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ABSTRACT

Many analyses have concluded that the accretion disc sizes measured from the microlensing
variability of quasars are larger than the expectations from the standard thin disc theory by a
factor of ~4. We propose a simple model by invoking a strong wind from the disc to flatten its
radial temperature profile, which can then reconcile the size discrepancy problem. This wind
model has been successfully applied to several microlensed quasars with a wind strength s <
1.3 by only considering the inward decreasing of the mass accretion rate [where s is defined
through M(R) o< (R/Ry)*]. After further incorporating the angular momentum transferred by
the wind, our model can resolve the disc size problem with an even lower wind parameter.
The corrected disc sizes under the wind model are correlated with black hole masses with a
slope in agreement with our modified thin disc model.

Key words: accretion, accretion discs—black hole physics —gravitational lensing: micro—

ISM: jets and outflows — quasars: general.

1 INTRODUCTION

Itis widely accepted that active galactic nuclei (AGNs) in the distant
universe are powered by accretion discs around the supermassive
black holes. The simple Shakura & Sunyaev (1973) thin-disc model
(see also Novikov & Thorne 1973) remains the standard model for
luminous AGNs due to its success in modelling some major features
in observations (e.g. the ‘Big Blue Bump’ in the spectral energy
distribution of quasars). However, this simple model has shown
some difficulties in some aspects, e.g. in explaining the soft X-ray
continuum, optical polarization, and variability (Koratkar & Blaes
1999).

More remarkably, a ‘size problem’ has been recently identified
by many works. Based on the optical-UV microlensing observa-
tions for quasars, the disc size can be measured from microlensing
variabilities. We can also obtain two disc sizes based on the thin
disc theory (see equation 5) and the magnification-corrected flux
(see equation 6). These observations show that the disc sizes mea-
sured from microlensing variabilities are systematically larger than
the thin-disc theory size by a factor of ~4 (e.g. Pooley et al. 2007;
Dai et al. 2010; Morgan et al. 2010; Jiménez-Vicente et al. 2012;
Blackburne et al. 2014; Muiioz et al. 2016; Motta et al. 2017).
Several suggestions have been put forward to reduce the size dis-
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crepancy, e.g. scattering a significant fraction of the disc emission
or including the line emission contamination from larger physical
scales (Morgan et al. 2010), a flatter disc temperature profile be-
cause of some unknown reasons (Dai et al. 2010; Morgan et al.
2010; Bonning et al. 2013), an inhomogeneous disc with large tem-
perature fluctuations (Dexter & Agol 2011; Cai et al. 2018), and
a super-Eddington accretion disc with an optically thick envelope
(Abolmasov & Shakura 2012).

