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ABSTRACT

The Sloan Digital Sky Survey (SDSS) will provide the data to support detailed investigations of the
Aistribution of luminous and nonluminous matter in the universs: a photometrically and astrometrically
calibrated digital imaging survey of = sr above about Galactic latitude 307 in five broad optical bands 1o
a depth of g ~ 23 mag and a spectroscopic survey of the approximately ]ﬂf brightest ;g:aJI.u:llnd {1
brightest quasars found in the photometric object catalog produced by the imaging survey. This paper
swmmarizes the observational parameters and data products of the SDSS and serves as an mtroduction
o extensive technical on-ling documentation.
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Scientific Goals:

e A proper accounting of the nature of objects in the local uni-
VETSe

e |arge-Scale Structure from < 1 Mpe to 300 Mpc and beyond
e (Galaxy Clustering of different types of galaxies

e Catalog of Clusters of Galaxies to z = 0.5; the evolution
thereof

e 'I'he Multivariate Manifold of Galaxies

e Faint galaxy counts and photometric redshifts

e Large-Scale Distribution of QQuasars

o 'I'he Evolution of Quasars

e | srge-Scale Structure from Quasar Absorption Lines
e Siar counts and populations; Structure of the Galaxy
e Hoddening map over the survey area

. 'ic"ra'lldipit}'r



Sloan Digital Sky Survey

e Five band imaging, 3000-10,0004, over 1/4 of Celestial Sphere,
to 23rd mag. Images of order 10® stars and galaxies.

e Follow-up spectroscopy of 10° galaxies and 10” quasars.

Primary Telescope
Photometric Telescope
Imaging Camera

Data Rate

I'wo Spectrographs
Kibe S}-’SK-EIII

Hardware

Wide-Field (2.5°) 2.5m R-C, /5.0
20-inch telescope, 1° FOV

30 2048 x 2048 CCD'’s +

24 2048 x 400 CCD’s

5 Mbytes/second = 20 Gbytes/hour

20 square degrees/hour

Fiber-fed, with red and blue cameras
Plug plates, 640 fibers with 3" aperture



Imaging Survey: North

Scan at Sidereal Rate  Exposure Time of 54 sec

Skv Coverage 10,000 square degrees (28% covered twice
Passbands u (35504), g (4685A), r (6165A),
i (7480A), 2z (8930A)
Resolution 1 — 1.5 arcsec
Positional Accuracy 0.10 arcsec
Depth g g =004 v = I3

e S0 A 000
Photometric Calibration Aiming for 2%



SDSS CAMERA
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Imaging Survey: Southern Galactic Cap

Sky Coverage =~ 200 square degrees at 0 = (°
Depth Two magnitudes deeper
# of Exposures ~ 40

Spectroscopic Survey
Fxposure Time 45 minutes
Coverage 3800-9200A= 4096 pixels
Resolution R = 2000 (2.5A= 2 pixels at 5000 A)
[‘hiroughput 28% at peak

(lalaxies 108 with r < 17.7, LSS at 0 < z < 0.2
10° luminous red ellipticals with r < 19.5; z < 04

(Juasars 10°, selected by colors; 1 < 19.1, 0 < 2 < 5.5
\!=0 miscellaneous stars, radio and X-ray sources, etc.

Schedule
irst-light imaging May 1998
Hirst-light spectroscopy  June 1999
Routine operations April 2000
["irst Public Data Release June 2001

Over 2000 square degrees of imaging data thus far, and spectra

200,000 objects.



SDSS Spectra
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SDSS Operations
e Obtain imaging scans of stripes on the sky.

e Photometric Telescope determines atmospheric extinction co-
efficients.

e Photometric Telescope also determines photometric zeropoints
in calibration patches.

e Determine astrometric solution via grid of Tycho/Hipparcos
stars.

e Reduce imaging data to corrected frames, and object catalogs.
e Select Spectroscopic targets according to uniform criteria.

e Assign targets to spectroscopic plates to maximize observing
efficiency.

e Drill spectroscopic plates.

