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A B S T R A C T 

Warps are observed in a large fraction of disc galaxies, and can be due to a large number of different processes. Some of these 
processes might also cause vertical heating and flaring. Using a sample of galaxies simulated in their cosmological context, we 
study the connection between warping and disc heating. We analyse the vertical stellar density structure within warped stellar 
discs, and monitor the evolution of the scale heights of the mono-age populations and the geometrical thin and thick disc during 

the warp’s lifetime. We also compare the o v erall thickness and the vertical velocity dispersion in the disc before and after the 
warp. We find that for warps made of pre-existing stellar particles shifted off-plane, the scale heights do not change within the 
disc’s warped region: discs bend rigidly. For warps made of of f-plane ne w stellar material (either born in situ or accreted), the 
warped region of the disc is not well described by a double sech 

2 density profile. Yet, once the warp is gone, the thin and thick 

disc structure is reco v ered, with their scale heights following the same trends as in the region that was never warped. Finally, we 
find that the o v erall thickness and vertical velocity dispersion do not increase during a warp, regardless of the warp’s origin. This 
holds even for warps triggered by interactions with satellites, which cause disc heating but before the warp forms. Our findings 
suggest that the vertical structure of galaxies does not hold any memory of past warps. 

Key words: methods: numerical – galaxies: disc – galaxies: evolution – galaxies: interactions – galaxies: spiral – galaxies: struc- 
ture. 
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 I N T RO D U C T I O N  

arps in stellar disc of galaxies were first disco v ered by Van Der
ruit & Searle ( 1981 ). Large surv e ys of galaxies have since then

hown that stellar warps are present in 40 per cent to 75 per cent
f galaxies, depending on the nature of the sample (Reshetnikov & 

ombes 1998 ; Ann & Park 2006 ). Schw arzk opf & Dettmar ( 2001 )
ven found that 93 per cent of interacting/merging galaxies present 
arps (versus 45 per cent of the non-interacting galaxies). Warps 

re also commonly observed in the H I disc of galaxies (Sancisi
976 ; Bosma 1981 ; Heald et al. 2011 ). Small-scale bending waves
r corrugation patterns have also been observed using dust lanes (e.g. 
arayan, Dettmar & Saha 2020 ), and line-of-sight velocity fields (e.g. 
lfaro et al. 2001 ; S ́anchez-Gil, Alfaro & P ́erez 2015 ; G ́omez et al.
021 ; Urrejola-Mora et al. 2022 ). Stellar warps reach amplitudes up
o 25 ◦ (S ́anchez-Saavedra et al. 2003 ), and gas warps amplitudes
p to 33 ◦ (Garc ́ıa-Ruiz, Sancisi & Kuijken 2002 ). The duration of
arps is difficult to establish from observations, but simulations have 

ound that warps can last from several Myr (Semczuk et al. 2020 ) to
everal Gyr (Shen & Sell w ood 2006 ), depending on their formation
echanism. Different formation processes can also explain many of 

he warps’ morphological properties (Saha & Jog 2006 ), for instance, 
hether warps are L-shaped (one-sided), S-shaped (one side of the 
 E-mail: garciadlcruz@gmail.com (JGdlC); M.Martig@ljmu.ac.uk (MM) 
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isc rises, the other declines), or U-shaped (both sides of the disc
ise/decline) (Kim et al. 2014 ). 

In the Milky Way (MW), an H I warp has been detected at
alactocentric radii larger than R ∼ 10 kpc, reaching a height ∼4 kpc
bo v e the mid-plane in the North (l ∼ 90 ◦) and curving to the South
l ∼ 270 ◦) below 1 kpc (Levine, Blitz & Heiles 2006 ). A warp in
he stellar Galactic disc has also been detected at galactocentric radii
arger than R ∼ 9 kpc, reaching heights abo v e the mid-plane up to

5 kpc (e.g. L ́opez-Corredoira & Molg ́o 2014 ; Liu, Tian & Wan
016 ; Poggio et al. 2018 ; Romero-G ́omez et al. 2019 ; Cheng et al.
020 ; Antoja et al. 2021 ). Simulations suggest that the warp in the
alactic disc is probably due to the gravitational influence of the

nfall of the Large Magellanic Cloud (Laporte et al. 2018 , 2019 ;
oggio et al. 2021 ) or to the last passage through the Galactic disc
f the Sagittarius dwarf galaxy with the Large Magellanic Cloud 
oosting the warp’s amplitude (e.g. Purcell et al. 2011 ; G ́omez et al.
013 ; Antoja et al. 2018 ; Laporte et al. 2018 , 2019 ; Hunt et al. 2021 ).
While Van Der Kruit ( 2007 ), using the SDSS surv e y, suggested that

tellar and gaseous warps are different components, with different 
volution scenarios, G ́omez et al. ( 2017 ) found in simulations that
as and stars in warps follow the same pattern, and that they remain
oincident for at least 1 Gyr. This seems to be in agreement with
hat Chen et al. ( 2019 ) found in the MW, where the morphology of

he warp for the gas and the youngest stellar populations trace each
ther up to at least 20 kpc, suggesting that the two components are
losely linked to each other. 