In this work, we propose that a thin disc with wind can flatten
the temperature profile, which then can solve the disc size problem.
This shares a similarity with the suggestion of a flatter disc temper-
ature profile mentioned above, although the physical origin of the
flattening has not been linked to disc winds in previous works yet.
Observationally, a flattening of temperature profile than the theoret-
ical expectation of 3/4 from the thin-disc model has been confirmed
for several microlensing studies of disc structures (e.g. Bate et al.
2008,2018; Poindexter, Morgan & Kochanek 2008). However, a
few sources show that the temperature profile could be even steeper
than 3/4, although the uncertainty is still very large (e.g. Eigenbrod
et al. 2008; King & Pounds 2015; Muioz et al. 2016). Another
possible problem for the standard thin disc model is the difficulty
in reproducing the turnover at A ~ 1000 A for the AGN spectral en-
ergy distribution (SED). This has been extensively studied by many
works with a disc wind model (Kuncic & Bicknell 2007; Slone &
Netzer 2012; Laor & Davis 2014; Sun et al. 2019) and uncorrected
host galaxy extinction (Capellupo et al. 2015).
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There is now compelling evidence for the existence of wind
in different types of accretion flows both observationally and
theoretically. For the hot accretion flow, both hydrodynamic (HD)
and magnetohydrodynamic (MHD) numerical simulations have
found that the mass inflow rate decreases with decreasing radius
(Stone et al. 1999; see review by Yuan & Narayan 2014). Yuan,
Wu & Bu (2012) show that the inward decrease of the accretion
rate is attributed to the significant mass-loss through wind (see also
Narayan et al. 2012; Gu 2015; Yuan et al. 2015). This result is con-
firmed later by Chandra observations for the supermassive black
hole in our Galaxy (Wang et al. 2013). For the standard thin disc
powering luminous quasars, numerous pieces of observational ev-
idence have been accumulated via studies of broad absorption line
quasars (e.g. Arav et al. 2001; Chartas, Brandt & Gallagher 2003;
Crenshaw, Kraemer & George 2003; Dai, Shankar & Sivakoft 2008;
Tombesi et al. 2010; Dai, Shankar & Sivakoff 2012; Tombesi et al.
2014; Gofford et al. 2015; King & Pounds 2015; Liu, Arav & Rupke
2015) and emission line quasars (e.g. Sun et al. 2018). The launch-
ing location of the wind is within 100 R, (Tombesi et al. 2012;
Gofford et al. 2015; Tombesi et al. 2015) with the associated col-
umn densities of the absorbers being in the range of 10?>~10?* cm 2
(Tombesi et al. 2011). It is generally believed that these winds are
launched from the thin disc around the central black hole by radi-
ation (e.g. Shields 1977; Proga, Stone & Kallman 2000; Risaliti &
Elvis 2010; Nomura et al. 2016; Nomura & Ohsuga 2017), thermal
(e.g. Begelman, McKee & Shields 1983; Krolik & Vrtilek 1984;
Woods et al. 1996; Chelouche & Netzer 2005; Everett & Murray
2007), magnetic mechanisms (e.g. Blandford & Payne 1982; Con-
topoulos & Lovelace 1994; Konigl & Kartje 1994; Fukumura et al.
2018; Kraemer, Tombesi & Bottorff 2018), and a combination of
them (e.g. Proga 2003; Mou et al. 2017; Waters & Proga 2018).

The paper is organized as follows. Our wind model is described
in details in Section 2, and the influence of the angular momentum
transfer by wind is further discussed in Section 3. We apply our
wind model to several microlensed quasars in Section 4. The final
section is devoted to a summary of this work.

2 A PHENOMENOLOGICAL WIND MODEL

We adopt a phenomenological model to describe the mass accretion
rate profile M(R) of the disc suffering from a wind

M(R) = M, (5> , R >Ry, (D
Ry

where M;, is the mass accretion rate at Ry and Ry is chosen as
the inner edge of the disc where wind can dominate over inflow.
The wind parameter s is kept as constant in the disc, and the no-
wind special case is at s = 0. Numerical simulations and theoretical
works for the hot accretion flows suggested that Ry ~ 20—40R,
(Narayan et al. 2012; Yuan et al. 2012,2015), where R, = GMgy/c?
is the gravitational radius of a black hole, G is the gravitational
constant, ¢ is the speed of light, and Mgy is the black hole mass.
However, different wind production mechanisms for the thin disc
can result in different Ry. We first adopt Ry = 6 R,, which is the
innermost stable circular orbit for a Schwarzschild black hole. The
value of Ry depends on the wind launching mechanism. For the
line driven wind, Ry is related to the UV emitting photon of the
disc, and the launching radius could be on the scale of ~100 R,
(e.g. Proga et al. 2000; Risaliti & Elvis 2010). The wind launch-
ing radius of the thermally driven wind is even larger. However,
if we consider magnetic field, magnetically driven winds can pro-
duce high-velocity wind from the very inner region of the accretion
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disc, with the launching radius being a few R, (e.g. Blandford &
Payne 1982; Contopoulos & Lovelace 1994; Konigl & Kartje 1994;
Fukumura et al. 2018, and references therein). For example, Fuku-
mura et al. (2018) find that the magnetically driven wind can origi-
nate around ~10 R,. In the observational side, X-ray observations
of ultrafast outflows via blueshifted absorption lines suggest the up-
per limit of the wind launching radius being ~20 R, (Tombesi et al.
2012, 2015). In addition, we have discussed the effect of different
Ry on the wind-corrected disc size in the Appendix. We find that a
reasonably larger R, has a weak effect on our results.

