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Fundamental astronomy has a fundamental problem.

Nobody ever measures the stellar mass. That is not a measurable thing; it’s 
an inferred quantity. You measure light, OK?  You can measure light in 
many bands, but you infer stellar mass. Everybody seems to agree on 
certain assumptions that are completely unproven.

— Carlos Frenk, 2017 May 15  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Abstract

We present new observations of the three nearest early-type galaxy (ETG) strong lenses discovered in the
SINFONI Nearby Elliptical Lens Locator Survey (SNELLS). Based on their lensing masses, these ETGs were
inferred to have a stellar initial mass function (IMF) consistent with that of the Milky Way, not the bottom-heavy
IMF that has been reported as typical for high-σ ETGs based on lensing, dynamical, and stellar population
synthesis techniques. We use these unique systems to test the consistency of IMF estimates derived from different
methods. We first estimate the stellar M*/L using lensing and stellar dynamics. We then fit high-quality optical
spectra of the lenses using an updated version of the stellar population synthesis models developed by Conroy &
van Dokkum. When examined individually, we find good agreement among these methods for one galaxy. The
other two galaxies show 2–3σ tension with lensing estimates, depending on the dark matter contribution, when
considering IMFs that extend to 0.08Me. Allowing a variable low-mass cutoff or a nonparametric form of the IMF
reduces the tension among the IMF estimates to < 2σ. There is moderate evidence for a reduced number of low-
mass stars in the SNELLS spectra, but no such evidence in a composite spectrum of matched-σ ETGs drawn from
the SDSS. Such variation in the form of the IMF at low stellar masses (m 0.3Me), if present, could reconcile
lensing/dynamical and spectroscopic IMF estimates for the SNELLS lenses and account for their lighter M*/L
relative to the mean matched-σ ETG. We provide the spectra used in this study to facilitate future comparisons.
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1. Introduction

The stellar initial mass function (IMF) is both fundamental
as a basic outcome of the star formation process and a critical
ingredient for interpreting numerous extragalactic observations.
Although the IMF is consistent with being independent of the
environment within the Milky Way (e.g., Bastian et al. 2010),
there is little theoretical reason for this to hold across all star-
forming regions where the physical conditions can vary widely
(e.g., Hennebelle & Chabrier 2008; Krumholz et al. 2011;
Hopkins 2012, 2013; Chabrier et al. 2014). Since only the
brightest stars beyond the local volume can be individually
detected, constraints on the IMF in external systems are
challenging and must rely on integrated light observations.

Two such approaches have been applied to early-type galaxies
(ETGs). The first is to model the total mass distribution using
gravitational lensing, stellar kinematics, or both in combination
(Auger et al. 2010b; Treu et al. 2010; Spiniello et al. 2011;
Thomas et al. 2011; Barnabè et al. 2013; Cappellari et al. 2013a;
Conroy et al. 2013; Newman et al. 2013a, 2013b). Since the radial
distributions and shapes of the dark matter and stars are thought to
be distinct, it is possible to separate the components with the aid
of a few assumptions. The principal assumptions are that the
stellar mass density follows the luminosity density and that the
dark matter profile follows a parameterized form, such as a power
law or an NFW halo (Navarro-Frenk-White, Navarro et al. 1996).
This leads to an integral constraint on the IMF, i.e., M*/L. A
promising alternative route to M*/L is to measure the “graini-
ness” of the gravitational potential via microlensing-induced flux

anomalies, which Schechter et al. (2014) have demonstrated using
ten multiply imaged quasars.
The second method is based on a detailed analysis of absorption

line spectra. Recent stellar population synthesis (SPS) models
have opened up studies of the chemical abundance patterns and
the IMF in unresolved old populations at a remarkable level of
detail (Conroy & van Dokkum 2012a, 2012b; van Dokkum &
Conroy 2012; La Barbera et al. 2013; Spiniello et al. 2014). While
varying the age and metallicity imparts large and well-known
changes to integrated galaxy spectra, variations in the IMF also
affect surface gravity-sensitive absorption lines at levels that are
subtle but detectable (;1%) with high-quality data.
When these two methods are applied to ETGs, both are

consistent with a trend of “heavier” IMFs in higher-σ (Cappellari
et al. 2013a; La Barbera et al. 2015), more metal-rich (Martín-
Navarro et al. 2015c), or more α-enhanced (Conroy & van
Dokkum 2012b) galaxies. (Since these quantities are mutually
correlated, the primary driver of the correlation is more difficult
to establish.) The “heaviness” of the IMF can be expressed via
the mass factor α= (M*/L)/(M*/L)MW, where (M*/L)MW is
inferred from SPS models assuming a fiducial IMF and thereby
normalizes differences in age or metallicity. Lensing and
dynamical methods infer higher α in high-σ ETGs, but cannot
distinguish between an increased number of low-mass stars
versus stellar remnants, while absorption line studies of such
galaxies directly point to a larger number of low-mass (< 1Me)
stars, i.e., a “bottom-heavy” IMF.
This apparent convergence of entirely independent techni-

ques has lent credence to claims of a non-universal IMF.
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Abstract

It is now well-established that the stellar initial mass function (IMF) can be determined from the absorption line
spectra of old stellar systems, and this has been used to measure the IMF and its variation across the early-type
galaxy population. Previous work focused on measuring the slope of the IMF over one or more stellar mass
intervals, implicitly assuming that this is a good description of the IMF and that the IMF has a universal low-mass
cutoff. In this work we consider more flexible IMFs, including two-component power laws with a variable low-
mass cutoff and a general non-parametric model. We demonstrate with mock spectra that the detailed shape of the
IMF can be accurately recovered as long as the data quality is high (S/N 300Å−1) and cover a wide wavelength
range (0.4–1.0 μm). We apply these flexible IMF models to a high S/N spectrum of the center of the massive
elliptical galaxy NGC 1407. Fitting the spectrum with non-parametric IMFs, we find that the IMF in the center
shows a continuous rise extending toward the hydrogen-burning limit, with a behavior that is well-approximated
by a power law with an index of −2.7. These results provide strong evidence for the existence of extreme (super-
Salpeter) IMFs in the cores of massive galaxies.

Key words: galaxies: evolution – galaxies: stellar content – stars: luminosity function, mass function

1. Introduction

The initial mass function (IMF) connects a variety of
astrophysical phenomena including star formation, stellar
feedback, the relative number of stellar remnants, and heavy
element production, and is a critical ingredient in modeling the
integrated light from distant galaxies. Precise knowledge of the
IMF is essential for understanding the dark matter content
within galaxies (e.g., Cappellari et al. 2006) and measuring
supermassive black hole masses (e.g., Gebhardt & Tho-
mas 2009; McConnell et al. 2012). Unfortunately, the IMF is
very difficult to measure when individual stars cannot be
resolved, owing to the intrinsic faintness of lower main
sequence stars relative to the evolved giants (e.g., Conroy &
van Dokkum 2012a).

