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A B S T R A C T 

We use the NEWHORIZON simulation to study the redshift evolution of bar properties and fractions within galaxies in the stellar 
masses range M � = 10 

7.25 –10 

11.4 M � o v er the redshift range of z = 0.25–1.3. We select disc galaxies using stellar kinematics 
as a proxy for galaxy morphology. We employ two different automated bar detection methods, coupled with visual inspection, 
resulting in observable bar fractions of f bar = 0.070 

+ 0 . 018 
−0 . 012 at z ∼ 1.3, decreasing to f bar = 0.011 

+ 0 . 014 
−0 . 003 at z ∼ 0.25. Only one 

galaxy is visually confirmed as strongly barred in our sample. This bar is hosted by the most massive disc and only survives from 

z = 1.3 down to z = 0.7. Such a low bar fraction, in particular amongst Milky Way-like progenitors, highlights a missing bars 
problem, shared by literally all cosmological simulations with spatial resolution < 100 pc to date. The analysis of linear growth 

rates, rotation curves, and derived summary statistics of the stellar, gas and dark matter components suggest that galaxies with 

stellar masses below 10 

9.5 −10 

10 M � in NEWHORIZON appear to be too dominated by dark matter relative to stellar content to 

form a bar, while more massive galaxies typically have formed large bulges that prevent bar persistence at low redshift. This 
investigation confirms that the evolution of the bar fraction puts stringent constraints on the assembly history of baryons and 

dark matter on to galaxies. 

Key words: methods: data analysis – galaxies: bulges – galaxies: evolution – galaxies: structure. 
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 I N T RO D U C T I O N  

tellar bars are not only visually striking, they also play an important
ole in the evolution of disc galaxies, allowing them to redistribute
heir angular momentum (Lynden-Bell & Kalnajs 1972 ; Lynden-Bell
979 ; Tremaine & Weinberg 1984 ; Weinberg 1985 ; Athanassoula &
ell w ood 1986 ). Bars are commonly thought to form spontaneously

n stellar discs that are suf ficiently massi ve and dynamically cold to
e gravitationally unstable (e.g. Toomre 1963 ; Combes & Sanders
981 ; Athanassoula & Sell w ood 1986 ; Combes & Elmegreen 1993 ).
nce formed, simulations show that bars can evolve through an-
ular momentum exchange with both the dark matter haloes (e.g.
ebattista & Sell w ood 2000 ), and with the stellar and gaseous discs

Bournaud & Combes 2002 ; Bournaud, Combes & Semelin 2005 ).
ars may be amplified through the transfer of angular momentum
 E-mail: reddishjames7@gmail.com (JR); katarina.kraljic@lam.fr (KK) 

 

c  

g  

Pub
o the dark matter halo (e.g. Athanassoula 2008 ; Kormendy 2013 ;
etersen, Weinberg & Katz 2016 , 2019b ). Ho we v er, the y can also
e weakened or destroyed if they gain too much angular momentum
rom infalling gas (Bournaud et al. 2005 ) or from e xcessiv e growth of
he central mass concentration of a galaxy – specifically, simulations
uggest that short bars of ∼1 kpc may be destroyed by the growth of
 galaxies central concentration (e.g Hasan & Norman 1990 ; Hasan,
fenniger & Norman 1993 ; Shen & Sell w ood 2004 ) henceforth

mpacting significantly on the growth of a central bulge without the
nvolvement of a galaxy merger (e.g. Du et al. 2017 ; Guo et al. 2020 ).

ith these statements, it is important to highlight the caveat made by
any of these referenced works, whereby these scenarios are not yet

upported by observational evidence (see Shen & Sell w ood 2004 ;
thanassoula, Lambert & Dehnen 2005 ; and references therein for

urther discussions). 
Simulations have shown that bars may also be affected by the

onditions of their host galaxy. They may be reinforced or reformed
i ven suf ficient accretion of external gas on to the disc (Bournaud &
© 2022 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 

http://orcid.org/0000-0002-1582-4964
http://orcid.org/0000-0001-6180-0245
http://orcid.org/0000-0003-1517-3935
http://orcid.org/0000-0003-3254-4873
http://orcid.org/0000-0003-2939-8668
mailto:reddishjames7@gmail.com
mailto:katarina.kraljic@lam.fr


Barred galaxies in NewHorizon 161 

C  

a  

g  

A  

M  

I  

o
1
2  

o  

(  

2  

e  

p  

2  

g  

t
P  

2  

m  

2  

a  

(  

o

m
E  

M  

J  

A  

M  

g
1  

R  

d
f  

s
p

 

e
r  

s  

L  

e  

2  

e  

t  

o  

v  

o
<  

f  

∼  

m
s  

i
fi  

(  

e  

(  

d
b

s  

<  

s  

f
 

a
r
(  

(  

H  

i  

s  

o  

o
e  

r  

fi  

t

f
u
(  

(  

t
r  

w
d  

a
h
s  

2
i  

e  

m  

t  

e  

t
f  

a  

4  

i  

g
M  

s
(  

b

b  

2  

o
n
c
s
A  

2
a  

(  

S  

a
o  

o  

s

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/1/160/6537421 by Bodleian Libraries of the U
niversity of O

xford user on 05 August 2022
ombes 2002 ) as well as also being destroyed or (re-)formed
s a result of environmental factors such as tidal interactions or
alaxy mergers (e.g. Hohl 1971 ; Noguchi 1987 ; Gerin, Combes &
thanassoula 1990 ; Berentzen et al. 2004 ; Peirani et al. 2009 ;
oetazedian et al. 2017 ; Cavanagh & Bekki 2020 ; Zhou et al. 2020 ).

n its host galaxy, the presence of a bar might also effect the formation
f a pseudo-bulge at the galaxy’s centre (e.g. Pfenniger & Norman 
990 ; Kormendy & Kennicutt 2004 ; Athanassoula 2012 ; Kormendy 
013 ; Lin et al. 2020 ). Ho we ver, we note that for these scenarios,
bserv ational e vidence is as yet unclear. Se veral observ ational studies
e.g. S ́ersic & Pastoriza 1965 ; Martinet & Friedli 1997 ; Sheth et al.
005 ; Ellison et al. 2011 ; Lin et al. 2020 ) suggest that bars might
nhance the star formation at the centre of the galaxy, but may also
lay a role in the cessation of star formation (e.g. Masters et al.
012 ; Wang et al. 2012 ; Fraser-McKelvie et al. 2020 ). Inflowing
as driven by a bar has also long been implicated in the fuelling of
he central active galactic nuclei (AGNs) (e.g. Knapen, Shlosman & 

eletier 2000 ; Oh, Oh & Yi 2012 ; Galloway et al. 2015 ; Alonso et al.
018 ), although again, compelling observ ational e vidence is still
issing (e.g. Mulchaey & Regan 1997 ; Oh et al. 2012 ; Cisternas et al.

013 ; Cheung et al. 2015 ; Cisternas et al. 2015 ). It therefore seems
pparent that bars play a key role in the evolution of disc galaxies
see Kormendy & Kennicutt 2004 ; Kormendy 2013 , ho we ver, for an
pposing view, see van den Bergh 2011 , and references therein). 
In spite of the existence of increasingly constrained observational 
easurements of the frequency of bars in the local Universe (e.g. 
skridge et al. 2000 ; Whyte et al. 2002 ; Laurikainen et al. 2004 ;
en ́endez-Delmestre et al. 2007 ; Marinova & Jogee 2007 ; Barazza,

ogee & Marinova 2008 ; Sheth et al. 2008 ; Aguerri, M ́endez-
breu & Corsini 2009 ; Masters et al. 2011 , 2012 ; Oh et al. 2012 ;
elvin et al. 2014 ; D ́ıaz-Garc ́ıa et al. 2016 ), and a number of

alaxy simulations routinely forming bars (e.g. Ostriker & Peebles 
973 ; Hohl 1976 ; Athanassoula 2008 , 2012 ; Algorry et al. 2017 ;
osas-Gue v ara et al. 2020 , 2021 ; Zhou et al. 2020 ), their origin and
etails on their life-cycle are still not fully understood. Studying the 
requency of bars and the evolution through redshift as a function of
tellar mass provides an opportunity to learn about the formation and 
ersistence of bars. 
In the local Universe, the fraction of barred galaxies is quite well

stablished. Both optical and near-infrared observations reveal that 
oughly 2/3 (or 1/3 if only so-called strong bars are counted) of nearby
piral galaxies host a bar (e.g. Eskridge et al. 2000 ; Whyte et al. 2002 ;
aurikainen et al. 2004 ; Men ́endez-Delmestre et al. 2007 ; Barazza
t al. 2008 ; Sheth et al. 2008 ; Aguerri et al. 2009 ; Nair & Abraham
010 ; Masters et al. 2011 , 2012 ; Melvin et al. 2014 ; D ́ıaz-Garc ́ıa
t al. 2016 ). Ho we ver, depending on the bar classification method,
he strength of the bars observ ed, which wav e-bands the y hav e been
bserved in and the process of disc galaxy selection, this value can
ary. By analysing the sample of spiral galaxies in the Spitzer Surv e y
f Stellar Structure in Galaxies (S 

4 G) in the nearby Universe ( z 
 0.01), Erwin ( 2018 ) found that the fraction of barred galaxies,

 bar , reaches a maximum of ∼ 70 per cent at galaxy stellar mass
10 9.7 M � and then declines for both higher and lower masses. These
easurements are in a good agreement with previous S 

4 G based 
tudy of D ́ıaz-Garc ́ıa et al. ( 2016 ) once the same galaxy selection
s applied (see Erwin 2018 for a more detailed discussion). Such 
ndings are ho we ver in contrast to most Sloan Digital Sky Survey
SDSS) based studies (e.g. Masters et al. 2012 ; Oh et al. 2012 ; Melvin
t al. 2014 ) which report a strongly increasing f bar with stellar mass
for M � > 10 10 M � typically). As suggested by Erwin ( 2018 ) – and
emonstrated via a simulated cut in bar size – this discrepancy may 
e the consequence of the significant challenge that SDSS-based 
tudies have in picking out smaller bars in galaxies with stellar mass
 10 10 M �; the ensuing underestimate of the bar fraction at these

tellar masses results in the incapability of tracing a peak in bar
raction at ∼ 10 9 . 7 M �. 

The bar fraction is less well constrained out to high redshifts due to
 lack of spatial resolution necessary to resolve bars. Early conflicting 
esults on whether the bar fraction declines towards higher redshifts 
e.g. Abraham et al. 1999 ) or stays roughly constant up to z ∼ 1
e.g. Sheth et al. 2003 ; Jogee et al. 2004 ; Elme green, Elme green &
irst 2004 ) are today interpreted as being due to the selection bias

n shallow or low resolution data targeting more massive or large
ystems (Sheth et al. 2008 ). Thanks to the high-resolution deep
ptical and near-infrared data, it is today established that the fraction
f barred galaxies decreases with increasing redshift (e.g. Cameron 
t al. 2010 ; Melvin et al. 2014 ; Simmons et al. 2014 ). These high
edshift studies focus primarily on stellar masses abo v e 10 10 M �,
nding increasing bar fractions with stellar masses at all redshifts up

o z ∼ 1 (e.g. Melvin et al. 2014 ). 
Numerical simulations provide a powerful tool in studying the 

ormation and evolution of bars. Large-scale hydrodynamical sim- 
lations, e.g. ILLUSTRIS (Vogelsberger et al. 2014 ), ILLUSTRISTNG 

Pillepich et al. 2018 ), EAGLE (Schaye et al. 2015 ), or HORIZON-AGN
Dubois et al. 2016 ), all reproduce a morphological mix of galaxies
hat is in a good agreement with the well-established observational 
esults. These simulations have a typical spatial resolution of ∼ 1 kpc
hich is insufficient for properly resolving the scale height of galactic 
iscs and therefore for studying bars. Ho we ver, some recent studies
ttempted to quantify properties of barred galaxies in a cosmological 
ydrodynamical realisations of the IllustrisTNG suite – the TNG100 
imulation (Rosas-Gue v ara et al. 2020 ; Zhou et al. 2020 ; Zhao et al.
020 ) and the TNG50 simulation (Rosas-Gue v ara et al. 2021 ) –
n ILLUSTRIS (Peschken & Łokas 2019 ) and in EAGLE (Algorry
t al. 2017 ). They principally focused on disc galaxies with stellar
asses M � ≥ 10 10 −10.5 M � mostly at z = 0, but some extended

he analysis to higher redshifts (Peschken & Łokas 2019 ; Zhao
t al. 2020 ; Rosas-Gue v ara et al. 2021 ). Overall, while at z = 0
hese cosmological simulations produce a fraction of barred galaxies 
rom about 20 per cent (in ILLUSTRIS ; Peschken & Łokas 2019 )
nd 30 per cent (in TNG50 ; Rosas-Gue v ara et al. 2021 ) to about
0 per cent to 60 per cent (in EAGLE ; Algorry et al. 2017 , and
n TNG100 ; Rosas-Gue v ara et al. 2020 ; Zhao et al. 2020 ), they
enerally o v erproduce bars at z = 0 at high masses ( M � � 10 10.5 

 �) and tend to suppress their formation at low masses (in the
tellar mass range M � ∼ 10 10 −10.5 M �) compared to observations 
Erwin 2018 ). These simulations also fail to reproduce the declining
ar fraction with increasing redshift, seen in most observations. 

Idealised simulations reach high enough resolutions to study 
ars in great detail (e.g. Debattista & Sell w ood 2000 ; Athanassoula
002 ; Berentzen et al. 2004 ; Athanassoula 2012 ), ho we ver, in
rder to study the cosmic evolution of bar fraction, galaxies 
eed to be modelled self-consistently, within the cosmological 
ontext, and with sufficiently high resolution, e.g. by using zoom-in 
imulations (e.g. Kraljic, Bournaud & Martig 2012 ; Scannapieco & 

thanassoula 2012 ; Zana et al. 2018 , 2019 ; Bl ́azquez-Calero et al.
020 ). Sufficient resolution in recent cosmological simulations have 
llowed study into the evolution of detailed structure in disc galaxies
e.g. Guedes et al. 2011 ; Stinson et al. 2013 ; Marinacci, Pakmor &
pringel 2014 ; Okamoto, Isoe & Habe 2015 ). Ho we ver, obtaining
 statistically significant sample of galaxies for a meaningful study 
f bar fractions remains difficult. One notable exception is the work
f Kraljic et al. ( 2012 ) analysing a sample of cosmological zoom-in
imulations of 33 Milky Way-mass galaxies. They found that the 
MNRAS 512, 160–185 (2022) 
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raction of observable bars among spiral galaxies drops from about
0 per cent at z = 0 to about 15 per cent at z ∼ 1 and to almost
ero at z ∼ 2. The emergence of bars in the studied mass range was
stablished to redshift z ∼ 0.8–1. 

In this paper, we present a study of the bars in the recent high-
esolution cosmological simulation NEWHORIZON (Dubois et al.
021 ), modelling the population of galaxies with low-to-intermediate
tellar masses (10 7 . 25 M � � M � � 10 11 . 4 M �) in an average density
egion probing field and group environments. This mass range is
ider than previously studied in simulations (e.g. Athanassoula
008 , 2012 ; Rosas-Gue v ara et al. 2020 ; Zhou et al. 2020 ), which
ypically focus on Milky Way-mass galaxies ( M � ∼ 10 10 −11 M �).

e analyse the structure of a large sample of galaxies extracted
rom the simulation from redshift z = 1.3 down to redshift z =
.25 in order to constrain the evolution of the bar fraction o v er this
edshift range. Studying galaxies across both mass and time is crucial
or accurately characterizing the presence (or lack) of bars. Similar
 x ercise for future observational data will also help create a more
ccurate census for bar fraction, in particular to wards lo wer masses
nd higher redshifts. 

