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ABSTRACT

In recent years star formation has been discovered in the Milky Way’s warp. These stars formed in the warp (warp stars) must
eventually settle into the plane of the disc. We use an N-body+smooth particle hydrodynamics model of a warped galaxy to
study how warp stars settle into the disc. By following warp stars in angular momentum space, we show that they first tilt to
partially align with the main disc in a time-scale of 1 Gyr. Then, once differential precession halts this process, they phase
mix into an axisymmetric distribution on a time-scale of 6 Gyr. The warp stars end up contaminating the geometric thick disc.
Because the warp in our fiducial simulation is growing, the warp stars settle to a distribution with a negative vertical age gradient
as younger stars settle further from the mid-plane. While vertically extended, warp star orbits are still nearly circular and they
are therefore subject to radial migration, with a net movement inwards. As a result warp stars can be found throughout the disc.
The density distribution of a given population of warp stars evolves from a torus to an increasingly centrally filled-in density
distribution. Therefore we argue that, in the Milky Way, warp stars should be found in the Solar Neighbourhood. Moreover,
settled warp stars may constitute part of the young flaring population seen in the Milky Way’s outskirts.

Key words: galaxies: disc —galaxies: evolution —galaxies: star formation — galaxies: structure —stars: kinematics and dynamics.

1 INTRODUCTION

Warps are common features in disc galaxies, both in their H1 gas
(Sancisi 1976; Bosma 1991; Garcia-Ruiz, Sancisi & Kuijken 2002)
and, to a lesser extent, in their stars (Reshetnikov et al. 2002). In the
Milky Way (MW), a warp in the Hi has long been known (Kerr 1957;
Weaver & Williams 1974; Levine, Blitz & Heiles 2006; Kalberla
et al. 2007), while subsequently a stellar warp was also observed
(Djorgovski & Sosin 1989; Porcel & Battaner 1995; Freudenreich
1998; Drimmel & Spergel 2001). The extent of the stellar warp,
traced by red clump (RC) stars, in the MW was measured by Lopez-
Corredoira et al. (2002) and found to reach a maximum height of
|z] 1.5kpcat R < 14 kpc on both sides of the disc.

The cause of warping in galactic discs is still not definitively
established, with several mechanisms proposed (see the reviews
of Binney 1992; Kuijken & Garcia-Ruiz 2001; Sellwood 2013).
These include tidal interactions, direct gas accretion, and disc—halo
interactions. In the MW, tidal interactions with the Large Magellanic
Cloud and the Sagittarius dwarf galaxy have been considered possible
sources of the warping (Weinberg 1998; Jiang & Binney 1999; Bailin
2003; Purcell et al. 2011; Gomez et al. 2013; Laporte et al. 2018).
Alternatively, misaligned cold gas accretion has been proposed
(Ostriker & Binney 1989) and found in cosmological simulations,
particularly in MW-like models (RoSkar et al. 2010; Stewart et al.
2011; van de Voort et al. 2015; Gomez et al. 2017; Starkenburg et al.
2019; Duckworth, Tojeiro & Kraljic 2020), to be the cause of galactic
warps in a significant number of cases. In the TNG100 run of the
IustrisTNG cosmological simulation suite, Semczuk et al. (2020)
showed that 16 per cent of galaxies had S-shape warps and only a
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third of them had their warps tidally induced by other galaxies.
The hot gas corona is a component that is thought to encompass
galaxies such as the MW and may be the main source of accreting
gas. Moreover, cosmological simulations have long shown that the
angular momentum of hot gas coronae is usually misaligned with
the halo and stellar discs embedded within them (van den Bosch
et al. 2002; Chen, Jing & Yoshikaw 2003; Bailin et al. 2005; Sharma
& Steinmetz 2005; RoSkar et al. 2010; Gomez et al. 2017; Earp
et al. 2019). Additionally, this misaligned infall of cooling gas has
been shown in isolated (Debattista et al. 2015) and cosmological
simulations (Earp et al. 2019) to tilt the stellar disc and maintain its
misalignment with the halo. Such misalignments between haloes and
their embedded stellar discs have been inferred in large extragalactic
surveys (e.g. Wang et al. 2008, 2010; Nierenberg et al. 2011; Li et al.
2013) and proposed to be occurring in the MW (Debattista et al.
2013). Misaligned gas accretion can enable the persistence of warps
as gas is continuously accreted on to the outskirts of discs.

