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A B S T R A C T

The nature of dark matter is one of the biggest open questions in modern-day astro-

physics. Recent studies have shown that the dark matter halo of the Milky Way is

deforming due to the infalling Large Magellanic Cloud (LMC). These two haloes serve

as a dark matter ‘collider’. This dark matter ‘collider’ provides a unique testbed for

the nature of dark matter.

To make use of this opportunity, we need detectors in this ‘collider’. Some of the

most sensitive tracers to the gravitational potential of the Galaxy are stellar streams.

Streams are disrupted globular clusters and dwarf galaxies (DGs), forming long, filament-

like structures in the halo. In this thesis, we explore whether stellar streams are affected

by the deforming Milky Way and LMC, which streams are particularly informative on

these deformations, and how omitting these deformations biases stream fits.

First, we evolve a DG stream in a time-dependent Milky Way–LMC interaction de-

scribed by basis function expansions (BFEs). We find that the stream is significantly

perturbed by the deformations, predominantly by the Milky Way dipole. Then, we

develop an information theory approach to find the most informative streams on the

time-dependent Milky Way dipole. These streams are long and wide, with a large

apocentre. The constraints for the perturbation are ∼ 1 magnitude worse than for halo

parameters. Then, we look into the bias of stream fits by fitting a stream evolved in the

Milky Way–LMC simulation with current state-of-the-art, rigid techniques. We find an

underestimated Milky Way mass, an overestimated LMC mass, and stronger flattening

in the fits.

Finally, I will end with an overview of future directions for this field. Our results

reveal the need for a time-dependent Milky Way model. To fit the Milky Way streams

with these time-dependent models, we need to utilise the functionality of BFEs. This

will enable us to probe how dark matter haloes deform and test different dark matter

theories.
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1
I N T R O D U C T I O N

1.1 cosmology and structure formation

More than 95 per cent of the energy in the Universe is in a form which is unknown to

us. In the Λ cold dark matter (ΛCDM) paradigm, our default cosmological model, the

Universe is dominated by two invisible ingredients: dark matter (DM) and dark energy

(Λ) (Peebles & Ratra, 2003). Dark energy is a negative pressure that is the source of the

accelerating expansion of space and makes up ∼ 69per cent of the energy content in the

Universe (Planck Collaboration, 2020). Dark matter is the material that forms cosmic

structures. It contributes ∼ 26per cent to the energy content in the Universe and makes

up ∼ 85per cent of all matter in the Universe. Baryonic matter, i.e. everything that we

can observe, such as stars, planets and gas, contributes less than 5 per cent to the total

mass-energy density. While the predictions of ΛCDM are successful at explaining the

large-scale structure of the Universe and many phenomena on smaller scales, we have

not detected a dark matter particle yet, and we have a poor understanding of the dark

sector in general. Dark matter continues to be a hypothesis – with strong empirical

evidence (e.g. Zavala & Frenk, 2019) – until its discovery.

1.1.1 History and first evidence of dark matter

The idea of dark matter came up 90 years ago when Fritz Zwicky applied the virial

theorem to the galaxies in the Coma cluster and found that the velocity dispersion

of these galaxies is a magnitude larger than expected, concluding with surprise that

if these observations were confirmed dark matter is present and more abundant than

luminous matter (Zwicky, 1933a). This is often referred to as the first usage of ‘dark

matter’. Bertone & Hooper (2018) present an extensive overview of the history of dark

matter and remark that the expression ‘dark matter’ (i) was used at that time by as-
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2 introduction

tronomers who studied the dynamics of stars in the Galaxy, such as Kapteyn, Oort and

Jeans; and (ii) was already used by Zwicky before in a letter discussing the sources of

cosmic rays (Zwicky, 1933b). Following that work, Zwicky (1937) extended the analysis

of the Coma Cluster again with the virial theorem and inferred a very high mass-to-

light ratio. The previous year, Smith (1936) estimated the mass of the Virgo Cluster,

finding that the inferred mass-per-galaxy is two magnitudes larger than estimated by

Hubble & Humason (1931). These results led to decades of scientific discussions (see

Bertone & Hooper, 2018, for an insightful chronicle of dark matter and details of these

discussions).

The next big breakthrough in the discovery of dark matter came from the rotation

curves of galaxies. The rotation curve of the Andromeda galaxy (M31) has been mea-

sured several times in the first half of the 20th century (Bertone & Hooper, 2018). The

first rotation curve was measured by Pease (1918) out to 2.5 arcminutes finding an ap-

proximately constant angular velocity. Their inferred mass for M31 was in agreement

with other mass measurements in the local neighbourhood. Rotation curves only led to

a problem with the understanding of galaxies in the 1970s. With the technological im-

provement of spectrographs, Rubin & Ford (1970) observed the rotation curve of M31

at a higher quality than ever before, out to 110 arcminutes. Over the course of the next

few years, the rotation curves of many galaxies were observed in different regimes of

the electromagnetic spectrum (radio observations to observe the 21cm hydrogen line

and spectrography in the optical to infer velocities from emission, e.g. Roberts, 1966;

Rubin & Ford, 1970; Rogstad & Shostak, 1972; Roberts & Rots, 1973). Particularly the

21 cm observations that measured velocities beyond the optical galaxy exhibited flat

rotation curves that disagreed with predictions, interpreted by Freeman (1970) as an

excess of undetected mass.

For a few years and with only a few galaxies, flat rotation curves were by some

astronomers still seen as the exception and explanations for the unseen mass were e.g.

low-luminosity material such as dwarf M stars in the other regions of those galaxies.

By the end of the 1970s, new surveys presented rotation curves for 25 (Bosma, 1978)

and 10 (Rubin et al., 1978) rotation curves. Almost all of them were flat. Vera Rubin

recalls in Rubin (2004) that astronomers went from hoping in 1977 that dark matter

could be avoided in answering why the rotation curves were flat to a ‘decision’ in 1978
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that dark matter really exists. This is seen in a clearly worded review in the next year,

where the abstract concludes that “the case for invisible mass in the universe is very

strong and becoming stronger” (Faber & Gallagher, 1979). “[A]chievements since 1980

are science, not history” (Rubin, 2004).

1.1.2 Gravitational lensing and the Lyman-alpha forest as further evidence and probes for dark

matter

Figure 1.1: The Bullet Cluster is a stunning example of a dark matter collider. Two galaxy clus-
ters collided head-on, one passing through the other. Most of the baryonic matter is contained
in the hot gas (pink), which was observed in the X-ray. The dark matter was reconstructed from
weak-lensing observations (blue). The result is a clear separation between baryonic and dark
matter. Credit: X-ray: NASA/CXC/CfA/M.Markevitch, Optical and lensing map: NASA/STScI,
Magellan/U.Arizona/D.Clowe, Lensing map: ESO WFI.

Dark matter was established due to missing mass in galaxies and galaxy clusters.

There are many more arguments for dark matter, including gravitational lensing. Grav-

itational lensing is based on the geometry of spacetime. As light follows the geodesics

of spacetime according to Einstein’s general theory of relativity, its path will be warped

if spacetime is warped by gravity (Einstein, 1917). A heavy enough mass between the



4 introduction

light source and the observer will act as a lens that distorts the light. Analysing these

distortions reveals the amount and distribution of the lensing mass. There are two

forms of gravitational lensing: strong and weak lensing (e.g. Blandford & Narayan,

1992; Schneider et al., 1992; Bartelmann & Schneider, 2001). Strong lenses are massive

perturbers that produce a large enough warping effect to bend the background source

into arcs, rings or multiple sources. The effect in weak lensing is much smaller; there-

fore, a statistical sample of background lenses is necessary to infer the properties of

the lens.

Lensing constrains the masses of dark matter haloes over many orders of magni-

tudes; it provides some of the strongest mass constraints on galaxies and galaxy clus-

ters and can be used to detect dark matter subhaloes (Massey et al., 2010; Vegetti et al.,

2010). Zwicky (1937) predicted that gravitational lensing was one of the best ways to

determine the mass of galaxy clusters, and it turned out to be correct. A stunning

example of the power of weak lensing is the Bullet Cluster (Figure 1.1; Clowe et al.,

2006). The head-on collision of two galaxy clusters shows a clear separation between

the hot gas observed with X-ray telescopes and dark matter (as reconstructed with

weak lensing). While the less massive stellar components of both galaxies continued

mostly unperturbed, the hot gas components of both clusters interact, slowing down

the gas content. Dark matter traces the stellar component of the cluster, implying a

collisionless nature. Systems like the Bullet Cluster allow putting limits on alternative

dark matter and gravity theories that do not have a collisionless nature (e.g. Randall

et al., 2008) or explain the missing mass by changing the laws of gravity instead of

introducing exotic particles (e.g. Brownstein & Moffat, 2007).

As light travels through the Universe, it is not only perturbed by gravitational lenses,

but it also interacts with clouds of neutral hydrogen gas, e.g. the intergalactic medium

(reviewed in Meiksin, 2009). When a photon interacts with a neutral hydrogen atom,

it can excite an electron to transition to another energy level, leading to an absorption

line in the spectrum of the photon source. An electron’s transition from the ground

state to the first excited state is called the Lyman-alpha transition. Light from distant

quasars travels through much intergalactic medium at different redshifts. Therefore,

we can observe a whole ‘forest’ of redshifted Lyman-alpha spectral absorption lines

(first observed in Lynds, 1971), called the Lyman-alpha forest, where each cloud leaves
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its own ‘fingerprint’. This allows us to map the large-scale structure of the Universe.

Since the large-scale structure is highly sensitive to the underlying dark matter distribu-

tion, Lyman-alpha forest measurements can be used to constrain different dark matter

models (e.g. Hernquist et al., 1996; Iršič et al., 2017a,b). But what is dark matter?

1.1.3 What is dark matter?

We do not know what dark matter is.

No, really, what is it?

The nature of dark matter is a big research focus both in astrophysics and particle

physics. Astrophysical measurements inform types of possible dark matter candidates,

and specific particle candidates have been proposed by particle physicists (reviewed by

Bertone et al., 2005). For the large and small scale structure to develop into its observed

form requires a cold, collisionless and stable particle: cold dark matter (CDM; Peebles,

1982; Blumenthal et al., 1984). A promising candidate for CDM for the past centuries

is the weakly interacting massive particle (WIMP; e.g. Lee & Weinberg, 1977; Kolb &

Turner, 1990; Jungman et al., 1996). It is a massive particle with weak interaction. WIMP

were created thermally in the early Universe. When the Universe expanded and cooled

below the WIMP mass (which varies for different candidate particles), formation de-

clined exponentially; the WIMP density dropped, and annihilation rates became small,

leading to a ‘freeze-out’ (Kolb & Turner, 1990). The relic density of WIMPs (and other

massive DM candidates) constrains whether a proposed particle is abundant enough

to be a dominant component of dark matter and the mass range of the particle. With a

matching relic density, the WIMP particle has properties, specifically its high mass and

its weak force interaction, that make it an outstanding candidate for experiments that

search for and produce it. The mass and the cross-section of the WIMP particle line

up with mass and cross-sections that are typical of the weak force, coining the term

‘WIMP miracle’.

Several underground experiments are designed to specifically search for the WIMP

via the recoil of atomic nuclei, e.g. the XENON (Aprile et al., 2018) and LUX (Akerib

et al., 2017) experiments. Particle accelerators such as the Large Hadron Collider (LHC)
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possibly produce WIMPs up to a certain mass; with the latest results of the direct

detection experiments, the particle is heavier than the LHC could produce, and only

the next generation of accelerators could achieve this (e.g. Aprile et al., 2018). In theory,

while the detectors in the particle accelerators would not detect the particle itself, some

amounts of energy and angular momentum would be missing due to the conservation

of the total amounts, allowing conclusions on the properties of the particle. With a lot

of focus over the past decades on these experiments and many null results, a large

parameter space for these particles is now excluded; this motivated new theories of the

nature of dark matter and calls to diversify the range of experiments (see e.g. Bertone

& Tait, 2018).

A CDM alternative to WIMPs are axions (Peccei & Quinn, 1977). Axions arise from

a postulated solution for the strong CP problem in quantum chromodynamics and

match the requirements for a cold dark matter particle (Sikivie, 2008). As with WIMPs,

experiments have been designed to search for them and to constrain their parameter

space; so far, no axion has been found (Bertone & Tait, 2018).

Alternatives to cold dark matter from astrophysical problems

Cold dark matter is not the only possible type of dark matter. Problems in astrophysics,

mainly by comparing cosmological simulations to observations, revealed problems

with CDM and theories such as warm dark matter (WDM; Blumenthal et al., 1982),

self-interacting dark matter (SIDM; Spergel & Steinhardt, 2000), and fuzzy dark matter

(FDM; Hu et al., 2000) were developed. Bullock & Boylan-Kolchin (2017) provide an

insightful review of these problems in the ΛCDM paradigm on small scales and their

(proposed) solutions.

WDM (e.g. Bode et al., 2001; Lovell et al., 2014) behaves similarly to CDM on large

scales but suppresses the formation of small-scale structures. WDM has a particle mass

in the order of keV. Free streaming of these particles leads to a cutoff in the linear fluc-

tuation power spectrum at a scale that corresponds to dwarf galaxies. It was proposed

as a solution to the missing satellites problem (Klypin et al., 1999; Moore et al., 1999),

where in numerical simulations, too many satellites were found compared to observa-

tions. The missing satellite problem is now considered solved. Improved simulations

that include baryonic physics and stellar feedback have shown that subhaloes exist
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that do not contain stars, and deeper observations found more satellites around galax-

ies (e.g. Simon & Geha, 2007; Sawala et al., 2016; Wetzel et al., 2016; Garrison-Kimmel

et al., 2017). However, constraining WDM is still an active area of research. WDM par-

ticles are lighter than CDM particles, and a promising candidate is a sterile neutrino.

Sterile neutrinos are ‘right-handed’ neutrinos and the counterpart to neutrinos, which

is well-motivated from theory. An X-ray line at 3.5 keV (Bulbul et al., 2014; Boyarsky

et al., 2014) gives rise to possible sterile neutrino candidates with masses of 3.5 keV (an-

nihilating into two photons) or 7 keV (decaying into a photon and a neutrino) (Adhikari

et al., 2017). Nevertheless, with an unknown mass of the sterile neutrino, they could be

candidates for CDM as well. As with other DM candidates, they remain undetected.

Both SIDM (Spergel & Steinhardt, 2000) and FDM (Hu et al., 2000) were proposed to

solve the core-cusp problem. The core-cusp problem is a discrepancy between the dark

matter density profiles of dwarf galaxies (DGs) in simulations (cuspy) and observations

(cored). In SIDM, (cold) dark matter interacts with itself with a high-enough cross-

section but does not annihilate. This cross-section is the characteristic property of SIDM.

It solves the core-cusp problem with the scattering between dark matter particles; it can

heat up the centre of DGs, leading to lower, cored, central densities. On large scales,

the behaviour is very similar to CDM (Rocha et al., 2013).

FDM particles are ultralight bosons. With a very low mass of m ∼ 10−22 eV, FDM

follows the principles of quantum mechanics, i.e. it behaves like a wave, with a de

Broglie wavelength of λ = 1.2
(

m
10−22 eV

) (
100 km s−1

v

)
kpc, which can be on the kpc scale.

In this theory, the core-cusp problem is solved by a soliton core, where the quantum

pressure prevents gravitational collapse (e.g. Hu et al., 2000; Mocz et al., 2019). Due to

the quantum mechanic effects in FDM, it is harder to simulate and understand than

most other DM models (e.g. Schive et al., 2014).

All these theories show that in order to understand the nature of dark matter, we

need to constrain parameter spaces for different types of dark matter both from the

astrophysics and from the particle physics aspect to find the candidates that are worth

building new detectors and experiments (Buckley & Peter, 2018, provide a comprehen-

sive overview bridging between astrophysics and particle physics). But what if we are

wrong and dark matter does not exist?
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What if dark matter does not exist? Could gravity be wrong?

By 1980, almost all astronomers were convinced that dark matter existed. They turned

their focus on developing theories, and particle physicists turned their attention to

experiments. Still, some did not see the need for dark matter. Instead of introducing

an exotic form of matter, Milgrom (1983) proposed a modification to gravity called

modified Newtonian dynamics (MOND) to explain flat rotation curves. The model

states that at extremely low accelerations, the laws of gravity change and the accel-

eration is boosted by an acceleration constant, while at higher accelerations, MOND

agrees with Newtonian dynamics. More alternative gravity theories emerged in or-

der to avoid needing an unknown particle. While these theories agree with and even

predict several observations (Famaey & McGaugh, 2012; Milgrom, 2020), they fail to ex-

plain e.g. the early Universe, galaxy clusters, and gravitational lensing (e.g. Natarajan

& Zhao, 2008; Dodelson, 2011). Only with additional parameters and unseen matter

can alternative gravity explain these phenomena (e.g. Sanders, 2003; Bekenstein, 2004;

Skordis & Złośnik, 2021).

With ΛCDM being the standard and best-researched cosmology with a tremendous

amount of evidence, despite a large parameter space for possible particles ruled out, I

will now describe how structure forms in such a Universe.

1.1.4 The history of the Universe

The Universe was born a Hubble time ago; the Universe is ∼ 13.8Gyr old (Planck

Collaboration, 2020). Figure 1.2 presents the history of the Universe based on hierar-

chical structure formation (early work includes e.g. White & Rees, 1978; Guth, 1981;

Blumenthal et al., 1984; Davis et al., 1985, and a detailed description of inflationary

cosmology is presented in Liddle & Lyth, 2000). The Universe was created in the Big

Bang. Within a fraction of the first second, there were at least 50 e-folds of cosmic

inflation (Remmen & Carroll, 2014). Tiny quantum fluctuations during inflation were

the seeds for later structure formation. While the theory of inflation provides a very

good explanation of observations, it is not directly confirmed. The expanding Universe

cooled down, allowing light and matter to form in a hot and dense plasma just one

second after the Big Bang. During this time, DM evolved independently of baryonic
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Figure 1.2: Schematic of the history of the Universe. It shows the state of the Universe at differ-
ent times and explains the main events during that stage, from the Big Bang via recombination
to the variety of structures we see today. The stages are explained in more detail in Section 1.1.4.
Credit: ESA – C. Carreau.

matter. It clumped along the fluctuations from inflation and began to form a web of

structure. The Universe was radiation-dominated until ∼ 47, 000 yr when it became

matter-dominated. With the Universe still being very hot, the baryonic matter formed

a hot ionised plasma with which photons interacted after travelling only short lengths,

making the Universe opaque. After 380,000 yr, in the epoch of recombination, protons

and electrons started forming atoms, and the Universe became transparent. The first

light from that period is imprinted on the cosmic microwave background (CMB). The

CMB is a powerful probe of the early Universe and of cosmological models, allow-

ing us to constrain many cosmological parameters as e.g. goal of the Planck mission

(Planck Collaboration, 2020).

In the next period, without radiation pressure dominating the behaviour of baryons,

atoms felt the gravity of the DM web and started falling into these structures. The

Universe was filled with hydrogen atoms that absorb light at shorter wavelengths. No
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other luminous material has formed yet; this period is dubbed the dark ages. With

enough baryonic matter in the form of gas accreted along the cosmic web, the gas got

dense enough to collapse to form the first stars (Bromm & Larson, 2004). While the

first stars and galaxies formed along the cosmic web in dark matter haloes, their light

broke the atoms of the gas apart and reionised the Universe. This lasted until around

one Gyr after the Big Bang when almost all gas was ionised, and the Universe became

transparent again.

From early recombination to around redshift z ≈ 0.5, matter dominated the Universe

(Frieman et al., 2008). Due to its gravity, the cosmic web got more and more clustered,

and galaxies, galaxy clusters, and superclusters formed within this web. Galaxies grew

from low mass to higher mass, both through intrinsic star formation and through

mergers with other galaxies. A variety of galaxies emerged, with different types of

spiral (younger) and elliptical (older) galaxies.

On large scales, the Universe is homogeneous – from every point in the Universe,

the Universe looks the same – and isotropic – there is no preferred direction in the

Universe and, therefore, no centre1. Distant galaxies move away from us at speeds pro-

portional to their distance (Lemaître, 1927; Hubble, 1929), indicating that the Universe

is expanding. Not only is the Universe expanding, but that expansion is accelerating

(Riess et al., 1998; Perlmutter et al., 1999)2. The driver of this acceleration is dark energy;

dark energy has dominated the Universe since redshift z ≈ 0.5 (Frieman et al., 2008).

This even less understood entity makes up most of the energy budget of the Universe.

What exactly the future holds is not well understood but dark energy is expected to

drive the Universe apart with ever-increasing acceleration until the only light reaching

the Earth will be from local galaxies, which are bound to the Local Group.

1.1.5 Simulating the Universe

Much of this knowledge comes from cosmological simulations. Cosmological simula-

tions are used to gain more understanding of how the Universe evolves and looks in

DM theories and make predictions that can be compared to observations. These sim-

ulations have a long history, starting in the 1960s with only 10 to 1000 particles (e.g.

1 This also means that the Earth, the Sun, and even our Galaxy are neither special nor unique.
2 For this discovery, the Nobel Prize in Physics 2011 was awarded to Saul Perlmutter, Brian P. Schmidt and

Adam G. Riess.
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Aarseth, 1963; Ahmad & Cohen, 1973; Press & Schechter, 1974; White, 1976). An early

CDM simulation of the large-scale structure is presented in Davis et al. (1985). The

very popular Navarro–Frenk–White (NFW) profile that describes dark matter haloes

stems from N-body simulations (Navarro et al., 1996, 1997). Another impressive break-

through was the Millenium Simulation (Springel et al., 2005) with more than 1010 par-

ticles using the GADGET-2 code (Springel, 2005). This code and its update are heavily

used to this day. Since then, many different cosmological simulations have been carried

out (for an overview, see Vogelsberger et al., 2020).

Cosmological simulations can roughly be split up into two pairs of categories: dark

matter-only vs dark matter and baryonic, and large volume vs zoom-in. Dark matter-

only simulations are generallyN-body simulations whereas the ones including baryons

are hydrodynamical with more complicated prescriptions (e.g. Somerville & Davé,

2015; Naab & Ostriker, 2017). Large-volume simulations (e.g. Vogelsberger et al., 2014;

Hopkins et al., 2014; Schaye et al., 2015) are analysed for statistics while zoom-in sim-

ulations (e.g. Sawala et al., 2016; Wetzel et al., 2016; Grand et al., 2017) are run to

understand details of e.g. galaxies. In large-volume simulations, everything within a

box of a given size with the same resolution is simulated, while in zoom-ins, the focus

is on a particular region (e.g. near a Milky Way-like galaxy) which is simulated with

a much higher resolution. Areas of research include the cosmic web and the large-

scale structure, the distribution of dark matter, the formation and evolution of galaxies,

galaxy clusters, and many other aspects of astrophysics and cosmology. The majority

of these simulations assume the ΛCDM cosmology, but other cosmologies are also in-

vestigated, often within the same simulation framework. As these simulations are very

complex, there are a variety of approaches and choices to make. Vogelsberger et al.

(2020) review the methodology and applications and give an extensive overview of

current state-of-the-art simulations.

1.1.6 Near-field cosmology

The imprints of structure formation are found from large scales to small scales. On

large scales, cosmology is constrained by statistics. Near-field cosmology studies re-

solved stars and galaxies in detail to complement these statistical predictions (e.g.

Freeman & Bland-Hawthorn, 2002; Frebel & Norris, 2015). With the great wealth of
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Figure 1.3: Overview of near-field cosmology. This diagram shows how near-field cosmology
connects observations (blue) of different objects (orange) with the formation of the Milky Way
(green) and theory (purple). This is both informed by cosmological simulations (left), and this
generates new understanding to refine the simulations (right). Abbreviations: CEMP – carbon-
enhanced metal-poor; MDF – metallicity distribution function; Pop I and Pop II – Population I
and II. Credit: Frebel & Norris (2015).

spatial, kinematic, and chemical observations of stars, the goal is to reveal the structure

and evolution of the Milky Way and nearby galaxies. Figure 1.3 shows how near-field

cosmology learns from and informs theory and simulations by observing stars, star

clusters, and galaxies. Old stars tell us about the first stars (Frebel & Norris, 2015);

DGs are dominated by dark matter and tell us about low-mass DM haloes (Mateo,

1998); globular clusters (GCs) are some of the oldest structures in the Universe (Forbes

et al., 2018). While predictions of cosmological simulations match the observed large-

scale structure extremely well, their predictions for small scales are not solved yet (see

Section 1.1.3) and offer opportunities to constrain the nature of dark matter. For many

reasons explained in the next section, the Milky Way is an excellent environment for

astrophysical dark matter experiments.
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1.2 the milky way

Like many other galaxies, the Milky Way is a spiral galaxy; but unlike many other

galaxies, our position within it makes it a laboratory to gain unique insights into galaxy

formation and evolution and allows us to probe cosmology and the nature of dark

matter in new ways. Gaia (Gaia Collaboration, 2016, 2018, 2021a) has provided us with

remarkable data on over one billion stars and significantly increased our knowledge

of the Galaxy. It has uncovered just how much the Galaxy is in disequilibrium due

to several galaxy infalls and mergers in its history (e.g. Antoja et al., 2018; Helmi

et al., 2018; Haywood et al., 2018; Trick et al., 2019; Erkal et al., 2019; Naidu et al.,

2020; Belokurov et al., 2020; Cantat-Gaudin et al., 2020). These new insights cause us

problems where we previously described the Milky Way with equilibrium models but,

more importantly, provide us with exciting opportunities to gain an understanding of

the interplay of baryonic and dark matter.

1.2.1 The components of the Milky Way

The Milky Way is made up of baryonic and dark material with more than 100 billion

stars, cold, warm and hot gas, and a supermassive black hole at its centre, embedded

within a dark matter halo. An overview of the anatomy of the Milky Way is shown

in Figure 1.4. This work focuses on the description of the stellar components and the

dark matter halo. A review of the structural, kinematic and integrated properties of

the Milky Way (pre-Gaia) can be found in Bland-Hawthorn & Gerhard (2016).

Stellar components

the thin and thick discs Most of the stars in the Milky Way reside in the thin

and the thick disc where they are distributed in spiral arms. A distinction between the

discs can be seen both geometrically and in their chemistry, with differences between

the distinct discs in each space. Geometrically, the thin and the thick discs have roughly

exponential mass profiles where the thick disc has a larger scale height and longer scale

length than the thin disc (Yoachim & Dalcanton, 2006).

While the thick disc formed within the first 5 Gyr of the Milky Way until ∼ 8 Gyr ago

(Belokurov et al., 2020; Xiang & Rix, 2022), the thin disc started forming around that
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Figure 1.4: The anatomy of the Milky Way: showing the stellar components of the Milky Way.
The stars in the Galaxy reside mostly in the spiral arms of the disc, including the Sun. Further
components include the bulge and the stellar halo that contains substructures such as globu-
lar clusters and dwarf galaxies – the Magellanic Clouds are shown. Credit: Left: NASA/JPL-
Caltech; right: ESA; layout: ESA/ATG medialab; adapted with credit for the LMC and SMC:
ESA/Gaia/DPAC, CC BY-SA 3.0 IGO.

time (Haywood et al., 2013). The discs could be explained due to a two-infall model (e.g.

Chiappini et al., 1997; Spitoni et al., 2019) where the infall of Gaia-Sausage-Enceladus

(Belokurov et al., 2018; Helmi et al., 2018) possibly triggered star formation in the

thick disc (Helmi et al., 2018) and Sagittarius at its pericentre repeatedly triggered star

formation in the thin disc (Ruiz-Lara et al., 2020).

These different formation times are seen in two chemically distinct discs. While both

have similar metallicities (with the thick disc slightly more metal-poor), there is a clear

clustering in α abundances [α/Fe], with a high enhancement in [α/Fe] for the thick

disc and a lower abundance for the thin disc (e.g. Haywood et al., 2013).

Gaia DR2 (Gaia Collaboration, 2018) has unveiled that the discs are in dynamical

disequilibrium. An example is the phase-space snail in the vertical direction and ve-

locity (Antoja et al., 2018), a possible response to a perturbation in the perpendicular

direction such as the Sagittarius DG (Laporte et al., 2019). Further perturbations are

seen e.g. as the warp of the Milky Way disc (Kerr, 1957; Schönrich & Dehnen, 2018)

and ridges in action-angle space (Trick et al., 2019) due to resonances of the Galactic
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bar and spiral arms. The examples and references mentioned here only cover a tiny

space of the ongoing research on the Galactic discs.

the bulge , the bar , and the galactic centre The inner regions of the

Galaxy host a bulge, a bar and a supermassive black hole at the Galactic centre. The

bulge is a dense spheroid containing older and more metal-poor stars than the disc.

The exact shape of the bulge and the (ranges of) metallicities and ages of its stars, and

therefore the origin and the formation of the bulge, are still debated (e.g. Athanas-

soula, 2005; Barbuy et al., 2018). Currently, a hybrid formation scenario is favoured

(e.g. Fragkoudi et al., 2020). The old and metal-poor ‘classical’ bulge was formed in

violent processes, e.g. dissipationless collapse, mergers or clump migration at high red-

shifts, evident from the old ages of the stars inferred from colour-magnitude diagrams

(e.g. Ortolani et al., 1995; Clarkson et al., 2008). The younger and more metal-rich

‘boxy/peanut’ bulge results from instabilities and resonances from a bar formation

(McWilliam & Zoccali, 2010; Nataf et al., 2010; Wegg & Gerhard, 2013).

In spiral galaxies, bars are common structures in their centres (Eskridge et al., 2000).

The formation, evolution, and dynamics of the bar and its interaction with other com-

ponents of the Galaxy are complicated (Kormendy & Kennicutt, 2004); e.g. the rotation

of the bar causes resonances in the disc, and the length of the bar is affected by the dy-

namical friction due to the Milky Way’s dark matter halo. Still, the bar has a promising

premise: inferring – non-trivial – bar properties allows conclusions about the amount

of baryonic and dark matter in the inner Milky Way (Fragkoudi et al., 2021).

In the Galactic centre, there is a supermassive black hole (SMBH)3. It is surrounded

by a nuclear star cluster, a small, dense and spherical collection of old and young stars

(see e.g. Genzel et al., 2010; Neumayer et al., 2020). Observing the position of S2, a

star that orbits the SMBH with a period of ∼ 16 yr, for decades (e.g. Ghez et al., 2008;

Gillessen et al., 2017), has allowed conclusions on the mass and position of the SMBH

and tests of predictions of general relativity (GRAVITY Collaboration, 2018, 2019, 2020).

Furthermore, Event Horizon Telescope Collaboration (2022) impressively captured an

image of the Milky Way black hole, revealing another stunning agreement with general

relativity. The mass of the SMBH is ∼ 4 · 106M⊙ (Ghez et al., 2008; Genzel et al., 2010;

3 For its detection, Andrea Ghez and Reinhard Genzel were awarded the Nobel Prize in Physics 2020.
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Event Horizon Telescope Collaboration, 2022) at a distance of R0 ∼ 8.2 kpc (GRAVITY

Collaboration, 2020).

the stellar halo The Galactic halo is dominated by dark matter, and the stellar

halo makes up only one per cent of the stellar mass in the Galaxy (Bland-Hawthorn &

Gerhard, 2016). The stars are generally old and metal-poor and are contained in stel-

lar substructure, both in-situ and accreted (Naidu et al., 2020). Examples of accreted

substructures are DGs, GCs and stellar streams. Most of the accreted stars in the stel-

lar halo come from two DGs, Gaia–Sausage–Enceladus (GSE; Belokurov et al., 2018;

Helmi et al., 2018) and Sagittarius (Ibata et al., 1994). These stars, particularly the ones

from the Gaia–Sausage–Enceladus (GSE) merger, are now distributed all over the stel-

lar halo and identified by their chemo-dynamical properties. There are several intact

DGs in the stellar halo, most prominent the Large Magellanic Cloud (LMC) and the

Small Magellanic Cloud (SMC). There are 11 classical satellites of the Milky Way – the

brightest satellite galaxies – and many more, fainter DGs (McConnachie, 2012; Pace

et al., 2022). Furthermore, there are more than 150 GCs (Harris, 1996; Vasiliev & Baum-

gardt, 2021) and almost 100 detected stellar streams – disrupted DGs and GCs – in the

halo (Mateu, 2023). These structures in the stellar halo, particularly stellar streams, are

highly sensitive to the gravitational potential of the dark matter halo and have been

used to infer its properties (e.g. Johnston, 1998).

Dark matter halo

Due to the nature of dark matter, the dark matter halo of the Milky Way cannot be di-

rectly observed. Since the potential of the dark matter halo is necessary for modelling

anything that moves in the Milky Way halo, we need to constrain it. Only by carefully

analysing baryonic matter in the Milky Way can we draw conclusions about the dis-

tribution of dark matter in the Milky Way. There are many different methods to infer

the mass and the shape of the dark matter halo. Until recently, most of these methods

assume equilibrium and time independence of the Milky Way. In the next section, I

will describe some of these methods and their constraints, but throughout this thesis,

I will show that the underlying assumptions might lead to significant biases.
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1.2.2 Mass and shape of the Milky Way halo

Knowing the mass and the shape of the Milky Way halo is essential to many astrophysi-

cal problems utilizing methods of galactic dynamics, including many efforts in Galactic

archaeology – unveiling the formation and merger history of the Milky Way. There are

many different methods and tracers to infer the potential at different distances.

Wang et al. (2020a) provide a recent overview of methods and results of measuring

the mass and shape of the Milky Way halo. As different tracers constrain the mass at

different distances, Wang et al. (2020a) summarise results on enclosed mass measure-

ments and extrapolate to virial mass estimates (when not done in the original work).

The virial mass, M200, is the mass within the virial radius R200, where the density of

the halo is 200 times the critical density of the Universe. It is often used in cosmologi-

cal simulations, where it is straightforward to calculate, even though its observational

calculation and application are debated as none of the tracers is observable to the virial

radius. The estimates of the viral mass range between 0.5− 2.5 · 1012 M⊙ (figure 1 in

Wang et al., 2020a).

methods to measure the mass Most of the mass measurements of the Milky

Way halo come from four different methods: (i) the rotation curve, (ii) spherical Jeans

modelling of halo tracers such as GCs and DGs, (iii) distribution functions, and (iv)

modelling stellar streams. Stellar streams are described in more detail in Section 1.4.

The rotation curve is used to constrain the mass in the inner Milky Way and its

disc. Assuming that gas and young stars move on circular orbits in an axisymmetric

potential within the solar orbital radius, there is a particular direction for the stars and

ISM where the rotational velocity makes up the entire line-of-sight velocity and the

peak velocity can be measured. These measurements make up the rotation curve of the

interstellar medium and disc stars (e.g. van de Hulst et al., 1954; Gunn et al., 1979; Bovy

et al., 2012; McMillan, 2017; Eilers et al., 2019) and are measured along the flat part of

the rotation curve. The rotation curve depends on the distance to the Galactic centre

and the enclosed mass but, due to the geometry of the observations, is complicated

by other velocities (see e.g. figure 4 in Wang et al., 2020a), such as the Sun’s velocity,

the Local Standard of Rest, terminal velocities and the asymmetric drift (Binney &
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Tremaine, 2008). The circular velocity is proportional to the square root of the radial

derivative of the gravitational potential, for which then the mass can be calculated.

Spherical Jeans modelling (e.g. Jeans, 1922; Bahcall, 1984a,b; Binney & Tremaine,

2008; Read, 2014) assumes that the outer halo is spherical and in equilibrium, i.e. time-

independent and collisionless – meaning that the force on a star is dominated by the

contribution from many distant stars rather than a few close ones. Using the Jeans

equations (Jeans, 1922; Binney & Tremaine, 2008), the circular velocity at any given

distance can be calculated by the radial density profile, the radial velocity dispersion,

and the velocity anisotropy of tracers in the system. The tracers that are used for this

method are e.g. DGs (Watkins et al., 2010) and GCs (Watkins et al., 2019) that go further

out than the tracers of the rotation curve method, up to 300 kpc.

For an assumed potential in equilibrium, again, time-independent and collisionless,

distribution functions describe the number of objects, such as stars, on a given orbit,

given either phase-space coordinates or actions, which are generally assumed to be

constant in time (e.g. Jeans, 1915; Eddington, 1916; Lynden-Bell, 1962; Wilkinson &

Evans, 1999; Binney, 2010; Deason et al., 2012; Sanders & Binney, 2015b). Objects such

as DGs and GCs are modelled, where potential parameters such as the halo mass are

fit parameters (e.g. Eadie & Harris, 2016; Posti & Helmi, 2019).

While the uncertainty on the Milky Way virial mass has decreased and results have

moved within a factor of two with these methods and measurements from Gaia, the

Hubble Space Telescope and other surveys, there is still no consensus on the true

mass (Wang et al., 2020a). This is due to the different assumptions and tracers used in

these different methods and that most of the methods assume that the Milky Way is in

equilibrium. It has now become clear that the Milky Way is not in equilibrium due to its

past and ongoing merger history with massive DGs causing significant perturbations.

1.3 the large magellanic cloud

The Magellanic Clouds are the most prominent DGs in the night sky and are visible

to the naked eye in the Southern hemisphere. They have been the subject of science

since early times, with the many indigenous cultures in the Southern hemisphere to

scientists around the world today trying to understand them and their influence on

our Galaxy.



1.3 the large magellanic cloud 19

1.3.1 The clouds in a cultural context

indigenous science In many natives’ cultures, mythologies, and sciences, the

Magellanic Clouds played an important role. They inspired stories about the night

sky but also lead to observations of both luminous and dark parts of the Galaxy. For

the Australian Aborigines, the Magellanic Clouds were the camps of an old couple,

Jukara (Filipovic et al., 1996). The man’s camp was in the LMC, and the woman’s in

the SMC. They were unable to feed themselves, so other star beings caught fish in the

"sky river" (the Milky Way) and brought it to them. In the Polynesian culture, there

were many names for the clouds. Kokouri and Kokotea, Tioreore and Tikatakata who

protect their people from the winds, purei ao and pukohukohu according to their ap-

pearance; Tahitians called them Mahu and natives from the Cook Group Ma’u (Best,

1922). South American people saw water features in the clouds. The Tupi-Guaranis,

around today’s Rio de Janeiro, called them fountains from which a tapir (Tapi’i Huguá,

LMC) and a pig (Coxi Huguá, SMC) are drinking (Afonso, 2006; Dennefeld, 2020). My

favourite interpretation comes from the Mapuche in Chile: Originally, there were three

artificial water wells (Rüganko; from rvgan - dig, and ko - water). One is completely

dissolved – possibly referring to the Coalsack Nebula – and the second is dissolving –

could this be the SMC that is disrupting around the LMC (De Leo et al., 2020)?. Once

the third has gone, it is the end of the world (Pozo Menares & Canio Llanquinao, 2014;

Dennefeld, 2020).

early recorded observations The first time the LMC was mentioned in written

text was in 964 by the Persian astronomer Abd-al-Rahman Al Sufi in the ‘Book of Fixed

Stars’ – it also contained the first recorded observation of the Andromeda galaxy (Al

Sufi, 964). He referred to the LMC as Al Bakr, the White Ox, of the southern Arab (as

it was not visible in Northern Arabia) (Allen, 1963; Frommert, H. and Kronberg, C.,

2007).

Around 500 years later, European explorers and settlers ‘discovered’ the Southern

Sky when they began sailing in the Southern Hemisphere. They referred to the Magel-

lanic Clouds as ‘Cape Clouds’ after arriving and seeing them at Cape Horn in South

Africa (Allen, 1963). The first written records from Europeans come from the Italian
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authors Peter Martyr d’Anghiera (von Humboldt, 1852) and Andrea Corsali (Kanas,

2012) in 1516. On Portuguese voyages, they saw and wrote about them; Corsali drew

them in a letter to the Medici family. The drawing shows some stars, including the

southern cross, and two ‘nebulae’.

Europeans referred to these objects as ‘nubecula major’ and ‘nubecula minor’ (e.g.

