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ABSTRACT
The Milky Way’s stellar disk can tilt in response to torques that result from infalling satellite galaxies and their associated
tidal debris. In this work, we explore the dynamics of disk tilting by running 𝑁-body simulations of mergers in an isolated,
isotropic Milky Way–like host galaxy, varying over satellite virial mass, initial position, and orbit. We develop and validate
a first-principles understanding of the dynamics that govern how the host galaxy’s stellar disk responds to the satellite’s dark
matter debris. We find that the degree of disk tilting can be large for cosmologically-motivated merger histories. In particular,
our results suggest that the Galactic disk may still be tilting in response to Gaia-Sausage-Enceladus, one of the most significant
recent mergers in the Milky Way’s history. These findings have implications for terrestrial direct detection experiments as disk
tilting changes the relative location of the Sun with respect to dark matter substructure left behind by a merging galaxy.
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1 INTRODUCTION

Hierarchical structure formation dictates that galaxies like the Milky
Way grow by merging with smaller satellite systems (White & Rees
1978). These satellites are captured by the gravitational pull of the
galaxy and experience extensive tidal mass loss as they orbit, until
they are totally disrupted. The trail of debris left in their wake builds
up the accreted stellar halo (Johnston 1998; Helmi & White 1999;
Bullock & Johnston 2005) and implies the existence of non-trivial
phase-space substructure for the host galaxy’s dark matter (DM)
halo (Diemand et al. 2008; Vogelsberger & White 2011; Lisanti &
Spergel 2012). The total mass of the DM that is left behind by any
individual satellite can be comparable to, or even exceed, the mass of
the host galaxy’s stellar disk, leading to important dynamical effects.
The focus of this work is on one such effect, stellar disk tilting,

which refers to changes in the direction of the disk’s total angu-
lar momentum with time (Binney & May 1986; Ostriker & Binney
1989). Unlike disk warping, tilting is most relevant for the inner part
of the disk, which is tightly coupled due to self gravity and thus acts
like a coherent body (Shen & Sellwood 2006). Using both isolated
host-satellite simulations as well as cosmological hydrodynamic sim-
ulations, a variety of mechanisms have been identified that can cause
disk tilting (e.g. Earp et al. (2017)), including torques on the stellar
disk from a satellite galaxy as it merges with the host (Ostriker &
Tremaine 1975; Huang & Carlberg 1997; Sellwood et al. 1998; Ve-
lazquez & White 1999; Benson et al. 2004; Shen & Sellwood 2006;
Read et al. 2008; Villalobos & Helmi 2008; Kazantzidis et al. 2009;
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Bett & Frenk 2012; Dillamore et al. 2022). Other relevant mech-
anisms include DM halo triaxiality and figure rotation (Dubinski
1992; Bailin & Steinmetz 2004; Bryan & Cress 2007; DeBuhr et al.
2012; Yurin & Springel 2015; Debattista et al. 2015; Valluri et al.
2021), as well as gas accretion onto the stellar disk (Debattista et al.
2015; Earp et al. 2019).
Within the Λ Cold Dark Matter (ΛCDM) paradigm, a galaxy like

the Milky Way will experience a number of mergers as it evolves
with time. For example, at a redshift of 𝑧 < 1, an average of 5.1
(1.2) satellites with virial masses greater than 1010 (1011) 𝑀� are
expected to fall within the virial radius of a Milky Way–like host.1
Understanding precisely how such a set of cosmologically-motivated
scenarios impact the degree of disk tilting for theMilkyWay remains
an open question.
In this paper, we focus specifically on a Milky Way–like host and

develop a first-principles understanding of the tilting dynamics be-
tween a satellite and the host’s disk. We perform 𝑁-body simulations
of mergers to study how the degree of disk tilting varies over a wide
range of satellite initial conditions and find that the stellar disk typi-
cally precesses around and aligns with an axis that depends on these
initial conditions. We also quantify the tilting rate as a function of
the initial conditions and show that this rate may be significant and
long-lasting for relevant merger histories.
The simulations run in this work track a satellite’s orbital evolution

1 These estimates are based on merger trees generated using the SatGen
code package (Jiang et al. 2021) as described in Sec. 3.1, for hosts with virial
masses at 𝑧 = 0 between 1012.1 𝑀� and 1012.3 𝑀� .
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in an isolated, isotropic halo. Our results suggest that an individual
satellite at infall redshift 𝑧 ∼ 1with virialmass larger than∼ 1010 𝑀�
can lead to tilting rates greater than ∼ 0.3 ◦/Gyr, depending on
its orbital parameters. This falls within the sensitivity range of the
Gaia satellite (Gaia Collaboration et al. 2016), which will be able to
determine changes to the orientation of the disk’s angular momentum
relative to an inertial reference frame defined by nearly a million
observed quasars (Perryman et al. 2014). This suggests that more
detailed studies are warranted. For example, since our simulations are
not cosmological, they do not include potentially important effects
such as halo triaxiality and redshift-dependent halo and disk mass
growth. Moreover, we only evolve one satellite at a time, and thus
our results do not account for the net torque from multiple mergers.
Disk tilting has several other important ramifications for astrophys-

ical observations and terrestrial dark matter experiments. First, disk
tilting is likely to be an important consequence of the Gaia-Sausage-
Enceladus (GSE) merger, one of the most significant events in the
Milky Way’s history (Belokurov et al. 2018; Helmi et al. 2018). The
consequence of the GSE for disk tilting was first explored by Dil-
lamore et al. (2022) using cosmological simulations. Our isolated
𝑁-body simulations allow us to confirm that a GSE-like merger may
indeed cause significant and sustained disk tilting over a period of
∼ 8–10 Gyrs, with the tilting rate being sensitive to the disk mass.
These results suggest that the Sun’s relative orientation may still be
evolving in time today in response to the dynamical forces of the GSE
debris. Given uncertainties in disk modeling, comparisons between
simulations and data must therefore be made with care for observ-
ables that are sensitive to the Sun’s relative location within the Milky
Way host.
Second, disk tilting can affect the spatial and velocity distribution

of DM near the Sun, which impacts direct detection experiments—
see Freese et al. (2013); Read (2014) for reviews. This can have
particularly drastic consequences if the tilting brings the stellar disk
more (or less) into alignment with DM substructure in the halo.
We find that significant enhancements of the high velocity tail of
the DM’s velocity distribution at the Solar position can occur for
retrograde mergers with small inclination angles. This is especially
relevant for DMmodels with large energy thresholds such as inelastic
scenarios (Smith & Weiner 2001).
The paper is organized as follows. Sec. 2 introduces an intuitive

model of the key physical effects that determine the degree of disk
tilting, including precession and angular momentum alignment. This
is perhaps the most important section of the paper as it summarizes
the key take-away conclusions regarding disk tilting dynamics. Sec. 3
presents the simulation details. Sec. 4 presents the results of our sim-
ulation scans over satellite initial conditions and orbital properties,
confirming the intuition from Sec. 2. Sec. 5 discusses the implica-
tions of disk tilting for observations and experiments. We conclude
in Sec. 6. Appendix A presents a toy model for the dynamics of disk
tilting during a satellite merger. Appendix B includes supplemen-
tary figures and a table that provide the tilting rates for all satellite
parameters considered in our study.

2 PHYSICS OF DISK TILTING

The goal of this section is to build intuition for how the DM that
is accreted from a merging satellite impacts the tilting dynamics
of a host galaxy’s stellar disk, ahead of the dedicated simulation
studies presented later in Sec. 4. We suggest here that disk tilting
can be understood in terms of the collective behavior of accreted
DM (aDM) particles orbiting within the host’s potential. The results
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Figure 1. Schematic diagram of the merger geometry. The satellite (purple)
is initialized at some radius from the host center with orbital circularity

𝜂 ≡ |𝑣𝑡 |/
√︃
𝑣2𝑟 + 𝑣2𝑡 , where 𝑣𝑟 and 𝑣𝑡 are its radial and tangential velocities,

respectively. The initial orbital plane of the satellite is denoted 𝑥orb − 𝑦orb,
and the plane of the stellar disk (orange) is denoted 𝑥★ − 𝑦★. The initial
inclination angle between these planes is 𝜃inc. Orbits are always initialized
such that the 𝑦̂orb and 𝑦̂★ directions are aligned.

