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Abstract

The Space Telescope and Optical Reverberation Mapping Project (AGN STORM) on NGC 5548 in 2014 is one of
the most intensive multiwavelength AGN monitoring campaigns ever. For most of the campaign, the emission-line
variations followed changes in the continuum with a time lag, as expected. However, the lines varied
independently of the observed UV-optical continuum during a 60-70 day “holiday,” suggesting that unobserved
changes to the ionizing continuum were present. To understand this remarkable phenomenon and to obtain an
independent assessment of the ionizing continuum variations, we study the intrinsic absorption lines present in
NGC 5548. We identify a novel cycle that reproduces the absorption line variability and thus identify the physics
that allows the holiday to occur. In this cycle, variations in this obscurer’s line-of-sight covering factor modify the
soft X-ray continuum, changing the ionization of helium. Ionizing radiation produced by recombining helium then
affects the level of ionization of some ions seen by the Hubble Space Telescope. In particular, high-ionization
species are affected by changes in the obscurer covering factor, which does not affect the optical or UV continuum,
and thus appear as uncorrelated changes, a “holiday.” It is likely that any other model that selectively changes the
soft X-ray part of the continuum during the holiday can also explain the anomalous emission-line behavior

observed.
Key words: galaxies: active — galaxies: individual (NGC 5548) — galaxies: nuclei — galaxies: Seyfert — line:
formation
1. Introduction
In 2013, NGC 5548 was the subject of an intensive
Original content from this work may be used under the terms ;11(‘)41]1;3\,1'1“8 campa&gn hbas;ivd . lp né;nahnl}} OI;, X—I‘ayObdata from
BY of the Creative Commons Attribution 3.0 licence. Any further -Newton E}H the el ehrels  Swift servatory,
distribution of this work must maintain attribution to the author(s) and the title supplemented with spectra from the Hubble Space Telescope
of the work, journal citation and DOIL. (HST) Cosmic Origins Spectrograph (Kaastra et al. 2014;


https://orcid.org/0000-0002-0964-7500
https://orcid.org/0000-0002-0964-7500
https://orcid.org/0000-0002-0964-7500
https://orcid.org/0000-0003-4503-6333
https://orcid.org/0000-0003-4503-6333
https://orcid.org/0000-0003-4503-6333
https://orcid.org/0000-0002-2180-8266
https://orcid.org/0000-0002-2180-8266
https://orcid.org/0000-0002-2180-8266
https://orcid.org/0000-0001-6481-5397
https://orcid.org/0000-0001-6481-5397
https://orcid.org/0000-0001-6481-5397
https://orcid.org/0000-0002-2915-3612
https://orcid.org/0000-0002-2915-3612
https://orcid.org/0000-0002-2915-3612
https://orcid.org/0000-0001-7490-0739
https://orcid.org/0000-0001-7490-0739
https://orcid.org/0000-0001-7490-0739
https://orcid.org/0000-0002-0486-0580
https://orcid.org/0000-0002-0486-0580
https://orcid.org/0000-0002-0486-0580
https://orcid.org/0000-0002-3026-0562
https://orcid.org/0000-0002-3026-0562
https://orcid.org/0000-0002-3026-0562
https://orcid.org/0000-0002-2816-5398
https://orcid.org/0000-0002-2816-5398
https://orcid.org/0000-0002-2816-5398
https://orcid.org/0000-0003-3746-4565
https://orcid.org/0000-0003-3746-4565
https://orcid.org/0000-0003-3746-4565
https://orcid.org/0000-0002-0167-2453
https://orcid.org/0000-0002-0167-2453
https://orcid.org/0000-0002-0167-2453
https://orcid.org/0000-0002-6465-3639
https://orcid.org/0000-0002-6465-3639
https://orcid.org/0000-0002-6465-3639
https://orcid.org/0000-0003-3242-7052
https://orcid.org/0000-0003-3242-7052
https://orcid.org/0000-0003-3242-7052
https://orcid.org/0000-0002-9113-7162
https://orcid.org/0000-0002-9113-7162
https://orcid.org/0000-0002-9113-7162
https://orcid.org/0000-0003-1880-1474
https://orcid.org/0000-0003-1880-1474
https://orcid.org/0000-0003-1880-1474
https://orcid.org/0000-0003-1728-0304
https://orcid.org/0000-0003-1728-0304
https://orcid.org/0000-0003-1728-0304
https://orcid.org/0000-0001-5540-2822
https://orcid.org/0000-0001-5540-2822
https://orcid.org/0000-0001-5540-2822
https://orcid.org/0000-0003-0944-1008
https://orcid.org/0000-0003-0944-1008
https://orcid.org/0000-0003-0944-1008
https://orcid.org/0000-0003-1435-3053
https://orcid.org/0000-0003-1435-3053
https://orcid.org/0000-0003-1435-3053
https://orcid.org/0000-0001-9191-9837
https://orcid.org/0000-0001-9191-9837
https://orcid.org/0000-0001-9191-9837
https://doi.org/10.3847/1538-4357/ab1b48
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ab1b48&domain=pdf&date_stamp=2019-06-03
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ab1b48&domain=pdf&date_stamp=2019-06-03
http://creativecommons.org/licenses/by/3.0/

