
            Diffuse matter in the Universe: outline
(Preamble: the galaxy zoo)

DIFFUSE MATTER: Composition & tools for detection

Four phases of the ISM (dust, a special tour...) 

The ISM in various galaxies (spirals, ellipticals, irregulars, …)

The Intergalactic medium

EoR

Summary:            what we call matter is a tiny fraction of the Universe
==>https://www.astro.princeton.edu/~draine/dust/Draine_IPMU_Lectures.pdf

http://www.astronomy.ohio-state.edu/~pogge/Ast871/Notes/Dust.pdf
https://arxiv.org/pdf/astro-ph/0312592.pdf                ANTICIPARE LA POLVERE ALL”INIZIO DI QUESTO

http://www.astronomy.ohio-state.edu/~pogge/Ast871/Notes/Dust.pdf
https://arxiv.org/pdf/astro-ph/0312592.pdf


            Diffuse matter in the Universe:
[Interplanetary medium]

[Solar/Stellar neighborhood]

InterStellar Medium (ISM)  - Milky Way and galaxies in general
                                            - composition, physical conditions
                                            - special locations (e.g. SFR)

InterGalactic Medium (IGM) &
IntraCluster Medium (ICM)  - origin, composition, physical conditions 

[The diffuse matter in the early Universe]

- Dopita & Sutherland:  ''Astrophysics of the Diffuse Universe'',
                                      A&A Library, Springer 
- Padmanabhan:  '' Theoretical Astrophysics'', Vol I, 
                                      Cambridge University Press
- Fanti & Fanti, Chap 13



       BASIC info on the medium
Mainly gas (atomic and/or molecular, often ionized), dust and DARK MATTER

 From Dopita & Sutherland:

Condensed                                                                                                                                 
diffuse

ISM

ICM/IGM



      Preamble: Galaxies are made of ...

➢ – STARS (Pop I and Pop II)
➢ – Diffuse matter (gas and dust)
➢ – Dark matter (?)
MORPHOLOGICAL CLASSIFICATION

Irregular 



          Galaxies:



          Galaxies: Ellipticals

– Typical sizes 1 – 200 kpc                               (dwarf to BCG)

– Typical masses 10 5 – a few 10 12 M
SUN

 .

– Classifcation based on ellipticity

– Stars (in random motion) are the main component

– Often found in “high density” environments    (rich groups & clusters of galaxies)

– Hypotheses on their formation



          Galaxies: Ellipticals    →  the BCG at the centre of the Perseus Cluster



          Galaxies: Lenticular (S0)

– Typical sizes a few – a few 10s kpc

– Typical masses 10 8 – a few 10 11 M
SUN

 .

– Stars (in random motion?)  & dust

– Hypotheses on their formation:
   Fading spirals
   Remnant of mergers



          Galaxies: Spirals

– Typical sizes a few – a few 10s kpc

– Typical masses 10 6 – a few 10 11 M
SUN

 .

– Stars, gas (a lot!)  & dust

– Ongoing star formation

– Found in low density environments

http://imgsrc.hubblesite.org/hvi/uploads/image_fle/image_attachment/13052/compass_large_web.jpg



            ISM phases in SPIRAL GALAXIES:                    Defnition

Hot Ionized Medium (HIM)           
T= 106 ~ 107 K
n ~10 – 2– 10 – 4   cm -3          BULGE, SNR

Warm Ionized Medium (WIM)      
T ~ 104 K
n ~ 1 – 10 3  cm – 3               SFR (HII), PN

Warm Neutral Medium (WNM)   
T= 100 ~ 10000 K
n ~ 0.1 – 1 cm – 3                (thick) DISK

Cold Neutral Medium (CNM)       
T= 10 ~ 100 K]
n ~ 1 – 10 3  cm – 3             Giant molecular clouds in spiral arms
The densest regions  in the CNM have average n  as high as 10 6 cm – 3 

Spirals
Typical gas

Fraction
~10%



ISM detectability

→ Temperature and Density defne the status of the ISM:

“Emission Measure”  (E.M.): amount of  radiation from a region (cloud)  with free electrons ( & ions)

E.M.=∫ ne
2 dl

Usually averaged over the region of interest, with size l : E.M. = 〈 ne 〉
2 l

Examples:
-Nova shell  ejected from a WD when it becomes optically thin:

ne ∼ 107 cm−3   ; l ∼ 10−5 pc then   E.M. ∼ 109 pc cm−6

-Planetary nebula  (ionized envelope of a dying star [from RG to WD])
ne ∼ 104 cm−3   ; l ∼ 10−1 pc then    E.M. ∼ 107 pc cm−6

-HII region
ne ∼ 10 cm−3    ; l ∼ 102 pc  then    E.M. ∼ 104 pc cm−6

-Diffuse (ionized) ISM
ne ∼ 0.1cm−3   ; l ∼ 103 pc  then    E.M. ∼ 10 pc cm−6

-Diffuse (ionized) IGM
ne ∼ 10−3 cm−3 ; l ∼ 106 pc then    E.M. ∼ 1 pc cm−6

             



            ISM phases:  1) Hot Ionized Medium (HIM)

Hot Ionized Medium (HIM)    [T > 106 to 107 K]
   ( ISM heated mainly by shocks originated in SN explosions)
➢ Initial cooling mainly via bremsstrahlung.
➢ Secondary process (at a later epoch): recombination (line emission from free-bound

transitions in the soft X-rays [CIV, OVI], bound-bound in the optical [H, He,C, O])
(in SNR also synchrotron radio emission from freshly accelerated electrons)

➢ Question: Why HIM is found in the BULGE of a spiral (or all over an elliptical) galaxy?



⇐ Color coded (intensity) image of our Galaxy 

Snowden et al.1995, ApJ, 454, 643

⇓ Color coded (spectrum) image of our Galaxy
    Red indicates the intensity of the 0.25 keV band, 
    Green is the 0.75 keV band
    Blue is the 1.5 keV band.

ISM phases:     Hot Ionized Medium (HIM) [T > 106 to 107 K]  distribution in our galaxy

0.75 keV

X- ray               IR (100 μm)
(negative images)



        ISM phases:   2) Warm Ionized Medium (WIM)

     Warm Ionized Medium (WIM) [T ~ 104 K]: 

 – Around massive and hot stars (OB) capable of strong UV emission.
   OB associations are  found in SFR (e.g. Orion) → HII region 
 – Planetary nebulae
 – (Also around galactic centres, where the UV radiation feld is strong).  
 – Equilibrium between photo – ionization and recombination 

 – Bremsstrahlung + line emission mainly of H and O,N  [HII regions]

 – detectable via

optical (line emission) 
radio/IR/submm (bremsstrahlung continuum)

LHA 120-N 180B in the LMC 
MUSE image (McLeod)

HII  REGION

Deep HST image of the Ring Nebula
https://apod.nasa.gov/apod/ap080918.html



   ISM phases:  WIM in planetary nebulae



Andromeda Galaxy: Sun/Moon size for comparison     

        ISM phases:      3) Warm Neutral Medium (WNM) in spirals 

Warm Neutral Medium (WNM) 
[T ~a few 102  up to 104 K]
● Low densities (0.1 – 1  cm– 3 )
mainly atomic H (HI), may be 
   – ionized by diffuse UV and/or X-ray radiation
   – destroyed by interaction with Cosmic Rays 

Detected via 
emission  of λ=21cm radiation 

Observational remarks:

➢ Size

➢ Distribution (and dynamics)

➢ Mass estimate, then density



      ISM phases:  Warm Neutral Medium (WIM)
               
Detected via absorption of λ=21cm radiation (1)

Small clouds can be detected (SNR is determined
by the background source)

(opacity) Many individual clouds along the LoS



   ISM phases:   4) Cold Neutral Medium (CNM)

 Cold Neutral Medium (CNM) [T= 10 ~ 100 K]:    (molecular GAS & DUST)  

