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Abstract

An intensive reverberation mapping campaign of the Seyfert 1 galaxy Mrk 817 using the Cosmic Origins
Spectrograph on the Hubble Space Telescope revealed significant variations in the response of broad UV emission
lines to fluctuations in the continuum emission. The response of the prominent UV emission lines changes over an
∼60 day duration, resulting in distinctly different time lags in the various segments of the light curve over the 14
month observing campaign. One-dimensional echo-mapping models fit these variations if a slowly varying
background is included for each emission line. These variations are more evident in the C IV light curve, which is
the line least affected by intrinsic absorption in Mrk 817 and least blended with neighboring emission lines. We
identify five temporal windows with a distinct emission-line response, and measure their corresponding time
delays, which range from 2 to 13 days. These temporal windows are plausibly linked to changes in the UV and
X-ray obscuration occurring during these same intervals. The shortest time lags occur during periods with
diminishing obscuration, whereas the longest lags occur during periods with rising obscuration. We propose that
the obscuring outflow shields the broad UV lines from the ionizing continuum. The resulting change in the spectral
energy distribution of the ionizing continuum, as seen by clouds at a range of distances from the nucleus, is
responsible for the changes in the line response.

Unified Astronomy Thesaurus concepts: Active galaxies (17); Active galactic nuclei (16); Seyfert galaxies (1447);
Galaxy nuclei (609)

1. Introduction

The broad emission-line regions (BLRs) are of paramount
importance to the study of active galaxy nuclei (AGN) as they
provide a probe of the central regions of AGN and their
physical conditions. It has long been established that photo-
ionization by the nuclear continuum is responsible for driving
the observed UV emission lines (Krolik 1999). Models predict
that photoionization heats the broad-line gas, and that much of
the C IV emission is due to collisional excitation processes. The
observed far-ultraviolet continuum, i.e., the closest wavelength
window to the ionizing continuum, is only a proxy for the
ionizing continuum (λ� 912 Å) that is generally unobservable
due to the Lyman limit of our own Galaxy and the presence of
hydrogen in the AGN host galaxy. Changes in the ionizing
continuum flux from the central source lead to correlated
changes in the broad emission lines produced in the BLR.
Nonlinear responses in the broad emission-line fluxes can be
caused by a mixture of BLR clouds with a range of column
densities and ionization parameters. Additionally, temporal
changes in the ionizing flux with a fixed spectral shape will
result in nonlinear changes in the emission-line flux for most
emission lines (Goad et al. 2004; Goad & Korista 2015).
Intrinsic to each object, this nonlinear correlation is nominally
referred to as the “intrinsic Baldwin effect” (Kinney et al. 1990;
Krolik et al. 1991; Pogge & Peterson 1992; Goad et al. 2004).
The complex relationship between the continuum flux,
Fcontinuum, and the emission-line flux, Fline, can be parameter-
ized by two factors: the reprocessing efficiency and the
marginal response. The reprocessing efficiency for some
particular emission line is the fraction of incident ionizing
photons reprocessed into that emission line, and is related to the
equivalent width (EW) of the emission line. Here, the EW is
determined relative to our proxy for the time-variable strength
of the incident ionizing continuum flux, the flux at 1180 Å. The
marginal response of an emission line is a measure of how the
reprocessing efficiency changes as a function of the strength of
the driving ionizing continuum. This relation is parameterized
by µ hF Fline continuum

eff , where ηeff is a measure of the instanta-
neous emission-line response to variations in the ionizing
continuum and is typically measured after first removing
nonvariable background contamination (e.g., narrow emission
lines and host galaxy contribution), and after correcting for

the mean delay between the continuum and emission-line
variations. Here, again, we use the strength of the continuum at
1180 Å as a proxy for the strength of the largely unobserved
ionizing continuum. The marginal response of an emission
line is generally calculated as the logarithmic slope of the
Fline versus Fcontinuum relation. In terms of EW, this relationship
can be expressed as EWline∝ bFcontinuum, with β= ηeff− 1.
Generally, emission-line response to continuum variations is
weaker than linear, so that ηeff< 1 (i.e., β< 0; Pogge &
Peterson 1992; Gilbert & Peterson 2003; Goad et al. 2004;
Goad & Korista 2014; Goad et al. 2016). This relationship can
also explain some of the scatter in the global Baldwin effect,
where observations of different AGN exhibit an anticorrelation
between emission-line EW and the continuum level
(Baldwin 1977; Kinney et al. 1990; Osmer et al. 1994; Cackett
& Horne 2006). In this work, we refer to the slope in the Fline

versus Fcontinuum relation as the marginal response, while
normalization is connected to the line’s EW, which char-
acterizes the reprocessing efficiency.
Over the past three decades, reverberation mapping (RM;

Blandford & McKee 1982; Peterson 1993; Peterson et al. 2004)
has been a successful technique for mapping the inner structure
of AGN. The RM technique relies on the following assump-
tions: (a) the central ionizing source is point-like, (b) the AGN
variability at two different wavelengths is causally connected,
and (c) the light travel time is the most important timescale.
With AGN continua showing variability on timescales of days
to years, the time delay between fluctuations in the continuum
and the emission-line response is believed to be a measure of
the mean physical distance between the continuum-emitting
region around the supermassive black hole (SMBH) and the
BLR, assuming that the photons travel freely. Assuming that
the BLR gas motion is primarily gravitational and dominates
the velocity dispersion of the BLR gas, the virial product then
provides a means of measuring the SMBH mass and studying
the structure of the BLR (Clavel et al. 1991; Horne et al. 1991;
Peterson et al. 1991; Kaspi et al. 2000; Peterson et al. 2004;
Bentz et al. 2009, 2021; Grier et al. 2013; Pancoast et al. 2014;
Barth et al. 2015; Du et al. 2016, 2018; Pei et al. 2017; De Rosa
et al. 2018; Brotherton et al. 2020; Bao et al. 2022; U et al.
2022). An extensive review of RM applied at a range of
wavelengths has recently been published by Cackett
et al. (2021).
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To probe the spatial and kinematic structure of the BLR gas, a
1D description of the BLR response function is not sufficient
(Welsh & Horne 1991). A more complete form of RM is
“velocity-resolved” RM (Bahcall et al. 1972; Blandford &
McKee 1982), which measures the projection of the BLR into
two observables, the line-of-sight velocity and the time-delay
response of the BLR. The 2D velocity-delay map encodes
information about the BLR geometry and kinematics (Krolik
et al. 1991; Ulrich & Horne 1996; Bentz et al. 2010, 2021; Barth
et al. 2011; Pancoast et al. 2011; Grier et al. 2013; Pancoast et al.
2014; Du et al. 2016; Pei et al. 2017; Li et al. 2018; Horne et al.
2021; U et al. 2022; Villafaña et al. 2022). Despite decades of
RM observation and several optical velocity-resolved RM
campaigns, only one velocity-resolved RM campaign in the
UV with the Hubble Space Telescope (HST) has been conducted
(De Rosa et al. 2015), and the only other UV velocity-resolved
campaign of NGC 4151 was based on IUE monitoring (Ulrich &
Horne 1996). This is due to the demanding nature of velocity-
resolved RM in terms of data quality, time resolution, and
duration (Horne et al. 2004). The Space Telescope and Optical
Reverberation Mapping (STORM; De Rosa et al. 2015; Kriss
et al. 2019) project used daily observations of NGC 5548 over six
months made with the Cosmic Origins Spectrograph (COS;
Green et al. 2012) on the HST to carry out velocity-resolved RM.
The AGN STORM program (hereafter referred to as AGN
STORM 1) was accompanied by near-ultraviolet and X-ray
monitoring with the Neil Gehrels Swift Observatory (Edelson
et al. 2015; Fausnaugh et al. 2016), optical ground-based
spectroscopy (Pei et al. 2017), and four X-ray observations with
Chandra (Mathur et al. 2017). AGN STORM 2 is a second such
program targetting the Seyfert 1 galaxy Mrk 817 (z= 0.03146,
λLλ5100= 43.78 erg s−1, = ´-