This work is a comprehensive look at the bar fraction across a
ide range in stellar mass and across a significant fraction of cosmic

ime. We implement two different automated bar detection methods
o as to provide a more robust measurement of the fraction of barred
alaxies. These results are then discussed on an object-by-object
asis and as populations, using two distinct summary statistics. The
aper is organised as follows. In Section 2 , we present a description
f the NEWHORIZON simulation along with the process of galaxy
ample selection and then the bar identification methods applied are
resented in Section 3 . Section 4 contains the results: the evolution
f the bar fraction from z = 1.3 to z = 0.25. We perform a cursory
ynamical analysis of individual galaxies in Section 5 , and present
wo statistical analyses moti v ating the observed lack of bars. We
ote biases in our methods and the impact of galaxy substructure in
ection 6 . We then discuss the results in the context of observations
nd other numerical simulations in Section 7 , summarizing and
oncluding in Section 8 . 

 SIMULATION  A N D  G A L A X Y  SELECTION  

.1 New horizon simulation 

he simulation sample studied in this paper is taken from the
igh-resolution hydrodynamical cosmological zoom-in simulation
EWHORIZON , a detailed description of which is presented in Dubois

t al. ( 2021 ). The parent HORIZON-AGN simulation (Dubois et al.
014 ), with box size of 142 Mpc, successfully reproduces galaxies
n the various cosmic environments with a reasonable morphological
ix (e.g. Dubois et al. 2016 ; Kaviraj et al. 2017 ; Martin et al. 2018 ),
ith thin and thick discs with scale heights and luminosity ratios as
bserv ed (P ark et al. 2021 ). Ho we ver, due to its limited spatial and
tellar mass resolution ( ∼1 kpc and 2 × 10 6 M �, respectively), it is
ot well suited to study detailed structures of galaxies such as bars.
he NEWHORIZON simulation resimulates a sphere with a radius of
0 Mpc from HORIZON-AGN with a dark matter (DM) mass resolu-
ion of 1 . 2 × 10 6 M � (compared to 8 × 10 7 M � in HORIZON-AGN ),
 stellar mass resolution of 1.3 × 10 4 M � (compared to 2 × 10 6 

 � in HORIZON-AGN ) and a maximum spatial resolution of 34 pc
compared to 1 kpc in HORIZON-AGN ). The exquisite resolution
akes this simulation ideal for studying inner substructures within

alaxies such as bars. 
NEWHORIZON adopts a � CDM cosmology compatible with the
MAP-7 data (Komatsu et al. 2011 ) with cosmological parameters:
NRAS 512, 160–185 (2022) 
ubble constant H 0 = 70.4 km s −1 Mpc −1 , total mass density �m 

 0.272, total baryon density �b = 0.0455, dark energy density
� 

= 0.728, amplitude of power spectrum σ 8 = 0.809, and power
pectral index n s = 0.967. 

Dubois et al. ( 2021 ) describe in detail the simulation techniques
mployed and present several key fundamental properties of simu-
ated galaxies including the galaxy mass function, the cosmic star
ormation rate, the galaxy sizes, their stellar kinematics, morphology
nd their evolution with redshift that are broadly in agreement with
he literature. 

.2 Galaxy selection 

alaxies are identified and extracted from the NEWHORIZON simula-
ion using either the AdaptaHOP (Aubert, Pichon & Colombi 2004 )
r the HOP (Eisenstein & Hut 1998 ) galaxy identification algorithm.
he latter keeps all the substructures (i.e. star-forming clumps and
onnected satellites) in a galaxy, whereas the former remo v es the
ajority of these substructures. The AdaptaHOP-selected galaxies
ill be the primary focus of this analysis, ho we ver, HOP galaxies
ill also be studied and discussed in Section 6.2 . 
To study bars across a wide range of masses, we select a minimum

alaxy mass of M � ≥ 10 7 . 25 M � (see also Dubois et al. 2021 ),
esulting in 525, 479, 416, 381, and 299 galaxies abo v e this mass cut
t redshifts 1.3, 1.0, 0.7, 0.5, and 0.25, respectively. 1 A discussion on
alaxy and halo identification, as well as the number of galaxies for
ifferent stellar mass thresholds identified, can be found in section 2.6
f Dubois et al. ( 2021 ). 
The bar fraction is defined in terms of spiral galaxies. There-

ore, disc-dominated (spiral) galaxies must be distinguished from
pheroidal-dominated (early-type) galaxies. We do this using stellar
inematics of galaxies as a proxy to infer a galaxy’s morphology.
e first find the spin of a galaxy by measuring its angular mo-
entum vector from the velocity vectors of its stars. This spin

ector defines the orientation of the z -axis cylindrical coordinate
ystem to which the Cartesian coordinates of each stellar particle
re transformed. The rotational velocity V of the galaxy is the
verage of the tangential velocity component. The velocity dispersion
= 

√ 

( σ 2 
r + σ 2 

t + σ 2 
z ) / 3 , where σ 2 

r,t,z = 

〈
V 

2 
r,t,z 

〉 − 〈
V r,t,z 

〉2 
, with

he subscripts r , t , z indicating the radial, tangential, and vertical
omponents, respectively. The ratio V / σ then provides an insight
nto the morphology of a galaxy. We use this parameter to select
 sample of disc (rotation-dominated) galaxies, by adopting V / σ
 0.5, consistently with the criterion used in Dubois et al. ( 2021 ). 2 

ur conclusions do not change when a higher threshold is used. The
inematics are computed on stellar particles, AdaptaHOP or HOP,
epending on the catalogue used, extracted within two ef fecti ve radii
 R eff ; obtained from the half-mass radius of a galaxy, see Dubois et al.
021 for more details). The resulting fractions of spiral galaxies at
ll analysed redshifts are shown in Table 1 . 

 BA R  ANALYSI S  

isual analysis of the surface density of galaxies has long been
tandard practice in observational studies for both morphological
lassification of galaxies and the identification of bars, spirals, and
ther stellar structures (see de Vaucouleurs 1963 ; Sandage 2005 ;
uta et al. 2010 ; Nair & Abraham 2010 ; Masters et al. 2011 , for both
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from the well-defined rotation curves showing coherent rotation in all galaxies 
we study. See Section 5.2 . 
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eminal works and for more recent innov ations). Ho we ver, visual
nspection may suffer from ambiguity as to what constitutes a bar 
eature. Therefore, algorithmic surface density decompositions, such 
s Fourier analysis, are a natural step to ensure reproducibility. 

We will employ here two different algorithmic bar detection 
ethods relying on Fourier analysis. The first method (presented in 
ection 3.1 ) is based on an azimuthal spectral analysis of the stellar
urface density of the galaxy (Kraljic et al. 2012 ), while the second
described in Section 3.2 ) relies on a harmonic decomposition of the
elocity profile of the galaxy (Petersen, Weinberg & Katz 2019a ). 
e will see that comparing the two methods alongside inspecting 

alaxies visually produces a more robust measurement of the bar 
raction than either method alone. 

.1 Surface density harmonic decomposition 

he first bar detection method is presented in detail in Kraljic et al.
 2012 ) and involves the azimuthal spectral analysis of the surface
ensity of galaxies. In brief, we compute the stellar surface density 
f the galaxy, perform a fast Fourier transform (FFT), and analyse 
he Fourier components. 

We compute the stellar surface density of the galaxy in the face-
n projection (with the spin axis of the entire stellar content of the
alaxy being used to define the corresponding line of sight). We take
he size of the radial bins to be 100 pc so as to incorporate a few
esolution elements, reducing the noise when calculating the Fourier 
hase. We then decompose the stellar surface density into Fourier 
omponents in the form 

( r, θ ) = � 0 ( r) + 

∑ 

m 

A m 

( r) cos ( mθ − � m 

( r)) , (1) 

here �( r , θ ) is the stellar surface density, θ is the azimuthal angle,
nd r is the radial distance. A m and � m are the associated Fourier
mplitude and phase, respectively. � 0 ( r ) is the azimuthally averaged
rofile of the stellar surface density. A typical signature of a bar being
resent in a galaxy is the prominence of ev en F ourier components,
specially the m = 2 mode. This bar identification process studies
he Fourier phase � 2 ( r ), which is constant with radius within the
bar region’ when a bar is present (as opposed to the spiral arm of
 galaxy whereby � m would vary linearly with radius). For a bar to
e present, � 2 ( r ) is allowed to vary o v er a giv en range within ±5 ◦

round the median value (see Kraljic et al. 2012 ). 
To ignore variations caused by central structure, the bar search 

tarted at a radius of 0.5 kpc (the inclusion of sub-kpc bars is
ntentional as observations point to their important contribution to 
he o v erall population; e.g. Erwin 2018 , although we note that our
esults do not change if we instead start at 1 kpc). This search for
he start of the bar region stopped at a radius of 2 kpc if no bar
as found, as typically no bar identified visually starts its region 
f constant � 2 ( r ) at larger radii (e.g. Masters et al. 2011 ; Melvin
t al. 2014 ; D ́ıaz-Garc ́ıa et al. 2016 ). The cut-off in the bar length
s determined mainly by the resolution. Spiral arms typically have 
ariations in � 2 of a few tens of degrees over a distance of a few kpc
ut can appear constant o v er a short distance. Because of this, it was
ecided that the bar region had to cover at least 1000 pc in order to
xclude the structure of any spiral arms. We show in Section 4.2 that
elaxing this constraint on the minimum length of the bar does not
mpact the bar fractions. 

This Fourier analysis is highly dependent on accurately finding 
he centre of the galaxy as when the FFT is performed, the bar search
rocedure starts at the origin which is supposedly the centre of mass
f the galaxy. Ho we ver, for cases where the origin is slightly off-
entre due to substructures (more apparent in HOP-selected galaxies 
s opposed to the AdaptaHOP that remo v ed the majority of these), the
ar search procedure will not find any bars or structure. A detailed
xample and insightful discussion of an off-centred stellar bars is 
resented in de Swardt et al. ( 2015 ). To resolve for this, a shrinking
phere approach was used to ef fecti vely zoom in on the centre of the
alaxy i.e. the centre of mass was first calculated within a sphere
ncompassing all stellar particles, the radius of this sphere was 
ecreased by a factor of two and the centre of mass within this new
phere was calculated. The radius of the sphere was halved again and
he process was repeated until the centre of mass position was consis-
ent to a factor of 10 −5 across three iterations. This process pro v ed to
isually find the centre of each galaxy and this correct centring was
hecked by plotting the m = 1 mode Fourier amplitude against radial
istance. The m = 1 mode corresponds to lopsidedness. When centred
orrectly, the m = 1 amplitude will be minimized at small radii. 3 

‘Fake’ bars, i.e. spheroid-dominated galaxies with moderately 
attened central regions in their face-on projection (see Kraljic et al.
012 for more details), were dismissed by performing this harmonic 
ecomposition on all three projections of the galaxy. For a given
dge-on projection, a disc will appear relatively flattened or ‘bar-like’ 
i.e. constant � 2 ( r )]. Therefore, a potential bar detected in the face-on
rojection had to be confirmed in both edge-on projections. Ho we ver,
his process pro v ed to just be additional quality assurance on our
esults, as almost all spheroid-dominated galaxies were remo v ed by
he cut of V / σ described in Section 2.2 ; on average, only two ‘fake’
ars were remo v ed by this process at each redshift sample. 
Fig. 1 shows an example of a ‘strongly barred’ NEWHORIZON 

alaxy at z = 1.3. The figure plots the Fourier phase � 2 as a function
f radial distance (used to determine the bar region) along with
he corresponding Fourier amplitudes. We also present the face-on 
rojection of the stellar surface density used in the visual inspection.
his is one of the clearest and strongest bars found in our sample –
ne can see the clear peaks in the m = 2 and m = 4 Fourier amplitudes
ithin the bar region – and we confirm this to be a barred galaxy
ia the detection through our velocity method (described below and 
ith associated plots also shown in Fig. 1 ). In Fig. 2 , we present

he corresponding plots for an unbarred NEWHORIZON galaxy at z =
.25 that is confirmed as such using the two methods. 

.2 Velocity harmonic decomposition 

he second method for bar detection is inspired by the decom-
ositions presented in Petersen et al. ( 2019a ). Briefly, the method
ses a velocity-weighted Fourier decomposition to identify coherent 
elocity signatures that are consistent with barred galaxies. The 
tellar particles that are part of the bar (the x 1 orbit family as described
n Petersen, Weinberg & Katz 2021 ) dominate the velocity field, and
hese orbits create a detectable velocity signal that may be measured
ither in the average velocity field or (in the case of simulations)
ndividual particle velocities. 

Following the surface density harmonic decomposition of Sec- 
ion 3.1 , we decompose the galaxy into Fourier components. How-
 ver, we no w compute the Fourier amplitude using a velocity field
eighting, which we denote as A m 

. The velocity field V is then
MNRAS 512, 160–185 (2022) 
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Figure 1. An example of our procedures used to detect a (strongly) barred NEWHORIZON galaxy at z = 1.3. Top row: Detection of a bar region by the Surface 
Density Harmonic Decomposition method (Section 3.1 ). On the left, we present a plot of the Fourier phase � 2 weighted by stellar mass as a function of radial 
distance – as used to determine the bar region – along with the corresponding Fourier amplitudes. On the right, we show the stellar surface density face-on projected 
maps of the galaxy used for a visual inspection. Bottom row: Corresponding plots for detection via the Velocity Harmonic Decomposition (Section 3.2 ). On the 
left, we present the plot of the Fourier phase � 2 weighted by tangential velocity as a function of radial distance along with the corresponding Fourier amplitudes. 
On the right, we show a face-on projection of the tangential velocity field of the galaxy which is used by the visual inspection of the stellar surface density for the 
surface density method. The surface density and velocity maps are plotted for 20 × 20 kpc 2 (but zoomed-in for clarity) and the colour coding scale is logarithmic. 
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4 To reduce the likelihood of contamination, one may lower this threshold. 
In our case, as we are using the velocity harmonic decomposition as a 
complement to the surface density harmonic decomposition, we do not take 
the indication of the presence of a bar as definitive proof, but rather as a 
candidate barred galaxy. 
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ecomposed as 

( r, θ ) = V 0 ( r) + 

∑ 

m 

A m 

( r) cos ( mθ − � m 

( r)) , (2) 

s in equation ( 1 ). 
The implementation of the method to the particle data starts the

ame way as in the primary method: the galaxy is first rotated
nd centred using the method sketched in Section 3.1 . The Fourier
mplitudes A m 

are computed using the tangential velocity field. As in
he surface density decomposition, we trace the Fourier phase � 2 ( r )
n radius to find a ‘bar region’ of constant phase. The requirements
or detection are as in the surface density harmonic method [ � 2 ( r )
ust be constant within some radial range to ±5 ◦ tolerance]. 
In our application, the bar search started at a radius of 0.5 kpc

nd the maximum start of the search for a bar was set at 2 kpc so
s to mitigate variations caused by central structure. If the algorithm
etects a region of constant Fourier phase � 2 ( r ), it is flagged to
e the putative bar region – only if the bar region covered at least
 kpc. To ensure a particular peak in the Fourier amplitude was not
oise induced, we require that the value of A 2 / A 0 at that particular
NRAS 512, 160–185 (2022) 
adial distance remain abo v e some threshold for significance. This
hreshold was set at A 2 / A 0 > 0 . 02. 4 

Examples of this method used to detect both a strong barred
EWHORIZON galaxy at z = 1.3 and an unbarred NEWHORIZON

alaxy at z = 0.25 are shown in Figs 1 and 2 , respectively. In
hese figures, we plot Fourier phase � 2 weighted by tangential
elocity as a function of radial distance – as used to determine
he bar region – along with the corresponding Fourier amplitudes.

e also show a face-on projection of the tangential velocity field
f the galaxy which corresponds to the visual inspection of the
tellar surface density for the surface density method. In Fig. 1 ,
he velocity harmonic decomposition behaves as expected: both A 2 

nd A 4 follow the expected bar signature profile, where A 4 peaks at
he end of the possible bar while A 2 declines. In Fig. 2 , we see that
he velocity harmonic profiles are not coherent in either A 2 or A 4 ,
hich immediately rules out the presence of a bar. 
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Figure 2. An example of the procedure applied to detect an unbarred NEWHORIZON galaxy at z = 0.25. The format is the same as in Fig. 1 , whereby the surface 
density method is implemented in the top row, and the velocity method is shown in the bottom row. One can clearly see that this is an unbarred galaxy as there is 
no region of constant � 2 either weighted by stellar mass in the surface density method, or weighted by tangential velocity in the velocity method. As in Fig. 1 , 
the surface density and velocity maps are plotted for 20 × 20 kpc 2 (but zoomed-in for clarity) and the colour coding scale is logarithmic. 

