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▸ Gas-phase chemistry 

▸ Photochemistry (this class) 

▸ Cosmic rays induced chemistry (next class) 

▸ Grain-surface chemistry (future classes) 

▸ Ion-neutral reactions drive the chemistry (k~10-9 cm3s-1) 

▸ From where the ions come? 

▸ Photons and/or cosmic-ray!
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▸ Photoreactions are unimolecular reactions! 

▸ Very important in many different envs (shocks, diffuse 
clouds, planetary atmospheres…)

CHEMISTRY IN THE ISM (REMIND)
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Av =
NH

2⇥ 1021
mag cm�2
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Interaction matter-radiation
• Determines  

• the physical state of interstellar gas (phase transitions) 

• its chemical and ionization state (photochemistry) 

• its thermal state (photoelectrons) 

• re-radiation of energy at longer wavelengths (dust) 

• radiation pressure (dynamical effects)
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• Galactic synchrotron radiation from relativistic electrons 

• The cosmic microwave background radiation 

• FIR and IR from dust grains heated by starlight 

• Plasma emission (104 K) free-free, free-bound, and bound-bound 

• Starlight  

• X-ray emission from hot plasma (105 to 108 K) 

Interstellar Radiation Field
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RADIATION SOURCES
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12Starlight

• HI regions: radiation is mainly emitted below 13.6 eV 

• Photons in between 13.6 and 100 eV are strongly absorbed by 

H and He 

• FUV radiation very important in the neutral ISM 

• Photoexcitation, photodissociation (particularly H2) 

• Photoionization of heavy elements 

• Ejection of photoelectrons from dust grains



13Starlight
• Habing (1968) early estimate of the intensity of UV 

radiation 

• 4 x 10-14 erg cm-3 at 1000 Angstroms, i.e. E = 12.4 

eV



14Starlight
• Habing flux is good in between 10-13.6 eV 

• If we integrate the Habing’s UV spectrum in 

between 6 and 13.6



15Standard Interstellar Radiation Field

• It is the standard UV 

field measured in the 

solar vicinity 

• With energy < 13.6 eV
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PHOTOPROCESSES
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PHOTO-IONIZATION
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ICH = 10.64 eV
ICO = 14.01 eV
IH2 = 15.44 eV
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PHOTODISSOCIATION MECHANISMS

▸ Direct photodissociation (most of molecules e.g. H2O) 

▸ Pre-dissociation (CO, and N2) 

▸ Two steps dissociation (H2)
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DIRECT PHOTODISSOCIATION
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PRE-DISSOCIATION
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TWO-STEPS PHOTODISSOCIATION
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CROSS-SECTIONS: CONTINUUM VS LINE
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direct: H2+, OH, H2O 

pre-diss: CO 

2-steps diss: H2
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UNITS AND USEFUL LINKS
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kpd = [s
�1

]

E = [eV]

I(�) = I(⌫) = I(E) =


eV

cm2 sHz sr

�

�(E) = [cm
2
]

Phidrates website: phidrates.space.swri.edu 

Leiden database: home.strw.leidenuniv.nl/~ewine/photo 

Verner database: https://www.pa.uky.edu/~verner/photo.html
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http://phidrates.space.swri.edu
http://home.strw.leidenuniv.nl/~ewine/photo
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ANALYTIC FITS
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Verner database: https://www.pa.uky.edu/~verner/photo.html

ASTROCHEMISTRY 

Units of sigma are given in Mb = 10-18 cm2

These parameters are given in the database

https://www.pa.uky.edu/~verner/photo.html


ANALYTIC FITS
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Verner database: https://www.pa.uky.edu/~verner/photo.html
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COSMIC-RAYS
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OPACITY

DENSITY

DIFFUSE

▸ Can penetrate through thick clouds 

▸ Are principal source of ionization in MCs 

▸ Contribute to the heating of the gas (~10-20 eV per ionization) 

▸ Produce gamma-rays  and  light element isotopes via spallation 

▸ Control the coupling of B with the gas (electrical resistivity)
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WHAT COSMIC RAYS ARE AND FROM WHERE THEY COME?
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▸ Energetic charged particles (E > 100 eV) 

▸ Vast majority are protons 

▸ But also electrons, positrons and He-nuclei 
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COSMIC RAYS SPECTRUM

▸ Power-law   

▸ Below 1 GeV difficult to measure: low-
energy particles deflected by solar 
winds (modulation) 

▸ Produced by SNRs for E < 107 GeV 

▸ E > 107 GeV extragalactic (SMBHs, AGN)
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LONG STORY

