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We nonetheless confirm the tentative detection of a rising
spectrum by Finkbeiner et al. (2002): after scaling the units, the
value for the dimensionless a100!m at 9.75 GHz is 1:5 ; 10!4ð Þ $
0:5 ; 10!4ð Þ, which by comparison with our value for k > 286 k
implies a spectral index of "31 GHz

9:75 GHz ¼ 1:57 $ 0:31.

7.2. CBI Spectral Index

Estimating a spectral index from the 10 CBI channels is dif-
ficult for an extended object such as LDN 1622 because of the
varying uv-coverage. Flux loss, due to missing spatial frequen-
cies, is greater in the high-frequency channels than in the low-
frequency channels.

7.2.1. Estimates from MEM Models

If we assume that the MEMmodel is a good approximation to
the sky signal, a single spectral index " can be varied to mini-
mize #2:

#2 ¼
X

i

mVi(" )!oVik k2=$2
i ; ð2Þ

mVi(" ) ¼
%i
%0

! ""
mVi(% ¼ %0); ð3Þ

where the sum extends over all baselines and all channels. Here
%0 is the reference frequency used byMockCBI (see Appendix B)
to scale the intensity map by the input spectral index " ¼ 0 to
the frequency of the ith visibility data point. Note that although
in this application MockCBI internally uses " ¼ 0, the model
visibilities mVi still bear a frequency dependence through the
uv-coverage and the primary beam.We optimize#2 by finding the
root of @#2/@".

The entropy term does not depend on " since it is calculated
on themodel image, which is kept constant for all channels in our
implementation. Yet the inclusion of a regularizing entropy
biases the spectral index estimates. In the case of LDN 1622,
pure #2 reconstructions, with k ¼ 0, result in noisy model im-
ages, while in the absence of data, a pure MEM reconstruction
with k ! 1 defaults to a flat image whose intensity isM/e (see
Appendix A). Increasing values of k result in smoother model
images, and the lower frequency channels recover more flux
from the model images than the higher frequency channels.

We confirmed by simulation that " is recovered in pure #2

reconstructions. The highest value of k for which the resulting
spectral index is not significantly biased is k ¼ 1. To obtain this
limiting value we simulated the CBI observations on template
maps.We fitted amodel image and a single spectral index to sim-
ulated visibilities on the processed IRAS 12 and 25!m templates.
The CBI-simulated visibilities are calculated with MockCBI us-
ing " ¼ 0. We ran our MEM algorithm 90 times, with exactly
the same settings as for the CBI models, feeding as input the
CBI-simulated visibilities with the addition of 90 different reali-
zations of Gaussian noise, as explained in point 6 of Appendix B.
We rejected models that converged early on a local minimum by
requiring a minimum number of iterations Niter . For reference,
the k ¼ 1 CBI model converged in Niter ¼ 29 iterations. The av-
erage value of the best-fit indices in the simulations, without the
Niter cutoff, is " ¼ 0:13 $ 0:21 for the IRAS 12 !m band and
" ¼ 0:12 $ 0:18 for the IRAS 25 !m band. The quantity h"i de-
creases with increasing Niter until it reaches the input value at
Niter ¼ 19 for both the IRAS 12 and 25 !m bands. The resulting
spectral index is " ¼ 0:009 $ 0:172 for the IRAS 12 !m band
and " ¼ 0:004 $ 0:162 for the IRAS 25 !m band, and is satis-

factorily close to zero, in the sense that the systematic bias due to
the smoothness introduced by the entropy term is of order +0.01.

We therefore use k ¼ 1 for the purpose of deriving a single
spectral index value representative of the whole field of view.
The 26–36 GHz CBI spectral index that we obtained from the
MEM modeling with k ¼ 1 is "CBI ¼ !0:38 $ 0:13.

7.2.2. Estimates by Cross-Correlation with Template Maps

Spectral indices are sometimes inferred by reference to a
template image, as in x 7.1. The 31 GHz sky image of LDN 1622
is assumed to follow exactly a template image, say, that of the
IRAS 100 !m band, so the CBI image is a scaled version of the
reference image, andV (%i) ¼ aiVtempl, where f%ig10i¼1 are the CBI
channel frequencies and where Vtempl are CBI-simulated visi-
bilities. The scaling factor a can be obtained as explained in point
4 of Appendix B. The spectral behavior of the CBI visibilities is
thus cast into the scale coefficients.

However, this strategy yields inconsistent results, because it is
difficult to find an ideal reference image. Using the four IRAS
bands, and averaging the 10 CBI channels in two frequencies,
28.5 and 33.5 GHz, we obtain spectral indices that depend
strongly on the reference template and on baseline range. For the
full range of baselines, " varies from " ¼ !0:24 $ 0:16 for the
IRAS 12 !m band to " ¼ !0:06 $ 0:15 for the IRAS 60 !m
band, with the other IRAS bands giving intermediate values. For
the undifferenced data set and uv-radii in excess of 120 k, we
obtain values ranging from" ¼ !1:12 $ 0:30 for the IRAS12!m
band to " ¼ !0:75 $ 0:31 for the IRAS 25 !m band. All of these
alternative CBI-IRAS cross-correlations could be used equally
well to infer a spectral index. However, the difference between the
extremal values obtained above is greater than 3 $ and is there-
fore significant. These results are reported here to emphasize the
systematic uncertainties involved in determinations of spectral en-
ergy distributions inferred by cross-correlations.

7.3. Integrated SED

We extracted fluxes from theWMAP, IRAS, and PMN surveys
using a circular aperture with a diameter equal to the FWHM of
the CBI primary beam at 31 GHz, or 450. In order to compare

Fig. 10.—SED of LDN 1622. The solid line shows a fit to the data, composed
of a free-free component, a modified blackbody at 15 K with a 1.7 emissivity
index representative of traditional dust emission, and the Draine & Lazarian
(1998b) spinning dust emissivities.
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Fig. 7. Spectrum of the Orion nebula (M 42) H  region using aperture
photometry. The model consists of optically thin free-free emission (or-
ange dashed line) and thermal dust emission (light blue dashed line).
The inner panel shows the residual spectrum after removal of the model,
indicating the consistency between Planck and WMAP data.
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Fig. 8. Spectrum of AME-G353.05+16.90 in the ρ Ophiuchi West
molecular cloud. The best-fitting model consisting of free-free (or-
ange dashed line), spinning dust, CMB (black double/triple-dotted line),
and thermal dust (light blue dashed line), is shown. The spinning dust
model consists of two components: high density molecular gas (ma-
genta dot-dashed line); and low density atomic gas (green dotted line).
The 100/217 GHz data are contaminated by CO line emission and are
not included in the fit.

fitted to the data, except for the details of the spinning dust
component, which will be discussed in Sect. 6. Significant CO
line contamination is visible at 100 and 217 GHz, so these two
bands were not included in the fit. There is minimal free-free
emission within the aperture, and hence the error at low (0.4–
2.3 GHz) frequencies is dominated by fluctuations in the lo-
cal background, as indicated by the large error in the 2.3 GHz
flux density. Note that the 408/1420 MHz data were included in
the fit but were consistent with zero. The best-fitting parameters
are: EM = 1±48 cm−6 pc; Td = 20.7±1.6 K; β = 1.75±0.18; and
CMB contribution ∆TCMB = 82 ± 61 µK. The fit of the overall
model is very good (χ2/d.o.f. = 0.29).

As a test of the impact that the Planck data was having on
the spectrum, we repeated the analysis omitting the Planck data.

Table 3. Flux densities for AME-G353.05+16.90 in the ρ Ophiuchi
molecular cloud and residual flux densities when free-free, CMB and
thermal dust components are removed.

