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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!
(Figures from Planck 2015 results. X.)
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Planck early results
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Planck early results. XX. New light on anomalous 
microwave emission from spinning dust grains 
A&A, 536, A20, arXiv: 1101.2031

Planck early results. XXI. Properties of the 
interstellar medium in the Galactic plane 
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Planck Collaboration: P. A. R. Ade et al.: A study of AME in Galactic clouds

Fig. 2. CMB-subtracted Planck 28.4 GHz map covering the entire Galactic plane and latitudes |b| < 30◦. The colour scale has a
logarithmic stretch. Regions with the most significant AME are highlighted as thick squares while the rest of the sample are shown
as circles. Regions with significant excess emission but with a potential UCH ii contribution ( f UCH ii

max > 0.25) are shown as star
symbols (see Sect. 4.2).

S = S ff + S sync + S td + S CMB + S sp . (1)

The free-free flux density S ff is calculated from the brightness
temperature Tff , based on the optical depth τff , using the standard
formula

S ff =
2 k Tff Ω ν

2

c2
, (2)

where k is the Boltzmann constant, Ω is the solid angle of the
aperture, and ν is the frequency, with

Tff = Te (1 − e−τff ) , (3)

and the optical depth τff is given by

τff = 5.468 × 10−2 T−1.5
e ν−2 EM gff , (4)

in which the Gaunt factor can be approximated10 by
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For the analysis of AME, we assume a fixed electron temperature
of 8000 K for Te for all regions, fitting only for the emission
measure (EM). Note that this is not the true EM, but an effective
EM over the 1◦ radius aperture. For compact sources, the quoted
EM will be underestimated.

For six sources, we also include a synchrotron component
modelled as a power law with amplitude Async and variable flux
density spectral index α,

S sync = Async

(

ν

GHz

)α

. (6)

The thermal dust is fitted using a modified blackbody model,

S td = 2 h
ν3

c2

1

ehν/kTd − 1
τ250 (ν/1.2 THz) βd Ω , (7)

fitting for the optical depth τ250, the dust temperature Td, and the
emissivity index βd. The CMB is fitted using the differential of a
blackbody at TCMB = 2.7255 K (Fixsen 2009)

S CMB =

(

2 kΩ ν2

c2

)

∆TCMB . (8)

10 Here we use the approximation given by Draine (2011), which
is accurate to better than 1 % even up to frequencies of 100 GHz
and higher.

Here ∆TCMB is the CMB fluctuation temperature in thermody-
namic units. The spinning dust is fitted using

S sp = Asp j(ν+νshift)Ω , (9)

where we use a model for jν calculated using the SPDUST (v2)
code (Ali-Haı̈moud et al. 2009; Silsbee et al. 2011). We choose a
model corresponding to the warm ionized medium (WIM) with a
peak at 28.1 GHz to give the generic shape, and allow for a shift
of this model with frequency. We therefore fit for two parame-
ters corresponding to the AME amplitude Asp, and a frequency
shift νshift. Note that the units of Asp are formally of column den-

sity (cm−2). If the spinning dust model was appropriate for the
line-of-sight, and no frequency shift was applied, then this would
indeed be the column density NH; however, since this quantity is
model-dependent and there is potentially a shift in frequency, we
do not take this to be a reliable estimate of NH. Similarly, in this
paper we do not attempt to fit specific spinning dust models to
each source, hence the derived column density is not necessarily
physical; Asp is essentially the flux density at the peak normal-
ized to the spinning dust model. Given the large uncertainties
and difficulty in separating the various spectral components,
we have not attempted to look for deviations from the basic
spinning dust model (Hoang et al. 2011).

The least-squares fit is calculated using the MPFIT11

(Markwardt 2009) package written in IDL, with starting val-
ues estimated from the data and with amplitude parameters con-
strained to be positive except for the CMB, which is allowed
to go negative. MPFIT also provides estimates of the 1σ uncer-
tainties for each parameter, taken as the square root of the di-
agonal elements of the parameter covariance matrix. We note
four special cases in Table 3 (G068.16+01.02, G076.38–00.62,
G118.09+04.96 and G289.80–01.15) where the fitting returned
Asp = 0.0± 0.0. These could be mitigated by removing the posi-
tivity prior, with best-fitting negative values still being consistent
with zero. Instead, for these special cases, we fixed Asp to zero
to make the fits more physically meaningful, since the spinning
dust spectrum should not go negative.

