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SDSS sky coverage to date
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SDSS filter curves, both with and without the atmosphere. 

Covers the full 
atmospheric window
reachable with CCDs. 



4.5 < z < 5.4 qsos

When the
SDSS started,
the quasar 
redshift record
was z=4.9.
We now have
>50 objects with
higher z.

z > 4.5 quasars



Finding the highest-redshift
quasars

• When the Ly a forest moves into the i-band, an
object is detected only in the z-band. These are
objects with redshift > 5.7.

•  Cosmic rays hitting the detector can masquerade
as false objects.

• Brown dwarfs have similarly red colors, and are
much more common than high redshift quasars.

• To clean these out, we need to go to the next
color-color diagram, involving the J band at 1.3
microns.



Quasars are red
in i-z, but blue
in z-J.

We have now discovered
the nineteen highest redshift
quasars using this technique. 

Fan et al 2004



High-redshift quasars look pretty wimpy
(and rather red) in optical images…



19 quasars with z>5.7



Composite Spectrum at low and high redshift

Fan et al. 2004

Quasar spectra at high redshift are completely normal!



A spectrum into the near-IR.  A quasar with
solar metallicity (and an associated broad

absorption line).
Goodrich et al 2002



The Mg II/Fe II emission ratio of high-z quasars is the same
as that at low redshift

Pentericci et al. 2005
VLT near-IR spectra



X-ray spectral slope is independent of redshift

Vignali et al. 2003



The high-z quasars are not gravitationally
split.  HST ACS images are consistent with a

point source.
Richards et al 2004

ACS image of the quasar Residuals after subtracting off the PSF

More on this subject later…



The z=6.42 quasar is detected
in three lines of CO!

Walter et al. 2003; Bertoldi et al. 2003

Plateau de Bure, VLA.  A 
molecular gas mass of 
1010 solar masses,
T=100 K. 

These numbers are actually
typical of very luminous quasars
at redshift 2. 

Note that this gives a very accurate
determination of the quasar’s 
redshift. 



Walter et al. 2004

VLA A array
resolves CO(3-2)
line both spatially
and spectrally.
Dynamical mass
of 10 billion suns
within 2 kpc; gas
mass is about the
same…
Is there room for
a massive bulge?



High-Redshift Quasars are “Normal”
• Metallicities are solar or above.
• Optical spectrum and continuum (redward of

Lyman a) is no different from that at lower
redshift.

• X-ray to optical ratio, and X-ray spectral slopes,
are independent of redshift.

• Associated molecular gas mass typical of that at
lower redshift.

• Fractions of radio-loud quasars and Broad
Absorption Line Quasars are normal.

• Environments? Clustering properties?  Far-IR
SED’s?



What about
the IGM?



Many hour exposures on the Keck telescope

(actually, 6.42)

Ly aLy b

White et al. 2003



White et al. 2003

 universe highly
ionized in this  
line of sight!     

Completely dark
G-P trough         

Measuring nothing with exquisite precision: 10 hours on Keck
for each object.   But the different lines of sight give different
answers!



Leaky IGM at z~6
• Deep narrow band ACS imaging

– Lya transmission is point-like, and
coincides with the quasar position

  ‡ this is IGM transmission at z~6, not
an intervening galaxy at z=4.9

• Gunn-Peterson Lyg trough shows no sign
of Lya break in continuum of putative
galaxy (Oh & Furlanetto 2004)

• t≈7, line of sight is highly ionized

White, Becker, Fan 
and Strauss 2004



Gunn-Peterson
Troughs in the

Highest-redshift
Quasars

• Four quasars known at z>6.2
• Strong, almost complete Lya and

Lyb absorption in all four objects
immediately blueward of Lya
emission…

• None of the quasars at z<6.2
shows any G-P troughs
– There is no Gunn-Peterson

trough at  zabs<5.8
– Transition happens at z>5.8…

• But LOS variation is significant…



The Story in 2001 (4 quasars…)

Becker et al. 2001



Line of sight variations at the end of ionizing
bubble overlapping phase?

– The “last transmitting” redshift ranges from 5.85 to 6.15
– Non-uniform reionization?
– Expected if ionizing sources rare/clustered and HII bubbles have

large sizes, as suggested at this meeting.



 Constraining the Reionization
Epoch

• Neutral hydrogen fraction
– Volume-averaged  HI

fraction > 0.1% at z~6
• From G-P alone:

– There is still a long way to
go from t>10 to t ~100,000

– Gunn-Peterson test only
sensitive to small neutral
fraction and saturates at
large neutral fraction

– Need more sensitive tests
to probe larger neutral
fraction

Fan et al. in prep

mass ave.

vol. ave



Size of Stromgren Sphere

• Sharp transition at the end of
quasar proximity zone implies
the boundary of HII region
around quasar

• Size of HII region a function of
quasar life-time and neutral fraction
of the IGM
– Assume 107 yr lifetime ‡ n(HI)

higher than 10% at least for some
lines of sight

– Calculation dependent on lifetime as
well as detailed radiative transfer…

Wyithe and Loeb, Mesinger and  Haiman 



Understanding the source of the
ionizing photons

• Quasars probably can’t
do the trick by
themselves, but to
quantify this properly
requires knowing the
quasar luminosity
function.

• Luminous quasars are
very rare at z~6!

Fan et al. 2004



Optical depth to lensing is not
that high…

   161 quasars
with 4 < z < 6.4
observed with
ACS in HST;
none showed
evidence for
lensing.  Puts a
constraint in the
LF slope/break
plane.

Richards et al. 2005b



A crucial question: the shape and
slope of the LF at the faint end…

• 5645 quasars
with g < 21.85
selected from
SDSS imaging,
observed with
2dF at AAT.
UV excess
sources, almost
all with z < 2.5.
Best-fit slope b
-1.45 at faint
end. No sharp
break…

Richards et al. 2005a



The Luminosity Function from
the full SDSS

• Not the same dynamic
range in luminosity, but a
much greater range of
redshift.

• Luminous quasars show
the familiar peak at
z=2.5-3 (a redshift at
which selection is quite
incomplete).

Richards et al. 2005c



Conclusions
• We have discovered 19 quasars with z>5.7.  Three of the

four with z>6.2 show Gunn-Peterson troughs, but the quasar
at z=6.4 has an optical depth of < 6. Reionization is not a
clean phase transition in redshift!

• High-redshift quasars themselves show no characteristics
that distinguish them from lower-redshift quasars.

• Understanding the source of ionizing photons will require
measurement of the faint end of the quasar LF.  The LF
slope is shallower at higher redshift than low, but we know
little about any possible break.

• Yesterday marked the public release of SDSS Data Release 4
(>800,000 spectra, imaging over 6670 deg2).

                         http://www.sdss.org/dr4



The Future
• The SDSS will find 5-10 more high-z quasars before the end

of the survey.  We have reached our redshift limit.  We will
also get a few fainter high-z quasars from two-mag deeper
scans over 200 deg2 in the South Galactic Cap. Future
surveys going fainter will be valuable for LF.

• Surveys like Pan-STARRS, LSST will push to z~7 with the
Y-filter.  UKIDSS may get there first with YJHK
photometry (see Steve Warren’s poster).

• High S/N, high-resolution spectroscopy for the full sample
will be valuable.   Look for (unsaturated) OI absorption, as
suggested by Oh (2002).  See Wal Sargent’s talk tomorrow.

• More modelling to fit the observed variation in Lya optical
depth is clearly needed!


