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Studying galaxy populations at different redshifts

Statistical studies
Collective galaxy properties

Blank patches of the sky contain thousands/millions of galaxies

30’

9 arcmin’



Colour-colour diagrams

Even the most basic parameters of large galaxy samples 
contains very valuable information!

Baldry et al. (2004)



Counting Galaxies - the Galaxy Luminosity Function (GLF)

Galaxy luminosity function!
Just as distribution of stellar luminosities reflects physics of star formation and stellar structure, 
we might hope to learn about galactic evolutionary processes by studying the distribution of 
galaxy luminosities. 
The galaxy luminosity function Φ(M), Φ(M)dM is the number of galaxies that have absolute magnitudes 
in the range (M, M+dM): 

where ν is the total number of galaxies per unit volume 

The field galaxy luminosity function involves measuring apparent magnitudes of all the galaxies in 
some representative sample. Individual brightnesses are converted to absolute magnitudes by 
estimating distances usually by applying Hubble’s law to their observed redshifts. 

• Issues: 
• Malmquist bias in magnitude limited surveys (not volume complete) 
• incompleteness: faint end, low surface brightness objects 
• distance errors: from peculiar motions 



GLF - schematic view

Driver 2004 PASA, 21, 344 



GLF - the Schechter function

In an attempt to find a general analytic fit to galactic luminosity functions, Schechter 
(1976) proposed the functional form: 

Luminosity Functions of galaxies!

which can also be written (in terms of absolute magnitudes): 

In both forms α (the slope of the power-law at low luminosities) and L* (the break 
luminosity) are free parameters that are used to obtain best fit to available data. 

Local: α= -1.0 and M*
B = -21 

Virgo: α= -1.24 and M*
B = -21 ± 0.7 

i.e., this is NOT a universal (luminosity) function. It seems to depend upon 
environment (and redshift). 

A power law with a high luminosity exponential cut-off 



The local GLF at optical wavelengths - early determinations

our best fit using other methods above. This result demon-
strates unequivocally that simply allowing the degree of
freedom of evolution results in a much flatter faint-end
slope and a lower estimated luminosity density.

Why does ignoring evolution in the luminosity function
model cause such a large bias in the estimate of the luminos-
ity density? The answer appears to be that it causes the
expected number of objects at high redshift to be inaccurate.
If galaxies in fact are more luminous in the past, a non-
evolving model tends to yield lower number counts at high
redshift, at a given normalization. Since the normalization
procedure of Davis & Huchra (1982) weights according to
volume and thus accords higher weight at higher redshift, in
this case a nonevolving model would result in an overesti-
mate of galaxies at low redshift. As a result of bad luck, the
systematics comparison of Figure 8 in that paper, which
compared the normalizations of the luminosity function at
high and low redshift, happened not to reveal this effect, pre-
sumably because of the large supercluster at z ! 0:08 in
those data (and still distinctly visible in Fig. 7 in this, much
larger, data set!). Figures 7–12 in the present paper show
decisively that our current model explains the redshift
counts very well.

So how does this affect our comparisons to other surveys?
For the LCRS, whose method of fitting the luminosity func-
tion and its normalization was identical to that of Blanton
et al. (2001), the original comparison remains the fair one.
That is, even though our estimate of the luminosity density
is now only 0.2 mag more luminous than that of Lin et al.
(1996), this is only an accident, resulting from a combina-

tion of two effects in the LCRS: using bright isophotal
magnitudes, which lowers the luminosity density estimate,
and ignoring (as Blanton et al. 2001 also did) evolution,
which raises the luminosity density estimate.

For the Two Micron All Sky Survey (2MASS), the
change in our result makes the SDSS more compatible with
the results of Cole et al. (2001) and Kochanek et al. (2001).
However, it is more difficult to directly compare these sur-
veys, since the SDSS bands and 2MASS bands do not over-
lap. As a step to a more direct comparison, we have
matched 2MASS Extended Source Galaxies to SDSS
counterparts and calculated the i-band luminosity density–
weighted colors to be18

0:1i " 0:0J # 1:57 ;
0:1i " 0:0Ks # 2:52 ; ð18Þ

accounting for K-corrections, evolution (adopting Q ¼ 1
for J and Ks), and galactic reddening. We use the i band
because we trust it more than the z band). Comparing our
luminosity densities to those of Cole et al. (2001) or Bell et
al. (2003) (correcting theirs to z ¼ 0:1 usingQ ¼ 1), we find

