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ABSTRACT

We report the detection of a new Galactic bubble at the interface between the halo and the Galactic disc. We suggest that the nearby
Lupus complex and parts of the Ophiuchus complex constitute the denser parts of the structure. This young bubble,. 3 Myr old,
could be the remnant of a supernova and it expands inside a larger HI loop that has been created by the out�ows of the Upper
Scorpius OB association. An HI cavity �lled with hot X-ray gas is associated with the structure, which is consistent with the Galactic
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Figure 2. Mean values of log (SPCNT) (large blue circles with error bars) as a function of log (SALMA ) in bands 3, 4, 6, 7, and 8+ 9. The tiny corrections for
the slight differences between the effective frequencies of ALMA bands and those of the nearestPlanckbands have been neglected except for bands 7, 8, and
9. Band 7 (285 GHz) �ux densities were extrapolated to 353 GHz assuming the mean spectral index (Š0.45;S� � Š0.45) between bands 6 and 8; and bands 8
(467 GHz) and 9 (673 GHz) �ux densities were extrapolated to 545 GHz using the mean spectral index (Š0.62) between the two bands. The frequency intervals
are small so that the results are weakly dependent on the choice for the spectral index. The horizontal bars correspond to the widths of log (SALMA ) bins; and the
vertical bars show the standard deviations around the mean values. The unbinned data points are represented by small grey dots. The vertical dotted red lines
correspond to the PCCS2 90 per cent completeness limits with their uncertainties represented by the shaded orange bands. The green solid lines correspond to
SPCNT = SALMA .

The completeness of the PCNT catalogue at each frequency�
100 GHz was tested by looking at the fraction of ACC objects having
PCNT counterparts with S/N� 3 as a function of the ALMA �ux
density. The results are shown in Table2 480.0pt and Fig.3. At
100, 217, 353, and 545 GHz our results are in excellent agreement
with the estimates of the 90 per cent completeness limits given by
Planck Collaboration XXVI (2016).

At 143 GHz, the ALMA data suggest a signi�cantly higher
PCNT limit, but with limited statistics (only 100 sources unevenly
distributed among �ux density bins, to be compared with 1069
sources at 100 GHz, 455 at 217 GHz, and 439 at 353 GHz). To
assess the signi�cance of the discrepancy we have performed 10 000
simulations ofPlanckobservations of the 100 ALMA calibrators.
These simulations were carried out randomly extracting each source
from a Gaussian distribution with mean value equal to its ALMA
�ux density and dispersion equal to the mean PCNT uncertainty
of those with a PCNT counterpart (� 36 mJy). A 90 per cent
completeness limit within the uncertainty of the PCCS2 value was
found in 10 per cent of the cases, implying that the discrepancy
is only marginally signi�cant. We have also checked whether the

difference of the completeness limits may be due to the different
photometric estimators used for the PCCS2 and the PCNT (although
the two photometries were shown to be, on average, in good
agreement by Planck Collaboration Int. LIV2018). To this end,
we have estimated the PCCS2 completeness levels in the same way
as we did for the PCNT. The results did not change signi�cantly.

At 857 GHz, the poor statistics (only four calibrators with ALMA
band 10 �ux density measurements have PCNT counterparts)
hampers a reliable estimate. However, an indication that the high-
frequency PCCS2 completeness limits are conservative was pro-
vided by the cross-match of the Herschel Astrophysical Terahertz
Large Area Survey (H-ATLAS) with the PCCS2 catalogue (Maddox
et al.2018). These authors found PCCS2 90 per cent completeness
limits of SHerschel= 650 mJy at 857 GHz (350μm). For comparison,
the PCCS2 estimate of the corresponding 90 per cent completeness
limits is of 791 mJy. Using their catalogues, we further derived the
100 per cent PCCS2 completeness limits to be of 760 mJy at this
frequency.

These results indicate that, although the MTFX approach reaches,
at �xed S/N, fainter �ux densities than the single-frequency
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1192 M. Bonato et al.

Table 2. PCCS2 90 percent completeness limits compared with the estimated PCNT 90 per cent and 100 per cent completeness limits, de�ned as the
ALMA �ux densities above which 90 per cent or 100 per cent of sources observed by ALMA have PCNT counterparts. Since there are too few sources
observed in the ALMA band 10 to derive meaningful limits, we give the 90 per cent and 100 per cent limits derived by Maddox et al. (2018) from
H-ATLAS data.

