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Fig. 24. HEALPix map of the total Galactic extinction, built from HEALPixes between levels 6 and 9 (0.839 to 0.013 deg?), which are identified

as being at the optimum resolution over their field of view.

the given uncertainty by the square root of the number of trac-
ers used (num_tracers_used). The full range of Ay extinction
measures of the tracers (a@_min, a®_max) is also provided.

The first table, total_galactic_extinction_map, con-
tains HEALPix maps at four different HEALPix levels, from
level 6 (49 152 HEALPixes with an area of 0.84 deg?) to level
9 (3145728 HEALPixes with an area of 0.013 deg”), with the
HEALPix level indicated with the parameter healpix_level.
This range of HEALPix levels ensures that a minimum num-
ber of tracers per HEALPix will be found at high Galactic lati-
tudes, where the sky density of tracers is low, while allowing a
higher resolution in areas of the sky where the density of tracers
is high. (At level 9 only 1% of the sky has more than 40 tracers
per HEALPix.)

For any given direction we determine the optimum HEALPix
level, that is, the set of the smallest HEALPixes with at least ten
tracers to ensure a reliable estimate of the extinction and its uncer-
tainties. However, as the base resolution is HEALPix level 6, all
HEALPixes with fewer than ten tracers at this level are tagged
as ‘optimum’. As in the level 6 map, the optimum map has full
sky coverage at |b| > 5° (i.e. all HEALPixes at |b| > 5° have at
least three tracers, so an A value is reported for each of them).
In the HEALPix scheme, each HEALPix at level n contains four
sub-HEALPixes at level n + 1, meaning that each of the four sub-
HEALPixes must have at least ten tracers to allow all four to be
tagged as optimum. This algorithm is repeated iteratively over
each level, starting at the base level 6, until the lack of tracers in
a sub-HEALPix prevents further subdivision, or until level 9 is
reached. In the table total_galactic_extinction_map, the
optimum HEALPixes are flagged as such with the boolean flag
optimum_hpx_£flag. This algorithm ensures that the subset of
optimum HEALPixes do not overlap with one another, yet cover
the entire sky.

The secondtable, total_galactic_extinction_map_opt,
is a single optimum HEALPix map at level 9 pro-

vided for convenience, where each HEALPix adopts
the extinction value of the optimum HEALPix
total_galactic_extinction_map coincident with or

containing the HEALPix. That is, if a HEALPix at level 6 is
tagged as optimum in total_galactic_extinction_map,
then all 64 of its level-9 sub-HEALPixes in the
total_galactic_extinction_map_opt map will be
assigned the a® value of the level 6 HEALPix. The param-
eter optimum_hpx_level in this table indicates, for each
HEALPix, the HEALPix level of the optimum HEALPix from
which its a® value is based.

7.3. Performance

At the base level 6, only 2.8% of the sky (1379 out of
49152 HEALPixes) close to the Galactic plane (with |b| <
5°) has no a® values because of an insufficient number of
tracers. The fraction of HEALPixes with an insufficient num-
ber of tracers increases at the higher HEALPix levels as the
HEALPixes become smaller: 5.2% at level 7, 30.4% at level
8, and 66.3% at level 9. The average number of tracers for
the HEALPixes with Ay estimates is 268.3 at level 6, but only
10.7 at level 9, while the average number of tracers for the
optimum HEALPix map is 30.3. The optimum HEALPix map,
total_galactic_extinction_map_opt, shown in Fig. 24,
has the same sky coverage as the level 6 map, but is of higher
resolution when a sufficient number of tracers are available. To
better demonstrate this, we show a zoom into the Rho Ophi-
uchi region in Fig. 25. Over the whole sky, only about 1%
of the HEALPixes at level 9 have more than 40 tracers, and
thus the potential to be mapped at higher resolution. Figures
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Fig. 25. A towards Rho Ophiuchi from the TGE optimum HEALPix
map (Fig. 24) centred at (/,b) = (-5°,18°). The solid white line in the
upper right corner provides the angular scale of the image. The vari-
able resolution of the optimum HEALPix map is particularly obvious
towards the middle of the figure.

showing the individual all-sky maps at levels 6 through 9 can
be found in the online documentation, along with maps of

the a®@_uncertainty. We note that the a®@_uncertainty is
smallest in HEALPix level 6 with a mean value of 0.03 mag;

this is due to the larger number of tracers contained in the
HEALPixes at this level, whereas the mean a®@_uncertainty of
the HEALPixes in total_galactic_extinction_map tagged
as optimum (optimum_hpx_flag = 1) is of 0.06 mag, as they
cover various HEALPix levels.

