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A B S T R A C T 

We select a sample of Milky Way (MW) mass haloes from a high-resolution version of the EAGLE simulation to study their 
inner dark matter (DM) content and how baryons alter it. As in previous studies, we find that all haloes are more massive at 
the centre compared to their dark matter-only (DMO) counterparts at the present day as a result of the dissipational collapse of 
baryons during the assembly of the galaxy. Ho we ver, we identify two processes that can reduce the central halo mass during the 
evolution of the g alaxy. First, g as blowouts induced by active galactic nuclei feedback can lead to a substantial decrease of the 
central DM mass. Secondly, the formation of a stellar bar and its interaction with the DM can induce a secular expansion of the 
halo; the rate at which DM is e v acuated from the central region by this process is related to the average bar strength, and the 
time-scale on which it acts determines how much the halo has decontracted. Although the inner regions of the haloes we have 
investigated are still more massive than their DMO counterparts at z = 0, they are significantly less massive than in the past and 

less massive than expected from the classic adiabatic contraction model. Since the MW has both a central supermassive black 

hole and a bar, the extent to which its halo has contracted is uncertain. This may affect estimates of the mass of the MW halo 

and of the expected signals in direct and indirect DM detection experiments. 

Key words: dark matter – galaxies: bar – galaxies: evolution. 
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 I N T RO D U C T I O N  

tructure formation in a cold dark matter (CDM) universe proceeds
n a hierarchical bottom-up manner. Small-scale o v erdensities are
he first to decouple from the Hubble flow and undergo gravita-
ional collapse. Their subsequent growth is driven by mergers with
eighbouring structures and diffuse, smooth mass accretion from
he surroundings. The end result is a bound, virialized halo of dark

atter (DM) that can host a galaxy at its centre if it is massive
nough (White & Rees 1978 ; Benitez-Llambay & Frenk 2020 ).
 -body simulations that model the DM and baryons as a single
ollisionless fluid predict DM density profiles with shapes that are
oughly independent of halo mass, cosmological parameters, and
he primordial fluctuation power spectrum (Navarro, Frenk & White
996b ; Wang et al. 2020 ). These density profiles are well fitted by the
wo-parameter Navarro–Frenk–White (NFW; Navarro et al. 1996b ;
avarro, Frenk & White 1997 ) profile: 

NFW 

( r) = 

ρ0 

r 

r s 

(
1 + 

r 

r s 

)2 , (1) 

lthough more recent, higher resolution simulations suggest that the
hree-parameter Einasto ( 1965 ) profile provides an even better fit
Navarro et al. 2004 ). The two parameters of the NFW profile are
elated to the halo virial mass and its concentration, both of which
re tightly correlated. This is a consequence of the mass dependence
f the formation epoch of haloes, as a result of which less-massive
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aloes typically have greater concentrations than more massive ones,
eflecting the fact that they undergo gravitational collapse earlier,
hen the universe was correspondingly denser. 
The ubiquitous prediction of centrally divergent halo density pro-

les in CDM offers a test of whether DM is cold or not. This has mo-
i v ated numerous studies comparing observations of the inferred DM
ensity profiles to theoretical predictions on a wide range of scales,
rom dwarf galaxies (e.g. Burkert 1995 ; Strigari, Frenk & White
010 ; Walker & Pe ̃ narrubia 2011 ; Agnello & Evans 2012 ; Oh et al.
015 ) to rich galaxy clusters (e.g. Sand, Treu & Ellis 2002 ; Umetsu &
iemer 2017 ; He et al. 2020 ). The comparisons are largely based
n predictions stemming from purely collisionless dark matter-only
DMO) N -body simulations, where non-linear effects produced by
aryons are unaccounted for. Processes associated with the formation
nd evolution of galaxies can have measurable effects on the structure
f the DM haloes hosting them, such as changing the distribution of
M or redistributing angular momentum (e.g. Zavala, Okamoto &
renk 2008 ; Chan et al. 2015 ; Schaller et al. 2015 ). The increasing
vailability of hydrodynamical cosmological simulations able both to
eproduce many measured galaxy population statistics and have suffi-
ient resolution to probe the galaxy-scale distribution of DM enables
 more meaningful comparison between theory and observations
for a re vie w, see Somerville & Dav ́e 2015 ). These simulations use
ubgrid prescriptions to model processes such as star formation, gas
ooling, and feedback due to supernovae and active galactic nuclei
AGN). The interplay between these processes leads to a complex
nd rich phenomenology that is missing in DMO simulations. 

Initially, gas near a growing DM halo is dragged in due to the
eepening gravitational potential well, shock heated and, if it can cool
© 2022 The Author(s) 
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fficiently, it will sink towards the centre where star formation can 
ommence once the gas density is large enough (White & Rees 1978 ).
he dissipative collapse of gas and its assembly in the central regions
f the halo deepens the potential well, inducing a contraction of the
M halo and enhancing the central density compared to the DMO 

ounterpart. The ef fecti veness of this response depends on a number
f properties, such as the mass of the central galaxy, the assembly
istory of the halo, and the phase-space distribution of DM particles 
Abadi et al. 2010 ; Dutton et al. 2016 ; Artale et al. 2019 ). The first
nalytical models used to estimate this response assumed ‘adiabatic 
ontraction’ and circular orbits (Blumenthal et al. 1986 ; Ryden & 

unn 1987 ) but were later expanded to take into account the orbital
ccentricities of typical DM particles (Gnedin et al. 2004 ). More
ecently, there have been a number of extensions based on empirical 
ts to the measured response in hydrodynamical N -body simulations 
Cautun et al. 2020 ), as well as orbital phase-space modelling using
ntegrals of motion (Callingham et al. 2020 ). 

The assembly of gas and stars has other effects that are in direct
ompetition with the contraction of the halo. The sudden expulsion, 
riv en by superno vae e xplosions, of gas that had previously accumu-
ated slowly at the centre of a dwarf galaxy halo can cause the central
egions of the halo to expand (Navarro, Eke & Frenk 1996a ). This
an occur in a single disruptive event or in a series of more moderate
erturbations that drive oscillations in the gravitational potential 
Read & Gilmore 2005 ; Pontzen & Go v ernato 2014 ). On cluster
cales, a similar outcome can result from po werful AGN-dri ven 
utbursts (Martizzi, Teyssier & Moore 2013 ). Similarly, dynamical 
riction e x erted on inf alling gas clumps by dw arf-scale haloes
El-Zant, Shlosman & Hoffman 2001 ; Mashchenko, Couchman & 

adsley 2006 ) or merging galaxies in cluster-scale haloes (El-Zant 
t al. 2004 ; Laporte et al. 2012 ) could also lower the central DM
ensity. 
The details of how star formation is modelled determines the 

egree of gravitational coupling between the gas and the DM 

alo, and thus influences how effectively gas blowouts can alter 
he inner contents of DM haloes (Ben ́ıtez-Llambay et al. 2019 ).
his explains differences in the predicted density profiles of dwarf 
alaxies between simulations employing high-density thresholds and 
hose employing lower ones. Whilst the former are able to accumulate 
ufficient quantities of gas in the central regions of the halo prior to the
as being blown out, low-density thresholds never reach this point. 
nother important aspect of gravitational perturbations is the time- 

cale on which they operate. As discussed in the appendix of Ben ́ıtez-
lambay et al. ( 2019 ), perturbations that last longer, compared to the

