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Astrometry is the science of measuring star positions and their motions 
and of providing star catalogues [11]. Star catalogues and so-called funda-
mental catalogues [5] were constructed mainly for “materializing” refer-

ence frames used in astronomy and geodesy ([4], [9], [16], [18]), and for investigating the structure of the 
Milky Way by statistical methods ([12], [17]). The famous Bonner Durchmusterung was the last catalogue 
based on human eye observations, followed by the era of photographic catalogues and surveys, including 
radio sources ([4], [18]). Since the first decade of the space age, the idea of telescopes in space ([8], [15]) 
and the development of Charge-Coupled Devices (CCDs) since 1969 [2] became game changers. The im-
pact of Hipparcos (HIgh Precision PARallax COllecting Satellite) on solar system and galactic astronomy 
was a first step [14]. Space-based astrometry provided new observations relevant in astrophysics as well 
[10]. The study of galactic structure, kinematics, and dynamics was no longer a theoretical discipline ([3], 
[13]). The determination of high precision stellar parallaxes (distances) using space borne astrometric ob-
servations was the key for any further progress in astronomy, astrophysics, and even cosmology ([6], [19]). 
Micro-arcsecond astrometry used for determining more precise distances opened new perspectives for 
astrophysics ([1], [7]). But with the ESA mission Gaia not only the composition, structure, and dynamics 
of the galaxy become measurable with unprecedented accuracy, but also the modelling of stellar evolu-
tion represented by the Hertzsprung-Russell-Diagram (HRD) was raised to a new level of precision. Gaia 
data revealed new sub-structures in the main sequence, in the giant branch, and the white dwarf sequence 
thus never seen before in the HRD. Moreover, these data allow it to reconstruct the history of our galaxy 
resulting from different merging processes happened in the past. Furthermore, with Gaia it was possible to 
definitively confirm the bar of the galactic bulge first discovered by the Hipparcos mission, and to measure 
the so-called secular aberration using quasars (i.e., very far bright objects). Secular aberration is analogous 
with the annual aberration, but with the Sun moving around the galactic centre during a “platonic” year. 
The forthcoming releases of the Gaia catalogue promise even more spectacular results revolutionising our 
view of the Milky Way.

The content of this issue of SPATIUM is based on a talk given by Dr Michael Biermann from the Astrono-
misches Rechen-Institut (ARI) des Zentrums für Astronomie der Universität Heidelberg, Germany, on 
April 24, 2024, organized by the Pro ISSI association at the International Space Science Institute (ISSI) in 
Bern, Switzerland. Dr Biermann is head of the Gaia, JASMINE, and Spacecraft Digital Twins missions at 
ARI and member of the Gaia Data Processing and Analysis Consortium (DPAC), as well as head of the 
European Astrometry Group of DPAC.
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Astronomy is experiencing a golden age in this 
century. Never before has there been such a wealth 
of excellent observational data from a wide vari-
ety of instruments—both on the ground and in 
space—and recorded in a wide range of frequen-
cies from long-wave radio radiation to short-wave 
gamma rays. However, practically all astronomical 
catalogues suffer from a considerable deficit: they 
either do not contain the distances of their sources, 
or these distances are quite inaccurate.

Why are distances so important? Without knowing 
the distance to a star or other astrophysical object, 
we can neither determine its true size nor the true 
amount of energy emitted per second. We only see 
the (distance-dependent) apparent diameter in the 

sky and the (distance-dependent) apparent bright-
ness. Due to this fact, we cannot decide whether we 
are observing a particularly bright object at a large 
distance or a nearby faint object. Without know-
ing the true size of an object and the true amount 
of energy or radiation it produces, an understand-
ing of its nature and physics is largely impossible 
(Bastian, 2013).

Recognising this, the European Space Agency 
ESA has taken on the global lead in the creation 
of space-based astrometric data catalogues, which 
for all observed sources provide not only positions, 
proper motions and other astronomical and astro-
physical parameters, but also the distance to the 
source with extremely high accuracy.

Gaia
The astrometric space observatory that 

is revolutionising our view of the Milky Way

Figure 1. Over the course of a year, a nearby star is seen from the Earth orbiting the sun at different 
angles against the background of more distant stars. The nearby star therefore moves apparently in 
an annual ellipsis w.r.t. the background stars, which corresponds to the projection of the Earth‘s orbit 
onto the sky. Credits: Wikimedia Commons
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distances, because our two slightly offset eyes see 
close objects at a slightly different angle relative to 
the more distant background, so the object in front 
of the background jumps back and forth slightly 
when you look at it first with one eye and then with 
the other. The magnitude of this apparent elliptical 
motion corresponds to half the angular diameter 
of the Earth’s orbit as seen from the star. For suf-
ficiently close stars with precisely known parallax 
ϖ, this is inversely proportional to the distance r:

r [pc]=1/(ϖ [arcsec])

if the distance is given in parsecs (about 3.26 
light years) and the parallax in arcseconds (a full 
circle has 360 degrees, and each degree has 3600 
arcseconds). 

Stellar parallaxes are extremely tiny: one milli-arc-
second is the angular extent of the size of a man on 
the moon as seen from Earth. The typical parallax 
of a star in our Milky Way is only 0.1 milli-arcsec-
onds. To determine this to at least 20% accuracy, 
one must achieve an accuracy of 20 micro-arcsec-
onds. This value is the target precision set for the 
Gaia mission. Similarly, we would like to know the 
proper motions measured by Gaia with an uncer-
tainty of a few dozen micro-arcseconds per year.

Unprejudiced  

distance measurements

Over the centuries, astronomers have developed a 
number of methods to determine distances in the 
universe. Almost all of them have to make assump-
tions about the object whose distance they want to 
determine. For example, certain supernovae (of 
Type Ia) can be used to determine the distances of 
galaxies which host these supernovae, by assuming 
that they all explode at the same intrinsic mass and 
thus shine with the same brightness. Apart from 
determining distances using radar echoes, which 
can only be used in, but not outside the solar sys-
tem, there is only one unprejudiced method for 
determining distances that does not have to make 
any assumptions about the object it wants to mea-
sure: the trigonometric parallax method.