In Fig. 26, the TGE A( estimate at the optimum HEALPix
level 9 is plotted against the dust optical depth expressed as Ay
from Planck Collaboration Int. XLVIII (2016)', once re-binned
at the same HEALPix level. We see good agreement, as a linear
fit using the median points with 0.2 < Ay < 3 results in a slope
of 1.04 + 0.05, albeit with an offset of 0.09 +0.05. It should be
noted that the ratio of Ay /Ao for giants (stars with effective tem-
perature 3000 < T.g < 5700K) is ~0.98 (see the online doc-
umentation), meaning that the slope of TGE (converted to Ay)
over Planck(Ay) is 1.04 X 0.98 = 1.02. Also worth bearing in
mind is that there are a number of Planck maps of the dust dis-
tribution available on the Planck Legacy Archive; for example,
using the map described in Planck Collaboration XXIX (2016)
we find a slope of 0.90+0.04 and an offset of 0.05+0.04.

Performing a linear fit in the same extinction range between
TGE Ap and Schlegel et al. (1998) Ay results in a slope of
0.98 +0.04 (offset: 0.10+£0.04, in agreement with the 1.04 +£0.05
obtained using Planck. However, the same linear fit performed
between TGE and the Bayestar’s map (Green et al. 2019) results
in a slope of 1.20 + 0.04 (offset: 0.01+0.04), suggesting that
the Bayestar map is systematically underestimating the extinc-
tion with respect to other extinction maps; see discussion in
Andrae et al. (2022).

Towards the limit where the extinction measured by Planck
tends to zero, the TGE Ay tends to a non-zero value. This off-
set is found empirically by fitting a third-order polynomial to the
median points for Ag < 0.4 and obtaining the TGE A, value at
Planck Ay = 0. The resulting offset is 0.10 + 0.03 mag and starts
to become evident at Ay < 0.1 mag. The existence of this offset
is likely due to the fact that the GSP-Phot extinction prior forces
its extinction estimate to be non-negative, which creates a statis-
tical bias at very low extinction values. Indeed, this A offset is of
the order expected if the true uncertainty of the A estimates per

16 The Planck collaboration reports E(B — V) that we convert to Ay
via Ay = RyE(B — V) and Ry = 3.1. See the Planck Legacy Archive
(http://pla.esac.esa.int) for details.
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Fig. 26. Extinction comparison between the TGE A, optimum
HEALPix map and the Planck Ay HEALPix level 9 map at small extinc-
tion values. The colour scale shows the density of HEALPixes, the
red dashed line represents unity, and the points with error bars are the
median A, and average absolute deviation computed in Ay bins of width
0.025 mag. The red line is the result of a linear fit to the points.
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Fig. 27. Comparison of the extinction between the TGE A, optimum
HEALPix map and the Planck Ay HEALPix level 9 map for extinctions
up to 10 mag. The background grey scale is a density plot of the entire
optimal HEALPix TGE map (comprising the optimal HEALPixes at
several HEALPix levels). The dashed red line represents unity and the
solid red line is a linear fit of the medians of all HEALPixes in the
optimum HEALPix map with 0.5 < Ay < 3. Coloured symbols refer
to the median A, computed in Ay bins of width 0.2 mag for various
HEALPix levels that are used to assign the A, value.

source were 0.1 magnitude. See Andrae et al. (2022) for further
discussion.

