Constraining simulated black hole feedback in the Perseus Cluster

Andrew M. Heinrich'?, Yi-Hao Chen!, Sebastian Heinz!, Irina Zhuravleva?, and Eugene Churazov
' Department of Astronomy, University of Wisconsin-Madison, Madison, WI, USA
2Department of Astronomy and Astrophysics, University of Chicago, Chicago, IL, USA
SMax Planck Institute for Astrophysics, Garching, Bavaria, Germany

Abstract

Active galactic nuclei in galaxy clusters can produce tightly collimated jets that inject energy into the surrounding in-
tracluster medium (ICM). This feedback process can offset cooling losses from X-ray radiation that otherwise would
result in cooling flow structures. Jet-inflated bubbles can heat the cluster via a turbulent cascade. The density fluc-
tuation spectrum inferred from X-ray maps of the cluster shows different levels and scales of turbulence in different
regions of the clusters, and can be used to determine the contribution of different driving mechanisms. By applying
observational power spectrum techniques to synthetic X-ray data from feedback simulations of the Perseus cluster,
we find that the density fluctuation spectrum produced by a single episode of jet activity are broadly consistent with
analysis of Chandra observations inside 60 kpc. The velocity dispersion effected by the AGN approaches Hitomi’s
measurement of turbulence in Perseus during the AGN episode, but is underpredicted later in the simulation. A fully
established volume-filling turbulent cascade therefore requres multiple periods of jet activity, along with turbulence
driven by other processes outside of the inner 60 kpc core. This also suggests the X-ray fluctuations directly associated
with the jet bubble substantially contribute to the overall density fluctuation spectrum.

1. Introduction

Galaxy clusters are among the most massive objects yet observed by extragalactic astronomers. Among these objects
none is better studied than Abell 426, located in the Perseus constellation. Perseus is a rich cluster, with more than
a thousand individual galaxies gravitationally bound together. The galaxies orbit through a vast atmosphere of hot,
diffuse gas known as the intracluster medium, hereafter ICM. The ICM typically reaches temperatures between 107 and
108 K (Fabian and Nulsen, 1977) and dominates the baryonic mass distribution of clusters (Chiu et al., 2015). This
high-temperature plasma shines brightly in the X-ray band (Figure 1), with cooling timescales significantly shorter
than cluster ages (Fabian, 1994). Thus cool-core clusters like Perseus should form a cooling flow structure wherein
an order of 100 solar masses per year should coalesce and contribute to star formation. Observations of Perseus and
other large clusters like it show a large discrepancy between this prediction and observed rates of star formation. X-ray
spectroscopic analysis also shows a distinct lack of low-temperature ions that one would expect to be present (Peterson
et al., 2002). This cooling flow problem has been central to the study of galaxy clusters for decades.

This ’cooling flow gap’ must be due to an external heat source acting on the cluster. Several candidate sources exist
that can each contribute to this discrepancy. Cosmic ray streaming (Ehlert et al., 2018), thermal conduction (Yang and
Reynolds, 2016), and sloshing caused by subcluster mergers (Motl et al., 2004) have all been suggested and studied in
detail, each acting most strongly on different regions of the cluster. The most promising source of energy to explain the
inner core of clusters is active galactic nucleus (AGN) feedback (Churazov et al., 2000). The brightest central galaxy,
NGC 1275 in the case of the Perseus cluster, contains a supermassive black hole (SMBH) that launches a jet into the
ICM. The jet material likely comes from the accretion disc of the AGN, and while the exact mechanism that produces
the jet is yet to be fully understood, it is likely tied to strong magnetic fields around the SMBH. This jet inflates a
bubble that shines brightly in the radio band due to synchrotron emission, and can be seen as cavities in X-ray maps
of the ICM. Looking at Perseus (Figure 1), multiple sets of these bubbles can be seen owing to multiple episodes of
jet activity. The structures closest to the core of the cluster are dominated by the jet, while the outer structures of the
cluster can mostly be attributed to sloshing from an ongoing galaxy merger (Walker et al., 2018).

I This work documents a presentation following Heinrich et al. (2021) given at the 31st Annual Wisconsin Space Conference.
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Figure 1: The Perseus Cluster (Abell 426), the brightest cluster in the X-ray sky. Shown here is an X-ray image of Perseus composed
of data from the Chandra X-ray Observatory treated with a Gaussian Gradient Magnitude (GGM) filter, which shows edges in the
surface brightness (Sanders et al., 2016).

Measurements of turbulent heating in Perseus have been taken from several datasets. Notably, Perseus was the target
of the Hitomi observatory’s only successful observation (Hitomi Collaboration, 2016). One of the significant results
from this observation was a measurement of the small-scale velocity dispersion in Perseus of 164 4+ 10 km/s, taken
from ionized iron lines in the produced X-ray spectrum. After this observation, the satellite broke up in orbit.

