
_ sin(B) o .
Q = TP (cos(BQ—sm@U); ()
Uu = # (sin(ﬂ)Qi + cos(ﬂ)Ui)A (78)

Namely, the amount of rotation is half of that for a fore-
ground layer; while, differently from the case of a foreground
FR, which turns out into a mere rotation of the polarization
plane, now the observed polarization fraction is lower than
the intrinsic one. In fact

VETTE - |20 ‘ Jar oz (79)
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3.6 Two-layers combination

In the case of a thin shell SNR, in each projected position we
see the combination of the effects of two layers, each of them
subject to internal FR, and in addition the front-side layer
Faraday rotating the polarized emission from the rear-side
one (in the following we will label the front and rear limb
quantities as “f” and “r” respectively). We then have

Q % ( COS(RMf)\Q)Qf - Sin(RMf)\Q)Uf)
+W7A32) ((cos(RMA?)Q: — sin(RMADTL ) (80)
o= SO (G gt + cos(RMNT)
+IUIV) (sin(RMNIQ, + cos(RNU ), (51)

where RMy = 2RM; + RM,.
Even in the simplified case of two homogeneous thin lay-
ers, the formulae for fons and RMops (as defined by Eqgs. 67
and 67) turn out to be rather complex. For this reason we
consider here the limit for small rotations, namely for small
enough A values, getting
QUmRMt 2 4
obs = 1 — ———X" 4+ O(\");
Jor (@ +07) o)
=1 fobs2A* + O(\); (82)
RM; QUp RM:)
RMops =
- (5 sgr o

RM.RM,  QU,RM?
+QUn (6(@? 0P QP+ 0P
- obs,0 + RMobs,Q)\2 + O()\4)7 (83)

where QUy, = Q:Uy — Q:Us, QUp = QiQr + U;U,, RMy =
RM: + RM;, Qi = Q¢ + Qr and U; = Us + U,. Note that
the quantity fobs, previously dubbed as “depolarization fac-
tor” does not always lead to a decreased polarization level.
In its series expansion, it depends on the sign of the coeffi-
cient of A?). This means that under some circumstances the
differential FR may have a constructive effect.

At least in principle, comparing polarizations measured
at various wavelengths, including longer ones, would allow
one to measure more coefficients of the power expansions
with A\ of both RM,hs and fobs, then allowing to get further
information on the MF structure. This is unfortunately a
difficult observational task at the present time, but it should
become feasible with the advent of larger radiotelescopes
operating at low-frequency radio wavelengths (like in the
cases of LOFAR and SKA).

2) N+ o0

3.7 A generalized momentum treatment

Releasing the thin-layer assumption, the treatment of the
internal FR becomes considerably more complex, since the
calculation of the observed Stokes parameters requires the
explicit calculation of a double integral for each projected
point. A complete solution of the inverse problem, namely
how to derive from the observations the 3-D structure of
density and MF, looks then essentially hopeless. However,
in an analogous way to that shown in the previous section,
some relation can be derived as power-law expansions, in the
limit of wavelengths.

The observed Stokes parameters read

Q=/cos (QRM(z))\Q) Q(z) — sin (QRM(z))\Q)L{(z) dz;(84)

U= / sin (QRM(z))\Q) Q(2) + cos (QRM(z))\Q)L{(z) dz.(85)
Let us introduce the quantities

Qi,n

/000 Q(z)RM (2)" dz; (86)

Uin /000 U(2)RM (2)" dz (87)

(in the following, for Qi,0 and Uj o we shall simply use @Q; and
Ui respectively). It can be shown that the power expansions
of both observed depolarization f,,s and rotation measure
RM,ps can be expressed as fractions whose numerator is
a polynomial of these I quantities, while the denominator
is a power of (Q? + U?). We present here the expansions
equivalent to those shown by Eqgs. 82 and 83 for the thin-
layer case

_ 2(QiUi1 — UiQi1) |2 4y,
Jow =1 = =or gy X OO 59
. QiQi1 + UiUix UiQi,2 — QiUi 2
RMobs — (QIQ Jr Ui2) + < (Q? + Ui2) +
2((QF — UP)QinUin — QiU(QF, — U))\ 2 4
v @+ 077 NronE

Eqgs. 82 and 83 are indeed recovered, by substituting
QfRMf + QrRMr .

