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Fig. 1. Finder diagram for Orion-Monoceros. The greyscale represents the integrated intensity of ionized gas as traced by the WHAM Hα
survey (Reynolds et al. 1998). The bright crescent of emission is Barnard’s loop which delineates the optical boundary of the Orion-Eridanus
superbubble. The positions of O and B stars from the Ori OB1 association (Brown et al. 1995) are plotted with symbols the sizes of which
are proportional to the luminosity of the stars. The four different symbols correspond to the four Ori OB 1 subgroups. The boundary of the
Orion-Monoceros molecular complex is marked by the 2.06 K km s−1 (3σ) contour of the new CO survey.

part of Orion B was mapped in CO and 13CO (J = 2 → 1
and J = 3 → 2) by Kramer et al. (1996), and the Orion A
and B clouds were mapped using the J = 2 → 1 line of CO
(Sakamoto et al. 1994). However, to date the only survey which
has covered the whole region has been that of Maddalena et al.
(1986), a survey which is non-uniform in resolution, sensitivity
and sampling, and is heavily undersampled in many places.

This paper presents a new CO (J = 1 → 0) survey of the
Orion-Monoceros complex which consists of 52 288 spectra
uniformly spaced in Galactic longitude and latitude. It is gener-
ally four times more sensitive than the Maddalena et al. (1986)
survey, since it contains four times as many spectra, each with
lower rms noise. The new observations cover a total area of
more than 400 sq deg on the sky and map all of the major clouds
of the Orion-Monoceros complex with the exception of the λ-
Orionis ring, which was the subject of a separate study with the
1.2 m telescope (Lang et al. 2000).

This paper is organised as follows: in Sect. 2 the obser-
vations and data reduction procedure are described. In Sect. 3
the methods used to estimate the masses of and the distances
to specific regions in the Orion-Monoceros complex are out-
lined. In Sect. 4 these specific regions are described in detail.
Section 5 presents an overview of the large scale structure of

the complex and describes a possible formation scenario. A
summary and conclusions are presented in Sect. 6.

2. Observations

The 1.2 m millimetre wave telescope at the Harvard-
Smithsonian Center for Astrophysics was used for all the
J = 1 → 0 12CO observations presented here. This telescope
has a beamwidth (FWHM) of 8.′4 and a velocity resolution of
0.65 km −1 at 115.2712 GHz, provided by a 256 channel filter
bank. Spectral line intensities were calibrated against an ambi-
ent temperature blackbody, a standard Eccosorb chopper wheel
(Davis et al. 1973), which was rotated in front of the feed horn
at 20 Hz for 1 s before each observation. All line intensities
reported here are in units of main beam brightness tempera-
ture Tmb = T ∗A/η, where T ∗A is the chopper calibrated antenna
temperature (Penzias et al. 1973) (i.e. the antenna temperature
corrected for atmospheric attenuation, ohmic losses and rear-
ward spillover), and η is the main beam efficiency, 0.82. The
emission in Orion is so strong and extensive that Tmb will at
some locations overestimate the intensity in the main beam by
a factor up to 5% owing to emission in the near sidelobes.
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Fig. 1. Finder diagram for Orion-Monoceros. The greyscale represents the integrated intensity of ionized gas as traced by the WHAM Hα
survey (Reynolds et al. 1998). The bright crescent of emission is Barnard’s loop which delineates the optical boundary of the Orion-Eridanus
superbubble. The positions of O and B stars from the Ori OB1 association (Brown et al. 1995) are plotted with symbols the sizes of which
are proportional to the luminosity of the stars. The four different symbols correspond to the four Ori OB 1 subgroups. The boundary of the
Orion-Monoceros molecular complex is marked by the 2.06 K km s−1 (3σ) contour of the new CO survey.
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Fig. 1. Finder diagram for Orion-Monoceros. The greyscale represents the integrated intensity of ionized gas as traced by the WHAM Hα
survey (Reynolds et al. 1998). The bright crescent of emission is Barnard’s loop which delineates the optical boundary of the Orion-Eridanus
superbubble. The positions of O and B stars from the Ori OB1 association (Brown et al. 1995) are plotted with symbols the sizes of which
are proportional to the luminosity of the stars. The four different symbols correspond to the four Ori OB 1 subgroups. The boundary of the
Orion-Monoceros molecular complex is marked by the 2.06 K km s−1 (3σ) contour of the new CO survey.
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and B clouds were mapped using the J = 2 → 1 line of CO
(Sakamoto et al. 1994). However, to date the only survey which
has covered the whole region has been that of Maddalena et al.
(1986), a survey which is non-uniform in resolution, sensitivity
and sampling, and is heavily undersampled in many places.
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Orion-Monoceros complex which consists of 52 288 spectra
uniformly spaced in Galactic longitude and latitude. It is gener-
ally four times more sensitive than the Maddalena et al. (1986)
survey, since it contains four times as many spectra, each with
lower rms noise. The new observations cover a total area of
more than 400 sq deg on the sky and map all of the major clouds
of the Orion-Monoceros complex with the exception of the λ-
Orionis ring, which was the subject of a separate study with the
1.2 m telescope (Lang et al. 2000).

