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 Galactic Magnetic Field 

Regular component

2

B = Breg + Bturb

➤ Faraday rotation measure 𝜃pol=RM×𝝀2

➤ total and polarized intensity of  synchrotron emission 
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 Galactic Magnetic Field 
B = Breg + Bturb

Turbulent component

2

2. Axisymmetric spiral with rings: The authors of
[11] have used the extragalactic rotation measures
and radio observations in total intensity and linear
polarization to find the GMF. The GMF is modeled as
an axisymmetric field with a number of field reversals
inside the solar circle. It is given by

B(r,�, z) = D

1

(R, z)D
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(R) (5)
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(R) = +1 if R > 7.5 kpc

= �1 if 6 < R  7.5 kpc

= +1 if 5 < R  6 kpc

= �1 if R < 5 kpc. (7)

The Sun is at (x = �8.5 kpc, y = 0, z = 0). There is
a general idea that the large scale magnetic field in the
Galactic disk is di↵erent than that in the halo. Thus, the
disk and halo components of the regular magnetic field
must be parameterized independently. The authors of
[11] assume a separate halo component which is a modi-
fied version of the toroidal halo field of [12] and is given
by
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It is antisymmetric in z with reverse direction in the
Southern hemisphere. The best fit parameters of the
GMF derived by [11] are given in Tab I.

3. Axisymmetric spiral with rings: In [13], a num-
ber of GMF models have been tested against WMAP5
polarized synchrotron data and rotation measures of
extragalactic radio surveys. It is found that, the model
provided by [11] best fits the data with parameters listed
in Tab I. The disk component parameters are fixed at
their best fit values of [11] while the halo component
parameters are fitted to the data.

4. Logarithmic spiral: The GMF model with loga-
rithmic spiral arms is widely used in the literature.
This class of GMF models is axisymmetric if the
direction of the field in two di↵erent arms is the same
and bi-symmetric if the directions are opposite. In
[14], using the Faraday rotation measures, the GMF is

parameterized as follows
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The pitch angle p and the distance to the first field re-
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For the halo component of the GMF, the model provided
by [11] is used. The best fit parameters are given in Tab
I. The turbulent component of the GMF has a random
direction and its magnitude is assumed to increase expo-
nentially toward the Galactic center in both radial and
vertical directions

Bturb = B

0,turb exp (�
R�R�
R

0,turb
) exp (� |z|

z

0,turb
). (12)

In the above equation, Bturb
0

= AturbB0

, Rturb
0

and z

turb
0

are, respectively, the radial and vertical scales of the tur-
bulent magnetic field.

III. METHOD

We built models on the GMF and the ISRF and probe
their relevant uncertainties together with uncertainties
on the CR electrons injection power-law, total power
to CR electrons, CR source distribution and pi0 and
bremsstrahlung radiation. We built separate templates
for: i) ICS, ii) pi0, iii) bremsstrahlung, iv) point sources,
v) the Fermi bubbles, vi) Isotropic emission vii) the GC
excess, viii) synchrotron maps ix) free-free emission x)
dust emission (IC: is thermal dust the only tem-

plate we need, I think we can avoid certain regions

where spinning dust is relevant...?)

(IC: Discuss briefly the uncertainties that we

probe and have appendix where we go through

them in more detail)

Templates (i) to (vii) are used for comparison to
gamma-rays while templates (viii) to (x) for compari-
son to radio. Data on gamma-rays: Pass8 Aug. 2008 to
Aug. 2015 Radio data: 408MHz, 1.4 GHz (?), 23 GHz,
30 GHz, 33 GHz, 40 GHz.

➤ total intensity of  synchrotron emission 

Regular component
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B = Breg + Bturb

Turbulent component
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Aturb = (Bturb/Breg)⦿ = 1-1.5    ,     Btotal (GC) ∼ 50-200𝜇G
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Comic ray electron (positron) energy losses at high energiesPlanck Collaboration: Di↵use component separation: Foreground maps

Of course, this is not a validation test of the Planck products in
any way, since the two maps are by no means equivalent data
products. Rather, this comparison provides an interesting reality
check on the WMAP model.