➢ Molecular hydrogen H2 (densities  > 102-3  cm-3, T= 10s K), CO, other molecules,
mostly in SFR (spiral arms and where interactions/perturbations can condense matter)

[+ Some neutral atomic hydrogen HI (densities 1 to 10 cm-3, T= 100 K), often
distributed on regions larger that those with stars ]

Revealed by mm/submm/radio observations (generally line emission)

from Dame, Hartmann, & Thaddeus 2001     



     ISM phases: 4) CNM
Herschel view of the Orion Nebula (FIR spectroscopy 160-630 μm)



            ISM phases:    Cold Neutral Medium (CNM) in M31 



   ISM phases:    Cold Neutral Medium (CNM) in M31 

                (with rotation curve info!)

Question:
Why HI and 20 cm images are (look?) different?



ISM in our  galaxy

– disk distribution, with inhomogeneities
– mostly gas and dust + DM.



ISM in our and in spiral galaxies (2):

Three color composite image of the nearby spiral galaxy M101. The green color represents emission from neutral 
hydrogen (HI), emitted at 21 cm. The HI observations are part of VLA The HI Nearby Galaxy Survey (THINGS) which
is based at MPIA (image credit: Fabian Walter, MPIA). Blue shows UV emission due to recent (<108 yr) star formation 
as seen by the Galaxy Evolution Explorer (GALEX). Red indicates warm dust emission as traced by infrared emission at 
24 microns as seen by SPITZER (image credit: Karl Gordon, Steward Observatory).

Multi-wavelength image of the Spiral Galaxy Messier 101



ISM in our and in spiral galaxies (3)

HI from Westerbork (Oosterloo, piv. com)

Multi-wavelength image of  Messier 101



             ISM in our and spiral galaxies (4):

Left: optical image (HST) of M51
                                                                                                                       Right: CO(J 1-0) image of M51

⇒ Dust and molecular gas are projected on the same space, and trace the spiral structure of the galaxy.



              ISM in our and spiral galaxies (5):

➢ It accounts for about 5-10%  of the total galaxy mass
with higher  fractions for the latest galaxy types.

➢ Its distribution/properties are function of 
distance from the galaxy center.

HI (and dust)



          ISM in our and spiral galaxies (6)

➢ It may be converted into stars in particular locations  (SFRegions)  
where cold molecular gas collapse;

➢ Massive (proto–) stars provide photons to 
ionize the debris; shocks are formed during 
the collapse



        ISM in our and spiral galaxies (7):

Chemical composition: 

gas = H (90%), He(9%), ...(1%)       [relative abundances: Cowie & Songaila ARAA1996, V. 24, p.499] 
          Mg, Al, Na, K, Ca, Ti underabundant wrt the solar composition
                           as atoms & molecules (cold)
                           ions +electrons (hot)
          average number density = 1 cm– 3

                           quantum processes → line emission/absorption

 ~80% of the interstellar space flled with warm/cold, 
    “high”[?] density atomic  and molecular gas.

Cold denser clouds in < 0.5% of space (H
2
 and low density HI),  

mixed with other molecules (CO, HCN,NH
3
, H

2
O, CH

3
OH...)

These regions may appear dark/luminous, depending on the observing wavelength 
(radio to the X-rays), physical condition (SFR, SNR, GMC, RN,...) and chemical composition



      ISM in our and spiral galaxies(8): CNM

      Chemical composition(2):           

DUST   
● grains of graphite (C), silicates (Si), olivine (XSi0

4
, X=Mg

2
, Fe

2
),... (~1% of total ISM mass)

● temperatures in the range 30 to 100 K
● small grain size (up to a few μm)
● effective absorber (ν dependent - reddening) of radiation with λ < of their typical size
● re-radiates as a ~black (grey) body (bulk at IR wavelengths)
● fundamental for molecule formation

MOLECULES
in GMC, emit/absorb in the mm/submm range as a consequence of roto-vibrational 
transitions (optical in electronic transitions)



      

      
Interstellar dust:

Where is it? (CNM but also in AGNs)

What is it?

