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Suppression effects of giant radio lobes from supermassive black holes on gas accretion onto
galaxies in the surrounding regions are quantified using cosmological magneto-hydrodynamic
simulations. With an appropriate amount of radio jet energy injected into the intergalactic
medium following the formation peak of supermassive black holes at redshift two, we find
that galaxies in the greater neighborhood of the jet-launching massive galaxies subsequently
experience a significant reduction in the amount of accreted gas. The distribution of the
resulting magnetic field in the intergalactic medium is highly inhomogeneous, due to the
highly biased nature of the most massive supermassive black holes. In regions with magnetic
field strength B > 10−2µG, the baryon fraction is on average reduced by 17%, 14%, and
12%, respectively, for halos of mass in the range of [1011 − 1012) M⊙, [1012 − 1013) M⊙,
and [1013 − 1014) M⊙. A proper inclusion of this new, external, global, preventive feedback
mechanism from AGN in the next generation of cosmological simulation may be necessary.
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Magnetic fields are ubiquitous in and around galaxies (1–3), as evidenced by
observations of the radio synchrotron emission (4, 5). Primordial magnetic

fields generated in cosmic inflation and phase transitions (6–8) may be amplified by
homogeneous isotropic Kolmogorov turbulence associated with gravitational structure
formation of galaxies (9) or dynamo mechanism within galaxies (10).

Most cosmological simulations that involve magnetic fields either adopt a primordial
“seed” field (11–13), or focus on the generation of magnetic fields from galactic outflows
driven by starbursts (14, 15). Recently, Cen 2024 (16) showed that the intergalactic
medium (IGM) endowed with a substantial amount of magnetic energy originating from
giant radio lobes, i.e., Fanaroff-Riley Class II (FR-II) jets, may be hindered from being
accreted onto galaxies. The hindering effect is analogous to thermal pressure, except that
the magnetic energy trapped in the gas is dissipationless and long-lived. A similar non-
thermal pressure support can be provided by cosmic-ray protons (e.g., 17), which may help
remove baryons from galaxies (e.g., 18). The expectation is that, when magnetic pressure
in the accreting gas becomes comparable to the thermal pressure (or equivalently, in a
virialized gas, the gravitational energy density), when approaching the virial radius of a
host halo, gas will be significantly hindered from accreting onto the galaxy.

In contrast with traditonal “internal” feedback models implemented in a variety of
cosmological simulations (e.g., 12, 19–29), this radio lobe AGN feedback mechanism
is external, global, and preventive in nature. Because FR II jets transport magnetic
energy into the low-density IGM, far away from originating host galaxies, they not only
energetically contain a substantial fraction of the supermassive black hole rest mass
energy, but also provide the most economical way to maximize the generation of entropy
in the IGM per unit energy deposited. In this article, we use cosmological magneto-
hydrodynamic simulations to quantify the impact of powerful radio jets on the accretion of
baryons onto galaxies, as well as its spatial and environmental dependence.

Magneto-hydrodynamic simulations in a cosmological volume

The simulations are performed using the cosmological MHD code Enzo (30), utilizing
the ideal magneto-hydrodynamics module with constrained transport (31, 32), which
preserves the divergence of the magnetic field. Starting at redshift z = 100, the
initial conditions are generated using the code MUSIC (33). We adopt cosmological
parameters from Planck 2018 results (34), i.e., a flat universe with Hubble constant
H0 ≡ 100 h km s−1 Mpc−1 = 67.4 km s−1 Mpc−1, total non-relativistic matter density
parameter Ωm = 0.3138, baryon density parameter Ωb = 0.0493, power spectrum
amplitude σ8 = 0.811, and spectral index ns = 0.965.

