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A B S T R A C T 

The origin of the cold phase in the circumgalactic medium (CGM) is a highly debated question. We investigate the contribution 

of satellite galaxies to the cold gas budget in the CGM of a Milky Way-like host galaxy. We perform controlled experiments 

with three different satellite mass distributions and identify several mechanisms by which satellites can add cold gas to the 

CGM, including ram pressure stripping and induced cooling in the mixing layer of the stripped cold gas. These two mechanisms 

contribute a comparable amount of cold gas to the host CGM. We find that the less massive satellites ( ≤10 
9 M �) not only lose 

all of their cold gas in a short period ( ∼ 0.5–1 Gyr), but their stripped cold clouds also mix with the hot CGM gas and get heated 

up quickly. Ho we ver, stellar feedback from these less massi ve satellites can hugely alter the fate of their stripped gas. Feedback 

speeds up the destruction of the stripped cold clouds from these satellites by making them more diffuse with more surface area. 

On the other hand, the more massive satellites (LMC or SMC-like ∼10 
10 M �) can add cold gas to the total gas budget of the host 

CGM for several Gyr. 
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1  I N T RO D U C T I O N  

A significant portion of galactic baryonic content resides in the form 

of a diffuse gaseous halo, known as the circumgalactic medium 

(CGM), which surrounds the galactic disc and extends up to the virial 

radius and ev en be yond (for a comprehensive review see Tumlinson, 

Peeples & Werk 2017 ; Faucher-Giguere & Oh 2023 ). 

Absorption and emission observations of the CGM make it 

abundantly clear that the gas in the CGM is multiphase in nature. 

On the basis of their temperatures, these phases are roughly divided 

into hot ( T > 10 6 K), warm (10 5 –10 6 K), and cold phases ( < 10 4 K). 

Recent observations in massive haloes (10 11 −13 M �) showed high 

column densities of Mg II and H I , which are the tracers of the cold 

phase of CGM (Zhu et al. 2014 ; Chen et al. 2018 ; Zahedy et al. 

2018 ), even out to the virial radius. The observations by Lan & Mo 

( 2018 , 2019 ) also indicated the existence of a cold phase out to large 

radii ( > 100 kpc). This leads to two highly debated questions: how do 

these massive haloes whose virial temperature is much higher than 

that of the cold phase form cold gas? and how does the cold gas exist 

at such large radii? 

Recent studies have shown that thermally unstable perturbations 

can drive cooling in the CGM, proceeding into multiphase conden- 

sation, if the ratio of the radiative cooling time to free-fall time falls 

� E-mail: manamiroy@rri.res.in , roy.516@osu.edu 

below a threshold value (Maller & Bullock 2004 ; McCourt et al. 

2011 ; Sharma et al. 2012 ; Voit et al. 2015 ; Fielding et al. 2017 ; Voit 

2019 ). In contrast, Esmerian et al. ( 2021 ) showed that this threshold 

is a poor predictor of whether the density perturbation in hot CGM 

gas leads to cooling or not. Star-formation-driven outflows can also 

uplift cold gas to the CGM from the galactic disc (Faucher-Gigu ̀ere 

et al. 2015, 2016 ; Liang, Kravtsov & Agertz 2016 ). Ho we ver, the 

time taken for cold clouds to reach > 100 kpc distance from the 

disc is greater than 10 Myr, which is much larger than the cloud 

crushing time for a typical 100 pc cloud ( < 1 Myr; see equation 2 ) 

(Prochaska, Hennawi & Simcoe 2013 ; Zhang et al. 2017 ). Therefore, 

it is challenging for star-formation-driven outflows to populate the 

outer CGM with cold gas. Ho we ver, galaxies can accrete fresh 

cold gas directly from cold dense filaments of Intergalactic medium 

(IGM), known as cold mode accretion (Birnboim & Dekel 2003 ; 

Kere ̌s et al. 2005 ; Faucher-Gigu ̀ere, Kere ̌s & Ma 2011 ; van de Voort 

et al. 2011 ). Along with this cold mode accretion, satellite galaxies 

can also populate the outer, as well as inner, CGM with cold gas 

(Suresh et al. 2019 ). 

A recent study (Fielding et al. 2020 ) has compared the results from 

different idealized and cosmological simulations and concluded that 

more cold gas in the outer CGM was found (see their fig. 3) in 

cosmological simulations (Joung et al. 2012 ; Marinacci et al. 2018 ; 

Nelson et al. 2018 ) than in isolated galaxy simulations (Fielding et al. 

2017 ; Li & Tonnesen 2020 ; Su et al. 2020 ), especially at large radii 

(beyond ∼0.5 r / r 200 ). The idealized simulations did not include either 
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cold mode IGM accretion or satellite galaxies, either of which could 

be responsible for adding cold gas to the outer CGM in cosmological 

simulations. Ho we ver, in cosmological simulations, it is challenging 

to distinguish the amount of cold phase in the CGM contributed 

only by satellite galaxies from feedback-driven cold clouds or cold 

filamentary inflows. In this paper, we run a suite of high-resolution 

idealized simulations of Milky Way-type host galaxies, varying the 

mass and spatial distribution of satellite galaxies in each run. This 

will allow us to explicitly determine the amount and processes by 

which satellites can populate the cold-phase of the CGM of their host 

galaxy. 

When a satellite galaxy passes through the diffuse gas of the CGM, 

it experiences a headwind that causes pressure on the galaxy, known 

as ‘Ram Pressure’. Its magnitude depends on the relative speed of 

the satellite with respect to the medium and the local density of the 

medium. If this ram pressure exceeds the local gravitational restoring 

pressure of the satellite galaxy, its gas can be stripped (Gunn & Gott 

1972 ). This is known as ‘Ram Pressure Stripping’. In lower-mass 

galaxies, ram pressure stripping becomes an ef fecti ve mechanism for 

removing gas due to their lower gravitational restoring force (Samuel 

et al. 2023 ; Saeedzadeh et al. 2023 ). Also, galaxies moving through 

the CGM of massive haloes will experience higher ram pressure due 

to a combination of higher CGM density and faster orbital velocities. 

Ram pressure stripping can be an important factor in the quenching 

of satellite galaxies by removing their fuel for star formation (Samuel 

et al. 2022 ). 

There is significant observational evidence that ram pressure 

not only remo v es gas from satellite galaxies, but it also populates 

the CGM of the host galaxies with cold gas. For example, the 

neighbouring dwarf galaxies of the Milky Way and M31 system 

tend to be poorer in H I gas content than those at larger distances 

(Grcevich & Putman 2009 ; Putman et al. 2021 ). In addition to this, 

it is also apparent from recent MUSE observations that there is a 

strong connection between the group environment and the ionization 

structure of the CGM. These observ ations sho wed that moving from 

lower mass systems to group environments leads to a significant 

increase in the co v ering fractions of Mg II and H I ions at fixed impact 

parameter (in kpc) of the CGM of host galaxies (Dutta et al. 2021 ). 

Therefore, the group environment contributes more cold gas in the 

galaxies than the isolated systems. Along with this, cold gas can be 

stripped from the satellites due to the ejecting wind, and can be found 

behind the satellites in the form of a w ak e (Ostrik er 1999 ; Bernal & 

S ́anchez-Salcedo 2013 ). The cold gas, which directly gets stripped 

from the satellites, will mix with the hot CGM, and in the mixing 

layer of this stripped cold gas significant cooling can occur (Tonnesen 

& Bryan 2021 ). The satellites can also stir the CGM gas and create 

local perturbation which can lead to the condensation of cold gas 

out of hot CGM gas (McCourt et al. 2011 ; Sharma et al. 2012 ; 

Voit 2018 ; Esmerian et al. 2021 ). The relative importance of these 

different mechanisms is still poorly constrained. In this paper, we 

will separate these different mechanisms and investigate the amount 

of cold gas contributed by each mechanism. 

The paper is structured as follows. In Section 2 , we discuss 

the methodology of our simulation, where we describe the initial 

conditions of our simulation setup (Section 2.1 ) along with our 

definition of cold CGM gas for our analysis (Section 2.2 ). In 

Section 3 , we demonstrate our results from our analysis of the 

simulations, where we discuss the origin (Section 3.1 ) and amount of 

the cold gas (Section 3.2 ) in the CGM. In addition, we also describe 

ho w dif ferent satellite properties such as satellite mass distribution 

(Section 3.3.1 and 3.3.2 ), spatial location (Section 3.3.3 ), stellar 

feedback (Section 3.3.4 ), number of satellites (Section 3.3.5 ), and 

resolution of the simulation (Section 3.3.6 ) affect the cold gas mass 

in the CGM. In Section 4.1 , we discuss the amount of turbulence 

driven cooling in the CGM. In Section 4.2 , we demonstrate how 

our estimated cold gas mass lines up with observational values 

followed by a discussion about other sources of cooling in the CGM 

in Section 4.3 . Finally, we summarize our results and discuss future 

work in Section 5 . 

2  M E T H O D O L O G Y  

Our simulations use GIZMO 
1 (Hopkins 2015 ), in its mesh-less finite 

mass (MFM) mode, which is a Lagrangian mesh-free Godunov 

method, capturing the advantages of grid-based and smoothed- 

particle hydrodynamics (SPH) methods. Numerical implementation 

details and e xtensiv e tests are presented in a series of methods 

papers for, e.g. hydrodynamics and self-gravity (Hopkins 2015 ), 

magnetohydrodynamics (MHD; Hopkins 2016 ; Hopkins & Raives 

2016 ), anisotropic conduction and viscosity (Hopkins 2017 ; Su et al. 

