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Abstract

Stellar bars in disk galaxies grow as stars in near-circular orbits lose angular momentum to their environments,
including their dark matter (DM) halo, and transform into elongated bar orbits. This angular momentum exchange
during galaxy evolution hints at a connection between bar properties and the DM halo spin A, the dimensionless
form of DM angular momentum. We investigate the connection between halo spin A and galaxy properties in the
presence/absence of stellar bars, using the cosmological magnetohydrodynamic TNG50 simulations at multiple
redshifts (0 < z, < 1). We determine the bar strength (or bar amplitude, A,/Ao), using Fourier decomposition of the
face-on stellar density distribution. We determine the halo spin for barred and unbarred galaxies (0 < A,/Aq < 0.7)
in the center of the DM halo, close to the galaxy’s stellar disk. At z, =0, there is an anticorrelation between halo
spin and bar strength. Strongly barred galaxies (A,/Ag > 0.4) reside in DM halos with low spin and low specific
angular momentum at their centers. In contrast, unbarred/weakly barred galaxies (A>/Ag < 0.2) exist in halos with
higher central spin and higher specific angular momentum. The anticorrelation is due to the barred galaxies’ higher
DM mass and lower angular momentum than the unbarred galaxies at z, =0, as a result of galaxy evolution. At
high redshifts (z, = 1), all galaxies have higher halo spin compared to those at lower redshifts (z, = 0), with a weak
anticorrelation for galaxies having A, /Ay > 0.2. The formation of DM bars in strongly barred systems highlights
how angular momentum transfer to the halo can influence its central spin.

Unified Astronomy Thesaurus concepts: Galaxy dark matter halos (1880); Galaxy bars (2364); Hydrodynamical
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1. Introduction

Barred galaxies constitute a major fraction of the disk galaxy
population in our local Universe. Studies using controlled
galaxy simulations and cosmological simulations have shown
that the dark matter (DM) halo plays an important role in the
formation of bar instability and in the evolution of bar in the
stellar disk of galaxies (J. P. Ostriker & P. J. E. Peebles 1973;
G. Efstathiou et al. 1982; O. F. Marioni et al. 2022; S. Ansar
et al. 2023b).

The study of bar and DM halo interaction using isolated
controlled galaxy simulations has the advantage of tracking
specific dynamical processes, for example, angular momentum
transfer between the disk and the halo (see J. A. Sellwood 2014
for a detailed review). Stars in circular orbits in stellar disks shift
into bar orbits by losing angular momentum to the environment
(including the surrounding DM halo) through resonance
interactions (D. Lynden-Bell & A. J. Kalnajs 1972; E. Athanas-
soula 2002; M. S. Petersen et al. 2016; A. Collier et al.
2019a, 2019b; M. S. Petersen et al. 2019; X. Li et al.
2023, 2024). As additional stellar orbits lose angular momentum
and begin moving along the bar, the bar gains strength,
lengthens, and its angular velocity or pattern speed €2, decreases
(A. J. Kalnajs 1971; D. Lynden-Bell & A. J. Kalnajs 1972).

Cosmological simulations provide an opportunity to study how
bars form and evolve in galaxies in a cosmological environment,
undergoing multiple satellite interactions, flyby events, gas infall/
outflow, star formation and stellar feedback in the disk, along
with a central supermassive black hole and a coevolving
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DM halo (F. Fragkoudi et al. 2021; Y. Rosas-Guevara et al.
2022; S. Ansar et al. 2023b; F. Fragkoudi et al. 2024).
Cosmological simulations can also be used to probe the
interaction between the disk and the DM halo at different
redshifts, which is important for understanding the evolution
of the bar—DM halo interaction.

The properties of the DM halos at redshift z, =0, such as the
DM density and DM angular momentum, are the result of the
nonlinear evolution of the initial matter density field in the presence
of tidal torques (P. J. E. Peebles 1969; A. G. Doroshkevich
1970; S. D. M. White 1984; J. Bames & G. Efstathiou 1987;
B. M. Schifer 2009) as well as mergers and interactions with
multiple satellite galaxies (A. H. Maller et al. 2002; M. Vitvitska
et al. 2002; P. E. Bett & C. S. Frenk 2016; V. Rodriguez-Gomez
et al. 2017). The DM halo angular momentum is often expressed in
a dimensionless form, referred to as the DM halo spin . The halo
spin at the virial radius (ry;) is given by the J. S. Bullock et al.
(2001) halo spin parameter \g = L/~/2 My Fyir v (i), Where
L, M;, and v(ry;) are the total halo angular momentum, halo
mass, and circular velocity at ry;, respectively. Ag is derived from
the general expression of halo spin parameter defined by
P. J. E. Peebles (1969):

1/2
A= ﬂ, €}
GM>/?

where L is the total angular momentum of the halo, E is the
total energy, and M is the mass of the DM halo within radius r.
Ap is known as the P. J. E. Peebles (1969) halo spin when A
estimated at the virial radius of the DM halo.

Investigating the properties of halo spin and its connection
with galaxy properties has been of interest in many studies
(P. Bett et al. 2007, 2010; P. E. Bett & C. S. Frenk 2012, 2016).
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Halo spin plays an important role in determining galaxy sizes,
as faster-rotating halos having higher halo spins are associated
with larger stellar disks (J.-h. Kim & J. Lee 2013; F. Jiang et al.
2019; L. E. Pérez-Montaiio et al. 2022; V. Rodriguez-Gomez
et al. 2022; H. Yang et al. 2023). A. B. Romeo et al. (2023)
studied a large sample of barred SO galaxies and found a
connection between the specific angular momentum of the disk,
galaxy morphology, and bar structure. J. Zjupa & V. Springel
(2017) found that the halo spin (both Az and Ap at ry;,) are not
much affected by the collapse of the baryons in the DM halos.
Recently, Y. Rosas-Guevara et al. (2022) using current
cosmological hydrodynamical TNG50 simulations (D. Nelson
et al. 2019; A. Pillepich et al. 2019) showed that the halo spin
(at ry; Ap) of barred galaxies is lower than that of unbarred
galaxies at redshift z, = 0 (also see D. Izquierdo-Villalba et al.
2022). However, there has been no comprehensive study on the
origin of the connection between bar strength and halo spin or
halo angular momentum. We will see later in Section 4.1, that
the angular momentum of the stellar disk is more than the
angular momentum of the DM halo in the central region of the
galaxies (for example, 10 times more inside r < 10 kpc). Only a
significant transfer in angular momentum from the disk to the
DM halo can lead to a halo spin change in the halo’s inner
region. However, no amount of angular momentum transfer can
change the halo spin within the virial radius of the halo.

Studies using controlled and isolated galaxy simulations
have found different trends of the DM halo properties that aid
the formation of bars. E. Athanassoula & A. Misiriotis (2002)
showed that galaxies with higher DM concentration (having
similar stellar-to-DM mass ratios) grow stronger, thinner, and
longer bars due to the transfer of angular momentum from the
disk to the DM halo at resonances (E. Athanassoula 2002). A
central mass concentration in the form of a stellar bulge or a
centrally concentrated DM halo can inhibit bar formation
(J. P. Ostriker & P. J. E. Peebles 1973; M. Das et al. 2003;
S. K. Kataria & M. Das 2018; D. Jang & W.-T. Kim 2023).
Apart from the nature of the DM halo profile, the angular
momentum distribution in the central regions of galaxies also
plays a major role in bar formation (S. Long et al. 2014;
A. Collier et al. 2018, 2019a, 2019b; A. Collier & A.-M. Madigan
2021; S. K. Kataria & J. Shen 2024) and the time of bar buckling
(S. Long et al. 2014; A. Collier et al. 2018; S. K. Kataria &
J. Shen 2022; X. Li et al. 2023, 2024).

N-body simulations have shown the formation of a shadow
bar or ghost bar in the DM halo during bar formation in the
disk (E. Athanassoula 2005; 1. Berentzen & 1. Shlosman 2006;
E. Athanassoula 2007; M. S. Petersen et al. 2016; A. Collier
et al. 2018, 2019a, 2019b; M. S. Petersen et al. 2019, 2021).
X. Li et al. (2023) studied the evolution of bars in DM halos by
varying halo central densities and halo spins estimated at the
virial radius. For high-spinning halos (at r;), X. Li et al.
(2023) find a significantly large time interval between bar
formation and bar buckling, during which the bar strength and
pattern speed are constant and the stellar bar aligns with the
DM bar and does not transfer angular momentum to the DM
halo. However, bar formation is more likely to be affected by
the inner halo spin/angular momentum close to the disk rather
than at large radii, far from the disk (S. K. Kataria &
J. Shen 2022; S. Ansar et al. 2023a).

