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Some estimates of the source counts at Planck Surveyor frequencies,
using the 9C survey at 15 GHz
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ABSTRACT

We have used multi-frequency follow-up observations of mpa of extragalactic sources
from the 9C survey at 15 GHz to make deductions about the égaource population at
higher radio frequencies, such as those in the lower fregyueands of thé?lanck Surveyor
satellite. In particular, we have made empirical estimatiethe source counts at 22 GHz,
30 GHz, 43 GHz and 70 GHz and compared these with both knovanatat current theo-
retical predictions. We have also made an estimate of thataiuhe ALMA frequency of
90 GHz, with a view to assessing the possible population oftmurces available for the
phase calibration of that instrument.
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1 INTRODUCTION 90 GHz in order to estimate the number of point sources duaila
as possible phase calibrators for the ALMA telescope.
A major problem for many cosmic microwave background (CMB) In section 2 we describe the sample and include some discus-
experiments, such as thanck Surveyor mission, is the estima-  sjon of variability. Section 3 explains the principles of enethod
tion of the contaminating effect of extragalactic radio rees on and the assumptions made. In section 4 we examine the dpectra

the measurement of the CMB anisotropies. In order to model th jnqex distributions over the range 1.4 to 43 GHz and in sachio
expected response from a CMB instrument, with a view to @@vel e giscuss the interpolation and extrapolation of the spapectra

ing appropriate analysis techniques, itis essential te Barealistic {5 30, 70 and 90 GHz. Section 6 presents the results of our cal-
assessment of the source count at the relevant frequenese Tias culations and section 7 attempts to estimate the errorsvieso
been important work on modelling the source counts at high fr |, section 8 we test our method by comparing our predictions f
guencies, such as that of Toffolatti et al. (1998) and DeiZbtal. 1.4 GHz and 4.8 GHz with the known counts at these frequen-
(2005), but few direct observational measurements ardainei cies. Section 9 presents estimates of the source countsGiti22

In particular, in the bands of thBlanck Low Frequency Instru- 30 GHz, 43 GHz, 70 GHz and 90 GHz and compares them with
ment (LFI) —i.e. 30 GHz, 44 GHz, 70 GHz —there is, at present, a {hose from the available high frequency data and with therte

lack of data from appropriate wide-field surveys, althoughesal cal models of De Zotti et al. (2005). Section 10 refers to &8z
such surveys are under way: AT20G (Ricci et al. 2004, Sadl@r e egylt and its implication for ALMA phase calibration. Filyasec-
2006), OCRA (Browne et al. 2000), RATAN-600 (Parijskij 2004 tjon 11 is a general discussion of the reliability of our nuettand
The 9C survey (Waldram et al. 2003) at the comparativelyeclos gaction 12 is a summary of our conclusions.

frequency of 15 GHz is therefore very important for makingiso We note here that our definition of spectral indexfor flux
predictions. density,S, and frequencyy, isSOv~7.

In this paper we have made use of data from the ‘simul-
taneous’ multi-frequency 9C follow-up observations dist in
Bolton et al. 2004 (paper 1). There have already been twar othe
papers based on these data: Bolton et al. 2006a (paper 2h whi 2 THESAMPLE
presents 5-GHz MERLIN and VLBA observations of a set of 36 \we assembled a flux-limited sample of 121 sources, compbete t
compact sources, and Bolton et al. 2006b (paper 3), whiabrt®p 25 mJy at 15 GHz, from three areas of the 9C survey. All the
results from a study of the 15-GHz variability of 51 sourdesre sources had a complete set of simultaneously measured flux de
we have taken a complete sample of 110 sources above 25 mJy akities at frequencies of 1.4 GHz, 4.8 GHz, 15.2 GHz, 22 GHz and
15 GHz and used the spectra over the range 1.4 GHz to 43 GHz t043 GHz apart from 11 of them, for which some observations were
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make some deductions about the expected source populatibe i missing. Since the reasons for the omissions were totalfg-un
Planck LFI bands. Our approach is entirely empirical and there is |ated to the source characteristics — i.e. they were due &ihee
no attempt to model the sources. or scheduling problems — we have simply omitted these ssurce

We have also used our data to make a prediction of the count atfrom the sample and calculated the final effective area frditno&
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Table 1. The 110 sources in our sample with their simultaneous flusiden  Table 1 — continued
ties at 1.4, 4.8, 15.2, 22 and 43 GH&1:a, S8, Sis.2, S2, S43in mJy

