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A B S T R A C T 

The local dark matter density provides constraints on dark matter models and is of importance for experiments hoping to detect 
dark matter particles in the laboratory. The advent of extensive survey data calls for more complex physical modelling and more 
sophisticated statistical analysis, particularly to account for correlated uncertainties. In this paper, we perform a vertical Jeans 
analysis, including a local approximation of the tilt term, using a sample of 200 000 K-dwarf stars from the Gaia DR3 catalogue. 
After combination with the Survey-of-Surveys catalogue, 160 888 of those have radial velocity measurements. We use Gaussian 

processes as priors for the covariance matrix of radial and vertical velocities. Joint inference of the posterior distribution of the 
local dark matter density and the velocity moments is performed using geometric variational inference. We find a local dark 

matter density of ρdm 

= 0 . 0117 ± 0 . 0035 M� pc −3 = 0 . 44 ± 0 . 13 GeV cm 

−3 at the Sun’s position, which is in agreement with 

most other recent analyses. By comparing a ( z-dependent) Gaussian process prior with a ( z-independent) scalar prior for the tilt 
term, we quantify its impact on estimates of the local dark matter density and argue that careful modelling is required to mitigate 
systematic biases. 

Key words: methods: data analysis – methods: statistical – Galaxy: kinematics and dynamics – solar neighbourhood – dark 

matter. 
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 I N T RO D U C T I O N  

ost of the mass in the Milky Way is believed to be in the form of
ark matter. While a non-gravitational detection is still lacking, the 
ravitational effects on the dynamics and evolution of galaxies are 
izeable and can be quantified with ever-increasing accuracy. 

In recent years, the Gaia mission (Gaia Collaboration 2023 ) has 
resented unprecedented data on the positions and velocities of stars 
n the nearby region of the Milky Way. This wealth of information
as opened up new avenues for studying the structure of the Milky
ay and the distribution of dark matter within it, as assumptions that

ad to be made in the past can now be informed by data. 
The increase in data quantity has been accompanied by an increase 

n the complexity of the models used to analyse and interpret it.
imple fits of extremely symmetric parametric models are no longer 
ufficient to capture the complexity of the data (Wang et al. 2017 ; An-
oja et al. 2018 ; Rehemtulla, Valluri & Vasiliev 2022 ; Sivertsson et al.
022 ; Li et al. 2025 ). To properly estimate statistical uncertainties,
ayesian inference has emerged as the method of choice. However, 

racing the posterior distribution, for example, using Markov Chain 
onte Carlo (MCMC) methods, is quickly becoming prohibitively 

xpensive as the number of parameters increases. 
Another way of performing Bayesian inference is variational 

nference, that is, approximating the posterior distribution with a sim- 
ler parametric distribution. In recent years, new methods based on 
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nformation field theory have been developed to perform variational 
nference in high-dimensional parameter spaces (Knollmüller & 

nßlin 2019 ; Frank, Leike & Enßlin 2021 ). With these methods,
he prior space is not restricted to a few scalar parameters, but can
asily be extended to thousands of latent parameters describing, e.g. 
hysical fields on a fine grid. 
Extracting the local dark matter density from the data is a non-

rivial task and there are many methodological approaches for 
his. First attempts to model the local matter density using stellar
inematics date back at least a century (e.g. Kapteyn 1922 ; Oort 1932 ;
ahcall 1984 ). As the main observable quantity at our disposal are

tellar positions and velocities, most methods focus on the kinematics 
f some stellar population. For example, there are recent methods 
ased on an analysis of circular velocities (e.g. Salucci et al. 2010 ;
esti & Salucci 2013 ; Pato, Iocco & Bertone 2015 ; Huang et al.
016 ; McMillan 2017 ; Benito, Cuoco & Iocco 2019 ; de Salas et al.
019 ; Karukes et al. 2019 ; Lin & Li 2019 ; Ablimit et al. 2020 ; Cautun
t al. 2020 ; Sofue 2020 ; Benito, Iocco & Cuoco 2021 ; Zhou et al.
023 ; Ou et al. 2024 ), fitting a parametric distribution function (e.g.
ienaymé et al. 2014 ; Piffl et al. 2014 ; Binney & Piffl 2015 ; Cole &
inney 2017 ), normalizing flows (Lim et al. 2025 ), halo star mass
odels (e.g. Kafle et al. 2014 ; Wegg, Gerhard & Bieth 2019 ; Hattori,
alluri & Vasiliev 2021 ), Jeans anisotropic modelling (e.g. Nitschai, 
appellari & Neumayer 2020 ; Nitschai et al. 2021 ), modelling of
hase-space-spirals (e.g. Widmark et al. 2021 ; Guo et al. 2022 ),
ery local analyses (e.g. Holmberg & Flynn 2000 ; Schutz et al.
018 ; Buch, Leung & Fan 2019 ), and vertical Jeans analyses (e.g.
arbari et al. 2012 ; McKee, Parravano & Hollenbach 2015 ; Xia et al.
is is an Open Access article distributed under the terms of the Creative
h permits unrestricted reuse, distribution, and reproduction in any medium,
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Table 1. Parameters of the visible components j of the disc mass model: 
local volume mass density in the galactic mid-plane ρ

j 
s, 0 and vertical 

velocity dispersion in the galactic mid-plane (� j s, 0 )
2 . All gaseous components 

(indicated with ∗) are assumed to have uncertainties of 50 per cent on their 
densities and the stellar components have 20 per cent. Model taken from 

Flynn et al. ( 2006 ). 

Component ρ
j 
s, 0 [M� pc −3 ] (� j s, 0 )

2 
1 / 2 

[km s−1 ] 

H2 ∗ 0 .021 4.0 ± 1.0 
HI(1) ∗ 0 .016 7.0 ± 1.0 
HI(2) ∗ 0 .012 9.0 ± 1.0 
Warm gas ∗ 0 .0009 40.0 ± 1.0 
Giants 0 .0006 20.0 ± 2.0 
MV < 2 . 5 0 .0031 7.5 ± 2.0 
2 . 5 < MV < 3 . 0 0 .0015 10.5 ± 2.0 
3 . 0 < MV < 4 . 0 0 .0020 14.0 ± 2.0 
4 . 0 < MV < 5 . 0 0 .0022 18.0 ± 2.0 
5 . 0 < MV < 8 . 0 0 .007 18.5 ± 2.0 
MV > 8 . 0 0 .0135 18.5 ± 2.0 
White dwarfs 0 .006 20.0 ± 5.0 
Brown dwarfs 0 .002 20.0 ± 5.0 
Thick disc 0 .0035 37.0 ± 5.0 
Stellar halo 0 .0001 100.0 ± 10.0 
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016 ; Hagen & Helmi 2018 ; Sivertsson et al. 2018 ; Guo et al. 2020 ;
alomon et al. 2020 ; Wardana et al. 2020 ; Cheng et al. 2024 ). For a
ore comprehensive overview and list of previous works, we refer

o a review by de Salas & Widmark ( 2021 ). While most analyses
gree on a local dark matter density of the order of 0 . 01 M� pc−3 at
he Sun’s position, they differ in their methodological approach and
he level of rigour in their treatment of uncertainties. 