A connection between DM halo spin and the presence of a
bar is based on the transfer of angular momentum from the disk
to the DM halo through gravitational interaction with the bar
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(V. P. Debattista & J. A. Sellwood 2000; E. Athanassoula 2002;
E. Athanassoula & A. Misiriotis 2002), thereby increasing the
angular momentum of the DM halo. However, the net increase of
angular momentum of the DM halo due to the bar—halo
interaction is unclear in a cosmologically evolving system, as
several other external processes (e.g., satellite mergers and gas
accretion) and stellar and DM mass redistribution can equally
contribute to the change in angular momentum of the DM halo
and the disk.

In this article, we investigate the connection between the DM
halos and stellar bars of disk galaxies in the TNGS50
cosmological magnetohydrodynamical simulations (D. Nelson
et al. 2019; A. Pillepich et al. 2019). We examine galaxies of
different bar strengths (Section 2.1). We study the DM halo
properties of the sample galaxies at different halo radii and
multiple redshifts. We investigate whether the properties of the
DM halo and the baryonic disk correlate in our galaxy sample.

We structure this article as follows. We introduce the
TNGS0 simulations and the galaxy samples in Section 2. We
discuss the halo spin of barred and unbarred galaxies of
comparable DM mass at z. =0 in Section 3. In Section 4, we
investigate whether the bar plays a role in the increase of DM
angular momentum, and in Section 5, we examine barred
galaxies at high redshifts z,=0.1 and 1. We explain issues
related to sample selection, biases, and convergence in
Section 6 and discuss the main findings of this study in
Section 7. We present our conclusions in Section 8.

2. TNGS50 Simulations and Galaxy Sample

We select large samples of galaxies from the cosmological
magnetohydrodynamical simulations IustrisTNG® (R. Weinb-
erger et al. 2017; A. Pillepich et al. 2018), which are run using
the moving mesh code AREPO (V. Springel 2010). We use
one of the highest resolution data sets TNGS50 (D. Nelson et al.
2019; A. Pillepich et al. 2019), having a volume of ~(51Mpc)?
and an average mass resolution of 8 x 10* M, for the baryonic
particles and 4.5 x 10° M., for the DM particles.

We use the precomputed estimates of DM halo mass, stellar
disk mass, and gas disk mass from The Next Generation (TNG)
website (D. Nelson et al. 2019; A. Pillepich et al. 2019).
We adopt the DM halo mass from SubhaloMassType,
which accounts for the total mass of all the particles contained
in a Subhalo, and the stellar and gas disk mass using
the SubhaloMassinRadType parameter, which provides
the aggregate of masses of all particles (stars or gas) within
twice the stellar half-mass radius. Using the above mass
definitions, we form an initial galaxy sample of 1892, 1758,
and 1531 galaxies from the TNGS50 data set at redshift z =0,
0.1, and 1.0, respectivelg, in the galaxy stellar mass range of
6 x 10 <M, /M. < 10'* and DM halo mass in the range
of 1010<MDM/M@ <2x 10" containing both barred and
unbarred galaxies.

From the above samples, we choose disk galaxies from
visual inspection and remove the galaxies that show large
deformation in the stellar disk due to ongoing mergers/flyby
events of satellites or galaxies that show an enhanced off-center
concentration of stars in the central region that can generate a
high value of the bar strength (used as a probe of a bar; see
Section 2.1), and will be misinterpreted as a bar.

3 https: //www.tng-project.org/
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We avoid galaxies that do not have enough star particles to
resolve the central region of the disk. Following the above
criteria, we select barred and unbarred disk galaxies from the
above samples, with 597 galaxies at redshift z,=0, 650
galaxies at z, = 0.1, and 509 galaxies at z, = 1.0. Note that we
not only track the progenitors of the galaxies at higher redshifts
but also construct independent samples of galaxies at the three
redshifts.

2.1. Barred and Unbarred Galaxies

To find the barred galaxies we first project the disk galaxies
in a face-on orientation on the x—y Cartesian coordinate plane
such that the maximum angular momentum of the disk is
toward the positive z-axis. We rotate the whole system,
including the gas and DM patrticles, in the same orientation.
Once we have the galaxy disks and the corresponding DM halo
in the required orientation (with the disk lying in the x—y plane),
we use the Fourier decomposition method to identify the
triaxial barred structures in the three galaxy samples at different
redshifts.

We decompose the face-on stellar surface density X,(r) into
Fourier modes X,_yA,, (r)exp(im¢,,). The maximum value of
the ratio of the amplitude of the m =2 and m =0 Fourier
modes is the bar strength (E. Athanassoula 2003), given as:

A [«/ag + b3 ) o

= N
ijom*,j

Ay

where in general for the m" mode, a, = vazlm*i cos(mb;),
b, = Zfilmﬂ- sin(m#;), ¢; is the azimuthal coordinate, m,; is
the mass of the j™ star particle, and N is the total number of star
particles between the radius r to r+ Ar. We adopt Ar =200
pc. The orientation of the bar is quantified with the phase of the
m = 2 Fourier mode:

¢2 = tan~! (az/bz)/2. 3)

One of the ways to find the length of a bar is to find the radius
at which the bar phase deviates from a constant value. One of
the criteria most frequently used in the literature to differentiate
between barred and unbarred galaxies is based on the bar
strength: A,/Aq > 0.2 for barred galaxies and A,/Ay < 0.2 for
weakly barred and unbarred galaxies. Following the above
criteria, we note that our sample has a slightly larger number of
barred galaxies than the number of unbarred galaxies.
According to the above definition of bar strength, the bar
fraction (fraction of galaxies hosting a bar) is 0.54 at z, =0,
0.44 at z,=0.1, and 0.54 at z,=1.0.

Another important property of a bar is the pattern speed 2,
the angular velocity of a bar in a disk. We use the recently
developed code patternSpeed.py by W. Dehnen et al. (2023)
to measure the pattern speed of bars (P. D. Lépez et al. 2024;
M. Semczuk et al. 2024). For a detailed discussion on different
methods to measure bar length and bar pattern speed see
E. Athanassoula & A. Misiriotis (2002) and S. Ansar et al.
(2023b).

In Figure 1, we show the stellar mass, gas mass, and DM
halo mass of the galaxies from the three samples at z,= 0.0,
0.1, and 1.0, along with their bar strength A, /Ay in the central
region of the disk (r<S5 kpc) in color (color bar range:
0.0 <A,/Ag < 0.7). Barred galaxies with strength A,/Aq > 0.2
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are in shades of red, the unbarred galaxies with strength
A;/Ag < 0.2 are in shades of blue, and white is for Ay/Ag ~ 0.2.

We divide the galaxies into seven groups of different bar
strengths between A,/Aq=0.0-0.7, as shown in Table I,
where we present the number of galaxies in each bar strength
interval (AA,/Ag=0.1), for the three different redshifts
z,=0.0, 0.1, and 1.0. The number of barred galaxies decreases
for higher bar strengths and the strongest bars (A,/Ag > 0.6) lie
in the stellar mass range of 10'°-10"" M., for all three redshifts.
On a side note, in Figure 1 (panels (a), (c), and (e)), the number
of barred and unbarred galaxies within stellar mass
10" < M,/M. <3 x 10" and with low gas content increases
for lower redshifts, which distinctly appear as a separate group
of points in each panel. We defer a detailed study of the loss of
gas content galaxies to a separate article, the cause of which
may be due to multiple processes during evolution, for
example, high star formation, ram pressure stripping of gas
from these galaxies, and satellite interactions. We also note a
significant number of low-mass (M, ~10° M.) unbarred
galaxies (blue) at redshift z, =0, which are missing from the
higher redshift samples (R. Flores-Freitas et al. 2024).

3. Halo Spin of Barred and Unbarred Galaxies

We aim to study the halo spin of barred and unbarred
galaxies having similar masses of their DM halos in the
central region and close to the baryonic disk. We use
the circular velocity V. pm(r) = GMpm(r)/r of the DM
component to select galaxies with similar DM halo mass
profiles (Mpm(r)). We use the selection criteria of 140 <
Max [V.pm(r < 7,,)]/(km s~!) < 200 at radii r,,=5 and 10
kpc, for each of the seven bar strength bins at z,=0 from
Table 1, as this maximizes the number of galaxies following
this selection criterion. At z, = 0, we find 25, 21, 42, 34, 29, 29,
and 10 galaxies at r,, = 10 kpc (Sample 1r10, hereafter) and 19,
22, 48, 44, 45, 33, and 9 galaxies at 7, =5 kpc (Sample 1r5,
hereafter) for each of the bar strength intervals from Table 1.
Except for the highest bar strength bin (0.6 < A,/Ay < 0.7), all
other bar strength intervals have a moderate number of
galaxies.

