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The above common argument is also wrong at a higher level.
This argument declares the 1:7 < z ! 6:6 region to be uninter-
esting within the concordance cosmology. But this is presump-
tive that the concordance cosmology is correct. (Similarly, back
in 1997, I was told by a theorist that it was pointless to measure
the HD to z ¼ 1 since it would merely confirm the then concor-
dance cosmology of !M ¼ 1 and!" ¼ 0.) Science advances by
exploring unexplored regions and by performing critical tests of
standard wisdom. (And the standard wisdom of the now concor-
dance cosmology is only a few years old.) Who knows what we
will find in the 1:7 < z ! 6:6 HD, and we will not know unless
we look. It would be unwise for the community to ignore 1:7 <
z ! 6:6 as uninteresting, especially as the GRB data are cur-
rently flowing in for free from Swift.

A disadvantage of supernovae for HD work is that the optical
light can be dimmedwith distance. Two serious mechanisms have
been proposed. The first is that the optical light will be achro-
matically dimmed by gray dust and hence not corrected for in the
usual dereddening (Aguirre 1999a, 1999b). Simple versions of
this mechanism have been excluded, but the possibility that the
dust density changes with redshift has not been excluded (Riess
et al. 2004). The possibility of gray dust changing over time to
match the predictions of the concordance cosmology seems con-
trived, but it is possible. The second mechanism is that the op-
tical light will be achromatically dimmed by refraction in Ly!
clouds along the line of sight (Schild & Dekker 2006). This idea
remains largely unexplored. GRBs as cosmological tools are
completely immune to both problems.

A likely serious problem for the supernova HD is that the pro-
genitor population of Type Ia supernovae undoubtedly evolves
in time, so that high-redshift events might have a substantially
different calibration from nearby events, thus leading to a distor-

tion of the HD. This is a reasonable possibility because the pro-
genitors formed in the young universe will have lower metallicity
than progenitors formed in recent times, and the metallicity might
have a noticeable effect on the supernova peak brightnesses and
decline rates. The primary defense is that the spectra of super-
novae at zP 1 appear similar to those of nearby events (Perlmutter
et al. 1997, 1999), and this is good for putting some crude upper
limit on the size of the evolution effects. However, the peak bright-
nesses of supernovae are correlated with the galaxy type, and gal-
axy types evolve as we look back to higher redshifts, so we have
observational evidence that the evolution effect is significant.
Detailed calculations under various scenarios (Domı́nguez et al.
2001, 2003) show that the progenitor evolution effects are roughly
0.2 mag from z ¼ 0 to 1. This is comparable to the size of the
cosmological effects over the same redshift range. As such, the
supernova HD cannot be used for precision cosmology until
the evolution issue is resolved. And there is currently no resolution
of the long-standing question of whether the progenitors are re-
current novae, double white dwarfs, supersoft binary systems, or
symbiotic stars. Without knowing the identity of the progenitors,
how can we evaluate the evolution of peak brightnesses as we go
to high redshift? In all, supernovae cannot be applied to HD ques-
tionswhere systematic changes of less than#0.2mag from low to
high redshift are critical.
Do GRBs have the same problem with evolution? I argue that

GRBs do not have any problems with evolution. My reason is
that the physical mechanisms that create the luminosity relations
are thought to be based on light-travel times, the degree of rela-
tivistic beaming, and energy conservation in the shocked mate-
rial, with none of these mechanisms changing as we look back in
our universe. The metallicity of the GRB progenitor or the sur-
rounding interstellar medium does not change the speed of light
or the relativistic effects that are the basis for the luminosity rela-
tions. The metallicity might affect the GRB luminosity, but then
the physics of the luminosity relations would simply indicate the
corresponding luminosity and the distance would be correctly
deduced. The population of GRBs might drift, for example, in
luminosity as we look back to high redshift, but the luminosity
indicators will still give the correct luminosity for each individ-
ual burst. And this is all we need for GRBs to have zero evolution
effects. This argument should be examined further, but in the
meantime, we are left with a situation where GRBs have arguably
zero evolution effects while supernovae have currently unknown
evolution effects that can get as large as the signal being sought.
Do either GRBs or Type Ia supernovae have an advantage