+M M3.86 10BH 0.59
0.61 7

; Peterson
et al. 1998, 2004; Denney et al. 2010; Bentz et al. 2013) with
intensive multiwavelength monitoring (see Section 2 for more
details).

The AGN STORM 1 observations have unveiled a wealth of
information about the structure of the BLR, the accretion disk,
and the associated outflowing winds. One of the most
unexpected results of the AGN STORM 1 program was that
approximately midway into the campaign, the emission lines
decorrelated from the continuum fluctuations as manifested in a
sudden and sustained drop in the emission-line flux and EW
and an apparent lack of response to the continuum flux
variations during that period. The lines remained decorrelated
for 65–70 days, but became well correlated again at the end of
the campaign (Goad et al. 2016). During this anomalous
period, the emission-line response amplitude is also signifi-
cantly lower compared to the observed continuum variations.
Similar changes occurred in the high-ionization narrow
absorption lines. Both effects may be induced by the presence
of outflows that obscure the ionizing flux, resulting in “BLR
holidays” (Dehghanian et al. 2019), where the emission lines
become weaker and their variations less correlated with those
in the continuum (Goad et al. 2016). This implies that the
simple RM picture, which relies on continuum/emission-line
reverberation, is far more complex than we originally
anticipated.

The primary goal of the AGN STORM 2 program is to study
a second AGN with intensive multiwavelength monitoring.
Although Mrk 817 was selected from spectra taken in 2009 to
avoid the X-ray and UV obscuration that complicated the
STORM 1 campaign, the first COS spectrum of Mrk 817

showed the presence of strong, broad, blueshifted UV
absorption troughs similar to the obscuring outflows seen in
many other Seyfert galaxies (Mrk 335: Longinotti et al.
2013, 2019; Parker et al. 2019; NGC 5548: Kaastra et al.
2014; NGC 985: Ebrero et al. 2016; NGC 3783: Mehdipour
et al. 2017; and NGC 3227: Wang et al. 2022). Furthermore,
X-ray observations of Mrk 817 also showed heavy obscuration
(Kara et al. 2021; Miller et al. 2021). Changes in X-ray and UV
obscuration occur at the same time, suggesting a common
origin (Partington et al. 2023).
As for NGC 5548 in STORM 1, the obscuration in Mrk 817

seems to have a significant influence on the response of the
BLR. In Kara et al. (2021), hereafter Paper I, analysis of the
first 90 days of the STORM 2 campaign showed decorrelation
of the emission-line fluxes from the continuum during the first
∼55 days. Analysis of the full campaign by Homayouni et al.
(2023; hereafter referred to as Paper II) showed that this was
not a persistent decorrelation. Instead, it was found to occur in
multiple temporal windows throughout the campaign, during
which the response of the BLR to continuum fluctuations
changed dramatically. Contrary to the basic assumptions
underlying RM analysis, the emission-line light curves are
not simply a smoothed, scaled, and shifted version of the
continuum light curve.
This paper, the fifth in a series describing the AGN STORM

2 results, focuses on the anomalous response of the BLR,
particularly for the C IV emission because it is the least
contaminated by the obscuring absorption lines, and the least
blended with adjacent emission lines. Similar anomalous
continuum responses have also been reported by Cackett
et al. (2023) in studying Swift light curves. The present work
has two primary goals. The first is to identify the different
temporal windows where the BLR response to continuum
variations significantly changes, and thus affects the measured
lag throughout the campaign. The second goal is to understand
the role of obscuration in the reprocessing of radiation and its
impact on the BLR lag. We briefly describe the HST
observations in Section 2. We present the anomalous BLR
variations in Section 3. We discuss the implication of our
results in Section 4 and summarize our findings in Section 5.
We adopt a Lambda cold dark matter (ΛCDM) cosmology with
ΩΛ= 0.7, ΩM= 0.3, and H0= 70 km s−1 Mpc−1. Throughout
this work, we refer to observation times as “truncated HJDs”
(i.e., THJD=HJD–2,450,000).

2. The STORM 2 Monitoring Campaign of Mrk 817

The AGN STORM 2 program on Mrk 817 consists primarily
of 165 epochs of HST observations46 using COS with the
G130M and G160M gratings to cover the 1070–1750 Å range
in single-orbit visits with an approximately 2 day cadence. The
HST program began on 2020 November 24 and ended on 2022
February 24. Paper II extensively describes the HST program,
data products, and COS spectral calibration along with full
campaign results. The AGN STORM 2 data products are
available at MAST doi:10.17909/N734-K698 (Plesha et al.
2023). During the UV monitoring, the HST program suffered
two extended safing incidents resulting in month-long gaps in
the HST UV coverage (see Figure 1). Coordinated photometry
and spectroscopy supplemented the HST observations, result-
ing in full X-ray to near-infrared coverage of Mrk 817 over

46 HST-GO-16196; Peterson et al. (2020).
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15 months (see Paper I for a campaign overview). Details of
those additional observations will be described in a series of
follow-up papers.

