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What kind of covariances do we expect 
between astrometric parameters?

How should we use the covariances?

How can this be done efficiently?

?
?

?



Covariance calculations for Gaia astrometry Berry Holl
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Covariance calculations for Gaia astrometry Berry Holl
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h m s ±° % & mag deg deg mas mas/ yr mas mas mas/ yr %
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

1 00 00 00.22 + 01 05 20.4 9.10 H 0.000 911 85 + 01.089 013 32 3.54 – 5.20 – 1.88 1.32 0.74 1.39 1.36 0.81 + 32 – 7 – 11 – 24 + 9 – 1 + 10 – 1 + 1 + 34 0 0.74
2 00 00 00.91 – 19 29 55.8 9.27 G 0.003 797 37 – 19.498 837 45 + 21.90 181.21 – 0.93 1.28 0.70 3.10 1.74 0.92 + 12 – 14 – 24 – 29 + 1 + 21 – 2 – 19 – 28 + 14 2 1.45
3 00 00 01.20 + 38 51 33.4 6.61 G 0.005 007 95 + 38.859 286 08 2.81 5.24 – 2.91 0.53 0.40 0.63 0.57 0.47 + 6 + 9 + 4 + 43 – 1 – 6 + 3 + 24 + 7 + 21 0 – 0.45
4 00 00 02.01 – 51 53 36.8 8.06 H 0.008 381 70 – 51.893 546 12 7.75 62.85 0.16 0.53 0.59 0.97 0.65 0.65 – 22 – 9 – 3 + 24 + 20 + 8 + 18 + 8 – 31 – 18 0 – 1.46
5 00 00 02.39 – 40 35 28.4 8.55 H 0.009 965 34 – 40.591 224 40 2.87 2.53 9.07 0.64 0.61 1.11 0.67 0.74 + 10 + 24 + 6 + 26 – 10 + 20 – 16 – 30 – 19 + 6 0 – 1.24

6 00 00 04.35 + 03 56 47.4 12.31 G 0.018 141 44 + 03.946 488 93 18.80 226.29 – 12.84 4.03 2.18 4.99 6.15 3.20 + 35 – 1 + 3 – 11 – 2 + 47 – 2 + 3 + 31 + 35 4 2.95
7 00 00 05.41 + 20 02 11.8 9.64 G 0.022 548 91 + 20.036 602 16 17.74 – 208.12 – 200.79 1.01 0.79 1.30 1.13 0.82 + 32 + 8 – 2 – 4 + 12 + 6 + 11 + 0 + 16 + 43 0 0.21
8 00 00 06.55 + 25 53 11.3 9.05 3 H 0.027 291 60 + 25.886 474 45 5.17 19.09 – 5.66 1.70 0.93 1.95 1.54 0.88 + 27 – 66 – 36 – 38 – 12 + 36 – 21 – 24 + 32 + 18 0 0.98
9 00 00 08.48 + 36 35 09.4 8.59 H 0.035 341 89 + 36.585 937 77 4.81 – 6.30 8.42 0.86 0.55 0.99 1.02 0.65 + 3 + 16 – 1 + 0 + 7 – 2 + 8 + 4 + 10 + 13 3 – 1.26

10 00 00 08.70 – 50 52 01.5 8.59 H 0.036 253 09 – 50.867 073 60 10.76 42.23 40.02 0.77 0.73 1.10 0.98 0.82 – 13 – 24 + 11 + 1 – 7 + 6 + 0 – 18 – 22 – 13 0 0.82

11 00 00 08.95 + 46 56 24.0 7.34 H 0.037 296 95 + 46.940 001 54 4.29 11.09 – 2.02 0.52 0.51 0.84 0.53 0.54 + 9 + 20 + 31 – 30 + 0 – 11 + 6 + 21 + 26 + 5 0 – 0.23
12 00 00 09.82 – 35 57 36.8 8.43 H 0.040 917 56 – 35.960 224 82 4.06 – 5.99 – 0.10 0.81 0.58 1.16 1.02 0.72 + 13 – 9 – 17 – 36 + 0 + 16 – 1 – 41 + 29 + 2 2 0.76
13 00 00 10.00 – 22 35 40.9 8.80 H 0.041 679 70 – 22.594 680 60 3.49 8.45 – 10.07 1.21 0.67 1.48 1.44 0.59 + 15 + 23 + 24 + 9 + 9 + 24 – 5 – 37 – 4 – 10 0 – 0.46
14 00 00 11.59 – 00 21 37.5 7.25 G 0.048 271 89 – 00.360 421 19 5.11 61.75 – 11.67 0.88 0.54 0.99 1.12 0.59 + 34 + 1 – 21 + 23 – 3 + 11 + 1 – 24 + 27 + 40 0 – 0.31
15 00 00 12.07 + 50 47 28.2 8.60 H 0.050 308 90 + 50.791 173 84 2.45 13.88 5.47 0.66 0.70 1.16 0.78 0.70 – 27 + 8 + 27 + 22 + 5 + 9 + 6 – 6 + 14 – 19 0 0.35

$16 00 00 12.34 – 54 54 50.9 11.71 G 0.051 408 52 – 54.914 128 19 0.53 257.39 – 96.63 1.49 1.67 2.63 1.81 1.95 – 27 – 7 – 13 + 2 + 3 + 4 + 5 – 8 – 9 – 22 0 0.76
$17 00 00 12.26 – 40 11 32.4 8.15 H 0.051 099 57 – 40.192 328 42 6.15 – 34.46 – 26.37 0.57 0.55 1.00 0.61 0.65 + 18 + 24 + 13 + 29 – 7 + 11 – 15 – 35 – 18 + 11 0 – 0.62

