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Figure 5. Family of one-zone SPINNAKER advection models with various CRe energy injection indices (γ inj = 2.1. . . 3.0, note that the order of the lines
in the plots and in the legend are identical). The advection speed is V = 200 km s−1, the magnetic field strength in the galactic disc is B0 = 10 µG and the
ratio of the energy densities of the IRF to that of the magnetic field is UIRF/UB = 0.3 (constant ratio everywhere). The magnetic field scale height was varied
with hB = 4 kpc (left panels), hB = 8 kpc (middle panels) and hB = 104 kpc (i.e. constant magnetic field, right panels). Vertical profiles of the CRe number
density (top panels) and of the non-thermal radio continuum intensity (middle panels) are for λ22 cm (solid lines) and for λ6 cm (dashed line), respectively.
The non-thermal radio spectral index between λλ 22 and 6 cm is shown in the bottom panels.

CRe radiation losses. Hence, a diffusion profile is steeper both at
small and large z than a Gaussian profile would predict.

Non-thermal radio spectral index profiles. For advection, the
non-thermal radio spectral index steepens rather gradually with
increasing distance from the disc (Fig. 5, bottom panels). The profile
can be approximated by a linear function, with the curvature only
becoming more prominent if the magnetic field is constant. For
diffusion, the profile of the non-thermal radio spectral index has a
characteristic shape, where the slope is very flat in the inner part and
progressively steepens dramatically in the outer parts (Fig. 6, bottom
panels). We have chosen µ = 0.5; a higher energy dependence of
the diffusion coefficient (0.5 < µ ≤ 0.7) leads to less steepening,
contrary, a lower energy dependence (0 ≤ µ < 0.5) steepens the
spectral index.

Non-thermal radio continuum scale heights. One important re-
sult of our modelling is that it is always possible to find a good
fit to the profile of the non-thermal spectral index, choosing an ap-
propriate combination of advection speed (or diffusion coefficient)
and magnetic field scale height. A large magnetic field scale height

can be balanced by either a large advection speed or diffusion co-
efficient. But this has an effect on the non-thermal radio continuum
scale heights, leading to higher values as well. The combination of
spectral index profiles and radio continuum scale heights constrains
both parameters fairly well.

5.2 Cosmic ray transport in NGC 7090

5.2.1 Advection or diffusion?

NGC 7090 has a thin and a thick radio disc (Section 3.1.1), so that
we modelled the magnetic field accordingly with a two-component
exponential profile (with the thin disc at |z| ≤ 1 kpc). As pointed
out in Section 3.1.1, we cannot distinguish between an approxi-
mately exponential or Gaussian profile, so that we modelled the
thin/thick disc with an advection/advection, advection/diffusion,
diffusion/advection and diffusion/diffusion model in order to cover
all possible combinations. The vertical profiles of the radio spec-
tral index shown in Fig. 4(b) display a characteristic steepening

MNRAS 458, 332–353 (2016)

 at U
niversity of Southam

pton on M
arch 9, 2016

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

hB = 4 kpc hB = 8 kpc hB = 1e4 kpc

CR density N(E,z)

RC intensity Int(z)

 Spectral index αnt

1D CR advection
models

Heesen et al. 2016
Thursday, 30 June 16



Application to 3C31

A low-frequency study of 3C 31 with LOFAR 11

10-3

10-2

10-1

100

R
a

d
io

 I
n

te
n

s
it

y
 (

I ν
) 

[J
y
 b

e
a
m

-1
]

LBA 52 MHz
HBA 145 MHz
VLA 360 MHz

WSRT 609 MHz

-2.6
-2.4
-2.2

-2
-1.8
-1.6
-1.4
-1.2

-1
-0.8
-0.6
-0.4

 200  300  400  500  600

Sp
ec

tr
al

 In
de

x 
(α

)

Distance to Nucleus (z) [kpc]

52-145MHz
145-360MHz
360-609MHz

 

 

 

 

        

LBA 52 MHz
HBA 145 MHz
VLA 360 MHz

WSRT 609 MHz

 
 
 
 
 
 
 
 
 
 
 
 

 100  200  300  400  500  600  700  800
Distance to Nucleus (z) [kpc]

52-145MHz
145-360MHz
360-609MHz

Northern tail Southern tail

Bends

Stail1Ntail1

Bend2Bend1

Ntail2 Stail2

Figure 6. Top panels: Profiles of the radio continuum intensity as function of distance from the nucleus at 52 MHz (orange), 145 MHz (dark blue), 360 MHz

