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Quadruply Gravitationally Lensed Quasars
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RX J1131-1231

Flux Ratio Anomalies: What are they?

Blackburne, DP, & Rappaport 2006

Model: Singular Isothermal 
Sphere + External Shear

Magellan  g’ r’ i’

2004 May 9

8” × 8”

FA /FB =1.10 ± 0.16 FA /FB =1.7



Chandra 0.5 – 8 keV

2004 Apr 12

FA /FB =0.10 ± 0.01
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Similar discrepancies in RX J0911+0551 Morgan et al. 2001
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Flux Ratio Anomalies: What causes them?

✦ Smooth lens models cannot account for them
✦ Microlensing by stars (~1 M⊙)  e.g., Witt, Mao, & Schecter 1995 

✦ Millilensing by dark matter clumps (~104–106 M⊙)           
Mao & Schneider 1998, Metcalf & Madau 2001, Chiba 2002, Dalal & Kochaneck 2002

✦ Einstein radius of perturber in typical lensing galaxy:               
~ 3 √(m/M⊙) (Gpc/DL)  µ-arcsec

✦ If millilensing, X-ray and optical should be affected the same

✦ Differences in X-ray and optical ⇒ microlensing



Chandra 0.5 – 8 keV

2004 Apr 12

FA /FB =0.10 ± 0.01

RX J1131-1231

Flux Ratio Anomalies: What are they?

Blackburne, DP, & Rappaport 2006

Similar discrepancies in RX J0911+0551 Morgan et al. 2001

                             and PG 1115+080  DP et al. 2006

Model: Singular Isothermal 
Sphere + External Shear

Magellan  g’ r’ i’

2004 May 9

8” × 8”

FA /FB =1.10 ± 0.16 FA /FB =1.7



Microlensing



Microlensing

Schechter & Wambsganns 2002
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Flux Ratio Anomalies: How common are they?

✦ Systematic study of 10 quadruply lensed quasars
✦ Re-analysed archival Chandra data
✦ Optical fluxes from the literature (near IR band)
✦ Simple lens models (SIS + external shear)

✦ Emphasis on high-magnification saddle point (HS)
➡ Should be most susceptible to microlensing

✦ Compare it to high-magnification minimum (HM)
‣ In many cases, should be about equal

✦ Compare it to low-magnification minimum (LM)
‣ Should be least susceptible to microlensing

Kochanek & Dalal 2004

Schechter & Wambsganns 2002
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Flux Ratio Anomalies: How common are they?

  HS = High magn. Saddle point
HM = High magn. Minimum
 LM = Low magn. Minimum

DP et al. 2006
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Flux Ratio Anomalies: Optical vs. X-ray
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Flux Ratio Anomalies: The effects of source size
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Flux Ratio Anomalies: The effects of source shape

Mortonson, Schechter, & Wambsganns 2005

For a ‘‘typical’’ quasar, we will assume that there is a central
black hole with mass M ¼ 108 M" and that the bolometric
luminosity of the quasar is L ¼ 1046 ergs s#1 (e.g., Frank et al.
1992). From Yu & Tremaine (2002), we take the efficiency for
the quasar to be ! ¼ 0:2, which gives an accretion rate Ṁ ¼
5 ;1026 g s#1. Doing a simple Newtonian calculation with
these numbers yields an innermost radius of rin ¼ 2:5M ¼ 3 ;
1014 cm. These values of Ṁ and rin are close to the typical
quasar values given in Frank et al. (1992). Using the formu-
las for a Kerr black hole from Bardeen et al. (1972), we can
quantify the error due to the Newtonian calculation. An inner-
most stable circular orbit at rin ¼ 2:5M corresponds to a black
hole spin of a ¼ 0:879. This gives a binding energy per mass of
0.146, which is reasonably close to the assumed value of ! ¼ 0:2
at the level of accuracy at which we are working.