concerning the number of outliers that must be rejected? In x 3, I
rejected three GRBs and two rise times out of 72 bursts. For
comparison, Perlmutter et al. (1999) presented their main result
with 6 rejected outliers out of 60 supernovae. Riess et al. (2004)
rejected 29 supernovae (out of 186) to form their gold sam-
ple, with the causes largely being due to uncertain classifications,
too few points in the light curves, and high extinctions. Many
well-observed supernovae are known to be distant outliers (not
even counting the superluminous SN 1991T and subluminous
SN1991bg events), including S Andromedae (de Vaucouleurs &
Corwin 1985; Fesen et al. 1989), SNLS-03D3bb (Howell et al.
2006), SN 2005hk (Phillips et al. 2006; Stanishev et al. 2006),
SN 2002cx (Li et al. 2003), SN 2003gq (Jha et al. 2006), SN
2005P (Jha et al. 2006), SN 2005cc (Antilogus et al. 2005), and
SN 1006 (Schaefer 1996a, 1996b). Apparently, Type Ia super-
novae have a higher percentage of outliers than GRBs, but I do
not think that this is important for the relative merits. Outliers are
not important for either Type Ia supernovae or GRB HD work

Fig. 16.—HD for a representative range of cosmological models. The con-
cordance cosmology (with!M ¼ 0:27 in a flat universe withw ¼ $1) is now the
standard and default based on the supernovameasures of the HD up to z < 1 with
a handful up to z < 1:7. But many dozens of reasonable models for the equation
of state for the dark energy, as well as for alternatives to general relativity, have
been proposed (cf. Szydyowski et al. 2006). Three representative alternatives are
theWeyl gravity (Mannheim2006)with q0 ¼ $0:2, aChaplygin gas (Kamenschik
et al. 2001) with A ¼ 0:5, and the Riess cosmology of w ¼ $1:31þ 1:48z as
based on the best fit to the gold sample of supernovae (Riess et al. 2004).Many of
these models show miniscule differences up to z # 1:5 yet large differences for
z > 3. This figure has three points: First, many reasonable alternatives to the con-
cordance cosmology exist. Second, distinguishing between these cosmologies at
the relatively low redshifts available to supernovae will be hard due to the small
differences that could get hidden by systematic errors (Domı́nguez et al. 2001,
2003). Third, distinguishing between these cosmologies at redshifts >3 is easy
due to the large differences uniquely measured with GRBs.
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A luminous quasar at a redshift of z 5 7.085
Daniel J. Mortlock1, Stephen J. Warren1, Bram P. Venemans2, Mitesh Patel1, Paul C. Hewett3, Richard G. McMahon3,
Chris Simpson4, Tom Theuns5,6, Eduardo A. Gonzáles-Solares3, Andy Adamson7, Simon Dye8, Nigel C. Hambly9, Paul Hirst10,
Mike J. Irwin3, Ernst Kuiper11, Andy Lawrence9 & Huub J. A. Röttgering11

The intergalactic medium was not completely reionized until
approximately a billion years after the Big Bang, as revealed1 by
observations of quasars with redshifts of less than 6.5. It has been
difficult to probe to higher redshifts, however, because quasars have
historically been identified2–4 in optical surveys, which are insensitive
to sources at redshifts exceeding 6.5. Here we report observations of
a quasar (ULAS J112001.481064124.3) at a redshift of 7.085, which
is 0.77 billion years after the Big Bang. ULAS J112010641 has a
luminosity of 6.3 3 1013L[ and hosts a black hole with a mass of
2 3 109M[ (where L[ and M[ are the luminosity and mass of the
Sun). The measured radius of the ionized near zone around
ULAS J112010641 is 1.9 megaparsecs, a factor of three smaller than
is typical for quasars at redshifts between 6.0 and 6.4. The near-zone
transmission profile is consistent with a Lya damping wing5, suggest-
ing that the neutral fraction of the intergalactic medium in front of
ULAS J112010641 exceeded 0.1.

