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A B S T R A C T 

We quantify the impact of galaxy formation on dark matter halo shapes using cosmological simulations at redshift z = 0. Using 

magnetohydrodynamic simulations from the IllustrisTNG project, we focus on haloes of mass 10 
10 –14 M � from the 50 Mpc 

(TNG50) and 100 Mpc (TNG100) boxes and compare them to dark matter-only (DMO) analogues and other simulations, 
e.g. Numerical Investigation of a Hundred Astrophysical Objects (NIHAO) and Evolution and Assembly of GaLaxies and 

their En vironments (EA GLE). We further quantify the prediction uncertainty by varying the feedback models using smaller 
25 Mpc h 

−1 boxes. We find that (i) galaxy formation results in rounder haloes compared to DMO simulations, in qualitative 
agreement with past results. Haloes of mass ≈2 × 10 

12 M � are most spherical, with an average minor-to-major axial ratio of 〈 s〉 
≈ 0.75 in the inner halo, an increase of 40 per cent compared to their DMO counterparts. No significant difference is present for 
low-mass 10 

10 M � haloes; (ii) stronger feedback, e.g. increasing galactic wind speed, reduces the impact of baryons; (iii) the 
inner halo shape correlates with the stellar mass fraction, explaining the dependence of halo shapes on feedback models; and 

(iv) the fiducial and weaker feedback models are most consistent with observational estimates of the Milky Way halo shape. At 
fix ed halo mass, v ery div erse and possibly unrealistic feedback models all predict inner shapes closer to one another than to the 
DMO results. Because of the large halo-to-halo variation in halo shape, a larger observational sample is required to statistically 

distinguish different baryonic prescriptions. 

Key words: methods: numerical – methods: statistical – galaxies: formation – galaxies: haloes – dark matter. 
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 INTRODUCTION  

he rise in computational power has led to an increase in the scope of
ydrodynamic cosmological simulations. By implementing galaxy 
ormation physics, these simulations aim to model the formation 
f realistic galaxies in a cosmological context (for a re vie w, see
ogelsberger et al. 2020a ). In addition to their effects on the stellar
nd gaseous content of galaxies, baryonic processes such as radiative 
ooling, star formation, and stellar and active galactic nuclei (AGN) 
eedback can also have significant effects on the structure of their 
ost dark matter (DM) haloes and subhaloes. 
In particular, theoretical predictions for halo shapes have been 

tudied e xtensiv ely using cosmological simulations. Hierarchical 
tructure formation predicts anisotropic halo growth, since the accre- 
ion of matter on to DM haloes during their growth is preferentially
ligned with DM sheets and filaments. This prediction is well 
upported by a wealth of N -body simulations (Dubinski & Carlberg 
991 ; Warren et al. 1992 ; Bullock 2002 ; Jing & Suto 2002 ; Bailin
 Steinmetz 2005 ; Allgood et al. 2006 ; Macci ̀o, Dutton & van den
osch 2008 ; Vera-Ciro et al. 2011 ), which have shown that dark
atter-only (DMO) haloes are triaxial and prolate ( c / b > b / a ). 1 
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 We denote the major, intermediate, and minor axes semilengths as a , b , and 
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n Milky Way (MW)-sized haloes ( ∼10 12 M �), DMO simulations
redict a sphericity c / a ≈ 0.5–0.6 near the galactic centre (within
ew tens of kpc). These results are, ho we ver, in contrast to the MW
alo shape estimated using stellar kinematics and stellar streams, 
hich suggest a more spherical inner halo e.g. c / a ≥ 0.8 (Ibata et al.
001 ), and c / a = 0.72 (Law & Majewski 2010 ). 
The condensation of baryons to halo centres can have an impact on

alo shapes since the formation of a central baryonic mass can scatter
nd modify the orbits of approaching DM particles. Such an effect
as derived in Debattista et al. ( 2008 ), which simulated an isolated
alo and found the growth of a central component can deform box
rbits into rounder trajectories. Consequently, haloes from galaxy 
ormation simulations have been found to be transformed into more 
pherical configurations than their analogues from DMO simulations 
e.g. Katz & Gunn 1991 ; Katz & White 1993 ; Dubinski 1994 ;
badi et al. 2010 ; Kazantzidis, Abadi & Navarro 2010 ; Tissera

t al. 2010 ; Bryan et al. 2013 ; Butsky et al. 2016 ; Chisari et al.
017 ; Chua et al. 2019 ). This has also led to better agreement
etween halo shapes in baryonic simulations and the observationally 
nferred DM halo shape of our Galaxy (e.g. Chua et al. 2019 ; Prada
t al. 2019 ). More recently, Cataldi et al. ( 2021 ) further concluded
sing the Fenix and Evolution and Assembly of GaLaxies and their
n vironments (EA GLE) simulations that DM halo shapes are related

o the morphology of the central galaxies, pointing to a fundamental
elation between the growth of the central galaxy and its parent halo.
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Despite the role of galaxy formation models in resolving dis-
greements between N -body predictions and observations, as well
s in reproducing stellar galactic properties, significant uncertainty
egarding feedback implementations in simulations remains. Such
ariations arise because many baryonic processes such as star forma-
ion and black hole accretion are not directly resolved in most galaxy
ormation simulations. Instead, these effects are described through
ubgrid models, where multiple parametrizations often exist. In many
ases, large galaxy formation simulations rely on a single fiducial
alaxy formation model, where parameters and parametrizations
re tuned or chosen to reproduce a set of observations. As such,
any numerical studies relying on these simulations do not take into

ccount inherent uncertainty in baryonic feedback, which can have
mportant consequences on the predicted properties of the galaxy
nd its surrounding medium (e.g. Suresh et al. 2015 ). 

In the absence of outflows and star formation, the gaseous disc
hat forms at the centres of simulated haloes is unrealistically small
nd massive, but provides an idea of the maximal effect of galaxy
ssembly on the DM haloes. For example, such a configuration was
nvestigated by Abadi et al. ( 2010 ), who estimated such haloes to
e completely oblate with axial ratios of the isopotential contours to
e b / a ∼ 1 and c / a ∼ 0.85. Newer cosmological simulations allow
ealistic galaxies to form in a cosmological context and enable a
ore accurate characterization of halo shapes (e.g. Butsky et al.

016 ; Chua et al. 2019 ; Prada et al. 2019 ; Emami et al. 2021 ).
lthough many of these galaxy simulations qualitatively agree on the

phericalization effects of baryons, differing methods in measuring
alo shapes often render quantitative comparisons difficult (Zemp
t al. 2011 ). 

Furthermore, due to the high computational costs of galaxy
ormation simulations, only one ‘fiducial’ galaxy formation model
s often considered. As such, few studies exist looking into the
ncertainty in halo shape predictions arising from the strength of
eedback prescriptions. Earlier work by Bryan et al. ( 2013 ) using the
verWhelmingly Large Simulations (OWLS; Schaye et al. 2010 )

ho wed that v arying the stellar and AGN feedback can significantly
hange the inner region shape of DM haloes. Ho we ver, the non-
terative method used to measure halo shape is considered less
ccurate compared to other iterative methods (Zemp et al. 2011 ). 

In this paper, we study the result of realistic galactic feedback
n DM halo shapes, and further investigate halo shapes when
ubjected to a variety of baryonic feedback prescriptions. Our fiducial
esults are obtained using haloes from IllustrisTNG 

2 (hereafter TNG;
arinacci et al. 2018 ; Naiman et al. 2018 ; Nelson et al. 2018 ;

illepich et al. 2018b ; Springel et al. 2018 ), a suite of cosmological
agnetohydrodynamical simulations carried out in various box sizes.
he IllustrisTNG simulations were conceived to improve upon the
riginal Illustris simulation (Vogelsberger et al. 2013 , 2014a , b ; Genel
t al. 2014 ), which was found to exhibit tensions with observations in
erms of (1) a cosmic star formation rate density at z < 1 that was too
igh; (2) a stellar mass function and stellar mass fraction at z = 0 that
ere too high for both high-mass and low-mass galaxies; (3) z = 0
alaxy sizes (stellar half-mass radii) that were too large; and (4) halo
-ray emission from high-mass galaxies severely underestimating

hat seen in observations. The updated TNG galaxy formation
odel alleviates the abo v e-mentioned tensions while continuing

o demonstrate good agreement with observational constraints (see
elson et al. 2019a , for a partial list). Through radiative transfer post-
rocessing, the suite of IllustrisTNG simulations has also provided
NRAS 515, 2681–2697 (2022) 
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etailed predictions of the high-redshift galaxy populations expected
o be observed by the James Webb Space Telescope (Shen et al. 2020 ,
022 ; Vogelsberger et al. 2020b ). 
With a higher resolution compared to TNG100, TNG50 resolves

hapes of smaller haloes down to 10 10 M �. As such, we are able
o statistically characterize halo shapes of diverse masses, ranging
rom 10 10 M � dwarf haloes to 5 × 10 14 M � clusters. The similar box
ize, element count, and initial condition of TNG100 and the older
llustris simulation (previously analysed in Chua et al. 2019 ) enable
 direct comparison of both galaxy formation models. 