obtained from the simple toy analysis discussed qualitatively in this
section, and more quantitatively in App. A, are corroborated by our
full numerical study.
We begin by understanding the phenomenon of disk tilting as a

consequence of angular momentum conservation under a few sim-
plifying assumptions: the angular momentum of any baryonic but
non-stellar components (e.g. gas) of the galaxy is negligible, and the
DM halo is perfectly spherical and does not transfer angular mo-
mentum to or from the stellar disk or the satellite/aDM. In this case,
the system composed of the stellar disk together with the progen-
itor satellite experiences a spherical gravitational potential, and its
total angular momentum is conserved. A schematic diagram of this
geometry is shown in Fig. 1. Initially, the satellite is a well-defined
and self-bound object orbiting in a plane denoted as the 𝑥orb − 𝑦orb
plane. The orbiting, bound satellite can torque the disk and cause
a brief period of tilting, but we focus on the period of tilting after
accretion in the remainder of this section. The plane defined by the
host’s stellar disk is denoted as the 𝑥★− 𝑦★ plane, and the inclination
angle between these planes is given by 𝜃inc (defined to always be
𝜃inc ≤ 90◦).
After experiencing tidal forces from the host, the incoming satel-

lite’s mass becomes unbound and spreads throughout the halo—this
is the aDM. Angular momentum conservation at all times 𝑡 enforces

®𝐿★(𝑡) + ®𝐿aDM (𝑡) = ®𝐿tot (0) , (1)

where ®𝐿★(𝑡) (®𝐿aDM (𝑡)) is the angular momentum of the stellar disk
(aDM) at time 𝑡, and ®𝐿tot (0) is the total angular momentum of the
system at time 𝑡 = 0. After the entire mass of the satellite is disrupted,
the aDMstructure can be artificially divided into an inner and an outer
component with angular momenta ®𝐿inneraDM and ®𝐿outeraDM, respectively.
By definition, the outer component experiences little torque from
the inner regions, and thus its angular momentum is approximately

MNRAS 000, 1–14 (2022)
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Figure 2. Results using a simple toy model for the angular momentum dynamics of the inner accreted dark matter (aDM), ®𝐿inneraDM . We assume that the aDM
particles orbit a fixed Miyamoto Nagai stellar disk (𝑎 = 2, 𝑏 = 1, 𝑀★ = 2 × 1010 𝑀�) embedded within an NFW profile (𝑀vir = 1011.75 𝑀� , 𝑐vir = 6.3,
𝑧 = 1). The left panel shows three examples of the projection of individual aDM particles’ angular momenta onto the 𝑥̂★ axis. Each particle approximately
precesses at some frequency 𝜔. The right panel is a Briggs plot that shows the evolution of the average angular momentum for an ensemble of 104 aDM particles
centered around 𝑧̂★; a Briggs plot is a 2D polar plot that tracks the direction of the angular momentum vector. The blue curve corresponds to an ensemble with
a very small spread in frequencies and thus the average angular momentum simply precesses around 𝑧̂★. The orange curve corresponds to an ensemble with a
large spread in frequencies and thus the average angular momentum precesses while also aligning with the 𝑧̂★ axis. Each dot on the curves represents a 1 Gyr
increment in time.

constant in time. On the other hand, the inner component is much
closer to the stellar disk and experiences a significant torque, which
varies with time.
Denoting the direction of the vector ( ®𝐿tot (0) − ®𝐿outeraDM) as 𝑧

′, one
finds that the angular momenta of the stellar disk and the inner aDM
obey

( ®𝐿★)𝑇 ' −( ®𝐿inneraDM)
𝑇 , (2)

where the 𝑇 superscript denotes the projection of these vectors onto
the 𝑥′ − 𝑦′ plane. The implication of Eq. (2) is simply that ( ®𝐿inneraDM)

𝑇

determines ( ®𝐿★)𝑇 to a very good approximation, which provides a
window into the stellar disk tilting dynamics. For example, as will
be shown below, if one of these objects precesses around the 𝑧′
axis, so does the other. A different phenomena occurs in the limit
( ®𝐿inneraDM)

𝑇 → 0, in which case the stellar disk’s ( ®𝐿★)𝑇 also vanishes
and the angular momenta of these two objects align (or anti-align)
with each other. In fact, these two effects, namely precession of ®𝐿★
and ®𝐿inneraDM around the common 𝑧

′ axis, and alignment of these vectors
with the 𝑧′ axis, are precisely those we observe when studying the
results of the simulations.
A toy model that explains these dynamics by tracking the motion

of aDM particles orbiting a fixed stellar disk is given in App. A;
here, we simply summarize the main points. If indeed the stellar disk
is fixed (e.g. as would be the case if | ®𝐿★ | � | ®𝐿inneraDM |), then each
aDM particle’s angular momentum approximately precesses around
that of the stellar disk. Figure 2 (left panel) shows some numerical
examples of the projection of angular momentum onto the 𝑥★ axis
(which in the limit | ®𝐿★ | � | ®𝐿inneraDM | is just equal to the 𝑥′ axis)
for particles with varying initial conditions orbiting in the potential

of a Miyamoto-Nagai stellar disk (Miyamoto & Nagai 1975) and
a Navarro-Frenk-White (NFW) host halo (Navarro et al. 1996). It is
clear that each particle’s angularmomentum approximately precesses
around that of the stellar disk with some frequency 𝜔.
If all orbiting aDM particles have similar values of 𝜔 and their

phases are coherent, this just corresponds to an overall precession
motion. However, over time, these phases begin to de-cohere and
eventually the average angular momentum of all orbiting aDM par-
ticles is simply aligned or anti-aligned with that of the stellar disk.
Such behavior can be seen in the right panel of Fig. 2.2 This figure
provides two examples of the dynamics of ®𝐿inneraDM (from which ®𝐿★
can be inferred) centered around 𝑧★, for large ensembles of aDM par-
ticles. Each curve is calculated by numerically injecting many aDM
particles into orbits and averaging over their angular momenta at each
timestep. The blue curve shows the result for a very coherent set of
orbiting aDM particles (similar values of 𝜔), while the orange curve
shows the result for a very incoherent set. Each dot on the curves
represents a 1 Gyr increment in time. In the former case, ®𝐿inneraDM sim-
ply precesses, as evidenced by the fact that the angular momentum
remains at a fixed angular distance from the origin. In the latter case,
®𝐿inneraDM precesses and aligns with the angular momentum of the stellar
disk, as evidenced by the fact that the angular momentum drifts to-
wards the origin, 𝑧★. These curves can be compared to the analytical
results of App. A.

2 This is an example of a Briggs plot (Briggs 1990), a 2D polar plot that maps
out the angular coordinates of a vector, ignoring its magnitude. Note that in
many of the Briggs plots presented in this study, there is also no distinction
between vectors that point into versus out of the page.

MNRAS 000, 1–14 (2022)
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Figure 3. Dynamics of prograde versus retrograde orbits centered around 𝑧̂orb. The left panel shows the evolution of ®𝐿★ (solid) and ®𝐿inneraDM (dashed) from two
high-resolution simulations of a 1011 𝑀� satellite merging at 𝑧 = 1 with circularity 𝜂 = 0.5. Values of ®𝐿inneraDM have been chosen heuristically to include all
accreted dark matter (aDM) particles within 12 kpc of the host’s center. Blue curves correspond to prograde orbits while red curves correspond to retrograde
orbits. In each case, the stellar and aDM angular momenta precess around the common axis, 𝑧̂′. The right panel shows a toy model of these dynamics. For these
curves, typical values of stellar and aDM angular momenta have been chosen (specifically | ®𝐿inneraDM | = 3 | ®𝐿★ |) and the result of precession around 𝑧̂′ (as well as the
direction of 𝑧̂′) has been plotted for the two cases of opposite signs for ®𝐿★. For the prograde case, both 𝑧̂′ and ®𝐿★ point out of the page while for the retrograde
case, both vectors point into the page.

Component Parameter Host S5 S4 S3 S2 S1

DM Halo log10 𝑀vir/𝑀� 11.85 11.00 10.75 10.50 10.25 10.00
𝑅vir (kpc) 136 71 59 49 40 33

𝑐vir 6.3 7.2 7.5 7.9 8.2 8.6
Hernquist 𝑎 (kpc) 31 15 12 9.6 7.7 6.2

Stellar Disk log10 𝑀★/𝑀� 10.2 8.5 8.0 7.5 7.0 6.5
𝑅★ (kpc) 2.3 1.0 0.85 0.68 0.55 0.44
𝑍★ (kpc) 0.90 0.43 0.34 0.27 0.22 0.18

Table 1. Initial conditions for our suite of simulations. All galaxies are constructed at 𝑧 = 1 according to the procedure discussed in Sec. 3.1. The table provides
the virial mass 𝑀vir, radius 𝑅vir, and concentration 𝑐vir, for the host as well as properties of the five satellite types (S1-S5). The dark matter halos are specified
by NFW parameters and converted by GALIC into Hernquist parameters that give a similar inner density profile. The Hernquist scale radius, 𝑎, is also provided
for convenience. Additionally, each galaxy has an assigned exponential stellar disk, and we provide its mass 𝑀★, scale radius 𝑅★, and scale height 𝑍★.