3.1. Galaxies with Similar Dark Matter Circular Velocities at
Redshift z. =0

In Figure 2, we present the median halo spin A\(r) (panel (a)),

median DM angular momentum Lpy(r) = /L2 + Ly2 + L2
(panel (b)), median DM mass Mpwm(r) (panel (c)), and the
median DM specific angular momentum Lpn(r)/Mpm(r)
(panel (d)) using Sample Ir5 (green) and Sample 1r10
(magenta), with their median bar strength on the x-axis of
each panel. The solid circles show the median values of each of
the above quantities, and shaded regions are bounded by 16th
and 84th percentile curves. Note that, in all of our analysis, we
determine the total halo spin at multiple radii using the
definition from Equation (1), and not any derived halo spin (for
example, \p or \p).

In Figure 2 panel (c), the median mass of the DM halos for
Sample 1r5 and Sample 1r10 is nearly constant over the bar
strength interval (0-0.7), while the median halo spin, the
median DM angular momentum, and the median DM specific
angular momentum (panels (b), (c), and (d)) decreases as we
move from low bar strength to high bar strength galaxies. The
median halo spin is higher and the spread in halo spin is larger
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Figure 1. The stellar mass, gas disk mass (panels (a), (c), and (e)), and DM halo mass (panels (b), (d), and (f)) of the galaxies in our sample at redshift z, = 0.0
(top row), 0.1 (middle row), and 1.0 (bottom row) with varied bar strengths (in color). In all panels the bar strength are color coded with blue for low bar strength
A,/Ap < 0.2 (see Section 2.1), red for high bar strength A,/Aq > 0.2, and white for A, /Ay = 0.2. In panels (a), (c), and (e), a large number of galaxies show low gas
content, although most of them have rotationally supported stellar disks.
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Figure 2. The anticorrelation between bar strength and DM halo properties at redshift z, = 0.0. Figure shows the median halo spin (panel (a)), median DM angular
momentum (panel (b)), median DM mass (panel (c)), and median specific angular momentum of DM (panel (d)) for each of the bar strength bins from Table 1 at
redshift z, = 0, for two radii, r,, = 5 kpc (green, Sample 115) and 10 kpc (magenta, Sample 1r10), in the velocity range 140 < Max [V, pm(r < rm)]/ (km s~ < 200.
The solid circles denote the median values and the shaded regions are bounded by the 16th and 84th percentile curves.

Table 1
TNGS50 Galaxies of Different Bar Strengths at Redshift z, =0, 0.1, and 1.0
Bar Strength Sample 1 Sample 2 Sample 3
A»/A Range (z=0) (z=0.1) (z,=1.0)
(1 2 (3) 4
0.0-0.1 201 224 111
0.1-0.2 72 137 121
0.2-0.3 107 90 68
0.3-0.4 95 78 98
0.4-0.5 74 70 54
0.5-0.6 38 38 41
0.6-0.7 10 13 16

Note. Columns: (1) Bar strength A,/A, (see Section 2.1); (2) number of
galaxies at redshift z, = 0; (3) number of galaxies at redshift z, = 0.1; and (4)
number of galaxies at redshift z, = 1. The large number of low bar strength
galaxies reflects the high number of low-mass galaxies where the bar formation
is not effective due to reasons like low stellar surface density, high stellar
velocity dispersion, or a shallow DM potential.

for the unbarred and weakly barred galaxies (0 < A,/Ag < 0.2)
compared to the strongly barred galaxies (0.2 < A,/Ag < 0.7).
We observe an anticorrelation between bar strength and DM
halo spin at redshift z, =0. The overall value of halo spin is
lower for larger radii in each of the bar strength intervals, as
previously observed in S. Ansar et al. (2023a). The decrease in
median halo spin mirrors the decline in median DM angular
momentum and DM specific angular momentum for galaxies
with stronger bars. Although halo mass slightly increases

toward the high bar strength end, this minor mass change is
insufficient to account for the decrease in halo angular
momentum across the entire range of bar strengths.

For galaxies with higher DM circular velocities, for example,
200 < Max [V.pm(r < 1,,)]/(km s™!) < 250 and at the same
radii r,,, =5 and 10 kpc, we observe a similar trend of decrease
in median halo spin, DM angular momentum, and DM
specific angular momentum with higher bar strength (see
Figure 10 in Appendix A). At lower DM circular velocities
(e.g., 100 < Max [V, pm(r < 7,,)]/(km s71) < 150) we do not
find a uniform mass distribution of galaxies in this data set, for
each of the bar strength intervals, and we cannot compare the
halo spin for different bar strength intervals for the lower mass
sample (see Figure 11 in Appendix A). The majority of the
low-mass unbarred galaxies have low DM halo spin and low
median spin values, as seen in Section 6.1.

3.2. Tracing the Evolution of Galaxies at High Redshifts

We track the evolution of the DM halo properties and stellar
disk properties of the galaxies in Sample 1r10 (Section 3.1) at
four different redshifts, z,=0.2, 0.5, 0.7, and 1.0.

Figure 3 shows the evolution of the DM properties—halo
spin (panel (a)), mass (panel (b)), angular momentum (panel
(c)), and specific angular momentum (panel (d)), calculated
within 7,, = 10 kpc. We determine the stellar disk properties
within R, ¢, the radius at which the stellar mass reaches 90%
of the total mass inside a spherical region (centered at the disk
center) of radius 30 kpc. These are stellar mass M, oo (panel
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Figure 3. The halo spin of strongly barred galaxies (A,/A¢ > 0.3) consistently decreases from high to low redshifts, z, = 1 to 0. The figure shows the evolution of halo
spin A (panel (a)), DM halo mass Mpy (panel (b)), DM halo angular momentum Lpy (panel (c)), DM specific angular momentum Lpy/Mpy (panel (d)), stellar-to-
DM mass ratio M, oo/ Mpm.oo Within R, o9 (panel (e)), stellar mass M, oo (panel (f)), stellar angular momentum L, o9 (panel (g)), and stellar disk specific angular
momentum L, g9/ M, o9 (panel (h)) of the galaxies in Sample 1r10 at z, = 0 (magenta), 0.2 (green), 0.5 (blue), 0.7 (orange), and 1 (gray). To avoid crowding, we show

three redshifts in all panels except in panel (a).

(), stellar angular momentum L, go (panel (g)), stellar specific
angular momentum L, g9/M, oo (panel (h)), and the ratio of
stellar mass to DM mass M, oo/ Mpas.00 (panel (e)) as a function
of the bar strength A,/Aq of the galaxies.

In Figure 3 panel (a), the median halo spin A(r < 10 kpc) for
the strongly barred galaxies decreases steadily from high
redshifts to low redshifts. In contrast, the median halo spin of
the unbarred galaxies fluctuates around a constant value of
~0.2 for 0 < z, < 1. In panels (b) and (f), the strongly barred
galaxies have higher median DM and stellar mass from an early
time compared to the weakly barred and unbarred galaxies that
gain mass at a faster rate until z, =0, such that the sample at
z,=0 has similar DM mass galaxies across the entire bar
strength range (0 < A,/Ag < 0.7). The DM and stellar angular
momentum (panels (c) and (g)) are nearly constant for the
strongly barred galaxies, while there is a significant gain in DM
and stellar angular momentum for the unbarred galaxies from
high to low redshifts. The specific angular momentum of the
DM and the stars are similar for the barred and unbarred
galaxies at the high redshifts (z,=1). However, at lower
redshifts (e.g., z, = 0), there is a gradient in the specific angular
momentum, where the barred galaxies have lower DM and
stellar specific angular momentum than the unbarred ones.
Finally, in panel (e), the median of the stellar-to-DM mass ratio
increases from low to high bar strengths, and the ratio is nearly
constant across the entire redshift range. To avoid crowding,
we show three redshifts in all the panels (except panel (a)).

The anticorrelation between halo spin and bar strength of
galaxies is most prominent at z, = 0. The anticorrelation becomes
weaker with an increase in redshift until z. = 1, where the median
halo spin is nearly similar for all bar strengths.

