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Introduction

LSST	will	be	great	for	AGN

Will	find	more	AGN	than	any	survey	before	by	at	least	an	
order	of	magnitude

300+	million	AGN	observed

20	million	identified	by	LSST

50+	million	identified	by	LSST	+	additional	data
• Euclid,	eROSITA,	WFIRST,	etc.
• NEOCAM	will	also	be	great	if	approved

Roberto	J.	Assef	- UDP January	2017	- AAS	- LSST	AGN 2



Characterizing	the	population	

LSST	will	probe	AGN	to	much	fainter	optical	limits	than	any	
other	large	scale	survey

Possibility	to	characterize	AGN	populations	well	beyond	the	
knee	of	the	QLF
• Imaging	is	deep	enough	it	will	likely	allow	to	characterize	their	
environments.

AGN	Identification	is	far	from	trivial
• Only	~20%	of	the	observed	AGN	will	be	identified	by	LSST

It	is	not	the	ones	we	see,	but	those	we	don’t	that	matter
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Characterizing	the	Population

Issue	is	that	missing	AGN	are	not	random
• Missing	specific	populations	can	have	important	effects	on	
conclusions	about	AGN
• Particularly	important	for	galaxy	evolution
• Need	to	at	least	understand	if	not	solve

Main	biases	that	need	to	be	considered:

• Confusion	with	stellar	locus

• Obscuration	– Reddened	type	1	and	type	1.8/1.9/2	AGN

• Host	Dilution
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Confusion	with	the	Stellar	Locus

Great	issue	for	optical	color	selection
• E.g.,	Fan	et	al.	(1999)	,	Richards	et	al.	(2006)

Happens	at	z	of	about	2-3

Variability	selection	will	help	
• Time	dilation	lowers	the	light	curve	duration
• Highest	L	QSOs	may	not	vary	enough	in	10	years	to	detect	variability	in	all	
bands

Lack	of	astrometry	should	be	enough	to	identify	them.
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Host	Dilution

Likely	one	of	the	biggest	issue	for	AGN	studies	in	LSST

Color	identification	criteria	works	because	AGN	are	different	
than	galaxies
• Flipside	is	that	AGN	need	to	dominate	the	SED	to	be	identified

• Need	to	trade	completeness	with	reliability

Dominating	over	the	host	in	the	optical	is	a	function	of	
• AGN	Luminosity
• Host	Stellar	Mass
• Host	Unobsured Star-Formation	Rate
• Redshift	
• Obscuration	of	the	AGN
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MIR	Experience	– Host	Dilution
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MIR	Experience	– Obscuration	and	z

Stern	et	al.	(2012,	ApJ,	753,	30)



Luminosity	Ratio	Bias

In	the	mid/near-IR,	the	emission	of	the	host	galaxy	is	more	
related	to	the	stellar	mass	than	to	the	SFR

At	these	𝝀,	LHost is	related	to	MBH so	LAGN/Lhost is	a	proxy	for	the	
Eddington	ratio	=	LAGN/LEdd

IR	criteria	are	biased	against	low	Eddington	ratios.	
• Effectively	biased	against	low-L	AGN,	but	because	of	low	L/Ledd and	B/T

Importance	of	bias	depends	on	the	selection	criteria,	redshift	
and	obscuration		
• Need	to	consider	all	when	analyzing	selection	function	effects

