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Figure 2. Pan-STARRS1 map of star counts in Galactic coordinates for stars with 0.2 < (g�r)0 < 0.3. Nearby stars with 17.8 < g0 < 18.4
(4.8-6.3 kpc) are shown in blue, stars with 18.8 < g0 < 19.6 (7.6 - 11.0 kpc) are shown in green, and more distant stars with 20.2 < g0 < 20.6
(14.4 - 17.4 kpc) are shown in red. The Galactic anticenter is in the middle, and the Galactic center is on the right edge. The Monoceros
Ring can clearly be seen in broadly horizontal green structure on the nothern side of the plane and in the similar structure on the southern
side of the plane in blue, both of which extend over 130� in Galactic longitude. The di↵erence in color as presented suggests that the
southern component is slightly closer to the Sun than the northern component. The Galactic plane and some localized regions near the plane
are missing due to high extinction, while the apparent hole near the north celestial pole was imaged but not included in this processing of
the data. There are some regions of the north Galactic cap and near the celestial pole that su↵er from poor PS1 coverage. The Sagittarius
stream appears nearly vertical in red on both sides of the disk. This figure is available in FITS format in the online version of the journal.

the MRi clearly encompasses a vast area of the Galactic
anticenter region, spanning from b = �25� to b = +35�

and covering nearly 130� in longitude on both sides. It is
interesting to note that the material that makes up Fea-
tures C and D appears to blend smoothly in with the disk
closer to the Galactic plane, with no second sharp edge
at lower latitudes to denote an “end” of the MRi mate-
rial. This is particularly apparent in the south, as some
extinction features may be a↵ecting the north slightly
more.
Though the bulk of the MRi appears similar on both

sides of the Galactic plane, there are small but notice-
able asymmetries between the northern and southern fea-
tures. To aid in seeing this, the marked features have also
been reflected across the Galactic equator and denoted
with dashed white lines. The A and B features clearly
extend further o↵ the Galactic plane than any feature in
the south, though C and D seem to be very similar in
extent both in latitude and longitude. There does not
appear to be the same multiplicity of arcs on the south-
ern side as compared to the north.
These arcs, which we refer to as Features A and B,

have been previously pointed out by Grillmair (2006)
and revisited in Grillmair (2011), which referred to these
features the anticenter stream and the eastern banded
structure, respectively. Though these stellar density fea-
tures certainly exist, their decomposition into “distinct”
features does not appear obvious or unique.
In Figure 4 we show the nearer (blue in Figure 2) and

farther (red in Figure 2) distance slices separately from

Figure 2, so that they can be examined independently.
These maps show that the structure is relatively well-
confined in heliocentric distance, with the southern part
becoming visible in the near slice and only hints of the
structure remaining in the far slice. We will illustrate
the utility of these distance slices for constraining mod-
els in Section 4, but from the data alone we can show
that the structure is not very extended in heliocentric
radius. There is, however, an o↵set in distance between
the northern and southern components of the MRi, with
the southern component somewhat closer to the Sun than
the northern side.

4. MODEL COMPARISONS

In order to guide the understanding of the observed
MRi, we have created “mock observations” of two N-
body simulations. One of these models the MRi as per-
turbed disk stars that have been stirred up by satellite
galaxies (Kazantzidis et al. 2009), while the other models
the MRi as simply the debris from a disrupted satellite
(Peñarrubia et al. 2005). These two simulations serve to
illustrate the range of morphologies that these categories
of models generate, along with demonstrating the utility
of the PS1 maps for di↵erentiating between these models.
We note that at this stage neither simulation has been
tuned to reproduce the PS1 observations, so discrepan-
cies must be expected, but our goal is to highlight these
discrepancies so that future models may be better tuned
to match the observations.
To produce maps of the simulations with similar ob-
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Vertical waves - Global behavior

Since our model is axisymmetric, there was no way for the
model to include this feature of the data.

The wave amplitudes and positions we measure are reason-
ably similar to the simulations of Gómez et al. (2013), which
predictdisk oscillations due to infall of the Sagittarius dwarf
galaxy. Our measurements are more similar to the light
(Mvir= 1010.5Me) Sagittarius dwarf. However, it is unclear
whether this is the only possible explanation, or in particular
whether this is the only satellite that could be causing the
observed disk oscillations.

7. RELATIONSHIP OF RINGS TO SPIRAL ARMS AND
VERTICAL WAVES

Yanny & Gardner (2013) and Widrow et al. (2012) found an
asymmetry in the number of stars above and below the Galactic
plane, but the sign of the asymmetry oscillates with height
above and below the disk. Closer than 0.5 kpc, there are more
stars in the south; at � �∣ ∣z0.5 1 kpc, there are more stars in
the north. At � �∣ ∣z1 2 kpc, there are more stars in the south
again. Our near north structure is about 2 kpc from the Sun, and
we probe � �∣ ∣z0.35 1.15 kpc, so our finding that there are
more stars in the north is reasonably consistent with their
observation. If it is true that there are also density oscillations
with height, then we are possibly observing the combination of
radial oscillations with vertical oscillations. Because the
vertical oscillations are apparently due to an oscillation of the
disk midplane, the observations seem more consistent with a
bending mode due to satellite infall (Widrow et al. 2014) rather
than a spiral-induced perturbation (Faure et al. 2014).

One thing we noticed about Figure 12 is that the rings appear
to be slightly farther from the Galactic center in the third
quadrant than they are in the second quadrant, opening in the
direction of the Milky Way’s spiral arms. We therefore asked
ourselves whether these structures could be related to spiral
arms. Figure 16 of Hou & Han (2014) shows the locations of H
IIregions, giant molecular clouds, and 6.7 GHz methanol

masers that are used to trace the Milky Way’s spiral arms. This
figure shows the Galactic warp; the spiral arms in quadrants 1
and 2 are north of the plane, and quadrant 3 is primarily south
of the plane. We note that the Perseus arm is about 2 kpc from
the Sun in the direction of the anticenter,roughly at the same
place as our near north structure. However, most of the tracers
are below the plane, while our near north structure is denser
above the plane.
Spiral arm tracers that could be related to the Outer Arm in

Figure 16 of Hou & Han (2014), in the region from
110° < l < 230°, appear to be 4–6 kpc from the Sun. This
location is similar to our south middle structure, but while the
spiral arm tracers are predominantly above the plane, our south
middle structure is below the plane. We see the south middle
structure at n � � n∣ ∣b10 20 , which corresponds to
−2.2 < z < −1.5 kpc, while the Outer Arm observations are
typically 0.2–0.4 kpc below the plane.
We are struck by the fact that previous authors have noted

that in the solar neighborhood the asymmetry close to the
Galactic plane is in the opposite direction to the asymmetry
about 1 kpc above the plane. We are seeing similar behavior at
other galactocentric radii, and that the waves may be related to
the Milky Way’s spiral structure. Note, however, that the
structures could also be related to perturbations from a satellite
galaxy; Gómez et al. (2013) have shown (see Figure 6 of that
paper) that the vertical perturbations from satellite galaxies are
not expected to be perfect rings, but more like spirals. It is
unclear how spiral structure in gas should be related to
oscillations of stars induced by dwarf galaxy infall, but we note
here that their structures are similar.

8. THE MONOCEROS AND TriAndRINGS

The identity of the Monoceros Ring in the north is fairly
straightforward and consistent between different authors. The
only ambiguity arises from how much of the substructure at
that distance is assigned to or associated with the ring and how
much has been pulled out as separate structures.
The TriAnd Ring and the southern structures have been

labeled differently by different authors and at different Galactic
longitudes. In Newberg et al. (2002), the structure S200-24-
19.8, at � n � nl b( , ) (200 , 24 ), was tentatively associated with
the Monoceros stream in the north (see Figure 26 of that
paper), even though it was 0.4 mag fainter than the northern
structure. When Ibata et al. (2003) wrote the paper identifying
the “one ring to encompass them all,” which is their description
of the Monoceros Ring, they identified structure that we
recognize as the Monoceros Ring in the north, but in their
southern fields they identified stars that we call the south
middle structure with the “one ring.” Rocha-Pinto et al. (2004)
originally discovered the overdensity covering the Triangulum
and Andromeda constellations, with 100° < l < 150° and
−40° < b < −20°, and by their estimation about 30 kpc from the
Galactic center. In the Rocha-Pinto paper, the nearer debris in
the south, whichwe are calling the south middle structure, is
labeled as the GASS, which is their name for the Monoceros
Ring. Sheffield et al. (2014) showed that the structure studied
by Rocha-Pinto et al. (2004) actually corresponds to the so-
called TriAnd2overdensity, identified by Martin et al. (2007)
at a distance of ∼28 kpc. Sheffield et al. (2014) identify the
more nearby “TriAnd1” at a distance of ∼15−21 kpc. Deason
et al. (2014) independently found a heliocentric distance to the
Triangulum–Andromeda overdensity of 20 kpc (in agreement

Figure 18. Schematic of the “oscillations” model that is used to fit star counts
of K stars in Figure 19. The disk interior to 8.9 kpc is unperturbed. Between 8.9
and 12.1 kpc from the Galactic center, the midplane disk is perturbed up in a
sinusoidal pattern, to a maximum of 70 pc above its nominal position. Between
12.1 and 16 kpc from the Galactic center, the midplane of the disk is perturbed
down in a sinusoidal pattern, to a maximum of 170 pc below the plane.
Although the figure gives the impression that the Sun is located in the Galactic
plane, the model included the location of the Sun 27 pc above the plane. The
data that are being fit are primarily in the range 8.9 kpc < d < 16 kpc from the
Sun, in the perturbed section of the disk model.
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Since our model is axisymmetric, there was no way for the
model to include this feature of the data.

The wave amplitudes and positions we measure are reason-
ably similar to the simulations of Gómez et al. (2013), which
predictdisk oscillations due to infall of the Sagittarius dwarf
galaxy. Our measurements are more similar to the light
(Mvir= 1010.5Me) Sagittarius dwarf. However, it is unclear
whether this is the only possible explanation, or in particular
whether this is the only satellite that could be causing the
observed disk oscillations.
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Yanny & Gardner (2013) and Widrow et al. (2012) found an
asymmetry in the number of stars above and below the Galactic
plane, but the sign of the asymmetry oscillates with height
above and below the disk. Closer than 0.5 kpc, there are more
stars in the south; at � �∣ ∣z0.5 1 kpc, there are more stars in
the north. At � �∣ ∣z1 2 kpc, there are more stars in the south
again. Our near north structure is about 2 kpc from the Sun, and
we probe � �∣ ∣z0.35 1.15 kpc, so our finding that there are
more stars in the north is reasonably consistent with their
observation. If it is true that there are also density oscillations
with height, then we are possibly observing the combination of
radial oscillations with vertical oscillations. Because the
vertical oscillations are apparently due to an oscillation of the
disk midplane, the observations seem more consistent with a
bending mode due to satellite infall (Widrow et al. 2014) rather
than a spiral-induced perturbation (Faure et al. 2014).

One thing we noticed about Figure 12 is that the rings appear
to be slightly farther from the Galactic center in the third
quadrant than they are in the second quadrant, opening in the
direction of the Milky Way’s spiral arms. We therefore asked
ourselves whether these structures could be related to spiral
arms. Figure 16 of Hou & Han (2014) shows the locations of H
IIregions, giant molecular clouds, and 6.7 GHz methanol

masers that are used to trace the Milky Way’s spiral arms. This
figure shows the Galactic warp; the spiral arms in quadrants 1
and 2 are north of the plane, and quadrant 3 is primarily south
of the plane. We note that the Perseus arm is about 2 kpc from
the Sun in the direction of the anticenter,roughly at the same
place as our near north structure. However, most of the tracers
are below the plane, while our near north structure is denser
above the plane.
Spiral arm tracers that could be related to the Outer Arm in

Figure 16 of Hou & Han (2014), in the region from
110° < l < 230°, appear to be 4–6 kpc from the Sun. This
location is similar to our south middle structure, but while the
spiral arm tracers are predominantly above the plane, our south
middle structure is below the plane. We see the south middle
structure at n � � n∣ ∣b10 20 , which corresponds to
−2.2 < z < −1.5 kpc, while the Outer Arm observations are
typically 0.2–0.4 kpc below the plane.
We are struck by the fact that previous authors have noted

that in the solar neighborhood the asymmetry close to the
Galactic plane is in the opposite direction to the asymmetry
about 1 kpc above the plane. We are seeing similar behavior at
other galactocentric radii, and that the waves may be related to
the Milky Way’s spiral structure. Note, however, that the
structures could also be related to perturbations from a satellite
galaxy; Gómez et al. (2013) have shown (see Figure 6 of that
paper) that the vertical perturbations from satellite galaxies are
not expected to be perfect rings, but more like spirals. It is
unclear how spiral structure in gas should be related to
oscillations of stars induced by dwarf galaxy infall, but we note
here that their structures are similar.

8. THE MONOCEROS AND TriAndRINGS

The identity of the Monoceros Ring in the north is fairly
straightforward and consistent between different authors. The
only ambiguity arises from how much of the substructure at
that distance is assigned to or associated with the ring and how
much has been pulled out as separate structures.
The TriAnd Ring and the southern structures have been

labeled differently by different authors and at different Galactic
longitudes. In Newberg et al. (2002), the structure S200-24-
19.8, at � n � nl b( , ) (200 , 24 ), was tentatively associated with
the Monoceros stream in the north (see Figure 26 of that
paper), even though it was 0.4 mag fainter than the northern
structure. When Ibata et al. (2003) wrote the paper identifying
the “one ring to encompass them all,” which is their description
of the Monoceros Ring, they identified structure that we
recognize as the Monoceros Ring in the north, but in their
southern fields they identified stars that we call the south
middle structure with the “one ring.” Rocha-Pinto et al. (2004)
originally discovered the overdensity covering the Triangulum
and Andromeda constellations, with 100° < l < 150° and
−40° < b < −20°, and by their estimation about 30 kpc from the
Galactic center. In the Rocha-Pinto paper, the nearer debris in
the south, whichwe are calling the south middle structure, is
labeled as the GASS, which is their name for the Monoceros
Ring. Sheffield et al. (2014) showed that the structure studied
by Rocha-Pinto et al. (2004) actually corresponds to the so-
called TriAnd2overdensity, identified by Martin et al. (2007)
at a distance of ∼28 kpc. Sheffield et al. (2014) identify the
more nearby “TriAnd1” at a distance of ∼15−21 kpc. Deason
et al. (2014) independently found a heliocentric distance to the
Triangulum–Andromeda overdensity of 20 kpc (in agreement

Figure 18. Schematic of the “oscillations” model that is used to fit star counts
of K stars in Figure 19. The disk interior to 8.9 kpc is unperturbed. Between 8.9
and 12.1 kpc from the Galactic center, the midplane disk is perturbed up in a
sinusoidal pattern, to a maximum of 70 pc above its nominal position. Between
12.1 and 16 kpc from the Galactic center, the midplane of the disk is perturbed
down in a sinusoidal pattern, to a maximum of 170 pc below the plane.
Although the figure gives the impression that the Sun is located in the Galactic
plane, the model included the location of the Sun 27 pc above the plane. The
data that are being fit are primarily in the range 8.9 kpc < d < 16 kpc from the
Sun, in the perturbed section of the disk model.
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Vertical waves - Global behavior

Oscillatory behavior!
But idealized simulations...

Gómez et al. 2013

Since our model is axisymmetric, there was no way for the
model to include this feature of the data.

The wave amplitudes and positions we measure are reason-
ably similar to the simulations of Gómez et al. (2013), which
predictdisk oscillations due to infall of the Sagittarius dwarf
galaxy. Our measurements are more similar to the light
(Mvir= 1010.5Me) Sagittarius dwarf. However, it is unclear
whether this is the only possible explanation, or in particular
whether this is the only satellite that could be causing the
observed disk oscillations.

7. RELATIONSHIP OF RINGS TO SPIRAL ARMS AND
VERTICAL WAVES

Yanny & Gardner (2013) and Widrow et al. (2012) found an
asymmetry in the number of stars above and below the Galactic
plane, but the sign of the asymmetry oscillates with height
above and below the disk. Closer than 0.5 kpc, there are more
stars in the south; at � �∣ ∣z0.5 1 kpc, there are more stars in
the north. At � �∣ ∣z1 2 kpc, there are more stars in the south
again. Our near north structure is about 2 kpc from the Sun, and
we probe � �∣ ∣z0.35 1.15 kpc, so our finding that there are
more stars in the north is reasonably consistent with their
observation. If it is true that there are also density oscillations
with height, then we are possibly observing the combination of
radial oscillations with vertical oscillations. Because the
vertical oscillations are apparently due to an oscillation of the
disk midplane, the observations seem more consistent with a
bending mode due to satellite infall (Widrow et al. 2014) rather
than a spiral-induced perturbation (Faure et al. 2014).

