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ABSTRACT

Anomalous microwave emission (AME) is believed to be dudeoctéc dipole radiation from small spinning dust grainbeTaim of this paper is
a statistical study of the basic properties of AME regiond #ire environment in which they emit. We usaMAP andPlanck maps, combined
with ancillary radio and IR data, to construct a sample of &&didate AME sources, assembling SEDs for each source agergure photometry
on I°-smoothed maps from 0.408 GHz up to 3000 GHz. Each spectriittes with a simple model of free-free, synchrotron (wheeeessary),
cosmic microwave background (CMB), thermal dust, and sp@qdust components. We find that 42 of the 98 sources havéisatt (> 50°)
excess emission at frequencies between 20 and 60 GHz. Aysanaf the potential contribution of optically thick fréeee emission from ultra-
compact Hi regions, using IR colour criteria, reduces the significaMBEAsample to 28 regions. The spectrum of the AME is consistétit
model spectra of spinning dust. Peak frequencies are iratiger20-35 GHz except for the California Nebula (NGC1498)civappears to have
a high spinning dust peak frequency of (A7) GHz. The AME regions tend to be more spatially extended tiegions with little or no AME.
The AME intensity is strongly correlated with the sub-mmiktrgIR flux densities and comparable to previous AME detectiontheé literature.
AME emissivity, defined as the ratio of AME to dust optical ttewvaries by an order of magnitude for the AME regions. TheRAMgions tend to
be associated with cooler dust in the range 14—-22 K and aage@missivity index3q, of +1.8, while the non-AME regions are typically warmer,
at 20-30 K, and have a slightly flatter emissivity indextdf7. In agreement with previous studies, the AME emissivityesgrs to decrease with
increasing column density. This supports the idea of AMEBingting from small grains that are known to be depleted msdeegions, probably
due to coagulation onto larger grains. We also find a coiogldietween the AME emissivity (and to a lesser degree thensm dust peak
frequency) and the intensity of the interstellar radiafiietd, G,. Modelling of this trend suggests that both radiative anlitisional excitation
are important for the spinning dust emission. The most Bagrit AME regions tend to have relatively less ionized gaseffree emission),
although this could be a selectioffect. The infrared excess, a measure of the heating of dustiatsd with Hi regions, is typically> 4 for
AME sources, indicating that the dust is not primarily helatg hot OB stars. The AME regions are associated with knowk iebulae and have
higher 12um/25um ratios. The emerging picture is that the bulk of the AME imaag from the polycyclic aromatic hydrocarbons and smaditdu
grains from the colder neutral interstellar medium phase.

Key words. ISM: Hu regions — ISM: general — Radiation mechanisms: general +oRaatinuum: ISM — Submillimeter: ISM

1. Introduction

Anomalous microwave emission (AME) has been observed in a
* Corresponding authoclive.dickinson@manchester.ac.uk few directions of the Galaxy and is an important foregrouord f
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the cosmic microwave background (CMBiqgut et al. 1996 radio data, there is sometimes a mix of sources within thenbea
Leitch et al. 1997 Finkbeiner et al. 2002~inkbeiner 2004de Many of the sources can be classed dfude Hu regions, al-
Oliveira-Costa et al. 20Q0Dobler & Finkbeiner 2008Miville-  though we have found a few AME sources with no obvious
Deschénes et al. 200&old et al. 2011 There is strong evi- associated H region and very weak free-free emission. Many
dence, particularly in the Perseus arfdphiuchi clouds\{atson of the regions are in large star-forming complexes, which at
et al. 2005% Casassus et al. 200®lanck Collaboration XX 1° resolution contain many individual sources. These are of-
2011, that AME is due to electric dipole radiation from smalten located in the vicinity of molecular clouds, which produ
spinning dust grains. Along these sight lines, there isligiy- strong thermal dust emission. Nevertheless, combiRiagck
nificant excess emission above free-free, synchrotron, GiviB data with ancillary radio and far-infrared data we assertidé
thermal dust in the frequency range 10-100GHz. The spect&Ds from 0.408 GHz to 5000 GHz. We fit the SEDs with a sim-
energy distributions (SEDs) are peaked at about 30 GHz,amd ple model of free-free, synchrotron (where appropriated;rmal

be fitted by physically-motivated theoretical models ohsying dust, CMB, and AME (spinning dust) components to determine
dust Praine & Lazarian 1998Ali-Haimoud et al. 2009Hoang whether there is evidence for AME at frequencies 20—60 GHz
et al. 2010. AME has been detected iniHregions Dickinson and if so, if it agrees with spinning dust models. For the most
et al. 2006 2007, 2009 Todorovic et al. 201)) dust clouds significant & 50) AME detections, we investigate the observa-
(Casassus et al. 2008008 Scaife et al. 2009 a supernova rem- tional properties of these regions and compare them with eac
nant Scaife et al. 200)7 and in one external galaxyMurphy other and with regions that do not show strong AME. In particu
et al. 2010a Scaife et al. 2010b There is also evidence forlar, we would like to distinguish AME and “non-AME” regions
AME in the diffuse emission at high Galactic latitud®g€l et al. using observational and physical properties. This is tis¢ ta-
2012 Macellari et al. 2011Ghosh et al. 2012 tistical study of AME regions to date.

Definitive evidence for spinning dust was provided by In Sect.2 we describe th&lanck and ancillary data used in
Planck Collaboration XX2011). Accurate SEDs of the Perseusur analysis. Sectio describes the sample selection, aperture
andp Ophiuchi clouds were easily fitted by a physically motiphotometry, and model-fitting. Sectidnpresents the results of
vated model for the clouds, including spinning dust compdse the quantification of AME in these sources. Sectibimvesti-
associated with the atomic and molecular phases of the- intgates the correlation of AME with source properties. Sectio
stellar medium (ISM). The model was found to be an excellegives a brief discussion and conclusions.
fit with physical parameters that were reasonable for these r
gions. Planck Collaboration XXI(2011) applied an inversion
technique to separate the various contributions of the 18M 2. Data
Galactocentric rings along the Galactic plane and found th 1 Planck data
25 + 5% of the 30 GHz emission comes from AME and wa§ ™

consistent with spinning dust associated with atomic an#io planck (Tauber et al. 201;(Planck Collaboration | 202)is the
ular gas but not with the ionized phase. Component separatifiird generation space mission to measure the anisotrofieof
of the difuse emission at intermediate latitudes in the southegMB. It observes the sky in nine frequency bands covering 30—
Gould Belt region Rlanck Collaboration Int. XIl 20)3evealed 857 GHz with high sensitivity and angular resolution froni 31
an AME component consistent with spinning dust emitting attg 5. The Low Frequency Instrument (LFNandolesi et al.
peak frequency of (25 + 1.5) GHz (in flux density units), com- 201Q Bersanelli et al. 201.0Mennella et al. 201)covers the
patible with plausible values for the local density and aidn 30, 44, and 70 GHz bands with amplifiers cooled to 20K. The
field. High Frequency Instrument (HFLamarre et al. 202,0Planck
To date there has been no detailed study of AME in a redF| Core Team 201J)aovers the 100, 143, 217, 353, 545, and
sonable sample of sourceBickinson et al.(2007) observed 857 GHz bands with bolometers cooled to 0.1 K. Polarizaton i
six southern Hi regions with the Cosmic Background Imagemeasured in all but the highest two bantieghy et al. 2010
at 31 GHz and found tentative evidence for excess emissiBosset et al. 2000 A combination of radiative cooling and
from the RCW49 comple)Scaife et al(2008 observed a sam- three mechanical coolers produces the temperatures némded
ple of 16 compact i regions at 15 GHz with the Arcminutethe detectors and optic®lanck Collaboration II 2011 Two
Microkelvin Imager (AMI) and found no evidence for excesslata processing centers (DPCs) check and calibrate theddta
emission; the spectrum was consistent with optically théef make maps of the skyP{anck HFI Core Team 2011Hacchei
free emission from warm ionized gaBodorovit et al.(2010 et al. 201). Planck’s sensitivity, angular resolution, and fre-
surveyed the Galactic plane at longitudes 271 < 46° with quency coverage make it a powerful instrument for Galactic
the Very Small Array (VSA) at 33 GHz and found statistical-eviand extragalactic astrophysics as well as cosmology. Eaxly
dence for AME in nine regions, but with an emissivity relatté trophysics results are given in Planck Collaboration \XkVI
100um brightness that was 30-50 % of the average high latitu@®11, based on data taken between 13 August 2009 and 7 June
value. 2010. Intermediate astrophysics results are now beingpted
In this paper, we have assembled a sample of 98 Galadtica series of papers based on data taken between 13 August
clouds selected @lanck® frequencies to investigate their SED2009 and 27 November 2010.
and constrain the contribution of AME. Due to the large beam In this paper we us@lanck data from the 2013 distribu-
size of the lowes?WMAP/Planck channels and the low frequencytion of released product®(anck Collaboration | 20)3based
on data acquired during the “nominal” operations perioarfro
1 Planck (http://www.esa.int/Planck) is a project of the 13 August 2009 to 27 November 2010, and available from the
European Space Agency (ESA) with instruments provided lyswi- Planck Legacy Archlvé. Specifically, we use the nine tempera-
entific consortia funded by ESA member states (in partictilariead ture maps summarized in TaldleWe also use a CMB-subtracted
countries France and Italy), with contributions from NASASA) and
telescope reflectors provided by a collaboration betweehdtfsl a sci- 2 http://www.sciops.esa.int/index.php?
entific consortium led and funded by Denmark. project=planck&page=Planck_Legacy_Archive
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Table 1. Sources of the datasets used in this paper, as well as cegreshcies, angular resolutions, and references.

Frequency

TelescopfSurvey [GHZz] Resolution  Coverage Reference
Haslam .......... ... ... ......... 0.408 'B1. Fullsky  Haslam et al(1982
Reich ... ... .. .. ... ... .. .. ... 1.42 3b Full sky Reich(1982; Reich & Reich(1986; Reich et al(2001)
Jonas. . ... 2.3 ’Q0.  Southern sky Jonas et al(1999
WMAP 9-year .................... 22.8 5 Full sky Bennett et al(2012
Planck. . .......... .. ... .. ... ... 28.4 R Full sky Planck Collaboration (2013
WMAP 9-year .................... 33.0 36 Full sky Bennett et al(2012
WMAP 9-year .................... 40.7 » Full sky Bennett et al(2012
Planck. . . ... .. 44.1 pa'd Full sky Planck Collaboration (2013
WMAP 9-year .................... 60.7 2P Full sky Bennett et al(2012
Planck. . . ... .. 70.4 13. Full sky Planck Collaboration (2013
WMAP 9-year .................... 93.5 Bt Full sky Bennett et al(2012
Planck. . . ... ... o 100 @’ Full sky Planck Collaboration (2013
Planck. . ........ ... ... .. ... ... 143 '3 Full sky Planck Collaboration (2013
Planck. . . ... .. 217 {:) Full sky Planck Collaboration (2013
Planck. . .......... .. ... . ... ... 353 '8 Full sky Planck Collaboration (2013
Planck. . . ... .. 545 4 Full sky Planck Collaboration (2013
Planck. . .......... .. ... ... . ... 857 '3 Full sky Planck Collaboration (2013
COBE-DIRBE .................... 1249 3r Full sky Hauser et al(1999
COBE-DIRBE .................... 2141 38 Full sky Hauser et al(1999
COBE-DIRBE .................... 2997 38 Full sky Hauser et al(1999
IRAS(IRIS) Band 4 (10@m) .. ....... 3000 virg Near-full sky Miville-Deschénes & Lagachg@005
IRAS(IRIS) Band 3 (6Qum) .. ........ 5000 B Near-full sky Miville-Deschénes & Lagach@005
IRAS(IRIS)Band 2 2%m) . ......... 12000 ) Near-full sky Miville-Deschénes & Lagachg@005
IRAS(IRIS)Band 1 (12m) .. ........ 25000 65} Near-full sky Miville-Deschénes & Lagach@005
Soitzer IRAC/MIPS ... ... ... ... 8, 24m 2, 6" Partial Fazio et al(2009); Rieke et al(2004

a We use the symmeterized’-$moothed version.

version for testing the robustness of the detections, uieg SEDs, and poorly fitted thermal dust components. We thezefor
SMICA CMB map Planck Collaboration XII 2013 We use use the CMB-subtracted maps only for finding regions of AME,
the standard conversion factors from CMB to Rayleigh-Jeaasd use non-CMB-subtracted maps for the photometric analy-
(RJ) units and updated colour corrections describeBlanck sis, where we fit for a CMB component in the spectrum of each
Collaboration 1(2013. The Planck bands centred at 100 andsource, using the full data available in Taklésee Sect2.2). In

217 GHz are known to be contaminated by CO lines. We cdhis way we do not bias the flux densities (due to the component
rected these channels using thame et al.(200]) integrated separation process), and more importantly, we can chaizete
CO map smoothed to°lresolution and scaled with the con-and propagate the uncertainty due to the CMB fluctuation. The
version factors described Rlanck Collaboration XIII(2013; AME amplitudes from both datasets agree within a fraction of
however, for some sources, we still see discrepancies with the uncertainty for the majority of sources. In the futirkanck
spectral model at the 10 % level. We therefore did not includecomponent separation will also make use of many of the eatern
these two channels in our fitting of the spectral model. The Céatasets listed in Tabte and it may be possible to subtract the
contamination in the 353 GHz channel is small, typicall{t % CMB directly.

(Planck Collaboration Xl 2018 and we do not see significant

deviations in our SEDs. Therefore, no correction was made fo )

CO lines in the 353 GHz band. 2.2. Ancillary data

Although we limit ourselves to bright Galactic regions withVe use a range of ancillary data to allow the SEDs to be
typical flux densities at 30 GHz far greater than 10Jy, at fetermined from radio (around 1 GHz) to far-infrared (amun
angular scales the integrated flux density of CMB fluctuatio®000 GHz). All ancillary data are summarized, along with the
can be 10 Jy or more at 100GHz, a significant fraction &flanck data, in Tablel. These data have been smoothed to a
the total flux density of some of the sources in our sampleommon resolution of 2L since some of the maps have only
CMB-subtracted maps would, in principle, be most appraeriaslightly higher resolution than this. The smoothing alstuees
for our analysis. However, in bright regions near the Gadacithe dfects of any residual beam asymmetry in some cases, e.g.,
plane, significant foreground residuals remain in the CMBsna\WWMAP and Planck, where non-circular beams vary across the
produced by thePlanck component separation codes in 20181ap.

(Planck Collaboration Xl 2013 which used onlyPlanck data We analysed the northern sky survey at 12-18 GHz from
and frequencies for separation. These regions can be miskedhe COSMOSOMAS experiment&éllegos et al. 2001 how-
cosmological work, but they are precisely the regions that vever, due to the filtering of emission on large angular scales
need here. Investigations comparing CMB-subtracted woth- n and large intrinsic beam width, the majority of the sources
CMB-subtracted maps revealed biases in the plane at the lewere strongly &ected by negative filtering artefacts from neigh-
of 10-15 %. Furthermore, incorrect subtraction, partidulat bouring bright sources. The exceptions were G16018562
frequencies near 100 GHz, resulted in hjghvalues for some and G173.62.8, which were previously reported Wlanck
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Collaboration XX(2011). We therefore did not consider furtherwhich quantifies the power in the full beam (including sidls)

the COSMOSOMAS data in our analysis. compared to the main beam. The largest correction factopwe a
In the following sections, we describe the ancillary data iplied is 1.55 for the Reich et al. 1.42 GHz survey, based on-com
more detail. parisons with bright calibrator sources. We did not make any

corrections to the 0.408 and 2.326 GHz maps, since they were
) found to be consistent to within 10 % of the 1.4 GHz data for the
2.2.1. Radio surveys majority of the sources in our sample and for bright extragal

Data at low frequencies (around 1 GHz) are important for efi¢ sources. We also note that the positional accuracy afethe
cluding regions with synchrotron emission, and for estingat Maps, particularly the 0.408 GHz map, is not particularlpao
the level of free-free emission. Ideally, we would have salve Visual inspection of the maps suggests inconsistenciesgtit
frequency channels in the range 1-10 GHz; however, no lagfrces at the level of up to 1t 0.408 GHz. For our analysis,
area surveys exist above 2.3 GHz, except for higher resmuti.howeve_r, this is not likely to pe a major source of error, sinar
surveys that do not retain large-angular-scale informative Integration aperture has a diameter of 2
therefore use the three well-known surveys at 0.408, 14@, a We assumed a 10 % uncertainty in the radio data at all three
2.326 GHz. frequencies. For the 408 MHz map, which has striations, we
The all-sky survey oHaslam et al(1982 at 0.408 GHz is added an additional 3.8 Jy uncertainty corresponding tbaise-
widely used as a tracer of synchrotron emission at high @aladine uncertainty of +3K (Haslam et al. 1982at 1° angular
latitudes; however, it also contains strong free-free atioin  Scales. This is required to bring té value to within acceptable
from the Galactic plane and fromHregions, where the free- levels for some sources. This additional uncertainty isahoays
free typically dominates over synchrotron emission evehese required for sources in our sample, and we find, in fact, tteat w
lower frequencies. overestimated our uncertainties in many cases (see &4xrt.
A number of diferent versions of the 0.408 GHz map are
available. The most widely used is the NCSdestriped and 529 WMAP
desourced version available on the LAMBDA web$itg an <

angular resolution of °L This map has been Fourier filtered taxnap 9-year data are included in our analysBegnett et al.
remove large-scale striations, and bright sources have fige 2012). The data span 23 to 94GHz and thus complement
tracted, including many of the brightirregions. Since we want panck data, particularly the K-band (22.8 GHz) channel. The
to retain all the sources for this work, we use a less-preeess>_smoothed maps available from the LAMBDA website are
version of the mapat 51 resolution that was originally sam-ysed. We apply colour corrections to the central frequesese
pledin a 2-D Cartesian projection witfi38x 0233 square pixels jnq the recipe described Bennett et al(2012); the local spec-
and B1950 coordinate frame. This version retains all thgttri 15 index across each band is calculated using the bestfitt
compact sources, although striations are much more vible model (see SecB.5). This does not exactly take into account
eye. However, at low latitudes and in bright regions, th@str cyryature of the spectrum, but is a good approximation given
tions are negligible compared to the sky signal. This map Wt the colour corrections are typically a few percent. fher
regridded into thélEALPix format (Gorski et al. 200pusing a majority of sources studied in this paper we are not limitgd b

procedure that computes the surface intersection _betyvmbn linstrumental noise and we assume a 3 % overall calibration un
vidual pixels of the survey with the intersectiHBALPix pixels  certainty.

