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Abstract: The bar pattern speed () is a crucial parameter for understanding dynamics of
spiral galaxies, which includes our own Milky Way. Measuring the pattern speed of the Milky Way
bar is made difficult by observational limitations, such as dust obscuration in the Galactic plane
and incomplete coverage of the far side of the bar. This study investigates whether mirroring the
near side of the bar and measuring the pattern speed can yield reliable €2, estimates using N-body
simulations of a barred galaxy. Mock observational samples are generated, incorporating distance
uncertainties and cutting out the zone of avoidance.

Our results show that mirroring produces reasonable €, estimates when distance errors are low
but suffers from biases at higher uncertainties. The size of the bar region used for measurements also
affects accuracy, improving with bar evolution. While promising, the method requires refinement,
such as fixing bar region boundaries and implementing realistic selection functions, to ensure robust
application to real Milky Way data. Further tests on diverse simulations are recommended.
Keywords: Astrophysics; Galactic morphology; Milky Way; Computational astrophysics; Data
analysis; Numerical methods.
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I. Introduction servational sample.

Bars in spiral galaxies are central, elongated overden-
sities. Approximately two-thirds of all spiral galaxies in
the Local Universe host such a central bar (e.g., [4]). Our
Galaxy, the Milky Way, also hosts a central bar.

The main properties of bars are their length, strength,
and angular rotation frequency, known as the pattern
speed §),. These properties can affect the dynamics and
evolution of galaxies. The pattern speed, for example,
can determine the motions of stars through bar orbital
resonances.

This is also the case for the Milky Way bar, where
accurately determining the value of the bar pattern speed
would help in understanding the motions of stars in the
Solar Neighbourhood.

Over the years, various studies have estimated the pat-
tern speed of the Milky Way bar using different tech-
niques. Older measurements suggested a fast and short
bar with a pattern speed of 50-60 km s~ kpc~! (e.g.,
[B]; [2]). More recent measurements place the bar pattern
speed in the range 33-40 km s=! kpc™! (e.g., [I1]; [9]).
For a recent review of the Milky Way bar pattern speed,
see section 4.8 of [§].

Among the recent measurements, Zhang et al. (2024)
[12] presented an interesting approach by utilising a
method recently published by Dehnen, Semczuk &
Shoenrich (2023) [3] tailored for simulated bars. Zhang
et al. (2024) [12] applied this method to a sample of ~
2k low-amplitude long-period variable (LA-LPV) candi-
dates from Gaia DR3 and obtained a value of ), = 34.1
+ 0.6 km s~ kpe™!.

The LA-LPV sample, although small, covered the en-
tire bar region, and their measurement was further val-
idated using simulations designed to replicate their ob-

The small sample of LA-LPV stars analysed by Zhang
et al. (2024) [12] is particularly unique, as most general
stellar samples from surveys like Gaia are currently lim-
ited to mapping only the near side of the Milky Way bar.
This limitation is illustrated, for example, in Fig.19 of [I]
and more recently in Fig.16 of [6].

The aim of this project is to investigate whether mir-
roring the near side of the Milky Way bar (in samples
such as those in [6]) and applying the Dehnen et al.
(2023) [3] method can yield reasonable results. This ap-
proach is tested here using an N-body simulation of a
barred galaxy.

This paper is organized as follows: Section 2 details the
methods used for measuring the bar pattern speed, gen-
erating the simulated data, recreating the observational
sample, and mirroring the data; Section 3 presents the
results obtained; and Section 4 summarizes and discusses
the findings.

II. Methods

To achieve the aims of this project, we employ the
following techniques, which are described in more detail
below.

A. Bar pattern speed measurement

The primary technique employed in this study is the
recently published method by Dehnen et al. (2023) [3]
for estimating the bar’s pattern speed from a single sim-
ulation snapshot, based on the continuity equation.

In this method, the bar region [Rg, R;] is identified as a
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continuous range of radial bins, where Ry and R; denote
the inner and outer radii of the bar region, respectively.

