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1 Introduction
The intracluster medium (ICM) is a magnetized plasma, and we often treat it as a fluid with trans-
port coefficients, where the particle-magnetic field interactions and plasma instabilities determine
the effective transport coefficients. It is critical to understand the transport processes in the ICM
on a variety of physical scales: microscopic plasma physics impacts many macroscopic processes,
e.g., the dissipation and redistribution of the kinetic energy released by mergers or AGN outbursts
(Fabian et al. 2005), the cooling and heating in cluster cores, and gas stripping from galaxies
(Nulsen 1982). To date, a number of microphysical properties of the ICM remain ill-constrained,
including viscosity, thermal conductivity, the strength and topology of the magnetic field, and
small-scale turbulence.

X-ray observations have been used to probe the physical conditions in the ICM. For example,
turbulent velocity has been determined indirectly via resonance scattering and surface brightness
fluctuations (Ogorzalek et al. 2017; Gu et al. 2018; Zhuravleva et al. 2015). The calorimeter on
board Hitomi has measured the level of turbulence directly using line broadening (Hitomi collab-
oration 2016). The Chandra X-ray Observatory (half arcsec spatial resolution) has revealed the
ubiquity of “cold fronts” in the ICM (see Markevitch & Vikhlinin 2007 for a review), which can be
used to constrain the viscosity and magnetic field. Cold fronts are sharp interfaces between cooler,
denser, hence brighter, gas and hotter, lower density, hence fainter, medium, where the pressure is
continuous. They result from merger activity, either created directly by the infall of a low entropy
subcluster (merging cold front), or from gas motions induced by the gravity of an infalling sub-
cluster (sloshing cold fronts). For purely hydrodynamic interactions, Kelvin-Hemlholtz Instability
(KHI) is expected to develop at shearing interfaces. However, magnetic fields or viscosity can sup-
press the KHI (Chandrasekhar 1961; Lamb 1932). State of the art simulations have demonstrated
that cold fronts appear smoother in the presence of either magnetic field or viscosity at the levels
expected in the ICM (see ZuHone & Roediger 2016 for a review).

Recent deep Chandra observations have been dedicated to revisiting cold fronts identified by
previous observations, leading to a deeper understanding of the microphysics of the ICM. Multiple-
edge structures in X-ray surface brightness have been identified at the cold fronts in a growing
number of systems (Werner et al. 2016; Su et al. 2017a; Ichinohe et al. 2017; Ichinohe et al. 2018).
These features are consistent with the presence of KHI eddies and an inviscid ICM (Figure 1-top).
Walker et al. (2017) studied the sloshing cold fronts in a number of clusters (Perseus, Centaurus
and Abell 1795) and identified concave ‘bay’ substructures from X-ray and radio imaging. These
features resemble the giant KHI rolls expected when the ratio of thermal to magnetic pressure
is β = 200 (Figure 1-middle). In addition to cold fronts, stripped tails are another product of
ongoing infall in galaxy clusters and can be used to constrain micro physics of the ICM (Roediger
et al. 2015a,b). For example, a temperature gradient was detected in the stripped tail in NGC 1404,
indicating a well mixed plasma from a low viscosity plasma (Su et al. 2017a). Results from deep
X-ray observations of the nearby early-type galaxy NGC 4552 were compared with the viscous and
inviscid hydrodynamic simulations specifically tailored to the stripping of this galaxy (Roediger et
al. 2015a,b; Kraft et al. 2017). Inviscid stripping was favored by the study. Based on the survival
of the stripped low-entropy infalling group in the hot cluster Abell 2142, Eckert et al. (2014, 2017)
find thermal conduction to be strongly suppressed. Note that the properties of cold fronts and
stripped tails also depend on the merger history (Su et al. 2017d; Kraft et al. 2017). It is imperative
to understand the entire dynamic state of the system before any conclusions can be drawn from the
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Figure 1: The Chandra X-ray image of
Abell 3667 (left) was compared with
the simulated gas stripped galaxy for
an inviscid atmosphere (right). The
figure is taken from Ichinohe et al.
(2017). The Chandra X-ray image of
the Perseus cluster (left) was compared
with the simulated cluster with an ini-
tial magnetic field of β = 200 (right).
The figure is taken from Walker et al.
(2017). bottom-left: The tempera-
ture map of the infalling galaxy NGC
1404 in units of keV obtained with deep
Chandra observations. Black contour:
Chandra X-ray image. bottom-right:
The temperature map produced by our
numerical simulation specifically tai-
lored to the case of NGC 1404 falling
into the Fornax Cluster (zoomed in on
“NGC 1404

immediate observables.

2 The interplay between the observation and simulation of nearby
cluster

Our goal is to obtain a coherent picture of the gas dynamics on both macro and micro scales.
Nearby clusters, such as Virgo and Fornax, are particularly ideal to study the hydrodynamics of
the ICM thanks to their proximity (DL < 20 Mpc). Substructures can be studied with a spatial
resolution comparable to that of the cutting-edge simulations. The width of contact discontinuities
can be measured on scales below the electron mean free path. Fornax has an additional unique
advantage — its components are relatively simple. The Fornax cluster is centered on the giant
elliptical galaxy NGC 1399, with the second brightest galaxy NGC 1404 falling through the ICM.
Such a configuration makes it possible to reproduce key observables with a simple minor merger
simulation specifically tailored to this cluster. Su et al. (2017a,b,c,d) have mapped the ICM of
Fornax out to half of the virial radii using XMM-Newton and Chandra observations (Figure 1-
bottom). Four sloshing cold fronts are identified in the ICM that span over two orders of magnitude
in radius. The cold fronts fall onto the same spiral pattern. By treating the cluster gas as an ideal
compressible flow, Su et sl. (2017b) analyzed a deep Chandra observation focused on NGC 1404
and find a hydrodynamic model that reproduces the angular pressure variation measured along the
cold front of NGC 1404. The best-fit model implies that NGC 1404 is infalling at an inclination
angle of 30◦. Using hydrodynamics plus N+body simulations specifically tailored to the merger
of Fornax and NGC 1404, Sheardown et al. (2018) have reproduced the sloshing fronts induced
by the infall of NGC 1404, the metal distribution of the ICM, the cold front and stripped tail of
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NGC 1404. The simulation is inviscid; the good agreement suggests that the viscosity of the ICM
must be low. The simulation also predicts cold fronts, extended stripped gas, a bow shock, a highly
turbulent ICM at large radii, and a complicated velocity field of NGC 1404, all of which are beyond
the reach of existing observations.

