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Questions?!
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 What do we mean by “the large-scale 
structure” of the Universe?!

What is a “massive redshift survey”?!

What is galaxy biasing?!

What can we learn from studying the spatial 
galaxy distribution?!
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The deepest image of the 
universe in the optical 
waveband!

It contains ~ 104 galaxies 
in a solid angle 
corresponding to 1/50 of 
the Moon!

The whole sky corresponds 
to 12.7 million times more 
solid angle!

Galaxies are the 
fundamental building blocks 
of the distribution of 
luminous matter!

Courtesy of the HUDF team 
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How are galaxies distributed on the sky?!
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The Lick galaxy survey!

The Lick survey conducted at the!
Lick observatory in Santa Cruz 
during the 1950s recorded the 
position of 106 galaxies in 10 
years.!

It provided the first evidence 
that galaxies are not distributed 
at random on the sky                 
(Totsuji & Kihara 1969, Peebles & Hauser 1974, 
Groth & Peebles 1977)!

Projected filamentary structure is 
evident but what is the 
corresponding 3D distribution?!

Shane & Wirtanen 1967 
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Adding the third dimension!
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Adding the third dimension!

•  Cosmological redshift: the wavelength of EM signals is stretched by the cosmic 
expansion.  !

•  Spectra are shifted in frequency towards the red by a factor                         
1+z = (present-day size of the universe)/(size at photon emission)=a(t0)/a(tem)!

λ


Lab. Frame 

Cosmic frame 

€ 

1+ z = λobs /λem
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Adding the third dimension - II!

•  Knowing the cosmic expansion history, 
a(t), would allow us to convert the ratio 
of scale factors into a look-back time: 
tnow - tem!

•  Then, taking into account that EM 
signals propagate at constant velocity, c, 
one could derive the radial distance on 
our past-light cone corresponding to a 
given cosmological redshift.!

•  Measuring redshifts is then necessary to 
study the galaxy distribution in three 
dimensions!
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Slit spectroscopy!

Opaque plate!

Long, thin slit!
Diffraction 
grating in the 
spectrograph!

The dispersed light is 
imaged on a detector 
(typically a CCD)!

The image of a celestial body is focused on the slit.  The 
diverging beam then reaches a collimator (either a lens 
or a mirror – not shown -). This produces parallel light 
which is then dispersed by a diffraction grating.!



Slit spectroscopy!

•  Why using a slit? To keep out as much as 
background light as possible!

•  How does the output look like? 2D spectrum!
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wavelength!

position!position!



C. Porciani! Observational Cosmology! III-12!

A raw galaxy spectrum!

•  This is the typical output of a spectrograph mounted on a 
telescope. !

•  Can you identify the origin of the different features?!

position!

wavelength!
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Answer!
1.  Emission lines from the observed galaxy (note that the 

galaxy is rotating)!

2.  Emission lines from the Earth’s night sky!

3.  Continuum from the observed galaxy!

4.  -!

5.  Cosmic rays!

6.  Continuum from a nearby star!
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Measuring 
galaxy 

redshifts!

Template spectrum at z=0
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Spectrum of a galaxy with a faint 
continuum!

1D spectrum                          2D spectrum!

wavelength!



Quality flags !
an example from the zCOSMOS survey!
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Slitless spectroscopy!

•  It is possible to take spectra of all objects in the field of view that are brighter 
than a given threshold level (determined by the background)!

•  This is done using a dispersion element directly in combination with a telescope !

•  The disadvantage is that the background is high and that in crowded fields many 
spectra will overlap !

•  Filters are often used to isolate the spectral region of interest and reduce 
crowding and sky background intensity!
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Early redshift surveys: revealing the LSS!

•  Taking spectra of faint galaxies needs large 
telescopes and long integration times! !

•  The first redshift surveys were completed in 
the 1980s and 1990s (e.g. CfA, IRAS, Las 
Campanas)!

•  They measured 103 to 104 galaxy redshifts. 
Demonstrated the existence of LSS but not 
good enough for statistics!

•  No astronomer would have predicted the 
complexity of the galaxy distribution that 
was revealed!!

Huchra, Davis, Geller et al. 1982-1998!



Measuring galaxy redshifts!
•  Measuring galaxy redshifts in the optical band is not easy!

•  Using a telescope of diameter 1.5m (the standard in the 1970s), it 
takes nearly 5 minutes of integration time to measure the redshift 
of a bright emission line galaxy (from HII regions). Nearly 20% of 
the local galaxy population presents such strong emission features.!