The simulation is periodic in a box of size 20 h−1 cMpc on a uniform 10243 grid.
The largest cluster at z = 0 in the simulation box has a halo mass Mh ≈ 1014 M⊙.
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The resolution is designed to resolve the virial radius of Mh =
1011 M⊙ halos with about five cells. This allows us to probe the
baryon accretion at the virial radii, without significantly increasing
the computational cost to resolve the interior of halos. Increasing
the resolution potentially enables the formation of more detailed
magnetic and turbulent velocity structures on small scales, which
can strengthen the non-thermal pressure support. Therefore,
we anticipate the relatively low resolution simulation will provide
a lower limit on the baryon reduction effect. No primordial
magnetic field is used in the simulations. A tabulated cooling table
for the primordial gas is generated using the GRACKLE library
(35). Because the typical cooling timescale at the virial radii of
halos is longer than the Hubble time, cooling associated with
metal species does not significantly affect the baryon accretion at
halo boundaries. Therefore, we do not model metal enrichment
and associated cooling in the simulations. A baryon density
floor of 10−2 ρm, where ρm is the mean matter density at a given
redshift, and a temperature floor of 5000 K are introduced to avoid
significant slowdown of the simulation timestep. Compared to
simulations with the floors removed, as well as with a six-species
(i.e., ionized and neutral hydrogen and helium) non-equilibrium
cooling module in GRACKLE, we have verified in low-resolution
simulations that the relevant properties of the resulting halos are
not affected.

Implementation of giant radio lobe feedback

As laid out in (16), the external feedback process is implemented
as jet-inflated magnetic bubbles in the simulations. The cosmo-
logical volume is initially evolved magneto-hydrodynamically with
a token (i.e., zero) magnetic field to z = 2. A total of Nh = 48
Mh > 1012 M⊙ halos are then located using the ROCKSTAR
halo finder (36), with a total mass of ΣiMh,i ∼ 1014 M⊙. The
halo mass threshold (Mh > 1012 M⊙) is chosen so as to identify
potential hosts of supermassive black holes (SMBHs) with masses
MBH > 108 M⊙, whose feedback energy is substantial. The total
feedback energy Efb is then calculated based on the formula:

Efb = 2 Nh Ebub

= η∗ ηBH ηR ηJ
Ωb

Ωm
ΣiMh,i c2

= 1.6 × 1060 (2 Nh)
(

η∗

0.2

) (
ηBH

0.002

) (
ηR

0.2

) (
ηJ

0.07

)
[

Ωb/Ωm

0.157

] (
ΣiMh,i

1014 M⊙

)
erg,

[1]

where Ebub is the total energy of each magnetic bubble (assuming
each SMBH releases a pair of bubbles), various parameters are,
respectively, stellar to baryon mass ratio (η∗), SMBH to stellar
mass ratio (ηBH), fraction of all relevant mass galaxies classified
as radio loud galaxies (ηR) and the mean jet power in units
of accretion power onto the SMBH in radio-loud galaxies (ηJ).
Fiducial values of the parameters in the equation are chosen
based on observations (see a discussion in 16) and used here.
In general, radio observations of FR II jets report total energy
Ebub ∼ 1060 erg per lobe (37) under minimum energy magnetic
field assumption (38), consistent with our energy modeling. While
the simulation domain is initialized with B = 0, in order to maintain
∇ · B = 0 after injecting feedback energy, the magnetic field in
the bubble is implemented as the curl of a vector potential field,
i.e., Bbub = ∇ × Abub. The initial distribution of the magnetic

field in a bubble follows the Kolmogorov power spectrum. A
spherical error function mask is applied to Abub, so that after
taking the curl, a Gaussian smoothing is applied to Bbub to
circumvent abrupt variation in magnetic field strength at the bubble
surface. Based on isolated bubble expansion from an initial
small radius to 1 Mpc radius, ηB ≈ 3% of the initially injected
magnetic energy remains in magnetic form at r = 1 Mpc, with
the rest having been converted into kinetic or thermal energy, i.e.,
Emag(r = 1 Mpc) = ηBEbub. The adopted radius, 1 Mpc, is on
the high end of observed radio lobes (e.g., 39), which represents
the later, mature stage of radio lobe evolution (see, e.g., 40, 41,
for the early stage inflation of the lobe from collimated jets and
subsequent turbulent evolution). For lobes starting with a smaller
radius, e.g., 100 pkpc, it would take ∼ 1 Gyr, given the lobe
energy and ambient gas density, to grow to 1 Mpc, which closely
follows the Sedov-Taylor solution based on simulations we have
performed. Therefore, the results would not change significantly
if we insert r ∼ 100 kpc bubbles at z = 3, as the bubbles will
expand to 1 Mpc by z = 2. In order to focus the computational
resources on the large-scale impact, the 96 magnetic bubbles
with radius r = 1 Mpc are inserted in the simulation around their
respective host halos at z = 2. Each bubble pair is oriented
randomly on opposite sides of the host halo, offset 1 Mpc from
the halo center. The direction of deposition affects which part of
the IGM the radio lobe may interact with contemporaneously. In
practice, in the proto-cluster environment, many pairs of jets will
be deposited. Still, it may be that the volume filling fraction of all
lobes may be less than 100%, even in proto-cluster regions, which
will cause inhomogeneous feedback effects. The two scientific
goals of this study are to demonstrate (1) the significance of this
feedback process and (2) its spatially inhomogeneous nature. We
note that this study does not address the directional nature of
the lobes with respect to the jet launching host galaxy and the
internal feedback effect. The bubble inserted simulation box is
restarted at z = 2 running to z = 0.

