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A B S T R A C T 

The impact of winds and jet-inflated bubbles driven by active galactic nuclei (AGN) are believed to significantly affect the host 
galaxy’s interstellar medium (ISM) and regulate star formation. To explore this scenario, we perform a suite of hydrodynamic 
simulations to model the interaction between turbulent star-forming clouds and highly pressurized AGN-dri ven outflo ws, focusing 

on the effects of self-gravity. Our results demonstrate that the cloudlets fragmented by the wind can become gravitationally 

bound, significantly increasing their survi v al time. While external pressurization leads to a global collapse of the clouds in cases 
of weaker winds (10 

42 –10 

43 erg s −1 ), higher power winds (10 

44 –10 

45 erg s −1 ) disperse the gas and cause localized collapse of the 
cloudlets. We also demonstrate that a kinetic energy-dominated wind is more efficient in accelerating and dispersing the gas than 

a thermal wind with the same power. The interaction can give rise to multiphase outflows with velocities ranging from a few 100 

to several 1000 km s −1 . The mass outflow rates are tightly correlated with the wind power, which we explain by an ablation-based 

mass-loss model. Moreo v er, the v elocity dispersion and the virial parameter of the cloud material can increase by up to one 
order of magnitude through the effect of the wind. Even though the wind can suppress or quench star formation for about 1 Myr 
during the initial interaction, a substantial number of gravitationally bound dense cloudlets manage to shield themselves from 

the wind’s influence and subsequently undergo rapid gravitational collapse, leading to an enhanced star formation rate. 

Key words: hydrodynamics – ISM: clouds – galaxies: active – galaxies: star formation – methods: numerical. 
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 I N T RO D U C T I O N  

he feedback from active galactic nuclei (AGNs) on the o v erall
volution of their host galaxies is thought to be a dominant mecha-
ism in galaxy evolution theory (Silk & Rees 1998 ; Fabian 2012 ).
t is postulated that the large-scale outflow in the form of ‘jets’
rom the AGN heats up the intracluster medium and stops the 
ooling flow towards the centre of the cluster, therefore regulating 
he star-forming fuel (McNamara & Nulsen 2007 , 2012 ). Indeed, in
ecent cosmological simulations, it is necessary to include various 
odels of feedback from the AGN by injecting thermal or kinetic 

nergy (Springel, Di Matteo & Hernquist 2005 ; Schaye et al. 2015 ;
einberger et al. 2017 ; Dav ́e et al. 2019 ; Schaye et al. 2023 ), in order

o regulate star formation in massive galaxies and reproduce various 
bserved scaling relations, including the luminosity functions and 
he M BH −σ relation (see the recent re vie w Vogelsberger et al. 2020 ,
nd references therein). 

While modern cosmological simulations successfully replicate the 
tatistical characteristics and the redshift evolution of galaxies, they 
ack the ability to predict the feedback’s impact on individual host
alaxies due to challenges in accurately modelling the multiphase 
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nterstellar medium (ISM) and associated small-scale physics, i.e. 
hese processes are included as sub-grid recipes in cosmological 
imulations. There is increasing observational evidence that wind 
nd young radio jets originating from the central AGN significantly 
ffect the host galaxy’s ISM by driving multiphase outflows, which 
xpel gas from the central region, driving turbulence, and potentially 
iminishing the star-forming fuel (Nesvadba et al. 2010 ; Garc ́ıa-
urillo et al. 2014 ; Harrison et al. 2014 ; Fluetsch et al. 2019 ; Girdhar
t al. 2022 ; Ramos Almeida et al. 2022 ; Leftley et al. 2024 ). This
s also demonstrated by dedicated hydrodynamic (HD) simulations 
Sutherland & Bicknell 2007 ; Wagner, Bicknell & Umemura 2012 ;

ukherjee et al. 2018 ; Mandal et al. 2021 ; Tanner & Weaver 2022 ;
eenakshi et al. 2022b ). These phenomena have a direct impact

n the star formation activity inside the host as demonstrated by
e veral observ ational studies where it has been found that some
alaxies hosting radio-loud AGN show a lower star formation rate 
SFR) compared to main-sequence galaxies, which follow the stan- 
ard Kennicutt–Schmidt relation (Schmidt 1959 , 1963 ; Kennicutt 
998a , b ) between gas–mass and SFR surface density (Ogle et al.
007, 2010 ; Nesvadba et al. 2010 , 2011 , 2021 ; Alatalo et al. 2014 ,
015 ; Lanz et al. 2016 ). 
Conv ersely, the o v erpressurized winds/jet can cause significant 

ompression of the ISM and may trigger collapse to rapidly form
tars (Silk 2005 ; Gaibler et al. 2012 ; Zubovas & King 2014 ;
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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ugan, Gaibler & Silk 2017b ; Mukherjee et al. 2018 ). Observational
vidence also supports this hypothesis, where compact radio jets or
uasar winds are found to enhance star formation activity (Bicknell
t al. 2000 ; Inskip et al. 2008 ; Zinn et al. 2013 ; Kalfountzou et al.
014 ; Salom ́e, Salom ́e & Combes 2015 ; Lacy et al. 2017 ; Salom ́e
t al. 2017 ). 

Adv ancements in observ ational techniques and impro v ed mod-
lling of star formation physics within HD simulations are beginning
o shed light on the distinction between ‘ne gativ e’ and ‘positiv e’
eedback from AGN. Recent observations indicate the coexistence
f both types of feedback within a single system (Cresci & Maiolino
018 ; Shin et al. 2019 ). Indeed, recent hydrodynamical simulations
f jet–ISM interactions have revealed that while jet-inflated bubbles
lobally reduce star formation by enhancing turbulence, they can
ause local regions of enhanced SFR due to the compression near
he nuclear region (Mandal et al. 2021 ; Mercedes-Feliz et al. 2023 ).
hus, ho w AGN-dri ven outflo ws af fect star formation is a complex
ompetition between various phenomena on different scales. 

Ho we ver, a complete understanding of star formation as well
s the survi v ability of the dense gas subjected to powerful AGN
utflo ws remains elusi ve without the ef fect of the self-gravity of
he gas. With typical densities around 100 cm 

−3 (Miville-Desch ̂ enes,
urray & Lee 2017 ), star-forming giant molecular clouds (GMCs)

ave a freefall time-scale of a few Myr, which is comparable to or
horter than the typical duration of AGN episodes, lasting between
0 and 100 Myr (e.g. Marconi et al. 2004 ). Moreo v er, the presence
f self-gravity can increase/prolong the survi v al time of the clouds,
hen faced with strong outflows from AGN, by making them dense

nd compact, ef fecti vely shielding them from erosion caused by
he outflow and/or A GN radiation. Con versely, the fragmentation
nduced by self-gravity can give rise to numerous smaller cloudlets
hat may be susceptible to e v aporation or entrainment by the hot
ind/jet cocoon, leading to the formation of multiphase outflows,
hich may regulate the available fuel to form stars. 
Therefore, the significance of self-gravity at the cloud level can

nfluence how AGN-driven winds/jet cocoons impact the host galaxy
n larger scales. Thus, well-resolved simulations modelling the
nteraction between AGN-driven winds and individual star-forming
louds may offer a supplementary perspective to both observations
nd global-scale simulations. After all, the ultimate fate of the
louds depends on small-scale processes. Additionally, the results
rom these small-scale studies are important for building better sub-
esolution prescriptions of different mechanisms in global (galaxy
nd cosmological) simulations. 

In this study, we revisit the classical ‘cloud-crushing’ problem
Klein, McKee & Colella 1994 ) with the help of a suite of three-
imensional (3D), self-gravitational HDs simulations in the context
f the interaction between AGN-driven winds/jet cocoons and star-
orming clouds. There have been extensive studies of the effects of
xternal shocks or winds on clouds in v arious dif ferent contexts,
ith a primary emphasis on supersonic winds/shocks from galactic
inds (e.g. Klein et al. 1994 ; Nakamura et al. 2006 ; Pittard et al.
009 ; Pittard, Hartquist & Falle 2010 ; Scannapieco & Br ̈uggen
015 ; Banda-Barrag ́an et al. 2016 , 2018, 2019, 2020, 2021 ; Cottle,
cannapieco & Br ̈uggen 2018 ; Gronke & Oh 2018 ; Cottle et al.
020 ). Ho we ver, wind-dri ven bubbles or jet-cocoons are known to
e highly pressurized during the energy-driven phase (e.g. Begelman
 Cioffi 1989 ; Wagner & Bicknell 2011 ), and thus can be subsonic

epending on the density of the wind, while also exhibiting extreme
elocities of up to tens of thousands of km s −1 . None the less, only a
imited number of studies have taken into account the parameters of
hocks/winds (e.g. density , velocity , and pressure) which can reach
NRAS 531, 2079–2110 (2024) 
xtremes comparable to those generated by AGN–jet cocoons or
uasar winds (Mellema, Kurk & R ̈ottgering 2002 ; Fragile et al. 2004 ;
ooper et al. 2009, 2018 ; Dugan et al. 2017a ). 
Mellema et al. ( 2002 ) examined the influence of a radio jet cocoon

n uniform spherical and elliptical clouds using 2D simulations. They
dentified three significant phases in the evolution (Klein et al. 1994 )
f these interactions: (i) the initial impact between the blast wave and
he cloud, (ii) compression induced by the thermal and ram pressure
f the wind, and (iii) fragmentation of the cloud. Additionally, their
ork revealed that in the presence of radiative cooling, the growth

ate of the Kelvin–Helmholtz instability was highly suppressed and
he mixed gas fraction was considerably reduced (less than 1 per cent
f the original cloud mass), implying a slow evaporation process and
 prolonged lifetime of the cloudlets. Cooper et al. ( 2009 ) reached
 similar conclusion and further demonstrated that when dealing
ith a fractal cloud, the fragmentation induced by the wind is more
ronounced compared to a uniform cloud structure. The fragmented
loudlets are compressed to high densities, which can then cool very
f ficiently and survi ve for a much longer period. While they discussed
he potential role of self-gravity in this scenario, self-gravity was not
ncluded explicitly in the simulations. 

Considering the effect of external pressurization on a spherical
loud that may result from AGN winds or jet cocoons, Zubovas &
ing ( 2014 ) demonstrated that the pressure confinement triggers

he collapse of the cloud, leading to an enhanced SFR. Using
daptive mesh refinement (AMR), self-gravitating simulations of the
nteraction between more realistic AGN-driven winds and Bonnor–
bert spheres (resembling star-forming cores), Dugan et al. ( 2017a )
lso arrived at a similar conclusion. Additionally, they identified a
hreshold ram pressure of the wind, abo v e which the cloud will be
estroyed before significant amounts of star formation can take place.
nother recent study by Li et al. ( 2020 ) concluded that, if the cloud

s initially Jeans’ unstable, the interaction will eventually enhance
he collapse of the cloud in the presence of self-gravity. While these
tudies have individually delved into various significant aspects and
istinct physical processes, there is a lack of a comprehensive global
erspective that incorporates all the crucial parameters and physics. 
This study seeks to extend previous research on the interaction be-

ween AGN-dri ven outflo ws with more realistic fractal star-forming
nterstellar clouds, including radiative cooling and self-gravity. We
xplore a wide parameter space, systematically varying parameters
ncluding the wind power, the average cloud density, the internal
ractal density distribution within the cloud, and whether the wind
s primarily dominated by kinetic or thermal energy. This approach
nables us to inv estigate div erse facets of the cloud’s evolution. The
aper is organized as follows. In Section 2 , we describe the simulation
ethod and the choice of initial conditions. In Section 3 , we present

he main results of this study. We discuss the implications of this work
n Section 4 . Finally, in Section 5 , we summarize and conclude. 

 M E T H O D  

.1 Simulation code 

he numerical simulations presented in this study are performed
sing the grid-based code PLUTO V4.4 (Mignone et al. 2007 , 2012 )
n 3D ( x , y , z) Cartesian geometry. We use the HLLC Riemann
olver (Gurski 2004 ; Li 2005 ) along with a piecewise parabolic
econstruction scheme (PPM; Colella & Woodward 1984 ) for solving
he self-gravitating HD equations: 

∂ ρ

∂ t 
+ ∇ · ( ρv ) = 0 , (1) 
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∂ ( ρv ) 

∂ t 
+ ∇ · [ ρv v + p I ] = ρg , (2) 

∂ E t 

∂ t 
+ ∇ · [ ( E t + p ) v ) ] = ρv · g −

(
ρ

μm H 

)2 

� ( T ) , (3) 

∂ ( ρC ) 

∂ t 
+ ∇ · ρC v = 0 , (4) 

 

2 � = 4 πGρ, (5) 

here ρ is the mass density, v is the velocity, p is the thermal pressure,
 is a Lagrangian scalar used to track gas in different components (i.e.
loud and wind), g = −∇ � (where � is the gravitational potential) 
s the acceleration due to gravity, and E t is the total energy density
iven by 

 t = ρe + 

ρv 2 

2 
. (6) 

he abo v e equations are closed by an ideal gas equation of state
EOS): 

 = ( γ − 1) ρe, (7) 

here we consider γ = 5/3 throughout. The energy conservation 
quation (equation 3 ) also includes the cooling term ( � ) in or-
er to account for the radiative losses, discussed in Section 2.5 .
ime evolution of equations ( 1 )–( 4 ) is performed using a third-
rder Runge–Kutta time-stepping scheme. For simulations involv- 
ng gravity, we incorporate the self-gravity module 1 developed by 

andal, Mukherjee & Mignone ( 2023 ), which employs a Runge–
 utta–Le gendre-based Poisson solver coupled to a V-cycle multigrid 

lgorithm to solve the Poisson equation for the gravitational potential. 
etails of the numerical implementation of the self-gravity module 

re presented in Mandal et al. ( 2023 ). We also solve for the
otential in the non-self-gravitating runs but do not couple the 
ravitational acceleration terms to the HDs (equations 2 and 3 ). In
his way, we calculate the gravitational potential-related quantities 
or these simulations and compare them with the corresponding self- 
ravitating runs. 

.2 Computational domain 

n our simulations, we employ a uniform Cartesian domain ( x –y –z)
ith a physical range of −50 ≤ x ≤ 150 pc, −50 ≤ y ≤ 50 pc,

nd −50 ≤ z ≤ 50 pc. The domain is discretized into a grid with
024 × 512 × 512 cells, resulting in a computational cell size 
resolution) of 0.195 pc. In order to study the effect of the numerical
esolution, we also perform two lower resolution simulations with a 
rid size of 512 × 256 × 256 and 256 × 128 × 128, respectively, and
resent the results in Appendix D . The fractal clouds (see Section
.3 ) are initially positioned at the origin (0, 0, 0) of the domain.
he clouds possess a core radius of 25 pc and an envelope of width
 pc. Therefore, the core radius of the cloud is resolved with ∼128
ells, this being adequate to capture the o v erall evolution (Klein et al.
994 ; Fujita et al. 2009 ; Banda-Barrag ́an et al. 2018 ). The wind is
aunched from the y − z boundary at x = −50 pc in the positive
 -direction. The details of the cloud setup are described in Section
.3 and the wind parameters and their injection in Sections 2.4 and
.6 , respectively. 
 The self-gravity patch for the PLUTO code is publicly available at https: 
/ bitbucket.org/ mankush/ pluto- 4.4- self- gravity- patch 

σ

2

.3 Cloud initialization 

everal theoretical and observational studies have shown that the 
ensity structures in the turbulent molecular cloud are well described 
y a lognormal distribution function (Vazquez-Semadeni 1994 ; 
assot & V ́azquez-Semadeni 1998 ; Federrath et al. 2010a ; Price,
ederrath & Brunt 2011 ; Federrath & Klessen 2012 ; Federrath
 Banerjee 2015 ; Kritsuk, Ustyugov & Norman 2017 ; Mandal,
ederrath & K ̈ortgen 2020 ). Hence, we model the cloud in our
imulation such that the PDF in terms of the logarithmic density
 = ln ( ρ/ ρ0 ) (where ρ0 is the mean density of the cloud) is given by
 lognormal distribution: 

 ( s) = 

1 √ 

2 πσ 2 
s 

exp 

[
− ( s − s 0 ) 2 

2 σ 2 
s 

]
. (8) 

ere, s 0 and σ s are the mean and dispersion of the logarithmic den-
ity fluctuation, respectively, which from normalization constraints 
 

∫ 
e s P ( s )d s = 1) are related by s 0 = −σ 2 

s / 2 (Ostriker, Stone &
ammie 2001 ; Li, Klessen & Mac Low 2003 ; Federrath & Klessen
012 ). 
The lognormal density field of the cloud is constructed using 

he pyFC library, 2 which generates a periodic random scalar field 
n 3D Cartesian space from a given PDF and power-law (PL)
pectrum, D ( k ) ∝ k −β , in Fourier space, where k is the dimensionless
 avenumber. The tw o-point fractal distribution is characterized 
y the slope of the PL ( β), the Nyquist limit k max and a lower
utoff wavenumber, k min , which corresponds to the largest spatially 
orrelated scale ( λmax ≈ L / k min ) for a positi ve v alue of β. For a given
alue of k min , the largest size of the perturbations or ‘cloudlets’ is
 cloudlets ,k min ≈ L/ (2 k min ), where L is the size of the periodic box
Lewis & Austin 2002 ; Sutherland & Bicknell 2007 ; Wagner et al.
012 ). In this study, we have set the value of β to be 1.66 for all the
louds. This falls in the range of cloud density spectral indices for
upersonic turbulence (e.g. see Federrath, Klessen & Schmidt 2009 ; 
ederrath & Klessen 2013 ). The k min value is primarily set to 3 ( λmax 