With the radius-dependent mass accretion rate, the effective tem-
perature profile 7(R) for a thermally radiating black body disc can
be obtained by

3GMgaM(R)
—anps TR, )

which leads to T(R) o« R~? with B = (3 — s5)/4, where o is the
Stefan—Boltzmann constant. For simplicity, we have ignored the
correction factor 1 — (Ry/R)"? of the inner edge. The effect is
minor once the disc size is much larger than Ry. We will discuss
the effect of this simplification below. Such a flatter temperature
profile due to the disc wind has been studied in previous works (e.g.
Witt, Czerny & Zycki 1997; Knigge 1999; Laor & Davis 2014, also
see Sun et al. 2019 for a very recent work.). Due to the angular
momentum transport by the wind, Laor & Davis (2014) find that
inserting M(R) instead of a constant M cannot quantify the effect
of disc wind on the radiation by using a different radial-dependent
mass flux for the accretion rate. With the wind prescription in this
work and solving their equations 27 and 28 to obtain the local flux
F(R), we find that such a temperature profile modification is still
a good proximation if we neglect the inner edge effect. However,
after the further consideration of the vertical angular momentum
transfer by the wind, the modification could be significant. This
will be discussed in Section 3.

The resulting surface brightness at a rest wavelength A is given
by

-1
_ 2hye R\’
fv - )L(g) |:eXP (RiM)) - 1:| ’ (3)

where the scale length R, characterized by kT(R) = hyc/A¢ defines
the theory size of the disc,

. 1/(3—s
4SGA3MBHMm] / >’ @

Rio.nB) = [ 167, c? R}

The size scales with the wavelength A as R; 4 AVE Here, hy is
the Planck constant, and & is the Boltzmann constant. Assuming a
luminosity L = nMi,c? and an Eddington ratio of L/Lgqq = f, where
n is the radiative efficiency, and Lgyq is the Eddington luminosity,
we can rewrite equation (4) as

45 FG2morim2, 10
f P70 BH:| , (5)

4dnrdhycdor Ry

Rip.n(B) = [

where o1 is the Thomson cross-section, m,, is the mass of a proton.
We adopt a typical Eddington ratio f = 0.1 for quasars (Shen et al.
2008), although Kollmeier et al. (2006) estimate a slightly larger
value of f >~ 1/4. The dependence of R, on the black hole mass
Mgy is modified as R;, m & Ml(gzl_;s)/ 679 the slope for which recov-
eries to the predicated slope of 2/3 from the thin-disc theory in the
case of the no-wind model (i.e. s = 0).

Under the same model assumption, we can obtain another disc
size by setting the integrated surface brightness profile over the
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Figure 1. K(B) (red) and C(B) (blue) as functions of the wind parameter s.

whole disc with the magnification-corrected quasar fluxes at a given
band. Here, the relativistic effect is ignored for simplicity because
this effect is unimportant for the optical-UV emission. The flux size
under the wind model is then given by

DOS K(3/4) 3/2 -1/2
R ux = A E}
wilP) = T\ KB
B 2.8 x 10%3 Dos ( Ao >3/2
" hJK(B)/KB/4)cosi ry \ um
2pt 1/2
x 1070.2(171719) cm, (6)
2409 Iy

where i is the inclination angle of the disc, m is the magnification-
corrected magnitude for microlensing sources, Dos/ry is the source
angular distance in units of the Hubble radius rqy = c¢/Hy, h =
Ho/(100km s™! Mpc™1), and for kT(Rou)/h, < c/ho < KT(Ro)/hy,

K(B) = /w lexp(x?) — 1] xdx. )
0

It clearly shows that the flux size of the disc R; nux depends on
the temperature profile via the wind parameter s = 3 — 4. For
the no-wind model, K(B8 = 3/4) = 2.58. The dependence of K on
the wind strength s is shown in Fig. 1, which implies that R; gux
decreases significantly with the wind strength.