2017 ), and cosmic rays (Chan et al. 2019 ). 

All of our simulations except for the runs with no feedback, have 

the FIRE-2 implementation of the feedback in realistic environments 

(FIRE 
2 ) physical treatments of the ISM, star formation, and stellar 

feedback, the details of which are given in Hopkins et al. ( 2018a , b ) 

along with e xtensiv e numerical tests. Cooling is followed from 10 to 

10 10 K, including the effects of photo-electric and photo-ionization 

heating, collisional, Compton, fine structure, recombination, atomic, 

and molecular cooling. 

Star formation is treated via a sink particle method, allowed only in 

molecular, self-shielding, locally self-gravitating gas abo v e a density 

n > 100 cm 
−3 (Hopkins, Narayanan & Murray 2013 ). Star particles, 

once formed, are treated as a single stellar population with metallicity 

inherited from their parent gas particle at formation. All feedback 

rates (SNe and mass-loss rates, spectra, etc.) and strengths are IMF- 

averaged values calculated from STARBURST99 (Leitherer et al. 

1999 ) with a Kroupa ( 2002 ) IMF. The stellar feedback model includes 

(1) Radiative feedback, including photo-ionization and photo-electric 

heating, as well as single and multiple-scattering radiation pressure 

tracked in five bands (ionizing, FUV , NUV , optical-NIR, IR), (2) 

OB and AGB winds, resulting in continuous stellar mass-loss and 

injection of mass, metals, energy, and momentum, and (3) Type 

II and Ia SNe (including both prompt and delayed populations) 

occurring according to tabulated rates and injecting the appropriate 

mass, metals, momentum, and energy to the surrounding gas. All 

the simulations also include MHD, fully anisotropic conduction, and 

viscosity with the Spitzer-Braginski coefficients. 

2.1 Initial conditions 

The initial conditions studied here mostly follow what is described 

in detail in Su et al. ( 2019 ). To further stabilize the host CGM, we 

expand the simulation region to three times the viral radius, and the 

simulations are run adiabatically (no cooling or star formation) for 

4.5 Gyr to relax any initial transients before the satellites are placed 

into the CGM. The simulation properties are summarized in Table 1 . 

In this paper, our study will focus on the m12 halo. The dark matter 

(DM) halo, bulge, black hole, and gas + stellar disc and are initialized 

following Springel & White ( 1999 ) and Springel ( 2000 ). We assume a 

1 A public version of this code is available at http://www.tapir.caltech.edu/ 
∼phopkins/ Site/ GIZMO.html 
2 http://fire.northwestern.edu 
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Table 1. Properties of initial conditions for the simulations/haloes studied here. 

Resolution DM halo Stellar bulge Stellar disc Gas disc Gas halo 

Model εg m g (hr/lr) M halo r dh V Max M bar M b a M d r d M gd r gd M gh r gh 

(pc) (M �) (M �) (kpc) (km s −1 ) (M �) (M �) (kpc) (M �) (kpc) (M �) (kpc) (M �) (kpc) 

Host galaxy 

m12 1 8e3/8e4 1.8e12 20 174 3 .2e11 1.5e10 1 .0 5 .0e10 3 .0 5 .0e9 6 .0 2 .5e11 20 

Satellite galaxy 

m10 1 8e3/8e4 2e10 4 .7 35 .2 7 .3e8 1e7 1 .5 3 .0e8 0 .7 4 .2e8 2 .1 – –

m09 1 8e3/4e4 2e9 2 .2 16 .4 7 .2e7 2e6 0 .223 – – 7e7 0 .87 – –

m08 1 8e3/4e4 2e8 0 .9 7 .62 7 .3e6 8e4 0 .045 – – 7 .2e6 0 .27 – –

Notes. Parameters of the galaxy models studied here: (1) Model name. The number following ‘m’ labels the approximate logarithmic halo mass. (2) εg : 

Minimum gravitational force softening for gas (the softening for gas in all simulations is adaptive, and matched to the hydrodynamic resolution; here, we 

quote the minimum Plummer equi v alent softening). (3) m g : Gas mass (resolution element). There is a resolution gradient for m14, so its m g is the mass of the 

highest resolution elements. (4) M halo : Dark matter halo mass within R vir . (5) r dh : NFW halo scale radius (the corresponding concentration of m12, m13, m14 

is c = 12 , 6 , 5 . 5). (6) V max : Halo maximum circular velocity. (7) M bar : Total baryonic mass within R vir . (8) M b : Bulge mass. (9) a : Bulge Hernquist-profile 

scale-length. (10) M d : Stellar disc mass. (11) r d : Stellar disc exponential scale-length. (12) M gd : Gas disc mass. (13) r gd : Gas disc exponential scale-length. 

(14) M gh : Hydrostatic gas halo mass within R vir . (15) r gh : Hydrostatic gas halo β = 1/2 profile scale-length. 

spherical, isotropic, Navarro, Frenk & White ( 1996 ) profile DM halo; 

a Hernquist ( 1990 ) profile stellar bulge; an exponential, rotation- 

supported disc of gas and stars (10 9 and 5 × 10 10 M �, respectively) 

initialized with Toomre Q ≈ 1; a BH with mass ∼1/300 of the 

bulge mass (e.g. H ̈aring & Rix 2004 ); and an extended spherical, 

h ydrostatic g as halo with a β-profile ( β = 1/2) and rotation with con- 

stant angular momentum at 35 kpc. Even though the simulations are 

initiated in hydrostatic equilibrium, they do not remain in hydrostatic 

equilibrium after the simulations start. They gradually migrate to a 

cooling flow solution (Stern et al. 2019 ). The initial metallicity drops 

from solar ( Z = 0.02) to Z = 0.001 with radius as Z = 0 . 02 (0 . 05 + 

0 . 95 / (1 + ( r/ 20 kpc ) 1 . 5 )). Initial magnetic fields are azimuthal with 

| B | = 0 . 03 μG / (1 + ( r/ 20 kpc ) 0 . 375 ). These initial conditions are 

quite reasonable as discussed in Su et al. ( 2019 ), with the CGM 

having temperature around viral temperature, reasonable density 

profile, and migrating towards the cooling flow solution. However, 

we do not include filamentary cold accretion or cosmological process 

in the initial conditions, which are left for future work. 

We consider three different distributions of the satellites with dif- 

ferent masses ranging from very small satellites of DM halo mass 2 ×
10 8 M � to SMC-like satellites of mass 2 × 10 10 M �. We balance the 

satellite mass and number distributions such that the total DM halo 

mass of the satellites are same for all the cases. The three distributions 

that we simulate are the following: (1) 2 satellites of 2 × 10 10 M �
(m10), (2) 20 satellites of 2 × 10 9 M � (m09), (3) 200 satellites of 

2 × 10 8 M � (m08). We also run additional variations to test the im- 

pact of the number of satellites, the gas mass in satellites, and stellar 

feedback. To that end, we vary the number of satellites in our fiducial 

run of m09 from 20 to 10 and 40. We also run a fiducial setup (m09) 

with no gas at all inside the satellites. Finally, to study feedback, we 

have two fiducial runs (m08 and m09) with no stellar feedback in the 

host and the satellites. We summarize all of our runs in Table 2 . 

The satellites are initialized with the same method as the host 

described abo v e e xcept without a CGM gas halo. The properties 

are also summarized in Table 1 . The m10 galaxy properties are set 

following the SMC in Besla et al. ( 2010 ), Hopkins, Quataert & 

Murray ( 2011 ), Besla ( 2015 ), and Su et al. ( 2017 ), with most of 

the stellar mass in the disc. For m09 and m08, the dark matter scale 

radius roughly follows Wang et al. ( 2020 ), with the stellar population 

modelled as a bulge with mass following Read et al. ( 2017 ) and 

size following a constant surface density ( ∼5 M � pc −2 ; S ́anchez 

Almeida 2020 ), and the ISM gas is set so that the baryon fractions 

( ∼ 3 . 5 per cent ) and the gas surface density are the same as m10. 

2.2 Defining cold CGM gas 

In this section, we define cold gas in the CGM before going into 

the question of how much cold gas is contributed by satellites. We 

consider gas to be cold if it has a temperature of less than 3 × 10 4 K. 

As we are interested in the contribution to the cold phase of the 

CGM by satellite galaxies, we exclude the ISM of the host galaxy 

by excluding all gas within a radius of 40 kpc ( ∼0.15 R vir ) from the 

centre of the host galaxy for our analysis. 

In addition, we distinguish among different origins of the cold gas 

in our simulation, such as ram-pressure stripping, induced cooling 

in the mixing layer. The gas surface density ( �) of the satellites 

becomes much lower than the central gas surface density ( � 0 ) at the 

gas scale radius, r gd ( r gd ∼ 2.7 × r d , where r d is stellar scale radius) 

as � = � 0 × e r/r d (Kravtsov 2013 ). Hence, we choose six times the 

gas scale radius of the satellite to be the radius beyond which the 

gravitational pull from the satellites is negligible. 

