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ABSTRACT

Bars strongly influence the distribution of gas and stars within the central regions of their
host galaxies. This is particularly pronounced in the star formation desert (SFD) which is
defined as two symmetrical regions either side of the bar that show a deficit in young stars.
Previous studies proposed that, if star formation is truncated because of the influence of the
bar, then the age distribution of stars within the SFD could be used to determine the epoch
of bar formation. To test this, we study the properties of SFDs in six galaxies from zoom-in
cosmological re-simulations. Age maps reveal old regions on both sides of the bars, with a
lack of stars younger than 10 Myr, confirming the SFD phenomenon. Local star formation is
truncated in the SFDs because after the bar forms, gas in these regions is removed on 1 Gyr
time-scales. However, the overall age distribution of stars in the SFD does not show a sharp
truncation after bar formation but rather a gradual downturn in comparison to that of the bar.
This more subtle signature may still give information on bar formation epochs in observed
galaxies, but the interpretation will be more difficult than originally hoped. The gradual drop
in the SFD age distribution, instead of a truncation, is due to radial migration of stars born in
the disc. The SFD is thus one of the only regions where an uncontaminated sample of stars
only affected by radial migration can be studied.

Key words: galaxies: ISM — galaxies: kinematics and dynamics — galaxies: spiral — galaxies:
stellar content — galaxies: structure.

1 INTRODUCTION

Strong bars are clearly seen in the optical morphologies
of 30 per cent of disc galaxies (Knapen, Shlosman & Peletier 2000;
Marinova & Jogee 2007; Nair & Abraham 2010), with 60 per cent
displaying bars or bar-like features in the near-infrared. Bars exert
strong torques on the gas and stars in their host galaxy and are
one of the major drivers of secular evolution (Lynden-Bell 1979;
Combes 2008; Cheung et al. 2013; Sellwood 2014). They can have
a strong influence on the redistribution of gas thus impacting star
formation activity and the overall stellar populations and structure
in the centre of galaxies.

The torques which bars induce drive gas towards the leading
edges of the bar. This gas becomes compressed, loses angular
momentum and energy, and falls towards the centre of the galaxy
(Athanassoula 1992; Heller & Shlosman 1994; Knapen et al.
1995; Sheth et al. 2005), which explains the higher central gas
concentrations observed in barred galaxies compared to unbarred
spirals (Sakamoto et al. 1999; Sheth et al. 2005).

* E-mail: c.e.donohoekeyes @2013.]jmu.ac.uk

By redistributing the gas, bars can influence the star formation
of their galaxies; however, the details of these effects are still
unclear. While many numerical (Shlosman, Frank & Begelman
1989; Berentzen et al. 1998; Combes 2001; Kim et al. 2011, 2012;
Seo & Kim 2013; Shin et al. 2017) and observational (Heckman
1980; Hawarden et al. 1986; Devereux 1987; Hummel et al. 1990;
Laurikainen et al. 2004; Jogee, Scoville & Kenney 2005; Regan
et al. 2006; Ellison et al. 2011; Wang et al. 2012; Lin et al. 2017)
studies have found that bars are associated with an increase in central
star formation rates (SFRs), others find that there is no association
between bars and an increase in star formation (Pompea & Rieke
1990; Martinet & Friedli 1997; Chapelon, Contini & Davoust 1999;
Cheung et al. 2013; Willett et al. 2015).

Similarly, Vera, Alonso & Coldwell (2016) find there is an
increase in the metallicity in the centre of barred galaxies compared
to non-barred galaxies, while others find no changes in metallicities
(Henry & Worthey 1999; Considere et al. 2000; Cacho et al.
2014).

The disagreement between the effects of bars on the SFRs and
metallicities of their hosts could be related to morphology (Ho,
Filippenko & Sargent 1997; Oh, Oh & Yi 2012) where early-type
barred galaxies show enhanced SFRs, while late-types show no
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difference between the SFRs seen in barred and unbarred spirals.
This might also be explained through the different lengths and
strengths of bars (Martin 1995; Martinet & Friedli 1997; Kim
et al. 2017). Indeed, numerical studies find that bar strength and
3D structure can impact the efficiency of gas inflow and hence
the SFR and metallicity of the host (Athanassoula 2003; Buta
et al. 2005; Nair & Abraham 2010; Hoyle et al. 2011; Fragkoudi,
Athanassoula & Bosma 2016).

Given the influence that bars can have over the properties of
their host, determining their age becomes an important step in
understanding the evolution of their galaxies. What actually matters
is not only when bars form but also if they are long-lived features.

