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How do AGN jets and winds affect the interstellar medium of galaxies?
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Representative simulation setup
• Single fluid for jet and hot and warm gas phases


• Solve special relativistic fluid equations in the case of jets.

• Physics (source terms):


‣ Newtonian static gravity (no self-gravity)


‣ Optically thin, tabulated NIE atomic radiative cooling for 
solar abundances pre-calculated with MAPPINGS V


• Setup:


‣ Small central jet/wind injection region


‣ Hot, isothermal, hydrostatic halo


‣ Clumpy, cold, dense clouds…


- spatially fractal distribution *


- log-normal density distribution *

- are in static pressure equilibrium, or 

given a Keplerian + random Gaussian velocity

• Codes:


‣ FLASH 3.x (with Paramesh AMR)

‣ PLUTO 4.x (with stretched cartesian grid)

‣ RAMSES

‣ * pyFC to generate clouds



Idealized simulations of mechanical AGN feedback 
Wagner, Umemura, & Bicknell (2012), Wagner, Umemura, & Bicknell (2013)

• Left: relativistic jet     Right: fast wind (UFO),     Power 1045 erg s-1.

• The physics of hydrodynamic energy transfer similar, with the efficiency depending mainly on power and ISM properties



Simulations of feedback by ultra-fast disc-winds 
Wagner, Umemura, & Bicknell (2013)

• Comparison between winds in a disc-like gas distribution and a spherical gas distribution.

• In discs, gas at large disc-radii is compressed, while gas near the wind is blown out.
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fV = 0.027 
Rc,max~25 pc

fV = 0.053 
Rc,max~50 pc

fV = 0.053 
Rc,max~10 pc

Quasar-mode feedback by AGN jets  
(Wagner, Bicknell, & Umemura 2012)

Wagner, Bicknell, Umemura, Silk et al (2016)



Radio-mode feedback: Hydra A 

66 Jet velocity from knot locations and radial oscillations

Figure 5.2 Plot of the jet radius of the northern jet and the location of shocks as a function of the
deprojected distance from the core. The radius is estimated from the deconvolved FWHM (see
text). The vertical dashed lines represent the location of the southern edge of the first two bright
knots in the northern jet, which correspond to the assumed locations of the shocks. In the bottom
two panels the simulated logarithmic density and pressure slices show the periodically expanding
and reconfining morphology and the shocks produced in the best-fit model for the northern jet.
Both the radius plot and the images are stretched in the radial direction, emphasising the wave-like
nature of the jet boundary. The vertical solid lines represent the shock positions in the simulations.
The colourbar represents log⇢ on the left and log p on the right.

is an appealing mechanism for the region of jets just outside the Alfven surface.

However, the fact that the jet expands by a factor of over 200 between the parsec

scale and the kiloparsec scale indicates that self-collimation does not occur in this

region. For example the self-similar models of Li et al. (1992) and Vlahakis &

Königl (2003) indicate that asymptotically the flow becomes cylindrical when the

jet is magnetically collimated. A di�erent model has been proposed by Spruit

(2011), who has argued that three-dimensional e�ects lead to reconnection of the

magnetic field and that the loss of magnetic energy produces a pressure gradient,

which is responsible for the acceleration of jets to high Lorentz factors. Moll (2009,

2010) has carried out numerical simulations based on this concept, in the context of

protostellar jets. There is also observational support for sub-equipartition magnetic

• Detailed relativistic hydrodynamical modeling have yielded the 
best constraints of jet parameters for Hydra A to date.


• Parameter survey of jet power, jet speed, jet composition, and 
jet pressure to match diamond shock positions and radius 
oscillations of jet stream with observations. 

2 M. A. Nawaz et al.

jectories of the northern and southern jets, and also in the
appearances of the plumes. This S-symmetry is also evident
in the low frequency images (74 MHz and 330MHz) of Lane
et al. (2004). The spatial anti-correlation between radio and
X-ray emission in Hydra A strongly indicate that the radio
jets act as regulatory agent for the cooling flow in Hydra A.
The correlation between jet power and X-ray luminosity in
the B̂ırzan et al. (2004) sample support this scenario for in
cooling flow clusters in general.

