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Figure 4. X-ray (top) and R-band optical (bottom) flux ratios between the A−B
and B−C images along with the tracks across the microlensing patterns for
images A (left) and B (right). The large circle shown on each pattern is the
Einstein radius, while the small circles have the half-light radius of the optical
disk and are shown at the positions corresponding to the epochs of the X-
ray observations. The overall length of the line corresponds to one decade of
motion. Darker colors represent logarithmically higher magnifications with an
overall magnification range from 1/30 to 30. This is a Case I example with
fairly large differential offsets. It has a high stellar surface density (f∗ = 0.7), a
large amount of smooth optical emission (fnoµ = 0.4), and the X-ray source is
14 times smaller than the optical.

to the expected inner edge of the accretion disk than the optical
emission, as we might expect for a hot corona. The optical size
is broadly consistent with the expectations for an Eddington
luminosity black hole with a mass estimated from the emission
line widths (Equation (4)). This differs from the conclusion
by Pooley et al. (2007) for this object because they used a
significantly lower estimate of MBH = 2.5 × 107 M⊙ for the
black hole mass based on the quasar luminosity rather than
line width measurements, and because their approximation for
the microlensing size is somewhat large compared to a full
calculation. If we use their preferred values of L/LE = 1/4 and
η = 0.15, they would estimate that R

theory
λ = 2.8 × 1014 cm

instead of R
theory
λ = 8.5 × 1014 cm, and their microlensing size

estimate corresponds to Rλ = 5×1015(⟨M⟩/M⊙)1/2 cm instead
of our more quantitative estimate of Rλ = 1.3 × 1015 cm. Thus,
where Pooley et al. (2007) find that the two sizes disagree by
a factor of 18, we find that they differ by a factor of 50% that
is well within our uncertainties. However, our estimate of the
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Figure 5. Same as in Figure 4. This is a Case II′ example, so the magnification
offsets are small and the same for both the optical and X-ray data. It has a
very low stellar surface density (f∗ = 0.1), a little smooth optical emission
(fnoµ = 0.2), and the X-ray source is 32 times smaller than the optical.

size, whether from theory (Equation (4)) or from microlensing,
is inconsistent with that expected for a thermally radiating disk
with a T ∝ R−3/4 temperature profile and the observed optical
flux (Equation (3)).

Should we conclude that the thin disk model is wrong or
simply that we have oversimplified the optical radiation transfer?
We considered contamination by line emission or scattering
of the optical photons, finding that this can modestly reduce
the disk size for the range where up to 40% of the optical
emission does not come directly from the disk. Our simple
emission model neglects the disk atmosphere and heating of the
outer disk by radiation from the inner disk, all processes which
would tend to make the optical emission region larger than the
point where the disk has a temperature matching the photon
wavelength without any change in the underlying properties
of the disk. Many of these effects are included in recent disk
models such as Hubeny et al. (2001) or Li et al. (2005).
Suppose we consider a face-on disk with MBH = 108 M⊙,
Ṁ = 0.09 M⊙ yr−1 (40% of Eddington) and a BH spin of
a = 0.998. For this mass and accretion rate, our simplified
model in Equation (4) gives R

theory
λ /rg = 41 and R

theory
1/2 /rg =

2.44R
theory
λ /rg = 100 for λobs = 0.81 µm. If we compute

the same two scales using the Hubeny et al. (2001) models,

Simulated magnification map of image 
B of RXJ 1131 (Dai et al. 2010) 

of the caustic crossing and microlens mass. In the following
subsections we choose and discuss the parameters used in the
calculations.

2.2.1. Accretion Disk Parameters

For the disk inclination we adopt the averaged values given
by Nandra et al. (1997) from a study of the Fe K! line profiles
of 18 Seyfert 1 galaxies: i ¼ 35". The inner radius, Rin , cannot
be smaller than the radius of the marginally stable orbit, Rms ,
that corresponds to Rms ¼ 6Rg (gravitational radii Rg ¼ GM /c2,
where G is gravitational constant,M is the mass of central black
hole, and c is the velocity of light) in the Schwarzschild metric
and to Rms ¼ 1:23Rg in the case of the Kerr metric with angu-
lar momentum parameter a ¼ 0:998. To select the outer radius,
Rout , we take into account previous investigations of the X-ray
variability that support very compact X-ray–emitting disks. In
particular, Oshima et al. (2001a) infer from the observed vari-
ation in the lensed blazar PKS 1830#211 a size of the X-ray con-
tinuum emission region of $3 ; 1014 cm, which is in agreement
with the estimation for QSO 2237+03050 given by Dai et al.
(2003). So, considering a range of black hole masses of 107–
109M%we can conclude that the X-ray emission is coming from
a compact region of the order of 10Rg–100 Rg. This range of
sizes is also acceptable for the Fe K! emission region (see, e.g.,
Nandra et al. 1997, 1999).

