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Table 1
Plate Material Utilized for the Construction of the GSC-II

Sourcea Surveyb Decl. Epoch Emulsion Band Depth Fields In GSC
code range + filter (mag) 2.2/2.3

Nc Pal-QV δ ! 0◦ 1983–85 IIaD + W12 V12 19.5 616 N/Y
Sd SERC J δ < −15◦ 1975–87 IIIaJ + GG395 BJ 23.0 606 Y/Y
Sd SERC EJ −15◦ < δ " 0◦ 1979–88 IIIaJ + GG395 BJ 23.0 288 Y/Y
XEe POSS-I E δ ! −30◦ 1950–58 103aE + red plexiglass E 20.0 935 N/N
XO POSS-I O δ ! −30◦ 1950–58 103aO unfiltered O 21.0 935 N/Y
XJ POSS-II J δ ! 0◦ 1987–00 IIIaJ + GG385 BJ 22.5 897 Y/Y
XP POSS-II F δ ! 0◦ 1987–99 IIIaF + RG610 RF 20.8 897 Y/Y
XI POSS-II N δ ! 0◦ 1989–02 IV-N + RG9 IN 19.5 897 N/Y
XS AAO-SES δ < −15◦ 1990–00 IIIaF + OG590 RF 22.0 606 Y/Y
ER SERC ER −15◦ < δ " 0◦ 1990–98 IIIaF + OG590 RF 22.0 288 Y/Y
IS SERC I δ " 0◦ 1990–02 IV-N + RG715 IN 19.5 731 N/Y
IS MW Atlas δ " 0◦ 1978–85 IV-N + RG715 IN 19 173 N/Y
XVf SERC-QV −70◦ < δ " 0◦ 1987–88 IIaD + GG495 V495 14 94 N/Y
GRg AAO-SR −70◦ < δ " 0◦ 1996–99 IIIaF + OG590 RF 20 118 Y/Y

Notes. Here, Pal-QV refers to the Palomar “Quick V” survey (Lasker et al. 1990), SERC refers to the Science & Engineering
Research Council surveys, POSS I and II are the Palomar Observatory Sky Surveys I and II, AAO-SES and -SR refer to
the Anglo-Australian Observatory Second Epoch Survey and Short-Red survey, and the MW Atlas is the SERC I/SR Atlas
of the Milky Way and Magellanic Clouds (ref?). POSS-I and Pal-QV surveys utilized a 6◦ grid of telescope pointings, with
minimum plate overlap, while the other surveys used a 5◦ degree grid. Unless stated otherwise, all plates scanned at 15 µm
sampling (1 arcsec/pixel). Scans performed on glass copies of the S, XE, and XO plates, rather than on the original plates.
a The source code used by the GSC-II database to identify individual plates. For example, XJ442, XP442, and XI442 identify
the blue, red, and near-IR plates of the 442th POSS-II field.
b Survey-filter abbreviations: see below.
c The Pal-QV survey was taken specifically for GSC-I. Schott filter GG495 replaced W12 starting 1984 June 3. Scanned with
25 µm sampling (1.7 arcsec/pixel).
d S plates originally scanned with 25 µm sampling, 440 plates at lower latitudes rescanned with 15 µm sampling
(1.0 arcsec/pixel).
e POSS-I E filter was red plexiglass no. 2444; scanned at 25 µm sampling except 123 plates scanned at 15 µm, mostly south
of −18◦.
f SERC “Quick V” survey taken specifically for GSC-I with 4 min exposures to cover crowded southern Milky Way fields
(|b| < 15◦, −112◦ < l < 34◦ plus two plates on the LMC). (Three similar “XX” plates were centered on M31 and each of
the Magellanic Clouds.)
g AAO-SR survey taken specifically for GSC-II with 5 min exposures to cover crowded southern Milky Way fields (|b| < 15◦,
−112◦ < l < 34◦ plus two plates on the LMC).

Figure 1. Transmission curves of the photographic passbands BJ , RF , and IN for the Palomar (solid lines) and AAO (dashed line) Schmidt surveys, compared to the
Johnson–Kron–Cousins BV RIc filters.

Bucciarelli et al. 2006). This is an all-sky catalog of CCD
photometric sequences centered in each survey plate field. Each
sequence provides B, V , and R standard photometry at the

0.05–0.1 mag precision level down to approximately V = 19.5.
The number of stars per sequence varies from a dozen to
several hundred depending on the field of view of the CCD
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Figure 13. GSC 2.3 all-sky map. Cumulative counts in galactic coordinates, including both stellar and extended objects. The color scale indicates the GSC 2.3 density
ranging from 0 to 60,000 objects per square degree. The image resolution is a smooth version of the densities obtained from the HTM counts.

Table 7
GSC 2.3 (2006 July): All-Sky Cumulative Countsa

mag Nobj(BJ ) Nobj(RF ) Nobj(IN ) Nobj(BJ + RF + IN )b

10.0 20 715 35 949 192 984 50 794
10.5 34 491 82 556 443 489 175 119
11.0 54 584 239 047 1 010 629 564 997
11.5 86 600 706 719 2 190 201 1 519 395
12.0 154 228 1 829 779 4 415 724 3 367 609
12.5 364 579 3 994 288 8 089 061 6 305 430
13.0 1 060 240 7 458 931 13 612 182 10 657 925
13.5 2 603 441 12 638 946 21 619 677 16 943 348
14.0 5 056 922 20 196 571 32 990 022 25 837 448
14.5 8 668 396 31 041 175 48 953 930 38 151 152
15.0 13 898 051 46 366 494 71 017 843 54 914 864
15.5 21 361 566 67 781 378 101 286 676 77 348 928
16.0 31 792 178 97 002 324 142 016 145 107 002 624
16.5 46 052 408 135 717 387 196 139 738 145 725 200
17.0 65 119 781 186 270 427 267 399 004 195 532 864
17.5 90 046 889 250 652 663 349 775 619 254 950 176
18.0 12 1721 348 327 112 112 434 137 985 319 880 384
18.5 161 745 847 405 027 755 510 834 052 383 714 272
19.0 210 802 304 489 823 020 562 417 267 427 113 344
19.5 270 784 037 583 790 690 574 291 825 443 187 232
20.0 340 876 792 685 566 332 574 700 787 446 393 632
20.5 417 992 984 783 784 283 574 823 790 446 588 640
21.0 497 409 326 805 951 305 574 827 840 446 645 408
21.5 573 255 946 806 469 272 574 827 852 446 675 616
22.0 649 675 534 806 698 629 574 827 852 446 689 312
22.5 707 695 255 806 828 565 574 827 852 446 696 416
23.0 711 708 557 806 937 362 574 827 852 446 698 848
23.5 711 722 103 807 017 618 574 827 852 446 699 680
24.0 711 736 633 807 061 276 574 827 852 446 699 680
all 711 771 069 807 066 382 574 827 852 466 699 774

Notes.
a Cumulative counts from 0 magnitude to m given in the first column.
b The number of objects with computed photometry in the three passbands is
accumulated according to magnitude steps in RF .

are within 10 mas; these values are lower than the typical
GSC-II errors, except for the faintest UCAC 2 objects, so that
this catalog appears ideal to reveal the astrometric precision

of GSC 2.3. The only drawback is the magnitude limit be-
ing significantly brighter than that of GSC 2.3. It is worth
noting that the next release of this catalog (UCAC 3) which
is all-sky would be an excellent reference catalog to recali-
brate the plates since it is deeper than Tycho-2 and would re-
duce some of the systematic errors in GSC-II that we describe
later.