Suppression of baryon fraction in halos by giant radio
lobes

Panel (a) of Fig. 1 shows the distribution of dark matter at z = 0
in the simulation with giant radio lobe feedback. The magnetic
field is displayed as white contours in the plot, which are seen
to approximately center on the most massive Mh ∼ 1014 M⊙
halo in the simulation at the center of the display, due physically
to the fact that jet launching massive galaxies are highly biased.
To remove ambiguity in defining the virial radius of a halo, only
central halos are analyzed here (i.e., excluding subhalos and
halos experiencing major mergers). Three illustrative halos in
the feedback run (labeled “fb”) are shown in panels (b,c,d) of
Fig. 1, spanning a wide range in halo mass and distance to the
central halo in the simulation. Baryon density and temperature
projections are shown for each halo, and compared with the
scenario without feedback (labeled “no fb”). The baryon fractions
for all halos studied in this work, fb, are shown in Fig. 3 as a
function of halo mass. Due to the absence of “internal” feedback
mechanisms in our study, in regions not affected by the radio
lobes, the baryon fraction may be above the cosmic mean due to
excessive radiative cooling (also seen in cosmological simulations
with radiative cooling, e.g., 42). We have verified by running
simulations without radiative cooling that this above-the-cosmic-
mean baryon fraction is due to radiative cooling. To isolate the
baryon reduction effect from giant radio lobes, a normalized
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baryon fraction parameter, η, defined as the ratio of baryon
fractions of the halo in the simulation with feedback to that of the
corresponding halo in the simulation without feedback, is shown
in white for each halo. In the three cases shown in Fig. 1, the
baryon content is significantly reduced by 29%-49%, with central
magnetic field strength approaching 0.1 − 1µG. It is evident that
significant external magnetic fields can substantially reduce gas
accretion onto galaxies.

Due to the highly biased nature of jet launching massive
galaxies, the resulting distribution of the external magnetic field in
the IGM is also highly inhomogeneous. This indicates that the gas
accretion suppression effect will be environmentally dependent.
To assess this expected systematic trend, we show results in
panels (a,b,c) of Fig. 2 for all environments (a), regions with
overdensity ∆ > 3 (b), and ∆ > 10 (c), respectively, where ∆ is
defined to be the total density within 1 Mpc/h of the halo center
in units of the mean total density at redshift z = 0. In panel
(a) we see the 50%+25%

−25% quartiles of η for halos of mass ranges
[1011, 1012), [1012, 1013) and [1013, 1014) M⊙, respectively, to be
1.00+0.01

−0.06, 0.94+0.06
−0.17, 0.83+0.17

−0.05. In panel (b) we see the 50%+25%
−25%

quartiles of η for halos of mass ranges [1011, 1012), [1012, 1013)
and [1013, 1014) M⊙, respectively, to be 0.98+0.02

−0.13, 0.94+0.06
−0.17,

0.83+0.17
−0.05 for halos in regions with ∆ > 3, while they become

0.92+0.08
−0.33, 0.86+0.11

−0.11, 0.83+0.17
−0.05 for halos in regions with ∆ > 10

(panel c). A tabulated η distribution in various halo mass ranges
and overdensities is given in Table 1. The increased impact on
baryon reduction indicates that the “global” feedback is expected
to be more pronounced in overdense regions than in under-dense
regions. In void regions, due to lack of massive galaxies, this
feedback mechanism may be absent, which is consistent with
observations that galaxies are bluest in voids at present (43).

