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Lyman Break Galaxies Properties (Stars)

    Comoving SFR Density (z=3)

Covering Factor (z=[2.5,3.5])

Damped Ly  Absorption Systems (Neutral Gas)



SFR per unit Comoving Volume
 due to LBGs and DLAs

DLAsDLAs

•  Comoving SFR density 
      due to in situ  SF in DLAs
       is significantly lower than

LBG contribution

           d */dt < 10-2.7M yr-1Mpc-3

•Implied upper limit on
         average SFR/area per DLA

          < d */dt> <10-3.6M yr-1kpc-2



Astrophysical Consequences of upper limit
  d /dt < 10-2.7M yr-1Mpc-3 

1. Limit on Metal Production

2. Limit on Gas Heating Rate



Cooling Rates from HIRES profiles

Cooling  Rate Indicator



Obtaining Cooling Rates from CII* Absorption

• [C II] 158 micron transition
dominates cooling of neutral gas in
Galaxy ISM

• Spontaneous emission rate per
atom lc=n [CII] obtained from
strength of 1335.7 absorption and
Lyman alpha absorption

• Thermal balance condition lc= pe

gives heating rate per atom
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[C II] 158 μm Emission Rate (per atom) vs. N(H I)



Two Types of DLAs?



 Distribution of Detected  [C II] 158 μm Cooling Rates

•Statistically significant
   evidence for bimodality



Positive Detections

Lower Limits

Upper Limits

Everything

 Comparison between Positive Detections and Limits



Frequency Distribution of [C II] 158 μm Cooling Rates

•lccrit 10-27 erg s-1H-1

•Populations separated by lccrit

 should have distinct physical
properties

lc
crit



Velocity Interval Distributions



Metallicity Distributions



Dust-to-Gas Ratio Distributions



Si II  1526 Equivalent Width Distributions



H I Column-Density Distributions



Physical Interpretation of two DLA populations

1. DLAs with lc 10-27 ergs s-1H-1

WNM gas heated by X-ray and
FUV Background Radiation



Background Heating and 158 μm Emission rates
 versus gas density (z=3)



Physical Interpretation of two DLA populations

2. DLAs with lc >10-27 ergs s-1H-1

 CNM gas heated by FUV Radiation
Emitted by  LBGs embedded in

 DLAs



-Predicted comoving heating rate: HHDLADLA<2x1037erg s-1 Mpc-3

-[C II] 158 μm cooling rate CC=(2.0±0.5)x1038 ergs s-1 Mpc-3

-External energy input required

-Grain photoelectric heating  d */dt

Can in situ star formation in DLAs balance cooling
in DLAs with lc > 10-27 ergs s-1H-1 ?



 LBG-DLA Configuration for lc > 10-27 ergs s-1 H-1

LBG

Dust

DLA



 Solution: Energy and Metal Input from LBGs (lc>10-27)

  -Comoving Heating Rate from  attenuated FUV LBG radiation:
    HHLBGLBG=(3.0 ±1.5)x1038 ergs s-1 Mpc-3

   -Metal input due to P-Cygni winds emitted by LBGs a
     possibility

Solution does not apply to 50% of DLA population 
Heated by background radiation alone (lc 10-27)

-Embedded LBGs not present in these cases

-Source of metals?



lc 10-27 DLAs



Bivariate Distribution of (u-r,Mr) plane in
Nearby Galaxies (Baldry etal ‘04)



Bivariate Distributions of X versus lc



Bivariate Distribution in ( v90,lc) Plane in DLAs



Bivariate Distribution in ( v90,lc) Plane in DLAs



Is lc a mass indicator?
low lc                        high lc

v=40 km s-1

[M/H]=-1.81

NHI=1020.7 cm-2

v=91 km s-1

[M/H]=-1.19

NHI=1020.7 cm-2

Predicted lc  

(M/H)<n> (M/H)J



 Origin of Bimodality 

Two Modes of DLA Formation (Dekel etal ‘05)
1. MDM >1011.5M : Hot mode, spherical accretion leads to star-forming bulge .

--Neutral DLA gas accreted along filaments
      --Result is LBG-DLA configuration with high lc

       2.  MDM 1011.5M : Cold mode accretion leads to neutral ‘disk’ formation

                             --Result is pure DLA configuration with low lc

                                 --UDF data require low SFRs in DLA gas



 

•Fraction of DLAs with  MDM>1011.5 M
can be large (Nagamine etal ‘07)

Origin of Bimodality (cont.) 

