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Abstract: In recent years, the outskirts of galaxy clusters have emerged as one of the new frontiers
and unique laboratories for studying the growth of large scale structure in the universe. Modern
cosmological hydrodynamical simulations make firm and testable predictions of the thermody-
namic and chemical evolution of the X-ray emitting intracluster medium. However, recent X-ray
and Sunyaev-Zeldovich effect observations have revealed enigmatic disagreements with theoretical
predictions, which have motivated deeper investigations of a plethora of astrophysical processes
operating in the virialization region in the cluster outskirts. Much of the physics of cluster out-
skirts is fundamentally different from that of cluster cores, which has been the main focus of X-ray
cluster science over the past several decades. A next-generation X-ray telescope, equipped with
sub-arcsecond spatial resolution over a large field of view along with a low and stable instrumental
background, is required in order to reveal the full story of the growth of galaxy clusters and the
cosmic web and their applications for cosmology.
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1 Introduction

As the largest gravitationally bound structures in the universe, galaxy clusters continue to grow and
accrete matter in their outskirts (see [1] for a review). The majority of the gas lies in the outskirts
beyond the cluster’s virial radius (denoted by 790') and in the intergalactic medium (IGM) within
filaments that connect clusters to the cosmic web. However, the low gas density means that these
regions are extremely faint in X-rays, and at present beyond the sensitivity limits of current X-
ray telescopes (Fig.1, left panel). As a result, the full story of large-scale structure formation is
hidden from us. Cosmological simulations of galaxy cluster formation predict the outskirts to
be a hive of activity with gas continuing to accrete, and ongoing mergers with small sub-clusters
and clumps of gas (Fig.1, right panels). A plethora of unexplored structure formation physics is
believed to be operating in the outskirts, and these physical processes are fundamentally different
from the physics in the cores of clusters that has been the focus of X-ray cluster science over the
past several decades.

The outskirts of galaxy clusters is a new territory for addressing the following outstanding
questions at the crossroads of cosmology and astrophysics: How do galaxy clusters grow? How
do they connect to the cosmic web? What is the chemical composition in and around the most
massive structures in the Universe? A great leap forward in the sensitivity of X-ray telescopes
is required to answer these questions.

2 How do galaxy clusters grow and connect to the cosmic web?

Our current understanding of the gas in cluster outskirts has been achieved through recent pioneer-
ing measurements of the intracluster medium (ICM) in X-rays and microwaves via the Sunyaev-
Zeldovich (SZ) effect that map the hot gas distribution near the virial radius of nearby galaxy
clusters. The Suzaku X-ray Observatory, with its low and stable background afforded by its low
Earth orbit, was able to obtain temperature and density measurements out to the virial radius [e.g.,
2, 3]. Combining density measurements from deep XMM-Newton observations of nearby bright
clusters with Planck SZ pressure profile data has also allowed statistical constraints on the thermo-
dynamic profiles of the outskirts ICM to be made [4, 5]. Initial results from these observations have
been puzzling, as they disagree with theoretical predictions [e.g., 2-5, see also Fig.2, left panel].
In particular, the gas entropy just outside the virial radii has been observed to lie well below the
predictions from purely gravitational collapse (shown as black line in the left panel of Fig.2). Fu-
ture high angular resolution and large field of view (FoV) X-ray and SZ observations with high
sensitivity are required to address the apparent disagreement, and to capture the rich structures in
cluster outskirts predicted by modern cosmological hydrodynamical simulations (see Fig.1, right
panels). This will allow us to investigate the physics of galaxy and cluster formation, especially
in the unexplored territory where matter from the cosmic web accrete into galaxy clusters. Below,
we highlight several transformative cluster outskirt sciences for the coming decade.

ICM Clumping: Both Suzaku and XMM-Newton/Planck measurements of the ICM outskirts have
found evidence for increasing levels of gas clumping, as predicted by cosmological simulations
[10-16]. Gas clumping is believed to be due to infalling gas substructures. Simulations indicate
that the level of gas clumping should increase dramatically in the (1-2)r50, region of clusters, where
the infalling clumps have not yet been entirely ram-pressure stripped by the ICM. If not resolved,

!The radius within which the enclosed total mean overdensity is 200 times the critical density of the Universe.
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Figure 1: Left: Hydrodynamical cosmological simulation of large-scale structure formation, show-
ing that galaxy clusters reside at the nodes of IGM filaments [6]. With Chandra and XMM-Newton,
only the central regions of clusters can be explored in detail (inner white circle). To begin to ex-
plore large-scale structure in its entirety (outer white contours) requires at least a factor of 50
improvement in sensitivity to low surface brightness extended emission. Right: Simulated X-ray
mosaic of the RomulusC cluster [7], a low mass (104 M) cluster at z = 0.05, comparing 100ks
deep coverage from Chandra (top) and AXIS/Lynx (bottom). The mock Chandra simulation in-
cludes background point sources from the cosmic X-ray background. Due to the high background
and small collecting areas of current X-ray telescopes, we are only able to see the brightest X-ray
emission in the cluster cores. The bulk of the ICM in the outskirts beyond the virial radius (dashed
white circle), and the IGM filaments that connect clusters together, remain hidden from view.