3

I
i
l

S

w
r
b  

F
s  

2  

v  

b
t
i  

i  

i
h
m  

h
a

 

K
 

t
h

 

a  

M  

o  

w  

u  

p  

i  

w  

w  

a

d  

c
a
s
p  

c
v

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/1/160/6537421 by Bodleian Libraries of the U
niversity of O

xford user on 05 August 2022
.3 Bar strength 

n order to provide a direct comparison with previous studies, we 
ncorporate two methods to calculate bar strength widely used in the 
iterature. The first is that of Aguerri, Beckman & Prieto ( 1998 ), i.e. 

 ≡ r −1 
bar 

∫ r bar 

0 

A 2 

A 0 
d r, (3) 

here A 0 and A 2 are the zeroth- and second-mode Fourier amplitudes, 
espectively, and r bar is the distance at which the A 2 component 
ecomes comparable to the level of the higher order terms of the
ourier decomposition i.e. the outer radius of the bar region. The 
econdary proxy for bar strength (as used e.g. in D ́ıaz-Garc ́ıa et al.
016 ; Rosas-Gue v ara et al. 2020 ; Zhou et al. 2020 ) is the maximum
alue of the ratio A 2 / A 0 ( A 2, max ) within the bar region. In this paper,
ar strengths are calculated using both methods, and have proven 
o give consistent results. Hereafter, the results presented use the 
ntegral definition (equation 3 ); ho we ver, these results do not change
f A 2, max is used instead. In general, care should be taken when
nterpreting bar strength measurements, as some theoretical studies 
ave suggested that bar strengths derived from Fourier measurements 
ay not accurately quantify the effect of a bar on the evolution of the

ost galaxy (see e.g. the comparison between apparent bar strength 
nd the true bar potential in Petersen et al. 2019a ). 

Bars are classified depending on their bar strength, S , as follows: 
(i) Strong bars , i.e. bars with a strength S ≥ 0.3 (consistent with
raljic et al. 2012 ). 
(ii) Observable bars , i.e. bars with a strength S ≥ 0.2. This is the

ypical detection limit used in observations, when studying bars at 
igh redshift (Sheth et al. 2008 ). 

We note that these definitions are somewhat arbitrary, as there is
 continuum of bar strengths (Block et al. 2002 ; Whyte et al. 2002 ;
en ́endez-Delmestre et al. 2007 ). We note also that the major results

f this paper do not change if we alter these values. Any detection
ith strength S < 0.2 is neglected as at this level, it is increasingly
ncertain as to whether these are bars. This is mostly due to the
erturbed nature of the larger mass galaxies or the limited resolution
n the lower mass regime. These ensure that any visual inspection
ould be challenged to identify any barred structure (see Fig. A1
here barred galaxies with strength only just greater than 0.2 are

lready unclear). 
The strength measurement is relatively well-behaved when surface 

ensity decomposition is applied. Ho we ver, the meaning of S is less
ertain in the velocity harmonic decomposition, and is likely strongly 
ffected by noise (e.g. spatial resolution, particle number, and 
ubstructure fluctuations). That is, at low strength values, the false 
ositive rate is substantial. We found that one must be particularly
areful to cross-check low significance bars determined from the 
elocity harmonic decomposition with other methods. 
MNRAS 512, 160–185 (2022) 

art/stac494_f2.eps


166 J. Reddish et al. 

M

Table 1. The results of our analysis in terms of spiral fractions and bar fractions for ‘strong bars’ ( S ≥ 0.3) and 
‘observable bars’ ( S ≥ 0.2) at redshifts z = 1.3, 1.0, 0.7, 0.5, and 0.25. The bar fractions as obtained by both bar detection 
methods described in Section 3 are shown. The confidence intervals presented have been estimated using the (Bayesian) 
beta distribution quantile technique (Cameron 2011 ). We also present numerical values in the parenthesis. 

Bar fractions 
(Number of bars) 

Redshift Spiral fraction Method Strong bars Observable bars 
(Number of spirals) 

1.3 0 . 570 + 0 . 021 
−0 . 022 Surface density 0 . 023 + 0 . 012 

−0 . 006 0 . 084 + 0 . 019 
−0 . 014 

(299) (7) (25) 
Velocity 0 . 063 + 0 . 017 

−0 . 011 0 . 174 + 0 . 024 
−0 . 020 

(19) (52) 

1.0 0 . 543 + 0 . 023 
−0 . 023 Surface density 0 . 027 + 0 . 014 

−0 . 007 0 . 062 + 0 . 018 
−0 . 012 

(260) (7) (16) 
Velocity 0 . 042 + 0 . 016 

−0 . 009 0 . 108 + 0 . 022 
−0 . 016 

(11) (28) 

0.7 0 . 538 + 0 . 024 
−0 . 025 Surface density 0 . 004 + 0 . 010 

−0 . 001 0 . 018 + 0 . 014 
−0 . 005 

(224) (1) (4) 
Velocity 0 . 013 + 0 . 013 

−0 . 004 0 . 049 + 0 . 016 
−0 . 010 

(3) (11) 

0.5 0 . 580 + 0 . 025 
−0 . 026 Surface density 0 . 009 + 0 . 012 

−0 . 003 0 . 027 + 0 . 016 
−0 . 007 

(221) (2) (6) 
Velocity 0 . 014 + 0 . 013 

−0 . 004 0 . 054 + 0 . 020 
−0 . 011 

(3) (12) 

0.25 0 . 581 + 0 . 027 
−0 . 028 Surface density 0 . 005 + 0 . 012 

−0 . 002 0 . 022 + 0 . 017 
−0 . 006 

(183) (1) (4) 
Velocity 0 . 016 + 0 . 016 

−0 . 005 0 . 038 + 0 . 020 
−0 . 010 

(3) (7) 
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 REDSHIFT  E VO L U T I O N  O F  BA R  FRAC TI ON  

he presence of a bar at increasing redshifts can indicate when
alaxies have become dynamically cold and rotation dominated
Sheth et al. 2012 ). Furthermore, bars are one of the most frequently
nd easily quantified substructures in spiral galaxies, and hence, are
ften used as a tracer of galaxy evolution (Kraljic et al. 2012 ). A
tudy of the redshift evolution of the bar fraction in galaxies therefore
s a vital measurement when studying the evolutionary history of disc
alaxies. We will now study the redshift evolution of the bar fraction
n NEWHORIZON . The bar analysis has been carried out at redshifts
 = 1.3, 1.0, 0.7, 0.5, and 0.25. Galaxy stellar masses range of
0 7 . 25 M �–10 11 . 04 M � at z = 1.3 and 10 7 . 28 M � − 10 11 . 38 M � at z =
.25. The errors represent 1 σ confidence intervals calculated using
he (Bayesian) beta distribution quantile technique for estimating
onfidence intervals on binomial population proportions (Cameron
011 ). 

.1 Bar fractions 

nce the morphology of galaxies is determined, the bar detection
ethods, as described in Section 3 , are applied to all the galaxies in

he sample. If a galaxy is found to be barred, the length and strength
f the bar are calculated whereby the length is simply two times the
uter radius of the bar, r bar , as described abo v e. The measurements of
he bar fractions for redshifts from z = 1.3 to z = 0.25 as calculated
y both bar detection methods are shown in Table 1 . If we compare
hese values to the 30–70 per cent measured from observational (e.g.
skridge et al. 2000 ; Whyte et al. 2002 ; Laurikainen et al. 2004 ;
en ́endez-Delmestre et al. 2007 ; Marinova & Jogee 2007 ; Barazza

t al. 2008 ; Sheth et al. 2008 ; Aguerri et al. 2009 ; Nair & Abraham
NRAS 512, 160–185 (2022) 
010 ; Masters et al. 2011 , 2012 ; Melvin et al. 2014 ; D ́ıaz-Garc ́ıa
t al. 2016 ) and from simulated (e.g. Athanassoula 2008 , 2012 ; Zhou
t al. 2020 ; Rosas-Gue v ara et al. 2020 , 2021 ) studies, the disparity
ith our results is immediately obvious. NEWHORIZON produces

ubstantially fewer barred galaxies than is expected based on the
iterature. But why is there such a large disparity? We will address
his in Section 5 . 

The redshift evolution of the bar fraction is presented in Fig. 3
or both ‘strong’ and ‘observable’ bars. From Fig. 3 , one can see
hat there is little evolution in the bar fraction with redshift, with
nly a slight decrease in strong and observable bar fractions with
ecreasing redshift. One can also see that while there is good
greement in bar fractions between the two methods within the 1 σ
rrors, the velocity method appears to o v erestimate the observable
ar fraction relative to the surface density method by 1–4 per cent.
urthermore, on a g alaxy–g alaxy basis there is a disparity in those
alaxies that are selected as barred by the two individual methods
in cases where the galaxy would not be identified as barred by eye).
hese discrepancies suggest that these two methods may produce

false positives’ whereby bar-like properties specific to each method
re incorrectly classified as a bar. Therefore, a concurrence between
he two methods is needed in order to confirm a galaxy as barred.
otential false positives will be analysed further in Sections 6.1 and
.2 by analysing our sample on a g alaxy-by-g alaxy basis. 

.2 Bar properties 

 typical property of bars studied in the literature is that of the bar
trength as a function of galaxy stellar mass. In Fig. 4 (top panels),
e plot such a relationship at z = 1.3 and 0.25 for bars detected
sing the Surface Density Harmonic Decomposition method. At z =
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Figure 3. The redshift evolution of the bar fraction among disc-dominated 
galaxies across redshifts z = 1.3, 1.0, 0.7, 0.5, and 0.25 calculated by 
both methods described in Section 3 . The fractions from both methods for 
‘observable bars’ are shown in the top panel those for ‘strong bars’ are shown 
in the bottom panel. One can see the agreement in bar fraction measurements 
between the two methods for ‘strong bars’ as well as the slight discrepancies 
for ‘observable bars’. 
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Figure 4. Figure showing bar strengths versus stellar mass (top panels) and 
bar lengths versus stellar mass (bottom panels) for z = 1.3 (left-hand panels) 
and z = 0.25 (right-hand panels). Bar strengths of both observable and strong 
bars are plotted for bars found in disc-dominated galaxies. One can see that 
there is only a very weak anticorrelation between bar strengths and galaxy 
stellar mass and almost no correlation for bar lengths. One can also see that 
there is almost no evolution in these trends with redshift. Furthermore, these 
trends are seen when plotting for bars detected in all the galaxies in the sample, 
not just those selected as disc-dominated – indicative of the possibility that 
some bias in the method causes certain galaxies to be detected as barred. 
These bars have been detected using the Surface Density Harmonic Decom- 
position method. A corresponding trend is found by the Velocity Harmonic 
Decomposition method and this plot is shown in Fig. C1 for comparison. 
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.25, we find a weak but statistically significant anticorrelation, 5 

hereby more strongly barred galaxies tend to be in the lower 
ass regime while the higher mass galaxies tend to hold weaker 

ars. There is very little redshift evolution of this relation with a
light decrease in the number of detected bars. Similar trends are 
ound if we perform our analysis on all the galaxies in the sample,
ot just those selected as disc-dominated. And finally, comparable 
rends are found when using the Velocity Harmonic Decomposition 

ethod to detect bars, as shown in Fig. C1 . These points all seem
o be indicative of (i) there being very few strongly barred massive
alaxies in NEWHORIZON and (ii) there being some bias in the 
ethods causing galaxies (that are not barred upon visual inspection 
see Section 6.1 ) to be detected as barred. 
In Fig. 4 (bottom panels), we also plot the length of the detected

ars against stellar mass. Ho we ver, we find that there is no clear
ependence with mass for detected bars. This is in immediate 
isagreement with observations; Erwin ( 2018 , 2019 ) in the local
niverse, Barazza et al. ( 2009 ) at intermediate redshift, and Kim
t al. ( 2021 ) out to z ∼ 0.84 all show a clear positive correlation
etween bar length and galaxy stellar mass. Again, we see little to no
volution in this relation with redshift, this time in agreement with 
im et al. ( 2021 ). 
Our initial bar search criteria required a potential bar region to be at

east 1 kpc in length before classifying the galaxy as barred. Ho we ver,
ue to the spatial resolution of the NEWHORIZON simulation, we 
hould expect to be able to resolve bars shorter than this. Despite
 Spearman coefficient of −0.335 with p -value = 0.011 

1  

f
c

his, by reducing this criterion on the bar length, we detect only one
xtra short bar (that having 0.5 kpc < bar length < 1 kpc) compared
o longer bars (those with lengths > 1 kpc). This occurs when using
he velocity method and is plotted in Fig. C1 for completeness,
emonstrating that our results do not change when allowing also for
hort bars. 

In order to decipher the causes behind any biases in our bar
etection methods, we will inspect galaxies visually as well as 
omparing detection methods on a g alaxy–g alaxy basis in Section 6 .
e will also compare our results in more detail to those of the

iterature in Section 7 discussing their rele v ance and the lessons for
uture research. Let us now address the large disparity between our
easured bar fractions and those of the literature – why the low

ar fractions in NEWHORIZON and is there a missing bar problem in
osmological simulations? 

 A  MISSING  BA R  PROBLEM?  

hile the biases that we will discuss in Section 6 may explain some
iscrepancies between measured bar fraction in observations and 
imulations, in particular at high redshift and/or at low stellar masses,
he significant lack of bars in the NEWHORIZON simulation seems to
oint to a more fundamental problem. 
Let us first discuss resolution effects in Section 5.1 . We then

resent simple dynamical analysis of the disc galaxies at z = 1.3 and
 = 0.25. For each of the disc galaxies, we extract the gas and dark
atter components within 6 R eff . For galaxies abo v e log ( M � / M �) >

0 . 2, we extract the dark matter component out to 30 R eff to account
or the extended nature of these galaxies. We construct rotation 
urves, defining summary statistics (Section 5.2 ), and then analyse 
MNRAS 512, 160–185 (2022) 
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he sample of disc galaxies, making simple dynamical arguments
or the low bar fraction (Section 5.3 ). We compute linear growth
ates for composite models, matching the population to quantify the
ynamical state of the discs (Section 5.4 ). 

.1 Resolving secular processes 

he resolution required to properly treat secular processes is not
traightforward. In general, one may consider the role of both mass
nd spatial ‘resolution’ in cosmological simulations. Both are critical
or correctly modelling secular processes, which can strongly be
mplified by the disc’s temperature, should the disc’s thickness be
esolv ed (F ouvry et al. 2015 ). 

