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ABSTRACT

We study the late-time evolution of the central regions of two Milky Way (MW)-like simulations of galaxies formed in a
cosmological context, one hosting a fast bar and the other a slow one. We find that bar length, Ry, measurements fluctuate
on a dynamical time-scale by up to 100 per cent, depending on the spiral structure strength and measurement threshold. The
bar amplitude oscillates by about 15 per cent, correlating with R,. The Tremaine—-Weinberg method estimates of the bars’
instantaneous pattern speeds show variations around the mean of upto 20 per cent, typically anticorrelating with the bar length
and strength. Through power spectrum analyses, we establish that these bar pulsations, with a period in the range  60-200 Myr,
result from its interaction with multiple spiral modes, which are coupled with the bar. Because of the presence of odd spiral
modes, the two bar halves typically do not connect at exactly the same time to a spiral arm, and their individual lengths can be
significantly offset. We estimated that in about 50 per cent of bar measurements in MW-mass external galaxies, the bar lengths of
SBab-type galaxies are overestimated by 15 per cent and those of SBbc types by 55 per cent. Consequently, bars longer than
their corotation radius reported in the literature, dubbed ‘ultrafast bars’, may simply correspond to the largest biases. Given that
the Scutum—Centaurus arm is likely connected to the near half of the MW bar, recent direct measurements may be overestimating
its length by 1-1.5 kpc, while its present pattern speed may be 5-10 km s~ kpc™* smaller than its time-averaged value.

Key words: Galaxy: bulge—Galaxy: fundamental parameters—Galaxy: kinematics and dynamics—galaxies: bar—galaxies:

evolution.

1 INTRODUCTION

Galactic bars reside in the centres of about two-third of nearby
spiral galaxies, as seen in the near-infrared (e.g. Eskridge et al.
2000). Bars are typically described by their length, strength, and
pattern speed. Their length can be estimated visually (e.g. Martin
1995), by structural decompositions of the galaxy surface brightness
(e.g. de Jong 1996; Prieto et al. 1997; Gadotti 2011), by locating
the maximum in the isophotal ellipticity (e.g. Wozniak et al. 1995;
Laine et al. 2002; Aguerri, Méndez-Abreu & Corsini 2009), by
variations of the isophotal position angle (e.g. Sheth et al. 2003), or
by variations of the Fourier modes phase angle of the galaxy light
distribution (e.g. Quillen, Frogel & Gonzalez 1994). Bar lengths
have been found to correlate with galaxy parameters, such as the
galaxy mass, galaxy colour, the disc scale length, and the bulge size
(e.g. Aguerri et al. 2005; Marinova & Jogee 2007; Gadotti 2011).
Early-type systems host significantly larger bars than late-type ones
(e.g. Elmegreen & Elmegreen 1985; Menéndez-Delmestre et al.
2007; Aguerri et al. 2009).
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The bar angular velocity (or pattern speed, |, or ) deter-
mines at what radii resonances occur in the disc, knowledge of
which is necessary to understand the bar’s impact on the disc
dynamics. While bar length and strength can be directly mea-
sured from the observations, estimating  in principle requires
kinematic information. To get around this, indirect methods have
been developed, e.g. by identifying rings in the disc morphology
with the location of the Lindblad resonances or sign-reversal of
streaming motions across the corotation radius (CR; e.g. Buta 1986;
Jeong et al. 2007). A model-independent direct measurement of |,
using kinematics is the Tremaine—Weinberg method (Tremaine &
Weinberg 1984, hereafter TW). This has been applied extensively
to individual external galaxies (e.g. Merrifield & Kuijken 1995;
Aguerri, Debattista & Corsini 2003; Meidt, Rand & Merrifield
2009), SDSS-IV MaNGA IFU data (Bundy et al. 2015; Guo et al.
2019), the CALIFA survey (Sanchez et al. 2012; Aguerri et al.
2015), as well as to the Milky Way (hereafter MW; Debattista,
Gerhard & Sevenster 2002; Bovy et al. 2019; Sanders, Smith & Evans
2019).

Unlike in external galaxies, the MW bar is hard to observe directly
owing to our position in the disc plane; therefore, indirect approaches
have been used to determine its length, strength, orientation, and
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pattern speed (for a review, see Bland-Hawthorn & Gerhard 2016).
Until about five years ago, the bar half-length was thought to be
well constrained to R, 3.5 kpc and its pattern speed to
50-60 km s kpc™?, based on matching longitude-velocity ( —V)
diagrams of H1and CO gas in the inner MW (Englmaier & Gerhard
1999), the position of the Lagrangian point L, (Binney, Gerhard &
Spergel 1997), the position of the Hercules stream in the uv plane
(Dehnen 2000; Fux 2001; Antoja et al. 2012; Monari et al. 2017b),
the Oort constant C (Minchev, Nordhaus & Quillen 2007; Siebert
et al. 2011; Bovy 2015), and some low-velocity moving groups in
the uv plane (Minchev et al. 2010), although lower | estimates
did exist (e.g. Weiner & Sellwood 1999; Rodriguez-Fernandez &
Combes 2008).