3. Anomaly in the BLR

The year-long monitoring of Mrk 817 affords a unique
opportunity to study the emission-line variations over an

extended period. Paper I gives an overview of the STORM 2
campaign and its early results. As shown in Paper I, during the
first 90 days of the campaign, the emission-line flux was only
weakly correlated with the continuum. Paper II shows that the
emission-line light curves are not just smoothed, scaled, and
shifted transformations of the continuum light curve. Examin-
ing the light curves from the whole campaign (see Figure 1)

Figure 1. Continuum light curve at 1180 Å (top panel) and emission-line light curves for Lyα, N V, Si IV + ]O IV, C IV, and He II (bottom panels). All the light curves
are presented in the observed frame. The continuum flux 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. The hashed gray
regions display the two major observation gaps due to HST safing incidents. The color schemes for the data points correspond to different light-curve variation regimes
that will be discussed throughout this paper. The open blue symbols between THJD = 9410–9440 (in Window 4) are the eight epochs where the HST observations
were more sparsely sampled after an extended safing event and are excluded from the rest of the analysis (see the Appendix for details). The Lyα flux is integrated
over the blue wing of the emission line to avoid contamination by time-variable absorption features and also N V emission. Similarly, the C IV light curve excludes the
blue wing of the line profile because of time-variable absorption (Paper II). The full Lyα and C IV line fluxes are about 5× and 1.6× greater, respectively, than
indicated here (see Table 2 of Paper II). Nevertheless, we present these baseline measurements to demonstrate that, while individual emission-line fluxes may not be
entirely representative of the total flux, the anomalous characteristics, including those evident in C IV, broadly manifest across all emission lines.

4

The Astrophysical Journal, 963:123 (16pp), 2024 March 10 Homayouni et al.



shows that even though the continuum at the beginning of the
campaign is near its peak brightness, the emission lines are low
and rising (red points in Figure 1). However, after the emission-
line peak at THJD= 9232, the broad line variations became
stronger and more representative of the continuum variations.
Similar periods of weak correlation reverting to a strong
response to continuum fluctuations occur throughout the
remaining year of the campaign.

3.1. 1D Linearized Echo Models

Inspired by the anomalous emission-line responses exhibited
by NGC 5548 during STORM 1, we set out to analyze the light
curves for Mrk 817 in STORM 2 in a model-independent way.
We used the maximum entropy method (MEM) implemented
in a code called MEMECHO for estimating time delays in AGN
RM (Horne et al. 1991; Horne 1994) to obtain a 1D linearized
echo model (Horne et al. 2021). Our model uses the 1180 Å
continuum light curve, C(t), as the driver, assuming it is a
proxy for the ionizing continuum. For a time delay of τ, the
flux L(t) of each emission line is a nonlinear function of the
continuum light curve shifted to an earlier time, t− τ.
MEMECHO linearizes the problem by decomposing the line
and continuum light curves into reference levels L0 and C0 with
variations ΔL(t) and ΔC(t) that are tangent-curve approxima-
tions to the parent nonlinear functions. With the continuum
light curve expressed as

( ) ( ) ( )= + DC t C C t , 10

the emission-line light curve is then a convolution of the
continuum variations with the 1D delay distribution, Ψ(τ)

( ) ( ) ( ) ( ) ( )ò t t t= + Y D -L t L t C t d . 20

Similar to the analysis of NGC 5548, we allow for a time-
dependent background for each of the modeled emission lines,
L0(t). The maximum entropy regularization employed by
MEMECHO keeps the resulting delay maps positive and
produces solutions that are as smooth as possible.
Figure 2 shows the results of modeling the STORM 2 light

curves with the function in Equation (2). The driving light
curve, C(t), is the 1180 Å continuum shown in the bottom
panel, with the reference level C0 shown as a red horizontal
line. The top five panels show the emission-line light curves
with the data points in black, the error bars in green, and the
modeled MEMEecho light curves in blue. The left column of
the figure shows the derived delay maps for each of the
emission lines. The MEMECHO solution produces a static, 1D
delay map for each line that is a good fit to the data. However,
it does require large variations in the background levels for
each emission line, L0(t), as shown by the red curves in each
panel.
Significantly, the large excursions below the mean from the

beginning of the campaign to THJD∼ 9260, and again around
THJD= 9600, correspond to temporal windows during the
STORM 2 campaign when absorption was the strongest (as we
will show later). Similarly, absorption was weakest during the

Figure 2. MEMECHO fits to the 1180 Å continuum and five emission-line light curves for Mrk 817 in the STORM 2 campaign. The bottom panel shows the 1180 Å
continuum light curve (black points with green error bars), which is the driving light curve. The red horizontal line is the reference level at the median of the data. The
top panels show the five emission-line light curves (right) and corresponding delay maps (left). The black points with green error bars show the light-curve data, and
the blue curves show the echo models. The red curves show the slow background variations. The vertical red line in each delay map marks the median observed-frame
delay, and the vertical dashed red lines mark the quartiles of the delay distributions. The MEMECHO models account for much of the light-curve structure as echoes of
the driving light curve, but they also require significant additional variations (red curves).
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time interval from THJD∼ 9300–9400 when the background
levels vary above the mean.

The delay maps of the emission lines have strong peaks with
delays∼ 5 days, with He II showing the shortest delay. While
the central region is where most of the response is located,
there is a secondary peak with a delay∼ 30 days, particularly
for C IV and He II.

3.2. Understanding the Anomalous C IV Light Curve

Although the MEMECHO analysis successfully yields static
1D delay maps for the BLR, there is no inherent physical
motivation accounting for the slowly varying background
required by the model. However, these are real, significant
variations the physics of which are not well understood and the
MEMECHO approach is only driven by the data behavior. Here
we develop a plausible physical explanation for the time-
varying background. We start with the anticipated correlation
between the flux of the C IV emission line, FC IV, and the
continuum flux, F1180. We choose F1180 as our reference since
it is the closest uncontaminated continuum window (by
absorption) to the ionizing continuum. As shown in Figure 3,
while there is an overall positive correlation between the delay-
shifted FC IV and F1180: as the FC IV rises by 25% and F1180

doubles (see Section 3.4), there is an 8% rms scatter around the
best-fit line to the full campaign. The FC IV–F1180 correlation
seem to show a similar marginal response (see ηeff reported in
Figure 3) throughout the campaign. However, if we examine
this correlation with points selected by observation time
(THJD), we see that for several temporal windows, the
normalization appears to change between one temporal window
to the next. In fact, we can measure an independent and slightly
different FC IV∝ F1180 response relation for each of these
temporal windows, which reduce the rms scatter around each
individual best-fit line to ≈2%–3%. This may be an indication
of a reduction in ionizing photons incident on BLR gas, not
tracked by continuum luminosity changes. Table 1 summarizes
the start and end times of these temporal windows (details of

the selection process for the window boundaries are given in
the Appendix). Each window is indicated by a different color in
Figure 3, with the corresponding power-law response relations
for different families of points overlaid on the plot (see the left
panel in Figure 3).
The temporal windows corresponding to these families of

points are color coded similarly to the light curves shown in
Figure 1. All the UV emission lines except C IV are affected by
broad absorption troughs or blended emission-line wings (see
Paper I and Paper II), and thus require detailed modeling and
deblending (G. A. Kriss et al. 2024, in preparation). Thus, for
the remainder of this work, we concentrate on the C IV light-
curve behavior. Below, we discuss in more detail the time-
delay measurements for C IV as a function of the significant
variations with time in its response to the observed continuum.