While some numerical studies in idealized galaxies find that bars
can be destroyed by central mass concentrations, gravity torques,
and supermassive black holes (Bournaud & Combes 2002; Bour-
naud, Combes & Semelin 2005; Hozumi & Hernquist 2005; Hozumi
2012), in cosmological simulations most of the bars are long-lived
features (Kraljic, Bournaud & Martig 2012; Fiacconi, Feldmann &
Mayer 2015; Rosas-Guevara et al. 2019). Observationally, barred
galaxies show central gas concentrations which are not seen in
unbarred galaxies (Sakamoto et al. 1999), with some bars containing
old nuclear disks (Gadotti et al. 2015) which would be difficult to
explain if bars were short-lived features.

If bars are long lived then determining the age of the bar can
help uncover when galactic discs begin to settle (Gadotti & dos
Anjos 2001). However, when talking about bar ages we must use
some caution since the age of the stellar population within the bar
is not necessarily related with the bar formation epoch (Wozniak
2007). Observationally, there have been several methods proposed
to provide bar ages. Pérez, Sanchez-Blazquez & Zurita (2009) and
Pérez & Sanchez-Bldzquez (2011) used optical spectroscopy to
analyse the properties of the stellar populations in bars, finding
a wide range of bar ages. Gadotti & de Souza (2005) used the
vertical velocity dispersion of the bar and found that older bars
are vertically thick when compared to recently formed bars. By
comparing gas mass with accretion rate, Elmegreen, Galliano &
Alloin (2009) determined a lower limit on the age of the bar in
their study. Kim et al. (2014) determined that as bars evolve their
light profiles move from exponential and disc like to flat. From this,
they associate the flattening of the profile with bar age (i.e. older
bars have flatter profiles while younger bars have more exponential,
disc-like profiles). Gadotti et al. (2015) used the age of stars in the
nuclear ring to define a lower limit of the epoch of bar formation.
Carles et al. (2016) proposed that it might be possible to determine
when the bar forms from changes in the star formation histories of
the central regions of barred galaxies.

James & Percival (2016, 2018) used a feature first noticed by
James, Bretherton & Knapen (2009), which they named the ‘star
formation desert’ (SFD), to determine the ages of the bars. They
define the SFD as a region lying within the inner ring, either side
of the bar in the area the bar sweeps out that shows little to no
H o emission. These regions also display a deficit in surface stellar
density (Gadotti & de Souza 2003; Gadotti 2008; Kim et al. 2016)
and suppressed star formation (Hakobyan et al. 2016). James &
Percival (2016, 2018) assumed a truncated star formation model
and found that SFD regions can be very old. If the truncation of star
formation is caused by the bar, this feature can be used to determine
the epoch of bar formation. This leads to some interesting questions:

(i) Is the SFD region observable in simulations? Can the mecha-
nism behind this cessation of star formation be determined?
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(ii) Is it a result of gas being dynamically heated against star
formation, or is the gas being removed by the formation of the bar?
If the gas is removed then where does it go?

(iii) Can the properties of the SFD be used as a method for
determining the formation epoch of the bar?

(iv) Are the SFD stars only born before the formation of the bar
and, if they are not, where do the later-forming stars come from?

(v) Is the cessation of star formation in the SFDs related to a
global downturn in star formation?

In the following paper, we attempt to answer these questions by
presenting a numerical analysis of a sample of simulated galaxies
selected from Martig et al. (2012). The structure of the paper
is as follows: Section 2 contains a description of the simulation
techniques used to produce our sample, a description of the sample
itself and the method used to obtain the properties of the bars.
Section 3 contains our results and analysis of stars within the SFD
region in comparison with the bar and global galaxy properties.
Section 4 contains our discussion of the main results in terms of
determining the epoch of bar formation and the analysis of the
stars within the SFD region. Our main conclusions are presented in
Section 5 along with our plans for future analysis of this region.

2 SIMULATIONS

In this paper, we analyse 6 simulated barred spiral galaxies with a
range of star formation histories and bar formation epochs selected
from the 33 galaxies presented in Martig et al. (2012). In this
section, we give a brief overview of the simulation technique: the
motivations behind our sample, the algorithm used to determine the
strengths, lengths, and formation epoch of bars, and the properties
of the galaxies in our sample.

2.1 Simulation technique

The simulation technique requires two parts. The first involves a
dark matter-only cosmological simulation with the adaptive mesh
refinement code RAMSES (Teyssier 2002). From this simulation, the
merger and accretion histories for haloes within isolated environ-
ments at 7 = 0, with masses between 2.7 x 10" and 2 x 10">M,
are extracted.