Frequency Flux density Flux density residual
[GHz] [Jy] [Jy]
0.4 −6.8 ± 9.4 −7 ± 11
1.4 −1.0 ± 6.8 −1.0 ± 8.3
2.3 1.3 ± 6.9 1.2 ± 8.3
22.7 26.3 ± 5.5 24.8 ± 6.6
28.5 29.6 ± 5.6 27.3 ± 6.6
33.0 30.7 ± 5.3 27.2 ± 6.3
40.7 27.7 ± 4.6 21.9 ± 5.8
44.1 27.0 ± 4.4 19.9 ± 5.7
60.6 26.3 ± 4.5 9.8 ± 6.5
70.3 31.4 ± 5.1 6.5 ± 7.8
93.4 63.6 ± 8.9 6 ± 15
100 84 ± 13 13 ± 19
143 222 ± 31 5 ± 49
217 989 ± 16 130 ± 200
353 4100 ± 670 −180 ± 780
545 17 100 ± 2900 400 ± 3200
857 58 300 ± 8800 500 ± 10 000
1249 122 000 ± 22 000 −5000 ± 25 000
2141 218 000 ± 37 000 20 000 ± 41 000
2997 125 000 ± 26 000 −9000 ± 32 000

As expected, the impact was considerable. In particular, the ther-
mal dust model is less well-constrained when the HFI data are
not included. For example, the uncertainty in the dust tempera-
ture increases to ±2.5 K, while the uncertainty in the emissivity
index increases to ±0.36. This is crucial for making precise mea-
surements of the AME at frequencies, particularly above 50 GHz
where the subtraction of thermal dust is critical.

In Fig. 9 we show the residual spectrum after subtracting
the free-free, CMB, and thermal dust models. The additional er-
ror from the subtraction of the models is added in quadrature
to the flux density errors to obtain the uncertainty on the resid-
ual flux densities, listed in Table 3. As in Perseus, the residual
spectrum has a clearly defined convex shape, peaking at a fre-
quency of 30 GHz; the excess is significant at the 8.4σ level.
The spectrum at 50–100 GHz is flatter than a single spinning
dust model can easily account for, suggesting a different envi-
ronment or distribution of dust grains. This may also be due to
variations in the dust emissivity index attributable to multiple
dust components (e.g., Finkbeiner et al. 1999). To test this possi-
bility would require the inclusion of the 100/217 GHz data after
careful subtraction of the CO line contamination.

A theoretical spinning dust model consisting of two com-
ponents (associated with atomic and molecular gas) is over-
plotted and provides an excellent fit to the data. Note that the
denser molecular gas represents the dominant AME with peak at
≈30 GHz, while the irradiated low density atomic gas accounts
for the 50–100 GHz part of the spectrum. The physical model is
presented in Sect. 6.

6. Modelling the anomalous microwave emission
with spinning dust

Comparisons of the AME with dust emission in localised re-
gions (Casassus et al. 2006; Scaife et al. 2009; Tibbs et al.
2010; Castellanos et al. 2011) and in all-sky surveys (Lagache
2003; Ysard et al. 2010) suggest small dust grains (poly-
cyclic aromatic hydrocarbons, PAH) as carriers of this emission,
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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.
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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 8.5 GHz, with the exception of points between 15 and 18 GHz which are from the AMI LA (this work).
The assumed error is 10 per cent 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).

Table 2. Derived model parameters and errors.

Model SNe rate αsync SFRabs SFRunabs Mgas f (χ2, d.o.f.)
log10(yr−1) log10(yr−1) log10(yr−1) log10(M") log10(sterad)

(2) (3) (4) (5) (6) (7) (8)

Prior (−5, −1) (−1.0, −0.5) (−3, −1) (−3, 0) (5, 9) (−6, −3)
NGC 6946-E4 (H1) −3.84 ± 0.11 −0.74 ± 0.14 −0.93 ± 0.07 −1.80 ± 0.48 – −4.97 ± 0.18 (9.1, 8)
NGC 6946-E4 (H2) −3.98 ± 0.16 −0.71 ± 0.15 – −1.40 ± 0.36 8.12 ± 0.09 – (5.5, 9)
NGC 6946-E8 (H1) −3.65 ± 0.04 −0.66 ± 0.13 – −1.70 ± 0.41 – – (4.6,1 0)
NGC 6946-E8 (H2) −3.64 ± 0.04 −0.65 ± 0.12 – −1.75 ± 0.41 6.19 ± 0.66 – (4.6, 9)

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-hand side
only consists of a synchrotron and unabsorbed free–free components (H1), while the model on the right-hand side also has a spinning dust component (H2).
Low-frequency data are taken from M10, scaled to the uv-sampled flux density at 8.5 GHz, with the exception of points between 15 and 18 GHz which are
from the AMI LA (this work). The assumed error is 10 per cent unless stated otherwise in Table 1. The colour scale is as above.

spinning dust, shown as a histogram in the left-hand panel of Fig. 4
and in a numerical form in Table 2, i.e. 108.1±0.1 M". In region E8
spinning dust is not the preferred hypothesis but proceeding with
this hypothesis anyway, we find an upper limit for the mass of the
gas bearing the spinning dust, which is around 107.5 M". We draw
a conclusion that if the conditions in E4 and E8 are similar, then
the mass of any gas bearing spinning dust in E8 must be at least a
factor of 5 smaller than in E4.

Region E4 is located on the dense rim of a ‘remarkable’ H I

hole (Boomsma et al. 2008) within NGC 6946. Such an association
may be relevant to the differentiation of this star formation region

from the eight others found to exhibit no anomalous emission by
M10. The hole is remarkable for a number of reasons, notably the
almost unbroken symmetry of its dense H I rim, unusual in so large
a hole, and the small-scale high-velocity gas complexes observed
in connection with it.

4 CONCLUSI ONS

The spinning dust model is preferred by the evidence calculation for
NGC 6946-E4, but not at a very high level. Definitive confirmation
of the nature of the emission requires measurements at frequencies

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 406, L45–L49
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We nonetheless confirm the tentative detection of a rising
spectrum by Finkbeiner et al. (2002): after scaling the units, the
value for the dimensionless a100!m at 9.75 GHz is 1:5 ; 10!4ð Þ $
0:5 ; 10!4ð Þ, which by comparison with our value for k > 286 k
implies a spectral index of "31 GHz

9:75 GHz ¼ 1:57 $ 0:31.

7.2. CBI Spectral Index

Estimating a spectral index from the 10 CBI channels is dif-
ficult for an extended object such as LDN 1622 because of the
varying uv-coverage. Flux loss, due to missing spatial frequen-
cies, is greater in the high-frequency channels than in the low-
frequency channels.

7.2.1. Estimates from MEM Models

If we assume that the MEMmodel is a good approximation to
the sky signal, a single spectral index " can be varied to mini-
mize #2:

#2 ¼
X

i

mVi(" )!oVik k2=$2
i ; ð2Þ

mVi(" ) ¼
%i
%0

! ""
mVi(% ¼ %0); ð3Þ

where the sum extends over all baselines and all channels. Here
%0 is the reference frequency used byMockCBI (see Appendix B)
to scale the intensity map by the input spectral index " ¼ 0 to
the frequency of the ith visibility data point. Note that although
in this application MockCBI internally uses " ¼ 0, the model
visibilities mVi still bear a frequency dependence through the
uv-coverage and the primary beam.We optimize#2 by finding the
root of @#2/@".

The entropy term does not depend on " since it is calculated
on themodel image, which is kept constant for all channels in our
implementation. Yet the inclusion of a regularizing entropy
biases the spectral index estimates. In the case of LDN 1622,
pure #2 reconstructions, with k ¼ 0, result in noisy model im-
ages, while in the absence of data, a pure MEM reconstruction
with k ! 1 defaults to a flat image whose intensity isM/e (see
Appendix A). Increasing values of k result in smoother model
images, and the lower frequency channels recover more flux
from the model images than the higher frequency channels.