This trigonometric method makes use of the fact 
that a star—or any other celestial object—is seen 
over the course of a year in Earth’s orbit from dif-
ferent angles against the background of even more 
distant stars (Figure 1). Over the course of a year, 
this creates a tiny perspective pendulum motion 
of the stars, which reflects the projection of the 
Earth’s orbit onto 
the sky. The further 
away a star is, the 
smaller the magni-
tude of this appar-
ent movement. This 
is precisely how we 
humans can estimate 

Figure 2. Gaia, an artist‘s impression. Credits: ESA/ATG medialab; back-
ground image: ESO/S. Brunier
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The success of the Hipparcos mission let people 
in 1993 plan an even more ambitious space mis-
sion that aimed at providing 50 times more pre-
cise positions, proper motions and parallaxes, for 
10,000 times more stars! In addition, photomet-
ric measurements for all these stars provide their 
brightness (in the Gaia G-band: 330–1050 nm), 
their colour in two wavelength bands (blue pho-
tometer: 330–680 nm, red photometer: 330–1050 
nm), plus spectroscopy (847–874 nm) for about 
100 million of its brightest celestial objects to 
derive their chemical composition and the radial 
component of their velocities. Based on all these 
observational data, a dedicated processing of more 
complex objects like non-single stars or extended 
objects (e.g. galaxies) is performed, a huge variety 
of variable sources is identified and characterized, 
and astrophysical parameters like the surface tem-
perature, chemical composition, and gravity are 
derived.

The European Space Agency ESA selected this Gaia 
mission in 2000 as the new Cornerstone mission. 
Airbus Defense and Space took the industrial lead 
of the manufacture and assembly of the Gaia satel-
lite and its instruments. On December 2013, Gaia 
was successfully launched from French-Guiana 
(Figure 3).

More than 1000 engineers and technicians as well 
as 100 ESA employees have built the Gaia satellite, 
and a small subgroup of these has supported the 
commissioning phase from December 2013 to July 
2014, when the Gaia spacecraft and its instruments 
were thoroughly tested.

ESA’s Gaia-Mission

The Milky Way, our home galaxy, is a system of 
gas, dust, dark matter and around 200 billion stars, 
many of them have planetary systems. We have 
known for a long time that ìt is a galaxy with spiral 
arms in a stellar disk around a central bulge, and 
even with an inner bar (Dehnen, 1999). But we on 
Earth moving around the center of the Milky Way 
together with the sun find it very difficult to get an 
accurate, detailed overall view of its structure and 
composition. One reason for this is that dust clouds 
within the Milky Way prevent us from seeing the 
stars behind them, or at least make it difficult, but 
the main reason is that we have not yet been able 
to determine the exact distances between us and 
the stars and are therefore unable to obtain a three-
dimensional image. However, a three-dimensional 
image alone is not enough to get a correct picture 
of our Milky Way. To really understand it, we also 
need to know the motions of the stars, because the 
galaxy is a dynamic system whose history of forma-
tion and development we also want to understand. 
For a huge sample of stars, these high-precision 
positions and motions can only be determined 
in space with astrometric satellite missions, unaf-
fected by refraction and scintillation caused by the 
Earth’s atmosphere as well as by mechanical and 
thermal bending of the instruments.

The history of the successful Gaia space mission 
(Figure  2) goes back to the nineties of the last 
century, when the Hipparcos mission (Perryman 
et al., 1997) was flown. The Hipparcos space vehi-
cle observed 120,000 sources in the optical wave-
length regime and very precisely determined their 
positions, proper motions and parallaxes. More 
than 3,000 scientific publications are based on the 
results of this astrometric space mission.
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Figure 3. Lift-off of the Russian Sojus-ST rocket with the Gaia satellite on board from 
Kourou in French-Guiana in December 2013. Credits: ESA - S. Corvaja
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Gaia observes with two mirror telescopes of the 
same type, simultaneously targetting two fields of 
view 106.5 degrees (the basic angle) apart in the sky 
(Figure 4). Using 10 different mirrors (Figure 5), 
both fields of view are imaged on the same focal 
plane. During science operations, Gaia rotates 
slowly every 6 hours about an axis perpendicular 
to the two lines of sight, and its axis of rotation pre-
cesses over the course of 63 days, so that the entire 
sky is scanned repeatedly over time.

Originally designed for 5 to 6 years, Gaia has now 
been observing continuously almost every day for 
more than 10 years and is expected to continue 
doing so until mid-January 2025. 

Gaia operates from a 200,000 km diameter 
Lissajous orbit around the Lagrange point L2 of 
the Earth-Sun system. This L2 lies 1.5 million kilo-
meters behind the Earth as seen from the Sun, and 
is moving together with the Earth around the Sun. 
The Lissajous orbit is a quasi-periodic trajectory 
around L2, which lies mainly in a plane perpendic-
ular to the Earth-satellite line. Over the course of a 
year, Gaia thus orbits the Sun along with the Earth.

Figure 4. Gaia continuously spins around its axis, with a constant speed of 60 arcsec/s. As a result, 
over a period of 6 hours, the two astrometric fields of view scan across all objects located along 
the great circle ‚perpendicular‘ to the spin axis. Gaia‘s spin axis does not point to a fixed direction 
in space (or in the sky) but is carefully controlled so as to precess slowly in the sky. As a result, the 
great circle that is mapped out by the two fields of view every 6 hours changes slowly with time, 
allowing repeated full sky coverage over the mission lifetime. Credits: ESA
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•	 the blue and red photometers (BP and 
RP), composed of 14 CCDs, provide low-reso-
lution, spectro-photometric measurements for 
all objects down to 20.7th magnitude over the 
wavelength ranges 330–680 nm and 640–1050 
nm, respectively;

•	 the radial-velocity spectrometer (RVS), 
composed of 12 CCDs, collects high-resolu-
tion spectra of all objects brighter than 17th 
magnitude.

