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Overview

• What is “anomalous emission”?

• Observations of Perseus at 30 GHz

• Comparison to thermal dust emission

• Measuring spectral index



What is anomalous emission?
• Anomalous microwave emission (AME):            

excess of emission at 10s of GHz                           
unaccounted for by known emission mechanisms

• Discovery:

• Power excess in CMB experiments: COBE 1996, 
Saskatoon 1997

• 15 GHz spatial correlation with infrared: RING5M 
1996
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Theory

• kTrot ~ Iω2

• I ~ ρr5

• Solve for r:

• r ~ 1 nm

μ

Absorption/
emission

Collisions

Electric dipole emission
from small, rotating grains

AME spectrum tells us about 
size distribution of small grains

(Draine & Lazarian 1998)



Why study AME

• Intrinsic interest - poorly understood 
emission mechanism

• Foreground to CMB with poorly 
constrained polarization

• Potential insight into dust properties



Unanswered Questions
• Is spinning dust the only emission 

mechanism?

• Can we predict AME levels using 
other environmental properties?

• What is the spatial power spectrum?

• Can we constrain physical properties 
of dust from AME measurements?



Perseus molecular cloud1970 C. T. Tibbs et al.

Figure 1. 13CO intensity false colour image (Ridge et al. 2006a) of the Perseus MC overlaid with contours of the IRIS 100 µm emission (10, 20, 40,
60 and 80 per cent of the peak emission 680 MJy sr−1) showing the location of the dust shell G159.6–18.5 (dashed line), the central star HD 278942
(cross) and the location of two major star formation sites, IC 348 and NGC 1333. The box illustrates the region in which the VSA observations were
performed.

gas (Leitch et al. 1997). However, the currently favoured emission
mechanism is that of very small (N ≤ 103 atoms), rapidly rotating
(∼1.5 × 1010 s−1) dust grains, emitting electric dipole radiation,
commonly referred to as ‘spinning dust’ (Draine & Lazarian 1998;
Ali-Haı̈moud, Hirata & Dickinson 2009).

This anomalous emission has been detected on large angular
scales across substantial areas of the sky (Kogut et al. 1996; de
Oliveira-Costa et al. 1997, 1999, 2002; Miville-Deschênes et al.
2008) and also on small angular scales in specific Galactic ob-
jects, such as LDN 1622 (Finkbeiner et al. 2002; Finkbeiner 2004;
Casassus et al. 2006), G159.6–18.5 (Watson et al. 2005), RCW 175
(Dickinson et al. 2009), LDN 1111 (AMI Consortium: Scaife et al.
2009a) and a number of Lynds Dark Nebulae (AMI Consortium:
Scaife et al. 2009b) and is often found to be tightly correlated with
the far-infrared (FIR) emission.

One of these Galactic objects, G159.6–18.5, is located within
the Perseus molecular complex. Observations performed with the
COSMOSOMAS experiment (Watson et al. 2005) identified a bright
source of dust-correlated emission at ≈20–30 GHz, with a peaked
spectrum, indicative of spinning dust. This is perhaps the best exam-
ple of a peaked spectrum that is well fitted by a Draine & Lazarian
(1998) spinning dust model. These results prompted further in-
vestigations of this region, which were performed with the Very
Small Array (VSA), a 14-element interferometric array operating
at 33 GHz; Watson et al. (2003) describe the nominal VSA set-up.
In this paper, we present and discuss our results from these new ob-
servations. Section 2 describes the region under investigation and
presents the VSA observations, while Section 3 details the data
reduction. Section 4 discusses the available ancillary data, which
were used to help gain a better understanding of the physical con-
ditions within the region. In Section 5, we produce spectral energy
distributions (SEDs) for five features in the region. In Section 6, we
analyse these SEDs and the relationship between our VSA results
and the COSMOSOMAS results (Watson et al. 2005). Finally, our
conclusions are discussed in Section 7.
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2.1 The G159.6–18.5 region

The Perseus molecular complex is a giant molecular cloud (MC)
located in the Perseus constellation at a distance of ∼260 pc
(Cernicharo, Bachiller & Duvert 1985). The cloud chain is ∼30 pc in
length and contains many well-known sites of active star formation.
The feature observed by Watson et al. (2005), G159.6–18.5, appears
as a remarkably complete dust shell of enhanced FIR emission with
a diameter of ≈1.◦5, as shown in Fig. 1.