•  For most galaxies, redshifts must be determined from absorption 
lines (from the integrated contribution of stellar atmospheres). This 
requires measuring the continuum and needs 15-60 minutes of 
integration on a 1.5m telescope!

•  In 1972 (≈60 years after the discovery of redshifts) there were only 
≈1000 galaxy redshifts known (mostly in galaxy clusters) !
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John Huchra (1948-2010)!

•  “The universe is what 
it is, and we are trying 
to find out what it is”!

•  “The explorers of the 
new world weren’t 
trying to prove 
theories, they were 
looking at what was 
out there”!

•  “I could make 
telescopes sit up and 
take data”!
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Multi-object spectroscopy!
•  Single-slit spectroscopy does 

not make full use of the 
imaging capability of a 
telescope: several objects are 
imaged but only one is used!

•  Multi-slit and Fibre-fed 
spectrographs solve this 
problem.!

•  In the latter case, a set of 
optical fibers are positioned in 
the focal plane of the 
telescope so that each is 
illuminated by a target object. 
The fibers are then connected 
to a series of position in the 
spectrograph !
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Multi-object spectra!
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Massive redshift surveys 

  Multifibre technology, digitalization 

and multiobject spectrographs now 

allow us to measure redshift of 

millions of galaxies on a time scale 

of a few years. 

  Recently completed or ongoing 

surveys: (local) 2dF, SDSS, 6dF   

(high-z) VVDS, DEEP2, zCOSMOS 



The Sloan Digital Sky Survey!
•  Over eight years of operation (SDSS I, 2000-2005; SDSS II, 

2005-2008; SDSS III, 2008-2014)!

•  It used a dedicated 2.5m telescope at Apache Point 
Observatory (New Mexico) equipped with 2 special purpose 
instruments: a 120 Mpixel camera imaging 1.5 sq. deg. of the 
sky at a time (8 times the area of the full moon); a pair of 
spectrographs fed by optical fibers (640 objects per pointing)!

•  It obtained deep multi-color images (u,g,r,i,z) covering more 
than a quarter of the sky (8,400 square degrees)!

•  Created 3D maps containing more than 930,000 galaxies and 
more than 120,000 quasars (in 5,700 square degrees)!
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The SDSS telescope and 
instruments!
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Groundbreaking technology!
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SDSS filter transmission curves!
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Filter    Average

          wavelength


   u         3551 Å

   v         4686 Å

   r          6165 Å

   i          7481 Å 

   z          8931 Å
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The Sloan Digital Sky Survey!



C. Porciani! Observational Cosmology! III-31!



C. Porciani! Observational Cosmology! III-32!

Photometric redshifts!
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Galaxy spectra!

Galaxies show a 
variety of optical 
spectra which can be 
classified based on:!

•  strength of blue 
continuum!

•  composite stellar 
absorption features!

•  strength of nebular 
emission lines !

Templates of the 
different classes can 
be easily built 
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Photometric redshifts!
•  Cheap estimate (in terms of 

observational time) of galaxy 
redshifts using multi-color, broad-
band photometry instead of 
spectroscopy!

•  It simply chooses the best-fitting 
redshifted spectrum out of a 
library of templates (either 
observationally or theoretically 
motivated)!

•  Rather than observing narrow 
spectral features of galaxy 
spectra (such as emission lines) 
this technique concentrate on 
broad features (such as spectral 
breaks) and the overall shape of a 
spectrum!
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Photometric redshifts!

Feldmann, CP, et al. 2006 



Characteristics of a galaxy survey!
•  Photometric (how many bands?) vs spectroscopic (What’s the 

redshift completeness? What’s the success rate?)!

•  All redshift surveys start from an parent (input) catalog. How 
are targets selected? Magnitude limited (in what band?) vs 
volume limited vs (pre) color selected!

•  How many square degrees? Down to what redshift? (wide vs 
deep) What geometry? (pencil beam vs wide angle)!

•  Before computing any statistic compute (or download) the 
selection function (density of galaxies as a function of 
redshift) and the completeness map (what fraction of objects 
are included in the survey as a function of position and 
redshift?). Otherwise you will fail miserably! !
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Science with galaxy surveys!
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What can you measure?!

•  Luminosity function and number densities!
•  Group and cluster catalogs (FoF, Voronoi, BCG)!

•  The density field!
•  Reconstruct the linear density field (time machine)!

•  Counts in cells!
•  Measure 2-point, 3-point correlation function!
•  Measure power spectrum, bispectrum!
•  Topological invariants: Minkowski functionals (mean 

genus, void probability function) !
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