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ABSTRACT

Haro 11 is the closest known Lyman continuum leaking galaxy and serves as an important laboratory for studying the escape
of Lyman continuum radiation. The galaxy is a metal-poor, starburst galaxy believed to be undergoing a merger that might
help facilitate the escape of radiation. In this study, we carry out a large suite of numerical simulations of a merger between
two disc galaxies, to study possible origins of Haro 11 and understand under which conditions various features of the galaxy
are formed. By varying galaxy parameters describing the orbital configurations, masses, and their inclination, we perform a
total of ~ 500 simulations. We demonstrate that a two-disc galaxy merger is able to reproduce key, observed features of Haro
11, including its morphology, gas kinematics, star formation history, and stellar population ages and masses. We also find that
small parameter variations have minimal impact on the orbits and resulting galaxy properties. In particular, we present a fiducial
Haro 11 model that produces the single observed tidal tail, the presence of three stellar knots, and inner gas morphology and
kinematics. By performing mock observations, we compare with the results of observational data and discuss possible origins
for various features. Furthermore, we present newly gathered observational data that confirms the presence of a stellar tidal tail
with similar length and direction as our simulations.
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1 INTRODUCTION

Understanding the impact of in-situ and external mechanisms on
the evolution of galaxies remains a central challenge in extragalactic
astronomy. Galaxy interactions and mergers are significant events
in the formation history of a galaxy, being drivers of starbursts and
morphological transformations, with ramifications for massive star
cluster formation and the escape of ionising radiation (e.g. Kostyuk
& Ciardi 2024). Thus, knowing the specific scenario of a galaxy
merger enables a deeper insight into the aforementioned physical
mechanisms at work within the galaxy.

Blue compact dwarfs/galaxies (BCD/BCG) are compact and
metal-poor galaxies undergoing a period of intense starburst result-
ing in especially young stellar populations dominating the blue part
of the spectrum of the galaxy. Most BCGs have irregular morpholo-
gies (e.g. Bergvall & Ostlin 2002; Micheva et al. 2013), which would
indicate current or recent close interaction and/or merger with a com-
panion (e.g. Ostlin et al. 2001; Adamo et al. 2011). This can also be
inferred from tidal tails or gas debris, as well as periods of starburst.
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BCGs exhibit an extreme environment of stellar and cluster forma-
tion, and due to their low metallicity, compact size, and high SFR
have been suggested to be analogues of young starburst galaxies in
the high-z Universe (e.g. Ostlin et al. 2001; Adamo et al. 2011; Sir-
ressi et al. 2022; Gao et al. 2022); believed to contribute a significant
amount of the ionisation budget during the epoch of reionisation.

Haro 11 is a local BCG/BCD that has been studied thoroughly
in the UV, IR, sub-mm, radio, visible, and X-ray (e.g. Ostlin et al.
1999; Bergvall et al. 2006; Adamo et al. 2010; Ostlin et al. 2015;
Pardy et al. 2016; Gao et al. 2022; Danehkar et al. 2024; Le Reste
et al. 2024). At a distance of 88.5 Mpc (Sirressi et al. 2022), it
is the closest confirmed Lyman continuum (LyC) leaker (Bergvall
et al. 2006; Rivera-Thorsen et al. 2017; Ostlin et al. 2021; Komarova
et al. 2024) and a bright Lya emitter (Hayes et al. 2007; Ostlin et al.
2009). This makes Haro 11 an excellent local analogue for studying
the mechanisms that facilitate the escape of ionising radiation in
the high-z Universe during the epoch of reionisation, such as stellar
feedback and gas stripping.

The stellar population and recent starburst (e.g. Adamo et al. 2010;
Sirressi et al. 2022; Chandar et al. 2023), complex gas kinematics
(e.g. Ostlin et al. 2001, 2015; Menacho et al. 2021; Gao et al. 2022),
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and irregular stellar and gas morphology (e.g. Adamo et al. 2010;
Ostlin et al. 2015; Menacho et al. 2021), all suggest that Haro 11
is the result of an ongoing merger. Indeed, it was only recently that
the presence of a tidal tail was observed in HI emission from 21
cm observations by Le Reste et al. (2024), which serves as a strong
indication of an ongoing merger. Applying these observations as
constraints, numerical models of galaxy mergers offer an avenue to
confirm if these features are consistent with specific merger scenarios
and explain the origin of various other properties of Haro 11.

In order to numerically model a specific (observed) galaxy merger,
a set of observational constraints that can be linked to orbital parame-
ters are required. In particular, tidal tail features and stellar properties
can yield strong constraints, but still suffer from degeneracy between
parameters. However, previous numerical work of galaxy interac-
tions have managed to pinpoint the initial orbital parameters of the
progenitor galaxies that reproduce the general morphology and in-
herent galaxy properties. For example, simulations of the Antennae
galaxies have managed to reproduce the morphology of the galax-
ies and their tidal tails, as well as the star formation, among other
properties (Karl et al. 2010; Privon et al. 2013; Renaud et al. 2015;
Lahén et al. 2018). In Ostlin et al. (2015, hereafter O15), the authors
provided a qualitative comparison between the Haro 11 galaxy and
the Antennae galaxies. The Antennae galaxy is undergoing a merger
and the authors show it to have similar morphology and kinematics
as Haro 11. Although the Antennae galaxies are more massive and
have two tidal tails, the fact that they have comparable kinematics
and morphology suggests their orbital parameters might be similar.

However, high-resolution simulations of specific galaxy mergers
are still very limited. Even more rare are simulations of BCG/BCD
(Bekki 2008; Pearson et al. 2018; Zhang et al. 2020; Leicester et al.
2024), which are useful resources to interpret observational data and
deepen our understanding about the complex physical mechanisms
going on in these extreme galaxy environments. A benefit of sim-
ulations, particularly for BCGs, is the access to several observation
angles, which allows study of anisotropy in radiation leaking. How-
ever, finding initial conditions that show a broad agreement across
different observed features is not trivial and requires an extensive
study of the parameters controlling the galaxy orbits.

In this paper, we model the merger of two disc galaxies to reproduce
the general morphology and properties of the Haro 11 galaxy as
observed today, and discuss a possible origin of its formation. We
employ the the hydrodynamical and N-body code RAMSES (Teyssier
2002) to perform a scheme of low-resolution simulation tests (~
100 pc) of the interaction, varying the galaxy and orbital parameters
until the merging galaxies’ morphology resembles the morphology
of Haro 11 today. We compare with observational studies of the
gaseous and stellar components, e.g. star formation rate and masses,
to constrain the initial conditions our model. The simulation that
best represents Haro 11 observational properties is then run at the
higher spatial resolution of 36 pc. We present the results of this
fiducial simulation and compare the successes and shortcomings of
our models and discuss its applications. Furthermore, we present
newly acquired deep imaging data that show the presence of a stellar
tidal feature in the direction of the HI gas tail which have been
predicted by the fiducial model, corroborating the good match.