» Hand-plug plates, and determine correspondence between fiber
number and object number using the plate mapper.

e ()bserve plate spectroscopically.
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Power spectrum P(k) [(h-'Mpc)?]
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( Rickards, Fou, Nemberp Se Luimfﬂ'"

Selection of Quasars

e Ordinary stars fall along a one-dimensional locus in color-color
space, depending on surface temperature.

e Low redshift quasars are blue; colors are insensitive to redshift.
Distinguished from hot stars by the lack of a Balmer jump.

e As the Lyman o forest is redshifted into the filters, a quasar’s
colors become red.

e (Juasars with z > 3.5 are reddened in g — 7.
e (Juasars with z > 4.5 are reddened in 7 — 7.

e (Quasars with z > 5.3 are reddened in z — z.

seleetion of outliers in parameter space is quite straightforward.
A quasar candidate is defined as any object far from the stellar
This works because the data are clean and precise; un-
reliable photometry is properly flagged as such.

Bw‘ See Bu'a U‘.'-':Lafis ,La,fk o
aw othe a.ff?rmﬂh using  mivture wodel.
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e The quasar number density drops by a factor of 6 from z = 3.5
to 2 = 5.0.

e Luminosity function slope is shallower than at low-z; incon-
sistent with pure density or luminosity evolution.

e z = 5 quasar is detected at 1.2mm; dust mass of 10% M.

e Discovery of a z = 4.62 quasar without emission lines; several
other examples exist.

e Metal emission lines are present at high redshift.
e The z = 5.8 quasars are luminous, Mg = —27.5.

e The first z = 5.8 quasar is a BAL quasar; underluminous in
X-rays.

» Close pairs of quasars exist at high redshift.
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Figure 3. The evolution of the quasar spatial density at Mg < —26 is compared with previous
studies. The SDSS points shown are the results using the O~ estimator, and the dashed line
i5 the maximum likelihood solution. The 585G points shown are the spatial density caleulated

vith the 1/V, method. The low-redshift result is the best-fit model from the 2dF survey
{Boyle et al. 2000).



High—z Quasar Pairs in Equatorial Stripe




Our approach has been:

e Recognize cosmic rays by their sharp gradients relative to the
point spread function; follow this selection up by eyeball in-
spection.

e Carry out repeat z band photometry to reject further cosmic
rays, and to recognize when the photometry is biased.

e Carry out J-band photometry (11,000A) to distinguish cool
stars from quasars.

This works! Only four objects remain with our cuts on i — 2z
gl z - J; all are high-redshift quasars.



“igure 1. i' = 2’ vs. 2’ color-magnitude diagram. | want to add a track of M = —27 quasars. Need
to decide use luptitude or upper limit



Figure 2. i

' ve. 2" = J color-color diagram
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Figure 3. ESI Echellete spectrum over the range 7300 - 8800 A. The spectrum has been
smoothed to a resolution of 2 A. The dotted line shows a ¢~ continuum fit, normalized
to the region B500 — 8600 A The dashed line indicates the region with minimum opacity

(T~ 0.4, see §3.1).



The Gunn-Peterson Effect: First Light in the Universe

Neutral hydrogen has a large cross-section for Ly« line absorp-
tion. Distributed over a range of redshifts, this would cause an
absorption trough in the spectrum of quasars. Thus the presence
of detected flux in quasars blueward of the Lya emission line in-
dicates that hydrogen gas is not neutral. Small pockets of neutral
hydrogen do exist, and give rise to the Lyman a forest.

This gas is 1onized by ultraviolet photons from quasars, and from
hot stars in galaxies.

At early enough times, there was presumably not enough quasars
and stars formed yet, thus the gas should be neutral.