20 pc) for most of the clouds while varying the wind properties
o investigate their ef fects. Ne vertheless, we also explore different
alues of k min = 1, 3, 6, and 10, while keeping the wind parameters
dentical. This allows us to examine the impact of variations in the
ensity distribution within the cloud. 
In addition to the fractal density distribution of the cloud, we

lso initialize a Gaussian random field for each component of the
elocity with zero mean and 1D velocity dispersion of σ v . For a
articular cloud setup, the values of k min and β for the velocity field
re the same as the lognormal density field. We choose the value
f σ v for most of the simulations (except for the cloud with lower
ean density) such that the 3D velocity dispersion ( σV = 

√ 

3 σv ) of
he cloud is ∼ 8 km s −1 , which is typical of the observed velocity
ispersion of GMCs in the Milky Way and nearby galaxies on this
cale (e.g. Hughes et al. 2010 , 2013 ; Miville-Desch ̂ enes et al. 2017 ;
aesi, Lada & Forbrich 2018 ). 
We set the mean number density of the fractal cloud to 200 cm 

−3 ,
hich gives us an initial virial parameter ( αvir = 2 E kin / | E grav ) of ∼0.9,

gain typical for star-forming clouds (Miville-Desch ̂ enes et al. 2017 ;
aesi et al. 2018 ). 
The standard deviation of the density PDF in equation ( 8 ) of our

louds is calculated using the well-established relation: 

s ≈
[
ln 
(
1 + b 2 M 

2 
)]1 / 2 

(9) 
MNRAS 531, 2079–2110 (2024) 
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hich connects the standard deviation of the log-density ( σ s ) and
he turbulent Mach number ( M = σV /c s , rms , where c s, rms is the root
ean square sound speed) (Federrath, Klessen & Schmidt 2008 ;
ederrath et al. 2010a ; Federrath & Klessen 2012 ). The parameter
 is the driving parameter of turbulence, which represents the ratios
f energies in solenoidal and compressive modes turbulence and
aries between 1/3 (purely solenoidal) and 1 (purely compressive),
espectively (Federrath et al. 2008 ). Here, we set b = 0.4 for a
ixed mode of turbulence driving (Federrath et al. 2010a ), as often

bserved in different environments (Federrath et al. 2016 ; Menon
t al. 2021 ; Dhawalikar et al. 2022 ; Sharda et al. 2022 ; Gerrard
t al. 2023 ). The resulting value of σ s then serves as the input
arameter in the pyFC routine which generates the fractal density
eld. 
For the cloud density, we create a 310 3 -sized lognormal data cube

ith a mean of 1, which corresponds to a physical domain of ( x ,
 , z) ∈ [ − 30 pc, 30 pc], 3 following the method described abo v e.
he density cube is then multiplied by the desired mean density of

he cloud and a spherical volume of a radius of 30 pc is extracted
rom the cube. The sphere is then tapered with a radially decreasing
unction in order to ensure a smooth transition between the cloud’s
dge and the ambient medium: 

c ( r) = ρa + 

ρcube ( r) 

cosh 

[(
r 

r core 

)8 
] , (10) 

here ρa , ρcube , and ρc are the ambient density, the original density
alues in the fractal data cube, and the final density for the cloud
aterial that is used for the simulations, respectively. Here, r core =

5 pc is the core radius of the cloud where the density remains the
ame as the density cube, along with an envelope with 5 pc radially
ecreasing density . Finally , the turbulent cloud is placed at the origin
0, 0, 0) of the computational domain using a trilinear interpolation
cheme. 

We also perform the same procedure for each velocity component
here a 310 3 -sized Gaussian random data cube is generated for each

omponent of the velocity field and mapped into the computational
rid in a similar way to the density initialization. The remaining
ortion of the computational domain is initialized with a static
mbient medium having a density of 0.1 cm 

−3 and a temperature
f 10 6 K, while the cloud is set to be in pressure equilibrium with
his ambient medium initially. 

.4 Wind parameters 

n this study, our main objective is to examine how AGN-driven
fast’ winds or jet-inflated cocoons affect star-forming comple x es
ithin host galaxies. Therefore, we focus on parameters typical of

uch scenarios, particularly considering the pressure and velocity
anges associated with these AGN-driven processes. Numerous
bservational studies have demonstrated that the velocities of ionized
inds (Rupke & Veilleux 2013 ; Genzel et al. 2014 ; Harrison et al.
014 ; Brusa et al. 2015 ; Carniani et al. 2015 ; Bischetti et al. 2017 ) and
road absorption line (BAL) winds (Korista et al. 2008 ; Moe et al.
009 ; Borguet et al. 2013 ) driven by the central AGN on kiloparsec
cales range from a few hundred to several thousand km s −1 (see
iore et al. 2017 , for a re vie w). In this work, we consider the cloud

o be located at ∼1 kpc away from the AGN and the velocity of
NRAS 531, 2079–2110 (2024) 

 For this choice, the scale largest correlated density structure for a given value 
f k min is λmax ,k min ≈ (60 /k min ) pc . 
he injected winds at ( v w ) this distance are in the range of 400
o 4000 km s −1 , with a total (kinetic + thermal) wind power ( P w )
anging from 10 42 to 10 45 erg s −1 . From theoretical and numerical
nvestigations, these types of winds are found to be very hot and
ighly pressurized during the energy-conserving phase with pressure
anging from 10 −10 to 10 −7 dyne cm 

−2 depending on the wind
ower (e.g. Begelman & Cioffi 1989 ; Sutherland & Bicknell 2007 ;
agner & Bicknell 2011 ; Mukherjee et al. 2016 , 2018 ; Richings
 Faucher-Gigu ̀ere 2018 ; Costa, Pakmor & Springel 2020 ). Within

hese parameter ranges the thermal energy of the winds dominates
he total energy budget, making them subsonic. Interestingly, the
elf-similar solution describing an expanding bubble propelled by a
entral source, as proposed by Weaver et al. ( 1977 ), aligns with these
ressure values. For an AGN-driven bubble with a given injected
ower ( P w ), expanding in a spatially homogeneous ambient medium
f density ρa , the pressure ( p w ) at a distance R w from the central
ource is expressed as 

 w = 

7 

25 

(
125 

154 π

)2 / 3 

ρ1 / 3 
a P 

2 / 3 
w R 

−4 / 3 
w , 

≈ 5 . 5 × 10 −10 
( n a 

0 . 1 cm 

−3 

)1 / 3 
(

P w 

10 43 erg s −1 

)2 / 3 

×
(

R w 

kpc 

)−4 / 3 

dyne cm 

−2 . (11) 

n this study, we set the pressure of the wind from the abo v e
quation (equation 11 ) for R w ∼ 1 kpc, which yields values in
ange p w ∼ 10 −10 −10 −8 dyne cm 

−2 . The pressure is kept constant
n time at the injection region, unlike the true Weaver et al. ( 1977 )
ind solution. We discuss the implications of this choice in later
aragraphs. Moreo v er, the v elocity of the bubble’s forward shock at
 w = 1 kpc, as given by Weaver et al. ( 1977 ), 

v w = 

(
243 

3850 π

)1 / 5 

ρ−1 / 5 
a P 

1 / 5 
w t −2 / 5 , 

≈ 850 
( n a 

0 . 1 cm 

−3 

)−1 / 3 
(

P w 

10 43 erg s −1 

)1 / 3 (
R w 

kpc 

)−2 / 3 

km s −1 ,

(12) 

lso predicts values within the considered velocity ranges ∼
00 −4000 km s −1 . In Table 1 , we list the wind parameters for each
imulation. 

We also consider a wind of power 10 45 erg s −1 whose velocity is
et to 15 000 km s −1 and whose pressure is such that it is supersonic.
he total energy, in this case, is dominated by the kinetic energy (see
able 1 ). This kind of extreme outflow parameter can appear in the
cenario where a cloud directly lies along the path of an AGN jet.
dditionally, this choice allows us to explore the effect of thermal
ersus kinetic (subsonic versus supersonic) winds of the same power
n an otherwise identical cloud setup. 

In order to completely specify the wind state, the wind density is
alculated from energy conservation, i.e. the total energy flux of the
hermal and kinetic components are equal to the injected power of
he wind, 

(
1 

2 
ρw v 

2 
w + 

p w 

γ − 1 

)
4 πR 

2 
w v w = P w . (13) 
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Table 1. Initial conditions of all the simulations in this study. 

Name P w 
(1) v w 

(2) p w (3) M w 
(4) n̄ c 

(5) Self-gravity? k min 
(6) t cc 

(7) t ff (8) t KH 
(9) 

( erg s −1 ) ( km s −1 ) ( dyne cm 

−2 ) (cm 

−3 ) (Myr) (Myr) (Myr) 

C no wind k3 – – – – 200 No 3 – 3 .65 –
GC no wind k3 – – – – 200 Yes 3 – 3 .65 –
C42 k3 10 42 400 1.32 × 10 −10 0 .286 200 No 3 8 .64 3 .65 4 .65 
GC42 k3 10 42 400 1.32 × 10 −10 0 .286 200 Yes 3 8 .64 3 .65 4 .65 
C43 k3 10 43 1000 5.25 × 10 −10 0 .329 200 No 3 3 .46 3 .65 1 .86 
GC43 k3 10 43 1000 5.25 × 10 −10 0 .329 200 Yes 3 3 .46 3 .65 1 .86 
C44 k3 10 44 1800 2.95 × 10 −9 0 .277 200 No 3 1 .92 3 .65 1 .03 
GC44 k3 10 44 1800 2.95 × 10 −9 0 .277 200 Yes 3 1 .92 3 .65 1 .03 
C45 k3 10 45 4000 1.32 × 10 −8 0 .285 200 No 3 0 .86 3 .65 0 .46 
GC45 k3 10 45 4000 1.32 × 10 −8 0 .285 200 Yes 3 0 .86 3 .65 0 .46 
GC43 k1 10 43 1000 5.25 × 10 −10 0 .329 200 Yes 1 3 .46 3 .65 5 .58 
GC43 k6 10 43 1000 5.25 × 10 −10 0 .329 200 Yes 6 3 .46 3 .65 0 .93 
GC43 k10 10 43 1000 5.25 × 10 −10 0 .329 200 Yes 10 3 .46 3 .65 0 .56 
GC43 uniform 10 43 1000 5.25 × 10 −10 0 .329 200 Yes – 3 .46 3 .65 4 .61 
GC43 k3 low 10 43 1000 5.25 × 10 −10 0 .329 20 Yes 3 1 .09 11 .55 0 .59 
GC45 k3 kinetic 10 45 15 000 1.00 × 10 −10 12 .16 200 Yes 3 0 .23 3 .65 0 .13 

Notes. (1) Power of the expanding bubble. (2) Speed of the wind material. (3) Pressure of the wind. (4) Mach number of the wind defined as M w = v w /c s , w , 
where c s, w is the sound speed inside the wind. (5) Mean number density of the cloud. (6) The minimum normalized wavenumber ( k min ≡ k ) of the density 
distribution of the cloud. (7) Cloud-crushing time-scale. (8) Freefall time-scale. (9) Growth time-scale for the Kelvin–Helmholtz instabilities. 
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herefore, for the given values of wind power ( P w ), velocity ( v w ),
nd pressure ( p w ), the density ( n w ) of the wind is given by 

n w ≈ 3 × 10 −2 
( v w 

10 3 km s −1 

)−2 
[

5 . 57 

(
P w 

10 43 erg s −1 

)

×
( v w 

10 3 km s −1 

)−1 
(

R w 

kpc 

)−2 

−
(

p w 

10 −10 dyne cm 

−2 

)] 

cm 

−3 ,

(14) 

hich is typically n w ≈ 0.01 cm 

−3 for the wind powers with corre-
ponding velocity and pressure considered in this study. Therefore, 
e set the density of the wind to n w = 0.01 cm 

−3 for all the
imulations. With these wind parameters, the mass outflow rate 
 v er a surface of 4 πR 

2 
w at R w = 1 kpc lies within the range of

0 . 7 −7 M 
 yr −1 , which is typical of the mass outflow rates of
onized winds found in observations (e.g. see Fiore et al. 2017 , and
eferences therein). 

Although we set the pressure and velocity of the winds with 
if ferent po wers assuming that the cloud is located at R w = 1 kpc
rom the AGN, from equations ( 11 ) and ( 12 ), it becomes apparent that
imilar values of p w and v w can be achieved for a wind of different
ower when considering an alternative R w value. For instance, p w 
nd v w are very similar for winds with P w = 10 44 erg s −1 at R w =
 kpc and P w = 10 42 erg s −1 , but at R w = 0.1 kpc. Therefore, the wind
arameters considered in this study not only reflect the strength of
he wind at a particular location ( ∼1 kpc) for varying wind powers,
ut can also be mapped to different locations relative to the central
GN for a particular wind power. 
It is essential to emphasize that Weaver et al. ( 1977 ) solution is

nly used to set the reference values of wind parameters, which are
ept constant throughout the simulation. In reality, the radius of the 
ubble ( R w ) increases with time as it expands. Therefore, the wind
olutions are time-dependent. Ideally, one should consider a self- 
onsistent evolution of the bubble with time for the wind injection. 
dditionally, the bubble solution of an AGN-driven wind solution 

onsists of several distinct internal structures, i.e. the forward shock, 
hocked ambient medium, shocked wind and wind material (e.g. 
eaver et al. 1977 ; King 2003 ; Faucher-Gigu ̀ere & Quataert 2012 ;
ubovas & King 2012 ; Costa, Sijacki & Haehnelt 2014 ), which
re not generally easy to implement in local box simulations like
urs. Moreo v er, as our main focus is to investigate the effect of a
teady wind whose parameters are similar to AGN-driven outflows 
n kpc scales on star-forming comple x es, we adopt the simplistic
ind injection model. Importantly, the main purpose of this study is

o investigate the impact of the wind on clouds with and without self-
ravity. Thus, while details of the wind modelling are simplified, we
an still make a meaningful comparison, as clouds in the simulation
ith and without self-gravity face the exact same wind. 

.5 Cooling 

n order to account for the energy losses due to radiative cooling (see
quation 3 ), we use the non-equilibrium cooling function calculated 
sing MAPPINGS V code (Sutherland & Dopita 2017 ; Sutherland et al. 
018 ). This code utilizes a comprehensive database of atomic data to
elf-consistently compute the optically thin cooling rate for various 
as phases, including cold neutral, warm neutral, partially ionized, 
nd fully ionized gas in the temperature range 10 2 −10 9 K. For
emperatures exceeding ∼ 10 9 K, the cooling function is extended 
y assuming bremsstrahlung emission (e.g. Krause & Alexander 
007 ; Mukherjee et al. 2018 ). We also impose a lower temperature
hreshold of T floor = 100 K, below which the cooling is turned off
nd the temperature of any cell falling below T floor is enforced to stay
t T floor . No additional heating terms, such as the galactic ultraviolet
UV) background or ionizing photons (UV, soft, and hard X-ray) 
rom the AGN, are included. In our simulations, the gas that can
ool below 10 4 K is sufficiently dense ( n c > 500 cm 

−3 ). In this
ensity range, the high-density cores can be safely assumed to be
elf-shielded from the external UV and soft X-ray photons (Rahmati 
t al. 2013 ; Meenakshi et al. 2022a ). Conversely, due to the very
mall photoabsorption cross-section of hard X-ray photons ( E � 

0 keV, primarily due to K-shell ionization of Fe and Ni ions) (Band
t al. 1990 ; Verner et al. 1993 ), the cloudlets remain optically thin,
esulting in negligible heating. Through explicit radiative-transfer 
alculations using CLOUDY (Ferland et al. 2017 ) with the AGN
pectral energy distribution (SED) as used in Meenakshi et al. 
MNRAS 531, 2079–2110 (2024) 
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 2022a ), we confirm that ionization within the dense region ( n c >
00 cm 

−3 ) by an external radiation field (AGN and UV background)
s insignificant, even for an AGN with a bolometric luminosity of
 bol = 10 45 erg s −1 , where radiation can only penetrate to a depth
f � 0.5 pc from the illuminated surface. This depth is even smaller
or lower luminosities or higher densities. Therefore, the impact of
onizing radiation can be safely disregarded. 

We create a table of the cooling rate � as a function of temperature
n the range of 10 2 −10 10 K assuming solar metallicities (Asplund
t al. 2009 ). The v alues are then interpolated to e very computational
ell at runtime and are treated as a source term in equation ( 3 ). The
quation is solved using a fractional step formalism, where the HD
volution and source step are solved separately through operator
plitting. The energy losses from radiative cooling are computed by
ntegrating the internal energy equation 

∂ ( ρe) 

∂ t 
= −

(
ρ

μm H 

)2 

� ( T ) , (15) 

sing an adaptively chosen, explicit or semi-implicit embedded
unge–Kutta method, depending on the ‘stiffness’ of the equa-

ion (see e.g. Te s ¸ileanu, Mignone & Massaglia 2008 ). 
We note that we do not account for the explicit density dependence

f the cooling function ( � ), which becomes significant in gas with
 � 10 4 K and n � 10 4 cm 

−3 in the case for non-equilibrium
ooling. In our simulations, ho we ver, the initial temperature of gas
ith n > 10 3 cm 

−3 is below the floor temperature of T < 100 K,
here radiative cooling is turned off. Additionally, the shock-heated
as in our simulations rarely reaches the density and temperature
anges where the density dependence of the cooling curve would be
ignificant. Therefore, the simplification of the cooling curve as a
unction of temperature only does not affect our results. Moreo v er,
ur simulations do not include molecular cooling, which might be a
ominant mechanism below T = 1000 K, and completely dominates
he cooling process below 100 K (e.g. Goldsmith & Langer 1978 ).
herefore, for more accurate modelling of gas cooling and star

ormation, one must include the low-temperature processes of the
old molecular phase (Koyama & Inutsuka 2000 ; V ́azquez-Semadeni
t al. 2007 ; Glo v er et al. 2010 ). None the less, as we impose a
emperature floor of 100 K, the temperature does not fall below this
ange. Hence, the absence of molecular cooling does not affect the
esult significantly. 