Johann Bayer in his book Uranometria, 1603, shown in Figure 1.5). Only at some point

between the 18th and 19th century were the clouds called the ‘Magellanic Clouds’, af-

ter the Portuguese explorer Ferdinand Magellan whose chronicler Antonio Pigafetta re-

ported them during their circumnavigation of the world in 1519–1522 (Pigafetta, 1522).

Herschel (1847) wrote the first scientific publication using ‘Magellanic Clouds’ along-

side ‘Nubecula Major’ and ‘Nubecula Minor’.

Contrary to popular belief, Magellan did not finish his circumnavigation of the world

as his voyage was cut short at the hands of Lapulapu, a datu (chief) of Mactan in the

Visayas in the Philippines, and his men on 27 April 1521 who defeated the Spanish

forces (Pigafetta, 1522). For this battle, Lapulapu is considered the first Filipino hero.

The naming of these galaxies, together with other namings that happen within as-

tronomy, are an example of eurocentric and inconsiderate actions that lead to active

exclusions of underrepresented scientists. Other examples are the naming of telescopes,

such as JWST named after James Webb, who was in power during the active persecu-

tion of gay people in US government agencies, and more innocent yet possibly distress-

ing namings, such as ‘Orphan’ in regard to things which do not seem to have a visible

progenitor or history.

1.3.2 The mass of the LMC

The total mass of the LMC is not yet well-understood, and research into the orbit of the

LMC over the past decade has led to revised mass estimates and new areas of research

on the effects that the LMC infall has on the Milky Way. The mass of the LMC’s stellar

disc isMLMC,disc = 2.7 · 109 M⊙ (van der Marel et al., 2002) and the LMC is at an impres-

sively well-constrained distance of d = 49.59± 0.09 (statistical)± 0.54 (systematic) kpc

(Pietrzyński et al., 2019). Based on the van der Marel et al. (2002) mass measurements,

Bekki & Chiba (2005) assumed a total mass for the LMC, MLMC ∼ 1010 M⊙, and simu-

lations suggested an orbital period of T ∼ 2Gyr around the Milky Way.
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Figure 1.5: Early sketches of the clouds. Left: Sketch by Andrea Corsali of the Southern sky. This
was part of a letter to the Medici family in 1516 and shows the Southern Cross and drawings
of the clouds. Right: Excerpt from Johann Bayer’s Uranometria (Bayer, 1603). The clouds are
depicted at the bottom at the centre as nubecula major and nubecula minor. Credit: the State
Library of NSW (left) and ETH-Bibliothek Zürich (right).

Since then, more simulations and observations of the Magellanic clouds have led to

updated estimates for the orbit and mass of the LMC. Besla et al. (2007) and Kallivayalil

et al. (2013) argued that the LMC is on its first infall with a total velocity of 320 km s−1

(Kallivayalil et al., 2006, 2013), changing implications for the LMC mass strongly; they

found it must be a factor of 10 higher than previously estimated. Different methods

to calculate the LMC mass all support this increased mass; models of the Magellanic

system (Besla et al., 2010), the rotation curve around the LMC (van der Marel & Kalli-

vayalil, 2014), LMC satellites – including the SMC (Jethwa et al., 2016; Kallivayalil et al.,

2018; Erkal & Belokurov, 2020), and stellar streams that are perturbed by the LMC

(Erkal et al., 2019; Shipp et al., 2021; Vasiliev et al., 2021). Shipp et al. (2021) estimated

the mass of the LMC with closely passing stellar streams to be MLMC = 1.88 · 1011 M⊙,

corresponding to 23 per cent of their assumed Milky Way mass. This increased mass

of the LMC affects the Milky Way halo drastically.

1.3.3 The effect of the LMC on the Milky Way

There are several effects the LMC has on the Milky Way, and there is current research

into more of them4 and gaining a better understanding, including this thesis. One con-

4 A recent review can be found in Vasiliev (2023).

https://www.sl.nsw.gov.au/collection-items/andrea-corsali-letter-giuliano-de-medici-1516
https://www.sl.nsw.gov.au/collection-items/andrea-corsali-letter-giuliano-de-medici-1516
https://www.e-rara.ch/zut/content/zoom/77571
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sequence of the infalling LMC is the reflex motion of the Milky Way disc. The disc has

a shorter dynamical time scale than the halo; therefore, the LMC pulls it down as one

component, while the halo does not experience this pull (Gómez et al., 2015; Petersen

& Peñarrubia, 2020). Since we observe from within the disc and it is our rest frame

for observations, we observe an upwards motion of the halo that needs to be taken

into account when analysing any motions in the stellar halo (Erkal & Belokurov, 2020;

Erkal et al., 2020). With different populations of tracers in the stellar halo, Petersen

& Peñarrubia (2020) measure the reflex motion velocity at vtravel = 32+4
−4 km s−1 with

respect to the outer halo, moving towards the past orbit of the LMC, consistent with

measurements in Erkal et al. (2021).

Another consequence is the deformation of the stellar and dark matter halo, visi-

ble in their densities. Garavito-Camargo et al. (2021a) describe two modes of response.

The first is due to resonances that only damp slowly over time (Weinberg, 1994). They

identify this response in an overdensity, mainly in the Northern hemisphere. They call

this the ‘Collective Response’ and explain this with the displacement of the disc. The

other response is the ‘Wake’ of the LMC due to dynamical friction (Chandrasekhar,

1943). This is a non-resonant response that damps quickly. These overdensities were

observed in the stellar halo by Conroy et al. (2021), even though the distribution and

strength of overdensities do not match the Garavito-Camargo et al. (2019, 2021a) simu-

lations, revealing the need for both more simulations and observations.

These responses so far are only seen in stellar tracers that possibly could be ex-

plained due to other theories such as alternative gravity. To prove the existence of

dark matter, our aim is to find a direct, observable effect of the deforming dark matter

haloes. Since stellar streams are very sensitive to the gravitational potential they move

in (Erkal et al., 2019; Koposov et al., 2023), they are some of the best objects to test the

effect of the deforming dark matter haloes. In Chapter 2, I explain the tools to describe

the Milky Way–LMC interaction and how we model stellar streams. In the next section,

I introduce stellar streams in the Milky Way.

1.4 stellar streams

Stellar streams are filament-like structures on the haloes of galaxies. There are currently

97 observed streams around the Milky Way (Mateu, 2023) and many around nearby ex-
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Figure 1.6: Tracks of the 97 stellar streams in the Milky Way from galstreams (Mateu, 2023)
with the Gaia Milky Way view in the background. These streams have a range of lengths,
widths, distances, orbits and other properties. They are complex objects, often with features in
the streams, and are used to understand the disruption of infalling satellites, to reconstruct the
assembly of the Milky Way, and to constrain properties of dark matter. Credit for the background
image: ESA/Gaia/DPAC.

ternal galaxies. Streams are the results of disrupting GCs and DGs in the gravitational

potential of the galaxy that accretes them, such as the Milky Way. They are excellent

probes to the Galactic potential due to their orbital configuration and location within

the Milky Way’s dark matter halo.

1.4.1 Introduction to stellar streams

The first stellar stream, the Sagittarius stream, was found almost 30 years ago by Ibata

et al. (1994). Over the next 20 years, ∼ 20 more streams were found (Grillmair & Carlin,

2016), many with the Sloan Digital Sky Survey (SDSS; York et al., 2000). Since then,

the number of known stellar streams has almost quintupled. This is due to telescopes

and surveys such as Gaia and the Dark Energy Survey (DES; Dark Energy Survey

Collaboration, 2016), and due to improved stream finding techniques and algorithms,

particularly STREAMFINDER (Malhan & Ibata, 2018).
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Figure 1.7: Schematic of the disruption of the Sagittarius dwarf galaxy around the Milky Way
and the build-up of its stream. Over several orbits, stars leave the progenitor galaxy and form
trailing and leading arms. Credit: ESA.

stream formation Stellar streams are infalling GCs and DGs that are disrupted

by the tidal field of the Milky Way or other galaxies. The stars of the streams are ini-

tially bound to their progenitor, having slightly varying energies due to the velocity

dispersion of the progenitor. When entering a galaxy, stars are stripped from the pro-

genitor. Figure 1.7 shows an artist’s impression of the infall of the Sagittarius DG and

the formation of its stream. Their stripping time and their position in the stellar stream

depend on their energy, position and velocity in the progenitor. Fundamentally, stars

that leave the progenitor and are closer to the Galactic centre have shorter orbital pe-

riods and thus move ahead of the progenitor while stars further away from the centre

have longer orbital periods, therefore, move behind the progenitor. Therefore, stars

with a lower velocity or that are closer to the Galactic centre will have a lower energy

in the Galactic potential and move faster, forming the leading arm of the stream. Stars

further away from the Galactic centre or with higher velocities have a higher energy in

the Galactic potential and will orbit more slowly, forming the trailing arm.

In reality, the build-up of the tidal tails from a progenitor, particularly from DGs,

is more complex. The internal dynamics and structure of the stellar populations of

the progenitor can affect the stripping process (e.g. Peñarrubia et al., 2010; Niederste-
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Ostholt et al., 2012; Gibbons et al., 2014). Moreover, a DG can fall in with several GCs

(e.g. Massari et al., 2019; Bonaca et al., 2021; Malhan et al., 2022a). These can have

started disrupting around the DG before being accreted by the Milky Way and form-

ing more complex stream structures (Malhan et al., 2021, 2022b). The host potential

and other large substructures also affect how streams form and evolve (discussed in

Section 1.4.2). To understand the detailed build-up of the streams and to learn about

the environment it evolves in, we need sophisticated stream modelling techniques that

take these more complex effects into account. I will describe several stream modelling

methods, including the ones used in this thesis, in Section 2.2.

Figure 1.8: The field of streams, originally from Belokurov et al. (2006) and updated by Bonaca
et al. (2012) to include the Southern sky. The figure shows the SDSS footprint and several Milky
Way streams that were discovered in SDSS.
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detecting stellar streams There are different methods to detect stellar streams

in larger data sets. The simplest and earliest ones include finding objects on great

circles that have high contrast against the background (Johnston et al., 1996); and cuts

in colour and magnitude to select blue main-sequence turnoff stars, e.g. leading to the

field of streams (Figure 1.8, Belokurov et al., 2006; Bonaca et al., 2012).

A more elaborate method is the matched-filter technique (Rockosi et al., 2002). This

technique uses the fact that stellar streams are disrupted GCs or DGs and therefore

follow an isochrone consistent with an old and metal-poor population on the colour-

magnitude diagram. Then, by filtering small sections of the sky – any known popula-

tions such as the LMC, the Sagittarius stream and the Galactic disc are removed – in a

series of distance modulus bins, streams can be detected and verified in residual den-

sity maps, where the smoothed Milky Way foreground is subtracted. With this method,

Shipp et al. (2018) discovered 11 new stellar streams in the DES footprint.

With the amount of data that all-sky surveys such as Gaia and Large Synoptic Survey

Telescope (LSST; Ivezić et al., 2019) provide, machine-learning algorithms are being

developed to detect stellar streams in an automated and systematic way. The algorithm

leading to many recent stream detections in the Gaia dataset is STREAMFINDER (Malhan

& Ibata, 2018), aiming to find dynamically cold and thin streams, i.e. GC streams. It

looks for coherent structures in 6D phase-space hypertubes where missing information,

such as radial velocities and parallaxes, are estimated or sampled, For each star, a

stream membership likelihood is calculated. With this algorithm, more than 40 stellar

streams were detected (Malhan et al., 2018; Ibata et al., 2019, 2020; Martin et al., 2022).

Another machine-learning approach to discovering stellar streams in survey data is

based on the fact that (unperturbed) streams almost delineate orbits and, therefore, can

be found as lines on the sky and corresponding clumps and overdensities in the proper

motions and photometric data. This idea is implemented in VIA MACHINAE (Shih et al.,

2022) and its update Via Machinae 2.0 (Shih et al., 2023). Shih et al. (2023) identified

90 candidate streams using this algorithm on Gaia DR2 data5. The idea of finding

streams as linear structures is also applied to external galaxies (Pearson et al., 2022a)

and will be particularly useful for finding streams with the Nancy Grace Roman Space

Telescope.

5 At the time of this writing, this paper has not been peer-reviewed yet.
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streams as artefacts in galactic archaeology The stellar halo is a time

capsule conserving the memory of the assembly history of the Milky Way. Stars that

belonged to the same group before their infall have similar integrals of motion (con-

served quantities such as energy, angular momenta and actions) and similar chemical

abundance patterns, even if they are scattered across the sky. Therefore, finding groups

by chemo-dynamical tagging of stars is one of the main methods to disentangle the

infall history of the Milky Way and to “reconstruct the galactic past” (Eggen et al.,

1962). Many mergers have been found like this, most prominently the GSE merger6

(Belokurov et al., 2018; Helmi et al., 2018), or followed up with chemo-dynamical in-

vestigations (e.g. Naidu et al., 2020).

Streams offer another window into exploring the history of the Milky Way as they

fill the gap between the smooth halo and intact satellite galaxies. Taking spectroscopic

measurements of stream members is challenging: they have low surface density and

a large extent on the sky. The Southern Stellar Stream Spectroscopic Survey (S5) takes

spectroscopic observations of several streams in the Southern sky, aiming to identify

stream members and map their kinematics and chemistry (Li et al., 2019). Li et al. (2022)

study a population of 12 streams to further our understanding of Galactic archaeology.

They infer the properties of the disrupted progenitors and find possible associations

with other Milky Way satellites. They discuss the implications of the streams’ infall

orientation and find a pile-up at peri- and apocentres. Combining metallicities and

orbits of streams, they find clear trends between different progenitors and a difference

between GC streams and GCs that are still intact, possibly due to a different origin or

accretion history. By comparing these results to cosmological simulations, they find a

possible extension of the ‘too big to fail’ problem from satellites to streams — meaning

there are not enough DG streams in the Milky Way. This was solved by Shipp et al.

(2022) as a detection limit problem. This shows that streams are powerful artefacts in

Galactic archaeology. Due to their location in the Galactic halo and their sensitivity

to the gravitational potential they move in, they are also powerful probes of the dark

matter distribution around the Milky Way.

6 GSE was first identified as a ‘sausage’-like structure in the radial and azimuthal velocity space in Be-
lokurov et al. (2018).
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1.4.2 Stellar streams and dark matter

Stellar streams are some of the leading objects with which to study the distribution

of dark matter around the Milky Way and other galaxies. Particularly in the Milky

Way, there are two aspects of dark matter that can be studied; the global dark matter

distribution and the distribution of dark matter substructure. The global dark matter

profile affects the overall orbit and shape of the stream. Dark matter subhaloes create

gaps in streams when passing by closely and with a similar velocity to the stream. In

external galaxies, currently, stellar streams are used to constrain the mass and shape

of their dark matter haloes.

global potential The Milky Way’s gravitational potential, particularly the prop-

erties of its dark matter halo, is still an open question, as discussed in Section 1.2.2.

Stellar streams provide a localised constraint of the dark matter halo (Bonaca & Hogg,

2018), with prime streams being the Sagittarius, the OC, and the GD-1 stream7.

The Sagittarius stream is an extremely interesting case. It has a clear progenitor,

the Sagittarius DG (Ibata et al., 1994), it spans a large part of the halo, and it has

many features along the stream that are still not explained, such as bifurcations (e.g.

Fellhauer et al., 2006; Ramos et al., 2022). Many attempts at fitting the stream and the

Galactic potential were only partly successful, and models were preferring opposing

results for the halo shape (prolate – Helmi, 2004; Law et al., 2005; oblate – Johnston

et al., 2005; triaxial, but nearly oblate – Law & Majewski, 2010; Vasiliev et al., 2021).

While the triaxial solution from Law & Majewski (2010) was more successful than

the axisymmetric solutions, the configuration of their triaxial shape is dynamically

unstable and unlikely to be the true shape of the Milky Way (Debattista et al., 2013).

Vasiliev et al. (2021) allow for a more flexible profile, with a different inner and outer

flattening. More importantly, they include the LMC in their fits. With these adaptations,

they match the observed data pretty well, even though there are still some caveats

present, such as an offset of ∼ 2◦ between the model and the data in the leading arm of

7 I will discuss these streams and some of their fit results here but will refrain from listing specific mass
measurements since determining a specific number for the Milky Way mass and shape is not a goal of
this thesis but rather understanding where biases can affect these methods and results.
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the stream track. The LMC affects more than just this stream, as described in the next

section.

The GD-1 stream (Grillmair & Dionatos, 2006) is another interesting stream. Like

the Sagittarius stream, it was discovered in SDSS. It is a GC stream, the coldest and

longest observed to date (more than 100◦, Mateu, 2023). It has many features like a spur,

a blob, a wiggle, and gaps along the streams (Price-Whelan & Bonaca, 2018), making

it an important stream to understand the effect of other structures such as dark matter

subhaloes (Bonaca et al., 2019), the Sagittarius DG (de Boer et al., 2020), and even dis-

ruption that started in a previous host galaxy (Malhan et al., 2019, 2021). Furthermore,

its length and thinness make it a great stream to constrain the gravitational potential in

the inner Milky Way halo (Malhan & Ibata, 2019, find GD-1’s apocentre at R = 20.8 kpc).

First to constrain the Milky Way potential with GD-1 were Koposov et al. (2010) with

an orbit fitting technique 8, as did Malhan & Ibata (2019). Bovy et al. (2016) fit GD-1

and the Milky Way halo with an action-angle modelling approach, while Bowden et al.

(2015) use a Lagrange point stripping method to generate streams that they fit to GD-1.

All find oblate halo shapes for the inner Milky Way (in the region that GD-1 spans).

A third stream used to fit the potential is the Orphan–Chenab (OC) stream (Grillmair,

2006; Belokurov et al., 2007b). The OC stream is a DG stream and the first detected

stream without a progenitor, hence its name. Recently, it has become one of the most

interesting streams to infer the Galactic potential with, since it is highly affected by

the LMC. Before the effect of the LMC became obvious, Newberg et al. (2010) and

Hendel et al. (2018) fit the OC stream with orbits. With better data from Gaia, and

models that include the infalling LMC, the reflex motion of the disc and more flexible

potential description, Erkal et al. (2019) and Koposov et al. (2023) present fits that not

only constrain the Milky Way halo – preferring an oblate flattening – but also the mass

and orbit of the LMC.

substructure and subhaloes In cosmological models with cold dark matter,

dark matter haloes exist with masses of orders of magnitudes below where galaxies

form (Wang et al., 2020b). Galaxies can only form in haloes with masses of at least

∼ 108 − 109 M⊙ (e.g. Efstathiou, 1992; Sawala et al., 2015). Finding dark subhaloes less

8 The modelling methods are explained in the Chapter 2.2.
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massive than 108 M⊙ would confirm these dark matter predictions; measuring the pop-

ulation of subhaloes to get a halo mass function would put strong constraints on the

nature of dark matter as the number of subhaloes at different halo masses varies sig-

nificantly in different dark matter theories (Angulo et al., 2013). These subhaloes pop-

ulate the Milky Way halo and are expected to interact with stellar streams, altering the

streams’ morphology (Johnston et al., 2002; Ibata et al., 2002). These features in streams,

such as gaps and spurs, can be used twofold in dark matter research; high-confidence

investigations of individual features to put strong constraints on the properties of the

perturber and statistical studies of gaps to constrain the population of subhaloes (Erkal

et al., 2016; Bovy et al., 2017). For the latter, there are not enough features in different

streams identified yet to carry out these studies. This is expected to change with LSST

data, which will provide deeper photometry for many low surface brightness streams.

For studies of individual streams and perturbers, thin and cold streams such as GD-1

(Grillmair & Dionatos, 2006), ATLAS–Aliqa Uma (Koposov et al., 2014; Shipp et al.,

2018), and Palomar 5 (Odenkirchen et al., 2001) are well-suited streams as they possess

these features.

Dark matter subhaloes are not the only type of substructure that can produce these

features. Other possibilities are both nonimpact scenarios and luminous objects as per-

turbers. Nonimpact perturbations come e.g. from the disruption process itself, where

patterns come from epicyclic motions of the stars around the progenitor’s orbit (Küp-

per et al., 2008, 2010, 2012); from a chaotic potential in which the streams evolve (Price-

Whelan et al., 2016a), e.g. a potential containing a rotating bar or spiral arms (Pearson

et al., 2017; Erkal et al., 2017; Banik & Bovy, 2019); and from initial disruption around a

different host (Malhan et al., 2019, 2021). Luminous perturbers can be DGs, GCs, giant

molecular clouds (Amorisco et al., 2016), and the stream crossing the Galactic disc. To

confirm that a dark perturber caused a specific feature, these other possibilities need

to be investigated and ruled out.

Many of these streams have been studied in great detail. The ATLAS–Aliqa Uma

stream was initially detected as two streams, as there is a significant shift of the stream

in the on-sky track. Li et al. (2021) show that the stream is connected and was mas-

sively perturbed to produce this ‘kink’. They test possible perturbers and find that

only an encounter with the Sagittarius DG can cause this feature. Ongoing research is
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investigating impact scenarios with dark perturbers. They also find several ‘broaden-

ings’ along the stream that might be the result of dark perturbers. Palomar 5 exhibits

gaps, and its tidal arms have different lengths. Erkal et al. (2017) interpret the gaps as

impacts from dark perturbers, while Pearson et al. (2017) finds that the asymmetry of

the arm lengths and the gaps can be explained by the rotating bar. Bonaca et al. (2019)

show that the spur and gap in GD-1 can be produced by an encounter with a massive,

dense object. They also explore whether any luminous perturbations or nonimpact sce-

narios are likely and find that the dark perturber is the most probable solution. To

confirm the encounter scenarios for the streams, better data of the perturbed regions

of the streams, particularly kinematical data, are needed.

streams in external galaxies In the Milky Way, we have the most abundant

and highest-quality data on stellar streams, allowing for complex investigations on

dark matter. But just focusing on the Milky Way totals a sample size of Ngalaxies = 1

and Nstreams ≈ 100. Extending research to external galaxies will (1) increase the sample

of streams with features that could originate from dark substructures and (2) probe the

dark matter haloes of an increasing number of galaxies.

The first observed external DG stream is the Giant stream around M31 (Ibata et al.,

2001). Another prominent example is a DG stream around the closest (D ∼ 3.8 Mpc)

massive elliptical galaxy Centaurus A (Crnojević et al., 2016). With the Hough Stream

Spotter, Pearson et al. (2022a) have identified candidate GC streams around M31. The

‘Stellar Tidal Stream Survey’ Martínez-Delgado et al. (2010, 2012, 2015) is a citizen

science project where high-quality amateur observatories hosting a variety of mostly

small reflector telescopes are taking coordinated observations of streams in the Lo-

cal Universe complimentary to streams around the Milky Way and M31. The ‘Stellar

Stream Legacy Survey’ (Martínez-Delgado et al., 2023) follows up on this work exam-

ining deep imaging data from the DESI Legacy Imaging Surveys (Dey et al., 2019),

finding 24 new candidates of streams around galaxies at distances of 30 Mpc ⩽ D ⩽

100 Mpc. A dedicated survey to take ultra-low surface brightness images of the haloes

of nearby galaxies, ARRAKIHS (Analysis of Resolved Remnants of Accreted galaxies
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as a Key Instrument for Halo Surveys), was selected as the new ESA fast mission,

scheduled to launch in the early 2030s9.

With new telescopes, particularly the Vera Rubin Observatory (LSST; Ivezić et al.,

2019), Euclid (Laureijs et al., 2011), and the Nancy Grace Roman Space Telescope

(Spergel et al., 2013), the discovery of thousands of extragalactic tidal features is ex-

pected. To make the most of this wealth of data, new methods need to be developed.

This ranges from identifying streams in these datasets to understanding the informa-

tion in these streams, given that most systems will not have distance or velocity mea-

surements.

Firstly, there is a need for new and updated discovery algorithms. Any method that

requires more than a stream track – therefore, most of the methods used to discover

streams in the Milky Way – is not applicable to external galaxies. While extended

observational surveys, also including citizen science surveys, deliver deep imaging

of some streams, software that scans survey data to find streams more efficiently is

necessary to build up a statistical sample. Algorithms that look for stream-like features

such as the Hough Stream Spotter will be successful in discovering both DG and GC

streams (Pearson et al., 2022a) in the survey data.

Secondly, with a variety of external streams and only track data available for their

majority, it is important to understand the information they contain about their host

and how they can be used to constrain its dark matter halo. Pearson et al. (2022b) show

models of the stream around Cen A (Crnojević et al., 2016). They put a lower mass limit

on Cen A and show that with only one radial velocity measurement, the constraints get

more substantial, demonstrating the need for targeted radial velocity measurements in

external streams. Nibauer et al. (2023) present an interesting approach to constraining

the hosts’ halo shape. They identify a connection between the curvature of a stream

and the acceleration field of the host, allowing them to infer the shape parameters

without the need for more expensive forward models of the stream. These are two

recent examples. Over the next few years, in preparation for and with the data from

the new telescopes, more ideas on how to discover and model external streams will be

developed and published.

9 https://cosmos.esa.int/web/call-for-missions-2021/selection-of-f2

https://cosmos.esa.int/web/call-for-missions-2021/selection-of-f2
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1.4.3 The effect of the LMC on stellar streams

Coming back to the Milky Way, we study stellar streams with complex models that

allow us to understand the impact other substructures have on streams. The biggest

substructure in the Milky Way halo is the LMC. As mentioned in the previous section,

it emerged as necessary to include the LMC in fits to stellar streams in order to match

observations. This opens up opportunities to put constraints on the gravitational po-

tential of the LMC and on its orbit. Knowing these properties accurately will open new

near-field cosmology opportunities.

the effect on the oc stream In an unperturbed stream, the proper motions

of stars should point along the stream, while in a perturbed stream, they can point

away from the track. The OC stream exhibits a strong misalignment of its track and

its proper motion, particularly in the southern part of the stream. Erkal et al. (2019)

and Koposov et al. (2023) show that the perturber is the LMC and present models that

include an infalling LMC and the resulting reflex motion of the Milky Way, while the

shapes of the galaxies are kept rigid. Fitting the OC stream with this model reveals

an oblate Milky Way on the lower mass end of current estimates and an LMC with a

mass of ∼ 17 per cent of the Milky Way’s. The model matches many data points well,

yet it does not reproduce some observed quantities perfectly. For the halo shape, they

find very flattened solutions for both oblate and prolate haloes, with a preference for

the oblate solution. In Erkal et al. (2019), the orientation of the oblate halo is consistent

with the orientation of the orbital angular momentum vector of the LMC, and the

orientation of the prolate halo is consistent with the present-day vector to the LMC.

While this still holds for the prolate halo in Koposov et al. (2023), the oblate halo shows

a misalignment. The shapes being aligned with the LMC in any way is suspicious

and a sign that we are missing something in the potential description. These strongly

flattened solutions where the disc is not aligned with the short or long axis are not

stable (Debattista et al., 2013). Given that the LMC probes the outer regions of the halo,

the inner regions could have a different shape (see e.g Shao et al., 2021, for how the

Milky Way halo shape can change with radius). Another possibility, which is explored

in this thesis, is that with these strong flattenings, the fits might try to account for
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the time-dependent deformations of the dark matter haloes of the Milky Way and the

LMC, which are not included in the model.

Koposov et al. (2023) further find that the closest approach of the stream to the LMC

was ∼ 350 Myr ago with a distance of less than 10 kpc. This close approach of the OC

stream and the LMC results in a narrower distribution of possible past orbits of the

LMC than e.g. calculating the LMC orbits in a subset of realisation of the widely used

McMillan (2017) Milky Way potential. The orbit of an infalling satellite depends on

dynamical friction (Chandrasekhar, 1943). Dynamical friction has varying descriptions

in different dark matter particle theories. Therefore, a well-constrained orbit of the

LMC will be a powerful discriminator between different theories.

the effect on the sagittarius stream The OC stream is not the only stream

affected by the LMC. Without the LMC, the notoriously difficult-to-model Sagittarius

stream requires a highly flattened and unstable halo configuration (Law & Majewski,

2010) to match at least some observables. Vera-Ciro & Helmi (2013) create simple mod-

els of the stream that included an LMC, and Gómez et al. (2015) include the LMC in

a suite of N-body simulations of the stream without attempting to fit it. Both find that

including the LMC has a significant effect on the properties of the stream and how its

tidal tails form. For the first time, Vasiliev et al. (2021) present a well-matching fit to the

Sagittarius stream that includes the LMC and the reflex motion of the Milky Way disc.

Allowing for triaxial shapes, the inferred Galactic halo changes its shape with radius,

from oblate in the inner regions to almost oblate in the outer halo but with a signifi-

cantly changing orientation of the halo. As Erkal et al. (2019), they find the orientation

of the short axis aligned with the orbital pole of the LMC. Koposov et al. (2023) show

that there is a clear offset in the orientations of the Milky Way halo in different stream

fits and that the inferred shapes from the Sagittarius stream and the OC stream are

inconsistent.

the effect on other streams in the southern hemisphere With the OC

and the Sagittarius stream, two significant streams are affected by the LMC. Generally,

streams that pass closely to the LMC with a small enough velocity difference are per-

turbed. After discovering new streams in DES (Shipp et al., 2018), which has a footprint
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covering the recent orbit of the LMC, Shipp et al. (2019) find a significant proper motion

offset for some streams. Based on this discovery, Shipp et al. (2021) model the affected

streams and infer strong LMC mass constraints from all but one of these streams. This

shows how useful some stellar streams are by not only containing information on the

Milky Way but also on the LMC and opens an opportunity to learn even more about

the dark matter distribution around our Galaxy.

1.5 stellar streams in deforming halo potentials – thesis overview

Recent work has shown that the LMC is on its first approach and that it has a substan-

tial dark matter halo. Thus, the Milky Way–LMC system is effectively a dark matter

collider. This opens new avenues of testing and constraining the nature of dark matter.

Stellar streams are sensitive probes to the Galactic potential and are possible detectors

in this dark matter collider. In this thesis, I aim to answer several questions:

• Are stellar streams affected by the deformation of the haloes of the Milky Way

and the LMC?

• Which of the galaxies’ haloes has a more significant effect?

• What are the modes of the deformations that perturb the streams?

• Which streams are the most affected? Is there a specific stream property that

determines this?

• Are stream models that do not include the deformations biased? Could this be

an explanation for the very flattened DM haloes inferred from fits?

• Finally, to be answered in the long term, can we, with the help of stellar streams,

explicitly prove that the dark matter haloes of both galaxies are time-dependent?

To answer these questions, I utilise two main technological tools: stream models and

simulations that describe the deforming Milky Way–LMC system; these are introduced

in Chapter 2. In Chapter 3, I present how the OC stream is affected by the deforming

Milky Way–LMC system. There, I investigate which galaxy and which mode of defor-

mation are the most significant perturbers. Chapter 4 contains a statistical approach
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to finding the properties of streams that hold the most information on the deforma-

tions on the haloes. The results will guide future fits of the time-dependent Milky Way.

Current fits that do not include these deformations might be biased. In Chapter 5, I

investigate the extent of the bias in stream fits; which parameters are likely wrong and

by how much? Finally, in Chapter 6, I summarise the results of the thesis and give an

outlook on the exciting research that will follow.



2
M E T H O D O L O G Y

2.1 basis function expansions

In order to understand how the merger of the Milky Way and the Large Magellanic

Cloud (LMC) affects stellar streams, we need a way to describe the time-dependent

deformations of both galaxies. This description should be easily accessible for force

evaluations for fast stream models. Basis function expansions (BFEs) are well-suited

to tackle this task. They describe the dynamical evolution of a gravitational system

with a set of functions and coefficients that act as weights for these functions. This

functional representation makes it quick and easy to access and evaluate quantities of

the system, such as the potential, density, and acceleration, allowing for a wide range

of applications. In this section, I describe where BFEs are used, provide a qualitative

explanation, the history of their developments, and the specific BFE code we use for

our work, EXP (Petersen et al., 2022a).

2.1.1 The need for basis function expansions

BFEs enable stream models in the deforming Milky Way–LMC system

The aim of this thesis is to explore how stellar streams in the Milky Way halo are

impacted by the Milky Way–LMC interaction, particularly by their deforming dark

matter haloes. We aim to answer questions such as:

• Are stellar streams affected by this interaction?

• Which streams are affected by this interaction?

• How much does the dark matter halo of each galaxy affect stellar streams?

• Which modes of deformation have the biggest impact on stellar streams?

37
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To dissect the time-dependent Milky Way and LMC haloes into their respective modes

of deformation and to quantify their potential and acceleration fields to allow for quick

stream models, we need non-parametric descriptions of this interaction, i.e. BFEs.

The BFEs which we use in this work come from simulations of the LMC infall onto

a Milky Way-like galaxy. In these simulations, we use three separate expansions: one

for the Milky Way’s dark matter halo, one for the Milky Way’s disc and bulge, and one

for the LMC. These coefficients are time-dependent and describe the time-dependent

deformations of both systems. We compute these coefficients with N-body simulations

of the Milky Way and LMC (described below). Once they have been computed, we can

then use the coefficients to evaluate the properties of the galaxies, such as potential,

density, and forces, as functions of position and time. This allows us to run efficient and

inexpensive stream models in the presence of this interaction. Each degree and order

of deformation is described by one coefficient, where the degree is e.g. the dipole,

and the order quantifies the shape and direction. Setting a coefficient to zero in the

expansion eliminates the effect of that mode, allowing us to only select the modes we

are interested in. With descriptions for each component and the possibility to select a

subset of coefficients that describe different modes of deformations, we are equipped

with the tools to answer these questions.

BFEs as a tool to study dynamical interactions

BFEs are used to study a variety of interactions in and around the Milky Way. While

this work focuses on the effect of the Milky Way–LMC interaction on stellar streams,

there are many other effects the LMC has on the Milky Way. For example, two currently

observable effects that the Milky Way is experiencing are the reflex motion of its disc

and over- and underdensities in the stellar halo. We will discuss these effects before

moving on to stellar streams.

The LMC’s gravitational pull affects the inner MW halo more strongly than the outer

halo, due to the inner halo’s shorter dynamical time (e.g. Erkal et al., 2020). The centre

of mass of the inner halo is accelerated towards the LMC and shifts with respect to

the outer halo. This is known as the reflex motion of the disc. In a Galactocentric

coordinate system, this movement is roughly downwards. As observers in the disc,

we see this as an upward motion of the stellar halo. This effect was first predicted by
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Figure 2.1: The direction of the reflex motion of the stellar disc, inferred from different sets of
distant halo tracers shown in differently coloured contours. The black-and-white background
represents RR Lyrae stars from Pan-STARRS DR1 (Sesar et al., 2017) and Gaia DR2 (Holl et al.,
2018; Rimoldini et al., 2019). The disc moves towards the past orbit of the LMC (indicated by
the white dashed line). Credit: Petersen & Peñarrubia (2021).

Gómez et al. (2015) when the total mass of the LMC was less constrained. With better

constraints of the LMC mass due to e.g. fitting it with the OC stream (Erkal et al.,

2019), Petersen & Peñarrubia (2020) – using BFE simulations – and Erkal et al. (2020) –

with a set of semi-analytic simulations – made predictions on the dipole signature in

the halo and the reflex motion of the disc. Erkal et al. (2021) detected this effect in the

radial velocities of distant halo stars, and Petersen & Peñarrubia (2021) detected this

signature in different samples of distant halo tracers; Petersen & Peñarrubia (2021) find

that the disc moves with vtravel = 32± 4 km s−1 with respect to the outer halo towards

the past orbit of the LMC (Figure 2.1).

Next, we discuss the overdensities in the stellar halo. Garavito-Camargo et al. (2019)

present N-body simulations of the Milky Way–LMC interaction run with gadget-3

(Springel et al., 2008). In Garavito-Camargo et al. (2021a), they fit the snapshots with

BFEs to investigate the response of the Milky Way halo. They identify a global response

of the halo that is revealed by a density asymmetry between the Northern and Southern

hemispheres (collective response). They also recover a wake due to the dynamical friction

of the LMC along its past orbit. Belokurov et al. (2019) show that the Pisces overdensity

is consistent with the wake of the LMC in the stellar halo. In Conroy et al. (2021), these
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predictions for overdensities in the Milky Way halo were followed up with observations

of distant halo stars, finding overdensities both in the Northern hemisphere and along

the LMC’s past orbit. However, the amplitude of the overdensities and the shape of

the collective response differ from the simulations This suggests the need for a bigger

observational sample and more simulations of the Milky Way–LMC interaction.

Applications to cosmological simulations

With the ability of BFEs to describe perturbed and time-dependent systems in a cheap

and accessible way, another important application for them is the description of cosmo-

logical simulations. They offer such an insightful environment that it would be useful

to replay them in order to e.g. disrupt substructures as if they were evolving in the

initial simulation. But due to the nature of cosmological simulations, i.e. evaluating

forces between all particles ideally in high-resolution on large scales, it is expensive to

rerun them. Expanding snapshots of the simulation with BFEs provides a quick and

computationally efficient description of the simulation; integrating structure in this

cosmological context is now possible.

For the first time, Lowing et al. (2011) expanded a dark matter halo from an already

simulated dark matter halo – the Aquarius simulation, a Milky Way-sized dark matter-

only simulation (Springel et al., 2008). They expanded the simulation with a spherical

basis (see Section 2.1.3) and introduced subhaloes into this potential that evolve as

if they were in the original Aquarius simulation. More recently, Sanders et al. (2020)

expanded cosmological simulations with BFEs over a range of times. They show two

applications of their machinery. First, they investigate the effect of the time dependence

on the orbit of satellites and find that assuming a time-independent halo introduces a

15 per cent uncertainty in their orbital properties. Second, they examine the build-up

of planes of satellites. They do not find a significant effect from the time dependence

of the halo and find that the plane is affected more by its alignment with the triaxial

halo (which can be affected by the time dependence of the halo).

Along similar lines, Ngan et al. (2015, 2016) expand the Via Lactea II halo (Diemand

et al., 2008) at redshift z = 0 to investigate the disruption of globular clusters (GCs)

and investigate the effect of the presence of other subhaloes. Dai et al. (2018) expand

the Eris simulations (a hydrodynamical simulation; Guedes et al., 2011) at z = 0 and



2.1 basis function expansions 41

infer its halo shape with GD-1 and Pal5-like streams. They find that streams evolved in

a halo that includes baryonic physics match the observed data, while streams evolved

in the dark matter-only ErisDark halo (Pillepich et al., 2014) do not. These studies in-

vestigate how streams evolve in a cosmological context, but by only expanding the

z = 0 snapshot, the resulting potentials are time-independent. Furthermore, these sim-

ulations are not directly matched to the Milky Way, i.e. they do not match the Milky

Way potential, and they do not have an LMC equivalent. The aim of my thesis is to

examine the evolution of stellar streams in a realistic Milky Way potential that includes

the LMC. As a first step towards modelling this, we use BFEs to simulate and describe

the Milky Way–LMC system and to evolve stream models in it.

Other science cases with BFEs

Systems that are described by BFEs have a broad application for a variety of astrophys-

ical questions, ranging from predictions for observations, addressing current problems

in cosmology, and informing direct and indirect dark matter searches. Petersen et al.

(2022b) predict the extent of the LMC halo in the search for tidally stripped stars, find-

ing several candidates up to 68◦ from the LMC. Garavito-Camargo et al. (2021b) find

a possible explanation of the plane of satellite problem; infalling massive satellites can

induce a transient pile-up of the orbital poles of other satellite galaxies. They are also

used to predict how the local dark matter distribution is affected by the LMC debris

(Donaldson et al., 2022; Smith-Orlik et al., 2023) and where to expect gamma-ray ex-

cesses from dark matter annihilation due to the deformations of the haloes (Eckner

et al., 2023).

2.1.2 A qualitative introduction to basis function expansions

In this section, I explain how basis function expansions can describe complicated, non-

parametric potential and density fields. First, I will explain how the potential and

density are described in a self-consistent way, following Petersen et al. (2022a). Then, I

will schematically show how BFEs use different moments to build up the deformations

of a perturbed galaxy.