One thing we noticed about Figure 12 is that the rings appear
to be slightly farther from the Galactic center in the third
quadrant than they are in the second quadrant, opening in the
direction of the Milky Way’s spiral arms. We therefore asked
ourselves whether these structures could be related to spiral
arms. Figure 16 of Hou & Han (2014) shows the locations of H
IIregions, giant molecular clouds, and 6.7 GHz methanol

masers that are used to trace the Milky Way’s spiral arms. This
figure shows the Galactic warp; the spiral arms in quadrants 1
and 2 are north of the plane, and quadrant 3 is primarily south
of the plane. We note that the Perseus arm is about 2 kpc from
the Sun in the direction of the anticenter,roughly at the same
place as our near north structure. However, most of the tracers
are below the plane, while our near north structure is denser
above the plane.
Spiral arm tracers that could be related to the Outer Arm in

Figure 16 of Hou & Han (2014), in the region from
110° < l < 230°, appear to be 4–6 kpc from the Sun. This
location is similar to our south middle structure, but while the
spiral arm tracers are predominantly above the plane, our south
middle structure is below the plane. We see the south middle
structure at n � � n∣ ∣b10 20 , which corresponds to
−2.2 < z < −1.5 kpc, while the Outer Arm observations are
typically 0.2–0.4 kpc below the plane.
We are struck by the fact that previous authors have noted

that in the solar neighborhood the asymmetry close to the
Galactic plane is in the opposite direction to the asymmetry
about 1 kpc above the plane. We are seeing similar behavior at
other galactocentric radii, and that the waves may be related to
the Milky Way’s spiral structure. Note, however, that the
structures could also be related to perturbations from a satellite
galaxy; Gómez et al. (2013) have shown (see Figure 6 of that
paper) that the vertical perturbations from satellite galaxies are
not expected to be perfect rings, but more like spirals. It is
unclear how spiral structure in gas should be related to
oscillations of stars induced by dwarf galaxy infall, but we note
here that their structures are similar.

8. THE MONOCEROS AND TriAndRINGS

The identity of the Monoceros Ring in the north is fairly
straightforward and consistent between different authors. The
only ambiguity arises from how much of the substructure at
that distance is assigned to or associated with the ring and how
much has been pulled out as separate structures.
The TriAnd Ring and the southern structures have been

labeled differently by different authors and at different Galactic
longitudes. In Newberg et al. (2002), the structure S200-24-
19.8, at � n � nl b( , ) (200 , 24 ), was tentatively associated with
the Monoceros stream in the north (see Figure 26 of that
paper), even though it was 0.4 mag fainter than the northern
structure. When Ibata et al. (2003) wrote the paper identifying
the “one ring to encompass them all,” which is their description
of the Monoceros Ring, they identified structure that we
recognize as the Monoceros Ring in the north, but in their
southern fields they identified stars that we call the south
middle structure with the “one ring.” Rocha-Pinto et al. (2004)
originally discovered the overdensity covering the Triangulum
and Andromeda constellations, with 100° < l < 150° and
−40° < b < −20°, and by their estimation about 30 kpc from the
Galactic center. In the Rocha-Pinto paper, the nearer debris in
the south, whichwe are calling the south middle structure, is
labeled as the GASS, which is their name for the Monoceros
Ring. Sheffield et al. (2014) showed that the structure studied
by Rocha-Pinto et al. (2004) actually corresponds to the so-
called TriAnd2overdensity, identified by Martin et al. (2007)
at a distance of ∼28 kpc. Sheffield et al. (2014) identify the
more nearby “TriAnd1” at a distance of ∼15−21 kpc. Deason
et al. (2014) independently found a heliocentric distance to the
Triangulum–Andromeda overdensity of 20 kpc (in agreement

Figure 18. Schematic of the “oscillations” model that is used to fit star counts
of K stars in Figure 19. The disk interior to 8.9 kpc is unperturbed. Between 8.9
and 12.1 kpc from the Galactic center, the midplane disk is perturbed up in a
sinusoidal pattern, to a maximum of 70 pc above its nominal position. Between
12.1 and 16 kpc from the Galactic center, the midplane of the disk is perturbed
down in a sinusoidal pattern, to a maximum of 170 pc below the plane.
Although the figure gives the impression that the Sun is located in the Galactic
plane, the model included the location of the Sun 27 pc above the plane. The
data that are being fit are primarily in the range 8.9 kpc < d < 16 kpc from the
Sun, in the perturbed section of the disk model.
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Can we observe these perturbations in fully cosmological 
hydrodynamical simulations? Auriga simulations:  Aq-C4

4 F. Marinacci, R. Pakmor and V. Springel

Run Rvir Mtot Mgas M? Mdm Ncells N? Ndm mgas mdm fb
(kpc) (1010M�) (1010M�) (1010M�) (1010M�) (105M�) (105M�)

Aq-A-5 239.0 169.13 11.21 4.95 152.95 203822 152476 579342 5.03 26.40 0.55
Aq-B-5 183.0 75.93 4.08 4.88 66.97 108806 234310 444557 3.35 17.59 0.70
Aq-C-5 234.5 159.74 7.09 7.00 145.64 163726 273124 674547 4.11 21.59 0.51
Aq-D-5 240.2 171.67 7.59 12.10 151.97 159591 442966 657760 4.40 23.10 0.68
Aq-E-5 206.3 108.74 3.58 8.75 96.39 101041 431167 550757 3.33 17.50 0.67
Aq-F-5 209.0 113.05 8.65 8.86 95.51 331692 620784 791829 2.30 12.06 0.96
Aq-G-5 204.4 105.83 11.43 6.00 88.40 346061 328784 708979 2.83 14.88 1.03
Aq-H-5 183.1 76.06 2.95 5.01 68.10 91792 273228 525235 2.96 15.56 0.61

Aq-C-6 235.5 161.82 9.86 5.95 146.00 28702 26803 84525 32.90 172.73 0.57
Aq-C-4 234.4 159.48 8.39 5.31 145.71 1526514 1637981 5399079 0.51 2.70 0.49

Table 1. Primary numerical parameters of the simulated haloes at z = 0. We list the virial radius defined as a sphere enclosing an
overdensity of 200 with respect to the critical density. The further columns give total mass, gas mass, stellar mass and dark matter
particle mass inside the virial radius. The corresponding numbers of gaseous cells, star particles, and dark matter particles are given
next, followed by the gas mass and dark matter resolutions in the high-resolution region. Finally, the last column gives the baryon
fraction, fb ⌘ (⌦dm/⌦b)(Mgas +M? +Mbh)/Mdm relative to the cosmological mean. In all the runs, the gravitational softening has
been kept fixed in comoving units at z � 1 and in physical units (680 pc for level 5 runs) at 0  z < 1.

of our full simulation set1. The present-day virial masses2

that we quote are for the evolved hydrodynamical haloes.
Note that in a pure dark matter simulation, the correspond-
ing masses will be slightly larger because the reduction of
the baryon content below the universal mean through non-
gravitational feedback slows the mass growth of the haloes.
The baryon fraction fb of our haloes relative to the cosmo-
logical mean is reduced typically by 30% at z = 0, with
some systems having lost up to half their baryons (Aq-A
and Aq-C), and others essentially none (Aq-F and Aq-G).

The original Aquarius initial conditions contained only
dark matter particles. For our simulations, we add gas by
splitting each dark matter particle into a pair of one dark
matter and one gaseous cell, with their masses set according
to the cosmological baryon mass fraction, and a separation
equal to half the original mean interparticle spacing, keeping
the centre of mass and centre-of-mass velocity of each pair
fixed. In this way, two interleaved grids (or actually ‘glasses’,
in the case of our high-resolution region) of dark matter par-
ticles and gaseous cells are formed. We note that we split
all the particles, regardless of whether they are part of the
high-resolution region or the surrounding low-resolution vol-
ume, such that the whole volume is filled with gas. There
is hence no pressure discontinuity at the boundary of the
high-resolution region. The evolved haloes at z = 0 show
zero contamination of the virialized regions by low resolu-
tion dark matter particles, a tribute to the high quality of
the initial conditions (which were created by Adrian Jenkins
for the Aquarius project).

1 Omitting the dark matter only simulations considered in sec-
tion 5 for the sake of brevity.
2 Following standard procedure, we define the virial mass as
the mass contained within a sphere that encloses a mean mat-
ter density 200 times the critical density for closure, ⇢crit =
3H2(z)/(8⇡G).

2.2 Simulation code

In the following, we briefly describe our simulation code and
the most important parameter settings used in this work. In
the interest of brevity, we only discuss the most important
code characteristics and refer, for further details, to the code
paper of arepo (Springel 2010) and the application tests dis-
cussed in Vogelsberger et al. (2012) and Sijacki et al. (2012).

The moving-mesh code arepo employs a dynamic
Voronoi mesh for a finite-volume discretization of the Eu-
ler equations. The fluxes between the individual Voronoi
cells are calculated using a second-order Godunov scheme to-
gether with an exact Riemann solver. This approach is akin
to ordinary grid-based Eulerian schemes for hydrodynamics,
except that an unstructured mesh is used that is generated
as the Voronoi tessellation of a set of mesh-generating points.
In addition, these mesh-generating points may be moved
freely, inducing a dynamical and continuous transformation
of the mesh without the occurrence of pathological mesh dis-
tortions. The most interesting way to exploit this freedom of
a dynamic mesh is to move the mesh-generating points with
the local flow velocity. In this default mode of operation, a
pseudo-Lagrangian method results where the mass per cell
is kept approximately constant and a Galilean-invariant nu-
merical method is obtained.

The automatic adaptivity of arepo is thus similar to
that of SPH, but the mass per cell is not forced to stay
strictly constant. Instead, local variations in the gas mass
per cell may occur, but in case the mass deviates by more
than a factor of 2 from the target gas mass resolution, we ei-
ther split the cell into two, or dissolve it (as in Vogelsberger
et al. 2012), which is very similar to a Lagrangian refinement
criterion in adaptive mesh refinement (AMR) codes. But
thanks to the adaptive nature of the dynamic mesh, such re-
finement and derefinement operations are needed much less
frequently. Perhaps the most important advantage of arepo
compared to traditional mesh codes with a static mesh is a
significant reduction of advection errors, which becomes par-
ticularly relevant for highly supersonic motions. Compared
to SPH, the most important advantages are the absence of
an artificial viscosity, a reduced sampling noise, a higher ac-
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Run Rvir Mtot Mgas M? Mdm Ncells N? Ndm mgas mdm fb
(kpc) (1010M�) (1010M�) (1010M�) (1010M�) (105M�) (105M�)

Aq-A-5 239.0 169.13 11.21 4.95 152.95 203822 152476 579342 5.03 26.40 0.55
Aq-B-5 183.0 75.93 4.08 4.88 66.97 108806 234310 444557 3.35 17.59 0.70
Aq-C-5 234.5 159.74 7.09 7.00 145.64 163726 273124 674547 4.11 21.59 0.51
Aq-D-5 240.2 171.67 7.59 12.10 151.97 159591 442966 657760 4.40 23.10 0.68
Aq-E-5 206.3 108.74 3.58 8.75 96.39 101041 431167 550757 3.33 17.50 0.67
Aq-F-5 209.0 113.05 8.65 8.86 95.51 331692 620784 791829 2.30 12.06 0.96
Aq-G-5 204.4 105.83 11.43 6.00 88.40 346061 328784 708979 2.83 14.88 1.03
Aq-H-5 183.1 76.06 2.95 5.01 68.10 91792 273228 525235 2.96 15.56 0.61

Aq-C-6 235.5 161.82 9.86 5.95 146.00 28702 26803 84525 32.90 172.73 0.57
Aq-C-4 234.4 159.48 8.39 5.31 145.71 1526514 1637981 5399079 0.51 2.70 0.49

Table 1. Primary numerical parameters of the simulated haloes at z = 0. We list the virial radius defined as a sphere enclosing an
overdensity of 200 with respect to the critical density. The further columns give total mass, gas mass, stellar mass and dark matter
particle mass inside the virial radius. The corresponding numbers of gaseous cells, star particles, and dark matter particles are given
next, followed by the gas mass and dark matter resolutions in the high-resolution region. Finally, the last column gives the baryon
fraction, fb ⌘ (⌦dm/⌦b)(Mgas +M? +Mbh)/Mdm relative to the cosmological mean. In all the runs, the gravitational softening has
been kept fixed in comoving units at z � 1 and in physical units (680 pc for level 5 runs) at 0  z < 1.

of our full simulation set1. The present-day virial masses2

that we quote are for the evolved hydrodynamical haloes.
Note that in a pure dark matter simulation, the correspond-
ing masses will be slightly larger because the reduction of
the baryon content below the universal mean through non-
gravitational feedback slows the mass growth of the haloes.
The baryon fraction fb of our haloes relative to the cosmo-
logical mean is reduced typically by 30% at z = 0, with
some systems having lost up to half their baryons (Aq-A
and Aq-C), and others essentially none (Aq-F and Aq-G).

The original Aquarius initial conditions contained only
dark matter particles. For our simulations, we add gas by
splitting each dark matter particle into a pair of one dark
matter and one gaseous cell, with their masses set according
to the cosmological baryon mass fraction, and a separation
equal to half the original mean interparticle spacing, keeping
the centre of mass and centre-of-mass velocity of each pair
fixed. In this way, two interleaved grids (or actually ‘glasses’,
in the case of our high-resolution region) of dark matter par-
ticles and gaseous cells are formed. We note that we split
all the particles, regardless of whether they are part of the
high-resolution region or the surrounding low-resolution vol-
ume, such that the whole volume is filled with gas. There
is hence no pressure discontinuity at the boundary of the
high-resolution region. The evolved haloes at z = 0 show
zero contamination of the virialized regions by low resolu-
tion dark matter particles, a tribute to the high quality of
the initial conditions (which were created by Adrian Jenkins
for the Aquarius project).

1 Omitting the dark matter only simulations considered in sec-
tion 5 for the sake of brevity.
2 Following standard procedure, we define the virial mass as
the mass contained within a sphere that encloses a mean mat-
ter density 200 times the critical density for closure, ⇢crit =
3H2(z)/(8⇡G).

2.2 Simulation code

In the following, we briefly describe our simulation code and
the most important parameter settings used in this work. In
the interest of brevity, we only discuss the most important
code characteristics and refer, for further details, to the code
paper of arepo (Springel 2010) and the application tests dis-
cussed in Vogelsberger et al. (2012) and Sijacki et al. (2012).

The moving-mesh code arepo employs a dynamic
Voronoi mesh for a finite-volume discretization of the Eu-
ler equations. The fluxes between the individual Voronoi
cells are calculated using a second-order Godunov scheme to-
gether with an exact Riemann solver. This approach is akin
to ordinary grid-based Eulerian schemes for hydrodynamics,
except that an unstructured mesh is used that is generated
as the Voronoi tessellation of a set of mesh-generating points.
In addition, these mesh-generating points may be moved
freely, inducing a dynamical and continuous transformation
of the mesh without the occurrence of pathological mesh dis-
tortions. The most interesting way to exploit this freedom of
a dynamic mesh is to move the mesh-generating points with
the local flow velocity. In this default mode of operation, a
pseudo-Lagrangian method results where the mass per cell
is kept approximately constant and a Galilean-invariant nu-
merical method is obtained.

The automatic adaptivity of arepo is thus similar to
that of SPH, but the mass per cell is not forced to stay
strictly constant. Instead, local variations in the gas mass
per cell may occur, but in case the mass deviates by more
than a factor of 2 from the target gas mass resolution, we ei-
ther split the cell into two, or dissolve it (as in Vogelsberger
et al. 2012), which is very similar to a Lagrangian refinement
criterion in adaptive mesh refinement (AMR) codes. But
thanks to the adaptive nature of the dynamic mesh, such re-
finement and derefinement operations are needed much less
frequently. Perhaps the most important advantage of arepo
compared to traditional mesh codes with a static mesh is a
significant reduction of advection errors, which becomes par-
ticularly relevant for highly supersonic motions. Compared
to SPH, the most important advantages are the absence of
an artificial viscosity, a reduced sampling noise, a higher ac-
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the local flow velocity. In this default mode of operation, a
pseudo-Lagrangian method results where the mass per cell
is kept approximately constant and a Galilean-invariant nu-
merical method is obtained.

The automatic adaptivity of arepo is thus similar to
that of SPH, but the mass per cell is not forced to stay
strictly constant. Instead, local variations in the gas mass
per cell may occur, but in case the mass deviates by more
than a factor of 2 from the target gas mass resolution, we ei-
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finement and derefinement operations are needed much less
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Figure 1. Top panel: map of the simulated galactic disc’s mass-weighted
⟨Z⟩ at the present day. The different colours and the relief indicate different
values of ⟨Z⟩ in kpc. Bottom panel: as in the top panel but for ⟨vz⟩. The
colour bar is in units of km s−1. In both maps a very clear vertical pattern
can be observed. Note the anticorrelation between ⟨Z⟩ and ⟨vz⟩.

tsnap = 0.309 Gyr. Thus, the small azimuthal evolution of the pattern
indicates similar values for the star particle’s angular and vertical
frequencies in the outer regions of the disc. For example, assuming
a spherical DM halo, in the disc’s outer regions where its mass can
be regarded as negligible, the circular, !, and vertical, ν, frequen-
cies are expected to be equal (Binney & Tremaine 2008). In a more
general flattened potential, ν > !. To estimate a star particle’s ver-
tical period, let us assume locally a uniform density disc. In such a
case, it can be shown that Tz = 2π/ν = 2π/(4πGρ0)1/2, where ρ0

is the total local density. At R = 12 kpc we find Tz = 0.284 Gyr,
a very similar value to Tφ , as expected. For R ≥ 16 kpc we find
Tφ ≈ Tz.

