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Effect of gas fraction and halo shape 
on bar formation

Athanassoula et al. (2013)



Processes of bar formation
• 1) Due to internal 

processes, internal 
gravitational instabilities 
and dependent on the 
density profiles of the 
DM halo (Ostriker & 
Peebles 1973).

• 2) Bar formation 
triggered by tidal 
interactions with other 
galaxies and with galaxy 
clusters (Noguchi 1987, 
Lokas 2016, 2020).

• 3) Cluster-cluster 
interactions (Yoon et al. 
2019).
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(a) r = 0 (b) T = 0.2 

(c) r = 0.6 (d) r = 0.94 

Fig. 4.—Evolution of model 1. The graphs show the positions of the mass points projected onto 
the plane, at four instants. 

relaxation processes for individual particles, whether due to numerical error or to 
two-body collisions. We may expect, therefore, that a given numerical error may be 
less serious here than in some other applications of A-body models. 

2. We have rounded over the potential at small distance, thereby making the mathe- 
matical problem nonsingular and removing the largest fluctuations in acceleration 
from the computational problem. 

3. We judge from trial applications of the integration scheme, where the analytic 
solution is known, that the time step should be small enough for the integration to 
carry one particle past another one reliably (but not with great accuracy) whatever 
the impact parameter for expected particle relative velocities. 
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ter. According to a theoretical study21, the tidal force is stronger 
for more massive clusters and near cluster cores, and thus the 
bar fraction is expected to increase with the cluster halo mass 
and concentration. Instead, we see no strong evidence for such 
a case as a function of M200 (Fig. 3d) and concentration (see 
Supplementary Fig. 1). This implies that bar formation through a 

tidal field within a single cluster alone is not the dominant mech-
anism inducing bars.

In addition, Fig. 3d also allows us to infer the lifetime of bars. 
Figure 3d shows that clusters with larger masses (which have grown 
through more mergers) do not have higher bar fraction, although we 
expect the bar fraction to increase with the number of merging events 
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Fig. 3 | Barred galaxies are more abundant in interacting clusters. a, Bar fractions for interacting clusters and non-interacting clusters as a function of 
B/T (bottom) with distributions for the numbers of galaxies contained in each bin (top). The bin size is 0.25, which is indicated with the horizontal error 
bars. b, Distributions for bar fractions of individual clusters in which only disk-dominated galaxies (B/T!≤!0.5) are used. The total bar fractions for disk-
dominated galaxies in the interacting and non-interacting clusters are denoted by the vertical dashed lines. The grey vertical line indicates a bar fraction 
fbar!=!0.30 of late-type galaxies in field (non-cluster) environments (see Methods). c, Bottom, bar fractions of disk-dominated galaxies in the interacting 
clusters and non-interacting clusters as a function of Mstar. Top, Mstar distributions. The bin size is 0.25!dex, and it is indicated with the horizontal error bars. 
We set the most massive bin to be 0.5 dex due to the lack of the number of such massive galaxies. d, Bottom, The bar fraction of disk-dominated galaxies 
in the interacting clusters and non-interacting clusters as a function of M200 of clusters they belong to. Top, distributions for M200. The horizontal error bars 
of each point indicate the bin size of 0.30 dex. All masses in this figure are normalized to M⊙. The error bars of bar fractions (the vertical bars) in all the 
panels are defined by equation (8) in the Methods.
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Also: Efstathiou, 
Lake & Negroponte 
(1981)



Stellar-to-halo mass ratio

3. RESULTS AND DISCUSSION

3.1. Central Galaxies

Given that our interest is to study the dependence of the
likelihood of galaxies hosting bars on their stellar-to-halo mass
ratio, in this subsection we will include only central galaxies
for which we have estimates of their respective halo masses.

Figure 1(a) shows the well known dependence of fbar on
stellar mass (Méndez-Abreu et al. 2010; Nair & Abraham 2010;

Masters et al. 2012; Oh et al. 2012; Cervantes-Sodi et al. 2013)
for the central late-type galaxies in our sample, with an increase
of the bar fraction with increasing stellar mass for the case of
strong bars, while weak bars show the opposite trend, an
increase of fbar for decreasing stellar mass. Figure 1(b) shows
the dependence of fbar on the host halo mass. Similar to the case
of stellar mass, we find that strong bars tend to be more
common in galaxies with massive halos (contrary to the results
of Martínez & Muriel 2011, who found no dependence on halo
mass), while weak bars show almost no dependence of fbar on
halo mass. Given that more massive stellar disks reside in more
massive halos, this dependence of the bar fraction on Mh is not
surprising. A more interesting feature to explore is the
dependence of the bar fraction on the stellar-to-halo mass
fraction. As can be seen in Figure 1(c); for the case of strong
bars, galaxies with high M*/Mh ratios ( 1.8-⩾ ) have much
higher bar fraction than systems that are more dominated by
dark matter. Weak bars present only a weak dependence but in
the opposite direction, with fbar increasing with decreasing
M*/Mh.
It is interesting to check if this dependence is visible at fixed

stellar mass. In the top panels of Figure 2 we present the bar
fraction in the Mh versus M* plane, for the full sample of barred
galaxies (strong plus weak bars, left panel), strong (central
panel) and weak (right panel) bars separately. We use a spline
kernel to get a smooth transition of fbar, dividing the parameter
space into 20 × 20 bins, and requiring at least 15 galaxies per
bin to estimate the bar fraction. The first thing to note is that
even at fixed stellar mass, there is a strong variation of fbar with
halo mass, and the dependence is particularly clear for the case
of strong bars, with fbar increasing with decreasing Mh at fixed
M*, although the dependence is more dramatic fixing the halo
mass and looking at the increase of fbar with increasing stellar
mass. Weak bars are found in galaxies with low M* and Mh
values.
For the cases of the full sample and the restricted subsample

of strong bars, we find that the bar fraction presents a secondary
maximum at high halo mass (M M10h

132 :) and relatively low
stellar mass (M M* 1011.21 :). These systems are actually
central galaxies of rich groups, where the stellar mass refers to
the central galaxy only, but the total halo mass refers to the
mass of the parent halo plus the satellite systems. In this sense,
the value obtained through our estimate for the M*/Mh
represents only a lower value or the real one. Besides, in these
rich groups, other mechanisms might be taking place changing
the likelihood of galaxies hosting bars.
With the most massive galaxies populating the most massive

halos and at the same time being in general redder and with a
higher M*/Mh than less massive galaxies, it is important to
check if the dependence of the bar fraction on M*/Mh is not
only a reflection of the dependence of M*/Mh on color. Figure 2
middle panels show the co-dependence of the bar fraction on
color and M*/Mh. As reported by previous studies (Nair &
Abraham 2010; Lee+12), we detect a strong dependence on
color, with strong bars preferentially in red galaxies and weak
bars in blue systems. The contour colors indicate a stronger
dependence on color than on the stellar-to-halo mass ratio, but
even at fixed u r- color there is a clear dependence onM*/Mh,
especially for values of M*/Mh 1.7-⩾ with an increase of fbar
for increasing M*/Mh at any u r- value.
In Cervantes-Sodi et al. (2013) we studied the dependence

of the bar fraction on the spin parameter λd using the same

Figure 1. Fraction of barred galaxies fbar as a function of stellar mass M* (a),
halo mass Mh (b), and stellar-to-halo mass ratio (c), for strong, weak, and
strong plus weak bars of our sample.

3

The Astrophysical Journal, 807:111 (8pp), 2015 July 1 Cervantes Sodi, Li, & Park

Cervantes Sodi et al. (2015)

Dark mater halo mass from 
Yang et al. group catalogue

Cervantes Sodi (2017)

Dynamical masses from HI 
line widths from ALFALFA

at fixed stellar mass, there is a dependence of the bar fraction
on Mdyn and Mhalo.

Another way to present this same result is to look at the bar
fraction as a function of stellar mass, dividing the sample in
two according to its dynamic mass and halo mass. In Figure 4
(left panels) is shown the bar fraction as a function of stellar
mass for the full sample in the top panel, strong bars in the
middle panel, and weak bars in the bottom panel. Each bin is
further divided in half according to their dynamic mass, the
solid (red) line corresponds to the subsample with high Mhalo
values while the broken (blue) line to the subsample with low
Mdyn values. The top and middle panels show that massive
galaxies (M*�1010Me) with low Mhalo values have system-
atically higher bar fraction than galaxies with high Mhalo. For
the case of weak bars, no systematic difference is found
between the two subsamples.

The right panels of Figure 4 present the same analysis but
using Mdyn instead of Mhalo, showing the same systematic
variation but with greater significance, in good agreement with
the results by CS+15. This result is also in line with recent
simulations where it is found that the disk-to-halo mass ratio is
a factor of primary importance in bar formation and evolution.
In some of these studies (DeBuhr et al. 2012; Yurin &
Springel 2015), bar formation is suppressed if the halo mass is
increased, while in other cases bars are formed even in

simulated galaxies with low disk-to-halo mass ratios, but the
amplitude of the bars is smaller in halo dominated systems
(Sellwood 2016).
We recall that we are dealing with global, integrated

properties of galaxies, and that this strong dependence of the
bar fraction with the stellar-to-halo mass and the stellar-to-
dynamic mass ratio might change if we focus on the mass
contribution of the halo in the central regions of the galaxy,
given that it is only the mass in the relatively inner part of the
halo that can interact with the bar (Athanassoula & Misir-
iotis 2002). In this regard, the results by Cervantes-Sodi et al.
(2013) are complementary. They show that the bar fraction
decreases for increasing spin, and if low surface brightness
galaxies reside in halos with large values of spin (Jimenez
et al. 1998; Kim & Lee 2013), these galaxies being dark matter
dominated even in the central regions, then galaxies dominated
by their dark matter component in the inner parts appear to be
more stable against bar formation. The results shown in the
present study, in combination with the results by CS+15 and
Cervantes-Sodi et al. (2013), suggest that gravitational
dominant stellar disks, both in the inner parts of the galaxy
as well as globally, are more prone to develop and maintain
stellar bars, in good agreement with what was reported by
Algorry et al. (2016) studying the formation of 269 disks
in a Lambda-cold dark matter (ΛCDM) cosmological

Figure 2. Fraction of barred galaxies fbar as a function of (a) stellar-to-dynamic mass ratio M*/Mdyn, (b) baryonic-to-dynamic mass ratio Mbaryon/Mdyn, (c) stellar-to-
halo mass ratio M*/Mhalo, and (d) bayonic-to-halo mass ratio Mbaryon/Mhalo.
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Disc instability in cosmological 
hydrodynamical simulations

Barred galaxies in EAGLE 1061

Figure 7. Disc gravitational importance at t = tbar, defined as the time just
before bars form (for weak and strong bars) or at z = 0.5 for unbarred discs.
The parameter fdisc measures the contribution of the disc to the circular
velocity at the half-mass radius (equation 4). The parameter fdec measures
the global importance of the disc to the system (equation 5). Colour scheme
is as in Fig. 3. Combining fdec with fdisc improves predictions of which discs
will develop bars. See the text for definitions and further discussion.

simulations, as shown in Fig. 8. This figure shows the decline in the
bar pattern speed, !bar, since z = 0.5 as a function of bar length.
We only show this for the ‘strong’ bars in our sample because of
difficulties estimating the pattern speed of weak bars accurately.

Fig. 8 shows that !bar has decreased on average by a factor of
3 over the past 5 Gyr. In the same time interval bar lengths have
increased by a factor of 1.7 on average. Indeed, the slowdown seems
to roughly satisfy the lbar × !bar = constant relation (grey dotted
line) expected for bar lengths that increase in proportion to the
corotation radius in a galaxy with a flat circular velocity profile.

At late times, the slowdown proceeds in most galaxies without
the corresponding increase in bar length, so that bar lengths become
smaller than their corotation radii at z = 0. We examine this in more
detail in Fig. 9, where we show rcorot versus lbar for all strongly
barred galaxies (as identified at z = 0) at three different redshifts
(z = 0.5, z = 0.27 and z = 0) and compare them with the compilation
of Corsini (2011) and Aguerri et al. (2015), which include only
galaxies in the local universe.