Nonetheless, in recent years there have been many reported
measurements of the IMF in distant galaxies by a variety of
techniques, including kinematic analysis, strong lensing, stellar
population synthesis, and microlensing (e.g., Cenarro
et al. 2003; Treu et al. 2010; van Dokkum & Conroy 2010;
Cappellari et al. 2012; Conroy & van Dokkum 2012b; Spiniello
et al. 2012; Conroy et al. 2013; Ferreras et al. 2013; La Barbera
et al. 2013; McDermid et al. 2014; Schechter et al. 2014;
Posacki et al. 2015; Lyubenova et al. 2016). The emerging
consensus is that the IMF appears to vary systematically, from
a Milky Way-like IMF (Kroupa 2001; Chabrier 2003) at lower
galaxy masses, to a Salpeter (1955) IMF, or even more bottom-
heavy IMF, for the most massive galaxies. This consensus is
not without challenges (e.g., Smith 2014; Smith et al. 2015;
Newman et al. 2016).

At the same time, evidence has emerged that the IMF may
vary strongly within galaxies, at least at high masses (Martín-
Navarro et al. 2015; La Barbera et al. 2016; van Dokkum et al.
2016; Davis & McDermid 2017). Not all authors find evidence

for radial variation in the IMF (McConnell et al. 2016;
Zieleniewski et al. 2017), though it is not clear if the different
conclusions are due to small sample sizes or the analysis
techniques. The existence of strong IMF gradients implies that
direct comparison between different techniques requires careful
consideration of aperture effects.
When inferring the IMF from the depth of stellar absorption

lines, all analyses to date have focused on parameterized IMFs,
e.g., a single power law or a broken power law, with a fixed
low-mass cutoff. Recently, Spiniello et al. (2015) and
Lyubenova et al. (2016) have combined stellar population
and dynamical constraints for individual galaxies in order to
place stronger constraints on the shape of the IMF.
Here we go one step further and attempt to constrain the

general form of the IMF directly from the absorption line
spectra of old stellar systems. We consider several models,
including a two-part power law with a variable low-mass cutoff
and a general non-parametric IMF (see also Dries et al. 2016,
who explored the ability to reconstruct the IMF from mock
data). Our goals are (1) to assess what is measurable from
absorption line spectra in the idealized limit of perfect models,
and (2) to reconstruct from real data the IMF under different
assumptions and assess how the derived mass-to-light ratio
depends on these assumptions.

2. Models and Spectral Fitting

2.1. Overview

Our approach to constructing stellar population models
follows (Conroy & van Dokkum 2012a, CvD12a), with several
important updates. First and foremost, the models now span a
wider range of ages and metallicities, with ages extending from
1–13.5 Gyr and metallicities from [Z/H]=−1.5 to [Z/
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“To illustrate the sensitivity of 
the total mass to the cutoff, for a 
single power law with =2.7, 
the mass-to-light ratio is 70% 
higher if the cutoff is 0.05  
compared to 0.08 .”

α

M⊙
M⊙

Main sources of uncertainty
contribution of dark matterlensing:

stellar dynamics: contribution of dark matter
stellar pop. synthesis: low-mass cutoff of IMF



Chandra enabled the use of micro-lensing as powerful tool.

Magellan Chandra X-ray ObservatoryLensing Model

Lensing galaxy

images of quasar

should be brightest image anomalously dim in X-rays

Blackburne, DP, & Rappaport 2006

RX J1131−1231 RX J1131−1231 RX J1131−1231

Flux ratio anomalies in lensed 
quasars were known in the 
optical for decades, but the 
explanation was unclear 
(millilensing vs. microlensing).

DM subhalos stars✘ ✔

Chandra observations established that stronger X-ray anomalies are nearly 
universal, indicating microlensing is the cause of the anomalies.

This allowed microlensing to be used as a tool to study both the sources 
(quasars) and the lenses (elliptical galaxies) on scales of micro-arseconds.

θEin ≈ 3 ( m
M⊙ ) ( Gpc

DL )
1/2

μasEinstein radius of a star in 
typical lensing galaxy

DP et al. 2007
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The ensemble average stellar fraction is ~7% at typical impact 
parameter of 7 kpc. 

Lensing galaxy contents:

The Astrophysical Journal, 744:111 (13pp), 2012 January 10 Pooley et al.

Figure 7. Probability distributions for the stellar fraction, Sj, at the characteristic radial distance Rc from the center of the lensing galaxy for 14 quadruply lensed
quasar systems. Those labeled in italics do not have a measured lens redshift zl.

which can be seen in the bottom panels of Figure 6 using values
from ObsID 363.

All of the above has been worked out for a single observation
of a system, but several systems have been observed multiple
times with Chandra. We combine these multiple observations
using conditional probability:

P (Sj ) =
∑

k

P (Sj |obsk)P (obsk), (15)

where we take P (obsk) as a weighting factor (normalized to
unity) that combines two measures of the effectiveness of the
observation to provide unique and useful information.

The first ingredient in P (obsk) concerns the uniqueness of
the information from the observation. Over time, the proper
motions of the lensing galaxy and background quasar, as well

as the internal motions of the microlensing stars, can be thought
of as an effective motion of the source through the field of
the microlensing map (Wyithe et al. 2000). The more time
between observations, the higher the chance that the source
is in a different enough region of the map to be considered
an independent sampling of it. We therefore include a term in
P (obsk) proportional to how isolated in time the observation is,
defined as the sum of the intervals between the observation and
all other observations.

The second ingredient in P (obsk) is based on the quality
of the information that the observation provides. Observations
which yield tight constraints on the individual fractions and
the total flux consequently give much better defined probability
functions for the stellar fraction (we point out specific examples
below). We use the measured uncertainties (Table 1) on the
fractions (symmetrized) and the total flux to calculate this. Our
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Chandra data determine stellar M/L via the Fundamental Plane.
Lensing galaxy contents:

Schechter et al. 2014

The Astrophysical Journal, 793:96 (18pp), 2014 October 1 Schechter et al.

Figure 2. Likelihood of the calibration factor F applied to the stellar mass fundamental plane to compute the probability distribution of micro-lensing fluctuations.
The dashed line shows the median likelihood value, F = 1.23.

the constant c in the stellar mass fundamental plane down by
a factor 1/f 2. But, since Σe ∼ r−1.453

e , the net factor by which
the predicted surface densities are smaller is 1/f 0.547.

7.6. Effects of Mass Sheet Degeneracy

The well known mass sheet degeneracy permits the addition
of a uniform surface density mass sheet to a lens model that, with
corresponding adjustment of the model parameters, produces the
same image positions and relative magnifications. To the extent
that lensing galaxies lie in clusters of galaxies, the cluster dark
matter along the line of sight to the lens acts as such a mass
sheet.

In one of our lenses, PG 1115+080, we have taken this
into account explicitly by modeling the associated group of
galaxies as an isothermal sphere, contributing an additional
convergence at the position of the lens galaxy of ∆κ = 0.105.
The convergence for an isothermal sphere is equal to the shear,
so to gauge the possible effect of the mass sheet degeneracy, we
might add a convergence, ∆κ , comparable to the external shear
that we measure.

Such an additional smooth contribution to the convergence
does not change the magnification histogram. It does, however,
increase the observed size of the Einstein ring, by a factor
(1 − κ)/(1 − κ − ∆κ). Our proxy velocity dispersion is taken
to be a property of the lensing galaxy as opposed to the galaxy
plus mass sheet system. In the presence of a mass sheet we then
overestimate this as well.

Our convergence values cluster around κ ≈ 1/2, as expected
for an isothermal sphere. The observed Einstein ring radii
therefore overestimate the velocity dispersion in the galaxy by
a factor ≈(1 − 2∆κ). We see from Table 1 that for the same
measured effective radius we will get a smaller predicted surface
mass density, by a factor ≈(1 − 2∆κ)1.748. These would lead to
larger values of the calibration factor F .