Man y mechanisms hav e been proposed for warp formation, 
ncluding misalignment between the disc and the halo (Debattista & 
is is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

http://orcid.org/0000-0002-5759-5493
http://orcid.org/0000-0002-5627-0355
mailto:garciadlcruz@gmail.com
mailto:M.Martig@ljmu.ac.uk
https://creativecommons.org/licenses/by/4.0/


5404 J. Garc ́ıa de la Cruz, M. Martig and I. Minc he v 

M

S  

s  

2  

F  

1  

C  

w  

P  

w  

2  

g  

1  

n  

(
 

h  

e  

p  

N  

fl  

M  

m  

(  

a  

t  

2  

2  

e  

c  

a  

b  

v  

w  

G  

h  

t  

s  

S  

s  

r
 

d  

g  

h  

s  

f  

a  

o  

i  

b  

c

2

2

T  

g  

t  

M  

m  

w  

m  

i
a  

h  

h  

g  

t  

g  

h  

C  

a
8  

p
M  

3  

S  

1  

f  

i  

a

2

2

I  

t  

o  

a  

t  

t  

t  

t  

t  

o  

a
 

i  

fi  

a

2

A  

c  

t  

t  

d  

c  

b  

w  

s  

t  

w  

(  

c  

t

2

O  

w  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/518/4/5403/6845740 by Liverpool John M
oores U

niversity user on 25 April 2025
ell w ood 1999 ; Ideta et al. 2000 ), misalignment between the inner
tellar disc and the gas disc (Ro ̌skar et al. 2010 ; Aumer & White
013 ), interactions between magnetic fields and H I gas (Battaner,
lorido & Sanchez-Saavedra 1990 ; Battaner & Jim ́enez-Vicente
998 ), accretion of intergalactic matter on to the disc (L ́opez-
orredoira et al. 2002 ; Semczuk et al. 2020 ), bending modes or
aves embedded in the disc (e.g. Sparke & Casertano 1988 ; Re v az &
fenniger 2004 ; Chequers & Widrow 2017 ), dark matter o v erdensity
 ak es (e.g. Weinberg 1998 ; Weinberg & Blitz 2006 ; G ́omez et al.
017 ; Laporte et al. 2018 ; Garavito-Camargo et al. 2019 ), and the
ravitational interaction of an in-falling satellite (Ostriker & Binney
989 ; Weinberg 1998 ; Jiang & Binney 1999 ). In the latter scenario,
ew infalls can regenerate and maintain the warp for several Gyr
Shen & Sell w ood 2006 ). 

Many of these mechanisms are often associated with disc
eating and flaring (e.g. Gerssen & Shapiro Griffin 2012 ; Minchev
t al. 2015 ; Pinna et al. 2018 ). F or instance, mergers hav e been
roposed to create disc heating (Toth & Ostrik er 1992 ; Sell w ood,
elson & Tremaine 1998 ; Kazantzidis et al. 2008 , 2009 ) and disc
aring (e.g. Villalobos & Helmi 2008 ; Bournaud, Elmegreen &
artig 2009 ; Martig, Minchev & Flynn 2014 ). Another example is
isaligned infall of gas, which can also cause disc heating and flaring

Scannapieco et al. 2009 ), as well as warping. Therefore, disc heating
nd warping may happen simultaneously. Indeed, the outskirts of
he MW’s disc seem to be both flaring (e.g. Am ̂ ores, Robin & Reyl ́e
017 ; L ́opez-Corredoira et al. 2018 ; Thomas et al. 2018 ; Yu et al.
021 ) and warping (e.g. Chen et al. 2019 ). Khachaturyants, Beraldo
 Silva & Debattista ( 2021 ) suggested that settled warp stars may
ontribute to the flaring of the youngest stellar populations observed
t large galactocentric radii in the MW. In some cases, it could even
e possible that the warps themselves might directly cause some
ertical heating: bending waves, a phenomenon closely related to
arping, have been proposed to heat discs (Khoperskov et al. 2010 ;
ri v 2011 ). Ho we ver, heating and warping do not necessarily al w ays
appen together. In the case of satellite–galaxy interactions, whether
he disc tilts or gets heated depends on different properties of the
atellite, including its orbital properties (Vel ́azquez & White 1999 ).
hen & Sell w ood ( 2006 ) similarly found in simulations that in a
atellite–galaxy interaction, the host galaxy’s disc tilts remarkably
igidly, so that vertical heating is very limited. 

Thus, it is worth exploring the connection between warping and
isc heating/flaring. In this paper, we use a sample of simulated
alaxies from Martig et al. ( 2012 ) to explore how much disc vertical
eating happens during warps, and how warps affect the vertical
tellar density structure of galactic discs. The paper is divided as
ollows: in Section 2 , we describe the suite of simulations used as well
s our methods to characterize the warps and the vertical structure
f discs. In Section 3 , we describe different properties of the warps,
ncluding how they form. In Section 4 , we address the connection
etween warps, disc heating, and disc flaring; and summarize our
onclusions in Section 5 . 

 M E T H O D S  

.1 Simulations 

he simulations used in this work belong to a suite of simulated
alaxies in their cosmological context from Martig et al. ( 2012 ). The
echnique employed in these simulations is described in more detail in

artig et al. ( 2009 ), and consists of two different stages. First, a dark-
atter-only � cold dark matter cosmological simulation is performed
ith 512 3 dark matter particles. This is done using the adaptive
NRAS 518, 5403–5413 (2023) 
esh refinement code RAMSES (Teyssier 2002 ). In this simulation, we
dentify the dark matter haloes with a final mass between 2.7 × 10 11 

nd 2 × 10 12 M � that live in isolated environments. The merger
istories and diffuse dark matter accretion are recorded for those
aloes from z = 5 to z = 0. Secondly, a re-simulation follows the
rowth of a seed galaxy which evolves from z = 5 to z = 0 using
he merger and accretion histories obtained in the first simulation. A
alaxy containing stars, gas, and dark matter replaces each incoming
alo. For this simulation stage, a Particle-Mesh code (Bournaud &
ombes 2002 , 2003 ) is used, where gas dynamics is modelled with
 sticky-particle algorithm. Each simulation box is 800 × 800 ×
00 kpc in size, and the mass resolution is 1.5 × 10 4 M � for gas
articles and stellar particles formed during the simulation, 7.5 × 10 4 

 � for stellar particles in the initial seed galaxies at z = 5, and
 × 10 5 M � for dark matter particles. The spatial resolution is 150 pc.
tar formation obeys a Schmidt–Kennicutt law with an exponent of
.5 (Kennicutt 1998 ) abo v e gas densities of 0.03 M � pc −3 . Energy
eedback from supernovae is included and a mass-loss scheme is
mplemented following that of Jungwiert, Combes & Palous ( 2001 )
nd used in Martig & Bournaud ( 2010 ). 