The bar orientation, v, and pattern speed, 2, are
determined using the m=2 Fourier method, applied to
all star and gas particles within the bar region with a
smooth window function.

This approach ensures a consistent measurement of {2,
such that 1 and €2, derived from the particles satisfy the
relationship ¢ = [ Q,dt.

The Python code implementing this method is pub-
licly available at https://github.com/WalterDehnen/
patternSpeed.

B. Simulations

The underlying simulation data used to test the mir-
roring approach is derived from a growing disc simulation
suite, previously used by Semczuk et al. (2022) [10] and
Dehnen et al. (2023) [3].

Growing disc simulations provide a method for mod-
eling star formation in isolated discs without requiring
computationally expensive gas hydrodynamics. In this
method, stars are formed with an initial circular velocity
coming from the rotation curve and an additional veloc-
ity dispersion which is parametrised. The newly formed
stars are distributed according to an exponential disc pro-
file, which scalelength grows with time, emulating the
inside-out growth.

The star formation rate decreases with time due to the
implemented exponential decay and suppression when
the bar is formed. Bar formation is inferred from the
on-the-fly m=2 Fourier analysis. Star formation is then
halted in the region 0.05 < Rgr < 0.7, where Ropg is
the corotation radius. This mimics gas depletion and the
subsequent suppression of star formation within the bar.

In this project, we use data from the fiducial model
presented in Dehnen et al. (2023) [3], where the simu-
lation parameters are described in detail. The model is
generally designed to loosely mimic the Milky Way and,
by the end of the simulation, consists of a barred disc
with a mass of 1.2 x 10*Mg embedded in dark matter
halo with a mass of 2.7 x 105M,.

The dark matter halo contains 4.2 x 106 particles, while
the model includes 2.4 x 10° star particles at 8 Gyr.

C. Mock observational sample

To recreate the observational sample, we incorporate
two observational effects that may affect the measure-
ment of the bar pattern speed: dust obscuration in the
galactic plane and distance errors.

As a first step, the data must be centered. Next, the
simulation data is transformed into heliocentric galactic
coordinates (s, ¢, b, v, v;, vp). For this transformation,
we assume a distance of 8.2 kpc from the galactic center
to the Sun and a bar angle of 30 degrees.
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1. Dust obscuration

To mimic dust obscuration, stars within the zone of
avoidance are excluded. That is, those that satisfy |b|
< Ab/2.

2. Distance errors

To account for distance errors, an uncertainty is added
to the distances based on a normal distribution with a
relative error o/s. This approach reflects the increasing
difficulty of measuring stellar distances as their distance
increases.

Since the velocities v; and v, are distance-dependent,
errors in the distance must be propagated to calculate
new velocities. Using the raw distances, the velocities are
first transformed into proper motions in the directions
of [ and b. Then, smeared distances, accounting for the
distance errors, are used to recalculate the corresponding
smeared velocities.

Both Ab and o, /s are parameters to explore.

D. Data mirroring

To mirror the data, the far half of the galaxy is re-
moved, and the near half is reflected across the center.

Before mirroring the data, the disc can be rotated
around the z-axis to align the bar with the x-axis. How-
ever, due to the symmetry of the bar, this rotation yields
the same value when measuring the bar pattern speed.

ITI. Results
A. Distance smearing

Figure[l|illustrates the impact of the implemented dis-
tance smearing and mirroring on bar morphology and
kinematics.

A comparison between the left and middle columns
shows that distance errors reduce the bar angle. This
effect is evident in both the density distribution and the
radial velocity map (vg), which exhibits the character-
istic quadrupole signal associated with bars. Additional
plots with larger distance errors were generated, reveal-
ing an even lower bar angle. These findings align with
the conclusions of [7] and [12].