3.6. Example SEDs

Some example SEDs for regions with weak AME are shown in
Fig. 3; see Sect. 4.3 and Fig. 8 for SEDs with significant AME.

11 http://purl.com/net/mpfit
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Fig. 8. SEDs for the sources with very significant AME and f UCH ii

max < 0.25. Data points are shown as circles with errors and are
colour-coded for radio data (light blue), WMAP (red), Planck (blue), and DIRBE/ IRAS (black). The best-fitting model of free-free
(dotted line), thermal dust (short dashed line), CMB (triple-dot dashed line), and spinning dust (dot-dashed line) is shown. Data
included in the fit are shown as filled circles, while the other data are unfilled. The residual spectrum, after subtraction of free-free,
synchrotron, CMB, and thermal dust components, is shown as the insert. The best-fitting spinning dust model is also shown.

We made a number of tests to check that our main results
are not grossly affected by our assumptions and fitting methods.
These include changing our assumed calibration uncertainties,
aperture radii, background annulus radii, spinning dust model,
and starting values for the fitting algorithm. In all cases, we
find that the general trends presented here are unchanged and
the SEDs do not change appreciably; however, we note that in a
few individual cases, the spectral model does vary depending on
some details of the analysis. These cases are mostly related to
the low frequency components, specifically the free-free level,
which is not always well-constrained by the data. The uncertain-
ties reflect this, and we are confident in most of the AME detec-
tions presented here. Nevertheless, we recommend caution when
examining individual sources in detail. Follow-up observations
should be made for all our high significance regions.

For most sources, we find the CMB fluctuation tempera-
tures are within the expected range −150 < ∆TCMB < 150 µK.
From Monte Carlo simulations, one would expect a fluctuation
outside this range only 0.7 % of the time; however, in some
cases the fitted CMB temperatures (see Table 3) are found to
be larger than expected. Furthermore, a correlation between
the AME amplitude and CMB is observed. Figure 9 shows
the correlation between the AME amplitude and CMB fluctu-

ation temperature for the entire sample. The AME regions (solid
filled circles) are mostly within the expected range, with rela-
tively small uncertainties; however, the highest AME amplitudes
(Asp > 20×1020 cm−2) also have the highest CMB temperatures,
which are well above what can be reasonably expected from the
CMB alone (∆TCMB > 150 µK). As discussed in Sect. 3.6, some
regions exhibit a flattening of the thermal dust spectral index
at frequencies in the range 100–353 GHz (Planck Collaboration
2013a) that can be artificially accounted for by a stronger pos-
itive CMB fluctuation. This then results in a positive bias at
frequencies < 100 GHz, which increases the AME amplitude.
Some of the sources with high CMB temperatures also have high
f UCH ii

max ; these are shown as star symbols in Fig. 9. We do not be-
lieve this is a major effect on our most significant AME sample
(i.e., σAME > 5 and f UCH ii

max < 0.25), since none of the AME
sources has an anomalously high CMB temperature. Although
the CMB has a stronger effect on the semi-significant AME re-
gions, the uncertainties associated with it are larger than for the
rest of the sample, as can be seen in Fig. 9.

To test robustness, the entire analysis was repeated with-
out fitting for a CMB component (∆TCMB = 0 µK); the results
do not change substantially. We do find an additional source in
G102.88−00.69 with a significance of σAME = 6.9, but this is
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Fig. 19. Ratio of 28.4 GHz residual to the 100 µm flux density
as a function of the AME significance. The symbols are as in
Fig. 6. The Perseus (P) and ρ Ophiuchi (R) clouds are indicated.
The weighted and unweighted average ratios for the significant
AME regions are shown as the solid horizontal lines. The aver-
age ratio from Todorović et al. (2010) (dashed line) and Davies
et al. (2006) (dot-dashed line) are also shown.

tional to the column density of dust along the line of sight. If
AME is due to spinning dust emission, we would therefore ex-
pect a strong correlation with the 100 µm brightness (Fig. 18).