The paper is structured as follows. Section 2 details observations
of Haro 11 that are useful for constraining the initial conditions of
the progenitor galaxies and their orbital parameters. In Section 3 we
detail our numerical approach, as well as our methodology to achieve
the best match with observational data by varying orbital and galactic
parameters. In Section 4 we present our fiducial model and directly
compare its inner and tidal tail morphology, star formation rate, stellar
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population properties, and kinematics with observational data. Sec-
tion 5 summarises the results of this parameters study, highlighting
parameters that are important for producing specific galaxy proper-
ties. We then discuss the agreements and mismatches between our
fiducial model and observation in Section 6. Finally, we summarise
and discuss our results in Section 7.

2 OBSERVATIONAL CONSTRAINTS

In this section, we briefly outline the key components of Haro 11 that
were used to constrain and confirm the initial properties and orbital
parameters of the progenitor galaxies. All of these observational con-
straints were considered during the formulation of our simulations’
initial conditions, but not all of them used, as matching every prop-
erty in detail is not feasible. The method of determining our initial
conditions is explained in Section 3.2.

2.1 Morphological appearance

A distinct feature of Haro 11 is its three bright stellar knots A, B,
and C (see left plot of Figure 1 for an image of the galaxy). The
morphology of the knots indicate that both B and C have a compact
stellar core, while knot A appears as more spread out. This asymmetry
in the stellar distribution has lead to speculations that the progenitor
galaxies are dissimilar (see O15). Furthermore, this figure highlights
another feature: a string of gas and stars that goes between knot B
and A, which then loops back up and to the side. This feature has
been dubbed an ’ear’ and is reminiscent of a disc arm, which could
be interpreted as knot B being the centre of a disc and knot A forming
within that disc (see e.g. 015, Menacho et al. 2019).

X-ray observations have shown emission from knot B and/or C,
which implies the presence of a low-luminosity active galactic nu-
cleus or a strongly emitting X-ray binary system (Hayes et al. 2007;
Prestwich et al. 2015; Gross et al. 2021; Danehkar et al. 2024). The
possible existence of an active galactic nucleus in knot B would in-
dicate that it was once the bulge of one of the progenitor galaxies.
This is because a massive black hole, such as an active galactic nu-
cleus, would not have had sufficient time or mass to form outside
the galactic centres during this interaction. Although, it is possible
that the black hole was ejected during a previous interaction (see
e.g. Condon et al. 2017, and references therein). If knot B is found
to contain an AGN, it imposes a morphological constraint on the
current positions of the progenitor galaxies’ centres. However, this
is not conclusive as the black hole could have been ejected during
previous interactions.

Le Reste et al. (2024) presented observations of the 21 cm HI line
using the MEERKAT telescope, which uncovered the presence of a
tidal tail extending approximately 40 kpc from the East side of the
galaxy. The detection of a single tidal tail suggests that one of the
galaxies is a disc undergoing prograde motion during the interaction.
A prograde orbit has its (disc) rotation aligned with the orbital path
of the object it is interacting with. This results in a concentrated
region of the disc experiencing the same tidal forces for a longer
duration, which yields more pronounced tidal stripping (see Section
3 in Duc & Renaud 2013, for details and illustrations). In contrast, a
retrograde motion, which has the opposite spin direction as prograde,
has a more brief close interaction throughout the disc, resulting in
a weaker (or no) tidal tail. Additionally, an elliptical galaxy has no
axisymmetric rotation (disc) and is unaffected by the stripping from
this alignment effect.

Other than the morphological features, Haro 11 exhibits complex



Figure 1. Left: Image of Haro 11 from Adamo et al. (2010), taken by HST with the waveband Iters 220W, 435W, and BRigiw.Mock observations of the
simulated galaxy, applying the same HST lIters. Details of how this mock image was produced is described in Section 4.2. Both images are of the same spatial
size and resolution.

kinematics that is common in mergers. The most direct approactstarburst causing an increase in stellar feedback e ects (e.g. Bergvall
for comparison is to compare how di erent morphological parts of et al. 2013), or it may be linked to the intrinsic characteristics of
the galaxy move. For example through velocity maps of the innerthe progenitor galaxies (e.g. dust-poor). Based on this, some authors
morphology (e.g. the motion of the gas/dust ear towards us) or théhave proposed that Haro 11's progenitors could have been a dwarf
expansion of the tidal tail. Additionally, there are also conical featuresdisc galaxy and a less gas-rich galaxy, such as a dwarf spheroidal
in the ionised gas around the knots that show clear laments andgalaxy (e.g. Adamo et al. 2010; Ostlin et al. 2015; Menacho et al.
out ows (Menacho et al. 2021), suggested to be caused by feedback021).
As the features of feedback are too detailed and occur spuriously, they Extending the analysis beyond the three knots, some observations
can not be directly compared with simulations. However, analysing nd notable stellar populations arourj{d 100 Myr, and as old as
the average properties of ionised gas and out ows could o er useful1 Gyr (Chandar et al. 2023; Papaderos & Ostlin 2023). Relevant
comparisons, but this is not within the scope of this project. for this study, build-up of stellar masses at speci ¢ ages in galaxies
undergoing a merger might indicate starburst events triggered by
close passages during the interactions (e.g. Renaud et al. 2014a).
These ages can then serve as constraints for the time between the
Haro 11 is currently undergoing a strong starburst with a star for-interactions in our simulated merger.
mation rate (SFR) upwards & 30 M yr 1 (Hayes et al. 2007;
Adamo et al. 2010; Madden et al. 2013; MacHattie et al. 2014; Gao
et al. 2022). Recently, Sirressi et al. (2022, see also Adamo et al.
2010) used spectra to analyse the spectral energy distribution of the 3 Gas fraction
three knots in Haro 11 and determined that the energy budget is best )
modelled by three distinct stellar age populatiahs:4 Myr, 4 40 The gas mass around the central part of Haro 11 has b_een estimated
Myr, and40 100Myr. From their analysis they estimate the stellar for the molecular' 1y, =25 10° 38 10°M (Cormier et al.
mass in each knot for the di erent ages at the rang® 10°M . 2014; Gao et al. 2022), neutral M 1y = 05 10°M  (MacHattie