Comparing TGE A to Planck Ay over a larger interval high-
lights a possible bias at extinctions Ay > 4 mag. In Fig. 27,
TGE is plotted versus Planck over an interval of ten magnitudes.
A large dispersion in Ay is observed for the optimal map for
Ay > 4 mag, and it can be seen that the different HEALPix
levels do not behave in the same way. The coarser resolutions
(levels 6 and 7) initially predict less extinction than Planck (for
4 < Ap < 5 mag) whereas the finer resolutions either agree
or predict higher extinction. Above an Ay of 5 mag, only level
6 predicts less extinction than Planck, while the others predict
more. Even for Ay < 4 mag, where TGE and Planck are in very
good agreement, a difference can be seen where the lower reso-
lutions predict lower extinction. This is likely due to a selection


https://gea.esac.esa.int/archive/documentation/GDR3/Data_analysis/chap_cu8par/sec_cu8par_apsis/ssec_cu8par_apsis_dsc.html
https://gea.esac.esa.int/archive/documentation/GDR3/Gaia_archive/chap_datamodel/sec_dm_astrophysical_parameter_tables/ssec_dm_total_galactic_extinction_map.html#total_galactic_extinction_map-a0_uncertainty
https://gea.esac.esa.int/archive/documentation/GDR3/Gaia_archive/chap_datamodel/sec_dm_astrophysical_parameter_tables/ssec_dm_total_galactic_extinction_map.html#total_galactic_extinction_map-a0_uncertainty
https://gea.esac.esa.int/archive/documentation/GDR3/Gaia_archive/chap_datamodel/sec_dm_astrophysical_parameter_tables/ssec_dm_total_galactic_extinction_map.html#total_galactic_extinction_map-a0_uncertainty
https://gea.esac.esa.int/archive/documentation/GDR3/Gaia_archive/chap_datamodel/sec_dm_astrophysical_parameter_tables/ssec_dm_total_galactic_extinction_map.html
https://gea.esac.esa.int/archive/documentation/GDR3/Gaia_archive/chap_datamodel/sec_dm_astrophysical_parameter_tables/ssec_dm_total_galactic_extinction_map.html#total_galactic_extinction_map-optimum_hpx_flag
https://gea.esac.esa.int/archive/documentation/GDR3/Data_analysis/chap_cu8par/sec_cu8par_apsis/ssec_cu8par_apsis_dsc.html
https://gea.esac.esa.int/archive/documentation/GDR3/Data_analysis/chap_cu8par/sec_cu8par_apsis/ssec_cu8par_apsis_dsc.html
http://pla.esac.esa.int

Delchambre, L., et al.:

02 00 0.2
TGE Ay - Planck Ay [mag]

-0.5 0.5

Fig. 28. Residual sky map of TGE A, minus Planck Ay, using the opti-
mum HEALPix level 9 map. Red values show regions where TGE
predicts more extinction than Planck, whereas blue values show the
opposite.

effect where in a given HEALPix with variable extinction, more
stars will be observed where the extinction is smaller. This will
bias the extinction estimate for the HEALPix to lower values,
and will be more obvious for larger HEALPixes.

Finally in Fig. 28 the residual map of TGE Ay minus Planck
Ay is shown. TGE underestimates extinction with respect to
Planck toward molecular clouds, where dust emission remains
optically thin but where TGE estimates may be biased toward
smaller values as unresolved areas with below average extinc-
tion are oversampled, as mentioned above; see further discus-
sion regarding high-extinction regions in the following section.
Meanwhile, within about 30° towards the Galactic centre, TGE
shows more extinction than Planck, apart from the foreground
molecular complexes we just mentioned.

7.4. Use of TGE results

The TGE extinction maps estimate the total Galactic extinction
Ay from the Milky Way ISM toward extragalactic sources, where
Ap 1s the monochromatic extinction at 541.4 nm. As mentioned
above, Ay /Ay is approximately equal to 0.98 for cool stars at
Ap < 3mag. However, in general, the effective extinction in a
passband depends on the SED of the source; see the online doc-
umentation for a discussion on how to derive the extinction from
Ay for any passband.

As the selected extinction tracers were required to be beyond
a certain minimum distance to ensure that they were outside the
ISM layer of the Milky Way’s disc, sources in nearby galaxies
may also be selected as tracers. This means that the extinction
towards the LMC and SMC will be a combination of Galactic
extinction, inter-galactic extinction, and extinction in the Magel-
lanic clouds (although the latter will be the dominant contribu-
tion). Another factor that will influence the amount of reported
extinction in these directions stems from the distance prior used
in GSP-Phot, which assumes that the sources are Galactic. As
such, the extinction will be overestimated. An evaluation of this
overestimation can be obtained via a comparison with an exter-
nal data set. Indeed, in Fig. 26, there is a cloud of points with
a locus stretching from around Ay = 0.2, Ag=0.8 to Ay = 0.4,
Ap = 1.2 that consists entirely of lines of sight towards the Mag-
ellanic clouds. Comparing the median TGE A (1.0 mag) to
the median Planck Ay (0.4 mag) towards the LMC reveals a
difference of 0.6 mag. These values are both higher than the
extinction found using near-infrared observations (Ay = 0.3