0:1iðSDSSÞ " 0:0Jð2MASSÞ # 1:22 ;
0:1iðSDSSÞ " 0:0Ksð2MASSÞ # 2:34 : ð19Þ

Thus, in the optical and infrared colors there is a discrep-
ancy between the luminosity density–weighted colors of
matched galaxies and the color of the luminosity density.
The sense is that the luminosity density is somewhat bluer
than the average galaxy, by 0.35 in 0.1i"0.0J and 0.18 in
0.1i"0.0Ks (this problem is about 0.1 mag worse using the
SDSS z band rather than the SDSS i band). In the Ks band,
the problem is lessened if one uses the results of Kochanek
et al. (2001). The discrepancy cannot be accounted for by
magnitude measurement errors; however, it might be
accounted for by surface brightness incompleteness in
2MASS, as suggested by Bell et al. (2003).

For the 2dFGRS, Norberg et al. (2002) report a luminos-
ity density of jbj ¼ "15:35 absolute magnitudes at z ¼ 0
(integrating the Schechter function for the !0 ¼ 0:3,
!" ¼ 0:7 cosmology in the first line of their Table 2 over all
luminosities). This result is based on extrapolating to z ¼ 0
the luminosities of galaxies whose typical redshifts are
z ¼ 0:05 0:2, using assumptions about the luminosity evo-
lution. Figure 8 of Norberg et al. (2002), which shows the
mean K-correction and evolution correction used in their
analysis, shows that their evolution correction corresponds
closely toQ ¼ 1. Since we find a somewhat different value of
Q ! 2 at these wavelengths and both surveys have similar
median redshifts, the fair comparison of the luminosity den-
sities involves evaluating the luminosity density at around
z ¼ 0:1. For this reason, we evolution-correct their results
back to z ¼ 0:1 by applying Dm ¼ "0:1Q ¼ "0:1. Thus, for
2dFGRS jbj ðz ¼ 0:1Þ ¼ "15:45' 0:1, within 1 ! of our
result in Table 10. Note that if we instead compare our
z ¼ 0 value of the bj luminosity density to theirs, the discrep-
ancy is about 0.2 mag. However, in either comparison the
differences between the SDSS and 2dFGRS luminosity
densities are rather small.

18 The SDSSmagnitudes are AB, while the 2MASSmagnitudes are Vega
relative.

Fig. 15.—Best-fit Schechter function of Blanton et al. (2001), based on
the sample of !10,000 galaxies in sample5 (solid line), and a fit using the
same method to the current sample of !150,000 galaxies in sample10
(dotted line). These two results are in remarkable agreement, showing that
the differences between our results and those of Blanton et al. (2001) are not
due to cosmic variance. The dashed line shows a Schechter fit to the current
sample allowing for luminosity evolution (finding a best fit of Q ¼ 2:06).
When evolution is allowed for, the faint-end slope becomes shallower and
the overall luminosity density decreases. [See the electronic edition of the
Journal for a color version of this figure.]
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same method to the current sample of !150,000 galaxies in sample10
(dotted line). These two results are in remarkable agreement, showing that
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SDSS: z=0.1

Blanton et al. (2001)



The GLF: a double Schechter function

Baldry et al. (2011)

More recent computations of the 
GLF indicate that it follows a 

double Schechter function up to at 
least z=1 (dip cannot be 

reproduced with single Schechter)



GLF computation: the Vmax method

bin all the galaxies in the survey in luminosity and redshift

(log10 L; log10L+Δ(log10L)) 

(z; z+Δz) 

“dex” units

Vbin (comoving)

depends 
on survey area

bin

for faint galaxies the effective volume may be smaller 
Vmax < Vbin



GLF computation: the Vmax method

Vmax method

• Find the largest distance at which a galaxy with observed abs magnitude Mi 
can be found in order to have apparent magnitude equal to the limit of the 
sample mlim


• Volume of the sample corresponding the distance is Vmax. This is the volume 
available for the  galaxy. The galaxy could have been anywhere inside the 
volume. 


