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Dominated by Galactic emission at nearly every frequency 
Need to understand them well to subtract them. 

Also interesting in their own right!
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1. Many previous attempts at component separation 

2. Spinning dust predicted 1957 … 

3. By-product of CMB maps

Mike Peel, NAM, Llandudno, July 2015

Motivation
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Hɑ scattering
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Residual Ha after subtracting 
mean correlation 

Traces scattered light? 28+-12% 
36+-12% (after dust 
absorption correction)



Anomalous Microwave Emission
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Commander AME solution



AME correlations
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New AME regions
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Fig. 13. Commander component maps for di↵use AME regions. From top to bottom: synchrotron amplitude (mK at 22.8 GHz),
H↵ (Dickinson et al. 2003, Rayleighs), free-free amplitude (mK at 22.8 GHz), AME amplitude (mK at 22.8 GHz), thermal dust
amplitude (MJy sr�1 at 545 GHz), CMB-subtracted Planck 28.4 GHz map (mK). Col. 1: a plume of emission in Pegasus, centred
at (l, b) = (91.�5,�35.�8). Col. 2: the Corona Australis region at (l, b) = (0�,�18�). Col. 3: an extended region of emission in
Musca/Chamaeleon, centred at (l, b) = (305�,�26�) (the Large Magellanic Cloud can be seen to the bottom-right). Col. 4: the Orion
(M42) region of emission centred at (l, b) = (209�,�19.�38). Col. 5: the � Orionis region at (l, b) = (196�,�12�). The graticule
separation is 10� in both directions, and the colour scales are asinh (although most are close to linear). The regions looked at for the
correlation analyses are shown as black rectangular boxes.
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Emissivities
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Table 2. The top section presents emissivities of AME at
22.8 GHz (µK) relative to the Commander thermal dust ampli-
tude at 545 GHz (MJy sr�1), the IRAS map at 100µm (MJy sr�1),
and the optical depth at 353 GHz, ⌧353, for the regions shown
in Figs. 10 and 13. The bottom part presents emissivities from
Davies et al. (2006, D06; whole sky and region mean) and
Planck Collaboration Int. XV (2014, XV; Perseus, ⇢ Oph; and
the unweighted region mean) for comparison.

Region . . . . . . . . AME/545 GHz AME/100µm AME/⌧353
[µK (MJy sr�1)�1] [µK (MJy sr�1)�1] [µK 10�6]

R1: Perseus . . . . . 24 ± 7 12.3 ± 1.9 1.5 ± 0.9
R2: Plume . . . . . 47 ± 6 18 ± 2 7.7 ± 1.0
R3: R CrA . . . . . 36 ± 14 50 ± 12 4.1 ± 1.8
R4: ⇢ Oph . . . . . . 40 ± 9 4.6 ± 0.9 2.2 ± 1.2
R5: Musca . . . . . 59 ± 8 26 ± 3 6.9 ± 1.0

Chamaeleon . 74 ± 8 22 ± 2 11 ± 1.1
R6: Orion . . . . . . 47 ± 5 20 ± 2 4.7 ± 0.6
R7: � Orionis . . . 104 ± 11 25 ± 3 15 ± 1.8
Entire sky . . . . . . 65 ± 7 22 ± 2 8.3 ± 0.8
|b| > 10� . . . . . . . 70 ± 7 21 ± 2 9.7 ± 1.0

XV: Perseus . . . . . . . 24 ± 4 . . .
XV: ⇢ Oph . . . . . . . . 8.3 ± 1.1 . . .
XV: Mean . . . . . . . . . 32 ± 4 . . .
D06: Kp2 mask . . . . . 21.8 ± 1.0 . . .
D06: Region mean . . . 25.7 ± 1.3 . . .