Bars below the dotted line that delineates rcorot = 1.4 lbar are
usually referred to as ‘fast bars’, a characterization that describes
well the few galaxies for which pattern speeds have been reliably
measured observationally. Note that EAGLE strong bars, although
relatively fast at early times according to this characterization, have
clearly become slow5 by z = 0.

Bar slowdown was first studied by Weinberg (1985), using ana-
lytic arguments and later examined in N-body numerical simulations

5 The few weak bars we were able to measure reliable pattern speeds for at
z = 0 are slightly faster, but still not as fast as observed. We do not include
them in Fig. 9 because we were unable to measure pattern speeds for all of
them.

Figure 8. Pattern speed versus bar length for strong bars. This shows clearly
that bars slow down as they grow. At early times this follows roughly the
lbar ∝ !−1

bar scaling expected for corotation radii in discs with flat rotation
curves (grey dotted curve). At late times the pattern speed slows down with
little further increase in bar length, pushing corotation well beyond the edge
of the bar.

Figure 9. Corotation radius versus bar length for strong bars in our sample,
at three different times: z = 0.5 (crosses), z = 0.27 (squares) and z = 0
(circles). Grey and brown symbols with error bars are observational data
from the compilation of Corsini (2011) and Aguerri et al. (2015). ‘Fast bars’
are those below the dotted line delineating rcorot = 1.4 lbar. Most strong
bars in our simulation are ‘slow’ at z = 0, in contrast with observational
estimates.
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development, involving the transfer of angular momentum from the 
disc to the dark matter halo. The associated increments in gas inflows 
contribute to a larger stellar content in the centre, leading to a more 
significant increase in the CMC in barred galaxies. This latter aspect 
aligns with findings from simulations of isolated disc-halo systems, 
as mentioned earlier, indicating that a higher gas fraction leads to a 
larger growth of the CMC (e.g. Athanassoula, Machado & Rodionov 
2013 ). Ho we ver, the contradiction lies in the fact that strong bars can 
develop when there are large initial gas fractions, and consequently, 
in the presence of a high CMC. 

Concerning the contrasting correlation with the initial gas fraction 
exhibited by our model galaxies, it is crucial to underscore that, 
unlike in idealized simulations, the amount, characteristics, and 
distribution of gas are contingent on various interrelated processes. 
These processes, including gas accretion (from the intergalactic 
medium, if it can permeate the halo), gas cooling, star formation, 
and feedback mechanisms, interact in a complex and non-trivial 
manner. Stellar feedback, in particular, induces substantial alterations 
in the gas distribution: following periods of star formation, supernova 
explosions rapidly release a significant amount of energy, injecting 
pressure and prompting the circulation of gas from the star-forming 
regions to the outer parts of the galaxy. In the context of bar formation, 
where gas inflows and star formation appear to play a key role, it 
is imperative to acknowledge that feedback will inevitably occur 
and influence the amount and spatial distribution of gas in galaxies. 
The intricate interplay among these processes makes it exceedingly 
challenging to draw definitive conclusions about how gas affects the 
bar formation or how the bar impacts the gas component, particularly 
with the concurrent formation of a CMC. These aspects deserve a 
more in-depth analysis of the hydrodynamical connection between 
the inner disc of the galaxy, the formation of the bulge, and the inner 
disc’s susceptibility to bar formation under specific conditions within 
a cosmological context where galaxies undergo continuous growth 
and evolution. 

5  BAR  F O R M AT I O N :  INSTABILITIES  A N D  
M E R G E R S  
5.1 Disc instabilities 
It is known that a fa v ourable scenario for the formation of bars 
occurs when an instability is triggered in the stellar disc (Sell w ood & 
Wilkinson 1993 ). Several works have approached the study of 
instability mechanisms, distinguishing between ‘global’ or ‘local’ 
types (Toomre 1964 ; Efstathiou, Lake & Negroponte 1982 ). In this 
section, we analyse a number of proposed parameters to determine 
whether a system undergoes stellar disc instabilities, and test if they 
are able to predict the formation of bars in the simulations. 

Following Algorry et al. ( 2017 ), we first calculate two of these 
parameters. The first one, referred to as f disc , measures the relative 
importance of the disc and the dark halo, and is defined as 
f disc = V circ ( R 50 ) √ 

GM star /R 50 (3) 
where R 50 is the stellar half-mass radius, V circ ( R 50 ) is the total 
circular velocity e v aluated at the stellar half-mass radius, and M star 
is the stellar mass of the galaxy. This parameter measures the local 
gravitational importance of the disc and is an approximation of the 
parameter εELN (Efstathiou, Lake & Negroponte 1982 ) discussed in 
Section 1 . If f disc < 1.1, the disc is unstable to bar formation. 

Figure 13. Disc instability parameters f dec and f disc . The parameters are 
measured at the time formation of the bar, t bar , for the barred galaxies, and 
at 13 . 8 Gyr (z = 0) for the unbarred galaxies. Horizontal and vertical dashed 
lines indicate the corresponding thresholds: f dec = 1 and f disc = 1.1. The 
shaded area denotes the instability region. 

The second parameter, f dec , measures the global gravitational 
importance of the disc. It is defined as 
f dec = V circ ( R 50 ) 

V dm 
circ , max (4) 

where V dm 
circ , max is the maximum circular velocity of the dark matter 

halo. If f dec > 1, the speed of rotational velocity of the disc is high 
with respect to the speed of the dark matter halo, and it is prone to 
the development of a bar. 

Fig. 13 shows f disc versus f dec for our barred (inverted triangles) and 
unbarred (full circles) galaxies. The parameters are measured at the 
time of formation of the bar ( t bar ) for the barred galaxies, and at z = 
0 3 for the unbarred galaxies. The grey area delimits the instability 
region, where f disc < 1.1 and f dec > 1. All barred (unbarred) galaxies 
fall in the instability (stability) regions in this figure. 

In order to investigate in more detail the parameters f disc and f dec 
and their ability to detect instabilities, we analyse their temporal 
evolution. Fig. 14 shows the evolution in time of f disc , for the 
barred galaxies (upper panel) and the unbarred ones (lower panel). 
In the case of the barred galaxies, we observe that they enter the 
unstable region around ∼ 4 Gyr . In the case of B 1 and B 2 , this time 
approximately coincides with the formation time of the bar. Ho we ver, 
f disc falls below 1.1 between ∼4 and 6 Gyr before the bars of B 3 and 
B 4 are detected in the simulations. In all four cases, once the galaxy 
is unstable according to this criterion, it stays in this regime until 
z = 0. Consistently, the parameter remains stable, at all times, in our 
unbarred galaxies. 

Fig. 15 shows the time evolution of f dec , for the barred galaxies 
(upper panel) and the unbarred ones (lower panel). Unlike the case 
of f disc , both the barred and unbarred galaxies remain in the unstable 
regime during most of their evolution, and only around z = 0 their 
f dec v alues fall belo w the threshold value. According to our findings, 
f dec is not an adequate estimator for assessing the possibility of bar 
3 The choice to e v aluate the parameters at z = 0 is somewhat arbitrary (in 
Algorry et al. ( 2017 ), z = 0.5 is chosen instead) but it should be adequate 
according to the discussion of our Section 4.3 and the results shown in the 
remaining of this Section. 
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Bar resilience to 
flybys in 
cosmological 
context

Bar resilience to flybys 5217

Figure 2. Stellar surface density maps (viewed face-on) of the main galaxy at four different redshifts, also marked in Fig. 1 (black arrows). The upper left
panel refers to z = 1.023, before the flyby pericentre. The upper right panel (z = 0.964) shows the satellite (highlighted with the large circle) soon after its
pericentre passage (z = 0.972). The positions of the satellite in the previous three snapshots (created every 33 Myr) are highlighted with smaller filled circles.
The lower left panel shows the galaxy at z = 0.815, when a clear bar is not discernible (in response to the tidal perturbation), whereas the lower right panel
shows a later snapshot (z = 0.658), after the bar has re-assembled.

particles at the terminal edges of the bar. For this reason, they move
on more eccentric orbits and contribute to increase the length and
the strength of the bar. As a consequence, the bar becomes slower,
since the corotation migrates toward the outer part of the disc.9 In
Eris2k, it is hard to evaluate the precise moment of the pericentre,
given the temporal resolution of 33 Myr (the cosmological nature of
the simulation prevented a more frequent sampling of the galactic
history). In the snapshot with the shortest distance between the per-
turber and the centre of mass of the main system (the one we adopt
to compute Rperi), α = 82◦, which is very close to the neutral angle
of ±90◦, leaving a considerable uncertainity on the interpretation
of the interaction. On the other hand, in the snapshots immediately
before and after, the angles are equal to α = −54◦ and α = −79◦,
respectively, and these results are compatible with the conclusion
of Gerin et al. (1990). Moreover, our results are not in disagreement
with a slight increase of the bar angular velocity, but the trend is
not obvious at all, as the variation is small and we do not have a
reference simulation of the galaxy evolving in isolation in order to

9The opposite effect arises for negative angles.

evaluate the phase difference (as performed in Gerin et al. 1990).
However, the mass ratios Mgal/Msat they used in their study (0.5 and
1) are far greater than ours (7 × 10−4), whereas our pericentre is
similar to the values they investigated. It follows that, in Eris2k, the
perturbation is minimal with respect to those studied in Gerin et al.
(1990), but we found that this is sufficient to lower the bar strength
parameter (see Fig. 1) by about 70 per cent of its own value before
the satellite pericentre.

It is interesting to discuss how the statistical study of Peschken
& Łokas (2018) is related to our work. The authors analysed, in
the Illustris-1 simulation, a sample of 121 massive galaxies which
underwent a close encounter during their evolutionary history and
found a trace of that interaction in the evolution of the bar strength
parameter. They argued that the effect of the perturbation on the
structure would depend both on the orbital angle (i.e. whether the
approaching satellite is on a prograde or retrograde orbit) and on the
strength of the perturbation. On average, the overall effect of a weak
tidal perturbation in their sample is to reduce the strength of the bar.
In order to provide a quantitative comparison of our results with
respect to this work, we computed the angle θ between the plane
of the orbit of the satellite galaxy and the disc of the main system,
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Bar triggering by tidal interactions in 
LSB galaxies in TNG100

Barred Low Surface Brightness Galaxies in TNG100 5

Figure 1. Comparison between randomly selected barred (top panels) and unbarred (bottom panels), LSB (left panels), and HSB (right panels) galaxies. We
include on the upper left corner of each panel the values of the effective surface brightness of each system, all of them with stellar mass ⇠ 1010.9 M� .

2.3 Galactic Parameters of the sample.

The main goal of the current work is to analyze how the bar frac-
tion varies as a function of various intrinsic parameters of galaxies.
We remind the reader that the bar fraction is defined as the ratio
between the number of galaxies that have stellar bars and the total
number of galaxies considering both, barred and unbarred ones. The
intrinsic parameters on which we focus our analysis include the gas
mass fraction 5gas, the bulge-to-total mass fraction B/T, and the spin
parameter of the host halo _. In addition to these parameters, we
consider the tidal parameter & to characterize the local environment.
In the following subsections, we describe the methods employed to
calculate each.

2.3.1 Gas mass fraction.

To calculate gas mass fraction, 5gas, we compute the ratio between
mass gas content and total baryonic mass considering stellar and gas
mass, i.e:

5gas =
Mgas

Mgas + M¢
(3)

The 5gas distribution for samples HSBs and LSBs is presented in
Fig. 2a, where median values are indicated by dashed lines, while the
25th and 75th percentiles are represented by dotted and shaded lines,
respectively. All parameter distributions in Fig. 2 follow the same
style. For the gas fraction distribution (Fig. 2a) we can see that both
subsamples show the same range of 5gas, but HSBs are concentrated
at low fgas values. The majority of HSB galaxies have gas fractions
< 0.2. On the other hand, LSBs are more uniformly distributed
over the entire range of values. The median gas mass fractions for
HSBs and LSBs are 0.122 and 0.207, respectively, showing that, on
average, LSBs are more gas-rich than their HSBs counterparts. This
result is in good agreement with observational studies (O’Neil et al.
2004; Huang et al. 2014), as well as with results from cosmological
simulations (Di Cintio et al. 2019, Pérez-Montaño et al. 2022).