(magenta) and 609 MHz (cyan). Bottom panels: Corresponding profiles of the radio spectral index between 52 and 145 MHz (red), 145 and 360 MHz (dark

green) and between 360 and 609 MHz (blue). The northern tail is shown in the left panels and the southern in the right ones. Solid lines show the best-fitting

cosmic-ray advection models using SPINNAKER (see text for details).

where V is the advection speed and b(E) are the losses of the CRe

via synchrotron and inverse Compton radiation:

−

(

dE

dt

)

= b(E) =
4

3
σTc

(

E

mec2

)2

(Urad + UB), (3)

where Urad = 4.2 × 10−13 erg cm−3 is the radiation energy density

(here the only source is the CMB), UB = B2/(8π) is the magnetic

field energy density, σT = 6.65 × 10−25 cm2 is the Thomson cross

section, and me = 511 keV c−2 is the electron rest mass. We note

that the radiation energy density is equivalent to a magnetic field

strength of 3.2 µG, so that in the tails in particular iC radiation

losses are comparable to synchrotron losses. Equation (2) can be

integrated numerically from the inner boundary and the radio con-

tinuum intensity can be calculated by convolving the CRe num-

ber density distribution with the synchrotron emission profile of a

single electron (see appendix in HD16 for details). The injection

spectral index is assumed to be αinj = −0.55, in line with the mea-

surements by Laing et al. (2008). Our measurement of the radio

spectral index in the bright jets and lobes is within the error bars

consistent with this measurement (Sects 4.1.1).

4.2.3 Fitting procedure

The goal in the fitting procedure is to find simultaneously the mag-

netic field scale length and the advection speed. In order to do this,

we use a three-zone model, where we can approximate the mag-

netic field distribution by an exponential function in each zone.

Within the jets and lobes (z ! 120 kpc) we use the magnetic field

measurements by Croston & Hardcastle (2014), which can be well

approximated by an exponential function.8 Further away from the

nucleus we divide the northern and southern radio tail in two re-

gions each (Sect. 3.2.2). We note that by measuring the scale length

in each region and using the values of Croston & Hardcastle (2014)

we can measure the magnetic field strength everywhere without the

assumption of energy equipartition (within the uncertainties intro-

duced by the exponential approximation).

In regions Njet/Sjet we use a constant advection speed, which

we varied so that at the beginning of the radio tails the observed

radio spectral index is in good agreement with the model. Our val-

8 Croston & Hardcastle (2014) did not publish profiles of the magnetic

field strength or energy density, but the values were obtained as part of their

modelling.
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Figure 7. Parameter studies in log-log diagrams as function of the SFR, SFR surface density (SFRD) and rotation speed Vrot. Top
panels: non-thermal intensity scale height at 5 GHz (8 GHz for NGC 5775) of the thick radio disc. Middle panels: magnetic field scale
height of the thick radio disc. Bottom panels: Advection speed. Closed symbols are for the northern halo and open symbols for the
southern halo in each galaxy. Solid lines show least squares fits. In the bottom right panel the dashed lines show 0.5Vesc , Vesc and 2Vesc

with Vesc =
√

2 ·Vrot.

file can be extracted. In the halo, however, influence of the
beam can be neglected so that we can study the spectral
index profile there. Our spectral index profiles for the rest
of the sample are presented in Appendix D. We find that
in 7 out of the 11 galaxies that have a thin and thick disc,
the spectral index profile show the thin and the thick disc
clearly separated (NGC 55, 891, 3044, 3628, 4631, 5775 and
7090). The exceptions are NGC 253, 4565, 4666, where the
thin and the thick disc are also hardly separated in sepa-
rated in the intensity profiles. This is due to a combination
of high inclination angles (≈ 78◦ in NGC 253 and 4666) and
low resolution (FWHM = 2.1 kpc in NGC 4565). We believe
that these galaxies have a thin disc, but we are unable to
separate it properly from the thick disc. In NGC 3079 we
can separate the thin and the thick disc, but the slope of
the spectral index in the thick is so high that we can not
see separate it from the thin disc. The spectral index in the
thin disc varies from α ≈ −0.4 in NGC 55 to α ≈ −1.0 in

NGC 7090, showing that we can see a large variety of CRe
spectral ages even in the disc plane.

