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Abstract. We determine the positions of twelve radio sources 0
in the frame of the Carlsberg Automatic Meridian Circle catz |
alogue using observations based solely on CCD images. T;i]ea

precision per frame is 50 mas and most sources have 5 or m;E”)re
frames thus the accuracy of these positions is solely limited By
the error in the reference stars. 508
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With the advent of high precision VLBI radio observations the o.obi v i N ol U000
reference frame defined by radio sources has become progres=® ~ °% % O by S0 0 el

sively more precise than the best optically defined one. Being , _ o , o
based on extragalactic sources with assumed zero proper ﬁ{g._l.Convolunon of nominal CCD sensitivity and filter transmission
tions this is the best observational realization one can havef%fthe OATO system.

an inertial system. The tying of the optical stellar frame to this

system is required for the study of galactic and stellar king- |nstrument and observations

matics and consequential effort has gone into doing this. This ) )
is especially true with the release of the Hipparcos missidihe 1.05m REOSC telescope of the Torino Observatory is a

data which defines a rigid frame at the 0.1-0.2 milliarcsel@ng focus (9.942 m) large plate scale (20rim) reflecting
ond (mas) level but is instrumental and linking it to an inefélescope with a parabolic primary and a flat secondary. The
tial system requires both zero point and rotation paramet&@in abgrratlon on'thls telescope is coma.and .thIS aberration
(Lindegren and Kovalevsky 1995). to a radius of~6.5 is smaller than the seeing disc (Pannun-
Here we present our determination of extragalactic radip 1979); therefore the astrometrically usable field of view is
source positions, for brevity we shall call these QSOs, in t@@out 13. Observations are made using 206 x 1152 pixel
system of the Carlsberg Automatic Meridian Circle catalogifeEV CCD05-30 with a per pixel scale of 0.4and a field
(CAMC9 1997). The CAMC is based on meridian circle obseff view of 10" x 9’. All observations are carried out through a
vations and for the last 5 years there has been a joint cAmMBessel (1979) realisation of a Cousins I filter. We observe in this
Torino QSO program to observe stars close to selected stggd to reduce the effects of refraction and because the nominal
(Chiumiento et al. 1991). Originally it was intended to use @/antum efficiency of the system is greatest. Fig. 1 shows the
combination of photographic plates to find the QSO positioﬁgnvolutlon of the nominal CCD sensitivity and transmission of
and for the majority of the program this is still the case; howevdhe 4 standard fllter§, the solid Ilne. is our default combination.
for the subset discussed here we found that the required obserAll the observations were carried out over the 2 year pe-
vations could be carried out more precisely and easily usifi§d beginning December 1994. For 5 of the targets we have
CCD images. extensive data as these were included as calibration targets in
We discuss the choice of targets, observations, reducti®§ OATO parallax program. From an examination of these 5

methods and the comparison of our results with the radio det&gets our precision per frame is 50 mas in each coordinate
minations. at the magnitude of the QSO, i.e. 16-18 in |, and better at the

magnitude of the CAMC stars. As the average catalogue error
Send offprint requests tesmart@to.astro.it of a CAMC star is 90 mas we can see that the use of 3 frames
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Table 1.Sources with atleast 4 CAMC stars in@ x 9’ field. Positions ~ **°F ]
are for J2000; O =classification A=other, L=BL Lac, Q=Quasar ang ®'5F- =
*=used to tie Hipparcos frame to ICRF; X= Structure in X band; $ ,,,F a E
= Structure in S band; |=Categorization of sources in IERS 24 foi,r E Ai
defining the ICRF where D=defining source, C=candidate source and->>F AL AD By AD A AA&;A& A% E
O=other source. 0.00E b e St SRE 3