By comparing the constant factor in the temperature-radius
relation found in Frank et al. (1992) to that in equation (3), we
find that the maximum disk temperature is

T0 ¼ 0:488
3GMṀ

8"#r 3in

! "1=4

; ð14Þ

where G is Newton’s constant and # is the Stefan-Boltzmann
constant. Using the values listed above for M, Ṁ , and rin , the
maximum temperature is T0 ¼ 7:4 ; 104 K.

Using these results, we can compare the filters of the Shakura-
Sunyaev disk model to a real filter. For example, the Sloan r 0

Fig. 9.—Dispersion (rms) and skewness of convolutions of the $ ¼ % ¼ 0:4
magnification map with various Shakura-Sunyaev disk profiles. Different
plot symbols are used for different values of rin (given in Einstein radii).
Dashed curves for the Gaussian disk models are shown for comparison. Note
that negative skewness is associated with a tail toward dimmer ( positive)
magnitudes.

Fig. 10.—Same as Fig. 9, but for the negative-parity case, $ ¼ % ¼ 0:6.

Fig. 11.—Dispersion (rms) of histograms from convolutions of both posi-
tive-parity ($ ¼ % ¼ 0:4; solid curves) and negative-parity ($ ¼ % ¼ 0:6;
dashed curves) magnification maps with Gaussian disks (thin curves), uniform
disks (medium curves), and cones (thick curves). For values of r1/2 greater than
about 2rE, the six curves shown here are nearly indistinguishable.

QUASAR MICROLENSING WITH EXTENDED SOURCES 601No. 2, 2005



Conclusion:

Our optical anomalies are roughly half the 
amplitude of the X-ray anomalies 
⇒ optical R1/2 ≳ 1/3 REin
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TABLE 6
QUASAR PROPERTIES

Quasar Lbol,opt
a Lbol,X

b log MBH
c r1/2

d r1/2
d stellar rEin

e log r1/2/rEin
(1045 erg s!1) (1045 erg s!1) (M!) (1015 cm) (Rg) (1015 cm)

HE 0230!2130 2.9 6.3 7.95± 0.24 0.93 70 43 !1.66± 0.16

MG J0414+0534 36 28 9.04± 0.17 3.8 23 31 !0.91± 0.11
RX J0911+0551 13 13 8.60± 0.18 1.9 32 35 !1.26± 0.12

SDSS J0924+0219 0.6 0.3 7.27± 0.56 0.42 152 48 !2.06± 0.37
PG1115+080 11 6.6 8.53± 0.37 2.5 50 55 !1.35± 0.25

RX J1131!1231 0.80 1.3 7.39± 0.19 0.84 230 38 !1.65± 0.13
H1413+117 56 6.5 9.24± 0.51 5.4 · · · · · · · · ·

B 1422+231 250 135 9.89± 0.18 13 11 47 !0.55± 0.12
WFI J2033!4723 5.7 3.8 8.24± 0.12 1.6 62 36 !1.35± 0.08

Q2237+0305 32 2.7 8.99± 0.76 5.5 38 150 !1.43± 0.51

a Bolometric luminosities computed using Lbol = 9[λFλ]51004πd
2
L. Computed from HM, LS, and LM images, corrected

for magnification (Kaspi et al. 2000).b Approximate bolometric luminosities derived from the X-ray (0.5–8 keV) lumi-
nosities (computed from LM image) with a bolometric correction factor of 20 (see §5).c Calculated from the bolometric

luminosities in column 2. See §5.d r1/2 is computed according to eq. (5) for the I band.
e Einstein radius of a 0.7M! star,

projected back to the lensed quasar, in units of 1015 cm.

Lbol/η. Combining these, we can see how r1/2 depends on
the assumed parameters fE and η:

r1/2 ∝ ( fEη)!1/3 , (8)

which is a fairly weak dependence, and not likely to lead to
uncertainties in r1/2 of more than an additional factor of ∼2.