ypical dynamical time of the shell, remo v e DM more ef fecti vely. If
he perturbation time-scale is suf ficiently long, the ef fecti veness of
ach individual perturbation in heating the DM becomes maximal. 
his means that the integrated effect is solely dependent on the 
umber of such perturbations. 
Finally, torques e x erted by non-axisymmetric features are able to 

edistribute angular momentum between baryons and DM, as well 
s within the galaxy itself (Lynden-Bell & Kalnajs 1972 ; Lynden- 
ell 1979 ). One example are stellar bars, which are present in a

ignificant fraction of nearby spiral galaxies (Eskridge et al. 2000 ; 
heth et al. 2008 ; Skibba et al. 2012 ; Buta et al. 2015 ) and in our
wn Milky Way (MW; Binney et al. 1991 ; Weiland et al. 1994 ;
wek et al. 1995 ; Ness et al. 2016 ). The formation of a bar can
e driven by an instability resulting from a kinematically cold 
nd gravitationally important disc, as appreciated in early N -body 
imulations (e.g. Miller, Prendergast & Quirk 1970 ; Hohl 1971 ). An
lternative bar-formation mechanism relies on external triggers such 
s tidal interactions caused by a close flyby or a merger (Noguchi
987 ; Łokas et al. 2016 ; Martinez-Valpuesta et al. 2017 ). These
rocesses can also reconstitute previously existing bars (Berentzen 
t al. 2004 ). 

The subsequent evolution of the bar is determined by exchange 
f angular momentum, which can lead to its strengthening and 
engthening (Athanassoula 2003 ). This exchange occurs near orbital 
esonances. While some authors argue that as many as 10 8 particles
re required to model the resonances (e.g. Ceverino & Klypin 2007 ;
einberg & Katz 20 07a , b ), others find less-stringent conditions on

he grounds that a time-evolving bar pattern speed broadens the 
esonant regions (e.g. Sell w ood 2006 ). The net flow of angular
omentum depends on the dynamical and spatial properties of the 

onstituent components of the system (for a re vie w, see Athanassoula
013 ). The regions of the disc within the corotation radius of a bar
ose it, whereas those beyond gain it. On the other hand, spheroidal
omponents such as the DM halo and the stellar bulge are only able
o acquire it. Consequently, bar-driven changes in the distribution 
f angular momentum can change the structural properties of discs 
Debattista et al. 2006 ), cause classical bulges to acquire net rotation
Saha, Martinez-Valpuesta & Gerhard 2012 ; Kataria & Das 2019 )
nd alter the central density of DM haloes (Weinberg & Katz
002 ; Holley-Bockelmann, Weinberg & Katz 2005 ; Sell w ood 2008 ;
ubinski, Berentzen & Shlosman 2009 ; Algorry et al. 2017 ). 
The efficiency with which all these different processes are able 

o alter the central density of DM depends largely on the mass
cale under consideration. F or e xample, the small amount of baryons
ollected at the centre of very faint dwarfs cannot alter significantly
he inner DM content of their host halo. On the other hand, if too many
aryons end up locked in stars in larger haloes, the DM contracts in
esponse to them. There is thus a narrow range in mass in which
upernov ae-dri ven gas blowouts are effective at driving DM mass
ut (e.g. Di Cintio et al. 2014 ; Tollet et al. 2016 ). It is then common
ractice to assume that larger haloes, particularly those with mass 
omparable to that of our MW, are only subject to the contraction
aused by baryons, ignoring altogether the competing effects caused 
y other processes, such as AGN-driven outflows of gas, or the
resence of a massive bar at the centre. 
In this paper, we revisit these ideas using a high-resolution 

ydrodynamical simulation of the EAGLE project. In particular, we 
tudy in detail the time evolution of the inner DM content of a sample
f MW-mass haloes and search for events that alter it. Understanding
he role of baryons in these haloes is important for a wide range of
pplications, from mass estimates of our MW (Cautun et al. 2020 )
o informing direct and indirect searches for DM (Calore et al. 2015 ;
ozorgnia et al. 2016 ; Schaller et al. 2016 ; Bozorgnia & Bertone
017 ). 
The paper is structured as follows. Section 2 describes the 

imulations as well as our selection of a sample of galaxies for
nalysis. Section 3 presents our results, focusing first on gas blowouts
nd then on stellar bars, as well as on the resulting contraction and
xpansion of the central regions of the halo. Our conclusions are
resented in Section 4. 

 SI MULATI ONS  

n this section, we give an overview of the EAGLE simulations used
n this work and describe the selection of our halo sample. 

.1 The code 

he EAGLE project (Crain et al. 2015 ; Schaye et al. 2015 ) is a
uite of hydrodynamical cosmological simulations that follow the 
MNRAS 511, 3910–3921 (2022) 
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Figure 1. The top panel shows the stellar mass of the central galaxies in 
the selected halo sample, measured within a spherical aperture of 30 kpc, as 
a function of the fraction of DM mass-loss within 2 kpc of the halo centre, 
M DM 

( z = 0)/ M DM 

( z peak ) − 1. The crosses indicate haloes that exhibit a 
monotonic decrease in mass with time; the dots are the rest of the halo sample. 
The former are colour coded according to how prominent their stellar bars 
are at z = 0, measured using the method described in Section 3.3. Galaxies 
that experienced major AGN outbursts at least once during their evolution 
are highlighted by the red circles. The bottom panel shows the cumulative 
distribution of the fractional mass-loss in the same halo sample, measured 
within spherical apertures of 2 kpc (black), 3 kpc (blue), and 5 kpc (red). Note 
that fewer haloes experience a mass-loss when considering larger apertures, 
hence why the y -axis intercept of the bottom panel changes. 
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ormation and evolution of cosmic structure from � CDM initial
onditions assuming the cosmological parameter values from Planck
ollaboration I ( 2014 ). They were performed using a modified
ersion of the P-Gadget3 code (Springel 2005 ) that incorporates
ubgrid prescriptions for the physics rele v ant to galaxy formation
nd e volution: radiati ve cooling (Wiersma, Schaye & Smith 2009 ),
hotoheating, star formation and evolution (Schaye 2004 ; Schaye &
alla Vecchia 2008 ), stellar feedback (Dalla Vecchia & Schaye
012 ), black hole seeding (Springel, Di Matteo & Hernquist 2005 ;
ooth & Schaye 2009 ), its subsequent growth, and stochastic,

hermal AGN feedback. The values of the parameters used in
odelling these processes were set by requiring a good match to

he observed z = 0.1 galaxy stellar mass function, the distribution of
alaxy sizes, and the amplitude of the central black hole mass versus
tellar mass relation. Once calibrated in this way, EAGLE reproduces
 number of population statistics (Schaller et al. 2015 ; Ludlow et al.
017 ). 
In this work, we use the higher mass resolution version of EAGLE

see Crain et al. 2015 for details), in which the subgrid physics
arameters were recalibrated to account for the increased mass
esolution. This simulation follows 2 × 752 3 particles in a volume
5 Mpc on a side. This resolution corresponds to DM and gas
article masses of 1 . 21 × 10 6 M � and 2 . 26 × 10 5 M �, respectively.
he maximum physical Plummer-equi v alent gravitational softening

ength is 325 pc. There are a total of 405 temporal outputs between
edshifts z = 20 and z = 0, corresponding to a time resolution of ∼60

yr. This provides adequate time resolution to study the processes
f interest in this work. 
To identify cosmic structures, we assign particles into distinct

roups according to the friends-of-friends (FoF) percolation algo-
ithm (Davis et al. 1985 ). Each group is made up of particles that are
ithin 0.2 times the mean interparticle separation from one another.
ravitationally bound substructure is found with the SUBFIND

lgorithm (Springel et al. 2001 ), which, using particle velocity and
osition information, identifies self-bound structures within a larger
oF group. We follow the time evolution of the SUBFIND groups
y identifying their main progenitor. This is achieved by cross-
atching a subset of the most bound particles between consecutive

ime outputs. 