10 12 14 16 18

Source  « é (0] X S |

0111+021 011343.1450 +022217.316 A* C 020f ]
0138-097 014125.8321 —092843.673 L 2 1 D , 0.15F E
0607-157 0609 40.9495 —154240.672 Q c z F E
0736+017 073918.0339 +013704.618 Q ce '8 A LA E
0859-140 090216.8309 —141530.875 Q C ®oosfE AA =
1040+123 1042 44.6052 +120331.264 Q D ooof 82% 2 ma s° NS W A% ]

10 12 14 16 18

1127-145 113007.0526 —144927.388 Q 4 2 C
1302-102 130533.0150 —103319.428 Q* C
1510-089 151250.5329 —090559.829 Q 3 1 O Fig.2.Centroiding testfor LHS 254. The sigmas are from the residuals

1821+107 182402.8553 +104423.774 Q 3 1 Cof20consecutive 300 second frames taken of this target over the period
2128-123 213135.2617 —120704.796 Q* 3 2 O ofanight. One pixel equals 0.47 arcseconds.
2155-152 2158 06.2819 —150109.327 L 0]

Instrumental Magnitude

per target will make the contribution of the random error in thghows an example of such a sequence for the field around
CCD position negligible £ 10%). Photometry was found for LHS254. Here we took 20 frames of 300 s exposure with the
all fields and will be published in a future paper. same center and have plotted the sigma of the stellar position
about the mean position after suitable linear transformations.
Using this technique with different fields on different nights we
can test the effect of crowding, varying sky conditions and dif-
This telescope and CCD combination is mainly dedicated to tiggent exposure times. The sequences which covered the longest
Torino Observatory Parallax Program but the determination lodur angle were used to calibrate differential color refraction.
QSO positions has been incorporated into this program as béghwe are only comparing centroiding procedures any refrac-
targets in the parallax program, calibration fields and optiort&n, focal plane distortions and changing conditions within a
targets during the midnight hours when parallax observatiogigen night divide out. The calculated sigma is a worse case
are of less value. scenario of the true centroiding error.

We choose those QSOs which have at least 4 CAMC stars From Fig. 2, which used the ROBIN package, for the major-
within the limits of the CCD from our original CAMC-Torino ity of stars the sigma is 0.02 pixels (=10 mas), this is typical for
program. The original program has 74 QSOs mainly from tiilee sequences examined from reasonable nights. Note that the
list proposed by the Working Group of IAU Commission 24nagnitude range covered in this test, 6, is approximately equal
(Argue et al. 1984). In Table 1 we list the QSOs chosen alotgthe largest difference between the target QSOs and brightest
with their position (J2000) and classification taken from th@AMC in their field, the worse case is in the field 1821+107
Commission 24 list. We have also included the structure valugbere the difference is 6.3 magnitudes. As the exposure times
as given in IERS Technical note 23 (Ma and Feissel 1997), wittere calculated to maximize the QSO counts without saturating
a range of 1-4 with the higher numbers indicating the mo$te CAMC stars, the results of this test are particularly applica-
structure and that the radio position maybe unsure. ble.

All the profile fitting methods in DAOPHOT Il were tried:
penny, lorentz, moffatl moffat2 and gaussian. For centroiding,
the gaussian consistently produced the best results except on
The fundamental quantity in this project is the position of thieames with bad guiding which are of poor quality anyway. The
objects in the frame of the CCD. Hence, we carried out a nutireory behind the gaussian fit of DAOPHOT and that of ROBIN
ber of experiments to find the centroiding method and softwasenot much different. DAOPHOT allows an extra level of pa-
package most suitable for our CCD/telescope/site combinati@meterization in that the fit includes a correction between the
to determine this quantity. Two packages were tested: ROBtdlculated PSF and the observed PSF in the form of a lookup
(Lanteri 1990), an in-house suite of routines that fits a twéable. However, DAOPHOT applies weights which are inversely
dimensional Gaussian to the stellar profile providing centroigsoportional to the radial distance of the pixel from the centroid
and magnitudes, and the IRAF implementation of DAOPHQOTf the star. This makes perfect sense when the aim is to get
Il (Stetson 1987). photometry, i.e. photon counting, but is opposite to that for cen-

