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Abstract The UV spectral range (1100-3000 A) contains
the strongest resonance lines observed in active galactic nu-
clei (AGN). Analysis of UV line intensity ratios and pro-
file shapes in quasar spectra provide diagnostics of physi-
cal and dynamical conditions in the broad line emitting re-
gion. This paper discusses properties of UV lines in type-
1 AGN spectra, and how they lead an estimate of ionizing
photon flux, chemical abundances, radius of the broad line
emitting region and central black hole mass. These estimates
are meaningfully contextualised through the 4D “eigenvec-
tor-1” (4DE1) formalism.
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1 Introduction

It is now roughly 35 years since the International Ultraviolet
Explorer (IUE) opened the possibility to study UV spectra
of Seyfert nuclei and broad line radio galaxies thus revealing
strong similarities between low- and high-redshift quasars
(where the UV lines are redshifted into the optical domain).
IUE data helped to establish that active galactic nuclei
(AGN) involved sources spanning an enormous range of lu-
minosity but driven by the same underlying process involv-
ing accretion onto a massive compact object, most likely a
black hole (see e.g., Chap. 1 of D’Onofrio et al. 2012). The
advent of HST in 1991 made possible observations of even
fainter AGN and with unprecedented resolution (compara-
ble to the best ground based optical spectra). HST archival
observations continue to provide a database from which
much AGN research is being carried out. Important infor-
mation about density, ionization conditions, and dynamics
in the (especially high-ionization) broad line emitting region
(HIL-BLR) of AGN can be inferred from UV spectroscopic
observations (Sects. 2 and 3). It is useful to point out three
factors affecting our ability to achieve these goals.

e The line emitting regions in type-1 AGN are spatially
unresolved in even the nearest AGN. This is an impor-
tant reason why modeling the structure of the inner re-
gions of quasars remains an open issue (see Netzer 2013
and Gaskell 2009). Much effort has gone into measuring
the size of the broad line emitting regions (BLR) from
time lags in the response of emission lines to continuum
change (Peterson et al. 2004). Work has also focussed on
constraining the BLR structure using velocity-resolved
emission line profiles (Grier et al. 2013, and references
therein).

e AGN spectral properties show considerable diversity. The
point is that type-1 AGN spectra are not self-similar
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nor do they scatter with low dispersion around an aver-
age spectrum (Sulentic et al. 2002; Bachev et al. 2004).
If they did then we would not need the contextualiza-
tion described in Sect. 3, just as we would not need an
H-R diagram if all stars were of the same spectral type.
Type-1 AGN actually show large multi-wavelength di-
versity ranging from Narrow Line Seyfert 1 (NLSyls)
to Broad Line Radio Galaxies (BLRGs). These two ex-
tremes involve sources whose emitting regions are empir-
ically and physically very different. Attempts to explain
them with a single model will yield misleading results
(Sulentic et al. 2000, 2002).

e Finally we point out that the availability of UV spectra is
limited and that this is an impediment to further progress
in quasar studies involving comparisons of low- and high-
z AGN (Sect. 5). This concerns single epochs observa-
tions suitable for statistical studies as well as monitoring
for reverberation mapping.

2 The UV diagnostics
2.1 Prominent UV emission lines

An important property of AGN spectra involves the exis-
tence of both high and low ionization lines (hereafter HILs
and LILs). By low and high ionization we mean, respec-
tively, lines emitted by ionic species with ionization poten-
tial <20 eV (hydrogen, singly ionized ionic species of mag-
nesium, carbon, iron, calcium) and 240 eV (triply ionized
carbon, helium, four times ionized nitrogen). An exhaus-
tive list of lines is provided by Vanden Berk et al. (2001).
If we confine our studies to the range 1100-2000 A, we
observe: (1) the strongest HILs associated with resonance
transitions, (2) usually weak LIL emission due to O111304,
Si1tA 1814 features and (3) several inter-combination lines
from transitions leading to the ground state, most notably,
Ciax1909, SiirA1892, and the narrow lines of NIIIA1750
and OI11A1663. Once and twice ionized iron emission is not
strong between 1200 and 2000 A although Felll emission
can be significant in the 1900 A blend whose main com-
ponents are AIIIX1860, SillIA 1892, and C111A 1909 (Vester-
gaard and Wilkes 2001). The most notable features that are
unblended with stronger lines include the UV multiplet 191
Fell at 1780 A and an Felll blend at 2100 A. It is custom-
ary to assume that Fell and, to some extent, FelIl emission
maintain the same intensity ratios in all sources. Under this
assumption, intensity measures of Fell and Felll at 1780
and 2100 A define the entire UV emission spectrum due to
these ions. This approach (i.e., using a “template” to rep-
resent blended emission features spread over a wide wave-
length range) is justified within the limit of resolution and
S/N presently obtainable for most optical and UV data al-
though the real situation is known to be more complex.
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2.2 Line ratios