This paper is organised as follows: in Sect. 2 the obser-
vations and data reduction procedure are described. In Sect. 3
the methods used to estimate the masses of and the distances
to specific regions in the Orion-Monoceros complex are out-
lined. In Sect. 4 these specific regions are described in detail.
Section 5 presents an overview of the large scale structure of

the complex and describes a possible formation scenario. A
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has a beamwidth (FWHM) of 8.′4 and a velocity resolution of
0.65 km −1 at 115.2712 GHz, provided by a 256 channel filter
bank. Spectral line intensities were calibrated against an ambi-
ent temperature blackbody, a standard Eccosorb chopper wheel
(Davis et al. 1973), which was rotated in front of the feed horn
at 20 Hz for 1 s before each observation. All line intensities
reported here are in units of main beam brightness tempera-
ture Tmb = T ∗A/η, where T ∗A is the chopper calibrated antenna
temperature (Penzias et al. 1973) (i.e. the antenna temperature
corrected for atmospheric attenuation, ohmic losses and rear-
ward spillover), and η is the main beam efficiency, 0.82. The
emission in Orion is so strong and extensive that Tmb will at
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a factor up to 5% owing to emission in the near sidelobes.

Wilson	
  et	
  al.	
  (2005),	
  A&A,	
  430,	
  523	
  	
  

524 B. A. Wilson et al.: A uniform CO survey of the molecular clouds in Orion and Monoceros

225° 220° 215° 210° 205° 200°
Galact ic Longitude

!20°

!15°

!10°

!5°

G
al

ac
ti

c 
La

ti
tu

de

225° 220° 215° 210° 205° 200°
Galact ic Longitude

!20°

!15°

!10°

!5°

G
al

ac
ti

c 
La

ti
tu

de

225° 220° 215° 210° 205° 200°
Galact ic Longitude

!20°

!15°

!10°

!5°

G
al

ac
ti

c 
La

ti
tu

de

Or i 1a

Or i 1b

Or i 1c

Or i 1d

Or ion  A

Orion  B

Mon R2

Crossbones

Southern  F ilament
Nor thern  F ilament

NGC 2149

Orion  East

Scissors

Fig. 1. Finder diagram for Orion-Monoceros. The greyscale represents the integrated intensity of ionized gas as traced by the WHAM Hα
survey (Reynolds et al. 1998). The bright crescent of emission is Barnard’s loop which delineates the optical boundary of the Orion-Eridanus
superbubble. The positions of O and B stars from the Ori OB1 association (Brown et al. 1995) are plotted with symbols the sizes of which
are proportional to the luminosity of the stars. The four different symbols correspond to the four Ori OB 1 subgroups. The boundary of the
Orion-Monoceros molecular complex is marked by the 2.06 K km s−1 (3σ) contour of the new CO survey.

part of Orion B was mapped in CO and 13CO (J = 2 → 1
and J = 3 → 2) by Kramer et al. (1996), and the Orion A
and B clouds were mapped using the J = 2 → 1 line of CO
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Orionis ring, which was the subject of a separate study with the
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Fig. 7. Ionized gas around Orion East (L 1622). The colour field repre-
sents the smoothed continuum subtracted Hα emission mapped by the
Southern Hα Sky Survey (SHASSA, Gaustad et al. 2001). Velocity-
integrated CO emission from the globules is represented by the super-
imposed contours.

and that Barnard’s Loop (and its faint Hα extensions into
Eridanus) delineate the current ionization boundary of the
Orion-Eridanus bubble, but in the past the influence of the OB
association must have extended beyond this boundary in order
to shape Orion East and the L 1617 globules into their present
cometary form. However, Fig. 7 shows that ionized gas contin-
ues to stream around Orion East, and so a more likely expla-
nation is that Barnard’s Loop traces the ionization front of the
near side of the Orion-Eridanus bubble, which is much closer
to the Sun than the Orion-Monoceros molecular clouds.

4.4. VDB 49: The Scissors

At l = 202◦, b = −14◦ is an unusual molecular cloud
that we have dubbed the Scissors. The cloud covers an area
of ∼2.2 deg2, which at a distance of ∼150 pc is equivalent
to ∼15 pc2, and it has a mass of ∼140 M$. The distinctive two
limb structure and unusual kinematics of the cloud are summa-
rized in Fig. 8, which shows the weighted mean velocity field
of the cloud as a colour field with contours representing the
velocity-integrated CO emission superimposed. The solid lines
mark the positions and orientations of the two position-velocity
slices, one along each limb, that are presented in Fig. 9.

