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Before to start
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Introduction 1 Heat|ng |n KROME
» UNITS:ergcm—23 s~
» OPTION: -heating

$ ./krome -n network.ntw —-heating=?

khk Ak hhhkhkhhkhkhkkhkrkhkhkrhkhkrhkhkdkhkhkdhkx*x*k

WELCOME TO KROME

khhkhkkhhkhkhkkhkhkhkkhkrkhkhkrhkkhkhrhkkhkhrhkhhkhkhxkx*k

Available heatings are: COMPRESS, PHOTO,
CHEM, CR, PHOTOAV, PHOTODUST,
PHOTODUSTNET, XRAY, VISCOUS
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Introduction
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Introduction 2

There are different ways to heat the gas in the ISM, i.e. to
transfer energy into the gaseous medium

via photons/electrons
» via chemical reactions
» via dust grains
| 4

v

via dynamical processes

Main processes:
» elastic collisions
» collisional de-excitations
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Chemical reactions 2

(1) Chemical heating
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Chemical heating

formation of molecules
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s A+B — C+ AH

Chemical reactions
Exothermic

Heat Out

Energy

Reaction Progression

Hamburger Sternwarte
Hamburg University
Germany 49



ISM Heating

Stefano Bovino

Chemical reactions
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Chemical heating (cont’d)

formation of molecules

the energy can be released as/in:
» translation energy of the newly formed molecule
» rotational/vibrational excitations
» if on grains — heat the grains
heating occurs via
» collisional de-excitations
» simple collisions



Chemical heating (cont’d)

formation of molecules
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Chemical reactions 5
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MAIN UNCERTAINTY

distribution between the different forms of energy



Chemical heating (cont’d)

formation of molecules
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A+B-X. c+AH

Chemical reactions 6

‘ [ chem = k/'nAnBEIAH‘

H +H — [EM+e¢ +353eV
Hf +H — [EH+H"+1.83eV
H+H+H — [BH+H+448ev
H,+H+H — [EH+H,+448¢ev
H+H+GR — [EM+GR+4.48¢eV
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Chemical heating (cont’d)

efficiency
ISM Heating
Stefano Bovino
Ner\ ™~
€ = (1 + —)
Chemical reactions 7

Aul
Ner = —
Yul

» critical density /

» if n>>n, — ¢, =1 & AH — heats the gas
» if n << ng, — ¢ ~ 0 & AH — radiates away
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Chemical heating (cont’d)

efficiency
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Chemical reactions
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v

v

v

v

critical density j

ratio between Einstein co
de-excitation rate

icient and the collisional

if n>> n, — ¢; =1 & AH — heats the gas
if n << ng — ¢; ~ 0 & AH — radiates away



Chemical heating (cont’d)

H» efficiency
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Chemical reactions 8
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Hollenbach& McKee 1979:

M= 16 x 107 12T"/2exp[—(1000/T)] cm® s~
Y = 1.4 %107 2T"/2 exp{—[12000/(T + 1200)]} cm® s~
A = 10 6s7!

1087/

Mler = 1 6exp[—(1000/T)] + 1.4 exp {—[12000/(T + 1200)]}




Chemical heating (cont’d)

H, formation on dust
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s

Chemical reactions 9 :

O

H+H+GR%H2+GR+4.48cV‘

» most relevant process
» energy distributed as following

» 0.2 eV as kinetic energy
» 4.2 eV in roto-vibrational state of Hz
» heating of grain negligible

Mg, = Rr(0.2 + 4.2¢)nyor iy

WARNING: different rates available
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Chemical heating (cont’d)

H, formation on dust

a3, = Rr(0.2 + 4.2€) Nyt Ny

'R, = 3x107"

721,
14+04(Ty+ Ty,)%%+0.2T, +0.09T
SRy = 0.5vygnadPen, S(T, Ty)Muny

2R, = 3x107"

Note R4(H,) is the overall rate of H, formation in terms of
cm~3 s~ to compare

ra, = Ra(0.2 4+ 4.2¢)

Rd(Hz) = ann].[

TJura 1975
2Hollenbach& McKee 1979
3Cazaux & Tielens 2004



Chemical heating (cont’d)

H, formation on dust

ISM Heating
Stefano Bovino 10718
Cazaux Si ——
Cazaux C
HM1979

Jura75
Chemical reactions "