One of the most signi cant features of Haro 11 is the leakage €t al. 2014; Pardy et al. 2016; Le Reste et al. 2024), and ionised
of Lyman continuum (LyC) radiation, making it the closest known " HU =144 10°M (Menacho etal. 2019) gas phases. The stellar
LyC leaker (Bergvall et al. 2006). The origin of this radiation has Mass is around = 16 10'°M (015), which yields a total
predominantly come from knot B and C (Prestwich et al. 2015; Grossdas fractiong 14 27 % depending on the molecular mass. The
etal. 2021:; Ostlin et al. 2021; Komarova et al. 2024: Danehkar et alheutral H mass was recently reassessed by Le Reste etal. (2024), who
2024), with Komarova et al. (2024) reporting knot B to have a higher showed that previous observations had not been sensitive enough to
LyC production but lower escape fraction. While radiative transfer is detect the tidal tail, which they note makes 46 19 % of the total
beyond the scope of this study (but will be adressed in Ejdetjarn eHi mass," ; = 1411 10°M . The detection of a stellar tidal tail
al. in prep.), the presence of LyC radiation indicates an absence ofould possibly change the galaxy's gas fraction further. While the
gas in this region, toward knot C. This depletion could be the resultmass of the various gas phases provide weak constraints, due to the
of several mechanisms: gas being stripped during the interactiorsensitivity to speci c feedback and star formation models, the total
between galaxies (Le Reste et al. 2024; Kostyuk & Ciardi 2024),gas mass and gas fraction are viable for us to match.

2.2 Recent star formation history

MNRAS 000, 1 16 (2025)
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Table 1. The initial mass and size properties of the two progenitor galaxies. 3-1 Star formation and feedback physics

.One of Fhe gal_axues Is initialised with a rotation Co”.esmndmg toa prog.radeln our simulations, the formation of stars is treated as stochastic

interaction while the other has a retrograde interaction, and are di erentiated . .
. ) ; NN events, with the amount of stars formed sampled from a discrete

by this property. The speci cs of how these properties are initialised is de- ~" L . . .

scribed in Section 3. Poisson distribution and following the Schmidt law (Schmidt 1959;

Kennicutt 1998)

Galaxies dg
Component  Parameter Prograde  Retrograde @¢=n c fordgid — )
Halo MassAPM ¥ 200 167 whered = 100cm 3 is thg, density threshold for star formation,
scaleradius [kpc] - 5.12 - 4.74 dg is the gas densityC = ' 3c+32d is the free-fall time f
Cut-o radius [kpc]  60.0 55.0 9= 9 >C c 'S_ € r_ee all ime for a
spherical cloud, and is the star formation e ciency per free-fall
Gas disc Mass1® M ¥ 55 1.2 time. Star particles follow a Chabrier (2003) initial mass function
Scale length [kpc] 2.18 0.93 with a total massl®M . We adoptn = 10% as this choice
Cut-o length [kpc] 7.0 4.5 in galaxy simulations has been shown to reproduce the same low
Scale he'.ght [kpc] 018 0.15 eciency (n 1%) observed in giant molecular clouds (see e.g.
Cut-o height [kpc] 07 0.45 Agertz & Kravtsov 2016; Grisdale etal. 2019, and references therein).
Stellar disc Massll® M Y, 4.57 2.57 Stellar feedback follows the subgrid recipe detailed in Agertz et al.
Scale length [kpc] 1.2 0.9 (2013, see also Agertz & Kravtsov 2015) and tracks the injection of
Cut-o length [kpc] 3.6 2.7 momentum, energy, and metals of supernovae Type la, Type II, and
Scale height [kpc] ~ 0.24 0.1 stellar winds. Individual supernovae are considered resolved when
Cut-o height[kpc]  0.72 0.27 the host cell is resolved by at least three cooling lengths, following
Stellarbulge  Massl0° M 4 4.0 2.28 Kim & Ostriker (2015), and is otherwise deposited in the neighbour-
Scale radius [kpc] 0.2 0.1 ing gas cells. Metallicity is traced through oxygen and iron, which
Cut-o radius [kpc] 0.35 0.13 are combined into a total metallicity according to the relative solar
abundance (Asplund et al. 2009).
3.2 Fiducial progenitors setup
3 NUMERICAL SIMULATIONS AND METHODS We based our initial guess of the galaxies' orbital parameters and

inclination on the initial conditions of a simulation of the Anten-

In this section we outline the physical recipes for star formation nae galaxies by Renaud et al. (2015). O15 made a comprehensive
and feedback, and describe our method for determining the initialcomparison between Haro 11 and the Antennae galaxies and found
properties and orbital parameters of the progenitor galaxies. Theimilarities between their morphology, kinematics, and stellar prop-
simulations presented in this work were performed with the hydro-erties. Both galaxies are currently undergoing a merger, but with the
dynamics and#-body codeRAMSES (Teyssier 2002), which uses Antennae galaxies being larger and more massive. The simulations
an Adaptive Mesh Re nement (AMR) grid method with an HLLC by Renaud et al. manage to successfully recreate the morphology and
Riemann solver (Toro et al. 1994). The code solves the conservativgeveral important properties of the Antennae. However, these galax-
Euler equations for the dynamics of the gaseous component usinges have several observed di erences between them and the initial
a 2nd order Godunov scheme. We adopt an ideal mono-atomic gasonditions need to be tweaked to account for these.
with adiabatic indeXV/= 5¢3. The Euler equations consider the hy-  Firstly, recent H observations indicate that Haro 11 only has one
drodynamics and the gravitational e ects from stars, dark matter,visible tidal tail (Le Reste et al. 2024), compared to two in the Anten-
and uid self-gravity. Dark matter and stars only interact through nae galaxies. The strength of a tidal tail can be weakened by ipping
gravity, as collisionless particles. We employ a sub-grid recipe forthe rotational axis (inclination) of one of the progenitor galaxies to
the formation of stars and their feedback, which we will describe form a retrograde orbital motion, but this does not guarantee that the
brie y in the coming section and refer to Agertz et al. (2013, 2021) tidal tail will be removed, as other properties interact in a complex
for details. way to a ect its strength and shape. Notably, the Antennae galaxies