Qi,l = QrRMf + 2 ) (90)

Uin = Uit 4 R+ UM 1)
«RM¢ RM, RM? <RM?

Qi2 = Q:RM{ + @ ; 4 QR ;Q {92)
2 2

Uiz = U:RM{ + U’RAngM’ UeRM; JSFU’RMY (93)

Here is a list of general conclusions arising from this analy-
sis (and that in some respects, confirm what already found
from the thin-layer approximated analysis):

- Differently from what happens when the FR is just due to
foreground medium, the internal FR does not simply scale
with A%

- While foreground FR does not cause depolarization (apart
from that produced by the finite spectral width of the tele-
scope), internal FR necessarily involves some change in the
polarization level, which depending on the case may lead to
a depolarization or to an increase of the polarization frac-
tion.

- The momentum analysis can in principle provide an in-
finite number of observational constraints: they correspond
to the various orders of the power expansion in \ of Eqgs. 88
and 89 that, combined to the fact that Q — Q; and U — Uj,
for A — 0.

- Unfortunately, the number of relations is not sufficient to
derive Q(z), U(z), and RM (z) independently (but just two
of them, given the third one): therefore some a priori condi-
tions on the MF and the emissivity must be given.
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Figure 7. Case of fully ordered, meridionally oriented MF, without FR: aspect angle of 0°. See text for the explanation of the panels.
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Figure 8. Case of fully ordered, meridionally oriented MF, without FR: aspect angle of 30°.
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Figure 9. Case of fully ordered, meridionally oriented MF, without FR: aspect angle of 60°.
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MNRAS 000, 1-21 (2016)



4 THIN-LAYER MODELS OF SNRS

In this section we present and discuss some SNR models
generated using the thin-layer approach described above. It
is not our intention, at this stage, to model any individ-
ual SNR, also because real maps typically show patterns
at smaller scales, which will not be considered here. Our
present aim is just that of outlining some general trends, for
a better insight on the importance of the various parameters.
For all models presented below we have used a shell thick-
ness 1072 times its radius , and a power-law particle energy
distribution with s = 2 (corresponding to a radio spectral
index of 0.5, close to what usually measured in SNRs). The
exact value of the thickness (w, here taken to be constant),
provided it is much smaller than Rs, does not affect consid-
erably the pattern of the emission maps, but just their flux
normalization.

It must be noticed that all maps of surface brightness
presented below are normalized to

Wo BT 2, (94)

where the quantities W, and B, are their respective max-
imum values within the shell: for instance, the equatorial
value (namely that at § = 7/2), for a meridional MF like
that defined above. In the following maps (except when
stated differently) the projection of the SNR symmetry axis
runs from left to right; while for all maps in tones of grey,
lighter tones means higher values.

4.1 Fully ordered MF and negligible FR

Let us begin considering the case of a completely ordered
MF, aligned along the meridians, as from Egs. 56-59 with
constant layer thickness. Let us also assume that the normal-
ization A of the particle distribution is a constant (different
functional dependencies with 0 will also be used, then chang-
ing the relative importance of the emissivity, for instance, of
the equatorial zone with respect to the polar ones).

At this stage we take an observing frequency high
enough that FR does not give any appreciable effect. The re-
sults are shown in Fig. 7, 8, 9, and 10, respectively for aspect
angles of 0° (the polar direction), 30°, 60°, and 90° (along
the equatorial plane): this choice of aspect angles allows one
to appreciate the continuity of the change of properties be-
tween the limit cases, even though they look so different one
from the other.

The three upper panels, from left to right, show the
maps in the I, @ and U Stokes parameters; while the three
lower panels show more intuitive polarization quantities
namely, again from left to right, the polarization fraction,
the magnetic polarization angle with respect to the pro-
jected axis, and finally the vectorial map of the magnetic
polarization.