Galactic plane (|b| < 5�) and the Ecliptic plane (|�| < 20�) in ad-
dition to the mask shown in Fig. 11. We find similar results when
using the dust radiance maps calculated using the products from
(Planck Collaboration XI 2014), with correlation coe�cients of
0.10 (Planck Collaboration XI 2014 radiance map) and 0.23 (us-
ing the Commander dust amplitude). However, if we calculate
dust radiance using only the Commander products, then we find
a correlation with a slope of 1.1 ± 0.1, with a correlation coe�-
cient of 0.52. Although the Commander dust radiance map will
be biased low due to the absence of data points tracing warmer
dust temperatures, this demonstrates the dependence of this re-
sult on the quality of the radiance map; it will also depend on the
quality of the AME map. One possibility is that this correlation
is a↵ected by the large angular scale structure in the Galaxy; as
such we will return to this in the discussion of the Musca region,
below.

In conclusion, we find the best correlation with AME at all
amplitudes is from the 545 GHz Planck map, followed by the
Commander dust solution at 353 GHz and the optical depth, ⌧353.
The dust radiance has a tight correlation with AME away the
Galactic plane, but has a worse correlation in the plane. The cor-
relation with 100µm is significantly a↵ected by temperature ef-
fects, which the choice of lower frequency thermal dust maps
avoids. We find a reasonable correlation with H i emission, al-
though this does not appear to correlate with the brightest AME
emission, and with CO emission, although this is not well-fitted
with a single emissivity. The correlation with dust radiance is
very good at low amplitudes, but using a single emissivity would
over-predict the amount of AME present in the Galactic plane.
We caution that these correlations will depend on the choice of
mask due to large-scale biases, contamination from other emis-
sion mechanisms (e.g., point sources, zodiacal light, etc.), and
variations across the sky.

4.2.2. Diffuse AME regions

We now move on to consider individual di↵use regions of AME.
We have labelled seven regions in the all-sky AME map of
Fig. 10 that demonstrate di↵use AME away from the Galactic
plane and are in areas with relatively high S/N ratios and clean
component separation outputs. These include the well-known re-
gions of Perseus and ⇢Ophiuchus, as well as five new regions. In
Fig. 13 we show the Commander solutions for synchrotron, free-
free, AME and thermal dust, along with the CMB-subtracted
28.4 GHz Planck data and H↵ data, for the new regions. In each
of these maps, an area has been defined that we will use to anal-
yse the properties of the region using T–T plots, and sources
brighter than 5 Jy in the PCCS2 catalogue have been masked out
to a radius of 600, with some exceptions noted below. We show
T–T plots between AME and thermal dust for three regions in
Fig. 14. We use the best-fitting slope from these T–T plots to de-
termine the emissivity of the AME component compared to the
other components. Results for all regions are given in Table 2.

1. Perseus. This molecular cloud is a well-known source of
AME (Watson et al. 2005; Planck Collaboration XX 2011). For
the correlation analysis, we focus on an 8� ⇥ 8� patch cen-
tred on (l, b) = (160.�26,�18.�62). Perseus is included in
the PCCS2 catalogue, so we unmask the point sources when
calculating the emissivities in this region. We find a lower
emissivity for Perseus in the Commander products than in
Planck Collaboration Int. XV (2014); this is due to leakage of
around 40 % of the AME emission to the free-free component,
which also causes a decrement in the synchrotron map (see
Fig. 32 below).