42 methodology

Potential and density described by functions and coefficients

With BFEs, the potential and the density of the system are described by a set of func-

tions (the basis). The functions for the potential ϕµ and the density ρµ1 are related

through the Poisson equation, ∇2ϕµ = 4πGρµ. These potential–density pairs are re-

quired to be biorthogonal. This means that the pair is an indexed family of functional

vectors in some topological functional vector space with the inner product of the pair

being the Kronecker delta, noted as ⟨ṽi, ũj⟩ = δi,j. Together with the relation through

the Poisson equation, this is constructed for BFEs as

∫
dx⃗ϕµ(⃗x)ρν(⃗x) = 4πGδµν. (2.1)

A linear sum of M of these potential functions approximates the potential Φ, likewise

for the density ρ, where each function is weighted by a coefficient aµ:

Φ (⃗x) =

M∑
µ=1

aµϕµ (⃗x) (2.2)

ρ (⃗x) =

M∑
µ=1

aµρµ (⃗x) . (2.3)

In an N-body simulation with N particles, the coefficients aµ are calculated following

aµ =
1

N

N∑
i=1

ϕµ (⃗xi) (2.4)

where (⃗xi) are the positions of the particles. The choice of functions and the complexity

of the system determines how many functions and, therefore, coefficients are necessary.

In a time-dependent system, the basis, generally, stays constant while the coefficients

vary to describe the changing system2.

The functions are selected to match the system they describe. For example, a spher-

ical system can be described by functions that evaluate the potential and density at

a radius and at the polar and azimuthal angles. One radial (indexed by n) and two

1 Note that Petersen et al. (2022a) and others often refer to the density in the biorthogonal system as dµ.
Their notation is used in Chapter 3.

2 If the system changes significantly over the evolution, one could find a new set of functions that matches
the system better.
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angular functions (indexed by l,m) are necessary to calculate the potential ϕlm
n (⃗x)

and density ρlmn (⃗x) and their coefficient almn . In an N-body simulation, the coefficients

are selected in such a way that they approximate the potential described by each sub-

set summed over all particles (Equation 2.4). The potential and density are initialised

from the underlying unperturbed model, and then the coefficients are updated at the

next full time-step. Once the coefficients for the whole course of the simulation are

calculated and tabulated, the expansion of the system is completed.

Now we want to access the expansion at any time and position to evaluate den-

sities, potentials and forces. This is done by accessing the tabulated coefficients and

multiplying them with their respective functions. The fields at a time and position are

evaluated by summing over all coefficients at that time (linearly interpolated between

the nearest tabulated time steps if necessary3) multiplied with the corresponding func-

tions evaluated at the position. To isolate the effect of different contributions to the

perturbation, the coefficients of other functions can be set to zero. With this, in the next

section, I show a visual guide on how we build up a spherical expansion of increasing

complexity from the different functions.

Constructing complicated fields from a simple model with BFEs

Figure 2.2: Sketch of the density differences with respect to the monopole from different spher-
ical harmonics at zeroth radial order n = 0. These are contextual visualisations in a cartesian
coordinate system; they are not to scale. The monopole is compared to itself; thus, there is no
or a constant offset. The dipole, which has the index l = 1 and is shown here for the order
m = 1, adds and subtracts an equal amount along a symmetry axis. The symmetry axis is set
by the order m of the spherical harmonic. The quadrupole and the octupole at m = 1 each add
a symmetry axis. In other orders and higher degrees, spherical harmonics become increasingly
more complex.

3 See Petersen et al. (2022a, section 4.2) for a detailed description.
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Figure 2.3: Sketch of the density offset of the dipole calculated at different radial orders n.
The left panel shows the dipole from Figure 2.2. Each panel shows the dipole of order m = 1
described for an increasing radial order n. The zeroth radial order adds the most offset in the
central parts; higher n shift the bulk of densities at increasingly larger radii while adding some
alternating density offsets in the central parts. When a large offset in the dipole is induced,
it is best described by the zeroth radial order. Higher radial orders are necessary to describe
perturbations further out. As these perturbations are usually smaller, the weight of higher
radial orders is usually smaller than the weight of the zeroth order.

In this section, I will show how different basis functions build up a perturbed LMC-

like galaxy. Both a BFE-simulated Milky Way and LMC are introduced and shown in

Chapter 3; here, I use the LMC as an example due to its larger visual perturbation.

BFEs that describe a spherical system, e.g. a Plummer (Plummer, 1911), Hernquist

(Hernquist, 1990) or Navarro–Frenk–White (NFW; Navarro et al., 1996) profile, are

well-represented by spherical harmonics as their angular functions and a series of

eigenfunctions of the Sturm–Liouville equation as the radial solutions (a mathematical

description can be found in Weinberg, 1999; Petersen et al., 2022a).

In a series of figures, I sketch the density profiles introduced by spherical harmonics

(Figure 2.2) and by radial functions (Figure 2.3). Then, for the simulated LMC, I show

how the combinations of these functions produce a highly perturbed LMC-like galaxy

(Figure 2.4) and how that deformation builds up with time (Figure 2.5).

Figures 2.2 and 2.3 are produced with the self-consistent field method implemented

in gala (Price-Whelan, 2017; Price-Whelan et al., 2022). The contours are the relative

density offset compared to the monopole following Garavito-Camargo et al. (2021a),

∆ρ =
(
ρ− ρ000

)
/ρ000 . The LMC in Figures 2.4 and 2.5 is taken from a Milky Way–LMC

simulation with the BFE technique EXP; the technique is explained in Section 2.1.4, and

the details of the simulation are described in Section 3.2.

Spherical harmonics allow BFEs to capture different types of deformations; e.g. the

dipole can be interpreted as a result of the dislocation of the Milky Way disc, and the
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Figure 2.4: A schematic illustration of how different radial terms and degrees of spherical
harmonics are combined to build a perturbed halo, shown as density contours. The top left
panel shows the monopole of a spherical halo, l = 0, with only the zeroth-order radial order,
n = 0. The top right panel shows these density contours with an added n = 0 quadrupole, l = 2.
This stretches the galaxy in the vertical direction. The bottom row shows the deformations with
many radial orders. The bottom left panel shows the monopole and quadrupole. The halo is
now stretched and twisted but still mostly symmetric. The fully deformed galaxy is shown
in the bottom right corner. For this galaxy, adding more degrees of spherical harmonics leads
to more intricate changes on smaller scales and introduces more asymmetry. This shows how
with BFEs that consist of different spherical harmonics and different radial orders, complicated
deformations can be described in an efficient way.

quadrupole has an intuitive physical application as the flattening of a galaxy. Higher-

order moments describe more localised details of the deformations. The radial orders,

even though they act globally, shift the distance of the bulk of the deformation de-

scribed by the spherical harmonic function. The weight that is applied to each function

ρlmn generally decreases with increasing radial and angular orders.

Figure 2.4 shows that in order to get a highly-detailed description of deformations, a

combination of several radial and angular terms is needed. While the functions ϕlm
n (⃗x)

and ρlmn (⃗x) (Equations 2.2 and 2.3) do not change over time, their weights almn (Equa-
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Figure 2.5: Density evolution of a fully deforming galaxy parametrised by BFEs, shown in
Figure 2.4. All l,m,n are included up to their respective highest orders. In this system, the
galaxy stays almost spherical for the first Gyr and only experiences some stretch. Over the next
250 Myr, the stretch becomes more distinct and asymmetric. At the final snapshot, after 1.5 Gyr,
the system is stretched, twisted and asymmetric. The orientation of the system rotates as it
orbits the host galaxy that is responsible for the perturbations. This time-evolution is based on
the LMC in a Milky Way–LMC simulation run with EXP, which is introduced in Sections 2.1.4
and 3.2. The final snapshot and the full evolution of both the LMC and the Milky Way densities
is shown in Figure 3.2. This drastic deformation from an initially spherical system shows that
we need to explore its effect on other structures in the halo.

tion 2.4) do as the particles in the simulations are in motion. This allows BFEs to

capture the evolution of a deforming system as shown in Figure 2.5.

2.1.3 Brief history of biorthogonal expansions

The idea to use biorthogonal basis sets to computationally describe stellar dynamics

was suggested 50 years ago by Clutton-Brock (1972, 1973). Over the next 25 years,

‘analytical’ sets of biorthogonal functions were developed where the underlying ze-

roth order describes a known model. For spherical systems, the Clutton-Brock (1973)

zeroth-order basis matches a Plummer profile (Plummer, 1911) while the Hernquist &

Ostriker (1992) zeroth-order basis is a Hernquist profile (Hernquist, 1990). Hernquist

& Ostriker (1992) dubbed this method the self-consistent field method. Similarly, ex-

pansions for two-dimensional cylindrical systems (Clutton-Brock, 1972; Kalnajs, 1976),

and even for three-dimensional cylindrical systems (Earn, 1996) were developed. More

recently, Lilley et al. (2018a) developed a ‘super-NFW’ potential with a finite mass that

is used as the zeroth-order term for an expansion that represents the (flattened) NFW

(Navarro et al., 1997) model in Lilley et al. (2018b). Lilley et al. (2018c) present a ‘super-

family’ of spherical basis sets that have double-power law density profiles (including
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the bases found in e.g. Clutton-Brock, 1973; Hernquist & Ostriker, 1992; Lilley et al.,

2018b), and a new methodical approach to finding these basis sets.

Still, these expansions only cover a small subset of zeroth-order radial profiles. Wein-

berg (1999) developed an efficient numerical solution of the Sturm–Liouville equation

in order to match a wide variety of density profiles. This is implemented in the EXP

code (Petersen et al., 2022a) that was developed ever since (Weinberg & Katz, 2002;

Holley-Bockelmann et al., 2005; Weinberg & Katz, 2007a,b; Choi et al., 2007, 2009; Pe-

tersen et al., 2016) and is close to being publicly released. Other ‘designer’ basis func-

tions are developed in Saha (1993) and in Lilley & van de Ven (2023), where they tailor

the basis in the radial direction.

Since Gaia has revealed that the Milky Way is in disequilibrium, both due to internal

(e.g. the bar and spiral arms) and external (the LMC, Sagittarius, and GSE) perturbers,

BFE methods have experienced a large uptake. The Hernquist & Ostriker (1992) expan-

sion has a good accuracy compared to other expansions (Sanders et al., 2020), thus it is

widely used (e.g. Johnston et al., 2002; Lowing et al., 2011; Ngan et al., 2015; Garavito-

Camargo et al., 2021a). The EXP technique has several advantages over the Hernquist

& Ostriker (1992) basis and is used in this work. In the next section, I will give a brief

summary of the EXP method.

2.1.4 The EXP code

The EXP code4 (Petersen et al., 2022a) is a BFE-based N-body solver. With that function-

ality, it also allows expanding other arbitrary distributions with BFEs, e.g. cosmological

zoom simulations. The basis of an expansion is adapted to the input mass distribution.

This is a powerful feature as it enables EXP to expand highly non-spherical components

such as discs and bars. I present a short overview of some specifics but refer to Petersen

et al. (2022a) for a detailed introduction to the theory and to Weinberg (1999) for the

initial development of this method.

Bases

The unique advantage of EXP is that adaptive bases are constructed that describe the

equilibrium distribution of the system in one or, at most, a few basis functions. Higher-

4 michael-petersen.github.io/papers/exp/exp.html

https://michael-petersen.github.io/papers/exp/exp.html
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order terms are then only necessary to describe the perturbations to the system. If a

system consists of multiple geometries on different scales, the system can be decom-

posed into different components that are each described by a set of basis functions.

In EXP, adaptive bases are found by describing a target particle distribution with a

set of potential functions. With increasing moments µ, the weights on the functions

become less important to capture the contributions in the smallest number of terms;

thus, the coefficients should converge towards zero. Transforming this to a new orthog-

onal basis might give a quicker convergence. The goal is to find a basis that contains

the largest amount of gravitational field energy in the smallest number of terms, i.e. to

optimise the basis in a least-square sense (Weinberg, 1996). The initial ‘guess’ of the basis

is often an already existing basis, e.g. Petersen et al. (2022a) show how to construct a

cylindrical basis from a spherical basis. Further details and a mathematical description

of this adaptive basis conditioning are given in Petersen et al. (2022a).

Advantages and disadvantages of the EXP code

EXP is a great tool to study galactic dynamics as it delivers several benefits and some

advantages to previous simulation suites:

• EXP is fast. The simulations scale as O(N), in contrast to direct techniques that

scale as O(N2) or tree-based techniques as O(NlogN), where N is the number

of particles in the N-body simulations. This means more simulations at fixed

computational cost or more parameter space that can be covered.

• EXP has a particular but controllable bias-variance trade-off. One can get more

accurate potentials out of EXP at fixed particle number (Petersen et al., 2022a).

This is particularly important in the outer halo, where particle-based methods

(i.e. direct or tree) can have huge noise and variance.

• EXP can be re-run infinitely to produce exactly the same potential and force fields:

a BFE approximation of a tree code will not do this but will instead ‘bake in’ the

tree gravity noise.

• EXP can be directly compared with results from applying linear perturbation the-

ory to the Milky Way–LMC interaction, e.g. Rozier et al. (2022).
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• EXP can be used to simulate different dark matter models. EXP allows us to choose

the scales of interest for evolution; thus, one can mock up coupling between

different gravitational scales. Furthermore, one can create effective solutions by

not having nodes in the centre, or create warmer dark matter by having a very

smooth distribution in the outskirts, i.e. by not inducing subhaloes, which are

roughly injected by particle discreteness in current implementations.

As with any N-body solver, there are limitations; for some problems, other solvers

are more appropriate. Most importantly, due to the nature of BFEs, EXP is not fully

adaptive and cannot integrate arbitrary systems, such as systems with self-gravitating

regions or have complex geometries, e.g. major mergers. For this, a tree-based code is

a more suitable solution. Artefact patterns are another disadvantage. As an example,

they can be seen in the density evolution of the Milky Way–LMC system in the video5

of Figure 3.2. Care needs to be taken to ensure that these artefacts do not have an

influence on the evolution of the system.

Having established that BFEs are powerful techniques to study galactic dynamics

and that EXP is an adequate tool for our purpose of studying the Milky Way–LMC

interaction, I will give an overview of stellar stream modelling. Combining both tools

will enable us to study stellar streams in the deforming Milky Way–LMC system.

2.2 modelling stellar streams

An analytical or numerical description of stellar streams allows us to understand and

use many aspects of their dynamics. Scientific goals include constraining the parame-

ters of the Galactic halo and of the LMC, understanding the impact and constraining

the parameters of perturbing substructures, and studying the disruption and the struc-

ture of a stream in great detail. There are different methods to model streams. Some are

quick and computationally cheap but have less detail, while others are more detailed

but expensive. The choice of method depends on the scientific goal, the structure of

the stream, and the available computational power.

5 https://youtu.be/KMeGVMXfLTw

https://youtu.be/KMeGVMXfLTw
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2.2.1 Overview of stream-modelling methods

Stream models are generally based on the assumption that the debris closely fol-

lows the progenitor’s orbit (Dehnen et al., 2004; Eyre & Binney, 2011) but not exactly

(Sanders & Binney, 2013a) and is therefore highly sensitive to the gravitational po-

tential. Different methods include the orbit-fitting technique, action-angle-frequency

methods, N-body simulations, and particle-spray methods. A review of these tech-

niques can be found in Johnston (2016) and of how they are used to probe dark matter

in Johnston & Carlberg (2016).

orbit-fitting technique This technique fits orbits to streams. It is a very fast

method, as only the progenitor particle is integrated in the gravitational potential to

calculate the orbit. The model input consists of the parameters of the gravitational

potential and a 6D phase-space coordinate of the particle. It is often used to fit the

Milky Way halo with the GD-1 stream (e.g. Koposov et al., 2010; Malhan & Ibata, 2019).

While this method is very fast, it is not very accurate as on a perfect orbit, a stream

would not build up with time but rather have an oscillating length between peri- and

apocentre. It can introduce biases in the fitted parameters (Sanders & Binney, 2013a).

action-angle-frequency methods Actions are orbit labels, and angles repre-

sent the positions of the particles along the orbit (see Binney & Tremaine, 2008 for

an introduction to actions and Sanders & Binney, 2016 for an overview of action es-

timation methods). Actions are calculated from the gravitational potential and orbital

parameters such as the phase-space position or the peri- and apocentre. To be able to

calculate actions, the gravitational potential needs to have separable Hamilton–Jacobi

equations (Stäckel potentials), limiting the possible potentials to spherical potentials.

Clever tricks such as the Stäckel Fudge (Binney, 2012; Sanders & Binney, 2015a) allow

non-spherical potentials to be estimated as separable Stäckel potentials. For streams,

however, computing the actions from an orbit integration is a more suited method

(Sanders & Binney, 2016). Frequencies are the rate at which the angles increase. Since

the orbits of stream particles follow the progenitor’s orbit to an extent (Sanders &

Binney, 2013a), their action-angle coordinates are only marginally offset from the pro-

genitor’s (Tremaine, 1999; Helmi & White, 1999; Eyre & Binney, 2011; Sanders & Bin-
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ney, 2013b). These offsets propagate into the particles’ frequencies, driving the growth

of the stream. The gravitational potential is constrained by fitting these frequencies,

which conveniently follow simple lines (Bovy, 2014; Sanders, 2014).

In an adiabatically growing potential, the slopes of the frequency and angle lines

of a stream change, affecting the stream’s morphology (Buist & Helmi, 2014, 2015).

While Buist & Helmi (2015) propose to use this angle-frequency misalignment to infer

the growing rate of the potential, Buist & Helmi (2017) find that these misalignments

are mostly attributed to using a wrong potential. Only with the correct present-day

potential of the Milky Way – which is still debated – the evolution of the potential

could be constrained with this method.

Another way to utilise the actions of stream members without fitting the stream is

‘adaptive dynamics’ (Binney, 2005). It calculates the actions of stream members assum-

ing an underlying gravitational potential without the need to integrate an orbit or a

stream, therefore discarding a lot of information that is held by the highly correlated

phase-space distribution of the stream. This method assumes that the actions are most

clustered in the correct gravitational potential. Therefore, maximising the clustering

leads to the best constraints (e.g. Sanderson et al., 2015; Reino et al., 2021, 2022). How-

ever, taking into account the time dependence of the accreting galaxy reveals biases in

this method (Lilleengen et al., 2020; Arora et al., 2022).

N-body simulations The most accurate model of stellar streams is achieved with

N-body simulations, e.g. with NBODY6 and its extensions (Aarseth, 2003; Wang et al.,

2015). The forces each particle experiences are from the potential of the host galaxy, the

progenitor potential and from the other particles in the stream. Therefore, this method

is only insightful with a robust knowledge of the progenitor. A great advantage of this

method is that it correctly matches the scattering of stars, and it can even include stellar

evolution (e.g. Gieles et al., 2021). As they are computationally expensive to run, they

are not very well-suited for fits to stellar streams. The largest N-body simulations suite

to fit a stellar stream was carried out by Law & Majewski (2010) to fit the Sagittarius

stream. More effective methods to fit a stream with a full stream model have been

developed since, such as the method described in the next paragraph. Still, N-body
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simulations are insightful in exploring the details of the stream’s formation and its

structure and comparing them to observations.

particle-spray methods In order to explore a large parameter space when fit-

ting stellar streams, particle-spray methods are used to create realistic stream models

(e.g. Küpper et al., 2008, 2010, 2012; Gibbons et al., 2014; Fardal et al., 2015). The input

parameters include the phase-space position of the progenitor, the underlying gravi-

tational potential, and a progenitor potential This technique releases massless stream

particles from the progenitor at its tidal radius. The released particles experience the

potential from the host galaxy (and in recent implementations from the progenitor) but

not other stream particles. The morphology of the resulting stream compares remark-

ably well to N-body simulation streams. Furthermore, this method is strikingly faster

than N-body simulations since it does not rely on calculating the forces between the

stream particles (Gibbons et al., 2014). However, as for the N-body simulations, some

knowledge about the progenitor is necessary. Since the progenitor is often completely

disrupted, it is an unknown input quantity, but it can be marginalised over (Price-

Whelan et al., 2014). I use this method throughout this thesis and describe it in more

detail in the next section.

non forward-modelling streams All presented methods are parametric mod-

els of stellar streams, i.e. they require a choice of gravitational potential and progen-

itor initial conditions (ICs). There are some methods to investigate streams and to fit

the gravitational potential that deviate from these methods. Streams form naturally

in zoom-in cosmological simulations with high enough particle resolution. Currently,

the resolution limits only allow for massive dwarf galaxy (DG) streams to form (e.g.

Panithanpaisal et al., 2021). Once streams are identified (e.g. Panithanpaisal et al., 2021,

for streams in the FIRE simulations), they can be studied in a cosmological context.

Shipp et al. (2022) analyse the FIRE streams in regard to the ‘too big to fail’ question

brought up by Li et al. (2022) and find that the detection limit currently prevents us

from finding more massive streams around the Milky Way.

Another approach to constraining the acceleration field of the Milky Way is taken

by Nibauer et al. (2022) who do not need to make assumptions on the underlying
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gravitational potential. They treat streams as a mixture of orbits where neighbouring

parts of the stream have similar orbits, but the orbits can change significantly along

the stream. Using a neural network, they construct a path through the stream in all

observables. This path is differentiable, allowing them to calculate the acceleration

vector along the stream. Combining the accelerations for different streams allows them

to infer a global acceleration field and, with that, a global potential.

2.2.2 The modified Lagrange Cloud Stripping method

In a series of papers, Küpper et al. (2008, 2010, 2012) developed a particle spray method

called Lagrange Cloud Stripping. It is a forward-modelling method; first, the progen-

itor is rewound in the gravitational potential of the host system. The rewind time is

chosen so that the stream will be long enough to cover the whole data range. Then, the

progenitor is integrated forward in time, as are the escaping stream particles.

In the Lagrange Cloud Stripping method, particles leave the progenitor in the La-

grange points xL, where the gravitational potential of the progenitor equals the gravi-

tational potential of the host galaxy Φ,

xL =

(
GM

Ω2 − ∂2Φ/∂R2

)1/3

, (2.5)

with the gravitational constant G, the mass of the progenitor M, the progenitor’s angu-

lar velocity about the Galactic centre Ω, and the progenitor’s Galactocentric distance

R (King, 1962; Küpper et al., 2010, 2012; Gibbons et al., 2014). There are two Lagrange

points in a progenitor along a line connecting the progenitor to the Galactic centre at

R± xL. Particles leaving the progenitor in the closer Lagrange point form the leading

arm, while particles escaping in the Lagrange point further away form the trailing arm.

The Küpper papers develop the methods for star clusters, i.e. GCs. They assume

that once a particle has left the progenitor, it only feels the gravitational potential of

the host galaxy. In order to adapt this method to DGs, Gibbons et al. (2014) show that

it is necessary to include the gravitational potential of the progenitor, modelled as a

Plummer sphere (Plummer, 1911), by comparing their modified Lagrange Cloud Strip-

ping (mLCS) method to N-body simulations. They find that with these modifications,

the method reproduces the simulated streams very well while being substantially faster
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and cheaper. Erkal et al. (2019) further modify this method to include the infalling LMC

as a rigid potential, i.e. it is moving but not deforming, and the reflex motion of the

Milky Way disc. With ever-improving data quality, stream fits require more compli-

cated models and this method keeps on being modified, e.g. with a more complicated

description of the Milky Way halo potential in Koposov et al. (2023). For parts of this

thesis, in particular for the work presented in Chapter 3, I modified this method to

evaluate forces at the positions of the progenitor and the stream particles in the BFE

representation of the deforming Milky Way–LMC system.

2.2.3 Fitting stellar streams

With a method at hand to produce a suite of stream models, we can fit the stream

ICs and other free parameters in that model, e.g. the parameters of the Milky Way

and LMC halo profiles, by comparing the model streams to the stream observables.

Stream observables are often rotated into a coordinate system that is aligned with the

stream. In that coordinate system, the observables are (i) the stream track comprising

of the angle along the stream ϕ1 and the angle perpendicular to the stream ϕ2, (ii)

the distances d, (iii) the radial velocities vr, and (iv) the proper motions along and

perpendicular to the stream µ⋆ϕ1

6 and µϕ2
. An example of these stream observables is

shown in Figure 3.4. The stream models are generated in Galactocentric coordinates

(⃗x, v⃗). When comparing the models to data, to avoid covariances between observational

uncertainties, the models are converted into stream coordinates.

The fit is based on a maximum-likelihood approach. In this method, a likelihood is

formulated that describes how well the modelled stream matches the observed data in

all observables obs with their observational uncertainty, σobs,i, and model uncertainty

σmodel,i:

p(datai|model) =
1√

2π
(
σ2obs,i + σ

2
model,i

) exp


−

(
obsmodel(ϕ1,i) − obsdata,i

)2

2
(
σ2obs,i + σ

2
model,i

)


 (2.6)

6 The star at this proper motion indicates that it was corrected for the convergence of meridians towards
the North and the South Celestial Pole, i.e. µ⋆ϕ1

= µϕ1
cosϕ2 in stream coordinates and µ⋆α = µα cos δ in

celestial coordinates.
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for a data point i along the track ϕ1. The total probability P is the product of the

likelihood evaluation at each data point for each observable.

In order to find the best-fit model parameters and their uncertainties, we need to ex-

plore the likelihood surface. For this, we use the Markov Chain Monte Carlo (MCMC)

Ensemble sampler emcee (Foreman-Mackey et al., 2013)7. In emcee, a number of walk-

ers explore the log-likelihood space – we, therefore, implement the log of Equation 2.6

and sum over each data point and each observable. The walkers are initialised as a

parameter vector over a range around the expected truth of each parameter. At each

step, stream models are generated, and their log-likelihood is calculated. The likeli-

hood function should also include an evaluation of the log-prior probability density

function (pdf). The log-prior function can be ‘flat’ (returning 0) or include boundary

conditions that return negative infinity if the parameter is out of bounds, e.g. for a

negative mass parameter M < 0. Examples of how to implement this are given in the

emcee documentation8.

The likelihood is compared to the prior step, and roughly speaking, the walker either

stays put if the likelihood is better and it passes an acceptance test – the parameter

vector is accepted – or goes back and goes in a different direction if the likelihood is

worse – the parameter vector is rejected9. This way, the walkers will climb towards

regions of high likelihood in parameter space.

The result is a posterior chain with the parameter vectors. This method requires that

walkers are independent. This can be ensured by implementing a ‘burn-in’: throwing

away a few times the number of steps it takes until the walkers ‘forget’ where they

started – the autocorrelation time. Then, to present the best-fit stream, we select the

parameter vector with the highest log-likelihood as the best solution. Results that quote

the uncertainty of a parameter are given as the median of the chain, with the 16th

7 As the developers of this package note in Hogg & Foreman-Mackey (2018), a bad reason to use this
package is to optimise the likelihood as one should use an optimiser for this. Nevertheless, we not only
aim to find the highest-likelihood solution but also to robustly estimate the parameter uncertainties. Since
the particle-spray stream modelling technique is highly numerical, it does not meet the requirements for
many other likelihood estimators. Therefore, until there is significant technical development for stream
modelling techniques, emcee is still the best tool for our objectives.

8 emcee.readthedocs.io
9 An easy-to-understand tutorial with more depth aimed at junior undergraduates can be found here:

prappleizer.github.io/Tutorials/MCMC/MCMC_Tutorial.html.

https://emcee.readthedocs.io/en/stable/
https://prappleizer.github.io/Tutorials/MCMC/MCMC_Tutorial.html
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and 84th quantiles as uncertainty values. The fitting routine presented here is used in

Chapter 5.

How to tweak the fits

For many different reasons, fitting stellar streams is not trivial. Here, I will give an

overview of different features that may affect stream models and can be tweaked to

improve the fits and possible pitfalls of the methods. This know-how comes from peo-

ple with substantial fitting experience who have faced these problems and passed on

the knowledge (e.g. Denis Erkal, Adrian Price-Whelan, and Wilma Trick). As this is not

written down in a concise form anywhere, this aims to become some kind of guidance.

units A first step for testing and debugging code is to make sure the units are correct.

Often, simple mistakes can be found this way without much debugging. A very helpful

tool to keep track of the units is astropy.units10 (The Astropy Collaboration, 2013,

2018, 2022). This applies not just to fitting routines and models but to any quantitative

research.

stream model The stream model is subject to many choices and features that affect

the fits to the data. They can be split up into choices regarding the progenitor, the orbit

integration, and the particle release mechanism.

• Progenitor: For many streams, the progenitor is unknown. We estimate its mass

and scale radius from stream properties, i.e. whether the progenitor was a GC

or a DG. The progenitor mass is chosen to match the stream widths in whatever

parameters have been measured, most typically the width on the sky. Another

assumption is to have a constant mass loss of the progenitor so that it reaches

complete disruption at the end of the integration time (if the stream does not

have a progenitor anymore). This is generally good enough for fits that aim to

constrain the Galaxy’s potential parameters. If the aim is to study perturbations

along the stream, more care needs to be taken in modelling the progenitor.

• Particle release mechanism: The particle release mechanism follows the mLCS method.

Given that the progenitor is modelled as an analytic potential and not a collection

10 docs.astropy.org/en/stable/units/

https://docs.astropy.org/en/stable/units/
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of particles, there needs to be a prescription of when particles are released from

the Lagrange points. There are different prescriptions to choose from: constant

release of particles, e.g. N1 = Ntotal/Nstep particles at every integration step (im-

plemented in the stream models in Chapters 3 and 4), or releasing particles at

times drawn from a Gaussian centred on each pericentre with the total number

of particles released per pericentre N2 = Ntotal/Npericentres (implemented in Chap-

ter 5). N2 ≫ N1 should be true; otherwise, the time steps of the orbit integration

might be too long. The choice of Ntotal affects the model shot noise uncertainty, as

it scales with σmodel ∼ 1/
√
Ntotal. We require that this shot noise is much smaller

than the observational noise to avoid adding additional model uncertainty.

• Orbit integrations: The orbit integration comes with two main choices: the integra-

tion time of the stream and the time steps along that integration. The integration

time should generally be chosen so that the stream model covers the whole data

range. The integration time affects the number of peri- and apocentres the stream

completes. For fitting the gravitational potential, the exact integration time is not

significant as long as it is long enough. An exception is fitting the Palomar 5

stream, where the number of pericentres seems to affect the stream morphology

(Küpper et al., 2015).

The time steps in the orbit can either be constant or adaptive. Constant time

steps need to be small enough to recover the orbit when the particle is moving

fastest at the pericentre. As particles move slower when further away from their

pericentre, the time steps can be larger and, therefore, constant time steps are

computationally more expensive than necessary. Adaptive time steps take this

into account and calculate the optimal size at each step within some boundaries.

This is particularly useful when stream models are more complicated and take

longer to calculate, e.g. when evaluating forces from the Milky Way–LMC BFEs.

likelihood surface Ideally, in a fit, the likelihood is a smooth surface that has

a clear maximum at the parameter with the highest likelihood. Generating streams is

a numerical process, which affects the likelihood surface and makes it noisy. This can

be seen as an uneven ‘edge’ of the likelihood, i.e. the maximum likelihood over the

allowed range of a parameter can be patchy. Furthermore, this process can result in



58 methodology

local maxima of the likelihood in which the walkers can get ‘stuck’ (this problem is

discussed towards the end of this chapter). When analysing the results of fits, it is rec-

ommended to inspect the likelihood given a parameter (e.g. as a scatter or contour plot)

to ensure a smooth surface. If the likelihood appears noisy, there are several ‘hacks’ one

could try: increase the number of stream particles, introduce nuisance parameters or

increase the number of walkers. None of these hacks guarantees a smooth likelihood

surface, though, and it might be necessary to introduce some more significant changes

to the fitting process.

errors and nuisance parameters There are different types of errors evaluated

in the fits, and one needs to be careful to select the right one(s). The first type of error

or uncertainty regards the data. Depending on the number of available data points

along the stream, the data and its uncertainty are either reported for each star or for a

mean track that is fit to a bin along the track. When calculating the uncertainty in the

likelihood, the model uncertainty needs to be taken into account by being combined in

quadrature with σ =
√
σ2obs + σ

2
model. The selection of the model uncertainty depends

on the type of data uncertainty. If the data are individual observables for each star, the

model uncertainty is the width of that observable, e.g. the width of the stream on the

sky. If the data are mean track data, then the model is fitted with a line in each bin,

and the model uncertainty is the uncertainty of the mean.

In order to avoid numerical artefacts affecting the stream models, the uncertainty of

the model needs to be significantly smaller than the uncertainty of the observational

data. When looking at mean quantities in the data, e.g. the mean stream track, as a

rule of thumb, the observational uncertainty should be at least five times as large as

the model uncertainty at the parts of the stream with the smallest data uncertainties.

Lastly, if a fit does not seem to converge, has a very bumpy likelihood surface, or

gives dubious results, it is possible to add nuisance parameters to try to improve the

fit. These are an additional unaccounted-for source of error in the model (or in the

data) which is added in quadrature with the other Gaussian spreads. These parameters

allow the fit to add uncertainties to observables that are not included in the model

uncertainties. As an example, these nuisance parameters are included in the fits in

Chapter 5.
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choice of fitting method As mentioned in a footnote, MCMCs and emcee are

not tools to fit data. More on fitting and MCMCs can be learned in Hogg et al. (2010), an

in-depth overview and tutorial on fitting techniques, and in Hogg & Foreman-Mackey

(2018), a ‘user manual’ for using MCMC methods. However, if one chooses to fit with

emcee, there are several considerations one needs to be aware of. Section 4 in Foreman-

Mackey et al. (2013) provides a useful discussion and tips for using emcee. This is a

(likely incomplete) overview of the choices and features I have encountered in regard

to stream modelling.

• Initialisation of the walkers: For most MCMC methods, including emcee, the walkers

need to be initialised. For a successful MCMC run and a not-too-long burn-in

time, the position where the walkers are initialised should not be completely

random but somehow informed. On the other hand, it should not be exactly at

the optimum of the posterior pdf as the walkers might not explore enough of

the parameter space then. One approach is to sample from the prior distribution.

This distribution can e.g. be taken from the results of previous fits to the stream

that is being modelled.

• Number of walkers: The number of walkers should be large! Hundreds ideally.

Otherwise, particularly with tens or more parameters, the walkers could get

‘stuck’ on local maxima on the Nparam-dimensional likelihood surface. Obviously,

increasing the number of walkers slows down the burn-in – it scales with the

number of walkers – and, therefore, the whole fit. Foreman-Mackey et al. (2013)

suggests choosing the greater number of (i) the smallest number of walkers that

provide a good acceptance fraction and (ii) the resulting number of samples. As

a rule of thumb, for a given number of model parameters, Nparam, for which the

likelihood is explored, there should be at least N2
param or even N3

param walkers.

• Number of steps: The number of steps should be not too many and not too few. Too

many steps will just unnecessarily increase the run time. Once the samples are

independent, the walkers have taken enough steps. This usually happens after

a few (maybe 10) autocorrelation times11 (Foreman-Mackey et al., 2013). On the

other hand, too few steps will not produce independent samples.

11 emcee.readthedocs.io/en/stable/tutorials/autocorr/

https://emcee.readthedocs.io/en/stable/tutorials/autocorr/
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• Useful tools: There are two tools within emcee that I found to be incredibly help-

ful when fitting streams, particularly when running them on a computing cluster:

the possibility to parallelise the run12 and saving the state of the chain to a file13.

The parallelisation can be either distributed over several cores of a machine us-

ing the multiprocessing tool14 or on a computing cluster using schwimmbad15

(Price-Whelan & Foreman-Mackey, 2017). The chains are saved in an HDF5 file

using the h5py package (Collette, 2013). These files can be used to initialise the

walkers at their last step when restarting a fitting run after e.g. a cluster time-

out. They are also useful for checking on the chains during the fit, analysing

preliminary results, and estimating the autocorrelation time and the number of

necessary steps. Many times, I adjusted my fitting routine (in regards to any of

the points mentioned in this section) and completely restarted them based on

checking preliminary results.

But beware, if you have a multi-modal posterior space – the walkers finding more than

one likely solution – emcee will perform badly as walkers might get ‘stuck’ in different

modes. It is suggested to split up the parameter space into single-mode regions and

to sample them independently. For streams, multimodal solutions are possible for the

halo flattening. Therefore, fits are often split up into fitting an oblate, a prolate and a

spherical halo independently and then comparing their likelihoods (Erkal et al., 2019;

Koposov et al., 2023, and in Chapter 5).

12 emcee.readthedocs.io/en/stable/tutorials/parallel/
13 emcee.readthedocs.io/en/stable/tutorials/monitor/
14 docs.python.org/3/library/multiprocessing.html
15 schwimmbad.readthedocs.io

https://en.wikipedia.org/wiki/Hierarchical_Data_Format
https://emcee.readthedocs.io/en/stable/tutorials/parallel/
https://emcee.readthedocs.io/en/stable/tutorials/monitor/
https://docs.python.org/3/library/multiprocessing.html
https://schwimmbad.readthedocs.io/en/latest/
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T H E E F F E C T O F T H E D E F O R M I N G D A R K M AT T E R H A L O E S O F

T H E M I L K Y WAY A N D T H E L A R G E M A G E L L A N I C C L O U D O N

T H E O R P H A N - C H E N A B S T R E A M

It has recently been shown that the Large Magellanic Cloud (LMC) has a substantial

effect on the Milky Way’s stellar halo and stellar streams. Here, we explore how defor-

mations of the Milky Way and the LMC’s dark matter haloes affect stellar streams, and

whether these effects are observable. In particular, we focus on the Orphan-Chenab

(OC) stream which passes particularly close to the LMC and spans a large portion of

the Milky Way’s halo. We represent the Milky Way–LMC system using basis function

expansions that capture their evolution in an N-body simulation. We present the prop-

erties of this system, such as the evolution of the densities and force fields of each

galaxy. The OC stream is evolved in this time-dependent, deforming potential, and

we investigate the effects of the various moments of the Milky Way and the LMC. We

find that the simulated OC stream is strongly influenced by the deformations of both

the Milky Way and the LMC and that this effect is much larger than current observa-

tional errors. In particular, the Milky Way dipole has the biggest impact on the stream,

followed by the evolution of the LMC’s monopole, and then the LMC’s quadrupole.

Detecting these effects would confirm a key prediction of collisionless, cold dark mat-

ter, and would be a powerful test of alternative dark matter and alternative gravity

models.

Work shown in this chapter is accepted for publication and presented in Lilleengen et al. 2023,

MNRAS.
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3.1 introduction

Despite its ubiquity, dark matter continues to evade direct (e.g. Aprile et al., 2018),

indirect (e.g. Gaskins, 2016), and collider searches (e.g. Kahlhoefer, 2017). To date, the

only evidence of dark matter has come from its gravitational effect on astrophysical

probes (e.g. Zwicky, 1937; Rubin & Ford, 1970; Read, 2014; Planck Collaboration, 2016).

Merging galaxy clusters, which effectively serve as huge dark matter colliders, have

proven a particularly fruitful testing ground for the collisionless nature of dark matter

(e.g. Clowe et al., 2004; Markevitch et al., 2004; Bradač et al., 2008; Jee et al., 2014). The

most iconic of these is the Bullet Cluster (Markevitch et al., 2002). It shows a clear offset

between the dark matter (as measured with weak lensing) and the gas (as measured

with X-rays) which has been used both as evidence of dark matter (e.g. Clowe et al.,

2004) and to set constraints on self-interacting dark matter (e.g. Markevitch et al., 2004;

Robertson et al., 2017).