The Scissors appears to be a large cometary cloud with a
single head that points toward the centre of the OB 1b sub-
group and a forked tail that extends toward the Galactic plane.
However, the two branches of the tail have very different
kinematics as shown by the position-velocity slices, Fig. 9. The
lower limb (slice 2) has a steep, smooth velocity gradient along
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Fig. 8. The Scissors. The greyscale represents the emission weighted
mean velocity and the contours the velocity-integrated CO intensity.
The integration range is −1 < vLSR < 16 km s−1 and the contours are
at 1.8, 3.6, 5.4, 7.2, 9.0, 10.8 and 14.4 K km s−1. The two solid lines
mark the positions of the position-velocity slices in Fig. 9. The cross
marks the position of zero offset in these slices.
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Fig. 9. Position-velocity slices through the Scissors. The orientation
of the slices and the zero offset position are shown in Fig. 8. Each
slice is integrated over a 0.◦375 slice. The contours in both plots start
at 0.1 K arcdeg with subsequent steps at each additional 0.1 K arcdeg.

its entire length. This gradient is largely absent in the upper
limb (slice 1). The apparent velocity discontinuity at the po-
sition where the two limbs intersect suggests that the Scissors
are two separate clouds along the same line of sight. However,
the probability of the chance alignment of two similarly shaped
and oriented clouds 14◦ from the Galactic plane is small.

It is not possible to determine the distance to either branch
via the constraining star method as there are no Hipparcos
stars that can be reliably assigned to the foreground of the
Scissors. However, there are two stars, one for each branch,
that can be assigned to the background and these indicate that
neither branch of the Scissors is further away than ∼300 pc.
We tentatively adopt a distance of ∼150 pc to both. It is noted
that the Scissors does not display a strong correlation between
Hα emission and WCO comparable to that of the nearby cloud
Orion-East, which has a similar position close to Barnard’s
Loop and a more secure distance determination.
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ABSTRACT
We present the Ðrst tentative detection of spinning dust emission from speciÐc astronomical sources.

All other detections in the current literature are statistical. The Green Bank 140 foot telescope was used
to observe 10 dust clouds at 5, 8, and 10 GHz. In some cases, the observed emission was consistent with
the negative spectral slope expected for free-free emission (thermal bremsstrahlung), but in two cases it
was not. One H II region (LPH 201.663]1.643) yields a rising spectrum, inconsistent with free-free or
synchrotron emission at the D10 p level. One dark cloud (L1622) has a similar spectrum with lower
signiÐcance. Both spectra are consistent with electric dipole emission from rapidly rotating dust grains
(““ spinning dust ÏÏ), as predicted by Draine & Lazarian.
Subject headings : cosmic microwave background È di†use radiation È dust, extinction È

ISM: clouds È radiation mechanisms : thermal È radio continuum: ISM

1. INTRODUCTION

In the last decade, the COBE satellite and several ground-
and balloon-based experiments (QMAP, Saskatoon,
MAXIMA, BOOMERANG, TOCO, DASI, CBI, and
others) have greatly increased our knowledge of cosmic
microwave background (CMB) radiation. Some of these
careful observations of the microwave sky have also
revealed new and surprising features in the interstellar
medium at 14 GHz \ l \ 53 GHz. At frequencies above
100 GHz (j \ 3 mm), the emission from Galactic cirrus is
consistent with thermal emission. This emission is a broken
power law, with the break at D500 GHz, interpreted by
Finkbeiner, Davis, & Schlegel (1999) as emission from two
dust components. Although this interpretation Ðts the data
from 100 to 3000 GHz, a dramatic deviation arises at lower
frequencies. This deviation motivates the work presented
here.

The COBE/DMR data (7¡ FWHM) exhibit dust-
correlated emission at 90 GHz at approximately the level
predicted by a detailed model of the thermal dust spectrum
based on DIRBE and FIRAS data (Finkbeiner et al. 1999).
In the other DMR channels there is a pronounced excessÈ
more than a factor of 10 at 31.5 GHz (Kogut et al. 1996).
The 19 GHz data from CottinghamÏs thesis (Cottingham
1987 ; Boughn et al. 1992) also indicate such an excess (de
Oliveira-Costa et al. 1998). This microwave excess appears
in the Saskatoon experiment as well, but with less signiÐ-
cance (de Oliveira-Costa et al. 1997). Owens Valley Radio
Observatory (OVRO) observations in a ring around the
north celestial pole at 14 and 31 GHz have demonstrated a
correlation of 14 GHz emission with dust at the highest
resolution (7@) to date, but at a level D1000 times brighter
than the expected thermal (vibrational) dust emission

1 Also University of California, Berkeley, Department of Astronomy.
2 Hubble Fellow.

(Leitch et al. 1997). This excess has been called the ““ mystery
component ÏÏ (de Oliveira-Costa et al. 2001).