3.3. Time-varying Lags for C IV

Previous ground-based optical RM campaigns targetting
Mrk 817 (Peterson et al. 1998; Denney et al. 2010) successfully

Figure 3. Left: the “time-delay-corrected” FC IV (in units of 10−13 erg s−1 cm−2 Å−1) vs. the F1180 continuum (in units of 10−15 erg s−1 cm−2 Å−1) measurements
displayed on a logarithmic scale. Here the FC IV is “time-delay-corrected” based on the lag measurements in Table 2 (see Section 3.3 for detail). The color coding
represents the identified windows in Table 1 using the same color scheme as in Figure 1. We identify three main trends in the C IV emission-line response to
continuum variations. The best-fit slope to each trend is illustrated with a black line representing the emission-line response, ηeff, for each group of data points. In
contrast to the majority of points which show a positive correlation between FC IV and F1180, the observations during the last ∼3 weeks of data (light blue points) show
no correlated variability, and have a flat response. Right: the C IV light curve (colored symbols) superposed on the continuum light curve (black symbols). The
continuum light curve is normalized to its median while the C IV light curve is normalized to the median in each segment, where each segment is shifted based on the
lag measurement in each of the identified windows in Table 1. We adopt a zero time delay for the last ∼3 weeks of data (light blue data points) as the lag measurement
in the final window is consistent with zero lag.

Table 1
Emission-line Response Windows

Window THJD Calendar Date Duration
(Days) (Days) (Days)

1 9177–9232 2020-11-24 to 2021-01-18 55
2 9232–9282 2021-01-18 to 2021-03-09 50
3 9282–9378 2021-03-09 to 2021-06-13 96
Gap 9378–9413 2021-06-13 to 2021-07-18 36
4a 9413–9498 2021-07-18 to 2021-10-11 87
Gap 9498–9548 2021-10-11 to 2021-11-30 51
5 9548–9615 2021-11-30 to 2022-02-05 67
6 9615–9634 2022-02-05 to 2022-02-24 19

Note.
a We later redefine Window 4 in Table 2 to include only THJDs from 9445 to
9498. Also, see the discussion in the Appendix.
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measured Hβ time delays of 14–34 days relative to the 5100 Å
continuum. Early campaign results in Paper I suggest that there
is an ∼4 day time delay between the F1180 and Swift V band.
Paper I Figure 14 shows a Hβ lag of 23.2± 1.6 days behind the
continuum. The C IV time delay is expected to be half of the
observed Hβ lag, motivated by Lira et al. (2018). Paper II finds
a time delay of -

+11.8 2.8
3.0 days between the F1180 and the C IV

emission line using the full set of HST UV observations, which
is consistent with this prediction. However, as we argued
above, this single time-delay measurement does not fully
capture the diverse line responses. Therefore, here we study
each of the identified windows in Table 2 independently.

We adopt the Python implementation of the commonly used
time-series cross-correlation function (CCF) analysis method
(PyCCF; Sun et al. 2018) to measure the mean time delay
between the F1180 continuum and the C IV emission-line flux
variations and compute the cross-correlation Pearson correla-
tion coefficient r as a function of time delay τ (often referred to
as the interpolated cross-correlation function (ICCF); Gaskell
& Sparke 1986; Gaskell & Peterson 1987; White &
Peterson 1994) for each of the five temporal windows. We
use ±25 days for the lag search range in each of the temporal
windows, though we use ±50 days for the full campaign results
(top panel in Figure 4). We estimate the uncertainty in τICCF
using Monte Carlo (MC) simulations that employ flux
randomization (FR) and random subset sampling (RSS;
Peterson et al. 1998). We adopt 20,000 MC iterations to obtain
the cross-correlation centroid distributions (CCCDs; Peterson
et al. 1998, 2004). To ensure that the time-delay measurements
are not due to our choice of lag measurement method, we also
use the Z-transformed discrete cross-correlation function
(ZDCF) approach (Alexander 1997, 2013; Kovačević &
Popović 2017) in combination with Gaussian process (GP)
regression to model the stochastic AGN light curves with
arbitrary sampling. We find that the ZDCF approach recovers
similar time-delay measurements as the PyCCF approach in
each of the temporal windows, with time delays consistent
within 1σ. We report rest-frame lag measurements in Table 2,
along with the cross-correlation coefficients and number of data
points in each of the temporal windows. The CCCDs from
PyCCF reported in Figure 4 reveal significantly different
results for each of the temporal windows. The CCCDs show a
clear bimodal distribution across the five temporal windows
where two typical time lag results are measured: one at 2–3
days and one at 11–12 days. In particular, the mean time delays
corresponding to Windows 1 and 5 (i.e., red and orange,
respectively, in Figure 3) are significantly longer than the time

delay measured for Window 3 (gold), which is slightly longer
than the ones obtained for Windows 2 and 4 (light and
dark blue, respectively). The cross-correlation coefficient

Table 2
C IV Lag Measurements (PyCCF)

Window THJD Time Delay rmax N Data Points
(Days) (Days)

1 9177–9232 -
+11.7 10.3

0.9 0.66 28

2 9232–9282 -
+1.9 1.0

0.5 0.93 24

3 9282–9378 -
+3.9 1.1

1.0 0.91 38

4a 9445–9498 -
+2.9 1.4

0.6 0.90 22

5 9548–9615 -
+12.5 1.3

0.6 0.96 34

Note.
a Window 4 is shortened to remove the sparse sampling interval ∼ 30 days that
immediately occurs after the first safing event (see the Appendix for a detailed
discussion).

Figure 4. The CCF (solid line) between F1180 continuum and C IV in the full
campaign (top panel) compared with the CCF computed for each time interval
defined in Table 2 (bottom panels). The dashed line shows the autocorrelation
function of the continuum in the respective time intervals along with the
PyCCF CCCD. The rest-frame lag for each time interval is shown by a vertical
dashed line and also reported in Table 2. We find that the C IV CCCD changes
significantly over each of the windows, where Windows 1 and 5 prefer a long
lag (≈12 days), while Windows 2, 3, and 4 have a shorter lag (≈2–4 days).
Window 1 shows a secondary peak at a shorter time delay that is similar to
Windows 2, 3, and 4. However, the longer lag seems to be the dominant peak
in Window 1 CCCD.
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distribution in Window 1 shows a secondary peak that
coincides with the short time delays of Windows 2, 3, and 4.
Also, the FR/RSS uncertainty range for Window 1 encom-
passes lags consistent with 1 day, and the rmax is lower
compared to temporal Windows 2–5. Despite these anomalous
features in the Window 1 CCCD, the peak at ∼11 days has a
higher maximum cross-correlation coefficient rmax, and thus we
adopt this as the primary peak during Window 1. Although our
chosen windows have sharp boundaries, we have measured the
lag in the time intervals both assuming a sudden transition
between the intervals as well as a smoother ∼10 day transition
for each time interval and find that the measured lags are
consistent to within 1σ.