In the more realistic scenarios observed in our simulations, many
DM particles will be stripped from their satellite galaxy over a short
period of time when the satellite is close to pericenter. Since the
particles are stripped over a relatively short time, the initial orbiting
aDM particles have coherent frequencies corresponding to an initial
precession motion. Over time, the particles begin to de-cohere and
the dynamics begins to cause alignment. Importantly, since these
effects depend on the orbital dynamics of aDM particles, there is a
non-trivial dependence of the tilting rates on the inclination angle
𝜃inc. Specifically, when 𝜃inc = 0◦ or 90◦, aDM particles orbit in a
single plane and their angular momenta remain constant. Thus, the
tilting rate approaches zero for both these cases and is maximal at
some intermediate value of 𝜃inc.

The 𝑧′ direction itself is set by the initial angular momentum of
the bound satellite, the initial angular momentum of the stellar disk,
and the value of ®𝐿outeraDM. This provides additional intuition regarding

the possible motion of the stellar disk. For example, for any incoming
satellite, the difference between a prograde and retrograde orbit cor-
responds to opposite directions of ®𝐿★. This feeds into the direction of
𝑧′, which sets the axis around which any precession can occur. Thus,
a stellar disk that precesses as a reaction to torques from an incoming
satellite will do so around one of two possible axes depending on
whether the stellar disk is prograde or retrograde with respect to the
satellite’s orbit.

This difference between prograde and retrograde precession is
demonstrated explicitly in Fig. 3. The left panel shows results from
two of our simulations (which will be described in detail in Sec. 3).
The figure shows the evolution of ®𝐿★ (the angular momentum of all
host star particles) and ®𝐿inneraDM (chosen heuristically to be all aDM par-
ticles within 12 kpc of the host center) for a given set of initial satellite
mass and orbital parameters, and for two opposite values of initial
®𝐿★—prograde in blue and retrograde in red, centered around 𝑧orb,

MNRAS 000, 1–14 (2022)
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which can be calculated from the initial orbit of the bound satellite.
In each case, ®𝐿★ and ®𝐿inneraDM approximately precess around a com-
mon axis that varies for the prograde versus retrograde orbits. The
right panel shows a toy model that demonstrates the same behavior.
Here, typical values of stellar and aDM angular momenta have been
chosen, and the result of precession around 𝑧′ (as well as the explicit
direction of 𝑧′) has been plotted for the two cases with opposite signs
of ®𝐿★. Note that for the prograde case, both 𝑧′ and ®𝐿★ point out of the
page, while for the retrograde case both vectors point into the page.
This toy model should not be regarded as accurately modeling the
observed behavior, but rather simply as a proof of concept that the
observed differences in the dynamics of ®𝐿★ between prograde and
retrograde orbits can be traced back to the different 𝑧′ directions.

3 METHODOLOGY

This section describes the numerical framework utilized to perform
the simulations of isolated galaxymergers presented in this work.We
are primarily interested in tracking a given satellite’s evolution as it
falls into a Milky Way–like host, in order to understand its impact on
the disk tilting rate. Our goal is to explore how disk tilting depends
on the initial conditions: to this end, we vary over parameters such as
the satellite mass, the circularity and inclination of its orbit, and the
infall direction (prograde/retrograde). In all simulations, we set the
initial 𝑧orb − 𝑧★ plane to be perpendicular to the orbital plane of the
satellite (the 𝑦̂orb and 𝑦̂★ directions are aligned), since the precessing
motion of the stellar disk typically scans over this additional angle.
Section 3.1 describes the initial conditions for the host and satellite
systems, followed by Sec. 3.2 which describes the configuration of
the 𝑁-body simulations in detail.

3.1 Initial Conditions

Each galaxy is modeled using an NFW density profile, which is set
by two free parameters arbitrarily chosen to be the halo virial mass
𝑀vir, and the concentration 𝑐vir. We assume a ΛCDM cosmology
with ℎ = 0.7, Ω𝑚 = 0.3, and ΩΛ = 0.7. The halo’s virial mass 𝑀vir
is related to its virial radius 𝑅vir through

𝑀vir =
𝑅virΔ𝑐𝐻

2

2𝐺
, (3)

where 𝐻 is Hubble’s constant, 𝐺 is Newton’s gravitational constant,
and Δ𝑐 is the overdensity parameter as defined in Bryan & Norman
(1998). For 𝑧 = 1 (2), we take Δ𝑐 = 157 (171). The concentration-
mass relation from Dutton & Macciò (2014) is used to estimate the
halo concentration for each galaxy. Table 1 summarizes the initial
conditions in detail.
We consider five different satellite masses (S1-S5):

log10 𝑀vir/𝑀� = 10, 10.25, 10.5, 10.75, 11 and use a host
mass 𝑀vir = 7 × 1011𝑀� based on the mean 𝑧 = 1 mass for
Milky Way-like merger trees. These trees are generated using the
SatGen3 code (Jiang et al. 2021), selecting galaxies with a 𝑧 = 0
mass between 1012.1 and 1012.3𝑀� . The code uses the extended
Press-Schechter formalism (Lacey & Cole 1993) for hierarchical
structure formation incorporating modifications (Parkinson et al.
2007) that result in better agreement with cosmological simulations.
All galaxies include an exponential stellar disk with scale ra-

dius 𝑅★ and scale height 𝑍★. The stellar-to-halo mass relation from

3 https://github.com/shergreen/SatGen

Rodríguez-Puebla et al. (2017) is used to determine the mass of the
disk for a given 𝑀vir. The scale radius is set using the relation from
Jiang et al. (2019):

𝑅★ = 0.02
( 𝑐vir
10

)−0.7
𝑅vir . (4)

Additionally, the scale height of the disk is set to

𝑍★ = 0.4 𝑅★ , (5)

and the disk velocity dispersion ratio is set to 𝜎𝑅★
/𝜎𝑧★ = 4. The

requirement on 𝑍★ results in a scale height of 900 pc for the host
galaxy at 𝑧 = 0, comparable to the thick-disk expectation for the
Milky Way (Bland-Hawthorn & Gerhard 2016). However, the rota-
tional disk velocities in our simulations at 𝑧 = 0 are systematically
lower than observed values. This is likely due to the fact that we do
not include a bulge nor dowemodel disk growthwith time.We do not
rescale the velocity values as was done in Naidu et al. (2021) because
the tilting rate is not sensitive to this choice. Lastly, we note that we
have evolved the disks in isolation and explicitly verified that they
remain stable with no bar formation over the simulation timescale,
consistent with the fact that the Toomre parameter (Toomre 1964)
everywhere on the disk is 𝑄 > 2.5.
We use GALIC4 (Yurin & Springel 2014) to generate near-

equilibrium positions and velocities for the stellar and DM particles
in the satellite and host galaxies. GALIC initializes the halo using
the Hernquist profile (Hernquist 1990), and we provide the corre-
sponding Hernquist scale radius in Tab. 1 for convenience. Adiabatic
contraction (Blumenthal et al. 1986; Gnedin et al. 2004) is not in-
corporated in our initial conditions, nor do we observe significant
deviations from halo isotropy over the course of our simulations.
Note that we tune the spin parameter 𝜆 to reproduce the correct disk
scale radius 𝑅★.
For each merger configuration, the satellite galaxy is positioned

at the virial radius of the host at an inclination 𝜃inc from the host
disk plane (see Fig. 1). The prograde (retrograde) merger direction
specifies the infall direction along (counter to) the spin of the host
disk. We set the spin direction of the satellite disk to match that of
the host disk. The initial energy of the satellite is set equal to that of
a circular orbit at 𝑅vir. The orbit circularity 𝜂 is defined as

𝜂 ≡ |𝑣𝑡 |/
√︃
𝑣2𝑡 + 𝑣2𝑟 , (6)

where 𝑣𝑡 is the transverse velocity and 𝑣𝑟 is the radial velocity.
Cosmological simulations suggest that the most common circularity
for mergers such as those studied in this work is around 𝜂 = 0.5, with
a wide spread (Wetzel 2010). We note that extreme values (𝜂 = 0 and
𝜂 = 1) are unlikely.