.2 Warp selection and characterization 

.2.1 Alignment of the galactic plane 

n order to study warps, we need to globally align the galactic disc in
he XY plane. For this, we first compute the total angular momentum
f all stellar particles inside a sphere of radius 20 kpc. We then rotate
ll particles to align this angular momentum with the Z axis. To refine
he alignment of the disc in the XY plane, we rotate the disc a second
ime by computing again the total angular momentum’s direction but,
his time, within a cylinder with radius equal to R 25 and height equal
o six times the estimated disc thickness h scale . This estimated disc
hickness is defined as the standard deviation of the vertical position
f stars located at half the optical radius of the galaxy, R 25 , also used
nd described in Garc ́ıa de la Cruz et al. ( 2021 ). 

For galaxies with a warped disc, after computing a first approx-
mate warp onset radius (see next paragraphs), we rotate the disc a
nal time using only particles within the central unwarped region,
nd then recompute all warp parameters. 

.2.2 Identifying warps 

fter we ensure the discs are properly aligned with the XY plane, we
reate maps of the mean vertical position of stellar particles, and use
hose maps to visually identify the presence of warps. We consider
hat a disc is warped when an azimuthally wide area of the outer
isc is off-plane (see examples in Fig. 1 ). We only select warps that
learly start within R 25 . The identification of warps is done purely
y visual inspection of the maps, and is a way to identify when the
arps start to be fully developed: small perturbations might have

tarted to grow before then. We track each galaxy as a function of
ime, and note when warps start and end. We consider a warp ends
hen the warped region of the disc is not longer shifted off-plane

again, based on a visual inspection of the maps). Our final sample
onsists of 11 warps: five that have ended by redshift z = 0 and six
hat are still ongoing. 

.2.3 Characterizing warps 

nce we have identified the snapshots where the galactic disc is
arped, we proceed to characterize the warps. For that, we divide
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Figure 1. A sample of vertical position maps where warps are detected. From left to right and top to bottom: g38 , g83 , g39 , g62 , g126 , and g48 . Each pixel is 
colour-coded by the stellar particles’ mean vertical position of stellar particles (note the different colour scales on each panel). The black circle corresponds to 
R 25 , which we use to define the edge of the disc. The left column shows two examples of L-shaped warps (or one-sided), while the rest shows S-shaped warps 
(or two-sided). 
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Figure 2. Mean vertical position of the stellar density peak as a function 
of radius colour-coded for different azimuthal angles for galaxy g126 . The 
shaded areas represent the dispersion around the mean vertical position. The 
values at the largest radius are used to compute the maximum warp height and 
angle given in Table 1 . We define the onset radius of the warp as the radius 
where the vertical position of the stars starts deviating from 0 for different 
azimuthal angles (this would be ∼11 kpc for galaxy g126 shown here). 
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he disc into 10 azimuthal sectors, and each sector into o v erlapping
adial bins 2 kpc wide every 0.5 kpc. For each of these azimuthal and
adial sectors, we bin the stellar particles into 100 vertical bins up to
v e times h scale abo v e and below the galactic plane, and identify the
eak of the vertical density (the high number of bins ensures that we
an precisely identify the position of the density peak). An example 
f this can be seen in Fig. 2 . 
We compute the maximum height abo v e the mid-plane reached by

he warp. We also compute the angle between the galactic plane and
 line joining the maximum of the warp to the galactic centre: we
ill call this the warp angle. 
From all the information extracted in this process and represented 

n Fig. 2 , we also extract the onset radius of the warp, as it can clearly
e seen when the peak of the vertical stellar density starts to shift
way from the galactic plane. We record the value of the warp angle,
eight, and onset radius throughout the warp’s life. The maximum 

alues of the warp angle and height o v er its whole lifetime are found
n Table 1 . 

.3 Vertical density profiles and scale heights 

e analyse the vertical density distribution for stars in the disc both
nside and outside the warped region of the disc. To compute a single
ertical density profile at a given radius, we first need to correct
or the different vertical shifts in vertical density as a function of
zimuth caused by the warp itself. For that, after dividing the disc
nto different azimuthal and radial bins as described in Section 2.2 ,
e compute the dispersion of the vertical position of the stars in

very disc region. Then, we compute the median value of the vertical
osition from all stellar particles whose vertical position is smaller 
han the previously computed vertical dispersion. Finally, we shift 
niformly all the stellar particles within the region by this median
alue. With this, the peak of the vertical stellar density is aligned
MNRAS 518, 5403–5413 (2023) 
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M

Table 1. Summary of the general features of our warp sample. In the final time column, the symbol ‘-’ means the warp is ongoing by z = 0. In the symmetry/shape 
column, ‘L’ means the warp is one-sided, while ‘S’ means is two-sided, with each side going in opposite directions. 