THE ASTROPHYSICAL JOURNAL, 877:119 (10pp), 2019 June 1

Arav et al. 2015; Di Gesu et al. 2015; Mehdipour et al. 2015,
2016; Ursini et al. 2015; Whewell et al. 2015; Cappi et al.
2016; Ebrero et al. 2016). In the following year, an intensive
ultraviolet and optical reverberation mapping program (the
Space Telescope and Optical Reverberation Mapping program,
or AGN STORM) was undertaken using HST (De Rosa et al.
2015; G. A. Kriss et al. 2019, in preparation), the Neil Gehrels
Swift Observatory (Edelson et al. 2015), ground-based
telescopes for both imaging (Fausnaugh et al. 2016) and
spectroscopy (Pei et al. 2017), and the Chandra X-Ray
Observatory (Mathur et al. 2017). This program yielded the
first high-fidelity measurements of interband continuum lags in
NGC 5548 (Edelson et al. 2015; Fausnaugh et al. 2016; Starkey
et al. 2017) and some very surprising emission-line results
(Goad et al. 2016; Pei et al. 2017)—in particular, some 60 days
into the campaign, the broad emission lines stopped responding
strongly to continuum variations. However, by the end of the
six-month campaign, the normal relationship between the
continuum and broad emission lines was restored. To the AGN
STORM team, it appeared as though the BLR had “gone on a
holiday” and for that reason we will continue to refer to the
period of anomalous emission-line response as the “BLR
holiday.”

It was subsequently noted (G. A. Kriss et al. 2019, in
preparation) that the behavior of the narrow absorption lines
changed during the BLR holiday, with the lower-ionization
lines continuing to track the observed UV continuum, but with
only decorrelated changes in the higher-ionization absorption
lines. These holidays are not a prediction of photoionization
theory and the current standard model of the geometry of an
AGN. Understanding the physics behind the holiday is
essential because line-continuum reverberation is the only
direct way to measure the mass of the central black hole, and
this method is based on the existence of a correlation between
the continuum and broad emission lines. The purpose of this
paper is to begin an exploration of the BLR holiday
phenomenon by examining the behavior of the narrow
absorption lines, drawing extensively from the results obtained
during the 2013 XMM-Newton program as well as the 2014
AGN STORM campaign. We focus on the absorption lines
because the geometry is much simpler than the emission-line
geometry. Absorbing gas must lie along our line of sight and
the clouds must see the same spectral energy distribution (SED)
as we do. Later sections discuss the observational constraints
on the physics behind the holiday. We identify a novel physical
process in which changes in the SED cause changes in the
ionization of helium, which then drives the absorption line
changes observed by HST.

2. The Geometry and the Obscurer

Historically, our line of sight to the central regions of NGC
5548 has been fairly clear, with no heavy obscuration in the
soft X-ray, although “warm absorbers” are present (Mathur
et al. 1995; Kaastra et al. 2000). Dramatic changes in the
broadband soft X-ray absorption occurred and were interpreted
as being due to a cloud, “the obscurer,” passing across our line
of sight (Kaastra et al. 2014; Mehdipour et al. 2016). This kind
of heavy obscuration had never been seen before in NGC 5548
although a similar extinction occurred in NGC 4151 (Ferland &
Mushotzky 1982). Soft X-ray absorption by the obscurer was
first observed in NGC 5548 in 2012 and 2013 (Arav et al.
2015; Mehdipour et al. 2016). Here we briefly summarize the
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3 Emissio
loud

Figure 1. Geometry of the emission and absorption components discussed in
this paper. The line-of-sight obscurer covers 70%—100% of the X-ray source
(Mehdipour et al. 2016). The gray clouds show other possible obscurers. These
will be discussed in the next paper in this series. The blue blobs indicate
the BLR clouds surrounding the source. Component 1, the narrow absorption
line component with the highest outflow velocity (—1165kms™'), is also
shown. Component 1 is the absorbing component studied in this paper.

geometry inferred by the XMM-Newton “Anatomy” series of
papers (Kaastra et al. 2014; Arav et al. 2015; Mehdipour et al.
2015, 2016; Ursini et al. 2015). Figure 1 shows a sketch of the
overall geometry, including the black hole and accretion disk,
which produce the intrinsic (unobscured) SED. The observer is
located in the direction of the HST icon.