With the Lagrangian MFM method in GIZMO, we can track 

individual gas particle o v er the duration of simulation. We use them 

to define each cooling channel from either satellite or CGM gas for 

the sake of later analysis: 

(i) Stripped (cold) gas: Particles that are initially within the 

satellite, but later mo v e outside of satellite (and is cooler than 

3 × 10 4 K). Therefore, we consider the satellite gas to be stripped 

if it mo v es from within to outside of six times the satellite gas scale 

radius from the centre of the satellite. The coordinates of the satellite 

black hole are considered to be the centre of the satellite. 

(ii) CGM cooled inside satellite: Particles initially belonging to 

the host CGM that later become ≤3 × 10 4 K and reside inside the 

satellite. 

(iii) CGM cooled outside satellite: Particles initially belonging 

to the host CGM that later become ≤3 × 10 4 K and have never 

been inside satellite; host gas particles that are cooled outside of the 

satellite (which is defined abo v e as be yond six times the satellite gas 

scale radius) 

To summarize, we define cold CGM gas by different cuts in 

temperature and radius of the host. With that definition, we also 

distinguish their different origin with particle tracking and cut based 

on the radius of the satellite galaxies. The following section discusses 

our main findings based on these definitions. 
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Table 2. Summary of all the runs. 

Model Satellite number Satellite position Resolution Feedback Gas Symbol 

m10 2 One at 100 kpc and one at 150 kpc lr Yes Yes 2xm10 far lowres 

2 One at 100 kpc and one at 150 kpc hr Yes Yes 2xm10 far highres 

2 One at 50 kpc and one at 100 kpc lr Yes Yes 2xm10 near lowres 

m09 20 Randomly placed between 100 kpc and 150 kpc lr Yes Yes 20xm09 far lowres 

20 Randomly placed between 100 kpc and 150 kpc hr Yes Yes 20xm09 far highres 

20 Randomly placed between 50 kpc and 150 kpc lr Yes Yes 20xm09 near lowres 

10 Randomly placed between 100 kpc and 150 kpc lr Yes Yes 10xm09 far lowres 

40 Randomly placed between 100 kpc and 150 kpc lr Yes Yes 40xm09 far lowres 

20 Randomly placed between 100 kpc and 150 kpc lr No Yes 20xm09 far lowres noFB 

20 Randomly placed between 100 kpc and 150 kpc lr Yes No 20xm09 far lowres nogas 

m08 200 Randomly placed between 100 kpc and 150 kpc lr Yes Yes 200xm08 far lowres 

200 Randomly placed between 100 kpc and 150 kpc hr Yes Yes 200xm08 far highres 

200 Randomly placed between 50 kpc and 150 kpc lr Yes Yes 200xm08 near lowres 

200 Randomly placed between 100 kpc and 150 kpc hr No Yes 200xm08 far highres noFB 

Figure 1. The temperature distribution of three snapshots in simulation (2xm10 far highres, see Table 2 ). The colourbar varies both colour and saturation based 

on f sat and temperature, respectively. The parameter f sat represents the local mass fraction that originated from the satellite such that f sat = 1 is entirely composed 

of satellite gas and f sat = 0 is entirely host gas. The stripped cold gas is streaming behind the satellites and falling towards the central disc. There is also induced 

cool gas in the mixing layer of stripped cool gas and hot host gas. 

3  RESULTS  

The main goals of this paper are to find how much cold gas 

( T < 3 × 10 4 K) is contributed by satellite galaxies to the CGM of 

the Milky Way-type host galaxy, by what mechanisms the satellites 

increase the cold gas mass, and how satellite properties affect the cold 

gas mass. Here we present our findings, first grounding our intuition 

with snapshots from the simulations, then discussing quantitative 

measures of the cold gas mass. 

3.1 Where is the cold gas? 

In this section, we will give an overview about what happens to the 

CGM gas of the host galaxy using snapshots from several simula- 

tions. We show snapshots of temperature distribution for three runs of 

2xm10 far highres, 20xm09 far highres, and 200xm08 far highres 

(See Table 2 ) in Figs 1 , 2 , and 3 , respectively. We smooth the gas 

particle data into a 1024 3 regular cells with an SPH-like deposition 

according to the particle smoothing length. We mass-weighted the 

temperature in each grid while depositing. We weight the temperature 

by n 2 (roughly luminosity weighted) along the projection. Satellite 

and host gas are indicated by the parameter ‘satellite fraction’ 

( f sat ). For satellite fraction, we mass-weighted along the direction 

of projection e xcluding an ything from the host and > 3 × 10 5 K 

from the average. f sat = 1 indicates purely satellite gas, while f sat 

= 0 denotes pure host gas. The temperature is shown via colour 

saturation. These all are edge on projections relative to the host galaxy 

of different simulation snapshots. At the centre (0,0), the thin blue 

strip is nothing but the host ISM and around that the circle with 40 kpc 

radius denotes our radial cut to exclude the host ISM. To illustrate the 

effect of feedback, we show in the top and bottom panels of Figs 2 

and 3 the runs with feedback and without any feedback, respectively. 

Although these figures all show snapshots from different times, 

they follow the same general trends. At the earliest time, we can see 

that most of the cold gas is associated with individual satellites with 

short tails of cold gas streaming behind them. As we step forward in 

time, the tails become longer, and the cold gas becomes free from the 

satellite’s gravitational pull and falls towards the central galaxy. In 

addition, the gas becomes more mixed with the host CGM, illustrated 

by the colour change from red to orange. Importantly, we note that 
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Figure 2. The temperature distribution of the three snapshots in simulations (20xm09 far highres and 20xm09 far highres noFB, see Table 2 ), with the upper 

and lower panels showing the runs with and without the inclusion of feedback, respectively. The colourbar is as described in Fig. 1 . Each orange galaxy tail is 

shorter than for the m10 satellites, but because there are more satellites the high f sat gas co v ers more area. 

Figure 3. The temperature distribution of the three snapshots in simulations (200xm08 far highres and 200xm08 far highres noFB, see Table 2 ), with the upper 

and lower panels showing the runs with and without the inclusion of feedback, respectively. The colourbar is as described in Fig. 1 . The impact of feedback is 

clear in the more diffuse distribution of satellite gas in the upper panels. 
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cold gas is found either near the central disc or supernov a-dri ven 

outflows or near the stripped tails of gas. As we mo v e along stripped 

tails of gas the f sat value smoothly decreases, indicating mixing. Even 

where the colour indicates that the gas largely originated in the host 

halo, there is a clear spatial correlation with stripped tails. 

We can use this visual inspection as a first step in determining 

how host CGM gas cools in these simulations. There are two likely 

ways this can happen: satellites can stir the CGM of the host galaxy 

and create local thermal instabilities which can subsequently lead 

to cooling (turbulence-driven cooling). In addition, cold-stripped 

satellite gas will mix with hot host gas resulting in a high cooling rate 

(mixing layer cooling). These processes can occur either within the 

satellites (less than six times gas scale radii) or in the wider CGM. 

In these snapshots, we can see there is a lot of induced cool gas 

in the host CGM. Most of it, ho we ver, is spatially overlapping with 

the stripped cold gas and orange in colour, indicating mixing. At 

later times, we can see in all of these diagrams that much of this 

cold gas (directly stripped from satellites and cooled from the halo) 

eventually goes within 40 kpc and falls onto the host ISM. 

The morphology of this cold gas in these different satellite 

distributions is quite different. We can see in these figures that the 

cold clouds from m10 are larger in size, whereas the less massive 

satellites of m09, m08 produce small cold clouds. The small clouds 

mix with the hot CGM and heat up in short time period as seen in the 

top right panel in Fig. 3 , where within roughly 1 Gyr all the clouds are 

destroyed and mix with CGM or have fallen into the central galaxy 

(as seen in the central top panel). Ho we ver, e ven at 2 Gyr (right panel 

of Fig. 1 ), the larger clouds of m10 survive, are clearly connected to 

the satellites, and continue to contribute to CGM cold gas budget. 

The location of the satellite also plays an important role. Closer 

satellites not only feel more ram pressure due to the higher density of 

the CGM, but the cold clouds from them also fall faster on the host 

ISM. At earlier times, the left and middle panel of Fig. 1 do not show 

significant difference in cold gas around both the satellites. Ho we ver, 

in the right panel of Fig. 1 , we can clearly see that the satellite at 

150 kpc has more cold gas than the satellite at 100 kpc at later times 

∼2 Gyr, as most of the gas from the closer satellite is stripped faster 

due to the higher ram pressure and the stripped gas falls within the 

40 kpc inner radius more quickly. 

Feedback also changes the morphology of the clouds. In the top 

panels of Figs 2 and 3 , we can see that the clouds are more dispersed 

(less dense) with more surface area than those in the bottom panels. 

These clouds have generally lost their coherent structure by the final 

panel (1 Gyr and 750 Myr in m09 and m08, respecti vely). Ho we ver, 

in the bottom panels, it can be seen that the clouds are elongated and 

narrow without the energy from stellar feedback, hence offering less 

surface area and survive for a longer period of time. This difference 

between satellites with and without feedback is most clearly seen in 

the right panels of Fig. 3 : in the top panels all the cold clouds are dis- 

persed and mixed with CGM by the 750 Myr, whereas in the bottom 

panel, there are still several cold clumps, with some of them falling 

inside 40 kpc. We will discuss this in more detail later in Section 3.3.4 . 