.6 Wind injection and boundary conditions 

e approximate the AGN-driven spherically symmetric wind at a
istance of 1 kpc from the central AGN as a planar wind on the
cale of the cloud, propagating in the positive x -direction. The initial
osition of the forward shock is set at x = −40 pc and the domain
ithin −50 ≤ x ≤ −40 pc is initialized with the wind state. The wind

s constantly injected from the left boundary along the x -direction
sing an inflow boundary condition, where we populate the fluid
uantities (pressure, velocity, and density) in the ghost cells with the
ind properties as listed in Table 1 . 
Ho we ver, one complication of subsonic inflows is that only two out

f three characteristic waves enter the domain, while the third leaves.
his implies that only two out of three primitive variables (ideally
ensity–pressure or density–velocity pairs for well-poised condi-
ions, e.g. see section 19.3 of Laney 1998 ) can be specified physically
t the boundary, with the remaining variable set numerically from the
nterior solution (Thompson 1990 ; LeVeque 2002 ). Yet, a difficulty
rises due to the finite size of the computational domain: the outgoing
ave, which should freely exit the domain, experiences numerical
NRAS 531, 2079–2110 (2024) 
eflection at the boundary, thereby reducing the accuracy of the
nterior solution (Majda & Osher 1975 ). Therefore, the value of the
hird primitive variable should be chosen to allow the wave to exit
he domain with minimal reflection, a condition commonly referred
o as the non-reflecting boundary condition (NRBC), which itself is
 broad area of research (Engquist & Majda 1977 ; Engquist & Majda
979 ; Hedstrom 1979 ; Bayliss & Turkel 1980 ). 
Ho we ver, in our simulations, we do not include such a treatment

o minimize boundary reflections. As a result, the subsonic winds
njected at the ghost-cell layers, do not emerge with the same param-
ters (density , velocity , pressure, Mach, and power) as tabulated in
able 1 . Fig. 1 depicts the time evolution of the wind density (top left
anel), velocity (top right panel), pressure (bottom left panel), and
ower (bottom right panel) for the subsonic cases, as indicated in the
egend. The values are calculated by taking the average over a y –z

lice at i = 1, i.e. the first interior cell from the x -left boundary. We
bserve that all wind parameters experience an initial transient phase
hen the wind starts to progress through the stationary ambient
edium, sweeping up the material. Ho we ver, after t � 0.4 t cc , the

arameters saturate to constant values, which are different from
he injected values at the ghost zone. In Table 2 , we tabulate the
njected values of the wind parameters and their saturated values.
one the less, the deviation of the parameters from the intended
alues is almost similar for all the powers. The wind velocities
xhibit the most significant deviation, reaching � 75 per cent higher
han the intended values. Conversely, pressure values decrease by
 40 per cent , therefore increasing the Mach number of the winds

see Table 2 ), which are still subsonic. Ho we ver, as the winds are
ominated by thermal energy, the deviations of the wind power from
he intended values are less, increased by � 30 per cent . 

Nevertheless, since our main objective in this study is to investigate
he interaction between a cloud and winds possessing parameters akin
o AGN-driven winds at specific powers, the qualitative outcomes
mong winds of varying powers, as well as the impact of self-gravity,
emain unaffected. Moreo v er, the saturated values of the wind param-
ters, i.e. density , velocity , pressure, and power (see Table 2 ) fall well
ithin the desired AGN wind parameter space, as laid out in Section
.4 . Furthermore, implementing non-reflecting boundary conditions
t the inflow boundary does not ensure that the wind will emerge with
he intended power, as one of the three primitive variables remains
nconstrained and is set numerically. Indeed, as demonstrated in
ppendix A , even though the physically specified primitive variables

density and velocity) remain constant, the pressure and power of the
ind deviate significantly ( ∼ 90 per cent ) from the intended value,

xceeding that of the simulation using the wind injection method
mployed in this study. 

Except for the inflow boundary, all other boundaries of the
omputational domain are set to diode boundary conditions – the
odification of the outflow boundary condition that prevents inflow

nto the domain so that gas can only leave the computational do-
ain. We employ isolated boundary conditions for the gravitational

otential ( � ) on all sides of the domain, which is calculated using a
ultipole expansion of the density distribution up to order l = 4 (see

ppendix C of Mandal et al. 2021 , for details). 

.7 Simulations and naming convention 

n this study, we conduct a total of 13 three-dimensional (3D)
imulations (including 10 simulations with self-gravity) co v ering a
arge parameter space of both the wind and cloud. An additional two
imulations (with and without self-gravity) are performed without
ind in order to ascertain the effects of winds. For all these
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Figure 1. Time evolution of the wind parameters, i.e. density (top left panel), velocity (top right panel), pressure (bottom left panel) and power (bottom right 
panel) in the simulations with dif ferent po wer as indicated in the legend. The bottom section of each panel shows the fractional deviation of the parameter from 

the initial values. 

Table 2. The saturated values of the wind parameters for the subsonic cases. 

P w, 0 P w, sat n w, 0 n w, sat v w, 0 v w, sat p w, 0 p w, sat M w , 0 M w , sat t cc, sat 

( erg s −1 ) ( erg s −1 ) (cm 

−3 ) (cm 

−3 ) ( km s −1 ) ( km s −1 ) (dyne cm 

−2 ) (dyne cm 

−2 ) (Myr) 

10 42 1.09 × 10 42 10 − 2 8.01 × 10 −3 400 623 1.32 × 10 −10 8.04 × 10 −11 0 .286 0 .621 6 .20 
10 43 1.28 × 10 43 10 − 2 8.06 × 10 −3 1000 1481 5.25 × 10 −10 3.84 × 10 −10 0 .329 0 .678 2 .60 
10 44 1.10 × 10 44 10 − 2 7.62 × 10 −3 1800 3075 2.95 × 10 −9 1.60 × 10 −9 0 .277 0 .671 1 .29 
10 45 1.09 × 10 45 10 − 2 7.98 × 10 −3 4000 6281 1.32 × 10 −8 8.02 × 10 −9 0 .285 0 .625 0 .62 

Notes. The subscripts with 0 refer to the intended values of the wind parameters as tabulated in Table 1 , while ‘sat’ subscripts are the saturated values of the 
parameters after � 0.4 t cc . 

s
α  

d
 

s  

8
c  

o  

(  

t  

c
v  

i
w  

2  

f
 

F  

‘  

n  

t  

t  

f  

1  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/531/1/2079/7676875 by guest on 16 January 2025
imulations, we initialize the cloud with an initial virial parameter, 
vir, 0 = 0.9, and using this value, we determine the initial mean cloud
ensity and velocity dispersion. 
In our fiducial simulations, the mean density of the cloud ( ̄n c ) is

et to 200 cm 

−3 with k min = 3 and an initial velocity dispersion of
 km s −1 to achieve αvir, 0 = 0.9. Therefore, the mass of the standard 
loud in our simulation is M c = 2 . 873 × 10 5 M 
, which is typical
f the average mass of GMCs in the Milky Way and nearby galaxies
Hughes et al. 2013 ; Miville-Desch ̂ enes et al. 2017 ). To investigate
he effect of a similar power wind on a cloud with lower density, we
onsider one simulation with a lower mean density of 20 cm 

−3 and 
elocity dispersion of 2 . 5 km s −1 . The fiducial wind in our simulation
s thermal energy dominated. The wind parameters and the minimum 

avelength of the cloud are varied as discussed in Sections 2.3 and
.4 . The initial conditions and the parameters along with the name
or all the simulations are listed in Table 1 

It is useful to clarify the naming convention of the simulations.
 or e xample, in GC43 k3, ‘G’ implies self-gravity is present and
C’ stands for cooling, which is common in all the simulations. The
umber ‘43’ represents the total power of the wind of 10 43 erg s −1 .
he label ‘k3’ represents the minimum wavenumber of the cloud; in
his case k min = 3. We explicitly added the label ‘ low’ to ‘GC43 k3’
or the case of the lower mean density cloud with wind power of
0 43 erg s −1 . Similarly, ‘ kinetic’ is added to ‘GC45 k3’ to indicate
MNRAS 531, 2079–2110 (2024) 
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Figure 2. Number density slice through the z = 0 plane for simulations with 
a fractal with k min = 3 (GC43 k3, top panel) and uniform (GC43 uniform, 
bottom panel) cloud at 0.63 Myr. The wind power in both the simulation 
is 10 43 erg s −1 . The wind readily penetrates the fractal cloud through 
low-density intercloudlet channels (top panel), leading to the formation of 
numerous small and dense cloudlets. On the other hand, in the simulation 
featuring a uniform spherical cloud (bottom panel), the initial compression 
forms a highly dense shell, which cools efficiently. This shell slo ws do wn the 
transmitted shock into the cloud, significantly diminishing the wind’s impact 
on the o v erall cloud. 
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hat the wind of power 10 45 erg s −1 is kinetic energy dominated. If
ot specified, the default minimum wavenumber of the cloud is k min 

 3. 

.8 Relevant time-scales 

here are various dynamical time-scales involved in the problem
hat we consider in this study and the absolute values for different
imulations are tabulated in Table 1 . 

(i) The shock-passing time ( t sp ), i.e. the approximate time the
nitial shock takes to sweep o v er the whole cloud (Klein et al. 1994 ;
ragile et al. 2004 ): 

 sp ≈ 2 R c 

v w 
, (16) 

here R c is the radius of the cloud and v w is the velocity of the wind.
(ii) The cloud-crushing time ( t cc ), the typical time in which the

hock will compress the cloud (Fragile et al. 2004 ): 

 cc ≈ R c 

v st 
≈ χ1 / 2 R c 

v w 
, (17) 

here v st is the velocity of the transmitted shock into the cloud and
= ρc / ρw is the density contrast between the cloud and wind. 
(iii) The freefall time-scale: 

 ff = 

√ 

3 π

32 Gρc 
, (18) 

(iv) The cooling time-scale (Klein et al. 1994 ; Mellema et al. 2002 ;
ragile et al. 2004 ): 

 cool = 

3 k B n c 〈 T c 〉 
2 n 2 c � ( T ) 

, (19) 

here k B is the Boltzmann constant, n c and 〈 T c 〉 , the average
nitial number density and temperature of the cloud. For the fiducial
imulations with an initial mean number density of n c = 200 cm 

−3 

nd mean temperature of 〈 T c 〉 ≈ 3 × 10 3 K, as estimated from the
ressure equilibrium condition with the ambient medium, the typical
ooling time-scale is of the order of 3 × 10 2 yr, which is significantly
horter than rele v ant other time-scales (see Table 1 ). Ho we ver, it is
ssential to recognize that this estimate relies on average temperature
nd density values, whereas the fractal nature of the clouds in the
imulations introduces a wide range of temperatures due to the
nhomogeneous density distribution. Therefore, the cooling time-
cale can exhibit significant variations across different regions within
he cloud. 

(v) The drag time-scale ( t drag ), by which the cloud is accelerated
o a similar velocity as that of the wind (Klein et al. 1994 ; Fragile
t al. 2004 ): 

 drag ≈ χ1 / 2 t cc (20) 

(vi) The time ( t KH ) for the Kelvin–Helmholtz (KH) instability to
row for χ 
 1 (Chandrasekhar 1961 ): 

 KH ∼ χ1 / 2 

k KH v rel 
≈ 4 

3 

r cloudlet, k min χ
1 / 2 

v w 
, (21) 

here k KH and v rel are the wavenumber of the KH perturbations
nd the relativ e v elocity between the post-shock background and
loud, respectiv ely. F or χ 
 1, the relativ e v elocity is approximately
qual to the post-shock velocity of the background, i.e. v rel ≈ 3 v w /4.
e set k KH ∼ 1 /r cloudlet, k min because even though the instabilities at

he smallest wavelengths grow more rapidly, the most detrimental
NRAS 531, 2079–2110 (2024) 
avelengths are those approximately equal to the cloudlet radius
e.g. see Klein et al. 1994 ; Poludnenko, Frank & Blackman 2002 ). 

 RESULTS  

.1 Mor phological ev olution of the cloud 

.1.1 General features 

he evolution of a cloud impacted by a highly pressurized wind can
e divided into three phases. Initially, as the wind comes into contact
ith the cloud, it initiates an internal shock propagating from the

loud’s surf ace tow ard its centre. The force e x erted by the wind’s
am pressure causes compression within the cloud, leading to a rise
n the average density of the cloud material. The lognormal density
istribution of the clouds results in many high-density fragments
cloudlets) and low-density channels inside the fractal clouds. This
ids the wind to propagate deeper into the clouds, resulting in a
tronger interaction with the cloud and deeper penetration when
ompared to cases with a uniform spherical cloud, as demonstrated
n Fig. 2 (also see Cooper et al. 2009 ; Schneider & Robertson 2017 ;
anda-Barrag ́an et al. 2018 ). 
Subsequently, as the wind continues to flow downstream wrapping

round the cloud, a shear layer forms at the wind–cloud interface,
eading to the onset of Kelvin–Helmholtz (KH) instability. As a
esult, the outer layer of the cloud gets stripped, mixed with the
ind, and funnelled downstream where it condensates (middle left
anel of Fig. 3 ), giving rise to a series of cold and dense cloudlets
hat form a trailing tail behind the main cloud. During this phase,
f no cooling mechanism is present, the energy transport from the
ind to the cloud in the form of thermal energy should increase the

emperature of the cloud material, which would result in an expansion
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Figure 3. Time evolution (row-wise) of the projected number density along the z-axis of the simulations without self-gravity (left panel) and with self-gravity 
(right panel). The power of the wind for both simulations is 10 42 erg s −1 . It is evident that in the absence of self-gravity (left panel), the cloud undergoes 
expansion after the initial compression, whereas in the self-gravity case (right panel) global collapse takes place. 
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f the cloud, making the cloud more prone to destruction (Orlando 
t al. 2005 ; Cooper et al. 2009 ). Ho we ver, with the presence of
adiative cooling, the compressed cloudlets cool efficiently, leading 
o a cessation of internal pressure support, contraction, and the 
ormation of denser cloudlets. This contraction enhances the density 
ontrast ( χ ) between the cloudlets and the surrounding hot shear flow,
onsequently reducing the growth rate of KH instabilities (equation 
1 ). Therefore, in the presence of radiative cooling, the cloudlets 
re relatively protected from instabilities induced by the shear flow 

ompared to a non-radiative scenario (Mellema et al. 2002 ; Cooper 
t al. 2009 ; Scannapieco & Br ̈uggen 2015 ; Banda-Barrag ́an et al.
021 ). 
While the presence of radiative cooling reduces the growth rate of

nstabilities, it does not provide complete protection. Therefore, the 
ind-induced shear flow along the cloudlet surface still causes the 

ntrainment of cloud material, albeit to a lesser extent compared to 
 non-radiative scenario (Cooper et al. 2009 ; Banda-Barrag ́an et al.
021 ). Additionally, the direct momentum transfer from the wind 

ccelerates the cloudlets. Combined with the shredded cloudlets c
rom the main cloud due to the KH instability, these fragments
ersistently contribute to the elongation of the cloud, eventually 
eaving the computational domain (bottom left panel of Fig. 3 ). 

Although the general evolutionary stages of a cloud impacted by a
ighly pressurized wind are similar for all cases, the corresponding 
ime-scales and the o v erall evolution can depend on several factors
hich are discussed in subsequent sections. 

.1.2 Gravity versus no-gravity 

ere, we examine the effect of self-gravity on the morphological 
volution of the cloud by comparing it with a simulation that shares
dentical initial conditions and wind strength but lacks self-gravity. 
n Fig. 3 , we show the column density map in the x –y plane of the
imulations both without (C42 k3; left panels) and with (GC42 k3;
ight panels) self-gravity at three dif ferent times. The po wer of the
ind is 10 42 erg s −1 . 
During the initial compression phase, the mean density of the 

loud in both cases (with and without self-gravity) increases. After 
MNRAS 531, 2079–2110 (2024) 
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Figure 4. Projected number density along the z-direction at t = 0 . 85 t cc of simulations with self-gravity and different wind power: 10 42 (top left panel), 10 43 

(top right panel), 10 44 (bottom left panel) and 10 45 erg s −1 (bottom right panel). In the unit of the Kelvin–Helmholtz time-scale, this time corresponds to t = 

1.51 t KH . The corresponding physical time for each simulation is shown in the bottom left corner of each panel. Interesting to note that, as wind power increases, 
the cloud becomes more disrupted. While in lo w-po wer cases, the cloud experiences global collapse, the higher power winds cause localized collapses of the 
dense cloudlets, simultaneously still disrupting the cloud. 
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he initial shock-induced fragmentation phase, in the absence of
elf-gravity, the pressure-confined fragments undergo the highest
ttainable compression due to the transmitted shock into the cloudlets
middle left panel of Fig. 3 ). Once this compression limit is reached,
he density of the clumps cannot increase any further. Hence, the
loud as a whole commences disintegration, resulting in cloud
xpansion (bottom left panel). 

We point out that the expansion is not a result of adiabatic heating
n the absence of radiative cooling, as outlined in various studies
Banda-Barrag ́an et al. 2018 , 2019 ). Instead, the expansion occurs
ecause the low-density channels within the fractal cloud facilitate
he infiltration of high-velocity wind material, which induces tur-
ulence and vorticity within the cloud (Klein et al. 1994 ), leading
o the transfer of momentum from the wind to the cloud material.
his momentum transfer is what ultimately causes the cloud to 
xpand. 