1017 F 4

Ry [cm‘als]
=)
>
T
1

1049 L 4

Tor K]

N n=0.1cm=3, ngo ~ 1072 cm?, Tgas = 300 K
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Chemical heating in KROME
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$ ./krome -n network.ntw —-heating=CHEM
Chemical reactions 12

khkAkhkkhhkhkhhkhhhkrhhhrhhkhhkkhkrhkhkrhkhkrhkhhrhkhkrhkhkxxkhxx

function heatingChem(n, Tgas, k, nH2dust)

'H+ H+ H -> H2 + H (heating)
HChem = k (25) =
(4.48d0+xh2heatfac*n (idx_H) *n (idx_H) *n (idx_H)

heatingChem = HChem * eV_to_erg l!erg/cm3/s

end function heatingChem
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Chemical heating in KROME

ISM Heating

Stefano Bovino

Chemical reactions
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Things to know:

» chemical cooling is also included in KROME_HEATING.F90
by construction

» mainly Hy formation heating
» KROME option CHEM
» only active if you have that given reaction in your network



Chemical heating
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Chemical reactions 14

Further reading:
» J. Lequeux "The Interstellar Medium" 2003

» A. Tielens "The physics and chemistry of the Interstellar
Medium" 2005

Dalgarno & Oppenheimer 1974
Hollenbach & McKee 1979
Burke & Hollenbach 1983
Cazaux & Tielens 2004

vV v v v
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Grain-gas thermal 14
exchange
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(2) Grain-gas thermal exchange



Grain-gas thermal exchange

basics
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IR
arangastema (15) » the grain size (I « 7&?) %\
CMB

> dustand gas temperature - AAAS> ‘
8kpTy

» gas velocity vy =
My (E)

rem - /\gﬁd + rCMB + rabs

Ng—sa(a, Ty) = 2n@@ngngVgkp(Ty — Ta)a | Ty > Ty — cooling

Fgmd(@, Ty) = 2 ngngvgks(Ty — Tg)a| Ty > Ty — heating
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Grain-gas thermal exchange

accomodation coefficient
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Grain-gas thermal 16
exchange

Hamburger Sternwarte
Hamburg Universi ty
G

every collision gives to the gas a mean energy:

_ To— 1Ty

E =2ak(Ty— T, =
ak(Tqg—Ty) — | Tae T,

how efficiently energy is shared between the dust and the gas

MAIN UNCERTAINTY
EVALUATE THE ACCOMODATION COEFFICIENT
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Grain-gas thermal 17
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Grain-gas thermal exchange

accomodation coefficient

it depends on
» nature of dust grains
» nature of colliders
» Tgand Ty

In literature
» o = 0.3 fully molecular gas*
» a=1common

4Burke & Hollenbach 1985



Grain-gas thermal exchange

approximated formulae

ISM Heating

e B Expressions in literature for ['y_, 4 typically written:

gd = Cgsa T;/Q(Td — Tg)r?

Grain-gas thermal 18
exchange

Cy-sq in units of erg cm =3 s~ K3/2

~75K)\ /10-%cm /2
5Cgod = 3.8x107% 10.8exp< > >< 0 Cm)
7—g Amin

6Cya = 35x1073
"Cgsd = 63x107%

» intended for use in Ho-dominated regions
» assumptions made on ngoy

5Hollenbach& McKee 1989
Hamburger Sermvarte 6Tielens & Hollenbach 1985
Germany s 7Goldsmith 2001




Grain-gas thermal exchange

in KROME
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Mg—a(a Ta) = 2na@ ngnaVeks(Ta — Tg)a

Grain-gas thermal 19
exchange

You have to enable the dust machinery

S ./krome -n network.ntw —-dust=1,C
—-cooling=DUST

» based on the grain-size distribution and grain properties
» only assumption on the free parameter o
» re-scaled by the metallicity (dust-to-gas ratio)

Hamburger Sternwarte
Hamburg University
Germany 49



Grain-gas thermal exchange

when is important
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Grain-gas thermal 20
exchange
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v

v

v

v

at high densities (high # of collisions)

SNa remnants grain heating is dominant (both T, and
n>>)

HIl regions: Tg_,q << Tpn
negligible in PDR and WIM



Gas-grain thermal exchange

references
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Grain-gas thermal
exchange
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Further reading:

>

J. Dyson, D. A. Williams "The physics of the Interstellar
Medium" 1997

» J. Lequeux "The Interstellar Medium" 2003

v

vV v v v

A. Tielens "The physics and chemistry of the Interstellar
Medium" 2005

Burke & Hollenbach 1983
Tielens & Hollenbach 1985
Hollenbach & McKee 1989
Goldsmith 2001
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(3) Photoelectric heating



Photoelectric heating

basics

ISM Heating

Stefano Bovino

» most important heating process in the cold neutral ISM
» UV radiation from hot stars remove e~ from interstellar
dust grains.

Photoelectric heating | 23
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Photoelectric heating (cont’'d)

basics
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H(a, q) :47r./

vV,

l/H Jl/
mgabs(av v)Yion(a, IPq)9(a, IP;)dv
q

Photoelectric heating | 24

E — radiation intensity in ergcm 2 s~ sr™"

hvg = IPg =W+ ¢ ‘ — ionization potential

‘ Oabs = QupsTd ‘ — absorption cross-section

Yion | — # of photoelectrons ejected per absorbed photon

E — partition function of the kinetic energy of the
photoelectrons

— Hydrogen ionization potential

Hamburger Sternwarte
Hamburg University
Germany 49



Photoelectric heating (cont'd)

basics
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For a given grain size distribution n(a) da:

o= [ 3 Hla (e q)nla)da

a
Photoelectric heating | 25 min q

Reaction to be taken into account

GR™(™ 1~ — GRYMY e (2)
GRY(M 4 e~ — GRT™D (3)
GRT™ £ AT — GRYMD LA (4)

= [ Y iH@a) - claqlita gniaaa

Amin q
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Photoelectric heating (cont'd)

ISM Heating
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MAIN PROBLEM
EVALUATE THE CHARGE OF THE GRAINS!

Photoelectric heating | 26

charge equilibrium problem!
F(Q)[Jpe(q) + Jion(q)] = F(q + 1)Je(q + 1)

» photoelectron emission
» accretion rate of ions
» accretion rate of electrons




Photoelectric heating (cont’d)

parametrization see Bakes & Tielens 1994

ISM Heating

Stefano Bovino 1 >
GO ga{s . 8
Y= n — charglng parameter

e
erocaecroreaing (=) | 487 x 1072 3.65x 1072 (T/10%)*’
T 144 x1034078 1+2x 104

r”? - rpe - /\rec

Mpe = 1.3 x 107%*¢Gony
Aroc = 4.65 x 107307024 nony  with g = 0.735T 0998
assumption: grains absorb a UV energy of 1072 erg s~ per
hydrogen atom (at Z = Z5).

Hamburger Sternwarte
Hamburg University

Germany w0 8Gy — Habing flux, i.e. u(6 — 13.6eV)/5 x 10~ erg cm 3




Photoelectric heating (cont'd)

efficiency e

ISM Heating 1/2
Stefano Bovino ) GO gas

Ne

Photo-electric heating efficiency

107! ¢
Photoelectric heating | 28 [ CNM _> WNM _> PDR
)
2
g 107 ¢
S L
g
5]
—3 i i NPT E LTRSS W TR i
Hamburger Sternwarte 10 T N
Hamburg University 1 100 10000

Germany 40



Photoelectric heating (cont'd)

to keep in mind
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Three main parameters influence the photoelectric heating rate

i) the strength of the radiation J,
ii) the size distribution of the grains
iii) the charge of the grains
Assumptions and summary
PE heating mostly acts on small grains (a < 100 A)
PE heating most important process in CNM
HIl region heating dominated by photoheating
in the model only C-like grains considered
recombination negligible in CNM (Gy ~ 1)

Photoelectric heating | 29

v

vV v v VY
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Photoelectric heating
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Photoelectric heating in KROME

$ ./krome -n network.ntw —heating=?

khkhkhkkhhkhkhhkhkhkdkrhkhkrhkhkhrhkkhkhrhkhkhxhkhxx*k

WELCOME TO KROME

khkAkhkkhkhhkkhkkhk kA rhkkhkhAhkkhkhk ki hkhkhhkhxKx*k

ERROR: Heating "?" is unknown!