Source name Si4 S5 Sis2 S2 Su3

Sourcename  Si4 S8 Sis2 S22 Sw 64  J1510+3750  731.0 3000 769 430 8.8
1 J0002+2942 40.8 344 61.3 60.0 40.0 65  J1510+4221 232.0 1100 66.2 550 24.1
2 J0003+2740 54.1 70.0 67.2 56.2 19.0 66 J1511+4430 344.0 110.0 62.5 48.0 22.0
3 J0003+3010 296 50.2 56.3 546 41.0 67  J1514+3650 930.0 3400 950 70.0 15.0
4 J0005+3139 7555 268.1 816 58.0 25.0 68  J1516+4349 283 251 218 185 152
5  J0010+3403 141.0 683 272 17.6 8.4 69  J1516+3650 192.0 1050 83.0 76.0 55.0
6 J0010+2838 64.9 48.5 46.4 55.0 49.7 70 J1517+3936 16.6 26.0 40.3 43.0 35.3
7 J0010+2854 39.8 473 69.2 103.0 144.0 71 J1518+4131 399 271 280 200 14.0
8 J0010+2717 63.3 34.8 31.8 32.0 17.7 72 J1519+4254 69.9 67.2 99.9 97.0 82.0
9  J0010+2619 4320 1952 69.7 498 213 73 J1519+3844 69.3 520 301 280 222
10 JO010+2956 209.8 114.0 58.9  49.8 26.0 74 J1519+3913 241.0 103.0 37.6 26.0 10.0
11 JO010+2650 563 410 324 351 278 75  J1520+3843 2942 1120 359 330 15.0
12 JO011+2803 583.4 186.3  49.1 32.0 6.4 76 J1520+4211 124.1 56.5 53.8 71.8 85.0
13 J0011+2928 1549 98.8 523 431 232 77  J1521+4336 259.8 4237 347.0 300.0 194.7
14 J0012+2702 638.0 219.0 73.9 51.0 14.0 78  J1523+4156 5555 137.0 56.9 41.0 12.0
15 J0012+3353 35.2 80.4 123.8 137.0 129.8 79 J1525+4201 106.2 55.0 59.0 52.0 27.0
16 J0012+3053 18.5 221 255 27.7 20.1 80 J1526+3712 47.9 72.0 64.6 64.0 37.8
17  J0013+2834 327 331 346 366 305 81  J1526+4201 216 599 593 47.0 220
18  JO013+2646 364.0 118.6 30.0 17.0 5.0 82  J1528+4219 216.5 84.0 436 37.0 15.0
19 J0014+2815 80.4 601 455 37.7 238 83  J1528+4233 1386 572 322 240 8.0
20 J0015+3216 1662.6 827.3 469.0 425.0 250.0 84  J1528+3738 1051.8 336.0 74.2 53.0 18.8
21 J0015+3052 2251 90.0 38.0 245 8.8 85  J1528+3816 226 46,0 725 860 712
22 J0018+2921 404.4 188.6 90.8 81.0 44.0 86  J1528+4522 173.9 75.0 436 470 25.0
23 J0018+3105 364.0 119.0 45.0 17.0 6.0 87  J1529+4538 278.0 1100 36.3 23.2 8.0
24  J0018+2907 71.0 41.3 28.7 23.6 13.5 88 J1529+3945 134.6 60.0 29.8 28.0 24.5
25 J0019+2817 259 238 17.4 270 349 89  J1530+3758 103.1 1350 60.8 380 13.1
26  J0019+2956 96.6 73.5 41.0 35.7 13.8 90 J1531+4356 53.1 55.0 25.8 18.0 17.0
27  J0019+2647 985 70.1 66.7 736 631 91  J1531+4048 338.3 105.0 31.2 26.0 6.0
28  J0019+3320 82.2 63.1 31.8 26.3 11.8 92 J1533+4107 19.1 17.5 19.9 19.5 13.3
29  J0020+3152 257 427 318 19.1 8.0 93  J1538+4225 42.0 405 416 422  29.0
30 J0021+2711 3496 1203 387 21.0 100 94 J1539+4217 53.3 400 342 370 263
31 J0021+3226 179.8 824 274 158 4.0 95  J1540+4138 16.0 309 342 230 9.1
32  J0022+3250 50.9 235 13.6 13.0 6.0 96 J1541+4114 65.0 38.0 30.5 27.5 19.2
33 J0023+3114 1409 66.8 321 246 120 97  J1541+4456 377.8 131.0 476  30.0 7.8
34  J0023+2734 4100 1720 768 401  15.0 98  J1545+4130 720 568 500 450 222
35  J0024+2911 50 205 423 340 150 99  J1546+4257 347.0 110.0 332 27.0 150
36  J0027+2830 116.0 71.0 24.0 13.5 6.0 100 J1547+4208 72.7 71.0 56.5 47.0 17.8
37  J0028+3103 165.0 66.0 36.1 15.0 8.0 101  J1548+4031 616 600 849 723 37.0
38  J0028+2914 733.0 2600 781 493 9.0 102 J1550+4536 476 600 318 20.0 3.0
39  J0028+2954 220 240 249 18.6 15.0 103  J1550+4545 23.0 17.9 17.9 18.0 121
40  J0029+3244 300.0 1727 447 299 120 104  J1553+4039 475 430 333 186 8.8
41 J0030+2957 240 145 135 16.0 12.2 105  J1554+4350 65 332 415 37.0 205
42  J0030+3415 92.0 492 25.2 15.5 4.0 106  J1554+4348 52.8 60.8 44.8 38.0 15.7
43 J0030+2833 572.0 170.7 47.4 24.0 6.0 107 J1556+4259 63.0 94.0 57.8  43.0 20.0
44 J0031+3016 1320 765 391  26.0 3.0 108  J1557+4522 509.2 262.0 111.3 850 409
45  J0032+2758 281 341 301 216 12.0 109  J1557+4007 101.4 87.0 794 740 39.6
46  J0033+2752 255.8 74.0 23.1 9.0 2.0 110 J1558+4146 238.0 75.0 32.8 17.7 7.0