Planck� (GHz) PCCS2 90 per cent PCNT 90 per cent PCNT 100 per cent H-ATLAS 90 per cent H-ATLAS 100 per cent
completeness completeness completeness completeness completeness

(mJy) (mJy) (mJy) (mJy) (mJy)

100 269 266 562
143 177 312 562
217 152 170 316
353 304 296 1000
545 555 597 1585
857 791 650 760

Figure 3. Fraction of ACC sources with PCNT counterparts at 100, 143, 217, 353, and 545 GHz as a function of ALMA �ux density in bands 3, 4, 6, 7,
and 8+ 9, respectively. The ALMA �ux densities in the last two bands have been extrapolated to 545 GHz adopting the mean spectral index of our sources
between the two bands, i.e.S� � Š0.62. Band 7 �ux densities have been extrapolated to 353 GHz using the mean spectral index (Š0.45) between bands 6 and 8.
The vertical dashed black line and the dotted�dashed grey line show, at each frequency, the �ux densities above which 100 per cent and 90 per cent of sources
observed by ALMA have PCNT counterparts with S/N� 3. The dotted red lines show, for comparison, the PCCS2 90 per cent completeness limits in the
�extragalactic zone� with their uncertainties (shaded orange bands). The number of sources observed by ALMA in band 10 is too small to allow meaningful
estimates of the detection limits; see however the text.
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Figure 4. Euclidean normalized differential source counts of radio sources in the ALMA bands for which measurements for a substantial number of calibrators
are available. The data are from Planck Collaboration XIII (2011), Mocanu et al. (2013, SPT), Planck Collaboration VII (2013), Marsden et al. (2014, ACT),
and Planck Collaboration Int. LIV (2018). The bands 8 and 9 data points are our own estimates using table 1 of Negrello et al. (2017); the extrapolations of the
600 GHz (500μm) �ux densities given there to the effective frequencies of these two bands were done assumingS� � Š0.62, i.e. using the mean spectral index
between bands 8 and 9. The mean spectral index between bands 6 and 8 (Š0.45) was used to convert the Planck Collaboration VII (2013) counts from 353 to
285 GHz. The dotted�dashed blue line and the dashed brown line show two models by Tucci et al. (2011).

approach adopted for the PCCS2, and therefore the PCNT contains
substantially moreradio sources,6 the completeness limits remain
essentially unchanged.

6The total number of PCCS2 sources at high frequencies is higher because
it includes also dusty galaxies, while the PCNT contains, by construction,
only radio sources.

3 HIGH FREQUENCY NUMBER COUNTS OF
RADIO SOURCES

The combination ofPlanck (Planck Collaboration Int. LIV2018)
and SPT (Mocanu et al.2013) data has provided an observational
determination of radio source number counts at� 100 GHz over a
broad �ux density range. An empirical description of the Euclidean
normalized counts at this frequency is (solid black line in the top
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Table 3. Mean values of the log of the ratios of ALMA band 3 (characteristic frequency of 95 GHz) �ux densities to
those measured in the other ALMA bands and associated standard deviation,� . By characteristic frequency of a band
(second column), we mean the median frequency of the observations in such a band.

Number of ALMA
band

Characteristic�
(GHz)

Number of
sources � log(S95 GHz/S� )� �

4 145 164 0.11 0.10
6 233 859 0.25 0.14
7 285 2102 0.37 0.17
8 467 87 0.35 0.18
9 673 58 0.41 0.23

Table 4. Coef�cients of the polynomial representations of the extrapolated Euclidean normalized differential counts
of radio sources at the effective frequencies of 5 ALMA bands:y = A · x3 + B · x2 + C · x + D, with x = log (S[Jy])
andy = log (S2.5dN/dS[Jy1.5srŠ1]).