3.2 N-Body Simulations

We use the GIZMO5 package (Hopkins 2015) to model the 𝑁-body
gravitational interactions of the stars and DM particles involved in
the satellitemergers.Our baseline simulations assume a collision-less
particle mass 𝑚𝑝 = 105.5𝑀� for both the DM and stars. We use 𝜖acc
from Power et al. (2003) to obtain the minimum softening length of
85 pc.We consider eleven evenly-spaced circularities in the range 𝜂 ∈
[0, 1], inclinations of 𝜃inc = [0◦, 15◦, 30◦, 45◦, 60◦, 75◦, and 90◦],
prograde and retrograde infall directions, and satellite masses
log10 𝑀sat/𝑀� = [10.0, 10.25, 10.5, 10.75, and 11.0]. This implies

4 https://www.h-its.org/2014/11/05/galic-code/
5 https://bitbucket.org/phopkins/gizmo-public/src/master/
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Figure 4. Evolution of the host stellar disk’s angular momentum for the case of a 1011𝑀� satellite initialized at 𝑧 = 1 at the host virial radius, with inclination
angle 𝜃inc on a prograde (blue) or retrograde (red) orbit. Two circularities are considered: 𝜂 = 0.3 (left panel) and 𝜂 = 0.5 (right panel). Solid markers are
placed at 1 Gyr increments; the open circle denotes the point in time when the satellite becomes completely disrupted. In some cases, significant disk tilting
occurs before this point due to torques from the orbiting bound satellite core, but this is difficult to see in the low-resolution simulations. See Fig. B1 for selected
high-resolution simulations. For these examples, the precession axis is approximately equal to the direction of the satellite’s initial orbital angular momentum,
𝑧̂′ ' 𝑧̂orb. Precession is identified as motion about 𝑧̂orb at fixed angular distance. However, depending on the orbital parameters of the satellite, the angular
momentum of the host disk can either be pushed into or out of alignment with the angular momentum of the accreted DM.

a scan of 685 combinations of satellite mass, circularity, inclination,
and infall direction when eliminating redundant parameter combina-
tions.
At the resolution used for the baseline runs, we find that the stellar

disk grows 8% thicker over the course of the simulation even without
a merger, as measured by the half-mass height 𝑧1/2 (defined such
that half the disk mass is contained within [−𝑧1/2, 𝑧1/2]). This is
likely due to relaxation effects, see e.g. Sellwood (2013). To better
understand the effects of the merger on the stellar disk, we also
simulated a handful of qualitatively interesting cases with higher
resolution 𝑚𝑝 = 104.5𝑀� and softening length of 27 pc. These
runs have comparable resolution to other state-of-the-art 𝑁-body
simulations performed for the Sagittarius (Laporte et al. 2018), Large
Magellanic Cloud (Garavito-Camargo et al. 2019), and GSE (Naidu
et al. 2021)mergers. Table B1 lists the parameters for the simulations
run at high resolution.

4 RESULTS

Section 2 outlined the primary physical effects that drive the angular
momentum evolution of a host galaxy’s stellar disk. The arguments
presented there were based on a simplified description of the prob-
lem. Given the setup described in the previous section, we are now
equipped to understand how these results generalize by analyzing
the output of our semi-realistic simulations. As is shown below, the
results from simulations qualitatively follow the intuition developed
in Sec. 2.
The behavior of the host disk’s total angular momentum (®𝐿★)

for the specific case of a 1011 𝑀� satellite is summarized in
Fig. 4. We provide results for initial inclination angles 𝜃inc =

0◦, 15◦, 30◦, 45◦, 60◦, 75◦, and 90◦ in both panels. The left (right)
panel of the figure shows the results for circularity 𝜂 = 0.3 (0.5).
The blue curves correspond to prograde orbits, while the red curves

correspond to retrograde orbits. For each configuration, the angular
momentum evolution is tracked for a period of 8 Gyrs following in-
fall; the solid dots along the curves in Fig. 4 indicate 1Gyr increments
in the simulation. The plots are centered in the 𝑧orb direction.
We define the time of complete satellite disruption 𝑡d as the time

at which all particles have become unbound from the satellite core.
We follow the procedure from Amiga’s halo finder (Knollmann &
Knebe 2009) to identify unbound particles. In short, this procedure
assumes spherical symmetry for the satellite core to calculate the
potential using all satellite particles. Then, particles with a velocity
greater than their escape velocity are removed, and the potential is
recalculated. This process is repeated until we are left with a set
of self-bound satellite particles. We use the center of mass of the
initially innermost 1% of satellite particles as a proxy for the core’s
location.
The open circle in Fig. 4 indicates 𝑡d.When 𝑡 . 𝑡d, the host’s stellar

disk is dominantly responding to the gravitational forces of the bound
satellite. Once the satellite is completely disrupted (𝑡 & 𝑡d), so that
the accreted DM is dispersed throughout the host, it still provides
a significant torque on the stellar disk. At this point, the dynamics
described in Sec. 2 become relevant. In particular, the stellar disk’s
angular momentum (as well as that of the inner aDM) begins to
precess around the 𝑧′ axis. Disk precession is apparent in the plots—
the red/blue curvesmove in the angular direction, i.e., the right-to-left
direction across radial spokes.
For a given set of satellite orbital initial conditions, the direction

of 𝑧′ strongly depends on whether the stellar disk is spinning in the
prograde or retrograde direction. Additionally, given enough time,
decoherence of the phases of angular momenta of orbiting aDM par-
ticles can cause alignment of the stellar disk’s angular momentum
vector with the 𝑧′ direction. In the Briggs plot of Fig. 4, the combi-
nation of these two effects is observed as shifts of the red/blue curves
from one gray semi-circle to another.
Fig. 5 explicitly shows the overall tilting rate of the host’s stellar
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Figure 5. The tilting rate of the total angular momentum of the host galaxy’s stellar disk. The rates are evaluated over the period of 6–8 Gyr from the start of
the simulation under the assumption of a constant tilting rate in this interval. Left versus right panels correspond to two satellite masses, 1011 and 1010.5 𝑀� ,
respectively. Top panels show the tilting rate as a function of the satellite’s orbital inclination angle 𝜃inc for two values of circularity, 𝜂 = 0.3 and 0.5. Bottom
panels show the rate as a function of 𝜂 for two values of 𝜃inc = 15◦ and 45◦. These examples demonstrate that disk tilting rates can be substantial and depend
sensitively on the details of a satellite’s orbital parameters and mass. In general, rates are larger for higher satellite masses. For a given mass and circularity, the
tilting rate is maximal for intermediate inclinations of 𝜃inc ∼ 45◦ and essentially vanishes for 𝜃inc = 0◦ and 90◦. For a given mass and inclination angle, the rate
is maximal at specific values of 𝜂. Lower mass satellites have peak tilting rates at smaller values of 𝜂, explaining the behavior in the top two panels.

Tilting rates are also typically larger for retrograde (r) orbits compared to prograde (p) ones. For completeness, results from all simulations are presented in
App. B.

disk, which is calculated by finding the angular distance between
®𝐿★ over the period 6–8 Gyrs and assuming a constant tilting rate
between these two times.6 The result is shown for a satellite of mass
1011 𝑀� (left column) and 1010.5 𝑀� (right column). The top panels
of Fig. 5 show the tilting rate as a function of inclination angle for
two circularities, 𝜂 = 0.3 and 0.5, both prograde and retrograde (note
that the top left panel corresponds to the same simulations as shown
in Fig. 4). The bottom panels of Fig. 5 show the tilting rate as a
function of circularity for two values of inclination angle, 𝜃inc = 15◦
and 45◦, both prograde and retrograde.
Changes to the stellar disk’s angular momentum direction are

much larger for 1011 𝑀� than for 1010.5 𝑀� , the reason being that
larger satellite masses corresponds to larger values of ®𝐿aDM, which
also corresponds to more torque experienced by the stellar disk (and
also to 𝑧′ being more displaced from 𝑧★). From the top panels, it is

6 We have verified that the results do not change qualitatively if the rate is
evaluated over any 2 Gyr period beyond 5 Gyrs from infall.