The WMAP polarized dust template is provided in arbitrary
units, and must therefore be re-scaled to match the amplitude
of the Planck thermal dust map. The appropriate scale factor
is given as the slope of the T–T correlation plot in Fig. 49.
Averaging over the two Stokes parameters, we estimate this to
be 480 µKRJ per WMAP unit. This allows us to form the dif-
ference map in the bottom row of Fig. 47. With the benefit of
hindsight, we see that the WMAP model is accurate to within
20–30 % over most of the high-amplitude sky, although some
regions show deviations at the 50 % level. Unexpectedly, larger
scales are reproduced with greater fidelity than smaller scales.

Given the lack of proper external validation data sets for
the polarized thermal dust emission maps, we instead com-
pare our products with an independent internal Planck prod-
uct, similar to what was done for the CO intensity maps in
Sect. 5.5.3. Specifically, we compare the Commander dust map
with an equivalent map derived with the SMICA algorithm
(Planck Collaboration XII 2014; Planck Collaboration IX 2015).
The results from this comparison are summarized in Fig. 50,
in terms of: the polarization amplitude di↵erence between the
two maps (top panel); the fractional polarization amplitude dif-
ference map (middle panel); and a T–T correlation plot of the
individual Stokes Q and U parameters.17 First, we see that the
two codes agree to better than 2 % in the Galactic plane, which
is very good, considering the quite di↵erent e↵ective bandpass
treatments in the two approaches. In particular, no explicit band-
pass integration corrections are applied in the SMICA analysis,
but all calculations are performed at the bandpass integrated fre-
quency channel level.

However, the agreement is not equally good at high
Galactic latitudes, with residuals at the roughly 1 µKRJ level.
Furthermore, these residuals have a morphology that resem-
bles known instrumental systematics, in particular in the form
of monopole and dipole leakage and ADC corrections (Planck
Collaboration IX 2015). Thus, the two algorithms clearly re-
spond di↵erently to known systematics, and we accordingly es-
timate that the systematic uncertainty in the large-scale modes of
the Planck polarized dust map due to instrumental e↵ects to be
(at least) 1 µKRJ at 353 GHz. Fortunately, these instrumental ef-
fects are expected to be significantly reduced in the final Planck
data release.

7. Summary and conclusions

We have presented the baseline Planck 2015 astrophysical fore-
ground products in both temperature and polarization, as derived
within a Bayesian parameter estimation framework. Combining
the new Planck sky maps with complementary ancillary data in
the form of the 9-year WMAP temperature sky maps and the
low-frequency 408 MHz Haslam et al. survey, we are able to
reconstruct a total of six primary emission temperature mech-
anisms – CMB, synchrotron, free-free, spinning dust, CO, and
thermal dust emission – in addition to two secondary compo-
nents, namely thermal SZ emission around the Coma and Virgo
clusters, and line emission between 90 and 100 GHz. For po-
larization, we reconstruct three primary emission mechanisms

17 The only reason for not showing the SMICA map itself is that it
appears nearly identical to the Commander map shown in Fig. 38, and
the map therefore does not provide much new information.
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Fig. 51. Brightness temperature rms as a function of frequency
and astrophysical component for temperature (top) and polar-
ization (bottom). For temperature, each component is smoothed
to an angular resolution of 1� FWHM, and the lower and up-
per edges of each line are defined by masks covering 81 and
93 % of the sky, respectively. For polarization, the correspond-
ing smoothing scale is 400, and the sky fractions are 73 and 93 %.
Note that foreground rms values decrease nearly monotonically
with sky fraction, whereas the CMB rms is independent of sky
fraction, up to random variations.