The mass resolution, or the number of particles, has been
dentified as a crucial ingredient for the accurate modelling of
omplex secular processes in galaxies such as bar formation, spiral
rms or pseudo-bulges. For instance, by studying the details of
esonant interactions, Weinberg & Katz ( 2007a ) derived explicit
riteria for the number of particles required to capture accurately
hese dynamical processes in N -body simulations. Typically, for a

ilky Way-like galaxy, 10 7 −10 8 particles are required to minimize
he fluctuations in the gravitational potential so as to sufficiently
opulate regions near resonances. This should pro v e in particular
ele v ant to model dynamical friction from the dark halo on to the
ar. Yet modern simulations, and in particular zoom-in simulations,
ypically employ a number of particles that approaches this
equirement (even though they might not correctly model the full
isc dynamics; see Weinberg & Katz 2007b for more discussion). 
Ho we ver, in the context of bar formation in cosmological simu-

ations, spatial resolution appears to play a critical role. In a meta-
nalysis of the literature, the bar fraction in zoom-in simulations
f Milky Way-like galaxies that have spatial resolution better than
100 pc is essentially zero. Some recent examples include, e.g.
INTERGATAN (Agertz et al. 2021 ) with a resolution of ∼ 20 pc,
IRE-2 (Hopkins et al. 2018 ), simulations of Nu ̃ nez-Casti ̃ neyra et al.
 2021 ), or Galactica (Park et al. 2021 ) with a resolution comparable
o that of NEWHORIZON . 

Zoom-in simulations that manage to form bars typically choose
ower spatial resolution, either motivated by ‘optimal’ softening
ength arguments (Power et al. 2003 ) or owing to mass resolution.
 or e xample, Zana et al. ( 2018 ) uses the softening length of 120 pc,

he Auriga project (Grand et al. 2017 ; Bl ́azquez-Calero et al. 2020 )
dopts the physical softening length for stars of 369 pc and for some
lder zoom-in simulations such as e.g. Scannapieco & Athanassoula
 2012 ), it is 1.4 kpc for gas, stars and DM components, in Agertz,
eyssier & Moore ( 2011 ), the maximum level of refinement reaches
 physical resolution of 170 pc, and the simulations used in Kraljic
t al. ( 2012 ) have the spatial resolution of 150 pc. 

As will be discussed in Section 6.1 , the most prominent barred
alaxy at z = 1.3 belongs to the most massive disc at that redshift. 6 Is
his a coincidence? Given that this galaxy is found to be barred at z =
.3, 1.0, and 0.7, it is highly unlikely that this detection is a statistical
uke. Thus, NEWHORIZON seems able to produce the conditions
or bar formation under some circumstances. Ho we ver, its presence
annot be fully explained by mass resolution: a more massive (and
herefore equally high mass-resolution) disc is definitively unbarred
t z = 0.25. 
NRAS 512, 160–185 (2022) 

 Given that the mass of stellar particles are the same, the galaxy therefore 
as the largest number of stellar particles – apparently near the regime, Wein- 
erg & Katz ( 2007a ) would suggest for resolving some secular processes. 
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Finally, the (star formation recipe and resolution-dependent)
umber of massive clumps within the disc may impact the secular
esilience of bars. This issue can be qualitatively addressed via
he so-called Hamiltonian mean field model (Pichon & Lynden-
ell 1993 ; Antoni & Ruffo 1995 ). This involves computing orbital
if fusion coef ficients within the separatrix defined by the bar, using
he Balescu-Lenard quasi-linear theory (Heyvaerts 2010 ; Fouvry &
ar-Or 2018 ), which captures the impact of the number of orbit-
v eraged clumps, giv en their relativ e contribution to the bar’s self-
ravity. Benetti & Marcos ( 2017 ) compute these coefficients as a
unction of bar strength, and find (their fig. 6) that (i) below the
eparatrix, diffusion is fairly efficient for weak bar, while it is much
ess so for strong bars; (ii) at the separatrix, the diffusion coefficient
anishes; (iii) in the strong bar limit, w ak es weak en diffusion
i.e. their Balescu–Lenard predictions versus Landau’s). While their
etting is idealized, with a slightly different geometry, their results
eem consistent with the naiv e e xpectation that a weaker bar will
issolve more easily through resonant encounters, whereas its strong
ounterpart will more easily sustain massive clump formation. It
emains to be seen that (i) the lifespan of these clumps is long
nough for relaxation processes to operate, (ii) the strength of
esonant encounters (quantified by these dif fusion coef ficients) are
ufficient for clumps to jump the separatrix and (iii) the fraction of the
ar’s mass they drag is enough to eventually dissolve the bar. More
rosaically, the number and size of stellar clumps may vary with
ncreased resolution or change in star formation modelling, which
ould artificially impact bar resilience. 
In closing, whether the spatial resolution and/or the choice of

oftening length and subgrid physics in simulations plays a key
ole in the presence or absence of bars should be the topic of
urther investigations. In the next sections, we examine two summary
tatistics and connect them with known secular processes responsible
or bar formation in order to probe alternative, physically motivated
easons for the lack of bars in NEWHORIZON . 

.2 Insights from rotation cur v es 

ne of the most straightforw ard w ays to analyse the dynamics of
 galaxy is through the rotation curve, or equi v alently, the circular
 elocity curv e. We construct the circular v elocity curv e from the
ass enclosed ( v c ( r) = 

√ 

G M( < r) /r ) profile of the stellar, gas,
nd dark matter components, both separately and combined. While
mperfect, 7 we find through visual inspection and comparison of the
ircular velocity to the measured mean tangential velocity of the disc
tars that the circular v elocity curv es constructed through these naive
eans is satisfactory for dynamical inference. We will hereafter drop

he ‘ c ’ subscript and refer to the circular velocity simply as ‘ v’. 
Fig. 5 is a pedagogical demonstration of summary statistics we

erive for each galaxy from the circular velocity curve. We define
hree key quantities in addition to the total stellar mass: 

(i) The radius at which the stellar contribution to the total circular
elocity is maximized, r v �, max . 

(ii) The contribution to the total rotation curve by the stellar
omponent at r v �, max , which gives a measure of how ‘maximal’ the
tellar component of a galaxy is, f � ≡ v � ( r v �, max ) /v total ( r v �, max ). 

(iii) The ratio of the gas rotation curve value to the stellar rotation
urve value at r v �, max , which gives a measure of the gas content in the
alaxy relative to the stellar content, g � ≡ v gas ( r v �, max ) /v � ( r v �, max ) . 
 In particular, the assumption of a spherical distribution for the stellar and gas 
omponents introduces a small (up to 10 per cent ) bias in derived quantities. 
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Figure 5. Face-on stellar surface density, velocity field, and rotation curve for 
an example galaxy at z = 0.25. The surface density resembles an exponential 
disc with a small bulge component. We also show the velocity field, which 
e xhibits re gular rotation. P anels (a) and (b) are 20 kpc per side. Panel (c) is 
the circular v elocity curv e, with listed and derived quantities as defined in 
the text. We show the total circular velocity curve in black, as well as the 
contributions from the dark matter , stellar , and gas components in coloured 
lines as marked. The location of the peak circular velocity contribution from 

the stellar disc is marked with a star. 
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In a pure exponential disc, r v �, max corresponds to 2.2 R d , where
 d is the disc scale length. This is independent of the mass in the
xponential disc, M disc . The addition of a spherical bulge with mass
 bulge can alter the value of r v �, max : at fixed R d , as the bulge fraction

 bulge ≡ M bulge /( M bulge + M disc ) is increased, r v �, max decreases. 8 In the
imit where f bulge → 1, r v �, max → 0. In practice, r v �, max = 0 (where 
he bulge dominates the rotation curve of the galaxy) is achieved at
 bulge � 0.35. When r v �, max → 0, f � increases dramatically towards unity. 

For f � and g � , we can draw insights from observational and
heoretical literature for typical values that may promote secular 
ar formation. Local disc galaxies, including some hosting bars, 
xhibit f baryonic ≡ f � 

√ 

1 + g 2 � ∈ (0 . 4 , 0 . 7), with 〈 f baryonic 〉 = 0.57
Martinsson et al. 2013 ). As the majority of the galaxies in the

artinsson et al. ( 2013 ) sample have relati vely lo w gas content, 9 

 fair comparison for benchmarking to our simulations is f � ≈
 baryonic . Athanassoula, Machado & Rodionov ( 2013 ) found that 
 Changing the geometry of the bulge, such as decreasing α in a ρbulge ∝ r α

ulge, can also affect the location of r v �, max at fixed f bulge , but in reasonable toy 
odels we find this to be a second-order effect when compared to changing 

 bulge . 
 The maximum gas-to-stellar fraction (including both atomic and molecular 
as) in this sample is 40 per cent, which corresponds to g � = 0.63. 

g
1

m
e
r
h
g
w

ncreasing the gas content in isolated disc galaxies acted to slow
he bar formation process, such that gas-dominated galaxies were 
ear-axisymmetric for longer periods of time. Both linear stability 
tudies (e.g. Pichon & Cannon 1997 ) and isolated simulations 
Petersen in preparation) of disc galaxies indicate that at low f � , bar
ormation is prohibited by the dominance of the dark matter halo.
onversely, when f � is near unity owing to the presence of a large
ulge driving the radius of the maximum of the stellar velocity curve
o the centre of the galaxy, the galaxy dynamics may be stabilized
gainst non-axisymmetric structure formation (Ambastha & Varma 
982 ). Taken together, we define a broad literature-derived space 
or ‘possible secular bar formation’ as 0.4 < f � < 0.8 and g � < 0.66.

.3 Insights from the entire sample 

ombining the summary statistics produces a four-dimensional space 
ith the power to produce dynamical insights. In Fig. 6 , we show disc
alaxies in the log ( M � / M �) − r v �, max plane at the highest redshift 
e consider ( z = 1.3, left-hand panel) and the lowest redshift we

onsider ( z = 0.25, right-hand panel). As in Jackson et al. ( 2021 ), we
nd that the dark matter content of the disc galaxies is in agreement
ith observations. 
Through a linear regression analysis, we find a positive corre- 

ation between r v �, max (or R d ) and log ( M � /M �) for galaxies with
og ( M � /M �) < 9.5 at both redshifts. 10 We interpret this relationship
s a natural consequence of the galaxy formation process, where the
cale length of the galaxy increases as the stellar mass of the galaxy
ncreases through star formation. Indeed, a comparison of the two 
edshift snapshots suggests that galaxies generally increase r v �, max 

and thus scale length) while increasing mass. We also see generally
ncreasing f � and decreasing g � from 7 < log ( M � /M �) < 9.5. 

Ho we v er, abo v e log ( M � /M �) = 9.5, a linear regression analysis
nds a slight negative correlation between r v �, max and log ( M � /M �) in

he z = 0.25 sample, and no correlation in the z = 1.3 sample. Visual
nspection of rotation curves indicates that this is a result of increasing
 bulge , towards the limit where the galaxy rotation curve peaks at
mall radii as a result of the presence of a bulge (the lower right
orner of Fig. 6 ). The apparent qualitative break from the positive
rend seen at low-mass (log ( M � /M �) ≤ 9.5) suggests that galaxies in

EWHORIZON may be in the process of forming large bulges abo v e a
ertain mass threshold. 11 Evidently, some bulge formation proceeds 
t high redshift: several galaxies already exhibit prominent bulges by 
 = 1.3. We will study the formation and evolution of bulges in an
pcoming work. 
We mark the points of galaxies in Fig. 6 that fall in the ‘possible

ecular bar formation’ regime defined above with black ‘ + ’ symbols.
f the sample of 128 (200) disc galaxies at z = 0.25 ( z = 1.3), we find
nly six (three) that satisfy these criteria. Relaxing the g � threshold
o g � < 1.0 increases the number in the ‘candidate’ bar space
ramatically (but does not capture any additional galaxies classified 
s barred in the sample). Widening the f � range to extend down to f � 
 0.3 does not add any additional galaxies in the candidate bar space
MNRAS 512, 160–185 (2022) 

This partitioning of the sample is also degenerate with cuts on either f � and 
 � . 
1 Complicating our study and the relationship to previous works, the 
easurement of bulges in models is far from settled. Both kinematic (e.g. Park 

t al. 2021 ) and photometric (e.g. Bl ́azquez-Calero et al. 2020 ) methods are 
egularly employed (and sometimes both, e.g. Gargiulo et al. 2019 ). While we 
ave not attempted a detailed decomposition, the rotation curve in our model 
alaxies indicate significant central mass concentrations that set r v �, max , which 
e refer to as ‘large bulges’. 

2
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Figure 6. Two snapshots at different redshifts of disc galaxies in the log ( M � / M �) − r v �, max plane. Colours correspond to f � ; symbol sizes correspond to g � 
(all quantities are defined in the text). Galaxies identified as barred are outlined in black. Galaxies that fall in a region of ‘possible secular bar formation’ are 
indicated with a black ‘ + ’ (0.4 < f � < 0.8 and g � < 0.66). Most galaxies are excluded from the region of possible bar formation owing to either being relatively 
low stellar mass or by being bulge dominated. The left-hand panel shows the highest redshift considered in this study, z = 1.3. The right-hand panel shows the 
lowest redshift considered in this study, z = 0.25. Two possible evolutionary tracks are shown: first, star formation is expected to be responsible for the increase 
in r v �, max with stellar mass. Secondly, bulge formation may be responsible for the dearth of galaxies with large r v �, max at higher stellar masses. To guide the eye 
and easily follow the redshift evolution in this parameter space, in each panel we draw rough polygons around the bulk of the galaxies (dashed outline polygon 
corresponds to z = 1.3, dotted outline polygon corresponds to z = 0.25). 
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the results in Section 5.3 . 

12 We set up a growth time threshold at a fraction, η of the dynamical time √ 

a 3 d /GM � which, we somewhat arbitrarily set at η = 10. For a typical stellar 

mass of 10 10 M and a = 3 kpc, this corresponds to 0.25 Gyr. 
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f g � is held fixed. Visual inspection of the six z = 0.25 galaxies
lassified as barred (including the galaxy in Fig. 5 ) confirms that
hese galaxies are not barred, and prompts the question of whether
he defined thresholds are too conserv ati v e: one e xplanation is that
he actual bar-forming region in a theoretical f � −g � plane may be
ighter than we conjecture abo v e. One could also argue that r v �, max as

easured for disc galaxies in NEWHORIZON are unrealistic. Ho we ver,
his does not seem to be a plausible explanation as the ef fecti ve radii
and therefore also the maximal radii) of NEWHORIZON galaxies are
n a broad agreement with observations (see Dubois et al. 2021 ). 

We mark the galaxies with detected bars (the putative bars as
onfirmed via a concurrence between our methods – see Section 6.1 )
n Fig. 6 with black outlines. This results in 21 galaxies at z = 1.3 and
 galaxies at z = 0.25. The galaxies do not appear to preferentially
eside in any region of the log ( M � / M �) − r v �, max plane. None of the
alaxies detected as barred at z = 1.3 are detected as barred at z =
.25. The formerly barred galaxies do not appear to have obviously
ndergone any ‘special’ evolution, or reside in a unique location in
 � −g � space. 