47 J0034+2754 820.0 4714 295.0 236.7 129.2
48  J0036+2620 412.0 155.5 50.1 35.0 15.0
49  J0927+3034 52.0 44.0 47.0 37.0 18.6

50  J0928+2904 375.2 106.1 220 17.0 4.0 the known 15 GHz source count (see below). We thus have a-‘snap
51  J0932+2837 1025 958 584 468 27.0 shot’ of sets of instantaneous spectra for a complete sanfijl&0

52 J0933+2845 1114 861 356 225 150 sources, in an area of approximately 1304e listed in Table 1.

53 J0933+3254 460 366 228 219 140 (For more details of individual sources see papers 1 and 2.)

54  J0936+3207 26.8 40.1 52.8 51.3 32.0
55  J0936+3313 56.9 48.3 29.6 30.3 19.0
56  J0937+3206 108.9 53.9 58.4 58.8 41.0
57 J1501+4211 121.5 54.0 28.3 20.0 8.0

The extent of variability at 15 GHz, as illustrated by our sam
ple, can be seen in Figure 1 which shows how the sources have
changed in flux density beween the time of the original olsserv

58 J1502+3956 132.0 680 468 379  23.0 tions and the time of the follow-up observations. The sosiice

59  J1502+3947 403.9 1300 352 213 3.0 the original selection had observation dates ranging frameh-

60 J1502+3753 306.5 127.0 373 280 10.0 ber 1999 to September 2001 and the follow-up observatiods ha
61 J1503+4528 498.4 159.0 659 410 143 dates in January, November, December 2001 and January, May
62  J1505+3702 2425 950 225 200 3.0 2002. The maximum time interval between the original ankbfo!

63 J1506+3730 1018.0 770.0 540.0 483.0 3547 up observations of any source was 30 months and the minimum
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Figure 1. Plot of 15 GHz follow-up flux densities versus original fluxde
sities, showing the scatter about the line of unit slope. ddteed lines cor-
respond to a flux density of 25 mJy on each axis.

above 100 mJy. The implications of this are discussed im te-
tions of the paper.

3 EMPIRICAL ESTIMATION OF THE SOURCE
COUNTS

We now consider whether, knowing the source count at 15 GHz,

it is possible to estimate the source counts at higher frecjas

from these data. It is not possible to do so directly becausama

plete sample would be far too small. For example, if we assaime

extreme rising spectral index between 15 and 43 G#Z, of —1,

our sample at 43 GHz is complete to oaly70 mJy, providing only

9 sources. It is however possible to use the 15 GHz count and ou

a2 distribution to estimate the count at 43 GHz, if we make derta

assumptions about i3 distribution in our flux-density range.
Consider first a source population such that each source has

the same spectral indexbetween the two frequencieg andvy,

or S, =S, wherer = (v1/v2)~%, and let us assume that the

differential count at1 has the form

nVl(S) = dNVl/dS: A\llgb

whereA,, and b are constants.
In order to find the differential count at, we consider the cor-

was 2 months. The source showing maximum variability was responding integrated countsl, (> S) and Ny,(> S). At fre-
J1514+3650 which had risen from 40 mJy to 95 mJy in a period quencyvs (for b # 1)

of 19 months. Since the time intervals between our origimal a
follow-up observations differ widely, Figure 1 can give pal gen-
eral indication of the extent of variability at 15 GHz. (Foore
detailed work see paper 3.)

Variability presents a problem for the selection of a flux-lim
ited sample, since close to the lower limit there will be preftial
selection of those sources which were above their mean flox de
sity values at the time of observation rather than below.ddefor

our sample, Figure 1 shows an excess of sources with flux-densi

ties below 25 mJy in the follow-up observations, and thigifact,
unavoidable.
Another feature of our sample is that it contains signifigant

fewer sources above 100 mJy than are expected from the known

15 GHz source count (Waldram et al. 2003). This became appare
when we were calculating the effective sample area from & ffiteo
known count to the flux density distribution in the originahsple.

Ny, (> S) = Ay, (1—b) st P

and so at frequency,

Ny, (> S) = Ny, (>rS) = Ay, (1—b) L (rg)*P.

This means that the differential countvatbecomes
Ny, (S) = dN\y, /dS=rt A, SP.

In practice, however, we know that the source population
spans a range of spectral indices and we now make the folipwin
assumptions: first, that our sample provides a typicalitigtion of
spectral indices and secondly, that this distribution dependent
of flux density. In our sample ah sources we know the spectral
indexa; and the corresponding value fr;, for each source, and
so can calculatk = ril’b, and hence

We found that in the range from 100 mJy to the maximum value M, (S) = KAVlgb

of 665 mJy there were only 5 sources and we therefore used only

those below 100 mJy in our fit. (In fact, a value for this area is Where

not required for our predictions and is used only in Secti@and
Figure 7 for calculating the incomplete counts derivedatiyefrom
the sample, by way of comparison.)