With one billion pixels, Gaia contains by far the 
largest CCD camera that has ever flown in space. 
Due to the rotation of Gaia, stars enter on the left 
side of the array and move to the right (Figure 6). 
At the same time, the charges generated by the 

Gaia’s instruments

The Gaia satellite is equipped with three different 
instruments and 106 CCDs which are all arranged 
on the same focal plane (Figures 6 and 7). CCDs 
are an acronym for “Charge Coupled Device”, i.e., 
electronic light detectors composed of picture ele-
ments (called “pixels”) each of 10x30 microns in 
size that produce photoelectrons (charges) caused 
by the photons accumulated during a 4.4-second 
exposure time. The three Gaia instruments are 
(Gaia Collaboration, 2016a)

•	 the main astrometric field (AF), composed 
of 62 CCDs, provides two-dimensional angu-
lar position measurements in the sky (after the 
Gaia data reduction, see further below) of all 
objects down to 20.7th magnitude, which cor-
responds to the brightness of a candle in 30.000 
km distance;

Figure 5. The optical path of both telescopes is composed of six reflectors (M1-M6), two of 
which are common (M5-M6). The entrance pupil of each telescope is 1.45 x 0.5 m² and the 
focal length is 35 m. The payload module features a common focal plane shared by both 
telescopes. Credits: ESA
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direction of movement, which enables brightness 
and color measurements. Like in the astrometric 
field, the positions of the spectra in the data stream 
are predicted and cut out.

A grating spectrograph is located in front of the 
spectroscopic CCDs (green), which is used to gen-
erate relatively high-resolution spectra in the near 
infrared. These spectra are 1000 pixels long, and 
their position is again predicted, cut out and sent 
to Earth.

The four remaining CCDs are used as two detectors 
each for monitoring the stability of the basic angle 
(the angle between the two telescopes, orange) and 
for focusing the telescopes (violet).

Gaia’s CCDs are read out in the so-called time-
delayed Integration (TDI) mode. This means that 
the photoelectron charges are shifted in the direc-
tion of the CCD’s readout register with the same 
speed as the image of a star moves across the focal 
plane due to the satellite’s rotation. The charges are 
shifted every millisecond, resulting in a continuous 

incoming light on the CCDs are transferred to the 
right in the direction of the readout register at the 
same speed as the stars move across the focal plane. 
This ensures that the images are optimally sharp.

First, stars are seen on the Sky Mapper CCDs 
(gray-blue). Each Sky Mapper CCD column only 
sees stars from one field of view. In this way it is 
already roughly clear in which direction this star 
was seen. The onboard software reads out all pixels 
for these CCDs and searches for images of stars in 
the pixel data. The position of the same stars in the 
data streams of the CCDs of the astrometric field 
(gray) is then predicted based on their Sky Mapper 
position and the knowledge of the exact rotation 
rate of the satellite. Small pixel areas (called “win-
dows”) are cut out around these predicted star 
positions, and only these are read out and sent to 
the ground. This is necessary to keep the telemetry 
budget (i.e. the limited amount of data that can be 
sent to Earth) at a manageable level.

Prisms and color filters are mounted above the 
photometric CCDs (blue and red) that follow 
directly after the astrometric field. The stellar 
images are pulled apart into short spectra in the 

Figure 6. The Gaia focal-plane assembly is the largest ever developed  for a space application, with 
106 CCDs, a total of almost 1,000 million pixels, and a physical dimension of 1.0 m × 0.4 m. Image 
Credit: ESA. Acknowledgement: Alex Short.
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Gaia data reduction

The extremely high target precision (for both posi-
tion and parallax) is a challenging endeavor. It is 
complicated by the fact, that the actual observa-
tions are made in the data space of the CCD pixel 
readouts. Data space refers to the set of 3.15·1011 
times 4500 digitized pixel readouts per CCD for 
a 10 years mission. For each observed star image 
in this data space, a centroid, i.e., the center of the 
star’s light distribution, is computed and stored in 
the form of data-space (pixel) coordinates.

To convert these data-space coordinates into real 
positions in the sky, the absolute spatial orientation 
of the 3-meter large satellite in the Solar System 
must be known to an atomic diameter – and this 
for every single moment of the mission. With com-
parable precision we need to know the arrange-
ment of the 106 CCD detectors on the focal plane 
and that of all ten telescope mirrors mounted on a 
ring of silicon carbide that is known to have excel-
lent thermal stability (Figure 5).

It is completely impossible to determine the geom-
etry of the instruments and mirrors with such pre-
cision in the laboratory. In addition, the extreme 
mechanical loads during the launch, the absence 
of gravity in space, and the cooling of the satel-
lites by more than 100 °C make such pre-launch 
knowledge obsolete anyway. The Gaia instruments 
therefore have to be calibrated in space, and that 
can only be done with the satellite’s own measure-
ments in the sky.

For just the astrometric part of the data reduc-
tion, this self-calibration procedure must simulta-
neously determine 17 billion star parameters and 
several hundred million calibration and position/
orientation parameters of the satellite from more 
than 2.4 trillion astrometric measurements using 
a parameter estimation procedure based on the 
method of least squares adjustment. However, the 
extremely high target precision of 20 micro-arcsec-
onds (Figure 8) can only be reached if the posi-
tion of the stars in the data space has been deter-
mined to significantly better than 1/100 pixel from 
the pixel data in pre-processing steps, and if all 2.4 
trillion individual observations have been assigned 

band of read-out pixels with a width of 4500 pixels 
(the CCD height) times 3.15·1011 pixels (10 years 
of pixel columns, read out every millisecond) for 
each CCD.

Gaia typically observes 250 stars per second, for 
which in a fully automated way nine astrometric, 
two photometric, and for the brightest 5% of all 
sources also three spectroscopic measurements 
will be taken.

More than 2.4 trillion astrometric and more than 
half a trillion photometric measurements have 
been made since the start of the scientific Gaia 
mission in July 2014.