The spectral shape of these early measurements is consis-
tent with free-free emission from ionized gas, motivating a
comparison with Ha maps. Leitch et al. (1997) noted the
weakness of Ha emission in the OVRO Ðelds and concluded
that only T [ 106 K gas (e.g., shock-heated gas in a super-
nova remnant) could produce the observed emission. The
observed emission, however, would require an energy injec-
tion rate at least 2 orders of magnitude greater than that
provided by supernovae (Draine & Lazarian 1998a).
Another possibility is magnetic dipole emission3 from ferro-
magnetic or ferrimagnetic grains, resulting from thermal
Ñuctuations in the magnetization of the grain material. This
component is certainly present at some level but is sub-
dominant in the current data (Draine & Lazarian 1999).

The currently favored emission mechanism is electric
dipole emission from rapidly rotating dust grains, an idea
Ðrst proposed by Erickson (1957) and improved upon by
Ferrara & Dettmar (1994). Recent work by Draine &
Lazarian (1998b) has reÐned this idea and shown that ion
encounters with dust grains are the dominant spin-up
mechanism, leading to concrete predictions of emission as a
function of the temperature, density, and ionization fraction
of the surrounding gas. This emission mechanism has never
been unambiguously observed but can be made to agree
with the observed microwave data for reasonable model
parameters. It was previously impossible to tell if the excess
emission results from spinning dust or free-free emission
because the predicted spectral slope is similar for 20GHz [

GHz, and earlier observations were insufficient tol [ 40
rule out either mechanism. The Tenerife data (de Oliveira-
Costa et al. 1999) at 10 and 15 GHz have good leverage on
the spectral shape but provide only a statistical detection by

3 Note that this mechanism has nothing to do with grain rotation.
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TABLE 1

CORRELATION SLOPES

RCP LCP

NAME l Forward Return Forward Return AVERAGE Np
L1622 . . . . . . 5.00 1.29 ^ 0.39 3.49 ^ 0.84 0.48 ^ 0.38 3.05 ^ 0.77 1.31 ^ 0.25 5.3
L1622 . . . . . . 8.25 1.25 ^ 0.29 0.26 ^ 0.37 0.67 ^ 0.41 0.52 ^ 0.35 0.75 ^ 0.17 4.4
L1622 . . . . . . 8.25 1.14 ^ 0.37 1.24 ^ 0.44 1.05 ^ 0.38 1.11 ^ 0.33 1.13 ^ 0.19 6.1
L1622 . . . . . . 9.75 1.65 ^ 0.67 0.76 ^ 0.77 0.84 ^ 0.73 0.78 ^ 0.65 1.03 ^ 0.35 2.9
LPH . . . . . . . 5.00 53.16 ^ 5.28 57.01 ^ 5.68 54.12 ^ 5.39 58.05 ^ 5.90 55.41 ^ 2.77 20.0
LPH . . . . . . . 8.25 25.45 ^ 1.69 25.92 ^ 1.91 29.16 ^ 1.93 29.50 ^ 2.25 27.22 ^ 0.96 28.4
LPH . . . . . . . 9.75 23.96 ^ 2.09 23.33 ^ 1.70 27.89 ^ 2.49 27.17 ^ 1.90 25.25 ^ 0.99 25.4

NOTE.ÈCorrelation slopes for forward and return scans of RCP and LCP polarizations. These correlation slopes
are for vs. a prediction of where is the DIRBE temperature-corrected IRAS intensity at 100 km inT

B
50 kK/I100, I100MJy sr~1. This temperature-corrected map may be obtained by dividing the SFD98 E(B[V ) prediction by 0.0184.

The prediction used includes a factor of for single-polarization measurements, so RCP and LCP are combined by12averaging, not adding. Values in the table may be multiplied by 50 to obtain units of in order to compare to,kK/I100e.g., de Oliveira-Costa et al. 1999. Note that L1622 was observed twice at 8.25 GHz.

temperature maps are used to predict a microwave bright-
ness temperature (Figs. 3c and 3e) using the factor of 50 kK
at 10 GHz per in MJy sr~1 (de Oliveira-Costa et al.I100 km1999). The correlation slope is then measured and tabulat-
ed ; it should be consistent with 1 at 10 GHz for a correct
prediction and vary at other frequencies with the shape of
the spinning dust spectrum. Separate numbers are tabulat-
ed for each combination of polarization and direction
(Table 1). The prediction includes a factor of for compari-12son to the single-polarization data. This is why the left-
circular polarization (LCP) and right-circular polarization
(RCP) measurements are combined by averaging rather
than adding them. The (total Stokes I) per in unitsT

B
I100of kK (MJy sr~1)~1 may be obtained from Table 1 by

multiplying the correlation slopes by 50. Note that L1622
was observed on two occasions at 8.25 GHz (Fig. 4).

3.1. Calibration
For calibration standards, we use the Ðts of C. Salter

(2001, private communication), who follows Kuehr et al.
(1981) in using the form log10 S \ a0 ] a1 x ] a2 exp ([x),
where l is in MHz, and S is in Jy. Withx \ log10 l, a0 \
3.523, and for 3C 138, we obtaina1 \ [0.779, a2 \ [3.732
S(5, 8.25, 9.75 GHz) \ (3.54, 2.50, 2.22) Jy. This agrees with

a simple power-law Ðt to 87GB (Gregory & Condon 1991)
and the Wright et al. (1991) survey to within 2%. Cross-
checks were done with 3C 245 and BL Lac, and agreed to
5%. The deÐnitive calibration was determined by 3C 138,
however, because it was observed near L1622 and LPH
201.663]1.643 in both space and time.

