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• Measure total emission of late type galaxies 
to compare with the Milky Way

• First time we can accurately measure the 
complete spectra from radio to infrared

• Quantify free-free emission, match with 
star formation rate

• Constrain AME on a global basis - is it 
everywhere, or patchy?

Motivation



NGC6946
• GBT (Murphy et al. 2010)

• 10 star-forming regions - 
only 1 anomalous

• Confirmed by AMI (Scaife 
et al. 2010)

4 Scaife et al.

Synchrotron + free–free + absorbed free–free Synchrotron + free–free + spinning dust

0.001

0.002

0.005

0.01

F ν
(J
y)

F ν
(J
y)

1 2 5 10 20 50 100
ν (GHz)ν (GHz)

0

5 ·1034

1 ·1035

1.5 ·1035

2 ·1035

2.5 ·1035

3 ·1035

0.001

0.002

0.005

0.01

F ν
(J
y)

F ν
(J
y)

1 2 5 10 20 50 100
ν (GHz)ν (GHz)

0

2 ·1036

4 ·1036

6 ·1036

8 ·1036

Figure 2. The observed radio spectrum of region E4 of NGC 6946 (points and error bars) with the fan-diagram of two model fits to these data: on the left is the
model with a highly absorbed free–free emission region (H1) and on the right is the model with spinning dust emission (H2). Low frequency data are taken
from M10, scaled to the uv-sampled flux density at 8.5GHz, with the exception of points between 15 and 18GHz which are from the AMI-LA (this work).
The assumed error is 10% unless stated otherwise in Table 1. The colour scale indicates the evidence contribution as a function of frequency and flux density,
for details see Nikolic 2009.
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Figure 3. The observed radio spectrum and fan-diagrams for region E8 of NGC 6946, with data and errors as in Fig. 2. The model on the left only consists of a
synchrotron and un-absorbed free–free components (H1) while the model on the right also has a spinning dust component (H2). Low frequency data are taken
from M10, scaled to the uv-sampled flux density at 8.5GHz, with the exception of points between 15 and 18GHz which are from the AMI-LA (this work).
The assumed error is 10% unless stated otherwise in Table 1. Colour scale as above.
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Figure 4. Marginalised distribution of inferred gas mass that bears the spinning dust: the left panel shows extra-nuclear region 4 and the right panel extra-
nuclear region 8.
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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

Enuc. 4 Enuc. 8



• Expect 30GHz AME emission to be around 
1/3000th of the 100μm emission

Our Galaxy



M82 NGC4945 NGC253
HST optical (green)

Spitzer infrared (red)
Chandra X-ray (blue)

(Public Domain)

Optical with VISTA
(CC-BY-3.0 ESO)

Optical, MPG/ESO 2.2m at La Silla
(CC-BY-3.0 ESO)

The sample



• Galactic emission between 1 and 1000 GHz 
is a mix of (steepening) synchrotron, free-
free, anomalous dust and thermal dust
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Emission components



Planck ERCSC at 28.5-857 GHz
Planck Collaboration (2011). 3-7% cal uncertainty; colour 
corrections applied. Exclude 100 and 217 GHz due to CO.

WMAP 7-yr catalogue at 22.3-93.5 GHz
Gold et al. (2011). 3% cal uncertainty, colour corrections 
applied (Jarosik et al. 2003).

IRAS 100um
Wang & Rowan-Robinson (2009). 13% uncertainty. Don’t use 
higher frequency data due to small dust grains.

Ancillary radio data
Many references; most found via NED. 5% uncertainty; only fit to 
data above 1.5GHz due to sync. ageing & free-free absorption.

