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Outline

• feedback AGN jet-ICM simulations (not using Bondi) 

• l-problem & stochastic cold gas at ~1 kpc 

• ICM vs IGrM 

• testing tcool/tff criterion: Mrk 1216 

• deprojecting simulation data: can we recover tcool/tff?



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
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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.,
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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
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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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See also Gaspari+, Li+ energy

Deovrat Prasad



AGN feedback cycles
core cooling

large cold accretion onto SMBH

negative FB, heating wins over cooling, energy  
pumped back in ICM

after few cooling times avg. thermal balance in core

cold, multiphase gas condenses if tcool/tff≲10

cooling & AGN jet heating cycles in cool-core clusters



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

[Prasad et al. 2015]



Angular momentum problem

tvisc ⇠
1

↵(H/R)2⌦K

too long if H/R~10-3,  
of standard AGN thin disks 

moreover, star formation 
where Md/MBH exceeds H/R

tvisc ⇠ 4.7 Gyr

✓
R

1pc

◆3/2 ✓
H/R

0.001

◆�2 ⇣
↵

0.01

⌘�1 must avoid a large thin disk 
tvisc < core cooling time



cold l-distr in jet sims

our jet-ICM simulations show that stochastic  
cold accretion, in which sufficient low l, may be realized

Stochastic cold mode feedback with AGN jets 5
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Figure 2. Time averaged mass distribution of specific angular momentum (left panel is with |lz | and right with |l |) in our simulations.
Note that the slope of the mass distribution for all three simulations (both with |lz | and |l |) is very similar, indicating the robustness of
our results. At intermediate angular momenta the mass distributions scale roughly as dM/dlz / l

0
z and dM/dl / l . Notice the sudden

rise in cold gas mass for specific angular momentum larger than the value corresponding to the inner radius (marked by green arrows).
This cold gas with large angular momentum corresponds to the massive rotationally supported torus seen in our simulations. Also note
that the mass with very small |l | is much smaller than with the gas with very small |lz |; this is because the gas with small |lz | has larger
|lx | and |ly | components (see Fig. 3).
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Figure 3. Time averaged cold Ṁ (cold gas crossing the inner
simulation domain) distribution (pdf) of |lx |, |ly |, |lz | and |l |
for the NFW run with rin = 1 kpc. The slopes are similar to the
mass distributions in Fig. 2. The pdf cuts o↵ at l larger than the
specific angular momentum corresponding to the inner bound-
ary of the simulation because the higher angular momentum gas
forms the rotationally supported torus and does not cross the in-
ner boundary. Not only are the lx , ly and lz pdfs are similar, the
clockwise and anti-clockwise pdfs are also very similar. This im-
plies that the angular momentum distribution of cold gas crossing
the inner boundary is almost isotropic.

3 COLD VERSUS HOT FEEDBACK:
OBSERVATIONS CONFRONT
SIMULATIONS

The mass accretion rate on to the SMBH in the hot/Bondi
accretion is strongly dependent on the mass of the SMBH
(Eq. 2). The cold gas mass at a given time, in this scenario,
is expected to be proportional to the mass accretion rate,
and hence, / M

2
BHT

�3/2
keV . Figure 6, adapted from McNamara,

Rohanizadegan, & Nulsen (2011), shows the cold gas mass
as a function of the SMBH mass for di↵erent groups and
clusters. The observations do not show a strong correlation
(anticorrelation) between the SMBH mass (cluster temper-
ature) and the mass of molecular gas. In fact, the largest
molecular gas mass occurs in the hottest cluster, unlike what
is expected from T

�3/2
keV scaling (we assume the temperature

of the hot gas at the Bondi radius to scale with the X-ray
temperature as X-ray spectra do not show gas below twice
the cluster temperature; e.g., Peterson et al. 2003). There is
a large scatter, irrespective of the SMBH mass and the clus-
ter temperature, a hallmark of cold mode feedback which is
stochastic and shows cooling and heating cycles (Prasad et
al. 2015; Li et al. 2015).

Figure 7 shows the Bondi-power (PB = 0.1ṀBc
2, where

ṀB is given by Eq. 2), with the density extrapolated to the
Bondi radius using two di↵erent best-fit models applied from
rin to 10 kpc: a power-law [PL] model; a � model with the
hot gas density going like n0[1 + (r/r0)2]�3�/2. Also shown
is the instantaneous value of feedback power, ✏ Ṁinc

2 (Ṁin
is the total [hot+cold] accretion rate measured at the inner
radius rin). PS: must mention at what radius are the
PL and beta models are fit.