In spite of these similar angular and vertical frequencies, it is
clear from Fig. 3 that the initial m = 1 pattern winds up signifi-
cantly over a period of ∼2 Gyr. In agreement with the empirically
derived rules of Briggs (1990), an initial warp gets distorted into a
leading spiral pattern. The reason for this has been explained in great
detail by Shen & Sellwood (2006, hereafter SS06). In this work, an
initially relaxed disc is subjected to the torque of a massive outer

Figure 2. Red lines show the variation of the mass-weighted mean height
of the disc, ⟨Z⟩, as a function of galactocentric radius along two pairs of
diametrically opposed galactic longitudes. The solid line indicates the value
of ⟨Z⟩ along the positive X, Y = 0 kpc (top panel) and positive Y, X = 0 kpc
(bottom panel) directions. The dashed line shows the results obtained in the
opposite directions, 180◦ away. The green lines show the same results for
mass-weighted mean vertical velocity, ⟨vz⟩. In the bottom panel, the axis
range for ⟨Z⟩ (⟨vz⟩) has been scaled up (down) by a factor of 2 to account for
the change in the phase of the vertical pattern as a function of galactocentric
longitude. Note the specular behaviour presented by both ⟨Z⟩ and ⟨vz⟩ along
these two pairs of galactocentric lines of sight. Note as well the very clear
oscillatory behaviour presented by this wave.

torus, introduced to emulate the effect of a misaligned outer DM
halo. The resulting torque causes the disc to precess retrograde at
a rate that is proportional to galactocentric distance, i.e. wdm

p ∝ r .
Because of the disc’s self-gravity the inner disc, which is strongly
cohesive, precesses slowly as a whole in a retrograde manner about
the symmetry axis of the torus, while the outer disc precesses more
rapidly generating a warp. The developing misalignment between
the inner and outer disc causes the particles in the outer disc to
feel an additional torque from the massive inner disc. SS06 showed
that the inner disc’s torque also causes the outer disc to precess
retrograde. However, it does so at a rate that decreases with galac-
tocentric distance, i.e. wid

p ∝ r−4. In isolation (i.e. neglecting the
torque from the massive outer torus), the precession rate associated
with the inner disc’s torque would induce the formation of a leading
spiral pattern. Thus, the orientation of the resulting spiral pattern
(leading or trailing) depends on the relative magnitudes of the two
torques.1 In our simulation the m = 1 pattern rapidly starts to wind
up into a leading spiral. This indicates that the torque induced by the
inner disc starts to dominate right after the pattern has been excited.
We will show that this is indeed the case in Section 4.3.

1 A trailing spiral pattern is obtained if the torque from the massive outer
torus dominates over that from the inner disc.
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longitude. Note the specular behaviour presented by both ⟨Z⟩ and ⟨vz⟩ along
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oscillatory behaviour presented by this wave.

torus, introduced to emulate the effect of a misaligned outer DM
halo. The resulting torque causes the disc to precess retrograde at
a rate that is proportional to galactocentric distance, i.e. wdm

p ∝ r .
Because of the disc’s self-gravity the inner disc, which is strongly
cohesive, precesses slowly as a whole in a retrograde manner about
the symmetry axis of the torus, while the outer disc precesses more
rapidly generating a warp. The developing misalignment between
the inner and outer disc causes the particles in the outer disc to
feel an additional torque from the massive inner disc. SS06 showed
that the inner disc’s torque also causes the outer disc to precess
retrograde. However, it does so at a rate that decreases with galac-
tocentric distance, i.e. wid

p ∝ r−4. In isolation (i.e. neglecting the
torque from the massive outer torus), the precession rate associated
with the inner disc’s torque would induce the formation of a leading
spiral pattern. Thus, the orientation of the resulting spiral pattern
(leading or trailing) depends on the relative magnitudes of the two
torques.1 In our simulation the m = 1 pattern rapidly starts to wind
up into a leading spiral. This indicates that the torque induced by the
inner disc starts to dominate right after the pattern has been excited.
We will show that this is indeed the case in Section 4.3.

1 A trailing spiral pattern is obtained if the torque from the massive outer
torus dominates over that from the inner disc.
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Can we observe these perturbations in fully cosmological 
hydrodynamical simulations? Auriga simulations:  Aq-C4
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Run Rvir Mtot Mgas M? Mdm Ncells N? Ndm mgas mdm fb
(kpc) (1010M�) (1010M�) (1010M�) (1010M�) (105M�) (105M�)

Aq-A-5 239.0 169.13 11.21 4.95 152.95 203822 152476 579342 5.03 26.40 0.55
Aq-B-5 183.0 75.93 4.08 4.88 66.97 108806 234310 444557 3.35 17.59 0.70
Aq-C-5 234.5 159.74 7.09 7.00 145.64 163726 273124 674547 4.11 21.59 0.51
Aq-D-5 240.2 171.67 7.59 12.10 151.97 159591 442966 657760 4.40 23.10 0.68
Aq-E-5 206.3 108.74 3.58 8.75 96.39 101041 431167 550757 3.33 17.50 0.67
Aq-F-5 209.0 113.05 8.65 8.86 95.51 331692 620784 791829 2.30 12.06 0.96
Aq-G-5 204.4 105.83 11.43 6.00 88.40 346061 328784 708979 2.83 14.88 1.03
Aq-H-5 183.1 76.06 2.95 5.01 68.10 91792 273228 525235 2.96 15.56 0.61

Aq-C-6 235.5 161.82 9.86 5.95 146.00 28702 26803 84525 32.90 172.73 0.57
Aq-C-4 234.4 159.48 8.39 5.31 145.71 1526514 1637981 5399079 0.51 2.70 0.49

Table 1. Primary numerical parameters of the simulated haloes at z = 0. We list the virial radius defined as a sphere enclosing an
overdensity of 200 with respect to the critical density. The further columns give total mass, gas mass, stellar mass and dark matter
particle mass inside the virial radius. The corresponding numbers of gaseous cells, star particles, and dark matter particles are given
next, followed by the gas mass and dark matter resolutions in the high-resolution region. Finally, the last column gives the baryon
fraction, fb ⌘ (⌦dm/⌦b)(Mgas +M? +Mbh)/Mdm relative to the cosmological mean. In all the runs, the gravitational softening has
been kept fixed in comoving units at z � 1 and in physical units (680 pc for level 5 runs) at 0  z < 1.

of our full simulation set1. The present-day virial masses2

that we quote are for the evolved hydrodynamical haloes.
Note that in a pure dark matter simulation, the correspond-
ing masses will be slightly larger because the reduction of
the baryon content below the universal mean through non-
gravitational feedback slows the mass growth of the haloes.
The baryon fraction fb of our haloes relative to the cosmo-
logical mean is reduced typically by 30% at z = 0, with
some systems having lost up to half their baryons (Aq-A
and Aq-C), and others essentially none (Aq-F and Aq-G).

The original Aquarius initial conditions contained only
dark matter particles. For our simulations, we add gas by
splitting each dark matter particle into a pair of one dark
matter and one gaseous cell, with their masses set according
to the cosmological baryon mass fraction, and a separation
equal to half the original mean interparticle spacing, keeping
the centre of mass and centre-of-mass velocity of each pair
fixed. In this way, two interleaved grids (or actually ‘glasses’,
in the case of our high-resolution region) of dark matter par-
ticles and gaseous cells are formed. We note that we split
all the particles, regardless of whether they are part of the
high-resolution region or the surrounding low-resolution vol-
ume, such that the whole volume is filled with gas. There
is hence no pressure discontinuity at the boundary of the
high-resolution region. The evolved haloes at z = 0 show
zero contamination of the virialized regions by low resolu-
tion dark matter particles, a tribute to the high quality of
the initial conditions (which were created by Adrian Jenkins
for the Aquarius project).

1 Omitting the dark matter only simulations considered in sec-
tion 5 for the sake of brevity.
2 Following standard procedure, we define the virial mass as
the mass contained within a sphere that encloses a mean mat-
ter density 200 times the critical density for closure, ⇢crit =
3H2(z)/(8⇡G).

2.2 Simulation code

In the following, we briefly describe our simulation code and
the most important parameter settings used in this work. In
the interest of brevity, we only discuss the most important
code characteristics and refer, for further details, to the code
paper of arepo (Springel 2010) and the application tests dis-
cussed in Vogelsberger et al. (2012) and Sijacki et al. (2012).

The moving-mesh code arepo employs a dynamic
Voronoi mesh for a finite-volume discretization of the Eu-
ler equations. The fluxes between the individual Voronoi
cells are calculated using a second-order Godunov scheme to-
gether with an exact Riemann solver. This approach is akin
to ordinary grid-based Eulerian schemes for hydrodynamics,
except that an unstructured mesh is used that is generated
as the Voronoi tessellation of a set of mesh-generating points.
In addition, these mesh-generating points may be moved
freely, inducing a dynamical and continuous transformation
of the mesh without the occurrence of pathological mesh dis-
tortions. The most interesting way to exploit this freedom of
a dynamic mesh is to move the mesh-generating points with
the local flow velocity. In this default mode of operation, a
pseudo-Lagrangian method results where the mass per cell
is kept approximately constant and a Galilean-invariant nu-
merical method is obtained.

The automatic adaptivity of arepo is thus similar to
that of SPH, but the mass per cell is not forced to stay
strictly constant. Instead, local variations in the gas mass
per cell may occur, but in case the mass deviates by more
than a factor of 2 from the target gas mass resolution, we ei-
ther split the cell into two, or dissolve it (as in Vogelsberger
et al. 2012), which is very similar to a Lagrangian refinement
criterion in adaptive mesh refinement (AMR) codes. But
thanks to the adaptive nature of the dynamic mesh, such re-
finement and derefinement operations are needed much less
frequently. Perhaps the most important advantage of arepo
compared to traditional mesh codes with a static mesh is a
significant reduction of advection errors, which becomes par-
ticularly relevant for highly supersonic motions. Compared
to SPH, the most important advantages are the absence of
an artificial viscosity, a reduced sampling noise, a higher ac-
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Aq-C-5 234.5 159.74 7.09 7.00 145.64 163726 273124 674547 4.11 21.59 0.51
Aq-D-5 240.2 171.67 7.59 12.10 151.97 159591 442966 657760 4.40 23.10 0.68
Aq-E-5 206.3 108.74 3.58 8.75 96.39 101041 431167 550757 3.33 17.50 0.67
Aq-F-5 209.0 113.05 8.65 8.86 95.51 331692 620784 791829 2.30 12.06 0.96
Aq-G-5 204.4 105.83 11.43 6.00 88.40 346061 328784 708979 2.83 14.88 1.03
Aq-H-5 183.1 76.06 2.95 5.01 68.10 91792 273228 525235 2.96 15.56 0.61

Aq-C-6 235.5 161.82 9.86 5.95 146.00 28702 26803 84525 32.90 172.73 0.57
Aq-C-4 234.4 159.48 8.39 5.31 145.71 1526514 1637981 5399079 0.51 2.70 0.49

Table 1. Primary numerical parameters of the simulated haloes at z = 0. We list the virial radius defined as a sphere enclosing an
overdensity of 200 with respect to the critical density. The further columns give total mass, gas mass, stellar mass and dark matter
particle mass inside the virial radius. The corresponding numbers of gaseous cells, star particles, and dark matter particles are given
next, followed by the gas mass and dark matter resolutions in the high-resolution region. Finally, the last column gives the baryon
fraction, fb ⌘ (⌦dm/⌦b)(Mgas +M? +Mbh)/Mdm relative to the cosmological mean. In all the runs, the gravitational softening has
been kept fixed in comoving units at z � 1 and in physical units (680 pc for level 5 runs) at 0  z < 1.

of our full simulation set1. The present-day virial masses2

that we quote are for the evolved hydrodynamical haloes.
Note that in a pure dark matter simulation, the correspond-
ing masses will be slightly larger because the reduction of
the baryon content below the universal mean through non-
gravitational feedback slows the mass growth of the haloes.
The baryon fraction fb of our haloes relative to the cosmo-
logical mean is reduced typically by 30% at z = 0, with
some systems having lost up to half their baryons (Aq-A
and Aq-C), and others essentially none (Aq-F and Aq-G).

The original Aquarius initial conditions contained only
dark matter particles. For our simulations, we add gas by
splitting each dark matter particle into a pair of one dark
matter and one gaseous cell, with their masses set according
to the cosmological baryon mass fraction, and a separation
equal to half the original mean interparticle spacing, keeping
the centre of mass and centre-of-mass velocity of each pair
fixed. In this way, two interleaved grids (or actually ‘glasses’,
in the case of our high-resolution region) of dark matter par-
ticles and gaseous cells are formed. We note that we split
all the particles, regardless of whether they are part of the
high-resolution region or the surrounding low-resolution vol-
ume, such that the whole volume is filled with gas. There
is hence no pressure discontinuity at the boundary of the
high-resolution region. The evolved haloes at z = 0 show
zero contamination of the virialized regions by low resolu-
tion dark matter particles, a tribute to the high quality of
the initial conditions (which were created by Adrian Jenkins
for the Aquarius project).

1 Omitting the dark matter only simulations considered in sec-
tion 5 for the sake of brevity.
2 Following standard procedure, we define the virial mass as
the mass contained within a sphere that encloses a mean mat-
ter density 200 times the critical density for closure, ⇢crit =
3H2(z)/(8⇡G).

2.2 Simulation code

In the following, we briefly describe our simulation code and
the most important parameter settings used in this work. In
the interest of brevity, we only discuss the most important
code characteristics and refer, for further details, to the code
paper of arepo (Springel 2010) and the application tests dis-
cussed in Vogelsberger et al. (2012) and Sijacki et al. (2012).

The moving-mesh code arepo employs a dynamic
Voronoi mesh for a finite-volume discretization of the Eu-
ler equations. The fluxes between the individual Voronoi
cells are calculated using a second-order Godunov scheme to-
gether with an exact Riemann solver. This approach is akin
to ordinary grid-based Eulerian schemes for hydrodynamics,
except that an unstructured mesh is used that is generated
as the Voronoi tessellation of a set of mesh-generating points.
In addition, these mesh-generating points may be moved
freely, inducing a dynamical and continuous transformation
of the mesh without the occurrence of pathological mesh dis-
tortions. The most interesting way to exploit this freedom of
a dynamic mesh is to move the mesh-generating points with
the local flow velocity. In this default mode of operation, a
pseudo-Lagrangian method results where the mass per cell
is kept approximately constant and a Galilean-invariant nu-
merical method is obtained.

The automatic adaptivity of arepo is thus similar to
that of SPH, but the mass per cell is not forced to stay
strictly constant. Instead, local variations in the gas mass
per cell may occur, but in case the mass deviates by more
than a factor of 2 from the target gas mass resolution, we ei-
ther split the cell into two, or dissolve it (as in Vogelsberger
et al. 2012), which is very similar to a Lagrangian refinement
criterion in adaptive mesh refinement (AMR) codes. But
thanks to the adaptive nature of the dynamic mesh, such re-
finement and derefinement operations are needed much less
frequently. Perhaps the most important advantage of arepo
compared to traditional mesh codes with a static mesh is a
significant reduction of advection errors, which becomes par-
ticularly relevant for highly supersonic motions. Compared
to SPH, the most important advantages are the absence of
an artificial viscosity, a reduced sampling noise, a higher ac-
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ler equations. The fluxes between the individual Voronoi
cells are calculated using a second-order Godunov scheme to-
gether with an exact Riemann solver. This approach is akin
to ordinary grid-based Eulerian schemes for hydrodynamics,
except that an unstructured mesh is used that is generated
as the Voronoi tessellation of a set of mesh-generating points.
In addition, these mesh-generating points may be moved
freely, inducing a dynamical and continuous transformation
of the mesh without the occurrence of pathological mesh dis-
tortions. The most interesting way to exploit this freedom of
a dynamic mesh is to move the mesh-generating points with
the local flow velocity. In this default mode of operation, a
pseudo-Lagrangian method results where the mass per cell
is kept approximately constant and a Galilean-invariant nu-
merical method is obtained.

The automatic adaptivity of arepo is thus similar to
that of SPH, but the mass per cell is not forced to stay
strictly constant. Instead, local variations in the gas mass
per cell may occur, but in case the mass deviates by more
than a factor of 2 from the target gas mass resolution, we ei-
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thanks to the adaptive nature of the dynamic mesh, such re-
finement and derefinement operations are needed much less
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compared to traditional mesh codes with a static mesh is a
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Figure 1. Top panel: map of the simulated galactic disc’s mass-weighted
⟨Z⟩ at the present day. The different colours and the relief indicate different
values of ⟨Z⟩ in kpc. Bottom panel: as in the top panel but for ⟨vz⟩. The
colour bar is in units of km s−1. In both maps a very clear vertical pattern
can be observed. Note the anticorrelation between ⟨Z⟩ and ⟨vz⟩.

tsnap = 0.309 Gyr. Thus, the small azimuthal evolution of the pattern
indicates similar values for the star particle’s angular and vertical
frequencies in the outer regions of the disc. For example, assuming
a spherical DM halo, in the disc’s outer regions where its mass can
be regarded as negligible, the circular, !, and vertical, ν, frequen-
cies are expected to be equal (Binney & Tremaine 2008). In a more
general flattened potential, ν > !. To estimate a star particle’s ver-
tical period, let us assume locally a uniform density disc. In such a
case, it can be shown that Tz = 2π/ν = 2π/(4πGρ0)1/2, where ρ0

is the total local density. At R = 12 kpc we find Tz = 0.284 Gyr,
a very similar value to Tφ , as expected. For R ≥ 16 kpc we find
Tφ ≈ Tz.

In spite of these similar angular and vertical frequencies, it is
clear from Fig. 3 that the initial m = 1 pattern winds up signifi-
cantly over a period of ∼2 Gyr. In agreement with the empirically
derived rules of Briggs (1990), an initial warp gets distorted into a
leading spiral pattern. The reason for this has been explained in great
detail by Shen & Sellwood (2006, hereafter SS06). In this work, an
initially relaxed disc is subjected to the torque of a massive outer

Figure 2. Red lines show the variation of the mass-weighted mean height
of the disc, ⟨Z⟩, as a function of galactocentric radius along two pairs of
diametrically opposed galactic longitudes. The solid line indicates the value
of ⟨Z⟩ along the positive X, Y = 0 kpc (top panel) and positive Y, X = 0 kpc
(bottom panel) directions. The dashed line shows the results obtained in the
opposite directions, 180◦ away. The green lines show the same results for
mass-weighted mean vertical velocity, ⟨vz⟩. In the bottom panel, the axis
range for ⟨Z⟩ (⟨vz⟩) has been scaled up (down) by a factor of 2 to account for
the change in the phase of the vertical pattern as a function of galactocentric
longitude. Note the specular behaviour presented by both ⟨Z⟩ and ⟨vz⟩ along
these two pairs of galactocentric lines of sight. Note as well the very clear
oscillatory behaviour presented by this wave.

torus, introduced to emulate the effect of a misaligned outer DM
halo. The resulting torque causes the disc to precess retrograde at
a rate that is proportional to galactocentric distance, i.e. wdm

p ∝ r .
Because of the disc’s self-gravity the inner disc, which is strongly
cohesive, precesses slowly as a whole in a retrograde manner about
the symmetry axis of the torus, while the outer disc precesses more
rapidly generating a warp. The developing misalignment between
the inner and outer disc causes the particles in the outer disc to
feel an additional torque from the massive inner disc. SS06 showed
that the inner disc’s torque also causes the outer disc to precess
retrograde. However, it does so at a rate that decreases with galac-
tocentric distance, i.e. wid

p ∝ r−4. In isolation (i.e. neglecting the
torque from the massive outer torus), the precession rate associated
with the inner disc’s torque would induce the formation of a leading
spiral pattern. Thus, the orientation of the resulting spiral pattern
(leading or trailing) depends on the relative magnitudes of the two
torques.1 In our simulation the m = 1 pattern rapidly starts to wind
up into a leading spiral. This indicates that the torque induced by the
inner disc starts to dominate right after the pattern has been excited.
We will show that this is indeed the case in Section 4.3.

1 A trailing spiral pattern is obtained if the torque from the massive outer
torus dominates over that from the inner disc.
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frequencies in the outer regions of the disc. For example, assuming
a spherical DM halo, in the disc’s outer regions where its mass can
be regarded as negligible, the circular, !, and vertical, ν, frequen-
cies are expected to be equal (Binney & Tremaine 2008). In a more
general flattened potential, ν > !. To estimate a star particle’s ver-
tical period, let us assume locally a uniform density disc. In such a
case, it can be shown that Tz = 2π/ν = 2π/(4πGρ0)1/2, where ρ0

is the total local density. At R = 12 kpc we find Tz = 0.284 Gyr,
a very similar value to Tφ , as expected. For R ≥ 16 kpc we find
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In spite of these similar angular and vertical frequencies, it is
clear from Fig. 3 that the initial m = 1 pattern winds up signifi-
cantly over a period of ∼2 Gyr. In agreement with the empirically
derived rules of Briggs (1990), an initial warp gets distorted into a
leading spiral pattern. The reason for this has been explained in great
detail by Shen & Sellwood (2006, hereafter SS06). In this work, an
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opposite directions, 180◦ away. The green lines show the same results for
mass-weighted mean vertical velocity, ⟨vz⟩. In the bottom panel, the axis
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oscillatory behaviour presented by this wave.

torus, introduced to emulate the effect of a misaligned outer DM
halo. The resulting torque causes the disc to precess retrograde at
a rate that is proportional to galactocentric distance, i.e. wdm

p ∝ r .
Because of the disc’s self-gravity the inner disc, which is strongly
cohesive, precesses slowly as a whole in a retrograde manner about
the symmetry axis of the torus, while the outer disc precesses more
rapidly generating a warp. The developing misalignment between
the inner and outer disc causes the particles in the outer disc to
feel an additional torque from the massive inner disc. SS06 showed
that the inner disc’s torque also causes the outer disc to precess
retrograde. However, it does so at a rate that decreases with galac-
tocentric distance, i.e. wid

p ∝ r−4. In isolation (i.e. neglecting the
torque from the massive outer torus), the precession rate associated
with the inner disc’s torque would induce the formation of a leading
spiral pattern. Thus, the orientation of the resulting spiral pattern
(leading or trailing) depends on the relative magnitudes of the two
torques.1 In our simulation the m = 1 pattern rapidly starts to wind
up into a leading spiral. This indicates that the torque induced by the
inner disc starts to dominate right after the pattern has been excited.
We will show that this is indeed the case in Section 4.3.

1 A trailing spiral pattern is obtained if the torque from the massive outer
torus dominates over that from the inner disc.
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torque from the massive outer torus), the precession rate associated
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(leading or trailing) depends on the relative magnitudes of the two
torques.1 In our simulation the m = 1 pattern rapidly starts to wind
up into a leading spiral. This indicates that the torque induced by the
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Run Rvir Mtot Mgas M? Mdm Ncells N? Ndm mgas mdm fb
(kpc) (1010M�) (1010M�) (1010M�) (1010M�) (105M�) (105M�)

Aq-A-5 239.0 169.13 11.21 4.95 152.95 203822 152476 579342 5.03 26.40 0.55
Aq-B-5 183.0 75.93 4.08 4.88 66.97 108806 234310 444557 3.35 17.59 0.70
Aq-C-5 234.5 159.74 7.09 7.00 145.64 163726 273124 674547 4.11 21.59 0.51
Aq-D-5 240.2 171.67 7.59 12.10 151.97 159591 442966 657760 4.40 23.10 0.68
Aq-E-5 206.3 108.74 3.58 8.75 96.39 101041 431167 550757 3.33 17.50 0.67
Aq-F-5 209.0 113.05 8.65 8.86 95.51 331692 620784 791829 2.30 12.06 0.96
Aq-G-5 204.4 105.83 11.43 6.00 88.40 346061 328784 708979 2.83 14.88 1.03
Aq-H-5 183.1 76.06 2.95 5.01 68.10 91792 273228 525235 2.96 15.56 0.61

Aq-C-6 235.5 161.82 9.86 5.95 146.00 28702 26803 84525 32.90 172.73 0.57
Aq-C-4 234.4 159.48 8.39 5.31 145.71 1526514 1637981 5399079 0.51 2.70 0.49

Table 1. Primary numerical parameters of the simulated haloes at z = 0. We list the virial radius defined as a sphere enclosing an
overdensity of 200 with respect to the critical density. The further columns give total mass, gas mass, stellar mass and dark matter
particle mass inside the virial radius. The corresponding numbers of gaseous cells, star particles, and dark matter particles are given
next, followed by the gas mass and dark matter resolutions in the high-resolution region. Finally, the last column gives the baryon
fraction, fb ⌘ (⌦dm/⌦b)(Mgas +M? +Mbh)/Mdm relative to the cosmological mean. In all the runs, the gravitational softening has
been kept fixed in comoving units at z � 1 and in physical units (680 pc for level 5 runs) at 0  z < 1.

of our full simulation set1. The present-day virial masses2

that we quote are for the evolved hydrodynamical haloes.
Note that in a pure dark matter simulation, the correspond-
ing masses will be slightly larger because the reduction of
the baryon content below the universal mean through non-
gravitational feedback slows the mass growth of the haloes.
The baryon fraction fb of our haloes relative to the cosmo-
logical mean is reduced typically by 30% at z = 0, with
some systems having lost up to half their baryons (Aq-A
and Aq-C), and others essentially none (Aq-F and Aq-G).

The original Aquarius initial conditions contained only
dark matter particles. For our simulations, we add gas by
splitting each dark matter particle into a pair of one dark
matter and one gaseous cell, with their masses set according
to the cosmological baryon mass fraction, and a separation
equal to half the original mean interparticle spacing, keeping
the centre of mass and centre-of-mass velocity of each pair
fixed. In this way, two interleaved grids (or actually ‘glasses’,
in the case of our high-resolution region) of dark matter par-
ticles and gaseous cells are formed. We note that we split
all the particles, regardless of whether they are part of the
high-resolution region or the surrounding low-resolution vol-
ume, such that the whole volume is filled with gas. There
is hence no pressure discontinuity at the boundary of the
high-resolution region. The evolved haloes at z = 0 show
zero contamination of the virialized regions by low resolu-
tion dark matter particles, a tribute to the high quality of
the initial conditions (which were created by Adrian Jenkins
for the Aquarius project).

1 Omitting the dark matter only simulations considered in sec-
tion 5 for the sake of brevity.
2 Following standard procedure, we define the virial mass as
the mass contained within a sphere that encloses a mean mat-
ter density 200 times the critical density for closure, ⇢crit =
3H2(z)/(8⇡G).

2.2 Simulation code

In the following, we briefly describe our simulation code and
the most important parameter settings used in this work. In
the interest of brevity, we only discuss the most important
code characteristics and refer, for further details, to the code
paper of arepo (Springel 2010) and the application tests dis-
cussed in Vogelsberger et al. (2012) and Sijacki et al. (2012).

The moving-mesh code arepo employs a dynamic
Voronoi mesh for a finite-volume discretization of the Eu-
ler equations. The fluxes between the individual Voronoi
cells are calculated using a second-order Godunov scheme to-
gether with an exact Riemann solver. This approach is akin
to ordinary grid-based Eulerian schemes for hydrodynamics,
except that an unstructured mesh is used that is generated
as the Voronoi tessellation of a set of mesh-generating points.
In addition, these mesh-generating points may be moved
freely, inducing a dynamical and continuous transformation
of the mesh without the occurrence of pathological mesh dis-
tortions. The most interesting way to exploit this freedom of
a dynamic mesh is to move the mesh-generating points with
the local flow velocity. In this default mode of operation, a
pseudo-Lagrangian method results where the mass per cell
is kept approximately constant and a Galilean-invariant nu-
merical method is obtained.

The automatic adaptivity of arepo is thus similar to
that of SPH, but the mass per cell is not forced to stay
strictly constant. Instead, local variations in the gas mass
per cell may occur, but in case the mass deviates by more
than a factor of 2 from the target gas mass resolution, we ei-
ther split the cell into two, or dissolve it (as in Vogelsberger
et al. 2012), which is very similar to a Lagrangian refinement
criterion in adaptive mesh refinement (AMR) codes. But
thanks to the adaptive nature of the dynamic mesh, such re-
finement and derefinement operations are needed much less
frequently. Perhaps the most important advantage of arepo
compared to traditional mesh codes with a static mesh is a
significant reduction of advection errors, which becomes par-
ticularly relevant for highly supersonic motions. Compared
to SPH, the most important advantages are the absence of
an artificial viscosity, a reduced sampling noise, a higher ac-
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Run Rvir Mtot Mgas M? Mdm Ncells N? Ndm mgas mdm fb
(kpc) (1010M�) (1010M�) (1010M�) (1010M�) (105M�) (105M�)

Aq-A-5 239.0 169.13 11.21 4.95 152.95 203822 152476 579342 5.03 26.40 0.55
Aq-B-5 183.0 75.93 4.08 4.88 66.97 108806 234310 444557 3.35 17.59 0.70
Aq-C-5 234.5 159.74 7.09 7.00 145.64 163726 273124 674547 4.11 21.59 0.51
Aq-D-5 240.2 171.67 7.59 12.10 151.97 159591 442966 657760 4.40 23.10 0.68
Aq-E-5 206.3 108.74 3.58 8.75 96.39 101041 431167 550757 3.33 17.50 0.67
Aq-F-5 209.0 113.05 8.65 8.86 95.51 331692 620784 791829 2.30 12.06 0.96
Aq-G-5 204.4 105.83 11.43 6.00 88.40 346061 328784 708979 2.83 14.88 1.03
Aq-H-5 183.1 76.06 2.95 5.01 68.10 91792 273228 525235 2.96 15.56 0.61

Aq-C-6 235.5 161.82 9.86 5.95 146.00 28702 26803 84525 32.90 172.73 0.57
Aq-C-4 234.4 159.48 8.39 5.31 145.71 1526514 1637981 5399079 0.51 2.70 0.49

Table 1. Primary numerical parameters of the simulated haloes at z = 0. We list the virial radius defined as a sphere enclosing an
overdensity of 200 with respect to the critical density. The further columns give total mass, gas mass, stellar mass and dark matter
particle mass inside the virial radius. The corresponding numbers of gaseous cells, star particles, and dark matter particles are given
next, followed by the gas mass and dark matter resolutions in the high-resolution region. Finally, the last column gives the baryon
fraction, fb ⌘ (⌦dm/⌦b)(Mgas +M? +Mbh)/Mdm relative to the cosmological mean. In all the runs, the gravitational softening has
been kept fixed in comoving units at z � 1 and in physical units (680 pc for level 5 runs) at 0  z < 1.

of our full simulation set1. The present-day virial masses2

that we quote are for the evolved hydrodynamical haloes.
Note that in a pure dark matter simulation, the correspond-
ing masses will be slightly larger because the reduction of
the baryon content below the universal mean through non-
gravitational feedback slows the mass growth of the haloes.
The baryon fraction fb of our haloes relative to the cosmo-
logical mean is reduced typically by 30% at z = 0, with
some systems having lost up to half their baryons (Aq-A
and Aq-C), and others essentially none (Aq-F and Aq-G).

The original Aquarius initial conditions contained only
dark matter particles. For our simulations, we add gas by
splitting each dark matter particle into a pair of one dark
matter and one gaseous cell, with their masses set according
to the cosmological baryon mass fraction, and a separation
equal to half the original mean interparticle spacing, keeping
the centre of mass and centre-of-mass velocity of each pair
fixed. In this way, two interleaved grids (or actually ‘glasses’,
in the case of our high-resolution region) of dark matter par-
ticles and gaseous cells are formed. We note that we split
all the particles, regardless of whether they are part of the
high-resolution region or the surrounding low-resolution vol-
ume, such that the whole volume is filled with gas. There
is hence no pressure discontinuity at the boundary of the
high-resolution region. The evolved haloes at z = 0 show
zero contamination of the virialized regions by low resolu-
tion dark matter particles, a tribute to the high quality of
the initial conditions (which were created by Adrian Jenkins
for the Aquarius project).

1 Omitting the dark matter only simulations considered in sec-
tion 5 for the sake of brevity.
2 Following standard procedure, we define the virial mass as
the mass contained within a sphere that encloses a mean mat-
ter density 200 times the critical density for closure, ⇢crit =
3H2(z)/(8⇡G).
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code characteristics and refer, for further details, to the code
paper of arepo (Springel 2010) and the application tests dis-
cussed in Vogelsberger et al. (2012) and Sijacki et al. (2012).

The moving-mesh code arepo employs a dynamic
Voronoi mesh for a finite-volume discretization of the Eu-
ler equations. The fluxes between the individual Voronoi
cells are calculated using a second-order Godunov scheme to-
gether with an exact Riemann solver. This approach is akin
to ordinary grid-based Eulerian schemes for hydrodynamics,
except that an unstructured mesh is used that is generated
as the Voronoi tessellation of a set of mesh-generating points.
In addition, these mesh-generating points may be moved
freely, inducing a dynamical and continuous transformation
of the mesh without the occurrence of pathological mesh dis-
tortions. The most interesting way to exploit this freedom of
a dynamic mesh is to move the mesh-generating points with
the local flow velocity. In this default mode of operation, a
pseudo-Lagrangian method results where the mass per cell
is kept approximately constant and a Galilean-invariant nu-
merical method is obtained.
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that of SPH, but the mass per cell is not forced to stay
strictly constant. Instead, local variations in the gas mass
per cell may occur, but in case the mass deviates by more
than a factor of 2 from the target gas mass resolution, we ei-
ther split the cell into two, or dissolve it (as in Vogelsberger
et al. 2012), which is very similar to a Lagrangian refinement
criterion in adaptive mesh refinement (AMR) codes. But
thanks to the adaptive nature of the dynamic mesh, such re-
finement and derefinement operations are needed much less
frequently. Perhaps the most important advantage of arepo
compared to traditional mesh codes with a static mesh is a
significant reduction of advection errors, which becomes par-
ticularly relevant for highly supersonic motions. Compared
to SPH, the most important advantages are the absence of
an artificial viscosity, a reduced sampling noise, a higher ac-
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In addition, these mesh-generating points may be moved
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of the mesh without the occurrence of pathological mesh dis-
tortions. The most interesting way to exploit this freedom of
a dynamic mesh is to move the mesh-generating points with
the local flow velocity. In this default mode of operation, a
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is kept approximately constant and a Galilean-invariant nu-
merical method is obtained.
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that of SPH, but the mass per cell is not forced to stay
strictly constant. Instead, local variations in the gas mass
per cell may occur, but in case the mass deviates by more
than a factor of 2 from the target gas mass resolution, we ei-
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et al. 2012), which is very similar to a Lagrangian refinement
criterion in adaptive mesh refinement (AMR) codes. But
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frequently. Perhaps the most important advantage of arepo
compared to traditional mesh codes with a static mesh is a
significant reduction of advection errors, which becomes par-
ticularly relevant for highly supersonic motions. Compared
to SPH, the most important advantages are the absence of
an artificial viscosity, a reduced sampling noise, a higher ac-

c� 2013 RAS, MNRAS 000, 1–28

Marinacci, Pakmor and Springel 2013

⟨Z
⟩ [

kp
c]

⟨V
Z⟩

 [k
pc

]

Present-day maps
−2

−1

0

1

2

⟨Z
⟩[

kp
c]

R [kpc]

θ = 0◦, 180◦

0 5 10 15 20
−50

−25

0

25

50

⟨v
z
⟩[

km
s−

1 ]

Gomez el al. 2016a

2782 F. A. Gómez et al.

Figure 1. Top panel: map of the simulated galactic disc’s mass-weighted
⟨Z⟩ at the present day. The different colours and the relief indicate different
values of ⟨Z⟩ in kpc. Bottom panel: as in the top panel but for ⟨vz⟩. The
colour bar is in units of km s−1. In both maps a very clear vertical pattern
can be observed. Note the anticorrelation between ⟨Z⟩ and ⟨vz⟩.

tsnap = 0.309 Gyr. Thus, the small azimuthal evolution of the pattern
indicates similar values for the star particle’s angular and vertical
frequencies in the outer regions of the disc. For example, assuming
a spherical DM halo, in the disc’s outer regions where its mass can
be regarded as negligible, the circular, !, and vertical, ν, frequen-
cies are expected to be equal (Binney & Tremaine 2008). In a more
general flattened potential, ν > !. To estimate a star particle’s ver-
tical period, let us assume locally a uniform density disc. In such a
case, it can be shown that Tz = 2π/ν = 2π/(4πGρ0)1/2, where ρ0

is the total local density. At R = 12 kpc we find Tz = 0.284 Gyr,
a very similar value to Tφ , as expected. For R ≥ 16 kpc we find
Tφ ≈ Tz.