In addition to the flagship IllustrisTNG runs, we analyse an
dditional set of simulations that include variations of the TNG
eedback model. While these simulations are carried out in smaller
oxes of side length 25 h −1 Mpc, they provide important insights
nto the relationship between the feedback strength and halo shapes.
y making specific variations to feedback parameters of the galactic
ind and AGN model, we can further and systematically quantify

he impact of baryonic physics on DM halo shapes. 
This paper is structured as follows. We describe our simulation
ethods and definitions in Section 2 . We present the main results on

alo shapes from TNG100 and TNG50 in Section 3 , and compare
hem to those from other hydrodynamic simulations. In Section 4 ,
e analyse the impact of feedback variations using the smaller boxes

nd present a comparison to observational estimates of the MW
alo shape. Finally, our summary and conclusions are presented in
ection 5 . 

 METHODS  AND  DEFINITIONS  

.1 IllustrisTNG simulations 

he haloes we study in this work are drawn from The Next Gen-
ration Illustris Simulations (IllustrisTNG), a suite of cosmological
agnetohydrodynamical simulations (Marinacci et al. 2018 ; Naiman

t al. 2018 ; Nelson et al. 2018 ; Pillepich et al. 2018b ; Springel
t al. 2018 ). The simulations are performed using the simulation
ode AREPO (Springel 2010 ), which calculates the gravitational forces
sing a Tree-Particle-Mesh method and solves the ideal magnetohy-
rodynamic (MHD) equations using a finite volume method on an
daptive mesh. The cosmology utilized in IllustrisTNG is consistent
ith that of Planck , given by �m = 0.3089, �� = 0 . 6911, �b 

 0.0486, σ 8 = 0.8159, n s = 0.9667, and h = 0.6774 (Planck
ollaboration XVI 2014 ; Spergel, Flauger & Hlo ̌zek 2015 ). 
The galaxy formation model adopted in TNG accounts for (i)

rimordial and metal-line gas cooling; (ii) a spatially uniform and
ime-dependent ultraviolet (UV) background; (iii) stellar formation
nd feedback; and (iv) kinetic and thermal feedback from black holes.
he TNG galaxy formation model builds upon the physics model

ntroduced previously in Illustris to address the shortcomings that
ere identified. Compared to Illustris, these impro v ements include

i) an updated kinetic AGN feedback model at low accretion rates; (ii)
mpro v ed isotropic galactic winds; and (iii) ideal MHD. For specific
etails, we refer the reader to Weinberger et al. ( 2017 ) and Pillepich
t al. ( 2018a ). The model parameters of IllustrisTNG are that of
he default ( fiducial ) model described in Pillepich et al. ( 2018a ),
elected to produce good agreements between simulated galaxies
nd observations of the cosmic star formation rate density and the
tellar content of the galaxy population at z = 0. 

In this paper, we analyse halo shapes from both TNG50 (Nelson
t al. 2019b ; Pillepich et al. 2019 ) and TNG100, focusing primarily
n the highest resolution simulation of each box size. TNG50 has
 volume of (50 Mpc) 3 , with a DM mass resolution of 4.5 × 10 5 

file:www.tng-project.org
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Table 1. Summary of the main simulations and their resolution parameters examined in this work: (1) simulation name; 
(2) the type of simulation; (3) length of simulation box; (4) number of cells and particles in the simulation; (5) mass per 
dark matter (DM) particle; (6) target mass of baryonic particles; and (7) Plummer-equi v alent gravitational softening lengths 
at redshift z = 0. In the TNG runs, the softening lengths for all particle types are comoving kpc for z > 1, after which they 
are fixed to their z = 1 values in physical space. Note that in Illustris, this procedure is not applied to the DM particles, thus 
DM particles have twice the softening lengths (first value) as the stellar particles (second value). The MHD simulations are 
based on the fiducial TNG galaxy formation model described in Pillepich et al. ( 2018a ). The nine model variations in the 
small boxes are further listed in Table 2 . 

Name Type Box size DM particles and cells m DM m baryon εz= 0 
DM , stars 

(Mpc) (10 6 M �) (10 6 M �) (kpc) 

TNG50 MHD 35 h −1 ≈ 52 2 × 2160 3 0.454 0.085 0.288 
TNG50-DM DMO 35 h −1 2160 3 0.54 – 0.288 
TNG100 MHD 75 h −1 ≈ 110 2 × 1820 3 7.5 1.4 0.74 
TNG100-DM DMO 75 h −1 1820 3 8.9 – 0.74 
Illustris Hydrodynamic 75 h −1 2 × 1820 3 6.3 1.3 1.42/0.71 
Illustris-Dark DMO 75 h −1 1820 3 7.52 – 1.42/–
L25n512 Various 25 h −1 ≈ 37 2 × 512 3 12.4 2.4 0.74 
(Small boxes) (See Table 2 ) 
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Table 2. Variations of the galaxy formation model simulated in smaller boxes 
(L25n512). Each parameter or choice change is made with respect to the 
fiducial TNG model. Further description and usages of these model-variation 
runs can be found in Pillepich et al. ( 2018a ). 

Variation type Details 

Fiducial ē w = 3 . 6 , κw = 3 . 6 
Strong winds Doubled wind energy ( ̄e w = 7 . 2) 
Weak winds Halved wind energy ( ̄e w = 1 . 8) 
Fast winds Doubled wind speed ( κw = 14.8) 
Slow winds Halved wind speed ( κw = 3.2) 
No winds No galactic winds 
No BH No black holes 
No BH kinetic mode Only BH quasar mode 
Dark matter-only (DMO) No baryons 
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nd baryonic mass resolution of m b = 8 . 5 × 10 4 M �. TNG100 has a
olume of (100 Mpc) 3 , with a DM mass resolution of 7.5 × 10 6 

nd baryonic mass resolution of m b = 1 . 4 × 10 6 M �. The lower
esolution run TNG100-2 uses 2 × 910 3 elements with two times 
orse spatial resolution, while TNG100-3 uses 2 × 455 3 elements 
ith four times worse spatial resolution compared to TNG100. For 

ach box size, DMO simulations are performed, providing baseline 
 -body results for comparison. The important parameters of the 

imulations are summarized in Table 1 . In general, both the MHD and
ydrodynamics simulations will be referred to as the Full-Physics 
uns. 

.2 TNG model and variations 

esides the primary 50 and 100 Mpc boxes, variations of the fiducial
NG model were also simulated in smaller boxes of size L =
5 h −1 ∼ 37 Mpc, with 2 × 512 3 resolution elements. As shown in
able 1 , these L25n512 small box es hav e similar softening lengths
nd resolutions (within a factor of 2) compared to TNG100. All 
imulations of model variations were carried out with the same initial 
onditions, which were chosen by conducting low-resolution DMO 

imulations from 10 different initial density fields and then choosing 
he realization with the DM halo mass function closest to the average
Pillepich et al. 2018a ). This was done to reduce the effect of sample
ariance in this smaller box. 

In this work, we focus on the effect of galactic winds and black
oles. In the TNG model, galactic winds are driven by star formation,
hich launches wind particles with an initial speed v w scaling with 

he local DM velocity dispersion σ DM : 

 w = max 

[ 

κw σDM 

(
H 0 

H ( z) 

)1 / 3 

, v w , min 

] 

, (1) 

here H ( z) is the redshift-dependent Hubble parameter, and v w , min 

s a velocity floor. κw is thus a dimensionless factor that determines 
he speeds of launched winds, taken to be κw = 7.4 in the fiducial

odel. We investigate variations with doubled κw ( fast winds ) and 
ith halved κw ( slow winds ). 
For a given wind speed, mass loading of the wind depends on the

nergy available for wind generation, which is directly proportional 
o the free parameter ē w in the TNG model. This quantity ē w reflects 
he energy released per core-collapse supernova, taken to be ē w = 
 . 6 in the fiducial case. We examine the effects of increasing the
ind energy, with this factor doubled to ē w = 7 . 2 ( strong winds ).
dditionally, a case without galactic winds ( no winds ) is also carried
ut. 
In the TNG model, black hole feedback is driven by a combination

f thermal feedback heating the surrounding gas at high accretion 
ates, and a kinetic AGN feedback model driving black hole-driven 
inds at low accretion rates (Weinberger et al. 2017 ). We investigate

he effect of suppressing kinetic AGN feedback ( no BH kinetic
inds ), which has been found to be important in quenching star

ormation in high-mass haloes. Finally, a case neglecting black hole 
eedback ( no BHs ) is also examined. 

The nine model variations (including the fiducial and DMO 

odels) are summarized in Table 2 . 

.3 Identifying and matching haloes and subhaloes 

n the simulations, haloes are identified using a Friends-of-Friends 
FOF) group finder algorithm with a linking length of 0.2 (Davis et al.
985 ). The SUBFIND algorithm subsequently identifies gravitationally 
elf-bound subhaloes (Springel et al. 2001 ; Dolag et al. 2009 ). The
ubhalo in each FOF group with the lowest potential resolution 
lement is classified as central , and it is typically the most massive:
he remaining subhaloes are called satellites , whether they include 
MNRAS 515, 2681–2697 (2022) 
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M

Table 3. Number of haloes at redshift z = 0 adopted in this paper and 
extracted from TNG100, TNG50, Illustris, and their DMO counterparts, 
according to mass. In the 50 Mpc boxes (TNG50 and TNG50-DM), we 
focus on haloes of mass 10 10 –10 13 M �. In the other simulations, which have 
lower resolutions, the minimum halo mass we consider is 10 11 M �, hence the 
number of haloes in the boxes is given in parentheses. For the smaller boxes 
(L25n512), the number of haloes corresponds to that of the fiducial model 
run. 

