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Galaxy Formation through Hierarchical 
Assembly




Why are large surveys needed?

• Large statistical samples are required for comparison 

with stochastic, hierarchical galaxy assembly models

• Well-characterized errors and completeness limits

• Control samples can be defined

• The local and distant Universes can be compared

• Unique subsamples can be selected for follow-up studies"



Why are databases needed?

• Galaxy samples are now reaching 100s millions of 

objects – The Large Synoptic Survey Telescope will push 
towards billions

• Each object may have a large number of measurements 
associated with it: fluxes, sizes, axial ratios, orientation, 
asymmetries

• Measurements may be multi-wavelength

• Benefits of a database:

• Able to store very large samples

• Flexible queries for subsample definition

• Data curation: additions/deletions, updates, versioning

• Can be interfaced with powerful data visualization tools



Spectroscopic Imaging 
survey in the Near-

infrared with SINFONI 
(SINS)


Forster-Schreiber,  N. M. et al. 2009, Astrophysical 
Journal, 706, 1364 

(+ many other papers in SINS series)




SINS – Distribution of the SINS galaxies 
as a function of class and redshift


• Main selection criteria: 
• Integrated emission line flux
• Sky line avoidance
• Visibility 

• 80 galaxies observed, 63 of which were detected 



SINS – Redshift and Magnitude Distribution


Note how biased  the 
SINS H-alpha sample is 
in K-band compared to 
K-band selected 
galaxies

This bias is unavoidable 
because strong emission 
line is required for 
detection à star-
forming galaxies

Gaps in redshift 
distribution come from 
sky line avoidance



SINS – Properties derived from SED modelling




SINS – Observational Parameters


Note the observing modes, i.e., seeing-limited versus AO 
and the integration times!



SINS – Distribution of the Point-Spread-
Function FWHMs


The PSF is critically 
important for SINS  
due to an effect 
called “beam 
smearing”



Multi-Object Spectroscopy


Direct exposure through 
mask 

Diffraction grating is in – 
light is now dispersed

Note how different 
“slitlets” have different 
wavelength zeropoints

MOS observations can now achieve several hundreds of 
spectral in a single exposure through the use of band-
limiting filters



Integral Field Units (IFUs) 


Lenslets provide good spatial sampling, but spectrum packing on detector is a 
problem

Fibers+lenslets offer flexibility in building “pseudoslit”, but fibers have problems

Image slicer IFUs offer best usage of detector “real estate”

IFU data reduction can be quite complicated!



SINS – IFU Data


IFU datacubes were converted 
to “synthetic slit” spectra here





SINS – Internal Velocity Fields




Scaling Relations

• Galaxies have a fundamental set of physical properties:

• Mass
• Size
• Angular momentum

• These physical properties translate into the following 
observables:

• Luminosity or mass-to-light ratio
•  Internal velocity – rotation and/or dispersion
• Size – Half-light radius (Rhl or Re), disk scale length (Rd or h)

• Basic questions: What are the underlying relations (if 
any) among galaxy properties and what do they tell us 
about galaxy formation?



Galaxy Formation: A “Back of the envelope model”


Consider a dark matter halo of mass M, total 
energy E and angular momentum J"

r200 is the radius within which the mean mass 
density  is 200 ρcrit where ρcrit is the critical 
density at redshift 

The quantity λ is called the “spin parameter” 



Galaxy Formation: A “Back of the envelope model”


Now add a visible disk with"

⌃(R) = ⌃0exp(�R/Rd)

Md = 2⇡⌃0R
2
d ⌘ mdM

Jd = 2MdRdVc ⌘ jdJ

Surface density:"

Total mass:"

Total angular Momentum:"



Galaxy Formation: A “Back of the envelope model”


Assuming that all disks have the same mass-to-
light ratio, we get:"

where"



SINS – Internal Velocity Fields




SINS – H-Alpha Properties of the Sample




SINS – Velocity dispersions and Sizes




SINS – Star Formation History Models




SINS – Birth Parameter


The birth parameter b is the ratio of current to past-
averaged star-formation 



SINS – Dynamical Properties and Mass Estimates




SINS – Size versus Velocity 




SINS – Size versus Velocity Comparison 


No evolution in size-
velocity relation with 
redshift

Bouche et al. 2007, 
Astrophysical 
Journal, 671, 303



SINS – Rotation- or Dispersion-Dominated?




SINS – Baryonic Mass Fractions


Dark matter 
contribution within a 
radius of ≈ 10 kpc is ≈ 
20-30% 



SINS – Local versus High-Redshift Star Formation


Bouche et al. 2007, 
Astrophysical 
Journal, 671, 303

Same Schmidt-
Kennicutt relation at 
low and high redshift!



SINS: Seeing-limited vs Adaptive Optics 
Observations 


Rotation seen in AO 
observations is 
smeared out by the 
PSF, and it looks like 
a large velocity 
dispersion

Newman et al. 2013, 
Astrophysical 
Journal, 767, 104



Sloan Lens ACS (SLACS) 
Survey


Bolton,  A. S. et al. 2006, Astrophysical Journal, 703, 
724

(+ many other papers in SLACS series)




Why SLACS? A: Gravitational Lensing


A background source on the 
axis going through the 
lensing galaxy and the 
observer will produce a ring



Gravitational Lensing – Convergence and Shear


The Jacobian between the 
unlensed and lensed 
coordinate systems can be 
decomposed into two terms 
called “Convergence” (₫) and 
“Shear”( ữ)

The term involving the 
convergence magnifies the 
image while conserving 
surface brightness 

Lensing measured the total 
projected mass surface 
density independent of mass-
to-light ratios, gas dynamics, 
S/N ratios, etc. etc.