Similarly, in the follow-up sample there are only 6 sources
above 100 mJy, the highest value being 540 mJy. Taking atodun
the uncertainty in the area and the Poisson errors, we detitmat
we should expect at least twice this number. The short-faj bre
be due to the fact that, in the original selection of the 9Cd§iel
for the purpose of CMB observations, there was some biasistyai
regions predicted to contain very bright sources (see \&aidt al.
2003). However, our area here is quite small and, ideallyualm
larger area is required to sample adequately the populatione
100 mJy.

m m
K:l ki:l rilfb
m& m &

(See Condon 1984 and Kellermann 1964 for similar analyses.)

We see that these assumptions lead to a form of the count at
v, with the same exponent as the counvatout with a different
prefactor. We can define an effective valueffpre, such that

—rib
wherere would be the value of for all sources, if they all had the
same spectral index. Usimg, we can then estimate the flux density
range over which the count derived for frequergyfrom a knowl-
edge of the count at frequenuy (i.e. at 15 GHz), may be assumed

Thus, although for the purpose of this work we can assume to be valid. For this purpose we define valuesatSyin = S-2, /e,

that our original sample represents the typical charasttesi of a

Smax = Shax/Te andS; = SE5/re, whereSt2. andSk, are the min-

complete sample of sources in the flux density range 25 mJy to imum and maximum values in the original 15 GHz sample, 25mJy

100 mJy, there is less certainty in the under-sampled urayer;

and 665 mJy respectively, a8 is the upper ‘completeness’ value
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Figure 4. Plot of a3 versusa?2, showing the line corresponding to
a33 = a22 Sources with 15 GHz (follow-up) flux densities above 100 mJy
are ringed.

Table 2. Table showing the distribution of numbers of sources wipeet
to the median spectral inde® {eq) and the median 15 GHz follow-up flux
density (Sheq= 43.0mJy). See Figure 2.

Frequency Omed S>Smed S>Smed S<Smed S< Smed
GHz O<Omed O>0Omed O<Omed O3> Omed
1.4 0.37 28 27 27 28
4.8 0.472 31 24 24 31
22.0 0.54 30 25 25 30
43.0 0.89 28 27 27 28
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Figure5. Spectrum of J1530+3758, showing the known data points and th
points calculated from a quadratic fit of I8gvith logv.

Sources with 15 GHz (follow-up) flux densities above 100 mJy
are ringed. It can be seen that only three sources have spigt
tra from 22 to 43 GHz: these are J0010+2854, J0019+2817 and
J1520+4211 and have 15 GHz (follow-up) flux densities of £9.2
17.4 and 53.8 mJy respectively, all, in fact, less than 100 mJ

For further discussion of the reliability of the spectradiéx
measurements see section 11.

5 INTERPOLATION AND EXTRAPOLATION OF THE

SOURCE SPECTRA

In order to estimate the value &f for the frequencies 30, 70 and
90 GHz, we have needed to interpolate and extrapolate tlutrape

of 100 mJy above which we know the data are sparse. We assume?! the individual sources by an appropriate fit to the exgtiata.

that, although our predictions may be reliable in the ra8gg to
<., they will be less so in the rang® to Snax-

4 SPECTRAL INDICESIN RANGE 1.4 TO 43GHZ

Figure 2 shows histograms of the spectral index distrilmstia the
range 1.4 to 43 GHz. In the case of the 43 GHz observatione ther
were 7 non-detections of sources. For these we have set the flu
density value equal to the noise level and the corresporsfieg-
tral indices are shown shaded in the figure. It can be seenhéat
median spectral index increases with increasing frequerang
0.37 fora1®, 0.47 foral%, 0.54 fora3Z and 0.89 forafE. In Fig-
ure 3, in order to investigate the dependence of spectrakiod
flux density, we have drawn scatter plots of the 15 GHz follow-
up flux density versus spectral index for the four frequeneiad
added lines showing the median values of the two quantifieste
is no apparent correlation visible and this is confirmed byl 2
which gives the number of sources in each of the four quasi@int
each plot. We conclude that, considering the Poisson errthese
small numbers, the differences are not significant, althpag we
have seen in Section 2, the distributions are undersamedea
100 mJy.

In Figure 4 we have drawn a scatter plotaff3 versusa32.

From the ‘colour-colour’ plot in Figure 4 we see that, out abtal
of 110 sources, 91 have batfZ anda33 > 0 and we assume that
these are steep spectrum sources whose spectra have alneesdly
over at frequencies below 43 GHz. Of these, 75 lei> 032 and
so any fit should attempt to take account of this steepenirlyedf
spectra (see, for example, the plot for J1530+3758 in fighre 5

We have tried three types of fit of I&with logv : (a) a
quadratic fit for all sources using the values at 15.2, 22 &n@Hz
, (b) a similar quadratic fit for the 75 sources mentioned alint
a linear fit for the remainder, using the 22 and 43 GHz values an
(c) a linear fit for all sources, using the 22 and 43 GHz vallies.
linear fit is equivalent to the assumption tigff anda33 are both
equal too33.