The aim of this study is to explore possible formation scenarios forare a symmetric interaction (in terms of mass, size, and morphology),
the Haro 11 galaxy. To this end, we have performed roughly 500 low-while Haro 11 has been hypothesised to be the result of dissimilar
resolution simulation tests of a merger between two disc galaxies, aprogenitor galaxies (see the discussion in Section 2). For the initial
part of an iterative trial-and-error parameter study to approach thesetup we reduced the gas mass and size of the retrograde galaxy (as
orbital and galaxy parameters that agree with Haro 11 observationds detailed below), which is su cient to reduce the strength of the
To reduce the run time, no stellar feedback was included in the initialtidal tail to be completely undetectable (see Section 5.1 for details
test simulations. For each simulation we varied various parametersn this process).
relevant for the progenitor galaxy orbits (e.g. velocity) or theirintrin-  The Haro 11 galaxy is roughly one third the size of the Antennae
sic properties (e.g. disc size) to make the simulation t, by eye, with galaxies, and we adopt this size scaling between our simulations and
the morphology, SFR, kinematics, and stellar properties observedhe Antennae simulation by Renaud et al. (2015). In their compari-
in Haro 11. Parameter changes that improved the model were kepton, O15 indicate that the galaxy might be 4 times as dense as the
and further iterated upon. However, there is no de nitive best setantennae, which is apparent from the similar gas mass, but smaller
of parameters as orbital and galactic parameters interact complexlsize, between our prograde galaxy and NGC 4038 in the Antennae
causing parametric degeneracies where signi cantly di erent sets ofsimulation. In Section 5.1, we show an example of how varying the
initial conditions can achieve similar results. size and density of the progenitor discs a ects the nal morphology.
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Table 2. The orbital parameters and initial inclination of the two galaxies.

Position [kpc] Velocities kms 1] inclination
Galaxy G H | =) =% =] G 3] n

Prograde +11.40 -32.77 +50.42 -8.94 -1.81 -15.72 +0.7138 -0.6680 -0.2105
Retrograde -16.22  +32.88 -50.05 +8.94 +1.81 +15.72 -0.6710 +0.2138 +0.2048

3.2.1 Initial conditions the cosmic baryon fraction for the given stellar mass. However, the
) ) i . . circumgalactic gas content varies widely between systems and is
Both progenitor galaxies were modelled as disc galaxies with @ NFWy ot wel| constrained. We constructed a tests with higher and lower

(Navarro et al. 1996) halo pro le for the dark matter, a spherical ¢jrcymgalactic densities, which is brie y discussed in Section 5.4.
Hernquist (1990) pro le for the stellar bulge, and exponential pro les

for the stellar and gas discs. The initial position and velocity of

each particle and gas element was then generatethy (Miki &

Umemura 2018) using these pro les to distributé® dark matter

particles,10P stellar particles in the disc, arkd® particles for the

stellar bulge. The gas disc was initialised.8 particles, whichwere 3.3 Strategy for tweaking initial conditions

then deposited onto the AMR structure. . . . o . .
P This section details how the initial conditions for the two progenitor

) Table l lists the properties of _each cqmpoqent in both progen'galaxieswereimproved uponthrough iteration. While our approachis
itor galaxies, while Table 2 provides their orbital parameters and

T g | ) similar to a parameter study, the focus of this project is to compare the
inclinations. The two progenitor galaxies are labelbedgradeand

: . ) - . ducial Haro 11 model with observational data and discuss possible
retrograde to di erentiate based on which galaxy forms the tidal tail. merger scenarios for the galaxy and its properties. We will not go into
The initial disc rotation velocities were calculated from each galaxy's

. . ST detail on the full range of parameters and their agreement with each
total mass pro le and oriented according to their inclinations. The observed property. Instead, we will here brie y discuss our approach

galaxies were positioned su ciently distant to prevent any overlap for narrowing down the range of the parameter space, and in Section 5

between their respective halos, allowing a period of secular evqutioqu show visual examples of some early low-resolution tests. These

before any signi cant tidal interaction. tests demonstrate how some speci ¢ changes to the initial conditions
In order to determine the initial mass budget, we assumed they ect the morphology of the resulting galaxy.
galaxies have retained a mass baryon fracfipalose to the cosmic The main observed properties used for constraining our model
baryon fraction p,i.e.§ =" g, " %" g, " " pm® 156%  \ere: gas and stellar morphology, SFR, gas kinematics, and stel-
(Planck Collaboration et al. 2020). We base the initial stellar massar masses and ages. To match these, we varied for each progenitor
on observational constraints and do abundance matching (fO”OWin%a|axy these properties: positions, the velocities (speed and angle),
Figure 9 in Behroozi et al. 2019) to determine the mass of the darkyas/stellar mass content, inclination, and size of the individual galax-
matter halo. The total stellar mass of Haro 11 is on the order of a fewes |n particular, we explored the relative mass ratio and gas fraction
10°M (Ostlinetal. 2001; Madden etal. 2013, ; O15). The resulting petween the galaxies, as these parameters are connected to the for-

dark matter matches with the total dynamical mass0'*M of  mation of tidal tails, and the gas fraction has been suggested to be
Haro 11, estimated by O15 through dynamical reasoning of velocitygi erent for the progenitors (see discussion in Section 2).
eld observations in the outer part of the galaxy. The orbit between the two galaxies is strongly entangled with all of

The initial gas mass of the galaxies was calculated as the totathe properties we want to compare with observations. Adjusting the
observed mass between the molecular, neutral, and ionised gas phagglocity is the main control we have of the orbit, including the timing
(see Section 2 for values). We then adde?s 10°M tothismass,  and proximity of the close interactions. The initial speeds were altered
in order to o set the gas consumed through star formation during thebetween half and twice the initial speed of the ducial presented in
simulation run (determined during test runs). Similarly, we removed Table 2. When evaluating the velocity angle we (primarily) changed
the same amount of mass from the observed stellar mass to determinge Gand Hvelocity components, and with the aim to ne-tune the
our initial stellar mass. Additionally, some of this gas mass budget istidal tail and inner morphology.
added to the circumgalactic medium (see below). The gas mass in the Other than the velocity, the mass ratio between the galaxies has
discs is added in the simulation as neutral gas, and any additional gag large impact on the orbit. However, compared to the velocity the
phases naturally form as the galaxy evolves. The initial metallicity of masses are not as easy to ne-tune and has additional e ects on
the gas discs was directly taken from observatidi@s¥OsHY= 7+9,  other observable. For example, the SFR depends on the orbit but
015) and translated to a total metallicity= 02/ . the amount of stars formed in the individual galaxies depends on

The simulation was started at a low spatial resolution to allow their halo properties in a non-linear way. Thus, the mass ratio was
the initial conditions to relax and then increased after a few 100primarily changed in early tests.

Myr, with plenty of time before the rst interaction. The maximum The tidal tails were formed during the rst encounter between the
spatial resolution of the ducial simulation isG= 36pc, and is progenitors, which is closely connected to their initial orbit. Addi-
within a 306 kpc3 volume. The circumgalactic medium spans the tionally, the inclination of each disc has a signi cant impact on the
entire simulation volume with an initial temperatjre 108K and strength and morphology of the tidal tail (see discussion of prograde
hydrogen number densityy = 10 4cm 3, which is within the den-  vsretrograde in Section 2). Further examples of how these parameters
sities observed of local galaxies and in simulations (Machado et ala ect the appearance of the morphology are provided in Section 5.1.
2018). A proper gas halo is necessary to produce realistic out owsAdditionally, the inner morphology of the galaxy is also dependent
and tidal tails, and to ensure the gas mass of the system matches these parameters, as well as the initial mass and size of the discs.