Line intensity ratios are sensitive to: (1) density, if one of
the lines has a well-defined critical density, (2) ionisation
level, with lines coming from transitions occurring in dif-
ferent ionic species of the same element providing the most
robust diagnostics, and (3) chemical composition, if ratios
involve a metal line and HellA 1640 or C1vA1549. Intensity
ratios of broad inter-combination and permitted lines, most
notably CHIx1909/Simir1892 and Aliia 1860/ SiIiir1892
are useful diagnostics for a range of density that depends
on their transition probabilities. The CI11A1909/Si111A1892
and AlIIA1860/SinIx1892 ratios are suitable as diagnos-
tics for n. < 10" em=3 and 10'1-103 ¢m™3 ranges,
respectively. The latter range corresponds to the dens-
est, low ionization emitting regions likely associated with
production of Fell (Sigut and Pradhan 2003; Briihweiler
and Verner 2008). The ratios SilIA1814/Si11iA1892 and
SitvA1397/Si1ir 1892 are sensitive to the ionization level
and have the considerable advantage of being independent
of chemical abundance. Ratios CIvA1549/Al11111860 and
C1vA1549/Si11a1892 provide information about ionization
that is however metallicity dependent. The ratios involving
NvA1240 (NVA1240/Helir1640 or NvA1240/CivA1549)
are strongly sensitive to metallicity if nitrogen is consid-
ered a secondary element (Ferland et al. 1996). The ratio
(SirtvA13974+01vA1402)/C1vA 1549 has also been used as a
metallicity indicator (Nagao et al. 2006).

2.3 Photoionization calculations

The emission line ratios reported above provide informa-
tion about the product of ionization parameter U and hy-
drogen number density ny if interpreted through a multidi-
mensional grid of photoionization simulations. Quantitative
constraints obtained from diagnostic ratios require a-priori
knowledge of the principal ionization mechanism and some
basic assumptions about the structure of the emitting region.
Photoionization is considered the dominant mechanism for
HIL and intermediate ionization lines (Davidson and Netzer
1979). Physical conditions of the photoionized gas can be
described by: (1) density nyg or electron density, (2) hydro-
gen column density Ny (3) metallicity Z, (4) shape of the
ionizing continuum and (5) ionization parameter U. U rep-
resents the dimensionless ratio of the number of ionizing
photons and the total hydrogen density. Both U and ny are
related through the equation
oo
vt 0 N

4 nger?

where L, is the specific luminosity per unit frequency, A is
the Planck constant, vy the Rydberg frequency, ¢ the speed
of light, and r can be interpreted as the distance between the
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Fig. 1 Behavior of log SilliA1892/CivAa1549 and log AlIA 1860/
SittiA 1892 in the 2D parameter space defined by ionization parameter
U and hydrogen density ny, from a set of 551 simulations that assume
solar metallicity, a standard AGN continuum, and N, = 1023 cm™2.

central source of ionizing radiation and the line emitting re-
gion. Simulations with CLOUDY (Ferland et al. 2013) were
carried out over the density range 7.00 < lognyg < 14.00,
and —4.50 <log U < 00.00 (in intervals of 0.25). Each sim-
ulation was computed for a fixed ionization parameter and
density, assuming plane parallel geometry (i.e., a slab of
gas illuminated by the ionizing continuum). The n-U array
was computed several times for solar and supersolar chem-
ical compositions, two different continua and column den-
sity values Ny = 1023 (assumed as a standard value), plus
Ny =10%,10** cm™2.

