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Abstract. We present new flux densities in the range 0.7 cm
< X < 21 cm for the radio sources in the calibrator list of Baars
et al. (1977). Most of these sources show significant variability
on the time scale of a decade, with the notable exception of
3C286 and 3C295. We use these sources to link our relative
measurements to the absolute scale of Baars et al.; for the other
sources we present updated spectra. We assess the suitability of
the individual sources for use as flux density calibrators.
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1. Introduction

The standard radio flux density scale is realized in a two-step
process: first, the absolute flux density of a few primary cali-
brators is determined with an antenna whose efficiency can be
calculated from first principles. Afterwards, a set of secondary
calibrators is established by comparison with the primary stan-
dards. These calibrators should be strong, unresolved by the tele-
scopes under consideration, non-variable, and distributed over
the whole sky. Flux density measurements of arbitrary sources
then can be referred to this set of secondary calibrators.

The absolute spectrum of Cas A and other primary standards
was measured during the 1960’s (e.g. Findlay 1966; Kellermann
et al. 1969). The list of secondary calibrators with spectra based
on the absolute spectrum of Cas A published by Baars et al.
(1977; hereafter BGPW) has been widely used during the last
15 years.

However, several authors have pointed out deficiencies of
the BGPW list (e.g. Turegano & Klein 1980, 3.5 cm; Moiseev
& Nesterov 1985, 1.3 and 0.8 cm; Riley 1988, 73 cm; Ivanov
& Stankevich 1989). Some of the problems encountered at
short wavelengths are probably due to extrapolations of the
source spectra in BGPW, which were based on measurements at
A > 2.0 cm. Another problem is variability of the sources in the
BGPW list on the time scale of years to decades. For instance,
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the flux density ratio of 3C48 and NGC7027 at A =2.8 cm has
been observed to differ by up to 11% from the value given by
BGPW. Other sources in the BGPW list have been extensively
studied with VLBI and have been found to show flux density-
as well as structural variability (e.g. 3C147; see discussion be-
low). Both inadequate extrapolation and variability lead to in-
ternal inconsistencies of the flux densities in the calibrator list.
These inconsistencies can lead not only to errors in absolute
flux densities and measured source spectra, but also to spuri-
ous “variability” of the target sources, if the measurements at
different epochs cannot be referred to the same calibrator.

To improve the situation and reduce the internal inconsisten-
cies, we made new measurements of the sources in the BGPW
list between 1989 and 1992. 17 sources were observed at A =
21, 11, 6, 2.8, 1.3, 0.9 and 0.7 cm with the 100 m telescope of
the Max-Planck-Institut fiir Radioastronomie, Bonn. Sections 2
and 3 describe the observations and data reduction. In Sect.4
the flux density ratios of 3C286 and 3C295 are discussed; it is
argued that both sources have not shown any measurable vari-
ability in the past 20 years. We then use the spectrum of 3C295
to link our results to the scale of BGPW. This leads to an updated
internally consistent set of secondary calibrators, which is con-
nected to the absolute flux density scale through the spectrum
of 3C295 determined by BGPW.

2. Observations

The measurements were made with the 100 m telescope of the
Max-Planck-Institut fiir Radioastronomie at Bonn, using differ-
ent types of correlation receivers; the output of the left hand
circularly polarized channel was taken whenever possible. Ta-
ble 1 lists the wavelengths, exact frequencies and band widths,
half power beam widths (HPBW), numbers of feeds, and mean
system temperatures. At 1.3 cm alinearly polarized double-horn
system was used in August 1989, but afterwards only a circu-
larly polarized total power receiver was available.