Roberto	J.	Assef	- UDP January	2017	- AAS	- LSST	AGN 10



AGN	vs	Host	Luminosity	Bias
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Donley	et	al.	(2012,	ApJ,	748,	142)
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Figure 19. (a) Specific accretion rate (λ) derived from the X-ray luminosity vs. stellar mass. For sources that are detected in both IRAC and X-ray (filled dark green
circles) we also show Stern et al. or Donley et al. IR-AGN sources as red squares or blue diamonds, respectively. The gray dashed line shows the approximate location
of an LX ∼ 1042 erg s−1 source. We find two populations of X-ray sources that are not identified as IR-AGNs: those that are not detected by IRAC and those that
are detected by IRAC but do not meet either the Stern et al. or Donley et al. criteria. Many X-ray AGNs that are not IRAC detected have high specific accretion rates
(λ > 10−1) and have low stellar masses. The sources that are IRAC detected but not identified by either selection technique are low-luminosity sources that have low
specific accretion rates and high stellar masses. (b) Specific accretion rate (λ) derived from the L3.6 µm luminosity vs. stellar mass. X-ray-detected sources are filled
green circles, with filled red squares or blue diamonds for Stern et al. and Donley et al. IR-AGNs, respectively. Stern et al. and Donley et al. sources that are not X-ray
detected are shown with open light red squares and light blue diamonds, respectively. There is a floor near 10−2 < λ < 10−3 where galaxy light begins to dominate
the MIR emission. (c) Specific accretion rate (λ) distribution for the X-ray, Stern et al. and Donley et al. AGN samples for M∗ > 3× 1010 M⊙. The Stern et al.
and Donley et al. IR-AGN techniques tend to identify higher specific accretion rate sources relative to the X-ray AGN sample. We include the X-ray completeness
corrections for the X-ray-detected sources.
(A color version of this figure is available in the online journal.)

red and blue galaxies at all stellar masses. The rate that the
fraction of red galaxies with Stern et al. or Donley et al. AGNs
increases with stellar mass is much slower than for red galaxies
with X-ray AGNs. This lower rate of change for the IR-AGN
selections suggests that they are less efficient at identifying
AGNs in red, massive galaxies (M∗ ! 1010.5 M⊙). The fraction
of galaxies with Stern et al. AGNs is higher than the X-ray
fraction at low masses, which may be due to contamination of
Stern et al. IR-AGNs by star-forming galaxies.

In Figure 19(a), we estimate the specific accretion rate
(λ) of the X-ray-detected sample as a function of the host
stellar mass. Following Aird et al. (2012), we define the
specific accretion rate from the bolometric luminosity derived
from the X-ray luminosity using the Hopkins et al. (2007)
quasar bolometric corrections.15 For the hard X-ray-selected
sample, this is dominated by the emission from the AGN with
possibly only minor contribution from the host galaxy. From the

15 http://www.tapir.caltech.edu/∼phopkins/Site/qlf

bolometric luminosity, we calculate the specific accretion rate

λ = Lbol

LEdd
= Lbol

1.3 × 1038 erg s−1 × 0.002 M∗
M⊙

, (11)

where M∗ is the host galaxy stellar mass and Lbol is the
bolometric luminosity. The X-ray sources with IRAC detections
are solid green circles and the sources without IRAC detections
are open green circles. Sources with IRAC detections that
are selected by either the Stern et al. or Donley et al. IR-
AGN selection technique are outlined with red squares or blue
diamonds. The vast majority of Donley et al. IR-AGNs also
satisfy the Stern et al. IR-AGN selection criteria. This figure
shows two populations of X-ray sources that are not identified as
IR-AGNs: those that are not detected by IRAC (see Section 4.3)
and those that are detected by IRAC but do not meet either
the Stern et al. or Donley et al. criteria. The former population
consists primarily of sources at low stellar masses and high
specific accretion rates. These sources are primarily found in
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Host	Dilution	in	the	Optical

It	is	a	more	complicated	case	than	in	the	IR

Optical	color	selection	is	biased	against	low	Eddington	ratios
• This	needs	to	be	fully	modeled	and	taken	into	account	for	galaxy	evolution	
studies
• Somewhat	better	for	optical	than	IR	because	host	peaks	in	the	NIR

Additionally,	host	dilution	in	the	optical	means	
• Bias	against	AGN	in	SF	galaxies

• Could	have	significant	impact	in	gal	evol studies	where	both	are	important

• Bias	against	reddening
• Light	reddening	can	already	have	an	impact
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How	to	Solve	it?