(see Appendix A ofaradis et al. 2012aAfter smoothing the
resulting map with a 36 FWHM Gaussian kernel to bring it to
1° resolution, this new map gave results more consistent Wwith t2.2.3. Submm/infrared data
1.42 and 2.326 GHz maps.
The Reich et al. full-sky 1.42 GHz maRéich 1982 Reich To sample the peak Qf the blackbody curve for temperatures
& Reich 1986 Reich et al. 200)Lhas 36 resolution, and the greater than 15K, we include ti@OBE-DIRBE data at 24@m
Jonas et al(1999 2.326 GHz map of the southern hemispherg 249 GHz), 14qum (2141 GHz), and 100m (2997 GHz). The
has 20 resolution. These have been destriped but not sourédRBE data are the Zodi-Subtracted Mission Average (ZSMA)
subtracted. Although the 2.326 GHz map covers up16°, we Maps Hauser et al. 1998egridded into th&lEALPix format us-
do not use declinations +10° because the smoothing operatiof"d the same procedure as used for the 408 MHz map described
affects the edges of the map. in Sect.2.2.1 Colour corrections are applled as descnbe.d in
The 0.408 GHz map is formally calibrated on angular scaléfi® DIRBE explanatory supplement version 2.3. Data at highe
of 5° by comparison with the 404 MHz survey Bauliny-Toth requencies are not included in the spectral fits, since érey
& Shakeshaf(1962), while the 1.42 GHz and 2.326 GHz mapgomlnated by transiently hgatgd grains not in thermal et.qun
are tied to absolute sky horn measurements\iepster(1974  1um with the mtqrstellar raq!at|on field and therefore pasily
andBersanelli et al(1994), respectively. Our study is at teso- Medelled by a single modified blackbody curve. Furthermore,
lution, with some regions being extended to 2-Therefore one &t wavelengthss 40um the spectrum contains many emis-
would expect the brightness temperature (and thus flux densﬁloryabsorptlon lines, which complicates the modelling. For the

to be under-estimated for many of our sources. The maximdigtistical comparison, we also include the shorter wagttes
correction factor is given by the full-beam to main-beanioat ©f PDIRBE band 7 (4995 GHz) and th@AS12um (25000 GHz)
and 25:m (12000 GHz) bands. We use the IRIS mapslofille-

3 National Center for Supercomputing Applications (NCSagdted D€schénes & Lagach@009, which have had bright sources
atthe University of lllinois at Urbana-Champaigrt:tp: //www.ncsa. ~ and a model of zodiacal light removed. Residuals from zadiac

illinois.edu light subtraction are known to be an issue at wavelengthgesho
4 http://lambda.gsfc.nasa.gov/ than about 2m, but are not expected to be significant for the
5 Available from the Bonn Survey Sampler webpagep://www.  Dright regions in this study because the zodiacal light la-re

mpifr-bonn.mpg.de/survey.html tively smooth spatially except for a narrow band at low eclip
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tic latitudes. We test this assumption by comparing the flugsults in 462 sources that are well-detected across the 30—
densities from improved zodiacal-light-subtracted magar¢- 100 GHz range. We remove extragalactic sources by searching
Antoine Miville-Deschenes, private comm.) where the reald the NASA Extragalactic Database (NEDfor radio galaxies.

are clearly much smaller. We obtained consistent resuttsinvi Approximately half of all detected sources, and a majority a

a fraction of the errors; the scatter is less than 5% at thetwolb| > 5°, are found to be extragalactic, most of which are likely
band (12um). Sources were not removed fbf > 5° and there- blazars. We also remove a small number of sources associated
fore do not &ect the majority of the sources in our sample.  with known bright supernova remnantsrgen 2009and plan-

We useSpitzer data where available at 8 and2# as a dust etary nebulaeAcker et al. 1992 The SIMBAD® database is
diagnostic for the polycyclic aromatic hydrocarbons (PABisd  found to be useful for confirming that a region is dominated by
very small grains (VSGSs), respectively. TBaitzer data are ob- Galactic emission and that many of our sources are in fagelar
tained from theSpitzer data archivé,and are reprocessed for theH 1 complexes or parts of molecular clouds. These regions often
purposes of this paper in order to mitigate possible sydiema contain several individual sources.

An extended emission correction is applied to therBdata, and The final stage of catalogue trimming is made by visual in-
the zodiacal light contribution is subtracted from both&@nd spection of the maps and preliminary SEDs made by aperture
24um data. Bright point sources are extracted from both bangsotometry (Sect8.4, 3.5, and3.6). We make visual inspec-
to enable us to investigate the extended emission, and an owen at this resolution, since the final SEDs are to be contrl
lap correction is applied to ensure a consistent backgriawedl using F-smoothed maps (to ensure that the responseffioséi
Finally, all the reprocessed data are combined to prodieé-th emission is the same at all frequencies). To ensure a ro@umnst s
nal maps used in this analysis; SEbbs et al.(2011) for more ple, sources that are not well-defined after smoothing t@.4.,
details. We are able to measure flux densities for 24 regions. do not show a definite peak of emission on scaleg @), or
are relatively faint &« 10 Jy at a frequency of 30 GHz), are dis-
_ o carded, except for a few cases at several degrees distame fr
3. Sample selection and SED fitting the Galactic plane. We find a few sources whose positionsre n
actly centred on the peak of the emission at frequenci28-of

GHz, with dfsets as large as 1020 his can occur because
of the complexity of the Galactic plane, which after filteyican
component subtraction method for detecting potential AME rproduce multiple peaks_ln close proximity to each other‘nErse

gases, we manually shift the position to the approximatéreen

ions. Sectior8.3 summarizes the final sample of 98 source ) X .
9 b Bthe hotspot. Since we are using a largeddius aperture (see

Section3.4 describes the aperture photometry method used : . . -
extract the flux densities of the sources. Sectididescribes the gect.3.4), this makes little dTer_ence_to the S.EDS' We identify
94 candidate AME sources using this technique.

model-fitting that is adopted to quantify the various congas
and to assess the contribution of AME. Sect®bf presents ex-

ample SEDSand a summary of what is observed in our samplg. 2. petection of AME regions by component subtraction

In this section we cover the methods we use to create
sample of sources. Sectidhl describes the source detectio
method that forms the main sample. Secti#f describes the

) ] We use a simple CMBoreground subtraction method to iso-
3.1. Detection of bright sources late AME from the other dfuse components. This method is

At high radio frequencies (3070 GHz), synchrotron and-th ssentially the same as was usedHignck Collaboration XX

mal dust emission are expected to be relatively faint. Thaido 2|01])' where p(;tehntial AME regions were I]E)categ by a sim-
nant emission mechanism is thought to be optically thinfree  P'€ subtraction of the non-AME components from the 28.4 GHz
emission ¢ ~ —0.14, whereS « »*), with a possible contribu- Planck CMB-subtracted map. The onefi@irence is that here

tion from AME. Free-free emission is expected to be parsidyl W€ Only use the 0.408 GHz map to trace the synchrotron emis-

strong near the Galactic plane due to the presencenafeigions  S'OM which is extrapolated with a_S'Ug'e power law and a spec
and ionized gas near OB stars. This allows tégions to be de- 8l iNdexg = —3.0 (T o v7). This is a typical value of the
tected by simply searching for bright sources in individiie} SIOP€ between 408 MHz aIMAP/Planck frequenciesDavies
quency maps. However, in this paper we are mainly interestectt &l- 2006 Gold et a_I. 201). The com_blnatlon of the 1.4GHz
constructing accurate SEDs across the radiomillimetregfar- and 2.3 GHz maps Is not used,_ as It creates Igrge-scale arte-
infrared wavelength range, which requires the detectiothef [2CtS: Although there is some evidence of flattenifigs(-2.7)
brightest clouds aall WMAP/Planck frequencies. We used the®f the synchrotron index at low Galactic latitudes (e@ald
SExtractor software Bertin & Arnouts 1994, which was used et al. 2009, we use the typical high latitude value. For most
in the “Sextra” pipeline for the Planck Early Release ContpagOtrces on the Galactic plane, the synchrotron emissiomis a
Source CatalogueP{anck Collaboration VII 201) to detect NOF component at frequencies above 23 GHz. For the free-free
bright sources at eadPlanck frequency of the CMB-subtracted ComMponentwe use the dust-correctedrblap ofDickinson et al.
maps. (2003. For thermal dust, we use model 8 Binkbeiner et al.

We begin with e&SExtractor catalogue of 1194 sources de{1999. Both are calculated at a frequency of 28.4 GHz.
tected at 70 GHz. To increase reliability and to ensure the re \We smooth thePlanck CMB-subtracted maps to a reso-
gion is bright at allPlanck frequencies, this catalogue is fur-ution of 1” and subtract the non-AME components from the

ther cross-matched with the 28.4 and 100 GHz catalogues, Gianck 28.4GHz map to create a map of residuals. A 5
ing a matching radius of the largest beam FWHM'@8. This smoothed version is also created and subtracted fronfthraf
) to remove large-scale emission and highlight the compact re

6 http://sha.ipac.caltech.edu/applications/Spitzer/ gions most suited for this analysis. Theffdse emission re-
SHA/ moved here will be the focus of future papers.

7 Strictly speaking, the SED is frequency multiplied by theftien-
sity (with units W n12). Here we use the term for the flux density spec- 8 http://ned.ipac.caltech.edu/
trum (units W n12 Hz™%). ® http://simbad.u-strasbg. fr/simbad/
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known regions of Ophiuchus £ 0°), Perseusl(= 160°), Orion
? (I = 200), and the Gum nebuld & 26C°). The most signifi-
- cant gave > 5 andfySHT < 0.25; see Sectd) AME sources
) are shown as thick squares; sources that have excess amissio
_ (ocame > 5) but have a potentially large contribution of opti-
vl e Ky S cally thick free-free emission from ultra-compactifUCH 1)
S et e by et ki ing s FEgIONS USHT > 0.25) are shown as stars. It is interesting to
Byl o e s oo Ler;:  seethat these AME-bright sources appear to cluster ininerta
=N ' f 3 e regions, particularly along the local Gould Belt regidtgnck
S T R S o S Collaboration Int. XIl 2013. There seem to be no bright AME
. ‘ - regions along the lines-of-sight to the local spiral arrh-at9¢°
andl = 270C. In general, few of the most significant AME
sources lie on the plane. This is partly explained by the r&ho
of AME sources that have a potential UGHontribution, based
on infrared sources (see Seét2), which preferentially lie in
Fig.1. Map of residuals at 28.4 GHz after subtracting €/n- the Galactic plane. In addition, there is a selectiffiea, since
chrotron, free-free, thermal dust, and CMB components (sg high free-free brightness temperatures and overallis@n
text), in mK (R-J) units. A 5-smoothed version of the map isin the plane make it more fiiicult to identify individual AME-
subtracted to remove extendedidse emission to more easilypright objects. It may also be that these sight-lines canzai
identify bright, relatively compact sources. This map iswh  strong component of free-free emission from warm ionizes| ga
in the Mollweide projection, with = 0° in the centre and in- which is thought to exhibit less AME than cold neutral medium
creasing to the left. (CNM) or molecular cloudsRlanck Collaboration XXI 201)1
With our incomplete sample, such claims cannot be confirmed
in this study.

-0.10 == 0.15 mK

The resulting map of residuals at 28.4GHz is shown in
Fig. 1. The large-scale features, including negative artefac&4. Aperture photometry
are not of concern here. Instead, we used this map as a “fi

ing chart’ to identify new regions that emit detectable lswef We use theHEALPix aperture photometry code developed for

AME. Approximately 100 bright well-defined sources are |oPlanck Collaboration XX201]) to extract the flux densities of

; he regions from the maps. This software has also been used
cated by eye and a spectrum is produced for each one usﬁgﬁlnvestigate at the polarization of AME from Ophiuchi

fsDickinson et al.(2011). After converting from CMB ther-
modynamic units (Kug) to RJ units (kgj) at the central fre-

of free-free emission (usually because it can be self-diesbr . .
ency, the maps are converted to units of Jy pixeising

at lower frequencies) and synchrotron point sources (with . . :
q ) y b ( = 2kTr)Qv?/c?, whereQ is the HEALPix pixel solid angle.

flatter ral index thag = -3. nd hence not remov: X ; .
atte |SpTCtba de tl aA h 30, a hd ence not remo -edTQe pixels are then summed in a circular aperture 6fté@b-
completely by extrapolaling the syncnrotron map assumlng[gfn an integrated flux density. An estimate of the backgdden

steep spectrum) can be found in this residual map. Most . ; . X : .
the 100 AME candidates areiHregions; 20 sources show ey-SuPtractéd using a median estimator of pixels lying at raeki

source-detection method (Segtl). The four additional sources (€ 1€ast scatter in recovered flux densities, and is a reat®n

found using this technique are GO37-T®.11, G293.3524.47, Palance for obtaining an appropriate background levelauth
G317.51-00.11. and G344.783.97. ' " subtracting appreciable flux density from the source itself

The flux density uncertainties are estimated from the rms
of the values in the background annulus and added in quadra-
3.3. Final sample ture to the absolute calibration uncertainties for each (sep
Sect.2.2). Simulations of injected point-like sources show that

The final sample contains 98 sources, listed in Tebl&he . : | N
superscript letter after the name indicates which methed {€ flux density estimates are unbiased and that the unuéetai
reasonable; however, the exact value of flux densityrunce

source is chosen from. Most of the sources are located usfﬁﬁﬂy for each source is fiicult to quantify, since it depends

the SExtractor detection technique, with a few of the AME- :
dominated sources being detected using the component s{ffY Strongly notonly on the brightness of the source anétbac
round, but also on the morphology of the emission in thewvici

traction method. We also indicate if a source is already kno o ; )
from previous AME studies. A few previously identified AME'Y _©f the source. This will be discussed further in Settl.
éﬁolour corrections, based on the local spectral index acash

candidates are not on this list because they are not detatte X ; N . ;
high significance in thé?lanck data, mostly due to the lim- and, are applied during the model-fitting, as describedén t
Y ﬂ)ext section.

ited angular resolution of this study. These include RCW1

(Dickinson et al. 2009 LDN1621 Dickinson et al. 201) M78

(Castellanos et al. 20),1LDN1780 (idal et al. 201}, and 3 5 wodel fitting

LDN11116751246 Scaife et al. 200920103. Associations

with known objects are listed in the notes column of Teble ~ We take the flux densit$ for each source from the aperture
The Planck CMB-subtracted map with the locations of theohotometry and fit a simple model of free-free, synchrotron

sources is shown in Fi@. Most of the sources lie within a few (where appropriate), CMB, thermal dust, and spinning doist-c

degrees of the Galactic plane. A few sources are in the wegdlenents:
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Galactic latitude [deg.]

180 150 120 90 60 30 0 330 300 270 240 210 180
Galactic longitude [deg.]

