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à Spheroids (E) along Hubble sequence 

à Barred and unbarred disks (e.g., Sa– Sd)  along Hubble sequence  

à Irr, Peculiar/Interacting 

Present –day galaxies 

SBa SBb SBc

SAa SAb SAc



Hierarchical LLLL CDM models of galaxy evolution

Models of galaxy evolution must reproduce

à mass assembly and star formation history of galaxies 

à structural assembly of  galaxies into bulges, bars, spheroids

Hierarchical LCDM  models provide good paradigm for how DM evolves on large 
scales (>few 100 kpc). 



Hierarchical origin of galaxy morphologies

z=4 (age= 1.5 Gyr) : progenitor disk forms   M= 3E10 Mo

5 kpc

z=3.5 to 2.0 (age=1.8 to 3.2 Gyr):  Major merger of 2 low mass disksà VR à R1/4 bulge. 
Gas accretes later around it  to form a disk  à producing a  (B+D) spiral

Old stars  =red Young stars =blue    Green=gas

(Steinmetz and Navarro 2002)



At z ~1.6  (age =4 Gyr) :  Satellite tidally triggers strong bar producing barred spiral, which 
survives till at least z  ~0.5  (age=8 Gyr)

Galaxy morphology = spiral with dense old bulge and disk of young gas and stars 

Hierarchical origin of galaxy morphologies



Major merger of 2 massive spirals produces elliptical
Tree code +SPH; Live halo; Stars=yellow, blue=gas  t =1 Gyr

distance =

Hierarchical origin of galaxy morphologies



• Hierarchical LCDM models still face numerous challenges……

à How to account for present-day bulgeless galaxies? 
Every spiral galaxy that contains material from a major merger should have a bulge

à Substructure or missing satellite problem

# of  low mass DM halos is 10 times higher than # of local dwarfs (Helmi/Moore)

à Angular momentum catastrophe
Angular momentum of model disks too low..  (Burkert & D’Onghiea)

• Progress requires empirical constraints on 

à Structural components (bars, bulge, disk, DM halo) of galaxies as function of z 

à Mechanisms that redistribute angular momentun in baryons and DM
(bars, interactions, dynamical friction) 

à Feedback from star formation and AGN



Empirical studies of bars as function of (redshift, environment) important 

• Bars exchange angular momentum  with baryonic and DM  halos 

• Bars most efficient way to drive gas inflows from outer disk into inner kpc

• Bars (not just mergers) also build bulges à worsens problem of bulgeless galaxies

• Properties (frequency, strength, size)  of bars as f(z)  can be used to constrain 

à properties  of DM halo 

à models of secular evolution

à gas accretion history of disks



Outline

• Review: Insights on the impact of bars from  z~0 studies

• Bars in a cosmological context 

Frequency and structural evolution of bars  over the last 8 Gyr (GEMS/GOODS)

Using bars to constrain the triaxiality of DM halos in  z~1 disks 

Lifetime of bars and gas accretion history

• Bars as a function of environment



Review: Insights on the impact of bars from  z~0 studies 



STARS

(Buta & Combes 1996)

-

Stellar  Bars

- Triaxial stellar system. Non-axisymmetric in the x-y plane :  b/a < 1  

- Made up of families of periodic stellar orbits (x1, x2, x3, x4,  etc) that conserve E J    

x1 x2 orbits : elongated parallel and perpendicular to the bar major axis



Unbarred spiral (SAab)  NGC 4622

Strongly barred spiral (SB (rs) bc) 
NGC 1300 

Weaky barred spiral 
(SABc)  NGC 674



Barred spirals from backbone of Hubble sequence

Large fraction of   z~0 spirals host strong (e> 0.4) bars:
- 30--38 % at optical wavelengths 
- 48-56 % at infrared wavelengths  

(Eskridge et 2002; Marinova & Jogee 2006, in prep)

(Marinova & Jogee 2006, in prep) 