As a visual verification of the measured time delays, the right
panel of Figure 5 presents the overlapping continuum and
“delay-corrected” C IV light curves, which are color coded by
the three identified main trends. For illustrative purposes, in
each window, the continuum and C IV light curves are
normalized to a median of zero and a normalized median
absolute deviation (NMAD; e.g., Maronna et al. 2006) of unity.
This preserves the shape and variability amplitude of the light
curves while enabling a one-to-one comparison between the
continuum and the emission-line light-curve features. In
general, the normalized and shifted C IV light curves using
the individual window lags provide a reasonable match to the
features observed in the continuum. The overlapping light
curves are also especially instructive for segments of the
temporal windows that do not overlap with the continuum
features and require careful consideration.

3.4. Variations in the C IV Response

To study the time-dependent variations in the C IV emission-
line response to the continuum fluctuations, we follow Goad
et al. (2016) in connecting the 1180 Å continuum and C IV
reprocessing efficiency ηeff using the µ hF FC 1180IV

eff correlation.
We treat the temporal windows identified in Table 2 as
independent segments of the light curve and shift back in time
each segment of the emission-line light curve by its respective
time delay. For the time-delay-corrected continuum flux, we
select the continuum flux point closest in time to the shifted
emission-line flux. We emphasize that because of the existence
of two extended gaps in our observations and the complex
light-curve behavior, implementing the weighted approach of
Goad et al. (2016) was not feasible for reconstructing the
continuum flux. Furthermore, due to the presence of gaps or
data associated with the beginning of the campaign, a subset of
delay-corrected emission-line fluxes is associated with the same
continuum flux measurements, and thus form a cluster of
overlapping points in Figure 3. This is more evident in
Windows 1 and 5. We include only the first overlapping entry
for these clusters of points and exclude the rest from our
analysis. We combine all the delay-corrected continuum and
emission-line fluxes and obtain the time-averaged emission-line
response ηeff using the relation

( )h= +F A Flog log , 3C eff 1180IV

where A is related to the characteristic EW of C IV at
F1180= 75× 10−15 erg s−1 cm−2 Å−1 as [ ( )= ´h-A log 75 1

( ) Å]´ -EW @75 10 100C
15

IV . We use a linear regression
method, including the uncertainties in FCIV and F1180, to
determine the C IV marginal response and reprocessing

efficiency as identified by best-fit slope ηeff and normalization
A. We adopt the SciKit-learn linear regression model to
perform an ordinary least squares linear regression. We report
the best-fit value and 1σ uncertainties using bootstrap sampling
of light curves with 1000 realizations with replacement. We
report the best-fit ηeff and A in Table 3. We combine groups of
points with similar C IV flux response at a given continuum
flux. We identify three main trends based on the value of the
C IV flux at that continuum level, corresponding to Windows 1
and 5, Windows 2 and 4, and Window 3. These relations are
shown as best-fit lines in the left panel of Figure 5, with gold
corresponding to the high reprocessing efficiency in Window 3
(higher C IV flux at fixed continuum), red showing the lowest
reprocessing efficiency in Windows 1 and 5 (lowest C IV flux at
fixed continuum), and blue indicates the intermediate reproces-
sing efficiency in Windows 2 and 4. We also show these three
relations as colored lines in Figure 5 and Table 3.
The three lowest F1180 flux points in Window 3 seem to

influence the slope of the best-fit line. When these three points
are removed, the slope is similar to the two lower trends,
ηeff= 0.31± 0.01. However, these three points correspond to
the three data points immediately before the first safing event,
so it is plausible that the delay-corrected emission-line fluxes
immediately before the safing gap may not be reliable. This
may be because the light curve is already changing but due to
overlap with the safing gap it is not captured in the data. The
best-fit line to Window 3 with and without the three outlier
points is shown in the left panel of Figure 5. The best-fit values
are also reported in Table 3. While removing the three points
changes the Window 3 slope (dashed yellow line) to be similar
to the two lower trends, the intercept remains significantly
larger than for the two other trends. This suggests that there
may be a difference in the underlying emission-line flux
distribution between Window 3 and the other two windows.
While it is plausible that the total amount of reprocessing might
have changed between the temporal windows since the
reprocessing efficiency changes per fixed continuum flux level,
the slope similarity suggests that the effective responsivity is
approximately the same in each window. This could be caused
by a change in the fraction of ionizing photons intercepted by
BLR gas (i.e., obscuration) or changes in the spectral shape, in
which the extreme-ultraviolet flux has changed relative to the
flux of the proxy continuum F1180 between one temporal
window to the next.

3.5. Obscuration and the C IV Response

A significant element affecting the BLR response in Mrk 817
during STORM 2 is the presence of outflowing gas that
obscures the X-ray and ionizing continuum (Paper I). To
establish an unobscured baseline, we examine archival spectra
of Mrk 817 when it was observed in 2009 using the HST COS
instrument (Winter et al. 2011). During these archival
observations, the UV spectrum showed no broad absorption
troughs (see Figure 2 of Paper I for a comparison between the
2009 archival spectra and those from the AGN STORM 2
campaign). We use the archival spectra to measure the
continuum and C IV flux, adopting the continuum windows
1493–1511 Å and 1736–1741.5 Å and an emission-line
integration limit of 1590–1638 Å as in Paper II. We find that
the unobscured C IV flux response was significantly higher in
2009 (see the gray star symbols in Figure 5). While these C IV
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fluxes are higher, and the slope connecting them is steeper than
the trends observed in our campaign in the F1180−FC IV

relation, this cannot be verified since these two isolated
archival spectral measurements cannot be placed in context
without contemporaneous continuum monitoring to obtain a
lag and perform a time-delay correction.

The appearance of the intrinsic UV absorption and blending
of the emission lines during the AGN STORM 2 campaign
complicates the analysis of the individual spectra. Even though
the C IV emission line is the least affected emission line, to
investigate a possible phenomenological connection between
the intrinsic absorption and the complex C IV response
properly, we use a heuristic spectral model to disentangle
these complications in the individual spectra. Our spectral
modeling is described in Paper I, and it follows the approach
adopted by Kaastra et al. (2014) and Kriss et al. (2019) for
NGC 5548. We use a reddened power-law continuum plus
multiple Gaussian components to fit the emission and broad

absorption features qualitatively. We use multiple Gaussian
components to model the emission lines, and we also measure
the variable intrinsic broad absorption features, focusing on the
strongest ones (P V, C III*, Lyα, N V, Si IV, and C IV). We
measure the EW of each absorption line in the normalized
spectrum by integrating over pixels lying in the wavelength
window of an absorption line. We use this EW as a measure of
the strength of the UV absorption and obscuration throughout
the campaign. For illustrative purposes, in this paper we focus
on the broad Si IV absorption since it is a well-resolved doublet,
though we note that all the other broad absorption lines behave
similarly. It is important to note here that the absorption EW is
measured along our line of sight, but it is not clear how well it
tracks the average EW of the absorption present over all lines
of sight between the continuum and BLR at a given time.
The C IV line flux in any given window depends on the

overall flux from the ionizing continuum that reaches the BLR,
and the shape of the transmitted ionizing flux in the spectral