Starting with Wegg, Gerhard & Portail (2015), Sormani, Binney &
Magorrian (2015), Li et al. (2016), and Portail et al. (2017),
more recent works using different data sets and methods have
suggested a significantly longer bar than previously thought (5 kpc)
and a pattern speed much lower than previously accepted (35-45
km s kpc™!; e.g. Hunt & Bovy 2018; Bovy et al. 2019; Clarke
et al. 2019; Monari et al. 2019; Sanders et al. 2019). In contrast,
Anders et al. (2019) found a bar-shaped feature inclined by  40°
with respect to the solar azimuth and a length of 3.5 kpc in the
stellar density distribution of Gaia DR2 data (Gaia Collaboration
et al. 2018a) for stars brighter than G = 18, using distances derived
with the STARHORSE code (Santiago et al. 2016; Queiroz et al. 2018).
Some studies find consistency with both a slow and a fast bar (Hattori
et al. 2019; Trick et al. 2019).

To some degree, such disparity may result from the different
methods used to measure the bar length. There could be also
dynamical reasons for finding different bar lengths and pattern
speeds, as we will argue in this work. Quillen et al. (2011) noted that
in their N-body simulations, the bar length visibly fluctuates in R—@
density maps, resulting from the interaction with the inner disc spiral
structure, as spirals connect and disconnect from the bar ends. Time-
dependent fluctuations in bar length, strength, and pattern speed were
found in double-barred N-body models by Wu, Pfenniger & Taam
(2018), interpreted as the interaction between the two bars moving
with different pattern speed.

This work studies two hydrodynamical simulations of MW-like
discs forming in the cosmological context, in an effort to quantify
variations in bar parameters on a dynamical time-scale. Implications
for the MW and external galaxies are discussed.

This paper is organized as follows. In Section 2, we describe
our two simulations, and in Section 3, our three methods of bar-
length measurement are introduced. In Section 4, we quantify the
time oscillations of the bars’ lengths, amplitudes, and pattern speeds.
Interpretation for these fluctuations is offered in Section 5, where we
perform power spectrum analyses relating bar oscillation frequencies
to the reconnection between bars and spiral modes of different
multiplicity. A comprehensive discussion is presented in Section 6,
where we relate to other numerical work and make predictions for
both observations of external galaxies and the MW. Finally, we
conclude with a summary in Section 7.

2 SIMULATIONS

We consider the last 1.38 Gyr of evolution before redshift zero from
two simulations in the cosmological context with disc properties
close to those of the MW, e.g. both having central bars, velocity
dispersion radial profiles compatible with observations, and the
presence of spiral arms.
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The first simulation was first presented by Buck et al. (2018) and
is out of a suite of high-resolution hydrodynamical simulations of
MW-sized galaxies from the NIHAO-UHD project (Buck et al. 2020,
galaxy g2.79e12, hereafter Modell). This galaxy was simulated
using a modified version of the smoothed particle hydrodynamics
(SPH) solver GASOLINE2 (Wadsley, Keller & Quinn 2017) and star
formation and feedback are modelled following the prescriptions in
Stinson etal. (2006) and Stinson et al. (2013). The total stellar mass of
Modell is 1.59 < 10'* M . The galaxy is resolved with 8.2 x 10°
star, 2.2x10%gas,and 5.4 x 10° dark matter particles (table 1 in
Buck et al. 2019a), which corresponds to a baryonic mass resolution
of 3> 10*M per star particle ( 9 < 10* M gas particle mass)
or 265-pc force softening. For more details on the simulation details
and galaxy properties, we refer the reader to Buck et al. (2019a).

Modell was also used to study the chemical bimodality of disc
stars (Buck 2020) and its satellite galaxies closely follow the
observed satellite mass function (Buck et al. 2019a). To properly
study the time evolution of the disc’s central region, we require
closely spaced time outputs, here using snapshots every 6.9 Myr. This
ensures that the central barred region (where the period is 100 Myr)
would have over a decade of complete rotations.

The second model is from a suite of 33 simulations presented
by Martig et al. (2012, the g106 galaxy, hereafter Model2) and also
studied extensively in the past (e.g. Kraljic, Bournaud & Martig 2012;
Martig, Minchev & Flynn 20143, b; Minchev, Chiappini & Martig
2013, 2014a; Minchev et al. 2014b, 2015; Carrillo et al. 2019). Time
outputs here are separated by 4.5 Myr. The simulation is run using a
re-simulation technique first introduced in Martig et al. (2009) and
the Particle Mesh code described by Bournaud & Combes (2002,
2003). The spatial resolution is 150 pc and the mass resolution is
3x10°M for dark matter particles, 7.5 < 10* M for star particles
present in the initial conditions, and 1.4 < 10* M for gas particles
and star particles formed during the simulation. Model2 has a stellar
mass of 4.3 x 10° M (within the optical radius of 25 kpc) and a
dark matter mass of 3.4 < 10'' M .