Family of periodic stellar orbits 
conserving  EJ : e.g.,   x1 x2 

Dominant orbits change from 
x1 to x2   at ILRs

STARS GAS

Gas: dissipative and collisional

Phase Shift  --> Spiral response

(Buta & Combes 1996)

Bar-driven gas inflows
Bars =main drivers of gas inflow into inner kpc via gravitational torques 
à in isolated  galaxies 
à In minor mergers (Mihos & Hernquist 95)
à early stages of major mergers  (e.g., Hernquist & Mihos 96; Heller & Shlosman 94;Naab & Burkert 01)



Gas is  shocked on the leading edges of a bar and torqued between CR & OILR

Case of a weak bar

(Jogee, Englmeier, Shlosman et al. 2002) 

(e.g., Englmaier & Sparke 1997)

Case of a strong bar 

Bar-driven gas inflows



Global abundance [0/H] gradient is shallower in barred  than in unbarred spirals
(Martin &  Roy 1994)

Velocity field of ionised gas along  bar
of NGC 1530  à velocity pinching and 
non-circular motions (Regan, Teuben, &  
Vogel 1997)

Estimated inflow rates : a few Mo yr-1

à 4 +- 2: along bar of NGC 7479
(Quillen et al. 1995)

à 4 to 6 : at 1 kpc radius  in NGC 7479  
(Laine et al. 1998)

à ~1    : into 1 kpc ring  in NGC 1530 
(Regan et al 1997)

Bar-driven gas inflows



• Gas central concentration  fcon in r<500 pc is larger in barred than unbarred spirals

fcon = [Sgas within 500 pc] / [Sgas within (R<R25)]     (e.g.,  Sakamoto et al. 1999; Sheth et al. 05) 

(Sakamoto et al 1999)

Gas concentration in barred galaxies



In central  r<500 pc of nearby barred  galaxies

à Gas makes up 10 to 30% of  dynamical mass    

à Gas densities reaches  several 1000 Mo pc-2

à Fuels SF with SFR=3 to 15 Mo yr-1

à Build stellar disks in inner kpc = pseudobulges

(Jogee, Scoville & Kenney 2005)

Bars fuel circumnuclear starbursts

Bars do not drive gas down to the center

à Near ILRs, shocks weaken  and 
torques weaken /reverse

à Gas rings from on scales of 100  pc

(e..g., Combes & Gerin 1985; Regan et al   
2002; Jogee Kenney & Scoville 2005)

NASA/STScI: Z.Levay(Jogee, Scoville & Kenney 2005)



NGC 3351 (Jogee, Scoville, & Kenney 2005) 

Bars build disky pseudo-bulges and peanut/boxy bulges 

1) Classical bulge:   R1/4 de Vaucouleurs profile , low v/s
à built by violent relaxation during major merger of two disks
à gas clumps in proto-disks sink via dynamical friction…merge into central bulge (Noguchi 99)

2) “Pseudo bulges” = high v/s stellar component  inside inner kpc, often exponential 
à built by bars which drive gas inflows,  fuel central starburst à build CN disks 

(Kormendy 93; Athanassoula 2005; Jogee, Scoville, & Kenney 2005)



Face-on

Side-on
(peanut)

End-on
(boxy)

MD simulation                         MHB  simulation

Disk material   Disk + classical bulge

Bucking instability and vertical ILRs in bars drives stars to large heights gives bar a peanut 
shape (side-on) or  boxy shape (end-on)   (Combes et al. 1990;Martinez-Valpuesta & Shlosman 2004; 

Athanassoula 2005; Kuijken & Merrifield 1995; Bureau 2005)

3)  Peanut/boxy bulges in inclined galaxies

(Athanassoula 2005)

- N body, live DM halo 
- MH= DM halo with significant    

contributions to Vrot within a 
few disk scalelengths. Bar 
moderately strong

- MHB=MH+ classical bulge
Strong bar



If bars build disky pseudo-bulges and peanut/boxy bulges 

which add to 

classical bulges produced by major mergers
then we compound the problem of bulgeless galaxies at z~0  in HLCDM models