Evidence of cold gas accretion has been inferred in external
galaxies via large complexes of Hi at the outskirts of spiral galaxies
(Fraternali & Binney 2008; Sancisi et al. 2008; \Westmeier, Braun &
Koribalski 2011; Zschaechner, Rand & Walterbos 2015). Cosmolog-
ical simulations have shown that highly misaligned cold accretion
along filaments can cause polar-ring galaxies (Maccio, Moore &
Stadel 2006), and measurements of the metallicity of polar rings
support this scenario (Spavone et al. 2010). In the case of the MW, the
gas accretion scenario not only provides an explanation for the origin
of the warp but also for the near-constant star formation rate (Twarog
1980; Binney, Dehnen & Bertelli 2000). In principle, both the gas
accretion and tidal interaction mechanisms of warp formation can be
active in any one galaxy. However, direct observational evidence of
ongoing gas accretion is hard to obtain in the MW.
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Using data from Gaia-DR2 (Gaia Collaboration 2018) and from
the Wide-field Infrared Survey Explorer catalogue of periodic vari-
ables (Chen et al. 2018), Chen et al. (2019) compiled a sample of
classical Cepheids, finding that the galactic warp is also traced by
these stars. Of all the warp tracers they considered (including dust,
pulsars, and RC stars), they found that the Hi gas and Cepheids
have the most similar distributions. They showed that the disparity
between the Hi and other warp tracers is significant in both phase
and amplitude, while the Cepheids appear to mirror the Hi warp,
implying that they formed in situ in the warp. Evidence of star
formation in the outskirts of galactic discs has also been inferred
in external galaxies via UV-bright stellar complexes (Thilker et al.
2005; Zaritsky & Christlein 2007; Herbert-Fort et al. 2010; Mondal,
Subramaniam & George 2019). These stellar complexes are observed
far outside the optical discs, which are usually warped, and in one case
(Thilker et al. 2005) they were directly associated with the warped Hi
disc. In NGC 4565, Radburn-Smith et al. (2014) used Hubble Space
Telescope-resolved stellar populations to show that the Hi warp is
indeed traced by young (age 600 Myr) populations, while older
( 1 Gyr) populations are symmetrically distributed around the mid-
plane. The results of Radburn-Smith et al. (2014) and of Chen et al.
(2019) in the MW support the view that some star formation occurs
in warps, and that older stars do not trace the gas warp. These results
therefore suggest that the presence of young stars in the warp is not
due to bending waves, which would produce a similar warp signature
in all stellar populations. Understanding where stars that formed in
the warp end up can shed light on the formation and evolution of the
warp, and consequently on the evolution of the MW as a whole.

Roskar et al. (2010) presented a fully cosmological simulation
of a MW-like galaxy in which its hot gaseous corona has angular
momentum misaligned with that of the disc. The gas cools and sinks
toward the stellar disc, forming a warp. Stars formed in this warp
settle into the disc and populate the geometric thick disc (see fig. 13
in Ro3kar et al. 2010). In this paper, we use a warped N-body-+SPH
(smooth particle hydrodynamics) simulation to investigate, in further
detail, the settling of stars formed in the gas accreting along a warp.
The paper is organized as follows: in Section 2, we describe the
warped simulation, the pre-processing of the simulation snapshots,
and how stars formed in the warp (hereafter, ‘warp stars’) are defined
in the simulation. In Section 3, we analyse different warp populations
separated by their time of formation and track the changes of their
angular momenta throughout the simulation’s evolution. In Section 4,
we turn our attention to the resulting density distribution of warp stars
in the disc. In Section 5, we present our conclusions, before ending
with a summary of our results.