For the disc-size measurement via microlensing variability, it is
the half-light radius of the gravitationally lensed quasars that is
measured. Based on the wind-corrected surface brightness profile
in equation (3), we can relate the half-light radius of the disc Ry nar
with the scale size R;, in equation (3) as

Ryo.nat(B) = C(B)Ryy mic(B), (8

where C(B) is the conversion factor from R;; in equation (3) to
Ry, nait- Here, R, is labelled as the third disc size, namely the
microlensing size R mic, Which can be directly compared with
other disc size measurements. C(f8) is defined as

1
cp)y=r" [EK(;B)} . ©)

where F!(-) is the inverse function of

1

Flx) = /X [exp(uﬂ) — 1] udu.
0

Under the no-wind circumstance, i.e. 8 = 3/4, C(3/4) = 2.44. We
also plot the profile of C as a function of the wind parameter s in
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Figure 2. The correction factor A(Rgux/Rmic) as a function of wind pa-
rameter s. The observational disc-size ratio discrepancies Ruic, obs/Rflux, obs
for several quasars with their error bars are obtained via the Monte
Carlo sampling. The inferred wind strength s determined by setting A =
Rmic, obs/Rilux, obs are shown with blue squares.

Fig. 1. The half-light radius measured from microlensing is nearly
model independent (Mortonson, Schechter & Wambsganss 2005;
Congdon, Keeton & Osmer 2007), so a different wind strength can
modify the disc size Ry mic as well.

Theoretically speaking, the three disc sizes R;, . Ri, aux, and
R mic defined in equations (5), (6), and (8), respectively, should be
consistent with each other. However, there are striking discrepancies
among these three size measurements observationally. Even though
the offset between the microlensing size measurements (equation 8)
and theory size (equation 5) tends to be somewhat smaller, which
can be attributed by other uncertainties (e.g. radiative efficiency n
and Eddington ratio f), the discrepancy between the microlensing
size (equation 8) and the expectation from the flux measurement
(equation 6) is more significant in most microlensed quasars with
the former being larger than the latter by 0.6 &= 0.3 dex (e.g. Pooley
et al. 2007; Poindexter et al. 2008; Morgan et al. 2010, 2012).

We mainly focus on the major size problem arisen from the
discrepancy between the flux size R, aux and the microlensing
one Ry, mic- As both R; qux and Ry, mic are sensitive to the wind
parameter s, the correction factor of the size ratio due to the disc
wind based on equations (6) and (8) can be described by

Rko,ﬂux(ﬁ) R)»o,mic(3/4)

Ryo.mux(3/4) Rigmic(B)
K@3/4 C
_ K i) 10)
K(p)  C@B/4)

which is shown as the solid line in Fig. 2. It clearly demonstrates
that the flux to microlensing size ratio correction can be a factor of
~3 as the wind parameter increases to ~1.3. It therefore indicates
that a disc model with a strong wind can potentially resolve the
underestimation of flux size measurements up to 0.6 dex.

A(Rﬂux/Rmic) =

3 INFLUENCE OF ANGULAR MOMENTUM
TRANSFER BY WIND

While our phenomenological treatment of the wind described by
equation (1) is the standard treatment in most previous works, wind
could play another role in modifying the inflow by transferring the
angular momentum outward. This has been studied for two types of
disc models. Xie & Yuan (2008) have investigated this problem in

MNRAS 483, 2275-2281 (2019)
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details for the advection-dominated accretion flow by incorporating
the interchange of mass, momentum, and energy between the inflow
and outflow. They confirm that the phenomenological treatment of
wind is reasonable for the hot accretion flow. For the thin disc,
Kuncic & Bicknell (2007) proposed a phenomenological model by
including the vertical angular momentum transfer induced by the
wind (see Laor & Davis 2014 for a different phenomenological
model for the thin disc wind). This provides a straightforward way
to be compared with our wind model.

For the purpose of reconciling the disc size discrepancy, it is
related with the modification of the radial temperature profile of the
disc determined by the radiative flux, which is required to balance
with the viscous dissipation rate. The radiative flux of a thin disc
after the consideration of the angular momentum transferred by the
wind can be expressed as (Kuncic & Bicknell 2007)

3G MguM(R)
87R3

The additional radial-dependent correction factor & o(R) is given
by

Fi(R) = Ecorr(R). an

1
R\ 27 1+2s
o (R) = 1— [ — -
Seon(R) (Ro) 1425 — 2w

R —w . R —%—H—w b
: (;7) ‘(RT) ’ (12

where w is another parameter describing the radial dependence of
the angular momentum transfer by the wind (Kuncic & Bicknell
2007). A smaller w indicates a stronger effect of angular momen-
tum transportation by wind. For the case of s = 0 and w — o0,
& .orr(R) recoveries to 1 — (R/Ry)™ "2, which is the correction factor
of the disc inner edge for the model without disc wind.! There ex-
ists no observational and theoretical constraints for this parameter,
which makes a detailed quantitative assessment of this effect dif-
ficult. However, we can qualitatively discuss this effect in the disc
temperature profile.