4.3 Magnetic field scale heights

We find magnetic field scale heights in the thin disc between
0.1 (NGC 891) and 1.2 kpc (NGC 3079). Hence, the mag-
netic field scale height in the thin disc shows a large scatter.
In the thick disc, we find scale heights between 2 (NGC 3628)
and 8 kpc (NGC 3079), again with a large scatter. In Fig. 7
(middle panels) we show that the magnetic field scale height
of the thick disc does not depend on either SFR, ΣSFR or Vrot

(Spearman’s rank correlations coefficient rs < 0.2). Averaged
accross our sample, the weighted mean magnetic field scale
height is 3.4 ± 2.8 kpc.
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Figure 7. Parameter studies in log-log diagrams as function of the SFR, SFR surface density (SFRD) and rotation speed Vrot. Top
panels: non-thermal intensity scale height at 5 GHz (8 GHz for NGC 5775) of the thick radio disc. Middle panels: magnetic field scale
height of the thick radio disc. Bottom panels: Advection speed. Closed symbols are for the northern halo and open symbols for the
southern halo in each galaxy. Solid lines show least squares fits. In the bottom right panel the dashed lines show 0.5Vesc , Vesc and 2Vesc

with Vesc =
√
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file can be extracted. In the halo, however, influence of the
beam can be neglected so that we can study the spectral
index profile there. Our spectral index profiles for the rest
of the sample are presented in Appendix D. We find that
in 7 out of the 11 galaxies that have a thin and thick disc,
the spectral index profile show the thin and the thick disc
clearly separated (NGC 55, 891, 3044, 3628, 4631, 5775 and
7090). The exceptions are NGC 253, 4565, 4666, where the
thin and the thick disc are also hardly separated in sepa-
rated in the intensity profiles. This is due to a combination
of high inclination angles (≈ 78◦ in NGC 253 and 4666) and
low resolution (FWHM = 2.1 kpc in NGC 4565). We believe
that these galaxies have a thin disc, but we are unable to
separate it properly from the thick disc. In NGC 3079 we
can separate the thin and the thick disc, but the slope of
the spectral index in the thick is so high that we can not
see separate it from the thin disc. The spectral index in the
thin disc varies from α ≈ −0.4 in NGC 55 to α ≈ −1.0 in

NGC 7090, showing that we can see a large variety of CRe
spectral ages even in the disc plane.

4.3 Magnetic field scale heights

We find magnetic field scale heights in the thin disc between
0.1 (NGC 891) and 1.2 kpc (NGC 3079). Hence, the mag-
netic field scale height in the thin disc shows a large scatter.
In the thick disc, we find scale heights between 2 (NGC 3628)
and 8 kpc (NGC 3079), again with a large scatter. In Fig. 7
(middle panels) we show that the magnetic field scale height
of the thick disc does not depend on either SFR, ΣSFR or Vrot

(Spearman’s rank correlations coefficient rs < 0.2). Averaged
accross our sample, the weighted mean magnetic field scale
height is 3.4 ± 2.8 kpc.
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file can be extracted. In the halo, however, influence of the
beam can be neglected so that we can study the spectral
index profile there. Our spectral index profiles for the rest
of the sample are presented in Appendix D. We find that
in 7 out of the 11 galaxies that have a thin and thick disc,
the spectral index profile show the thin and the thick disc
clearly separated (NGC 55, 891, 3044, 3628, 4631, 5775 and
7090). The exceptions are NGC 253, 4565, 4666, where the
thin and the thick disc are also hardly separated in sepa-
rated in the intensity profiles. This is due to a combination
of high inclination angles (≈ 78◦ in NGC 253 and 4666) and
low resolution (FWHM = 2.1 kpc in NGC 4565). We believe
that these galaxies have a thin disc, but we are unable to
separate it properly from the thick disc. In NGC 3079 we
can separate the thin and the thick disc, but the slope of
the spectral index in the thick is so high that we can not
see separate it from the thin disc. The spectral index in the
thin disc varies from α ≈ −0.4 in NGC 55 to α ≈ −1.0 in

NGC 7090, showing that we can see a large variety of CRe
spectral ages even in the disc plane.