Figure 7. The complete Gaia CCD array (flight 
model) - This photo, taken at the Astrium 
France facility in Toulouse, shows the complete 
set of 106 CCDs that make up Gaia’s focal 
plane. From left to right: 3 strips for the Radi-
al Velocity Spectrometer, 1 strip for the Red 
Photometer, 1 strip for the Blue Photometer, 9 
strips for the Astrometric field (except for the 
middle CCD of the first, which is a wave front 
sensor), 2 CCD for the sky mapper, 1 strip with 
3 CCDs: two basic angle monitors (top right), 
and one wave front sensor. Credits: Astrium
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The DPAC consortium splits into different 
Coordination Units (CUs, Figure  10), each 
responsible for a certain aspect of the DPAC pro-
cessing: CU1 (System Architecture) provides 
software packages that are used by all other CUs 
in a centralized place, CU2 (Simulations) gener-
ates complex large-scale simulation data to help 
validating software packages, CU3 (Astrometric 
Core Processing) provides a first estimate of the 
data-space location and the magnitude for each 
observation (Initial Data Treatment), followed by 
a task called First Look which judges the scientific 
data quality and the instrument health on a daily 
basis to early detect potential problems. CU3 also 
matches all 2.4 trillion observations to 2.8 billion 

to a total of 2.8 billion astronomical objects in a 
process known as cross-matching. The photomet-
ric and spectroscopic data processing and all sub-
sequent tasks are also extremely complex.

In 2005, the Data and Processing Analysis 
Consortium (DPAC) was set up, comprising about 
430 scientists and software developers spread over 
136 institutes in 24 different countries and the ESA 
(Figure 9). DPAC takes care of all aspects of the 
Gaia data reduction, the validation of the cata-
logue data and the publication of a series of every 
increasing and improving Gaia catalogues.
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Figure 8. Position measurements have improved considerably over time. Red circles and the solid 
line show the measurements of absolute positions (i.e. measurements of large angles up to 180 de-
grees) from ground, red diamonds and the dashed line show the measurement of relative positions 
(very small angles between closely neighboring objects in the sky) from ground. Blue circles and the 
dashed line indicate satellite measurements. The first (scientifically accepted) measurement of a 
parallax was made by Friedrich Wilhelm Bessel in 1838. Only around 100 more parallaxes could be 
measured to an accuracy of 20% in the following 60 years, and a further 800 by 1990. Hipparcos 
suddenly increased this number to 50,000. Credits: E. Høg, M. Biermann



10

Meanwhile, three Gaia catalogues 
have been published. The first one, 
Gaia DR1 (Gaia Collaboration et al., 
2016b), was released on September 
14, 2016. This first catalogue was 
more of an appetiser, as it only con-
tained 2 million proper motions and 
parallaxes. The second DR2 catalogue 
(Gaia Collaboration et al., 2018), 
released on April 25, 2018, could 
already show the enormous potential 
of the Gaia data and led to thousands 
of scientific publications. The third 
Gaia catalogue was published in two 
steps, first EDR3 (Early Data Release 

3, Gaia Collaboration et al., 2020) on December 
3, 2020, with “just” the astrometric and photo-
metric data products, and the full DR3 (Gaia 
Collaboration et al., 2023) on June 13, 2022 with 
all other data products (Figure 11). Each of these 
catalogues processed more and more data, but 
also used better and better calibrations and thus 
achieved significantly better results. Two more cat-
alogues will be published: Gaia DR4 will cover the 
full nominal 5-year mission plus half a year of the 
extended mission, and is planned to be released 
in the first half of 2026. The final catalogue DR5, 
based on more than ten years of mission data, will 
become available in 2030.

astronomical objects, produces improved positions 
and magnitudes and generates the final astrom-
etry for each Gaia catalogue, CU5 (Photometric 
Processing) and CU6 (Spectroscopic Processing) 
produce the final photometry and spectroscopy for 
each catalogue, CU4 (Complex Object Processing) 
produces astrometric solutions for binary sys-
tems and extended objects like galaxies, CU7 
(Variability Analysis) identifies and characterises a 
huge number of different types of variable stars like 
cepheids or RR Lyrae stars, CU8 (Astrophysical 
Characterisation) computes among others astro-
physical parameters of most sources and finally 
CU9 (Archive and Catalogue Access) makes all the 
excellent Gaia data publicly available. 

Figure 9. A large pan-European team of expert scientists 
and software developers known as DPAC is responsible 
for the processing of Gaia‘s data with the final objective 
of producing the Gaia Catalogue. Six data processing 
centers spread over Europe support the data reduction. 
Credits: ESA
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astronomical distance ladder has been made sig-
nificantly more accurate, Gaia has improved the 
International Celestial Reference Frame (ICRF) 
used by astronomers and geodesists for, e.g., star 
catalogues and Earth rotation, respectively.

Some of these exciting scientific results will be pre-
sented here. The selection is inevitably incomplete 
and subjectively influenced by the author’s inter-
ests. But it is also intended to show a little of the 
wide range of research directions made possible by 
the excellent Gaia data.

Science with Gaia data

The highly accurate and diverse Gaia data has led 
to more than 11,000 scientific publications, almost 
all of them based on the last two interim cata-
logues Gaia DR2 and DR3. There is practically no 
field of astronomical research that has not already 
benefited from Gaia data and will do so to a much 
greater extent in the future. Just to name a few: 
Thousands of new asteroids in the solar system 
have been detected and their orbits determined, the 
acceleration of the solar system towards the center 
of the Milky Way could be measured and is in line 
with theoretical expectation, new insights into stel-
lar astrophysics could be gained, the structure and 
evolution of the Milky Way has been revealed to 
much greater detail than ever thought possible, the 

Figure 10. The consortium is sub-divided into nine smaller, specialist units known as Coordination 
Units, or CUs, with each unit being assigned a unique set of data processing tasks. The schematic 
shows the flow of data within DPAC and the roles of the various CUs and DPCs (locations of the 
latter in red). Credits: ESA, DPAC



12

HRD shown in the top-left panel in Figure  12. 
A corresponding HRD based on 20.000 stars 
published in the Hipparcos catalogue (top-right 
panel in Figure 12) does not show the fine struc-
tures that can be seen in the Gaia counterpart. 
Figure 12 clearly shows that most of the stars are 
arranged in a broad band from the top left (bright 
blue stars) to the bottom right (faint red stars). An 
additional, almost parallel band of stars is located 
further down and to the left, i.e., it contains faint 
and bluish-white stars. These are white dwarfs.