3.2 How much cold gas is there? 

In this section, we quantify the cold gas content of the CGM that is 

≥40 kpc away from the centre of the host galaxy. In Fig. 4 , we show 

the time evolution of total cold gas mass (see our definition of the 

cold CGM gas abo v e in Section 2.2 ) in the case of three different 

mass distributions of satellites: (1) 2 satellites of 2 × 10 10 M � (m10: 

red), (2) 20 satellites of 2 × 10 9 M � (m09: blue), (3) 200 satellites of 

2 × 10 8 M � (m08: green). In Figs 4 –6 the different line styles denote 

Figure 4. The time evolution of total cold ( T ≤3 × 10 4 K) gas mass beyond 

40 kpc radius from the centre of the host galaxy. This total cold gas mass 

includes cold gas inside the satellites, cold gas stripped from the satellites, 

and cold gas in the host CGM. Labels for the runs are described in Table 2 . 

different resolutions and the shading denotes distance from the host 

centre. Here we focus on the dark solid lines, and in later sections we 

discuss the other line styles. 

This total budget includes cold gas inside the satellite ISM, cold 

stripped gas from the satellites, and cold gas from the host CGM. 

The cold gas mass starts with nearly a value of 10 9 M �, as initially 

it only includes the satellite ISM. The total ISM mass of m10 is 

slightly different than the masses of m09 and m08 (see Table 1 ) 

in order to roughly keep the same baryonic fraction (as mentioned 

in Section 2.1 ) according to the stellar mass–halo mass relation of 

each halo mass. Hence they start off with different values of the 

total cold gas mass. For the run with no satellites, there is very little 

cold gas mass (three orders of magnitudes lower than the satellite 

runs) beyond 40 kpc from the centre of the host galaxy throughout 

the entire simulation. Therefore we conclude that in the runs with 

satellites, the dominant origin of cold gas outside 40 kpc is due to the 

cold gas inside the satellites, stripping from satellites and the induced 

cooling by the satellites. Over time, we can see a decline in the total 

cold gas budget in Fig. 4 . This is due to the fact that at late times, 

cold gas either falls into the host ISM or is heated by mixing with 

the CGM. We note that, the satellite ISM in m09 and m08 loses all 

of its gas at later times. 

We study the cold gas in more detail by isolating all the different 

contributions in Fig. 5 , where we show the time evolution of 

instantaneous mass contributed by the satellites in the case of three 

different mass distributions of satellites. The top-to-bottom panels 

show the time evolution of mass of initial satellite cold ISM, stripped 

cold gas, host gas cooled inside of the satellite, and host gas cooled 

outside of the satellite, respectively. All the panels sum to Fig. 4 . In 

the first panel of Fig. 5 , we can see that the initial satellite cold ISM 

mass decreases with time as cold gas from the satellites get stripped 

via ram pressure. In the second panel of Fig. 5 , we show the time 

evolution of the stripped cold gas. At early times we see an increasing 

amount of cold gas being stripped from the satellites until the stripped 

cold gas mass reaches an early peak. Thereafter, the stripped cold 

gas mass starts declining slowly o v er time. There are two reasons 

for this decline. First, all cold stripped gas from the satellites that 

falls to within 40 kpc is remo v ed from our instantaneous CGM count. 

Secondly, most of the cold gas inside the satellites is stripped by this 
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Figure 5. The time evolution of the cold ( T ≤3 × 10 4 K) gas mass from 

different contributions beyond 40 kpc radius from the centre of the host galaxy. 

From top to bottom, the panels respectively describe cold gas inside the 

satellites, cold gas stripped from the satellites (defined as cold satellite gas 

which lies beyond six times scale radius of the satellites), host cold gas cooled 

inside of the satellites, and host gas cooled outside of the satellites. 

time, so additional cold gas is not being directly fed into the CGM. 

That is clear in the top panel of Fig. 5 , where the cold gas inside 

the satellite follows a declining trend with time as the cold gas gets 

stripped from the satellites and makes the satellite galaxies cold-gas 

deficient o v er time. 

In the third panel of Fig. 5 , we show the host gas that has cooled 

within the satellites. This is the hot host gas that falls inside the 

potential of the satellite and cools therein. The time-scale of this 

mass e volution follo ws roughly the stripping time as once all the 

cold gas is stripped from the satellites, it is not possible for hot host 

gas to cool inside of the satellite. 

Finally, the fourth panel of Fig. 5 shows the host gas that cools 

outside of the satellite in the mixing layer or because of turbulence- 

driven cooling. Importantly, by comparing the second and fourth 

panel we find that the satellites induce a similar amount of cold 

gas as the stripped cold gas from the satellites. Induced cool mass 

being proportional to (and not much larger than) the cold gas mass 

injected in the halo (e.g. by stripping) indicates that this induced 

cooling primarily happens by the mixing of cold stripped gas and 

hot CGM gas. This mixing brings the temperature of the host gas 

to a lower temperature where the cooling curve is higher, which can 

cause the hot gas to cool faster than the cold gas is mixed away. 

In our simulations this condensation of the hot CGM gas onto the 

cold cloud via the mixing layer does not runaway as is commonly 

seen in wind tunnel/cloud crushing simulations (Gronke & Oh 2018 ; 

Abruzzo, Bryan & Fielding 2022 ). This difference is likely a result 

of the effect of gravity (from both the host and satellite) which leads 

to cold clouds infalling into the host ISM in our simulations (see for 

example Tan, Oh & Gronke 2023 ). In addition, the time evolution 

of the induced cold gas outside the satellite mimics the shape of the 

stripped cold gas with a slight delay time. This agrees well with our 

visual impression from Figs 1 , 2 , and 3 that most of the induced 

cooled gas is located around the mixing layer. 

Together these findings imply that most of the induced cooling 

by the satellite occurs in the mixing layer of stripped cold gas from 

the satellite. Therefore, we argue that the prime satellite-induced 

mechanisms that can contribute to the cold gas budget of the CGM 

of host galaxies are ram pressure stripping and induced cooling in 

the mixing layer of this cold stripped gas. 

3.3 How do satellite properties affect the cold gas mass in the 

CGM? 

In our suite of simulations we have varied several parameters: satellite 

mass, stellar feedback, orbital distribution, number of satellites, and 

simulation resolution. Here we discuss the impact of these variables 

on the cold gas content in the CGM of the Milky Way-like host. 

3.3.1 Dependence of cold gas mass on the mass distribution of 

satellites 

In the first panel of Fig. 5 , we see that the time evolution of cold 

satellite ISM gas follows a similar trend for different satellite masses. 

Ho we ver, the rate at which the cold ISM gas disappears from the 

satellites is different for different mass distributions. While the cold 

ISM gas from m08 and m09 satellites disappears roughly within 0.25 

and 1 Gyr, m10 satellites lose their cold gas at much slower rate, o v er 

more than a 3–4 Gyr time-scale. This is as e xpected giv en the higher 

restoring force in more massive satellites. 

A similar scenario also applies for the time evolution of cold 

stripped gas from the satellites (second panel of Fig. 5 ). Although 
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Figure 6. The left and the right panels respectively show the time and mass-weighted PDF and CDF of cold-stripped cloud mass as a function of the temperature 

of the cloud after the stripping. The time o v er which the PDF and CDF are weighted is from the time of stripping to the time at which the cloud enters 40 kpc or 

the end of the simulation, whichever is earlier. 

the general shape of the lines in the second panel of Fig. 5 for all three 

mass distributions is the same, the time-scales of stripping are very 

dif ferent. The massi ve m10 satellites continue to feed cold gas to the 

CGM for a longer period of time ( ∼ few Gyr) than the less massive 

ones (m09: ∼0.5 Gyr, and m08: ∼1.5 Gyr). Therefore, we find that 

only massive satellites of at least SMC-like mass can contribute to 

the cold gas mass budget of the CGM for several Gyr. 

In the third panel of Fig. 5 , we can see the maximum amount 

of host gas cooled inside the satellite is almost the same for m08 

and m09 satellite distributions. From comparing the third and fourth 

panel, it is clear that more host-gas cooling happens outside of the 

satellites than inside of the satellites in the m09 and m08 runs. Only 

in the m10 runs is the amount of cold gas in the satellite a significant 

fraction of the total cold gas in the CGM, most likely due to the 

deeper potential well and larger net ISM mass for m10. 

In the fourth panel of Fig. 5 , induced cooling of the host gas 

outside the satellites follows the stripped cold gas. As at early times, 

there is more stripping in m08 than m09 and m10 which leads to 

more induced cooling in the case of m08 initially. Ho we ver, roughly 

after 0.25 Gyr, all the gas blows out of m08, whereas at that time, the 

stripping of cold gas peaks for m09. Thereafter, m09 induces more 

cooling outside of the satellite. The induced cool gas follows the 

stripped gas until the time the satellites become cold gas deficient. 

Ho we ver, m10 continues to induce cold gas outside the satellite for 

several Gyr even if at any given time the amount of cooled host gas 

is smaller than at the early times in m08 and m09. This also reflects 

the slower stripping rate in m10. 

In summary, we find that a large number of low mass satellites 

can add a significant mass of cold gas to the CGM for a short 

period of time when they are initially stripped. Ho we ver, in order 

for cold gas from satellites to persist in the CGM there must 

be continuous feeding, which can only come from more massive 

satellites. 

