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We present millimeter-wave observations of three extra-gectic and six Galac-
tic sources in the Southern sky. Observations were made at,4%0, 240 and 400
GHz with resolutions of 18, 10, 14 and 12 arcmin respectivetiuring the 1998
Antarctic long duration balloon ight of BOOMERANG. Observ ations were also
made with the SEST telescope, at 90 and 150 GHz with resoluti® of 57 and
35 arcsec respectively. These observations can be used &ibcations of Cosmic
Microwave Background (CMB) experiments as well as an undéasding of the
physical processes of the sources.

Subject headings:ISM: HIl regions { Extra-galactic: point sources { general:
microwave observations

1. Introduction

Galactic millimeter-wave radiation arises from a combinabn of synchrotron, free-free
and dust emission. Compact millimeter-wave sources in thealaxy can potentially be used
to calibrate observations of the Cosmic Microwave Backgrad (CMB). Southern Galactic
sources are particularly useful for CMB observations thatake place in the Antarctic, where
planets are observed only at low elevation. Previous millieter-wave observations of South-
ern Galactic sources have been made by Arnold et al. (1978)h&€ling et al. (1980), Cox et
al. (1995), Ruhl et al. (1995), and Puchalla et al. (2002). Faeviews of radio observations
of a subset of our Galactic sources, see e.g. Brooks et al.98Pand De Pree et al. (1999).
Extra-galactic point sources are expected to be an importarioreground contaminant of
CMB observations (To olatti et al 1999, Sokasian et al. 2001

BOOMERANG is a millimeter-wave telescope and receiver dggied to measure anisotropy
in the Cosmic Microwave Background (CMB) from the Long Durabn Balloon (LDB) plat-
form. BOOMERANG launched from McMurdo station, Antarctica on December 29, 1998
for a 10.5 day ight. The instrument is described in detail inCrill et al. (2002). CMB
angular power spectrum results can be found in de Bernardis &. (2000), Netter eld et
al. (2002) and Ruhl et al. (2002). Diuse dust is discussed iMasi et al. (2001). In
addition to observing the CMB, BOOMERANG observed three exta-galactic point sources
and six Galactic compact HIl regions. The ux measurement ahese sources are calibrated
with the CMB dipole. Follow-up observations of the three exta-galactic sources and two of
the Galactic sources were made using the SEST telescope at3ida Observatory in Chile,
January 8-10, 2000. A list of sources and coordinates are @ivin Table 1.
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2. BOOMERANG Observations and Results

The BOOMERANG telescope features a 1.2m primary mirror and aryogenic bolomet-
ric array receiver. There are two 90 GHz detectors, both wita FWHM of 18 1 arcmin,
six 150 GHz detectors, with FWHMs of 9.20.5, 9.2 0.5, 9.7 0.5, 9.4 0.5, 9.9 0.5, and
9.5 0.5 arcmin, three 240 GHz detectors with a FWHM of 14.11 arcmin, and four 400
GHz detectors with a FWHM of 12.1 1 arcmin. The main lobes of the beams from the 90,
150, and 400 GHz channels are well-characterized by singlauSsians. The 240 GHz beams
have a supressed central region, accurately modeled by thepsrposition of one Gaussian
to t the full beam plus an inverted Gaussian that improves tke t in the central region.
Long term random pointing drift does not add signi cantly to the beam size for the Galactic
sources, since each of those observations were made on atghoescale. The extra-galactic
sources however, are a ected by long-term random pointingrifts, because those observa-
tions were made throughout the ight. A pointing uncertainty of 2.5 arcmin rms adds in
guadrature to the e ective beam size and adds 1.4 arcmin rm® the beam uncertainty for
the extra-galactic sources. See Nettereld et al. (2002) fa more detailed discussion of
pointing uncertainty. The 90, 150, and 240 GHz channels aralibrated using the CMB
dipole, with an uncertainty of 10% to di use beam- lling souces. The 400 GHz channels
are calibrated using interstellar dust and degree-scale Bvanisotropy, with an uncertainty
of 30% (Crill et al. 2002).