.2 Sample selection 

ince we are interested in the central parts of DM haloes similar to the
W’s, we restrict our analysis to haloes of mass M 200 

1 at z = 0 in the
ange 0 . 5 −2 . 5 × 10 12 M �. This encompasses recent observational
stimates of the MW’s halo mass (Callingham et al. 2019 ; Cautun
t al. 2020 ). A total of 45 haloes satisfying this criterion were
dentified in the hydrodynamical simulation. Their stellar masses
re shown in the top panel of Fig. 1 . The central galaxies exhibit
 wide range of masses; most are more massive than 10 10 M �, but
hey are typically less massive than the MW. This is because the
tellar mass to halo mass relation in EAGLE falls short in the halo
ass range of interest, compared to abundance matching results (e.g.
oster, Naab & White 2013 ). This is related to an underestimate of

he galaxy stellar mass function around the knee (Schaye et al. 2015 ).
Their DMO counterparts were found using the particle ID infor-
ation for a subset of the most bound particles in the hydrodynamical

nd DMO simulations. The halo centres were found using the
NRAS 511, 3910–3921 (2022) 

 M 200 is defined as the mass contained within a sphere of mean density 
00 times the critical density of the universe. 

l  

W  

m  

o  
hrinking-spheres algorithm (Power et al. 2003 ), run only on the
M particle distribution. 

 RESULTS  

e begin with an overview of the central DM mass evolution of the
elected halo sample. This is followed by a qualitative assessment
t the evolution of four different haloes that illustrate the variety of
aryon processes that change their innermost DM and stellar content.
inally, we discuss and characterize each of these processes, namely,
n initial halo contraction due to the accumulation of baryons at
he centre, which can then be followed by an expansion caused by
GN-induced gas blowouts, stellar bars, or a combination of both. 

.1 Ov er view 

o determine whether there has been a decrease in the central mass of
M o v er time, we follow its time evolution within several apertures.
he evolution within a 2 kpc aperture is shown for a few examples

n Fig. 2 . We locate the time when the DM content peaks and
ompare it to the present-day value. To this end we define the
ractional mass-loss as � M DM 

/ M DM 

≡ M DM 

( z = 0)/ M DM 

( z peak ) −
. To prevent fluctuations caused by merger events, which can cause
he DM mass to fluctuate for a short period of time, we apply a
inear Sagv ol–Kolmogorov conv olution to smooth out the evolution.

e only consider peaks that are not immediately followed by a local
inimum. This helps prevent transient peaks caused by mergers with

ther haloes, which would otherwise boost the value of � M DM 

/ M DM 

.
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Figure 2. Time evolution of the central DM, gas, and stellar content of four MW-mass haloes, together with the evolution of their measured bar strengths. Each 
column is for a different halo, with the top panels showing the enclosed DM (black), gas (blue), and stellar (red) masses within a 2 kpc spherical aperture. For 
comparison, the DM mass enclosed within 2 kpc in the DMO counterpart is shown by the dashed orange line. The middle panels show the (smoothed) evolution 
of the DM density profile slope at 2 kpc, both for the DMO (orange) and hydrodynamical (black) counterparts. The bottom panels show the time evolution of 
the bar strength of these galaxies. For haloes G1 and G2, this is only shown from times shortly before a visually recognizable bar had formed. Halo G3 had 
large values of A 

max 
2 even before an established bar formed, which happened shortly before the observed peak in enclosed DM mass. Halo G4 never formed a 

bar, hence the low values of A 2 . The vertical dashed lines indicate the times used to determine M DM 

( z peak ). 
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n practice, this may underestimate the expansion for a subset of
aloes, as illustrated by halo G3 in Fig. 2 , for which the local
aximum at t u ∼ 11 Gyr is used instead of the global maximum

t t u ∼ 7.5 Gyr. 
The bottom panel of Fig. 1 shows the cumulative number of

imulated MW-mass haloes that have lost a fractional mass < f within
hree different spherical apertures: 2, 3, and 5 kpc. Clearly, the mass-
oss does not depend on the galaxy stellar mass, as demonstrated in
he top panel of the same figure. Although there is a wide range of
ractional mass-loss values, no halo has lost more than 50 per cent of
ts peak DM mass, even within 2 kpc from the centre. Nonetheless,
alf of all haloes have lost more than 16 per cent of their peak DM
ass within 2 kpc, with only one reaching the peak at z = 0. The DM
ass-loss decreases when considering larger apertures: Half of the 

aloes considered here lose more than 11 per cent and 7 per cent their
eak DM mass within 3 and 5 kpc, respectively. Nonetheless, there 
re still a number of haloes that exhibit a more significant decrease
 ∼20 per cent ) of DM mass even at 5 kpc. To investigate the reason
ehind the expansion, we follow the evolution of the DM halo and
ts associated central baryonic content. 

F our representativ e e xamples are shown in Fig. 2 , where the time
volution of the halo DM, gas, and stellar mass within 2 kpc are
hown in the top panels by different colour lines, as indicated in the
e gend. These e xamples are chosen to illustrate the div erse evolution
f the mass content that characterizes the haloes in our sample. Some
xhibit only a secular decrease of DM mass o v er time (G2); others
xperience an additional, sudden mass-loss event (G1). There are 
hose that remain virtually unaltered throughout their lifetime (G4) 
nd those which have a more complicated assembly history (G3). 
heir evolution is compared to their DMO counterparts, whose inner 
M content, M 

DMO 
DM 

= (1 − f b ) M 

DMO 
tot , is shown by the black dashed

ines. 
In all cases, the relati ve dif ference between the enclosed DM in

he hydrodynamical and DMO versions of the same haloes evolves 
ith time. Their values are similar at large redshifts, but start to
iverge once gas and stars populate the inner regions of haloes.
his is evidence for the contraction of the halo induced by baryons.
y z = 0, all the haloes in the hydrodynamical simulation are more
assive at the centre than their DMO twins. Nonetheless, it is evident

rom haloes G1, G2, and G3 that their central DM mass in the
ydrodynamical simulation evolves non-monotonically, leading to a 
econtraction at late times. We measure the slope of the DM density
rofile by fitting a power law, ρ ∝ r α , to its central distribution.
he time evolution of this quantity is shown in the middle panels of
ig. 2 . None of the haloes considered here show signs of a significant
attening at ∼ 2 kpc, indicating that neither AGN nor bars make
ores on these scales in our simulations Moreo v er, there is v ery
ittle difference in the slopes between the hydrodynamical and DMO 

ersions of the same halo, despite large differences in the enclosed
ass at 2 kpc. The local density slope is not an adequate metric for

uantifying how contracted a halo is. 
Although the physical mechanisms driving these mass changes 