In this analysis, we use a vertical Jeans analysis to estimate
he local dark matter density. We use stellar data from mainly the
aia DR3 catalogue (Gaia Collaboration 2023 ) and extend them
ith data from the Survey-of-Surveys (SoS) catalogue (Tsantaki

t al. 2022 ). Doing so, we focus on main-sequence stars, which are
bundant enough to yield good statistics in velocity and density space.
etting us apart from previous analyses, we use a non-parametric
odel for the velocity moments in terms of Gaussian processes and

escribe correlations between vertical and radial motion of stars
s a function of height above and below the disc. This allows us
o model the velocity moments in a flexible way without having
o assume a specific functional form while naturally propagating
arious uncertainties. As a result of our Bayesian inference, we
btain samples tracing the posterior probability distribution not only
f the local dark matter density but also of the velocity moments. We
uantify the effect of the so-called tilt term in the Jeans equation and
nd that it is subdominant for our analysis. 
The Jeans equation connects the density profile of a stellar

opulation and their velocity moments to the gravitational potential
f the Milky Way (Binney & Tremaine 2008 ). The gravitational
otential is then connected to the total mass density of the Milky
ay by means of the Poisson equation. The total mass density can

hen be separated into a visible and a dark matter component. 
The paper is structured as follows: In Section 2 , we present the data

sed in this analysis, including the disc mass model and the selection
f our tracer population. In Section 3 , we present the methods used
ncluding the Poisson–Jeans system of equations, the variational
nference method, and our forward model connecting the data to
he parameters. In Section 4 , we present the results of our analysis,
ncluding the local dark matter density and the velocity moments,
efore we conclude in Section 5 . 

 DATA  

n recent times, due to the Gaia mission, data sets containing 6D
tellar measurements, that is, 3D positions and 3D velocities, have
rown significantly. For a Jeans analysis, such data are crucial as they
onstrain the velocity statistics, which are related to the gravitational
otential of the Milky Way. If one knew the gravitational potential,
onstraining the dark matter component would be a problem of
omponent separation. We will make use of the Gaia DR3 catalogue
Gaia Collaboration 2023 ) extensively. We extend the Gaia catalogue
ith data from the SoS catalogue (Tsantaki et al. 2022 ) to obtain a

arger sample of stars with 3D velocity information. For the reference,
e will fix some general numbers that are used for coordinate

ransformations, noting that their exact values are not important for
he results of this analysis. We assume a height of the Sun above the
alactic disc of z� = 14 . 5 pc (Skowron et al. 2019 ), a Solar radius
f R� = 8 . 15 kpc (Reid et al. 2019 ), a circular velocity of the local
tandard of rest of � � = 232 km s−1 (McMillan 2017 ), and a peculiar
otion of the Sun of ( U�, V�, W�) = (11 . 1 , 12 . 24 , 7 . 25) km s−1 

Schönrich, Binney & Dehnen 2010 ). 
In the following text, we will shortly present the disc mass model

sed in Section 2.1 . Then, we will discuss the data selection process
or our tracer population and how we extract the density profile in
NRAS 542, 2987–2997 (2025)
ection 2.2 . We finish this section by discussing our data fusion with
he SoS catalogue in Section 2.4 . 

.1 Disc mass model 

or separating the dark matter density from other gravitating masses,
e need to model those other components. We use the same model

s Garbari et al. ( 2012 ), that is, we use estimates of the mid-plane
ensities from Flynn et al. ( 2006 ) with uncertainties as proposed
y Garbari et al. ( 2012 ). For convenience, we list those values in
able 1 . For the z-dependence of the density components, we assume
n isothermal profile, that is, 

s ( z) =
∑ 

j 

ρ
j 

s, 0 exp 

⎛ 

⎝ − � ( z) 

(� j s, 0 )2 

⎞ 

⎠ , (1) 

here ρs is the total density of visible mass, ρj 

s, 0 is the mid-plane
ensity of component j , � is the gravitational Potential of the Milky

ay, and (� j s, 0 )2 is the effective velocity dispersion of component j . 
Several alternative Galactic models have been developed in the

iterature, including, for example, the Besanc ¸on model (Robin
t al. 2003 , 2022 ) and the Galactic model of McMillan ( 2017 ).
owever, the accuracy of any such model remains challenging to

valuate for the following two reasons: first, these models assume a
arametric, often highly symmetric Galaxy, whereas – as will become
pparent below – the Milky Way exhibits significant asymmetries
nd inhomogeneities. Secondly, the observational data available
o constrain model parameters are incomplete, as certain stellar
opulations are difficult to observe directly and gaseous components
emain undetected or poorly characterized (e.g. the value of the
onversion factor from CO to H2 ). We do not expect to gain
uch by using a more complex model in this analysis. While

here are undoubtedly improvements in modern models, they do not
ufficiently address the most pressing issue of describing a non-ideal
ystem. Therefore, we will use the model from Flynn et al. ( 2006 ) as
t allows for a direct comparison of our results with previous works.

e will however incorporate some newer analysis of the stellar and
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Figure 1. Left panel: colour–magnitude diagram of the initially selected stars in the Gaia DR3 catalogue within our cylindrical volume. Centre panel: zoom-in 
on the considered region within the main sequence. The lines indicate the edges of our equal-number bins. Every bin, except for the rightmost one, contains 
50 000 stars. After applying our cuts, only stars in-between the solid lines were kept. Right panel: the vertical density profile of the stars in the selected bins. 
The dashed lines indicate discarded bins. All lines are normalized so that the area under the curve is equal to 1. 
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aseous components in the form of surface mass densities within 
 . 1 kpc of the Galactic mid-plane by McKee et al. ( 2015 ). They
stimate �g , 1 . 1 = 12 . 6 ± 1 . 6 M� pc −2 for the gaseous component 
nd �∗, 1 . 1 = 31 . 2 ± 3 . 0 M� pc −2 for the stellar component. 