– CMB, synchrotron, and thermal dust. In addition to these as-
trophysical parameters, we account jointly for calibration and
bandpass measurement errors, as well as monopole and dipole
uncertainties. Statistical uncertainties are propagated from raw
sky maps to final results by means of standard MCMC sampling
techniques, while various model errors are assessed by end-to-
end simulations. All data products are made publicly available,
as summarized in Table 5.

Three particularly noteworthy highlights from this analysis
is the following.

– We have presented the first full-sky polarized thermal dust
map, which is a direct result of the exquisite sensitivity of
the HFI instrument. This map will remain a cornerstone
of future CMB cosmology for the next decade or more, as
the search for primordial gravitational waves enters the next
phase in which foregrounds are more important than instru-
mental noise.

60

At low latitudes the prediction of model is slightly below the data at 
high energies.

Diffuse Galactic Gamma Rays
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Noting that ...
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Probing the Galactic Magnetic Field through Di↵use Gamma Rays and the

Synchrotron Radiation

Ilias Cholis1, ⇤ and Maryam Tavakoli2, †

1FNAL, Theoretical Astrophysics Group, Batavia, Illinois, 60510, USA
2IPM-SoA, Larak Garden, opposite Araj, Artesh Highway, Tehran, Iran

(Dated: December 6, 2015)

We analyze the energy spectrum and morphology of di↵use �-rays measured by the Fermi-LAT
and H.E.S.S as well as the synchrotron radiation measured by radio observations such as Planck,
WMAP and 408MHz experiments. The multi wavelength analysis makes it possible to constrain the
properties of the interstellar radiation field (ISRF) and the Galactic magnetic field (GMF). For a
number of physically motivated models for the ISRF and the GMF, we fit the spectral properties of
cosmic ray e±s to the most recent experimental data by PAMELA and AMS2 to evaluate the spec-
trum of di↵use �-rays and di↵use synchrotron emission. To that end, we use the three dimensional
DRAGON code which allows to examine the spiral structure of the GMF and cosmic ray sources.
.... main results

I. INTRODUCTION

High energy comic ray electrons and positrons lose en-
ergy via two competing processes; inverse Compton scat-
tering (ICS) o↵ the ISRF or by emitting synchrotron ra-
diation in the ambient magnetic field. The former process
contributes to �-ray spectrum while the latter contributes
to radio frequencies. The energy density distribution of
the ISRF and the GMF determines the energy loss rate
of high energy cosmic ray e

± by, respectively, the ICS
and the synchrotron emission as follows

⇣
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where �T is the Thomson scattering cross section, urad is
the energy density of radiation, umag is the energy den-
sity of the magnetic filed, v is the electron velocity and
� is its Lorentz factor. Thus while the photon energies
at which we observe the two emissions are dramatically
di↵erent, indirectly the assumptions on one of the two
energy loss mechanisms a↵ect the other.

Furthermore, the spectrum and morphology of emit-
ted photons in gamma and radio bands by ICS and syn-
chrotron radiation depend also on the distribution of high
energy cosmic ray e

± in the Galaxy. (IC: Need to add

more text here and motivate why this is the first

time we can actually do it, (new CR measure-

ments, Gamma-ray data with significant mount

of statistics and angular resolution (Pass8) and

Planck data)) We apply various physically motivated
models for the distribution of the GMF and the ISRF.
For each set of assumptions, the injection spectral index

⇤
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of primary electrons and the spatial and spectral proper-
ties of extra e

± sources are fitted to the local experimen-
tal data. We use the energy spectra of positron fraction
measured by PAMELA [1, 2] and AMS2 [3], of electrons
measured by PAMELA [4] and AMS2 [5], of positrons
measured by AMS2 [5] and of e�+e

+ measured by Fermi
[6] and AMS2 [7].

