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Facundo A. Gómez,1‹ Simon D. M. White,1 Robert J. J. Grand,2,3 Federico Marinacci,4

Volker Springel2,3 and Rüdiger Pakmor2
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ABSTRACT
Recent studies have revealed an oscillating asymmetry in the vertical structure of the Milky
Way’s disc. Here, we analyse 16 high-resolution, fully cosmological simulations of the evolu-
tion of individual Milky Way-sized galaxies, carried out with the magnetohydrodynamic code
AREPO. At redshift zero, about 70 per cent of our galactic discs show strong vertical patterns,
with amplitudes that can exceed 2 kpc. Half of these are typical ‘integral sign’ warps. The rest
are oscillations similar to those observed in the Milky Way. Such structures are thus expected
to be common. The associated mean vertical motions can be as large as 30 km s−1. Cold
disc gas typically follows the vertical patterns seen in the stars. These perturbations have a
variety of causes: close encounters with satellites, distant fly-bys of massive objects, accretion
of misaligned cold gas from halo infall or from mergers. Tidally induced vertical patterns can
be identified in both young and old stellar populations, whereas those originating from cold
gas accretion are seen mainly in the younger populations. Galaxies with regular or at most
weakly perturbed discs are usually, but not always, free from recent interactions with massive
companions, although we have one case where an equilibrium compact disc reforms after a
merger.

Key words: Galaxy: disc – Galaxy: evolution – galaxies: evolution – galaxies: interactions –
galaxies: kinematics and dynamics.

1 IN T RO D U C T I O N

Vertical perturbations in the outer regions of galactic discs were first
discovered through surveys of H I 21cm lines (Binney 1992, and
references therein). Follow up studies based on large observational
samples of stellar discs revealed that many of them also show per-
turbed vertical structures (e.g. Reshetnikov & Combes 1998; Ann
& Park 2006; Reshetnikov et al. 2016). The most common mor-
phology is what is known as an S-shaped or ‘integral sign’ warp,
but other kinds of distortion are also present.

Broadly speaking, two major mechanisms produce verti-
cal perturbations of the otherwise flat outer discs of spirals
(Sellwood 2013). The first is misaligned accretion of high angu-
lar momentum cold gas. Such accretion can result from a close
encounter with a gas-rich satellite (e.g. the Magellanic Stream, see
Sancisi et al. 2008) or from misaligned infall from the cosmic
web or from a cooling hot gas halo (e.g. Jiang & Binney 1999;
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Roškar et al. 2010; Aumer et al. 2013). Such accretion is expected
to produce vertical patterns which are most evident in the outer disc
gas and in young stars formed from it. The second mechanism is
tidal distortion of a pre-existing disc by an external perturber, such
as a low-mass (perhaps merging) satellite with a small pericentre
(e.g. Ostriker & Binney 1989; Quinn, Hernquist & Fullagar 1993;
Velazquez & White 1999; Bailin 2003; Kazantzidis et al. 2009;
Gómez et al. 2013; D’Onghia et al. 2015), a more massive satellite
on a distant fly-by (Vesperini & Weinberg 2000; Kim et al. 2014;
Gómez et al. 2016), or a misaligned outer dark matter halo (e.g.
Debattista & Sellwood 1999; Jiang & Binney 1999; Shen &
Sellwood 2006).

Several studies have indicated that our own Galactic stellar disc
has been vertically perturbed (e.g. López-Corredoira et al. 2002;
Momany et al. 2006). However, the morphology of the vertical
structure appears more complex than a traditional S- or U-shaped
warp. Rather, an oscillating asymmetry, i.e. a global bending pattern,
is suggested, with an amplitude that grows as a function of galacto-
centric distance. The first evidence for such a bending pattern was
presented by Widrow et al. (2012), who identified a north–south
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asymmetry in the distribution of a sample of main-sequence stars
in the Solar Neighbourhood (Rhelio � 1 kpc and |Z| � 2 kpc) (see
also Yanny & Gardner 2013). Xu et al. (2015) extended this result
by characterizing the vertical distribution of a sample of main-
sequence stars, obtained from the Sloan Digital Sky Survey (York
et al. 2000), as a function of galactocentric distance. They found
radially extended oscillatory behaviour in the direction of the Galac-
tic anti-centre (see also Price-Whelan et al. 2015). Similar results
were obtained by Slater et al. (2014), who used a sample of main-
sequence turn-off stars from Pan-STARRS1 (Kaiser et al. 2010) to
map the anti-centre stellar distribution to a heliocentric distance of
∼17 kpc. This study revealed that the Monoceros Ring (Newberg
et al. 2002; Yanny et al. 2003), a large and complex stellar struc-
ture in the outer Milky Way disc, exhibits a north–south asymmetry
with the southern and northern parts dominating the regions closer
and further from the Sun, respectively. More recently, Morganson
et al. (2016) extended this analysis by creating three-dimensional
maps of the Monoceros Ring, concluding that it is well described
by two concentric circles alternately seen in the south and the north,
suggestive of a wave propagating away from a common origin. It
is important to note that the systematics of such vertical oscilla-
tions in external galaxies are unknown. Most studies attempting to
characterize the vertical structure of discs have focused on edge-
on systems in which oscillations are difficult to detect because of
projection effects.

The idea that the Monoceros Ring reflects a vertical oscillation of
the Galactic disc has been supported by many numerical studies (e.g.
Kazantzidis et al. 2008; Younger et al. 2008; Quillen et al. 2009;
Purcell et al. 2011; Gómez et al. 2013; Widrow et al. 2014; de
la Vega et al. 2015). However, most of these have been based on
cosmologically motivated but idealized simulations. Gómez et al.
(2016, hereafter G16) presented the first model of a Monoceros-like
ring obtained from a fully cosmological simulation of the formation
of a Milky Way-mass galaxy. This model reproduces, qualitatively,
many of the observed properties of the Monoceros Ring. However,
the study included a single simulation, and so could not characterize
the expected frequency of such structures in the galaxy population.
Here, we address this point by analysing a suite of 16 high-resolution
magnetohydrodynamical simulations of the formation and evolution
of a Milky Way-mass galaxy (the Auriga Project, Grand et al. 2016a,
hereafter GR16). In Section 2, we briefly introduce the simulations
and discuss their main properties. We characterize the present-day
vertical structure of their discs in Section 3. In Section 4, we con-
nect this vertical structure with the recent evolutionary history of
the individual galaxies. We summarize and discuss our results in
Section 5.