The target haloes are then re-simulated at higher resolution. The
re-simulations begin at z = 5 with a seed galaxy containing stars,
gas and dark matter. As shown in appendix A.5 of Martig et al.
(2009) the initial conditions do not affect the subsequent evolution
of the simulated galaxy due to the very small mass of the initial
seed galaxy. This galaxy’s evolution is followed down to z = 0
with mergers, as well as dark matter and gas accretion prescribed
by the cosmological simulation; we refer the reader to Martig et al.
(2012) for details on the properties of the incoming galaxies. The
re-simulation has a spatial resolution of 150 pc, mass resolution of
1.5 x 10* M, for gas particles, of 7.5 x 10* Mg, for star particles
(or 1.5 x 10* M, for star particles formed during the simulation
from the gas) and 3 x 10° Mg, for dark matter particles in a box
of 800 kpc using the particle mesh-code described in Bournaud &
Combes (2002, 2003). Gas dynamics are modelled using a sticky
particle algorithm.

Star formation is modelled using a Kennicutt—Schmidt relation
(Kennicutt 1998) with a 1.5 exponent and a star formation threshold
of 0.03M;, pc—3. Kinetic feedback from supernovae is included
such that 20 per cent of supernova energy is redistributed to the gas
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particles, and stellar mass-loss is also taken into account (Martig
et al. 2012).

2.2 Sample selection

From the sample of 33 simulated galaxies described in Martig et al.
(2012), we select 6 that display a wide range of star formation
histories, masses, and bar lengths, strengths, and formation epochs.
By selecting this limited sample we can do a more detailed analysis
but still explore the diversity of the larger sample.

Column 1 of Fig. 1 shows the surface stellar density maps of the
galaxies face-on at z = 0, ranked in order of largest halo mass (top)
to lowest (bottom). The main properties are highlighted in Table 1.

All of the galaxies begin with a merger-intense phase which
contributes to the build-up of a hot stellar component for ages
greater than 9 Gyr. After this the disc builds with features such as
spiral arms, and, more pivotal to the focus of this paper, the bars
and SFD regions. Halo 106 differs from this scenario by having
three epochs of bar formation with the first two being destroyed by
mergers. For this case, we list properties relevant to the final bar,
for which the bar formation epoch is given in the final column of
Table 1.

2.3 Bar detection

The sample chosen has a range of bar formation epochs as listed in
Table 1. Bars can be identified visually, but for a more systematic
study, we identify bars through an automatic detection method.
Using this method also allows for the computation of bar strengths
and lengths, as explained in more detail in Kraljic et al. (2012).
This method of bar detection is founded on the azimuthal spectral
analysis of surface density profiles of face-on galaxies.

Bars are identified in this method with even-mode phase signa-
tures, m = 2 being the most prominent, within the ‘bar detection
region’. The ‘bar detection region’ we define as starting between
900 and 1500 pc. We do not begin detecting bars within 900 pc
because small variations in &, are produced by off-centring (a
result of the resolution limits) and central asymmetries cause the
mis-identification of barred or non-barred systems. Once a @, phase
is detected it must be constant for at least 1500 pc for the galaxy
to be classified as barred. After a bar has been found, its length
(determined by the extent of the constant phase ®,) and strength
are measured. To calculate strength, we use the definition proposed
by Aguerri, Beckman & Prieto (1998):

S = rp /n’ Aoy, (1
= "bar 0 AO ’

where the radial limit of the bar is defined by 7, and A, and A,
represent the Fourier amplitudes for the Oth and 2nd modes.

Bars observable to high-redshift have a strength S > 0.2 (Sheth
etal. 2008). At this strength, bars can still be confused with flattened
early-type galaxies. To reduce this effect, we identify true bars by
using the constraint that the strengths of the m = 2 mode must
be greater than, or equivalent to, 0.3 in two orthogonal edge-on
projections.

2.4 Defining the SFD

Fig. 1, column 2 shows the mean age maps for our sample of
simulated galaxies. The blue colour highlights younger stellar pop-
ulations, while the red shows older populations. In all of the galaxies
in the sample, there is aregion either side of the bar, within the region
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the bar sweeps out, displaying consistently older populations. This
coincides with the SFD region seen observationally in James &
Percival (2015). The size of the SFD is closely associated with bar
length and it never extends further than the radius of the bar. The
SFD region is bordered by the inner ring which contains a younger
population. In all the cases, the bar appears to be a younger feature
than the SFD but, in these simulated galaxies, older than the ring
and disc.

We define the SFD as the region encompassed in a ring excluding
the bar and the bulge. We fit the shape of the ring as an ellipse using
the bar-length as the major axis and take the width of the bar as
1 kpc. Additionally, we remove stars that are associated with the
bulge from the SFD by removing an inner ellipse shaped region and
then removing the bar itself. This results in two ‘C’-shaped regions
shown in Fig. 2.