ill be discussed in detail in the following subsections, we present
ere a qualitative discussion on the evolution of the haloes shown in
MNRAS 511, 3910–3921 (2022) 
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Figure 3. The colour scale indicates the ratio between the gravitational 
accelerations e x erted by the gas relative to the stars, ∇ ρφgas / ∇ ρφ∗, along a 
random azimuthal direction contained within the mid-plane of the galaxy of 
halo G1. This is shown as a function of time ( x -axis) and distance to the centre 
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kpc, as indicated by the labels on the left-hand side. The vertical white arrows 
indicate the visually determined times used to quantify the contraction and 
expansion of both the DM halo and the stellar component caused by changes 
in the gas disc. 
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ig. 2 , which helps understand their relative importance. As shown
n the leftmost panel, the central DM and stellar masses of halo G1
eak at t u ∼ 10.3 Gyr. This is followed by a sudden 15 per cent
nd 5 per cent decrease in DM and stellar mass, respectively, and
 bar forms immediately after that. The bar is associated with the
tart of the secular DM and stellar mass-loss from the central regions
hat lasts until the present day. Overall, this constitutes a total loss
f 29 per cent (21 per cent) of the peak DM (stellar) mass, with
he AGN responsible for 50 per cent (21 per cent) of this decrease
nd the stellar bar for the remainder. Halo G3 also experiences a
isrupti ve AGN-dri ven gas blo wout, but contrary to halo G1, its bar
orms before the blowout occurs. The only mechanism responsible
or the DM loss in the hydrodynamical counterpart of halo G2 is the
resence of the stellar bar. Similarly to the previous examples (G1
nd G3), the formation of the bar in halo G2 at t u ∼ 4 Gyr is associated
ith the onset of the secular DM and stellar mass-loss. Finally, halo
4 never forms a bar nor experiences a major gas blowout, and its

nner DM mass remains roughly constant up to redshift z = 0. 

.2 AGN-dri v en gas blo w outs 

s we have shown in the previous section, strong gas blowouts
aused by AGN activity are able to induce a substantial decrease in
he central stellar and DM masses. Haloes G1 and G3 experience
uch blowouts, as evidenced by the sharp decrease in their enclosed
tellar and DM masses shown in the top panels of Fig. 2 . These occur
t different times, with the blowout in halo G1 taking place at t u ∼
0.3 Gyr and that in halo G3 at t u ∼ 8 Gyr. 
In halo G1, we can see a steady decrease of ∼50 per cent of the gas
ass in the central regions before the proper blowout that remo v es the

emaining gas occurs (see vertical dashed line). This prior decrease
s associated with star formation and stellar feedback, which, as we
av e v erified visually, does not disrupt the gas disc. In fact, despite
his decrease in gas mass, the gas disc becomes more compact and
eaches a surface density comparable to that of the stellar disc just
efore it is disrupted. This ‘compactification’ could be caused by
he torques e x erted by the galaxy that flew by earlier (Blumenthal &
arnes 2018 ). Finally, a significant amount of gas mass is fed into

he central black hole, triggering an outburst of AGN feedback that
estroys the gas disc and remo v es virtually all gas from the central
egions. A similar process occurs in halo G3, although this galaxy
s already strongly barred prior to the AGN-driven blowout event.
he bar could provide another mechanism to facilitate the inflow of
as towards the centre of the galaxy (e.g. Sanders & Huntley 1976 ;
anali et al. 2015 ). 
A requirement for blowouts to be ef fecti ve in altering the distri-

ution of DM is that gas must be strongly gravitationally coupled
o the DM prior to the blowouts (Ben ́ıtez-Llambay et al. 2019 ). We
ave checked whether this is the case for halo G1 by comparing the
ravitational force e x erted by the gas and the stars along a random
zimuthal direction contained within the mid-plane of the galaxy.
he leftmost top panel of Fig 2 shows that baryons dominate the
entral regions of halo G1. Therefore, to assess the importance of
as for the gravitational force, we only need to determine the relative
ontribution between the gas and stellar components. We compute the
orce by taking the gradient of the gravitational potential calculated
y direct summation o v er all particles within 30 kpc from the centre
f the halo. The choice of azimuthal direction has little effect on the
stimated forces during the time of interest, given that there is no
rominent non-axisymmetric feature prior to the blowout. 
Fig. 3 shows the temporal evolution of the gravitational force

 x erted by the gas, relative to that of the stars, as a function of the
NRAS 511, 3910–3921 (2022) 
istance to the centre. Focusing on the times prior to the blowout
9 Gyr ≤ t u ≤ 10 . 3 Gyr ), the gas makes a contribution similar to
he stars in the innermost regions. This is not the case for most of
he evolution at late times since there is very little gas left after the
lowout. Initially, the gravitational contribution of the gas disc is
ignificant (but not dominant) throughout the central 5 kpc of the
alo. The gas becomes increasingly gravitationally important in the
entral re gions o v er time. As mentioned before, this is due to the fact
hat the gas disc becomes more compact during this time. Just before
he blowout occurs, the density of the gas disc and the enclosed DM
nd stellar masses peak, which indicates that the baryonic blowout is
esponsible for the accompanying mass-loss in all the components. 

We have explicitly checked that the large-scale winds are driven by
GN. Three images of the gas content of the galaxy before, during,
nd after the outburst are shown in Fig. 4 . Prior to the start of the event,
ost gas is concentrated in the centre of the halo, where the black hole

esides. It has a net ne gativ e av erage radial velocity, corresponding to
nflow that is manifest in the compactification of the gas component
bserved in Fig. 3 . Once the outburst commences, most gas is quickly
 v acuated from the centre in just ∼120 Myr, with outflow velocities
hat are in excess of 100 km s −1 during the later stages. 

Although the gas disc is gravitationally dominant only in the very
entral regions prior to being blown out, the sudden gas blowout has
 measurable ef fect e ven at radii several times larger, well beyond
here the gra vitational contrib ution of the gas is significant. The solid

ines in Fig. 3 show the evolution in time of the enclosed DM mass
ithin apertures ranging from 1 to 3 kpc. Although the decrease in
M mass is larger at smaller radii, where the gravitationally coupling
etween the DM and the gas was larger, it is still detectable at larger
adii. This also underlines the importance of the time-scale o v er
hich gravitational perturbations act. The long time-scale that it
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Figure 4. Surface density (colour scale) of the face-on gas content of halo G1, with each panel from left to right showing its distribution before, during and after 
the AGN outburst, respectively. Streamlines indicate the gas velocity with a colour intensity that is proportional to its magnitude. The average radial velocity of 
gas within a sphere of 30 kpc from the centre of halo G1 is shown in the lower left corner. The times at which the galaxy was imaged are indicated in the top 
left corners of each panel. 
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akes for the perturbation to grow ensures that the removal of the gas
auses a maximal effect at larger distances from the centre. 

To understand why this is the case, consider a system in which
ll particles are on circular orbits. When a central perturbation is
 x erted, the orbits of particles become elliptical and are able to come
loser to the centre (contraction). When the perturbation is remo v ed,
articles that have descended down the perturbed potential well will 
ave gained energy, allowing them to reach radii further beyond their 
riginal radius (expansion). Evidently, the picture is more nuanced 
n a more realistic scenario in which particles are neither necessarily 
n circular orbits nor in the same orbital phase. Nonetheless, this
xample helps illustrate the consequences of such perturbations. 

Our interpretation implies that the degree of initial contraction 
nd subsequent expansion must be related: A shell that responds 
trongly to the addition of a perturbation will initially contract and 
ubsequently expand more than one with a weaker response. Thus, 
he amplitude of the expansion will, in part, be determined by how
trong the initial contraction was. Secondly, the time-scale of the 
erturbation determines its ef fecti veness in altering the kinematics 
f a radial shell: If the duration of the perturbation is short compared
o the dynamical time-scale of a given radial shell, particles do not
ave enough time to deviate significantly from their original orbits 
nd change their energy. On the other hand, if the time-scale is
ufficiently long, its effect becomes maximal. 