In order to extend the astrometric error analysis to fainter
magnitudes we also matched GSC 2.3 with SDSS DR5
(Adelman-McCarthy et al. 2007). This provides astrometrically
and photometrically calibrated data for an area of ∼8000 deg2

around the northern Galactic cap; a total of about 6 × 106 ob-
jects including stars, galaxies and quasars are in common with
GSC 2.3. For point sources brighter than r = 20, the astrometric
accuracy of SDSS is 75 mas per coordinate with an additional
20–30 mas systematic error (see Pier et al. 2003). At the survey
limit (r = 22), the astrometric accuracy is limited by photon
statistics to approximately 100 mas root mean square (rms). The
photometric calibration is accurate to roughly 0.02 mag in the
g-, r-, and i-bands (Ivezić et al. 2004), so the SDSS can also be
used to estimate the GSC 2.3 photometric errors. A comparison
against GSPC-II also provides a final global validation of the
photometry.

In order to compare the astrometry to an all-sky catalog of
similar size, yet derived from independent data, we also matched
GSC 2.3 against the Two Micron All Sky Survey (2MASS;
Skrutskie et al. 2006) Point Source Catalog (PSC). This lists
470,992,970 objects distributed over the entire sky, providing
near-IR photometry with signal-to-noise ratio (S/N) better that
10 down to J # 14.2, H # 15.1, and Ks # 14.2. Note
that the GSC 2.3 does include the bulk of 2MASS objects,
as these basically span the entire magnitude range of GSC-II,
thanks to the wide color spectrum covered by both catalogs
and the natural spread of stellar temperatures and galactic
extinction. The astrometric accuracy of 2MASS is 70–80 mas
per coordinate over the magnitude range 9 < Ks ! 14, while
for brighter sources it is approximately 120 mas. For fainter
sources the error increases monotonically. The systematic errors
are of the order of 10 mas, on average, and up to a maximum of
25 mas for the worse cases.

GSC2.3  export  catalogue  released  in  2007,  ~  1  billion  objects,	
complete  to  RF    ~  20	
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Figure 15. As in Figure 14, these panels show the results of the χ2 and K-S tests for the GSC 2.3 versus UCAC 2 residuals, this time restricted to one plate and to the
magnitude range RF = 14.5–15. In this case, both significance tests are satisfied (S/Q < 1).

respectively, with Nr being the total number of objects per
0.5 mag bin in region r . Consequently, we estimated the catalog
random error as the weighted mean of the standard deviations
in each HTM region, i.e.,

σ 2
∆α = 1

N

NR∑

r=1

Nrσ
2
∆α,r , (5)

where NR is the total number of HTM regions. Outliers due
to mismatches were rejected, and GSC 2.3 entries flagged as
Tycho-2 stars excluded. Also, magnitude bins with poor samples
(less than 20 matched objects) or very crowded samples (more
that 5000 objects) were not used in this analysis. Analogous
quantities were evaluated for the residuals in decl.

The statistics in Equations (2) and (5) are summarized in
Table 8, which reports the results of the comparisons with
UCAC 2 for the bright-to-intermediate magnitude range and
with SDSS for the intermediate-to-faint range. We note that the
SDSS astrometry appears more precise than 2MASS at the faint
limit, and therefore more representative of the actual GSC 2.3
error, although for only a portion of the sky.

The data confirm the better behavior of the point-like objects
(“stars”), which attain a random error of σ∆α ! σ∆δ !
0.14 arcsec at intermediate magnitude, 14 < RF < 18.5,

increasing up to 0.23 arcsec at the faint end (RF ≈ 20). As
expected, larger residual errors are obtained for extended objects
(“nonstar”), which may include galaxies and nebulæ, as well as
many blends and unresolved binaries, in particular at bright
magnitudes or in crowded fields toward low galactic latitudes.
In this respect, we note that the higher errors of the extended
objects in the UCAC 2 comparison, as opposed to the SDSS
comparison, are explained by the dominance of blended images
in the former sample, whereas the latter is mostly made of
truly extended objects, being the SDSS catalog confined to high
galactic latitudes.

The total rms errors, ε∆α and ε∆δ , which also include the con-
tribution of systematic errors,12 are of about 0.′′2 per component
at intermediate magnitudes (14 < RF < 18.5) and increase to
0.′′3 down to RF ≈ 20.

An estimate of the systematic field-to-field variations in each
magnitude bin can be obtained by taking the standard deviation
of the 〈∆α〉r around their averages computed over all the HTM
regions, i.e.,

σ 2
〈∆α〉 =

NR∑

r=1

(〈∆α〉r − 〈∆α〉)2

(NR − 1)
(6)

12 It is convenient to recall here that we chose not to remove the errors of the
reference catalogs described in Section 5.1.
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Figure 14. Comparison to the UCAC 2 catalog for a sky region centered at 0 h, spanning all declinations, and in the magnitude range 14.5–15.0. The panels show the
results of the χ2 (top panels, the histogram is the theoretical χ2 distribution), and K-S test (bottom panels, the dotted line is the theoretical distribution). The empirical
distributions do not satisfy the tests (S/Q > 1, see the text). This is attributed to the presence of residual systematic errors.

systematics errors which distorts the shape of the estimated
distribution function. In fact, if we restrict the sample to a single
plate, and the same magnitude range (862 stars sample), both
tests are better behaved, and the H0 hypothesis is accepted, as
illustrated in Figure 15.

5.2.2. Magnitude-Dependent Errors

Morrison et al. (1996, 2001) found that positional differences
of GSC-I objects matched on overlapping plate areas lead to
the presence of a radial magnitude term with the origin in the
plate center. Such an effect was characterized and removed
from GSC-I by means of the Astrographic Catalog (Urban
et al. 1998), whose magnitude limit is around 14–14.5, hence
suitable to probe the faint limit of GSC-I. However, applying
the same precepts to GSC-II data would fail to detect nonradial
magnitude terms which we know to exist.

Monet et al. (2003) were able to use a special catalog (YS4.0,
magnitude limit V ∼ 18) compiled from the NPM and SPM
plate scans to detect and remove magnitude-dependent residual
errors during the construction of USNO-B by means of the mask
method (Taff et al. 1990).