Figure 5. Upper left: Time-delay-corrected fluxes for FC IV (in units of 10−13 erg s−1 cm−2 Å−1) vs. the F1180 continuum (in units of 10−15 erg s−1 cm−2 Å−1) plotted
on a logarithmic scale (similar to Figure 3 but with a different color coding). The color coding represents the three main trends in the C IV emission-line response to
continuum variations in Table 3. The best-fit slope to each trend is illustrated with a colored line representing the emission-line responsivity, ηeff and A is the best-fit
line intercept, as given in the upper left corner (see Equation (3)). The gray stars from archival measurements (uncorrected for time delays) of Mrk 817 obtained in
2009 suggest a significantly higher response and EWs at that time. The yellow dashed line is the fit excluding the three outlier data points in the gold data points.
Upper right: The continuum flux F1180 (black symbols) overplotted on the FC IV light curve (colored symbols) where each light curve is normalized to a median of zero
and an NMAD of one and also corrected for the mean time delay in each separate window. Major gaps due to HST safing events are identified by the gray shaded
regions. The C IV light curve exhibits a varied behavior in response to the continuum, with the red light-curve segments showing a lag of ∼ 11–12.5 days, the blue
segments a lag of ∼ 2.5 days, and the gold segment a lag of ∼ 4 days. Lower right: Time series of the absorption as indicated by Si IV and C IV. Each interval is color
coded by the same colors as the light curve. The horizontal line shows the absorption level at zero. The gold symbols correspond to the window where the absorption
is at a minimum.
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energy distribution (SED). As one can see from the large scatter
in the upper left panel of Figure 5, the observed UV flux F1180

appears to be a poor proxy for the ionizing flux, likely due to
the strong and variable obscuration. The overall ionizing flux is
governed by both the covering factor and column density of the
obscurer, while the column density of the obscurer largely
governs the shape of the transmitted flux. The characteristic
EW as shown in Table 3 and Figure 6 reflects the strength of
the reprocessing efficiency for a given time interval and is
governed by the total ionizing flux relative to the observed UV
continuum. The marginal response of the emission line, ηeff, is
determined by the shape of the SED in the ionizing UV. In
other words, the C IV line flux is a function of the amount of
ionizing continuum that reaches the BLR and the shape of the
ionizing continuum. The characteristic EW reflects how much
of the ionizing continuum is reprocessed into C IV emission
while the marginal response reflects how the C IV emission
responds to changes in the ionizing continuum.

The bottom right panel in Figure 5 shows the C IV and Si IV
absorption light curves. Comparison of the variations in the
F1180 continuum and C IV emission line with the C IV (top
panel of 5) and the Si IV absorption light curves (bottom panel
of 5) shows that the temporal windows with the strongest
absorption correspond to times when the C IV EW is the
smallest (i.e., the reprocessing efficiency is the smallest). Also,
but less significantly, weak absorption corresponds to shorter
time lags. Figure 6 illustrates these trends more quantitatively.
Both panels in Figure 6 show how the normalization of the C IV
response function is related to the strength of the broad Si IV
absorption (left), and to the measured time lag for that time
interval (right). For Si IV the Pearson correlation coefficient
r=−0.43 with p= 0.47, and for the relation versus lag,
r=−0.80 and p= 0.10. Neither trend is statistically signifi-
cant, primarily due to the large uncertainties, but the qualitative
sense one obtains in comparing the light curves is borne out by
the trends in the scatter plots, where stronger C IV emission-line

Figure 6. Left: Characteristic C IV EW (as given in Table 3) vs. the mean EW of broad Si IV absorption as a proxy for obscuration in the corresponding time interval.
We find a smaller characteristic C IV EW during the temporal windows where the BLR is heavily shielded from the ionizing continuum. Right: Characteristic C IV EW
vs. the time lag in the corresponding time interval as given in Table 2. We find longer time delays during the temporal windows where the line response is the lowest
(see Figure 8).

Table 3
C IV Response Measurements

Window THJD ηeff A Characteristic C IV EW Best-fit rms
(Days) (Å)

1 9177–9232 -
+0.16 0.03

0.02
-
+1.05 0.05

0.05 29.9 ± 0.7 2.65%

2 9232–9282 -
+0.29 0.01

0.01
-
+0.84 0.02

0.03 32.3 ± 0.6 2.55%

3 9282–9378 -
+0.22 0.01

0.01
-
+0.99 0.02

0.02 33.7 ± 0.9 3.17%

3a 9282–9378 -
+0.31 0.01

0.01
-
+0.82 0.02

0.02 33.6 ± 0.9 3.12%

4 9445–9498 -
+0.38 0.02

0.01
-
+0.65 0.03

0.03 30.7 ± 0.8 3.26%

5 9548–9615 -
+0.31 0.01

0.01
-
+0.74 0.02

0.02 27.9 ± 0.6 3.12%

6 9615–9634 -
+0.06 0.04

0.04
-
+1.24 0.06

0.06 30.0 ± 0.5 1.89 %

1+5 9177–9232 and 9548–9615 -
+0.32 0.01

0.01
-
+0.73 0.01

0.01 28.5 ± 0.7 3.28%

2+4 9232–9282 and 9445–9498 -
+0.32 0.01

0.01
-
+0.78 0.02

0.02 32.0 ± 0.8 3.24%

Notes.
a We exclude the three data points with the lowest flux in Window 3 and report the fit values. The characteristic C IV EW is the ratio of line flux measured when
F1180 = 75 × 10−15 erg s−1 cm−2 Å−1 to the continuum F1180 = 75 × 10−15 erg s−1 cm−2 Å−1. We note that the C IV EW was measured using the red wing of the
C IV profile due to contamination with absorption. The EW is ≈60% of the estimated total flux in C IV, as reported in Paper II.
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flux and EW correspond to weaker absorption and shorter time
lags. This trend is also consistent with the MEMECHO results
(Section 3.1). Namely, that the difference in the characteristic
EW of C IV as seen in Table 3, the top left panel of Figure 5,
and both panels of Figure 6 is generally consistent with the
time-dependent background found by MEMECHO, i.e., MEM-
ECHO requires a decrease in the relative strength of the C IV
line flux, as measured by its characteristic EW, in temporal
Windows 1 and 5 (around THJD 9200 and 9600 days). This is
in contrast to temporal Window 3, where the C IV flux
increases, as measured by the larger characteristic EW.