To illustrate this, we investigate whether there is a correlation 
etween the expansion and contraction of different radial shells of 
alo G1, as well as the dependence of their amplitude with distance
rom the centre of the halo. We identify the times at which the
ravitational perturbation sourced by the gas disc starts ( t pre-peak ) and
nds ( t post-peak ). We can thus measure the enclosed masses at these
imes relative to the time when they peaked ( t peak ), and thus estimate
he degree of contraction and expansion of each shell. Although 
dentifying t peak and t post-peak is straightforward, locating the time at 
hich the perturbation starts is less so. By visually inspecting the 

volution of the enclosed masses of DM (Fig. 3 ), we can estimate the
ime at which the halo starts contracting ( t u ∼ 9 Gyr). This coincides
ith the time when gas was being delivered to the central regions. 
Once these times have been measured, the degree of expansion and 

ontraction of each shell is estimated by taking the ratio of enclosed
asses at different apertures, ranging from 1 to 20 kpc. This is
hown in Fig. 5 , which demonstrates that the degree of expansion
s indeed related to the degree of contraction, as expected from our
revious arguments. Furthermore, the amplitude increases towards 
he centre of the halo, with the DM component losing ∼25 per cent
nd ∼10 per cent within 1 and 3 kpc, respectively . Similarly , the
xpansion of the stellar component correlates well with the degree 
f contraction, although in a different manner compared to the DM
omponent. Also worth noting is the offset from unity along the x -
xis, likely caused by the growth of both the halo and the galaxy. This
s a consequence of our definition of the degree of contraction, which
ncludes the total mass increase. Their relative offset is explained 
y the fact that the galaxy grows more than the DM halo during
MNRAS 511, 3910–3921 (2022) 
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he time-scale under consideration. Finally, differences between the
ynamical properties of the DM and stars might affect the degree
f contraction caused by the gas, since circular orbits respond more
trongly. 

To ascertain how common AGN-fuelled blowouts are, we inspect
he mass evolution of the gas, DM, and stars within 2 kpc from the
entre of all MW-mass haloes. We then identify the times when the
alaxy loses a large amount of gas in a short time-scale (less than 100
yr, which corresponds to the time resolution of our data outputs)

nd inspect whether there is an associated decrease in the stellar and
M masses. To rule out a localized blowout that is not sufficiently

trong to disrupt the gas disc, the gas content within 5 kpc should have
lso significantly decreased. Seven haloes out of the 45 studied here
how definite evidence supporting that they experience such events at
east once during their lifetime, with two others showing strong hints
hat they did. This comprises roughly 15 per cent to 20 per cent of
he sample studied here, with the rest not experiencing such an event
r having a complicated evolution that prevents us from making a
efinite statement on whether they have experienced one or not. 
These findings are applicable to the real universe as long as strong

GN outbursts are able to completely remo v e the central gas content
f galaxies. The parameters modulating their efficiency in EAGLE
ere calibrated by requiring that the model should reproduce a
umber of population statistics and scaling relations. Nonetheless,
his is not the only prescription that meets these requirements. An
xample is the IllustrisTNG model, which includes a kinetic feedback
ode at low mass accretion rates instead of the purely thermal

mplementation used in EAGLE. These modelling differences lead
o different predictions for poorly constrained relations, such as how
 as-rich the circumg alactic medium is as a function of halo mass
elow ∼10 12 M � (Davies et al. 2020 ; Kelly et al. 2021 ). This sug-
ests the EA GLE A GN model is more ef fecti ve at removing baryons
n the MW mass scale than other similarly realistic simulations. It
ould be interesting to examine whether AGN outbursts similar to

he ones discussed abo v e are also present in other simulations using
ifferent ways to model AGN feedback. 

.3 Stellar bars 

n a number of MW-mass haloes we observe a decrease in the central
ass of DM and stars taking place o v er sev eral Gyr, as opposed

o the AGN-induced gas blowouts, which correspond to Myr time-
cales. This decrease occurs in haloes whose central regions are
ominated by stars, with the largest decreases associated to strongly
arred galaxies. The top panels of Fig. 2 show three such examples.
alos G1 and G2 have a global maximum in the enclosed DM
ass followed by a monotonic decrease such that by z = 0, they

ave lost ∼20 per cent and ∼40 per cent of the peak DM mass
ithin 2 kpc, respectively. This number excludes the initial, blowout-

nduced mass decrease observed in halo G1. By contrast, halo G3
hows a non-monotonic evolution of the central mass of DM and
tars. This reflects the nature of its past evolutionary history, which
s much more turbulent than for haloes G1 and G2. In contrast to
hese, which remained relatively undisturbed once the peak mass
ad been reached, halo G3 underwent several mergers and flybys by
urrounding galaxies. 

The development of a stellar bar in our simulations is associated
ith the outward transfer of stellar and DM mass. The evolution
f bars is driven by the exchange of angular momentum with the
urrounding components of the system (Athanassoula 2003 ). To
easure the strength of the bar, we first orient the galaxy so that it is

iewed face-on. This is achieved by aligning the spin of the stellar
NRAS 511, 3910–3921 (2022) 
omponent, computed by measuring the total angular momentum of
ll stars within 5 kpc from the centre, along the z-axis. The galaxy is
hen split into several concentric cylindrical annuli of 4 kpc in height
nd of variable width, such that each encloses 500 stellar particles.
his choice provides better spatial resolution than bins of constant
idth in the barred regions, which contain more stellar particles

han the outer re gions. F or each bin we measure the strength of the
uadrupole moment of the azimuthal distribution of stellar particles,
elative to their monopole strength: 

 2 ≡
√ 

a 2 2 + b 2 2 

a 0 
, (2) 

here 

 m 

= 

∑ N 

i M i cos mφi , (3) 

 m 

= 

∑ N 

i M i sin mφi . (4) 

he sums are taken o v er all stellar particles in the bin, with M i 

nd φi their masses and azimuthal angles, respectively . Additionally ,
e also measure the quadrupole moment phase angle via φ2 =
 . 5 arctan ( b 2 /a 2 ). 
Finally, a Savitzky–Golay filter is used to smooth the radial

ariation of A 2 ( r ), with the length of the smoothing window set
o 5 per cent of the total number of annuli. The right-hand panels of
ig. 6 show the A 2 ( r ) profile and the quadrupole moment phase angle
or halo G2 at z = 0. The former has a prominent peak within 4 kpc
ssociated with the presence of a strong bar, which shows a consistent
rientation out to 4 kpc. We use the peak value, A 

max 
2 , to estimate

he strength of the bar for each galaxy as a function of time. In this
ork, we use a threshold of A 

max 
2 = 0 . 15 to estimate when a bar

orms, with the choice behind this value being strictly operational.
iven that features and artefacts not related to bars can also boost the
uadrupole moment in complicated cosmological simulations such
s this one, we visually inspect the stellar distribution of galaxies
ith A 

max 
2 ≥ 0 . 15 to confirm the presence of a bar. 