MNRAS 000, 1 16 (2025)
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Figure 2. The column density of gas (top row) and stars (bottom row) for the large-scale structure of the galaxy are shown at various time outputs, spanning
from the initial interaction to the point where the galaxy most closely resembles Haro 11. The plots marked with Roman numbering correspond to the times in
the SFR plot in Figure 7.

3.4 Analysing the simulation output Table 3. Properties of the galaxy from the ducial Haro 11 simulation, anal-

The total runtime of the ducial simulation is 1280 Myr, which is ysed at current time, when the morphology and SFR best match observations,

. . { | f k h | f th laxy. W
just after the centres of the two galaxies fully coalesce. We analyseor a volume of 60x60x 60 kibaround the central part of the galaxy. We

. . Separate between ionised gas around the galéodpkec) and ionised CGM
the galaxy at the time output we deem to be closest in terms of SF as, as the latter has no observational comparison. The CGM is, thus, ex-

and morphology to the Haro 11 galaxy. This, current observed, timegjygded from the gas fraction and total gas mass.
is set as 0 Myr and is as the galaxies are undergoing their second

interaction. The morphology and kinematics we calculate are largely Stellar mass10°M | 16.49
invariant on the choice of time by several Myr, but the SFR can Total gas massip® M ] 4.33
vary by a factor of 2-4 within only a few Myr. Aftey 10Myr, the Gas fraction [%] 20
morphology (and SFR) is notable di erent to Haro 11. Molecular gas masd®M | 1.35
The exact morphology and kinematics of the inner galaxy is de- Neutral gas masd[°M ] 1.06
pendent on the viewing angle we adopt. Our approach is to nd an lonised gas mas4(°M ] 177
angle by eye that improves the match for the inner morphology (i.e. lonised CGM gas mas4@’M ] 1.90

1
relative position between knots and the ‘ear’) while keeping the tidal SFRIM yr ] 43

tail at roughly the correct relative angle to the inner morphology. The
ducial viewing angle is in-between theandHaxis of the simulation
(speci cally, 2 = »0926- 0464-072%}. The morphology is insensi-

all these di erent properties, which indicates it serves as a good ba-
tive to a change in angles within a subtended angl® 10 , with sis to describe the fgrmation scenario _01_‘ Haro 11. We discuss t_he
some directions being less or more a ected. strgngths of our duc?lal model as the origin of.Har.o 11 ar\d apply. it
The SFR s calculated by binning stars by stellar age, summing théo interpret observations in Sec_tlon 6, along with discussing possible
stellar mass within each time bin, then subtracting the stellar masémprov_e_ments for future numerical work.
of a neighbouring bin and dividing by the bin size. Our results are Additionally, we present'the'current stellar and gas masses, gs.well
presented with a 1 Myr bin width to highlight the quick variations ?S the SFR, of this _sm"_lulatlon in Table 3. The gas mgss IS _also divided
during the interactions. However, if adopting 10 Myr bins, which INt© Phases by weighing the mass by phase-speci ¢ variables, such

is equivalent to the timescale forlHobservations, the overall SFR as HJ emissivity (see Ejdetjarn et al. 2022, for details): molecular,
history was found to be similar neutral, and ionised, in order to compare its distribution with obser-

vations. However, we note that the gas phase masses are uncertain,
as they are sensitive to the stellar formation and feedback recipes
adopted. Additionally, ( 149 10°M ) of hot/warm ionised gas

4 THE FIDUCIAL HARO 11 MODEL within the halo of our galaxies, which is too di use to be observed

In this section we present our ducial Haro 11 model, chosen from and therefore not added to the ionised gas mass budget.

among alarge set of simulations (following the method in Section 3.2)
as one of the best matches by eye with various key features of Hargr . .
. . . .- 4.1 Tidal tail
11. In particular, we compare the morphology (inner and tidal tail),
SFR, stellar properties, and kinematics in our simulation with obser-The rst step of analysing the simulation is to visualise the merger
vational data. This simulation setup o ers a broad agreement betweeprocess and the tidal tail, as it is one of the strongest signs of Haro
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Figure 3. Velocity maps of the HI tidal tail. Left plot shows the 21-cm line, in emission only, of Haro 11 with MEERKAT (Le Reste et al. 2024, see their paper
speci cs of the observation and data reduction). The systemic velocity of the observatiéhdekm s 1 . Right plot shows the simulation; the green contour
outlines the central stellar component, and the black contour outlines the gas column density exceeds 10% of its maximum value.

Figure 4. The stellar tidal tail from observationgeft) and simulationsr{ght). The simulation has green contours showing the gas distribution and the red
contour highlights the inner region. The observations are in the B-band with VLT/FORS (see details in Section 4.1), with green contours showing the stellar
distribution.

11 being a merger. In Figure 2 we present several projection mapsf the 21-cm liné. The tidal tail is extending in the same direction

of the gas and stars as part of a timeline of the simulation. Theseelative to the inner morphology as in Haro 11 (north-east) and have

maps follow the formation of the tidal tail, from the the rst close the same length 40kpc. Furthermore, we nd that the relativel H

interaction until they reach the current observed time of Haro 11,mass inside the tidal tail is 36 % which is within the observed

whichis  10Myr into the 2nd interaction; a time period of roughly value44- 21%%. A velocity eld map of the H in emissiononly are
200Myr. Furthermore, the maps have Roman numbers annotatedpresented in the left plot of Figure 3, and thé V¥locity in our

corresponding to time markers in the gure of SFR as a function simulation is on the right. The IHail is blue-shifted at a speed

of time in Section 4.3, which highlights the burst of star formation

during the close interactions.

o . _ . 1 The reduced MEERKAT 21cm data is publically available
This simulations matches the length and kinematics of theiH  at: https://archive-gw-1.kat.ac.za/public/repository/10.48479/7zn6-

presented in Le Reste et al. (2024) usMBERKAT observations  bw59/index.html
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Figure 5. Projections maps of the inner part of the galaxy at the output where the galaxy most closely resembles Haro 11.

to the upper right (NW). The latter two features are contaminated
by the extended PSFs from bright stars, but are real. In addition,
an archival HST/WFC3/IR/F160W image con rms the existence of
these features at low S/N but the eld of view is too small to fully
map the Haro11 tidal system. The morphology of the tidal tail agrees
with our simulation, but also the small feature extending in the upper
right from Haro 11 can be found in our ducial galaxy.