2 SI M U L ATI O N S

In this paper, we analyse a suite of 16 fully cosmological magneto-
hydrodynamical simulations of the formation of a Milky Way-like
galaxy. In the following, we summarize the methodology and the
main characteristics of these simulations. A more detailed descrip-
tion can be found in GR16.

The simulations were carried out using the N-body + moving
mesh, magnetohydrodynamics (MHD) code AREPO (Springel 2010).
AREPO solves the gravitational and collisionless dynamics by using
a TreePM approach (Springel 2005) and discretizes the MHD equa-
tions on a dynamic unstructured Voronoi mesh. These equations are
solved with a second-order Runge–Kutta integration scheme based
on high-accuracy least-squares spatial gradient estimators of primi-
tive variables (Pakmor et al. 2016), which is an improvement on the

treatment in the original version of AREPO (Springel 2010). A �CDM
cosmology, with parameters �m = �dm + �b = 0.307, �b = 0.048,
�� = 0.693 and Hubble constant H0 = 100 h km s−1 Mpc−1 =
67.77 km s−1 Mpc−1, was adopted. The haloes were first identified
in a lower resolution simulation of a periodic box of side 100 Mpc.
To obtain a sample of relatively isolated Milky Way-size systems,
candidate haloes were selected within a narrow mass range centred
on 1012 M� and required to be at least 1.37 Mpc from any object
with more than half their mass. Applying the ‘zoom-in’ technique,
the galaxies were re-simulated multiple times at different resolu-
tion, increasing the mass resolution in each step by a factor of 8.
After setting up the initial dark matter distribution, gas was added
by splitting each original dark matter particle into a dark matter
particle–gas cell pair. The masses assigned to each are determined
from the cosmological baryon mass fraction, and they are separated
by half the mean inter-particle spacing. Their phase-space coordi-
nates are chosen such that the centre of mass and velocity of the pair
are those of the original dark matter particle. Here, we focus on the
simulations with resolution level 4, for which the typical mass of
a high-resolution dark matter particle is ∼3 × 105 M�, and of an
initial gas cell is ∼4 × 104 M�. The stellar physical gravitational
softening length grows with the scale factor up to a maximum of
369 pc, after which it is kept constant. The softening length of gas
cells scales with the mean radius of the cell, with minimum value
equal to the stellar softening length at all times. Note that, in high
density regions, gas cells are allowed to become smaller than the
gravitational softening length. A resolution study across four reso-
lution levels was presented in GR16. This study shows that many
galaxy properties, such as surface density profiles, orbital circularity
distributions and disc vertical structures are well converged already
at the resolution level used in this work.

The simulations include modelling of the critical physical pro-
cesses that govern galaxy formation, such as gas cooling/heating,
star formation, mass return and metal enrichment from stellar evo-
lution, the growth of supermassive black holes, and feedback from
stellar sources and from black hole accretion. The parameters that
regulate the efficiency of each process were chosen by comparing
the results obtained in simulations of cosmologically representative
regions to a wide range of observations of the galaxy population
(Vogelsberger et al. 2013; Marinacci, Pakmor & Springel 2014).
Magnetic fields are implemented as described in Pakmor & Springel
(2013). A homogeneous magnetic field is seeded at z = 127, with
strength 10−14 G oriented (arbitrarily) along one coordinate axis.
The choice of direction and strength has little effect on evolution
(Pakmor & Springel 2013; Marinacci et al. 2015). From now on,
we will refer to these simulations as Si, with i enumerating the
different initial conditions. In addition, throughout this work we
will compare our results with those presented in G16, who analysed
an additional simulation performed with the same numerical set-up
and mass resolution. We will refer to this simulations as Aq-C4.

Fig. 1 shows present-day V-band images of stellar surface bright-
ness for the 16 galaxies analysed in this work. Only star particles
that at z = 0 are gravitationally bound to the main galaxy are used
in making these images. In all cases, discs are shown face-on. The
side length of each panel is indicated in its top left corner and was
chosen so that the entire disc is visible. As discussed by GR16, these
discs have a wide variety of morphologies and extents. Some show
multi-arm flocculent spiral structure (e.g. S6 and S12). Others have
well-defined two-armed spirals (e.g. S15). Several have strong bars
(S8 and S10) while others have none (S9 and S13). The main prop-
erties of each simulated galaxy are listed in Table 1. The disc/bulge
decomposition is made by simultaneously fitting of exponential
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3448 F. A. Gomez et al.

Figure 1. Present-day face-on images of the V-band surface brightness, μv, of the galaxies analysed in this paper. The side length of each panel is indicated
on its top left corner. Only particles that belong to the main host are considered. The colour bar indicates the scale for μv in units of mag arcsec−2.

and Sérsic profiles to the stellar surface density profiles. A detailed
description of how these parameters were obtained is given in Grand
et al. (2016b).

3 PRESENT-DAY DISCS V ERTICAL
S T RU C T U R E

Following Gómez et al. (2016), the discs were aligned with the X–Y
plane by iteratively computing, and aligning with the Z-direction,
the total angular momentum of the star particles within cylinders of
7 kpc radius and of decreasing height. The star particles used in this
procedure were chosen to be less than 5 Gyr old. To obtain a map
of the mass-weighted mean height, 〈Z〉, a regular Cartesian mesh

of cell size 0.5 kpc aligned with the X–Y plane was defined. On
each node, we centre a 1 kpc radius cylinder of ±5 kpc height and
compute the stellar mass-weighted 〈Z〉. It is important to notice that
these maps are weighted by mass and not by luminosity. Thus, the
patterns seen in the vertical distribution do not necessarily follow
the younger and brighter stellar populations.

Fig. 2 shows the 〈Z〉 maps for each galaxy. The panel sides match
those in Fig. 1. Interestingly, the sample of simulated discs exhibits
a wide variety of vertical structures. Some are almost flat (e.g. S1,
S2, S3, S4 and S5) comprising ∼30 per cent of the sample, while
others (e.g. S6, S7, S8, S9, S10 and S11) show strong m = 1 patterns
or warps. The amplitude of the warps can be as large as 〈Z〉 � 2 kpc
in the outer regions (e.g. S6, S9 and S11). The warp angles α of
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Table 1. Table of simulation parameters. The columns are (1) simulation ID code used in this work; (2) model name in the Auriga Project reference
paper (GR16); (3) virial mass; (4) virial radius; (5) stellar mass; (6) disc stellar mass; (7) disc radial scalelength; (8) bulge stellar mass; (9) bulge
effective radius; (10) Sérsic index of the bulge; and (11) disc to total mass ratio. See GR16 for definitions