Fig. 1 displays a 13CO intensity image (Ridge et al. 2006a) il-
lustrating the extent of the Perseus MC. Overlaid on the image are
contours of the IRIS1 100 µm emission showing the location of the
dust shell G159.6–18.5, which does not appear to be traced by the
13CO emission. Also overlaid is a rectangle showing the coverage
of the VSA observations.

Due to its shape, G159.6–18.5 was initially believed to be a su-
pernova remnant (Pauls & Schwartz 1989; Fiedler et al. 1994), but
more recent observations have determined that the source of the
shell is the O9.5–B0V star, HD 278942, at its geometric centre and
that the shell is filled with H II gas (Andersson et al. 2000). Observa-
tions performed as part of the COordinated Molecular Probe Line
Extinction Thermal Emission (COMPLETE) Survey (Ridge et al.
2006b) suggested that G159.6–18.5 was indeed an expanding H II

bubble located on the far side of the MC. The distribution of the
ionized gas will be discussed in more detail in Section 4.1.

2.2 VSA observations

The VSA is a CMB interferometer, situated at an altitude of 2400 m
at Teide Observatory, Tenerife. It has been used to measure the

1Improved Reprocessing of the IRAS Survey (Miville-Deschênes &
Lagache 2005).
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Figure 4. False colour IRIS images of G159.6–18.5 processed with the VSA sampling distribution (see Section 5.1.2) overlaid with the VSA contours and
synthesized beam, as shown in Fig. 2(a): (a) IRIS 100 µm in units of kJy beam−1, (b) 60 µm in units of kJy beam−1, (c) 25 µm in units of Jy beam−1 and (d)
12 µm in units of Jy beam−1. The dashed line displays the position of the dust shell and the cross marks the position of the central star, HD 278942. These
images highlight the correlation between the emission at microwave and FIR wavelengths.

the results of JMFIT on the filtered VSA image, along with the rms
noise in the same region of the resampled GB6 image, a 3σ upper
limit for the integrated flux density at 4.85 GHz, in each feature, was
determined. This is a conservative upper limit since we are dealing
with integrated fluxes rather than with peak surface brightnesses.

Table 5 lists the integrated flux density for the five features at
4.85 and 33 GHz. The 3σ flux density upper limit at 4.85 GHz has
been scaled to 33 GHz, using a nominal free–free spectral index of
α =−0.12 (Dickinson et al. 2003). A direct comparison between the
emission found in the GB6 and VSA images is given as a percentage
in the last column in Table 5. This suggests that the contribution of
free–free emission at 33 GHz is far from dominant. Assuming that
this ratio of the 4.85 GHz to the 33 GHz emission is independent of
angular scale, we can compute an estimate for the contribution of
free–free emission at 33 GHz on the angular scales of the unfiltered
VSA image.

5.1.2 IRIS

The four IRIS images at 100, 60, 25 and 12 µm have comparable
resolution to the VSA image (Table 4). The VSA sampling distri-

bution was applied to the IRIS images using the AIPS task UVSUB in a
similar manner to the GB6 image, described in Section 5.1.1. These
new IRIS images, which are shown in Fig. 4, can then be directly
compared with the VSA image. To calculate the flux density of the
five features in these newly resampled images, a constrained fit, in
which the position and size of the Gaussian component were fixed
at the parameters obtained from the fits on the VSA image, was
applied using JMFIT.

5.1.3 WMAP W-band

The 5-yr WMAP W-band map was used to constrain the Rayleigh–
Jeans tail of the thermal dust emission. As discussed in Section 4.2,
most of the emission at 94 GHz occurs within the central region of
G159.6–18.5 and extends to IC 348. To calculate the flux density
of all five features at 94 GHz, the VSA image was smoothed to a
12.6 arcmin resolution, and then using JMFIT all the features were
fitted with an unconstrained elliptical Gaussian and baseline com-
ponent. The size and position of these Gaussians were then kept
fixed and fitted for in the WMAP W-band image.