ULAS J112010641 was first identified in the United Kingdom
Infrared Telescope (UKIRT) Infrared Deep Sky Survey6 (UKIDSS)
Eighth Data Release, which took place on 3 September 2010. The

photometry from UKIDSS, the Sloan Digital Sky Survey7 (SDSS)
and follow-up observations on UKIRT and the Liverpool Telescope
(listed in Fig. 1) was consistent8 with a quasar of redshift z> 6.5.
Hence, a spectrum was obtained using the Gemini Multi-Object
Spectrograph on the Gemini North Telescope on the night beginning
27 November 2010. The absence of significant emission blueward of a
sharp break at l 5 0.98mm confirmed ULAS J112010641 as a quasar
with a preliminary redshift of z 5 7.08. Assuming a fiducial flat cos-
mological model9 (that is, cosmological density parameters Vm 5 0.26,
Vb 5 0.024, VL 5 0.74 and current value of the Hubble parameter
H0 5 72 km s21 Mpc21), ULAS J112010641 is seen as it was 12.9 billion
years (Gyr) ago, when the Universe was 0.77 Gyr old. Although three
sources have been spectroscopically confirmed to have even higher red-
shifts, two are faint JAB > 26 galaxies10,11 and the other is a c-ray burst,
which has since faded12. Indeed, it has not been possible to obtain high
signal-to-noise ratio spectroscopy of any sources beyond the most dis-
tant quasars previously known: CFHQS J0210 – 0456 (ref. 13) (z 5 6.44),
SDSS 114815251 (ref. 3) (z 5 6.42) and CFHQS J232910301
(ref. 14) (z 5 6.42). Follow-up measurements of ULAS J112010641 will

1Astrophysics Group, Imperial College London, Blackett Laboratory, Prince Consort Road, London SW7 2AZ, UK. 2European Southern Observatory, 2 Karl-Schwarzschild Strasse, 85748 Garching bei
München, Germany. 3Institute of Astronomy, Madingley Road, Cambridge CB3 0HA, UK. 4Astrophysics Research Institute, Liverpool John Moores University, Twelve Quays House, Egerton Wharf,
Birkenhead CH41 1LD, UK. 5Institute for Computational Cosmology, Department of Physics, University of Durham, South Road, Durham DH1 3LE, UK. 6Universiteit Antwerpen, Campus Groenenborger,
Groenenborgerlaan 171, B-2020 Antwerpen, Belgium. 7Joint Astronomy Centre, 660 North A’ohōkū Place, Hilo, Hawaii 96720, USA. 8School of Physics and Astronomy, University of Nottingham, University
Park, Nottingham NG7 2RD, UK. 9Institute for Astronomy, SUPA (Scottish Universities Physics Alliance), University of Edinburgh, Royal Observatory, Blackford Hill, Edinburgh EH9 3HJ, UK. 10Gemini
Observatory, 670 North A’ohōkū Place, Hilo, Hawaii 96720, USA. 11Leiden Observatory, Leiden University, PO Box 9513, NL-2300 RA Leiden, The Netherlands.
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Follow–up photometry of ULAS J1120+0641:
Fλ,i = (0.1 ± 0.4) × 10–17 W m–2 μm–1; iAB        25
Fλ,z = (0.6 ± 0.2) × 10–17 W m–2 μm–1; zAB       24
Fλ,Y = (8.1 ± 0.4) × 10–17 W m–2 μm–1; YAB  =  20.3
Fλ,J = (6.0 ± 0.4) × 10–17 W m–2 μm–1; JAB  =  20.2

~> 
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Figure 1 | Spectrum of ULAS J112010641 and a composite spectrum
derived from lower redshift quasars. Blueward of 1.005mm the spectrum was
obtained using the FORS2 on the Very Large Telescope (VLT) Antu using a
1.099 wide longslit and the 600z holographic grism, which has a resolution of
1,390; the resultant dispersion was 1.6 3 1024mm per pixel and the spatial scale
was 0.2599 per pixel. The full FORS2 spectrum covers the wavelength range
0.75mm # l # 1.03mm. Redward of 1.005mm the data were obtained using the
GNIRS on the Gemini North Telecope. The GNIRS observations were made in
cross-dispersed mode using a 32 lines per mm grating and the short camera
used a pixel scale of 0.1599 per pixel; with a 1.099 slit this provided a resolution of
500. The full GNIRS spectrum covers the wavelength range
0.90mm #l# 2.48mm. The data are binned by a factor of four and are shown
in black; the 1s error spectrum is shown below the observed spectrum. The