While it might seem to be more appropriate to use the smaller
Einstein ring radii, we note that both the SLACS and SL2S radii
were derived assuming no mass sheet. Since we seek to apply
a calibrating factor to a fundamental plane derived from these

data, it would seem best to use an Einstein ring radius likewise
uncorrected for a possible mass sheet.

There is, however, some reason to believe (Holder &
Schechter 2003) that quadruply imaged quasars experience
stronger shear than the SLACS and SL2S lensing galaxies.
Koopmans et al. (2006) place a limit on the external shear for
a subset of the SLACS lenses of 0.035. By contrast, we see in
Table 6 that the typical shear for our lensed quasars is 0.1. On
the hypothesis that the external shear is the result of a larger
isothermal cluster, the additional convergence would be larger
for the present sample than for the SLACS sample.

The effect would not be large except for the case of RX
J0911+0551, for which the lensing galaxy is clearly part of a
cluster of galaxies. However, the shear, with γ = 0.294, does
not seem to be directed to the center of the cluster (Kneib et al.
2000).

7.7. Systematic Errors in Lens Model and QSO Magnifications

In modeling the expected fluctuations, one must specify
a convergence, κ , and a shear, γ at the positions of the
quasar images. These depend upon the particular model for
the gravitational lens potential. Our adopted SIE+X model is a
singular isothermal ellipsoid with ellipticity and position angle
taken from optical observations, with an external source of tidal
shear providing as much if not more quadrupole than the SIE.

A commonly adopted alternative (and the one explicitly
adopted by the SLACS and SL2S groups) is to attribute all
of the quadrupole to an SIE. While there are several systems for
which the SIE is manifestly inferior (there are obvious sources of
tides), we have constructed SIE models for our systems and use
them to gauge how large a systematic error we might be making
in adopting our SIE+X models. For the SIE models we find a
median likelihood value for the factor by which the Salpeter
stellar mass must be multiplied which is lower by roughly 17%
than for the SIE+X models.

We have also produced models with a steeper than isothermal
mass density profile, ρ(r) = ρ0(r/r0)−γ ′

, with exponent γ ′ =
2.1. The resulting calibration factor is higher by roughly 32%.

11

• Overall mass density of lensing galaxy is known from macro-lensing. 

• Chandra gives level of micro-lensing → mass in individual stars, 
including stellar remnants, brown dwarfs, and red dwarfs too faint to 
produce photometric or spectroscopic signatures.  

• We assess stellar M/L via a calibration factor  that multiplies the 
stellar mass fundamental plane.

ℱ

0.77 <  < 2.10ℱ
Uncertainty dominated 
by small sample size.



Chandra data constrain fraction of dark halo in 
MaCHOs to 10%.≲

Lensing galaxy contents:
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to reconcile those discrepancies by adopting a toy model in which 50% of the flux was
pointlike and 50% of the light was very extended and not subject to micro-lensing.

Subsequent work by Pooley et al (2007), Morgan et al (2010) and Blackburne et
al (2011) showed that the continuum emitting regions of bright lensed quasars were
factors of 3 - 30 larger than predicted by the venerated Shakura and Sunyaev (1973)
model.

Schechter et al (2014) used X-ray flux ratios in their estimate of the factor by
which Salpteter mass surface densities needed to be multiplied to allay concerns about
the size of the continuum emitting region. Jiménez-Vicente et al (2015) took a different
tack, carrying out a joint analysis of stellar mass fraction and emitting region size. The
two approaches yield consistent results, albeit with large uncertainties.

The size of the X-ray sample will continue to grow as long as the Chandra X-ray
Observatory continues to operate. Unfortunatly none of the currently planned X-ray
missions will be able to make such measurements as they lack Chandra’s resolution.

As discussed above, newly discovered quadruply lensed quasars are likely to be
less luminous than those first discovered. It is reasonable to expect their continuum
emitting regions to be correspondingly smaller, mitigating the effect of their partial
resolution.

5. Limits on MaCHOs, Including Primordial Black Holes

In our calculations, we implicitly assume that the dark halo component of a lens is
smoothly distributed. This translates to halo particles of at most planetary mass, de-
pending upon the poorly known sizes of quasar X-ray emitting regions.

Figure 3. Likelihoods for a range of fractional contributions of MaCHOs to
the dark matter surface density in ten lensed quasars. Note the finite likeli-
hood for a negative fraction, which would result if a Salpeter IMF overesti-
mates the surface mass density.
We can invert our assumptions, and take the stellar surface mass density to be

known (adopting in our case a Salpeter IMF) and instead let the factor F represent the

• Previous assumption: dark halo component is smooth → halo particles 
of at most planetary mass (depends on X-ray size of quasar) 

• Instead, take stellar surface mass density to be known and let the factor 
 represent the fraction of the dark halo in Massive Compact Halo 

Objects (MaCHOs), which includes ~20M  black holes.
ℱ

⊙

Schechter 2018

See also Mediavilla 
et al. (2009) 



Chandra observations of newly discovered quads will improve 
the ensemble results.
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Table 1. Observation information and references for the lens systems.

System name Observation date
Total exposure time

Reference(seconds)
F160W F814W F475X

PS J0147+4630 2017 Sept 13 2196.9 1348.0 1332.0 Berghea et al. (2017)
SDSS J0248+1913 2017 Sept 5 2196.9 1428.0 994.0 Ostrovski et al. 2018b (in preparation)
ATLAS J0259-1635 2017 Sept 7 2196.9 1428.0 994.0 Schechter et al. (2018)
DES J0405-3308 2017 Sept 6 2196.9 1428.0 1042.0 Anguita et al. (2018)
DES J0408-5354 2018 Jan 17 2196.9 1428.0 1348.0 Lin et al. (2017); Diehl et al. (2017); Agnello et al. (2017b)
DES J0420-4037 2017 Nov 23 2196.9 1428.0 1158.0 Ostrovski et al. 2018b (in preparation)
PS J0630-1201 2017 Oct 5 2196.9 1428.0 980.0 Ostrovski et al. (2018); Lemon et al. (2018)
SDSS J1251+2935 2018 Apr 26 2196.9 1428.0 1010.0 Kayo et al. (2007)
SDSS J1433+6007 2018 May 4 2196.9 1428.0 1504.0 Agnello et al. (2018a)
PS J1606-2333 2017 Sept 1 2196.9 1428.0 994.0 Lemon et al. (2018)
DES J2038-4008 2017 Aug 29 2196.9 1428.0 1158.0 Agnello et al. (2017a)
WISE J2344-3056 2017 Sept 9 2196.9 1428.0 1042.0 Schechter et al. (2017)

Figure 1. Comparison between the observed (first, third and fifth columns) and reconstructed (second, fourth and sixth columns)
strong-lens systems. The three HST bands: F160W, F814W, and F475X are used in the red, green, and blue channels, respectively, to
create the red-green-blue (RGB) images. Horizontal white lines for each system are rulers showing 1 arcsec. The relative intensities of
the bands have been adjusted for each lens system for clear visualisation of the features in the system.

time-delays between the quasar images: �tAB = �112 ± 2.1
days, �tAD = �155.5± 12.8 days, and �tBD = �42.4± 17.6 days
(Courbin et al. 2018).