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 402, 1969–1979
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Figure 3. Ancillary data overlaid with the VSA contours and synthesized beam, as shown in Fig. 2(a), displaying maps of G159.6−18.5 at various wavebands
in grey-scale: (a) Stockert 1.4 GHz in units of mK (T b), (b) Hα in units of R, (c) NVSS 1.4 GHz in units of mJy beam−1, (d) GB6 4.85 GHz in units of mJy
beam−1, (e) Av in units of mag and (f) WMAP 94 GHz in units of Jy beam−1. The dashed line displays the position of the dust shell and the cross marks the
position of the central star, HD 278942.

the synchrotron emission is expected to be negligible at 33 GHz.
Therefore, the radio frequency ancillary data help us to understand
the free–free emission.

In the Stockert 1.4 GHz survey (Fig. 3a), one can identify a region
of diffuse emission within the shell that is offset from the centre
by ≈10–15 arcmin. This diffuse region of ≈40 arcmin diameter has
also been mapped at 2.7 GHz by Reich & Reich (2009). There
appears to be little or no emission at 1.4 GHz from the five features
observed at 33 GHz with the VSA. This agrees with the current
understanding of the region, which is believed to contain a bubble
of H II gas within the dust shell. The Hα image (Fig. 3b) appears to

confirm this hypothesis, with the Hα emission also being confined
to the interior of the shell, and also offset similar to the Stockert
observations, which we would expect as it traces the hot (T e ∼
104 K) ionized gas.

The NRAO VLA Sky Survey (NVSS) at 1.4 GHz and the GB6
4.85 GHz survey (Figs 3c and d, respectively) have much higher
resolution than both the Stockert survey and the VSA observations,
and are very useful for identifying compact radio sources, includ-
ing H II features. We find three radio sources in the G159.6–18.5
region: 4C 31.14 to the south-east of the ring, 3C 92 within the ring
and 4C 32.14 to the north-west of the ring. All these sources are

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 402, 1969–1979
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What’s so anomalous?
Excess in spectrum

A&A 536, A20 (2011)
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Fig. 3. Spectrum of the California nebula (NGC 1499), measured using
the filtered flux method (see text). A simple power-law fit is shown.
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Fig. 4. Spectrum of AME-G160.26−18.62 in the Perseus molecular
cloud. The best-fitting model consisting of free-free (orange dashed
line), spinning dust, and thermal dust (light blue dashed line) is shown.
The two-component spinning dust model consists of high density
molecular gas (magenta dot-dashed line) and low density atomic gas
(green dotted line).

significant in some H  regions (Dickinson et al. 2009; Todorović
et al. 2010). We confirmed the spectral shape with a standard
aperture photometry analysis (as described in Sect. 5) and will
investigate this in more detail in a future publication. Note that
the excess at 30–100 GHz disappears when the spectrum is cal-
culated away from the nearby dust feature to the north-west of
NGC 1499. Given the consistency of the flux densities between
the frequencies, and that we have obtained similar results using
standard aperture photometry, we are confident that the spectrum
calculated using the filtered maps is robust.

The spectrum for AME-G160.26−18.62 in Perseus is shown
in Fig. 4. The flux densities and associated errors are listed
in Table 2. The spectrum is well sampled across the radio,
microwave and FIR regimes and is a significant improvement
on that presented in Watson et al. (2005), with the additional
Planck data allowing a much more accurate spectrum of the
AME to be extracted. The low-frequency (<2 GHz) data show
a flat spectrum consistent with free-free emission while the high

Table 2. Flux densities for AME-G160.26−18.62 in the Perseus molec-
ular cloud and residual fluxes when free-free, CMB and thermal dust
components are removed.

Frequency Flux density Flux density residual
[GHz] [Jy] [Jy]
0.408 9.7 ± 3.3 0.2 ± 3.4
0.82 9.4 ± 4.7 0.5 ± 4.8
1.42 8.0 ± 1.7 −0.5 ± 1.8
10.9 16.1 ± 1.8 9.4 ± 2.0
12.7 20.0 ± 2.2 13.3 ± 2.4
14.7 28.4 ± 3.1 21.8 ± 3.3
16.3 35.8 ± 4.0 29.3 ± 4.2
22.8 39.8 ± 4.2 33.4 ± 4.5
28.5 38.1 ± 4.0 31.5 ± 4.4
33.0 36.7 ± 3.9 29.7 ± 4.4
40.9 30.8 ± 3.3 22.6 ± 4.0
44.1 28.5 ± 3.2 19.6 ± 4.0
61.3 27.4 ± 3.4 10.9 ± 6.4
70.3 32.2 ± 3.9 8.9 ± 9.0
93.8 63.0 ± 7.8 7 ± 21
100 78 ± 15 10 ± 29
143 202 ± 22 −25 ± 80
217 1050 ± 130 120 ± 320
353 3860 ± 470 −600 ± 1400
545 15 300 ± 2100 −800 ± 4900
857 48 700 ± 6100 −1000 ± 14 000
1250 93 000 ± 13 000 −2400 ± 28 000
2143 117 000 ± 15 000 7000 ± 35 000
2997 53 600 ± 6700 −2000 ± 20 000