18 00 00 12.75 – 04 03 13.5 11.03 G 0.053 139 23 – 04.053 738 13 19.93 – 127.22 23.78 2.18 1.20 2.36 2.69 1.15 + 24 + 19 + 4 – 8 + 3 + 15 + 3 – 30 + 26 + 18 3 0.05
19 00 00 12.80 + 38 18 14.7 6.53 H 0.053 316 96 + 38.304 086 36 4.12 – 2.50 – 15.07 0.55 0.40 0.64 0.60 0.45 + 9 – 5 + 3 + 53 – 8 – 10 – 4 + 21 + 8 + 23 0 – 0.84
20 00 00 15.11 + 23 31 45.4 8.51 G 0.062 950 50 + 23.529 283 97 10.76 36.00 – 22.98 0.88 0.59 1.06 0.92 0.59 + 30 + 39 + 19 + 10 + 2 + 8 + 9 – 5 + 20 + 32 0 0.50

21 00 00 15.90 + 08 00 26.0 7.55 H 0.066 235 69 + 08.007 234 37 5.84 61.89 – 0.22 0.84 0.51 0.95 0.84 0.56 + 20 + 13 – 9 – 10 + 1 + 3 + 6 – 16 + 30 + 36 2 2.05
22 00 00 16.83 – 49 21 08.2 8.69 H 0.070 135 93 – 49.352 266 86 4.47 – 7.90 0.46 0.63 0.79 1.15 0.71 0.93 – 6 – 1 – 10 – 16 – 14 + 8 – 12 – 26 – 6 + 7 0 – 0.40
23 00 00 17.86 + 13 18 44.0 7.57 G 0.074 429 30 + 13.312 210 83 12.21 54.15 9.65 0.90 0.52 0.95 0.91 0.55 + 17 + 10 + 12 – 23 + 19 + 9 + 15 – 1 + 10 + 36 0 0.32
24 00 00 18.25 – 23 27 09.9 9.05 H 0.076 049 79 – 23.452 749 13 9.73 127.15 22.22 1.00 0.61 1.21 1.21 0.55 + 3 – 12 + 21 – 10 + 12 + 27 + 1 – 37 – 2 – 13 1 0.24
25 H 00 00 19.05 – 44 17 25.1 6.28 G 0.079 365 37 – 44.290 297 41 A 13.74 58.36 – 108.64 0.88 0.81 0.98 0.73 0.68 – 32 + 18 – 7 + 2 – 14 + 2 – 10 – 25 + 10 – 2 2 – 0.52

26 00 00 20.24 – 13 23 35.9 9.13 H 0.084 345 79 – 13.393 296 86 9.19 – 103.33 – 33.35 1.00 0.83 1.34 1.42 0.75 + 42 – 13 – 12 – 12 – 16 + 33 – 24 – 55 + 25 + 31 0 – 0.56
27 00 00 20.51 – 41 17 51.1 9.32 H 0.085 469 76 – 41.297 536 96 9.66 135.96 – 113.67 0.82 0.73 1.38 0.95 0.94 – 2 – 6 + 7 + 19 – 3 + 6 – 4 – 34 – 15 – 4 2 – 0.07
28 00 00 20.94 – 43 21 42.5 8.83 H 0.087 248 71 – 43.361 799 62 5.64 – 10.96 – 8.69 0.71 0.60 1.05 0.83 0.78 + 5 – 3 – 11 + 17 – 15 + 26 – 14 – 45 + 8 + 8 0 – 0.76
29 00 00 22.11 – 49 06 28.6 9.14 H 0.092 131 06 – 49.107 955 05 2.85 26.86 4.05 0.75 0.92 1.40 0.79 1.09 – 9 – 11 – 18 – 24 – 8 – 3 – 11 – 24 + 8 + 0 0 – 0.23
30 00 00 23.07 + 42 08 29.4 8.26 H 0.096 135 63 + 42.141 498 82 3.79 – 8.44 – 10.14 0.53 0.53 0.88 0.72 0.54 + 7 + 11 + 26 – 9 – 5 – 14 + 2 + 14 + 16 – 8 0 0.03

31 00 00 23.54 + 02 40 31.7 7.63 H 0.098 093 90 + 02.675 477 68 1.84 – 4.88 – 0.20 1.06 0.61 1.05 1.49 0.69 + 19 + 17 – 4 – 33 + 14 – 2 + 22 + 10 + 7 – 7 0 – 0.07
32 00 00 23.66 + 51 56 22.2 9.09 H 0.098 583 75 + 51.939 490 50 3.10 – 0.39 – 1.38 0.78 0.74 1.29 0.94 0.79 – 18 + 7 + 18 + 4 + 8 + 8 + 8 + 2 + 19 – 12 2 0.61
33 00 00 23.80 – 10 27 44.8 8.10 H 0.099 180 83 – 10.462 454 45 8.94 – 3.62 28.71 0.90 0.48 1.09 1.39 0.47 + 30 – 31 – 6 – 25 + 2 + 33 – 14 – 38 + 30 + 23 0 0.26
34 00 00 23.87 + 26 55 05.7 6.43 H 0.099 469 73 + 26.918 238 21 12.71 42.20 – 53.47 0.61 0.43 0.74 0.64 0.43 + 15 + 32 + 13 + 0 + 4 + 2 + 7 – 7 + 15 + 9 0 1.99
35 00 00 24.61 – 14 29 25.7 9.07 H 0.102 560 52 – 14.490 480 72 5.96 162.25 – 1.47 1.13 0.69 1.45 1.66 0.62 + 29 – 34 – 22 – 22 – 7 + 44 – 14 – 47 + 26 + 19 2 1.25