Originally, Modell and Model2 have disc scale lengths of hy =
5.6 and = 5.1 kpc and roughly flat rotation curves at V., = 340 and
=210 km s™1, respectively. We rescaled both models’ positions and
velocities in order to match measurements for the MW: hq = 3.5 kpc
and V., = 240 km s (Bland-Hawthorn & Gerhard 2016), which
affects the mass, M, of each particle according to the relation GM

V2R, where G is the gravitational constant. We chose an hy value
near the upper limit of the recommendation by Bland-Hawthorn &
Gerhard (2016) so that the bar lengths do not become too short.

2.1 Bars

After the rescaling, both Modell and Model2 have very similar bar
lengths® at the final time, R, = 3.05 and 3.2 kpc, respectively, but
arrive there by different paths. During the period studied, Modell’s
bar length decreases monotonically by about 10 per cent while that
of Model2 increases by the same amount (see dotted red lines in
Figs 3 and 4). As may be expected, the pattern speeds change in the
opposite directions with final values of 80 and 50 km s kpc™,
respectively. The bar lengths quoted above are the ‘true’ values, the
meaning of which will become clear in the next sections. Typically
bars are found to slow down and to grow in length with time (as in
Model2) due to losing angular momentum to the disc and dark mater
halo. The opposite behaviour of Modell’s bar is due to gas infall at

LEstimated from the Leont method, described in Section 3.1.
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Figure 1. Illustration of the three methods used to measure the bar length. For the top panels, we use a snapshot from Modell att = 12.91 Gyr, and for the bottom
panels, an output 35 Myr later. Left-hand panels: L¢ont method. Face-on stellar density contours with the azimuthally averaged density subtracted. Vertical
dashed lines mark the contour levels crossing the y-axis where the overdensity of stars has dropped by 10-80 per cent from the maximum. The 50 per cent drop
is shown by the solid vertical lines. Middle panel: Lyror method. Bar length is measured by fitting ellipses and measuring when the difference between the density
along the semimajor and semiminor axis falls to below 3040 per cent of the semimajor value. Right-hand panel: Ly, = 2 method uses the ratio of the amplitude
of the m = 2 to 0 Fourier components of the stellar density, Az/Ay, as a function of radius, R. The bar length is taken as the radius where this ratio falls below a
fraction of the maximum value. We here consider six thresholds from 30 to 80 per cent of the maximum value. The larger bar estimate in the bottom panels is

due to its being connected to spiral arms, as seen in the left-hand panels.

this particular time period, given that the simulation is unconstrained
and in the cosmological context.

Having the same length but very different pattern speeds places the
bar resonances at very different radii for each simulation. This makes
Modell comparable to the fastest bars found in observations, given
by the ratio of the bar’s CR radius to its length, R = Rcr/Rp =
3.1/3.05 = 1.02; conversely, Model2 hosts a significantly slower
bar, with R = 5.6/3.2 = 1.75 (e.g. see table 1 by Rautiainen, Salo &
Laurikainen 2008), using final time values.

2.2 Spiral structure

The spirals of Modell are more tightly wound and multiarmed (see
fig. 1 in Buck et al. 2018), while for Model2, they are more open
and dominated by two or four arms (see the top right-hand panel
of fig. 1 in Martig et al. 2014a or fig. 1 in Minchev et al. 2013),
which signifies that they are stronger. Indeed, we measured spiral
structure overdensity for Modell typically 5-10 per cent higher
than the background, compared to  15-25 per cent for Model2 (see
rightmost panels of Figs 1 and 2). These values are on the lower
end of the 15-60 per cent spiral-arm overdensity estimated by Rix &
Zaritsky (1995) for 18 face-on spiral galaxies.

Recent estimates of the MW spiral-arm overdensity include

14 per cent from modelling the radial velocity field of RAVE

data (Siebert et al. 2012), 26 per cent needed to account for the
migration rate of supersolar metallicity open clusters near the Sun
(Quillenetal. 2018a),and 20 per cent obtained from matching the
radial velocity field of stars on the upper red giant branch from a
compilation of data (Eilers et al. 2020). These are somewhat larger
than the spiral strength of our Modell and quite consistent with our
Model2.

3 MEASUREMENTS OF BAR LENGTH

Here we employ three methods to determine the bar length? of
Modell, two of which have been widely used in the literature (e.g.
Athanassoula & Misiriotis 2002; Wegg et al. 2015; Wu et al. 2018)
and a new approach introduced below. We use a cut off |z| < 1 kpc,
where z is the distance from the disc mid-plane, but the results do
not vary wildly for other reasonable values.

3.1 Drop in background-subtracted densities: Lcont

Since galactic bars feature very high stellar densities relative to the
rest of the disc, the surface density along the bar major axis will start

2Hereafter we use ‘bar length’ to mean the length of its semimajor axis, as
frequently done in the literature.