Halo mass M 200 (M �) 
Simulation 10 10–11 10 11–12 10 12–13 10 13–14 10 14–15 

TNG50 9179 1441 183 (23) (1) 
TNG50-DM 11 398 1537 193 (24) (1) 
TNG100 (87 025) 12 963 1708 168 14 
TNG100-DM (109 853) 13 912 1743 198 13 
Illustris (82 249) 12 875 1317 109 10 
Illustris-Dark (93 569) 11 781 1440 160 11 
L25n512 (fiducial model) (3274) 496 77 9 0 
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tars or not. For each halo, the virial mass M 200 and virial radius R 200 

re calculated. 3 

In this work, we examine haloes at the current redshift z =
. Table 3 compares the number of haloes in four mass bins
n Full-Physics and DMO runs. In TNG100, there are ≈14 000
aloes of mass greater than 10 11 M �, including 14 cluster-sized
 ∼10 14 ) haloes. We focus on haloes of small to intermediate masses
10 10 –10 13 M �) in TNG50, since its higher resolution allows the
hapes of lower mass haloes to be resolved. 

We also identify matching haloes between the Full-Physics and
MO runs to enable one-to-one halo shape comparisons between

ach halo pair. For any given subhalo in the Full-Physics run, the
atching DMO subhalo is the one with the largest fraction of
atching DM particles, identified using their unique IDs. The process

s reversed, and only bidirectional matches are considered to be
uccessful. At the masses considered in this work, almost all central
ubhaloes are successfully matched: this corresponds to 10 804 out
f 10 827 haloes with M 200 ≥ 10 10 M � in TNG50, and 14 778 out of
4 853 with M 200 ≥ 10 11 M � in TNG100. 

.4 Defining the halo shape 

he algorithm we used to quantify halo shapes is identical to that
escribed in Chua et al. ( 2019 ), which we summarize as follows.
ssuming that DM haloes are triaxial, their shapes are determined
y the axis ratios of the isodensity surface, q ≡ b / a and s ≡ c / a , where
 , b , and c are the major, intermediate, and minor axes respectively.
hese parameters can be found using an iterative algorithm with the
nweighted shape tensor (e.g. Bailin & Steinmetz 2005 ; Zemp et al.
011 ), 

 ij = 

1 ∑ 

k m k 

∑ 

k 

m k r k,i r k,j , (2) 

elated to the second moment of the mass distribution. Here, m k is the
ass of the k th particle, and r k , i is the i th component of its position

ector. 
The iterative algorithm allows the shape of the integration volume

o adapt to the shape of the halo. The first iteration begins with a
NRAS 515, 2681–2697 (2022) 

 R � is the radius within which the enclosed mass density is � times the 
ritical value ρc , i.e. ρhalo = �ρc . M � is the total mass of the halo enclosed 
ithin R � . In this work, we use the value � = 200. 

 

t  

t  

p  

m  
pherical shell ( q = s = 1), within which a set of particles is selected.
e then calculate and diagonalize the shape tensor using equation ( 2 ).

he eigenvectors denote the directions of the principal axes, while
he eigenvalues are related to the square-roots of the principal axes
engths ( i ∝ 

√ 

λi , i = a, b, c). In subsequent iterations, the new
alues of q = b / a and s = c / a are used to select a new set of particles,
nd the ellipsoidal shell is deformed keeping the semimajor length
onstant. The process continues until both q and s converge, i.e.
hen fractional differences in successive values differ by less than
 per cent. 
To obtain the shape profiles, we calculate the local shape q ( r ) and

 ( r ) in ellipsoidal shells as a function of distance from the halo centre.
he elliptical radius, 

 
2 
ell = x 2 + 

y 2 

q 2 
+ 

z 2 

s 2 
, (3) 

s used to determine if a given particle falls within an ellipsoidal
hell with axis ratios q and s . Assuming that ellipsoids are oriented
ith x along the major axis and z along the minor axis, r ell is also

he semimajor length of the ellipsoid where the particle is residing.
hroughout this paper, halocentric distances involving the halo shape
ill in general refer to this elliptical radius r ell . 
When using shell-enclosed particles, the density distribution and

hus the shape tensor can be sensitive to the presence of large
atellites (Zemp et al. 2011 ). We a v oid substructure contamination by
onsidering only particles bound to the central subhalo, as identified
y SUBFIND . Using the unweighted shape tensor, we apply the
terative procedure to calculate the shape of each halo. To obtain
 radial profile, 15 ellipsoidal shells logarithmically spaced in the
ange 0.01 ≤ r / R 200 ≤ 1 are used, each with a logarithmic width
f � ( r / R 200 ) = 0.1 dex. Finally, the triaxiality parameter T ≡ (1 −
 
2 )/(1 − s 2 ) measures how prolate ( T = 1) or oblate ( T = 0) the halo
s. The axis ratios q and s , as well as the triaxiality T , are collectively
ermed the halo shape parameters. 

 IMPACT  OF  BAR  Y  ONS  IN  TNG100  AND  

NG50  

e begin by focusing on the fiducial TNG galaxy formation model,
hich presents our best estimate of the impact of baryons on DM
alo shapes. Here, we rely on the flagship runs TNG50 and TNG100
o take advantage of their large box sizes and high resolutions. 

We visualize the shapes of some representative haloes of TNG100
nd TNG50 in Figs 1 and 2 , respectively. Each plot shows the DM
ensity in a 30 kpc thick slice within half of the virial radius,
or matching haloes in the MHD (left-hand column) and DMO
right-hand column) simulations. To better highlight the halo shapes,
ontour lines corresponding to three different densities have also been
ncluded. For each simulation, the haloes are ordered top to bottom,
rom less to more massi ve. Qualitati vely, it is apparent that the MHD
aloes are more spherical than their DMO counterparts. For example,
he MHD haloes in the third and fourth rows of Fig. 2 (TNG50) appear
lmost completely spherical at these radii. Ho we ver, we caution
aking conclusions based on projections of the DM density since

he projected shape can depend on the projection angle, and the small
ample size can be unrepresentative of the halo population at large. 

Although not a focus of this paper, we point out that apart from
ransforming halo shapes through the axis ratios s and q or the
riaxiality T , the tilt of the halo can also be changed by baryonic
hysics. This is most evident in the second row of Fig. 2 , where the
ajor axis is aligned closer to the vertical in TNG50 compared to
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Figure 1. DM density on a logarithmic colour scale within a slice of 
thickness 30 kpc, for TNG100 and TNG100-DM. F our representativ e haloes 
in TNG100 (left) with their matched DMO counterparts in TNG100-DM 

(right) are shown, and the haloes are randomly projected on a 2D plane. 
Dashed lines indicate isodensity contours. These examples highlight the 
sphericalization of haloes when including galaxy formation physics in the 
simulations. Additionally, we see that halo shapes are not uniform, but vary 
with distance to the halo centre. 
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Figure 2. DM density on a logarithmic colour scale within a slice of thickness 
30 kpc, for TNG50 and TNG50-DM. Compared to TNG100 (Fig. 1 ), the 
density and contours are smoother due to the higher mass resolution in 
TNG50. 
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NG50-DM, and can further impact the alignment of the galaxy with 
espect to the halo (e.g. Tenneti et al. 2015 ; Velliscig et al. 2015 ). 

.1 Determining resolved regions 

ecause of limitations in the mass and spatial resolutions, not all 
egions of a halo can be reliably resolved in the simulations. We
etermine the convergence radius r conv , the smallest radius for which 
 halo shape is resolved, by comparing the median DMO profiles
t different resolutions (i.e. TNG100-DM with TNG100-DM-2 and 
NG100-DM-3); see Appendix A . There we find that κ( r conv ) = 7
escribes the convergence radius well, where 

( r ) ≡
√ 

200 

8 

N ( r ) 

ln N ( r ) 

[
ρ̄( r ) 

ρcrit 

]−1 / 2 

. (4) 

 ( r ) is the number of DM particles enclosed within a radius r , ρ̄( r)
s the mean density within r , and ρcrit is the critical density of the
niv erse. The e xpression for κ is derived from the ratio of the two-
ody relaxation time-scale to the circular orbit time-scale at the virial
adius (Power et al. 2003 ; Vera-Ciro et al. 2011 ). 