We confirmed by simulation that " is recovered in pure #2

reconstructions. The highest value of k for which the resulting
spectral index is not significantly biased is k ¼ 1. To obtain this
limiting value we simulated the CBI observations on template
maps.We fitted amodel image and a single spectral index to sim-
ulated visibilities on the processed IRAS 12 and 25!m templates.
The CBI-simulated visibilities are calculated with MockCBI us-
ing " ¼ 0. We ran our MEM algorithm 90 times, with exactly
the same settings as for the CBI models, feeding as input the
CBI-simulated visibilities with the addition of 90 different reali-
zations of Gaussian noise, as explained in point 6 of Appendix B.
We rejected models that converged early on a local minimum by
requiring a minimum number of iterations Niter . For reference,
the k ¼ 1 CBI model converged in Niter ¼ 29 iterations. The av-
erage value of the best-fit indices in the simulations, without the
Niter cutoff, is " ¼ 0:13 $ 0:21 for the IRAS 12 !m band and
" ¼ 0:12 $ 0:18 for the IRAS 25 !m band. The quantity h"i de-
creases with increasing Niter until it reaches the input value at
Niter ¼ 19 for both the IRAS 12 and 25 !m bands. The resulting
spectral index is " ¼ 0:009 $ 0:172 for the IRAS 12 !m band
and " ¼ 0:004 $ 0:162 for the IRAS 25 !m band, and is satis-

factorily close to zero, in the sense that the systematic bias due to
the smoothness introduced by the entropy term is of order +0.01.

We therefore use k ¼ 1 for the purpose of deriving a single
spectral index value representative of the whole field of view.
The 26–36 GHz CBI spectral index that we obtained from the
MEM modeling with k ¼ 1 is "CBI ¼ !0:38 $ 0:13.

7.2.2. Estimates by Cross-Correlation with Template Maps

Spectral indices are sometimes inferred by reference to a
template image, as in x 7.1. The 31 GHz sky image of LDN 1622
is assumed to follow exactly a template image, say, that of the
IRAS 100 !m band, so the CBI image is a scaled version of the
reference image, andV (%i) ¼ aiVtempl, where f%ig10i¼1 are the CBI
channel frequencies and where Vtempl are CBI-simulated visi-
bilities. The scaling factor a can be obtained as explained in point
4 of Appendix B. The spectral behavior of the CBI visibilities is
thus cast into the scale coefficients.

However, this strategy yields inconsistent results, because it is
difficult to find an ideal reference image. Using the four IRAS
bands, and averaging the 10 CBI channels in two frequencies,
28.5 and 33.5 GHz, we obtain spectral indices that depend
strongly on the reference template and on baseline range. For the
full range of baselines, " varies from " ¼ !0:24 $ 0:16 for the
IRAS 12 !m band to " ¼ !0:06 $ 0:15 for the IRAS 60 !m
band, with the other IRAS bands giving intermediate values. For
the undifferenced data set and uv-radii in excess of 120 k, we
obtain values ranging from" ¼ !1:12 $ 0:30 for the IRAS12!m
band to " ¼ !0:75 $ 0:31 for the IRAS 25 !m band. All of these
alternative CBI-IRAS cross-correlations could be used equally
well to infer a spectral index. However, the difference between the
extremal values obtained above is greater than 3 $ and is there-
fore significant. These results are reported here to emphasize the
systematic uncertainties involved in determinations of spectral en-
ergy distributions inferred by cross-correlations.

7.3. Integrated SED

We extracted fluxes from theWMAP, IRAS, and PMN surveys
using a circular aperture with a diameter equal to the FWHM of
the CBI primary beam at 31 GHz, or 450. In order to compare

Fig. 10.—SED of LDN 1622. The solid line shows a fit to the data, composed
of a free-free component, a modified blackbody at 15 K with a 1.7 emissivity
index representative of traditional dust emission, and the Draine & Lazarian
(1998b) spinning dust emissivities.
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Fig. 7. Spectrum of the Orion nebula (M 42) H  region using aperture
photometry. The model consists of optically thin free-free emission (or-
ange dashed line) and thermal dust emission (light blue dashed line).
The inner panel shows the residual spectrum after removal of the model,
indicating the consistency between Planck and WMAP data.
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Fig. 8. Spectrum of AME-G353.05+16.90 in the ρ Ophiuchi West
molecular cloud. The best-fitting model consisting of free-free (or-
ange dashed line), spinning dust, CMB (black double/triple-dotted line),
and thermal dust (light blue dashed line), is shown. The spinning dust
model consists of two components: high density molecular gas (ma-
genta dot-dashed line); and low density atomic gas (green dotted line).
The 100/217 GHz data are contaminated by CO line emission and are
not included in the fit.

fitted to the data, except for the details of the spinning dust
component, which will be discussed in Sect. 6. Significant CO
line contamination is visible at 100 and 217 GHz, so these two
bands were not included in the fit. There is minimal free-free
emission within the aperture, and hence the error at low (0.4–
2.3 GHz) frequencies is dominated by fluctuations in the lo-
cal background, as indicated by the large error in the 2.3 GHz
flux density. Note that the 408/1420 MHz data were included in
the fit but were consistent with zero. The best-fitting parameters
are: EM = 1±48 cm−6 pc; Td = 20.7±1.6 K; β = 1.75±0.18; and
CMB contribution ∆TCMB = 82 ± 61 µK. The fit of the overall
model is very good (χ2/d.o.f. = 0.29).

As a test of the impact that the Planck data was having on
the spectrum, we repeated the analysis omitting the Planck data.

Table 3. Flux densities for AME-G353.05+16.90 in the ρ Ophiuchi
molecular cloud and residual flux densities when free-free, CMB and
thermal dust components are removed.

Frequency Flux density Flux density residual
[GHz] [Jy] [Jy]
0.4 −6.8 ± 9.4 −7 ± 11
1.4 −1.0 ± 6.8 −1.0 ± 8.3
2.3 1.3 ± 6.9 1.2 ± 8.3
22.7 26.3 ± 5.5 24.8 ± 6.6
28.5 29.6 ± 5.6 27.3 ± 6.6
33.0 30.7 ± 5.3 27.2 ± 6.3
40.7 27.7 ± 4.6 21.9 ± 5.8
44.1 27.0 ± 4.4 19.9 ± 5.7
60.6 26.3 ± 4.5 9.8 ± 6.5
70.3 31.4 ± 5.1 6.5 ± 7.8
93.4 63.6 ± 8.9 6 ± 15
100 84 ± 13 13 ± 19
143 222 ± 31 5 ± 49
217 989 ± 16 130 ± 200
353 4100 ± 670 −180 ± 780
545 17 100 ± 2900 400 ± 3200
857 58 300 ± 8800 500 ± 10 000
1249 122 000 ± 22 000 −5000 ± 25 000
2141 218 000 ± 37 000 20 000 ± 41 000
2997 125 000 ± 26 000 −9000 ± 32 000

As expected, the impact was considerable. In particular, the ther-
mal dust model is less well-constrained when the HFI data are
not included. For example, the uncertainty in the dust tempera-
ture increases to ±2.5 K, while the uncertainty in the emissivity
index increases to ±0.36. This is crucial for making precise mea-
surements of the AME at frequencies, particularly above 50 GHz
where the subtraction of thermal dust is critical.

In Fig. 9 we show the residual spectrum after subtracting
the free-free, CMB, and thermal dust models. The additional er-
ror from the subtraction of the models is added in quadrature
to the flux density errors to obtain the uncertainty on the resid-
ual flux densities, listed in Table 3. As in Perseus, the residual
spectrum has a clearly defined convex shape, peaking at a fre-
quency of 30 GHz; the excess is significant at the 8.4σ level.
The spectrum at 50–100 GHz is flatter than a single spinning
dust model can easily account for, suggesting a different envi-
ronment or distribution of dust grains. This may also be due to
variations in the dust emissivity index attributable to multiple
dust components (e.g., Finkbeiner et al. 1999). To test this possi-
bility would require the inclusion of the 100/217 GHz data after
careful subtraction of the CO line contamination.