• Select all galaxies with abs magnitudes in the range (M,M+dM). An estimate 
of the luminosity function is


• Φ(M)dM = ∑[1/Vmax(i)]

bin all the galaxies in the survey in luminosity and redshift

weight factor for each galaxy



Integrating the GLF

Galaxy Counts!

Number of galaxies Φ(M) per (10Mpc/h)3  in bins of absolute magnitude MR 
       (most galaxies are faint) 

Fraction of light (or luminosity) by galaxies/L-bin    (luminosity contribution from faint galaxies is small) 

Schechter function 



Contribution of different galaxy typesRelative numbers of different types!
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The total luminosity function in 
either environment is the sum of 
the individual luminosity functions 
of each Hubble type. 

Largest fraction in either 
environment of all galaxies are dwarfs 
(dE and Irr). Even though S and E the 
most prominent in terms of mass and 
luminosity. 

More E in Virgo... 

All dIs and dEs 

LF of cluster & local field broken 
down into different types 



From luminosities to stellar masses

Kroupa,	Tout	&	Gilmore	1993	MNRAS,	262,	545	

Converting luminosity to stellar mass 

IMF	

PDMF	

high	mass,	short	
lived	stars	

low	mass,	long	
lived	stars	

Star	
Formation	
History	

U	 B	 V	 R	 I	

• IMF (initial mass function)  Ψ(m, t), number of stars formed per unit volume (at t=0); often  
  approximated as a power law: Ψ(m) dm = Ψ0 m-α 

• LF (luminosity function) currently observed number of stars observed per unit luminosity per 
 unit volume  

• PDMF (present day mass function) number of stars observed today per unit mass per unit  
 volume. This needs to be corrected for the time evolution of the IMF up to the present day,  



The Galaxy Stellar Mass Function (GSMF)

Moffett et al. (2016)

 z ~ 0



The GSMF and cosmic stellar mass density - redshift evolution

Madau & Dickinson (2014) 
and references therein



Large-area surveys: 
study of local Universe



2DF Galaxy Redshift Survey

http://www2.aao.gov.au/~TDFgg/ 



Millennium Galaxy Catalogue

http://www.eso.org/~jliske/mgc/ 



The Sloan Digital Sky Survey




SLOAN - hardware
The SDSS used a dedicated 2.5-m f/5 modified Ritchey-Chretien altitude-
azimuth telescope located at Apache Point Observatory (2788m), New 
Mexico, USA.  It is equipped with two powerful special-purpose 
instruments. The 120-megapixel camera which can image 1.5 square 
degrees of sky at a time. A pair of spectrographs fed by optical fibres 
measured spectra of (and hence distances to) more than 600 galaxies and 
quasars in a single observation. A custom-designed set of software 
pipelines kept pace with the enormous data flow from the telescope. 

Imager: 30 SITe/Tektronix 2048 by 2048 pixel CCDs: r, i, u, z, g 
filters. Drift scan mode: camera slowly reads CCD as data collected.  

spectrographs: in a single exposure ~600 spectra of 
galaxies to the spectroscopic limit of r’ ~ 18.2 over the 
field of the telescope. R~2000, λ3900-9100Å. 



special Sloan filter system 



Typical Sloan Galaxy Spectrum

R=2000 



The Sloan Digital Sky Survey
SDSS has been and continues to be an ambitious and influential survey. Over many 
years of operations (SDSS-I, 2000-2005; SDSS-II, 2005-2008, SDSS-III, 2008-2014), 
it obtained deep, multi-colour images covering more than a quarter of the sky and 
created 3-dimensional maps containing more than 930,000 galaxies and more than 
120,000 quasars. SDSS data have been released to the scientific community and 
can be easily accessed via http://www.sdss.org/ 

The latest generation of the SDSS (SDSS-
IV, 2014-2020) focus is  
• extending precision cosmological 
measurements to earlier phase of cosmic 
history (eBOSS),  
• expanding its infrared spectroscopic 
survey of the Galaxy in the northern and 
southern hemispheres (APOGEE-2) 
• using the Sloan spectrographs to make 
spatially resolved maps of individual 
galaxies (MaNGA). 



