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Galaxies and the  Universe 

Figures + Tables  for Lecture 13 on Tu Mar 18



Lectures 9 to 12

1) Evidence for DM ; CDM vs HDM 

2)  Surface brightness profile and v/s of Disks, Bulges,  Ellipticals
Surface brightness vs Radius relation for Disks, Bulges,  Ellipticals

3) Onset and Impact of Galaxy Interactions and Mergers 
- Star Formation

- Black Hole Activity

- Redistribution of Stars and Morphology

4) Major vs Minor Mergers 
Violent relaxation 

Dynamical Friction   t prop to   (R2 V/M)



Formation of  Disks,  Bulges, S+E Galaxies in 
LCDM models

(schematic)



DM = red  Baryons (gas) =blue/white. 

At early times (z~1000) baryons (gas) decouple from photons & collect in  DM wells

Initially  (DM+gas) are coupled. But DM= collisionless vs gas =collisional+dissipative
à gas loses energy and collapses into a disk at center of DM halo
à disk of gas forms stars inside DM halo

CDM and baryonic overdensities grow/collapse on small scales first 
The overdensities survive  as  CDM  have  V << Ve of small potential wells

Formation of  Disks in LCDM models



DM = red  Baryons (gas) =blue/white. 

Formation of  Disks in LCDM models

CDM halos + galaxies grow via successive merger of  sub-halos into larger halos 
à low mass galaxies form first, higher mass later (bottom up)

Each DM halo is surrounded by cosmological filaments of DM + accreting gas  
Disk  inside each DM halo build up from episodes of smooth gas accretion 



à Torques remove angular momentum from gas, and feed it to central BH
Classical bulges and BH grow in tandem (origin of BH-bulge correlation?)

à Feedback:  AGN jet heat/drive out gas

Formation of  Classical Bulges in LCDM models

Major merger of  two small disks of gas and stars (embedded within DM halos)

à Violent relaxation on stars produces classical stellar bulge with    
R^1/4 surface brightness profile, high v/s

à Accelerated star formation : large % of gas convered into stars



Old stars=red Young stars=blue Green=gas

High angular momentum gas accretes around old classical bulge forming young disk  
Spiral galaxy = B+D forms

Discrete satellites accrete or fly-by--> Tidal torques induce formation of bar in disk 
Barred Spiral galaxy = B+D+Bar forms

Simulations by (Steinmetz & Navarro 2002)

Formation of SpiralGalaxy with B+D+Bar in LCDM models



Old stars=red Young stars=blue Green=gas

Simulations by (Steinmetz & Navarro 2002)

Formation of Elliptical Galaxy in LCDM models

à Central starburst

à Violent relaxation on stars produce  elliptical galaxy with    
R^1/4 surface brightness profile, high v/s

à Torques remove angular momentum from gas, and feed it to central BH
E and BH mass grow in tandem

Major merger  of 2 massive spirals 



Formation of  Disks Bulges, S+E Galaxies in LCDM mo dels

Simulations from Steinmetz & Navarro( 2002) 

Left = face on     Right =  side on 



Challenges in simulating galaxy evolution
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Challenges in simulating galaxy evolution

1) Cosmological parameters 
DM models : CDM  vs HDM

Wm = 0.26, WL = 0.74 Ho=70  

Predictions of how galaxies evolve in cosmological simulations depend on…

2) Dynamic range + resolution of simulation

- Use N particles  to represent DM, gas, stars
- Simulate gravity on DM and stars, gas  
- Simulate collisions, shocks, heating on  gas    

à Simulate large volumes of the Universe
OR 

detailed structure (bulge, bar,disk) of galaxies

Millenium Run : 1010 particles 
Follows DM in region  D=15 Mpc/h
Resolution = 5 kpc/h ! 