MNRAS 000, 000–000 (0000)

linlBondi

time avg ang mom pdf

[Prasad et al., 2017]

pretty isotropic pdf 
at small l



time variability of l

low l gas angular momentum changes on < core cooling time

cold gas with low l 
changes direction

[Prasad et al., 2017]



Density cut: group

1.4 Mpc

200 kpc

PLUTO hydro code: 
NFW; ε=5x10-5, 2e13 Msun 
500x240x40 in (logr,θ,φ) 

rmin=0.3 kpc, rmax=1.1 Mpc 
made by Deovrat Prasad



ICM vs IGrM

7e14 Msun cluster

30 kpc

2e13 Msun group

[Prasad et al. 2015]

[Prasad et al., in prep.]

core size is smaller in clusters compared to groups  
& 

core density higher in clusters compared to groups 

roughly consistent with tTIl/tff models; can we extrapolate to MW CGM?

60 kpc

3-D AGN jet-ICM/CGM simulations with kinetic jet feedback 

1e13 Msun

6e13 Msun



ICM vs IGrM

7e14 Msun cluster

30 kpc

2e13 Msun group

[Prasad et al. 2015]

[Prasad et al., in prep.]

core size is smaller in clusters compared to groups  
& 

core density higher in clusters compared to groups 

roughly consistent with tTIl/tff models; can we extrapolate to MW CGM?

60 kpc

3-D AGN jet-ICM/CGM simulations with kinetic jet feedback [Sharma et al. 2012]

1e13 Msun

6e13 Msun



ICM vs IGrM

7e14 Msun cluster

30 kpc

2e13 Msun group

[Prasad et al. 2015]

[Prasad et al., in prep.]

core size is smaller in clusters compared to groups  
& 

core density higher in clusters compared to groups 

roughly consistent with tTIl/tff models; can we extrapolate to MW CGM?

60 kpc

3-D AGN jet-ICM/CGM simulations with kinetic jet feedback 

group 
tcool/tff

cluster 
tcool/tff



ICM vs  
IGrM

lower cold gas mass, jet power, 
duty cycle for groups for same ε



tcool/tff , tcool , K0 or tcool/teddy?

Why does tff in the denominator not matter? Because halos are self similar!

just tcool or K0 (core entropy) seems a good indicator of cold gas. Why tcool/tff?  

t↵ =

s
2r3

GM(r)
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essentially independent of halo mass, high-z CCs consistent with tcool/tff 

[Hogan et al. 2017]

Why not many systems with tcool/tff<10?

why should teddy be ∝ tff when Pjet varies so much?



Compact elliptical galaxies

isolated elliptical galaxies with no late time growth! self-similarity of DM growth is broken!  
Can test tcool vs tcool/tff vs K0 

more than 10x lower than standard K0 and tcool thresholds!

[Werner et al. 2018]Mrk 1216



Compact elliptical galaxies

isolated elliptical galaxies with no late time growth! self-similarity of DM growth is broken!  
Can test tcool vs tcool/tff vs K0 

more than 10x lower than standard K0 and tcool thresholds!

[Werner et al. 2018]

min(tTl/tff) is close to the usual threshold 

min(tcool) ~10 Myr!

[Buote & Barth 2019]