3.3. Origin of the Bar Strength—Halo Spin Anticorrelation

Not all galaxies in Sample 1r10 with strong bars at z,=0
host strong bars at high redshifts. In some galaxies, bars form
much later than z, = 1 and gain strength toward the end of their
evolution. As a result, the number of galaxies in the different
bar strength intervals evolves with time. To avoid a change in

— 1
[5) ]
& ]
4 i
S i
L
\/ -1
w 107
= E
~ ]
—~ r Alo]i
Q [S) 3
o ]
F ] © & 1 (@)
o ]
s | S
12 | —_— |
\i/low: £ 107
= i = ]
Q ] Q i
E L T T T T T T T ‘q L T T T T T T T
0.000.250.500.75 1.00 1.25 1.50 1.75 2.00 0.000.250.500.75 1.00 1.25 1.50 1.75 2.00

Redshift z, Redshift z,

Figure 4. The halo spin in DM halos hosting barred galaxies (green) decreases
faster with redshift than DM halos hosting unbarred galaxies (yellow). The
figure shows the evolution of median halo spin (panel (a)), bar strength (panel
(b)), DM mass (panel (c)), and DM angular momentum (panel (d)), all
estimated within r < 10 kpc. The higher DM mass of barred galaxies leads to
lower halo spin, even though the angular momentum of unbarred galaxies is
higher than the barred ones.

the number of galaxies across different bar strength bins, we
study two distinct classes of galaxies from Sample 1r10 in more
detail: (1) 10 strongly barred galaxies with A,/Aq > 0.6 at
z=0 and (2) 13 unbarred/weakly barred galaxies with
Ay/Ag<0.2 at z,=0 and during most of the time of their
evolution. Using the TNG50 data we can calculate the halo
spin at specific redshifts as the potential of the DM particles are
available only at certain redshifts (for example, z, =0, 0.1, 0.2,
0.3, 04, 0.5, 0.7, 1.0, 1.5, and 2.0).

In Figure 4, we show the evolution of the median halo spin
(panel (a)), median DM mass (panel (c)), and median DM
angular momentum (panel (d)) along with the evolution of their
bar strengths (panel (b)) with redshift z,. The strongly barred
galaxies are green, and the unbarred galaxies are golden. As
seen from panel (b), the strongly barred galaxies cross
Ay/Ag > 0.2 at some point during their evolution and remain
strong with A,/Ao > 0.6 at z,=0. The unbarred and strongly
barred galaxies have similar median halo spins at high redshifts
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(z, > 1). However, toward low redshifts, the median halo spin
of the strongly barred galaxies decreases significantly lower
than the unbarred galaxies. The median spin of the unbarred
galaxies decreases at a very slow rate and can be considered
nearly constant. The distinct values of median halo spin for the
strongly barred and unbarred galaxies result from the different
rates of rise in DM angular momentum and DM mass within
r,n =10 kpc. Even though the median DM mass for the two
samples is similar at z,=0, the unbarred galaxies have
distinctly lower DM mass at high redshifts. Additionally, the
rate of increase in DM angular momentum for the strongly
barred galaxies is relatively slower than the unbarred galaxies
(see panel (d)).

In conclusion, barred and unbarred galaxies that have similar
DM masses at z, =0, show a divergence in DM mass at high
redshifts. The massive galaxies tend to host stellar bars while
the less massive galaxies do not. The rise in DM mass within a
fixed radius (r,,= 10 kpc) offsets the gradual rise in DM
angular momentum, leading to a more rapid decrease in the
median spin of barred galaxies compared to unbarred ones.
Even though the DM mass in unbarred galaxies increases more
rapidly than the unbarred galaxies, the median DM mass is
lower (for z, > 0) for the unbarred galaxies. Additionally, the
median DM angular momentum in unbarred galaxies grows
faster (after z, < 1), resulting in higher median halo spin for
unbarred galaxies relative to the barred ones.

4. Role of the Bar in the Increase in Dark Matter Angular
Momentum

We investigate the transfer of angular momentum between
the stellar bar and their host DM halos using the 10 strongly
barred galaxies in Sample 1rl0 with A,/A > 0.6 at z,=0.
These are the same barred galaxies used in Figure 4.

4.1. Evolution of Disk and Dark Matter Angular Momentum

As the bar strength in each galaxy evolves with redshift, we
track the evolution of bar pattern speed €2, stellar and DM
angular momentum, and the evolution of the stellar and DM
mass within a spherical region of radius 10 kpc centered at the
disk center of mass. As the bars appear in the disks at different
times, we need to normalize the redshift scale with the redshift
of bar formation zs,,. We define zr, as the redshift after
which the bar strength crosses A,/Ag > 0.2 and the bar phase
¢, is nearly constant within the bar length.

Figure 5 shows the evolution of bar strength in the 10 strongly
barred galaxies (panel (a)), along with the evolution bar pattern
speed (panel (b)), DM angular momentum (panel (c)), stellar
angular momentum (panel (d)), stellar mass (panel (e)), and DM
mass (panel (f)) within r,,, < 10 kpc. As the bar strength increases,
the stellar angular momentum decreases even though the stellar
mass in the central region increases (see panel (e)). Often a rise in
bar strength is accompanied by an increase in DM angular
momentum. This may be because the bar can transfer angular
momentum from the disk to the DM halo through tidal torques on
the DM particles close to the central region, thereby slowing down
its pattern speed in the process. Furthermore, the rise in DM
angular momentum may also be due to the rise in the DM mass
(see panel (f)). The decrease in the bar pattern speed and the
decrease in stellar angular momentum with the rise in bar strength
suggests that the bar is transferring angular momentum to the
DM halo.
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Figure 5. Decrease in bar pattern speed €2, (panel (b)) and stellar disk angular
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angular momentum Lpy; (panel (c)). The figure also shows the simultaneous
rise in stellar M, and DM mass Mpy within a radius of 10 kpc. The redshift is
normalized by the bar formation redshift zgym,.

4.2. Correlations Between Bar Strength and Stellar and Dark
Matter Angular Momentum

We quantify the relationships between the rise in DM
angular momentum, DM mass, and stellar mass and the
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Figure 6. An increase in bar strength leads to a decrease in disk angular
momentum and coincides with a rise in DM angular momentum. The x-axes
show the (a) Pearson correlation coefficient R for stellar angular momentum L,
and bar strength A,/Aq; (b) DM angular momentum Lpy; and L,; (¢) L, and
stellar mass M,; (d) Lpy and DM mass Mpy; and (e) Lpv and Ay/Ag. All
quantities are estimated within » = 10 kpc. The y-axes show the number of
systems for barred (green) and unbarred galaxies (yellow).

decrease in stellar angular momentum, alongside the strength-
ening of the bar, using the Pearson correlation coefficient R in
our study. We use the 10 strongly barred galaxies and the 13
unbarred galaxies mentioned in Sections 3.1 and 3.3. We
estimate five correlation coefficients for all the galaxies in both
samples over a specific redshift interval. We evaluate the
correlation R between (1) L, and A, /Ay, (2) Lpy and L,, (3) L,
and M,, (4) Lpy and Mpyy, and (5) Lpy and Ay /Ag, where all
quantities are calculated within r,, =10 kpc for a specific
redshift interval. For the barred galaxies, we choose the redshift
interval that satisfies the conditions A,/Ag > 0.35 and z, > 1,
and for the unbarred galaxies, we choose redshifts z, > 1. The
above selection of intervals accounts for the galaxies’ strongly
barred phase, where the angular momentum transfer from the
disk to the DM halo is probable and keeps a similar upper limit
of redshift for both barred and unbarred systems.

In Figure 6, we present histograms of the above correlation
coefficients in different panels for barred galaxies (green) and
unbarred galaxies (yellow). Panel (a) shows that the rise in bar
strength and the decrease in stellar angular momentum for
barred galaxies leads to R~ —1, while for the unbarred
galaxies, R is spread over a broader range with no significant
correlation. The correlations between Lpy; and L, (panel (b)),
and L, and M, (panel (c)), show negative values of R for barred
galaxies and positive value of R for unbarred galaxies. For both
barred and unbarred galaxies, the correlation R between Lpy
and Mpy is mostly positive, except for two exceptional cases

Ansar & Das

of barred systems. This positive correlation shows that in both
barred and unbarred systems, there is an increase in DM
angular momentum and mass with time. However, for barred
galaxies, the rise in bar strength is mostly positively correlated
with a rise in Lpys, while no correlation is seen for unbarred
galaxies (panel (e)).