MNRAS 000, 1–20 (2024)
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2.3.2 Bulge-to-total mass fraction

Although our sample construction is based on the ^rot parameter to
select systems where the stellar kinetic energy invested in the rotation
is dominant (as required by the Zhao et al. (2020) and Pérez-Montaño
et al. (2022) catalogs), this parameter does not directly translates to
any particular morphological criterion employed in observational
studies. To account for the morphology of the simulated galaxies,
we turn to the bulge-to-total mass fraction, as computed in the Genel
et al. (2015) catalog. To distinguish between the morphological com-
ponents of the galaxies in TNG100, the authors utilized the circularity
parameter [ = �I/� (⇢), where �I is the specific angular momentum
for each particle and � (⇢) is the maximum angular momentum of
the stellar particles, with a position ranging to 50 before and after in
a list sorted by binding energy. As described in Genel et al. (2015),
stellar particles with [ > 0.7 were identified as belonging to the disc
component, while twice the fractional mass of stars with [ < 0 rep-
resent the bulge component. The ⌫/) distribution for our LSB and
HSB subsamples are presented in Fig. 2b, showing that both follow
similar distributions with low ⌫/) values, mostly restricted to values
below ⌫/) < 0.6. Thus, the bulge component in both subsamples is
not massive in comparison to the total mass in the galaxy. There is
no significant difference in the median ⌫/) value. However, LSBs
have a slightly smaller ⌫/) (0.238) than ⌫/) in HSBs (0.257).

2.3.3 Spin parameter

To calculate the spin parameter denoted by _, we use the expres-
sion proposed by Bullock et al. (2001) that relates the total angular
momentum of halo �, the virial radius ', virial mass " and virial
circular velocity + :

_ =
�p

2"'+
(4)

It is important to point out that the spin of the dark matter halo is
well-defined exclusively on central galaxies, which limits our study
to only these kinds of systems. In our sample, there are only 2, 261
central galaxies (53% of the total sample), of which 489 are LSBs
and 1, 772 are HSBs. The distribution for the adimensional spin
parameter is shown in Fig. 2c. HSBs present smaller values of the
spin parameter than their LSB counterparts. Most HSBs have values
_ < 0.08 while the distribution for LSBs is shifted to larger values.
Median values are 0.043 and 0.070 for HSBs and LSBs, respectively.

2.3.4 Environment and the tidal parameter.

Finally, to analyze how the environment affects the bar fraction in
our sample, we characterized the environment by employing the tidal
parameter &. This dimensionless quantity measures the strength of
interaction between a galaxy and its companion and it is defined by
Dahari (1984) as:

& =
"8

"p
·
✓
⇡p
(ip

◆3
(5)

where "p is the stellar mass of a given galaxy with diameter ⇡p,
"8 is the stellar mass of its closest neighbor located at a distance
(8 ? . As we can see from Eq. 5, & has a positive relation with galaxy
diameter but a negative one with the distance. In the case of LSB
galaxies, they are more extended with dark matter halos less dense
than HSBs (McGaugh et al. 2001), also they have a lower surface

Table 2. Control samples description.From left to right: Name and the pa-
rameter(s) that are controlled.

Control sample Controlled parameters

CS1 M¢

CS2 Mgas
CS3 _
CS4 Mgas, _
CS5 ⌫/)
CS6 Mgas, ⌫/)
CS7 &

stellar density compared to HSBs. These characteristics make them
more susceptible to tidal forces from their neighbors, then it is ex-
pected that they have higher & values than HSBs, which are more
compact and may not be as affected by their companions. Tidal pa-
rameter distribution for subsamples is present in Fig. 2d where we
can see that the median value for & is higher for LSBs than HSBs
with log& = �3.76 and �4.43, respectively.

2.4 Control Samples

To control the effects of each selected parameter on the bar fraction,
we constructed several control samples (CS). The control samples
were based on the sample of LSB galaxies. Using the R package
MatchIT, we select for each LSB galaxy a set of HSB galaxies
to which different statistical weights are assigned such that the
parameter distributions between LSBs and HSBs are statistically
similar. MatchIT offers an easy-to-use interface for a range of
matching methods that enhance the balance of covariates in
observational studies, in order to reduce confounding and reliance
on specific models when estimating treatment effects. The similarity
of the distributions of the selected parameters in the control samples
was corroborated by a Kolmogorov-Smirnov (KS) test.

In our control samples, we consider the internal parameters men-
tioned previously (stellar mass, gas mass fraction, bulge-to-total frac-
tion, and spin), and the tidal force parameter, considered as external.
Seven control samples were constructed, with the controlled pa-
rameters for each of them listed in Table 2. The first three control
samples consider individual parameters in isolation. The following
three control samples use pairs of parameters to determine if the
combination of these parameters can explain the differences in bar
fraction. Finally, CS7 takes into account the tidal parameter to ana-
lyze the environmental effects. The probability distribution functions
(PDFs) for our control and uncontrolled samples are presented in the
Appendix (section 5), where the p-values from the KS test are also
shown.

3 RESULTS

In this section, we present the bar fraction and its relation with the
galaxy internal parameters associated with the presence of a stellar
bar using the control samples described in section 2.4.

3.1 Bar fraction

We find that the bar fraction for our total sample (4, 224 disc galaxies)
is 27.78 ± 0.67%. This fraction indicates that 1, 172 galaxies in our
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Figure 6. Bar fraction as a function of distance to the nearest neighbor (left panel), and tidal parameter (right panel). A distinct decrease in the bar fraction is
observed with increasing distance to the nearest neighbor, particularly notable in the case of LSBs. A more pronounced increase is evident when examining the
tidal parameter, showcasing a dramatic rise in the bar fraction for LSBs, especially in strongly interacting systems.

Figure 7. The bar fraction as a function of stellar mass for the control sample
(CS7) where the tidal parameter Q is considered. As observed, this external
parameter seems to have no discernible impact on the difference of the bar
fraction between LSBs and HSBs.

arcsec�2 in the A band. With this condition, we identify 3, 572 HSB
galaxies and 652 LSB galaxies. The low fraction of LSB galaxies in
our sample is expected, given that LSB galaxies are more abundant
in the low-mass regime (Dalcanton et al. 1997a, Galaz et al. 2011 and
Pérez-Montaño et al. 2022). The main results obtained are presented
below.

Applying the criteria for bar identification, we identify 1, 172
barred galaxies that represent a bar fraction of 27.75 ± 0.68%,
a result consistent with observational (Masters et al. 2011, Lee
et al. 2012 and Vera et al. 2016) and theoretical studies that make
use of cosmological simulations (Algorry et al. 2017, Peschken &
Łokas 2019, Rosas-Guevara et al. 2022). For the LSB and HSB
subsamples, the fraction of barred galaxies corresponds to 24.73

±1.73% and 28.35 ± 0.74%, in line with the results reported by
McGaugh et al. (1995b), Impey et al. (1996) and Cervantes Sodi
& Sánchez García (2017) where bars appear to be less abundant in
LSB galaxies. The difference of the bar fraction remains even when
the sample is controlled by their stellar mass, being systematically
higher in HSB galaxies, except for galaxies with a stellar mass
exceeding ⇠ 1011 M� , where the difference vanishes (see Fig. 5a).

To identify the specific parameters influencing the bar fraction
within our sample across the considered range of stellar masses, we
conducted an analysis of both internal (stellar mass M¢, gas mass
fraction fgas, bulge-to-total fraction ⌫/) and adimensional spin _),
and external (tidal parameter & between the galaxy and its nearest
neighbor) factors. The selection of these parameters is motivated
by numerous studies indicating their potential influence on the bar
fraction and mentioned in the introduction and in section 3.2.

4.1 Bar fraction as a function of internal parameters.

Regarding the bar fraction, several observational works (Oh et al.
2011; Díaz-García et al. 2016; Cervantes Sodi 2017) and theoretical
studies (Rosas-Guevara et al. 2020, Zhao et al. 2020) have reported
its increase with increasing stellar mass. These theoretical studies,
employing the IllustrisTNG cosmological simulation, show that the
highest value for bar fraction occurs at M¢ ⇠ 1010.9 M� . Above
this value, the fraction slowly decreases to the high mass end. A
compilation of this behavior for different studies is present in Roshan
et al. (2021). For our sample, the behavior of the bar fraction with
stellar mass aligns with the literature as illustrated in Fig. 3, where
the sample exhibits a peak bar fraction of approximately ⇠ 60% at a
stellar mass of 1010.9 M� , followed by a gradual decline for larger
masses.

Concerning the dependence of the bar fraction on the galaxies
gas content, numerous observational studies (Masters et al. 2012;
Cervantes Sodi 2017; Zhou et al. 2021) have demonstrated that the
presence of gas could inhibit the formation and growth of bars. In
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Bar destruction by gravitational 
encountersThe Astrophysical Journal, 745:125 (17pp), 2012 February 1 Lee et al.

Figure 14. Distribution of face-on (b/a > 0.60) late-type galaxies in Rn/rvir,n vs. the u − r color (upper) and the central velocity dispersion σ (lower) spaces. Left
column: galaxies having an early-type neighbor; right column: galaxies having a late-type neighbor. Black dots and gray dots represent barred and non-barred late-type
galaxies, respectively. Contours show constant SB1 galaxy fraction.
(A color version of this figure is available in the online journal.)

Figure 15. Same as Figure 14 but for fSB2.
(A color version of this figure is available in the online journal.)

increases, while fSB1 varies depending on cin only for galaxies
with u − r > 2.5 or σ > 150 km s−1.

It seems that strong bars are preferentially located in the
high-density regions than in the low-density regions. However,

we find that the large-scale background density does not directly
affect fSB1, since ρ20 dependence disappears when color or the
central velocity dispersion is fixed (Figure 13). The nearest
neighbor galaxy also hardly affects the variation of fSB1 when

13
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Average counts of galaxies within a 
given projected radius
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Figure 7. Ratio of average neighbor counts of barred to unbarred galaxies for C3 within a given apparent magnitude limit in the r band (r ! 18, 19, 20, 20.5, 21).
(A color version of this figure is available in the online journal.)

Figure 7 presents the result for late-type galaxies only, making
the distinction between strong and weak bars. The large number
of strongly barred galaxies in our sample helps to improve the
statistics and reduce the statistical errors in our measurements,
but even with large error bars, if we look at the result for
weakly barred galaxies, we see that the drop of average neighbor
counts is noticeable at even larger scales, up to a few hundred
kiloparsecs. A possible explanation for this effect at larger scales
for the case of weakly barred galaxies might be related with
these systems being less massive than those galaxies hosting
strong bars (Lee et al. 2012b; Cervantes-Sodi et al. 2013), which
would make them less stable against interactions with massive
neighbors even at large separations.

Finally, we notice that in all the cases we have considered,
the differences in the neighbor count change very little as one
goes to fainter and fainter limiting magnitudes. This implies that
the excess or drop in neighbor counts seen above is contributed
primarily by relatively bright companions with r < 18, but not
the fainter companions.

4.3. Galaxy Group Catalog

Our results studying the 2PCCF and average number counts
for our sample of galaxies indicate that barred early-type
galaxies present a higher clustering amplitude and a larger num-
ber of companion galaxies on scales from a few hundred kilo-
parsecs to several megaparsecs when compared with unbarred
ones. In particular, Figure 5 reveals a maximum at ∼500 kpc in
the ratio of the 2PCCF between barred and unbarred early-type
galaxies, with the ratio decreasing at both smaller and larger
scales. This implies that the 2PCCFs of the two samples are dif-
ferent not only in amplitude, but also in shape on these scales.
As shown in Li et al. (2006b), the amplitude of 2PCCF on scales

larger than a few megaparsecs is a direct measure of the mass
of host dark matter halos, while the shape of the 2PCCF on a
few ×100 kpc is sensitive to the relative fraction of central and
satellite galaxies in the galaxy sample. Our result here thus sug-
gests that early-type barred galaxies are expected to be found
more frequently in satellite galaxies than in central galaxies.