To explore the suitability of the various hypotheses explain-
ing the lack of adequate response of the X-ray continuum to the
microlensing events detected in the Fe K! line (see x 1), we
consider several combinations of disk sizes for the emitters of
both the continuum and the line: (1) the inner and outer radii of
both emission regions are the same,Rin ¼ Rms andRout ¼ 20 Rg;
(2) the inner radius is the same, Rin ¼ Rms, but the outer radius of
the X-ray continuum disk is smaller,Rout ¼ 20Rg, than the radius
of the line emission disk, Rout ¼ 80Rg; (3) the continuum emis-
sion disk has radii Rin ¼ Rms and Rout ¼ 20Rg, and the line emis-
sion disk hasRin ¼ 20Rg andRout ¼ 80Rg (the continuum emission
takes place in an inner part of disk surrounded by an annulus
of Fe K! emission); (4) the continuum emission disk has radii
Rin¼ 20Rg andRout ¼ 80Rg, and the line emission disk has Rin ¼
Rms and Rout ¼ 20Rg (the Fe K! emission is located in the inner
disk and the continuum emission in the outer annulus).

We adopt the central object mass from Bian & Zhao (2002).
We assume a black hole of mass M8 ¼ 108 M%. We use this
value in order to determine the effective temperature distribu-
tion. This value is in agreement withWang et al. (2003), where it
was found that the majority of QSOs have black hole masses in
the range of 108–109 M% .

It is difficult to discuss the validity of different emissivity
laws for demonstrating the X-ray emission (in the line as well as
in the continuum), but sometimes, as for example in the case of

Fig. 2.—Left:Microlensing map of QSO 2237+0305A image with 16 ERR (177,372Rg) on a side (Abajas et al. 2005). Right: A small part (square in the left panel )
of the microlensing pattern, compared to a face-on accretion disk. The assumed outer radius of the disk is Rout ¼ 1000Rg.

TABLE 1

Projected ERR for Different Deflector Masses for the Three Lensed QSOs where Microlensing of the Fe K! Line Is Suspected

Object zs zl 1 ; 10#4 M% 1 ; 10#3 M% 1 ; 10#2 M% 1 ; 10#1 M% 1 M%

MG J0414+0534......................................... 2.64 0.96 20.3 64.2 203.1 642.3 2031.1

QSO 2237+0305......................................... 1.69 0.04 11.2 35.4 112.1 354.5 1121.0

QSO H1413+117 ........................................ 2.56 1.00 19.8 62.5 197.7 625.2 1977.0

Notes.—Expressed in gravitational radii. The three QSOs are J0414+0534 (Chartas et al. 2002), QSO H1413+117 (Oshima et al. 2001b; Chartas et al. 2004), and
QSO 2237+0305 (Dai et al. 2003). The values used for the cosmological constants are H0 ¼ 50 km s#1 Mpc#1 and !0 ¼ 1. The black hole mass is assumed to be
108 M%.

MICROLENSING OF Fe K! LINE AND X-RAY CONTINUUM 623No. 2, 2006

Microlensing map of QSO 2237+0305A image 
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Evidence for Microlensing	

Chartas+ 2016	

0.2-10 keV fluxes	
• Evidence for 
microlensing in 
Images A & D.	

 Microlensing detected in 0.2 – 10 keV light-curves of RXJ1131	
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C

DB
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X-ray Power-Law 
from compact corona 
 
Relativistically 
Blurred Reflection 
(line + continuum) 
 
Distant Reflection 
(line + continuum) 
 
 
 

Fiducial Model 

Geometrically thin, optically thick accretion 
disk emitting primarily in UV/Optical 
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●     We  are performing multiwavelength monitoring of several quasars :	
	
RX J1131-1231    (zs = 0.658, zl = 0.295) 	
Q J0158-4325       (zs = 1.29, zl = 0.317) 
SDSS0924+0219  (zs = 1.524, zl = 0.39)	
Q 2237+030         (zs = 1.60, zl = 0.04)	
HE 0435-1223      (zs = 1.689, zl = 0.46) 
PG 1115+080       (zs = 1.72, zl = 0.31) 
SDSS1004+4112  (zs = 1.734, zl = 0.68) 
QSO 1104-1805   (zs = 2.32, zl = 0.73)	
 
with the main scientific goal of measuring the emission structure near the 
black holes in the optical\UV and X-ray bands in order to test accretion 
disk models. 	
●    X-ray monitoring observations are performed with Chandra	
●    Optical (B, R and I band) observations are made with the SMARTS 
Consortium 1.3m telescope in Chile.	

