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Fig. 10. Results for the EDF. Each column represents the results for the methods described in Sect. 3. The first three rows are the labels, with the
true value plotted against the predicted one. The fourth column is the MSFS, with true values in red (dashed) and predicted ones in blue (solid).
The reported metrics are the NMAD (purple), outlier fraction f,, (blue), the bias (green), and for the SFMS the slope (@), the scatter (o) and

fraction of passive galaxies (fp), all defined in Sect. 3.6.

informative wavelengths out of the region sampled by Euclid. As
such, those will hamper the naturally expected metrics improve-
ment for Wide-alike sources observed at Deep uncertainty level.
For the sake of comparison, in Table 7 we also report the cor-
responding metrics obtained by applying the same photometric
cuts from the EWS to the EDF test galaxies (see Sect. 2 for fur-
ther details).

The results are reported in Fig. 10. It is immediately visible
how the EDF goes farther in distance (contours extending sig-
nificantly at z > 4) and at lower masses and SFRs. The photo-zs
NMAD values are comparable, though lower (0.04-0.05) than
the best ones reached for the EWS (0.05-0.06). The same is true
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for outliers, with a reduction of 1%—3% despite the presence of
a cloud of low-z galaxies spread over 1.5 < zphot < 5. Those are
fainter, low-mass galaxies with log,,(M,/My) < 8 which were
marginally detected in the EWS but are one order of magnitude
more present in the EDF. If we apply the Wide cuts to the Deep
test galaxies, we observe a dramatic improvement in the metrics,
as the NMAD for photo-z falls to ~0.02-0.04 with only ~1% of
outliers for both nnpz and CCR.

A significant improvement is observed also for the stellar
masses, even without parceling out the fainter galaxies from the
Wide-alike, as for the photo-z. This is principally a consequence
of the addition of the two IRAC filters and, secondly, of the
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Table 7. Metrics for the EDF, with the same EWS photometric cuts to the

test galaxies.

CSMR CCR DLNN nnpz
NMAD Jout bias \ NMAD Jout bias \ NMAD Jout bias \ NMAD Jout bias
z 0.02 1.8% -0.03 0.02 09% -0.03 0.03 3.2% 0.00 0.02 09% -0.02
M, 0.12 2.5% -0.10 0.12 25% -0.09 0.12 4.7% 0.01 0.13 22% —0.06
SFR 0.60 23.4% 0.13 0.61 22.1% 0.13 0.63 25.4% 0.22 0.63 22.5% 0.13
Notes. M, refers to log,,(M,/Ms), SFR to log,, (SFR/M yr™").
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Fig. 11. Results for the recovered SFMS in the EDF, in four different redshift bins. Test values are in red (dashed) and predicted ones in blue

(solid). The reported metrics are defined in Sect. 3.6.

improved photometry. All the codes show a net improvement for
NMADs, outlier fractions, and biases, even for the full set of test
galaxies (down to NMADs of ~0.16 and foue ~ 13%. If account-
ing only for the Wide cut, the net improvement gets important,
falling to NMAD ~ 0.12 and fou ~ 2.5%.

SFRs show a different behavior for the full set of test data.
This is due to a particular set of outliers, low star-forming galax-
ies [log,, (SFR/M yr~!) < —1] that are mistakenly predicted as
higher log,, (SFR/My yr™') > 0 due to a wrong photo-z attri-
bution that impacts the SFRs, visible as the strip of 7™ ~ 1
galaxies in the top panels of Fig. 10. When applying the EWS
photometric cuts, the NMADs are lower than those found in the
mixed labels Deep — Wide case. The same applies for fo, and
the bias.

There is a notable exception, as nnpz is able to reduce the
impact of these outliers, to the point where even the full set of
test data gives back comparable results to the mixed labels Deep
— Wide case and better for the EWS-cut ones. This is both a
consequence of a better photo-z estimation and an overall better
ability of nnpz in recovering the SFRs given the input set of
features, as also observed in Sect. 4.4.

Overall, the MS recovery is optimal in the EDF. Of all the
considered methods, CCR and nnpz are the ones returning the
best overall results, as the former optimally recovers photo-zs
and stellar masses, while the latter recovers the SFRs the best.
If we perform a binning in redshift, we observe how the best
results are obtained when the stellar masses and SFRs are opti-
mally recovered (as the true redshift is) — thus at 0.8 < z < 1.5
— and worse ones at higher-z, where lots of low-z objects are
mistakenly placed at high-z with greatly enhanced stellar masses
(and to a lesser extent the SFRs), thus bending the whole rela-
tion by a significant amount (see rightmost plot in Fig. 11). At
lower-z, we notice a symmetric issue, with lots of low-mass and
log,, (SFR/Mg yr!) ~ 0 galaxies removed from the binning as
the models place those at z > 2, and thus the predicted relation
differs significantly from the true one.