What are its signatures (aka, how is it possible to observe) ?

https://arxiv.org/pdf/astro-ph/0312592.pdf
http://www.astronomy.ohio-state.edu/~pogge/Ast871/Notes/Dust.pdf

A digression, mostly specifc to Spiral galaxies 



RJ Trumpler (1886 1956)
Distant open clusters fainter 
and redder that predicted 
from distances (RR Lyrae, 
Cepheids)  DUST! (1930)

      Interstellar dust:

      
What is it? Where can be found? 
In which conditions does it generate and survive?

How can we probe its presence? 
Which observables provide info on the physical conditions?

1. interaction with electromagnetic radiation

Extinction: combined effects of Absorption & Scattering (emission!)

Generates a. “refection nebulae” scattering starlight off near bright stars
                 b. “X-ray halos” (small angle scattering) of X-ray sources
                 c. Polarized radiation (non spherical grains)
                 d. Heating the ISM (ejects photoelectrons after absorption of high energy photons)
                 e. Radiating away the short wavelength absorbed radiation to long wavelengths



      Interstellar dust:

    
What is it? 

Dust grains with sizes  <~ 1 μm
Cosmic dust is made of grains and aggregates of grains. 
Particles irregularly-shaped with porosity ranging from 
fuffy to compact.

Composition, size, and other properties depends on where the dust is found, and conversely, 
a compositional analysis of a dust particle can reveal much about the dust particle's origin.

Grains in dense clouds have acquired a mantle of ice and on average are larger than dust 
particles in the diffuse interstellar medium. 
Interplanetary dust particles (IDPs) are generally larger

Where can be found?
From comets to circum-stellar shells from GMC to (A)GN.



      Interstellar dust:

      
What is it? 

Dust grains with sizes  <~ 1 μm
Cosmic dust is made of grains and aggregates of grains. 
Particles irregularly-shaped with porosity ranging from 
fuffy to compact.

Each dust fake is roughly the 
Size of the wavelength of blue 
light or smaller: ~0.1 μm

H
2

                  



      Interstellar dust: Some physics @ the grain

Dust grains are places where atoms “rest” and roll on the grain 
surface. Pairs form molecules (more and more complex)

Grains shield from high energy radiation.
Absorb high energy photons and then 
re-radiate at lower energies (thermal
emission) 



      Interstellar dust: EXTINCTION
      
Extinction: transmitted beam reduced in intensity because of ABSORPTION & SCATTERING

Long λ are little/no affected
Short λ photons are either 
absorbed or scattered

Energy of the absorbed photon(s)
Converted into internal grain 
energy (heated)

Scattered photon(s) are defected

____________________
 REDDENING & SCATTERING



      Interstellar dust: EXTINCTION (2)

Grains as small spheres of radius a, with  n
d
 = grain number density in a ( cylindric ) 

column of length L and unit cross-section

                                                             reduction of the starlight intensity after travelling a path dL  
                                                             in a dust region with C

ext
 = “cross section”, which is an area

Function of the grain geometric cross section (πa2) & optical properties of the grain material

dS(ν)
S(ν)

= −Cext nd dL

n
d

L

ob
se

rve
r

Cext =
Total absorbed energy per second

Incidend energy per square meter per second



Interstellar dust: EXTINCTION (3)

Let's integrate in dL
dS(ν)

S(ν)
= −Cext nd dL

S(ν) = So(ν)e
−τ(ν)

where τ = ∫ nd Cext dL = Nd Cext → τ= DUST optical depth of Extinction Nd = dust column density

Going practical.... expressing the reduction of fux in magnitudes at a given λ

Apparent magnitudes become fainter mλ = Mλ+5 log(Distance
    10pc

) + Aλ

→ Strongly frequency (wavelength) dependent

Aλ = −2.5 log S(λ)
So(λ)

= 1.086 Nd Cext Aλ→extinction in mag



Interstellar dust: EXTINCTION (4)

