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Outline
• Two independent problems: (i) production; (ii) 

structure 

• Production: tcool/tff<10 in HSE (galaxy clusters); 
seeding and growth in MP outflows (see Max 
Gronke’s talk) 

• What is structure (spatial, temporal, phase) of 
cold gas in turbulent CGM? An open question 



Part I: production via TI in 
HSE



Condensation due to TI

Emergent principle: condensation happens only when tcool/tff≲10

heating~cooling at every radius  
(to explain lack of cooling flows)

hydrostatic equilibrium: dp/dr = -ρg  
gravity due to dark matter
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tTI ⇡ tcool =
1.5nkBT
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Idealised cluster sims.
multiphase 
if tcool/tff <10

only hot phase 
if tcool/tff >10

Log10 ρ (g cm-3)

10 kpc

[Sharma et al. 2012]

realistic ICM



Idealised cluster sims.
multiphase 
if tcool/tff <10

only hot phase 
if tcool/tff >10

excess gas from core  
condenses & tcool/tff ≳10

Log10 ρ (g cm-3)

10 kpc

[Sharma et al. 2012]

realistic ICM



multiphase 
if tcool/tff <10

cold gas when tTI/tff < 10

10 kpc

[Sharma et al. 2012]

realistic ICM

[Choudhury et al. 2019]

latest on idealised simulations

condensation easier if δ≳1 (filaments, galaxy wakes)
harder for a steeper entropy profile

condensation



“universal” gas profile 
close to r200 

integrate inward w. 
hydrostatic eq. 
calculate tcool/tff 

if tcool/tff <10, introduce core 

upper limit on core density 
in thermal eq. 

=> very dilute & large 
Galactic halo 

1-D model for CGM

1012

3x1012

6x1012

6x1013

3x1014 Msun

[Sharma et al. 2012]

hot CGM density decreases 
with decreasing halo mass 

qualitative agreement w. observations



AGN jet-ICM sims.

source term applied in a small 
bipolar cone at the center: 

opening angle of 300, size 2 kpc

vjet=0.1c, ε=6x10-5, rin,out=1, 200 kpc 

robust to variations

M1.8 10 ,15´ : respectively, and adopt c 4.7200 = for all
models.

We include the source terms Sρ for mass and rS vjet ˆr for the
radial momentum to drive AGN jets (vjet is the velocity which
the jet matter is put in).3 These source terms and the cooling
term (in Equation (3)) are applied in an operator-split fashion.
The mass and momentum source terms are approximated
forward in time and centered in space. The cooling term is
applied using a semi-implicit method described in Equations
(7) of McCourt et al. (2012).

Our simulations do not include physical processes like star
formation and supernova feedback. Star formation may deplete
some of the cold gas available in the cores (see Li et al. 2015),
but this is unlikely to change our results for a realistic model of
star formation. Supernova feedback is energetically subdomi-
nant compared to AGN feedback, and cannot realistically
suppress cluster cooling flows (e.g., Saro et al. 2006). We only
include the most relevant physical processes, namely cooling
and AGN jet feedback, in our present simulations.

2.1. Jet Implementation

Jets are implemented in the active domain by adding mass
and momentum source terms as shown in Equations (1) and
(2). The source terms are negligible outside a small biconical
region centered at the origin around 0, ,q p= mimicking mass
and momentum injection by fast bipolar AGN jets.

The density source term is implemented as

S r M r, , ,jet( ) ˙ ( )&q y q=r

where Mjet˙ is the single-jet mass loading rate,
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that describes the spatial distribution of the source term which
falls smoothly to zero outside the small biconical jet region of
radius rjet and half-opening angle .jetq We smooth the jet source
terms in space because the Kelvin–Helmholtz instability is
known to be suppressed due to numerical diffusion in a fast
flow if the shear layer is unresolved (e.g., Robertson
et al. 2010). The normalization factor

r

3
2 1 cosjet

3
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p q
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ensures that the total mass added due to jets per unit time is
M2 .jet˙ All our simulations use the following jet parameters:

0.05 kpc,rs = 6,jetq p= and 0.05.s =q The jet source region
with an opening angle of 30°may sound large but we get
similar results with narrower jets. Also, the fast jet extends well
beyond the source region and is much narrower (c.f. third panel

in Figure 1). The jet radius rjet is scaled with the halo mass; i.e.,

r
M

M
2 kpc

7 10
.jet

200
14

1 3⎛
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⎞
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´ :

The jet mass-loading rate is calculated from the current mass
accretion rate (Macc˙ ) evaluated at the inner radial boundary such
that the increase in the jet kinetic energy is a fixed fraction of
the energy released via accretion; i.e.,