ID Run Mvir (1012M�) Rvir (kpc) M∗ (1010M�) Md (1010M�) Rd (kpc) Mb (1010M�) Reff (kpc) n D/T

S1 Au-5 1.19 223.09 6.72 4.38 3.80 1.95 0.87 1.02 0.69
S2 Au-6 1.04 213.82 4.75 3.92 4.53 0.67 1.30 1.01 0.85
S3 Au-12 1.09 217.12 6.01 4.33 4.03 1.48 1.05 1.07 0.75
S4 Au-17 1.03 212.77 7.61 2.67 2.82 4.14 1.11 0.71 0.39
S5 Au-18 1.22 225.29 8.04 5.17 3.03 1.98 1.06 0.79 0.72
S6 Au-2 1.91 261.76 7.05 4.63 5.84 1.45 1.34 0.99 0.76
S7 Au-3 1.46 239.02 7.75 6.29 7.50 2.10 1.51 1.06 0.75
S8 Au-9 1.05 214.22 6.10 3.57 3.05 2.03 0.94 0.84 0.64
S9 Au-15 1.22 225.40 3.93 3.14 4.00 0.39 0.90 1.02 0.89
S10 Au-23 1.58 245.27 9.02 6.17 4.03 2.42 1.26 0.94 0.73
S11 Au-24 1.49 240.86 6.55 3.68 5.40 2.18 0.93 0.9 0.63
S12 Au-16 1.50 241.48 5.41 4.77 7.84 1.00 1.56 1.18 0.83
S13 Au-19 1.21 224.57 5.32 3.88 4.31 1.02 1.02 1.13 0.79
S14 Au-21 1.45 238.64 7.72 5.86 4.93 1.48 1.36 1.29 0.80
S15 Au-25 1.22 225.30 3.14 2.59 6.30 0.76 2.44 1.69 0.77
S16 Au-27 1.75 253.81 9.61 7.21 4.21 1.70 0.92 1.00 0.81

these five warped galaxies, defined as the angle between the plane
of the inner unwarped disc and the line connecting the centre to
the outermost tip of the warp, take values ∼2.5◦, 2.7◦, 4◦, 7.4◦,
2.3◦ and 5◦, respectively. This is consistent with the range of α-
values found observationally from optical data (e.g. Reshetnikov
& Combes 1998; Ann & Park 2006). We find that the warp radius
rw, the radius at which the disc bends away from the inner flat
disc is, in all cases, located well within the optical radius, R25,
defined as the radius where μB = 25 mag arcsec−2 (cf. Pranav
& Jog 2010). We find rw ∼ 9, 7, 8.5, 5, 10, 7 kpc for the five
galaxies. In all cases, however, we have rw � Rd, where Rd is
the disc radial scalelength (see Table 1). Warps of this type are
∼35 per cent of our simulated sample. Note that in all cases these
are S-shaped (‘integral-sign’) warps. Only for S6, we find a clearly
asymmetric warp. There is no clear example of a U-shaped warp
in our sample.

A third group of galaxies (specifically, S12, S13, S14, S15 and
S16, again ∼30 per cent of our sample) show more complicated ver-
tical patterns reminiscent of that found by in Aq-C4 (see G16). In
agreement with the empirically derived rules of Briggs (1990), the
patterns in many of these galaxies (e.g. Aq-C4, S14 and S16) have
a leading spiral morphology that winds with gradually decreasing
amplitude into the inner regions. In most cases, these more com-
plex vertical patterns result from the time evolution of an initial
integral-sign warp. After formation, such warps distort into leading
spirals as a result of the torque exerted by the inner, misaligned disc
(e.g. Shen & Sellwood 2006). Note however that a few discs present
trailing spiral vertical patterns (e.g. S13 and S15). We will explore
the reasons for this in Section 4. The spiral morphology of these
patterns is generally not as regular and well defined as that of Aq-
C4. Indeed, S13, S14 and S16 could well be classified as S-shaped
warps if they were to be observed in certain edge-on orientations.
The vertical patterns in this subset of galaxies resembles that ob-
served in the outer Milky Way disc which, as previously described
(see Section 1), has an oscillating asymmetry whose amplitude in-
creases with Galactocentric radius (Slater et al. 2014; Price-Whelan
et al. 2015; Xu et al. 2015).

Thus, about 70 per cent of our simulated discs have clearly per-
turbed vertical structures. The remaining 30 per cent are either
weakly perturbed or featureless. This percentage agrees with ob-

servational studies of the frequency of warps, although the defini-
tions used in these studies differ from and are not easily compared
with those that we use here (e.g. Ann & Park 2006, and references
therein).

Fig. 3 shows mass-weighted mean vertical velocity maps, 〈Vz〉,
for each of our discs. These are equivalent to mean (mass-weighted)
line-of-sight velocity fields for perfectly face-on galaxies. As ex-
pected, galaxies that show very small perturbations in their 〈Z〉
maps also have relatively unperturbed 〈Vz〉 maps. However, large
perturbations can be seen in the remaining galaxies, with �〈Vz〉
= 〈Vz〉max − 〈Vz〉min > 60 km s−1 in several cases. Perturbations
of this kind should be detectable in line-of-sight stellar velocity
fields of nearly face-on galaxies obtained from integral field spec-
troscopy. For example, the Calar Alto Legacy Integral Field Area
Survey provides such velocity fields with uncertainties smaller than
∼20 km s−1 (Barrera-Ballesteros et al. 2014). In addition, such
vertical perturbations should be visible in H I maps from surveys
such as the Local Volume H I Survey. The velocity fields of the
galaxy HIPASS J1501-48, presented in Kamphuis et al. (2015),
clearly show that complex spiral features can be observed in real
face-on galaxies. The H I line-of-sight velocity field of the galaxy
UGC09965, recently presented by Martinsson et al. (2016), provides
another example. This galaxy, observed for the DiskMass survey
(Bershady et al. 2010), also shows clear indications of a complex
vertical structure.

Comparison of Figs 2 and 3 reveals the expected anti-correlation
between the absolute values of 〈Z〉 and 〈Vz〉 (see Gómez
et al. 2013, 2016). This is most evident in warped galaxies, such
as S6 and S11, where we see clearly that peaks in |〈Z〉| corre-
spond to regions of |〈Vz〉| ∼ 0 km s−1 and vice versa. More
wound patterns, such as S14 and S16 show the same behaviour.
Note that in the approximation of a tightly wound bending wave
Z(R, φ, t) = 	[Za(R)eim(φ−�pt)], where Za(R) = Z(R)ei

∫
kdR and �p

the pattern speed (Binney & Tremaine 2008). Thus, at a given R,
Z ∝ 	[eim(φ−�pt)] and Vz ∝ 	[im(� − �p)Z]. It follows that line-
of-sight velocity fields of face-on discs, such as those presented
here, can be used to reconstruct vertical structures even in cases
with more complicated 〈Z〉 morphologies such as S16.