2.2.6 DES J0420-4037

The discovery of this quad is reported by Ostrovski et al.
(2018b, in preparation). Several small knots are noticeable

near the quasar images that are possibly multiple images of
extra components in the source plane.

2.2.7 PS J0630-1201

This system is a five-image lensed quasar system (Ostrovski
et al. 2018). The discovery was the result of a lens search
from Gaia data from a selection of lens candidates from
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Future X-ray observations will unlock the full potential of future 
LSST discoveries.

Further progress:

• LSST will discover thousands of quads, but 
there are fundamental degeneracies between 
the assumptions one makes about the optical 
emitting region(s) and what you can determine 
about the lensing galaxy contents. 

• The full power of those discoveries will be 
unlocked with Lynx, which could study several 
hundred with a modest observing program. 

• The snapshot ensemble analysis could be 
done as a function of redshift.

Oguri & Marshall 2010

artist’s representation of Lynx



Main takeaways:

• Quasar micro-lensing is the only way to determine stellar M/L beyond the solar 
neighborhood. 

• Chandra established that quasars are micro-lensed. 

• Sub-arcsecond X-ray imaging is the best way to determine micro-lensing effects. 

• I gave a micro-lensing talk without showing a single micro-lensing magnification 
map. 

• I can’t leave out my three year old.





Long term Chandra (and then Lynx) follow-up of quads will 
determine stellar fraction and M/L for individual galaxies.

Further progress:
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provide independent 
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galaxy’s stellar population.

Current state of 
observations: 
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Micro-lensing has ruled out certain corona geometries and 
established that the corona must be compact. 

Corona Fe line Accretion Disk

✘

✘

✔

No!

No!

Okay

Quasar structure:

The Astrophysical Journal, 769:53 (8pp), 2013 May 20 Mosquera et al.

Figure 8. Emission region half-light radii as a function of black hole mass
MBH based in part on results from Chartas et al. (2009), Dai et al. (2010),
Morgan et al. (2010, 2012), Blackburne et al. (2011a), and J. A. Blackburne
et al. (2013, in preparation). The filled squares represent optical sizes corrected
to a rest wavelength of λ = 2500 Å assuming Rλ ∝ λ4/3 for comparison. The
correction is only significant for RXJ1131. Open triangles and squares are for
the hard and soft X-ray sizes, respectively. Small offsets between the soft and
hard X-ray data were applied for clarity. The diamonds correspond to full band
X-ray size estimates. The upper limits are indicated by arrows. The dashed line
corresponds the Morgan et al. (2010) fit to the optical data.
(A color version of this figure is available in the online journal.)

available optical and X-ray sizes following Morgan et al. (2010).
Here the optical results (filled squares) are from Morgan et al.
(2006, 2010, 2012), Fohlmeister et al. (2008), Dai et al. (2010),
Blackburne et al. (2011a), and J. A. Blackburne et al. (2013,
in preparation), the X-ray results (open symbols) are from Dai
et al. (2010), Morgan et al. (2012), Blackburne et al. (2011a),
and J. A. Blackburne et al. (2013, in preparation), and the BH
mass estimates are from Peng et al. (2006), Morgan et al. (2010),
Greene et al. (2010), and Assef et al. (2011). Although X-ray
size measurements exist for only a small number of systems,
the first inspection suggests that the size of the X-ray emission
region is roughly proportional to the mass of the central BH.
Since the optical sizes appear to scale as the Roptical ∝ M

2/3
BH

predicted by thin disk theory (Morgan et al. 2010), while the
X-ray sizes appear to scale as RX ∝ MBH, the differences be-
tween microlensing at X-ray and optical should be largest at low
mass (e.g., RXJ 1131−1231; Dai et al. 2010) and modest at high
mass (e.g., Q 2237+0305). However, the prevalence of upper
limits on the X-ray sizes, as well as the large error bars, does not
allow us to set strong constraints on the correlation. Because the
X-ray emission is so compact, robust lower limits on sizes de-
pend on having better sampled X-ray light curves than are typical
of the existing data, although we are addressing this problem in
a new set of Chandra observations. With additional and better
measurements, we can not only better constrain the correlation
with MBH but also examine whether the spatial structure of the
corona is correlated with the X-ray spectral index, and explore
the origin of the reflected X-ray components, particularly the Fe
Kα lines, as we started to explore in Chartas et al. (2012).
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Figure 10. Half-light radii at a rest wavelength of 2500 Å, plotted against black
hole mass. Black hole masses estimated using the virial method are plotted
as red squares; those estimated using bolometric luminosity are plotted as
blue diamonds. The solid line is the prediction of the thin disk model (with
fEdd = 0.25 and η = 0.15), while the dotted line is the best fit to these data.
The microlensing radii of Morgan et al. (2010) are plotted in thin black lines
for comparison. They have been corrected to 2500 Å (assuming that r ∝ λ4/3)
and converted to half-light radii by multiplying by 2.44 (see Equation (2)). The
inclination correction has been removed. Their error bars are larger because they
take several sources of systematic error into account. The black hole masses have
unplotted uncertainties of about 0.4 dex.
(A color version of this figure is available in the online journal.)

that the effective temperature is a steeply falling function of
radius. It is worth noting that nearly all the measured slopes
are consistent with ν = 0, i.e., a source with a wavelength-
independent size, though the existence of such an object seems
highly unlikely, from both theoretical (e.g., energy conservation)
and observational (e.g., quasar variability) standpoints.

MG J0414, the only quasar that matches the thin disk size
prediction (and the only radio-loud quasar in our sample), is also
the only quasar with a slope ν consistent with 4/3. Although
MG J0414 was the only case where we used empirical mid-
IR flux ratios in place of model ratios (as we suspected the
presence of millilensing), it is unlikely that its unique behavior
is due to this choice, since mid-IR radios for other lensed quasars
(including PG 1115) match the models very well (Chiba et al.
2005; Minezaki et al. 2009).

Two lenses, HE 0230 and WFI J2033, have microlensing
size estimates that decrease with wavelength. This result does
not seem to arise from a gross failure of our analysis method,
since the flux ratios themselves become more anomalous with
wavelength, which in most cases implies a smaller source size
(see Table 5). It cannot be due to microlensing variability, since
the optical/IR measurements are coeval. But it should not be
concluded that the temperature profile of these quasars is in
fact inverted, as the errors do not rule out positive slopes. It
is possible that the sources lie on an unusual region of the
caustic pattern where the smoothing caused by a larger source
causes more anomalous flux ratios. These lenses underscore
the importance of having a large sample of objects when using
single-epoch measurements.

8. SUMMARY AND CONCLUSIONS

We have obtained flux ratios in eight optical and IR filters
spanning a factor of six in wavelength, for a sample of 12
strongly lensed quasars. Comparing these ratios to each other

and to Chandra X-ray flux ratios, both from the literature and
newly reported here, we see chromatic variations, which we
attribute to the microlensing of a multicolor accretion disk. The
standard thin accretion disk model predicts a temperature profile
that falls as the β = 3/4 power of radius, implying that the
half-light radius of the disk is proportional to λ4/3, with an
overall normalization that depends on the black hole mass and
(weakly) on the Eddington fraction and accretion efficiency.
This chromatic dependence combines with the dependence of
microlensing magnification on source size to produce higher-
amplitude microlensing variations at blue wavelengths than at
red wavelengths. For single-epoch observations like ours, this
usually means that the observed flux ratios at blue wavelengths
are more anomalous than at red wavelengths, compared to the
ratios predicted by smooth lens models.