Evidence is mounting that the ongoing merger of the Large Magellanic Cloud (LMC)

and the Milky Way may serve as a similarly useful dark matter collider. The LMC is

believed to be on its first approach to the Milky Way (Besla et al., 2007) and appears to

still have a substantial dark matter halo consistent with what is expected from abun-

dance matching, ∼ 2× 1011 M⊙ (e.g. Moster et al., 2013; Behroozi et al., 2013). Such a

massive halo would have a large effect on structures in the Milky Way, and such ef-

fects have recently been detected. For example, in order to explain the nearby presence

of the Small Magellanic Cloud (SMC) and other Magellanic satellites, an LMC mass

of > 1011 M⊙ is needed (e.g. Kallivayalil et al., 2013, 2018; Erkal & Belokurov, 2020;

Patel et al., 2020). An LMC mass of ∼ 2.5× 1011 M⊙ is needed to explain the timing

argument with M31 and the nearby Hubble flow (Peñarrubia et al., 2016). The LMC’s

effect has also been detected in the Milky Way’s stellar halo, both in terms of kine-

matics (Erkal et al., 2021; Petersen & Peñarrubia, 2021) and overdensities in the stellar

halo (e.g. Belokurov et al., 2019; Garavito-Camargo et al., 2019; Conroy et al., 2021), all

consistent with LMC masses of ∼ (1− 2)× 1011 M⊙. Finally, the LMC has perturbed

many stellar streams in the Milky Way, allowing for a precise measurement of its mass,

∼ (1.3− 1.9)× 1011 M⊙ (Erkal et al., 2019; Koposov et al., 2019; Shipp et al., 2019, 2021;

Vasiliev et al., 2021).
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These large LMC masses correspond to roughly 10− 20 per cent of the Milky Way

mass (e.g. Wang et al., 2020a). As such, this substantial merger will create significant

tidal deformations in the dark matter haloes of both the Milky Way and the LMC

(e.g. Weinberg, 1989, 1998; Laporte et al., 2018; Garavito-Camargo et al., 2019, 2021a).

Garavito-Camargo et al. (2021a) quantified these deformations by first running an N-

body simulation of the Milky Way–LMC encounter and then fitting basis function

expansions (BFEs) to the present-day snapshot of a Milky Way–LMC realisation. Their

analysis showed that the dark matter haloes of both the Milky Way and the LMC

deform substantially. For their Milky Way model, these effects were comparable to the

expected halo triaxiality seen in cosmological simulations (e.g. Chua et al., 2019) and

thus would need to be understood in order to robustly measure the shape of the Milky

Way halo. Furthermore, previous works have shown that the detailed structure of these

deformations would also depend on the nature of dark matter (e.g. Furlanetto & Loeb,

2002; Hui et al., 2017; Lancaster et al., 2020).

In this chapter, we show that stellar streams are sensitive to the deforming dark

matter haloes of both the Milky Way and the LMC. Stellar streams form as globular

clusters and dwarf galaxies disrupt in the presence of their host galaxy. They are pow-

erful probes of the host’s gravitational potential (Johnston et al., 1999; Helmi & White,

1999): the collection of stars in the stream roughly delineate orbits in the host potential

(Sanders & Binney, 2013a), allowing us to infer the accelerations that the stars experi-

ence (and hence the host’s gravitational field) without having to directly measure the

acceleration1. Many streams in the Milky Way have already been used to fit the Galac-

tic potential (e.g. Law & Majewski, 2010; Koposov et al., 2010; Vera-Ciro & Helmi, 2013;

Bonaca et al., 2014; Gibbons et al., 2014; Küpper et al., 2015; Bovy et al., 2016; Erkal

et al., 2019; Malhan & Ibata, 2019; Vasiliev et al., 2021).

In this chapter, we focus on the Orphan-Chenab (OC) stream (Grillmair, 2006; Be-

lokurov et al., 2006; Shipp et al., 2018; Koposov et al., 2019). This stream is particularly

well-suited to study the deformations of the Milky Way and the LMC since it has

experienced a close passage with the LMC (∼15 kpc, Erkal et al., 2019) and spans a

1 See, however, Quercellini et al. (2008); Silverwood & Easther (2019); Chakrabarti et al. (2020) for efforts to
directly measure accelerations of bright, nearby stars with upcoming spectrographs, Gaia Collaboration
(2021b) for a measurement of the solar system’s acceleration with quasars, and Chakrabarti et al. (2021)
for a measurement of the local acceleration within ∼ 1 kpc with binary pulsars.
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large portion of the Milky Way (Koposov et al., 2019). Erkal et al. (2019) have used this

stream to measure the potential of both the Milky Way and the LMC. Their fits prefer

a Milky Way dark matter halo that is misaligned with the Milky Way’s disc and either

strongly oblate or strongly prolate. Interestingly, the oblate halo is roughly aligned

with the orbital plane of the LMC and the prolate halo is aligned with the present-day

position of the LMC, hinting that the inferred halo shape may be connected to the LMC.

Furthermore, the oblate halo of Erkal et al. (2019) is similar to the triaxial (but nearly

oblate) haloes inferred with the Sagittarius stream (Law & Majewski, 2010; Vasiliev

et al., 2021). We note that while the fits in Erkal et al. (2019) and Vasiliev et al. (2021)

allow the Milky Way to move in response to the LMC, both of these fits assume that the

dark matter haloes of the Milky Way and the LMC are rigid (i.e. time-independent)2.

This leads to the question; how exactly are streams affected by the deformation of the

dark matter haloes of the Milky Way and the LMC?

In order to understand how the OC stream is affected by these deformations, we

study the interaction of the Milky Way and the LMC with N-body simulations. The N-

body simulations use basis function expansions to compute the density, potential, and

forces that each particle experiences as a function of time and are performed using the

basis function expansion software toolkit EXP (Petersen et al., 2022a). This provides us

with time-dependent BFEs that we can use to evolve stellar streams in this disturbed

system. The time-dependent BFEs allow us to explore how the different orders of both

the Milky Way and the LMC expansion (in particular the multipole orders) affect the

stream.

This chapter is organised as follows. In Section 3.2, we describe the BFE technique

and our Milky Way–LMC model. In Section 3.3, we present the OC stream data and

models and describe how they are affected by different moments of the deforming

Milky Way–LMC model. Then in Section 3.4, we discuss our results, how tracing these

deformations with stellar streams could allow us to distinguish between several dark

matter and alternative gravity models, and the possible influence of the SMC on the

Milky Way–LMC model. We summarise our findings and conclude in Section 3.5.

2 We note that Vasiliev et al. (2021) performed the MCMC exploration of the Milky Way and LMC param-
eters using rigid haloes. They then ran live N-body simulations and provided time-dependent potentials
for some sets of the best-fit parameters.
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3.2 basis function expansions

3.2.1 EXP

To model orbits for stellar stream particles in the combined (and evolving) Milky Way–

LMC environment, we require a description of the potential and forces at any arbitrary

point in the system (and through time). Unfortunately, analytic potentials will not

describe deformations in the dark matter haloes of the Milky Way or the LMC. We,

therefore, seek a flexible alternate method to describe the density, potential, and forces

as they evolve through time: basis function expansions. Basis function expansions have

proved a viable method to produce flexible models of the Milky Way (e.g. Petersen

et al., 2016; Dai et al., 2018; Petersen et al., 2019; Petersen & Peñarrubia, 2020; Garavito-

Camargo et al., 2021a). We use the basis function expansion machinery implemented

in EXP (Petersen et al., 2022a) to both run N-body simulations, as well as to resimulate

the fields ex post facto.

Briefly, basis function expansions model a target distribution as the sum of orthogonal

basis functions, represented by the index µ, each of which adds an additional degree

of freedom to the system. Each function has an associated coefficient, Aµ, which is the

contribution of the function to the total description of the system. The total system

at any given time is parameterised by the functions and their coefficients. We vary

the coefficients through time to describe the evolving potential and keep the functions

fixed in their initial forms.

In the case of a three-dimensional distribution of masses, one forms biorthogonal

potential-density pairs that solve Poisson’s equation3. The Hernquist basis set (Hern-

quist & Ostriker, 1992) is one such set of basis functions, which efficiently expands the

Hernquist density distribution (Hernquist, 1990). Another standard method to expand

an input model spherical distribution, ρmodel(r,ϕ, θ), uses spherical harmonics Yml to

describe the (ϕ, θ) angular dependence, and eigenfunctions of the Sturm-Liouville

equation (of which Poisson’s equation is a special case, see Weinberg, 1999) to de-

scribe the three-dimensional radial dependence (indexed as n). The radial basis index,

n, corresponds to the number of nodes in the radial function. For l = 0, n is equal to

3 That is, pairs of indexed potential and density functions (ϕi(⃗x), ρi(⃗x)) satisfy the following equations:
∇2ϕi = 4πGρi and

∫
dx⃗ϕi(⃗x)ρj(⃗x) = 4πGδij, where δij is the Kronecker delta.
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the number of nodes in each radial function. For l > 0, the number of nodes in the

radial function is n+ 1. Each spherical basis function may be represented by the triple

µ ≡ (l,m,n), and the entire spherical coefficient set is of size (lmax + 1)
2 · (nmax + 1)

at each timestep. Previous work using EXP demonstrated high force reconstruction

accuracy when modelling the Milky Way using lmax = 6, nmax = 17 for the halo (Pe-

tersen et al., 2022a). As the LMC is undergoing a more significant deformation than

the Milky Way, we model the LMC using a modestly larger number of radial func-

tions to resolve the deformation. Guided by previous models for the Milky Way and

LMC (Petersen & Peñarrubia, 2021), we choose lmax = 6, nmax = 17 for the Milky

Way and lmax = 6, nmax = 23 for the LMC4. The basis functions are defined to be

biorthogonal (Weinberg, 1999), such that the inner product of the density and poten-

tial functions for each component is the sum of the power computed from the entire

coefficient set. The physical interpretation of the coefficient power is then that of grav-

itational energy, which allows one to interpret power as the self-gravity of the system

represented by the different functions. Throughout, we will describe individual har-

monic subspaces, referring to the l = 0 terms as the monopole, the l = 1 terms as the

dipole, and the l = 2 terms as the quadrupole5. The lowest-order monopole function

(l = n = 0) is tailored to match the density profile of the target mass distribution, such

that ρlmn(r) = ρ000(r) = ρmodel(r) (and equivalent relationships for the potential Φ).

While a spherical object, such as the dark matter haloes of the Milky Way and the

LMC, may be straightforwardly expanded using a spherical basis, a cylindrical mass

distribution such as a stellar disc would necessitate extremely high l orders to ap-

proximate a thin structure. We, therefore, use the adaptive basis technique in EXP

to derive a basis that more closely matches a target stellar density distribution. The

cylindrical basis is selected from a high-order (lmax = 64,nmax = 63) spherical expan-

sion by finding the optimal meridional functions through eigendecomposition. The

cylindrical basis functions are described by two cylindrical coordinates, R and z, with

the angular dependence coming from a Fourier expansion in azimuthal harmonics

m. As in the case of the spherical expansions, the lowest-order monopole function

4 For all expansions, we index the lowest-order radial function as n = 0, meaning that the Milky Way (LMC)
has 18 (24) radial functions per harmonic order. The harmonic functions (indexed by l in the spherical
case and m in the cylindrical case) both also begin at 0.

5 Higher l orders will be simply described as l = 3, . . . , lmax.
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(m = n = 0) will closely resemble the equilibrium density of the target mass distri-

bution, ρmn(R, z,ϕ) = ρ00(R, z,ϕ) ≈ ρmodel(R, z). For the total cylindrical expansion,

we retain functions and coefficients up to mmax = 6 and nmax = 17. The cylindrical

coefficient set is then of size (2mmax + 1) · (nmax + 1) at each timestep.

Representing the system as the linear sum of solutions to Poisson’s equation is a

so-called global basis, that has the principal benefits of describing the self-gravity in

a given correlated evolutionary mode of the system. The downside of global bases

is their susceptibility to aliasing6. Further, owing primarily to finite-N effects in the

models, there is uncertainty on the coefficients of a given basis function. In practice,

this will add numerical noise to the (re-)simulation, as well as create scatter in the

coefficients.

Despite these limitations, careful use of basis function expansions provides a com-

putationally efficient and flexible means to describe an evolving model. In the next

section, we introduce the models from which we obtain the basis functions and coeffi-

cients in order to model the OC stream.

3.2.2 N-body models

We build our model Milky Way–LMC from three components: a Milky Way stellar

component (a disc and bulge), a Milky Way dark matter halo, and an LMC dark

matter halo. The dark matter profiles are selected to be the best fit, but reflexive,

spherical potential (labelled ‘sph. rMW+LMC’) from table A1 of Erkal et al. (2019):

an Navarro–Frenk–White (NFW) (Navarro et al., 1997) Milky Way dark matter halo

with MMW halo = 7.92 × 1011 M⊙, rs = 12.8 kpc, and c = 15.3, a Miyamoto-Nagai

(Miyamoto & Nagai, 1975) stellar disc withMMW disc = 6.8×1010 M⊙, a = 3.0 kpc, and

b = 0.28 kpc, a Hernquist (Hernquist, 1990) stellar bulge withMMW bulge = 5×109 M⊙,

rs = 0.5 kpc, and a Hernquist LMC dark matter halo with MLMC = 1.25× 1011 M⊙

6 Aliasing formally owes to the truncation of the infinite series; in practice, regions with low sampling (i.e.
low density) are the most affected. Fortunately, these regions are low-density and therefore tend to have
little impact on the evolution, but may cause structures that are obvious by eye. In an idealised test of a
deformed model, Petersen et al. (2022a) demonstrate that regions at r > 5rs, mismatch in the outskirts of
models may contribute a 1% error to the forces. These regions do not strongly affect the evolution of the
OC stream.
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and rs = 18.43 kpc7. While we do not apply a truncation to the Hernquist pro-

file of the LMC, we add a truncation to the Milky Way halo potential to counteract

the infinite mass of the NFW potential. We truncate the profile by multiplying the

density profile by a normalised error function such that the final Milky Way pro-

file is ρMilky Way(r) = 0.5ρNFW(r) (1− erf [(r− rtrunc)/wtrunc]) where rtrunc = 430 kpc

and wtrunc = 54 kpc. The models are realised with NMW halo = 107, NLMC = 107,

NMW disc = 106 particles, following the procedures in Petersen et al. (2021). We define

the bases for each component using the basis selection techniques in EXP. The Milky

Way and LMC dark matter haloes are represented as spherical bases; the Milky Way

stellar disc and bulge mass distributions are combined and represented by a single

cylindrical basis, as introduced in Section 3.2.1.

The N-body models are evolved using EXP, which uses the basis functions for each

component to obtain the forces (see Petersen et al., 2022a, for details). We have checked

that the distance between the expansion centre of the Milky Way halo and the Milky

Way stellar component (consisting of the disc and the bulge) is smaller than the mini-

mum node spacing in the Milky Way halo expansion (i.e. the node spacing in the l = 0,

n = 17 Milky Way basis function). To realise the trajectory, we first run point-mass

models of the Milky Way and the LMC in reverse from their present-day locations

to obtain a rough trajectory. We specify the present-day centre position and velocity

of the LMC using (αLMC, δLMC) = (78.76◦ ± 0.52,−69.19◦ ± 0.25), with proper motions

(µα⋆,LMC,µδ,LMC) = (−1.91± 0.02 mas/yr, 0.229± 0.047 mas/yr) from Kallivayalil et al.

(2013), the distance from Pietrzyński et al. (2019), dLMC = 49.59± 0.54 kpc, and the

line-of-sight velocity from van der Marel et al. (2002), vlos, LMC = 262.2± 3.4 km s−1.

We find that we recover a qualitatively similar orbit to the best-fit reflexive spherical

model from Erkal et al. (2019). Individual model realisations may be run on modest-

sized supercomputers owing to the computational efficiency of EXP. However, in order

to obtain a realisation that is sufficiently close to the present-day Milky Way–LMC pair,

we run a grid of 15 live N-body models around the rewound point mass models and

select the model which best matches the present-day observables. We note that these

live N-body models self-consistently include the dynamical friction the LMC experi-

7 In the publication, we quote rs = 14.9 kpc. After the chapter was published, we found a mistake in
the conversion between virial and physical units and the scale radius of the NFW halo is, in fact, rs =
18.43 kpc.
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ences in the presence of the Milky Way, in contrast to the initial point-mass models,

which do not include any dynamical friction prescription. Future models may reach

quantitatively better matches to the luminous positions of the Milky Way and the LMC,

but for our purposes, the match of the Milky Way–LMC pair is sufficient to study the

effect of deformations on stellar stream observables.

For computational convenience, we convert the physical units of the simulation into

virial units (G = Tvirial = MMW = 1). In these units, we allow maximum timesteps of

dtmax = 0.002 Tvirial, with smaller timesteps decided by adaptive criteria, down to a

minimum of dtmin = 0.000125 Tvirial. At each minimum timestep in the simulation, the

coefficients for each function are tabulated from the present distribution of the particles

and recorded for later use. The live simulation starts at T = −1.2 Tvirial(= −2.5 Gyr)

before the present day (T = 0). When representing the density/force/potential fields

of the system at times prior to the start of the live simulation, we set the coefficients

for each component to be their initial values, and place the LMC on a coasting orbit

determined by extrapolating the T = −1.2 Tvirial velocity vector of the LMC backwards

in time8. The simulation qualitatively resembles the present-day snapshots of both

other simulated (Garavito-Camargo et al., 2019, 2021a) and numerical (Rozier et al.,

2022) models of the Milky Way–LMC interaction.

3.2.3 Dipole/quadrupole evolution

Figure 3.1 is a global view of the Milky Way–LMC interaction, as represented by our

BFE. To summarise the Milky Way and LMC systems, we compute the squared sum

of coefficients
∑

n,m |Almn|
2 over all radial functions n and m ∈ [−l, . . . , 0, . . . , l] for

each l harmonic subspace to compute a measure of the self-gravity in each harmonic

subspace, Al. The power values themselves are model-dependent, so we choose to

normalise the power in each harmonic subspace to the total power in the monopole

(l = 0) harmonic subspace, Pl/P0 = A2
l /A

2
0. Given this normalisation, we interpret the

series of power over time as the relative influence of each harmonic order to represent

the global system and describe percentages of self-gravity represented by particular

harmonic subspaces. We inspected harmonic subspaces as a function of radial order

8 A python interface to integrate orbits and access the expansion model for the simulation can be found
here: https://github.com/sophialilleengen/mwlmc.

https://github.com/sophialilleengen/mwlmc
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Figure 3.1: Time evolution of the relative power in non-monopole harmonic orders of the Milky
Way halo (top) and the LMC (bottom). The power in each harmonic order is normalised by the
monopole (l = 0) power. Power may be interpreted as the amount of self-gravity in a particular
harmonic order, such that larger power values indicate more influence. Insets show a zoom-in
focusing on the 200 Myr preceding the present day. The strongest multipole order in the Milky
Way is its dipole which has been slowly increasing over the last 500 Myr and more rapidly over
the last few hundred Myr. The LMC is dominated by a sharply rising quadrupole over the last
200 Myr, with contributions of the higher orders becoming nonzero in the last 100 Myr.
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n and found that the amplitudes decrease monotonically (that is, the n = 0 order is

the largest, n = 1 the next largest, and so on). Therefore, we report only the sum over

each harmonic subspace throughout the chapter. We include a visual breakdown of

sums over n order in Appendix A.1. While the power is an efficient parametrisation of

the total system, streams are inherently a local (or restricted) measure of the potential,

which we will explore below. Nevertheless, concisely describing the Milky Way–LMC

system gives insight into the dynamics of the interaction.

The upper panel of Figure 3.1 demonstrates that the dipole is the largest deformation

in the Milky Way. The magnitude of the dipole owes to the ‘stretching’ of the Milky

Way towards the LMC as the LMC approaches from beyond the virial radius. The

dipole power becomes nonzero approximately as the LMC crosses the virial radius,

and continues increasing until rising rapidly during the last few hundred Myr. Other

harmonic orders are strongly subdominant, peaking below a tenth of the dipole power.

In contrast, the lower panel of Figure 3.1 shows that the quadrupole is the largest

deformation of the LMC over the past 500 Myr, owing to the strong tidal forces expe-

rienced by the LMC near pericentre. While the strength of the quadrupole dominates

the recent LMC response, other harmonic subspaces, including up to l = 6, also con-

tribute to the response. Prior to the past 500 Myr, the dipole deformation of the LMC

also dominates, with nonzero power on a similar timescale as the Milky Way.

In both panels, the estimation noise from finite-N effects is visible in the coefficient

series. This noise creates the smallest variations, most visible in the l = 1 curves, with

amplitudes of order 0.01×104 in the normalised power units. However, there are larger

amplitude variations as well (of order 0.05× 104 in the normalised power units), that

are likely the result of real dynamical evolution. As we cannot control the natural

dynamical evolution of the models, we expect some secular evolution dynamics to also

be encoded in the coefficient series.

3.2.4 Density

We can use the basis function expansions to investigate how the Milky Way and the

LMC deform in response to one another. We expect the biggest effect of deformations

due to the LMC in its orbital plane since this is the plane in which the LMC’s material

spreads out the most (e.g. see figure 10 in Erkal et al., 2019). In order to best show the



72 the oc stream in deforming dark matter haloes

-250-1250125250

-250

-125

0

125

250

z
′
[k

p
c]

MW

-250-1250125250
y ′ [kpc]

LMC

-250-1250125250

MW + LMC

103

104

105

106

107

ρ
M

[M
¯

k
p
c−

3
]

Figure 3.2: Density of the Milky Way halo (left panel), the LMC (middle panel), and combined
(right panel) of the BFE simulations in the orbital plane of the LMC at the present time. The
density is projected over a 10 kpc thick slab. The contour lines show the densities with a
constant multiplicative spacing of ∼ 2. The Milky Way exhibits deformations and a twist along
the past orbit of the LMC (blue line). The dashed grey vertical and horizontal lines show
the Milky Way centre to highlight asymmetries in the Milky Way halo. The LMC is heavily
elongated along its orbit and twisted towards the centre of the Milky Way. A video of the LMC
infall and the galaxies’ deformations over the past 1.5 Gyr can be found here.

LMC’s effect, especially when it is far from the Milky Way, we rotate coordinates to

be aligned with the LMC’s orbital plane; this rotation is explained in Appendix A.2.

While the LMC’s orbital plane is very close to the Galactic yz-plane, it differs by 5.8◦

in the x-direction, 4.3◦ in the y-direction, and 3.9◦ in the z-direction.

Figure 3.29 shows the densities of the Milky Way halo, the LMC halo, and their

combined densities from the full BFE expansions. While their dark matter haloes are

initialised to be spherical, over time (see video link in Figure 3.2 caption), the Milky

Way deforms where the LMC is falling in. This leads to a twist along the LMC’s past

orbit. The general shape of the Milky Way is governed by its dipole (as seen in Fig-

ure 3.1 and Figure A.1). The Milky Way’s density is lopsided and the density contours

are compressed in the positive z ′-direction and expanded in the opposite direction,

shifting the Milky Way’s density downwards beyond ∼ 25 kpc.

The LMC’s first visible deformation is the quadrupole in the leading part of the LMC.

Around 500 Myr ago, with the increase of power in the quadrupole, the whole LMC

starts elongating along the direction of its orbit. Over the last 100 Myr, the inner LMC

twists towards the Milky Way, which is described by the higher radial terms of the

quadrupole (see the third row in Figure A.1). The LMC has some deformations, partic-

9 Video link: https://youtu.be/KMeGVMXfLTw

https://youtu.be/KMeGVMXfLTw
https://youtu.be/KMeGVMXfLTw
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ularly towards the Milky Way, that need the higher harmonic orders to be described.

These densities for both the Milky Way and the LMC are similar to other simulations

of this interaction, e.g. in Erkal et al. (2019) and in Garavito-Camargo et al. (2021a).

3.2.5 Forces

While the density is useful for highlighting the deformations, the density itself is not

directly observable. Instead, the aim of this chapter is to show that the force fields gen-

erated by these deformations can be detected with stellar streams. In order to showcase

how the deformations affect these forces, we consider several different expansions of

our haloes throughout this chapter. First, we consider the present-day monopole which

captures the spherical behaviour of the halo. This is useful for comparing our deform-

ing models to other modelling techniques used to represent the Milky Way and the

LMC which assume the Milky Way and the LMC do not deform (e.g. Erkal et al., 2019;

Vasiliev et al., 2021; Shipp et al., 2021). We compare this with the ‘live’ model which

includes all orders of the multipole expansion.

Using the BFEs, we evaluate the forces from the dark matter haloes of the Milky Way

and the LMC for the monopole and the live simulations. Since the monopole haloes are

spherical, any aspherical forces in the live haloes must result from the deformations.

The strength of the aspherical force is given by

Faspherical = |r̂× F⃗| (3.1)

and the strength of the radial force is given by

Fradial = |r̂ · F⃗| (3.2)

where r̂ is the normalised position vector relative to the centre of the galaxy we consid-

ered. We take the absolute values of these forces to understand the magnitude of the

effect of the deformations.

In Figure 3.310, we compare the aspherical and radial forces in the live and monopole

haloes. In order to aid the comparison, we normalise the difference in these forces

10 Video link: https://youtu.be/im93oX6O33s

https://youtu.be/im93oX6O33s
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Figure 3.3: Aspherical and radial force differences between the live and monopole haloes for
the Milky Way (top row) and the LMC (bottom row) in the orbital plane of the LMC at the
present time. To aid the comparison, we normalise the force differences by the force from
the monopoles at the present day. The orbit of the other galaxy is indicated by the blue line.
The grey dashed lines show the centres of each halo. The grey-scale contours show the halo
densities with a constant multiplicative spacing of ∼ 3.8. Top left panel: For the Milky Way, the
aspherical forces are up to 18 per cent of the monopole force and, therefore, could have a
significant impact on objects in the affected parts. The maximum aspherical forces are around
the centre of the Milky Way, oriented towards and away from the LMC, again showing the
strong dipole. Top right panel: The radial forces in the North are lower while in the South, the
radial forces are higher than the monopole forces, particularly following the LMC and its past
orbit. Its change of force is higher compared to the Northern part. The first-order symmetry
in both panels is due to the Milky Way’s dipole. Bottom left panel: The aspherical forces of
the LMC are split into four parts, indicating the prominent quadrupole. The borders of the
quadrupole force shapes lie along the long and the short axis of the LMC’s density distribution.
The strongest parts of the aspherical force are at the leading part of the LMC, closest to the
Milky Way, until ∼ 300 Myr ago. Since then, the force field on the part opposite the Milky Way
grew stronger. The aspherical forces of the LMC are up to 23 per cent of its current monopole’s
force. Bottom right panel: The quadrupole of the LMC is visible in the radial forces as well. The
strongest change in the radial forces is again where the Milky Way falls in. Very recently, the
opposite direction gains radial force as well. The losses in the other two parts of the quadrupole
are not as strong. A video of the infall centred on each galaxy and the galaxies’ force fields over
the past 0.7 Gyr can be found here.

https://youtu.be/im93oX6O33s


3.3 the oc stream in live potentials 75

by the force from the monopole halo as a function of position. There are significant

aspherical forces, up to 18 per cent and 23 per cent of the monopole forces of the Milky

Way and the LMC, respectively. The LMC experiences enhanced aspherical and radial

forces, particularly at its leading arm for the last ∼ 300 Myr. While the Milky Way’s

dipole and the LMC’s quadrupole are visible throughout the whole evolution, they

become particularly significant over the last 100 Myr. Any objects that move in the

areas of enhanced aspherical forces should be affected by the deformations. We also

notice features in the Milky Way at small radii (r < 20 kpc) that likely correspond to the

interaction of the disc and inner halo. Furthermore, over the course of the interaction

and as seen in the top right panel of Figure 3.3, the Milky Way halo gets more centrally

concentrated. For the purposes of this chapter, the small-scale features do not figure

into the results. To understand the effects of the large-scale deformations better, in the

next section, we evolve and analyse a stellar stream in this time-dependent potential.

3.3 the oc stream in live potentials

In this section, we explore how the deforming Milky Way and LMC dark matter haloes

affect the OC stellar stream (e.g. Grillmair, 2006; Belokurov et al., 2006; Newberg et al.,

2010; Shipp et al., 2018; Koposov et al., 2019). We make this choice because the OC

stream is one of the streams most strongly perturbed by the LMC (e.g. Erkal et al.,

2019; Shipp et al., 2021) and because its observed extent covers a wide range of radii

in the Milky Way. As a result, we stress that we are only exploring the effect of the

deformations on the small set of orbits that the OC stream inhabits as a demonstration

of what is possible. Streams and structures on other orbits will also be strongly affected

by these deformations and we will explore the effects on other streams in future work.

3.3.1 Stream data

With proper motions from Gaia EDR3 (Gaia Collaboration, 2021a), radial velocities from

the Southern Stellar Stream Spectroscopic Survey (S5; Li et al., 2019), and distances

from RR Lyrae (e.g. Koposov et al., 2019), we now have a 6D view of the OC stream. The

presentation and detailed analysis of these data is published in Koposov et al. (2023).

The measurements of various observables are done through modelling of unbinned
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data as a function of angle along the stream track by cubic splines, similar to Erkal

et al. (2017) and Koposov et al. (2019). The number of likely spectroscopic members,

from which the proper motions and radial velocities are measured, is 379. The number

of likely RR Lyrae stars, from which the distance modulus is measured, is 120. The

splines are specified in terms of their values at a sequence of knots. In Figure 3.4,

we show the values at the knots with grey error bars. The stream coordinate system

(ϕ1,ϕ2) is defined in Koposov et al. (2019) and the rotation matrix is given in their

Appendix B. Since there is little covariance between neighbouring data points, we treat

these as independent measurements of the OC stream observables.

3.3.2 Stream modelling

To model the OC stream, we use the modified Lagrange Cloud Stripping (mLCS)

method originally developed in Gibbons et al. (2014), which was further modified in

Erkal et al. (2019) to include the force from the LMC and the reflex motion of the Milky

Way. The progenitor is modelled as a Plummer sphere with an initial mass of 107 M⊙,

approximately matching the observational mass constraint from Koposov et al. (2019),

and a scale radius of 1 kpc, to roughly match the width of the OC stream (Erkal et al.,

2019). We rewind the progenitor in the combined presence of the Milky Way and the

LMC for 4 Gyr. The orbital period of our OC stream model is 1.15 Gyr. The system is

then evolved forwards and tracer particles are released from the progenitor’s Lagrange

points to generate a stream. The Lagrange radius is estimated by computing

rt =

(
GMprog

Ω2 − d2Φ
dr2

) 1
3

(3.3)

where Mprog is the mass of the progenitor, Ω is the angular velocity of the progenitor

relative to the Milky Way, and d2Φ
dr2

is the second derivative of the Milky Way potential

computed along the radial direction (King, 1962). These ejected particles feel a force

from the Milky Way, LMC, and progenitor. Due to the low mass of the progenitor, we

do not model its dynamical friction in the presence of the Milky Way.

We model the Milky Way and the LMC with the BFE potentials described in Sec-

tion 3.2. We evaluate the forces of each expansion (Milky Way halo, Milky Way stellar

component, LMC halo) at each timestep for each particle. Motivated by the results of
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Dehnen & Read (2011), we compute two separate time scales for each particle. To cap-

ture the orbit around the Milky Way, we compute ∆ti, orbit = η
√

ri
|a⃗i|

where i is an index

for the stream particles, ri is the distance to the Milky Way, a⃗i is the acceleration expe-

rienced by the particle due to the Milky Way, and η = 0.01. To capture the orbit around

the progenitor, we compute ∆ti, prog = η
√

ri, prog
|a⃗i, prog|

where ri, prog is the distance to the

progenitor and a⃗i, prog is the acceleration due to the progenitor. We then compute the

minimum timestep over all of the particles, ∆t = min
i

(
∆ti, orbit,∆ti, prog

)
with a mini-

mum timestep of 0.5 Myr. The timesteps range up to 3 Myr. This is the same time-step

criterion as used in Erkal et al. (2019). We note that also including a time-step criterion

for the orbit relative to the LMC makes no observable difference to the stream.

Due to the long computation time of the force evaluations for each particle relative

to an analytic force (i.e. as in Erkal et al., 2019), we do not attempt to fit the data with

these stream models. Instead, we find the best model from a grid search over the pa-

rameter space around the initial conditions for the progenitor in a spherical Milky Way

halo with reflex motion from table A1 in Erkal et al. (2019). The streams created with

these initial conditions are compared to the data in each observable (i.e. track, proper

motions, distance, and radial velocity) following Erkal et al. (2019). We use a right-

handed coordinate system with the Sun’s position at x⊙ = (−8.249, 0, 0) kpc (distance

to the Galactic centre from GRAVITY Collaboration, 2020) and take its velocity to be

v⊙ = (11.1, 245, 7.3) km s−1 (with the peculiar velocity from Schönrich et al. 2010, and

basing the rotation velocity on proper motion measurements of Sgr A⋆ Reid & Brun-

thaler 2004). For each data point i, we select all model particles within 2◦ in ϕ1. We fit

a line as a function of ϕ1 to these particles. This maximum-likelihood fit returns the

meanmi,mod and uncertainty on the mean σi,mod at the location of the data point i. The

uncertainty on the mean results from the finite number of particles in the stream model.

We compare these fits to the data points in each observable using the log likelihood11

logLi = −
1

2
log
(
2π
(
σ2i,obs + σ

2
i,mod

))
−
1

2

(
mi,obs −mi,mod

)2

σ2i,obs + σ
2
i,mod

(3.4)

with the observed values mi,obs and observed uncertainty σi,obs. We sum these log-

likelihoods together and select the stream with the highest likelihood as the best-

11 Where log denotes the natural logarithm.
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matching stream. We use these initial conditions for all stream models shown in this

chapter. These initial conditions for the stream progenitor are ϕ1 = 6.340◦, ϕ2 =

−0.456◦,d = 18.975 kpc, vr = 93.786 km s−1, µ∗α = −3.590mas yr−1, µδ = 2.666mas yr−1,

following the notation of Koposov et al. (2019) and Erkal et al. (2019). The stream track

coordinates (ϕ1,ϕ2) are given in a coordinate system aligned with the OC stream pro-

vided in Koposov et al. (2019). This coordinate system follows a great circle with a pole

at (αOC, δOC) = (72◦,−14◦), and has its origin at (α0, δ0) = (191.10487◦,−62.86084◦).

The rotation matrix to this coordinate system is given in Appendix B of Koposov et al.

(2019).

The stream observables of the best-matching stream are shown in Figure 3.4. The

model follows the overall trends of the observed stream well but there are quantitative

discrepancies, in particular the radial velocities in the Northern part of the stream

(ϕ1 > 0◦). We note that Erkal et al. (2019) did not use radial velocities when fitting

the stream. Since our simulated Milky Way and LMC are initialised with the potentials

Erkal et al. (2019) obtained from their fits, a grid around their best initial conditions

therefore might limit our capacity to fully match the radial velocities. Furthermore,

including radial velocities could yield different potentials in which we would match

the data better. This may explain part of the discrepancy. In addition, our potentials

evolve due to the interaction of the Milky Way and the LMC. As a consistency check,

we let the stream evolve in the initial potential with the initial conditions of Erkal

et al. (2019) and find that the stream matches the stream track, distance, and proper

motions as in Erkal et al. (2019) which is much better than the live model presented

here. However, for the scope of this chapter, the live model stream resembles the OC

data close enough. We stress that this chapter does not aim at fitting the data, but

rather at investigating how the best-matching OC stream model is affected by the

deformations of the Milky Way and the LMC.

3.3.3 Stream tracks in increasingly complex potentials

One of the advantages of BFEs is that for each expansion, we can select different mo-

ments to evaluate the contribution of different harmonic orders and radial subspaces.

In order to better understand how the different terms of the BFEs affect the stream, we

now selectively turn off the contribution from certain functions in the total expansion.
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Figure 3.4: Observables of the best-matching OC stream model and data. The rows show the
stream in sky coordinates, heliocentric distance, radial velocity in the Galactic standard of rest,
and proper motions in stream coordinates, not reflex-corrected, respectively. The grey points
with error bars show the observed stream from Koposov et al. (2023), and the purple points are
the simulated stream particles of the best-matching stream in the fully evolving Milky Way–
LMC simulations. The model stream matches the trends of the observed stream well but there
are some quantitative differences.
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Figure 3.5: Tracks of the simulated OC stream in different LMC and Milky Way potentials
compared to the fully live potential. In the left plot, the Milky Way is live and different moments
of the LMC are selected as the potential. In the right plot, the LMC is live and we vary the Milky
Way. All potentials include the live Milky Way disc. The moments are the rigid monopole (blue),
evolving monopole (red), then, in addition to the monopole, the dipole (green) and quadrupole
(yellow). Finally, we combine monopole, dipole and quadrupole (cyan). The grey bars show the
size of the uncertainty on the mean (±1sigma) for the observed stream track. All stream tracks
are binned as explained in Section 3.3.2, at the same positions in ϕ1 as the data. The errors
of the mean observable tracks of the model, which depend on the number of particles in the
model, are smaller than the size of the markers, and therefore not shown. For the LMC, the
strongest effect results from turning on the time dependence (blue to red). From the higher
moments, the quadrupole determines most of the live track (red to yellow). In the Northern
part, between ∼ 50◦ < ϕ1 < 80

◦, the live track indicated by the black dashed line differs from
the others by a significant amount. The Milky Way’s most important moment is the dipole
(red to green). The tracks of the most affected configurations are shown in the top panels of
Figure A.3. Some of these effects, in particular the Milky Way dipole’s effect, are much greater
than the observed errors.
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To see how the inclusion or exclusion of these moments affects the OC stream, we run

the model with the same initial conditions for the progenitor in the different potential

setups. Figure 3.5 shows these different OC stream models. In order to isolate the effect

of each term in the expansion, we keep one galaxy live, while we change the moments

of the second galaxy, from a rigid monopole to the evolving lower order moments, to

the fully live case. We note that the Milky Way disc is kept live in all cases.

First we consider the monopole which describes the spherical shape of each galaxy.

Since the monopole is time-dependent, we first consider the final monopole at the

present day (i.e. t = 0 Gyr) which we dub the ‘rigid monopole’. This is to be contrasted

with the ‘evolving monopole’ which includes the monopole’s time dependence. The

OC stream in the rigid monopole and evolving monopole are shown in blue and red

respectively in Figure 3.5. Interestingly, using a rigid monopole for either the Milky

Way or the LMC results in a significantly different stream than the full live stream.

Furthermore, including the evolving monopole does not fully remedy this, showing

that the higher order terms are also important. The other moments shown are the

evolving dipole, quadrupole, and dipole+quadrupole together in green, yellow, and

cyan, respectively. For all higher moments, the evolving monopole is included so that

the additive effect of each component can be seen. The ‘evolving mono+di+quadrupole’

model captures all effects with l ⩽ 2. Given current observational uncertainties, it is

indistinguishable from the live model, suggesting that higher order terms (i.e. l ⩾ 3)

would not be necessary to describe the deforming Milky Way.

For the LMC, the biggest effect on the Southern part of the OC stream is from turning

on the time-dependence of the monopole (blue to red), followed by the quadrupole (red

to yellow). In the Northern part of the stream, between ∼ 50◦ < ϕ1 < 80
◦, there is an

offset between the ‘evolving mono+di+quadrupole’ and the live model, showing that

higher order moments are playing a significant role.

For the Milky Way, the biggest impact comes from including the dipole (i.e. green

and cyan points), showing the impact of the aspherical forces. The forces from the

dipole pull the OC stream up in the South and down in the North. This effect is larger

than the effect from any orders of the LMC’s expansion, showing that accounting for

the Milky Way’s dipole deformation is the next most important effect to consider for

the OC stream. We stress that the differences between the moments are much larger
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than the uncertainty in the data which shows that fits to the OC stream should be

sensitive to these deformations. We note that we have focused on changes in the stream

track since these produce the largest effect compared to observational uncertainties. We

show the differences in all observables in Appendix A.3 for comparison.

While this shows how different moments affect the stream track, it has an important

caveat. When we change the BFE, the orbit of the progenitor also changes. This might

affect the resulting stream tracks which complicates the comparison of the different

expansion orders. To make a cleaner comparison, we next investigate the contribution

of each moment of each galaxy towards the forces experienced by the live stream.