II. GALACTIC MAGNETIC FIELD MODELS

The magnetic filed in our Galaxy has both regular and
turbulent components [8, 9]. The regular magnetic field
is believed to have a toroidal pattern with a pitch angle
p. In cylindrical coordinates, it can be written as

Br = B(R,�, z) sin p B� = �B(R,�, z) cos p Bz = 0
(2)

The local magnetic field points to l = 90� + p. Regular
magnetic field models that we examine are listed in the
following.

1. Bi-symmetric spiral: The authors of [10] have
modeled the GMF as a bi-symmetrical spiral by making
use of pulsar rotation measures. The strength of the
GMF at each point in cylindrical coordinates is described
by

B(R,�, z) = B
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�
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tanh(z/z
0

)
�

(3)
where b = 1/ tan p, �

0

= 8� and the Sun is at
(R = 8.5 kpc,� = 90�, z = 0). The GMF is coun-
terclockwise in spiral arms and clockwise in inter arm
regions. The best fit parameters are given in Tab I.

2. Axisymmetric spiral with rings: The authors of
[11] have used the extragalactic rotation measures
and radio observations in total intensity and linear
polarization to find the GMF. The GMF is modeled as
an axisymmetric field with a number of field reversals
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Planck data)) We apply various physically motivated
models for the distribution of the GMF and the ISRF.
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of primary electrons and the spatial and spectral proper-
ties of extra e

± sources are fitted to the local experimen-
tal data. We use the energy spectra of positron fraction
measured by PAMELA [1, 2] and AMS2 [3], of electrons
measured by PAMELA [4] and AMS2 [5], of positrons
measured by AMS2 [5] and of e�+e

+ measured by Fermi
[6] and AMS2 [7].

II. GALACTIC MAGNETIC FIELD MODELS

The magnetic filed in our Galaxy has both regular and
turbulent components [8, 9]. The regular magnetic field
is believed to have a toroidal pattern with a pitch angle
p. In cylindrical coordinates, it can be written as

Br = B(R,�, z) sin p B� = �B(R,�, z) cos p Bz = 0
(2)

The local magnetic field points to l = 90� + p. Regular
magnetic field models that we examine are listed in the
following.

1. Bi-symmetric spiral: The authors of [10] have
modeled the GMF as a bi-symmetrical spiral by making
use of pulsar rotation measures. The strength of the
GMF at each point in cylindrical coordinates is described
by
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where b = 1/ tan p, �

0

= 8� and the Sun is at
(R = 8.5 kpc,� = 90�, z = 0). The GMF is coun-
terclockwise in spiral arms and clockwise in inter arm
regions. The best fit parameters are given in Tab I.

2. Axisymmetric spiral with rings: The authors of
[11] have used the extragalactic rotation measures
and radio observations in total intensity and linear
polarization to find the GMF. The GMF is modeled as
an axisymmetric field with a number of field reversals
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Comic ray electron (positron) energy losses at high energiesPlanck Collaboration: Di↵use component separation: Foreground maps

Of course, this is not a validation test of the Planck products in
any way, since the two maps are by no means equivalent data
products. Rather, this comparison provides an interesting reality
check on the WMAP model.

The WMAP polarized dust template is provided in arbitrary
units, and must therefore be re-scaled to match the amplitude
of the Planck thermal dust map. The appropriate scale factor
is given as the slope of the T–T correlation plot in Fig. 49.
Averaging over the two Stokes parameters, we estimate this to
be 480 µKRJ per WMAP unit. This allows us to form the dif-
ference map in the bottom row of Fig. 47. With the benefit of
hindsight, we see that the WMAP model is accurate to within
20–30 % over most of the high-amplitude sky, although some
regions show deviations at the 50 % level. Unexpectedly, larger
scales are reproduced with greater fidelity than smaller scales.