M v M c . 6jet jet
2

acc
2˙ ˙ ( )�=

We choose the jet velocity v 3 10jet
4= ´ km s−1 (0.1 c; c is

the speed of light); such fast velocities are seen in X-ray
observations of small-scale outflows in radio galaxies (Tombesi
et al. 2010). The jet efficiency (ò; our fiducial value is
6 × 10−5) accounts for both the fraction of the infalling mass at
the inner boundary (at 1 kpc for the cluster runs) that is accreted
by the SMBH and for the fraction of accretion energy that is
channeled into the jet kinetic energy. Our results are insensitive
to a reasonable variation in jet parameters (v ,jet r ,jet ,jetq ,rs sq),
but depend on the jet efficiency (ò).
Like Gaspari et al. (2012), the jet energy is injected only in

the form of kinetic energy; we do not add a thermal energy
source term corresponding to the jet. We note that Li & Bryan
(2014b) have shown that the core evolution does not depend
sensitively on the manner in which the feedback energy is
partitioned into kinetic or thermal form. Another difference
from previous approaches, which use few grid points to inject
jet mass/energy, is that our jet injection region is well-
resolved.

2.2. Grid, Initial, and Boundary Conditions

Most AGN feedback simulations evolved for cosmological
timescales (e.g., Gaspari et al. 2012; Li & Bryan 2014a) use
Cartesian grids with mesh refinement. However, we use
spherical coordinates with a logarithmically spaced grid in
radius, and equal spacing in θ and f. The advantage of a
spherical coordinate system is that it gives fine resolution at
smaller scales without a complex algorithm. Perhaps more
importantly, a spherical setup allows for 2D axisymmetric
simulations which are much faster and capture a lot (but not all)
of essential physics.
We perform our simulations in spherical coordinates with

0 ,- -q p 0 2 ,- -f p and r rmin - - r ,max with

r
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M
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According to self similar scaling, we have scaled all length
scales in our simulations (inner/outer radii r r ,min max r200, jet
radius rjet) as M .200

1 3

We apply outflow boundary conditions (gas is allowed to
leave the computational domain but prevented from entering it)
at the inner radial boundary. We fix the density and pressure at
the outer radial boundary to the initial value and prevent gas
from leaving or entering through the outer boundary. Reflective
boundary conditions are applied in θ (with the sign of vf
flipped) and periodic boundary conditions are used in f. We
noticed that cold gas has a tendency to artificially “stick” at the
θ boundaries (mainly in 2D axisymmetric simulations) for our

3 We have also carried out narrow-jet simulations with momentum injection
in the vertical z[ˆ] direction, but do not find much difference from our runs with
momentum injection in the radial [r̂ ; see Equation (2)] direction.
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internal energy



poloidal slices

Figure 1. Pressure (upper panel), electron number density (middle panel), and temperature (lower panel) contour plots (R–z plane at 0f = ) in the core at different
times for the 3D fiducial run. The density is cutoff at the maximum and the minimum contour level shown. The low-density bubbles/cavities are not symmetric and
there are signatures of mixing in the core. The left panel corresponds to a time just before a cooling time in the core. The second panel from the left shows cold gas
dredged up by the outgoing jets. The rightmost panel shows infalling extended cold clouds. The pressure maps show the weak outer shock, but the bubbles/cavities so
prominent in the density/temperature plot are indiscernible in the pressure map, implying that the bubbles are in pressure equilibrium and buoyant. Also notice the
outward-propagating sound waves in the two middle pressure panels in which the jet is active. The infalling/rotationally supported cold gas has a much lower
temperature and pressure than the hot phase. The arrows in the temperature plots denote the projected gas velocity unit vectors.
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pressure

density

sound/weak 
shock waves

bubble mixing 
with ICM

50 kpc

buoyant
bubbles



r-θ slices

Figure 1. Pressure (upper panel), electron number density (middle panel), and temperature (lower panel) contour plots (R–z plane at 0f = ) in the core at different
times for the 3D fiducial run. The density is cutoff at the maximum and the minimum contour level shown. The low-density bubbles/cavities are not symmetric and
there are signatures of mixing in the core. The left panel corresponds to a time just before a cooling time in the core. The second panel from the left shows cold gas
dredged up by the outgoing jets. The rightmost panel shows infalling extended cold clouds. The pressure maps show the weak outer shock, but the bubbles/cavities so
prominent in the density/temperature plot are indiscernible in the pressure map, implying that the bubbles are in pressure equilibrium and buoyant. Also notice the
outward-propagating sound waves in the two middle pressure panels in which the jet is active. The infalling/rotationally supported cold gas has a much lower
temperature and pressure than the hot phase. The arrows in the temperature plots denote the projected gas velocity unit vectors.
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pressure

density

sound/weak 
shock waves

bubble mixing 
with ICM

50 kpc

buoyant
bubbles

infalling cold gas condenses  
when jets are weak!

can do with better resolution! 
Q. of the structure of cold gas is hard. 