For pointlike and slightly extended sources the telescope
pointing offset was determined by an initial cross-scan through
the nominal source position. A second cross-scan through the
corrected position was then used to measure the flux density.
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Table 1. Receivers at the 100 m telescope used for this work. The
bandwidth Av is given in col. 3

A v Av eHPBW feeds Tsys
[cm] [MHz] K]
21 1408 20 9.4’ 1 45
11 2695 80 44 1 80
6| 4750 500 25 2 60
2.8 | 10550 300 68" | 24 50

1.3 | 23780  50-250 41" 2 30-60

1.3 | 22256  50-200 41" 1 30-60
0.9 | 32000 ~ 1000 28" 3 450
0.7 | 43200 500 22" 1 300

Table 2. Log of the observations

A v date Julian date
[cm] | [MHz] 244...
21 1408 10 Feb 90 7933
12 Feb 90 7935
11 2695 | 257Jan90 7917
06 Oct90 8171
6 4750 14 Mar 90 7965
2.8 10550 | 02 Jan90 7894
06 Jan 90 7898
22256 | 22 May90 8034
16 Jul 90 8089
1.3 13 Nov 90 8209
14 May 91 8391
17 May 91 8394
12 Nov 91 8573
23780 | 08 Aug89 7752
0.9 32000 | 11 Aug91 8480
25 Jun90 8068
0.7 | 43200 | 05 Sep91 8505
05 Apr91 8352
14 May 92 8757

This procedure allowed us to correct for residual pointing offsets
and therefore gives the most accurate results for strong sources,
where thermal noise is not dominant. Each scan consisted of four
or six subscans in elevation, followed by the same number of
subscans in azimuth. Scanning in elevation and azimuth rather
than right ascension and declination ensures that identical slices
through the telescope beam pattern are used for all sources.
Maps of the resolved sources were made by scanning a field
centered on the source in rows separated by HPBW/2.

The sources were generally observed at elevations > 30°.
A telescope gain curve (including atmospheric attenuation) was
determined for each session from measurements of one source
between 20° and 70° elevation. We observed mainly at night to
get stable gains and a stable pointing.

Table 2 gives a summary of the observations, and Table 3
shows the source list, including the adopted average spatial ex-
tensions and references. For size correction factors see Sect. 3.
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Table 3. Sources and their average extensions

) class  adopted exten. ref.
sources | | 7 x 1]

0134+329 3C48 QSO | 15 x 1.5 | BEJ
0223+617 W3(OH) HII 2 x 6 D
0433+296 3C123 GAL | 23 x 5| CM
0538+498 3C147 QSO 1 X 1 A
0624—058 3C161 GAL 3 x 3 B
0915—-119 3C218 GAL | 47 x 15 | 2,BI
0945+077 3C227 GAL | 200 x 50 1,B
1100+772 3C249.1 QSO 15 x 15 2,F
1228+127 3C274 VirA | GAL | 150 to 250 1,2
1328+307 3C286 QSO | 15 x 1.5 K
1409+524 3C295 GAL 5 x 1 L
1458+717 3C309.1 QSO | 15 x 1.5 H,K
1648+051 3C348 GAL | 170 x 25 1
1717—-009 3C353 GAL | 210 x 60 1
1957+406 3C405 CygA | GAL | 170 x 45 1
2037+422 DR21 HII 20 X 20 1
2105+420 NGC7027 PN 7 x 10 G

Classification:
QSO quasar GAL radio galaxy

PN planetary nebula HII H(I) Region
References for extensions:

maps with 100m telescope

deconvolution of cross-scans (100m telescope)
Alef et al. 1990

Baars et al. 1977 (BGPW)

Branson et al. 1972

Guilloteau et al. 1985

Klein & Stelzried 1976

Leahy et al. 1989

Masson 1989

Pearson et al. 1985

Taylor et al. 1990

Turegano & Klein 1980

Van Breugel et al. 1984

Wegner & Quirrenbach (VLA, priv. comm.)
Riley & Pooley 1978

ErRa—~ZTQmmuaw > o —

3. Data reduction
3.1. Cross-scans

In the first step of the data reduction, each subscan was exam-
ined, and those affected by interference or instrumental prob-
lems were deleted. Gaussians were fitted to individual subscans,
and the fits for all subscans in a scanning direction (azimuth or
elevation) were averaged. The peak values of the Gaussian fits
were corrected for pointing offsets in both directions. After-
wards, the results of the two scanning directions were averaged.
A telescope gain curve was determined for each observing run
and applied to the data. In some cases, the data on the strongly
polarized source 3C286 had to be corrected for a slight direc-
tional dependence of telescope and receiver feed to the intrinsic
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Fig. 1. Ratio of the flux densities of 3C286 to 3C295 compared to the
value given by BGPW; deviation in percent

polarization of the source. The results of the individual scans
on each source were then averaged for each epoch.