We begin by choosing the 28.4 GHz AME flux density, de-
fined as the residual at 28.4 GHz after subtracting the non-AME
components for each source. This allows a comparison with pre-
vious works, where frequencies near 30 GHz have been used
extensively. Note that using the 28.4 GHz AME residual is al-
most identical to using the AME amplitude (Asp) directly from
the fit, since they are highly correlated. Figure 19 shows the ra-
tio of 28.4 GHz residual flux density to the 100 µm (3000 GHz)
flux density as a function of the AME significance, σAME. The
ratio S 28.4 GHz

resid /S 100 for the AME regions has a large range of

values covering the range (1–15)×10−4, with a weighted aver-
age of (2.5 ± 0.2) × 10−4. This is higher than in the H ii regions
of Todorović et al. (2010), but less than the average from high
latitude AME (Davies et al. 2006), as shown in Fig. 19. It can
be seen that the weighted average is actually lower than many
of the AME regions, due to a few sources having a relatively
small uncertainty and lower emissivity values of (1–2) × 10−4,
including ρ Ophiuchi (G353.05+16.90) at (1.5± 0.2)× 104. The
unweighted average is (5.8 ± 0.7) × 10−4, which is consistent
with the 6.2 × 10−4 value of Davies et al. (2006) for the diffuse
high latitude AME.

The best-fitting power law to the S 100 vs. AME amplitude
(Asp) yields a power-law index of +0.67±0.03 for AME regions,
suggesting that there is not a simple, one-to-one ratio between
the AME brightness and 100 µm brightness. This is not surpris-
ing, given that different dust temperatures will affect a given fre-
quency, particularly near the peak of the thermal dust spectrum
where it is very sensitive on the dust temperature (Tibbs et al.
2012b). Instead, as suggested by Finkbeiner (2004), the thermal
dust optical depth is expected to be a better diagnostic of the
AME emissivity, since it is proportional to the column density
of dust via τν = NHκνµmH, where NH is the column density, κ
is the dust mass absorption coefficient, µ is the mean molecu-
lar weight, and mH is the mass of hydrogen (Boulanger et al.

Fig. 20. Ratio of AME amplitude (Asp) to dust optical depth
(τ250), as a function of the AME significance σAME. The sym-
bols are as in Fig. 6. The Perseus (P) and ρ Ophiuchi (R) cloudss
are indicated. The horizontal lines represent averages: weighted
average of significant AME regions (solid line), unweighted av-
erage of significant AME regions (dashed line) and weighted av-
erage of non-significant AME regions (dotted line).

1996; Martin et al. 2012). The fit against the dust optical depth
at a wavelength of 250 µm (τ250), which is proportional to NH,
yields a slope much closer to unity (+1.03±0.03). This suggests
that the AME is emitting at approximately the same level per
unit column density in all the bright AME regions chosen in our
sample. Planck Collaboration XXI (2011) also found that AME
emits at the same level per NH throughout the Galactic plane. We
therefore define our default AME emissivity as the AME ampli-
tude divided by the thermal dust optical depth, Asp/τ250. In this

case, the units are formally 1020 cm−2, but we note that the inter-
pretation of this value depends on the spinning dust model that is
fitted. The actual dust column density calculated from the optical
depth depends on the range of dust temperatures along the line-
of-sight (Ysard et al. 2012), as well as details of the dust grains
including the dust opacity (which in turn depends on many fac-
tors such as dust composition).

Figure 20 plots the AME emissivity Asp/τ250 against the sig-
nificance, σAME. There is considerable scatter in the emissivity,
some of which is due to the intrinsic uncertainty in the measure-
ment; however, for AME sources there is more variation than can
be accounted for by the uncertainty alone. This will be investi-
gated via correlations with other parameters. Remarkably, unlike
the equivalent plot for the 100 µm-based emissivity, there is no
clear trend with AME significance. This is an important result. It
shows that AME emissivities based on 100 µm data are likely to
be biased due to the effect of varying dust temperature. This plot
also suggests that AME is emitting at approximately the same
level per unit dust column density, not only for the strong AME
sources, but for most of the sources within our sample. However,
we caution that the uncertainties are large and including an AME
component will inevitably result in a positive bias. Furthermore,
some sources have a possible contribution from UCH ii regions
as well (Table 3). The weighted average emissivity for signifi-
cant AME sources is (1.36 ± 0.05) × 104, while the non-AME
sources are at (2.0 ± 0.5) × 104.

