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AGN: SMBH masses, galaxy evolution, cosmic structure

• Variable in continuum and emission lines
• The response of broad emission lines is an important

diagnostic for AGN
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• Reverberation Mapping: tracking broad lines response

• MgII (2798) is largely unresponsive on timescales of ∼100
days, unlike e.g. Lyα

AGN STORM. I. UV Observations 13
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Figure 3. Integrated light curves. The continuum flux at 1367 Å is in units of 10−15 erg s−1 cm−2 Å−1 and the line fluxes are in units
of 10−13 erg s−1 cm−2 and are in the observed frame. Flux uncertainties include both statistical and systematic errors.
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Figure 3. Integrated light curves. The continuum flux at 1367 Å is in units of 10−15 erg s−1 cm−2 Å−1 and the line fluxes are in units
of 10−13 erg s−1 cm−2 and are in the observed frame. Flux uncertainties include both statistical and systematic errors.
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FIG. 2.— a) Average flux density between 2950 and 3150 Å in units of 10−13 erg s−1 cm−2 Å−1. b) Swift/UVW2 count rate in counts per second.c) Integrated
Mg II line flux in units of 10−12 erg s−1 cm−2 from the simple approach to determining the MgII line flux. d) Integrated MgII line flux in units of 10−12 erg s−1

cm−2 from the Fe template fitting approach to determining the MgII line flux. e) FeII flux integrated over the 2000 – 3000 Å region in units of 10−12 erg s−1 cm−2

determined from Fe template fitting.

times with two observations per day. In total we analyzed 216
observations between 2012 November 17 and 2013 Septem-
ber 12.

The UVW2 observations are often split into two separate
pointings. Rather than combine all pointings within a given
day together, we analyze them separately in order to get the
highest time cadence. The UVW2 photometric lightcurve
(along with other filters) during this period has already been
presented by Kaastra et al. (2014), McHardy et al. (2014),
Mehdipour et al. (2015) and Edelson et al. (2015). We per-
form photometry on NGC 5548 usinguvotsource with a
5′′ circular source extraction region, and a 10′′ background re-
gion offset from the galaxy. As described by McHardy et al.
(2014), Mehdipour et al. (2015) and Edelson et al. (2015) a

small number of observations were found to be anomalously
low (>15% lower) compared to the surrounding local mean,
with the origin thought to be instrumental rather than intrinsic
to the source. We manually removed these “drop-outs” from
the lightcurve (see McHardy et al. 2014, Mehdipour et al.
2015 and Edelson et al. 2015 for more detailed discussion).
The UVW2 photometric lightcurve is shown in panel b) of
Figure 2.

2.3. UV continuum and Mg II lightcurves

We use the individual grism spectra to determine the UV
continuum flux and MgII lightcurves. For the UV continuum
lightcurve, we calculate the mean flux density from 2950 to
3150Å. This lightcurve is also shown in panel a) of Figure 2.
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times with two observations per day. In total we analyzed 216
observations between 2012 November 17 and 2013 Septem-
ber 12.

The UVW2 observations are often split into two separate
pointings. Rather than combine all pointings within a given
day together, we analyze them separately in order to get the
highest time cadence. The UVW2 photometric lightcurve
(along with other filters) during this period has already been
presented by Kaastra et al. (2014), McHardy et al. (2014),
Mehdipour et al. (2015) and Edelson et al. (2015). We per-
form photometry on NGC 5548 usinguvotsource with a
5′′ circular source extraction region, and a 10′′ background re-
gion offset from the galaxy. As described by McHardy et al.
(2014), Mehdipour et al. (2015) and Edelson et al. (2015) a

small number of observations were found to be anomalously
low (>15% lower) compared to the surrounding local mean,
with the origin thought to be instrumental rather than intrinsic
to the source. We manually removed these “drop-outs” from
the lightcurve (see McHardy et al. 2014, Mehdipour et al.
2015 and Edelson et al. 2015 for more detailed discussion).
The UVW2 photometric lightcurve is shown in panel b) of
Figure 2.

2.3. UV continuum and Mg II lightcurves

We use the individual grism spectra to determine the UV
continuum flux and MgII lightcurves. For the UV continuum
lightcurve, we calculate the mean flux density from 2950 to
3150Å. This lightcurve is also shown in panel a) of Figure 2.