Observations with BOOMERANG are made by scanning the telespe at an angular
velocity of 2 degrees/sec in azimuth for the rst half of the ight and 1 degree/sec in azimuth
for the second half of the ight. Interspersed between CMB ddervations are observations of
the Galactic plane. The Galactic sources were observed agtame scan speeds as the CMB
observations, but with shorter scans (10 degrees peak-tegk in azimuth for the source scans
vs. 60 degrees peak-to-peak for the CMB scans). In total theewere 15 Galactic source scans:
one of the Carina Nebula, four of RCW38, four of IRAS1022, vef IRAS08576 and one
which included both NGC3603 and NGC3576. Nearly (but not qte) all of the data for all
of the detectors was good for each scan; Table 1 lists the nuentof good observations (which
includes the number of good scans and channels) at each fregey. Scans of the Galactic
sources were agged as bad for a particular channel for exatepf the source was on the
edge of the scan in that channel. The extra-galactic sourcegre observed serendipitously
during the CMB scans during the entire ight. The total number of good observations of
the extra-galactic sources in Table 1 re ects the number ofhannels at each frequency in
which the source was detected.

BOOMERANG maps of the Galactic sources are shown in Figure Each of the maps
shown are 3 degrees 3 degrees in extent and represent only one channel of data fare
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scan (approximately 15 minutes of data). Other scans are siar and the total number
of observations for each source at each frequency are givanTable 1 The maps are at
space projections centered on the source, with coordinatgsven by (x = ( o)coy ),

y =( 0)), Where ( o, o) are the Right Ascension and declination of the sources give
in Table 1. IRAS 100 m maps (data obtained through the Skyview website) of the same
regions are included for comparison. From the Galactic sate maps, NGC3576 is the most
compact of our sources, followed by RCW38. IRAS1022 and esjadly the Carina Nebula
show signi cant extended emission. IRAS08576 shows sigoant extended emission along
a line; this is unexpected from IRAS 100m data, which shows IRAS08576 as a compact
object. In the maps there are bright, compact sources typittg surrounded by more di use
clouds. Fluxes are measured for the bright, compact sourceseach map.

The Galactic source maps for each scan and channel are binnedadius around the
centroid of the source to obtain the integrated ux as a fundbn of radius. A sample radial
ux pro le for one source and frequency is shown in Figure 2. dflowing the notation of
Puchalla et al. (2002), we calculate the total integrated « within radii of 1 and 2 peam
(hereafter 1, and 2 ,, uxes). The beam size is given by peam = FWHM=(2 2In2) and
the FWHMSs of the detectors are given above. When computing xes for NGC3603 and
NGC3576, the companion source is masked out in the map.

Table 2 lists the 1, and 2 ,, uxes for all sources and frequencies. The ux and un-
certainty for the Galactic sources in Table 2 are the mean anstandard deviation of all of
the good channels and scans at the given frequency. Only thatsstical uncertainty is given
in the table. Uncertainty in the ux due to calibration is not included. The 1, and 2
ux results are systematically dependent on beam at appromiately the 10% and 5% level,
respectively. The uxes are dependent on background subtion at about the 1% level.
The uncertainty in the ux due to the inherent S/N of the data is approximately 2%.

Since the S/N on the extra-galactic sources is much lower thahe S/N on the Galactic
sources, maps are not used in this analysis; uxes are compdtdirectly by binning the
timestream data in radius, after ltering at 0.2 Hz. Since tlere are relatively few observa-
tions of each source (see Table 1) and since the S/N of each atation is low, weighted
means and standard deviations are given in Table 2. Backgnmudi subtraction systematically
aectsthe 1 ,and 2 ,, uxes by about 10% and 25% respectively. Uncertainty in the @am
systematically a ects the 1 , and 2 ,, uxes by approximately 30% and 25% respectively.

If the ux of the source scales a$ / , then the spectral index, i, between frequen-
cies ; and »,, is given by:
_ log(f2=f)

- log( 2= 1) 1)
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Spectral indices for the BOOMERANG 1, and 2 ,, uxes are given in Table 3.

3. Wavelet Analysis of the Extra-galactic Sources

In addition to the analysis in the previous section, a waveleapproach is also used,
following Vielva et al. (2001), to evaluate the uxes and thespectral indices for the three
extra-galactic point sources observed by BOOMERANG. The niia advantages of using this
method are the ampli cation of the signal to noise ratio and lhat the result is only sensitive
to sources of size equal to or smaller than the beam, so the rse@ed uxes are much less
a ected by the background signal.