3.3.2 Dependence of cold gas survival time on the mass of satellites 

While we have shown that massive satellites (m10) continue to feed 

cold gas to the CGM of the host galaxy even beyond 4 Gyr while 

less massive satellites lose their cold gas quickly (within 0.5 and 

1.5 Gyr for m08 and m09, respectively), we have not yet attempted 

to carefully determine the fate of the stripped gas. Here we examine 

whether cold stripped clouds remain cold for a long period of time 

or mix with the hot host CGM and get heated up. 

To dig more deeply into these possible scenarios, we track the 

temperature evolution of all the gas that is stripped from satellites 

while cold. We begin tracking cold gas particles at the time of 

stripping, and continue until either the end of simulation or until the 

time the gas particle falls to within 40 kpc of the host centre (which 

we define as leaving the CGM). We plot the time-weighted, mass- 

weighted probability distribution function (PDF) of the temperature 

(left panel) and corresponding cumulative distribution function 

(CDF; right panel) of this stripped cold gas in Fig. 6 . 

In this plot, we can see that the PDF for m10 has a large peak 

at a temperature of 10 4 K along with one small peak at 10 6 K. That 

means most of the gas that is stripped in the cold phase remains cold. 

The CDF quantifies that roughly 70 per cent of the cold stripped gas 

particles retain their temperature. For the PDF of m09, we can see 

two almost equal peaks at 10 4 and 10 6 K showing that 40 −50 per 

cent of the cold gas remains cold and the rest is mixed and heated. 

Continuing to the lowest mass satellites, the PDF of m08 has a bigger 

peak at 10 6 K, indicating that most of the cold stripped gas is being 

heated before either the end of the simulation or before the cold 

clouds can fall to within 40 kpc of the host galaxy. We will discuss 

the impact of higher resolution (dashed lines) in Section 3.3.6 . 

Now we consider why we see such different trends of cloud 

destruction in different satellite distributions. For this, we estimate 

the ratio of cooling time ( t cool ) to cloud crushing time ( t cc ) using the 

satellite ISM as our ‘gas clouds’, and accounting for the variation 

in galactocentric distance by using the following cloud crushing 

equations (Klein, McKee & Colella 1994 ; Gronke & Oh 2018 , 2020 ): 

t cool = 
2 . 5 × ( k b × T mix ) 

2 × ( μH /μ) 2 

P CGM × � ( n mix , T mix , Z) 
(1) 

and 

t cc = 

√ 

T CGM 

T sat 
×

R scale 

v sat 
= 

√ 
ρsat 

ρCGM 
×

R scale 

v sat 
, (2) 

where temperature and density are inversely proportional at constant 

pressure. Here R scale is the gas scale radius of satellite, which 

is proportional to satellite mass, M 
1 / 3 
sat , and T mix = 

√ 
T sat × T CGM 

(Be gelman & F abian 1990 ). Using the cooling rate from Wiersma, 

Schaye & Smith ( 2009 ), and using T sat = 10 4 K, and v sat = 200 km s −1 
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Figure 7. The time-weighted mass distribution of the cold stripped clouds for 

three different satellite distrib ution. This distrib ution includes the satellites, 

which is indicated by peak at higher mass of the distribution, while the lower 

mass tail of the distribution is from the stripped cold gas from the satellites. 

While m09 and m10 satellites contribute massive clouds to the CGM, the 

clouds from m08 satellite is less massive. 

(taken from the simulation values), we find that this ratio is much 

larger (a factor of ∼8) in m08 than in m10. Unsurprisingly, using 

straightforward cloud crushing equations on the initial satellite 

properties we would expect the smaller m08 satellites to mix faster 

than the large m10 satellites. 

Ho we ver, treating satellites as monolithic clouds is an oversim- 

plification. A visual inspection of Figs 1 , 2 , and 3 clearly shows 

that the stripped gas from galaxies consists of smaller clouds with a 

range of sizes. While the projections indicate that the massive, large 

m10 satellites produce bigger clouds whereas the clouds from less 

massive m09, m08 satellites are smaller in size, we can quantify this 

impression here. 

We smooth the gas particle data into 256 3 regular cells with an 

SPH-like deposition according to the particle smoothing length. We 

mass-weighted the temperature in each grid while depositing. We use 

skimage.measure 3 module (label, regionprops) of python to identify 

individual clouds in grid outputs of our simulations where the cloud- 

finder finds the continuous cells with temperature lower than 10 5 K. 

While saving data to the grid, it’s smoothing the temperature from 

the ‘gas particles’ that o v erlap with the grid. Therefore, all grids are 

typically warmer than the original cold gas around the position. To 

reduce the statistical noise and a v oid underestimating the cold gas, 

we make the temperature 10 5 K for the cloud finding calculation. 

In Fig. 7 , we show the time integrated mass PDF of these clouds. 

Note that we did not attempt to exclude the satellite itself from 

‘cloud’ identification, hence this PDF includes the satellite ISM, 

which is indicated by the peak at the side of higher mass of the PDF. 

Importantly, the PDF of each simulation shows a smooth distribution 

of cloud masses below the satellite mass. As predicted from the 

qualitative picture, the PDF for m10 satellites contains more massive 

cold clouds, whereas the cold clouds from m09, m08 satellites are 

less massive. The mass of the clouds from m08 satellites is roughly 

two orders of magnitude less than the mass of the clouds from m10. 

We verified that the cloud volume as measured on this grid is also 

largest in m10, and is related to cloud mass. Hence we can say that 

the mass/size of the clouds from a satellite is roughly proportional to 

mass/size of the satellites. The smaller, less massive clouds from m08 

lead to smaller mixing times indicated by equation ( 2 ). Hence these 

3 https://scikit-image.org 

clouds are more easily heated up in a short period of time. On the other 

hand, bigger clouds from m10 have larger mixing time, therefore, 

surviving longer time by retaining their temperature. Hence, whether 

we use the satellites to determine cloud properties or measure the 

individual clouds stripping from the satellites, m08 is smaller than 

m10 and mixes faster. 

While there is much more physics included in our simulations, 

such as self-gravity, star formation and feedback (See Section 3.3.4 ), 

it is reassuring that the size of the cold gas ‘cloud’ nevertheless 

correlates well with its survi v ability. We find that cold gas stripped 

from low mass satellites (m08) forms smaller clouds that can be 

heated by the surrounding CGM, while cold gas stripped from high 

mass satellites resides in more massive clouds that persist for several 

Gyr or until the clouds fall into the host galaxy. 

3.3.3 Dependence of cold gas mass on spatial location of the 

satellites in the CGM 

In addition, we vary the distance of the satellites from the centre 

of the host galaxy. In the Fig. 5 , the lighter shade colour indicates 

the runs with satellite galaxies distributed closer to the centre of the 

host. A satellite that is closer to the centre of the host feels more ram 

pressure than the farther one as the density of the CGM is inversely 

related to halocentric radius. Therefore, more gas should be stripped 

from galaxies closer to the halo centre. This effect can be identified 

in Fig. 1 (rightmost; 2 Gyr snapshot), 2 (top right; 1 Gyr snapshot), 

and 3 (top middle; 250 Myr snapshot), where we can see that closer 

satellites lose their gas faster than the farther ones. Ho we ver, another 

competitive fact which plays a role here is that the stripped gas 

from the closer satellites falls to within 40 kpc of the host galaxy 

faster. Therefore, as time progresses, the stripped gas from the closer 

satellite will fall faster within 40 kpc and therefore the additional 

stripped gas is not being accounted for in the instantaneous stripped 

cold gas measurements. 

We most clearly see these competing effects in the m10 runs. In 

the top panel of Fig. 5 , we see that the cold gas inside the closer 

satellites is al w ays less than in the more distant pair. In the second 

panel we see that the stripped cold gas increases more quickly in the 

run with the closer satellites, due to the faster gas removal observed 

in the first panel. Ho we ver, because gas from the closest satellite 

(50 kpc from the host centre) quickly falls to within 40 kpc from the 

host centre, the amount of stripped cold gas in the CGM from the 

closer satellites flattens early, and more stripped cold gas is found in 

the CGM from the more distant satellites. The mass of host gas that 

cools either inside or outside the satellites follows similar trends to 

the cold satellite gas mass. 

These trends with satellite distance are independent of satellite 

mass, and in all cases we expect that cold gas clouds (of equal mass) 

that are stripped from more distant satellites will enhance the CGM 

cold gas budget for a longer time due to the longer infall time. 

3.3.4 Dependence of cold gas mass on stellar feedback 

In this section, we investigate how stellar feedback from the host 

galaxy and satellites affects the contribution of cold gas to the CGM. 

In our run with no satellites, we find that stellar feedback from the 

host can contribute very little to the cold gas budget of the CGM, 

about three orders of magnitude less than what satellite galaxies 

would contribute. Additionally, we note that this contribution is not 

continuous, as cold gas in the CGM appears randomly for small 

duration ( ∼100 Myr) due to the stellar feedback from the host. This 
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is due to the fact that there are no large-scale winds from the host, 

consistent with FIRE galaxy formation simulation for MW-mass 

galaxies (Muratov et al. 2015 ; Pandya et al. 2021 ; Stern et al. 2021 ). 