It is worth noting that for the AME regions the weighted av-
erage is smaller than the unweighted average of (4.3±0.6)×104,

20
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PIP XXIII: Galactic Plane
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(Murphy et al. 2010, Scaife et al. 2010, Hensley et al. 2015)

No. 2, 2010 ANOMALOUS DUST EMISSION IN NGC 6946 L109

8 µm 

8.5 GHz 

Figure 1. Top: stellar continuum subtracted 8 µm map of NGC 6946 with the
IDs of each targeted star-forming region. Bottom: 8.5 GHz (15′′ beam) image
from Beck (2007) showing the location of the reference beam positions for each
observation.

and error estimates, can be found in Mason et al. (2009). In
addition to any systematic errors, a calibration error of 10%
was assigned to the flux density measurement at each frequency
channel (Mason et al. 2009). To analyze the full radio spectral
energy distributions (SEDs) of these regions, we compiled
multifrequency radio data from the literature. The 1.4 GHz radio
map (14′′ × 12.′′5 beam) comes from the Westerbork Synthesis
Radio Telescope-SINGS survey (Braun et al. 2007) while the
1.5, 1.7, 4.9, and 8.5 GHz data (15′′ × 15′′ beam) all come
from Beck (2007). The 4.9 and 8.5 GHz radio data included
single-dish measurements.

2.2. Infrared and Radio Photometry

All infrared data used here were included in the SINGS fifth
data release. We make use of 8, 24, and 70 µm Spitzer data, as
well as 450 and 850 µm SCUBA data (see Dale et al. 2005), to

Table 1
Positions, Ka-band Flux Densities, and Excesses

ID R.A. Decl. S33 GHz f exc
33 GHz Corra

(J2000) (J2000) (mJy) (%)

Nucleus 20 34 52.34 +60 9 14.2 15.7 ± 0.79 −26 ± 16 1.00
Enuc. 1 20 35 16.65 +60 11 1.1 0.4 ± 0.05 −137 ± 47 2.57
Enuc. 2 20 35 25.49 +60 10 1.8 2.4 ± 0.16 10 ± 11 1.05
Enuc. 3 20 34 51.89 +60 12 44.8 1.0 ± 0.07 14 ± 15 1.08
Enuc. 4 20 34 19.17 +60 10 8.7 2.9 ± 0.15 45 ± 6 1.06
Enuc. 5 20 34 39.27 +60 4 55.1 0.5 ± 0.05 −22 ± 28 1.19
Enuc. 6 20 35 6.09 +60 11 0.6 2.8 ± 0.18 −9 ± 13 1.09
Enuc. 7 20 35 11.21 +60 8 59.7 3.1 ± 0.20 10 ± 10 1.03
Enuc. 8 20 34 32.52 +60 10 22.0 1.8 ± 0.14 −18 ± 15 1.26
Enuc. 9 20 35 12.71 +60 8 52.8 2.4 ± 0.16 8 ± 11 1.05

Notes.
a Estimated S33 GHz correction factor due to over subtraction by reference beams.
These corrections were not included in the calculation of f exc

33 GHz.

compare the infrared and radio properties of each region as these
data are at higher spatial resolution than the GBT data. Regions
2, 3, and 5 were not covered by the SCUBA 450 or 850 µm
maps, while regions 4 and 8 were near the edges of the maps.
The 8 µm map was corrected for stellar light using a scaled
3.6 µm image following Helou et al. (2004). Photometry was
carried out on all radio and infrared maps after first cropping
each image to a common field of view and regridding to a
common pixel scale. To accurately match the photometry of
our images to the GBT measurements, maps were convolved
to the resolution of the GBT beam in the Ka band. The Spitzer
data were first resolution-matched to the 70 µm beam using
custom kernels provided by the SINGS team. Since the Spitzer
point-spread functions (PSFs) suffer from significant power in
their side lobes, we convert to Gaussian PSFs using a standard
CLEAN algorithm; the Spitzer PSF was removed and the image
was restored with a Gaussian having a FWHM of 25′′. Flux
densities at each wavelength were then measured by taking the
surface brightness at the location of each GBT pointing and
multiplying by the effective area of the beam. The results from
our radio photometry, along with 1σ error bars, are plotted in
Figure 2 for all regions except extranuclear region 4, which are
shown in Figure 4.