In TNG100-DM, the convergence radius is r conv ≈ 10 kpc, which 
orresponds to ≈15 per cent of the median virial radius for 10 11 M �
MNRAS 515, 2681–2697 (2022) 
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Figure 3. Shape profiles of DM haloes in TNG50 (green), TNG100 (blue), and Illustris (orange). Haloes of mass between 10 11 and 10 14 M � are selected in four 
mass intervals. Solid curves denote the median profiles in the Full-Physics (MHD and hydrodynamic) simulations, while dotted curves denote median profiles in 
the DMO simulations. The median convergence radius r conv in TNG50 and TNG100 is indicated by the vertical green and blue lines, respectively. Halo-to-halo 
variations for the Full-Physics runs are represented by shaded regions that enclose the 25–75th percentiles. The lower attached panels indicate the change in the 
shape parameters between the Full-Physics and DMO runs. In the Full-Physics simulations, the median halo becomes substantially more spherical (larger q and 
s ) and more oblate (smaller T ) for all resolved radii, compared to the DMO results. From the lower attached panels, it is clear that the sphericalization is the 
largest near the halo centre, and diminishes towards the virial radius. In the DMO runs, the DMO haloes from TNG50-DM and TNG100-DM are also slightly 
more spherical and oblate on halo scales compared to Illustris-Dark: this is due to the larger σ 8 and �m used in the TNG cosmology. 
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aloes, and 5 per cent for 10 12 M � haloes. Because of the higher mass
nd spatial resolutions in TNG50-DM, the convergence radius r conv 

4 kpc, corresponding to around 10 per cent of the median virial
adius in 10 10 M � haloes. Further details of the convergence tests are
resented in Appendix A . We note that κ( r conv ) = 7 is consistent with
igh-resolution results from the Aquarius simulation, and allows the
ircular velocity to converge to better than 2.5 per cent (Navarro
t al. 2010 ; Vera-Ciro et al. 2011 ). It is not obvious how equation ( 4 )
hould be applied or modified in the case of the Full-Physics runs,
o account for their larger number and greater variety of resolution
lements within the central regions of haloes. Although it is possible
hat the convergence radii of the halo shapes in e.g. TNG100 and
NRAS 515, 2681–2697 (2022) 
NG50 may be in principle smaller than those in TNG100-DM and
NG50-DM, we take the DMO estimates as reference throughout. 

.2 Radial profile of halo shapes in TNG 

he radial profiles of the shape parameters q , s , and T of TNG50,
NG100, and Illustris are shown in Fig. 3 for haloes in different
ass bins. Solid lines show the median in each of the three Full-
hysics (both MHD and hydrodynamic) simulations, while dotted

ines correspond to the median results in the DMO counterparts
dotted lines). The shaded regions represent the 25–75th percentile
f the distributions in the Full-Physics cases and illustrate the 
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alo-to-halo variation of the halo shape. The vertical dotted lines 
enote the convergence radii r 100 

conv in TNG100-DM (blue) and r 50 
conv 

n TNG50-DM (green). 

.2.1 DMO results 

n the DMO simulations (dotted lines), DM haloes become more 
pherical and oblate towards the virial radius, a well-known result 
roduced by a number of previous N -body studies (e.g. Allgood 
t al. 2006 ; Hayashi, Navarro & Springel 2007 ; Vera-Ciro et al.
011 ). Although the shape profiles from all three DMO runs are
n good agreement, we note that the average DMO halo from both
NG runs is slightly more spherical and more oblate compared to 

llustris-Dark. This effect is most evident for the lower mass 10 11 and
0 12 M � haloes and is a result of the larger σ 8 and �m parameters
n the TNG cosmology ( σ 8 = 0.8159, �m = 0.31), compared to the
llustris cosmology ( σ 8 = 0.81, �m = 0.27). Thus, Illustris-Dark 
aloes form later and are less spherical on average (Allgood et al.
006 ; Macci ̀o et al. 2008 ). 

.2.2 Impact of baryons 

or both the TNG and Illustris galaxy formation models, Fig. 3 shows
hat haloes in Full-Physics calculations are both rounder (larger q 
nd s ) and more oblate (smaller T ) at all radii compared to their
MO counterparts, in qualitative agreement with past hydrodynamic 

imulations (e.g. Abadi et al. 2010 ; Butsky et al. 2016 ; Cataldi et al.
021 ). This can be clearly seen from the lower attached panels, which
lot the difference between the median shapes in the Full-Physics 
nd DMO simulations. The amount of sphericalization depends on 
he distance to the halo centre: the effect of baryons is largest
ear the halo centre but reduces towards the virial radius, where 
ifferences become negligible. Taking 10 12 M � haloes in TNG100, 
or example, the maximal increase is � q ≈ 0.35 and � s ≈ 0.25 near
he convergence radius ( r 100 

conv = 0 . 05 R 200 ). The effect of baryons
 xtends far be yond the stellar half-mass radius of the central galaxy,
hich is typically smaller than 20 per cent of the virial radius. Even

t half the virial radius, there is non-negligible sphericalization of 
 q ≈ 0.05 and � s ≈ 0.05 in all Full-Physics runs. 
In general, there is good agreement between the TNG50 and 

NG100 results for 10 11 and 10 12 M � haloes, where the simulation 
esults can be compared in a statistically sound manner. With a 
igher resolution, TNG50 further demonstrates that the TNG100 
esults also apply to smaller radii: the difference between the Full-
hysics and DMO results continues to widen down to the TNG50 
onvergence radius. There is a tendency for TNG50 haloes to be more
pherical and oblate than TNG100 haloes in the same mass bin, a
esult of the resolution dependency of the galaxy formation model. 
riefly, changing the simulation resolution impacts the growth of 
alaxies (e.g. in terms of star formation and/or strength of baryonic 
eedback). For the TNG model, at fixed halo mass, higher resolution 
mplies larger stellar masses (see e.g. appendix sections of Pillepich 
t al. 2018a , b , 2019 ). Consequently, the halo shape is also affected,
ue to the relation between galaxy properties and halo shape, which 
s discussed in Section 4 . Further discussion of resolution effects on
alo shapes in the Full-Physics runs can also be found in Appendix A .

.2.3 Comparing TNG100 and Illustris 

n average, halo shapes in TNG100 and the older Illustris simulation 
re similar, with the biggest discrepancies in low-mass and high-mass 
aloes. At the low-mass end (10 11 M �), the TNG model decreases the
phericity s but not q , hence causing the triaxiality to decrease (more
blate) relative to Illustris. At cluster scales (10 14 M �), TNG100
aloes are in general more spherical and oblate compared to Illustris,
specially at smaller radii ( r � 0.1 R 200 ). Both these results can be
raced to the TNG galaxy formation model, which suppresses the 
tellar mass function at both the low-mass and high-mass ends 
Weinberger et al. 2017 ; Pillepich et al. 2018a ; Springel et al. 
018 ). 

.3 Dependence on halo mass 

o examine the dependence of halo shape on halo mass, we focus
n the local shape at two specific radii: (i) the virial radius R 200 

epresenting the outer halo, and (ii) r 15 : = 0.15 R 200 representing
he inner halo, where the changes on halo shapes induced by galaxy
ormation are the strongest. Because of resolution constraints, r 15 has 
een determined by the smallest converged radius of 10 11 M � haloes
n TNG100-DM, and 10 10 M � haloes in TNG50-DM. For simplicity, 
e denote shape parameters measured at r 15 with a subscript; i.e. s 15 

 = s ( r 15 ), and similarly for q 15 and T 15 . 
Fig. 4 plots the halo shape parameters as a function of halo mass

t the virial radius (top panels) and at r 15 (lower panels). Each curve
epresents the median halo shape, while the shaded regions denote 
he 25–75th percentile and measure the halo-to-halo variation in the 
aryonic runs. The lower attached panels show the difference in the
edian shapes between the baryonic and DMO counterparts, denoted 

s � 〈 q 〉 = 〈 q FP 〉 − 〈 q DMO 〉 . Compared to the previous section, we
urther consider in TNG50 haloes of mass 10 10 –10 11 M �. 

.3.1 Halo shape at the virial radius and in the inner halo 

t the virial radius (upper panels), there is little difference between
he Full-Physics and DMO runs. Hence, we conclude once again that
he impact of baryons is negligible at the virial radius, consistent
ith the radial profiles shown in Fig. 3 . In general, the parameters q

nd s exhibit a negative correlation with halo mass, while T exhibits
 positive correlation with halo mass: more massive haloes tend to be
ess spherical and more prolate on average. This is in good agreement
ith results of previous N -body simulations (e.g. Springel, White &
ernquist 2004 ; Allgood et al. 2006 ; Macci ̀o et al. 2008 ; Schneider,
renk & Cole 2012 ). 
In the inner halo ( r = r 15 ), differences between the baryonic and

MO runs become significant. Although the axis ratios continue 
o correlate ne gativ ely (and positiv ely for T ) with halo mass, this
ependence is no longer monotonic in the Full-Physics runs: there 
re clear peaks at M 200 ≈ 2 × 10 12 M �, where haloes tend to be
ost spherical and oblate. At this mass, we find that 〈 q 15 〉 ≈ 0.95,

 s 15 〉 ≈ 0.75, and 〈 T 15 〉 ≈ 0.30. From the lower panels, these
orrespond to a difference of � 〈 q 15 〉 ≈ 0.25, � 〈 s 15 〉 ≈ 0.2, and
 〈 T 15 〉 ≈ −0.5 relative to the DMO runs. 
Away from the maximum, the impact of baryons in the inner

alo decreases. In fact, the TNG50 results show that the differences
etween haloes in the Full-Physics and DMO runs are negligible for
0 10 M � haloes, where galaxy formation does not appear to have had
n impact on halo shapes. 