4.3. Shadow Dark Matter Bar

More direct evidence of the interaction between the stellar
bar and the surrounding DM halo is seen through an
overdensity in DM along the bar’s major axis.

After aligning the disk angular momentum toward the
z-direction, we determine the surface density maps in a
6 kpc x 6 kpc region centered at the disk center, with thickness
|z] < 0.5 kpc. Figure 7 shows a stellar surface density (X,(r))
map of a strongly barred galaxy with Subhalo ID 546691 at
z,=10.034 (panel (a)) and an unbarred galaxy with Subhalo ID
611430 at z,=0.034 (panel (d)), with their common color bar.
Next, we create subtracted stellar density X5°°(r) maps for the
two galaxies, which are generated by subtracting the mean stellar
density 2, (r) over concentric annular rings (centered at the disk
center) of width Ar=0.2 kpc and thickness |z| < 0.5 kpc, from
the total surface density: 2°°(r) = 3, (r) — X, (r). Panels (b)
and (e) show subtracted stellar surface density Ei“b(r) maps for
the barred and unbarred galaxies, along with their color bars.
Similarly, we generate corresponding subtracted DM density
>3 () maps and present them in panels (c) and (f), with their
common color bar.

In Figure 7 panel (b), the two-lobed structure in the 35*°(r)
map is due to the asymmetric structure of the stellar bar in the
>.(r) map (panel (a)). In panel (c), we see a similar overdensity
in the underlying DM 330 (r) map that is aligned with the
stellar bar. This two-lobed structure indicates a bar in the DM
density distribution, and we have checked that it is present for
all the strongly barred galaxies in Sample 1rl0 with
A>/Ap>0.6 at z,=0. We follow the evolution of the two-
lobed structure in the DM distribution and find that it starts
after the bar formation time. For unbarred galaxies, such a
structure is not observed (for example, see panel (f)). The
Y3 () maps are noisy due to the resolution of the simulation.
N. Ash et al. (2024) recently characterized the DM bar strength
for the barred galaxy sample from Y. Rosas-Guevara et al.
(2022), and found that the pattern speed of the stellar and DM
bar in a galaxy in Subbox-0 (a subvolume in TNG50 with a box
size of 7.5k~ Mpc) is nearly synchronous, and the DM bar is
aligned with the stellar bar during 8 Gyr of evolution. Using
high-resolution zoom-in simulations, we will be able to
study DM bars with a level of accuracy comparable to that
achieved in high-resolution N-body simulations (for example,
see Figure 7 in A. Collier et al. 2019a) in the future.

5. Halo Spin of Galaxies in Sample 2 and Sample 3

We investigate if there is an anticorrelation between the halo
spin and the bar strength for galaxies with comparable DM masses
at high redshifts, similar to z, = 0 (Section 2.1). Here we examine
the barred and unbarred galaxies at higher redshifts z, = 0.1 and
1.0 by forming samples of galaxies having similar DM mass using
Sample 2 and Sample 3 from Table 1. We apply the same
selection criteria from Section 3.1 based on the DM circular
velocities: 140 < Max [V, pm(r < 7,,)]/(km s™1) < 200, to each
of the seven bar strength bins in Sample 2 at z, = 0.1 and Sample
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Figure 7. Shadow DM bars are aligned with the stellar bars in strongly barred galaxies. Top panels: (a) face-on stellar surface density of a strongly barred galaxy with
Subhalo ID 546691, z, = 0.034; (b) subtracted stellar surface density X$"°(r) map showing positive (red) and negative (blue) regions; and (c) subtracted DM surface
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density Xy (r) map showing positive (brown) and negative (purple) regions. Bottom panels: same as the top panel for an unbarred galaxy with Subhalo ID 611430.
Color bars are common for panels (a) and (d), and among panels (c) and (f). The quadruple moment in ¥°(+) map (panel (b)) for a strongly barred galaxy is also

sub

traced by the DM distribution Xy (r) (panel (c)), however, no quadrupole moment is seen for the unbarred galaxy.

3 at z,=1. We find 37, 58, 46, 39, 40, 28, and 12 galaxies at
r,n= 10 kpc (Sample 2r10 hereafter) and 37, 40, 42, 42, 49, 34,
and 12 galaxies at r,,, =5 kpc (Sample 2r5 hereafter). At z,= 1.0,
we find fewer galaxies in Sample 3 in the above circular velocity
range: 5,7, 11, 19, 23, 28, and 11 galaxies for r,, = 5 kpc (Sample
315 hereafter) and 8, 19, 15, 24, 33, 38, and 15 galaxies for
., = 10 kpc (Sample 3r10 hereafter). We present the median halo
spin, median DM angular momentum, median DM mass, and
median DM specific angular momentum for the seven bar strength
bins in Figure 8, with Samples 2r5 (panels (a—d), green), 2r10
(panels (a—d), magenta), 3r5 (panels (e-h), green), and 3r10
(panels (e-h), magenta), similar to Figure 2. We have also
conducted tests with a slightly different circular velocity selection
criterion of 130 < Max [V, pm(r < 7,)]/(km s™!) < 180 with
larger number of galaxies at z, = 1 and find 18, 24, 16, 39, 33, 32,
and 14 galaxies for r,, = 10 kpc and 8, 12, 12, 24, 30, 35, and 15
galaxies for r,, =5 kpc for the seven bar strength bins and found
similar trends in the results.

Figure 8 panel (a) shows that at z, = 0.1, the halo spin and
bar strength follow a similar anticorrelation as in the case of

z,=0. However, the median halo spin in each bar strength bin
at z,=0.1 is higher than at z,=0. In the bar strength range
0.6 <Ay/Ag<0.7, the median halo spin in Sample 2r5
(Figure 8 panel (a)) is twice the median spin in Sample 1r5
(Figure 2 panel (a)). For 0.1 <A,/A < 0.2, the median halo
spin for Sample 2r5 is four-thirds larger than the median spin
for Sample 1r5. Similarly, even higher halo spins are seen for
higher redshifts (z, =1, panel (e)). The median DM mass is
nearly constant across the bar strength range 0-0.7 (panel (c)),
while the median DM angular momentum is nearly constant for
r» =35 kpc, but has a decreasing trend for r,, = 10 kpc (panel
(b)). The median specific angular momentum of the DM halo
for both radii shows similar decreasing trends with higher bar
strengths (panel (d)). At z, =1 (panel (e)), the halo spin for the
high bar strength galaxies (0.3 <A,/Ag<0.7) and very low
bar strength galaxies (A>/Ag < 0.1) is nearly similar, however
in the transition region of low to high bar strength galaxies
(0.1 <Ay/Ag<0.3) the halo spin increases to high values.
Even though there is a significant difference between the
high-spinning weakly barred galaxies (0.1 < A,/Ay < 0.3) and
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Figure 8. The connection between bar strength and DM halo properties at high redshift z, = 0.1 (panels (a)-(d)) and 1.0 (panels (e)—(h)). Same as Figure 2, for the
velocity range 140 < Max [V.pm(r < r,,,)]/(km s71) < 200 at z,= 0.1 and 1.0. At z, = 1.0, the bar strength-halo spin connection is more complex.

low-spinning barred galaxies (A,/Aq > 0.3), the anticorrelation redshifts (z,=0.0 and 0.1), but a clear anticorrelation is not
is not followed by galaxies with A,/Aq < 0.2. there for high redshift z, = 1.0 galaxies. The relation between

To summarize Section 5, an anticorrelation between the median halo spin and bar strength is more complex at z, = 1.0.
median halo spin and median bar strength exists at low The high redshift galaxies have higher median halo spin values

10
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Figure 9. DM halo mass (left column), angular momentum (middle column), and energy (right column) of the sample galaxies at redshifts z, = 0.0 (top row), 0.1
(middle row), and 1.0 (bottom row), within a spherical radius of 10 kpc. In each panel, gray points are the values of each quantity divided into seven bar strength bins
(Table 1). Blue, green, and purple lines trace the median values in each bar strength bin, and the shaded regions show the 16th and 84th percentiles of the sample. Each
bar strength interval consists of DM halos with a wide range of mass, angular momentum, and energy, however, the scatter decreases at high redshifts.

than at low redshifts for nearly all bar strength ranges. The
increase in halo spin at high redshifts is also evident from
Section 3.3, where the lower DM mass at high redshifts
(compared to low redshifts) contributes to the higher halo spin.
This indicates that the galaxies in which bars formed and are
sustained until low redshifts have notable differences in their
stellar disk mass, DM halo mass, and DM angular momentum
during evolution.

