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AN UPPER LIMIT ON ANOMALOUS DUST EMISSION AT 31 GHz IN THE DIFFUSE CLOUD [LPH96] 201.663.643
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ABSTRACT

[LPH96] 201.663+1.643, a diffuse Hi region, has been reported to be a candidate for emission from rapidly
spinning dust grains. We present Cosmic Background Imager (CBI) observations at 26—-36 GHz that show no
evidence for significant anomalous emission. The spectral index within the CBI band, and between CBI and
Effelsberg data at 1.4 and 2.7 GHz, is consistent with optically thin free-free emission. The best-fitting temperature
spectral index from 2.7 to 31 GHB, = —2.06+ 0.03, is close to the theoretical valyg,= —2.12 forT, =
9100 K. We place an upper limit of 24% @ for excess emission at 31 GHz as seen inf &8/HM beam.

Draine & Lazarian spinning-dust models, with typical grain properties, are not a good fit to the spectrum of
LPH96 when both Green Bank and CBI data are included. No polarized emission is detected in the CBI data,
with an upper limit of 2% on the polarization fraction.

Subject headings: dust, extinction — ISM: individual ([LPH96] 201.663L.643) — polarization —
radiation mechanisms: general —radio continuum: ISM

1. INTRODUCTION rise from low frequencies up to a peak~20 GHz. They saw

To extract precise cosmological information from high- 2 fis€ in the flux density over the frequency range 5-10 GHz
sensitivity cosmic microwave background (CMB) data, the fOF two objects: [LPHO6] 201.6681.643 (hereafter LPHO6)
Galactic foregrounds must be accurately known over a wide 21d LDN 1622, both strongly correlated with FIR maps. The
frequency range. Galactic radiation, which comprises three SPectrum of LDN 1622 appears to fit a spinning-dust model

well-known components (synchrotron, free-free, and vibra- remarkably well, a result that has recently been confirmeq with
tional dust), is the most important on angular scatef. CBI data at 31 GHz (Casassus et al. 2006). LPH96 is the

However, many authors have detected an additional “anoma-2righter of the two clouds and is classified as a diffuse H
lous” component in the frequency rang@0—60 GHz, whose ~ '€gion (Lockman et al. 1996). . o

origin is still not understood. The anomalous emission, first " 8 2, we present CBI total intensity and polarization ob-
detected inCosmic Background Explorer Differential Micro-  Servations of LPHI6 in the range 26-36 GHz. The mapping
wave Radiometer maps at 31 and 53 GHz, was initially thought ¢aPability of CB provides an angular resolution-e#’ (sim-

to be due to free-free emission owing to its correlation with 11a" t0 Green Bank observations). In § 3, we compare low-
far-infrared (FIR) maps and its spectral index (Kogut et al. fréquency radio maps at 1.4 and 2.7 GHz with CBI data at

1996a, 1996b). It soon became clear that free-free emissiors L GHZ, both in the image and Fourier planes. Section 4 dis-
could not account for this “excess,” because of the lack@f H CUSSeS the Green Bank data of Finkbeiner et al. (2002) and the

emission. Observations of the north celestial pole region atcOrrelations with the 10gm dust template. Discussion and

14.5 and 32 GHz (Leitch et al. 1997) clearly show the anom- conclusions are given in § 5.

alous emission and the tight correlation with 106 maps.

Since then, anomalous emission has been detected by a number 2. CBI DATA

of authors (de Oliveira-Costa et al. 2002, 2004; Banday et al. . : .
2003; Lagache 2003; Finkbeiner 2004; Finkbeiner et al. 2004; 1€ Cosmic Background Imager (CBI) is a 13-element in-
Casassus et al. 2004; Watson et al. 2005; Davies et al. 2006)(€/ferometer situated on the high-altitude Chajnantor site in
but still little is known about the physical mechanism that Chile. In a compact conflgur_atlon, baseline lengths range from
produces it. The most popular interpretation is rapidly spinning 1‘OdT3t8, 4_.|_0hm,C(iBo|rrespondt|Rg ';o angular scales Zbg"t\ggégH
dust grains (Draine & Lazarian 1998a, 1998b); other candidatesﬁ]nt n 1‘ GHez h r?r?VFrSObe {ngerrllcy ;arcgi'%— RA z
include magnetic dust emission (Draine & Lazarian 1999), flat- e channes. servations o (ReA.

