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Fig. 20. Left: AL residuals with respect to G magnitude. Right: Histogram of the AL residuals in the interval [–10,10] mas. The tails (not visible in
the histogram) contain 7304 observations (⇠0.4% of the total number of observations published in Gaia DR2) for which the residuals are greater
than 10 mas or smaller than –10 mas. The mean of the residuals in AL is 0.05 mas and the standard deviation is 2.14 mas.

Fig. 21. Left: AC residuals with respect to G magnitude. Right: Histogram of the residuals in AC. The peak around 0 is strictly related to the
distribution of the residuals as a function of the G magnitude. For objects brighter than G = 13, the accuracy in AC and AL are similar, while for
objects fainter than G = 13, the errors in AC are larger.

in Fig. 26 are the projections of the AC velocity in the plane
described by ↵ cos � and �. The residuals follow the direction of
the velocity vectors, which explain the main dispersion of the
detections in each CCD across scan.

6.2. Transit-level residuals

The observations collected during a single transit extend
over a limited period of time during which the motion of
the SSOs can be taken as linear, and over this interval its
position changes by less than 1 arcsec. Likewise, the scan
direction is approximately constant at first order. The same
applies in general to the SSO orientation in space (rotational
phase, direction of the pole) and as a consequence of its
brightness.

In addition, successive transits are well separated in time,
with a minimum interval of 106 min (preceding the following
FOV) to 6 h (one rotation) or much more (days, months) before
the Gaia pointing returns to the same SSO. Since a single transit
can be considered as a coherent unit that is well separated from
the others, different transits are clearly statistically independent
measurements. This is also supported by the time resolution of
the attitude solution, with nodes spaced by 5 s in AL but with a
much longer coherence time. On the other hand, one can expect
that during a transit the attitude from one CCD to the next is
significantly correlated, while it is not correlated over longer
timescales.

Some systematics that can be related to the asteroid itself
(such as motion, apparent size, and photocentre position rela-
tive to centre of mass) are also expected to be correlated during
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Fig. 22. Residuals in ↵ cos � and � for the MBA (367) Amicitia.
Different symbols correspond to the 22 different transits of the object.

Fig. 23. Residuals in AL and AC for the MBA (367) Amicitia. The
residuals are obtained as a rotation from the plane of the residuals
(↵ cos �, �) to the plane of the residuals in (AL, AC). The right panel is
a zoom-in of the residuals and shows that almost all the residuals are at
sub-milliarcsecond level and inside 1� (dashed lines).

a transit, but they are completely different in general when
different transits are compared.

For these reasons, it makes sense to group single observa-
tions within a transit and analyse the residuals at transit level. We
consider first the average of the residual values during a transit
and their scatter separately.

The average is an analogue of accuracy, as it is expected to
provide the overall discrepancy of the SSO position with respect
to the fitted orbital solution around the transit epoch. The result
of the transit-level average of residuals is shown in Fig. 27. The
large residuals associated with the AC direction are due to the AF

Fig. 24. Residuals in ↵ cos � and � for the MBA (367) Amicitia.
Different symbols correspond to different transits of the object. The
lines represent the error ellipse for each observation, including the
correlations, as given by the error model.

Fig. 25. Residuals in ↵ cos � and � of one transit of the MBA (367)
Amicitia. Each astrometric field (AF) is highlighted.

lack of resolution, with the exception of bright (G < 13) targets.
The plot in AL is much more impressive, as it catches the full
accuracy of Gaia DR2 data for SSOs, with an average well below
1 mas for all sources G < 19.5. The best performance appears to
be around G ⇠ 17.

The scatter of the residuals during a transit (Fig. 28) can
be considered as an indication of the transit-level astrometric
precision. We compute this precision as a standard deviation.
Of course, given the small number of data points (at most nine
per transit), this is a rather poor statistical estimator of the true
standard deviation of the population. We show here the results
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Fig. 26. Residuals in the (↵ cos �, �) plane and projection of the AC
velocity (black lines) on the same plane for the MBA (367) Amicitia.

obtained with transits that had four or more observations, but
even without this cut, the general picture holds true.

The AL scatter component has a remarkable minimum at
G < 16, around 400 µas. A transition at G < 13 is a clear sig-
nature of the change in window size. The scatter reaches ⇠5 mas
at G = 20.

As the core of the distribution is very dense in the plots, we
collected in a set of histograms (Fig. 29) the distribution of the
scatter for four ranges of G to better illustrate the difference in
performance.

A common feature of both systematic and random residuals
is the lack of improvement for SSOs brighter than G ⇠ 16. The
systematic component clearly shows a degradation. This can be
due to several overlapping effects:

– The apparent size of the asteroid increases with bright-
ness. Although in general it remains below the pixel size,
it can introduce a bias in the centroid position, as no special
treatment is applied in Gaia DR2 to extended SSOs.

– The difference between the centre of mass and the photocen-
tre can introduce a further systematic effect.

– The various thresholds of gating of the CCD to avoid satu-
ration and the associated photon loss at G < 13 also tend to
suppress a gain in accuracy.

To these factors, one must also add the signal smearing that is
due to the apparent motion of SSOs relative to the stars. While
it does not depend on brightness, it can add a noise floor to the
whole distribution of residuals.

Figure 30 summarises the two residual components and com-
pares them to the average apparent size of the observed asteroids.
This is computed by assuming a spherical shape and by taking
into account the distance of the SSO from Gaia at the mean
epoch of the FOV transit. The physical radius used is provided
by the Wide–field Infrared Survey Explorer (WISE) telescope
(Mainzer et al. 2016). In Gaia DR2, 11, 984 SSOs have a WISE
size determination. As size here is just for statistical comparison,
errors and biases on the WISE sizes are of no consequence.

The trend of the size shows that its median value is higher
than any residual for objects brighter than G ⇠ 19 and reaches
the AL pixel size of (60 mas) at G ⇠ 13. As the centroiding

Fig. 27. Systematic component of transit-level residuals estimated as
the absolute value of the average of post-fit residuals associated with a
single position during each transit as a function of G magnitude. Transit-
level residuals in AC and AL are shown in the top and bottom panel,
respectively. The black line represents the average value. The transition
in the AC direction at G ⇠ 13 is due to the change of window dimension.
The colour scale represents the local density of data points.

algorithm used in Gaia DR2 is only optimised for the stars (point
sources), some degradations from the image extension can show
up, which is a likely cause of the increase in the systematic resid-
uals. More detailed investigations are required and will provide
indications to further improve the astrometric quality in the next
releases.

The effect of motion can be roughly assimilated to an
increased size, as a signal elongation occurs in the direction of
displacement. If the hypothesis above on the role of size is valid,
a signature should also be found as a dependency of residuals
from motion. However, the situation is also more complex, as a
displacement of the image with respect to the window centre is
expected, with an asymmetric loss of signal from the PSF tails.
For fast SSOs, the displacement can move the signal outside the
CCD window, and in this situation, the number of valid obser-
vations per transit decreases. Figure 31 shows the distribution of
the number of single CCD measurements per transit and illus-
trates the reduction of the number of valid observations due to
displacement of the signal out of the allocated windows.

We found no clear evidence of a difference between centre–
of–mass and photocentre. Although the phase angle of Gaia
observations is rather high, the typical photocentre shift can
reach at most a few percent of the SSO diameter, but its
direction can have any orientation with respect to the AL posi-
tion angle. When we select asteroids with similar astrometric
accuracy (i.e. similar G within a one-magnitude interval, for
instance), no clear trend of the average residuals with respect
to phase angle is found. The effect can be considered of sec-
ond order with respect to the other uncertainty sources illustrated
above.
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