2. Pegasus plume. An example where the AME amplitude
traces a filament-like structure at the edge of the Pegasus con-
stellation at (l, b) = (92�,�37�) and approximately 10� in length
is shown in the first column of Fig. 13 (Region 2 in Fig. 10).
We look at a 15� ⇥ 15� patch centred on this position. The
plume was included in the CO catalogue of Magnani et al.
(1985) as MBM 53–55 (G92.�97�32.�15, G92.�97�37.�54, and
G89.�19�40.�94, respectively), and MBM 55 is also coincident
with the H ii region S 122 (G89.�18�41.�13) in Sharpless (1959).
Fukui et al. (2014) have compared the CO emission to thermal
dust emission as seen by Planck at 353–857 GHz. The struc-
ture can be seen clearly in the CMB-subtracted Planck 28.4 GHz
map, which is very closely correlated with the thermal dust am-
plitude at 545 GHz. There is no visible emission in the syn-
chrotron map and thus the signal in the AME map is unlikely
to be due to synchrotron emission. The feature does have associ-
ated free-free emission, as traced by H↵; however, the brightness
at 22.8 GHz is about 10 times greater than would be predicted
for free-free emission, assuming a typical electron temperature
(Te ⇡ 7000 K). The plume structure is not resolved at 1� resolu-
tion, and therefore absorption of H↵ light by dust should be sim-
ilar to other high-latitude regions (|b| > 30�) at . 0.1 mag, with
only a small fraction being absorbed in compact high-density
regions. The section of the plume corresponding to S 122 is def-
initely free-free emission; however, we conclude that the rest of
this feature is predominantly AME, and note that its appearance
in the Commander free-free map is likely to be due to leakage
from the AME component. This would be an interesting tar-
get for higher-resolution follow-up measurements, particularly
in the bright region around MBM 53.
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v. high emissivity in λ Orionis 
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Synchrotron spectrum 
based on Galprop 

(Orlando & Strong 2013)
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Synchrotron is not 
1:1 - two populations 
due to spectral indices

Planck Collaboration: Planck di↵use low-frequency Galactic foregrounds

Table 3. Key parameters of the WMAP MEM and MCMC fore-
ground models (see Bennett et al. 2013a for details).

Model �↵ �sync AME

MEM �2.15 �3.0 CNM, ⌫peak varies
MCMC-c base �2.16 �3.0 . . .
MCMC-e sdcnm �2.16 �3.0 CNM, ⌫peak fixed
MCMC-f fs �2.16 varies CNM, ⌫peak fixed
MCMC-g fss �2.16 variesa CNM, ⌫peak = 14.95 GHz

a As described in Strong et al. (2011).

Table 4. Ratios of the WMAP MEM and MCMC maps to the
Commander maps for the high latitude sky with |b| > 20� (top)
and for |b| < 20� (bottom). A value a > 1 indicates that the
Commandermaps contain more emission than the WMAP maps.
The Pearson correlation coe�cient (r) is also given.

Run Sync Free-free AME
a r a r a r

MCMC-c base 0.50 0.62 0.68 0.77 . . . . . .
MCMC-e sdcnm 0.52 0.92 0.77 0.87 4.91 0.75
MCMC-f fs 0.52 0.62 0.80 0.77 3.18 0.67
MCMC-g fss 0.55 0.62 0.77 0.78 3.14 0.70
MEM 0.34 0.84 0.76 0.79 2.18 0.86

MCMC-c base 0.12 0.74 0.91 0.83 . . . . . .
MCMC-e sdcnm 0.61 0.99 0.67 0.98 2.71 0.91
MCMC-f fs 0.13 0.78 1.09 0.89 4.71 0.86
MCMC-g fss 0.15 0.77 1.06 0.93 3.22 0.88
MEM 0.19 0.90 1.01 0.97 2.36 0.93

low amplitude for synchrotron compared to AME and free-free.
This may be because the fit is most strongly constrained by the
North Polar spur and the di↵use halo of the inner Galaxy, the two
regions that are both strong in synchrotron and relatively free of
other components that could absorb errors in the synchrotron fit.
Most analyses find flatter spectra in the narrow Galactic plane
(e.g., Planck Collaboration Int. XXIII 2014).

4.4. Comparison with WMAP models

Here, we discuss the main similarities and di↵erences be-
tween the low-frequency foreground component maps from
our Commander analysis of the combined Planck and WMAP
datasets (Planck Collaboration X 2015), and from the final
WMAP analysis (Bennett et al. 2013a).