For our magnitude error analysis, we cross-matched GSC 2.3
against the adopted external catalogs using a search radius of
3 arcsec to recover the common objects and build the differences:

∆α ≡ (αGSC − αcat) cos δGSC ∆δ ≡ (δGSC − δcat).

Then, we binned the data at 0.5 mag steps and for each of
such bins computed the statistics described below.

We began with estimating the global rms of the residuals as

ε2
∆α = 1

N

N∑

i=1

(∆αi)2 (2)

where N is the number of objects (stellar or nonstellar) inside
a particular magnitude bin. It is evident from this definition
that ε∆α represents a catalog average of the total error, as it
includes both systematic and random errors, and it is the quantity
closest to the real astrometric error. Besides, relative astrometry
over small fields (of the order of half a degree or less) is
mainly affected by random errors; therefore, next we estimated
the magnitude dependence of the random component of the
GSC 2.3 error. For each of the 32768 HTM regions we measured
the local systematics, 〈∆α〉r , and its variance, σ 2

∆α,r , as

〈∆α〉r = 1
Nr

Nr∑

i=1

∆αi (3)

and

σ 2
∆α,r =

Nr∑

i=1

(∆αi − 〈∆α〉r )2

(Nr − 1)
, (4)

GSC2.3  –  UCAC2  χ2  statistics    14.5  <  mag  <  15  	

0h-‐‑2h,  all-‐‑declination  band	

1  plate  ony	

Schmidt  Plates  Astrometric  Deficiencies	
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Calibration  Methods  	

•  Subplate  	
•  Mask  	
•  Local  Filters	
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BUT:	
Need  of  faint,  dense  reference  catalogues  to  probe  plate-‐‑to-‐‑plate  variations  	
of  astrometric  residuals	
Tycho  2    ~  2.5  million  objects,    lim  mag  V  ~  13  (2000)	
UCAC4    ~  113  million  obhects      lim  mag  R  ~  16    (2012)	
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Question:  is  UCAC4  adequate  to  probe  position-‐‑  and  magnitude/color-‐‑	
                                      dependent  systematic  residuals?	
	
Answer:  Yes	

Question:  Can  it  be  safely  used?	

Answer:  No	

Reason:    Proper  motions  are  correlated  with  astropysical  parameters!	
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Use  of  Galaxies  as  Fiducial  Reference  Points  	

•    No  measurable  proper  motions  on  plate	
•    Wide  range  of  colours/magnitudes	
•    PreDy  uniform  distribution  on  plate	

•  Must  be  affected  by  same  magnitude/color  dependent  systematics  as	
        stellar  objects	
•  Only  available  at  relatively  high  galactic  laDitudes  (interstellar  extinction)    	
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Star/Non-‐‑star  Distribution  on  plates  XP003/XE003	
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First-‐‑epoch  plates  magnitude  equation  	
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Second-‐‑epoch    plates  magnitude  equation  	
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First-‐‑epoch  plates  colour  equation  	
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Second-‐‑epoch  plates    colour  equation  	
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All  plates  at  |b|  >  27°    reduced.  Total  sky  area  of  22,525  deg2  	
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Two  main  calibration  steps:	

a)  Rectification  of    plate-‐‑to-‐‑plate  geometric  +  mag/col  distorsions    	

•  Cubic  polynomial  fiDing  +  local  filter  (w/UCAC4)	
•    Magnitude/Colour  equation  (w/Galaxies)  	
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b)  Absolutization    of  proper  motions  	

Finds  local  scale  +  rotation  from  measured  (µμx,µμy)  on  reference  plate  to  
equatorial              	(µμα,µμδ)    (w/UCAC4)	
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Principle  Equations  (1)	

photographic plates, the second is also outside of
our control now, the third factor is where we will
work to improve the solutions and thus the derived
proper motions.

It is well known that because of the combined
influence of the atmosphere (di↵erential refrac-
tion, dispersion, extinction etc.), telescope (guid-
ing errors, distortion of field of view etc.), photo-
graphic plates (uneven response of bending stress,
size and distribution of emulsion, low quantity ef-
ficiency etc.), plate scanner (digitizing errors), the
positions of the images of stars in digitized data
have varied systematic errors that are dependent
on the position, magnitude and color of the ob-
ject on the plate (Evans & Irwin 1995; Spagna
et al. 1996). The proper motions are derived from
the positions at di↵erent epochs so will su↵er from
these systematic errors. Stellar proper motions are
also functions of celestial position, magnitude and
color. Statistically, faint and red stars are further
than bright and blue stars, so the proper motions
of the former are smaller than the later. When we
eliminate the systematic errors mentioned above
we must take care to not eliminate the astrophysi-
cal sources of proper motion. Here we describe the
reduction procedures and assumptions adopted.

3.1. Principle of calibration

We work under the hypothesis that objects
(stars and galaxies) physically close on a photo-
graphic plate, with similar magnitudes/colors will
have similar systematic errors and that the abso-
lute proper motions of galaxies are always zero and
not dependent on their positions on plates, mag-
nitudes or colors. Based on this assumption and
considering the available plate data, the adopted
procedure is to choose a good quality plate as the
reference plates and using the objects classed as
stars with good imaging quality to unify the pro-
gram plates to reference plates. A new moving-
mean filter removes the P.d.E. using stellar ob-
jects; galaxies are chosen from the non-stars uti-
lizing the motion characteristics of galaxies, and
then the P.d.E., M.d.E. and C.d.E. of all ob-
jects are removed by referring to those galaxies;
finally, the absolute proper motions of stellar ob-
jects are calibrated by combing all of the plate
data in di↵erent epochs and colors.

Relevant mathematics equations are derived as
follows:

For each object the systematic di↵erence of po-
sitions between the reference and the program
plates can be represented in the following equa-
tions:
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= x
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where�x

s

,�x

g

represent the positional di↵erence
of stars and galaxies respectively, µ

x

is the abso-
lute proper motion of stars, �t is the epoch in-
terval between the reference and program plate,
D is the P.d.E., and E is the combined factor of
M.d.E. and C.d.E.. The equations in y would be
similar.

The absolute proper motions µ

x

for each star
can be divided into the average proper motions
µ̄

x

for all stars on the plate and a remaining in-
dividual proper motion dµ

x

. Removing the sys-
tematic error D using stars also removes the aver-
age proper motions µ̄

x

and the galaxies attain a
“pseudo” proper motions�µ̄

x

.

µ

x

= µ̄
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x
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The position di↵erence �x

0
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of stars and
galaxies between the reference and the program
plates can be expressed as
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To reject non-stars that are not galaxies we it-
erate on equation (5) and, assuming that all real
galaxies will have the common pseudo proper mo-
tion �µ̄

x

, flag outliers as probable blended objects
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photographic plates, the second is also outside of
our control now, the third factor is where we will
work to improve the solutions and thus the derived
proper motions.