It is interesting to explore how closely the vertical structure of
the cold gas traces the vertical structure of the stellar disc. Here,
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3450 F. A. Gomez et al.

Figure 2. Maps of the simulated stellar disc’s mass-weighted mean height, 〈Z〉, at the present day. The different map colours and relief indicate different values
of 〈Z〉 in kpc. The box lengths were chosen to match those used in Fig. 1. The colour coded symbols in the bottom left corner of each panel identify different
type of vertical structure; green, magenta and yellow squares indicate weakly perturbed discs, simple warps and more complex vertical patterns, respectively.

we focus on the cold star-forming component identified by AREPO

which would correspond to the sum of the H I and H2 compo-
nents of real galaxies. A detailed characterization of H I discs is
presented in a separate paper (Marinacci et al. 2016). In Fig. 4,
we show the 〈Z〉 maps obtained from this cold star-forming gas in
each galaxy. Even though these maps reveal a significant amount
of small scale structure, in general, the gas follows the vertical
patterns seen in the stellar discs quite closely. Discs with mildly
perturbed 〈Z〉 stellar maps, such as S2, S3 and S5, also show
featureless or weakly perturbed cold gas maps. In contrast, sys-
tems with strongly warped stellar discs (e.g. S6, S7 and S11)

show very similar patterns in the cold gas distribution. Note that
more complicated vertical patterns, such as those in the stellar
discs of S14 and S16, are also reflected in the cold gas distribu-
tions.

Thus, we find, in most cases, that the vertical distortion pat-
terns in the stellar and gas discs are quite similar. This sug-
gests either that the patterns are tidally induced in all these cases
(see e.g. Cox et al. 1996) or that differences in vertical struc-
ture cannot be straightforwardly used to distinguish tidally in-
duced from accretion induced warps. We will explore this further
in Section 4.
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Warps and waves 3451

Figure 3. As in Fig. 2, but for the mass-weighted mean vertical velocity, 〈Vz〉. The different map colours and the relief indicate different values of 〈Vz〉 in
km s−1.

4 C O N N E C T I N G PR E S E N T- DAY V E RTI C A L
ST RUCTURES W ITH G ALAC TIC H ISTO RI ES

In this section, we will connect the vertical patterns highlighted
in Section 3 with the recent evolutionary histories of individual
galaxies.

As previously discussed, only ∼30 per cent of our discs show
unperturbed or weakly perturbed 〈Z〉 maps. In the remaining
70 per cent clear vertical patterns are seen (see Fig. 2). The early
work by Hunter & Toomre (1969) showed that vertical patterns,
such as those seen in our simulated discs, cannot be long-lived stable
normal modes. Later attempts to model long-lived vertical modes
based on the torque exerted by a flattened and misaligned inner dark

matter halo (e.g. Sparke & Casertano 1988) were shown to fail since
a misaligned inner halo rapidly aligns with the embedded galactic
disc (Binney, Jiang & Dutta 1998). As a result, such vertical struc-
tures are likely to persist only for a few gigayears and to be excited
by external perturbations (see Sellwood 2013, for a recent review).
Plausible perturbing agents are torques exerted by a misaligned
outer dark matter halo, misaligned accretion of cold gas, direct tidal
perturbation by orbiting satellites, or torques exerted by the dark
matter wakes these satellites produce (e.g. Ostriker & Binney 1989;
Quinn et al. 1993; Weinberg 1998; Debattista & Sellwood 1999;
Jiang & Binney 1999; Velazquez & White 1999; Vesperini &
Weinberg 2000; Shen & Sellwood 2006; Roškar et al. 2010;
DeBuhr, Ma & White 2012; Kim et al. 2014; Widrow et al. 2014;

MNRAS 465, 3446–3460 (2017)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/465/3/3446/2544364 by Liverpool John M
oores U

niversity user on 19 April 2023



3452 F. A. Gomez et al.

Figure 4. As in Fig. 2, but for the cold star-forming gas. The different map colours and the relief indicate different values of 〈Z〉 in kiloparsec.

Gómez et al. 2016). In the following, we try to identify the main
perturbing agent in each of our simulations.

4.1 Mildly perturbed discs

We start by focusing on the subsample of galactic discs that, at the
present day, show relatively unperturbed vertical structure; i.e. S1,
S2, S3, S4 and S5. In Fig. 5 we show, for each simulated galaxy,
the tidal field exerted on the host by its 20 most massive satellites
as a function of time, i.e. |asat| = GMsat/R

3
sat. Points are colour

coded according to the mass of each satellite at the corresponding
time. This figure shows that, in general, the discs in this subset have
not interacted closely with any satellite more massive that Mmin ∼
1010 M� over the last 4–5 Gyr. It seems that large vertical motions

are not easily excited by companions less massive than Mmin. This
agrees with Grand et al. (2016b), who finds that a disc heating in at
least a quarter of these simulations appears associated with satellites
of masses >Mmin but that smaller satellites have negligible effects.
Similar results have been recently obtained by Moetazedian & Just
(2015) and D’Onghia et al. (2015).

S3 is an interesting exception. Unlike the other galaxies in this
subset, it experiences a violent interaction ∼4 Gyr ago, an almost
head-on encounter and subsequent merger with a satellite of mass
Mtot ∼ 1010.5 M�. This nearly destroys the outer regions of the
disc, induces the formation of a strong bar (see fig. 5 of Grand
et al. 2016b) and significantly heats the surviving disc. In Fig. 6,
we can see two simulation snapshots during the merger event.
As a result of this interaction, significant inflow of low angular
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Figure 5. The tidal field exerted on each host by its 20 most massive satellites as a function of time. Points are colour coded according to the mass of each
satellite at the corresponding time. Triangles indicate tidal field values that are above the Y-axis limit.

momentum cold gas into the inner disc regions is triggered, substan-
tially boosting the star formation rate at R � 10 kpc (Mihos 1999).
This can be seen in the top panel of Fig. 7, where we show the time
evolution of the disc surface density profile obtained from stars that,
at each time, are younger than 1 Gyr. By the present day, S3 has
a high surface brightness, compact disc, with R25 ∼ 15 kpc (see
Fig. 1). Small orbital times in this disc combine with a lack of re-
cent perturbations to give a flat system with no significant vertical
asymmetries.