The WMAP team have published sets of component-
separated maps using a Maximum Entropy Method (MEM) and
a Markov Chain Monte Carlo (MCMC) technique on a pixel ba-
sis (Bennett et al. 2013b). We have compared the synchrotron,
free-free and AME maps produced by these methods with the
Commander maps through T–T plots with HEALPix Nside = 64.
Table 3 gives the key model parameters of the WMAP models
that we used. Point sources from the PCCS2 catalogue brighter
than 1 Jy at 28.4 GHz have been masked out. The best-fit ratios
of the maps, derived from the T–T plots, are given in Table 4
for the high-latitude sky, with |b| > 20� and for |b| < 20�; a is
the best-fitting slope. Also listed in Table 4 are the Pearson cor-
relation coe�cients (r) for all the comparisons. If r & 0.9, the
measured slope, a, is reliable, since there is a good linear rela-
tionship between the Commander and the WMAP templates.

Fig. 16. Scatter plot between the Commander synchrotron so-
lution evaluated at 22.8 GHz and the WMAP MCMC-f syn-
chrotron model at the same frequency.

A first obvious di↵erence between the Commander and
WMAP MEM/MCMC models is that the AME component is
systematically higher (between 2–4 times) in the Commander so-
lution, at the expense of the synchrotron emission that is lower in
Commander. This is clearer on the region closer to the Galactic
plane (bottom half of Table 4), due to the better correlations mea-
sured there.

When comparing the Commander synchrotron solution with
the WMAP models that allow the synchrotron spectral index to
vary over the sky, the data are not well-fitted with a single slope,
since two populations are clearly present. Fig. 16 shows the scat-
ter plot between the Commander synchrotron solution evaluated
at 22.8 GHz and the WMAP MCMC-f synchrotron model at
the same frequency. The two slopes visible in the Figure are
the result of a flatter spectrum synchrotron component on the
plane (e.g., Kogut et al. 2007), which is not accounted by the
Commander synchrotron model, where �sync is fixed over the
sky. This is not the case for the WMAP MCMC-e “sdcnm” and
MEM solutions, which use a fixed synchrotron spectral index,
resulting in a much better correlation between the Commander
and WMAP components (see Pearson correlation coe�cients
for this component in Table 4). We also note from Table 4 that
the Commander synchrotron component is always lower than the
WMAP synchrotron models, which is due to the larger AME
component in the Commander model.

The Commander free-free component is similar to most of
the WMAP models at low Galactic latitudes, where Pearson’s
r & 0.89 for all but the MCMC-c model. The correlation coe�-
cients in this case are also close to 1. At high Galactic latitudes
(top half of Table 4), the Commander free-free solution is lower
than the WMAP models, at the expense of a higher AME con-
tribution in Commander. The wider frequency range of Planck,
specifically from 100–217 GHz, should allow a cleaner separa-
tion of the free-free component (Planck Collaboration Int. XIV
2014; Planck Collaboration Int. XXIII 2014).

The WMAP model that is closest to the Commander solution
is MCMC-e “sdcnm”, although the AME component is brighter
in the Commander products. Also, the Commander free-free am-
plitude is about 30% fainter than the corresponding WMAP fit;

20
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Fig. 17. Commander solution in the Large Magellanic Cloud region, plotted in Galactic coordinates. Panels show from left to right
and top to bottom: (a) synchrotron brightness temperature at 30 GHz with 1� resolution (linear colour scale); (b) free-free emis-
sion measure with 1� resolution (logarithmic colour scale); (c) spinning dust brightness temperature at 30 GHz with 1� resolution
(logarithmic colour scale); (d) thermal dust brightness temperature at 545 GHz with 50 resolution (logarithmic colour scale); (e)
synchrotron polarization amplitude, P, at 28.4 GHz with 1� resolution (corrected for polarization leakage, linear colour scale); (f)
CMB temperature with 50 resolution (linear colour scale); (g) CO J=2!1 emission with 50 resolution (linear colour scale); and (h)
thermal dust polarization amplitude, P, at 353 GHz with 50 resolution (corrected for polarization leakage, linear colour scale). Each
map covers 15� ⇥ 15�, and is centred on Galactic coordinates (l, b) = (279�,�34�).