Dissecting an Accretion Disk with Microlensing	
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Constraints on Corona Size from Microlensing 
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Evidence for Microlensing in all Images of RXJ1131	
	

Shifted Fe Kα line in Spectrum of image C (1/21/2011) 
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Image D of RXJ1131
Date: April 23, 2010 
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1/21/2011, Image C	

• Significant changes of line centroids and equivalent widths.	

A

C

DB

(a)

1 arcsec

•  4 images × 38 pointings = 152 spectra  
•  78 lines (>90%CL), 21 lines (>99%CL)  

“Double” 
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Evidence for Microlensing in all Images of RXJ1131	
	

Shifted Fe Kα line in Spectrum of image B (1/1/2007) Observed Spectrum 
Image A of RXJ1131
Date:April 17, 2010  
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1/1/2007, Image B	

• Significant spectral variability, including the centroid and 
equivalent width of the Fe-K! line.	

Significant spectral variability, including the centroid and  
equivalent width of the Fe Kα line  
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g-Distribution of Line Centroids of RXJ1131	

RXJ1131 (A+B+C+D)
> 99% Confidence
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Chartas et al. 2017 
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HE 0435-1223      (zs = 1.689, zl = 0.46) 
Extremal shifts of the Fe Kα line 
energy in HE 0435 imply  
•  3rg < rISCO < 4rg 
 
•  spin ~ 0.7 

Q 2237+030         (zs = 1.60, zl = 0.04)	

gmax ~ 7 keV implies face on 
geometry 

g-Distribution of Line Centroids	

SDSS1004+4122    (zs = 1.734, zl = 0.68) 

QJ0158-4325      (zs = 1.29, zl = 0.317) 
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Generalized Doppler Shift Generalized Doppler Shift 

δ =
1− vφ

2

1− vφ cosθ c

,  where vφ  is the azimuthal velocity 

and θc  is the angle between our line-of-sight and the 
direction of motion of the emitting plasma.

€ 

A = r2 + a2( )2
− a2Δ sin2θ,  Σ = r2 + a2 sin2θ,  Δ =  r2 − 2rgr + a2

€ 

g =
Eobs

Eemit

= δ
ΣΔ
Α

Where the Doppler shift is: 

A, Σ, and Δ are defined as 

The observed energy of a photon emitted near the event horizon of 
supermassive black hole will be shifted with respect to the emitted rest-
frame energy due to general relativistic and Doppler effects.  
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g versus radius for HE0435	

10

R_em/R_g

0                                                  5                                                 10                                               15                                              200.
0

0.
5

1.
0

1.
5

2.
0

E_
ob

s/
E_

re
st

g_min = 0.39

g_max = 1.27

Figure 6. Extremal shifts of the Fe K↵ line energy for i = 85 and a = 0.63. The inner radius of the accretion disk is constrained
to be 3Rg < rISCO < 4Rg.

Extremal shifts of the Fe Kα line energy in HE 0435 imply 3rg < rISCO < 4rg 
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Chartas+ 2016, 2017; Krawczynski+ 2017 

Numerical Simulations of Microlensing Events	
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g versus Equivalent Width of shifted Fe Kα Line 
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Correlation of g vs. EW  
Kendall’s  τ = 0.3, P > 99.9% CL 
 
One possible explanation of this 
correlation is that blueshifted line 
emission is Doppler boosted resulting 
in the observed EW of the blueshifted 
lines being larger than the redshifted 
lines. 
 
Supports microlensing interpretation!  
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Conclusions 

•   Redshifted and blueshifted Fe lines with EWs between 500 - 3000 eV 
are detected in 5 lensed quasars. We interpret these energy shifts as the 
result of microlensing of accretion disk emission within ∼ 20 rg of the 
black hole.  

 
•  For RXJ1131 we constrain  i > 76° and rISCO < 8.5rg. For HE 0435 we 

find 3rg < rISCO < 4rg 
 
•   Several spectra show two shifted Fe lines (doubles). Our numerical 

simulations reproduce the observable results including the doubles.  
 
•  Our simulations show that the distribution of the energy separations of 

doubles is strongly dependent on spin.  
 
•  The next step is to correct for selection bias, fit the results from the 

numerical simulations to the Chandra data and explore the dependence 
of the results on corona properties. 

 