06'36"4C°, decl.= +10°46'28"; J2000) were taken on the
spectrum synchrotron (Bennett et al. 2003b), and free-free . ’ ' ; .
emission from very hot electrons (Leitch et al. 1997). nights of 2002 November 15, 17, and 19 with a combined

The first targeted search for spinning-dust emission from integration time 0o~3000 s. Each receiver measures either left

individual objects was carried out by Finkbeiner et al. (2002). (L) Or right (R) circular polarization; thus, each baseline mea-
Using the Green Bank 140 foot (43 m) telescope, with a res- SUres either total intensity (LL or RR) or polarization (LR or
olution of 6, they made scans of 10 dust clouds to look for RL), which are combined in thei{v)-plane to give Stokek

: . ; : , andU. We assume that circular polarizatign= 0. Alonger
the spectral signature of spinning dust grains, that is, a Sharpmtegration 0of~3600 s was made in total intensity mode (all

* Department of Astronomy, Mail Code 105-24, California Institute of Tech- recelverj medasur.mg L O.FIy) on_2003 'Jahnuary 14d ;I'hec?\;ltBa
nology, 1200 East California Boulevard, Pasadena, CA 91125; cdickins@ were reduced using similar routines to those used for

astro.caltech.edu. data (Pearson et al. 2003; Readhead et al. 2004a, 2004b). Each
~? Departamento de AstronGeyi Universidad de Chile, Casilla 36-D, San- 8 minute integration on source was accompanied by a trail
tiago, Chile. field, separated by"8in right ascension, observed at the same

% Argelander-Institut fu Astronomie, UniversitaBonn, Auf dem Hgel 71, ; :
D-53121, Bonn, Germany. hour angle for subtraction of ground spillover. The overall

“ Jodrell Bank Observatory, University of Manchester, Lower Withington, absolute calibration scale is tied to a Jupiter temperature _Of
Macclesfield SK11 9DL, UK. T, =147.3+ 1.8 K (Readhead et al. 2004a). Secondary cali-
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No significant polarization is detected above the noise from
this region on these angular scales. From the noise-corrected
polarization intensity map, we place as3upper limit on the
polarization intensity of 34 mJy. This corresponds to a polar-
ization fraction upper limit of 2% of the peak. For the extended
emission to the northwest, with a brightness-6f2 Jy beam®,

the upper limit increases t©10%.

3. COMPARISON WITH LOW-FREQUENCY RADIO MAPS

At lower frequencies, the all-sky surveys at 408 MHz (Has-
lam et al. 1982), 1420 MHz (Reich & Reich 1986), and 2326
MHz (Jonas et al. 1998) do not have sufficient angular reso-
lution (51, 35, and 20 FWHM, respectively) to allow a re-
liable comparison with CBI data. Instead we use data from the
Effelsberg 100 m telescope at 1408 MHz (Reich et al. 1997)
and 2695 MHz (Frst et al. 1990). The datare fully sampled
background-subtracted continuum maps with beams of FWHM
94 and 43, respectively. The 1.4 GHz map has a peak bright-
ness temperatuig, = 6.88 K, and LPH96 is almost unresolved
(Fig. 2a). The 2.7 GHz map (Fig.l§) has a peald, = 3.38 K
and shows the extension to the northwest detected in the CBI
Pra a8 54 image. After smoothing to a common resolution 6#9the
RIGHT ASCENSION (J2000) peak brightness at 2.7 GHzTg = 1.86 K, which corresponds
to a temperature spectral indgf, = —2.02+ 0.11 (we as-

Fic. 1.—CBI 31 GHz total intensity CLEANed map of LPH96. The uniform- ~ sume a calibration uncertainty of 5% in the Effelsberg data).
\Ilzvs\}%f;\tﬂe(:] Synthtebsized bean: Z\;VHMtihS_SQ 59. Ehe tprimarzmt;acr‘n asl(g To allow a comparison with CBI data, the 2.7 GHz map is

n n I rintnisim . n I “ "o - H
lines), cgsai 2. 4.8, 16, 32, and 64 percent of the peak flux dergsity, 1.79 3y oPserved” with the CBL-v coverage. This involves sampling
bean™ the Fourier transform of the 2.7 GHz map after multiplying

the image by the CBI primary beam (and also making a cor-

brators (Tau A, Jupiter, 3C 274) were used to estimate a further
uncertainty 0~2% in the gains on a given night. We therefore
assign a total calibration uncertainty of 3%.