tTI, not tcool
tTI =

5

3

tcool
(2� d ln⇤/d lnT )
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⇤ / T 1/2
<latexit sha1_base64="UmbWjSWLNEAIhF9CujSuVLX4KqU=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYipJhQRjBQsDQ5H6kppQOY7TWnUcy3aQqigLv8LCAEKsfAYbf4PbZoCWI1k6OudcXd8TCEaVdpxvq7Syura+Ud6sbG3v7O7Z+wcdlaQSkzZOWCJ7AVKEUU7ammpGekISFAeMdIPxzdTvPhKpaMJbeiKIH6MhpxHFSBtpYB95dyYcIugJmQidwNZD5p7X84FddWrODHCZuAWpggLNgf3lhQlOY8I1ZkipvusI7WdIaooZySteqohAeIyGpG8oRzFRfjY7IIenRglhlEjzuIYz9fdEhmKlJnFgkjHSI7XoTcX/vH6qoys/o1ykmnA8XxSlDJpDp23AkEqCNZsYgrCk5q8Qj5BEWJvOKqYEd/HkZdKp11yn5t5fVBvXRR1lcAxOwBlwwSVogFvQBG2AQQ6ewSt4s56sF+vd+phHS1Yxcwj+wPr8AXkFlao=</latexit><latexit sha1_base64="UmbWjSWLNEAIhF9CujSuVLX4KqU=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYipJhQRjBQsDQ5H6kppQOY7TWnUcy3aQqigLv8LCAEKsfAYbf4PbZoCWI1k6OudcXd8TCEaVdpxvq7Syura+Ud6sbG3v7O7Z+wcdlaQSkzZOWCJ7AVKEUU7ammpGekISFAeMdIPxzdTvPhKpaMJbeiKIH6MhpxHFSBtpYB95dyYcIugJmQidwNZD5p7X84FddWrODHCZuAWpggLNgf3lhQlOY8I1ZkipvusI7WdIaooZySteqohAeIyGpG8oRzFRfjY7IIenRglhlEjzuIYz9fdEhmKlJnFgkjHSI7XoTcX/vH6qoys/o1ykmnA8XxSlDJpDp23AkEqCNZsYgrCk5q8Qj5BEWJvOKqYEd/HkZdKp11yn5t5fVBvXRR1lcAxOwBlwwSVogFvQBG2AQQ6ewSt4s56sF+vd+phHS1Yxcwj+wPr8AXkFlao=</latexit><latexit sha1_base64="UmbWjSWLNEAIhF9CujSuVLX4KqU=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYipJhQRjBQsDQ5H6kppQOY7TWnUcy3aQqigLv8LCAEKsfAYbf4PbZoCWI1k6OudcXd8TCEaVdpxvq7Syura+Ud6sbG3v7O7Z+wcdlaQSkzZOWCJ7AVKEUU7ammpGekISFAeMdIPxzdTvPhKpaMJbeiKIH6MhpxHFSBtpYB95dyYcIugJmQidwNZD5p7X84FddWrODHCZuAWpggLNgf3lhQlOY8I1ZkipvusI7WdIaooZySteqohAeIyGpG8oRzFRfjY7IIenRglhlEjzuIYz9fdEhmKlJnFgkjHSI7XoTcX/vH6qoys/o1ykmnA8XxSlDJpDp23AkEqCNZsYgrCk5q8Qj5BEWJvOKqYEd/HkZdKp11yn5t5fVBvXRR1lcAxOwBlwwSVogFvQBG2AQQ6ewSt4s56sF+vd+phHS1Yxcwj+wPr8AXkFlao=</latexit><latexit sha1_base64="UmbWjSWLNEAIhF9CujSuVLX4KqU=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYipJhQRjBQsDQ5H6kppQOY7TWnUcy3aQqigLv8LCAEKsfAYbf4PbZoCWI1k6OudcXd8TCEaVdpxvq7Syura+Ud6sbG3v7O7Z+wcdlaQSkzZOWCJ7AVKEUU7ammpGekISFAeMdIPxzdTvPhKpaMJbeiKIH6MhpxHFSBtpYB95dyYcIugJmQidwNZD5p7X84FddWrODHCZuAWpggLNgf3lhQlOY8I1ZkipvusI7WdIaooZySteqohAeIyGpG8oRzFRfjY7IIenRglhlEjzuIYz9fdEhmKlJnFgkjHSI7XoTcX/vH6qoys/o1ykmnA8XxSlDJpDp23AkEqCNZsYgrCk5q8Qj5BEWJvOKqYEd/HkZdKp11yn5t5fVBvXRR1lcAxOwBlwwSVogFvQBG2AQQ6ewSt4s56sF+vd+phHS1Yxcwj+wPr8AXkFlao=</latexit>