The addition of mirroring, as shown in the right panel,
reveals that this process primarily affects the spiral arms.
Despite being influenced by distance uncertainties, the
symmetry of the bar between smearing and smearing
and mirroring remains mostly preserved.
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FIG. 1. Stellar density (top) and radial velocity Vg (bottom)
at t = 5 Gyr. The left panels show data without uncertainty,
the middle panels include 10% distance uncertainty, and the
right panels incorporate 10% distance uncertainty and mir-
roring. The Sun is located at (-8.2, 0) kpc.

B. Bar pattern speed measurements

Figure [3] illustrates how the effects described and im-
plemented in Section [[IC|influence the measurements of
the pattern speed in the simulated galaxy. Each grid con-
sists of two rows: the first shows the time evolution of the
pattern speed measurements, while the second presents
histograms of their relative error.

In the top grid, we observe that the zone of avoidance
introduces a small positive bias, which remains below
10% for the largest value of Ab. Thus, cutting out a
stripe in galactic latitude and subsequently mirroring the
data yields reasonable values for the measurement of €2,.

In the middle grid, where distance uncertainties are
considered, we observe that the method performs well
with a 5% relative distance error. For a 10% relative er-
ror, the method initially fails but improves at later times.
However, with a 15% relative error, the measurements de-
viate significantly, showing a large discrepancy between
the estimated and true values.

In the bottom grid, when both effects are combined,
the method appears to perform better. However, this
improvement is merely a numerical coincidence, as the
positive bias from the zone of avoidance offsets the neg-
ative bias from the distance uncertainty.

C. Effect of the bar region

The accuracy of the bar pattern speed measurement
improves over time when a 10% distance uncertainty is
applied. This indicates that the method’s effectiveness
may be influenced by the bar’s evolution. To examine
this, we assess how well the Dehnen et al. (2023) [3]
method estimates other bar parameters in the studied
cases and compare these results to the bar’s evolution.

Figure [4 shows the time evolution of the inner and
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outer bar regions, based on both the raw simulation data
and the data processed with distance smearing and mir-
roring, while Figure [2] presents snapshots of the bar re-
gion at 5 Gyr and 11 Gyr.

We find that the inner bar radius is consistently over-
estimated, while the outer radius is underestimated, in-
fluenced by the relative distance errors. Both misesti-
mations result in a reduction of the bar region used for
pattern speed estimation. However, as the bar grows to
roughly twice in size, the bar region used in the method
increases over time. This could explain why the estimates
become closer to the true values at later times.

Future experiments that fix a specific bar length could
further validate this explanation and offer a potential
strategy for application to real Milky Way data.

IV. Conclusions

In this project, we wanted to evaluate whether mir-
roring the near side of the Milky Way bar and applying
the Dehnen et al. (2023) [3] method could yield accu-
rate measurements of the bar’s pattern speed, despite
observational limitations such as dust obscuration and
distance uncertainties. We find that this approach gives
reasonable results when the relative distance error re-
mains below 10% and the bar’s symmetry is preserved
through mirroring. However, larger distance uncertain-
ties result in significant deviations in the estimated pat-
tern speed.

Further work is required to fully evaluate the effec-
tiveness of this approach. The simple application of the
Dehnen et al. (2023) [3] method to derive both the bar
region and the pattern speed can result in underestimat-
ing the bar region in some cases and yielding incorrect
pattern speed values, with errors of up to 75%.

time =5 Gyr time = 11 Gyr

1| Z Mo/pe?] 10%

_ 10°
g
<
=

102

10!

10.0 30

N °

y [kpel
(=]
B

—7.54

x [kpc] x [kpc]

FIG. 2. Surface density (top) and mean radial velocity (bot-
tom) at t = 5 Gyr (left) and t = 11 Gyr (right). The bar
region is indicated by circles.
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FIG. 3. Time evolution of pattern speed measurements. The top grid shows a zone of avoidance cutout, the middle grid
includes distance uncertainty, and the bottom grid combines both. In each grid, the top rows show pattern speed evolution
(red: with uncertainty; green: without), and the bottom rows display histograms of relative error.
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FIG. 4. Time evolution of the inner radius Ro (top) and outer radius R; (bottom) measured from all particles.
correspond to distance uncertainties of 5% (left), 10% (middle), and 15% (right).

green for comparison.