A theoretical spinning dust model consisting of two com-
ponents (associated with atomic and molecular gas) is over-
plotted and provides an excellent fit to the data. Note that the
denser molecular gas represents the dominant AME with peak at
≈30 GHz, while the irradiated low density atomic gas accounts
for the 50–100 GHz part of the spectrum. The physical model is
presented in Sect. 6.

6. Modelling the anomalous microwave emission
with spinning dust

Comparisons of the AME with dust emission in localised re-
gions (Casassus et al. 2006; Scaife et al. 2009; Tibbs et al.
2010; Castellanos et al. 2011) and in all-sky surveys (Lagache
2003; Ysard et al. 2010) suggest small dust grains (poly-
cyclic aromatic hydrocarbons, PAH) as carriers of this emission,
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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.
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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 8.5 GHz, with the exception of points between 15 and 18 GHz which are from the AMI LA (this work).
The assumed error is 10 per cent 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).

Table 2. Derived model parameters and errors.

Model SNe rate αsync SFRabs SFRunabs Mgas f (χ2, d.o.f.)
log10(yr−1) log10(yr−1) log10(yr−1) log10(M") log10(sterad)

(2) (3) (4) (5) (6) (7) (8)

Prior (−5, −1) (−1.0, −0.5) (−3, −1) (−3, 0) (5, 9) (−6, −3)
NGC 6946-E4 (H1) −3.84 ± 0.11 −0.74 ± 0.14 −0.93 ± 0.07 −1.80 ± 0.48 – −4.97 ± 0.18 (9.1, 8)
NGC 6946-E4 (H2) −3.98 ± 0.16 −0.71 ± 0.15 – −1.40 ± 0.36 8.12 ± 0.09 – (5.5, 9)
NGC 6946-E8 (H1) −3.65 ± 0.04 −0.66 ± 0.13 – −1.70 ± 0.41 – – (4.6,1 0)
NGC 6946-E8 (H2) −3.64 ± 0.04 −0.65 ± 0.12 – −1.75 ± 0.41 6.19 ± 0.66 – (4.6, 9)

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-hand side
only consists of a synchrotron and unabsorbed free–free components (H1), while the model on the right-hand side also has a spinning dust component (H2).
Low-frequency data are taken from M10, scaled to the uv-sampled flux density at 8.5 GHz, with the exception of points between 15 and 18 GHz which are
from the AMI LA (this work). The assumed error is 10 per cent unless stated otherwise in Table 1. The colour scale is as above.

spinning dust, shown as a histogram in the left-hand panel of Fig. 4
and in a numerical form in Table 2, i.e. 108.1±0.1 M". In region E8
spinning dust is not the preferred hypothesis but proceeding with
this hypothesis anyway, we find an upper limit for the mass of the
gas bearing the spinning dust, which is around 107.5 M". We draw
a conclusion that if the conditions in E4 and E8 are similar, then
the mass of any gas bearing spinning dust in E8 must be at least a
factor of 5 smaller than in E4.

Region E4 is located on the dense rim of a ‘remarkable’ H I

hole (Boomsma et al. 2008) within NGC 6946. Such an association
may be relevant to the differentiation of this star formation region

from the eight others found to exhibit no anomalous emission by
M10. The hole is remarkable for a number of reasons, notably the
almost unbroken symmetry of its dense H I rim, unusual in so large
a hole, and the small-scale high-velocity gas complexes observed
in connection with it.

4 CONCLUSI ONS

The spinning dust model is preferred by the evidence calculation for
NGC 6946-E4, but not at a very high level. Definitive confirmation
of the nature of the emission requires measurements at frequencies

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 406, L45–L49

NGC6946 
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Planck Collaboration: Planck early results. XX.
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Fig. 7. Spectrum of the Orion nebula (M 42) H  region using aperture
photometry. The model consists of optically thin free-free emission (or-
ange dashed line) and thermal dust emission (light blue dashed line).
The inner panel shows the residual spectrum after removal of the model,
indicating the consistency between Planck and WMAP data.
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Fig. 8. Spectrum of AME-G353.05+16.90 in the ρ Ophiuchi West
molecular cloud. The best-fitting model consisting of free-free (or-
ange dashed line), spinning dust, CMB (black double/triple-dotted line),
and thermal dust (light blue dashed line), is shown. The spinning dust
model consists of two components: high density molecular gas (ma-
genta dot-dashed line); and low density atomic gas (green dotted line).
The 100/217 GHz data are contaminated by CO line emission and are
not included in the fit.

fitted to the data, except for the details of the spinning dust
component, which will be discussed in Sect. 6. Significant CO
line contamination is visible at 100 and 217 GHz, so these two
bands were not included in the fit. There is minimal free-free
emission within the aperture, and hence the error at low (0.4–
2.3 GHz) frequencies is dominated by fluctuations in the lo-
cal background, as indicated by the large error in the 2.3 GHz
flux density. Note that the 408/1420 MHz data were included in
the fit but were consistent with zero. The best-fitting parameters
are: EM = 1±48 cm−6 pc; Td = 20.7±1.6 K; β = 1.75±0.18; and
CMB contribution ∆TCMB = 82 ± 61 µK. The fit of the overall
model is very good (χ2/d.o.f. = 0.29).

As a test of the impact that the Planck data was having on
the spectrum, we repeated the analysis omitting the Planck data.

Table 3. Flux densities for AME-G353.05+16.90 in the ρ Ophiuchi
molecular cloud and residual flux densities when free-free, CMB and
thermal dust components are removed.

Frequency Flux density Flux density residual
[GHz] [Jy] [Jy]
0.4 −6.8 ± 9.4 −7 ± 11
1.4 −1.0 ± 6.8 −1.0 ± 8.3
2.3 1.3 ± 6.9 1.2 ± 8.3
22.7 26.3 ± 5.5 24.8 ± 6.6
28.5 29.6 ± 5.6 27.3 ± 6.6
33.0 30.7 ± 5.3 27.2 ± 6.3
40.7 27.7 ± 4.6 21.9 ± 5.8
44.1 27.0 ± 4.4 19.9 ± 5.7
60.6 26.3 ± 4.5 9.8 ± 6.5
70.3 31.4 ± 5.1 6.5 ± 7.8
93.4 63.6 ± 8.9 6 ± 15
100 84 ± 13 13 ± 19
143 222 ± 31 5 ± 49
217 989 ± 16 130 ± 200
353 4100 ± 670 −180 ± 780
545 17 100 ± 2900 400 ± 3200
857 58 300 ± 8800 500 ± 10 000
1249 122 000 ± 22 000 −5000 ± 25 000
2141 218 000 ± 37 000 20 000 ± 41 000
2997 125 000 ± 26 000 −9000 ± 32 000

As expected, the impact was considerable. In particular, the ther-
mal dust model is less well-constrained when the HFI data are
not included. For example, the uncertainty in the dust tempera-
ture increases to ±2.5 K, while the uncertainty in the emissivity
index increases to ±0.36. This is crucial for making precise mea-
surements of the AME at frequencies, particularly above 50 GHz
where the subtraction of thermal dust is critical.

In Fig. 9 we show the residual spectrum after subtracting
the free-free, CMB, and thermal dust models. The additional er-
ror from the subtraction of the models is added in quadrature
to the flux density errors to obtain the uncertainty on the resid-
ual flux densities, listed in Table 3. As in Perseus, the residual
spectrum has a clearly defined convex shape, peaking at a fre-
quency of 30 GHz; the excess is significant at the 8.4σ level.
The spectrum at 50–100 GHz is flatter than a single spinning
dust model can easily account for, suggesting a different envi-
ronment or distribution of dust grains. This may also be due to
variations in the dust emissivity index attributable to multiple
dust components (e.g., Finkbeiner et al. 1999). To test this possi-
bility would require the inclusion of the 100/217 GHz data after
careful subtraction of the CO line contamination.

A theoretical spinning dust model consisting of two com-
ponents (associated with atomic and molecular gas) is over-
plotted and provides an excellent fit to the data. Note that the
denser molecular gas represents the dominant AME with peak at
≈30 GHz, while the irradiated low density atomic gas accounts
for the 50–100 GHz part of the spectrum. The physical model is
presented in Sect. 6.