In particular, the defined ‘possible secular bar formation’ region
n parameter space does not appear to hold any particular importance
or NEWHORIZON galaxies. As the region is simply a space where
solated galaxy studies have previously identified bars, it does
ot preclude bar formation in regions outside of this space. The
dentification of bars in NEWHORIZON outside the possible secular
ar formation region identified in isolated studies suggests that the bar
ormation in NEWHORIZON might be driven by different mechanisms
han in isolated studies. We have little information about possible
egions for bars triggered by interactions with other galaxies. Such a
tudy is beyond the scope of this work, but cosmological simulations
ave a unique opportunity to explore bar formation beyond the
ecular mode traditionally studied in bar dynamics. We conclude
hat the bars identified in NEWHORIZON do not resemble secularly
ormed bars as identified in previous studies of isolated galaxies. 
NRAS 512, 160–185 (2022) 
.4 Insights from linear-response growth rates 

et us now present the trends from a linear response toy model
ailored to provide insight into the lack of bars in NEWHORIZON . We
ollow Aoki, Noguchi & Iye ( 1979 ), which studied the stability of
azor thin, gaseous, isolated discs, while including varying bulge
nd halo components (see also Ambastha & Varma 1982 ). The
onstruction of the model is detailed in Appendix D . The model
s parametrized by four ratios: p = M bulge /( M disc + M bulge ), q =
 disc /( M disc + M halo ), a b / a d , and a h / a d , where a { b, d, h } are the scale

engths of the bulge, disc, and halo, respectively, and M halo is
he mass of the halo corresponding to the virial mass. With this
arametrization, a d and M disc may be readily scaled out. While
alaxies in this model live in a four-dimensional space, we find it is
easonable for NEWHORIZON galaxies to reduce the four-dimensional
pace to a two-dimensional space parametrized by ( p , q ) by using
ypical values for a b / a d and a h / a d moti v ated by a mapping from the

EWHORIZON galaxies to the model [see Appendix D (Section D2 )].
We focus on linear instabilities possibly leading to bar formation:

he bi-symmetric m = 2 mode. Fig. 7 plots the fastest growth rate, ω I ,
f a sequence of models parametrized by p and q , with a b / a d = 20 and
 h / a d = 2.8. Light (resp. dark) contours corresponds to slow (resp.
ast) growth. The inverse of this growth rate quantifies the time it
akes for a linear instability to grow (in units of the dynamical time).
s seen on this figure, DM-dominated and bulge-hosting galaxies
oth have slow growth rates (lower right light region), 12 unlikely to
ecularly grow strong non-linear bars, in qualitative agreement with
� d 
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Figure 7. The fastest growth rate of m = 2 modes in the Kuzmin–Toomre–
Plummer fiducial model as a function of the two parameters, p , the bulge 
fraction, and q , the disc fraction for the quoted values of scale lengths. The 
bulge, disc, and halo scale lengths are chosen to match those of NEWHORIZON . 
The completely white region corresponds to (ad hoc) values of ω I less than 

0 . 1 
√ 

GM/a 3 d , which would lead to too slow bar mode growth. As a function 
of cosmic time, via accretion, star formation and mergers, the galaxies mo v e 
within this diagram and may cross this threshold, triggering spontaneous 
bar formation. We place three representative points within the space: the 
bottom left represents a typical barless bulgeless galaxy, the central one a 
typical barless bulge-hosting galaxy, and the top one showing the approximate 
location of the most prominent barred galaxy in the sample at z = 1.3. The 
NEWHORIZON does not produce bi-symmetric unstable discs, with the excep- 
tion of that one galaxy, which only hosts a bar for a fraction of a Hubble time. 
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With the mapping derived in Section D2 (Appendix D), we find 
hat the bulge-less and bulge-hosting galaxies may be roughly split 
nto distinct populations in ( p , q ) space. We therefore select ‘typical’
alues to represent the two populations. We place an open galaxy 
ymbol on Fig. 7 at (log p , log q ) = ( − 2, −1.7) representing the
ypical bulgeless galaxy in the sample at z = 1.3. We also place
n open galaxy symbol at the location of the typical bulge-hosting 
alaxy at (log p , log q ) = ( − 0.7, −1.0). Comparing the bulgeless
nd bulge-hosting galaxies, we find that while the galaxies would be 
onsidered unstable with the modestly larger log q values than the 
ulgeless counterparts, the bulge acts as a stabilizer when interpreted 
n the framework of this toy model. Interestingly, the most prominent 
arred galaxy at z = 1.3 is by far the most massive disc in the z = 1.3
ample, and lies at (log p , log q ) = ( − 0.62, −0.34), in a region where
he bulge mass is too small for the bulge to stabilize the disc against
ar formation. This galaxy is shown in Fig. 1 and is shown as a filled
alaxy symbol in Fig. 7 . Ho we ver, tracking the same galaxy forward
o lower redshift reveals that log q decreases while log p modestly
ncreases, both of which would act to stabilize the galaxy against bar
ormation, and indeed, the observed bar is gone by z = 0.7. 

At the level of this admittedly crude model, we show that nearly all
EWHORIZON discs fall in the linearly-stable part of parameter space, 
uggesting that secular processes alone, while adiabatically changing 
he disc-to-halo and bulge-to-disc mass fractions and geometry, 
hould not trigger bi-symmetric instabilities leading to bar formation. 

These findings can be qualitatively explained either in an orbital 
lignment framework or a wave amplification one. In the former, the
rowing bulge (increasing p ) component deflects the alignment of 
longated orbits which could build up the bar, while the lighter disc
decreasing q ) weakens the relative torques such tumbling orbits 
ollectively apply on each other, preventing bar growth (Lynden- 
ell 1979 ). In the latter, the growth of the bulge generates an inner
indblad resonance that absorbs swing amplified waves (Goldre- 

ch & Tremaine 1978 ), breaking the amplification cycle towards bar
rowth. Conversely, the swing amplification is stronger in less dark 
atter dominated galaxies. The orbital formulation should also apply 

o the process of dissolving existing (non-linear) bar via cosmic gas
nf all, shepherded tow ards the centre by the bar, and building up a
eflecting bulge. 
The toy model highlights an alternative summary statistic space, 

 p , q ) complementing that presented in Section 5.2 , leading to an
asily computed, physically moti v ated threshold for secular bar 
ormation. It clearly does not allow to capture in full the realm of
omplex processes rele v ant to bar formation in general. For instance,
eyond the aforementioned caveats, Aoki et al. ( 1979 )’s formalism
annot rule out induced bar growth e.g. via strong tidal perturbations
or does it account for the impact of a live halo. Yet, within that
ramework, we can conclude that the measured bulge size and disc
ass fractions explain the lack of bars in NEWHORIZON . 
In conclusion, while the NEWHORIZON simulation has been 

hown to reproduce several key properties that define galaxies in 
easonable agreement with observations, the sub-grid physics en- 
oded in NEWHORIZON (and more generally in recent cosmological 
imulations resolving discs scale heights down to low redshifts, e.g. 
opkins et al. 2018 ; Agertz et al. 2021 ) seems to either lack resolution
r induce a galactic assembly history statistically incompatible with 
ecular bar formation. This ‘bar problem’ will need to be addressed
n future work. 

 FA LSE  POSITIVES  A N D  G A L A X Y  

UBSTRUCTURE  

n Section 4.1 , we suggested that our two bar detection methods
ay produce ‘false positives’ whereby bar-like properties specific to 

ach method are incorrectly classified as a bar and that, therefore, a
oncurrence between the two methods is needed in order to confirm a
alaxy as barred. In order to decipher the causes behind any biases in
ur bar detection methods, we will now inspect our galaxies visually
s well as comparing detection methods on a g alaxy–g alaxy basis.
e will then study further the impact that galaxy substructures have

n bar detection in these methods. 

.1 A visual inspection on a galaxy–galaxy basis 

n initial and rudimentary visual inspection of all the galaxies in
ur sample was carried out on the stellar mass surface density (face-
n) projections of each galaxy. From this we find only one clear,
longated bar structure across the entire sample. This galaxy is 
resented in Figs 1 (stellar density) and 8 (mock images). It is also
pparent that the galaxies in our samples are highly perturbed, even
t z = 0.25, making any visual detection of smaller, more perturbed
ars challenging. When applying the surface density method, we 
ound that only ∼2 per cent of galaxies hosted an observable bar (or

1 per cent for ‘strong’ bars) at redshifts z = 0.25, 0.5, and 0.7
MNRAS 512, 160–185 (2022) 
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Figure 8. Mock observations of the only detected and visually confirmed barred galaxy at redshift z = 1.3 ( left ), z = 1.0 ( middle ), and z = 0.7 ( right ). Mock 
images are produced face-on (with respect to the stellar angular momentum of the galaxy) in SDSS g –r –i bands using the SKIRT9 code (Camps & Baes 2020 ) 
that computes radiative transfer effects based on the properties and positions of the stars and the dusty gas, assuming a dust fraction of 0.4 following Saftly et al. 
( 2015 ). Each panel has a size of 23.5 kpc across and the stellar mass of the galaxy is ∼10 11 M �, with only a very weak evolution across this redshift range. 

Table 2. The final results of our bar search analysis in terms of bar fractions 
calibrated between the two methods, whereby a barred galaxy is confirmed as 
such if said galaxy found to be barred in by both methods. The bar fractions 
(and number of barred galaxies) are shown for redshifts z = 1.3, 1.0, 0.7, 0.5, 
and 0.25. The confidence intervals presented have been estimated using the 
(Bayesian) beta distribution quantile technique (Cameron 2011 ) as in Table 1 . 

Final bar fractions 
(Number of bars) 

Redshift Strong bars Observable bars 

1.3 0.020 + 0 . 012 
−0 . 005 0.070 + 0 . 018 

−0 . 012 
(6) (21) 

1.0 0.019 + 0 . 012 
−0 . 005 0.035 + 0 . 015 

−0 . 008 
(5) (9) 

0.7 0.004 + 0 . 010 
−0 . 001 0.018 + 0 . 013 

−0 . 005 
(1) (4) 

0.5 0.009 + 0 . 012 
−0 . 003 0.023 + 0 . 015 

−0 . 006 
(2) (5) 

0.25 0.005 + 0 . 012 
−0 . 002 0.011 + 0 . 014 

−0 . 003 
(1) (2) 
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ith this bar fraction increasing to 6–8 per cent at redshifts z = 1.0
nd 1.3 (see Table 1 ). This highlights the complications involved in
ttempting to detect bars visually at high redshift due to the largely
erturbed nature of these galaxies. Example grids of the most massive
EWHORIZON galaxies at z = 1.3 and 0.25 are shown in Figs B1 and
2 , respectively, to highlight their perturbed nature. When applying

he velocity method to detect barred galaxies, we find there to be
imilar numbers of strong bars but slightly more observable bars in
hese samples. 

Disparities in the specific galaxies selected as barred by each
ethod suggest that in each of these methods, there is some bias

roducing ‘false positives’. By comparing between the results in
ables 1 and 2 (described below), we see that across the full sample
f galaxies, 1–2 per cent of galaxies produce false positives in
he surface density method and between 2–10 per cent of galaxies
roduce false positives in the velocity method. 
By inspecting these supposed barred galaxies in detail, both

isually and with plots specific to the two bar detection methods, we
nd that the surface density method is actually picking out regions
f constant phase in galaxies – either due to the galaxies being rather
NRAS 512, 160–185 (2022) 
erturbed or elongated due to g alaxy–g alaxy interactions or mergers
r due to disordered structure in the central regions of the galaxy –
here the stellar orbits are not actually aligned and trapped within
 bar and so are not detected by the velocity method (which will
e discussed more in Section 6.2 ). The velocity method also has its
wn bias, whereby it finds some regions of aligned orbits as part of a
bar region’, but the very same region does not have a Fourier phase,
 2 , constant enough to be considered a bar by the surface density
ethod. 
This disagreement highlights strongly the difficulties in detecting

ars and the importance of cross-checking methods. Both detection
ethods give distinct false positives, as has become apparent in this

tudy, due to the absence of many strong, elongated bars. For a robust
etection, one can only confirm a galaxy as barred if both methods
etect it as such. This cross-checking of two different detection
ethods (potentially coupled with a visual inspection – although

ess applicable at the low-mass end) is necessary then for studies of
arred galaxies in the future. 
By saying that, to confirm a galaxy as barred, the galaxy needs

o be detected by both methods, we calculate final bar fractions as a
esult of concurrences between the methods and these are presented
n Table 2 . We present in Appendix A , for the reader’s own visual
nspection, f ace-on surf ace density projections of all the galaxies
e confirm as barred. We stress here that our confirmation of a
ar is based solely on agreements between the methods and that
n this and the previous section, our ‘barred’ galaxies refers to these
heoretical or putative bars. These ‘bars’ are rather perturbed and any
isual inspection or observation would not be quick to suggest that
hese are, by any means, clear or certain bars. We can also see that,
o wards the lo w-mass regime, i.e. log ( M � / M �) < 8 . 0, it becomes
ncreasingly difficult to identify any structure in the galaxy visually.
n this regime, bar detection can only rely on our bar detection
ethods, as any visual inspection will struggle to probe this mass

ange. These bars are often short-lived (only detected at their given
edshift) and our o v erall finding of no clear, elongated bars found in
EWHORIZON remains consistent. The only exception is the galaxy
resented in Figs 1 (stellar density) and 8 (mock images), which
emains strongly barred from z = 1.3 to 0.7 (see the first galaxy at
ach z = 1.3, 1.0, and 0.7 in Fig. A1 ). This is a fairly short (bar length

1.3 kpc), central bar but is the clearest and strongest detection of a
arred galaxy we find and is the only bar that remains o v er multiple
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Table 3. Table presenting the strong and observable bar fractions at redshift z = 0.7 as obtained through the surface 
density method using the HOP galaxy selection algorithm alongside the results of one numerical and two observational 
studies. The definition of a strong bar is broadly in agreement across all of these works. One can see that the HOP 
results obtained here have increased by 1–3 per cent compared to the previous AdaptaHOP results. This indicates that 
the presence of substructures may impact the bar identification and highlights the importance of carefully accounting for 
this effect, in particular at high redshift. The confidence intervals presented have been estimated using the (Bayesian) 
beta distribution quantile technique (Cameron 2011 ). 

Type of study Strong bar fraction Observable bar fraction Reference 

Simulation 0 . 018 + 0 . 014 
−0 . 005 0 . 049 + 0 . 019 

−0 . 010 This work 
Simulation ∼0.1 ∼0.2 Kraljic et al. ( 2012 ) 
Observational ∼0.1 – Melvin et al. ( 2014 ) 
Observational ∼0.1 ∼0.25 Sheth et al. ( 2008 ) 
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edshifts. The galaxy is also the most massive disc galaxy in the
ample at z = 1.3, log ( M � / M �) = 11 . 04. 

.2 The impact of substructures on detection 

et us finally examine in more detail one bias that was brought
p from the surface density method. That is disordered or clumpy 
ubstructure across the central regions of galaxies being detected 
s a bar. The galaxy identification algorithm AdaptaHOP, as used in 
EWHORIZON remo v es the majority of these substructures. Ho we ver,

he HOP identification algorithm keeps all these substructures and 
his is essentially how a galaxy would be analysed in an observational
tudy if star-forming clumps are not remo v ed from these visual
nspections. Because of this, and the fact that we know our detection
ethod can produce false positives as a direct consequence of these 

lumps, let us study the effect of these on our measurements by
tudying galaxies identified using the HOP algorithm. 

In order to determine the effects of these substructures in our bar
etection method, we ran our analysis again but this time on galaxies
dentified using the HOP algorithm and compared to the results 
sing AdaptaHOP. We found that there was very little difference 
etween the HOP and the AdaptaHOP galaxies when using the 
elocity method at any redshift. Focusing on the surface density 
ethod, at the lower redshifts, there was very little difference in 

he bar fractions and in those galaxies selected as barred between 
he two galaxy identification algorithms. Ho we ver, at z = 0.7 and
igher, where galaxies tend to be more clumpy and perturbed (see 
artin et al. 2021 , and their figs 4 and 5 for a quantitative measure

f morphological disturbances at different redshifts), we found an 
ncrease in the bar fractions with more galaxies being detected as
arred. This allows us to quantify the effect that including galaxy 
ubstructures has on measurements of the bar fraction via the surface 
ensity method. These HOP bar fractions are shown in Table 3 for
 = 0.7 along with results of some previous studies for comparison. 

