
TLDR:

Who Willman 1 is 
named after!

My  wonderful mentor 
throughout my 
undergraduate 

research career!

Me! :)

Willman 1 is a small, faint grouping of stars that orbits the 
Milky Way. Although discovered 20 years ago, the nature of 
this object remains ambiguous even today. This work uses 
observations from the Keck II telescope, the Gaia space 
satellite, and the Hubble Space Telescope to answer two 
fundamental questions about the nature of this object:

(1)  Is Willman 1 a dwarf galaxy or a star cluster?   (galaxy!)
(2) Is Willman 1 in dynamical equilibrium?           (probably not ...)

Just as many planets in our Solar System are surrounded by 
smaller moons, our own Milky Way galaxy is orbited by 
smaller satellite galaxies, aptly named dwarf galaxies. 

Willman 1 (W1) was the first ultra-faint dwarf galaxy 
candidate discovered in 2005. However, since it is so faint and 
compact, it is difficult to tell whether this object is a 
galaxy or a star cluster ...

Examining Willman 1, 
an enigmatic Milky Way satellite
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Background:



The results of follow-up observations of Willman 1 in 2006, 2007, 
2008, and 2011 oscillated between a dwarf galaxy and a star 
cluster classification. If Willman 1 is a dwarf galaxy, it is one of 
the most promising targets in the search for radiation signals 
from theorized dark matter particles.

However, these studies also raised concerns that Willman 1 might 
not be in dynamical equilibrium, but instead perturbed by its 
proximity to the Milky Way. This is crucial because the techniques 
we use to infer the mass of gravitationally bound objects such 
as Willman 1 assume that its stars are in dynamical equilibrium. 

In this work, we use 20 years of archival data from the Keck II 
telescope, data from the Gaia space telescope, and data from the 
Hubble Space Telescope to probe the nature of Willman 1!

Star clusters vs. dwarf galaxies

• No dark matter

• All stars have similar 
chemical compositions

• Mass segregation

• Lotsss of dark matter

• Stars have different 
chemical compositions

• No mass segregation

Dwarf galaxies 
are the most 
dark matter 

dominated 
objects known 
in the Universe!

Star clusters 
form all their 
stars at the 

same time while 
dwarf galaxies 

undergo multiple 
cycles of star 
formation, each 

successively 
containing more 

metals.

Over time, high-mass stars sink towards 
the center of the system while low-

mass stars drift to the outskirts, 
hence the term mass segregation. The 

massive amounts of dark matter in 
dwarf galaxies extend the timescale 
of this process beyond the age of the 

Universe!

Here are some properties that can be used to differentiate between 
these two types of objects:
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This work is part of a larger project spearheaded by Prof. 
Marla Geha. The premise is this: Many different groups of 
astrophysicists have observed various Milky Way satellites 
on the Keck II telescope over the last few decades. However, 
each time, the data are reduced according to different 
methods. 

Going from raw observations 
from a telescope (like those 

shown on the right) to 
measurements of stars’ 

properties (position, velocity, 
metallicity, etc.), which 

involves a lot of precise 
statistics

Her work takes 20 years of archival data and reduces them 
all according to the same methods. This results in 22,339 
stars in 78 Milky Way dwarf galaxies and star clusters 
whose properties are all homogeneously measured. The 
satellite Willman 1 deserves its own paper because it is such a 
weird object!
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A table of all the archival 
observations  from the Keck II 

Telescope we use, spanning from 2006 
to 2023. The data from 2017 onward 
have never been published before! 

Data:



Distant satellite, 
such as Willman 1

Milky Way 
foreground 

stars

When we observe an object in the sky, we not only see the 
stars in that object, but also all the stars in the Milky 
Way between us and that object. This means that the first 
step in studying Willman 1 is to discern which stars we have 
observed are actually a part of Willman 1. 

Us!

However, especially for faint stars, we are often unable 
to measure the distances to them. This means that we need 
to find another way to differentiate between Milky Way 
stars and the member stars of Willman 1 ... mainly by looking 
at the velocities of the stars! All member stars should be 
moving towards or away from us at roughly the same 
speed, traveling together as a group.
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Positions: Velocities:

Membership:

Unclear which 
stars we see 

are in Willman 1

All Willman 1 
members move 

together!