Notes. The fitted spinning dust model consists of two components.

frequencies (>100 GHz) are dominated by thermal dust emis-
sion. The excess at ≈10–70 GHz is evident and has a peaked
(convex) spectrum, with a maximum at 25 GHz.

The data allow us to fit a multi-component parametric
model to the flux density spectrum. The model consists of
four components: free-free emission; thermal dust emission; a
CMB fluctuation; and spinning dust emission. The sum is

S = S ff + 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 stan-
dard formulae:

S ff =
2kTffΩν2

c2 , (2)

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

Tff = Te(1 − e−τff ), (3)

and the optical depth, τff , is given by

τff = 3.014 × 10−2T−1.5
e ν−2EMgff , (4)

where Te is the electron temperature (in units of K), EM is the
emission measure (in units of cm−6 pc) and gff is the Gaunt fac-
tor, which is approximated as

gff = ln
(
4.955 × 10−2

ν/GHz

)
+ 1.5 ln(Te). (5)

It is the Gaunt factor that results in a slight steepening of the free-
free spectrum with frequency, which is particularly pronounced
at !100 GHz.

A20, page 6 of 17
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the filtered flux method (see text). A simple power-law fit is shown.
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cloud. The best-fitting model consisting of free-free (orange dashed
line), spinning dust, and thermal dust (light blue dashed line) is shown.
The two-component spinning dust model consists of high density
molecular gas (magenta dot-dashed line) and low density atomic gas
(green dotted line).

significant in some H  regions (Dickinson et al. 2009; Todorović
et al. 2010). We confirmed the spectral shape with a standard
aperture photometry analysis (as described in Sect. 5) and will
investigate this in more detail in a future publication. Note that
the excess at 30–100 GHz disappears when the spectrum is cal-
culated away from the nearby dust feature to the north-west of
NGC 1499. Given the consistency of the flux densities between
the frequencies, and that we have obtained similar results using
standard aperture photometry, we are confident that the spectrum
calculated using the filtered maps is robust.

The spectrum for AME-G160.26−18.62 in Perseus is shown
in Fig. 4. The flux densities and associated errors are listed
in Table 2. The spectrum is well sampled across the radio,
microwave and FIR regimes and is a significant improvement
on that presented in Watson et al. (2005), with the additional
Planck data allowing a much more accurate spectrum of the
AME to be extracted. The low-frequency (<2 GHz) data show
a flat spectrum consistent with free-free emission while the high

Table 2. Flux densities for AME-G160.26−18.62 in the Perseus molec-
ular cloud and residual fluxes when free-free, CMB and thermal dust
components are removed.
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frequencies (>100 GHz) are dominated by thermal dust emis-
sion. The excess at ≈10–70 GHz is evident and has a peaked
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Future Work
• Spatially resolve spectral index variations

• Constrain free-free & thermal dust - ATA, Herschel

• Combine data from multiple interferometers to 
probe larger range of spatial scales

• CARMA upgrade - 1 cm receivers on large dishes, 
long baselines - 0.5’ resolution - pair with AMI 
Large Array



Supplementary Slides



VSA: Perseus

33 GHz - Resolution: 7’ 



What’s so anomalous?

• Correlation with infrared 
(better than free-free)

• Excess in spectrum

(about the microwave emission)



Comparison with IR
30 GHz Filtered 24 μm



How to Compare

• Compare in image plane:

• As is

• After filtering uv coverage to match

• Compare in uv plane:

• Simultaneous component fitting

• Compare each to simulated visibilities



Free-free & Thermal Dust

• Free-free: planned ATA observations

• Thermal dust: Herschel 500 micron



Simulated Visibilities

• uvdist vs. amp for simulated & real 
data from each interferometer - use 
24 microns

• use this to derive overall spectral 
index