Given the lack of proper external validation data sets for
the polarized thermal dust emission maps, we instead com-
pare our products with an independent internal Planck prod-
uct, similar to what was done for the CO intensity maps in
Sect. 5.5.3. Specifically, we compare the Commander dust map
with an equivalent map derived with the SMICA algorithm
(Planck Collaboration XII 2014; Planck Collaboration IX 2015).
The results from this comparison are summarized in Fig. 50,
in terms of: the polarization amplitude di↵erence between the
two maps (top panel); the fractional polarization amplitude dif-
ference map (middle panel); and a T–T correlation plot of the
individual Stokes Q and U parameters.17 First, we see that the
two codes agree to better than 2 % in the Galactic plane, which
is very good, considering the quite di↵erent e↵ective bandpass
treatments in the two approaches. In particular, no explicit band-
pass integration corrections are applied in the SMICA analysis,
but all calculations are performed at the bandpass integrated fre-
quency channel level.

However, the agreement is not equally good at high
Galactic latitudes, with residuals at the roughly 1 µKRJ level.
Furthermore, these residuals have a morphology that resem-
bles known instrumental systematics, in particular in the form
of monopole and dipole leakage and ADC corrections (Planck
Collaboration IX 2015). Thus, the two algorithms clearly re-
spond di↵erently to known systematics, and we accordingly es-
timate that the systematic uncertainty in the large-scale modes of
the Planck polarized dust map due to instrumental e↵ects to be
(at least) 1 µKRJ at 353 GHz. Fortunately, these instrumental ef-
fects are expected to be significantly reduced in the final Planck
data release.

7. Summary and conclusions

We have presented the baseline Planck 2015 astrophysical fore-
ground products in both temperature and polarization, as derived
within a Bayesian parameter estimation framework. Combining
the new Planck sky maps with complementary ancillary data in
the form of the 9-year WMAP temperature sky maps and the
low-frequency 408 MHz Haslam et al. survey, we are able to
reconstruct a total of six primary emission temperature mech-
anisms – CMB, synchrotron, free-free, spinning dust, CO, and
thermal dust emission – in addition to two secondary compo-
nents, namely thermal SZ emission around the Coma and Virgo
clusters, and line emission between 90 and 100 GHz. For po-
larization, we reconstruct three primary emission mechanisms

17 The only reason for not showing the SMICA map itself is that it
appears nearly identical to the Commander map shown in Fig. 38, and
the map therefore does not provide much new information.
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Fig. 51. Brightness temperature rms as a function of frequency
and astrophysical component for temperature (top) and polar-
ization (bottom). For temperature, each component is smoothed
to an angular resolution of 1� FWHM, and the lower and up-
per edges of each line are defined by masks covering 81 and
93 % of the sky, respectively. For polarization, the correspond-
ing smoothing scale is 400, and the sky fractions are 73 and 93 %.
Note that foreground rms values decrease nearly monotonically
with sky fraction, whereas the CMB rms is independent of sky
fraction, up to random variations.

– CMB, synchrotron, and thermal dust. In addition to these as-
trophysical parameters, we account jointly for calibration and
bandpass measurement errors, as well as monopole and dipole
uncertainties. Statistical uncertainties are propagated from raw
sky maps to final results by means of standard MCMC sampling
techniques, while various model errors are assessed by end-to-
end simulations. All data products are made publicly available,
as summarized in Table 5.

Three particularly noteworthy highlights from this analysis
is the following.

– We have presented the first full-sky polarized thermal dust
map, which is a direct result of the exquisite sensitivity of
the HFI instrument. This map will remain a cornerstone
of future CMB cosmology for the next decade or more, as
the search for primordial gravitational waves enters the next
phase in which foregrounds are more important than instru-
mental noise.
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We analyze the energy spectrum and morphology of di↵use �-rays measured by the Fermi-LAT
and H.E.S.S as well as the synchrotron radiation measured by radio observations such as Planck,
WMAP and 408MHz experiments. The multi wavelength analysis makes it possible to constrain the
properties of the interstellar radiation field (ISRF) and the Galactic magnetic field (GMF). For a
number of physically motivated models for the ISRF and the GMF, we fit the spectral properties of
cosmic ray e±s to the most recent experimental data by PAMELA and AMS2 to evaluate the spec-
trum of di↵use �-rays and di↵use synchrotron emission. To that end, we use the three dimensional
DRAGON code which allows to examine the spiral structure of the GMF and cosmic ray sources.
.... main results