To correct for spatial extensions, we determined the HPBW
of the telescope using the mean HPBW of the Gaussian fits to
the point sources. The correction factor depends on the bright-
ness distribution of the source. In case of a Gaussian brightness
profile it is given by

C2 =1+ (¢s/dp)1 +(85/65)], )

which results from the convolution of two Gaussians. Here S
and B denote source and beam, and ¢ and 6 the two axes of the
elliptical Gaussian (azimuth and elevation).

For a disk-like distribution the correction factor is

Ca=[(1 —e™)/2?] ™" with z = (41n2)"/> % R/Ouppw  (2)

(Ulich & Haas 1976; Ulich et al. 1980), where R is the angu-
lar radius of the disk (geometric mean of the axes) and fyppw
the beam width of the telescope. Equation2 was applied to
NGC7027, while Eq.1 was applied to all other sources. For
practical use we calculated mean correction factors to account
for cross scans in varying directions across the sources. Dent
(1972) derives a special correction factor for DR21. Within the
errors, our correction factors are consistent with those of Dent.
The size correction factors Cy and Cg are listed in Table 4.

Finally, as discussed in Sect.4, our relative values were
linked via scale factors to the absolute flux density scale us-
ing the BGPW spectrum of 3C295 (21 to 1.3 cm). For this
purpose, the spectrum for 3C295 had to be extrapolated to
1.3cm (see Table 6 in BGPW). The derived value of 0.84 Jy
at 23780 MHz is consistent with the value of 0.56+0.11 Jy de-
termined by Geldzahler & Witzel (1981) at 31.4 GHz and our
value at 32 GHz. The flux densities at 7 mm were taken from
Krichbaum et al. (1993), who calibrated with measurements of
planets. The 9 mm data were scaled using NGC7027. Its flux
density at 9 mm was determined from a fit to its thermal spec-
trum at 2.8, 1.3 and 0.7 cm (see Tables 4 and 6).
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Table 4. Results; Columns are explained in Sec. 4.2.; “scale” in the
rightmost column denotes that the flux density value was used for
fixing the absolute scale at this frequency.

| source l v D | S AS | N | Cqg | diff.
MHz] | 244.. Uyl Uyl aCy | %)
1408 79330 | 1627 008 25 | 1.000 425
3048 2695 8171 949 005 | 18 | 1.000 430
4750 7965 512 003 | 2 1.000 +4.0
01344329 10550 | 78942 | 265 001 | 4 1.001 +6.3
23780 | 7152 L1 002 | 3 1.001 +7.8
W3(OH) 23780 | 7152 317 003 |5 1010 =
02234617 | 4300 | 83523 | 372 o006 | 15 | 103 —
1408 79330 | 4747 024 | 7 1.001 —20
3C123 2695 8171 2762 014 | 6 1.003 —30
4750 7965 1656 008 | 3 1.009 —41
04334296 10550 | 7894) | 727 004 | 5 1.042 —97
23780 | 7752 32 009 | 1 L111 —95
1408 79330 | 2186 o1 4 1.000 —22
3C147 2695 8171 1304 007 | 9 1.000 —42
4750 7965 792 004 | 12 | 1000 —53
0538+498 1050 | 78942 | 368 002 | 5 1.000 —45
23780 | 7152 170 o002 | 2 1.001 +1.7
3Cl61 1408 79330 1858  0.09 7 1.000 —20
2695 8171 113 006 | s 1.000 —27
0624—058 | 4750 7965 675 003 | 3 1.000 —28
10550 | 78949 | 294 002 | 4 1.002 —63
3C218 1408 79330 [ 4265 o1 7 1.004 —04
2695 8171 219 012 | 6 1017 —22
0915—119 | 4750 7965 1365 007 | 3 1.053 —-36
10550 | 78942 | 653 004 | 4 1.245 —47
3C227 1408 933D [ 761 004 [ 7 | 1o | 460
09454077 2695 8171 439 002 | 8 1.208 +46
4750 7965 296 010 | 1 M +12.7
3C249.1 1408 79330 | 228 00t | 6 1.001 —15
11004772 2695 8171 133 00t | 4 1.003 —s.1
4750 7965 082 o0t | 2 1010 +1.0
1408 7933 2030 60 1 ™M 46
3C274 2695 79179 | 1217 21 2 |™m —03
12284127 | 4750 7965 713 20 1 M 429
10550 | 7898 402 16 1 M +6.0

