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A B S T R A C T 

We have analysed two cosmological zoom simulations with M vir ∼ 10 

12 M � from the Numerical Investigation of a Hundred 

Astrophysical Objects (NIHAO) series, both with and without feedback. We show that an entropy criterion based on the 
equation of state of the intergalactic medium can successfully separate cold- and hot-mode accretion. The shock-heated gas has 
non-negligible turbulent support and cools inefficiently. In the simulations without feedback, only a small fraction ( � 20 per cent) 
of the stellar mass comes from baryons that have been in the hot circumgalactic medium, although quantitative conclusions 
should be taken with caution due to our small-number statistics. With feedback, the fraction is larger because of the reaccretion of 
gas heated by supernovae, which has lower entropies and shorter cooling times than the gas heated by accretion shocks. We have 
compared the results of NIHAO to predictions of the GALICS 2.1 semi-analytic model of galaxy formation. The shock-stability 

criterion implemented in GALICS 2.1 successfully reproduces the transition from cold- to hot-mode accretion. 

K ey words: galaxies: e volution – galaxies: formation. 
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 I N T RO D U C T I O N  

alaxies can grow through the accretion of cold filamentary flows or
hrough the cooling of hot gas (they can also grow through mergers,
ut they are not the focus of this paper). Since Kere ̌s et al. ( 2005 ) and
ekel & Birnboim ( 2006 ) linked the galaxy bimodality to these two

egimes (hereafter, cold and hot accretion, respectively), there has 
een a lot of discussion on their role in the formation and evolution
f galaxies, mainly in the context of cosmological hydrodynamic 
imulations (Ocvirk, Pichon & Teyssier 2008 ; Brooks et al. 2009 ;
ere ̌s et al. 2009 ; van de Voort & Schaye 2012 ; Nelson et al. 2013 ,
016 ), but also in that of semi-analytic models (SAMs) of galaxy
ormation (Benson & Bower 2011 ; Cattaneo et al. 2020 ). 

Attempts at separating cold and hot accretion in cosmological 
ydrodynamic simulations have normally used a temperature crite- 
ion (Kere ̌s et al. 2005 , 2009 ; Ocvirk et al. 2008 ; van de Voort &
chaye 2012 ). Nelson et al. ( 2013 ) have shown that this approach

s sensitive to the assumed temperature threshold and that criteria 
ased on the absolute temperature T give different results from those 
ased on T / T vir , where T vir is the virial temperature. In analytic
tudies (Dekel & Birnboim 2006 ; Cattaneo et al. 2020 ), it is more
onvenient to use a stability criterion based on the ratio between the
ravitational compression time t comp and the radiative cooling time 
 cool (the formation of a hot atmosphere requires the propagation of
 stable shock and thus t comp < t cool ). 
 E-mail: andrea.cattaneo@obspm.fr 
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A third route to identify the shock-heated gas is to use an entropy
riterion, since shocks present an entropy jump (in a strong shock,
he temperature increase is much more significant than the density 
ncrease). Brooks et al. ( 2009 ) explored a combination of an entropy
ump and a temperature criterion, and found that this approach 
ould separate the filamentary cold gas from the more spherical 
ot phase. A criterion that is purely based on entropy dispenses from
he need of a temperature threshold altogether, while precluding 
he possibility of confusing the hot interstellar medium (ISM) 
ith the hot circumgalactic medium (CGM), since both have high 

emperature, but the hot ISM is denser and has thus lower entropy.
orrea et al. ( 2018 ) explored an entropy criterion and its effect on

he shock-heated fraction compared to other selection criteria for the 
ot phase. 
Here, we propose a criterion based on the entropy of the gas to

hat of the intergalactic medium (IGM). The gas is in the cold mode
f its entropy decreases (i.e. if it loses heat) while it is accreted. It is
n the hot mode if there is a heat gain (i.e. if its entropy increases). 

Our first question is whether an entropy approach and an approach
ased on t comp / t cool return a consistent picture when applied to a same
strophysical object. Is t comp / t cool a good predictor of the shock-heated
raction measured in cosmological simulations? 

Secondly, the proposal that shock heating quenches star formation 
Cattaneo et al. 2006 ; Dekel & Birnboim 2006 ) assumes that the
hock-heated gas will not cool efficiently. To what extent is this
ssumption verified? 

In this paper, we address these questions with cosmological zoom 

imulations from a Numerical Investigation of a Hundred Astrophys- 
cal Objects (NIHAO; Wang et al. 2015 ). We also investigate whether

http://orcid.org/0000-0002-8171-6507
mailto:andrea.cattaneo@obspm.fr
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 SAM based on Dekel & Birnboim ( 2006 )’s shock-stability criterion
 GALICS 2.1 ; Cattaneo et al. 2020 ) can account for the simulations’
ey features (e.g. the time at which the cold filaments disappear and
he transition to the hot mode occurs). 

Feedback complicates the analysis. Galactic winds can disrupt
old filaments through shear instabilities. Violent collisions between
nflows and outflows can provide additional shock heating. In milder
nteractions, winds can make radiative cooling more efficient by
ompressing the filaments. Feedback also increases the cooling rate
y enriching the CGM with metals. The problem is complicated
y the impossibility to replicate the same exact feedback recipes in
ydrodynamic simulations and SAMs. In simulations, shock heating,
upernova (SN) heating, and shear instabilities occur simultaneously.
n SAMs, they are modelled sequentially and independently of one
nother. Hence, it is difficult to interpret the results with feedback if
ne does not fully understand the case without it. 
Ho we ver, because of the simulations’ computational cost, only

wo massive spirals have been resimulated without feedback (dwarf
alaxies lack hot gas and are thus irrele v ant for this study). Obviously,
wo galaxies cannot be used to draw statistical conclusions on the
alaxy population, but neither is that the goal of our paper. Our goal
s to test whether our assumptions on the role of t comp / t cool and on
he inefficient cooling of the hot CGM are correct. If two massive
pirals with different accretion histories converge on a same picture,
t is unlikely that a larger sample will lead to substantially different
onclusion unless both galaxies are atypical in the same manner. 

The structure of this paper is as follows. In Section 2 , we present
he key properties of the objects retained for this study (virial mass,
tellar mass, and growth history) and use temperature maps for a
ualitative analysis of the multiphase structure of the CGM from
igh to low redshift. In Section 3 , we analyse the ef fecti ve equation of
tate of the IGM and use it to separate the hot CGM from the cold
as within haloes. We also test the assumption that the hot CGM is
uasi-hydrostatic. In Section 4 , we examine the entropy distribution
f the baryons within the virial radius and its evolution with redshift,
omparing the results without and with SN feedback. In Section 5 , we
ecall the key assumptions of Cattaneo et al. ( 2020 )’s shock-heating
odel and check to what extent its assumptions and predictions agree
ith what we measure in NIHAO. Finally, in Section 6 , we discuss

nd summarize the main conclusions of this paper. 

 SIMULATIONS  

IHAO is a series of ∼90 zoomed cosmological smoothed particle
ydrodynamics (SPH) simulations in a flat � cold dark matter
 � CDM) universe with �m 

= 0.3175, �b = 0.049, and H 0 =
7 . 1 km s −1 (Wang et al. 2015 ; also see Tollet et al. 2019 ). About 10
f the initial 100 objects were discarded because of their merging
istories, since the NIHAO project focuses on isolated galaxies. The
IHAO series include feedback from SNe, but not active galactic
uclei (AGNs). 
The virial masses at z = 0 of the two massive spirals retained

or this study, g7.55e11 and g1.12e12, are M vir = 9 . 29 × 10 11 M �
nd M vir = 1 . 12 × 10 12 M �, respectiv ely. F or comparison, the virial
ass of the Milky Way is M vir = 1 . 3 ± 0 . 3 × 10 12 M � (Bland-
awthorn & Gerhard 2016 ). 
The grey dashed curves in Fig. 1 show the evolution of M vir with

osmic time t for g7.55e11 and g1.12e22, both with and without
eedback. M vir has been rescaled by the cosmic baryon fraction f b =

b / �m 

� 0.15, so that it can be compared to the actual baryonic
ass M b within the virial radius. Although the NIHAO galaxies
ere selected discarding all haloes with a companion of comparable
NRAS 515, 3453–3471 (2022) 
ass within three virial radii at any time, the impact of mergers is
learly visible. 

For g7.55e11 (Fig. 1 a), the two most significant merging events
ook place at 3 . 04 � t � 3 . 47 Gyr (2.16 � z � 1.88) and 4 . 76 � t �
 . 20 Gyr (1.31 � z � 1.18). They were followed by two more minor
pisodes, the first at 9 . 73 � t � 9 . 94 Gyr (0.36 � z � 0.34) and the
econd at 12 . 53 � t � 12 . 75 Gyr (0.10 � z � 0.08). 

For g1.12e22 (Fig. 1 b), two merging events stand out. The first
2 . 17 � t � 2 . 39 Gyr , 2.96 � z � 2.72) results from the simultane-
us accretion of two satellite haloes. M vir increases by about one-
hird. The second is at t � 5 . 20 Gyr ( z � 1.18). The bump in M vir ( t )
t 9 � t � 11 Gyr is due to two satellites that come in and out of the
irial radius of the main system. 
Feedback has very limited impact on the growth history of the

ark matter (DM) halo. The grey dashed curves in panels (c) and
d) are almost indistinguishable from those in panels (a) and (b),
espectively. 

Comparing M b (grey solid curves) to f b M vir (grey dashed curves)
hows that, without feedback, M b is v ery close to the e xpectation
rom the universal baryon fraction ( M b � f b M vir ). In the simulations
ith feedback, the grey solid lines are systematically lower than the
rey dashed lines by 30 per cent on average, yet M b keeps tracing
 b M vir fairly closely. 

Without feedback, cooling and star formation are expectedly
fficient. Most of the baryons within r vir are in stars. The evolution of
he stellar mass M � within r vir (green curves) follows closely that of
he DM. We note that M � is the total stellar mass within r vir and not
he stellar mass of the central galaxy. This is why, during mergers,
here is no delay between the growth of M vir and the growth of M � .
hroughout this paper, mergers are halo mergers, not galaxy mergers.
One of the most remarkable differences with feedback is that the

reen curves become much smoother. Feedback greatly reduces the
fficiency of star formation in low-mass haloes. Merger with small
atellite haloes contribute to the growth of M vir but hav e v ery little
mpact on M � . 