Finally, we remove ‘interloper’ stars. These are stars that are only
passing through the SFD region at the point of selection. To remove
them from the SFD sample, we define a z-axis (perpendicular to the
plane of the galaxy) limit of 2 kpc either side of the central plane
on a snapshot 0.075 Gyr from the selection snapshot and compare
the stellar IDs to those in the selection snapshot, only keeping the
stars that appear in both snapshots.

3 RESULTS

3.1 Age maps

To determine whether the SFD region in the simulated galaxy
sample is a result of a lack of star formation, we refer to the
young star maps shown in Fig. 1 (column 3). Here, we present
the surface stellar density of stars less than 10 Myr old, at z = 0.
High concentrations of young stars are seen within the bar, the spiral
arms, and along the inner ring. Some of the rings are populated fully
with young stars, while others exhibit broken profiles. For those
that do show broken inner rings, the stars are more concentrated
at the regions connecting to the ends of the bar. Very few, if any,
young stars are seen in the SFD regions. When making side-by-side
comparisons between the age and young star maps it is clear that
they highlight the SFD region, the age maps through the older mean
age populations, and the young star maps through a lack of young
stars.

However, the figures presented in this section only show the mean
age population and do not tell us about the distribution in ages within
the SFD region in comparison to the bar and global populations.
To understand how the age distributions differ between regions we
need to investigate how the age distributions change with respect to
lookback time.

3.2 Star formation histories

From the mean stellar age maps in Fig. 1 centre column, there is a
clear difference between the mean ages of stellar populations within
the SFDs, bars, and inner rings of the galaxies.

In Fig. 3, we plot the age distribution of stars found in the bar
and SFD regions, together with the age distribution of all stars
found within a 20 x 20 kpc? box with a height of 4 kpc. The top
section of each plot shows the bar, SFD, and global age distributions
normalized by area. The onset of the bar is marked with a black
dashed line. The bar always shows a ~10 times higher surface
density in the age distribution when compared to the SFD and
global galaxy, reflecting the higher mass surface density in the bar.
The shape of the age distributions for the bar and global galaxy are
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Figure 1. Each plot represents a 40 x 40 x 40 kpc box with the galaxy centred within the box. Left: Face-on surface stellar density maps with the total halo
mass decreasing down the column. Middle: Average age maps displaying strong signals for the SFD desert feature. Right: Surface stellar density maps for the
young stars, <10 Myr, also displaying the SFD feature with SF mainly located within the bar region and along the spiral arms of the galaxies.
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Table 1. Properties of the model galaxies taken from z = 0. For each
halo we provide the halo index number, the stellar mass (M,) calculated by
summing star particles to the Rys limit, the bar length (Lp,r), and the bar
strength (Spyr). The final column gives the bar formation epoch of the galaxy
in lookback time.

Halo M, Lvar Sbar Toar
(10" M) (kpe) (Gyr)
37 12.0 6.0 0.70 8.5
45 10.2 6.6 0.76 6.8
82 3.81 4.4 0.38 2.0
92 4.38 5.6 0.71 6.8
106 4.29 3.1 0.45 6.6
128 2.69 3.3 0.74 4.7
.

Figure 2. The two ‘C’-shaped regions we define as the SFD.

actually very similar, and the formation of the bar does not seem
to have any impact on star formation globally in the galaxy. By
contrast, the age distribution of the SFD shows a relative lack of
young stars after the formation of the bar.

For galaxies 37, 45, 92, 106, and 128, the drop in the age
distribution of the SFD coincides with the onset of the bar. However,
in galaxy 82, the drop happens long before the formation of the bar
(see Section 4.2.1 for more details).

To better compare the shapes of the different age distributions,
we normalize them to 1 and plot them in the middle panels of
each plot. In all cases, the global and bar age distributions follow
similar shapes, while the SFD gradually drops relative to that of
the bar after bar formation. We highlight this effect by showing
the difference between the age distributions of the bar and SFD in
the bottom panels. For the majority of cases, this difference moves
from negative to positive after bar formation (corresponding to a
change to a lower value for the SFD after bar formation). As the
galaxy continues to evolve the residual difference between the bar
and SFD tends to increase that we associate with a suppression in
the star formation of the SFD region.

Again, galaxy 82 remains an outlier. The transfer of the residual
from negative to positive occurs ~5 Gyr before the onset of the bar.
While this is not associated with the formation of the bar, there is a
ring-like feature that does form during this period.