wavelengths of common emission lines, redshifted by z 5 7.085, are also
indicated. The solid red curve shows a composite spectrum constructed by
averaging the spectra of 169 SDSS quasars in the redshift interval 2.3=z=2.6
that exhibit large C IV emission line blueshifts. Absorption lines in the SDSS
spectra were masked in forming the composite. The composite is a strikingly
good fit to the spectral shape of ULAS J112010641 and most of its emission
lines, although it was not possible to match the extreme C IV blueshift. The Lya
and C IV equivalent widths of the SDSS quasars are strongly correlated; the fact
that the equivalent width of C IV from the composite spectrum is similar to that
of ULAS J112010641 implies that the Lya line is also correctly modelled. The
dashed red curve shows the power-law (Fl / l20.5) used to estimate the
quasar’s ionizing flux. The follow-up photometry of ULAS J112010641 is also
listed.
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fact, the RBLR–L relationship appears to be remarkably consistent over four orders of magnitude

in luminosity among these AGNs. Furthermore, the relationship is remarkably consistent with

the expectation from simple photoionization arguments. Specifically, it was first pointed out by

Davidson (1972) that we can define the ionization parameter of a broad line region cloud as

U =
Q(H)

4πR2cne
, (3)

where R is the distance from the central source, c is the speed of light, ne is the electron number

density, and

Q(H) =

∫ ∞

ν1

Lν

hν
dν (4)

is the flux of hydrogen ionizing photons emitted by the central source. Under the assumptions that

the ionization parameters and particle densities are about the same for all AGNs, one finds that

R ∝ Q(H)1/2, (5)

so that the radius at which a particular emission line is most likely to be emitted is a simple function

of the intensity of the ionizing flux. Further assuming that the ionizing continuum shape is not a

function of luminosity, such that L ∝ Q(H), we expect

R ∝ L1/2. (6)

The above arguments certainly gloss over many of the finer details of BLR photoionization physics,

but this seems to matter little as the observed relationship matches this simplistic expectation

quite well. This particular prediction of photoionization physics, namely that the size of the BLR

should scale with the luminosity of the central source, was looked for in the very early days of

reverberation mapping experiments, when the first BLR sizes were being measured (Koratkar &

Gaskell 1991). It took another decade, however, for the BLR measurements to span a large enough

dynamic range so that the relationship was clearly detected, despite the large initial scatter (Kaspi

et al. 2000).

More recent work on the physical basis for an RBLR–L relationship, spurred on by the ini-

tial and continuing successes of the reverberation mapping method including near-IR photometric

reverberation mapping (Suganuma et al. 2006), has focused on the role of dust and the dust subli-

mation radius in setting the size of the BLR. The importance of dust was first noted by Netzer &

Laor (1993) and has been analyzed more recently by Goad et al. (2012), among others. The upshot

of many of these models is that the outer edge of the BLR is bounded by the dust sublimation

radius, perhaps coincident with the inner edge of the dusty torus-like structure of the unified model

Antonucci (1993). Outside the dust sublimation radius, the line emission from the dusty gas is

suppressed by a large factor because the dust grains absorb many of the incoming ionizing pho-

tons as well as the emitted line photons, effectively creating an outer edge for the BLR. A natural

consquence of a central ionizing source with a variable flux is that the dust sublimation radius will

respond to these flux variations. An increase in ionizing photons will destroy many dust grains
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from either low-variability amplitude in the emission-line light
curves or monotonically increasing or decreasing continuum
light curves. In four objects the C iv light curve tracks the con-
tinuum’s monotonic variation (SBS 1116+603, SBS 1233+594,
SBS 1425+606, and HS 1700+6416).We note that the monotonic
variation trend for these objects is unlikely to continue indef-
initely. We expect that at some point, there will be a ‘‘break’’ in
each of these cases, permitting the eventual measurement of a
lag. However, the one current exception to this state of affairs is
S5 0836+71; although the data for this quasar are still not ideal
in terms of the criteria above, they do allow a preliminary mea-
surement of the emission line to continuum lag. The continuum
light curve for this object displays a general rise until 2002 June,
followed by a sharp drop in flux. This light curve has the largest
variation among all our monitored quasars, and the light curves
of both C iv and C iii] display the largest variations among all the
emission-line light curves. Both emission-line light curves seem
to follow the general trend of the continuum light curves, although
the C iv light curve seems to have a much larger time lag than the
C iii] light curve.