Galaxy ID R 25 at final time Initial time Final time Symmetry/shape max. | z | max. | θ | Lik ely w arp agent 
kpc Gyr Gyr kpc ◦

g38 34.5 11.9 12.4 L 1.44 2.52 internally driven 
g128 17.0 9.8 10.1 L 0.65 2.23 internally driven 
g35 29.3 13.1 – L 3.64 7.25 satellite 
g62 24.4 13.0 – S 1.60 3.72 satellite 
g83 25.6 12.3 – S 2.14 4.79 satellite 
g126 21.0 12.1 – S 2.00 5.47 satellite 
g148 14.9 11.9 13.3 S 1.27 4.47 satellite 
g48 24.7 9.8 – S 5.20 11.91 stellar ring 
g59 29.9 11.1 – S 7.60 20.37 stellar ring 
g102 21.5 9.8 12.6 S 2.78 8.60 stellar ring 
g39 32.8 8.0 9.7 S 6.68 11.52 accretion 

Figure 3. Top: normalized vertical stellar density for different azimuthal 
angles within a stellar ring in the disc for galaxy g83 . Bottom: the result of 
shifting uniformly all stellar particles in the given azimuthal angle following 
the method described in Section 3 . This shows density profiles that are very 
similar in the different angular sectors of the disc, with only small variations 
at large height. We apply this methodology for all the analysis of this work. 
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ith the galactic plane of the galaxy for a given radius and azimuthal
ector. An example of this technique is shown in Fig. 3 . 

After correcting for the vertical shift caused by the warp in different
zimuthal sectors, we fit the density profiles with a double sech 2 

epresenting a thin and thick disc following the same method as in
arc ́ıa de la Cruz et al. ( 2021 ) and explained below. We bin the disc

tellar particles in cylindrical shells with a width of 2 kpc and a height
NRAS 518, 5403–5413 (2023) 
f 6 h scale . At each radius, we compute the vertical number density
f particles using 30 bins, and fit the profile using a combination of
wo sech 2 functions: 

( z) = N 0 

(
(1 − α) sech 2 

(
z 

h thin 

)
+ αsech 2 

(
z 

h Thick 

))
, (1) 

here N 0 is the stellar number density at the mid-plane, h thin and h Thick 

orrespond to the scale heights of the thin and thick disc respectively,
nd α is the number density fraction of the thick disc o v er the global
isc. 
The fits for the scale height are obtained using the Markov Chain
onte Carlo (MCMC) python package EMCEE (F oreman-Macke y

t al. 2013 ) to sample the posterior distribution. Following Bennett &
ovy ( 2019 ), we use a Poisson distribution for the likelihood, which
e write as follows: 

n L ( N c | N p ) = 

∑ 

−N p + N c · ln ( N p ) − ln ( N c !) , (2) 

here N c is the number of stellar particles counted in the bin, N p 

s the number of stellar particles predicted by the model, and N c ! is
ndependent of the models and thus ignored for the computation of
he likelihood. As for the priors, we let h thin and h Thick take any value
rom 0 to 15 kpc, α from 0 to 1, and we set N 0 to be positive. 

We sample the posterior using 200 w alk ers and 5000 steps. The
 alk ers start from random positions around the best-fitting value
btained using the ScyPy routine curve fit (Virtanen et al.
020 ). The final values we report for each parameter are the median
nd the 16th to 84th percentiles range of the posterior distribution. 

We also compute the scale heights of mono-age populations
y fitting a single sech 2 as discussed in Garc ́ıa de la Cruz et al.
 2021 ). The mono-age populations are obtained by splitting the stellar
articles into 0.5 Gyr age bins from 0 to 9 Gyr, and 2 Gyr age bins
rom 9 to 13 Gyr. The spatial bins are the same used for the fits of
he global thin and thick discs. 

 WA R P  F O R M AT I O N  PROCESSES  A N D  

H A R AC T E R I S T I C S  

fter identifying and characterizing the galactic warps as described
n Section 2 , our final sample consists of 11 warps: five that have
nded by redshift z = 0 and six that are still ongoing. In this section,
e first present the mechanisms creating the warps, and then discuss

he shape, duration, and amplitude of the warps. 
We find that the different warp formation processes can be grouped

nto two categories. Warps belonging to the first group arise when the
tellar particles living in the disc experience a shift of their vertical

art/stac3371_f3.eps
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osition. In order words, the warp is made of stellar particles that
lready existed in the disc prior to the warp itself. The two main
hannels to create such a warp are vertical instabilities in the absence
f satellite galaxies or through an interaction with a satellite galaxy, 
.e. a flyby or a merger. On the other hand, warps belonging to the
econd group form when new stellar material is added to the galaxy
n off-plane orbital configurations. This can happen either because 
tars are accreted on to the disc, or because stars are born already in
n off-plane configuration out of a bent gas disc. Next, we provide
 more detailed description of the formation of the warps from our
ample (see also a summary in Table 1 ). 

.1 Internally dri v en war ps 

n two galaxies, we notice warps that appear while no massive 
atellite is visible in our stellar density maps (out to a distance of
0 kpc from the galactic centre). In those discs, a bending wave starts
xpanding from the inner disc outwards. When this bending wave 
eaches the outermost part of the disc, it has widened enough to form
n L-shaped warp. The origin of this feature is difficult to determine.
t could be related to the underlying dark matter distribution (e.g. 
esperini & Weinberg 2000 ; Weinberg & Blitz 2006 ; G ́omez et al.
017 ; Laporte et al. 2018 ), but we inspected the dark matter density
aps and found no massive satellites orbiting around the galaxy. 
hese warps might instead be triggered by the shape of the halo

Yurin & Springel 2015 ), by misalignments between the dark matter 
nd the stellar component (Debattista & Sell w ood 1999 ; Jiang &
inney 1999 ; Shen & Sell w ood 2006 ), as well as by spiral arms

F aure, Siebert & F amae y 2014 ) or internal bending instabilities
Re v az & Pfenniger 2004 ). Given that this paper is mostly focused
n how the vertical structure of discs responds to warps, rather that
hat caused the warps in the first place, we leave a full exploration
f the origin of these warps for future work. We find two warps
elonging to this category: g38 , g128 . 