In the 0° and 90° special cases the direction of projected
MEF in the front layer coincides with that in the rear layer:
therefore, in the absence of FR, the measured polarization
is spatially constant, and reaches its maximum theoretical
value (for all these maps we have assumed s = 2, equivalent
to a spectral index of 0.5 for the emission).
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4.2 The effect of FR

In the same way as we did with the emission, let us use
dimensionless quantities also for the treatment of FR. With
reference to Eq. 63, let us normalize all RM quantities with:

63

WnoBow (95)
where n, is the electron density in the shell. In Fig. 11, 12,
13, and 14 we may see the kind of distortion produced by
FR: here we have used an intermediate value of RM, namely
such to give a FR equal to unity at the equator, when seen
face-on. The results are shown in Fig. 11, 12, 13, and 14,
respectively for the same aspect angles of 0°, 30°, 60°, and
90°: also in this case, even though the patterns are distorted,
one may appreciate the continuity in the change of pattern
between contiguous aspect angles.

4.3 The effect of a random MF component

Let us consider here just the case in which in addition to
the ordered MF there is an isotropic random component, in
which case the emission quantities derive from Eqgs. 26 and
27. While there is an infinity of possible cases, here we shall
just consider the simplest one (even though not physically
more justified than others), in which the o /B ratio is con-
stant everywhere; moreover, with the aim of discussing the
various effects independently, let us consider here just the
case with vanishing FR. For an isotropic random MF com-
ponent, a constant o/B ratio means that on the projected
MF the effect of fluctuations will be larger when the ordered
MF is oriented closer to the line of sight, and therefore the
depolarization level will be higer in those cases. The effect
is more evident at large aspect angles, so that in Fig. 15 we
present the case at an aspect angle of 90° (and o/B = 1):
this map has to be compared with Fig. 10.

4.4 Structure of RM maps

In the previous sections we have already made a distinction
between the standard definition of the RM (Eq. 64, which
can be associated to real observations only in the case of FR
of a background source), and the RM (plus depolarization)
that can be actually derived from observations in the case
of intrinsic FR (see Egs. 82 and 83). Figs. 16 and 18, respec-
tively associated to Figs. 12 and 14, show these FR-related
quantities: in the upper panels the RM as from the stan-
dard definition, namely (from left to right) its total value,
the value for the front layer, and that for the rear layer;
in the lower panels, instead, (again from left to right) the
observed map of the intrinsic RM (more precisely RMops,0,
its small A limit), and then the quantities tracing the next
order of approximation effects respectively on the polariza-
tion direction (RMobs,2; the coefficient of A%, in Eq. 83) and
on the polarization degree (fobs,2; the coefficient of A%, with
positive sign, in Eq. 82).

The next order of approximation effects, which to our
knowledge have not been measured as yet, should be observ-
able with high-quality and high-resolution observations at
low-frequency radio wavelength: testing their patterns would
provide a further information to constrain the structure of a
radio SNR. We may see that, at an aspect angle of 90°, the
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Figure 11. Case of fully ordered, meridionally oriented MF, with FR: aspect angle of 0°.
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Figure 12. Case of fully ordered, meridionally oriented MF, with FR: aspect angle of 30°.
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Figure 13. Case of fully ordered, meridionally oriented MF, with FR: aspect angle of 60°.
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Figure 14. Case of fully ordered, meridionally oriented MF, with FR: aspect angle of 90°.
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Figure 15. Fully ordered, meridionally oriented MF, with o/B = 1: aspect angle of 90°.
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Figure 16. FR-related quantities, for the case shown in Fig. 12 (aspect angle of 30°).
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Figure 17. FR-related quantities, for the case shown in Fig. 13 (aspect angle of 60°).
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Figure 18. FR-related quantities, for the case shown in Fig. 14 (aspect angle of 90°).
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second-order terms vanish: in general, one may expect them
to vanish all the times in which the intrinsic polarization
angles of the front and rear layer are equal, this implying
the quantity QUm (defined right after Eq. 83) to vanish.

5 POLAR-CAPS VS BARREL-LIKE MODELS

So far we have considered the simplest possible case, namely
that in which the shocked ambient medium is confined to a
shell of constant thickness, the MF into that shell is just the
result of the ambient field compression, and the normaliza-
tion of the particles energy spectrum is the same everywhere.