Figs 2 and 3 show temperature maps of the CGM in the simulations
ithout feedback. The same images with feedback are presented

n the Supplementary Material. All our temperature maps look at
he central galaxy face on, but edge-on views return a very similar
icture. 
In g7.5e11 (Fig. 2 ), the CGM at z = 5.27 is still vastly cold.

ircumgalactic shock fronts are clearly visible, but radiative cooling
s so ef fecti ve that the post-shock temperature is al w ays much lower
han the virial temperature ( T vir ∼ 2 × 10 5 K at z = 5.27–6.26). Some
ot gas is already present at t = 1 . 31 Gyr ( z = 4.56), but the geometry
f the hot phase is very different from that of a quasi-hydrostatic
tmosphere. At 2 � z � 4, cold streams and hot gas coexist. At lower
edshifts, the entire virial volume is filled with hot gas; the supply of
as through cold filaments is disrupted; and the cold blobs that still
ome in are satellite galaxies. 

Fig. 3 displays a similar behaviour but the hot gas appears earlier
ue to g1.12e12’s higher mass. In g1.12ee12, the hot gas extends
eyond the virial radius already at t = 1.96 ( z = 3.25) 
Figs 2 and 3 confirm that the episodes of rapid growth identified in

ig. 1 are indeed linked to mergers. In the time intervals when M vir 

rows rapidly, there is al w ays at least one satellite galaxy that enters
he virial radius. 

With feedback (Supplementary Material), shocks are not the
nly heating mechanism. The hot gas appears slightly earlier. Its
istribution is less homogeneous, as expected for outflows that are
ot only anisotropic but also highly turbulent (see e.g. the X-ray and
 α images by Strickland et al. 2004 ), and thus shocks are not as
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Figure 1. The grey curves compare the total baryonic mass M b within the virial radius (solid curves) with the virial mass rescaled by the universal baryon 
fraction f b = 0.15 (dashed curves), both as a function of the cosmic time t . The green curves show the stellar mass M � within r vir , almost all of which is in the 
central galaxy. The red curves show the mass M hot in the hot CGM. The orange dashed curves show the total mass of all gas particles that have been in the hot 
CGM. The orange solid curv es e xclude the particles that are no longer within r vir at the time t . The panels to the left are for g7.55e11. Those to the right are for 
g1.12e12. The upper and lower panels show the simulations without and with feedback, respectively. 
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rominent on a temperature map. At low z, the cold gas in galactic
iscs is more prominent with feedback because its conversion into 
tars has been less ef fecti v e. F or the rest, the o v erall picture is very
uch the same. 

 PHASE  SEPARATION  

n Section 2 , we looked at the distribution of the gas in physical space.
ig. 4 shows its distribution on a temperature–density diagram at z =
.77, z = 0.52, and z = 0.00. Once again, g7.55e11 without feedback
s the starting point of our analysis, but what follows also applies to
1.12e12. 
For each z, we show two panels: one for all gas particles within

he computational volume (left), the other only for the particles with 
 < r vir (right). The gas at low density and temperature is the IGM
ccreting on to the halo. The proof is that it disappears when we pass
rom the panels to the left to those to the right. 

At z ≤ 3.25, the ef fecti ve equation of state of the IGM is a polytrope
ith γ − 1 � 0.6 (red lines) in agreement with forecasts from the

symptotic temperature–density relation (Hui & Gnedin 1997 ) and 
bservational data. Rudie, Steidel & Pettini ( 2012 ) and Bolton et al.
 2014 ) find γ − 1 = 0.54 ± 0.11 at z = 2.4, the only redshift at which
here are robust observational constraints. Only at z ≥ 3.60 does the 
olytropic index γ begin to decrease, as expected when approaching 
he epoch of cosmic reionization. In the NIHAO simulations, cosmic 
eionization is modelled based on Haardt & Madau ( 2012 ) and occurs
t z � 6.7. (O ̃ norbe, Hennawi & Luki ́c 2017 ). We find γ − 1 � 0.3
t z = 5.27. 

Polytropic inde x es lower than the adiabatic one γ = 5/3 are
 vidence for radiati ve cooling within the filaments before they
nter the virial radius. Rapid cooling after entering r vir appears 
s a right turn in the trajectory of a particle on the T –ρ plane.
hock heating causes the particle to make a left turn towards
igher entropies. Fig. 4 shows that, within r vir , the higher entropy
as abo v e the polytrope (the red line) and the lower entropy gas
elow it form two clearly distinct thermodynamic phases. The high- 
ntropy gas is the hot CGM. The low-entropy gas comprises the
old CGM and the ISM. The separation between the ISM and cold
GM is discussed in Tollet et al. ( 2019 ) but is irrele v ant for this 
aper. 
In Tollet et al. ( 2019 ), we have looked at the T –ρ diagram with

eedback for the entire NIHAO suite and we have discussed the
pecific case of g1.12e12 in detail. The main difference is the
ppearance of a hot dense phase distinct from and with lower entropy
han the hot CGM. This phase corresponds to the hot ISM and hot
inds on a galactic scale. Most of the gas in the hot wind component
oes not mix with the hot CGM. It cools and falls back on to the
alaxy in a galactic fountain. 
MNRAS 515, 3453–3471 (2022) 
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M

Figure 2. Evolution of the CGM of g7.55e11 from z = 6.26 to z = 0 in the simulation without feedback. The images show temperature maps. They were taken 
looking at the central galaxy face-on (from a line of sight perpendicular to the plane of the disc). The black dashed circles show the virial radius. 
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The red solid curves in Fig. 1 show the mass M hot of the hot CGM.
 hot ( t ) is the total mass of all gas particles within r vir and abo v e

he critical polytrope at t . In the case of g7.55e11, two regimes are
learly visible. In the first half of the cosmic lifetime (at t < 6Gyr),
 hot grows rapidly, both in absolute value and as a fraction of the

otal baryonic mass M b within the virial radius. After t ∼ 6 Gyr,
NRAS 515, 3453–3471 (2022) 
 hot stabilizes at about a quarter of M b . In the case of g1.12e12, the
rst regime is less visible because the transition occurs earlier on, at
 = 3 . 47 Gyr ( z = 1.88). 

The orange dashed curves in Fig. 1 show the total mass of the
PH particles that have been in the hot CGM at some time ≤t . The
range dashed curves lie abo v e the red solid curves because there are

art/stac1867_f2.eps
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Figure 3. The same as Fig. 2 , but for g1.12e12. Both figures are for simulations without feedback. 
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articles that were in the hot CGM at some time < t but are no longer
here at t . Some of these particles cooled and formed stars, but most
articles that left the hot CGM did not mo v e into the galaxy, they
o v ed out of the virial radius. 
We can pro v e this by comparing the orange dashed curves with

he orange solid curves. The latter show the mass of the particles
hat have been in the hot CGM at some time ≤t and are still in the
alo at t . Even without feedback, the orange solid curves are at least
0 per cent lower than the orange dashed curves at z = 0 and o v er
ost of the cosmic lifetime. Many particles that were in the hot
GM at some time < t are no longer in the halo at t due to post-shock
diabatic expansion (Figs 2 and 3 provide visual confirmation that 
he shock-heated gas extends beyond r vir ). We call this phenomenon
pilla g e . The f act that, without feedback, M b ∼ f b M vir , even though
MNRAS 515, 3453–3471 (2022) 

art/stac1867_f3.eps
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M

Figure 4. Temperature–density diagram for g7.55e11 (simulation without feedback) at z = 1.77 (top), z = 0.52 (middle), and z = 0 (bottom) for all gas particles 
(left) and only those at r < r vir (right). The IGM is the low-density low-temperature gas that is visible in the left-hand panels and disappears in the right ones. 
The red lines show the equation of state of the IGM and γ is its polytropic index. 
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here is spillage implies that the integrated accretion rate on to the
alo must be larger than f b M vir . 
The difference between the orange solid curves and the red solid

urves is smaller. Few particles left the hot CGM through cooling.
ithout feedback, their collective mass is about 5 per cent of the
ass of the hot CGM at z = 0 for both g7.55e11 and g1.12e12. 
We can test the contribution of cooling in the hot CGM to the

ormation of galaxies more directly by measuring the total star
ormation rate (SFR) Ṁ � within r vir and by comparing it to the
FR Ṁ �, hot mode from gas particles that have been in the hot CGM at
ome previous time-step (Fig. 5 ). Let us start from the case without
eedback (dashed curves). In g7.55e11, Ṁ �, hot mode / Ṁ � � 0 . 03 at
 ∼ 5 Gyr and Ṁ �, hot mode / Ṁ � ∼ 0 . 1 at t � 8 Gyr. In g1.12e12,
NRAS 515, 3453–3471 (2022) 
ooling plays a bigger role and accounts for 20 per cent (instead
f 10 per cent) of the total SFR at z = 0. This finding conforms to
he expectation that cooling is more important at higher masses, even
hough, with only two galaxies, it is impossible to say how much this
s due to a trend with M vir and how much it is random scatter from
ne object to another. 
With feedback, most of the baryons that accrete on to galaxies

hrough cold flows do not immediately form stars. A lot are ejected.
ome mix with the hot CGM and then cool down again. SN-heated
aryons can also cool locally in the ISM. These routes are easily
eparated because the hot CGM and the hot ISM are different
hermodynamic phases. Both have high temperature, but the hot
GM is less dense and has thus higher entropy than the hot IGM.

art/stac1867_f4.eps
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Figure 5. Fractional contribution of the hot mode (gas that has cooled) 
to the total SFR within r vir with and without feedback (solid and dashed 
curv es, respectiv ely). The black curv es are for g7.55e11. The gre y ones are 
for g1.12e12. 
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Figure 6. Evolution with cosmic time t of the virial velocity v vir (black), 
the speed of sound c s (red), and the average gas speed 〈| v |〉 (blue); c s and 
〈| v |〉 are mass-weighted averages over all the particles in the hot CGM. This 
figure is for g7.55e11 without feedback, but the other simulations return a 
similar picture. 
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s our definition of hot and cold is based on entropy rather than
emperature, the hot ISM is not hot in our analysis. Gas that is heated
nd cools locally within the galaxy is treated as if it were cold at all
ime and rightly so, since our focus is on cooling in the hot CGM. 1 

The black solid curves in Fig. 5 show the impact of SN feedback
n the fraction of star-forming baryons that have been in the hot
GM. In g7.55e11, SNe increase the contribution of cooling to the 

otal SFR increases from ∼3 to ∼10 per cent at high z, and from
10 to ∼30 per cent at low z. The integrated stellar mass formed via

n situ cooling grows from less than 7 per cent without feedback to
20 per cent with feedback. 
In g1.12e12, SNe increase the contribution of cooling to the total 

FR at z = 0 from ∼20 per cent without feedback to nearly 70 per cent
ith feedback. The integrated stellar mass formed via in situ cooling 
rows from 10 per cent to 20 per cent of the final stellar mass without
eedback to nearly 40 per cent with feedback. 