In spite of these similar angular and vertical frequencies, it is
clear from Fig. 3 that the initial m = 1 pattern winds up signifi-
cantly over a period of ∼2 Gyr. In agreement with the empirically
derived rules of Briggs (1990), an initial warp gets distorted into a
leading spiral pattern. The reason for this has been explained in great
detail by Shen & Sellwood (2006, hereafter SS06). In this work, an
initially relaxed disc is subjected to the torque of a massive outer

Figure 2. Red lines show the variation of the mass-weighted mean height
of the disc, ⟨Z⟩, as a function of galactocentric radius along two pairs of
diametrically opposed galactic longitudes. The solid line indicates the value
of ⟨Z⟩ along the positive X, Y = 0 kpc (top panel) and positive Y, X = 0 kpc
(bottom panel) directions. The dashed line shows the results obtained in the
opposite directions, 180◦ away. The green lines show the same results for
mass-weighted mean vertical velocity, ⟨vz⟩. In the bottom panel, the axis
range for ⟨Z⟩ (⟨vz⟩) has been scaled up (down) by a factor of 2 to account for
the change in the phase of the vertical pattern as a function of galactocentric
longitude. Note the specular behaviour presented by both ⟨Z⟩ and ⟨vz⟩ along
these two pairs of galactocentric lines of sight. Note as well the very clear
oscillatory behaviour presented by this wave.

torus, introduced to emulate the effect of a misaligned outer DM
halo. The resulting torque causes the disc to precess retrograde at
a rate that is proportional to galactocentric distance, i.e. wdm

p ∝ r .
Because of the disc’s self-gravity the inner disc, which is strongly
cohesive, precesses slowly as a whole in a retrograde manner about
the symmetry axis of the torus, while the outer disc precesses more
rapidly generating a warp. The developing misalignment between
the inner and outer disc causes the particles in the outer disc to
feel an additional torque from the massive inner disc. SS06 showed
that the inner disc’s torque also causes the outer disc to precess
retrograde. However, it does so at a rate that decreases with galac-
tocentric distance, i.e. wid

p ∝ r−4. In isolation (i.e. neglecting the
torque from the massive outer torus), the precession rate associated
with the inner disc’s torque would induce the formation of a leading
spiral pattern. Thus, the orientation of the resulting spiral pattern
(leading or trailing) depends on the relative magnitudes of the two
torques.1 In our simulation the m = 1 pattern rapidly starts to wind
up into a leading spiral. This indicates that the torque induced by the
inner disc starts to dominate right after the pattern has been excited.
We will show that this is indeed the case in Section 4.3.

1 A trailing spiral pattern is obtained if the torque from the massive outer
torus dominates over that from the inner disc.
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Figure 3. Time evolution of the vertical structure of the disc over a period of ∼3 Gyr. Each panel shows a map of mass-weighted ⟨Z⟩ at different times. The
colours and the relief indicate different values of ⟨Z⟩ in kpc. The onset-time of the vertical perturbation is 2.5 ! tonset

look ! 2.8 Gyr. The pattern is long-lived and
coherent at later times. In this projection the galactic disc rotates counterclockwise.

Figure 4. Maps of star particle counts in Galactic coordinates for a reference system centred at (X, Y, Z) = (0, −8, 0) kpc. The centre of each map points
towards the Galactic anticentre. The right-hand and bottom left-hand panels show maps for particles at different heliocentric distances. The ranges covered are
3.8 < dhelio < 7.8 kpc (bottom left), 5.5 < dhelio < 13.8 kpc (top right) and 11.5 < dhelio < 24 kpc (bottom right). The observational data from PS1 are shown
at the top left. Note that the different distance cuts overlap slightly to emulate the distance smearing due to the magnitude spread of MSTO stars.

The ⟨Z⟩ maps reveal that, at the present day, the vertical pattern
spans a very large range in galactic longitude. (see Fig. 1). For
example, the arm above the mid-plane covers ≤180◦ in galactic
longitude, which is reminiscent of the Mon ring. We further explore
this in Fig. 4, where we show maps of star particle counts in Galactic
coordinates centred on the galactic anticentre. For this analysis we
have selected star particles with ages younger than 5 Gyr. This
allows us to avoid significant contamination from the stellar halo
and the bulge. In addition, as we will show later in Section 4.2, the
vertical pattern is significantly better defined on this population of
star particles. We chose the Sun’s location at (X, Y, Z) = (0, −8,

0) kpc. This particular choice is arbitrary and serves to enhance the
similarities between our models and the observed morphology of
the Mon ring. We divide the star particles into three heliocentric
distance bins in order to emulate the distance ranges covered by the
three magnitude slices considered by S14:

(i) near – 3.8 < dhelio < 7.8 kpc;
(ii) mid – 5.5 < dhelio < 13.8 kpc;
(iii) far – 11.5 < dhelio < 24 kpc.

Note that, to emulate the distance smearing due to the magnitude
spread of the MSTO stars, we allow the distance cuts to overlap
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What about the perturber?

Most plausible perturber:  

Msat ~ 4e10 (at Rvir)
Time of pericenter passage:

~ 2.7 Gyr ago
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Figure 11. The solid dots indicate the time evolution of the
angle between the inner disk and semi-minor axis of the inner DM

halo, i.e. dm(0-10). The open symbol show the time evolution of

the angle between the semi-minor axis of di↵erent DM shell, as
indicated in the legend, In all cases, the color coding indicates the

galactocentric distance of the fly-by.
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Figure 12. Top panel: Time evolution of the torque exerted on

the disk’s fraction located within 14 6 R 6 15 kpc. The di↵er-
ent symbols indicate the torqued associated with four di↵erent

di↵erent spherical shells of DM, as indicated in the legend. In
addition, the overall torque exerted by all DM particles within

80 kpc is also shown. The vertical dashed line indicates the fly-

by pericenter passage time. Botom panel: Comparison between
the time evolution of the torque exerted by the overall DM halo

within 80 kpc and that exerted by the fly-by satellite. The color

coding indicates the satellite’s galactocentric distance. To allow
a direct comparison, the magnitude of the torque exerted by the

satellite has been multiplied by a factor of 40.

4.4 Dark matter halo wake

In the previous Section we have shown that the ring of stel-
lar disk particles, centred at R = 15 kpc, is subject to a
strong and transient torque that induce the sudden onset
of the disk’s vertical pattern. The driving force behind this
torque is exerted by the DM halo, specially from its inner
regions. A fraction of & 70% of this torque is coming from
the DM distribution within 10 < R < 25 kpc, whereas the
DM halo particles outside R > 50 kpc exert a negligible
torque. We have also shown than this transient torque is
not correlated with a misalignment between the disk angu-
lar momentum vector and the corresponding spherical DM
halo shell. Instead, we find its behaviour to be strongly cor-
related with the orbital phase of the fly-by encounter. The
DM halo torque pecks exactly at the satellite’s pericenter,
simultaneously with the torque exerted by the satellite itself.

Our results suggest that DM halo is acting as an ampli-
fier of the perturbation exerted by the satellite, increasing
its magnitude by a factor of ⇡ 40. It has been long known
known that a satellite galaxy orbiting its host can induce
strong distortions on the host’s DM halo density field. The
response of the DM halo to the satellite perturbation is com-
monly described as a wake and is governed by resonant dy-
namics (see Choi 2007, for a detailed and clear review). Res-
onances between the orbital frequencies of a satellite galaxy
and the host DM halo particles can globally induce an ex-
change of energy and angular momentum. For simplicity,
let us assume a satellite orbiting on a circular orbit about
a spherically symmetric non-rotating host. A resonance in
such system is defined as

m⌦
sat

= l
1

⌦
1

+ l
2

⌦
2

+ l
3

⌦
3

. (4)

Here ⌦
1

and ⌦
2

are the radial and azimuthal orbital fre-
quencies of a dark matter particle, ⌦

3

the frequency of the
azimuth of the ascending node and l

1

, l
2

, l
3

andm are integer
numbers. In a host as defined above ⌦

3

= 0 and |l
2

| 6 l = m.
The quantity l specifies the order of the resonance. In gen-
eral, the strongest resonances are those associated with cor-
rotation, i.e., l

2

= m, l
1

= 0. Furthermore, the power of a
resonance decays as / 1/rl, where r is the distance from the
satellite (e.g. Weinberg 1989). Thus, the lower the order of
the resonance, the stronger the response. The most relevant
resonances are the dipole, l = m = 1 and the quadrupole,
l = m = 2. The resulting wake on the DM overdensity field
can be thought as the superposition of di↵erent modes ex-
cited by the resonant interaction between the DM halo and
the orbiting satellite. Interestingly Weinberg (1994) showed
that the lower order modes, specially l = m = 1, are very
weakly damped and thus, such mode can persist for long
periods of times (see also Ideta 2002). The perturbation in-
duced on the DM halo during the interaction can be e�-
ciently transmitted to the inner regions of the halo, where it
can a↵ect the structure of an embedded stellar disk (Wein-
berg 1995, 1998; Vesperini & Weinberg 2000).

Vesperini & Weinberg (2000, hereafter VW00) studied
the response of a DM halo to a fly-by encounter. This study
showed that even an unbound satellite that penetrates the
outer regions of a host’s DM halo can lead to strong asym-
metries in the inner regions of the host. The strength of the
response depends on both, the velocity of the satellite and
its pericenter distance. Low velocity and close encounters
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Where is the torque coming from?
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Figure 11. The solid dots indicate the time evolution of the
angle between the inner disk and semi-minor axis of the inner DM

halo, i.e. dm(0-10). The open symbol show the time evolution of

the angle between the semi-minor axis of di↵erent DM shell, as
indicated in the legend, In all cases, the color coding indicates the

galactocentric distance of the fly-by.
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Figure 12. Top panel: Time evolution of the torque exerted on

the disk’s fraction located within 14 6 R 6 15 kpc. The di↵er-
ent symbols indicate the torqued associated with four di↵erent

di↵erent spherical shells of DM, as indicated in the legend. In
addition, the overall torque exerted by all DM particles within

80 kpc is also shown. The vertical dashed line indicates the fly-

by pericenter passage time. Botom panel: Comparison between
the time evolution of the torque exerted by the overall DM halo

within 80 kpc and that exerted by the fly-by satellite. The color

coding indicates the satellite’s galactocentric distance. To allow
a direct comparison, the magnitude of the torque exerted by the

satellite has been multiplied by a factor of 40.

4.4 Dark matter halo wake

In the previous Section we have shown that the ring of stel-
lar disk particles, centred at R = 15 kpc, is subject to a
strong and transient torque that induce the sudden onset
of the disk’s vertical pattern. The driving force behind this
torque is exerted by the DM halo, specially from its inner
regions. A fraction of & 70% of this torque is coming from
the DM distribution within 10 < R < 25 kpc, whereas the
DM halo particles outside R > 50 kpc exert a negligible
torque. We have also shown than this transient torque is
not correlated with a misalignment between the disk angu-
lar momentum vector and the corresponding spherical DM
halo shell. Instead, we find its behaviour to be strongly cor-
related with the orbital phase of the fly-by encounter. The
DM halo torque pecks exactly at the satellite’s pericenter,
simultaneously with the torque exerted by the satellite itself.

Our results suggest that DM halo is acting as an ampli-
fier of the perturbation exerted by the satellite, increasing
its magnitude by a factor of ⇡ 40. It has been long known
known that a satellite galaxy orbiting its host can induce
strong distortions on the host’s DM halo density field. The
response of the DM halo to the satellite perturbation is com-
monly described as a wake and is governed by resonant dy-
namics (see Choi 2007, for a detailed and clear review). Res-
onances between the orbital frequencies of a satellite galaxy
and the host DM halo particles can globally induce an ex-
change of energy and angular momentum. For simplicity,
let us assume a satellite orbiting on a circular orbit about
a spherically symmetric non-rotating host. A resonance in
such system is defined as

m⌦
sat

= l
1

⌦
1

+ l
2

⌦
2

+ l
3

⌦
3

. (4)

Here ⌦
1

and ⌦
2

are the radial and azimuthal orbital fre-
quencies of a dark matter particle, ⌦

3

the frequency of the
azimuth of the ascending node and l

1

, l
2

, l
3

andm are integer
numbers. In a host as defined above ⌦

3

= 0 and |l
2

| 6 l = m.
The quantity l specifies the order of the resonance. In gen-
eral, the strongest resonances are those associated with cor-
rotation, i.e., l

2

= m, l
1

= 0. Furthermore, the power of a
resonance decays as / 1/rl, where r is the distance from the
satellite (e.g. Weinberg 1989). Thus, the lower the order of
the resonance, the stronger the response. The most relevant
resonances are the dipole, l = m = 1 and the quadrupole,
l = m = 2. The resulting wake on the DM overdensity field
can be thought as the superposition of di↵erent modes ex-
cited by the resonant interaction between the DM halo and
the orbiting satellite. Interestingly Weinberg (1994) showed
that the lower order modes, specially l = m = 1, are very
weakly damped and thus, such mode can persist for long
periods of times (see also Ideta 2002). The perturbation in-
duced on the DM halo during the interaction can be e�-
ciently transmitted to the inner regions of the halo, where it
can a↵ect the structure of an embedded stellar disk (Wein-
berg 1995, 1998; Vesperini & Weinberg 2000).

Vesperini & Weinberg (2000, hereafter VW00) studied
the response of a DM halo to a fly-by encounter. This study
showed that even an unbound satellite that penetrates the
outer regions of a host’s DM halo can lead to strong asym-
metries in the inner regions of the host. The strength of the
response depends on both, the velocity of the satellite and
its pericenter distance. Low velocity and close encounters
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the disk’s fraction located within 14 6 R 6 15 kpc. The di↵er-
ent symbols indicate the torqued associated with four di↵erent

di↵erent spherical shells of DM, as indicated in the legend. In
addition, the overall torque exerted by all DM particles within

80 kpc is also shown. The vertical dashed line indicates the fly-

by pericenter passage time. Botom panel: Comparison between
the time evolution of the torque exerted by the overall DM halo

within 80 kpc and that exerted by the fly-by satellite. The color

coding indicates the satellite’s galactocentric distance. To allow
a direct comparison, the magnitude of the torque exerted by the

satellite has been multiplied by a factor of 40.

4.4 Dark matter halo wake

In the previous Section we have shown that the ring of stel-
lar disk particles, centred at R = 15 kpc, is subject to a
strong and transient torque that induce the sudden onset
of the disk’s vertical pattern. The driving force behind this
torque is exerted by the DM halo, specially from its inner
regions. A fraction of & 70% of this torque is coming from
the DM distribution within 10 < R < 25 kpc, whereas the
DM halo particles outside R > 50 kpc exert a negligible
torque. We have also shown than this transient torque is
not correlated with a misalignment between the disk angu-
lar momentum vector and the corresponding spherical DM
halo shell. Instead, we find its behaviour to be strongly cor-
related with the orbital phase of the fly-by encounter. The
DM halo torque pecks exactly at the satellite’s pericenter,
simultaneously with the torque exerted by the satellite itself.

Our results suggest that DM halo is acting as an ampli-
fier of the perturbation exerted by the satellite, increasing
its magnitude by a factor of ⇡ 40. It has been long known
known that a satellite galaxy orbiting its host can induce
strong distortions on the host’s DM halo density field. The
response of the DM halo to the satellite perturbation is com-
monly described as a wake and is governed by resonant dy-
namics (see Choi 2007, for a detailed and clear review). Res-
onances between the orbital frequencies of a satellite galaxy
and the host DM halo particles can globally induce an ex-
change of energy and angular momentum. For simplicity,
let us assume a satellite orbiting on a circular orbit about
a spherically symmetric non-rotating host. A resonance in
such system is defined as

m⌦
sat

= l
1

⌦
1

+ l
2

⌦
2

+ l
3

⌦
3

. (4)

Here ⌦
1

and ⌦
2

are the radial and azimuthal orbital fre-
quencies of a dark matter particle, ⌦

3

the frequency of the
azimuth of the ascending node and l

1

, l
2

, l
3

andm are integer
numbers. In a host as defined above ⌦

3

= 0 and |l
2

| 6 l = m.
The quantity l specifies the order of the resonance. In gen-
eral, the strongest resonances are those associated with cor-
rotation, i.e., l

2

= m, l
1

= 0. Furthermore, the power of a
resonance decays as / 1/rl, where r is the distance from the
satellite (e.g. Weinberg 1989). Thus, the lower the order of
the resonance, the stronger the response. The most relevant
resonances are the dipole, l = m = 1 and the quadrupole,
l = m = 2. The resulting wake on the DM overdensity field
can be thought as the superposition of di↵erent modes ex-
cited by the resonant interaction between the DM halo and
the orbiting satellite. Interestingly Weinberg (1994) showed
that the lower order modes, specially l = m = 1, are very
weakly damped and thus, such mode can persist for long
periods of times (see also Ideta 2002). The perturbation in-
duced on the DM halo during the interaction can be e�-
ciently transmitted to the inner regions of the halo, where it
can a↵ect the structure of an embedded stellar disk (Wein-
berg 1995, 1998; Vesperini & Weinberg 2000).