Data



M82 NGC4945 NGC253
G141.40+40.56 G097.18-87.96G305.27+13.34

(Planck ERCSC postage stamps)

28.5 GHz 28.5 GHz

857 GHz 857 GHz

The sample
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Parameter M82 NGC253 NGC4945

Async [Jy] 14.9±2.9 11.1±4.3 12.3±3.1

αsync -1.11±0.13 -1.59±0.35 -1.15±0.20

EMff 920±110 284±17 492±81

βdust 2.10±0.13 1.96±0.11 2.5±0.2

Tdust (K) 24.8±1.9 22.6±1.3 18.9±1.1

Residual (3σ) <0.15 Jy <0.14 Jy <0.13 Jy

100μm/3000 0.36 Jy 0.5 Jy 0.4 Jy

Fit values

NB: high-frequency synchrotron index, hence steeper than low frequency end.
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Residuals all
consistent with zero.

Hint of AME in
NGC 4945?



SFR (M⦿/yr) M82 NGC253 NGC4945

Sync 2.6 1.3 2.7

Free-free 3.0 2.2 2.9

Radio SN 1.8-2.0 N/A N/A

RRL N/A N/A 2-8

Niklas (1997) <0.2 1.0 N/A

Using formulae from Condon (1992)

Star Formation Rates



Conclusions
• Find substantially more free-free emission

• Higher FF brings SFR into better agreement

• AME constraints lower than expected c.f. 
our Galaxy - supports ‘patchy’ AME

• Cold dust with high β (but degeneracies)

• Need more sources - next Planck 
catalogue? Also more data from ground-
based telescopes (RRLs particularly useful).
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Template fitting of WMAP 7-year data:
anomalous dust or flattening synchrotron emission?
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Anomalous microwave emission at 20-40 GHz has been detected across our Galactic sky. 
It is highly correlated with thermal dust emission and hence it is thought to be due to 
spinning dust grains. Alternatively, this emission could be due to synchrotron radiation with 
a flattening (hard) spectral index.
Following the method set out in Davies et al. [1], we cross-correlate synchrotron, free-free 
[2] and thermal dust [3] templates with the WMAP 7-year maps using synchrotron 
templates either at 408 MHz [5] or 2.3 GHz [6]. Comparison of these results lets us assess 
the amount of flat synchrotron emission that is present, and the impact that this has on the 
correlations with the other components, since the higher frequency map will be a better 
tracer of flat-spectrum emission. The templates shown in Figure 1 display the clear 
differences in morphology between the different emission mechanisms that they trace.
Figure 2a shows the template coefficients for the three components as a function of 
frequency, using either 408 MHz (solid lines) or 2.3 GHz (dashed lines) smoothed to 3°. 
We find that there is only a small amount of flattening visible in the synchrotron spectral 
indices by 2.3 GHz, of around ∆β ≈ 0.05, and that the significant level of dust-correlated 
emission in the lowest WMAP bands is largely unaffected by the choice of synchrotron 
template, particularly at high latitudes (it decreases by only ∼7 per cent when using       
2.3 GHz rather than 408 MHz).
The robustness of this result has been tested by looking at the effects of different 
resolutions, Hα templates and areas of the sky (hemispheres, masks and regions). Figure 
2b shows a strong dependence of the 22.8 GHz template coefficients on the map 
resolution, likely due to a number of artifacts in the templates, which converge by 3°, in 
agreement with the findings of Ghosh et al. [4]. Figure 2c shows the dependence of the 
22.8 GHz coefficients with foreground mask; there is a difference when masking less of 
the Galactic plane implying that flat-spectrum emission becomes more important nearer 
the plane. The results are otherwise shown to be robust.
These results agree with expectation if the bulk of the anomalous emission is generated by 
spinning dust grains. In the future, C-BASS data at 5 GHz will further constraint the relative 
levels of flat-spectrum synchrotron emission and anomalous microwave emission.

Figure 1: The input templates.
Top to bottom: Haslam 408 MHz,
Jonas 2.3 GHz, Hα, FDS 94 GHz
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Figure 2: Template coefficients. Top: As a 
function of frequency. Middle: varying 
resolution. Bottom: different masks.



Thanks for listening!

For more info, see:
MNRAS Letters, 416, 99

arXiv:1105.6336

Questions?