In recent years, several models of the Hydra A radio
source and the ICM have been put forward. Simionescu et al.
(2009) proposed that the interaction of very powerful jets
(⇠ 6⇥1046 erg s�1) with a spherically symmetric hydro-
dynamic environment can produce the observed large scale
shock front with a Mach number M ⇠ 1.3. In order to obtain
an o↵set of 70 kpc between the shock ellipse and the clus-
ter core, they modelled the interaction of bipolar jets from
a galaxy that was moving with respect to the cluster envi-
ronment. Using hydrodynamic simulations they investigated
two stages of interaction: active jets propagating through a
hydrostatic environment within 100 kpc, and buoyant bub-
bles rising through a hydrodynamic environment that has
a high bulk velocity of 670 km s�1 relative to the central
galaxy. We note that the base of the jet in their hydrody-
namic simulations corresponded to a location approximately
10 kpc from the core where the jet radius is approximately 6
kpc. The inner 10 kpc region, in which the jet has not tran-
sitioned to a turbulent flow yet, was therefore not included
in their simulations.

Refaelovich & Soker (2012) have also modelled Hydra
A using hydrodynamic simulations and showed that a single
outburst can produce a series of X-ray deficient bubbles. Ac-
cording to their model, the vortex shedding and the Kelvin-
Helmholtz instabilities at the contact discontinuity of the
shocked ICM and the shocked jet plasma are responsible for
multiple X-ray cavities.

So far, the theoretical modelling of Hydra A has fo-
cused on the large-scale structures, such as the cavities and
the shock fronts bounding the expanding bubbles. However,
no numerical simulations have related the outer structure of
the radio source to the structure within ⇠10 kpc of the radio
core. One feature in particular that needs to be studied with
care is the jet-plume transitions in the northern and south-
ern jets, which mark a dramatic change in flow properties
of the jets.

In this series of papers we address several aspects of the
radio and X-ray properties of Hydra A. These include the
energy budget of the radio source, the inner 10 kpc struc-
ture of the radio source, and the radio morphologies on a
scale of ⇠50 kpc. In this paper we are concerned with the
constraints that the radio source’s energy budget place on
jet parameters, and the manner in which the initially well-
collimated jets disrupt and form turbulent plumes. In paper
II we address the dynamical interaction of the jets and the
ICM, and the formation and morphology of the turbulent
plumes utilising a precessing jet model. In a third paper
we address the detailed radio and X-ray emission features
implied by our model.

Here we focus mainly on the formation of the bright
knot in the northern jet and the transition of the well-
collimated jets to turbulent plumes. We describe a model
in which the bright knot just before the flaring point in

Figure 1. Radio intensity map of Hydra A at 4.635 GHz from the

data taken by Taylor et al. (1990). This figure is almost identical

to Fig. 1 in Taylor et al. (1990). Contour levels are at 0.7, 1.0, 1.5,

2.7, 3.7, 5.1, 10, 17, 21, 37, 51, 103, 154, 311 mJy arcsec
�2

. The

elliptical areas drawn in this figure outline the volume of the jet

blown bubbles and are used to estimate the jet kinetic power and

the ages of the bubbles. (Data were kindly provided by Gregory

Taylor.)

the northern jet appears as a result of a Mach disk in an
over-pressured jet. The Mach disk substantially reduces the
jet velocity, and the particle acceleration at the shock front
leads to an increase in the synchrotron emissivity, which we
observe as a knot in the radio intensity image. According
to this scenario, the abrupt transition of the jet to the tur-
bulent plume on the northern side is due to the Mach disk
and the gradual turbulent transition on the northern side is
due to conical shocks. We investigate the dependence of the
position of the knot and the jet flaring point upon the jet
velocity, and use this to estimate the jet velocity.

The paper is structured as follows. In § 2 we present
estimations of the jet kinetic power and the age of the radio
lobes of Hydra A. In § 3 we present our model on the ambient
ICM of the radio source. The parameters derived in these
two sections are used in numerical simulations, whose setup
and the results we present in § 4 and § 5. We summarise and
discuss our results in § 6

2 ESTIMATES OF JET KINETIC POWER

In order to construct physically realistic models of the in-
teraction of the radio-jets with the environment of Hydra
A, we require good estimates of the jet kinetic power and
the spatial profiles of pressure, density and temperature in
the cluster atmosphere. In this section we present a calcula-

c� 2013 RAS, MNRAS 000, 1–12

Taylor & Perley (1990)

ν = 4.64 Ghz

Nawaz, AYW, Bicknell, et al (2014)

Jet-ICM interaction of Hydra A 3

Figure 1. (a) Radio intensity map of Hydra A at 4.635 GHz. This figure is almost identical to Fig. 1 and Fig. 3 in Taylor et al. (1990).

