Examining Wil lman |,
an enigmatic Milky Way satellite
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Wil lman lis.a small, faint grovping of stars that orbits the
Milky Way Althovghdiscovered 20 years ago, the natureof
this object remains ambiguovs even today. This work vses
observations from the Keck llitelescope, the Gaia space
satellite,and the Hubble Space Telescope to answer two
fundamental questionsabovtithenatureof thisiobject:

() Is Willman la dwarf galaxy or astar cluster? (galaxy!)
(2)1s Willmanlin dynamical equilibrivm? (probablynot ..)
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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 | (W) .was the. first ovltra-faint . dwarf galaxy
candidate discovered in 2005. However, since it is so faint and
compact, it is difficolt to . tell whether this object'is'a
galaxyorastarcluster..



Here are some properties that can be vsed to differentiate between
these two types of objects:

Starclusters vs.dwarf galaxies

-

Star clusters
formall their
starsat the
some time while
dwarf galaxies
vndergomultiple
cycles of star
formation, each
successively
containing more
metals.

No dark matter eiicLotsss of darkmatter

All'stars have similar .
chemical compositions

Mass segregation \ .

Over time, high-mass stars sink towards
the center of the systemwhile low-
mass stars drift to the outskirts,
hence the termmass segregation: The
massive amounts of dark matterin
dwarfgalaxiesextend the timescale
of'this process beyond the age of the
Universel

Stars have different
chemical compositions

No mass segregation

Dwarf galaxies
are themost
darkmatter

dominated
objectsknown
inithe Universel

The resvlts of follow-vp observations of Willman lin 2006, 2007,
2008, and 20l oscillated between a dwarf galaxy and a star
cluster classification. If Wil lman liscadwarfigalaxy,itisione of
the'most 'promising targets'in the search for radiation signals
fromtheorized darkmatter particles.

However, these studies also raised concerns that:Willmanlmight
not''be indynamical equilibrivm, but instead perturbed by its
proximity to the Milky Way. This is crucial becavse theitechniques
we vse'toinfer the'mass of ‘gravitationally bound objects such
as Wil lmanlassume thatits stars areindynamical equilibriom.

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



A tableof all the archival
observations fromthe Keck I
Telescope we vse, spanning from 2006
to 2025.The data from 2017 onward
have never been published before!

This'work'is part of ‘alarger project spearheaded by Prof.
Marla Geha. The premise is  this: Many different. grouvps of
astrophysicists have observed variovs Milky Way satellites
onithe Keckll telescope over the last few decades.However;
each 'time, the data'are reduvced according to different
methods.

Available Quicklook JPEG Previews
for KOAID: DE.20110603.45055.fits

Going fromraw observations
froma'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 andireduces them
all according to the same methods. This results in 223539
stars,in. 78 Milky, Way dwarf galaxiesiand:star-clusters
whose properties are all homogeneously measvred. The
satellite Willmanldeservesits ownpaper'becavse'itiis such a
weird object!



When we observe an object in the sky, wenot only see the
stars in that object, but also all the stars in the Milky
Way betweenvsand that object. This means that the first
stepin studying Willman lis to'discern which stars we have
observed are actuvallyapart of Willman I.
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However, especially for faint stars, we are often vnable
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 Wil lmanl ..mainly by looking
at'thevelocities'of the stars! ALl member stars should be
moving. . towards .or,away. .from uvs at ' rovghly 'the same
speed, traveling'together'as a group.

Positions: Velocities:

'
~ Lg% AL

Unclear which All Wil lman |
stars we see y members move

arein Wil lman | together!
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—P - West Here we'list all'the properties
we measvre for Wil lman | such
as the average velocityof the
This is what Wil Iman | system, the average chemical

would look likeif our abundance of its stars,andits

eyes could see like inferredmass!
telescopes.All the grey '
dotsare starsin the
Milky Way, and all the
purple dots are stars
that are members of

Wil lman Il

We assign each star in the field of view of Willman'la
membership' probability that denotes howilikely it is to
be apart of 'Willman |I'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 vnresolved
binaries andione is near the ovtskirts, so,we opt to only

vse the remaining H? stars to measvre thepropertiesof
Wil lman .

These are two stars orbiting
around each other close enovgh
that we observe themas one star

with our telescopes. Observing
two stars as one star makes for

some wonky properties, so we 5
don’tinclude themin ouvr analysis.