6. Sample Selection, Biases, and Convergence
6.1. Sample Selection and Biases

In this section, we present the motivation for a sample
selection criterion based on DM mass and point out the biases,
that can lead to unclear correlations in the DM halo spin and
bar strengths. We relax the criterion based on circular velocities
of DM used in Section 3 and consider all the barred and
unbarred galaxies from the three samples in Table 1
irrespective of their DM halo mass.

11

In Figure 9 we present the underlying properties of the DM
halo—halo mass Mpy (left column), halo angular momentum
Lpy (middle column), and the modulus of halo energy Epym
(right column)—for the galaxies in the three samples at z,= 0
(top row), 0.1 (middle row), and 1 (bottom row), all calculated
within r,, = 10 kpc. The gray circles represent galaxies, and the
median values of the above properties in each bar strength bin
are shown in blue, green, and purple circles with shaded
regions indicating the 16 and 84 percentiles of the distributions.

At z,= 0.0, a large number of low-mass halos (Mppy(r < 10
kpc) < 10" M..) is prominently seen in panel (a) of Figure 9
that have low angular momentum (panel (b)) and low energy
(panel (c)). This population brings down the median value of
halo spin for the unbarred galaxies with A,/Ay< 0.1 (see
Figure 12 in Appendix B). Some of the low-mass galaxy
population is present in the high redshift Sample 2 (z,= 0.1,
middle row) and Sample 3 (z,= 1.0, bottom row), which
decreases the median DM mass of unbarred galaxies to lower
values compared to the barred galaxies (see panels (d) and (g)).
However, the DM angular momentum and DM energy
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distribution seem uniform over the entire range of bar strength
and are less affected by the low-mass galaxy population. In
conclusion, it is essential to construct galaxy samples by
imposing limits on DM mass to avoid inconsistent samples and
misleading correlations between halo spin and bar strength at
different redshifts.

In Section 3, we have seen a halo spin—bar strength
anticorrelation at z, =0 for galaxies with similar DM masses,
where the DM mass range is fixed within a radius of r,, =5 and
10 kpc. This raises the question of whether the spin of the DM
halo within a radius linked to the stellar disk mass is relevant
for studying the connection between bars and DM halos. While
this radius accommodates our galaxy samples’ varying stellar
masses and sizes, it does not account for similar DM masses.
We also need to test if the anticorrelation between halo spin
and bar strength persists when halo spin is measured at large
radii, unrelated to the stellar disk, since halo spin at the virial
radius should not affect/be affected by internal stellar
dynamics. If a slight anticorrelation between halo spin at the
virial radius and bar strength is found, it will support our
conclusion from Section 3.3, in that massive disks in massive
DM halos, which host stronger bars, have lower halo spin
compared to less massive disks in smaller halos.

We determine DM halo spin at five different radii. Two of
these are R, g0 and R, qo, the radii at which the stellar mass
reaches 60% and 90%, respectively, of the total mass inside a
spherical region (centered at disk center) of radius 30 kpc (see
Appendix C). The other three radii are Rygg, 0.15 R»q9, and 0.05
R>q9, where Ryoo is the virial radius of the halo (see
Appendix C). We find a weak anticorrelation between the
median halo spin and the median bar strength at low redshifts.
The anticorrelation is relatively stronger at smaller radii close
to the stellar disk, while at large radii, it weakens and the
variation of median halo spin is constant across the entire range
of bar strength. At high redshifts there is no anticorrelation and
the median halo spin is nearly constant across the entire range
of bar strength. For more details, see Appendix D.

6.2. Convergence

We investigate the issue of numerical relaxation following
C. Power et al. (2003). We find that numerical convergence is
satisfied for all DM halos for r,, > 2 kpc. We consider only
those DM halos which fulfill numerical convergence.

More than 77% (99%) of the galaxies in Sample 1 (3) show
numerical convergence for r,, =R, 6o at z,=0.0 (z,=1.0).
While we estimate the DM halo properties at r,, = R, ¢, our
new galaxy samples consist of 460 galaxies at z,= 0.0, 626
galaxies at z,=0.1, and 505 galaxies at z,= 1.0. The new
galaxy sample is sufficiently large to investigate DM halo
properties as a function of the bar strength of the galaxies.
Among the different radii we estimate in the entire article
(namely, r,, =5 kpc, 10 kpc, R, 60, Rx.90, R0, 0.15 Ragp, and
0.05 Ry00), only for r,, = R, ¢o is numerical convergence is an
issue for 23% (1%) of the galaxies in the original sample at
z,=0 (z,=1.0).

The galaxies that do not satisfy the convergence criteria at
rm=R,60 are mostly the low-mass galaxies that are not
included in the galaxy samples in Sections 3.1 and 5, where we
use 7,=5 and 10 kpc and use massive galaxies with
Vepm(r <r,) > 140 km s~ 1. Low-mass galaxies have small
sizes. For low-mass galaxies, R, o is smaller compared to the
high-mass galaxies (see Figure 13 in Appendix C). We exclude

12

Ansar & Das

these low-mass galaxies while estimating halo spin for
rm=R,60 at z,=0.0, 0.1, and 1.0 in Figure 14 (panels (c),
(f), and (i)) in Appendix D. For other values of r,, (i.e., 5 kpc,
10 kpC, R*’go, Rzo(), 0.15 Rz()(), and 0.05 Rzoo) the low-mass
galaxies satisfy the convergence criteria. For more details on
how we avoid the effects of numerical relaxation at small radii
in our samples, see Appendix C.

7. Discussion

Bar strength and DM halo spin anticorrelation at z, =0.
Formation of a stellar bar depends on the stellar-to-DM mass
ratio in the disk (J. Bland-Hawthorn et al. 2023; also seen for
the galaxy samples in this article; see panel (e) in Figure 3 and
Appendix E), the kinematic coldness of the disk, the gas
fraction in the disk (J. P. Ostriker & P. J. E. Peebles 1973;
S. Ansar et al. 2023b), strong satellite interaction events that
trigger bar instability (T. Zana et al. 2018a, 2018b; D. Izquier-
do-Villalba et al. 2022; Y. Rosas-Guevara et al. 2022; S. Ansar
et al. 2023b; Y. Rosas-Guevara et al. 2024), and the presence or
absence of active galactic nucleus (AGN) activity (Z.-B. Zhou
et al. 2020; D. Irodotou et al. 2022; S. K. Kataria &
M. Vivek 2023). In this article, we show an anticorrelation
between median DM halo spin and median bar strength of the
TNGS50 galaxies at z, =0, having similar DM mass at small
radii close to the stellar disk (r,,, =5 and 10 kpc). On tracing
back the z,=0 galaxies to high redshifts, we find that the
anticorrelation vanishes (z, = 1). For an independent sample of
high redshift (z, = 1) galaxies having similar DM mass within
r» =10 kpc, there is a weaker anticorrelation between the
median DM halo spin and median bar strength in the range
0.2 <A,/Ao < 0.7. However, the median halo spin of galaxies
with A, /Ao < 0.1 and A,/A( > 0.5 is similar. There seems to be
a more complicated relation between the halo spin and the bar
strength of galaxies at high redshifts.

The cause of the anticorrelation between the bar strength
and DM halo spin. The origin of the anticorrelation between
the halo spin and bar strength at low redshift results from the
difference in the cosmological evolution of the DM mass and
DM angular momentum of barred and unbarred galaxies. Bars
form earlier in massive galaxies that form disks earlier in
during evolution (S. Khoperskov et al. 2024). If we consider
barred and unbarred galaxies within a range of DM masses
(within fixed radius r,,), the unbarred galaxies have lower DM
mass than barred galaxies (for z, > 0; Figure 4). Similarly, the
rise of DM angular momentum in unbarred galaxies overtakes
the rise of DM angular momentum in barred galaxies at high
redshifts, such that the net DM angular momentum for barred
galaxies is lower than for the unbarred galaxies at z, =0 (see
Figure 4). The combination of these two phenomena leads to
high halo spin of the unbarred galaxies compared to the barred
galaxies at z,=0. However, we do not expect the bar’s
influence in the galaxies’ outer regions. Still, we observe a
slight anticorrelation between halo spin and bar strength at the
outer radii (also seen in Y. Rosas-Guevara et al. 2022). This
indicates that the bar may not be responsible for the
anticorrelation between bar strength and halo spin in the outer
regions of DM halos.