In Fig. 8, we follow the time evolution of the alignment between
each galactic disc and its surrounding dark matter (DM) halo. As in
G16, we compute, for every snapshot, the DM halo inertia tensor,

Mα,β = 1

M

Np∑

i=1

miri,αri,β , (1)

considering only the particles located within various spherical
shells. Here, Np indicates the total number of particles within the
shell, M their total mass, ri and mi the position vector and mass
of the ith particle, respectively. α and β are tensor indices taking
values 1, 2 or 3. We consider four different spherical shells, defined
by 0 kpc <r < 10 kpc, 10 kpc <r < 25 kpc, 25 kpc <r < 50 kpc
and 50 kpc<r < 80 kpc. We will refer to them as dm(a, b), where

a and b indicate the lower and upper radial limits of the shell. Once
computed, these tensors are diagonalized to obtain the directions of
the principal axes.

The different symbols in each panel of Fig. 8 show, for each
galaxy, the evolution of the angle between the total disc angular
momentum and the semi-minor axis of the various DM shells. In
general, we find the two innermost DM shells, i.e. dm(0, 10) and
dm(10, 25), to be well aligned with the disc at all times, in good
agreement with previous studies (e.g. Binney et al. 1998; Bailin
et al. 2005; DeBuhr et al. 2012; Aumer & White 2013, G16). At
larger radii, some galaxies show increasing disc–halo misalignment.
Again, S3 is an extreme case in which the two outer shells, dm(25,
50) and dm(50, 80), are severely misaligned at all times shown. Note
that the increasing misalignment between the inner and outermost
DM shells at −5 < t < −4 Gyr correlates well with the pericentric
passage of the large perturbing satellite previously discussed. Recall
that this satellite penetrates deeply into the host DM halo. The two
outermost layers continue to be misaligned with the disc angular
momentum until the present day, indicating that the torque exerted
by these layers is not strong enough to re-orient this disc. Similar
correlations between features in the misalignment between disc
and outer halo and satellite interactions can also be seen in other
galaxies, for example, S1 at t ∼ −2.5 Gyr.
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Figure 6. Face-on (top) and edge-on (bottom) projected stellar density for
S3 at two different times, as indicated in the top left corner of the top
panels. The images were constructed by mapping the K-, B- and U-band
luminosities to the red, green and blue channels of a full colour composite
image. Younger (older) star particles are therefore represented by bluer
(redder) colours. Note that the outer regions of the pre-existing disc are
severely perturbed during the head-on encounter with a satellite of Mtot =
1010.5 M�.

In Fig. 9, we show the time evolution of the orientation of each
inner stellar disc (based on the total angular momentum of disc
particles with r < 5 kpc1) with respect to its orientation at t =
−5 Gyr. Excluding S3, all weakly perturbed or unperturbed discs
show at most modest re-orientation, by angles �20◦, over the last
5 Gyr (see e.g. DeBuhr et al. 2012; Yurin & Springel 2014). S1 tilts
by ∼10◦ during −5 < t < −3.5 Gyr, which correlates well with
the misalignment of the DM shell dm(10, 25) during this period.
Small jumps in these tilt angles are generally correlated with inter-
actions with intermediate mass satellites, 109.5 � Msat � 1010 M�,
as in S1. S3 shows one of the largest disc re-orientations in the
whole sample which is due almost entirely to its merging with a
satellite at t ≈ −4 Gyr with the concomitant near-destruction and
reformation of its disc, as already discussed in connection with
Figs 6 and 7. A secondary bump can be seen during the last gi-
gayear of evolution, which correlates with a close encounter with
a ∼1010 M� satellite.

In summary, we find that, excluding S3, the galaxies with weak
or absent vertical structure have had a quiescent environment over
the last 5 Gyr. They show mild disc re-orientations and the inner
shells of their DM haloes are always well aligned with the galactic
disc. In contrast, S3, suffered a violent interaction at t ∼ −4 Gyr
that nearly destroyed its outer disc and led to the formation of a
newer and compact inner disc which effectively resists subsequent
perturbations.

1 Our results are not sensitive to the exact definition here.

Figure 7. Radial profiles at different times of the mass surface density of
star particles younger than 1 Gyr obtained from two different galaxies, as
indicated on the top left corner of each panel. Only star particles within
2.5 kpc of the disc mid-plane are considered. The different colours indicate
different times.

4.2 Strongly perturbed discs

We now consider the discs that, at the present day, show significantly
perturbed vertical structure. As discussed above, patterns in the 〈Z〉
maps can be produced by a variety of mechanisms. Here, we will not
attempt an exhaustive analysis of the history of perturbing torques
on a case by case basis, as done by G16 for the Aq-C4 simulation.
Rather, we will focus our analysis on general indicators that can
help us to identify the nature of the perturbers.

We start by exploring which of these galaxies have recently in-
teracted tidally with a massive companion. Fig. 5 shows the time
evolution of the tidal field exerted at system centre by each of the 20
most massive satellites in each system. It demonstrates that most of
these galactic discs have had significant interactions with satellites
of Msat ≥ 1010.5 M� during the last ∼4 Gyr. As shown in G16, even
satellites with masses of ∼1010.5 M� and pericentric distances as
large as 80 kpc can excite strong vertical patterns in the disc ei-
ther through their direct tidal interaction or through an associated
DM halo wake (see also Vesperini & Weinberg 2000; Ogiya &
Burkert 2016). Some of these galaxies (in particular, S6, S7, S10,
S11 and S15) have interacted primarily with a single massive per-
turber during this period. The masses at infall of these perturbers are
1111.5, 1010.7, 1011, 1010.7 and 1011.5 M�, respectively. For exam-
ple, the massive perturber in S10 had its first pericentric passage at
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Figure 8. The solid dots indicate the time evolution of the angle between the inner disc and the semi-minor axis of the inner DM halo [see equation (1)], i.e.
dm(0-10). Open symbols show the time evolution of the angle between the semi-minor axes of different DM shells, as indicated in the legend.

t = −6 Gyr and undergoes a second close interaction at t = −4 Gyr.
Other galaxies, such as S9, S14 and S16, have been bombarded by
two or more massive satellites. The most massive perturber in these
cases has an infall mass of 1010.5, 1011.1 and 1010.9 M�, respectively.
On the other hand S8, S12 and S13 show significantly perturbed
〈Z〉 maps but no signs of close tidal interaction with perturbers of
Msat ≥ 1010.5. This suggests that other mechanisms play a role in
these galaxies.