There are reasons for optimism. First of all, we stress that
these results should be considered lower-limit performance.
Forty ROS are the minimum number expected for the EDF, with
the highest going up to 53. We expect that increasing the num-
ber of ROS will produce better performance, at least slightly (the
order of a few percentage points), even though it is not straight-
forward to assess as mentioned before. In fact, the improvement
in metrics seems to saturate after a certain number of ROS. We
can roughly quantify, by extrapolating from the different realiza-
tions of the metrics for the four different number of ROS used in
this work, a reduction of a few percentage points in NMAD and
Jour With 53 ROS, both with template-fitting and ML methods.

All those results are limited to the UNIONS+Euclid+two
IRAC filters, which do not extend over the 4.5 um observed-
frame, with a gap between the Hg band and IRAC. The more
the galaxies move to higher redshift, the more these particu-
lar sets of features will probe the source UV-rest frame, which
is less sensible to stellar masses and more to SFRs. However,
the EDF, given their extension and importance in galaxy forma-
tion and evolution, will benefit from a wealth of ancillary and
upcoming multiwavelength data from UV to radio. For example,
the EDF-South has been observed with the MeerKAT program
MKT-23041 (P.I. Prandoni); the EDF-N is currently proposed
to be observed with the LOFAR2.0 Ultra-Deep Observation
(LUDO), whose 2 uJy beam™" at 150 MHz would translate into
one of the deepest radio observations ever, and it has already
been observed at 144 MHz with a central rms of 32 uJy beam™'
(Bondi et al. 2024); as illustrated, all the EDF has been covered
with Spitzer at 3.6 and 4.5 um (Euclid Collaboration 2022a);
deep observations in U band with CFHT (Euclid Collaboration
20241i) are currently ongoing; the same for deep optical obser-
vations with Hyper Suprime Cam (Euclid Collaboration 2024e);
K band observations with VISTA of the EDF-S have been taken
as part of the EDFS-Ks program, down to a limiting magnitude
of 23.5 (PI Nonino), covering the gap between the Hg band and
IRAC. Extending the feature space with mid-IR to submillimeter
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and radio fluxes will undoubtedly produce better, more reliable
physical parameters than those reported in this work.

5. Summary

Euclid and the forthcoming large-scale surveys — Rubin/LLSST,
Roman) — will benefit from unprecedentedly sampled areas of
the sky, with an estimated number of observed sources up to the
order of billions. At those scales, automated, accurate, and rapid
methods to assess photometric redshifts and physical properties
from the observables must be developed and tested.

In this study, we evaluated the performance of Phosphoros,
a template-fitting algorithm, with four ML methods for the
recovery of photo-zs, stellar masses, star formation rates, and
the SFMS: two CatBoost-based methods roote GBDT, a single-
pass regressor (CSMR) and a chained regressor ensemble
(CCR); a simple and plain DLNN; and nnpz, an enhanced
nearest-neighbors algorithm capable of handling the full param-
eter posteriors. As it is typical in ML applications, the quality
of the recovered labels is inevitably limited by the number and
quality of input information entering the model. Noisy features
hamper a plain association between those and the labels, degrad-
ing the final performance.

In order to realistically quantify how reliable Euclid photo-
zs and physical parameters will be, we simulated observations of
both the EWS and the EDF with ground-based ugriz and Euclid
filters (plus two IRAC channels for the latter). The simulations
are obtained within the MAMBO workflow, an empirical method
to extract galaxies’ physical information from simulated light-
cones. We also simulated an intermediate number of ROS mim-
icking what is expected from the Euclid auxiliary fields, observa-
tions of well-known fields in the sky where a wealth of ancillary
multiwavelength data is available for optimal photometric and
color calibration. Finally, we run all the methods on an unper-
turbed version of the mocks, that is, without any photometric
noise added and trained on the labels true values, serving as an
unrealistic best-case scenario for the performance given that par-
ticular set of features (magnitudes and pairwise differences, the
colors).

