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Stronger X-ray anomalies are nearly universal, 
indicating microlensing is the cause.
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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

Mortonson, Schechter, & Wambsganss 2005

Microlensing-induced variations diminish by ½ 
when source size ~ ½ lens size.3
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Optical region must be ½ size 
of the microlensing star.

3



This is not a single-star effect!
These two realizations of the stars in a ~60 microarcsecond field 
lensing a background quasar show all of the micro-images that go 
into forming one of the four macro images of the quasar.

Magnification factor: ~5 Magnification factor: ~2

see Paczynski 1986

The only difference is the position of the background quasar 
relative to the stars.



This is not a single-star effect!
Microlensing magnification 
maps represent the effects 
of this “network” of 
microlensing stars.
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Analysis of magnification maps gives 
probability of strong microlensing effects.
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Stellar Mass Density (M/L Ratio)

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

Knowing the overall mass density (from the lensing model) and the 
amount of mass in stars, one can estimate the stellar mass density.

We characterize this as a calibration factor that multiplies the 
stellar mass fundamental plane



• DM fraction / stellar mass density

Chandra Observations for 
the Next Decade
1. The discovery of new lensed quasars in large-area optical 

surveys will provide additional targets for Chandra, 
improving the ensemble results.

– 16 –

N

E

Fig. 2.— Left: A 60s i exposure of WISE 2344-3056 taken with IMACS in 0.′′55 seeing. Right: the

same exposure, with four point sources subtracted, at 10 times higher contrast. The scale is 0.′′200

per pixel

VST-ATLAS discovery of 
WISE 2344-3056 as a 
quadruply lensed quasar.

Schechter et al. 2016

• Size of optical region



Chandra Observations for 
the Next Decade

credit: Luke Weisenbach, MIT '18



Chandra Observations for 
the Next Decade
2. The dark matter fractions / stellar mass densities can be obtained for 

individual systems through repeated observations spaced by ~years.  
These would yield “independent” likelihood histograms, which 
could be combined in a way similar to the ensemble results.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

9
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Chandra Observations for 
the Next Decade
3. Dense sampling of caustic crossings can reveal the detailed 

structure of the X-ray emitting region. 
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Chandra Observations for 
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3. Dense sampling of caustic crossings can reveal the detailed 
structure of the X-ray emitting region. 



Chandra Observations for 
the Next Decade
3. Dense sampling of caustic crossings can reveal the detailed 

structure of the X-ray emitting region. 



caustic crossing in X-rays will provide an important check on their statistical technique, and it will
yield information on the distribution of emission within those half-light radii. Further, we expect
much improved uncertainties from the proposed observations.

Mediavilla et al. (2015) have analyzed three optical caustic crossing events, two in image A and
one in image C. For these events the associated micro-minimum appears not to have been the only
micro-minimum, so the change in flux was less dramatic than in the present case. The authors use
these to derive a size for the optical emitting region, which is about a factor of three less than that
of Mosquera et al. (2013) but still consistent because of the large error bars.

Figure 3: An exo-planet microlensing event from Gaudi (2010).
Here the host star plays the role of the galaxy and the planet
nano-lenses one of two micro-images. A nano-minimum and a
nano-saddlepoint merge, causing a brief rise in flux followed by
a sharp drop. A micro-minimum remains (far from the exo-
planet) contributing to the total light (unlike images A,B and
C in 2237+0305, for which we resolve out the flux). The three
curves shows the e↵ect of increasing the size of the uniform disk of
the lensed star by factors of three, washing out the brief peak and
flattening the decline in flux. This is exactly analogous to what
we expect from the di↵erent emitting regions of the Q2237+0305
during the upcoming rise in flux in image D.

We have begun a similar analy-
sis of the recent event in image D,
but our analysis di↵ers in two ways.
It is not wedded to the assump-
tion of a Shakura-Sunyaev accretion
disk and it drops the approximation
that the micro-minimum and micro-
saddlepoint have the same flux, which
is only true when the source is very
close to the caustic.

Of particular importance to the
spacing of our proposed observa-
tions, we note that di↵erent emitting
region geometries produce di↵erent
lightcurves. At fixed half light radius,
a more concentrated disk produces a
higher and sharper peak than a uni-
form disk. An annular emitting re-
gion might produce a secondary peak.
There appears to have been an inflec-
tion or even a reversal of the fading of
the D image between the end of the
2013 OGLE observing season and the
beginning of the 2014 season. There
is reason to think that the X-ray emit-
ting region will di↵er in both size and

shape from the optically emitting re-
gion.