4.3 Magnetic field scale heights

We find magnetic field scale heights in the thin disc between
0.1 (NGC 891) and 1.2 kpc (NGC 3079). Hence, the mag-
netic field scale height in the thin disc shows a large scatter.
In the thick disc, we find scale heights between 2 (NGC 3628)
and 8 kpc (NGC 3079), again with a large scatter. In Fig. 7
(middle panels) we show that the magnetic field scale height
of the thick disc does not depend on either SFR, ΣSFR or Vrot

(Spearman’s rank correlations coefficient rs < 0.2). Averaged
accross our sample, the weighted mean magnetic field scale
height is 3.4 ± 2.8 kpc.
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file can be extracted. In the halo, however, influence of the
beam can be neglected so that we can study the spectral
index profile there. Our spectral index profiles for the rest
of the sample are presented in Appendix D. We find that
in 7 out of the 11 galaxies that have a thin and thick disc,
the spectral index profile show the thin and the thick disc
clearly separated (NGC 55, 891, 3044, 3628, 4631, 5775 and
7090). The exceptions are NGC 253, 4565, 4666, where the
thin and the thick disc are also hardly separated in sepa-
rated in the intensity profiles. This is due to a combination
of high inclination angles (≈ 78◦ in NGC 253 and 4666) and
low resolution (FWHM = 2.1 kpc in NGC 4565). We believe
that these galaxies have a thin disc, but we are unable to
separate it properly from the thick disc. In NGC 3079 we
can separate the thin and the thick disc, but the slope of
the spectral index in the thick is so high that we can not
see separate it from the thin disc. The spectral index in the
thin disc varies from α ≈ −0.4 in NGC 55 to α ≈ −1.0 in

NGC 7090, showing that we can see a large variety of CRe
spectral ages even in the disc plane.

4.3 Magnetic field scale heights

We find magnetic field scale heights in the thin disc between
0.1 (NGC 891) and 1.2 kpc (NGC 3079). Hence, the mag-
netic field scale height in the thin disc shows a large scatter.
In the thick disc, we find scale heights between 2 (NGC 3628)
and 8 kpc (NGC 3079), again with a large scatter. In Fig. 7
(middle panels) we show that the magnetic field scale height
of the thick disc does not depend on either SFR, ΣSFR or Vrot

(Spearman’s rank correlations coefficient rs < 0.2). Averaged
accross our sample, the weighted mean magnetic field scale
height is 3.4 ± 2.8 kpc.
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Figure 7. Parameter studies in log-log diagrams as function of the SFR, SFR surface density (SFRD) and rotation speed Vrot. Top
panels: non-thermal intensity scale height at 5 GHz (8 GHz for NGC 5775) of the thick radio disc. Middle panels: magnetic field scale
height of the thick radio disc. Bottom panels: Advection speed. Closed symbols are for the northern halo and open symbols for the
southern halo in each galaxy. Solid lines show least squares fits. In the bottom right panel the dashed lines show 0.5Vesc , Vesc and 2Vesc

with Vesc =
√
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file can be extracted. In the halo, however, influence of the
beam can be neglected so that we can study the spectral
index profile there. Our spectral index profiles for the rest
of the sample are presented in Appendix D. We find that
in 7 out of the 11 galaxies that have a thin and thick disc,
the spectral index profile show the thin and the thick disc
clearly separated (NGC 55, 891, 3044, 3628, 4631, 5775 and
7090). The exceptions are NGC 253, 4565, 4666, where the
thin and the thick disc are also hardly separated in sepa-
rated in the intensity profiles. This is due to a combination
of high inclination angles (≈ 78◦ in NGC 253 and 4666) and
low resolution (FWHM = 2.1 kpc in NGC 4565). We believe
that these galaxies have a thin disc, but we are unable to
separate it properly from the thick disc. In NGC 3079 we
can separate the thin and the thick disc, but the slope of
the spectral index in the thick is so high that we can not
see separate it from the thin disc. The spectral index in the
thin disc varies from α ≈ −0.4 in NGC 55 to α ≈ −1.0 in

NGC 7090, showing that we can see a large variety of CRe
spectral ages even in the disc plane.

4.3 Magnetic field scale heights

We find magnetic field scale heights in the thin disc between
0.1 (NGC 891) and 1.2 kpc (NGC 3079). Hence, the mag-
netic field scale height in the thin disc shows a large scatter.
In the thick disc, we find scale heights between 2 (NGC 3628)
and 8 kpc (NGC 3079), again with a large scatter. In Fig. 7
(middle panels) we show that the magnetic field scale height
of the thick disc does not depend on either SFR, ΣSFR or Vrot

(Spearman’s rank correlations coefficient rs < 0.2). Averaged
accross our sample, the weighted mean magnetic field scale
height is 3.4 ± 2.8 kpc.
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can separate the thin and the thick disc, but the slope of
the spectral index in the thick is so high that we can not
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0.1 (NGC 891) and 1.2 kpc (NGC 3079). Hence, the mag-
netic field scale height in the thin disc shows a large scatter.
In the thick disc, we find scale heights between 2 (NGC 3628)
and 8 kpc (NGC 3079), again with a large scatter. In Fig. 7
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