Importantly, "our“sample . identifies . seven
nonmembers in. the previovs 20l member sample
fromouvr more'accurate velocity data and adds

a .few.new members dve to“our''more 'sensitive
telescopes.

Now we can vse our member. sample to measure
structural-and kinematic properties of Willman'l.
This, in turn, will help vs answer our two science
questions:

() IsWillmanla dwarfgalaxyor astarcluster?
(2) Is Wil Iman lin dynamical equilibriom?
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- ' ' ' . We observe that Wil lman |
Lo has a weird velocity
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f‘."t PN S5, S ¢ center of Wil lman | have

r + It + . 1 higher velocities than

- ‘ , . stars near the ouvtskirts.

Distance fromcenter of W —>

The speed that starsmovein a systemcan tell vswhether
the systemis composed primarily of normal matter or
dominated by darkmatter.lnastar cluster,starsmove
relatively similarly and slowly, and their motions can be
explained by the gravity from the stars themselves.In a
dwarfgalaxy,starsmove faster and with a wider range
of speeds becavse of additional unseen mass: dark matter.

Astronomers'measure this using a quantity calledthe
velocity dispersion,a description'of how'spreadouvt the
velocity distribution of starsis.We find the velocity
dispersion of Willman | to be non-zero,svggesting the
presence of darkmatter.

Fromthe velocity dispersion,we canalsoinfer the
dynamical massof 'thesystemassoming equilibrivm . The
dynamical mass refers to how much massisin the'system
based onthemotionsofistars,not just bycounting the
mass of stars.lf the dynamical massismoch larger than
what is expected from the starlight, thissvggests the
presence of darkmatter.Thisiswhat we find to be'the
case for Wil Iman |.



The metallicity ofstars, or the amount of heavy
(hot hydrogen or helivm) elements present, tells
vsthow a systemformed'and evolved.Star
clusters typically form their starsin asingle
burst,soall their stars have very similar
metallicities.On the other hand, dwarf galaxies
formstars over longer periods of time, leading to
a wider range of metallicities.

For Willmanl we are able to measuvre metallicities
for eightbright'starsin our sample. We find'that
thereisa wide spreadin metallicity between
these'stars'indicating'multiple generationsof
star.formation,consistent with.whatwewould
expect froma'dwarfigalaxy.
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The presence of mass segregation’'canbe 'vUsed as'a
diagnostic'to'determine'if'a systemis arstaricluster oria
dwarf galaxy. Mass segregation is the process by which
high-mass: starsusinkiotowards the centeruofitheisystem
while low-mass stars drift to the ovtskirts. This feature
is present in globular clusters;butinotindwarfigalaxies.
The massive amounts of dark matter in dwarf galaxies
extend the timescale for this processibeyond the ageof
the Universe!
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To''test"for'mass segregation.in Willman |, we separate
starshinto thigh-mass, stars andolow-mass stars based on
how'bright they 'are. Then 'we look at whether.there are
systematicallysmorechigh: mass: stars near the' center
compared to the 'low mass stars. This is using about, 600
stars’ identified in images: of ‘Willman ' taken “withi'the
Hubb'le Space Telescope.
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We thus find no evidence for
mass segregation inWillman !
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The orbit of a systemtellsus

how'it'hasmovedthrovgh'the

Milky Way:lf.close.enovgh,it may

havebeen'affectedby'the

Galaxy’s gravity that,can Right now,Wlis at

stretchand'disrupt the'system. the furthest
extent ofits orbit
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Given‘the'current-position and

velocity of Willmanl, we canuse [ )

amodeliofitheMilkyWay to I 2

simulate theorbit of Wil lman | [ |

backwardsin'time:We find'that }

Willman lis.corrently at the 1.