These numbers should be taken with caution. Not only do they 
uctuate from one object to another, they also depend on the 

mplementation of SNe in the NIHAO simulations. Ho we ver, the 
icture that emerges from them is robust. Without feedback, cooling 
s negligible at high redshift. Even at low redshift, it contributes 
o a small of the total SFR. With feedback, cooling can contribute
ignificantly to the SFR of massive spirals, but that occurs through 
ooling of gas heated by SNe, and not to through the cooling of
hock-heated gas. 

Our definition of the hot CGM is purely thermodynamic. The 
escription of the hot gas in SAMs is based on the assumption that it
an be approximated with a spherical quasi-hydrostatic atmosphere 
see Somerville & Dav ́e 2015 and Knebe et al. 2015 for an o v erview
f the semi-analytic approach and the main SAMs, respectively). 
s the comparison with SAMs is an important aspect of our work

Section 5 ), it is important to check that the two pictures are
onsistent. We present our analysis for g.755e11 without feedback, 
 ut we ha ve also looked at the other simulations and the conclusions
re very similar. 

We can verify that the hot gas is quasi-hydrostatic by measuring the
ean bulk speed | v | and the mean sound speed c s of the hot CGM’s
 Heating and cooling within the ISM modifies the efficiency of star formation 
Tollet et al. 2019 ), but that is beyond the scope of this paper. 

T
m

s

PH particles (both mass-weighted within the virial sphere), and by 
omparing them to the virial velocity v vir of the DM halo (Fig. 6 ).
or a hydrostatic singular isothermal sphere, v = 0 everywhere and
 

2 
s = (5 / 6) v 2 vir . For the Komatsu & Seljak ( 2001 ) solution [the exact
olution for a polytropic gas in hydrostatic equilibrium with the 
ravitational potential of a Navarro–Frenk–White (NFW) halo], the 
alue of c 2 s is about twice v 2 vir at the centre (the precise factor depends
n the concentration of the DM halo) and decreases at larger radii.
herefore, hydrostatic equilibrium requires c s ∼ v vir and 〈| v |〉 	 v vir .
ig. 6 confirms that c s (red solid curve) and v vir (black dashed curve)
re indeed comparable and shows that the evolution of c s follows
hat of v vir . We also remark that c s is much more stable than 〈| v |〉 .
hat is even truer for g1.12e12, where the red curve is almost flat. 
Comparable does not mean that c s attains the values required 

or a perfectly hydrostatic configuration. The blue solid curve ( 〈| v |〉 )
hows that bulk motions are not negligible, especially during mergers, 
here 〈| v |〉 ∼ c s . Indeed, at the second peak of the blue curve ( t =
 . 63 Gyr, z = 1.06), the hot CGM does not look like a static spherical
tmosphere (Fig. 2 ). The ratio of the bulk speed to the sound speed
ecreases at t > 6 Gyr. Ho we ver, e ven at z = 0, where the hot CGM
s approximately hydrostatic, turbulence accounts for almost one- 
hird of the total pressure. We have verified that the simulations with
eedback return a very similar picture. In conclusion, hydrostatic 
quilibrium is a spherical cow assumption: reasonable, as long as 
ne understands its limitation. 
F or comparison, F aerman, Sternberg & McKee ( 2017 ) and Faer-
an et al. ( 2022 ) probed the hot CGM of the Milky Way with

xygen lines and found that the thermal pressure at the solar radius
ccounts for only a third of the total pressure required for hydrostatic
quilibrium. Assuming hydrostatic equilibrium, they proposed a 
odel in which the pressure support is one-third thermal, one-third 

urbulent, and the last third from magnetic fields and cosmic rays (on
hich we cannot comment, since they are not included in our work).

 ENTROPY  DI STRI BU TI ON  

he thermodynamic entropy per particle of a fully ionized 
onatomic gas is 

 = 

3 

2 
k ln K, (1) 
MNRAS 515, 3453–3471 (2022) 
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here 

 = kT n 
− 2 

3 
e , (2) 

 is the Boltzmann constant, T is the temperature, and n e is the
lectron density, which is proportional to the total number density of
articles ( s is defined up to an additive constant). For a plasma that
s three quarters hydrogen and one quarter helium in mass, 

 e = 

14 

16 

ρ

m p 
, (3) 

here ρ is the mass density and m p is the proton mass (12 hydrogen
toms and one helium atom make 14 electrons and 16 baryons).
he quantity K in equation ( 2 ) is often referred to as the entropy

n astrophysics. We follow this definition in this paper, even though
t is not the standard one in thermodynamics, and use equation ( 2 )
o assign an entropy to SPH gas particles (equation 1 gives the
hermodynamic entropy of a real physical particle, i.e. an electron or
n atomic nucleus, assuming equipartition). 

Stellar SPH particles have no temperature. Hence, we cannot use
quation ( 2 ) to compute their entropies. We could use the entropy of
he gas out of which they formed, but the outputs of the simulations
o not contain the information required to track which gas particle
 stellar particle came from. A statistical approach is none the less
ossible and statistics are all we care about. At each output, we
no w ho w man y gas particles hav e disappeared and how man y stellar
articles have formed. We know the entropy distribution of the gas
hat has been converted into stars because, for each gas particle i ,
e have saved its current entropy K i and its maximum entropy K 

max 
i 

 v er its entire past history. K 

max 
i ( t) is the maximum of K i o v er all

utputs at any cosmic time ≤t . We can thus random sample the
istributions for K and K max and assign values of K and K max to
ach newly formed stellar particle so that the newly formed stellar
articles have the same entropy distribution as the gas particles that
av e been conv erted into stars. The exception are the stars that had
lready formed at z = 6.26. Since we begin our analysis at z = 6.26,
hese stars have no history. We assign them K max = K = 0. 

Let us sort all baryonic SPH particles within r vir at redshift z
y growing K i , let us define M i = 

∑ i 

j= 1 m j , where m j is the mass
f the particle j , and let us plot K i versus M i . We have so many
articles that the result appears as a continuous curve. Hence, we
an drop the subscript i and write K = K ( M ), where K ( M ) is the
ntropy distribution of the baryons within the halo. The black curves
n Fig. 7 show K ( M ) for g7.55e11 without feedback. The effects
f feedback will be discussed later on. We have also looked at the
ntropy distribution for g1.12e12. We do not show it because the
iscussion of g1.12e12 would not add anything to what we learn
rom g7.55e11. 

If we sort the particles by growing K 

max 
i rather than K i , we get

he black dashed curves. The difference between K ( M ) and K max ( M )
hows the extent to which radiative cooling has modified the entropy
f the baryons within the halo. 
Let M � in be the stellar mass within the virial radius at z = 6.26.
 � in is the mass at which the black curves start because K ( M ) = 0

or M ≤ M � in and K ( M ) > 0 for M > M � in . M � in / M b decreases with
osmic time because M b grows. Only a small fraction of the stars
ithin r vir at z = 0 formed at z ≥ 6.26. The starting point of the black

urves depends on our arbitrary choice of the redshift at which we
ecided to begin our analysis. It has no physical meaning per se. 
Moving towards larger baryonic masses, the second main feature

f the black solid curves corresponds to the mass M ∼ 0.6 M b ∼ M � ,
bo v e which K ( M ) becomes much steeper (stars are the baryons with
he lowest entropies). Gas with K lower than a few 10 4 keV cm 

2 has
NRAS 515, 3453–3471 (2022) 
ither formed stars or is in the dense star-forming ISM. The wide
ap between the black solid curves and the black dashed curves at M
 0.6 M b shows that the gas must dissipate most of its initial entropy

n order to form stars. 
Abo v e the steep slope, there is a shallower high-entropy region,

here the solid black curves join the dashed black curves. This region
orresponds to the hot CGM. It is absent in the panel at z = 5.27,
here there is some shock-heated gas, but a hot atmosphere has not
eveloped yet (Fig. 2 ). 
The solid black curve and the dashed black curve in Fig. 7 become

he solid green curve and the dashed green curve, respectively, if we
onsider all the particles that have been inside r vir at some redshift
z ev en if the y are no longer within r vir at redshift z. The black

urves stop at M = M b by construction, since M b is the total mass
f all baryonic particles within r vir at redshift z. The green curves
re almost identical to the black curves and disappear under them
t M � 0.8 M b , but they extend to M > M b because of the spillage
henomenon discussed in Section 3 . 
The black curves in Fig. 8 are the same as the black curves in

ig. 7 at the same z. The new elements in Fig. 8 are the red and the
range curves. The black curves are for all baryonic particles within
 vir . The red curves are for particles in the hot CGM at redshift z. The
range curves are for particles that are within r vir at redshift z and
ave been in the hot CGM at some redshifts ≥z. The particles used
o compute the red curves are as a subsample of the particles used to
ompute the orange curves, which are a subsample of the particles
sed to compute the black curv es. F or all three colours (red, orange,
nd black), the solid curves and the dashed curves correspond to K
nd K max , respectively. 

Following our procedure for computing K ( M ) and K max ( M ), the
ed curves should stop at M hot < M b . The orange curves should stop
t a mass equal to the total mass of all particles that have been in
he hot CGM and are inside the virial radius; this mass is necessarily
reater or equal to M hot and smaller or equal to M b . 
We have translated the red curves and the orange curves to high
asses, so that all the curves in Fig. 8 end at M = M b . The logic for

hat is that the hot CGM should correspond to the highest entropy
as within the halo. Even though all curves in Fig. 8 end at M =
 b by construction, that does not guarantee that they all o v erlap at

igh masses. The fact that they do so validates the correctness of
ur assumption that the hot CGM corresponds to the highest entropy
aryons. 
As the critical polytrope introduced in Section 3 to separate the

old phase from the hot phase has a polytropic index only a little
ower than the adiabatic value γ = 5/3, the criterion introduced in
ection 3 is approximately an entropy criterion with a critical entropy
f a few keV cm 

2 . The red and orange curves in Fig. 8 depend on
his critical entropy, but the black curves do not. The presence of a
eature in the black dashed curves at a K of a few keV cm 

2 and at the
ass where the orange curves begin confirms the robustness of our

nalysis and the importance of this entropy scale. 
The point is clearer at the two lowest redshifts ( z = 0.52 and z =

.00). Between M = 0.75 M b and M = 0.95 M b , the black curves
re almost straight lines on a log K –M diagram. If we extrapolate
hese straight lines at low masses, we see that, at M � 0.6 M b , the
 xtrapolated curv es fall abo v e the real black dashed curv es at M �
.6 M b . There is a clear physical distinction between the 60 per cent
f the baryons that never reached entropies above a few keV cm 

2 and
he 40 per cent that did. 