For testing we took sequences consisting of between 5 aralding where one wishes to weight the parts of the image with
45 frames for 5 different fields on 10 different nights. Fig. the largest gradient, i.e. the wings. Stetson (private communica-

3. Choice of targets

4. Centroiding routines and weights
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Table 2.Expected refraction effects: V,V-1 of the QSO, mean V-l of thé. Reductions

CAMC reference stars and the differential effect of refraction based on .
the results of Monet et al. (1992) with the difference of the QSO VAor each sequence of frames we used a linear model to com-

and mean V-L. bine the frames in the x,y coordinates weighting each star by
the inverse of its flux. For each object we then derived a mean

Source \Y (V1) <V-I>camc Diff Ref mas position and standard deviation about that position. Note that in
0111+021 15.84 1.128 1.032 033 the calculation of mean x,y positions we ignore the effects of
0736+017 16.96 1.064 0.941 -0.43 proper motion over the 2 year period. Apart from being negli-
0859-140 16.64 0.372 1.073 2.22 gible compared to the catalogue errors, this will only affect the

1040+123 17.72 0.406 0.899 1.59 candidates covered for the whole period and most were covered
1302-102 14.80 0.385 0.905 1.67 for just a few close nights. When the CAMC catalogue contains

proper motion we propagate the coordinates of the star to the
epoch corresponding to the mean position.

We have between 4-7 CAMC stars per field, hence we are
tion) also indicated that the weights are used to make the fitlawsited to a linear model to relate the measured positions to stan-
deterministic and robust as possible. We found that increasifeyd coordinates. A comparison of several frames around the
the fitting radius parameter, thus weighting quite a large porti@Q@80O 2201+315 with the same region taken with the US Naval
of the star, improved the centroid found but only to the poi@CD Astrograph (UCA) telescope indicated that the systematic
that it was equal to that found by the default ROBIN paraméifferences between the two systems were less than 20 mas.
ters. The magnitudes found by DAOPHOT are more precise Biiese differences are probably due to filter and environment
a small amount (0.004). effects and even at this level they are negligible compared to the

Using ROBIN we have the ability to apply different weightexpected random errors of 50-70 mas in our final positions. A
to the individual pixels. We tried weighting by possion noise (thegector plot of the differences showed no systematic pattern and
correct theoretical weight if we assume possion statistics), &y the positions of the QSOs on the CCD vary depending on the
counts per pixel, by the distance from the nominal stellar centeAMC star positions, distortions will manifest themselves as
as done in DAOPHOT, and by the inverse of the distance framndom errors in the final comparison to the AU positions.
the stellar center to give more weight to the wings. These tests The parameters to find the QSO position were then found by
were not conclusive, there is no clearly best weighting systexdjusting the mean x,y positions of the CAMC stars to the stan-
for this data and on average a weight of 1 (i.e. equal weightigrd coordinates derived from their equatorial positions and the
gave as good a precision as any other. There is one caveatnesinal CCD center. The formal errors were derived from the
give zero weight to any pixels where the counts are more th&ithhorn and Williams (1963) formulation which includes both
95% the nominal non-linearity limit of the CCD. measuring errors, being the standard deviations of the observa-

tions, and catalogue errors. The error in the standard coordinate
£ is given by:
5. Refraction effects , 5eT g™ Qs 0 %
The positions measured on the CCD are subject to refractiGs. (E fa ) ( o7 Qaa> (gi)
The majority of the refraction effect is removed by the linear : . : .
adjustment to the unrefracted CAMC star positions. There rvé'b Erelxx, Qaa are the covariance matrices in the coordinates
mains a small correction caused by the different colors of tﬁgd the para meters. We expect these formal errors to be good
. . fepresentations of the true errors because of the methods used
reference stars and the QSO. In Fig. 1 we show that our f||{erp

