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Abstract

The multiple star classifier (MSC) is a module to infer stellar parameters from BPRP
spectra and parallax for the two components of a coeval binary system. In this vali-
dation report we analyze the output of processing that led to GDR3 where all sources
down to G=18.25 mag have been processed. We use an empirical forward model for
the BPRP spectra and have implemented priors depending on position on the sky for
the distances and the extinctions. The main results are:

MSC works as expected and returns useful results for applicable binary
sources (fluxratio smaller than 5).

Our empirical BPRP forward model works reasonably well and the MSC
inferred parameters are validated using two independent validation data
sets.

The binary classifications from DSC are problematic, so we need to find
an alternative solution to identify valid binary sources offline.
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1  Summary

MSC overview The multiple star classifier (MSC) is a module to infer stellar parameters
from BPRP spectra and parallax for the two components of a coeval binary system with a flux
ratio below 5. MSC is now using ExtraTrees, trained on wide binaries for which we artificially
summed their BPRP fluxes. The results of the ExtraTree regression are used as initialisation
for the double Aeneas MCMC, which uses an BPRP forward model relying on empirically
calibrated spectral grid trained on APOGEE sources with known astrophysical parameters.

Goals of processing that led to GDR3

MSC works as expected and returns sensible results for applicable binary sources

show the achieved accuracy for individual stellar parameters

compare to GSP-Phot results and show that MSC generally agrees

show the biases that arise for binary sources fit by GSP-Phot

validate the MSC uncertainties and found the necessity to inflate them by a factor of 10
assess the usability of the MCMC convergence parameters. The mean log posterior has a high
predictive power of the reliability of the MSC inferred parameters

DSC probabilities are not useful to identify binaries therefore all sources with G smaller 18.25
mag have been processed and binary selection needs to be done offline

validate the final inference precision and propose an error inflation of 10

propose postprocessing criteria

Main results

1. MSC as an algorithm works as expected. The bias and median absolute deviation for an
independent GALAH binary validation set consisting of 10k sources (and 1k APOGEE
binary sources in parenthesis), when throwing out the 16% worse gof sources are:

o primary T, /[K]=-72,143 (-74, 113)
» secondary T /[K]=-350, 143 (-237, 113)

primary log g / [dex] = 0.20, 0.21 (0.09, 0.14)

secondary log g / [dex] = 0.30, 0.28 (0.07, 0.13)

[Fe=H] / [dex] = 0.19, 0.19 (0.11, 0.13)

* Ao /[mag] =0.01, 0.12 (-0.01, 0,08)

« distance / [pc]=-95, 58 (-24, 18)

2. the empirical forward model BPRP spectra reduces the bias, but has problems due to sparse
sampling at ’high’ extinction values
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3. the uncertainty reported by MSC is underestimated by a factor of 10 and has been in ated
during postprocessing

Post-processing of the outputs Has been applied according to the following rules:

» exclude sources that miss one of the following: G, BP or RP photometry, parallax,
BP or RP spectrum.

» exclude sources if they have NaN values in the parameter estimates
 exclude sources if their uxratio is outside of 1-5.
 exclude source with a parallax larger than 100 mas.

+ white dwarf cut, include sources if:
G + 5*log10(parallax/100¥ 7.8 + 3.2*(G_BP-G_RP)

 uncertainty in ation with a factor of 10 but maintaining the upper and lower limits
of the respective parameters

« Rescaling the mcmcDriftwith the uncertainty in ation factor

» processing ag =="1"if gof< -1000 or (rescaled) mcmcDrift 1, else processing
ag == 0

ImcemcDrift is a parameter that gives the change of the median parameter value at the beginning and end of the
nal MCMC chain in terms of the standard deviation of that parameter, averaged over all parameters
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2 Acronymsl|

Acronym | Description

DSC Discrete Source Classi er

GSP-Phot General Stellar Parametrizer from Photometry

VDT Validation Data Table, a small DR3 subset of selected sources
gof goodness of t valuelogposterior_msc , the mean log posterior

3 List of validation test & results

The list below lists all |ndividual tests throughout this document and their individual results. (It
can be used to rapidly access some particular tests.)