Let's defne the  extinction effcency factor Qext =
Cext

π a2 (namely Cext=Qextπ a2) then

Aλ = 1.086 Ndπ a2 Qext

In case of grain size distribution n(a)da →   # of grains with sizea→a+da per unit volume
along the LoS

Aλ = 1.086π L∫ a2 Qext(a)n(a)da

Extinction has a spectral dependence of the grain properties:
(distribution of )  size
composition

It is the sum of two different processes: →ABSORPTION  and → SCATTERING



Interstellar dust: EXTINCTION (5)

EXTINCTION is the combination of ABSORPTION and SCATTERING

QEXT = QABS + QSCA

They are dependent on: 1. a dimensionless parameter X = 2π a
λ

2. a composition parameter m=n−ik (complex refractive index)

QABS  and QSCA  may, in principle, be calculated for any assumed grain model and the resulting values
of the total extinction compared with observational data

PROBLEM: solving the Maxwell’s equations with appropriate boundary at the grain surface

Solution frst formulated by Mie (1908) ➜  Mie theory
For pure dielectric materials ( k=0 ) the refractive index is empirically given by
the Cauchy formula m=n ≈ c1+c2 λ −2

Gustaf Mie 1868-1957



Interstellar dust: EXTINCTION (6)

Relative amounts of scattering and absorption
depend on refractive index,m , of grain material

When  X ≪ 1 (particles small wrt λ )

QSCA ≈
8
3 (2π a

λ )
4 ∣ (m2−1)
(m2+2) ∣

2

≈ λ−4

QABS ≈ 8π
a
λ
ℑm [(m2−1)

(m2+2) ] ≈ λ−1

(m2−1)
(m2+2)

 only weakly dependent onλ

for materials that are not strongly absorbing
in this case we have (Rayleigh scattering):

QSCA ≈ λ−4  and QABS ≈ λ−1

Q
SCA

, Q
ABS

 for different m

a=λ a/2=λ a/3=λ



Interstellar dust: EXTINCTION (7) examples with various m and k

Pleiades:
Dust scattering



Interstellar dust: EXTINCTION (8)

Skipping scattering cross section and direction of propagation of the incident beam...

In practice,  each LoS has its own''extinction law'' expressed by Aλ /AV

Commonly the ratio between two colors is used
E(λ−V)
E(B−V)

=
Aλ−A V

AB−AV

Another relevant parameter is the ''optical total-to-selective extinction ratio

RV =
A V

E(B−V)
=

A V

AB−AV

also known as RELATIVE EXTINCTION

Often used to determine the grain properties
Small grains (Rayleigh scattering):Qext≈λ

−β (β≤4, but β=1 in abs dominated ext)
RV≈1.2

Large grains: RV→∞



      Interstellar dust EXTINCTION: example of the dependency with wavelength



      Interstellar dust: EXTINCTION CURVE(2)

(a) UV-visible (0.1-5 μm – 1) : 3 distinct spectral 
regions due to different grain sizes/compositions 
(e.g. Whittet et al. 1976, Witt et al. 1984)

1) 1-2 μm – 1 : linear curve ~ λ  – 1 
(slope changes ~2.2 μm – 1) 
→  grains with size < λ  ~ 0.1 μm !

2) ~4.6 μm – 1: large feature: the  2175A bump
 (sometimes 220nm bump)  
→  particles rich in C  (graphite, hydrogenated
amorphous C grains, or various aromatic forms of C) 
Note: strong function of the metallicity of the gas!

3) beyond 6 μm – 1 (FUV): non–linear increase  
→  very small grains with size ≪  λ  ~ 0.01 μm – 1

RED→Hα ∼0.65μm → λ−1=1.5 BLUE→Hδ ∼0.43μm → λ−1=2.3
UV → 0.2175μm → λ−1=4.6 UV→Lyα ∼0.121μm → λ−1=8.2

Hα Hβ Ly
α



PAH are responsible for the FarUV rise of the extinction curve

      Interstellar dust: EXTINCTION (2)

Maiolino et al. (2001) ascribed the reduced E(B - V) / NH and AV / NH ratios 
of AGNs (often with a solar or higher metallicity)  to grain growth through 
coagulation in the dense circumnuclear region which results in a dust size 
distribution biased in favor of large grains, therefore a fat extinction curve.