3.3.4 Integrated absolute forces

In the previous section, we explored how the different components of the BFE affect the

stream track with the understanding that their orbits slightly differ. To more directly

explore the impact of each component, we now compare the integrated absolute forces

from the different moments on the same stream.

In order to dissect the contributions of each moment to the total force each stream

particle experiences, we first run our best model stream in the fully live potential. We

save the forces due to each moment from each galaxy on each stream particle every

20 Myr. We then sum the absolute values of these forces over all the snapshots to get

the integrated absolute force on each particle:

F∑ tot =
∑
t

|⃗F|dt. (3.5)

We also include the integrated absolute force on the progenitor up to the time when

each particle was stripped to account for the forces the particles experienced before

they left the progenitor. We consider different components of the force to better under-

stand how the stream is affected. The total force is the force each particle experiences

from each galaxy. The aspherical force is the force the particles experience from the

non-spherical components,

F∑ aspherical =
∑
t

|r̂× F⃗|dt. (3.6)
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As discussed in Section 3.2.5, the Milky Way and the LMC haloes are initially spherical

and do not exhibit aspherical forces. Any aspherical forces come from deformations

and therefore these are an indication of how dark matter deformations affect the OC

stream.

The forces from the LMC and the Milky Way are shown in Figure 3.6. The total

force of the LMC is higher on the stream particles that passed closer to the LMC

and roughly similar for all potential setups. The Milky Way exerts more force on the

Northern part of the stream because it is the leading arm of the stream and hence

has a smaller pericentre and thus a larger force. Since the monopoles only exert radial

forces, the aspherical forces can only be due to deformations of the haloes and are thus

more instructive for comparing the different expansions. The moments contributing

most to the live force are the dipole for the Milky Way and the quadrupole for the

LMC. Interestingly, for ϕ1 > −45◦, the aspherical forces exerted by the LMC need the

contribution of all higher moments to build up to the live forces showing that high

multipole orders (l ⩾ 3) are needed to adequately capture the LMC’s effect.

The ratio of the aspherical forces to live forces is up to 10 per cent for the LMC

while only up to 1.8 per cent for the Milky Way. We stress that this does not directly

translate to the impact of the deformations on the stream since the OC stream orbits

the Milky Way throughout the whole integration time (4 Gyr). However, the Milky Way

has only been deforming for the last ∼ 500 Myr (see e.g. Figure 3.1). Therefore, the OC

stream has experienced only radial forces for 3.5 Gyr and they make up most of the

integrated absolute forces. If we restrict to the most recent 1 Gyr, the ratio of aspherical

to total forces for the Milky Way reaches 5.5 per cent. In contrast, the LMC is already

deforming when it gets close to OC so this metric should capture the relative strength

of the aspherical forces. We discuss this in more detail in the next Section.

3.4 discussion

3.4.1 The effect of deformations on streams

Due to its length, OC experiences different effects from the deformations along the

stream at different times. In Figure 3.7, we show the distance and time of the closest

approach for each stream particle. While the Southernmost part of the stream passed
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Figure 3.6: Integrated absolute forces of different moments of the LMC (left) and the Milky
Way (right) on each particle of the stream. The top row shows the stream track, colour-coded
by the closest approach distance to the LMC. The Southern portion of the stream (ϕ1 < 0◦)
passes the closest to the LMC, within 15–30 kpc. The second row shows the total integrated
absolute forces. The colours indicate the moments whose forces are evaluated, going from
blueish colours for the spherical components to reddish colours for the live potentials. Between
the different moments, there is almost no difference. The total force of the Milky Way on the
stream is more than a magnitude higher than the LMC’s force since the Milky Way is more
massive and since the OC stream orbits the Milky Way during the whole integration time
(4 Gyr) while it is only impacted by the LMC over the most recent several hundred Myr. The
third row shows the integrated aspherical forces. These forces are particularly interesting since
these can only be a result of aspherical deformations. The moments with the highest marginal
change are the quadrupole (green) for the LMC and the dipole (teal) for the Milky Way. In
the LMC, the quadrupole contributes to most of the live forces on the Southernmost part of
the stream (∼ ϕ1 < −40◦). The Northern part of the stream is affected by higher moments
beyond the quadrupole to build up to the live forces. In the Milky Way, the dipole and then
quadrupole make up the majority of the live forces. The apparent spike at ϕ1 ∼ 10◦ is caused
by particles that have just left the progenitor. The bottom row shows the ratio of aspherical to
total integrated absolute forces. For the Milky Way, the aspherical forces are up to 1.8 per cent
of the total forces while for the LMC they are up to 10 per cent.
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Figure 3.7: Distance and look-back time of the closest approach of the OC stream particles and
the LMC. The plot shows the closest distance to the LMC along the stream colour-coded by
the look-back time when this approach happened. The Southernmost part (ϕ1 < −45◦) came
closest to the LMC (10− 30 kpc), around 200− 300 Myr ago while the rest of the stream had its
closest interaction more recently (< 100 Myr ago) and experienced a more strongly deformed
LMC.

by the LMC around 300 Myr ago, the rest of the stream had its closest passage only

within the last 100 Myr. There is a sharp cut between these time scales at ϕ1 = −45◦.

At this point in the stream, there is a dip in the aspherical forces experienced by the

stream due to the LMC (see Figure 3.6). The aspherical forces on the left side of this

dip are governed by the quadrupole which started growing around the time that this

portion of OC had its closest passage to the LMC (∼300 Myr ago, see Figure 3.1).

The particles with ϕ1 > −45◦ had their closest approach to the LMC recently, and

at a greater distance than the Southernmost part of the stream. Over the last 100 Myr,

the quadrupole of the LMC increased significantly, but so did the higher moments (see

Figure 3.1). These particles experienced an increased effect, not only by the quadrupole

but also by the higher terms that allow for deformations on smaller scales (see bottom

two rows of Figure A.1). We observe this effect in the aspherical forces from the LMC

on the stream in Figure 3.6. While the quadrupole still makes up approximately half

of the summed absolute aspherical forces, the contributions of all higher moments are

necessary to get to the absolute sum of aspherical forces on the live stream.

Shipp et al. (2021) have modelled the OC stream in the presence of the LMC with

rigid Milky Way and LMC models. Interestingly, at the position of the dip in the as-

pherical forces (ϕ1 = −45◦), Shipp et al. (2021) find a sudden change in the orientation
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of the LMC’s perturbation on the OC stream (see their figure 5). They approximate

perturbations with velocity kicks split up into different components: along the angular

momentum of the stream, and in the radial and tangential direction of the orbit of the

stream. For the OC stream, the velocity kick in the angular momentum direction is the

strongest along most of the stream, but at the position of the dip, the offset in angular

momentum has a sharp dip while the tangential offset has a quick rise. Moreover, their

figure 8 shows the position of the stream with respect to the LMC at the time of the

closest approach. The OC stream is split up into two unconnected parts at different po-

sitions and orientations. This is the same split that we see in the colours of Figure 3.7.

These results from Shipp et al. (2021) and our results show that different regions of the

stream are sensitive to different parts of the LMC.

3.4.2 Possible bias in Milky Way and LMC halo measurements

In this chapter, we have shown that the deforming Milky Way and LMC haloes have

a significant effect on the OC stream. These effects have been ignored in all previous

stream fits which have been done with rigid haloes for the Milky Way and the LMC (i.e.

Erkal et al., 2019; Vasiliev et al., 2021). Interestingly, the change in the on-sky position

from including the deformations (∼ 1◦, see Figure 3.5) is similar to the change when

allowing for the Milky Way halo to be flattened (∼ 0.5◦, see figure 9 in Erkal et al.,

2019). This suggests that at least some of this flattening could be due to deformations

instead of the intrinsic shape of the Milky Way. This could be an explanation of the

peculiar halo shapes inferred with the OC stream and Sagittarius stream which are

strongly flattened and not aligned with the disc (Erkal et al., 2019; Vasiliev et al., 2021).

Alternatively, if these measurements of the halo are robust, they could indicate that the

Milky Way halo is twisted and aligned with the LMC’s orbital plane as in Shao et al.

(2021). We will investigate these potential biases in future work by fitting the stream

models generated in this chapter with the same rigid haloes that are used to fit real

streams (e.g. Erkal et al., 2019).
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3.4.3 Future directions

Ultimately, we want to measure the Milky Way and LMC’s time-dependent haloes by

fitting streams in the Milky Way with models that include these effects. On the data

side, we already have precise measurements for the Sagittarius stream (e.g. Ibata et al.,

2020; Ramos et al., 2020; Vasiliev et al., 2021) and the OC stream (e.g. Koposov et al.,

2019, 2023). These are the longest streams in the Milky Way that, along the stream,

experienced different effects of the deformations at different times. Both have been

used for fits of the Milky Way (e.g. Law & Majewski, 2010), recently including models

of the LMC (e.g. Erkal et al., 2019; Vasiliev et al., 2021). There are also several shorter

streams that have been affected by the LMC (Shipp et al., 2019). Shipp et al. (2021) have

shown that the LMC has a significant impact on the OC stream and four additional

streams in the Southern Galactic hemisphere, and has used them to fit the mass of the

LMC. These streams had their last closest approach to the LMC between ∼ 100 Myr

to ∼ 10 Myr ago, with closest approach distances ranging between 4− 40 kpc. As an

ensemble, these streams pass through different parts of the deforming Milky Way and

LMC at differing times and thus we should be able to use them to measure the time-

dependence of the Milky Way and LMC haloes with upgraded BFE technology.

To be able to fit these streams, we need interpolatable BFEs. For this, we need a set of

simulations with different Milky Way and LMC masses and, ultimately, different initial

halo shapes. With these simulations, we then need to be able to interpolate between

the coefficients to vary all parameters and fit the haloes with stellar streams. At each

timestep, these simulations have 2058 coefficients to describe the haloes and 234 coef-

ficients to describe the disc. To be able to fit these potentials, we need to improve our

understanding of the importance of different terms in the expansion. One promising

avenue for understanding and decomposing the time-dependence of the basis function

expansions is with multichannel singular spectral analysis (Weinberg & Petersen, 2021).

This non-parametric technique had some success isolating important dynamical effects

but is still being developed.



88 the oc stream in deforming dark matter haloes

3.4.4 Implications for dark matter and alternative gravity models

In this chapter, we have argued that the OC stream is sensitive to the deformed dark

matter haloes of the Milky Way and the LMC. Detecting these deformations would

allow us to test a robust prediction of the collisionless nature of cold dark matter and

would allow us to constrain alternative dark matter and alternative gravity models.

In self-interacting dark matter (SIDM), the LMC and Milky Way dark matter haloes

would experience additional forces during their interaction. Early work by Furlanetto

& Loeb (2002), who approximated the SIDM as a perfect fluid, found that the structure

of the wakes created in the dark matter haloes depends on whether the interaction

is subsonic or supersonic. It remains to be seen what these effects look like in SIDM

models with smaller cross-sections that do not assume a perfect fluid. We note that the

Milky Way–LMC system will also be useful for constraining velocity-dependent SIDM

models (e.g. Ackerman et al., 2009; Kaplinghat et al., 2016) since the velocities are much

smaller than those of cluster-scale systems which are currently providing some of the

most stringent limits (e.g. Tulin & Yu, 2018). Similarly, the effect of dynamical friction

and the gravitational wake created is different in fuzzy dark matter models (e.g. Hui

et al., 2017; Lancaster et al., 2020).

In alternative gravity models, e.g. modified Newtonian Dynamics (MOND, e.g. Mil-

grom, 1983; Bekenstein & Milgrom, 1984), the outer Milky Way has no dark matter halo

to deform but still has a stellar halo and a hot gaseous corona (Gatto et al., 2013; Miller

& Bregman, 2015). Since the stellar halo and corona densities have a different radial

dependence than the dark matter halo (e.g. Miller & Bregman, 2015; Xue et al., 2015)

they would presumably also deform differently. In addition, since dynamical friction

behaves differently in the cold dark matter paradigm and MOND (e.g. Ciotti & Binney,

2004; Nipoti et al., 2008), the orbit of the LMC is quite different (e.g. Wu et al., 2008;

Schee et al., 2013) which would also affect how the outer Milky Way deforms. As a

result, we expect that detecting a deformed Milky Way potential with stellar streams

would likely provide a powerful discriminator between dark matter and alternative

gravity models. In order to confirm this, more work is needed to understand how the

Milky Way deforms in alternative gravity models and how these deformations affect

stellar streams.
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3.4.5 The effect of the Small Magellanic Cloud

Our present study neglects the presence of the SMC in our model of the Milky Way–

LMC interaction. One can make estimates for the possible bias our models incur from

this omission from simple BFE-based arguments. In essence, we ask: can the SMC

be responsible for levels of deformation in the LMC that would be detectable in our

expansion, particularly at spatial locations that would be important for the OC stream?

While the SMC is likely responsible for the deformations observed in the luminous

component of the LMC, the deformations in the LMC dark matter halo are likely

dominated by the interaction with the Milky Way.

Following the LMC–SMC models developed in Cullinane et al. (2022), we choose a

mass ratio of MSMC/MLMC = 2.5× 109 M⊙/7.17× 1010 M⊙ = 0.03 to represent their

present-day masses. If we assume that the LMC expansion absorbs the contribution

from the SMC, the mass ratio projects immediately into the monopole term, increasing

the monopole by the mass ratio fraction (i.e. making the LMC heavier). More interest-

ing are the implications for the higher-order terms in the expansion. If we assume that

the SMC is represented by a Hernquist spherical mass distribution with rs = 10 kpc

centred on the current location of the SMC, the contribution to the amplitude of the

dipole terms in the spherical expansion is of order 0.1 per cent relative to the LMC, i.e.

an order of magnitude smaller than the deformations induced by the Milky Way. In

this simple scenario, the SMC does not contribute to even-order spherical harmonics,

which are the most influential for the evolution of the OC stream.

It is likely that the SMC had a higher mass in the past, but repeated interactions

with the LMC have stripped much of the mass from the SMC (e.g. Besla et al., 2012;

De Leo et al., 2020). This mass will be distributed around the LMC, with the primary

contribution being to the monopole and likely having little impact on higher-order

harmonics. Future models should investigate the possible geometries of stripped SMC

dark matter mass around the LMC.

We note that this global view of the influence of the SMC on the LMC does not

describe the forces orbits near the SMC might feel; thus we caution that for orbits

that pass near the SMC at any point in the past (e.g. smaller than the LMC–SMC

separation), the influence may be much larger (e.g. SMC’s effect on orbits of dwarfs;
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Patel et al., 2020; Simon et al., 2020). In order to test this, we injected the SMC as a tracer

particle in our simulation. We find that, compared to the LMC, it has a more distant

approach to the OC stream, suggesting it will have a negligible effect. Along similar

lines, Koposov et al. (2023) explore this in more detail by modelling the gravitational

effect of the SMC on the OC stream and find that it has almost no effect on the stream.

3.4.6 The complex landscape of the Milky Way potential

Although we have focused on the interaction of the Milky Way and the LMC, there

are many other effects which can perturb streams and other tracers in the Milky Way,

and thus complicate our ability to measure the potential. For example, the Sagittar-

ius dwarf was likely much more massive when initially accreted onto the Milky Way,

≳ 6× 1010 M⊙ (e.g. Bland-Hawthorn & Tepper-García, 2021; Gibbons et al., 2017). The

stripped dark matter of Sagittarius could have a substantial effect on the potential

as well as on streams that pass through it (Bovy et al., 2016). Similarly, the accretion

of Gaia-Sausage-Enceladus (GSE, Belokurov et al., 2018; Helmi et al., 2018) likely de-

posited a substantial amount of dark matter in the inner halo. Han et al. (2022) argue

that this may cause a long-lived tilt in the dark matter halo that supports the orbits

of stars in the Hercules Aquila Cloud (e.g. Belokurov et al., 2007a; Simion et al., 2014)

and Virgo Overdensity (e.g. Vivas et al., 2001; Newberg et al., 2002). On slightly larger

scales, Valluri et al. (2021) have shown that the expected figure rotation of the Milky

Way’s dark matter halo can also affect streams. On smaller scales, many works have

shown that the bar and spiral arms of the Milky Way can perturb streams (e.g. Hattori

et al., 2016; Price-Whelan et al., 2016b; Erkal et al., 2017; Pearson et al., 2017; Banik &

Bovy, 2019).

Going forward, it will be crucial to identify which of this myriad of effects is the

most important in each region of the Milky Way. Ideally, there will be a leading order

effect in each region, e.g. the bar and spiral arms in the inner Milky Way, and the LMC

in the outer Milky Way. This would allow us to search for and convincingly measure

these effects without having to build overly complex models that contain all of these

perturbations.
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3.5 conclusions

The Milky Way and the LMC are in disequilibrium (e.g. Garavito-Camargo et al., 2019,

2021a; Erkal et al., 2020, 2021; Conroy et al., 2021; Petersen & Peñarrubia, 2021; Petersen

et al., 2022b), and several stellar streams in the Milky Way halo are affected, particularly

the OC stream (Erkal et al., 2019; Koposov et al., 2019; Shipp et al., 2021). In this chapter,

we have explored the effect of deformations of the dark matter haloes of these galaxies

on a simulated OC stream using basis function expansions. We presented a N-body

simulation of the interaction between the Milky Way and the LMC run with the BFE

code EXP (Weinberg, 1999; Petersen et al., 2022a). This allowed us to evaluate the time-

dependent forces at any position in the system, and thus evolve the OC stream in a

deforming Milky Way and LMC system. We compared our simulations to the exquisite

6-D phase-space map of the OC stream from Gaia and the S5 survey (Koposov et al.,

2023).

Equipped with these BFEs, we investigated several aspects of the effect of the defor-

mations on the OC stream. Our results are the following:

• The Milky Way deformations owe primarily to the dipole, which has grown in

strength over the last ∼ 500Myr. In contrast, the LMC deformations owe primarily

to the quadrupole, which steeply gained power over the last ∼ 200 Myr. During

the last ∼ 100 Myr, the LMC’s higher moments have also gained some power (see

Figure 3.1). These multipoles are also visible in the density and force field plots

and videos of the Milky Way and the LMC (see Figures 3.2 and 3.3).

• The OC stream changes significantly when evolved in the presence of different

moments (and therefore different potentials) with the same initial conditions for

the stream progenitor. These effects are much larger than the current observa-

tional uncertainties so models that ignore these effects may be biased. The biggest

change is induced by the Milky Way’s dipole, followed by the time-evolving

monopole of the LMC and the LMC’s quadrupole (see Figure 3.5).

• In order to isolate the impact of each multipole, we evolve the stream in the live

potential and calculate the force contributions, with a particular emphasis on the

aspherical forces that are due to deformations (see Figure 3.6). Again, the dipole
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contributes the most to the Milky Way force while the LMC forces are dominated

by the quadrupole. Interestingly, for the Northern part of the OC stream, higher

moments of the LMC expansion (l ⩾ 3) make a significant contribution to the

force it exerts on the OC stream.

• The OC stream is sensitive to the time-dependent deformation of the LMC. This

is due to the fact that different parts of the OC stream experience their closest

passage with the LMC at different times (Figure 3.7), and that the high-order

multipoles of the LMC are growing over the past ∼ 100 Myr (Figure 3.1). As

a result, the Northern and Southern components of the OC stream experience

different force contributions from the multipole orders (see Figure 3.6).

In summary, we have shown that the OC stream acts as a sensitive detector in the

Milky Way–LMC dark matter collider. If our models are correct, these effects are al-

ready present in the data since they are much larger than the observational uncertain-

ties of the OC stream. Progress is now needed on the theory side to fully utilise this

data to measure the time-dependent haloes of the Milky Way and the LMC. In partic-

ular, we need an improved understanding of BFEs so that we can interpolate over the

properties of both haloes in a computationally efficient way. Detecting the existence of

and characterizing these effects would be a spectacular test of the collisionless nature

of dark matter and would offer another window to probe alternative dark matter and

alternative gravity models.
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4
I N F O R M AT I O N C O N T E N T I N S T E L L A R S T R E A M S I N

T I M E - D E P E N D E N T P O T E N T I A L S

The Milky Way is surrounded by stellar streams, with nearly 100 detected to date

and more expected with future surveys. These streams hold a wealth of information

about the gravitational potential they move in, i.e. the Milky Way’s dark matter halo.

Recently, it has become clear that the Milky Way’s dark matter halo experiences a

perturbation due to the infalling Large Magellanic Cloud (LMC). This perturbation

is strong enough to affect stellar streams. This paper explores the information streams

hold about this time-dependent perturbation. We build a simple toy model of the Milky

Way halo and an external perturbation inspired by the LMC’s perturbation in which we

evolve Milky Way mock streams. We implement a Fisher information or Cramér–Rao

lower bound (CRLB) approach to estimate the best-case uncertainty that stream model

parameters can have given realistic data uncertainties. We first investigate one of the

most informative streams, a mock of the Orphan–Chenab (OC) stream, which spans

40 kpc in the Milky Way halo. We find that most information lies in the stream track,

but future data with better velocities will contribute to the information content. We find

that the CRLBs for the perturbation are always worse than they are for halo parameters.

The longer and wider a stream is, the more information on the time-dependence it

contains; thus, dwarf galaxy streams will be more suited to fit a time-dependent Milky

Way potential.

Work shown in this chapter is being prepared for publication by Lilleengen, Price-Whelan,

Bonaca, Erkal, Johnston, and Hogg in The Astrophysical Journal.

95
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4.1 introduction

The Milky Way is surrounded by stellar streams that hold a wealth of information

about the Milky Way’s dark matter halo. Currently, there are almost 100 observed

Milky Way streams (Mateu, 2023), and more detections are expected with upcoming

surveys such as the Large Synoptic Survey Telescope (LSST; Ivezić et al., 2019). Each

stream is unique in its orbital and morphological properties, e.g. its length, width,

orbital properties, and the part of the galaxy in which it resides. Given these proper-

ties, some streams are particularly suited to constrain properties of the Milky Way’s

gravitational potential.

Shortly after the first stellar stream was detected (Sagittarius; Ibata et al., 1994), John-

ston et al. (1999) suggested that these tidal tails can be used to infer properties of

the Milky Way halo. Since then, many streams have been used to fit the Milky Way

potential, including Sagittarius (e.g. Ibata et al., 1994; Newberg et al., 2002; Majewski

et al., 2003), Orphan–Chenab (OC) (Grillmair, 2006; Belokurov et al., 2007a), Palomar-5

(Odenkirchen et al., 2001), and GD-1 (Grillmair & Dionatos, 2006). Different methods

exist for these models: orbit-fitting techniques (e.g. Koposov et al., 2010; Malhan &

Ibata, 2019), action-angle tracks (e.g. Bovy, 2014; Sanders, 2014), clustering of actions

(Sanderson et al., 2015; Reino et al., 2021, 2022), particle-spray methods (Küpper et al.,

2008, 2010, 2012; Bonaca et al., 2014; Gibbons et al., 2014; Fardal et al., 2015) and N-

body simulations (e.g. Law & Majewski, 2010; these are usually too expensive to fit a

stellar stream). All of these assume some form of analytic, rigid potential.

Recently, it has become clear that the infalling Large Magellanic Cloud (LMC) per-

turbs the Milky Way and its stellar streams. The LMC is heavy enough to substantially

accelerate the Milky Way’s disk. This reflex motion points along the past orbit of the

LMC (e.g. Erkal et al., 2021; Petersen & Peñarrubia, 2021). Overdensities in the stel-

lar halo are observed along the path of the LMC due to dynamical friction and as

the collective response in the northern hemisphere sustained by resonances (Garavito-

Camargo et al., 2019, 2021a; Conroy et al., 2021). Stellar streams are pulled off of their

tracks by the LMC, which is seen in a misalignment between the stream track and the

proper motions (Erkal et al., 2019; Shipp et al., 2021; Koposov et al., 2023). Due to this

interaction, the dark matter haloes of both the LMC and the Milky Way are expected
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to be deforming (Garavito-Camargo et al., 2019, 2021a; Petersen & Peñarrubia, 2020).

Chapter 3 (Lilleengen et al., 2023) show that these deformations have a significant effect

on the OC stream, particularly on the stream track.

While this effect has great potential in expanding our understanding of dark matter

if we can find direct evidence of the deformations in stellar streams, it also causes

great problems for modelling stellar streams. Chapter 3 shows that the deformations

change the stream by more than the observational uncertainties, and thus, there may

be biases if these effects are not included. Current data already exceeds our ability to

fit them with rigid models as the fits in Erkal et al. (2019); Koposov et al. (2023) could

not reproduce all of the features in the OC stream. While we can implement increasing

complexity in the rigid models, we need to understand the effect of the deformations

on stellar streams. We want to ask the questions, what exactly are streams measuring? Can

streams constrain the time dependence of the halo?

These questions can be answered using concepts of information theory. Bonaca &

Hogg (2018) developed an approach to calculate the information content in stellar

streams. They calculated Cramér–Rao lower bounds of the uncertainty of model pa-

rameters given the quality of a data set. This is done by taking derivatives of a mock

stream at the ‘true’ parameter value. For a simple analytic Milky Way potential, they

found best-case uncertainties at the percent level when simultaneously fitting multi-

ple stellar streams. They added more freedom to their models by using basis function

expansions. These expansions could describe complicated deformations of the poten-

tials. They found that, in this case, the information becomes restricted to the current

position of the stream. While they added this description to the model, they kept the

value of the coefficients that set the perturbations at zero and took derivatives there. In

this chapter, we build upon Bonaca & Hogg (2018) and expand it to time-dependent

perturbations. We investigate streams in perturbed potentials inspired by the LMC’s

effect and the information they contain on the time dependence of the halo.

This paper is organised as follows. In Section 4.2, we explain the information theory

approach, the implementation of the perturbations to the potential, the generation of

mock streams, and the calculation of the information content in stellar streams. Then,

in Section 4.3 we present how this information looks in streams that are evolved in

static and time-dependent perturbed potentials. We investigate different aspects of the
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interpretation of the information in Section 4.4. We discuss these results in Section 4.5

and conclude in Section 4.6.

4.2 methodology

4.2.1 Information theory

Stellar streams are often used to infer properties of the Milky Way’s dark matter halo

(e.g. Johnston et al., 1999; Law & Majewski, 2010; Koposov et al., 2010; Bovy, 2014;

Sanders, 2014; Erkal et al., 2019; Vasiliev et al., 2021; Nibauer et al., 2022; Koposov

et al., 2023). To do this, a model that describes the properties of the Milky Way and the

progenitor of the stellar stream is generally necessary1. Identifying the most constrain-

ing streams for these model parameters will allow us to select the best streams for

modelling the Galaxy most precisely. We use information theory to understand how

much information observables of different stellar streams hold about the parameters of

the underlying model. Bonaca & Hogg (2018) have developed this framework for stel-

lar streams in static potentials. This chapter extends their approach to stellar streams

in time-dependent potentials to allow for new strategies for mapping the Milky Way’s

dark matter halo.

In this approach, information is described as the best-case uncertainty that can be

inferred for a model parameter given the quality of observational data and is described

by the Cramér–Rao lower bound (CRLB; Cramér, 1946; Rao, 1945) as matrix Cx. The

inverse of that matrix is Fisher information which describes the amount of information

an observable carries about a model parameter. For a vector of observables y⃗ and a

vector of model parameters x⃗, the Fisher information matrix (Fisher, 1925) is given by

C−1
x =

(
dy⃗
dx⃗

)T

C−1
y

(
dy⃗
dx⃗

)
+ V−1

x . (4.1)

Here,
(

dy⃗
dx⃗

)
denotes the derivative of the observables of an object with respect to the

model parameters, Cy represents the covariance matrix of the observed data and Vx a

matrix containing any prior information.

1 Though in Nibauer et al. (2022), a model for the Galactic potential does not need to be specified; in some
cases, accelerations can be measured from streams directly.
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We aim to find stellar streams that contain information about the time-dependent

Milky Way halo. Currently, models that can be used to fit the time-dependent Milky

Way halo do not exist yet and still need to be developed. Therefore, we use a simplified

potential model to present this technique and show its capabilities so that it can be

applied to more complex models in the future. In the next sections, we describe the

potential model and how we generate stream models and mocks before explaining

how we apply Equation 4.1 to stellar streams.

4.2.2 Perturbed potentials

In order to gain an intuition for the effects of time dependence, we use a simple toy

model as the underlying potential. We describe the dark matter halo with an Navarro–

Frenk–White (NFW) profile (Navarro et al., 1997). We choose an NFW with a mass of

MNFW = 7.92× 1011 M⊙ and a scale radius of rs = 12.8 kpc based on the results in

Erkal et al. (2019). This NFW mass translates to a scale mass ofMscale = 4.28× 1011 M⊙

implemented in gala (Price-Whelan, 2017; Price-Whelan et al., 2022).

In order to describe perturbations to this potential, we use a multipole expansion

(see e.g. Binney & Tremaine, 2008). They can be split up into the potential internal and

external to a perturbation. Since in the Milky Way, the perturbation is caused by an

infalling, i.e. external, dwarf galaxy, we assume an external perturbation. Therefore we

use the potential internal to the perturbation (Binney & Tremaine, 2008). The perturb-

ing potential depends on spherical harmonics, Yml (θ,ϕ) ∝ Pml (cos θ) eimϕ that use

the Legendre polynomials Pml (cos θ), and the maximum l order lmax and follows

Φlmax
int (r, θ,ϕ) =

l=lmax∑
l=1

m=l∑
m=0

rl (αlm cosmϕ+βlm sinmϕ)Pml (cos θ) (4.2)

where αlm and βlm are the coefficients for the degree l and order m. Following Hern-

quist & Ostriker (1992), we combine terms with opposite signs of m to express the

potential in real terms.
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We explore two types of perturbations: static and time-dependent. The time-dependence

is introduced by describing the coefficients αlm and βlm by the polynomials

αlm(t;n) =
n∑

i=0

αlmi · ti (4.3)

βlm(t;n) =
n∑

i=0

βlmi · ti (4.4)

where n is the degree of the polynomial. The static potential2 is described by static

coefficients with n = 0.

These coefficients describe the strength and the shape of the perturbation. Chap-

ter 3 showed that the biggest effect of the Milky Way–LMC perturbation is the dipole

induced in the Milky Way halo. They simulate the time-dependent Milky Way–LMC

system using EXP (Petersen et al., 2022a) that describe the Milky Way halo, disc, and

the LMC with basis function expansions (BFEs). To get a similar Milky Way dipole as

in Chapter 3, we fit a polynomial to the time-evolution of the Milky Way halo dipole

coefficients from their Milky Way halo expansion. The resulting coefficients are best

described by a 9th-degree polynomial shown in Figure B.1. Then, we scale the result-

ing polynomial coefficients so that the ratio of the forces due to the perturbation and

the forces due to the fiducial halo match the equivalent ratio for the Lilleengen et al.

(2023) Milky Way dipole on large scales up to 50 kpc shown in Figure B.2. For this,

we keep the mass and scale radius for the perturbing potential the same as the NFW

potential parameters and then scale it with the value of the first coefficient of the time-

dependent dipole (α100) and a scale factor. The force fields of the perturbation of BFE

simulation and the scaled multipole expansion are shown in Figure B.2. The simulated

dipole contains more detail and more complex deformations. For the sake of a simple

toy model, matching the perturbation force field on large scales is enough.

For the static perturbation, we use the first polynomial coefficient for each degree

and order we investigate. Since the strength of the coefficients only increased recently

(see Figure 3.1), this leads to a stronger deformation over time and along a stream’s

orbit than the time-dependent perturbation. A stronger deformation is more illustra-

2 We implemented the static perturbation potential in gala.

http://gala.adrian.pw/en/latest/api/gala.potential.potential.MultipolePotential.html
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Figure 4.1: All-sky view of mock streams that are analyzed in this paper. The streams are based
on the galstreams catalogue (Mateu, 2023) containing 97 streams. Each stream is generated
based on the midpoints of the catalogue tracks and evolved in the static NFW potential de-
scribed in Section 4.2.2 with the MockStreamGenerator implemented in gala (Price-Whelan,
2017). Mass, scale radius, and integration time depend on the stream length, as explained in
the text. A black circle marks the position of the LMC.

tive and helpful for using the static case as a toy model since we are ultimately only

interested in a realistic time-dependent perturbation.

The model parameters for the potential are the mass and scale radius of the NFW

halo and the perturbation coefficients. The coefficients are either one number per de-

gree l and order m in the static case, indicated by Slm(≡ αlm0), or several polynomial

coefficients per order and mode for the time-dependent perturbation i, indicated by

αlmi.

4.2.3 Stellar stream models and mock data

Mock stream models

In this paper, we calculate the information of mock streams spanning a range of dif-

ferent initial conditions of the progenitor. To have a similar distribution of initial con-

ditions, we use stream properties collected in galstreams (Mateu, 2023). For all 97

listed streams, we use the midpoint values as progenitor initial conditions. We inte-

grate the streams using the MockStreamGenerator implemented in gala (Price-Whelan,

2017). The evolution of the streams is modelled with the particle spray method pre-
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sented in Fardal et al. (2015). Particles are released near the Lagrange points of the

progenitor with a position and velocity dispersion set by the progenitor’s mass and

orbit. This method reproduces stream morphologies that match N-body simulations of

stellar streams.

To generate mock streams similar to the observed ones, we choose mass, scale ra-

dius and integration time according to the stream’s length. Streams with observed

lengths smaller than 60 degrees are assumed to be globular cluster streams with

Mprog = 104 M⊙ and rs, prog = 10pc. Longer streams are assumed to be dwarf galaxy

streams with Mprog = 106 M⊙ and rs, prog = 100pc. We find the minimum integration

time necessary to produce the stream length by generating each stream in steps of

0.5 Gyr until it surpasses the observed length. We cut the streams to the length of the

according galstream stream. Since our toy potential is not representative of the Milky

Way, these streams evolve differently. A notable example throughout this paper is GD-

1, whose mock is wider than the observed stream, making the results of this paper not

directly applicable. Moreover, the mock streams might show different orientations, but

they should give a representative picture of the information contained in the stream

population. Figure 4.1 shows an all-sky view of the mock streams, colour-coded by

distance.

Observables of stellar streams

To analyze stellar streams, they are often rotated into a system where they follow a

‘great circle’ shape, defined by a pole and optionally a zero point for each stream

individually. In this coordinate frame, the stream observables are the stream track

(ϕ2), distance, radial velocity (vr), and proper motions along (µϕ⋆
1
) and perpendicular

(µϕ2
) to the stream along the angle of the stream (ϕ1). A stream observables plot for

the example stream from Figure 4.1 is shown in Figure 4.2. The observational error

of these observables is one of the components to calculate the best-case parameter

uncertainty, described in the next section.
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Figure 4.2: Observables of the mock OC stream. The panels show the stream track in stream
coordinates (first panel), the heliocentric distances (second panel), the radial velocities (third panel),
and the proper motions along (fourth panel) and perpendicular to the stream (fifth panel). This
presentation is often used to visualise a stellar stream.
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4.2.4 Information content in stellar streams

The best-case uncertainty of model parameters is described by the CRLB (Cramér, 1946;

Rao, 1945). It is the inverse of the maximum information that observables contain on

model parameters, quantified by Fisher information. The Fisher information matrix is

given by Equation 4.1, for which we need to determine the different components in the

context of stellar streams.

First, we calculate the numerical derivative of the streams dy⃗/dx⃗, where y⃗ is a vector

containing the observational (mock) data and x⃗ a vector of the model parameters. For

each parameter, we generate two streams with an offset ∆x in both directions of the

initial value. We explain how we calculate ∆x in the next paragraph. Then, we calculate

the distance between the observables of these two stream models for randomly selected

particles along the stream, following this expression:

dyi
dxj

∣∣∣∣
ξk

=

(
yi
(
x0,j +∆xj

)
− yi

(
x0,j −∆xj

)

2∆xj

)∣∣∣∣∣
ξk

(4.5)

for the stream observable yi, model parameter xj and stream particle ξk.

The offset ∆x is calculated individually for each parameter for each stream, follow-

ing the approach of Bonaca & Hogg (2018). We calculate the derivatives over seven

magnitudes of ∆x. For each step size ∆x, we calculate the deviation of the derivatives

from the adjacent step sizes, ∆ẏ, following

∆ẏ =
∑
i

(
dyi
dx

∣∣∣∣
∆xj

−
dyi
dx

∣∣∣∣
∆xj−1

)2

+
∑
i

(
dyi
dx

∣∣∣∣
∆xj

−
dyi
dx

∣∣∣∣
∆xj+1

)2

(4.6)

with the stream observables yi. We select the step size with the smallest ∆ẏ.

The matrix Cy contains data variances and covariances. When assuming no covari-

ances, it is a diagonal matrix populated with σ2yi
for all observables. In the Fisher

information matrix, the inverse of this matrix is used. We can remove the observable

from the analysis by setting the inverse of its uncertainty to zero. We use uncertainties

of current and future surveys and summarise these in Table 4.1. Prior information is

contained in Vx, but for this chapter, we do not assume any.
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Table 4.1: Assumed uncertainties of stream observables for current (DR3) and future (DR5) Gaia
data qualities.

Stream observables Gaia DR3 Gaia DR5

σϕ2
[deg] 0.1 0.1

σd [kpc] 2 2

σvr [km s−1] 5 1

σµϕ⋆
1

[mas yr−1] 0.1 0.015

σµϕ2
[mas yr−1] 0.1 0.015

With these components, we can calculate the Fisher information matrix C−1
x using

Equation 4.1. The stream derivative is calculated for particles along the stream, and the

information matrix describes the information along the stream. To get the information

the whole stream contains, we add the information up over the individual particles.

Finally, to get the CRLB matrix, we invert the Fisher information matrix3.

Within the CRLB matrix Cx, the best-case uncertainty for parameter i is given by
√
Cx,ii. The correlation of best-case uncertainties of two parameters can be described

by an ellipse with rotation angle θ, width w, and height h with

θ = arctan
(
V1,0

V0,0

)
(4.7)

h = 2
√
v0 (4.8)

w = 2
√
v1. (4.9)

Vk are the eigenvectors with Vk,l the l component of the eigenvector k and vk the corre-

sponding eigenvalues of a slice of the CRLB matrix Mij ≡
[[
Cx,ii,Cx,ij

]
,
[
Cx,ji,Cx,jj

]]
.

These ellipses visualise the Cramér–Rao Lower Bound, i.e., the parameters’ best-case

uncertainty, and the correlation between different model parameters.

4.3 information in an example stream in perturbed potentials

With the tools at hand to investigate the information in streams, we first build intuition

by exploring the information on all model parameters in a potential with a static and

a time-dependent perturbation.

3 np.linalg.inv has improved so that even with a large condition number of the matrix, we do not need
any matrix inversion tricks as, e.g. were necessary for Bonaca & Hogg (2018).
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4.3.1 Static perturbation
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Figure 4.3: Contours of the perturbed potential in Galactocentric coordinates. The perturbation
lies mainly within the m = 0 mode in the z-direction of the potential, shown in the middle
and right panels. A smaller perturbation in the m = 1 mode is seen along the x-axis in the
left and middle panels. The mock OC stream is overplotted and is colour-coded with the angle
along the stream, corresponding to the top panel of Figure 4.2. For the static perturbation, the
stream evolves in this potential. In the time-dependent perturbed potential, the strength and
the shape of the deformation change over time, with the strongest deformation at the current
time, t = 0Gyr. The time-evolution of the coefficients is shown in Figure B.1.

First, we generate a stream model of the example mock stream in the potential with

a static perturbation. We calculate the stream observables’ information on the halo

and perturbation parameters. Figure 4.3 shows the potential contours and the stream’s

current-day position. As mentioned in Section 4.2.2, this perturbation exceeds the ex-

pected level of the Milky Way perturbation for demonstrative purposes.