for

=
5

9
tcool

<latexit sha1_base64="eOkCOwyiV/j15d6K5IifIEhlCTQ=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4Koko6kIounFZwT6gCWUynbRD5xFmJkIJATf+ihsXirj1J9z5N07bLLT1wIXDOfdy7z1Rwqg2nvftLCwuLa+sltbK6xubW9vuzm5Ty1Rh0sCSSdWOkCaMCtIw1DDSThRBPGKkFQ1vxn7rgShNpbg3o4SEHPUFjSlGxkpdd/8KBrFCODvLs8scmm4WKA6xlCzvuhWv6k0A54lfkAooUO+6X0FP4pQTYTBDWnd8LzFhhpShmJG8HKSaJAgPUZ90LBWIEx1mkx9yeGSVHoylsiUMnKi/JzLEtR7xyHZyZAZ61huL/3md1MQXYUZFkhoi8HRRnDJoJBwHAntUEWzYyBKEFbW3QjxANhJjYyvbEPzZl+dJ86Tqe1X/7rRSuy7iKIEDcAiOgQ/OQQ3cgjpoAAwewTN4BW/Ok/PivDsf09YFp5jZA3/gfP4AWXOXVQ==</latexit><latexit sha1_base64="eOkCOwyiV/j15d6K5IifIEhlCTQ=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4Koko6kIounFZwT6gCWUynbRD5xFmJkIJATf+ihsXirj1J9z5N07bLLT1wIXDOfdy7z1Rwqg2nvftLCwuLa+sltbK6xubW9vuzm5Ty1Rh0sCSSdWOkCaMCtIw1DDSThRBPGKkFQ1vxn7rgShNpbg3o4SEHPUFjSlGxkpdd/8KBrFCODvLs8scmm4WKA6xlCzvuhWv6k0A54lfkAooUO+6X0FP4pQTYTBDWnd8LzFhhpShmJG8HKSaJAgPUZ90LBWIEx1mkx9yeGSVHoylsiUMnKi/JzLEtR7xyHZyZAZ61huL/3md1MQXYUZFkhoi8HRRnDJoJBwHAntUEWzYyBKEFbW3QjxANhJjYyvbEPzZl+dJ86Tqe1X/7rRSuy7iKIEDcAiOgQ/OQQ3cgjpoAAwewTN4BW/Ok/PivDsf09YFp5jZA3/gfP4AWXOXVQ==</latexit><latexit sha1_base64="eOkCOwyiV/j15d6K5IifIEhlCTQ=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4Koko6kIounFZwT6gCWUynbRD5xFmJkIJATf+ihsXirj1J9z5N07bLLT1wIXDOfdy7z1Rwqg2nvftLCwuLa+sltbK6xubW9vuzm5Ty1Rh0sCSSdWOkCaMCtIw1DDSThRBPGKkFQ1vxn7rgShNpbg3o4SEHPUFjSlGxkpdd/8KBrFCODvLs8scmm4WKA6xlCzvuhWv6k0A54lfkAooUO+6X0FP4pQTYTBDWnd8LzFhhpShmJG8HKSaJAgPUZ90LBWIEx1mkx9yeGSVHoylsiUMnKi/JzLEtR7xyHZyZAZ61huL/3md1MQXYUZFkhoi8HRRnDJoJBwHAntUEWzYyBKEFbW3QjxANhJjYyvbEPzZl+dJ86Tqe1X/7rRSuy7iKIEDcAiOgQ/OQQ3cgjpoAAwewTN4BW/Ok/PivDsf09YFp5jZA3/gfP4AWXOXVQ==</latexit><latexit sha1_base64="eOkCOwyiV/j15d6K5IifIEhlCTQ=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4Koko6kIounFZwT6gCWUynbRD5xFmJkIJATf+ihsXirj1J9z5N07bLLT1wIXDOfdy7z1Rwqg2nvftLCwuLa+sltbK6xubW9vuzm5Ty1Rh0sCSSdWOkCaMCtIw1DDSThRBPGKkFQ1vxn7rgShNpbg3o4SEHPUFjSlGxkpdd/8KBrFCODvLs8scmm4WKA6xlCzvuhWv6k0A54lfkAooUO+6X0FP4pQTYTBDWnd8LzFhhpShmJG8HKSaJAgPUZ90LBWIEx1mkx9yeGSVHoylsiUMnKi/JzLEtR7xyHZyZAZ61huL/3md1MQXYUZFkhoi8HRRnDJoJBwHAntUEWzYyBKEFbW3QjxANhJjYyvbEPzZl+dJ86Tqe1X/7rRSuy7iKIEDcAiOgQ/OQQ3cgjpoAAwewTN4BW/Ok/PivDsf09YFp5jZA3/gfP4AWXOXVQ==</latexit>