.2 Stellar tracer population 

he stellar population to be analysed necessarily has to fulfil the 
ollowing two criteria: first, it has to be long-lived so that it is in
ynamical equilibrium with the gravitational potential of the disc. 
econdly, it has to be bright enough so that volume-complete mea- 
urements are available up to sufficiently large distances above and 
elow the Sun’s position in the Galactic disc. To this end, we make
se of the Gaia DR3 catalogue (Gaia Collaboration 2023 ), selecting 
tars within a cylinder of radius 200 pc and height | z| ≤ 1800 pc as
omputed using the mean estimated parallax, corrected according to 
indegren et al. ( 2021 ). Using the mean parallax here omits some
tars whose true parallax would lie inside the region of interest, 
hereas its estimated mean does not. As we aim to achieve sufficient
olume completeness, we will address this later by performing 
dditional cuts. The instruments of Gaia are limited in apparent 
agnitude both towards very bright and very faint stars. In Fabricius 

t al. ( 2021 ), the completeness of Gaia data was investigated by
omparison to other surveys and models. For our purposes, com- 
leteness can be assumed approximately for apparent magnitudes 
n G band between G ≥ 12 mag and G ≤ 17 mag . Especially the 
aint limit on completeness is ill-defined and strongly depends on 
osition and crowding. Since magnitudes as faint as G ≈ 21 mag 
an be detected, the upper limit above should be understood as a
onservative estimate. An apparent magnitude lower (upper) limit, 
ogether with a minimum (maximum) distance we want to consider, 
ields the lower (upper) limit on the absolute magnitude. Choosing 
hese limits too tight (lenient) leads to a loss of statistics due to
estrictions in distance (magnitude) space. 

As a compromise, we restrict our analysis to stars with an absolute
agnitude MG 

∈ [6 . 0 , 7 . 4], which, for main sequence stars, falls
nto the K-dwarf category. Using the apparent magnitude limits 
rom above, this corresponds approximately to a distance range 
f z ∈ [200 , 1000] pc . We look at another quantity as an indicator
f completeness, that is, the quality of parallax measurements. The 
raction of stars with a parallax error exceeding 20 per cent increases 
harply from almost 0 per cent up to | z| ≈ 1200 pc to 70 per cent
t | z| ≈ 1800 pc , which could indicate a loss of data quality in this
egime. We choose this value as our upper limit and note that the
ollowing results in this paper are insensitive to small changes in this
alue. This leaves us with 464 172 stars, of which only 4123 have no
olour ( g rp ) information (mostly at small distances where they are
egligible in number). 
Next, we clean our sample by removing objects that do not lie

n the main sequence. Above the main sequence, we expect to find,
.g. unresolved binaries, which would typically appear brighter; and 
tars with an unusually high metallicity. Below the main sequence, 
e expect mainly very old low-metallicity sub-dwarfs. Therefore, 
e define a magnitude-dependent cut in colour–magnitude space 
arallel to our chosen segment of the main sequence with slope 

= M2 − M1 

c2 − c1 
, (2) 

here M1 = 6 mag , M2 = 7 . 4 mag , c1 = 0 . 67 mag , and c2 =
 . 9 mag . We deem our population sufficiently homogeneous, if all
elected stars follow the same number statistics in z independent of
heir position within the main sequence. For that purpose, we perform
n equal-numbered binning of stars parallel to the main sequence (bin
ize 50 000 stars), discarding those bins below and above the main
equence that do not share the same statistics modulo sampling noise
see Fig. 1 ). We note that the cut above the main sequence has only
ery little effect on the derived results later, while the cut from below
s crucial to obtain a homogeneous sample. This can already clearly
e seen in the strongly deviating density profile of the stars in these
ins. The final cuts chosen can be parametrized as 

 . 02 mag ≤ MG − α( G − GRP ) ≤ 2 . 27 mag , (3) 

here G and GRP denote the apparent magnitudes in the Gaia broad
nd red photometric bands, respectively, and MG denotes the absolute 
agnitude in the G band. After discarding these bins, we are left with

00 000 stars. 

.3 Density profile 

rom the selected sample, we compute the density profile in the
ollowing way: The number n∗ of stars in a given volume as a
MNRAS 542, 2987–2997 (2025)
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M

Figure 2. Star counts n∗ as a function of height z above the Galactic disc. 
The crosses assume the mean parallax of each star, while the points show 

the mean and standard deviation (in log-space) of 1000 realizations sampled 
from the parallax errors. The bin width is 40 pc . 
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unction of height z is a Poisson process. This demands a binning of
he stars in z-space. This binning is subject to uncertainties because
he distances, and therefore the heights, are affected by parallax
ncertainties. Every star in our sample possesses a measurement
f the mean and standard deviation of the parallax pi , where i 
ndexes the stars. We incorporate this uncertainty by sampling from
he parallax distribution of all our stars to create 1000 realizations of
he density profile. From these realizations, we compute the mean Nk 

∗
nd standard deviation σ k 

n∗ in every bin, where k indexes the z-bins.
ince densities are strictly positive, we use a lognormal distribution
or describing the uncertainty. On the one hand, this Gaussian
pproximation requires a sufficiently large number of stars in each
in. On the other hand, binning inherently destroys information and
arger bins lead to a loss of resolution. We find a sufficient balance
etween these two effects using a bin size of 40 pc .The results of this
an be seen in Fig. 2 . Two effects are important to note: first, using
he mean parallax only, the distance is biased towards larger values
ecause parallax and distance are non-linearly related. Secondly, the
eight restriction of the cylinder leads to a loss of stars in the tails of
he distribution because by sampling, stars can effectively be moved
ut of the cylinder while no new stars can enter. These two effects
ead to the divergence of the samples from the raw density profiles
t the edges of the cylinder. We find this effect to be negligible for
 z| ≤ 1200 pc . This is because over 98 per cent of these stars have a
arallax error smaller than 20 per cent, so that the mean parallax is a
easonably good approximation of the true parallax. 

