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ABSTRACT

Aims. We intend to use the impact of microlensing on the Fe IIT 142039-2113 emission line blend along with a measure of its gravi-
tational redshift to estimate the mass of the quasar’s central supermassive black hole (SMBH).

Methods. We fit the Fe III feature in multiple spectroscopic observations between 2008 and 2016 of the gravitationally lensed quasar
Q 0957+561 with relatively high signal-to-noise ratios (at the adequate wavelength). Based on the statistics of microlensing magnifi-
cations, we used a Bayesian method to derive the size of its emitting region.

Results. The Fe III 112039-2113 spectral feature appears systematically redshifted in all epochs of observation by a value of
A1 ~ 17 A on average. We find clear differences in the shape of the Fe III line blend between images A and B. Measuring the
strength of those magnitude differences, we conclude that this blend may arise from a region of half-light radius of R;, ~ 15 It-
days, which is in good agreement with the accretion disk dimensions for this system. We obtain a mass for the central SMBH of
Mgy = 1.51’8:2 x 10° M, consistent within uncertainties with previous mass estimates based on the virial theorem. The relatively
small uncertainties in the mass determination (<35%) make this method a compelling alternative to other existing techniques (e.g.,
the virial plus reverberation mapping based size) for measuring black hole masses. Combining the Fe IIT 112039—-2113 redshift based

method with the virial, we estimate a virial factor in the f ~ 1.2—1.7 range for this system.
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1. Introduction

The experimental determination of the masses of the supermas-
sive black holes (SMBH) that reside at the centers of active
galactic nuclei (AGN) can be related, via the virial theorem, to
the velocity of the gas moving under the gravitational poten-
tial of the SMBH, AV. An estimate of the distance of the gas
to the SMBH, R, is needed in addition. Finally, the largely
unknown geometry and dynamics of the gas distribution should
also be taken into account through a coefficient, f, the virial fac-
tor, which greatly affects to the mass determination (see, e.g.,
Peterson & Wandel 1999, 2000; Fromerth & Melia 2000; Krolik
2001; McLure & Dunlop 2001):

(AV)?R

Mgn = f G (1

The velocity estimate, AV, can be inferred from the Doppler
broadening of the emission lines associated to the ionized gas.
The specific definition of AV is not straightforward, thus, sev-
eral options that, in turn, affect the value of f are usually

considered (see, e.g., Collin et al. 2006). Furthermore, the com-
plexity of the broad emission lines, which often present several
components and substructure, makes difficult the experimental
determination of the line widths. The size of the emitting region
can be obtained from reverberation mapping (RM, see reviews
by Peterson 1993, 2006) or from the size luminosity, R-L, scal-
ing relationship (calibrated using RM; see, e.g., Wu et al. 2004;
Dalla Bonta et al. 2020; Fonseca Alvarez et al. 2020; Yu et al.
2020) or from microlensing (Wambsganss 2006). As a conse-
quence of the experimental difficulties and the scarcity of knowl-
edge regarding f, virial masses have a typical uncertainty of
about 0.4 dex.

An alternative way to determine SMBH masses is the accre-
tion disk fitting technique. Based on an adequate selection of
the model parameters (specifically of the SMBH spin and disk
inclination), this method has the capacity to obtain results that
are compatible with virial-based ones, with similar uncertainties
(Campitiello et al. 2020).

The masses of SMBH can also be measured with a new
method based on the redshift of an UV iron feature, namely,

Article published by EDP Sciences

A67, page 1 of 6


https://doi.org/10.1051/0004-6361/202140977
https://www.aanda.org
mailto:carinafian@mail.tau.ac.il
https://www.edpsciences.org

A&A 667, A67 (2022)

the Fe III 112039-2113 blend. This method has been success-
fully applied (i.e., providing mass estimates that are statistically
compatible with virial masses) to a sample of ten lensed quasars
(Mediavilla et al. 2018) and to another sample of ten non-lensed
quasars (Mediavilla et al. 2019) observed with X-shooter at the
Very Large Telescope (Capellupo et al. 2015, 2016). Although
the redshift method is basically insensitive to the geometry and
the presence of nongravitational forces, it is also tied to a dis-
tance estimator:

2¢%(Ad
= |= Reen, 2
3G( 1 )Fem Fe IIT (2)

where AA/A is the redshift of the Fe III 112039-2113 emis-
sion lines and Rpy the size of the region emitting this blend.
In a number of cases, Mediavilla et al. (2018, 2019) used an
average size for Rpyy inferred from microlensing (Fian et al.
2018), scaled to each object using the R oc AL relationship with
a ~ 0.5 (Wandel et al. 1999). This approach has led to good
results but, certainly, the application of the method to objects
with individual measurements of the size is important for vali-
dating the technique. This was done in Mediavilla et al. (2018)
using UV spectra of NGC 5548 to estimate the RM size of the
Fe III 112039-2113 blend. Here, we use a collection of spectra
from a well-known gravitationally lensed quasar, Q 0957+561,
to estimate (based on microlensing variability) the size of the
region emitting the Fe III 112039-2113 feature in this object.

The paper is organized as follows. In Sects. 2 and 3 we ana-
lyze the spectroscopic data, obtaining the redshift for the Fe III
A42039-2113 blend and the microlensing-based size to deter-
mine the SMBH mass. In Sect. 4 we discuss these results and
compare them with other measurements. Finally, our main con-
clusions are presented in Sect. 5.

Mgu

2. Data analysis and redshift measurements

The spectroscopic data analyzed in this work have different ori-
gins (see Table 1). We model the Fe III 142039-2113 emis-
sion feature in the spectrum of the lensed quasar at five different
epochs of observations between 2008 and 2016. First, we fit a
straight line (y = ad + b) to the continuum, one on either side of
the C III] emission line and another one defined in two windows
at the blue and red side of the Fe III blend. When convenient,
the windows used to fit the continuum have been adapted to the
shape of the continuum, which can change from epoch to epoch.
Finally, we subtract the continuum from the spectrum and nor-
malize the continuum-subtracted spectra to match the core of
the C III] emission line defined by the flux within a narrow inter-
val (¢4 10\) centered on the peak of the line. This normalization
removes the effects of the macro-magnification produced by the
lens galaxy and the differential extinction between the images.
Thus, the cores of the emission lines are used as a reference
that is little affected by microlensing and intrinsic variability (see
Guerras et al. 2013; Fian et al. 2018) as they arise from a signif-
icantly larger region than the wings. The continuum-subtracted
and core matched spectra in the wavelength regions around the
C III] emission line and the (microlensed and redshifted) Fe III
A42039-2113 emission feature can be seen in Fig. 1.

We fit the Fe III 412039—-2113 blend using a template of 19
single Fe III lines of fixed relative amplitudes as provided by
Vestergaard & Wilkes (2001). The (Gaussian) lines are broad-
ened with the same width, o (=FWHM/2.35), globally shifted
in wavelength by A4, and their relative amplitudes multiplied
by a global scale factor, K. These are the three free param-
eters used to fit the blend in both images in different epochs.
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Table 1. Spectroscopic data.

Date Facility Reference
01/2008 MMT  Motta et al. (2012)
01/2009  NOT GLENDAMA
03/2010 NOT GLENDAMA ®
12/2011  NOT GLENDAMA ®
03/2016 ~WHT  Fianetal. (2021a)

Notes. ®See Gil-Merino et al. (2018).
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Fig. 1. Superimposed spectra showing the C III] emission line and the
Felll 2112039-2113 feature for image A (black) and image B (red) in
different epochs. We subtracted the continuum and matched the C III]
line cores of both images. The ordinate is in arbitrary units of flux.

The Fe IIT 112039-2113 feature is relatively free of contam-
ination from lines of other species and from Fig. 2 we can
see that the template of Vestergaard & Wilkes (2001) is able to
reproduce well the shape of it when a redshift is applied. The
average (+ standard error in the mean) of this systematic red-
shift is (Ad) = 17.4 £ 40A, in agreement with the findings of
Mediavilla et al. (2018, 2019), who also included one epoch of
this system in their analysis.



C. Fian et al.: SMBH mass of Q 0957+561 via gravitational redshift

cm

Fe 1l blend

— Average
1.0 4 Fit Fe Il
Fit Fe Il (shifted)

0.8
0)
=
=2
> 0.6
o
=}
2
=
< 0.4
x
=]
™

0.2

- v
Yo
T
0.0 A W
1850 1900 1950 2000 2050 2100 2150 2200

Wavelength (4)

Fig. 2. Average spectrum (black) and fit to the Fe III 142039-2113
blend (dashed red curve). Vertical dotted lines are located at the wave-
lengths corresponding to the Fe III lines of the Vestergaard & Wilkes
(2001) template. The fit has been shifted by ~17 A to match the tem-
plate rest frame (dashed orange curve). The ordinate is in arbitrary units
of flux.