2.3. Additional Considerations for the GBT Data

Given that the beam size varies over the full Ka band, we
applied a correction to the flux densities at each frequency
channel as if their beam were 25′′. Scaling factors were derived
by computing the photometry on the 8.5 GHz map using the
beam sizes for each frequency channel averaged over the entire
run. These correction factors are 0.89, 0.95, 1.00, and 1.04 at
27.75, 31.25, 34.75, and 38.25 GHz, respectively. The averaged
Ka-band flux density, weighted by the errors from each channel
over the full band, are given in Table 1 along with uncertainties;
the corresponding effective frequency is ≈33 GHz for each
position (i.e., 32.83 ± 0.39 GHz, on average). Flux densities
of the individual channels are plotted with 1σ error bars in
Figures 2 and 4.

While the unblocked aperture of the GBT mitigates the
significance of side lobes, elevation scans of the calibration
source showed side lobes with an amplitude of ≈3% of the
beam peak. The added power may cause an overestimation of
the 33 GHz flux density. Using a model beam having side lobes
at 5% of the beam peak, we recalculated the photometry for each

812 B. Hensley, E. Murphy and J. Staguhn

Likewise, combining their equations (6) and (15), we obtain

(νLν)ff
1 cm = 1.46 × 10−6LIR. (4)

The total IR luminosity from dust has been estimated for each pixel
by Aniano et al. (2012, their equations 14 and 21) by fitting the
infrared SED with the Draine & Li (2007) dust model, and we use
this value as LIR here.

We adopt two approaches to fit the free–free. In the first, we draw
B uniformly between half the minimum and twice the maximum
values computed with equations (3) and (4), which should accom-
modate both variations in electron temperature and intrinsic scatter
in the relations (Murphy et al. 2011, 2012). In the second, we draw
uniformly between 0 and the 5σ upper limit on the 1 cm emission.
We find that our results are robust to choice of prior and adopt the
latter method as the default for its simplicity.

For the thermal dust component, we assume a power law of the
form

Fν = C
( ν

150 GHz

)β

, (5)

where we fix β = 3.65 in accord with measurements of the thermal
dust SED by Planck and draw C uniformly between 0 and the 5σ

upper limit on the 2 mm (150 GHz) data point.
To perform the fit, we make 2 × 105 draws from the prescribed

distribution for each of the j model parameters pj, then explicitly
compute the likelihood Lk of the model defined by the parameters
pj for each draw k,

Lk ∝
∏

i

e
− (F̂i−Fi)2

2σ2
i , (6)

where the F̂i is the flux density estimated by the model at frequency
i given the pj and Fi is the data at frequency i that has error σ i. The
proportionality constant has been omitted since we compare only
the relative likelihood of models. We then construct the estimator

p̂j =

∑
k

Lkpj

∑
k

Lk

(7)

for each pj. Finally, we find the 1D confidence intervals for each
parameter pj by noting the value of pj such that the sum of the
likelihoods of all models with more extreme values of pj is the
appropriate fraction of the sum of the likelihoods of all trials. We
obtain nearly identical results on repeating this process, indicat-
ing that the number of draws is sufficiently high to sample to the
parameter space.

Fig. 2(a) gives the fit of these three components to the data, which
is poor.