2 SIMULATION

2.1 Fiducial simulation

The warped simulation is produced via the method of Debattista
et al. (2015), which constructs triaxial dark matter models with gas
angular momentum misaligned with the principal axes of the halo.
The resulting misalignment mirrors that is found in cosmological
simulations (van den Bosch et al. 2002; RoSkar et al. 2010; Gomez
et al. 2017; Earp et al. 2019). As shown by Aumer & White (2013),
inserting a rotating gas corona into a non-spherical dark matter halo
leads to a substantial loss of gas angular momentum. To produce
a non-spherical system, we use adiabatic gas in merging haloes.
We merge two identical spherical Navarro—Frenk-White (Navarro,
Frenk & White 1996) dark matter haloes, each with a co-spatial gas
corona comprising 10 per cent of the total mass.
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Each dark matter halo has amass Myg = 8.7 x 101 M and virial
radius rypp = 196 kpc. The gas is in pressure equilibrium within the
global potential. Gas velocities are initialized to give a spin parameter
of A = 0.16 (Bullock et al. 2001), with specific angular momentum
Jj R, where R is the cylindrical radius. Both the dark matter halo
and the gas corona are comprised of 10° particles. Gas particles
initially have masses 1.4 x 10°M and softening = 20 pc, while
dark matter particles come in two mass flavours (10° M and 3.6 x
10°M inside and outside 200 kpc, respectively) and = 100 pc.
The two haloes are placed 500 kpc apart and approach each other
head-on at 100 kms™. If the direction of the separation vector (and
the relative velocity) is the x-axis, we tilt one of the haloes about the
y-axis so that the final system will be prolate with long axis along the
x-axis and a gas angular momentum tilted with respect to the axes of
the halo.

This simulation is evolved with the SPH code GASOLINE (Wadsley,
Stadel & Quinn 2004), with a base time-step dt = 10 Myr which, for
individual particles, is refined such that each particle satisfies the
condition 8t = 8t/2" n  /ag, where a4 is the acceleration at the
particle’s current position, with n = 0.175, and the opening angle of
the tree code calculation setto 6 = 0.7.

At the end of this setup, the dark matter halo has rys0 = 238 kpc
and Mg = 1.6 x< 102 M , while the gas has A = 0.11. At this point,
we turn on gas cooling, star formation, and stellar feedback using the
blast wave prescriptions of Stinson et al. (2006). Gas particles form
stars with efficiency 0.1 if a gas particle has number density n >
1cm~3, temperature T < 15000 K, and is part of a converging flow.
We refer to this density criterion as the star formation threshold,
and, in our fiducial simulation, this threshold is relatively low, which
increases the total star formation in the warp, providing us with a
statistically significant number of warp stars to follow as they settle
into the disc. Conversely the amount of star formation in the warp is
higher than would be expected in real galaxies, including the MW.

Star particles form with an initial mass of 1/3 that of the initial
gas particle masses, which at our resolution corresponds to 4.6 <
10*M . The star particles all have = 20pc. Once the mass of
a gas particle drops below 1/5 of its initial mass, the remaining
mass is distributed amongst the nearest neighbouring gas particles,
leading to a decreasing number of gas particles. Each star particle
represents an entire stellar population with a Miller-Scalo (Miller
& Scalo 1979) initial mass function. The evolution of star particles
includes asymptotic giant branch stellar winds and feedback from
Type 1l and Type la supernovae, with their energy injected into the
interstellar medium (ISM). Each supernova releases 10%° erg into the
ISM. The time-step of gas particles also satisfies the condition dtgss =
hNcourant/[(1 + a)C + BHmax], Where h is the SPH smoothing length,
Neourant = 0.4, a = 1 is the shear coefficient, B = 2 is the viscosity
coefficient, and pmax is described in Wadsley et al. (2004). The
SPH kernel uses the 32 nearest neighbours. Gas cooling takes into
account the gas metallicity using the prescriptions of Shen, Wadsley
& Stinson (2010); in order to prevent the cooling from dropping
below our resolution, we set a pressure floor on gas particles of proor
= 3G ?p?, where G is Newton’s gravitational constant, and p is the
gas particle’s density (Agertz, Teyssier & Moore 2009).

In the following, we refer to t = 0 as the time gas cooling and
star formation are switched on. Fig. 1 shows the rotation curve of the
simulationatt = 12 Gyr (last time-step). We interpolate the potential
of the simulation with the AGAMA software library (Vasiliev 2019),
using a single multipole approximation for the stellar, gas, and dark
matter particles combined. The rotation curve of the interpolated
potential is presented in Fig. 1 as a dashed red line. As in the MW,
we observe a relatively flat rotation curve.
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Figure 1. Rotation curve of the simulation at 12 Gyr. Solid lines represent
the contribution of each galactic component (annotated above each curve)
along with a total rotation curve, while the rotation curve of the interpolated
total potential is represented by the dashed red line.