Radiativ e cooling mo v es the hot CGM’S lowest entropy gas to the
old phase (the transition from the orange dashed curves to the orange
olid curves in Fig. 8 ). Negligible at z > 1, the phenomenon is clearly
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Figure 7. g7.55e11 without feedback: entropy distribution K ( M ) (solid curves) and maximum entropy distribution K max ( M ) (dashed curves) for all particles 
within r vir at redshift z (black curves) and all particles that have been within r vir at some redshift ≥z (green curves). Baryonic masses are shown relative to the 
total mass M b of all baryonic particles within r vir at redshift z. 
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isible at lower redshifts, even though its quantitative importance 
emains small. At z = 0, the orange curves start at M � 0.60 M b 

about 40 per cent of the baryons have been in the hot CGM). The
olid one drops dramatically at M � 0.64 M b : about 4 per cent of the
aryons have been in the hot CGM but have cooled later on. This
 per cent pales compared to the 60 per cent accreted in the cold
ode. Through this analysis, we redisco v er what we had already

ound from Figs 1 and 5 . The hot mode makes a small contribution
o the growth of the central galaxy. 
The orange solid curve and the orange dashed curve part below M
 0.67 M b , the mass at which the red curves begin. As 67 − 64 = 3,

t follows that ∼3 per cent of baryons have been in the hot CGM,
ave not cooled yet, but are in the process of doing so (we could say
hat they are in a cooling flow). 

The remaining 33 per cent of the baryons were shock heated and
re still in the hot CGM with K � K max (in Fig. 8 , the red solid
urves and the red dashed curves are almost indistinguishable). Our 
nterpretation of this finding is that the baryons that are still in the
MNRAS 515, 3453–3471 (2022) 
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M

Figure 8. g7.55e11 without feedback: entropy distribution K ( M ) (solid curves) and maximum entropy distribution K max ( M ) (dashed curves) for all particles 
within r vir at redshift z (black curves), all particles within r vir that have been in the hot CGM at some redshift ≥z (orange curves) and all particles within r vir 

that are in the hot CGM at redshift z (red curves). 
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ot CGM have not been affected by radiative cooling because they
re those with the highest entropies and thus the longest cooling 
imes. 

Fig. 9 is the same as Fig. 8 , but this time for the simulation with
N feedback. Three differences stand out. 
First, feedback delays star formation. In the simulation with

eedback, fewer stars formed at very high redshift ( z ≥ 6.26). 
Second, feedback heats the gas, albeit transiently. There are much

ewer baryons with low K max with feedback than without it. We note,
o we ver, that most of the gas heated by SNe is heated to fairly low
ntropies corresponding to a warm–hot phase. The mass that crosses
NRAS 515, 3453–3471 (2022) 
he critical polytrope and becomes part of the hot CGM is fairly low.
his is why the M at which the orange dashed curves start is only
lightly lower in Fig. 9 than in Fig. 8 . 

Third, feedback promotes cooling by replenishing the hot CGM
ith lower entropy gas that has short cooling times. In Fig. 8 , the low-

st entropy associated with the hot CGM at z = 0 is K ∼ 2 keV cm 

2 .
he gas with 2 � K � 4 keV cm 

2 has cooled leaving behind the
as with K > 4 keV cm 

2 , which has long cooling times. In Fig. 9 ,
eedback has replenished the hot CGM with gas that has entropies
s low as K ∼ 0 . 8 keV cm 

2 . This gas cools rapidly leaving behind,
nce again, the baryons with K > 4 keV cm 

2 . 
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Figure 9. The same as Fig. 8 , but this time with SN feedback. 
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In summary and converting all percentages to the total accreted 
ass (rather than the mass M b within the virial radius), 2 in g7.5e11
ithout feedback, ∼50 per cent of the baryons have been accreted in

he cold mode, ∼6 per cent have cooled or are in a cooling flow, the
est are in the hot CGM and cooling has not affected their entropies.

ith feedback, the fraction of the baryons that have never been in
he hot CGM decrease to ∼30 per cent. Its decrease is compensated
y a much larger fraction ( ∼20 per cent) of baryons that have cooled
 Restricting our attention the baryons within r vir at z = 0 gives the false 
mpression that feedback reduces the mass of the hot CGM. In reality, the 
ass of the hot CGM increases slightly, but the increase is masked by the 

xpansion of the hot gas at r � r vir . 

m  

b
 

b  

q

r are about to do so, while the mass of high-entropy baryons that
ave not been affected by cooling is more or less the same, although a
igher fraction of the high-entropy extends beyond r vir with feedback 
han without it. 

In g1.12e12, the percentages without feedback are ∼40 per cent 
or the baryons accreted in the cold mode and ∼4 per cent for the
aryons that have cooled or are in a cooling flow. The percentages
ith feedback are ∼26 per cent and ∼15 per cent, respectively. The
ain difference is that g1.12e12 has a higher fraction of high-entropy

aryons (56–59 per cent) and also more spillage outside r vir . 
In both cases, a small fraction ( ∼4–6 per cent) of the shock-heated

aryons are able to cool. A larger sample may change this result
uantitatively but is highly unlikely to modify its qualitative aspect. 
MNRAS 515, 3453–3471 (2022) 
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Figure 10. Baryonic accretion rate on to the halo as a function of cosmic 
time. The two peaks at t < 6 Gyr for g7.55e11 (black curve) correspond 
to the times of rapid halo growth in Fig. 1 (a). The peak at t ∼ 9 Gyr for 
g1.12e12 (grey curve) corresponds to the beginning of the long fly-by visible 
in Fig. 1 (b). 
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Ne can increase the importance of cooling by replenishing the hot
GM with lower entropy gas that has a short cooling time, but this
as little effect on the mass of the high-entropy shock-heated gas. 

Before concluding this section, it is interesting to compare the
esults of NIHAO with the probability density function (PDF) for
he entropy of the gas particles in the EAGLE simulations (Correa
t al. 2018 ), which is unimodal at low masses but bimodal for
 vir � 10 12 M �, with a low-entropy peak and a high-entropy peak

eparated by a minimum around 10 7 . 2 K cm 

2 ( ∼1 keV cm 

2 in our
nits), although the precise value depends on halo mass. This is the
ritical entropy that Correa et al. ( 2018 ) used to select the hot gas
hen applying an entropy criterion. For M vir ∼ 10 12 M �, the PDF
f the hot gas in EAGLE peaks at 10 8 . 6 K cm 

2 , which corresponds to
 ∼ 30 keV cm 

2 in our units. 
Our entropy distribution is in an integral form. Hence, the maxima

nd minima of the PDF appear in Figs 7 –9 as changes of concavity
n the black curves. The general behaviour is nevertheless the same.
he minimum that separates the low-entropy gas from the high-
ntropy gas (the switch from K 

′′ 
> 0 to K 

′′ 
< 0) is at K ∼ 1 keV cm 

2 .
he high-entropy peak (the switch from K 

′′ 
> 0 to K 

′′ 
< 0) is at

 ∼ 20 keV cm 

2 . 
These figures are consistent with those found in the Evolution

nd Assembly of GaLaxies and their Environments (EAGLE), but
hey are for the simulations without feedback (Fig. 8 ; the results for
1.12e12 are substantially similar). With feedback, in g7.55e11 the
inimum that separates the gas with low and high entropies descends

o K ∼ 0 . 1 keV cm 

2 (Fig. 9 ) because SNe have replenished the hot
GM with a lot of gas at 0 . 1 � K � 1 keV cm 

2 . In g1.12e12, this
ower intermediate entropy gas stands out as a third local maximum
f the entropy distribution. In both galaxies, feedback makes the
ifferences with EAGLE more significant. 
We cannot be sure of the origin of this discrepancy, but we

trongly suspect that it derives from how feedback is implemented
n the SPH codes used to run the EAGLE and NIHAO simulations.
oth include thermal SN feedback and chemical enrichment, but

he ways they do it differ in both the numerical implementation and
he inclusion of specific physical processes (e.g. there is no metal
iffusion in EAGLE). EAGLE also includes AGN feedback, which
as a strong heating effect in massive galaxies and may explain why
he PDF of the hot gas peaks at K ∼ 30 keV cm 

2 in EAGLE and
 ∼ 20 keV cm 

2 in the NIHAO simulations without feedback. 
The sensitivity of the entropy distribution to the feedback model

omforts our choice to select the shock-heated gas based on the
symptotic equation of state of the IGM, which does not depend on it.
n practice, ho we ver, our criterion corresponds to an entropy thresh-
ld of ∼2 keV cm 

2 , which is very similar the value of 1 . 2 keV cm 

2 

sed by Correa et al. ( 2018 ). 

 PREDICTING  T H E  AC C R E T I O N  M O D E  

n this section, we address the question of how robustly a simple
nalytic model can predict whether an individual halo is in the cold
ode or in the hot mode at a specific time. Ho we ver, before we

escribe our model, let us determine how the shock-heated fraction
 hot evolves with cosmic time in the NIHAO simulations. 

We define the baryonic accretion rate Ṁ accr on to the halo as
he mass of the baryonic particles that enter r vir for the first time
etween two consecutive output time-steps divided by the time
nterval between them. Fig. 10 shows Ṁ accr ( t) for g7.55e11 and
1.12e12 in the simulations without feedback, but feedback has little
mpact on Ṁ accr in massive spirals (but not in dwarf galaxies; Tollet
t al. 2019 ). 
NRAS 515, 3453–3471 (2022) 
The shock-heated fraction f hot is the fraction of the accreted mass
hat ends up in the hot CGM, independently of whether it remains
here or it cools at same later time. We do not require that the gas
e hot at the time of accretion because shocks may occur deep into
he halo and the gas that enters the halo may take a free-fall time t ff 

r vir / v vir before it reaches the shock radius r s . We note that t ff is
hort compared to the age of the Universe but longer than the time
ntervals between output time-steps. 

Fig. 11 shows the evolution of f hot with cosmic time in NIHAO
red solid curves). Let us start from the case without feedback. In
7.55e11 (Fig. 11 a), at t < 4 Gyr, a small fraction of the accreted
as is shock heated (30 per cent on average). The halo is in the cold
ode. 4 < t < 6 Gyr is a transition epoch. After t = 6 Gyr, the hot
ode is clearly dominant with f hot ∼ 0.9 on average if we exclude an

phemeral comeback of some cold accretion around t = 12 . 5 Gyr.
n g.12e12 (Fig. 11 b), the shock-heated fraction grows from f hot ∼
.3 at t ∼ 2 Gyr to f hot ∼ 0.8 at t ∼ 4 Gyr. Hence, the evolution is
imilar, even though the growth of f hot is more gradual. 