As this surface density method relies on detected regions of 
oughly constant Fourier phase, � 2 , we see that bars can be
dentified in a galaxy as a direct consequence of aligned clumps 
cross the central region of a galaxy. As an example, we show in
ig. 9 a clumpy galaxy at z = 0.7 in which the surface density
ethod detects a bar only when analysing the galaxy extracted 

sing the HOP algorithm. 13 This highlights the potential problem 

ith observing bars visually at high redshift, without the ability to 
erform a secondary, bar detection method. As the substructure of 
3 We also examined the dark matter map of this galaxy and we confirm that 
hese ‘clumps’ have no dark matter counterpart and therefore are real stellar 
lumps and not small, o v erlapping satellites. 

b  

E  

t  

s
M

 galaxy cannot be easily remo v ed from the observed images of
alaxies, and given that galaxies at high z may be very perturbed,
t is important to take into account a possible contamination by
ligned stellar clumps that could be misidentified as bars. 

To summarize, we observe an increase in bar fraction measured via
he surface density method when analysing HOP galaxies. This is due
o the detection of clumpy structure aligned within the central regions
f a galaxy. Thus we caution that, without the ability to remo v e
ubstructures or to easily invoke the secondary velocity method 
n observations (without integral field spectroscopy), our finding 
onfirms that clumps may introduce some bias in the measurement 
f the bar fraction at high redshift and highlights the importance of
ccounting for possible contamination by clumps. 

 T H E  LOW  BA R  FRAC TI ON  IN  C O N T E X T  

n this section, we compare in more detail our measurements 
f the bar fraction to observations (Section 7.1 ) and simulations
Section 7.2 ), before discussing lessons learned for measuring bar 
ractions in both observations and simulations in Section 7.3 . 

.1 Bar fractions measured from obser v ations 

hile there is a general consensus that the fraction of barred galaxies
n the local Universe is high [30–70 per cent depending on the bar
lassification method, the bar strength, the observed wave-bands 
nd galaxy selection criteria (Eskridge et al. 2000 ; Whyte et al.
002 ; Laurikainen et al. 2004 ; Men ́endez-Delmestre et al. 2007 ;
arinova & Jogee 2007 ; Barazza et al. 2008 ; Sheth et al. 2008 ;
guerri et al. 2009 ; Nair & Abraham 2010 ; Masters et al. 2011 ,
012 ; Melvin et al. 2014 ; D ́ıaz-Garc ́ıa et al. 2016 )], its stellar mass
ependence is much more debated. 
Erwin ( 2018 ) found, in the nearby ( z < 0.01) sample of spiral

alaxies in the S 

4 G surv e y, that the barred fraction ( f bar ) increases
teeply from ∼20 per cent at very low stellar mass ( ∼10 8 M �),
eaching a maximum of ∼76 per cent at M � ∼ 10 9.7 M � before
eclining to 50 per cent at M � ∼10 10 −10.5 M � and ∼40 per cent at M � 

10 11 M �. These results are in broad agreement with another study
f S 

4 G galaxies (D ́ıaz-Garc ́ıa et al. 2016 ), reporting an increasing
ar fraction from about 0–15 per cent (depending on the adopted
ethod) for low-mass (10 8 −8.5 M �) galaxies to 40–60 per cent at
10 9.5 M �. D ́ıaz-Garc ́ıa et al. ( 2016 ) found that the fraction of

ars then stays roughly constant out to 10 11 M �. As suggested by
rwin ( 2018 ), this difference at high stellar masses can be attributed

o selection criteria, mainly by the presence of S0 galaxies in the
ample analysed by D ́ıaz-Garc ́ıa et al. ( 2016 ), producing a flat f bar –
 � trend. These measurements are in disagreement with most of 
MNRAS 512, 160–185 (2022) 
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M

Figure 9. An example of a NEWHORIZON galaxy at z = 0.7 that initially was not found to be barred in either method when the galaxy was selected using 
the AdaptaHOP algorithm. Ho we ver, when selecting the galaxy using the HOP algorithm so as to include substructure, this galaxy was found to be strongly 
barred in the surface density method. Stellar density maps are shown on the middle panels along with the corresponding Fourier phase and amplitudes versus 
radial distance plots for the surface density method (left) and for the velocity method (right). The top panels show the galaxy as selected using the AdaptaHOP 
identification algorithm with the galaxy selected using the HOP algorithm so as to include the substructure shown in the bottom panels. The surface density 
method’s bar search procedure has detected a region of roughly constant phase across the centre of the face on projection of the HOP galaxy. As this has only 
been detected when substructures have been included, we can conclude that this is indeed not a barred galaxy, but is in fact a result of aligned clumps across 
the central regions of the galaxy. This highlights the caution required when observing bars visually at high redshift without the ability to perform a secondary, 
velocity-based bar detection method. 
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he SDSS-based studies (e.g. Masters et al. 2012 ; Oh et al. 2012 ;
elvin et al. 2014 ) which report f bar that increases strongly with

tellar masses (for M � > 10 10 M � typically). As shown by Erwin
 2018 ), this is likely due to the difficulty of SDSS-based studies to
dentify smaller bars at low stellar mass ( < 10 10 M �). The resulting
nderestimate of the bar fraction at these stellar masses leads to
heir incapability in tracing a peak in bar fraction at ∼ 10 9 . 7 M �. A
umber of near-infrared studies (e.g. D ́ıaz-Garc ́ıa et al. 2016 ; Erwin
018 ) also find that bar sizes depend on galaxy stellar mass – in the
igh-mass regime, M � > 10 10 . 2 M �, bar length is found to increase
ith galaxy mass while lower mass galaxies tend to have bar lengths

oughly constant at ∼1.5 kpc. This could suggest a limit on the size
f bars one can resolve visually in these observational studies of
ower mass galaxies with one possible explanation being that short
ars could be missed when the y coe xist with a massive bulge (Zhao
t al. 2020 ). 

As opposed to the nearby Universe, measuring the bar fraction
t higher redshifts pro v es to be increasingly difficult due to a lack
f spatial resolution and band-shifting (see Sheth et al. 2003 ). But
hanks to the high-resolution deep optical and near-infrared data, it
s today established that the fraction of barred galaxies decreases
ith increasing redshift (e.g. Sheth et al. 2008 ; Cameron et al. 2010 ;
elvin et al. 2014 ; Simmons et al. 2014 ). These high-redshift studies

ocus primarily on stellar masses abo v e 10 10 M � and find that f bar (i)
ncreases with stellar mass from 15 per cent (5 per cent) for masses

10 10.3 M � at z ∼ 0.5 (0.9) to ∼35 per cent (10 per cent) at 10 10.9 

 � at z ∼ 0.5 (0.9); (ii) increases with time (from ∼40 per cent at
NRAS 512, 160–185 (2022) 
 ∼ 0.25 to ∼10 per cent at z ∼ 1); or stays roughly constant for
trong bars. Based on these observations, we expect there to be some
volution in f bar with both mass and redshift in the high-mass regime
nd that the bar fraction in the low-mass regime is low. 

Clearly, the low bar fractions measured in NEWHORIZON (see Sec-
ion 4.1 ) do not match the local sample of galaxies. The comparison
s less obvious at higher redshift, but as our results are consistent
ith few bars in NEWHORIZON at any redshift, our findings are

n tension with higher redshift observations as well. We do stress
hat we are probing, on average, a lower mass regime than Milky

ay-mass local galaxies, or the mass regimes that are currently
ccessible in higher redshift observations (typically M � > 10 10 M �).
o we ver, applying a similar stellar mass cut, i.e. M � > 10 10 M �,

o as to make a more direct comparison to observations, does not
hange our conclusions. The fraction of strong and observable bars
n NEWHORIZON galaxies abo v e this mass cut is found to decrease
rom f bar = 0.167 at z ∼ 1.3 down to zero at z ∼ 0.25 (see Tables E1
nd E2 ), in disagreement with both observed f bar at low redshifts
nd its trend with cosmic time. Future space and ground-based
acilities will be crucial for constraining bar fractions at increasing 
edshift. 

.2 Bar fractions measured in simulations 

arge-scale cosmological simulations provide a powerful tool in
tudying the formation and evolution of bars. Recently, Rosas-
ue v ara et al. ( 2020 ), Zhou et al. ( 2020 ), and Zhao et al. ( 2020 )
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resent studies of barred galaxies in the TNG100 simulation. Rosas- 
ue v ara et al. ( 2020 ) find a bar fraction of ∼40 per cent at z = 0

mong the disc galaxies with stellar masses in the range of 10 10.4 −11 

 �. The fraction of barred galaxies is found to increase with stellar
ass, more clearly for strong than for weak bars. The total bar

raction increases from 25 per cent for the lowest to 75 per cent for
he highest stellar mass bin in their sample. They also find that strong
ars tend to form in galaxies where a prominent disc component 
as established early (between 0.5 < z < 1.5) with more massive
isc galaxies tending to host older bars whereas unbarred galaxies 
ended to form their disc components at later times. Zhou et al. ( 2020 )
resent a comparison of the properties of bars between the ILLUSTRIS 

nd the TNG100 simulations focusing mainly on the discrepancies 
etween the two simulations as a result of star formation and AGN
eedback. They find that, at z = 0, the fraction of bars among disc
alaxies with stellar mass M � > 10 10.5 M � in TNG100 is 55 per cent,
hereas in ILLUSTRIS it is 8.9 per cent. The bar fraction increases with

tellar mass in both simulations. In TNG100 , it increases rapidly 
rom 0 per cent in the lowest stellar mass bin (10 10.25 −10.33 M �),
o 30 per cent in the intermediate mass bin (10 10.50 −10.58 M �), and
o 50 per cent in the range 10 10.66 −11.25 M �. In ILLUSTRIS , the bar
raction increases gradually from 0 per cent in the stellar mass bin
0 10.50 −10.58 M �, to 10 per cent for galaxies with M � ∼10 11 M �, and
hen grows rapidly to 30–40 per cent for galaxies with M � > 10 11.25 

 �, in agreement with Peschken & Łokas ( 2019 ), analysing the
ame simulation. The differences between these two simulations is 
uggested to be due to the combination of more ef fecti ve stellar and
GN feedback in TNG100 which cause massive galaxies to have 

ower gas fractions at low redshifts, therefore aiding bar formation. 
oreo v er, the work of by Athanassoula et al. ( 2013 ) indicates that

 as-rich g alaxies may indeed experience a delay in bar formation. By
omparing galaxies directly between the ILLUSTRIS and the TNG100 
imulations, Zhou et al. ( 2020 ) find that a galaxy’s morphology (and
hether or not it is barred) at z = 0 is dependent not only on the

nternal baryonic physics, but also on the environment – whether a 
alaxy experiences a merger, a flyby or solely secular evolution –
hich is often unpredictable. Zhao et al. ( 2020 ) also study bars in the
NG100 simulation, selecting galaxies with stellar masses M � ≥ 10 10 

 �. At z = 0, the bar fraction is found to increase with stellar mass
rom ∼5 per cent at stellar mass of 10 10 M � up to ∼ 75 per cent at
 � ≥10 10.6 M �, in disagreement with the observed almost constant 

ar fraction of 50–60 per cent o v er the same stellar mass range in the
earby Universe (Erwin 2018 ). When tracing the progenitors of z =
 massive galaxies (with M � > 10 10.6 M �), they find an increasing bar
raction from 25 per cent at z = 1 to 63 per cent at z = 0. Applying
 constant mass cut-off M � > 10 10.6 M � in the redshift range of z =
 −1 reveals instead a nearly constant bar fraction of 60 per cent,
hile observations using a similar sample selection show a dramatic 

eduction of bars across the same cosmic epoch. They suggest that 
his discrepancy is due to the resolution of TNG100 and its inability to
esolve bars with radii ≤1.4 kpc, as well as alluding to the possibility
hat observations may fail to identify many of these short bars at high
edshifts. 

Rosas-Gue v ara et al. ( 2021 ) study the evolution of the barred
alaxy population in the recent TNG50 simulation. They focus 
n galaxies with masses M � > 10 10 M � and find a bar fraction
f ∼ 30 per cent at z = 0, which evolves mildly to being above

40 per cent at 0.5 < z < 3. TNG50 is comparable to NEWHORIZON

n terms of resolutions and volume and reproduces fairly well 
he cosmological evolution of the main properties of disc galaxies 
Pillepich et al. 2019 ; Nelson et al. 2019 ). While this high-resolution
ydrodynamical simulation produces a bar fraction in rough agree- 
ent with observations at z = 0, they fail to reproduce the observed
eclining bar fraction at increasing z ( > 0.5). 
The redshift evolution of barred galaxies have also been addressed 

y Peschken & Łokas ( 2019 ) in the ILLUSTRIS simulation, by
nalysing the evolution of high mass ( M � > 10 10.9 M �) disc galaxies.
1 per cent of these are found to be barred at z = 0, while this fraction
ncreases slightly with redshift. Most of these bars are triggered by
xternal perturbations such as mergers or flybys, many of which 
isappear during secular evolution, leading to a lower bar fraction at
resent time compared to observations. Finally, Algorry et al. ( 2017 )
xamined disc galaxies with stellar masses in the range 10 10.6 −11 M �
n the EAGLE simulations at z = 0, finding a total fraction bars of
0 per cent, with 20 per cent being strongly barred. 
In summary, at z = 0 all large-scale cosmological simulations 

eem to o v erproduce bars at high masses ( M � � 10 10.5 M �) and
end to suppress their formation at low masses (in the stellar mass
ange M � = 10 10 −10.5 M �) compared to observations of the nearby
niverse (Erwin 2018 ). These simulations also fail to reproduce the
eclining bar fraction with redshift, seen in most observations. 
We stress again that the majority of previous studies, both obser-

ational (in particular at high redshift) and simulated, study larger 
ass galaxies due to the limited spatial resolution. Typically, they 

ocus on galaxies with stellar masses M � > 10 10 −10.5 M �, whereas the
umber statistics abo v e this galaxy stellar mass in the NEWHORIZON

imulation is low (see table 1 of Dubois et al. 2021 for more details
n galaxy masses within NEWHORIZON ). Therefore, any comparison 
ade to the literature in this section is not direct as this work presents

n initial study into bars in low-mass galaxies down to redshift
 = 0.25 owing to the higher spatial resolution of NEWHORIZON .
o we ver, as discussed in Section 7.1 , when we limit our sample to
alaxies with stellar masses M � > 10 10 M �, disagreement with these
tudies becomes even more striking, in particular at low redshift ( z =
.25), where the bar fraction decreases to zero (see Tables E1 and
2 ). Stabilization of these massive discs in NEWHORIZON against the

ormation of bars was further discussed in Section 5 . 
Future work is needed to measure bars homogeneously between 

imulations for a homogeneous sample of simulated galaxies. We 
dvocate using both methods employed in this work, which will 
liminate spurious detections. 