The isotropic wavelet transform for a two-dimensional mag (x) is de ned by:
z

1 jx pj
ch) — 2y _—
wr(R;p)= d X 53 R T(x) (2)

wherews (R; p) is the wavelet coe cient of the map T associated with a scal® and centered
at the point p. The function (jxj) is called the wavelet mother function. If the beam pro le
is Gaussian it is found that Mexican Hat wavelet is the optimbone. The mother function
is then " #
1 2
(x) = P2

x2

eRr? (3)

PR N)

and has zero integral. Substituting eq. 3 into eq. 2, for a pati source centered ory yields

_ = )2
W Ry =22 " @ "'(?R:)b)z)z “

where is the area under the Gaussian beam,y, is the beam dispersion and\ is the ux of
the point source. In order to estimate the point source uxA, a multi-scale t is performed
computing the wavelet coe cients of our map, centered in thenominal coordinates of the
source, at a number of scaleR. The results are compared with the theoretical curve given
by eq. 4 using the 2 statistic:

2= wr(Riyy) WP(Riy) C YRi;Ry) wr(Rj;y) Wi (Rj;y) (5)
where the covariance matrixC is computed using real data:
Ci = hwr(Ri; x)wr(Rj; X)i (6)

and the average is performed over random positions
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In order to check the e ect of a non-Gaussian beam on the ressil the analysis has been
done on simulated point sources with di erent beam shapes.hg error in the ux recovery
is smaller than 10% even for a highly non-Gaussian beam, sugh a square or triangular
beam, if there is a good estimation of the integrated beam, in eq. 4.

Spectral indices are computed from the uxes according to ed. The ux and spectral
index results are given in Table 4 and are in good agreementtiwithe radial integration
results of the previous section.

4. SEST Observations and Results

Point source observations of the three extra-galactic satgs and images of the Galactic
sources RCW38 and NCG3576 at 90 and 150GHz were made with theST telescope at
La Silla Observatory in Chile on January 8-10, 2000. The FWHMf the SEST 90 GHz
beam is 57 arcsec, the FWHM of the SEST 150 GHz beam is 35 arcaad the chop is 11
arcmin. Calibration was done using the chopper wheel method’ he antenna temperature
scale, given inT, , was converted to a ux density scale through observationsf planets
(SEST web page).

For the Galactic sources NGC3576 and RCW38, observations rwemade in a region
4'x4" in extent centered on each source with a grid spacing @7.5 arcsec (hereafter center
maps). Additional observations were made with a wider gridpgcing (35 arcsec) covering a
larger region around each source (10 arcmin x 10 arcmin in ext for NGC3576, 6 arcmin x
6 arcmin in extent for RCW38) (hereafter extended maps). FORCW38, the more extended
of the two sources, the center and extended observations wetombined. For NCG3576
only the center maps were used, since the data far from the soe are noisy or could be
contaminated by objects outside the eld.

Maps are shown in Figure 3 and uxes are given in Table 5. Agairmaps are a at-
space projection centered on the source, as in Figure 1. Fasxfor RCW38 and NGC3576
are computed within the map regions. Fluxes for the extra-d@ctic sources are from point
source observations. Spectral indices are computed fromethuxes using eq. 1 and are also
given in Table 5.

The SEST observations can be convolved with the BOOMERANG laen in order to
check the BOOMERANG calibration. For RCW38 and NGC3576, theSEST maps are con-
volved with the BOOMERANG beam and ux pro les are obtained from the convolved
maps. A numerical convolution is not necessary for the extrgalactic sources since the
analytic convolution of a point source with a Gaussian is sipte; the 1 , and 2 , uxes
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should be 0.393 and 0.865 of the point source ux. Flux ratioare given in Table 6, where
the BOOMERANG uxes used are those from Table 2. The extra-dactic sources may be
time variable, and since the BOOMERANG and SEST observatianwere made approxi-
mately a year apart, they could have di erent intensities nb only because of calibration
but because of intensity variations. From a weighted mean ¢he numbers in Table 6, the
current BOOMERANG calibration relative to SEST is 0.97 0.07 for the 90 GHz channels
and 1.04 0.06 for the 150 GHz channels. In other words, the BOOMERANGnal SEST

calibrations agree with each other to within the uncertaines.

The MAT team has pubE)shed uxes for NGC3576 at 150GHz (Puchia et al. 2002).
For MAT, peam = 12:14=(2 2In2) = 5.16 arcmin. The ratio MAT/(SEST*MAT) for
the NGC3576 150 GHz observations is 1.00.14 and 1.00 0.15 for their 1 , and 2
uxes respectively, implying that SEST and MAT agree well. Therefore, the calibrations
of BOOMERANG, SEST and MAT are all consistent for NGC3576 at 30 GHz.