MNRAS 497, 933-955 (2020)
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Figure 2. As Fig. 1, but for Model2. We have chosen three snapshots to highlight some typical cases. Top panels: At t = 13.49 Myr, the bar is relatively
well separated from spiral arms, as seen in the background-subtracted density, and the L¢on: measured length lies in the range  2.8-3.5 kpc, depending on the
threshold used. This range changes to  4-4.2 kpc for Lpof and  1.6-3.2 kpc for Ly = 2, i.e. the three methods are much less consistent than for Modell. We
tend to trust the L¢one method more than the other two, since we can clearly see the bar morphology and orientation with the spiral structure for each bar half.
Middle panels: At a time output 270 Myr later, the bar is measured to be 25-50 per cent longer, with artefacts due to connected spiral arms clearly seen in
the left-hand panel, but not in in the total density contours in the middle panel or the azimuthally averaged Az/Aq variation with radius in the right-hand panel.
Bottom panels: At a time output 170 Myr earlier than in the top panels, the bar is overestimated by almost a factor of 2 by Lcont and by 38 per cent by Lyyor.
This problem is evident from the overdensity discontinuity in the right bar half of the Lon: measurement, but is not clear from the other two methods. In both the
second and third rows, the bar is connected to the spiral structure. As for Modell, we take the L¢ont measurement with threshold of 50 per cent to be the ‘true’

bar length at t = 13.49 Gyr and R = 3.1 kpc.

to drop approaching the bar ends, as can be seen in the left-hand
panels of Fig. 1, which show the background-subtracted surface
density plots for two time outputs from Modell 35 Myr apart. The
density will then either fall off until it matches that of the disc (the
case for the top panel) or it would be elevated if a spiral structure is
present nearby (as in the bottom panel).

Our new method of measuring the bar length is somewhat similar to
tracing the drop of the A,/A, Fourier component (see Section 3.3), but
uses instead a drop in the background-subtracted density, considering
the range between 10 and 80 per cent above the radial mean. This
range, covered in steps of 10 per cent, is shown by the vertical dashed
lines, indicating the corresponding contour levels.

MNRAS 497, 933-955 (2020)

An important feature of the method is that it allows one to estimate
each side of the bar separately. From the left-hand panels of Fig. 1,
it is already obvious that only in a time range of 35 Myr the bar can
change length by about 10-20 per cent, which varies depending on
the choice of threshold.

3.2 Drop in disc ellipticities: Lprof

The density profiles along the bar major and minor axes gradually
become similar as radius increases. Athanassoula & Misiriotis (2002)
proposed to fit ellipses to the central density region while gradually
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Figure 3. Variations with time of the L¢on; bar length measurement for Model1 (see Fig. 1). Light smoothing is applied. Different curves show different threshold
values in density between 20 and 80 per cent, as indicated on the top. Smooth variations with a period Tiong = 125 Myr are seen for the smaller threshold values;
however, additional peaks appear for the largest three thresholds with Tshort = Tiong/2. The green circle marks the time output used in the top panels of Fig. 1,
which corresponds to a local minimum. Upon inspection of all measurement methods in Fig. 1, we choose the Lcont threshold of 50 per cent to refer to as the
‘true’ bar length at this time (Rp = 3.25 kpc). To get the true bar length as a function of time, we interpolate over the minimum values for the same threshold
(red dashed line), corresponding to when the bar and spirals are not connected. The bar is clearly seen to get shorter with time, starting with R, = 3.35 kpc
and ending up with R, = 3.05 kpc in the period of time we consider. The decrease in bar length with time is accompanied by an increase in pattern speed (see
Fig. 10), such that the CR radius follows closely the bar’s length. To see this, we overlaid the evolution of the mean CR radius (solid black curve marked by

‘CR’), estimated form the m = 2 Fourier component in power spectrograms (see Section 5.1).

increasing radius until reaching a point where the density along the
semiminor and semimajor axes are the same within 5 per cent.

This method is adapted here, though with the threshold modified
to use a range of ellipticities between 30 and 40 per cent in steps of
2.5 per cent of the difference between the bar major and minor axes.
This range covers the value used by Wegg et al. (2015, 30 per cent) to
estimate the length of the MW bar in their N-body model, which was
significantly higher than the 5 per cent of Athanassoula & Misiriotis
(2002). We also agree with a larger threshold, as we found that
a smaller one often produced abnormally large values or failed
altogether.

We show the results of this bar length measurement in the middle
panels in Fig. 1 over the stellar density contours. As in the left-hand
panels, the L, method measures a longer bar for the bottom panels’
time output by about a similar amount.