White dwarfs are the end product of the stellar 
evolution for stars with moderate masses like our 
Sun. These stars stay most of their lifetime on the 
main sequence, the broad major band in the top-
left panel in Figure 12. Once the nuclear fuel in 
their cores has been exhausted, they become first 
red giants (moving above the main sequence) and 

Different subgroups  

of White Dwarfs in the  

Hertzsprung-Russell diagram	

Stars can be arranged graphically according to 
their colour (or temperature) and absolute mag-
nitude (or luminosity) in a diagram named the 
Hertzsprung-Russell diagram (HRD). The abso-
lute magnitude of a star is the brightness it would 
have at a fixed distance of 10 pc (32.6 light years). 
However, in order to convert measurable appar-
ent into absolute magnitudes, highly accurate dis-
tances are required, which have only become avail-
able since Gaia parallaxes have been published. 

Stars in the solar neighborhood (closer than 100 
pc or 326 light years), with 10% accurate parallaxes 
and good photometry, were selected to create the 

Figure 11. Data release 3 from ESA’s Gaia mission includes a total of 1.8 billion Milky Way stars – 
providing astronomers with an unprece-dented view of stellar characteristics and their life cycle, 
and the galaxy‘s structure and evolution. This infographic shows the various subsets of data that 
are provided for the stars. Credits: ESA
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The lower left panel in Figure 12 is a zoom-in into 
the complete HRD, focusing on the sequence of 
white dwarfs. There are some clearly distinguish-
able accumulations of white dwarfs, marked as five 
different subgroups on the bottom-right panel of 
Figure 12, which is otherwise identical to its left-
hand counterpart:

•	 There is a dense region of white dwarfs in the 
HRD marked as red line ‘1’ in the bottom-right 
panel of Figure  12. This region is occupied 
with white dwarfs whose outer shells essen-
tially contain hydrogen,

finally lose their outer shells as planetary nebu-
lae while they contract into white dwarfs (mov-
ing downwards in the HRD to settle on their own 
white dwarf sequence.

Before Gaia, about 30,000 white dwarfs were 
known. With Gaia, this number of white dwarfs 
could dramatically be increased by a factor of more 
than 10: more than 300,000 white dwarfs are iden-
tified meanwhile in the Gaia DR3 catalogue.

Figure 12. Top-left panel: Hertzsprung-Russell diagram (HRD) of all stars within 100 pc from the 
sun and with 10% accurate parallaxes, taken from Gaia DR2 data. Right-top panel: HRD of 20,000 
Hipparcos stars. Bottom-left-panel: Zoom-in into the white dwarf sequence of the DR2 HRD. Bot-
tom-right panel: Same as on the left side, but with some white dwarf samples highlighted. For 
details please refer to the text. Credits: Lindegren et al. (2018), modified by M. Biermann, and ESA/
Gaia/DPAC; ESA/Hipparcos; CC BY-SA 3.0 IGO.
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the star, so that the less massive companion no lon-
ger feels the gravitational attraction of its former 
partner. The remaining white dwarf would then 
continue to move through space with the high 
speed it had on the close orbit when its partner was 
still present.

If that idea is correct, one could check whether 
the known 3D velocities from the Gaia catalogue 
extrapolated back in time would bring high-speed 
white dwarfs close to a known supernova remnant. 
Strong evidence in support of this idea has been 
given in Shen et al. (2018). Not only the position of 
the high-speed white dwarf named D6-2, extrapo-
lated back in time, meets the position of the super-
nova remnant G70.0-21.5, but also the time of the 
supernova explosion nicely fits the time when the 
back-extrapolated white dwarf position meets the 
supernova remnant position (within reasonable 
uncertainties, shown as a green dashed circle in 
Figure 13).

•	 Similarly, region ‘2’ hosts white dwarfs with 
a helium shell.

•	 In the course of their stellar evolution, white 
dwarfs undergo a phase where their cores 
transform into a crystalline carbon-oxygen 
core. These white dwarfs can be found in 
region ‘3’.

•	 As normal stars, white dwarfs can be com-
panions in binary systems. If both stars of 
such a double star system are white dwarfs, 
and if the system is too far away in order to 
allow the two stars to be resolved into indi-
vidual stars, then the combined light of the 
two white dwarfs will create a signal slightly 
brighter than the individual white dwarfs 
and produce a slightly shifted, brighter 
sequence of white dwarf double stars (region 
‘4’).

•	 Of course, white stars can also be partners 
of normal main sequence stars in a binary 
system. Those settle in the HRD somewhere 
in the roundish region ‘5’, depending on the 
relative brightnesses of the two components.

High-speed White Dwarfs

A small number of white dwarfs with huge veloci-
ties of several 1000 km/s have been identified in 
the Gaia catalogues. Any stellar source with such 
extreme velocities is no longer bound to the gravi-
tational potential of the Milky Way and would – on 
astronomically short timescales – leave our home 
galaxy. Detecting a number of these high-speed 
white dwarfs deeply embedded in the galactic stel-
lar disk tells us that these stars have received their 
enormous space velocities only recently.