A&A 674, A31 (2023)

Fig. 29. A, towards the LMC from the TGE Optimum HEALPix map
(Fig. 24), centred at (/,b) = (280.0°,-33.0°). The estimated offset of
Ap =0.6 mag has been subtracted. The solid white line in the bottom
left corner provides the angular scale of the image.

mag; Imara & Blitz 2007) and in the visible (Ay = 0.24 mag;
Wagner-Kaiser & Sarajedini 2013). This difference is likely not
only due to the GSP-Phot distance prior, but also to variations in
dust properties in the LMC/SMC. Although the absolute level of
extinction in these Galactic satellites needs to be interpreted with
caution, the relative variations evidencing structured patterns are
most certainly real (see Fig. 29).

Because extinction tracers are required to be outside the dust
layer of the Milky Way, they must be at greater distances at lower
Galactic latitudes. This, together with the effect of increasing
extinction and Gaia’s magnitude limit, means that at very low
latitudes it is not possible to find a sufficient number of tracers
outside the ISM layer of the Milky Way with which to make a
reliable estimate of the total Galactic extinction. This explains
the band of HEALPixes at b ~ 0 with no extinction values.
Indeed we recommend that the map should not be used for lat-
itudes |b| < 5°. Also, GSP-Phot sets an upper limit of ten mag-
nitudes on its estimate of Ay per source, and so any HEALPixes
with an extinction near this value should be interpreted as a lower
bound. However, as suggested by Fig. 27, our maps may instead
be over-estimating extinction toward these lines of sight with
respect to Planck, though we point out that HEALPixes with
Ap > 4mag are at low Galactic latitude and make up only 2%
of the sky. Furthermore, Planck estimates towards the Galactic
plane may be underestimated as a consequence of assuming a
single mean dust temperature for the whole line of sight. Further
details of the TGE data products are documented in the online
documentation.

8. Beyond Gaia DR3

We present the non-stellar and classification modules from
CUS in their present status, as for Gaia DR3. However, they
are in constant evolution and changes are already planned for
Gaia DR4 and later, which we summarise for each module in
this section.

Although the intrinsic performance of DSC is very good,
once we take into account class prior — as we do for all results
shown in this paper — the purities of the classified samples are
modest. In preparation for Gaia DR4, we will aim to improve
this, for example by optimising the feature set in Allosmod and
how this is used. We will also reconsider the class definitions
and the training data, in particular for white dwarfs and physi-
cal binaries. As Specmod uses the entire BP/RP spectrum, we
expected better performance (compared to Allosmod), and so
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we will investigate improving the classifier. We may also intro-
duce filters to remove the classifications of the lowest quality
data (which are the main determinant of the low purities).

OA will be upgraded by implementing its own outlier detec-
tor, which will be mostly based on unsupervised clustering algo-
rithms. Additionally, we will improve the statistical description
and the templates that were used for Gaia DR3. The functional-
ity offered by the GUASOM visualisation tool will be extended
in order to allow the user to perform and explore their own clus-
tering analysis.

QSOC will use epoch BP/RP spectra re-sampled into log-
arithmic wavelength bins in order to overcome the issues we
encountered while using the Hermite spline polynomials asso-
ciated with the internal representation of the BP/RP spectra.
This internal representation effectively tends to produce wig-
gles whose strength can be comparable to those of quasar emis-
sion lines in faint G > 19 mag spectra (Creevey et al. 2023).
This solution will concurrently allow us to use sampled BP/RP
spectra with uncorrelated noise on their flux, as the algorithm
described in Delchambre (2016) is not optimised to deal with
full covariance matrices.

The performance of the UGC redshift estimator strongly
depends on the training set used. As more epochs are incor-
porated in the BP/RP spectra, we expect to have more (and
generally fainter) sources with redshifts above 0.4 available for
inclusion in the training set, thus improving the performance
especially for higher redshifts. We will also investigate optimi-
sation of the SVM model parameters in order to reduce the large
variability in the performance with redshift and to minimise the
positive bias for bright, low-redshift objects.