.4 Stellar velocities 

he Gaia DR3 catalogue (Gaia Collaboration 2023 ) contains mea-
urements of the proper motion on the plane of sky for all 200 000
tars in our selection, but radial velocities are only available for
54 217 stars, mostly at smaller distances and often with large
ncertainties. To extend this towards larger distances, we combine
ur sample with data from APOGEE (Majewski et al. 2017 ), GALAH
De Silva et al. 2015 ; Buder et al. 2018 ), GES (Gilmore et al. 2012 ;
andich, Gilmore & Gaia -ESO Consortium 2013 ), LAMOST (Zhao
t al. 2012 ), and RAVE (Steinmetz et al. 2006 , 2020 ) by means of
he SoS catalogue (Tsantaki et al. 2022 ). To this end, we cross-match
NRAS 542, 2987–2997 (2025)
ur Gaia DR3 sample to Gaia DR2 source IDs as are provided by the
oS catalogue. For this, we use the dr2 neighbourhood table
ccompanying the Gaia DR3 catalogue. Our DR3 stars contain a few
uplicate cross-matches, where there are multiple DR2 neighbours
ithin the search radius. We only keep the entry with the smallest

ngular distance, that is, the closest neighbour. Having cross-matched
 one-to-one correspondence, we overwrite Gaia radial velocities
ith the SoS values where available. This leads to a total of 160 888

tars with radial velocity measurements. With only Gaia DR3 data,
adial velocity data extend only up to approximately 600 pc above
nd below the disc. With the SoS catalogue, this is extended up to all
onsidered heights ( z ≤ 1800 pc ) in positive z direction. In negative
 direction, there is only a minor improvement of statistics and height
ange. 

 M E T H O D S  

.1 Poisson–Jeans system of equations 

here are several methods with varied assumptions connecting the
tatistical properties of a stellar population with the gravitational
otential governing their motion (Binney & Tremaine 2008 ). We
ill make use of a particularly simple way, the so-called ‘minimal

ssumption method’ presented in Garbari, Read & Lake ( 2011 )
nd Garbari et al. ( 2012 ) (consult these papers and references
herein for details). We will briefly present the main points in the
ollowing text. The collisionless Boltzmann equation describes the
ime evolution of the phase-space density of some tracer population
n a gravitational potential � . Expressing it in terms of the first three
oments of the distribution function, we obtain the so-called Jeans

quations. Expressing these in cylindrical coordinates and assuming
n axisymmetric system in a steady state, we obtain a system of two
quations. Only the vertical equation is of interest to us, as it connects
he total density distribution (by means of the gravitational potential)
o the observable velocity moments and density fall-off of the tracer
opulation: 

 

2 
z 

∂ ν

∂ z 
+ ν

( 

∂ � 

∂ z 
+ ∂ � 2 z 

∂ z 
+ 1 

Rν

∂ ( Rν� z � R ) 

∂ R 

) 

= 0 . (4) 

ere, ν is the density fall-off of some stellar population, � 2 z and � z � R 
re velocity moments, z is the height above the Galactic disc, �
s the gravitational potential, and R is the cylindrical radius. The
ast expression in the parentheses is called the ‘tilt term’ and is often
eglected (see e.g. Sivertsson et al. 2018 or Guo et al. 2020 for notable
xceptions). We attempt to improve on this by approximating it as 

1 

Rν

∂ ( νR� z � R ) 

∂ R 

≈ � z � R 
R 

+ � z � R 
R0 

+ � z � R 
RT 

(5) 

ssuming that ν and � z � R change on some characteristic length-scales
0 and RT . One would naively expect these scales to be comparable

o the disc length-scale, which is of the order of 2–3 kpc in magnitude.
e compare our expectations to the data by splitting our cylinder in

wo halves, one closer to the Galactic centre, and one further away,
sing the mean parallaxes and velocities for estimating these length-
cales. We find a sufficient agreement for R0 being approximately
onstant over the considered range in z and consistent with the disc
ength-scale. For RT however, an estimate is not reliably possible
s regions with good velocity statistics (small | z| ) have negligible
� z � R | , making the length-scale essentially meaningless, and regions
ith large | z| (and expected large |� z � R | ) have too few stars to yield
 useful estimate. For a more detailed discussion about the sign and
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agnitude of these corrections, see Sivertsson et al. ( 2018 ) or Binney
t al. ( 2014 ). 

Sivertsson et al. ( 2022 ) analyse the impact of the tilt term using
wo simulated Milky-Way-like galaxies out of equilibrium and find 
hat careful modelling of the tilt term is necessary for obtaining an
ccurate estimate of the local dark matter density. They further find 
hat, surprisingly, time-dependent effects are subdominant even if the 
isc experienced a recent perturbation. 
With this approximation, the differential equation can be integrated 

o yield 

ν( z) 

ν( z0 ) 
= � 

2 
z ( z0 ) 

� 2 z ( z) 
exp 

( 

−
∫ z 

z0 

1 

� 2 z 

∂ � 

∂ z′ +
� z � R 

� 2 z 

(
1 

R 

+ 1 

R0 
+ 1 

RT 

)
d z′ 

) 

, (6) 

ith some arbitrary reference height z0 , which we will take to be
0 = 0 in the following text. 

Every tracer population evolving in the gravitational potential � 

as to satisfy this equation. The gravitational potential is further 
onstrained by the Poisson equation, here in cylindrical coordinates: 

∂ 2 � 

∂ z2 
= 4 πG

(
ρs ( z) + ρeff 

dm 

)
, (7) 

here we have split the total matter density ρ into a visible part ρs 

nd a dark matter part ρeff 
dm 

with 

eff 
dm 

= ρdm 

− 1 

4 πGR 

∂ � 2 c ( R) 

∂ R 

(8) 

eing the effective dark matter density. It contains the local dark 
atter density (that we assume to be independent of height z within

he considered volume), and another term given by the local slope 
f the rotation curve � c = ( R∂ �/∂ R)1 /2 but independent of z. This 
erm can be calculated from the Oort constants A and B (Binney &
remaine 2008 ) as 

1 

4 πGR 

∂ � 2 c ( R) 

∂ R 

= 1 

2 πG 

(
B2 − A2 

)
. (9) 

sing the values A = 14 . 79 ± 0 . 11 km s−1 kpc−1 and 
 = −13 . 73 ± 0 . 11 km s−1 kpc−1 as computed by Akhmetov 
t al. ( 2024 ). 