Cool-core cycles

repeating cycles of  
cooling & heating 

fewer cycles for higher ε 

min(tcool/tff) between  
a few and 20 

 huge variation in jet power

NFW+BCG run, while the solid red line shows the total cold
gas mass for the NFW+BCGd run. In both cases, the cold gas
depletion time, τ, is 200Myr. Both approaches show the
dynamic nature of the amount of cold gas, with the peak cold
gas mass at ≈1010Me. This is unlike the run without cold gas
depletion, in which the total cold gas mass becomes saturated
after 2 Gyr at 1010Me (see the right panel of Figure 4). With
stellar depletion, the total cold gas in the core lies in the range

of observed cold gas mass in cool cluster cores (see Figure8 in
Prasad et al. 2016).
The evolution of jet power with time for the NFW+BCGd

run in Figure 5 shows significant difference from the NFW
+BCG run in Figure 4. While the peak jet power is roughly of
the same order for the two runs, the duration of each jet event is
smaller in the run with stellar gas depletion. When cold gas
becomes depleted because of star formation, AGN jets
encounter less resistance (cold clumps help energy deposition
in the core by inducing local turbulence; c.f. Figure 8) on their
way out from the cluster core. As a result, they deposit most of
their energy at larger distances. The cluster core is not
overheated, despite a large jet power, and the cluster core
maintains its cool characteristics for longer. This leads to
frequent jet events of shorter duration.
The evolution of min(tcool/tff) ratio with time for the run with

stellar gas depletion in Figure 5 is as expected. Right before a
major jet event, this ratio dips below 10, signaling a cooling
phase in the cluster core. The cooling phase is followed by a
strong accretion phase, which gives rise to a powerful jet
outburst. This heats up the core, pushing min(tcool/tff) above
10, marking the completion of one cooling-heating cycle.
This is repeated multiple times during our simulation.
The min(tcool/tff) ratio fluctuates between 2 and 20 during the
course of the simulation, with it lying below 10 77% of the
time, but below 5 only 19% of the time. Like the NFW+BCG
run with no depletion, even here the min(tcool/tff) ratio never
drops below 2.

3.3. Turbulence in Cool-core Clusters

AGN-ICM interaction gives rise to turbulent motion of the
gas in the ICM. In our previous work (Prasad et al. 2015), we
looked at the cold gas kinematics in the cluster core due to
AGN-ICM interaction. Here, we look at the motion of X-ray

Figure 4. Jet power (dotted–dashed green line), cold gas mass (solid red line), and min(tcool/tff) (blue squares) for the NFW (left panel) and the NFW+BCG (right
panel) run. The time duration between consecutive jet events is different in the two cases with the NFW run having more powerful and longer jet events compared with
the NFW+BCG run. The cold gas mass at the end of 4 Gyr differs in the two cases by a factor of less than two. The AGN jets are more disruptive in the NFW run in
comparison with the NFW+BCG run. While in the NFW run, min(tcool/tff) goes below 1, for NFW+BCG it never drops below 2.

Figure 5. Jet power (dotted–dashed green line), cold gas mass (solid red line),
and min(tcool/tff) (blue squares) for the NFW+BCG run with stellar gas
depletion. The magenta dashed line shows the post-processed (using Equation
(10) in Prasad et al. 2015) cold gas mass with τ=200 Myr for the NFW
+BCG run without stellar depletion. Jet power and min(tcool/tff) show similar
values to the NFW+BCG run without stellar depletion, but the time duration
between consecutive jet events is shorter. The total cold gas at the end of 4 Gyr
is an order of magnitude smaller in comparison with the NFW+BCG without
stellar gas depletion (see the right panel of Figure 4). Note that the lowest
min(tcool/tff) is always above 2, like in the NFW+BCG case without stellar gas
depletion.
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[Prasad et al. 2018]

1

10

100

103

104



MP gas in galactic outflows

Where do cold clouds in galactic  
outflows come from in the first place? 

seeds needed to grow cold gas 

from multiple SN spread throughout  
disc throwing up cold clouds

kpc

[Vijayan et al. 2018]

central injection doesn’t  
give MP clouds

SFR~10 Msun/yr at 5 Myr

similar conclusions from  
Schneider et al. 2018 



Part II: structure of MP gas
What is the structure of cold gas once it is produced? 

Presumably independent of how it is produced.



Nonlinear evolution of TI
[Sharma et al. 2010]

Linear evolution w. & w.o. conduction

Nonlinear state

imposed floor

nonlinearly, dense regions merge (not fragment as in a mist!), forming a 
quasi-steady structure (see also Waters+Proga ’19) 

What happens in a realistic turbulent medium?



With turbulence?

evolution without turbulence  
shows nonlinear coalescence

Volume rendering of cold structures [Mohapatra & Sharma 2012]

turbulence determines structure of cold gas 
MP gas is created & destroyed dynamically 

variability in LOS properties of cold gas 

without turbulence, 2563 with turbulence

CGM likely to be turbulent: see Eugene’s talk



Conclusions
• production of cold gas in HSE due to TI (tcool/tff) 

• cold clouds thrown up by SN in disk can seed 
growth of MP gas via Gronke-Oh mechanism; 
need to study this in realistic setups  

• nonlinear structure of cold gas not as well 
understood: coalesce in absence of driving, 
highly variable in presence of turbulence

Thank You!