3.2. Error estimate for the cross-scans

It is straightforward to compute the uncertainties of the average
relative flux densities: the error of the flux density of each scan
results from the uncertainties in the Gaussian fits to the subscans
and an error from the application of the gain curve. The mean
value for each source at any epoch is given by the weighted
average of individual scans; its error can therefore be calculated
using standard error propagation formulae.

To get the final errors, the size correction factor and the
scaling factor must be taken into account. The error in the size
correction factor (Cy, eq. 1; Cy, eq. 2) is of order of a few per-
cent; it results from uncertainties in the shape and extension of
the source, and in the HPBW of the antenna. The errors in source
extensions were estimated from maps in the literature (see Ta-
ble 3) and range from 1” to 20”. For the error of the HPBW, a
value of 2" was used.

The measured flux densities can be affected by confus-
ing sources within the beam. The rms confusion for the 100m
antenna is estimated as 0.03Jy at 1408 MHz, or 0.005]Jy at
2695MHz and is negligible at higher frequencies. We have
not added these confusion errors to the errors of measurement
quoted in Tables 4 and 6.

To link our results to an absolute scale, we calculated scal-
ing factors to the spectrum of 3C295 in BGPW (cf. Table 5 in
BGPW). The formal errors of these factors contain the uncer-
tainty of our data and that from BGPW for 3C295. No errors are
available for the relative flux densities listed by BGPW; as an
approximation we apply the errors of our own measurements in-
stead. The final errors listed in Table 4 were obtained by adding
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Table 4. (continued)

| source v 1D S AS N Cg | diff. l
[MHz] | 244.. | Uy Uyl oaCy | %
1408 79330 1468 007 6 1.000 —08
3C286 2695 8171 1052 005 8 1.000 00
4750 7965 7.60 004 2 1.000 408
13284307 10550 | 78942 | 44s 002 15 | t1o01 402
256 | 80349 | 238 002 10 | o0t —65
32000 | 8480 204 007 5 1.003 -
43200 | 8352 1.86 02 3 1.005 —
1408 793D | 2222 on 7 1.000 scale
3C295 2695 8171 1224 006 13 | 1000 -
4750 7965 6.74 003 2 1.000
1409+524 10550 | 78942 | 258 001 1 | 1002
22256 | 80349 | 092 0.01 2 | 1005
23780 | 7752 084 001 35 | 1005 scale
32000 | 8480 0.57 003 3 1011 —
1408 79330 | 748 004 5 1.000 —
3C309.1 2695 8171 47 002 6 1.000 —
4150 7965 320 002 3 1.000 -
14584718 10550 | 7894) | 182 001 6 1.001 —
22256 | 80347 | 100 002 7 1.001 —
23780 | 7752 096 001 5 1.001 —
32000 | 8480 0.76 015 1 1.004 —
3C348 1408 793D | 4673 023 8 1.029 +45
2695 8171 2337 029 3 1126 434
16484051 4150 7965 1341 040 1 M +53
10550 | 7898 483 020 1 M —102
3C353 1408 79330 | 5625 028 5 1.056 —14
2695 8171 3426 024 1 1244 —22
1717-009 | 4750 7965 2349 075 1 M +6.0
10550 | 7898 1071 040 1 M —30
CygA 7750 7965 34 120 1 M Y
1957+406 10550 | 7898 1157 40 1 M +19.2
2695 3171 1499 007 3 1.005 =
4750 7965 1907 080 1 M —
DR21 7965 1900 010 2 1018 —
20374422 1050 | 78942 | 2002 008 5 1.087 —40
22256 | 8089 1704 069 1 1238 —105
1408 7933 134 001 9 1.000 BV
7935 137 001 6 1.000 +08
NGC7027 2695 8171 362 002 21 | 1000 434
4750 7965 547 003 s 1.001 ~0.0
2105+420 10550 | 7894 6.13 004 4 1005 —48
7898 6.10 005 2 1005 —53
22256 | 8209 5.64 01l 3 1015 38
8391 5.39 005 2 1015 —80
8573 570 008 2 1015 —27
23780 | 7752 539 004 29 | 1015 —92
32000 | 8480 523 019 s 1031 scale
43200 | 8086 520 081 1 1.043 —
8352 539 040 8 1051 -
8505 495 032 12 | 1051 —
8757 5.12 028 9 1.051 —