• Variability	should	be	able	to	help,	at	least	in	nearby	objects
• Lower	time	dilation
• Fainter
• Variability	amplitude	is	higher	for	L/Ledd (Macleod	et	al.	2010)

• X-rays
• Notably	insensitive	to	this	issue
• Unfortunately	eROSITA is	rather	shallow

• SED	fitting
• Not	as	efficient	to	do	without	other	anchoring	data	points	in	the	IR
• Should	be	easy	to	implement	with	Euclid	or	WFIRST	or	Deep	drilling	fields
• LAGN/LHost notably	independent	of	redshift	accuracy	(more	or	less)
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No. 2, 2010 MODELING THE TIME VARIABILITY OF S82 QUASARS 1027

Figure 14. Top panels: the long-term rms variability SF∞ (left) and characteristic timescale τ (right) are shown as colors on a grid of redshift and absolute i-band
magnitude Mi. The SF∞ parameters are normalized to a fixed rest wavelength using the fitted power-law dependences of (λRF/4000 Å)B with B = −0.479 and 0.17
for SF∞ and τ , respectively. The lines of constant variability (dashed) show that SF∞ is independent of redshift. Bottom panels: as in the top panels but with black
hole mass MBH on the x-axis.

Figure 15. Left: the Eddington ratio for S82 quasars (estimated using masses and bolometric luminosities from Shen et al. 2008) is shown as colors on a grid of Mi vs.
MBH, with dashed lines of constant L/LEdd over-plotted. Right: long-term rms variability (corrected for wavelength dependence) is shown as a function of L/LEdd
(open circles are medians in each bin). The slope of the linear fit to the medians is listed on the panel.

scalings. Therefore, using this naive scaling, we are not able to
relate the observed τ to either a thermal or viscous timescale
of the radius associated with the wavelength of the variability.
However, in reality there is a range of radii, which corresponds

to a range in timescales, contributing to the observed flux in
each band, and this will cause some degree of smoothing.
Also, the radial regions might overlap for each band, causing a
single radius to contribute flux in multiple bandpasses, and this

Macleod	et	al.	(2010)



Examples	of	AGN	SED	Fitting
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Assef	et	al.	(2010)



Estimates	of		LAGN/LHost
ratio	are	independent	
of	zphot accuracy

Plot	shows	the	ratio	of	
the	bolometric	
luminosities	of	the	
AGN	to	Host	
components	assuming	
the	best	fit	photo-z	
and	the	spec-z

Roberto	J.	Assef	- UDP 17

Decomposition	not	very	sensitive	to	z



Obscured	AGN	in	LSST

• >50%	of	AGN	are	obscured
• Might	depend	on	AGN	luminosity
• Non-trivial	at	the	highest	luminosities

• LSST	will	be	limited	in	identifying	reddened	AGN
• Y-band	photometry	will	give	it	a	significant	edge	over	SDSS
• Unlikely	to	identify	type	2	AGN

•Will	need	identification	from	other	surveys	
• Euclid	and	WFIRST	will	add	the	NIR	to	help	identify	mildly	obscured	AGN
• (un)WISE	will	help	some	with	type	2,	but	rather	shallow.	NEOCAM?
• eROSITA will	help	also	with	type	2	AGN,	but	also	shallow
• Deep	drilling	fields
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LSST	- Hosts

•While	not	able	to	identify	them,	LSST	will	see	the	host	
galaxies

• Important	to	characterize	the	host	galaxies
• Unobscured	SFRs	and	Stellar	Mass
• AGN	and	galaxy	evolution
• AGN	feedback

• Improved	photometric	redshifts
• Stability	and	depth	of	LSST	photometry	will	help	enormously	with	photo-zs
• Inherently	bad	for	type	1	QSOs,	but	work	well	for	type	2
• Spectroscopy	much	easier	for	type	1
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Cross-Correlation	Function	of	
Obscured	vs.	Unobscured	AGN
• Cross	correlation	find	that	type	2	AGN	cluster	more	tightly	
than	type	1	AGN	
• Donoso et	al.	(2014),		di	Pompeo	et	al.	(2014,	2016,	2017)
• Although	see	Mendez	et	al.	(2016)
• Suggest	that	there	is	a	population	of	highly	obscured	type	2	AGN	with	a	high	
clustering	fraction.