2.2 Supplemental simulation

To demonstrate that the low star formation threshold and, therefore,
increased star formation in the warp, do not affect the main con-
clusions of this work, we perform the same analysis on a second,
supplemental simulation. The supplemental simulation has the same
initial conditions as the fiducial simulation; however, it uses subgrid
physics prescriptions that create less favourable conditions for star
formation in low-density regions, such as the warp. First, the gas
cooling in the supplemental simulation does not take into account
the gas metallicity, meaning that gas cools less efficiently in the
warp. Secondly, more energy from the stellar feedback is coupled
to the gas than in the fiducial simulation, with supernovae releasing
4 % 10% erg into the ISM. At last, the star formation threshold in the
supplemental simulation is higher by two orders of magnitude than
in the fiducial simulation with gas particles only forming stars when
their number density exceeds 100 cm™3. We present the results of
the supplemental simulation analysis in Appendix A.

2.3 Pre-processing the simulation

The snapshots of the fiducial and supplemental simulations are
processed through our custom PYTHON library suite that centres the
galactic disc and then rotates it into the (x, y) plane based on the
angular momentum of the inner stellar disc. The inner stellar disc
is defined by a radial upper limit of r < 5kpc. We compute the
angular momentum of the misaligned cold gas (Tgss < 50 000K) at
the outer edge of the galactic disc (15 < R/ kpc < 20) to determine
the orientation of the gas warp. Each snapshot is rotated by the
cylindrical angle of the warp’s angular momentum, ¢, so that the
warp’s major axis is on the x-axis and, consequently, the line of nodes
(LONSs) is on the y-axis. The disc is finally rotated by 180 about the
y-axis, resulting in a negative angular momentum, which matches
the sense of rotation and warp orientation of the MW (Chen et al.
2019). As a result of these rotations, the south side of the gas warp
(below the mid-plane) is along the positive x-axis. This orientation
is implied in any plots throughout this paper.

The extent of the simulation’s gas warp is shown in the top row
of Fig. 2 where we present the edge-on column density of cold gas
at 2 Gyr (left-hand panel) and 12 Gyr (right-hand panel). In the span
of 10 Gyr the warp grows significantly in radial extent, and becomes
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Figure 2. The structure of the gas warp at 2 Gyr (left column) and 12 Gyr
(right column). Top row: The edge-on column density distribution of cold gas
(T = 50000K) in the simulation. In the span of 10 Gyr, the gas warp can be
traced to larger R (from R 13kpcto R 20kpc) and |z| (from |z] 5kpc up
to|z] 20kpc). Middle row: The face-on mean height, <z >, distribution of
cold gas (T < 50000 K) in the simulation. Bottom row: The Briggs figures
for the cold gas (red) and stellar (black) discs. There are two distinct markers
that show values at R = 10 kpc (triangle marker) and at R = 20 kpc (square
marker). The Briggs figures show that the gas disc becomes significantly
more warped between the two times, while the stellar disc is initially slightly
warped (8. 2° at R = 10kpc) and becomes even less so by the end (6
0.3 at R = 10kpc).

more inclined relative to the disc. To quantify the inclination and
orientation of the warp, for each component (stars and cold gas), we
measure the spherical angles 6, (polar) and ¢, (azimuthal) between
their angular momenta, measured within spherical annuli, and the
inner stellar disc. As the angular momentum vector of the stellar disc
has been realigned along the z-axis for all times, 8_and @_ are simply

@ = arctan(Ly/Ly), 1)
and
6, = arccos(L,/|L]), 2

where Ly, Ly, L;, and |L| are the three Cartesian components and
magnitude of the angular momentum, respectively. In the bottom
row of Fig. 2, we present Briggs figures (Briggs 1990) for the
stellar (black) and cold gas (red) discs at 2 Gyr (left-hand panel)
and 12 Gyr (right-hand panel), where the triangle (square) marker
represents R = 10kpc (R = 20 kpc). Briggs figures are cylindrical
polar plots where 8 and @, are represented by the polar r and ¢
coordinates, respectively. The 8. and @, angles are calculated for
the mean angular momentum vector in each bin of a cylindrical
grid with 0 < R/kpc < 20kpcand R = 1kpc. The cold gas warp
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Figure 3. Profiles of the surface density, , (top) and 8, gas (bottom) in the
cold gas at different times (colour), where R is defined as the cylindrical
radius in the cold gas plane at each annulus. The gas warp grows horizontally
and becomes more inclined with time.