Birnboim & Dekel ( 2003 ) and Dekel & Birnboim ( 2006 ) per-
ormed a shock-stability analysis of the transition between the two
ccretion modes. The outcome of a shock depends on two time-
cales: the post-shock radiative cooling time t cool and the compression
ime t comp = r s / u 2 , where r s is the shock radius and u 2 is the post-
hock infall speed. The condition for a stable shock is 

t comp 

t cool 
≤ � c , (4) 

ith � c = 5/7. The left-hand side of equation ( 4 ) depends on radius.
he shock radius r s is the largest radius for which equation ( 4 ) is
atisfied. Cattaneo et al. ( 2020 ) implemented this condition in the
ALICS 2.1 SAM by assuming that there is shock heating when 

 = min 

(
t comp 

t cool 

)
r≤r vir 

≤ � c , (5) 

nd used this criterion to separate cold and hot accretion. 
GALICS 2.1 cannot compute f hot for an individual halo. It assumes

 hot = 0 for haloes with � > � c and f hot = 1 for haloes with � ≤
 c . Only on a population basis can f hot take all intermediate values
etween zero and unity. � is determined by the post-shock density,
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Figure 11. Evolution with cosmic time t of the shock-heated fraction f hot in NIHAO (red solid curves) and of the � variable in the GALICS 2.1 SAM (black 
solid curves) for g7.55e11 (left) and g1.12e12 (right). Both f hot and � are dimensionless (notice their different ranges of ordinates). The black dashed horizontal 
lines correspond to the critical �, below which GALICS 2.1 predicts that the accreted gas should be shock heated. For the simulations without feedback, we 
have shown two cases: � c = 5/7 (top row) and � c = 1 (middle row). For the simulations with feedback, we have shown only the case � c = 5/7 (bottom row). 
The red dashed curves show the predictions of GALICS 2.1 : f hot = 0 for � > � c , f hot = 1 for � < � c . 
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emperature, and metallicity used to compute t cool , and by the post-
hock infall speed u 2 used to compute t comp . 

Without feedback, there is no mechanism to enrich the IGM. Even 
ith feedback, ho we ver, the metallicity of the filaments is usually
uite small (Ocvirk et al. 2008 ; Rafelski et al. 2012 , 2014 ; Berg
t al. 2016 ). In NIHAO, Roca-F ̀abrega et al. ( 2019 ) investigated the
etallicity of the CGM out to r = 1.5 r vir . The mean metallicity

f the cold gas ( T < 10 4 . 5 K) at r = 1.5 r vir increases from Z �
0 −2 . 5 Z � at z = 2.3 to Z � 10 −1 . 8 Z � at z = 0, but there is a lot of
catter. The metallicity is significantly lower for inflows than it is for
utflows. Hence, those are upper limits for the metallicity of the IGM
n NIHAO. At z = 0, the cold inflowing gas spans the metallicity
ange 10 −2 . 4 � Z � 10 −1 . 8 Z �. Assuming primordial cooling is a
ood approximation for Z � 10 −3 Z � and continues to be acceptable 
s long as Z < 10 −2 Z � Hence, the IGM is ef fecti vely primordial
 v er most of the cosmic lifetime and that will be our assumption for
he semi-analytic calculations in this paper. A cautionary note is that
he actual metallicity of the post-shock gas may be higher than the

etallicity of the IGM if the filaments are enriched by mixing with
he CGM within the halo. 
MNRAS 515, 3453–3471 (2022) 
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Figure 12. Galaxy g7.55e11 without feedback: 〈| v ( r ) |〉 (blue and red solid curves) and 〈 v r ( r ) 〉 (blue and red dashed curves) at six different z (the corresponding 
redshift is indicated in each panel). The blue/red curves are for the cold/hot CGM, respectively. The averages are mass-weighted in spherical shells. The black 
circles have coordinates ( r vir , v vir ). The black dashed curves show the free-fall speed u 1 ( r ) computed with equation ( 8 ). 
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For a strong shock, the post-shock density ρ2 is four times the pre-
hock density ρ1 , the post-shock speed u 2 is one-fourth of the pre-
hock speed u 1 , and the post-shock temperature is easily calculated
rom the value of u 1 (see Cattaneo et al. 2020 for details). Hence, the
alculation of � reduces to that of two variables: ρ1 and u 1 . 

The scaling of t comp / t cool with ρ1 and u 1 follows from t comp ∝
 

−1 
1 and t cool ∝ ρ−1 

1 T /� ( T ), where T is the post-shock temperature
nd � ( T ) is the cooling function. In the rele v ant temperature range
several 10 5 K; Figs 2 and 3 ), � ∝ T 

−1/2 . Since T ∝ u 

2 
1 , by combining

hese relations, we find 

t comp 

t cool 
∝ 

ρ1 

u 

4 
1 

. (6) 

ense slow inflows fa v our cold accretion. Low densities and high
peeds promote shock heating. 

The rest of this section can be broken down into three parts: the
alculation of u 1 , the calculation of ρ1 , and the use of �( t ) to predict
he halo’s accretion mode. 

.1 The pre-shock infall speed 

ALICS 2.1 computes u 1 by assuming that the pre-shock gas (the
old gas in the filaments) is in free fall. The infall can be broken
own into two parts. 
From the turn-around radius, where the gas separates from the

ubble flow to the virial radius, the gas is in free fall with the DM,
o that it enters r vir at the infall speed, 

 1 ( r vir ) = v vir . (7) 

quation ( 7 ) is exact for pressureless spherical collapse in a universe
ithout cosmological constant. The cosmological constant generates
 repulsive force that reduces the infall speed but its effect on u 1 is less
han 2 per cent and is negligible compared to those of hydrodynamic
henomena, such as shocks along the filaments. 
NRAS 515, 3453–3471 (2022) 
From r vir to r s , the DM is static (in virial equilibrium); the gas
inks into the gravitational potential φNFW 

( r ) of the DM halo, which
e assume to follo w Nav arro, Frenk & White ( 1997 , NFW)’s density
istribution. Hence, 

 1 ( r s ) = 

√ 

v 2 vir + 2[ φNFW 

( r vir ) − φNFW 

( r s )] . (8) 

quation ( 8 ) is rele v ant only for r s < r vir . For r s ≥ r vir , the gas that
nters r vir is slo wed do wn by the resistance of the hot CGM. We use
quation ( 7 ) in that regime. 

To check these assumptions, we have plotted | v ( r ) | and v r ( r ) for
he cold CGM, where | v | and v r are mass-weighted o v er spherical
hells. Here v r is the mean radial infall speed taken with a positive
ign for infalling particles and discarding any outflowing particles.
he reason why we need both | v | and v r is that v r underestimates the

eal infall speed if the filaments enter the virial sphere on a trajectory
hat is not purely radial, while 〈| v ( r ) |〉 often contain peaks that are
ssociated with satellite galaxies and do not measure the infall speed
f the cold CGM. 
The plots shown in Fig. 12 are for g7.55e11 only and without

eedback, but the differences from one output time-step to another are
s large as the differences from one simulation to another. Globally,
7.55e11 and g1.12e12 exhibit the same qualitative behaviour, which
e can summarize in three points. First, v r < | v | . Hence, the infall is
ot purely radial. Second, | v ( r vir ) | � v vir is usually a good assumption
t all but the lowest z. Third, | v | � u 1 is a reasonable approximation
nly at high z, when r s 	 r vir . At later epochs | v ( r ) | is flat or decreases
o wards lo w r , as expected if hot CGM resists penetration by the cold
laments. 
Our assumptions are nevertheless reasonably correct at high z

efore a stable shock appears and a lower z after r s reaches r vir . Only
n the intermediate regime there is a possibility that equation ( 8 ) may
ubstantially o v erestimate the infall speed. 

The red curves in Fig. 12 show 〈| v ( r ) |〉 and 〈 v r ( r ) 〉 for the hot
GM. They confirm our expectation that the hot phase has lower
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Figure 13. Fraction of the total solid angle co v ered by the filaments as a 
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ulk speeds that the cold one, but they also show a certain degree of
orrelation between the kinematics of the hot and the cold CGM. 

.2 The pre-shock density 

he pre-shock density ρ1 is determined from the continuity equa- 
ion for a stationary flow: 

˙
 accr = �r 2 s ρ1 u 1 , (9) 

here � is the solid angle from which the gas is accreted ( Ṁ accr 

aries on cosmological time-scales, but variations on time-scales of 
he order of t ff are small; see Fig. 10 ). For the same values of Ṁ accr , r s ,
nd u 1 , the filaments are denser if the gas is accreted from a narrower
olid angle. 
� is one of our greatest uncertainties. Cattaneo et al. ( 2020 )

ssumed that the radius r fil of the DM filaments is the virial radius of a
alo with mass equal to the non-linear mass at the redshift of interest.
he filaments that accrete on to a halo are cylindrical with radius r fil 

t r > r vir and conical at r < r vir . The solid angle �fil co v ered by a
M filament is determined by r fil / r vir . We follow Codis, Pogosyan &
ichon ( 2018 ) to compute the number of filaments n fil as a function of
 vir and z (see Cattaneo et al. 2020 , appendix A, for details). The total

olid angle co v ered by all DM filaments is the maximum between
 fil �fil and 4 π. The gas filaments are, ho we ver, more concentrated
han the DM ones (Ramsøy et al. 2021 ). Cattaneo et al. ( 2020 ) treated
he uncertain concentration factor as a free parameter of the SAM. 
he gaseous filaments co v er a fraction 1/ C of the total solid angle
o v ered by the DM filaments. 

With the parametrization abo v e, equation ( 9 ) gives ρ1 ∝ u 

−1 
1 , and

quation ( 6 ) becomes 

t comp 

t cool 
∝ 

C 

u 

5 
1 

. (10) 

igher C (denser filaments) gives more efficient cold-mode accre- 
ion, and thus higher stellar masses, but in GALICS 2.1 we can
ncrease C and still reproduce the same observational data if the 
fficiency of SN feedback, the true value of which is considerably 
ncertain, is increased simultaneously. Cattaneo et al. ( 2020 ) broke 
his de generac y by calibrating C on cosmological hydrodynamic 
imulations without feedback. They found the best agreement with 
he galaxy stellar mass function of Kere ̌s et al. ( 2009 ) for a C = 9. 

In NIHAO, we compute � by selecting all infalling cold (below 

he critical polytrope) gas particles with r vir < r < 1.05 r vir that have
ever been at r ≤ r vir . To each particle, we can associate a volume
qual to its mass divided by its SPH density. The filaments’ co v ering
raction �/(4 π) is then the ratio between the volume occupied by
hese particles and the total volume of the spherical shell. This
rocedure measures the isotropy of cold accretion on the scale of
he virial radius. � would be the same at all radii if the filaments
ere conical. That is obviously an approximation, but Fig. 2 shows

hat it is not too far from reality, at least at high z, where filaments
re clearly visible. 