Lensing is achromatic



Gravitational Lensing – Singular Isothermal 
Ellipsoid (SIE)
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Mass model describing the 
projected mass distribution 
(i.e., convergence) of the 
lensing galaxy


This quantity is called the 
“Angular Einstein Radius”
 
σSIE is NOT the same as the 
stellar velocity dispersion!

qSIE = 1 is the classical 
Singular Isothermal Sphere 
(SIS)




SLACS - Sample Selection

• Spectroscopically observed early-type galaxies from the 

Sloan Digital Sky Survey galaxies:
• Early-types are expected to be “efficient” lenses
• Well-behaved absorption-dominated spectra
• Secure redshifts

• Subtract best-fit principal-component templates from 
observed SDSS target galaxy spectra

• Scan residual spectra for nebular line emission

• Select lens candidates through detection of (at least) 
three emission lines ([OII]λλ3728 + two of HỮλ4863, 
[OIII] λ4960 and [OIII] λ5007) from a single 
background redshift 



SLACS - Spectroscopic Lens Selection




Some 
SLACS 
Lenses




And some 
more 
SLACS 
Lenses




SLACS – Lens Modelling


Koopmans et al. 2006, 
ApJ, 649, 599

Assuming a SIE mass 
model



SLACS – Inner Logarithmic Slope of Early-Type 
Galaxies


Koopmans et al. 2006, 
ApJ, 649, 599

Early-type galaxies

Remarkable consistency of the 
inner logarithmic slope 

�0
= �dlog⇢

tot

/dlogr

as a function of many galaxy 
properties most notably redshift



The Fundamental Plane of Galaxies


The fundamental plane (FP) of galaxies is defined as 
follows:

logRe = ↵log� + �SBe + �FP

where      = 1.25,      = 0.32 and           = -9.04 in the B-band 
for Coma Cluster galaxies. 

It is interesting to note that the prediction from the 
Virial Theorem are     = 2 and      = -1

↵ � �FP

↵ �



SLACS – The Fundamental Plane of Lens 
Galaxies


Treu et al. 2006, ApJ, 
640, 662

SLACS sample not 
corrected for evolution



SLACS – A Bulge-Halo Conspiracy?


Treu et al. 2006, ApJ, 
640, 662

fSIE = 1 implies that 
stellar and dark mass 
are coupled through an 
unexplained mechanism 
– a “bulge-halo 
conspiracy”

This is analogous to the 
well-known “disk-halo 
degeneracy” plaguing 
the rotation curve 
modelling of disk 
galaxies



SLACS – The Evolution of the Fundamental Plane


Treu et al. 2006, ApJ, 
640, 662

If σ and Re do not evolve 
with redshift, then for an 
individual galaxy i:





where



Lens and unlensed galaxies 
exhibit same amount of 
galaxies consistent with the 
passive evolution of an old 
stellar population formed at 
z ≈  2  

�log(M/L)i = ���i
FP

2.5�

��i
FP ⌘ �i

FP � �FP



Substructures in Cold Dark Matter Haloes


Dark matter and 
NOT stars!



Substructures in Cold Dark Matter Haloes


Strigari et al. 2007, ApJ, 
669, 676

Based on Via Lactea 
simulation



Substructures in Cold Dark Matter Haloes


The “Clone Arc” (Lin et 
al. 2009) 

CDM sub-haloes should produce 
significant astrometric anomalies 
in gravitational lenses

This is inherently statistical work 
requiring surveys with wide-field 
camera for detection and high-
resolution cameras for detailed 
characterization

Vegetti et al. 2014 (MNRAS, 442, 
2017):

No significant detection of mass 
clumps in 11 SLAC lenses – Infer a 
substructure mass fraction of f = 
0.0076 and slope ử < 2.3. This is 
consistent at the 1-sigma level with 
CDM values of  0.0064 and 1.90 
respectively.



Databases




Basics

• A database is made up of tables

• Tables are defined through their SCHEMA

• Tables can be indexed for (much) faster searches 

• Tables can be queried using the “Structured Query 
Language” (SQL)

• Multiple tables can be joined together in a single query

• Multiple tables can be joined together to create a VIEW

• Useful SQL commands for astronomers are SELECT, 
INSERT, UPDATE, DELETE

• Databases can be accessed through command-line 
interface or scripts



Example of a Simple Schema




SDSS 
Schema 
Browser




SDSS�
PhotoObjAll 
Table 
Schema




Example of Simple Queries




Joining Tables


Exercise CAUTION! Think about the tables you want to join and what kind of 
join you want to use. Joining two large tables may take a very, very long time 
(think days) and may even hang the database server!



Creating a table with a script


Script does the following:
• Checks if table already exists – deletes table if yes
• Creates table following specified schema
• Creates index or indices – note the UNIQUE type here

Script is executed from command-line



Loading Data into a Table


This is a Python script, but your choice of scripting 
language does not matter – All we are really doing here is 
using an INSERT statement on every row of our input data 
file



Retrieving Data from a Table with Python


Script can run any query from the unix shell command-
line as follows:

./query_mysdss.py “select objID, rp from dr7_pairs limit 
50” rp_data.dat



Retrieving Data from a Table with PERL




OK. Let’s play with the 
llaima database now. J