5. Conclusions

A comparison with the SEST data for the Galactic sources NGGF6, RCW38 and extra-
galactic sources 0537-441, 0521-365 and 0438-43 implied the current BOOMERANG
calibration and SEST agree to within 8% at 90 GHz and 6% at 150Hz. Additionally,
BOOMERANG, MAT, and SEST uxes of NGC3576 at 150 GHz are all cosistent with
each other.

The Galactic sources typically show a at to inverted spectum from 90 to 150 GHz
and a rising spectrum from 150 to 240 GHz and from 240 to 400 GHZhis is consistent
with a combination of free-free and dust emission, with freiee dominating at the lower
frequencies and dust dominating at higher frequencies. Osapectral indices are consistent
with the typical f / 2 expected for millimeter observations of HIl regions. Whilghe
uncertainties on the spectral indices of the extra-galactisources from BOOMERANG are
large, the SEST measurements imply a falling spectrum witmcreasing frequency. To place
these measurements in context, Figure 4 shows the extra-getic source uxes along with
measurements from a wide range of the electromagnetic speaat.
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Fig. 1.| BOOMERANG maps of the Galactic sources, made from dda from a single scan
and a single channel. Other observations for each source dnelquency are similar and the
total number of observations for each source at each frequsnare given in Table 1. IRAS
100 m maps are included for comparison. The images are all 33 in extent. The maps are
at space projections centered on the source, with coordites given by & = ( o)coy ),
y =( 0)), Where ( o, o) are the Right Ascension and declination of the sources givén

Table 1.
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Fig. 2.| Integrated ux vs. radius out from the center of the source for one of the 150 GHz scans of

RCW38. The six di erent curves are for the six 150 GHz channe$. Radius is given in units of the beamsize
peam because the beamsize is slightly di erent for each channel.
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Fig. 3.| SEST maps of compact Galactic sources RCW38 and NGC376. The maps are
at space projections centered on the source, with coordites given by & = ( o)coy ),
y =( 0)), Where ( o, o) are the Right Ascension and declination of the sources givén
Table 1.
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Fig. 4.| Fluxes of extra-galactic sources. BOOMERANG and SEST uxes for each source
are plotted along with measurements over a wide range of théeetromagnetic spectrum

from the NASA/IPAC Extra-galactic Database (NED).
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Source RA Dec Object Type Nogo N 150 N 240 N 400
Carina 161.06 -59.58 HIl Region 2 6 3 4
RCw38 134.77 -47.51 HIlI Region 8 24 12 16
IRAS1022 156.05 -57.80 HIl Region 7 22 11 13
NGC3603 168.79 -61.29 HIl Region 2 6 3 4
NGC3576 167.98 -61.33 HIl Region 2 6 3 4
IRAS08576 134.86 -43.76 HIl Region 10 29 15 19
0537-441 84.71 -44.09 Blazar 2 6 1 0
0521-365 80.74  -36.46 BL Lac 2 5 2 0
0438-43 70.07 -43.55 QSO 1 4 0 0

Table 1: Observed sources. Listed are J2000 coordinatesjea type and number of ob-
servations by BOOMERANG at each frequency. The total numbeof observations at each
frequency (e.g.Ngp at 90 GHz) is the number of good scans over all channels at thiae-

guency. Coordinates of Galactic sources are from IRAS mapSoordinates of extra-galactic
sources are from SEST.
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Source 90 GHz 90 GHz 150 GHz 150 GHz | 240 GHz 240 GHz | 400 GHz 400 GHz
1p@y) 250 [16@Y 2pQ [ 1@ 2p@ |10y 2 pQy
Carina 72.4 8.2 214 19 379 4.1 131 13 132 18 410 56 446 145 1324 419
RCW38 60.8 6.2 137 16 51.7 4.0 122 12 126 17 298 42 406 115 1002 298
IRAS1022 60.7 4.6 143 15 | 42.2 2.9 119 11 107 15 282 38 320 94 904 278
NGC3603 55.6 6.1 126 14 42 1.2 107 4.4 101 14 249 35 308 99 802 256
NGC3576 326 36 746 9.1 | 327 15 70.1 6.0 | 879 10 201 24 360 102 727 196
IRAS08576 91 07 206 26 | 11.8 0.7 319 2.2 | 552 6.3 158 18 230 59 667 173
0537-441 1.8 0.4 3.8 1.1 1.5 0.2 3.1 0.6 1.3 0.8 23 2.1 { {
0521-365 1.5 05 29 1.4 1.3 0.3 29 0.7 1.3 0.7 26 04 { {
0438-43 1.4 05 3.2 13 1.2 0.2 29 0.6 { { { {