In addition to formal statistical uncertainties, we have esti-
mated the systematic errors in the flux ratios due to spectral con-
tamination by broad emission lines, quasar variability combined
with lensing time delays, and microlensing variability combined
with delays between measurement epochs. We have described
a Bayesian method for determining the probability distribution
of the half-light radius of the source in each filter. For quasars
without X-ray measurements, we are able to place upper limits
on the half-light radii, by virtue of the departures of the flux
ratios from the model predictions. When X-ray ratios are avail-
able, we assume that they originate from a very compact region,
and we are able to place both upper and lower limits on the half-
light radius, reasoning that the differences between the X-ray
and optical ratios arise because of the appreciable optical radius.

The resulting size estimates are larger overall than is predicted
by the standard thin disk model by nearly an order of magnitude,
on average. The scaling of the half-light radius with mass
is consistent with the expected slope, but the scaling with
wavelength is shallower than expected. Although the large
error bars on the wavelength slopes mean that a single slope
measurement would have little weight, the fact that all but one
of the measured slopes are too shallow commands attention.
Since the scaling of radius with wavelength is the reciprocal
of the scaling of temperature with radius, our results indicate
that if we assume a blackbody accretion disk with a power-law
temperature profile the temperature slope is in general steeper
than the standard thin disk model predicts. However, other
explanations for the relative insensitivity of radius to wavelength
are also possible, though none immediately presents itself.

There is growing evidence from microlensing studies that
quasar accretion disks are larger at optical wavelengths than
simple accretion models predict. Our result is a confirmation
of earlier, more qualitative work by Pooley et al. (2007). It also
corroborates the results of Morgan et al. (2010), who use several
lensed quasars to study the mass dependence of the accretion
disk radius, and find it difficult to reconcile their radii with thin
disk theory. Our results for the observer-frame r ′-band size of
MG J0414 and u′-band size of SDSS J0924 are consistent with
the upper limits of Bate et al. (2008) and Floyd et al. (2009),
respectively. Likewise, our estimates of the radius of RX J1131
at around 4000 Å in the rest frame, and of HE 0435 at around
6500 Å in the observed frame, are consistent with those of Dai
et al. (2010) and Mosquera et al. (2010), respectively.

The picture is less clear regarding the temperature profile
slope β. Using time-domain measurements at several wave-
lengths, Poindexter et al. (2008) find β ∼ 0.6 for the quasar HE
1104− 1805, consistent with the thin disk slope of 3/4. They
point out that a flatter temperature slope (i.e., β < 3/4) would
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Figure 4. Probability distributions for the half-light radii of the V-band (solid),
soft X-ray (dash-dotted), and hard X-ray (dashed) emission. The gray area
corresponds to predicted values of rg, where the lower and upper limits are for
MBH = 0.9 × 109 M⊙ (C iv; Morgan et al. 2010) and MBH = 2.4 × 109 M⊙
(Hβ; Assef et al. 2011), respectively.
(A color version of this figure is available in the online journal.)

in keeping solutions. We keep hard X-ray fits with χ2/Ndof ! 4
and then fit the soft X-ray band saving results with χ2/Ndof ! 3.
Dropped solutions would contribute to our Bayesian probability
integrals as exp[−(χ2 − χ2

min)/2], so the dropped cases should
be exponentially unimportant to the final results.

Once the initial set of trials has been “filtered” through
the three bands, we use a Bayesian analysis to determine
the parameters and their uncertainties. Figure 4 shows the
probability distribution for the scale radii obtained with a
logarithmic prior on the sizes. We found that the X-ray-emitting
regions are significantly smaller than the optical, and found no
significant difference between soft and hard bands, although
the uncertainties are large. Between the different bands we
found half-light radius ratios of log(R1/2,soft/RV ) = −0.65+0.47

−0.55,
log(R1/2,hard/RV ) = −0.51+0.47

−0.57, and log(R1/2,soft/R1/2,hard) =
−0.14+0.60

−0.72. We also ran a sequence considering only the OGLE
V band and the full X-ray band, since the X-ray uncertainties
are smaller when considering the complete energy range. We
saved trials with full X-ray band fits with χ2/Ndof ! 5 and
found log(RX,full/RV ) = −0.52+0.45

−0.54 (Figure 5). Thus the X-ray
half-light radius is on scales of ∼101.7±0.5 rg , while the optical
half-light radius is on scales of 102.2±0.2 rg for MBH = 109.1 M⊙.
We also examined the distributions of the projected area ratios
between the different wavelengths to see if the structure of the
X-ray-emitting region could be better defined (see Figure 6).
These ratios have values of log(AX,full/AV ) = −1.01+0.73

−0.86,
log(AX,soft/AV ) = −1.21+0.83

−1.07, log(AX,hard/AV ) = −1.01+0.86
−1.12,

and log(AX,soft/AX,hard) = −0.21+0.95
−0.91 that are consistent with

the derived half-light radius ratios.
Despite finding large numbers of good fits to the V-band data

alone, when we included the X-ray data we had difficulty ob-
taining large numbers of trials that were good fits to the data.5

5 Best (χ2/Ndof )hard = 1.9, and best (χ2/Ndof )soft = 1.3.

Figure 5. Probability distributions for the half-light radii of the V-band (solid)
and full X-ray (dashed) emission. The gray area corresponds to predicted values
of rg, where the lower and upper limits are for MBH = 0.9 × 109 M⊙ (C iv;
Morgan et al. 2010) and MBH = 2.4 × 109 M⊙ (Hβ; Assef et al. 2011),
respectively.
(A color version of this figure is available in the online journal.)

H/V
S/V
S/H

Full X-ray/V-band

Figure 6. Top panel: probability distributions for the logarithm of the half-
light radius hard X-ray area to optical area ratio (solid), along with similar
distributions for soft X-ray to optical (dashed) and hard to soft X-ray (dash-
dotted). Bottom panel: similar distribution for the full X-ray area to optical area
ratio.
(A color version of this figure is available in the online journal.)

Part of the problem is that it is probably exponentially harder
to fit temporally longer light curves using the Monte Carlo ap-
proach (see Poindexter & Kochanek 2010a). But another prob-
lem could be that we do not have fully aligned optical and
X-ray data because we have no extension of the OGLE light
curves to the most recent X-ray epochs. We tested this hypothe-
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Figure 5. Posterior probability distributions for the scale radius of the source
at a variety of wavelengths. The top (bottom) panel uses a logarithmic (linear)
prior. The arrows mark the observed-frame UV and R-band scale radii expected
from thin disk theory; the flux estimates are smaller by 0.38 dex. The vertical
line on the left marks the estimated gravitational radius of the black hole. The
mean mass ⟨M⟩ is fixed at 0.3 M⊙, and all other parameters are marginalized.
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Figure 6. Posterior probability distributions for the ratios of projected areas,
expressed as logarithmic differences. The arrow denotes the ratio of UV area
to optical area predicted by the standard thin disk theory; compare it to the
dot–dashed curve. The mean mass ⟨M⟩ is fixed at 0.3 M⊙, and all other
parameters are marginalized. We use a logarithmic prior.