To further explore this possibility, we make use of the group
catalog of Yang et al. (2007) in order to identify central
and satellite galaxies in our sample. As described in the
previous section, after matching our main sample with the group
catalog and only keeping galaxies in groups with three or more
members, our final sample reduces to nearly 2000 galaxies.
From this reduced sample, we find that the ratio of central-to-
satellite systems for barred and unbarred late-type galaxies is
very similar, about 27% (see also Cervantes Sodi et al. 2014). For
early-type galaxies this ratio is significantly different: 24% for
unbarred and only 16% for barred galaxies. Although the small
sample size doesn’t allow us to do a more detailed analysis,
the different central-to-satellite galaxy number ratio for early-
type galaxies is already telling us that early-type barred galaxies
in our sample are indeed more commonly found as satellites in
galaxy groups, reinforcing our hypothesis from the results using
2PCCFs and neighbor counts.

4.4. Large-scale Overdensity

Finally, we have also examined the overdensity of the large-
scale environment of our barred and unbarred galaxies. For
this, we use the overdensity δ estimated over a scale of
∼3 Mpc by Jasche et al. (2010) through a reconstruction of
the three-dimensional density field in the local universe based
on the SDSS DR7 spectroscopic galaxy sample, as described
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Table 1
Weighted Mean and Peak Value of the Bar Fraction Distributions

Bar Fraction Distribution Statistical Parameter Galaxy Property Field Sample Virgo Sample Coma Sample
(1) (2) (3) (4) (5) (6)

Luminosity −19.45 ± 0.12 −19.50 ± 0.18 −19.85 ± 0.25
Mean Mass 9.61 ± 0.06(0.12) 9.94 ± 0.07(0.12) 10.13 ± 0.09(0.13)

Overall Luminosity −19.07 ± 0.72 −20.41 ± 0.81 −20.64 ± 0.45
Peak Mass 9.49 ± 0.36(0.37) 10.34 ± 0.44(0.45) 10.45 ± 0.24(0.26)

Luminosity −18.81 ± 0.11 −19.13 ± 0.25 −19.21 ± 0.29
Mean Mass 9.50 ± 0.06(0.12) 9.79 ± 0.13(0.16) 9.92 ± 0.12(0.16)

Ordinary Luminosity −19.07 ± 0.63 −19.71 ± 0.67 −20.12 ± 0.78
Peak Mass 9.50 ± 0.33(0.34) 10.06 ± 0.38(0.39) 10.21 ± 0.37(0.38)

Notes. Luminosities and masses are given in r-band magnitudes and log (M∗/M#), respectively. The errors on masses given in parentheses include
the typical uncertainty in the optical mass-to-light ratios (0.1 dex; Zibetti et al. 2009).

Figure 1. Bar fraction distribution as function of the galaxy magnitudes (left panels) and masses (right panels). The bar fraction calculated using all the Hubble types
(fT) and only the disk galaxies (fD) are plotted in the upper and bottom panels, respectively. The field1, field2, Virgo, and Coma samples are showed by the hatched
orange, green, blue, and red areas, respectively. The gray arrow indicates the characteristic mass below which low-mass galaxies start to be systematically thicker
(M∗/M# $ 2 × 109; Sánchez-Janssen et al. 2010).
(A color version of this figure is available in the online journal.)

fraction fT (calculated for all the galaxies independently of
their Hubble type). Since bars can only be triggered in disks,
fT combines the luminosity distribution of disk galaxies with
their probability of having a bar overcoming the problem of the
identification of disk galaxies. This is always a major concern in
morphological classifications dealing with the measurement of
bar fraction. fT allows us to probe a larger range of luminosities
than fD. Figure 1 shows fD and fT as functions of the r-band
absolute magnitude and mass of the galaxies in our four samples.
To avoid issues related to the bin size, we applied a moving-
average (boxcar) smoothing over the histograms using box
widths of 1 mag and 0.5 dex and steps of 0.5 mag and 0.25 dex
in magnitude and mass, respectively. The lower and upper
boundaries of the hatched areas correspond to the bar fraction
calculated by considering only the strong (i.e., secure) bars
and both the strong and weak (i.e., secure and uncertain) bars,

respectively, and including their statistical uncertainties. The
latter were computed by estimating the confidence intervals on
binomial population proportions following the prescriptions by
Cameron (2011). The values of fD and fT for the samples of bright
(field1) and faint field galaxies (field2) are in good agreement.
Therefore, for studying the bar fraction distribution we merged
the two samples into a joint sample of field galaxies (hereafter
field sample) with magnitudes in the range −24 ! Mr ! −15
(or 107 ! M∗/M# ! 1012).

We calculated the weighted mean, peak value, and corre-
sponding errors in magnitude (and mass) of the bar fraction dis-
tributions of the samples by performing a series of 1000 Monte
Carlo simulations taking into account the confidence intervals
(Table 1). We found that the bar fraction strongly depends on
the galaxy luminosity (or mass), as previously pointed out by
Méndez-Abreu et al. (2010; see also Nair & Abraham 2010). In
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Fig. 9. Comparison of the bar fraction distribution with stellar mass
of the SMACS0723 cluster (violet) and in the field at z = 0
(Méndez-Abreu et al. 2012), i.e., low-density environments (green).
The arrow at (log(M?/M�) ⇠ 9.3) marks the minimum thickness of
discs for galaxies in the field (see Sánchez-Janssen et al. 2010).

Łokas 2020). For faint galaxies, the same interaction due to
the cluster environment might have a more destructive role.
We speculate that interactions in these systems become strong
enough to heat up (or destroy) the discs, thereby inhibiting bar
formation and producing a lower bar fraction, with respect to the
field observed in Fig. 9.

6. Conclusions

In this work, we study the bar fraction distribution in the
SMACS0723 galaxy cluster using JWST ERO observations with
the NIRCam instrument. This is the first statistical analysis of the
barred population of galaxies using JWST data and it demon-
strates the unique capabilities of JWST/NIRCam imaging for
this kind of studies at high redshift.

We find that the bar fraction distribution in SMACS0723
is a strong function of galaxy mass, as previously shown for
low redshift clusters and field galaxies (Méndez-Abreu et al.
2010b, 2012; Erwin 2018). The comparison with both Virgo
and Coma clusters show that, at low luminosities and masses
(Mr � �18.5 mag; log(M?/M�)  9.5), the bar fraction distri-
bution is similar in the three cases. At high luminosities (Mr <
�20 mag; log(M?/M�) > 10.25), the bar fraction distribution
(computed using only disc galaxies; fD) of SMACS0723 is only
marginally lower than in Coma, with this trend getting stronger
when using the overall bar fraction (computed using all cluster
member galaxies; fT). We suggest this is due to a di↵erent rela-
tive fraction of ellipticals and discs at these luminosities/masses
between the clusters. We demonstrate that our results are not
dependent on neither the spatial coverage of the observations
for the di↵erent clusters nor on the spatial resolution of our
JWST/NIRCam observations at the distance of SMACS0723
(z = 0.39).

We compared our results with state of the art observational
and theoretical studies on the bar fraction. Numerical simula-
tions only cover the high-mass end (log(M?/M�) > 10.25) of
the galaxy distribution and generally show larger bar fractions
with respect to observations. We suggest this is due to the dif-
ferent selection criteria used in simulations (based on angular
momentum) with respect to observations (based on morphol-
ogy). At these high galaxy masses, we find a much larger bar

fraction in SMACS0723 than previous works on field galax-
ies at the same redshift (z ⇠ 0.4 Melvin et al. 2014). Nev-
ertheless, the di↵erence is only marginal when we compare
SMACS0723 with a sample of well-resolved local field galaxies
(Méndez-Abreu et al. 2012). Thus, we suggest that the improved
capabilities of JWST with respect to HST in terms of both spa-
tial resolution and image depth are responsible for our higher bar
fraction.

The comparison between the SMACS0723 bar fraction and
that of field galaxies at z = 0 remarks the influence of envi-
ronment on the formation of bars. We find a strong drop in
the bar fraction distribution of SMACS0723 low-mass galaxies
(Mr � �18.5 mag; log(M?/M�)  9.75) with respect to local
field galaxies. This behaviour is also found when using local
clusters (Virgo and Coma), thus indicating that the mechanism
inhibiting the formation of bars in cluster must acting relatively
quickly after the galaxy enters into the cluster potential. On the
other hand, at high luminosities and masses (Mr < �20 mag;
log(M?/M�) > 10.25), the bar fraction in SMACS0723 is
slightly higher than for local (z = 0) field galaxies. This points
towards a more weak influence of the environment in triggering
the formation of bars at these luminosities and masses.

Our results support a scenario where cluster environment
a↵ects the formation of bars in a mass-dependent way. At high
masses, the mild increase in the bar fraction of local clusters
(Coma) with respect to both SMACS0723 and local field galax-
ies suggest a weak e↵ect of cluster environment possibly trigger-
ing bar formation. On the other hand, low-mass galaxies show
the same bar fraction in the three clusters (di↵erent redshifts) and
a significant drop with respect to field galaxies at z = 0, therefore
suggesting that: (i) the bar fraction of low-mass galaxies in clus-
ters is not evolving during the last ⇠4 Gyr and (ii) bar formation
is severely inhibited in low-mass galaxies living in clusters.

The work presented in this paper is the first step towards a
better characterization of the bar fraction (and their properties)
as a function of redshift and environment. The error bars com-
puted on the bar fraction of individual cluster are di�cult to nar-
row down, mainly due to the fixed or otherwise limited number
of cluster members. Therefore, similar analyses on a statistical
number of clusters is necessary to confirm our mass-dependent
scenario. Similarly, a better characterization of the bar fraction in
field galaxies at di↵erent redshifts with the new JWST/NIRCam
capabilities is necessary to further understand the e↵ect of envi-
ronment on the formation of bars.
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The peak of bar fraction is 
at higher masses in the 
cluster environment:
+ At high masses, possible 
triggering of bar 
formation while 
preserving their cold 
disks

+ At low mass, bar 
formation inhibited by 
heating of their discs.



Sample selection from OmegaWings

• Extended WIde-field Nearby Galaxy-
cluster Survey 
(OmegaWINGS,Gullieuszik et al. 
2015) that covers up to the outer 
regions of 32 local X-ray selected 
clusters

• Redshift range 0.04 < z < 0.07.

• Two orders of magnitude in X-ray 
luminosity (LX ∼ 0.2–5 × 1044 erg s−1), 
roughly ∼ 1014 to more than 1015 Mo

• Morphological with MORPHOT 
(Fasano, et al. 2006) an automated, 
nonparametric tool to distinguish 
ellipticals form S0’s



Tawfeek, Cervantes Sodi, Fritz, et al. (2022)

Bar identification and characterization

Figure 1. An example of three barred galaxies (G30, G64, G74) and three unbarred galaxies (G78, G139, G364), from our sample showing their contours maps
(yellow) and ellipse fitting (red). For each object, the ellipticity and PA of the fitted ellipses as a function of the semimajor axis, are plotted.
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Bar fraction as a function of stellar 
mass and morphology

produce strong transformations both in stellar populations and
in morphology. To explore this further, Figure 2, in the top
right panel presents the fraction of barred galaxies as a function
of morphological type with a clear increase of fbar as we go
from early- to late-type galaxies. The dependence of fbar on
morphology is one that is expected, as bars require a
dynamically cold disk to form and grow (Sheth et al. 2012;
Saha & Elmegreen 2018).

Finally, regarding the trend of the bar fraction with
morphology in cluster galaxies, Yoon et al. (2019) also found
that the fraction of barred galaxies decreases with increasing
bulge-to-total light ratio, in line with our result, taking into
account that this ratio decreases with increasing Mtype.

Having identified the strong dependence of the bar fraction
on these three parameters, we also need to take into account
that they are not mutually independent. To explore this aspect,
we analyze the codependence of the bar fraction on the
combination of two of these three parameters by looking at the
bar fraction in two-dimensional parameter spaces in the bottom
panels of Figure 2, in which the distribution of fbar is smoothed
following the same technique used by Lee et al. (2012) and
Cervantes-Sodi et al. (2013) through a cubic B-spline kernel,
and calculating the ratio of the weighted number of barred
galaxies to the total number of weighted galaxies using a fixed-
size smoothing scale.