(Springel et al. 2005)



31Mpc/h

Dark matter Galaxies

Challenges in simulating galaxy evolution

3) Predictions depend on assumed physics for baryon s (gas and stars)
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Challenges in simulating galaxy evolution

3) Predictions depend on assumed physics for baryon s (gas and stars)

* Implementation of mechanisms to redistribute  ang. momentum     
e.g.,  galaxy merger history, stellar bar, dynamical friction

* Star formation  (SF) model 
Criteria for the onset of SF   

S-SFR as function of (S_gas)

* Assumed feedback from SF or BH

Gas heated/ejected in winds driven 
by supernovae or  active BH

Starburst driven outflow in M82

Use detailed observations of nearby and distant galaxies to     
refine the baryonic physics input in these models  e.g., SF laws



1) Predicted structure of DM on large scales (10s of Mpc)  agree with observed 
distribution of galaxies on such scales

Successes of  LLLLCDM  models of galaxy evolution 

Millenium Run : 1010 particles 
Follows DM in region  D=15 Mpc/h
Resolution = 5 kpc/h

(Springel et al. 2005)



à Structures on small mass scales (dwarf galaxies) are  seen  at early 
epochs (z~6, age of Universe ~0.9 Gyr) 

Hubble Ultra 
Deep Field 
(Credit: NASA, 
STScI, HUDF 
home team)

2)  Predicted sequence of structure formation (bottom-up)  agree with observations

Successes of  LLLLCDM  models of galaxy evolution 



à Structures on large scales , such as galaxy clusters (R~few Mpc) and 
superclusters (R~10 Mpc) are frequent at late epochs (z<1, age >5.7 Gyr)

Galaxy cluster with  radius ~1.5 
Mpc, seen at z=0.33 (age of 
Universe =9.9. Gyr)

Abell 901/902 supercluster with  R~10 Mpc (Xray map)

Made of 3 galaxy clusters in the process of assembling

Seen  at z=0.17 (age of Univ =11.4 Gyr )



3)  Provides a QUALITATIVE framework and explanation for the origin of

- galaxy components (bulges, disk, bars)

- types of galaxies (dwarfs, spirals, ellipticals, Peculiar)

Successes of LLLLCDM  models of galaxy evolution 

But detailed predictions on galaxy evolution fail in several ways!!!



1) Substructure problem on galaxy scales 

Models predict 10  to 100 times more low mass DM halos within a galaxy 
than number of  satellites observed near the Milky Way 

2)  Problem of Bulgeless galaxies 

Models predict a much lower fraction of present-day bulgeless or low B/T 
galaxies than observations suggest

3) Angular momentum problem  

Models produce present-day  disk galaxies that have a size and angular 

momentum 10 times  lower than observed 

4)  Shape of DM halo (cusp-core controversy) 

Some LSB galaxies may have a flat  central DM density profile while models 
‘predict’ cuspy one

Failures/Challenges  of LLLLCDM  models of galaxy evolution 



Substructure problem on galaxy scales 



In LCDM models, structure forms bottom up  
à objects of high mass contain smaller structures formed at earlier times
à each DM halo of mass M has many sub-halos of lower mass 

Substructure in LCDM models 

EAC, Fig 7.17

Substructure on cluster scale

Substructure in cluster corresponds to 
galaxies  ?

A DM halo with mass  M=5e14 Mo, 
corresponding to the mass of  a 
cluster of galaxies, has thousands of 
subhalos with M down to 1e11 Mo



EAC, Fig 7.18

Substructure in clusters corresponds 
to galaxies:  predicted no density of 
sub-halos matches observed number 
density of galaxies in cluster 

Substructure on cluster scale



EAC, Fig 7.18

Substructure in Milky Way mass galaxy 
likely corresponds to  dwarf satellite 

A DM halo with mass  M=2e12 Mo, 
corresponding to the mass of  a galaxy, 
has hundreds of lower mass subhalos

But predicted no density of sub-halos for a 
Milky Way type galaxy is  over a factor of 
10  times larger than  the observed no 
density of satellites in Local group

à sub-structure problem on galaxy scales
or missing satellite problem

Substructure on galaxy scales



Possible solution

Predicted number of low mass DM sub-halos is correct, but most DM 
sub-halos  of mass M<few 1e8 Mo 

à had their gas ionized by massive stars at early epochs 

à lost the ionized hot gas   (whose sound speed >> Ve of DM halo) 

à do not form any significant no of stars

à do not radiate & hence remain undetected

Substructure problem on galaxy scales

Plausibility check?   In class-exercise 



Bulgeless galaxy problem in LCDM models 



Bulgeless galaxy problem in LCDM models 

LCDM simulations , where bulges are assumed to form via major mergers 
predict  a very low fraction F of bulgeless or low B/T  galaxies. 