In each case, our procedure was to apply the appropriate fit
to the known spectral points of each source and calculatéiutke
densities at 30 GHz, 70 GHz and 90 GHz by interpolation or ex-
trapolation. We could then find the valuesrpfat each frequency
and hence the corresponding valueof

We examined the results of the three types of fit for a selectio
of sources from the different areas in the ‘colour-colouctpFit
(a) catered well for the 75 sources with steepening fallipgcra
but produced some obvious anomalies for a humber of therflatte
spectra. Fit (b) appeared to produce much more appropgatsts
for all types of spectra, while fit (¢) did not take sufficiestaunt



Some estimates of the source counts at Planck Surveyor frequencies, using the9C survey at 1I5GHz 5

50 T T T T 50 T T T T

40 E 40 4
L

number

0

number

0

0 L PR SR T S S S T SR | 0 L PR SR T S S S T SR |
-1 0 1 2 -1 0 1 2 3
spectral index (1.4 to 15 GHz) spectral index (4.8 to 15 GHz)
50 T T T T 50 T T T T
40 - 40 - T
30 30 T
= =
2 2
£ £
3 3
c c
20 - 20 - T
0 0 T
-1 0 1 2 -1 0 1 2 3

spectral index (15 to 22 GHz)

spectral index (15 to 43 GHz)

Figure 2. Distributions of spectral indexai5, al%, 022, af2. The shaded area indicates the 7 non-detections at 43 GHe wieesflux densities have been set
equal to the noise level.

Table 4. Table showing the values &f and their uncertainties for the three
frequencies 30, 70 and 90 GHz. See section 5.

Table 3. Table showing the values &f and their uncertainties for the four
frequencies 1.4, 4.8, 22 and 43 GHz.

Frequency K K K K K K
GHz all sources S5<43mly  Si5>43 mly all sources S;5<43mly  Si5>43mly

1.4 538+ 0.53 551+0.77 525+ 0.73 30 GHz

4.8 215+0.13 223+0.18 208+0.18 (@) 062+0.03 060+0.04 065+0.05

22 080+0.02 078+0.03 082+0.03 (b) 061+0.03 059+0.04 063+0.04

43 044+0.04 042+0.05 045+0.05 (c) 059+0.03 057+0.04 061+0.04
70 GHz

(@) 025+0.03 025+0.04 025+0.05

(b) 029+0.04 029+0.06 030+£0.07

(c) 033+0.04 031+0.05 034+0.07
90 GHz

(@ 019+0.03 021+0.04 018+0.04

(b) 025+0.05 025+0.06 026+0.08

of the steepening falling spectra. It was therefore decidede the (c) 029+005 027+0.06 031-+0.08

values ofK from fit (b), but the results from all three types of fit are
included in Table 5.

We should emphasise that this method of interpolation and
extrapolation is purely empirical and no attempt has beedenta
model the sources or to examine every source individually.
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Figure 3. Scatter plots of the 15 GHz follow-up flux density versus sdéndex for:alS, al%, a2Z, aid. In each case the dashed lines show the median flux
density and median spectral index. See Table 2.
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Figure 6. Distribution ofk; values for 43 GHz.

Table 5. Table showing the results of our calculations for the fremies
from 1.4 GHz to 90 GHz

Frequency K A le Snin Smax S
GHz Jylsrt mly mly mdy
1.4 538 274+30 0.23 110 2900 435
4.8 215 110+9 0.51 49 1300 195
15.2 100 51+3 1.00 25 665 100
22.0 Q80 41+2 1.21 21 550 85
30.0 061 31+2 1.54 16 430 65
43.0 044 2242 2.04 12 330 50
70.0 029 1542 2.93 9 230 35
90.0 025 1343 3.34 7 200 30

6 THE CALCULATIONS

For each frequency we have calculated the valud; dbr each
source, wherds = r1, and then taken the unweighted mean of
the distributionK = 5™ k. This was repeated with the sam-
ple divided into two groups, one with s < 43 mJy and the other
with S5 > 43 mJy, 43 mJy being the median flux density of the
15 GHz follow-up observations. The results for the freqiend.4,

4.8, 22 and 43 GHz are shown in Table 3. In Table 4, for 30, 70 and



Some estimates of the source counts at Planck Surveyor frequencies, using the 9C survey at 15 GHz 7

1e+06

90 GHz, we have also included the results from the three meth-
ods of spectral interpolation/extrapolation, (a), (b), @escribed
above. In each case the uncertainty quoted is the error iméaa,
or a/y/m, wherea is the standard deviation of the distribution
andm s the total number of sources. The distributions are neces-
sarily skewed; an example is shown in Figure 6, for 43 GHz. 10000
Table 5 shows the results of our calculations. We take the
count at 15 GHz to be

~215
ns = ?T': ~ 51(%) Jy tsrt

(Waldram et al. 2003). At another frequeneythe exponent
b (= 2.15) remains the same but the prefacddrecome« x 51.
For each frequency we have calculatgdand also the values of

Smin» Smax and&.

NVSS data +——
NVSS fit

this prediction -------

9C at 15 GHz

100000 |

1000

n(s) (Jy‘lsr‘l)

10

1 1 1
0.01 0.1 1 10

S (Jy)
7 ERRORESTIMATES Figure 8. Prediction for 1.4 GHz count, where the two dashed lines show
There are a number of factors which contribute to the uniceyta the uncertainty inA from Table 2. The vertical dotted lines indice®gin
in our values irk andA. As well as the error in the mean of the dis- ~ @"dSmax
tributionk; = ril’b, (o/+/m), there is also the error in the original
15 GHz source count: i.e. fordg 2.15+ 0.06 the error in the pref- 16406
actor @ at 15 GHz) at the centre of the data~s5%. Combining
these gives the uncertaintiesArshown in Table 5.