Figure 1 shows the behaviour of SiIltA1892/C1vi1549
(left panel) and Sit1iA 1892/A1IA 1860 (right panel) in the U
vs. ny plane assuming solar metallicity, Ng = 10?3 cm™2,
and the standard CLOUDY AGN continuum. As expected
the SilIA1892/C1vAa1549 ratio depends on U in a way
that is almost independent of density up to the SiITiA1892
critical density. The AIIIA1860/SilIA1892 ratio increases
smoothly with density with an increase that is not strongly
dependent on U for —3.5 < U < —1.

3 Systematic changes along the 4DE1 sequence

Until recently we lacked a contextualization within which
the dispersion in optical and UV spectroscopic properties
could be organized (e.g. a quasar equivalent of the stellar
H-R diagram). There has been recent progress especially if
we restrict our attention to type-1 AGN. Spectroscopic mea-
sures from large AGN samples can be viewed as defining a
parameter space whose axes are not fully orthogonal. A prin-
cipal component analysis (PCA) can be used to identify the
first orthogonal axes (which are expressed as linear combi-
nations of the observed parameters) that account for most of
the parameter diversity in a sample. The “first eigenvector”
revealed by PCA organizes AGN along a sequence origi-

10 1
Log(n,)

Two arrays of the Negrete et al. (2012) simulations are shown here to
illustrate two cases in which a single line ratio defines a clear trend:
AlIA1860/Si111A 1892 for density, SiltiA1892/C1vAa1549 for ioniza-
tion parameter (if density is less than the critical density of Sil11A1892)

nating in an optical parameter plane FWHM Hp vs. inten-
sity ratio Rpey = FellA4570/HB (Boroson and Green 1992).
This is the “optical” plane of the 4D eigenvector 1 param-
eter space (Sulentic et al. 2000) that adds systematic trends
involving C1VA1549 and the soft X-ray photon index (Su-
lentic et al. 2007). If trends in physical conditions are taken
into account it is possible to obtain accurate estimates of the
emitting region radius from this data (Sect. 4).

Systematic differences along the eigenvector 1 sequence
do not involve only Fell and FWHM Hg (Zamfir et al.
2010; Popovi¢ and Kovacevi¢ 2011; Steinhardt and Sil-
verman 2013), but also the spectral energy distribution
(Kuraszkiewicz et al. 2009; Tang et al. 2012), X-ray con-
tinuum/C1VA 1549 properties (Kruczek et al. 2011), the ra-
tio between optical and UV Fell emission (Sameshima et al.
2011), and, most notably, the ratios AlTTIA1860/SitTIA 1892,
and SillIA1892/C1iA 1909 (Baldwin et al. 1996; Wills et al.
1999; Bachev et al. 2004). Eddington ratio is considered the
main physical driver of the eigenvector 1, with orientation
affecting mainly line widths (Marziani et al. 2001; Boroson
2002; Shen and Ho 2014). Ferland et al. (2009) establish
a link between Rpey, column density and Eddington ratio
along the eigenvector 1 sequence.

Several authors distinguish between two main type-1
AGN populations that involve sources at the opposite
ends of the eigenvector 1 sequence, and speak of NLSyls
and broad(er) line quasars (BLQs) or Population A and
B(roader) (Sulentic et al. 2000) or Population 1 and 2 (Collin
et al. 2006) or disk- and wind-dominated sources (Richards
et al. 2011). We adopt the Pop. A and B subdivision involv-
ing a boundary at FWHM(HB) =~ 4000 km s~ (Sulentic
et al. 2007, and references therein).