COBE Infrared image of Milky Way 
: boxy bulge related to a bar 



Fraction of galaxies with bars  
- "Normal" (quiescent)  : 61-68 % 

- HII/Starburst              : 82-85 %  ;excess                                         

- AGN                           : 61-68 % ;  no excess

E12MGS    (Hunt & Malkan 1999)

- 891 galaxies ; 116 Sy
- Bar + optical type from RC3
- Nuclear type from NED : Sy LINER HII normal

0=S0/a   1~Sab   3~Sbc  5~Scd  6=Sd

• Starburst/HII  galaxies have a larger fraction of bars  than quiescent galaxies 

Bars and star formation



(Jogee2004, AGN Physics on All Scales,  Chapter  6)

No/weak correlation between bars and Seyferts
(Regan et al 1997; Knapen et al 2000; Laurikainen et al 2004) 

Angular Momemtum Problem: Bar only drive  
gas to 100 pc scale where  L is  104 too high to 
feed BH. Nuclear mechanism needed

Different lifetimes: Bars vs AGN 

Recurrent fueling only needed by high L AGN 
(QSOs) and not by Seyferts

Seyferts: 10-2 Mo yr-1 over 108 yrs 

à few x  106 Mo  = few % of CN gas 

QSOs:  10-100 Mo yr-1 over 108 yrs 

à 109-1010 Mo  

Do bars fuel AGN? 



Bars over the last 8 billion years (out to z~1)



Evolution of bars over last 8 Gyr : central issues

The last 8 Gyr (z~1-0) define  
an important transition period ….

What do the properties of bars as function of (z)  imply about 
- the  DM halo 

- the bar lifetime 
- the minor merger/gas accretion history of disks ….
- SF history and bulge-building over last 8 Gyr?

What fraction of disk galaxies are barred over the last 8 Gyr (z~0-1)?
Are bars a recent phenomenon, as implied by early HDF studies that reported 

a dramatic decline in the optical bar fraction to below 5% at z>0.7 ?

Harsma et al. 2000



Largest area 2-filter imaging survey with HST (Rix et al. 2004)

à Area : 30’x30’ =  120 x HDF  = 78 x HUDF = 5 x GOODS-S

à Filters : F606W (V) , F850LP (z)  (26.8, 25.7 AB mag); 0.07”

Accurate redshifts from Combo-17 (Wolf et al. 2004)

à [dz/(1+z) ] ~ 0.02     (R<24 Vega    z=0.2-1.2)

X-ray, Radio, IR, optical coverage (CXO ATCA, VLA, Spitzer, ESO)

30’

UBVRI + 12 medium-width

à GEMS: 9000 galaxies over z=0.2-1.1 (Tback~ 2-8 Gyr, Age =40% of present)

GEMS  (Galaxy Evolution from Morphology and SEDS)



Use two filters to avoid bandpass shifting and  work in rest-frame optical out to z~1

Redshift Filter      Rest-frame

0.25<z<=0.6     F606W        V to B 
0.7<z<=1.1       F606W           UV
0.7<z<=1.1       F850LP       V to B  

• Apply absolute magnitude cut  to ensure completeness out to z~1

Use K-corrections based on local Scd templates
(Coleman et al 1980; Dahlen et al 04)

à Cut off at  Mv < -19.3 :  complete out to z~0.8. 
Gives range= -19.3 to -23.8 similar  to OSUBG z~0  survey

à Cut off at  Mv < -20.6  :  complete out to z~1.0

Characterizing bars over the last 8 Gyr with GEMS 

à Shift from optical to UV will drop bar fraction 



-

• Identify spiral /disk galaxies  based on color or structure : 3 methods

1) Color cut to separate blue cloud vs red sequence   (late vs early type)