It is well known that because of the combined
influence of the atmosphere (di↵erential refrac-
tion, dispersion, extinction etc.), telescope (guid-
ing errors, distortion of field of view etc.), photo-
graphic plates (uneven response of bending stress,
size and distribution of emulsion, low quantity ef-
ficiency etc.), plate scanner (digitizing errors), the
positions of the images of stars in digitized data
have varied systematic errors that are dependent
on the position, magnitude and color of the ob-
ject on the plate (Evans & Irwin 1995; Spagna
et al. 1996). The proper motions are derived from
the positions at di↵erent epochs so will su↵er from
these systematic errors. Stellar proper motions are
also functions of celestial position, magnitude and
color. Statistically, faint and red stars are further
than bright and blue stars, so the proper motions
of the former are smaller than the later. When we
eliminate the systematic errors mentioned above
we must take care to not eliminate the astrophysi-
cal sources of proper motion. Here we describe the
reduction procedures and assumptions adopted.

3.1. Principle of calibration

We work under the hypothesis that objects
(stars and galaxies) physically close on a photo-
graphic plate, with similar magnitudes/colors will
have similar systematic errors and that the abso-
lute proper motions of galaxies are always zero and
not dependent on their positions on plates, mag-
nitudes or colors. Based on this assumption and
considering the available plate data, the adopted
procedure is to choose a good quality plate as the
reference plates and using the objects classed as
stars with good imaging quality to unify the pro-
gram plates to reference plates. A new moving-
mean filter removes the P.d.E. using stellar ob-
jects; galaxies are chosen from the non-stars uti-
lizing the motion characteristics of galaxies, and
then the P.d.E., M.d.E. and C.d.E. of all ob-
jects are removed by referring to those galaxies;
finally, the absolute proper motions of stellar ob-
jects are calibrated by combing all of the plate
data in di↵erent epochs and colors.

Relevant mathematics equations are derived as
follows:

For each object the systematic di↵erence of po-
sitions between the reference and the program
plates can be represented in the following equa-
tions:
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photographic plates, the second is also outside of
our control now, the third factor is where we will
work to improve the solutions and thus the derived
proper motions.

It is well known that because of the combined
influence of the atmosphere (di↵erential refrac-
tion, dispersion, extinction etc.), telescope (guid-
ing errors, distortion of field of view etc.), photo-
graphic plates (uneven response of bending stress,
size and distribution of emulsion, low quantity ef-
ficiency etc.), plate scanner (digitizing errors), the
positions of the images of stars in digitized data
have varied systematic errors that are dependent
on the position, magnitude and color of the ob-
ject on the plate (Evans & Irwin 1995; Spagna
et al. 1996). The proper motions are derived from
the positions at di↵erent epochs so will su↵er from
these systematic errors. Stellar proper motions are
also functions of celestial position, magnitude and
color. Statistically, faint and red stars are further
than bright and blue stars, so the proper motions
of the former are smaller than the later. When we
eliminate the systematic errors mentioned above
we must take care to not eliminate the astrophysi-
cal sources of proper motion. Here we describe the
reduction procedures and assumptions adopted.

3.1. Principle of calibration

We work under the hypothesis that objects
(stars and galaxies) physically close on a photo-
graphic plate, with similar magnitudes/colors will
have similar systematic errors and that the abso-
lute proper motions of galaxies are always zero and
not dependent on their positions on plates, mag-
nitudes or colors. Based on this assumption and
considering the available plate data, the adopted
procedure is to choose a good quality plate as the
reference plates and using the objects classed as
stars with good imaging quality to unify the pro-
gram plates to reference plates. A new moving-
mean filter removes the P.d.E. using stellar ob-
jects; galaxies are chosen from the non-stars uti-
lizing the motion characteristics of galaxies, and
then the P.d.E., M.d.E. and C.d.E. of all ob-
jects are removed by referring to those galaxies;
finally, the absolute proper motions of stellar ob-
jects are calibrated by combing all of the plate
data in di↵erent epochs and colors.

Relevant mathematics equations are derived as
follows:
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Δxs        star  displacement  between  overlapping  plates	
Δxg        galaxy  object  displacement  between  overlapping  plates  	
	
	
D  is  the  geometric  distorsion  function  	
E  is  the  magnitude/colour  equation	
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photographic plates, the second is also outside of
our control now, the third factor is where we will
work to improve the solutions and thus the derived
proper motions.

It is well known that because of the combined
influence of the atmosphere (di↵erential refrac-
tion, dispersion, extinction etc.), telescope (guid-
ing errors, distortion of field of view etc.), photo-
graphic plates (uneven response of bending stress,
size and distribution of emulsion, low quantity ef-
ficiency etc.), plate scanner (digitizing errors), the
positions of the images of stars in digitized data
have varied systematic errors that are dependent
on the position, magnitude and color of the ob-
ject on the plate (Evans & Irwin 1995; Spagna
et al. 1996). The proper motions are derived from
the positions at di↵erent epochs so will su↵er from
these systematic errors. Stellar proper motions are
also functions of celestial position, magnitude and
color. Statistically, faint and red stars are further
than bright and blue stars, so the proper motions
of the former are smaller than the later. When we
eliminate the systematic errors mentioned above
we must take care to not eliminate the astrophysi-
cal sources of proper motion. Here we describe the
reduction procedures and assumptions adopted.

3.1. Principle of calibration

We work under the hypothesis that objects
(stars and galaxies) physically close on a photo-
graphic plate, with similar magnitudes/colors will
have similar systematic errors and that the abso-
lute proper motions of galaxies are always zero and
not dependent on their positions on plates, mag-
nitudes or colors. Based on this assumption and
considering the available plate data, the adopted
procedure is to choose a good quality plate as the
reference plates and using the objects classed as
stars with good imaging quality to unify the pro-
gram plates to reference plates. A new moving-
mean filter removes the P.d.E. using stellar ob-
jects; galaxies are chosen from the non-stars uti-
lizing the motion characteristics of galaxies, and
then the P.d.E., M.d.E. and C.d.E. of all ob-
jects are removed by referring to those galaxies;
finally, the absolute proper motions of stellar ob-
jects are calibrated by combing all of the plate
data in di↵erent epochs and colors.

Relevant mathematics equations are derived as
follows:

For each object the systematic di↵erence of po-
sitions between the reference and the program
plates can be represented in the following equa-
tions:
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of stars and galaxies respectively, µ
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is the abso-
lute proper motion of stars, �t is the epoch in-
terval between the reference and program plate,
D is the P.d.E., and E is the combined factor of
M.d.E. and C.d.E.. The equations in y would be
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To reject non-stars that are not galaxies we it-
erate on equation (5) and, assuming that all real
galaxies will have the common pseudo proper mo-
tion �µ̄
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, flag outliers as probable blended objects
rather than galaxies. The selected galaxies are
then used in this equation to estimate the average
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and the M.d.E. and C.d.E.
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photographic plates, the second is also outside of
our control now, the third factor is where we will
work to improve the solutions and thus the derived
proper motions.