In contrast, when self-gravity is present, the shock-compressed
loudlets become gravitationally bound and start to accrete material
rom the surroundings (middle right panel of Fig. 3 ), thereby
ttaining significantly higher density and mass compared to the case
ithout self-gravity . Additionally , when acting in an inhomogeneous
edium, self-gravity causes additional local fragmentation of the

loud, which creates many low-density channels for the wind to
ropagate inside the cloud, resulting in a stronger interaction. The
ncreased average cloud density produced by compression deepens
he gravitational potential, resulting in a more compact and tightly
ound cloud structure. As a result, the interplay between the gravi-
ational pull and the strength of the wind–cloud interaction becomes
NRAS 531, 2079–2110 (2024) 
he pivotal factor in deciding whether the cloud will experience
 runaway collapse or will be disintegrated by the force of the 
ind. 
For a lo w-po wer wind, for example, 10 42 erg s −1 as shown in Fig. 3 ,

he momentum transfer from the wind to the cloud is significantly
ower and therefore less gas is pushed out of the potential well of the
loud (which becomes deeper with time as more gas is accreted)
ompared to a high-power wind. Therefore, the wind triggers a
unaway collapse of the cloud in the presence of self-gravity as
an be seen from the bottom right panel of Fig. 3 . In contrast, in
he simulation without self-gravity, the cloud expands (bottom left
anel of Fig. 3 ) and eventually will be elongated and destroyed by
he wind. 

.1.3 Effect of varying wind power 

ere, we show the morphological differences of the cloud in simu-
ations in the presence of self-gravity with different wind velocities
nd pressure, which are the proxy for the power of the wind driven
y AGN. Fig. 4 illustrates the column density map on the x –y plane
f simulations with wind power 10 42 (GC42 k3), 10 43 (GC43 k3),
0 44 (GC44 k3), and 10 45 erg s −1 (GC45 k3) at t = 0 . 85 t cc . The
orresponding physical time is also shown in each panel. 

For the lower power cases (GC42 k3 and GC43 k3), the initial
reefall time is shorter than the growth time-scale for the KH
nstability due to the lower wind velocity ( t KH ∝ 1/ v w ), which can
urther be reduced by the dramatic increase of density through
ompression. In this scenario, the cloud as a whole undergoes
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for different values of the k min parameter. 
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unaway gravitational collapse before any instability has a chance 
o act. This is clearly visible in the top left panel, where the cloud
n GC42 k3 has collapsed by this time, becoming very compact 
nd highly dense. None the less, due to the continuous ablation, the
oosely bound outer layer of the cloud has been gradually stripped 
way by the wind, giving rise to a tail in the direction of the wind. In
C43 k3 (top right panel), the cloud is undergoing collapse but at a

ome what lo wer rate than in the 10 42 erg s −1 case due to the stronger
ind and comparatively quicker growth of shear instabilities (such 

s KH instability). Thus, even though the cloud’s central region 
s experiencing collapse, the wind’s influence extends to a larger 
ection of the cloud, resulting in a more extended structure compared 
o the 10 42 erg s −1 case. 

The cloud disruption time-scales in GC44 k3 (bottom left panel) 
nd GC45 k3 (bottom right panel) are much shorter than the free-
all time due to increased velocity and ram pressure (see Table 1 ).
herefore, a high-power wind induces much stronger turbulence and 
ercolation of gas inside the inhomogeneous cloud, preventing the 
unaway collapse globally, compared to a lo w-po wer wind. Thus,
n this scenario, the cloud is ablated and disrupted significantly 
efore the influence of gravity becomes important. Ho we ver, e ven
n the case of a strong wind, the small cloudlets formed by the
ragmentation become gravitationally bound and shielded from the 
xternal wind, by forming a high-density post-shock outer layer 
oth due to compression and radiati ve cooling, pre venting the wind
aterial from infiltrating these cloudlets. Therefore, in the absence 

f any opposing mechanism, very high-density cloudlets collapse 
ocally, while the wind ablates comparati vely lo w-density material, 
haping the cloud into an elongated and extended structure of 
loudlets. 

Ho we ver, it is important to note that the density contrast between
he cloud and wind material in these simulations is very high ( χ ∼
 × 10 4 ), which results in a very high value of the drag time-scale
 t drag ∼ √ 

χt cc ), which is the time by which the cloudlets are expected
o attain a similar velocity as the wind. Therefore, even in scenarios
f high power, where the cloud’s o v erall collapse is impeded by the
ind, a considerable portion of the fragmented cloudlets persists 

nd remains gravitationally bound to the central potential well due 
o the inability to attain escape velocity, owing to the large drag 
ime-scale. 

.1.4 Dependence on cloud fractal wavenumber 

he maximum size ( λmax ≈ L /2 πk min ) of individual cloudlets inside
he cloud is parameterized by the minimum wavenumber k min . 
herefore, a higher value of k min results in a larger number of
mall cloudlets as well as low-density intercloudlet channels. As 
iscussed earlier, the interaction between the wind and a fractal cloud 
s influenced by the extent to which the wind material can permeate
he medium between individual clumps separated by low-density 
loud material, in addition to its impact on the fractal surfaces of the
loud. Thus, one can anticipate that in the case of a higher value of
 min with a greater abundance of low-density channels, it is easier for
he wind to percolate through these channels into the cloudlets and 

ix with cloud material, thereby transferring energy and momentum. 
dditionally, due to the reduced size of the cloudlets in this case,
H instabilities grow faster ( t KH ∝ 1/ k ) in a cloud with lower k min .
onsequently, it is expected that a cloud with a higher k min value
ould undergo more pronounced disruption. 
Hence, in order to investigate the impact of the cloud fractal 

avenumber, we simulate wind–cloud interaction for clouds with 
 arying v alues of k min ( = 1, 3, 6, 10), while keeping the mass and
ean density of the clouds fixed. The simulations are initiated with

elf-gravity and a wind of power 10 43 erg s −1 . In Fig. 5 , we show the
umber density slice 4 through the z = 0 plane for these four cases
row-wise) at 0 Myr (left panel) and 1.27 Myr (right panel). 

If we first consider the k min = 1 case (‘k1’, first row), the cloud
ontains approximately one big cloudlet with increasing density 
owards its centre, surrounded by low-density outer layers, which are 
apidly eroded by the wind through ablation. Ne vertheless, o wing to
ts larger size and the added shielding from compression and cooling,
he shock is unable to penetrate deep into the clump, at least not at
arly times compared to the other k min cases. Furthermore, external 
 v erpressurization triggers the gravitational collapse of the clump to
orm a compact, gravitationally bound structure. 

In the k min = 3 case (‘k3’, second row), the cloud is initially
omposed of many small, dense clumps separated by wide interclump 
hannels. These channels help the high-velocity wind material to 
ercolate into the cloud, transferring momentum. This results in more 
ragmentation of the cloud, preventing the global collapse, unlike in 
he k min = 1 case. 

Clouds with smaller scale density perturbations as in the k min =
 (‘k6’) and 10 (‘k10’) cases (third and fourth row), the numbers
f cloudlets are much higher, and the intercloud channels are also
onsequently narrower. During the initial interaction, the swept- 
p material by the wind creates a dense layer near the interaction
rea, blocking the entrance of these narrow channels. This prevents 
he wind from dispersing the cloudlets efficiently, resulting in the 
ccumulation near the centre. Thus, external overpressurization 
riggers the global collapse of the cloud in these cases similar to
he ‘k1’ case. Ho we ver, a striking difference between the ‘k1’ case
nd the k min = 6, 10 cases is evident. In the former, cloudlets form
hrough fragmentation and stripping of the large clump. In contrast, 
n the ‘k6’ and ‘k10’ cases, cloudlets were initially seeded by the
ractal generator itself at the initialization of the simulation and they
emain organized in a more spherically symmetric manner at later 
imes. 

.1.5 Dependence on the mean cloud density 

n order to understand the influence of the density contrast between
he cloud and wind, we consider two simulations including self- 
ravity with identical wind power of 10 43 erg s −1 , but two different
alues of the initial mean cloud density , namely , ̄n c = 200 cm 

−3 ( χ =
 × 10 4 , GC43 k3) and 20 cm 

−3 ( χ = 2 × 10 3 , GC43 k3 low). Fig. 6
hows the column density map on the x –y plane of the simulation
ith n̄ c = 200 cm 

−3 (left column) and 20 cm 

−3 (right column) at 
if ferent times (ro w-wise). We observed that the cloud in GC43 k3
ndergoes gravitational collapse due to the compression from the 
ind. Ho we ver, in the case of n̄ c = 20, the value of χ is one order
f magnitude lower, resulting in a much smaller cloud-crushing 
ime ( ∼ 1 Myr ) and drag time ( ∼ 44 Myr ). Hence, the wind rapidly
isintegrates the cloud in the n̄ c = 20 cm 

−3 case, giving rise to a
lamentary structure before the gravitational force has a chance to 
ignificantly impact the evolution. Additionally, due to the relatively 
horter drag time, the fragmented cloudlets attain a sufficiently high 
elocity to ef fecti vely overcome the gravitational potential and get
ispersed. 
MNRAS 531, 2079–2110 (2024) 
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Figure 5. Number density slice through the z = 0 plane of self-gravity simulations with P w = 10 43 erg s −1 and different cloud porosity: k min = 1 (first row), 
3 (second row), 6 (third row), and 10 (fourth row). The left column shows the initial number density slice of each simulation. The right column represents the 
distribution at 1.27 Myr, which corresponds to 0 . 38 t cc and 0 . 33 t ff . 
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.1.6 Thermal wind versus kinetic wind 

ntil now, the energy budget of the wind – specifically, whether
he energy carried by the wind is primarily thermally dominated
subsonic) or kinetically dominated (supersonic) – has received
imited attention in the context of the traditional ‘cloud-crushing’
roblem. Most of the previous studies focus on the impact of
 supersonic wind on the cloud, which generally holds true for
alactic or starburst-dri ven winds. Ho we ver, as indicated by various
NRAS 531, 2079–2110 (2024) 
heoretical and numerical investigations (King 2003 ; King, Zubovas
 Power 2011 ; Faucher-Gigu ̀ere & Quataert 2012 ; Zubovas & King

012 ; Costa et al. 2014 ), the progression of AGN-driven winds
an encompass various evolutionary stages – such as pressure-
ominated and kinetic energy-dominated phases – contingent upon
iverse parameters, including the black hole mass, the launch velocity
f the wind at the accretion scale, ambient density profile, and
arious cooling mechanisms, among others (e.g. Faucher-Gigu ̀ere
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Figure 6. Time evolution of projected number density along the z-direction of self-gravity simulations with mean cloud density of 200 cm 

−3 (left panel) and 
20 cm 

−3 (right panel). The power of the outflow for both simulations is 10 43 erg s −1 . Here, the lower density cloud gets quickly disrupted by the wind before 
self-gravity becomes important compared to the higher density cloud where we observe a significantly higher fraction of high-density gas. 
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 Quataert 2012 ). Thus, it is useful to investigate how different
inds of wind, despite having the same po wer, af fect the e volution of
he cloud, as pressure and momentum couple differently to the HDs. 

Thus, to examine the effect of thermal versus kinetic wind on the
volution of the cloud, we consider two different simulations with 
he same initial cloud configuration and wind power of 10 45 erg s −1 , 
ut varying wind properties. One simulation involves a thermal wind 
GC45 k3), characterized by a Mach number ( M w ) of 0.28 (as used
n the previous simulation comparisons in this study so far), while the
ther initializes a kinetic wind (GC45 k3 kinetic, see Table 1 ), with a
igher velocity (15 000 km s −1 ) but lower pressure (10 −10 dyne cm 

−2 ) 
uch that total power is 10 45 erg s −1 , resulting in M w = 12 . 16. Fig. 7
isplays the column density map in the x –y plane of the simulation
ith the thermal wind (left column) and the kinetic wind (right

olumn) at different times (row-wise). Evidently, the cloud impacted 
y the kinetic wind undergoes a higher fraction of ablation across
ll stages of its evolution, compared to the thermal wind’s effect. We
bserve a significantly larger amount of gas in the low-density tail in
he kinetic wind case, which has been stripped from the original cloud
y the wind. Although possessing the same power, the differences 
n the effect of the thermal and kinetic wind are due to the fact
hat cloud material is primarily entrained and accelerated by the 
irect momentum transfer from the wind compared to the P d V work
Wagner et al. 2012 ; Wagner, Umemura & Bicknell 2013 ; Nayakshin
014 ). With the thermal wind containing less kinetic energy and
onsequently, lower ram pressure compared to the kinetic energy- 
ominated wind, the mixing and acceleration of the cloudlets are 
ignificantly lower for the thermal wind case. In contrast, due to
igher ram pressure, the direct momentum transfer is much higher 
or the case of the kinetic wind, leading to increased turbulence and
orticity, and causing the cloud to expand kinetically. As a result,
he kinetic wind, despite possessing the same power, is expected 
o exhibit more destructive behaviour than a thermal wind with 
qui v alent po wer. 
MNRAS 531, 2079–2110 (2024) 
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Figure 7. Time evolution (row-wise) of the projected number density along the z-direction of self-gravity simulations with thermal (left panel) and kinetic 
(right panel) winds of the same power (10 45 erg s −1 ). The cloud impacted by the kinetic wind is more extended and elongated. Also, there exists a higher fraction 
of low-density mixed gas (blue colour) in the kinetic wind case. 
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.2 Cloud dynamics 

n this section, our main emphasis lies in examining how various
nitial conditions influence the dynamical evolution of the cloud,
.e. mass-loss, gas turbulence, cloud elongation, acceleration, etc. In
rder to extract a particular quantity ( 
) for the cloud material from
he whole simulation domain, we use the definition of the mass-
eighted volume average of 
 by (Banda-Barrag ́an et al. 2018 ) 

〈 
 〉 = 

∫ 

ρC d V ∫ 
ρC d V 

, (22) 

here ρ is the density and C is the cloud tracer (a passive scalar that
races cloud material, i.e. if a cell contains only cloud material then
 = 1; if the cell contains no cloud material C = 0, such that any
ixture of cloud and non-cloud material in a cell can be represented

y C ). To exclude significant fractions of wind and hot mixed material
rom the cloud, we impose a threshold value on the temperature, i.e.
nly cells with T < 10 4 K are used in equation ( 22 ). This gives us a
NRAS 531, 2079–2110 (2024) 
eliable estimate of a particular quantity of cold gas embedded in a
ot wind. 
One common convention in all the line plots presented in this

ection is that the greyed-out parts of the lines (if they exist)
orrespond to the regime where the Jeans length of the highest
ensity cell is not resolved by four resolution elements (e.g. see
ig. 9 ). This occurs e xclusiv ely in the self-gravitating simulations,
here few cells can reach very large densities, whose Jeans length

an not be resolved by at least four computational cells, which is
ecessary to a v oid artificial fragmentation (Truelo v e et al. 1997 ). 

.2.1 Density PDF 

n this section, we investigate the influence of self-gravity and wind
ower on the distribution of cloud density. The left panel of Fig. 8
llustrates the number density distribution at t = 0 . 9 t ff = 3 . 48 Myr
n simulations with self-gravity (solid line) and without (dashed line),
onsidering a wind power of 10 42 erg s −1 . The grey dashed–dotted
ine represents the initial probability distribution function (PDF) for
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Figure 8. PDFs of log-density of the cloud material for different simulations. Left panel: PDFs in the simulations with (solid) and without (dashed) self-gravity 
for the wind power of 10 42 erg s −1 at 0 . 9 t ff = 3.48 Myr. Right panel: the PDFs of the cloud material in self-gravitating simulations with different wind power 
at t = 0.26 t ff ≈ 1 Myr. The initial density PDF of the cloud material is shown in both panels by the grey dashed–dotted lines. The vertical black dotted lines in 
both panels mark the density value beyond which the Jeans length cannot be resolved by at least four grid cells with the current computational setup. 
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he cloud number density . Notably , we observe an increase in the
ow-density tail of the PDFs due to the stripping and mixing of the
loud material with the wind. This behaviour remains consistent 
egardless of the presence of self-gravity. On the other hand, the 
ind significantly compresses a substantial portion of intermediate- 
ensity gas ( ∼ 10 –100 cm 

−3 ) to higher densities. Interestingly, the 
ighest density regions, which are surrounded by comparatively 
ower density gas, exhibit minimal influence from the wind, as the 
igh-density tail of the PDF in the simulation without self-gravity at 
.48 Myr (blue dashed line) coincides with the initial PDF. Ho we ver,
n the presence of self-gravity, the densities of these self-gravitating 
ores increase by accreting lower density gas from the surroundings, 
orming an extended, high-density PL tail (solid line), which is a 
rominent feature in turbulent clouds when self-gravity becomes 
mportant (e.g. Klessen 2000 ; Collins et al. 2011, 2012 ; Kritsuk,
orman & Wagner 2011 ; Federrath & Klessen 2013 ; Girichidis 

t al. 2014 ; Jaupart & Chabrier 2020 ; Khullar et al. 2021 ; Appel
t al. 2022 ). 

The right panel of Fig. 8 depicts the density PDF of the self-
ravitating cloud at t = 0 . 26 t ff = 1 Myr , for simulations with dif-
erent wind power. This time approximately corresponds to the 
topping point of the highest power simulation (GC45), where due 
o increased pressure, the simulation necessitates substantially lower 
ime steps, rendering computations beyond this time prohibitively 
esource-intensive. None the less, due to the shorter cloud-crushing 
ime-scales (see Table 1 ), all the major evolutionary stages of the
louds are well captured even for the relatively short duration of the
imulations. 