grows significantly over the 10 Gyr interval, while the stellar warp
decreases in extent, and then flattens over the same time interval. In
Fig. 3, we show the profiles of the surface density, , (top panel)
and of 8 gss (bottom panel) for the cold gas disc at different times
(colour), where R is defined as the cylindrical radius in the cold gas
plane at each annulus. Over the model’s evolution, the inclination of
the cold gas warp beyond 10 kpc increases by a factor 4, reaching 6

40°. The warp also grows in mass and size asthe  profile increases
beyond 15 kpc and reaches R 25 kpc by the end of the simulation.

2.4 Defining warp stars

We record the phase—space coordinates and time at formation, teorm,
for every star in the simulation. The phase—space coordinates need to
be centred and reoriented relative to the disc at their respective tm.
Using our PYTHON library suite, we create an interpolating function
that takes into account the centre of mass and angular momentum
vector of the galactic disc at each 100 Myr saved snapshot. \We
calculate the location of the centre of mass and orientation of
the galactic disc for each star by interpolating to their individual
trorm- This procedure gives the formation location in galaxy-centred
coordinates and the inclination of the star’s angular momentum at
formation relative to that of the galactic disc (6t ). For all stars, we
extract the cylindrical Galactocentric formation radius, Ryom, and
the angular momentum inclination, 6¢,m, which we define as

L
Brorm = arccos —m (3)
|Lform|
where L, torm and |Lsorm| are the vertical component and magnitude
of a star’s angular momentum at formation, respectively. Throughout
this work we define multiple different angles and use them in
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Table 1. The angles defined and used throughout this work.

Angle Definition

oL The azimuth of the stellar angular momentum relative to the
disc (equation 1)

oL The inclination of the stellar angular momentum relative to the
disc (equation 2)

B form The 8 at formation (equation 3)

Bend The 8 at the last time-step (equation 4)

oL The average 0 of stars in a mono-age population (equation 5)

8 The 8, of a mono-age population’s L (equation 6)
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Figure4. Thedistribution of stars in the Reorm—6orm Space (formation space),
coloured by the mean time of formation (top panel) and by the mean absolute
formation height, |zfom| , (bottom panel). Bins that contain less than 10
stellar particles are not shown. The black lines show the number counts in
the formation space for both panels. We define stars formed in the warp as
those with 8orm = 10° and Ryorm = 10 kpc, the “tail-like” region outlined by
the red square. A population of stars that was formed in an early, transient
warp at low radii (Rform < 7 kpc) and high inclinations relative to the disc
(Bform = 10°) is not included in our warp star population.

the analysis of warp populations; these angles and their respective
equations are presented in Table 1.

To identify warp stars, we plot the distribution of all stars in
Brorm—Ryorm Space (hereafter formation space). In Fig. 4, we present
the distribution of the mean time of formation, tim , (top) and
the mean absolute height of formation, |zfm| , (bottom) in the
formation space. The ‘tail-like” region at R¢om 10 kpc (outlined by
a red square) is comprised of stars that formed at relatively high
|Ztorm |, Which increases with tzorm. These stars are formed throughout
the model’s evolution starting from 2 Gyr and lasting till the end
of the simulation, at 12 Gyr. This population is highly inclined
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(6torm 10°) and is formed on the outskirts of the disc; thus, we
define the primary warp population as stars with Rorm = 10 kpc and
Bform = 10°. Thereare 6 x 105 warp stars in the simulation and they
comprise 18 per cent of all stars. The other significant populations
that we observe are the in situ main disc population (Rm < 10 kpc
and Bsrm < 10°), and a ‘hump-like’ region containing an old warp
population (2 < Rsorm/ kpc < 5 and By = 15°). This early warp
population derives from a short-lived warp epoch when the model
is still settling, and we therefore do not include it in our analysis
of the warp. Neglecting this population does not change any of the
following results.

3 DYNAMICAL EVOLUTION OF WARP
POPULATIONS

We study how warp stars settle into the disc by considering mono-age
populations. Our goal is to unravel the mechanisms by which they
settle and reach equilibrium within the main disc, the time-scale for
settling, and the (evolving) density distribution they settle to.