We found how, in the unperturbed catalog, that set of 45 fea-
tures is more than enough for the models to almost perfectly
recover photometric redshifts and stellar masses (NMAD <
0.03, four < 0.3%). Things are more complicated for star for-
mation rates, with NMADs never falling below 0.16. This is
expected, as the SFR correlates weakly with the input labels
that sample the 0.3—1.8 um observed-frame wavelength range
but correlates strongly with the 8—1000 um integrated luminos-
ity (and monochromatic flux in the UV at 2800 A rest-frame).

When feeding the mock photometry to Phosphoros either
for the EWS or the EDF, we observe a typical pattern where the
vast majority of outliers are generated by low-z galaxies (z <
1) misplaced at 1.5 < z < 5, with predicted higher values of
log,o(M«/Mg) > 10 instead of ~8.5, and log,, (SFR/Mg yr™!) >
0.5 instead of -2 < log;, (SFR/M, yr‘l) < —1. The SFMS is
poorly recovered in the EWS, while better though suboptimal
results are observed for the EDF, suggesting the need for better-
suited, ad hoc priors to adopt for template-fitting.

As we want to evaluate the ML methods with what Euclid
will realistically yield, their EWS and EDF performance are
measured training on Phosphoros recovered labels and test-
ing on true values. We also checked the metrics improvement
when training on true values — inaccessible in a real scenario,
as the ground truth is unknown. Moreover, since we simulated
four different versions of the mock catalogs (EWS, EDF, and
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two auxilliary fields named C16 and C25 from the number of
expected ROS), for the EWS we test how a model trained on
features and labels coming from deeper photometry fare on the
test EWS ground truth values.

We found different results by employing two approaches:
in the paired labels approach, we are training the models on a
rightly coupled set of features and labels coming respectively
from the four catalogs and testing on the EWS ground truth.
With this approach, we notice a well-known pattern in ML appli-
cations: as there is a mismatch between the training and test fea-
tures (in terms of noise), it is not guaranteed that a deeper set of
features (and labels) would lead to better performance. This is
particularly true for stellar masses, as the NMADs and fraction
of outliers do not improve significantly (or become even worse,
see Table C.1) from training and testing on the EWS to training
on deeper photometries and testing on the EWS, with the notable
exception of EDF training as it benefits from the addition of two
IRAC filters.

Better performance is obtained if we employ a mixed labels
approach. In this case, the labels are still the Phosphoros results
on photometry coming from the four catalogs, but the training
features are always the ones from the EWS. Despite the reduc-
tion in the training sample size (as only EWS detected sources
are employed in training) from a few million to ~500 k sources,
this approach avoids the data mismatch issue, as the features
always come from the EWS simulated catalog. More impor-
tantly, it acts as a prior on the features-labels association, as the
models are able to better distinguish between similar cases near
degenerate regions of the feature space, for instance, the ones
that generate the outlier cloud of close and less massive galaxies
mistaken for far-away and more massive ones.

In fact, those outliers are significantly reduced (or disap-
pear altogether) with this approach. We observed a significant
improvement in the performance metrics, matching or even
surpassing those obtained with Phosphoros: for nnpz, zpho
NMAD decreases from 0.063 to 0.055, and fy, is reduced from
22% to 15% passing from Wide training labels to Deep train-
ing labels, not so distant from the ideal scenario when the true
labels are known (0.047 and 15% respectively). The same goes
for stellar masses (for the CCR, NMAD falls from 0.24 to 0.19,
outliers from 28% to 11%, while they are 0.14 and 10% in the
ideal scenario) and star formation rates (nnpz reaches NMADs
of 0.62 starting from 0.71, and outliers of 23% from 30%, lower
limits of 0.43 and 11%). The same is true for the MS.

The full EDF would not be finalized until February 2031.
In the meantime, the main scientific results will rely on train-
ing samples obtained from multiple ROS of the auxiliary fields.
We observed how the metrics did not degrade by more than a
few percentage points between the C16 and C25 training sam-
ples (though here we only use the 9 previously cited bands to
infer the results, thus the real ones will benefit from better esti-
mated labels) and the EDF one. Moreover, we also checked how
a COSMOS-like reference sample does not significantly impact
the model performance, as a reduction to ~230 k galaxies in the
training sample is not enough to degrade those by more than
1-2%. As a final test, we removed the u band filter from the test
sample, as we already know that, for DR1, those observations of
the southern sky will not yet be available. However, that should
not compromise the scientific outcome, as we only notice a small
performance degradation, on the order of ~3%.