Theoreticians have brought up the idea that these 
high-velocity white dwarfs could have been mem-
bers of binary systems with two white dwarfs orbit-
ing around each other. The more massive white 
dwarf of the two companions has collected more 
and more additional mass over time, until it has 
become too massive to stay stable as a white dwarf 
(so-called Chandrasekhar limit). It then has col-
lapsed to a neutron star in a supernova type Ia 
explosion. Such star explosions completely destroy 

Figure 13. Orbital solution of the high-velocity 
white dwarf D6-2 in Shen et al (2018) overlaid 
on Hɑ images from the Virginia Tech Spectral 
Line Survey (VTSS; Dennison et al. 1998). The 
blue and red trajectories extend 9×10⁴ years 
into D6-2’s past and future, respectively. The 
green circle encompasses the supernova rem-
nant of G70.0–21.5. Credits: Shen et al. (2018)



15

SPATIUM 55

Gaia Data Release (to be published in 2026), a stel-
lar black hole (BH) with an extreme mass of 32.7 
± 0.82 solar masses was found only 560 pc (1830 
light years) away from the sun.

Of course, we cannot see the black hole itself, 
but only its companion star whose motion shows 
an orbital component. This bright star with high 
proper motion in the constellation Aquilla had 

Gaia BH3

Before publishing new Gaia catalogues, a lot of 
effort is devoted to the validation of the results, in 
order to ensure the extremely high quality of the 
Gaia data products. In the course of non-single-
star validation runs for the forthcoming fourth 

Figure 14. Astrometric data of Gaia BH3. Top-left panel: Motion in the sky of the source, as seen by 
Gaia (dots), compared with the best fitting single-star solution (red line) and the astrometric-binary 
solution (black line); the arrow indicates the direction of the proper motion. Bottom-left panel: Derived 
astrometric orbit of the visible companion, after a subtraction of parallax and proper motion, com-
pared with the astrometric measurements. The arrow indicates the direction of the motion along the 
orbit. The top-right and bottom-right panels show the residuals of the along-scan (AL) astrometric 
measurements for, respectively, the single-star solution and the binary-star solution. The vertical dot-
dashed line in the bottom-right panel marks the time of the closest approach to the black hole (also 
marked by the short grey line in the bottom left panel). Credits: Gaia Collaboration et al. (2024)
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of their mass through strong winds. However, low-
metallicity stars show much lower mass losses dur-
ing their lifetime. It is thus very interesting to find 
the visual companion of BH3 to be a very metal-
poor star. Gaia BH3 is therefore the first observa-
tional evidence that high-mass BHs detected by 
LIGO/Virgo are generated by low-metallicity stars 
as predicted by stellar evolution models.

Structure and Evolution  

of the Milky Way

The most noble task of Gaia is to help us better 
understand our Milky Way, in particular to reveal 
its spatial structure and physical components, its 
dynamic structure (i.e. the forces and motions), 
and to piece together a coherent formation his-
tory of our home galaxy. This has already – to 
quite some extent – been achieved through a large 
number of exciting scientific publications based on 
Gaia DR2 and DR3.

Antoja et al. (2018) for instance have analysed 
phase-space diagrams based on Gaia DR2 data. 
These are diagrams that show both spatial and 

received a very poor astrometric solution when it 
was assumed to be a single star. The astrometric 
residuals (the differences between the observed 
positions and the positions predicted for the sin-
gle-star model) were clearly too large (top right 
plot in Figure  14). It was therefore obvious to 
assume that this star was a partner in a binary sys-
tem. In this case, all observations perfectly match 
the derived orbit (after subtraction of the proper 
motion and the parallax motion, bottom left plot 
in Figure 14), and the astrometric residuals have 
decreased by a factor of 25 (lower right plot in 
Figure  14), clearly showing that the double-star 
solution resulting from the least square adjustment 
is significantly better. With the Gaia RVS radial 
velocities, a spectroscopic double star solution 
could be determined which is in excellent agree-
ment with the astrometric solution. However, the 
partner must have a mass of more than 30 solar 
masses and be invisible, properties which only a 
black hole can fulfill.

This black hole BH3 in many ways is a stroke of 
luck for science and has therefore been published 
ahead of schedule, more than two years before the 
planned Gaia DR4 catalogue. First of all, it is more 
massive than any known stellar black hole in our 
galaxy, and with a distance of just 560 pc it is very 
close and thus an optimal candidate for intense fol-
low-up observations with other telescopes. It is true 
that the gravitational-wave detectors LIGO/Virgo 
have also detected black holes of similar mass, but 
only in far distant galaxies. These black holes can 
never be observed again because they collided with 
other black holes when they generated the gravita-
tional wave signals. The resulting black hole is no 
longer noticeable through gravitational waves and 
cannot be observed in the electromagnetic spec-
trum due to its small size and great distance.

The formation of massive stellar black holes with 
more than 30 solar masses is a challenge for stellar 
evolution models. It is thought to be possible only 
for low-metallicity stars. In astronomy, all elements 
heavier than helium are called “metals”, so metal-
poor stars are those that built very early in the 
universe when no heavier elements have already 
been produced in stars and redistributed to molec-
ular clouds via supernovae or planetary nebulae. 
Progenitors with an initial mass larger than 30 solar 
masses are predicted to lose a significant fraction 

Figure 15. Phase-space diagram of stars, 
showing their velocity Vɸ (colour-coded) in 
the galactic stellar disk depending on their ve-
locity V

Z
 perpendicular to the stellar disk and 

their altitude Z above or below the midplane 
of the galactic stellar disk. For the interpreta-
tion of this diagram please refer to the text. 
Credits: T. Antoja et al. (2018)
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galaxy is still visible on Gaia sky maps (Figure 16). 
But this remnant of an ancient interaction of the 
Milky Way with another galaxy is not the only one 
visible in the Gaia data.	