6. Modelling the anomalous microwave emission
with spinning dust

Comparisons of the AME with dust emission in localised re-
gions (Casassus et al. 2006; Scaife et al. 2009; Tibbs et al.
2010; Castellanos et al. 2011) and in all-sky surveys (Lagache
2003; Ysard et al. 2010) suggest small dust grains (poly-
cyclic aromatic hydrocarbons, PAH) as carriers of this emission,
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!! Many theories on the emission mechanism producing the AME 

!! Free-free emission from shock heated gas (Leitch et al. 1997) 

!! Flat spectrum synchrotron emission (Bennett et al. 2003) 

!! Self-absorbed free-free emission (McCullough & Chen 2002) 

!! Magnetic dipole radiation (Draine & Lazarian 1999) 

!! Cold dust/ emissivity variations 

!! Preferred explanation is electric dipole emission from rapidly 

rotating very small dust grains “spinning dust” (Draine & Lazarian 

1998) 
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Spinning dust

1998: Drain & Lazarian spinning
dust model
1994: Ferrara & Dettmar - didn’t
consider damping
1957: Erickson - dust grains in
radio sources

P = 2
3

ω4µ2 sin(θ)2

c3

Anna Scaife Spinning Dust Review
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FIG. 2.ÈCentroid SZT, rms charge SZ2T1@2, and standard deviation for grains of radius a for environmental conditions fromp
Z
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using classical mechanics to discuss the grain rotation.

3.4. Grain Dipole Moments
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where h is the angle between the angular velocity x and l.
We assume that the grain dipole moment can be written
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where is the intrinsic dipole moment of an unchargedl
igrain, Ze is the grain charge, and the vector is theza

xdisplacement between the grain center of mass and the
charge centroid (the length is deÐned by Asa
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eq. [3]).
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Neutral molecules can of course have intrinsic electric
dipole moments. Except for the case of highly symmetric
molecules, these dipole moments are expected to be appre-
ciable. If the grain material has short range order but
minimal long-range order, then it consists of more-or-less
randomly arranged chemical substructures, and
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To estimate the likely magnitude of b, we show in Table 2
the dipole moments associated with particular bonds in
hydrocarbon molecules. Dipole moments of D1 debye are
evidently typical for these species. Of course, a highly sym-
metric molecule would have a net dipole moment of zero,
but we do not expect such perfect symmetry to be the norm
for large interstellar molecules. The larger molecules should
have minimal long-range order, having grown by random
arrival of gas atoms or by coagulation with other small
molecules. It might be argued that very small molecules will
be predominantly symmetric because only the most robust
molecules will survive in the interstellar ultraviolet radi-
ation Ðeld. For example, the highly symmetric polycyclic
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the dipole moments associated with particular bonds in
hydrocarbon molecules. Dipole moments of D1 debye are
evidently typical for these species. Of course, a highly sym-
metric molecule would have a net dipole moment of zero,
but we do not expect such perfect symmetry to be the norm
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Damping: 
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o! IR emission 
o! electric dipole emission
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FIG. 4.ÈDimensionless rotational drag functions for neutral collisions solid line ; see ion collisions short-dashed line ; see(F
n
, eq. [19]), (F

i
, eq. [20]),

plasma drag long-dashed line ; see and infrared emission dot-dashed line ; see eqs. for molecular cloud (MC), cold neutral(F
p
, eq. [25]), (F

IR

, [30]È[33]),

medium (CNM), warm neutral medium (WNM), warm ionized medium (WIM), reÑection nebula (RN), and photodissociation region (PDR) conditions (see

Also plotted is the ratio (dotted line) showing the relative importance of electric dipole damping for a grain with (3/2)kT rotational kineticTable 1). q
H

/q
ed

energy (see The discontinuities at cm are due to the assumed change in grain geometry from disklike to spherical.eq. [58]). a \ a
2

\ 6 ] 10~8

is the ““ quantum cuto† ÏÏ length,

bu \ (I/m)1@2 (28)

is the distance beyond which the angular velocity of thermal

ions is less than the angular velocity of the grain, and ( is

the angle between l and x. Our result di†ers from(eq. [25])

that of & Watson who neglect impactAnderson (1993),

parameters with In the present calculations, we setb [ bu.

cos2 appropriate if x is randomly oriented relative( \ 1

3

,

to We have neglected the e†ects of electric quadrupolel.4

and higher moments, which & WatsonAnderson (1993)

have shown to be negligible. is shown inF
p

Figure 4.

4.3. Infrared Emission
A more subtle process is damping due to infrared emis-

sion & Spitzer As shown in(Purcell 1971 ; Martin 1972).

emission of a thermally excited photon ofAppendix C,

energy hl from a spherical grain rotating at angular velocity

u > l removes, on average, an angular momentum +u/

(2nl). The grain is heated by absorption of photons from the

background starlight, with energy density which weu
*
,

assume to have the spectrum estimated for interstellar star-

light by Mathis, & Panagia andMezger, (1982) Mathis,

4 We note, however, that disklike grains would tend to have cos2 ( > 1,

since internal relaxation (see will cause the principal axis ofPurcell 1979)

largest moment of inertia to align with the angular momentum, whereas l
will tend to be perpendicular to the principal axis of largest moment of

inertia.

Mezger, & Panagia The infrared emission cross(1983).

section is assumed to scale with frequency as

Ql \ Q
0

A l
l
0

B2

, (29)

as appropriate for graphite, silicate, and various other can-

didate grain materials & Lee Since there is(Draine 1984).

reason to believe that the smallest interstellar grains are

predominantly here we will assume opticalcarbonaceous,5

properties appropriate for small graphitic particles (though

the discussion in is fully general).Appendix C

If the grain is large enough that its temperature may be

approximated as a constant then the rotational drag isT
d
,

characterized by (see Appendix C1)6

F
IR,c

\

60.8

a
~7

A u
*

u
ISRF

B2@3A20 cm~3

n
H

BA100 K

T
B1@2A a

a
x

B4

. (30)

For small grains, the quantized heating by starlight

photons results in thermal ““ spikes ÏÏ followed by intervals of

cooling (see, e.g., & Anderson thereby alteringDraine 1985),

the emission spectrum and a†ecting the rotational damping,

5 The 10 km silicate feature does not appear in the emission spectrum of

di†use interstellar clouds et al. implying that the particles(Onaka 1996),

small enough to be heated to K by single-photon heating do notT
d
Z 150

have a signiÐcant silicate component.

6 The IR drag torque depends on Qa2 P a3. The factor enters in(a/a
x
)4

equations and from the normalization(30) (31) equation (14).
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FIG. 5.ÈDimensionless rotational excitation functions for neutral collisions solid line ; see ion collisions short-dashed line ; see eqs.(G
n
, eq. [37]), (G

i
, [38],

and plasma drag long-dashed line ; see infrared emission dot-dashed line ; see eqs. and and photoelectric[39], [40]), (G
p
, eq. [42]), (G

IR

, [43], [44], [45]),

emission dotted line ; see for MC, CNM, WNM, WIM, RN, and PDR conditions (see As in the discontinuity at 6 ] 10~8 cm is(G
pe

, eq. [46]) Table 1). Fig. 4,

due to a change in assumed grain geometry.

where we once again sum over neutrals n and ions i. / is

deÐned by and is deÐned byequation (24), v
i

equation (23)

but using the polarizability of the species resulting from

neutralization of the incoming ion i. In we showFigure 5 G
n

and as functions of grain radius a. Coulomb attractionG
i

makes the dominant excitation process for small nega-G
i

tively charged grains

Note that the Ñuctuation-dissipation theorem is not

applicable to ion-grain collisions, as ions neutralize on the

grain surface. Therefore F
i
D G

i
.

5.2. Excitation by the Plasma
Excitation of grain rotation by the Ñuctuating electric

Ðeld from passing ions is (see and Appendix B4)eq. [25]
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. (42)

The Ñuctuation-dissipation theorem ensures that F
p
\ G

p
.