.3.2 Comparison to other hydrodynamic simulations 

e compare our TNG results to those from the Numerical Investi-
ation of a Hundred Astrophysical Objects (NIHAO) and EAGLE 
MNRAS 515, 2681–2697 (2022) 
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Figure 4. Dependence of DM halo shapes on halo mass at the virial radius (top panels) and in the inner halo (bottom panels, r 15 ≡ 0.15 R 200 ). Solid lines 
denote results from the Full-Physics simulations (TNG and Illustris), while dotted lines denote results from the DMO simulations. The lower attached panels 
plot the difference in the median parameters between the Full-Physics and DMO simulations, i.e. � q = 〈 q FP 〉 − 〈 q DMO 〉 . In TNG100, baryonic physics and the 
associated galaxy formation result in non-monotonic behaviour of the halo shapes, peaking at halo masses of M � ≈ 2 × 10 12 M �. 
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imulations. NIHAO is a suite of high-resolution simulations of dwarf
o MW-size galaxies (Wang et al. 2015 ), and we make use of the
elation between halo shape and mass presented in equation (1)
f Butsky et al. ( 2016 ). Since the impact of baryons in NIHAO
as presented on a halo-to-halo basis, we extract similar results
y matching subhaloes between the Full-Physics and DMO runs
or TNG50, TNG100, and EAGLE, as described in Section 2 . To
e consistent with NIHAO, we make the following adjustments for
he shape calculation in this section: (i) the inner halo shapes are
 v aluated interior to 0.12 R 200 ; and (ii) halo shapes are calculated
sing the reduced shape tensor , where the contribution of each
article is weighted by r −2 

ell . Correspondingly, the minimum halo
ass in TNG100(-DM) is increased to 3 × 10 11 M � to ensure that

he halo shape at 0.12 R 200 is resolved. 
Like TNG, the EAGLE project consists of cosmological hydro-

ynamical simulations of galaxy formation (Crain et al. 2015 ).
lthough the shapes of DM haloes in EAGLE have been analysed

nd presented in previous work (e.g. Cataldi et al. 2021 ), the results
resented here are based on our own analysis: the haloes and
ubhaloes are identified identically to TNG (i.e. with the same FOF
roup finder and SUBFIND ), and halo shapes are calculated with the
ame code used for Illustris and TNG. This remo v es differences
esulting from variations of these procedures and ensures that the
NG and EAGLE halo shapes can be compared consistently. 
NRAS 515, 2681–2697 (2022) 

h  
Fig. 5 shows the scatter plots of the relative halo shapes in the Full-
hysics and DMO simulations as a function of halo mass. On the
 -axis, masses refer to the halo mass of the Full-Physics counterpart.
he median relations in TNG50 and TNG100 are presented by green
nd blue curves. In general, we find that the curves are qualitatively
imilar to those in the lower attached panels of Fig. 4 . Combining
aloes from both TNG50 and TNG100, we decided to capture the
hape of the ratio s FP / s DMO by fitting a cubic function: 

 ( M) = 

s FP 

s DMO 
= α + γ ( log 10 M − β) 2 + δ( log 10 M − β) 3 , (5) 

here M ≡ M 200 is the virial mass of the halo. By nature of the halo
ass function, small haloes strongly outnumber more massive ones,

ence we weight each halo inversely proportional to the halo mass
unction. The Levenberg–Marquardt algorithm is applied to solve
he least-squares problem, with the best-fitting parameters shown in
able 4 . The best-fitting curve to the combined TNG50 and TNG100
ata is shown by the black dashed line in Fig. 5 , with a maximum
verage ratio of 1.5 for haloes close to 10 13 M �. 

The EAGLE results based on our own analysis of the data are
lotted in red, which shows good agreement between EAGLE and
NG100. In particular, the impact of baryons, as captured by the
ull-Physics to DMO ratios, exhibits similar dependencies on the
alo mass for all three parameters, with maxima/minima located
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Figure 5. Comparison with NIHAO (golden dashed lines; Butsky et al. 2016 ) and EAGLE (red dashed lines; Crain et al. 2015 ). We plot the ratio between the 
inner halo shape of matched haloes between the Full-Physics and DMO simulations, as a function of the halo mass of the Full-Physics counterpart. The scatter 
plots indicate individual matched halo pairs in TNG50 and TNG100, while the median is represented by solid lines. For s FP / s DMO (middle plot), a least-squares 
fit is performed to a cubic equation (equation 5 ), and the resulting fit is shown as the black dashed line. To facilitate a consistent comparison with NIHAO, here 
we show results for halo shapes evaluated interior to r = 0.12 R 200 using the reduced shape tensor. 

Table 4. Best-fitting parameters to equation ( 5 ) for s FP / s DMO , the ratio 
between the shape parameter s in the baryonic and DMO simulations (middle 
panel of Fig. 5 ). 

α β γ δ

1.48 13.1 −0.081 −0.011 
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pproximately at 3 × 10 12 M �. There is a small o v erall v ertical
hift implying a smaller impact of baryons in EAGLE compared 
o TNG100, especially at the high-mass end. Ho we v er, this v ertical
hift is small compared to the halo-to-halo variation, and to the 
ifference between TNG50 and TNG100 in the 10 11 –10 12 M � halo 
ass range. 
The NIHAO relation presented in Butsky et al. ( 2016 ) is shown as

he brown dashed curve in the middle panel, which is an increasing
-shaped curve. At a halo mass of 10 10 M �, both the TNG50 and
IHAO results agree that the influence of baryons is negligible. 
lthough both sets of simulations show that the ratio s FP / s DMO 

ncreases with halo mass up to ≈10 12 M �, NIHAO exhibits a much
tronger dependence and the curve increases sharply between 10 11 

nd 10 12 M �. At 10 12 M �, the value of the ratio in NIHAO is ≈1.7,
ubstantially larger than the TNG and EAGLE curves. Since the 
IHAO sample only contains haloes hosting dwarf galaxies to MW- 

ize galaxies, it is unclear if the effect of baryons decreases for
ore massive haloes. The higher sphericities in NIHAO can be 

xplained by the larger central densities of NIHAO haloes. Although 
IHAO is able to reproduce the stellar mass–halo mass relation and 

tar formation rates across cosmic time, black hole feedback is not 
ncluded in the model, which results in high central peaks in some of
he circular velocity curves for 10 12 M � haloes (Wang et al. 2015 ).
n contrast, the circular velocity profiles of similar-mass haloes in 
NG100 are flatter, owing to the inclusion of black hole feedback 

Lo v ell et al. 2018 ). 

 GALA  CTIC  FEEDBA  CK  VARIATIONS  

n this section, we examine the effects of baryonic physics variations 
sing the 25 Mpc h −1 smaller boxes. A summary of the nine feedback
ariations examined has been presented in Table 2 . 
.1 Stellar mass–halo mass relation 

bserv ations have sho wn that the galaxy formation efficiency de-
ends non-monotonically on the halo mass and is maximal for MW-
ized haloes of 10 12 M � (e.g. Conroy & Wechsler 2009 ; Leauthaud
t al. 2012 ). We parametrize the galaxy formation efficiency using
he stellar mass fraction m ∗/ M 200 , where m ∗ refers to the stellar mass
ontent within twice the stellar half-mass radius. 4 

We first show the stellar mass fraction at z = 0 as a function of halo
ass for the various feedback models in Fig. 6 . For comparison, we

nclude results from TNG100 (blue dashed), and the semi-empirical 
odel of Behroozi et al. ( 2013 ) (solid grey). The fiducial small box

solid blue) matches well with both TNG100 and Behroozi et al.
 2013 ), with the stellar mass fraction maximized for haloes close to
0 12 M �. Note ho we ver that a quantitati ve comparison between our
esults and those from semi-empirical models can be difficult due to
ontrasting definitions for the stellar mass between simulations and 
bservational data sets (see Pillepich et al. 2018a , b for a detailed
iscussion). 
For lower mass haloes (10 11 –12 M �), the stellar mass fraction

s primarily affected by changes in the galactic winds. Turning 
ff galactic winds ( no winds ) results in the largest increase in the
tellar mass fraction. Similarly, decreasing the strength and speed of 
alactic winds both lead to an increase in the stellar mass fraction,
vident from the slow winds and weak winds cases. Conversely, 
ncreasing the wind speed and energy inhibits star formation, and 
ecreases the stellar mass fraction compared to the fiducial model. 
he corresponding galaxy stellar mass functions at z = 0 can be

ound in Pillepich et al. ( 2018a ): it is manifest that some of the
NG model-variation runs shown here are known to be ruled out by
bservational constraints. 
Although turning off BH feedback also increases star formation, 

he resulting increase is less significant compared with changes 
o the galactic wind, especially at lower halo masses. For more

assive haloes ( M 200 > 10 12 M �), BH feedback plays a larger role
n determining the stellar mass fraction. For example, turning off the
MNRAS 515, 2681–2697 (2022) 
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Figure 6. Stellar mass fraction as a function of halo mass in the small 
L25n512 boxes. Galaxy stellar masses are e v aluated within twice their stellar 
half-mass radius. The blue shaded region denotes the 25–75th percentiles for 
the fiducial run. Results from TNG100 (dashed blue) and the semi-empirical 
model of Behroozi, Wechsler & Wu ( 2013 ) (solid grey) are also shown for 
comparison. In general, reducing the strength of baryonic feedback (winds 
and BH) leads to an increase in the stellar mass fraction; increasing the 
strength and speed of galactic winds ( fast winds and strong winds ) leads to a 
decrease in the stellar mass fraction. 
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H kinetic feedback or turning off BH feedback completely both
esult in the largest increase to the stellar mass fraction. Unlike in the
maller haloes, increasing wind speeds appears to be more ef fecti ve
han increasing the wind energy in suppressing star formation. 