4. RESULTS

Of the targets observed (Table 2), two clouds show signiÐ-
cant dust-correlated emission at 5È10 GHz. The nonde-
tection of the other targets is not very surprising because
the parameters describing the physical properties of these
clouds span a wide range of values, so the relative intensities
may vary widely. Both of the detected clouds (L1622 and
LPH 201.663]1.643) show a steep rise from 8 to 10 GHz,
with the 5 GHz brightness apparently contaminated by
free-free (Table 3). In order to compare these results to pre-
vious correlation measurements, results from several experi-
ments are overplotted on the Draine & Lazarian (1998b)
models in Figure 5. All data and model curves are normal-
ized to emission per H atom for ease of comparison. In
practice this is done by normalizing to SFD98 E(B[V )
values and then applying a conversion factor. The free-free
emission curves corresponding to two values of

TABLE 2

TARGET LIST

Name aJ2000.0 dJ2000.0 Result Comment

L1622 . . . . . . . . . . . . . . . . . . . . . . 05 54 23 ]01 46 54 Detected Dark cloud
LPH 201.663]1.643 . . . . . . 06 36 40 ]10 46 28 Detected Di†use H II

L1591 . . . . . . . . . . . . . . . . . . . . . . 06 09 55 ]13 44 34 ND Dark cloud
IRAS 07225[1617 . . . . . . . 07 24 47 [16 23 21 Weak IRAS source
IRAS 15522[2540 . . . . . . . 15 55 16 [25 49 40 No 10 IRAS source
VSS II-79 . . . . . . . . . . . . . . . . . . 16 33 58 [23 43 48 Negative correlation Near L1709C
IRAS 18146[1200 . . . . . . . 18 17 29 [11 58 52 Eight only Near H II

IRAS 19441]2926 . . . . . . . 19 46 08 ]29 33 34 ND IRAS source
IRAS 23339]4811 . . . . . . . 23 36 23 ]48 28 01 ND IRAS source
IRAS 23350]4815 . . . . . . . 23 37 28 ]48 32 18 ND IRAS source

NOTE.ÈList of targets observed. Units of right ascension are hours, minutes, and seconds, and
units of declination are degrees, arcminutes, and arcseconds. ND \ not detected. Most of these have
other names in the literature. VSS II-79 has a signiÐcant negative correlation with dust emission,
perhaps from an H II shell around the dust Ðlament. LPH \ Lockman et al. 1996, IRAS \ Joint IRAS
Science Working Group 1985, L \ Lynds 1962, and VSS \ Vrba, Strom, & Strom 1976.
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FIG. 5.ÈModel dust emissivity per H atom for DC, MC, CNM, WNM,
and WIM conditions (as in Draine & Lazarian 1998b, Fig. 9). Solid thin
lines are total emissivity, while dashed lines are rotational emission. Gray
lines are emission from free-free for given or rather aver-nH, Sn

e
n
p
T/SnHT

aged along the line of sight. The top thick line is the sum of free-free,
vibrational dust, and 12 times the WIM spinning dust model, shown for
reference. Also shown are measurements from the COBE/DMR (open
diamonds) from Finkbeiner et al. (1999), similar to Kogut et al. (1996),
Saskatoon (open circles ; de Oliveira-Costa et al. 1997), the Cottingham &
Boughn 19.2 GHz survey (open square ; de Oliveira-Costa et al. 1998),
OVRO data ( Ðlled squares ; Leitch et al. 1997), Tenerife data ( Ðlled circles ;
de Oliveira-Costa et al. 1999), and this paper : LPH 201.663]1.643
(crosses) and L1622 (stars). The OVRO points have been lowered a factor
of 3 relative to Draine & Lazarian (1998b, Fig. 9), because the unusual dust
temperature near the north celestial pole caused an underestimate of the H
column density along those lines of sight. Given the large range of model
curves, all measurements are consistent with some superposition of spin-
ning dust, vibrational dust, and free-free emission.

are shown, with the upper curve determinedSn
e
n
p
T/SnHT

by an emission measure derived from the Ha survey5 of
Gaustad et al. (2001).