3.3 Fourier analysis of the central disc: Ly, =»

An estimate of bar length can also be obtained by taking the Fourier
transform over all disc azimuths. This can find the numbers, strengths,
and multiplicities of non-axisymmetric modes (Masset & Tagger
1997; Meidtetal. 2008; Quillenetal. 2011). For each disc component
being analysed, the following coefficients of the Fourier series are
first determined:

an(R) = % " p(R,6) cos(mf) db
° (1)
bm(R) = % i p(R,6) sin(m6) db.

Here, m is the azimuthal wavenumber and p(R, 8) is the mass
density at a specific spatial bin. We estimate A, with respect
to the axisymmetric component A, as a2 + b3 /Ay (see, e.g.
Athanassoula & Misiriotis 2002).

Any galactic bar, which would have rotational symmetry of the
order of 2 will, therefore, be highlighted in the m = 2 Fourier
component, along with any two-armed spiral structure. This allows
the bar strength to be seen as a function of radius in the rightmost
panels in Fig. 1, using 300-pc radial and 10° azimuthal bins. The bar
length is estimated from the radius at which A,/A, drops below some
percentage of the maximum strength in the range 30-80 per cent, in
steps of 10 per cent. Measuring bar lengths of individual sides could
then be done by reflecting one half of the disc on to the other side
prior to performing the analyses. As in the previous two methods, it
is clear from right-hand panels of Fig. 1 that the bar length measured
at the second time output is longer by 10-20 per cent, depending on
the threshold used.

For our choice of thresholds, the three methods agree quite well in
the ranges of bar length they measure for Model1; however, this is not
going to be the case for Model2. As will become clear from Fig. 3,
the top panels of Fig. 1 show a time when the bar length is at a local
minimum. We can argue that this then represents the ‘true’ bar length,
while the larger bar measurement in the bottom panels of Fig. 1 is
caused by connecting spiral arms (this is much more obvious for
Model2; see Section 3.4). We, therefore, take the ‘true’ bar length
at t = 12.91 Gyr to be Len With threshold of 50 per cent, which
corresponds to R, = 3.25 kpc. Note that this changes monotonically
with time owing to the bar’s secular evolution, as seen in Fig. 3.

3.4 Model2 bar length measurements

In Fig. 2, we present the three bar length measurements applied
to Model2, as done for Modell in Fig. 1. We have chosen three
snapshots to highlight some typical cases, since this galaxy shows
more complex variations than Model1. In the top panels, Lcone Shows
that the bar is relatively well separated from spiral arms and the
measured length is 2.8-3.5 kpc, depending on the drop. The left

MNRAS 497, 933-955 (2020)
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Figure 4. AsFig. 3, but for Model2. The Lcont bar length measurement varies more erratically with time compared to Model1, as already expected from Fig. 2.
The period is also less regular than for Model1 and we find a longer period overall, due to the slower bar here. The green circle marks the time output used in the top
panels of Fig. 2, which corresponds to a local minimum. As for Model1, we use L¢ont With a threshold of 50 per cent to get the “‘true’ bar length at this time, finding
Rp = 3.1 kpc. The red dashed line results from interpolating over such minima, which then gives the secular evolution of the true bar length. Opposite to Model1,
the bar size increases with time from Ry = 2.9 to =3.2 kpc in the period of time we consider. The time evolution of the CR radius is shown by the solid black
line, found to be at a much larger radius than the bar length, compared to Model1. This is because of the lower bar pattern speed for Model2 (see Figs 10 and 12).

bar half is about 10 per cent longer owing to a connected spiral, as
evident from the disturbed highest density contour.

The Lyror measurement is systematically larger, around 4 kpc. Con-
versely, Ly, =, varies between about 1.6 and 3.2 kpc. Note the strong
disagreement among the different bar estimates compared to Model 1,
although the same thresholds were used for each model. We conclude
that the “true’ bar length is given by the bar side along the positive x-
axis of L¢ont, as the disturbance seen in the left half must be caused by
a spiral arm. As for Modell, we take the “true’ bar length at this time
to be the L¢ont value with threshold of 50 per cent, which corresponds
to Ry, = 3.1 kpc. We note that this varies monotonically with time
due to the bar’s secular evolution, which can be seen in Fig. 4.

The second row of Fig. 2 shows a case 270 Myr later, where the
bar is measured to be 25-50 per cent longer by all three methods.
Finally, the third row shows a time output 170 Myr earlier than
in the top row, where the bar is found to be larger by almost a
factor of 2 with the Leon: and by 38 per cent with Lyt methods.
For Ly =2, the m = 2 amplitude does not drop below 50 percent
for the radial range of 6 kpc shown in the plot. This means that this
method would measure a length >6 kpc for larger drops in Az/A,
which would clearly be incorrect. Comparing A,/A, between the two
models reveals also that Model2 has a significantly stronger spiral
arm overdensity.