To quantify the time lag, we use two methods for cross-
correlating the line and continuum light curves. The first method
is the interpolated cross-correlation function (ICCF), as imple-
mented byWhite&Peterson (1994; see also the review byGaskell
1994). The second method is the z-transformed discrete corre-
lation function (ZDCF) of Alexander (1997). The two methods
yield similar results for the current data, and we use only the
ICCF results in the following analyses. The results of the cross-
correlation analysis are presented in Figure 5.

The CCFs for S5 0836+71 show enough structure to permit
estimation of a time lag. The clearest case is the correlation be-
tween the C iv line and the continuum. To quantify the possi-
ble time lag and its uncertainty, we use the model-independent
FR/RSSMonte Carlo method of Peterson et al. (1998b, 2005).
In this method, eachMonte Carlo simulation is composed of two
parts. The first is a ‘‘random subset selection’’ (RSS) procedure
that consists of randomly drawing, with replacement, from a light
curve of N points a new sample ofN points, while preserving the
temporal order. The second part is ‘‘flux randomization’’ (FR),
in which the observed fluxes are altered by random Gaussian
deviates scaled to the uncertainty ascribed to each point. The two
resampled and altered time series are cross-correlated using the
ICCFmethod, and the centroid of the CCF is computed.We used
!10,000Monte Carlo realizations to build up a cross-correlation
centroid distribution (CCCD; e.g., Maoz & Netzer 1989). The
mean of the distribution is taken to be the time lag, and the un-
certainty is determined as the range that contains 68% of the
Monte Carlo realizations in the CCCD, and thus would corre-
spond to 1 ! uncertainties for a normal distribution.

We find the time lag between the C iv line and the continuum
of S5 0836+71 to be 595þ86

#110 days, or 188
þ27
#37 days in the quasar

rest frame. However, 17% of the CCCD simulations failed to
produce significant centroid measurements. This may indicate
that the quality of the data render this analysis premature. The
cross-correlation of the C iii] light curvewith the continuum yields
a peak around zero time lag.A formal CCCDgives#152þ199

#182 days,
which is#48þ63

#57 days in the rest frame, but the CCCD function is
not simple, with several peaks within this uncertainty range. We
note that the only AGNs in which (rather uncertain) C iii] time
lags have been estimated to date are NGC 5548 (Peterson et al.
2004 and references therein) and NGC 4151 (Metzroth et al.
2006).

Until recently, only four AGNs had measured C iv reverbera-
tion time lags: NGC 3783, NGC 5548, NGC 7469, and 3C 390.3

(see Peterson et al. 2004 for a summary). Peterson et al. (2005)
have now measured the C iv time lag also for the low-luminosity
Seyfert galaxy NGC 4395, which is 4 orders of magnitude lower
in luminosity than those four AGNs, permitting a first estimate
of the BLR radius-luminosity relationship for the C ivYemitting
region. Our preliminary determination of the C iv time lag for
S5 0836+71 allows us to extend this relation to 7 orders of mag-
nitude in luminosity. In Figure 6 we show the data as presented
by Peterson et al. (2005), as well as their adopted best-fit relation
(dotted line), towhichwehave added the data point for S5 0836+71.
The rest-frameUV luminosity of S5 0836+71 has been computed
from the mean flux during our observations. We have corrected
the luminosity for a Galactic extinction of AV ¼ 0:101 from
Schlegel et al. (1998) using the extinction curve of Cardelli et al.
(1989). We find the luminosity to be kLk(1350 8) ¼ (1:12%
0:16) ; 1047 ergs s#1. Our new data point deviates from the ex-
trapolation of the fit by Peterson et al. (2005), which would pre-
dict a rest-frame time delay for S5 0836+71 of 372Y1865 days.
We note that, due to the current length of our program, we are
sensitive to time lags of up to about 1000 days in the observer
frame.
Most previous reverberation mapping experiments have mea-

sured the Balmer emission lines, in particular H". For the four
AGNs above, H" reverberation measurements exist, in addition
to the C ivmeasurements (Peterson et al. 2004). The scaling be-
tween the BLR sizes of the two lines is important, since it is the
means by which the BLR size from C iv reverberation mapping
of high-luminosity quasars can be compared to the BLR size
from H" reverberation mapping of Seyferts and low-luminosity
quasars. For NGC 3783, NGC 5548, and NGC 7469 the H"