3 What can we learn with future X-ray telescopes?
The biggest change promised by future missions is to be able to measure the kinematics of the
intracluster medium directly with calorimeters at high spatial resolution. Using the FLASH simu-
lation (Sheardown et al. 2018), sixte 1.3.6 and SOXS 2.2.0., we simulated a 200 ksec observation
of a nearby low mass cluster like Fornax using an instrument with an effective area of 1.4m2

and with a superb spectral resolution, similar to the X-ray Integral Field Unit (X-IFU) on board
Athena (Barret et al. 2018). A simulated image and spectrum is shown in Figure 2-left. Our
observation is focused on NGC 1404. Unlike more massive galaxy clusters such as Perseus and
Coma, the measurement of FeXXV Kα line at 6.7 KeV is not available for low mass clusters.
Instead, the centroid and broadening of the O VIII line at 18.967Å (0.654 keV), which is bright
and isolated for the hot atmospheres of low mass clusters and galaxies, can be used to map the
bulk speed and turbulence of the gas. We performed a two-dimensional spectral analysis of the
interstellar medium (ISM) using Weighted Voronoi Tesselation (WVT) binning (Diehl & Statler
2006; Cappellari & Copin 2003). An example spectrum is shown in Figure 2, demonstrating its
superb energy resolution. Our analysis was restricted to 18.5–19.8Å and each spectrum was fit to
the phabs×(zgauss+powerlow) model in Xspec 12.10.0.

The map of recession velocity in Figure 2-left left clearly reveals the bulk motion due to infall
in this system. Complicated gas motion is revealed in the hot ISM of the galaxy. We derive
turbulence based on the broadening of O VIII line via

∆ED =
E0

c

(
2kT

m
+ v2turb

)1/2

,

In this equation ∆ED =
√

2σ is the Doppler width (σ is the standard deviation of the line profile),
T is the thermal temperature of the hot gas in each region, E0 is the rest energy of the O VIII
line, m is the atomic mass of Oxygen, c is the speed of light and vturb is the characteristic velocity
of isotropic turbulence. The two-dimensional distribution of vturb is shown in Figure ??-right.
Ogorzalek et al. (2017) measured turbulent velocities in the hot gaseous halos of bright elliptical
galaxies indirectly using deep XMM-Newton Reflection Grating Spectrometer observations. The
authors found that NGC 1404 has a turbulent velocity of 230+130

−90 km/s significantly higher than the
average of all other galaxies in their sample. The simulation is consistent with such a high level of
turbulence in the ISM of NGC 1404, indicating that it may well be a consequence of the merger
between NGC 1404 and Fornax.

We have also simulated a 3 × 3 mosaic of 30 ksec observations for an instrument with a large
field of view and low and stable background resembling the wide field X-ray imager (WFI) on
board Athena as shown in Figure 2-right. We can capture the entire ICM of a cluster like Fornax
out to (and even beyond) the virial radius and detect fainter sloshing cold fronts at larger radii,
which is not feasible with existing missions for a reasonable exposure time. We have selected
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regions of interest to derive their gas motions and turbulence with X-IFU simulations (Figure 2-
right), which confirms the subsonic nature of sloshing cold fronts. We can further identify uneven
edges at the cold front and turbulent regions in the path of the infalling object. The details of these
faint structures match the resolution of the simulations, which will transform our understanding
of the microphysics over a large span of radii the ICM. Gas distribution at large radii will also
pin down the initial conditions for the simulation, maximizing the science return from the tailored
simulations.

KHI eddies

cold front

Figure 2: Simulated 200 ksec X-IFU observation of NGC 1404 in the 0.5–2.0 keV energy band. The O VIII line
is relatively isolated and sufficiently bright, which can be used to constrain gas dynamics in low mass clusters and
galaxies. Simulated WFI 3X3 mosaic observations of Fornax. Subtle substructures and the cold front at large radii
can be detected.

4 Concluding Remarks
The vast bulk of the hot baryons in the Universe is in the form of the intracluster medium, a hot
diffuse plasma emitting X-ray via thermal bremsstrahlung and atomic lines. With Chandra and
XMM-Newton observations and (magneto-)hydrodynamic simulations, tremendous progress has
been made in understanding how clusters are assembled and how energy is transported in the ICM.
Future missions such as XARM, Athena, and Lynx will be equipped with calorimeters, allowing us
to measure gas motions and turbulence directly and to put quantitative constraints on the transport
coefficients in their ICM. By the end of the 2020’s, hundreds of thousands galaxy clusters will
be detected by various cluster surveys such as eROSITA and SPT. Most of them are expected to
be low mass clusters. The O VIII line is relatively isolated and sufficiently bright, which can be
used to constrain gas dynamics in low mass clusters and galaxies. Through a connection between
the micro and macro scale astrophysics in the ICM, our knowledge of hydrodynamics in galaxy
clusters will be revolutionized.
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