• LSST	could	allow	to	test	this	when	coupled	with	eROSITA
• NEOCAM
• Possibly	with	Euclid	too

• Analysis	only	needs	P(z)	to	first	order
• Would	be	great	to	have	more	redshifts,	but	unlikely
• Use	variability	to	get	P(z)?
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Figure 11. Angular correlation function w(θ ) of WISE-selected AGNs split into
obscured sources with r−W2 > 6 and unobscured AGNs with r−W2 ! 6. The
bottom panel shows the absolute bias with respect to the dark matter angular
correlation (dashed line). Markers on the left indicate the mean bias value.
The gray shaded region shows the angular autocorrelation of type-1 quasars
from Hickox et al. (2011) (inferred from the quasar–galaxy and galaxy–galaxy
correlation function), which is in broad agreement with our estimation for the
blue AGN sample.
(A color version of this figure is available in the online journal.)
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Figure 12. Angular correlation function w(θ ) of WISE-selected AGNs as in
Figure 11, but limited to sources with r-band counterparts brighter than r = 23
in SDSS. Simple power-law fits of the form Aθ−γ (dot-dashed lines) have a
correlation amplitude a factor of ∼2 larger for the obscured population compared
to the unobscured sources.
(A color version of this figure is available in the online journal.)

Given the difference in amplitude between the correlation
functions of red and blue AGNs, we investigate how this reflects
into the masses of dark matter halos that host them. Using the
prescriptions described in Section 4.2, we estimate that blue
AGNs at z ∼ 1 are hosted in halos of characteristic mass
log(M/M⊙ h−1) = 12.37+0.57

−1.00. This is in excellent agreement
with the halo mass of log(M/M⊙ h−1) ∼ 12.3 reported by Ross
et al. (2009) for SDSS optical quasars at z < 2.2. Croom et al.

Figure 13. Bias as a function of redshift for WISE blue and red AGNs,
shown at the mean redshift of their corresponding best-fit distributions. For
reference, we also overlay data derived from optical SDSS quasars (orange,
Ross et al. 2009) and 2QZ quasars (gray, Croom et al. 2005), as well as
previous results from Hickox et al. (2011) for obscured (hollow square) and
unobscured AGNs (hollow circle). Dashed lines are models of constant halo
mass of log M/M⊙ h−1 = 13, 12.5, 12 (from top to bottom), while the best-fit
cases for WISE AGNs are indicated by solid, thick lines.
(A color version of this figure is available in the online journal.)

(2005) finds a similar value of log(M/M⊙ h−1) ∼ 12.5+0.2
−0.3

for 2QZ quasar hosts. In Figure 13 we show the bias as a
function of redshift for the best-fit model (thick blue line),
along with models of constant halo mass (dashed black lines) for
reference. We find that the halos of our red AGNs have a much
larger characteristic mass of log(M/M⊙ h−1) = 13.48+0.54

−0.31, i.e.,
over a factor of 10 larger than for blue AGNs. We discuss the
physical implications of this result in the following section.
We also note that Hickox et al. (2011) reports a very similar
mass of log(M/M⊙ h−1) = 13.3+0.3

−0.4 for their obscured quasar
sample, though their value of log(M/M⊙ h−1) = 12.7+0.4

−0.6 for
unobscured quasars is slightly larger than both our value and
literature results for optically selected unobscured quasars.

5.3. The Host Galaxies of WISE AGNs

To understand the clustering result of our red and blue
samples, we study the host galaxies of WISE-selected AGNs
using SED fitting and the morphology classifications discussed
in Section 3.3. This is important because the observed difference
in clustering might, in principle, be attributed to a selection
effect that biases our red AGN sample to being hosted by early-
type galaxies and our blue AGN sample to being hosted by
late-type galaxies. Such a difference might be either the result
of an intrinsic difference between the populations or due to
a selection function bias. In particular, Figure 8 suggests that
our red AGN sample could be biased against type-2 quasars in
starburst galaxies if mid-IR-selected AGNs had a large spread
over â values.