Available heatings are: COMPRESS, PHOTO,
CHEM, DH, CR, PHOTOAV, PHOTODUST,
PHOTODUSTNET, XRAY, VISCOUS

$ ./krome -heating=PHOTODUST
$ ./krome -heating=PHOTODUSTNET
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Photoelectric heating
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Photoelectric heating in KROME

PHOTODUST

» assume a local interstellar Habing flux Gop = 1.69

» do not consider the recombination cooling

» rescaled by the metallicity Z/Z;
PHOTODUSTNET

» assumes a generic flux J,

» does include the recombination cooling

» rescaled by the metallicity Z/Z;



Photoelectric heating

references
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Photoelectric heating
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Further reading:
» J. Lequeux "The Interstellar Medium" 2003
» A. Tielens "The physics and chemistry of the Interstellar
» Draine & Sutin 1987
» Bakes & Tielens 1994 Medium" 2005
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(4) UV heating
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Heating induced by radiation (1)

UV photons
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Starlight-photoheating
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AT+ hy = ATOHD e
AB + hv— ABt +e”
AB + hvr—A+B

The photodissociation and photoionization® induced by FUV
radiation generate an excess of energy which can go into
heating (hv — Ep).

Photoheating is mainly caused by
» atoms photoionization in HIl regions (hv > 13.6 V)

» photo-ionization of large molecules and small dust grains
in Hl regions (hv < 13.6 eV)

» molecules photodissociation in molecular regions

9Wing-Fai Thi’s talk



Heating induced by radiation (1)

UV photons
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Harfere s = 5 [~ 5B € - Ey(reae

n(E) is an efficiency factor that determines the amount of
energy released into the gas.

Starlight-photoheating 34

The effective photoheating is

Toh = Hpnnx erg s lem™3.

Hamburger Sternwarte
Hamburg University
Germany 49



Heating induced by radiation (1)

Ho UV pumping
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Stefano Bovino ‘ H, +hvy - H, - H+H ‘

UV pumping of Hy

Starlight-photoheating 35

10-15%
dissociation

Collisional
de-excitation, heating

n>ng

2eV
€x, ~( )fH
2 Tizev/ " 72

IR
fluorescence

n<ng~10*cm™
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Heating induced by radiation (1)

Ho UV pumping
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» Lyman-Werner bands (11.2-13.51 eV)
» 0.4 eV — 6.4x 1072 erg per dissociation (kinetic energy)

» 2.2eV — 3.5x 102 erg due to vibrational de-excitation

T Y = R (H){3.5 x 10712 [1 4 ngr/n) ",

Moo = 6.4 x 10713 Rpg(Ha )y,

riof = rpd1 + rpd2 — total heating

» 1 =0.1 (only 10% of the molecules dissociate)

Hamburger Sternwarte
Hamburg University
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Starlight-photoheating
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Heating induced by radiation (1)

in KROME

two different options:

» -heating = PHOTO

>

vvyVvVvy

ionization of atoms and molecules
direct photodissociations

whatever with a cross-section

no Hyx UV pumping included (till now)
v-dependent photochemistry needed

» -heating = PHOTOAV

>

vV vy VvVy

Ay approximation

mainly for local ISM/MC applications

assume a radiation of Gy = 1.7

includes H, UV pumping

no photochemistry needed (only A, (N;) evaluation)
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(5) X-rays/cosmic-rays heating



Heating induced by radiation (2)

a schematic overview
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X-rays

Hamburger Sternwarte
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- - =

in WNM

Cosmic rays

- - J X-rays

in MCs

Su0.108|9

onabhiaus

secondary ionizations

e

heating coulomb losses [ o Xe




Heating induced by radiation (2)

X-rays photons
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47 [ J(E)o(E

H, = -~ / Jx(E)o(E) En(E, Xe) e "dE
h Jg, E
» fraction of primary e~ energy whichw
FL = H;n;
For hydrogen and helium:
0En(E, Xe) = (E — E0)0.9971[1 — (1 — x,)°-200%]1:8163

Germany a0 10Shull & van Steenberg 1985



Heating induced by cosmic rays

see Daniele Galli’s talk for details

ISM Heating
Stefano Bovino » every CR process releases ~ 35 eV of energy

» heating
» secondary ionizations

- o -
ICR = Qk,- nj|— ICH = Quai&srnj

» great uncertainty in the fraction of heating

» it varies depending on the environment (if neutral or
ionized)