36 00 00 24.79 + 12 16 01.5 7.68 H 0.103 275 50 + 12.267 093 03 6.30 49.71 14.27 0.82 0.53 0.96 0.85 0.60 + 26 + 15 – 5 – 12 + 3 – 1 + 7 – 11 + 23 + 50 0 0.34
37 H 00 00 25.28 – 47 10 46.5 10.44 H 0.105 351 90 – 47.179 583 82 $ 3.74 – 6.92 7.03 3.67 2.50 2.72 2.23 2.14 + 10 – 14 – 8 – 13 – 9 + 12 – 9 – 26 + 11 – 4 2 – 0.24
38 00 00 26.65 – 79 03 42.6 8.65 H 0.111 046 94 – 79.061 831 33 23.84 162.30 – 62.40 0.64 0.68 0.78 0.74 0.64 + 10 – 4 – 14 + 5 + 9 – 5 + 7 – 4 + 3 + 13 0 – 1.56
39 00 00 26.85 – 16 41 48.9 7.46 G 0.111 861 48 – 16.696 930 20 10.98 169.72 – 32.54 0.95 0.61 1.18 1.40 0.57 + 30 – 2 – 2 – 32 – 6 + 17 – 12 – 47 + 14 + 11 2 – 0.03
$40 H 00 00 29.27 + 67 13 00.4 10.61 2 G 0.121 969 71 + 67.216 791 25 A – 3.40 – 2.99 – 3.18 3.83 3.95 4.25 4.14 3.75 – 11 – 9 + 24 – 4 + 12 + 17 + 8 – 21 + 12 – 10 7 1.79

$41 00 00 27.98 + 54 18 08.1 8.70 H 0.116 563 51 + 54.302 237 74 3.42 1.78 – 0.47 0.66 0.67 1.04 0.78 0.71 – 24 + 26 + 13 + 24 + 1 + 8 + 5 – 4 + 6 – 15 0 – 1.53
42 00 00 30.09 + 25 50 41.2 8.20 G 0.125 386 66 + 25.844 780 59 6.38 20.70 – 6.51 0.77 0.54 0.91 0.87 0.56 + 13 + 17 + 11 + 7 – 7 – 11 – 2 – 9 + 19 + 7 0 0.31
43 00 00 30.98 + 59 33 35.1 6.18 H 0.129 089 00 + 59.559 737 86 7.63 – 80.60 – 24.07 0.42 0.45 0.60 0.56 0.49 – 20 + 8 + 8 + 5 – 2 – 2 + 1 – 15 + 18 – 16 2 0.93
44 00 00 31.85 – 03 18 22.9 7.91 H 0.132 722 30 – 03.306 361 74 2.41 11.10 16.04 1.11 0.50 1.01 1.37 0.51 + 18 + 15 – 3 – 43 + 6 + 3 + 3 – 26 + 13 + 20 0 1.42
45 H 00 00 32.21 – 72 12 09.8 9.59 H 0.134 204 53 – 72.202 710 31 A 15.10 – 37.20 – 2.78 1.82 1.68 1.92 1.95 1.64 + 5 + 15 – 14 + 8 + 14 + 0 + 14 + 6 + 0 + 8 1 0.92

46 00 00 32.29 – 25 37 20.1 8.57 H 0.134 544 29 – 25.622 252 77 1.19 15.17 – 13.39 0.99 0.58 1.20 1.34 0.57 + 7 – 9 – 9 – 25 + 8 + 1 + 0 – 45 + 28 – 19 0 1.22
47 00 00 32.45 – 56 50 06.9 10.78 G 0.135 192 36 – 56.835 247 73 24.45 – 44.21 – 145.90 1.29 1.35 1.97 1.49 1.57 – 11 – 9 – 2 + 2 + 7 – 2 + 10 – 13 – 9 + 6 4 1.58
48 00 00 32.45 – 40 41 25.6 7.31 H 0.135 222 64 – 40.690 446 64 1.86 4.08 – 11.28 0.56 0.46 0.87 0.62 0.57 + 11 + 14 + 8 + 38 – 6 + 12 – 8 – 33 – 5 + 9 2 – 1.59
49 00 00 33.48 + 16 40 08.5 9.53 H 0.139 500 66 + 16.669 031 83 1.59 26.66 6.95 1.02 0.67 1.28 1.06 0.67 + 40 + 6 + 8 + 5 + 7 + 8 + 7 + 1 + 11 + 46 0 – 2.08
50 H 00 00 34.29 – 53 05 51.6 6.49 G 0.142 870 59 – 53.097 662 77 A 16.89 52.98 – 20.52 0.52 0.56 0.80 0.56 0.55 – 30 – 25 + 9 + 17 + 11 + 1 + 12 – 7 – 16 – 32 1 – 0.72

51 00 00 34.41 + 01 03 58.3 8.94 H 0.143 390 44 + 01.066 197 26 0.41 10.19 6.33 1.32 0.71 1.30 1.44 0.71 + 19 – 5 – 17 – 41 + 18 + 2 + 13 – 2 + 14 + 24 0 – 0.37
52 00 00 35.20 – 77 01 12.5 8.56 H 0.146 658 79 – 77.020 140 50 3.95 21.46 9.91 0.65 0.62 0.77 0.76 0.64 – 4 + 14 – 24 + 5 + 8 – 2 + 6 – 1 – 8 + 10 0 1.25
53 00 00 35.37 – 29 15 48.2 10.96 H 0.147 390 23 – 29.263 382 47 – 1.76 11.94 – 12.96 2.18 1.03 2.45 3.15 1.27 + 3 – 7 + 7 + 27 + 5 + 8 – 10 – 32 + 11 – 22 0 1.19
54 00 00 36.40 + 17 58 08.2 10.57 G 0.151 655 58 + 17.968 955 79 20.97 367.14 – 19.49 1.26 1.04 1.71 1.41 1.02 + 40 – 1 – 2 – 3 – 11 + 17 – 10 – 22 + 17 + 42 0 0.68
55 H 00 00 37.88 – 66 40 59.2 7.40 G 0.157 833 23 – 66.683 103 36 A 14.66 162.88 – 28.82 0.86 0.85 0.98 0.82 0.82 – 14 + 12 – 24 – 16 + 7 – 8 + 3 + 8 – 11 – 5 2 0.24