A set of six intrinsic, narrow FUv?® absorption lines
potentially associated with the X-ray warm absorber in NGC
5548 (Mathur et al. 1995) have been studied in detail by
Mathur et al. (1999), Crenshaw et al. (2003), Arav et al. (2015),
and G. A. Kriss et al. (2019, in preparation). They are
numbered from 1 to 6 in order of decreasing outflow velocity
from —1165 to 4250 km s™'. In this paper, we specifically
study the cloud producing Component 1, which is also
illustrated in Figure 1. Component 1 is the closest narrow
FUYV absorber to the central source, and it is the target of our
study because it shows the most dramatic changes during the
obscuration (Arav et al. 2015). This component also has the
greatest assortment of associated UV absorption lines, permit-
ting its characteristics to be determined in detail. The full
physical properties of this component were derived by Arav
et al. (2015). In particular, it has a density of log
n, =48+ 0.1cm™3, as measured using the metastable
absorption lines of CII and Silll. This leads to a well
determined distance of 3.5 £ 0.1 pc, placing it outside the BLR
but within the narrow line region (Peterson et al. 1999).

Little is known about the density and location of the
obscurer, but the ionization state, inferred high density, the
kinematics, absorption line profiles, and the covering factors all
suggest an origin in the BLR (Kaastra et al. 2014; Di Gesu et al.
2015; Mehdipour et al. 2015). BLR lags of 2 days to ~10 days
would imply a distance of between 6 x 10" and 3 x 10'® cm
(De Rosa et al. 2015). The soft X-ray observations show that
the obscurer does not fully cover the X-ray source. The
covering factor varied between 0.7 and 1.0 over the period
2012-2015 (Mehdipour et al. 2016). This change may be
caused by either transverse motions of the obscurer, changes in

2 We refer to region 6-13.6eV (912-2000 A) as FUV; 13.6-54.4eV
(228-912 A) as EUV; and 54.4 eV to few hundred eV (less than 228 A)
as XUV.
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Figure 2. Both panels show the arbitrarily scaled FUV continuum in red, as a
function of Heliocentric Julian Date —24,400,000. The upper panel shows the
equivalent width of the Ly« absorber of Component 1 in blue and the lower
panel shows the equivalent with of the corresponding N vV A1238 absorption
line. Shaded area indicates the time in which the “holiday” is happening.

its internal structure, or changes in the size of the X-ray source
(Mehdipour et al. 2016). Finally, it is possible that other
obscurers lie within the central regions, as shown in Figure 1.

3. The Holiday

In photoionization equilibrium, there is a correlation between
the brightness of the ionizing radiation field and the ionization
state of the gas. Reverberation measurements rely on this, with
the only complication being the time lag caused by the finite
speed of light. “Holidays,” where the correlation breaks down,
are not expected. This section outlines the absorption and
emission-line holidays that occurred during the AGN STORM
campaign.

3.1. Broad Emission Lines and Their Holiday

The AGN STORM campaign monitored NGC 5548 for the
6 month period from 2014 January to July. During almost 120
days of the campaign, the BLR emission exhibited the expected
correlation with the continuum. The line and continuum
emission holiday started about 75 days after the first HST
observation and continued for 60—70 days (Goad et al. 2016).
The lines then returned to their normal behavior. Goad et al.
(2016) and Pei et al. (2017) note that the strong and broad
emission lines became significantly fainter (e.g., in CIV and
Hp) during the holiday. This is the best-characterized
anomalous event detected in a reverberation mapping
campaign.

3.2. Narrow Absorption Lines and Their Holiday

Some, but not all, of the Component 1 absorption lines
displayed a holiday similar to the emission lines. Three
low-ionization species—HI, Sill, and CII—showed good
correlations with the HST FUV continuum, while the higher-
ionization species—SiIIl, SiIv, C1II, C 1V, and N vV—showed
decorrelated behavior (G. A. Kiriss et al. 2019, in preparation).
Figure 2 shows examples of both behaviors, Lya and
NV A1238. The red line shows the arbitrarily scaled HST
FUV continuum while the blue lines are Component 1
absorption line equivalent widths (EWs). Both lines correlate
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for most of the campaign, but, like the broad emission lines,
there is an almost 70 day period when N V is decorrelated.

3.3. The Scope of This Paper

This paper focuses on the absorption line holiday with the
aim of reproducing the correlation/decorrelation shown in
Figure 2. As Figure 1 shows, the absorption lines involve an
especially simple geometry with the continuum emitters and
absorbers lying along a single line of sight and the absorbing
clouds being illuminated by the SED directed toward the Earth.
The absorption lines vary due to changes in the SED striking
Component 1. These changes may be due to variations of the
brightness of the AGN or changes in the shape of the SED
caused by changes in the obscurer’s absorption.

