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WHAT’S TO COME… 

 Science drivers 

 Quasar absorption-
line spectroscopy 

 Observations, 
analysis, results 

   Summary 



SCIENCE DRIVERS 

 How many metals are produced in the Universe? 

 Where are they? 

 How did they get there? 



COSMIC CHEMICAL ENRICHMENT CYCLE  

Metals form  
here. 

Metals in  
low-density 

IGM. 

Metals  
in ISM. 

Metals in extended halo. 

Outflow: 
Galactic winds driven 

by stellar winds and/or 
supernovae; 

AGN-driven winds 

Inflow: 
Infall of previously 
ejected material;  
collapsing structure 



“FEEDBACK” 

 Movement of 
material and energy 
by stars and active 
galactic nuclei 
  Winds, jets, bubbles,… 

 Affects… 
  Star formation rate 
  Ionization balance  
  Physical distribution… 

 Effects felt near, far, 
and over time 

Haas et al. (in prep.) 

Default model 

More mass in wind 

More star formation Momentum-Driven  

Include AGN 

log δgas 
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QUASAR ABSORPTION-LINE SPECTROSCOPY 

  Identify absorption lines 
  Including intergalactic, intrinsic, and Galactic 

  Observables: 
  Number: N 
  Redshift: z 
  Rest equivalent width: Wr,ion (mÅ) 
  Column density: Nion (cm-2) 

FOS, Bill Keel 



MORE DETAILS ABOUT ABSORPTION SPECTRA 

PG1630+377 (zQSO = 1.476) 
z1548 = 0.91440 

CIV 

SiIII 

SiIV 

Lyα 



WHY CIV AND SiIV? 

 Rest wavelengths red-ward of Lyα 1215 
  Outside Lyα forest 

 Observable in optical pass bands for 1.5 ≤ z ≤ 5.5 
  Well-studied with ground-based telescopes 

 Resonant absorption-line doublets 
  Characteristic wavelength separation 
  Characteristic rest equivalent width ratio  

  2:1 (unsaturated) to 1:1 (saturated) for 1548:1550 and 
1393:1402 

 Fairly common metals 
  And Si may trace O, which is most common 



METAL ABSORPTION LINES AFFECTED BY… 

 Metallicity and 
relative abundances 

  Ionizing background 
  Changes ionization 

balance 

 Physical distribution 
  Function of density 

and physical size 

(Wiersma+ 2009) 



ULTRAVIOLET BACKGROUND AND  
IONIZATION BALANCE 

log (Number of H-ionizing photons per H atom)  
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PHYSICAL DISTRIBUTION 

  Absorber line density = co-moving number density ×  
       physical cross section of absorber 

  

€ 

dN
dX

= nco-mσ phys

z = 6 z = 0 



OBSERVATIONS AND RESULTS 
“The Last Eight-Billion Years of Intergalactic CIV Evolution” 
KLC, C. Thom, J. X. Prochaska, H-W Chen (ApJ 2010) 

“The Last Eight-Billion Years of Intergalactic SiIV Evolution” 
KLC, J. X. Prochaska, C. Thom, H-W Chen (arXiv:1011.0750, submitted) 



ARCHIVAL SPECTRA 

 HST STIS and GHRS 
  FUSE supplement 

 Pre-Servicing Mission 4 
  49 lines of sight with: 

  CIV and/or SiIV coverage 
  R ≥ 20,000  

(15 km s-1) 
  S/N > 2 pix-1 

E140M E230M (typically) 



QUASI-AUTOMATIC, BLIND  
CIV AND SiIV SURVEYS 

 Automatically detect and combine  
  Also search for other common transitions 

 Machine-generated diagnostics 
 Visual inspection and adjustment 

Candidate System 



FINAL CIV AND SiIV SAMPLES 

  Definite doublets in group G = 1 
  Likely doublets in group  

G = 2 
  Analysis includes only doublets 

Wr ≥ 3σw in both lines 
  53 mÅ to 2364 mÅ 
  log N(C+3) = 13.2 to >15.3 
  66 mÅ to 777 mÅ 
  log N(Si+3) = 12.9 to >14.4 