Because free-free emission clearly contributes to the mea-
sured signal, it is desireable to have an independent limit on
the free-free and show that it is consistent with our measure-
ments. This limit may be derived from Ha as follows. The
emission coefficient for free-free, with electrons assumedjlto interact with ions of charge and particle density isZ

i
e n

i
,

jl \ 5.44 ] 10~16 gff Z
i
2 n

e
n
i

T 1@2 e~hl@kT Jy sr~1 cm~1 , (1)

where is the Gaunt factor for free-free. For microwavegfffrequencies, a useful approximation is

gff \ 31@2
n
C

ln
(2kT )3@2
ne2lm

e
1@2 [ 5c

2
D

, l
p
> l >

kT
h

, (2)

where c is the Euler constant (c B 0.577) and is thel
pplasma frequency (Spitzer 1978). Evaluating for l \ 1010

Hz and T \ 104 K we Ðnd and J(10 GHz) \gff B 4.69
78.8 Jy sr~1 for EM \ 1 pc cm~6. The emission measure for

5 The data are available at http ://amundsen.swarthmore.edu/SHASSA/.

these clouds may be estimated from the Ha emission shown
in Figures 1 and 2. Note that 1 R \ 106/4n photons cm~2
s~1 sr ~1 and corresponds to EM B 2 pc cm~6 for Ha at
T \ 104 K. For LPH 201.663]1.643, the peak of the cloud
is about 200 R, or EM \ 400. Using a conversion factor of
N(H) \ 8 ] 1021 for 1 mag E(B[V ), we get free-free emis-
sion of 3.2 ] 104 Jy sr~1 for N(H) \ 2.4 ] 1022, or jl/nH \

Jy sr~1 atom~1 at 10 GHz. The SFD98 map1.3 ] 10~18
shows about 6 mag extinction (q B 6.5) for an Ha photon
traveling completely through this cloud, so this free-free
estimate should be taken as a lower limit for photons from
within the cloud. If the Ha-emitting material is uniformly
mixed with dust in a cloud with total optical depth q, the
e†ective Ñux observed is

Jl, eff \ Jl
q
P
0

q
dq@e~q{ \ Jl

q (1 [ e~q) . (3)

In the limit of large q, the Ñux is simply reduced by a factor
of q. In Figure 5, the level of predicted free-free has been
multiplied by a factor of 7 and appears to be in good agree-
ment with the uniform mixture hypothesis. Of course, this
result is very sensitive to the conÐguration of material on
the front side of the cloud, so the agreement may be largely
coincidental.

5. FUTURE WORK

5.1. Requirements
In order to demonstrate convincingly that the excess

emission detected by this work is electric dipole emission
from spinning dust, the following requirements are pro-
posed.

1. Observations for any line of sight must agree with the
model over a wide frequency range (5È60 GHz) for reason-
able values of the model parameters (gas and dust tem-
perature, density, and ionization fraction). The observations
must be inconsistent with free-free alone at high conÐdence.
Simply stated, the spectral shape should exhibit a ““ roll-o† ÏÏ
on both sides of the emission peak.

2. Variation in the spectrum of spinning dust emission
should trace variation in the parameters as derived from
spectral line information and the SFD98 maps. The nature
of this variation should be (at least qualitatively) similar to
that anticipated by the Draine & Lazarian (1998b) model.

3. Alternative explanations for the excess (such as mag-
netic dipole emission) should be ruled out by the spectral
shape. Polarimetry is also useful, as the spinning dust emis-
sion is relatively unpolarized (Lazarian & Draine 2000).

None of these requirements are met by the current paper,
so our interpretation of the observed excess is only tenta-
tive. During the next few years, however, dramatically
improved data will become available.

5.2. Prospects
There are compelling reasons to pursue this project with

an interferometer in the southern hemisphere, such as the
Cosmic Background Imager (CBI ; Padin et al. 2001). The
synthesized beam is 5@È8@, well matched to the 6@ of the
IRAS (Beichman et al. 1988) map as reprocessed SFD98.
CBI has 10 channels from 26 to 36 GHz providing spectral
information with high sensitivity. Many prospective targets
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ABSTRACT

The spectral energy distribution of the dark cloud LDN 1622, as measured by Finkbeiner usingWMAP data, drops
above 30 GHz and is suggestive of a Boltzmann cutoff in grain rotation frequencies, characteristic of spinning dust
emission. LDN 1622 is conspicuous in the 31 GHz image we obtained with the Cosmic Background Imager, which is
the first centimeter-wave resolved image of a dark cloud. The 31 GHz emission follows the emission traced by the
four IRAS bands. The normalized cross-correlation of the 31 GHz image with the IRAS images is higher by 6.6 ! for
the 12 and 25 "m bands than for the 60 and 100 "m bands: C12þ25 ¼ 0:76 # 0:02, and C60þ100 ¼ 0:64 # 0:01. The
mid-IR–centimeter-wave correlation in LDN 1622 is evidence for very small grain (VSG) or continuum emission at
26–36GHz from a hotmolecular phase. In dark clouds and their photon-dominated regions (PDRs), the 12 and 25"m
emission is attributed to stochastic heating of the VSGs. The mid-IR and centimeter-wave dust emissions arise in a
limb-brightened shell coincident with the PDR of LDN 1622, where the incident UV radiation from the Ori OB 1b
association heats and charges the grains, as is required for spinning dust.