The stellar tidal tail is slightly shorter than thel ldomponent
( 30kpc compared to40kpc). This is likely due to a di erence in
scale radius or truncation between the two components, i.e. the gas
disc extending further. We brie y explored the e ects of truncation
on the disc in Section 5.1. Additionally, the image of the stellar tidal
tail shows clear shell structures around the galaxy. The simulation
shows signs of these shells as well, which is encouraging for our
model but is not useful as a constraint.

4.2 Inner morphology

Figure 6. Projection map of the stellar mass weighted by their inverse stellarI . . .
) n order to put our simulations into context, we rst present an
age," _=" 1G4Myrc 25 to represent young, bright stars. The P ' P

red/green contours correspond to the projected stellar/gas column densit;?bservatlohs of the Haro 11 galaxy On_the left |r! Figure 1. This was
Combined with Figure 1, in which knot A is not readily observed due to this presented in Adamo et al. (2010) using HST in three wavebands
extinction, this map demonstrates that bright stars form in knot A but are Iters; in particular they use 220W and 814W with the ACS/HRC
obscured by dust. instrument, and 435W with ACS/WFC. Additionally, the right plot
of the gure shows a mock observation of our simulation using
the post-processing radiative transfer ce#sCAS(Michel-Dansac
. 50kms 1, which s slightly slower compared to our simulations et al. 2020) to obtain the stellar continuum and apply the same HST
with a mean velocity of , 80kms 1. The same map, but for the  lter pro les as the observations. The key morphological features of
absorption, is presented in Appendix A. Haro 11 are annotated: three distinct stellar knots (A, B, C) and a
We next present the detection of a stellar tidal tail in Haro 11, thedusty arm going upwards from knot A to the right of knot B (the
rst to con rm the existence of a stellar component to the tidal tail. 'ear’). All of these morphological features can be identi ed in the
The observation was made in the B-band with VLT/FORS for a netmock observation as well, but knot A is not as readily apparent,
integration time of 6240's and reduced in a standard méniiée which is discussed below.
image is presented on the left plot in Figure 4, along with animage of The inner gas and stellar morphology, as well as temperature, of the
the stars in our simulations on the right. Furthermore, there is a muclgalaxy at the current observed time is presented as projection maps
shorter, parallel component, to the tail and a short feature extendingn Figure 5. The high density gas around knot B and A correspond
to areas of high stellar density. The disc arm with young stars is seen
in the right-side of the plots is reminiscent of the ear observed in
2 Applying bias subtraction, cosmic ray removal, at elding and atmo- Haro 11. Compared to observations, the positions of these features
spheric extinction correction. are slightly mismatched in position relative to each other, but are
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broadly in the expected positions. Additionally, the dense gas that is

overlapping with the stellar core on the left (knot C) is behind the

core.

The main reason that knot A is not observed in our mock ob-

servations is due to the dusty arm covering the stars, but we can

infer its presence from the stellar mass and young population. In

Figure 6 we show a stellar map weighted by the inverse stellar age, as

" _=" 1G@4Myre 125 which is an approximate bolometric lu-

minosity weighting; this highlights the presence of young, luminous

stars. This gure shows that there is signi cant mass of young stars

around knot A, which would be visible in the absence of extinction.

Additionally, in Figure 8 we present a projection map of the median

stellar ages, from which itis also evident that all of the knots, includ-

ing A, contain many young stars. From this, we surmise that knot A

likely reside within the disc arm (which also makes up the ear) of the

prograde progenitor galaxy, which has its centre at knot B. Figure 7. The star formation rate of the simulation. The time axis is set that the
current observed time is at 0 Myr. Only the lass00Myr are shown, as there
is no interaction between galaxies before this and the galaxies have reached

4.3 Star formation rate a roughly constant SFR (see Section 3.4 for details). Speci ¢ time periods
are marked with Roman numbers, corresponding to the projection maps with

Observations show that Haro 11 is currently experiencing a bursame number in Figure 2. The grey shaded areas are the estimate pericentre

of star formation, which is attributed to an undergoing merger. We periods of interaction. The starbursts at 0 Myr and 250 Myr correspond to

present the SFR as a function of time in Figure 7, annotated withclose, gravitational interactions. The diamond marks the time at which the

Roman numbers as timestamps to the timeline images in Figure @alaxy best resembles Haro 11, following the criteria in Section 3.2, and the

and with shaded areas for the time of pericentre passages. The gurg,quare represent the SFR range menti_oned in Section 21. The galaxy is in the

shows two peaks in the SFR that are associated with close interactioffiddie of its second starburst event, witSBR= 43M yr =.

between the two galaxies. The SFR burst is thus likely caused by

interaction e ects, e.g. gas compression due to tidal forces, cloud-

on-cloud collision, tidal torques that drive gas towards the centres oilhe various feetures in the galaxy along_ with a contour of the stellar
the galaxies (e.g. Renaud et al. 2014b, 2019). mass distribution. Knot B and C are a mix of old and young stars and

The current day SFR from observations match with the observe&i]"’we aAZﬁq'an ﬁgeﬁf 15QMyr, t\)Nh”e kno:]Alls prlmanl]}/ young
values of our ducial simulation. Furthermore, the starburst periods stars. itionally, the regions between the knots are forming new

in our simulations can be readily compared to observations of stella?’®4"9 sters. T
We brie y explore the cluster mass and age distribution in the

populations with distinct ages, which helps constrain the star forma-

tion history. The peaks indicate that these stellar populations shoul&nmsj To |dent|_fy clusterln_g within our_5|mula_t|ons, we employ
have ages of roughlg00 250Myr, from the rst interaction, and the friends-of-friends algorithm HOP (Eisenstein & Hut 1998) on

a few Myr, from the current interaction. We will explore this fur- a 12kpc box around the galaxy centre (roughly corresponding to

ther in the next section by comparing stellar analysis models of thedtars ObSGTYed ine.g. F|3gure 5.)'.A cluster IS de ned as having stellar
populations in the three knots peak densitieS0M pc °, a minimum density to merge groups as