4. Image C Event and Im-
age D Fading: Complicating the
Source Model
We show in Fig. 4 the results of our
analysis of the archival Chandra data
from 2011–2014 (the most recent observations) superposed on what appear in the optical to be
caustic crossing events. In both cases we give the flux of the relevant image (expressed as a
magnitude) in terms of the fluxes for two or three images that appear not to have undergone
caustic crossing events in that time, so as to remove the e↵ects of intrinsic variation of the source.

We do not pretend to understand exactly what we see. The image C event is far more dramatic
in the X-rays than in the optical. In the X-rays it appears that the event was caused by a transition
from no micro-minima to one-micro minimum. But why does that not appear to be the case in the

3

Gaudi 2010

Chandra Observations for 
the Next Decade

Illustrative example from 
planetary microlensing shows 
effects of increasing source size.  

3. Dense sampling of caustic crossings can reveal the detailed 
structure of the X-ray emitting region. 





Large anomalies were seen  
in the X-ray images.

Magellan Telescope Chandra X-ray ObservatoryLensing Model

Lensing galaxy

images of quasar

should be brightest image anomalously dim in X-rays

Blackburne, DP, & Rappaport 2006

These “flux ratio anomalies” were known in the optical for decades, 
but the explanation was unclear (millilensing vs. microlensing).

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

An optical emitting region that was large compared to the lens size 
was investigated by Schechter & Wambsganss (2004).
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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
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Stellar fraction decreases 
with ⟨R⟩ as expected
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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

9
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Possible caustic crossing is seen in PG 1115+080
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Probability of microlensing 
depends on dark/stellar ratio
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Marginalize over FX to obtain 
likelihood of stellar fraction

2% 5% 10% 13% 20% 33% 50% 67% 100%
Percentage of Matter in Stars

0.00

0.05

0.10

0.15

0.20

0.25
Pr

ob
ab

ili
ty

DP et al. 2009

PG 1115+080



Improved X-ray image modeling 
gives more precise measurement
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FIG. 1.— X-ray lightcurves of the high magnification pair of images in each quad. All observations in Table 1 were used to make these 0.5–8 keV lightcurves,
with multiple observations of the same quad separated by hash marks. The time delay between the pair (from the models described in §3 and Table 4) is given
and shown as a thick horizontal bar in the cases where it will fit on the plots.

shows that time variability cannot fully explain the anomalous
ratios.

We used Keeton’s (2001) Lensmodel software, v1.06, to
model each of the ten lenses as a singular isothermal sphere
(SIS) with an external shear. This model has seven free pa-
rameters (lens strength, shear strength and direction, and the
positions of source and lens), making it overconstrained by
the ten input measurements (the positions of four images and
the lensing galaxy). The position measurements were ob-
tained from the online CASTLES database. The observed

fluxes of the lens images were not used as constraints.
The models fit the image positions fairly well in all cases

except that of HE 0230�2130, where the position of the D
image is significantly altered by a second galaxy. Since this
lens has an obvious strong perturbation from a companion
lens galaxy, we added a second mass component to the model.
Allowing its position and strength to vary, and using its mea-
sured position as a constraint, gave us eleven free parameters
and twelve constraints. We found that a steeper projected pro-
file than isothermal was required for this second mass compo-

DP et al. 
2007
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Galaxy Mass Profiles from (SLACS)



The Sizes of Quasar Emission Regions

Estimate LBol using 9[λFλ]51004πDL
2  Kaspi et al. 2000

Take LBol /LEdd ≡ fE = 0.25 Kollmeier et al. 2006

Take radiative efficiency η = 0.15 Yu & Tremaine 2002

→ a = 0.88   and    r0 ≈ 2.5 Rg

using a Shakura-Sunyaev model: 

T (r) =

[

3GMBHṀ

8πσr3

]1/4
(

1 −

√

r0/r
)1/4

We calculate R1/2 according to:
∫ r1/2

r0

[

ehν(1+z)/kT (r)
− 1

]−1
rdr

∫

∞

r0

[

ehν(1+z)/kT (r)
− 1

]

−1
rdr

=
1

2



Assumptions: How does choice of η and fE affect R1/2?

✹Can use T(r) to find radius where T / (1+z) = h  ν /kB

✹To good approximation, this radius ∝ R1/2

✹Neglecting the factor of (1− √r0/r )1/4 in T(r), we find

R1/2 ∝ (MBH M)1/3

✹Since MBH ∝ Lbol / fE  and  M ∝ Lbol / η

⇒  R1/2 ∝ (fE η)−1/3