Subject headinggs: dust, extinction — infrared: ISM — ISM: clouds — radiation mechanisms: general —
radio continuum: ISM

Online material: color figures

1. INTRODUCTION

An increasing amount of evidence supports the existence of
a new continuum emission mechanism in the diffuse interstellar
medium (ISM) at 10–30GHz, other than free-free emission, syn-
chrotron emission, or a hypothetical Rayleigh-Jeans tail of cold
dust grains2 (Leitch et al. 1997; de Oliveira-Costa et al. 1999,
2002; Finkbeiner et al. 1999; Lagache 2003; Banday et al. 2003;
Finkbeiner 2004). Examples of excess emission at centimeter
wavelengths over known emission mechanisms have been found
in the spectral energy distributions (SEDs) of the dark cloud LDN
1622 and the diffuse H ii region LPH 201.7+1.6 (Finkbeiner et al.
2002; Finkbeiner 2004), in the Helix planetary nebula (Casassus
et al. 2004), and in another diffuse H ii region in Perseus (Watson
et al. 2005). At the date of writing, the only morphological evi-
dence for the existence of a new emission mechanism at centi-
meter wavelengths in a specific object is provided by the Helix
nebula. But a comparative analysis of the centimeter-wave, mid-
IR, and far-IR continua in the Helix is hampered by strong line
contamination in the short-wavelength Infrared Astronomical
Satellite (IRAS ) maps. The Cosmic Background Imager (CBI)
observations of LDN 1622 provide an opportunity of perform-
ing such morphological analysis.

As modeled by Draine & Lazarian (1998a, 1998b), a possible
candidate mechanism is electric dipole emission from spinning
very small grains (VSGs), or ‘‘spinning dust.’’ The SED of the
dark cloud LDN 1622 (Lynds Dark Nebula; Lynds 1962) is
suggestive of spinning dust: it rises over the range 5–9.75 GHz

(Finkbeiner et al. 2002), followingdipole emission, and then drops
above 30 GHz (Finkbeiner 2004), as would be expected from a
Boltzmann cutoff in the grain rotation frequencies.

The dark cloud LDN 1622 lies within the Orion East mo-
lecular cloud (Maddalena et al. 1986), at a distance of $120 pc
(Wilson et al. 2005) and in the foreground of the Orion B cloud.
Its far-IR linear size is slightly less than 1 pc. It is a conspicuous
CS(2–1) andN2H

+ ‘‘starless’’ core (with anH2 density of $103–
104 cm%3; Lee et al. 2001).3 LDN 1622 is devoid of H ii regions,
aside from Barnard’s Loop (e.g., Boumis et al. 2001), a very dif-
fuse H ii region (with electron density of 2 cm%3; Heiles et al.
2000) separated by$1& from LDN 1622. No free-free emission is
expected fromLDN1622,which is indeed absent from the Parkes-
MIT-NRAO survey4 at 5 GHz (hereafter PMN survey; Condon
et al. 1993; as presented in SkyView5). Only the H# corona of
LDN 1622, which outlines its photon-dominated region (PDR), is
marginally detected in the PMN survey.

Here we present the first centimeter-wave continuum image of
a dark cloud and report morphological evidence that supports
spinning dust as the mechanism responsible for the anomalous
foreground.We first describe data acquisition (x 2) and image re-
construction (x 3), and then discuss the effects of ground spill-
over and give flux estimates (x 4).We analyze the 31GHz data by
comparison with the IRAS bands used as templates for the emis-
sion by cool dust and byVSGs (or hot dust; x 5), which leads us to

1 Department of Physics, Oxford University, Denys Wilkinson Building,
Keble Road, Oxford OX1 3RH, UK.

2 Such traditional grain emission is that due to thermal oscillations of the
grain charge distribution (e.g., Draine & Lazarian 1999).

3 LDN1622 does contain entries in the IRASPoint Source Catalog (1988) and
probably hosts low-mass young stellar objects; see Appendix C.

4 Given that the 1 ! noise level in the PMN survey is 5 mJy beam%1, the free-
free emissionmeasure toward LDN 1622must be less than 10 pc cm%6, which for
a spherical nebula 100 in diameter implies electron densities of less than 10 cm%3.

5 See http://skyview.gsfc.nasa.gov.
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et al. 1994) hybrid (Becke 1993) functional in conjunction with
the 4-31G basis sets (Frisch et al. 1984). The calculations are per-
formedusing theGaussian 03 computer codes (Frisch et al. 2003).