2)  Single-component Sersic fit n< 2.5    (disk vs spheroid)

3)  CAS concentration index C < 3. 4 

Test : Sersic n for visually classified galaxies  at z~0.7
(Jogee et al  2004; Jogee & Penner 2006)

Sb-Sd and Sa/S0                                   E/S0

Bell et al  2004



Characterize bars in a quantitative way via ellipse fits

1) Ellipse fits act as guide to underlying stellar orbit [automated, iterative]
à 165,000 fits   (8500 galaxies ; up to 200 fits per galaxy)

2) Classify best fit: Inclined, Barred, Unbarred, etc
Inclined:  i>60 deg à reject from sample
Barred: [Bar: e rises to a global max > 0.25,  plateau in PA] +  [Disk: e drops by >= 0.1 +   PA changes]

STARS

z=0.5



Class = barred = b



z=0.24, F850LP

Class:  Primary bar (p1 or b1)                        
Record disk = (e0, a0)  bar = (e1, a1)

NB: Short bar;  Isophotal twist for spiral arms;  Disk



Class =  Unbarred = u



Class:  unbarred (u)                         
Record disk = (e0, a0)  

NB: e1<0.25 z=0.66, F850LP



Class:  unbarred (u)                         
Record disk = (e0, a0)  



Class =  Inclined  = i



Class:  Inclined (i)    (not   p1) 
Record disk = (e0, a0)



Bars and spirals   at  z = 0.4-1.1  (Tback=4.5 to 8 Gyr)



-

From  
z=0

To 
z=0.6 (R)
z=1     (B)

à Detection and characterization is reliable for 
moderate to very strong (e>=0.35) bars,  and large-scale  (a>1.5 kpc) bars

à Detection is unreliable for 
weaker (a<=0.35)  bars  and/or   short nuclear (a<1.2  kpc) bars

Artificially redshift local galaxies to assess what is detectable by z~1 with GEMS

(Cosmological dimming,  
Loss in spatial resolution)



What fraction of disk galaxies are barred over the last 8 Gyr ?



Result from  � GEMS  : fraction of bright disks with strong (e >0.35) optically-visible bars 
stays 30 +- 6 %  out to Tback of  3-6 and 6-8 Gyr . No drastic decline at z>0.7.

Earlier HDF studies 
à WFPC2: dramatic decline at z> 0.7 in the fraction of disks w/ optically-visible bars 

30%  at z~0 à to below 5% at z>0.7  (Abraham et al. 99)

à NIC3: detected fraction =5%, but only large bars (1.4”=12 kpc)  recovered (Sheth et al 2003)

Constant optical fraction  out to z~1  also reported
à in Tadpole field (Elmegreen et al 2004) , in Tadpole field (Elmegreen et al 2004)

Redshift Tback Filter      Rest-llll fstrong-optical

---------------------------------------------------------------------------
0.25<z<=0.7    3-6 Gyr F606W     V to B     fopt = 30 +- 6 %     
0.7<z<=1.1     6-8 Gyr F850LP    V to B     fopt = 30 +- 6%    

(cf 5% in A99)

(Jogeeet al  2004, ApJ)



ACS critical for this work: 45% of detected bars have a< 0.5” and require narrow PSF

(Jogee & GEMS collab. 2004, ApJ)

PSF for ACS  WFPC2  NIC3      
=  0.07”,  >0.15”, >0.25”



1. Small number statistics/cosmic variance : only 46 galaxies used by A99

2. Methodology
A99 used e at 85% of max SB rather than 
global max in e over PA  plateau to identify 
bar à may miss bar entirely

Why is our optical bar fraction different from A99?  

à PSF for ACS  WFPC2  NIC2   =  0.07”,  0.15”, >0.25”

4. Bandpass shift at  z >=0.8     (WFPC2 F814W vs ACS F850LP)

5.  Sensitivity to the red is higher for  GEMS (F850LP+ACS)  than (F814W+ WFPC2)) 

3.  45% of bars detected by ACS have a< 0.5” and  
require  a small effective psf for detection.  