The emission lines are more complicated. They might not be
directly affected by the obscurer because they lie along
different sight lines from the AGN (Figure 1). Other obscurers
may be present on other sight lines and could affect the
emission lines. The emitting clouds have a range of densities
and distances from the center. All of this introduces complex-
ities. The absorption lines are the simplest, and so the best
place to start studying the physics behind the holiday. They are
the focus of this paper.

The remainder of the paper examines how an absorption line
holiday can occur. Our goal is to identify a physical process
whereby lines sometime correlate with the observed FUV
continuum, and at other times do not. We aim to identify the
phenomenology that makes this possible, but not model any
particular HST observation. Converting between observed EWs
and the ionic column densities we predict requires a curve of
growth analysis. This brings in additional uncertainties
including the velocity field of the gas and possible substructure
within the absorption lines. The presence or absence of a
correlation between the FUV continuum and a line EW or
column density will not be affected by curve of growth effects.
In other words, we want to reproduce the correlation/
decorrelation of the lines and continuum and do not model
specific derived column densities. We build upon the Arav
et al. (2015) model of Component 1 and do not change its basic
assumptions. In the following section we present the standard
parameters for Component 1, taken from Arav et al. (2015).

4. The “Standard” Model of Component 1

Below we use photoionization models to investigate why
some absorption lines correlate with the FUV continuum and
some do not. We first adopt the intrinsic SED emitted by the
accretion disk, shown in Figure 3. This was derived by
continuum modeling during the multiwavelength campaign
data on NGC 5548 (Mehdipour et al. 2015) and is used in all
calculations presented below. This is based on a Comptonized
thermal accretion disk model. This model was derived using
simultaneous, coordinated multiwavelength observations
including FUV and soft X-ray (Kaastra et al. 2014) and hard
X-ray continua (Ursini et al. 2015). This SED was incorporated
into the developmental version of cloudy, most recently
described by Ferland et al. (2017), and will be available in the
next release. We use this developmental version throughout
this paper. Version 17, the latest public release of cloudy,
included an NGC 5548 SED derived by Tek P. Adhikari from
CAMK (Warsaw), by digitizing Figure 10 of Mehdipour et al.
(2015). That SED did not include data for energies not included
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Figure 3. Intrinsic (unobscured) SED available in version 17 of cloudy (C17)
is shown by the dashed black line. It was zero outside the indicated range. The
green line shows the improved SED (Mehdipour et al. 2015), which will be
implemented in future versions of cloudy.

in the published figure. The improved SED used by Mehdipour
et al. (2015) covers the entire electromagnetic spectrum, and
includes the observed Fe Ka line.

The principal conclusion of Hopkins et al. (2004) is that
extinction in SDSS quasars is typically E(B — V) = 0.013 mag
with an SMC-like extinction curve. There are, of course, red
quasars that are heavily extinguished (Gaskell 2017), but NGC
5548 is not one of them. There are hard X-ray observations
with NuSTAR and INTEGRAL observatories, and the SED
model that we use matches the observed flux and shape of the
hard X-ray continuum (Ursini et al. 2015). The SED model that
was derived by Mehdipour et al. (2015) is fully consistent with
simultaneous observations taken with multiple observatories
from optical to hard X-rays.

We adopt the obscurer parameters—N(H) = 1.2 x 10**cm ™
and logé = —1.2 (erg cm s '—derived by Kaastra et al.
(2014). The ionization parameter £ is defined as (Tarter et al.
1969; Kallman & Bautista 2001)

L
n(H)R?’

2

£ ey
where L is the luminosity of the ionizing source over the
1-1000 Ryd (13.6eV-13.6 keV) band in erg s™', R is the
distance from the source in centimeters. For the hydrogen
density, we adopt n(H) = 10'° cm ™, which is a typical BLR
cloud density. We adopt the c1oudy default value® for solar
abundances, which are generally within 30% of the Lodders
(2003) meteoritic abundances used in some of the previous
modeling. The transmitted SED calculated with these para-
meters is shown in Figure 4, in which we assume that the
obscurer fully covers the continuum source. This figure shows
the net transmitted radiation field at the shielded face of the
obscurer. It includes the attenuated incident radiation field
produced by the central object along with line and continuum
emission produced by the obscurer. The effects of filtering the
continuum have been discussed in other literature but within

30 More information about the default values can be found in HAZY: https://
www.nublado.org /wiki/DownloadLinks.
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Figure 4. The SED transmitted through the obscurer and striking Component
1. Each line segment shows the energy required to produce the ion (left end)
and to destroy the ion (right end). In this figure, we assumed that the obscurer
fully covers the continuum source. The column density to make the transmitted
SEDis N(H) = 1.2 x 102 cm2.

different contexts (Ferland & Mushotzky 1982; Leighly 2004).
The horizontal lines in Figure 4 indicate the ionization energies
for the species studied by G. A. Kriss et al. (2019, in
preparation). The left terminus of each line shows the energy
needed to produce the ion, while the right terminus indicates
the amount of energy required to destroy the ion by further
ionization. The high-ionization-potential species (indicated by
dotted lines) did not correlate with the FUV during the holiday,
while lower-ionization-potential species (solid lines) remained
correlated.