  Redshift sub-samples 
  〈z〉 ≈ 0.6 for CIV  
  STIS E140M (z ≤ 0.1) and E230M 

(z ≥ 0.6) for both ions 

Group N Wr ≥ 3σW Unsat 

1 (CIV) 44 38 27 
z < 0.6 23 18 15 

0.6 ≤ z < 1 21 20 12 

1+2 (CIV) 63 43 32 
z < 0.6 33 20 17 

0.6 ≤ z < 1 30 23 15 

1 (SiIV) 22 20 18 
1+2 (SiIV) 28 24 22 



LUMINOSITY FUNCTION ANALOGY 

 Column density 
frequency distribution 
f(Nion) 

 Useful for measuring 
e.g., absorber line 
density 
  Like how Φ(M) can be 

used to measure (volume) 
density of all galaxies 

  

€ 

f (N ion ) ≡
ΔN

ΔN ion  ΔX(N ion )

(Faber+ 2007) 

lo
g 
Φ

(M
) 

MB 
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Φ(M) ≡ ΔN
ΔMB  ΔV



N(C+3) FREQUENCY DISTRIBUTION 
  Fit power-law: 

  log N0 = 14 for CIV 

  log N0 = 13.5 for SiIV 

  Maximum-likelihood 
method 

  Special treatment of 
saturated absorbers 
  log Nsat(C+3) =14.3 
  log Nsat(Si+3) = 14 
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f (N(C+3)) ≡ ΔN
ΔN(C+3) ΔX(N(C+3))
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N0

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

α



FREQUENCY DISTRIBUTIONS 

N(C+3) 

more CIV absorbers (larger k); 
more “top-heavy” (larger α)  

N(Si+3)  

less (smaller k); 
lower N(Si+3) are more common 



ABSORBER LINE DENSITY: EVOLUTION?  

dNCIV/dX: Yes! But… 
not significant, just statistically 
significant 

dNSiIV/dX: No? But… 
high-redshift studies a bit vague… 

(Songaila 2001, Pettini+ 2003, Boksenberg+ 2003, Scannapieco+ 2006) 

  

€ 

dN z≈0.6 /dX
dN z≈3.2 /dX

=1.8 ± 0.4



C+3 MASS DENSITY 
 Relative to critical density of Universe 

 Approximate by summing column densities 

 Assume power-law formulism  
and integrate 
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ΩC+3 =
H0mC

cρc,0
f (N(C+3))N(

Nmin

Nmax∫ C+3)dN(C+3)
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MASS DENSITIES OVER AGE OF UNIVERSE 

C+3: Increases by 4±0.5 over high-
z variance-weighted mean. 
Rate: (0.51±0.16)×10-8 Gyr-1  

Si+3: Likely increases by ≈4 over 
high-z unweighted mean but need 

more data. However… 
Rate: (0.61±0.13)×10-8 Gyr-1  

Songaila 1997, 2001, 2005; Pettini+ 2003; Boksenberg+ 2003; Scannapieco+ 2006;  
Danforth & Shull 2008; Becker+ 2008; Ryan-Weber+ 2009; Cooksey+ 2009 



IONIC RATIO  
N(Si+3)/N(C+3) 

 No evolution with 
redshift 

 Both samples drawn 
from same parent 
population 
  Astronomy SURVival 

analysis package v1.3 
(Lavally+ 1992) 

 N(Si+3)/N(C+3) ≈ 0.16 for 
12 Gyr! 
  No signature for HeII 

reionization at z ≈  3 

Boksenberg+ 2003 Us 



PHYSICS AFFECTING N(Si+3)/N(C+3)  

 Spatial distribution  
  LX = size of cloud 

enriched with X 

 Metal abundances 
  nX = volume density of 

species X 

  Ionizing background 
  χX

X’ = fraction of X 
ionized into ion X’ 

  Vary shape and strength 
of UVB with CLOUDY 
models 
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PHYSICS AFFECTING N(Si+3)/N(C+3)  

 Spatial distribution  
  LX = size of cloud 

enriched with X 

 Metal abundances 
  nX = volume density of 

species X 

  Ionizing background 
  χX

X’ = fraction of X 
ionized into ion X’ 