Ho we ver, the stellar feedback in satellite galaxies has a significant 

effect on the gas added to the CGM of the host galaxy (Faucher- 

Gigu ̀ere et al. 2016 ; Angl ́es-Alc ́azar et al. 2017 ) and the temperature 

of this gas. To study this effect, we investigate two of our runs with 

no feedback in the satellites and host, which are shown in Fig. 8 . 

From the top panel of Fig. 8 , we can see that there is little effect of 

feedback on the cold gas inside the satellite, which implies the rate 

at which the cold gas disappearing from the satellites is the same in 

both the feedback (fb) and no feedback (nfb) runs. 

Ho we ver, feedback has v arious impacts on total gas stripping. 

First, it amplifies the total gas (hot + cold) stripping process, resulting 

in a greater extent of gas removal. Secondly, it alters the size of the 

cloud, causing it to become more fragmented and smaller as time 

progresses. Lastly, feedback induces a rise in gas temperature. While 

the first effect leads to a higher mass of cold-stripped gas in the 

presence of feedback compared to the absence of feedback, the latter 

two effects counteract this by diminishing the mass of cold-stripped 

gas, particularly in later stages and for smaller satellites. 

We can see in the second panel of Fig. 8 , for m09, at earlier times 

(before ∼1 Gyr), there is more stripped cold gas from the satellites 

in the case of feedback than in the case of no feedback. This is due 

to the fact that the feedback remo v es satellite gas of all phases more 

efficiently. Along with cold gas, feedback also remo v es hot gas from 

the satellites, which can later cool down in the stripped gas tail and 

add to the cold gas budget to the CGM, hence reaching a higher 

peak in the feedback case. Ho we ver, for m08, the potential well is 

so shallow that feedback blows out all of the satellite gas in a very 

short period of time ( ∼0.2 Gyr, see top middle and top right panels 

of Fig. 3 ). Therefore, the stripped gas does not get enough time to 

cool down in the tail, and also, the abo v ementioned effects two and 

three can dominate in small m08 satellites. Therefore, the early peak 

in stripped gas mass in the m08 feedback case is not higher than the 

peak stripped cold gas mass in the m08 no feedback case. 

Ho we ver, with feedback, the stripped cold gas in m09 and m08 

survives for a shorter time than in the no feedback case. This is 

because feedback also changes the morphology of the stripped gas. 

Contrary to the feedback case, cold clouds in the no feedback case 

are elongated and denser (see second panel of Figs 2 , 3 ). Therefore, 

without feedback, these denser and elongated clouds (bottom panels 

Figs 2 , 3 ), will survive longer than the less dense, small clouds 

generated in the feedback case (following the equation 2 ). This trend 

is stronger in the case of m08 than m09. 

This is also evident from Fig. 9 , where we show the time evolution 

of the mass weighted temperature probability distribution (PDF) 

of the stripped gas from the satellite as a function of time and 

temperature of the gas. The top and bottom panels respectively 

indicate the m09 and m08 runs whereas left and right panels denote 

the cases with and without feedback, respectively. It is clear from 

the plots that, with no feedback the horizontal strip of cold gas 

distribution at 10 4 K exists for a long time, until ∼1.6 Gyr for both 

m08 and m09, whereas, with feedback, gas gets more sparse and 

smoothly distributed across all temperatures. The difference is the 

most dramatic in m08, with the cold stripped gas in the feedback run 

being destroyed in a very short time of ∼1 Gyr. In the right bar of 

each 2-d histogram plot, we show the 1-d histograms of temperature 

at single snapshots denoted by the similar coloured vertical lines 

in 2-d histograms. We can infer the same scenario from these 1-d 

PDFs. F or e xample, in m08 case with feedback, at 1.5 Gyr in the 

2-d histogram (orange vertical line), there is no cold gas. Ho we ver, 

Figure 8. The time evolution of the cold ( T ≤3 × 10 4 K) gas mass from differ- 

ent contributions beyond 40 kpc radius from the centre of the host galaxy for 

the case of no feedback in satellites and host along with no gas in the satellites 

for the 10 9 and 10 8 M � satellites. From left to right, the panels respectively 

describe cold gas stripped from the satellites which are cold satellite gas that 

falls beyond six times the scale radius of the satellites, cold gas induced inside 

of the satellites, and the host gas cooled outside of the satellites. 
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Figure 9. The left and the right panels show 2-d PDF of stripped gas mass as a function of the time and temperature of the gas in the case of with feedback and 

without feedback respectively for the m09 (top panel) and m08 (bottom panel) satellites. In the right bar of each 2-d histogram plot, we show the 1-d histograms 

of temperature at single snapshots denoted by the similar coloured vertical lines in 2-d histograms. 

without any feedback, m08 case shows cold gas at the same snapshot. 

Moreo v er , until 1 Gyr , all the 1-d pdfs of temperature in the case of 

both m08 and m09 look similar in no feedback case, indicating that 

most stripped gas does not change temperature. On the other hand, 

with feedback the low temperature distribution of 1-d PDFs shifts 

to higher temperatures, indicating mixing-driven heating of the cold 

stripped gas. 

From the third panel of Fig. 8 , we can see that the feedback induces 

more host gas cooling inside both the m08 and m09 cases than no 

feedback cases, ho we ver, for m08, feedback soon blows out all the 

gas from the satellite system retaining no gas to induce host gas 

cooling. Therefore, induced cooling of host gas inside the satellites 

end faster in m08 feedback case than the no feedback case. 

As mentioned earlier, host gas outside of the satellite gets cooled 

in the mixing layer of stripped cold gas, hence, it roughly follows 

the stripped cold gas. For m09 with feedback case, there is more 

stripped gas than no feedback, hence, there is more mixing layer 

cooling (see the fourth panel of Fig. 8 ). Ho we ver, for m08, the trend 

is opposite as in m08 feedback case, there is no stripped cold gas 

in the CGM within a very short period of time ( ∼0.5 Gyr) due to 

the rapid stripping of the gas by feedback and low cloud destruction 

time. Hence, there is no cold gas retained in the stripped tail to induce 

cooling in the mixing layer. Ho we ver, with no feedback, since there 

is no rapid blowing out by feedback and the clouds are longer and 

denser, they tend to survive for a longer time (see Fig. 3 ). We also 

note that the clumps in the no feedback run drop out of the cold gas 

budget by falling within the central 40 kpc rather than being heated. 

We hav e v erified that cold gas stays cold in the m08 and m09 no 

feedback runs using the same analysis as in Fig. 6 (not shown). 

To summarize, feedback not only controls the temperature of the 

gas added to the CGM, but it also controls the morphology of the 

stripped clouds. Along with cold gas, feedback remo v es hot gas from 

the satellite which can cool down and add to the cold gas budget of 

the CGM. Without energy from feedback, the clouds are elongated 

and denser than the feedback case, for which they maintain their 

coherent shape for a long period time and survive longer than the 

dispersed less dense clouds in the feedback cases. 

3.3.5 Dependence of cold gas mass on the number of satellites 

We also investigate how changing the number of satellites affects 

the stripped gas or induced cooling contribution to the CGM. In Fig. 

10 , we show three cases of m09 run with 10, 20, and 40 satellites 

in pink, blue, and purple, respectively. The total amount of gas mass 

in the satellites in the system directly corresponds to the number of 

satellites. As we would expect, the contribution of stripped cold gas 

increases with the number of satellites (first panel) due to increase of 

gas mass in the system. We can see from the plots, the 40 satellites run 
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Figure 10. The time evolution of the cold ( T ≤3 × 10 4 K) gas mass from different contributions beyond 40 kpc radius from the centre of the host galaxy for the 

change in a number of satellites in the case of 10 9 M � satellites. From left to right, the panels respectively describe cold gas stripped from the satellites that are 

cold satellite gas which falls beyond six times the scale radius of the satellites, cold gas induced inside of the satellites, and the host gas cooled outside of the 

satellites. 

has 2 times and 4 times more stripped cold gas than the 20 satellites 

and 10 satellites respectively, which is roughly linear in relation. 

Given that we expect the cooling of the hot CGM gas to be 

dominated by mixing layer cooling, we also expect that the host gas 

cooled, either inside or outside the satellite, should also be related to 

the number of satellites. Indeed, this is what we find in the second 

and third panels. The increase in cold host gas is directly related 

to the increase in stripped gas. Therefore, increasing the number of 

satellites does not enhance the cold gas mass of the CGM beyond 

the direct correlation with the total gas mass in the satellites. 

3.3.6 Dependence of cold gas mass on the resolution of simulations 

We have also performed higher resolution runs, which are shown by 

dashed lines in Fig. 5 . We expect that the high-resolution (hr) runs 

will better resolve more dense, cold gas than low resolution (lr) runs, 

and this can result in either harder to strip gas or more cooling in 

the stripped tail, which will have competing effects. Upon immediate 

inspection, we find that the cold gas mass in the hr runs is qualitatively 

similar to the lr runs and shows the same trends with satellite mass, 

indicating that our general results are robust to resolution. 

Ho we ver, running with higher resolution does not affect every 

simulation in the same way. For example, in the m10 case, initially 

stripping cold dense gas in the hr run is more difficult, therefore 

hr shows less cold stripped gas in the beginning than the lr run 

(second panel). Whereas, at later times, both resolutions show a 

similar amount of cold gas. This is due to the fact that at late times, 

when there is a significant amount of stripping, the stripped hot gas 

can radiatively cool more and the stripped cold gas can remain cool 

in the hr run due to its higher density than in the lr run. We would 

also expect there to be more cold gas inside the satellite for hr, as less 

gas is stripped initially and more satellite gas can radiatively cool 

inside the satellite due to the higher density in hr run. This effect is 

more strongly seen in the m10 run, and seen to a lesser degree in the 

m09 run. 