6. SUMMARY AND CONCLUSIONS

We have presented a study of ten quadruply gravitation-
ally lensed quasars for which high spatial resolution X-ray
and optical data are available, paying particular attention to
the differences between the observed flux ratios of the high
magnification pairs of images (i.e., HS/HM) and the pre-
dicted flux ratios from smooth lensing models. The Chandra
data were analyzed in a uniform and systematic manner, and
the X-ray flux ratios were determined via two-dimensional
Gaussian fits. The optical fluxes and image positions were
found in the existing literature, with the bulk coming from the
CASTLES project. We also modeled each lensing system as
a singular isothermal sphere with external shear (except for
HE 0230!2130, where a second mass component was neces-
sary), and these simple models fit the image positions quite
well.
As illustrated in Figures 2 – 4, almost all systems show ev-

idence for an anomaly in the ratio of high-magnification sad-
dle point and minimum images (HS/HM) as compared to the
smooth model prediction. In the systems which show a pro-
nounced anomaly, the X-rays are generally seen to be more
anomalous than the optical.
For a number of reasons, we believe that the anomalous

flux ratios, and the differences between these ratios in the X-
ray and optical bands, are best explained by microlensing.
In previous work (Blackburne, Pooley, & Rappaport 2006;
Pooley et al. 2006) we have shown that extinction in the vis-
ible band and absorption of soft X-rays cannot provide the
explanation. Second, we show in this study (as well as pre-
vious work) that temporal variability intrinsic to the source,
in conjunction with lens time delays, also cannot, in most
cases, explain the observed anomalies. Third, since images
in both the X-ray and optical bands exhibit these flux ratio
anomalies, but to differing degrees, no smooth lens model

can reproduce these anomalies. Finally, we find that in the
preponderance of systems, it is the highly magnified sad-
dle point image (HS) whose flux is anomalous. This is
in agreement with microlensing magnification distributions
(Schechter & Wambsganss 2002). Since there is no reason
for the HS location to systematically produce larger optical
extinctions or X-ray absorptions, this is another argument
against differential extinction/absorption being the cause of
the flux ratio anomalies.
Under the hypothesis that the anomalies are produced via

microlensing by stars (of typical mass 0.7 M!) in the lens-
ing galaxy, the implication is that the optical emitting region,
which suffers rms (logarithmic) microlensing variations only
half as big as those of the X-ray region, must have a typical
size ∼1/3 of the Einstein radius of the microlensing stars (see
discussion in §5). Likewise, the X-ray emitting region, being
more severely microlensed, must be substantially smaller than
this.
In the context of a thin accretion disk around a black hole,

the X-ray requirement is easily satisfied, as this emission
likely arises from the inner parts of the disk. However, the
optical emission poses something of a problem. It is generally
thought to arise from a region not much larger than the X-ray
region, but this is in conflict with the observed microlensing
results which require larger optical emitting regions by factors
of ∼ 3!30 (see Figure 6) than are commonly accepted.
Therefore, we are left with a conundrum. Either there is

a mechanism to transport the optical radiation to larger radii
(and which does not affect the X-rays), or there is a miss-
ing piece of the puzzle. Regardless, we have demonstrated
how the X-ray and optical observations can provide a micro-
arcsecond probe of the lensed quasars, and thereby yield po-
tentially important results.
From the work in this paper and the above discussion we

draw three summary conclusions:
•microlensing is the primary cause of the flux ratio anoma-

lies.
• the optical emitting regions in the quasars involved in this

study have sizes of ∼1/3 of a stellar Einstein radius, i.e., ∼ a
microacrsecond, corresponding to ∼1000 AU.
•millilensing (e.g., by dark matter haloes) is ruled out as an

The Sizes of Quasar Emission Regions

We calculate the optical R1/2 for Shakura-Sunyaev disks and 
compare to the microlens Einstein radii:
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✴Microlensing is the primary cause of the flux ratio 
anomalies

✴Optical emitting regions of these quasars have 
sizes ≳1/3 of a stellar Einstein radius, i.e.,             
a few µ-arcsec, corresponding to ~1016–17 cm

✴Standard accretion disks are too small

✴Four new systems coming in Chandra Cycle 8

✴These same flux ratio anomalies can be used to 
determine the ratio of stellar matter to dark matter 
in the lens galaxy

Summary & Outlook
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