3.2 Spinning dust fits

We perform a second fit employing an additional component from
spinning dust emission. Spinning dust emission is a complicated
process that depends upon the size, shape, and charge of the emit-
ting grains as well as the environmental conditions such as gas
temperature, molecular fraction, ionization state, and the intensity
of the radiation field. Fitting a model that varies all of these pa-
rameters is well beyond the capabilities of the data, thus we seek
instead a simple prescription for the emission. Following Draine &
Hensley (2012), we parametrize the spinning dust emission as

F sd
ν = D

(
ν

ν0

)2

exp

[
1 −

(
ν

ν0

)2
]

, (8)

Figure 2. The fit to the long wavelength Enuc. 4 SED using only free–
free (long dashed green), synchrotron (short dashed blue), and thermal dust
emission (dotted red) is plotted in panel (a) while the fit in panel (b) includes
a contribution from spinning dust emission (dot–dashed violet). The total
emission for each model is plotted with a solid black line. The goodness of
fit is improved considerably with the inclusion of an AME component with
peak frequency 44 GHz and amplitude 0.76 mJy at peak.

where the peak frequency ν0 and the amplitude D are free param-
eters. We restrict ν0 to be between 10 and 70 GHz and D to be
between 0σ and the 5σ upper limit on the 1 cm data point. Al-
though the model is a simplification of the underlying physics, it is
nevertheless instructive to compare both the amplitude and peak fre-
quency obtained from the fits to those of similar studies performed
in the Galaxy.

Using the formalism outlined above, we obtain
D = 0.76 ± 0.23 mJy and ν0 = 44 ± 6 GHz, corresponding
to a 30 GHz flux density of 0.61 mJy. The free–free flux density
at 1 cm is 5.1 × 10−4 Jy, a factor of 2 above the 2.4 × 10−4 Jy
estimate from Fν,24 µm but less than what was required by the fit
with no spinning dust emission. The 5.9 × 10−4 Jy of free–free
required by the fit at 3 cm exceeds the estimate of 2.7 × 10−4 Jy by
a similar factor.

Fig. 2(b) presents the much improved fit using this model. To
quantify the improvement, we perform the likelihood ratio test by
constructing the test statistic D,

D = −2 lnL1 + 2 lnL2, (9)

where L1 and L2 are the likelihoods of the best-fitting models
without and with a spinning dust component, respectively.D follows
a χ2 distribution with the number of degrees of freedom equal to the
difference in the number of free parameters in the two models, here
two. We obtain D = 13.8, disfavouring the model with no spinning
dust emission with p ≃ 10−3.

3.3 Thermal dust fits

Having fit the radio data, we now perform a more realistic mod-
elling of the thermal dust emission. We follow the fitting strategy
of Aniano et al. (2012) and employ the Draine & Li (2007) dust
model. This model includes populations of silicate and carbona-
ceous grains, including a PAH population, heated by a distribution
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Fig. 15. The integrated SED from radio to far-infrared, with the best-fit model from Bayesian analysis (see Sect. 7). Data points
are from WMAP (blue), Planck (red), Herschel (purple) and other archival data (black). Filled points represent data that were not
included in the fit. The best fit is shown in black; the green line shows the synchrotron fit, the red line shows the free-free emission,
the magenta curve shown the AME, the dark red line shows the thermal dust, and the light blue line shows the CMB.

Table 4. Best-fitting parameters for the integrated spectrum from
the Bayesian analysis.

Parameter Value

⌧250 (1.2 ± 0.2) ⇥ 10�5

�dust 1.62 ± 0.11
Tdust [K] 18.2 ± 1.0

EM [cm�6 pc] 1.8 ± 1.3
�TCMB [K] (1.7 ± 1.0) ⇥ 10�6

Asynch [Jy] 9.5 ± 1.1
↵synch �0.92 ± 0.16

AAME [Sr cm�2] (7.7 ± 3.3) ⇥ 1016

�2 15.4
Ndof 14

these may include a contribution from a thermal component, see
Peel et al. 2011). This is poorly constrained as synchrotron is
not a significant component in the fit at the Planck and WMAP
frequencies.7 This emission includes both compact and di↵use
emission from M31 that is within the aperture, as well as fore-
ground emission from our Galaxy and emission from bright
quasars behind M31 (particularly at the lowest frequencies) –
although faint AGN, being more numerous, should statistically

7 Additional data at frequencies around 5–15 GHz, e.g., by C-BASS
(King et al. 2010), would be required to see whether the synchrotron
radiation is steepening or flattening at high frequencies, see e.g., Strong
et al. (2011) and Peel et al. (2012).