Does the bar play any role? As the stellar bars grow in
strength, their pattern speed decreases due to the loss of angular
momentum of stars as they shift from the disk to the bar
(V. P. Debattista & J. A. Sellwood 2000). The loss of angular
momentum of the bar leads to a gain in angular momentum in
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the outer stellar disk or a gain in angular momentum of
the surrounding DM halo through resonance interactions
(E. Athanassoula 2002; E. Athanassoula & A. Misiriotis
2002; M. S. Petersen et al. 2016; A. Collier et al. 2019a, 2019b;
M. S. Petersen et al. 2019; X. Li et al. 2023, 2024).
Simultaneously, we notice a decrease in the stellar disk angular
momentum (within r,, < 10 kpc), even though the stellar mass
within the same volume is seen to increase due to an increased
number of stars. The DM gains angular momentum during the
process, which results from two phenomena: (1) an increase in
DM mass within the volume (7,, =10 kpc), which maybe
due to adiabatic contraction (G. R. Blumenthal et al. 1986;
0. Y. Gnedin et al. 2004; S. Kazantzidis et al. 2004) and (2) the
transfer of angular momentum from the bar region to the DM
halo. Here, we have not quantified the angular momentum
contribution to the DM halo from the two processes as that will
involve analysis of DM particle orbits having a similar
frequency as the corotation resonance, inner Lindblad reso-
nance, and outer Lindblad resonance (E. Athanassoula 2002;
E. Athanassoula & A. Misiriotis 2002). The time resolution of
the TNGS50 data set is not high enough to conduct such an
analysis, which is possible for constrained galaxy simulations
(for example, A. Collier et al. 2019a, 2019b). Moreover,
identifying bar—halo angular momentum transfer in a cosmo-
logically evolving galaxy is tricky, where multiple other
external phenomena (for example, gas infall/outflow or
satellite interactions; V. Rodriguez-Gomez et al. 2017) and
internal phenomena (stellar feedback and AGN activity) can
modify the halo and disk angular momentum. Nevertheless, we
find more evidence of interaction between the stellar bar and
the DM halo. We observe shadow DM bars that arise in the
DM density distribution once the bar grows strong and
lengthens with evolution. The shadow DM bars are missing
in unbarred and weakly barred galaxies (Section 4.3).

Bias due to sample selection and the effect of resolution. The
choice of the sample of galaxies and the radius 7, at which the halo
spin is measured both affect the median halo spins. In TNG50,
low-mass galaxies (M, /M, < 10" and Mpy /M., < 10'") without
any bar (A,/Ap < 0.2) seems to have low halo spin compared to
high-mass galaxies (see Figure 11 in Appendix A). However, for
low-mass galaxies in TNG50 we also have to be cautious about the
resolution at the central regions of these galaxies (S. Ansar et al.
2023a). In our analysis, we only consider the galaxies that do not
suffer from numerical convergence inside radius r,,, at which we
estimate the halo spin (Section 6.2). Another disk component that
we have not considered in our sample selection is the bulge mass
and bulge spin. Bar formation is delayed for galaxies with massive
bulges and even more delayed for high-spinning bulges. However,
compared to the DM halo, the bulge plays a minor role in angular
momentum exchange (X. Li et al. 2024).

8. Conclusion

We find an anticorrelation between bar strength and DM
halo spin for the massive galaxies (M, > 10'" M.) in the
TNGS50 simulations at low redshifts (z,<0.1). The antic-
orrelation weakens and is more complex at high redshifts
(z,=1). At low redshifts, galaxies hosting strong bars have
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DM halos of lower spin, lower angular momentum, and lower
specific angular momentum than unbarred galaxies. The
anticorrelation can be explained by the differences in the
evolution of the DM mass and DM angular momentum of the
barred and unbarred galaxies. We observe a probable role of
angular momentum exchange between the stellar bar and the
DM halo that affects the spin in the central regions of DM
halos. The quantification of the angular momentum transfer
from the stellar disk to the DM halo through the asymmetric
bar needs to be investigated with higher-resolution cosmolo-
gical hydrodynamical simulations.
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Appendix A
Halo Spin in Massive and Low-mass Galaxies

We study the DM halo spin for comparable DM
mass galaxies within the velocity range of 200 <
Max [V, pm(r < 7,)]/(km s~!) < 250 for r,,=5 and 10 kpc.
We find 0, 6, 21, 23, 33, 8, and 0 galaxies for r,, = 10 kpc for
the seven bar strength bins in Table 1 and similarly for r,,,=5
kpc we have 0, 10, 19, 19, 17, 3, and 0 galaxies for each of the
seven bar strength bins. We avoid low statistics by considering
the bar strength intervals with >6 galaxies. In Figure 10, we
present the halo spin (panel (a)), halo angular momentum
(panel (b)), halo mass (panel (c)), and halo specific angular
momentum (panel (d)) for the above sample of barred and
unbarred galaxies.

We also check the wvelocity range 100 < Max
[V.om(r < r,)]/(kms~') < 150 with the low-mass galaxies.
However, we do not have uniform mass distribution for each of
the bar strength bins for the low-mass systems. We find 72, 23,
38, 28, 8, 3, and 3 galaxies at r,, = 5 kpc and 80, 27, 36, 22, 7,
2, and 2 galaxies for r,, = 10 kpc. Again, we only consider the
bar strength intervals with >6 galaxies. In Figure 11 we present
the halo spin of the lowest mass galaxies for different bar
strength intervals.
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Appendix B
Galaxies with Unequal Dark Matter Mass Causing
Selection Bias

Here, we investigate the difference between the median halo
spin calculated from two kinds of galaxy samples. The first
sample consists of galaxies with similar DM mass within
r» = 10 kpc, for example, Samples 1r10 (Section 3), 2r10, and
3r10 (Section 5). The second sample consists of galaxies
without any constraints on DM mass, for example, all of
Samples 1, 2, and 3 (Section 2.1, Table 1). We determine the
halo spin of galaxies in all samples within r,, =10 kpc.

Ansar & Das

Figure 12 shows the median halo spins for the six galaxy
samples mentioned above at three redshifts z. =0 (panel (a)),
0.1 (panel (b)), and 1 (panel (c)). The median halo spin for the
unbarred galaxies in Sample 1r10 is higher than in Sample 1, as
the low-mass unbarred galaxies with A;/Ag < 0.2 in Sample 1
decrease the median halo spin. Deviations between the median
halo spin for Sample 2r10 and Sample 2 (panel (b)), and
Sample 3r10 and Sample 3 (panel (c)) are also due to the
distribution of DM mass. Constructing galaxy samples of
similar DM halo mass is important to study correlations
between halo spin and bar strengths.
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Figure 12. Incorrect sample selection can lead to unclear correlations in DM halo spin. The figure shows a comparison of the median halo spin (within r,, = 10 kpc)
for different galaxy samples at three redshifts z, = 0 (panel (a)), 0.1 (panel (b)), and 1 (panel (c)). Samples 1r10 (solid circles), 2r10 (solid stars), and 3r10 (solid
squares) consist of galaxies with similar DM mass following the criterion 140 < Max [V, pm(r < 7,)]/(km s~!) < 200, and is a subset of the larger Samples 1, 2, and
3 (hollow circles, stars, and squares in green) from Table 1 that do not have any constrain on DM mass, as shown in panels (a), (d), and (g) in Figure 9.
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Appendix C
Estimation of R, ¢, R.. 90, and R

The disk interacts with the DM halo through the stellar bar
by transferring angular momentum from the disk to the inner
DM halo. We aim to estimate the DM halo properties at scale
lengths closely associated with the stellar disk. We estimate the
radius containing 30%, 60%, and 90% of the stellar mass
within a spherical region of radius 30 kpc from the disk center,
R, 30, Ry 60, and R, oo, respectively.

Most of the disks in our sample are well within the sphere of
30 kpc radius. Hence it is reasonable to estimate the radius
containing 30%, 60%, and 90% of the stellar mass within a
sphere of radius 30 kpc. Some of the disks in our sample have
small values of R, 30 and R, ¢o, and estimation of the DM halo
properties at small radii can suffer from issues of numerical
relaxation. Following the method presented in C. Power et al.
(2003), we estimate the radius that bounds the volume inside
which the two-body relaxation timescale #.j,x is smaller than
the age of the Universe ,q.. The radius at which fej,x = #,6e Can
be adopted as the radius of convergence (r.ony) Of the inner
region of the DM halo. r..,, depends on the number of DM
particles (N( < r)), the mean density (p(r)), and the critical
density of the Universe at redshift z, (pci(z,) = 3H*(z,) /87G),
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We solve the above equation for the radius of convergence
Feony 1N each of the galaxy DM halos in our samples and
Compare reony With R, 30, R, 60, and R, go. In Figure 13, where
we show their comparison at two redshifts z, = 0.0 (first and
second columns for Sample 1) and 1.0 (third and fourth
columns for Sample 3). The first and third columns show a
comparison of R, x (X=30, 60, and 90) and ry,y, and the
black line marks the boundary of R, x = rcony- The second and
fourth columns show how r.,, varies with the bar strength of
each galaxy from our samples. From visual inspection, the
galaxies in green and blue seem to be uniformly distributed
throughout the bar strength range. In Figure 13 in all panels,
each circle represent a galaxy from Samples 1 and 3.