Contour levels are at 1.5, 2.7, 3.7, 5.1, 10, 21, 37, 51, 103, 154, 311, and 466 mJy arcsec
�2

. The elliptical areas outline the approximate

volume of the corresponding X-ray A and B cavities and are used to estimate the contribution to the jet kinetic power. (b) Zoom-in of

the top rectangular region in a) showing the bright knots in the northern jet. Additional contours at 6.3, 7.5, 8.8, 72, 90 mJy arcsec
�2

are

drawn for clarity. (c) Zoom-in of the bottom rectangular region in a) showing the bright knots in the southern jet. Additional contours

at 2.0, 2.2, 5.5, 6.0, 6.3, 6.8, 7.5, 8.8, 72, 90 mJy arcsec
�2

are drawn for clarity. (A colour version of this figure is available in the online

journal)

2.1 Jet power based on a model for the outer

shock

Nulsen et al. (2005) focused on the outer shock evident in
the X-ray image and used a spherically symmetric hydro-
dynamic model of a point explosion in an initially isother-
mal and hydrostatic environment to produce theoretical X-
ray surface brightness profiles for Hydra A. Their best fit
to the observed X-ray brightness profile gives a shock age
⇠ 1.4 ⇥ 108 Myr and an explosion energy ⇠ 1061 erg. The
estimated power of the outburst is ⇠ 2 ⇥ 1045 erg s�1. On
the basis of this model, we would associate 1045 erg s�1 with
each jet.

2.2 Jet power based on X-ray cavities

Wise et al. (2007) used the observations of three pairs of
X-ray cavities revealed in Chandra images to estimate the
power of the Hydra A jets. The inner cavities A and B cor-
respond to the 4.6 GHz radio lobes (McNamara et al. 2000),
the cavities C and D correspond to the middle lobe in the
1.4 GHz radio image (Lane et al. 2004) and the outer cavi-
ties E and F correspond to the outer lobes in the 330 MHz
image (Wise et al. 2007). Wise et al. consider that the three
cavities on each side are interconnected and use the sum of
the enthalpies, htot = �plobeVlobe/(� � 1), where � is the

polytropic index, plobe is the pressure of the lobe and V is
the volume of the cavity, in all cavities to calculate a total
outburst energy. From this, the combined jet power is cal-
culated, Pjet = 4plobeV/tcav, where tcav is the age of each
cavity. The average of three di↵erent cavity age estimates
was used: the time required for the X-ray cavity to reach
its present position if moving at the sound speed, the re-
filling time of the X-ray cavity, and the time required for
the X-ray cavity to rise buoyantly to the present position.
Assuming pressure equilibrium of the lobes with the atmo-
sphere they obtained powers for the inner and middle lobes
of ⇠ 2⇥1044ergs�1 and for the outer lobes, ⇠ 6⇥1044ergs�1,
which gives a combined jet power ⇠ 2⇥ 1045 erg s�1.

The authors find that a power of 1⇥1045 erg s �1 for the
northern jet is consistent with the supposition that the jet
is still filling the outermost of the X-ray cavities at ⇠ 200
kpc (the corresponding radio lobe is visible at 330 Mhz)
and driving the large-scale shock. An independent estimate
of the jet power from the expansion rate of the outermost
cavity, assuming a self-similar evolution of the radius of the
cavity wall and the large scale shock agrees with their first
estimate to within a factor of 2. This value of the jet power
1⇥ 1045 erg s �1 is also consistent with the estimate of the
jet power obtained by Nulsen et al. (2005) noted above.

c� 2013 RAS, MNRAS 000, 1–14



Radio-mode feedback 
Hydra A

• First and only 3D precessing jet simulations 
of Hydra A.


‣ jet curvature


‣ transition of jet stream to turbulence, and


‣ plume structure.


‣ Precession time: ~1 Myr

synthetic (simulation)data (Taylor et al 1990)
Radio surface brightness maps

106 Complex morphology of the northern jet: An e�ect of jet precession

Figure 8.5 Conic slice (cone angle 17� and cone axis aligned with the z-axis) of the logarithmic
density image overlaid with the flow vector of the optimal model (model A) at a simulation time
26 Myr (left panel). The middle panel shows the projection of the cone onto the x � y plane. The
right panel is a zoom in image of the region marked by a rectangle in the middle panel.

8.2.3. Turbulent flaring zone

Fig. 8.5 shows the logarithmic density of run A (at a simulation time 26 Myr) sliced

by a cone with a cone angle of 17� (left panel) and cone axis aligned with the

precession axis (z axis). To obtain a clear view of the jet and the flow direction the

cone is projected onto the x� y plane (right panel of Fig. 8.5) and overlaid with the

flow vectors. A zoom in of the region marked by a rectangle in the middle panel

is shown in the right panel. It is noted here that, although the precession angle

in model A is 20�, the jet is mostly visible along the conic slice with a cone angle

17�. This is the result of the reflective boundary condition at the lower z boundary.

The reflection of the back flow on the side of the jet closest to the boundary pushes

the jet towards the precession axis. Therefore, the jet is maximally visible along a

conic slice with cone angle less than 20
�.