Fig.2. CMB-subtracted?lanck 28.4 GHz map covering the entire Galactic plane and latgille< 30°. The colour scale has a
logarithmic stretch. Regions with the most significant AME kighlighted as thick squares while the rest of the sammglslaown
as circles. Regions with significant excess emission but wipotential UCHr contribution fY$H™ > 0.25) are shown as star

symbols (see Sect.2).

where we use a model fgy, calculated using th8PDUST (v2)
S = Si + Ssync+ Std + Scme + Ssp - (1) code @Ali-Haimoud et al. 2009Silsbee et al. 20)1We choose a
model corresponding to the warm ionized medium (WIM) with a
peak at 28.1 GHz to give the generic shape, and allow for & shif
of this model with frequency. We therefore fit for two parame-
KT 32 ters corresponding to the AME amplitudeg,, and a frequency
=—a (2)  shiftvshi. Note that the units ofsp are formally of column den-
. . . sity (cnm?). If the spinning dust model was appropriate for the
wherek is the Boltzmann constan) is the solid angle of the line-of-sight, and no frequency shift was applied, thea thould

The free-free flux densitBg is calculated from the brightness
temperaturd&y, based on the optical depth, using the standard
formula

Sk

aperture, and is the frequency, with indeed be the column densit; however, since this quantity is
Te=Te(l—€™), (3) model-dependentand there is potentially a shift in freqgygame
do not take this to be a reliable estimateNpf. Similarly, in this
and the optical depthy is given by paper we do not attempt to fit specific spinning dust models to
> 15 _2 each source, hence the derived column density is not nettgssa
e = 3.014x 10T v "EMgg , 4) physical.Ag is essentially the flux density at the peak normal-
in which the Gaunt factor is ized to the spinning dust model.
4.955% 10°2 The least-squares fit is calculated using tMRFITC
= 1In (—) +1.5In(Te) . (5) (Markwardt 2009 package written in IDL, with starting val-
v/GHz ues estimated from the data and with amplitude parameters co

For the analysis of AME, we assume a fixed electron tempezrat§fr@ined to be positive except for the CMB, which is allowed t
of 8000K for T, for all regions, fitting only for the emission 9° negativeMPFIT also provides estimates of ther]mcertam-_
measure (EM). Note that this is not the true EM, but iaetive ties for each parameter, taken as the square root of the-diago

EM over the T radius aperture. For compact sources, the quotBg! €lements of the parameter covariance matrix. We nogethr
EM will be underestimated. special cases in Table(G068.16-01.02, G076.38-00.62, and
For six sources, we also include a synchrotron Compon&,@89.80—0;_.15) where the fitting returnig = 0.0£0.0. These
modelled as a power law with amplitudg,c and variable flux could be mitigated by removing the positivity prior, withse
density spectral index fitting negative values still being consistent with zercstead,

for these special cases, we fix&g) to zero to make the fits more
v @ . . . . .
Seyne = Async( ) ©6) physically meaningful, since the spinning dust spectruoukh

GHz not go negative.
The thermal dust is fitted using a modified blackbody model,
3 P 3.6. Example SEDs
St =2h 5 ———— 1250 (v/L2THZ}* Q, 7
“ ¢ ev/kTa — 1 250 ) @ Some example SEDs for regions with weak AME are shown in

fitting for the optical depthso, the dust temperatufig, and the Fig. 3; see Sect4.3and Fig.8 for SEDs with significant AME.
emissivity indexsy. The CMB is fitted using the éferential of a F_llled circles are used for data included in t_he flt_, and wadill
blackbody afl cmg = 2.726 K (Fixsen 2009 circles are for display purposes only. We begin by includiata
from 0.408 GHz up to 3000 GHz and make a least-squares fit
S = 2kQy? AT ®8) to the data. In general, the SEDs are well-fitted by our simple
CMB =\ T2 CMB - model, although the uncertainties appear to be over-etgtima
. . . This can be seen in some of the example SEDs inFand in
Here ATcyg is the CMB fluctuation temperature in thermodythe reduceg,? values in Tables; the mean value for the entire
namic units. The spinning dust is fitted using

Ssp = Asp Jr+ven) 2 » (9) '° http://purl.com/net/mpfit
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Fig. 3. Example SEDs (see text for description of individual SEDis$aurces with little or no AME (see Fi@ for SEDs with
significant AME). Data points are shown as circles with esrand are colour-coded for radio data (cyaMAP (red), Planck
(blue), and DIRBI IRAS (black). The best-fitting model of free-free (dotted lingynchrotron (long dashed line), thermal dust
(short dashed line), CMB (triple-dot dashed line), and sjpig dust (dot-dashed line) are shown. Data included in ttedishown
as filled circles, while the other data are unfilled. The neaidspectrum, after subtraction of free-free, synchrqgt@kiB and
thermal dust components, is shown as the insert.

sample i3(_2 = 0.58. However, our uncertainties are justified foat frequencies near 100 GHz, which could be misinterpresed a
some sources where the scatter is consistent with our @&skigapinning dust at lower frequencies.
uncertainties. An example of this is GO17+D.85, where there Similarly, overfitting by a strong positive CMB fluctuation

is considerable scatter at low frequencies. could dfect the AME intensity. This could happen when there

a flattening of the thermal dust spectral index at fregigsnc

All sources show a strong thermal dust component peaki.ﬁgI : :
e = : ow 353 GHz Planck Collaboration 2013avhich can be ac-
at about 2000-3000 GHz, indicative of dust grain§at 20 K. gunted for by Itehe CMB component. A Zlear example of this

The one-component modified blackbody function reproduc‘éS G015.06-00.69, shown in Fig3. There is an apparent flat-

the spectrum above 100 GHz remarkably well for the major'béning of the thermal dust spectral index, which appearsias a

of our sources; however, the 1207 GHz data points are Of;%xcess at frequenciesl00—353 GHz relative to the one compo-

ten inconsistent with the model due to the CO line contaming- .

) o . . ent dust model, arfiect that has been observed befdraradis
tion within thePlanck bands. For this reason, as prev[ously Xt al. 2009 20120). In this case, the fitted CMB temper(rature
plained, we exclude the 10017 GHz data from all our fits. ATews = (611+ 243)K, is muf:h larger than what could re-'

Another dfect seen in our SEDs is that of the fluctuation@!Stically be attributed to a pure CMB fluctuation (50.K);
owever, because the uncertainties are large and the CM8 doe

in the CMB. Although the CMB fluctuations are faint (with a i tibute st v at f ; here AME is domi
rms of 70uK at 1° scales), the large aperture that we integral 0 ngé'Hu € sh_ror(;g ya reﬂuenues where IS ﬁmxsnz
over results in a typical integrated CMB flux density of 7 Jy-> z), this does not have a major impact on the

at 100GHz, based on the standard deviation of flux densit ée-éults. This will be discussed further in Sete.

from Monte Carlo simulations of a CMB-only sky, assuming the At frequencies below 100 GHz, optically thin free-free emis
WMAP 7-year power spectruntarson et al. 201)L It is impor-  sion is seen in many sources and is sometimes consistent with
tant to note that these fluctuations are about the mean CMB teaime low frequency radio data at 1 GHz andWMAP/Planck
perature, and thus can be negative or positive. Figushows data at 20—100 GHz (e.g., G265+ .45 and G289.8601.15
examples of both G017.800.85, containing a large positivein Fig. 3). These sources justify our use of the 0.408, 1.42, and
CMB fluctuation ATcums = 148+112uK), and G274.0201.15, 2.326 GHz data, and show that the overall calibration fachoe
showing a strong negative fluctuatiohTcms = —48 + 15uK).  within the uncertainties assumed in this study. Where tieere
The negative CMB flux densities cause a dip in the spectruemidence of absorption at low frequencies, or if there issa di
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crepancy between 0.408 GHz and the other low frequency data

at 1.42.3 GHz, we omit the 0.408 GHz data point (and occasion- 25 [
ally the 1.42 GHz data point) in the fit (e.g., G123-08.27, i
G209.0119.38, and G274.6401.15 in Fig. 3). For some o0k
sources (e.g., G015.860.69), we choose not to include the [
0.408 and 1.42 GHz data, since they both show evidence of ab- i
sorption. At 2.3 GHz, the data are consistent with optictiin 2 15 .
free-free emission and are a good match to\WMAP/Planck g :
data. This is acceptable since the free-free componentlysua 2 10¢
contains only one free parameter (i.e., EM). Sometimesishis i
necessary because the maps show considerably higher back- 56,
ground relative to the source itself, due to the high levéls/o- [
chrotron emission at frequencigs1 GHz. This can fiect the of

estimated flux density both inside the aperture and alsodn th
background annulus, resulting in a bias that can be eitlgrdni
low and may account for data points that are discrepant Wwéh t
other low frequency data, particularly at 0.408 GHz.

Figure 3 shows examples of other situations. Synchrotroffrig. 4. Histogram of the AME significance valuesaye, for the
dominated sources are omitted in our sample except feample of 98 sources. ThesSlimit is shown as a dashed line.
six sources where the low frequency data are seen Sources that are significant and have a maximum contribution
be a good fit to a power-law (amplitude and spectral iffom UCHu regions fYSH!" < 0.25) are shown as the filled
dex) by visual inspection. These sources are GOXDOB2 histogram.

(Fig. 3), G008.5100.31, G012.8000.19, G037.790.11,

G344.75-23.97, and G355.44D0.11. No strong supernova rem-

nant is included in our sample; however, weak supernova rem-

nants are identified (see the Notes column of T&)ls some that could be contaminating our results, there is strondende

regions. We obtain flux density spectral indices that aréhén tfor AME in a number of sources.

expected range-0.7 to —1.6) for supernova remnants, with a  Two of the strongest detections are the well-known

mean value of1.2. sources within the Perseus (G160.26-18.62) ar@dphiuchi
(G353.05-16.90) clouds, studied bilanck Collaboration XX
(2011). These are the most easily detectable AME-dominated

4. Regions of AME sources in the sky, exhibiting 70-80 % of AME at 30 GHz, and

are detected at a level of 20and 28, respectively. We detect

them at higher significance in this paper due to using the-spin

Visual inspection of the SEDs suggests that a large fractifing dust fit amplitude directly (rather than subtracting test-
(at least half) of the regions chosen for this study may efitting model and determining the significance from the reald
hibit excess emission at frequencies in the range 20—60 GI9¥er arestricted frequency range). pdphiuchithe best-fitting
All sources have a bright thermal dust component that peakgigst temperature and spectral index are consistent witliathe
2000—-3000GHz and becomes subdominant at frequencies Wes fromPlanck Collaboration XX2011), while for Perseus the
low 100 GHz; most have a contribution of free-free emissiofpectral index is somewnhatftérent; we attribute this to the fil-
Approximately half of the 98 sources appear to contain mot@fing that was applied in that paper to allow the inclusibthe
emission at 20—60 GHz compared to a simple extrapolation @@SMOSOMAS data. The thermal dust optical degis was
optically thin free-free and thermal dust components. higher in the analysis from the early paper. In the early pape
To quantify the level of AME and its significance, we uséhe quoted optical depth was the value calculated from the-mo
the spinning dust amplituds, and its uncertainty-a,, directly  €lling of the spinning dust, assuming a given PAH abundance,
from the SED fitting. These are listed in Tallgalong with the rather than from the thermal dust component of the SED. For
significance level of the AME detectiomave = Asp/oa,,. We _these sources, the bulk of the AME was mode_lled as originat-
also tried subtracting the non-AME components in the SEis thing from the denser molecular component, which has a higher
leaving the AME residual, which gave similar results. optical depth associated with it.
We focus on the AME detections that aresats o-. Of the The two new sources detected Blanck Collaboration XX
98 sources, 42 initially show highly significant{ye > 5) evi- (2011, G107.26-05.20and G173.6202.79, are also highin the
dence for AME while 23 do not exhibit strong AMEgue < 2).  Significance list at o~ and 610, respectively. Note that the de-
Hereafter, we will refer to these as “AME regions” (shown iri@ils of the SEDs are not identical to those presenteflamck

boldface in Tabl&) and “non-AME regions”, respectively. This Collaboration XX(2011) because the size of the background an-
leaves 33 sources that show some evidenggé = 2-5) of Nulus has changed and tRkanck maps have been updated; how-

excess emission attributable to AME, which will be referted €ver, the diterences are small and within the stated uncertainties.

as “semi-significant AME regions”. Note that we reclassify 1

of the AME sources into the semi-significant category due ;

the potential contamination from UGnggions and th?s V\>//i|| be #2 Ultra-Compact Hii regions (UCH 1)

discussed in Sect.2 This leaves 28 that we classify as stron@ptically thick free-free emission at frequencies aboveew f

AME detections. GHz can come from UCH regions with EM > 10’ cm™®pc,
Figure4 shows a histogram of the AME significancegaye. Wwhich can be optically thick up to 10 GHz or highefuitz

As discussed in Sect.4, although there are some concerns for 2002 2005. A nearby UCH1 region with typical parameters

few sources regarding possible modelling and systematicser (T = 8000K, angular size ")) could have a flux density

0 5 10 15 20 25
AME detection significance

4.1. Significance of AME detections
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Fig. 5. Colour-colour plot oiRASPSC sources (grey plus sym-Fig. 6. Estimated maximum contribution from UGHregions
bols) that lie within the apertures of all 98 sources in ounsa plotted against 28.4 GHz AME residual flux density. The most
ple. UCHn candidates (solid black squares) tend to have raignificant AME sourcesoave > 5 and fUSH™ < 0.25) are
tios 10g;o(Se0/S12) > 1.30 and logy(S25/S12) = 0.57, corre- shown as filled black circles, while non-AME regionsafie <
sponding to the top-right hand corner of this plot (markethwi 2) are shown as unfilled circles. Semi-significant AME sosrce
dashed line). (oame = 2-5) are shown as filled grey circles. Significant AME
regions that have a potentially large contribution from UCH
(fucht > 0.25) are re-classed as semi-significant (grey circles)
, . and are highlighted by star symbols in this plot. Regiondwit
of up to 10Jy at LFI frequencies, while most are<at 1Jy o matched UCHt regions are set to 0.01 and lie on the bot-
(Wood & Churchwell 1989 However, in our low resolution igm of the plot. The dashed lines correspond tedént maxi-
analysis there could be numerous sources within the agerti,m fractions of UCH: flux density: 1, 10, 25 (solid line), and

that may be contributing at frequencigs 10 GHz. Since no 10094 of the 28.4 GHz residual flux density. The Perseus (P) and
high resolution radio surveys exist at frequencies abovea f , ophjuchi (R) clouds are indicated.

gigahertz!, we use thelRAS Point Source Catalogue (PSC;,
Beichman et al. 19880 identify UCHu candidates within each
aperture Wood & Churchwell(19893 found that due to the

warmer dust temperatures in the vicinity of OB stars, UOle-  otimate at 15 GHz. but mostiHegi ; ; ;

: . , gions are in the optically thin
gions tend to haveRAS colour ratios of logg(Seo/S12) > 1.30 regime (i.e., have turned over) at frequencie$5 GHz Kurtz
and 10qo(Sgs/S12) 2 0.57. ) et al. 1994. This is therefore very likely to be an over-estimate

Figure 5 shows the distribution of these colour ratios fof, many cases. First, some of tiRAS PSC sources will not be
all sources that lie within the apertures of our sample. tt cg;cH aniSCLIJSSGd,WOOd & Churchwel(19893. Ramesh &
be seen that about 20 % of sources lie in this region of colowtigharar(1997) suggested that only about one quarter of these
colour space. To identify UCH regions we choose sources that,gigates were indeed UGHegions, due to contamination by
lie within this colour-colour range, but exclude sourcestttre . 5.d cores with lower mass stars. whBeurke et al.(2005
identified as extragalactic (IRAS IDFLAG: 0) or aré upper gpqyeq that the contamination by low-mass (i.e., non-iagjz
limits at either 2m or 60um. Candidate UCH regions are , iqqtars is at the 10 % level or greater. On the other haiti, s
marked as solid black squares in Fig. For each of our 98 g4 ,rces are typically weak and will therefore limit such asbi
sources, we typically find 10-50 match&®AS PSC sources gecong, the average valueSibo is > 3000, with a tail to higher
and a few UCHI candidates within the aperture. Some aperturgs es Kurtz et al. 199%. Therefore, our maximum UCHflux

CO”t?‘i” no apparent UCirIregiong, while a few have 10-20; thedensity determination is very conservative and is likelyo&oa
median value is three UCidcandidates for each aperture. factor of a few above the true value.