We present the bar fraction as a function of stellar mass and
color, with a clear increase of the bar fraction for more massive,
bluer galaxies. The contours of the fixed bar fraction indicate a
codependence on both parameters, as already evident in the left

and central upper panel of the same figure, but exploring the
bar fraction in the (B− V ) versus Mtype space (bottom right
panel of Figure 2), we find that the dependence on color
vanishes once we fix the morphological type. This indicates
that the dependence of fbar on (B− V ) is mostly driven by
morphology, except for the bluest galaxies, and explains why
we find a higher bar fraction in bluer galaxies, as they are
preferentially late types.
For completeness, we also explore the bar fraction in the

Mtype versus Må space, finding a constant bar fraction at fixed
Mtype for late-type galaxies with Må< 1010.5 Me, and an
increase of fbar for more massive galaxies.
Once we have identified the total stellar mass and the

morphological type as two determinant parameters in determin-
ing the likelihood of finding barred galaxies in our sample, we
turn to study the influence of the environment in the following
sections.

4.2. Bar Fraction and the Cluster Environment

We start by exploring the dependence of the fraction of
barred galaxies on the global properties of the clusters in the
sample. Figure 3 shows a decrease of the fraction of barred
galaxies with increasing X-ray luminosity, here used as a proxy
for the cluster mass (Reiprich & Böhringer 2002), indicating
that barred galaxies are less abundant in massive galaxy
clusters. Having identified the morphological type as a key
feature to establish the likelihood of a galaxy hosting a bar, and
given that the fraction of early-type galaxies is higher in more

Figure 2. Top panels: fraction of barred galaxies fbar as a function of stellar mass (log(Må/Me); left panel), color ((B − V ); middle panel), and morphological type
(Mtype; right panel). Error bars indicate the estimated 1σ confidence intervals based on the bootstrapping resampling method. Also included are the distributions of
each property for the case of barred (solid black line) and unbarred (segmented blue line) galaxies. Bottom panels: bar fraction fbar isocontours in the (B − V ) vs. (log
(Må/Me; left panel), Mtype vs. (log(Må/Me; middle panel), and (B − V ) vs. Mtype (right panel) spaces. Contours denote regions of constant fbar in the range
0.15 � fbar � 0.50.
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produce strong transformations both in stellar populations and
in morphology. To explore this further, Figure 2, in the top
right panel presents the fraction of barred galaxies as a function
of morphological type with a clear increase of fbar as we go
from early- to late-type galaxies. The dependence of fbar on
morphology is one that is expected, as bars require a
dynamically cold disk to form and grow (Sheth et al. 2012;
Saha & Elmegreen 2018).

Finally, regarding the trend of the bar fraction with
morphology in cluster galaxies, Yoon et al. (2019) also found
that the fraction of barred galaxies decreases with increasing
bulge-to-total light ratio, in line with our result, taking into
account that this ratio decreases with increasing Mtype.

Having identified the strong dependence of the bar fraction
on these three parameters, we also need to take into account
that they are not mutually independent. To explore this aspect,
we analyze the codependence of the bar fraction on the
combination of two of these three parameters by looking at the
bar fraction in two-dimensional parameter spaces in the bottom
panels of Figure 2, in which the distribution of fbar is smoothed
following the same technique used by Lee et al. (2012) and
Cervantes-Sodi et al. (2013) through a cubic B-spline kernel,
and calculating the ratio of the weighted number of barred
galaxies to the total number of weighted galaxies using a fixed-
size smoothing scale.

We present the bar fraction as a function of stellar mass and
color, with a clear increase of the bar fraction for more massive,
bluer galaxies. The contours of the fixed bar fraction indicate a
codependence on both parameters, as already evident in the left

and central upper panel of the same figure, but exploring the
bar fraction in the (B− V ) versus Mtype space (bottom right
panel of Figure 2), we find that the dependence on color
vanishes once we fix the morphological type. This indicates
that the dependence of fbar on (B− V ) is mostly driven by
morphology, except for the bluest galaxies, and explains why
we find a higher bar fraction in bluer galaxies, as they are
preferentially late types.
For completeness, we also explore the bar fraction in the

Mtype versus Må space, finding a constant bar fraction at fixed
Mtype for late-type galaxies with Må< 1010.5 Me, and an
increase of fbar for more massive galaxies.
Once we have identified the total stellar mass and the

morphological type as two determinant parameters in determin-
ing the likelihood of finding barred galaxies in our sample, we
turn to study the influence of the environment in the following
sections.

4.2. Bar Fraction and the Cluster Environment

We start by exploring the dependence of the fraction of
barred galaxies on the global properties of the clusters in the
sample. Figure 3 shows a decrease of the fraction of barred
galaxies with increasing X-ray luminosity, here used as a proxy
for the cluster mass (Reiprich & Böhringer 2002), indicating
that barred galaxies are less abundant in massive galaxy
clusters. Having identified the morphological type as a key
feature to establish the likelihood of a galaxy hosting a bar, and
given that the fraction of early-type galaxies is higher in more

Figure 2. Top panels: fraction of barred galaxies fbar as a function of stellar mass (log(Må/Me); left panel), color ((B − V ); middle panel), and morphological type
(Mtype; right panel). Error bars indicate the estimated 1σ confidence intervals based on the bootstrapping resampling method. Also included are the distributions of
each property for the case of barred (solid black line) and unbarred (segmented blue line) galaxies. Bottom panels: bar fraction fbar isocontours in the (B − V ) vs. (log
(Må/Me; left panel), Mtype vs. (log(Må/Me; middle panel), and (B − V ) vs. Mtype (right panel) spaces. Contours denote regions of constant fbar in the range
0.15 � fbar � 0.50.

6

The Astrophysical Journal, 940:1 (13pp), 2022 November 20 Tawfeek et al.

Tawfeek, Cervantes Sodi, Fritz, et al. (2022)



Bar fraction in the 
morphology-stellar mass 
plane

• For low mass galaxies, the 
strongest dependence is with 
morphology, disc dominated 
galaxies present the highest 
fraction of bars.

• For high mass galaxies, the 
likelihood of finding barred 
galaxies increases with stellar 
mass in earlier type galaxies.
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produce strong transformations both in stellar populations and
in morphology. To explore this further, Figure 2, in the top
right panel presents the fraction of barred galaxies as a function
of morphological type with a clear increase of fbar as we go
from early- to late-type galaxies. The dependence of fbar on
morphology is one that is expected, as bars require a
dynamically cold disk to form and grow (Sheth et al. 2012;
Saha & Elmegreen 2018).

Finally, regarding the trend of the bar fraction with
morphology in cluster galaxies, Yoon et al. (2019) also found
that the fraction of barred galaxies decreases with increasing
bulge-to-total light ratio, in line with our result, taking into
account that this ratio decreases with increasing Mtype.

Having identified the strong dependence of the bar fraction
on these three parameters, we also need to take into account
that they are not mutually independent. To explore this aspect,
we analyze the codependence of the bar fraction on the
combination of two of these three parameters by looking at the
bar fraction in two-dimensional parameter spaces in the bottom
panels of Figure 2, in which the distribution of fbar is smoothed
following the same technique used by Lee et al. (2012) and
Cervantes-Sodi et al. (2013) through a cubic B-spline kernel,
and calculating the ratio of the weighted number of barred
galaxies to the total number of weighted galaxies using a fixed-
size smoothing scale.

We present the bar fraction as a function of stellar mass and
color, with a clear increase of the bar fraction for more massive,
bluer galaxies. The contours of the fixed bar fraction indicate a
codependence on both parameters, as already evident in the left

and central upper panel of the same figure, but exploring the
bar fraction in the (B− V ) versus Mtype space (bottom right
panel of Figure 2), we find that the dependence on color
vanishes once we fix the morphological type. This indicates
that the dependence of fbar on (B− V ) is mostly driven by
morphology, except for the bluest galaxies, and explains why
we find a higher bar fraction in bluer galaxies, as they are
preferentially late types.
For completeness, we also explore the bar fraction in the

Mtype versus Må space, finding a constant bar fraction at fixed
Mtype for late-type galaxies with Må< 1010.5 Me, and an
increase of fbar for more massive galaxies.
Once we have identified the total stellar mass and the

morphological type as two determinant parameters in determin-
ing the likelihood of finding barred galaxies in our sample, we
turn to study the influence of the environment in the following
sections.

4.2. Bar Fraction and the Cluster Environment

We start by exploring the dependence of the fraction of
barred galaxies on the global properties of the clusters in the
sample. Figure 3 shows a decrease of the fraction of barred
galaxies with increasing X-ray luminosity, here used as a proxy
for the cluster mass (Reiprich & Böhringer 2002), indicating
that barred galaxies are less abundant in massive galaxy
clusters. Having identified the morphological type as a key
feature to establish the likelihood of a galaxy hosting a bar, and
given that the fraction of early-type galaxies is higher in more

Figure 2. Top panels: fraction of barred galaxies fbar as a function of stellar mass (log(Må/Me); left panel), color ((B − V ); middle panel), and morphological type
(Mtype; right panel). Error bars indicate the estimated 1σ confidence intervals based on the bootstrapping resampling method. Also included are the distributions of
each property for the case of barred (solid black line) and unbarred (segmented blue line) galaxies. Bottom panels: bar fraction fbar isocontours in the (B − V ) vs. (log
(Må/Me; left panel), Mtype vs. (log(Må/Me; middle panel), and (B − V ) vs. Mtype (right panel) spaces. Contours denote regions of constant fbar in the range
0.15 � fbar � 0.50.
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Abundance of barred 
galaxies as a function of 
cluster virial mass/X-ray 
luminosity

• We find a mild 
decrease of the 
spiral and bar 
fraction for 
increasing cluster 
virial mass/X-ray 
luminosity.

massive clusters (Poggianti et al. 2009), we also explore the
fraction of spiral galaxies (Mtype> 1) as a function of X-ray
luminosity, in order to determine if the decline of barred
galaxies in massive clusters could be attributed to a decline of
the late-type population. The fraction of spiral galaxies and the
bar fraction among the spiral sample as a function of X-ray
luminosity are also shown in Figure 3, presenting the expected
decline when moving from low to high X-ray luminosity,
supporting our scenario in which the presence of a bar is mostly
determined by morphology.

It is important to point out that this result relies on the
analysis of the full sample as described in Section 3, with an
underlying bias due to the FOV of the survey that system-
atically covers areas farther beyond the virial radius for clusters
with smaller projected sizes. If we instead control our analysis
by imposing a limiting virial radius for the estimation of fbar,
the trend with the X-ray luminosity weakens as is the case for

the analysis restricted for galaxies within 1.0 and 0.7 virial radii
(bottom panel of Figure 3).
Turning to the distribution of barred galaxies within clusters,

the left panel of Figure 4, presents the bar fraction as a function
of the normalized projected clustercentric distance ( r rp virial cl( ) ),
showing a decrease of the bar fraction for decreasing distances,
with a drastic drop once we cross the virial radius of the
clusters, where the bar fraction is reduced to half of the value
found among galaxies in the outskirts. A possible explanation,
at least partial, to this trend, can be given by considering the so-
called morphology–density relation (MDR; Dressler 1980)
combined to the occurrence of bars as a function of the host
galaxy morphology. For our restricted sample of face-on, S0-
to-late-type galaxies, the corresponding MDR is shown in the
left panel of Figure 4 (blue dashed line), recovering the
expected decline of fspiral to the center of the clusters.
To further explore whether the dependence of the bar

fraction with the projected clustercentric distance is merely a
reflection of the MDR, in the right panel of Figure 4 we analyze
the behavior of fbar in the 2D space of a morphological type and
projected clustercentric distance. For late-type galaxies
(Mtype> 1), at a fixed morphological type, the bar fraction
remains constant as a function of clustercentric distance. It is
only for S0 galaxies (Mtype< 0) that even at a fixed
morphological type we can still detect a dependence on the
projected clustercentric distance, with fbar decreasing once we
cross the virial radius of the cluster. The decrease of fbar among
S0 galaxies for decreasing clustercentric distance could be a
reflection of the infall time experienced by the different
galaxies, with galaxies still retaining their bars in the outer parts
of the clusters with the most recent infall times, and still
experiencing a morphological transformation.
A more complete picture of a possible environmental cluster

effect can be gained by analyzing the occurrence of bars in a
phase-space diagram, relating the normalized projected cluster-
centric distance and the line-of-sight velocity normalized by the
cluster velocity dispersion (Δ(v)/σ), where galaxies trace a
typical path to settle into the cluster potential. The corresp-
onding phase-space diagram for our sample is shown in
Figure 5, where the contours denote the bar fraction and the red
dashed–dotted line corresponds to the escape velocity in a
Navarro–Frenk–White (NFW, Navarro et al. 1996) halo with a
concentration c= 6 for reference. At infall, galaxies that
approach the center of the cluster are gaining velocity by the
effect of the cluster potential. As the galaxies experience
dynamical friction, repeated fast interactions with members of
the cluster, and violent relaxation, they lose velocity concen-
trating in the lower left region of the diagram. As can be noted
by the contours, the highest occurrence of bars is at large
clustercentric distances and high velocities, with a peak of the
bar fraction just above the escape velocity demarcation line, an
indication that barred galaxies are recent infallers. Furthermore,
the contour denoting fbar= 0.30 presents an elongated shape
with increasing phase-space velocity with decreasing cluster-
centric distance, as would be expected for recent infalling
galaxies (Rhee et al. 2017; Jaffé et al. 2019).