Two other important properties of the bar are its length and pattern
peed. To measure the length, we employ the definition adopted by
lgorry et al. ( 2017 ): the radius at which A 2 ( r ) first drops below
.15 after it has reached A 

max 
2 . The dashed black circle in the left-

and panel of Fig. 6 shows the extent of the bar determined in this
ay. 
We measure the bar pattern speed directly by computing the change

n the orientation of the bar between consecutive temporal outputs,
.e. �p = �θp / � t . The angle of the bar, θp , is measured from the
hase of the quadrupole moment at the radius where A 2 ( r ) peaks. 
The bottom panels of Fig. 2 show the time evolution of the strength

f the stellar bars in the galaxies illustrated on the top panels. The
ars in both halo G1 and G2 form at around the time when the
entral DM mass begins to decrease. Once formed, the bars generally
ncrease in strength monotonically. The evolutionary story of halo
3 is less trivial and the bar goes through periods of strengthening

nd weakening. At early times ( t u ≤ 7 −7 . 5 Gyr ), the value of A 2 is
arge but in spite of this, we do not visually recognize a bar. The
arge value of A 2 is caused by mergers occurring along the line-of-
ight, and by the fact that the centre becomes ill defined during this
eriod. The end result is that the projected stellar distribution exhibits
 large quadrupole moment. Additionally, transient elongations of
he stellar distribution influence the values of A 

max 
2 , as seen in the

ariations of its value in the bottom panel of Fig. 2 . The newly
ormed bar weakened significantly probably as a result of the rapid
ncrease in the density of the central gas that preceded the AGN
lowout. Interestingly, most of this gas was distributed along a
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Figure 6. Left-hand panel: Logarithmic surface density (colour scale) of the face-on view of the stellar component of halo G2. The face-on orientation is chosen 
such that the bar is aligned along the x -axis. The values of the surface density range from 10 10 to 10 5 M � kpc −2 . The values of the bar length, pattern speed, 
and corotation radius are shown in the top-left corner. Its extent and corotation radius are also indicated by the dashed and dotted circles, respectively. Top-right 
panel: Radial variation of the A 2 ( r ) metric for halo G2 at z = 0. We use the peak value to characterize the strength of the bar. The dashed lines show the raw 

values obtained using cylindrical annuli 4 kpc in height, each enclosing 500 stellar particles. These values are smoothed using a Savitzky–Golay filter (black 
solid line). Bottom-right panel: Same as the panel abo v e, but for the quadrupole moment phase angle. 
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Figure 7. The time-averaged fractional mass-loss rate of haloes that exhibit 
a monotonically decreasing central DM mass as a function of their average 
bar strength. The average bar strength is computed from z = 0 until the time 
when the enclosed DM peaks. The circles show galaxies that have values of 
A 

max 
2 ≥ 0 . 15 for longer than 1 Gyr. These are assigned to the sample of barred 

galaxies. Galaxies that do not satisfy this criterion are assigned to the unbarred 
population. The horizontal error bars show the spread in values of A 

max 
2 ( t) 

for each galaxy since t peak , and indicate how much the quadrupole moment 
strength has evolved since then. Finally, each dot is coloured according to 
present-day to peak mass ratio, as indicated in the legend. 
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ar-like feature aligned with the stellar bar. After increasing in 
trength again, there is an additional weakening episode that is 
ikely caused by a merger event (Ghosh et al. 2021 ). In all three
ases, the bars have significantly slowed down by z = 0, with the
atio of corotation radius to bar length equal to 2.1, 1.9, and 2.0
espectively. 

For haloes G1 and G2 the secular decrease in the central DM mass
s clearly associated with the formation and subsequent evolution of 
he bar. Nonetheless, even though both have strong bars of similar
trengths at z = 0, each lost different amounts of mass from the
entral regions. This is due to the fact that the bars formed at
ifferent times and evolved by different amounts. To investigate 
urther the connection between the decrease in central DM mass 
nd the prominence of the stellar bar, the age of the bar should be
aken into account. The metric we use is the average mass-loss rate
etween z peak and z = 0, normalized by the peak DM mass within
 kpc. We consider only those examples that exhibit a monotonic 
ecrease in the central DM mass, e.g. haloes G1 and G2, but not
3. This selection was done by visually inspecting the central mass

volution of all the MW-mass haloes in the simulation. 23 out of the
nitial 45 haloes satisfy this criterion, which preferentially selects 
alaxies that have undergone a relatively undisturbed evolution after 
he peak in central DM mass was reached. Finally, we exclude sudden
M mass decreases associated with the gas blowouts discussed in 

he previous section, since here we are interested in the bar-driven 
ecular decrease. 

Fig. 7 shows the variation of the average fractional mass-loss rate 
etween z peak and z = 0 of each monotonically expanding halo as a
unction of their time-averaged bar strength, 〈 A 

max 
2 〉 . 2 This value was

omputed by averaging A 

max 
2 from the time at which the enclosed DM

eaked up to z = 0. The horizontal error bars indicate the variation of
 The reason behind using the average bar strength instead of the z = 0 strength 
s that some of the galaxies had (weak) bars in the past that later dissolved. 

A  

m
d  

w

 

max 
2 ( t), with lo w v alues corresponding to galaxies whose quadrupole
oment strength remained relatively unchanged (e.g. if the stellar 

isc was axisymmetric throughout the simulation or the bar did not
eaken or strengthen). We further classify galaxies into barred or 
MNRAS 511, 3910–3921 (2022) 
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nbarred depending on whether they had a value of A 

max 
2 greater

han 0.15 during at least 1 Gyr. This ensures that even galaxies that
ere barred in the past but are not at z = 0 are correctly identified,
hilst excluding high, transient values of A 

max 
2 . 

Broadly speaking, Fig. 7 suggests that the stronger the time-
veraged bar strength of a galaxy is, greater its secular DM
ass-loss rate. To quantify this, we calculate Pearson’s correlation

oefficient R between 〈 A 

max 
2 〉 and the (average) fractional mass-

oss rate for both populations. The median value for the barred
ample is R = −0 . 7 + 0 . 2 

−0 . 2 , giving support to our previous claim. On
he other hand, the unbarred sample has a median of R = 0 . 2 + 0 . 3 

−0 . 3 ,
hich is consistent with no correlation. It is worth noting that the

trongest correlation is found between how much the bar evolved
 v er time and the time-averaged fractional mass-loss rate. The
orrelation coefficient between these two variables is R = −0 . 83 ±
 . 07. The quoted uncertainties were obtained using a bootstrap
echnique. 

Fig. 7 shows several other interesting features. First, a number of
aloes with very lo w v alues of 〈 A 

max 
2 〉 have a wide range of mass-

oss rates. These galaxies were never barred, and thus the expansion
ould not have been caused by a bar. We find that these galaxies were
as rich in the past, which caused the haloes to contract. As time
rogressed, star formation locked some of baryons in stars but the
esulting supernovae feedback expelled gas from the central regions.
s a result, the o v erall baryon mass decreased o v er time, leading to
 slightly less contracted halo at later times. This reduction in the
entral baryon content takes place on much longer time-scales than
he AGN phase. Secondly, the moderately barred galaxy abo v e the
2 data point has a very low central mass-loss rate given its bar

trength. As indicated by the horizontal error bars, there was very
ittle change in A 

max 
2 which remained roughly constant at A 

max 
2 ∼ 0 . 3

ince its formation. This hints at the need for evolution in the strength
f a bar for ef fecti ve transfer of central DM mass outwards. Finally,
o reiterate the importance of the time-scale o v er which the stellar
ar acts, halo G1 experienced a greater mass-loss rate than halo G2
ut lost less central DM mass. This is because G1 had a bar for ∼4
yr, whereas G2 had it for ∼10 Gyr. 
Finally, many of the barred galaxies considered here also exhibit a

ecrease in the central mass of stars, although to a lesser extent than
heir DM content. This is observed in all three barred examples shown
n the top panels of Fig. 2 . The presence of a bar is expected to not
nly affect the DM, but also the stellar distribution. Whether particles
ear resonances are able to emit or absorb angular momentum
s dependent on their dynamical properties. Spheroid components
uch as a DM halo or a stellar bulge are net absorbers of angular
omentum, so one might expect the stellar bulge to be similarly

ffected. We have checked whether this is the case for halo G2 by
lassifying its z = 2 stars into bulge and disc components based on
heir circularities, εcirc ≡ j z / j z, circ ( E ). By tracking a subset of the most
ound particles of each component, we found that the stellar mass-
oss within 2 kpc is dominated by expansion of the stellar bulge. The
et effect is in line with the ‘smoothing’ effect that non-axisymmetric
eatures have on the rotation and mass distribution curves of disc
alaxies (Berrier & Sell w ood 2015 ). Indeed, the rotation curves of
hese galaxies are strongly peaked at small radii when the bar initially
ormed but are less so as time progresses. 