.2 Interactions with satellites 

hese warps are created by the interaction between a satellite and 
he host galaxy, either a merger or a flyby (we list next the stellar

asses of the satellites at their last apocentre before the encounter 
reating the warp). Galaxies belonging to this category mostly form 

-shaped warps. 
g35 : a satellite with M � = 6 × 10 9 M � (corresponding to a mass 

atio of 1:22 with respect to the stellar mass of the host galaxy) orbits
everal times around the galaxy. After a pericentre passage at t ∼
2.9 Gyr during which the satellite crosses the disc (at a distance of
4 kpc from the centre), a warp appears at t ∼ 13.1 Gyr on the side
f the disc through which the satellite has passed (this is the only
-shaped warp of this category). 
g62 : a satellite with M � = 2 × 10 9 M � (corresponding to a mass 

atio of 1:27) crosses the disc at t ∼ 11.8 Gyr. This crossing coincides
ith its pericentre passage (16 kpc from the centre of the galaxy)

nd creates multiple vertical bending waves. Around t ∼ 13.0 Gyr, a 
arp develops on one side of the disc and then shortly evolves into

n S-shaped warp. 
g83 : a satellite with M � = 1 . 9 × 10 9 M � (corresponding to a mass 

atio of 1:21) orbits the disc in a highly inclined configuration. It
eaches its first pericentre (28 kpc from the centre) at 11.4 Gyr,
reating a warp at t ∼ 12.3 Gyr. A second passage at t ∼ 13.4 Gyr
ncreases the amplitude of the warp. 

g148 : a satellite with M � = 4 × 10 8 M � (corresponding to a mass 
atio of 1:70) orbits the disc with a low inclination. A pericentre
assage at 10.9 Gyr (14 kpc from the centre) triggers a warp at t ∼
1.9 Gyr. 
g126 : a satellite with M � = 3 × 10 9 M � (corresponding to a mass 

atio of 1:8) orbits the disc with a low inclination before merging with
he core of the galaxy at 11.2 Gyr. The interaction creates vertical
scillations propagating from the inner to the outer disc. The warp
orms at t ∼ 12.1 Gyr when these vertical oscillations reach the outer
isc. A stellar ring forms later on, at t ∼ 12.5 Gyr, in a slightly
ent configuration, which reinforces the warp and increases its 
uration. 

.3 Accretion on an inclined orbit 

39 : a satellite with M � = 7 × 10 9 M � (corresponding to a mass ratio 
f 1:18) orbits the disc a few times before merging with the core of
he galaxy at 8 Gyr. During its final inspiral (starting at 7.5 Gyr) the
atellite scatters around stellar particles both belonging to the satellite 
nd the host galaxy in off-plane configurations. At t ∼ 8 Gyr, the disc
rows and the off-plane material falls back on to the disc, forming
n S-shaped warp. 

.4 Formation of an inclined stellar ring 

hese warps form when a massive merger perturbs the gas disc,
hich ends up misaligned with respect to the stellar disc. Later on, a
yby triggers star formation in the outer regions of the inclined gas
isc, forming an inclined stellar ring. The gravitational interaction 
etween the stellar disc and the stellar ring pulls the latter down to
he galactic plane. The warp is the product of this mixing between
he aligned stellar disc and the off-plane stellar material. As with
arps created from interactions with satellites, these warps are also 
-shaped. A visual representation of this process can be found in
ppendix A . 
g48 : a satellite with M � = 1 . 1 × 10 10 M � (corresponding to a mass 

atio of 1:4) merges with the core of the galaxy at 8.2 Gyr. About
.5 Gyr later, at t ∼ 9.8 Gyr, a stellar ring forms following a flyby
rom another satellite. The time evolution of this galaxy is shown in
ppendix A . 
g59 : a satellite with M � = 1 × 10 10 M � (corresponding to a mass 

atio of 1:3) merges with the core of the galaxy at 8.3 Gyr. Its final
nspiral starts at 7.5 Gyr, and spreads gas around the galaxy. During
he next Gyr, flybys from two massive satellites keep the gas inclined
ntil, finally, it condenses and forms stars at t ∼ 11.1 Gyr. A stellar
ing forms in an inclined configuration, and as with g48 , this stellar
ing creates the warp. 

g102 : a satellite with M � = 1 . 5 × 10 9 M � (corresponding to a 
ass ratio of 1:15) starts its final inspiral at 8 Gyr and merges with

he core of the galaxy at 8.7 Gyr. In the next Gyr, two satellites
ass close to the disc and, shortly after this, an inclined stellar ring
evelops outside of R 25 at t ∼ 9.8 Gyr. This structure progressively
alls on to the disc, creating the warp. 