.2 Radial profile of halo shapes with physics variation 

he effects of the various feedback models on the radial profiles of
he shape parameters are shown in Fig. 7 . Here, we note that the
onvergence radius (dotted vertical line), as determined using the
MO run, is similar to TNG100-DM due to their similar resolutions.
ence the radius r 15 remains resolved in the small boxes. 
For 10 11 –11 . 5 M � haloes (top row), the largest impact results from

urning off galactic winds ( no winds ), which causes haloes to become
ignificantly rounder compared to the fiducial model. At r = 0.15 R 200 ,
he median sphericity is increased by � 〈 s 〉 ≈ 0.1 compared to the
ducial model. Ho we ver, such a feedback model is clearly unrealistic
nd leads to an o v erproduction of stars in low-mass haloes (Fig. 6 ).
n the strong winds and fast winds cases, both q and s are slightly
ecreased, while the triaxiality T is increased compared to the fiducial
un. There is little impact from changing the black hole feedback on
he halo shapes of low-mass haloes. In the inner halo (at r = 0.15 R 200 ),
he median 〈 q 〉 varies by ≈0.6 across the feedback variations, while
he median 〈 s 〉 varies by ≈0.75 when we ignore the unphysical no
inds case. 
For 10 12 –12 . 5 M � haloes (bottom row of Fig. 7 ), the feedback

ariations result in a larger diversity of the median halo shapes. In
he inner halo, decreasing the speed of galactic winds ( slow winds ) or
urning off black hole feedback ( no BH ) results in similar increases
o the sphericity s : the median s is increased by ≈0.05. On the other
and, decreasing the wind energy ( weak winds ) does not have a
oticeable impact on the halo shape profile. Interestingly, the effect
f turning off the black hole kinetic mode ( no BH kin mode ) is similar
o turning off BH feedback completely for the parameter q , but has
NRAS 515, 2681–2697 (2022) 
o effect on s in the inner halo. Both increasing the wind speed ( fast
inds ) and the wind energy ( strong winds ) results in less spherical
aloes, with the largest decrease observed for the fast winds case. 
For 10 12 M � haloes, the median 〈 q 〉 and 〈 s 〉 varies by ≈0.1 in the

nner halo across all the runs. This value is comparable to the halo-
o-halo variation in the fiducial model, indicated by the blue shaded
egions in Fig. 7 , which suggests that ruling out different feedback
odels requires sufficiently large statistics. Furthermore, we note

hat the inner halo shape differences of ≈0.1 correspond to a change
f almost 20 per cent with respect to the DMO halo shape ( s DMO ≈
.55): different feedback model predictions are closer to one another
han to the DMO ones, also in the case of models whose resulting
alaxy populations are known to be unrealistic (e.g. the no BH and
o winds cases). 

.3 Dependence on galaxy formation efficiency 

he differences in halo shape profiles induced by the model variations
uggest that the galaxy formation efficiency is closely linked to the
esulting halo shapes in baryonic simulations, since the halo shape
eflects the competition between the competing processes of star
ormation and feedback. The link between halo shape and the growth
f the baryonic component is further supported by controlled N -
ody experiments that study the effect of baryon condensation by
imulating the growth of baryonic discs within triaxial haloes. For
xample, Debattista et al. ( 2008 ) found that the final halo shape
epends on the mass of the baryonic disc, and Kazantzidis et al.
 2010 ) concluded that the halo response depends most strongly on
he o v erall gravitational importance of the disc. 

To verify these conclusions, we plot the shape parameters q and s in
he inner halo ( r = 0.15 R 200 ) as a function of the stellar mass fraction
n Fig. 8 . The left-hand panels show the results in the large boxes
TNG50, TNG100, and Illustris), with curves denoting the median of
he distributions for haloes of different masses. In general, the shape
arameters correlate positively with the stellar mass fraction: haloes
re rounder (larger q and s ) with increasing stellar mass fraction,
n agreement with results from previous simulations (e.g. Bryan
t al. 2013 ; Butsky et al. 2016 ; Chua et al. 2019 ; Cataldi et al.
021 ). For stellar mass fractions of m ∗/ M 200 � 0.05, the average
phericity is 〈 s 〉 � 0.75, significantly larger than the average DMO
alue (horizontal grey line and shaded region). As expected, halo
hapes approach the DMO value as stellar mass fraction decreases,
nd baryonic effects become negligible for m ∗/ M 200 < 10 −4 . Note
hat most curves exhibit an upturn in the halo shapes at the lower end
f the stellar mass fractions, which we believe is an indirect resolution
ffect. The strength of the correlations are further quantified using the
earson r and Spearman ρ coefficients, which are shown in Table 5 .
n all cases, we observe moderate but significant correlations between
he shape parameters and the stellar mass fraction. 

The results here also suggest that even though the stellar mass
raction normalizes for the halo mass, there is residual mass de-
endence of the halo shape–stellar mass fraction relation: at a fixed
tellar mass fraction, less massive haloes tend to be more spherical
han their more massive counterparts. This is associated with the
MO halo shape–halo mass dependence previously touched upon in
ection 3.3 , which continues to hold in baryonic simulations after
ontrolling for the galaxy stellar mass fraction. 

The results of the physics variations shown in the right-hand panels
f Fig. 8 paint a similar picture, for haloes of 10 11 –12 M � only:
he median curve for each variation displays a positive correlation
etween halo shape and stellar mass fraction. In particular, there is
ubstantial o v erlap across all curves, and the differences across the
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Figure 7. Effect of changing the feedback prescription on the radial profile of DM halo shapes. These simulations are carried out in the small L25n512 boxes. 
The top and bottom rows correspond to haloes of mass 10 11 –11 . 5 and 10 12 –12 . 5 M �, respectively. The solid lines denote the median, while the blue shaded region 
represents the 25–75th percentile in the fiducial model. Changing the feedback prescription has a larger impact on s (middle panels) compared to q (left-hand 
panels). In general, faster and stronger galactic winds result in less spherical (smaller q and s ) and more prolate (larger T ) haloes. The massive haloes (bottom 

row) exhibit larger changes in response to variations in feedback prescription. An increase in the strength of galactic winds results in less spherical haloes, and 
conversely for a decrease. While black holes only have a minor effect on 10 11 M � haloes, 10 12 M � haloes become rounder when black hole feedback is turned 
off. 
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ases are small ( � 0.25) at fixed stellar mass fractions. This provides
 strong indication that the halo shape in baryonic simulations is
rimarily dependant on its galaxy formation efficiency, and indepen- 
ent of the particular galaxy formation model used. At halo masses
f 10 11 –12 M �, the outcome of the model-variation runs also differs
ubstantially from the DMO predictions, for most implementations 
nd stellar mass fractions larger than 1–2 per cent. 

Finally, we note here that for MW-sized haloes, the most spherical 
aloes in TNG have sphericities of s 15 ≈ 0.85. This is consistent with
he simulations of Abadi et al. ( 2010 ), which considered the maximal
ffects of baryons by neglecting stellar formation and other forms 
f baryonic feedback. In their analysis, they found that this model 
esulted in a halo with sphericity s ∼ 0.85 approximately constant 
cross radii. 

.4 Comparison to obser v ations of the Milky Way halo shape 

n our Galaxy, the shape of the inner halo ( � 60 kpc) has been inferred
hrough observations of the motion of individual stars. Kinematics 
f halo stars combined with equilibrium modelling using Jean’s 
quations can be used to infer force fields and thus the MW halo
hape (e.g. Loebman et al. 2012 ; Bo wden, Ev ans & Williams 2016 ).
tellar streams formed from the tidal stripping of satellite galaxies 
r globular clusters can also be used to constrain the halo potential.
xamples of stellar streams that have been used include that of
he Sagittarius dwarf galaxy (Ibata et al. 2001 ; Law & Majewski
010 ; Vera-Ciro & Helmi 2013 ), as well as the Pal 5 and GD-1 tidal
treams (Bovy et al. 2016 ). In general, these observations indicate
hat the MW inner halo is substantially more spherical than DMO
redictions: s = 0.72 (20–60 kpc; Law & Majewski 2010 ), s = 0.8
Vera-Ciro & Helmi 2013 ), s = 1.05 (20 kpc; Bovy et al. 2016 ), and
 = 0.82 (Malhan & Ibata 2019 ), at radii somewhat smaller than
.2–0.3 times the virial radius of the Galaxy. 
In Fig. 8 , we have presented a quick comparison to the MW

bservations by indicating a lower bound for the stellar stream 

easurements of the sphericity ( s � 0.75). The horizontal error
ar represents the uncertainty in the stellar mass fraction of our
alaxy, ranging approximately between 0.01 and 0.1, consistent 
ith observational estimates (e.g. Zaritsky et al. 2020 ). The stellar
ass fraction the Galaxy corresponds to is the higher end in

he simulations, where the observational estimates and numerical 
redictions are in good agreement. 
A more thorough comparison between observational and simula- 

ion results is presented in Fig. 9 , which plots the sphericity s 15 as
 function of q 15 for MW-size haloes (7 × 10 11 –3 × 10 12 M �). The
eft-hand panel shows the results in TNG50, TNG100, and EAGLE, 
hile the right-hand panel shows the results for the model variations.
stimates of the MW inner halo shape from stellar streams are shown
MNRAS 515, 2681–2697 (2022) 
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(a) (b)

