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Chapter 2 * The hot ionized medium



§2.1 » Collisional ionization equilibrium




What does “"hot” mean?

e Collisional excitation and ionization

* as opposed to photo-ionization
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Collisional excitation




lonization of hydrogen

E . y=136¢eV=22x10""erg

ion,H —

— Tion,H ~ 10° K

 However, this calculation uses the average energy at a
given temperature

e Even a small number of particles that have enough
energy can ionize lots of atoms

e The real temperature where hydrogen gets efficienly
ionized is about 104 K




Collisional ionization equilibrium (CIE)

* Assumptions necessary for CIE:
* Photo-ionization is not important
* Enough time to reach equilibrium
e Known abundance pattern

e |f CIE, both ionization and recombination are

oroportional to n, X n;; thus, the ionization fractions
depend only on the temperature

o At T>104 K, there are enough electrons freed from
hydrogen atoms to dominate the collisions



Energy sources for HIM

Accretion (or virial) shock heating
Type la Supernovae (white dwarf)
Core-collapse supernovae (massive stars)

Stellar winds



Hot vs. cold mode accretion

|Og ( pgas / pcrit,b ) |Og ( pstars / pcrit,b ) |Og ( pgas / pcrit,b ) |Og ( pdm / pcrit )

|Og ( pgas / pcrit,b ) Iog S [K Cm2]

Nelson et al. 2015



Energy sources: supernova bubbles

". % . ...'.
* Henize 70 superbubble |
* ~10¢ K at center of bubbles
* ~10°K at edges

Image by M. Drudis



Energy sources: Stellar winds

* Bubble Nebula

* Blown by wind from
central star

* About 2 pc across




Energy sources: Stellar winds

* M27 planetary nebula

* Final stage of massive stars




Diagnostics of hot gas

e Soft X-ray
» ForT >7x 10° K
* Opacity of ISM limits distance at which we can see X-rays

» Soft X-ray background known only at our position in the
ISM, but not in general

e At T < 3% 10’ K, emission is dominated by resonant lines
from heavy elements; thus, cannot determine gas
temperature without detailed spectrum modeling

e UV lines
e For slightly cooler gas
e Each ion has a temperature where its abundance is
maximized (e.g., T = 10° K for C IV)

* |onization fraction is independent of density (in CIE)



X-rays (eROSITA)

MPE / eROSITA
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§2.2 ¢ Cooling rates




Cooling processes

* One-particle processes:

e Electrons Compton-scatter oft CMB photons,
giving them energy (most relevant at high z)

e Two-particle processes:

T T

e+ X=>e +X collisional

* Note that all of these processes involve free electrons

Slide by Frank van den Bosch



Cooling processes

1) free-free (bremsstrahlung)
Xs ¥ % /\\NV\"' Y
| T=

Free electron recombines with ion. Binding energy plus free

Free electron is accelerated by ion. Accelerated charges emit electron’s kinetic energy are radiated away. If capture into an

photons, resulting in cooling. For bremsstrahlung, A«T* excited state, subsequent (line) emission may result as
electron cascades down to ground level.

Slide by Frank van den Bosch



Cooling

e As long as the density is not too high, we can assume
that every collisional excitation is followed by a de-
excitation before the next collision

* The respective energy is radiated away

e Thus, we can write down a cooling function that is
independent of density:

A A ;
€ =| — | Xnn —— | =erg cm’/s
Nl Nl
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Bremsstrahlung

1 .
: v e As T increases, larger and larger
R atoms are fully ionized and do not
. 12
ﬁ contribute to line cooling any more
o At highest T, only nuclei and free
+ electrons

' e They interact via free-free emission
s (Bremsstrahlung), where an electron
&/ loses kinetic energy to a photon

Image: Wikipedia



Bremsstrahlung

Emissivity 8 (277) 1/2 g e (me ) 1/2 e—hv/kT
i |

- 2
/ time / unit vol /  JEv =3 : NeZ; Ny
(energy / time / unit volume 3\ 3 " m2cd \kT e 0

unit frequency / steradian)
=5.444 x 10~ g T, 2 ™/*T 722n.n, ergem®s™ st P Hz

Cooling function
(energy / time / unit volume

o’ 1/2 6
. ) . 321 (27 € 1/2 2
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Cooling curves
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§2.3 ¢ Cooling times




Cooling time

* We define the cooling time as the time it takes for the gas to cool
to T = 0 at the current (1) rate,

T
cool = 1 DT/Dy|

* We get the expression for DT / Dt by converting the internal
energy equation,

De P A DT (y-1) (DP
—=—-—Viy-- = —= — A
Dt p P Dt ynkg Dt

e As the temperature drops, either density or pressure has to
decrease as well. Depending on which we keep constant, we get

(fory = 5/3):

5 nkgT 3 nkgT
tcool,isobaric = 7 A and tcool,isochoric = A

Draine §34.2
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Other cooling mechanisms

e Conduction (can be relevant for hot gas)

* Dust cooling (inelastic collisions with
grains, heat radiated away in the IR)



§2.4 ¢ Radiative corrections

to the Sedov-Taylor phase of supernovae




Sedov-Taylor blastwave
CU long (CU)

T (CU) T (CU)

0.0

Made with ULULA
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§2.5 ¢ Stellar winds




Stellar winds
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Stellar wind simulations

Lanchaster et al. 2021



It star moves faster than
sound speed of ISM, we
also get a bow shock

Wind from star LL Orionis
running into surrounding
H Il region

Shock is ~0.1 pc across

Stellar winds

HST



Heliosheath

e ,
4 | - Heliopause
Voyager 14§ - " Boundary where-sun’s solar
) - wind balances with pressure of
. intérstellar medium.

Voyager 2 :

Heliosphere

An enormous expanse marked by
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magnetic field and solar wind.
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Los Angeles Times



§2.6 * The supernova rate

and the pressure of the hot ISM




Galactic SN remnants

Tycho’s SN (1572, B Cas) Kepler's SN (1604)

Chandra + HST



Three-phase model of the ISM

HIM
T=45%x100K
n=35x103¢cm

x=1.0

WNM

T=28,000 K
n=037 cm>

x=0.15

WIM
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n=025cm>3
x =0.68
CNM

T=80K
n=42cm>
— 103
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Draine §39.4 ¢ McKee & Ostriker 1977



Cold gas
T <1000 K

Warm ionized

104 <T< 105K

FIRE Simulations (movie page)


https://fire.northwestern.edu/visualizations/

Reading