evident that the tilting rate is minimal for 𝜃inc ∼ 0◦, 90◦ and maximal
for 𝜃inc ∼ 45◦; this point was explained in Sec. 2. From the bottom
panels, one can note a preference for larger tilting rates at specific
values of 𝜂. For example, the bottom left panel shows larger rates for
𝜂 ∼ 0 and 0.6. At 𝜂 = 0 (maximally radial orbits), the dynamics are
such that the stellar disk in fact precesses approximately around the
𝑥orb directionwith a sizable overall tilting rate. At 𝜂 ∼ 0.6, precession
around 𝑧′ also causes a large tilting rate. Approaching 𝜂 ∼ 1 (circular
orbits), much less DM is stripped from the bound satellite and so disk
tilting is not a large effect.
A final feature observed in Fig. 5 is that tilting rates are typically

faster for retrograde orbits compared to prograde orbits. This is an
artifact of the angle between ®𝐿★ and 𝑧′ typically being larger for
retrograde orbits than for prograde orbits. Therefore, when ®𝐿★ pre-
cesses around 𝑧′, it sweeps over angles at a higher rate for retrograde
orbits than for prograde ones.
Interestingly, the tilting rates shown in Fig. 5 are significant

enough to fall within the Gaia detection range, approximately
> 0.28 ◦/Gyr (Perryman et al. 2014). Tilting rates from our en-
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Figure 6. Fractional increase in half-mass height of the host stellar disk, 𝑧1/2,
from the initial to final time (𝑡 = 8 Gyr) of the simulation. Results are shown
for all satellite masses and circularities that were simulated, assuming a fixed
orbital inclination angle of 𝜃inc = 45◦. Disk thickening is most pronounced
for large satellite masses and small circularities. Dependence on inclination
is less pronounced, as shown in App. B.

tire suite of simulations are presented in App. B. As can be seen
from those results, or from the subset shown in Fig. 5, tilting rates
are potentially measurable even for low-mass satellites and for a wide
range of the orbital parameters 𝜃inc and 𝜂. This motivates follow-up
simulation studies with improved disk and halo modeling in order to
make reliable predictions for observational data in the Milky Way.
In addition to characterizing the disk tilting properties, it is impor-

tant to understand whether the disk morphology is reasonably well
preserved in the process. To this end, we evaluate the co-rotation
parameter 𝜅co, which captures the fraction of co-rotating particles in
the stellar disk (Sales et al. 2010). It is defined as

𝜅co =
1
𝐾tot

∑︁
𝑖

1
2
𝑚𝑖 𝑣

2
𝜃,𝑖 , (7)

where 𝑚𝑖 is the mass of the 𝑖th stellar particle in the region with
𝑟 < 30 kpc and with 𝑣 𝜃 > 0. 𝐾tot is the kinetic energy of all particles
in this spatial region. As has been shown in Correa et al. (2017), 𝜅co is
a good proxy for the morphology of simulated galaxies, with values
& 0.4 indicating a disk-like morphology for the stellar distribution.
We find that 𝜅co does not change significantly with time, decreasing
from 0.88 at early times to 0.85 for a few orbital configurations,
but remaining about 0.87 for the majority of parameter space. In
addition to the overall disk morphology, we also explore the impact
of the satellite mergers on the half-mass scale height, 𝑧1/2. Fig. 6
shows the fractional change of 𝑧1/2 over the course of the simulation,
for a range of satellite masses and circularities, but fixed inclination
angle of 𝜃inc = 45◦. Larger satellite masses and smaller circularities
tend to thicken the disk more substantially. The largest effects are
an increase of the scale height by about 30%. Given differences in
the simulation initial conditions, it is challenging to perform a direct
comparison with other studies of isolated galaxy mergers. However,
our finding that the disk is not destroyed by these encounters but may
be thickened by them is consistent with, e.g., Hopkins et al. (2008);
Villalobos & Helmi (2008); Read et al. (2008); Purcell et al. (2009);
Hopkins et al. (2008). Some of the mergers considered in this study

may be excluded by other morphological or kinematic changes they
induce to the stellar disk beyond tilting; a full exploration of this is
beyond the scope of the present work.
Lastly, we have explored whether the particle resolution of the

simulations affects the disk tilting results by performing dedicated
high-resolution runs for the specific case of a 1011 𝑀� satellite
galaxy on a prograde/retrograde orbit with inclination 𝜃inc = 45◦
and circularity 𝜂 = 0.5. The particle mass in these runs is 104.5 𝑀� ,
compared to the lower-resolution particle mass of 105.5 𝑀� that was
used for all figures in this section. The high-resolution results are
provided in Fig. 3 and can be directly compared to the correspond-
ing curves for the lower-resolution runs in Fig. 4. Reassuringly, the
angular momentum evolution of the host disk is indistinguishable
between these cases (see also Tab. B1).

5 DISCUSSION

Before concluding, we take the opportunity to comment on potential
implications of disk tilting, focusing specifically on the GSE merger
(Sec. 5.1) and direct detection experiments (Sec. 5.2). By design,
the following presentation is illustrative in nature, focusing on the
relevant lessons for each application. More detailed predictions, es-
pecially with regards to the GSE merger example, will benefit from
improved modeling of the host’s halo and disk in the simulation
framework.

5.1 Lessons for the GSE Merger

Due to recent advancements in astrometric and spectroscopic obser-
vations, a clearer picture is emerging of the Milky Way’s current
dynamical state and historical evolution (Helmi 2020). In particular,
data from the Gaia satellite has been used to identify the remnants
of what is likely to be the Galaxy’s most recent major merger (Be-
lokurov et al. 2018; Helmi et al. 2018). With an estimated total stellar
mass of𝑀∗ ∼ 108−9𝑀� at an infall time of∼ 8–10 Gyr ago, the GSE
merger likely contributed a large fraction of the stellar halo within
∼ 25–30 kpc of the Galactic Center (Deason et al. 2018; Haywood
et al. 2018; Myeong et al. 2018; Necib et al. 2019; Koppelman et al.
2018; Vincenzo et al. 2019; Gallart et al. 2019; Massari et al. 2019;
Lancaster et al. 2019; Di Matteo et al. 2019; Myeong et al. 2019;
Mackereth et al. 2019; Bird et al. 2019; Necib et al. 2019; Mackereth
& Bovy 2020; Bonaca et al. 2020; Naidu et al. 2020; Forbes 2020;
Koppelman et al. 2020; Das et al. 2020; Yuan et al. 2020; Kruĳssen
et al. 2020; Feuillet et al. 2021; Hasselquist et al. 2021; Iorio & Be-
lokurov 2021; Carollo & Chiba 2021; Gudin et al. 2021; Limberg
et al. 2021; Donlon et al. 2022; Montalbán et al. 2021; Buder et al.
2022).
We have performed dedicated high-resolution simulations of a

GSE-like merger to study the resulting degree of disk tilting. Fol-
lowing the same procedure as in Sec. 3.1, except this time initial-
izing the host galaxy at 𝑧 = 2, we generate a Milky Way analogue
with halo mass 𝑀vir = 5.3 × 1011𝑀� , virial radius 𝑅vir = 85 kpc,
and concentration 𝑐vir = 4.6. The host’s stellar disk has mass
𝑀★ = 5.1 × 109 𝑀� , scale radius 𝑅★ = 1.7 kpc, and scale height
𝑍★ = 0.70 kpc. (We have also simulated a GSE-like merger event
with double the host stellar disk mass; see details below.) The GSE-
analogue is modeled following the best-fit parameters from Naidu
et al. (2021), with a virial mass 𝑀vir = 2.1 × 1011 𝑀� , inclination
𝜃inc = 15◦, and retrograde circularity 𝜂 = 0.5, and its orbit is evolved
over a period of 10 Gyrs. We have verified that the resulting velocity
distributions for the accreted GSE stars are similar to observational
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Figure 7. The results of an idealized simulation of the Gaia-Sausage-Enceladus (GSE) merger are presented here. We simulate a𝑀vir = 2.1× 1011 𝑀� satellite
falling into a Milky Way-like host at redshift 𝑧 = 2 with circularity 𝜂 = 0.5 and retrograde inclination of 𝜃inc = 15◦. The left Briggs plot assumes a host disk
mass of𝑀★ = 5.1×109 𝑀� , while the right shows the results for double the host disk mass. The host disk tilts substantially in response to the merger, eventually
flipping over. Changes to the disk mass or the integration time of the simulation can alter the disk tilting rate and—consequently—the relative position of the
sun to the GSE tidal debris at 𝑧 = 0. As a result, an observer at the solar position would observe pile-up of the DM and stellar debris at different locations on
the sky in these different scenarios.