Figure 4.4 shows a visualisation of the CRLBs of the model parameters for an OC-

like stream evolved in the potential with a static perturbation. The ellipses in each

panel show the covariant CRLB for each pair of coefficients. They are centred on the

true value of the parameter. The parameters shown are the progenitor’s position and

velocity in Galactocentric coordinates, the scale mass and radius of the NFW halo, and

the coefficients of the dipole shown in Equation 4.3 with the coefficients Slm noting

the static perturbation for the modes m = 0: S10 = α100; and m = 1: S11 = α110.

The stronger the ellipse, the higher the covariance. There are covariances between the

parameters of the progenitor position and velocity, the progenitor’s phase-space pa-

rameters and the NFW scale radius, the NFW scale mass and S11, and between the

two perturbation coefficients S10 and S11.

We note that the amplitudes of the uncertainties with respect to the value of the true

parameters are generally very small, significantly smaller than the single stream CRLBs

from Bonaca & Hogg (2018). We have tested several model setups that could influence
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Figure 4.4: Visualisation of the Cramér–Rao Lower Bound ellipses for the parameters of the
different components of the toy model inferred for an OC–like stream. The ellipses are centred
on the true parameter values. The first six columns show the position and velocity of the
stream progenitor in Galactocentric coordinates. The spherical NFW halo is described by its
scale mass Mscale and radius rs. The static perturbation is a dipole with two modes, S10 in
the z–direction and S11 in the x–direction. Circular ellipses represent little correlation between
the model parameters, while elliptical ellipses show a strong correlation between the model
parameters.
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this uncertainty, i.e. calculating halo uncertainties for a stream evolved in an unper-

turbed potential and adding a stellar disc and bulge to the toy model. Nevertheless,

the uncertainties stayed very low. An explanation could be the number of particles we

calculate the information for. With selecting a particle in each 0.5◦ bin, longer streams

will have more evaluations of the derivatives following Equation 4.5, increasing the to-

tal information. As this study aims for a qualitative understanding of how well streams

can constrain the perturbation vs the halo parameters and which stream properties are

constraining, these CRLBs should not be interpreted quantitatively. While we show all

model parameters in this figure, we will focus on the halo and perturbation parameters

in the remainder of the paper.

4.3.2 Time-dependent perturbation

Next, we evolve the same stream in a potential with a time-dependent perturbation

and compare its CRLB matrix to the one from the static case. Figure 4.5 shows the

best-case uncertainty of the halo parameters and the zeroth polynomial dipole coeffi-

cients for both m modes, α100 and α110. The stream evolved in the halo with a static

perturbation constrains the halo parameters better, while the stream evolved in the

time-dependent potential constrains the perturbation parameters significantly better.

The latter is likely due to the stream experiencing different shapes and strengths of

the deformations that affect parts of it differently, while in the static case, the stream

always experiences the same potential at a given position. For both cases, the relative

constraints on halo parameters are around a magnitude better for the halo parameters

than for the perturbation parameters.

As the Milky Way is deforming due to the LMC, its perturbation is time-dependent.

In simulations of the Milky Way–LMC system (Lilleengen et al., 2023), the dipole grows

significantly over the last few hundred Myr (see Figure B.1). In the next section, we

investigate different aspects of the information in streams on the time-dependent per-

turbation. We focus on the m = 0 dipole mode, in particular on its first two polynomial

coefficients. The first polynomial coefficient, α100, quantifies the power of the dipole

at t = 0Gyr. The second polynomial coefficient, α101, affects the linear time depen-

dence of the dipole. To recover the dipole from the Milky Way–LMC simulation from

Lilleengen et al. (2023) by eye, ten polynomial coefficients are necessary. With ongoing
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potential with a static (grey) and live (red) perturbation. For this stream, evolving it in a potential
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work focused on finding dynamical features in such simulations (Weinberg & Petersen,

2021; Johnson et al., 2023), we forgo to improve our description for this qualitative toy

model.

4.4 information content in various aspects of stellar streams

The information content framework and the visualisations of the CRLBs with ellipses

show that streams have information on the perturbations of the halo potential, even if it

is less than the information on halo parameters. In this section, we investigate different

aspects of the information in streams. We show which observables hold the informa-

tion, how the information will improve with future data, and how the information

looks in different streams and along their stream tracks.

4.4.1 Information in different observables

First, we investigate which stream observables contain the bulk of the information.

Again, we evolve the OC mock stream in the time-dependent potential. When calculat-

ing the Fisher information, the inverse data uncertainties of the excluded observables

are set to zero, removing the contribution of that observable to the CRLB. Figure 4.6

shows the CRLB ellipses for these data dimensions. The OC-like stream has almost all

of its information in the stream track. This is supported by Lilleengen et al. (2023), who

found that the deformations of the Milky Way and LMC halo mainly affect the stream

track, and other observables are not significantly affected.

This result depends on our estimates for the data uncertainties where we assume the

uncertainty ϕ2 = 0.1◦. Increasing that uncertainty decreases the strong constraint from

the track. Furthermore, we generally assume these uncertainties for all galstreams

mock streams. With their different morphologies, these uncertainties can be under or

overestimated compared to the observed data quality for some streams. When using

this method to select target streams, those streams should be modelled more realisti-

cally and assigned observationally informed uncertainties. This can lead to a relative

decrease in the information in the stream track and to a relative increase in the infor-

mation in other observables.
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Figure 4.6: CRLBs of the model parameters for the OC mock stream in the time-dependent
potential with different observable dimensions. The dimensions are full 6d observables (red), 5d
without radial velocities (gold), 4d additionally without distance (green) and 2d only including
the stream track (blue). For this stream, for all shown model parameters, all of the information
lies in the stream track.
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Figure 4.7: CRLB ellipses for halo and perturbation parameters constrained from an OC-like
stream with estimated current Gaia DR3 (red) and future DR5 (gold) uncertainties. We assume
the decrease of the proper motion uncertainties with a factor of 6.75 and a decreasing factor
of 5 for the radial velocity uncertainties, both estimated with pygaia. We do not assume any
improvements on the track or distances with Gaia DR5. Even though the velocities improve
considerably, the CRLBs for all parameters only decrease with a factor of 2-3.

4.4.2 Information with future data

With most of the information contained in the stream track, we next show how the

information in streams will improve with future data, particularly with Gaia DR5. For

this, we use pygaia4 to estimate the improvement of proper motion and radial ve-

locity uncertainties. A red giant with a g magnitude of 15 mag will have 6.75 times

better proper motion measurements and roughly 5 times better radial velocity mea-

surements. We do not expect significant improvements for the stream track and the

distance. Figure 4.7 shows the CRLBs for the current and future uncertainty estimates

4 https://pygaia.readthedocs.io/en/latest/

https://pygaia.readthedocs.io/en/latest/
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Figure 4.8: Best-case uncertainties of halo and perturbation parameters from several streams
evolved in a time-dependent perturbed potential. Streams like OC, GD-1, and Sagittarius are
the most constraining streams for all shown parameters. Generally, the goodness of constraints
for a given stream compared to the other streams stays the same for all model parameters.
The streams show similar correlations for the parameters, and the halo parameters have lower
relative CRLBs than the perturbation parameters.

for an OC-like mock stream. Even though the velocities will have more than 5 times

improved measurements, the information will only improve by a factor of 2-3. This

shows that there will still be much information in the stream track, but velocities will

add information.

4.4.3 Information in different streams

So far, we have focused on only the mock OC stream. The OC stream is affected by the

presence of the LMC (Erkal et al., 2019; Koposov et al., 2023) and by the deformations of

the LMC and the Milky Way halo, particularly the Milky Way dipole (Chapter 3). Since

we mimic the dipole effect of Chapter 3, we chose the OC stream as we expected it to
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be one of the most informative streams. Now we extend our analysis to include other

streams that were selected because they have different levels of information. These

streams are mock streams of C-19 (Ibata et al., 2021), Cetus-New (Yanny et al., 2009;

Newberg et al., 2009; Yuan et al., 2022), GD-1 (Grillmair, 2006; Ibata et al., 2021), Hrid

(Ibata et al., 2021), LMS-1 (Yuan et al., 2020), Sagittarius (Ibata et al., 1994; Antoja

et al., 2020) and Styx (Grillmair, 2009). The generation of mock streams described in

Section 4.2.3 does not guarantee that the mock streams have the same morphologies as

the observed streams.

Figure 4.8 shows the CRLB ellipses for the halo and perturbation parameters con-

strained from the set of streams. We find that streams that constrain halo parameters

well also constrain the perturbation parameters well. Different streams also have simi-

lar correlations between different model parameters. For all streams, the relative halo

parameters are better constrained than the relative perturbation parameters.

4.4.4 Information along stream tracks

So far, the information in the streams was quoted for the entire stream. Now we present

the information along the stream tracks. This will inform where in the stream we want

to have the best data to constrain the perturbations the best. Figure 4.9 shows the

stream tracks of the previously shown streams that are colour-coded by the Fisher

information. The Fisher information is calculated as stated in Equation 4.1. The CRLB

matrix is then calculated by summing over the bins along the stream and inverting

the Fisher information matrix. The streams containing the most information are the

OC, GD-1 and Sagittarius streams. Bins furthest away from the progenitor (located at

ϕ1 = 0deg) are the most informative. Stars in these bins left the progenitor the earliest,

therefore, orbited in the host perturbed potential the longest, having more time to

collect information than stars that only recently left the progenitor (that are closer to

ϕ1 = 0deg). This trend is seen in all streams, even the less informative ones. Observing

stream stars as far as possible from the progenitor, particularly in long streams, will

improve constraints on the model parameters.
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Figure 4.9: Stream tracks of different streams, colour-coded by the Fisher information for α100
inferred along the stream in bins of 0.5deg. The Fisher information is described in Equation 4.1
and is calculated for each bin as a first step before summing over the bins and inverting the
matrix to calculate the CRLBs. The light grey parts of the streams are the last 5th percentile of
stream particles and the bins directly around the progenitor position at abs (ϕ1) ⩽ 1◦ that are
excluded when calculating the information. Particles with information smaller than the colour
range are coloured in dark grey. The shorter and thinner streams contain little information
in each bin. The GD-1, OC, and Sagittarius streams contain the most information. The most
informative bins containing are the furthest away from the progenitor. The stars in these bins
have left the progenitor the earliest and orbited the perturbed potential the longest. Stars close
to ϕ1 = 0deg left the progenitor only recently and did not have much time to experience the
host potential.
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Figure 4.10: All-sky figure of the galstreams-based mock streams colour-coded by relative
information about the polynomial coefficients described by Equation 4.3, α100 (top) and α101
(bottom). Some streams shown in Figure 4.1 are missing since the information contains nan
values due to peculiar stream morphologies. The longest streams are the most informative for
both parameters. A few shorter streams are only informative for one of the parameters.
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Figure 4.11: All-sky figure of the orbital poles of the mock streams colour-coded by relative
information about the polynomial coefficients described by Equation 4.3, α100 (top) and α101
(bottom). The sizes of the markers are proportional to the streams’ lengths. The most informative
streams are the longest streams. There is no obvious relation between the orbital poles and the
information the streams contain.
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4.4.5 Information in all mock streams

With almost 100 streams available in the Milky Way (Mateu, 2023), we now investigate

them all individually to find relations between stream properties and the information

on the perturbation coefficients. First, we calculate the information on the perturbation

polynomial coefficients α100 and α101, shown in Figure 4.10. Long streams generally

have significantly more information on both parameters, with some shorter and wider

streams also constraining the parameters with 10-20 per cent uncertainty. Some streams

are only constraining for one of the parameters. The coefficient α101 has better absolute

uncertainties than α100. The parameter α100 only becomes relevant very recently (see

Figure B.1) while α101 determines the linear time dependence of the polynomial coef-

ficient, therefore relevant over the entire evolution of the streams. Therefore, streams

with longer integration times have increased information about α101.

Next, in Figure 4.11, we show the orbital poles of the streams to see whether there

is a correlation with the information. The size of the points corresponds to the stream

length, as that seems to be a very informative property seen in Figure 4.10. The streams

that contain much information are mostly long streams. Interestingly, the orbital poles

have no particular direction of information in the streams. In the next section, we

explore the correlation between more stream properties and the contained information.

4.5 discussion

4.5.1 Correlation between stream properties and information

One of our goals is to identify correlations between stream properties and the informa-

tion that streams contain about the perturbation. As seen in the previous section, the

stream length is very significant to the stream’s information, whereas the orbital poles

of the streams are not. In Figure 4.12, we show the information in all streams shown

in Figure 4.10 given several stream properties. These are the streams’ heliocentric dis-

tances, their peri– and apocentres, the streams’ lengths and widths, and the stream

orbits’ eccentricities. The stream distance is quoted from the mid-point distance of the

observed stream in galstreams that is also used as the distance for the progenitor’s

initial condition. The stream width is calculated by binning the stream and fitting a

line to the particles in each bin. We assign the median of the standard deviations of
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Figure 4.12: Properties and CRLB of α100 of all mock streams for which the information was cal-
culated. The stream properties are distance, pericentre, and apocentre in the top row, and stream
length and width, and the orbit’s eccentricity in the bottom row. The markers are coloured by
the stream length, shown in the bottom left panel. This is the property with the clearest cor-
relation with information. Wider streams (bottom middle) and streams with a large apocentre
(top right) are also informative, even if the streams are shorter. The streams lose information
with increasing heliocentric distance to the progenitor (top left).
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all line fits as the stream’s width. The stream’s orbit properties, peri– and apocentre,

and eccentricity, are calculated by integrating the progenitor’s orbit in the unperturbed

potential in gala.

A stream’s length and width have the clearest correlation with the CRLB for α100,

with longer and wider streams being more informative. Longer and wider streams are

dwarf galaxy streams, while thinner streams are globular cluster streams. Furthermore,

there is a correlation between the apocentre and the CRLB. The perturbation added to

the NFW potential increases mainly in the z-direction with distance. Streams with large

apocentres experience a stronger perturbation, thus holding more information on the

perturbation’s coefficients. The stream distances reveal a trend that streams get less

informative with larger distances. At larger distances, the proper motion errors we

include in Equation 4.1 to calculate the CRLBs translate to larger total velocity errors

that decrease the information in the stream.

4.5.2 Combining streams to improve constraints on parameters

Bonaca & Hogg (2018) find that combining streams improves the constraints on halo

parameters. Each stream is treated as an independent experiment, and the likelihood

for any combination of these events is the product of the individual likelihoods. This

means that the combined Fisher information matrix is the sum of the individual

streams Fisher matrices (given by Equation 4.1),

C−1
x =

∑
i

((
dy⃗
dx⃗

)T

i

C−1
y,i

(
dy⃗
dx⃗

)

i

)
+ V−1

x (4.10)

where i denotes the individual stream.

We follow their approach and combine the Fisher information of the streams shown

in Figures 4.8 and 4.9 for all possible combinations of the streams. Figure 4.13 shows

the CRLBs of the halo and perturbation parameters for these combinations. As this is a

qualitative rather than a quantitative analysis, we only focus on the relative differences

between the parameters and combinations.

The halo parameters have better CRLBs than the perturbation parameters for the

same number of combinations. The mock streams we identified as most informative,

OC, Sagittarius, and GD-1, have individual constraints that can only be improved by
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Figure 4.13: CRLBs of halo and perturbation parameters for combinations of streams. The
parameters shown are the NFW scale mass (top left), the NFW scale radius (top right), and the
perturbation parameters α100 (bottom left) and α101 (bottom right). The number of combined
streams is shown on the x-axis. The streams that we combine are the streams mentioned shown
in Figures 4.8 and 4.9. The median of the combinations is indicated by the pink marker. As
single mock streams, Sagittarius, GD-1, and OC are constraining for all shown parameters. The
GD-1-mock is particularly informative, likely due to a larger width in the mock stream than
its observed width. For all parameters, the median of combining at least 4 or more streams is
better than any single stream constraint.
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Figure 4.14: Best-case uncertainties for α100 for different force ratios of the perturbed potential
to the NFW potential for the most constraining mock streams (OC, GD-1 and Sagittarius). This
shows that for this toy potential, the force added by the perturbation needs to be at least
0.2 per cent of the force of the underlying potential to be significantly detectable with stellar
streams with a parameter uncertainty of 20 per cent.

combining 4 or more streams. This improvement remains very small for most param-

eters; only α100 would improve significantly. This is in contradiction to the results

from Bonaca & Hogg (2018), who find significant improvements for all halo parame-

ters. Their CRLBs are generally larger than ours, allowing more room for improvement.

Other differences are that they have a more realistic Milky Way model that includes

stellar components and that they solely calculate the information for globular cluster

streams. This contradiction could be solved by applying this methodology to mock

streams that resemble the observed streams better in a more realistic Milky Way poten-

tial and splitting streams up between globular cluster and dwarf galaxy streams.

4.5.3 Lower detection limit on the perturbation

The perturbation can be scaled up or down by scaling the coefficients. We have scaled

the perturbation so that its force amplitude matches the amplitude in the Lilleengen

et al. (2023) Milky Way simulation. We scale the perturbations down to estimate a

lower detection limit of the perturbation. We evolve the three most informative mock

streams, OC, Sagittarius, and GD-1, in these scaled-down perturbed potentials and cal-

culate their CRLBs. Figure 4.14 shows the information these streams contain given the
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amplitude of the perturbation at 50 kpc. The rightmost points are calculated given the

perturbation applied throughout the paper. The other points are calculated in pertur-

bations with scaled-down coefficients, reduced at each step by a factor of two. In this

toy potential and perturbation, the OC mock stream can constrain the perturbation

with a 20 per cent CRLB at a perturbation amplitude of 0.25 per cent. At a half per cent

amplitude, all three mock streams constrain the perturbation with a 20 per cent or bet-

ter CRLB. However, given that the CRLBs are very small throughout this paper, these

values should not be interpreted quantitatively but rather qualitatively.

4.5.4 Realistic Milky Way–LMC system

The analysis presented in this paper is based on a simple toy model. It includes an

NFW halo describing the Milky Way’s dark matter halo and a perturbation that is

based on the Milky Way dipole induced by the LMC. We do not directly include the

LMC, or the stellar components of the Milky Way, i.e. its disc, bulge, and its stellar

halo.

So far, no stream model exists that can fit streams in a realistic, time-dependent,

deforming Milky Way and LMC potential. This needs to be developed over the next

years, using tools such as EXP (Petersen et al., 2022a) to create more deforming Milky

Way–LMC models. The toy model in this chapter is selected to present this method’s

possibilities and provide a qualitative guide on which types of streams contain infor-

mation on the perturbation. The streams identified as most informative can then be

used to fit a more accurate, time-dependent Milky Way model.

4.6 conclusions

The Milky Way halo experiences a perturbation due to the infalling LMC, and its

dark matter halo deforms over time (Garavito-Camargo et al., 2019, 2021a; Erkal et al.,

2021; Petersen & Peñarrubia, 2021; Conroy et al., 2021). This deformation affects stellar

streams (Vasiliev et al., 2021; Lilleengen et al., 2023). Stellar streams have been used

widely to constrain the Milky Way’s dark matter halo (e.g. Johnston et al., 1999; Law &

Majewski, 2010; Erkal et al., 2019; Koposov et al., 2023). The goal of this paper is to char-

acterise how well streams can be used to measure these time-dependent deformations.
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Bonaca & Hogg (2018) developed an information theory framework to better under-

stand better the information that streams have about different parameters of stream

models, focused on the Milky Way’s dark matter halo. We expand their approach to

investigate streams’ information about the time-dependent perturbation and find the

properties of the most informative streams. Our results are the following:

• We develop a flexible framework to calculate the information that stellar streams

contain on their progenitor, the Milky Way halo, and a perturbation to the poten-

tial. It is implemented based on gala (Price-Whelan, 2017) and can be expanded

to include more of gala’s functionality, such as a more realistic description of the

Milky Way.

• We present a static and time-dependent perturbation to the potential described

by multipole expansions (Figure 4.3).

• We show all constrained model parameters in a static potential for an example

mock stream based on the OC stream (Figure 4.4) and compare the relative in-

formation in a static to a live potential. We find that in a potential with a static

perturbation halo parameters are better constrained while in a potential with a

time-dependent perturbation, the perturbation itself is better constrained (Fig-

ure 4.5).

• We create a set of mock streams that resemble the Milky Way streams and calcu-

late the information each stream contains on the Milky Way halo and the time-

dependent perturbation (Figures 4.1, 4.10). For a subset of these, we show that

combining the streams results in better constraints on the model parameters (Fig-

ure 4.13).

• Focusing on information on the perturbation, we find that the longest streams

hold the most information. Other informative stream properties are the stream’s

width and its apocentre. With increasing heliocentric distance to the progenitor,

the information decreases. These properties are more informative in dwarf galaxy

streams as they are generally longer and wider than globular cluster streams.

This implies that streams that are used to constrain the Milky Way halo, i.e. the

OC stream (Erkal et al., 2019; Koposov et al., 2023) and Sagittarius (Law & Ma-
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jewski, 2010; Vasiliev et al., 2021), are the best streams to constrain the time-

dependent perturbations (Figure 4.11). Combining several streams only leads to

marginally better results for most parameters compared to the single most con-

straining stream (Figure 4.13).

• Within streams, the information is larger the further away particles are from the

progenitor. Particles further away have left the progenitor earlier and orbited

in the host potential for longer, thus having more time to gather information

(Figure 4.9).

• In order to improve the information in streams, velocity and distance observables

need better uncertainties. Future surveys and data releases, e.g. Gaia DR5 will

improve the uncertainties by around a factor of 2–3 (Figure 4.7).

• With this method, it is possible to put a lower limit on the strength of the pertur-

bation that the Milky Way streams are sensitive to. In this setup, the amplitude

of the perturbation at 50 kpc has to be at least 0.3 per cent to be detectable with

the OC-mock at a 20 per cent parameter uncertainty (Figure 4.14).

In this chapter, we evaluate numerical derivatives of a stream observable given the

change of one model parameter. A more self-sufficient approach is to calculate the

derivatives directly when creating the stream model rather than comparing differ-

ent stream integrations. This can be done with automatic differentiation (Griewank

& Walther, 2008), e.g. by implementing this framework in JAX (Bradbury et al., 2018).

This is one of the most important steps going forward as CRLBs will be more reli-

able. It will also enable the development of novel stream-fitting techniques using e.g.

Hamiltonian Monte Carlo methods that require a likelihood and its derivative.

There are two overarching goals for stellar streams in the time-dependent Milky

Way potential: (i) fitting a Milky Way model that includes the most important aspects

of the perturbations and (ii) detecting the dark matter deformations. This chapter offers

intuition and insights into how well we can constrain the perturbations compared to

other halo parameters and which streams offer the most insight. The next step is to

build the tools to fit time-dependent models and repeat the analysis for more realistic

models.





5
S T E L L A R S T R E A M F I T T I N G M E T H O D S A R E B I A S E D W H E N

I G N O R I N G T H E T I M E D E P E N D E N C E O F T H E M I L K Y WAY

Stellar streams are powerful tracers of the Galactic halo potential. A variety of meth-

ods have been developed to fit streams; many streams have already been fit to measure

the Milky Way’s gravitational potential. A notoriously difficult parameter to fit is the

flattening of the Milky Way halo, as it is often inconsistent between different methods

and different streams. Furthermore, many of these fits imply that the Milky Way’s

disc is in an unstable dynamical configuration. The Large Magellanic Cloud (LMC)

affects streams around the Milky Way due to its mass and closest approach distance

with many streams. Furthermore, the dark matter haloes of both the Milky Way and

the LMC are being deformed during the LMC’s infall which also affects streams. In

this paper, we investigate whether these time-dependent deformations can introduce

biases in stream fits. To test this, we simulate the formation of a stellar stream in the

presence of a deforming Milky Way–LMC system. We then make mock observations of

this stream and fit them with state-of-the-art fitting methods. The inferred mass of the

Milky Way is one-third lower than the true mass of the simulation, while the LMC’s

mass is twice as large. We investigate further results and implications and find that

we cannot draw robust conclusions about the biases. We discuss possible solutions for

how to improve the fits and to get more trustworthy interpretations.

Work shown in this chapter is being prepared for publication by Lilleengen, Erkal, et al. in

MNRAS.
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5.1 introduction

Stellar tracers in the Milky Way halo hold clues about the Milky Way’s formation

and evolution and the distribution of dark matter in and around our Galaxy. We can

measure the properties of the Milky Way’s dark matter halo with these dynamical

tracers. These measurements allow us to constrain different properties of dark matter.

Stellar streams are a particularly useful dynamical tracer. These streams form as

globular clusters and dwarf galaxies disrupt in the Milky Way halo, forming long,

filament-like structures. Stellar streams are highly sensitive to the gravitational poten-

tial they evolve in (Johnston et al., 1999). There are many different techniques of fitting

stellar streams to constrain the potential, i.e. orbit-fitting (e.g. Koposov et al., 2010;

Malhan & Ibata, 2019), action-angle tracks (e.g. Bovy, 2014; Sanders, 2014), action clus-

tering (e.g. Sanderson et al., 2015; Reino et al., 2021, 2022), non-parametric models (e.g.

Nibauer et al., 2022), and particle spray methods (e.g. Küpper et al., 2012; Bonaca et al.,

2014; Gibbons et al., 2014; Fardal et al., 2015). Current state-of-the-art fits of streams

that span large parts of the halo, e.g. to the Orphan–Chenab (OC) (Erkal et al., 2019,

hereafter: E19; Koposov et al., 2023, hereafter: K23) and the Sagittarius streams (Law &

Majewski, 2010; Vasiliev et al., 2021), find very flattened halo shapes, both for oblate

and prolate halo models. These systems are often dynamically unstable as the disk will

realign with the minor/major axes of these potentials (Debattista et al., 2013). These

shapes disagree for fits to different streams (K23). Furthermore, the flattened haloes of-

ten point towards the Large Magellanic Cloud (LMC) or its orbital pole (Vasiliev et al.,

2021; K23).

The effects of the LMC complicate the picture even further. A summary of the effects

on the Milky Way can be found in Vasiliev (2023). While it has second-order effects on

the Milky Way, such as the displacement of the disc (Erkal et al., 2021; Petersen &

Peñarrubia, 2021) and overdensities in the stellar halo (Garavito-Camargo et al., 2019,

2021a; Conroy et al., 2021), its presence has direct effects on stellar streams. In an

unperturbed stream, the proper motions align with the stream track. If the LMC passes

close to a stellar stream, it induces a velocity kick in the stream, most clearly seen

in a misalignment between the proper motions and the track. Streams such as the

Sagittarius stream (Vasiliev et al., 2021), the OC stream (E19; K23), and several shorter
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streams (Shipp et al., 2021) need the LMC included in their models to be successful.

While in these models, the LMC is falling in and the Milky Way disc has a reflex

motion, they assume rigid Milky Way and LMC haloes.

Lilleengen et al. (2023, hereafter: L23) show that not only the presence of the LMC

affects the OC stream but that the stream is significantly perturbed by the deforma-

tions of the Milky Way and the LMC halo. To date, none of the state-of-the-art fits to

stellar streams include these effects due to technological limitations. The effect of the

deformations, together with clues from the alignment of the flattened haloes with the

LMC, lead us to the question: Are stream fits biased by not including the time-dependence

of the Milky Way halo? And if so, which specific parameters are biased and which ones

are fit accurately?

To generate mock streams that are evolved in a time-dependent potential with an

LMC perturbation, we use the N-body simulation of the Milky Way–LMC interaction

presented in L23 as the underlying potential. In this simulation, the density and poten-

tial of the Milky Way and the LMC are described with basis function expansions (BFEs)

using the software toolkit EXP (Petersen et al., 2022a). With BFEs, we have a compact

and computationally efficient description of the potential and, thus, the acceleration

fields in which we can evolve streams in time-dependent potentials.

In this paper, we fit a mock stream evolved in a time-dependent Milky Way and LMC

with current state-of-the-art models which assume rigid haloes for the Milky Way and

the LMC. We investigate which parameters the fit recovers correctly and which param-

eters are biased. For this, we follow the fitting procedure from K23 and qualitatively

compare the interpretations of our results with theirs. The paper is structured as fol-

lows. In Section 5.2, we describe the Milky Way–LMC simulations, the generation of

the mock stream data, and the fitting procedure. In Section 5.3, we present the stream

fits, the inferred mass profiles for the Milky Way and the LMC and the flattening of the

Milky Way halo. Section 5.4 contains the interpretation of the results, the comparison

to the fits from K23 and a discussion of the biases we find in fitting this mock stream.

Finally, in Section 5.5, we summarise and conclude our findings.
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Figure 5.1: Density contours of the deforming Milky Way (left) and LMC (right) at t = 0 Gyr.
In each panel, the zero point corresponds to the centre of each galaxy’s halo expansion. While
the Milky Way is slightly stretched in the negative z-direction, the LMC is highly stretched and
twisted. The simulations are introduced in L23, and the initial halo profiles are based on the
best spherical fit to the OC stream from E19.

5.2 methods

5.2.1 Milky Way–LMC simulations

The paper aims to uncover biases in stellar stream fits introduced by omitting the time

dependence of the Milky Way and LMC haloes. To do this, we use a current state-of-

the-art yet rigid model to fit a stream that evolved in a deforming Milky Way–LMC

system. We simulate this system as an N-body simulation and describe its potential

and density fields with basis function expansions using the EXP code (Petersen et al.,

2022a). The simulation and the expansions are described in detail in L23
1. We give a

short summary here.

The Milky Way–LMC simulations are run for the best-fit reflexive spherical potential

from E19 labelled ‘sph. rMW+LMC’. For the Milky Way, they contain an Navarro–

Frenk–White (NFW; Navarro et al., 1997) dark matter halo with MMW halo = 7.92×
1011 M⊙, rs = 12.8 kpc, and c = 15.3, a Miyamoto Nagai (MN Miyamoto & Nagai,

1975) disc with MMW disc = 6.8 × 1010 M⊙, a = 3.0 kpc, and b = 0.28 kpc, and a

1 The simulations presented here differ subtly from the simulations in L23. This is due to incorrect unit
conversion for the models in that work. The scale radius of the NFW halo in L23 is rs = 18.43 kpc.
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Figure 5.2: Flattenings of the simulated Milky Way (left) and LMC (right) at different radii of
each galaxy at t = 0 Gyr. Despite the deformations, the Milky Way is essentially spherical. The
LMC is almost spherical at the centre, but its flattening increases towards the outskirts of the
LMC to highly prolate (q > 1.5). In the densities shown in Figure 5.1, this is seen as a strong
elongation along its orbit.

Hernquist (Hernquist, 1990) bulge with MMW bulge = 5× 109 M⊙, rs = 0.5 kpc. The

LMC is modelled as a Hernquist halo with MLMC = 1.25× 1011 M⊙ and rs = 14.9 kpc.

The disc and bulge components are based on the MWPotential2014 implemented in

galpy (Bovy, 2015). Due to the infinite mass profile of the NFW potential, a truncation

is added as described in L23.

The simulations are evolved using EXP (Weinberg, 1999; Petersen et al., 2022a). In the

EXP simulations, the system is expanded into three components: the Milky Way halo,

the stellar component of the Milky Way containing the disc and the bulge, and the LMC

halo. The potential and densities are represented with a set of basis functions where

each potential–density pair solves Poisson’s equation. The haloes are represented by a

spherical basis where the angular dependence is described by spherical harmonics Yml ,

and the radial functions are eigenfunctions of the Sturm-Liouville equation (for details,

see Weinberg, 1999; Petersen et al., 2022a) The stellar component is represented as a

cylindrical basis that is found by an optimisation process explained in Petersen et al.

(2022a). The zeroth order of each expansion describes the equilibrium distribution and

perturbations are described by higher-order functions. In order to describe an evolving

system, the functions, which are fixed to their initial form, are weighted by their asso-

ciated coefficients. The coefficients are calculated from the particle distribution at each

time step and tabulated.
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The simulations are set up so that the LMC matches its present-day observables:

the centre position (αLMC, δLMC) = (78.76◦ ± 0.52, −69.19◦ ± 0.25) and its proper mo-

tions (µα⋆, LMC, µδ, LMC) = (−1.91± 0.02 mas/yr, 0.229± 0.047 mas/yr) from Kallivay-

alil et al. (2013), the distance dLMC = 49.59± 0.54 kpc, from Pietrzyński et al. (2019),

and the line-of-sight velocity vlos, LMC = 262.2± 3.4 km s−1 from van der Marel et al.

(2002).

Figure 5.1 shows the present-day density contours of the Milky Way and the LMC in

these simulations. The Milky Way is mostly spherical. Its deformation is governed by

the induced dipole that is visible as a stretch of the contours in the negative z-direction.

This is where the LMC fell in. The LMC is elongated and twisted. The dominant mo-

ment in the LMC is its quadrupole which corresponds to this stretching. The twisting

in the inner parts is captured by higher-order moments. More details on the time evolu-

tion can be found in L23. The densities for both galaxies match the densities in similar

simulations and numerical models (E19; Garavito-Camargo et al., 2019, 2021a; Rozier

et al., 2022).

Previous fits to stellar streams in the outer Milky Way halo (r >∼ 30 kpc) have re-

quired a substantially flattened MW halo (e.g. Law & Majewski, 2010; Erkal et al., 2019;

Vasiliev et al., 2021; Koposov et al., 2023). The shapes are often aligned with the posi-

tion or the orbital angular momentum vector of the LMC. With these often unphysical

results pointing towards the LMC, the flattening is one of the main parameters where

we expect a bias. In order to compare it with the ‘true’ value, we calculate the flattening

of both galaxies with their moment of inertia tensors (Frenk et al., 1988). The tensors

are calculated from the density ρ following

Iij =

∫∫∫
V

ρ (x,y, z) xi xj dxdydz (5.1)

using the scipy.integrate.tplquad function. This integral is done over a sphere be-

tween r = 10 kpc and r = 80 kpc in steps of ∆r = 10 kpc for both galaxies.

The axis ratios of each galaxy are the eigenvalues of the moment of inertia tensor

a > b > c, which are the axes of the halo itself. The sphericity q is calculated as the

ratio of the short to the long axis c/a, but this value does not contain information

about the shape of the system. The triaxiality T = (a2 − b2)/(a2 − c2) (equation 10 in
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Bett et al., 2007) gives a measure of the triaxiality and an estimate of the prolateness

(T = 1) or oblateness (T = 0) of the halo. If the halo is prolate, i.e. T > 0.5, we invert q

so that q > 1. In this notation, an oblate halo has a flattening of q < 1 and a spherical

halo has q = 1. Figure 5.2 shows the flattening of the simulated Milky Way and LMC.

The Milky Way remains essentially spherical (0.96 < qMW < 1.06) while the LMC gets

increasingly prolate with distance up to qLMC = 1.55 at 80 kpc. This is seen in the

densities where the inner contours are almost spherical, and the outer contours are

very elongated. In the fits carried out in this paper, the flattening of the Milky Way

NFW halo will be a free parameter. We compare the fit results to the true flattening in

Section 5.3.3.

5.2.2 Mock observations

Next, we generate a stream that was evolved in the deforming Milky Way–LMC sys-

tem and turn it into mock observables. The stream is generated using the modified

Lagrange Cloud Stripping method (mLCS; Gibbons et al., 2014; E19; L23). Details on

how this stream is generated are described in L23. In summary, we rewind the pro-

genitor of the stream in the deforming Milky Way–LMC system for 4 Gyr. Then we

integrate the progenitor forwards in time along the rewound orbit, while it constantly

releases particles at its Lagrange points. Each particle is integrated forwards evaluat-

ing the forces of the Milky Way halo, disc, and the LMC halo. The progenitor uses

an adaptive time step at which all particles are evaluated. To reduce the uncertainty

that the model could introduce, we create the mock stream with 150 000 particles. This

ensures that the data uncertainty (from K23) is at least five times as large as the model

uncertainty for every data point.

Due to the earlier-mentioned conversion error in the scale radius of the Milky Way,

we need to find new initial conditions that match the OC data. We rerun the grid

search around the progenitor’s initial conditions for the best fit spherical Milky Way

halo with reflex motion from table A1 in E19. The new initial conditions of the mock

stream progenitor are ϕ1 = 6.340◦, ϕ2 = −0.423◦,d = 17.763 kpc, vr = 85.232 km s−1,

µ∗α = −3.757 mas yr−1, µδ = 2.574 mas yr−1, following the notation of Koposov et al.

(2019) and E19. The stream track coordinates (ϕ1,ϕ2) are given in a coordinate system

aligned with the OC stream with its pole at (αOC, δOC) = (72◦,−14◦), and its origin
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Figure 5.3: Stream model (grey) and constructed mock stream (orange) for the OC-like stream
evolved in the deforming Milky Way–LMC simulation. Each row shows a different stream
observable; track, distance, radial velocity, and proper motions along and perpendicular to
the stream (top to bottom). The stream model consists of 150,000 particles in order to make
the model uncertainty negligibly small. In light orange, the excluded mock data are shown
following the same steps as K23. Section 5.2.2 explains the method to create mock observations
from stream models. This is the stream we fit with current state-of-the-art fitting techniques.
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at (α0, δ0) = (191.10487◦,−62.86084◦). The rotation matrix is given in Appendix B of

Koposov et al. (2019).

We create the mock data for this stream based on the OC data presented in K23. We

first bin the stream data in all observables in the same bins as K23. Then, we fit a line

to the particles each bin contains. The uncertainty in bin i is the square root of the

observational uncertainty σi, data and the uncertainty of the mean σi, sim,

σi, tot =
√
σ2i, data + σ

2
i, sim. (5.2)

To create the ‘observations’ for each bin, we draw one value from the normal distribu-

tion of the mean of the bin and its total uncertainty. Following the same process as K23,

we do not include values at ϕ1 ⩽ −80◦, K23 find a large spread in the stream track

in ϕ2 there (the ‘kink’), which the observational measurements were not sensitive to.

Figure 5.3 shows the stream model in grey, the mock data in orange and the excluded

mock data in light orange.

5.2.3 Stream fits

In order to qualitatively compare our results to fits to real data, the fits are carried

out similarly to K23. For the fits, the stream models are generated differently from

the mock stream model. They are generated using the mLCS technique, but instead of

aiming for a total number of stream stars, we release 12 000 particles per pericentre and

evolve the stream with a fixed time step. More importantly, the Milky Way and LMC

are now described by analytic expressions. The baryonic components, i.e. the disc and

the bulge, follow the same profiles as in the simulations introduced in Section 5.2.1.

Due to their high data quality, K23 introduce halo models with more flexibility.

The dark matter halo of the Milky Way is modelled as an axisymmetric, generalised

NFW profile

ρ(m ′) =
ρ0(

m ′
rs

)γNFW
(
1+ m ′

rs

)βNFW−γNFW
exp

(
−

(
m ′

rcut

)2
)

, (5.3)
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with

ρ0 =
MNFW

4πr3s

1

ln(1+ cNFW) − cNFW
1+cNFW

. (5.4)

Here, MNFW is the halo mass, rs the scale radius, and cNFW = 15 the concentration

that is fixed to avoid degeneracies between scale radius and halo mass. Other variables

and parameters are the flattened radius m ′ =
√
x ′2 + y ′2 + z ′2/q2, the flattening of

the halo q, the inner (γNFW) and outer (βNFW) slope of the profile, and the cutoff

radius rcut = 500 kpc. The primed coordinates x⃗ ′ allow the halo to be flattened in

any direction (xNFW,yNFW, zNFW). They are rotated from cartesian coordinates with

the rotation matrix

R =




cosϕ cos θ cosϕ sin θ − sinϕ

− sin θ cos θ 0

sinϕ cos θ sinϕ sin θ cosϕ




, (5.5)

where the coordinates of the direction are converted into polar coordinates with

θ = tan−1

(
yNFW

xNFW

)
, (5.6)

ϕ = cos−1


 zNFW√

x2NFW + y2NFW + z2NFW


 . (5.7)

This Milky Way halo potential has 8 free parameters: MNFW, rs, q, γNFW, βNFW, xNFW,

yNFW, zNFW.