3.6. Mean and RMS Spectra

To recover any signature of kinematic information about the
BLR and thus implications for the light-curve variations, we
perform a preliminary comparison of the mean and rms spectra
in each of the temporal windows. Similar to Paper II, we isolate
the C IV emission line (see Section 4.2 in Paper II). Figure 7
shows the mean and rms spectra for the temporal windows in
Table 3. The rms profile, which contains information about the
variable part of the spectrum, shows that the most responsive
portion of the C IV profile is in the blue side of the profile at
negative velocities, and is changing significantly from one
temporal window to the next. This may be due to the
outflowing wind into our line of sight. Other than the primary
peak near the line center at zero velocity that is present in all
the temporal windows, Window 2 and Window 4 (light and
dark blue, respectively) show the appearance of a secondary
peak at a negative velocity. This secondary peak significantly
varies in the subsequent temporal windows, and the location of
this variation coincides with the broad absorption trough. Also,
Window 1 shows the smallest variation amplitude in the rms
profile, while Window 2 shows a significantly higher variation
amplitude. Initial velocity-binned results from these temporal
windows indicate that the signal-to-noise ratio (S/N) is not
uniform across all five temporal windows. Consequently, it is
challenging to recover information about the dynamics of the
C IV emitting region accurately. Therefore, we will defer any
2D RM analysis similar to that of Horne et al. (2021) until we
have completed the modeling and corrected for absorption
contamination.

4. Discussion

Paper II concluded that the emission-line light curves cannot
be explained by a single, static response to the broad UV lines
that persists for the duration of the campaign. They are not
simply a delayed, proportional response to the continuum
variations. Above we showed that by examining individual
time segments of the emission-line light curves, we can identify
temporal windows where the emission-line gas responds
coherently to the continuum variations. Using these temporal
windows, we show that the emission-line gas is responding to
continuum variations, but the C IV reprocessing efficiency is
different from one temporal window to the next. We now
discuss possible physical explanations for these variations in
emission-line response.

Our hypothesis is that as a consequence of the changes in the
ionizing flux illuminating the BLR, due to the evolving
properties of the obscuring wind, the region of the BLR
responding to the continuum fluctuations changes, leading to
changes in the measured time delays. However, the time delays

measured in the separate temporal windows behave in a
counterintuitive way. During periods of heavy obscuration
when the ionizing flux is presumably suppressed, one might
expect the time lag to be shorter as the ionization zone
producing the maximum C IV flux would be closer to the active
nucleus, an effect often described as a “breathing mode”
(Gilbert & Peterson 2003; Korista & Goad 2004; Cackett &
Horne 2006; Denney et al. 2009; Park et al. 2012; Barth et al.
2015; Runco et al. 2016). In contrast, we find longer lags when
the line-of-sight obscuration is stronger, and shorter lags when
it is weaker.
The broad extent of the CCF in all the windows (and in all

the lines; see the top panel in Figure 4) and from the range in
lags from the UV to Hβ (Paper I) shows that the BLR spans
radii more than an order of magnitude in size. Describing such
a broad distribution with a single number can be misleading
since the geometrical distribution of the BLR is convolved with
an equally complicated power spectrum of time-variable
illuminating radiation. Goad & Korista (2014) studied the
consequences of photoionizing a BLR with a large range in
radial extent and how it relates to the timescale of the
continuum fluctuations. Their simulations show that for rapid
continuum fluctuations that occur on timescales shorter than the
light-crossing time of the BLR, there is a significant dilution of
the observed response of the emission line due to two
geometric factors: its finite emissivity volume and its
nonnegligible thickness. First, the BLR is not a point source
but possesses a characteristic size, often quantified by an
emissivity-weighted radius for each emission line. Second, the
BLR is not a thin, 2D shell but rather a spatially extended
region with an inherent depth. This results in a lower response
and longer time delays.
A thought experiment illustrates a plausible scenario that

accounts for longer lags being associated with intervals of
higher obscuration. The CCF for C IV shows significant
response from the BLR over a range of 1–20 lt-days. If we
suddenly interpose an opaque screen between the ionizing
continuum and the BLR, it is the interior regions of the BLR
with the shorter lags that will first notice the lack of continuum
radiation and stop responding. More distant regions still “see”
the radiation emitted before the screen was in place. The
resulting lags we measure, therefore, will be weighted more
heavily toward gas at greater distances with longer lags. As this
change in obscuration propagates outward and the BLR adjusts
to the new level of obscuration, lags will revert to more
characteristic, presumably shorter timescales. In addition, the
obscuring screen is likely decreasing in opacity, as evidenced
by the different tracks in response shown in Figure 5 and by the
changing levels of line-of-sight obscuration as measured by the
broad UV absorption troughs (bottom panel in Figure 5). This
evolution in the line-of-sight obscuration we actually measure
from lower values at the beginning of the campaign to a peak
∼30 days later may reflect the timescale for gas rising from the
accretion disk in the equatorial zone where it obscures the BLR
and outflowing to a height where it intercepts the line of sight.
For an obscurer located at 1 lt-day near the inner edge of the
BLR, the dynamical timescale for a central black hole mass of
3.85 ×107 Me (Bentz & Katz 2015) is 30 days, consistent with
the interpretation that the evolution of the line-of-sight
obscuration is due to accretion disk material being lifted off
the inner accretion disk and transported on a dynamical
timescale to cross our line of sight. Figure 8 illustrates the
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evolution of the obscuration as it blocks the inner BLR from
the continuum. We presume that prior to the beginning of the
campaign there was no obscuration and the BLR was fully
ionized. During Phase A, the obscuration appears and the
innermost BLR is shielded first. This causes the shortest lags to
disappear. During Phase B, the obscuration flows upwards and
outwards into our line of sight over a timescale∼ 30 days,
which is the dynamical timescale for material in the inner BLR.
At this time, the base of the outflowing wind becomes
transparent, and the inner BLR gas can “see” the continuum.
In Phase C, the obscuration has lifted and is transparent
everywhere, such that the entire BLR is illuminated by the
continuum. We also note that as shown by Dehghanian et al.
(2020), the energy absorbed by the obscurer is reradiated, but
this reemitted radiation is difficult to detect. It is mostly in the
form of very broad line emission and diffuse continuum

emission, and its intensity is much reduced since it is
isotropically reemitted.
To express these ideas more quantitatively, we follow the

arguments by Goad & Korista (2014). AGN variability is well
described by a damped random walk (Czerny et al. 2003;
Uttley & McHardy 2005; Kelly et al. 2009; Kozłowski et al.
2010; MacLeod et al. 2010; Zu et al. 2011). On short
timescales this variability has a power density spectrum that is
a power law with a spectral index of −2. To understand the
BLR response in Mrk 817, the essential feature is that short-
timescale continuum fluctuations have less power and lower
amplitude than those at longer timescales. When the ionizing
continuum is heavily obscured, the amplitude of continuum
fluctuations as seen by the BLR is significantly reduced.
Although amplitudes are suppressed on all timescales by the

Figure 7. The mean (left) and rms (right) spectra for the temporal windows in Table 3. The rms profile shows significant variations from one temporal window to the
next. Other than the primary peak at zero velocity in the rms profile, Window 2 (light blue) shows the appearance of a secondary peak with a negative velocity that
significantly varies in the subsequent temporal windows. The location of this variation coincides with the broad absorption trough. Also, Window 1 shows the smallest
variation amplitude in the rms profile, while Window 2 shows a significantly higher variation amplitude.
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obscuration, the S/N we achieve in our observations limits our
ability to detect some amplitudes and timescales.