we calculate posterior probability distributions for the ratio of
areas. Figure 6 shows distributions for the logarithm of the UV
area to optical area ratio, along with similar distributions for
soft X-ray to optical, hard X-ray to optical, and hard X-ray to
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Figure 7. Posterior probability distribution for the mean mass ⟨M⟩ of the
microlens stars. All other parameters are marginalized. This result is taken from
the optical-only simulation to avoid biases arising from the lack of convergence
at small X-ray and UV sizes; see the text for details. The solid line uses a
flat logarithmic prior, while the dashed line uses the result of Poindexter &
Kochanek (2010b) as a prior.

soft X-ray. These distributions use a logarithmic prior only, as a
linear prior does not make sense for such ratios. We also mark
the expected value of the UV to optical ratio for the thin disk
case where ∆ log A = 8/3∆ log λ. This value is consistent with
our probability distribution, which is not surprising given the
width of the UV area distribution. Although it is not relevant
for the thin disk model, the ratio of hard X-ray area to soft
X-ray area is interesting because of the possibility of structure
in the X-ray corona. We do not find evidence of a difference
in sizes: the distribution peaks just at unity (though it is broad
enough that significant differences in the source area at different
X-ray energies are not ruled out). This runs a bit counter to the
results of Chen et al. (2011), who measure X-ray light curves
indicating energy-dependent size differences in Q 2237+0305.
More densely sampled X-ray light curves would be invaluable
in addressing this question.

4.5. Mean Microlens Mass

Figure 7 shows the posterior probability distribution for the
mean mass of the stars ⟨M⟩. Like the source area, this measure-
ment is affected by the resolution limits of our magnification
patterns (see Figure 2). To avoid this problem, which would bias
our mass results toward smaller mean masses, we use the results
of the simulation that is constrained only by the R-band light
curve. Like Poindexter & Kochanek (2010b), we partially break
the degeneracy between velocity and mean mass by virtue of
our dynamic magnification patterns, but as we have mentioned,
the small random stellar velocities in the HE 0435 system re-
duce the power of this method. Indeed, our posterior velocity
distribution is indistinguishable from the prior, indicating that
we have not strongly broken the degeneracy. Our mean mass
probability distribution is consistent with other estimates of the
mean mass (Poindexter & Kochanek 2010b). Since our posterior
probability distribution is independent of that of Poindexter &
Kochanek (2010b), we multiply the two distributions together
and plot them as a dashed curve in Figure 7. This is equivalent
to using their distribution as a prior.
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we calculate posterior probability distributions for the ratio of
areas. Figure 6 shows distributions for the logarithm of the UV
area to optical area ratio, along with similar distributions for
soft X-ray to optical, hard X-ray to optical, and hard X-ray to
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Figure 7. Posterior probability distribution for the mean mass ⟨M⟩ of the
microlens stars. All other parameters are marginalized. This result is taken from
the optical-only simulation to avoid biases arising from the lack of convergence
at small X-ray and UV sizes; see the text for details. The solid line uses a
flat logarithmic prior, while the dashed line uses the result of Poindexter &
Kochanek (2010b) as a prior.

soft X-ray. These distributions use a logarithmic prior only, as a
linear prior does not make sense for such ratios. We also mark
the expected value of the UV to optical ratio for the thin disk
case where ∆ log A = 8/3∆ log λ. This value is consistent with
our probability distribution, which is not surprising given the
width of the UV area distribution. Although it is not relevant
for the thin disk model, the ratio of hard X-ray area to soft
X-ray area is interesting because of the possibility of structure
in the X-ray corona. We do not find evidence of a difference
in sizes: the distribution peaks just at unity (though it is broad
enough that significant differences in the source area at different
X-ray energies are not ruled out). This runs a bit counter to the
results of Chen et al. (2011), who measure X-ray light curves
indicating energy-dependent size differences in Q 2237+0305.
More densely sampled X-ray light curves would be invaluable
in addressing this question.

4.5. Mean Microlens Mass

Figure 7 shows the posterior probability distribution for the
mean mass of the stars ⟨M⟩. Like the source area, this measure-
ment is affected by the resolution limits of our magnification
patterns (see Figure 2). To avoid this problem, which would bias
our mass results toward smaller mean masses, we use the results
of the simulation that is constrained only by the R-band light
curve. Like Poindexter & Kochanek (2010b), we partially break
the degeneracy between velocity and mean mass by virtue of
our dynamic magnification patterns, but as we have mentioned,
the small random stellar velocities in the HE 0435 system re-
duce the power of this method. Indeed, our posterior velocity
distribution is indistinguishable from the prior, indicating that
we have not strongly broken the degeneracy. Our mean mass
probability distribution is consistent with other estimates of the
mean mass (Poindexter & Kochanek 2010b). Since our posterior
probability distribution is independent of that of Poindexter &
Kochanek (2010b), we multiply the two distributions together
and plot them as a dashed curve in Figure 7. This is equivalent
to using their distribution as a prior.
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we calculate posterior probability distributions for the ratio of
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microlens stars. All other parameters are marginalized. This result is taken from
the optical-only simulation to avoid biases arising from the lack of convergence
at small X-ray and UV sizes; see the text for details. The solid line uses a
flat logarithmic prior, while the dashed line uses the result of Poindexter &
Kochanek (2010b) as a prior.

soft X-ray. These distributions use a logarithmic prior only, as a
linear prior does not make sense for such ratios. We also mark
the expected value of the UV to optical ratio for the thin disk
case where ∆ log A = 8/3∆ log λ. This value is consistent with
our probability distribution, which is not surprising given the
width of the UV area distribution. Although it is not relevant
for the thin disk model, the ratio of hard X-ray area to soft
X-ray area is interesting because of the possibility of structure
in the X-ray corona. We do not find evidence of a difference
in sizes: the distribution peaks just at unity (though it is broad
enough that significant differences in the source area at different
X-ray energies are not ruled out). This runs a bit counter to the
results of Chen et al. (2011), who measure X-ray light curves
indicating energy-dependent size differences in Q 2237+0305.
More densely sampled X-ray light curves would be invaluable
in addressing this question.

4.5. Mean Microlens Mass

Figure 7 shows the posterior probability distribution for the
mean mass of the stars ⟨M⟩. Like the source area, this measure-
ment is affected by the resolution limits of our magnification
patterns (see Figure 2). To avoid this problem, which would bias
our mass results toward smaller mean masses, we use the results
of the simulation that is constrained only by the R-band light
curve. Like Poindexter & Kochanek (2010b), we partially break
the degeneracy between velocity and mean mass by virtue of
our dynamic magnification patterns, but as we have mentioned,
the small random stellar velocities in the HE 0435 system re-
duce the power of this method. Indeed, our posterior velocity
distribution is indistinguishable from the prior, indicating that
we have not strongly broken the degeneracy. Our mean mass
probability distribution is consistent with other estimates of the
mean mass (Poindexter & Kochanek 2010b). Since our posterior
probability distribution is independent of that of Poindexter &
Kochanek (2010b), we multiply the two distributions together
and plot them as a dashed curve in Figure 7. This is equivalent
to using their distribution as a prior.
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Figure 1. Inclination-corrected accretion disk size R2500 vs. black hole mass MBH. The solid line through the data shows our best power-law fit to the data and the
dot-dashed line shows the prediction from thin-disk theory (L/LE = 1 and η = 0.1). The shaded band surrounding the best fit shows the expected variance due to
inclination. Disk sizes are corrected to a rest wavelength of λrest = 2500 Å and the black hole masses were estimated using emission line widths. The filled points
without error bars are R2500 estimates based on the observed, magnification-corrected I-band fluxes. They have typical uncertainties of 0.1–0.2 dex. Solid lines at the
bottom of the plot show the innermost stable circular orbit for a maximally rotating Kerr black hole and a Schwarzschild black hole, representing a plausible range of
radii for the inner edge of an accretion disk.