The final CBI CLEANed total intensity map is shown in
Figure 1. The excellent-v coverage provides robust mapping
of both compact and extended emission on scales wB&
within the primary beam of 42 FWHM at 31 GHz. The peak
flux density at 31 GHz is 1.79 Jy beahcentered on LPH96
but with some extended emission, mainly to the northwest with
a deconvolved angular size e20'. The noise level isz10
mJy beam®. Low-level extended emission is also detected out-
side the FWHM of the primary beam, particularly to the south-
east of LPH96. Two elliptical Gaussians can account for the
majority of the flux in the CLEANed map with an integrated
flux density (after correcting for the primary beam) of 7567
0.4 Jy and residual rms &f30 mJy. The two components are
4.1 Jy centered on the peak of LPH96 with a deconvolved
angular size of & x 6.3 and an extended component with
angular size 2 x 17.0 containing 3.5 Jy. By splitting the
bands into low and high frequencies, maps at 28.5 and
33.5 GHz were produced. However, because of the different
u-v coverage, the maps have different resolution and spatial
scales, making it difficult to compare the flux densities of
extended sources. Nonetheless, the peak flux density in a re-
stored 6 FWHM beam was 1.75 and 1.71 Jy bedmt 28.5 e
and 33.5 GHz, respectively. This implies a flux spectral ifdex [

a = —0.14+ 0.19 over this range. (©) e e e

The polarization mapping capability (_)f the CBI h_as been Fic. 2.—Multifrequency maps of the LPH96 region, covering the same
demonstrated from deep CMB observations (Cartwright et al. angular scale as Fig. 1, at their original resolutions (see textEiffelsberg
2005; Readhead et al. 2004b; Sievers et al. 2005). The Stokeg1 cm continuum map (units of kelvins)p)(Effelsberg 2.7 GHz continuum
Q and U images of LPH96 have an rms noise level~f4 map (units of kelvins) overlaid with a CBI simulation of this data. The sim-

1\ ; ' ulated map has been CLEANed and primary-beam-corrected down to 10%
mJy beam’, with a synthesized beam ofg'x 6:5 (FWHM). of the peak. Contours are at2 (dashed lines), 2, 4, 8, 16, 32, and 64 percent

of the peak intensity.d) Schlegel et al. (1998) 100m temperature-corrected
®The temperature spectral indgxis related to the flux density spectral  dust map (units of MJy st). (d) SHASSA continuum-subtractedoHnap at
indexa by 8 = a — 2 in the Rayleigh-Jeans limit. 4' resolution (units of rayleighs).
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¢ The Effelsberg survey data were downloaded from the MPIfR sampler
survey Web site: http://www.mpifr-bonn.mpg.de/survey.html.
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Fig. 3.—Spectrum of LPH96. Data points are in terms of the peak flux
density in a 6 FWHM Gaussian beam, after being observed with the CBI
beam. The Effelsberg 2.7 GHz poirdigmond) is assumed to be due to free-
free emission only. The dashed line is the emission extrapolated from 2.7 GHz
with a flux density spectral index = —2.06. The shaded area represents the
possible range for the free-free extrapolation from 2.7 GHz with12< «
< —0.02 (see text). The CBI flux density at 31 GHxjfare) is seen to be
dominated by free-free emission alone. The Green Bank 140 foot data, at
5, 8.25, and 9.75 GHzcfosses), are evaluated using correlations with the
100 um dust template (see text). A spinning-dust model for the warm neutral
medium (Draine & Lazarian 1998b), scaled to fit the Green Bank data, is
shown as the dotted line. The solid line is the sum of free-free and spinning-
dust components.

rection for the smoothing due to the Effelsberg beam). The
CLEANed image of the 2.7 GHz simulated map is shown as
contours in Figure & The image is a good match to the CBI
map, with a peak flux density of 2.06 0.10 Jy beam' and

an integrated flux density for the LPH96 region of #&.4

Jy. The peak flux densities at 2.7 and 31 GHz in the CBI beam
correspond to a flux density spectral index= —0.06 + 0.03.