These are theninimum estimates for the uncertainties. The er- 100000 - I . e e OB T 1
rors hardest to quantify in our source count predictionsriithe N . SCH156He
assumption that the spectral index distribution is indelpet of %

flux density. We have seen from Table 2 and Figure 3 that we can- 10000
not detect a dependence within our current sample. Similerl
Tables 3 and 4, the differences in tKevalues for sources with
Sis < 43 mJy and those witB;5 > 43 mJy are not significant
given the intrinsic errors. However, with only 6 sourceswahb00
mJy, our distributions ok may be skewed towards values I6f 100 - “X\ ]
more appropriate to the lower rather than the higher flux idens b
ties. Also, it is possible for sources outside our selectexi dien- h
sity range at 15 GHz, with a different spectral index disttiibn, to 10
contribute to the predicted counts at another frequeney @ithin
our estimated range &in to Snax for that frequency (see section
11 for further discussion). 1 ‘ :
We need to investigate how far the assumption of the indepen-
dence of spectral index and flux density is a useful approxima
for our present work. One way of testing our procedure has bee
to apply it to our data for 1.4 and 4.8 GHz, since we alreadyehav
measurements of the source counts at these frequenciesditier
surveys (see section 8).
We can also gain some insight into the reliability of our
method by comparing our predicted counts for 22 and 43 GHz wit

1000 F N E

n(s) (Jy‘lsr‘l)

S (y)

Figure 9. Prediction for 4.8 GHz count, where the two dashed lines show
the uncertainty inA from Table 2. The vertical dotted lines indica®gin
andSmax

8 LOWER FREQUENCY COUNTS

the incomplete counts derived directly from the samplen &gure Figure 8 shows a plot comparing our predicted count at 1.4 GHz
7. Here we show the two types of error on each data point: oae is with a count from the NVSS survey (Condon et al. 1998). We have
systematic error due to the uncertainty in deriving the darapea used 1.4 GHz data from the areas of our original 9C surveysfield

from a fit to the known 15 GHz count (see section 2) and the other as in Waldram et al. 2003. It can be seen that our predictem li
is the usual random Poisson error. We see that the prediotedsc significantly below the data points in the range of flux dgneiter
are close to the direct counts at the higher flux densitiesease which we might expect it to be valid. We estimate that an axipro

at the lower flux densities there is a marked fall-off in theedi mate fit to the data, keeping the count exponent 2tl5, is given
counts. This is as expected, since the original sample wagplete by a value ofA of ~ 480, as compared with the predicted value of
to only 25 mJy. We have calculated the valuesSatbove which 2744 30. This is not surprising because we already know that the

we might expect the direct counts to be complete, assumixan  assumption of the independence of spectral index and flusityen
treme rising spectral indexx%% or a‘l‘g, of —1. These are 36 mJy  does not hold over wide ranges of frequency and flux density, a
for 22 GHz and 71 mJy for 43 GHz, and we see they are consistentcan be seen, for example, in the 1.4 to 15 GHz spectral index di
with these plots. tributions in Waldram et al. 2003 and Waldram & Pooley 2004. |
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Figure 7. The predicted counts for 22 and 43 GHz compared with the ipbete counts derived directly from the sample. The two dadines correspond
to the uncertainty irA from Table 2. The pairs of data points indicate the uncegtdimthe area (111 to 145 d&gand the error bars are the Poisson errors.
For clarity we have artificially separated the points wittiie pairs so that they are slightly above and below the gooreding value ofs. The vertical dotted
lines show the values &above which the direct counts are expected to be complete.

the latter paper we show that the percentage of invertedrsipec
sources, With}ﬁ < 0, increases with increasing flux density: we
find that for three samples —i.e. 5t0 25 mJy, 25 to 100 mJy, 1830 m
and above — the percentages are 10, 20 and 33 respectivelyt In
current sample the percentage is also 20. This would sugfogstst
below the completeness limit of our sample there is a souspe
lation with a higher proportion of steep spectrum sourceksthase
are consequently contributing an extra component to thatcaiu
1.4 GHz.

We have also compared our 4.8 GHz prediction with the count
from the Green Bank survey, using the data in Gregory et 86,19
as illustrated in Figure 9. This corresponds to a frequeatip of
only ~ 3, rather thanv 10, and we can see that there is agreement
within the errors over a flux density range of approximatell76
to 1.25 Jy. At lower flux densities our predicted count is tow |
and at higher flux densities too high, which is consistenhilie
trend in spectral index found for 1.4 GHz.

9 HIGHER FREQUENCY COUNTS

At frequencies above 15 GHz the only data available with Wixic
compare the predictions are those at 31 GHz from DASI (Kovac e
al. 2002) and CBI (Mason et al. 2003) and at 33 GHz from the VSA
(Cleary et al. 2005). Other source count data from ATCA (Rétc

al. 2004) or WMAP (Bennett et al, 2003), for example, lie ags
the relevant flux density range. Figure 10 shows the compan$é
our predicted count with the measured counts from DASI antd CB
and with data from the VSA.