In all galaxies, the age distribution of the stars in the SFD does
not show a sudden drop at the time of bar formation, contrary to
what could have been expected from the mean age maps which

MNRAS 489, 4992-5003 (2019)

show a striking contrast between the mean ages of the SFD and
the bar regions. For almost all of the galaxies, we see a more
gradual decrease in the age distribution of the SFD. If this is a true
representation of the star formation histories in observed galaxies,
this will make using the SFDs to time the formation of the bar
harder than expected. However, there is information in the shape of
the difference between the SFD and bar age distributions. Once the
bar has formed, for almost all the galaxies, we see a change from
negative to positive in the difference between the SFD and the bar.
This difference is subtle but, it does imply that there is a suppression
of star formation within the SFD after the formation of the bar.

3.3 Gas removal

To understand the drop in star formation in the SFD after the bar
forms, we now explore how the gas disc responds to bar formation.
As an example, in Fig. 4 we present the time evolution of the gas in
galaxy 37.

Before the bar forms (top left-hand panel, lookback time of
9.8 Gyr), the gas density is peaked in the centre and does not
show any other overdensities. The slight lopsidedness is due to tidal
effects following a fly-by. As the gas disc grows and cools, it first
develops spiral arms. A bar then starts to form at a lookback time
of 8.6 Gyr (top right-hand panel). At first, the gas density contrast
between the bar and its surroundings is small, but after ~1 Gyr the
gas within the bar region starts to be collected by the bar. After
500 Myr (bottom left-hand panel), the bar has strengthened and it
becomes clear that there is a deficit of gas within the SFD region,
with the bar surrounded by a ring connected to clear spiral arms.
By z =0, there is very little gas remaining inside the SFD region
(bottom right-hand panel).

In all six galaxies, the gas in the central regions follows a similar
evolution, although the bars form at different times. The removal of
gas from the SFD region is a relatively fast process, taking between
1 and 2 Gyr. This also means that star formation within the SFD is
quickly suppressed after the bar forms. However, the star formation
histories in Fig. 3 (discussed in Section 3.2) do not show a sharp
decline around the time of bar formation and instead imply a more
gradual decline in the age distribution of SFD region. With no gas
to continue forming young stars in the SFD after the bar formed,
the younger population found in that region must be coming from
elsewhere in the galaxy.

3.4 Birth positions of SFD stars before and after bar formation

From Fig. 3, it is clear that there is no truncation in the age
distribution associated with the onset of the bar: instead it is
a gradual process with the number of young stars in the SFD
decreasing after the formation of the bar. However, when looking at
the evolution of the gas density within the SFD after bar formation
we see a distinct lack of gas in the SFD within about 1 Gyr. This is a
relatively fast process and does not match up with what we inferred
from the age distribution plots, which imply a gradual down turn
in the age distribution. This implies that the SFD region, after the
formation of the bar, is being supplemented with young stars from
elsewhere in the galaxy.

Fig. 5 shows the birth positions of stars found in the SFD atz =0
and born before and after the formation of the bar, for galaxy 37.
Before the formation of the bar, the stars are born throughout the
galaxy. After the formation of the bar there is a distinct difference;
the SFD stars are born mainly in the inner ring surrounding the bar
with some along the spiral arms.
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Figure 3. For each of the simulated galaxies in our sample we present the age distributions taken from the SFD region, the bar, and the total galaxy at z = 0.
In each plot, we display the age distribution normalized to the surface area of the corresponding regions, the age distribution normalized to an area of 1, and
the residual (the bar minus the SFD age distribution). Marked on each plot by the vertical dashed line is the time of bar formation. This line coincides with the
downturn in the age distribution of the SFD and, in most cases (see Section 3.2), the change of the residual from negative to positive.

No stars are born within the defined SFD regions. This explains
the disparity between Figs 3 and 4. There are no stars forming within
the SFD region but younger stars are coming into the SFD from the
inner ring and spiral arms, which explains the gradual drop of the
SFD age distribution.

Fig. 6 shows the distribution of birth radii of SFD and bar stars
born before (upper) and after (lower) the formation of the bar for
galaxy 37 at the same ages as Fig. 5. This further supports the
conclusion that the SFD is being supplemented with young stars
from outside the inner ring and that in the SFD star formation is
suppressed. This is a trend that can be seen in all of the galaxies
in our sample. For all cases, before bar formation the SFD and bar
stars are coming from the same regions. However, stars ending up
in the bar and SFD that form after the onset of the bar come from
two different regions. SFD stars come mainly from outside the bar
radius (mainly from the inner ring and the spiral arms), while bar

stars are mainly born inside the bar radius with a portion coming
from the spiral arms.