We have now seen the signature of this effect; the hydrogen
absorption trough is seen in the spectrum of the highest redshift
quasar known. This corresponds to a time = 10? years after the
Big Bang. |

We put a lower limit of 7 = 5.5 on the optical depth. Purely
nentral hydrogen would give 7 = 10°. Measuring the difference
hetween expl—>5.5] and exp[—10°] is not easy!



continuum normalised flux

redshift

Fig. 3.— A schematic illustration of the evolution of the Lya forest, in four redshift intervals
The top two windows are from a spectrum of SDSS 173745828 at =z = 4.94, observed with
the same instrument; the bottom two are from the spectum of SDSS 1044-0125, presented
here. The spectra have been renormalised by the best estimate of the continuum (for the

hottom two panels, we used the middle power-law shown in Fig. 1).
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Discovery of Brown Dwarfs with SDSS
Jill Knapp

M stars have optical spectra dominated by VO and TiO. At
1" < 2300K, these precipitate out of the atmosphere; the spectrum
hecomes dominated by pressure-broadened lines of alkali metals,
and a variety of hydrides.

These L dwarfs are extremely red in ¢’ — 2’, but are relatively
hlue in ' — ¢'. They are distinct from ordinary stars in the r' —
v 1" — 2’ diagram.

'he 2MASS and DENIS surveys have been discovering such
objects in large numbers. Presence of LiA6707 absorption implies
that many of these are not burning H in their centers. Thus the
relation between temperature and mass depends on age.

SDSS is finding these at roughly the same surface density as
2MABSS.

The coolest such object known was Gl 229B, with T ~ 900k,
Near-infrared spectrum is similar to that of Jupiter; dominated by
H.() and CH4. SDSS has found several other methane dwarls in
the field, with very similar spectra. Undetected in v/, i’ — 2" > 3.
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We have discovered objects with near-infrared spectra interme-
diate between L dwarfs and T dwarfs; showing both CH4 and CO
in their atmospheres. These cannot be distinguished from ordinary
stars by their near-IR colors alone.

The challenges ahead:

e Determining accurate temperatures from the spectra.
o Measuring masses (use HST to find binary companions?).
e Measuring distances and thus luminosities.

e Determining their space density (comparable to main-sequence
stars?).
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Clusters of Galaxies from SDSS Images

Clusters of galaxies are groupings of hundreds or thousands of
salaxies within a few Megaparsec. They are often associated with
hot gas (visible in X-rays), and large (> 1000 km/s) virial motions.

They are interesting:

e As laboratories to understand the formation and evolution of

galaxies;

e As cosmological probes to the density field fluctuation spec-

LTI,

e As laboratories to understand the distribution and nature of
dark matter;

e Bitc., ete.

'hey are rarely completely virialized; they show substructure.

longation, etc.
Not all astronomers agree on the formal definition of a cluster.



SPDSS-ZMASS r:n..l'ufa.f;

Color- Color a‘r':{jr&mi aj stars.

L FF 0 l LI L L I_

— at =

N T | R T T T T T | [

IIIrITlIIFIIrlIIlIIIlIL

Il]]LIlltIlLI!JIIlL

o
o
n
o

L| 1 LIELELL

1lrlEIlrIIr1Il|IrIl“

l]llJlIJIJlLIJIIILIIL

L I D L

lIIIIIIlIlJIIIlL'JIIJIL

L i .1 J

M3

1TI|I|I|III L

N

palaooaleaysloyyslysi

J.__
<
n
llrl1rl1rlllllrllllll

IIIJIIIIIIII

2 4
=K

-2 0

6 8 10



£
4

Chapter 5: Ongoing and Future SDSS Cluster Projects
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Figure 5.1: The distribution of 914 SDS5 clusters in the SAMV sample with positive

ft. Abell Richness Clas
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Fig- 1.— Color-magnitude (C-M) diagrams of four different clusters. (a) and (b) are known Abell clusters,
and plotted here are the data from only those galaxies with confirmed membership according to the ENACS
(Katgert et al. 1998). All data are taken from SDSS photometry. (¢} and (d) show C-M diagrams of new
clusters found in the SDSS itself by the matched filter techniques. Both clusters were confirmed visually
through 3 cobor {g',+',#') composite images and their redshifts (z = 0.219 and = = (.345) were obtained by
the SDSS spectroscopic survey (York et al. 2000). The circles represent galaxies within 1 h;uLI'-'Epn: of the
detected center {r = 4.74' and r = 3.4%') and the contours represent the C-M distribution of all galaxies
from a 25 deg” region around the cluster. The thick solid lines in all four panels show the C-M fltering for
ithe VIT (see text) at the corresponding redshifts, enclosing the region which most cluster galaxies inhabit
for a given redshift. ¢’ = r' codors are from model magnitudes and r* is in Petrosian magnitudes.