56 00 00 39.08 + 00 13 22.6 8.12 H 0.162 831 75 + 00.222 938 99 3.47 39.02 – 3.09 1.20 0.62 1.27 1.71 0.67 + 11 + 19 – 24 – 29 + 1 + 23 + 7 – 24 + 29 + 27 0 0.91
57 00 00 40.39 – 69 40 32.9 8.27 1 H 0.168 285 57 – 69.675 800 68 33.89 – 40.97 – 67.59 0.63 0.64 0.79 0.66 0.64 – 8 + 0 – 29 – 13 – 5 + 11 – 1 – 18 + 5 + 2 1 0.31
58 00 00 41.70 + 62 10 33.6 7.05 H 0.173 763 41 + 62.176 004 84 26.06 – 46.95 – 43.90 0.48 0.51 0.67 0.54 0.57 – 17 + 16 + 18 + 21 – 5 – 5 – 1 – 2 + 24 – 21 0 – 1.05
59 00 00 41.87 + 55 43 20.9 9.09 H 0.174 447 49 + 55.722 462 67 – 0.06 – 0.27 – 1.02 0.85 0.85 1.38 1.16 0.98 – 33 – 5 + 19 – 29 + 21 + 37 + 14 – 18 + 2 – 25 1 1.99
60 00 00 42.10 – 64 27 57.0 8.34 H 0.175 423 18 – 64.465 825 16 6.18 1.75 10.74 0.63 0.60 0.83 0.70 0.63 – 6 – 3 – 27 – 3 + 11 – 1 + 12 – 9 – 17 + 3 0 0.06

61 00 00 42.28 + 53 49 19.9 8.86 H 0.176 157 26 + 53.822 186 25 5.60 32.68 – 16.70 0.64 0.68 1.11 0.89 0.82 – 32 + 19 + 12 + 1 + 1 + 12 – 1 + 1 – 2 – 13 1 0.67
62 00 00 43.19 – 45 25 21.8 8.27 H 0.179 961 23 – 45.422 727 31 5.28 4.02 – 4.78 0.89 0.87 1.15 1.17 1.19 + 24 + 8 – 20 – 11 – 52 + 12 – 39 – 71 + 20 + 45 1 1.71
63 00 00 43.62 + 45 15 12.0 6.36 1 H 0.181 749 50 + 45.253 333 05 4.81 17.38 0.22 0.41 0.43 0.71 0.43 0.44 + 8 + 6 + 20 – 14 – 5 – 10 – 3 + 16 + 14 + 6 1 – 0.20
64 00 00 44.30 – 27 54 27.2 8.08 H 0.184 588 93 – 27.907 546 14 3.45 – 5.93 – 14.59 0.88 0.48 0.94 1.22 0.51 + 3 – 3 + 9 + 16 + 5 + 22 – 7 – 26 + 1 – 23 0 – 0.10
65 00 00 45.11 – 54 49 49.2 11.00 G 0.187 975 32 – 54.830 340 57 16.98 – 205.14 – 75.34 1.34 1.54 2.43 1.65 1.83 – 25 – 7 – 15 – 1 + 5 + 13 + 8 – 4 – 13 – 27 1 1.98

66 00 00 45.25 – 72 19 05.7 8.55 H 0.188 549 17 – 72.318 249 13 8.18 – 15.61 11.88 0.77 0.68 0.88 0.89 0.67 – 11 + 25 – 19 + 18 + 11 – 1 + 9 – 13 – 5 – 2 0 0.64
67 00 00 47.78 + 23 32 17.7 7.83 G 0.199 101 32 + 23.538 248 73 7.48 91.05 – 12.35 0.76 0.55 0.93 0.81 0.51 + 28 + 27 + 11 + 14 + 1 + 12 + 5 – 18 + 15 + 33 2 – 1.32
68 00 00 48.15 + 16 59 20.3 8.79 H 0.200 636 28 + 16.988 964 99 31.80 – 99.69 – 315.90 0.94 0.63 1.17 1.14 0.82 + 35 + 3 – 12 + 12 + 3 – 3 + 3 + 14 – 7 + 25 0 – 0.62
69 00 00 48.33 + 30 23 45.2 8.33 H 0.201 371 75 + 30.395 892 83 6.35 16.48 – 1.30 0.97 0.58 1.12 1.37 0.61 – 2 + 17 – 1 – 29 + 17 + 28 + 17 – 9 + 24 + 4 0 0.22
70 00 00 48.67 + 36 46 39.5 10.42 H 0.202 800 14 + 36.777 639 45 B 5.25 – 46.78 – 0.88 19.36 13.02 13.87 16.42 11.24 + 4 + 27 + 9 – 4 + 6 – 18 + 14 + 6 + 19 + 4 17 2.51