Fig. 7 shows the number of stars being born in the disc, SFD
and bar for galaxy 37. The top plot in Fig. 7 shows that almost
all (75.2 per cent) of the SFD stars born after the formation of the
bar are coming from the region we define as the disc, with only
a small fraction (8.1 percent) coming from the SFD. The bar also
contributes a minor fraction (16.6 per cent) of SFD stars that may
represent some of the bar stars we were not able to remove from
the SFD sample selection. At ~1.5 Gyr, there is a drop in the age
distribution that coincides with a drop in the contribution of SFD
stars from the disc. This could be accounted for by the time it takes
stars from the disc to migrate to the SFD region. In that case, when
we take our SFD sample from the final snapshot (z = 0) we are
missing out on disc stars that would become SFD stars after this
time.
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Figure 4. Here, we show the evacuation of gas from the SFD regions. Initially, the gas is diffuse before spiral arms begin to appear. When the bar forms, the
central gas concentration elongates along the major axis of the bar, and the spiral arms strengthen. Once the bar is established the gas is removed from the SFD
region progressively over 1-2 Gyr. Over time the size of the SFD changes corresponding to variations in the length of the bar.

The lower half of Fig. 7 shows the number of bar stars being born
in the same region defined for the top plot of the same figure. The
majority (73.8 percent) of bar stars are born within the bar, with
a small contribution (17.7 per cent) from the disc and a negligible
amount (8.6 per cent) coming from the SED. At late times, less than
1 Gyr, there is no contribution from the disc.

By looking at the three plots discussed in this section in con-
junction with Fig. 3 we find that before the formation of the bar
the population in the SFD and bar regions come from the same
regions, which is supported by the similarities of the SFD and bar
age distributions. However, after the formation of the bar there is
a disparity in the regions in which bar and SFD stars are born.
The star formation in the SFD region is truncated quickly as gas is
removed from the SFD, but young stars are being born in the disc
that migrate into the SFD. To determine how the stars from the disc
and ring migrate into the SFD we need to track their progression
from their birth positions to the SFD region.

3.5 Collective dynamics

After the formation of the bar the SFD region is supplemented
with young stars that are born along the inner ring and spiral arms.
To determine how these stars end up in the SFD, we track the
progression of stars born at a lookback time of 3 Gyr to z = 0
in Fig. 8. The plot at 3 Gyr shows the birth positions of the SFD
stars. Correlating with the results from Section 3.4, the stars are born
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mainly along the inner ring and spiral arms with very few being born
in the bar and SFD. Within 300 Myr, the stars begin to move along
the spiral arms and inner ring. By 1.2 Gyr, almost all of the stars are
moving along the inner ring and are beginning to fall towards the
SFD region by 600 Myr. At 100 Myr, the stars are collected near the
ends of the bar before they reach their selection point in the SFD
regions at 0 Gyr. This implies that it takes approximately 2.4 Gyr
before ring stars begin to reach the SFD region, which supports our
conclusion that the reduction in SFD stars being born in the disc for
the final 1.5 Gyr seen in Fig. 7 could be a result of the time taken
for disc stars to migrate to the SFD.

4 DISCUSSION

4.1 Limitations of the simulations

A number of previous papers have explored the properties of
simulated discs in the Martig et al. (2012) sample, and have found
those discs to be realistic overall, when compared to a range of
observational data. Most importantly for this paper, Kraljic et al.
(2012) showed that the fraction of barred galaxies in the simulated
sample (~70 per cent) is consistent with observations in the local
universe and that the time evolution of the fraction of barred galaxies
matches observations by Sheth et al. (2008) and Simmons et al.
(2014). Additionally, in our simulations, bars, on average, form
later in low-mass galaxies, which agrees with Sheth et al. (2008).
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Figure 5. The birth positions of SFD stars before and after the formation
of the bar overlaid on the surface stellar density maps for galaxy 37. Upper:
Birth positions of SFD stars before bar formation. Lower: Birth positions of
SFD stars after the formation of the bar.

Martig, Minchev & Flynn (2014a, b) have further shown that the
vertical structure of the discs is well resolved and that some galaxies
are a good match to observations of the Milky Way.

Overall, this is a strong indication that global stellar dynamics
is adequately modelled in our simulations, in spite of a spatial
resolution of only 150 pc. The global distribution of gas in the
central regions also appears to be consistent with observations. In
particular, the absence of gas within SFDs is clear in the observations
of molecular gas shown by George et al. (2019). We note that arecent
paper by Rosas-Guevara et al. (2019) using the IllustrisTNG100
simulation also finds rapid consumption of gas within the central
regions of barred galaxies.