Even prior to this measurement, there was a push among galaxy cluster astrophysicists to calculate the turbulent
velocities in clusters. The seminal method used to quantify turbulence in X-ray images of the ICM without high
quality spectroscopic data was to calculate amplitudes of X-ray surface brightness fluctuations via a power spectrum.
After removing large scale gradients from X-ray maps taken from Chandra, Zhuravleva et al. (2015) calculated the
density fluctuation spectrum of multiple regions of the cluster, starting from the core and moving outwards. They
found X-ray surface brightness fluctuations in broad agreement with Hitomi’s measurement, which is sufficient to
balance radiative cooling, therefore potentially explaining the cooling flow gap (Zhuravleva et al., 2014).

As there are several processes acting on Perseus, it is difficult to separate the contributions of each candidate process
to the observed cluster heating. We thus turn to high resolution three-dimensional simulations to isolate sources of
turbulence. Using this same power spectrum method, we can decompose the observed density fluctuations into their
component sources. It has been shown via this method that merger driven sloshing can entirely explain brightness
fluctuations outside of the inner 60 kpc core of Perseus (ZuHone et al., 2018; Walker et al., 2018). It is thus theorized
that AGN jets in the Perseus cluster must account for the bulk of X-ray fluctuations inside the 60 kpc limit. We use
a simulated jet modelled off the Perseus Cluster to constrain the source of turbulent heating. We calculate the power
spectrum of synthetic X-ray maps via the A-variance method (Arévalo et al., 2012).

2. Methods

We use the FLASH code (Dubey et al., 2009) to model and AGN jet firing for 10 Myr at the center of a spherically
symmetric atmosphere. The cluster atmosphere is set with density and temperature tuned to match the parameters
found for the Perseus cluster according to the widely used -model that describes relaxed clusters (Chen et al., 2019).
The jet itself is modelled as a nozzle through which mass, momentum, energy, and magnetic flux are fired into the
atmosphere in both the positive and negative z-directions. These simulations do not model the formation of the jet
itself, rather they assume that the jet already exists and simulate the interaction between the jet and its environment.
The nozzle wobbles slightly arround its axis to account for the “dentist drill” effect (Scheuer, 1982).



These simulations employ an adaptive mesh refinement (AMR) grid structure, wherein the resolution of the cluster
gas changes in different regions and times throughout the simulation domain. The refinement of the simulation is
increased in areas of high activity and relaxed in areas of low activity in order to maintain computational efficiency.
In order to properly resolve the tightly collimated jets, the smallest resolution element while the jet is firing is 30
pc, which increases to 120 pc after the jet activity ends. Our numerical resolution significantly exceeds the imaging
resolution of Chandra’s observations of Perseus.

Using the yt python package (Turk et al., 2010), we produce synthetic X-ray images of the simulated cluster by
projecting the X-ray emissivity along the coordinate axes. The emissivity is calculated between 0.5 and 3.5 keV (the
energy band used by Chandra) assuming the cluster contains half the solar metallicity (Smith et al., 2001). These
images are then normalized following the method applied to the Chandra data. We fit the image to the azimuthally
averaged [3-model, which removes large scale fluctuations that would otherwise dominate the power spectrum. Figure
2 shows several timesteps of the jet simulation after the X-ray surface brightness maps have been normalized. The fit
is accomplished via a Monte Carlo markov chain (MCMC) sampler, finding parameters for the surface brightness to
match the beta model (Equation 1), including the central brightness Sy, core radius 7., and the 5 parameter.
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As the AMR grid changes over the course of the simulation, the normalized X-ray surface brightness images can
contain grid artifacts at large radii, corresponding to large resolution elements at the outer reaches of the simulation

domain. These artifacts can be removed via a smoothed covering grid, which interpolates across cell boundaries and
allows us to produce X-ray maps with fewer numerical artifacts.

S =25

To quantitatively measure the surface brightness fluctuations, we divide the cluster into equally spaced annuli with
widths of 30 kpc. On the sky, these would correspond to 1.5 arcminute wide rings centered on the cluster core. We
then employ the modified A-variance method (Arévalo et al., 2012) to find the power spectrum inside each annulus
(see also Stutzki et al. (1998) for the original version of this method). The A-variance method is used over the more
standard fast Fourier transform in this implementation because masking the image in order to separate each annuli
would otherwise create large edge artifacts in the resultant power spectrum. This method convolves the normalized
images with a modified Mexican Hat filter as in Equation 2, with the image I, mask M, and two closely separated
Gaussian filters corresponding to a spatial scale o.
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We then integrate over the square of the result to yield the Variance Vj, which can be used to calculate the power
spectrum P (k) over any scale factor (Equation 3).

Vi = /(F x 1)?d*z = P(k)e*rk? 3)

This variance method essentially allows us to select for different scales of detail in an image. This is demonstrated
in Figure 3. The resultant power spectrum is then converted to the three-dimensional density fluctuation spectrum
(Zhuravleva et al., 2015). We calculate each spectrum for wavefactors corresponding to scales between 3 and 150 kpc
in Perseus.