.2 Variational inference 

ur main interest lies in one single scalar quantity, the local dark
atter density ρdm 

. It appears in the Poisson equation ( 7 ) as one
onstituent of the mass distribution, which dictates the gravitational 
otential. This is connected via equation ( 6 ) to the vertical density
all-off ν of some tracer population and its velocity moments � 2 z 
nd � z � R . The latter two are only indirectly observable and have to be
nferred from the data. To make matters worse, all measurements and 
nput parameters (such as the disc mass model) come with significant 
ncertainties, and the data are both noisy and (in the case of the stellar
elocities) sparse. This prevents us from using simple histograms to 
stimate the density fall-off and velocity moments. The quantities 
 

2 
z and � z � R are generally functions of height z that, as properties 
f a smooth stellar distribution, can be assumed to be somewhat 
mooth but are not strongly constrained by data beyond a height of a
ouple of hundred parsecs. We will use Gaussian processes to model 
hese functions and capture their uncertainties while exploiting the 
oncept of local correlations. This allows us to properly incorporate 
easurement uncertainties, which is a big improvement compared 

o fitting a function to binned data. This description inevitably leads 
o a very large number of latent parameters requiring a sophisticated 
nference method as sampling, using, e.g. MCMC algorithms, is 
ecoming prohibitively costly. 
For properly incorporating measurement uncertainties of sparse 
oisy data we employ a probabilistic approach. In order to deal with
he large number of latent parameters, we use a novel variational
nference method called ‘Geometric Variational Inference’ (geoVI) 
Frank et al. 2021 ), a generalization of ‘Metric Gaussian Variational
nference’ (MGVI) (Knollmüller & Enßlin 2019 ). It approximates 
he posterior probability distribution by a multivariate normal dis- 
ribution in a transformed coordinate system induced by the Fisher 
nformation metric. It has been shown to be a powerful tool for
ayesian inference in high-dimensional parameter spaces and has 

ecently been applied to a variety of problems in astrophysics (e.g.
oth et al. 2023 ; Hutschenreuter et al. 2024 ; Tsouros et al. 2024 ;
denhofer et al. 2024b ; Söding et al. 2025 ). The algorithm works

n an iterative manner by switching between sampling around an 
xpansion point according to the local curvature of the posterior, and
pdating said expansion point by minimizing the Kullback–Leibler- 
ivergence of the approximated posterior and the true posterior until 
 self-consistent solution is obtained. The resulting samples trace 
he true posterior and implicitly contain the correlations between 
ll latent parameters. The algorithm is implemented in the Python 
ackage NIFTy8 (Selig et al. 2013 ; Arras et al. 2019 ; Steininger
t al. 2019 ; Edenhofer et al. 2024a ). 

To perform Bayesian inference, we have to set up a prior, a
ikelihood, and a forward model. 

We incorporate the measurement uncertainties on the parallaxes 
i , the proper motions � i μ and � i δ , and the radial velocities � i r of all stars 

indexed by i) by sampling from the respective distributions in the
rior. In the forward model, we then compute the vertical velocity
 

i 
z , the cylindrical radial velocity � i R , and the vertical position zi 

f each star. These will later provide information on the velocity
oments � 2 z and � z � R . Note that even if the errors in parallax-proper- 
otion space are uncorrelated, the errors in the cylindrical velocities 
ill be correlated. This is due to projection effects, but also, more

mportantly, because the parallax to distance transformation is non- 
inear. 

Here, we add a new assumption, namely that the statistics of the
elocities of our sample stars in cylindrical coordinates can locally be
ell described by a multivariate Gaussian distribution. Since we do 
ot incorporate angular velocities, this reduces to a two-dimensional 
aussian distribution in the (� z , � R )-plane. The steady-state and 

xisymmetry assumptions require that the mean velocities � z and 
 R are zero. The covariance matrix of the velocity distribution is best
odelled in its eigenspace. The two eigenvalues �1 and �2 of the 

ovariance matrix � are equal to � 2 z and � 2 R if the matrix is diagonal. 
nspection of the velocity data shows that the velocity moments as
 function of height z can be well modelled by a linear function
f | z| , plus deviations. We model the deviations using a lognormal
aussian process by means of the NIFTy8 correlated field model 

Arras et al. 2022 ). This provides the necessary flexibility for the
nference to capture the level of smoothness without enforcing a 
pecific functional form or preferred correlation length by hand. Our 
odel for the eigenvalues then takes the form 

1 ( z) = ( b1 + m1 | z|) exp 
(
g�1 ( z)

)
(10) 

2 ( z) = ( b2 + m2 | z|) exp 
(
g�2 ( z)

)
, (11) 

here g�1 and g�2 are the Gaussian processes, b1 and b2 are the 
ntercepts, and m1 and m2 are the slopes of the linear relations. 

We expect – and will allow for – deviations from a diagonal 
ovariance matrix by introducing an angle θ rotating the covariance 
atrix. Our prior consists of two parts: first, a tilt originating from

otations relative to the Galactic centre. This is expected to be the
MNRAS 542, 2987–2997 (2025)
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the Galactic disc. All samples are shown. The shaded region indicates the 
availability of stellar velocity data. 
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ajority contribution, though may not fit exactly. To give the angle
ore freedom, we add a second Gaussian process gθ that is added to
 uniformly distributed (arbitrary) starting angle θ0 : 

( z) = − arctan 

(
z 

R�

)
+ θ0 + ( gθ ( z) − gθ (0)) . (12) 

he covariance matrix is then assembled as 

( z) = R ( θ ( z))

(
�1 ( z) 0 

0 �2 ( z) 

)
R ( θ ( z))T , (13) 

ith a 2D rotation matrix R( θ ). The components describe the velocity
oments, that is, �00 = � 2 z , �01 = �10 = � z � R , and �11 = � 2 R . We

emand the stellar velocities to be distributed according to this
ovariance matrix, which means that the residuals of the velocities
re distributed according to a multivariate Gaussian distribution
ith zero mean and covariance matrix �. This constitutes our first

ikelihood: 

H 1 = G 

((
� i z 
� i R 

) ∣∣∣∣ 	 0 , �( z)

)
. (14) 

Now that we have a model for the velocity moments, we can turn
o the vertical density fall-off ν( z). For computing it, using equation
 6 ), we need to know the first derivative of the gravitational potential
 . We can compute this by integrating the Poisson equation ( 7 ) with

espect to z using the boundary condition 

 (0) = ∂ � 

∂ z 
(0) = 0 . (15) 

he right-hand side of the Poisson equation is given by the sum of
he visible mass density ρs (see equation 1 ) and the effective dark

atter density ρeff 
dm 

. We sample the constituents of the former from
he values given in Table 1 , the dark matter density from a uniform
rior between 0 M�pc −3 and 0 . 1 M�pc −3 , and the Oort’s constants
rom a normal prior according to their uncertainties (cf. equations 8
nd 9 ). 