From the L¢one plot in the bottom panels of Fig. 2, it is obvious
that the spiral arm orientation is such that it adds to the bar length;
however, in the case of Ly even a visual inspection would not catch
this problem, since the density variations along the bar major axis
are not seen in the total density, shown as the contours in the middle
panels. Athanassoula & Misiriotis (2002) warned about using the
latter method blindly, as in certain cases, there may not be a steep
drop. Here, however, we do see a steep drop for the Ly method (in
the middle panels, the five thresholds are on top of each other), yet
from the Lo, measurement, we clearly see that the Model2 bar is
not longer than 3 kpc. We attribute this discrepancy to the stronger
spiral arms in this hydrodynamical simulation as opposed to the
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dissipationless N-body runs by Athanassoula & Misiriotis (2002)
and other works.

Looking only at the Ly measurement (middle panels of Fig. 2),
one could conclude that the bar is much larger in the bottom panel;
however, both the Leon and Ly, =, plots argue against this. It is clear
from the Lo plot that the extension of the bar, especially of its right-
hand side, comes from the strong spiral arms attached to it. Using
only the Lyt method can, therefore, lead to erroneous results, as a
randomly selected time output may correspond to a time when the
bar and spiral structure are connected. Note that when spiral arms
are stronger (as in our Model2), Lyrof tends to overestimate the bar
size even when the bar is as best as possible separated from spiral
arms, as in the top panels of Fig. 2. This conclusion is in agreement
with the results of Petersen, Weinberg & Katz (2019), who showed
that the bar length measured from the extent of the x; orbits (true
length) is at or below the minimum of their ellipse-fit-derived length
(similar to our Lyror) in their N-body simulations (see their fig. 10).

4 TIME OSCILLATIONS OF BAR PARAMETERS

4.1 Mean bar length

In Fig. 3, we plot the bar length time evolution, Ry(t), for Modell,
using the Lcone method described in Section 3. Variations with a well-
defined period are seen over these last 1.38 Gyr of quiescent disc
evolution, which is also true for the other two methods (see Figs Al
and A2). The amplitude is typically 0.3 kpc (or 10 per cent),
decreasing (increasing) for thresholds that measure a shorter (longer)
bar for all three methods. Note however that, as discussed below,
the deviations from the ‘true’ bar length are double of that, or

20 per cent, since the “true” bar length is given by the minimum of
the time variations.

We see in Fig. 3 that the time variations for smaller density drops
have a period of Tiong = 125 Myr (grey short dashed curves), from
counting 11 peaks in the period of 1.38 Gyr. As the drop increases
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Figure 5. Time variations in individual bar-half lengths for Modell, using the L¢ont method. Leont — and Leont + correspond to the left and right bar halves,
respectively, as seen in Fig. 1. A density threshold of 50 per cent is used. The mean bar half-length variation with time is shown by the black curve. Significantly
larger fluctuations are found for the individual halves. Individual bar halves peak in length at different times, alternating between smaller and larger maxima.
We relate this to the spiral structure’s departure from bisymmetry, i.e. the bar ends do not connect to a spiral arm at the same time. The mean CR radius is shown
by the black line, marked by ‘CR’, while the red-dashed line indicates the “true’ bar length.

to 50-40 per cent and beyond, a doubling in the frequency is seen
resulting ina period of Tsport ~ Tiong/2. The more frequent oscillations
appear as we enter the disc and encounter different spiral modes of
various multiplicity (as will be detailed in Section 5.1). These are
not seen from the Ly, measurement in Fig. Al, except possibly for
the 30 per cent threshold, which may be because fitting an ellipse
averages strongly over the density variation. The Ly => method
(Fig. A2), on the other hand, matches quite well the Lgon: Variations
with time, including the transition from the lower to higher frequency
with increasing density drop, for the most part.

To get the ‘true’ bar length as a function of time, we interpolate over
the minimum values measured by the L., method (corresponding to
when the bar and spirals are not connected). The small green circle
in Fig. 3 marks the time output used in the top panels of Fig. 1, which
corresponds to a local minimum. Upon inspection of all measurement
methods in Fig. 1, we choose the Lo threshold of 50 per cent to refer
to as the ‘true’ bar length at this time (R, = 3.25 kpc). The red dashed
line shows the approximate position of the minima for this threshold
at different times, which we argued in Section 3.4 correspond to the
true bar length. The bar is seen to decrease with time from R, =
3.35 kpc to = 3.05 kpc in the period of time we consider (red dashed
line in Fig. 3). The monotonic change is accompanied by an increase
in pattern speed (see Fig. 10), such that the bar CR radius follows
closely its length. To see this, we overlaid the evolution of the mean
CR radius (solid black curve marked by ‘CR’), estimated form the
m = 2 Fourier component in power spectrograms (see Section 5.1).

