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this talk, I will first introduce the background and recent progress made in pursuing these
goals. T will then discuss some of the challenges and opportunities lying ahead and our

theoretical efforts in the Institute of Physics.
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[AHAEiH] Dark Matter Structure in Galaxy Clusters
Revealed by Gravitational Lensing

fgHEi— Keiichi Umetsu
(RBERSCF9E B Research Fellow, ASTAA)

Dark matter—invisible material only detected with its gravitational interaction—is
understood to constitute about 85 percent of the matter in the universe. However, the
origin of dark matter remains elusive. Unlike ordinary matter, it does not absorb, reflect,
or emit light, making it difficult for dark matter to be directly detected. Since dark matter
dominates the material universe, it plays a fundamental role in formation and evolution of
cosmic structures, such as galaxies, groups of galaxies, clusters of galaxies, cosmic voids,
and the filamentary cosmic web, as observed in galaxy redshift surveys. In the standard
picture of cosmic structure formation, these systems have originated from tiny density
perturbations present in the early universe, which subsequently grew through gravitational
instabilities. Understanding the nature of dark matter is thus one of the most outstanding
questions in physics and astronomy today. Besides, since the clustering properties of dark
matter depend on the properties of dark matter, mapping the distribution of dark matter in

our cosmos has been one of the most important missions in astronomy.

Galaxy clusters represent the largest bound celestial objects formed in the universe,
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with masses ranging from 1 to 30 times 1014 solar masses (Watson et al. 2014). Because
galaxy clusters are very massive and dominated by dark matter, they offer fundamental
tests on the assumed properties of dark matter. For example, the standard CDM paradigm
of structure formation assumes that dark matter is effectively cold (nonrelativistic) and
collisionless on astrophysical scales. In this context, the standard CDM model and its
variants, such as self-interacting dark matter (SIDM, Spergel & Steinhardt 2000) and wave
dark matter (DM, Schive et al. 2014) models, can provide a series of observationally
testable predictions. A prime example is the “Bullet Cluster”, a merging pair of galaxy
clusters exhibiting a significant offset between the center of the gravitational lensing mass
and the peaks of the collisional gas (Clowe et al. 2004). The data support that dark matter
is effectively collisionless, like galaxies, placing a robust upper limit on the SIDM cross

section (Randall et al. 2008).

The distribution and concentration of dark matter in dynamically quasi-equilibrium
objects (also known as halos) depend fundamentally on the properties of dark matter.
CDM predicts that the structure of halos characterized in terms of the spherically averaged
density profile p(r) is approximately self-similar, with a characteristic density cusp in their
centers, p(r) oc 1/r, and that the density gradient dlnp(r)/dlnr continuously steepens from
their centers out to their diffuse outskirts (Navarro, Frenk, & White 1997). It also predicts
that galaxy clusters—the most massive cosmic objects—have less dense central regions
(or lower central concentrations), in contrast to individual galaxies that have more dense
central regions. The shape of galaxy clusters is predicted to be not spherical but ellipsoidal,
with a preference for prolate shapes (like a rugby ball), reflecting the collisionless nature of
dark matter. On average, older halos are more relaxed and are thus more spherical. Since
more massive halos form later on average, galaxy clusters are thus expected to be more

elongated than less massive systems.

Recently, closer examination of the outer structure of dark-matter halos in collisionless
ACDM simulations has revealed systematic deviations from the self-similar form (Diemer
& Kravtsov 2014). An emerging picture of structure formation and assembly is that shells of
matter surrounding an overdense region in the early universe will initially expand with the
Hubble flow, decelerate, turn around, and start contracting. Each shell will cross previously

collapsed shells that are oscillating in the growing halo potential. In this picture, accreting
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particles pile up near the apocenter of their first orbit, creating a sharp density enhancement
or caustic in the halo outskirts (Gunn & Gott 1972; Fillmore & Goldreich 1984; Bertschinger
1985). The location of the outermost density caustic expected in collisionless dark-matter
halos is referred to as the “splashback radius”. The splashback radius depends on the slope
of the density profile of the initial perturbation, which determines the mass accretion
rate of the growing halos. The splashback radius constitutes a physically motivated halo
boundary because it sharply separates infalling matter from matter that is orbiting in the
cluster potential (Diemer & Kravtsov 2014; Okumura et al. 2018). The splashback feature is
expected to be strongest in high-mass galaxy clusters that are still assembling and evolving

today (Diemer & Kravtsov 2014).

Gravitational lensing—a phenomenon predicted by Einstein’s theory of general
relativity—offers a direct probe of the cosmic matter distribution dominated by invisible
dark matter. Gravitational lensing refers to the gravitational deflection of light rays from a
distant source and its resulting effects (Umetsu 2010). While strong lensing leads to highly
distorted and/or multiple images in the densest regions of the universe, namely the central
regions of massive halos, weak lensing provides a direct measure of the mass distribution
on larger scales. Massive galaxy clusters act as powerful gravitational lenses, producing
both strong and weak lensing features in the images of background source galaxies. The
critical advantage of gravitational lensing by galaxy clusters is its ability to map the mass
distribution of individual systems independent of assumptions about their physical and
dynamical state. Cluster lensing thus provides a powerful way to test the properties of dark

matter.

In recent years, we made significant contributions to making progress in testing CDM
predictions using sensitive observations of cluster gravitational lensing. This was made
possible by deeply observing a sizable sample of galaxy clusters with ~1015 solar masses
in the CLASH survey (Postman et al. 2012) using the best observing facilities both in
space and on the earth, the Hubble Space Telescope and the Subaru Telescope in Hawaii.
Here, our gravitational lensing analysis used both strong and weak lensing, where strong
lensing is from the Hubble observations and weak lensing from the Subaru observations.
By combining strong and weak lensing, we have made the best measurement to date of

the structure of dark matter in galaxy clusters from small to large scales (an example
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demonstrated in Figure 1). In Umetsu et al. (2014) and (2016), we have provided the best
constraint to date on the distribution and concentration of dark matter in galaxy clusters.
We found that the ensemble-averaged density profile p(r) of dark matter in galaxy clusters
precisely matches the theory of CDM (Figure 2). In Umetsu(2015) and(2018), we found that
the observed shape of galaxy clusters (prolate, like a rugby ball) agrees closely with the
CDM theory. In Umetsu & Diemer (2017), we were the first to place direct constraints on
the splashback radius, the boundary edge of galaxy clusters, using gravitational lensing
data. Through these observations, we firmly established the validity of collisionless CDM
predictions, unlike previous limited studies.Our new results are based on a very careful

analysis of the most massive galaxy clusters using the best available data.

Figure 1: Dark matter distribution in the galaxy cluster MACSJ1206 reconstructed from

combined strong and weak lensing analysis (Umetsu et al. 2012).
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Figure 2: Ensemble averaged density profile of dark matter in CLASH galaxy clusters (Umetsu

et al. 2016).

The results obtained here are generally favorable in terms of the standard explanation
for dark matter as effectively cold and collisionless, with an excellent match between lensing
data and CDM predictions for high-mass clusters. These studies represent a first step toward
using cluster gravitational lensing to examine detailed predictions from cosmological
simulations regarding the structure and shape of dark-matter halos. Such predictions can
be unambiguously tested across a wide range of cluster masses and redshifts, with large
statistical samples of clusters from ongoing and planned lensing surveys such as the Subar

Hyper Suprime-Cam survey, the XXL survey, the eROSITA, WFIRST, and Euclid missions.
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