It is well known that because of the combined
influence of the atmosphere (di↵erential refrac-
tion, dispersion, extinction etc.), telescope (guid-
ing errors, distortion of field of view etc.), photo-
graphic plates (uneven response of bending stress,
size and distribution of emulsion, low quantity ef-
ficiency etc.), plate scanner (digitizing errors), the
positions of the images of stars in digitized data
have varied systematic errors that are dependent
on the position, magnitude and color of the ob-
ject on the plate (Evans & Irwin 1995; Spagna
et al. 1996). The proper motions are derived from
the positions at di↵erent epochs so will su↵er from
these systematic errors. Stellar proper motions are
also functions of celestial position, magnitude and
color. Statistically, faint and red stars are further
than bright and blue stars, so the proper motions
of the former are smaller than the later. When we
eliminate the systematic errors mentioned above
we must take care to not eliminate the astrophysi-
cal sources of proper motion. Here we describe the
reduction procedures and assumptions adopted.

3.1. Principle of calibration

We work under the hypothesis that objects
(stars and galaxies) physically close on a photo-
graphic plate, with similar magnitudes/colors will
have similar systematic errors and that the abso-
lute proper motions of galaxies are always zero and
not dependent on their positions on plates, mag-
nitudes or colors. Based on this assumption and
considering the available plate data, the adopted
procedure is to choose a good quality plate as the
reference plates and using the objects classed as
stars with good imaging quality to unify the pro-
gram plates to reference plates. A new moving-
mean filter removes the P.d.E. using stellar ob-
jects; galaxies are chosen from the non-stars uti-
lizing the motion characteristics of galaxies, and
then the P.d.E., M.d.E. and C.d.E. of all ob-
jects are removed by referring to those galaxies;
finally, the absolute proper motions of stellar ob-
jects are calibrated by combing all of the plate
data in di↵erent epochs and colors.

Relevant mathematics equations are derived as
follows:

For each object the systematic di↵erence of po-
sitions between the reference and the program
plates can be represented in the following equa-
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x
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lute proper motion of stars, �t is the epoch in-
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To reject non-stars that are not galaxies we it-
erate on equation (5) and, assuming that all real
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, flag outliers as probable blended objects
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then used in this equation to estimate the average
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photographic plates, the second is also outside of
our control now, the third factor is where we will
work to improve the solutions and thus the derived
proper motions.

It is well known that because of the combined
influence of the atmosphere (di↵erential refrac-
tion, dispersion, extinction etc.), telescope (guid-
ing errors, distortion of field of view etc.), photo-
graphic plates (uneven response of bending stress,
size and distribution of emulsion, low quantity ef-
ficiency etc.), plate scanner (digitizing errors), the
positions of the images of stars in digitized data
have varied systematic errors that are dependent
on the position, magnitude and color of the ob-
ject on the plate (Evans & Irwin 1995; Spagna
et al. 1996). The proper motions are derived from
the positions at di↵erent epochs so will su↵er from
these systematic errors. Stellar proper motions are
also functions of celestial position, magnitude and
color. Statistically, faint and red stars are further
than bright and blue stars, so the proper motions
of the former are smaller than the later. When we
eliminate the systematic errors mentioned above
we must take care to not eliminate the astrophysi-
cal sources of proper motion. Here we describe the
reduction procedures and assumptions adopted.

3.1. Principle of calibration

We work under the hypothesis that objects
(stars and galaxies) physically close on a photo-
graphic plate, with similar magnitudes/colors will
have similar systematic errors and that the abso-
lute proper motions of galaxies are always zero and
not dependent on their positions on plates, mag-
nitudes or colors. Based on this assumption and
considering the available plate data, the adopted
procedure is to choose a good quality plate as the
reference plates and using the objects classed as
stars with good imaging quality to unify the pro-
gram plates to reference plates. A new moving-
mean filter removes the P.d.E. using stellar ob-
jects; galaxies are chosen from the non-stars uti-
lizing the motion characteristics of galaxies, and
then the P.d.E., M.d.E. and C.d.E. of all ob-
jects are removed by referring to those galaxies;
finally, the absolute proper motions of stellar ob-
jects are calibrated by combing all of the plate
data in di↵erent epochs and colors.
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follows:
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photographic plates, the second is also outside of
our control now, the third factor is where we will
work to improve the solutions and thus the derived
proper motions.

It is well known that because of the combined
influence of the atmosphere (di↵erential refrac-
tion, dispersion, extinction etc.), telescope (guid-
ing errors, distortion of field of view etc.), photo-
graphic plates (uneven response of bending stress,
size and distribution of emulsion, low quantity ef-
ficiency etc.), plate scanner (digitizing errors), the
positions of the images of stars in digitized data
have varied systematic errors that are dependent
on the position, magnitude and color of the ob-
ject on the plate (Evans & Irwin 1995; Spagna
et al. 1996). The proper motions are derived from
the positions at di↵erent epochs so will su↵er from
these systematic errors. Stellar proper motions are
also functions of celestial position, magnitude and
color. Statistically, faint and red stars are further
than bright and blue stars, so the proper motions
of the former are smaller than the later. When we
eliminate the systematic errors mentioned above
we must take care to not eliminate the astrophysi-
cal sources of proper motion. Here we describe the
reduction procedures and assumptions adopted.

3.1. Principle of calibration

We work under the hypothesis that objects
(stars and galaxies) physically close on a photo-
graphic plate, with similar magnitudes/colors will
have similar systematic errors and that the abso-
lute proper motions of galaxies are always zero and
not dependent on their positions on plates, mag-
nitudes or colors. Based on this assumption and
considering the available plate data, the adopted
procedure is to choose a good quality plate as the
reference plates and using the objects classed as
stars with good imaging quality to unify the pro-
gram plates to reference plates. A new moving-
mean filter removes the P.d.E. using stellar ob-
jects; galaxies are chosen from the non-stars uti-
lizing the motion characteristics of galaxies, and
then the P.d.E., M.d.E. and C.d.E. of all ob-
jects are removed by referring to those galaxies;
finally, the absolute proper motions of stellar ob-
jects are calibrated by combing all of the plate
data in di↵erent epochs and colors.

Relevant mathematics equations are derived as
follows:

For each object the systematic di↵erence of po-
sitions between the reference and the program
plates can be represented in the following equa-
tions:
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of stars and galaxies respectively, µ
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is the abso-
lute proper motion of stars, �t is the epoch in-
terval between the reference and program plate,
D is the P.d.E., and E is the combined factor of
M.d.E. and C.d.E.. The equations in y would be
similar.

The absolute proper motions µ

x

for each star
can be divided into the average proper motions
µ̄

x

for all stars on the plate and a remaining in-
dividual proper motion dµ

x

. Removing the sys-
tematic error D using stars also removes the aver-
age proper motions µ̄

x

and the galaxies attain a
“pseudo” proper motions�µ̄

x

.