In Fig. 8, we explore whether misalignment between different
shells of DM could be driving any of these perturbations. In gen-
eral, galaxies that have interacted mainly with one massive perturber
show DM haloes that are very well aligned with their galactic disc,
even up to distances as large as 80 kpc (see also DeBuhr et al. 2012).
S6, S7, S10 and S11 show only small bumps in the orientation of
their outermost DM shells at the time of maximum interaction,
indicating that these satellites do not trigger any long-term mis-
alignment. However, we can see from Fig. 9 that these discs (and
thus the systems as a whole) do change orientation during these
interactions. For example, by the present- day, S6 shows a total
disc tilt of ∼25◦ since t = −5 Gyr. The pericentric passage of the
perturber coincides with a dip in the time evolution of this tilting
at t ∼ −2.9 Gyr. S11 shows the largest tilt among this subset of

discs. Here also, the pericentric passage of the most significant per-
turber coincides with a bump in the time evolution of the tilt (at
t ∼ −2.6 Gyr). However, the disc shows ongoing re-orientation
well before this time, perhaps related to a strong interaction with a
different satellite that reached pericentre at t ∼ −5.1 Gyr.

In contrast, S15 develops a significant misalignment of its outer
halo shell (dm(50, 80)) at late times. As discussed earlier, this
galaxy undergoes a violent interaction with a 1011.5 M� companion
at t ∼ −0.9 Gyr; this correlates well with the main re-orientation
of the DM shell. Note that, unlike the distant fly-by encounters
experienced by S6, S7 and S11 (with pericentric distances of ∼80,
70 and 70 kpc, respectively), the S15 perturber penetrates deep into
the host’s inner 40 kpc (see fig. 14 of Grand et al. 2016b). Fig. 10
shows two snapshots from this strong interaction. The host disc is
tidally perturbed, inducing the formation of two tidal arms. The
vertical pattern seen in this simulation traces the trailing structure
of these tidal arms.

In general, galaxies that have suffered close encounters, (i.e.
S3, S9, S14, S15 and S16) tend to show more misaligned outer
DM shells. Features such as bumps and dips in the evolution of
the orientation of these shells correlate well with peak satellite
interactions. Disc orientation variations also appear to correlate with
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Figure 9. Time evolution of the inner disc orientation with respect to its
orientation at t =−5 Gyr. Different colours correspond to different simulated
galaxies, as indicated in the legend.

Figure 10. As in Fig. 6, but for S15. At t ∼ −1 Gyr this galaxy has a close
encounter with a massive companion with an infall mass of ∼1011.5 M�.

these interactions in a way which depends, among other things, on
the orbital properties of the satellite galaxies (e.g. Velazquez &
White 1999; Villalobos & Helmi 2008; Kazantzidis et al. 2009).

While a tidal origin is clearly indicated for the vertical patterns in
many of our discs, other cases seem to require another explanation.
A specific example is S8, which shows a well-defined S-shaped
warp (see Fig. 2). As can be seen from Fig. 5, this galaxy has
not interacted closely with any satellite for at least the last 5 Gyr.
Nevertheless, Fig. 8 reveals a significant misalignment of its DM

halo shells, especially at t � −2 Gyr. Even the inner dm(10,25)
DM shell is slightly misaligned with respect to the disc plane. This
misalignment correlates well with the tilting of the disc over this
period (Fig. 9), suggesting that torques exerted by the DM halo are
driving the evolution. Over the last 2 Gyr of evolution, however,
the DM halo within 50 kpc aligns well with the disc plane and the
overall tilting of the system slows. Despite this, we will see below
that the warp in S8 grows significantly over the final 0.5 Gyr. DM
torques seem unlikely to be the primary driver of this late evolution.

A mechanism which can excite vertical patterns in discs in the
absence of external tidal perturbations is the accretion of misaligned
cold gas (see e.g. Sancisi et al. 2008; Aumer et al. 2013). For
example, Roškar et al. (2010, hereafter R10) analyse a simulation
in which a warp forms as a result of misalignment between the
inner stellar disc and a surrounding hot gas halo. As discussed in
G16, in this situation, cold gas falling into the system is strongly
affected by the hot gas halo, and by the time it reaches the disc,
its angular momentum aligns with that of the hot gas, rather than
that of the disc. A misaligned outer disc then forms from the newly
accreted material. A characteristic of this mechanism is that it does
not produce significant warping of the pre-existing disc, and the
outer stellar warp is heavily dominated by newly formed stars. This
contrast with tidally induced warps which typically contain stars of
all ages (see e.g. G16).

This mechanism has recently been suggested for the formation of
the stellar warp in NGC 4565. Using observation from the Hubble
Space Telescope, Radburn-Smith et al. (2014) showed that stars
older than 1 Gyr lie in a symmetrical distribution around the disc
plane. In contrast, a clear and strong warp can be seen in stellar
populations younger than 600 Myr and correlates well with the
observed H I warp.

In Fig. 11, we show 〈Z〉 maps obtained from stars with ages
between 4 and 6 Gyr in four discs that have undergone strong
satellite interactions during the last ∼4 Gyr; namely S6, S7, S14
and S11. In all cases, very strong vertical patterns can be seen in
these older stellar populations. The shape and amplitude of these
patterns are very similar to those obtained when all stars are included
(see Fig. 2), in good agreement with expectations for tidally excited
features. Note that the vertical patterns in these old populations also
correlate well with those seen in the distribution of cold star-forming
gas. This indicates that patterns in the gas and stellar components
of a disc can remain coincident for more than 1 Gyr. Similar results
are found for haloes S9, S15 and S16.

〈Z〉 maps for old star particles (ages between 4 and 6 Gyr) in
the remaining simulations with strong, present-day vertical patterns
are shown in the top panels of Fig. 12. With the exception of S10,
these galaxies have not interacted with any satellite more massive
than 1010.5 M� over the last ∼5 Gyr. In contrast to the galaxies just
discussed, they show at most weak signatures of vertical structure
in their old stellar populations. Some structure is seen in S12, but it
is much weaker and less complex than when all stars are considered
(compare with Fig. 2). The bottom panels of Fig. 12 show 〈Z〉
maps for these same galaxies constructed using only stars younger
than 2 Gyr. These panels show much stronger vertical patterns
which correlate well with those found for the full stellar populations
(Fig. 2) showing that present-day vertical structure in these discs is
dominated by young stars.