Next, we need the scale lengths R0 and RT for the tilt term
equation 5 ). For the number density scale length R0 , we choose
 Gaussian prior centred around −2 . 5 kpc with a standard deviation
f 0 . 5 kpc . For the velocity tilt scale length RT , there is no conclusive
ata available that confirm the magnitude, constancy, or even the sign
f this term. Indications of disequilibria in the velocity distribution
hat would lead to a contribution that is potentially large in magnitude
nd varying in height | z| have been known for a long time (e.g.
ehnen & Binney 1998 ). We therefore model this term as a Gaussian
rocess as well, choosing a broad prior centred around zero. Another
ption would be to choose a scalar Gaussian prior, assuming that the
alue is constant in z. To estimate the effect of such a prior choice,
e will also discuss results derived using a scalar prior. 
With these ingredients, equation ( 6 ) can be evaluated to yield the

ertical density fall-off ν( z). To account for the uncertainties in our
ata due to parallax errors, we multiply this density fall-off by the
bove-derived (see Section 2.3 ) star count error σ k 

n∗ in log-space to
btain the density profile n∗( z) in every bin k as 

k 
∗ = n∗, 0 ν( zk ) exp 

(
σ k 

n∗
)

. (16) 

ere, n∗, 0 is the density at the reference height z0 = 0 pc , which is
 priori unknown. We draw it from a broad lognormal prior around
he actually measured density N∗, 0 (which we cannot take directly
ecause data in this region might be volume-incomplete). This can
hen be compared to the measured star counts Nk 

∗ using a Poissonian
ikelihood: 

H 2 = P 

(
Nk 

∗
∣∣ nk 

∗
)

. (17) 
NRAS 542, 2987–2997 (2025)
his procedure captures both the stochastic Poissonian uncertainties
n the star counts and the parallax-induced uncertainties in the density
all-off. 

Finally, we include the constraints on the surface mass density
ithin 1 . 1 kpc of stellar and gaseous components of the disc mass
odel from McKee et al. ( 2015 ) as two additional scalar likelihoods

cf. Section 2.1 ): 

H 3 = G 

(
�g , 1 . 1 

∣∣ 12 . 6 ± 1 . 6 M� pc −2 
)

(18) 

H 4 = G 

(
�∗, 1 . 1 

∣∣ 31 . 2 ± 3 . 0 M� pc −2 
)

. (19) 

hese constraints help in alleviating some degeneracies between
aryonic and dark matter components in the disc mass model. 

 RESULTS  

e ran the variational inference algorithm using 100 antithetical
200 total) samples for 12 iterations. We report a mean reduced χ2 

per degree of freedom, averaged over all samples) of 1.0 for the
t indicating that all data points included are statistically consistent
ith the model. This includes the Poissonian star counts and the
ultivariate Gaussian velocity data. 
The main difference setting our work apart from others is our

se of Gaussian processes to model a priori unknown but smooth
unctions and the variational inference algorithm to sample the
osterior distribution. We will first discuss the inferred velocity
oments and the fit to the density fall-off, and then the estimated

ocal dark matter density and its dependence on modelling of the tilt
erm. 

There are three velocity moments that we can compute from the
nferred covariance matrix: the vertical velocity dispersion � 2 z , the

adial velocity dispersion � 2 R , and the cross term � z � R .The inferred
ertical velocity dispersion is presented in Fig. 3 . It shows the
pproximately linear relation with | z| that we expected. Within the
ata region, especially towards small | z| , the function is tightly
onstrained by the data. Towards larger | z| , where data become
parse, the uncertainties increase significantly as indicated by the
pread of samples. We observe an asymmetry in the vertical velocity
ispersion above and below the disc (see e.g. the bump at around



Jeans analysis of Gaia DR3 K-dwarfs 2993

Figure 4. Like Fig. 3 , but for the radial velocity dispersion � 2 R . 
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Figure 6. Density map of stellar velocities in the (� z , � R )-plane in our data 
set. The sample-mean of the inferred covariance matrix is indicated by the 
2 σ ellipse contours for various heights z. 
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 = ±400 pc ), even in regions well constrained by data. This hints
owards one of our assumptions being violated, e.g. the assumption 
f axisymmetry or steady state. In the density fall-off data (see 
ig. 2 ), a similar asymmetry is observed at the same heights, but
pposite in sign. This is somewhat expected from the solution of the
eans equation (equation 6 ), which relates the density fall-off ν and 
he vertical velocity dispersion � 2 z approximately antilinearly. As the 
ravitational potential � is enforced to be smooth and symmetric, 
he asymmetries in the other terms have to, and do, cancel each other
within the uncertainty margins) to match the observed star-count 
nd velocity data. 

The radial velocity dispersion � 2 R is shown in Fig. 4 . It is
enerally larger than the vertical velocity dispersion and also shows 
n approximately linear relation with | z| . A similar asymmetrical 
ehaviour as for the vertical velocity dispersion is observed, but 
his function is generally less constrained by the data. This may be
ue to the fact that only the stellar velocity data directly contribute
ere, while in case of the vertical velocity dispersion, also the star
ounts contribute indirectly (by means of equation 6 ). Especially at 
egative z, where there are no velocity data, many samples deviate 
ignificantly from the mean, reflecting the lack of velocity data in 
his region. 

The cross term � z � R is shown in Fig. 5 . It follows a comparatively
moother behaviour than the other two velocity moments and is on 
verage about an order of magnitude smaller. It exhibits, again, a 
ide spread at large distances and is close to zero in the mid-plane.
he gradient at z = 0 pc is positive, which indicates that on both
ides of the disc, stars that are moving vertically outwards are also
referentially moving radially outwards. A simple tilt in the average 
tellar orbits leads to the expectation of � z � R being antisymmetric 
n z, which we confirm within the uncertainty margins. At least in
egions well constrained by data, so at small | z| , the cross term,
nd also the tilt angle, increases, indicating that the correlation of
elocity components becomes increasingly important for analyses of 
tars towards larger distances from the disc. However, velocity data 
re sparse in these regions, leading to large uncertainties. Within our 
rror estimate, the inferred tilt is consistent with a simple rotation of
he stellar orbits around the Galactic centre. 