The second Gaia catalogue contains both 3D posi-
tions and 3D velocities of seven million stars. Of 
these, 30,000 stars move around the center of the 
Galaxy on elongated, retrograde orbits, which 
means that these stars move in the opposite direc-
tion to the majority of the stars in our Milky Way 
(Helmi et al., 2018). In addition, these 30,000 stars 
have a different chemical composition than most 
stars in our galaxy. They are interpreted to form the 
debris from yet another and much bigger galaxy 
that merged with our Milky Way in its early forma-
tion phase about 10 billion years ago. This mean-
while completely assimilated galaxy originally had 
a mass of approximately 1/10 of that of our current 
Milky Way, but this corresponds to ¼ of the mass 
of the Milky Way 10 billion years ago, because the 
Milky Way has grown substantially over time by 
merging with other galaxies and ancient stellar 
structures. Having roughly comparable masses, 
this merging process must have been a very turbu-
lent one. The former galaxy and today’s debris are 

velocity information in a single plot. One exam-
ple is presented in Figure 15. This plot shows the 
(colour-coded) velocity Vϕ of stars in the plane of 
the galactic stellar disk orbiting the Galactic center 
as a function of their height Z above or below the 
midplane of the galactic stellar disk and their veloc-
ity VZ perpendicular to that plane. Typical stars in 
the Milky Way move on more or less circular orbits 
at a rather fixed radius around the center of the gal-
axy. In doing so, the stars also move perpendicular 
to the rotational motion and continuously go up 
and down, and thus change both the height Z above 
or below the midplane of the galactic disk and their 
velocity VZ perpendicular to that plane. It was not 
expected that coherent structures would appear in 
the phase-space diagram shown in Figure 15, but 
instead a beautiful spiral emerged. This spiral can 
be explained by a disturbance in the galactic orbits 
of the stars 300–900 million years ago, caused by 
an infall of another galaxy into the Milky Way that 
probably has penetrated the galactic plane more 
than once during this still ongoing merging pro-
cess. It was probably the Sagittarius galaxy that had 
its latest close approach to the Milky Way about 
500 million years ago. The remnant of this dwarf 

Figure 16. Sky chart of the Milky Way as seen by Gaia. The Sagittarius dwarf galaxy is visible as a 
small, vertical whitish streak just below the bright galactic center in the middle of the image. Cred-
its: ESA/Gaia/DPAC, modified by M. Biermann
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Chandra et al. (2023) have produced a density 
plot of this ratio η as function of the metallicity, 
expressed as the ratio [Fe/H] of iron to hydrogen 
(top plot in Figure 18). The Sun has [Fe/H] = 0, 
and negative values of [Fe/H] indicate stars with 
less metals (i.e. elements heavier than helium). In 
this density plot, reddish areas contain many stars, 
whereas blue ones contain few to almost no stars. 
The upper diagram in Figure 18 clearly shows that 
different subgroups of stars form this density dis-
tribution. Even more information can be gained 
from this top plot by dividing all the stars into two 
subgroups: one with a large proportion of α ele-
ments (high-α, measured as the ratio [α/Fe]) and 
one with a small content of α elements (low-α) as 
shown in the two bottom plots in Figure 18. These 
three plots contain a lot of information about the 
formation history of the Milky Way.

What does the α abundance tell us about the stars 
in the Milky Way? At the very beginning of the 
evolution of a galaxy, the first stars are built in gas 
clouds that consist practically only of hydrogen 
and helium. However, heavier elements are formed 
very quickly, especially in supernovae explosions at 
the end of the lifetime of massive stars, but also in 

named „Gaia-Sausage-Enceladus“: “Gaia”, because 
this discovery was only possible with excellent 
Gaia data, “Sausage” because of the shape of the 
remaining debris in velocity space, and for the 
“Enceladus” I quote the first author of the discov-
ery paper, Amina Helmi: “According to the legend, 
Enceladus was buried under Mount Etna, in Sicily, 
and responsible for local earthquakes. Similarly, 
the stars of Gaia-Enceladus were deeply buried 
in the Gaia data, and they have shaken the Milky 
Way, leading to the formation of its thick disc.”

In addition to finding such individual structures 
and merger events, however, it is and remains a 
central goal of modern astronomy to create a con-
sistent overall picture of our galaxy’s formation his-
tory. Of course, long before the Gaia era, there had 
already been a great deal of research and work on 
this topic, which had already led to a global picture. 
This is now to be confirmed, expanded, improved 
and, if necessary, corrected with the Gaia data. 

As a final topic, I will discuss the interplay between 
the chemical composition and the motion of the 
stars as a beautiful example of both the power and 
the complexity of Gaia science applications.

Chandra et al. (2023) have used 10 million red 
giant stars from the Gaia DR3 catalogue which 
have good astrometry and the full 6D phase-space 
information (thus both 3D spatial information and 
3D velocities), but also spectral information to 
derive metallicities of the stars and especially their 
α-element abundances. α elements are elements 
like, for example, carbon, oxygen, silicon and iron 
which are built during nuclear fusion reactions in 
massive stars or during supernova explosions. This 
sample of stars serves as an excellent starting point 
for archaeological studies due to its size, homoge-
neity, and all-sky coverage (Figure 17). As we have 
astrometric 6D information for all these stars, we 
also know the orbital properties for their motions 
around the galactic center. These properties were 
encoded by Chandra et al. (2023) in the form of 
an angular momentum ratio η (= Lz/Lc), which is 1 
for circular prograde orbits (where the star moves 
in the same direction as the majority of all stars 
in the Milky Way), which is -1 for circular retro-
grade orbits (where the star moves in the opposite 
direction) and takes values in between for inclined, 
more chaotic orbits, including polar orbits.

Figure 17. Spatial distribution of the stars 
from which the formation history of the Milky 
Way was determined, superimposed on a 
schematic image of a spiral galaxy. Credits: 
Chandra et al. (2023)
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will enrich gas and dust clouds out of which new 
stars will be born. These stars, which were formed 
late in the history of a galaxy, thus have low [α/Fe], 
since the iron content has increased.