First, we use the SED fitting of WISE-selected AGN candi-
dates in the Boötes field with the templates of Assef et al. (2010)
to analyze the distribution of host light coming from each of the
three galaxy templates (E, Sbc, and Im). From Figure 9, the blue
AGN sample contains some sources with considerable dust ob-
scuration (i.e., well above the E(B −V ) = 0.15 boundary line).
For these misclassified type-2 AGNs, we find that 38%, 36%,
and 26% of their host galaxy emission is dominated by the E,
Sbc, and Im templates, respectively, where we define an object
to be dominated when >50% of the host luminosity is coming
from a given template. These similar proportions suggest that
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Figure 6. A comparison of the measured bias via CMB lensing cross-correlations (left) and the quasar autocorrelation (right), using various data sets. In the
CMB lensing panel, ‘DR1’ and ‘DR2’ refer to the Planck data release. An asterisk on the WISE catalogue indicates that the masks derived from both catalogues
have been applied, and ‘Both’ is the measurement for objects satisfying our criteria in both catalogues. The numbers under each measurement indicate the total
area used, in deg2.

Figure 7. Auto- and cross-correlations of the Planck DR1 and DR2 κ maps.
The similar shape but higher power at all scales in the DR1 autocorrelation
suggests that there is more correlated noise in the DR1 map.

these auto- and cross-correlations should all be quite similar. The
results are shown in Fig. 7. While the DR2–DR2 auto-correlation
and DR2–DR1 cross-correlation are nearly identical, the DR1–DR1
autocorrelation has significantly more power (by ∼45 per cent),
while having the same shape at all scales. This suggests that the
DR2 map contains significantly less correlated noise, while still
preserving real features in the data. However, it is not clear how this
might affect the obscured sample cross-correlation more than that
of the unobscured sample.

4.4 WISE AS- versus AW-selected quasars

In Section 2, many similarities between the AS- and AW-selected
quasar samples were discussed. The number densities are similar
(three fewer objects per square degree in the AW-selected sam-
ple), the obscured and unobscured fractions are indistinguishable

(Table 1), the redshift distributions are consistent, and the optical
morphological properties are very similar (with a slight increase
in unresolved sources in AW). Despite these similarities, the differ-
ence in bias measurements when changing from AS- to AW-selected
samples (or changing the masks), suggests that there may be some
fundamental difference in samples selected from the two catalogues.
To help inform the discussion of the bias measurements, we explore
the properties of these samples in more detail here.

4.4.1 Photometric properties of AS- and AW-selected quasars

The top row of Fig. 8 shows distributions of W1, W2, and r for
the AW- and AS-selected quasars (the full IR-selected samples;
these comparisons are very similar for obscured and unobscured
subsamples), as well as the difference between the AW and AS
W1 and W2 magnitudes for objects that are selected from both
catalogues. These comparisons are made after applying both masks
to the samples (i.e. AW* and AS*), so any differences are not due
to masking (see below). Of the common objects in AS and AW,
the vast majority (>99.9 per cent) are matched to the same optical
counterpart so differences between r magnitudes for the common
sample are not shown as they are generally null.

The AW sample shows a subtle shift towards brighter W1 and
W2 fluxes, and as noted the r distributions are nearly identical. The
reason for this is clear in the top-right panel showing the difference
in the common sample. The W1 difference distribution is strongly
asymmetric, with an updated AW flux more likely to be brighter,
while the W2 difference distribution is much more symmetric about
zero and smaller in magnitude. These effects are noted in the AW
explanatory supplement, which states that AW photometry is known
to be increasingly brighter at magnitudes fainter than W1 ∼ 14 and
W2 ∼ 13 (the majority of our sources) due to correction of a faint
source underestimation bias in AS. These effects are particularly
important for colour-selected samples such as ours.