These findings are in qualitative agreement with those of Algorry
t al. ( 2017 ), although there are differences between these studies.
irst, we analyse a higher resolution version of the EAGLE sim-
lation, with an increase of almost one order of magnitude in the
article mass resolution. This allows us to study the evolution of
he inner regions of haloes more confidently. On the other hand,
NRAS 511, 3910–3921 (2022) 
he smaller volume reduces the number of barred galaxies that we
an study. Nonetheless, we are able to have a more detailed look
t the evolution of the central regions of these haloes. This reveals
he importance of the age of the bar, which is primarily determined
y the assembly history of its halo. Even for galaxies with similar
ar strength at z = 0, substantial differences in formation time alter
ow much the halo de-contracts. Moreo v er, we also note that the
xpansion of the DM halo is often accompanied by an expansion of
he stellar component. Finally, Algorry et al. ( 2017 ) used a stellar

ass criterion to select their sample, whereas we select ours based on
he virial mass of the DM halo. In practice, this results in the stellar
omponent of the haloes in our study being less massive than those
n Algorry et al. ( 2017 ). This follows from the fact that in EAGLE
he stellar mass function is underestimated (Schaye et al. 2015 ), so
ne has to consider more massive haloes to find sufficiently massive
alaxies. 

.4 Halo contraction 

ll the haloes considered in this study end up having a higher central
ensity compared to their DMO counterparts. This is a consequence
f the accumulation of baryonic mass resulting from the dissipational
ollapse of gas during the assembly of the galaxy, the so-called
diabatic contraction (Barnes & White 1984 ; Blumenthal et al. 1986 ;
autun et al. 2020 ). This trend is opposed by the processes we
ave discussed here which reduce the central DM density. We now
onsider how the bar-driven secular evolution of a galaxy alters the
egree of contraction of its host halo, bearing in mind that the degree
f contraction depends on the halo assembly history (Abadi et al.
010 ). 
An illustrativ e e xample is halo G2, which had the strongest and

ongest lived bar in our sample. This galaxy formed 50 per cent of its
tars by z = 2.6 and was left largely undisturbed for a large fraction of
he age of the universe. Changes to its density profile are solely driven
y internal, secular processes such as the influence of its stellar bar.
o estimate how contracted the halo is relative to its DM counterpart,
e follow the procedure described by Abadi et al. ( 2010 ). First, we
efine a shell of radius, R i , in the DMO simulation that encloses a
iven amount of DM, rescaling the particle masses: M 

DMO 
DM 

( < R i ) =
1 − f b ) M 

DMO 
tot ( < R i ). We then find the corresponding radius, R f ,

n the hydrodynamical simulation that encloses the same amount
f DM, i.e. M 

hydro 
DM 

( < R f ) = M 

DMO 
DM 

( < R i ). In practice, this amounts
o enclosing equal numbers of DM particles for each shell. Once
hese two radii have been found, we measure the total enclosed

asses, M tot = M DM 

+ M b , for each, where M b is the mass of
aryons. The ratio R f / R i measures the degree of contraction ( R f / R i 

 1) or expansion ( R f / R i > 1) of a radial shell as a function of the
ncrease ( M 

i 
tot /M 

f 
tot < 1) or decrease ( M 

i 
tot /M 

f 
tot > 1) of total mass

ontained within it. This allows a straightforward comparison to
he predictions of the simple adiabatic contraction model, for which
 i M 

i 
tot = R f M 

f 
tot . 

Fig. 8 sho ws ho w these ratios vary as a function of time for halo
2, as well as for an unbarred galaxy with a very small reduction in its

entral DM content. The values are only shown for shells with radii
arger than the Power et al. ( 2003 ) convergence radius of the DMO
alo, with each shell containing 100 more DM particles than the
revious one. For consistency when comparing the evolution between
he chosen haloes, only the last ∼6 Gyr of the simulation outputs are
ho wn. Consequently, the e volution of halo G2 is larger than sho wn
n here, since its e xpansion be gan at t u ∼ 4 Gyr . Nonetheless, it is
vident that its contraction evolves strongly with time. This is in
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Figure 8. Response of the DM halo to the assembly of the galaxy at its 
centre. The ratio R f / R i is shown as a function of the change in enclosed total 
mass M 

i 
tot /M 

f 
tot at several times for halo G2 (solid coloured lines) and a 

halo hosting an unbarred galaxy (similar to G4; dotted coloured lines). The 
values are only shown for radial shells with radii larger than the convergence 
radius defined by (Power et al. 2003 ), which is different for each halo. For 
a consistent comparison, we show only values measured at t u ≥ 7.5 Gyr. 
The solid and dashed lines show the z = 0 and z = 0.5 average values 
for the barred (red) and unbarred (blue) sample of haloes shown in Fig. 7 , 
respectiv ely. The av erage only includes haloes that are relaxed. We do not 
show the average value for M 

i 
tot /M 

f 
tot ≤ 0 . 45 (0.60) because only a small 

number of haloes hosting barred (unbarred) galaxies reach these low values. 
The diagonal dashed line shows the prediction of the adiabatic contraction 
model. 
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ontrast to the unbarred halo, which remains virtually unchanged 
 v er the plotted time period. 
As discussed in other studies (e.g. Abadi et al. 2010 ; Cautun et al.

020 ), the adiabatic contraction model o v erestimates the de gree of
ontraction in the central regions. We find that it also underpredicts 
t at larger radii as a result of baryonic outflows. Consider a radial
hell at the virial radius of the halo, R 200 . At such large distances,
ontraction should be negligible and thus R f / R i ∼ 1. Under the
ssumption of no DM shell mixing, the values of M 

DMO 
tot ( < R i ) and

 

hydro 
tot ( < R f ) only depend on the enclosed baryonic mass. For the

ollisionless case, this is simply M 

DMO 
b ( < R i ) = f b M 

DMO 
tot ( < R i ).

o we ver, if feedback expels baryons beyond the virial radius, then
he baryon fraction at such a distance is less than the cosmic baryon
raction. In other words, M 

DMO 
b ( < R i ) ≥ M 

hydro 
b ( < R f ) and thus

 

DMO 
tot ( < R i ) /M 

hydro 
tot ( < R f ) ≥ 1. Evidently, this is violated if there

s a reduction in the enclosed DM mass at a fixed physical aperture
aused by the reduced growth of the halo associated with the loss of
aryons at early times, as discussed by Sawala et al. ( 2013 ). Ho we ver,
his is not the case for MW-mass haloes in the EAGLE simulations
Schaller et al. 2015 ). 