Figure 8. Relationship between the inner halo shape (at r = 0.15 R 200 ) and the stellar mass fraction. (a) Panels on the left show the shape parameters s and q 
in the flagship boxes (TNG50, TNG100, and Illustris) for haloes in four mass intervals. The curves represent the median, while the shaded regions represent 
the 25–75th percentiles. The DMO results shown in grey for comparison consist of all resolved haloes with mass > 10 11 M � in TNG50 and TNG100. The 
Full-Physics simulations predict a strong dependency of halo shapes on the stellar mass fraction, with maximal sphericalization for haloes with the highest galaxy 
formation efficiency. (b) The panels on the right compare the relationship between inner halo shape and stellar mass fraction for different galaxy formation 
implementations carried out in the small L25n512 boxes. Here, only haloes of mass 10 11 –12 M � are considered. The different curves are in general agreement, 
which suggests that halo shape differences caused by varying baryonic feedback in the simulations can be explained by its cumulative effects on the stellar mass 
fraction. A lower bound for the sphericity s of the Galaxy (MW) from observations is shown for comparison, with the horizontal error bar representing the 
uncertainty in the stellar mass fraction. 
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or comparison, with error bars denoting the 1 σ error (if provided by
he reference). Three of the observations (Vera-Ciro & Helmi 2013 ;
ovy et al. 2016 ; Malhan & Ibata 2019 ) indicate that the MW halo is
xisymmetric in the disc plane, hence q ≡ b / a is almost exactly one.

In general, the shift to larger sphericities in the MHD; i.e. Full-
hysics, runs means that TNG50 and TNG100 are in much better
greement with observations compared to their DMO counterparts.
ince Bovy et al. ( 2016 ) estimate the MW halo to be almost
ompletely spherical, we find a slight disagreement with their result
t the 1 σ level. Interestingly, this disagreement is not reduced even
hen we consider weaker feedback formulations, shown in the right-
and panel. Although the median s increases for models with weaker
eedback (e.g. weak winds and no BH cases), the upper percentiles
f the distributions (in s ) do not shift upwards sufficiently to meet
he Bovy et al. ( 2016 ) inferences: in fact, the galaxies produced by
hose models are unrealistic and so a possible agreement in MW halo
hapes would still point towards a tension. 
NRAS 515, 2681–2697 (2022) 
We illustrate these findings more clearly in Fig. 10 , which plots
he kernel density estimates of the distributions of q and s in the
mall boxes. The upper and lower panels show the halo shape
istributions in the inner halo and at the virial radius, respectively.
lthough decreasing the baryonic feedback strength tends to shift

he distribution of s 15 (upper right) to larger values of s , the biggest
hanges are for haloes with s 15 � 0.85. If accurate, the Bovy et al.
 2016 ) results would rule out the DMO, strong winds and fast
inds models, which hav e ne gligible fractions of haloes with s 15 

 0.9. In the remaining models, the fractions of haloes with s 15 

 0.9 are small but non-zero, thus it is possible for these models
o produce haloes compatible with the Bovy et al. ( 2016 ) results.
ince observations generally assume or find that the minor axis of

he halo and of the stars (i.e. Galaxy) coincide, we note that it may be
ossible to impro v e the agreement with observations by projecting
he halo shapes perpendicular to the stellar axis (Chua et al. 
019 ). 
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Table 5. Pearson and Spearman correlation coefficients and their associated 
p -values between the shape parameter s and the stellar mass fraction. The first 
se ven ro ws are results for model variations in the small boxes, while the last 
two rows correspond to the larger boxes, TNG100 and TNG50. For TNG100 
and the small boxes, all haloes of mass greater than 10 11 M � are considered. 
For TNG50, all haloes of mass greater than 10 10 M � are considered. All 
coef ficients are positi ve and significant, pointing to a strong correlation 
between the sphericity of a halo and its galaxy formation efficiency. 

Simulation Pearson r ( p -value) Spearman ρ ( p -value) 

1. Fiducial 0.259 (4.9 × 10 −17 ) 0.343 (1.7 × 10 −17 ) 
2. Strong winds 0.338 (2.3 × 10 −10 ) 0.259 (2.3 × 10 −10 ) 
3. Weak winds 0.282 (2.3 × 10 −12 ) 0.276 (5.9 × 10 −12 ) 
4. Fast winds 0.223 (1.2 × 10 −7 ) 0.214 (3.6 × 10 −7 ) 
5. Slow winds 0.444 (2.8 × 10 −30 ) 0.455 (4.7 × 10 −32 ) 
6. No BH kinetic model 0.365 (1.0 × 10 −19 ) 0.373 (1.3 × 10 −20 ) 
7. No BH 0.435 (9.4 × 10 −29 ) 0.440 (1.8 × 10 −29 ) 
8. TNG100 0.352 (0) 0.368 (0) 
9. TNG50 0.301 (0) 0.355 (0) 
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In general, the results indicate that the inner DM halo shapes 
redicted by Full-Physics models differ substantially from those from 

MO calculations and that, even for unrealistic feedback models, 
heir predictions are closer to one another than to the DMO results.
o we ver, the distributions in Fig. 10 point to a difficulty in using the
M halo shape as a constraint on baryonic feedback models: varying 

he baryonic feedback only results in distributional differences that 
re small compared to the large halo-to-halo variation ( σ ≈ 0.15). 
ence, a large statistic, i.e. a large halo sample, is necessary to

tatistically rule out the various feedback models. For hydrodynamic 
imulations, obtaining a large sample is challenging due to the high 
omputational costs of high-resolution simulations with large box 
izes such as TNG50 and TNG100. Observationally, current methods 
f inferring the three-dimensional DM halo shape rely strongly on 
tellar observations and are thus only feasible for nearby galaxies. 
igure 9. Distribution of the sphericity s as a function of the parameter q in the in
anel shows the results from TNG50, TNG100, and EAGLE, while the right-hand
maller boxes. Solid lines represent results from MHD simulations, while dashed
epresents the 1 σ interval in the MHD simulations. The red, blue, magenta, and bla
 Ibata ( 2019 ), Bovy et al. ( 2016 ), Vera-Ciro & Helmi ( 2013 ), and Law & Majews
Near the virial radius, no feedback variation is able to significantly
ffect the halo shape. This is illustrated in the lower panels of Fig. 10 ,
hich show that the distributions across all feedback variations are 

imilar to the DMO case. 

 SUMMARY  

e have used a suite of cosmological simulations to investigate the
mpact of galaxy assembly on the shape of DM haloes at redshift z =
. To elucidate the effects of the fiducial galaxy formation model, we
av e e xamined haloes from TNG50 and TNG100, which are both
art of the suite of MHD cosmological simulations IllustrisTNG. 
ecause of the high resolution of TNG50, we were able to reliably

esolve halo shapes down to halo masses of 10 10 M �. In total,
e have analysed statistically significant samples of ≈10 000 and 
14 000 haloes in TNG50 and TNG100, respectively, spanning a 

alo mass range of 10 10 –10 14 M �. The convergence radii in TNG100-
M and TNG50-DM are determined to be r conv = 10 and 4 kpc,

especti vely. These v alues correspond to 15 per cent of the virial
adius for 10 11 M � haloes in TNG100, and 10 per cent of the virial
adius for 10 10 M � haloes in TNG50. We have also investigated a
et of 25 h −1 Mpc smaller boxes, which have numerical resolutions
omparable to that of TNG100. A total of nine model variations have
een analysed, including five galactic wind feedback variations and 
wo black hole feedback variations: these have allowed us to bracket
he effects on simulated halo shapes due to lingering uncertainties 
n the galaxy formation models, also including unrealistic feedback 
mplementations. 