As has been previously stated, the Perseus cluster contains at least two sets of cavities corresponding to multiple
episodes of past jet activity. Any single simulation time, each containing one jet, will therefore not be able to account
for the surface brightness fluctuations observed by Chandra. We attempt to approximate a complex jet formation
history by combining power spectra from different simulation times. Using a parameter space of 10 Myr increments
from 10 to 80 Myr, we use an MCMC algorithm (Foreman-Mackey et al., 2012) to find the best-fit linear combination
of our synthetic spectra to observed density fluctuations in Perseus. Because the atmosphere outside of 60 kpc can be
turbulently heated by merger-driven sloshing (Walker et al., 2018), we focus our fit on the inner two annuli, between
0 and 60 kpc, and ensure that the simulations don’t overpredict the outer annuli.
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Figure 2: Normalized X-ray surface brightness maps of the simulation after the removal of the 5-model. Eight different simulation
times, between 10 and 80 Myr after the jet begins firing, are shown at three viewing angles (x-, y- and z-directions). The 3-model
is fitted to each timestep individually (Heinrich et al., 2021).



Figure 3: A demonstration of the A-variance method. Left: A randomly generated image with an injected power-law spectrum
(P(k) o< k™3). Center: The variance of the generated image at a small spatial scale (large k). Right: The variance of the generated
image at a large spatial scale (small k). The variance method selects for different sizes of structure given a specific value of k.
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Figure 4: Weighting coefficients for each sampled power spectrum in three viewing angles.

3. Results and Discussion

The density flucuation spectra produced from our simulations show a wide variety of power throughout the sampled
scale factors, annuli, and simulation times. The progression of the jet impact through the cluster can clearly be seen
propagating throughout the annuli. At early times the power spectral signature of the jet can reach up to three times
the power observed by Chandra, but this quickly fades. In the outer annuli, the simulated spectra only very briefly
exceed Chandra observations, and only do so if the observer is stationed along the axis of the jet.

Using our MCMC fitting algorithm to attempt to match the inner 60 kpc core’s fluctuations, we find the best-fit
weighting coefficients for each sampled power spectrum. In the off-axis (x and y) projections, which are very self-
similar, the best fit comes from a combination of jets aged 10 and 50 Myr. The on-axis projection uses the 30, 50 and
80 Myr projection (Figure 4).

The resultant fitted power spectra are shown in Figure 5. The MCMC algorithm provides a much better match to
observational data than is possible with a single snapshot of the simulation. There are still major discrepancies between
the simulation and observed behavior of the cluster atmosphere. The spectra are typically suppressed at low values of
k, and peak at slightly smaller spatial scales. This may be due to the lack of a large scale asymmetry in the simulations
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Figure 5: Combined weighted power spectrum at three viewing angles, overplotted on observed minimum and maximum power
spectral density (PSD) (Zhuravleva et al., 2015).

which is present in Chandra observations.

Additionally, given a measured sound speed in Perseus we can use our density fluctuation spectra to estimate the tur-
bulence in Perseus. We find that our spectra (when converted to velocity units) are on the same order of magnitude of
the Hitomi observation of turbulence in the cluster. However, when the RMS velocity in the simulations are directly
measured, early times of the simulation approach the Hitomi measurement and later times consistently underpredict
this value. This suggests that the X-ray surface brightness fluctuations contain contributions from established turbu-
lence as well as other structures (shocks and bubbles). It has been found that excising the sharp edges created by X-ray
cavities can reduce the PSD of intensity fluctuations by up to a factor of 2 in Chandra observations (Zhuravleva et al.,
2015).

Our simulations support the suggestion that the surface brightness fluctuations in the inner 60 kpc region of Perseus
must rely on AGN feedback, though our diagnostic cannot uniquely constrain the injection history of jet power. Our
method of linearly combining jet ages depends on an assumption that the simulation’s perturbations are sufficiently
small such that the power spectra can be combined in this way. Notably, this assumption ignores interaction between
individual jet bubbles, but should still produce viable results if AGN duty cycles are on the order of 10%. Simulations
that contain multiple episodes of jet activity natively would remove this uncertainty, however these are costly to run at
this resolution and require knowledge of jet ages in Perseus. It is also important to note that jet inclination in Perseus
is not well constrained. This work views the jet both from an on-axis observer as well as two perpendicular ones, but
in reality the inclination will lie somewhere in between.

4. Conclusions

By performing equivalent analysis on observed and synthetic images of the Perseus cluster, we calculate the A-
variance power of X-ray emission from the ICM. Simulating a single episode of an AGN jet allows us to isolate its
contribution to the cluster atmopshere as a whole.

» X-ray derived density fluctuations in the ICM are comparable in magnitude and spectral form within 60 kpc
from the cluster center.

* PSD values can trace the propagation of jet-inflated bubbles and decline after its passing, leaving behind a
turbulent ICM.

* A linear combination of power spectra can improve the reproduction with two or three episodes of jet activity.



e Qur results complement similar analysis of sloshing simulations, wherein it is determined that sloshing domi-
nates the PSD outside of 60 kpc. The AGN is responsible for intensity fluctuations within this limit.

* The line-of-sight projected single component velocity dispersion is significantly underpredicted by our numeri-
cal model, indicating a single AGN episode (as modelled in our work) does not produce the volume-filling level
of turbulence measured by Hitomi.
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