µ

x

= µ̄

x

+ dµ

x

(3)

The position di↵erence �x

0
s

,�x

0
g

of stars and
galaxies between the reference and the program
plates can be expressed as

�x

0
s

= x

1

� x

0
2

= �x

s

� (D + µ̄

x

⇥�t)
= dµ

x

⇥�t+ E

(4)

�x

0
g

= �x

g

�(D + µ̄

x

⇥�t) = �µ̄

x

⇥�t+E (5)
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erate on equation (5) and, assuming that all real
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, flag outliers as probable blended objects
rather than galaxies. The selected galaxies are
then used in this equation to estimate the average
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photographic plates, the second is also outside of
our control now, the third factor is where we will
work to improve the solutions and thus the derived
proper motions.

It is well known that because of the combined
influence of the atmosphere (di↵erential refrac-
tion, dispersion, extinction etc.), telescope (guid-
ing errors, distortion of field of view etc.), photo-
graphic plates (uneven response of bending stress,
size and distribution of emulsion, low quantity ef-
ficiency etc.), plate scanner (digitizing errors), the
positions of the images of stars in digitized data
have varied systematic errors that are dependent
on the position, magnitude and color of the ob-
ject on the plate (Evans & Irwin 1995; Spagna
et al. 1996). The proper motions are derived from
the positions at di↵erent epochs so will su↵er from
these systematic errors. Stellar proper motions are
also functions of celestial position, magnitude and
color. Statistically, faint and red stars are further
than bright and blue stars, so the proper motions
of the former are smaller than the later. When we
eliminate the systematic errors mentioned above
we must take care to not eliminate the astrophysi-
cal sources of proper motion. Here we describe the
reduction procedures and assumptions adopted.

3.1. Principle of calibration

We work under the hypothesis that objects
(stars and galaxies) physically close on a photo-
graphic plate, with similar magnitudes/colors will
have similar systematic errors and that the abso-
lute proper motions of galaxies are always zero and
not dependent on their positions on plates, mag-
nitudes or colors. Based on this assumption and
considering the available plate data, the adopted
procedure is to choose a good quality plate as the
reference plates and using the objects classed as
stars with good imaging quality to unify the pro-
gram plates to reference plates. A new moving-
mean filter removes the P.d.E. using stellar ob-
jects; galaxies are chosen from the non-stars uti-
lizing the motion characteristics of galaxies, and
then the P.d.E., M.d.E. and C.d.E. of all ob-
jects are removed by referring to those galaxies;
finally, the absolute proper motions of stellar ob-
jects are calibrated by combing all of the plate
data in di↵erent epochs and colors.

Relevant mathematics equations are derived as
follows:

For each object the systematic di↵erence of po-
sitions between the reference and the program
plates can be represented in the following equa-
tions:
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of stars and galaxies respectively, µ
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is the abso-
lute proper motion of stars, �t is the epoch in-
terval between the reference and program plate,
D is the P.d.E., and E is the combined factor of
M.d.E. and C.d.E.. The equations in y would be
similar.
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To reject non-stars that are not galaxies we it-
erate on equation (5) and, assuming that all real
galaxies will have the common pseudo proper mo-
tion �µ̄
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, flag outliers as probable blended objects
rather than galaxies. The selected galaxies are
then used in this equation to estimate the average
proper motions µ̄
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and the M.d.E. and C.d.E.
terms. After this stage, the position di↵erence
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photographic plates, the second is also outside of
our control now, the third factor is where we will
work to improve the solutions and thus the derived
proper motions.

It is well known that because of the combined
influence of the atmosphere (di↵erential refrac-
tion, dispersion, extinction etc.), telescope (guid-
ing errors, distortion of field of view etc.), photo-
graphic plates (uneven response of bending stress,
size and distribution of emulsion, low quantity ef-
ficiency etc.), plate scanner (digitizing errors), the
positions of the images of stars in digitized data
have varied systematic errors that are dependent
on the position, magnitude and color of the ob-
ject on the plate (Evans & Irwin 1995; Spagna
et al. 1996). The proper motions are derived from
the positions at di↵erent epochs so will su↵er from
these systematic errors. Stellar proper motions are
also functions of celestial position, magnitude and
color. Statistically, faint and red stars are further
than bright and blue stars, so the proper motions
of the former are smaller than the later. When we
eliminate the systematic errors mentioned above
we must take care to not eliminate the astrophysi-
cal sources of proper motion. Here we describe the
reduction procedures and assumptions adopted.

3.1. Principle of calibration

We work under the hypothesis that objects
(stars and galaxies) physically close on a photo-
graphic plate, with similar magnitudes/colors will
have similar systematic errors and that the abso-
lute proper motions of galaxies are always zero and
not dependent on their positions on plates, mag-
nitudes or colors. Based on this assumption and
considering the available plate data, the adopted
procedure is to choose a good quality plate as the
reference plates and using the objects classed as
stars with good imaging quality to unify the pro-
gram plates to reference plates. A new moving-
mean filter removes the P.d.E. using stellar ob-
jects; galaxies are chosen from the non-stars uti-
lizing the motion characteristics of galaxies, and
then the P.d.E., M.d.E. and C.d.E. of all ob-
jects are removed by referring to those galaxies;
finally, the absolute proper motions of stellar ob-
jects are calibrated by combing all of the plate
data in di↵erent epochs and colors.

Relevant mathematics equations are derived as
follows:

For each object the systematic di↵erence of po-
sitions between the reference and the program
plates can be represented in the following equa-
tions:

�x

s

= x

1

� x

2

=
µ

x

⇥�t+D(x
2

, y

2

) + E(m
2

, c

2

, x

2

, y

2

)
(1)

�x

g

= D(x
2

, y

2

) + E(m
2

, c

2

, x

2

, y

2

) (2)

where�x

s

,�x

g

represent the positional di↵erence
of stars and galaxies respectively, µ
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is the abso-
lute proper motion of stars, �t is the epoch in-
terval between the reference and program plate,
D is the P.d.E., and E is the combined factor of
M.d.E. and C.d.E.. The equations in y would be
similar.
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To reject non-stars that are not galaxies we it-
erate on equation (5) and, assuming that all real
galaxies will have the common pseudo proper mo-
tion �µ̄
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, flag outliers as probable blended objects
rather than galaxies. The selected galaxies are
then used in this equation to estimate the average
proper motions µ̄
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and the M.d.E. and C.d.E.
terms. After this stage, the position di↵erence
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photographic plates, the second is also outside of
our control now, the third factor is where we will
work to improve the solutions and thus the derived
proper motions.