1) average of epoch 2447933 and 2447935.

2) average of epoch 2447894 and 2447898.

3) average of epoch 2448352 and 2448575.

4) average of epoch 2447917 and 2448171,

5) average of epoch 2448034, 2448089 and 2448209.

6) average of epoch 2448034, 2448089, 2448209, 2448394, and 2448573,
7) average of epoch 2448034, 2448089, and 2448391,

quadratically the errors associated with the flux density mea-
surements, the correction factors, and the scaling procedure. In
several cases the statistical errors are below 0.5 percent; in these
cases we give errors of 0.5%.

3.3. Maps

For the (more than marginally) resolved sources maps were
made and reduced with the standard software of the MPIfR.
The integral of the flux density in each map was calculated and
calibrated with maps of the point source 3C286 obtained in the
same way. Flux densities derived from maps are denoted by "M’
in Table 4.

The flux density errors resulting from maps are composed
of those due to the integration method, polarization (in the case
of 3C286 at 2.8 cm) and the gain curve of the telescope. The
inaccuracy of the integral method was estimated by varying
parameters during data processing. It lies in the range of 2% to
4%; the errors associated with gain and polarization corrections
are considerably smaller (~ 1% and < 1%, respectively). The
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conversion to the absolute scale was treated in the same way as
for the unresolved and the marginally resolved sources.

4. The updated calibrator list
4.1. Non-variable sources

To investigate the variability of the sources in our list, we have
calculated the ratios of flux densities (S /Sy) for all source pairs
x,y. These ratios then were compared to those from BGPW:

Q= (82/Sy) e / (S2/Sy)ggpw> P=@Q—1)%100 , (3)

i.e. P denotes the percentage change of the ratio compared
to the BGPW value. We find that within the range 2.8 cm
< X < 2lcm, the flux density ratios of 3C286 and 3C295
have remained constant to within 2% (see Fig. 1).

The radio galaxy 3C295 shows two lobes of almost equal
brightness at a separation of 4”. The lobes have diameters of
order 5 kpc each (Laing 1981; Baum et al. 1988). A VLA-map
(2cm, A configuration) by Baum et al. (1988) shows evidence
for core emission at the level of about 0.4% of the total flux
density at 2cm (1.6 Jy). Therefor the flux density of 3C295 is
expected to be constant to within 1% for hundreds to thousands
of years. The quasar 3C286 shows the flattest synchrotron spec-
trum (a?y = —0.65; S, oc v*®) of all extragalactic sources in
our list. Its polarization in the range of 21 to 1.3 cm is about
11% (cf. BGPW; Aliakberov et al. 1985).

Itis very unlikely that these two sources should have under-
gone large flux density variations which contrive to give con-
stant ratios of S3cags/S3c29s. This argument, together with the
one above, based on the structure of 3C295, leads us to conclude
that neither 3C295 nor 3C286 have varied by more than ~ 1%
since 1976 (for 2.8 cm < A < 21 cm). Therefore these sources
can be used to link our relative flux density measurements to
the absolute scale of BGPW.