4.3. The Influence of the Nearest Neighbor Galaxy

Galaxies in clusters experience a variety of environmental
processes that in principle could promote, suppress, or even
destroy bars. In the previous section, we explored the
dependence of the bar fraction as a function of total cluster

Figure 3. Top panel: fraction of barred ( fbar; red solid line), spiral ( fspiral; blue
segmented line), and barred spiral ( fbar,spiral; gray dashed line) galaxies as a
function of X-ray luminosity and total dynamical mass. Bottom panel: fraction
of barred galaxies as a function of X-ray luminosity and total dynamical mass,
for the full sample (red solid line), and for galaxies within 1.0 (blue segmented
line) and 0.7 (gray dashed line) virial radii.
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Spiral and bar fraction vs 
clustercentric distance

mass and as a function of clustercentric distance, but within
clusters galaxies also experiencing galaxy–galaxy interactions.
In order to investigate if this kind of interaction influences the
occurrence of bars in the cluster environment, we made a
similar analysis as followed by Park & Hwang (2009),
measuring the projected distance to the other galaxies, and
determining the closest one. This distance is normalized by the
virial radius of the neighbor rvirial neigh( ) , calculated as the radius
of a sphere whose density of baryonic matter (approximated by
only taking into account the stellar mass obtained through
SINOPSIS) is equal to 200 times the critical density of the

universe at that redshift:

R
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4 200
. 2vir

c

1 3

p r
= ⎜ ⎟⎛⎝ ⎞⎠· ( )

This strategy was applied only on galaxies spectroscopically
confirmed as cluster members. With these results, we compute
the bar fraction as a function of the distance to the nearest
neighbor galaxy, as shown in the top panel of Figure 6, where
we note a fairly constant fbar in galaxies with a separation larger
than one virial radius. But when we look at close pairs, log
(rp/rvirial)ng < −0.4, the fraction of barred galaxies presents a
dramatic decline. This result confirms previous findings
indicating that close gravitational encounters between galaxies
are able to perturb galaxies to a point that bars are destroyed.
Such results were for example reported by Lee et al. (2012) and
Lin et al. (2014) for the general galaxy field population in the
Local universe.
Figure 6, the bottom panel, presents the codependence of the

bar fraction on the clustercentric distance and the distance to
the nearest neighbor. It is clear that the maximum fbar values are
found in galaxies located beyond the virial radius of the
clusters, i.e., not yet experiencing its potential well, with
increasing bar fraction for increasing clustercentric and
neighbor distances, reaching a maximum at the virial radii in
both axis. The maximum of fbar at this precise location might
indicate a “sweet spot” where the gravitational potential of the
cluster and/or the nearest neighbor triggers the formation of the
bar (Romano-Díaz et al. 2008; Łokas et al. 2016; Martinez-
Valpuesta et al. 2016; Łokas 2020) while not being strong
enough to dissolve preexisting ones (Lee et al. 2012; Lin et al.
2014; Zana et al. 2018).

4.4. The Relation between the Presence of the Bar and the
Central Star Formation Activity

Using the results from SINOPSIS, we study how the presence
of a bar might affect the properties of the stellar populations,
possibly influencing the ability of a galaxy to boost/enhance or
quench the star formation in the central parts.
One way to study this aspect, is to analyze possible

dependencies of the specific star formation rate (sSFR), i.e.,
the star formation rate per unit stellar mass, on the presence/

Figure 4. Left panel: the fraction of barred ( fbar) and spiral ( fspiral) galaxies as a function of the projected clustercentric distance, normalized to the virial radius of the
cluster ( r rp virial cl( ) ). Right panel: bar fraction isocontours in the Mtype vs. r rp virial cl( ) space. Contours denote regions of constant fbar in the range 0.15 � fbar � 0.50.

Figure 5. Bar fraction isocontours in the Δv/σ vs. r rp virial cl( ) space. Contours
denote regions of constant fbar in the range 0.20 � fbar � 0.40. The red dashed–
dotted line corresponds to the escape velocity in a NFW halo.
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Bar fraction isocontours in the 
phase-space diagram
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are able to perturb galaxies to a point that bars are destroyed.
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the nearest neighbor. It is clear that the maximum fbar values are
found in galaxies located beyond the virial radius of the
clusters, i.e., not yet experiencing its potential well, with
increasing bar fraction for increasing clustercentric and
neighbor distances, reaching a maximum at the virial radii in
both axis. The maximum of fbar at this precise location might
indicate a “sweet spot” where the gravitational potential of the
cluster and/or the nearest neighbor triggers the formation of the
bar (Romano-Díaz et al. 2008; Łokas et al. 2016; Martinez-
Valpuesta et al. 2016; Łokas 2020) while not being strong
enough to dissolve preexisting ones (Lee et al. 2012; Lin et al.
2014; Zana et al. 2018).

4.4. The Relation between the Presence of the Bar and the
Central Star Formation Activity

Using the results from SINOPSIS, we study how the presence
of a bar might affect the properties of the stellar populations,
possibly influencing the ability of a galaxy to boost/enhance or
quench the star formation in the central parts.
One way to study this aspect, is to analyze possible

dependencies of the specific star formation rate (sSFR), i.e.,
the star formation rate per unit stellar mass, on the presence/

Figure 4. Left panel: the fraction of barred ( fbar) and spiral ( fspiral) galaxies as a function of the projected clustercentric distance, normalized to the virial radius of the
cluster ( r rp virial cl( ) ). Right panel: bar fraction isocontours in the Mtype vs. r rp virial cl( ) space. Contours denote regions of constant fbar in the range 0.15 � fbar � 0.50.

Figure 5. Bar fraction isocontours in the Δv/σ vs. r rp virial cl( ) space. Contours
denote regions of constant fbar in the range 0.20 � fbar � 0.40. The red dashed–
dotted line corresponds to the escape velocity in a NFW halo.
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of bars is at large 
clustercentric distances 
and high velocities, 
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galaxies are recent 
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Central rejuvenation of 
barred galaxies by bars in 
the cluster environment

• Barred galaxies in our sample are 
either early-type, star-forming 
galaxies located within the virial radii 
of the clusters or late-type quenched 
galaxies found beyond the virial radii 
of the clusters. 

• We propose a scenario in which 
already quenched barred galaxies that 
fall into the clusters are centrally 
rejuvenated by the interplay of the 
perturbed gas by ram pressure and 
the bar, in galaxies that are 
undergoing a morphological 
transformation.

peak in the bar fraction is observed at the youngest ages and
earliest morphologies, an an indication that bars tend to
“centrally rejuvenate” galaxies in the cluster environment. This
result is in line with the reported bar rejuvenation in S0 galaxies

by Barway & Saha (2020) who found bluer bars in S0 galaxies
when compared with spiral galaxies, attributing this difference
in color to induced star formation activity in S0 galaxies
triggered by mergers or tidal interactions in intermediate-
density environments.
In the lower panel of the same figure, we analyze the bar

fraction in the plane of stellar age and clustercentric distance,
the latter being used as a broad proxy of the intensity of the
cluster influence on the galaxies. Again, two peaks in the bar
fraction distribution are found: the first is located at larger
distances and intermediate ages. The latter are late-type
galaxies that are barely infalling into the cluster, and that are
still retaining their morphologies, and in our view they would
hence display the highest probability of hosting a stellar bar.
The other peak is found at around 0.5–1 Rvir, and at the
youngest ages. These are likely in their first interaction with the
cluster, for which the presence of a bar combined with other
effects such as ram pressure, can favor central star formation
activity, visible through younger average ages.
Another quite effective and more general mean of quantify-

ing the influence of a stellar bar on the properties of the stellar
populations, can be achieved by using “quenching indexes”,
which are the ratios between SFR in two contiguous age bins as
defined in Section 2:

S
SFR
SFR

, 3i j
i

j
, = ( )

in which the index i refers to an older age bin than j. Like this, a
quenching index value larger than one represents a diminishing
SFR, while an enhancement is expected for values lower
than one.
Quenching indexes were calculated for barred and unbarred

galaxies for three different stellar mass bins. Separating into
mass bins allows us to disentangle downsizing effects, by
which more massive galaxies are expected to have the bulk of
their stellar populations formed at earlier epochs, hence
displaying on average higher quenching index values. We
present these results in Figure 9.
We have analyzed three possible combinations for the

quenching indexes: S4,3, S3,2, and S2,1 comparing barred and
unbarred to look for possible signs of enhancement/quenching
or differences provoked by the presence of the bar. As
expected, for the older index, S4,3, there is no difference when
barred and unbarred galaxies are considered, at any mass: this,
in fact, represents the star formation mode at the epoch of the
galaxy assembly when a bar was very likely not formed yet,

Figure 7. Bar fraction isocontours in the log (sSFR) vs. log (M*/Me; left panel),Mtype (middle panel), and r rp virial cl( ) (right panel) spaces. Contours denote regions of
constant fbar in the range 0.15 � fbar � 0.50.

Figure 8. Bar fraction isocontours in the log (age) vs. Mtype (top panel) and
r rp virial cl( ) (bottom panel) spaces. Contours denote regions of constant fbar in
the range 0.15 � fbar � 0.50.
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Barred jellyfish galaxies from 
GASP (GAs stripping phenomena)
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Identification of different stages of 
RPS
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Turnover identification

color image of the corresponding galaxy and maps for
Slog SFR, alog EW H( ), and age (we do not show an example

of the sSFR, as they very closely mimic the ones of Hα). In the
bottom panels, we present the mask that encompasses the
stellar disk of the galaxy and the radial profiles of the same
parameters. Finally, eight galaxies do not display any star
formation activity, and hence lack emission lines. For these, no

SFR nor an EW(Hα) profile could be created, and in these
cases, we relied on the average stellar age only. Taking this into
account, we are left with a total of 62 galaxies with all three
radial profiles. In the case of the luminosity-weighted age
profiles, we count on this information for all the galaxies in our
sample, since the age estimation is performed by means of
SINOPSIS.