In the case of Model2, the measured bar extent (Figs 4 and A3)
appears to vary much more with time than for Modell, although
the true bar length is shorter for most of the time — compare dotted
red lines in Figs 3 and 4. The Lot bar length measurement shown
in Fig. 4 varies more erratically with time compared to Modell, as
already expected from Fig. 2. The period is also less regular than
for Modell and longer overall because of the slower bar. The small
green circle marks the time output used in the top panels of Fig. 2,
which correspond to a local minimum. As for Modell, we use Lcont
with a threshold of 50 per cent to get the “true’ bar length at this time,
finding Ry = 3.1 kpc. The red dashed line results from interpolating

over such minima, which then gives the secular evolution of the true
bar length. Opposite to Model1, this bar grows larger with time from
Rp = 2.9 to 3.2 kpc in the period of time we consider. The time
evolution of the CR radius is shown by the solid black line and is
found to be at a much larger radius than the bar length because of the
bar’s low pattern speed, compared to Modell (see Figs 10 and 12).

The amplitude of oscillations in Fig. 4 is up to 1.5 kpc, which
corresponds to 100 per cent overestimation, since the bar’s true
length is given by the minima. Fig. A3 shows that Lo Overestimates
the bar length for all thresholds, while we found that the different
methods agreed well for Modell. Unlike in Modell, using larger
thresholds does not result in significantly shorter bar estimates,
especially near the minima, which are 1 kpc above the true bar
length determined in Fig. 4. We attribute this discrepancy to the
stronger spiral structure of Model2.

4.2 Individual bar halves

Since we would like to link our results to the MW bar, for which our
current knowledge is limited to its near end, we also examined each
bar half separately. This could be achieved naturally from the Lgon
method. For the other two methods, we reflected the disc density
containing the bar side under consideration along the bar minor axis
(i.e. in the case of Ly, across the line x = 0 in the middle panels
of Fig. 1), after which we applied the method as before. To make
sure we did not measure different lengths for different bar halves
just because our disc was not centred correctly, we did a number of
tests. The disc was centred by subtracting the centroid of a cylinder
of radius r. and height z.. We experimented with r, and z. values
ranging from 2 to 6 kpc and from 0.1 to 1 kpc, respectively, finding
that our results were minimally affected.

Figs5, A4, and A5 show the time variations in individual bar halves
(blue dashed and red dotted curves) for Modell for each of the three
measurement methods. For all three methods, individual bar halves
have larger length fluctuations (sometimes by a factor of 2) than the
mean bar length variations shown by the black curves. The length
can be seen to vary by 1 kpc for Modell. As expected, a peak in
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Figure 6. Model2 bar half-length variation with time for the mean and individual ends, using the Lprof method. The blue dashed and red dotted lines show
the left and right halves, respectively, for a bar fixed along the x-axis as in Fig. 2. Note that the true bar length is  3-3.2 kpc (see Fig. 4); thus, it lies outside
the range of this figure. A variation of more than 40 per cent is seen for this method and threshold; however, the overestimate from the true bar length is

90 per cent, considering Ry = 5.7 kpc found around 13 Gyr. We argue that these results from the bar-spiral structure overlap at the bar ends. The mean bar
CR radius estimated from the m = 2 Fourier component of power spectrograms (see Section 5.1) is shown by the black line, marked with ‘CR’. Note that the
bar’s instantaneous pattern speed fluctuates between 40 and 65 km s™1 kpc™ (see Fig. 10), resulting in CR radius fluctuations in the range 3.8 <Rcr <
6.4 kpc. It is remarkable that even this very slow bar can appear ‘ultrafast’ for a small fraction of the time.

the length of one side of the bar does not necessarily correspond to a
peak in the other — these are often completely offset, i.e. a maximum
length measured for one side corresponds to a minimum for the other
(e.g. att=12.78 Gyr in Fig. 5). It should be noted that the mean bar
half-length is not the mean of the individual sides estimated here,
except for the Lont method. The other two methods measure the total
bar length as described in Sections 3.2 and 3.3 and then divide in half.

Fig. 6 shows the variation of individual bar halves for Model2.
Here we used the Lyt method, since Lo Shows abrupt changed on
a short time-scale (as seen in Fig. 4). Similarly to Modell, there is
no apparent correlation between the two half-length fluctuations (see
A4) and often a peak in the length of one bar-half corresponds to a
minimum for the other. Larger maxima and minima are reached than
those seen in the mean bar length measurement, but not to the extent
found for Modell.

4.3 Bar amplitude

To find out if the bar length fluctuations are accompanied by
variations in the bar strength, in Fig. 7, we show the Modell bar
amplitude at five different distances from the disc centre along the
bar major axis, divided by the maximum, nr/Nmax, as indicated, where
N = Ax/Ao and Nmax is the maximum as a function of radius. As in
Fig. 1, these are estimated from the the m = 2 Fourier mode, A,/Ay,
where Ag is the axisymmetric component.

Very similar time variations appear for all radii, with typical
amplitude changes in ngr/Mmax Of 0.2, except for the innermost
radius considered. The thick solid grey curve in Fig. 7 represents the
mean bar half-length variations (black curve from Fig. 5), which can
be seen to agree very well with the amplitude fluctuations, including
the short and long periods.