• Presence of hot gas (T>3x105K) inferred from
OVI absorption in > 20 % of DLAs (Fox etal ‘07)



Summary: Star Formation in Neutral Gas at High z

• Star formation not distributed throughout neutral gas. Rather  it is
   restricted to bright cores:  Rgas/R*

  10

•Bimodality in Damped Ly  Systems
     --Evidence from two peaks in lc distribution divided by lc

crit

     --Support from disjoint v90, [M/H], [D/G], W1526 distributions

•Interpretation
     --DLAs with lc lc

crit: WNM gas in low-mass halos heated by X-ray
        and FUV backgrounds.
     --DLAs with lc>lc

crit:  CNM gas in high-mass halos heated by central
        ‘bulge’ sources  (LBGs).

      -- v90 , [M/H], etc. correlated with lc

         -- lc may be a mass indicator
     --OVI absorption may may arise in hot gas in massive halos

•Connection to Bimodality in Galaxies

•Neutral gas in DLAs may fuel star formation in central LBGs



Test: Metallicity Distribution of DLAs with OVI should
Resemble that of high lc  DLAs

Results: inconclusive,
but consistent with

  bimodality 



lc versus n for background heating

Empirical Upper Limits
on lc

158 μm emission rate predicted
for gas heated by X-ray and
FUV background radiation

True lc intersect background curves
In low density WNM



Effect of local heat sources on lc  versus n curves



An LBG associated with a DLA   (Moller   etal  ‘02)

8.4 kpc

Ly  Emission [O III] Emission



Predicted magnitude distribution
 for DLAs at z=3

Mcut=109.8M

Mcut=108.5M



Metal Column Densities from HIRES profiles

Metallicity Indicator

Depletion Indicator



Comparison between predicted and observed
metal abundance

floor



(3) Critical Surface Density larger at high z

•Ncrit
  

•   (G )1/2  (epicyclic freq.)

•Ncrit
  (1+z)3/2

•Neutral Gas Subcritical



Halo Mass Distribution of Comoving SFR Density

•Correlation between disk size
  and Mhalo

       dla (1")(Mhalo/1011M )1/3

•Kernel angular bandwidth
 dla (0.5 1.5) kern

•Kernel with kern= 2" sensitive to
 halos with Mhalo=(1011.5 1012.5)M

  which contribute  40% of total
  SFR density 



 

Current Visible
        Matter

Current Neutral
              gas

Dwarf Galaxies

Comoving Density of Neutral Gas versus Redshift



Frequency Distribution of 158 μm Cooling Rates in DLAs



Star Formation in DLAs ?

•Do DLAs undergo in situ star formation ?

•If DLAs undergo in situ star formation, how does the comoving SFR
  density compare to that of LBGs?

•Or is star formation at high z  confined only to compact objects like LBGs?
  
•In that case, what is the relationship between LBGs and DLAs? 
  Are DLAs the neutral-gas reservoirs for star formation in
  LBGs?

Connection between Gas and Stars; Kennicutt-Schmidt Law



Cumulative Comoving SFR Density: Theory vs Data



Lower SFR Efficiencies: Effect of Decreasing Normalization K



 Objects detected in HUDF for kern=0.5 arcsec

6
”

6”





J  distribution inferred for lc > 10-27 population



Challenges

• DLA halo mass distribution continuous

•   Lack of emission below 20J bkd

•  Distribution of J  predicted for centrally
located LBGs

• But relation between local and bkd. implies
<J >  10J bkd

backgroundBackground



Kennicutt-Schmidt Law for Galaxies

= 1.4

Individual
Galaxy





Bivariate Distribution of (u-r,Mr) plane in
Nearby Galaxies (Baldry etal ‘04)



Lower SFR Efficiencies: Effect of decreasing slope 



Self regulated in situ star formation in DLAs with LBG Cores



Consquences of upper limit on comoving  star formation Density

Upper limit: Upper limit: dd **//dt dt < 10< 10-2.7 -2.7 MM   yryr-1-1MpcMpc-3-3

  -Predicted [M/H] <-2.2

   compared to measured  [M/H]=-1.4±0.07

  -Source of observed metals?

1.1. Limit on Metal ProductionLimit on Metal Production



Threshold Determinations  from  Simulations

0.50.5””

1.01.0””

1. Place 103 objects with identical
exponential brightness profiles, V

       magnitudes, DLA , on UDF image

2. Compute recovery fraction as
        function of V magnitude

3. In principle threshold given by
Nrecover=N95

4. In practice we used more
       conservative threshold given

by Nrecover=200



Nature of Reddening in Nature of Reddening in DLAsDLAs

Murphy Murphy etal etal 20052005



Evidence for Dust Depletion and Evidence for Dust Depletion and  Enhancement Enhancement

Nuclear

Fe Depletion



[C II] 158 μm
cooling rates versus

Dust-to Gas Ratio



•Extend N  to r < rbreak

•Molecular gas may be located
  at r < rbreak

•Molecular gas may be Toomre
  unstable

•Star formation in DLAs may be present, but in
  regions sequestered away from the neutral gas