.3 What are the lessons for bar fraction measurements? 

he initial visual inspections of all galaxies extracted from the 
imulation showed that there was only one clear, strong, extended 
ar and that this bar was observed from z = 1.3 to z = 0.7 only.
hen applying a g alaxy-by-g alaxy comparison, we found disparities 

etween the two methods: a detailed inspection revealed biases 
pecific to each method (see Section 6.1 ) resulting in both methods
i ving false positi ves. This cross-checking of detection methods led
o a final bar fractions of f bar = 0.070 at z ∼ 1.3, which decreases
ith decreasing redshift down to f bar = 0.011 at z ∼ 0.25 (see Table 2

or our full results), in disagreement with the majority of previous
tudies. Limiting our sample to galaxies with M � > 10 10 M � resulted
n final bar fractions decreasing from f bar = 0.167 at z ∼ 1.3 to zero
t z ∼ 0.25 (see Tables E1 and E2 ), in even stronger disagreement
ith previous studies at low redshift. 
While these results may suggest a failure for the simulation 

o reproduce a striking feature of the observed Universe, it does
ighlight possible biases of observational studies of barred galaxies 
t lower mass and/or high z galaxies, and highlight the importance
f robust detection methods. 
MNRAS 512, 160–185 (2022) 
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Our initial bar search criteria required a potential bar region to be
t least 1 kpc in length before classifying the galaxy as barred. By
educing this criterion to 0.5 kpc, we found virtually no change in
ur results. This, along with the perturbed nature and lack of visual
larity in the bars we detect, as well as bars being detected in lower
ass galaxies all point to the increasing difficulty with which to

onfirm a bar visually as bars become shorter and more perturbed.
hese shorter bars are increasingly difficult to confirm as barred,
wing to several reasons: 

(i) When approaching the lower mass regime and/or when trying to
esolve much shorter bars, we are approaching the limit of application
f the Fourier analysis to a surface density or a velocity field. 
(ii) In the lower mass and short-bar regimes, the susceptibility of

he two detection methods to noise in the determination of m = 2
ourier amplitude becomes a problem with the scale of the noisy
egions becoming comparable to possible bar regions. 

(iii) Both methods we employ are susceptible to producing false
ositiv es (e.g. re gions of constant F ourier phase � 2 ). F alse positiv es
re increasingly common if the minimum length criterion is reduced.

(iv) It is difficult to confirm short or weak bars visually, especially
f these short bars coexist with a massive bulge or in lower mass
alaxies where the structure of the galaxy. 

Given our identified biases, which may be present in both ob-
ervations and simulations, we highlight the difficulties involved in
urrent observational estimates of bar fraction – whereby caution
ust be taken to exclude aligned stellar clumps or that shorter bars

re unresolved – at high redshift and/or in the low-mass regime. 

 SUMMARY  

e studied the redshift evolution of the bar fractions in galaxies
xtracted from the NEWHORIZON simulation at redshifts z = 1.3,
.0, 0.7, 0.5, and 0.25. We selected 299, 260, 224, 221, and 183 disc
alaxies at each respective redshift using the stellar kinematics of
 galaxy as a proxy to infer its morphology. Galaxy masses ranged
0 7 . 25 M � ≤ M � ≤ 10 11 . 4 M �, with only a handful (13 at z = 1.3
nd 21 at z = 0.25) higher mass ( M � ≥ 10 10 M �) galaxies in our
ample. We implemented two bar detection methods – one based on
he harmonic decomposition into Fourier components of the stellar
urface density profile of the galaxy and the second based on the
armonic decomposition into Fourier components of the tangential
elocity field of the galaxy – in order to provide a more robust
easurement of the bar fraction. We then analysed galaxy rotation

urves and growth rates to gain an insight into the measured low
ar fractions and then studied biases that arose in the two methods
nd the impact of substructure in galaxies on bar fractions. The main
esults of our paper are as follows: 

(i) A cursory dynamical analysis indicates that galaxies in
EWHORIZON may not reach thresholds in stellar content and
istribution for bar formation. At lower masses ( M � < 10 10 M �),
alaxies appear to be too dominated by dark matter relative to stellar
ontent. At higher masses ( M � > 10 10 M �), galaxies appear to be
tabilized by the presence of a central bulge. 

(ii) We confirm barred galaxies as such by requiring detections
n both methods. This results in final observable bar fractions of f bar 

 0.070 + 0 . 018 
−0 . 012 at z ∼ 1.3, which decreases down to f bar = 0.011 + 0 . 014 

−0 . 003 

t z ∼ 0.25. This is in disagreement with the majority of past studies,
oth observational and numerical, namely large-scale cosmological
imulations. Visual inspections of candidate barred galaxies revealed
iases specific to each method, both giving false positives. 
NRAS 512, 160–185 (2022) 
(iii) The measured bar fractions of disc-dominated galaxies in
EWHORIZON are too low compared to observational results reported

n the literature. The most massive galaxies tend to host the weakest
ars; there is little to no redshift evolution of the bar fraction, which
ll point to a challenge for current state-of-the-art galaxy formation
odels. 

This work shows that the assembly history of the NEWHORIZON

alaxies appears to quench the formation of any strong bars. It also
ighlights possible biases for observational studies of barred galaxies
t lower mass and/or high z galaxies, and highlights the importance
f employing robust detection methods. 
Ho we ver, we stress that we are probing, on average, a lower mass

e gime than Milk y Way mass local galaxies, or the mass regimes that
re currently accessible to higher redshift observations. Future space-
ased observatories, such as with the James Webb Space Telescope,
he Nancy Grace Roman Telescope, and other planned ground-based
acilities will be crucial to constraining bar fractions at increasing
edshift. 

Beyond the scope of this paper, it would be interesting to track
ndividual galaxies through cosmic time and study in details the
volution of their dark matter, gas, and stellar components. This
ould help constraining further the parameters space fa v ouring

he formation of bars and eventually pin down why galaxies in
EWHORIZON do not appear to form bars. This will be addressed

n the future work. 
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PPENDI X  A :  BA R R E D  G A L A X I E S  

s discussed in Section 6.1 to confirm a barred galaxy as such, we
equired that a bar be detected via both methods applied. This was
n order to remo v e an y false positiv es produced by either method.
n Fig. A1 , we present, for the readers interest and discussion, the
urf ace density f ace-on projections of all the galaxies that we confirm
s barred via this process at each redshift. It is clear that there are
o clear, large, elongated bars in this simulation and that the bars
etected here are mostly small and/or perturbed. 

We remind the reader that our confirmation of a bar requires
greement between the methods and that our ‘barred’ galaxies refers
o these theoretical or putative bars. These ‘bars’ are perturbed and
hat any visual inspection would not be quick to suggest that these
re, by any means, clear or certain bars. These are often short-lived
only detected at their given redshift) and that our o v erall finding –
o clear, elongated bars found in NEWHORIZON – remains consistent.
he only exception is the galaxy presented in Fig. 1 , which remains
trongly barred from z = 1.3–0.7 (see the first galaxy at each z =
.3, 1.0, and 0.7 in Fig. A1 ). This is a fairly short (bar length ∼
.3kpc), central bar but is the clearest and strongest detection of a
arred galaxy we find and is the only bar that remains o v er multiple
edshifts. 

Some of the barred galaxies detected here are in the lower mass
egime – towards the lower limit of the Fourier based methods where
oise in the radial bins starts to become significant. These galaxies
o not show clearly on these projections and suggest that in the
ery low-mass range (below ∼ 5 × 10 7 M �), we are approaching
he limit of bar detections via these methods in this simulation. These
gain further demonstrate the difficulties in observing bars at higher
edshift and in the lower mass regime. 
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Figure A1. In this figure, we present, for the readers interest and discussion, the stellar surface density face-on projections of all the galaxies that we confirm 

as barred at each redshift. The strength of their bar is indicated in the top left corner, while their stellar mass is given at the bottom left. These barred galaxies 
are confirmed as such by requiring a bar detection in both detection methods applied. It is clear that there are no clear, large, elongated bars in this simulation 
and that the bars detected here are mostly small and/or rather perturbed. Confirmation of a bar is based solely on agreements between the methods and that our 
‘barred’ galaxies refers to these theoretical or putative bars. All bars are short-lived (only detected at their given redshift) with one exception – that of the galaxy 
presented in Fig. 1 , which remains strongly barred from z = 1.3–0.7 and can is presented as the first galaxy at each z = 1.3, 1.0, and 0.7 in this figure. 
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PPEN D IX  B:  P ERTURBED  G A L A X I E S  

igs B1 and B2 show examples of initial visual inspections of the 100
ost massive galaxies extracted from the NEWHORIZON Simulation 

t z = 1.3 and at z = 0.25 (with masses ranging from ∼ 10 9 M � to ∼
0 11 M �). These grids were used to perform visual inspections on all
he galaxies in the samples at each redshift in order to determine the
umber of galaxies that may potentially be barred. Ho we ver, almost
one of these were clear, strong, elongated bars. It is also apparent
hat these galaxies are highly perturbed, even at z = 0.25, making any
isual detection of smaller, more perturbed bars challenging. These 
rids are presented here to highlight the complications involved in 
ttempting to detect bars visually (especially at high redshift) due to
he largely perturbed nature of these galaxies. 
MNRAS 512, 160–185 (2022) 
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M

Figure B1. Initial visual inspection of the 100 most massive galaxies extracted from NEWHORIZON at z = 1.3 (the logarithm of the stellar mass of each galaxy 
is represented by the number on the given panel i.e. the top left galaxy has a stellar mass M � = 10 11 . 04 M �). It is clear that these galaxies are highly turbulent 
and that there are no clear, strong, elongated bars in any of the galaxies that could be seen visually at any of the redshifts. The surface density maps are plotted 
for 50 × 50 kpc 2 and the colour coding scale is logarithmic as in Figs 1 and 2 . 
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Figure B2. Initial visual inspection of the 100 most massive galaxies extracted from NEWHORIZON at z = 0.25 (the logarithm of the stellar mass of each galaxy 
is represented by the number on the given panel i.e. the top left galaxy has a stellar mass M � = 10 11 . 38 M �). One can still see that these galaxies are still highly 
turbulent highlighting the difficulty in identifying barred structure visually. The surface density maps are plotted for 50 × 50 kpc 2 and the colour coding scale 
is logarithmic as in Figs 1 and 2 . 
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PPEN D IX  C :  BA R  PROPERTIES  IN  T H E  

ELOCITY-BASED  M E T H O D  

ig. C1 presents plots of both bar strength and bar length versus stellar
ass as calculated by the velocity method for comparison with the 

orresponding plot from the surface density method (Fig. 4 ). From
his, we find the same trends between the two methods that being
hat we find a slight anticorrelation between bar strengths and galaxy 

ass at z = 0.25 only and no correlation for bar lengths. We also
nd that there is almost no evolution in this relation between the
ar strength and galaxy mass with redshift and that the higher mass
alaxies tend to hold longer bars. By comparing between the two
ethods, we confirm a potentially barred galaxy as such. Ho we ver,

his does highlight biases in each method, whereby these methods 
roduce false positives and can incorrectly identify a galaxy as 
arred when used on their own. As discussed in the text, this could
ead to current or future bar studies being biased to certain bar-
ike features without the incorporation of a secondary detection 
ethod. 
MNRAS 512, 160–185 (2022) 
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M

Figure C1. Figure showing bar strengths versus stellar mass (top panels) 
and bar lengths versus stellar mass (bottom panels) for z = 1.3 (left-hand 
panels) and z = 0.25 (right-hand panels). Bar strengths of both observable 
and strong bars are plotted for bars found in disc-dominated galaxies by 
the Velocity Harmonic Decomposition method. Bars of lengths greater than 
1 kpc are marked with a cross and ‘short bars’ (those with lengths between 
0.5 and 1.0 kpc) are marked as open circles. One can see that the most 
strongly barred galaxies tend to be those of the lowest masses, whereas the 
higher mass galaxies tend to host weaker bars – similar to the surface density 
method (Fig. 4 ). 
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PPENDIX  D :  LINEAR  STABILITY  O F  TOY  

O D E L  WITH  VA RY IN G  BU D G E  A N D  H A L O  

ASS  

n this appendix, we briefly revisit the seminal toy model of Aoki
t al. ( 1979 ) to compute quasi-analytically the fastest growing modes
f a Toomre–Kuzmin disc, as a proxy for the onset of bar formation.
or the purpose of this paper, we extend it by accounting for the
elative mass fraction in a passive halo and bulge, while keeping
he total disc-plus-bulge mass constant, allowing for mass transfer
rom the disc to the budge on the one hand, and from the cosmic
eb to the galactic disc on the other hand. This provides us with
 qualitative proxy for the trend found in the main text, i.e. that
oth reduced disc mass and bulge growth quench bar formation. We
ely on two significant (simplicity driven) caveats: (i) the disc is
ssumed to be razor thin, gaseous, isolated; (ii) we limit our analysis
o the computation of the linear growth rates of global bi-symmetric
erturbations (i.e. beyond a local radial criterion such as Toomre’s Q
umber Toomre 1963 ). 
While the model for describing the response of the individual

ntities is crude, the joint analysis of the ensemble of timelines
eflecting diverse environments should provide us with a more
ccurate global picture. The deri ved gro wth rate are an alternative di-
gnostic for the dynamical state of the galaxies in the simulation. The
ssumption here is that their secular evolution with cosmic time can
e approximated as a sequence of parameters in this model, so that,
s the relative mass fractions and scale lengths change, the likelihood
f a bi-symmetric instability developing into a strong bar varies. 

1 Toy model set-up 

onsider a self-gravitating thin disc with a central spherical bulge
nd a spherical dark halo, with surface density �, and gravitational
NRAS 512, 160–185 (2022) 
otential � . For simplicity, we will model this disc as though it was
ade of gas. Let v be its velocity field and P its pressure. Then it

beys the hydrodynamical and mean field equations: 

∂� 

∂t 
+ ∇ · ( � v ) = 0 , (1a) 

∂ v 

∂t 
+ ( v · ∇ ) v = − 1 

� 

∇ P − ∇ � , (1b) 

�� disc = 4 πG�δD ( z) , (1c) 

here the total potential obeys � = � bulge + � halo + � disc . Let us
ssume the gas is a polytrope with index � = 4/3, and fix the baryonic
ass of the disc plus bulge to be M = M disc + M bulge . Then the system

s described by the two parameters p = M bulge /( M disc + M bulge ), the
ulge fraction, and q = M disc /( M disc + M halo ), the disc fraction. 

The equilibrium state is modelled for simplicity by Plummer
pheres (for the bulge and halo) and a Kuzmin–Toomre disc as 

 disc = −GM(1 − p) 

a d 

(
1 − ξ

2 

)1 / 2 

, (D2) 

nd 

� bulge + � halo 

= −GM 

a d 

[
a d 

a b 

p √ 

1 + ( r/a b ) 2 
+ 

a d 

a h 

(
1 

q 
− 1 

)
1 − p √ 

1 + ( r/a h ) 2 

]
, 

here a d is the scale length of the disc, a h is the scale length of
he halo, a b that of the bulge, and where we introduced the reduced
adius, ξ = ( r 2 − a 2 d ) / ( r 

2 + a 2 d ) . Then the angular velocity, �, and
he epicyclic frequency, κ , of the whole system read 

( ξ ) = 

√ 

GM(1 − p) 

a 3 d 

[(
a d 

a b 

)3 
p 

1 − p 

(
1 

1 + ( r/a b ) 2 

)3 / 2 

+ 

(
a d 

a h 

)3 ( 1 

q 
− 1 

)(
1 

1 + ( r/a h ) 2 

)3 / 2 

+ 

(
1 − ξ

2 

)3 / 2 (
1 − ε 0 

(1 − p) 2 / 3 

)]1 / 2 

, (D3) 

κ2 ( ξ ) 

2 �( ξ ) 
= 2 �( ξ ) 

[
1 + 

(1 + ξ )(1 − ξ ) 

2 �

d �

d ξ

]
, (D4) 

here we introduced ε 0 = 0.1 as the ratio of the internal and total
nergy that accounts for the strength of the pressure forces in the disc
given our choice of � polytropic index, see Aoki et al. 1979 ). 

