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WMAP polarization (7-year) data:
universe was reionized between z = 13 and 8  (tH ≈ 2.5x108 yr)
(Komatsu et al. 2011)

Reionization and the First Heavy Elements: 

patchy reionization:
first stars and seed black holes.
   UV                     Xrays

Gnedin et al 2010; Maio et al. 2010

Cayrel et al. 2004;  Frebel et al. 2011

very low metallicity Population II stars:
[C/H]  and  [O/H]  as low as ~ 10-3.5  Solar
(observed in Galactic halo and dwarf galaxies)...

...the first heavy elements may have been produced by
“pair-instability” supernovae explosions of very massive 
 (~200 Msun) metal-free Population III stars.   

Question:  What were the chemical compositions of the (star-forming) 
                  molecular clouds at the reionization epoch?

                  ...or alternatively,
                  What are the compositions of molecular clouds in the limit of very low 
                 (but non-vanishing) heavy-element abundances?

    

Collaborators on this project:
  A. Dalgarno (Harvard)
  Y. Pei (Ohio State)
  E. Herbst (Ohio State, Virginia)
    



Theory and Computational Ingredients: 

• “two-body” ion-molecule gas-phase chemistry (except for H2 formation,
    which also includes grain-catalysis and negative-ion H- sequence).

• constant density, isothermal clouds.

• metallicity proportional to a single scaling parameter Z
  (with Z=1 for solar abundances of the heavy elements).

• dust abundance and photoabsorption cross section per H nucleus
   assumed to vary linearly with Z.

• ionization driven chemistry (by, e.g., X-rays from accreting seed black holes)
  moderated by FUV photo-processes (due, e.g., to radiation from massive
  population III or II stars.)
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H/H2 hydrogen gas density  n = 104  cm-3

ionization rate   ζ = 10-15 s-1

[selected so that composition can
 reach a steady-state within a
 Hubble time ~ 2.5x108 yr at redshift ≈10.]

gas temperature  T = 100 K     (“warm”)

H2 formation on dust grains
     (R = R0 Z  cm3 s-1)

and in the gas-phase

      H + e  H- + photon
      H- + H  H2 + e

Removal:

      H2 + e*  H2 + e + e*



Fractional Ionization:

10−4 10−3 10−2 10−1 100
10−2

10−1

100

Z/Zsolar

n i/
n

H

H2

10−4 10−3 10−2 10−1 100
10−7

10−6

10−5

10−4

Z/Zsolar

n i/
n

e

H+

C+
Si+S+

10−4 10−3 10−2 10−1 100
10−10
10−9
10−8
10−7
10−6
10−5
10−4
10−3

Z/Zsolar

n i/
n

CO

OH

CH

C
O

10−4 10−3 10−2 10−1 100
10−2

10−1

100

101

102

Z/Zsolar

n O
H/
n C

O

positive charge carried by:

• metal ions and molecular ions at “high Z”

• protons at “low Z”



CO and OH:
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[this classical ion-molecule sequence has gained further support from 
 recent Herschel observations: Neufeld et al. 2010; Gerin et al. 2010]

O+H+ OH+ H2O+ H3O+
O H2 H2 H2 e

e

OH

H2O
OH formation:

He+

He+

OH CO
C

OH CO+ HCO+ CO
C+ H2 e
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.

.

OH removal and CO formation:

OH OH+
H+

at “low Z”

Main Point:  CO contains two heavy elements, as opposed to a diatomic hydride
                    such as OH that contains just one.  So for sufficiently low metallicities the
                    abundances of the diatomic hydrides must become large compared to CO. 
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Z-2  in “high Z limit”          ....n(OH) / n(CO)  <<  1n(OH)
n(CO)

∝
 n(He+)
n(C+) ∝

Two Regimes:

Z-1  in “low Z limit”           ....n(OH) / n(CO)  >>  1

Note: Other diatomic hydrides, e.g., CH, SiH, SH, HF etc. much less abundant than OH.



Z-2  in “high Z limit”          ....n(OH) / n(CO)  <<  1

Z-1  in “low Z limit”           ....n(OH) / n(CO)  >>  1

....familiar galaxies
    “CO dominated”

...molecular clouds at reionization?
   “OH dominated”



FUV Photoprocesses in Low-Metallicity Clouds:

Radiation Fields

H2 bands
optically thick

dust free
optically thin

104 K

Galactic (ISRF)

105 K Pop III 
(first stars)

Normalized Radiation Fields



FUV Photoprocesses:

ISRF PopIII/H2

photodissociation
ISRF PopIII/H2 ISRF PopIII/H2

photoionization

ISRF PopIII/H2

photodetachment



FUV Photoprocesses in Low-Metallicity Clouds:

ΓCO  =  0

ΓOH  =  2.5 x 10-10  s-1 

Radiation Fields

H2 bands
optically thick

dust free
optically thin

104 K

Galactic (ISRF)

105 K Pop III 
(first stars)

Normalized Radiation Fields



With FUV radiation (Pop III stars):
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GFUV = 102

Transition from high- to 
low-Z regime not affected
by photodissociation of OH.



Brief Remark:  OH as a probe of time-variable fundamental constants.

            [fine-structure constant;  proton-electron mass ratio;  proton gyromagnetic ratio]

van Langevelde et al. 1995
Darling 2004
Kanekar et al. 2005; 2010; 2011           thus far to redshift z ≈ 0.8

OH maser “conjugate satellite lines”;
...reduced systematics.



Summary:
•The existence of very low metallicity Pop II stars,
  with observed [C/H]  and  [O/H]  as low as ~ -3.5 dex, 
  is evidence that at the reionization epoch star-formation 
  occurred in clouds with very low (but non-vanishing)
  heavy element abundances.

•The most abundant molecule containing a heavy
  element would have been a diatomic hydride,
  as opposed to CO as in today’s molecular clouds.

•This molecule was OH
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Density:103 104 105 10610−3
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