In the case of Component 1, we adopt the parameters from
Arav et al. (2015), logn(H) = 4.72 (cm73) and ionization
parameter log U = —1.5, which is defined to be (Osterbrock &
Ferland 2006):

=200 @
4nR*n(H)c

where Q(H) is the number of hydrogen-ionizing photons
emitted by the source per second, R is the cloud distance from
the ionizing continuum source, which is 3—5 pc for Component
1 as described in Section 2. In the above equation, c is the
speed of light. Note that the papers modeling the obscurer
(Kaastra et al. 2014) and Component 1 (Arav et al. 2015) use
different definitions for the ionization parameter. For the
unobscured SED, the relation log U = log { — 1.6 can be used
to convert between these ionization parameters. For the
obscured SED (Figure 4, green line), the conversion relation
is logU = log¢& — 3.3.

5. What Happened?

We hypothesize that two independent events occurred. First,
the luminosity of the AGN varied, causing the entire SED to
become brighter or fainter. This would cause the expected
correlated variations. Second, the obscurer moved across our
line of sight, perhaps due to its orbital motion around the black
hole, changing the fraction of the central source that is covered.
We will show below that absorption by the obscurer changes
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Figure 5. This figure shows how Component 1 column densities change as the
ionization parameter changes. The hydrogen column density is divided by 1000
for comparison purposes. The solid lines are correlated species while the
dashed lines are decorrelated. These changes are unlike those seen in the
holiday, ruling out changes in U alone as the reason for the holiday.

the EUV, XUV, and soft X-ray portions of the SED but has
little effect on the optical, UV, or FUV, where the obscurer is
transparent. This variable absorption, caused by the changing
covering factor, would affect the high-ionization absorption
lines but have little effect on the FUV or optical continuum, so
would produce decorrelated changes i.e., a “holiday.” In the
rest of this section, we investigate these two events in more
detail.

5.1. Changing the Luminosity of the Source

The changing luminosity is directly seen via optical, FUV,
and X-ray observations. In photoionization equilibrium, this
implies a varying ionization parameter, which would change
the column densities of all species. As a test, we checked what
happens to the column densities of Component 1 absorbing
species when the continuum luminosity changes, while keeping
the unobscured shape of the SED the same. We use the Arav
et al. (2015) standard Component 1 parameters as described
above, but we let the ionization parameter U vary by one dex to
either side of the standard value of log U = —1.5. This would
correspond to changes in the continuum luminosity by the same
amount. For comparison, the 1157 A HST continuum varied
over a range of 0.6 dex during the STORM campaign. Figure 5
shows the results of these calculations. The solid lines show the
correlated species while the dashed lines are decorrelated. All
the column densities change dramatically; however, around the
standard value of log U = —1.5, the columns of the correlated
species are changing very fast, faster than those of the
decorrelated ones. This is not enough to explain the holiday.
Thus, simple changes in the luminosity of NGC 5548 cannot
explain the absorption line holiday. We must look elsewhere.

5.2. Changing the Obscurer Covering Factor

The soft X-ray extinction measures the fraction of the
continuum source covered by the obscurer. We refer to this as
the “line-of-sight covering factor” (LOS CF). Changes in the
LOS CF affect the absorption lines seen with HST because
the SED transmitted through the obscurer is responsible for
the ionization of Component 1. Figure 6 shows how changes in
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Figure 6. Variations of the SED striking Component 1 for different LOS CFs.
The Arav et al. (2015) ionization parameter is reproduced at zero coverage. The

figure indicates the soft and hard X-ray energies, i.e., 0.3—1.5 and 1.5-10 keV
(Mehdipour et al. 2016).

the LOS CF affect SEDj,,, the SED striking Component 1. This
is defined as:

SEDinC = (LOS CF) X (SEDextinguished)
+ (1 — LOS CF) x SED 3)

for various LOS CF. Here “SED” indicates the unattenuated
SED shown in Figure 3. The intensity is adjusted to
logU = —1.5 with LOS CF = 0 (Arav et al. 2015). We keep
the brightness of SED;,,. constant at 4558 A (0.2 Ryd), and vary
the LOS CF to obtain different shapes. We chose the energy 0.2
Ryd because this is an energy where the obscurer is transparent.
In Equation (3), LOS CF = 0 will be the full unattenuated SED
and 100% coverage would be the Mehdipour et al. (2015)
extinguished SED (Figure 4). Figure 6 shows that the 1keV
X-ray absorption is highly affected by changes in the LOS CF.
The hard X-rays are not absorbed and so do not change. Note
that this assumes that the LOS CF is the same for the EUV and
XUV, whereas these components may form in different regions
(Gardner & Done 2017; Edelson et al. 2019). Note that the
SEDs shown in Figure 6 are the incident radiation field striking
the illuminated face of Component 1. The data come from the
second column of the cloudy save continuum. The
effects of diffuse fields from the obscurer are included when
generating the extinguished SED.