In Fig. 8.5 we see that after the turbulent transition of the jet some jet plasma

hits the cocoon plasma and produces a strong back flow (shown in the right

panel). This turbulent back flow establishes a flaring region. Such a flaring region

is apparent at approximately 10 to 20 kpc from the core in the northern jet of

Hydra A. Moreover, in the polarisation image of Hydra A (Taylor et al., 1990)

the polarisation significantly falls from 40% (in the collimated jet) to 10% in the

flaring region. This reduction in polarisation suggests that the flaring region of

the northern jet is turbulent and this is consistent with the simulations.

Nawaz, Bicknell, AYW, et al (2016)



AGN Jet Feedback in spherical, gas-rich 
forming galaxies
Mukherjee, Bicknell, Wagner, MNRAS, 2016



• 20 simulations with turbulent interstellar gas, 
over a 5 kpc volume.


• Strong negative feedback for 
Pjet > 1044 erg s-1.


•Galactic fountains, stifled jets (FR0?).


•Mass ejection is very inefficient.

Mukherjee, Bicknell, Wagner, MNRAS, 2016

AGN Jet Feedback in spherical, gas-rich 
forming galaxies



• Powerful jet interactions in gas-rich, high-redshift 
radio galaxies, and GPS / CSS sources.

Murgia et al (2002)

GPS CSSBicknell, Mukherjee, Wagner, et al, MNRAS, 2018
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• The shape of GPS and CSS spectra can be explained through 
free-free absorption through an ISM with a distribution of optical 
depths.


• The evolution of radio source explains the size-turnover 
frequency relation in GPS and CSS sources.

GPS CSS

GPS

CSS

Bicknell, Mukherjee, Wagner, et al, MNRAS, 2018

The spectra of GPS and CSS sources explained



Feedback in disk galaxies  Dependence on jet inclination angle 
Mukherjee, Wagner, Bicknell, Silk, Sutherland (2018)



Feedback in disk galaxies   Jet-induced turbulence and star-formation  
Mukherjee, Wagner, Bicknell, Silk, Sutherland (2018)



Dasyra et al (2015)

Jet-ISM interactions in IC 5063 — A multiphase view
Multi-phase gas dispersed by jet

Northwestern hotspot jet-cloud interaction

(ionized and molecular)

CO (2-1)

CO (2-1) & 230 GHz radio continuum (jet)

Morganti et al (2015)

See also Oosterloo et al (2017)



Normalised spectra of various lines Position velocity diagram CO(2-1) from ALMA

• Mdisc ~ 1×109 M⦿  ;   MBH ~ 2.8×108 M⦿  ;   LEdd ~ 3.5×1046 erg s-1 

• Mmol,out ~ 1.3−5×106 M⦿  ~ MHI,out ~ 3.6×106 M⦿   ;   dM/dt ~ 12 M⦿ / yr 

• Pjet ~ 5×1043 erg s-1   from radio power scaling relations

Jet-ISM interactions in IC 5063 — A multiphase view
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Jet-ISM interactions in IC 5063 — Simulations 
(Mukherjee et al 2018b)



Jet-ISM interactions in IC 5063 — Simulations 
(Mukherjee et al 2018b)
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1. Broadening to a few 100 km s−1 

2. Spiky features

3. Strongest feature at jet hotspot


4. Assymmetry

5. Signal in forbidden quadrants

6. Shallower gradient of rotation curve

Jet power is revised upward to Pjet > 1044 erg s-1.

Position velocity diagram CO(2-1) from ALMA

The simulations constrain the 
clumpiness of the gas



• If the power is closer to 1044 erg s-1, we expect clumpy filaments lifted off the disc, possibly 
observable in Hα or [OIII].

Jet-ISM interactions in IC 5063 — Simulations 
(Mukherjee et al 2018b)

Pjet = 1044 erg s-1 Pjet = 1045 erg s-1



Summary
• AGN jets and winds interact strongly with the interstellar medium causing positive and negative 

feedback, often in the same outburst.


• AGN jets induce a lot of turbulence in this disc.  
➡ Unexplored mode of negative and positive feedback 

• Jet-ISM interactions of a jet progressing through and dispersing a clumpy ISM can explain the 
spectra and the size-turnover-frequency relation of GPS and CCS sources through the 
evolving free-free optical depth. 

• A model of IC 5063 with a jet in the plane of the disc explains many of the multiphase observed 
features, in particular the dynamics of the dense molecular gas.


• Future work: 


‣ MHD simulations


‣ Simulations of AGN feedback cycles,


‣ Formulate prescriptions for sub-grid models of cosmological simulations