Table 2: Fluxes in Jy of sources as determined by observatowith BOOMERANG. The 1
and 2 , uxes are the integrated uxes within radii of 1 and 2 peam respectively. Errors are
statistical only; they do not include systematic errors dugo uncertainty in the beam size,
background subtraction or calibration. For a point source loserved with a gaussian beam,
the integrated uxes outto 1 , and 2 , are 0.393 and 0.865 of the source ux, respectively.
The extra-galactic sources are point sources, whereas thal&tic sources are somewhat

extended.
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Source 90:150 90:150 150:240 150:240 240:400 240:400
1y 2 1y 2 1y 2

Carina -1.3 03 -1.0 03| 33 05 3.0 0.5 2.0 0.6 2.0 0.6
RCW38 -0.3 0.3 -0.2 03| 23 05 2.3 05 2.0 0.6 2.0 0.6
IRAS1022 -0.7 02 -04 03| 24 04 2.3 05 1.8 0.6 1.9 0.6
NGC3603 -06 003 -03 03| 23 04 22 04 19 0.6 2.0 0.6
NGC3576 00 03 -01 03| 26 04 2.7 0.4 24 0.5 2.2 05
IRAS08576 05 0.2 0.9 0.3 40 04 4.2 0.4 24 0.5 24 0.5
0537-441 -04 05 -05 07 |-04 16 -07 25 { {
0521-365 -0.3 0.8 0.0 1.0 01 15 -0.1 20 { {
0438-43 -0.4 08 -0.2 0.9 { { { {

Table 3: Spectral indices of sources observed with BOOMERAN The spectral index ¢142
between two frequencie$ 1 andf 2 is computed using eq. 1 and the uxes in Table 2.
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Source 90 GHz (Jy) 150 GHz (Jy) 240 GHz (Jy) 90:150 150:240
0537-441 3:8 038 36 06 2.2 04 0:1 05 0:9 06
0521-365 34 038 2.8 04 2.7 05 0:3 05 0:1 06
0438-43 21 05 1.5 03 1.0 02 0:6 05 0:8 07

Table 4: Total uxes in Jy and spectral indices of extra-galetic sources observed by
BOOMERANG computed using a wavelet analysis.
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Source 90 GHz (Jy) 150 GHz (Jy) 90:150

RCW38 125 10 116 7 -0.15 0.20
NGC3576 %7 78 8 0.08 0.27
0537-441 7.21 0.31 4.59 0.35 -0.9 0.2
0521-365 3.76 0.30 255 0.41 -0.8 04
0438-43 2.21 0.31 1.33 041 -1.0 0.7

Table 5: Fluxes in Jy and spectral indices of sources obseatweith SEST. Fluxes for RCW38
and NGC3576 are computed for the regions shown in Figure 3.ukkks for the extra-galactic
sources are from point source observations.
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Source B/S 90 GHz B/S 90 GHz B/S 150 GHz B/S 150 GHz
1y 2y 1y 2y

RCW38 1.25 0.17 1.27 0.19 1.15 0.12 1.22 0.15

NGC3576 1.11 0.16 1.15 0.17 1.09 0.12 1.05 0.15

0537-441 0.65 0.14 0.62 0.18 0.85 0.13 0.77 0.15

0521-365 1.02 0.34 0.87 0.42 1.27 0.30 1.33 0.37

0438-43 1.61 0.60 1.69 0.73 2.20 0.79 1.95 0.72

Table 6: Flux ratios of BOOMERANG to the convolution of the SEST data with the
BOOMERANG beam: BOOM/(SEST*BOOM). Errors are statistical only; they do not
include the systematic error in the uxes due to uncertaintyin the BOOMERANG beam
size. The BOOMERANG uxes used are those from Table 2. The epd-galactic sources
may be time variable, and since the BOOMERANG and SEST obsetions were made ap-
proximately a year apart, they could have di erent intensiies not only because of calibration
but because of intensity variations.