Let us release now the last assumption and, following
Fulbright & Reynolds (1990), let us parametrize the acceler-
ation efficiency with the “obliquity angle”, namely the angle
between the shock normal and the (ordered component of
the) MF. Consistently with what typically assumed in the
literature, we will consider here the angle between the shock
velocity and the post-shock MF (0py2), which is linked to
the polar angle by the relations

sinfpp2 = rosin 0 ; (96)
VK2 sin? 6 + cos? @
cosOpna = cosf (97)

VK2 sin? 6 + cos? 0

Incidentally, the polar angle 6 coincides with the angle be-
tween the shock velocity and the ambient MF, 0py,1.

Let us also define, as “quasi-paralle]” and “quasi-
perpendicular” cases, those in which the normalization of
the particle energy distribution is respectively proportional
to cos® Opne (therefore enhancing the emissivity at oblig-
uity angles closer to 0°) or to sin? @p,2 (which privilege an-
gles closer to 90°). In the former case the emission will be
then enhanced near the polar regions (“polar-cap” morphol-
ogy), while in the latter one around the equatorial regions
(“barrel-like” morphology). Critical comparisons of these two
morphologies are present in the literature, when discussing
the nature of bilateral SNRs in general (e.g. Orlando et al.
2007; Fulbright & Reynolds 1990), or more specifically the
case of SN 1006 ((e.g. Schneiter et al. 2015; Bocchino et al.
2011; Schneiter et al. 2010).

In fact, the quasi-perpendicular prescription leads to
maps very similar to those of the isotropic case: in fact Eq. 96
gives values very close to unity, except in narrow regions
around the poles. The opposite is for Eq. 97, which leads to
polar-cap enhanced emission, and for which one can easily
appreciate the differences (see for instance Fig. 19, for an
aspect angle of 90°, to be compared with Fig. 10).

We have already mentioned that, for young SNRs, there
is an indication that the MF configuration must be mostly
radial. Our main intention here, far from presenting specific
and detailed models for individual SNRs, is to show in gen-
eral how radio polarization data could be effectively used to
investigate similar objects; but, for the sake of illustration,
we shall consider here as an archetypal case the remnant of
SN 1006, which has been extensively studied, and of which
very detailed radio emission and polarization maps are now
available.

Polarization mapping of this source (see e.g.
Reynolds & Gilmore 1993) show that the direction of
the projected MF is approximately radial along the

two brighter limbs (in the NE and SW sectors). This
pattern of polarization is clearly inconsistent with a
quasi-perpendicular model (if the MF stays ordered and
the internal FR is negligible), as shown for instance by
Schneiter et al. (2015), and may be easily inferred from our
Fig. 10. Instead, an ambiguity may remain between a quasi-
parallel case with ordered MF, and either a quasi-parallel or
a quasi-perpendicular case, but with the formation of radial
MF patterns (possibly due to the onset of instabilities),
especially in the brighter regions.

More recently, Reynoso et al. (2013) have shown that
the polarization along the two fainter edges of SN 1006 (in
the SE and NW sectors) is consistent with a tangential MF,
and that while the average fractional polarization of the two
bright limbs is about 17%, it typically increases along the
weaker limbs: for instance, in the SE sector it reaches a value
of about 60 + 20% (this last value being consistent with
the theoretical limit of ~ 71%, for a radio spectral index
~ 0.6). Reynoso et al. (2013) interpret these results in the
framework of the quasi-parallel case, and in addition take
the lower polarization fraction in the two brighter limbs as
the signature of efficient particle acceleration and generation
of magnetic turbulence in those regions.

However, in Sect. 2.3 we have shown that, in the case
of strong turbulence with an isotropic random MF in the
upstream, the shock compression would imply a strong
anisotropy in the immediate downstream turbulence, lead-
ing anyway to large polarization fractions (~ 60% for typical
radio spectral indices, see Fig. 5), with a polarization consis-
tent with a preferential MF direction tangent to the shock
front. Therefore, except for very fine tuned conditions, the
observation of typically radial patterns for the projected MF
seems to require the onset of Rayleigh-Taylor-like instabil-
ities, and for this reason we are going here to examine the
effects of a preferentially radial MF, in the framework of a
barrel-like model.