Fig. 13 shows the co v ering factors computed with this method for
7.55e11 and g1.12e12 (solid curves). In NIHAO, C is not constant. 
s we can also see in Figs 2 and 3 , the accretion is more isotropic at
igh z and less so at low z. 
This behaviour is very different from the one expected from our 

AM. As the non-linear mass grows more rapidly than M vir , our
AM predicts that � should increase with time until it converges 
 π/ C . (Fig. 13 , dashed curves). The discrepancy arises because our
alculation of � is purely cosmological. We have also assumed that 
 is constant while it may depend on the gaseous environment. In
eality, once a hot CGM has developed, the filaments are confined
y it. The values of � measured at low z should be taken with the
reatest caution because � is not very meaningful when there are 
o cold flows and most of the cold gas comes in through satellite
alaxies (Fig. 2 , 0.03 < z < 0.15). 

The rele v ant question for our SAM is whether the � predicted by
ALICS 2.1 at high z before shock heating agree with NIHAO. The

nswers is that they do within a factor of < 2. In reality, it is likely
hat there is a compensation. Fig. 12 shows that, by assuming free
all, we tend to o v erestimate the infall speed. Equation ( 10 ) shows
hat � ∝ C/u 

5 
1 . Hence, it is logical that our SAM tends to exaggerate

 to compensate the error on u 1 and get the stellar mass function of
alaxies right. 

.3 From � to f hot 

ALICS 2.1 computes � in the context of a SAM that follows the
volution of baryons within DM merger trees from a cosmological 
 -body simulation. M vir , r vir , and c are used to compute u 1 . Ṁ vir is
sed to compute Ṁ accr . 
Fig. 11 (black solid curves) shows the �( t ) predicted by GAL-

CS 2.1 when we extract M vir , Ṁ vir , r vir , and c from NIHAO and we
eed them to GALICS 2.1 with C = 9. The halo is predicted to be in
he cold mode when � > � c ( � c = 5/7 in our default model). 

A discrete function that takes only two values, zero and unity (the
ed dashed curve), is inevitably a crude approximation to one that
aries continuously between these two extreme (the red solid curve), 
ut the fundamental behaviour is reproduced reasonably well. Let us 
tart from the case without feedback. 

In g7.55e11, GALICS 2.1 predicts a transition to the hot mode
t t = 5 . 63 Gyr (Fig. 11 a, red dashed curve); t = 5.4–5 . 6 Gyr is
ndeed the time after which the shock-heated fraction in NIHAO is
teadily abo v e f hot = 0.8, although a first shock-heating episode has
lready occurred at t = 3 . 69 Gyr. In g1.12e12, shocks on a scale of
0.5 r vir are already present at t = 1 . 10 Gyr (Fig. 3 ). The hot CGM
lls the virial sphere by t = 1 . 96 Gyr, even though at t � 2 Gyr the
ot mode accounts for less than a third of the baryonic accretion
ate (Fig. 11 b, red solid curve). The shock-heating time according
o GALICS 2.1 corresponds to the time t ∼ 4 Gyr, after which the
hock-heated fraction in NIHAO increases rapidly from f hot ∼ 0.4 to 
 hot ∼ 0.8. 
MNRAS 515, 3453–3471 (2022) 
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Figure 14. The electron density profile of the hot CGM in g1.12e12 (circles 
– red: with feedback; black: without it) and the Milky Way (polygons, straight 
lines). The legend shows the observations that correspond to each colour/line 
style. The green rectangle is for the local ISM and comes from ultraviolet 
absorption lines (Jenkins & Tripp 2011 ). The brown parallelogram (X-ray 
absorption) is Voit ( 2019 )’s reassessment of Miller & Bregman ( 2013 )’s 
O VII absorption line measurements (red dashes). The blue solid line and 
the blue dashes are Miller & Bregman ( 2013 )’s O VII and O VIII emission 
line measurements, respectively. The cyan parallelogram shows Henley & 

Shelton ( 2013 )’s X-ray emission line measurements. The black, red, blue, 
yellow, and magenta polygons are the constraints from ram pressure stripping 
models for Sculptor (Grcevich & Putman 2009 ), Carina (Gatto et al. 2013 ), 
Sextans (Gatto et al. 2013 ), Fornax (Grcevich & Putman 2009 ), and the Large 
Magellanic Cloud (Salem et al. 2015 ), respectively. The black vertical error 
bar is the constraint from high-velocity clouds (21 cm data; Putman et al. 
2012 ). The inverted orange triangle is the result of similar observations for 
the Magellanic Stream (Stanimirovi ́c et al. 2002 ). The green line comes from 

Large Magellanic Cloud dispersion measurements (Anderson & Bregman 
2010 ). The grey parallelogram comes from stacked cosmic microwave 
background (CMB) and X-ray data (Singh et al. 2018 ); these are the only 
data in this figure for galaxies other than the Milky Way. The curves show 

the KS solution for the DM parameters measured in NIHAO for g1.12e12 
and a normalization equal to 100 per cent (thin black dotted–dashed curve), 
35 per cent (thick black curve), and 20 per cent (thick red curve) of the one 
expected if all the baryons were in the hot CGM. 
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The predictions of GALICS 2.1 are based on �. If we compare f hot 

the red solid curve) and � (the black solid curve) in Fig. 11 (a), we
o see a strong anticorrelation. The maxima of � at t = 2 . 8, 3.5, 3.9,
nd 5.0Gyr and its minima at t = 3 . 0, 3.7, and 5.0Gyr correspond
o minima and maxima of f hot , respectively. Only the minimum at
 = 4 . 1 Gyr does not correspond to a maximum of f hot , but f hot has
tarted to grow rapidly and has a maximum at the next output time-
tep. At t = 5 . 6 Gyr, where f hot has a maximum, � has a not reached
 minimum yet but its value has dropped dramatically. The same
onsideration applies to the other panels of Fig. 11 and demonstrates
hat � is a good predictor of the behaviour of f hot . 

Ho we ver, the predictions of GALICS 2.1 depend not only on � 

ut also on � c . GALICS 2.1 would have reproduced the two shock-
eating episodes (i.e. the two peaks of the red solid curve) at t =
 . 69 Gyr and t = 4 . 33 Gyr in Fig. 11 (a) if we had used 1.09 < � c <

.18 instead of � c = 5/7. 
This point is important because � c depends on assumptions about

he equation of state of the post-shock gas and the geometry of the
hocks (Dekel & Birnboim 2006 ). � c = 5/7 follows from Birnboim &
ekel ( 2003 )’s assumption that the temperature of the post-shock gas

s constant across a shell. Assuming a polytropic equation of state
ith a constant polytropic index would give � c = 1. Figs 11 (a) and

b) show that using � c = 1 instead of � c = 5/7 can substantially
o v e forward the time of the first shock-heating episode. 
With only two galaxies, we cannot use our results to draw

ny conclusion on the value of � c . A larger sample would not
utomatically solve the problem, ho we ver, because only the ratio
 / � c matters for our SAM and there may be systematic errors in the
stimate of �, notably because of the uncertainties on u 1 (Section 5.1 )
nd � (Section 5.2 ). The best-fitting � c may thus compensate these
rrors rather than return the real physical value of the critical t comp / t cool 

atio abo v e which the gas is shock heated. 
Even with these uncertainties, GALICS 2.1 robustly predicts that

old accretion should be important when � � 1 and that our system
hould be in the hot mode at t ≥ 5 . 63 Gyr. Both predictions are
erified. It is the detailed behaviour for � ∼ 1 that is uncertain. 

We conclude our detailed discussion of Fig. 11 (a) by analysing
wo episodes where GALICS 2.1 seems to fail dramatically for both
 c = 5/7 and � c = 1. At t = 9 . 94 Gyr, f hot drops dramatically in
ALICS 2.1 but not in NIHAO. At t = 12 . 75 Gyr, the problem is the
pposite: f hot drops dramatically in NIHAO but not in GALICS 2.1.
et us start from the first episode. 
Fig. 2 shows no evidence for cold streams at t = 9 . 94 Gyr on

 face-on view, but filaments are visible if we look at the central
alaxy edge-on. Most of this gas will not make it into the central
alaxy, ho we ver, and this is the key point to reconcile GALICS 2.1
ith NIHAO. 
GALICS 2.1 applies equation ( 5 ) to decide whether accretion on

o the halo is in the cold or the hot mode. This decision is made
ndependently of the presence of a massive hot CGM, while, in
eality, its presence does affect the ability of cold streams to reach
he central galaxy. In NIHAO, all particles that end up in the hot
GM contribute to the hot mode, independently of whether they do

t through shock heating or through mixing at the boundary surface
etween the cold and the hot phase. 

Despite the apparent discrepancy, the final predictions of GAL-
CS 2.1 are not inconsistent with the behaviour measured in NIHAO.
ven if the surge of � at t = 9 . 94 Gyr results in some cold accretion
n to the halo, the Kelvin–Helmholtz instability destroys the cold
laments on a time-scale proportional to ( M fil / M hot ) 1/2 (appendix B
f Cattaneo et al. 2020 ) that is quite short when M fil 	 M hot . The
ame argument solves the problem of similar episodes in Fig. 11 (b).
NRAS 515, 3453–3471 (2022) 
 careful inspection of Fig. 3 shows evidence for cold gas flowing
nto the virial radius but this cold gas disappears from one snapshot
o another, it does not reach the central galaxy. 

The sudden drop of f hot measured in NIHAO for g7.55e11 at t =
2 . 75 Gyr (Fig. 11 a, red solid curve) comes from a gas-rich satellite
alaxy that enters r vir between t = 11 . 88 Gyr and t = 13 . 39 Gyr
Fig. 2 ). GALICS 2.1 has correctly assessed that there is no accretion
ia cold filaments in that time interval. 
Our discussion has been based on the simulations without feed-

ack, which are more easily interpreted. Figs 11 (c) and (d) show that
Ne do not modify any of our conclusions. Interestingly, although
ossibly fortuitously, when we include SN feedback, the agreement
etween GALICS 2.1 and NIHAO becomes better, not worse. 

 DENSITY  O F  T H E  H OT  C G M  

ne of our main results is how inefficiently the shock-heated gas
ools. To exclude the possibility that this is due to unrealistically
ow densities in NIHAO, we have measured the electron density
istribution n e ( r ) of the hot CGM in the simulations and compared it
o the observational data for the Milky Way compiled by Voit ( 2019 ;
ig. 14 ); g1.12e12 has been retained for this comparison because its
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ass is closer to that of the Milky Way, but the results for g7.55e11
re remarkably similar. 