3.1 Dynamics of the broad line regions

In order to properly interpret intensity ratios it is necessary
to understand that HILs and LILs arise from emitting gas
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not necessarily in the same physical and dynamical condi-
tions (e.g., Sulentic et al. 2007; Richards et al. 2011). HST
has made it possible to measure line shifts with an accuracy
of £200 kms~! relative to a quasar rest frame derived from
optical observations. The prototypical HIL C1vA1549 and
other HILs frequently show blueshifts that can reach several
thousand km s ! (Gaskell 1982; Tytler and Fan 1992; Broth-
erton et al. 1994; Marziani et al. 1996) indicating the pres-
ence of winds or outflows. Dynamical conditions change
along the 4DE1 sequence with the HIL blueshift becom-
ing weaker as one proceeds to less Fell strong quasars with
broader lines.

3.2 Physical conditions of the BLR

Line widths increase with increasing ionization potential
and higher ionization lines usually respond more rapidly to
continuum changes. This indicates an “ionization stratifica-
tion” within the BLR (Peterson and Wandel 1999). The strat-
ification is also empirically confirmed by the simultaneous
presence of strong CI1IA1909 and SilliA 1892 representing
transitions involving critical densities differing by more than
one order of magnitude. This makes the search for a single
solution in terms of density and ionization rather ambiguous.
Nonetheless, Eq. (1) can be used to estimate the ionizing
photon flux, i.e., the product ngU, as we will discuss below.

Negrete et al. (2013) studied a sample of 13 type-1 AGNs
with high-quality HST/FOS coverage in the range 1200-
2000 A, and with ¢t measures for HB from monitoring cam-
paigns (Bentz et al. 2013). These authors obtained two dif-
ferent solutions for nyU depending on whether CI11A 1909
or AlIIA1860 was used: in the first case the solution in-
volved high ionization and low density and in the second
high density and low ionization. These solutions were com-
pared with the ones derived using reverberation mapping
i.e., setting ct &~ rpLR in Eq. (1), where the time lag 71, rep-
resents the light travel time for continuum photons to reach
the broad line region. Only the high-density solution showed
good agreement with ct,. ClIA1909 yields systematically
lower nyU which is a result that can be easily understood in
terms of stratification within the BLR or other more complex
scenarios (Maiolino et al. 2010).

3.3 Physical conditions at the 4DE1 extremes

At the extremes of the 4DE1 sequence physical conditions
appear better defined and it is possible to derive a typical
density and ionization parameter for the BLR. At the high
Rrenr end of the 4DE1 sequence (extreme Population A) we
find sources whose optical spectra are dominated by LIL
emission. In the UV such sources show large HIL blueshifts
and weak CIm1A1909. They are interpreted as sources ra-
diating close to the Eddington limit with HILs mostly re-
flecting high-ionization winds. Using the diagnostic line ra-
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tios described in Sect. 2, Negrete et al. (2012) find well de-
fined physical conditions: low ionization (U < 1072) and
high density (10'2-10'3 cm™3) with an uncertainty less
than £0.3 dex along with significant metal enrichment. The
weakness of CI11A1909 enables all important emission line
ratios to converge toward a high-density solution. Extreme
Rreq1 sources show low equivalent width in all the strongest
broad emission lines i.e, CIVA1549 and Balmer lines: ex-
treme Eddington ratio sources may have stripped the BLR
of lower column density gas, leaving only the densest part
of the BLR (Negrete et al. 2013). These sources show ex-
treme iron and aluminium emission which might be associ-
ated with chemical enrichment (Juarez et al. 2009); selec-
tive aluminium and silicon abundance enhancement may be
needed to explain in detail the observed emission line ratios
(Negrete et al. 2012).

At the Population B end of the 4DE1 sequence most
sources show weak optical Fell emission as well as very
weak or undetectable AIITIIA18601.e., AlIIIA1860/CI111A1909
— 0. Many of these sources are radio loud. 3C 390.3 shows
complex line profiles including a prominent blue hump in
the Balmer lines and HILs. The blue hump (which is un-
likely to be the broad component because of the large shift)
shows AIIMIA1860/CI1IA1909 =~ 0.05 while only an up-
per limit can be assigned to optical Fe 1T emission. In this
case there is no high-density solution. The measured emis-
sion line ratios converge toward a low-density solution that
also accounts for the observed AlTITA 1860/CI11A1909 ratio:
log(ngU) ~ 8.55 £ 0.14 at 10. We can estimate ny and U
separately (not just their product): log(ny) =~ 9.95 + 0.13
and log(U) ~ —1.40 £ 0.12 at 1o (Negrete et al. 2014).