�sync =�2.70 ± 0.05 in the LMC; however, they found a steeper
index of �3.09 ± 0.10 in the SMC that agrees better with the
Commandermodel. As such, Commanderwill under-estimate the
synchrotron contribution at Planck frequencies, particularly in
the LMC and to a lesser extent in the SMC. The synchrotron
amplitudes at 1 GHz in Commander for both the LMC and SMC
are significantly lower than that in the LSF, due to the steep
spectrum assumed, with the di↵erence absorbed by the free-free
component. The LMC also appears in the synchrotron polariza-
tion map; the polarized emission is at its highest (around 30 %
polarized, although this would be lower if the Commander syn-
chrotron intensity spectral index were flatter) to the left of the
peak in the synchrotron total intensity, o↵set from Tarantula,
which corresponds to the two polarized synchrotron filaments
identified by Klein et al. (1993).

Free-free emission. The free-free component dominates the
SEDs of both the LMC and the SMC at frequencies of 5–
50 GHz. The majority of the emission comes from the Tarantula
nebula; there is also di↵use emission closer to the centre of the
LMC, and other compact (< 1�) objects are present. The mor-
phology agrees well with the H↵ maps of individual sources
in the LMC by Davies et al. (1976, DEM): the main region
of 30 Dor is surrounded by a large number of smaller sources
that show up in the Commander map as di↵use emission. The
two lower regions are groups of sources, with one compris-

ing DEM 4, 6, and 36 (bottom-left), and the other consisting
of DEM 27, 28, and 29 (bottom-right). The amplitude of the
free-free emission can be converted to a star-formation rate
(SFR) using the equations in Condon (1992). The Commander
free-free amplitude at 10 GHz is 141 Jy, which gives an SFR
of 0.10 M� yr�1; the LSF model gives 0.08 M� yr�1, and the
LSF-CMB model gives 0.09 M� yr�1. These are lower than
the estimate of 0.2 M� yr�1 for the average SFR from anal-
yses of stellar populations by Harris & Zaritsky (2009) and
Rezaeikh et al. (2014), but agree well with the recent star for-
mation rate of 0.06 M� yr�1 calculated by Whitney et al. (2008)
based on young stellar objects; these authors also give a range
of SFR estimates of 0.05–0.25 M� yr�1 from infrared and H↵
data. However, all of these estimates correspond to an SFR over
di↵erent timescales (e.g., Murphy et al. 2012), as well as be-
ing subject to systematic e↵ects; a more detailed study would be
necessary to disentangle these e↵ects. For the SMC, the ampli-
tude at 10 GHz of 11 Jy from the Commander and LSF models
gives an SFR of 1.1 ⇥ 10�2 M� yr�1; the LSF-CMB model gives
a slightly higher value of 1.3 ⇥ 10�2 M� yr�1 from a flux density
of 12.8 Jy. These estimates of the SMC free-free amplitude agree
well with those from Draine & Hensley (2012), who attributed
11 Jy to the free-free component at 10 GHz, in very good agree-
ment with the Commander amplitude.
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AME polarization

<1.6%

<12.8%

See Paddy Leahy’s talk about Planck polarization!



1. Commander has done a relatively clean separation of Planck & WMAP 
data into synchrotron, free-free, AME & thermal dust emission (+CO, 
HCN) 

2. New diffuse AME regions identified, λ Orionis particularly interesting. 

3. Upper limit on pol. AME of 1.6%: need better pol. synchrotron maps! 

4. Need better data at 2-15GHz, e.g. S-PASS, C-BASS & QUIJOTE  

5. For Commander results, see arXiv:1502.01588 

6. For the results presented here, see arXiv:1506.06660 

7. For more polarization results, see Paddy Leahy’s talk

Mike Peel, NAM, Llandudno, July 2015

Conclusions
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Thank you
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lated using the CAMB web interface2 and the standard, pre-set
cosmological parameters. It was determined that calibration
uncertainty, and not pixel noise, was the dominant source of
uncertainty. The uncertainties quoted for the spectral in-
dices are a quadrature combination of the pixel errors and
calibration uncertainties associated with each data set.