It is well known that because of the combined
influence of the atmosphere (di↵erential refrac-
tion, dispersion, extinction etc.), telescope (guid-
ing errors, distortion of field of view etc.), photo-
graphic plates (uneven response of bending stress,
size and distribution of emulsion, low quantity ef-
ficiency etc.), plate scanner (digitizing errors), the
positions of the images of stars in digitized data
have varied systematic errors that are dependent
on the position, magnitude and color of the ob-
ject on the plate (Evans & Irwin 1995; Spagna
et al. 1996). The proper motions are derived from
the positions at di↵erent epochs so will su↵er from
these systematic errors. Stellar proper motions are
also functions of celestial position, magnitude and
color. Statistically, faint and red stars are further
than bright and blue stars, so the proper motions
of the former are smaller than the later. When we
eliminate the systematic errors mentioned above
we must take care to not eliminate the astrophysi-
cal sources of proper motion. Here we describe the
reduction procedures and assumptions adopted.

3.1. Principle of calibration

We work under the hypothesis that objects
(stars and galaxies) physically close on a photo-
graphic plate, with similar magnitudes/colors will
have similar systematic errors and that the abso-
lute proper motions of galaxies are always zero and
not dependent on their positions on plates, mag-
nitudes or colors. Based on this assumption and
considering the available plate data, the adopted
procedure is to choose a good quality plate as the
reference plates and using the objects classed as
stars with good imaging quality to unify the pro-
gram plates to reference plates. A new moving-
mean filter removes the P.d.E. using stellar ob-
jects; galaxies are chosen from the non-stars uti-
lizing the motion characteristics of galaxies, and
then the P.d.E., M.d.E. and C.d.E. of all ob-
jects are removed by referring to those galaxies;
finally, the absolute proper motions of stellar ob-
jects are calibrated by combing all of the plate
data in di↵erent epochs and colors.

Relevant mathematics equations are derived as
follows:

For each object the systematic di↵erence of po-
sitions between the reference and the program
plates can be represented in the following equa-
tions:
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represent the positional di↵erence
of stars and galaxies respectively, µ
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is the abso-
lute proper motion of stars, �t is the epoch in-
terval between the reference and program plate,
D is the P.d.E., and E is the combined factor of
M.d.E. and C.d.E.. The equations in y would be
similar.
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To reject non-stars that are not galaxies we it-
erate on equation (5) and, assuming that all real
galaxies will have the common pseudo proper mo-
tion �µ̄
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, flag outliers as probable blended objects
rather than galaxies. The selected galaxies are
then used in this equation to estimate the average
proper motions µ̄
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and the M.d.E. and C.d.E.
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Fig. 3.— The upper figure shows the P.d.E..
as a function of plate position after the cubic
polynomials fitting. The vector represents the
magnitude and direction of the average residual
for that region of the plate. The data shown
here comes from the plate XP715 (epoch=1996.3,
l = 266.9o,b = 69.2o) and XE494 (epoch=1955.3).
The lower figure shows the same data as in above
after applying the Moving Sub-plate method. No
observable P.d.E. remains after this step. The
marker ‘⇥’ indicates there are no common stars in
this region.
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Where x
2

, y

2

are the measured coordinates of non-
stars on the program plate, x

1

, y

1

are the corre-
sponding coordinates on the reference plate, m
and C are the magnitude and color, i.e. the mag-
nitude di↵erence between the reference plate and
program plate.
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Fig. 4.— The mean pseudo ‘proper motion’ of
galaxies as a function of plate position

In Step 6 we apply the equation (16) deter-
mined using the selected galaxies to all the ob-
jects on the program plate. This removes all of
the M.d.E. and C.d.E. between the program
and reference plates. This step also returns the
mean proper motion to stellar objects and sets the
galaxy proper motions to zero. From the Figures
5 and 6 we note that all the M.d.E. and C.d.E
have been significantly reduced if not removed.

Since the field of view of the Schmidt plate is
very large (6.5⇥6.5 sq.deg) the mean proper mo-
tions of stellar objects could vary across the plate.
For example, clusters generally cover less than a
degree on a photographic plate and our procedure
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analysis to certify the reliability of the calibration
software and the qualities of the catalogue APOP.
Here we describe some of the internal and external
checks that were carried out.

4.1. Internal accuracy

For each object, we could the absolute proper
motions and positions by fitting equation (7) with
all measures in di↵erent epochs and colors. This
provides directly the formal errors (i.e. the me-
dian standard errors) of the calibrated parameters
(µ

↵⇤, µ�

, ↵, �) which act as an internal check of
the APOP quality.
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Fig. 7.— The mean formal errors of the abso-
lute proper motions (µ

↵⇤,µ�

) and positions (↵,�)
of stars and non-stars as a function of R

F

magni-
tude in catalogue APOP. The magnitude is binned
in 0.3 mag bins and each bin has at least 100,000
objects. The marker ⇤ followed the µ

↵

is to in-
dicate that we have multiplied by cos(�). Top:
the formal errors of absolute proper motions in
mas/yr; bottom: the formal errors of positions
in mas.

In Figure 7 we plot the mean formal errors
and find them consistent in both right ascen-
sion and declination even though the two coor-
dinates were treated independently. For stellar
objects, the internal accuracy of the proper mo-
tions is better than± 4 mas/yr for objects brighter
than R

F

= 18.5, this moves up to 9 mas/yr at
R

F

= 20.0 and to 14 mas/yr for objects with mag-
nitude 20.0 < R

F

< 20.8. The internal accuracy
of the stellar positions is better than ± 100 mas
for objects bright than R

F

= 18.5, increasing to
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Fig. 8.— Di↵erences of proper motions
(�µ

↵⇤,�µ

�

) of common objects in the reference
plate XP216 and overlapping plates as a function
of position. The ’%’ indicates the modular and
direction of the di↵erences of the average proper
motions. A 5 mas/yr scale arrow is plotted at the
top left corner. The size of each bin is 0.25⇥0.25
degree

2 and they contain on average 300 objects
per bin. The marker ‘⇥’ indicates there are no
common objects, and the ’�’ indicates the number
of the common objects is less than 100 where we
do not believe the mean di↵erence is reliable.

260 mas for objects with magnitude R

F

⇠ 20.8.
The o↵set between the star and non-star objects
is consistent with the ⇠1.5 times larger measure-
ment errors of non-stellar objects.

We note that the objects close to the magni-
tude limit (i.e 20 < R

F

< 21) have larger errors
than predicted in section (§ 4). APOP parameters
and errors should be used with caution for objects
fainter than R

F

= 20.

We can also estimate internal accuracy if mul-
tiple measures of objects are available. For in-
stance, the objects in the overlap region between
adjacent reference plates provide multiple esti-
mates. In Figure 8 we display the mean o↵set
between the proper motions calibrated on two ad-
jacent reference plates. The di↵erences are plot-
ted based on the position in the central reference
XP216 (l = 151.4o,b = 62.8o) which has a typical
1.5o ⇥ 6.5o overlap region with its four adjacent
plates XP215 (left), XP217 (right), XP170 (top)
and XP266 (bottom). There are no visible large
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scale o↵sets in the overlap regions, but there are
small o↵sets of ⇠1.8 mas/yr in some small regions
particularly at the bottom left of the central plate.
Such o↵sets are very likely caused by the uncer-
tainty in the correction to absolute zero point by
the galaxies, which is applied on plate by plate
basis but may actually vary over the plate.