      Interstellar dust: Modelling the EXTINCTION curve

Composition and grain size can determine the 
appearance of the extinction curve      

•  refractive index m(λ)

•  size distribution function  n(a) α  a –β  (a
min

 < a < a
max 

) 
     small grains needed for the FUV rise, 
     large grains for visual-infrared extinction

•  two distinct populations: graphite and silicate

• Modelling the extinction curve means defning the
   physical properties of the dust in that region/galaxy

AMC=AMorphous Carbon
Misselt + 2001, ApJ, 551, 277



Polarization of transmitted light (0)

Radiation from stars in dust-rich SFR can turn out to be polarized

Similar but not identical profles, in both λmax & P(λmax) (peak fractional polarization)

HD 204827   λ
max

=0.42 μm     

HD 99072  λ
max

= 0.58 μm  



Polarization of transmitted light (1)

At least some of the dust grains must be non-spherical

Major axis aligned to the local interstellar magnetic feld

Polarization roughly described by
the (empirical) Serkowski (1973) law:

p(λ)
p(λmax)

= exp[−K⋅ln2
(
λ
λmax

)]

where:
λmax = 0.55μm , K=1.15

0 ≤ pmax ≤ ∼ [
0.09

E(B−V)
] < ∼ 0.03 AV

An updated version of this empirical law provides
K=c1λmax+c2 with c1 ≃ 1.86 c2 ≃ −0.10

                  UV        –> |<–           Vis    –––>  |––  NIR–––>                                            



Polarization of transmitted light (2)

Anysotropy in physical shape & orientation

⇒ anysitropy in extinction
⇒polarization in the optical domain⇔direction of the smallest dimension of the grains

The dust (emitted) radiation in the IR should therefore also be polarized, but in the direction of the
main axis of the grain. ⇒  Optical and IR polarization are therefore expected to be orthogonal.

Large grains preferentially aligned to B⃗  since more likely contain magnetic inclusions.
Polarization not specifc to any particular grain model:
If large grains are aligned 
→  a model describing the extinction correctly,

it will be OK for polarization too



Interstellar dust emission:               Equilibrium heating of grains

High energy photons (UV) absorbed by the grain → thermal energy emitted by the grain (IR)
Spherical dust grain with radius a: balance with thermal energy emitted by the grain is given by:

Absorption ∫0

∞
I(ν)π a2 QABS(ν)dν = ∫0

∞
4πa2 QEM(ν)B(ν) Tgr dν Emission

There are a number of ways that a dust grain may be heated:
1. Absorb a photon of starlight
2. Collisions with atoms, electrons, cosmic rays, or other dust grains
3. Absorb energy from chemical reactions occurring on grain surfaces (e.g., H2, CO , ...  formation)

Once heated, grains can cool via a number of channels:
1. Emit a thermal photon
2. Collide with cold atoms or molecules
3. Ejection (sublimation) of atoms or molecules from the surface of the grain

Under most ISM conditions,  radiative cooling  is expected to dominate and setup equilibrium.



4

      Dust thermal emission (0)



   The star – gas cycle in the ISM 

Phases
of the ISM

Stellar
Winds

HIM CNMHIM

WIM

WNM

Stellar
Winds

Stars
< 8 M⊙

Stars
>  8 M⊙

Stars
< 0.8 M⊙

Binary    systems

Type Ia
Sne

Type II
SNe BH

NS

WD

HALO



       Summary of properties & concepts related to “DUST”

● Found in the ISM, often (mostly) associated to molecules (grains help molecule formation)
(CNM, therefore in spiral galaxies only)

● Grains are made of Si, C & metals, often with a mantle of “ice” (made of various molecules)

● Grains are small ( a – a μm)

● Strong effect on radiation:                      ⇒ Extinction  = Absorption + Scattering

● Absorption ( λ – 1 ) implies Emission (otherwise dust would heat and then sublimate)
Like a “grey” body. Given the temperatures (~10 – 100s K) dust emits in the IR

● Scattering ( λ – 4 ) produces a substantial change in the spectral energy distribution of the
transmitted radiation with is “reddened” (although “de-blued” would be more appropriate)

● Strongly dependent on wavelength

● Polarization of transmitted light



   Quick RECAP of most of the arguments  through examples and (small) exercises

Some Astrophysical bodies are considered as test-beds for concepts

Astrophysical quantities will be derived

(Thoughts on some of the astrophysical quantities are never considered!)