ALL STARTED IN 1785 WITH COULOMB
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HOW DOES AN ELECTROSCOPE WORK?
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▸ used to detect the presence of 
electric charge (or ionizing 
radiation) 

▸ due to the Coulomb electrostatic 
force on it 

vertical metal rod

flexible gold leaf

Negative charge usually given to the electroscope
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A BIT OF HISTORY OF COSMIC RAYS: IT STARTED WITH RADIOACTIVITY
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▸ Some elements are able to spontaneously emit charged particles 

▸ These can in turn cause discharge of the electroscopes 

▸ The discharge rate was used to measure radioactivity  

▸ The dominant opinion was that all the high-energy radiation was coming from the soil

1896-1898
H. Becquerel & P. Curie & M. Curie
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COMMON IDEA

▸ Ionization is generated by radioactive materials on the 
Earth’s crust. 

▸ Calculations showed that this radiation should have then 
decreased with height 

▸ Electroscopes at that time where difficult to transport and 
not very sensitive 
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A BIT OF HISTORY OF COSMIC RAYS: FATHER WULF

▸ Theodor Wulf, German Jesuit Priest 

▸ Built a accurate electroscope in 1908-1909 

▸ Sensitivity of 1 V and transportable 
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FATHER WULF EXPERIMENT (1909-1910)

▸ Idea: measure radioactivity on top of Eiffel Tower (~300 m) 

▸ He did it during an Easter holiday 

▸ Expected reduction (if the radiation comes only from the 
soil) but results not conclusive
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BALLOON EXPERIMENTS: ALBERT GOCKEL

▸ Idea: improving Wulf’s measurements going higher 

▸ 1909: first balloon experiments (Berwitz and Gockel) 

▸ Up to 4000 m, Gockel found that radiation did not decrease with 
altitude
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DOMENICO PACINI: FUNDAMENTAL CONTRIBUTION (NOT RECOGNIZED)

▸ Meteorologist in Rome, and 
professor in Bari 

▸ June 1911: bringing an electroscope 
3 m deep in the sea 

▸ Experiment repeated at the Lake of 
Bracciano

ASTROCHEMISTRY 



40

DOMENICO PACINI: FUNDAMENTAL CONTRIBUTION (NOT RECOGNIZED)

▸ Published: “Penetrating radiation at 
the surface of and in water” 

▸ 20% reduction of the radioactivity
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PACINI CONCLUSIONS
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VICTOR HESS (1911-1912): NEW RESULTS

▸ Austrian scientist working in Wien and Graz 

▸ Started using the Wulf’s electroscope 

▸ Expected reduction but results not conclusive 

▸ 2 ascensions up to 1300 m in 1911
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VICTOR HESS (1911-1912): FINAL FLIGHTS

▸ April-August 1912: 7 flights 

▸ Reached 5200 m
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VICTOR HESS (1911-1912): RESULTS
▸ After passing a minimum he found increase of ionization 

▸ conclusions: radiation has extra-terrestrial origin

Gockel’s results Hess’s results
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PACINI-HESS: SCIENCE AT WORK
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WERNER KOLHÖRSTER  (1913-1914)

▸ Confirmed Hess’s results 

▸ Did a number of flights up to 9200 m 

▸ Increase of ionization up to 10x at sea level was found
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MILLIKAN AND CO

USA ARRIVED LATE BUT CLAIM THE 
DISCOVERY (WAR TIME)
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MILLIKAN CONTRADICTION!
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1924: No penetrating radiation exists

1928: evidence claimed
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MILLIKAN SURFING THE WAVE (1926)!

▸ Measurements of radiation depths in 
lake at high-altitudes 

▸ Pacini’s results reproduced 

▸ He cloned the term “cosmic rays” 

▸ This became a success of USA science 

▸ Never mentioned Hess or Pacini 
pioneering works
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HESS’S REACTION (1926)
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PHYSICS OF COSMIC RAYS DEVELOPED FURTHER
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▸ Cosmic rays are important in particle physics, astrophysics, 
astrochemistry! 