+ CCD combination is centered at 780nm where the effects 8fcalculate the constituent parts. The final accuracy of the QSO

refraction are very small. Additionally, the refraction due to dif? osition depends on the deviations of the CAMC catalogue with

) ) . . ) i internal
ferent colors will change sign depending on which side of tﬁgSpECt to an absolute frame and, of lesser importance, interna

meridian the observations were taken; hence, if observationsStQFStematIC errors.
- ’ ! : he errors of CAMC star positions measured on our CCD
spaced around the meridian, the systematic effects of refractjon : . .
X . ; : rames average to 16 masin each coordinate while the QSO mea-
will cancel out in the averaging of the different frames. .
! : .suring errors average to 56 mas. Note that the average CAMC
In Table 2 we estimate the maximum expected refraction : oo . :
. easuring error is slightly higher than expected from a consid-
from a comparison of the color of the QSO and the mean co 0rration of Fig. 2 because of the effect of proper motion and the
of the CAMC stars. This was calculated using the method 9. prop

. . : act that the frames were taken on different nights in different
scribed in Monet et al. (1992), Eq. 5. We use a redder filter aggcnditions. The errors of the catalogue positions of the CAMC

therefore the estimates below will be maximum values for the S
. . . . ge from 65 to 169 mas and average 92 and 104 mas in right
differential refraction caused by the difference betweenthe Q ) s .
ascension and declination respectively.

and the mean reference star.col_ors: Even given that QSO'’s h.ave-.l_he variance of the QSO can be approximated by:
non-stellar spectral energy distributions, the expected refraction
should not differ much from these estimates. From this we cap o2 o2 o2,.\/3

cen atm

say that the effect of differential refraction is negligible. 7= vnf  vnf = /Ne
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Table 3.Mean measured positions for the reference stars and the QS@kle 4.Mean measured positions for the reference stars and the QSOs