~ 30% at z ~0 
~ 30 +- 6 % at z = 0.2-0.7 (Tback= 2-6 Gyr)

at z = 0.7-1.0 (Tback= 6-8 Gyr)

Obscured bars and the need for WFC3

fstrong-total total fraction of disks with strong bars  (including obscured bars)

= fraction of disks strong bars visible at optical l x  correction for obscured bars
=  fstrong-optical  x Acorr

= 1.4  at z ~0 
= unknown at z>0.7……

Rest-frame optical observations miss obscured bars and  provide  lower limit to total bar fraction  
à at z= 0, fraction of disks with (e>0.4) bars ~ 38% in B  vs 48-56% in H

To quantify obscured bars at z>0.5,  need NIR camera  w/ large fov and small  PSF (<0.15”) à WFC3 



What do bars imply about the  triaxiality of DM halos in z~1 disks? 



Halo triaxiality increases: (b/a) of potential: 1.0 à 0.95
Fraction of chaotic orbits (white) increases

Analytic Triaxial Potential (El-Zant & Shlosman 2002)

Bar-Evolution in Triaxial CDM halos 

Dissipationless cosmological simulations  (ie without baryons)  produce

à strongly triaxial and typically prolate CDM halos
(e.g., Frenk et al 1988; Cole & Lacey 1996; Moore 2003)

How would bars evolve in triaxial CDM  halos?



3-D simulations of barred disks embedded in live triaxial halo by (Berentzen &Shlosman)

à The triaxial concentrated CDM halo tends to rapidly destroy the bar  (2.5 Gyr)

à Bars can only  survive if  the triaxiality & prolatenes of the DM halo is strongly diluted 

Bar-Evolution in Triaxial CDM halos 

Courtesy : I Berentzen(Berentzen, Shlosman & Jogee 2006, ApJ)

FFT N-body  code;  N= (6-90) x 105 G-r=100 pc;  Disk Bulge+ DM halo



Results consistent with dissipative cosmological simulations of (DM halo +baryons)
à collapse of baryons into a disk ‘washes out ’ the triaxiality of the DM halo 

(Kazantzidis et al. 2004 ; Springel et al 2003; Dubinski 1994)

à c/a and b/a rise from 0.4 to 0.9

Results consistent with measure shape of DM halo for the Milky Way
à shape~ spherical : c/a  >0.7  (density) ,  b/a  ~1    (Helmi 2004)

Observed large fraction of strong bars out to z~0.2-1.0 (Tback ~2-8 Gyr)  suggests 
that  DM halos of disks at z~0.2-1.0  have a  low triaxiality with  (b/a) > 0.9 (potential) 

(Berentzen, Shlosman, & Jogee 2006)  



Nailing down the z=0 point for bars
with OSUBG and SDSS 



z=0.24                   z=0.7                z=1.0 1.0
3  Gyr 6.0  Gyr 8.0 Gyr

GEMS 

Need to characterize bars at z=0 in 
rest-frame optical using same 
methodology as in GEMS 

Nailing down the z=0 point for bars using OSUBG and SDSS 

Using SDSS
(Barazza, Jogee, Marinova in prep)

Using OSUBG survey
(Marinova & Jogee 2006)

z

z= 0
Tback= 0



(Marinova & Jogee 2006, in prep)

Defining the z=0 point  for bars with the OSUBG sample

OSUBG, 180 x 2 images (B, H);   B<12, MB = -18.5 to -23



Defining the z=0 point  for bars with the OSUBG sample



Defining the z=0 point  for bars with SDSS

SDSS, NYUVAC low z sample à z =0.01-0.04;  M<-18.5;   9000 galaxies

(Barazza, Jogee and Marinova 2006, in prep) 



Defining the z=0 point  for bars with SDSS

(Barazza, Jogee and Marinova 2006, in prep) 