Figure 4. Maps and radial profiles of the JO73 barred galaxy (top panel) and JO93 unbarred galaxy in our sample. For each galaxy, the upper panels show the optical
image followed by the two-dimensional maps of Slog SFR, alog EW H( ), and age. The color coding shown on the maps represents the different values taken by the
three indicators of recent star formation activity within the galaxy, as indicated by the colored bars at the top of the plot. The lower panels (from left to right) show the
mask of the galaxy followed by the one-dimensional radial profiles of Slog SFR, alog EW H( ), and age. The vertical-dashed lines indicate the region where the linear
adjustment was made in the radial profiles. The vertical gray lines represent 1 and 2 effective radii (the one re coincides with the corresponding ellipse in the two-
dimensional maps). The vertical blue line represents the length of the bar.
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Turnover radius identification
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Specific SFR profiles

the following scenario as a possibility to explain this
occurrence. RP-peak galaxies that do not host a bar have
already gone through the most intense stripping phase, and star
formation has been severely affected, even in their centers. In
fact, these are the objects for which the central sSFR is the
lowest in the sample (see the bottom-right panel of Figure 8).
On the other side, the presence of a bar seems to not only
mitigate the stripping effect, but also promotes central star
formation. In fact, it has been argued observationally
(Poggianti et al. 2017) and found in numerical simulations
(Ramos-Martínez et al. 2018) that RP is able to convey gas
toward the center of galaxies, and in this context, the bar might
serve not only as a funneling structure, but also as a gas tank.
The idea here is that as the bar sweeps the galaxy disk, it also
fuels gas with the process becoming even more efficient when
RP is acting, as it redistributes gas within the galaxy supplying
extra fuel to the area affected by the bar. This gas takes about
250Myr (Carles et al. 2016) to reach the central parts where it
can boost both AGN and star formation activity. This is an
obvious transient phenomenon that quickly stops as the gas in
the bar is exhausted. In this instance, it is quite interesting to
note that the only peak-stripping galaxy that does not host an
AGN is JO175 (Poggianti et al. 2017), for which we do not
encounter evidence for the presence of a bar. While one object
cannot indeed be considered final proof, this is coherent with
the scenario proposed above.

6. Summary and Conclusions

According to galaxy formation theories in an inside-out
scenario, the oldest stellar populations are expected, on
average, to be found in the central part of galaxies, with a
gradient toward younger populations to the outskirts. Hence,
finding young populations in the innermost region of a galaxy
could possibly suggest the presence of a star formation
promoter mechanism in this region. In this work, we have
studied the influence of RP together with the presence of a
stellar bar as a mechanism affecting the star formation activity
and the stellar populations in the central region of galaxies.
To investigate the combined effect of bars in galaxies

affected by RPS, we used the GASP sample of 114 galaxies, an
ambitious ESO program aimed at studying gas removal
processes in nearby galaxies in different environments at
z= 0.04−0.07. In order to work with a reliable selection of
barred and unbarred galaxies, we selected only face-on galaxies
from the sample computing the minor-to-major axis ratio (b/
a> 0.5) using the external isophotes of the disk employing i-
band images. We then identified the presence (or absence) of a
stellar bar in each galaxy through visual inspection and a
combination of P.A. and eccentricity profiles of the isophotes.
Finally, we removed galaxies that presented clear signatures of
interactions with nearby companions, where additional pro-
cesses taking place, and their possible combined effects are
beyond the scope of our analysis.

Figure 8. sSFR as a function of the normalized Galactocentric radius. Blue and red symbols represent barred and unbarred galaxies, respectively. Green symbols
represent RPS galaxies, while black symbols represent non-RPS galaxies. The top panels include all galaxies: the left panel segregates barred and unbarred, while the
right panel segregates RPS and non-RPS. In the lower-left panel, we separate galaxies that are not affected by RP by bar presence, and in the right panel, we repeat the
same for galaxies with RP signatures. Points in each profile represent median values. The shaded regions enclose the interval between the 25th and 75th percentiles,
while the error bars denote the dispersion around the median obtained from a bootstrap resampling test.
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General conclusions
• Bars are more common in galaxies with high M*/Mh values, as expected from early 

theoretical works that showed that systems with massive dark matter halos are more 
stable against bar instabilities.

• While tidal interactions can trigger bar formation, for late-type galaxies, we find fewer 
neighbors within ∼50 kpc around the barred galaxies when compared to unbarred 
galaxies from the control sample, suggesting that tidal forces from close companions 
suppress the formation/growth of bars.

• The fraction of barred galaxies decreases with increasing cluster mass and with 
decreasing clustercentric distance, a dependence that vanishes once we control for 
morphological type.

• We found an increase in central SFR in ram- pressure-affected galaxies when compared 
with unperturbed ones. The most extreme cases of increased SFR and central 
rejuvenation occur in barred galaxies that are at advanced stages of ram pressure 
stripping.

• Our results indicate that the combined effect of the presence of a bar and strong 
perturbation by ram pressure is able to trigger the central star formation activity

•



Thank you.



Bars in LSBs

bars. We remind the reader that in the present work, we focus
exclusively on strong bars, given that weak bars are not
resolved in this redshift range (Masters et al. 2011). This is not
an issue regarding strong bars, as we did not find any
dependence of the bar fraction on the size of the galaxies in
pixels. For HSBs, the bar fraction is close to 30%, also in
good agreement with previous works (Eskridge et al. 2000;
Laurikainen et al. 2004; Marinova & Jogee 2007; Lee et al.
2012). As can be appreciated from the figure, the bar fraction
for LSBs is only 20%, systematically lower than the value
estimated for HSBs. The difference of the bar fraction for LSBs
and HSBs is due to the dependence of fbar on the central surface
brightness, as can be appreciated in the top panel of Figure 3,
which shows the dependence of fbar on m ( )B0 , with the vertical
line denoting the value that segregates LSBs to the left from
HSBs to the right. The corresponding figure using the natural
SDSS photometric r-band surface brightness is presented in the
bottom panel of Figure 3, with the same general trend, an
increase of fbar with increasing m ( )r0 .

As mentioned in the introduction, this dependence of the bar
fraction on the surface brightness was already pointed out by
several works using more limited samples (McGaugh &
Bothun 1994; Honey et al. 2016) and was predicted by
CS+13 in the case that LSBs represent the tail of high spinning
galaxies in the general galaxy population. To test this
hypothesis, we used the model proposed by CS+13 to estimate
the spin parameter λ as defined by Peebles (1971)
l = LE GM1 2 5 2, where E is the total energy, M is the mass,
and L is the angular momentum of the configuration. The
model by CS+13 includes a dark matter halo with a truncated
isothermal density profile responsible for establishing a
rigorously flat rotation curve along the whole disk and a disk
with an exponential surface density profile of the form
S = S -( )r e r R

0 d, where S0 is the central surface density and
Rd is the disk scale length. Circular velocities (Vd) are assigned
through a Tully–Fisher relation (Pizagno et al. 2007), and a
disk-to-halo mass ratio ( fd) is adopted following the prescrip-
tion by Gnedin et al. (2007) to finally express λ as

l = -
⎛
⎝⎜

⎞
⎠⎟ ( )

G
f R V M

2
. 3d d d d

2 1

For a detailed description of the model, we refer the reader
to CS+13. The top panel of Figure 4 clearly shows an
anticorrelation between m ( )B0 and λ, confirming our hypothesis
that LSBs form in high spinning systems. In this sense, the
increase of fbar with increasing m ( )B0 is a natural outcome, given
the previous result by CS+13. In the same figure, we include
iso-contours that denote regions of constant fbar obtained by
dividing the parameter space into 10×10 bins, applying a
spline kernel to get a smooth transition, and requiring at least
five galaxies per bin to estimate the bar fraction. A clear trend of
increasing fbar with decreasing λ is noticeable with no
dependence on m ( )B0 at fixed λ. From this figure, it is apparent
that the dependence of fbar on m ( )B0 comes from the marked
correlation between m ( )B0 and λ. For completeness, we show in
the bottom panel of Figure 4 the bar fraction as a function of λ,
recovering the same behavior reported by CS+13 (see their
Figure 1(b)), with a decrease of the bar fraction with increasing
λ. This result is encouraging, given that in the sample used in the
present work the bar identification is made by amateur citizen
scientists, while in the sample employed by CS+13, the

Figure 1. Combined + +g r i color images of examples of LSBs (left panels) and HSBs (right panels) classified as barred (upper panels) and unbarred (lower
panels). Galaxies m ( )B0 values are shown for each case.

Figure 2. Bar fraction as a function of redshift for LSBs and HSBs in our
sample.
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classification is preformed by professional astronomers (Lee
et al. 2012).

As several studies have previously pointed out (Masters
et al. 2012; Oh et al. 2012; Skibba et al. 2012; Cervantes Sodi
et al. 2013; Gavazzi et al. 2015), the bar fraction is a strong
function of stellar mass, with increasing fbar as *M increases.
Likewise, LSBs tend to be less massive than their HSBs
counterparts (Galaz et al. 2011), which could explain why fbar
is lower for LSBs. In Figure 5(a), we explore the co-
dependence of the bar fraction on m ( )B0 and *M . The first
thing to notice on the figure is a general increase of m ( )B0 with
increasing *M . Second, for galaxies with * >M 1010.75, the iso-
contours denoting constant fbar show a strong dependence on
stellar mass, while almost no dependence on m ( )B0 . For less
massive galaxies, a co-dependence with m ( )B0 appears, with
fbar decreasing with increasing central surface brightness. This
kind of bimodality has already being detected. For instance,

Nair & Abraham (2010) showed that the bar fraction presents a
minimum at * ~M 1010.2, a bimodality which is also seen in the
stellar population.
The fraction of barred galaxies is also sensitive to color, fbar

being highest for red galaxies (Nair & Abraham 2010; Masters
et al. 2011; Lee et al. 2012; Oh et al. 2012). Figure 5(b) shows
that fbar depends exclusively on u−r and is independent of
m ( )B0 for red galaxies with - >u r 2, but for blue galaxies,
the dependence of fbar on m ( )B0 is noticeable, stressing the
presence of the aforementioned bimodality.
Using samples of galaxies from the SDSS with H I gas mass

estimates from ALFALFA (Giovanelli et al. 2005), Masters et al.
(2012) and Cervantes Sodi (2017) showed the inhibiting effect
gas has in the formation of bars. Using the H I mass estimate
from Teimoorinia et al. (2017), we explore in Figure 5(c) the
co-dependence of fbar on m ( )B0 and *M MH I , finding that, for

Figure 3. Bar fraction as a function of m ( )B0 (top panel) and m ( )r0 (bottom
panel) for strong bars. The vertical line in the top panel denotes the value that
segregates LSBs to the left and HSBs to the right.

Figure 4. Top panel: bar fraction fbar iso-contours in the m ( )B0 vs. λ plane.
Contours denote regions of constant fbar in the range < <f0.15 0.35bar . Gray
dots represent unbarred galaxies, and black dots represent barred ones. Bottom
panel: bar fraction as a function of the λ spin parameter.
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bars. We remind the reader that in the present work, we focus
exclusively on strong bars, given that weak bars are not
resolved in this redshift range (Masters et al. 2011). This is not
an issue regarding strong bars, as we did not find any
dependence of the bar fraction on the size of the galaxies in
pixels. For HSBs, the bar fraction is close to 30%, also in
good agreement with previous works (Eskridge et al. 2000;
Laurikainen et al. 2004; Marinova & Jogee 2007; Lee et al.
2012). As can be appreciated from the figure, the bar fraction
for LSBs is only 20%, systematically lower than the value
estimated for HSBs. The difference of the bar fraction for LSBs
and HSBs is due to the dependence of fbar on the central surface
brightness, as can be appreciated in the top panel of Figure 3,
which shows the dependence of fbar on m ( )B0 , with the vertical
line denoting the value that segregates LSBs to the left from
HSBs to the right. The corresponding figure using the natural
SDSS photometric r-band surface brightness is presented in the
bottom panel of Figure 3, with the same general trend, an
increase of fbar with increasing m ( )r0 .