Magnitude-Size Relation for LBGs
(Bouwens etal 2004)



(1)  Cumulative Comoving SFR Density Predicted by
       Kennicutt-Schmidt Relation for z=3

       (2) For Randomly Oriented Disks



The Gas Content Predicted for the High-Redshift Universe

O’Shea and Norman 2007





with



Evidence for Threshold Surface Densities at z=0



Kennicutt-Schmidt Law for Galaxies

= 1.4

Individual
Galaxy



 (2) Effects of Low Molecular Content in DLAs

•  Median fH2=10-6 in DLAs.  By comparison, fH2=10-1 in MW

•  SFR~fH2  in most models for star formation

Contrast Between   DLAs and MW

•MW: Since Ncrit~Nshield~1020.7 cm-2,  Toomre instability N>Ncrit

 leads to significant molecule formation, and to star formation

•DLAs: If Nshield (=1022) > Ncrit (=1021.5), Toomre instability
 leads to gravitationally bound atomic clouds, hence no star
formation.

•Reason for high Nshield in DLAs   is low dust content (
=0.025) and high FUV radiation intensities (G0~4).



Molecular fraction
versus total N(Htot)

Molecular content versus total proton column density



Molecular fraction versus color excess (Tumlinson etal ‘02)



NNmaxmax==
2x102x102222

Effect of increasing Nmax



Examples of Lyman  Break Galaxies



UDF Search with F606W Image

• Central  matches FUV rest-frame wavelength of 1500Å for
z=[2.5,3.5].

• FUV emitted mainly by massive stars, so L (t) proportional to SFR(t)

• Same technique used to get SFRs for LBGs

• No U-band sensitivity in UDF. Therefore photometric z’s unreliable.
But technique valuable for obtaining upper limits on comoving SFR
densities



SFR or Luminosity perSFR or Luminosity per
 unit  unit Comoving Comoving volumevolume

Observed

De-reddened

ConsequencesConsequences

• Known star
formation occurs in
compact objects

•SFRs higher at
large redshifts

•50 % of current
stars and metals
produced by z~1

•10 % of current
stars and metals
produced by z~3



But This Picture is IncompleteBut This Picture is Incomplete

• At high redshifts most baryons were gas

• Since then cold, neutral gas condensed into stars
    and C and heavier elements formed.
• How did this happen? Throughout gas?

• SFRs of LBGs imply gas= visible(z=0)  consumed
    between z=5 and z=2

• External Neutral gas reservoirs may be needed



Outline: High-z Neutral GasOutline: High-z Neutral Gas
ReservoirsReservoirs

• Damped Ly   Systems (DLAs)

• Evidence for Star Formation in DLA gas

•  Apply local Kennicutt-Schmidt law for star formation
to DLAs

• Test predictions by searching for in situ star formation
in HUDF

• DLA-LBG Connection



DLAS are 

•Definition of Damped Ly  System (DLA):  N(HI) > 2x1020 cm-2

•Distinguishing characteristic of DLAs : Gas is Neutral

Si II Fe II



DLAS are 

•Definition:  N(HI) > 2x1020 cm-2

•Distinguishing characteristic of DLAs : Gas is Neutral

How are DLAs heated?

Stars form out of cold gas



Measuring Mass Density of Neutral gasMeasuring Mass Density of Neutral gas

L

• gas=< >*fA/L

DLA

quasar

•Area covering
  fraction fA=1/3
  for z=[2.5,3.5]



Evidence for Star Formation in
DLAs?

• Evidence from Metal Abundances

• Presence of Dust

• Evidence for Starlight



Metals in Metals in DLAsDLAs

••Metals are Byproducts of Star FormationMetals are Byproducts of Star Formation

••Abundance Ratios are Signatures of Star Formation HistoriesAbundance Ratios are Signatures of Star Formation Histories

Ionization State of Gas is Accurately Known: H=H0

Dominant ions are Si+, C+, Fe+, O0, etc.

Accurate Measurements of Keck Velocity
Profiles

••Most accurate Metal abundances at high-z are for Most accurate Metal abundances at high-z are for DLAsDLAs



Metal Weak Metal Strong



DLA Age-DLA Age-Metallicity Metallicity RelationshipRelationship

• Sub-solar metals at all z. But
[M/H] underestimated at low z
due to undersampling.

• Statistically Significant evidence
for increase of metals with time

• Most DLAs detected at epochs
prior to formation of Milky Way
Disk

• But too many metal-poor galaxies

     would result if high-z gas turned
into stars

floor





SFR=[( *) / cos i]xdA  cos i

Comoving Comoving SFR DensitySFR Density
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Observed H I Column-Density Distribution Function