For the sake of simplicity, we shall consider here a
monopole-like configuration for the ordered MF. The radi-
ally oriented MF may actually have alternate orientations
in different places; but this neither affects the magnitude of
the synchrotron emissivity, nor its polarization. Similarly to
the standard quasi-perpendicular model, we shall use also
here the B  sin 0 prescription; but, differently from before,
here the only justification is that in this way the azimuthal
dependence of the radio emission in SN 1006 can be roughly
reproduced. For the normalization of the particle energy dis-
tribution we will use again the sin? 0gno prescription, as in
the standard quasi-perpendicular case.

In Fig. 20, we show respectively the Stokes parameters
and the polarization in the absence of FR, with an aspect
angle of 60° (see Petruk et al. 2009, for estimates of the as-
pect angle for SN 1006). On the other hand, if as mentioned
above the radial MF reverses its orientation many times on
smaller scales, one should not be able to detect any net effect
of this radial pattern on the FR; while only the FR originat-
ing from the meridional structure would not average to zero.
A strategy to tell apart the correct model could then involve
an analysis of the pattern of the internal RM, in order to
identify the symmetry axis of the underlying meridional MF.
In fact, the pattern of the RM, independently of the distri-
bution of the emitting particles, would allow one to identify
the symmetry axis of the MF meridional component (see e.g.
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Figure 19. Case of a meridionally oriented MF, with quasi-parallel injection efficiency: aspect angle of 90°.
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Fig. 17 or 18 for cases with large aspect angles). Therefore,
if an overall gradient of the RM is detected, it may indicate
the direction of the axis of symmetry of the SNR, and there-
fore if the radio emission from this source shows a bilateral
structure it would be interesting to check whether the two
directions are nearly parallel or nearly orthogonal. Of course,
this kind of analysis requires the absence of gradients in the
foreground FR (to be checked observing nearby polarized
background sources) as well as a not too distorted structure
for the SNR, therefore limiting the numbers of objects on
which such kind of analysis could be actually performed.

Finally, let us discuss the implications of the argument
presented by Rothenflug et al. (2004) to disprove a barrel-
like emission structure: stated in a qualitative way, they
noted that in a symmetric barrel-like structure one can quan-
tify a lower limit to the ratio of the emission near the pro-
jected center of the SNR and from the projected limbs. More
formally, they have first considered a homogeneously emit-
ting annulus of radius r, and defined R (here, following
the notation in Rothenflug et al. 2004, the symbol A\ is an
angle) as the ratio between the flux of the regions whose pro-
jected distance from the symmetry axis is less than rsin A,
and those with projected distance larger than rsin A: in this
case, by purely geometrical arguments, this ratio is found
to be equal to w/(2)\) — 1; in particular, the authors use
A = 7/3, for which the ratio evaluates 0.5. Their last point
is that a generic distribution of the emission can be imag-
ined as the sum of more annuli, with different radii, in which
case using that criterion for the largest radius gives a lower
limit to the global ratio R,,3 > 0.5).

Rothenflug et al. (2004), in the derivation of their crite-
rion, used the assumption of “isotropic radiation” (cf. their
Sect. A.1). This assumption, while apparently reasonable, in
fact requires the MF to be completely random and, among
others, it would be inconsistent with the presence of polar-
ized emission, as actually observed. On the other hand, if we
release this assumption the situation can change consider-
ably. In particular, Fig. 21 shows the case of an annulus seen
edge-on (now the orientation matters), for different values
of the ratio between the random and ordered (radial) MF,
for some choices of the spectral index. It is apparent that,
while the asymptotic limit for large /B values is 0.5, inde-
pendently of the slope s, lower values are obtained for non
negligible values of the ordered component.