Fig. 5.—Cross-correlation functions, ICCF (solid curves) and ZDCF (circles
with error bars), between the continuum and the emission-line (C iv, top; C iii],
bottom) light curves of S5 0836+71 from Fig. 3.
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from either low-variability amplitude in the emission-line light
curves or monotonically increasing or decreasing continuum
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SBS 1425+606, and HS 1700+6416).We note that the monotonic
variation trend for these objects is unlikely to continue indef-
initely. We expect that at some point, there will be a ‘‘break’’ in
each of these cases, permitting the eventual measurement of a
lag. However, the one current exception to this state of affairs is
S5 0836+71; although the data for this quasar are still not ideal
in terms of the criteria above, they do allow a preliminary mea-
surement of the emission line to continuum lag. The continuum
light curve for this object displays a general rise until 2002 June,
followed by a sharp drop in flux. This light curve has the largest
variation among all our monitored quasars, and the light curves
of both C iv and C iii] display the largest variations among all the
emission-line light curves. Both emission-line light curves seem
to follow the general trend of the continuum light curves, although
the C iv light curve seems to have a much larger time lag than the
C iii] light curve.

To quantify the time lag, we use two methods for cross-
correlating the line and continuum light curves. The first method
is the interpolated cross-correlation function (ICCF), as imple-
mented byWhite&Peterson (1994; see also the review byGaskell
1994). The second method is the z-transformed discrete corre-
lation function (ZDCF) of Alexander (1997). The two methods
yield similar results for the current data, and we use only the
ICCF results in the following analyses. The results of the cross-
correlation analysis are presented in Figure 5.

The CCFs for S5 0836+71 show enough structure to permit
estimation of a time lag. The clearest case is the correlation be-
tween the C iv line and the continuum. To quantify the possi-
ble time lag and its uncertainty, we use the model-independent
FR/RSSMonte Carlo method of Peterson et al. (1998b, 2005).
In this method, eachMonte Carlo simulation is composed of two
parts. The first is a ‘‘random subset selection’’ (RSS) procedure
that consists of randomly drawing, with replacement, from a light
curve of N points a new sample ofN points, while preserving the
temporal order. The second part is ‘‘flux randomization’’ (FR),
in which the observed fluxes are altered by random Gaussian
deviates scaled to the uncertainty ascribed to each point. The two
resampled and altered time series are cross-correlated using the
ICCFmethod, and the centroid of the CCF is computed.We used
!10,000Monte Carlo realizations to build up a cross-correlation
centroid distribution (CCCD; e.g., Maoz & Netzer 1989). The
mean of the distribution is taken to be the time lag, and the un-
certainty is determined as the range that contains 68% of the
Monte Carlo realizations in the CCCD, and thus would corre-
spond to 1 ! uncertainties for a normal distribution.

We find the time lag between the C iv line and the continuum
of S5 0836+71 to be 595þ86

#110 days, or 188
þ27
#37 days in the quasar

rest frame. However, 17% of the CCCD simulations failed to
produce significant centroid measurements. This may indicate
that the quality of the data render this analysis premature. The
cross-correlation of the C iii] light curvewith the continuum yields
a peak around zero time lag.A formal CCCDgives#152þ199

#182 days,
which is#48þ63

#57 days in the rest frame, but the CCCD function is
not simple, with several peaks within this uncertainty range. We
note that the only AGNs in which (rather uncertain) C iii] time
lags have been estimated to date are NGC 5548 (Peterson et al.
2004 and references therein) and NGC 4151 (Metzroth et al.
2006).

Until recently, only four AGNs had measured C iv reverbera-
tion time lags: NGC 3783, NGC 5548, NGC 7469, and 3C 390.3

(see Peterson et al. 2004 for a summary). Peterson et al. (2005)
have now measured the C iv time lag also for the low-luminosity
Seyfert galaxy NGC 4395, which is 4 orders of magnitude lower
in luminosity than those four AGNs, permitting a first estimate
of the BLR radius-luminosity relationship for the C ivYemitting
region. Our preliminary determination of the C iv time lag for
S5 0836+71 allows us to extend this relation to 7 orders of mag-
nitude in luminosity. In Figure 6 we show the data as presented
by Peterson et al. (2005), as well as their adopted best-fit relation
(dotted line), towhichwehave added the data point for S5 0836+71.
The rest-frameUV luminosity of S5 0836+71 has been computed
from the mean flux during our observations. We have corrected
the luminosity for a Galactic extinction of AV ¼ 0:101 from
Schlegel et al. (1998) using the extinction curve of Cardelli et al.
(1989). We find the luminosity to be kLk(1350 8) ¼ (1:12%
0:16) ; 1047 ergs s#1. Our new data point deviates from the ex-
trapolation of the fit by Peterson et al. (2005), which would pre-
dict a rest-frame time delay for S5 0836+71 of 372Y1865 days.
We note that, due to the current length of our program, we are
sensitive to time lags of up to about 1000 days in the observer
frame.
Most previous reverberation mapping experiments have mea-