Vesperini & Weinberg (2000, hereafter VW00) studied
the response of a DM halo to a fly-by encounter. This study
showed that even an unbound satellite that penetrates the
outer regions of a host’s DM halo can lead to strong asym-
metries in the inner regions of the host. The strength of the
response depends on both, the velocity of the satellite and
its pericenter distance. Low velocity and close encounters
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FIG. 7.ÈSame as Fig. 6 but including the e†ects of weakly damped modes
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FIG. 2.ÈMaximum value of the energy in the perturbation, as aE
p
,

function of the perturber velocity V . The upper curve corresponds to Ñybys
with and the lower curve to Ñybys withp/R

h
\ 1.0 p/R

h
\ 2.0.

A simple empirical function of the form K/V a can be used
to obtain a satisfactory Ðt of the curves shown in Figures 2
and 4. These relations can be used to predict ensemble
properties (see ° 3.4 for an example). Table 2 summarizes the
values of the parameters K and a for the best Ðts for all the
cases investigated and shown in Figures 2 and 4. The scal-
ings obtained will not extend to the very low velocity regime
where they would lead to a divergence of the energy associ-
ated to the response. In the limit of very slow encounters we
expect the energy of the response to increase more slowly
and to eventually converge to a constant value (see Murali
& Tremaine 1998 for an investigation of the response of
galactic halos to adiabatic perturbations).

Figure 5 illustrates the di†erences between the response
with and without the damped modes by separately showing
the energy in the dipole and quadrupole components for
V \ 500 km s~1 and As expected, the dipolep/R

h
\ 1.0.

response is signiÐcantly stronger than that of quadrupole.
The inclusion of the damped modes leads to a much longer
and stronger dipole response, while producing no signiÐ-
cant di†erence in the quadrupole response. Such long-lived
features may explain the numerous cases of galaxies with
distorted morphologies but without any apparent inter-
acting system in their vicinities (e.g., Richter & Sancisi
1994). For example, for a system with mass and radius equal

FIG. 3.ÈSame as Fig. 1aÈ1d but including the e†ects of weakly damped modes

        pericenter ~ 53 kpc           pericenter ~ 106 kpc
FIG. 7.ÈSame as Fig. 6 but including the e†ects of weakly damped modes
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Figure 1.29 Density wakes of the dark matter halo stimulated by decaying satellite
for three different resolution halos: 106 single mass particle halo, 4 × 106 multi-mass
particle halo, and 4 × 107 multi-mass particle halo. The time of a snapshot for all
three halos is T = 1.5 and the density wakes for all three halos consist with l =1, 2,
3, and 4 contributions. The outer wake is similar in all three halos. But the inner
wake is not clearly developed in the 106 single mass particle halo while it is shown in
both 4 × 106 multi-mass particle halo, and 4 × 107 multi-mass particle halo
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Figure 13. Top panels: Overdensity maps, ⇢̂, obtained from three spherical shells centred at di↵erent galactocentric distances. The maps

are computed ⇡ 1 Gyr prior the satellite’s pericentre passage (t
look

⇡ 3.7 Gyr) and oriented with respect to the direction of the shell’s

principal axes. The triaxial shape of the DM halo can be clearly appreciated in these maps, with the semi major, intermediate and minor
axis pointing in the directions (✓,�) = (0, 180�), (0, 90�) and (90�, 0), respectively. Middle panels: Overdensity maps, ⇢̂

dipole

, obtained

after i) rotating ⇢̂ by 180� in �, ii) flipping the resulting maps about ✓ = 0�, and iii) subtracting the resulting rotated maps from

⇢̂. As above, maps are obtained at (t
look

⇡ 3.7 Gyr). The goal of this procedure is to erase quadrupolar features while enhancing any
plausible underlying dipole associated with the DM halo wake. Bottom panels: As in middle panels for the snapshot just after the satellite

pericentre passage (t
look

⇡ 2.5 Gyr). Note the strong dipolar signature at this time. Middle and bottom maps have been re-oriented such

that the ✓ = 0� plane is perpendicular to the inner stellar disk angular momentum vector.

(t
look

⇡ 3.7 Gyr) at three di↵erent galactocentric distances.
Since our DM halo is triaxial, we have oriented the maps
with respect to the direction of the shell’s principal axes.
This orientation is derived from equation (1) considering
only DM particles enclosed within the corresponding shell.
The triaxial shape of this halo can be clearly appreciated
in these maps, with the semi major, intermediate and minor
axis pointing in the directions (✓,�) = (0, 180�), (0, 90�) and
(90�, 0), respectively. To explore whether a dipolar mode is
concealed by the triaxial shape of the halo we first rotate
each map by 180� in �, then flip the resulting maps about
✓ = 0�, and finally compute

⇢̂
dipole

= (⇢̂� ⇢̂180
rot

)/2. (6)

The result of this procedure is to erase quadrupolar features
while enhancing any plausible underlying dipole associated
with the DM halo wake5. The second row of panels shows
⇢̂
dipole

at the same time as above. These maps have been re-
oriented such that the ✓ = 0 plane is perpendicular to the
angular momentum vector of the inner stellar disk (R 6 5
kpc). Note that, at these radii, we obtain ⇢̂

dipole

maps with-
out structure after removing the quadrupolar feature, except

5 Note that any quadrupolar mode excited by the DM halo –

satellite interaction would also be erased.

for some residual noise. In contrast, the third row of panels
shows the same ⇢̂

dipole

, 0.3 Gyr after the satellite pericentre
passage (t

look

⇡ 2.5 Gyr). A very clear dipolar feature, with
an amplitude of ⇡ 0.15h⇢i|r can now be observed. This is a
direct indication that a wake has been excited in the host
by the satellite. In Figure 14 we follow the time evolution
of this dipolar feature. To enhance its signature we stack
all the resulting ⇢̂

dipole

obtained from r = 2 to 20 kpc. At
every snapshot we look for the peak value of the resulting
map. We use the maximum of these peak values to normal-
ize all maps. As before, maps are oriented with respect to
the inner galactic disk. The colour coded dot indicates the
direction of the satellite, as seen from the galactic centre.
Before the satellite pericentre passage (top leftmost panel),
at t

look

= 3.7 Gyr, the map does not show any dipole signa-
tures. As the satellite approaches, a clear signature grows.
As expected from VW00, this peaks just after pericentre
passage and then slowly degrades. By the present day (bot-
tom rightmost panel), the dipolar signature has vanished.

5 DISCUSSION AND CONCLUSIONS

In this work we have analyzed a fully cosmological hydro-
dynamical simulation of the formation of a Milky Way-like

c� 2015 RAS, MNRAS 000, 1–16
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Figure 13. Top panels: Overdensity maps, ⇢̂, obtained from three spherical shells centred at di↵erent galactocentric distances. The maps

are computed ⇡ 1 Gyr prior the satellite’s pericentre passage (t
look

⇡ 3.7 Gyr) and oriented with respect to the direction of the shell’s

principal axes. The triaxial shape of the DM halo can be clearly appreciated in these maps, with the semi major, intermediate and minor
axis pointing in the directions (✓,�) = (0, 180�), (0, 90�) and (90�, 0), respectively. Middle panels: Overdensity maps, ⇢̂

dipole

, obtained

after i) rotating ⇢̂ by 180� in �, ii) flipping the resulting maps about ✓ = 0�, and iii) subtracting the resulting rotated maps from

⇢̂. As above, maps are obtained at (t
look

⇡ 3.7 Gyr). The goal of this procedure is to erase quadrupolar features while enhancing any
plausible underlying dipole associated with the DM halo wake. Bottom panels: As in middle panels for the snapshot just after the satellite

pericentre passage (t
look

⇡ 2.5 Gyr). Note the strong dipolar signature at this time. Middle and bottom maps have been re-oriented such

that the ✓ = 0� plane is perpendicular to the inner stellar disk angular momentum vector.

(t
look

⇡ 3.7 Gyr) at three di↵erent galactocentric distances.
Since our DM halo is triaxial, we have oriented the maps
with respect to the direction of the shell’s principal axes.
This orientation is derived from equation (1) considering
only DM particles enclosed within the corresponding shell.
The triaxial shape of this halo can be clearly appreciated
in these maps, with the semi major, intermediate and minor
axis pointing in the directions (✓,�) = (0, 180�), (0, 90�) and
(90�, 0), respectively. To explore whether a dipolar mode is
concealed by the triaxial shape of the halo we first rotate
each map by 180� in �, then flip the resulting maps about
✓ = 0�, and finally compute

⇢̂
dipole

= (⇢̂� ⇢̂180
rot

)/2. (6)

The result of this procedure is to erase quadrupolar features
while enhancing any plausible underlying dipole associated
with the DM halo wake5. The second row of panels shows
⇢̂
dipole

at the same time as above. These maps have been re-
oriented such that the ✓ = 0 plane is perpendicular to the
angular momentum vector of the inner stellar disk (R 6 5
kpc). Note that, at these radii, we obtain ⇢̂

dipole

maps with-
out structure after removing the quadrupolar feature, except

5 Note that any quadrupolar mode excited by the DM halo –

satellite interaction would also be erased.

for some residual noise. In contrast, the third row of panels
shows the same ⇢̂

dipole

, 0.3 Gyr after the satellite pericentre
passage (t

look

⇡ 2.5 Gyr). A very clear dipolar feature, with
an amplitude of ⇡ 0.15h⇢i|r can now be observed. This is a
direct indication that a wake has been excited in the host
by the satellite. In Figure 14 we follow the time evolution
of this dipolar feature. To enhance its signature we stack
all the resulting ⇢̂

dipole

obtained from r = 2 to 20 kpc. At
every snapshot we look for the peak value of the resulting
map. We use the maximum of these peak values to normal-
ize all maps. As before, maps are oriented with respect to
the inner galactic disk. The colour coded dot indicates the
direction of the satellite, as seen from the galactic centre.
Before the satellite pericentre passage (top leftmost panel),
at t

look

= 3.7 Gyr, the map does not show any dipole signa-
tures. As the satellite approaches, a clear signature grows.
As expected from VW00, this peaks just after pericentre
passage and then slowly degrades. By the present day (bot-
tom rightmost panel), the dipolar signature has vanished.

5 DISCUSSION AND CONCLUSIONS

In this work we have analyzed a fully cosmological hydro-
dynamical simulation of the formation of a Milky Way-like
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Figure 13. Top panels: Overdensity maps, ⇢̂, obtained from three spherical shells centred at di↵erent galactocentric distances. The maps

are computed ⇡ 1 Gyr prior the satellite’s pericentre passage (t
look
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⇢̂. As above, maps are obtained at (t
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⇡ 3.7 Gyr). The goal of this procedure is to erase quadrupolar features while enhancing any
plausible underlying dipole associated with the DM halo wake. Bottom panels: As in middle panels for the snapshot just after the satellite

pericentre passage (t
look

⇡ 2.5 Gyr). Note the strong dipolar signature at this time. Middle and bottom maps have been re-oriented such

that the ✓ = 0� plane is perpendicular to the inner stellar disk angular momentum vector.
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⇡ 3.7 Gyr) at three di↵erent galactocentric distances.
Since our DM halo is triaxial, we have oriented the maps
with respect to the direction of the shell’s principal axes.
This orientation is derived from equation (1) considering
only DM particles enclosed within the corresponding shell.
The triaxial shape of this halo can be clearly appreciated
in these maps, with the semi major, intermediate and minor
axis pointing in the directions (✓,�) = (0, 180�), (0, 90�) and
(90�, 0), respectively. To explore whether a dipolar mode is
concealed by the triaxial shape of the halo we first rotate
each map by 180� in �, then flip the resulting maps about
✓ = 0�, and finally compute
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The result of this procedure is to erase quadrupolar features
while enhancing any plausible underlying dipole associated
with the DM halo wake5. The second row of panels shows
⇢̂
dipole

at the same time as above. These maps have been re-
oriented such that the ✓ = 0 plane is perpendicular to the
angular momentum vector of the inner stellar disk (R 6 5
kpc). Note that, at these radii, we obtain ⇢̂
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maps with-
out structure after removing the quadrupolar feature, except
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an amplitude of ⇡ 0.15h⇢i|r can now be observed. This is a
direct indication that a wake has been excited in the host
by the satellite. In Figure 14 we follow the time evolution
of this dipolar feature. To enhance its signature we stack
all the resulting ⇢̂
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obtained from r = 2 to 20 kpc. At
every snapshot we look for the peak value of the resulting
map. We use the maximum of these peak values to normal-
ize all maps. As before, maps are oriented with respect to
the inner galactic disk. The colour coded dot indicates the
direction of the satellite, as seen from the galactic centre.
Before the satellite pericentre passage (top leftmost panel),
at t

look

= 3.7 Gyr, the map does not show any dipole signa-
tures. As the satellite approaches, a clear signature grows.
As expected from VW00, this peaks just after pericentre
passage and then slowly degrades. By the present day (bot-
tom rightmost panel), the dipolar signature has vanished.
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an amplitude of ⇡ 0.15h⇢i|r can now be observed. This is a
direct indication that a wake has been excited in the host
by the satellite. In Figure 14 we follow the time evolution
of this dipolar feature. To enhance its signature we stack
all the resulting ⇢̂
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obtained from r = 2 to 20 kpc. At
every snapshot we look for the peak value of the resulting
map. We use the maximum of these peak values to normal-
ize all maps. As before, maps are oriented with respect to
the inner galactic disk. The colour coded dot indicates the
direction of the satellite, as seen from the galactic centre.
Before the satellite pericentre passage (top leftmost panel),
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= 3.7 Gyr, the map does not show any dipole signa-
tures. As the satellite approaches, a clear signature grows.
As expected from VW00, this peaks just after pericentre
passage and then slowly degrades. By the present day (bot-
tom rightmost panel), the dipolar signature has vanished.
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Figure 14. Time evolution of the dipolar mode excited on the host DM halo due to the interaction with the fly-by encounter. These maps are the result of
stacking, at every snapshot, the resulting ρ̂dipole obtained from r = 2 to 20 kpc (see text for details). All maps are normalized to the same value and oriented
with respect to the inner galactic disc. The colour coded dot indicates the location of the fly-by. The galactocentric distance of the fly-by, Rsat, is indicated on
the top of each panel.

Xu et al. 2015). Indeed, the outer MW disc exhibits an oscillating
asymmetry whose amplitude increases with Galactocentric radius,
with material visible at large Galactic latitudes (∼30◦). The mean
vertical velocity of our simulated disc, ⟨vz⟩, has a similar structure
to ⟨Z⟩, with values as large as 65 km s−1 in the outer disc. By
contrasting the phases of the ⟨Z⟩ and the ⟨vz⟩ maps, we have clearly
exposed the oscillatory behaviour of the vertical pattern.

Maybe the most interesting feature of the disc’s present day verti-
cal structure is the large span in galactic longitude (≈180◦) covered
by this pattern. By creating maps of star particle counts, we have
compared its structure to the Mon ring as seen by Pan-STARRS1
(S14). As shown by S14, the Mon ring exhibits a complex morphol-
ogy with both stream-like features and sharp edges both north and
south of the disc. A comparison between our mock data set and the
Mon ring reveals considerable similarities. Material from the simu-
lated galactic disc can be found at the correct galactic latitudes at all
radii and on both side of the disc. Previous numerical attempts to re-
produce the Mon ring based on models in which the disc is strongly
distorted by an accretion event have failed to deposit material at
the correct heights (e.g. Kazantzidis et al. 2009; G13; Price-Whelan
et al. 2015). Furthermore, well-defined arcs of disc material can be
found at large and intermediate galactocentric distances, in agree-
ment with the structure observed by S14. Unlike previous studies,
where these arc-like structures were associated with tidal debris
from disrupted satellites (e.g. Grillmair 2006, 2011), S14 showed
that they have positions and morphologies that are suggestive of a
connection to the Mon ring.

To characterize the origin of this vertical pattern in our simulated
galaxy, we have followed the time evolution of the system and
explored the main sources of perturbations. The onset of the pattern
is relatively sudden and takes place approximately at 2.5 < tlook ! 3.
Initially, it shows an m = 1 configuration but quickly starts to wind
up into a leading spiral. This indicates that the external source of the
torque, responsible for the onset of the perturbation, has decayed
over time leaving behind a misaligned outer disc. As discussed
by SS06, after this point the main torque on this misaligned outer

material comes from the inner disc. This causes the outer disc
to precess retrograde at a rate that decreases with galactocentric
distance, giving rise to the leading spiral shape.

At tonset
look all star particles in the disc are similarly perturbed, re-

gardless of their age. This rules out a scenario in which the initial
warp reflects the formation of a misaligned outer disc from newly
accreted material (e.g. R10). However, we find that, at the present
day, the vertical pattern is significantly more coherent in the sub-
population of star particles that were born just before tonset

look . Older
populations were previously heated by secular evolution or previ-
ous accretion events and, as a result, the vertical pattern in their
distributions more rapidly mixes.

To identify the main source driving this vertical pattern, we have
characterized the distribution of satellite galaxies that interact with
our host at tonset

look . The most significant perturber is a low-velocity
fly-by with a pericentre passage at tlook ≈ 2.7 Gyr. This satellite
has a total mass of ∼4 × 1010 M⊙, a pericentre at ∼80 kpc and
a velocity at pericentre of ∼215 km s−1. Even though it is not
massive enough to directly perturb the galactic disc, we find that
it significantly distorts the halo density field which subsequently
perturbs the embedded stellar disc.