50M pc 3,and outer density threshold®fL M pc 3; setata low
value to detect the spread out clusters in knot A. We identify roughly
600 clusters, which is a large amount of clusters for a smaller galaxy.
This is primarily due to the lower peaks and thresholds we set; higher
We next evaluate the age and mass of the stellar knots. The knots athresholds for the stellar peak and minimum densi§oM pc 3)

identi ed as shown in Figure 1, around a 0.5 kpc radius (1 kpc for resulted in a few hundred clusters. This choice did not a ect our
knot A as it is less concentrated than the other knots). We want taconclusions, but helped to identify more of the clusters in knot A.
compare with the stellar masses and ages of individual knots attained The distribution of mass and median ages of the clusters, divided
by Sirressi et al. (2022) from their SED tting. To this end, we divide into their knot a liation, are presented in Figure 9. As mentioned in
the clusters into three populations of age ranges: 1-4 Myr, 4-40 Myr,Section 4.3, we notice two massive populations of star clusters that
and 40-300 Myr, which is comparable to the populations in their bestform during the starburst peaks that coincide with the close interac-
t (we extend the range to 300 Myr to account for uncertainties in tions. These groups of population ages10® Myr and 108 Myr,

the precise time of the rstinteraction). For clari cation, we willnot have been found in stellar population synthesis models of Haro 11
present any detailed quantitative comparison of the stellar massefChandar et al. 2023; Papaderos & Ostlin 2023). We recover in the
inside the knots, as the observational uncertainties reported allow aimulation star clusters as massive as those found in the observations
wide range of ages and masses, and the exact mass in our simulatioasthe youngest age, while the majority of the old population would

4.4 Knot properties

depend on, e.g., the speci cs of the model and observed time. remain undetected at masses below a few tit@dM ; as can be

We begin by noting that knot B and C contain a signi cant amount seen from the 90% completeness limit from Sirressi et al. (2022),
of old ! 100Myr stellar mass, on the order of 1M , while in presented as a dark line. The most massive clusters found in our
knot A this mass is an order of magnitude lowerl0’ M . Also, simulations 10°M are not found in the observations, but could

the average age of stars in knot A and B are much younger than thosgtem from insu cient mass resolution, the cluster identi cation, or
in knot C. All these features are in agreement with properties of theother, more spurious, e ects. We plan to, in Ejdetjarn et al. (in prep),
three knots reported by Sirressi et al. (2022). Furthermore, Figure &erform more extensive analysis of the cluster formation within our
details the median stellar age distribution for the knots, and outlineshigh-resolution simulations of the same setup.
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4.5 Kinematics

In this section we present the gas kinematics of the inner galaxy,
while the tidal tail kinematics are presented in Section 4.1. We pro-
duce mock observations of the_helocity eld, in order to compare
with the HU observations from Menacho et al. (2021). Velocity maps
from their observations and our simulation are presented in the left
and right plots, respectively, in Figure 10. The modld¥¢locity was
calculated as the weighted-mean of velocities, usibiehhissivities
(calculated following Ejdetjarn et al. 2022, 2024) as weights. Ad-
ditionally, the gas and stellar distribution is annotated as black and
white contours, respectively.

The velocity maps show a broad likeness, with the gas being
blue-shifted on the left side of the galaxy and the red-shifted on the
right side. Additionally, knots A and B are within the gas moving
towards us, this kinematic likely originates from the disc arm on
this side. Knot C is located between a region of blue- and red-
shifted gas, which also agrees with our simulation. However, there
is a discrepancy between the magnitude of the velocity maps, as
our simulations have about twice the speed of the observations. We
discuss possible origins and solutions to this mismatch in Section 6.

The observations by Menacho et al. (2021) show channels of
ionised gas cones, which they identify as out ows from stellar feed-
back. However, it is not within the scope of this paper to disentangle
out ows from the HJvelocity eld in our simulation, as it would not

Figure 8. Projection map of the median stellar ages with black contours of the provide a reliably comparison; thelHvelocity eld is sensitive to
stellar column density. Labels and lines mark the various features describethe speci cs of stellar formation and feedback recipes, as well as the
in Figure 1. stochastic nature of feedback.

In 015, the authors made a comparison between the position-
velocity (PV) diagram of the Antennae galaxies and Haro 11, which
they noted had a similar shape and velocity magnitude. They acquired
data using theIGALE instrument and archived data for the Antennae.
Their data covered a straight line going from knot C to A, and
extending a few kpc beyond them. We follow their method and present
our own PV diagram in Figure 11. Th®axis is determined as the
projected distance along the dark line on the left plotin Figure 10. The
left/right plot in the gure shows the simulation/observational data,
which have very similar shapes with peaks and valleys at roughly the
same distance intervals. We highlight these similarities, with a broad
grey line in both plots, which is the mean velocity of the simulation
at each distance in bins of 0.5kpc. This gure also highlights that
several of the simulations cells attain much higher speeds, as much as
twice as fast, as the observations. However, the mean velocity (grey
line) follows the same sine-like shape and are within the limits of the
observational data.

5 ADDITIONAL TESTS AND THE IMPACT OF SPECIFIC
PARAMETER VARIATIONS

Figure 9. Distribution of masses and ages of the stellar clusters in the threeWe next summarise the impact of some speci ¢ parameter changes

knots, calculated as described in Section 4.4. The heights of the histogramsn the resulting properties of our ducial Haro 11 model. In particu-
are normalised to the same maximum height. The black line shows the 900/) g prop -Inp

completeness of the stellar populations in Sirressi et al. (2022). ar, the compared properties in the previous section: morphology, star
formation, and kinematics. To summarise, we nd that these prop-

erties are stable to minor variations in individual parameters but the

exact morphology and SFR is dependent on the complex interplay

between several parameters. Additionally, the parameters that have
the most signi cant impact are those that alter the orbit, e.g. mass

ratio and initial velocity.
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Figure 10. The HU velocity eld of observations in Menacho et al. (2021) (left; their Figure 2) and our simulation (right). The simulation shows contours of the
stellar (black contours) and total gas (white contours) annotated. The black dashed line is used for the analysis of Figure 11. Note that the scale of the velocity
magnitude in the simulations is roughly twice as large as the observations.

Figure 11. The PV diagram of our simulations (left) and observational data (right) of Haro 11GExés corresponds to the projected length along the black
line in Figure 10. The observational data was reproduced from O15, which they obtained using the CIGALE instrument. The grey curve in both plots is the
weighted-mean of the simulation data in distance bins of 0.5 kpc. See Section 4.5 for details on how these plots were made.