SN feedback expels baryons and lowers the mass of hot CGM from
 hot ∼ 6 × 10 10 M � to M hot ∼ 3 × 10 10 M �. Hence, the electron 

ensities at 20 � r � 200 kpc are lower in the simulation with
eedback than in the simulation without it (in Fig. 14 , the red circles
re below the black circles). The circles stop at r vir � 210 kpc, but a
imple extrapolation shows that, at r > r vir , the situation is reversed.
he electron densities with feedback mo v e abo v e those without it,
s expected if some of the baryons at r < r vir have been moved to r
 r vir . 
At r � 10 kpc, n e is higher in the simulation with feedback

ecause, even though there are outflows, the hot CGM is constantly 
eplenished by SN-driven winds. Fig. 14 shows that a lot of the gas
eheated by SNe remains in the central region, especially in massive 
alaxies, where the hot CGM confines the winds (in dwarf galaxies, 
he situation is quite different; Tollet et al. 2019 ). 

The density of the hot gas in the halo of the Milky Way has
een studied with many different methods. The thermal pressure 
f the ISM in the solar neighbourhood can be robustly measured 
rom ultraviolet absorption lines (Jenkins & Shaya 1979 ). The 
reen rectangle in Fig. 14 corresponds to Jenkins & Tripp ( 2011 )’s
omprehensive analysis of the available observational data. The hot 
GM beyond the solar neighbourhood can be probed by the emission
nd absorption of X-ray lines. The region bordered in cyan and 
abelled X-ray emission corresponds to Henley & Shelton ( 2013 )’s
mission line analysis. The blue dotted–dashed, blue dashed, and red 
ashed lines are the results of Miller & Bregman ( 2013 , 2015 ), who
ocused on oxygen lines. The region bordered in brown and labelled 
-ray absorption is Voit ( 2019 )’s reassessment of Miller & Bregman

 2013 )’s O VII absorption measurements (the thin red dashed line).
easurements based on emission and absorption lines depend on the 
etallicity of the CGM. The data shown in Fig. 14 are corrected for

he metallicity gradient in Voit ( 2019 ). 
Another method uses dispersion. Radio waves of longer wave- 

engths travel through the CGM faster than those of shorter wave- 
engths. Anderson & Bregman ( 2010 ) used dispersion measurements 
n pulsars in the Large Magellanic Cloud to derive an upper limit for
 e . Their results are shown by the green line in Fig. 14 . 
Additional constraints come from ram pressure stripping models 

f dwarf galaxies that orbit the Milky Way, i.e. the Large Magellanic
loud (magenta polygon; Salem et al. 2015 ), Carina (red polygon; 
atto et al. 2013 ), Sextans (blue polygon; Gatto et al. 2013 ), Fornax

yello w polygon; Grce vich & Putman 2009 ), and Sculptor (black
olygon; Grcevich & Putman 2009 ). Ram pressure constraints have 
he advantage of being independent of metallicity. Circumgalactic 
ressures can also be derived from 21 cm measurements of H I in
igh-velocity clouds (vertical black error bar; Putman, Peek & Joung 
012 ) and similar observations of clouds in the Magellanic Stream 

inverted orange open triangle; Stanimirovi ́c et al. 2002 ). 
The final set of constraints comes from galaxies more massive 

han the Milky Way. Singh et al. ( 2018 ) used a power-law profile
o model stacked X-ray and cosmic microwave background (CMB) 
ata for galaxies with 10 12 . 6 < M vir < 10 13 . 0 M �. Their results are
hown by the region bordered in grey and labelled ‘CMBXstacks’. 

The CGM densities measured in NIHAO for g1.12e12 are broadly 
onsistent with the observations in Fig. 14 , even though they lie on
he high side of what is observationally permissible. The inefficient 
ooling of the hot CGM in NIHAO cannot be due to densities that
re too low. 

The greatest difference between NIHAO and the observations is 
he central n e excess in the simulation with feedback. This finding has
o observational counterpart and appears in conflict with the density 
f the ISM in the solar neighbourhood (Fig. 14 , green rectangle;
enkins & Tripp 2011 ). 

The comparison is based on n e measured assuming a spherical 
istribution, while the hot ISM is mainly confined to the plain of the
isc, both in NIHAO (fig. 3 of Tollet et al. 2019 ) and the observations.
o we ver, in NIHAO the hot CGM as a whole is remarkably spherical

Gutcke et al. 2017 ). It is even more so with our definition that
xcludes the hot ISM. While this questions the meaning of comparing 
he red circles to the green rectangle, the hot CGM should be less
ense, not denser than the hot ISM. This makes the discrepancy even
ore acute. 
This finding is remarkable because the simulation with feedback is 

he more physical one. The NIHAO simulations with feedback form 

ealistic central galaxies (Wang et al. 2015 ; Tollet et al. 2019 ). Those
ithout it do not. A possible interpretation is that the hot winds in the

imulations with feedback are not venting out or cooling as rapidly as
n real galaxies, but this problem is beyond the scope of the this paper.

It is interesting to compare the density profiles in Fig. 14 to the
odel by Komatsu & Seljak ( 2001 , hereafter KS ), which is the

xact solution for a polytropic gas in hydrostatic equilibrium with 
he gravitational potential of halo described by the Navarro et al.
 1997 ) profile. Even if these assumptions are correct, the solution
till contains three free parameters: the central density, the central 
emperature, and the polytropic index. KS constrained them by 
equiring that the density ρ of the hot gas follows the density ρNFW 

f the DM halo ( ρ/ ρNFW 

� �b / �m 

) not only at r = r vir , where
he equality is required to hold exactly, but also o v er the entire
adial range r vir /2 < r < 2 r vir . This approach gives results in good
greement with X-ray observations of galaxy clusters, where most 
f the baryons are in the intracluster medium (ICM) and where
here is direct observ ational e vidence that the ICM is approximately
olytropic (Ghirardini et al. 2019 ). 
The difficulty is how to transport the model to lower masses,

here M hot / M vir 	 �b / �m 

. The thin black dotted–dashed curve in
ig. 14 shows the KS solution using the virial radius and the halo
oncentration for g1.12e12 at z = 0 ( r vir = 229 kpc and c = 13.3 in
he simulation without feedback; with SNe, the concentration grows 
o c = 14.1 but the curves are almost indistinguishable) and the
niversal baryon fraction in NIHAO ( �b / �m 

� 0.15). Normalizing 
( r ) so that ρ/ ρNFW 

= �b / �m 

at r vir o v erestimates the density at
 < 100 kpc with respect to both the observations and NIHAO. 

The thick curves show the KS solution rescaled by M hot /( f b M vir ) =
.35 (as in the simulation without feedback; black curve) and 
 hot /( f b M vir ) = 0.2 (as in the simulation with feedback; red curve).
he rescaled KS model o v erlaps the observations better than the
imulations do, especially with the lower normalization, but the 
ecrease of n e ( r ) is much steeper than the observations suggest.
n contrast, NIHAO tends to o v erpredict n e at all radii but the slope
s about right (except for the central cusp in the simulation with
eedback). A cautionary note is that the difference in slope between
ALICS 2.1 and the observations may partly derive from the single
ower-law models n e ∝ r α used by the observers to fit their data. This
hoice precludes them from finding profiles with a central core and
 steeper outer region but is an assumption and not an observational
esult. 

Comparing the curves with the filled circles shows that, in NIHAO,
he hot gas does not trace the density distribution of the DM at large
adii but spreads further out. This occurs even without feedback and
s additional proof of the spillage phenomenon discussed earlier in 
he paper. Even without rescaling, the black circles still lie abo v e the
hin black dotted–dashed curve at large radii. 
MNRAS 515, 3453–3471 (2022) 
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3 An AGN can heat the gas to very high entropy and quench star formation, 
but this paper is concerned with massive spirals like the Milky Way and not 
with the formation of early-type galaxies. 
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 C O N C L U S I O N  

his paper contains two sets of conclusions: one that derives purely
rom the NIHAO simulations, the other that derives from comparing
he results of the GALICS 2.1 SAM to those of the simulations. We
hall start from the former and mo v e to the latter in the second part
f this section. 
The hot and the cold CGM are different thermodynamic phases

Fig. 4 ) with different geometries (Figs 2 and 3 ) and kinematics
Figs 6 and 12 ). The transition from the cold mode to the hot mode
s a real physical phenomenon visible through all these different
spects. It does not derive from separating the cold phase and the
ot phase at an arbitrary temperature, which appears nowhere in our
aper. 

The most physical criterion to separate the hot phase from the cold
hase is to use the equation of state of the IGM, which is close to
eing adiabatic. The cold mode is characterized by entropies that
all below the entropy the IGM due to radiative cooling. The hot
ode is characterized by entropies that rise abo v e it due to shock

eating. The quantitative results obtained with this criterion (Fig. 11 )
re consistent with the qualitative picture from temperature maps
Figs 2 and 3 ). 

The distribution of the maximum entropy K max of baryonic SPH
articles reveals four types of particles. 

(i) Low and lower-intermediate entropy baryons ( K max �
 keV cm 

2 ) that have never been in the hot phase. 
(ii) Upper-intermediate entropy baryons (1 < K max <

0 keV cm 

2 ) that were shock heated but have cooled or are in
 cooling flow. 

(iii) High-entropy baryons (10 � K max < 100 keV cm 

2 ) that were
hock heated and are still in the hot phase at z = 0. 

(iv) Very high entropy baryons ( K max � 100 keV cm 

2 ) that spilled
ut of the virial radius after shock heating. 

The first type corresponds to the cold mode, the other three to the
ot mode. 
Without feedback, the four groups of particles account for about

0, 6, 25, and 19 per cent of the total mass of all baryons that have
een within the virial radius of g7.55e11 at some point . The values
or g1.12e12 are quite similar: 40, 4, 28, and 28 per cent, respectively.