5.3. Infrared Emission
Each infrared photon carries away angular momentum +,

and hence there must be a corresponding change in the

angular momentum of the grain. The energy in the radiated

photons is due to absorption of starlight photons, but since

there are D500 infrared photons emitted per starlight

photon, we may neglect the angular momentum change due

to the photon absorption event itself.

If the grain temperature is approximated as constant and

we assume graphitic grains, then (see Appendix C1)7
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For very small grains, the grain temperature may be

treated as zero except immediately following a photon

absorption event, in which case for graphitic grains we Ðnd

G
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We take

G
IR

\ min (G
IR,c

, G
IR,q

) . (45)

7 The factor in equations and enters from the normal-(a/a
x
)4 (43) (44)

ization of G (see eq. [36]).
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FIG. 2.ÈCentroid SZT, rms charge SZ2T1@2, and standard deviation for grains of radius a for environmental conditions fromp
Z

Table 1

the rotational quantum number

J \ Iu
+ \ 5.85m1@2N5@6A Trot

100 K
B1@2

. (6)

The smallest grain we consider will have so thatm3@5N Z 35,
K)1@2 ? 1. We are therefore justiÐed inJ Z 113(Trot/100

using classical mechanics to discuss the grain rotation.

3.4. Grain Dipole Moments
A spinning grain with electric dipole moment l radiates

power

P \ 2
3

u4k2 sin2 h
c3 , (7)

where h is the angle between the angular velocity x and l.
We assume that the grain dipole moment can be written

l \ l
i
] zZea

x
, (8)

where is the intrinsic dipole moment of an unchargedl
igrain, Ze is the grain charge, and the vector is theza

xdisplacement between the grain center of mass and the
charge centroid (the length is deÐned by Asa

x
eq. [3]).

noted by an irregular grain, even if perfectlyPurcell (1975),
conducting, will, in general, have its charge centroid dis-
placed from the mass centroid. The magnitude of the dis-
placement depends on the grain shape ; following Purcell

we will assume it to be D1% of or o z o B 0.01.(1975) a
x
,

Thus

vZea
x
\ 0.48

A a
x

10~7 cm
B

Z
A o z o

0.01
B

debye . (9)

Neutral molecules can of course have intrinsic electric
dipole moments. Except for the case of highly symmetric
molecules, these dipole moments are expected to be appre-
ciable. If the grain material has short range order but
minimal long-range order, then it consists of more-or-less
randomly arranged chemical substructures, and

k
i
B N1@2b . (10)

To estimate the likely magnitude of b, we show in Table 2
the dipole moments associated with particular bonds in
hydrocarbon molecules. Dipole moments of D1 debye are
evidently typical for these species. Of course, a highly sym-
metric molecule would have a net dipole moment of zero,
but we do not expect such perfect symmetry to be the norm
for large interstellar molecules. The larger molecules should
have minimal long-range order, having grown by random
arrival of gas atoms or by coagulation with other small
molecules. It might be argued that very small molecules will
be predominantly symmetric because only the most robust
molecules will survive in the interstellar ultraviolet radi-
ation Ðeld. For example, the highly symmetric polycyclic
aromatic hydrocarbon coronene (with hasC24H12 k

i
\ 0)

0*%($==$=9*9#2$=*>$&"*)3)4&#$4*6$('3)*8'8)=&*?*#26$2&)%*('>)#@*

A2#$'7%*)B4$&2&$'=*2=6*628($=9*(#'4)%%)%*$=C'3C)6,**

Excitation: 

o! collisional excitation 
o! plasma excitation 

o! IR emission 
o! photoelectric emission 

o! H2 formation 

Damping: 

o! collisional drag 
o! plasma drag 

o! IR emission 
o! electric dipole emission
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FIG. 4.ÈDimensionless rotational drag functions for neutral collisions solid line ; see ion collisions short-dashed line ; see(F
n
, eq. [19]), (F

i
, eq. [20]),

plasma drag long-dashed line ; see and infrared emission dot-dashed line ; see eqs. for molecular cloud (MC), cold neutral(F
p
, eq. [25]), (F

IR

, [30]È[33]),

medium (CNM), warm neutral medium (WNM), warm ionized medium (WIM), reÑection nebula (RN), and photodissociation region (PDR) conditions (see

Also plotted is the ratio (dotted line) showing the relative importance of electric dipole damping for a grain with (3/2)kT rotational kineticTable 1). q
H

/q
ed

energy (see The discontinuities at cm are due to the assumed change in grain geometry from disklike to spherical.eq. [58]). a \ a
2

\ 6 ] 10~8

is the ““ quantum cuto† ÏÏ length,

bu \ (I/m)1@2 (28)

is the distance beyond which the angular velocity of thermal

ions is less than the angular velocity of the grain, and ( is

the angle between l and x. Our result di†ers from(eq. [25])

that of & Watson who neglect impactAnderson (1993),

parameters with In the present calculations, we setb [ bu.

cos2 appropriate if x is randomly oriented relative( \ 1

3

,

to We have neglected the e†ects of electric quadrupolel.4

and higher moments, which & WatsonAnderson (1993)

have shown to be negligible. is shown inF
p

Figure 4.

4.3. Infrared Emission
A more subtle process is damping due to infrared emis-

sion & Spitzer As shown in(Purcell 1971 ; Martin 1972).

emission of a thermally excited photon ofAppendix C,

energy hl from a spherical grain rotating at angular velocity

u > l removes, on average, an angular momentum +u/

(2nl). The grain is heated by absorption of photons from the

background starlight, with energy density which weu
*
,

assume to have the spectrum estimated for interstellar star-

light by Mathis, & Panagia andMezger, (1982) Mathis,

4 We note, however, that disklike grains would tend to have cos2 ( > 1,

since internal relaxation (see will cause the principal axis ofPurcell 1979)

largest moment of inertia to align with the angular momentum, whereas l
will tend to be perpendicular to the principal axis of largest moment of

inertia.

Mezger, & Panagia The infrared emission cross(1983).

section is assumed to scale with frequency as

Ql \ Q
0

A l
l
0

B2

, (29)

as appropriate for graphite, silicate, and various other can-

didate grain materials & Lee Since there is(Draine 1984).

reason to believe that the smallest interstellar grains are

predominantly here we will assume opticalcarbonaceous,5

properties appropriate for small graphitic particles (though

the discussion in is fully general).Appendix C

If the grain is large enough that its temperature may be

approximated as a constant then the rotational drag isT
d
,

characterized by (see Appendix C1)6
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For small grains, the quantized heating by starlight

photons results in thermal ““ spikes ÏÏ followed by intervals of

cooling (see, e.g., & Anderson thereby alteringDraine 1985),

the emission spectrum and a†ecting the rotational damping,

5 The 10 km silicate feature does not appear in the emission spectrum of

di†use interstellar clouds et al. implying that the particles(Onaka 1996),

small enough to be heated to K by single-photon heating do notT
d
Z 150

have a signiÐcant silicate component.

6 The IR drag torque depends on Qa2 P a3. The factor enters in(a/a
x
)4

equations and from the normalization(30) (31) equation (14).
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FIG. 5.ÈDimensionless rotational excitation functions for neutral collisions solid line ; see ion collisions short-dashed line ; see eqs.(G
n
, eq. [37]), (G

i
, [38],

and plasma drag long-dashed line ; see infrared emission dot-dashed line ; see eqs. and and photoelectric[39], [40]), (G
p
, eq. [42]), (G

IR

, [43], [44], [45]),

emission dotted line ; see for MC, CNM, WNM, WIM, RN, and PDR conditions (see As in the discontinuity at 6 ] 10~8 cm is(G
pe

, eq. [46]) Table 1). Fig. 4,

due to a change in assumed grain geometry.

where we once again sum over neutrals n and ions i. / is

deÐned by and is deÐned byequation (24), v
i

equation (23)

but using the polarizability of the species resulting from

neutralization of the incoming ion i. In we showFigure 5 G
n

and as functions of grain radius a. Coulomb attractionG
i

makes the dominant excitation process for small nega-G
i

tively charged grains

Note that the Ñuctuation-dissipation theorem is not

applicable to ion-grain collisions, as ions neutralize on the

grain surface. Therefore F
i
D G

i
.