Notably, as the wind power increases, the compression time-scale 
y the wind decreases, resulting in more rapid growth of the high-
ensity tail of the PDF. Ho we ver, at this early stage of the simulations,
he influence of self-gravity on the cloud’s evolution has not yet 
iven rise to the emergence of the PL tail in the density PDF (see
ig. B1 where we show the density PDF at the same cloud-crushing

ime, which corresponds to different absolute times for different 
imulations). None the less, the mean of the PDF shifts to higher
alues as the wind power increases due to ele v ated compression
atios. Interestingly, for the higher power winds (GC44 and GC45), a 
econdary peak in the low-density regime of the PDF can be observed
at n ∼ 10 −2 and 1 cm 

−3 for GC 44 and GC 45, respecti vely), o wing
o the presence of a significant portion of hot, diffuse, and mixed
loud material which has been stripped off from the cloud by the
ind. 

.2.2 Evolution of the cold gas mass 

 commonly employed method for understanding cloud survi v al is
o calculate the evolution of the cloud mass with n ≥ n̄ c / 3, where
¯ c is the mean number density of the cloud (e.g. Scannapieco &

r ̈uggen 2015 ; Gronke & Oh 2018 ). Ho we ver, as we are interested
n the evolution of the cloud gas fraction (which is essential for
otential star formation of the cloud), this particular definition might 
ncompass certain portions of mixed and shock-heated dense gas. 
hus, we define the cold gas mass as 

 cold = 

∫ 
T < 10 4 K 

ρC d V . (23) 

n Fig. 9 , we show the evolution of the cold gas mass for simulations
ith different wind power. The dashed (solid) lines correspond to 

imulations without (with) self-gravity. For comparison, we also 
resent the results of simulations without a wind (red lines). 
A general pattern for all the simulations is an initial rapid decline

ollowed by subsequent growth o v er a brief time span and finally
 gradual decline. During the initial interaction, the wind transfers 
 significant fraction of thermal energy into the cloud, resulting in
n increase in the o v erall temperature of the cloud, which reduces
he amount of cold gas. The fall-off becomes more pronounced with
ncreasing wind power, as a larger amount of energy is transported
nto the cloud. It is important to note that, this decrease in cold gas

ass is not due to cloud ablation, which is not significant during this
hase. 
After the initial interaction, when the shock-compressed gas cools 

fficiently, the excess internal energy is removed via radiative losses, 
esulting in the decrease of the mean temperature and the cold gas
ass increases to aid the growth phase. None the less, the value of

he cold cloud mass to which a particular simulation reaches after
he initial impact with the cloud decreases with increasing wind 
ower. 
MNRAS 531, 2079–2110 (2024) 
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Figure 9. Evolution of the cold gas mass defined in equation ( 23 ) as a 
function of time for simulations with different wind power, with and without 
self-gravity. The solid lines correspond to simulations with self-gravity, while 
the dashed lines with the same colour represent the same wind-power case, 
b ut without self-gra vity. The red lines are the result of a simulation without 
any wind. The grey-out portions of the lines indicate the regime in which the 
Jeans length of the highest density cell in the simulations is not resolved by 
at least four computational cells. 
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Subsequent to the growth phase, the cold gas mass in all the
imulations decreases, primarily due to ablation, mixing and removal
f the gas from the computational domain by the wind. As the wind
ontinues to strip the cloud material due to various instabilities and
ooling-driven pressure gradients (Gronke & Oh 2020 ), the cloud
aterial gets mixed and heated by the wind. The ef fecti veness of
ixing escalates in tandem with increasing wind power, leading

o a quicker decline in the amount of surviving cold gas under the
nfluence of the hot wind. Ho we ver, in the simulations without a wind
red lines), the late time decrease in the cold gas mass is due to the
scape of a fraction of mass through the computational boundary,
hich is stirred by the initial random velocity field. This is more
rominent in the case without self-gravity (red-dashed line) due to
he absence of attractive gravitational forces. 

Interestingly, the simulations with self-gravity (solid lines) retain
ore cold gas compared to the cases without self-gravity (dashed

ines) at the same wind power. The presence of self-gravity renders
he shock-compressed clouds gravitationally bound and more com-
act, thus, reducing wind’s ability to ablate the cloud and induce
ubsequent mixing. Furthermore, the compact cloud provides less
urface area for the wind to interact with, compared to that of an
xpanded cloud in the absence of self-gravity. This combination of
actors contributes to a higher fraction of cold gas in simulations
ith self-gravity. Ho we ver, the dif ference between the ensuing

volution in simulations with and without self-gravity becomes less
ronounced for high-power winds ( P w � 10 44 erg s −1 ). due to the
horter cloud-crushing time-scales compared to the freefall time of
he cloud. 

.2.3 Gas turbulence 

uantifying the generation of turbulence inside a cloud impacted
y the wind is one of the important factors because this can
egulate star formation (e.g. Federrath 2018 ). As the wind progresses
NRAS 531, 2079–2110 (2024) 
hrough the fractal cloud, various shear layers are created inside the
ntercloudlet medium, depending on the local density, which leads to
he generation of vorticity ( ω = ∇ × v ). Additionally, when acting
n an inhomogeneous medium, the self-gravitational force causes
nternal motion between the clumps, creating vorticity inside the
loud (Federrath et al. 2011 ), which can further be amplified by the
ind. In order to quantify the turbulence inside the cloud, we define

he 3D mass-weighted velocity dispersion ( σ V ) as 

V = 

√ √ √ √ 

3 ∑ 

i= 1 

σ 2 
v i 
, (24) 

ith 

v i = 

√ 

〈 v 2 i 〉 − 〈 v i 〉 2 , (25) 

here σv i is the 1D velocity dispersion along each axis. 
The left panel of Fig. 10 shows the evolution of σ V for different

imulations with and without self-gravity as a function of t ff (see
ig. C1 for the evolutionary trends in terms of the cloud-crushing

ime in Appendix C ). Irrespective of the wind power, the velocity
ispersion in all the wind simulations increases due to energy transfer
rom the wind to the cloud material. Furthermore, the magnitude of
he enhancement increases with increasing wind power. In all cases,
here is an initial enhancement of the velocity dispersion during the
ompression phase. Consequently, in the simulations without self-
ravity, when the wind disperses the cloud, it becomes comparatively
asier for the wind to traverse through the intercloudlet channels.
herefore, the velocity dispersion settles to an approximately con-
tant value, depending on the strength of the wind. In the cases,
here self-gravity is included, the evolution deviates when gravity

tarts to dominate. In these instances, the fragmented cloudlets are
ulled to the central gravitational potential well, towards the core,
hich induces additional motions between the cloudlets, resulting

n a higher velocity dispersion compared to the cases without self-
ravity. It is worth mentioning that, as the wind power increases, the
isparity in velocity dispersion evolution between simulations with
nd without self-gravity diminishes, as a stronger wind disperses the
loud before gravity can significantly influence its evolution. 

To thoroughly gauge the wind’s influence on star formation,
t’s inadequate to solely consider velocity dispersion. The crucial
actor lies in the balance between turbulent kinetic energy ( E kin ) and
ravitational binding energy ( E grav ), which determines whether a gas
loud experiences runaway collapse or maintains stability through
urbulent support. Thus, we consider the virial parameter ( αvir ) of
he cloud, defined as the ratio between the kinetic and gravitational
nergy (Bertoldi & McKee 1992 ; Federrath & Klessen 2012 ), 

vir = 

2 E kin 

| E grav | , (26) 

here E kin and E grav are defined as 

 kin = 

1 

2 
M cold σ

2 
V , (27) 

 grav = 

∫ 
T < 10 4 K 

�ρC d V , (28) 

here � is the gravitational potential. In the simulations without
elf-gravity, we also solve for the gravitational potential at runtime,
ut do not couple it to the HDs. 

The right-hand panel of Fig. 10 shows the evolution of the virial
arameter with time. In most of the simulations, except for the cases
ith wind power 10 42 erg s −1 , the virial parameter initially increases
eyond unity because of the infusion of kinetic energy from the
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Figure 10. Time evolution of the velocity dispersion (left panel) and virial parameter (right panel) as for different simulations. The grey-out parts of the plots 
correspond to the regime where the Jeans length of the highest density cell in the simulations is not resolved by at least four computational cells. 
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Figure 11. Time evolution of the longitudinal extent (equation 29 , normal- 
ized to the initial value) of the cloud for different simulations. We see that, in 
the presence of self-gravity, the clouds are more compact. 
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ind, which initially surpasses the o v erall gravitational energy. F or
he highest power simulation (GC45), this increase in αvir is more 
han one order of magnitude ( ∼20) higher than the initial value of

0.9. Ne vertheless, follo wing the compression phase, there is a rise
n the average cloud density, intensifying the gravitational potential 
ell, ultimately leading to a reduction in the value of αvir . In the

imulations without self-gravity, the subsequent evolution becomes 
early steady-state. This suggests that the kinetic and gravitational 
nergy maintain a delicate balance, remaining relatively constant 
 v er time. In the presence of self-gravity, the highly dense collapsing
ores give rise to a very deep gravitational potential, leading to the
omination of gravitational binding energy o v er the kinetic energy. 
his results in a very low value of αvir below 1, which is particularly
rominent in lo w-po wer wind cases. 
It is important to acknowledge that due to the absence of a sink

articles algorithm (Federrath et al. 2010b ) in our simulations, we 
annot take advantage of removing gas from a cell whose local Jeans
ength becomes unresolved by the computational grid (Truelo v e 
t al. 1997 ). Therefore, in scenarios where a region experiences 
unaway collapse, the density within the specific cell at the bottom 

f the gravitational potential well becomes exceptionally high as 
t accumulates matter. This situation results in a violation of the 
ruelo v e et al. ( 1997 ) criterion, which suggests that the Jeans length
f any region should be resolved by at least four grid cells to prevent
rtificial fragmentation. None the less, even if we do not resolve 
he small-scale structures, the qualitative behaviour in the virial 
arameter will not change significantly as the potential well created 
y this very high-density region will still be very deep, even in higher
esolution simulations. 

.2.4 Cloud elongation 

ere, we discuss the role of self-gravity on the compression and 
ubsequent elongation of the cloud, impacted by the wind, from a 
uantitative point of view. We calculate the effective length ( X ) of
he cloud along the x -direction (i.e. along the direction of the wind)
s follows (see Klein et al. 1994 ; Banda-Barrag ́an et al. 2018 ): 

 ∝ 

√ (〈 x 2 〉 − 〈 x〉 2 ), (29) 
here equation ( 22 ) is used to calculate the average quantities.
ig. 11 shows the evolution of the cloud length (normalized to

he initial value), parallel to the wind ( x -direction), for different
imulations. The solid and dashed lines correspond to simula- 
ions with and without self-gravity , respectively . We see that in
ll scenarios, the cloud width initially decreases as a result of
he compression. Consequently, the cloud undergoes elongation 
ue to the combined effects of shock- and turbulence-induced 
xpansion. In the absence of self-gravity, this elongation is much 
ore prominent for the lower power winds, as depicted by the

lue dashed line (C 42) in Fig. 11 . In contrast, due to the global
ollapse of the clouds in the presence of self-gravity in cases
ith lower wind power, the clouds are more compact leading to
 smaller longitudinal width as can be seen from the solid blue line
GC 42). Nevertheless, as the wind power increases, the distinction 
etween these two scenarios becomes less pronounced, as the wind 
MNRAS 531, 2079–2110 (2024) 
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Figure 12. Time evolution of the x -component of the centre of mass velocity 
of the cloud in different simulations as indicated in the legend. 
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(GC45 k3 thermal; solid line) compared to a kinetic wind (GC45 k3 kinetic; 
dashed–dotted line), with the same wind power (10 45 erg s −1 ). 

i  

c  

k  

T  

e  

(  

G  

a  

2  

h  

s  

s  

c  

p  

(  

i  

d

3

F  

n  

s  

t  

l  

o  

w  

i  

o  

a  

g  

v  

c  

g  

s  

(  

l  

d

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/531/1/2079/7676875 by guest on 16 January 2025
nitiates the stripping of the cloud before gravity has a significant 
nfluence. 

.2.5 Cloud acceleration 

ig. 12 illustrates the evolution of the x -component of the cloud’s
entre of mass velocity across various simulations. It’s evident that
igher powered winds quickly accelerate the clouds due to a greater
et momentum transfer from the wind to the cloud. Notably, despite
 similar initial evolution, clouds in simulations incorporating self-
ravity at the same wind power begin to decelerate (solid lines) as
ravitational forces toward the central potential well counteract the
ind-induced acceleration. It is essential to note that, within the

hosen simulation parameters, acceleration time-scales significantly
xceed the duration of the simulations themselves. As a result,
he net velocity achieved by the cloud’s centre of mass remains
ignificantly lower than the flow v elocity. Nev ertheless, the dis-
ernible impact of self-gravity on the cloud’s acceleration is clearly
vident. 

In Fig. 13 , we depict the cloud’s net centre of mass velocity for
C45 k3 thermal (solid line) and GC45 k3 kinetic (dashed–dotted

ine) to analyse the impact of wind energy composition on cloud
cceleration. As anticipated, the cloud exposed to the kinetic wind
emonstrates significantly higher velocities compared to the thermal
ind of equal po wer. This dif ference arises from the more efficient
irect momentum transfer in the kinetic wind, contrasting with the
hermal wind where injected internal energy dissipates rapidly due
o strong radiative loss, diminishing momentum transfer efficiency. 

.3 Multiphase outflow 

hile the findings presented in Section 3.2.5 provide insights
nto the acceleration of the ‘cloud as a whole’ by the wind, it
ecomes increasingly evident that the definition of the cloud as a
ingle object diminishes as the wind fragments the initial cloud
ithin a spherical zone into numerous smaller pieces. This effect

s particularly prominent for a fractal cloud, which is the case in
his study. The fragmented and stripped cloud material with different
ensities and temperatures are entrained in the hot wind, resulting
NRAS 531, 2079–2110 (2024) 
n a multiphase outflow that can extend up to a few kpc from the
entre of a galaxy, with velocities from a few 100 to several 1000
m s −1 . These kinds of ionized (Nesvadba et al. 2006, 2008 ; Holt,
adhunter & Morganti 2008 ; Westmoquette et al. 2012 ; Harrison
t al. 2014 ; Rupke, G ̈ultekin & Veilleux 2017 ), neutral atomic
Morganti, Tadhunter & Oosterloo 2005 ; Nesvadba et al. 2010 ;
uillard et al. 2012 ; Cazzoli et al. 2016 ; Morganti et al. 2016 ),

nd molecular (Feruglio et al. 2010 ; Cicone et al. 2014 ; Fiore et al.
017 ; Fluetsch et al. 2019 ) outflows in galaxies, resulting from AGN,
av e been observ ed and characterized by a plethora of observational
tudies (see Morganti 2017 , for a re vie w). Moreo v er, numerical
imulations of the interaction between relativistic jets and interstellar
louds have demonstrated that atomic gas can form in situ inside the
ost-shock material which cools rapidly, at least for lo w-po wer jets
e.g. Perucho 2024 ). Thus, from a theoretical point of view, it is
mportant to investigate and quantify how AGN-driven winds with
if ferent po wers lead to such multiphase outflo ws. 

.3.1 Velocity distribution 

ig. 14 presents the mass-weighted 2D histogram of velocity versus
umber density for the cloud material, for four self-gravitating
imulations with different wind power at 0.85 t cc , which corresponds
o different physical times for different power as indicated in the
egends. The contours in each panel represent the initial distribution
f the cloud material in the density–velocity plane. The impact of the
ind on the cloud can be readily seen from the diagram, particularly

n the high-power cases (GC44, GC45), where a significant portion
f the cloud material has been compressed to higher densities
nd accelerated to higher velocities. The velocities of the dense
as with number densities of ∼ 10 −100 cm 

−3 (right side of the
ertical line) is enhanced up to � 400 km s −1 , which constitutes a
onsiderable fraction of the cloud’s mass. A notable amount of diffuse
as with densities of ∼ 0 . 01 - 1 cm 

−3 is accelerated to velocities of
e veral 1000 km s −1 . Ho we ver, the velocities of the very dense gas
 n � 10 3 cm 

−3 ) are only mildly affected by the wind, as the gas with
arger column densities is more resistant to acceleration through
irect momentum transfer. 
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Figure 14. Mass-weighted 2D histogram of velocity versus density at 0.85 t cc for self-gravity simulations with different wind power. The physical time for each 
simulation is indicated in the legends. The contours in each panel represent the initial distribution. The vertical dashed line indicates the gas density of 10 cm 

−3 , 
while a horizontal line marks v x = 100 km s −1 . 
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.3.2 Multiphase structure 

o analyse the gas phases of the outflowing material, we have 
onstructed phase diagrams representing gas temperature versus 
umber density in Fig. 15 , where the colourbar in the top and bottom
o ws sho w the total mass and the mass-weighted mean velocity of
he cloud material, respectively. From the top row, it is evident 
hat most of the cloud material is in the cold phase ( T � 10 3 K)
or the winds with lo wer po wers, whereas there exists a notable
mount of moderately dense gas (10 � 100 cm 

−3 ) in warm (10 3 

 T � 10 4 K) and hot (10 4 � T � 10 7 K) phases in the higher
ower cases. Cloud materials in these phases experience acceleration 
p to 400 km s −1 . Interestingly, comparatively diffused gas with 
ensities (0.1 −10 cm 

−3 ), which notably contributes to the ionized 
utflows, exists mostly in the hot phase, with velocities up to several
000 km s −1 . On the other hand, gas in the dense and cold phase
 xhibits v ery low v elocities, less than 100 km s −1 , even in the highest
ower case. This suggests that accelerating dense, cold interstellar 
as to high velocities ( ∼ 1000 km s −1 ) via AGN-driven winds is
xceedingly challenging. 

In the simulations featuring lo wer po wer winds (GC42 and GC43)
hown in Fig. 14 , the presence of high-velocity gas is notably limited,
ue to the low ram pressure of the wind, which primarily accelerates
he cloud. 