We record the shape and duration of all these warps. We also
ompute the maximum height abo v e the mid-plane reached by the
arp as well as the maximum warp angle. All these properties are

ummarized in Table 1 . The values we find for most warp angles are
omparable to those found in observations (e.g. S ́anchez-Saavedra 
t al. 2003 ; Ann & Park 2006 ; Reshetnikov et al. 2016 ) and in other
imulations (e.g. G ́omez et al. 2017 ). Only one galaxy, g59 , is a clear
utlier with a very strong warp when compared with observational 
tudies. Such strong warps are rarely observed, but they exists (see
.g. S ́anchez-Saavedra et al. 2003 ), and are not rare in simulations
Kim et al. 2014 ). 
MNRAS 518, 5403–5413 (2023) 
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Figure 4. Maximum warp angle as a function of the duration of the warp, 
colour-coded by the maximum height o v er the galactic plane. The shape 
of points represents the origin of the warp: triangles are internally driven, 
squares are satellite interactions, diamonds are stellar accretion from inclined 
orbits, and circles are stellar rings being born in off-plane configurations. 
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In Fig. 4 , we show the warp angle as a function of warp duration
the symbols indicate the origin of the warp, and the colour code
he maximum height in kpc reached by the warp). For warps
hat are ongoing at z = 0 (indicated by an arrow), the measured
uration is only a lower limit, but we still find a general correlations
etween warp amplitude and duration. We find that internally driven
arps have the shortest duration, around 0.5 Gyr. Their maximum

mplitudes are also the smallest within the sample, not reaching
bo v e ∼2.5 ◦ (for g38 , the warp reaches a maximum height of 1.4 kpc,
hich might seem high, but the optical radius of the galaxy is very

arge so that it corresponds to a small warp angle). By contrast, warps
riven by gravitational interactions between satellites and their host
alaxies (flybys or mergers) can last longer than 1 Gyr, in agreement
ith Shen & Sell w ood ( 2006 ). The longest warp within this category

s found in g126 : as described earlier, this is a special case where
he warp is reinforced by the creation of an inclined stellar ring.
ompared to internally driven w arps, w arps created by interactions

each higher angles abo v e the mid-plane, up to ∼7.2 ◦. This general
rend was also observed by Schw arzk opf & Dettmar ( 2001 ). Finally,
arps produced by off-plane stellar rings or by off-plane stellar

ccretion have the longest duration within the sample, lasting several
yr. These warps also reach the largest heights abo v e the galactic
lane. 

 M O N I TO R I N G  DISC  H E AT I N G  D U R I N G  

AR P S  

n this section, we examine the evolution of the vertical density
tructure of discs during warps, from 0.5 Gyr before a warp starts
o 0.5 Gyr after it ends (for the warps that end before z = 0). By
oing this, we try to minimize the effect that other processes like
ergers may have on the disc, and limit our analysis to the warp

nly. We first study whether the vertical density structure of the
arped region is distinct from the one in the unwarped inner part of

he disc. We then follow the time evolution of both the thickness of the
isc and the vertical velocity dispersion to understand if the warped
egion of the disc experiences more vertical heating than the inner
isc. 
NRAS 518, 5403–5413 (2023) 
.1 Inner–outer disc transition 

e examine the evolution of the scale heights of the thin disc, thick
isc, and mono-age populations during different epochs: before the
arp starts (first column of Figs 5 and 6 ), during the warp (middle

olumns of Figs 5 and 6 ), and (when possible) after the warp has
nded (last column of Figs 5 and 6 ). We study whether scale heights
ehave differently within the warped region of the disc. We find
wo main cases within our galaxy sample, which are represented in
igs 5 and 6 , respectively, and explained below: in the first case,

he scale heights never behave very differently within the warped
egion of the disc. Therefore, in terms of the scale heights, there is
o transition between the non-warped and the warped regions of the
isc. In the second case, during the warp, the scale heights behave
ery differently within the warped region of the disc. Hence, there is
 transition between the non-warped and the warped regions of the
isc in terms of the vertical stellar density. 

.1.1 The vertical density structure is preserved at all times 

n this category, we find galaxies whose warps are either internally
riven or created by an interaction with a satellite. In those cases,
he scale heights of mono-age populations and of the thin and thick
isc behave similarly in the inner non-warped region and in the outer
arped region of the disc. For instance, in case of a flat thick disc, top

ow of Fig. 5 , the scale heights of the thick disc are similar in the inner
nd outer disc. In case of a flared thick disc, middle row and bottom
ow of Fig. 5 , the scale heights continuously increase as a function
f radius (both for the global thick disc and most of the mono-age
opulations). The scale heights sometimes flatten slightly in the very
uter disc (outside of R 25 , marked by the dashed black line in Fig. 5 ),
ut otherwise the y behav e similarly in the warped and unwarped
egions. It is possible that the similarity between the inner and outer
isc might also reinforced by radial migration (Khachaturyants et al.
021 ). For the case of g126 in particular, the flaring displayed in the
eftmost panel of the middle row is the product of the merger at t ∼
0.5 Gyr. Yet, no increase of flaring is observed during the warp’s
ifetime. In fact, the rest of the panels of the middle row show new
enerations of stars being born in cold and flat configurations also
ithin the warp. Lastly, the bottom row of Fig. 5 is also showing that,

fter the warp is gone, the vertical structure of the disc does not keep
 memory of the warp. 

It is interesting to notice that warps in this category are created
hen stellar particles already living in the disc before the warp get

ilted. The fact that the geometrical thin/thick disc structure holds
ithout being strongly affected by the warp means that all the stellar
articles are shifted uniformly for a given radius and azimuthal region
f the disc. 

.1.2 The vertical stellar density is temporarily altered during the 
arp 

n galaxies whose warp is produced by stellar material either being
ccreted or born in off-plane configurations, the vertical stellar
ensity temporarily changes from the inner and non-warped disc
o the outer and warped disc. In particular, during the warp, the
arped region of the disc is not well described by a double sech 2 

ensity profile, which in practice leads to large uncertainties on the
hick disc scale heights in the warped region (as shown in Fig. 6 ). 