I. INTRODUCTION

High energy comic ray electrons and positrons lose en-
ergy via two competing processes; inverse Compton scat-
tering (ICS) o↵ the ISRF or by emitting synchrotron ra-
diation in the ambient magnetic field. The former process
contributes to �-ray spectrum while the latter contributes
to radio frequencies. The energy density distribution of
the ISRF and the GMF determines the energy loss rate
of high energy cosmic ray e

± by, respectively, the ICS
and the synchrotron emission as follows

⇣
dE

dt

⌘

ICS
=

4

3
�T curad

⇣
v

c

⌘
2

�

2

⇣
dE

dt

⌘

sync
=

4

3
�T cumag

⇣
v

c

⌘
2

�

2 (1)

where �T is the Thomson scattering cross section, urad is
the energy density of radiation, umag is the energy den-
sity of the magnetic filed, v is the electron velocity and
� is its Lorentz factor. Thus while the photon energies
at which we observe the two emissions are dramatically
di↵erent, indirectly the assumptions on one of the two
energy loss mechanisms a↵ect the other.

Furthermore, the spectrum and morphology of emit-
ted photons in gamma and radio bands by ICS and syn-
chrotron radiation depend also on the distribution of high
energy cosmic ray e

± in the Galaxy. (IC: Need to add

more text here and motivate why this is the first

time we can actually do it, (new CR measure-

ments, Gamma-ray data with significant mount

of statistics and angular resolution (Pass8) and

Planck data)) We apply various physically motivated
models for the distribution of the GMF and the ISRF.
For each set of assumptions, the injection spectral index
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of primary electrons and the spatial and spectral proper-
ties of extra e

± sources are fitted to the local experimen-
tal data. We use the energy spectra of positron fraction
measured by PAMELA [1, 2] and AMS2 [3], of electrons
measured by PAMELA [4] and AMS2 [5], of positrons
measured by AMS2 [5] and of e�+e

+ measured by Fermi
[6] and AMS2 [7].

II. GALACTIC MAGNETIC FIELD MODELS

The magnetic filed in our Galaxy has both regular and
turbulent components [8, 9]. The regular magnetic field
is believed to have a toroidal pattern with a pitch angle
p. In cylindrical coordinates, it can be written as

Br = B(R,�, z) sin p B� = �B(R,�, z) cos p Bz = 0
(2)

The local magnetic field points to l = 90� + p. Regular
magnetic field models that we examine are listed in the
following.

1. Bi-symmetric spiral: The authors of [10] have
modeled the GMF as a bi-symmetrical spiral by making
use of pulsar rotation measures. The strength of the
GMF at each point in cylindrical coordinates is described
by

B(R,�, z) = B
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0
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(3)
where b = 1/ tan p, �

0

= 8� and the Sun is at
(R = 8.5 kpc,� = 90�, z = 0). The GMF is coun-
terclockwise in spiral arms and clockwise in inter arm
regions. The best fit parameters are given in Tab I.

2. Axisymmetric spiral with rings: The authors of
[11] have used the extragalactic rotation measures
and radio observations in total intensity and linear
polarization to find the GMF. The GMF is modeled as
an axisymmetric field with a number of field reversals
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ties of extra e
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tal data. We use the energy spectra of positron fraction
measured by PAMELA [1, 2] and AMS2 [3], of electrons
measured by PAMELA [4] and AMS2 [5], of positrons
measured by AMS2 [5] and of e�+e

+ measured by Fermi
[6] and AMS2 [7].
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is believed to have a toroidal pattern with a pitch angle
p. In cylindrical coordinates, it can be written as
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Of course, this is not a validation test of the Planck products in
any way, since the two maps are by no means equivalent data
products. Rather, this comparison provides an interesting reality
check on the WMAP model.