We show the radial profile of &, (R) for different combinations
of s and w parameters in the upper panel of Fig. 3. Since a steep
positive radial gradient of &,,(R) can be obtained in a large radial
range of the disc, and the effective temperature is determined by
T(R) x F +1/ 4(R), which in turn results in an even flatter temperature
profile. Furthermore, the slope becomes steeper in the inner regions
of the disc. This is equivalent to a larger effective wind parameter
Sefr i the inner region. Therefore, it can help to resolve the disc size
problem with a relatively small wind parameter.

Before applying our wind model to several microlensed quasars,
we discuss how the disc wind can modify the emitting spectrum. An-
other important problem of the standard thin disc model is that the
theory cannot explain quite well a universal characteristic turnover
around 1000 A of SEDs in AGNs, indicating a maximal disc tem-
perature of ~50 000 K. A wind scenario has been proposed and
studied in details by Laor & Davis (2014) to resolve this problem
(see also Kuncic & Bicknell 2007; Slone & Netzer 2012 for similar
works). A very similar wind model has also recently been applied
to NGC 5548 to resolve the interband time lag and SED problems
(Sun et al. 2019). As our wind model share some similarities with
previous works, we expect our model can also be used to solve this
SED problem as well. To illustrate this point, we have added one

IThis correction factor also shows a positive gradient with radius, which can
then lead to a flatter temperature profile as we discuss below.

MNRAS 483, 2275-2281 (2019)
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Figure 3. Upper panel: the correction factor £or due to the angular mo-
mentum transfer by the disc wind for different wind strength s and angular
momentum parameter w. Lower panel: the corresponding SED of the disc.
We adopt a typical black hole mass of Mpy = 10% M), an Eddington ratio
of f= 0.1, and a radiative efficiency of n = 0.1.

plot in the lower panel of Fig. 3 showing the modified SED from the
disc with wind. It can be seen that a disc with the wind parameter
s 2 0.5 after taking into account the angular momentum transport
by wind can easily reproduce the observed peak around ~1000
A. This is simply because the temperature profile T(R) & R™* be-
comes shallower due to the existence of disc wind. As a result, the
maximal temperature reached in the inner region is decreased to a
few x10* K.

4 APPLICATION TO MICROLENSED QUASARS

We first apply our wind model to several gravitationally microlensed
quasars without considering the angular momentum transfer effect.
Morgan et al. (2010) have collected 11 quasars with their microlens-
ing size and flux size reported. We select nine sources from their
samples as shown in Table 1, except that HE 0435 — 1223 and PG
1115 + 080 are excluded. The reason for the exclusion of these two
sources will be discussed below.

To reconcile between the flux and microlensing size measure-
ments, one can make the observational size ratio Ruic, obs/Rfux, obs b€
linked to the correction factor defined in equation (10). The obser-
vational size ratios and the 1o uncertainties for all sources can be
obtained through a Monte Carlo sampling of Ry obs a0d Rpic, obs a8
listed in Table 1. By setting Ruic, obs/Rfux, obs = A(Rfux/Rmic), We can
obtain the required wind parameters, which are shown in Fig. 2 and
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Table 1. Sources parameters and corrected disc sizes.