71 00 00 49.70 + 36 46 48.6 8.26 H 0.207 099 81 + 36.780 153 28 A 9.13 – 24.50 – 19.47 2.11 1.35 1.84 2.05 1.40 – 1 + 25 + 6 – 6 + 9 – 15 + 14 + 15 + 16 + 2 17 2.51
72 00 00 52.67 – 12 49 43.2 8.97 H 0.219 469 89 – 12.828 670 15 10.63 185.34 – 119.65 1.11 0.63 1.25 1.32 0.59 + 26 – 10 – 7 – 41 – 9 + 30 – 13 – 49 + 30 + 29 3 0.93
73 00 00 52.91 + 66 50 52.7 6.90 H 0.220 457 19 + 66.847 966 87 3.97 – 20.78 18.19 0.53 0.51 0.69 0.67 0.55 – 13 + 4 + 23 + 8 – 2 – 11 + 1 + 2 + 17 – 11 1 – 0.33
74 00 00 53.25 + 35 45 09.8 9.93 H 0.221 872 81 + 35.752 722 13 24.22 157.73 – 40.31 1.12 0.82 1.36 1.53 0.94 + 18 + 3 + 9 – 12 + 1 + 19 – 3 + 3 + 15 + 31 2 – 1.43
75 00 00 53.56 – 50 26 47.3 7.42 H 0.223 162 16 – 50.446 465 00 1.60 29.01 2.56 0.55 0.53 0.79 0.69 0.59 – 8 + 0 – 9 – 3 – 11 + 2 – 9 – 7 – 5 – 1 0 1.20

76 00 00 54.77 + 32 49 32.4 9.03 2 H 0.228 219 59 + 32.825 674 52 2.29 – 1.98 – 8.45 1.02 0.67 1.19 1.17 0.71 + 7 + 12 – 4 + 40 + 3 – 25 + 6 + 19 + 8 + 14 4 – 0.31
77 00 00 55.33 – 30 03 51.0 8.41 G 0.230 521 69 – 30.064 173 33 3.53 18.83 2.83 0.90 0.49 1.12 1.24 0.61 + 4 – 21 + 3 – 11 + 7 + 31 + 0 – 39 – 1 – 15 1 1.30
78 00 00 55.76 + 17 52 04.2 8.06 H 0.232 313 07 + 17.867 841 93 1.17 – 0.51 3.68 0.72 0.56 0.96 0.81 0.54 + 41 + 13 + 10 + 10 + 6 + 6 + 5 – 4 + 1 + 41 0 1.09
79 00 00 56.57 + 35 19 00.3 8.69 H 0.235 722 86 + 35.316 753 86 4.57 16.45 – 13.81 0.87 0.56 0.99 1.06 0.62 + 10 + 2 + 2 – 16 – 2 + 14 – 4 + 7 + 23 + 22 0 – 0.28
80 00 00 58.03 – 11 49 24.7 8.40 G 0.241 792 16 – 11.823 537 22 15.59 419.04 – 82.83 1.00 0.60 1.43 1.53 0.56 + 36 – 17 – 6 – 33 – 5 + 51 – 17 – 42 + 35 + 37 0 – 0.94

81 00 00 58.53 – 04 55 55.6 8.57 G 0.243 864 43 – 04.932 114 71 23.43 – 184.70 – 172.67 1.25 0.59 1.28 1.60 0.58 + 26 + 0 – 19 – 3 + 0 + 10 + 0 – 38 + 27 + 31 2 0.73
82 00 00 59.53 – 10 56 08.9 9.50 G 0.248 031 73 – 10.935 805 40 1.82 – 6.01 – 65.06 1.15 0.69 1.37 1.59 0.64 + 31 – 9 – 7 – 3 + 3 – 1 – 9 – 41 + 30 + 19 0 – 0.17
83 00 00 59.54 + 52 04 50.0 8.85 H 0.248 081 00 + 52.080 564 44 2.28 – 2.10 – 0.99 0.77 0.79 1.30 0.90 0.83 – 29 + 16 + 13 + 15 – 3 + 10 + 0 + 6 + 24 – 26 0 – 0.04
84 00 01 00.43 + 27 53 10.8 9.61 H 0.251 807 22 + 27.886 343 68 18.90 225.55 – 5.46 1.20 0.77 1.33 1.54 0.76 – 3 – 4 + 19 – 5 + 1 – 11 + 1 – 13 + 17 – 12 0 – 0.22
85 00 01 01.44 – 24 42 50.6 10.62 G 0.256 007 30 – 24.714 049 02 3.90 48.48 0.49 1.69 0.95 2.06 2.56 0.95 + 10 + 16 – 9 + 34 – 6 + 27 – 15 – 40 + 22 – 12 1 0.76

86 00 01 02.49 + 69 36 12.6 8.05 H 0.260 382 62 + 69.603 498 30 3.47 11.53 2.67 0.56 0.58 0.78 0.71 0.58 + 2 – 4 + 26 – 7 + 3 + 25 – 3 – 13 + 16 + 20 0 0.95
87 00 01 02.76 – 05 50 05.9 7.80 G 0.261 515 56 – 05.834 975 69 4.52 – 7.83 – 10.91 0.87 0.48 1.08 1.17 0.53 + 31 – 11 – 7 – 4 – 8 + 51 – 6 – 35 + 23 + 43 0 1.39
88 00 01 04.60 – 48 48 35.5 5.71 H 0.269 159 58 – 48.809 859 19 5.97 – 17.92 – 6.75 0.44 0.44 0.70 0.50 0.54 – 17 – 6 – 6 – 15 – 1 + 8 + 0 – 19 – 4 – 6 0 – 0.67
89 00 01 06.52 + 53 10 01.0 7.87 H 0.277 151 78 + 53.166 942 53 2.60 0.68 0.03 0.49 0.58 0.96 0.74 0.60 – 41 + 4 + 19 + 3 + 4 + 12 + 4 – 6 + 9 – 22 0 – 0.57
90 00 01 07.20 – 41 53 14.7 7.64 H 0.279 999 88 – 41.887 429 72 9.35 25.10 – 46.98 0.60 0.47 0.92 0.72 0.60 – 4 + 3 + 7 + 28 + 0 + 23 – 3 – 33 – 2 – 6 2 – 0.67