▸ Particularly in astrochemistry they drive ions-neutral 
reactions in MCs 

▸ Low-energy CRs determine ionization of species in the ISM 

▸ Unfortunately the CRIR is still an uncertain parameter

ASTROCHEMISTRY 
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▸ Interstellar chemistry is driven by fast ion-molecule reactions 

▸ Requires source of ionization 

▸ UV photons with E > 13.6 eV are absorbed by atomic H 

▸ Species with IP > 13.6 eV are primarily neutral 

▸ Species with IP < 13.6 eV are singly ionized 

▸ In diffuse and molecular clouds H and H2 are ionized by CRs
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INTERACTION WITH INTERSTELLAR GAS

ASTROCHEMISTRY 

▸ High energy (E > 280 MeV) cosmic ray protons create 
gamma-rays

▸ Lower energy cosmic rays ionize and heat the ISM

▸ Secondary electrons can cause additional ionization and 
heating, and can excite UV emissions from H and H2 
(important in dense clouds where starlight is absent.
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▸ The CRs spectrum is a power law spanning 12 dex in E and 
30 dex in flux… but < 1 GeV poorly constrained

▸ CRs ionization of H and H2 is most efficient at keV to MeV 
energies 

▸ Particle spectrum is measured above > 1GeV, but poorly 
constrained in energy range important for ionization 

▸ Determination of ionization rate from molecular 
observations can add constraints to low-energy particle flux.



SOME IMPORTANT CONSIDERATION (SEE INDRIOLO+2013)
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▸ Different ways to define CRIR 

▸ Primary ionization rate (ionization rate of H due only to 
protons and heavy nuclei) 

▸ Total ionization rate per H (including further ionizations per 
secondary e) 

▸ Total ionization rate per H2

⇣p

⇣H

⇣H2

⇣H = 1.5⇣p

⇣H2 = 2.3⇣p
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COSMIC RAYS IN ASTROCHEMISTRY
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EXAMPLES: DEUTERATION CHEMISTRY
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SO FAR IN ASTROCHEMICAL MODELS
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▸ We need the cosmic ray ionization rate (CRIR) 

▸ Fundamental for the interpretation of observations 

▸ Important in non-ideal MHD 

▸ Normally a constant CRIR is assumed (valid only in local 
ISM) 

⇣CR ⇠ 10�17[s�1]

ASTROCHEMISTRY 

Cummings+2016



PROPERLY MODELING THE COSMIC RAYS 

▸ The idea is that we could consider 
variation and effect of column density 
on the CRIR 

▸ And the magnetic field coupling 

▸ But unfortunately this is pretty 
expensive, it requires propagation of 
CRs which is similar to RT 

▸ See Padovani&Galli 2011,2013, and 
Padovani+2009
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Credits: T. Grassi



MEASUREMENTS
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COSMIC-RAYS MEASUREMENTS (NEUFELD’S TALK)
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H3+
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H2+
H2
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Indriolo’s slide

1

2
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OH+

CR

H+

H2

H

e

e

O

O+
H2

H2O+

e

H2
H3O+

e

O is not ionized by UV radiation (above the Ly limit) 

OH+ and H2O+ formation must be initiated by 
cosmic ray ionization
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Indriolo’s slide



69ASTROCHEMISTRY 

Indriolo’s slide
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Indriolo’s slide
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Indriolo’s slide



SUMMARY OF OBSERVATIONS (PADOVANI+)
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DENSE CORES ESTIMATES ARE STRONGLY MODEL DEPENDENT
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Van der Tak & Van Dischoeck 2000: estimates based on models (0d) to match HCO+ obs. 

Obtaining values of around 1.1 x 10-17 s-1
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H3+

CR

H2+
H2

H2 e

DISSOCIATIVE RECOMBINATION

CO
HCO+

e
CO

HD

H2D+
CO

DCO+
e

CO

e

DISSOCIATIVE RECOMBINATION
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Infinite amount of reactions neglectedCaselli+1998
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Bovino+2020

Estimating CRIR from molecular observations:

ζ2 = α kH+
3

CO ×
XCO

L
×

N(oH2D+)
3RD

Analytical equation, 𝛼 calibrated on simulations

It is simply based on the idea that H3+ is converted into its isotopologues in  
dense regions via deuterium fractionation

H3+ H2D+



76

Obtained from deuterated species of H3+ (H2D+) with ALMA
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Sabatini, Bovino, Redaelli, ApJ Letters 2023
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Sabatini, Bovino, Redaelli, ApJ Letters 2023



SUMMARY

▸ Gas-phase chemistry is driven by fast ion-neutral reactions 

▸ This requires a mechanism of ionization 

▸ UV radiation (diffuse gas) and cosmic-rays (dense gas) provide with the 
necessary ions 

▸ Both radiation and cosmic-rays also heat the gas  

▸ Cosmic-rays are fundamental for the understanding of observational signatures 

▸ Some processes generate secondary electrons which can induce further 
ionization 

▸ CRIR still uncertain and inaccurate in models!

78ASTROCHEMISTRY 