clumping will bias gas profile measurements by overestimating the gas density and gas mass frac-
tion, and underestimating the gas temperature, leading to biases in hydrostatic mass estimates.
Correcting for clumping will help explain the lower observed entropy compared to predictions,
the excess baryon fraction beyond the cosmic value, and help correct biases in hydrostatic mass.
Detecting and resolving gas clumps, that are associated with infalling galaxies in the outskirts
of clusters, 1s also crucial for gaining insights into the stripping of their circumgalactic medium
(CGM) through their interactions with the ICM, quenching of cluster galaxies, and chemical en-
richment process in the outskirts of galaxy clusters (see §3). Current X-ray telescopes are unable
to resolve faint gas clumps that contribute to the bulk of clumping (Fig. 1, right), and their physical
properties are almost completely unexplored. Future X-ray observations with high sensitivity and
high spatial resolution, such as AX1S/Lynx, will allow routine detection of clumps and open up a
new window for studying the physical processes of galaxy and cluster formation and evolution.

Bulk & Turbulent Gas Motions: Gas motions in cluster outskirts are generated from mergers and
accretion during cluster formation. Thus the amount of these gas motions is a direct probe of the
cluster’s dynamical state. Cosmological hydrodynamical simulations predict that such non-thermal
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Figure 2: Left panel: Disagreement between the observed entropy profiles in X-ray from Suzaku
(coloured points) and the entropy profile predicted by gravitational collapse (solid black line, [8])
just beyond the virial radius (highlighted by the red oval) [1]. Right panel: Simulated entropy map
of a galaxy cluster, illustrating filamentary streams of high-density, low-entropy gas penetrating
deep into the cluster interior [9].

pressure becomes more significant with radius in the density stratified ICM, reaching ~ 50% of the
thermal gas pressure at r ~ 1.57990 [17, 18]. Such non-thermal pressure is believed to be respon-
sible for biasing hydrostatic cluster masses at a level of 10% — 30% [19-24] by providing extra
support against gravity. Upcoming high-resolution spectral X-ray observations with Athena and
Lynx will enable us to directly measure the level of bulk and turbulent gas motions in cluster out-
skirts through Doppler shifting and broadening of the X-ray emission lines from the ICM [25, 26,
see also the white paper by Bulbul et al.], allowing us to fully account for the hydrostatic mass
bias when combined with gravitational lensing masses from optical surveys such as WFIRST and
Euclid [27]. High-resolution X-ray and SZ spectral imaging observations will also provide com-
plementary constraints on the level of non-thermal pressure support [28] and ICM microphysics
[29] in the outskirts of galaxy clusters.

Filamentary gas streams: Cosmological simulations predict that high density, low entropy gas
in the cosmic web filaments can penetrate deep into the cluster interior [9, see Fig.2]. These fila-
mentary streams transport the warm-hot gas from the outskirts to the cluster core regions, stirring
up the gas, generating bulk and turbulent gas motions, and producing shocks and contact discon-
tinuities generated by the interaction of the cold penetrating stream with the surrounding hot ICM
[30]. These streams can deposit energy, mass, and enrich the ICM as they break up and mix with
the surrounding gas via fluid instabilities. Direct observations of these streams are not possible at
present as these low entropy, low temperature streams are predicted to be very X-ray faint. High
spatial resolution X-ray observations with AXIS/Lynx, with large azimuthal and radial coverage
(from the cluster centers to large radii) will enable us to identify the transformation from cosmic
web gas filaments in the outskirts into penetrating gas streams in the cluster interior, providing
direct evidence for cosmic web filaments feeding the growth of galaxy clusters.

Thermodynamics of accretion shocks: The outer boundary of the ICM is defined by the accretion
shock. This is an important location where cool-warm gas accreting from the cosmic web is shock



heated to very high temperature, generating entropy via high Mach number (M ~ 10 — 100)
accretion shocks [31-33]. Detecting accretion shocks around clusters and measuring their strength
will provide the first direct evidence of the primary physical process that defines the fate of the hot,
diffuse baryons that make up more than half of the normal matter in the local Universe.

Non-equilibrium electrons: In the low-density region in the outskirts of galaxy clusters, the colli-
sion rate of electrons and protons becomes longer than the age of the universe, potentially causing
the electron temperature to be lower than the ion temperature, especially in more massive and
less relaxed systems [34, 35].2 X-ray and SZ measurements of galaxy cluster outskirts, which
probe the electron densities and temperatures of the ICM, therefore hold promise for shedding new
light on the thermalization process operating during the cluster formation, and probing for the first
time a regime where the physics of non-equilibrium plasmas beyond the simple hydrodynamics
approximation becomes important in the ICM.

