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Exploring Massive Black Holes with Subaru/HSC
—IVERD

TIEB/HSCTEXTZy 77k

He Wanqiu
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As you may know, there is a black hole of 4 million solar masses at the
center of our Milky Way. Actually, in our local universe, it is ubiquitous to
find those massive black holes at the center of massive galaxies. As the
normal black hole born from “dead” massive star only has several tens
solar mass, how can those huge “monsters” be formed in our universe?

Obviously, the black hole can become more massive if gas falls onto
it, and we call this process as “accretion”. The mass falling onto the
black hole will then release their large gravitational energy as the
electromagnetic emission, and the central region during this phose is
called an active galactic nuclei. The active galactic nuclei can be very
luminous, enabling us to probe them in very distant/early universe.

The studies on the number density evolution of active galactic nuclei
show a quite surprising result—active galactic nuclei are more abundant
in the early universe (e.g., Ueda et al. 2014), which suggests the mass
assembly of massive black holes mainly occurs in the early universe!
Then the question becomes what is the mechanism to trigger the
frequent gas inflow onto the black hole in the early universe?

Major merger can be the scenario to trigger the gas accretion onto
the black holes. This scenario assumes close galaxies will interact
with each other due to the gravitational force, and finally merge into
one massive galaxy. The strong interaction between the galaxies with
similar mass can disrupt the original morphology of the galaxies, and
transfer the gas toward the center (e.g., Kauffmann & Haehnelt 2000,
Hopkins et al. 2007, 2009).

If the major merger plays an important role in the black hole growth
at the early epoch, quasars are expected to reside in the most dense
regions with high merger rate, since they are the most luminous
population among the active galactic nuclei, i.e., under the rapid gas
accretion. The environment of quasars in the early universe thus
becomes a powerful method to verify the merger’s role in the black
hole growth. However, there is a large diversity among previous studies
on the environment of quasars in the early universe. Some found an
exact over-dense environment around quasars (e.g., Orsi et al, 2016),
while others found quasars reside in an average- or even under-
dense regions (e.g., Uchiyama et al. 2017). Here, the problem is that
the quasar sample in different works can be quite different in size and
luminosity range. Most of their quasar samples are highly biased to the
most luminous ones, which cannot fully represent the typical black hole
population in the early universe. To settle the discussion, a large quasar
sample covering a wide luminosity range is necessary. Thanks to the
wide and deep imaging from the Subaru Hyper Suprime-Cam strategic
survey program (HSC-SSP), we can search for a large quasar sample
in the early universe with a wide luminosity range for the first time!
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In this study, based on the g-band dropout color and stellar morphology,
we selected ~1000 20<i<23.5 quasar candidates at z=4 from the Wide
layer of the HSC-SSP, which are ~2 mag fainter than the previous studies.
The quasar luminosity function estimated by the sample further suggests
our quasar candidates can be the typical quasar population at the epoch,
since they are around the knee of the luminosity function, and the faint
end of the luminosity function tends to be flat. Moreover, thanks to the
wide coverage of the Wide layer, we are also able to locate a large enough
spectroscopic-confirmed luminous quasar sample at the same epoch
from the Sloan Digital Sky Survey DR12 on the survey area, and to verify
their environment. We show a sub-region of the Wide layer in Figure 01.
The red stars are our quasar candidates, the black ones are the luminous
quasars, and the color contours are the density map constructed from the
star forming galaxies at the same epoch.

As shown in Figure 02, we found the low-luminosity quasars do not
prefer residing in the dense regions as their surrounding over-density
significance is just slightly higher than zero, i.e., they have similar
environment to the star forming galaxies at the epoch. Thus, the merger
scenario may not play an important role in the early growth of typical black
holes. As previous studies found a strong quasar-quasar clustering for the
luminous quasars at the epoch (e.g. Shen et al. 2009), our result shows
a hint on a luminosity dependence of the quasar clustering in the early
universe- the evolution track between the most massive and smaller black
holes may be different in the early time and converge later! We will carry
out the spectroscopic follow-up observation to verify it.

Another interesting result is we found the luminous quasars at the epoch
are also not tightly associated with the most dense regions, especially at
their close vicinity (~1 Mpc). This result is contradictory to the strong auto-
correlation of the luminous quasars found in Shen et al. (2009), and we
found the deficit of galaxies around the close vicinity of luminous quasars
can be the reason. At the final stage of merger, the feedback from the
central massive black hole is thought to be quite efficient to prevent the
falling gas and quench the star formation of the host galaxy (e.g., Ota et
al. 2018). On the other hands, other works recently detected obscured
companions around the luminous quasars at z~4.8 (e.g., Trakhtenbrot et
al. 2018), which can also be the reason of no tight correlation to the over-
dense regions of luminous quasars found in our work. Further sub-mm
observation is necessary to clarify the origin of the deficit.

Figure 01: “A sub-region of the distribution of our HSC-selected low-
luminosity quasars (red stars) and SDSS-selected luminous ones (black
stars) at z74”
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Gravitational Lensing and HSC
BHL > XRREHSC

Rachel Mandelbaum

(Carnegie Mellon University)

Einstein's theory of General Relativity tells us that the paths taken by light
rays traveling through the Universe can be affected by the presence of
massive objects, which distort space-time itself. Gravitational lensing is
the deflection of light from distant quasars or galaxies due to the mass in
more nearby objects such as galaxies or galaxy clusters (gravitationally
bound systems of many galaxies). One especially important feature of
gravitational lensing is that it is caused by all matter: not just normal matter
but also dark matter, which we cannot directly see with our telescopes.
This fact makes gravitational lensing one of the best ways to understand
the way dark matter is distributed throughout our Universe, including for
example how much dark matter surrounds typical galaxies in so-called
“dark matter halos.” Gravitational lensing effects can be seen in images
from our telescopes in a few different ways.

The most dramatic manifestation of gravitational lensing is known as
strong gravitational lensing (or “strong lensing”), wherein a more distant
object actually appears in multiple locations on the sky, or as a highly
distorted shape such as a ring. Strong lensing occurs on the very rare
occasions when the mass in the more nearby object is very high and
the more distant galaxy is almost directly behind the more nearby one.
See Figure 01 for an example of strong lensing in an image from HSC.
The appearance of the multiple images in a strongly lensed system tells
us about the amount and spatial distribution of mass in the system that
is causing the lensing, including the dark matter. For cases where the
lensed object is a quasar, which has brightness that varies with time,
measurements of the time delays between the different images can be
used to measure the differences in distances traveled by light rays that
take different paths through space-time, which can tell us not only about
the matter in the lens but also about how the Universe has expanded as a
function of time.

In contrast, weak gravitational lensing (“weak lensing”) occurs even when
the more distant galaxy is not directly behind the more nearby one. As a
result, only one image of the lensed galaxy appears, but its brightness,
position, shape, and size are all slightly changed by the lensing effect.
Weak lensing cannot be visually identified since we do not know the
original brightness, position, shape or size of the galaxy; however, by
measuring coherent patterns in the shapes of large numbers of galaxies
(millions!), we can measure the weak lensing effect. This is illustrated
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Figure 01: HSC imasge of a location with a highly significant dark matter
halo detected through the weak gravitational lensing technigue. This
halo is so massive that some of the background (blue) salaxies are
stretched tangentially around the center of the halo. This is called strong
lensing. (Credit: NAOJ)
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Figure 02: The color scale shows the matter density in a simulated
universe, and the lines show the orientation a background galaxy would
have if it was gravitationally lensed by the matter field. The fact that the
lines show patterns associated with the density field in the Universe is
what enables us to measure weak gravitational lensing. (Credit: Takashi
Hamana)
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in Figure 02. Measuring weak gravitational lensing tells us how matter
(including dark matter) is distributed throughout our Universe, including its
clumpiness due to its gravitational attraction, which causes small clumps
to grow into bigger ones over time. This tendency of matter to clump
together over time is counter-acted by the expansion of the Universe,
which draws distant objects farther apart. As a result, weak lensing is an
excellent way to measure how the Universe’s expansion has changed with
time, including the effects of dark energy (which causes the Universe’s
expansion to accelerate over time). Studying weak lensing therefore
teaches us a great deal about dark matter and dark energy, which together
dominate over the effects of normal matter.

One of the challenges in measuring weak lensing is the need to average
over the shapes of a very large sample of galaxies. For this reason,
the HSC survey with the Subaru Telescope is particularly powerful for
weak lensing measurements. The Subaru Telescope provides very deep
images of the distant Universe with very sharp image quality compared
to most telescopes on the ground, which means that even in a small area
of sky it is possible to precisely measure the shapes of many galaxies.
The HSC instrument can see a large patch of sky all at the same time, so
it can efficiently cover a large area of the sky in a reasonable amount of
time. Between the deep images, excellent image quality, and large area
coverage, HSC is currently the best ground-based instrument for weak
lensing measurements.

The light that we see with our telescopes has to pass through the Earth’s
atmosphere, the optical system of the telescope, and is finally measured
on CCDs in HSC. All of these steps can introduce apparent distortions
in galaxy shapes that are comparable to or even larger than the weak
lensing effect that we wish to measure. Hence, another difficulty in weak
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Figure 03: The cosmolosgical constraints on the fractional contribution
of matter to the energy budset of the Universe (rest of it corresponds
to dark energy). and the clumpiness of the matter distribution today,
as inferred from the analysis of the 3D dark matter map. The results
of the clumpiness of the matter distribution from HSC observations of
the distant Universe using weak gravitational lensing are consistent
with results from other similar observations (DES and KiDS) of the
nearby Universe. The results from the cosmic microwave background
observations reflecting the Universe's infancy obtained by the Planck
satellite are shown in blue. (Credit: HSC Project)
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lensing measurements is removing the effects
of the atmosphere, telescope, and instrument on
the observed galaxy shapes, so as to accurately
measure shape distortions due to lensing. An
important part of any weak lensing measurement
is testing the shape measurements to ensure
they are free of biases. We have a few ways of
doing this, some using real data and others using
simulations. For example, by making fake images
of the sky with a weak lensing signal in them, and
analyzing the fake images with the same image
processing software as is used in the real data,
we can test whether our analysis algorithms can
recover the true input weak lensing signal. This
gives greater confidence that the measured weak
lensing signal in the real data is free of bias.

After carefully testing our catalogs of galaxy
shapes, we can finally measure weak lensing
and use it to study the clumpiness of dark
matter. Figure 03 shows an example of the latest
results from the HSC survey. Compared to other
weak lensing surveys, HSC gives results that
are consistent within the errorbars. All of these
surveys seem to suggest that the clumpiness of
dark matter is slightly lower than we would expect
based on measurements of the early Universe.
This tantalizing hint of disagreement with early
Universe measurements deserves further study,
and should be the topic of further investigations by
the HSC survey in the coming years. If the results
persist with further analysis using larger areas
of the sky and increasingly sophisticated data
analysis methods, it could be a hint of exciting new
physics beyond our standard cosmological model
that may be discovered with HSC.
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