Table 1
Measured and Derived Quantities

Object Line FWHM MBH log(RS/cm) λrest BLR Icorr log(RS/cm)
Å (Observed) (109 M⊙) (Microlensing) (µm) Contaminant (mag) (Thin Disk Flux)

QJ 0158−4325 Mg ii 40 0.16 14.9+0.3
−0.3 0.306 Balmer, Fe ii UV, Mg ii 19.09 ± 0.12 15.2 ± 0.1

HE 0435−1223 C iv 70 0.50 15.7+0.5
−0.7 0.260 Balmer, Fe ii UV 20.76 ± 0.25 14.9 ± 0.1

SDSS 0924+0219 Mg ii 61 0.11 15.0+0.3
−0.4 0.277 Balmer, Fe ii UV, Mg ii 21.24 ± 0.25 14.8 ± 0.1

FBQ 0951+2635 Mg ii 70 0.89 16.1+0.4
−0.4 0.313 Balmer, Fe ii UV, Mg ii 17.16 ± 0.11 15.6 ± 0.1

SDSS 1004+4112 Mg ii 134 0.39 14.9+0.3
−0.3 0.228 Balmer, Fe ii UV 20.97 ± 0.44 14.9 ± 0.2

HE 1104−1805 C iv 103 2.37 15.9+0.2
−0.3 0.211 Balmer, Fe ii UV 18.17 ± 0.31 15.4 ± 0.1

PG 1115+080 Mg ii 127 1.23 16.6+0.3
−0.4 0.257 Balmer, Fe ii UV 19.52 ± 0.27 15.1 ± 0.1

RXJ 1131−1231 Hβ 90 0.06 15.3+0.2
−0.2 0.422 Balmer, Fe ii Optical 20.73 ± 0.11 14.8 ± 0.1

SDSS 1138+0314 C iv 25 0.04 14.9+0.6
−0.6 0.203 Balmer, Fe ii UV 21.97 ± 0.19 14.6 ± 0.1

SBS 1520+530 C iv 75 0.88 15.7+0.2
−0.2 0.245 Balmer, Fe ii UV 18.92 ± 0.13 15.3 ± 0.1

Q 2237+030 C iv 48 0.9a 15.6+0.3
−0.3 0.208 Balmer 17.90 ± 0.44 15.5 ± 0.2

Notes. RS from microlensing is the accretion disk size at λrest, the rest-frame wavelength corresponding to the center of the monitoring filter used for that
quasar’s light curve. Use half-light radii (R1/2 = 2.44RS ) to compare these size measurements to other disk models. Significant sources of unmicrolensed
flux from the QSO broad-line region (BLR) that fall into or overlap with the observing passband are indicated. Balmer continuum (λ ! 3650 Å), Fe ii UV
continuum (λ ! 3100 Å), Fe ii optical continuum (4240 Å ! λ ! 5400 Å), or Mg ii (λ2798 Å). Icorr is the corrected (unmagnified) I-band magnitude. Typical
I-band measurement errors are !0.1 mag, but the larger errors on Icorr come from uncertainties in the lens magnification. RS calculated using corrected I-band
magnitude and thin-disk theory is also unscaled; it is the disk size at the rest-frame wavelength corresponding to the center of the HST I-band filter (F814W).
Both disk sizes assume an average inclination angle i = 60◦.
a The C iv emission line width from Yee & De Robertis (1991) depends strongly on the fit to several blended C iv absorption features, so we report MBH at
lower precision.

estimates are appropriate. While the formal uncertainties in MBH
from the line width relations are only ∼ 0.1 dex, the systematic
uncertainties are generally believed to be closer to 0.33 dex
(McLure & Jarvis 2002; Kollmeier et al. 2006; Vestergaard
& Peterson 2006; Peng et al. 2006). If we fit the relation
assuming that this is an additional random error in each black
hole mass, then we find log (R2500/cm) = (15.9 ± 0.2) + (1.0 ±
0.3) log

(
MBH/109 M⊙

)
with a goodness of fit χ2/Ndof = 0.59.

This implies either that 0.33 dex of random uncertainty for
each individual black hole mass is too large or that we have
overestimated the uncertainties in the size measurements.

The low efficiency estimate is closely related to the argument
by Pooley et al. (2007) that the sizes estimated from microlens-
ing are larger than expected from thin-disk theory, but the com-
parison is not exact because Pooley et al. (2007) used black hole
masses determined largely from estimates of the bolometric

Morgan et al. 2010DP et al. 2007

the X-ray ratio is less than the optical. Themiddle and right panels
showwhether the discrepancy with the model comes from the HS
or the HM image (or a combination of the two). In general, the
LM image is much less susceptible to microlensing than either
the HS or HM image (Kochanek & Dalal 2004).

The group statistics for the flux ratio anomalies presented in
Figure 3 and Table 5 are summarized in Figure 4. The error bars
represent the !rms spread in the logarithm of the flux ratios
(normalized by the smooth model values) between various im-
age pairs for our quasar sample. The black outer bars result from
including all 10 quasars; the thick blue bars result when we ex-
clude the systems Q2237+0305 and SDSS J0924+0219. Q2237+
0305 is excluded because the uniquely small redshift of its lensing
galaxy causes the projected microlens Einstein radius to be bigger
than any region of the source, while SDSS J0924+0219 might
also be excluded because the source size is thought to be so small
that even its broad-line region is partiallymicrolensed (Keeton et al.
2006).

It can be seen from the blue bars in Figure 4 that the ratios of
the HS to HM images deviate more (from their expected values)
in the X-ray band than in the optical band by a factor of "2.4. The
discrepancy is somewhat smaller for the HS/LM ratios at a factor
of "1.7. The HM/LM and LS/LM ratios are not as anomalous in
either band, but theX-ray ratios still have awider range than do the
optical ratios. It is on the larger anomalies in the X-ray band for the
HS/HM and HS/LM ratios, as compared to those for the optical
band, that we base our quantitative analysis of the size of the op-
tically emitting regions of the accretion disks in the next section.

5. SIZES OF QUASAR EMISSION REGIONS

For the purpose of interpreting our results, we adopt the work-
ing hypothesis that the anomalous flux ratios presented in this
paper are the result of microlensing. Microlensing by stars in the
lensing galaxy can account for the observed flux ratio anomalies,
but only if the source is small compared to the Einstein radii of
the microlensing stars. Figure 3 shows dramatic evidence for mic-
rolensing in the X-ray band for at least 7 of the 10 lensing systems
in our study. In general, the optical emission of these same sys-
tems, while still being microlensed, has less extreme flux ratio
anomalies than in the X-ray band by a factor of "2 (see Fig. 4 and
the discussion above). Since the X-rays are expected to be emitted
very near the black hole, the condition for microlensing is easy to
meet—the source should indeed be quite small compared to the
Einstein radius of themicrolensing stars. By contrast, themarkedly
lower degree of microlensing in the optical band implies that the
size of the optical emission region in many of these sources is
roughly comparable to the size of the stellar microlens Einstein
radius.