.3.3 Outflow rate scaling with wind power 

n order to quantify the outflow driven by the winds and its depen-
ence on the wind power, we calculate the total mass-outflow rates
 Ṁ OF ) of the cloud material as a function of time for self-gravitating
imulations with different wind power, including the simulation with 
he kinetic wind (GC45 kinetic), which is illustrated in the left panel
f Fig. 16 . The outflow rates are calculated across the y –z plane at
 = 75 pc . In the global picture, this corresponds to the outflow rate
hrough an area of A = 100 × 100 pc 2 from a single cloud situated at
 distance R OF ∼ 1 . 075 kpc from the AGN as per our configuration.
otably, the mass outflow initiates after the compression phase when 

he ablation and stripping of the cloud start to dominate the evolution
nd progressively approaches a near-steady state value o v er time. 
he amount of outflow increases with increasing wind power, as 
xpected. Furthermore, during the steady-state phase, the outflow 

ate induced by a kinetic wind (dashed–dotted magenta) surpasses 
hat of a thermal wind (solid magenta) with equi v alent po wer due
o the higher momentum transfer efficiency. It is important to note 
hat, the mass-outflow rates, calculated at x = 75 pc, are entirely
ontributed by the stripped and entrained materials from the cloud. 

To establish the relationship between the mass outflow rate and 
ind power, we determine the average mass outflow rate ( Ṁ OF , avg )

n each simulation after Ṁ OF reaches a near-steady state, as indicated 
y the dotted lines (red for thermal and magenta for kinetic wind) in
he left panel, which is plotted against the wind power in the right
anel of Fig. 16 . The open squares correspond to Ṁ OF , avg values
or self-gravitating simulations with dif ferent po wers, as indicated 
n the legend. Additionally, the grey cross marks represent values 
btained from non-self-gravitating simulations with corresponding 
ind powers. 
From the right panel of Fig. 16 , it is evident that the winds with

ower in the range 10 42 –10 45 erg s −1 cause mass-outflow rates of ∼
0 −4 −10 −2 M 
 yr −1 from a single cloud through an area of A = 100

100 pc. If we consider multiple clouds are distributed around the
GN globally, the global mass-outflow rates ( Ṁ OF , glob ) at a distance
f R OF from the AGN can be calculated as 

˙
 OF , glob ≈ f V Ṁ OF , avg × 4 πR 

2 
OF 

A 

(
�

4 π

)
, (30) 

here f V is the volume filling factor of the dense cloud, typically of
he order of 0.01 −0.1 (de Avillez & Breitschwerdt 2004 ; Mukherjee
t al. 2018 ) and � is the solid angle co v ered by the outflowing region.
or a spherical outflowing region with a maximum outflow rate � =
 π , and f V = 1. Thus, equation ( 30 ) becomes Ṁ OF , glob ≈ Ṁ OF , avg ×
 πR 

2 
OF /A . Therefore, assuming a simple spherical arrangement of

he clouds, the global mass outflow rates at a distance of R OF ∼ 1.1kpc
rom the AGN are of the order of 0 . 1 −10 M 
 yr −1 for the considered
ind powers in this study. These values are similar to what has been

ound in observations (see Fiore et al. 2017 , and references therein).
A noteworthy feature in Fig. 16 is the tight correlation between

he mass-outflow rate and the wind power. As the power of the wind
ncreases, there is a corresponding increase in the mass-outflow rate, 
 trend that is in agreement with our intuitive expectations. Fitting
 simple PL ( Ṁ OF , avg ∝ P 

κ ) to the results from the self-gravitating
imulations (indicated by the red dashed line) yields a PL exponent
f κ ∼ 0.52. Ho we ver, from the left panel, it is important to note
he outflow rates for lo w-po wer winds (GC42 and GC43) have not
eached a steady state by the end of the simulation and are expected
o rise further before becoming constant. Therefore, the calculated 
verage mass outflow rates for the lower power winds presented in
he right panel serve as lower bounds. Thus, the value of κ ∼ 0.52
MNRAS 531, 2079–2110 (2024) 



2098 A. Mandal et al. 

M

Figure 15. 2D histograms of temperature versus density of the cloud material for the self-gravitating simulation of different powers at 0.85 t cc , which corresponds 
to different physical times for different wind power as indicated in the legends. The colour bars in the top and bottom rows represent the mass and mass-weighted 
mean velocity of the cloud material along the direction of the wind, respectiv ely. The v ertical dashed line indicates the gas density of 10 cm 

−3 , while a horizontal 
line marks T = 1000 K. 

Figure 16. Left panel: the time evolution of mass outflow rates ( Ṁ OF ) through x = 75 pc surface for self-gravitating simulations with dif ferent po wers as 
indicated in the legend. Right panel: the average mass outflow rate ( Ṁ OF , avg ) as a function of wind po wer. These Ṁ OF , avg v alues are determined after reaching a 
near-steady state, marked by vertical dotted lines in the left panel (red for thermal winds and magenta for kinetic winds). The grey cross marks denote values for 
non-self-gravitating simulations at corresponding wind powers. Additionally, the red-dashed line represents a PL fit to Ṁ OF , avg obtained from the self-gravitating 
runs. 
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epresents the upper bound of the PL exponent estimated in this
tudy. 

We present a simple complementary picture, where the mass
utflo w, dri ven by the AGN, is due to the stripped-off material
rom the embedded clouds inside the flow, rather than the swept-up
hell model (e.g. Faucher-Gigu ̀ere & Quataert 2012 ; King & Pounds
015 ). We assume that the mass-loss due to the ablation of the cloud
y the hot wind is driven by the pressure gradient at the interface (see
artquist et al. 1986 ). For a purely hydrostatic ablation, the ablation

ate ( Ṁ abl ) of one cloud embedded in a hot wind of Mach number
NRAS 531, 2079–2110 (2024) 
 w is given as (Hartquist et al. 1986 ; Wagner et al. 2012 ), 

˙
 abl = α min 

(
1 , M 

4 / 3 
w 

)
( M c c s , c ) 

2 / 3 ( ρw v w ) 
1 / 3 , (31) 

here M c and c s, c are the mass and internal isothermal sound speed
f the cloud and α is a constant factor of the order of unity for a
pherical cloud. Keeping the cloud configuration identical, the mass
blation rate depends on the wind velocity as 

˙
 abl ∝ v 5 / 3 w . (32) 
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hus, by combining equations ( 32 ) and ( 12 ), we can show that 

˙
 abl ∝ P 

5 / 9 
w , (33) 

here P w is the power of the wind. Therefore, if we assume the
blated mass is the source of the majority of the mass-loading in
he outflow, then the outflow rate depends on the wind power as
˙
 OF ∝ P 

5 / 9 
w ∝ P 

0 . 55 
w , which is close to the value we are estimating

rom the simulations. 
It is worth noting that similar correlations between the outflow 

ates and the bolometric luminosity of the AGN have been consis-
ently reported in numerous observational investigations, spanning 
oth the ionized and cold molecular phases. For instance, studies 
ocusing on ionized outflows have documented a PL exponent of 
bout κ ∼ 1.29 (Fiore et al. 2017 ), whereas the exponent for
old molecular outflows varies between κ ∼ 0.68 −0.76 in different 
nstances (Cicone et al. 2014 ; Fiore et al. 2017 ; Fluetsch et al. 2019 ).

While our analysis does not differentiate between different phases 
f the outflow, the scaling relation we estimate for the o v erall mass-
utflow rate, encompassing both the hot, warm, and cold phases, 
s a function of wind power, is fairly close to the scaling relations
o the molecular outflo w. Ho we ver, it’s crucial to emphasize that
espite the observed strong correlation between the average mass 
utflow rate ( Ṁ OF , avg ) and wind power as found in this study, there
 xist sev eral sources of scatter contributing to this correlation. For
nstance, a cloud impacted by a kinetic wind tends to show a higher

ass outflow rate than in the case of a thermal wind with similar
ower, as illustrated by the magenta squares in the right panel (filled
or kinetic and open for thermal). Additionally, factors such as the 
orphology (i.e. whether the cloud is porous or compact) of the 

loud and whether self-gravity plays a dominant role in the cloud’s 
volution at the impact stage can introduce considerable scatter to the 
orrelation. Moreo v er, on a global scale, the geometric distribution
e.g. spherical, disc-like, etc.) of clouds around the driving source, 
s represented by the f V factor in equation ( 30 ), can also cause
ignificant scatter in the global mass outflow rate. Furthermore, 
omparing outflow rates for different systems with the same power 
ut at different evolutionary stages can also introduce scatter as 
he temporal evolution of Ṁ OF can vary significantly (left panel of 
ig. 16 ). Therefore, acknowledging these factors while interpreting 

he correlation between the mass outflow rate and wind power is
rucial. Ho we ver, it is note worthy that our simplified estimates do
resent qualitative similarities to the observed results, reinforcing the 
dea that an ablation-based model of mass-loss can likely explain the 
bserved correlations. 

.4 Star formation rate 

utflows from AGNs are believed to be one of the major drivers
ehind the star formation activity in galaxies. The local input of
nergy and momentum from these outflows into the star-forming 
egions can induce turbulence, which may have a dual role. On the
ne hand, the induced turbulence increases the stability of the clouds 
gainst gravitational forces preventing global collapse, which can 
educe the star formation inside such clouds. On the other hand, it
an promote o v erdensities via shock compression (e.g. see Mac Low
 Klessen 2004 ), which may result in an enhanced star formation.
herefore, the effect of these AGN-driven winds on the star formation 
ctivity is determined by a complex interplay between different 
hysical processes acting on the cloud scale. 
We estimate the SFR in the simulation using a semi-analytical 
odel of turbulence-regulated star formation (see Krumholz & 

cKee 2005 ; Hennebelle & Chabrier 2011 ; Padoan & Nordlund 
011 ; Federrath & Klessen 2012 ; Burkhart & Mocz 2019 ), which
ake into account the local physical quantities such as the velocity
ispersion, virial parameter, local sound speed, turbulence driving 
ode, and magnetic field (if present) to estimate the SFR. In this

ramework, the SFR is calculated by integrating the density PDF 

rom a critical density. The SFR of a cloud of mass M c is calculated
s 

FR = SFR ff 
M c 

t ff ( ρ0 ) 
, (34) 

here t ff ( ρ0 ) is the freefall time at the mean density ( ρ0 ) of the cloud.
he quantity SFR ff , defined as the SFR per freefall time, is given by

Federrath & Klessen 2012 ), 

FR ff = 

ε

φt 

∫ ∞ 

s crit 

t ff ( ρ0 ) 

t ff ( ρ) 

ρ

ρ0 
p( s )d s , (35) 

here s = ln ( ρ/ ρ0 ) is the logarithmic density contrast, and p ( s )
s the density PDF expressed in terms of s . On the GMC scale,
he parameter ε is interpreted as the fraction of the global mass of
he whole cloud that eventually turns into stars, and is typically
 −2 per cent (see section 3.1.1 of Mandal et al. 2021 , for a
iscussion). Therefore, we set ε = 0.015 in the calculation of SFR ff .
he φt parameter is a numerical factor of the order of unity to account

or uncertainties in the integral and is set to φt = 2.04 as calibrated
n Federrath & Klessen ( 2012 ). 

The critical logarithmic density ( s crit ) of collapse, used as the lower
imit of the integral of equation ( 35 ), is estimated by comparing
he Jeans length to the sonic length (where the turbulent velocity
ispersion is of the order of the local sound speed) and is given by
Krumholz & McKee 2005 ; Federrath & Klessen 2012 ) 

 crit = ln 

[(
π2 

5 

)
φx αvir M 

2 

]
, (36) 

here φx is a numerical factor of the order of unity to account for
light differences in the exact equality between the Jeans length and
he sonic scale (Krumholz & McKee 2005 ; Federrath & Klessen
012 ) and set to 0.19 in this study (calibrated in Federrath & Klessen
012 ). For the detailed theoretical background of the turbulence- 
egulated star formation model, we refer interested readers to 
rumholz & McKee ( 2005 ), Federrath & Klessen ( 2012 ), Mandal

t al. ( 2021 ), and references therein. 
In order to estimate the SFR in our simulations, we use equations

 24 ) and ( 26 ) for calculating the Mach number ( M ) and virial
arameter ( αvir ), which gives us the value of s crit via equation ( 36 ). We
hen construct the density PDF p ( s ) from the simulation data, which is
ubsequently integrated according to equation ( 35 ) to obtain SFR ff .
inally, we calculate the SFR from equation ( 34 ), where equation
 23 ) is used to estimate the cloud mass. 

.4.1 Dependence on wind power 

ig. 17 shows the time evolution of SFR ff (left panel) and SFR (right
anel) for different simulations, as denoted in the legend. During 
he initial stages, as the wind begins to interact with the cloud, it
njects a substantial amount of kinetic and thermal energy into it,
eading to an increase in the velocity dispersion and virial parameter,
s depicted in Fig. 10 . Thus, the turbulent motions of the gas impede
he gravitational collapse of many regions, resulting in a decreased 
FR compared to the simulation without a wind. This behaviour 

s consistent among all the wind simulations; ho we v er, the de gree
f initial suppression in SFR ff increases with rising wind power. 
n fact, for the most powerful wind (magenta), the star formation
MNRAS 531, 2079–2110 (2024) 
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M

Figure 17. Time evolution of the SFR per freefall time (left panel) and the absolute SFR (right panel), for different simulations as indicated in the le gend. F or 
comparison, the results for simulations without a wind are also shown (red lines). The grey-out parts of the plots in self-gravitating simulations correspond to 
the regime where the Jeans length of the highest density cell in the simulations is not resolved by at least four computational cells. 

i  

t  

p
 

b  

c  

i  

d  

p  

t  

c  

h  

f  

s  

p  

t  

t  

i  

S
 

c  

t  

a  

c  

f  

t  

I  

t  

w  

t  

t  

t  

s  

c
c

 

c  

w  

S  

b

3

T  

w  

d  

c  

t  

f  

p  

m
 

g  

h  

f  

s  

g  

c  

i  

w  

l  

i  

l  

H  

c  

c  

r  

t  

d  

e  

s
 

e  

A  

t  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/531/1/2079/7676875 by guest on 16 January 2025
s completely quenched. This is because higher wind power leads
o a greater transfer of energy into the cloud, resulting in more
ronounced turbulent motion within the gas. 
Subsequent to this phase, as the wind fragments the cloud, it

ecomes easier for the wind to pass through the intercloudlet
hannels due to the smaller column depth. Hence, the strength of the
nteraction between the wind and cloud reduces. Additionally, the
ense cloudlets embedded within the hot wind are more resilient to
ropagation of the transmitted shocks into the cores, thus, weakening
he effect of the wind within the dense cores. Furthermore, the
loudlets that have been shock-compressed achieve significantly
igher densities, resulting in a deeper gravitational potential. There-
ore, the gravitational energy becomes dominant o v er the kinetic
upport, leading to an increased SFR ff after the initial suppression
hase. For simulations without self-gravity, except for the C 45 case,
he rebound reaches a level comparable to that in simulations without
he wind, as depicted by the dashed lines. For the C 45 case, the cloud
s destroyed and entrained by the wind before reaching that value of
FR ff . 
Ho we ver, in the presence of self-gravity, the shock compression

auses the cloudlets to attain a much higher density . Additionally ,
he cloudlets merge due to the attractive gravitational force, forming
 massive and highly dense central core, which undergoes runaway
ollapse. As a consequence, the SFR ff experiences a rapid increase
ollowing the initial decline (solid lines), to the extent that it surpasses
he SFR ff value in the simulation without wind (red solid line).
t is important to note that the stronger the wind, the earlier and
he more rapid this increase in SFR ff occurs, as the higher power
inds quickly compress the cloud, ef fecti vely reducing the free-fall

ime. Therefore, in all the simulations with self-gravity, the wind
riggers the collapse of the cloud after the initial suppression. While
he morphological features in Fig. 4 show that a high-power wind
ignificantly disrupts the cloud, we note that a substantial portion of
loud material still undergoes compression and experiences rapid 
ollapse. 

It is crucial to emphasize that our simulations do not include self-
onsistent modelling of star formation using sink particles, which
e aim to explore in a forthcoming study. Therefore, the reported
NRAS 531, 2079–2110 (2024) 
FR values in this context should be interpreted as a qualitative trend
etween various wind parameters. 

.4.2 Dependence on cloud properties 

he results discussed in the earlier sections focused on the impact of
inds with different powers on the same initial cloud structures and
ensity. Ho we ver, clouds with different densities and morphology
an react differently to the wind. Therefore, to investigate this, in
his section, we present the results for the wind–cloud interaction
or a fixed value of wind power (10 43 erg s −1 ) but varying cloud
roperties, viz. different cloud wavenumber (GC43 k { 1,3,6,10 } ) and
ean density (GC43 k3 low). 
The top left panel of Fig. 18 shows the evolution of the cold

as fraction with time. Notably, the evolution appears similar for
igh-density clouds. Initially, there is a decrease in the cold gas
raction attributed to energy injection from the wind, followed by a
ubsequent increase due to the efficient cooling of the compressed
as. Ho we ver, for the lo w-density cloud (GC43 k3 low), the initial
old gas fraction is lower compared to the other cases. This is because,
nitially, the clouds in our simulations are in pressure equilibrium
ith the ambient medium, as described in Section 2.3 . Due to the

ower mean density, the equilibrium condition leads to a higher mean
nitial temperature ( ∼2700 K) of the low-density cloud, resulting in a
ower fraction of cold gas mass compared to the high-density clouds.
o we ver, as the e volution progresses, the gas rapidly cools, and the

old gas fraction increases. None the less, as the wind impacts the
loud, the fraction decreases, and the subsequent evolution closely
esembles that of the high-density cases. The major difference lies in
he fact that the cold gas fraction remains low and decreases rapidly
ue to higher degrees of ablation and mixing. Ho we ver, until the
nd of the simulation ( ∼3 Myr), a significant amount of cold gas
urvives. 

The top right and bottom left panels of Fig. 18 illustrate the time
volution of velocity dispersion and virial parameter, respectively.
ll the values are normalized to the initial values in order to examine

he effect of the wind on the evolution of the parameters with respect
o the initial values. The qualitative evolution of both parameters
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Figure 18. Time evolution of the cold gas fraction (top left panel), velocity dispersion (top right panel), virial parameter (bottom left panel) of the cloud material 
and the SFR per freefall time (bottom right panel) in the simulations with same wind power of 10 43 erg s −1 but different cloud wavenumber (GC43 k { 1,3,6,10 } ) 
and lower mean density (GC43 k3 low). 
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s similar in all the simulations to what we observe in Fig. 10 .
nterestingly, the evolution for k min = 1, 6, and 10 is quite similar
part from some initial deviation due to different initialization. As 
iscussed in Section 3.1.4 , while in k min = 1 case the single large
lump experiences rapid global collapse, for k min = 6, 10 cases, the
arrow intercloudlets channels prevent the wind from penetrating 
nd dispersing the cloud significantly, eventually leading to global 
ollapse. Despite different reasons, the ultimate fates of the clouds 
n these cases are similar. In contrast, for the k min = 3 case, the
ntercloudlets channels are wide enough for the wind to penetrate 
nto the cloud, which directly compresses the cloudlets locally but 
revents the global collapse for a longer period. 
For the cloud with a lower mean density (GC43 k3 low), the

elocity dispersion increases by more than an order of magnitude as
he wind induces stronger turbulent motion due to a lower density. 
he virial parameter also increases by two orders of magnitude in 

his case by the impact of wind. Ho we v er, here we observ e a second
ncrease of the viral parameter at ∼0.25 t ff . This is primarily a result of
he increase in turbulent velocity together with the decrease in mean 
ensity due to the disintegration of the cloud, which contributes to 
he decrease in gravitational binding energy. 

The bottom right panel of Fig. 18 shows the evolution of the
ormalized SFR per freefall time (SFR ff ) for all these simulations.
imilar to Fig. 17 , the initial increase of the virial parameter reduces

he SFR ff for all simulations. Ho we ver, the consequent rebound of
FR ff depends on the cloud properties. For the case with k min = 1, one
ig clump (see top panel of Fig. 5 ) rapidly collapses via compression,
eading to an early growth of SFR ff . For k min = 6 and 10 cases,
he initial small-scale velocity field of the cloud, characterized by 
he same values of k , causes an enhanced amount of intercloud
min r  
otion. This motion persists for a longer period before decaying, 
eeping the SFR relatively low during this time. However, as the
ind compresses the cloud globally, the majority of the cloudlets 
erge, ef fecti vely forming a large, compact clump, which undergoes

apid collapse globally. As a result, the SFR increases rapidly after
he initial suppression. 

In the case of the cloud with a lower mean density, we observe
 complete cessation of star formation for approximately 0.1 t ff 
 ∼1.3 Myr) due to the initial rise of the virial parameter by two orders
f magnitude. Ho we ver, as some of the dense clump gets compressed
y the wind, we observe some intermittent star formation activity 
fter the initial quenching. None the less, the SFR values during
hese intervals remain more than one order of magnitude lower than
he initial value until the end of the simulation. 

 DI SCUSSI ON  

.1 Comparison to previous studies 

here have been a few studies concerning the effect of highly
ressurized winds possibly originating from AGN on the interstellar 
louds (Mellema et al. 2002 ; Zubovas, Sabulis & Naujalis 2014 ;
ugan et al. 2017a ). The results obtained in the present work add

o the previous studies of AGN-driven wind–cloud interaction by 
ncluding additional physics such as self-gravity and more realistic 
loud morphologies (fractal structures) and carrying out simulations 
 v er a wide range of parameters for both winds and clouds. Some of
he key findings from our study align with the results from previous
orks in the context of shock/wind–cloud interaction. Our results 

eveal the emergence of dense filaments due to ram pressure stripping
MNRAS 531, 2079–2110 (2024) 
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nd KH instabilities acting upon the interface between the cloud and
he wind, similar to the results from previous studies (Mellema et al.
002 ; Orlando et al. 2005 ; Cooper et al. 2009 ; Pittard et al. 2010 ;
ugan et al. 2017a ; Banda-Barrag ́an et al. 2019 , 2020 ; Li et al. 2020 ;
anda-Barrag ́an et al. 2021 ). 
Ho we ver, it is worth noting that in our simulations, these filaments

isplay a more clumpy structure as opposed to the extended, continu-
us filaments observed in earlier studies. This difference arises from
ur incorporation of a fractal medium characterized by the presence
f dense cores and a diffuse intercore medium. This configuration
acilitates the infiltration of the wind into the cloud by clearing out
ow-density channels and enveloping the cores, effectively breaking
he cloud into numerous cloudlets. Moreo v er, as the KH instability
rows faster at smaller wavelengths, the fragmentation of the cloud
s much higher compared to a uniform or smooth cloud (Cooper et al.
009 ). Therefore, these fragmented cloudlets undergo acceleration
o shape the clumpy filaments observed in our simulations. In this
ay, the morphology of the filaments in our study resembles more

he findings by Cooper et al. ( 2009 ) and Banda-Barrag ́an et al. ( 2020 ,
021 ), where a similar fractal cloud configuration is considered. 
Another interesting phenomenon to be compared with previous

tudies is the lifetime of the dense clumps that are generated in the
rocess of fragmentation. Cooper et al. ( 2009 ) concluded that radia-
ive cooling plays a significant role in prolonging the survival of dense
lumps entrained within a hot wind. This cooling process leads to
he creation of a dense protective layer around the clump, enhancing
he cloud’s lifetime. In such scenarios, these clouds can survive for

ore than 1 Myr, which aligns with our results. In all simulations
erformed in this study, the majority of the fragmented clumps
urvive until the end of the simulations (1 . 2 −5 . 5 Myr , depending
n the wind power). Additionally, as demonstrated previously in
ections 3.1.2 and 3.2.1 , self-gravity further increases the density
f the shock-compressed cloudlets, and since the growth rate of
nstabilities is inversely proportional to the density contrast (see
quation 21 ), the growth of instabilities is diminished, therefore,
urther prolonging the lifetime of the cloudlets. Additionally, the
ncreased density contrast due to self-gravity reduces the velocity of
he transmitted shock ( v ts ∼ v w / χ1/2 ) into the cloudlets, consequently
educing the o v erall heating of the cores. 

The effect of self-gravity has been considered in a few previous
tudies (Zubovas et al. 2014 ; Falle, Vaidya & Hartquist 2017 ; Dugan
t al. 2017a ; Li et al. 2020 ; Girichidis et al. 2021 ; Kupilas et al. 2022 )
n the context of the cloud wind/shock interaction. All of these studies
ave demonstrated that when self-gravity is taken into account, the
ompression resulting from the wind contributes to an increased rate
f fragmentation and eventual gravitational collapse (Zubovas et al.
014 ), which agrees with our findings. Furthermore, Dugan et al.
 2017a ) have shown that under specific conditions, a sufficiently
igh ram pressure in the wind can lead to the complete destruction of
he cloud. Ho we ver, our study di verges from this result as we do not
bserv e an y instance of a cloud being entirely destroyed by the wind,
ven when subjected to the most powerful winds in our simulations.
oreo v er, despite the substantial disruption of the cloud by the wind

n the simulation with an initial lower mean density (GC43 k3 low),
ockets of dense material persist, fostering intermittent star formation
ctivity (see bottom panel of Fig. 18 ). This discrepancy can be
ttributed to two major factors. First, in order to obtain that large
alue of ram pressure of the wind, Dugan et al. ( 2017a ) consider
uite higher values of the wind density. Therefore, the momentum
mparted by the wind into the cloud is orders of magnitude higher
han in our highest wind-power case. As a result, the cloud in
heir study undergoes rapid acceleration, and the combination of
NRAS 531, 2079–2110 (2024) 
ayleigh–Taylor instabilities and ram pressure stripping leads to the
loud’s disintegration. Secondly, we consider a fractal cloud in our
imulations, which has many dense gravitationally bound cores at
he initiation of the simulations. These cores are further compressed
y the wind, rendering them self-shielded and resistant to ablation,
hich contributes to the cloud’s survi v al, despite the wind’s powerful

ffects. 

.2 Implication for AGN feedback 

he impact of AGN feedback on star formation activity remains a
omplex and elusive process in current astrophysical research. While
umerous studies support the idea of ne gativ e feedback, attributed
o the turbulence and thermal energy enhancement induced by AGN
inds or the jet-inflated cocoon, there are also proponents of positive

eedback. In this scenario, the o v erpressurized wind associated with
GN activity has the effect of compressing and fragmenting star-

orming clouds. This compression leads to an increased SFR by
riggering the collapse of gas clouds into new stars. 

While there is little consensus on ne gativ e feedback from the
heoretical point of view, a few studies have shown that AGN activity
an indeed suppress the SFR globally inside the host galaxy by
 v erall induction of turbulence and thermal energy (Mandal et al.
021 ; Mercedes-Feliz et al. 2023 ). Furthermore, Wagner et al. ( 2012 )
ave argued that the gas within AGN-driven outflows can become
nbound, ef fecti vely escaping the host galaxy’s potential and thereby
educing the available star-forming fuel. This long-term process may
ontribute to a ne gativ e feedback mechanism. 

Numerous theoretical studies have presented scenarios in which
he triggering of star formation by AGN activity can be a viable

echanism (e.g. Wagner & Bicknell 2011 ; Gaibler et al. 2012 ;
ayakshin & Zubovas 2012 ; Dugan et al. 2017a , 2017b ; Mukherjee

t al. 2018 ; Mandal et al. 2021 ). For instance, Gaibler et al. ( 2012 ) and
ukherjee et al. ( 2018 ) have shown that the compression resulting

rom the high-pressure bubble inflated by an AGN jet can enhance
he SFR in a disc galaxy by a factor of 2 −3. Similarly, Zubovas
t al. ( 2014 ) arrived at a similar conclusion, demonstrating that
xternal pressurization within the ISM can confine and compress
tar-forming regions and accelerate the onset of gravitational collapse
nd subsequent star formation. Moreo v er, the study by Dugan et al.
 2017a ) revealed that the star formation efficiency depends on the
am pressure of the wind. They identified a critical threshold value of
he ram pressure, below which the clouds experience rapid collapse,
eading to an enhancement in SFR. Ho we v er, abo v e this threshold,
am pressure becomes strong enough that the clouds are ablated
efore gravitational forces can significantly influence their evolution.
The result we present in this study also leans toward a pos-

tive feedback scenario. While there exists a short period of
uppressed/quenched star formation during the initial interaction
etween the wind and the cloud, the compression due to the
 v erpressurized wind dominates in the long term. The radiative
hocks compress many massive cloudlets to significantly higher
ensities, and the presence of self-gravity intensifies this process. As
 result, the shock propagating into these cores decelerates swiftly as
he gas densities progressively increase, and the cloudlets ef fecti vely
ecome self-shielded from the wind, such that the cloudlets can
urvive for a long time in the hot wind. Without the support from
nternal turbulence inside these cores, which is crucial for their
tability, the y ev entually collapse to form stars, which will stop once
ll the gas in the core is consumed. 

Therefore, from our present results, positive feedback by the AGN
s ine vitable e ven for high-po wer winds. Indeed, some observ ational
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tudies support this scenario. For instance, Maiolino et al. ( 2017 )
nd Gallagher et al. ( 2019 ) detected a substantial amount of star
ormation ( ∼ 15 M 
 yr −1 ) inside a galactic outflow, with a significant 
oung ( ∼ 10 Myr ) stellar population and higher stellar velocities 
 � 100 km s −1 ). This indicates that the stars have been formed inside
he outflows, which have been triggered by the compression induced 
y the out-flowing gas. A recent investigation by Duggal et al. 
 2023 ) identified a young (1 −10 Myr ) stellar population inside young
ompact steep spectrum radio galaxies. Notably, the dynamical age 
f the radio sources in these galaxies corresponds well to the stellar
ges, suggesting that star formation was triggered by jet activity. 
here are various other observational studies where enhanced star 

ormation by AGN activity (jets or winds) has been reported (e.g. 
icknell et al. 2000 ; Zinn et al. 2013 ; Salom ́e et al. 2015 ; Bernhard
t al. 2016 ; Salom ́e et al. 2017 ), in agreement with our findings. 

Moreo v er, as outlined in Section 2.4 , the wind velocity and
ressure experienced by the cloud at a distance of 1 kpc for different
owers can be mapped to various distances from the AGN for a
pecific wind power. For example, the wind parameters correspond- 
ng to powers of 10 42 , 10 43 , 10 44 , and 10 45 erg s −1 at 1kpc (refer
o Table 1 ) can be replicated by considering a wind with a power
f 10 43 erg s −1 at distances of 3.2, 1, 0.3, and 0.1 kpc from the
GN. Therefore, our findings hold rele v ance for comprehending 

he impact of AGN-driven winds on a galactic-scale environment. 
mportantly, even though a lower power wind (e.g. 10 42 , 10 43 erg s −1 )
ay not appear to significantly affect the cloud at a distance of 1 kpc

ccording to our study, the closer environment of the AGN on a
cale of hundreds of parsecs will likely be strongly influenced by the
ind, akin to the outcomes observed in higher power simulations 

e.g. 10 44 , 10 45 erg s −1 ). Similarly, for a higher power wind, the
utskirts of the galaxy will be mildly affected, mirroring the outcomes 
f simulations with lower power winds presented in this study. 
n any case, the presence of self-gravity is likely to trigger star
ormation inside the clouds on a wide length scale while impacted 
y AGN-driven winds, albeit at different time-scales, as observed in 
imulations with different powers (Fig. 17 ). 

The reported suppression of star formation by AGN activity, as 
bserv ed in sev eral studies (e.g. Ogle et al. 2007, 2010 ; Nesvadba
t al. 2010 ; Alatalo et al. 2014 , 2015 ; Lanz et al. 2016 ), continues
o await theoretical confirmation. Our study, which incorporates 
omprehensive modelling of the interaction between a star-forming 
loud and an AGN-driven wind, does not rev eal an y significant long-
erm suppression of star formation activity o v er the duration of an
GN lifetime (typically a few Myr). Based on our results, it appears

hat the only plausible means of reducing the star formation would 
e to employ mechanisms capable of disrupting the dense cores 
rom the inside. Stellar feedback in the form of winds, jets, radiation
ressure, and photoionization appears to be a viable mechanism 

Menon, Federrath & Krumholz 2023 ), at least on the scale of a few
arsecs, which corresponds to the typical size of the dense cloudlets 
e have identified in our study. Indeed, previous studies on star-

luster formation in clouds of size ∼ 1 −10 pc have demonstrated 
hat stellar feedback can slow down the SFR (Federrath 2015 ; Grudi ́c
t al. 2018 ). Therefore, the underlying concept is that following the
nitial burst of star formation induced by wind-driven compression, 
he feedback from young and massive stars acts to disrupt the cloud,
hich in turn makes wind material entrainment more fa v ourable. 
herefore, in tandem with stellar feedback, the AGN wind could 
otentially contribute to the destruction of dense cores, breaking them 

nto even smaller structures that are no longer prone to gravitational 
ollapse due to their reduced size. This presents an intriguing scenario 
hat we plan to investigate in future studies. 
Additionally, the wind parameters examined in this study represent 
ast and hot AGN-driven outflows. However, the impact of slow and
elatively cold winds, which are typically found at greater distances 
rom the AGN, is not considered here and should be investigated in
uture. 

 C O N C L U S I O N  

n this study, we have performed a series of three-dimensional 
ydrodynamical simulations of the interaction between AGN-driven 
inds and star-forming interstellar clouds, including radiative cool- 

ng and realistic cloud morphology such as fractal geometry. We have
onducted two sets of simulations with and without self-gravity to 
xamine the effect of self-gravity on the evolution of the clouds. We
onsider a large range of parameter space for investigating various 
spects of the evolution process, including the power of the wind,
he mean density of the cloud, the fractal density distribution of
he cloud, and whether the wind is dominated by kinetic or thermal
nergy. In the following, we summarize the main results of this study
s follows: 

(i) Interaction of the wind with the fractal cloud : When the wind
nteracts with the fractal cloud consisting of dense cores separated 
y low-density channels, it rapidly erases the low-density areas, 
esulting in the formation of numerous dense cores. Subsequently, 
hese dense cores undergo compression due to radiative shocks. 

(ii) Effect of self-gravity : While the cloudlets get compressed by 
he wind irrespective of the presence of self-gravity with the same
ind power, the cloudlets formed in the self-gravitating simulations 

ttain much higher densities and become gravitationally bound, 
ompared to the cloudlets in the simulations without self-gravity. 
n the absence of self-gravity, after attaining the maximum possible 
ompression, the clouds start to disintegrate and expand as a result
f the momentum transfer from the wind to the cloud material. 
(iii) Dependence on wind power : The amount of cloud material 

hat is retained and accreted by the gravitationally bound cloudlets 
epends on the strength of the wind. For lower power winds, the
omentum transfer is reduced, and as a result, a significant portion

f the cloud material does not gain enough acceleration to o v ercome
he gravitational potential of the cloud. Consequently, this material 
alls back into the potential well, forming a central, massive clump
hat undergoes rapid gravitational collapse. Conversely, for the higher 
ower winds, although some initially high-density clumps collapse 
nder self-gravity, a significant number of relatively low-density 
lumps are accelerated and dispersed by the wind prior to self-gravity
ecoming a significant factor. 
(iv) Effect of cloud morphology : The size of the cloudlets (de-

ermined by the minimum wave number k min used to generate the
ractal density distribution) inside the cloud significantly affects the 
volution when impacted by a wind with the same power. For the
 min = 1 case, the whole cloud roughly contains a single large dense
lump and is therefore large enough to prevent the shock from
enetrating into its cores before it undergoes global gravitational 
ollapse due to external pressurization. In contrast, for k min = 6 and
0, the cloud is characterized by numerous dense cores, separated by
arro w channels. Ho we ver, when the initial shock sweeps across the
loud, it ef fecti vely blocks these channels with swept-up material,
reventing the wind material from infiltrating the cloud. As a result,
n the absence of significant dispersal of the cloudlets, the cloudlets
ccumulate near the centre by the gravitational force, ultimately 
xperiencing global collapse. Thus, there exists a narrow range of 
 min , for which the interclumps channels are wide enough for the
MNRAS 531, 2079–2110 (2024) 
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ind to penetrate into the cloud and provide stability against global
ollapse by transferring energy and momentum, which is the case for
 min = 3. 