results, reproducing the “sausage-like” distribution in the radial and
azimuthal plane of Galactocentric velocities.7
The Briggs plot in the left panel of Fig. 7 demonstrates how the

host disk angular momentum evolves over the course of GSE infall
for the case of 𝑀★ = 5.1 × 109 𝑀� . Initially, there is a clockwise
precession approximately about the 𝑧orb direction, but then the disk
angular momentum starts to rotate to anti-align itself with the angular
momentum of the GSE debris. After about 7 Gyrs, the host disk
flips over entirely, and the precession appears to change direction
(although this statement depends on the choice of reference frame).
We find initial tilting rates of ∼ 20 ◦/Gyr at 𝑡 = 4 Gyr, increasing
to a maximum disk tilting rate of ∼ 90 ◦/Gyr at 𝑡 = 8 Gyr, and
then slowing to ∼ 40 ◦/Gyr at 𝑡 = 10 Gyr (near 𝑧 = 0). These
values are averaged over the 0.12 Gyr simulation timestep. At 𝑧 = 0
in the simulation, the host disk is still tilting in response to the
merger. Importantly, we find that slight changes in the integration
time (the time in the simulation defined as 𝑧 = 0) can correspond to
significantly different orientations of the host’s stellar disk.
We also check the extent to which the host disk is disrupted by the

merger using the same approach as for our grid scans. The corotation
parameter 𝜅co decreases from an initial value of 0.90 to 0.76, a large
difference but still disk-like. The half-mass scale height 𝑧1/2 increases
by about 70%. These more dramatic changes are expected because
of the larger mass of GSE compared to the satellites explored in our
grid scans.
We also find that the evolution of the stellar disk in response to

the GSE is sensitive to assumptions made about the disk modeling.
To illustrate this point, we repeat the simulation, but double the mass
of the host’s stellar disk. This simulation provides an indication of

7 Note that our results will not be an exact replication of the dedicated GSE
simulations of Naidu et al. (2021) given differences in our respective setups,
including the fact that we do not include a bulge for the host and use slightly
different prescriptions to define the host and satellite initial conditions.

how our results might change for the more realistic scenario of a
stellar disk which grows beyond its initial mass of ∼ 5.1 × 1011 𝑀�
throughout its evolution, though we do not account for halo growth
and triaxiality. The resulting Briggs plot for the host disk angular
momentum in this case is provided in the right panel of Fig. 7. While
the general properties are similar to the low-mass disk scenario—the
disk precesses and eventually flips over—the details of the angular
momentumevolution do change. Tilting rates follow a similar pattern,
but with a lower peak tilting rate of ∼ 60 ◦/Gyr. Moreover, the spatial
distribution of the resulting DM and stellar debris from the GSE
appear different from the solar position for the two cases. This is
solely due to the different disk tilting behavior (we find that the orbital
evolution of the GSE-like satellite remains essentially unchanged
between the two simulation runs).

Our results could have important implications for studies such as
that of Naidu et al. (2021), which seek to reconstruct merger proper-
ties of the GSE by comparing observational data to simulations. We
find that small variations in the infall redshift of the GSE satellite
or host disk mass can have significant effects on the stellar disk’s
orientation and the observed debris at 𝑧 = 0. Thus, care should be
taken when comparing merger simulations to data.

Finally, one may justifiably wonder whether the large and persis-
tent disk tilting that we observe in our GSE simulations would also be
observed if the simulation were run in a cosmological context, where
both the disk and halo mass grow with time and the disk’s angular
momentum can be affected by e.g., cosmic shear and gas accretion.
Fortunately, we have a point of comparison in the results of Dillam-
ore et al. (2022), who analyze the impact of GSE-type mergers on
the stellar disks of fifteen Milky Way–like galaxies in the Artemis
hydrodynamic cosmological simulations. They find that the angular
momentum of the stellar disks in the hosts can change rapidly; the
maximum averaged tilting rates for the disks in their host galaxies
range from ∼ 10 ◦/Gyr to ∼ 60 ◦/Gyr. Dillamore et al. (2022) cannot
conclusively claim that the GSE-like mergers in their halos caused
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the disk tilting as they cannot isolate the specific effect. However,
the fact that we can produce comparable maximum tilting rates with
an isolated GSE-like merger, even for simplified halo densities, is
a strong indication that the merger is the direct cause for the disk’s
evolution in the Artemis simulations.

5.2 Lessons for Direct Detection

The results of this study can be used to infer how satellite mergers
in the Milky Way can potentially affect the local distribution of DM.
This has consequences for direct detection experiments, which search
for astrophysical DM particles scattering off of targets in terrestrial
experiments. Such experiments typically utilize energy stored in the
local DM distribution (at the Solar position and in the Solar rest
frame) to generate a detectable signal within the detector. While
the DM particle can itself never be observed in its interaction, the
momentum and energy that it imparts to, say, a nucleus in the target
can be detected through e.g., scintillation light or heat energy from
the recoiling nucleus (Gaitskell 2004).
The scattering rate in a direct detection experiment is sensitive to

the local DM density, 𝜌DM, as well as the local velocity distribution
of DM, 𝑓 (𝑣). Contributions to the local phase-space density of DM
from tidal debris of merging satellites can lead to particularly distinc-
tive experimental signals (Freese et al. 2013). The standard assump-
tion for the DM density is that it is close to the value measured by
e.g., performing a Jeans analysis of local stars under the assumption
of equilibrium, namely 𝜌DM ∼ 0.3 GeV/cm3 (Read 2014). More
importantly, the standard assumption for the local velocity field is
that it follows aMaxwell-Boltzmann distribution with a cut-off at the
local escape velocity of the Milky Way (Baxter et al. 2021).
Variations of these assumptions can have important implications

for analyzing experimental results, depending on the specifics of the
experimental setup and on the DM model being searched for. For
example, the expected signal rate for any such experiment is linearly
proportional to the local DM density. Additionally, the DM veloc-
ity distribution enters the signal rate calculation by modifying the
kinematics of the incoming DM. For example, an enhancement from
aDM particles of the high velocity tail of the host halo’s velocity
distribution would increase the available kinetic energy of DM par-
ticles and could significantly lower the DM mass threshold of an
experiment. This could lead to a dramatic increase in the total rate
for DM masses which would otherwise have an exponentially sup-
pressed signal. For example, substantial rate enhancements from this
scenario are expected for models of inelastic DM (Smith & Weiner
2001; Bramante et al. 2016). In such scenarios, a lower-mass dark
particle upscatters off the nucleus to a higher-mass dark particle.
The differential scattering rate of DM with a target material,

d𝑅/d𝐸𝑟 , is proportional to the function

𝑔(𝑣min) ≡
∫ ∞

𝑣min

d3𝑣
𝑓 (v)
𝑣

, (8)

where 𝐸𝑟 is the recoil energy of the target and 𝑣min is the minimal
velocity of incoming DM that is sufficient to produce a detectable
scattering event. Its value depends on the specific experimental setup
and on the kinematics. For the case of an inelastic DM scattering
with a free nucleus, 𝑣min is a function of the nucleus’ mass 𝑚𝑁 , the
DM—nucleus reduced mass 𝜇, and the inelastic splitting of the DM
model 𝛿,

𝑣min =
1

√
2𝐸𝑟𝑚𝑁

(
𝑚𝑁

𝜇
𝐸𝑟 + 𝛿

)
. (9)

Therefore, 𝑣min is set by the range of recoil energies that produce a

detectable signal and by the value of the inelastic splitting. As these
values grow, so does 𝑣min, and therefore increased support on the
high tail of 𝑓 (𝑣) corresponds to an increased signal rate.
Fig. 8 shows the ratio of 𝑔(𝑣min) calculated with all DM particles

(both host and aDM) to that calculated with host particles only, for
simulations with a 1011 𝑀� satellite. For a given simulation, the ratio
is computed by including particles that pass through an annulus of
inner radius 7.5 kpc, outer radius 8.5 kpc, and height 1 kpc, centered,
aligned and rotating with the host stellar disk, over the period 6–8
Gyrs. This should be thought of as a proxy for the Solar position
and the Solar rest frame. From left to right, the panels correspond
to increasing values of 𝑣min, with each panel showing results as a
function of circularity and inclination angle.
As 𝑣min increases, the ratio of 𝑔(𝑣min) becomes more and more

sensitive to enhancements of the high tail of the velocity distribution.
We find that maximal enhancements occur for retrograde mergers
with 𝜂 ∼ 0.5 and 𝜃inc ∼ 15◦. This enhancement at low inclinations
is due to higher alignment between the aDM and the stellar disk at
the solar position. The enhancement at retrograde circularities is due
to the more boosted velocity distribution of aDM in the solar rest
frame.