Both numerical and conceptual tests



            Slides to be used as self evaluation test
ISM phases:    Cold Neutral Medium (CNM) in 3C31 
What information can be drawn from this picture?



             ISM in elliptical  galaxies (0)



    The Sombrero Galaxy (composite image)

             ISM in elliptical (& lenticular) galaxies (1) 
 https://www.youtube.com/watch?v=GBB2xQe8nMw

X – rays

Optical

Infrared



             ISM in elliptical (& lenticular) galaxies (2):         The sombrero galaxy (M 104)

In Spirals & S0 
galaxies only

SED:

⇦ENERGY

           FLUX (density)⇩



             ISM in elliptical (& lenticular) galaxies (3)

Early-types (elliptical galaxies) 
are known to posses much less
gas and dust than late-types
(spiral galaxies)

  – result of formation process (?)

  – low star formation rates

  – different origin of ISM matter  (from stellar mass loss: i.e. winds and SN explosions)

  – metal enrichment via stellar evolution



             ISM in irregular galaxies

In Irregulars the fraction of total mass in gas 
is higher than in spirals and  ellipticals and the 
SSFR is high (per unit mass).

General consequence on “colors”:
Ellipticals are generally redder than spirals
Irregulars (and dwarfs) are bluer than spirals

Large scale environment have strong infuence on gas/dust content in galaxies 
(e.g. isolated – groups – clusters)

Sextant A



   The ISM in irregular galaxies (2)

Ngc1427A



   The ISM in interacting galaxies

Hubble Space Telescope visible-light (left) and Chandra X-ray (right) images of the central regions of NGC 6240, a galaxy ~120 Mpc away. Example 
of a galaxy in which stars are forming, evolving, and exploding at an exceptionally rapid rate due to a relatively recent merger (30 Myr ago).
Chandra image: two bright X-ray sources, each produced by hot gas surrounding a black hole. Over the course of the next few hundred million years, 
the two supermassive black holes, which are about 1 kpc  apart, will drift toward each other and merge to form an even larger black hole.
This detection of a binary black hole supports the idea that black holes can grow to enormous masses in the centers of galaxies by merging with 
nearby galaxies.              (credit left: modifcation of work by NASA/CXC/MPE/S.Komossa et al; credit right: NASA/STScI/R. P. van der Marel, J. Gerssen)



    The intergalactic medium (IGM / ICM):  very hot (107-108)  and sparse 

                        Foreground galaxy



    The intergalactic medium (IGM / ICM):  very hot (107-108)  and sparse   [Thermal] 



http://chandra.harvard.edu/photo/2017/perseus/

    The intergalactic medium (IGM / ICM):  very hot (107-108) and sparse 



http://chandra.harvard.edu/photo/2017/perseus/

    The intergalactic medium (IGM / ICM):   [Thermal-non Thermal] 



Brunetti et al. 2008, Nature, vol. 455, p.944

    The intergalactic medium (IGM / ICM):   [Thermal-non Thermal]  

non-thermal plasma (contours)
synchrotron emission
cluster wide H feld
shock acceleration at cluster periphery

thermal plasma (colors)
elliptical shape ⇨ unrelaxed
no counterpart to the SE extended 
radio emission

                        



    The intergalactic medium (IGM / ICM):  hot (107 –108 K) and sparse (n
e
~10 – 3 –10 – 5  cm– 3) 

Cool core

1.
2.
3.