To describe the LMC, K23 use a truncated NFW profile. However, for the fits in

this work, we choose to describe the LMC with a generalised, spherical NFW, i.e. as

in Equations 5.3, 5.4 but with the flattening set to 1 and a smaller cutoff radius of

rcut = 100 kpc. In addition, as in some of the fits in K23, we include a multiplier,

λDF, for the dynamical friction experienced by the LMC. This multiplies the fiducial

Chandrasekar dynamical friction experienced by the LMC, which was tuned with N-

body simulations of the Milky Way-LMC encounter (see equation 3 of Jethwa et al.,

2016). We note that this choice for the LMC model also matches that of Erkal et al. (in

prep.), who are fitting an expanded data set for the OC stream and thus will serve as
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a useful comparison. The potentials are constructed using GALPOT (Dehnen & Binney,

1998). We also include the LMC’s proper motions, radial velocity and distance as free

parameters, totalling nine free parameters for the LMC: MLMC, rs,LMC, γLMC, βLMC,

λDF, µα, LMC, µδ, LMC, vr, LMC, dLMC.

The progenitor’s free parameters are its observables, adding another 5 free parame-

ters to the model. Finally, we add nuisance parameters, σ, for all observables that cover

an inadequate model, underestimated observational uncertainties and ignored corre-

lations in measurements. They are added to the variance of the data σdata and model

σsim in quadrature. With a total of 27 parameters2, the likelihood is defined as

logLi = −
1

2
log
(
2π
(
σ2i,data + σ

2
i,sim + σ2

) )
−
1

2

(
mi,data −mi,sim

)2

σ2i,data + σ
2
i,sim + σ2

(5.8)

with the measurement mi,data at the ith knot and the corresponding value in the model

mi,sim. This likelihood is evaluated for each observable at each knot i and summed up

to calculate the total likelihood of a stream realisation.

We explore the likelihood space of the stream models using emcee (Foreman-Mackey

et al., 2013). Due to emcee’s unreliability with multimodal solutions, we split up the

fits into three Milky Way halo models: oblate, prolate, and spherical. The spherical

solution has 4 fewer model parameters, as the flattening is q = 1, and its direction is

not relevant. We use approximately N2
param walkers, where Nparam is the number of

parameters in the model; for these fits, we use 625 walkers for each flattening setup. At

the time of thesis submission, the walkers completed at least 6000 steps for the oblate,

5000 steps for the prolate, and 3000 steps for the spherical fits; none of the runs have

converged yet. For the analysis presented here, we select the last 1000 steps of each

run. In the next section, we present the results of these fits.

5.3 results

In this section, we present the results of the fits, including the best-fit stream, the

inferred mass profiles for the Milky Way and the LMC, and the inferred halo flattenings

of the Milky Way.

2 An overview of most parameters and their priors and their allowed ranges is presented in table 1 in K23.
Only LMC parameters that changed due to using a generalised instead of a truncated NFW profile and
the dynamical friction parameter are not listed.
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Figure 5.4: Observables (left) and residuals (right) of the best-fitting stream. In the observables
plot, the mock data are shown as black error bars, and the particles of the best-fit stream are
in purple. The residuals are shown as purple error bars. The best-fitting stream is evolved in
the prolate potential and has the highest likelihood out of all three halo setups; oblate, prolate,
and spherical. The grey error bars on the residuals plot represent the nuisance parameters for
each observable that are fitted in order to allow the model to add unknown systematic errors.

5.3.1 Best-fit stream

The best-fit stream and its residuals are shown in Figure 5.4, and some key parameters

are given in Table 5.1. This stream is evolved in the prolate halo. This stream has a

marginally larger likelihood than the best solutions in the oblate and spherical haloes.

The best-fit streams in the other halo setups not shown here look very similar to the

stream observables and residuals in the prolate halo. The kink that is present in the

other OC models (e.g. in K23) is also present here; however, the transition into the kink,

at around ϕ1 = −90◦, is smoother. The residuals are relatively large in all observables,

particularly at ϕ1 > 90
◦.

5.3.2 Mass profiles of the Milky Way and the LMC

First, we want to investigate whether these fits give us reliable mass estimates. The

quoted NFW masses for both galaxies in Table 5.1 are not easily interpretable since

we use a more complicated generalised NFW potential. Mass profiles give us a more
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Figure 5.5: Top panel: Constraints on the mass profile of the simulated Milky Way from fitting
a prolate halo. The lines are the enclosed mass profile of the entire mass with that radius,
including all Galactic components. The purple line with the purple shaded regions indicates
the median and the 1 sigma and 2 sigma uncertainties of the fits. The true mass profile is
extracted from the rotation curves of the Milky Way simulation (indigo dashed line). In the
best-fitting halo shape, the enclosed mass of the Milky Way is significantly underestimated.
Bottom panel: Fractional uncertainty of the enclosed dark matter mass. The vertical grey dashed
lines indicate the range in which we have observable data of the OC stream. In contrast to K23,
whose constraints have the smallest uncertainty within the data range, our constraints have
a very small uncertainty far into the halo. This flat uncertainty is comparable to the smallest
uncertainty in K23.
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Figure 5.6: Constraints on the mass profile of the simulated LMC from fitting a prolate halo.
Similar to Figure 5.5; the enclosed mass profile is shown in the top panel and the fractional
uncertainty in the bottom panel. The true mass profile of the LMC (teal dashed line) is calculated
from its rotation curve. The closest approach distance is the median closest approach distance
from stream particles around the closest data point included in the fits, at −75◦ ⩽ ϕ1 ⩽ −65◦, of
the best-fit stream in the prolate Milky Way halo. While the Milky Way mass is underestimated,
the LMC mass is overestimated by more than a factor of two outside of the inner 20 kpc of the
LMC. There is a minimum in the fractional uncertainties further in than the closest approach
distance. The uncertainty gradually rises to almost 20 per cent at 150 kpc.



5.3 results 141

Table 5.1: Key parameters from the posterior sampling. The first part of the table shows the
fitted parameters and the second part shows the inferred enclosed masses of the Milky Way
and the LMC at 50 kpc. The values are quoted as the median and one sigma uncertainties from
the 15.9 and 84.1 percentiles. The last row shows the offset to the highest likelihood solution.

Parameter Spherical Oblate Prolate

MNFW [1010 M⊙] 78± 15 88+22
−21 72+16

−14

rs [kpc] 13+1.9
−1.7 13.9+3.0

−2.1 14.8+2.7
−2.2

qNFW 1 0.90+0.05
−0.06 1.18+0.11

−0.08

γNFW 0.6± 0.2 0.72+0.21
−0.26 0.79+0.19

−0.23

βNFW 3.0± 0.1 3.05+0.14
−0.15 3.07+0.14

−0.16

MLMC [1010 M⊙] 12.7+4.6
−3.8 11+4

−3 10+4
−3

MMW (50 kpc) [1010 M⊙] 32.8+1.0
−0.9 32.6+1.1

−0.9 32.2+1.0
−0.9

MLMC (50 kpc) [1010 M⊙] 14.2± 1.1 13.5± 1.6 14.4+1.6
−1.4

∆ logL −0.65 −0.84 0.0

physical estimate. Since we evolved the stream in a simulation, we can calculate the

‘true’ mass profiles. This is done via the rotation curve with

Mencl(r) =
v2circ · r
G

(5.9)

at radius r with the gravitational constant G and the circular velocity vcirc =
√
−Fx · x

calculated along the x-direction with the according force Fx. With the fitted stream

parameters, we can calculate the enclosed mass profiles of the Milky Way and the LMC

by integrating over the density of the generalised NFW profile given in Equation 5.3.

Figure 5.5 shows the inferred and true enclosed mass profiles of the Milky Way.

There is an offset between both, with the inferred mass profile being significantly

lower than the true profile. The fractional uncertainty in the bottom panel was first

introduced by Bonaca & Hogg (2018), who showed that at the present-day position of

the stream, it should be minimised. This bottom panel is also shown in K23, where the

fractional uncertainties are the smallest within the data range. While the constraints

are tight, there is no particular improvement of the mass in the data range. The mass

profiles of the oblate and the spherical halo follow a similar trend.
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Figure 5.7: Inferred Milky Way halo flattenings from the fits in the prolate (q > 1) and oblate
(q < 1) haloes. The flattening of the oblate halo (blue) has a very narrow distribution around
q = 0.9. For the prolate halo (purple), the flattening peaks at q = 1.2, but it has a wide
distribution out to q = 1.6. The true range of the flattening of the simulated Milky Way halo
is shown as a grey band. The flattening is calculated every 10 kpc between 10 and 80 kpc, as
shown in Figure 5.2, so that it covers the distance out to the apocentre of the stream. Only a
few realisations of the fits produce almost spherical haloes that agree with the simulation.

Figure 5.6 shows the LMC’s mass profile. The enclosed profiles match only in the

very inner parts of the LMC. Further than ∼ 20 kpc from its centre, the LMC mass is

overestimated by more than a factor of two. The fractional uncertainty dips further

inwards than the closest approach distance and then increases similarly in shape and

amplitude to K23. These mass profiles imply a heavy LMC with a mass ratio to the

Milky Way of ∼ 1 : 3. If the fits to these mock data are representative to the fits to real

data, this implies that in fits to the real data, the mass of the Milky Way is underesti-

mated and the mass of the LMC is overestimated.

5.3.3 Flattening of the Milky Way halo

Figure 5.7 shows the flattenings of the Milky Way halo inferred from the oblate and

prolate fits. The oblate models find a flattening with a narrow distribution that peaks

at q = 0.90+0.05
−0.06. The prolate halo has a wider and flatter distribution that peaks at

q = 1.18+0.11
−0.08 but extends up to q = 1.6. These flattenings are significantly less flattened

than in K23, who infer an oblate flattening of qK23, obl = 0.55 and a prolate flattening
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Figure 5.8: Directions of the flattenings of the oblate (blue) and prolate (prolate) haloes. The
LMC position is marked with a black circle, and its angular momentum vector with a black
cross. The prolate halo has a well-defined orientation, while the oblate halo allows for a wide
range of the azimuthal angle. The prolate halo points close to the LMC’s angular momentum
vector, while the oblate halo does not exhibit any proximity to a phase-space property of the
LMC. In previous work (Erkal et al., 2019; Vasiliev et al., 2021; Koposov et al., 2023), the prox-
imity of the halo shapes to LMC properties was interpreted as a missed effect from the LMC.

of qK23, prol = 1.4. Given the relatively few steps of the fits and the initialisation of the

walkers within q = 1 ± 0.1, we expect these flattenings to move further away from

q = 1 with longer fitting runs.

In previous works, flattened haloes often point towards the position of the LMC or

its orbital angular momentum (e.g. Law & Majewski, 2010; Erkal et al., 2019; Vasiliev

et al., 2021; Koposov et al., 2023). We show the orientation of the flattened haloes

in Figure 5.8. Even though it has a wide range of flattening, the prolate halo points

towards a very narrow region, close to the angular momentum vector of the LMC. The

oblate halo has a wider preference for its angle and does not align with any LMC

property.

5.4 discussion

The results we presented are peculiar. By knowing the parameters we fit from the sim-

ulations, we can evaluate the biases in our fits. As clearly seen throughout the results

section in Figures 5.4, 5.5, 5.6, and 5.7, the fits are not recovering the true parameters
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within any significance. First, assuming these results are reliable, we discuss their impli-

cations for stream fitting procedures, and for the flattening of the Milky Way halo and

the difference between the oblate and prolate haloes. Then, we provide an explanation

as to why these fits do not recover the true parameters. We summarise these caveats of

why the results might not be reliable and propose further tests that should be carried

out to confirm the results. Finally, we discuss the need to develop a time-dependent

Milky Way–LMC model.

5.4.1 Are stream fits biased?

The results presented in Section 5.3.3 show that the fits do not recover the true param-

eters of the Milky Way and LMC halo including the flattening of the Milky Way halo

and the mass estimates and enclosed mass profiles of the Milky Way and the LMC.

This implies that the results of stream fits are biased. While we expected this bias for

the Milky Way flattening due to inconsistent results in previous works (e.g. Law &

Majewski, 2010, E19, Vasiliev et al., 2021, K23), we did not expect such a significant

offset in the inferred masses of both galaxies.

The fits underestimate the Milky Way mass by around 20 per cent and overestimate

the LMC mass by more than a factor of two. If these fits are representative of other fits,

this would mean that stream fits underestimate the Milky Way mass. A comparison of

different methods to estimate the Milky Way mass presented in figure 2 in Wang et al.

(2020a) shows that methods using streams often estimate a slightly lower value of the

Milky Way mass compared to other methods and tracers. Results from K23, however,

generally agree well with some other selected Milky Way mass measurements but are

on the lower end of the observations. They also match LMC mass measurements in

the inner parts of the LMC, that do not have priors in their fits and are closer to the

centre than the closest approach distance of the OC stream. While we match the inner

LMC the best and only deviate strongly further out, the K23 Milky Way enclosed mass

result agrees better with the data than our fits with the simulation. This reduces the

significance of a possible bias in the enclosed mass of the Milky Way.

For the fits in the oblate and the prolate halo, we compared the inferred flattening to

the true flattening of the simulation. We expect the flattening values we get from the

stream fits to contain both the true flattening and the time dependence of the Milky
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Way. The simulation initialises the Milky Way halo spherically (based on the spherical

fit from E19). At the current-day position, the halo is still spherical with a small spread

of flattenings around q = 1. Even though we used a spherical Milky Way in the mock,

this does not mean there is no flattening in the Milky Way.

Both the prolate and oblate fits are initialised at 1 < q < 1.1 and 0.9 < q < 1,

respectively, but quickly explore solutions further away from sphericity. Both solutions

have flattenings that are weaker than the solutions in K23. Similarly to K23, we find that

the likelihoods for the oblate and prolate solutions are almost equal which validates

the weak flattening result. Running the fits for more steps could lead to an exploration

of stronger flattenings. However, if we trust the currently recovered flattenings, while

they are somewhat offset to the spherical offset, the bias for them is smaller than

expected when compared to K23.

In the next sections, we compare our results to K23 to understand whether we see

similar trends in both works. We also discuss why we see such differences between

simulation and fit parameters and possible improvements to make the interpretation

of these results more robust.

5.4.2 Halo shape model setups

Streams run in the different halo setups could explain why the fit parameters are so

different from the true parameters. Figure 5.9 shows the best-fit stream track in each

halo setup. We include the excluded mock data points for guidance in light grey. The

stream tracks in all three setups look very similar. They have similar lengths and show

similar features at both edges of the streams. A particularly insightful feature might

be the ‘kink’ on the left edge of the stream. Follow-up observations of this feature will

put stronger constraints on the stream fit (Erkal et al. in prep.). Within the range of

the fitted data, no obvious feature unveils why the recovered parameters significantly

deviate from the true parameters.

Following K23, we investigate the acceleration fields in the prolate and oblate halo.

The accelerations are rotated into the plane of the OC stream with the rotation matrix

from Koposov et al. (2019). In this plane, accelerations that point in the negative (pos-

itive) z-direction will also point down (up) in the sky in the OC coordinate system,

pulling the stream particles off their track in the corresponding direction. We show the
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Figure 5.9: The best-fitting stream tracks in each Milky Way halo configuration. The spherical
track is shown in the top panel in yellow; the oblate track in the middle panel in blue; and the
prolate halo track in the bottom panel in purple. While the prolate halo produces the highest
likelihood, the other two solutions have similar tracks. All streams produce the kink-like feature
seen in the data and models (E19; L23; K23, Erkal et al. in prep.).



5.4 discussion 147

−100 −50 0 50 100

x′ [kpc]

−100

−50

0

50

100

y
′

[k
p

c]

Oblate

−100 −50 0 50 100

x′ [kpc]

−100

−50

0

50

100

y
′

[k
p

c]

Prolate

−0.04

−0.02

0.00

0.02

0.04

a
z
′ /
|a
r′
|

Figure 5.10: Ratio of vertical to radial accelerations in the OC stream plane in the oblate (left)
and prolate (right) haloes. The best-fitting stream in each halo is shown with black points. This
plot is similar to figure 21 in K23. The out-of-plane forces look similar for the prolate and oblate
setup. However, the amplitudes of these ratios are very low, indicating no acceleration field is
generated perpendicular to the stream’s plane in either halo, in contrast to K23.

ratio of the out-of-plane acceleration to the radial accelerations in the stream plane in

the oblate and prolate fits in Figure 5.10. Both setups have the same orientation of the

forces. While K23 find force ratios of up to 20 per cent, the ratios in this work are less

than 5 per cent. This is also consistent with the fact that the flattenings in this work are

closer to 1 than in K23. This implies that streams in both setups do not experience a

large perturbation perpendicular to the stream track.

In our fits, we include a dynamical friction multiplier as discussed in K23. Figure 5.11

shows the distribution of solutions for the multiplier. K23 find strong constraints for

this multiplier with log10 λDFK23
= 0.31+0.20

−0.48. While we see a peak of solutions in the

same region, our median solution, λDF = 1, does not modify dynamical friction. Over-

all, our constraints are weaker with log10 λDF = −0.04+0.47
−1.61, excluding very strong but

allowing very weak dynamical friction.

5.4.3 Orbit of the LMC

The LMC can perturb the stream twofold: (i) the higher the LMC’s mass, the higher

its effect at a constant distance, and (ii) smaller distances between the stream and the

LMC increase the LMC’s effect at constant mass. The too-high mass estimate of the

LMC indicates that, in the fits, the LMC does not come as close to the stream as it
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Figure 5.11: Dynamical friction multiplier in the prolate halo fit. This multiplier scales up or
down the dynamical friction the LMC experiences during its infall. While there is a peak of
solutions at log10 λDF ≈ 0.5, the median and the one sigma levels are at log10 λDF = −0.04+0.47

−1.61
as indicated by the grey lines.

does in the generation of the mock stream in the simulated Milky Way–LMC system.

In order to get the same size velocity kick with a more massive LMC, its passage must

be more distant. This means that the orbit of the LMC is not fitted correctly.

Figure 5.12 shows the orbit of the LMC in its galactocentric components in the sim-

ulation and in the three different fitting setups. The grey lines show the ‘true’ paths,

while the coloured lines show the recovered paths in the fits. Particularly in the y

and z-directions, there are large offsets between the fitted and the true orbits at larger

lookback times. For small lookback times, e.g. the last 500 Myr, the orbits match well.

The LMC comes close and is thus relevant mainly for small lookback times. In Fig-

ure 5.13, we show the positional offset between the fits and the mock for the OC

progenitor, the LMC and the Milky Way. The LMC has the smallest difference between

the fits and the mock, while the Milky Way has the largest offset. This points towards

a difference in the reflex motion of the disc, which we discuss in Section 5.4.4.

In Figure 5.14, we show the effect these orbital offsets have on how close the stream

particles come to the LMC. At the closest approach, at around ϕ1 ≈ −90◦, the LMC

comes the closest to all shown stream models. This is where the ‘kink’ we see in Fig-

ure 5.9 begins, indicating that this close approach to the LMC induces this kink.
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Figure 5.12: The inferred orbit of the LMC in cartesian coordinates. The full line shows its orbit
in the x-direction, the dash-dotted line in the y-direction and the dashed line in the z-direction.
The grey lines are from the ‘true’ orbit of the LMC in the simulation. The coloured lines are the
orbits of the LMC in the best-fitting oblate (blue), prolate (purple), and spherical (yellow) halo.
The x-direction is matched relatively well in all three fits. For all three halo shape fits, the LMC
falls in from a higher z than in the simulation, with the orbit in the prolate halo matching the
simulated LMC the best. In the y-direction, none of the orbit realisations match. While oblate
and spherical configurations underestimate the orbit in y-direction, the prolate configuration
overestimates it. The prolate orbit is overall the closest to the true orbit, which might explain
the slightly better likelihood. Nevertheless, over the last 500 Myr, the period where the LMC
comes the closest and has the biggest effect, all halo configurations match the simulated LMC’s
orbit still very well, as shown in Figure 5.13.
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Figure 5.13: Positional offset between the best stream fits in each configuration and the mock
for the OC progenitor (top panel), the LMC (middle panel), and the Milky Way (bottom panel).
The coloured dashed lines show the different halo configurations. The grey band shows the
range of the times of the closest approach in the best fits and the mock. The smallest offset is
seen in the LMC orbit which is less than 5 kpc. However, Figure 5.12 shows that the orbits get
significantly offset for longer rewind times. The OC progenitor offset is less than 10 kpc, and
the Milky Way’s offset at closest approach times is the largest. This trend continues with larger
lookback times.
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Figure 5.14: Closest approach distance between the OC stream and the LMC of the best-fit
streams in the three halo configurations (top panel: spherical, second panel: oblate, third panel:
prolate) and the mock stream (bottom panel). The vertical grey lines show the position of the
last data point that is included in the fits, (ϕ1 = −70◦). The horizontal grey lines show the
median closest approach distance of the mock particles in the bin of the last data point. While
the mock OC stream gets very close to the LMC (within 10 kpc) more than 300 Myr ago, the
fitted streams’ closest approach is around 20 kpc and later in time. The prolate solution has
the latest closest approach (∼ 200Myr ago) and the furthest away. Particles around the last
data point included in the fits are the closest to the LMC within the fitting range and the most
sensitive to its potential. Compared to the mock, these are still 10 kpc further away.



152 biases in stream fitting techniques

The last mock data point that we include in the fits is at ϕ1 = −70◦. The horizontal

lines show the closest approach distance to the LMC of the mock particles within this

bin. At this position, the fitted stream particles are at distances around 10 kpc further

away from the LMC. This explains the need for a higher LMC mass in the fits.

5.4.4 Reflex motion in the stream models and Milky Way–LMC simulations

The fits are unable to recover the true orbits of all components. The reflex motion of

the Milky Way disc could introduce difficulties in the fits. In the Milky Way–LMC

simulation, the reflex motion of the disc happens inherently due to the N-body nature

of the simulation. In our fits, the phase-space position of the disc is calculated at each

time step. The Milky Way–LMC simulation has a relatively small reflex motion, only

finding a signature of ∼ 20 km s−1 in the outer halo. The bulk of this motion is in

the y-direction. In the fits, the disc is moving significantly faster and more in the z-

direction. The fits might not be able to reproduce a low enough signal that is given in

the simulations. More robust results and interpretations of the bias in stream fits can

be gained by simulating mock streams in different Milky Way–LMC simulations with

a range of reflex motions.

Another insightful test for this bias will be fitting stellar streams with different meth-

ods in cosmological simulations (e.g. streams in the FIRE2 simulations; Panithanpaisal

et al., 2021; Shipp et al., 2022; Arora et al., 2022). Reino et al. (2022) fit stellar streams

in the FIRE simulations with an action-clustering approach. They find that fits to a

full stream are not biased, but fitting streams near the pericentre has a systematic bias

which leads to overestimating the host galaxy’s mass. Future work could fit the same

streams with the fitting technique presented here to test how well we recover the true

parameters and to compare different stream fitting methods.

5.4.5 Caveats of the results and tests for future confirmation

In the first two sections of the discussion, I have discussed the implications of the re-

sults under the assumption they are correct. Then, I have shown that the LMC does not

get close enough to the stream, which could explain the larger inferred LMC mass. Fi-
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nally, I have discussed the differences between the reflex motion in the BFE simulation

and the stream models which could be the reason for the mismatch.

There are several steps to testing the robustness of these results. The first problem

could arise from marginally different implementations of the stream model. The main

difference between the generation of the mock stream and the fitted streams is the

integration of the stream particles. The particles of the streams evolved in the Milky

Way–LMC simulation are integrated by time step. Testing whether we can fit and re-

cover a mock stream that is created in a static, spherical potential should uncover any

possible problems induced by this difference in stream modelling. Another test for this

problem is to run a stream model with the fitting code with the according parameters

of the mock stream and see whether the model stream matches the mock.

In order to test how the amount of reflex motion in the BFE simulation can affect a

stream, we can model a different mock stream: Antlia 2 (Torrealba et al., 2019). Kine-

matic models of the stream require a reflex motion of the Milky Way disc of around

30 km s−1; otherwise, the proper motion vector of the model is misaligned with the

observed spatial orientation of Antlia 2 (Ji et al., 2021). By evolving an Antlia 2-like

stream in the Milky Way–LMC simulation and measuring the misalignment between

the stream and its velocity vector, we will have an additional, different test of the

amount of reflex motion in the Milky Way–LMC simulation.

If the smaller reflex motion in the current Milky Way–LMC simulation is the cause

of the mismatch between the fitted and true potential parameters, we should look into

evolving mock streams in different sets of simulations. One option is to expand all

snapshots of the simulations presented in Garavito-Camargo et al. (2019, 2021a) where

the orbit of the LMC matches the expectations better and which have a stronger re-

flex motion. Another option is to run new EXP simulations that focus on matching the

LMC’s orbit rather than the mass profiles of the Milky Way and the LMC. If similar

mismatches still happen when the simulated reflex motion matches the Milky Way

reflex motion better, this would confirm the results. Finally, as mentioned in the pre-

vious section, fits to stellar streams in cosmological simulations can uncover new, and

confirm or disprove the current results.

Given the effect of the time-dependence of the Milky Way–LMC system on stellar

streams presented in Chapter 3 and the possible bias in stream fitting methods found
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in this chapter, we should aim to develop stream fitting techniques that take the defor-

mations into account.

5.4.6 Development of a time-dependent Milky Way–LMC model

Current fits to stellar streams assume rigid haloes (e.g. E19; Shipp et al., 2021; Vasiliev

et al., 2021; K23). In L23, we show that the deformations of the Milky Way and the

LMC haloes have a significant effect on stellar streams. Thus, ideally, we fit streams

with time-dependent haloes. This time-dependent model needs to provide cheap and

fast force evaluations that come close to the performance of analytic solutions. A fully

time-dependent Milky Way–LMC description that is functional in fitting streams is

currently unachievable.

L23 have found that the dipole of the Milky Way has the most significant effect on

the OC stream. Thus, implementing a simple dipole that can be fit is the first step in

developing the desired model. Then, to get a more complete picture of the dynamical

processes happening in this interaction, we can use multichannel singular spectrum

analysis (mSSA; Weinberg & Petersen, 2021; Johnson et al., 2023). MSSA utilises prin-

cipal component analysis of time series, finding relations in space and time and, thus,

the clearest description of the dynamical system. This drastically reduces the number

of coefficients needed to describe an evolving system. The dynamical features found

with mSSA can be compared between different Milky Way–LMC simulations. Ideally,

with a suite of Milky Way–LMC simulations, we will be able to use mSSA to interpo-

late between principal components of the BFEs. This would allow us to fit the mSSA

coefficients and, ultimately, the time-dependent Milky Way–LMC model. This idea is

not guaranteed to work, though, and needs considerable technical development and

testing first.

5.5 conclusions

This paper aims to uncover possible biases in fitting Milky Way and LMC properties

with stellar streams by not including the time dependence of this interaction. We fit a

mock stream evolved in a time-dependent Milky Way–LMC system with current state-
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of-the-art stream fitting methods. Here, we summarise the results from these fitting

efforts:

• We generate a stellar stream in a BFE simulation of the time-dependent Milky

Way–LMC system. We turn this stream into mock data that includes realistic

observational errors in order to fit the stream with current state-of-the-art fitting

techniques (Figures 5.1–5.3).

• The stream model evolved in a prolate halo matches the stream observables fairly

well (Figure 5.4).

• We compare the inferred model parameters with the BFE simulation’s true pa-

rameters. The best-fit stream model recovers neither the enclosed mass profiles

of the Milky Way and the LMC nor the flattening of the Milky Way halo (Fig-

ures 5.5–5.7).

• We compare results and implications of our fits with K23, who modelled the

observed data of the OC stream with the same method. While their stream tracks

can explain the difference in the likelihood between different halo setups, our

stream tracks cannot (Figure 5.9). Furthermore, they find a strong out-of-plane

acceleration in the stream plane. Our results do not imply such an acceleration

(Figure 5.10).

• We find that the orbit of the LMC is not recovered correctly in the fits. The prolate

halo fit matches the simulation orbit the best, which might explain the marginally

higher likelihood for the prolate fit (Figure 5.12). The increased distance between

the OC stream and the LMC can explain the higher LMC mass necessary for the

stream to experience enough perturbation (Figure 5.14).

• We discuss the option that a difference in the reflex motion of the Milky Way

disc in the fits and the simulation can affect the fits (Section 5.4.4, Figure 5.13)

and discuss briefly the necessary technical developments to build a fittable time-

dependent Milky Way–LMC model (Section 5.4.6).

While this chapter has been written as a paper draft, it clearly needs more work

before being submitted for publication. We would like to understand more clearly
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why these fits do not match the simulated parameters. We aim to better understand

the effect of the different reflex motions in the fits and in the simulation. Future work

will fit stellar streams in cosmological simulations to investigate similar questions as

here so that we can paint a well-rounded picture of biases that are introduced in rigid

stream fitting techniques. Once we know these biases, we can work towards developing

workarounds and, ideally, a more realistic Milky Way model that includes some extent

of the time dependence.
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C O N C L U S I O N S A N D O U T L O O K

In this thesis, I have presented work on stellar streams in the deforming dark matter

haloes of the Milky Way and the Large Magellanic Cloud (LMC). Stellar streams are

sensitive probes of the gravitational potential. Various streams have been used to fit

properties of the Milky Way and the LMC halo. In this work, I have shown that stellar

streams are significantly affected by these time-dependent deformations. This result

presents us with problems regarding stream modelling and the parametrisation of the

Milky Way’s dark matter halo, but it also provides us with new possibilities to explore

the nature of dark matter. In this concluding chapter, I summarise the work I have

carried out and present the scope of future work based on these results.

6.1 results of this thesis

The OC stream in the deforming Milky Way–LMC system

In Chapter 3, I present a study on how the OC stream is affected by the deformations

of the Milky Way and the LMC. We chose the OC stream as it spans large parts of

the Milky Way halo, and it is affected by the LMC as a portion of the stream passes

very close by the LMC. The infalling LMC has many effects on the Milky Way, e.g. the

disc’s reflex motion and overdensities in the halo. (Erkal & Belokurov, 2020; Petersen

& Peñarrubia, 2020; Garavito-Camargo et al., 2021a; Conroy et al., 2021). Its presence

also affects stellar streams (Erkal et al., 2019; Vasiliev et al., 2021; Shipp et al., 2021;

Koposov et al., 2023). We ask, are streams specifically affected by the deformations of the dark

matter haloes of both galaxies?

We investigate an OC-like stream in a basis function expansion (BFE) simulation of

the Milky Way and the LMC that is time-dependent and includes the deformations

of both galaxies. We find that these deformations significantly affect the OC stream,

157
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with track offset far greater than observational uncertainties. This means that current

inferences of the Milky Way and LMC potentials using stellar streams could be biased.

The biggest effect on the stream comes from the Milky Way’s dipole. Other smaller

effects include the evolution of the LMC’s monopole, the LMC’s quadrupole, and even

its higher moments.

With the LMC falling into the Milky Way, we have a dark matter collider in our

backyard. Since stellar streams are sensitive probes to the gravitational potential they

move in, and are affected by the dark matter halo deformations, they act as sensitive

detectors in the Milky Way–LMC dark matter collider. This motivates future theoretical

developments to utilise the high-quality current and future data to measure the time-

dependent haloes of the Milky Way and the LMC. We need to improve BFE tools to

create efficient models that can describe an arbitrary Milky Way–LMC encounter over

a sufficiently large parameter space. Detecting the existence of these deformations and

characterising their effects would be a spectacular test of the collisionless nature of dark

matter. It would offer another window to probe different dark matter and alternative

gravity models.

The information about the time-dependence of the Milky Way halo in stellar streams

In Chapter 4, I explore the information streams hold on a time-dependent Milky Way

halo. Almost 100 streams have already been detected in the Milky Way halo, and more

are expected with upcoming surveys. Each stream can give unique insights into the

evolution of the Milky Way, yet some streams are particularly suited to infer properties

of the Milky Way’s dark matter halo. Bonaca & Hogg (2018) introduce a statistical

approach to quantifying a stream’s constraining power (i.e. its information content) on

model parameters. They calculate the best-case uncertainty that model parameters can

have given the quality of a data set. They find that streams have the best constraints

over the distance range they currently cover and that combining streams improves the

uncertainties significantly. While they included a potential that can include the effect of

an external perturbation, this perturbation is rigid. We ask, what information do streams

hold on time-dependent perturbations of the Milky Way halo?

We extend the methodology developed in Bonaca & Hogg (2018) to include time-

dependent perturbations. We evolve streams in haloes with a rigid and time-dependent
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perturbation and calculate the best-case uncertainties of several model parameters,

focusing particularly on the perturbation coefficients. We chose a perturbation that

matches the Milky Way dipole in the Milky Way–LMC simulation presented in Chap-

ter 3, as we found that the dipole has the biggest effect on the stream. We find that

streams that are currently used to fit the potential, such as Sagittarius, OC and GD-1

are also the most informative streams on the time-dependent perturbation. In our toy

model setup, the OC-like mock stream has the best constraints on the first perturbation

coefficient of the dipole, at the one per cent level. Only combining it with at least 3 other

streams will improve the uncertainty. Further, we find that most of the information lies

in the stream track for many streams. Finally, we estimated a lower limit of the per-

turbation in our toy models that streams are sensitive to within a 20 per cent best-case

parameter uncertainty. This is for a relative force ratio of 0.5 per cent at 50 kpc. While

these results are obtained for a toy model, they have important qualitative implications,

such as informing us which streams are best to use when modelling a time-dependent

Milky Way potential.

The bias in stream fitting methods from omitting the deformations

In Chapter 5, I investigate how stellar stream fits are affected by omitting the time-

dependence of the Milky Way and the LMC haloes. There are a variety of stream-

fitting methods (described in Chapter 2.2). Most of them assume analytic potentials

with rigid halo shapes, including the widely used particle-spray method (Küpper et al.,

2008, 2010, 2012; Gibbons et al., 2014; Fardal et al., 2015). In recent fitting efforts, the

infalling LMC and the reflex motion of the Milky Way disc are included, but the dark

matter haloes of both galaxies are still rigid (e.g. Erkal et al., 2019; Vasiliev et al., 2021;

Koposov et al., 2023). The inferred Milky Way haloes – prolate and oblate – are strongly

flattened, and their orientation often points towards the LMC. We ask, are stream fits

biased by not including the deformations of the dark matter haloes of the Milky Way and the

LMC?

To answer this question, we fit a mock stream evolved in a live Milky Way–LMC

BFE simulation with current state-of-the-art fitting techniques. All halo shapes return

similarly good fits, and the fitted streams match the mock data well. We compare the

parameters and constraints from the fits with the ‘true’ values from the simulation. We
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find that the fits do not recover the true parameters of the halo. The Milky Way halo

mass is significantly underestimated, and the LMC mass is overestimated by more than

a factor of two. The shape of the simulated Milky Way halo is close to spherical. The

inferred flattenings are q = 1.2 in the prolate case and q = 0.9 in the oblate case. The

flattenings measured in Koposov et al. (2023) are much stronger for both shapes.

In our fits, a problem could be induced by the small reflex motion in the BFE simu-

lation, whereas the model cannot recreate a matching stream with such a small reflex

motion. If these results are representative of this method, stream fits are more biased

than expected. This approach needs to be repeated in different Milky Way–LMC sim-

ulations and other Milky Way-like simulations, e.g. cosmological zoom-in simulations,

to test how common these biases are.

6.2 future directions of work

The work I presented in this thesis offers many different directions for future research.

I will now introduce some ideas my collaborators and I will work on over the next

years. These aim to provide new tools to investigate the time dependence of the Milky

Way halo and put constraints on dark matter particle models.

Technical development for BFEs

BFEs are a very useful tool to describe systems that are perturbed and to evolve other

substructures in these systems. While they are accessible for fast and cheap evaluations

of field values (potential, density, force, ...), this comes at the cost of needing 102 − 103

coefficients to describe the system. Some of these coefficients hold substantial informa-

tion about the system; others are merely noise. Ideally, this system can be described

by fewer coefficients and functions that all hold information on the system’s structure

and evolution. This should allow for some physical interpretation of each coefficient.

Weinberg & Petersen (2021) developed a method that they adapted from geophysics,

multichannel singular spectrum analysis (mSSA). MSSA is a non-parametric tool that

finds correlations in space and time and drastically reduces the number of coefficients,

similar to principal component analysis. It has a broad range of applications for dy-

namical systems that can are described with BFEs. Weinberg & Petersen (2021) apply
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mSSA to barred galaxy simulations, finding that it extracts the dominant features in

space and time. Johnson et al. (2023) present the application of mSSA to a simulated

Milky Way-like system and extract signals for two dipole modes that occur. It can also

be used to characterise the response of the MW halo to a satellite and vice versa.

For this, we will apply mSSA to the Milky Way–LMC simulations presented in this

thesis and a Milky Way–LMC simulation suite that is currently being run. Applying

mSSA to the simulation suite and correlating them together will identify the main

dynamical processes that take place in the system and ideally provide a template to

interpolate between different initial conditions for the Milky Way–LMC system (trans-

fer learning technique). This method will drastically reduce the number of coefficients

needed to describe the system. Together with identifying the dynamical features that

affect stellar streams, we can develop tools to model the time-dependent Milky Way.

Developing a time-dependent Milky Way model

As shown in this work, stellar streams are affected by the deformations of the Milky

Way and the LMC (Chapter 3) and hold information on the time-dependence of the

Milky Way (Chapter 4), affecting our ability to model stellar streams and the Galaxy

(Chapter 5). This calls for an updated Milky Way description that includes its time

dependence.

With the Milky Way–LMC simulation suite, a reduced number of coefficients with

mSSA, and the transfer learning technique, we will be able to interpolate between

different setups for the Milky Way and the LMC, e.g. their halo masses and shapes.

These setups can then be fitted with the streams that are the most informative of the

time dependence of the Milky Way. With current and future high-quality data, this

accurate Milky Way model is crucial for the reliability of any future work that requires

a precise description of the Milky Way halo.

Constraining dark matter in the Milky Way using BFEs and stellar streams

One of the most exciting outlooks is that we will be able to test different dark matter

and alternative gravity models. With the flexible form of BFEs, we can create Milky

Way–LMC interactions with different setups that mimic warm, self-interacting (SIDM)
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and fuzzy dark matter (FDM), and alternative gravities using EXP (Petersen et al.,

2022a). This will enable us to understand how different parameters for each dark mat-

ter theory affect the interaction. These are e.g. the halo profile, mass and shape in cold

dark matter (CDM), the dark matter particle mass for FDM, the cross-section for SIDM,

and a0 for modified Newtonian dynamics (MOND).

An unbiased measurement of the shape of the Milky Way halo distinguishes between

e.g. CDM (triaxial) and SIDM (nearly spherical; Robles et al., 2017). This unbiased

measurement is only possible if we understand the effect of the deformations and can

contrast it clearly against the halo shape. Only the accurate time-dependent Milky Way

model will allow us to measure the halo shape correctly and put these constraints on

dark matter particle models.

Another strategy to distinguish between different dark matter particle and alterna-

tive gravity models is utilising different prescriptions of dynamical frictions in these

theories (e.g. Lancaster et al., 2020 for FDM, and Bílek et al., 2018 for MOND). The

dynamical friction experienced by the LMC has already been measured using stellar

streams (Shipp et al., 2021; Koposov et al., 2023). This measurement was made possible

since the streams have close passages with the LMC in the past, and thus the streams

are sensitive to the LMC’s past orbit. However, our work in Chapter 5 shows that while

these measurements are precise, they might not be accurate. This past orbit highly de-

pends on dynamical friction. A precise and robust measurement of dynamical friction

will have strong implications for alternative gravity models, which should have very

little dynamical friction at the radius of the LMC.

We are fortunate to live next to a dark matter collider that is the Milky Way–LMC interac-

tion. Stellar streams are sensitive probes to the gravitational potential and the deformations of

dark matter haloes, making them prime detectors in this collider. In the future, with new and

improved technological tools, we will further investigate the time dependence and deformations

of the Milky Way and LMC dark matter haloes with stellar streams, and turn these results into

new constraints on dark matter particle models.