S8 is a particularly clear example of a warp dominated by newly
formed stars. The bottom panel of Fig. 7 shows surface density
profiles for this disc made using star particles that, at each time, are
younger than 1 Gyr. Formation is evidently inside–out, as expected
for a disc that grows continuously by smooth accretion of gas (see,
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Figure 11. Present-day maps of mass-weighted mean height, 〈Z〉, for four stellar discs, based purely on stars with ages between 4 and 6 Gyr. The colour code
and the relief show the value of 〈Z〉 in kiloparsec as indicated by the colour bar. Each of the galaxies in this figure has undergone a strong tidal interactions
with a massive satellite during the previous 4 Gyr.

Figure 12. Top panels: as in Fig. 11, but for four galaxies that have not interacted strongly with a massive companions during the last 4 Gyr. Bottom panels:
present-day 〈Z〉 maps for these same four galaxies, but now based on stars with ages between 0 and 2 Gyr.

for example, Naab & Ostriker 2006). At t ∼ −5 Gyr, star formation
is centrally concentrated. However, as cold gas is consumed in the
inner regions, a central depression develops in the star formation
rate. At later times, stars are formed at progressively larger galac-
tocentric distances from newly accreted, high angular momentum
gas, producing a dominant population of young stars at large radii
where the warp is seen. This is the opposite of the behaviour dis-
cussed above for S3 (top panel of Fig. 7) where a merger with a
massive companion at t ∼ −4 Gyr triggered an inflow of cold gas
to the inner regions, boosting star formation there.

In Fig. 13, we show 〈Z〉 maps of the S8 disc at two recent times;
t = −0.33 and −0.66 Gyr (left and right columns, respectively).
The bottom and top rows are based on stars younger than 2 Gyr,
and with ages between 4 and 6 Gyr, respectively. While the warp
in the younger component becomes stronger with time, the older
component remains quite flat.

S12 is another interesting case. Comparing Figs 2 and 12 we see
that the 〈Z〉 map for the total stellar mass combines the vertical pat-
terns found in the older and the younger populations, The former is

apparently due to tidal effects, while the latter results from accretion
of misaligned gas. Note that the 〈Z〉 maps found for the two subsets
of stars are very different,

S13 and S10 are rather similar to S3. Each merges with a massive
companion (at t = −5 and 4.2 Gyr, respectively). The disc of S10
(which has R25 ∼ 17 kpc at t ∼ −5 Gyr) is strongly perturbed by
the merger and forms a strong bar. However, unlike S3, it continues
to accrete high angular momentum gas and regrows an extended
disc by the present day. This is visible in fig. 2 of Grand et al.
(2016b), where stellar surface density is plotted as a function of
time. The warps in the young stellar populations of this galaxy are
again due to misaligned gas accretion. In contrast, the pre-existing
disc of S13 is completely destroyed by its gas-rich merger, but a
new thin disc quickly forms thereafter due to the re-accretion of
misaligned gas (see Fig. 14). Unlike S8, where the accreted gas
is new material arriving from large radius, the newly formed disc
in S13 is made from gas previously associated with the merging
galaxies (Schweizer & Seitzer 1992; Springel & Hernquist 2005).
This misaligned accreted gas, which shares the sense of rotation of
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Figure 13. Maps of the mass-weighted mean height, 〈Z〉, for the S8 disc at
two different times, as indicated in the bottom right corner of each panel. The
different colours and the relief indicate different values of 〈Z〉 in kiloparsec.
Top and bottom panels show the 〈Z〉 maps obtained from stars with ages
between of 4 and 6 Gyr, and between 0 and 2 Gyr, respectively.

Figure 14. As in Fig. 6, but for the galaxy S13. Note that after merging with
a massive companion at t ∼ −5 Gyr, the pre-existing discs are completely
destroyed.

the newly formed disc,2 develops a vertical pattern with a trailing
spiral morphology.

In summary, we find that vertical structure in our discs is gen-
erated by a variety of mechanisms. Close encounters with large
companions result in tidally induced patterns that are present in

2 See Aumer et al. (2013) for the formation of counter-rotating discs on top
of pre-existing discs due to misaligned infall of gas.

both young and old stellar populations. Mergers with massive and
gas-rich satellites can severely perturb or even destroy pre-existing
discs, but subsequent accretion of misaligned gas can produce new
discs with vertical features that are significantly stronger in the
youngest stellar populations. We have also found warps in galaxies
that have not interacted with any massive satellite for at least 5 Gyr.
Such patterns are generally the result of misaligned gas accretion
either from new infall or from residual gas from an earlier gas-rich
merger.

5 SU M M A RY A N D C O N C L U S I O N S

In this study, we have characterized the vertical structure of galactic
stellar discs in a suite of fully cosmological simulations of the
formation and evolution of individual Milky Way-like galaxies.
Based on the state-of-the-art, N-body magnetohydrodynamical code
AREPO, the galactic discs in these simulations show a wide range in
morphology and extent at z = 0, including strong bars, flocculent
multi-arm spirals, grand design spirals and compact high surface
brightness discs. The simulated Milky Way-sized systems were
selected to be located at least 1.37 Mpc from any object more than
half of their mass. In addition, we have focused our analysis on a
subset of haloes that exhibit clear stellar discs at the present day, in
order to characterize their vertical structure.

For each galactic disc, we have constructed maps of the mass-
weighted mean height, 〈Z〉, for both the stellar and the cold gas
components. Approximately 30 per cent show little or no vertical
structure, but the remainder show clear vertical patterns, with am-
plitudes that can be as large as 2 kpc. This fraction of 70 per cent3

agrees with observational studies of large samples of edge-on spirals
(e.g. Ann & Park 2006). We identify four mechanisms producing
such structure: close satellite encounters, distant fly-bys of massive
companions, accretion of misaligned cold gas and re-accretion of
cold gas from the progenitors of a gas-rich major merger. Half of our
vertically structured discs show ‘S-shape’ or ‘integral sign’ warps,
with a distribution of warp angle, α, centred around 〈α〉 = 4◦ ± 2◦,
which agrees well with observational estimates (e.g. Reshetnikov
& Combes 1998; Ann & Park 2006). In all cases, we find the warp
to begin well within R25 but outside one disc scalelength (cf. Pranav
& Jog 2010). There is no clear example of a U-shaped warp in our
sample. The other vertically structured discs show more complex
patterns, mostly with a spiral morphology that winds into the inner
disc and is reminiscent of the structure seen in the Milky Way (Slater
et al. 2014; Price-Whelan et al. 2015; Xu et al. 2015; Morganson
et al. 2016). Including the simulation Aq-C4 from G16, 35 per cent
of our simulated discs show an oscillating vertical asymmetry, sug-
gesting that such behaviour should be quite common. A resolution
study performed on two galactic discs shows that the amplitude
and morphology of the vertical perturbations are initially well con-
verged. Nonetheless, the damping time-scales of the patterns can
differ at different resolution levels. It is also important to highlight
that, overall, our final simulated stellar discs are thicker than ob-
served (hz ∼ 1 kpc,4 see Grand et al. 2016a). Thus, their vertical
rigidity is significantly lower than that of the Milky Way disc.