Using an iterative algorithm for the unweighted shape tensor, we 
ave quantified halo shapes in ellipsoidal shells as a function of
adius, which are summarized with the parameters q ( r ) ≡ b / a , s ( r )

c / a , and the triaxiality parameter T ( r ) ≡ (1 − q 2 )/(1 − s 2 ). When
ocusing on the inner halo, we have chosen to represent the inner
alo shape by the measurement at r 15 ≡ 0.15 R 200 , where haloes
cross the examined mass range are determined to be resolved. 
MNRAS 515, 2681–2697 (2022) 

ner halo, for haloes of mass M 200 = 7 × 10 11 –3 × 10 12 M �. The left-hand 
 panel shows the results for the different baryonic feedback models in the 
 lines represent results from the DMO simulation. Here, the shaded region 
ck symbols denote observational estimates of the MW halo shape by Malhan 
ki ( 2010 ), with error bars denoting the 1 σ uncertainty (if available). 
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Figure 10. Effect of physics variations on the distributions of shapes of MW-sized DM haloes ( M 200 = 7 × 10 11 –3 × 10 12 M �) in the smaller boxes. The 
distribution for each feedback model is represented by a kernel density estimate. The grey shaded region denotes the range of observational estimates of the 
MW sphericity s in the inner halo. In the inner halo ( r = 0.15 R 200 , top row), all the feedback models result in haloes that are substantially more spherical than 
those of the DMO simulation. Substantial o v erlap remains across the feedback variants, rendering it difficult to distinguish between these models based solely 
on measurements of the MW halo shape. At the virial radius (bottom row), regardless of the feedback model, the effect of baryons becomes negligible. 
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e compared the TNG haloes to their counterparts in the DMO
nalogues TNG50-DM and TNG100-DM, as well as the previous
eneration Illustris. Furthermore, we have also compared our results
o previous simulations and observational estimates of the MW halo
hape. We summarize our results as follows. 

(i) In both TNG50 and TNG100, haloes are more spherical and
blate on average than their DMO counterparts (Figs 3 and 4 ),
onsistent with previous hydrodynamic simulations with realistic
alaxy formation models (e.g. Butsky et al. 2016 ; Chisari et al.
017 ; Prada et al. 2019 ; Cataldi et al. 2021 ). The effect of baryons is
egligible in small 10 10 M � haloes, and maximal for 10 12 M � haloes,
here the median 〈 q 〉 and 〈 s 〉 exceeds that of the DMO runs by almost
.5 and 0.3 at r = 0.02 R 200 . Minor discrepancies between TNG50
nd TNG100 can be noticed, due to the dependency of the baryonic
hysics models on simulation resolution. 
(ii) Based on our own post-processing and analysis of the EAGLE

ata, we find good agreement between TNG100, EAGLE, and
llustris (Figs 5 and 9 ). We highlight that the impact of baryons, as
NRAS 515, 2681–2697 (2022) 
aptured by the Full-Physics to DMO ratio, has a similar dependence
n halo mass, which points to a quantitative agreement in numerical
alo shape predictions across different hydrodynamic simulations. 
(iii) Through the feedback variation runs in smaller simulation

oxes (Table 2 ), we show, on the w ak e of the results of Weinberg
t al. ( 2008 ) and Pillepich et al. ( 2018a ), that the galaxy formation
fficiency as parametrized by the stellar mass fraction is strongly af-
ected by the changing feedback strength. In general, increasing (de-
reasing) the galactic wind speed or energy suppresses (increases) the
tellar mass fraction. Turning off black hole feedback has the effect of
ncreasing the stellar mass fraction, primarily at larger halo masses. 

(iv) We show that varying the feedback prescription has an impact
n the median halo shape parameters (Fig. 7 ): on average, stronger
eedback prescriptions (increasing the galactic wind energy or speed)
ause haloes to become less spherical and more prolate. Conversely,
eaker feedback prescriptions (through the reduction of galactic
ind speeds or suppression of black hole feedback) result in more

pherical and oblate haloes. Ho we ver, in the inner haloes, we find a
aximum change in the median parameters 〈 q 〉 , 〈 s 〉 , and 〈 T 〉 of around

art/stac1897_f10.eps


Galactic feedback and dark matter halo shapes 2695 

0
t
w
f  

e

t  

w
(  

e  

m
t
v  

t  

m  

1
t
a  

e

h
fi
(  

m  

s  

t  

m
p
m
a

A

M
0
N
2

D

T  

w  

c  

N  

u

R

A  

A  

B
B
B
B
B  

B  

B
C  

C
C  

C
C
D
D  

D
D
D
E
G
H
I
J
K
K
K
L
L
L  

L
M  

M
M
N
N
N
N
N
N
P
P
P
P
P  

P  

S
S  

S
S  

S
S
S  

S  

 

S
S  

T  

T  

V
V
V  

V  

V

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/515/2/2681/6650373 by M
IT Libraries user on 18 August 2022
.1 across the nine feedback-model variations: this is comparable 
o the halo-to-halo variation for the fiducial IllustrisTNG model, 
hich has standard deviation σ ≈ 0.15, and makes the results of any 

eedback model studied here closer to one another than to the DMO
xpectations. 

(v) We demonstrate that a positive correlation is in place between 
he shape of the inner halo and the stellar mass fraction: haloes
ith larger stellar mass fractions are rounder and more oblate 

Fig. 8 ), in agreement with previous numerical work (e.g. Bryan
t al. 2013 ; Butsky et al. 2016 ; Cataldi et al. 2021 ). At a fixed stellar
ass fraction, the predicted inner halo shapes are consistent across 

he simulations examined (TNG50, TNG100, and the feedback 
 ariations), within average v ariations of 0.1. In particular, we note
hat the effect of baryons is negligible when the stellar mass fraction is
 ∗/ M 200 � 10 −4 . Ho we ver, for stellar mass fractions larger than about
–2 per cent, all feedback variation runs predict average halo shapes 
hat are substantially different from those from DMO calculations 
nd more compatible with one another than with the DMO results,
ven in the case of manifestly unrealistic feedback implementations. 

(vi) Comparing with several observational estimates of the MW 

alo shape, we find good agreement between observations and the 
ducial model predictions from TNG50 and TNG100 at the 1 σ level 
Fig. 9 ). With the small boxes, we demonstrate that the eight baryonic
odels (excluding the DMO model) are consistent with a value of

 MW = 0.7–0.8 for the MW halo shape, due to the large o v erlap in
he shape distributions (Fig. 10 ). Although these values disfa v our the

odels with stronger galactic feedback, the halo shape alone does not 
rovide a very strong constraint on baryonic feedback models, but 
ay do so in combination with complementary galaxy diagnostics 

nd better statistics. 
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PPENDIX:  RESOLUTION  CONVERGENCE  

n this work, we have primarily considered both the TNG100 and
NG50 runs with the highest resolution, e.g. TNG100-1 and TNG50-
. Here, we test the numerical convergence of the median halo shape
rofiles using the three resolution levels, and for haloes in different
ass bins. The convergence of the shape profiles are shown in Fig.
1 for TNG100 and Fig. A2 for TNG50. Note that each lower

esolution level is coarsened by a factor of 8 in mass resolution and a
actor of 2 in the softening length. The dotted vertical lines show the
edian convergence radii r conv as derived from equation ( 4 ) across the

aloes in the mass bin. We find in the DMO cases (solid lines) good
onvergence of the median halo shape for r > r conv . In Fig. A1 , note
hat because of the low resolution of TNG100-DM-3, the halo shapes
NRAS 515, 2681–2697 (2022) 

igure A1. Effect of resolution on the median DM halo shapes in TNG100-DM (
ines show the median convergence radii r conv as derived from κ( r ) = 7 (equatio
ower resolution runs match the highest resolution TNG100-DM-1. The halo shape
esolution TNG100-DM-3. In the MHD runs (dashed lines), halo shapes do not app
f the galaxy formation physics. Results from the smaller L25n512 box are also sh
f 10 11 M � haloes (left-hand panels) are not converged at any radii.
 similar result can be observed for the smallest haloes in TNG50

Fig. A2 ). We also plot the profiles from the smaller L25n512-DMO
ox (violet) in Fig. A1 , which demonstrate good convergence with
he TNG100-DM-1 profiles (blue), due to the similar resolutions of
oth simulations. 
For comparison, we plot also results from the MHD runs (dashed

urves). In these MHD runs, the halo shapes are not converged
ith resolution, even in the region r > r conv . Instead, haloes from

he higher resolution runs are more spherical, due to the resolution
ependence of the baryonic physics. In the TNG galaxy formation
odel, lowering the simulation resolution results in lower galaxy

ormation efficiencies (Pillepich et al. 2018b ), causing haloes to be
ess spherical as well. 

Compared to circular velocities, the convergence of halo shapes
s more demanding, with a larger minimum radius r conv of the
onv erged re gion. Although κ > 7 describes well the converged
egions of halo shapes in DMO simulations, the situation is more
omplicated in hydrodynamic simulations since the baryonic physics
mplementations can also depend on resolution. For example, the
NG galaxy formation model when applied to a larger box of
idelength 300 Mpc results in the systematically lower stellar masses
f galaxies compared to the smaller box TNG100 (Pillepich et al.
018b ), due to the lower mass and spatial resolution in TNG300.
or this reason, we use equation ( 4 ) applied to the DMO runs to

dentify the regions where the effects of two-body relaxation can be
eglected. 
solid lines) and TNG100 (MHD, dashed lines) in various mass bins. Dotted 
n 4 ). For r > r conv , the median DMO halo shapes are converged, i.e. the 
s of 10 11 M � haloes (left-hand panels) are not converged at all in the lowest 
ear to converge with resolution, due to the additional resolution dependence 
own for comparison. 
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Figure A2. Effect of resolution on the median DM halo shapes in TNG50-DM (solid lines) and TNG50 (MHD, dashed lines), for haloes between 10 10 and 
10 12 . 5 M �. In particular, note that r = 0.15 R 200 is resolved in 10 10 M � haloes for the highest resolution run. 
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