From Fig.1 we estimate that the internal calibration er-
ror for our new consistent list is ~ 2% in the range 2.8 cm
< A < 21 cm. The absolute scale of BGPW was estimated to
be accurate to ~ 5% by the authors.

The situation is more complicated at 1.3 cm. As listed in
Table 4, the flux density of 3C286, compared to that of 3C295,
appears to be 6.5% lower at this wavelength than expected from
BGPW. The BGPW values at 1.3 cm for either source might
simply be off by a few percent, since they are based on extrap-
olations of the source spectra. Alternatively, one of the sources
(more likely 3C286 because of its higher compactness) might
have varied at high frequencies. For 3C286 there is some indi-
cation for a core component becoming visible in the spectrum
below A <1 mm. In any case, the uncertainty of the absolute
flux density scale at 1.3 cm is probably about 10%.

4.2. Results and discussion of individual sources

In Table 4 we present our final results (Cols. 4 and 5). The listed
mean flux densities were obtained from weighted averages of
the values from the individual epochs. These values contain the
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Table 5. New spectral fits for calibrator sources

log S{Jy] = a+ bxlogv[MHz] + c* logzu [MHz]
source range [MHz]
from to a b c
3C48 1408 23780 | 2.465 | —0.004 | —0.1251
3C123 1408 23780 | 2.525 | +0.246 | —0.1638
3C147 1408 23780 | 2.806 | -0.140 | —0.1031
3C161 1408 10550 | 1.250 | +0.726 | —0.2286
3C218 1408 10550 | 4.729 | —1.025 | +0.0130
3C227 1408 4750 | 6.757 | —2.801 | +0.2969
3C249.1 1408 4750 | 2.537 | —0.565 | —0.0404
VirA 1408 10550 | 4.484 | —0.603 | —0.0280
3C286 1408 43200 | 0.956 | +0.584 | —0.1644
3C295 1408 32000 | 1.490 | +0.756 | —0.2545
3C309.1 1408 32000 | 2.617 | —0.437 | —0.0373
3C348 1408 10550 | 3.852 | —0.361 | —0.1053
3C353 1408 10550 | 3.148 | —0.157 | —0.0911
CygA 4750 10550 | 8.360 | —1.565 —
NGC7027 | 10550 43200 | 1.322 | —0.134 —
NGC7027 flux densities reduced to epoch JD = 2448171.
Fit to points at 2.8, 1.3 and 0.7 cm.
DR21 Complexity of spectrum allows no overall fit.

size correction factors given in Col. 7 (Cy or Cg). AnM in Col. 7
denotes that the source was mapped. Col. 6 lists the number of
scans, and Col. 8 shows the percentage difference P of the flux
densities compared to the values listed by BGPW. Fig.2 and 3
show the spectra. Second order polynomials in log S were fitted
to the data points as a function of log v. The coefficients of these
fits are presented in Table 5.

The values listed in Table 4 suggest significant variability
of several sources. However, most of the differences compared
to BGPW lie within ~5%. In most cases we believe that we
have more accurate results than BGPW. When the observations
of BGPW were carried out (around 1975), source extensions
were not known as well as today. Extensions were often derived
from deconvolution, since high resolution maps were not avail-
able. Additionally, BGPW compiled flux densities from older
measurements; the inhomogenity of their data set makes an as-
sessment of the errors of individual values extremely difficult.
In particular, BGPW may have underestimated the uncertain-
ties at 2.8 cm, which might be as large as 10% for data obtained
in the early seventies. Nevertheless, our results seem to show
tendencies of spectral changes in some cases. We discuss the
sources in the following:

The quasar 3C48 appears to have become brighter, espe-
cially at shorter wavelengths. The differences with respect to
the BGPW flux densities are 2.5% at 21 cm, and 8% at 1.3 cm.
These changes are consistent with activity in the core (Wilkin-
son et al. 1990).
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The quasar 3C147 appears to be fainter by 2-5% between
21 and 2.8 cm. At 1.3 cm there seems to be a strong increase
in brightness (7-8%), which could be explained as follows: (a)
the extrapolated BGPW value underestimated the 1.3 cm flux
density, or (b) areal increase at high frequencies may origin from
the ejection of anew VLBI component. VLBI observations show
apparent superluminal motion of 1.3¢ on the milliarcsecond
scale (Hp =100 km s~! Mpc~!; gop =0.5) and an increase of
2.5% in the core flux density at 5 GHz between epochs 1981.3
to 1984.8 (Alef et al. 1990). Simon et al. (1983) observed an
increase in flux density from 0.9 Jy in 1975 to 2.0 Jy in 1981 at
329 MHz and explain it by structural variability. The use of 3C48
or 3C147 as calibrators requires frequent checks with 3C286 or
3C295, if accuracies better than ~ 5% are desired.

The radio galaxies 3C123, 3C161 and 3C218 show lower
flux densities than given by BGPW at all frequencies. The appar-
ent fading of these sources might partly be due to an overcorrec-
tion for the extension by BGPW. For 3C123, the difference sums
up to 9% at 2.8 cm. The value at 1.3 cm is rather uncertain, as it
results from only one scan measured with the linearly polarized
system. BGPW give a polarization of 2% for this source. Our
results for 3C161 and 3C218 between 21 and 6 cm lie within the
error range of BGPW, but are more accurate. However, a study
of 3C161 by Andrew et al. (1978) shows variations of ~ 10% at
2.8cm and 4.5 cm (1966 to 1973, accuracy 5%). These sources
are acceptable as calibrators, but their flux densities should oc-
casionally be checked against 3C286 and 3C295, if accuracies
better than ~ 5% are desired.

The radio galaxy 3C274 (Vir A) was mapped at A =21, 11,
6 and 2.8 cm. Within the error range of BGPW, the results show
a tendency towards a flatter spectrum which could be due to
core activity. The increase of flux density for the radio galaxy
3C227 could likewise be explained by an active nucleus. For the
spectra of the radio galaxies 3C348 and 3C353 we get some-
what stronger spectral curvatures than BGPW. Because of their
spatial extensions, the flux densities of these four sources are
difficult to measure with the 100 m telescope, and they are cer-
tainly not usable as calibrators with this instrument. On the other
hand, they are good secondary standards for smaller telescopes
because of their strength, if an accuracy of ~ 5% is sufficient.

The quasar 3C249.1 has been used as a calibrator mainly
because of its high declination (6 = 77°). However, its spec-
trum appears to be flatter than expected from BGPW. The
source is comparatively weak which may have induced addi-
tional errors in earlier data. We have tried to use the quasar
3C309.1 (1458+71, a3%=-0.7) to calibrate the observations of
high-declination sources instead, but on time scales of several
years theissource is known to vary (Klein and Stelzried 1976;
Andrew et al. 1978). Comparing our flux density at 2.8 cm to
that of Kiihr et al. (1981), we find a decrease of 7%. This de-
crease could be traced back to variations in the flat spectrum
core (ag = —0.4; Van Breugel et al. 1984). Both 3C249.1 and
3C309.1 can be used for calibration, provided their flux densities
are checked from time to time.

The planetary nebula NGC 7027, because of its brightness
at short wavelengths, is an important calibrator. However, it
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shows a pronounced decrease in its flux density at short wave-
lengths (A < 6.cm) and a possible increase in the flux densities
at wavelengths longer than 6cm. It was tried to account for
these changes using a model of an expanding planetary nebula
which involves an ellipsoidal shell (Masson 1989) of thickness
Ar/r =0.342, an axial ratio of 2.6, an inclination of the major
axis to the line of sight of 30 degrees and an electron tem-
perature in the shell of 14500 K. A model was fitted to both the
BGPW data and the present data, keeping the geometry constant
(Pauliny-Toth, priv. comm.). In doing this, we have reduced the
present spectrum of NGC 7027 to a mean epoch JD=2448171
(Oct. 6th, 1990, or 1990.77). To calculate the annual change
of its flux densities, we adopted the epoch JD=2442873 (Apr. 4,
1976, or 1976.26) for the values given by BGPW. In Table 6, we