91 00 01 07.34 – 05 52 27.6 7.66 H 0.280 568 47 – 05.874 332 93 4.21 – 15.41 – 6.09 0.95 0.50 1.23 1.29 0.56 + 33 + 17 + 4 + 2 + 0 + 52 + 4 – 27 + 37 + 51 0 1.24
92 00 01 09.75 – 20 42 20.1 8.68 H 0.290 625 12 – 20.705 586 48 4.77 27.51 15.15 1.37 0.62 1.44 1.58 0.59 – 2 + 6 + 9 – 51 + 14 + 9 + 14 – 40 + 13 – 15 0 1.48
93 00 01 10.13 – 00 04 33.3 8.12 G 0.292 222 55 – 00.075 920 34 16.74 54.94 – 73.28 1.07 0.61 1.28 1.33 0.71 + 25 + 35 – 12 + 10 – 9 + 31 + 8 – 25 + 36 + 40 0 – 0.78
94 00 01 10.76 – 32 45 24.5 10.10 H 0.294 853 02 – 32.756 805 69 10.48 50.32 – 12.69 1.04 0.69 1.48 1.24 0.83 + 8 – 15 + 6 – 25 + 3 + 17 – 2 – 36 + 12 + 0 1 1.49
95 00 01 12.49 – 11 57 50.4 8.67 H 0.302 038 83 – 11.964 000 15 7.85 – 9.94 – 13.75 0.88 0.57 1.17 1.36 0.55 + 26 – 7 + 2 – 10 + 1 + 50 – 7 – 40 + 28 + 31 0 – 1.27

96 00 01 13.17 + 13 58 29.1 10.46 G 0.304 893 57 + 13.974 748 26 A 19.83 20.59 139.82 4.63 3.08 5.16 4.67 3.04 + 42 + 2 + 8 + 10 – 13 + 7 – 12 – 18 + 5 + 50 14 2.03
$97 00 01 13.76 – 21 24 14.6 9.48 H 0.307 333 62 – 21.404 045 27 5.52 18.34 1.21 1.39 0.68 1.74 2.05 0.69 + 6 + 23 + 26 – 31 + 12 – 8 + 12 – 29 + 3 – 23 0 0.58
$98 00 01 13.72 – 52 47 54.9 9.87 H 0.307 178 11 – 52.798 579 54 6.49 – 2.09 1.70 0.74 0.95 1.44 0.88 0.95 – 34 – 18 + 4 + 23 + 7 + 1 + 7 + 0 – 11 – 30 0 0.86

99 00 01 15.84 + 60 21 19.1 7.04 2 H 0.316 016 20 + 60.355 297 98 1.27 9.57 – 6.49 0.47 0.51 0.70 0.55 0.57 – 10 + 6 + 15 + 13 + 1 – 3 + 3 + 3 + 26 – 10 0 0.52
100 00 01 15.95 + 19 44 28.7 8.44 H 0.316 451 28 + 19.741 316 48 4.49 – 29.13 – 30.14 0.84 0.61 1.08 0.92 0.63 + 31 + 0 – 12 – 4 + 10 + 6 + 9 + 4 + 16 + 40 0 0.26

5 astrometric parameters
‣ estimated values and their standard errors 

‣ Correlation between astrometric 
parameters of each star

all 10 combinations

Hipparcos catalogue

σα σδ σ� σµα∗ σµδ

α δ � µα∗ µδ

4

Covariances
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N ×N

Source parameter covariance matrix: CSS

5

xN

xN

astrometric parameters:  �x = (x1, . . . xN )N

�CSS = Cov(�x) =

x1
x1

x5

x5
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Within-source correlations

6

astrometric parameters:  �x = (x1, . . . xN )N

x1

x1

x5

x5

Symmetric covariance
matrix per source =



µα∗

α∗

Within-source correlations

µδ

Showing standard errors
on diagonal (not variances)

Correlation coefficients off-diagonal:

δ

�

δ � µα∗ µδα∗
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Between-sources correlations 

N ×N

xN

xN

astrometric parameters:  �x = (x1, . . . xN )N

�CSS = Cov(�x) =

x1
x1

x5

x5
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0.5 deg binned spatial correlations (49 datasets)
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FOV = 7
◦

0.5 deg binned spatial correlations (759 datasets)
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V             

basic angle

Between-sources correlations (scaled)

#stars/FOV = 12

#stars/FOV = 12

FOV = 13
◦

#stars/FOV = 12

FOV = 4
◦

Holl et al.  2010a



Spatial correlations due to attitude

10

FOV = 2.2◦ FOV = 4.0◦

FOV = 12.6◦

parallax errors due to 
attitude correlation,
 in a single solution

#stars/FOV = 12

FOV = 6.9◦

Holl et al.  2010b



What kind of covariances do we expect 
between astrometric parameters?

How should we use the covariances?

How can this be done efficiently??
?



Covariance calculations for Gaia astrometry Berry Holl

What you want to know

12

y

Mean parallax to a star cluster with     stars.
y = (�1 + ... + �n)/n

σ2
y = n−2

�

i∈n

�

j ∈n

(CSS)ij

n

?