3.1 Overall evolution

Fig. 5 presents the mass distribution in Briggs figures for four
representative mono-age warp populations (columns) at various
times after their formation, denoted by 6t. The Briggs figures provide
a clear picture of how warp stars start out heavily inclined relative
to the disc (outer regions in the diagrams) and end up phase-mixing
into a homogeneous distribution. All populations form along the
gas warp, indicated by the solid red lines in the first row. The gas
warp traces a leading spiral shape (the sense of disc rotation in these
figures is clockwise), which is one of the characteristics of gas warps
(Briggs 1990).1 Warp stars formed at different times have different
ranges of 8, with the earlier-forming population (tsorm = 3 Gyr)
centred on 8, = 20° and the later (tqorm = 9 Gyr) centred on 6,
= 35°. The phase mixing of warp stars in @_ is already visible
300 Myr after formation for all four mono-age populations, as the
spiral structure winds up. This winding represents the differential
precession of different annuli of the chosen warp population. The
higher the initial radius of formation, Rsom, Of the stars, the slower is
the precession of the population, and the longer is the time required
for the LON spiral to wind up. For instance, after 8t = 1.5 Gyr, the
warp population formed att 3 Gyr is well on its way to being
uniform in @, whereas the warp populations forming att 9 Gyr
are considerably less wound up. By the end of the simulation, the
later-forming populations have still not fully phase-mixed in @,
as evident by the horseshoe distribution for the population formed
at  9Gyr. The phase mixing indicates that the warp populations
settle into nearly-axisymmetric discs or tori — see Section 3.3. They
remain relatively thick, as can be seen by the large 6, values of most
of the stars, corresponding to stars which avoid having an angular
momentum directed along the z-axis.

A weaker evolution that can be discerned from the Briggs figures is
a rapid early decline in the values of 8, . This is easiest to see directly
for the population formed at 3 Gyr, but is present to different extents
in all four populations. This process represents a tilting of each warp

1\We remind the reader that this is a spiral in the orientation of the angular
momentum vector of different shells. In coordinate space this represents a
winding of the intersection of each annulus with the main plane of the Galaxy,
i.e. the spiral can be thought of as the radial locus of the LON. For this reason,
we will refer to this spiral as the LON spiral.
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population. At last, the Briggs figures show that there is a tendency
for some stars to move to larger 6, ; we quantify this in Section 3.2
by analysing the difference between the 6, at formation and at the
last time-step. In Section 3.4, we demonstrate that the increase in 8
is caused by stars migrating to smaller radii, while preserving their
vertical motions so that the net orbital plane of each star becomes
more tilted. In the following subsections we study in greater detail
the tilting of warp populations, their phase mixing, and finally their
radial migration.

3.2 Orbital tilting

Fig. 5 suggested that warp populations reach lower 8 as they realign
with the galactic disc, which henceforth we will refer to as tilting. We
now study the tilting of mono-age warp populations in more detail.
We start by showing that tilting is indeed taking place by comparing
the B,m Of all warp stars versus their 6, at the end of the simulation,
Bend, Which we define as

Beng = arccos Lzend , @
|Lend|

where L, eng @and |Leng| are the vertical component and magnitude of
a star’s angular momentum at the end of the simulation (t = 12 Gyr),
respectively. Fig. 6 presents the distribution of warp stars in the (Beng,
B0rm) Space. The diagonal lines in both panels indicate Bsrm = Beng.
Overall, warp stars experience some degree of tilting. A majority
of warp stars (73 per cent) are located above the B;orm = Beng line,
indicative of an increasing alignment with the disc, and experience,
on average, a shift of B6¢ng — Brorm —5.2°. The remaining warp
stars become more misaligned with the disc and experience, on
average, a shift of 0eng — Brorm +2.7°. The right-hand panel of
Fig. 6 shows the distribution of average time of formation, tem
in the (Beng, Brorm) Space. All warp stars, regardless of t¢m, undergo
some tilting, with the median tilt being med (Beng — Bform) = —3.5°.