To quantify how much of the radio flux density at frequen- v gefine the maximum fractional contribution at 28.4 GHz
ciesz 10 GHz could be attributed to UGk we use the 100m  tuchn _ SUCHI 5284 \yhere 1.0 represents a possible 100%

4 H H : max max i
flux densities of UCHI candidates to predict theaximum flux contribution of UCH to the AME amplitude. Figuré® plots

density at a wavelength of 2cm (15 GHEurtz et al.(1994  guchn against the 28.4 GHz AME residual flux density; the val-

measured the ratio of 1Q0n to 2 cm flux densities, and found 2% .~ fcHu 0 i
it to lie in the range of 1000 to 400000, with no UGHe- ues of fra ~ for 1,10, 25, and 1009 are shown as straight

. . lines. A wide range of values is seen, with some regions hav-
gions havingSi00/Sz < 1000. We can therefore sum oo g no UCHn matches and therefore no contribution (they are
for all UCHn candidates within each aperture and use the facgoft

. . X to 0.01Jy in Fig6), while many other sources have a poten-
of 1000 to give a maximum 15 GHz flux density from UGH Ny P :
regions,SUCHT (Dickinson 2013. Strictly speaking, this is a tially significant contribution from UCHi. Out of the 42 regions

max N that haveoave > 5, four sources havéiSH > 1, nine have

UCHI UCH11
11 The CORNISH 5GHz source catalogtRugcell et al. 201Bcov- f”‘?:XHH ;g-f’(;%léflte%;n havenz™" > 0.25, and seventeen have

3
eringl = 10°—65 has recently been published and provides useful a(gvnax

ditional information. The two significant AME sources thes aovered We choose to remove the fourteen sources V_f’rt@HH >
by CORNISH (G017.0800.85 and G062.9800.05) do not contain any 0.25 from the significant AME list and re-classify them as
bright (> 1 Jy) sources at 5 GHz. semi-significant hereafter. Therefore they appear as girey ¢
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cles in subsequent plots, and in Fig.highlighted with star free-free, thermal dust, and CMB components. The erroribars
symbols. This cut-fi value is chosen to keep G353485.90 the residual spectrum include the additional uncertaintthie

(0 Ophiuchi) in the significant AME sample, since there is gooahodel by simple propagation of errors. For these regions the
evidence for it not to harbour UCHregions Casassus et al. residual spectrum shows significant flux density, although t
2008. Inspection of the SEDs of those sources with higfiH'"™  uncertainties are larger than in the raw spectrum due toattbt
reveals cases where the spectrum at frequencies betwee 20ti@an of the model. Nevertheless, the best-fitting spinningtd

60 GHz is indeed very flat (as expected from optically thirefre spectrum is seen to be a remarkably good fit to these residuals

free emission from Hi regions). The most prominentexample of  giijar to the example SEDs of the whole sample (Bg.

this is the source 621.3}12'60' which has the h|ghe5ﬁ§XH“ the SEDs of the AME regions exhibit a wide range of phenom-
value of 4.0, and a high apparent excess significance of. 15,4 "|n some regions (e.g., GOO428.09, G192.3411.37,
This IS likely to be mostly dominated by UGHat these fre- 4 G219.1808.93), there is little radio emission at frequen-
guencies. - . . cies near 1 GHz, resulting in the majority of the flux density a
We note in this section that the two new AME regions ré3n GHz being assigned to spinning dust, and possibly a eontri
ported byPlanck Collaboration XXZ(.H])' 6107'2(}05,4%0 and pytion from the CMB above about 70 GHz. Other regions have a
G173.62-02.79, have among the highest valuesfgf™ ~ 1 reasonably well-defined level of free-free emission, bat2b—
(Table3). A preliminary analysis of high resolution’{Zollow- 150 GHz flux density is much higher than the extrapolation of

up observations at 15 GHz with the AMPe¢rrott et al. 2018 10 free-free and thermal dust models (e.q.. G20417080 and
indicates that for both these sources, the bulk ofRtamck flux G234.26-00.20). eg.
t

density is dffuse (on scales larger than 10 arcmin), making I

unlikely for UCHu to explain the excess. They found that while

G107.2-5.2 may harbour a hyper-compactHCHn) region 4 4 Ropustness and validation
with a rising spectrum at 15 GHz, but with a flux densityl Jy,

a spinning dust model is preferred. Throughout the analysis we have taken a conservative agiproa
To quantify possible UCH regions (or other compacttg the estimation of uncertainties. A critical part of thebysis
sources) at high latitudes, we search NED to look for con the extrapolation of synchrotron and free-free emisgiom
pactradio sources and, where available, the BBBN 4.85 GHz  |ow radio frequenciesy1 GHz) toWMAP/Planck frequencies.
maps?® (Condon et al. 19911993 1994. Within 1° of the cen- e believe that our simple models of the synchrotron and free
tral position there are typically two to five compact souns8  free emission spectral laws are appropriate based on mhaay ot
flux densities in the range 0.03 to 0.1 Jy. Most of these are afydies, both experimental and theoretical; Bemnett et al.
ready identified as extragalactic sources (therefore nattWC (2003 for an overview. The contribution from UCiiregions

regions) and typically have flat or falling spectra. For exanat\WWMAP/Planck frequencies could be important for a fraction
ple, near G023.4#8.19 lies the radio source PMN JO8d338 of the sample, but is not thought to be a major contribution in

with a flux density 0.193 Jy at 4.85 GHz. Comparison with megeneral (see Seat.?).
surements at 1.4 GHz yields a spectral index01f8 + 0.2 for We find that for th ority of th i thi d
this source, implying a negligible contribution to the fluerd e find that for the majorlty of the s%urces In this study,
sity at 23 GHz. The most significant case is the flat-spectasm & /dof< 1 (see Table3), with a mean valug?/dof= 0.58. For a
dio source PKS 1552033 near G005436.50, which has a flux Number of sources it is clear that the uncertainties areesvier
density of 0.26 Jy at 20 GHMurphy et al. 2010p This source Mated, as the scatter in the flux densities relative to oureiied

contributes 15 % of the AME flux density of 7L+ 0.3 Jy, butis Much smaller than the error bars would suggest. In many cases
within the uncertainty of the residual AME. this can be attributed to bright backgrounds near the regfion

terest. Also, the calculation gf assumes that the errors are un-
o . correlated, while the errors will certainly be correlatecsbme
4.3. Maps and SEDs of most significant AME detections degree due to similar backgrounds and also similar absocéite

Figure7 presents maps of some of the most statistically si nipration values from frequency to frequency. The contidmt
g p P y Signis they? from various frequency ranges is found to be approxi-

icant AME regions, excluding the previously known sourges i ;
' " mately equal (e.g., by comparing thévalues for data between
Eﬁéfggezn?”g pg';iucr,rt‘gfé;?gsﬂc;r;gfgohg\@ Egﬁnsgrhﬂe?i 0.4 and 2.3GHz and between 353 to 857 GHz). Therefore, we
: 9 "o not appear to be systematically over-estimating (or unde

.be seen wsually. In t_he most s!gnlflcant AME sources th.e(re%timating) the errors in any particular range of frequesici
is little or no discernible emission at low radio frequerscie

(< 2.3GHz), but there is almost always strong thermal dust We made a number of tests to check that our main results
emission at high frequencies (143 GHz). Good examples of are not grosslyféected by our assumptions and fitting methods.
this include G005.4636.50, G023.4708.19, G192.3411.37, These include changing our assumed calibration uncegajnt
and G219.188.93. In other sources the picture is not so cleadperture radii, background annulus radii, spinning dustieho
due to strong backgrounds (e.g., in G355:88.52) or because and starting values for the fitting algorithm. In all caseg w
the source is not so well-defined. For example, G00413409 find that the general trends presented here are unchanged and
appears as a spur emanating from fiudie region. The imagesthe SEDs do not change appreciably; however, we note thatin a
show that many of the AME sources are not compact, but ratiew individual cases, the spectral model does vary deperatin
diffuse and extended. This will be quantified in Séct.. 1. some details of the analysis. These cases are mostly retated
Figure8 shows SEDs for some of the most significant AMEthe low frequency components, specifically the free-freelle

regions found in this study, excluding the previously knowwhich is not always well-constrained by the data. The uragert
sources. The inset is the residual spectrum after suliraofi ties reflect this, and we are confident in most of the AME detec-

tions presented here. Nevertheless, we recommend cautiem w
12 Maps downloaded from the SkyVievirttp://skyview.gsfc. €xamining individual sources in detail. Follow-up obstiwas
nasa.gov should be made for all our high significance regions.
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Fig. 7. Maps of example sources with significantaue > 5) excess emission. Each row is a gnomic map in Galactic auentes,

5° on a side, and centred on each source, labelled in the 0.4@8%&. The maps from left to right are 0.408, 1.42, 22.7, 28.4,
44.1, and 143 GHz. ThH&MAP/Planck maps have been CMB-subtracted. The colour-scale is linadiranges from the minimum

to maximum value within each map. The aperture is shown adicdlsee; the background annulus as a dashed line. The strong

,16\2|\/IE at frequencies around 30 GHz is evident.
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Fig.8. SEDs for the sources with very significant AME aff"" < 0.25. Data points are shown as circles with errors and are
colour-coded for radio data (light blue)MAP (red),Planck (blue), and DIRBEIRAS (black). The best-fitting model of free-free
(dotted line), thermal dust (short dashed line), CMB (&igdbt dashed line), and spinning dust (dot-dashed line)adg/s. Data
included in the fit are shown as filled circles, while the ottigta are unfilled. The residual spectrum, after subtractidree-free,
synchrotron, CMB, and thermal dust components, is showhemsert. The best-fitting spinning dust model is also shown

For most sources, we find the CMB fluctuation tempera- To test robustness, the entire analysis was repeated with-
tures are within the expected rang@50 < ATcus < 150uK. out fitting for a CMB componentATcvs = 0uK); the results
From Monte Carlo simulations, one would expect a fluctuatiado not change substantially. We do find an additional source i
outside this range only 0.7 % of the time; however, in son@102.88-00.69 with a significance afave = 6.9, but this is
cases the fitted CMB temperatures (see Ta)lare found to clearly due to a negative CMB fluctuationTcys = —50 +
be larger than expected. Furthermore, a correlation betwelOuK). For the largest fitted CMB temperature Affcyg =
the AME amplitude and CMB is observed. Figugeshows 626+ 163uK in G353.16-00.74, we find an AME amplitude
the correlation between the AME amplitude and CMB fluctwsf (89 + 26) x 10°°cm? (3.4 ). Without a CMB component
ation temperature for the entire sample. The AME region&{so(ATcws = 0), the AME amplitude is (7% 25) x 10?°cm2
filled circles) are mostly within the expected range, witlare (3.00). In this case the CMB does not appear to be causing a
tively small uncertainties; however, the highest AME artygles large bias, although there issdl—20- bias in a few sources. This
(Asp > 20x 107°cm2) also have the highest CMB temperaturegustifies our high cut-fi threshold of 5. We also verify that
which are well above what can be reasonably expected from the general trends presented in our analysis still hold wiagn
CMB alone ATcus > 150uK). As discussed in SecB.6, some taking into account the CMB.
regions exhibit a flattening of the thermal dust spectrakind In summary, we are confident in the robustness of our AME
at frequencies in the range 100-353 GIRmfick Collaboration detections, particularly those@jme > 5. We have been conser-
20133 that can be artificially accounted for by a stronger posative with the uncertainties in the photometry, and in neases
itive CMB fluctuation. This then results in a positive bias abur SEDs do not change appreciably when changing the details
frequencies< 100 GHz, which increases the AME amplitudeof the analysis. In fact, we believe that many of the regioits w
Some of the sources with high CMB temperatures also have highye = 2-5 (“semi-significant”) are likely to be “real” detec-
fose'!; these are shown as star symbols in BigiVe do not be- tions of AME, which can be seen in many of the subsequent
lieve this is a major fect on our most significant AME sampleplots to be consistent with the higher-significance AME sesr
(i.e., came > 5 and f¥SHT < 0.25), since none of the AME
sources has an anomalously high CMB temperature. Although
the CMB has a Strongeﬁect on the Semi—Significant AME re- 5. Statistical Study of AME regions

gions, the uncertainties associated with it are larger tbathe
rest of the sample, as can be seen in Big. In this section we study statistically a number of the
observational-based parameters and correlations in AME an
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Fig.9. Correlation plot between the AME amplituds,, and Fig. 10. Histogram of average deconvolved FWHM sizes for
the fitted CMB fluctuation temperature. Symbols are as inzig. AME and non-AME sources, as derived from Gaussian fitting
For most sources, the fitted CMB temperatures are within ttee the Planck 28.4 GHz map at °1 resolution. Sources with
expected range shown as dashed lind$dvs| < 150uK) and FWHM > 2°are plotted as having a FWHA2°. The most sig-

are not strongly correlated with the AME flux density. Howevenificant AME sources are shown as the hatched histogramewhil
for some sources, there is a strong positive correlatidm@WB  the non-significant (non-AME) sources are shown as the grey
temperatures that are higher than expected, but assogi@tted histogram. The strongest AME sources are, in general, dgtbn
larger uncertainties. while non-AME sources tend to be relatively compact.

non-AME regions, and try to investigate the nature of the AMBf 1°36 + 0209, while the non-AME sources are &i82.+ 0711,
sources and the role that the environment plays. with many of them essentially unresolved in maps‘atelkolu-
tion. Semi-significant sources have a mean size’a1 % 0°08.
As mentioned earlier, this is a trend that is becoming insrea
ingly apparent in studies of AME. It could of course be a se-
5.1.1. Angular sizes lection dfect, since the dust grains around young and therefore
compact Hr regions are known to befiiérent to the dust grains
First, we would like to know whether the sources are extendedin the ISM environment away from hot OB stars. For example,
compact relative to the analysis resolution 6f e have seen the PAH population is depleted in close proximity to hot OB
already that there is visual evidence that the strongest AME stars Boulanger et al. 1988 ovich et al. 200) This could be
gions appear to be extended. This tendency for AEININg important for understanding the dust grain population amd e
dust to originate mostly from the fliis¢extended emission hasvironments responsible for exciting the grain rotatiorddead,
been seen in several previous studies. The majority of AMBlanck Collaboration XX(2011) found that there was little or
sources are fluse, including the Perseus gn@phiuchi clouds; no AME associated with the warm neutral medium (WNM) or
Tibbs et al.(2010 found that in the Perseus molecular cloud at/iM phases.
least 90 % of the AME comes fromftlise extended emission.
Surveys at higher resolution do not appear to detect strovig;A _
Scaife et al (2008 found little or no detectable AME from a °-1.2. AME fraction and IRE — Hu or molecular dust clouds?

sample of relatively compack(1’) Hu regions. ~ We would like to establish how much of the total emission, at
~ To estimate the size of each source, an elliptical Gau55|arygiven frequency, is due to AME. At frequencies near 30 GHz,
fitted to the pixels within the photometric aperture of radifl,  the dominant emission will be due to either AME or free-free
taking into account anftset and gradient in the backgroundemission. Hr regions will exhibit strong free-free emission from
We take the average size, defined as the mean of the mgjgim (Te ~ 10°K) ionized gas, while dust clouds without mas-
and minor FWHM axes derived from the Gaussian fit t0 thgye star formation will have little or no associated freeef
Planck 28.4 GHz map, and deconvolve this from the map resgpission.
lution, asg = VFWHM? — 12; these values are listed in Talile To calculate the AME fraction we subtract the non-AME
The uncertainties are estimated from the average noisedevecomponents at 28.4 GHz and propagate the uncertaintiesve le
28.4 GHz. We repeat the analysis at other frequencies and tie 28.4 GHz AME residualS2, , and its uncertaintyy22.
tain similar results, with most sources agreeing in sizeitbiw  We then estimate the AME fraction from the ratio of the AME
0°1-02. Derived values greater thah @re not found to be very residual to the total flux density at 28.4 GHz. The histogrdm o
robust, but they nevertheless indicate that the sourcerysere the 28.4 GHz AME fraction is shown in Fig.1. As expected,
tended. the AME sources exhibit a much higher fraction of AME at
Figure10shows the distribution of deconvolved sizes for th&8.4 GHz; in many, at least half of the 28.4 GHz flux density
entire sample. There is a clear tendency for the AME sourcgsuld be due to AME.
to be more extended, while non-AME sources tend to be com- The weighted mean AME fractions are48 + 0.02 (AME)
pact, relative to the beam. The AME sources have a mean sl 007+0.02 (non-AME).This can be compared with the study

5.1. Nature of the sources
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Fig. 11. Histogram of the AMEfractiorSffsid/Szg, at28.4GHz. Fig.12. Integrated FIR flux (proxy for FIR luminosity) plotted
The total sample is shown as the unfilled histogram, while siggainst the free-free flux density at 5 GHz (proxy fordymi-
nificant (came > 5) AME sources is the hatched region. nosity). Symbols are as in Fi§. Perseus (P) and Ophiuchi
(R) clouds are marked. IRE values of 1, 10, and 100 are shown
as straight lines. Most AME sources have IRE.

of Hu regions byTodorovic et al(2010, who found an average
AME fraction at 30 GHz of 01 + 0.10. Dickinson et al(2009 .
found that approximately half the 30 GHz flux density from thé IRE > 1, either direct dust absorption of stellar photons or
Hu region RCW175 was due to AME. The average value igdditional stars producing little ionization, or both, areeded
the Galactic plane appears to be lowBtanck Collaboration (Myers et al. 198§
XXI (2011 found that 025 + 0.05 of the 30 GHz flux density ~ As a proxy forLgr, we estimate the total flux in the FIR
was due to AME within the inner Galactic plane, whitéanck by integrating the best-fitting thermal dust model acrobfred
Collaboratior(2013h found a value of @#2+0.02. Although this quencies. As a proxy foly,, we use the best-fitting free-free
is a considerable fraction, it is less than what has beemabde model to calculate the 5 GHz flux density. Both these quastiti
in the difuse Galactic foreground at high latitudes, where tr#epend on the square of the distance, which cancels out in the
dust-correlated AME is the dominant component and accoutiRE. Figurel2 shows these two quantities plotted against each
for approximately 75 % of the total 30 GHz emissidbayies oOther. There is a wide range of IRE values covering 1 to greate
et al. 2006 Ghosh et al. 2012 On the other hand, other meathan 100. Sources with IRE 100 are unlikely to harbour strong
surementsiickinson et al. 2007Scaife et al. 200ghave found Hu regions, and are mostly molecular dust clouds with no high-
much less or no AME as a fraction of the total flux densitynass star formatiop; Ophiuchilies in this region. AME sources
Sources with a smaller AME fractior (20 %) may be prevalent, tend to have higher IRE values compared to the rest of the sam-
but are much more flicult to detect since the other non-AMEpPle with most AME sources at IRE 4, with a median value
components must be accurately removed first. The weighted &f 13.4; most of the non-AME sources are at KREO, with a
erage AME fraction for the semi-significant AME sources ig1edian value of 2.4. This suggests that AME comes from the
0.23+ 0.02 in this study. molecular cloud dust or PDR, but not from withiniHegions
Most of our sources appear to be associated with Hhemselves. This fits with the general idea that PAHs are de-

regions as well as molecular clouds within giant mole@troyed in Hi gas, and that AME emissivity is lower in the ion-
ular complexes (GMCs). The fact that most bright FIfzed phase of the ISM.