Variations of the obscurer LOS CF produce considerable
changes in the transmitted SED without producing observable
changes in the FUV because the obscurer is transparent in the
FUV (see Figure 6). Perhaps this can provide an explanation
for the correlated and decorrelated behavior of the narrow
absorption lines of Component 1. Next, we investigate how the
column densities of Component 1 are affected by the changes
in the obscurer LOS CF. We used SEDs like those illustrated in
Figure 6 to predict the column densities of the Component 1
species measured by G. A. Kriss et al. (2019, in preparation).
These are shown in Figure 7. The column densities of high-
ionization species decrease while low-ionization species
change little at high LOS CF values. Clearly, then, changes
in the obscurer LOS CF are capable of causing the absorption
line holiday. The next section outlines the physics behind
Figure 7.
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Figure 7. Effects of changes in the obscurer LOS CF upon the column
densities observed by HST. Low-ionization species (solid lines) remained
correlated while high-ionization (dashed) species were decorrelated during the
holiday, as expected from changes in the obscurer covering factor. The
ionization parameters adopted for the obscurer and Component 1 are
logé = —1.2 (erg cm s~ ') and log U = —1.5, respectively.

6. Physics Behind the ‘“Holiday”

Figure 7 focused on the absorption line species observed in
the HST spectra. These are not necessarily the dominant or
most important ions. Figure 8 shows how the physically
important ions change, and includes helium, which HST did not
observe. Silicon and carbon are mainly singly ionized, while
He is mostly neutral.

As the LOS CF increases, the column densities of the higher-
ionization-potential decorrelated ions decrease dramatically, as
also seen in Figure 7. The ions He' and He™ behave like the
higher-ionization-potential decorrelated species. Si* and C*
are the most abundant ions, and their column densities change
only slightly. To understand this behavior, we must isolate
what photoionizes the dominant and correlated low-ionization
species to produce the decorrelated behavior in the higher-
ionization species. To answer this, we consider the radiation
field within Component 1. Figure 9 shows the diffuse radiation
field at the midplane, the middle of the Component 1 cloud.
The midplane is a representative location, and its properties
give insight into the physics of the cloud. We chose an LOS CF
of 96%, which is representative of the regions of Figure 7
where the correlated /decorrelated behavior is pronounced. This
covering factor is so large that the EUV and XUV portion of
the incident SED shown in Figure 6 is faint. The diffuse
radiation field shown is produced by emission from the
absorbing gas itself and is dominated by line and continuum
emission produced by recombining helium. Several of the
prominent emission features are labeled. The horizontal lines
indicate the range of photon energy that can photoionize the
indicated species.

Examination of the photoionization rates shows that C* and
Si* are produced by photoionization of the neutral atoms by
the Balmer continuum. They are destroyed by valence-shell
photoionization, with thresholds of 24.4 eV and 16.3 eV for ct
and Si*, respectively. Inner shell photoionization by the soft
X-rays is much less important. The He radiative recombina-
tion continua (for C* and Si") and singlet and triplet 2p — 1s
transitions of He® (for Si") are the primary sources of
photoionization at energies of ~20-25¢V, the threshold for
destroying these dominant species. These are all produced by
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recombination of He". This means that the abundances of the
decorrelated high-ionization species follow the abundance of
He" and subsequent Hel emission. Figure 8 shows that the
decrease in column density of the decorrelated species tracks
changes in the He™ column density. What is responsible for
photoionization of He’, producing He*? He” is the dominant
ion stage in Component 1 (Figure 8). Examination of the
contributors to the photoionization rates shows that He™ is
produced through photoionization by soft X-rays from the
attenuated SED of the AGN. Figure 9 shows only the diffuse
fields and does not include the attenuated incident SED. He' is
an important opacity source for soft X-rays. Figure 10 shows
the continuous opacity at the midplane of the Component 1
cloud. We evaluated the total gas opacity for the predicted
distribution of ions and the assumed solar composition. This
shows the opacity per hydrogen and is multiplied by the cube
of the photon energy so that it can be compared with standard
plots of the total ISM opacity (Ride & Walker 1977). The green
line shows the total opacity while the other lines show some of
the important contributors to it. H® is dominant in the low-
energy EUV, He® is dominant in the high-energy EUV and
XUV, and the heavy elements dominate around 0.5-1keV
(Cruddace et al. 1974; Ride & Walker 1977, their Figure 2),
causing the stepped rise in the right part of the diagram. Helium
is mainly neutral (Figure 8) and Figure 10 shows that helium is
a major contributor to the total opacity for energies from 24 to
300 eV.