5.2. Excitation by the Plasma
Excitation of grain rotation by the Ñuctuating electric

Ðeld from passing ions is (see and Appendix B4)eq. [25]
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The Ñuctuation-dissipation theorem ensures that F
p
\ G

p
.

5.3. Infrared Emission
Each infrared photon carries away angular momentum +,

and hence there must be a corresponding change in the

angular momentum of the grain. The energy in the radiated

photons is due to absorption of starlight photons, but since

there are D500 infrared photons emitted per starlight

photon, we may neglect the angular momentum change due

to the photon absorption event itself.

If the grain temperature is approximated as constant and

we assume graphitic grains, then (see Appendix C1)7
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For very small grains, the grain temperature may be

treated as zero except immediately following a photon

absorption event, in which case for graphitic grains we Ðnd
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We take

G
IR

\ min (G
IR,c

, G
IR,q

) . (45)

7 The factor in equations and enters from the normal-(a/a
x
)4 (43) (44)

ization of G (see eq. [36]).
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Boltzmann distribution, then the emissivity per H is

jl
n
H

\

A 8
3n
B1@2 1

n
H

c3

P
da

dn

da

k2u6

Su2T3@2

exp
A[3u2

2Su2T
B

. (63)

We evaluate this emissivity for the size distribution of
for conditions characteristic of di†erent phases ofFigure 8,

the interstellar medium. We consider the case in which no
formation takes place, as well as the case where it occursH

2with 10% efficiency (c \ 0.1). The resulting emissivity is
shown in Figure 9.

& Dettmar predicted the microwave emis-Ferrara (1994)
sion from grains under WIM conditions, obtaining an
emissivity GHz)2.8 Jy sr~1. Thejl/nH

\ 1.1 ] 10~15(l/100
slope and magnitude of this emission is similar to our
results near 10 GHz, but this is coincidental : Ferrara &
Dettmar assumed grains to be rotating with thermal rota-
tion rates corresponding to D104 K, whereas we Ðnd very
strong damping by both microwave emission and infrared
emission (see so that the grains actually rotate veryFig. 4)
subthermally (relative to the 8000 K gas temperature in the
WIM). For example, for a \ 10~7 cm grains under WIM
conditions, we estimate GHz (seeu

rad

/2n B 8.5 Fig. 7),
whereas Ferrara & Dettmar estimate a rotation rate D50
GHz for this size ; since the emitted power Pu4, this is a
signiÐcant di†erence. In Ferrara & DettmarÏs model, the 10
GHz emission comes from grains with a B 2 ] 10~7 cm,
whereas we Ðnd here that the 10 GHz emission comes pri-
marily from grains with a B 9 ] 10~8 cm; these two sizes
di†er by factors of D10 in mass and D50 in moment of
inertia.

In we show the e†ects of decreasing the intrin-Figure 10
sic dipole moments by a factor of 2, by takingk

i
b
0

\ 0.2
debye and v \ 0.05. In we show the emissivityFigure 11
calculated for formation efficiencies c \ 0 and 0.1 ; theH

2spectra are essentially unchanged. It is apparent that the

FIG. 8.ÈAdopted sized distribution for small grains in di†use regions
(CNM, WNM, WIM), with 5% of the total carbon abundance in a log-
normal component (see In molecular gas, we assume the numbereq. [62]).
of cm grains to be reduced by a factor 5 (see text), so that thea [ 3 ] 10~7

log-normal component contains 1% of the carbon.

FIG. 9.ÈEmissivity per H due to dust grains for DC, MC, CNM,
WNM, and WIM conditions (see For CNM, WNM, and WIMTable 1).
conditions, grains have the size distribution of for DC and MCFig. 8 ;
conditions, the ultrasmall grain population is reduced by a factor of 5 (see
text). Solid line is total emissivity ; dashed line is rotational emission from
ultrasmall spinning grains. Also shown are observed emissivities from the
COBE di†erential microwave radiometer (open diamonds ; et al.Kogut

Saskatoon ( Ðlled diamonds ; Oliveira-Costa et al. and the1996) ; de 1997) ;
Owens Valley Radio Observatory ( Ðlled squares ; et al.Leitch 1997).

emission spectra are not especially sensitive to the precise
values of or c.b

0It is evident that the population of small grains that has
been inferred previously from observations of both the UIR
emission features and the 12 and 25 km IRAS emission
should produce substantial electric dipole emission in the
10È100 GHz region.

It appears that this emission has already been detected by
experiments designed to measure angular structure in the
cosmic background radiation. et al.Kogut (1996), de
Oliveira-Costa et al. and et al. have(1997), Leitch (1997)
reported detection of 14È90 GHz microwave emission that
is correlated with 100 km emission and therefore apparently

FIG. 10.ÈSame as but for intrinsic electric dipole momentsFig. 9 k
ireduced by a factor of 2 debye).(b

0

\ 0.2

0*()2M)6*%()4&#78*2&*N*OP*QRG*
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!! Important foreground for CMB studies 

!! Dominant component in total-intensity 

~20-60GHz 

!! Possible polarization contribution  

!! New diagnostic for dust grains and the 

interstellar medium 
!! Spinning dust traces the small dust grains in the 

ISM 

!! Dust plays an important role in star formation, 
the gas physics of molecular clouds etc  

!! The spinning dust spectrum depends on many 

parameters e.g. grain size distribution, 
interstellar radiation field, column density etc 

!! Complementary to IR data 

Spinning Dust (K-Band) 

Thermal Dust (K-Band) 

Thermal Dust (W-Band) 
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Figure 5. Integrated flux density spectra for the five features shown in Fig. 2(a). A power law with spectral index α = −0.12 is plotted to represent the
free–free emission 3σ upper limit (dotted line) and a modified blackbody curve, fitted to the 94 GHz, 100 µm and 60 µm data points, is plotted to represent the
thermal dust emission (dashed line). The best-fitting values for Tdust and βdust are displayed on each plot individually. For feature C, the 94 GHz data point was
only an upper limit, and therefore the modified blackbody curve is fitted with a fixed dust emissivity value of βdust = 1.5. The VSA 33 GHz data point is not
accounted for by either of these curves and is fitted by a linear combination (0.5CNM + 0.5MC) of Draine & Lazarian (1998) spinning dust models (dash–dot
line). The fraction of excess emission at 33 GHz (f 33 GHz), and the corresponding significance, is displayed on each plot. Also plotted are the 25 and 12 µm
data points, but these were not included in the SED fitting procedure.

5.2 SED determination

The flux densities for all five features at 4.85 GHz, 33 GHz, 94 GHz,
100 µm and 60 µm are listed in Table 6 and the corresponding
flux density spectra are plotted in Fig. 5. From our discussion in
Section 4, we know that free–free emission occurs at the radio
frequencies, and thermal (vibrational) dust is expected to occur at
FIR wavelengths.

We determined an upper limit for the free–free emission at
4.85 GHz, and since we know that a typical free–free emission

spectrum follows a power law with spectral index α = −0.12, we
plotted this normalized to our upper limit at 4.85 GHz. We note that
at frequencies below ≈1 GHz, the free–free emission can become
optically thick (τ > 1) with a spectral index of α ≈ +2, but at higher
frequencies, the free–free emission becomes optically thin (τ # 1)
and follows the standard power law with spectral index α = −0.12.