sources are coincident with iHregions is well-known (e.g.,

Myers et al. 198F however, a few AME sources in ourg 4 3 pyst properties

sample appear to have very little free-free emission, leav-
ing the bulk of 23GHz emission as AME. These reNextwe look atthe basic dust properties from the fitted motiel
gions tend to be associated with dark nebulgnfls 1962 thermal and spinning dust components &RAS colour ratios.
with no known Hu regions present. The highest signifi\We emphasize that the dust properties are strictly relateiet
cance examples of these are LDNABY1 (G004.2418.09), big dust grains and are not thought to be directly respoa$dbl
LDN134 (G005.48-36.50), LDN1557 (G180.1804.30), and the AME, which will be from the smallest dust grains and PAHs
LDN1582/1584 (G192.3411.37). Many of the other AME re- if due to spinning dust. Furthermore, for some sources ibs p
gions do have strong free-free emission and can be assbciaible that the FIR dust emission is not spatially coincideitih
with H i regions. The most notable associations of dark nebulde AME. Nevertheless, we expect that the global dust ptigser

and Hu regions are given in the Notes in Talde will be indicative of the environment close to where the AME i
To investigate the nature of the heating of the dust, we emiginating.
timate the infrared excess, defined Mgzger(1978 as IRE= Figure13 shows the dust temperaturEsf against the fitted

Lrr/Liye- The IRE is a measure of the heating of dust assotikermal dust emissivity indey3§). The dust temperatures are as
ated with Hu regions. If IRE= 1, the FIR luminosity can be expected for evolved ffuse Hi regions and molecular clouds,
explained by stellar Ly photons, which, after absorption byin the range 15-30K, with a weighted mean of 18.8K. This is
the gas and degradation to duyare absorbed by dust grainsslightly cooler than the average expected for typicalidgions,
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Fig.13. Big grain dust temperatur& ) vs thermal dust emis- Fig.14. Colour-colour plot ofIRAS 60um/100um vs. IRAS
sivity index (34). The symbols are as in Fi§. Perseus (P) and 12um/25um. Symbols are as in Fids. The Perseus (P) and
p Ophiuchi (R) clouds are marked. There is no strong trend withOphiuchi (R) clouds are marked.

B4, while the most significant AME regions (filled black circjes

tend to be associated with colder dust.

20K). For the ionized gas associated with punendgions, there
should be less AMERlanck Collaboration XXI 2011
) ) If AME were due to PAHs and small grains, we would
and is close to the average valuk (= 17.5K) found in the najvely expect a tighter correlation of AME with the emissio
diffuse ISM. This is probably due to the fact that we are meas@om the shorter wavelengths oRAS; the 12um and 25um
ing the average temperature over a relatively large ar@baen pands trace smaller dust grains; however,fdgions are known
therefore sensitive to thefflise dust in the large-scale environyg pe depleted of PAHs and the smallest grains, as tracedby th
ment, as opp_osgql to the d_ust in the direct vicinity of hot$tar12#m/25#m ratios Boulanger et al. 1988Chan & Fich 1995
The dust emissivity index is also in the expected range (formyyich et al. 200y Given that spinning dust requires small dust
single component fit) g6y = 1.3-25, with a weighted mean of grains, one might expect a separation of AME and non-AME
1.75. This is similar to the value of 1.78 found in nearby raele regions via theitRASratios.
ular clouds inPlanck Collaboration XX\{2011). We note that Previous studies have found that there is an apparent se-
more recent studies have found a flattening of the thermdl dy§ence in thelRAS colours given by the 12m/25um and
emissivity index at frequencies around 100 GHz to values 1. 0um/100um ratios. This has been seen iniHegions, ISM
1.7 (Planck Collaboration 2013&l'his may make a smallfiler-  ouds Chan & Fich 1995 Boulanger et al. 1988 and ex-
ence to the overall fits presented here, but will have a vegjllsmyg g galaxies Helou 1986, where large 6@m/100um ra-
or negligible impact on the AME flux density at frequencies ofy means smaller 12m/25um value and vice versa, i.e., an
20-60GHz. anti-correlation. The explanation is closely connectedh®
Figure13shows two trends. First, the most significant AMESRF and the exciting star(s), since hotter grains havednigh
sources tend to be associated with cooler dust temperatusm/100um ratios, while close to the star the smallest grains
Most of the AME sources are in the range ¥4Ty < 22K, (and PAHSs) are destroyed, leading to smallep225um ra-
with a weighted mean of 17.2K, compared to 22.2K for thgos. We see the same trend in our sample as a whole, as shown
non-AME regions. This is in line with the results &lanck in Fig. 14. This is expected, since a large fraction of our sample
Collaboration XXI(2011), in which it was found that the AME contains a component fromiHregions.
sources are dominated by emission from the molecular phase|t can also be seen that the AME sources generally have a
and that hotter dust has little or no AME. However, it is the omhigher 12:m/25um ratio (~ 0.6—1.0) than the rest of the sam-
posite of what is found at smaller angular scales in the Rersgje (~0.2—0.6). We interpret this as confirmation of the spinning
molecular cloudTibbs et al. 201), where the AME-dominated dust model, where the very smallest grains (and PAHs) must be
regions are slightly warmer on average, .20 0.5) K, than the responsible for the bulk of the AME at frequencie20 GHz.
non-AME regions (177 + 0.7) K. The Perseus AME clouds areat this resolution, we cannot rule out ioptellar contamina-
within the range of temperatures for AME sources in our samion of the 12um IRAS band, although the stellar contribution
ple. Second, there is a trend of the AME amplitude with insfeajs expected to be minor. Previous studiggligren et al. 1985
ing dust temperature, which is related to the interstedldiation Boulanger & Perault 1986have shown that in bright nebulae,
field (ISRF)Go. This will be discussed in Sedi.4. the bulk of the 12um emission comes from the PAH bands at
In terms of the dust emissivity index, there is no strong cor-7, 8.8, and 11.8m; however, inspection of the sources with
relation, except that the AME regions tend to have a hightite highest 12m/25um ratios ¢ 0.8) reveals that these are not
value off34 that the non-AME regions; AME regions hagg = the brightest free-free emitters of our sample but are indame
1.78+ 0.02, while the non-AME regions hayy = 1.68+ 0.02. of the most AME-dominated sources. These therefore do nrot ap
The non-AME regions are dominated by brighiilfegions, and pear to be dominated by ionized gas fromu lfegions, which
the emissivity index range is similar to those foundbypac suggests that ionjistellar contamination is not a prominent ef-
etal.(2003 for clouds with relatively cool temperaturé & 11— fect here. One exception to this is the source G23904070,
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which contains the luminous supergiarit VY Canis Majoris,
explaining the a 1pm/25um ratio of 1.62; this source should
be excluded from any mid-infrared analysis (see Se8&).

5.1.4. The interstellar radiation field: Gg

An important parameter in studies of ISM clouds is the reéati
strength of the ISRF3('2. This parameter is important for spin-
ning dust, since the ISRF plays a key role in rotationallyitaxg
small grains, charging PAHs, and in the destruction of thalkm
est grains. While we assume the same form for the shape of the
ISRF spectrum here, it should be noted that the intersity
hardness of the ISRF are important.

An estimate of5y can be obtained from the equilibrium dust
temperature of the big graind€s) compared to the average
value of 17.5K, i.e.Go = (Tss/17.5K)**d). We used the fit-

ted dust temperature from our SEDs as a proxy for the big grain ) . .
temperature, i.eJss ~ Ta. We kept the dust emissivity index F19- 15. AME fraction at 28.4 GHz as a function of estimategl

constant ay = 2 to protect against mixing of multiple dust The symbols are as in Fi§. The Perseus (P) apdOphiuchi (R)
components with a range of dust temperatures that couldrflatflouds are indicated. The best-fitting power laws to the AME
the index. This allows an estimate of the aver&@gefor each F€glons (solid line) and semi-significant AME regions (dzsh
source (Table). As with other FIR properties, we note that ifin€) are overplotted.
some regions these properties may not be related to the exact
environment where the AME is arising.

Figure15 shows the AME fraction at 28.4 GHz, defined as
the AME residual flux density§2%%) divided by the total flux
density at 28.4 GHz, against the estimat&gf The most strik-
ing feature is that sources with 0@y are those with the high-
est AME fractions; the majority of strong AME regions are
Go < 4, while non-AME regions are almost alwaysGg > 1.
There is a general trend of decreasing AME fraction v
When including semi-significant AME sources, there is also

definite trend of decreasing AME fraction with increas@§ ot the SEDs in Fig.8. A particularly clear example, previ-

The best-fitting power law has a slopeyot ~0.62+0.10; how- g1y commented on blanck Collaboration XX(2011), is
ever, taking only the strongest AME sources yields a slope 850 50,12 05 (the California NebulGC1499). The SED is

y = -0.09x0.06. This suggests that there is a much flatter slopgteq in Fig.17. The spinning dust detection is at a level of
for AME strong sources, and that the AME sources afiecént oave = 5.0, and the SED shows a peak at a higher frequency
in nature to the rest of the sources in the sample. compared to the rest of the sample. The best-fitting peak fre-

We caution that this trend could be entirely due to selectigqy,gncy isvep = (50 = 17) GHz. Notice that the reduced value
effects, because AME is moreflicult to detect when thereis._ 5 N C o .
strong free-free emission. Also, the thermal dust coulddya-c s yy = 0.34, and thus the significance is likely underesimated.

ing from a diferent region of space compared to the AME anﬁs discussed earlier, COSMOSOMAS data at 12-18 GHz are
thus the relation betwee@, and AME might be entirely coin- ot included here because the filtering required causesgmasb

cidental. Despite that, thefective free-free EM from our pho- at frequencies above 100 GHz, resulting in negative flux idens

tometry andG, are positively correlated as one would expecﬂes' This is due to a lack of dust emiss_ion in the centre of the
The role of the ISRF will be discussed further in Séct. ebula where most of the free-free emission comes from, and

nearby dust emission appearing near a negative lobe caysed b
the COSMOSOMAS harmonic filtering; however, the shape of
5.1.5. Peak frequency of spinning dust the spectrum at 12-18 GHz is consistent with a free-free-spec
) ) L o trum (Planck Collaboration XX 2011
As discussed in SecB.5, as well as fitting for a spinning dust . _ . ) ) )
The reality of this shift to higher frequency, and its possi-

ampkligude, we al-f-ﬁ-ﬁt fﬁ)r a pOSSitzjle Shiﬂ in tr?e spirlln]‘ingtdurgle explanation, are not clear and require a more detailetyst
peak frequency. This allows us to determine the peak freqyue ) ' " ARG .
for each SED, which is listed in Tabf for sources with Despite that, the conditions in thisfilise Hi region may well

e conducive to the production of higher frequency emission

28.4 GHz AME fraction

weighted mean of 28.0 GHz. Although the formal uncertain-
ies do not suggest that these are highly statistically ifsign
cant, it is clear that the data sometimes prefer spinning dus
that is at a dierent frequency from the starting value 28.1 GHz.
E&amples of small shifts can be seen by careful examination

Vs
o-,SME > 2. Visual inspection of the SEDs indicates that allowin ;Y
this freedom provides a better fit to the data, where a fewcssur | N€ ISRF comes mostly from the ionizing staPer, where the
are clearly not peaking at the starting value of the fitteepat 9€NSity isv1cn?, and goes up to 50 con the brightest fila-
28.1 GHz. ments in th.e PDREpulanger et .al. 1988where the AME may
Figure 16 shows the histogram of spinning dust peak fre2€ Originating. Similarly, there is a range of temperatjces-

g : N ng 20-50K. Our fitted parameters ©f = (218 + 1.6) K,
quencies. The AME sources peak in the range 20-35 GHz, V\@ﬂ = 3.8+ 1.7 are an average of these, and may well not be ap-

13 G, is a common scaling used for measuring the ISRF, and is infefOPriate for conditions in the AME-emitting region, esadly
grated between 5 and 13.6 eMdthis et al. 198R A standard value of @s much of the cooler dust emitting at1000 GHz is coming
Go = 1 is representative of theftlise ISM (away from hot stars), andfrom an adjacent dust cloud. Higher resolution observation

corresponds t0.2 x 102 ergstcm2. this cloud are needed to investigate this further.
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calculated using 1000 Monte Carlo simulations based om thei
- - formal uncertainties. There is a relatively strong cotietafor
All AME [] ] sources with significant AMEr{ ~ 0.7), although non-AME
AME % | sources are not less correlated. The strongest correliatitam
. the entire sample as a whole & 0.8). For the AME-bright re-
7 gions, there is no strong preference for them to correlatethe
] with any particular FIR band.

If the AME is due to the smallest dust grains emitting electri
dipole radiation, the best correlation should be with therter
IRASwavelengths at < 60um. This has been observed in pre-
vious studies at higher angular resolution (eGpsassus et al.

; 2006 Ysard et al. 201D We do not find such a clear trend,
1. a1 with the worst correlation occurring for tH&AS 12um band
40 50 (rs = 0.60). Figurel8 shows the correlation of the AME ampli-
L tude against the 12m flux density. There is a reasonably strong
Spinning dust peak frequency [GHz] correlation but there is also considerable scatter.

It has been discussed in several works (eAdi-Haimoud
Fig. 16. Histogram of spinning dust peak frequencieg, The et al. 2009 Ysard et al. 201pthat spinning dust emissivity (per
unfilled histogram is for both AME and semi-significant AMEcolumn density) at frequencies 10-30 GHz is not particylarl
regions, while the hatched region is for the AME sources.onlyensitive to the ISRF intensitgo. On the other hand, the ther-
The best-fitting Gaussians for these two histograms are- overal dust emission is strongly dependen@Gyasince it is the UV
plotted. The source ats, = 50GHz is G160.6012.05 (the radiation that governs the dust grain temperature. Thestai®
California Nebula). dust particles (PAHs and VSGs) are proportionabtoSellgren
et al. 198) whenGy < 10. Previous studies (e.¢¢sard et al.
201Q Vidal et al. 201} have found that a better correlation can
] be obtained with the infrared by dividing far-infrared flugrd
4 sity by Go.

] The Spearman rank correlation ¢oeents for all infrared
bands divided by are given in Table in parentheses. In gen-
eral, we do not see a significant increase in the correlafien a
dividing by Go. There is a general increase within the sample
as a whole, with a more modest increase for the AME sample.
The most noticeable improvement is at60, where the corre-
lation improves fronts = 0.70+ 0.03 to Q81+ 0.04. There is no

) . improvement at all for non-AME sources. This trend, althoug
SN T weak (and susceptible to small number statistics), is cditvipa

3

S PN R with electric dipole radiation from the smallest dust gsaspin-
1 10 100 1000 10000 ning very rapidly.

Frequency [GHz] We suspect that some of the correlation scatter withRAS

: I bands, particularly at 12m and 25m, is due to contamination
Fig.17. SED for G160.6612.05 (the California Nebula). The 0 qialiar emission or from fine-structure lin&hipman &
curves and symbols are as in F&).AME is detected at a level

o - / .- Carey(1996 predicted that for bright ki regions, line contami-
of came = 5.0, and the best-fitting spinning dust peak is Sh'fteﬁatioﬁ(coul?j gccount for most of ?he flux ?jensities apfrPand
tovep = (50 + 17) GHz.

might even &ect the longetRAS wavelengthsSellgren et al.
(1985 found that the 12m band flux densities in bright reflec-
tion nebulae could be explained by approximately equal antsou
of continuum and line emission from PAHSs. Infrared specfra o
the Omega nebula (M17) showed that PAHs dominate the mid-
There should be a very strong correlation between the AME aimdrared in the neutral PDR beyond the ionized gas of id-
the thermal dust emission, since the AME is thought to be dg@®ns Povich et al. 200) Also, for many regions in our sam-
to spinning dust grains. FigurE8 shows the correlation of the ple, we are looking at a complex integration of environmémnts
AME amplitude @sp) with the flux density at 10pm, 60um, cluding molecular clouds, CNM, and WIM. On the other hand,
and 12um from the aperture photometry. A strong correlation ispinning dust predictions are local (i.e., for a particelaviron-
seen between the AME and /Mibmillimetre brightness for the ment).
AME bright regions (black filled circles). The tight corrétmn Evidence of a particular example of contamination can be
also holds for the semi-significant AME regions (grey filléd ¢ seen in Fig.18, where there is a source (G239-41.70) that
cles), while non-AME regions (unfilled circles) are weakeda has a much higher 12n flux density than the rest of the sample.
more scattered, partly due to the intrinsic noise. This is due to one of the most luminous supergiants known, V
To quantify the strength of the correlations, we compute thé&y Canis Majoris (CMa), which has a }&n flux density of
Spearman rank correlation déeient (in log space);s, for the 10000Jy Helou & Walker 1988 and accounts for the bulk of
significant AME regions, which are listed in TalleThis quan- the flux density in this band. We therefore omit this sourae fo
tity, unlike the Pearson correlation d@eient, does not rely on the correlation values (Tabl® and power-law fits (Figl8) at
a linear dependence between two variables (we obtained sid2um and 25:m. Although this is an extreme object, this clear
lar results using either statistic). Average uncertaintiers are case of contamination does question the robustness ¢Rk@
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Fig.18. Top row: AME amplitude @sp) as a function of the 100m (left), 60um (middle), and 12:m (right) flux density.Bottom
row: The same as the top row, except that the FIR flux densities hegn divided byo. Symbols are as in Fig. The best-fitting
slope fitted to the significant AME regions only is plotted.eTRerseus (P) ane Ophiuchi (R) clouds are indicated. There is a
strong correlation between the AME intensity and inframeatérs of dust, with an improved correlation after dividmgG,. At
12um the fit is made excluding the outlier source G239-47F0 (marked).