3. Estimation of the Bayesian source size and
SMBH mass

We analyzed three different wavelength regions to measure
the microlensing-induced changes in the UV Fe III emission
line blend. In the first case, we estimate the magnitude dif-
ference, Am, in each epoch over a fixed wavelength range of
A12039-2113. We use the following statistics to calculate the
magnitude difference at each wavelength x between the images
A and B:

Amy =w, x (By — A,), (3)
with weights w, = (B, + A,)/(B, + A,). These weights are
selected to equalize the typical deviations of the differences, that
is, to take into account the fact that the calculation of the differ-
ence between two emission lines may imply the use of data with
very different signal-to-noise ratios (S/Ns) (after removing the
continuum, the data close to the peak have high S/Ns as com-
pared with the data in the extreme wings). From the mean value
in a given wavelength interval, (Am,), we compute the magni-
tude difference between the images, Am = (Am,). In the second
case, we shift the wavelength window according to the estimated
redshift in that epoch, and in the third case, we apply a mean
redshift of (A1) = 17.4 A to the wavelength interval of case one.
The estimated magnitude differences are similar in all three cases
and are given for each epoch in Table 2.

We use these estimates in combination with simulations of
the microlensing effect in Q 0957+561 to infer the more likely
size of the region emitting the Fe III blend. Our simulations are
based in 2000 x 2000 pixel microlensing magnification maps,
generated at the positions of the images using the inverse poly-
gon mapping (IPM) method described in Mediavilla et al. (2006,
2011). The general characteristics of the magnification maps
are determined (for each quasar image) by the local conver-
gence, k, and the local shear, y. To compute the magnification
maps, we used k4 = 0.20, kg = 1.03, y4 = 0.15, and yp =
0.91, obtained by fitting a singular isothermal sphere with an
external shear (SIS+y,), such as might be generated by the tide

Table 2. Magnitude differences Am for a fixed range (112039-2113),
individually shifted range and a globally shifted (~+17 A) range
(112056-2130).

Epoch Fixed Shifted +17.4A

I -0.39+0.03 -0.39+0.03 -0.39 +0.04
1 —-0.53+0.08 —0.54+0.08 —0.53+0.09
111 —-0.01 £023 —-0.00+0.25 —-0.03+0.27
v —021+028 —0.15+0.31 —0.04+0.29
\Y% —-0.15+0.06 —0.12+0.03 —0.15 +0.04

from a neighboring galaxy or cluster, which reproduce the flux
ratio and the coordinates of the images (Mediavilla et al. 2009).
The local convergence is proportional to the surface mass den-
sity and can be divided into k = k. + k4, Where k. is the
convergence due to continuously distributed matter (i.e., dark
matter) and «, is due to the stellar-mass point lenses (i.e., stars
in the galaxy). The produced maps span 400 x 400 lt-days? on
the source plane, with a pixel size of 0.2 lt-days. We assume
a mean stellar mass of M = 0.3 My and for the fraction of
mass in stars we use @ = 10%. All linear sizes can be rescaled
with the square root of the microlens mass VM/M. To simu-
late the effect of finite sources, we model the luminosity pro-
file of the emitting region as a Gaussian (I o exp(—R*/2r?))
and the magnifications experienced by a source of size r, are
then found by convolving the magnification maps with the Gaus-
sian profiles of sigma r;. We used a linear grid for the source
sizes, spanning an interval between ~1 to 40 lt-days. These
sizes can be converted to half-light radii by multiplying by 1.18,
R1/2 = 1.18}’3.

Given the estimates of the differential microlensing in the Fe
IIT emission blend between images A and B, we can estimate
the size of its emission region. We follow the steps described
in Guerras et al. (2013), Fian et al. (2018, 2021a) and treat each
microlensing measurement as single epoch event. From the
microlensing corresponding to all available epochs of observa-
tion, we compute the joint microlensing probability, P(ry), to
obtain an average estimate of the source size. The resulting joint
likelihood functions for the Fe III emission blend using three dif-
ferent wavelength windows can be seen in Fig. 3. It is clearly
visible that a moderate change of the definition of the wave-
length interval does not introduce significant changes in the size
estimates. From Fig. 3, we can infer a size of Ry, ~ 15 It-
days (68% confidence) for the region emitting the Fe III UV
blend, indicating that this feature is formed close to or within
the accretion disk, which (according to Fian et al. 2021b, here-
after Paper I and Cornachione et al. 2020) has a size of ~17.6
lt-days at ey = 2558 A.