To address the pattern speed measurement issue
caused by distance uncertainty, the inner and outer radii
could be fixed at specific values for the measurement.
Results of Zhang et al. (2024) [12], where tests were con-
ducted exclusively on smeared data without mirroring,
suggest that this approach may be effective.

If this approach proves successful, additional steps
could be implemented in the future to enhance the re-
alism of the data. For instance, a more sophisticated se-
lection function could replace the simple straight cut in
latitude for the zone of avoidance. Additionally, distance
smearing could incorporate errors from Gaia, rather than
relying on a normal distribution.

Moreover, as the efficiency of the method within this

T T T T T T T T
8 10 12 4 6 8 10 12
time [Gyr]

time [Gyr]

Panels
Values without uncertainty are shown in

simulation varied depending on the bar size, conduct-
ing additional simulations with a range of bar sizes and
shapes will provide a more robust and reliable confirma-
tion.
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Resum: La velocitat angular de la barra (€2,) és un parametre crucial per entendre la dinamica
de les galaxies espirals, entre les quals es troba la Via Lactia. La mesura de la velocitat angular de
la barra de la Via Lactia es veu dificultada per limitacions observacionals, com I’obscuriment causat
per la pols al pla galactic i la cobertura incompleta del costat llunya de la barra. Aquest estudi
investiga si reflectir el costat proper de la barra i mesurar la velocitat angular pot proporcionar
estimacions fiables de €. Per fer-ho utilitzem simulacions de N-cossos d’una galaxia barrada, a
les quals s’incorporen incerteses en les distancies i s’exclou la zona d’elusié per recrear mostres

observacionals.

Els nostres resultats mostren que la reflexié produeix estimacions raonables de €2, quan els errors
en les distancies sén baixos, pero apareixen biaixos quan les incerteses séon més altes. La mida de
la barra utilitzada en les mesures també afecta la precisid, que millora a mesura que la barra creix.
Aquest metode, tot i que és prometedor, requereix refinaments, com ara fixar els limits de la regié
de la barra i implementar funcions de seleccié realistes, per assegurar una bona aplicacié a dades
reals de la Via Lactia. Es per aixo que es recomanen proves addicionals amb diverses simulacions.
Paraules clau: Astrofisica; Morfologia galactica; Via Lactia; Astrofisica computacional; Analisi

de dades; Metodes numerics.

ODSs: Inddstria, innovacié, infraestructures; Educacié de qualitat; Alianga pels objectius.

Objectius de Desenvolupament Sostenible (ODSs o SDGs)

. Fi de les desigualtats

10.

Reduccié de les desigualtats

. Fam zero

11.

Ciutats i comunitats sostenibles

. Salut i benestar

12.

Consum i produccié responsables

Educacié de qualitat

13.

Accié climatica

. Igualtat de genere

14.

Vida submarina

Aigua neta i sanejament

15.

Vida terrestre

. Energia neta i sostenible

16.

Pau, justicia i institucions solides

. Treball digne i creixement economic

17.

Alianga pels objectius

ofw|[ao|olk|w o]~

. Industria, innovacié, infraestructures

X

El contingut d’aquest TFG, part del grau de Fisica de la UB, es relaciona amb ’ODS 4, i en particular amb la fita
4.7, ja que promou ’educacié i la generacié de coneixement cientific avancat. També es relaciona amb 1’ODS 9, fita
9.5, perque fomenta la investigacié cientifica i ’aplicacié de tecnologies avangades per ampliar el coneixement sobre la
Via Lactia, contribuint al progrés cientific i tecnologic. Finalment, també es pot relacionar amb ’0ODS 17, fita 17.6,
perque la recerca astronomica requereix de col-laboracié cientifica internacional.
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