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Astronomers often use spectroscopic 

(electromagnetic radiation) data and 

astrometric (motion and positional) data 

to develop working models describing our 

Galaxy. Dr Timothy Beers from the University 

of Notre Dame and his collaborators in Korea 

and China combined large photometric 

(visible light) surveys and astrometric data 

to create multidimensional maps of a large 

part of the Galaxy. By highlighting significant 

inhomogeneities in stellar-chemical 

compositions, motions, and spatial distributions, 

Dr Beers and his colleagues provide valuable 

insights into how we can advance our 

understanding of the formation and evolution 

of our Galaxy. 

The Milky Way

Astronomers have studied the night sky for thousands of years 
in the hope of unravelling the secrets and origins of our galaxy 
– the Milky Way. Modern instrumentation and techniques, such 
as advanced telescopes and spectroscopes (to measure 
electromagnetic radiation), allow astronomers to explore the 
structure and composition of the Galaxy’s stellar populations and 
better understand their origins.

Simple models of spiral galaxies such as the Milky Way describe 
a disk along the central axis, which is composed of gas, dust, 
and generally metal-rich stars, surrounded by a spherical halo 
containing older, metal-poor stars. Astronomers consider ‘metals’ 
to be any element heavier than the three lightest species, 
hydrogen, helium, and lithium, which formed in the Big Bang. 
Heavier elements, such as carbon, oxygen, magnesium, and iron 
were formed by nucleosynthesis in stars over the long history of 
the Universe. 

Our Sun is considered a metal-rich star, even though its total 
content of metals is only about 2%. Metal-poor stars are much 
lower in their metal content (10, 100, 1000 times, down to a hundred 
million times lower) than the Sun in their abundances of metals ( 
‘metallicity’). They become much rarer and more difficult to find as 
their metallicity decreases. 

Dr Timothy Beers from the University of Notre Dame refers to these 
metal-poor stars as the ‘jewels of the night sky’, as they contain 
precious information about the history of chemical evolution in the 
Universe.

Modern Galactic Models

In recent years, astronomers have furthered our knowledge of the 
Milky Way by combining visible and near-infrared spectral data 
from large astronomical surveys such as the Sloan Digital Sky 
Survey (SDSS), astrometric data (star positions and movements) 
from the Gaia survey of more than a thousand million stars across 
the Milky Way, and targeted spectroscopic analyses for stars of 
particular interest. They showed that the halo of our Galaxy is 
dominated by two distinct, spatially overlapping metal-poor stellar 
populations referred to as the inner-halo (IH) and outer-halo (OH) 
components. 

Contrary to older Galactic models, astronomers also discovered 
a large number of relatively metal-rich stars that move like halo 
stars, and groups of metal-poor stars that move like disk stars, 
and highlighted the inhomogeneous nature of the halo’s spatial, 
chemical, and kinematic (motion-based) properties. Researchers 
also believe that a large fraction of local halo stars were born in 
a progenitor dwarf galaxy named Gaia-Enceladus (GE), which 
merged with our Galaxy about 8–11 billion years ago. All this 
complicates the overall picture of stellar populations.

Issues with Sample Size

Despite the clear advances provided by spectroscopy-based 
approaches, such efforts are often limited by complex target-
selection functions. Reconstructing the multidimensional structure 
of the Galaxy’s stellar populations using spectroscopic data also 
means researchers often have to combine information from 
various surveys, which may have employed different selection 
functions. This makes it difficult to describe the interrelations 
between Galactic components and define their distinct 
characteristics.
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New Star Analysis Approach 

Photometric imaging (measuring visible light intensity) data-
based techniques provide a potential solution, as these are 
far less affected by sampling bias. Photometric imaging data 
obtained using filters for various wavelengths of light can be 
calibrated using data from stars with known metallicities to map 
the properties of the stellar populations. This provides astronomers 
with a vastly expanded Galactic range for more detailed 
investigations.

Dr Beers and his international team have developed a powerful 
new Galactic analysis method that draws on a synoptic view 
of spatial, chemical, and kinematic stellar distributions based 
on large photometric survey databases. Their method involves 
calculating the metal abundances of individual stars using 
broadband and/or narrow-photometry, and combining this with 
astrometric data to create a multidimensional star map across 
a large part of the Milky Way, including many of the recognised 
components in the halo and disk systems of the Galaxy. 

Star Characteristics

In their first explorations, Dr Beers and his team estimated the 
distance, metallicity, and mass of each star by determining a 
best-fitting model for SDSS photometric catalogue data. They also 
used data from a deeper ultraviolet-range photometric survey, 
the South Galactic Cap of the u-band Sky Survey, to finetune the 
metallicity calculations.

A primary probe of the nature of stellar populations is the 
orbital rotation around the Galactic centre. Although accurately 
measuring the rotational velocities (the rate of rotation) of 
stars around the Galaxy’s centre technically requires full three-
dimensional knowledge of their motion, these data were not 
available for most of the stars described in Dr Beers’ model. 