Let us linearize the system ( D1a )–( D1b ) in polar coordinates ( r ,
), assuming an angular- and time-dependent scaling in exp (ım θ −
ωt ), and expand the first-order perturbation of the two components
f Euler’s equation and Poisson’s equation o v er normalized Le gendre
olynomial in ξ as, e.g. 

 

1 ( r, θ, t) = 

M(1 − p) 

2 πa 2 d 

(
1 − ξ

2 

)3 / 2 ∞ ∑ 

n =| m | 
a m 

n P 

| m | 
n ( ξ )e ı mθ−ı ωt , 

nd a similar expression for the radial and the azimuthal component
f the perturbed velocity field involving b m 

n and c m 

n coefficients. By
esign, this expansion satisfies Poisson’s equation. Following closely
oki et al. ( 1979 ), upon injecting these expansions in the linearized

ystem, multiplication by P 

| m | 
l ( ξ ) and integration over ξ , using the

rthogonality relation (for all m ) ∫ 1 

−1 
d ξP 

| m | 
n ( ξ ) P 

| m | 
l ( ξ ) = δnl , (D5) 

e obtain the following eigen-problem for the growth rate ω and the
hape of the mode a m 

n : 
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∞ ∑ 

n =| m | 
A ln a 

m 

n + 

∞ ∑ 

n =| m | 
B ln b 

m 

n + 

∞ ∑ 

n =| m | 
C ln c 

m 

n = λa m 

l , (6a) 

∞ ∑ 

n =| m | 
D ln a 

m 

n + 

∞ ∑ 

n =| m | 
A ln b 

m 

n + 

∞ ∑ 

n =| m | 
F ln c 

m 

n = λb m 

l , (6b) 

∞ ∑ 

n =| m | 
G ln a 

m 

n + 

∞ ∑ 

n =| m | 
H ln b 

m 

n + 

∞ ∑ 

n =| m | 
A ln c 

m 

n = λc m 

l , (6c) 

here λ = sign ( m ) ω/ 
√ 

GM/a 3 and with the matrix elements, 

A ln = | m | 
√ 

a 3 d 

GM 

∫ 1 

−1 
d ξP 

| m | 
l ( ξ ) �( ξ ) P 

| m | 
n ( ξ ) , 

B ln = 4 
√ 

1 − p 

∫ 1 

−1 
d ξP 

| m | 
l ( ξ ) 

(
1 − ξ

2 

)1 / 2 d 

d ξ

×
[(

1 − ξ

2 

)5 / 4 

P 

| m | 
n ( ξ ) 

]
, 

C ln = | m | 
√ 

1 − p 

∫ 1 

−1 
d ξP 

| m | 
l ( ξ ) 

(
1 − ξ

2 

)3 / 4 (1 + ξ

2 

)−1 

P 

| m | 
n ( ξ ) , 

 ln = 4 
√ 

1 − p 

(
1 

2 n + 1 
− ε 0 

3(1 − x) 2 / 3 

)

×
∫ 1 

−1 
d ξP 

| m | 
l ( ξ ) 

(
1 − ξ

2 

)5 / 4 (1 + ξ

2 

)
d 

d ξ

×
[(

1 − ξ

2 

)1 / 2 

P 

| m | 
n ( ξ ) 

]
, 

 ln = −| m | 
√ 

1 − p 

(
1 

2 n + 1 
− ε 0 

3(1 −x) 2 / 3 

)∫ 1 

−1 
d ξP 

| m | 
l ( ξ ) 

×
(

1 − ξ

2 

)3 / 4 

P 

| m | 
n ( ξ ) , 

 ln = 

√ 

a 3 d 

GM 

∫ 1 

−1 
d ξP 

| m | 
l ( ξ ) 

κ2 ( ξ ) 

2 �( ξ ) 
P 

| m | 
n ( ξ ) , 

nd F ln = 2/ | m | A ln . The integrals involving � and κ are computed
sing a mid-point sampling rule, while the others are computed 
nalytically by recursion. 

Finding the growth rate of the mode, ω, involves the computation 
f the eigenvalues of the infinite response matrix defined by equa- 
ions ( D6a )–( D6c ). In practice, we only have access to sequence of
runcated matrices of varying size set by n max , from which we obtain
ists of eigenvalues. Among those, we determine which are physically 
ele v ant, and which result from the truncation process. The latter
ither diverge to infinity or oscillate, which allows us to disregard 
hem in fa v our of the subset which converges with n max (here typically
 max ≤ 170). For each p , q we then select that with highest imaginary
art, ω I = Im( ω), and build the corresponding map, within which
e can assign some threshold below which we consider the m -fold

ymmetric mode grows too slowly for bar formation. In practice, 
he fastest growing mode shape and pattern speed displays sets of
iscontinuities as one increases p (or decreases q ), as eigenvalues 
orresponding to distinct physical branches become dominant. This 
an be seen as wiggles in the bottom left part of the light contours
n Fig. 7 . 
Eventually, it could be of interest and more realistic to implement 

he fitting strategy presented in Ueda et al. ( 1985 ) to our sets of
alaxies, while accounting for the detailed shape of the rotation 
urves (bulge included) and surface densities, in order to quantify 
tatistically the dynamical stability of NEWHORIZON discs. Another 
ossible impro v ement would involv e implementing a proper stellar
tability analysis, following e.g. Pichon & Cannon ( 1997 ), which
ro vides the fle xibility in matching the distribution function and
otential to that of the simulated galaxies. One could eventually 
ccount for the disc’s thickness, the live halo, or use the shape of the
igenvectors to match the pitch angle of the spiral response. 

2 Mapping NEWHORIZON galaxies on to the ( p , q ) plane 

o interpret the NEWHORIZON galaxies in the context of Fig. 7 ,
e require a mapping of the galaxies on to ( p , q ) space. In the

ollowing mapping, we consider galaxies in the z = 1.3 snapshot,
ut the mappings are similar for other snapshots. We measure the
est mapping as follows. First, we fit the rotation curve of the dark
atter halo, v c , halo using the rotation curve of a Plummer sphere. We

efine the log likelihood function for the rotation curve e v aluated at i
adial points r i in the galaxy mid-plane, with associated Poisson-like 
ncertainty σ i , given the free parameters for the Plummer sphere 
epresenting the halo ( a h , the scale length of the halo, and M halo , the
ass of halo) as 

ln L ( v c | a h , M halo ) = −1 

2 

∑ 

i 

[ (
v c,i − v c,m 

( r i ) 
)2 

σ 2 
i 

] 

, (D7) 

here the model rotation curve at each radial point r i is given by 

 c,m 

( r i ) = 

√ 

2 GM halo r 
2 
i ( a 

2 
h + r 2 i ) −(3 / 2) . (D8) 

The uncertainty at each point on the rotation curve ( σ i ) is at-
ributable to several factors, such as enclosed particle number, centre 
hoice, and angular momentum rectification. Of these, the enclosed 
article number contributes the most to the uncertainty budget. We 
herefore estimate the uncertainty on each point in the rotation curve
sing the reciprocal of the enclosed particle number at each radius,
efining the minimum uncertainty to be 3 per cent. In practice, the
ts exhibit little dependence on the choice of uncertainty, such that
 fixed uncertainty returns nearly the same parameter estimates. We 
hen use EMCEE (F oreman-Macke y et al. 2013 ) to perform a Markov
hain Monte Carlo estimation of a h and M halo . Comparing the M halo 

stimates to the true measured halo masses, we find a consistent bias
o lower halo masses across the galaxy mass range related to the
ismatch of the rotation curve profiles. The bias is constant with

alo mass, and fixed at log ( M halo, fit ) − log ( M halo, true ) = −0.3. We
orrect for the bias below when estimating q . In addition to the bias,
e also find modest variance ( ±0.1 dex) in the fit values, which

ontributes to uncertainty in the calculation of q . 
Secondly, we fit a Toomre–Kuzmin rotation curve profile to the 

tellar disc component of the galaxies. Conveniently, the Plummer 
phere and Toomre–Kuzmin disc have the same rotation curve profile 
n the z = 0 plane, where we are performing the fits. Therefore, in
quations ( D7 ) and ( D8 ), we need only change the subscripts to
eflect that we are now estimating the disc parameters a d and M disc .

e again use the same uncertainty estimation scheme and estimate 
he parameters using EMCEE . We then compute the residuals for
ach disc galaxy. We define a galaxy as well-described by a single
oomre–Kuzmin disc component if the maximum relative error ( v c , i 
v c , m ( r i ))/ v c , m ( r i ) < 0.1. We find that > 90 per cent of galaxies

291 of 299 galaxies at z = 1.3) meet this criteria. 
We again compare the fit masses with the measured masses, finding

imilar bias and variance as in the halo (i.e. with no dependence on
alaxy mass). We correct for the bias below when computing q . We
ay also compare the fit a d to the measured r v �, max in Section 5.2 ,
nding that 〈 a d /r v �, max 〉 = 0 . 6. For the galaxies that are well-fit
MNRAS 512, 160–185 (2022) 
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y a Toomre-Kuzmin disc and Plummer halo, we define log q =
og ( M disc /( M halo + M disc )) and p = 0. We find, after correcting for
he bias in halo mass, that the galaxies are well-fit by the relation
og q z = 1.3 = 0.6log ( M halo, true ) − 7.5, resulting in 〈 log q〉 = −1 . 7 + 0 . 3 

−0 . 4 

or a ‘typical’ galaxy in the sample at log ( M halo ) = 9.7. We therefore
efine ( p , log q ) = (0.0, −1.7), as the location in ( p , log q ) space
or a typical bulgeless galaxy. From the fits to the galaxies, we find
hat 〈 a h / a d 〉 = 2.8 ± 0.3, which we use to inform the toy model
onstruction. This ratio is valid for all galaxies, whether or not they
re bulge-hosting. 

Through visual inspection, we define galaxies which have maxi-
um relative error > 0.1 as ‘bulge-hosting’ galaxies, which require
 second component. The galaxies that require a second component
re those at the high mass end, as expected from the rotation curve
ecomposition in Section 5.2 and Fig. 6 . These galaxies also have
arger log q values on average, following the trend line listed abo v e,
uch that if p = 0, they may fall in the instability regime. We estimate
he bulge component for these galaxies using a two-component model
or the rotation curve, 

 c,m 

( r i ) = 

[
2 Gr 2 i 

(
M disc 

( a 2 d + r 2 i ) 3 / 2 
+ 

M bulge 

( a 2 b + r 2 i ) 3 / 2 

)]1 / 2 

, (D9) 

here we require that a b < a d and M bulge < M disc . These criteria
nforce the disc as the dominant mass component and require that the
ulge be compact relative to the disc, consistent with what is observed
n the galaxies by visual inspection. The rest of the likelihood function
NRAS 512, 160–185 (2022) 

Table E1. The results of our analysis in terms of spiral frac
‘observable bars’ ( S ≥ 0.2) at redshifts z = 1.3, 1.0, 0.7, 0.5, and
methods described in Section 3 are shown. The confidence inter
beta distribution quantile technique (Cameron 2011 ). We also
applied a mass cut M � ≥ 10 10 M � so as to compare more direc
full results. 

Redshift Spiral fraction Method 
(Number of spirals) 

1.3 0 . 923 + 0 . 026 
−0 . 140 Surface densit

(12) 
Velocity 

1.0 1 . 000 + 0 . 010 
−0 . 103 Surface densit

(16) 
Velocity 

0.7 0 . 857 + 0 . 050 
−0 . 140 Surface densit

(12) 
Velocity 

0.5 0 . 765 + 0 . 072 
−0 . 128 Surface densit

(13) 
Velocity 

0.25 0 . 714 + 0 . 077 
−0 . 114 Surface densit

(15) 
Velocity 
s unchanged apart from the addition of the dependence of the data
n two extra parameters. From the fits to these galaxies, we find that
 a d / a b 〉 = 20 ± 4, which we use to inform the toy model construction.
n practice, we then end up with ‘maximal’ disc components (i.e.
ontributions from the Toomre–Kuzmin disc that match the rotation
urve when r is large). Also from the fits, we compute the p values
o be p ≈ 0.2. We therefore define ( p , log q ) = (0.2, −1.0) as the
ocation in ( p , log q ) space for a typical bulge-hosting galaxy. 

We also perform a cursory inspection of galaxies at z = 0.25, the
owest redshift analysed in our sample. The parameters of the toy
odel remain largely unchanged, with a modest increase in a d / a b 

i.e. b ulges ha ve become more concentrated), which has the effect
f moving the stability line towards increasing x . We find that on
verage, log q z = 0.25 = log q z = 1.3 + 0.2. A significant fraction of the
isc galaxies still do not appear to host a bulge, while the typical
ulge-hosting galaxy has increased the location in p -space to 0.25.
aken together, the disc-dominated galaxies appear to be growing
elf-similarly while the bulges grow at a modestly faster rate and
ith decreasing scale length, which serves to keep the discs stable

gainst bar formation. 

PPENDI X  E:  H I G H  MASS  BA R  F R AC T I O N S  

n this section, we present the results of our analysis in terms of
ar fractions when placing a stellar mass cut-off M � ≥ 10 10 M �, so
s to provide a more versatile comparison to observations in the
iterature. 
tions and bar fractions for ‘strong bars’ ( S ≥ 0.3) and 
 0.25. The bar fractions as obtained by both bar detection 
vals presented have been estimated using the (Bayesian) 
 present numerical values in the parenthesis. We have 
tly to previous observational studies. See Fig. 1 for our 

Bar fractions 
(Number of bars) 

Strong bars Observable bars 

y 0 . 167 + 0 . 155 
−0 . 059 0 . 250 + 0 . 156 

−0 . 083 
(2) (3) 

0 . 167 + 0 . 155 
−0 . 059 0 . 250 + 0 . 156 

−0 . 083 
(2) (3) 

y 0 . 063 + 0 . 119 
−0 . 020 0 . 063 + 0 . 119 

−0 . 020 
(1) (1) 

0 . 063 + 0 . 119 
−0 . 020 0 . 063 + 0 . 119 

−0 . 020 
(1) (1) 

y 0.0 0 . 083 + 0 . 149 
−0 . 028 

(0) (1) 
0.0 0 . 083 + 0 . 149 

−0 . 028 
(0) (1) 

y 0 . 077 + 0 . 140 
−0 . 026 0 . 077 + 0 . 140 

−0 . 026 
(1) (1) 

0 . 077 + 0 . 140 
−0 . 026 0 . 154 + 0 . 147 

−0 . 054 
(1) (2) 

y 0.0 0.0 
(0) (0) 
0.0 0.0 
(0) (0) 
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Table E2. The final results of our bar search analysis in terms of bar fractions 
calibrated between the two methods, whereby a barred galaxy is confirmed as 
such if said galaxy found to be barred in by both methods. The bar fractions 
(and number of barred galaxies) are shown for redshifts z = 1.3, 1.0, 0.7, 
0.5, and 0.25. The confidence intervals presented have been estimated using 
the (Bayesian) beta distribution quantile technique (Cameron 2011 ). We have 
applied a mass cut M � ≥ 10 10 M � so as to compare more directly to previous 
observational studies. See Fig. 2 for our full results. 

Final bar fractions 
(Number of bars) 

Redshift Strong bars Observable bars 

1.3 0.167 + 0 . 155 
−0 . 059 0.167 + 0 . 155 

−0 . 059 
(2) (2) 

1.0 0.0 0.063 + 0 . 119 
−0 . 020 

(0) (1) 
0.7 0.0 0.083 + 0 . 149 

−0 . 028 
(0) (1) 

0.5 0.077 + 0 . 140 
−0 . 026 0.077 + 0 . 140 

−0 . 026 
(1) (1) 

0.25 0.0 0.0 
(0) (0) 
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