Constraints on bar lifetime and gas accretion history



Bar destruction in axisymmetric DM halos

Bar (strength, size, pattern speed) depend on 

- Shape of DM halo: triaxial vs axisymmetric
- Angular mom exchange with DM halo 
- Velocity  dispersion s of disk 

(Debattista and Sellowood 2000; Athanassoula 2003)

In axisymmetric DM halos, bars can be destroyed or highly weakened in 2 cases:

1) if central mass concentration (CMC) is large/dense:

à Need mass (CMC) > 5% to 10%  disk mass   [for R(CMC) =0.01 disk scale length)
à Hard to achieve this with gaseous disk , star clusters and SMBHs

(Norman Hasan & Sellwood 2006; Shen & Sellwood 2004, Athanassoula 2005)

2) If stars in bar gain angular momentum from *large* amounts of gas inflowing along bar
(Bournaud & Combes 2005)



z=0 point for bar size from OSUBGS 
(Marinova et al  2006, in prep.)

K-S tests : P=0.2 -0.5 

1) Optical fraction of strong  (e>0.4) bars  remains at ~30 +-6%  at 3 epochs corresponding to 

z              =   0          0.24-0.7     0.7-1.0
Tback in Gyr =    0            3 to 6        6 to 8

2)  No evidence for strong evolution  in (size, strength)  of  bars across these 3 epochs?  

Bars sizes at z=0.2-0.7 vs z=0.7-1.0
(Jogee et al 2004)

Empirical constraints



Bars sizes at z~0  from  OSUBGS 
(Marinova et al 2006, in prep)

Bars strengths at z=0.2-0.7 vs z=0.7-1.0
(Jogee et al 2004)



Mean destruction rate of strong bars over 3 Gyr = Mean formation rate of strong bars over 3  Gyr
while reproducing similar distributions of (strength, size)

Sol 2 needs large gas accretion rates 
from z=1 to 0, both  to destroy the bar 
and to cool the disk rapidly to reform bars

Sol.1 :  From z~1 to 0 , no new bars 
form and existing bars are long-
lived with lifetimes>> 2 Gyr

Why would bars not form from z=1 to 0 ? 
Disks are too hot due to

a) cumulative heating effects of frequent      
early tidal interactions at z>1

b) gas supply waning from z=1 to 0

Constraints on bar lifetime and gas accretion history

Sol 2: From z~1 to 0 , bars are 
destroyed and reform recurrently  



Bar as function of (redshift,) 
and

(environment = field, groups, clusters) 

OSUBGS 
at z~0

HST survey of Abell
901/902 supercluster
z=0.16   (Cy 14)

ACS Treasury Survey of 
Coma cluster (Cy 15)

GEMS/GOODS 
z~0.2-1

Tback = 3-8 Gyr

SDSS, OSU 
field galaxies

SDSS at
z~0.01-0.04



1) Bars redistribute mass and angular mom in baryons and DM halo of galaxies

2) Bars efficiently drive gas inflows, fuel starbursts and  build disky pseudo-bulges 

and peanut/boxy bulges, thereby worsening  challenge of bulgeless galaxies 

3) Bars are NOT a recent  phenomenon: the fraction of luminous disks with strong 

(e >0.35) optically-visible bars remains ~ 30+-6% % over the last 8 Gyr and 
shows no  drastic decline at z>0.7 

4) The rapid destruction of bars in triaxial halos and the  abundance of strong bars 
out to z~1 suggests CDM halos at z~1  have a  low triaxiality (b/a > 0.9) .

This agrees with CDM halos from dissipative cosmological simulations

5) From z=1 to 0, there is no evidence for strong evolution of  optical (frequency, 
strength, size) distribution of (e>0.35)  bars.   This sets constraints on 
the bar lifetime and gas accretion history of galaxies over the last 8 Gyr.

Summary: Bars over the Last Eight Billion Years