5.1 Producing one tidal tail tidal tail strength: from prograde and retrograde galaxies (left), to

) ) o . asmaller and less massive retrograde disc (middle), to larger mass
!n the previous section we Fjemopstrated that our ducial simulation 4tig di erence between the galaxies (right). Additionally, it can be
is able to reproduce thenetidal tail, as observed in Haro 11, along - ,;rmised from the rightmost image that the mass ratio also a ects

with some of its features. However, producing a single tidal tail in this 4,0 strength of the tidal tail from the prograde galaxy, as a lower mass
setup is non-trivial and requires a certain combination of parameter

In particular, in the top row of Figure 12 we illustrate that one of the

galaxies need to have a retrograde oebitl the merger needs to Additionally, truncating the gas disc also has an e ect on the

be asymmetric (di erence in mass ratio and/or gas fraction) to fully resulting morphology of the tidal tails. In the centre row of Figure 12

suppress the retrograde tail. The gure shows three projection mapsve show an initial galaxy with retrograde and prograde motions
of the gas density that, from left to right, highlight the decrease in (left), a thicker disc for the retrograde (middle), and a truncated disc

Scompanion galaxy is less e cient at stripping gas.
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for the retrograde (right). The thicker disc can be seen to yield a5.4 Density of the CGM
slightly weaker 2nd tail and have more tidal features surrounding it.
The truncated disc also shows a more di use 2nd tail and possibl
some small changes to the main tail.

From our simulation tests, we learned that the length of the tidal
tail puts a constraint on the time since the rst interaction, when the
tail rst forms. In order for the gas tail to reach the observed 40 kpc,
it would need roughly 200 Myr to expand. For comparison, a shorter
interaction time of 100Myr would yield a length of 20 kpc. This
time might be a lower limit, as the observed expansion speed o
tidal tail is slightly lower in the H observations. Furthermore, the
presence of a tidal tail this long also substantiates that Haro 11 is ag
least in its 2nd close interaction.

Additionally, we performed a few tests varying the circumgalactic
ydensity. The ducial valuadcgy = 10 “my cm 2 is calculated by
spreading some of the gas mass in a 1683 cube, i.e. the size of

the largest of the two dark matter halos. This gas mass was taken
as the baryonic mass missing from the galaxy mass to reach the
cosmic baryon fraction. In Figure 14 we show an example of how
the increased density a ects the tidal tail structure. The tail can be
geen to go from being one coherent structure at low density and
becomes clumpy towards higher density. Comparably, observations
f the H tail show that the tail is clumpy in nature (Le Reste et al.
024), which could be due to interactions with a dens halo of gas or
clumpiness within disc before or during stripping. Notably, a more
gaseous halo would also a ect the shock structure of ejected gas
and could be compared with observed ionisation structures, but due
to these examples having no stellar feedback there is no evident
We brie y overview the e ects of varying the initial velocities, as di erence in out ow shocks.

velocity is connected to characteristics of the tidal tail and the stellar
populations (the interaction times are connected to the SFR bursts).
Generally, increasing the speed of the progenitors extended the tim
before the second encounter, giving the tidal tail more time to exten
further. However, it also leads to a very brief interaction time which 6.1 Caveats and alternative merger scenarios
results in a weak tidal tail. In contrast, lower velocities lead to a
quicker merger and shorter tidal tail, but the gas within the tail is

5.2 Varying velocity

DISCUSSION

We have in the previous sections demonstrated that our simulation
denser setup of two disc galaxies undergoing a merger is able to reproduce

In the bottom row of Figure 12, we visualise the impact of changestN® key features of the morphology, kinematics, SFR, and stellar pop-

in speed and angle. The leftmost image shows a prograde and retré'—lat'on of Haro 11. Finding a model that is able to reproduce several

grade galaxy at a 1.2 times speed of the ducial tests (see left plotdI grent features_ Of. aspecic galaxy is not trivial and Is encour
in centre row for comparison) and the middle image is at a 0.8 time<A9ing for the reliability of the presented merger scenario. However,
here are caveats to our results: the model is not accurate enough

the speed. The right image shows a more direct impact angle, resul#— detailed ; dth d ies bet di t
ing in more gas debris and a shorter interaction time. As an aside,Or etaled comparison and there are degeneracies between di eren

the simulation with lower initial speed did not seem to result in any setups. Here, we connect back to the_ obse.rvatlonal data to address
signi cant change in the magnitude of the velocity eld. the strength ar.1d wgakngsses of our simulation model. .
The simulations in this work show that the presence of a tidal
tail, as reported by Le Reste et al. (2024), are in agreement with
the scenario that Haro 11 is currently undergoing a merger. This is
further con rmed by new observational data presented in this work
A formation scenario proposed mentioned in Adamo et al. (2010)of a stellar tidal tail, which is the rst time the stellar component has
is that the progenitor galaxies of Haro 11 could be a low-mass,been captured. However, because the Haro 11 tidal tail is observed
evolved galaxy and a gas rich (disc) galaxy, due to the irregularas a 2D projection and does not show any curvature or other distinct
gas morphology around the knots and stellar age distribution (seenorphological features, it is di cult to model the tidal tail morphol-
discussion in Section 2). We briey explored a setup where the ogy in detail, which limits the constraint to the length and width of
retrograde disc was replaced by a gas-poor, dwarf elliptical galaxythe tail. This puts more emphasis on also matching the kinematics
For this test, we kept the total mass of the systems the same, but thend other properties, such as the relativegéls fraction. We nd
gas and stars was re-distributed between the galaxies to replace thkeat the properties of the observed tail match with our ducial Haro
prograde disc with a sphetef stars with no gas. An image of the 11 simulation, and since the properties of the tidal tail are closely
tidal tail gas density is presented in Figure 13, which shows that thisconnected to the orbital conditions, this is a good indication that the
approach also exhibits only one tidal tail; as to be expected wherorbit of the ducial simulation are correct. Another sign of this is our
there is no disc material to be stripped. Additionally, the extendeddiscovery that a speci c set of parameters are required for the second
spherical shape cause some additional tidal substructures to appesidal tail to be undetectable.
We did not analyse the inner morphology. The inner morphology of Haro 11 has a few distinct features that
The SFR of this scenario is lower leading up to the rst encounter, we are able to match: the three stellar knots, the disc arm of gas
after which is is comparable to other test simulations with discs.and stars (‘ear’), the 'bent' shape of the galaxy, in particular knot A
Although, it does not reach the same peak in SFR nor exhibit anyand B being covered by gas. Fitting the exact positions of the knots
distinct bump during the rst encounter, compared to the ducial (relative each other) and the orientation of the disc arm requires
simulation in Figure 7. This does not necessarily eliminate this spe-detailed tweaking of orbital parameters. Additionally, the relative
ci ¢ merger scenario, as other changes, such as a higher gas fractioposition of the knots is closely connected to the viewing angle and
in the prograde galaxy, could be made to boost the SFR. the chosen time output. We note that by varying these, the position of
these morphological features can be improved. However, changing
the angles was found to lead to a severely worse match with other
3 The stellar distribution followed a Hernquist pro le with similar scale features; primarily the length, position, and kinematics of the tidal
radius as the original disc. tail.

5.3 Elliptical vs disc
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