  CLOUDY models say… 
don’t need “soft” UVB 
  This is not a fit! 
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SUMMARY 

 z < 1 C+3 mass density increased compared 
to 1.5 < z < 5 mean 
  Si+3 mass density likely does the same but 

currently not statistically significant 
 Physical distribution of absorbers conspire to 

keep dN/dX within factor of two for 12 Gyr 
  Interplay of co-moving number density and cross 

section 
  CIV and SiIV absorbers likely trace circum-

galactic medium more than IGM 
 Ionic ratio N(Si+3)/N(C+3) constant for 12 Gyr 

  Yet another “conspiracy” but leave 
disentangling to cosmological simulations 



THIS SLIDE INTENTIONALLY LEFT 
BLANK 



EVOLUTION OF THE COSMIC WEB 

 Begin with H and He 
  Almost no metals 

 Stars form and die 
  Make metals, release 

them 

 Continuing collapse 
 Star formation rate 

decreases 
 More known about z > 1 

  e.g., see Aguirre, Schaye, 
et al. for z ≈ 3 

z = 6 z = 0 

log δgas 
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SURVEY SENSITIVITY 
 Measure fraction of spectra sensitive to  

Nlim(C+3) (or Nlim(Si+3)) 
 Monte-Carlo completeness test 

€ 

X(z) =
2
3ΩM

ΩM(1+ z)3 +ΩΛ

ΔX(N(C+3)) = δX(Ni)
N lim<Ni

∑

 Vary N(C+3), b 
(width), z, ncomp 

 Measure N(C+3) 
where 95% lines 
automatically 
recovered 



SURVEY SENSITIVITY 
 ΔX(N(C+3)) corrects 

for incompleteness  
  Same for ΔX(Wr,1548)  

 Total un-blocked 
path length ΔX  
includes all spectra 
  Same for Δz 



Lyα CONTAMINATION  

 Measure number of 
Lyman lines mimicking 
CIV doublets  
  Function of S/N 

 Blind survey 
  Included spectra in Lyα 

forest 
 Monte-Carlo HI Lyman 

lines 
 We detect no definite 

“naked” CIV or SiIV 
doublets. 
  They are consistent with 

Lyα contamination. 



EXAMPLE CIV: GHRS DETECTIONS 
 However, Wr,1550 < 3σW  

(See e.g., Thom & Chen 2006) (See e.g., Prochaska+ 2004) 



ƒ(N(C+3)) BY REDSHIFT 
  Divide at 〈z〉 ≈ 0.6 

  18 z < 0.6 (blue) 
  20 0.6 ≤ z < 1 (red) 

  Consistent within 1σ 
  α = -1.75 for z < 0.6 

  Agree with Danforth & 
Shull 2008 (α = -1.79) 

  α = -1.39 for 0.6 ≤ z < 1 
  Within 2σ of high-z 

studies  
  Songaila 2001  

(α = -1.8) 
  Boksenberg+ 2003 

(α = -1.6) 

  Dividing by E140M and 
E230M yields consistent 
results 



CIV ABSORBER LINE DENSITY 

 dNCIV/dX depends on 
distribution of 
absorbers 

 (Could also integrate 
ƒ(N(C+3)) from almost 
any Nlim to ∞)  

  

€ 

dN CIV

dX
(N(C+3) ≥ N lim ) =

1
ΔX(Ni)Ni ≥N lim

∑

  

€ 

dN
dX

= nco-mσ phys



ABSORBER LINE DENSITIES 

dNCIV/dX = 3.5±0.7  
(log Nlim = 13.2) 
No evolution z = 1  0 (in either) 

dNSiIV/dX = 1.4±0.4  
(log Nlim = 12.9) 

see why statistics are hard…   



C+3 MASS DENSITY: EVOLUTION? 

 Evidence for ΩC+3 evolution awaited low-
redshift observations 
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ΩC+3

10−8
= a0 + a1

tage
109yr
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a1 = 0.15±0.3	
 a1 = 0.42±0.2	


Fit to tage = 1 to 4 Gyr Fit to tage = 1 to 14 Gyr 



C+3 AND Si+3 MASS DENSITIES:  
“MODELING” TEMPORAL EVOLUTION 



log U = -2 

log U = -1 log U = -3 