What can we learn from the three plots in Figure 18 
about the history and formation of our galaxy? 
Figure 19 is the same as the top plot in Figure 18, 
but highlights certain areas giving insight into dif-
ferent formation and evolution stages in the his-
tory of the Milky Way.

planetary nebulae and massive stellar winds (from 
the asymptotic giant branch, AGB, in the HRD), 
so that α elements are quickly enriched in the gas 
clouds available for the next star generation, while 
the iron abundance is still low. This leads to high 
ratios [α/Fe]. Emerging iron remains in the cores 
of the white dwarfs and neutron stars and does not 
contribute to [α/Fe]. Much later, when white dwarfs 
start to explode as supernovae of type Ia and are 
completely destroyed, the iron will be released and 

Figure 18. The three-phase evolution of the Milky Way. The distribution of orbital circularity η is 
shown as function of metallicity. The top panel shows all stars used in Chandra et al. (2023), where-
as the bottom panels are split into high-α and low-α subsamples (see text). Credits: Chandra et al.



20

increasingly circular orbits. This gradual develop-
ment towards a more and more disk-like structure 
is notably smooth and continuous all the way up to 
solar metallicity (see lower-left plot in Figure 18).

Between the chaotic protogalaxy (area ‘A’) and 
the thick disk (area ‘C’), there is a swath of stars 
at intermediate orbits between the two popula-
tions (in the middle of area ‘B’). The most plau-
sible origin for those stars is that they were born in 
the early Milky Way disk and subsequently kicked 
up onto isotropic and eccentric orbits by a major 
merger, presumably the Gaia-Sausage-Enceladus. 
The thickness of this disk is not only due to the 
merger disturbing and changing individual orbits 
of stars but also due to a rotation of the whole disk 
which has reoriented itself after the merger event.

This reorientation of the disk did not only affect 
the stars but also the gas of both the Milky Way and 
the merging galaxy. From this gas, new stars were 
born. With time, the gas reservoir was enriched 
with iron, and increasingly more stars were born 
from this iron-enriched material leading to a high-
metallicity but low-α sample of stars on mainly cir-
cular orbits (area ‘D’ in Figure 19). These stars on 
very circular orbits are especially visible in the bot-
tom right low-α plot in Figure 18. All these stars 
have been formed in the stellar disk of the Milky 
Way as we see it today, and they all have near-cir-
cular orbits over the full metallicity range.

Area ’A’ in Figure  19 hosts the very old stars 
that were built in the nascent Milky Way. The 
stars in this protogalaxy had chaotic and dis-
ordered orbits, as the wide spread of η values 
indicates. The protogalaxy with its still existing 
old stars show minimal net rotation, but their η 
distribution is not entirely isotropic. Rix et al. 
(2023) have shown that the central bulge of the 
Milky Way indeed hosts an ancient, metal-poor, 
centrally concentrated stellar population built 
by the few most massive progenitor compo-
nents that formed the protogalaxy. The proto-
galaxy was constantly “bombarded” by mergers. 
The bombardment caused a first disk to appear, 
as a consequence of dissipative gas collapse in 
dark matter halos and the conservation of angu-
lar momentum. Area ‘A’ is not centered on zero, 
which means that the protogalaxy soon had 
formed such a disk component. The still exist-
ing stars of the former protogalaxy are in parts 
also those of past mergers like the Gaia-Sausage-
Enceladus dwarf galaxy and can be found on 
eccentric orbits. This subsample of stars is clearly 
visible from the kinematics of the stars and their 
chemical composition, as discussed above. But if 
area ‘A’ represents the stars of the nascent, chaotic 
protogalaxy, why do these stars show high α abun-
dances, as the bottom plots in Figure  18 clearly 
shows? Why has this star sample not turned into a 
low-α bulge as discussed above?

The reason for this is that the iron-enriched gas 
and dust clouds have been ripped of from the pro-
togalaxy during a massive merger event, so that no 
iron-enriched stars could form there. This is vis-
ible in area ‘B’ in Figure  19, which highlights a 
dramatic phase transition and the emergence of a 
rotation-dominated disk component (η gets closer 
and closer to 1, representing circular orbits for 
the majority of the stars and therefore the stellar 
disk of the Milky Way). This transition is almost 
exclusively traced by high-α stars, thus the older 
galactic stars. Their spatial distribution is getting 
more and more disk-dominated with time (area 
‘C’ in Figure 19). This phase transition represents 
the birth of the Milky Way’s disk over cosmic time, 
from the turbulent protogalaxy to an increasingly 
ordered disk. As metallicity (and time) increases, 
the range of the orientation of orbits spanned 
by the high-α disk narrows, as stars move on 

Figure 19. Zoom-in into the top plot of Fig-
ure 18, with important areas highlighted and 
discussed in the text. Credits: Chandra et al. 
(2023), modified by M. Biermann
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As in the case of Hipparcos, the great success of 
the Gaia mission has now prompted scientists to 
think again about a follow-up astrometric space 
mission. Since Gaia observes in the optical range, 
it is reasonable to plan a high-precision astromet-
ric infrared mission, which would make it possible 
to observe sources behind dust clouds and in the 
center of the Milky Way. However, such a possible 
infrared mission, which still has to be planned, 
developed and built, will not be able to provide sci-
entific data for several decades at the earliest. Until 
then, the Gaia catalogues will remain the state of 
the art …

Is there additional support for this coherent picture 
of the structure and evolution of the Milky Way? A 
large amount of complex galaxy evolution simula-
tions have been performed by several groups. The 
results of these simulations have been compared by 
Chandra et at. (2023) to the results based on Gaia 
data. Both nicely match, when simulations are used 
in which a galaxy has a rapid growth of the early 
disk component and an early massive encounter/
merger with another galaxy, as in the case of our 
Milky Way. 

Outlook

The amazing scientific results presented here are 
just a tiny fraction of the gigantic spectrum of sci-
entific work that was only made possible by the 
excellent Gaia data. The full scientific treasure 
from Gaia data has yet to be raised, and that will 
take many decades. In addition, the new Gaia cata-
logues will not only become increasingly accurate, 
but will also include a variety of new data products 
that will expand the range of scientific investiga-
tions and enable future improved data reductions 
of the entire Gaia data. In particular, the epoch 
data (i.e. the individual observations) will make it 
possible to improve stellar parameters of individ-
ual sources that are not yet optimal.
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