along with their standard deviations for the multiple frames. along with their standard deviations for the multiple frames.
Source X" Y"” o,mas o, mas Source X" Y"” o,mas o, mas
01114021 258.5981 401.6677 23.1 50.1 1127-145 279.1428 383.2995 60.1 44.6
801213 63.1819 430.2085 16.6 17.3 308311 134.3400 374.5925 6.9 12.4
801212 104.3597 226.2650 17.7 17.1 809110 2448721 199.9105 13.7 15.7
801211 143.8002 360.9065 20.9 30.1 708332 259.2697 248.0410 17.4 18.9
801210 152.2190 389.3769 10.2 11.2 809108 411.9979 125.9845 13.1 15.4
400530 453.1046 103.8800 6.8 13.6 809107 412.1507 306.0790 11.3 14.6
700663  522.0657 514.7444 4.1 4.0 1302-102 208.4288 368.7628 52.0 85.0
0138-097 392.8946 251.8044 85.0 9.4 309435 75.0593 557.7482 1.0 2.0
600864 22.7319 16.8393 59 2.6 911435 128.5918 326.3926 27.1 42.6
600863 82.5587 426.1119 6.6 6.9 606039 198.4728 465.9208 21.4 40.0
600862 143.1493 89.9936 7.5 5.3 809902 288.8087 456.4915 14.8 25.9
600860 224.4903 537.2835 6.7 6.1 710173 402.0290 35.0840 21.3 35.5
400714 427.0030 264.5661 3.6 5.0 710172 411.8065 502.9817 28.6 18.5
0607—-157 433.4368 295.1488 72.2 48.1 1510-089 258.0566 120.7119 85.7 32.8
805857 49.1010 460.6548 42.6 32.8 712686 97.5025 76.0452 21.6 14.9
503787 219.3504 205.2747 9.2 6.5 508734 109.3036 475.2932 14.0 18.0
703645 232.0429 401.5408 38.8 23.3 508730 215.0939 256.8449 26.6 24.0
304410 354.6476 530.3917 14.4 8.3 712685 240.3539 156.6092 28.3 16.1
805852 366.5371 210.3733 30.1 20.9 811023 321.7208 159.0998 16.5 9.4
304409 521.6892 51.6798 4.7 2.2 811022 351.4978 82.9947 29.2 20.1
0736+017 400.3833 392.9005 42.8 41.0 1821+107 354.7077 202.5236 25.2 46.7
806915 14.7598 232.0905 5.8 9.5 716749 45.6764 343.0018 22.1 20.7
704841 107.7273 467.3431 8.3 10.8 412666 92.0456 86.1835 36.2 32.9
806909 244.3670 528.1818 10.4 10.5 716745 184.7299 401.9434 14.5 22.7
704838 383.8981 143.7336 3.0 2.7 716744 226.3988 500.2328 8.1 14.0
0859-140 209.1980 231.0961 30.6 22.5 716743 288.6464 186.3147 19.7 27.1
604110 37.4356 20.2759 9.2 10.8 609099 416.5470 252.9131 12.4 43.0
604106 433.6721 176.8248 2.8 4.0 2128-123 356.7286 295.5004 34.0 53.0
405570 482.9585 543.4010 3.6 9.3 719928 88.0379 479.9251 7.7 14.6
505119 500.0718 417.1207 4.9 8.1 719927 135.0248 529.3423 9.5 14.3
1040+123 203.7373 364.5137  139.7 39.7 719926 291.8740  118.3552 11.8 24.7
808743 93.3704 265.2539 21.0 10.9 815584  434.8614  -1.3544 74.4 83.2
604769 95.7326 392.9413 10.9 35 719922 510.1703 84.1082 21.9 33.5
707580 258.9660 68.2080 14.4 4.1 2155-152 263.4384 196.5594 24.6 150.6
604767 267.8001 362.0370 3.4 1.6 515083 41.7020 323.9822 4.1 12.0
815997 193.1693 16.7645 1.8 7.3
414981 231.0394 512.2858 18.9 21.2
where the first term is the error due to centroiding, the secongy 5073 404.0926 559.2691 71 9.0

is due to the fact that our frames were taken in different atmo720315  424.7956 164.8724 21.8 34.2

spheric conditions and the final term is an approximation of the

propagation of the catalogue error into the position via the 3

plate parameters. We have assumed that the non-random errordable 5 lists the number of | frames used, the number of
due to atmospheric effects from different frames are uncorfeAMC stars in that field, the right ascension and declination
lated. Since the catalogue errors do notimprove with the numi@ynd from the reduction along with the internal dispersion from
of frames and the other errors do, after 4 frames the measurifg frames used, the difference of our value from that of the IAU
error becomes negligible and the precision of the QSO positiaf list and finally the V magnitude.

is dominated by the catalogue errors of the CAMC stars.

8. Discussion

7. Results . . L
In general the errors and differences in declination are worse

In Tables 3 and 4 we list the mean x,y positions in arcsecoritian those in right ascension, this reflects the lower accuracy of
and the corresponding standard deviations in milliarcseconttee CAMC in that coordinate. The formal errors have contribu-

This information is sufficient for a complete re-reduction shoulibns from the position of the QSO with respect to the reference
the catalogue positions of the CAMC stars improve. stars, the errors of the CAMC positions, the centroiding errors
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Table 5.Positional results: Nc = number of CAMC stars in field, Nf = number of frames use@d;ight ascension and declination, cos 4,05
= formal errors from Eichhorn and Williams (1963) formulatidy, cos §,As = the IAU 24 list position minus this position.