) . R " Our onbital

furthest'point'inits'orbit after [ simolations show

that Willman |

passing.near,the Galactic
center,whenand whereit'might
have been affected by the

passed close to
the Gallac tic
centen ~300

Distance from
Galactic center

Galaxg’s gravi,tational - \ mil lion years ago!
influence. - \/
N T S B R
< Time \

Present dayis
herel And we are
looking backwards
in time

Now, let’s applyall that we

have learned about Wil lman
| to answer our two main
science questions!
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Membership probability, Pmem (the half-light radius of W1) was used to represent WI.
Oio o = ﬁo The self-gravity of W1 was modeled by a Plummer potential
(H. C. Plummer 1911; B. Willman et al. 2011). The orbit of

o0 00 oo So'i(%uloa.aggd ﬁ(r)‘e%r_?ZKlg% e oas W1 was integrated backward in time over 1Gyr in 1 Myr
B intervals, and then re-integrated forward in time to the present
. spraying particles at each of the two Lagrange points at each
R e time step following the Fardal Stream distribution function
=1 Systemic PM vector (M. A. Fardal et al. 2015).

= — Figure 8 presents the results of these simulations. The mock
streams exhibit a large spatial spread, with the highest-density
regions approximately along W1’s semimajor axis. This
orientation is also aligned with W1’s orbital trajectory and
average solar-reflex-corrected proper-motion vector, consistent
with expectations for tidal stripping along the orbit.
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7. Discussion
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Aacos s [deg] 7.1. Is W1 a Dwarf Galaxy:
Figure 8. Spatial distribution of simulated particles from gala mock stream We now turn to the question of the nature of W1: is this
spray model using MWPotential2014 of J. Bovy (2015) with a 50% object a dwarf galaxy or a star cluster? Due to its large mass-
enlarged dark matter halo (1.2 x 102 M. ). The member sample is overplotted to-light ratio, observed metallicity spread, lack of mass

and color-coded according to their membership probability. The systemic seerecation. and vosition on the size—luminosit lane. we
proper-motion vector corrected for solar-reflex motion is denoted by the light- segreg ’ pOos ) sity p :

purple arrow, and the three concentric dotted ellipses represent 1, 2, and conclude that W1 is a dwarf galaxy.
3 Fhaifell- From our kinematic analysis (Section 4.1), we measure a

mass-to-light ratio of 660 4+ 590 from the 49 nonvariable
corresponds to 7.77 2 half-1iglgt radii. In omp \yn the tidal membq gtars, wythin 3y .. This large mass-to-light ratio,
radius of W1 at pencemN 5\ la tl llllt hxa td wlxeldtter dominated object (e.g.,

equivalent to 3.1°0% half-light radu lhes 0rb1t 1ntegrallo F Martin ¢t al. 2007; J. D. Simon & M. Geha 2007). We
suggest that, at pericenter, thifj) QA V' e]Lll earn eld ab|0 ([’ tlmw l l malﬂlfferent half-light radii down
a few half-light radii of its center 2 Ihairen does not dmn% our results. For W1’s stellar mass,

The current dynamical proj 11 ‘1‘, m slstent with the larger Milky Way
conespond to their infall time, a! shown b)qpl ocha ¢t al. 0 ‘\JlehlL Uhﬁ)\) pnpuﬂwn (M. Geha et al. 2026, see their

(2012) using subhalos from the Via Lac ir ¢ al lmetalhc1ty analysis (Section 4.2), we find
simulations. Their work found a tight $1¢ gﬁb \?gn L\uﬁ)u l‘lq a $mall1uly spread (ofpe /) = 0.307 8{? dex)

orbital energy and infall time where subhalos that were based on eight RGB stars with measured spectroscopic
accreted earlier had more time to sink into the gravitational metallicities. This metallicity spread suggests that W1 has
potential of the Milky Way, resulting in energies corresp- self-enriched, a property of satellites with dark matter halos
onding to more tightly bound systems (M. Rocha et al. 2012, that allow them to retain their gas more efficiently and go
see their Figure 2). Tightly bound objects cluster at small through successive epochs of star formation (e.g., B. Willman
Galactocentric radii and low speeds (M. Rocha et al. 2012, see & J. Strader 2012; E. N. Kirby et al. 2013b).

their Figure 3), consistent with the properties of W1 (see We conduct a comprehensive search for the presence of