As expected, the EDF results are the ones with the best
results, where both labels and features come from the deepest
available observations (and Phosphoros run on). The parame-
ter recovery is optimal, especially the MS, once considered how
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the EDF extends the object detection to significantly higher red-
shifts (one order of magnitude more z > 4 galaxies) and lower
stellar masses and SFRs, with one order of magnitude increase
for log, (M4 /M) < 8 and log,, (SFR/Mg yr~!) < 0.

There are some caveats to keep in mind to properly gauge all
those results in the right framework. In our simulated catalogs,
we are only considering galaxies, thus neglecting the potential
impact of misclassified stars, AGN and QSOs, local contami-
nants, and photometric defects. These will undoubtedly cause a
degradation in the considered metrics, at least by a few percent,
even though a precise quantitative estimation is nontrivial and
outside the scope of this work. The simulated EWS and EDF are
built assuming BCO3 models; thus, whatever discrepancy might
come from what an actual galaxy emission is (or the chosen
IMF) will impact the overall performance, again, in a nontrivial
way. Also, we are evaluating performance on the EWS and EDF
simulated catalogs with nine filters, the ground-based ugriz and
four Euclid ones. This is the bare minimum that will be released
by Euclid, but we know that, especially for the ~53 deg® of the
EDF given their importance in the galaxy formation and evolu-
tion context, multiple ancillary or forthcoming multiwavelength
data will be available to complement the Euclid releases.

As such, we can consider our results as a kind of best-case
— as we are not accounting for defects in the catalog, the con-
tamination by AGNs, and the fact that galaxy emission could
differ from BC03 models — of the worst-case scenario, as adding
more filters, especially in the mid-IR to far-IR, will undeniably
improve the performance. These results highlight Euclid’s vast
potential in assessing galaxy formation and evolution and could
serve as a benchmark for all the upcoming large-area surveys in
the next decade.
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Appendix A: Feature importances

In this appendix, we present the feature importance for mod-
els evaluated with CSMR. In standard ML terminology, feature
importance refers to the quantification of the impact each feature
has on the model’s predictions. This is measured by considering
the number of times a feature is used for splits across all trees in
the ensemble and the corresponding improvement in the model’s
performance. The higher the number of times a feature is used
and the greater the improvement, the more important the fea-
ture is considered, giving insights into the relative significance
of different features in the data, for example, if and what certain
filter or color is more important in correctly assessing a galaxy
redshift, stellar mass, or star formation rate.

These findings are reported in Fig. A.1, where we show
the feature importance for four different models, each one
specifically trained to recover a single label, whether is zpno,
log,o(My« /M), or log,, (SFR/Mg yr™!), and a model trained on
a set of pooled labels. In each case, to remove altogether every
source of noise skewing the results, we are performing the train-
ing on the unperturbed catalog (see Sect. 4.3 for further details).

As expected, considering that most of the training galaxies
are at 0 < z < 1.5, the Hg band is by far the most important one
in determining a galaxy’s stellar mass (more than half impor-
tance); similarly, for photometric redshifts, the colors hold the
most importance, more than single filter observations. Things
are more mixed for star formation rates, as with the exception
of Hg (~ 25%), all the other features hold similar importance
(between 3% and 6%). When considering all the labels together,
we observe a mix between the previous results, with Hg being
still the most considered feature at ~ 25% importance, followed
by the colors.

Appendix B: Phosphoros results for the calibration
fields

In Sect.4.2, we reported the template-fitting results with
Phosphoros to the EWS and EDF. In Fig. B.1, we report the
corresponding Phosphoros run to the auxiliary fields at 16
and 25 ROS each. As expected, the performance is intermedi-
ate between the EDF and the EWS, though closer to the for-
mer. Anyway, it should always be kept in mind that the deeper
the observations, the more distant and/or less massive galaxies
will enter the catalogs, whose photometric redshifts and physi-
cal parameters are harder to properly assess, therefore reducing
the expected metrics improvement.

Appendix C: Results with the paired labels
approach

In Tabs.C.1-C.2, we report the results for the EWS with the
paired labels approach. As described in Sect.4.4, with this
approach, we train each model with a set of features and labels
obtained from the Phosphoros run to the corresponding depth
(e.g., C16 features, labels from Phosphoros run to the C16
photometry), and test on Wide features and ground truth values
obtained from the simulation.
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Fig. A.1. Pie chart highlighting the most important features in recover-
ing the pooled labels with CSMR. The feature importance weights (in
percentage) how much a single feature influences the final prediction.
In the Pooled Labels and log;o SFR only cases, 45 features enter the
model (magnitudes and all possible color permutations), only five have
an importance over 5%.
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