- LCDM simulations of galaxy 
mergers over Hubble time are run 
to produce present-day galaxies 

- Semi-analytic model:  B/T of 
present-day galaxies are computed 
from merger history,  assuming 
every past  major merger   (of mass 
ratio<4/1  or <5/1) led to a bulge

- Plot results for M>2.5e10 galaxies

Model predictions from  Burkert, Kochfar,&  D’onghea (in prep)

- Inset curve is  predicted present- day total fraction F of  galaxies  with given B/T 
àààà for B/T <=0.2 ,  F<< 5%



Models predict  a very low fraction F of bulgeless or low B/T  galaxies
(e.g.,  F<<5% for B/T<=0.2) , but such galaxies appear  common at z~0

à Scd and Sd galaxies   have low B/T or are often bulgeless

à 15%  to 20% of  inclined disk galaxies at z~0.01-0.03  are bulgeless
(Kautch et al 2006;  Barazza, Jogee, & Marinova 2007)

à Bulgeless superthin galaxies also seen at early epochs (lookback 3 to 8 Gyr)
but frequency not quantified yet

Bulgeless galaxy problem



Bulgeless Galaxies at early epochs 

z=0.24 to 0.34   (Tb=3 to 4 Gyr)

z=0.34 to 0.47   (Tb = 4 to 5 Gyr)

z=0.47 to 0.80   (Tb = 5 to 7 Gyr)
Courtesy: S. Jogee, GEMS team,

NASA, STScI



Theoretically  

- Do models have too many *late* major mergers ?

- Do major mergers of mass ratio  1:2, 1:3, 1:4 not produce massive bulges

- Do models have inadequate  feedback from SF and AGN ?
à underestimate gas heating/ejection 
à overestimate gas mass  converted to stars  before violent relaxation 
à overestimate no of stars that undergo violent relaxation to form bulge

- Are mechanisms removing too much angular momentum from gas?
à excess gas piles in central region and form stars 
à overestimate no of stars that undergo violent relaxation to form bulge

Observationally

1) Quantify problem: measure F vs B/T from data and compare to models 
à see in-class notes:  Fit image or SB profile with  B, D, Bar

2)  Derive properties of low B/T galaxies: mass, SF history, merger history          

Ongoing work to address  bulgeless galaxy problem



Data                      Model                       Residuals

Fitting Galaxy Image with Bulge+Disk+Bar to derive  B/T

1 cpt = Single Sersic fit 

2 cpt = Bulge + Disk fit
B/T ~ 62% D/T~ 38%

3 cpt = Bulge+Disk+Bar  
Bar/T ~19%
B/T ~ 52% D/T~ 29%

Courtesy: Weinzirl et al in prep; 
Also Laurikainen et al 2004;   Reese et  al 2007; Peng et al 2002)



Developing a Coherent Framework for Galaxy 
Evolution 



Empirical Approach 

1) Rely on large galaxy surveys with
ground and space telescopes to map      

- merger  history

- SF and AGN history 
- structural assembly history

of galaxies at different epoch  and in

different  environments

2) Use observations to improve 
models of  baryonic physics : SF 
models, feedback,  mergers

Theoretical Approach 

Run numerical simulations  with 
- LCDM cosmology
- large no of particles 

- model of baryonic physics

Two complementary approaches for piecing together galaxy evolution



“ Galaxy Evolution: Emerging Insights and Future Cha llenges"

Conference at University of Texas at Austin

Nov 11 to 14, 2008 

Texas Union  Building , Santa Rita 
http://www.as.utexas.edu/geeifc/

* Bring together observers and theorists 

* Discuss progress in charting  merger, star formation, assembly history of galaxies

* Assess long-standing challenges facing LCDM cosmogonies

à Students welcome to attend talks and poster sessions