From DASI, over the range 0.1 to 10 Jy, we have taken

dN/dSsy = (32 7)(Sgp /Jy)215£0203y 1511

and from CBI, over the range 0.005 to 0.05 Jy,

N(> S31) = (2.8+£0.7)(S31/10mJy) ~10deg2

or

dN/dSz; = (92+23)(Sz1/dy)20dy1sr 1.

The VSA count, over the range 0.02 to 0.114 Jy, is fitted by
dN/dSz3 = (21+4.5)(Sg3/Jy) 2343y tsrt

this prediction
VSA data +—e—
CBl ——

DASI

100000

10000 | L :

n(s) @y tsry)

1000

100 L
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S (Jy)
Figure 10. Predicted 30 GHz count with VSA data and the measured CBI
and DASI counts. The two dashed lines show the uncertain# from
Table 2. The vertical dotted lines indicagin, and Snax.

We see from Figure 10 that f&> 0.1 Jy our prediction is consis-
tent with the DASI count and fd8 < 0.1 Jy it is consistent with the
VSA data, but it lies somewhat below the CBI count in the range
S<0.05 Jy.

Although no further direct data are available, we can compar
our measured 9C count and our empirically predicted higreer f
guency counts with those from the models of de Zotti et al05}0
these plots are shown in Figure 11. Here the de Zotti modpte+e
sent the sum of the contributions from the three main extaatja
source populations: FSRQs (flat spectrum radio quasars).a8k
(BL Lacertae type objects) and steep-spectrum radio ssuilde
contributions from other types of extragalactic sourceytaon
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Figure 11. Comparisons of our predictions, and also the known 9C 15 Ghintg with the de Zotti models. The two dashed lines show tleerainty in
A from Table 2. For 70 and 90 GHz these correspond to extrapolaf type (b), but the error limits for extrapolation of 8$(a) and (c) are also included
(shown dotted). The vertical dotted lines indic&g, andSnax and the vertical arrow marks the valueSf
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are assumed to be negligible over the relevant ranges in @ox d

provides a typical distribution of spectral indices andoselly, that

sity. We see that there is good agreement between our conits a this distribution is independent of flux density.

the de Zotti models over the appropri&gi, to Snmax range for the
frequencies 15, 20 and 30 GHz, but for 40, 70 and 90 GHz, al-

We consider first the reliability of our spectral index maasu
ments. Since sources at these radio frequencies can benektre

though there is good agreement over the lower part of theetang  yariable (see paper 3) it was essential to make our follovelp

below our upper ‘completeness’ valGg there is an increasing di-
vergence at the higher flux densities, the models lying Sagmitly
above our counts.

In Figure 12 we have repeated the comparison of our 43 GHz
prediction with the de Zotti model, but here we have incluttesl

servations simultaneously and the fact that we were abl® teod

is an important element in our method. However, it has méwaif t

at any one time, the VLA measurements were made with the same
configuration of the telescope for all frequencies, leading wide
variation in the size of the synthesized beam across thedrezy

separate model components from FSRQs, BL Lacs and steep specrange (see paper 1). Although we used integrated flux dessiti

trum sources. Taking appropriate tabulated values froméhéotti
counts, we have made the following calculations. At a flux-den
sity of 316 mJy, a value close to tl8ax of 330 mJy, our count
is only 65+ 6 % of the de Zotti 40 GHz total count. At this point
the de Zotti model is dominated by the contribution from FSRQ
which amounts to 83 % of the total. It is apparent that our empi
cal approach is predicting significantly fewer flat spectaources
than the de Zotti model in this higher flux density range.

However, as we have seen, our 15 GHz sample contains few

sources above 100 mJy and so our predicted count at anogler fr
guency is less reliable in the ran@e to Snax It is possible that
with increasing flux density there is a significant shift ie tpec-
tral index distribution towards flatter spectra, even ifrsadrend is
not detectable in our data.

10 PHASE CALIBRATORSFOR ALMA AT 90 GHZ

One strategy proposed for the ALMA phase calibration is t©® us
point sources with flux densities above 20 mJy at 90 GHz ang-to e
trapolate the phase solutions up to the appropriate tamgguéncy
(see, for example, Holdaway & Owen, 2005). It is thereforpdm
tant to investigate whether there will be a sufficient dgnsitsuch
sources available at this frequency. Holdaway & Owen havelde
oped a simple parametrized model of the source populatiath, a

using observed 8.4 GHz and 90 GHz fluxes, estimated the source

counts as a function of frequency. They have estimated atcoun
of about 1800 point sources per steradian brighter than 30anJ
90 GHz.

As far as our own 90 GHz prediction is concerned, our esti-

all frequencies, it is possible that some flux of the more reckel
sources has been ‘resolved out’ at the higher frequen@ssiting
in a bias towards steeper spectra.

To investigate the effect this might have on our predictioves
divided the sample into two groups, those sources whichappe
point-like at all frequencies (73) and those which were Iresbat
one or more frequencies (37). For each of the frequencien@2 a
43 GHz, we further divided the groups into ‘FS’ or flat spentru
sources@; < 0.5) and ‘SS’ or steep spectrum source${> 0.5).