(v) Relative effect of thermal versus kinetic wind : The total energy
artition of the wind in the thermal and kinetic components has
 major effect on the evolution of the cloud. A thermal energy-
ominated wind primarily affects the cloud material by increasing
ts internal energy, which in turn is converted into kinetic energy of
he gas. Ho we ver, in the presence of strong radiati ve cooling, the
nternal energy of the gas quickly dissipates, therefore the ef fecti ve

omentum transfer from the wind to the cloud is reduced for a
hermal wind. A kinetic energy-dominated wind directly transfers

omentum to the cloud material, resulting in a higher level of
xpansion and acceleration. 

(vi) Evolution of the velocity dispersion : The velocity dispersion
nside the cloud in all the wind simulations increases due to energy
ransfer from the wind to the cloud material. This effect is more
ronounced with stronger winds. In cases without self-gravity, the
elocity dispersion stabilizes at a roughly constant value as the
loud disperses. With self-gravity, the velocity dispersion starts to
ncrease again when gravity becomes dominant as it pulls fragmented
loudlets towards the core, inducing additional motions between the
loudlets. 

(vii) Effect on the virial parameter : In all the simulations, an
nitial increase in the virial parameter occurs as the wind imparts
inetic energy, initially surpassing the gravitational energy. As the
loud compresses and the gas density rises, the gravitational potential
eepens, reducing αvir . Simulations without self-gravity reach a
teady state with balanced kinetic and gravitational energy. On
he other hand, with self-gravity, the cloud becomes gravitationally
ound and undergoes collapse, and αvir drops significantly, especially
n cases with lo w-po wer winds, due to the dominant gravitational
inding energy. 
(viii) Generation of multiphase outflow : The ablation of the cloud
aterial by the wind can give rise to multiphase outflows with

elocities from a few 100 to several 1000 km s −1 over a huge range
f temperatures (10 2 −10 7 K), consisting of cold, warm, and hot gas.
he calculated mass-outflow rates correlate tightly with the wind
ower ( Ṁ OF ∝ P 

κ ). We find a PL exponent of κ ≈ 0.52. 
(ix) Impact on the SFR : In the presence of self-gravity, which

s very important within the environment we are interested in, our
esults fa v our a positive feedback scenario triggered by the AGN-
riven winds, at least within the parameter space we consider in
his study. Even though the wind can suppress or quench the star
ormation for about 1 Myr during the initial interaction, a substantial
umber of shock-compressed, dense cloudlets manage to shield
hemselves from the wind’s influence and subsequently undergo rapid
ravitational collapse. This process ultimately leads to an increased
FR. 
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PPENDI X  A :  N O N - R E F L E C T I N G  B O U N D  A R  Y  

O N D I T I O N  F O R  SUBSONIC  INFLOW  

n this section, we present a simplified approximation of the
on-reflecting boundary conditions for subsonic inflow for one-
imensional flow. 

1 Characteristic form of the conser v ation equations 

he one-dimensional (1D) conservation equations in the primitive
ariable are given as 

∂ ρ

∂ t 
+ u 

∂ ρ

∂ x 
+ ρ

∂ u 

∂ x 
= 0 , (A1) 

∂ u 

∂ t 
+ u 

∂ u 

∂ x 
+ 

1 

ρ

∂ p 

∂ x 
= 0 , (A2) 

∂ p 

∂ t 
+ ρa 2 

∂ u 

∂ x 
+ u 

∂ p 

∂ x 
= 0 , (A3) 

here a is the sound speed and defined as a = 

√ 

γp/ρ. Equations
 A1 )–( A3 ) can be written in terms of the primitive variable vector Q
s 
∂ Q 

∂ t 
+ A ( Q ) 

∂ Q 

∂ x 
= 0 , (A4) 

here Q and A ( Q ) are defined as 

Q = 

⎡ 

⎣ 

ρ

u 

p 

⎤ 

⎦ , A ( Q ) = 

⎡ 

⎢ ⎢ ⎣ 

u ρ 0 

0 u 

1 

ρ
0 ρa 2 u 

⎤ 

⎥ ⎥ ⎦ 

. (A5) 

Applying a similarity transformation to A , one obtains 

A = S � S −1 , (A6) 

here S = [ K 

1 , K 

2 , K 

3 ] is the matrix consisting of the right
igenvectors of A such that AK 

( i ) = λi K 

( i ) , where λi are the eigenvalues
orresponding to K 

( i ) . � is a diagonal matrix with its diagonal
lements being λi . Replacing equation ( A6 ), in equation ( A4 ), we
btain 
∂ Q 

∂ t 
+ S � S −1 ∂ Q 

∂ x 
= 0 . (A7) 

ultiplying equation ( A7 ) with S −1 from the left, we obtain 

S −1 ∂ Q 

∂ t 
+ � S −1 ∂ Q 

∂ x 
= 0 . (A8) 

f we approximate A(Q) to be locally constant, so is S −1 . Therefore,
efining 

W = S −1 Q , (A9) 
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equation ( A8 ) reduces to 

∂ W 

∂ t 
+ � 

∂ W 

∂ x 
= 0 , (A10) 

hich is the characteristic form of the conservation equations, and W
 [ w 

1 , w 

2 , w 

3 ] T is the characteristic variable vector. In component
orm, equation ( A10 ) can be written as 

∂ w 

i 

∂ t 
+ λi 

∂ w 

i 

∂ x 
= 0 , (A11) 

hich is a set of wave equations with characteristic velocities λi . 
In order to compute the characteristic variables, first we find the 

igenvalues ( λi ) and right eigenvectors ( K 

i ) of A , which are given by

1 = u − a, (A12) 

2 = u, (A13) 

3 = u + a, (A14) 

nd the corresponding eigenvectors are given as 

K 

1 = α1 

⎡ 

⎢ ⎣ 

1 

− a 

ρ
a 2 

⎤ 

⎥ ⎦ 

, K 

2 = α2 

⎡ 

⎣ 

1 
0 
0 

⎤ 

⎦ , K 

3 = α3 

⎡ 

⎢ ⎣ 

1 
a 

ρ
a 2 

⎤ 

⎥ ⎦ 

, (A15) 

here αi are the scale factors. Assuming α1 = ρ/2 a , α2 = 1, and α3 

 ρ/2 a , the S matrix and its inverse is calculated as 

S = 

⎡ 

⎢ ⎢ ⎢ ⎣ 

ρ

2 a 
1 

ρ

2 a 
−1 

2 
0 

1 

2 
ρa 

2 
0 

ρa 

2 

⎤ 

⎥ ⎥ ⎥ ⎦ 

, S −1 = 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

0 −1 
1 

ρa 

1 0 − 1 

a 2 

0 1 
1 

ρa 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 

. (A16) 

herefore, from equations ( A5 ), ( A9 ), and ( A16 ), the form of
haracteristic variables ( W = [ w 

1 , w 

2 , w 

3 ] T ) for the 1D Euler
quations are given as 

 

1 = 

p 

ρa 
− u, corresponding to λ1 = u − c, (A17) 

 

2 = ρ − p 

a 2 
, corresponding to λ2 = u, (A18) 

 

3 = 

p 

ρa 
+ u, corresponding to λ3 = u + c. (A19) 

2 Boundary conditions 

he primary idea behind the non-reflecting boundary condition is 
hat any outgoing wave ( w 

out ) that is leaving the computational
omain through the boundary should leave the domain without 
etting reflected back into the interior region, which means the 
ave amplitude associated with the outgoing wave is constant at 

he boundary, i.e. 

 

out = const , or �w 

out = 0 , at the boundary , (A20) 

nd the boundary condition associated with the outgoing character- 
stic variables should be extrapolated from the interior solution. The 
ther waves that are incoming into the computational domain require 
hysical boundary conditions. 
For a subsonic inflow boundary (let us assume x -beg), one wave

 w 

1 ) is leaving the domain ( λ1 = u − a < 0), and the other two
 w 

2 , w 

3 ) are incoming, which means only two out of three primitive
ariables (ideally ( ρ, u ) or ( ρ, p ) for well-poised conditions, e.g.
ee section 19.3 of Laney 1998 ) can be specified physically at the
oundary. The remaining variable has to be set numerically from the
nterior solution in such a way that �w 

1 = 0 at the boundary. Let’s
ay, we want to specify the value of ρB and u B physically, then the
ressure value ( p B ) at the boundary is calculated by setting 

w 

1 = 0 , (A21) 

 

1 
B − w 

1 
I = 0 , (A22) 

 B = γρB ( w 

1 
I + u B ) 

2 , (A23) 

here w 

1 
I is the value of w 

1 at the first active zone ( i = 1) of the
omputational domain, which is to be calculated from the interior 
olution. Therefore, for target density and velocity values of ρ t and 
 t , the ghost cell values of the primitive variables are given by 

B = ρt , (A24) 

 B = u t , (A25) 

 B = γρt ( w 

1 
I + u t ) 2 . (A26) 

Equations ( A24 )–( A26 ) ensure that �w 

1 = 0 at the boundary, and
he wave-reflection is minimized. 

3 Test and comparison 

n order to demonstrate how the wind emerges in the interior solution
ith and without NRBC, we perform one simulation with NRBC 

mplemented at the subsonic inflow boundary with the same setup 
s described in Section 2 . The wind and cloud initializations are
he same as in GC45 k3 in Table 1 , with half the resolution of the
ducial runs. We compare the evolution of the wind parameters with
 simulation that uses the same initial condition and resolution, but
sing the method of wind injection adopted in this paper (Section
.6 ). In the simulation with NRBC, we specify the density and
elocity values at the ghost zone, while the pressure of the wind
s calculated using equation ( A26 ). 

In Fig. A1 , we present the time evolution of the wind density
top left panel), velocity (top right panel), pressure (bottom left 
anel), and power (bottom right panel), at the first active cell in
imulations with (red lines) and without (blue lines) NRBC. The 
ower section of each panel illustrates the fractional deviation of 
ach parameter from its intended value. As observed, the evolution 
f the physically specified wind parameters – namely density and 
elocity – remains consistent throughout the simulations with NRBC. 
o we ver, the pressure of the injected wind shows a significant
eviation compared to the simulation without NRBC. Consequently, 
he deviation of wind power from its intended value is substantial
 ∼ 90 per cent ). On the other hand, although all wind parameters
n the simulation without NRBC deviate from their intended values 
blue lines), the cumulati ve ef fect results in more stable wind power
with a variation of ∼ 30 per cent ) compared to the scenario with
RBC. Moreo v er, we hav e performed additional simulations using

he saturated values of the density and velocity for the GC45 case
see Table 2 ) with the NRBC. We confirmed that, although the
uantitati ve results dif fer from the result presented in this study
uring the transient phase, they closely resemble the results (e.g. the
iagnostics presented in Figs 9 , 10 , and 17 ) at the saturation phase ( t
 0.4 t cc ). Therefore, the qualitative results presented in this study are 

obust. 
MNRAS 531, 2079–2110 (2024) 
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M

Figure A1. Time evolution of the wind parameters for a 3D model problem of wind–cloud interaction without (blue) and with (red) an NRBC at the inflow 

boundary. The bottom section of each panel shows the fractional deviation from the injected values at the ghost zone. 
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Figure B1. The PDFs of the cloud material in self-gravitating simulations 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/531/1/2079/7676875 by guest on 16 January 2025
PPENDIX  B:  DENSITY  PDF  O F  T H E  C L O U D  

A  TERIA L  A  T  T H E  SAME  C L O U D - C RU S H I N G  

IME  F O R  DIF F ERENT  POWER  

Fig. B1 depicts the density PDF of the self-gravitating cloud at
 = 0.4 t cc for simulations with different wind power. This time
orresponds to an absolute time of 3.46, 1.38, 0.78, and 0.34 Myr
or GC42, GC43, GC44, and GC45, respectively. 

We notice a distinctly contrasting trend in the high-density tail of
he PDF compared to what is depicted in Fig. 8 . In this case, the
loud in the lowest power simulation (GC42, blue) has the highest
raction of cloud material in the PL tail. As wind power increases,
his fraction as well as the maximum cloud density decreases due to
n increasingly smaller absolute time for self-gravity to influence the
volution. Notably, in the highest power simulation (GC45), there
s no evident signature of the PL tail at 0.4 t cc . Corresponding to an
pproximate time of 0.4 t cc = 0.34Myr ≈ 0.1 t ff in this instance, the
volution is at a very early stage in terms of the impact of self-gravity.
NRAS 531, 2079–2110 (2024) 

with different wind power as indicated in the legend at t = 0.4 t cc . The 
vertical black-dotted lines in both panels mark the density value beyond 
which Jeans length cannot be resolved by at least four grid cells with the 
current computational setup. 



Cloud–AGN–wind interaction 2109 

A
E
T

H  

s  

c
 

t  

c
p  

t

d  

t  

f  

t  

s  

i
t  

o

A
R

PPEN D IX  C :  T U R BU L E N T  PROPERTY  

VO L U T I O N  IN  TERMS  O F  C L O U D - C RU S H I N G  

IME  

ere, we examine how the turbulent properties of the clouds in the
imulations with different wind power evolve with time in unit of the
loud-crushing time-scale. 

Fig. C1 , shows the evolution of velocity dispersion (left panel) and
he virial parameter (right panel) of the cloud material as a function of
loud-crushing time for the fiducial cloud setup with different wind 
ower. It is evident that in the absence of self-gravity (dashed line),
he evolutionary trends are similar for all the powers. The velocity 
Figure C1. Same as Fig. 10 but expressed in terms of t cc . 
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ispersion as well as the virial parameter peaks at ∼0.2 t cc , although
he magnitudes are dif ferent. Ho we ver, in the self-gravity runs, the
reefall time ( t ff ) is a more rele v ant time-scale to compare to. As
he freefall time of the cloud in the lower power case (GC 42) is
horter than t cc , the cloud collapses early at around ∼0.5 t cc . With
ncreasing power, t cc of the cloud becomes comparable or shorter 
han t ff . Therefore, the collapse of the clouds gets delayed in terms
f t cc with increasing wind power. 

PPENDI X  D :  EFFECT  O F  N U M E R I C A L  

ESOLUTI ON  

n order to quantify the numerical resolution dependence of the 
esults presented in this study, we perform two simulations with the
ame wind and cloud initialization as in GC43 k3, but with decreas-
ng resolution. The widths of a cell in the considered simulations
re � x = 0.19, 0.39, and 0.78 pc and the initial cloud radius ( r c ) is
esolved by 128 (high), 64 (medium), and 32 (low) cells, respectively.

Fig. D1 illustrates the time evolution of the cold gas mass (top
eft panel), velocity dispersion (top right panel), virial parameter 
bottom left panel), and SFR per freefall time (bottom right panel),
or simulations with r c / � x = 128 (solid), 64 (dashed–dotted), and
2 (dotted). Across all panels, there is a clear dependence on
esolution regarding the evolution of these quantities. While the 
volution in the high (solid) and medium (dashed–dotted) resolution 
imulations closely align, the low (dotted) resolution one exhibits 
ore significant deviations from the medium resolution case. This 

ystematic dependence on resolution in the scenario of shock–cloud 
nteraction directly stems from how well the instabilities acting on 
he cloud surface are resolved (Klein et al. 1994 ; Cooper et al. 2009 ;
irak, Frank & Cunningham 2010 ; Banda-Barrag ́an et al. 2016 ,
018 , 2020 ). As resolution increases, we can resolve perturbations
ith smaller wavelengths ( λ), i.e. higher wavenumber ( k ). Since

he growth rates for the Kelvin–Helmholtz and Rayleigh–Taylor 
nstabilities are directly proportional to the wavenumber of the 
erturbation, the clouds in higher resolution simulations are more 
usceptible to instabilities and get ablated faster and mixed with the
ind. This systematic variation affects all derived quantities. For 

nstance, the amount of cold gas in the top left panel of Fig. D1 in the
igher resolution simulation is consistently lower compared to the 
ower resolution case, due to the increased amount of ablation and

ixing. This systematic variation is reflected in all the other panels
s well. Ho we ver, we find that the dif ferences of the results between
 c / � x = 128 and 64 are much less compared to the r c / � x = 64 and 32
air, implying that the resolution of the fiducial simulations ( r c / � x =
28) presented in this paper is adequate, as found by various previous
tudies (e.g. Klein et al. 1994 ; Fujita et al. 2009 ; Banda-Barrag ́an
t al. 2018 ). 
MNRAS 531, 2079–2110 (2024) 
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Figure D1. Time evolution of the cold gas mass (top left panel), velocity dispersion (top right panel), virial parameter (bottom left panel), and SFR per freefall 
time (bottom right panel), for simulations with wind power of 10 43 erg s −1 , but with different numerical grid resolutions. The widths of the cells in these three 
simulations are � x = 0.19 pc (solid), 0.39 pc (dashed–dotted), and 0.78 pc (dotted), and the initial cloud radius ( r c ) is resolved by 128, 64, and 32 cells, 
respectively. 
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