DeRosa et al. ApJ 806 (2015); Cackett et al. ApJ 810 (2015)
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• On timescales of years structural changes could occur in
the BLR

• Changing Look Quasars
I Change between type I and type II AGN
I Associated with large change in optical flux
I Occurs inside the BLR itself
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• Some objects show a strong MgII broad line response

• Possible correlation with Balmer lines: similar ionisation
energies10 MacLeod et al.

Figure 6. A quasar exhibiting disappearing and reappearing BELs. In the lower left panel, a zoom-in on the Mg ii line shows profile

changes, and the flux deviation Nσ = (f2−f1)/
√

σ2
2 + σ2

1 between the early BOSS (black, f2) and SDSS (red, f1) spectra is shown in the

bottom panel. The lower right panel is identical to the upper right panel except that the flux difference f3 − f2 between the latest BOSS
(purple, f3) and earlier BOSS (black, f2) spectra is shown. The epochs for the red, black, cyan, and purple spectra are MJD= 52944,
55445, 55827, and 56544, respectively.

ing a variability cut seems to be one effective way of find-
ing changing-look quasars. Our base sample is DR7Q, of
which 6348 (6%) satisfy the photometric selection described
in Section 3. Of these, 1011 objects are reobserved with
BOSS, and 10 (1%) show BEL (dis)appearances and reside
in the redshift range 0.20 < z < 0.63. We may be biased
toward finding changing-look behavior at z < 0.8 since be-
yond this the Hβ line is no longer in the SDSS spectrum,
and significant changes were most commonly seen in this
line. The lack of significant changes in the C iv and Mg ii
lines may be due to the fact that C iv is affected by winds
(Richards et al. 2011) and that Mg ii has a relatively weak
responsivity (Goad et al. 1993; Cackett et al. 2015).

A second key result from our study is that the difference
spectra for our final sample of 10 changing-look quasars are
more consistent with the naively expected fν ∝ ν1/3 power-
law for a thin disk (Shakura & Sunyaev 1973) than the in-
dividual spectra. This suggests that the variable component
has an SED similar to an accretion disk, and that the redden-
ing in the quasar host galaxy must be small. Furthermore,
whatever is causing a BEL (dis)appearance must be linked
to an emerging (diminishing) continuum. Indeed, the BELs
track the blue continuum change on rest-frame timescales as
short as 255 days in J0225+0030 (Section 4.3).

“Outbursts” associated with BEL appearance could
be due to changing obscuration, changing accretion rate,
or transient behavior such as a tidal disruption event
(TDE) or microlensing. Presumably because of the rela-
tively low redshifts, these are not microlensing events (see

Lawrence et al. 2012, for larger amplitude and typically
more distant AGN flares). While a TDE could explain
J0159+0033 (Merloni et al. 2015), such a flaring episode is
ruled out for at least some other objects presented here. For
example, the light curve in the top panel of Fig. 4 shows
that the luminosity has remained in the high state for the
last 2000 days (observed frame) instead of decaying with
a t−5/3 form expected for a TDE (e.g., Evans & Kochanek
1989; Gezari et al. 2012; Guillochon et al. 2014). Further-
more, TDEs should only remain in the high state for a few
months (e.g., Gezari et al. 2012), unlike what is observed
here. In addition, the narrow emission lines are present in
the early states for each source, which would be too fast
of a large-scale response for a TDE (as pointed out by
Runnoe et al. 2015; Ruan et al. 2015). Therefore, we limit
the following discussion to the first two possible scenarios.

5.1 Observed Timescales for BEL
(Dis)appearance

One feature which may help guide physical interpretations
is the timescale associated with a spectral state change. As
such, we would like to place an upper limit on the fastest
timescales associated with BEL (dis)appearance. Due to the
nature of the SDSS and PS1, we lack a complete sampling of
timescales and are prone to selection effects imposed by the
timing of both the photometric and (especially the) spec-
troscopic observations. In Fig. 7, we show the probablility
p which is simply the ratio of changing-look quasars to the

MNRAS 000, 1–17 (2015)

MacLeod et al. MNRAS 547 (2016)
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• Object J022556 was covered by Stripe 82; total of 15
spectra

• Maximum MgII flux change by a factor ∼11
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• New observations for a sample of highly variable AGN:
|∆g| > 1, searching for new CLQs
• Subsample of ten objects for which fMgII could be

measured
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• Mrk 110: multi-epoch spectroscopy since 1987
• Large variability in both Balmer and Helium lines
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• HeII (4686) is a recombination line from HeIII