Objects Mgy (10° M@) Ao (nm) 10g (Rmic, obs/cm) log (Rfiux, obs/cm) s log(REY mic/cm) log(Ry™ /cm)
QJ 0158 — 4325 0.16 0.310 15.6 £ 0.3 152 +£0.1 1.1 147 £0.3 14.9
SDSS 0924 + 0219 0.11 0.277 15.0f8:i 148 £0.1 0.6 14.6 £ 0.4 14.7
FBQ 0951 + 2635 0.89 0.313 16.1 £ 04 15.6 £0.1 1.3 149+04 153
SDSS 1004 + 4112 0.39 0.228 149+£0.3 149+0.2 0.02 149 £0.3 14.9

HE 1104 — 1805 2.37 0.211 159792 154 £ 0.1 13 14.9 £ 03 15.5
RXJ 1131 — 1231 0.06 0.400 152+02 14.8 £0.1 1.0 142+02 14.7
SDSS 1138 + 0314 0.04 0.203 149 £0.6 14.6 £0.1 0.9 144 £0.6 14.5
SBS 1520 + 530 0.88 0.245 15.74+0.2 153+0.1 1.1 149+02 15.3
Q2237 + 030 0.90 0.208 15.6+0.3 155+£02 0.3 155+£03 152

Note. Data are collected from Morgan et al. (2010), except for QJ 0158 — 4325 (Morgan et al. 2012) and RXJ 1131 — 1231 (Dai et al. 2010). Rqux, obs and

Rmic, obs are disc sizes in the no-wind model. The typical uncertainty of inferred s is ~0.5, as seen from Fig. 2. R
size after the correction based on our wind model measured at 0.25 um. The 1o errors of R

Ccorr 3 . .
fox.mic 18 the corrected flux/microlensing

are obtained by 5000 Monte Carlo sampling. Note that the

corr
flux, mic

corresponding half-light radius corrected by C(B) is larger by a factor of 10 on average. Ry’ is the wind-modified theory disc size with n = 0.1 and f = 0.1 at

0.25 um (equation 5). The typical uncertainty of Ri>™ is ~0.1 dex.

listed in Table 1. It indicates that the underestimation of the flux size
can be well explained with a wind strength s ~ 1 for our sources. The
typical uncertainty of s is relatively large (~0.5), which is due to the
large uncertainty of Ruic, obs/Riiux, obs Shown in Fig. 2. In addition, the
required s values can be decreased by ~0.1 after considering the in-
ner edge effect in equations (7) and (9). For instance, such correction
can be considered by estimating, e.g. Ry ~ 0.5R,,,. Then the lower
limit of the integral for K(8) can be set to be 0.5, and another correc-
tion term (1 — +/0.5/x)~!/* is included in the integral of K(8) and
C(B),e.g. K(B) = [ys [exp(xP(1 — O.5/x)~1/4) — 1]" xdx. The
inner edge effect for the theory size in equation (5) is <20 per cent
by inserting the factor of 1 — (R/Ry)~"? into equation (2). It is
thus very likely to interpret the size discrepancy with a wind
strength s < 1.0 after considering those uncertainties. We note
that Laor & Davis (2014) argue that their disc wind model can-
not solve the disc size problem. This is likely because our wind
mass flux is stronger than theirs, which can then result in a flatter
temperature profile, based on the different radial dependence of the
wind.

Observationally, the wind parameter s for the thin disc has not
been well constrained up to date. There are some constraints for the
hot accretion flow in several low-luminosity AGNs [e.g. s ~ 0.5 for
M87 (Russell et al. 2015) and NGC 3115 (Wong et al. 2014)] and
Sagittarius A* (s ~ 1.0; Wang et al. 2013) by X-ray observations.
Numerical simulations of hot accretion flows show that s ~ 0.5—
1.0 (see review by Yuan & Narayan 2014 and references in the
Introduction.).