A
A P P E N D I X T O C H A P T E R 3 : T H E O C S T R E A M I N D E F O R M I N G

D A R K M AT T E R H A L O E S

This is the appendix to Chapter 3, published in Lilleengen et al. (2023).

a.1 bfe reconstructions by radial order

The spherical basis function expansions used in this paper correspond to harmonic

indices l and m (which correspond to standard spherical harmonics) and radial index

n, which broadly defines the spatial scale that a function is both sensitive to, and in-

fluences. The lowest-order radial function (n = 0) is sensitive to the largest scales, the

next radial function (n = 1) is sensitive to slightly smaller scales, and so on. However,

given that the basis is global, one cannot directly map radial functions to ‘resolution’. To

assist in physical interpretation, in this appendix, we visually demonstrate the effects

on reconstructing the density field when including and excluding different radial or-

ders. We restrict our detailed analysis with radial order to the largest-power harmonic

subspaces for each component, as discussed in Sections 3.3.3 and 3.3.4 (i.e. dipole for

the Milky Way, quadrupole for the LMC).

Figure A.1 shows the density reconstructions for the Milky Way and LMC, as well

as the change in density for isolated n orders. Beginning with the upper row, we show

the reconstruction of the Milky Way when including successively more terms, from

the monopole (including all radial orders) in the left-most panel to the full density

reconstruction over all functions (harmonic and radial) in the right-most panel. Inter-

mediate panels (left to right) add dipole radial functions n = 0, n ⩽ 1, n ⩽ 2, and

all radial dipole orders (second from right). One sees that the addition of functions

adds features to the overall density profile that deform the Milky Way away from the

initially spherical shape. To further illustrate the role different functions play in deter-

mining the overall structure, in the second row of panels, we show the contribution

163



164 appendix to chapter 3

-80-4004080

-80

-40

0

40

80

z
′ [

k
p
c]

monopole

-80-4004080

-80

-40

0

40

80

mono + di(n= 0)

-80-4004080

-80

-40

0

40

80

mono + di(n 1)

-80-4004080

-80

-40

0

40

80

mono + di(n 2)

-80-4004080

-80

-40

0

40

80

mono + full dipole

-80-4004080

-80

-40

0

40

80

fully live MW

-80-4004080
y ′ [kpc]

-80

-40

0

40

80

dipole n= 0

-80-4004080

-80

-40

0

40

80

dipole n 1

-80-4004080

-80

-40

0

40

80

dipole n 2

-80-4004080

-80

-40

0

40

80

dipole n< 18

-80-4004080

-80

-40

0

40

80

all l and n

104

105

106

107

ρ
[M

¯
k
p
c−

3
]

-107

-104

0

104

107

∆
ρ
[M

¯
k
p
c−

3
]

-40-2002040

-40

-20

0

20

40

z
′ [

k
p
c]

monopole

-40-2002040

-40

-20

0

20

40

mono + quad(n= 0)

-40-2002040

-40

-20

0

20

40

mono + quad(n 1)

-40-2002040

-40

-20

0

20

40

mono + quad(n 2)

-40-2002040

-40

-20

0

20

40

mono + full quad

-40-2002040

-40

-20

0

20

40

fully live LMC

-40-2002040
y ′ [kpc]

-40

-20

0

20

40

quad n= 0

-40-2002040

-40

-20

0

20

40

quad n 1

-40-2002040

-40

-20

0

20

40

quad n 2

-40-2002040

-40

-20

0

20

40

quad n< 24

-40-2002040

-40

-20

0

20

40

all l and n

104

105

106

107

ρ
[M

¯
k
p
c−

3
]

-107

-104

0

104

107

∆
ρ
[M

¯
k
p
c−

3
]

Figure A.1: Milky Way and Large Magellanic Cloud (LMC) density and change in density as a
function of basis function n order at the present day (T = 0) in our model, for the largest-power
harmonic subspace for each component. These are shown in the orbital plane of the LMC, de-
fined in Appendix A.2. The upper two rows show the Milky Way reconstruction when adding
successive dipole radial functions. The lower two rows show the LMC reconstruction when
adding successive quadrupole functions. Both the Milky Way and LMC demonstrate the conver-
gence of the series with the addition of radial orders (compare with the full reconstructions in
the right-most row).
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of specific sets of functions. The functions are shown in parallel with the total den-

sity reconstructions in the upper row, such that the left-most panel in the second row

shows the contribution of the dipole n = 0 term, and the right-most panel shows the

contribution of all non-monopole harmonic (0 < l ⩽ 6) and radial orders (n < 18).

We then show the same analysis for the LMC in the bottom two rows of panels of

Figure A.1, except we focus on the quadrupole rather than the dipole. Moving from

left to right in the panels reconstructing the total density, one sees that the addition of

radial terms acts to twist the inner isodensity contours. The ability of multiple radial

orders to act together is even more apparent in the density contribution of the isolated

non-monopole functions (the bottom row of Figure A.1), where the full position angle

of the LMC dipole requires the first few terms (n ⩽ 2) before it resembles the full

reconstruction (the right-most panel). Figure A.1 also shows that the large-scale density

fields of both the Milky Way and LMC are well described with the n ⩽ 2 expansions,

while the higher order terms are responsible for smaller-scale features.

a.2 coordinate system transformation

In order to study the effects of the deformations induced by the LMC, we rotate our

coordinate system so that it is aligned with the LMC’s orbital plane. First, we calculate

the angular momentum of the LMC

L⃗LMC = x⃗LMC × v⃗LMC =




−15211

1133

−1033




kpc km s−1 (A.1)

from its current position x⃗LMC and current velocity v⃗LMC. This angular momentum is

defined by the angles θ = arctan2(Ly,Lx)1 and ϕ = arcsin(Lz/|⃗L|) that are used for the

rotations. The first rotation is defined by the rotation matrices

M1(θ) =




cos(χ(θ)) − sin(χ(θ)) 0

sin(χ(θ)) cos(χ(θ)) 0

0 0 1




(A.2)

1 We choose the sequence of arguments (y, x) for the arctan2 functions in line with the numpy definition.
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Figure A.2: Comparison of coordinate systems: Galactocentric (black) and the rotated system
where the orbital plane of the LMC is aligned with the y ′z ′-plane such that the recent past
LMC orbits in both frames are matching (red). The frames are close, and the angles between
the directions are small, but there are important features visible in the rotated frame that are
not as clear in the Galactocentric frame.
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M2(ϕ) =




cos(ϕ) 0 − sin(ϕ)

0 1 0

sin(ϕ) 0 cos(ϕ)




(A.3)

where χ(θ) = π− θ. The matrix M21(ϕ, θ) = M2(ϕ)M1(θ) aligns the orbital plane of

LMC with the y ′z ′-plane, pointing towards the −x direction. The position of the LMC

in this new frame is calculated by x⃗LMC,rot(ϕ, θ) =M21(ϕ, θ)× x⃗LMC. The angle ψ is the

angle between the y and z-components of the LMC’s current position in Galactocentric

coordinates and in the by M21 rotated frame

ψ(ϕ, θ) = − arctan2 (zLMC,rot(ϕ, θ),yLMC,rot(ϕ, θ)) + arctan2 (zLMC,yLMC) . (A.4)

With this angle, we rotate the frame around x ′ so that the LMC is at the same angle in

both frames and their recent past orbits roughly match using the rotation matrix

M3(ϕ, θ) =




1 0 0

0 cos(ψ(ϕ, θ)) − sin(ψ(ϕ, θ))

0 sin(ψ(ϕ, θ)) cos(ψ(ϕ, θ))




(A.5)

and the combined matrix

M(ϕ, θ) =M3(ϕ, θ)M21(ϕ, θ) (A.6)

=




0.99496001 −0.07410371 0.06755159

0.0741843 0.99724368 0.00131805

−0.06746307 0.00369986 0.99771491




. (A.7)

The product of M and any vector (e.g. position, velocity, or force) rotates that vector

into the orbital plane of the LMC. The transpose of M rotates the vector back into the

Galactocentric coordinate frame. The new coordinate system is calculated by

r⃗ ′ =M(ϕ, θ)⃗r. (A.8)
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Figure A.3: Observables of the OC stream in different LMC and Milky Way potentials. The
panels and data are the same as in Figure 3.4. We show the moments with the highest impact
on the stream, identified in Figures 3.5 and 3.6. Left panel: The OC stream is evolved in a live
Milky Way, and different moments from the LMC are shown. The moments with the highest
impact are turning on the time-dependence (blue to red) and then including the quadrupole
(red to yellow and purple). Right panel: The LMC is kept live while the OC stream is evolving
in different Milky Way moments. The most important moment is the dipole (blue to green and
purple). For both potential setups (Milky Way live vs LMC live), the track is the observable
with the biggest changes, as seen in Figure 3.5. The other observables mostly do not differ
significantly more than the data uncertainty.

In order to show how this new coordinate system looks, we transform the unit vectors

in the prime coordinates system to vectors in the Galactocentric system in Figure A.2.

We note that the required rotations are relatively small, and the Galactocentric cartesian

axes are within 6◦ of the rotated Cartesian axes.

a.3 stream observables

Figure A.3 shows the observables (i.e. stream track, distance, proper motions, and

radial velocity) for the data and the modelled streams in the BFE moments of each

galaxy with the largest impact on the stream. The most affected observable is the

stream track (which is the focus of this work), but we see other observables are also

affected, and thus, fitting all observables should provide stringent constraints on these

deforming haloes.



B
A P P E N D I X T O C H A P T E R 4 : T H E I N F O R M AT I O N C O N T E N T I N

S T E L L A R S T R E A M S I N T I M E - D E P E N D E N T P O T E N T I A L S

This is the appendix to Chapter 4, currently being prepared for publication in the

Astrophysical Journal.

b.1 estimation of the polynomial coefficients

Here, we show how we estimate the polynomial coefficients of the perturbation mul-

tipole potential. We fit the Milky Way dipole coefficients from the basis function ex-

pansion (BFE) simulation in Lilleengen et al. (2023) in Figure B.1. As the underlying

functions are different for the basis function and the multipole expansions, we need

to scale the parameters so that the force fields are similar for both setups. With a scal-

ing coefficient of 0.025, the force amplitude of the change due to the perturbations are

similar, shown in Figure B.2.
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Figure B.1: Polynomial fit of the BFE dipole coefficients. Both panels show the time evolution
of a dipole coefficient of the Milky Way simulation presented in Lilleengen et al. (2023). Left
panel: Dipole with the m = 0 order for the zeroth radial order (n = 0). This is the deformation
with the strongest effect in the simulation. It is represented in this paper by the parameter α10.
Right panel: Dipole with the m = ±1 orders, represented by the coefficient α11. Both are fitted
with a 9th-order polynomial. The values for the polynomial coefficients are given in each panel.
While the BFE coefficients are noisy, the polynomial fits smooths out the evaluation.
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Figure B.2: Fields of the basis function and the multipole expansion for the dipole. The colours
represent the relative amplitude of the dipole forces. While the BFE field (left panel; from Lilleen-
gen et al., 2023) has more structure, the multipole field (right panel) recovered with the polyno-
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Ivezić Ž., et al., 2019, ApJ, 873, 111

Jakob W., Rhinelander J., Moldovan D., 2017, pybind11 – Seamless operability between
C++11 and Python

Jeans J. H., 1915, MNRAS, 76, 70

Jeans J. H., 1922, MNRAS, 82, 122

Jee M. J., Hughes J. P., Menanteau F., Sifón C., Mandelbaum R., Barrientos L. F., Infante
L., Ng K. Y., 2014, ApJ, 785, 20

Jethwa P., Erkal D., Belokurov V., 2016, MNRAS, 461, 2212

Ji A. P., et al., 2021, ApJ, 921, 32

Johnson A. C., Petersen M. S., Johnston K. V., Weinberg M. D., 2023, MNRAS, 521, 1757

Johnston K. V., 1998, ApJ, 495, 297

Johnston K. V., 2016, in Newberg H. J., Carlin J. L., eds, Astrophysics and Space
Science Library Vol. 420, Tidal Streams in the Local Group and Beyond. p. 141

(arXiv:1603.06601), doi:10.1007/978-3-319-19336-6_6

Johnston K. V., Carlberg R. G., 2016, in Newberg H. J., Carlin J. L., eds, Astrophysics
and Space Science Library Vol. 420, Tidal Streams in the Local Group and Beyond.

https://books.google.com/books?id=El0y9Y8hCF4C
http://dx.doi.org/10.3847/1538-4365/aab76e
https://ui.adsabs.harvard.edu/abs/2018ApJS..236...11H
http://dx.doi.org/10.48550/arXiv.1008.4686
https://ui.adsabs.harvard.edu/abs/2010arXiv1008.4686H
http://dx.doi.org/10.1051/0004-6361/201832892
https://ui.adsabs.harvard.edu/abs/2018A&A...618A..30H
http://dx.doi.org/10.1111/j.1365-2966.2005.09501.x
https://ui.adsabs.harvard.edu/abs/2005MNRAS.363..991H
http://dx.doi.org/10.1093/mnras/stu1738
https://ui.adsabs.harvard.edu/abs/2014MNRAS.445..581H
http://dx.doi.org/10.1103/PhysRevLett.85.1158
https://ui.adsabs.harvard.edu/abs/2000PhRvL..85.1158H
http://dx.doi.org/10.1073/pnas.15.3.168
https://ui.adsabs.harvard.edu/abs/1929PNAS...15..168H
http://dx.doi.org/10.1086/143323
https://ui.adsabs.harvard.edu/abs/1931ApJ....74...43H
http://dx.doi.org/10.1103/PhysRevD.95.043541
https://ui.adsabs.harvard.edu/abs/2017PhRvD..95d3541H
http://dx.doi.org/10.1109/MCSE.2007.55
http://dx.doi.org/10.1038/370194a0
https://ui.adsabs.harvard.edu/abs/1994Natur.370..194I
http://dx.doi.org/10.1038/35083506
https://ui.adsabs.harvard.edu/abs/2001Natur.412...49I
http://dx.doi.org/10.1046/j.1365-8711.2002.05358.x
https://ui.adsabs.harvard.edu/abs/2002MNRAS.332..915I
http://dx.doi.org/10.3847/1538-4357/ab0080
https://ui.adsabs.harvard.edu/abs/2019ApJ...872..152I
http://dx.doi.org/10.3847/2041-8213/ab77c7
https://ui.adsabs.harvard.edu/abs/2020ApJ...891L..19I
http://dx.doi.org/10.3847/1538-4357/abfcc2
https://ui.adsabs.harvard.edu/abs/2021ApJ...914..123I
http://dx.doi.org/10.1103/PhysRevD.96.023522
https://ui.adsabs.harvard.edu/abs/2017PhRvD..96b3522I
http://dx.doi.org/10.1103/PhysRevLett.119.031302
https://ui.adsabs.harvard.edu/abs/2017PhRvL.119c1302I
https://ui.adsabs.harvard.edu/abs/2017PhRvL.119c1302I
http://dx.doi.org/10.3847/1538-4357/ab042c
https://ui.adsabs.harvard.edu/abs/2019ApJ...873..111I
http://dx.doi.org/10.1093/mnras/76.2.70
https://ui.adsabs.harvard.edu/abs/1915MNRAS..76...70J
http://dx.doi.org/10.1093/mnras/82.3.122
https://ui.adsabs.harvard.edu/abs/1922MNRAS..82..122J
http://dx.doi.org/10.1088/0004-637X/785/1/20
https://ui.adsabs.harvard.edu/abs/2014ApJ...785...20J
http://dx.doi.org/10.1093/mnras/stw1343
https://ui.adsabs.harvard.edu/abs/2016MNRAS.461.2212J
http://dx.doi.org/10.3847/1538-4357/ac1869
https://ui.adsabs.harvard.edu/abs/2021ApJ...921...32J
http://dx.doi.org/10.1093/mnras/stad485
https://ui.adsabs.harvard.edu/abs/2023MNRAS.521.1757J
http://dx.doi.org/10.1086/305273
https://ui.adsabs.harvard.edu/abs/1998ApJ...495..297J
http://arxiv.org/abs/1603.06601
http://dx.doi.org/10.1007/978-3-319-19336-6_6


178 bibliography

p. 169 (arXiv:1603.06602), doi:10.1007/978-3-319-19336-6_7

Johnston K. V., Hernquist L., Bolte M., 1996, ApJ, 465, 278

Johnston K. V., Zhao H., Spergel D. N., Hernquist L., 1999, ApJ, 512, L109

Johnston K. V., Spergel D. N., Haydn C., 2002, ApJ, 570, 656

Johnston K. V., Law D. R., Majewski S. R., 2005, ApJ, 619, 800

Jungman G., Kamionkowski M., Griest K., 1996, Phys. Rep., 267, 195

Kahlhoefer F., 2017, International Journal of Modern Physics A, 32, 1730006

Kallivayalil N., van der Marel R. P., Alcock C., Axelrod T., Cook K. H., Drake A. J.,
Geha M., 2006, ApJ, 638, 772

Kallivayalil N., van der Marel R. P., Besla G., Anderson J., Alcock C., 2013, ApJ, 764,
161

Kallivayalil N., et al., 2018, ApJ, 867, 19

Kalnajs A. J., 1976, ApJ, 205, 745

Kanas N., 2012, Star Maps: History, Artistry, and Cartography (Second Edition)
Kaplinghat M., Tulin S., Yu H.-B., 2016, Phys. Rev. Lett., 116, 041302

Kerr F. J., 1957, AJ, 62, 93

King I., 1962, AJ, 67, 471

Klein A., et al., 2023, imageio, doi:10.5281/zenodo.1488561, https://doi.org/10.5281/
zenodo.1488561

Kluyver T., et al., 2016, in Loizides F., Scmidt B., eds, Positioning and Power in Aca-
demic Publishing: Players, Agents and Agendas. IOS Press, Netherlands, pp 87–90,
https://eprints.soton.ac.uk/403913/

Klypin A., Kravtsov A. V., Valenzuela O., Prada F., 1999, ApJ, 522, 82

Kolb E. W., Turner M. S., 1990, The early universe. Frontiers in Physics Vol. 69

Koposov S. E., Rix H.-W., Hogg D. W., 2010, ApJ, 712, 260

Koposov S. E., Irwin M., Belokurov V., Gonzalez-Solares E., Yoldas A. K., Lewis J.,
Metcalfe N., Shanks T., 2014, MNRAS, 442, L85

Koposov S. E., et al., 2019, MNRAS, 485, 4726

Koposov S. E., et al., 2023, MNRAS, 521, 4936

Kormendy J., Kennicutt Robert C. J., 2004, ARA&A, 42, 603

Küpper A. H. W., MacLeod A., Heggie D. C., 2008, MNRAS, 387, 1248

Küpper A. H. W., Kroupa P., Baumgardt H., Heggie D. C., 2010, MNRAS, 401, 105

Küpper A. H. W., Lane R. R., Heggie D. C., 2012, MNRAS, 420, 2700

Küpper A. H. W., Balbinot E., Bonaca A., Johnston K. V., Hogg D. W., Kroupa P., Santi-
ago B. X., 2015, ApJ, 803, 80

Lancaster L., Giovanetti C., Mocz P., Kahn Y., Lisanti M., Spergel D. N., 2020, J. Cos-
mology Astropart. Phys., 2020, 001

Laporte C. F. P., Gómez F. A., Besla G., Johnston K. V., Garavito-Camargo N., 2018,
MNRAS, 473, 1218

Laporte C. F. P., Minchev I., Johnston K. V., Gómez F. A., 2019, MNRAS, 485, 3134

http://arxiv.org/abs/1603.06602
http://dx.doi.org/10.1007/978-3-319-19336-6_7
http://dx.doi.org/10.1086/177418
https://ui.adsabs.harvard.edu/abs/1996ApJ...465..278J
http://dx.doi.org/10.1086/311876
https://ui.adsabs.harvard.edu/abs/1999ApJ...512L.109J
http://dx.doi.org/10.1086/339791
https://ui.adsabs.harvard.edu/abs/2002ApJ...570..656J
http://dx.doi.org/10.1086/426777
https://ui.adsabs.harvard.edu/abs/2005ApJ...619..800J
http://dx.doi.org/10.1016/0370-1573(95)00058-5
https://ui.adsabs.harvard.edu/abs/1996PhR...267..195J
http://dx.doi.org/10.1142/S0217751X1730006X
https://ui.adsabs.harvard.edu/abs/2017IJMPA..3230006K
http://dx.doi.org/10.1086/498972
https://ui.adsabs.harvard.edu/abs/2006ApJ...638..772K
http://dx.doi.org/10.1088/0004-637X/764/2/161
https://ui.adsabs.harvard.edu/abs/2013ApJ...764..161K
https://ui.adsabs.harvard.edu/abs/2013ApJ...764..161K
http://dx.doi.org/10.3847/1538-4357/aadfee
https://ui.adsabs.harvard.edu/abs/2018ApJ...867...19K
http://dx.doi.org/10.1086/154330
https://ui.adsabs.harvard.edu/abs/1976ApJ...205..745K
http://dx.doi.org/10.1103/PhysRevLett.116.041302
https://ui.adsabs.harvard.edu/abs/2016PhRvL.116d1302K
http://dx.doi.org/10.1086/107466
https://ui.adsabs.harvard.edu/abs/1957AJ.....62...93K
http://dx.doi.org/10.1086/108756
https://ui.adsabs.harvard.edu/abs/1962AJ.....67..471K
http://dx.doi.org/10.5281/zenodo.1488561
https://doi.org/10.5281/zenodo.1488561
https://doi.org/10.5281/zenodo.1488561
https://eprints.soton.ac.uk/403913/
http://dx.doi.org/10.1086/307643
https://ui.adsabs.harvard.edu/abs/1999ApJ...522...82K
http://dx.doi.org/10.1088/0004-637X/712/1/260
https://ui.adsabs.harvard.edu/abs/2010ApJ...712..260K
http://dx.doi.org/10.1093/mnrasl/slu060
https://ui.adsabs.harvard.edu/abs/2014MNRAS.442L..85K
http://dx.doi.org/10.1093/mnras/stz457
https://ui.adsabs.harvard.edu/abs/2019MNRAS.485.4726K
http://dx.doi.org/10.1093/mnras/stad551
https://ui.adsabs.harvard.edu/abs/2023MNRAS.521.4936K
http://dx.doi.org/10.1146/annurev.astro.42.053102.134024
https://ui.adsabs.harvard.edu/abs/2004ARA&A..42..603K
http://dx.doi.org/10.1111/j.1365-2966.2008.13323.x
https://ui.adsabs.harvard.edu/abs/2008MNRAS.387.1248K
http://dx.doi.org/10.1111/j.1365-2966.2009.15690.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.401..105K
http://dx.doi.org/10.1111/j.1365-2966.2011.20242.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.420.2700K
http://dx.doi.org/10.1088/0004-637X/803/2/80
https://ui.adsabs.harvard.edu/abs/2015ApJ...803...80K
http://dx.doi.org/10.1088/1475-7516/2020/01/001
http://dx.doi.org/10.1088/1475-7516/2020/01/001
https://ui.adsabs.harvard.edu/abs/2020JCAP...01..001L
http://dx.doi.org/10.1093/mnras/stx2146
https://ui.adsabs.harvard.edu/abs/2018MNRAS.473.1218L
http://dx.doi.org/10.1093/mnras/stz583
https://ui.adsabs.harvard.edu/abs/2019MNRAS.485.3134L


bibliography 179

Laureijs R., et al., 2011, arXiv e-prints, p. arXiv:1110.3193

Law D. R., Majewski S. R., 2010, ApJ, 714, 229

Law D. R., Johnston K. V., Majewski S. R., 2005, ApJ, 619, 807

Lee B. W., Weinberg S., 1977, Phys. Rev. Lett., 39, 165

Lemaître G., 1927, Annales de la Société Scientifique de Bruxelles, 47, 49

Li T. S., et al., 2019, MNRAS, 490, 3508

Li T. S., et al., 2021, ApJ, 911, 149

Li T. S., et al., 2022, ApJ, 928, 30

Liddle A. R., Lyth D. H., 2000, Cosmological Inflation and Large-Scale Structure
Lilleengen S., Trick W., van de Ven G., 2020, in Valluri M., Sellwood J. A., eds, Proceed-

ings of the IAU Vol. 353, Galactic Dynamics in the Era of Large Surveys. pp 266–270

(arXiv:1909.04673), doi:10.1017/S1743921319008196

Lilleengen S., et al., 2023, MNRAS, 518, 774

Lilley E. J., van de Ven G., 2023, A&A, 672, A91

Lilley E. J., Evans N. W., Sanders J. L., 2018a, MNRAS, 476, 2086

Lilley E. J., Sanders J. L., Evans N. W., Erkal D., 2018b, MNRAS, 476, 2092

Lilley E. J., Sanders J. L., Evans N. W., 2018c, MNRAS, 478, 1281

Lovell M. R., Frenk C. S., Eke V. R., Jenkins A., Gao L., Theuns T., 2014, MNRAS, 439,
300

Lowing B., Jenkins A., Eke V., Frenk C., 2011, MNRAS, 416, 2697

Lynden-Bell D., 1962, MNRAS, 124, 1

Lynds R., 1971, ApJ, 164, L73

Majewski S. R., Skrutskie M. F., Weinberg M. D., Ostheimer J. C., 2003, ApJ, 599, 1082

Malhan K., Ibata R. A., 2018, MNRAS, 477, 4063

Malhan K., Ibata R. A., 2019, MNRAS, 486, 2995

Malhan K., Ibata R. A., Martin N. F., 2018, MNRAS, 481, 3442

Malhan K., Ibata R. A., Carlberg R. G., Valluri M., Freese K., 2019, ApJ, 881, 106

Malhan K., Valluri M., Freese K., 2021, MNRAS, 501, 179

Malhan K., et al., 2022a, ApJ, 926, 107

Malhan K., Valluri M., Freese K., Ibata R. A., 2022b, ApJ, 941, L38

Markevitch M., Gonzalez A. H., David L., Vikhlinin A., Murray S., Forman W., Jones
C., Tucker W., 2002, ApJ, 567, L27

Markevitch M., Gonzalez A. H., Clowe D., Vikhlinin A., Forman W., Jones C., Murray
S., Tucker W., 2004, ApJ, 606, 819

Martin N. F., et al., 2022, MNRAS, 516, 5331

Martínez-Delgado D., et al., 2010, AJ, 140, 962

Martínez-Delgado D., et al., 2012, ApJ, 748, L24

Martínez-Delgado D., D’Onghia E., Chonis T. S., Beaton R. L., Teuwen K., GaBany R. J.,
Grebel E. K., Morales G., 2015, AJ, 150, 116

Martínez-Delgado D., et al., 2023, A&A, 671, A141

http://dx.doi.org/10.48550/arXiv.1110.3193
https://ui.adsabs.harvard.edu/abs/2011arXiv1110.3193L
http://dx.doi.org/10.1088/0004-637X/714/1/229
https://ui.adsabs.harvard.edu/abs/2010ApJ...714..229L
http://dx.doi.org/10.1086/426779
https://ui.adsabs.harvard.edu/abs/2005ApJ...619..807L
http://dx.doi.org/10.1103/PhysRevLett.39.165
https://ui.adsabs.harvard.edu/abs/1977PhRvL..39..165L
https://ui.adsabs.harvard.edu/abs/1927ASSB...47...49L
http://dx.doi.org/10.1093/mnras/stz2731
https://ui.adsabs.harvard.edu/abs/2019MNRAS.490.3508L
http://dx.doi.org/10.3847/1538-4357/abeb18
https://ui.adsabs.harvard.edu/abs/2021ApJ...911..149L
http://dx.doi.org/10.3847/1538-4357/ac46d3
https://ui.adsabs.harvard.edu/abs/2022ApJ...928...30L
http://arxiv.org/abs/1909.04673
http://dx.doi.org/10.1017/S1743921319008196
http://dx.doi.org/10.1093/mnras/stac3108
https://ui.adsabs.harvard.edu/abs/2023MNRAS.518..774L
http://dx.doi.org/10.1051/0004-6361/202245730
https://ui.adsabs.harvard.edu/abs/2023A&A...672A..91L
http://dx.doi.org/10.1093/mnras/sty295
https://ui.adsabs.harvard.edu/abs/2018MNRAS.476.2086L
http://dx.doi.org/10.1093/mnras/sty296
https://ui.adsabs.harvard.edu/abs/2018MNRAS.476.2092L
http://dx.doi.org/10.1093/mnras/sty1038
https://ui.adsabs.harvard.edu/abs/2018MNRAS.478.1281L
http://dx.doi.org/10.1093/mnras/stt2431
https://ui.adsabs.harvard.edu/abs/2014MNRAS.439..300L
https://ui.adsabs.harvard.edu/abs/2014MNRAS.439..300L
http://dx.doi.org/10.1111/j.1365-2966.2011.19222.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.416.2697L
http://dx.doi.org/10.1093/mnras/124.1.1
https://ui.adsabs.harvard.edu/abs/1962MNRAS.124....1L
http://dx.doi.org/10.1086/180695
https://ui.adsabs.harvard.edu/abs/1971ApJ...164L..73L
http://dx.doi.org/10.1086/379504
https://ui.adsabs.harvard.edu/abs/2003ApJ...599.1082M
http://dx.doi.org/10.1093/mnras/sty912
https://ui.adsabs.harvard.edu/abs/2018MNRAS.477.4063M
http://dx.doi.org/10.1093/mnras/stz1035
https://ui.adsabs.harvard.edu/abs/2019MNRAS.486.2995M
http://dx.doi.org/10.1093/mnras/sty2474
https://ui.adsabs.harvard.edu/abs/2018MNRAS.481.3442M
http://dx.doi.org/10.3847/1538-4357/ab2e07
https://ui.adsabs.harvard.edu/abs/2019ApJ...881..106M
http://dx.doi.org/10.1093/mnras/staa3597
https://ui.adsabs.harvard.edu/abs/2021MNRAS.501..179M
http://dx.doi.org/10.3847/1538-4357/ac4d2a
https://ui.adsabs.harvard.edu/abs/2022ApJ...926..107M
http://dx.doi.org/10.3847/2041-8213/aca6e5
https://ui.adsabs.harvard.edu/abs/2022ApJ...941L..38M
http://dx.doi.org/10.1086/339619
https://ui.adsabs.harvard.edu/abs/2002ApJ...567L..27M
http://dx.doi.org/10.1086/383178
https://ui.adsabs.harvard.edu/abs/2004ApJ...606..819M
http://dx.doi.org/10.1093/mnras/stac2426
https://ui.adsabs.harvard.edu/abs/2022MNRAS.516.5331M
http://dx.doi.org/10.1088/0004-6256/140/4/962
https://ui.adsabs.harvard.edu/abs/2010AJ....140..962M
http://dx.doi.org/10.1088/2041-8205/748/2/L24
https://ui.adsabs.harvard.edu/abs/2012ApJ...748L..24M
http://dx.doi.org/10.1088/0004-6256/150/4/116
https://ui.adsabs.harvard.edu/abs/2015AJ....150..116M
http://dx.doi.org/10.1051/0004-6361/202245011
https://ui.adsabs.harvard.edu/abs/2023A&A...671A.141M


180 bibliography

Massari D., Koppelman H. H., Helmi A., 2019, A&A, 630, L4

Massey R., Kitching T., Richard J., 2010, Reports on Progress in Physics, 73, 086901

Mateo M. L., 1998, ARA&A, 36, 435

Mateu C., 2023, MNRAS, 520, 5225

McConnachie A. W., 2012, AJ, 144, 4

McKinney W., 2010, in van der Walt S., Millman J., eds, Proceedings of the 9th Python
in Science Conference. pp 56 – 61, doi:10.25080/Majora-92bf1922-00a

McMillan P. J., 2017, MNRAS, 465, 76

McWilliam A., Zoccali M., 2010, ApJ, 724, 1491

Meiksin A. A., 2009, Reviews of Modern Physics, 81, 1405

Milgrom M., 1983, ApJ, 270, 365

Milgrom M., 2020, Studies in the History and Philosophy of Modern Physics, 71, 170

Miller M. J., Bregman J. N., 2015, ApJ, 800, 14

Miyamoto M., Nagai R., 1975, PASJ, 27, 533

Mocz P., et al., 2019, Phys. Rev. Lett., 123, 141301

Moore B., Ghigna S., Governato F., Lake G., Quinn T., Stadel J., Tozzi P., 1999, ApJ, 524,
L19

Moster B. P., Naab T., White S. D. M., 2013, MNRAS, 428, 3121

Naab T., Ostriker J. P., 2017, ARA&A, 55, 59

Naidu R. P., Conroy C., Bonaca A., Johnson B. D., Ting Y.-S., Caldwell N., Zaritsky D.,
Cargile P. A., 2020, ApJ, 901, 48

Nataf D. M., Udalski A., Gould A., Fouqué P., Stanek K. Z., 2010, ApJ, 721, L28

Natarajan P., Zhao H., 2008, MNRAS, 389, 250

Navarro J. F., Frenk C. S., White S. D. M., 1996, ApJ, 462, 563

Navarro J. F., Frenk C. S., White S. D. M., 1997, ApJ, 490, 493

Neumayer N., Seth A., Böker T., 2020, A&ARv, 28, 4

Newberg H. J., et al., 2002, ApJ, 569, 245

Newberg H. J., Yanny B., Willett B. A., 2009, ApJ, 700, L61

Newberg H. J., Willett B. A., Yanny B., Xu Y., 2010, ApJ, 711, 32

Ngan W., Bozek B., Carlberg R. G., Wyse R. F. G., Szalay A. S., Madau P., 2015, ApJ,
803, 75

Ngan W., Carlberg R. G., Bozek B., Wyse R. F. G., Szalay A. S., Madau P., 2016, ApJ,
818, 194

Nibauer J., Belokurov V., Cranmer M., Goodman J., Ho S., 2022, ApJ, 940, 22

Nibauer J., Bonaca A., Johnston K. V., 2023, arXiv e-prints, p. arXiv:2303.17406

Niederste-Ostholt M., Belokurov V., Evans N. W., 2012, MNRAS, 422, 207

Nipoti C., Ciotti L., Binney J., Londrillo P., 2008, MNRAS, 386, 2194

Odenkirchen M., et al., 2001, ApJ, 548, L165

Ortolani S., Renzini A., Gilmozzi R., Marconi G., Barbuy B., Bica E., Rich R. M., 1995,
Nature, 377, 701

http://dx.doi.org/10.1051/0004-6361/201936135
https://ui.adsabs.harvard.edu/abs/2019A&A...630L...4M
http://dx.doi.org/10.1088/0034-4885/73/8/086901
https://ui.adsabs.harvard.edu/abs/2010RPPh...73h6901M
http://dx.doi.org/10.1146/annurev.astro.36.1.435
https://ui.adsabs.harvard.edu/abs/1998ARA&A..36..435M
http://dx.doi.org/10.1093/mnras/stad321
https://ui.adsabs.harvard.edu/abs/2023MNRAS.520.5225M
http://dx.doi.org/10.1088/0004-6256/144/1/4
https://ui.adsabs.harvard.edu/abs/2012AJ....144....4M
http://dx.doi.org/10.25080/Majora-92bf1922-00a
http://dx.doi.org/10.1093/mnras/stw2759
https://ui.adsabs.harvard.edu/abs/2017MNRAS.465...76M
http://dx.doi.org/10.1088/0004-637X/724/2/1491
https://ui.adsabs.harvard.edu/abs/2010ApJ...724.1491M
http://dx.doi.org/10.1103/RevModPhys.81.1405
https://ui.adsabs.harvard.edu/abs/2009RvMP...81.1405M
http://dx.doi.org/10.1086/161130
https://ui.adsabs.harvard.edu/abs/1983ApJ...270..365M
http://dx.doi.org/10.1016/j.shpsb.2020.02.004
https://ui.adsabs.harvard.edu/abs/2020SHPMP..71..170M
http://dx.doi.org/10.1088/0004-637X/800/1/14
https://ui.adsabs.harvard.edu/abs/2015ApJ...800...14M
https://ui.adsabs.harvard.edu/abs/1975PASJ...27..533M
http://dx.doi.org/10.1103/PhysRevLett.123.141301
https://ui.adsabs.harvard.edu/abs/2019PhRvL.123n1301M
http://dx.doi.org/10.1086/312287
https://ui.adsabs.harvard.edu/abs/1999ApJ...524L..19M
https://ui.adsabs.harvard.edu/abs/1999ApJ...524L..19M
http://dx.doi.org/10.1093/mnras/sts261
https://ui.adsabs.harvard.edu/abs/2013MNRAS.428.3121M
http://dx.doi.org/10.1146/annurev-astro-081913-040019
https://ui.adsabs.harvard.edu/abs/2017ARA&A..55...59N
http://dx.doi.org/10.3847/1538-4357/abaef4
https://ui.adsabs.harvard.edu/abs/2020ApJ...901...48N
http://dx.doi.org/10.1088/2041-8205/721/1/L28
https://ui.adsabs.harvard.edu/abs/2010ApJ...721L..28N
http://dx.doi.org/10.1111/j.1365-2966.2008.13552.x
https://ui.adsabs.harvard.edu/abs/2008MNRAS.389..250N
http://dx.doi.org/10.1086/177173
https://ui.adsabs.harvard.edu/abs/1996ApJ...462..563N
http://dx.doi.org/10.1086/304888
https://ui.adsabs.harvard.edu/abs/1997ApJ...490..493N
http://dx.doi.org/10.1007/s00159-020-00125-0
https://ui.adsabs.harvard.edu/abs/2020A&ARv..28....4N
http://dx.doi.org/10.1086/338983
https://ui.adsabs.harvard.edu/abs/2002ApJ...569..245N
http://dx.doi.org/10.1088/0004-637X/700/2/L61
https://ui.adsabs.harvard.edu/abs/2009ApJ...700L..61N
http://dx.doi.org/10.1088/0004-637X/711/1/32
https://ui.adsabs.harvard.edu/abs/2010ApJ...711...32N
http://dx.doi.org/10.1088/0004-637X/803/2/75
https://ui.adsabs.harvard.edu/abs/2015ApJ...803...75N
http://dx.doi.org/10.3847/0004-637X/818/2/194
https://ui.adsabs.harvard.edu/abs/2016ApJ...818..194N
http://dx.doi.org/10.3847/1538-4357/ac93ee
https://ui.adsabs.harvard.edu/abs/2022ApJ...940...22N
http://dx.doi.org/10.48550/arXiv.2303.17406
https://ui.adsabs.harvard.edu/abs/2023arXiv230317406N
http://dx.doi.org/10.1111/j.1365-2966.2012.20602.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.422..207N
http://dx.doi.org/10.1111/j.1365-2966.2008.13192.x
https://ui.adsabs.harvard.edu/abs/2008MNRAS.386.2194N
http://dx.doi.org/10.1086/319095
https://ui.adsabs.harvard.edu/abs/2001ApJ...548L.165O
http://dx.doi.org/10.1038/377701a0
https://ui.adsabs.harvard.edu/abs/1995Natur.377..701O


bibliography 181

Pace A. B., Erkal D., Li T. S., 2022, ApJ, 940, 136

Panithanpaisal N., Sanderson R. E., Wetzel A., Cunningham E. C., Bailin J., Faucher-
Giguère C.-A., 2021, ApJ, 920, 10

Patel E., et al., 2020, ApJ, 893, 121

Peñarrubia J., Belokurov V., Evans N. W., Martínez-Delgado D., Gilmore G., Irwin M.,
Niederste-Ostholt M., Zucker D. B., 2010, MNRAS, 408, L26

Peñarrubia J., Gómez F. A., Besla G., Erkal D., Ma Y.-Z., 2016, MNRAS, 456, L54

Pearson S., Price-Whelan A. M., Johnston K. V., 2017, Nature Astronomy, 1, 633

Pearson S., Clark S. E., Demirjian A. J., Johnston K. V., Ness M. K., Starkenburg T. K.,
Williams B. F., Ibata R. A., 2022a, ApJ, 926, 166

Pearson S., Price-Whelan A. M., Hogg D. W., Seth A. C., Sand D. J., Hunt J. A. S.,
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