Under the hypothesis that the redshift of the Felll
A42039-2113 is of gravitational origin, we can use the pre-
viously obtained redshift of the Fe III lines together with the
inferred microlensing based size of the Fe III emitting region to
derive the mass of the central SMBH. Table 3 lists the SMBH
masses obtained after inserting the mean redshift, (A1), and the
half-light radius of the Fe III blend (using different wavelength
windows), Rj;» = Rpem, in Eq. (2). The errors in the Fe III
emitting region sizes are estimated by a maximum likelihood
method. The uncertainties in the SMBH masses are proportional
to the square root of the sum of the squared relative errors of the
emitting region sizes and the squared standard error in the mean

2 2

redshift, oy, = Treem T Tane
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Fig. 3. Probability distribution of the region emitting the Fe III

A42039-2113 blend using different wavelength windows for estimat-
ing the magnitude differences Am.

Table 3. Half-light radii (R;,;) inferred from Fig. 3 and corresponding
SMBH mass (Mpy).

Interval ~ R;), (It-days) Mgy (x10° M)
Fixed 15.0+49 LAT*038
Shifted 15.0+4) 1.4770:3
+174A  155+2 1521035

Table 4. Half-light radii (R,,,) and corresponding SMBH mass (Mgp)
for stellar mass fractions of @ = 0 (image A) and o = 0.3 (image B).

Interval Ry, (It-days) Mgy (X 10° My)
Fixed 20.1 fg:g 1.94f8;gg
Shifted 20.1 fg:; 1.94fgzg§

A 2.5 0.42
+174 A 20.6%¢2 2.01%535

3.1. Impact of stellar mass fraction on size estimates

Since the amplitude of microlensing (and as a consequence the
source size) is sensitive to the local stellar surface mass density
function, we estimate the impact of the stellar mass fraction @ on
the Fe III emitting region size. We adopted a value o = 0.3 for
image B and @ = 0 for image A! (for more details see Paper I),
and repeated all the calculations. As expected, we obtain a some-
what larger size for the emitting region of Fe III, leading to
a ~1.3 times bigger SMBH mass of Mgy ~ 2 X 10° M (see
Table 4).

3.2. Impact of spectroscopic sample on redshift estimates

To evaluate the impact of single spectra on the average signal
(and hence on the average redshift), we used bootstrapping to

' The two lensed images of Q 0957+561 are located at very different
radii from the center of the lens, resulting in different fractions of con-
vergence in the form of stars.
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randomly pick spectra from our sample and build the average
spectrum, fit the Fe III 2112039-2113 blend, and estimate the
corresponding redshift. The simulated average spectrum is made
of different combinations (with repetition) of ten out of the orig-
inal ten spectra. We repeated this process 10000 times to obtain
frequency distributions for the broadening, o, and the redshift,
AA, which are shown in the lower panels of Fig. 4. We find that
we are biased towards a slightly bigger redshift (~1 A on aver-
age) and thereby a somewhat bigger (but consistent within uncer-
tainties) SMBH mass (AMpy ~ 0.1 x 10° M, see Table 5).

4. Discussion

Using the individual determination of Ry, for Q 09574561 and
the mean redshift (A1) obtained by averaging the five epochs
times the two images available for the spectra, we inferred
a SMBH mass, Mgy = 15703 x 10° M. This value is in
agreement within uncertainties with the virial determinations

from Assefetal. (2011), Mgy = l.Of(l):é x 10° M, (CIV) and

with our previous measurement, Mgy = (0.9 + 0.5) x 10° My
(Mediavilla et al. 2018), obtained from a spectrum of relatively
poor S/N and based in an average estimate for Rp.y. How-
ever, our new determination is affected by relatively small errors
<35%, which represent a significant improvement in the context
of SMBH mass measurements.