More insight can be obtained by computing the equa-
torial radial profile for the model shown in Fig. 20 (with an
aspect angle of 60°), for different values of o/B. It can be
seen that, while the emission near the projected center is
appreciable for large o/B values (mostly random MF), in
the limit of a completely ordered radial MF (o/B = 0) it
goes to vanish. In the lower panel of the same figure we show
the profile of the fractional polarization. The fact that in the
bright limbs of SN 1006 a polarization fraction of ~ 20% is
measured (Reynolds & Gilmore 1993; Reynoso et al. 2013),
this poses an upper limit of ~ 1 to ¢/B. Therefore, the ac-
tual profile should be somehow dimmer near the center than
what estimated for a purely random MF.

In order to allow a closer comparison with the radio
profiles shown in Rothenflug et al. (2004), in Fig. 23 we also
present the profiles of the flux, integrated along the direc-
tion orthogonal to the projected equator: in this case the
differences between models with different o/B values are

ratio

0.0}

0.5 1.0 15 2.0
o/B

Figure 21. The Rothenflug et al. (2004) criterion, generalized to
the case of a radially oriented ordered MF plus a random MF
component.
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Figure 22. Profiles for a model with radial MF with magnitude
o sin @, quasi-perpendicular distribution of particles (barrel-like
model), and different values of o/B, as seen at an aspect angle
of 60°. Upper panel: normalized I flux profiles, for an equatorial
cut. Lower panel: profiles of the polarization fraction, for the same
cases.

less evident, but still existing. In particular, one may see
from Fig. 23 that, in the fully ordered MF case, the inte-
grated I value on the symmetry axis is just about 40% of
the Rothenflug et al. (2004) case (i.e. /B = oo). Therefore,
the criterion introduced in that paper cannot be intended by
itself as a mathematical proof against a barrel-like geometry.
In fact, in the case of a radially-oriented ordered component
of the MF, it would be oriented almost along the projec-
tion plane near the limbs and toward the observer near the
center, and this may result in smaller values of the ratio of
emission between center and limbs.
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rections perpendicular to the equator, for the same models as in
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6 SUMMARY

In this paper we have presented a generalization of the classi-
cal treatment of the synchrotron radiation, valid in the case
in which the MF has a random component. The resulting
formulae, while nicely resembling those in the classical case,
are now valid for any relative level between ordered and ran-
dom component, and clearly show that the emission in the
case a partially random case cannot be simply modelled as
the sum of the emission in a fully ordered MF and that in a
completely random MF.

We have then used these formulae to model the syn-
chrotron emission from shell-type SNRs. The main limita-
tion of the present treatment is its applicability only to the
case in which the particle energy distribution is a power law,
and for this reason we have focussed our attention on the ra-
dio emission in SNRs. For the future we plan to extend this
treatment also to particle energy distributions with an up-
per cutoff, and therefore to allow also an analysis of the non-
thermal SNR emission in the X-ray energy range. Another
limitation of this treatment is that the fluctuations consid-
ered are on scales smaller that the instrumental resolution;
while for fluctuations on larger scales the only possible ap-
proach is through multidimensional, high resolution, fully
numerical simulations.

Our goal here is instead to allow a numerically much
lighter treatment than full simulations, while still keeping
enough detail to allow investigations of several effects. With
this aim, in order to model the emission from shell-type
SNRs we have introduced a thin-shell model. Our discus-
sion has involved various issues, like the dependence of the
typical polarized fractions on the level of MF fluctuations,
and the pattern of the polarization as well as of the RM on
the geometry of the ordered MF component. We have also
introduced the idea that in the presence of internal FR the
measured RM maps contain an information different from
that of the classical case, when FR is just due to a fore-
ground medium. In addition, we have also discussed further
effects, on the observed direction of the polarization as well
as on its level, which should be more evident at longer ra-
dio wavelengths and which, if suitably tested in the future,
could provide additional information on the MF structure.

While this paper has been mostly devoted to cases with
a meridional geometry of the ordered MF, as one would
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expect in the case of a laminar expansion into an ambi-
ent medium with a pre-existing homogeneous MF, having in
mind the case of young SNRs, and SN 1006 in particular, we
have also discussed the case of a radially oriented MF. We
have shown that the radial profiles of the emission may effec-
tively depend also on the level of MF fluctuations, so that
in the case of a low level of fluctuations also a barrel-like
geometry of the emissivity could be consistent with lower
surface brightness near the central regions of the projected
image.
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