3 How do metals spread in galaxy clusters & the cosmic web?

Galaxy clusters, with their deep potential wells, are ‘closed-box’ systems ideal for studying galaxy
formation physics. In particular, metallicity in the outskirts of galaxy clusters is a powerful probe
of feedback physics [36-38], as the metal distribution in the ICM is strongly dependent on the
chemical enrichment histories. Feedback from active galactic nuclei (AGN) at early times (z = 2)
is found to be effective at removing pre-enriched gas from galaxies, spreading metals uniformly
throughout the cluster outskirts (see the solid black curve in Fig.3, left). On the other hand, late-
time enrichment leads to inhomogeneous distributions of ICM metals that rapidly decline with
cluster-centric radius (red curve in Fig.3, left). The relative composition of various elements of the
ICM originating from different types of supernova explosions (core-collapse versus Ia) also place
constraints on the star formation histories and the chemical evolution of the universe [39].

Measurements of metal abundance in the outskirts are extremely challenging, and are currently
limited to within half the virial radius for Chandra and XMM-Newton. With Suzaku only very few
clusters have measurements reaching the virial radius (blue crosses in Fig.3 from [40]) which also
come with large uncertainties. With the high angular resolution and high sensitivity observations
of AXIS and Lynx, we will be able to accurately map the metal abundance out to 21y for the
first time, heralding a new era in our understanding of the metal enrichment of the ICM and IGM
(Fig.3, left).

4 Key advances in observation capability required

Over the next decade, and into the 2030s, transformative advances in the spectral resolution
(XRISM [41] and Athena) and the grasp (eROSITA[42, 43]) of X-ray observatories will be made,
allowing us to continue the rapid advancement in the field of cluster outskirts [1, 44]. However all
of these missions are fundamentally limited by their large PSFs. An enormous gap in our science
capability will remain due to the lack of high spatial resolution, high sensitivity X-ray imaging.
Such capability is also vital to allow us to fully exploit improvements in the resolution and sen-
sitivity of SZ observations [45-47, for a review and white papers]. In order to probe the diffuse

2When an electron-ion plasma passes through the accretion shock, most of the kinetic energy goes into heating
heavier ions, causing 7; > T.. After the shock, electrons and ions equilibrate via Coulomb interactions over an
electron-ion equilibration timescale, t.;.
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Figure 3: Left: Simulated metallicity profiles beyond the virial radius with stellar and AGN feed-
back (black solid curve) and only stellar feedback without AGN (red dashed curve), highlighting
AGN feedback plays an important role in elevating the metallicity level in clusters outskirts [37].
Suzaku X-ray measurements are shown in blue. Simulated data from AXIS/Lynx are shown as
the black crosses for high and low metallicity scenarios, showing that highly accurate metallicity
measurements can be made out to 1.8r5yy. Right: The ratio of sky signal to detector background,
which determines the sensitivity to low surface brightness emission, for major X-ray imaging in-
struments (blue and red are future and proposed, respectively). A is effective area at 1 keV, B is
detector background (assuming 1 at low-Earth orbit and 4 at high-Earth orbit for simplicity) and £’
is the focal length. Lynx and AXIS are >50 times more sensitive than Chandra.

gas in the outskirts of galaxy clusters and the cosmic web, an X-ray telescope is required which
satisfies 3 key criteria:

e An effective area to background ratio at least 50x better than Chandra’s must be combined
with a low and stable particle background level. The orbits of Chandra and XMM-Newton
are ill suited to this. A low-Earth orbit, placing the telescope within the protection of the
Earth’s magnetic field, provides the lowest and most stable particle background. An orbit
around L1 or L2 also promises to provide a stable particle background.

e Subarcsecond spatial resolution must be achieved across a large FoV with low levels of
vignetting. This is required to ensure background AGN in the cosmic X-ray background
(CXB) can be resolved and removed throughout the FoV. As shown in the top-right panel of
Fig.1, our ability to detect faint diffuse X-ray emission is limited by our ability to resolve out
AGN point sources. Furthermore, gas clumps associated with infalling galaxies and groups
are either too faint to be resolved directly, or impossible to distinguish from background
AGN due to low photon counts. A telescope is needed which can resolve these faint gas
clumps as extended objects to separate them from background AGN.

e A large FoV with low vignetting is required to allow the large areas subtended by clusters
to be explored within a feasible exposure time. For a massive (Moo = 10°M) cluster at
an intermediate redshift of 0.1, the virial radius is around 20 arcmins. To allow the cluster
outskirts to be revealed in their entirety with reasonable exposure times, the size of the
imaging detector therefore needs to be at least 20x 20 arcmins, with low vignetting.

The imaging detectors on AXIS/Lynx fulfill all the criteria listed above (see also Fig. 3, right). With
these new instruments, we can measure the thermodynamical properties and chemical composition
of the bulk of the ICM up to 2ry, (8 times more volume than in the best current studies) and into
the filamentary cosmic web.
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