The gas photoionization rate is the integral of the opacity
shown in Figure 10 over the radiation field shown in Figure 9
(see Osterbrock & Ferland 2006, Equation (2.30)). It is critical
to know which part of the radiation field dominates the total
photoionization rate, because this has the greatest effect on the
ionization of Component 1. This is shown in the lower panel of
Figure 11. This panel shows the values of the terms entering in
the photoionization rate integral, namely the product
v2(4mJ, /hv) X ay,. In this equation, o, is the opacity and J,,
is the mean intensity. This shows the coupling between the
radiation and the gas. Only interactions at energies greater than
13.6eV affect the ionization of the gas, and the strongest
coupling occurs at energies between ~200eV and ~2keV.
When the LOS CF varies, the soft X-rays change, as shown in
Figure 6. This carries over into changes in the ionization of
He’. This leads to changes in the He’ EUV recombination
radiation, which produces the highly ionized species seen
by HST.

The upper panel of Figure 11 shows the incident SED as a
solid blue line. The solid red line shows the total radiation field,
including both the diffuse and attenuated incident, at the
midplane of Component 1. This is the net transmitted
continuum, which is the fifth column of the save con-
tinuum command in cloudy. Similar to Figure 6, the effects
of diffuse field within the obscurer are included when making a
table of the SED passing through the obscurer. We then used
this table to generate the appropriate SED in midplane of
Component 1. The EUV and XUV portions of the SED are
heavily extinguished so that most radiation at the midplane is
due to diffuse gas emission (Figure 9 showed only the diffuse
emission).

As is obvious from Figure 1, Component 1 is between the
Earth and the obscurer so the obscured Mehdipour et al. (2015)
SED is what strikes Component 1. The original continuum
used here (Figures 3 and 4 red curve) is now available in
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Cloudy version 17. This observed continuum is quite a bit
harder than the SED in Figure 1 of Mathews & Ferland (1987).
The latter was based on observations of very luminous
Palomar/Green quasars. The SED adopted here is based on
observations of NGC 5548 obtained in 2013 and 2014 by the
Anatomy and STORM campaigns. It is worth mentioning that
tests show that the choice of intrinsic SED has very little effect
on our predictions, which mainly depend on the properties of
the obscurer.

To summarize, we have investigated, in detail, how changes
in the LOS CF affect the ionization of the higher-ionization
species observed by HST and identified a unique physical
cycle. The LOS CF changes the soft X-ray part of the SED but
not the FUV continuum, so the resulting changes would not
correlate with the FUV. The soft X-rays change the ionization
of helium. The ionizing radiation emitted by recombining He ™"

107" :
—  Total Absorption Opacity
— He" Photoionization
—  He" Photoionization
H° Photoionization

10*]3 L

107

LOS CF = 0.96, Midplane
10 100 1000
Energy (eV)

Opacity per Hydrogen (i, /n(H)) x (hv)* (cm’eV?)

Figure 10. Opacity per hydrogen atom is shown as a function of energy. This
shows the total opacity at the Component 1 midplane. The vertical axis has
been scaled by v for clarity, as described in the text.

changes the ionization rate and abundance of the decorrelated
species. However, anything that changes the soft X-rays
without affecting the FUV could have a similar effect. This
might include the Comptonization scenario outlined by Mathur
et al. (2017), the Falling Corona Model studied by Sun et al.
(2018) the partial dust obscuration model of Gaskell &
Harrington (2018), or other models such as nonaxisymmetic
continuum (Dexter & Agol 2011) or anisotropic continuum
models (Gaskell & Klimek 2003).

7. Testing the Covering Factor Model

In this paper, we did not try to model any particular
observation but examined how changes in the obscurer can
affect parts of the SED and result in the observed correlated/
decorrelated behavior. We have identified a physical cycle that
can reproduce the observed behavior. Here we outline two
observational tests of this model.
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Figure 11. Upper panel shows the radiation field striking Component 1 as the
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lower panel shows the photoionization rate at each energy.