Table 2. Spearman rank correlation diieients between the AME amplitudad,) and IR'submillimetre flux densities. The correla-
tion for AME regions is much stronger. In parentheses is tiveetation coéficient after dividing the IRsubmillimetre flux density
by Gy to account for the variation in the interstellar radiaticeldi Generally, the correlation is tighter after dividing 8. Note
that the we have omitted the outlier source G2390M70 at 12:m and 25um (see text).

Wavelength

Spearman rank correlation déeient,rs

All

AME

Non-AME

086+ 0.02 (089 0.03)
082+ 0.03 (089+0.03)
083+ 0.03 (089 0.03)
085+ 0.03 (086 0.03)

073+0.04 (075 0.06)
070+ 0.03 (081 0.04)
073+ 0.03 (074 0.05)
064+ 0.03 (060 + 0.06)

080+ 0.08 (073 0.11)
078+0.09 (076x 0.10)
080+ 0.10 (076 0.10)
080+ 0.09 (073 0.10)

12um flux density, and partly the 286n band, for low latitude flux density. Since the far-infrared emission is opticalintfor

a given dust temperature and compaosition, this will be propo
We also investigated the ratio Oflua']/24lum using the tional_to the COlUmn.denSity of dUSt along the line of Slglﬁt |

Spitzer data. This ratio is diagnostic of the PAH fraction comAME is due to spinning dust emission, we would therefore ex-

pared to that of the small grains. Only 24 sources had coeerdCt a strong correlation with the 10t brightness (FigL8).

sight-lines.

and of these only three are AME regions. This makesfiialilt
to distinguish any trends between AME or non-AME regiong;,
We find no distinction in the 8m/24um ratio for AME vs non-

AME regions; however, we note thatOphiuchi has one of the

erage of @8 + 0.01. One particular outlier is G023.498.19,
which has a much higher ratio of B+ 1.5 due to the source

being very faint in theSpitzer maps.

5.3. AME emissivity

We begin by choosing the 28.4 GHz AME flux density, de-
ed as the residual at 28.4 GHz after subtracting the noreAM
components for each source. This allows a comparison wéh pr
vious works, where frequencies near 30 GHz have been used ex-
W’ensively. Note that using the 28.4 GHz AME residual is alimos
identical to using the AME amplitudé\,) directly from the fit,
since they are highly correlated. Figuté shows the ratio of

28.4 GHz residual flux density to the 106 (3000 GHz) flux
density as a function of the AME significaneesve . The ratio
S284GHz/5) 4 for the AME regions has a large range of values

resid

covering the range (0.4-20)0~%, with a weighted average of
Next, we would like to compare the AME amplitude to value€l.47 + 0.11) x 10°*. This is higher than in the H regions of

in the literature. A common way of normalizing the emissivit Todorovi¢t et al(2010, but less than the average from high lat-
is to take the ratio of AME flux density to 1Q0n (3000 GHz) itude AME (Davies et al. 2006 as shown in Fig19. It can be
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Fig.19. Ratio of 28.4 GHz residual to the 1n flux density Fig.20. Ratio of AME amplitude Asp) to dust optical depth
as a function of the AME significance. The symbols are as {#,5(), as a function of the AME significanceave. The sym-
Fig. 6. The Perseus (P) apdOphiuchi (R) clouds are indicated.hols are as in Figs. The Perseus (P) apdOphiuchi (R) cloudss
The weighted and unweighted average ratios for the significare indicated. The horizontal lines represent averageghuesi
AME regions are shown as the solid horizontal lines. The-avefverage of significant AME regions (solid line), unweighéed
age ratio fromTodorovic et al (2010 (dashed line) an®avies erage of significant AME regions (dashed line) and weighted a
et al.(2006 (dot-dashed line) are also shown. erage of non-significant AME regions (dotted line).

. ) Figure20 plots the AME emissivityAsp/ 7250 against the sig-
seen that the weighted average is actually lower than manyrficance o-ave. There is considerable scatter in the emissivity,
the AME regions, due to a few sources having a relatively Bmabme of which is due to the intrinsic uncertainty in the measu
uncertainty and lower emissivity values 0f4915)x10°*. One ment; however, for AME sources there is more variation treamn c
source is particularly low, G166.44-24.08 (the Pleiadésil®, be accounted for by the uncertainty alone. This will be itives
with a value of (04 + 0.2) x 10*. The unweighted average isgated via correlations with other parameters. Remarkahlike
(5.4+ 0.6) x 10%, which is more consistent with the@x 10*  the equivalent plot for the 1Qan-based emissivity, there is no
value ofDavies et al(2006 for the difuse high latitude AME.  clear trend with AME significance. This is an important restl

The best-fitting power law to th819p vs. AME amplitude shows that AME emissivities based on 160 data are likely to
(Asp) yields a power-law index 0£0.71+ 0.03 for AME regions, be biased due to thefect of varying dust temperature. This plot
suggesting that there is not a simple, one-to-one ratio dxtw also suggests that AME is emitting at approximately the same
the AME brightness and 1Q6n brightness. This is not surpris-level per unit dust column density, not only for the strong BM
ing, given that diterent dust temperatures wilitact a given fre- sources, but for most of the sources within our sample. Hewev
guency, particularly near the peak of the thermal dust spect we caution that the uncertainties are large and includingMg
where it is very sensitive on the dust temperatdridlfs et al. component will inevitably result in a positive bias. Furtnere,
20121. Instead, as suggested Binkbeinern(2004), the thermal some sources have a possible contribution from WC@egions
dust optical depth is expected to be a better diagnosticef ths well (Table3). The weighted average emissivity for signifi-
AME emissivity, since it is proportional to the column degsi cant AME sources is (58 + 0.05) x 10%, while the non-AME
of dust viar, = Nyk,umy, whereNy is the column densityy  sources are at (Q+ 0.4) x 10°.
is the dust mass absorption ¢oeent, 4 is the mean molecu- It is worth noting that for the AME regions the weighted av-
lar weight, andmy is the mass of hydrogerBoulanger et al. erage is smaller than the unweighted average .af{8.7)x 10%,
1996 Martin et al. 2012 The fit against the dust optical depthdue to five high significance sources that appear to have a
at a wavelength of 25@m (r2s0), which is proportional td\y,  lower emissivity fsp/T250 < 10% than the rest of the sample.
yields a slope much closer to unit¥1.03+ 0.03). This suggests These are G005.436.50, G023.4¥08.19, G133.2¥09.05,
that the AME is emitting at approximately the same level pe&$142.35-01.35, and G219.188.93. All are associated with
unit column density in all the bright AME regions chosen im oudark nebulae (see Taband Sect6.2). These sources are high
sample Planck Collaboration XX[(2011) also found that AME latitude sources with very weak free-free emission and ailew
emits at the same level pdl; throughout the Galactic plane. Wetensity radiation fieldG, < 1), leading to cold big grain dust
therefore define our default AME emissivity as the AME amplitemperaturesI(y = 14-17 K).
tude divided by the thermal dust optical dep#3y/2s0. In this We have investigated the correlation of AME emissivity
case, the units are formally A:m2, but we note that the inter- with a wide range of parameters and properties in this study.
pretation of this value depends on the spinning dust modelgh In general, we find little or no correlation with most parame-
fitted. The actual dust column density calculated from the&cap ters. Previous worksLégache 2003Vidal et al. 201} found
depth depends on the range of dust temperatures along éie levidence of an anti-correlation of the AME emissivity witret
of-sight (Ysard et al. 201p, as well as details of the dust grainscolumn density. The interpretation is that this is what vaoo
including the dust opacity (which in turn depends on many faexpected with AME arising from small spinning dust grairs; a
tors such as dust composition). the density I(y) increases, dust grain growth becomes more ef-
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Fig.21. Ratio of AME amplitude Asp) to dust optical depth Fig.22. AME emissivity as a function dBg. The symbols are as
(1250), @s a function ofr,50. The symbols are as in Fi§. The in Fig. 6. The straight lines are the best-fitting power laws to the
Perseus (P) and Ophiuchi (R) clouds are indicated. The solidAME (solid line) and including semi-significant AME (dashed
line shows the best-fitting power law for the significant AME r line) regions. The dot-dashed line is for AME regions thatair
gions; the dashed line is the same fit but omitting the datatpoGg < 4.

atzs0 = 0.0028 (G017.0800.85).

power-law indexy = +0.66 + 0.04. We verified that the corre-

ficient and thus the small grain population decreases. E@Ur |ation is due primarily to variations ifig, and nofBq, by setting
shows the AME emissivity against the optical deptiso. For g, to the fitted values. We found a similar trend but with larger
the significant AME regions, we also find a similar trend. Thecatter (s = 0.53+ 0.09 andy = +0.87 + 0.06). Surprisingly,
anti-correlation(s = —0.57+ 0.07) has a best-fitting power-lawfor semi-significant regions (grey filled circles), the satmead
Slope Of’y =-0.32+0.03, which is flatter than the0.54+ 0.10 is also visible, with a similar S|ope Qf = +0.62 + 0.03, and
value found byvidal et al.(2011). Omitting the highraso value  the non-AME sources are also correlated. This may suggaist th
for G017.06-00.85, the slope becomes= —0.43+£0.04, similar - there is AME in many of our sources or that there is a system-
to theVidal et al.(2011) value. atic effect that is driving this result. As before, we only consider

The efect we see is somewhat surprising given tiédlilty the AME sources withraye > 5 and fYSH < 0.25 to be reli-
of estimating density in the potential complex mix of enwiro able. There is considerable scatter around the best-fistome
ments in a 1 beam, especially at low latitudes where there magr the AME sources, and two data points Wi > 4 are driv-
be multiple objects along the line-of-sight. Nevertheléss is ing the slope to be flatter than it would otherwise be. A fit to
one of the few observational trends associated with AME thaME sources withGy < 4 gives a slope of = 0.80 + 0.06
has come to light in several independent studies. It is stersi (Fig. 22). Given this, and the larger scatter, at this point we can
with small grains as AME carriers, because they are expeotethnly say that there is a positive correlation with a slgpe +0.7;
be depleted in denser environments by coagulation ontefargve will adopt this value in Seck.5.

grains. We may not be seeing AME at higBy (and highTy) be-
cause the PAHYSGs require radiation to spin, but too much
5.4. The role of the ISRE UV destroys them, as happens inside very bright tégions

(with higher EM, T4 andGop). The grains need to be shielded,
The ISRF plays animportant role in the ISM. It is a major seurdience to be close to the PDR of tharkegions (which is the
of local heating, with UV photons being absorbed by dustrgraicoldest part of an ki region). It could also be a selectioffect
and re-radiated in the IR. It also has importaffeets on the due to brighter free-free emission associated with highesbf
composition of the ISM, since it can charge PAHs and also d@p that would make AME more dficult to detect.
stroy PAHs and VSGs when the intensity is high enough. For In some environments (e.g., low density), it is expected tha
spinning dust, the population of PAHs and VSGs is fundamentss the ISRF increases (up to a certain point), the smalléngra
in determining the AME, and the formation of ions (e.gf, &%)  will receive more rotational excitation, resulting in a rsping
can be important for rotationally exciting small dust ggaithe dust spectrum shifting to higher frequencies (eYgard et al.
ISRF also plays a role in rotationally exciting small dusitpa 2011). Figure23 plots the spinning dust peak frequency against
cles through the absorption of infrared photons; thesdgbest Go. Although not formally significant, there is tentative esitte
can be dominant in some environments (e.g., WBgr= 1 and for a correlation between the two quantities € 0.19+ 0.14).
ny < 10cnT3). The majority of the high signal-to-noise ratio detectiores@us-

In the recent studies bibbs et al (2011, 20123, the AME tered near the centre of this plot§ = 25-30 GHz and5 = 1-
brightness was found to correlate wiiy more than any other 3), making a slope dicult to constrain; a weighted fit is flat
parameter, including the PAH fraction. Figue® shows the within the uncertainties (dashed line). However, if we make
AME emissivity as a function o6 for our sample. We also unweighted fit to the AME sources, assigning median errars fo
find that the AME emissivity is related Bo. For the AME re- Gg andvsp, we find a positive slope 0£0.13 + 0.02. Omitting
gionsthere is a positive correlation & 0.63+0.07) with a fitted the California Nebula, which is driving this fit, gives a stopf
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the present sample, we expect both processes to contribilne t
spinning dust emissivity. To model the spinning dust eroissi
in our sample, we describe the emission region in the folgwi
way. Observations suggest that PAHs are depleted in theddni
gas (e.g.Salgado et al. 203 Dobler et al. 200pand in the case
of Hu regions, PAHs are observed to be located in a dense, neu-
tral shell surrounding the ionized gas. We assume that i@l s
dominates the thermal dust emission and is therefore hbgtad
mean radiation field of intensii$y. We note that the dust opac-
ity 7250 does not show any trend witBy (r = —-0.17 + 0.21),
suggesting that the column density of dust is rather cohstan
probably corresponding to the shell material directly bddiy
the star. The AME thus comes from a shell around therégyion
with densityny and radiation fieldsg. From the observed trend
of jog with Go, and assuming that the AME is due to spinning
dust, models can constrain the gas dersity
Using theSPDUST code Silsbee et al. 20J)Jand the gas ion
Fig. 23. Spinning dust peak frequency as a functiorGgf The scheme ofvsard et al(2012, we ran model grids for the spin-
symbols are as in Fig. The solid line is the best-fitting power ning dust emissivity in the 28.4 GHz LFI band with the follmgi
law for the AME regions with all data points equally weightednypotheses. We assume the PAH properties to be the sameé for al
The dashed line is the weighted fit to the AME regions, white thvalues 0fG, andny, namely that they enclose 65 ppm of carbon
dot-dashed line is the weighted fit to AME and semi-significa@and have a log-normal size distribution with centroid 0.6amd
AME regions. width 0.4 nm. In addition, we assume the gas temperature to be
constant for allny andGo, namelyTqas = 60 K. In Fig. 24,
we show the relationship betwe&y andny that results from
) S the jog—Go trend. We see thaty increases withsg, suggest-
+0.014+ 0.02. The precise value of the AME emissivity doe%g that density plays an important role in the AME pumping.
depend on the assumptions @ that dfect the estimation of Ag expected, higher AME emissivities require higher déesit
Go; hovyever_, in this case, using th_e fltte_d valuesfgactually This trend possibly reflects the presence of more massive sta
results in a tighter positive correlation, with= 0.57+0.14and i genser clouds. The emissivity rises with but levels df for
y = +0.07+ 0.02 (omitting the California Nebula). ny > 103 cm 3 (see figure 8 offsard et al. 201pdue to recom-
As discussed in the next section, the increase of AME emisination of H* and C" ions. Whenjo = 6 x 10724 MJy srcn?
sivity and peak frequency with the increaseGafis compatible per H atom, the model emissivity cannot match the observed
with model predictions. For.Q < Go < 10, gas-grain interac- |eve| even for very high densityg = 108 cm3); this is why the
tions dominate the process for rotational excitation ovetpn gashed curve is interrupted in Fy.
emission. This might explain why we see a decrease of the AME \yg emphasize that thig—Go trend is qualitative, because of
intensity whenTq increases. Alternatively, there could be an ohseyeral important uncertainties. First, while estimaagrom
servational bias related to the fact that cooler region#h @i the emergent dust SED, we may be biased towards low values
weaker radiation field due to less massive stars, will tjfica pecause of the contribution of large column densities of col
have less free-free emission. Thus we may be selecting eeol st Also, we assume a constant PAH abundance, whereas it
gions preferentially; indeed sources with larger valuesdp- s known that PAHs are depleted in dense gasb et al. 2012
pear to have larger uncertainties in the AME amplitude. A €orgsompiggne et al. 2008This analysis is thus preliminary, and
plete flux-density-limited sample would be required to Bt¥e microwave data at higher angular resolution, as well asitae
gate this possibility. Nevertheless, this result agreds pievi- yansfer modelling of such regions, are required to further

ous studies that found AME arising preferentially from d&ns,ngerstanding of the AME and its possible use in charadteyiz
and colder moleculgatomic gas rather than from the ionizedyq physical conditions in the emitting region.

gas phaseRlanck Collaboration XX 201, Planck Collaboration

XXI12011).