More importantly, the required wind parameter to interpret the
size discrepancy can be reduced by ~0.5 if the angular momentum
transfer effect by the wind is considered, as estimated from the
upper panel of Fig. 3. This can make the required s < 1.0 (e.g. FBQ
0951 + 2635, HE 1104 — 1805) and relieve the disc size problem
for some sources, e.g. HE 0435 — 1223 and PG 1115 + 080. For HE
0435 — 1223 and PG 1115 + 080, their size discrepancies are 0.8
and 1.5 dex, respectively. We find that a very large wind parameter
(s > 1.5) has to be adopted to account for the disc size discrepancy if
we only consider the inward decrease of the mass accretion rate. An
additional consideration of significant vertical angular momentum
transport by wind (i.e. small w in equation 12), which is physically
very likely, can solve this problem. Another possible solution is
to consider the radiation contamination from larger scales such as
the broad-line region and/or scattering of the disc flux on larger
physical scales (Morgan et al. 2010), since these external effects
can potentially reduce the intrinsic size discrepancy. Considering
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Figure 4. Wind-corrected disc size at Ao = 0.25 um as a function of black
hole mass Mpy. The black squares with error bars are flux sizes, which have
been corrected to match the microlensing sizes. The solid blue line shows
the fit to the corrected flux size versus black hole mass with the dashed
blue lines representing the 1o uncertainty. The grey circles show the wind-
corrected theory sizes from equation (5) with a radiative efficiency of 0.1.
The grey line represents the fit to the theory size. The dotted line shows the
gravitational radius R, of the black hole.

these complexities, we think that the wind parameters s as shown
in Fig. 2 are in the reasonable range.

With the inferred wind parameters, we can calculate the wind-
corrected disc sizes. Note that the flux and microlensing sizes are
already consistent with each other by definition. We show the wind-
corrected flux (or microlensing) size Ry at0.25 pm as a function of
the black mass Mpy as black squares in Fig. 4. The 1o uncertainties
of the modified microlensing sizes are obtained via Monte Carlo
simulations as well. The typical black hole mass uncertainty is 0.1
dex. A Markov Chain Monte Carlo method (Lewis & Bridle 2002;
Li et al. 2015) is applied to fit the correlation between Ryo7 and

Mgy by including the uncertainties for both variables yielding

corr

mic Mgy
log ( Zmic ) — (9.91 + 1.45) 4 (0.56 + 0.17) log . (13)
cm Mg

The corresponding best fit and 1o error band are shown as solid
and dashed blue lines, respectively, with the best-fitted statistics
x2 = 6.0/7 = 0.9, suggesting a reasonable fit to the data.

By assuming a typical radiative efficiency of n = 0.1 and an
Eddington ratio f= 0.1 for all sources, the wind-corrected thin-disc
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theory sizes R as defined in equation (5) can be obtained, which

are represented as grey circles in Fig. 4. Assuming an uncertainty
of 0.1 dex for both R;™ and Mgy, a power-law function is applied
to fit between Ry and Mgy, which leads to

(o) ()

log [ —— | = (10.4 £0.6) + (0.55 £ 0.07)log . (14)
cm Mg

The fitted power law is shown as the grey line in Fig. 4 with x> =
4.6/7 ~ 0.7, suggesting a slightly overestimate of uncertainties for
Ry . The power-law function in equations (13) and (14) are roughly
consistent with each other after considering the 1o uncertainties,
suggesting that the three disc sizes can now be in agreement with
each other within the framework of our wind model. We can also
judge the consistence between RE™ and RYT by calculating x2
between these two disc sizes, which gives x2 =~ 1.7. The slightly
large x? is mainly contributed by two sources, RXJ 1131 — 1231
and HE 1104 — 1805. If these two sources are excluded from the
test above, we obtain x> =~ 0.9, confirming a general consistency
between these disc sizes after corrected by the wind.

After considering the angular momentum transfer effect as dis-
cussed in Section 3, which reduces the wind parameter s required,
these two sizes will further shift toward each other (e.g. RXJ 1131 —
1231). In addition, a slightly higher radiative efficiency (e.g. n ~
0.15) can also make R closer to RgY. The power-law index in
equation (14) favours a slightly flatter correlation slope, consistent
with a wind parameter s > 0 as suggested by equation (5).

Interestingly, as the above consistency is based on an assumption
of radiative efficiency n = 0.1, it implies the reasonability of a
canonical value n = 0.1 expected from the thin disc theory (Frank,
King & Raine 2002), higher than those estimated from Morgan
etal. (2010). This is because the radiative efficiency should become
higher to produce the same flux with a smaller corrected disc size.