sured the Balmer emission lines, in particular H". For the four
AGNs above, H" reverberation measurements exist, in addition
to the C ivmeasurements (Peterson et al. 2004). The scaling be-
tween the BLR sizes of the two lines is important, since it is the
means by which the BLR size from C iv reverberation mapping
of high-luminosity quasars can be compared to the BLR size
from H" reverberation mapping of Seyferts and low-luminosity
quasars. For NGC 3783, NGC 5548, and NGC 7469 the H"

Fig. 5.—Cross-correlation functions, ICCF (solid curves) and ZDCF (circles
with error bars), between the continuum and the emission-line (C iv, top; C iii],
bottom) light curves of S5 0836+71 from Fig. 3.
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model was an adequate representation, indicating the continuum
light curves from the spectroscopic and the photometric obser-
vations are in good agreement.

For each object, the total number of photometric and spec-
trophotometric observations is given in Table 1, columns (6) and
(7), respectively (the sum of the two columns gives the total

number of points in the continuum light curve). Note that for
particular emission lines in several objects, some data points are
missing because of insufficient wavelength coverage or low-
S/N. Light curves for the six quasars monitored at the HET are
presented in Figure 3. The different bands used for the flux
measurements in Figure 3 are listed in Table 2 for each object

Fig. 3.—Light curves for the six quasars that have been monitored at the HET. Squares are spectrophotometric data from the HET. Triangles are photometric data from
theWO. Time is given in JulianDate (bottom) andUTdate (top). Continuumflux densities, fk, are given in units of 10

!16 ergs cm!2 s!18!1, and emission-line fluxes are given
in units of 10!14 ergs cm!2 s!1. [See the electronic edition of the Journal for a color version of this figure.]
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  の連続的な窓;　3-­‐5μm	
  の窓	
  
–  柔軟な観測モードに対応、長期モニター観測を実現	
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  :	
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  :	
  years	
  

“Super-­‐MAGNUM”	
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モニター観測による	
  high-­‐z	
  quasar	
  の光度
距離測定	


•  SWIMS	
  による長期分光モニター観測	
  
–  Broad	
  emission	
  lines	
  の	
  reverberaUon	
  mapping	
  

	
  “AGN	
  距離梯子”	
  
–  Hα、Hβ（	
  z	
  <〜	
  3.5）； MgII、CIV	
  	
  （z	
  >〜	
  3）	
  
–  原理的には	
  z=7	
  まで可能	
  

	
  expected	
  Δt	
  rest〜200days	
  for	
  ULAS	
  J1120+0641	
  	
  

•  MIMIZUKU	
  による長期測光モニター観測	
  
–  Dust	
  torus	
  の	
  reverberaUon	
  mapping	
  

	
  光度距離の直接測定	
  
–  Thermal	
  dust	
  emission	
  （z<2）	
  

	
  



まとめ	


•  赤外線分光測光長期モニター観測による	
  high-­‐z	
  quasar	
  
の光度距離測定	
  
–  Toward	
  z〜7;	
  	
  光度距離直接測定	
  →	
  AGN	
  距離梯子	
  
–  TAO	
  の特徴を活かした観測	
  
–  SWIMS	
  :	
  Broad	
  emission	
  lines	
  の	
  RM	
  
– MIMIZUKU	
  :	
  Dust	
  reverberaUon	
  mapping	
  

•  準備	
  
–  ターゲット選定、予備観測	
  

•  By	
  products	
  
–  分光変光データによる放射変光機構の理解	
  
–  ReverberaUon	
  black-­‐hole	
  mass	
  @	
  high-­‐z　→AGN進化	
  
–  AGN	
  物理の理解→光度距離測定精度の向上	
  