This is what Willman 1 
would look like if our 

eyes could see like 
telescopes. All the grey 

dots are stars in the 
Milky Way, and all the 
purple dots are stars 
that are members of 

Willman 1!
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Here we list all the properties 
we measure for Willman 1, such 

as the average velocity of the 
system, the average chemical 
abundance of its stars, and its 

inferred mass! 

We assign each star in the field of view of Willman 1 a 
membership probability that denotes how likely it is to 
be a part of Willman 1 based on its velocity and a few 
other factors.

Using this as a benchmark, we identify a member sample 
of 56 stars! Six of these stars are likely unresolved 
binaries and one is near the outskirts, so we opt to only 
use the remaining 49 stars to measure the properties of 
Willman 1.

These are two stars orbiting 
around each other close enough 

that we observe them as one star 
with our telescopes. Observing 

two stars as one star makes for 
some wonky properties, so we 

don’t include them in our analysis.
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Importantly, our sample identifies seven 
nonmembers in the previous 2011 member sample 
from our more accurate velocity data and adds 
a few new members due to our more sensitive 
telescopes.

Now we can use our member sample to measure 
structural and kinematic properties of Willman 1. 
This, in turn, will help us answer our two science 
questions:

(1)  Is Willman 1 a dwarf galaxy or a star cluster?
(2) Is Willman 1 in dynamical equilibrium?
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We observe that Willman 1 
has a weird velocity 

profile. Stars near the 
center of Willman 1 have 
higher velocities than 

stars near the outskirts.

Velocity:
V

el
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Distance from center of W1

The speed that stars move in a system can tell us whether 
the system is composed primarily of normal matter or 
dominated by dark matter. In a star cluster, stars move 
relatively similarly and slowly, and their motions can be 
explained by the gravity from the stars themselves. In a 
dwarf galaxy, stars move faster and with a wider range 
of speeds because of additional unseen mass: dark matter.

Astronomers measure this using a quantity called the 
velocity dispersion, a description of how spread out the 
velocity distribution of stars is. We find the velocity 
dispersion of Willman 1 to be non-zero, suggesting the 
presence of dark matter.

From the velocity dispersion, we can also infer the 
dynamical mass of the system assuming equilibrium. The 
dynamical mass refers to how much mass is in the system 
based on the motions of stars, not just by counting the 
mass of stars. If the dynamical mass is much larger than 
what is expected from the starlight, this suggests the 
presence of dark matter. This is what we find to be the 
case for Willman 1.
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Metallicity:

The metallicity of stars, or the amount of heavy 
(not hydrogen or helium) elements present, tells 
us how a system formed and evolved. Star 
clusters typically form their stars in a single 
burst, so all their stars have very similar 
metallicities. On the other hand, dwarf galaxies 
form stars over longer periods of time, leading to 
a wider range of metallicities.

For Willman 1, we are able to measure metallicities 
for eight bright stars in our sample. We find that 
there is a wide spread in metallicity between 
these stars indicating multiple generations of 
star formation, consistent with what we would 
expect from a dwarf galaxy.
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Mass segregation:

To test for mass segregation in Willman 1, we separate 
stars into high-mass stars and low-mass stars based on 
how bright they are. Then, we look at whether there are 
systematically more high mass stars near the center 
compared to the low mass stars. This is using about 600 
stars identified in images of Willman 1 taken with the 
Hubble Space Telescope.

The presence of mass segregation can be used as a 
diagnostic to determine if a system is a star cluster or a 
dwarf galaxy. Mass segregation is the process by which 
high-mass stars sink towards the center of the system 
while low-mass stars drift to the outskirts. This feature 
is present in globular clusters, but not in dwarf galaxies. 
The massive amounts of dark matter in dwarf galaxies 
extend the timescale for this process beyond the age of 
the Universe!
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What we would 

expect to see if 

Willman 1 was a 

star cluster:

What we observe in 

Willman 1:

High mass stars 
tend towards the 

center

Low mass stars 
tend towards the 

outskirts

No difference in 
the distribution of 
high and low mass 

stars!

We thus find no evidence for 
mass segregation in Willman 1!
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Orbital modeling:

The orbit of a system tells us 
how it has moved through the 
Milky Way. If close enough, it may 
have been affected by the 
Galaxy’s gravity that can 
stretch and disrupt the system.