An example of this category is g39 , which is illustrated in the top
ow of Fig. 6 . After a merger at t ∼ 7.5 Gyr, the vertical density
ithin the disc settles down except close to the disc’s edge R 25 (see

art/stac3371_f4.eps
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Figure 5. Values of the scale height against radius for the thin disc (triangles), thick disc (squares), and mono-age populations (solid lines) colour-coded by age 
at z = 0. Mono-age populations from 9 to 11 Gyr and from 11 to 13 Gyr are binned together, every other mono-age population spans 0.5 Gyr. The first column 
corresponds to a time before the start of the warp, the middle columns are during the warp, and the last column is either after the end of the warp, or at z = 0. 
The x -axis spans from the beginning of the disc to R 25 at the cosmological time of the rightmost panel. The solid vertical black line represents the onset radius 
of the galactic warp, while the dashed vertical black line marks the value of R 25 at the time of the snapshot indicated abo v e each panel. The top row represents 
galaxy g83 , where the warps starts at 12.3 Gyr and is still in place by z = 0. The thick disc stays flat all along. The middle row represents galaxy g126 , whose 
warps starts at 12.1 Gyr and is still active by z = 0. Both the flaring of the thick disc and MAPs are preserved throughout the warp. The bottom row represents 
galaxy g38 , whose warp starts at 11.9 Gyr and f ades aw ay at 12.5 Gyr. The scale heights of both thin and thick disc, as well as MAPs do not experience major 
changes during the warp. 
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eftmost panel). Later, the warp forms when material spread by the 
erger is accreted. The amount of material being accreted is such 

hat the stellar vertical density is not well described by a double
ech 2 anymore, hence the large uncertainties in the thick disc’s scale 
eights within the warp (see two middle panels). After the warp is
one, the disc settles back into a double sech 2 structure (see rightmost
anel). 
A similar inner–outer disc transition is observed for galaxies which 

ormed an outer ring structure off-plane, like galaxy g48 illustrated 
n the bottom row of Fig. 6 . At t ∼ 9.7 Gyr, the disc beyond 14 kpc
s poorly described by a double sech 2 (see leftmost panel). This
s due to the aftermath of a merger at t ∼ 8 Gyr, which induced
ertical perturbations (although not in the form of a warp). Yet, 
nce the disc reco v ers from the merger, the double sech 2 structure
tarts to reappear. A warp then develops in the outer disc because
f an interaction with another satellite, leading to the formation of
n inclined stellar ring. In this region, the disc structure is altered
symmetrically by the high amount of stellar material at high z abo v e
r below the galactic plane (see two middle panels). However, once 
his material settles down within the disc, the double sech 2 reappears
ven before the warp is fully gone (see rightmost panel). 

Regardless of the accreted/ in situ origin of the material, warps
hat fall into this category are created because new material is added
o the disc at large height, as opposed to those where stars in the
isc get tilted. Here, the double sech 2 structure is not preserved
ithin the warp region, but it reappears after the off-plane material

ettles down within the disc. As shown in Fig. 6 , the reappearance
f the double sech 2 is mostly due to the settling down of the warped
aterial rather than to the formation of new stars in an unwarped

onfiguration. Therefore, once the warp is gone, the thin and thick
isc structure is reco v ered, with no sign of where the warp’s onset
adius used to be. 

Here, the double sech2 structure is not preserved within the warp
egion, but it reappears after the off-plane material settles down 
ithin the disc; as shown in Fig. 6 , the reappearance of the double

ech2 is mostly due to the settling down of the warped material rather
han to the formation of new stars in an unwarped configuration. 
MNRAS 518, 5403–5413 (2023) 
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Figure 6. Similar to Fig. 5 but for two galaxies whose disc’s vertical density profile is altered during the warps. The top row represents galaxy g39 , where the 
warp starts at 8 Gyr and ends at 9.7 Gyr. In the warped region (beyond the solid vertical line), the vertical density structure is no longer well described by a 
double sech 2 , hence the large uncertainties in the thick disc’s scale heights. Ho we ver, as the w arp f ades aw ay, the global thin/thick disc structure is reco v ered 
throughout the disc and no sign of the past warp is seen. The bottom row represents galaxy g48 , where the warp starts at 9.8 Gyr and is still present at z = 0. 
The same effect can be seen, with the thin and thick disc structure reco v ered for almost all radii even before the warp has finished. 

4

I  

w  

p  

b  

i  

o  

m  

i  

t  

c
 

p  

C  

m  

t  

t  

b  

b  

o
 

v  

(  

d  

b  

c
 

w  

r  

t  

a  

h  

o  

r  

b  

r  

fl  

c  

(  

i  

a  

1  

b  

J  

s  

t  

c  

t  

t  

h  

g  

c  

a  

d  

w  

f

5

I  

w  

a  

a  

W  

t  

e

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/518/4/5403/6845740 by Liverpool John M
oores U

niversity user on 25 April 2025
.2 Disc heating 

n order to clarify whether disc heating or flaring take place during
arps, we follow the time evolution of the dispersion of the vertical
osition and v ertical v elocity of the stellar particles in two radial
ins: one in the inner and non-warped part of the disc, and the other
n the outer and warped part of the disc. We monitor the evolution
f these quantities only half a Gyr before and after the warp to
inimize the effects of other disc heating agents. We only include

n the computation stars born before the start of the warp to isolate
he effect of the warp on the vertical structure of the disc, and a v oid
ontamination by young stars born during the warp phase. 

On the top row of Fig. 7 we show the dispersion of the vertical
osition in a region within the inner disc ( top ) and outer disc ( bottom ).
learly, the disc thickness does not change as a function of time for
ost galaxies, both in the inner and outer region of the discs. The

wo cases where there is a significant change are g48 and g59 . For
hese galaxies, which have long-lasting warps, the inner disc actually
ecomes thinner with time (even when only considering stars born
efore the start of the warp), because of the gravitational influence
f new generations of stars being born in a cold configuration. 
A similar effect is observed on the bottom row of Fig. 7 . The

 ertical v elocity dispersion does not increase because of the warp
both in the inner and outer disc). In many cases, the vertical velocity
ispersion does not change at all. In a few cases, we see σv z decrease
ecause of response of the disc to the formation of young stars in a
old configuration. 

