
Lecture 2: "Chemistry from Big Bang till 
Present"



Outline

1. Chemistry in the early Universe

2. Chemistry in molecular clouds

3. Chemistry in protoplanetary disks



The Universe is expandingThe Universe is Expanding

Edwin Hubble, PNAS, vol. 15 no. 3, pp.168-173 (1929)

- Distance estimated using the variability of Cepheid stars and their apparent brightness
- Velocity determined through the measured red shift 

Hubble’s law
  

With   500 km s-1 Mpc-1

PART I

• Distance from brightness and variability of Cepheid stars

• Velocity from a measured Doppler shift:  z = 𝛌obs / 𝛌emit  - 1 ≈ V / c

• Modern value: H0 = 69.32 ± 0.80 km s-1 Mpc-1 ⇒ t ≈ 1/H0 ~ 13.77 Gyr
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The Universe after Big Bang

Epoch Time, s TR, K nH, cm-3

Baryons and 
leptons: e-, p+, n

10-11 – 2 >1012 –

Radiation-
dominated 2 10 10 –

Мatter-dominated 1011 – 1012 4,000 500

Present 10 18 2.73 2 10-7



Standard Cosmological Model

•Composition at the beginning of the matter-dominated era: 

H :     D   : 4He    : 3He : 7Li

1  : 4 10-5 : 8 10-2 : 10-5 : 2 10-10

(1) H + hν → H+ + e-, rate ~ radiation field

(2) H+ + e → H , rate ~ T-0.61

•As Universe expands and cools,  recombination occurs:

n(H+) = n(H) at z = 1340,  TR = 3630 K

•No thermodynamical equilibrium



First neutral atoms
Recombination
T < 380000 yr 

Ionization potentials [in eV]

1st 2nd 3rd 4th

H 13.6 

He 24.6 54.4

Li 5.4 75.6 122.5

He+ recombines first to form the first neutral atoms He

H+ recombines second to form neutral H

Li3+ + e       Li2+  + γ

Li2+ + e       Li+ + γ

Li+  + e       Li    + γ

He2+  + e         He+ +   γ
He+ + e        He +   γ

H+ + e      H +  γ

• First: He+ + e- ⇒	 He + hν

• Second: H+ + e- ⇒	 H + hν



First Molecules

He+ + He → He2+ + hν (RA)

He + H+ → HeH+ + hν (RA)

Destroyed by photodissociation and dissociative recombination with e-

Lepp, Stancil, Dalgarno, 
J. Phys. B., At. Mol. Opt. Phys 35 
(2002)

Formation of Molecules (z > 1000)

The First Molecules

The first neutral molecule: H2

Lepp, Stancil, Dalgarno, J. Phys. B., At. Mol. Opt. Phys 35 (2002) R57-R80

PART II

T = 380000yr



Chemistry of H 

• H2 forms via gas-phase reactions

•Formation by radiative association is too slow:                     

H + H → H2 + hν 

(H2 does not have a dipole moment => difficult to get rid 

of excess of energy via radiation of photons)

X



Formation of H2 from HeH+

First, H2 formed via ion-molecule reactions with HeH+:

He + H+ → HeH+ + hν 

HeH+ + H → H2+ + He

H2+ + H → H2 + H+

(here He and H are catalysts!)

H2 and H2+ are rapidly destroyed by background radiation



Formation of H2 from H+

Later, formation H2 involves RA & ion-molecule reaction:

H + H+ → H2+ + hν 

H2+ + H → H2 + H+

H2+ is destroyed by photodissociation and DR:

H2+ + hν → H + H+

H2+ + e → H + H

Photodissociation of H2+ is efficient when TR > 4000 K => 

no much of H2 at z > 1000



Formation of H2 from H+
Formation of Molecules (1000> z > 100)

More hydrogen: the H2
+ channel

D2
+ , H3

+, H2D
+, D2H

+, D3
+

HeH+, HeD+, He2
+

LiH+, LiD+, LiD, LiH+

More molecules:

t = 480 x106 yrT = 380000yr



Formation of H2 from H-

At z ~ 100, H2 can be formed through H-:

H + e → H- + hν (radiative attachment)

H- + H → H2 + e (associative detachment)

H- is destroyed by photodetachment reaction: 

H- + hν → H + e- (barrier is 0.75 eV) => slow when TR < 1000 K



Destruction of H2

H2 is destroyed by ion-molecule reactions with H+ and 

collisional dissociation:

H2 + H+ → H2+ + H 

H2 + e- → H + H-

Small molecular fraction in the early Universe: X(H2) ~ 10-6



Chemistry of D

Formation of HD:

H+ + D → H + D+

D+ + H2 → HD + H+

HD is destroyed as H2

 => X(HD) ~ (D/H) * X(H2) ~ 10-10 – 10-9



Summary: evolution of chemical species 
in the early Universe

Galli, Palla (1998), A&A, 335, 403

D. Galli & F. Palla: The chemistry of the early Universe 413

Fig. 4. The evolution of all the chemical
species considered in the standard model as
a function of redshift. The four panels show
the results for H (upper left), D (upper right),
He (lower left), and Li (lower right).

(1976) that the reverse reaction (H8) forms H+
2 preferentially

in excited states. In such a case, photodissociation would take
place from high vibrational levels and the LTE rate may un-
derestimate somehow the actual rate. Thus, we conclude that
the uncertainty is limited to the redshift of formation of H2

molecules and not to their final abundance.
As for deuterium, Fig. 4 shows that the evolution of D+ is

very sensitive to the charge exchange reactions (D3)–(D4). At
z < 40, the abundance of D+ drops precipitously due to the
exponential factor in the reaction rate (D3). The only molecule
formed in significant amount is HD, whose evolution with red-
shift follows closely that of H2. However, its abundance at
freeze-out is [HD/H2]! 10−3. More important, the asymptotic
value of [HD/H2] becomes about 10−3 with an enhancement
factor of ∼30 from the initial [D/H] abundance. This is due to
the large fractionation implied by reaction (D8). The behaviour
of HD+ follows that of H+

2 up to z ! 100, while at lower
redshifts its evolution is dominated by reaction (D12). The flat-
tening at z < 10 reflects the behaviour of the reaction rate at
temperatures below ∼ 20 K.

The case of H2D+is of interest after the suggestion by
Dubrovich (1993) and Dubrovich & Lipovka (1995) that in the
early universe this molecule could reach significant abundances
(up to [H2D+/H2] = 10−5) and that spectral features associ-
ated with the rovibrational transitions might be detectable in

the spectrum of the CBR. Such a high abundance would result
from the complete conversion of H+

3 into H2D+ because of deu-
terium fractionation at low temperatures (T < 50K). However,
it is very unlikely that this mechanism could work in the condi-
tions of the primordial gas, since the abundance of H+

3 ions is
quite low due to the absence of ionizing sources (see Fig. 4). In
present-day molecular clouds, searches for the rotational transi-
tions of H2D+ have yielded a fractional abundance of 3×10−11

(Boreiko & Betz 1993). The results shown in Fig. 4 indicate
that the final abundance of H2D+is extremely small [H2D+/H]
! 5 × 10−14, and [H2D+/H+

3 ] ! 10−2. It is clear from our
models that the presence of H2D+ molecules can hardly affect
the shape of the CBR (in order to see detectable effects on the
CBR, Dubrovich & Lipovka (1993) assume an abundance of
10−8). On the other hand, the isotopic ratio is greatly enhanced
with respect to the primordial abundance [D/H] = 4 × 10−5,
due to fractionation effects.