The fluctuations seen in the bar amplitude at fixed radii (Fig. 7)
are more similar to the bar length time variations than the Nmax,
which can vary with radius (see Fig. A6). This can generally be seen
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for Model2 as well in Fig. 8. One key difference between the two
simulations is the fact that for Modell all radii peak at nearly the
same time, while in Model2, they are delayed with the lowest radius
of 3 kpc always peaking last. Such a pattern suggests a spiral arm
contribution. Indeed, we established in Section 3.4 that the Model?2
bar true length is about 3 kpc; therefore, the region examined in
Fig. 8 lies at or outside the true bar, yet in the regime where our three
measurement methods detect a bar. The solid grey curve in Fig. 7
shows the bar length time variations, seen to follow the overall trend
in Nr/Mmax, IN best agreement with the two outermost radii.

4.4 Bar pattern speed

We estimated the instantaneous bar pattern speed using the modified
TW method by Sanders et al. (2019), who applied it to both MW
data and N-body simulations. The top left-hand panel of Fig. 9 shows
the configuration we used to measure ,, over the stellar density of
Modell. As done by Sanders et al. (2019), we assumed a bar angle
of 337, a Galactic latitude range |b] < 5°, and a solar Galactocentric
distance of Ry = 8.12 kpc. The rotation is clockwise. Estimates
are done in bins of Galactic longitude dl = 2° in the radial range
indicated by the two arches centred on the Sun (at distances of 4.12
and 8.12 kpc), which is sitting at (x, y) = (8.12, 0). The straight black
line over the bar has a half-length of 3.2 kpc, which corresponds to
I 17° for our bar angle. The bar angle is kept the same at each
time output. The white circles show the bar time-median CR, 4:1
OLR, and 2:1 OLR at Rcg = 3.25, Rs:100r = 4.2, and Ry 10r =
5.3 kpc, respectively. The bar CR radius coincides with the 2:1 ILR
of a two-armed, the 4:1 ILR of a four-armed spiral, and the 3:1 ILR
of a three-armed spiral, estimated from power spectrograms (see
Section 5.1.1 and Fig. 11).

The top right-hand panel of Fig. 9 shows the estimated
variation with Galactic longitude, I, covering the near bar half. The
colour-coded curves correspond to different times, as indicated in
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Figure 7. Bar amplitude for Model1 at five different distances from the disc centre along the bar major axis, divided by the maximum, nr/nmax, as indicated.

Very similar time variations appear for all radii, with typical amplitude changes i

n nNr/Mmax 0f 0.2, except for the innermost radial bin. The thick solid grey

curve indicates the mean bar half-length variations (black curve from Fig. 5), showing a very good agreement with the amplitude fluctuations. Note that as the

bar decreases in length, so does its amplitude.
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Figure 8. AsFig. 7, but for Model2. The solid grey thick curve indicates the mean bar half-length variations (black curve from Fig. 6), showing an overall good

agreement with the amplitude fluctuations. Since the true bar length is
spiral arms, as evident from the systematic time offset among different curves.

the colourbar. The strong divergence at 18 | 28 is caused
by the bar to spiral transition, happening between the bar CR
and 4:1 OLR. To make sense of the pattern speed estimates at
different longitudes (and thus, different distances from the Galactic
Centre), we selected a bar-dominated and a spiral-dominated regions
safely away from the transition region, as indicated by the double
arrows in the top right-hand panel of Fig. 9. In the bottom left-
hand panel, we plot  (t) for the “spiral region” (dotted blue curve)
and ‘bar region’ (solid black curve) obtained by averaging over the
longitude ranges indicated in the upper right-hand panel. A very
good anticorrelation is seen, which is remarkable as these regions
are separated by 16° in | (>1.5 kpc along the bar major axis).
This is indicative of a bar-spiral mode coupling (Tagger et al.
1987; Minchev & Famaey 2010; Quillen et al. 2011; Petersen et al.
2019)

3 kpc, the outermost three radial bins for which nr was estimated correspond to the

In the bottom right-hand panel of Fig. 9, we juxtaposed ,(t) inthe
‘bar region” with the measured bar length for the positive longitude
half (blue dashed curve in Fig. A4). The (t) period in both bar and
spiral regions is very well defined at 80 Myr, which lies between
the Tiong = 125 Myr and Tghorr = Tiong/2 periods of the measured
bar length variation in Fig. 3. We relate these frequencies to the
coupling between the bar and spiral modes of different multiplicity
using power spectrum analyses in Section 5.1.1.

Fig. 10 is the same as Fig. 9 but for Model2. In the top left-hand
panel, the black line has a half-length of 3.1 kpc, indicating the time-
median bar length. The white circles show the bar’s time-median CR
and 4:1 ILR at Rcg = 5.25 and R, g = 3.2 kpc, respectively. The
orange, green, and red circles indicate the positions of the 2:1 ILR of
atwo-armed, the 3:1 ILR of a three-armed, and the 4:1 ILR of a four-
armed spiral mode, respectively, estimated from power spectrograms
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