The team sidestepped this issue by calculating rotational 
velocities using the distances and motions of stars lying within 
30 degrees of the Prime Meridian, a line that passes through the 
Galaxy’s centre and is perpendicular to the direction of motion in 
the Galactic disk.

The team checked their calculations against known values near 
the Prime Meridian, and found only small deviations in the derived 
rotational properties for stars in the vicinity of the Prime Meridian 
compared to those derived from stars with complete kinematic 
information. This allowed Dr Beers to apply the approach to 
determine rotational velocities for many millions of stars in this 
portion of the Milky Way.

An Inhomogeneous Galaxy

Dr Beers combined star metallicity and motion data along the 
Prime Meridian to map metallicity against rotational velocity, using 
his approach to visually identify and delineate the boundaries of 
each galaxy component with unparalleled completeness.

Intriguingly, the team found clear separations between the 
Galaxy’s recognised components. For instance, their map indicates 
that the IH and GE are actually separate components, which 
could mean that the Galaxy’s IH star distribution is less centrally 
concentrated and ellipsoidal than previously thought. 

Understanding Star Formation

A star’s ratio of alpha elements (atomic elements created through 
the fusion of atomic nuclei with two protons and two neutrons) 
compared to its iron-peak elements (stars with similar numbers 
of protons in their nucleus to iron) indicates the type of supernova 
that produced and dispersed the elements, thus unlocking key 
information about the star-formation history.

Dr Beers and his international 
team have developed a powerful 
new Galactic analysis method 
that draws on a synoptic view of 
spatial, chemical, and kinematic 
stellar distributions based 
on large photometric survey 
databases.
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Spectroscopic studies previously showed that metal-poor halo 
stars with more circular (compared to elliptical) orbits had high 
alpha-element abundances with respect to iron, whereas GE stars 
showed lower alpha-element abundances, suggesting that IH 
stars came from a more active star-formation environment. Dr 
Beers and his colleagues found that stars in the OH component 
had low metallicities and low α-element abundances, indicating 
that these may originate from the disruption of low-mass dwarf 
galaxies that merged into the Milky Way.

The team also observed substructures in the metallicity 
distributions of their stellar map, with the observed halo metallicity 
deviating from the once-accepted single-peak distribution. 
Complex substructures emerged, with various contributions from 
individual stellar populations, some of which showed clear double 
peaks at low metallicities. These findings provide clear evidence 
for multiple stellar populations in the halo.  Similarly, they were able 
to separate different stellar populations in the disk system. 

Blueprint for Star Identification

The Galactic map developed by Dr Beers and his colleagues 
reveals a more intriguingly complex picture of the Milky Way than 
previously envisioned. The less-biased, more comprehensive map 
obtained by the team shows the advantages of using photometry 
data. This provides a pathway for refining our understanding of 
the Galactic halo and disk systems using ongoing and future 
photometric surveys and larger, more precise astrometric 
catalogues. Dr. Beers describes putting together this puzzle by 
‘looking at the picture on the front of the box’, drawing an analogy 
between figuring out how the more than 200 thousand million 
stars in the Milky Way were assembled and how humans put 
together large picture puzzles containing thousands of individual 
pieces.

The approach used by Dr Beers and his colleagues could be used 
as the ‘blueprint’ for methods identifying key stars of interest to be 
targeted in future spectroscopic projects, thus greatly enriching 
and expanding our knowledge of the Galaxy.

The Galactic map developed by Dr Beers and his colleagues reveals a more 
intriguingly complex picture of the Milky Way than previously envisioned.
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MEET THE RESEARCHER

Dr Timothy Beers, Department of Physics and Astronomy,  University of Notre Dame, Notre Dame, IN, USA

Dr Timothy Beers studied galaxy cluster structure and evolution 
as a PhD student at Harvard University. As a Bantrell Postdoctoral 
Fellow at the California Institute of Technology, he demonstrated 
the importance of substructure in galaxy clusters in indisputably 
seminal work. From 1986 to 2011, Dr Beers was appointed as a 
faculty member at Michigan State University and named University 
Distinguished Professor in 2007. Dr Beers served as Director of Kitt 
Peak National Observatory from 2011 to 2014, before accepting a 
chaired professorship at the University of Notre Dame. Dr Beers is 
currently the Grace-Rupley Professor of Physics at the University of 
Notre Dame. In 2017, Dr Beers founded the R-Process Alliance (RPA) 
collaboration to identify stars with distinctively high abundances 
of neutron-capture elements in the Milky Way’s halo, more than 
quadrupling the total of these known rare stars. Dr Beers and his 
colleagues developed a technique for using astrometric data 
and large-scale spectroscopic surveys to identify dynamically 
similar groups of stars in the halo and disk system of the Galaxy, 
which inform astronomers about its assembly history. Dr Beers 
has supervised over 50 undergraduate and graduate students 
to date, 19 of whom have been awarded PhDs, and published 
over 580 papers in the scientific literature. With a legacy that 
spans decades, Dr Beers remains at the forefront of astronomical 
research, aiming to further our understanding of the formation 
and evolution of the first generations of stars in the Galaxy and 
Universe. 
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