The second row of Fig. 8 illustrates how these changes propagate
through to our colour selection. We see that the larger brightening
in W1 compared to W2 leads to an IR-redder sample in AS than in
AW. The similarity in the distributions of r − W2 illustrates that

MNRAS 456, 924–942 (2016)
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results are shown in Fig. 7. While the DR2–DR2 auto-correlation
and DR2–DR1 cross-correlation are nearly identical, the DR1–DR1
autocorrelation has significantly more power (by ∼45 per cent),
while having the same shape at all scales. This suggests that the
DR2 map contains significantly less correlated noise, while still
preserving real features in the data. However, it is not clear how this
might affect the obscured sample cross-correlation more than that
of the unobscured sample.
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In Section 2, many similarities between the AS- and AW-selected
quasar samples were discussed. The number densities are similar
(three fewer objects per square degree in the AW-selected sam-
ple), the obscured and unobscured fractions are indistinguishable

(Table 1), the redshift distributions are consistent, and the optical
morphological properties are very similar (with a slight increase
in unresolved sources in AW). Despite these similarities, the differ-
ence in bias measurements when changing from AS- to AW-selected
samples (or changing the masks), suggests that there may be some
fundamental difference in samples selected from the two catalogues.
To help inform the discussion of the bias measurements, we explore
the properties of these samples in more detail here.

4.4.1 Photometric properties of AS- and AW-selected quasars

The top row of Fig. 8 shows distributions of W1, W2, and r for
the AW- and AS-selected quasars (the full IR-selected samples;
these comparisons are very similar for obscured and unobscured
subsamples), as well as the difference between the AW and AS
W1 and W2 magnitudes for objects that are selected from both
catalogues. These comparisons are made after applying both masks
to the samples (i.e. AW* and AS*), so any differences are not due
to masking (see below). Of the common objects in AS and AW,
the vast majority (>99.9 per cent) are matched to the same optical
counterpart so differences between r magnitudes for the common
sample are not shown as they are generally null.

The AW sample shows a subtle shift towards brighter W1 and
W2 fluxes, and as noted the r distributions are nearly identical. The
reason for this is clear in the top-right panel showing the difference
in the common sample. The W1 difference distribution is strongly
asymmetric, with an updated AW flux more likely to be brighter,
while the W2 difference distribution is much more symmetric about
zero and smaller in magnitude. These effects are noted in the AW
explanatory supplement, which states that AW photometry is known
to be increasingly brighter at magnitudes fainter than W1 ∼ 14 and
W2 ∼ 13 (the majority of our sources) due to correction of a faint
source underestimation bias in AS. These effects are particularly
important for colour-selected samples such as ours.

The second row of Fig. 8 illustrates how these changes propagate
through to our colour selection. We see that the larger brightening
in W1 compared to W2 leads to an IR-redder sample in AS than in
AW. The similarity in the distributions of r − W2 illustrates that
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Overdensities Around	Luminous	
QSOs

Euclid	+	LSST	(+NEOCAM)	
can	help	characterize	
galaxies	around	luminous	
AGN	

• Photo-z
• Unobscured	SFR
• Stellar	mass
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Assef	et	al.	(2015)



Conclusions

LSST	will	have	a	major	impact	in	AGN	studies

Problem:	Need	to	control	for	selection	biases
• Primarily	host	dilution
• Biased	against	low	Eddington	ratios
• Biased	against	AGN	in	star	forming	galaxies

Combined	with	other	surveys,	LSST	will	be	great	for	
characterizing	obscured	AGN
• Need	Euclid,	eROSITA,	and/or	NEOCAM
• Impact	will	be	limited	for	LSST	alone	
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Kozlowski	et	al.	(2010)



Overdensities Around	Luminous	
QSOs
• Euclid	+	LSST	
(+NEOCAM)	can	
help	characterize	
galaxies	around	
luminous	AGN	
(zphot,	SFR,	
stellar	mass)
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Assef	et	al.	(2015)



Covering	fractions
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Mateos et	al.	(2016)



WISE	AGN	Maps
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4.5M	AGN	(90%	reliability)	– Assef	et	al.	(in	prep)



Templates	from	Assef	et	al.	(2010)
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