Secti.on 7.2). Indeed, our orbital model for W1 suggests that mass segregation in W1 based on HST/ACS imaging
,Wl is one of the most “g,h‘ly bgund dwarf 'galax1es b’asgd o (Section 5). We find a lack of mass segregation, which implies
IFS total energy. From this relation, e estlmatg W1’s 1nfa]l a dwarf galaxy classification and is consistent with previous
tme e be roughly 9 Gyr ago- Combining this with an orbital work of H. Baumgardt et al. (2022). Recent simulations by
per‘lod of ~0.6 Gyr (see Figure 7, bottqm p.anel)., ne e R. Errani et al. (2025) suggest that mass segregation can occur
ie;:;n:ﬁ? vtll;?z;l \:;(lml:?sog ?}?:rﬁ(;?ke ;JZ bea L in objects with very low stellar masses, even if they host a dark
‘ y way. matter halo. However, W1’s relatively large size and

luminosity compared to the objects studied prolong its

6.2. Mock Tidal Streams relaxation time beyond a Hubble time, making this effect
To further probe the possibility of tidal interactions between negl.igible. )

the Milky Way and W1, we use the gala particle stream Flnally, we compare the structural properties of W1 to other
spray to generate simulated stellar streams for comparison with Milky Way satellites. We rely on the Local Volume Database
the distribution of W1 stars (A. M. Price-Whelan 2017). We of A. B. Pace (2025) for a comprehensive repository of the
adopt the same six-dimensional phase-space coordinates and latest literature values of the observed properties of Milky
Milky Way gravitational potential as used in the orbit Way dwarf galaxies, globular clusters, and ambiguous objects.
integration (MWPotential2014, 50% enlarged dark matter The position of W1 on the size-luminosity plane of confirmed
halo of J. Bovy 2015) The mass of the simulated progenitor Milky Way satellites is more consistent with the dwarf galaxy
was set to 5.9 x 10°M., (the central dynamical mass of population; W1 is significantly less compact than globular
W1 determined in Section 4.1), and a scale radius of 26.8 pc clusters with similar luminosities (see Figure 9, bottom panel).
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(M Is Willman la dwarf aalaxy or star cluster?

Dw

Brightness

orcf 00

Object size

—>

Lo

. Thesize and brightness of

Willman | (red star) are

consistent with other dwarf

galaxies (blue dots)and

inconsistent with globular

clusters(yellow dots).

Star clusters vs.dwarf galaxies

No dark matter

Allistars havethe same

chemical composition

Mass segregation
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«“Lotsssof darkmatterv

n.Stars have different V
chemical'compositions

+...No.mass segregation V



(2) Is Willman lin dynamical equilibriom?

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

«elongated shape,

*irregular velocity distribution, and

«! orbit,whichindicates a sustained passage near
the Milky Way over the course of its orbit,

we conclude that Willman lis likely dynamically
disturbed. This makes Wil Iman | a promising
candidate for testing the validity of dynamical
equilibrivmmodels on the smallest and faintest
scales.

Wenote that thereis some
evidence against this,
specifically Wil lman I’s high
density!Maybe this means
stars are stripped more
efficiently than we thovght?
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Astrophysicsis built on open-
source,community-developed
softwarepackages such as

|
All of the data we vsed are astaiopy’

either archival data from
the Keckll 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 uvltra-faint, distant, and
compact satellites,allowing us tomore
comprehensively probe the extremes of galaxy
formation, dynamical evolution,and structure.
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https://www.astropy.org/

Intheinterest of reproducibility,
weinclude the data for all the
stars vsedin our analysis. The full
data for all the Milky Way
satellites observed with
Keck/DEIMOS can be accessed herel
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https://geha-group.github.io/deimos/

Congratulations on making it to the end of
this paper!Feel free to reach ovt to
comil le.chiv@®yale.edv with any questions:)

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

annotated papers,and the full collection

of paper doodles! This paper was
annotated using the beautiful XKCD font.

Thank youv again for reading about my
research.lhope youv enjoyed and learned
something new about dwarf galaxies!!

Yov can read more about my research on
my website: https://camchiv.githubio/

You canread more about the full data on

the Geha Group website:https://geha-
arovp.githubio/deimos/ M

Until the next doodle,

Camil le Chiv
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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. Thisis how astrophysicists docuoment,
share,and inspire the work of others.

This research wouldnot bepossible without

the time, dedication, andideas of so many
others before vsl
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The original discovery

Fun fact:Besides the Large and paper for Wil lman |,
Small Magellanic Clovds, Wil lman | over 20 years ago!
is the only other Milky Way dwarf

galaxy (how confirmed!) named

after aperson.

18