We also compare data in the Fourier plane by simulating the
CBI observation given an input map (as in the image analysis),
but comparing the visibilities directly. This allows direct com-
parison of CBI data with multifrequency maps without the
problems of deconvolution and incomplate coverage. The
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the flux density. If the emissivity is constant within a given
region, this allows comparison of data with different resolutions
and observing strategies. The temperature-correctedufi®0
dust map is shown in Figurec2with a peak brightness of 479
MJy sr* at 6.1 resolution. The emissivities from Finkbeiner
et al. (2002), referenced to the 1@ map, are 2770.5
13.8, 1361.0+ 48.0 and 1262.5- 49.5uK (MJy srH)* at 5,
8.25 and 9.75 GHz, respectively. The Pearson’s correlation
was P = 0.91, indicating the overall similarity between the
radio and 10Qum data. The dust map was scaled with these
values and observed with the CBI beam. For a restored
CLEAN beam of 6 (FWHM), the peak flux densities were
1.97+ 0.23, 2.64+ 0.10, and 3.38 0.14 Jy at 5, 8.25, and
9.75 GHz, respectively.

To test whether there is a significant variation in 00—
referenced emissivity between extended and compact emission
(which would invalidate the comparison), the correlation co-
efficient was calculated within a restricted, {)-range corre-
sponding to either small or large angular scales. The correlation
coefficient at 31 GHz was 416 1.2 uK (MJy sr¥)~* and did
not change significantly5%) for angular scales betweeh 6
and 30. Joint cross-correlations with multiple maps were not
attempted, since the structure in the radio and FIR maps is
similar and would not allow a reliable separation of
components.

5. DISCUSSION AND CONCLUSIONS

To quantify the contribution of dust emission at GHz fre-
guencies, the free-free emission must be accurately known. The
analysis of Finkbeiner et al. (2002) relied omldata to place
limits on the amount of free-free radiation, which was found
to be dominant at 5 GHz. However, the effects of dust ex-
tinction can clearly be seen in theaHmap (Gaustad et al.
2001) shown in Figure & LPH96 is visible at a level of
~250 R. For optically thin emission at 2.7 GHz, and assuming
a typical electron temperature ©f~ 7000—-10,000 K, the &
to—free-free conversion i1 mK R™* (Dickinson et al. 2003).
This requires an absorption factor greater than 10 to match the
radio flux density.

We constrain the non—free-free contribution at 31 GHz by

noise in each visibility can be treated as independent, so wesubtracting a free-free model extrapolated from 2.7 GHz. A

can simply compute the slope of the best-fitting linear rela-
tionship between the visibilities at the two frequencies. The
Pearson correlation coefficier®, = 0.93, indicates a strong
correlation between CBI data and the 2.7 GHz map. The fitted
slopes from 31 GHz to 1.4 and 2.7 GHz are 296.12 and
7.13+ 0.42 mK K™%, respectively. This corresponds to spectral
indices of83} = —2.00+ 0.04 and33%, = —2.02+ 0.04. The

spectral indexx = 0.06 = 0.03 accounts for essentially all the
emission seen at 31 GHz and is close to the canonical value
of « = —0.1 for optically thin free-free emission at GHz fre-
guencies. Adopting the theoretical value,= —0.12 for T,

= 9100 K (Shaver et al. 1983), the predicted flux density at
31 GHz in a 6 beam is 1.48+ 0.07 Jy. This leaves 0.28

0.09 Jy, or 14% of the total 31 GHz flux density, that could

slopes for each CBI channel can be calculated in the same wayPe due to an additional anomalous component. At this level
but are less useful, since each frequency samples differenthe dust emissivity would be6 pK (MJy sr )%, within the

regions of the \, v)-plane. Nevertheless, for correlations with
the 2.7 GHz data, we gt = —2.19+ 0.14 over the range
26-36 GHz.