Chapter 5: Ongoing and Future SDSS Cluster Projects 23

. Data are counsssteh ws i oustact
Hum‘awn‘ﬂﬁ“‘ﬁ - 259'4

-"1—"]"..|||||||||||

[ 1

N (z) h3 Mpc—3

Figure 3.2: The cluster space density of SDSS clusters detected by the HMF as a
function of redshift. Errorbars are from pure Poisson statistics. The division between
RC = 0 and 1 is done by Ay = 33.3. RC = 1 clusters (solid line) show a remarkably
constant comoving space density to z ~ 0.4, while RC > 0 clusters {dotted line) show
the effect of severe incompleteness or RC=0 clusters beyond z ~ 0.2. The average
space density for RC > 1is (3.5 £ 0.2) x 1075 A"Mpe™?.
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Structure of the Galactic Halo

The halo of the Milky Way is a roughly spherical sprinkling of
ld stars. It has been suggested to have grown by accreting small
neighboring galaxies. The remains of this “galactic cannibalism”
might still be recognizable in the distribution of stars.

I'he challenge: look for coherent overdensities in the distribution
of stars in position/color/magnitude space. These will likely be
very extended over a large area of sky.

These “tidal streamers” have been seen in SDSS and other data.
How can we make a complete catalog of them?

[.ooking for very nearby dwarf galaxies is a similar problem; they
will appear as low-contrast overdensities in the stellar distribution,
oxtended over tens of arcminutes.

Hixture wmodels Wiy be aw

'tﬂ echive way 1o find Hh ene.




At: 2 days (745-756)

L 0 '!' T ® 0 I L L I'I r 1 I L
T v Leae
S I % L. = um I." | -.:I-L.
5 b -"-?I. ] ""ﬁ F .
| D - " : ..I. -. 4
& B L .lliI : ] l..lh'. ::l-ilh.
,::F | N & . E.p:.. :
- -
5 = .
= 'l L 1 I_ B 1 1 I L 1 1 I 'l L 1 I 1 'l
14 16 18 20 22
g
:l 1 LI L I LI L I D I | r ] '|:|
3 gl
e a
S -
‘- AL -
0 iy
- | r B L 1 ] I L ] 1 1 i B 1 1 [l I 1 ]

0 1 2 3

(P8 L B LSRR BRI
16 [ -
-;
20 [ b
22 & n

V3.

14

16

9 months (745-77)

'I'T_lllrl'llll||1:r|!

I.IJ.]lJI.J.JIII.I.JlIIl

18

9

20

22

JlIlFIIIII11IFFIIIIL

1|III1'|IITPII'I'||

H'-"J.'l-llllllllllllr

3

1l-l_r[lTr||||||||

-|||...|"|_|__|__|_|_|_._|.l||.1|'




14 T _ _
o ! |
F (4]
8 & - o C o
| o o a a 5 .
L o
16 .Un_ e © © e
i i}
a o o
i o o o o
o a g
- E.u 0 a °0g o
2 o 0
.—m = o () o o
i o
o o 8% o %
L (aLe o ﬂ.ﬂuﬁ 2 .U._%uﬁ_ -
& .06 W.u_m_ Wﬁ.ﬂ%mfuﬂ_u o =]
i F & = Emu
- 8
o
20 I
Mm L _ i i i _ i i L ._u _
240 220 200 180 160




t::ﬂli
.Lnis

[LI-,TOE]
(0.02)

[2Il.[E5]

[TE_ 1['21]

[ga-,.%2L]
{0,0E)

a.avs
0,081
pa-,3e]
(0,0}
Ba , VES
(0,0F8
[Lb-,.22]
(0,0EE)

[TE.DL]
(0,085)

[2L-.LE]

sl [EL,.TE] d.L]

(0,07E) (DEd ,AR)
R L.