3.4 Chemical abundances of the BLR gas

The diagnostic ratio (SitvA1397 + O1vA1402)/C1vA1549
can be most easily used for metallicity estimation. Other
ratios like NvA1240/Hel1A4686 may be stronger indicators
(Ferland et al. 1996) but are more difficult to measure since
e.g. NvA1240 is heavily blended with Ly«a. The 4DE1 se-
quence is likely a sequence of ionization in the sense of a
steady decrease in prominence of the low-ionization emis-
sion towards Population B. Metallicity might also play a
role: Z may be highly super-solar especially for extreme
Pop. A sources i.e. when Fell is stronger than HB then de-
creasing to solar or slightly super-solar values in Pop. B
sources (Shin et al. 2013, Sulentic et al. 2014).

4 Radius of BLR and black hole mass

If we know the product of ny and U then we can estimate
rpLRr by inverting Eq. (1):
1

1 +o00 Lu 2
rLR = const.(Uny) ™ 2 (/ h—dv) 2)
Vo v
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where the first and second bracketed factors represent the
physical conditions and the number of ionizing photons re-
spectively. This technique has been applied by several au-
thors in past decades (Padovani et al. 1990; Wandel et al.
1999). The recent analysis of Negrete et al. (2013) showed
that there is very good agreement between rgL R estimates
based on the photon flux and ct—most likely better than es-
timates obtained from the correlation between ct and lumi-
nosity (ct oc L§ where a = 0.5-0.7, with a ~ 0.53; Bentz
et al. 2013), on which virial black hole mass estimates in
high redshift quasars are based (e.g., Shen and Liu 2012).

4.1 Implications for the virial broadening estimator

The Hp profile is unshifted within 4200 kms~! and sym-
metric in most Pop. A sources. Measurements of the HS (or
Mgi112800) line width are therefore considered the safest
virial broadening estimator and was recently confirmed for
~80 % of Pop. A sources. Population B sources show more
complex profiles where often shows Hp redshifts and red-
ward asymmetries (Punsly 2010; Marziani et al. 2013). Shift
amplitudes are however modest with shift/width ratios typ-
ically below 0.2 allowing one to extract a reasonable virial
broadening estimator also for Pop. B sources. In order to ac-
count for non-virial motions in the integrated line profiles
it has proven effective to isolate three line profile compo-
nents: (1) an almost unshifted and symmetric broad compo-
nent (BC) assumed to be broadened by virial motion, (2) an
occasional blueshifted component (similar to CIV) due to
gas outflows and (3) for Pop. B only, a very broad compo-
nent (VBC) involving the HB emitting region that produces
no Fell. The VBC can be interpreted as arising in the inner-
most (highest ionization) part of the Balmer line emitting
region (Hu et al. 2012).

A measure of the BC component width in UV lines
other than C1vA1549 and Ly« is needed to facilitate black

Mark 335 Mark 335
0 Sillt /Al 0
p AlllCIV E cmsin
Sil/civ Silll/civ
=) o]
> 2 / o2 /
g o
4 = ’
-3 high densit 3 Irﬁghdigﬂiszlgion
low ionization cli/civ
-4 -4
7 8 9 10 11 12 13 14 7 8 9 10 11 12 13 14
Log n, Log ny

Fig. 3 The parameter plane U-ny, with isopleths of constant emis-
sion line ratio, for the case of Mark 335. Left panel: high density, low
ionization solution; right: low density, high ionization solution. Black
and grey lines trace ratios involving CI11A 1909 and Al111A 1860 respec-
tively. See text for more details

hole mass measurements for high redshift quasars. The
C1vA1549 profile width is unreliable for My estimates,
especially for Pop. A sources (Netzer et al. 2007; Sulentic
et al. 2007; Fine et al. 2010), and Ly« is frequently contam-
inated by absorption features. Negrete et al. (2013) and Ne-
grete et al. (2014) recently compared HST archival spectra
and optical observations for several type-1 AGNs. These au-
thors verified that BC FWHM measures for HB are in very
good agreement with FWHM measures for Sill1A1892 and
Al11A 1860 that can be considered as the best virial broaden-
ing estimators in the far UV along with Mg11A2800 (Trakht-
enbrot and Netzer 2012; Marziani et al. 2013, and references
therein). The virial My mass can then be computed taking
into account that the structure factor is also changing along
eigenvector 1 (Collin et al. 2006).