Many authors have studied the effect of source size on the
microlensing of quasars by intervening galaxies. Typically the
results are presented as plots of microlensing light curves (e.g.,
Wambsganss & Paczyński 1991) rather than rms fluctuations in
the logarithm of the flux.10 There are no analytic techniques for
estimating rms fluctuations, so one must simulate the micro-
lensing process.

Ideally we would run point-source simulations for each of the
40 images in our sample, taking into account the theoretical mag-
nification (which in turn depends on two independent parameters,
a convergence and a shear) and the fraction of baryonic matter.
Each simulationwould produce amagnificationmap, whichmight
then be convolved with sources of different sizes, producing mag-
nification histograms.

Such an effort lies beyond the scope of the present paper, but
we can draw on such simulations that have been carried out. In
particular we use the work of Mortonson et al. (2005), who
studied in detail the effect of source size on minima and saddle
points with magnifications of +6 and#6, respectively, assuming
that the convergence (a dimensionless surface density) is due
entirely to equal-mass stars and taking the convergence to be
equal to the shear, as would be the case for an unperturbed iso-
thermal sphere. The magnifications for our highly magnified

Fig. 3.—Comparison of X-ray (dark blue crosses) and optical (red circles) ratios to lens model ratios for select image pairs for each lensed quasar. The left panel
shows the ratio of the highly magnified saddle point (HS) to the highly magnified minimum (HM), while the middle and right panels show the ratio of each of these,
respectively, to the less magnified minimum (LM). The ratios for the X-ray are based on the observation with the highest signal-to-noise ratio, and those for the optical
are based on the observation closest in time to the chosen X-ray data. The light blue crosses show the variation in the X-ray ratios for quads observed multiple times by
Chandra.

Fig. 4.—The rms of the flux ratio anomalies in the optical vs. X-ray (see Fig. 3
and Table 5 for the flux ratios of individual sources). The black outer bars result
from including all 10 quasars in our sample, the thick blue bars result from ex-
cludingQ2237+0305 and SDSS J0924+0219, and the red bars result whenwe ex-
clude only Q2237+0305.

10 While the rmsmicrolensing fluctuations in flux are formally divergent, rms
fluctuations in the logarithm of the flux are not (e.g., Witt et al. 1995).
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Micro-lensing of Fe line strongly constrains inner disk.
Fe line micro-lensing has been observed in several systems (e.g., Chartas et 
al. 2002, Dai et al. 2003, Ota et al. 2006, Chartas et al. 2007, Chen et al. 
2012, Chartas et al. 2012, Chartas et al. 2017) 
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Fig. 1 X-ray half-light radii of quasars as determined
from our microlensing analysis versus their black hole
masses.

dius of the X-ray emission region to have an upper limit
of log(r1/2/cm) = 15.33 (95% confidence), a low inclination
angle is preferred statistically, the mean mass of the stars in
the lensing galaxy (<M>) ranges between 0.1 and 0.4 M⊙

and the slope of the size-wavelength relation r1/2 ∝ λξ , is
ξ = 1.0+0.30

−0.56. The majority of the observed continuum X-
ray emission is found to originate within ∼ 30rg, assum-
ing a black hole estimate of MBH = 5.9 × 108 M⊙ based
on the width of the Hβ line (Assef et al. 2011). Based on
this black hole mass estimate the gravitational radius of
HE 1104−1805 is rg = 8.7 × 1013 cm.

In MacLeod et al. 2015 we analyze the light-curves of
z = 1.524 quasar SDSS 0924+0219 using static microlens-
ing magnification patterns. SDSS J0924+0219 has been ob-
served at a variety of wavelengths ranging from the near-
infrared to X-ray. Our microlensing analysis in this system
constrains the soft-X-ray, UV, and optical half-light radii to
be 2.5+10

−2 ×1014 cm, 8+24
−7 × 1014 cm, and ∼ 5+5.

−2.5 × 1015
cm, respectively. Assuming the MgII based black-hole es-
timate of MBH = 2.8 × 108 M⊙ the majority of the soft
X-ray emission of SDSS 0924+0219 originates within ∼
30 rg. The gravitational radius of SDSS 0924+0219 is rg =
4.12 × 1013 cm.

In Dai et al. 2010 and Chartas et al. 2009 we analyze the
light-curves of z = 0.658 quasar RX J1131−1231. We find
the X-ray and optical half-light radii to be 2.3 × 1014 cm
and 1.3 × 1015 cm, respectively. These sizes correspond to
∼ 26rg and ∼ 147rg, respectively.

An important result found in all microlensing studies is
that optical sizes of quasar accretion disks as inferred from
the microlensing analysis are significantly larger than those
predicted by thin-disk theory. Specifically, measurements of
the radius of the accretion disk at 2500Å rest-frame indicate
that the sizes obtained frommicrolensing measurements are
2–3 times larger than the values predicted by thin-disk the-
ory (e.g., Morgan et al. 2010, Mosquera et al. 2013).

In Figure 1 we present the X-ray half-light radii of
quasars from recent microlensing studies of lensed systems
observed as part of our monitoring program (MacLeod et al.
2015, Blackburne et al. 2014, 2015, Mosquera et al. 2013,
Morgan et al. 2008, 2012, Dai et al. 2010, and Chartas et
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Fig. 2 Evolution of the Fe Kα line possibly caused by the
motion of a magnification caustic as it moves away from the
center of the black hole.

al. 2009). Included in Figure 1 are the uncertainties of the
black-hole mass estimates and uncertainties in the size es-
timates. The X-ray sizes of the quasars in our sample are
found to be close to the sizes of their innermost stable circu-
lar orbits. Assuming that most of the X-ray emission in the
band detected originates from the hot X-ray corona, these
results indicate that the corona is very compact and not ex-
tended over a large portion of the accretion disk.

3 Estimating the Inner Most Stable Circular
Orbit Using Microlensing

RX J1131−1231 has been monitored 38 times over a pe-
riod of 10 years with the Chandra X-ray Observatory. As
reported in Chartas el al. 2012, redshifted and blueshifted
Fe Ka lines have been detected in the spectra of the lensed
images.

In Figure 2 we show the evolution of the red and blue
components of the Fe Kα line possibly caused by the mo-
tion of a magnification caustic as it moves away from the
center of the black hole. We interpret the shift of the Fe Kα
line as resulting from general relativistic and special rela-
tivistic Doppler effects. As shown in Figure 3, the two red-
shifted iron lines in the Jan 1, 2007 observation are each
detected at the ≥ 99% confidence and the iron lines in the
Feb 13, 2007 observation are each marginally detected at
the ≥ 90% confidence level (Figure 3).

c⃝ 2016 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim www.an-journal.org

RX J1131−1231: RISCO ≲ 9 Rg 

Chartas et al. 2012

Utilizing such observations requires 
advanced modeling of both strong-
field gravity and micro-lensing 
features.

• Heyrovský & Loeb (1997)  
• Popovic et al. (2001, 2003a, 2003b, 

2006) 
• Jovanovic et al. (2009) 
• Neronov & Vovk (2016) 
• Krawczynski & Chartas (2017) 
• Ledvina et al. (2018)

Quasar structure:


