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Major Galaxy Mergers and the Growth
of Supermassive Black Holes in Quasars

Ezequiel Treister,'* Priyamvada Natarajan,>** David B. Sanders,* C. Megan Urry,%3*

Kevin Schawinski,>* Jeyhan Kartaltepe*

Despite observed strong correlations between central supermassive black holes (SMBHs) and star
formation in galactic nuclei, uncertainties exist in our understanding of their coupling. We present
observations of the ratio of heavily obscured to unobscured quasars as a function of cosmic epoch up to
z = 3 and show that a simple physical model describing mergers of massive, gas-rich galaxies matches
these observations. In the context of this model, every obscured and unobscured quasar represents

two distinct phases that result from a massive galaxy merger event. Much of the mass growth of the SMBH
occurs during the heavily obscured phase. These observations provide additional evidence for a causal
link between gas-rich galaxy mergers, accretion onto the nuclear SMBH, and coeval star formation.

hile unobscured quasars (/) have been

known for a long time (2) and their

statistical properties are well studied
(3), the numbers of the heavily obscured quasar
population and its variation with cosmic epoch
are still strongly debated. This population has
been uncovered with multiwavelength selection
techniques that simultaneously exploit x-ray (),
optical (39), and mid-infrared (mid-IR) (6) wave-
lengths. As a result of the efficiency of these
techniques, the sample sizes of obscured quasars
are growing substantially. The existence of a large
number of heavily obscured quasars at z ~ 2 was
predicted by early active galactic nuclei (AGN)
population synthesis models that successfully
explain the generation of the x-ray background
(7). However, their space density cannot be con-
strained by these calculations (8). What population
these obscured sources evolve into or proceed
from is poorly understood at present.

The link between ultraluminous infrared
galaxies (ULIRGs) and quasars was first sug-
gested by Sanders et al. (9). There is substantial
observational evidence that ULIRGs, at least
locally, are the product of the gas-rich merger
of two massive [M 2 10" M (solar mass)]
galaxies (/0). The merger process is believed to
switch on accretion onto the central black hole
as it provides efficient transport of gas to the
nucleus (/7). The gas funneled to the center is
expected to fuel the supermassive black hole
and induce star formation. The origin of the
infrared luminosity of these sources, whether they
are powered primarily by star-formation processes
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(12) or the AGN (9) activity, is still debated. Here,
we present recent measurements of the space den-
sity of heavily obscured quasars as a function of
redshift and estimate the duration of the obscured
stage by comparing models with observations.

Mainly due to the effects of dust and gas
obscuration at most wavelengths, finding heavily
obscured quasars (/3) is a challenging task that
has prevented the identification of larger samples,
in particular, at high redshifts. Measuring their
space density is even more difficult, as it requires
a good knowledge of the selection function and
observational biases. We have compiled obser-
vations of obscured quasars selected at various
wavelengths using different techniques, described
in detail in the supporting online material (SOM),
including spectral fitting in x-rays (/4) and IR
selection (15-17). X-rays, especially at rest-frame
energies greater than 10 keV, are not appreciably
affected by obscuration. In addition, most of the
absorbed energy is later reemitted at IR wave-
lengths. Thus, these techniques permit an esti-
mate of the number of heavily obscured quasars
atz> 1. In the local universe, the space density
of ULIRGs (/8), which can be used as an in-
dicator of the total number of quasars, implies
that the ratio of heavily obscured to unobscured
quasars at z = 0.1 is ~1 (Fig. 1).

Both in the local universe and at z = 1,
heavily obscured AGN are bright at mid- and
far-IR wavelengths and also potentially in the
submillimeter-wavelength range but are optical-
ly faint (Fig. 2). At low redshift, the ULIRG is
clearly the product of a galaxy merger, whereas at
high redshift a merger is suggested, but deeper
data are needed to confirm this hypothesis. The
rest-frame optical images of six heavily obscured
quasar candidates show indications of ongoing
major mergers and interactions (Fig. 3).

To interpret these observations and the evo-
lution of these populations, we started with the
standard ansatz that the gas-rich major merger of
two massive galaxies produces one newly fueled
quasar. This triggered quasar is originally obscured
by the surrounding gas and dust (9), in some cases

reaching Compton-thick levels (i.e., where the
optical depth for Compton scattering is greater
than one). After a time Az~ 10 to 10% years (/9),
which we estimate independently below, most of
the dust and gas are removed from the central
region and the quasar becomes unobscured.

To test this simple prescription, the calculated
ratio of heavily obscured to unobscured sources
from merger rates of massive gas-rich galaxies
needs to match the observed ratio of obscured to
unobscured quasars. This ratio can be calculated
using the merger rate as a function of cosmic time
in the context of the hierarchical cold dark matter
(LCDM) structure formation paradigm. Using
the assumptions described above, we estimated
the ratio of obscured to unobscured sources as
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where Nypse 1S the space density of heavily
obscured quasars; d°Merger/dNdt is the merger
frequency per galaxy per unit time; Ny, and
Nunobse are the space densities of massive galaxies
and unobscured quasars, respectively; and f, is
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Fig. 1. The ratio of heavily obscured to unob-
scured quasars as a function of redshift. Measure-
ments of the space density of obscured quasars at
high redshift were obtained from x-ray [green
triangles (14)] and mid-IR imaging [blue penta-
gon (16) and black squares (17)] and spectroscopy
[brown circle (15)] selection techniques. For the
z = 0 measurement, we used the luminosity func-
tion of local ULIRGs (18), assuming that each ULIRG
is either a heavily obscured or an unobscured
quasar. The solid black line shows the heavily
obscured to unobscured quasar ratio expected
from AGN luminosity functions derived from hard
x-ray observations (32), and the solid red line
corresponds to the ratio obtained if every gas-rich
major merger of two massive galaxies generates a
heavily obscured quasar, which after a time At =
96 My becomes unobscured. Dashed lines show
the uncertainty in this relation, at the 90%
confidence level.
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the average fraction of gas-rich galaxies. The ma-
jor merger frequency per galaxy in the LCDM
paradigm can be parameterized as a power-law
in (1 + z) with a mass-dependent exponent
of =1.5 (20). This form is derived from model
parameters constrained by observations. To es-
timate the space density of galaxies above a
threshold stellar mass, we used the median mass

increases with decreasing redshift, going from
~10" Mg atz ~2to 10" M at z= 0.8 (fig. S1).
We then incorporated this limiting mass into the
stellar mass function computed by Marchesini
et al. (21) to obtain the space density of mas-
sive galaxies as a function of redshift. Rather
than directly estimate the gas content of high-
redshift galaxies, which is currently observa-

measured for ULIRGs found in the Cosmic Evo-
Iution Survey (COSMOS). The median mass

tionally impossible at these redshifts, we used
the average star-formation rate as a proxy for

Fig. 2. Optical images of two examples of heavily obscured, luminous AGN observed with the Hubble
Space Telescope (HST). Filters used are F435W (B) and F814W (1) and V,1,z in the left and right panels,
respectively, and the physical size of both images is ~ 90 kpc by 90 kpc. Contours in the right panel show
the Spitzer emission. (Left) The z = 0.03 prototype ULIRG Mrk 273; (right) a high-redshift heavily obscured
quasar candidate in the GOODS-South field, with no x-ray detection. The former is part of the IRAS 1-Jy
sample (18) and has clear indications of a major merger, whereas x-ray observations with Suzaku reveal
Compton-thick obscuration levels (¥, > 10%* cm™) and intrinsic quasar-like luminosities (33). The high-z
source was selected as a Compton-thick AGN candidate on the basis of its high mid-IR to optical flux ratio
and red optical/near-IR colors. [Left panel credit: NASA, European Space Agency (ESA), the Hubble
Heritage Team (STScl/AURA)—ESA/Hubble Collaboration, and A. Evans (University of Virginia, Charlottes-
ville, NRAO, Stony Brook University).

Fig. 3. Rest-frame optical images of six mid-IR—selected heavily obscured quasars at z ~ 2 in the Extended
Chandra Deep Field-South region. Top images were obtained with the HST-WFC3 (Wide Field Camera 3)
camera using the Y, J, and H observations of the Ultra-Deep (left) and GOODS fields. The bottom images
were made by combining data in the R, ], and K bands obtained from ground-based telescopes, hence with a
spatial resolution about 10 times as large as that of the HST images. All images are 15 arc sec by 15 arc sec.
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the evolution of the fraction f, of gas-rich gal-
axies. The evolution of the star-formation rate
can be approximated as (1 + z)* up to z = 2,
remaining mostly flat at higher redshifts, on
the basis of ultraviolet observations of galaxies
up to z = 2.5 (22). Finally, the space density of
unobscured quasars, Nypopsc(z), has been mea-
sured by both x-ray (23, 24) and optical (25)
surveys, and consistent results are found with
these two methods. These are all the ingre-
dients needed to compute the expected fraction
of obscured to unobscured quasars, wherein
At in Eq. (1) can be determined as a free param-
eter. The redshift dependence of each of these
components is shown in fig. S2.

The estimates from our simple scenario are
consistent with the observations (Fig. 1), in
particular considering the steep evolution in the
relative number of obscured sources from z =
1.5 to 3. This rapid increase is not predicted or
expected from existing AGN luminosity func-
tions (Fig. 1). That is, extrapolations from the be-
havior of less-obscured lower-luminosity sources
(with observed column densities < 10%* cm2) do
not match current observations, in particular at
z > 2. This suggests the existence of a different
channel for the triggering mechanism for quasars,
compared to lower-luminosity AGN. The best-fit
value of Ar we obtained is 96 + 23 million years
(My; 90% confidence level). This is very similar
to the current best estimates of quasar lifetimes in
their optically bright, unobscured phases [10 to
100 My (26)], indicating that these sources spend
roughly half their life in the obscured phase.

Having determined that quasars that are fueled
by the merger of massive gas-rich galaxies spend
comparable amounts of time in the obscured and
unobscured phases, we then estimated the impli-
cations for the mass accretion onto the nuclear
supermassive black holes during these two stages.
Assuming a typical accretion efficiency of € =0.1,
the mass growth of the supermassive black hole
due to accretion is given by

AMpgy = 1.6 x 107

Lol T
33 8 M
10%erg/s/ \ 10°years

where 7T is the duration of the entire accretion
episode that includes the obscured and un-
obscured phases. The typical bolometric lumi-
nosities of these sources span the range 10* to
10%7 erg/s [~10"* to 10" L, (solar luminosity)],
while they have black hole masses of Mgy ~ 10°
to 10" M, (27, 28). Given that the typical dura-
tion of the total (both obscured and unobscured)
luminous quasar phase is 7~ 2 x 10° years, it is
possible for a quasar to build most or all of the
black hole mass in a single event, which is trig-
gered by a major merger as suggested here.

In spite of copious accretion, due to their high
redshifts and strong absorption, this unexpected pop-
ulation of obscured quasars are not key contributors
to the extragalactic x-ray background radiation.
Their total contribution is estimated to be ~1 to

(2)
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2% (8). However, they constitute a significant
fraction of the supermassive black hole mass
density in the universe (29). Adding the extra
obscured accretion reported here, which lasts as
long as the optically bright phase, increases our
original estimate of the integrated black hole mass
density at z = 0 by 4%, to 4.5 x 10°> M, Mpc >
(8). Including this additional contribution, the
integrated black hole growth in the obscured qua-
sar phase is 1.3 x 10° Mg Mpc °, or ~ 30% of
the total black hole mass density at z = 0, in
agreement with our conclusion that the obscured
quasar phase can harbor a large fraction of the
black hole growth (30). Our results are in agreement
with recent estimates (26) that suggest an average
accretion efficiency of <10% even accounting for
heavily obscured accretion.
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Conversion of Sugars to
Lactic Acid Derivatives Using
Heterogeneous Zeotype Catalysts

Martin Spangsberg Holm,"?3* Shunmugavel Saravanamurugan,®?* Esben Taarning®>t

Presently, very few compounds of commercial interest are directly accessible from carbohydrates

by using nonfermentive approaches. We describe here a catalytic process for the direct formation
of methyl lactate from common sugars. Lewis acidic zeotypes, such as Sn-Beta, catalyze the
conversion of mono- and disaccharides that are dissolved in methanol to methyl lactate at
160°C. With sucrose as the substrate, methyl lactate yield reaches 68%, and the heterogeneous
catalyst can be easily recovered by filtration and reused multiple times after calcination

without any substantial change in the product selectivity.

arbohydrates represent the largest frac-

tion of biomass, and various strategies

for their efficient use as a commercial
chemical feedstock are being established in the
interest of supplementing, and ultimately replac-
ing, petroleum (/—4). The thermal instability of
carbohydrates is a major obstacle in this regard,
and biochemical processes have proven to be
more applicable than catalytic ones, in part be-
cause of their ability to operate at low temper-
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atures. On the other hand, catalysis often presents
improved process design options, resulting in
higher productivity and reduced costs related to
product work-up. Indeed, catalysis has proven to

Fig. 1. Proposed reaction

pathway for the conversion OH OH
of fructose to methyl lac- po

tate. The reaction formally

comprises a retro aldol frag- OH O
mentation of fructose and
isomerization-esterification
of the trioses.

Fructose

be scalable and able to supply numerous low-cost
products from petroleum.

In contrast to the case for biochemical pro-
cesses, relatively few products are directly ob-
tainable from carbohydrates by using catalysis.
Gluconic acid and sorbitol can be obtained
from glucose by oxidation and hydrogenation,
respectively, and acidic catalysts are currently
being examined for the direct production of 5-
hydroxymethylfurfural (HMF) (5—7). However,
currently the production of fuels and value-
added compounds from carbohydrates is domi-
nated by fermentative processes (8). An important
example is the fermentation of glucose to lactic
acid, which is used for the production of bio-
degradable plastics (9, 10) and solvents (11, 12).
Lactic acid has also been investigated as a pre-
cursor to the production of a wide range of use-
ful compounds through catalytic transformation
(13, 14). However, the future role of lactic acid
will largely depend on its production costs. Be-
cause the fermentation of glucose to lactic acid

OH
HO.
| Glyceraldehyde
OH Retro-aldol reaction “ 0
OH
OH Dihydroxyacetone
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