Assuming                  is linear for small errors, the variance of     is:

Cov(y) = σ2
y =

�
∂y

∂�x

�
�CSS

�
∂y

∂�x

��
=

�

i

�

j

∂y

∂xi

∂y

∂xj
(CSS)ij

y = f(�x) y

N ×N

�CSS = Cov(�x)
x1

xN

xNx1

1
×
N

1×N
xNx1=



Covariance calculations for Gaia astrometry Berry Holl

Assuming                  is linear for small errors, the variance of     is:

Mean parallax to a star cluster with     stars.
y = (�1 + ... + �n)/n

σ2
y = n−2

�

i∈n

�

j ∈n

(CSS)ij

Cov(y) = σ2
y =

�
∂y

∂�x

�
�CSS

�
∂y

∂�x

��
=

�

i

�

j

∂y

∂xi

∂y

∂xj
(CSS)ij

What you want to know

13

n

y = f(�x)

y = f(�x)

y

N ×N

�CSS = Cov(�x)
x1

xN

xNx1

1
×
N

1×N
xNx1=
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In general for     different scalar quantities:

N ×N

�CSS = Cov(�x)

What you want to know

14

M

�y = (y1, . . . , yM )

Cov(�y) = �J �CSS
�J � Jmj = ∂ym/∂xj

ym = fm(�x)

�J �

N ×Mx1 xN
y1

yM

�J
M ×N

Cov(�y)
M ×M =

Only consider    active parameters (non-zero columns in    ),
then typically:

                         (number of non-redundant elements)  

n

N ×N

n× n

�CSS = Cov(�x)

M(M − 1)/2 � n(n− 1)/2

�J

Cov(�y)
M ×M



How can this be done efficiently??

What kind of covariances do we expect 
between astrometric parameters?

How should we use the covariances?



Covariance calculations for Gaia astrometry Berry Holl

‣                      for 109 sources (so ~1019 elements).

‣ Takes ~ 108 TeraByte of space!

‣ Computing directly from normal matrix is unfeasible
(Bombrun et al. 2011).

N = 5× 109

How large is CSS ?

16

N ×N

�CSS = Cov(�x)
x1

xN

xNx1

Its clearly desirable that the covariance, 
between any pair of astrometric parameters, 
can be computed from a reduced amount of data.!

How to compute             accurately and efficiently?? (�CSS)ij
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How to compute             accurately and efficiently?? (�CSS)ij

How do we actually estimate 
astrometric parameters?
Formula alert! 
(stay right for easy passing...)

?
!
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Astrometric parameters
‘Nuisance’ parameters (from astrometric point of view):
‣    attitude 
‣    calibration
‣    global

�c

−→µ
(α

, δ
) J2

00
0.
0

�si �a

W
FS
1

S
M
1

S
M
2

A
F1

A
F2

A
F3

A
F4 A
F5 A
F6

A
F7 A
F8

A
F9

B
P R
P

R
V
S
1

R
V
S
2

R
V
S
3

�c

�g

∼
�

�a

�g

18
Gaia model & image rendering
by Berry Holl
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How to estimate astrometric parameters?
Least squares solution with ~109 parameters!

In this talk we ignore    and     since they are affected by 
large number of observations over large part of the sphere. 

A direct solution is unfeasible (Bombrun et al. 2011), 
therefore solved iteratively using AGIS (Lindegren et al. 2011):
Astrometric Global Iterative Solution 

tl − fl( , , , )
min

�s,�a,�c,�g

�

l

�

σl

�2�si �a �c �g

�c �g

19

tl = measured observation time l (with uncertainty σl )
fl = modelled observation time l



Covariance calculations for Gaia astrometry Berry Holl

∀l : �Sl ∆�si + �Al ∆�a = hl

Least-squares estimation of    and

�Sl = (∂fl/∂�s�
i)/σl

�Al = (∂fl/∂�a�)/σl

hl = (tl − fl(�si,�a)) /σl

observation equations:
for each observations,
how to modify parameters
to get zero residual between
measured and modelled time.

�a�s

s4s3s2s1

s4

s3

s2

s1

time−−−−−−→−−−−−−→
a1 ... am

ti
m

e
←−
−−
−−
−

a
..
.

a
←−
−−
−−
−

a
m

..
.

a
1

20

�N =

�
�NSS

�NSA

�NAS
�NAA

�
=

Normal matrix
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�CSS

�C =

�
�CSS

�CSA

�CAS
�CAA

�
= �N−1covariance

unfeasible!

s4s3s2s1

s4

s3

s2

s1

time−−−−−−→−−−−−−→
a1 ... am

ti
m

e
←−
−−
−−
−

a
..
.

a
←−
−−
−−
−

a
m

..
.

a
1

�N =

�
�NSS

�NSA

�NAS
�NAA

�
=normal

Expansion of source parameter covariance*: 

21

�C(1)
SS+

�C(2)
SS+

�C(3)
SS+

...+

�C(p)
SS+

...

=

...+ �C(p)
SS + ...

*Holl et al. 2011, in prep.

inverse

inverse

�CSS = �N−1
SS +

�N−1
SS

�NSA

�
�N−1
AA

�
�NAS

�N−1
SS +

�N−1
SS

�NSA

�
�N−1
AA

�NAS

�
�N−1
SS

�
�NSA

�N−1
AA

�
�NAS

�N−1
SS +

...

=

Source parameter covariance CSS



Covariance calculations for Gaia astrometry Berry Holl

�C(1)
SS+

�C(2)
SS+

�C(3)
SS+

...+

�C(p)
SS+

...

=
Expansion of source parameter covariance*: 

22

...+ �C(p)
SS + ...

*Holl et al. 2011, in prep.

=�CSS = �N−1
SS +

�N−1
SS

�NSA

�
�N−1
AA

�
�NAS

�N−1
SS +

�N−1
SS

�NSA

�
�N−1
AA

�NAS

�
�N−1
SS

�
�NSA

�N−1
AA

�
�NAS

�N−1
SS +

...

( �C(1)
SS )ij

( �C(2)
SS )ij

=

=

Only estimating source parameters from observations
assuming attitude is known. 
No source coupling, so zero for          .i �= j

Only estimating attitude parameters from observations
and propagating those attitude cov back to source cov.
Sources get coupled to attitude parameters at which 
they were observed.