The mechanism underlying this satellite–halo–disc interaction
was presented by VW00. The response of the halo is determined
by a resonant interaction with the satellite. Its strength depends not
only on the mass of the perturber, but also on its pericentre distance
and velocity. The lower the velocity, the stronger the response,
which manifest as a density wake that can be represented as a
superposition of several resonant modes. The strongest of them
are the dipole and quadrupole which are only weakly damped. In
particular, the dipolar response of the halo can be thought of as a
displacement of the halo centre of mass with respect to the central
density cusp. To search for such a dipolar response, we created
halo overdensity maps at various times, centring our coordinates
on the bottom of the potential well. This analysis showed a clear
and strong dipolar response in the inner halo (R ≤ 20 kpc) that is
well correlated with the satellite pericentre passage. As expected
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Figure 2. Maps of the simulated stellar disc’s mass-weighted mean height, hZi, at the present-day. The di↵erent colours and the relief
indicate di↵erent values of hZi in kpc. The boxes length were chosen to match those used in Figure 1.

simulation Aq-C4, presented in G16. The patterns show a
spiral morphology that winds into the inner regions with an
amplitude that gradually decreases. In general, these more
complex vertical patterns are the result of the time evolution
of an initial m = 1 mode. Once formed, warps get distorted
into spiral like patterns due to the torque exerted by their
inner and misaligned galactic disk (e.g. Shen & Sellwood
2006). Note however that the spiral-like morphology of these
patterns is not as regular and well defined as that of Aq-C4.
It is also worth noticing that Au-19, Au-21 and Au-27 could

be likely regarded as S-shaped warps if they were to be ob-
served in certain edge-on orientations. The vertical patterns
found in this subset of galaxies is reminiscent of the struc-
ture observed in the outer regions of the MW disc which, as
previously described (see Section 1), exhibits an oscillating
asymmetry whose amplitude increases with Galactocentric
radius (Slater et al. 2014; Price-Whelan et al. 2015; Xu et al.
2015).

In total, we find that at least 70% of our simulated
sample presents clearly perturbed vertical structures. The
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sample presents clearly perturbed vertical structures. The
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Figure 11. Present-day maps of four simulated stellar disc’s mass-weighted mean height, hZi, obtained by considering only star particles
with 4  Age  6 Gyr. The di↵erent colours and the relief indicate di↵erent values of hZi in kpc. The four galaxies in this figure have
undergone strong tidal interactions with massive satellite galaxies during the last 4 Gyr of evolution.

Figure 12. Top panels: As in Figure 11 for four galaxies that have not strongly interacted with massive componions during the last 4
Gyr. Bottom panels: Present-day hZi maps from the same four galaxies, obtained by considering only star particles with 0  Age  2

Gyr.

componion experienced by Au-12 at t
lb

⇠ 4 Gyr triggers the
infall of cold gas to the inner disk regions, boosting the star
formation rate within R . 10 kpc.

In Figure 13 we show hZimaps of the Au-9 disk obtained
at two earlier snapshots; t

lb

= 0.33 (left panels) and 0.66 Gyr
(right panels). The top panels show the maps obtained from
star particles that, at each snapshot, are younger than 2
Gyr. For the bottom panels only star particles with 4  Age
 6 Gyr are considered. Note that the warp in the younger
stellar component becomes stronger as time passes-by. On
the other hand, the older components shows always a very
flat hZi map.

Au-16 presents another interesting case. Comparison
between Figures 2 and 12 reveals that the hZi map ob-
tained when considering all star particles is a combination

of the vertical features observed in the older (likely tidally in-
duced) and the younger stellar populations (associated with
misaligned star forming gas). Note that the hZi maps ob-
tained with these two subset of stellar particles show very
di↵erent vertical features.

Au-19 and Au-23 present similar cases to Au-12. Both
galaxies merge with a massive companion at 5 and 4.2 Gyr,
respectively. In the case of Au-23, a very compact disk (op-
tical radius of ⇠ 17 kpc) at t

lb

⇠ 5 Gyr is strongly perturbed
by the merger event, inducing the formation of a strong bar.
However, contrary to Au-12, this galaxy continues to accrete
high angular momentum gas, thus developing an extended
disk at the present-day. This can be clearly appreciated from
Figure 2 of GR16, where the mass surface density of all
star particles in the disk is plotted as a function of time.
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be likely regarded as S-shaped warps if they were to be ob-
served in certain edge-on orientations. The vertical patterns
found in this subset of galaxies is reminiscent of the struc-
ture observed in the outer regions of the MW disc which, as
previously described (see Section 1), exhibits an oscillating
asymmetry whose amplitude increases with Galactocentric
radius (Slater et al. 2014; Price-Whelan et al. 2015; Xu et al.
2015).

In total, we find that at least 70% of our simulated
sample presents clearly perturbed vertical structures. The
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Figure 11. Present-day maps of four simulated stellar disc’s mass-weighted mean height, hZi, obtained by considering only star particles
with 4  Age  6 Gyr. The di↵erent colours and the relief indicate di↵erent values of hZi in kpc. The four galaxies in this figure have
undergone strong tidal interactions with massive satellite galaxies during the last 4 Gyr of evolution.

Figure 12. Top panels: As in Figure 11 for four galaxies that have not strongly interacted with massive componions during the last 4
Gyr. Bottom panels: Present-day hZi maps from the same four galaxies, obtained by considering only star particles with 0  Age  2
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componion experienced by Au-12 at t
lb

⇠ 4 Gyr triggers the
infall of cold gas to the inner disk regions, boosting the star
formation rate within R . 10 kpc.

In Figure 13 we show hZimaps of the Au-9 disk obtained
at two earlier snapshots; t

lb

= 0.33 (left panels) and 0.66 Gyr
(right panels). The top panels show the maps obtained from
star particles that, at each snapshot, are younger than 2
Gyr. For the bottom panels only star particles with 4  Age
 6 Gyr are considered. Note that the warp in the younger
stellar component becomes stronger as time passes-by. On
the other hand, the older components shows always a very
flat hZi map.

Au-16 presents another interesting case. Comparison
between Figures 2 and 12 reveals that the hZi map ob-
tained when considering all star particles is a combination

of the vertical features observed in the older (likely tidally in-
duced) and the younger stellar populations (associated with
misaligned star forming gas). Note that the hZi maps ob-
tained with these two subset of stellar particles show very
di↵erent vertical features.

Au-19 and Au-23 present similar cases to Au-12. Both
galaxies merge with a massive companion at 5 and 4.2 Gyr,
respectively. In the case of Au-23, a very compact disk (op-
tical radius of ⇠ 17 kpc) at t

lb

⇠ 5 Gyr is strongly perturbed
by the merger event, inducing the formation of a strong bar.
However, contrary to Au-12, this galaxy continues to accrete
high angular momentum gas, thus developing an extended
disk at the present-day. This can be clearly appreciated from
Figure 2 of GR16, where the mass surface density of all
star particles in the disk is plotted as a function of time.
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Figure 2. Maps of the simulated stellar disc’s mass-weighted mean height, hZi, at the present-day. The di↵erent colours and the relief
indicate di↵erent values of hZi in kpc. The boxes length were chosen to match those used in Figure 1.

simulation Aq-C4, presented in G16. The patterns show a
spiral morphology that winds into the inner regions with an
amplitude that gradually decreases. In general, these more
complex vertical patterns are the result of the time evolution
of an initial m = 1 mode. Once formed, warps get distorted
into spiral like patterns due to the torque exerted by their
inner and misaligned galactic disk (e.g. Shen & Sellwood
2006). Note however that the spiral-like morphology of these
patterns is not as regular and well defined as that of Aq-C4.
It is also worth noticing that Au-19, Au-21 and Au-27 could

be likely regarded as S-shaped warps if they were to be ob-
served in certain edge-on orientations. The vertical patterns
found in this subset of galaxies is reminiscent of the struc-
ture observed in the outer regions of the MW disc which, as
previously described (see Section 1), exhibits an oscillating
asymmetry whose amplitude increases with Galactocentric
radius (Slater et al. 2014; Price-Whelan et al. 2015; Xu et al.
2015).

In total, we find that at least 70% of our simulated
sample presents clearly perturbed vertical structures. The

MNRAS 000, 1–16 (2015)

Warps and waves 5

Figure 2. Maps of the simulated stellar disc’s mass-weighted mean height, hZi, at the present-day. The di↵erent colours and the relief
indicate di↵erent values of hZi in kpc. The boxes length were chosen to match those used in Figure 1.

simulation Aq-C4, presented in G16. The patterns show a
spiral morphology that winds into the inner regions with an
amplitude that gradually decreases. In general, these more
complex vertical patterns are the result of the time evolution
of an initial m = 1 mode. Once formed, warps get distorted
into spiral like patterns due to the torque exerted by their
inner and misaligned galactic disk (e.g. Shen & Sellwood
2006). Note however that the spiral-like morphology of these
patterns is not as regular and well defined as that of Aq-C4.
It is also worth noticing that Au-19, Au-21 and Au-27 could

be likely regarded as S-shaped warps if they were to be ob-
served in certain edge-on orientations. The vertical patterns
found in this subset of galaxies is reminiscent of the struc-
ture observed in the outer regions of the MW disc which, as
previously described (see Section 1), exhibits an oscillating
asymmetry whose amplitude increases with Galactocentric
radius (Slater et al. 2014; Price-Whelan et al. 2015; Xu et al.
2015).

In total, we find that at least 70% of our simulated
sample presents clearly perturbed vertical structures. The

MNRAS 000, 1–16 (2015)

Warps and waves 13

Figure 11. Present-day maps of four simulated stellar disc’s mass-weighted mean height, hZi, obtained by considering only star particles
with 4  Age  6 Gyr. The di↵erent colours and the relief indicate di↵erent values of hZi in kpc. The four galaxies in this figure have
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Figure 12. Top panels: As in Figure 11 for four galaxies that have not strongly interacted with massive componions during the last 4
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componion experienced by Au-12 at t
lb

⇠ 4 Gyr triggers the
infall of cold gas to the inner disk regions, boosting the star
formation rate within R . 10 kpc.

In Figure 13 we show hZimaps of the Au-9 disk obtained
at two earlier snapshots; t

lb

= 0.33 (left panels) and 0.66 Gyr
(right panels). The top panels show the maps obtained from
star particles that, at each snapshot, are younger than 2
Gyr. For the bottom panels only star particles with 4  Age
 6 Gyr are considered. Note that the warp in the younger
stellar component becomes stronger as time passes-by. On
the other hand, the older components shows always a very
flat hZi map.

Au-16 presents another interesting case. Comparison
between Figures 2 and 12 reveals that the hZi map ob-
tained when considering all star particles is a combination

of the vertical features observed in the older (likely tidally in-
duced) and the younger stellar populations (associated with
misaligned star forming gas). Note that the hZi maps ob-
tained with these two subset of stellar particles show very
di↵erent vertical features.

Au-19 and Au-23 present similar cases to Au-12. Both
galaxies merge with a massive companion at 5 and 4.2 Gyr,
respectively. In the case of Au-23, a very compact disk (op-
tical radius of ⇠ 17 kpc) at t

lb

⇠ 5 Gyr is strongly perturbed
by the merger event, inducing the formation of a strong bar.
However, contrary to Au-12, this galaxy continues to accrete
high angular momentum gas, thus developing an extended
disk at the present-day. This can be clearly appreciated from
Figure 2 of GR16, where the mass surface density of all
star particles in the disk is plotted as a function of time.
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Figure 11. Present-day maps of four simulated stellar disc’s mass-weighted mean height, hZi, obtained by considering only star particles
with 4  Age  6 Gyr. The di↵erent colours and the relief indicate di↵erent values of hZi in kpc. The four galaxies in this figure have
undergone strong tidal interactions with massive satellite galaxies during the last 4 Gyr of evolution.

Figure 12. Top panels: As in Figure 11 for four galaxies that have not strongly interacted with massive componions during the last 4
Gyr. Bottom panels: Present-day hZi maps from the same four galaxies, obtained by considering only star particles with 0  Age  2
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componion experienced by Au-12 at t
lb

⇠ 4 Gyr triggers the
infall of cold gas to the inner disk regions, boosting the star
formation rate within R . 10 kpc.

In Figure 13 we show hZimaps of the Au-9 disk obtained
at two earlier snapshots; t

lb

= 0.33 (left panels) and 0.66 Gyr
(right panels). The top panels show the maps obtained from
star particles that, at each snapshot, are younger than 2
Gyr. For the bottom panels only star particles with 4  Age
 6 Gyr are considered. Note that the warp in the younger
stellar component becomes stronger as time passes-by. On
the other hand, the older components shows always a very
flat hZi map.

Au-16 presents another interesting case. Comparison
between Figures 2 and 12 reveals that the hZi map ob-
tained when considering all star particles is a combination

of the vertical features observed in the older (likely tidally in-
duced) and the younger stellar populations (associated with
misaligned star forming gas). Note that the hZi maps ob-
tained with these two subset of stellar particles show very
di↵erent vertical features.

Au-19 and Au-23 present similar cases to Au-12. Both
galaxies merge with a massive companion at 5 and 4.2 Gyr,
respectively. In the case of Au-23, a very compact disk (op-
tical radius of ⇠ 17 kpc) at t

lb

⇠ 5 Gyr is strongly perturbed
by the merger event, inducing the formation of a strong bar.
However, contrary to Au-12, this galaxy continues to accrete
high angular momentum gas, thus developing an extended
disk at the present-day. This can be clearly appreciated from
Figure 2 of GR16, where the mass surface density of all
star particles in the disk is plotted as a function of time.
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simulation Aq-C4, presented in G16. The patterns show a
spiral morphology that winds into the inner regions with an
amplitude that gradually decreases. In general, these more
complex vertical patterns are the result of the time evolution
of an initial m = 1 mode. Once formed, warps get distorted
into spiral like patterns due to the torque exerted by their
inner and misaligned galactic disk (e.g. Shen & Sellwood
2006). Note however that the spiral-like morphology of these
patterns is not as regular and well defined as that of Aq-C4.
It is also worth noticing that Au-19, Au-21 and Au-27 could

be likely regarded as S-shaped warps if they were to be ob-
served in certain edge-on orientations. The vertical patterns
found in this subset of galaxies is reminiscent of the struc-
ture observed in the outer regions of the MW disc which, as
previously described (see Section 1), exhibits an oscillating
asymmetry whose amplitude increases with Galactocentric
radius (Slater et al. 2014; Price-Whelan et al. 2015; Xu et al.
2015).

In total, we find that at least 70% of our simulated
sample presents clearly perturbed vertical structures. The
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disk at the present-day. This can be clearly appreciated from
Figure 2 of GR16, where the mass surface density of all
star particles in the disk is plotted as a function of time.
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with 4  Age  6 Gyr. The di↵erent colours and the relief indicate di↵erent values of hZi in kpc. The four galaxies in this figure have
undergone strong tidal interactions with massive satellite galaxies during the last 4 Gyr of evolution.

Figure 12. Top panels: As in Figure 11 for four galaxies that have not strongly interacted with massive componions during the last 4
Gyr. Bottom panels: Present-day hZi maps from the same four galaxies, obtained by considering only star particles with 0  Age  2

Gyr.

componion experienced by Au-12 at t
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⇠ 4 Gyr triggers the
infall of cold gas to the inner disk regions, boosting the star
formation rate within R . 10 kpc.

In Figure 13 we show hZimaps of the Au-9 disk obtained
at two earlier snapshots; t

lb

= 0.33 (left panels) and 0.66 Gyr
(right panels). The top panels show the maps obtained from
star particles that, at each snapshot, are younger than 2
Gyr. For the bottom panels only star particles with 4  Age
 6 Gyr are considered. Note that the warp in the younger
stellar component becomes stronger as time passes-by. On
the other hand, the older components shows always a very
flat hZi map.

Au-16 presents another interesting case. Comparison
between Figures 2 and 12 reveals that the hZi map ob-
tained when considering all star particles is a combination

of the vertical features observed in the older (likely tidally in-
duced) and the younger stellar populations (associated with
misaligned star forming gas). Note that the hZi maps ob-
tained with these two subset of stellar particles show very
di↵erent vertical features.
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Figure 2. Maps of the simulated stellar disc’s mass-weighted mean height, hZi, at the present-day. The di↵erent colours and the relief
indicate di↵erent values of hZi in kpc. The boxes length were chosen to match those used in Figure 1.

simulation Aq-C4, presented in G16. The patterns show a
spiral morphology that winds into the inner regions with an
amplitude that gradually decreases. In general, these more
complex vertical patterns are the result of the time evolution
of an initial m = 1 mode. Once formed, warps get distorted
into spiral like patterns due to the torque exerted by their
inner and misaligned galactic disk (e.g. Shen & Sellwood
2006). Note however that the spiral-like morphology of these
patterns is not as regular and well defined as that of Aq-C4.
It is also worth noticing that Au-19, Au-21 and Au-27 could

be likely regarded as S-shaped warps if they were to be ob-
served in certain edge-on orientations. The vertical patterns
found in this subset of galaxies is reminiscent of the struc-
ture observed in the outer regions of the MW disc which, as
previously described (see Section 1), exhibits an oscillating
asymmetry whose amplitude increases with Galactocentric
radius (Slater et al. 2014; Price-Whelan et al. 2015; Xu et al.
2015).

In total, we find that at least 70% of our simulated
sample presents clearly perturbed vertical structures. The
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⇠ 4 Gyr triggers the
infall of cold gas to the inner disk regions, boosting the star
formation rate within R . 10 kpc.

In Figure 13 we show hZimaps of the Au-9 disk obtained
at two earlier snapshots; t

lb

= 0.33 (left panels) and 0.66 Gyr
(right panels). The top panels show the maps obtained from
star particles that, at each snapshot, are younger than 2
Gyr. For the bottom panels only star particles with 4  Age
 6 Gyr are considered. Note that the warp in the younger
stellar component becomes stronger as time passes-by. On
the other hand, the older components shows always a very
flat hZi map.