From this, we conclude that disc heating does not happen during
arps, even in the outer regions. This can be due to a few different

easons. First, in cases of warps triggered by interactions, we find
hat heating happens on faster time-scales than w arping: w arps need
 few dynamical time-scales to fully emerge. This means that disc
eating is finished before the warp starts to dominate the structure
f the disc. The best example of this is galaxy g126 in the middle
NRAS 518, 5403–5413 (2023) 
ow of Fig. 5 : a merger happens at t ∼ 10.5 Gyr and creates flaring
efore the warp starts at t ∼ 12.1 Gyr (see leftmost panel of middle
ow of Fig. 5 ). Then, the warp develops and no further heating or
aring is observed. Second, not all galaxy–satellite interactions may
ause vertical disc heating as pointed out by Vel ́azquez & White
 1999 ). In particular, most of the interactions responsible for warps
n our simulations have very small mass ratios: except for g126,
ll galaxies undergo interactions with mass ratios between 1:20 and
:70. Those small interactions are enough to create strong warps,
ut not to heat discs vertically (see for instance Moetazedian &
ust 2016 ). Finally, while Khoperskov et al. ( 2010 ) and Griv ( 2011 )
uggested that bending waves can cause vertical disc heating, we find
hat warps are not a source of vertical heating in our simulations. It
ould be that in a few galaxies the lack of heating might be connected
o a saturation effect (e.g. Quillen & Garnett 2001 ). Ho we ver, we find
hat even galaxies with a low velocity dispersion do not experience
eating during warps (see Fig. 7 ), so saturation cannot explain the
eneral lack of heating we observe in all galaxies. Thus, warps only
orrespond to a global shift of the vertical structure of the disc or to
n asymmetrical alteration of the vertical density, and when warps
isappear discs reco v er their initial vertical structure. It is unclear
here the energy that excited a warp is transferred after the warp

ades: this remains to be explored in future work. 

 C O N C L U S I O N S  

n this work, we analysed the connection between disc heating and
arping using the simulations from Martig et al. ( 2012 ). We chose
 subsample of six simulated galaxies with warps present at z = 0,
s well as five other galaxies which underwent warps in the past.
e computed scale heights for mono-age populations as well as for

hin and thick discs after correcting for the warps’ vertical shift as
xplained in Section 2 and represented in Fig. 3 . 
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Figure 7. Top row: standard deviation of the vertical position of the stellar particles before and after the warp within a region in the non-warped part of the disc 
(left), and outer and warped part of the disc (right). Points are colour-coded by the duration of the warp, and the shape represents whether the warp is finished 
(circles) or not (diamonds). We only include in the computation stars born before the start of the warp to isolate the effect of the warp on the vertical structure 
of the disc. Bottom row : equi v alent of the top row for the vertical velocity dispersion. These plots show that there is no disc heating during the warp. For most 
galaxies, both the disc thickness and the vertical velocity dispersion are nearly constant as a function of time, even when we only consider populations born 
before the start of the warp. 
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We found that for warps either internally driven or created by 
nteractions, the scale heights of the geometrical thin and thick disc, 
nd of mono-age populations, are not affected by the warp: whether 
he thin and thick disc are flat or flared, the trend is al w ays preserved
ll the way through the disc. In other words, for warps formed when
he stars are shifted off-plane, the warp seems to affect uniformly all
he stellar disc, and does not alter the structure of the vertical stellar
ensity. We also noted that these warps tend to have shorter lifetimes
nd reach lower heights abo v e/below the galactic plane. 

On the other hand, galaxies whose warps are created by the 
ccretion or the formation of stars in off-plane configurations show 

 vertical stellar density structure that temporarily changes between 
he inner and non-warped region of the disc and the warped one.

hile the non-warped region keeps having a double sech 2 density 
rofile, this is altered asymmetrically in the warped region due to the
f f-plane material. Ho we ver, once the w arp f ades aw ay, the double
ech 2 is reco v ered and the trends of the thin/thick disc scale heights
s well as of mono-age populations are coherent throughout the disc, 
ithout a signature of a pre-existing warp. Additionally, these warps 

end to last longer and reach larger heights abo v e/below the galactic
lane than the others. 
Finally, we found that for all warps the disc thickness and 

he vertical velocity dispersion do not increase during the warp, 
ndicating that there is no disc heating happening during warps. This
an be either because the disc heating induced by the warp agent
akes place before warp formation, or because neither the warp agent
or the warp itself is a source of disc heating. 
Our results suggest that depending on their origin, warps may 

r may not alter the vertical stellar structure of the stellar disc.
evertheless, once warps disappear, they do not leave any imprint in

he stellar populations living in the disc. Therefore, in terms of stellar
ertical density structure and vertical heating in the disc, galaxies do
ot hold any memory of warps they might have experienced in the
ast. Gi ven the relati vely small size of our galaxy sample, further
ork using larger samples from different simulations would greatly 
elp confirm these results. 
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to have a visual clarification of the process explained in Section 3.4 . 
The galaxy shown here is galaxy g48 . 
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Figure A1. On the two left columns are stellar density maps of galaxy g48 seen face-on and edge-on. On the two right columns are gas density maps of the 
galaxy seen face-on and edge-on. The first row from the top shows the moment before the merger of the satellite. The second row shows the aftermath of the 
merger, with the stellar but especially the gas disc being off-plane. The third row shows the moment the satellite flies by. On the fourth and fifth rows, the stellar 
ring forms and starts to break. Finally, on the bottom row, the stellar ring has merged with the outer disc and the warp is fully formed. 
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