The covariance matrix of the stellar velocities is shown in Fig. 6
or various z. This emphasizes the tilt of the covariance matrix in
he considered two-dimensional velocity space. It should be noted 
hat the spread of the samples, which reflects the uncertainty of the
ovariance matrix estimation, is very large for the z = ±1800 pc
amples. At these distances, it is only constrained by extrapolation 
rom smaller | z| and our prior structure for the Gaussian processes
nd angles (cf. equations 10 and 12 ). However, the rotation away
rom a diagonal covariance matrix is clearly visible, statistically 
ignificant, and consistent with findings of previous analyses such as 
üdenbender, van de Ven & Watkins ( 2015 ). 
The inferred density fall-off ν( z) is shown in Fig. 7 . The model is

n agreement with the data, indicated by a good fit of the star counts
n the considered region. At distances farther than | z| = 1200 pc ,
o outside the range of star count data considered, our samples
how a large spread, reflecting the lack of constraining data. See
he discussion in Section 2.3 for an explanation of why data outside
his region were excluded. Similar to the velocity moments, we can
lso see a clear asymmetry in the density fall-off above and below the
MNRAS 542, 2987–2997 (2025)
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M

Figure 7. Star counts n∗ as a function of height z above the Galactic disc. 
All samples are shown. The shaded region indicates the availability of star 
count data. 
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isc at approximately z = ±400 pc . Interestingly, these asymmetries
t together very well, being able to explain the asymmetric data even

n a symmetric gravitational potential. It should be emphasized that
hese are asymmetries in the tracer population only, whereas the disc

ass model is still fully symmetric about the mid-plane. 
We find a local dark matter density of 

dm 

= 0 . 0117 ± 0 . 0035 M� pc −3 = 0 . 44 ± 0 . 13 GeV cm 

−3 , (20) 

hich already contains the correction term using Oort’s constants.
his result uses the Gaussian process prior for R−1 

T in the tilt term
equation 5 ). This result is consistent with values typically found in
he literature (compare with, e.g. de Salas 2020 ) for local analyses,
ut significantly lower than the (mean) value derived by Garbari
t al. ( 2012 ) using a similar class of stars. As a consistency check,
e also ran our analysis using only data above or below the disc,
nding dark matter densities of ρnorth 

dm 

= 0 . 0149 ± 0 . 0045 M� pc −3 

nd ρsouth 
dm 

= 0 . 0149 ± 0 . 0037 M� pc −3 , which agree with both each
ther and with the value derived using the full data set. The total
aryonic surface mass density is prior-dominated, with a value of
b = 43 . 75 ± 3 . 04M� pc −2 . 
In Fig. 8 , we compare our result to other recent Jeans analyses

f the local dark matter density. Apart from consistency with the
iterature, it also illustrates that the estimated dark matter density is
nticorrelated with both the baryonic surface mass density �b and
he inverse characteristic length-scale R−1 

T of the tilt term. Deviations
etween different Jeans analyses can stem from different choices of
he tracer population, the particular data used, and the approximations
ade in the Jeans equation. In the following text, we want to examine

he influence of our modelling of the tilt term on the inferred dark
atter density. 
In order to quantify the effect of our particular modelling of the tilt

erm, we also ran an analysis with a scalar prior for R−1 
T , assuming

 constant behaviour in z. We show a comparison of the inferred
ark matter densities as a histogram, R−1 

T as a function of z, and the
elative contribution of the tilt term in Fig. 9 . 

Using the scalar prior, we find a local dark matter density of 

dm 

= 0 . 0053 ± 0 . 0028 M� pc −3 = 0 . 20 ± 0 . 11 GeV cm 

−3 , (21) 
NRAS 542, 2987–2997 (2025)
hich is significantly lower than the value found us-
ng the Gaussian process prior. Here, we find a differ-
nce to the values derived using only data above or be-
ow the disc, in particular ρnorth 

dm 

= 0 . 0135 ± 0 . 0045 M� pc −3 and
south 
dm 

= 0 . 0155 ± 0 . 0052 M� pc −3 . Note that even though the differ-
nce may seem large, the uncertainties are also large, and the values
re still consistent with each other. We attribute this difference to the
symmetry in the data. Fitting both sides of the disc simultaneously
emands more flexibility in the model, favouring larger values of R−1 

T 

nd thus lower values of ρdm 

. The baryonic surface mass density is
lightly larger than in the Gaussian process prior case, with a value
f �b = 46 . 07 ± 2 . 70M� pc −2 . 
The characteristic length-scale R−1 

T of the tilt term is shown
n the middle row of Fig. 9 . Somewhat surprisingly, it prefers
ositive values indicating that the correlated velocity moment � z � R 
s increasing towards larger R. This could be caused either by an
ncreasing tilt angle, or by larger velocity dispersions towards larger
. The scalar prior prefers values of about 3 . 82 ± 0 . 72 kpc −1 , while

he Gaussian process prior prefers values of about 2 . 11 ± 0 . 98 kpc −1 

fter averaging over z. The preferred values of order unity lead to
 net positive contribution of the tilt term to the exponential fall-off
n equation ( 6 ), meaning a steepening of the vertical density fall-off
. Such a general steepening can also be achieved by increasing the

ocal dark matter density ρdm 

as this translates to the gravitational
orce ∂ � 

∂ z 
gaining an additional, linear term. This explains why the

ark matter density is anticorrelated with the product of � z � R and
−1 
T (cf. equation 6 ). Since the allowed range of � z � R is dictated by
ata that are equal for both priors, the difference in the inferred dark
atter density is mainly due to the different values of R−1 

T . We show
he relative contribution of the tilt term in the Jeans equation in the
ottom row of Fig. 9 . The relative contribution is defined as the ratio
f the tilt term to the other term in the Jeans equation (equation 6 ),
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Figure 9. Comparison of the effect of modelling the tilt term on the inferred dark matter density. The left column shows the analysis using a scalar prior 
for R−1 

T , the right column the analysis using a Gaussian process prior. All samples are shown. Top row: histogram showing samples of the inferred posterior 
distribution of the local dark matter density ρdm 

. Middle row: the characteristic length-scale R−1 
T as a function of height z above the Galactic disc. Bottom row: 

the relative contribution of the tilt term in the Jeans equation as a function of height z above the Galactic disc. For details, refer to the text. 
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n particular 

Tilt 

Other 
=
� z � R 

(
1 
R 

+ 1 
R0 

+ 1 
RT 

)
∂ � 

∂ z 

. (22) 

s both the numerator and denominator change sign near z = 0 pc ,
he sharp peaks and change of sign there are not of interest. 