We briefly note that the bottom-most panel of Fig. 5 shows an 

increase in the ‘hot gas cooled outside satellite’ for the higher 

resolution run of the m09 simulation at later times, around t = 

3 Gyr, that is not seen in the standard resolution run. On close 

inspection, we find that a very small number of particles (total mass of 

∼ 3 . 2 × 10 5 M �) show similar behaviour in the low-resolution run, 

which may be because dense structures are not as well resolved as 

high-resolution run (as we have mentioned above). Tracking these gas 

particles, we find that they get denser and cool down rapidly within 

100 Myr when they fall close to 40 kpc. We consider it to be more 

likely that this is due to interactions with the host stellar feedback 

rather than with stripped material from the satellites. Ho we ver, as 

most of this cooling happens right around our radial cut, which is an 

arbitrary cut, we do not want to read too much into this later peak of 

cold gas. 

For the least massive satellites of m08, in both lr and hr cases, 

the gas stripping occurs very rapidly and a lot more quickly than 

from the m10 and m09 satellites due to their weaker gravitational 

potential. The difference between hr and lr runs for the cold gas 

inside the satellite is not significant (for a significance study see the 

Appendix A ) as the y hav e v ery short stripping times and do not have 

enough time to cool more gas inside the satellite. Ho we ver, later on, 

more satellite gas is able to cool in the stripped tail of hr runs for 

m08. 

Survi v al of cold stripped gas in the hr runs also follows a similar 

story as in the lr runs (see Fig. 6 ). Ho we ver, one can clearly see a 

higher 10 4 K peak in hr runs than lr for m08 and m09. This implies 

that the cold gas in hr runs, which better resolves more dense gas, is 

retaining its cold temperature more than in the lr runs. 

In addition, for all the satellite distributions, the host gas that 

cooled inside the satellite does not show a significant difference 

between the hr and lr cases. Importantly, the host gas cooled outside 

of the satellite follows the trend of the stripped gas mass in both lr 

and hr cases for all the satellite distributions. Our result holds that 

the more stripped gas there is, the more gas will be cooled in the 

mixing layer of the stripped gas. 

4  DISCUSSION  

4.1 How much condensation is induced by the satellite driven 

turbulence? 

We have discussed in the earlier sections that host gas cooling can 

be induced by the satellites in tw o w ays: by mixing layer cooling 

and by turbulence-driven cooling. We have argued that mixing-layer 

cooling better matches our distribution of induced cold gas, but here 

we examine this question in more detail. 

First of all, we can see in Figs 1 , 2 , and 3 that most of the induced 

cold host gas is spatially around the mixing layer of stripped satellite 

gas. Hence, we have run one case with no gas in the satellite to 

distinguish between the contribution of induced cool gas by these two 
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Figure 11. This plot shows the radial profile of time-integrated Mach 

number. It is significantly smaller than unity in all runs, implying subsonic 

velocity dispersion in the CGM of host galaxy even with the inclusion of 

different satellite distributions. 

processes. In this case there is no gas to be stripped and consequently 

no cooling in the mixing layer of this stripped gas. Therefore, if there 

is any induced cold gas outside the satellites it must be contributed 

by turbulence-driven cooling. We do not find any induced cool gas 

outside the satellite in this no satellite gas run. 

In addition, we calculate the turbulent Mach number. We have 

calculated Mach number by taking the square-root of the sum of the 

variance of each velocity component and dividing it by velocity of 

sound. Taking the standard deviation of each velocity component has 

remo v ed the average velocity, by excluding radial inflow, rotation, 

etc. We show the radial profile of time integrated Mach number (o v er 

the time-scale of 0.5 to 1.5 Gyr) for different satellite distributions 

in Fig. 11 . The Mach number for different satellite runs are very 

similar to the runs with no satellites and with no gas in the satellites. 

Moreo v er, Mach number in each case has small range of values and 

is much less than one, implying the velocity dispersion in the host 

CGM remains al w ays subsonic. Subsonic turbulence induces small 

density perturbations, which do not cause cold gas to precipitate out 

of the hot phase (Balbus & Soker 1989 ; Stern et al. 2019 ; Esmerian 

et al. 2021 ). Therefore, we conclude that the induced cooling outside 

the satellites mainly happens in the mixing layer of the stripped 

cold gas from the satellites and there is not much contribution of 

turbulence-driven cooling. 

4.2 What do the obser v ations of Milky Way tell us? 

Our idealized simulation does not incorporate the realistic satellite 

distribution of the Milky Way galaxy. Ho we ver, the mass range of 

satellites that we co v er spans the high-end mass range of Milky Way 

satellites. We now consider how our estimation of cold gas from the 

different satellites compares with the observed cold gas budget of 

the Milky Way CGM. 

In their study, Putman, Peek & Joung ( 2012 ) made an estimation 

of the o v erall mass of cold gas in the Milky Way halo that is identified 

through high-velocity clouds (HVCs). They determined this mass to 

be approximately 2.6 × 10 7 M �, excluding the Magellanic Stream 

system. They also account for the presence of ionized components 

and helium and the estimated mass of the cold gas should be 

approximately doubled and multiplied by 1.4, resulting in a total 

mass of approximately 7 . 4 × 10 7 M �. Ho we ver, when including the 

contribution from the Magellanic Stream, which is not necessarily a 

common feature of all galaxies, the total mass increases by around 

3 × 10 8 M �. 

In another recent work by Richter et al. ( 2017 ), the authors utilized 

data on ion co v ering fractions, previously determined distances and 

metallicities of HVCs, along with measurements of total silicon and 

carbon column densities in HVCs. Based on this information, they 

derived an estimate for the combined gas mass of the neutral and 

ionized CGM of the Milky Way, as traced by HVCs, which amounts 

to at least 3.0 × 10 9 M �. 

Now let us see whether our estimated total cold gas brought by 

different satellites is within the range of the observational findings. 

The observed cold gas mass estimates by Putman, Peek & Joung 

( 2012 ) roughly agrees with the cold gas mass contributed by an 

m10 satellite (about SMC/LMC mass; Besla 2015 ): ∼ 10 8 M � for 

stripped gas and ∼ 2 × 10 8 M � for total induced gas (see second to 

fourth panels of Fig. 5 ). On the other hand, the contribution by a 

single m09 satellite matches this observation only by ∼ 10 per cent : 

3 × 10 7 M � for stripped gas and ∼ 10 7 M � for total induced gas. 

Ho we ver, if we compare to Richter et al. ( 2017 )’s result, which has 

a higher estimate, we find that our calculated cold gas mass from 

m10, m09 satellite matches only 10 per cent and 1 per cent of the 

observ ational lo wer limit, respecti vely. The contribution from m08 

ho we ver is insignificant as m08 immediately (0.25 Gyr) blows out 

all of its gas. 

We also highlight that the timeline for contributing cold gas is 

∼1 Gyr for m09, whereas m10 can distribute cold gas even after 

3.5 Gyr. This brings the question what is the infall times for the 

satellites of MW. From recent studies by Rocha, Peter & Bullock 

( 2012 ) and Fillingham et al. ( 2019 ), the infall times of MW satellites 

vary from 1 Gyr to even 10 Gyr, as for example, the LMC/SMC has 

fallen into the MW potential roughly 1.5–2 Gyr ago (Patel, Besla & 

Sohn 2017 ). This implies that the LMC and SMC can be important 

sources of cold gas for the Milky Way CGM. They cannot only 

provide cold gas to the Milky Way CGM from the time of its infall, 

but also bring in the observed budget of cold gas to the Milky Way 

CGM. 

Note that ten m09 satellites can also bring in a similar amount of 

cold gas to the Milky Way CGM, ho we ver, their contribution to the 

cold gas budget of MW CGM is likely to be short-lived (at or below 

1 Gyr). Hence, if roughly ten m09 like satellites have fallen to the 

MW within past 1 Gyr, they can definitely contribute the observed 

amount of cold gas to the MW CGM. While infall times of different 

satellites vary, Lo v ell & Zavala ( 2023 ) (see their table 1) list fifteen 

satellites at or abo v e the m09 mass in the MW (circular velocity 

greater than 16.4 km s −1 ), indicating that satellites could have added 

a major fraction of the cold gas of the halo. 

Ho we ver, our calculation only gives a rough estimate of cold 

gas budget in the CGM for the following reasons: (1) it does not 

take into account realistic satellite distribution of Milky Way, (2) 

it does not consider the CGM of the satellites which can lead to 

more ram pressure stripping, and (3) it does not take into account 

other important components that can affect CGM cooling like cosmic 

filaments and AGN feedback. 

4.3 What are the other components that can affect cooling of 

the CGM? 

Now one can ask a valid question: what are the other additional 

sources of cold gas in the outer CGM beyond satellite galaxies? 
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Although this remains an open question, one possible mechanism is 

accretion through cold streams collimated by large-scale structure 

filaments. In contrast to the hot virialized accretion mode, the 

unshocked cold ∼10 4 K gas can be transported through cosmic 

filaments into the galactic haloes. Recent observations support this 

theory of cold mode accretion (Dijkstra & Loeb 2009 ; Goerdt 

et al. 2010 ; Rosdahl & Blaizot 2012 ; Daddi et al. 2022 ). Galaxies 

close to cosmic web filaments experience an enhancement in star 

formation processes, as supported by studies such as Darvish et al. 