⇤ / T�1
<latexit sha1_base64="YYD/ep85/s8PDSnpPcmh4Mh+mF4=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR3FhmRNBl0Y0LFxX6gs5YMplMG5pJQpIRytiFv+LGhSJu/Q13/o3pY6GtBwKHc84l955IMqqN5307haXlldW14nppY3Nre8fd3WtqkSlMGlgwodoR0oRRThqGGkbaUhGURoy0osH12G89EKWp4HUzlCRMUY/ThGJkrNR1D4JbG44RDKQS0ghYv89P/VHXLXsVbwK4SPwZKYMZal33K4gFzlLCDWZI647vSRPmSBmKGRmVgkwTifAA9UjHUo5SosN8sv8IHlslholQ9nEDJ+rviRylWg/TyCZTZPp63huL/3mdzCSXYU65zAzhePpRkjFo7xyXAWOqCDZsaAnCitpdIe4jhbCxlZVsCf78yYukeVbxvYp/d16uXs3qKIJDcAROgA8uQBXcgBpoAAwewTN4BW/Ok/PivDsf02jBmc3sgz9wPn8A/VeVbA==</latexit><latexit sha1_base64="YYD/ep85/s8PDSnpPcmh4Mh+mF4=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR3FhmRNBl0Y0LFxX6gs5YMplMG5pJQpIRytiFv+LGhSJu/Q13/o3pY6GtBwKHc84l955IMqqN5307haXlldW14nppY3Nre8fd3WtqkSlMGlgwodoR0oRRThqGGkbaUhGURoy0osH12G89EKWp4HUzlCRMUY/ThGJkrNR1D4JbG44RDKQS0ghYv89P/VHXLXsVbwK4SPwZKYMZal33K4gFzlLCDWZI647vSRPmSBmKGRmVgkwTifAA9UjHUo5SosN8sv8IHlslholQ9nEDJ+rviRylWg/TyCZTZPp63huL/3mdzCSXYU65zAzhePpRkjFo7xyXAWOqCDZsaAnCitpdIe4jhbCxlZVsCf78yYukeVbxvYp/d16uXs3qKIJDcAROgA8uQBXcgBpoAAwewTN4BW/Ok/PivDsf02jBmc3sgz9wPn8A/VeVbA==</latexit><latexit sha1_base64="YYD/ep85/s8PDSnpPcmh4Mh+mF4=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR3FhmRNBl0Y0LFxX6gs5YMplMG5pJQpIRytiFv+LGhSJu/Q13/o3pY6GtBwKHc84l955IMqqN5307haXlldW14nppY3Nre8fd3WtqkSlMGlgwodoR0oRRThqGGkbaUhGURoy0osH12G89EKWp4HUzlCRMUY/ThGJkrNR1D4JbG44RDKQS0ghYv89P/VHXLXsVbwK4SPwZKYMZal33K4gFzlLCDWZI647vSRPmSBmKGRmVgkwTifAA9UjHUo5SosN8sv8IHlslholQ9nEDJ+rviRylWg/TyCZTZPp63huL/3mdzCSXYU65zAzhePpRkjFo7xyXAWOqCDZsaAnCitpdIe4jhbCxlZVsCf78yYukeVbxvYp/d16uXs3qKIJDcAROgA8uQBXcgBpoAAwewTN4BW/Ok/PivDsf02jBmc3sgz9wPn8A/VeVbA==</latexit><latexit sha1_base64="YYD/ep85/s8PDSnpPcmh4Mh+mF4=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR3FhmRNBl0Y0LFxX6gs5YMplMG5pJQpIRytiFv+LGhSJu/Q13/o3pY6GtBwKHc84l955IMqqN5307haXlldW14nppY3Nre8fd3WtqkSlMGlgwodoR0oRRThqGGkbaUhGURoy0osH12G89EKWp4HUzlCRMUY/ThGJkrNR1D4JbG44RDKQS0ghYv89P/VHXLXsVbwK4SPwZKYMZal33K4gFzlLCDWZI647vSRPmSBmKGRmVgkwTifAA9UjHUo5SosN8sv8IHlslholQ9nEDJ+rviRylWg/TyCZTZPp63huL/3mdzCSXYU65zAzhePpRkjFo7xyXAWOqCDZsaAnCitpdIe4jhbCxlZVsCf78yYukeVbxvYp/d16uXs3qKIJDcAROgA8uQBXcgBpoAAwewTN4BW/Ok/PivDsf02jBmc3sgz9wPn8A/VeVbA==</latexit>

for

for clusters

for CGM in lower mass halos

clustersgroups
MW-like  
galaxies

distinction between tcool and tTI quantitatively important!

tTI more appropriate  
for CGM, IGrM!



Deprojection bias
Kartick Sarkar

bubbles & inhomogeneities in ICM 
how well can we recover tcool/tff assuming spherical symmetry? 

dependence on modelling: e.g., NFW+BCG vs smooth p-fit (2 ways)

[Nulsen et al. 2010]



Deprojection bias
Kartick Sarkar

recovery perfect if profiles spherically symmetric [Sarkar et al., in prep.]

pressure

density



Deprojection bias
Kartick Sarkar

groups

green: true profile blue: smooth p & HSE 
red: NFW+BCG & HSE 

from Deovrat’s jet-ICM simulation when active jet 
influence of viewing angle

Summary: 
-cavities raise tcool/tff, as expected 

-imposed form of g over-constraining 
-tcool/tff recovered at most times 

-c-M200 degeneracy in spectral analysis

In progress



Summary

• IGrM, ICM similar; consistent with tTI/tff models 

• angular momentum problem & low-l cold gas  

• CEGs (e.g., Mrk 1216) ideal laboratories 

• quantifying projection effects using simulations 

Thank you!