The top panel of Fig. 7 presents the evolution of the population-
averaged 0, , 8., for all mono-age warp populations formed during
2 < tiorm/ Gyr < 10, inbins of  tzrm = 50 Myr. The average is over
all N star particles in a given population
N
i eLi
N (5)
where 8, is the angular momentum inclination of a star in the
population. All warp populations experience a rapid drop in 8L by
ot 1Gyr, followed by a smaller and gentler rise. The decrease in
B varies from 5° for the oldest population to about half that for
younger populations. The bottom panel shows the rate of change
of 8., 6, for the same populations. The horizontal dotted line
represents 8. = 0° Gyr—*. We observe that B, starts out negative
for all populations and quickly plateaus at a nearly constant value of
B 0.5° Gyr~t. The initial negative tilt rate is due to the bulk tilting
warp populations experience as they settle into the disc. This is
produced by the torqueing from the main disc and persists so long as
the warp populations remain more or less coherent before differential
precession destroys a relatively coherent plane for each population.
The Briggs figures of Fig. 5 show that, for a wide range of tom,
by 3t = 300 Myr the warp populations have precessed differentially
enough that the innermost populations are then tilted in the opposite
sense as the outermost ones (8¢  180°). At this point the global
tilting of a population becomes less efficient and their evolution is
dominated by precession, which we study in Section 3.3.

Fig. 8 shows the evolution and rate of change of the population-
averaged |z|, |z|, for the same mono-age populations. The evolution

B =
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Mass (Mg) Mass (Mg) Mass (Mg) Mass (Mg)
10° 10! 107 10° 10!' 107 10° 10! 107 10° 1o! 107
ot = 0.0 Gyr

ot = 3.0 Gyr

Figure 5. Mass distribution in Briggs figures for four mono-age warp populations. (Briggs figures plot the spherical polar orientation angles of the angular
momentum vector, 8 and @, as the cylindrical polar r and ¢ coordinates, respectively.) The populations are formed over 50 Myr intervals (indicated at the top
of each column) and we follow them at different later times, 3t (rows). The bottom row shows the populations at the end of the simulation, at t = 12 Gyr. At
ot = 0 Myr (first row), the red line represents the Briggs figure of the gas warp at the formation of each population. Some stars appear to start out with 8. <
10°, but this is due to them drifting already during the first 50 Myr. In the two left columns, the initial m = 1 LON spiral distributions phase mix into uniform
distributions by the end of the simulation, whereas in the right two columns phase mixing is incomplete at t = 12 Gyr.

MNRAS 508, 2350-2369 (2021)
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Figure 6. Distribution of 8¢m versus 6 at the end of the simulation, 8eng, for individual warp stars formed before 10 Gyr coloured by the number (left-hand
panel) and the mean time of formation (right-hand panel). The diagonal dashed line indicates 8sorm = Beng @and it shows that 27 per cent of warp stars experience

an increase in their tilt, while most warp stars tilt to align with the galactic disc.

10

Figure 7. Top panel: Evolution of the population-averaged 8., 8., of all
mono-age warp populations formed in the simulation before tform < 10 Gyr,
where 8t is the time since a population’s formation. Each curve is coloured
by tform. A 1D Gaussian filter with a mask size of w = 0.5 Gyr and standard
deviation of ¢ = 0.1 Gyr is applied to the evolution at each &t. Bottom panel:
Evolution of the rate of change of 8., 8, for the same mono-age warp
populations. The rates of change are calculated from the smoothed evolution
curves. The solid black line represents the median rate of change between all
mono-age populations which has a tilting time of T 0.9 Gyr. The dotted
horizontal line indicates 6, = 0° Gyr™1.

MNRAS 508, 2350-2369 (2021)

Figure 8. Top panel: Evolution of the population-averaged absolute z, |z|
of different mono-age warp populations before tfom < 10 Gyr, where 3t is
time since a population’s formation. Each curve is coloured by tform. A 1D
Gaussian filter with a mask size of w = 0.5 Gyr and standard deviation of
o = 0.1Gyr is applied to the evolution at each 6t. For each population the
value of |z| starts to flatten after 5t 1 Gyr, reaching a stable configuration.
The value of |z| for each population increases with trorm as older populations
form at higher |z|, similar to how older populations form at higher 6tom
(Fig. 4). Bottom panel: Evolution of the |z| rate of change, |z|, for the same
mono-age warp populations. The rates of change are calculated from the
smoothed evolution curves. A rapid decrease in [z] happens during the first
1 Gyr and then settles about [z] = 0 kpc Gyr~! (dashed horizontal line). The
solid black line represents the median rate of change between all mono-age
populations; this has a tilting time of t;;; 1 Gyr.
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