7.1. Existing Observations: The X-Ray Hardness Ratio and
Inferred LOS CF

Figure 12 summarizes Swift and HST observations described
by G. A. Kriss et al. (2019, in preparation). The red line is the
HST continuum at 1367 A, the blue line shows Ly« absorption
line and NV absorption line in the upper and lower panels,
respectively. These are examples of correlated and decorrelated
lines. These are similar to the blue line in the panels of
Figure 2. In our model, the changing obscurer covering factor
is responsible for the absorption line holiday. The X-ray
hardness ratio measured by Swift, a measure of the hard to soft
X-ray brightness, is also a measure of the LOS covering factor,
as demonstrated by Mehdipour et al. (2016), Equation (2). The
obscurer LOS CF changes, derived by Mehdipour et al. (2016)
using the broadband spectral modeling of the Swift data, are
shown in Figure 12 as a green line for comparison. The right
CF axis is inverted, decreasing from bottom to top, to make it
easier to compare with the other quantities plotted. The upper
panel shows that the Ly« absorption line is correlated with the
HST continuum. The LOS CF is also shown in that panel but
with a thinner line to not divert attention. The lower panel is
drawn similarly, showing that N V absorption line has a better
anticorrelation with the LOS CF rather than the correlation with
the HST continuum.

Figure 12 shows that N V absorption responds to variations
of the LOS CF better than the HST continuum. Figure 7 shows
that larger covering factors and greater extinction cause NV
absorption to weaken: the N V absorption line is predicted to be
anticorrelated with the covering factor. These trends are in the
same sense as our predictions.

7.2. Future Observations: The Full Range of Obscurer
Covering Factor

Figure 7 focuses on large values of the LOS CF because the
covering factor was in this range during the holiday
(Mehdipour et al. 2016). There were other times when the
obscurer was not present. Although this was not observed,
there must have been times when the obscurer was first coming
into our line of sight, and the LOS CF was increasing from
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small values. Figure 13 illustrates the full range of the covering
factor. The behaviors of the correlated and decorrelated species
are reversed for values of LOS CF in the range 0.3-0.5: the
correlated species show dramatic changes while the decorre-
lated ones remain almost constant. Very small values of the
LOS CF represented times before 2011 when there was no
obscurer. As Figure 13 shows, lower-ionization-potential
species almost disappear. Observations that were performed
before 2011 confirm the predictions of Figure 13 (Crenshaw
et al. 2009). This motivates future observational tests.
Continued monitoring of NGC 5548 by Swift could identify
times when the LOS CF becomes small again. HST observa-
tions could then be obtained to follow changes in the
absorption lines.

8. Summary

The reverberation mapping method relies on a causal
connection between variations in the lines and continuum.
This correlation broke down during the so-called “holiday”
period as discovered by the AGN STORM project. The
complications due to these abnormalities may have an effect on
derived BLR radii and BH masses, which is why it is important
to identify the physics that allows such holidays to occur. The
fact that high-ionization absorption lines displayed the holiday
while low-ionization absorption lines did not is an important
clue to what is happening. It is worth emphasizing that
“holiday” was first seen in the broad emission-lines, which
have a more complicated geometry (Goad et al. 2016). We
showed that changes in the luminosity of the AGN do not
produce the observed behavior. This suggests that changes in
the shape of the SED are responsible. Strong soft X-ray
absorption, produced by a transient cloud referred to as the
obscurer, was present throughout the AGN STORM campaign.
The obscurer covered only a fraction of the continuum source,
which we refer to as the “line-of-sight covering factor,” LOS
CF. The soft X-ray absorption was not present before 2011,
showing that the LOS CF can change dramatically. We
investigated the effect of a changing SED on Component 1
cloud producing the strong absorption lines. We have shown
that changes in the LOS CF reproduce the observed behavior
for large values of the LOS CF. We identified a unique physical
cycle in which changes in the LOS CF have a significant effect
on the soft X-ray portion of the SED. This changes the
ionization stage of helium and the ionizing radiation produced
as helium recombines drives the changes in the decorrelated
absorption lines. Changes in the LOS CF do not affect the
optical or UV continuum because the obscurer is transparent at
these energies. We identified two tests of this model. The first
is the Swift measurements of the X-ray hardness ratio. This can
be converted into an obscurer covering factor. This LOS
covering factor does seem to correlate with the high-ionization
“decorrelated” absorption lines. We show that the sense of the
correlation/decorrelation reverses for smaller covering frac-
tions in the range 0.3-0.5, which can be used to test this
scenario in future observations. The tests would have to take
place when the covering factor is very low. The photoioniza-
tion models we produced used a variable covering factor to
change the soft X-ray portion of the SED. However, other
models in which the soft X-ray part of the SED changes
independently of the optical/UV continuum could produce
similar effects. The Comptonization model proposed by
Mathur et al. (2017) and the Falling Corona Model of
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over the full range of covering factor are shown. The dashed and solid lines

indicate decorrelated and correlated species, respectively. Their behavior swaps

around in the low and high covering factor limits, offering a test of the variable

covering factor model. In this model, the ionization parameter for Component 1
isloglU = —1.5.

Sun et al. (2018) could also produce the required changes in the
SED. This will be the subject of future work.
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