4.2. External accuracy

Quasi-stellar objects (QSOs) have stellar-like
images and since they are extragalactic, their
proper motions can be considered as zero. Thus
the dispersions of their measured proper motion
will be a good measure of the zero point and over-
all precision of the absolute proper motions of the
stellar objects. Here we use them as an indepen-
dent and direct determination of the APOP cata-
logue quality.

GIQC Density in APOP

Fig. 9.— The density distribution of 376,490
QSOs found in the APOP catalogue via cross-
matching with the GIQC catalogue.

The Gaia Initial QSO Catalogue (GIQC) (An-
drei et al. 2009) is chosen as the source list for
known QSOs. The distribution of QSOs in that
catalogue is not uniform, most of the objects are
located at the SDSS regions(See Fig. 9) but they
are quite wide spread. Figures 10, 11 and 12
show the mean proper motions of the GIQC QSOs
and indicate that there is a very good agreement
between the external and theoretical error esti-
mates of proper motions for the magnitude range
R

F

< 20.5. As a verification of the internal esti-
mates, Figure 13 shows the formal errors of posi-
tions (↵,�) of QSOs as a function of magnitude,

and indicate that they are consistent with stellar
objects.
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Fig. 10.— The distribution of absolute proper
motions (µ

↵⇤, µ�

) of QSOs as a function of mag-
nitude. The dashed line indicates zero absolute
proper motion. The circles indicate the mean of
µ

↵⇤ and µ

�

in that magnitude bin and the error-
bar shows their standard deviation, which follow-
ing the assumption that QSOs should have zero
proper motions are indicative of the proper mo-
tion random errors.
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Fig. 11.— The absolute proper motions found for
the QSOs as a function of color.

In addition to the GIQC, we also compared the
APOP with the other catalogues. The most natu-
ral comparison of the APOP is with the Positions
and Proper Motion XL catalog (herafter PPMXL,
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scale o↵sets in the overlap regions, but there are
small o↵sets of ⇠1.8 mas/yr in some small regions
particularly at the bottom left of the central plate.
Such o↵sets are very likely caused by the uncer-
tainty in the correction to absolute zero point by
the galaxies, which is applied on plate by plate
basis but may actually vary over the plate.

4.2. External accuracy

Quasi-stellar objects (QSOs) have stellar-like
images and since they are extragalactic, their
proper motions can be considered as zero. Thus
the dispersions of their measured proper motion
will be a good measure of the zero point and over-
all precision of the absolute proper motions of the
stellar objects. Here we use them as an indepen-
dent and direct determination of the APOP cata-
logue quality.

GIQC Density in APOP

Fig. 9.— The density distribution of 376,490
QSOs found in the APOP catalogue via cross-
matching with the GIQC catalogue.

The Gaia Initial QSO Catalogue (GIQC) (An-
drei et al. 2009) is chosen as the source list for
known QSOs. The distribution of QSOs in that
catalogue is not uniform, most of the objects are
located at the SDSS regions(See Fig. 9) but they
are quite wide spread. Figures 10, 11 and 12
show the mean proper motions of the GIQC QSOs
and indicate that there is a very good agreement
between the external and theoretical error esti-
mates of proper motions for the magnitude range
R

F

< 20.5. As a verification of the internal esti-
mates, Figure 13 shows the formal errors of posi-
tions (↵,�) of QSOs as a function of magnitude,

and indicate that they are consistent with stellar
objects.
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) of QSOs as a function of mag-
nitude. The dashed line indicates zero absolute
proper motion. The circles indicate the mean of
µ
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in that magnitude bin and the error-
bar shows their standard deviation, which follow-
ing the assumption that QSOs should have zero
proper motions are indicative of the proper mo-
tion random errors.

−0.5 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
−20

−15

−10

−5

0

5

10

15

20

µ
α

* (
m

a
s/

yr
)

−0.5 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
−20

−15

−10

−5

0

5

10

15

20

Color (R
F
−B

J
)(mag)

µ
δ (

m
a
s/

yr
)

Fig. 11.— The absolute proper motions found for
the QSOs as a function of color.

In addition to the GIQC, we also compared the
APOP with the other catalogues. The most natu-
ral comparison of the APOP is with the Positions
and Proper Motion XL catalog (herafter PPMXL,
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scale o↵sets in the overlap regions, but there are
small o↵sets of ⇠1.8 mas/yr in some small regions
particularly at the bottom left of the central plate.
Such o↵sets are very likely caused by the uncer-
tainty in the correction to absolute zero point by
the galaxies, which is applied on plate by plate
basis but may actually vary over the plate.

4.2. External accuracy

Quasi-stellar objects (QSOs) have stellar-like
images and since they are extragalactic, their
proper motions can be considered as zero. Thus
the dispersions of their measured proper motion
will be a good measure of the zero point and over-
all precision of the absolute proper motions of the
stellar objects. Here we use them as an indepen-
dent and direct determination of the APOP cata-
logue quality.

GIQC Density in APOP

Fig. 9.— The density distribution of 376,490
QSOs found in the APOP catalogue via cross-
matching with the GIQC catalogue.

The Gaia Initial QSO Catalogue (GIQC) (An-
drei et al. 2009) is chosen as the source list for
known QSOs. The distribution of QSOs in that
catalogue is not uniform, most of the objects are
located at the SDSS regions(See Fig. 9) but they
are quite wide spread. Figures 10, 11 and 12
show the mean proper motions of the GIQC QSOs
and indicate that there is a very good agreement
between the external and theoretical error esti-
mates of proper motions for the magnitude range
R

F

< 20.5. As a verification of the internal esti-
mates, Figure 13 shows the formal errors of posi-
tions (↵,�) of QSOs as a function of magnitude,

and indicate that they are consistent with stellar
objects.
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proper motion. The circles indicate the mean of
µ

↵⇤ and µ

�

in that magnitude bin and the error-
bar shows their standard deviation, which follow-
ing the assumption that QSOs should have zero
proper motions are indicative of the proper mo-
tion random errors.
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Fig. 11.— The absolute proper motions found for
the QSOs as a function of color.

In addition to the GIQC, we also compared the
APOP with the other catalogues. The most natu-
ral comparison of the APOP is with the Positions
and Proper Motion XL catalog (herafter PPMXL,
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Ongoing  Work	

•    continuing  checks  of  local  solutions	
•    extension  of  method  to  low  galactic  latitudes  	

Full  details  in  Zhaoxiang  et  al.,  APOP,  in  preparation	