Focusing on the sample of monotonically expanding haloes, Fig. 8 
lso shows how the average values of the two ratios plotted change
etween z = 0.5 (red) and z = 0 (black). When computing the
v erages, only relax ed haloes are included. To identify relax ed
aloes we adopt the most restrictive condition proposed by Neto 
t al. ( 2007 ): The centre of mass should be offset from the centre
f potential by less than 0.07 R vir . We only show the averages for
 

i 
tot /M 

f 
tot ≥ 0 . 45 (0 . 60) for the barred (unbarred) sample, since very

ew haloes reach smaller values. The barred sample is, on average,
ore contracted than the unbarred one as a consequence of their
ore massive stellar components. The average contraction of each 

opulation has decreased o v er time; the evolution of the unbarred
ample is less than that of the barred one. 

The systematic shift in the average contraction of the haloes in our
ample is due to the secular processes discussed earlier. Since one of
he driving effects is stellar bars, which transfer angular momentum 

rom the stars to the DM particles (see Appendix A ), this process
ould lead to different DM particle distribution functions in haloes 
hose central galaxies have a bar compared to those which do not.
hese differences may be rele v ant for distribution function-based 
odels of halo contraction (e.g. Callingham et al. 2020 ). 
Finally, there is considerable halo-to-halo scatter introduced by 

everal factors such as the mass of the central galaxy, the assembly
istory, the orbital distribution of DM particles, etc. Among these, 
GN-dri ven blo wouts could also play a role due to their stochastic
ature. Given the small size of our halo sample, we can only note
his trend which needs to be confirmed by larger simulations. 

 DI SCUSSI ON  A N D  C O N C L U S I O N S  

n this work, we have studied the evolution of the central distribution
f DM in simulated MW-mass haloes, drawn from a � CDM cosmo-
ogical hydrodynamics simulation. Specifically, we have investigated 
ow the mass within the inner 2–5 kpc is affected by processes
ssociated with the growth of the central galaxy in the halo. We
nalysed 45 haloes taken from the high-resolution version of the 
AGLE simulation, selected by requiring that their final mass, M 200 ,
e similar to that of the MW at z = 0. 
As in previous studies, we find that, at the present day, the haloes

re more centrally concentrated than their counterparts in a DMO 

imulation. Ho we v er, the de gree of contraction is significantly less
han expected in the simple adiabatic contraction model (Blumenthal 
t al. 1986 ) and its refinements (Gnedin et al. 2004 ; Cautun et al.
020 ). We also find that there are times during the evolution of a halo
hen its central DM mass decreases, although it al w ays remains more
assive than its DMO twin. We have identified two main processes

esponsible for lowering the central DM mass. 
The first is AGN-induced gas blowouts. These ev ents involv e gas

hat had slowly become so dense so as to become gravitationally
ominant in the central regions. As the gas is violently expelled, the
entral regions of the haloes expand in a process analogous to that
iscussed by Navarro et al. ( 1996a ). Both DM and stars participate in
he expansion. Interestingly, we find that these blowouts can reduce 
he enclosed DM and stellar mass at radii much larger than those in
hich the gas is gravitationally dominant. Although it is clear that the

ffect of the blow outs f ades aw ay at larger distance, we hypothesize
hat the very long time-scales of the gravitational perturbations 
aused by the gas before being blown out are responsible of this
ffect. In all cases, the initial inflow of gas occurs during or shortly
fter an interaction with a nearby galaxy. 

The second process that causes the central halo regions to expand is 
 bar-mediated transfer of angular momentum. This transfer reduces 
he central DM density at a rate that is likely set by the time-averaged
tellar bar strength. The net change in the central DM density depends
n the length of time since the bar formed. 
The effects of AGN-driven gas blowouts and bar-driven angular 
omentum transfer that we have investigated in this work are not

onfined to the central regions of the haloes and can be seen out to
MNRAS 511, 3910–3921 (2022) 
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t least 5 kpc from the centre. Here, we have focused attention on
he inner 2 kpc since this radius lies in the well-converged region as
udged by the Power et al. ( 2003 ) criterion ( r power ∼ 1.5–1.75 kpc). 

Not all the galaxies in our sample undergo the two processes
ust described. As Fig. 2 shows, there is significant halo-to-halo
catter due to a variety of factors including differences in the
ssembly history of the halo, the central mass of the galaxy and
ikely the orbital distribution of DM particles. Roughly 30 per cent
f the studied sample host bars. About 15 per cent to 20 per cent of
ur MW-mass haloes hav e e xperienced at least one AGN blowout
apable of reducing their central stellar and DM densities. This
s likely to be a lower limit, as we focus on haloes with well-
efined evolutionary histories. At high redshifts, when the haloes
nd galaxies are assembled, it is difficult to assess the importance of
he AGN blowouts. 

While the reduction in central DM mass due to the presence of
tellar bars similar to those that form in EAGLE is likely to be
eneric, the reduction caused by AGN-dri ven blo wouts is expected
o be specific to the EAGLE subgrid model. It would be interesting
o explore if similar effects are present in other hydrodynamics
imulations. 

The processes discussed in our paper indicate that the assembly
f baryons in MW-size haloes induces a complicated reaction in the
M halo. The degree of DM contraction in these haloes cannot be

olely characterized by the present-day baryonic distrib ution, b ut by
heir complicated past e volutionary history. Our o wn MW contains
wo of the ingredients that source the complexity highlighted in our
tudy: a stellar bar and a supermassive black hole at the centre. Our
esults suggest that unless the baryonic effects described in our paper
re taken into account, studies that rely on contraction-based models,
uch as mass estimates of the MW, or direct or indirect searches of
M, could contain biases that are very difficult to account for. 
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PPEN D IX  A :  A N G U L A R  M O M E N T U M  

VO L U T I O N  

tellar bars mediate the transfer of angular momentum between 
ifferent components of the system, with the net flow dependent 
n the morphology of the latter. We investigate this in the context
f this work by tracking a subset of the most bound stellar and DM
articles belonging to halo G2. This criterion selects particles which 
igure A1. Angular momentum evolution of the component parallel to the
tellar disc spin for the ( z = 2) 5000 most bound particles of each of the
omponents of halo G2. This is shown for disc and bulge stars by the red
olid and red dashed lines, respectively. The black line corresponds to the
M component, smoothed using a linear Savitzky–Golay filter. 

ccupy the central regions of the system, where the effect of the bar
ill be the strongest. 
We classify stellar particles as bulge or disc-like using the method

f Abadi et al. ( 2003 ), which is based on their circularity parameters:

circ ≡ J z 

J z , circ ( E) 
. 

 z is the angular momentum component parallel to the stellar disc
pin and J z, circ ( E ) is that of a circular orbit with the same binding
nergy. Thus, εcirc ranges from + 1 for corotating circular orbits to
1 for counter-rotating ones. J z, circ ( E ) is obtained by computing the

inding energy and J z of all stars in the system. Only certain regions
n this phase space are accessible, with its bounds corresponding to
 z, circ ( E ). Here we assign particles with εcirc ≥ 0.9 to the disc, and
hose with εcirc ≤ 0.5 to the bulge. 

Finally, we identify the ( z = 2) 5000 most bound particles of each
f the components present in halo G2. This is just before its stellar
ar formed. We then track the same particles o v er time and follow
he evolution of their angular momentum component parallel to that 
f the stellar disc spin. This is shown in Fig. A1 . We see that the disc
ubset steadily loses angular momentum, whereas the DM and bulge 
ain it, as e xpected. Giv en that we track a subset of the whole system,
his is not a closed system and thus angular momentum is not strictly
onserved. There are likely other sources of angular momentum not 
ccounted for in this analysis, such as newly formed stars and the
as disc. Nonetheless, this gives a qualitative view on how angular
omentum is redistributed by the bar. 
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