» Q=7.7¢eVat2MeV — Glassgold & Langer 1973
Q =6.6eV at2 MeV — Cravens & Dalgarno 1978
Q =6 — 35 eV — Shull & van Steenberg 1985
Q =7.0 eV — Stahler & Palla 2004
Q = 20 eV — Goldsmith 2001
Q =13 eV — Glassgold, Galli, & Padovani 2012

» uncertainty also on &,
g ety » & =1-2x10""s"" — akind of standard

Germany 40

X-rays 40

vy vy VvVYVvVYYyYy



Heating induced by cosmic rays
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NOTE: the uncertainty introduced by using an averaged Q is
typically much smaller than the current uncertainty in the &, in
the considered region!

X-rays 4

Hamburger Sternwarte
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Heating induced by radiation (2)

X-rays in KROME
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X-rays
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-heating = XRAY

check react_xrays to see how to use the X-rays tokens
rates and heating (H and He) pre-integrated (tables)
MUW(E)=10"2"Uoy(E/Ey) ' — Ey = 1 keV

vV v v VY

#Photoionization of H, He by Xrays,
Shull+1985, Inayoshi+2012

@XRAY_start

@format:idx,R,P,P,Tmin, Tmax, rate

24,H,H+,E,NONE, NONE, auto

25,He, He+, E, NONE, NONE, auto

@XRAY_stop

"Glover & Brand 2003



Heating induced by cosmic rays

in KROME
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Current implementation of CR in KROME:
» CR ionization rates from OSU database
» Q=20eV
» option: -heating = CR

e “/) In the network file use the following tokens

@CR_start
257,H,H+,E,4.6d-1xuser_crFlux
258, He,He+,E,5.d-1+user_crFlux
259,0,0+,E,2.8d0*user_crFlux
@CR_stop

Hamburger Sternwarte
Hamburg University
Germany 49
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Heating induced by radiation (2)

references

Further reading:

>

vV vV.v v v .Y

Shull & van Steenberg 1985
Wolfire et al. 1995

Ricotti, Gnedin & Shull 2002
Ricotti & Ostriker 2004
Meijerink & Spaans 2005
Valdés & Ferrara 2008
Furlanetto & Stoever 2010



Dynamical processes

macroscopic heating

ISM Heating

Stefano Bovino

» heating at macroscopic scales
» comes from hydro — not in KROME

Examples:
bynamical processes () ® compressional — e.g. during gravitational collapse
» shocks/turbulence
>
>

mechanical — stellar winds/SNe explosion
viscous heating (e.g. ambipolar diffusion)

Hamburger Sternwarte
Hamburg University
Germany 49
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Overview
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Overview

diffuse clouds

T=100K, Gy=1,xc=1.2x10"*

10—22
Heating of diffuse clouds

~ 103
T
m‘E
A 10°% | CI
3
a
& -25 |
510 25
g
E X-rays

106 CR

10_27 1 1 L

10° 10! 10? 10

density (cm™)

104



Overview

warm neutral medium
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Stefano Bovino T = 8000 K, GO — 1, Xe = 3 x 10*3, ECI’ =2 % 10716 371

Heating of the warm neutral medium

1072

1 0—27

10728

Overview 47

1 0—29

turbulence

Heating rate (erg cm™ s71)

10—30 L

107
102 101 100 10!
density (cm™)
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Overview
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Overview

molecular clouds

T =10 K, no FUV/X-rays rad, xo = 1 x 1077

Heating of molecular clouds

10—22

10—23 8

10—24 k CR

turbulence
10—25 -

Heating rate (erg cm™ s_l)

—

<
[
&

\

d-g

ambipolar

102 10° 10*
density (cm™3)



Summary
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Overview
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grain-gas — —cooling=DUST
» need to enable the dust machinery
photoelectric

» —heating=PHOTODUST
» —heating=PHOTODUSTNET

chemical -+ -heating=CHEM

» mostly Ho processes
photoheating — -heating=PHOTO

» need to enable the photochemistry
X-rays — —~heating=XRAY

» tabulated H/He rates/heating
cosmic rays — —heating=CR

» assuming 20 eV per ionization

www . kromepackage.org


www.kromepackage.org

Thank you for your attention!
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