As mentioned in the introduction, this dependence of the bar
fraction on the surface brightness was already pointed out by
several works using more limited samples (McGaugh &
Bothun 1994; Honey et al. 2016) and was predicted by
CS+13 in the case that LSBs represent the tail of high spinning
galaxies in the general galaxy population. To test this
hypothesis, we used the model proposed by CS+13 to estimate
the spin parameter λ as defined by Peebles (1971)
l = LE GM1 2 5 2, where E is the total energy, M is the mass,
and L is the angular momentum of the configuration. The
model by CS+13 includes a dark matter halo with a truncated
isothermal density profile responsible for establishing a
rigorously flat rotation curve along the whole disk and a disk
with an exponential surface density profile of the form
S = S -( )r e r R

0 d, where S0 is the central surface density and
Rd is the disk scale length. Circular velocities (Vd) are assigned
through a Tully–Fisher relation (Pizagno et al. 2007), and a
disk-to-halo mass ratio ( fd) is adopted following the prescrip-
tion by Gnedin et al. (2007) to finally express λ as

l = -
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For a detailed description of the model, we refer the reader
to CS+13. The top panel of Figure 4 clearly shows an
anticorrelation between m ( )B0 and λ, confirming our hypothesis
that LSBs form in high spinning systems. In this sense, the
increase of fbar with increasing m ( )B0 is a natural outcome, given
the previous result by CS+13. In the same figure, we include
iso-contours that denote regions of constant fbar obtained by
dividing the parameter space into 10×10 bins, applying a
spline kernel to get a smooth transition, and requiring at least
five galaxies per bin to estimate the bar fraction. A clear trend of
increasing fbar with decreasing λ is noticeable with no
dependence on m ( )B0 at fixed λ. From this figure, it is apparent
that the dependence of fbar on m ( )B0 comes from the marked
correlation between m ( )B0 and λ. For completeness, we show in
the bottom panel of Figure 4 the bar fraction as a function of λ,
recovering the same behavior reported by CS+13 (see their
Figure 1(b)), with a decrease of the bar fraction with increasing
λ. This result is encouraging, given that in the sample used in the
present work the bar identification is made by amateur citizen
scientists, while in the sample employed by CS+13, the

Figure 1. Combined + +g r i color images of examples of LSBs (left panels) and HSBs (right panels) classified as barred (upper panels) and unbarred (lower
panels). Galaxies m ( )B0 values are shown for each case.

Figure 2. Bar fraction as a function of redshift for LSBs and HSBs in our
sample.
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Dependence on µ0(B)
or on λ?

classification is preformed by professional astronomers (Lee
et al. 2012).

As several studies have previously pointed out (Masters
et al. 2012; Oh et al. 2012; Skibba et al. 2012; Cervantes Sodi
et al. 2013; Gavazzi et al. 2015), the bar fraction is a strong
function of stellar mass, with increasing fbar as *M increases.
Likewise, LSBs tend to be less massive than their HSBs
counterparts (Galaz et al. 2011), which could explain why fbar
is lower for LSBs. In Figure 5(a), we explore the co-
dependence of the bar fraction on m ( )B0 and *M . The first
thing to notice on the figure is a general increase of m ( )B0 with
increasing *M . Second, for galaxies with * >M 1010.75, the iso-
contours denoting constant fbar show a strong dependence on
stellar mass, while almost no dependence on m ( )B0 . For less
massive galaxies, a co-dependence with m ( )B0 appears, with
fbar decreasing with increasing central surface brightness. This
kind of bimodality has already being detected. For instance,

Nair & Abraham (2010) showed that the bar fraction presents a
minimum at * ~M 1010.2, a bimodality which is also seen in the
stellar population.
The fraction of barred galaxies is also sensitive to color, fbar

being highest for red galaxies (Nair & Abraham 2010; Masters
et al. 2011; Lee et al. 2012; Oh et al. 2012). Figure 5(b) shows
that fbar depends exclusively on u−r and is independent of
m ( )B0 for red galaxies with - >u r 2, but for blue galaxies,
the dependence of fbar on m ( )B0 is noticeable, stressing the
presence of the aforementioned bimodality.
Using samples of galaxies from the SDSS with H I gas mass

estimates from ALFALFA (Giovanelli et al. 2005), Masters et al.
(2012) and Cervantes Sodi (2017) showed the inhibiting effect
gas has in the formation of bars. Using the H I mass estimate
from Teimoorinia et al. (2017), we explore in Figure 5(c) the
co-dependence of fbar on m ( )B0 and *M MH I , finding that, for

Figure 3. Bar fraction as a function of m ( )B0 (top panel) and m ( )r0 (bottom
panel) for strong bars. The vertical line in the top panel denotes the value that
segregates LSBs to the left and HSBs to the right.

Figure 4. Top panel: bar fraction fbar iso-contours in the m ( )B0 vs. λ plane.
Contours denote regions of constant fbar in the range < <f0.15 0.35bar . Gray
dots represent unbarred galaxies, and black dots represent barred ones. Bottom
panel: bar fraction as a function of the λ spin parameter.
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galaxies fainter than m =( )B 21.00 mag arcsec−2, at fixed

*M MH I , there is almost no dependence on m ( )B0 . This figure
indicates that the dependence of fbar on the surface brightness of
the galaxies is mostly driven by the correlation present between
surface brightness and gas richness. In this sense, given that
LSBs are intrinsically gas-rich galaxies (Minchin et al. 2004;
Pustilnik et al. 2011; Du et al. 2015), the low fraction of barred
LSBs is at least partially driven by the inhibiting effect the gas
has in the formation of bars (Masters et al. 2012; Cervantes
Sodi 2017), which is more evident in LSBs than in HSBs given
that they present a wider range of *M MH I values. Figure 5(c)
also shows that for galaxies brighter than m =( )B 21.00
mag arcsec−2, surface brightness may play a role in the
likelihood of galaxies hosting bars, even for gas-rich systems.

Finally, Figure 5(d) shows a clear correlation between the λ
spin parameter and the gas mass fraction, as previously
reported by Cervantes Sodi & Hernández (2009) and Huang
et al. (2012). From the contours that are almost entirely
perpendicular to the distribution of points in the plane, we can
conclude that the dependence of fbar on λ is as strong as the
dependence of fbar on the gas fraction. Considering that at fixed
λ (Figure 4(a)) and *M MH I (Figure 5(c)), the bar fraction is
independent of m ( )B0 , we conclude that the dependence of fbar
on m ( )B0 is driven by these other two co-dependences.
Given that we also count with bar length measurements from

Hoyle et al. (2011), we explored the dependence of the bar
length (Lbar), normalized to the optical size of the galaxy
defined as two times the r-band Petrosian radius 90 (2rp,90), on

Figure 5. Bar fraction fbar iso-contours in the m ( )B0 vs. *M (a), m ( )B0 vs. u−r (b), m ( )B0 vs. *M MH I (c), and λ vs. MH I/M* (d) planes. Contours denote regions of
constant fbar in the range < <f0.15 0.40bar . Gray dots represent unbarred galaxies, and black dots represent barred ones.

5

The Astrophysical Journal, 847:37 (7pp), 2017 September 20 Cervantes Sodi & Sánchez García

Cervantes Sodi & Sánchez García 2017



Barred LSBGs in TNG100

Pahwa and Saha, 2018). Sin embargo, a masas mayores (> 1010.9) vemos que la tendencia de fbar

se invierte, mostrando que las LSBs presentan mayor cantidad de barras que sus contrapartes

más brillantes. Para entender el por qué diverge el valor de la fracción de galaxias barradas

para las muestras de LSBs y HSBs a una masa constante, se exploró una serie de parámetros

físicos de estos sistemas que podrían tener injerencia en la forma que las barras se forman y

crecen.

Figure 34: Fracción de galaxias barradas como función de la masa estelar para la segregación
por brillo superficial (LSB y HSB) en nuestra muestra. La figura muestra el incremento de
fbar al incrementar la masa estelar de las galaxias para ambas submuestras. Sin embargo,
estas fracciones son sistemáticamente menores para el caso de las LSBs en el rango 1010�1011

M�, con una inversión en el comportamiento para masas mayores a este rango.

4.1 Dependencia de la fbar con diferentes parámetros estructurales de

la muestra.

Los parámetros especificados en la sección 3.5.1 se analizarán para ver cómo influye en la

cantidad de barras encontradas. Estos fueron la fracción de gas fgas, el parámetro de espín

adimensional � y la fracción en masa del bulbo B/T .
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Dependence of the bar fraction on the 
gas fraction, spin and bule-to-total ratio

las disco dominante. A manera de recordatorio, en el trabajo de Genel se tomaron los valores

de F < �1 y F > 0.1 para definir entre galaxias difusas y concentradas, respectivamente.

Figure 39: Izquierda: fracción de galaxias barradas como función de fracción de masa del
bulbo-total para la muestra total de centrales y satélites. Derecha: Fracción de bulbo como
función de la masa estelar para la las submuestras LSBs y HSBs, los valores de B/T se obtu-
vieron de Genel et al., 2015.

En la figura 39 se presenta la fracción de barras como función de la fracción bulbo-total

(panel izquierdo) para toda la muestra de galaxias centrales y satélites. Se aprecia una dis-

minución pronunciada de fbar especialmente a valores bajos de B/T (< 0.50). Después de esta

caída la fracción de barras se aplana y se mantiene más o menos contante hasta los valores

más altos que alcanza la fracción de bulbo-total en la muestra. Tenemos entonces una relación

inversamente proporcional entre la protuberancia y la fracción de barras. Este comportamiento

es consiste con las conclusiones de Kataria and Das, 2018, quienes encontraron que para frac-

ciones de masa bulbo-dicso > 0.6 no se presenta formación de barras.

En el panel derecho tenemos la fracción de masa de bulbo-total como función de la masa

estelar, observamos que a partir de masas estelares ⇠ 1010.2 tenemos un aumento gradual en

B/T para las HSB, presentando su valor más alto en el último bin con B/T ⇠ 0.3. Por otro

lado, las LSB van decreciendo y tienen una caída significativa en fracción de bulbo hasta una

masa estelar ⇠ 1011.2, donde presentan su valor mínimo de B/T ⇠ 0.2; también es a esta

masa estelar que se da la inversión en fbar (figura 34), con fbar más grande para las LSBs en
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con respecto a los valores para las HSB. A pesar de que a partir de ⇠ 1010.4 M?, se aprecia

un aumento en el parámetro de espín de las galaxias de alto brillo, éstas no sobrepasan los

valores de sus contrapartes de bajo brillo superficial. Habiendo mencionando que valores altos

de espín suprimen la presencia o fuerza de las barras estelares, entonces es natural esperar que

la fracción de galaxias barradas sea menor en el caso de las LSB en comaparación con las HSB,

analizando únicamente el parámetro de espín.

Figure 37: fracción de galaxias barradas como función del parámetro de espín de la muestra
de galaxias centrales (izquierda), donde se aprecia una caída moderada de fbar para galax-
ias con valores moderados a altos de �. En el panel derecho observamos los valores de de la
muestra segregada como función de la masa estelar teniendo valores sistemáticamente may-
ores las LSB.

4.1.3 fbar vs fracción de masa bulbo-total B/T

Finalmente analizamos un parámetro más en principio podría afectar la cantidad de barras

encontradas en nuestra muestra: la componente esferoidal central de la galaxia: el bulbo, más

específicamente la fracción en masa bulbo-total.

En un estudio realizado por Kataria and Das, 2018, se usaron simulaciones de N -cuerpos

para estudiar dos tipos de muestras, una con bulbos densos y otra con protuberancias menos

densas, con el fin de observar el efecto de esta componente central en la barra estelar de la

galaxia, encontrando que la fracción de galaxias barradas disminuye al aumentar la componente

71

barras que las LSBs.

Figure 35: Izquierda: fracción de galaxias barradas como función de la fracción de gas para la
muestra total. Derecha: Fracción de gas como función de la masa estelar para la segregación
LSB y HSB.

4.1.2 fbar vs parámetro de espín �

El segundo parámetro a analizar para ver su influencia en la fracción de galaxias barradas es

el parámetro adimensional de espín del halo de materia oscura � (ecuación 18), en el cual está

embebida la galaxia. El efecto o influencia del valor de � en la barra estelar se estudia en Long

et al., 2014, donde se construyeron modelos de galaxias usando simulaciones de N-cuerpos

y estableciendo valores iniciales para diferentes parámetros; todos los modelos presentaban

la misma distribución de masa, tanto estelar como de materia oscura pero con valores del

parámetro de espín distintos. En el trabajo únicamente se analizaron valores de � ⇠ 0�0.09, así,

cualquier diferencia en la evolución de las galaxias debería estar relacionada con la distribución

inicial de momento angular del halo y su redistribución dentro del sistema barra-disco-halo. Los

resultados mostraron, como se observa en la figura 36, que existe una supresión en el crecimiento

de las barras estelares en los halos de materia oscura con rotación importante. Esta inhibición

se da en la fase de evolución secular. El estudio concluye que, a un valor de espín � � 0.03,

tenemos que se inhibe el crecimiento de la barra. En el panel superior observamos la evolución

de la amplitud de la barra A2/A0 como función del tiempo en donde podemos apreciar que la
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