Au-16 presents another interesting case. Comparison
between Figures 2 and 12 reveals that the hZi map ob-
tained when considering all star particles is a combination

of the vertical features observed in the older (likely tidally in-
duced) and the younger stellar populations (associated with
misaligned star forming gas). Note that the hZi maps ob-
tained with these two subset of stellar particles show very
di↵erent vertical features.

Au-19 and Au-23 present similar cases to Au-12. Both
galaxies merge with a massive companion at 5 and 4.2 Gyr,
respectively. In the case of Au-23, a very compact disk (op-
tical radius of ⇠ 17 kpc) at t

lb

⇠ 5 Gyr is strongly perturbed
by the merger event, inducing the formation of a strong bar.
However, contrary to Au-12, this galaxy continues to accrete
high angular momentum gas, thus developing an extended
disk at the present-day. This can be clearly appreciated from
Figure 2 of GR16, where the mass surface density of all
star particles in the disk is plotted as a function of time.
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Figure 2. CMD of the stars in the ACS field is shown in the leftmost panel. Filled contours are used at densities greater than 50 stars in a 0.1 mag × 0.1 mag bin
in F814W and color, with consecutive contours displayed at 100, 150, and 250 stars per 0.01 mag2. The TRGB is indicated by a red dot-dashed line, while the 50%
completeness limit measured from the artificial star tests is marked by a blue dashed line. Old RGB stars are indicated in red, while young MS and HeB branches
are colored blue. Ellipses indicate the photometric uncertainties reported by dolphot, while the arrow indicates the direction of foreground reddening, which has
been corrected for in these data. The spatial densities of these old and young stars are shown in the middle and right panel, respectively. The densities are plotted as
Voronoi tessellations on top of an Rc-band POSS image with H i gas column densities spaced logarithmically by 0.2 dex between 5 × 1019 and 5 × 1021 cm−2. A
clear correlation between the gas and the young stars is seen, but no such coincidence is seen with the older stars.
(A color version of this figure is available in the online journal.)

the color and magnitude distribution of the observed photom-
etry. These artificial stars were added to the ACS image and
subsequently passed individually through the same photome-
try pipeline and selection criteria. By measuring the recovery
rate of these stars, we can assess incompleteness in the real
data at fainter magnitudes and measure the effects of stellar
crowding in the disk. We found that at magnitudes of F814W <
27.6 mag, more than 50% of these stars are recovered. At this
magnitude dolphot reports the typical uncertainty as 0.07 mag.
The resulting color–magnitude diagram (CMD) of the stellar
detections is shown in the leftmost panel of Figure 2.

By analyzing synthetic CMDs similar to Figure 2, we can
identify and date several distinct regions corresponding to dif-
ferent stages of stellar evolution. Such models depend critically
on metallicity, which in outer disks is found to range from
[M/H] = −1 to −0.5 (Gil de Paz et al. 2007; Bresolin et
al 2009). If the warp is formed from infalling material, we
may expect a particularly metal-poor composition, hence we
generated these CMDs with [M/H] = −1.

Using our model CMDs, we identified the region labeled
“Old Stars” in Figure 2 to be principally composed of red-giant-
branch (RGB) stars, which at 1–10 Gyr are the oldest stellar
population present as well as the most abundant. These stars
have a well-defined maximum luminosity, which corresponds
with the sharp cutoff known as the tip of the red giant branch
(TRGB). Immediately above these TRGB stars is an overdensity
of the intermediate aged (1–5 Gyr) AGB stars.

The plume at F606W–F814W = 1 corresponds to the red
helium-burning (HeB) branch. These stars, which are undergo-
ing core helium burning, are around 30–600 Myr old. The left-
most plume at F606W–F814W = 0 traces the main-sequence
stars (MS), which are typically <100 Myr. As shown by the
shaded region of the CMD, we have binned these two features
together to represent young stars. In the middle and rightmost
panel of Figure 2, the spatial density of these old and young
stars, shown as Voronoi tessellations, are compared with the
reprocessed H i gas map as indicated by the contours. A clear

correlation with the gas warp is seen with the young stars but not
with the old stars. After correcting for completeness, the mean
density of these young stars (22.7 < F814W < 27.6) in the
warp is (2.8±0.1)×10−2 stars arcsec−2. This is approximately
four times less than the mean density of the old stars (26.4 <
F814W < 27.5) at (1.25 ± 0.03) × 10−1 stars arcsec−2.

4. THE STELLAR COMPONENT OF THE WARP

To study the star formation history (SFH) of the warp, we
first defined the warp as the region of the ACS image with
coincident H i detection (>5 × 1019 cm−2). We excluded any
detections from the main disk, which we defined as the region
in the southeast corner of the ACS field bound by a stellar
density of 0.5 stars arcsec−2. The remaining area is attributed
to the stellar halo. To measure the SFH of these regions, we
used the software package match (Dolphin 2002), which fits
the observed CMD with synthetic stellar populations. These
populations were generated using stellar evolution models and
a model of completeness and photometric errors, which is
computed from the artificial star tests described in Section 3.
For this analysis, we used the stellar evolution models of Marigo
et al. (2008) with the updated AGB tracks of Girardi et al.
(2010) and adopted both a Kroupa (2001) initial mass function
(IMF) and a binary fraction of 40%. These synthetic populations
were distributed across a 36 × 25 grid in log(age)–[Z] space
with bin widths of 0.1 dex. The distance modulus was set to
m − M = 30.38 (as measured from the TRGB; Radburn-Smith
et al. 2011), the extinction was set to AV = 0.05 (Schlegel
et al. 1998), and the chemical enrichment history was required
to increase in metallicity with time. match also allows for up to
0.5 mag of differential reddening for stars younger than 40 Myr,
decreasing to 0 mag for stars older than 100 Myr. With this
setup, we measured the SFR in fixed logarithmic age bins of
width 0.3 dex. To determine the relative uncertainties in SFR
between different regions, match employs a Markov Chain
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al 2009). If the warp is formed from infalling material, we
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Figure 11. Present-day maps of four simulated stellar disc’s mass-weighted mean height, hZi, obtained by considering only star particles
with 4  Age  6 Gyr. The di↵erent colours and the relief indicate di↵erent values of hZi in kpc. The four galaxies in this figure have
undergone strong tidal interactions with massive satellite galaxies during the last 4 Gyr of evolution.

Figure 12. Top panels: As in Figure 11 for four galaxies that have not strongly interacted with massive componions during the last 4
Gyr. Bottom panels: Present-day hZi maps from the same four galaxies, obtained by considering only star particles with 0  Age  2

Gyr.

componion experienced by Au-12 at t
lb

⇠ 4 Gyr triggers the
infall of cold gas to the inner disk regions, boosting the star
formation rate within R . 10 kpc.

In Figure 13 we show hZimaps of the Au-9 disk obtained
at two earlier snapshots; t

lb

= 0.33 (left panels) and 0.66 Gyr
(right panels). The top panels show the maps obtained from
star particles that, at each snapshot, are younger than 2
Gyr. For the bottom panels only star particles with 4  Age
 6 Gyr are considered. Note that the warp in the younger
stellar component becomes stronger as time passes-by. On
the other hand, the older components shows always a very
flat hZi map.

Au-16 presents another interesting case. Comparison
between Figures 2 and 12 reveals that the hZi map ob-
tained when considering all star particles is a combination

of the vertical features observed in the older (likely tidally in-
duced) and the younger stellar populations (associated with
misaligned star forming gas). Note that the hZi maps ob-
tained with these two subset of stellar particles show very
di↵erent vertical features.

Au-19 and Au-23 present similar cases to Au-12. Both
galaxies merge with a massive companion at 5 and 4.2 Gyr,
respectively. In the case of Au-23, a very compact disk (op-
tical radius of ⇠ 17 kpc) at t

lb

⇠ 5 Gyr is strongly perturbed
by the merger event, inducing the formation of a strong bar.
However, contrary to Au-12, this galaxy continues to accrete
high angular momentum gas, thus developing an extended
disk at the present-day. This can be clearly appreciated from
Figure 2 of GR16, where the mass surface density of all
star particles in the disk is plotted as a function of time.
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Figure 13.Maps of the mass-weighted mean height, hZi, obtained
from the Au-9 disk at two di↵erent times, as indicated on the
bottom right corner of each panel. The di↵erent colours and the
relief indicate di↵erent values of hZi in kpc. Top and bottom panels
show the hZi maps obtained when star particles of Age  2 Gyr
and 4  Age  6 Gyr are considered, respectively.

The warps observed in the young stellar populations of this
galaxy is indicative of misaligned cold gas accretion. On the
other hand, the disk of Au-19 gets completely destroyed by
the merger event at t

lb

⇠ 5 Gyr. Figure 14 shows two snap-
shots from this interaction. A new thin disk quickly forms
afterwards thanks to the subsequent accretion of misaligned
cold gas.

In summary, we find that vertical perturbations in our
galactic disk arise from a variety of di↵erent mechanism. In
general, close-by interactions with large companions gener-
ate tidally induced vertical pattern that can be identified
in both the young and the old stellar populations. Instead,
mergers with massive and gas rich satellites can severely
perturbed or even destroy pre-existing disks, thus prevent-
ing the excitation of bending modes. Subsequent accretion
of misaligned cold gas can generate vertical features that are
significantly stronger in the youngest stellar populations. We
have also found clear m = 1 patterns in galaxies that have
not interacted with any massive satellite during, at least,
the last 5 Gyr. Such patterns are the results of misaligned
gas accretion from the host halo.

5 SUMMARY AND CONCLUSIONS

In this study we have characterized the vertical structure
of a suite of galactic disk models generated in a fully cos-
mological scenario using the state-of-the-art N-body mag-
netohydrodynamical code AREPO. The simulations suite,
comprising of 16 Milky Way-size galaxies, exhibits at z = 0

a wide variety of disk morphologies and extents, including
strong bars, flocculent multi arm spirals, grand design spi-
rals and compact high surface brightness disks.

Figure 14. As in Figure 6, for the galaxy Au-19. Note that after
merging with a massive companion at t

lb

⇠ 5 Gyr the pre-existing
disk get completely destroyed.

For each galactic disk, we have constructed maps of the
mass-weighted mean height, hZi , of both the stellar and the
cold star forming gas component. At the present day, the
stellar disk component presents a wide variety of vertical
structures. Approximately 30% of the sample shows either
relaxed or mildly perturbed hZi maps. The remaining 70%

show clear vertical oscillatory patterns, with amplitudes that
can be as larges as hZi > 2 kpc. The percentage of vertically
perturbed disk in our sample is in good agreement with pre-
vious observational studies based on large sample of edge-on
spiral galaxies (e.g. Ann & Park 2006). Half of the strongly
vertically perturbed disks show well-defined m = 1 patterns.
The warp angle distribution ↵, with h↵i = 4

� ± 2

�, is also
in good agreement with previous observational studies (e.g.
Reshetnikov & Combes 1998; Ann & Park 2006). In all cases,
we find the warp radius to be located well within the opti-
cal radius but outside one disk scale length (Pranav & Jog
2010). We don’t fine any clear example of U-shaped warps in
our sample. The remaining half of vertical perturbed galax-
ies show more complicated vertical patterns. These patterns
present an spiral-like morphology that winds into the in-
ner disk regions, reminiscent of the structure observed in
the outer regions of the MW disc (Slater et al. 2014; Price-
Whelan et al. 2015; Xu et al. 2015; Morganson et al. 2016).
Adding the simulation Aq-C4 (G16) to our sample results in
35% of the analyzed galactic disk presenting an oscillating
vertical asymmetry, suggesting that these type of vertical
structure are not uncommon in a cosmological context.

Maps of the mass-weighted mean vertical velocity
hV

z

i cleary reveal the oscillatory behavior of these features.
Those galaxy with perturbed hZi maps also present signif-
icantly perturbed hV

z

i maps. An anticorrelation between
|hZi| and |hV

z

i| can be appreciated in all these cases (see
also Gómez et al. 2013, 2016). This indicate hV

z

i maps
can be used to reconstruct disk’s vertical structures, even
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Figure 13.Maps of the mass-weighted mean height, hZi, obtained
from the Au-9 disk at two di↵erent times, as indicated on the
bottom right corner of each panel. The di↵erent colours and the
relief indicate di↵erent values of hZi in kpc. Top and bottom panels
show the hZi maps obtained when star particles of Age  2 Gyr
and 4  Age  6 Gyr are considered, respectively.

The warps observed in the young stellar populations of this
galaxy is indicative of misaligned cold gas accretion. On the
other hand, the disk of Au-19 gets completely destroyed by
the merger event at t

lb

⇠ 5 Gyr. Figure 14 shows two snap-
shots from this interaction. A new thin disk quickly forms
afterwards thanks to the subsequent accretion of misaligned
cold gas.

In summary, we find that vertical perturbations in our
galactic disk arise from a variety of di↵erent mechanism. In
general, close-by interactions with large companions gener-
ate tidally induced vertical pattern that can be identified
in both the young and the old stellar populations. Instead,
mergers with massive and gas rich satellites can severely
perturbed or even destroy pre-existing disks, thus prevent-
ing the excitation of bending modes. Subsequent accretion
of misaligned cold gas can generate vertical features that are
significantly stronger in the youngest stellar populations. We
have also found clear m = 1 patterns in galaxies that have
not interacted with any massive satellite during, at least,
the last 5 Gyr. Such patterns are the results of misaligned
gas accretion from the host halo.

5 SUMMARY AND CONCLUSIONS

In this study we have characterized the vertical structure
of a suite of galactic disk models generated in a fully cos-
mological scenario using the state-of-the-art N-body mag-
netohydrodynamical code AREPO. The simulations suite,
comprising of 16 Milky Way-size galaxies, exhibits at z = 0

a wide variety of disk morphologies and extents, including
strong bars, flocculent multi arm spirals, grand design spi-
rals and compact high surface brightness disks.

Figure 14. As in Figure 6, for the galaxy Au-19. Note that after
merging with a massive companion at t

lb

⇠ 5 Gyr the pre-existing
disk get completely destroyed.

For each galactic disk, we have constructed maps of the
mass-weighted mean height, hZi , of both the stellar and the
cold star forming gas component. At the present day, the
stellar disk component presents a wide variety of vertical
structures. Approximately 30% of the sample shows either
relaxed or mildly perturbed hZi maps. The remaining 70%

show clear vertical oscillatory patterns, with amplitudes that
can be as larges as hZi > 2 kpc. The percentage of vertically
perturbed disk in our sample is in good agreement with pre-
vious observational studies based on large sample of edge-on
spiral galaxies (e.g. Ann & Park 2006). Half of the strongly
vertically perturbed disks show well-defined m = 1 patterns.
The warp angle distribution ↵, with h↵i = 4

� ± 2

�, is also
in good agreement with previous observational studies (e.g.
Reshetnikov & Combes 1998; Ann & Park 2006). In all cases,
we find the warp radius to be located well within the opti-
cal radius but outside one disk scale length (Pranav & Jog
2010). We don’t fine any clear example of U-shaped warps in
our sample. The remaining half of vertical perturbed galax-
ies show more complicated vertical patterns. These patterns
present an spiral-like morphology that winds into the in-
ner disk regions, reminiscent of the structure observed in
the outer regions of the MW disc (Slater et al. 2014; Price-
Whelan et al. 2015; Xu et al. 2015; Morganson et al. 2016).
Adding the simulation Aq-C4 (G16) to our sample results in
35% of the analyzed galactic disk presenting an oscillating
vertical asymmetry, suggesting that these type of vertical
structure are not uncommon in a cosmological context.

Maps of the mass-weighted mean vertical velocity
hV

z

i cleary reveal the oscillatory behavior of these features.
Those galaxy with perturbed hZi maps also present signif-
icantly perturbed hV

z

i maps. An anticorrelation between
|hZi| and |hV

z

i| can be appreciated in all these cases (see
also Gómez et al. 2013, 2016). This indicate hV

z

i maps
can be used to reconstruct disk’s vertical structures, even
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Figure 1. Present-day face-on view of the V�band surface brightness profile, µ
v

, of the galaxies analysed in this work. The box side
lengths are indicated on the left corner of each panel. Only particles that belong to the main host are considered. The color bar indicates
di↵erent values of µ

v

in units of mag/arcsec2.

to the line of nodes. The obtained range of ↵-values is con-
sistent with previous observational studies (e.g. Reshetnikov
& Combes 1998; Ann & Park 2006) based on large samples
of optical disks. We find that the warp radius r

w

, the radius
at which the disk bends away from the inner flat disk is,
in all cases, located well within the galaxies optical radius
(Pranav & Jog 2010). Here we define the optical radius as
the radius where µ

V

= 25 mag/arcsec2. The values obtained
are r

w

⇠ 9, 7, 8.5, 5, 10, 7 kpc. In all cases we find rw & R
d

,

with R
d

the disk radial scale length (see Table 1). Warped
m = 1 like galaxies represent another ⇠ 35% of the sample.
Note that all these galaxies show S-shaped warps. Only in
the case of Au-2 we find a clear asymmetric warp. We don’t
fine any clear examples of U-shaped warps in our sample.

A third group of galaxies, comprising another ⇠ 30% of
the sample, show more complicated vertical patterns. The
vertical structure of these galaxies, i.e. Au-16, Au-19, Au-
21, Au-25 and Au-27, is reminiscent of that found in the
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Thanks!

• Minor mergers can induce substructure on the  
    Galactic disk, both in the radial and vertical directions

• Substructure induced in the DM halo density: can also  
    perturb the galactic disk 

• 70% of our galactic disk present strong vertical patterns,

• 30% present wave-like patterns. Not uncommon 

• Perturbations in these disks arise from a variety of  
   different mechanism

Summary and future