For the Gaussian process prior, the tilt term contributes less than 
0 per cent of the other term in the Jeans equation over the whole
 region considered for most samples. Especially towards small | z| ,
he tilt term is small, as � z � R is close to zero there. There is a large
pread around the mean, where, for some samples, the tilt term is the
ominant contribution at large | z| . 
For the scalar prior, the tilt term contributes much more on average.

t has a net positive contribution for all samples and at all z, except
or the very small | z| region. Since these large values of R−1 

T are only
btained in the region around z = −400 pc for the Gaussian process
rior, this region might be responsible for dictating the large value 
verywhere in case of the scalar prior. This enforces a significant 
ontribution of the tilt term everywhere, increasing its importance 
s a consequence. The assumption of separability of the radial and 
ertical direction in the tilt term (equation 5 ) is not well justified and
ikely too restrictive. This makes the tilt term important for the Jeans
 c  
quation at all z considered, contributing more than 50 per cent of
he other term in the Jeans equation for most samples at large | z| . 

Generally, the tilt term is not well constrained, which is a
onsequence of sparse velocity data at large z, and the lack of
xplicit data and modelling. This result is consistent with the findings
f Sivertsson et al. ( 2018 ) who find a strong tension of prior and
osterior for this kind of approximation in one of their stellar sample
opulations (using G-dwarfs). They make use of a uniform prior for
1 

R0 
+ 1 

RT 
restricted to values smaller than those found here. Assuming 

or a moment that the value we found is physically correct, it is not
urprising that they found a strong tension. Whether there really is
 radial increase of � z � R , as implied by the positive value of R−1 

T ,
s something only the data can tell. Unfortunately, the current data
ack the statistical power to allow a definitive conclusion. It may
ell be that this approach to approximating the Jeans equations and
arametrizing the tilt term is problematic, as it can compensate for
roken assumptions (e.g. steady state or axisymmetry) by absorbing 
heir effects into the tilt term. We however find an excellent data fit
ith our model, enabled mainly by the flexibility of the Gaussian
rocesses. 
We conclude that the tilt term is, at least in our approximation

sing a Gaussian process as prior, subdominant but not negligible, 
ontributing less than approximately 50 per cent relative to the other
MNRAS 542, 2987–2997 (2025)
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erm in the Jeans equation at all heights z considered in this analysis
nd for most samples. 

 C O N C L U S I O N S  

n this work, we present a new analysis of the local dark matter
ensity in the Galactic disc using a sample of stars from the Gaia
R3 (Gaia Collaboration 2023 ) catalogue with available radial
elocity measurements extended using the SoS (Tsantaki et al. 2022 )
atalogue. The analysis was performed using geometric variational
nference (geoVI, Frank et al. 2021 ) implemented in the NIFTy8
ackage. The velocity moments are modelled as Gaussian processes
n the eigenspace of the 2D covariance matrix of radial and vertical
elocities. We also model the tilt term in the Jeans equation as a Gaus-
ian process in z, avoiding the need for assuming separability of the
adial and vertical components, or a restrictive functional form. We
nd a local dark matter density of ρdm 

= 0 . 0117 ± 0 . 0035 M� pc −3 ,
hich is in agreement with previous similar estimates. Comparing

his to an analysis using a scalar prior for the tilt term, we demonstrate
hat the modelling of the tilt term has a significant effect on the
nferred local dark matter density and can lead to severe biases. 

This work serves not only as an updated estimation of the local
ark matter density (which has been performed many times before),
ut also as a proof of concept for two things: first, the application
f Gaussian processes to model the velocity moments of a Galactic
racer population as a function of z, and secondly, the ability to infer
on-diagonal elements of a multivariate Gaussian likelihood within
his family of variational inference methods. The first point naturally
eads to a steep increase in the number of latent parameters, requiring

oving away from MCMC-based sampling methods of sampling
he posterior. The application of variational inference methods also
llows us to include measurement uncertainties in a much more
atural way than usually done, which is not by Gaussian error
ropagation, but by sampling the uncertainties directly in the prior
nd then transforming them to the desired physical quantities within
he forward model. This, too, increases the number of effective latent
arameters by a large factor, further manifesting the need for an
fficient inference method. 

We confirm the smooth, approximately linear, but not featureless
ature of the velocity moments as a function of height z. Furthermore,
e find a significant correlation of radial and vertical stellar velocities

manifesting in a non-zero off-diagonal term in the covariance
atrix), increasing with | z| as well, which is consistent with previous
ndings (compare with e.g. Büdenbender et al. 2015 ). Finally, the
ffect of the tilt term is quantified using a local approximation and
ound to be subdominant but not negligible in the Jeans equation,
ontributing less than 50 per cent of the other term in the Jeans
quation for all heights considered in this analysis and for most
amples. Please note that most samples have a much smaller
ontribution, especially at small | z| . 

For improving upon this in future analyses, there are multiple
ptions: first, the mass model of the baryonic components can be
mproved by allowing for more freedom, especially an asymmetry
n the mass distribution above and below the disc. The fact that
here is an apparent asymmetry in the tracer population (here, and
lso in previous analyses using different families of tracers) implies
he possibility of an asymmetry in the overall mass distribution,
specially for large | z| . Secondly, the spatial dimensionality of
he problem can be increased in various ways. The assumption of
xisymmetry can be removed by adding the angular velocity as
 third component to the velocity covariance. This change would
ikely go hand in hand with an increase of spatial dimensionality,
NRAS 542, 2987–2997 (2025)
.e. making the velocity moments and stellar density not only a
unction of height z, but also of the galactocentric radius R and
zimuthal angle ϕ. This would give direct access to the required
patial derivatives. As a third, and possibly the most difficult, avenue
or improvement, the time axis can be considered. Essentially all
ast analyses, apart from simulations, assume a steady-state system.
his assumption is being increasingly questioned as evidence for
isequilibria, excited, for example, by spiral arms, stellar streams,
r the Large Magellanic Cloud, is mounting (e.g. Widrow et al.
012 ; Hou & Han 2014 ; Antoja et al. 2018 ; Laporte et al. 2018 ;
asiliev, Belokurov & Erkal 2021 , among many others). All of

hese extensions to the model would lead to a significant increase
n model complexity and computational requirements. Modelling
sing Gaussian processes also has some downsides, especially when
imultaneously neglecting relevant parts of the model (e.g. the time
ependence), since the freedom of the Gaussian processes can absorb
ffects that belong in a different unmodelled field. Thus, while we
trongly recommend their use, we also recommend caution when
nterpreting the results. 

We conclude by stressing that the methods used here are very
ersatile and can be applied to a wide range of problems, even beyond
alactic astrophysics. The combination of sophisticated inference
ethods and the ever-increasing amount of large high-quality data

ets may soon lead to a new era of data-driven high-dimensional
odelling in astrophysics. 
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