In Fig. 3, we show η as a function of the overdensity within
the virial radius ∆ (panel b), the magnetic field strength at the
virial radius Bvir (panel c) and the inverse root of the plasma beta
parameter at the virial radius β−1/2 (panel d) for each galaxy. In
regions with Bvir > 0.01µG, the average of η is respectively 0.83,
0.86, and 0.88, in the mass ranges [1011, 1012), [1012, 1013) and
[1013, 1014) M⊙. Cen (2024) (16) suggested that the suppression
of baryon fraction may become significant when the magnetic
pressure force exceeds the gravitational force at the virial radius
of a halo, or equivalently,

x ≡ vA√
2 σv

≳ 1 [2]

where vA is the Alfvén speed of the gas at the virial radius,
and σv is the 1-d velocity dispersion of all matter in the halo.
Alternatively, this relation would be equivalent to the thermal-to-
magnetic pressure ratio, i.e., the plasma β parameter

β−1/2 =
√

Pmag

Pth
≳ 1 [3]

at the virial radius, if the gas sound speed is equal to the halo
velocity dispersion. Given the widespread use of β involving
magnetic energy in many applications, we will adopt β−1/2

instead of x. The physics underpinning the gas accretion
suppression is seen to be borne out in panel (d) of Fig. 3, where
η begins to decline when β−1/2 ≳ 0.1. For the lowest halo mass
bin examined [1011, 1012) M⊙, it is seen that this approximately
corresponds to a magnetic field at the virial radius of about
Bvir ≳ 0.01 µG (panel c). Least-square fits to the three halo mass
bins, in the form of e−αβ−1/2

, are shown as three curves. We see

that, at a given x, the gas suppression effects are stronger for
higher mass halos. This is in a large part due to the fact that higher
mass halos accrete fractionally more mass than lower mass
halos since the injection of magnetic bubbles in the simulation
at z = 2. Because the magnetic pressure induced suppression
effects are external in nature, already accreted gas in halos is
not much affected. For example, some low mass halos have
Bvir > 0.1µG, but with η > 0.9. These halos either already have
assembled most of their final masses before z = 2, i.e., before
radio lobes are implemented, or have cosmic filament orientation
aligned with the magnetic field direction, which enables continued
supply of baryons into the galaxy via filaments without hindrance
from the magnetic pressure force. Needless to say, the gas
suppression effects due to this mechanism and associated effects
on star formation and others are complex. Detailed simulatons
that include this feedback process and other traditional internal
feedback processes are likely to operate in a complex, intertwined,
probably synergistic fashion.