The 0.408–4.76 GHz, 1.42–4.76 GHz and 4.76–22.8 GHz
T -T plots in Fig. 3 show linear fits; the reduced �2 values are
1.9, 0.5 and 1.3 for the 0.408–4.76 GHz, 1.42–4.76 GHz and
4.76–22.8 GHz data, respectively. The average spectral index
of � = �2.15±0.03 confirms a free-free dominated spectrum
for Barnard’s Loop. This spectral index is consistent within
1� of the expected value (� ⇡ �2.12).

The multiplicative factor required to bring C-BASS
data to be in perfect agreement with WMAP 22.8GHz data
(assuming all the emission is due to free-free emission) is
0.95 ± 0.05. This validation gives us confidence that there
are no significant systematic calibration errors in excess of
the 5 per cent calibration error assigned to the preliminary
C-BASS data.

4 DIFFUSE EMISSION BETWEEN 0.408 AND
4.76GHz

The total di↵use Galactic plane radio continuum emission
seen at 4.76 GHz is primarily a mixture of free-free and
synchrotron emission. Free-free emission is known to have
a narrow latitude distribution while synchrotron emission
is broader (Alves et al. 2012; Planck Collaboration et al.
2014d). The narrow width of the free-free distribution shown
in Section 4.2 suggests that the free-free contribution is neg-
ligible compared to the synchrotron contribution at latitudes
higher than four degrees. This suggestion is supported by
the H↵ free-free template (Dickinson, Davies & Davis 2003),
which covers o↵-plane regions. It is therefore possible to de-
termine the spectral index of synchrotron emission between
0.408 and 4.76 GHz at intermediate and high Galactic lati-
tudes without having to perform any free-free/synchrotron
emission separation.

4.1 Intermediate latitude total emission spectral
indices

The spectral index of the Galactic synchrotron emission
varies significantly, both spatially and with frequency.
Strong, Orlando & Ja↵e (2011) review results from sky maps
between 22 MHz and 23 GHz at intermediate latitudes, find-
ing a steepening in the synchrotron spectrum from � ⇡ �2.5
at 0.1GHz to � ⇡ �3 at 5GHz. Between 0.408GHz and
3.8GHz an index of ⇡ �2.7 has been estimated in the Galac-
tic plane whereas between 1.42 and 7.5 GHz the spectrum
appears to steepen to ⇡ �3.0 (Platania et al. 1998). Ja↵e
et al. (2011), Lawson et al. (1987) and Bennett et al. (2003)
also discuss the spectral steepening of synchrotron emission
in the Galactic plane and it is clear that between 2.3 and
22.8 GHz the spectral index undergoes a steepening from
⇡ �2.7 to ⇡ �3.1. Due to the relationship between electron
energy distribution N(E) / E �, and synchrotron spectral

2 http://lambda.gsfc.nasa.gov/toolbox

Figure 3. T -T plots of the Barnard’s Loop region between
4.76 GHz and (a) 0.408GHz, (b) 1.42GHz and (c) 22.8GHz. The
spectral indices confirm a free-free emission dominated region.

index � = �(� + 3)/2, this spectral index steepening re-
sults from a steepening of the cosmic ray electron spectrum.
It resembles that expected from synchrotron losses, i.e. a
‘break’ (actually a rather smooth steepening) of 0.5–1 in �
assuming a steady state between injection of fresh particles,
radiative loss, and transport out of the Galaxy (e.g. Bulanov
& Dogel 1974; Strong, Orlando & Ja↵e 2011). However, the
timescale for electrons to leave the Galaxy implied by this
interpretation is far shorter than the cosmic ray residence
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