However, a resolution of 150 pc does not allow us to properly
track the movement of gas particles within the central regions, or
to follow the formation of features like nuclear discs. The motion
of gas particles along the bar is also not properly modelled, and for
instance, we do not see dense gas lanes along the leading edges of
the bars.

Additionally, the Schmidt relation used to model star formation
is based solely on the local gas density, and does not account
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Figure 6. Top: The radial distribution of birth positions for stars born
before the formation of the bar. The blue line shows the radial distribution
for the SFD stars and orange the radial distribution for bar stars. Before the
formation of the bar, the stars are mainly born in the same region, within
6kpc. Some stars are born in merging satellite galaxies, beyond 20 kpc.
Bottom: The radial distribution of stars born after the formation of the bar,
with blue representing the SFD and orange the bar. Bar stars are mainly born
in the central regions, while SFD stars are mainly born outside the radius of
the bar.

for dynamical heating from shocks halting the collapse of dense
gas regions. Indeed, observations suggest that the star formation
efficiency might be reduced in bars (Momose et al. 2010).

An imperfect modelling of star formation might be the reason
why a majority of our simulated bars are star forming, which is
not the case of bars generally in the local Universe. However,
star-forming bars do exist (Martin & Friedli 1997; Verley et al.
2007), but a detailed comparison of the fraction of star-forming
bars in simulations and observations (controlling for environment
and mass) is beyond the scope of this paper.

With all of this in consideration, our simulations might overesti-
mate star formation in bars, but probably model SFDs adequately
in terms of the global dynamics of gas and stars.

4.2 Potential bar dating method

For all of the galaxies in our sample, the number of young stars
(born after the bar formed) drops with time for the SFD compared
to the bar. In five out of the six galaxies, the time of bar formation
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Figure 7. Top: The fraction of stars born after the formation of the bar in
the SFD, bar and disc selected to be SFD stars at z = 0 for galaxy 37. Red
represents the total SFD stars born at that time, green the number of SFD
stars born in the disc, blue the number of SFD stars born in the bar, and
orange the number of SFD stars born inside the SFD region. The majority
of the stars ending up in the SFD after the bar is formed come from the disc.
Very few stars come from the SFD region. Bottom: The fraction of stars
selected to be bar stars at z = 0 born in the SFD, bar, and disc.

closely coincides with a change in the sign of the ‘bar-SFD’ residual
age distribution (galaxy 82 is the exception, and with this case the
residual changes sign long before the bar forms). This suggests the
possibility to use the sign of the residual as an indicator of the epoch
of bar formation. However, this signal appears to be very subtle and
consists in a gradual downturn in the age distribution instead of
the sharp truncation assumed by James & Percival (2016, 2018) to
model star formation histories in their sample of observed SFDs.
This is because young stars coming from the disc are migrating
to the SFD, and are ‘polluting’ it with a young population that
should not be present if only in situ star formation happened. In the
following two subsections, we first explore the possible reasons for
the strange behaviour of galaxy 82 and then discuss the usefulness
of our method to date bar formation with observational data.

4.2.1 The unusual behaviour of galaxy 82

Galaxy 82 is the only galaxy in which the change of sign of the Bar-
SFD residual does not coincide with the epoch of bar formation.
Within our full sample of 33 galaxies, galaxy 82 is unique in forming
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a bar as recently as 2 Gyr ago — all others formed their bars no later
than 4 Gyr ago. To understand whether galaxy 82’s strangeness
could come from having a very young bar, we ran the simulation
for a further 3 Gyr. We can confirm that even after 3 more Gyr,
the age distributions still look different from the ones for the other
simulated galaxies. Those differences are probably due to galaxy
82’s very unique formation history that in turn could explain why it
formed its bar so late.

At early times (10 Gyr), it consists of a central low-density
disc that persists throughout its evolution up until the time of bar
formation. Additionally, at this time (from 10 to 9 Gyr), it undergoes
the accretion of a satellite that leaves a gaseous ring surrounding
the central disc.

The ring quickly undergoes fragmentation which is then fol-
lowed by the formation of spiral arms. After the spiral arms have
strengthened, the central regions become bar unstable leading to
the formation of the bar. This varies drastically from the other
evolutionary histories for the galaxies in our sample. Furthermore,
there is a spatial segregation of the bar and SFD stars’ birth positions
well before the epoch of bar formation (with SFD stars being born
at the edge of the low-density disc, in the ring, and along the spiral
arms, while the bar stars are primarily born in the central disc),
which is a feature we see only after the formation of the bar in
the rest of our sample. This spatial segregation is most likely the
cause of the early bar-SFD residual sign change, although what
precisely leads to the segregation of the birth positions is not entirely
clear.