The low-amplitude, short-timescale, rapid fluctuations that
we see in the observable UV are suppressed in the ionizing
continuum viewed by the BLR, up to as much as a factor of 10
for the 90% covering fractions seen in the X-ray (Partington
et al. 2023). This prediction of a reduced amplitude of
fluctuations in the BLR is consistent with the significantly
lower amplitudes in the rms spectrum for Window 1 as seen in
the top right-hand panel of Figure 7. So, even though our flux
measurement errors of better than 1.5% allow us to see easily a
response to 5%–10% fluctuations when the source is
unobscured, these become undetectable during periods of
heavy obscuration. During these periods we are only able to
measure a response in the BLR for the stronger variations (50%
to 200%) on longer timescales. Following the simulations of
Goad et al. (2004), this favors recovering a CCF with longer
lags. However, note that a short-timescale response is still
present in the CCFs for temporal Windows 1–5 (see the second
panel in Figure 4) even though it is not dominant. In particular,
notice the secondary peak for Window 1 at the short lags
typical of the lightly obscured Window 3. During the more
transparent phase, Window 3, the BLR is illuminated by the
full ionizing continuum, with all the rapid fluctuations we see
in the observable UV also present in the variations of the

ionizing flux. These more rapid variations are diminished at
large radii by geometrical dilution, so the CCF is biased toward
shorter timescales, and the peak shifts to short lags.
A similar process with the appearance of the injection of a

new screen of opaque material into the outflow may have
occurred at the end of the campaign (Window 6), which may be
indicative of a nonresponsive “holiday” interval in the C IV flux
during the last nine epochs of the HST campaign. This might
be testable with the behavior of the Hβ emission line as tracked
by the ongoing ground-based campaign.

5. Summary and Future Work

The AGN STORM 2 campaign of Mrk 817 reveals
complexities in BLR structure and its response to continuum
fluctuations that go beyond the simplest concepts originally
envisioned for RM experiments. As noted in Paper II, the
emission-line light curves for Mrk 817 are not merely
smoothed, shifted, and scaled versions of the continuum light
curve. In this paper we have shown that different temporal
windows in the STORM 2 campaign have different responses
to the continuum fluctuations, with the C IV emission-line flux
in each time interval showing a different response to continuum
fluctuations, and a different time lag. These time lags range
from 2 to 13 days. The different temporal windows correspond

Figure 8. Schematic view of the BLR. The STORM 2 campaign observed three phases of obscuration and outflow. The top panel shows these three main phases. In
each phase, the BLR gas is illustrated by clouds. Those BLR clouds unobscured by the partially opaque, outflowing gas are shown in green. By contrast, those clouds
that lie within the shadow of the obscuration are illustrated as uncolored. The thick arrow shows the obscuration, the ionizing continuum emission is identified by the
collection of purple arrows, and the ever-present outflow is shown as a stream that is launched from the accretion disk. In Phase A, obscuration blocks the inner BLR
from the continuum emission. Shorter lags disappear because it takes longer for the BLR gas at larger radii to realize that the continuum emission is blocked (Windows
1 and 5). During Phase B, the obscuration flows upwards and outwards into our line of sight. The base of the wind becomes transparent so that the continuum emission
once again reaches the inner edge of the BLR. During this time we “see” short lags since only the inner BLR region reprocesses the continuum emission (Windows 2
and 4). Then, in Phase C, the obscuration at low elevations becomes transparent enough for the continuum emission to reach all of the BLR clouds uniformly,
presumably the true extent of the BLR. The bottom panel shows the C IV light curve, and the five identified windows. The colored frames on each window of the light
curve correspond to the matched-color phase. Phase A corresponds to Windows 1 and 5, Phase B corresponds to Windows 2 and 4, and Window 3 corresponds to
Phase C. The gray shadings, which illustrate the two HST safing incidents, could plausibly undergo a similar scenario. Although our schematic is 2D, we argue that the
variations in the emission line require the obscuration to be azimuthally symmetric, as the observed changes in response encompass the entire BLR, not just our line of
sight.
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to significant variations in the properties of the obscuring gas.
Temporal windows with the longest lags correspond to periods
of increasing obscuration, with the obscurer shielding and
diminishing the response of the innermost regions of the BLR.
The temporal windows with the shortest lags occur in intervals
with diminishing obscuration. The changing SED of the
ionizing flux reaching the BLR may be responsible for the
changes in the line responses in the different temporal
windows.

In future work, once we have modeled the effects of
absorption on the emission-line profiles and deblended the
adjacent emission lines, we will extend the analysis presented
here to Lyα, N V, Si IV, and He II.
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Appendix
Considerations for Temporal Window Selections

To test for possible time interval edge effects, given the
anticipated C IV time delays, we extend the length of each time
interval. We modify the start date of the F1180 continuum points
to start 10 days earlier and also extend the end dates of the C IV
light curves to be 10 days later than the dates reported in Table 1.
The reported lag measurements in Table 2 are the result of this
extended continuum search range. We find that these extended
boundaries result in time delays that are consistent within 1σ with
the exact time interval ranges reported in Table 1.
We also note that the data immediately after the first HST

safing event are more sparsely sampled for ∼30 days and have
a longer mean cadence of 4 days (compared to the expected
2 day cadence). This raises two issues. First, since the
continuum light curve is driving the emission-line response,
the absence of continuum data during the safing event makes it
difficult to measure a response for observations immediately
following the safing interval. Second, the larger intervals
between the observations immediately after the safing event
degrade the resolution of the time-delay measurement. There-
fore, we exclude THJD= 9413–9445 from this window,
ensuring sufficient sampling and giving some continuum
coverage postsafing. Thus we only consider THJD=
9445–9498 for Window 4 (blue). We do not face the same
issue following the second safing event, since the light-curve
sampling is uniform right after the safing incident and
consistent with the expected 2 day cadence.
Near the end of the campaign, after the last continuum peak

at THJD≈ 9600 (see Figure 1), the BLR response to the
diminishing continuum is significantly reduced, where the
continuum falls by a factor of 2 in 20 days, but the line fluxes
fall by only a few percent. Although the continuum flux is
rising after THJD= 9615, only Lyα shows a clear response.
All other emission lines, including C IV, remain less respon-
sive, suggesting that the BLR may have entered another
holiday period at the end of the campaign. This decorrelation
continues for the remaining 20 days of the campaign. We
therefore end Window 5 at THJD= 9615 (orange), and we do
not carry out a detailed time-delay analysis of Window 6
(light blue).
In summary, the periods that we remove from the time-delay

measurements are:

1. THJD= 9413–9445, due to sparse sampling (mean of
4 days) immediately after an extended HST safing gap.

2. THJD= 9615–9634, due to the likelihood of entering a
BLR holiday state (Goad et al. 2016).
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