( 2014 ) and Vulcani et al. ( 2019 ). Moreo v er, the studies conducted by 

Kotecha et al. ( 2022 ) and Zheng et al. ( 2022 ) have provided evidence 

suggesting that filaments not only enhance star formation activity but 

also potentially delay quenching in galaxies. This enhancement in 

star formation could result from the accretion of cold gas fuel for 

star formation from cosmic web filaments. Simulations also pose a 

similar story. A recent study by Hasan et al. ( 2023 ) pointed out that 

in high-mass central galaxies, there is a notable decrease in the gas 

fraction ( f gas ) at a distance of approximately 0.7 Mpc from the node 

(maxima of the density field), followed by a sharp increase at shorter 

distances. Although this work does not analyse only cold gas, this 

increase in total gas fraction points towards the accretion of gas from 

cosmic filaments. 

Another component which may play a prime role in the cooling of 

the CGM is supermassive black hole (SMBH) or active galactic 

nuclei (AGNs) feedback. Feedback from SMBH/AGN has been 

suggested to have various impacts on the cooling of the CGM. AGN 

feedback, especially in the form of kinetic mode feedback at low rates 

of black hole accretion, has the effect of ejecting and heating up gas 

within and around galaxies. It acts as both an ‘ejective’ feedback by 

expelling cold gas, as well as a ‘pre ventati ve’ feedback by increasing 

the average entropy and cooling time of the CGM (Somerville & 

Dav ́e 2015 ; Tumlinson, Peeples & Werk 2017 ; Zinger et al. 2020 ). 

In ‘ejective’ feedback, AGN can physically expel cold gas from 

galactic disc. Some of this material may later fall back into the galaxy, 

contributing to the recycling of the CGM and enriching it with metals 

from the galactic centre. This method can feed the CGM with cold gas 

from the disc. On the other hand, ‘pre venti ve’ feedback from AGNs 

can inject energy into the surrounding material, causing temperature 

increases and resulting in the ionization of metals through collisions 

and photoionization (Mathews & Prochaska 2017 ; McQuinn & Werk 

2018 ; Oppenheimer et al. 2018 ; Sanchez et al. 2019 ). Multiple 

observations also suggest that the thermodynamics of the CGM are 

highly influenced by the energy released by AGN (Nulsen et al. 

2009 ; Werner et al. 2019 ). When the CGM gas is heated through 

such mechanisms, the cooling of the CGM gas can be suppressed. 

In conclusion, AGN could both increase the cool gas mass of the 

CGM by ejecting material as well as suppress cooling of the CGM 

by heating it up. 

5  C O N C L U S I O N S  A N D  F U T U R E  PLAN S  

We investigate the origin of the cold gas in the outer CGM and how 

satellites can impact the CGM cold gas budget o v er time. F or this 

study, we have performed controlled experiments with a host galaxy 

of Milky Way mass along with satellite galaxies with three different 

satellite mass distributions (m10, m09, m08). Below, we list our main 

findings from this investigation. 

(i) Satellite galaxies can contribute to the cold gas budget of the 

CGM of a MW-type host galaxy (Figs 1 , 2 , 3 , and 4 ). The setup with 

no satellite galaxies produces three orders of magnitude less cold gas 

in the CGM than the runs with satellites. 

(ii) There are three main mechanisms by which satellites can add 

cold gas to the CGM in our simulations. The cold gas can be stripped 

from the satellite via ram pressure. Along with this, gas can also be 

remo v ed from the satellites by feedback. Satellites can also induce 

cooling in the mixing layer of this stripped cold gas. We identify two 

mechanisms (direct ram pressure stripping and mixing layer cooling) 

that contribute similarly to the cold gas budget of the CGM (Fig. 5 ). 

(iii) The spatial location of satellites also has a significant effect on 

stripping. Satellites closer to the host galaxy feel more ram pressure 

and are stripped faster due to the higher CGM density (Fig. 1 ). For 

this reason, we see more stripped gas initially in the closer distributed 

satellites than the further ones. Ho we ver, another competing ef fect 

is f aster f alling of stripped gas inside 40 kpc for closer -distrib uted 

satellites, which makes the stripped gas from them flatten earlier than 

the farther -distrib uted satellites (Fig. 5 ). 

(iv) The contribution of cold gas by different satellite distributions 

are dramatically dif ferent, e ven when the total gas mass brought in 

by the satellites is the same. The less massive satellites (m08, m09) 

get stripped faster and lose all of their cold gas in a short period 

of time, while the massive SMC-like satellite (m10) continues to 

provide cold gas to the host CGM for several Gyr. Therefore, only 

LMC or SMC-like satellites can add a cold phase gas mass of the 

order of 10 8 M � to the total cold gas budget of the MW-type host 

CGM for at least 4 Gyr (Figs 1 , 2 , 3 , 4 , and 5 ). 

(v) Different satellite distributions produce cold clumps of dif- 

ferent size and mass. The less massive satellites produce smaller 

clouds with small cloud-crushing times that can easily be destroyed 

and heated. Ho we ver, massi ve SMC-like satellites produce bigger 

clouds, which survive for a longer period of time (Figs 6 and 7 ). 

(vi) Stellar feedback from the host galaxy produces three orders 

of magnitude less cold gas than the satellite contributions due to the 

absence of large-scale winds from the host, in FIRE galaxy formation 

simulation for MW-mass galaxies. Furthermore, this contribution due 

to feedback from the host is not continuous; cold gas in the CGM 

appears randomly for brief (100 Myr) time periods and only at small 

radii. Ho we v er, superno va feedback from satellites has a significant 

effect on the morphology of the cold gas. Feedback makes cold 

clumps more diffuse and increases their surface area, which not only 

induces more mixing layer cooling but also speeds their destruction. 

Ho we ver, without feedback, cold clouds have smaller surface area 

producing less mixing layer cooling. These clouds are denser and 

survive longer (Figs 8 and 9 ). 

(vii) An increased number of satellites linearly increases the 

stripped gas mass as well as the induced cool gas in the mixing 

layer. The total gas mass in the satellites is directly proportional 

to the number of satellites present in the system. Hence, the ram- 

pressure stripping along with induced cooling in the mixing layer 

are enhanced with this increased amount of cold satellite gas directly 

related to the increase in satellite number. (Fig. 10 ). 

In future work, we plan to incorporate a realistic distribution of the 

satellites of Milky Way with realistic orbits (Santiste v an et al. 2023 ) 

and to investigate the effect on the cold gas budget of the Milky 

Way CGM. The presence or lack of a satellite CGM in the initial 

conditions may also make a major difference (Krishnarao et al. 2022 ). 

It is expected that isolated galaxies of similar mass as our satellites 

have more mass in their CGM than in their ISM (Hafen et al. 2019 ), 

and in an analysis of the fate of satellite CGM it is also found that 

much of it accretes onto the central galaxy (Angl ́es-Alc ́azar et al. 

2017 ; Hafen et al. 2020 ). It is also seen that the satellite CGM 

plays a major role in the cooling of CGM gas of the more massive 

host in cosmological FIRE simulations (Esmerian et al. 2021 ). Other 
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idealized simulations of satellite stripping that do not include the 

satellite CGM are unsuccessful in producing sufficient cold gas mass 

to match observations, and underestimate the importance of satellite 

g alaxies for g alaxy growth as a whole (Bustard et al. 2018 ). Our 

future plan is to include the CGM in the satellites and investigate the 

change in the amount of the cold gas contributed by the satellites. 

Ho we ver, one can take our current estimates as a lower limit of the 

cold gas produced in the host CGM by the satellite galaxies. 

In conclusion, when satellites bring in their own ISM to the CGM 

of the host galaxy, their ISM not only gets stripped but they also 

induce cooling in the host CGM. We universally find that at any 

given time, satellites induce about the similar amount of cold gas in 

the CGM as their own stripped ISM at that time. Therefore, satellites 

have a larger and dynamic impact on the cold gas in the CGM than 

a simple accounting of their cold gas mass would indicate. 
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AP PENDIX  A :  SIGN IFICANCE  ST UDY  

It is important to understand how much the difference between cold 

gas mass is significant in our study. For that reason, we calculated the 

time evolution of the cold-stripped gas mass for the m10 satellites 

which are located at the same position of 100 kpc away from the 

host in two different simulation runs (Fig. A1 ). This will also give a 

measure of stochasticity in our simulation. We can see the amount of 

cold gas is not that different until 2.5 Gyr, ho we ver after that, there are 

some differences between the values. Although at late times, satellites 

are almost gas-deficit, therefore we should take these differences with 

a pinch of salt. Ho we ver, at earlier times, the dif ferences between 

these two runs are less than a factor of two, which implies our 

runs are not so stochastic, at least until 2.5 Gyr. Therefore, we can 

take differences in our runs to be significant and independent of 

stochasticity if they differ by a factor two. 

Figure A1. Time evolution of stripped cold gas from one satellite situated 

at 100 kpc in the case of two different runs of m10 (2xm10 far lowres and 

2xm10 near lowres). 
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