4.2.2 Application to observational data

The method we propose to date bar formation in a galaxy relies on a
very weak signal, which makes applying the SFD bar dating method
more complex than previously suggested in James & Percival
(2016, 2018). Indeed, the method we propose relies on the accurate
recovery of SFH shapes for the bar and SFD. Spectra at old ages
look very similar to one another and the effect of age and metallicity
can be degenerate, which will make finding a bar formation signal
for early bars more challenging. Bar and SFD average ages differ by
approximately 2 Gyr, which makes comparisons between the SFHs
of the components for early bars difficult given the constraints stated
above. Additionally, if we have overestimated the star formation
efficiency of the bar in the simulations then the signal could be even
weaker than anticipated.

Should we find a signal in observational data, we face the
additional problem that the bar formation time cannot be reliably
determined for all simulated galaxies in our sample. Even consid-
ering that galaxy 82 may be an unusual case we cannot assume that
any signal we find is directly related to bar formation. However, we
can use the SFD bar dating method in conjunction with several other
methods. By measuring the vertical velocity dispersion (Gadotti &
de Souza 2005) or shape of the light profiles (Kim et al. 2014) we
can determine if the bars are old or young and so better constrain
the region of the SFH where we would expect to see a signal. In
cases where these age indicators disagree the studied galaxy could
be flagged as having an unusual history.

We can also define a lower limit on the epoch of bar formation
by looking at the ages of nuclear discs (Gadotti et al. 2015), which
form after the formation of the bar. Additionally, we might also be
able to date bar formation by comparing the metallicities of bar and
SFD stars as a function of age, due to the spatial segregation in birth
positions of bar and SFD stars younger than the bar.
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Figure 8. Tracking of SFD stars from their birth positions to z = 0. Initially, stars are born in the inner ring near the ends of the bar and along the spiral arms.
They then move along the spiral arms and around the inner ring. Slowly stars begin to spiral from the inner ring into the SFD region. Finally, the stars collect
near the ends of the bar before circling back into the SFD selection region at z = 0.
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5 SUMMARY

James & Percival (2015) first described the properties of SFDs,
regions swept up by bars with very low levels of line emission and
little recent star formation. James & Percival (2016, 2018) then
proposed that the cessation of star formation in those regions was
due to the formation of the bar. This would mean that finding a
sharp truncation in star formation histories in SFDs could be a way
to determine the epoch of bar formation.

In this paper, we investigated the validity of these conclusions
by studying the properties of SFDs using zoom-in cosmological
re-simulations. From the sample of Martig et al. (2012), we chose
six simulated disc galaxies with bar formation times ranging from 2
to 8 Gyr ago. We find that the formation of the bar does not appear
to have an effect on the global SFR of the galaxies but affects the
distribution of gas and star formation within the central regions. At
z = 0, we find on both sides of the bar regions that are dominated
by old stars, and that resemble the observed SFDs. However,
the SFDs in the simulated galaxies actually contain stars of all
ages:

(i) SFD stars older than the bar are born in similar regions to
similarly old stars that end up in the bar.

(i) When the bar forms, it efficiently removes gas from the
SFD on 1 Gyr time-scales, which quickly truncates the local star
formation.

(iii) SFD stars younger than the bar are not formed in situ but are
born in the disc and migrate to the SFD (unlike bar stars of similar
ages, which are mostly born in situ).

If there were no radial migration of young stars from the disc
to the SFD, then the age distribution of SFD stars would show a
truncation within ~1 Gyr after the time of bar formation. However,
this is not the case, and the SFD age distributions show a gradual
downturn instead of a truncation, which makes recovering the epoch
of bar formation more complicated than James & Percival (2016,
2018) anticipated. The different shapes of age distributions for SFD
and bar stars can provide an indication of when the bar formed,
but the signal is weak and potentially hard to detect. This might
still be used to date bars, especially in conjunction with other
methods.

SFDs could also be used to investigate radial migration. Indeed,
they are unique regions with no in sifu star formation: stars younger
than the bar all come from the disc (outside of the bar radius). This
can provide an uncontaminated sample of stars only affected by
radial migration. We plan to investigate this further to see if SFDs
can be used to constrain migration efficiency and time-scales.

We also plan to apply our bar dating method to observed galaxies
using MUSE data from the TIMER consortium (Gadotti et al.
2019) and supplementary long-slit spectroscopy. The signatures we
expect in the SFD star formation histories are quite weak, but the
comparison of bar, SFD and nuclear ring properties could provide
better constraints on the epoch of bar formation in different types
of galaxies.
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