6 CONCLUSIONS

This paper investigated the impact that a merging satellite has on the
tilting dynamics of a host galaxy’s stellar disk.We presented a simple
analytic model for the disk response, which was verified using a suite
of 𝑁-body simulations. For the case of an isolated and isotropic
Milky Way-like host, we found that non-trivial disk tilting can result
from a wide range of cosmologically-motivated initial conditions for
the incoming satellite. Such mergers torque the stellar disk, resulting
in precession and alignment of the disk’s angular momentum around
a particular axis. Disk tilting rates are enhanced for satellites with
intermediate orbital inclination angles, 𝜃inc ∼ 45◦, and suppressed
for satellites with orbital planes that are aligned with or orthogonal
to the mid-plane of the host’s stellar disk. Additionally, tilting rates
are enhanced for more massive satellites, certain values of orbital
circularity, and retrograde mergers.
We found that the host disk’s overall morphology, as indicated by

the co-rotation parameter, is preserved as it responds dynamically to
torques from the infalling satellite and its tidal debris. The disk itself
is thickened due to the interaction with the satellite and its half-mass
scale height can increase by an amount that is correlated with the
details of the merger. For the example of a 𝜃inc = 45◦ orbit, we find
that the scale height does not increase by more than 30% from its
original value, and this occurs only for the most radial and massive
mergers considered.
Given the disk tilting rates that we recover for cosmologically-

motivated mergers, it is reasonable to expect that Gaia may be able
to detect a non-zero disk tilting rate, assuming their estimated sensi-
tivity for this quantity (Perryman et al. 2014). Such a measurement
(or even a strong constraint) could provide an additional window into
the historical evolution of the Milky Way. This promising result mo-
tivates refining the predictions made in this work in a variety of ways.
As an example, previouswork such as that of Garavito-Camargo et al.
(2021) have shown that the MilkyWay’s DM halo responds in a non-
trivial way to merger events. This suggests a followup analysis of our
own simulation suite to investigate the underlyingmechanismswhich
govern the halo’s response. Additionally, important elements that can
potentially be integrated into future 𝑁-body simulations studying
disk tilting include a bulge component, a triaxial (not isotropic) DM
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Figure 8. Ratio of 𝑔 (𝑣min) calculated with host and aDM particles to that calculated with host particles only for simulations with a 1011 𝑀� satellite. The ratio
is computed from particles passing through an annulus with inner radius 7.5 kpc, outer radius 8.5 kpc, and height 1 kpc, centered, aligned and rotating with the
host stellar disk, at the end of the simulation (𝑡 = 8 Gyr). Each panel corresponds to different values of 𝑣min. As 𝑣min grows, the ratio of 𝑔 (𝑣min) becomes more
sensitive to enhancements of the high tail of the DM velocity distribution.

halo, and a growing stellar disk (see e.g., Han et al. (2022)). By
not including halo triaxiality (aligned with the disk) and stellar disk
growth, it is possible that this study overestimates disk tilting rates.
Moreover, it would be important to understand how the tilting rate is
affected by the disk’s response to multiple mergers.
Such modifications would also enable us to refine our predictions

of the disk’s response to the GSE merger. Our preliminary study of
this question suggests that a GSE-likemerger can lead to a substantial
and protracted tilting response of the host disk, with it precessing and
ultimately flipping over. The maximum tilting rates that we recov-
ered from our idealized simulations are consistent with those found
from GSE-like mergers in fully cosmological hydrodynamic simula-
tions (Dillamore et al. 2022). Taken together, these results strongly
suggest that the Milky Way’s disk may still be evolving today due
to the GSE. Along with the simulation refinements described above,
which would help make more precise predictions for the disk re-
sponse to GSE, it would also be interesting to study the additional
effects of the Large Magellanic Cloud.
As a separate application of disk tilting, we explored how it cor-

relates with non-standard properties of the DM distribution at Earth,
which could impact DM detection in terrestrial experiments. In par-
ticular, we found that the high tail of the velocity distribution is most
enhanced for retrograde mergers, which is particularly relevant for
scattering rates of DM models with high energy scattering thresh-
olds. Future work could make more specific predictions for mergers
in the MilkyWay’s history, with simulation refinements as described
above.
Lastly, we note that the results presented in this work are specific

to CDM, and that it is a potentially interesting question to ask how
the disk tilting rates would change for alternative DM models. For
example, in the case that DM has large self-interactions (Tulin & Yu
2018), DM substructure that causes baryonic disk tilting may quickly
wash out. This would imply that tilting lasts for a much shorter
amount of time. Models such as Fuzzy Dark Matter can affect the
dynamical friction felt by the infalling satellite (Lancaster et al. 2020),
and thus the distribution of its tidal debris, which can also impact the
disk tilting rate. Further study will be needed to understand whether

disk tilting can provide awindow into the fundamental particle nature
of DM.
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APPENDIX A: A TOY MODEL FOR DISK TILTING
DYNAMICS

This appendix presents details of a toy model that provides intuition
for the possible dynamics of the stellar disk’s angular momentum
vector, ®𝐿★, in terms of the collective behavior of accreted dark mat-
ter (aDM) particles orbiting in the joint potential of the host halo and
the stellar disk. As discussed in Sec. 2 and Eq. (2), the projection of
®𝐿★ onto the plane perpendicular to 𝑧′ should approximately cancel
the projection of ®𝐿inneraDM onto the same plane. To gain intuition, it is
useful to first consider the simple case of a small number of aDM
particles orbiting a fixed stellar disk embedded within the host halo.
Generalizing to the case of many aDMparticles and a dynamic stellar
disk is then straightforward.
In this description, there are only a small number of aDMparticles,

| ®𝐿★ | � | ®𝐿aDM |, and therefore the 𝑧′ axis is approximately perpen-
dicular to the stellar disk. A single orbiting aDM particle, with label
𝑖 and mass 𝑚𝑖 , orbits in a potential that has a spherical contribution
and a cylindrical contribution,

Φ ≡ Φsph (𝑟) +Φcyl (𝜌★, 𝑧★) , (A1)

where 𝜌★ =

√︃
𝑥2★ + 𝑦2★. Its change in angular momentum between

any initial time 𝑡0 and final time 𝑡 is

Δ®𝐿𝑖 = 𝑚𝑖

∫ 𝑡

𝑡0

𝑎★
(
𝜌★,𝑖 , 𝑧★,𝑖

) (
𝑦★,𝑖𝑥★ − 𝑥★,𝑖 𝑦̂★

)
d𝑡, (A2)

where the coordinates ®𝑟★,𝑖 ≡ {𝑥★,𝑖 (𝑡), 𝑦★,𝑖 (𝑡), 𝑧★,𝑖 (𝑡)} correspond
to the 𝑖th particle’s position as a function of time (represented by the
integration variable 𝑡). They can be calculated using ¥®𝑟★,𝑖 = −®∇Φ to-
gether with the particle’s initial conditions. The function 𝑎★(𝜌★, 𝑧★)
has units of acceleration and is given by

𝑎★(𝜌★, 𝑧★) = −
(
𝜕

𝜕𝑧★
− 𝑧★

𝜌★

𝜕

𝜕𝜌★

)
Φcyl (𝜌★, 𝑧★) . (A3)

From Eq. (A2), it is clear that Δ®𝐿𝑖 · 𝑧★ is zero, however Δ®𝐿𝑖 · 𝑥★
and Δ®𝐿𝑖 · 𝑦̂★ are in general non-zero. They depend on the specific
form of Φcyl and on the orbit of the particle. Eq. (A2) can easily
be solved numerically, however a simplification occurs since the
numerical solution is well approximated by the following function of
Δ𝑡 ≡ 𝑡 − 𝑡0,

Δ®𝐿𝑖 = 𝐿𝑇𝑖
[
®P(𝜔𝑖 , 𝜑𝑖 ,Δ𝑡) − ®P(𝜔𝑖 , 𝜑𝑖 , 0)

]
(A4)

with the simple periodic function,

®P(𝜔, 𝜑,Δ𝑡) ' Re
[
𝑒𝑖𝜔Δ𝑡 𝑒𝑖𝜑

]
𝑥★ + Im

[
𝑒𝑖𝜔Δ𝑡 𝑒𝑖𝜑

]
𝑦̂★ . (A5)

The periodic function has been written in complex form instead of

using sin and cos notation for later convenience. This corresponds
to an approximate precession of the particle’s angular momentum
around the 𝑧★ axis. In the above equations, 𝐿𝑇𝑖 is the projection of
the particle’s angular momentum onto the 𝑥★ − 𝑦★ plane and 𝜑𝑖 is
a phase set by the initial conditions of the particle. The value of the
frequency 𝜔𝑖 depends on both the initial conditions of the particle
and on the precise form of the potential Φ.
Using the above equations, one can calculate the sum of angular

momenta change for 𝑁 orbiting aDM particles, which can be thought
of as those contributing to ®𝐿inneraDM,

(Δ®𝐿inneraDM)
𝑇 =

∑︁
𝑖

Δ®𝐿𝑖 ≡ 𝑁
〈
Δ®𝐿

〉
, (A6)

where 〈...〉 denotes an average over all particles. This average is
straightforward to calculate if one knows the distributions of 𝐿𝑇

𝑖
,

𝜔𝑖 and 𝜑𝑖 , and noting that an additional simplification occurs if
the amplitude 𝐿𝑇