For the thermal dust emission, we used a modified blackbody
curve function, νβdust+2B(ν, Tdust), where βdust is the dust emissivity
index and B(ν, T dust) is the blackbody function for a dust tem-
perature, Tdust. A single temperature dust component, modelled by

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 402, 1969–1979
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Figure 5. Integrated flux density spectra for the five features shown in Fig. 2(a). A power law with spectral index α = −0.12 is plotted to represent the
free–free emission 3σ upper limit (dotted line) and a modified blackbody curve, fitted to the 94 GHz, 100 µm and 60 µm data points, is plotted to represent the
thermal dust emission (dashed line). The best-fitting values for Tdust and βdust are displayed on each plot individually. For feature C, the 94 GHz data point was
only an upper limit, and therefore the modified blackbody curve is fitted with a fixed dust emissivity value of βdust = 1.5. The VSA 33 GHz data point is not
accounted for by either of these curves and is fitted by a linear combination (0.5CNM + 0.5MC) of Draine & Lazarian (1998) spinning dust models (dash–dot
line). The fraction of excess emission at 33 GHz (f 33 GHz), and the corresponding significance, is displayed on each plot. Also plotted are the 25 and 12 µm
data points, but these were not included in the SED fitting procedure.

5.2 SED determination

The flux densities for all five features at 4.85 GHz, 33 GHz, 94 GHz,
100 µm and 60 µm are listed in Table 6 and the corresponding
flux density spectra are plotted in Fig. 5. From our discussion in
Section 4, we know that free–free emission occurs at the radio
frequencies, and thermal (vibrational) dust is expected to occur at
FIR wavelengths.

We determined an upper limit for the free–free emission at
4.85 GHz, and since we know that a typical free–free emission

spectrum follows a power law with spectral index α = −0.12, we
plotted this normalized to our upper limit at 4.85 GHz. We note that
at frequencies below ≈1 GHz, the free–free emission can become
optically thick (τ > 1) with a spectral index of α ≈ +2, but at higher
frequencies, the free–free emission becomes optically thin (τ # 1)
and follows the standard power law with spectral index α = −0.12.

For the thermal dust emission, we used a modified blackbody
curve function, νβdust+2B(ν, Tdust), where βdust is the dust emissivity
index and B(ν, T dust) is the blackbody function for a dust tem-
perature, Tdust. A single temperature dust component, modelled by

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 402, 1969–1979
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Total flux density (VSA) = 4.4 ± 0.4 Jy 

Total flux density (WMAP) = 40.3 ± 0.4 Jy 

=> Anomalous microwave emission is diffuse 

Tibbs et al. (2010) 
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GBT observations 

o! 3 strips at 1.4 GHz and 5 GHz 

o! Covering the AME features identified 

with the VSA 

4 5 6 7 8 9 10 11 12 13 14

46:00 44:00 42:00 3:40:00 38:00 36:00 34:00

3
3
:0

0
:0

0
3
0
:0

0
3
2
:0

0
:0

0
3
0
:0

0
3
1
:0

0
:0

0
3
0
:3

0
:0

0

Right Ascension (J2000)

D
e

c
lin

a
ti
o

n
 (

J
2

0
0

0
)

C

B

A3

A2

A1

Strip 3

Strip 2

Strip 1

MJy/sr

Tibbs et al. (2013b) 

ffree-free < 27% 

ffree-free < 12% 

ffree-free < 18% 
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IRAC 5.8 and 8µm/AMI 16GHz MIPS 24, 70 and 160µm/AMI 16GHz 

Tibbs et al. (2013a) 
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Tibbs et al. (2013a) 
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o! Clear peak in the correlation at 24µm (6.7"). 

o! Region A and B peak at 24µm with region C also strongly correlated with 
24µm. 

o! Region D is not strongly correlated with 24µm, but this is the location of the 
OB star and is surrounded by very hot gas => 24µm emission possibly due 

to thermal emission => lack of correlation. 
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Tibbs et al. (2013a) 

!! AMI observations confirm that the microwave-IR correlation 

observed at larger angular scales of #10-40 arcmin is still present at 

angular scales of # 2 arcmin. 

!! We find a preference for the microwave emission to correlate with 

the 24µm emission rather than the shorter wavelengths. 

Is the AME due to spinning VSGs? 

- or - 

Is the AME more dependent on the excitation 
than the abundance of the carriers? 

- or - 

Is the AME due to spinning molecules that are 

not traced by the 5.8 or 8µm Spitzer bands?  
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!! Determine the population/size of the dust grains that are 

emitting 
!! Theory states small gains: PAHs or VSGs? (e.g. Tibbs et al. 2013a) 

!! Determine the dominant excitation mechanism 
!! There are many excitation mechanisms in the spinning dust models 

!! Very dependent on environment (e.g. Tibbs et al. 2012a) 

!! Determine the role played by gas ions in the spinning dust models 
(e.g. SOFIA cycle 1 observations to observed [CII] (P.I. Tibbs)) 

!! Determine the role of star formation 
!! Is AME connected to star formation? 
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!! Increase the number of AME detections 

!! Currently only ~20 sources with AME detections 

!! Need to increase this number to do a statistical analysis (e.g. Planck 

Collaboration, submitted to A&A.) 

!! Gain a better understanding of the morphology of the AME 
!! Follow-up Planck targets with increased angular resolution (e.g. 

Programs to use CARMA and AMI interferometers) 
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!! “Exploring the role of CII in current Spinning Dust Models” 

!! SOFIA cycle 1 proposal to use GREAT to observe CII in 3 strips in Perseus 

!! Team of experts in both theory and observation: C. Tibbs (PI), R. Paladini, A. 

Boogert, A. Scaife, N. Ysard, S. Casassus, A. Noriega-Crespo, S. Carey, C. 

Dickinson and N. Flagey. 

!! Scientific Justification 
!! Although the spinning dust model attributes AME to the dust, the smallest 

dust grains, producing the spinning dust emission, are sensitive to the 

ionisation state of the gas, i.e. the abundance of the major charged species. 

!! Therefore, one would expect that the spinning dust emission is also sensitive 

to the ionisation state of the gas (Ysard et al. 2011). 
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!! Target Selection 

!! Perseus was chosen as it represents the best detection of AME to date 

!! AME detected at angular resolutions of 2 arcmin (Tibbs et al. 2013a) 

!! Wide selection of ancillary data available (particularly 12CO, 13CO data cubes 

will help distinguish between multiple CII components along the line of sight).  

25 

!! Observing Strategy 

!! Observe the CII 158µm line with band L #2 (1.815 – 1.91 

THz) of the GREAT instrument using the Acousto-Optical 

Spectrometers (AOS) backend.  

!! Additionally, since GREAT is a dual channel receiver, we 

will simultaneous observe the NII line with band L #1b 

(1.417 – 1.52 THz).  

!! Use on-the-fly mapping to observe three 11arcmin stripes 

(see Figure).  

!! 2 of the stripes are positioned to intersect filaments of dust 

where AME has been detected (green) while one stripe is 

located away from any AME (red).  
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!! Goals 

!! To investigate how the CII emission correlates with the AME  

!! To better constrain the ionized carbon fractional abundance parameter in the 

spinning dust models 

!! To combine the CII observations with a dust modelling analysis of the IR 

continuum emission resulting in the first spinning dust analysis to incorporate 

both the dust and gas properties.  

26 



C. Tibbs                                            SOFIA Tele-Talk                                                        Sept 11 2013 

!! AME is a new emission mechanism that has been observed in 

numerous Galactic environments 

!! The currently favoured explanation is electric dipole emission from 

rapidly spinning dust grains. 

!! The Perseus molecular cloud represents one of the best examples 

of AME detection. In fact the AME in Perseus has been observed on 

a range of angular scales from degrees to a few arcmin. 

!! The microwave – IR correlation present on 10arcmin angular scales 

is still present at 2arcmin angular scales. 

!! The 24µm emission is most highly spatially correlated with the 

microwave emission suggesting that it is VSGs rather than PAHs 

that are spinning. 

!! There are still open questions that need to be answered, one of 

which involves determining the dominant excitation mechanism. For 

this we proposed SOFIA GREAT observations to observe CII in 

Perseus. 
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