SN feedback lowers the halo baryon fraction by ∼25 per cent and
ncreases K max for the baryons within r vir . Most of the low-entropy
aryons heated by SNe mo v e to an intermediate-entropy warm–hot
hase without crossing the line that separates the hot phase from the
old phase. Those that do are rarely reheated to K > 10 keV cm 

2 .
ence, the y hav e short cooling times compared to the bulk of the
ot CGM. The cooling of gas heated by SNe raises the contribution
f the hot mode to the stellar mass at z = 0 from 7–13 per cent
o 20–40 per cent and its contribution to the SFR at z = 0 from
0–20 per cent to 30–70 per cent (Fig. 5 ; the lo wer v alues are for
7.55e11, the upper values for g1.12e12). 
Our quantitative results should be taken with caution for three

easons. They are based on only two objects. The differences from
ne object to another can be significant. They are also likely to depend
n how feedback is implemented in the simulations. 
In relation to the first point, one may be concerned that g7.55e11

nd g1.12e12 yield similar results because we have selected similar
bjects. Both were selected discarding the 10 per cent of the NIHAO
bjects with a history of major merging and both have a final virial
ass comparable to that of the Milky Way, although M vir ( z = 0)

s 40 per cent larger for g1.12e12 than it is for g7.55e11. This is
here the similarity stops, ho we ver. At t = 2 Gyr, the virial mass of
NRAS 515, 3453–3471 (2022) 
1.12e12 is almost double than that of g7.55e11. A hot quasi-static
tmosphere emerges at z ∼ 1 in g7.55e11 but at z ∼ 3 in g1.12e12. The
aryons that spill out of the virial radius even without feedback are
bout 20 per cent for g7.55e11 but almost 40 per cent for g1.12e12.
he DM halo of g1.12e12 is significantly more concentrated ( c =
3–14) than the halo of g7.55e11 ( c = 9–11). Hence, g7.55e11 and
1.12e12 have no particular similarity beyond being both massive
pirals. 

In relation to third concern, one may also wonder to what extent
ur results depend on the feedback model in NIHAO (which Wang
t al. 2015 had carefully calibrated to reproduce the observations).
ny kind of feedback will reduce or delay the formation of stars to

ome extent, but feedback must heat the gas above a critical entropy
o affect our analysis. Weaker feedback will simply make our results
esemble more closely the case without it. Stronger feedback can
ave two opposite effects. If more baryons are heated to upper-
ntermediate entropies, then star formation will be delayed but there
ill be more cooling later on; hence, cooling will become more

mportant (unless an AGN switches on in the meantime and cooling
s shut down altogether). An extremely violent feedback that heats the
as to K > 10 keV cm 

2 will suppress cooling rather than promoting
t, but that is hardly concei v able with SNe. 3 Finally, although the
odel for SN feedback can change the contribution of cooling to

he accretion rate on to galaxies, the cooling of SN-heated gas does
ot alter our fundamental conclusion that the gas heated by accretion
hocks cools very inefficiently. 

Despite these uncertainties, the qualitative picture that emerges
rom the NIHAO simulations is robust and very much the same with
r without feedback. 

(i) Cold accretion is the main mode of galaxy formation even
hough the halo has been in the hot mode throughout most of the
osmic lifetime. The cooling of hot gas contributes to � 20 per cent
f the final stellar mass. 
(ii) The hot CGM has such long cooling times that it is approxi-
ately adiabatic ( K � K max ; Figs 8 and 9 ). 

The first point means that our results are in substantial agreement
ith Dekel & Birnboim ( 2006 ) and Dekel et al. ( 2009 ). The second
oint gives us a hint of how we can model the entropy distribution
 ( M ) of the hot CGM. Let K ad ( M ) be the entropy distribution of the
aryons in an adiabatic simulation (i.e. the baseline entropy profile of
oit, Kay & Bryan 2005 ), and let M cold be the total mass of the halo
aryons that have never been hot or have cooled (i.e. the particles
f types i and ii). The quasi-adiabatic behaviour of the hot CGM
mplies that K ( M ) � K ad ( M ) for M > M cold . 

Fig. 14 shows that the inefficient cooling of the hot CGM in the
IHAO simulations is not due to densities that are too low. The

lectron densities in NIHAO are at the upper boundary of what is
bservationally permissible if we neglect the central ∼10 kpc where
 e is much higher in the simulation with feedback than it is in the
bservations. 
After summarizing the results of the simulations themselves, we

hall now discuss the ability of GALICS 2.1 to predict their results.
ALICS 2.1 uses the shock-stability argument of Birnboim & Dekel

 2003 ) and Dekel & Birnboim ( 2006 ) to decide to whether a halo is
ccreting in the cold or the hot mode. When t cool < � c t comp ( � c =
/7), the gas cools faster than it is heated by compression. Hence, the
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hock is isothermal (it does not increase the temperature of the gas).
hen t cool ≥ � c t comp , a stable shock propagates through the gas and

eats it to temperatures of the order of the virial temperature; the cold
laments are destroyed and replaced by a quasi-static hot spherical 
tmosphere. The cooling time t cool and the compression time t comp 

re computed assuming that the filaments are in free fall all the way
own to the shock radius r s and that they are accreted from a constant
olid angle � = 4 π/ C with C = 9. 

The NIHAO simulations (Figs 2 and 11 ) show that this picture is
n approximation: f hot ∼ 0.2–0.3 even at the highest redshifts, where 
hock fronts are visible alongside the filaments. The gas is not exactly
n free fall. There are times when the infall speed u 1 at the virial radius
eviates from v vir (Fig. 12 ). Even small deviations may not be negli-
ible because u 1 enters equation ( 10 ) at the fifth power. Our estimate
f � is based on purely cosmological considerations and neglects 
ydrodynamical effects. The normalization of � (set by C ) may com- 
ensate other errors and not reflect the true solid angle of accretion. 
Despite these limitations, which are the inevitable consequence of 

pplying a highly idealized geometry (purely radial conical inflows) 
o complex hydrodynamics, the NIHAO simulations confirm that 
he assumptions and predictions of GALICS 2.1 are fundamentally 
orrect. 

(i) The infall speed is normally consistent with v vir at r vir . It
ncreases at small radii following a free-fall law at high z when
 s 	 r vir . The trend is reversed once the shock radius reaches the
irial radius. 
(ii) When the filaments are still visible, the � computed by 

ALICS 2.1 is consistent with the findings of NIHAO within a factor
f < 2. 
(iii) f hot strongly correlates with � = t comp / t cool . 
(iv) GALICS 2.1 correctly predicts the epoch at which the transi- 

ion from the cold mode to the hot mode occurs. 

C K N OW L E D G E M E N T S  

C thanks Louis Carton for compiling the data used to plot Fig. 14
nd making them available to us. 

ATA  AVAILABILITY  

he data underlying this article will be shared on reasonable request 
o the corresponding author. 

EFERENCES  

nderson M. E., Bregman J. N., 2010, ApJ , 714, 320 
enson A. J., Bower R., 2011, MNRAS , 410, 2653 
erg T. A. M. et al., 2016, MNRAS , 463, 3021 
irnboim Y., Dekel A., 2003, MNRAS , 345, 349 
land-Hawthorn J., Gerhard O., 2016, ARA&A , 54, 529 
olton J. S., Becker G. D., Haehnelt M. G., Viel M., 2014, MNRAS , 438,

2499 
rooks A. M., Go v ernato F., Quinn T., Brook C. B., Wadsley J., 2009, ApJ ,

694, 396 
attaneo A., Dekel A., Devriendt J., Guiderdoni B., Blaizot J., 2006, MNRAS , 

370, 1651 
attaneo A., Koutsouridou I., Tollet E., Devriendt J., Dubois Y., 2020,

MNRAS , 497, 279 
odis S., Pogosyan D., Pichon C., 2018, MNRAS , 479, 973 
orrea C. A., Schaye J., Wyithe J. S. B., Duffy A. R., Theuns T., Crain R. A.,

Bower R. G., 2018, MNRAS , 473, 538 
ekel A., Birnboim Y., 2006, MNRAS , 368, 2 
ekel A. et al., 2009, Nature , 457, 451 
aerman Y., Sternberg A., McKee C. F., 2017, ApJ , 835, 52 
aerman Y., Pandya V., Somerville R. S., Sternberg A., 2022, ApJ , 928, 37 
atto A., Fraternali F., Read J. I., Marinacci F., Lux H., Walch S., 2013,

MNRAS , 433, 2749 
hirardini V., Ettori S., Eckert D., Molendi S., 2019, A&A , 627, A19 
rcevich J., Putman M. E., 2009, ApJ , 696, 385 
utcke T. A., Stinson G. S., Macci ̀o A. V., Wang L., Dutton A. A., 2017,

MNRAS , 464, 2796 
aardt F., Madau P., 2012, ApJ , 746, 125 
enley D. B., Shelton R. L., 2013, ApJ , 773, 92 
ui L., Gnedin N. Y., 1997, MNRAS , 292, 27 

enkins E. B., Shaya E. J., 1979, ApJ , 231, 55 
enkins E. B., Tripp T. M., 2011, ApJ , 734, 65 
ere ̌s D., Katz N., Weinberg D. H., Dav ́e R., 2005, MNRAS , 363, 2 
ere ̌s D., Katz N., Dav ́e R., Fardal M., Weinberg D. H., 2009, MNRAS , 396,

2332 
nebe A. et al., 2015, MNRAS , 451, 4029 
omatsu E., Seljak U., 2001, MNRAS , 327, 1353 ( KS) 
iller M. J., Bregman J. N., 2013, ApJ , 770, 118 
iller M. J., Bregman J. N., 2015, ApJ , 800, 14 
avarro J. F., Frenk C. S., White S. D. M., 1997, ApJ , 490, 493 
elson D., Vogelsberger M., Genel S., Sijacki D., Kere ̌s D., Springel V.,

Hernquist L., 2013, MNRAS , 429, 3353 
elson D., Genel S., Pillepich A., Vogelsberger M., Springel V., Hernquist

L., 2016, MNRAS , 460, 2881 
cvirk P., Pichon C., Teyssier R., 2008, MNRAS , 390, 1326 
 ̃ norbe J., Hennawi J. F., Luki ́c Z., 2017, ApJ , 837, 106 
utman M. E., Peek J. E. G., Joung M. R., 2012, ARA&A , 50, 491 
afelski M., Wolfe A. M., Prochaska J. X., Neeleman M., Mendez A. J.,

2012, ApJ , 755, 89 
afelski M., Neeleman M., Fumagalli M., Wolfe A. M., Prochaska J. X.,

2014, ApJ , 782, L29 
amsøy M., Slyz A., Devriendt J., Laigle C., Dubois Y., 2021, MNRAS , 502,

351 
oca-F ̀abrega S. et al., 2019, MNRAS , 484, 3625 
udie G. C., Steidel C. C., Pettini M., 2012, ApJ , 757, L30 
alem M., Besla G., Bryan G., Putman M., van der Marel R. P., Tonnesen S.,

2015, ApJ , 815, 77 
ingh P., Majumdar S., Nath B. B., Silk J., 2018, MNRAS , 478, 2909 
omerville R. S., Dav ́e R., 2015, ARA&A , 53, 51 
tanimirovi ́c S., Dickey J. M., Kr ̌co M., Brooks A. M., 2002, ApJ , 576, 773 
trickland D. K., Heckman T. M., Colbert E. J. M., Hoopes C. G., Weaver K.

A., 2004, ApJS , 151, 193 
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