According to the results shown in Fig. 4, themainmolecular
species containing helium is HeH+, formed by the radiative
association of He and H+. As emphasized by Lepp & Shull
(1984), this reaction is slower than the usual formation mode
via association of He+ and H, but since the abundance of He+
is quite small, reaction (He8) takes over. The HeH+ ions are
removed by CBR photons and at z <∼ 250 also by collisions
with H atoms to reform H+

2 (reaction He11). This explains the



Sensetivity to cosmological parameters

E. van Dishoeck, "Master course in Astrochemistry" (2011) 

Sensitivity to cosmological 
parameters

Hatched area covers range of variation of 0=0.1-1,
h=H0/100=0.3-1 and 10=baryon/photon=1-10



"Chemistry in molecular clouds and 
protoplanetary disks"



Astronomer's periodic table

1 by number 

0.1

4 10-5

4 10-410-46 10-4

10-5410-5
3 10-5

McCall (2001)

• 99% gas, 1% dust (by mass), depletion of refractory elements



Key factors in interstellar chemistry

• Heavily H-dominated: X(C, O, N) < 10-4

• Solar composition: C/O ~ 0.46

• In dark, dense regions: 

-  Almost all C is locked in CO

- 1/2 of O is in CO, another 1/2 of O is in H2O

-  Almost all N is locked in N2

• In UV-irradiated regions: C+, S+, O, N, H

• At T < 100 K ice mantles start to grow

• Cosmic ray ionization



Types of molecular cloudsTypes of molecular clouds

• Diffuse clouds:           Tkin~100 K,       n ~100 cm-3 

• Translucent:               Tkin~50–100 K,  n ~102–103 cm-3 

• Dark dense clouds:     Tkin~10–100 K,  n ~104–108 cm-3



CO (1-0) survey of Milky Way

Taurus-Auriga

Taurus molecular cloud
Perseus

Auriga

Taurus

TMC-1

L1449

NGC1333
B5

IC348

T Tau

Ungerechts & Thaddeus 1987

CO 1-0



Prestellar cores

Visible Infrared

Barnard 
68

• Typical mass ~10 – 103 Msun, size < 1 pc, n >104 cm-3, T ~10 K

• Dynamically "quiet", t ~ 1 – 10 Myr

• No protostars inside



General scheme: physics

• Heating: CR and UV

• Cooling: dust and molecular lines (C, CO, OH)

• Cold center, warmer outer shell

• Density profile: a quasy steady state?

• Rotation, infall, turbulence

Alves et al. 2001



Molecules in dense clouds

Barnard 
68

• >1970's, "classical" source: TMC-1S or TMC-1CP

• Formation of ices: CO, CCS, CS, ...

• Non-depletion of N2H+ and NH3

• Carbon chains

• Negative ions

• Deuterated species

• Simple organics: HCOOH, CH3OH, ...



Pause



Barnard 68 cloud

Barnard 
68

• CO frozen in the center 
(at T < 20 K)

• There, N2 and H2 exist:

H2 + CRP → H2+ + e-

H2 + H2+ → H3+ + H

H3+ + H → N2H+ + H2

• When CO is not frozen:

N2H+ + CO → HCO+ + 
N2



Barnard 
68

Detection of carbon chains in 
TMC-1S

Langer et al. 1997

Long carbon chains in TMC-1



Negative ions in TMC-1

Barnard 
68

Negative ions and saturated chains
Negative ions

McCarthy et al. 2006

Propene in TMC-1

Marcelino et al. 2007

Electron attachment rate increases with 
size of chains => search for large species

C6H  + e- ⇒ C6H- +  hν

Effective for molecules with large 
e- affinities

<10% of anion/neutral
(predicted by Herbst 1981)

Discovered in clouds with 
predicted abundances
(McCarthy et al. 2006, Bruencken 
et al. 2007)

k ≈ <10-7 cm3s-1



Ices in dense clouds

Barnard 
68

• Dominated by H2O, CO, CO2,

• Complex ices: HCOOH, CH3OH, 

• ~10–50% of heavy elements are in ices

• Up to 99% of the heavy elements may be frozen out



Oxygen chemistry
I.P. of O > 13.6 eV ⇒ oxygen mostly neutral 

Ionization provided by cosmic rays: 

H2 ⇒ H+, H2+, H3+ (rapid) 

H+ + O → H + O+ (+227 K)