We have also explored how closely vertical structure in the cold
star-forming gas traces that in disc stars. In general, we find that
gas and stars follow the same overall pattern, albeit with significant
differences on small scales. This is true even for discs with complex

3 Including the simulation Aq-C4 studied in G16.
4 Note that the young stellar discs show a much thinner vertical distribution.
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oscillatory patterns, and appears independent of the mechanism
driving the vertical perturbations. Our results also indicate that the
vertical structure of the cold gas and the stellar discs can remain
coincident for more than 1 Gyr.

Maps of the stellar mass-weighted mean vertical velocity 〈Vz〉
confirm the oscillatory behaviour of these features. Galaxies with
strongly perturbed 〈Z〉 maps also have significantly perturbed 〈Vz〉
maps, and a clear anti-correlation between the absolute values of 〈Z〉
and 〈Vz〉 is visible in all cases (see also Gómez et al. 2013, 2016).
Thus, 〈Vz〉 maps can be used to reconstruct vertical structure in
a disc, even for complicated morphologies. The vertical velocity
perturbations can be as large as �〈Vz〉 = 〈Vz〉max − 〈Vz〉min > 60 km
s−1. Such perturbations should be easily detectable in nearly face-on
galaxies either from line-of-sight stellar velocity fields obtained by
integral field spectroscopy, or from cold gas velocity fields obtained
by radio interferometry. Such observations thus provide a direct
way to assess the frequency with which oscillating vertical patterns
arise in real late-type galaxies.

We have explored the connection between recent assembly his-
tory and present-day vertical structure for our suite of Milky Way-
like simulations. We find that most (but not all) discs with little
or no vertical structure have had no interaction with a satellite
more massive than Mmin ∼ 1010 M� over the last 4–5 Gyr. It ap-
pears that strong, long-lasting vertical patterns are rarely excited
by satellites of mass �Mmin. Similar results based on idealized but
cosmologically motivated simulations have recently been reported
by D’Onghia et al. (2015). This is also in agreement with Grand
et al. (2016b) who finds that such perturbations are a significant
source of disc heating in at least a quarter of our simulations, and
that satellites less massive than Mmin play a negligible role in disc
heating (see also Moetazedian & Just 2015). Note, however, that
Mmin should not be interpreted as a rigid mass threshold; whether
or not a large-scale bending pattern is excited depends not only on
the perturber mass but also on its pericentric distance and velocity
(Widrow et al. 2014; D’Onghia et al. 2015).

We note that a present-day vertically relaxed disc does not neces-
sarily imply a quiescent evolutionary history over the last ∼5 Gyr.
In particular, our sample includes one example (S3) of a galaxy
that merged with a 1010.5 M� satellite ∼4 Gyr ago. This merger
destroyed the outer regions of the pre-existing disc, and triggered
the inflow of residual low angular momentum gas to the inner disc,
substantially boosting the star formation rate within 10 kpc. As a
result, the present-day disc is compact and has high surface density,
allowing it to come to equilibrium well before z = 0.

Most galaxies with strong, present-day vertical patterns have
interacted at least once with a satellite more massive than 1010.5 M�
during the last 4–5 Gyr. As shown by previous studies, low velocity
and relatively distant encounters with satellites with masses as small
as 1010.5 M� can significantly perturb a galactic disc thanks both to
direct tidal interaction and to the strong response such fly-bys can
excite in the galaxy’s DM halo (e.g. Vesperini & Weinberg 2000;
Gómez et al. 2016).

We have examined whether a misalignment between discs and
their DM haloes could be the main driver behind any of the
warps in our simulations. In agreement with previous studies (e.g.
Binney et al. 1998; Bailin et al. 2005; DeBuhr et al. 2012; Aumer
et al. 2013; Gómez et al. 2016), we find that, in almost all cases,
disc angular momentum is well aligned with the semi-minor axis of
the dark matter haloes within their inner 25 kpc, independent of the
present-day vertical structure. Interestingly, galaxies that have expe-
rienced massive fly-bys often show DM haloes that are well aligned
out to distances as large as 80 kpc (S6, S7, S11). This suggests

that disc–halo misalignment is not the main driver of their vertical
perturbations. In such cases, we find that the satellites do not pene-
trate far into the host halo. In contrast, galaxies that undergo close
encounters with massive companions tend to show significantly
misaligned outer DM shells (e.g. S3, S14, S15, S16). Features such
as bumps and dips in the evolving orientation of these shells are
well correlated with the encounters. Note, however, that although
the misaligned outer halo provides a torque on the disc in addition
to that from the satellite, the effect due to regions beyond ∼50 kpc
is negligible in comparison to that from the satellite and the inner
halo (see e.g. G16).

A few of our simulations show prominent vertical structures with-
out any recent interaction with a satellite of mass >Mmin (e.g. S8
and S13). Other mechanisms, in particular, the accretion of mis-
aligned cold gas (e.g. Sancisi et al. 2008; Aumer & White 2013;
Roškar et al. 2010), are playing a role in these systems. We show
that while the vertical patterns are present both in young stars (ages
less than 2 Gyr) and in the cold gas in these two galaxies, they are
almost absent in the older stars (ages between 4 and 6 Gyr). This
contrasts with tidally induced structures, which (in other systems)
are almost equally present in stars of all ages.5 This is as expected
for misaligned accretion either of newly accreted halo gas (e.g. S8)
or of cold gas left over after a gas-rich merger (e.g. S13). In these
situations, new stars form from the (re)accreted gas and older stars
are at most weakly affected.

Several studies have discussed plausible mechanisms to explain
the north–south asymmetry observed in the Milky Way’s disc; in
particular, the Monoceros ring. Some of these papers suggest that
this structure could be the result of the tidal disruption of a satellite
galaxy on an almost coplanar and nearly circular orbit (e.g. Helmi
et al. 2003; Peñarrubia et al. 2005; Michel-Dansac et al. 2011).
Interestingly, none of the vertical oscillatory patterns seen in our set
of simulations is associated with a tidally disrupted satellite galaxy.
Rather, the vertical asymmetries are traced by stars formed in situ
in all cases. Thus, our study suggests that tidal disruption of this
kind is less likely as an origin for the north–south asymmetry of the
Galactic disc than the other mechanisms we have considered.
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