• Ionisation energy HeII is 54.4 eV → tracks EUV continuum
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• Line response depends on AGN state - more responsive for
lower flux

• Locally Optimally Emitting Clouds model, Baldwin et al.
I Line emission dominated by selection effects
I Natural stratification of BLR

If the selection effects are properly understood, the line
response now depends on few BLR parameters

• Cloud covering factor in terms of radius and density

f(r) ∝ rβ β = 1.2
g(n) ∝ nγ (γ = −1)

Baldwin et al. ApJL 455 (1995); Korista & Goad ApJ 536 (2000)
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Conclusions

• Broad MgII line more responsive than previously thought

• MgII response varies between objects and over time

• Initial level of ionising flux influences line response

• LOC model offers possible insights

I Improved estimation of AGN parameters (BH mass)

I Opportunity to investigate BLR configuration directly
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14 SHEN ET AL.
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Figure 8. The CCF centroid distributions (CCCDs) from FR/RSS for the 15
lags. The lags are in the observed frame to match Figs. 4–7. The vertical
dashed and dotted lines indicate the reported lag and its uncertainties. In all
cases there is a reasonably well-defined main peak in the CCCDto determine
the best lag. In a few cases there are sub-structures (possible aliases due
to the sparse sampling of the LCs) in the CCCD that will lead toelevated
uncertainties in the lag.

our selection of these detections. In addition, the severalMg II
lags seem to follow the sameR −L relation based on Hβ. The
latter observation suggests that, at least in some quasars,there
is overlap between the regions in which broad MgII and broad
Hβ originate (see also Sun et al. 2015), which is expected as
both lines have similar ionization potentials. Of course, more
data and analysis are needed to test this scenario.

The apparent flatness in theR−L relation for our detections
in Fig. 9 is mostly due to selection effects, and secondly due
to the facts that the statistics and the dynamic range in lumi-
nosity for our sample are limited and that the lag measurement
errors are substantial, rendering a potential correlationstatis-
tically insignificant. Given the sampling and duration of our
spectroscopic monitoring, we are most sensitive to lags on the
order of tens of days (Shen et al. 2015a). Shorter lags are dif-
ficult to detect given the sparse sampling of the spectroscopic
LCs, while longer lags are difficult to detect given the limited
temporal baseline. A more detailed analysis of theR −L rela-
tion based on SDSS-RM lag detections is beyond the scope of
this work, which will require more lag detections and proper
treatment of selection biases induced by our program, and will
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Figure 9. The BLR size-luminosity relation. Our lag detections are shown
as black circles (for Hβ detections) and red squares (for MgII detections).
The data for previousz < 0.3 RM AGN compiled in Bentz et al. (2013) are
indicated in gray points. Our new lags are consistent with the locations of
the previous RM AGN used to calibrate the localR −L relation, but are not
yet able to constrain theR −L relation independently given the limited num-
bers, precision, dynamic range, and possible selection biases inherent to our
program (see discussion in the text).

42

43

44

45

46

lo
gL

51
00

,A
G

N 
[e

rg
 s−

1 ]

0.0 0.2 0.4 0.6 0.8
Redshift

0 1 2 3 4 5 6 6.8
Lookback Time [Gyr]

this work
local RM AGN

Figure 10. Distribution of objects with detected lags in the redshift-
luminosity plane. The red open circles are the 44 local RM AGNcompiled
in Feng et al. (2014), and the blue filled circles represent the 15 preliminary
lag measurements in this work. Our lag detections probe a newregime in this
parameter space, providing direct SMBH masses over∼ half of cosmic time.

be the focus of future SDSS-RM publications. For example,
short lags may be recovered when incorporating more densely
sampled photometric light curves, or at least upper limits can
be placed and used in quantifying theR −L relation. On the
other hand, simulations can be used to quantify the complete-
ness in lag detections as a function of lag, given the parame-
ters of the SDSS-RM program (Shen et al. 2015a).

Finally, Fig. 10 demonstrates the improvement of our re-
sults in the redshift-luminosity coverage of RM experiments.
Our lag detections probe a new regime in this parameter
space, providing RM measurements over∼ half of cosmic
time. The median redshift is 0.03 for the local RM sample
and 0.46 for our sample.

3.2. Additional Notes on Individual Objects

While our analysis demonstrates that the majority of these
lag measurements are true detections, prior reverberation
studies (e.g., Peterson et al. 2004) indicate that when work-

Shen et al. APJ 818 (2016)
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