The number of bands determined for these large species is so
great that we do not show all of the data here. These data are avail-
able on request from the authors and will become part of the pub-
licly available Ames PAH IR Spectral Database which is now
under construction. To illustrate these results, synthetic spectra
are presented inwhich the computed frequencies have been scaled
by 0.958 and the behavior of some of themore important band po-

sitions are discussed. The scaling factor of 0.958 has been found
to bring the computationally determined PAHvibrational frequen-
cies into very good agreement with experimentally measured spec-
tra (Langhoff 1996; Bauschlicher&Langhoff 1997). For example,
most computational and experimental peak positions fall within
5 cm!1 of each other, somewithin 10 cm!1, and a handful within
15 cm!1. The observed trends in peak position with size and be-
tween cations, anions, and neutrals should be more accurate than
this absolute uncertainty, hence the small shifts we report in this
paper should be valid. The intensities are unscaled, despite the

Fig. 1.—Structure of the PAHs studied in this paper.
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Figure 13. Qualitative representation of the size and charge of the PAHs producing the prominent emission features in the class A and class B objects represented by
the Orion Bar (H2S1) and the Red Rectangle (HD44179). The size ranges listed for each region are inferred from Figure 9 of Schutte et al. (1993). The contributions
of different PAH charge states to each feature are careful approximations based on the work presented here and in Paper I. Note that contributions of neutrals to the
6.2 µm band are certainly possible when considering PANHs (see Section 2.2). The spectrum of the Orion Bar and the Red Rectangle were obtained with ISO-SWS
(Kessler et al. 1996; de Graauw et al. 1996).

as 20% of the total emission in this region (Schutte et al. 1993).
While it is difficult to imagine how such large individual PAHs
could be readily formed under typical interstellar conditions, the
presence of large PAH-related species such as PAH clusters and
simple amorphous carbon particles within the emission zones
is likely (Allamandola et al. 1989; Rapacioli et al. 2006; Rhee
et al. 2007). Clearly, the issue of the size range of the PAHs that
contribute to the bulk of the emission in each wavelength region
warrants reconsideration now that the spectroscopic properties
of PAHs are so much better understood. The earlier work of
Schutte et al. (1993) was based on generic PAH properties
that were deduced from the astronomical emission spectra
before any laboratory or computational PAH spectra were
available.

Hony et al. (2001) have shown that the spectra of NGC 7027
and IRAS 18317 (Figure 11) represent limiting cases of
the 10–15 µm astronomical PAH features of their sample.
Figures 8(c), (f), and 11, along with Table 6, place strong con-
straints on the structures of large astronomical PAHs. The large
PAHs in objects showing the NGC 7027 type of spectrum have
roughly 10 times more solo than duo or trio hydrogens. At the
other extreme, objects with the IRAS 18317 type of spectrum
reflect a large PAH population with structures that are not as
dominated by solo hydrogens, but still have more solo than duo
or trio hydrogens. In both cases, the contributions of edge rings
that add trio hydrogens to the PAHs is small. Examples of PAH
structures with solo/duo and solo/trio hydrogen ratios that pro-
duce the NGC 7027 and IRAS 18317 type of spectra are shown
in Figure 12. Clearly, the largest PAHs in the astronomical PAH

population that produce emission features similar to those from
NGC 7027 are dominated by compact structures with very reg-
ular edges. However, the structures of the large PAHs implied
by the 10–15 µm spectra of objects with spectra similar to that
of IRAS 18317 have irregular edges, and therefore more bay
regions than deduced from their spectra in the 3.3 µm region.
This difference in deduced edge structures arises because the
features in these two regions originate from distinctly different
portions of the astronomical PAH population in the same emis-
sion zone. The 3.3 µm band is dominated by PAHs containing
between about 30 to 70 C atoms whereas the features between
10 and 15 µm are produced by PAHs comprised of some 80 to
several hundred C atoms.

While the spectra in Figure 11 show that large neutral PAHs
can account for the bulk of the 11.2 µm band, it also shows that
these cannot produce the long-wavelength wing (e.g., Witteborn
et al. 1989). A number of plausible suggestions have been made
to account for the wing, including different PAHs with slightly
shifted solo bands, and hot band emission shifted due to an-
harmonicity (Barker et al. 1987; Pech et al. 2002; Verstraete
et al. 2001). Here we add another possible contributor to
the wing, emission from negatively charged large PAHs.
Figures 8(c), (f), and 11 show that the solo CHoop bands in
large PAH anions fall at the correct position and are sufficiently
intense to add to the wing. In view of the important role PAH
anions play in determining the precise peak positions and pro-
files of all the other major bands, it is reasonable that they too
contribute to the long-wavelength bands. Thus, if the impor-
tance of the anion contribution to the wing can be determined,

(2009) 
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Future	
  Work	
  

•  New	
  data	
  on	
  LDN	
  1622	
  
–  Increased	
  resoluFon	
  from	
  CARMA	
  and	
  AMI	
  
– SpaFal	
  variaFon	
  of	
  15-­‐31	
  GHz	
  spectral	
  index	
  

•  Mid-­‐infrared	
  spectral	
  map	
  from	
  Spitzer	
  
– Rich	
  phenomenology	
  of	
  PAH	
  features	
  
– Shed	
  light	
  on	
  physical	
  condiFons	
  and	
  PAH	
  
populaFon	
  

–  InvesFgate	
  relaFon	
  with	
  spinning	
  dust	
  emissivity	
  
– Higher	
  resoluFon	
  radio	
  data	
  would	
  be	
  nice!	
  