In conclusion, in this article we use cosmological magneto-
hydrodynamic simulations to quantify the impact giant radio
lobes have on the accretion of gas onto galaxies in the greater
neighborhood. The radio lobes are modeled as magnetic energy
injection in the form of megaparsec-scale giant bubbles, which
are matched with observational constraints in both bubble size
and energetics, at cosmic noon (z = 2). We show that, due
to the highly biased nature of radio-lobe launching massive
galaxies, the effects on gas accretion onto galaxies are strongly
environment dependent. Even in the same environment, such as
parameterized by the matter overdensity at certain large scale,
the effects are variable. Furthermore, when gauged by the ratio
of the plasma beta parameter at the virial radius of the halo, the
effects on the overall gas suppression are also varied, which may
be due in part to the various assembly histories halos since the
injection of the radio bubbles at z = 2 and in part to complex
magnetic pressure dynamics (such as orientation of the field to the
orientation of the gas-feeding cosmic filaments, etc). Nonetheless,
we find an expected, strong trend that the gas suppression effect
increases with the inverse root of the plasma beta parameter at
the virial radius of the halo (Fig. 3). Our analysis demonstrates
that magnetic fields seeded by relativistic jets are capable of
significantly impacting the gas accretion of nearby galaxies. It
is worth noting that some feedback strengths for internal AGN
feedback implemented in current cosmological galaxy formation
simulations may be too large to be concordant with the observed
AGN feedback (e.g., outflow kinetic luminosity in 44). The external,
radio-lobe generated AGN feedback, combined with a more
realistic internal AGN feedback model, may improve the physical
realism of the AGN feedback energetics in simulations, as well as
possess the potential for better matching observations. Future
observations that probe the magnetic universe, such as from SKA
(45), will be able help elucidate the impact of magnetic fields
on the accretion of baryons onto galaxies in two ways. First, a
larger population of high-redshift sources with rotation measures
(RM) will greatly help probe the magnetic field in proto-clusters.
Second, the high sensitivities of SKA may be able to directly detect
synchrotron radiation of radio lobes at high redshift, as recent
detection of synchrotron radiation of z=0.9 radio jets indicates
(46). We argue for inclusion of this new, global feedback process
in the next generation of cosmological simulations.
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Fig. 1. Top-left panel (a) shows the projected distribution of the dark matter in the 20 cMpc/h simulation box with magnetic bubbles at z = 0. Volume-weighted projected
magnetic field magnitude is overlayed as white contours (log |B| in units of Gauss); the four visible contour levels are (-9.0, -8.5, -8.0, -7.5) in panel (a). Additional contours of
higher magnitudes are visible in zoomed panels (b,c,d). The three four-panel sets zoom into three separate halos that show significant baryonic mass reduction due to magnetic
bubbles, with η = 0.54 (panel b), 0.51 (panel c), and 0.71 (panel d), respectively. In each four-panel set, the top-row of two panels show the gas density (left panel) and
temperature (right panel) from the simulation without magnetic bubbles, indicated as "no fb". The bottom-row panels show the corresponding variables from the simulation with
magnetic bubbles, indicated as "fb". The cyan circles indicate the virial radius of each halo. The widths of panels (b,c,d) are 2 Mpc, and the projection depths are three times
their respective virial radius centered at the halo.
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Fig. 2. Cumulative distribution of η in different Mh ranges in the simulation with giant radio lobe feedback at z = 0 is shown in panel (a). Panels (b,c) show the distribution for
halos located in regions with mean total densities (∆ = ρ̄m[< 1 Mpc/h], in units of cosmic mean) larger than 3 and 10, respectively. Vertical lines indicate the location of the
25%, 50%, and 75% quartiles of each distribution.
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Fig. 3. Panel (a) shows the comparison of baryon fraction fb as a function of halo mass Mh, in simulations with or without feedback. Halos not affected by feedback have fb

higher than cosmic mean due to radiative cooling. The rest of the panels show the normalized baryon fraction η as a function of (b) mean density ∆, (c) volume-weighted

magnetic field magnitude between (1, 1.2) × rvir, and (d) β−1/2 at the virial radii. Exponential fits in the form of e−αβ−1/2
are shown in the panel (d), which indicate that

baryons are prevented from entering the halos due to magnetic pressure force.
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Table 1. Tabulated distribution of η, expressed as the fraction of halos (fh) with η below a threshold. For each halo mass range, different
columns show the fractions for halos located in different environmental overdensities ∆, defined as the mean total density within 1 Mpc/h from
each halo center, in units of the cosmic mean at z = 0.

Mh ∈ [1011, 1012) M⊙ Mh ∈ [1012, 1013) M⊙ Mh ∈ [1013, 1014) M⊙

∆ > 0 ∆ > 3 ∆ > 10 ∆ > 0 ∆ > 3 ∆ > 10 ∆ > 0 ∆ > 3 ∆ > 10

fh (η < 0.95) 0.27 0.39 0.60 0.50 0.50 0.71 0.71 0.71 0.71
fh (η < 0.90) 0.20 0.27 0.40 0.42 0.42 0.57 0.57 0.57 0.57
fh (η < 0.85) 0.15 0.21 0.25 0.35 0.35 0.43 0.57 0.57 0.57
fh (η < 0.80) 0.12 0.17 0.25 0.27 0.27 0.43 0.29 0.29 0.29
fh (η < 0.75) 0.095 0.14 0.25 0.15 0.15 0.21 0 0 0
fh (η < 0.70) 0.079 0.11 0.20 0.038 0.038 0.071 0 0 0
fh (η < 0.60) 0.043 0.063 0.15 0 0 0 0 0 0
fh (η < 0.50) 0.012 0.014 0 0 0 0 0 0 0

provincial top level research support program. The simulations and
analysis presented in this article were carried out on the SilkRiver
Supercomputer of Zhejiang University. We thank the High Performance
Computing Platform at Zhejiang Lab, where part of the simulation modules
were developed. Analysis was performed using the yt_astro_analysis
extension (47) of the yt analysis toolkit (48).
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