As shown in Fig. 4, the corrected disc sizes are ~10-50 R,.
These sizes are increased by a factor of ~10 on average when
converting them into the half-light radius, which corresponds to
the region where most of emission comes from. This suggests that
the emission extends to a more diffuse region. It simply lies in the
fact that the radial temperature profile 7(R) oc R~ becomes flatter
due to the existence of wind. A larger disc size also validates our
simplification of neglecting inner edge factor 1 — (Ry/R)'.

Some observations have revealed that the temperature profiles are
even steeper than 3/4 (e.g. Eigenbrod et al. 2008; King & Pounds
2015; Muiioz et al. 2016; Motta et al. 2017) or just consistent with
3/4 of the standard thin disc (e.g. Edelson et al. 2015; Fausnaugh
et al. 2018), which are inconsistent with the predication of our disc
wind model. But it should be noted that the observed uncertainties
of these inferred temperature slope are still quite large. Considering
the large uncertainties of these inferred temperature slope, it is
possible that these observations are compatible with our model
expectation. More importantly, recent analysis by Bate et al. (2018)
found that there are important selection effects that need to be taken
into account when using single-epoch microlensing technique to
measure accretion disc temperature profiles. They argue that some
previous works based on King & Pounds (2015), as well as those
in Motta et al. (2017), likely overestimate the temperature profile
slope. Therefore, we can conservatively conclude that our model is
consistent with current observational data.

In the calculation of the radiation from the disc, we do not take
account into the radiative transfer in the disc wind. By adopting an
average wind parameter s = 0.8, the wind velocity as the local es-
cape velocity and a viewing angle 45° for the disc, we estimate the
column density of wind as ~10** ¢cm~2. The optical depth through
the wind due to the electron scattering opacity is then less than
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unity. When the wind strength become weaker (e.g. considering the
angular momentum transfer effect) and/or the viewing angle be-
comes smaller, the optical depth contributed by the wind decreases
significantly, which suggests that the effect of the wind on the disc
radiation can be negligible. In addition, numerical simulations of
the thin disc wind from luminous AGNs have found that the column
density of the wind is 10?>~10%* cm~? for a wide range of parameter
space (Proga et al. 2000; Nomura et al. 2016; Kraemer et al. 2018),
consistent with the values inferred from blueshifted absorption lines
(Tombesi et al. 2011). These results suggest that the disc wind is
optically thin to the optical-UV radiation both theoretically and ob-
servationally and can thus justify our simplified treatment of wind
radiative transfer.

5 CONCLUSIONS AND DISCUSSIONS

In this work, we propose a simple ‘wind’ scenario to resolve the ‘size
problem’ for several microlensed quasars. With a wind strength s
< 1.3 (where s is defined via M(R) (R/Ryp)*), the temperature
profile of the disc becomes shallower. Our model can thus make
three disc sizes, i.e. microlensing size, flux size, and theory size
be consistent with each other. In addition to the mass flux carried
away by the disc wind, the vertical angular momentum transport by
the wind can further help to relieve the observational size mismatch
with a smaller wind parameter s.

In the meanwhile, the correlation between wind-corrected disc
size and black hole mass becomes slightly flatter, which is in agree-
ment with the theoretical expectation from a thin disc suffering from
strong wind. With the updated disc size, we find that the radiative
efficiency is close to the canonical value of 0.1 due to a smaller
corrected flux size.

Due to the universality of wind in different accretion systems, the
microlensing disc size measurements can thus provide a new probe
for the wind properties in the inner region of quasars.
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APPENDIX A: THE EFFECT OF DIFFERENT R,

Different mechanisms for wind production could result in different
launching radii. As an uncertainty for the wind model, we explore
the effect of different Ry on the disc sizes. A slightly larger Ry =
20 R, for equation (1) is adopted. The wind-corrected disc sizes
are shown in Fig. Al. With the larger Ry, the wind-corrected flux
size (and microlensing size) does not change significantly as long
as the inner edge factor is insignificant, as we have tested above.
However, compared with the smaller R, case, the modified theory
size (equation 5) becomes slightly smaller and more close to the
modified flux (microlensing) size. A x> comparison between the
two disc sizes (flux size and microlensing size) find that x> = 0.5.
Therefore, our wind model with a reasonable larger R, can also well
resolve the disc size problem.
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Figure A1. Same as Fig. 4, but with Ry = 20 Rg.
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