In future data releases, we can expect the TGE maps to
improve with future improvements of GSP-Phot (Andrae et al.
2022). In particular, we expect that the number of sources with
stellar parameters will increase, which will improve the reliabil-
ity of the TGE maps, and possibly allow for maps at a resolution
higher than HEALPix level 9.
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(SNSA/

Appendix B: Combining probabilities for
DSC-Combmod

Combmod in DSC combines the posterior probabilities from
Specmod and Allosmod into a new posterior probability, tak-
ing care to ensure that the global prior is only counted once. If
Specmod and Allosmod used the same classes, and operated on
independent data, then combining their probabilities would be
simple. However, Specmod has three classes (star, white dwarf,
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physical binary star) that correspond to the single star class in
Allosmod. It is also possible that Specmod or Allosmod pro-
vides no result. The combination method is therefore a bit more
complicated. The basic idea is that a fraction of the Allosmod
probability for the single ‘superclass’ is taken to correspond to
each subclass in Specmod, with that fraction equal to the prior.
We assume that Specmod and Allosmod are independent, which
is not quite true as the colours in Allosmod are derived from the
BP/RP spectra used by Specmod.

— Let P? be the posterior probability from classifier m for class

k

— Let x}" be the prior probability used in classifier m for class
k

— For Specmod, m = s and k = 1...5 corresponding
to quasar, galaxy, star, white dwarf, physical binary star
respectively.

— For Allosmod, m = a and k =
quasar, galaxy, star, respectively.

— For each classifier, classes are disjoint and exhaustive, so the
probabilities sum to one.

— The priors for the two classifiers are consistent, so 7{ = n{,

n¢=n5,and 7 = ¥y 7.

For the classes that correspond one-to-one, the combined
posterior probability is obtained by multiplying the likelihoods
(the posterior divided by the prior, to within a normalisation fac-
tor) and then multiplying by the prior. This is

1...3 corresponding to

ke{l,2}, (B.1)

where a is a data-dependent but class-independent normalisa-
tion factor. For each of the three stellar classes in Specmod,
we assume that a fraction 77 /7§ for k € {3,4,5} of the pos-
terior probability P is the Allosmod posterior probability for
that class. Thus the combined probability for each of these three
classes is

L
Po=a—3"m _ apipr T ke (3,4,5). (B.2)
g ()

If Specmod probabilities are not available (missing), the com-
bined posterior probability for the classes that correspond one-
to-one is equal to the Allosmod probabilities:

P, =P ke({l,2}

(no Specmod results) . (B.3)
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For the three stellar classes, we distribute the corresponding
Allosmod probability to these classes in proportion to the priors,
ie.

S

P, =P5 %Y k€ {3,4,5} (no Specmod probabilities) .

Zi=3 Ty
B.4)

If Allosmod probabilities are not available, we simply copy the
Specmod probabilities:
P, =P,

ke{l,2,3,4,5} (no Allosmod probabilities) .

(B.5)

If neither the Specmod nor the Allosmod probabilities are avail-
able, the Combmod probabilities will be empty.

The above equations run the risk of divide by zero if proba-
bilities are exactly zero. To avoid this we ‘soften’ the Specmod
and Allosmod probabilities prior to combination by adding 1078.
This is only done in the combination: the Specmod and Allos-
mod probabilities written to the catalogue are not modified.

The above probability combination is not complicated con-
ceptually, but it can lead to counter-intuitive results. Bailer-Jones
(2021) works through various examples to demonstrate and
explain this.

Appendix C: Adjusting the DSC probabilities to
accommodate a new prior

All DSC probabilities are posterior probabilities that have taken
into account the class priors listed in Table 2. Posteriors are equal
to the product of a likelihood and a prior that has then been nor-
malized. It is therefore simple to adjust the DSC probabilities to
reflect a different prior probability: we simply divide each out-
put by the prior used (to strip this off), multiply by the new prior,
and then normalise the resulting probability vector. That is, if
PZ is the DSC probability in the catalogue (for any of its classi-
fiers) for class k, and if nf is the corresponding catalogue prior
(Table 2), then the new posterior probabilities corresponding to
a new prior ;"% are

P P
k _new k' _new
F];ﬂk /Z (ﬂ._dﬂk' ] .

k k'

(C.1)