The convergence criteria are fulfilled by the galaxies shown
in green for which R, x > reony (percentage of galaxies shown
inside panels), and not by the galaxies shown in blue where
R, x < Feonv- At R, 30, fewer galaxies follow the above criteria
compared to R, g0. To ensure numerical convergence for the
majority of the sample, we choose galaxies with R, x > reony
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Figure 13. Comparison of R, o and R, oo with the radius of convergence 7., at redshift z, = 0.0 (first and second columns) and 1.0 (third and fourth columns). The
first and third columns show R, x (X = 60 and 90) vs. reony (see text in Appendix C), and the second and fourth columns show r.oqy Vs. bar strength A, /A, for the same
galaxies. The green circles represent galaxies with R, x > rcony and the blue circles for galaxies with R, x < reony. The percentage of green circles is shown in the
different panels. As we move from R, ¢ to R, oo the fraction of galaxies satisfying the numerical convergence (R, x > rcony) increases to 100% for R, o at all redshifts.
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and estimate the halo properties at R, o and R, go. This ensures
that we have a sufficient number of galaxies in our samples to
estimate halo properties and also avoid issues related to the
numerical relaxation of DM particles.

Till now we have focused on length scales associated with
the stellar disk that can be useful to measure DM halo spin.
However, we also want to study the halo spin at different halo
radii, for example, the virial radius Rygo. Rago is defined as the
radius inside which the average density is 200 times the critical
density of the Universe:

4
Mgy = EWR;OO X (200945 (2) (€2)

where My is the virial mass and p.(z,) = 3H2(z,) /871G is the
critical density at redshift z,. We estimate the average density at
different radii and a match with 200 X p.i(z,) gives Rygp. To
study the effect of the disk we measure the halo spin at Rgq
away from the influence of the stellar disk, and at radii closer to
the disk—0.15 R2()() and 0.05 Rz()().

Appendix D
Median Halo Spin for Galaxies After Relaxing the Fixed
Dark Matter Mass Criterion

We calculate the halo spin at multiple radii of the DM halo,
namely r,,=5 and 10 kpc in Sections 3 and 5. We also
determine the halo spin at R, ¢o and R, o0, the radius at which
the stellar mass reaches 60% and 90%, respectively, of the
total mass inside a spherical region (centered at disk center)
of radius 30 kpc. To estimate R, x, we choose a maximum
radius of 30 kpc as all of the galaxies in our sample are well
within the 30 kpc radius. In addition, we estimate the halo
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spin at the virial radius R,qg, far from the central disk and
close to the disk at 0.15 R,og and 0.05 R,qp, where we expect
a greater impact of the disk on the surrounding DM particles.
We present the detailed method of estimation of each radius
in Appendix C.

In Figure 14 we present the median halo spins of the galaxies
for different bar strength bins for the three samples from
Table 1 at redshift z,, = 0.0 (left column), 0.1 (middle column) ,
and 1.0 (right column), and at different radii r,, = 0.05 R0,
0.15 Ryg0, and 0.5 Rppo (top row) and r,, =R, 6 and R, oo
(bottom row). The median halo spin for different bar strength
bins is shown in solid circles, squares, and stars, and the shaded
regions show the 16th and 84th percentiles of the population.
The different colors in each panel represent the different radii at
which we estimate the halo spin, with blue for the largest radii,
magenta for the intermediate radii, and green for the smallest
radii.

At z,= 0.0 (Figure 14, top row), except at the very low bar
strength interval (0 <A,/Ag<0.1), we observe an overall
similar trend (as in Figure 2) of a decrease in halo spin with a
higher bar strength for all the radii in the different panels. In
general, for larger radii, the median halo spin decreases for
nearly all the bar strength intervals. The spread in the halo spin
distribution (shaded regions) is broader in the low bar strength
intervals compared to the high bar strength intervals (similar to
Figure 14). There is a decrease in the median halo spin in the
lowest bar strength interval (0 <A,/Ag<0.1) which is
dominated by the low-mass, low spin galaxies mentioned in
Sections 3 and 6.1.

The halo spin at higher redshifts (Figure 14, middle row
and bottom row), for example at z, = 1.0, is very different
from the halo spin at z, = 0.0, although the spin distribution
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Figure 14. The connection between bar strength and DM halo spin at redshifts z, = 0.0 (left column), 0.1 (middle column), and 1.0 (right column). Each panel shows
the median halo spin and median bar strength (circles, squares, and “x”) for each of the bar strength bins from Table 1, for different radii. In all panels, green circles are
for the smallest radii, magenta squares are for the intermediate radii, and blue stars are for the largest radii, with the shaded regions of similar colors bounded by the
16th and 84th percentile curves of halo spin distribution. The top row shows the halo spin at 7 = 0.05 Ry, 0.15 R0, and 0.5 R;0; and the bottom row for r = R, ¢
and R, oo (see Section 6.1). At low redshift and small radii, the median halo spin decreases with increasing bar strength. The shape of the shaded regions highlights the

skewed nature of the spin distribution in each bar strength bin.
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at z,=0.1 has more similarity with the spins at z,=0.0.
There are significantly fewer low-mass galaxies that settle
into a disk in our high redshift samples and unlike z, = 0.0,
we observe a higher median halo spin of the unbarred
galaxies at z,>0.0. Overall, the halo spins for unbarred
galaxies (0 < A,/Ag < 0.2) are higher compared to the barred
galaxies (0.2 <A,/Ap<0.7) even at z, =0.1. However, the
low redshift trend does not hold at high redshift. At z, = 1.0,
the median halo spin close to the disk (green lines in panel
(e), and magenta and blue lines in panel (f)) is either similar
for barred and unbarred galaxies or the trend reverses at very
low radii (magenta line in panel (f)). At large radii, away
from the disk (blue and magenta lines in panel (e)), the halo
spin is higher for unbarred galaxies compared to barred
galaxies.

The DM halo spin of the three galaxy samples at different
redshifts indicates an evolutionary nature of halo spin that
differs for the barred and unbarred galaxies.

Ansar & Das

Appendix E
Mass Fraction in the Disk within R, o9

Figure 15 shows the stellar mass fraction (M, /M,; orange
circles in the left column), the DM mass fraction(Mpn /Mo
blue circles in the middle column), and the gas mass
fraction(My,s/Mo; green circles in the right column) within
radius r < R, g9 and |z| < 2 kpc from the disk midplane, of all
our sample galaxies at redshifts z,=0.0 (top row), 0.1
(middle row), and 1.0 (bottom row). Here M, is the
combined mass of all components. The dark blue big solid
circles show the median mass fraction in each panel, and the
shaded region is bounded by the 16th percentile and the 84th
percentile curves.

As we move toward galaxies with higher bar strengths, the
median value of the stellar mass fraction in the disk plane
increases, the median of the DM mass fraction slightly
decreases, and the median gas mass fraction decreases to low
values close to less than 5%. At high redshifts, the stellar
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Figure 15. Stellar mass fraction (M, /Miq; left column), DM mass fraction (Mpwm/Mo; middle column), and gas mass fraction (Mg,s/Mio; right column) at redshift
z,= 0.0 (top row), 0.1 (middle row), and 1.0 (bottom row), within spherical radius R, g9 and |z| < 2 kpc. In each panel, red, blue, and green points are the values of
each quantity for the different bar strength bins (Table 1). Blue lines connect the median values (dark blue circles) in each bar strength bin and the shaded regions are
bounded by the 16th and 84th percentiles of each of the above quantities in each bar strength bin.
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mass fraction and gas fraction are higher than the low redshift
values. At low redshifts, the DM mass fraction increases,
making the stellar and gas mass fractions lower. All the
panels in Figure 15 reflect the well-established idea that
stronger bars tend to last in galaxies with higher stellar mass
fractions and lower gas mass fractions (J. Bland-Hawthorn
et al. 2023).
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