List of validation tests and results$

1 [4]DSCinterface . . . . . . . . . e e e 16
2 [4] ExtraTree training parameter ranges compared to predicted values . . . . . . .. 16
3 [4 ] double Aeneas parameter ranges compared to ExtraTree initialisations . . . . . 16
4 [4]Look at the uncertainty distributions . . . . . .. .. ... ... ... ..., 17
5 [4]Check results with independent validationdata . . . . ... .. ......... 21
6 [4 ] Check results with independent validationdata . . . . .. ... ... ...... 21
7 [4]check if the mean log posterior of MSC can be used to nd reliable results . . . 23
8 [4 ] check how the mean log posterior of MSC is affected by position in observable

space and where it gets projected in inferred parametersspace . . ... .. ... .. 27
9 [8] Check if APOGEE and GALAH estimates agree with each other. . . . . . . .. 29
10 [4]Check MSC estimated uxratios . . . .. ... .. .. ... .. ... .... 30
11 [4]Check MSC estimated uncertaintyvalues . . . . . .. ... ... ........ 33
12 [4]Compareto GSP-Photresults . . . . . . .. .. ... .. . o 35
13 [4 ] Compare GSP-Phot results for validation sample and assess bias with uxratio . 37
14 [A]Teffloggplane . . . . . . . 41
15 (4] TeffAOplane . . . . . . . . . . . e 42

4 QOverview of the module

The multiple star classi er (MSC) is a module to infer stellar parameters from BPRP spectra
and parallax for the two components of a coeval binary system with a uxratio below 5. MSC is
using ExtraTrees, trained on wide binaries for which we arti cially added their BPRP spectra.
The results of the ExtraTree regression are used as initialisation for the double Aeneas MCMC
chain which uses a BPRP forward model which was trained on empirical BPRP spectra from
an APOGEE sample that had all the necessary astrophysical parameters.
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As input per source, MSC needs a BPRP spectrum and the associated uncertainties. It will
normalise the spectrum but use the total ux as a seperate piece of information. MSC also needs
a parallax and parallax uncertainty. MSC selects sources to process based on DSC's binary
probabilities> 0.1. It also processes all sources with<GL8.25mag. The latter conditions

were added in the light of weak DSC classi cation. This resulted 848M sources, of which

(as a rough estimate)20 % could be applicable MSC sources.

For GDR3 we want to publisi, andlogg of the primary and the secondary components and

a commonA,, [Fe=H] and distance per system. Those parameters are sampled in the MCMC
and also the 100 thinned samples will be published in GDR3 together with MCMC quality
indicators. Latent variables which will also be published are the uxratioAgdFluxratio is

de ned as the BPRP ux of the primary divided by the BPRP ux of the secondary as coming
from the MSC forward model of the individual components. The primary is de ned as the
brighter component in BPRP ux. This means only uxratios greater or equal to 1 are possible
and we limit MSC to a maximum uxratio of 5.

The objective for this run is to provide nal data products for the GDR3 release.

4.1 MSC in detall

In the following we explain the steps to achieve the MSC inference as outlined above. We
start with an ExtraTree that is trained on empirical binary data. The outcome of which is fed
into an MCMC algorithm (double Aeneas, similar to GSPPhot but for 2 stellar components,
that share the sani€e=H], Ap and distance). A general problem for MSC is to get training
data because binary sources with stellar parameters given for each component in the literature
are less than 3k. In order to increase this sample, we queried Gaia EDR3 for resolved wide
binaries and inferred their individual parameters. This is done via isochrone tting the colour
and absolute magnitude of each component exploiting that both should have the same age. We
only t T, , logg and[Fe=H] taking theA, from an extinction map prior while the distance is

well constrained by the parallax. The isochrones and extinction map was taken from Rybizki
et al. (2020). The exact routine can be inspected Hendle combine the BPRP uxes of both
components (just adding them and ignoring the problems of the noise properties) and used this
sample (see Figure 6) for empirically training the ExtraTrees, but also for validation and as a
prior.

The ExtraTree results for log1ly ; ), log10(Te » ), logg:, log gy, Ao, [Fe=H] and log10(distance)

are used as initialisation for the double Aeneas algorithm. We use the empirical BPRP spectra
grid (see Section 4.2) to sample the 7 parameter space (distance is only scaling the total ux)
posterior given the data (BPRP uxes, total ux, parallax). In order to decrease the parameter

space we restrict the parameter space to 347dg10(Te ) < 3.903, 2.0< logg < 5.2, -1.0

2https://github.com/jan-rybizki/isochrone_fitting_example/blob/master/
notebook/5params_inference_DR2_wide_binaries.ipynb
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< [Fe=H] < 0.5,0 A, 5 and 1< logl0(distancex 4. We further employ the following
priors:

» The exponentially decreasing space density distance prior (Bailer-Jones et al., 2018)
with the lengthscale being sky dependent. It was created from the GeDR3mock Ry-
bizki et al. (2020) catalog in order to reproduce the selection cuts of MSC. Unfortu-
nately the parallax SNR 5 cut is included, but actually all sources irrespective of
parallax SNR cut were processed due to a wrong JAVA implementation (this means
there is an inconsistency between the prior sample and the sample to which MSC is
applied). The actual ADQL query is as follows:

SELECT AVG(1.0/parallax)/3.0 AS Lprior,
MAX(a0) as aOmax,

ivo_healpix_index(5, ra, dec) AS hpx
FROM gedr3mock.main

WHERE parallax/parallax_error > 5

AND phot_g mean_mag < 18

And teff val > 3000 and teff val < 8000
and logg > 2 and logg < 5.5

and a0 < 5

and feh > -1 and feh < 0.5

GROUP BY hpx

Order by hpx

And a plot of the retrieved data can be seen in Figure 1.
» a Gaussian prior offre=H] with mean = 0 and standard deviation of 0.2 dex

« extinction prior of exp( Ap=1mag) with the further addition of afy.max depend-
ing on the maximun®, coming from the GeDR3mock query from above. Figure 2
shows the distribution over the sky.

* a BPRP uxratio prior that peaks towards equal luminosity binaries in the range of
1< uxratio<5. The distribution depicted in gure 3 is coming from the wide binary
sample.

« an Kiel diagram prior for both components coming from the wide binaries primary
component as shown in gure 4

For those 7 parameters the MCMC chains are reported in GDR3. But we also report uxratio
andAg, together with quality indicators: mean mcmc drift (this is the mean drift over all param-
eters in the MCMC chain measured in terms of the respective parameters standard deviation),
mean acceptance rate and mean posterior value.

Technical Note 9



MSC validation report based on processing that led to GDR3
Cu8 GAIA-C8-TN-MPIA-JR-003-02

FIGURE 1: MSC distance prior in HEALPpix level 5 in Galactic coordinates and aitoff projec-
tion.

The likelihood of MSC is Gaussian and combines the parallax, BPRP total ux and individual

BPRP uxes (240 pixels) and associated uncertainties (total BPRP uncertainty in ated by a fac-
tor of 2) with the forward model predicted quantities. A total of 242 data point are compared
which of course down-weights the contribution from the parallax and the total ux measure-

ment.

DSC is not able to robustly predict suitable binaries for MSC. Therefore we will need to sort
out of ine which sources are actually unresolved binaries in the applicable uxratio range. In
fact most sources down to 18.25 mag G have been processed.

It was shown that we have biased results due to a mismatch in simulated BPRP spectra model
grid (which we used for our forward model) and observed BPRP spectra. Therefore we con-
struct an empirical BPRP spectra model grid which we will explain in the following section.

4.2 Empirical BPRP spectral model grid

We constructed a training catalog 080k APOGEE sources which all had distance Agesti-

mates from StarHorse (Queiroz et al., 202R),, logg and [M/H] estimates from the ASPCAP
pipeline (Jbnsson et al., 2020) and BPRP spectra in GaiaDR3. We cleaned those of known bi-
nary stars and cut them to the required parameter ranges. We uncertainty sample the parameters

Technical Note 10
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FIGURE 2: MSC maximumAgprior in HEALpix level 5 in Galactic coordinates and aitoff
projection.

FIGURE 3: MSC uxratio prior (solid orange line) compared with the binned probability
density function (pdf) of uxratio from the wide binary sample used as the empirical sample
of reference (blue histogram).

and BPRP spectra of those sources 5 times (assuming normal distributions, cutting at physical
limits, i.e negative distances, extinction and uxes) and add all together in ating the sample by
a factor of 6. We shift all uxes to a distance of 10 pc in order to have a training set for absolute
uxes. Now we train an ExtraTree to predict BPRP spectra for speci ¢ parameter combinations
of Te , logg, [M/H] and Ag. We set aside a validation sample of the APOGEE sources and

Technical Note 11
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FIGURE 4: Kiel diagram for the primary component in the wide binary sample. 2d binned
distribution is used as a prior for each component of the double aeneas inference. Giants are
rare in the wide binary sample but we also expect MSC to not nd many binaries including
giants since the uxratio limit of 5 is easily exceeded for those.

compare BPRP predictions of our empirical forward model with the PHEONIX forward model
interpolation scheme used previously in MSC. The likelihood from the empirical model pre-
dictions compared to the real BPRP spectra outperforms the PHOENIX forward model and a
general bias in the latter is found with too little ux in the bluest 50 pixel of the spectrum. See
a representative example comparison in Figure 5.

With this ExtraTree we predict BPRP spectra for all BPRP grid points that are needed for the
forward model interpolation scheme of MSC.

We used this opportunity of the forward model grid update to also change the spacing and
ranges of the parameters: The old PHOENIX grid had 255,416 gridpoints (with a few holes)
distributed as:

logg range: -0.5,5.5 dex in 0.5 dex steps

T range: 3,000 - 10,000K in steps of 100 to 200K

[M/H] range: -2.5 - 0.5 dex in steps of 0.5 dex

Ao range: 0 - 10 mag in steps of 0.1 to 0.25 dex
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