Our results are shown in Table 6. We see that at both fregee e
mean valuek; for the resolved SS sources is lower than the value
for the point SS sources and that at 43 GHz the differenceaappe
to be marginally significant. Of course, we cannot tell wieethis
means that the spectra of the resolved SS sources are ggnuine
steeper, which is quite possible, or whether we are actuailbg-

ing flux from over-resolution. We can, however, assign thamhe
value of the point SS sources to each of the resolved SS syurce
and calculate a test value Kf for the whole sample for compari-
son with theK value used in our predictions. We find (see Table 6)
that these do not differ significantly, meaning that, evemdfwere
losing flux of some of the extended sources, the error isyliteebe
small.

This conclusion is corroborated by the fact that the predict
counts at 30 GHz, calculated by interpolating the sourcetspe
between 22 and 43 GHz, are in good agreement with experiment.

We have seen from section 3 that our second main assumption,
that the spectral index distribution is independent of flexsity,
leads to a form of the predicted count with the same exponest b
at 15 GHz but a different pre-facté: Any variation in the spectral

mate of the number of sources in the range 20 to 200 mJy (whereindex distribution with flux density can be envisaged as Itig

200 mJy is the value @nay) is 940+ 220 sr1. However, not all of

these sources will be of a sufficiently small angular sizeute as
calibrators. At 15 GHz we should expect about half the sautce
be less than 0.1 arcsec in angular diameter (see paper @ytlaod

90 GHz it is likely to be a somewhat higher fraction. Our estien
is thus equivalent to approximately one such source in ey

7 square degrees in this flux density range.

If this is correct (though it may well be an underestimate), i
suggests that suitable phase calibrator sources for ALM# bea
as much as twice as far from the target source as has beenassum
hitherto, meaning that either longer slews or longer orr@®inte-
grations will be required to achieve good phase solutionsvévyer,
given the very high sensitivity of ALMA, this is not anticifed to
affect significantly the observing efficiency.

11 DISCUSSION

As we have seen, our empirical method of predicting the sourc
counts depends on two main assumptions: first, that our sampl

in a dependence & on flux density, equivalent to curvature in the
logarithmic count.

We have already emphasized earlier in the paper that our data
are sparse at the higher flux densities. Thus, although we hav
shown that, within our sample, spectral index and flux dgregi:
pear to be independent, we cannot assume that this contioues
hold above a 15 GHz flux density ef 100 mJy. We have, though,
been able to assemble from a wider area a small un-biassqdesam
of 16 sources (including 5 from the original sample) with 15
flux densities in the range 102 to 784 mJy and simultaneolsfol
up observations at 15, 22 and 43 GHz. We find that they all have
spectral indicesxgg in the range 0.1 to 1.1, indicating a possible
flattening of the spectra compared with the values showngn Fi
ure 4. A calculation of the value ok at 43 GHz from these 16
sources gived\ = 27+ 2, as compared with 22 2 in Table 5,
corresponding to a count at 316 mJy of #9 % of the de Zotti
40 GHz total count, as compared with the®66 % quoted in sec-
tion 9. There is thus some evidence for an increase in the\aflu
A and consequently for closer agreement with the de Zottiipred
tion; however, given the error estimates, it is scarcelychgive.
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Figure 12. Comparison of our 43 GHz prediction with the de Zotti modebwsing the separate model components from FSRQs, BL Lacstarg spectrum
sources. The two dashed lines show the uncertaingyfiom Table 2. The vertical dotted lines indicégi, andSnax and the vertical arrow marks the value

of &.

Table 6. Table showing the results of our tests for the effect of gedias in the spectral index distributions. ‘FS’ denotasgpectrum sources{g < 0.5)
and 'SS’ denotes steep spectrum sourcgg £ 0.5).

Frequency point sources resolved sources K K
GHz no.of FS no.of SS mednforSS no.of FS no.of SS meénfor SS test value value used
22.0 40 33 6+ 0.02 10 27 0624+0.03 081+0.02 080+0.02
43.0 27 46 B0+0.02 4 33 023+0.02 046+0.03 044+0.04

It is clear that more data at these higher flux densities wbeld and above, although there is agreement at the lower flux tiEs)si
required to detect any significant change in the slope of thetc our counts diverge progressively from those of de Zottiattigher
values, in that our predictions imply significantly fewert f&pec-
trum sources. However, our data are sparse above a 15 GHz flux
density of~ 100 mJy and we cannot rule out the possibility that
12 CONCLUSIONS with increasing flux density there is a significant shift ie Spec-
tral index distribution towards flatter spectra, althoubis tis not
detected with any certainty in our measurements.

The forthcoming wide-area survey with the Australia tele-
scope (AT20G) should provide definitive source counts in the
higher flux density range at a frequency of 20 GHz. Our own work
can be seen as complementary in that it is applicable to sbatew
lower flux densities and higher frequencies.

We have shown thatitis possible to use our multi-frequeatig/-

up observations of a sample of sources from the 9C survey at
15 GHz to make some empirical estimates of the source counts
at higher radio frequencies. These predictions are impria
spite of the necessary limitations of our method, since asqmt
there are few direct observations at these frequenciesd@ar al-
though indirect, have two particular advantages: the nreasents

for any one source were made simultaneously, thereby agpidi
problems with variability which can be extreme in some cases
and they also extended over a wide range of frequency, mgchi

as high as 43 GHz. We find our results to be consistent with the ACKNOWLEDGMENTS

known counts at 30 GHz and in good agreement with the models of We are grateful to the staff of our observatory for the operat
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