𝑖
is highly correlated with 𝜔𝑖 . Then, the discrete

values of angular momentum for each particle become a continuous
function Δ®𝐿𝑖 → Δ®𝐿 (𝜔, 𝜑,Δ𝑡) = 𝐿𝑇 (𝜔) [ ®P(𝜔, 𝜑,Δ𝑡) − ®P(𝜔, 𝜑, 0)].
If the probability distribution function of frequencies and phases
𝑓 (𝜔, 𝜑) is known, the result can be rewritten as〈
Δ®𝐿

〉
'
∫

Δ®𝐿(𝜔, 𝜑,Δ𝑡) 𝑓 (𝜔, 𝜑)d𝜔d𝜑 , (A7)

where the probability function is normalized to unity,∫
𝑓 (𝜔, 𝜑)d𝜔d𝜑 = 1. (This is essentially just the result of a Fourier

analysis.)
As a simple example, consider the case where 𝑓 (𝜔, 𝜑) is the

product of two Gaussians,

𝑓 (𝜔, 𝜑) = 1
2𝜋𝜎𝜔𝜎𝜑

𝑒
− 12

[(
𝜔−𝜔̄
𝜎𝜔

)2
+
(
𝜑−𝜑̄
𝜎𝜑

)2]
, (A8)

and 𝐿𝑇 (𝜔) does not vary appreciably in the range where the function
has support. Then Eq. (A7) can be evaluated to find

(Δ®𝐿inneraDM)
𝑇 ' 𝑁𝐿𝑇 (𝜔̄)𝑒−

1
2 𝜎

2
𝜑 𝑒𝑖 𝜑̄

[
𝑒−

1
2 𝜎

2
𝜔Δ𝑡2𝑒𝑖 𝜔̄Δ𝑡 − 1

]
, (A9)

where it should be understood that the real part of the right-hand side
is in the 𝑥★ direction and the imaginary part in the 𝑦̂★ direction, as
in Eq. (A5).
The result in Eq. (A9) provides intuition for the dynamics of

( ®𝐿★)𝑇 ' −( ®𝐿inneraDM)
𝑇 . First, remember that 𝑧★ is close to, but not

precisely equal to 𝑧′. As | ®𝐿aDM | grows, these directions diverge
and the true motion of both aDM particles and stellar disk angular
momenta will be around the direction 𝑧′. If the spreads in frequencies
and phases (𝜎𝜔 and 𝜎𝜑 , respectively) are both small, then only the
complex arguments of the exponents survive and the stellar disk
reacts by precessing around the 𝑧′ direction at a frequency 𝜔̄. If 𝜎𝜑

is sizable, the amplitude of precession is exponentially suppressed by
the square of its value. If𝜎𝜔 is non-zero, the amplitude of precession
becomes exponentially more suppressed over time at a rate set by the
square of its value. This time evolution corresponds to an alignment
of the stellar disk towards the axis of precession. Importantly, these
two types of dynamics—precession around the 𝑧′ axis and alignment
with that axis—are precisely those observed in our simulations.
Of course, in a realistic scenario the approximations made above

need not hold. Specifically, the assumptions that | ®𝐿★ | � | ®𝐿aDM |,
that the potential is time-independent, and that the distributions of
𝜔𝑖 and 𝜑𝑖 are Gaussian need not be correct. As already discussed,
relaxing the assumption that | ®𝐿★ | � | ®𝐿aDM | just corresponds to
changing the direction of 𝑧′ away from the perpendicular to the
stellar disk, but otherwise does not change the qualitative picture.
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Figure A1. Briggs plot showing the expected angular momentum evolution of aDM particles (and therefore also of the stellar disk since ( ®𝐿★)𝑇 ' −( ®𝐿inneraDM )
𝑇 )

based on Eqs. (A6) and (A7). Each curve corresponds to a different distribution 𝑓 (𝜔) under the assumption that all particles have 𝜑 = 0 (shown in the left
panel). The blue curve shows an example of a tight Gaussian distribution which produces mostly precession motion around 𝑧̂★. The orange and green curves are
also Gaussian, but with increasing widths. These produce precession motion coupled with alignement of the aDM angular momentum vector with the 𝑧̂★ axis.

Regarding the time dependence of the potential, the resulting behav-
ior is still straightforward to understand since there is always some
finite timescale with which the stellar disk reacts. For shorter times,
Eq. (A9) approximately holds. Over longer times, one can simply
think of the dynamics as short time-step evolutions of ( ®𝐿★)𝑇 ac-
cording to Eq. (A9) with some values of {𝜔̄, 𝜎𝜔 , 𝜑̄, 𝜎𝜑}, and at
every new time-step these values simply evolve as well. Finally, the
assumption of a non-Gaussian form for 𝑓 (𝜔, 𝜑) renders Eq. (A9)
non-analytical, but does not change the qualitative picture.
Figure A1 shows three examples of the evolution of ®𝐿inneraDM based

on Eqs. (A6) and (A7). Each color corresponds to a different dis-
tribution for 𝑓 (𝜔), taking all particles to have 𝜑 = 0, also shown
as a separate panel. All three distributions are Gaussian and each
curve corresponds to a different width, 𝜎𝜔 . The behavior described
above is evident—namely the aDM’s angular momentum (and there-
fore also the stellar disk’s) precesses around the 𝑧★ axis (which is
equal to 𝑧′ in this case) and also aligns with it at a rate that grows
as 𝜎𝜔 grows. This figure should be compared to Fig. 2, where the
average angular momentumwas calculated numerically over time for
an ensemble of aDM particles (with either a large or small spread in
𝜔) orbiting within the potential of a stellar disk and an NFW halo.
As can be seen, the toy model presented in this section qualitatively
reproduces the behavior observed in Fig. 2.

APPENDIX B: SUPPLEMENTARY FIGURES

In this appendix, we provide summary results for our simulations.
Fig. B1 shows an additional high-resolution run, exhibiting interest-
ing behavior before satellite disruption. Fig. B2 shows the tilting rate
for all combinations of mass, circularity, and inclination, measured
over two 1 Gyr time intervals. Fig. B3 shows the degree of disk
thickening as measured by 𝑧1/2, again for the entire parameter space.
Tab. B1 presents tilting rates for all of our high-resolution simu-
lations, showing agreement with results from low-resolution runs.

45 ◦90 ◦

prograde

retrograde

satellite disrupted

ẑorb

Figure B1. Evolution of the host stellar disk’s angular momentum for high-
resolution simulations of a 1011𝑀� satellite with 𝜂 = 0.3 and 𝜃inc = 45◦
on a prograde (blue) or retrograde (red) orbit. This complements Fig. 3 with
lower circularity and Fig. 4 with higher resolution. Prior to disruption, the
host disk wobbles due to torques from the infalling bound satellite. Note the
opposite direction of these oscillations for prograde and retrograde mergers.

These figures demonstrate the robustness of the trends described in
Sec. 4.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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Figure B2. Disk tilting rates for all combinations of satellite mass, inclination, and circularity at low resolution. Measurements taken from two 1 Gyr intervals
are shown to demonstrate robustness. The key trends are also presented in Fig. 5. For satellites below 1010.5𝑀� , disk tilting rates are below the noise. Note that
the magnitude of disk tilting should not be taken as a precise prediction due to the idealized nature of our simulations.
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Figure B3. Fractional increase in half-mass height of the host disk from the initial time to the final time of the simulation (𝑡 = 8 Gyr). Results are presented for
all low-resolution simulations. The dependence on inclination is less dramatic than the dependence on circularity and satellite mass, as presented in Fig. 6.

High (low) resolution tilting rate (◦/Gyr)
Inclination, 𝜃inc (◦) Circularity, 𝜂 Direction 6 − 7 Gyr 7 − 8 Gyr

45 0.5 prograde 9.2 (9.8) 8.1 (8.4)
45 0.5 retrograde 9.9 (10.2) 10.8 (11.7)
45 0.3 prograde 5.2 (4.5) 4.8 (4.3)
45 0.3 retrograde 10.1 (10.6) 9.1 (9.0)
45 0.0 n/a 10.2 (10.2) 10.4 (10.8)
90 0.5 n/a 3.0 (3.1) 1.1 (1.1)
90 0.3 n/a 1.3 (0.9) 0.9 (0.3)

Table B1. Merger parameters for 7 high resolution (𝑚𝑝 = 104.5 𝑀�) simulations. These were chosen to cover important regions of the parameter space. All
simulations have 𝑀sat = 1011 𝑀� . Tilting rates for two 1 Gyr intervals are provided for comparison with low resolution (𝑚𝑝 = 105.5 𝑀�) runs. We find that
results are qualitatively consistent between the two.
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