0a 2k 0b 2E DE 2L 13 (- § oL = 0



T v
A AR e T e L
ey el B e g '
L aﬁl‘i:-r;.: i R

Pl S slews kidal tails!

3

TFTTTTITTITITTEITI ST FT T TTT

Fig. 2. Projected spatial distribution of the photometric cluster member candidates selected with the
mithod described in Section 2. Left: individual star positions. Right: contours of the surface density
derived by adaptive kernel estimation. Contour levels are 0.19, 3.21, 0.24, 0.3, 0.4, 0.6, 1.0, 2.0, 4.0 and 8.0

stars/0', The background has a mean of 0.13 stars/0°,

u* - g*, " = z*, and oz according to the borders
of the cluster population defined by stars from the
cluster core {r < 3], and according to the esti-
mated spread due to photometric errors (for o cf.
beftrmcat panel af FI,E 'I]-.

Afer this preselection, we used Grillmair's
method for filtering in the color-magnitude plane
of {ep,1*). The local signal-to-noise & of the ex-
pected tvee number of clusters stars was deter-
mined on a grid of mesh zize .01 mag in ¢ and
0% mag in . For each grid polot (index k)
the number n (k) of stars in a circle of radins 12'
arcund the cluster center and the number n (k]
of slars at more than ¥ angular distance from the
cluster center were counted in a color-magnitude
box of width 0.09 mag in ¢ and 035 mag in "
ceptered on that point., With m,. representing the
minmber of cluster stars plus underlying field stars,
riy the number of field stars, and g the ratio of the
arcaz an which ny and n. have been sampled, s
was calenlated as given by eq.(2).

k) = Nell) a7 g k)

E= (2
Wnclk) # g=4ngk) }

Che size of the color-magnitude boces and the
ovirlap between boxes around neighboring grid
points assure that & 15 a sufficiently smooth func-
tiom. From the local signal-to-noise & ome abtains
1 fihering mask in the (g, *) plane by setting a

threshold sjim < 8mar and by isolating the re-
gion in the grid {around the maximum of 2] with
& * gym. In order to find the most appropriate
maszk, we went through a series of gradually de-
creasing thresholds, counted for each threshold the
cumulative number of stars in the corresponding
mask o the areq of the clustes's tails (V) and io
the outer field (N;), and determined from these
numbers the cumulative signal-to-noise ratio SNR
of the expected true numbser of cluster stars in the
area of the tails {eq.(3]).

.“lrt a H.I_I.I"l'-;
.nll-r + u J"i'-_ir

SNR = (3]

The Altering mask was then chosen such that
the cumulative signal-to nodse reaches & maximum
Asg ghown in Fig. 1 {second panel from left] this
mask cuts out the zone from the bottom of the
subgiant branch to the main-sequence turnoff and
further down the main sequence to i* = 22.0 mag
In the range 19.5 < ¢* £ 21.5 the width of the
maszk approgimately coincides with the 2o limits
for the dispersion of cluster stars in ¢ as derived
from the median valwes of the estimated photo-
metric errors. The two panels on the right in Fig. 1
give an example of the detection of cluster mem-
ber candidates cutside the cluster using the flter
mask in the area of the cluster's tails and in the
area of the outer Reld

Dden Rivchen daf.



Conclusions
The Sloan Digital Sky Survey is underway. It is performing close
to specifications, and will achieve its scientific goals.
~ There are already many more exciting science results than can
be covered in a one-hour talk!
Among the most exciting science results are those things we did
not anticipate doing with the SDSS:

e Brown dwarfs

e Structure of the halo from RR Lyrae stars

e Asteroid science r

¢ Detection of the Gunn-Peterson effect

o Weak lensing studies and the masses of galaxies
» Tidal tails of globular clusters

® '['he discovery of very cool white dwarfs

e The discovery of extreme Broad Absorption Line quasars