list the averaged flux densities (from Table 4) reduced to epoch
JD=2448171, together with their annual changes. The annual
changes derived from fits of the above model to the BGPW and
the present data are of the same order as the values listed in
Table 6 with an exception: at 21 cm where the model results in
an annual increase of flux density of 0.7 percent. Fig. 3a shows
the spectrum obtained from the data quoted in Table 4, and
Fig. 3b shows the reduced spectrum obtained from Table 6. At
frequencies above 10 GHz, a simple power law can be used to
represent the spectrum of NGC 7027. Its parameters (Table 5,
obtained from flux densities at 2.8, 1.3 and 0.7 cm) were used
to calculate the flux density at 0.9cm, and used to scale the
measurements of other sources at this wavelength.
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Two HII regions in the galactic plane are frequently used
as calibrators, namely W3(OH) and DR21. However, for both
sources, accurate measurements are made difficult due to confu-
sion by several surrounding features at longer wavelengths and
internal structure resolved at shorter wavelengths. For W3(OH)
we only could determine flux densities at 1.3 and 0.7 cm. Our
measurements of DR21 seem to indicate a slightly lower flux
density at short wavelengths than given by BGPW. The results
at 0.9 and 0.7 cm are consistent with values expected from a
thermal spectrum, but the size correction factor at the 100m
telescope is too large for giving reliable results.

Crane (1991) observed NGC7027 along with 3C48, 3C147
and 3C286 at 22460.1 MHz with the VLA in December 1989.
The flux density ratios of 3C286, NGC7027 and 3C147 agree
with our ratios within the errors. The ratios for 3C48 differ by
at least 30, however. This is consistent with our conclusion that
core variability is important at high frequencies in 3C48.

M. Ott et al.: An updated list of radio flux density calibrators

Table 6. NGC7027; average flux densities reduced to epoch JD=
2448171 (Oct 9, 1990). Size correction cf. Table 4.

v S AS N | annual
[MHz] | [yl [yl change [%]
1408 | 134 001 15[ £0.0
2695 | 3.62 0.02 21 | +0.24
4750 | 547 003 5 | £00
10550 | 6.10 0.03 6 | —0.36
22256 | 553 003 7 | —05
23780 | 536 0.04 29 | —0.5
32000 | 525 0.19 5 | —0.6
43200 | 5.13 006 30| —06

5. Conclusion

The calibrator list of Baars et al. (1977, BGPW) has been the
widely accepted standard for flux density calibration during the
last fifteen years. However, considerably higher accuracies for
relative flux densities are easily obtained with modern instru-
ments. We have made new measurements of the BGPW sources
to reduce the internal inconsistencies in this set of secondary
calibrators. Our assessment of individual calibrators, based on
new relative flux density measurements in the range 0.9 cm
< X < 21cm can be summarized as follows:

— 3C295 and 3C286 have not shown variability in excess of
~ 1% during the last decades. At least for 3C295, a very
low degree of variability is also expected on morphological
grounds. This suggests the use of these sources as the main
standards for single dish telescopes. 3C286 is also compact
enough to serve as an interferometer standard. The only
caveat is its high degree of polarization.

— NGC7027 is a suitable calibrator, especially at high frequen-
cies, if the source size at short wavelengths and the secular
changes of its spectrum are taken into account.

— 3C48, 3C123, 3C147, 3C161, 3C249.1, and 3C309.1, are
also suitable as flux density calibrators. However, some of
these sources show variability on the order of a few percent.
Their flux densities should be compared regularly to 3C295
and 3C286. These sources are almost pointlike; they can be
used as calibrators at a 100 m telescope.

- 3C218,3C227, 3C274, 3C348, 3C353, and DR21 are more
extended, and our measurements are somewhat less reliable
than for the less extended sources. There are indications of
variability at the level of 5 to 10%.

— The accuracy of the absolute flux density scale has been
estimated by BGPW to be of the order 5% in the range
2cm < A < 70 cm. It is probably about 10% at 1.3 cm, and
possibly somewhat worse at 0.9 and 0.7 cm.
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