Quasars in SDSS

•  QSO’s are relatively 
easy to identify 

•  Point sources 
•  Colours off the main 

regions occupied by 
stars 

•  Characteristic 
sequence in colour 
space as redshift 
increases 

–  need for redder 
bands (i,z) for high-
redshift objects 

Fan et al. 2000 



SLOAN: also stars
•  High-latitude fields: easier to probe into halo 
•  Density of halo stars is very low ! need good criteria to isolate 

objects 
–  main sequence turn-off stars 
–  RR Lyrae on variability 
–  BHB on colour 

Belokurov 2013 



SLOAN - also stars!

Sagittarius stream B 

Sagittarius stream A 

Bootes 

Canes Venatici dwarf 

Leo IV & V 

Segue I 

Belokurov et al. 2007 ApJ, 658, 337 

here is a map of individual stars seen in SDSS field of view - colour coded by 
distance. Sagittarius stream is very prominent. Also many new very faint galaxies 
found - called “ultra-faint” galaxies.  

the field of streams 



Belokurov et al. 2007, ApJ, 654, 897

dSph 

?? 

Globular Clusters 

What are they?
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Half-light radius 

Lines of constant 
surface brightness 

SLOAN - adding to Local Group
Canes Venatici I 

D = 220kpc 
Rh = 550pc 
MV = -7.9 

Coma Bernices 

D = 44kpc 
Rh = 70pc 
MV = -3.7 

Bootes 

D = 60kpc 
Rh = 220pc 
MV = -5.8 

Canes Venatici II 

D = 150kpc 
Rh = 140pc 
MV = -4.8 

http://www.ast.cam.ac.uk/~vasily/ 

New dwarf galaxies from SDSS

from Vasily Belokurov, SDSS data release 8 
SLOAN - adding to Local Group

Canes Venatici I 

D = 220kpc 
Rh = 550pc 
MV = -7.9 

Coma Bernices 

D = 44kpc 
Rh = 70pc 
MV = -3.7 

Bootes 

D = 60kpc 
Rh = 220pc 
MV = -5.8 

Canes Venatici II 

D = 150kpc 
Rh = 140pc 
MV = -4.8 

http://www.ast.cam.ac.uk/~vasily/ 



SLOAN - Systematic characterisation of 
galaxies

huge survey

With the large samples from SDSS and 2dF Galaxy Survey a more quantitative 
approach to galaxy classification had to be developed, driven by the need to analyse 
huge samples automatically. What is lost in the detail is more than made up by the 
HUGE statistics of galaxies of different properties. 

The early Sloan releases created samples of ~200 000 galaxies. There are more 
than 1 million galaxies in the sample, and the results from photometry have changed 
substantially the picture with the smaller sample. 

The latest releases focus more on spectroscopy  





Bi-model Colour Distribution

Baldry et al. 2004 ApJ, 600, 681 

red most luminous

u-r u-r 

blue dominate faint magnitudes

RED SEQUENCE 

Blue cloud 



Mass functions

B
aldry et al. 2004 A

pJ, 600, 681 

data models (merging)

Baldry et al. (2004) presented a non-dynamical “merger” model, in which galaxies follow 
a Schechter function, if they “experience” a major merger (mass ratio > 0.3) they end up 
in the red sequence, otherwise they are  part of the blue cloud 
• Interesting idea, but does not explain why you get a Schechter function initially 
• Is not dynamical (in the sense of taking into account environmental effects) 
• probability of merger is ad-hoc and depends on mass of galaxies to some arbitrary power 



New Perspectives

The advent of huge surveys like sloan, and 2DF have provided the 
opportunity to automatically quantify the properties of galaxies which in  
the past relied more upon the eye of the experienced observer 

In many ways the blue and red sequences parallels the division into late 
and early type galaxies. 

Statistics allow more detailed statements: 
Red sequence contains 20% of galaxies by number, but they contribute 
40% of the stellar luminosity density and 60% of the average stellar 
mass density at the present epoch. 



More recent wide-area galaxy surveys

VST public (imaging) surveys
VST (D=2.6 m) 

VISTA public (imaging) surveys
VISTA (D=4 m) 

Now carries 
4MOST

(spectrograph)



Euclid

VST public (imaging) surveys

VISTA public (imaging) surveys



Science with galaxy surveys over different areas of the sky

Area: ~ a few sq. arcmin to a few sq. deg

individual galaxy properties; galaxy LF;  galaxy SMF

Area: >>  a few sq. deg

Observational cosmology; study of rare objects (e.g. QSOs)