Spinning dust peak [GHz]

6. Discussion and conclusions

5.5. Spinning dust modelling 6.1. Detection of AME

We investigate here whether the behaviour of the AME prégent
observed can be explained by spinning dust emission, e r
tional emission of PAHs. We focus on the relationship betwe
the AME and the intensity of the radiation fie&. The present

results indicate a trend between the AME emissivity at 2844 G erage of radio, submillimetre, and far-infrared data halswed

(n_°te.d128) andGo (Fig. 22), wherejzg = Srzegsid/T_250 = JO_GSW' us to estimate the SED to high precision to determine thércont

with jo = 3x1072*MJy sr'* e per H atom. This trend is found yum components that are contributing at each frequencyserhe

for the significant AME regions. o sources are a mix of H regions, molecular clouds, and dark
Models show that the spinning dust emissivity increases Witlouds, often in cloud complexes. The SEDs can be fitted by a

Go andny, the gas densityAli-Haimoud et al. 2009Ysard &

Verstraete 2010 In general, the spinning dust emissivity andi4 From cLoubY simulations (as described iMsard & Verstraete

thereforejzg are functions ohy andGe. In the CNM, excitation 2010 we find Ty,sto be between 50 and 70K along the-G, trend

of spinning dust by photons and collisions have similargafer of Fig. 24

n this paper we have increased the number of known candi-
date AME targets by a factor of several. We have also predente
®vidence for AME being exhibited in a much larger number of

Galactic clouds, albeit at a lower significance. The spéctra
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G201.62-01.63 was first claimed to emit AME blyinkbeiner

et al. (2002, but was later shown biickinson et al.(2006

to be consistent with free-free emission on angular scél&s$ o
with an upper limit of 24 % AME at 31 GHz. In the present anal-
ysis, this source is highly significant aawe = 8.0. The anal-
ysis of Dickinson et al.(2006§ was of the bright, more com-
pact (8) source in the centre of the nebula, which contains ap-
proximately half of the flux density of the more extended oegi
covering 30. It is possible that most of the AME is originating
within this extended region that thé analysis is more sensitive
to. G204.76-11.80 is associated with LDN1622 and LDN1621,
which are both known to be dominated by dust-correlated-emis
sion at 31 GHzCasassus et al. 200Bickinson et al. 201

10000¢E
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ny [em™]
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G, 6.2. Nature of the sources in our sample

Given the low angular resolution {)lof the present analysis, it
Fig.24. Density estimates (solid black line) from spinning dust somewhat diicult to disentangle the various sources and en-
models that follow the observed trend between the AME emigronments for the majority of the AME regions, since in many
sivity jog andGo. We also show the influence of AME emissivcases there are multiple sources within the beam. Furthermo
ities half (jo = 1.5x 10-**MJy sr* cmPper H atom ; triple-dot- the sample is not complete and there likely remains seleetio
dashed line) and twice as largi € 6 x 10-**MJy sr cn¥ per  fects and biases. However, in some cases the nature of theesou
H atom; dashed line). is clear. For example, some of the non-AME regions are glearl

dominated by bright Ht regions, such as G209.619.38 (M42)

and G267.951.06 (RCW38).

Of the AME regions, many have a contribution of free-
combination of synchrotron (in a few cases), optically thée- free emission associated withrHregions. However, a small
free emission, CMB, thermal dust, and spinning dust. fraction of these do not have a bright associated fegion,

Of the 98 regions, 42 are highly significant ) in terms  and a large fraction of the 20-60GHz flux density is due
of AME amplitude. Of these 42 sources, 14 contain candidate® AME. These sight-lines do contain known dark nebula
UCHu regions (based ofRAS colour ratios) that could be con-and may be responsible for the AME. The best examples of
tributing a portion £ 25%) of the excess emission and ar¢hese are G004.248.09 (LDN137141), G005.4836.50
dropped from the significant AME list. This leaves 28 regiong. DN134), G023.47#08.19 (LDN462), G133.2709.05
that appear to emit AME. Among the clearest AME detectiofs DN135813551357), G142.3501.35 (DNe TGU H942),
are the well-knowrp Ophiuchi and Perseus molecular clouds5180.1804.30 (LDN1557), G192.3411.37 (LDN15821584),

A further 31 sources are AME significant at the level of 25 G219.18-08.93 (DNe H154/41546), and G231.832.00 (DNe
Only 25 of the sample are non-significart 2 o) although the TGU H1593). These sources are dominated by AME at 23 GHz,
sample is far from complete. but the AME emissivity (per unit dust column density) is lawe

The AME detections are shown to be robust. In general, wiean the average for the sample.
have been conservative in the assignment of uncertairites. The AME regions are, in general, spatially extended even at
average reducegf value of 0.58 indicates that we may be overan angular resolution o1 while non-AME regions tend to be
estimating our uncertainties by about 30 %; however, giten trelatively compact. This is a trend that is becoming indreglg
complexity of assigning flux densities toflilise emission in the familiar; AME sources are typically ffuse (e.g.Davies et al.
presence of complex and bright backgrounds, we choose to2@96 Casassus et al. 2008008 Dickinson et al. 2010Planck
conservative in this low resolution analysis. We consitierdéf- Collaboration XX 2011Planck Collaboration XXI 2011 while
fect of fitting for a CMB component and its relation to a po#sib compact objects show little evidence for AME (e $caife et al.
flattening of the thermal dust index at frequencie800 GHz. 2009, or a much smaller fraction of the total flux density (e.g.,
Although there is some evidence for thi§eet, it is shown not Dickinson et al. 200i7Tibbs et al. 2017
to be a major fect on the AME properties. The excess emis- A tight correlation is observed between the AME amplitude
sion is readily fitted by spinning dust models that peak at frand dust continuum tracers in the submillimetre (353 GHz) an
quencies around 25-30 GHz and have column densities of abfasinfrared (12, 25, 60, 10@m). In agreement with other stud-
10?*cm2, reasonable for diuse ISM clouds. ies, dividing the infrared fluxes by the intensity of the istel-

A number of the sources in the sample have been diaf radiation fieldGo improves the correlation. We find that the
cussed in the literatur&énova-Santos et §2011) usedMMAP  majority of the AME regions have a high ratio 8,/Szs =
data to study the reflection nebula associated with the d&eia0.06—10, compared to the typical range260.6. From inspec-
(G166.44-24.08) and found (25+ 0.12) Jy at 22.8 GHz in a°1 tion of these regions, they do not appear to contain a strong
radius aperture. Of this, the bulk was found to be from AME. lionized component, and therefore probably do not have gtron
our analysis, we find a similar total flux density of§2+0.13) Jy ionic/stellar contamination of the 1&n band. Instead, we be-
at 22.8 GHz, but the AME level is much lower at§0+0.17) Jy. lieve that this is indicative of PAHS as the carriers of sjrign
The results are lierent mostly due to the filerent level of free- dust emission. Comparison wiSipitzer data is inconclusive be-
free emission assigned to the cloud due to the large backdrogause of the limited coverage of the data.
at low frequencies. Nevertheless, even under our condegvat We find that the AME sources favour slightly cooler regions
approach for determining the level of free-free emissioafind with Ty = 14-22K and a dust emissivity index 8§ ~ +1.8,
some AME in this cloud, with a significance aflGr. The source while the non-AME sources appear to be warmgy & 20—
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30K) and prefer a slightly flatter emissivity ind@g ~ +1.7. particular, more data at frequencies 5-20 GHz (e.g., the 5 GH
This is consistent with the picture that AME is arising prima C-Band All-Sky Survey, C-BASXing et al. 2010Qor the multi-
ily from the colder neutral ISM phases, rather than the warmigequency 11-19 GHz Q-U-I JOint TEnerife CMB experiment,
ionized gas associated with bona fida Fegions. In Hiregions QUIJOTE; Rubifio-Martin et al. 2022would improve the con-
the PAH population is expected to be depleted, thus reduhking straints on free-free emission, which is a large fractionthef
primary carriers of spinning dust emission. The lack of AMER0-60 GHz brightness in many of the sources under study, Also
associated with the WNMVIM phase is in agreement with thethe inclusion of théPlanck 100 and 217 GHz channels will dra-
findings of Planck Collaboration XX(2011). The ISRF inten- matically improve the constraints where we see evidenceabf fl
sity, parameterized b8, appears to play an important role fortening of the low frequency tail of thermal dust, as well ama (
AME. We find that most AME sources prefer lower levels of thaor) contribution from CMB fluctuations on scales 6f $econd
ISRF in the range 8 < Go < 3, while non-AME regions are and perhaps more importantly, higher resolution (few ancanid
generally higherGg ~ 1-10). better) data are required to studytdient environments in more
For the AME emissivity relative to 10@m, we find that detail. As discussed earlier, we typically see a mix of emwr
the levels are similar to those found in théfdse ISM at high ments and multiple sources when working at an angular resolu
Galactic latitudes, as well as from previous studies of té- tion of 1°. The relationships between the gas and dust can then
gions, with typical values of a few 1. A more robust emissiv- be inferred and the contribution of AME fromftrent sources
ity is found by forming the ratio between the AME flux dencan be assessed by comparison with high resolution radimand
sity and the thermal dust optical depthso, due to its non- frared data. Furthermore, on scatesl®° the CMB becomes neg-
dependancy on dust temperature. Remarkably, we find that miagble and background emission can, atleast in some af¢hs o
of the sources in our sample (AME and non-AME regions) hawky, be less problematic. High resolution follow-up obsdions
a similar AME emissivity relative tasg, although there is a of the AME candidates, such as with AMAI Consortium:
large scatter at all significance levels. This suggestsAME et al. 2008 at a frequency of 15 GHz, will determine whether
may be inherent to most of the sources in our sample, but the AME is in fact due to diuse dust and whether UGHre-
some sources the AME is mordiittult to detect, such as whengions are a major component. With more accurate SEDs and
there is a dominant free-free component. spatial information, we will be able to better constrain onp
We investigated the AME emissivity with various observaant quantities such as the intensity of the radiation field the
tionalphysical parameters from our sample. In general, we @bundance of small grains.
not find strong trends. We believe this is partly due to theeafo
mentioned complexity and mix of environments and sourcésmowledgements. We thank Justin Jonas for providing the 2326 MHz Hart-
within each region, in addition to the relatively small saenp RAQ map. We acknowledge the use of the MPIfR Survey Samplésiteat
o http://www.mpifr-bonn.mpg.de/survey.html and the Legacy Archive for
size; however, a feW_ weak trends are_Observed' Microwave Background Data Analysis (LAMBDA); support foAMBDA is
In agreement with previous studiesagache 2003Vidal provided by the NASA @ice of Space Science. This research has made use
et al. 201}, we find that the AME emissivity decreases with thef the NASAIPAC Extragalactic Database (NED), which is operated byJeste
column density, as traced by the thermal dust optical d&pbtis. Propulsion Laboratory, California Institute of Technglpgnder contract with

. p . - the National Aeronautics and Space Administration. Thieaech also makes
mlght be explalned by dust coagulatlon in denser regmdﬂde use of the SIMBAD database, operated at CDS, Strasboungc&re acknowl-

ing the populatiqn of smalles_t grains and therefore redyth'e edge the use of NASA's SkyView facilih¢ tp: //skyview.gsfc.nasa.gov)
number of spinning dust carriers. located at NASA Goddard Space Flight Center. CD acknowledire STFC
We observe a correlation &g with the AME emissivity_ A Advanced Fellowship, an EU Marie-Curie IRG grant under th& Fand an ERC

. . o tarting Grant (no. 307209).
weak correlation o5 with the peak frequency of the spmnmgS Th% develgpmem Opl)anck has been supported by: ESA; CNES and

dust frequency is also observed. Both these trends may be gQrgiNSU-IN2P3-INP (France): ASI, CNR, and INAF (italy): NASAnd
derstood in terms of radiative and collisional excitatidrtf® poE (USA); STFC and UKSA (UK); CSIC, MICINN, JA and RES (Spgin
rotation of small grains; however, we caution that there aiag Tekes, AoF and CSC (Finland); DLR and MPG (Germany); CSA ¢dajy
be an observational bias, due to the fact that an increding BTV Sgaces(D(e”mark)l?)SEBSO (Swgzerza”d))? RCI (Plorway); SF1 (reland)
. . ~ . FCT/MCTE Portugal); and PRACE (EU). A description of the Planc
genera!ly means an increasing free-free component_ th"_ﬂmak Collaboration and a list of its members, including the téchiror scientific activ-
more d_fﬁcult to detect AME- .O.n the Oth?l’ hand, spinning duﬁﬁes in which they have been involved, can be foundatp: //www.sciops.
modelling of the AME emissivity assuming a fixed small grai@asa.int/index.php?project=planck&page=Planck_Collaboration.
abundance suggests that the density increasesGuitla trend
expected in massive star forming regions.
Finally, we note that the sources within our sample coverReferences
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Table 3. List of 98 candidate AME regions. Names are given by the e¢@alactic coordinates. The detection method used for sawite is indicated by the superscript letter
after the name. Fitted parameters are based on the apeht@petry (see Secs.4). Regions that show significant (6o) AME have boldface names, except for those with a
high potential UCH: contribution (f
dagger. Note that EMis an dfective Emission Measure integrated over the aperture.