O+ + H2 → OH+ + H 

H3+ +O → OH+ + H2 

Once OH+ formed, rapid ion-molecule reactions lead to OH, 

H2O and O 

OH +O → O2 + H  



Carbon chemistry

I.P. of C < 13.6 eV ⇒ carbon mostly C+ 

Initial reactions:

C+ + H2 → CH+ + H: endothermic by 0.4 eV 

C+ + H2 → CH2+ + hν (RA, works at low T)

or C + H3+ → CH+ + H2 

CH+ or CH2+ react with H2 ⇒ CH3+, CH5+

Dissociative recombination leads to CH, CH2, CH3, CH4

C+ + CHn ⇒ carbon chains

X



Nitrogen chemistry
I.P. N > 13.6 eV ⇒	 nitrogen mostly neutral

Nitrogen chemistry:

N + H3+ → NH2+ + H  does not occur

N+ + H2 → NH+ + H (barrier of ~100 K)

Starts with neutral-neutral chemistry linked to carbon:

CH, C2 + N → CN + H, C

CH3+ + N → H2CN+ + H

H2CN+ + e → HCN or HNC + H or CN + H2



Surface chemistry: O

O O

H

H 2H

H

Grain surface chemistry

H
O

OH

H2O

O2 O3

H2O2

H2O

OH

H2O
2H

Tielens & Hagen 1982

Postulated 30 years ago, these reactions are now finally being tested 
in the laboratory 



Surface chemistry:  COExample: CH3OH and HCOOH

OH

See also
Watanabe et al. 2005
Fuchs et al. 2009
Ioppolo et al. 2011a,b



General scheme: chemistry
C2S vs NH3 evolution

Suzuki et al. 1992
Hirota et al. 2009
Sakai et al. 2010 Suzuki et al. 1992

• Dense core: C+ is converted 
to C and CO

• Early times: CCS and HCnN 
are abundant

• Late times: N2H+, H2D+, NH3, 
CO is absent in the center 

• CCS traces outer shell, NH3 
traces central region



"Chemistry in protoplanetary disks"

Credit: Bill Saxton, NRAO/AUI/NSF

• Planet formation

• Comets and asteroids         

• Primordial chemistry

• Organic molecules



Protoplanetary disks in Orion: optics, 
Hubble



Young protoplanetary disks in Taurus



Zone of ions and radicals (atmosphere)

• Intense UV and X-rays

• Low densities

• High temperatures

• High ionization degree

• Limited gas-phase chemistry



Zone of molecules (intermediate layer)
• Partly shielded from UV and X-rays

• Moderate densities

• Moderate temperatures

• Oasis of rich chemistry: gas-surface 

cycling, photoprocessing of ices

• Most molecular lines are excited here



Zone of ices (midplane)
• Only cosmic rays can penetrate

• High densities

• Low temperatures

• Molecules are frozen out

• Rich chemistry on dust surfaces



Inner, planet-forming zone
• High n, T

• Reactions with barriers

• 3-body collisions

• X-ray-driven processes  

• No freeze-out

• Fast grain evolution

Courtesy of Calvin J. Hamilton 



Chemical composition: disks vs clouds

• Strong depletion of gas-phase molecules
• Freeze-out & UV dissociation



Observations vs predictions: DM Tau

Species Observed column 
density, cm-2

Modeled column density, 
cm-2

  CO 3.0 (17) 3.0 (17)
  HCO+ 1.7 (13) 8 (12)
  H2CO 1-2 (13) 6.2 (12)
  N2H+ 4 (11) 3.4 (11)
  CS 4 (12) 8.1 (10)
  CN 4 (13) 1.4 (13)
  HCN 8 (12) 1.2 (13)
  HNC 3 (12) 1.0 (13)
  CCH 3 (13) 1.1 (13)
  Agreement  Agreement 7/8

•  Agreement with molecules in outer disk

•  Agreement with cometary ices (inner Solar nebula)



Takeaway message

• Layered chemical structure

• Depletion of gaseous molecules: UV + freeze-out

• Large observational & modeling programs

• Models qualitatively agree with observations

• Different chemistry in Herbig Ae and T Tauri disks?