Given the current position and 
velocity of Willman 1, we can use 
a model of the Milky Way to 
simulate the orbit of Willman 1 
backwards in time. We find that 
Willman 1 is currently at the 
furthest point in its orbit after 
passing near the Galactic 
center, when and where it might 
have been affected by the 
Galaxy’s gravitational 
influence. Di
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Right now, W1 is at 
the furthest 

extent of its orbit

Our orbital 
simulations show 

that Willman 1 
passed close to 

the Galactic 
center ~300 

million years ago!

Present day is 
here! And we are 

looking backwards 
in time

Now, let’s apply all that we 
have learned about Willman 

1 to answer our two main 
science questions!
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Now, let’s apply all that we 
have learned about Willman 

1 to answer our two main 
science questions!
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Star clusters vs. dwarf galaxies

• No dark matter

• All stars have the same 
chemical composition

• Mass segregation

• Lotsss of dark matter

• Stars have different 
chemical compositions

• No mass segregation

The size and brightness of 
Willman 1 (red star) are 

consistent with other dwarf 
galaxies (blue dots) and 

inconsistent with globular 
clusters (yellow dots).

(1) Is Willman 1 a dwarf galaxy or star cluster?

Dwarf galaxy!!!
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(2) Is Willman 1 in dynamical equilibrium?

probably not ...

Interactions with the Milky Way can stretch and 
pull apart small systems over time. Given its

• elongated shape, 
• irregular velocity distribution, and 
• orbit, which indicates a sustained passage near 

the Milky Way over the course of its orbit,

we conclude that Willman 1 is likely dynamically 
disturbed. This makes Willman 1 a promising 
candidate for testing the validity of dynamical 
equilibrium models on the smallest and faintest 
scales.

We note that there is some 
evidence against this, 
specifically Willman 1’s high 
density! Maybe this means 
stars are stripped more 
efficiently than we thought?
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Astrophysics is built on open-
source, community-developed 
software packages such as 

astropy! 
All of the data we used are 
either archival data from 

the Keck II telescope or open 
access data from the Gaia 
satellite and the Hubble 

Space Telescope!

Looking ahead, new wide-field surveys such as the 
Vera C. Rubin Observatory’s Legacy Survey of 

Space and Time (LSST) will dramatically expand the 
population of known ultra-faint, distant, and 

compact satellites, allowing us to more 
comprehensively probe the extremes of galaxy 
formation, dynamical evolution, and structure.

https://www.astropy.org/
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In the interest of reproducibility, 
we include the data for all the 

stars used in our analysis. The full 
data for all the Milky Way 
satellites observed with 

Keck/DEIMOS can be accessed here!

https://geha-group.github.io/deimos/
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Congratulations on making it to the end of 
this paper! Feel free to reach out to 

camille.chiu@yale.edu with any questions :)

This accessible “paper doodle” was inspired 
by the work of Dr. Claire Lamman. You 
should check out her research, her 

annotated papers, and the full collection 
of paper doodles! This paper was 

annotated using the beautiful XKCD font.

Thank you again for reading about my 
research. I hope you enjoyed and learned 

something new about dwarf galaxies!!

You can read more about my research on 
my website: https://camchiu.github.io/ 🌱

You can read more about the full data on 
the Geha Group website: https://geha-

group.github.io/deimos/ 🌌

Until the next doodle,

Camille Chiu

mailto:camille.chiu@yale.edu
https://cmlamman.github.io/research.html
https://cmlamman.github.io/paper_summaries.html
https://cmlamman.github.io/paper_summaries.html
https://cmlamman.github.io/paper_doodles.html
https://cmlamman.github.io/paper_doodles.html
https://github.com/ipython/xkcd-font
https://camchiu.github.io/
https://geha-group.github.io/deimos/
https://geha-group.github.io/deimos/
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Unlike other fields where the final 
scientific product may be something physical 

(vaccine, rocket, new molecule, etc.), all 
modern astrophysics knowledge is 

preserved in scientific papers, plots, and 
tables. This is how astrophysicists document, 

share, and inspire the work of others.

This research would not be possible without 
the time, dedication, and ideas of so many 

others before us!

The original discovery 
paper for Willman 1, 
over 20 years ago!

Fun fact: Besides the Large and 
Small Magellanic Clouds, Willman 1 
is the only other Milky Way dwarf 

galaxy (now confirmed!) named 
after a person.