4. COMPARISON WITH GREEN BANK DATA AND FIR MAPS

The Green Bank data presented by Finkbeiner et al. (2002)
consist of 48-long scans at 5, 8.25, and 9.75 GHz, smoothed
to a resolution 6FWHM. The scans were chopped at Bhd

range observed at high latitudes (e.g., Banday et al. 2003). It
is therefore possible that there is a nonnegligible anomalous
dust component in this i region that is not detected because
of the much brighter thermal emission. Given the sensitivity
to the assumed spectral index, we do not claim a significant
detection but place an upper limit 0.41 Jyoon the anom-
alous emission at 31 GHz in & Beam, which corresponds to
24% of the total flux density.

The spectrum of LPH96, in terms of the flux density within

a smooth baseline subtracted to remove ground (sidelobe) ané 6 (FWHM) Gaussian beam centered on LPH96, is shown

atmospheric contamination. This makes it difficult to obtain
accurate flux densities for extended structures. However, Fink-
beiner et al. (2002) do find a tight correlation with the Schlegel
et al. (1998) 10Qum dust map, which can be used to estimate

in Figure 3: 1.98+ 0.10 Jy at 2.7 GHz and 1.71 0.05 Jy at
31 GHz. The Green Bank points were estimated by calculating
the flux density in the 6CBI beam of the 10km map scaled
by the factors as measured by Finkbeiner et al. (2002) (see
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8 4). The shaded area shows the allowed range for the free<10% (20). This is not consistent with flat-spectrum syn-
free model based on extrapolating from 2.7 GHz usit®02 chrotron emission, which is expected to be strongly polarized.
<a< —0.12. The range is based on the flattest derived spectralSimilarly, aligned grains of strongly magnetic material (e.g.,
index (@ = —0.02) and the theoretical value (= —0.12); the single-domain Fe) would exhibit strong polarization (Draine &
best-fitting value from the image analysis= —0.06 + 0.03, Lazarian 1999) and thus cannot be a dominant contributor at
is in the middle of this range. The 5 GHz point is close to the 31 GHz. However, a grain model with magnetic inclusions or
free-free model, but at 8—10 GHz, the Green Bank data showlarge multidomain grains would be weakly polarized and can-
a significant excess that cannot be reconciled with the 2.7 andnot be ruled out. Free-free emission from hot(10° K) gas

31 GHz data points. A spinning-dust model for the warm neu- is inconsistent with the rising spectrum seen in 5-10 GHz data.
tral medium (Draine & Lazarian 1998b), scaled in amplitude =~ More data are required to clarify the origin(s) of the anom-
to fit the Green Bank data, is depicted in Figure 3. The model alous emission, both at high and low Galactic latitudes, and to
is a good fit to the Green Bank data. However, based on suchinvestigate the conditions in which it occurs. For LPH96, data
a model, one would expect to see more emission at 31 GHzin the range 5-20 GHz are required to investigate further the
than is observed. It is interesting to note that the Galactic plane@nomalous emission reported by Finkbeiner et al. (2002). With
survey of Langston et al. (2000) did not detect LPH96 at 14.35 current data, we cannot definitively rule out spinning-dust

GHz (8 beam), with a detection limit of 2.5 Jy. TR&MAP
datd (Bennett et al. 2003a), smoothed torésolution, have a
spectral indexx = —0.22+ 0.14 over the range 20-40 GHz.
A detailed comparison ofMMAP data and CBI data is not
attempted, because of the mismatch of resolutions.

If the spectrum is indeed increasing from 5 to 10 GHz, then

the lack of anomalous emission at CBI frequencies suggests
that either (1) current spinning-dust models are not a good fit

for this particular cloud or (2) the emission is due to another

mechanism. McCullough & Chen (2002) have suggested that
the rising spectrum could occur if there were a dense, optically

thick ultracompact Hr region within the cloud, which would
exhibit a rising spectruma(= 2) with a flux density in the

range 1.6—4.4 Jy at 15 GHz. High-resolution data are required

in order to rule out this model, but it is unlikely given the CBI
flux density?

emission, since variations in grain sizes and dipole moments
may allow improved fits to the data. A detailed understanding
of anomalous/spinning-dust emission will be important for
modeling and removal of CMB foregrounds at frequencies
=100 GHz, particularly if they exhibit significant polarization.
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