The strong variability of the Fe III 112039-2113 feature
observed in the spectral monitoring (see Fig. 1) is evidence of
the small size of the region emitting this blend. We observe
a global variability of both images with respect to CIII] with
maxima in 2008 and 2016, and an enhancement of component
B in 2008 and 2009. Given the large lag (417 + 2 days; see,
e.g., Shalyapin et al. 2008) between both images, in principle, it
may be assumed that the difference between A and B at a given
epoch could arise from a lag in the intrinsic variability of the
quasar. However, the similarity of the spectra during 2008 and
2009 and the subsequent global fading of both components in
2010 and 2011 contradict this hypothesis. Thus, the microlens-
ing hypothesis is favored by the observations to explain the dif-
ferences between A and B while the quasar intrinsic variability
may be the cause of the global changes. Based on the hypothesis
of gravitational microlensing, we obtained a size of about 15 It-
days (equivalent to ~88 Schwarzschild radii for a 1.5 x 10° M,
black hole), which match the size of the accretion disk inferred
from the microlensing of the continuum very well (see Paper I).
This agreement gives consistence to our results and support the
origin of the Fe III 112039-2113 feature in the accretion disk.

Finally, from the broadening of the HS emission line
(Assef et al. 2011), we can estimate the virial factor using the
equation (Mediavilla et al. 2019):

(%)
_ 2Rpem 4 JFent

fiap = .
HE = 3 Ryp (FWHMHH/C)2

“

To obtain Ry we take the R-L scaling adopted by
Mejia-Restrepo et al. (2016),

AL3s5100

0.65
W) lt-days. (5)

RHB = 538(

Inserting the corresponding values (and using the con-
tinuum luminosity estimate of Assefetal. 2011, ALs;gox =
10 ergs™!) in Eq. (4), we finally obtain fijs = 1.8. This value
is in good agreement with the empirical calibration recently
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Fig. 4. Bootstrapping results. Top: average spectrum (black solid line) and standard deviation (gray error envelope) obtained by using bootstrapping,
together with the original average (black dotted line). Bottom: frequency distributions of the broadening, o, redshift, A1, and resulting SMBH mass,
Mpgy. The dashed vertical lines give the mean of each distribution and the colored shaded areas show +1 standard deviation.

Table 5. Values obtained from the bootstrap-based frequency distribu-
tions shown in Fig. 4.

Parameter Bootstrapping  Difference
o (A) 402 £33 1.2
AL (A) 16.1£5.5 1.3
Mgy (x10° M) 1.40 £ 0.48 0.12

proposed by Yu et al. (2019) for the FWHM-based virial fac-
tor of HB (fup = 1.7). For C IV, assuming Rc;y ~ Ruyg
and taking different prescriptions to define the line continuum
(Assefetal. 2011), we derive fcry = 1.4 — 1.8. These val-
ues are comparable to the prediction, f = 1.2, by Collin et al.
(2006) (see Eq. (6) of these authors) corresponding to the width
estimate by Assefetal. (2011), FWHMyg = 3300 kms~'. For
Fe III, we obtain a slightly bigger virial factor of freyp = 2.3
when using the FWHM of the Fe III blend inferred from our
average spectrum. According to the simple model proposed by
Collin et al. (2006), this range of values corresponds to ratios
between isotropic (turbulent) and cylindrical (Keplerian) veloci-
ties, a = Viso/Veyt < 0.4, and inclinations, i < 30°.

5. Conclusions

We used microlensing measurements of the Fe 111 2412039-2113
blend to estimate a size of Rpeqp ~ 15 1It-days of the region emit-
ting this feature in Q 0957+561. This result is in good agreement
with the accretion disk dimensions inferred from microlensing of

the continuum (17.62"11 It-days according to Paper I). Using this

size and the redshift of the Fe ITT 112039-2113 emission lines,
we obtained a mass estimate, Mgy = 1.5703 x 10? M, which is
in agreement to within errors with previous determinations. The
relatively small uncertainties in the mass determination (<35%)
make this method (Fe III 142039-2113 redshift plus microlens-
ing based size) a compelling alternative to other methods for the
measurement of SMBH masses such as the virial plus RM-based
size. Combining the Fe III 412039—-2113 redshift based method
with the virial, for Q 0957+561 we estimate a virial factor in the
range of f ~ 1.2—1.7, which may correspond to a BLR (broad-
line region) with moderate to low isotropy (a = Vis/Vey < 0.4)
and low inclination (i < 30°).
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