�CSS

Source parameter covariance CSS
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Parameters connectivity

x1

xN

(�C(1)
SS )ii

(�C(2)
SS )ii

(�C(3)
SS )ii

(�C(4)
SS )ii

(�C(5)
SS )ii

a1

aK

xi

s4s3s2s1

s4

s3

s2

s1

time−−−−−−→−−−−−−→
a1 ... am

ti
m

e
←−
−−
−−
−

a
..
.

a
←−
−−
−−
−

a
m

..
.

a
1

�N =
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# FOV transits over 5 years
250

100

150

200

50

0

mean =72

All connections for each term   :

‣ (0°, 0°) ecliptic, 64 FOV transits.

‣ 196,608 sources,  ~0.46° separation
(Gaia FOV ~0.7x0.7°).

‣ 2,629,800 attitude intervals, 
60 sec per interval 
(Gaia FOV transit time ~45 sec).

‣ Simulated 5 years observations.

24

Parameters connectivity study
p

64
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Source connections to (0°, 0°)
1 3

5 7



Connections Cov term 2 for alpha: 0.0 delta: 0.0   (0.00% of 2629801 intervals), plot bin 0.2d
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Attitude connections to (0°, 0°)

plot bin size 0.18 days (containing 263 attitude intervals)
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Input data:

‣ Per source, per field-of-view (FOV) transit:
✦ partial derivatives of observations w.r.t. the (5) source parameters.
✦ observation time
✦ combined weight of the observations

27

Covariance expansion model

On average 72 FOV transits ~ 2 TB for 109 sources. 

~108 times less than storing the full covariance matrix!
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‣ No chance to provide the whole         .

‣ We found recursive algorithm to compute any element of  
(based on reduced amount of structural data),
to any accuracy at increasing computational cost.

‣ But in reality we want              , 
which might involve a very large number of elements of        , 
making it impractical/unfeasible, so:

‣ If the user provides   , 
apply recursive algorithm to compute                              directly, 
without explicitly computing any part of         (is possible).

�CSS

�CSS

Cov(�y)
�CSS

Cov(�y) = �J �CSS
�J �

�J

�CSS

28

Conclusions
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‣ Berry Holl

‣ E-mail: berry@astro.lu.se

‣ Lund Observatory
Telephone: +46 46 22 21567 

29

Contact details

mailto:berry@astro.lu.se
mailto:berry@astro.lu.se
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Appendices

30
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Source connections to (0°, 50°)
1 3

5 7



Connections Cov term 6 for alpha: 0.0 delta: 50.0   (89.35% of 2629801 intervals), plot bin 0.2d
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Connections Cov term 4 for alpha: 0.0 delta: 50.0   (2.48% of 2629801 intervals), plot bin 0.2d
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plot bin size 0.18 days (containing 263 attitude intervals)
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Characterizing Gaia astrometric errors Berry Holl

Theory:	  attitude	  causes	  spatial	  correlations

Attitude	  is	  solved	  as	  part	  of	  solution,
so	  it	  cannot	  be	  exactly	  determined!

33

*
*

*

*
*
*

*

**
*

*
* *

basic angle 106.5

image	  credit:
Lennart	  Lindegren

For	  attitude	  error	  at	  time	  t,	  all	  observations	  
in	  the	  focal	  plane	  will	  be	  affected:

‣Correlation	  between	  stars	  in	  the	  FOV.

‣Correlation	  between	  stars	  in	  the	  fields	  
separated	  by	  the	  basic	  angle.

a
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ro
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time



Gaia	  scanning	  law
path of viewing 
directions over 

4 dayspath of spin axis
over 4 days

image	  credit:	  Lennart	  Lindegren

Telescope 1
viewing direction

Telescope 2 
viewing direction
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Nominal	  Scanning	  Law

35
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Cov[xi, xj ] = E[eiej ] �= 0 for i �= j

ei = (xi − xi,true)

      and       are estimated values 
of astrometric parameter i and j.

These values are correlated if:

xi xj

Covariance & correlation

Cov[x̂i, x̂j ] = ρijσiσj

ρij =
E[eiej ]�
E[e2

i ]E[e2
j ]

the error

assume no systematic error

correlation coefficient

36

(= σ2
i for i = j)

E[ei] ≡ 0



0.5 deg binned spatial correlations (759 datasets)
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Spatial	  correlations	  in	  Gaia	  	  	  	  p

AGISLab	  results
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Spatial	  correlations	  in	  Gaia	  	  	  	  p38

0.5 deg binned spatial correlations (49 datasets)

AlphaStar Delta Parallax MuAlphaStar MuDelta corr. estimate (from FOV overlap)

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Separation [deg]

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

C
or

re
la

tio
n

0.5 deg binned spatial correlations (112 datasets)

AlphaStar Delta Parallax MuAlphaStar MuDelta corr. estimate (from FOV overlap)

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Separation [deg]

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

C
or

re
la

tio
n

0.5 deg binned spatial correlations (759 datasets)
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0.5 deg binned spatial correlations (759 datasets)
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0.5 deg binned spatial correlations (112 datasets)
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0.5 deg binned spatial correlations (49 datasets)

AlphaStar Delta Parallax MuAlphaStar MuDelta

0 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0 100 110 120 130 140 150 160 170 180
Separation [deg]

-0.0150

-0.0125

-0.0100

-0.0075

-0.0050

-0.0025

0.0000

0.0025

0.0050

0.0075

0.0100

0.0125

0.0150

C
or

re
la

tio
n

1.0 deg binned spatial correlations (759 datasets)
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1.0 deg binned spatial correlations (759 datasets)
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Covariance calculations for Gaia astrometry Berry Holl

Astrometric parameters
Which parameters?

V E

N
µα

µδ

δ

α

−→µ (α, δ)J2000.0

Observed position on the sky, 
measured ~75 times over 5 year:

r

Only for close-by fast moving stars, 
radial velocity is apparent:

r

∼
1/

�

∼�
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