4.2 The case of Mark 335
Mark 335 (PG 0003+199) is a low-z quasar with archival
FOS observations as well as extensive monitoring that has

lead to an accurate cross correlation lag estimate, logct &~
16.61 [cm] (Kaspi et al. 2000; Kollatschny et al. 2006; Bentz
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Fig. 4 Left: archival
spectroscopic UV observations
available for analysis, by
instruments, for a sample of 89
PG quasars (data from Shin

et al. 2013). Right: differential
and cumulative S/N
distributions for the available
observations.

® Notfound ® Bad @® COS

® FOS @ IUE

et al. 2013). The C1vA1549 and C11A1909 spectral ranges
are shown in Fig. 2. Analysis of emission line blends is es-
pecially straightforward in this case because lines appear to
be dominated by the virial BC with only minor C1vA1549
blueshifted emission. Figure 2 shows line profiles fit with
a Lorentzian function that is appropriate for Population A
sources (e.g., Zamfir et al. 2010). Figure 3 shows the iso-
pleths of constant diagnostic ratios. Their crossing points
identify low density (logngU ~ 7.91 [cm ™3], left) and high
density solutions (logngU 2 9.94 [cm ™3], right). The high
density solution is close to the one obtained by using the
measured ¢t in Eq. (2), logngU ~ 10.39 [cm>]. Using
Eq. (2) to estimate logr we obtain 16.83 [cm 3] with a dif-
ference of 0.22 dex from the reverberation value (Negrete
et al. 2014).

5 MAST inspection

Unbiased quasar evolution studies on black hole mass, Ed-
dington ratio, and chemical abundances require samples at
low and high-z that match their luminosity distributions and
that cover the same rest frame range (Willott et al. 2010;
Sulentic et al. 2014). The Mikulski Archive for Space Tele-
scope (MAST) provides the backbone for statistical analy-
sis of low-z AGN UV properties and for comparisons with
high-z sources. The Palomar Green (Green et al. 1986) sur-
vey has played an important role in the analysis of op-
tical observations for low-z, bright quasars. A search of
MAST indicates that only 50 % of PG sources have usable
HST spectra (Shin et al. 2013) while 1/6 have no data at
all (Fig. 4). The S/N distribution also indicates that most
sources have data whose quality is inferior to available op-
tical observations. Therefore, the number of low-z sources
with high S/N UV spectra is insufficient to yield a pool wide
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89 PG Quasars: UV observations
covering the range Lya - CIVA1549
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enough to sample the low-z phenomenology with high sta-
tistical significance. There is a problem of completeness that
is even worse if obscured/type-2 AGNs are considered (e.g.,
Roig et al. 2014). The relative scarcity of data has a strong
impact on our understanding of key issues. Several studies
still do not reach a consensus on whether metallicity Z is
correlated with luminosity, Eddington ratio, or black hole
mass (e.g. Matsuoka et al. 2011; Shin et al. 2013, and refer-
ences therein). In addition, very few sources have been mon-
itored in the UV where HIL profile changes may be associ-
ated to the high-ionization outflow properties.

6 Conclusion

Rest frame UV emission line measures are crucial to our
understanding of physical conditions in quasars. They make
possible estimates of emitting region radius, black hole
mass, Eddington ratio, etc. The 4D Eigenvector 1 formalism
allows us to contextualize the diagnostic analysis of sources
that are physically and structurally different. Archives from
past/present space missions have been extremely valuable
in obtaining key information about the inner structure of
quasars, most notably strong evidence for significant out-
flows in a large fraction of sources. Much is still needed in
terms of population coverage and data quality in order to
address key issues related to metallicity and to outflows that
ultimately may provide feedback effects relevant to the evo-
lution of the host galaxies.
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