Number of ALMA
band

Characteristic�
(GHz) A B C D

4 145 Š0.0166 Š0.128 0.207 1.160
6 233 Š0.0160 Š0.133 0.175 0.988
7 285 Š0.0159 Š0.136 0.151 0.846
8 467 Š0.0159 Š0.135 0.159 0.883
9 673 Š0.0157 Š0.134 0.156 0.833

left panel of Fig.4)

y = Š 0.01684· x3 Š 0.1252· x2 + 0.2264· x + 1.282, (1)

wherex = log (S[Jy]) andy = log (S2.5dN/dS[Jy1.5srŠ1]). We have
exploited ALMA observations to extrapolate these counts to higher
frequencies where direct survey data are increasingly poor. To this
end, we have calculated the mean values and the dispersions of
the log of the �ux density ratios between band 3 (characteristic
frequency of 95 GHz) and the ALMA higher frequency bands for
which we have suf�cient statistics. The results are shown in Table3.

By convolving equation (1) with the appropriate distribution of
�ux density ratios, assumed to be a Gaussian with mean and standard
deviation given by Table3, we have obtained the counts in bands 4,
6, 7, 8, and 9 shown by the solid black lines in Fig.4. The shaded grey
bands represent the 1� uncertainties on the extrapolated counts.
These number counts are available in a machine readable format in
the website of the Italian node of the European ALMA Regional
Centre (ARC,http://arc.ia2.inaf.it). Polynomial representations of
the extrapolated counts are given in Table4.

The extrapolated counts are fully consistent with the available
data. The comparison with the two preferred models by Tucci et al.
(2011), �C2Co� and �C2Ex�, shows that the latter performs quite
well at all frequencies while the former tends to overpredict the
counts above 145 GHz.

4 CONCLUSIONS

We have presented a new catalogue of ALMA �ux density mea-
surements of radio sources, mostly blazars, used as �ux density,
bandpass response, amplitude, and phase visibility calibrators.
The catalogue was built combining the ALMACAL catalogue
published by Bonato et al. (2018) with the ALMA Calibrator Source
Catalogue. It contains ALMA observations for 3364 bright, compact
radio sources observed between 2011 May and 2018 July, for a total
of 47 115 observations in different bands and epochs. The catalogue
is available online as Supporting Information and on the website of
the Italian ARC (http://arc.ia2.inaf.it).

We have added redshifts found in the literature, available for 2245
(67 per cent) of the sources and a classi�cation for all of them. The
classi�cation given in the 5th edition of the BZCAT (Massaro et al.
2009) was adopted for the 1391 objects listed there. The others were
classi�ed following Bonato et al. (2018).

The ALMA measurements were exploited to obtain the �rst
external validation of the MTFX photometry presented in the
new PCNT (Planck Collaboration Int. LIV2018), to quantify its
positional accuracy and to estimate its completeness limits.

We found good agreement between the ALMA and the MTFX
photometry above the 90 per cent completeness limits given by
Planck Collaboration XXVI (2016). The dispersions around the
mean MTFX/ALMA �ux density ratios as a function of ALMA
�ux densities can be accounted for by variability which also explains
the excess �ux densities measured byPlanckfor the few brightest
sources, most likely detected in a �aring phase. Below these
limits, Planck measurements show clear signs of the Eddington
bias.

The distribution of differences between ALMA andPlanck
positions peaks at� 0.38 arcmin and has a standard deviation
� � 0.64 arcmin, con�rming the Planck Collaboration XXVI
(2016) conclusion that the PCCS2 positional accuracy is typically
better than 1 arcmin. The distribution has however an extended
tail reaching a few arcminutes. The extension of such tail slightly
decreases if sources below the PCCS2 90 per cent completeness
limits are excluded.

An analysis of the fraction of ALMA calibrators with a PCNT
counterpart having S/N� 3 at the nearest frequency as a function
of the ALMA �ux density has shown that the PCNT completeness
limits are consistent with the PCCS2 ones at 100, 217, 353, and
545 GHz. The PCNT limit at 143 GHz seems to be higher, but
the difference is only marginally signi�cant because of the poor
statistics. We conclude that although the PCNT reaches fainter
�ux density levels than the PCCS2, the completeness limits do
not change appreciably.

Finally, we have exploited the multifrequency ALMA observa-
tions to derive the distribution of �ux density ratios between band
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3 and the higher frequency bands. These distributions have allowed
us to estimate the counts in such bands, where direct measurements
are limited or almost completely missing, by extrapolating the
relatively well-determined 100 GHz counts of radio sources. The
results agree with the available data and are consistent with the
C2Ex model by Tucci et al. (2011), while their C2Co model is
disfavoured.
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