UCHI11
max

> 0.25). Values fotvgp

UCHI
and fz

are only given ifoame > 2. In 3 casesfAsp was fixed at zero (see Se8t5) and are marked with a
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6 EMg T250 Ty Bd ATcme Asp OAME Vsp f#é:xH” Go ngs?d ﬁ X? Notes
Name [l [em™®pe] [x10°] K] [#Kewe]  [10°°cm ] [GHZ] [Jy] [x10"]
G004.24+18.09% . . . . >2 31+07 16+01 156+03 194+005 -14+1 6.0+04 148 283+02 000 049+005 51+07 161+34 058 LDN137141
G005.40+36.50% . . . . 15+15 09+15 16+01 153+0.2 175+0.06 34+ 3 22+01 182 270+12 000 045+0.04 18+04 82+22 199 LDN134
G008.5:-00.3F . . . . >2 1192+ 791 331+50 187+0.6 208+0.09 280+ 257 60+ 29 20 275+06 034 15+03 51+66 14+18 015 Synch. Faint SNR8:3.0;1.2Jy @ 1GHz
G010.19-00.32 . . . . 12+05 2291+426 337+99 203+12 197+0.10 228+ 197 72+ 24 29 258+24 113 24+09 60+35 10+06 028 Kes62.Synch. SNR9:9.8;6.7Jy @ 1GHz
G012.86-00.19" . . . . 17+07 2466+473 449+122 197+11 201+0.10 338+ 243 83+ 31 27 260+21 048 20+07 70+39 10+06 014 W33. Synch. Several weak SNRs
G015.06-00.69 . . . . 04+02 7511+506 316+38 202+05 214+011 611+ 243 79+ 40 20 .. . 24+04 63+44 09+07 024 M17
G017.00+00.85% . . . . 0.6+0.3 849+ 131 278+40 173+05 224+0.15 148+ 112 68+ 12 54 339+53 003 092+0.17 58+18 33+13 084 M16, W37
G023.47+08.19% . . . . 15+12 29+ 2 39+11 145+07 179+0.09 7£3 28+04 77 206+89 000 033+0.09 18+12 53+36 128 LDN462
G028.79-03.49 . . . . 03+0.1 515+ 38 38+03 220+04 155+0.05 -86+28 06+28 02 .. .. 39+04 -06+39 -01+04 176 W40
G030.77#00.03 . . . . 11+02 4836+252 337+100 232+16 176+0.09 425+ 165 193+ 22 86 291+10 036 55+22 166+32 15+03 126 W43
G035.26-01.74 . . . . >2 719+133 131+14 190+05 174+013 9+ 121 21+ 11 20 . . 16+03 16+15 14+13 006 w48
G037.79-00.1% . . .. 13+03 1853+363 251+20 201+04 187+0.09 152+ 208 58+ 20 29 254+29 037 23+03 46+29 12+08 038 WA47.Synch. Several weak SNRs
G040.5202.53 . . . . 06+0.3 228+ 33 25+16 203+26 171+0.23 18+ 31 14+39 03 .. .. 24+19 14+53 04+14 009 w45
G043.26-00.1C . . . . 11+03 1461+102 137+14 209+05 172+0.06 129477  504+93 54 266+15 121 29+04 40+12 18+06 063 W49
G045.47%00.06' . . . . 18+ 06 727+ 69 158+16 187+03 193+0.08 208+51  400+6.8 59 264+17 080 147+0.15 335+88 22+0.7 033 NRAO601-SNRin SIMBAD
G053.63-00.19" . . . . 19+ 0.7 625+ 49 64+23 200+15 175+0.13 59+ 37 173+ 4.7 37 270+12 056 22+10 145+69 16+08 031 W52
G059.42-00.2F . . . . 11+ 05 294+ 28 65+09 185+05 189+010 -25+22 183+27 67 269+12 037 14+02 148+37 26+08 072 W55
G061.4%400.1F . . . . 12+ 08 329+ 21 25+08 217+15 160+0.10 9+ 18 49+ 23 21 254+28 459 36+ 15 41+35 08+0.7 057 HIILBN061.50+00.29. SH2-88
G062.98+00.05% . . . . 12+15 202+ 14 34+05 190+06 181+0.07 39+ 12 99+13 74 258+24 025 17+03 82+18 24+06 146 S89
G068.16-:01.02 . . . . 08+0.5 190+ 14 0701 219+11 176+0.21 38+ 17 Of s e 38+12 00+22 00+13 020 S98
G071.59-02.85 . . . . 10+ 04 288+ 54 20+04 199+11 175+0.25 -3+47 93+50 19 .. .. 22+0.7 79+65 30+26 006 S101
G075.8%00.39 . . . . Q7+08 424+ 54 45+05 192+04 174+0.10 124+ 39 126+5.0 25 270+12 104 172+020 92+64 20+14 011 HII GAL075.84+00.40. SH2-105. Cyg 2N
G076.38-00.62 . . . . >2 143+ 43 18+08 210+22 217+0.34 51+ 37 OF . 30+£19 21+82 04+15 036 S106
G081.59-00.0F . . . . 10+06 3749+314 86+09 229+06 178+0.10 212+ 155 32+ 25 13 50+0.8 25+29 09+10 017 HIIDR23. Near Cygnus X
(G093.02:02.76 . . . . 08+0.3 621+ 52 28+02 206+03 156+0.06 -20+32 60+39 15 27+03 48+47 12+11 020 HIIGAL093.06+2.81
G094.4701.53 . . .. 08+0.3 268+ 42 06+02 213+18 175+0.36 -0+2 19+32 0.6 .. .. 33+16 16+£35 13+29 007 HIILBN094.79-01.77. LDN1059
G098.06-01.47 . . . . 05+0.1 157+ 12 08+01 199+04 164+0.08 1+7 78+11 71 358+69 046 22+03 62+15 64+18 051 RNeGM1-12, DNe TGU H582
G099.66-03.7G . . . . >2 550+ 25 04+01 237+17 182+027 -45+23 20+25 08 e s 6.2+27 02+25 01+13 024 Tr37cluster. Large complexincl. LDN1111
(G102.88-00.69" . . . . 06+0.1 367+ 28 15+02 201407 172+012 -50+19 59+21 28 320+37 002 23+05 50+27 23+13 042 HIIG102.9-00.7. LDN11611163
G107.26-05.20" . . . . 10+ 0.3 260+ 20 31+08 202+12 188+0.09 60+ 13 164+ 1.7 95 293+12 103 24+08 140+22 27+05 096 AME-G107.25.2
G109.01+00.00 . . . . 11+19 49+9 13+02 196+08 180+016 -17+12 38+23 17 e e 19+05 24+18 15+12 009 DNeTGU H684. Near HIl LBN108.8@0.98
G110.25-02.58° 08+0.1 288+ 22 13+02 242+09 163+009 -27+18 T4+17 43 388+92 485 69+15 51+26 09+05 019 HIIG110.2-02.5. LBN110.1302.44
(G118.09-04.96' . . . . 08+0.2 1225+ 67 12+01 249+04 176+0.11 51+ 23 75+54 14 . 83+0.8 45+57 06+08 018 Weak SNRNGC7822
G123.13-06.27 . . . . 04+0.1 184+ 15 06+01 209+04 161+0.09 10+ 10 2012 16 .. . 29+03 15+13 14+13 034 Sis84
G133.27+09.05%® 13+05 23+4 46+04 145+02 184+0.06 10+ 8 35+04 81 244+40 008 032+0.03 28+09 65+23 012 LDN135813551357
G133.7401.22 . . .. 06+02 2167+112 39+03 241+05 175+0.08 85+58  154+93 17 . e 6.9+0.9 10+10 05+05 107 W3
G142.35+01.35% . . . . 19+17 5+4 44+05 168+04 176+0.06 34+ 9 6.4+0.9 70 245+39 007 078+0.10 50+13 34+10 046 DNeTGU H942
G151.62-00.28 . . . . 10+0.7 349+ 26 12+01 211+04 137+0.09 10+ 23 38+20 19 .. .. 30+04 30+£28 16+16 023 HIISH2-209
(G158.406-20.6C" . . . . >2 21+2 38+03 154+02 174+0.05 46+ 9 37+03 112 262+20 036 046+0.04 31+08 49+15 126 LDN14501452
G160.26-18.62%¢ . . . . 15+07 67+ 6 37+09 183+08 180+0.08 42+ 9 135+07 201 281+00 004 13+04 121+15 44+08 084 Perseus AME-G160.248.62
G160.60-12.05% . . . . 14+02 380+ 19 05+02 218+16 199+0.15 -6+ 10 86+17 5.0 50+17 000 38+ 17 40+19 27+13 034 NGC1499 (California nebula)
(G166.44-24.08° 14+12 104+06 05+0.0 227+04 178+0.07 14+2 10+0.2 61 211+82 000 48+ 0.5 06+02 04+02 059 Pleiade$
G173.56-01.76" . . . . 05+0.1 396+ 30 04+01 225+09 170+014 -12+15 28+24 12 .. . 45+11 25+28 21+24 042 NGC1893
G173.6202.79> . ... 07:02 198+ 13 38+10 188+09 163+0.07 -7+10 T7+£12 61 263+19 124 15+05 64+23 22+09 038 S235 AME-G173.62.8
G180.80+04.307 . . . . 12+06 1+2 05+01 192+08 148+010 -30+6 33+02 169 261+20 000 17+04 29+06 77+19 072 LDN1557
G182.36:00.225 10£05 3+7 18+02 16703 172+010  62+7  25+04 60 27209 035 075009 21+11 3721 016 HIlLBN182.30-00.07 & RN¢DNe
G190.06:00.46 . .... 05+01 282+19 3302 196+03 165:006  46+16 114=15 76 27803 058 199+015 96+21 2607 099 NGC2174175
G192.34-11.372 . . .. 15+09 21+7 16+01 169+03 201+0.07 23+5 81+06 142 297+16 000 081+009 68+10 105+22 214 LDN15821584
G192.66-00.06" . . . . 11+ 06 66+ 8 11+02 202+09 191+0.15 -4+10 3709 41 270+12 051 24+06 32+12 16+06 013 S255
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2 EMg T250 Ty Bd ATcme Asp TAME Vsp f#é:xH” Go Srzeillld ﬁ 3 Notes
Name [l [em™®pc]  [x107] K] [#Kewe]  [10%°cm?] [GHZ] 9] [x10']
G201.62+01.63% . . . . . 0.8+0.4 164+ 15 15+03 178+0.7 215+0.17 92+ 11 94+12 80 27308 007 11+03 78+14 62+15 091 LPH96201.61.6. LDN1608160F
G203.24+02.08% . . . . . 16+09 108+ 9 35+02 172+02 174+0.06 18+ 12 76+09 82 303+21 002 089+ 0.06 63+ 15 41+12 057 HIIG203.2-02.1. LDN1613. Cone nebula.
G204.70-11.80° . . . .. >2 23+ 6 28+04 156+04 202+0.07 15+ 7 6.4+0.9 71 289+08 0.00 051+ 0.07 56+ 12 93+24 088 LDN1622
G208.86-02.65 . . . .. 09+ 0.6 123+ 9 10+02 183+07 176+0.18 18+ 12 18+10 19 .. .. 13+03 16+15 22+22 025 S280
G209.01+19.38 . . . .. 03+0.1 4445+237 98+0.7 239+04 191+0.08 294+ 108 26+ 18 14 .. .. 6.4+ 0.6 18+ 19 03+04 059 M42 (Orion nebula)
G211.98-01.17% . . . .. 0.8+0.2 164+ 10 08+02 204+09 165+0.07 61+7 49+09 53 274+07 014 25+0.7 40+11 35+11 095 HIILBN211.65-01.51
G213.7+12.66° . . .. 06+0.1 70+ 4 28+01 201+02 177+0.05 177 75+05 152 268+13 402 232+0.16 63+0.8 14+03 139 RNeNGC2170. MonR2
G218.05-00.38° . . .. 12+12 129+16 09+01 196+05 151+0.07 -15+5 35+04 96 263+18 053 20+03 32+07 40+11 231 MonR2.LDN1650 o
G219.18-08.93% . . . .. 05+05 41+03 14+01 171+02 175+0.04 —4+2 18+01 170 234+51 000 088+ 0.07 13+03 25+06 271 RNelBN1015, DNe TGU H1544546 Q
G231.83-02.00 . . . .. 14+10 128+10 17+02 167+04 151+0.06 39+ 6 34+03 126 264+17 003 Q77+0.11 29+09 6.6+24 055 DNeTGUH1593 g
G234.20-00.20% . . .. 0.8+0.7 87+ 4 30+02 177+02 173+006 -38+7 82+05 153 261+21 005 107+ 0.07 67+ 10 43+09 114 HIILBN1050 x
G239.40-04.70% . . . .. 16+05 80+ 5 13+02 178+05 181+0.12 16+ 7 53+0.6 94 312+29 000 110+0.19 45+ 0.9 62+16 100 LDN1667.HIILBN1059.V VY Cma Q
G243.16:00.42 . . . .. 03+0.1 172+9 05+01 204+10 198+0.19 0+5 36+0.8 45 294+13 000 25+0.7 30+09 29+09 063 NGC2467 )
G247.60-12.40% . . .. 12+09 114+16 06+00 184+03 165+0.06 -4+3 35+02 154 271+10 000 133+0.12 30+03 81+15 070 DNeTGU H1630 8—
G253.86-00.20° . ... 09:05 226+ 13 22+03 193+06 163+0.06 64+12 104+11 93 288+07 030 18+0.3 89+16 44+1.0 059 Gum 10.RNe BRAN12426 >
G259.30-13.50% . . . .. 11+06 32+ 2 03+00 198+04 170+0.10 7+3 30+£03 108 279+02 000 21+03 28+04 72+15 109 BRAN34.DNe TGU H1667 g
G260.56-00.40" . . . .. >2 242+ 17 33+05 182+05 177+0.07 67+ 15 66+ 20 34 238+46 010 13+02 49+25 22+11 013 Vela-D mol cloud. BRAN166 =]
G265.1501.48 . . . .. 05+05 362+ 41 24+02 219+06 146+012 -130+81 90+80 11 e e 3.9+0.6 21+65 04+12 012 RCW36 'U
G267.95-01.06" . . . .. 03+01 3234+164 31+03 252+08 188+0.09 189+ 64 23+ 13 18 s s 89+17 17+14 08+06 070 RCW38 :
G270.27400.84 . . . .. 09+0.6 108+ 23 46+07 181+0.6 169+009 -34+26 75+32 23 244+39 033 12+02 64+44 23+16 004 RCw4l >
G274.0:01.18 . . . .. 01+01 338+ 23 02+0.0 304+12 133+013 -48+15 29+18 16 .. .. 274+6.7 19+23 07+09 018 HII Gum26. RNe BRAN26/258 Pyl
G282.02-01.16 . . . .. 11+06 1733+81 67+06 231+05 148+0.05 30+58 305+6.7 46 289+08 055 52+07 242+ 8.7 13+05 046 RCWwW46 >
G284.36-:00.36° . . .. Q7+0.2 4632+233 46+03 272+05 151+0.06 153+ 109 45+ 19 24 334x49 067 141+15 33+ 21 10+ 0.6 049 RCWA49, NGC324Y %
G287.48-00.63 . . . .. Q7+01 8527+334 62+04 260+04 189+0.11 403+ 152 58+ 27 22 379+85 011 107+1.0 40+ 31 07+05 088 RCWS53, NGC3372 (Carina nebula) P
G289.86-01.18 . . . .. 11+14 1262+114 21+03 254+10 141+012 -72+99 OF .. .. .. 93+22 -8+22 -08+23 011 Gum35, RCW54 —
G291.63-00.52 . . . .. 05+01 4463+218 35+03 268+05 171+0.08 222+ 94 37+ 17 21 331+46 153 128+ 15 27+ 19 09+0.7 053 RCW57, NGC3603576 L
G293.35-24.47° . . . .. >2 142+08 04+00 181+03 152+0.06 31+3 15+02 91 237+47 000 124+0.12 11+03 50+16 044 DNeTGUH181118101815 >
G294.98-01.7F . . . .. 06+0.3 1034+67 25+10 230+22 165+0.16 77+51  133+6.1 22 336+50 059 52+29 97+86 12+11 010 RCwe2 »
(G298.66-00.2C" . . . . . 08+0.1 2210+103 50+05 240+0.6 156+0.06 91+62  276+86 32 276+05 082 67+0.9 22+ 10 12+ 06 035 Several DNe. HIl GAL298.5600.11 =]
G305.27400.18" . . . .. 06+01 3148+ 144 137+26 226+1.0 195+0.06 386+ 74 77+ 12 63 295+14 093 46+ 12 64+ 14 12+03 070 RCW74 %
G311.9400.12 . . . .. >2 2624+ 176 268+26 204+04 183+0.08 146+ 116 71+ 16 44 253+30 049 25+03 56+ 20 12+05 017 Several DNe. HIl GAL311.8800.10 o
G317.5:00.1F . .. .. >2 2227+ 142 199+53 205+11 181+0.09 216+ 95 58+ 12 48 277+04 065 26+0.9 48+ 16 14+05 015 Several DNe. HIl GAL317.6600.36 ;
G318.49-04.28* . . . .. 1.0+03 103+ 16 28+03 175+04 1941011 44+ 13 81+15 54 310+28 000 099+ 0.13 67+20 41+14 059 RNe GN15.11.0. DNe TGU H1978 =z
G320.27-00.27 . . .. 15+12 1393+ 96 61+04 262+03 143+0.06 43+81  523+80 66 278+03 069 113+0.9 43+ 11 16+05 190 HIlI GAL320.23-00.29. Several DNe. m
G322.1500.6F . . . .. >2 49+ 37 48+18 178+13 206+0.33 41+56  148+6.2 24 318+35 029 11+05 122+100 32+30 008 RCW92 5
G327.36-00.50" . . . .. 13+08 2919+219 151+21 212+07 197+0.15 167+ 153 46+ 19 24 299+18 067 31+£0.7 40+ 24 11+0.7 030 HII GAL327.30-00.60. Several DNe o
G336.96-00.00" . . . .. 15+05 4558+317 304+83 225+14 183+0.08 -42+180 81+ 27 29 277+03 098 45+ 17 69+ 34 07+04 013 Kes39.Weak SNR G337%00.1;1.5Jy @ 1GHz @
G343.48-00.04 . . . .. >2 1549+ 179 268+28 199+04 180+008 -33+119 52+ 16 33 255+27 056 22+0.2 42+ 20 13+0.7 043 HIlI GAL343.4-00.0. Several DNe. o
G344.75+2397° . . . .. >2 14+ 2 04+01 200+14 189+0.12 —7+2 14+02 65 267+14 000 22+09 11+03 20+0.6 138 MBM 12¥122. Synch. %
G345.46-00.94 . . . .. >2 68+ 124 81+44 178+20 263+0.46 237+ 71 48+ 13 36 324+41 086 11+08 42+ 17 39+21 023 RCW117 c
(G348.73-00.78" . . . .. Q7+05 1961+171 44+13 227+17 211+025 -5+ 100 11+ 14 08 e e 47+21 9+ 19 05+10 011 RCw122 %
G351.2900.68 . . . .. 05+0.2 3091+236 123+18 227+09 200+0.12 285+ 170 28+ 23 12 . e 48+11 18+ 30 04+0.6 018 Extension tothe west of AME-G353.056.90
G351.31+17.28% . . . .. >2 162+ 12 10+01 251+08 171+0.15 6+ 15 76+14 52 285+04 001 87+ 17 65+22 11+04 025 HIILBN11051104. Several DNe
G351.65-01.23 . . . .. 18+17 451+ 215 96+23 208+11 206+0.25 268+ 158 49+ 22 22 289+08 137 28+09 42+ 31 19+15 006 Kesb52
G353.05+16.90° . ... 09x05 8+6 59+03 216+02 175+0.04 120+£11 226+08 283 304+22 023 35+0.2 203+1.8 15+0.2 088 p Ophiuchi AME-G353.0516.9¢
G353.16-00.74 . . . .. 04+01 5745+311 166+27 216+08 214+0.13 626+ 163 89+ 26 34 326+42 027 36+0.8 74+ 31 13+06 043 HII GAL353.19+0.67. HII NGC6357
G353.9%415.79 . . . .. >2 56+ 29 50+06 185+05 171+005 -34x9 92+24 39 260+22 014 14+02 75+27 19+0.8 084 InOphiuchus
G355.4400.1F . . . .. 19+06 1794+373 318+4.6 195+0.6 195+0.08 138+ 188 53+ 23 23 254+28 029 19+04 43+ 30 11+08 034 Synch. SNR G3558.0;3Jy @ 1GHz
G355.63+20.52% . . . . . 17+08 14+2 19+02 166+04 192+0.07 57+5 70+05 148 272+09 000 074+0.10 58+ 0.7 88+18 188 InOphiuchus

Notes. 2 Detected in bandmerged catalogtiBetected in component subtracted mapreviously known source from the literatutélanck Collaboration XX2011) 2 Génova-Santos et §2011)
3 Finkbeiner et al(2002; Dickinson et al (2006 * Dickinson et al (2007
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