cancel out, as there should be as many of them in the back-
ground annulus as in the aperture. Bright compact sources are
particularly visible in the high-resolution surveys of M31, as de-
scribed by Graeve et al. (1981). Berkhuijsen et al. (2003) use a
compilation of source-subtracted measurements of M31 to mea-
sure the integrated flux densities out to 16 kpc and find signif-
icantly lower flux densities than the fit here. For example, they
quote (11.20 ± 0.81) Jy of emission at 408 MHz from Pooley
(1969) compared to the (23.1 ± 4.5) Jy that we find here from
the Haslam et al. (1981) 408 MHz map; in contrast Graeve et al.
(1981) find a much higher flux density of (63.7±6.7) Jy when the
“halo” emission around M31 (which comes from point sources
and a Galactic spur) is also considered. This di↵erence is there-
fore presumably due to foreground emission and extragalactic
sources in the aperture.

A significant amount of free-free emission is needed to ac-
count for the flux density detected in the lower Planck and
WMAP bands; the model fit implies that a large fraction of the
flux density seen at frequencies of 20–60 GHz is caused by free-
free emission. Similar results have been seen in other nearby
galaxies. For example, Peel et al. (2011) also found that a signif-
icant amount of free-free emission was needed to give realistic
star formation rates for Messier 82, NGC 4945, and NGC 253.
Free-free emission scales linearly with the star-formation rate
(see e.g., Murphy et al. 2011). Azimlu et al. (2011) have calcu-
lated the star formation rate based on H↵ imaging and find it to
be 0.44 M� yr�1, which is higher than the (0.25 ± 0.05) M� yr�1

found by Ford et al. (2013) using ultraviolet and 24µm data. The
SFR of (0.36 ± 0.14) M� yr�1estimated by Xu & Helou (1996)
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• Component separation mostly focuses on CMB maps, having e.g., a 
single low-frequency component. (see Planck Col. 2015. IX.) 

• Commander: Bayesian technique, separate components using 
frequency information (see Eriksen et al. 2008) 

• Thanks to many maps from Planck+WMAP+Haslam, we can separate: 

• Synchrotron (but fixed spectral index) 
• Free-free (EM & Te) 

• AME (two spinning dust components combined) 

• Thermal dust (only fitting up to 857GHz) 

• + CMB, CO, HCN, calibration factors, bandpass shifts; 
described in Planck Col. 2015. X. 

• Also: high S/N synchrotron polarization map. Combined  
Planck & WMAP data (weighted, mostly WMAP K & Planck 30).

Commander component maps

Mike Peel, AME Workshop, Noordwijk, June 2016
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New AME regions

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

Synchrotron

Halpha

Free-free

AME

Thermal dust

Planck 28.4GHz - CMB

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

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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High-frequency peakers
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(b)

Fig 3b from Planck 2016 XXV. ILC with CMB, free-free and thermal dust nulled.



High-frequency peakers
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Combined peak frequency from the two AME components fitted by Commander



AME polarization

<1.6%

<8.4%
<12.8%

Spinning dust models predict low polarization fractions.
Mike Peel, AME Workshop, Noordwijk, June 2016
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Comparison with WMAP

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;
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Large Magellanic Cloud

Planck Collaboration: Planck di↵use low-frequency Galactic foregrounds
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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 <~0.2Jy
c.f. 3-5Jy from Hensley

LMC SMC



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

2. AME emission seems best correlated with thermal dust at 545GHz. 

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

4. Upper limit on pol. AME of 1.6%: need better pol. synchrotron maps! 
5. Fixed synchrotron spectral index is a key limitation. 

6. Need better data at 2-15GHz, e.g. S-PASS, C-BASS & QUIJOTE  
 
For Commander analysis and maps, see arXiv:1502.01588 
For the results presented here, see arXiv:1506.06660

Conclusions

Mike Peel, AME Workshop, Noordwijk, June 2016
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X name "The talk"

The scientific results that we present today are a product of 
the Planck Collaboration, including individuals from more 
than 100 scientific institutes in Europe, the USA and Canada.  
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