The WMAP polarized dust template is provided in arbitrary
units, and must therefore be re-scaled to match the amplitude
of the Planck thermal dust map. The appropriate scale factor
is given as the slope of the T–T correlation plot in Fig. 49.
Averaging over the two Stokes parameters, we estimate this to
be 480 µKRJ per WMAP unit. This allows us to form the dif-
ference map in the bottom row of Fig. 47. With the benefit of
hindsight, we see that the WMAP model is accurate to within
20–30 % over most of the high-amplitude sky, although some
regions show deviations at the 50 % level. Unexpectedly, larger
scales are reproduced with greater fidelity than smaller scales.

Given the lack of proper external validation data sets for
the polarized thermal dust emission maps, we instead com-
pare our products with an independent internal Planck prod-
uct, similar to what was done for the CO intensity maps in
Sect. 5.5.3. Specifically, we compare the Commander dust map
with an equivalent map derived with the SMICA algorithm
(Planck Collaboration XII 2014; Planck Collaboration IX 2015).
The results from this comparison are summarized in Fig. 50,
in terms of: the polarization amplitude di↵erence between the
two maps (top panel); the fractional polarization amplitude dif-
ference map (middle panel); and a T–T correlation plot of the
individual Stokes Q and U parameters.17 First, we see that the
two codes agree to better than 2 % in the Galactic plane, which
is very good, considering the quite di↵erent e↵ective bandpass
treatments in the two approaches. In particular, no explicit band-
pass integration corrections are applied in the SMICA analysis,
but all calculations are performed at the bandpass integrated fre-
quency channel level.

However, the agreement is not equally good at high
Galactic latitudes, with residuals at the roughly 1 µKRJ level.
Furthermore, these residuals have a morphology that resem-
bles known instrumental systematics, in particular in the form
of monopole and dipole leakage and ADC corrections (Planck
Collaboration IX 2015). Thus, the two algorithms clearly re-
spond di↵erently to known systematics, and we accordingly es-
timate that the systematic uncertainty in the large-scale modes of
the Planck polarized dust map due to instrumental e↵ects to be
(at least) 1 µKRJ at 353 GHz. Fortunately, these instrumental ef-
fects are expected to be significantly reduced in the final Planck
data release.

7. Summary and conclusions

We have presented the baseline Planck 2015 astrophysical fore-
ground products in both temperature and polarization, as derived
within a Bayesian parameter estimation framework. Combining
the new Planck sky maps with complementary ancillary data in
the form of the 9-year WMAP temperature sky maps and the
low-frequency 408 MHz Haslam et al. survey, we are able to
reconstruct a total of six primary emission temperature mech-
anisms – CMB, synchrotron, free-free, spinning dust, CO, and
thermal dust emission – in addition to two secondary compo-
nents, namely thermal SZ emission around the Coma and Virgo
clusters, and line emission between 90 and 100 GHz. For po-
larization, we reconstruct three primary emission mechanisms

17 The only reason for not showing the SMICA map itself is that it
appears nearly identical to the Commander map shown in Fig. 38, and
the map therefore does not provide much new information.
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Fig. 51. Brightness temperature rms as a function of frequency
and astrophysical component for temperature (top) and polar-
ization (bottom). For temperature, each component is smoothed
to an angular resolution of 1� FWHM, and the lower and up-
per edges of each line are defined by masks covering 81 and
93 % of the sky, respectively. For polarization, the correspond-
ing smoothing scale is 400, and the sky fractions are 73 and 93 %.
Note that foreground rms values decrease nearly monotonically
with sky fraction, whereas the CMB rms is independent of sky
fraction, up to random variations.