Source N. Ny RA, o o04cosd* Agcosd” Dec, os" As" m(v)
01114021 6 25 011343.1528 0.049 -0.119 022217.418 0.054 -0.101 16.3
0138-097 5 5 0141258274 0.063 0.069 -092843.095 0.079 -0.578 16.6
0607-157 6 5 06 09 40.9607 0.048 -0.160 -154240.830 0.059 0.159 185
0736+017 4 15 073918.0372 0.067 -0.051 013704.765 0.077 -0.146 165
0859-140 4 4 0902 16.8287 0.058 0.032 -141530.956 0.071 0.082 16.6
1040+123 4 9 1042 44.6023 0.049 0.042 120331.414 0.053 -0.150 17.3
1127-145 5 18 11 3007.0559 0.082 -0.047 -144927.314 0.100 -0.073 16.9
1302-102 6 20 1305 33.0225 0.038 -0.111 -103319.483 0.046 0.056 15.2
1510-089 6 30 151250.5301 0.053 0.041 -090559.913 0.059 0.085 16.5
1821+107 6 30 182402.8617 0.049 -0.096 104423.833 0.061 -0.059 17.3
2128-123 5 9 2131 35.2655 0.072 -0.055 -120704.624 0.089 -0.172 16.1
2155-152 5 7 215806.2768 0.049 0.075 -150109.365 0.061 0.038 194

so and the geometry of the QSO with respect to the CAMC stars
is reasonable, see Fig. 3. A search of the literature indicates that
. this source is not noted for variability or structure. We are forced
. o to conclude that this difference is either due to a large systematic
. o . error in the CAMC in that region or a difference of the optical
EEEZES B o and radio position.
L ity L . 0607-157is close to a star of approximately the same magni-
' tude at position 6:9:41.1,-15:42:42.8. In fact many of the images
of this field could not be used because the seeing was such that
. the image of the star and the QSO blended. This contaminates
the centroiding and the difference is consistent with a “pull” of
iag,‘qq the QSO image center towards the star.

1040+123is faint, being 5.5 magnitudes fainter than the bright-

est CAMC star which is also faint, hence we had to manually

. locate this QSO as it was outside the range of the object find-

o £ ' - ing defaults. Considering this, it appears that the formal error is
gt underestimated.

e K 1302-102 has higher than average errors in the CAMC stars,
. ~and the range of the brightest CAMC star to the QSO is very
o large (5.6 magnitudes) which means the signal to noise of the
ERESG 4 _ QSO is low. Again, perhaps the formal error here is an under-
IS ' estimate and the difference found is not significant.
In conclusion, we have found the positions in the frame de-
Fig. 3. Field of 0138-097 showing the relative positions and magnifine( by the CAMC catalogue of 12 QSOs limited only by the
tudes of the CAMC stars and the QSO. precision of the CAMC stars. This is the first part of the full
Torino project which will cover 74 QSOs with equivalent preci-

(especially in cases where the QSO to the brightest CAMC sBion. We expect the_refore to eventually be able to determine the
magnitude difference is large), the contribution of refractidfgrameters of the tie from the CAMC system to the extragalac-

which is dependent on declination and the contamination of g frame using solely Torino observations. The CAMC system

measured positions by nearby stars. The differences betw88f Peen brought onto the Hipparcos system using the overlap

the radio and our position are only dependent on the refractifjh these results (CAMCS 1997). Therefore, apart from high-

and orientation effects; but these should be small and therefli@8ting discrepant sources, these positions can be used to tie
any differences that are greater tha@ times the formal error the optical frame to the ICRF. The current tie is dominated by

of the optical position we consider significant inconsistencie& Small number of radio stars (Kovalevsky et al. 1997), and the

. . L . ptical determination of extragalactic sources can be used to
0138-097has a difference in declination of 7 times the formagonfirm and densify this link

error. An examination of the reference stars indicates that this

field has both below average measurement and catalogue erm@¢gaowledgementsThe authors are grateful to Drs Eichhorn and
While the x measurement error is quite high, it is not especialiacharias for their comments and to Dr Mignard for a critical refer-
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