– CMB, synchrotron, and thermal dust. In addition to these as-
trophysical parameters, we account jointly for calibration and
bandpass measurement errors, as well as monopole and dipole
uncertainties. Statistical uncertainties are propagated from raw
sky maps to final results by means of standard MCMC sampling
techniques, while various model errors are assessed by end-to-
end simulations. All data products are made publicly available,
as summarized in Table 5.

Three particularly noteworthy highlights from this analysis
is the following.

– We have presented the first full-sky polarized thermal dust
map, which is a direct result of the exquisite sensitivity of
the HFI instrument. This map will remain a cornerstone
of future CMB cosmology for the next decade or more, as
the search for primordial gravitational waves enters the next
phase in which foregrounds are more important than instru-
mental noise.
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Galactic magnetic field properties impact 
   ➤ distribution of  cosmic ray leptons
   ➤ spectra and morphology of  diffuse 𝛾-rays and radio waves
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Cosmic Ray Leptons

E-𝛾e 𝜏loss
1/2 D-1/2

E-𝛾p 𝜏loss
1/2 D-3/2

E-nexp(-E/E0) 𝜏loss
1/2 D-1/2
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Cosmic Ray Leptons
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Cosmic Ray Leptons

n (x,y,z,E) ∝ q (x,y,z,E) × 𝜏 loss1/2 D-1/2
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The local flux of cosmic ray leptons is most sensitive to the local 
turbulence.

Cosmic Ray Leptons
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The local flux of cosmic ray leptons is most sensitive to the local 
turbulence.

A turb best= 0.3 (𝛾e = 2.54)

A turb 3𝜎= 1.2 (𝛾e = 2.51)

✓ The stronger local 
turbulence, the more 
depletion of high 
energy leptons.

Cosmic Ray Leptons
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Synchrotron Emission

erg/cm2/s/sr/Hz

logarithmic

Morphology of synchrotron emission strongly depends on the 
magnetic field structure.  

bi-symmetric

erg/cm2/s/sr/Hz

axisymmetric

erg/cm2/s/sr/Hz
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Synchrotron Emission

erg/cm2/s/sr/Hz

Morphology of synchrotron emission strongly depends on the 
magnetic field structure.  

logarithmic spiral vs 
bi-symmetric spiral

logarithmic spiral vs 
axisymmetric rings

erg/cm2/s/sr/Hz

︎ ︎

Monday, June 20, 16



16

Inverse Compton Scattering

GeV/cm2/s/srGeV/cm2/s/sr

logarithmic spiral vs 
bi-symmetric spiral

logarithmic spiral vs 
axisymmetric rings

︎ ︎

Different magnetic field structures can not be discriminated by 
diffuse 𝛾-rays. 
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Inverse Compton Scattering
Different magnetic field structures can not be discriminated by 
diffuse 𝛾-rays. 
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Low vs High BGC

synchrotron relative 
difference⬅︎

ICS relative 
difference ➡︎

erg/cm2/s/sr/Hz

GeV/cm2/s/sr
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Effect of BGC on ICS

✓ Stronger BGC makes cosmic ray electrons at the Galactic center 
lose energy via synchrotron more effectively than via ICS.
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Low vs High Local Turbulence

erg/cm2/s/sr/Hz

GeV/cm2/s/sr

synchrotron relative 
difference⬅︎

ICS relative 
difference ➡︎
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Effect of Local Turbulence on ICS

✓ Stronger local turbulence slightly weakens ICS emission over a 
large region of  the sky.
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Summary

✓ Local turbulence of the magnetic field can be constrained by 
local flux of  leptons.

✓ Magnetic field structure can be probed and constrained by the 
morphology of  the synchrotron emission.

✓ Strength of the magnetic field at the Galactic centre can be 
constrained by the spectrum of  diffuse 𝛾-rays in that region.
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Thanks
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