Non cool core

                        

Abell 478, Chandra Abell 2319, Chandra

Million & Allen 2009
MNRAS, 399, 1307



    The intergalactic medium (IGM / ICM):  density, temperature, pressure... 

Exercise: 
How to get information on 
the astrophysics: n

e
, T

↑ Surface brightness               Temperature ↑
↓ Pressure                                  Entropy           ↓

N.B.

Entropy S = kT
ne

2 /3

Defnition:The S value can be seen as a parameter to lable
adiabates, and thus S stays fxed in any hydrodynamic
evolution of the ICM in which all processes are adiabatic;
S increases e.g. in shock waves or with dissipation of
turbulent motion and descreases with radiative cooling.



    The intergalactic medium (IGM / ICM):  Non- Thermal components

What information can be drawn (in general)? 
                     H, CR, acceleration mechanism (radiative lifetimes)

Where?
                     Radio galaxies (many are small, other are as big as 
                     a few Mpc) and their radiative lifetimes (duty cycle)

                                                                                                          Diffuse emission 
                                                                                                          (e.g. in galaxy clusters: halo, relics, ...)

Shulevski + al 2019 

  core = host galaxy



                    Radio view of Clusters of Galaxies:           Diffuse sources and the diffusion problem

JVLA spectral index image (1-8 GHz), resolution of 6” (Owen + 2014)



LOFAR radio continuum emission at 120-180 MHz of Abell 2256. The resolution is 5 arcsec and the image has a noise about 0.1 mJy/beam (van Weeren + 2015)

                    Radio view of Clusters of Galaxies:           Diffuse sources and the diffusion problem



                    Radio view of Clusters of Galaxies:           Diffuse sources and the diffusion problem

Diffuse sources can be: 
Radio Mini-Halo (a few hundreds of kpc in size, 
likely associated with the cD galaxy)

Radio Halo (cluster wide, 1-2 Mpc in size roughly 
centered on the galaxy distribution & X-ray emission)

Radio Relic (elongated, up to ~ Mpc long, 
peripheral regions, often substantially polarized)



    The Epoch of Reionization (EoR) 



    Detected signal from the Epoch of Reionization (EoR) ?

Many ongoing experiments: PAPER, HERA, LOFAR, SKA, etc...

Bowman et al. Nature 555, 67–70 (2018) doi:10.1038/nature25792

EDGES

PAPER = Precision Array for Probing the Epoch of Re-ionisation project

HERA = Hydrogen Epoch of Reionisation Array radio telescope                            End of description of the ISM (and ICM)  

PAPER

HERA



           What the Universe is made of? 

(relativistic plasma & H felds
are often forgotten.....)
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 The Milky Way in galactic coordinates: why the sky has the appearance we know
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 The Milky Way in galactic coordinates: longitude, top view



The Stromgren Sphere, HII region from a massive star 
M20 (Trifd Nebula) in the IR with Spitzer
https://www.nasa.gov/multimedia/imagegallery/image_feature_770.html



      The Strömgren sphere  (HII regions)

Ingredients: young & massive star (high-energy UV radiation, T ~ 10 4 K),  gas clouds (H)   
Size: 0.1 ~10s (100s) pc  ↔  n

H
 (10 6  –  1 cm – 3)

Where: ≈  GMC  (similarly concentrated in the spiral arms of other spirals)
What: highly visible tracers of active star formation.
Lifetime: only a few million years ↔   key role in the propagation of star 
                  formation in the GMC

Stellar winds and UV radiation emitted by the massive stars not only irradiate the gas in the
HII region, but also work to carve out a cavity in the surrounding GMC.
The hot, ionised gas of the HII region expands into this cavity travelling faster than the speed 
of sound. Where the supersonic gas from the HII region encounters the subsonic gas in the 
GMC, a shock wave is formed. This shock wave compresses the gas in the GMC, setting off an 
intense period of star formation which results in the formation of a loosely bound cluster of
 stars. Some of these will grow to be massive and, in a domino-like effect, will expand the HII 
region once again.

HII regions may produce 1000s of stars (star formation is highly ineffcient, ~less than 10% of the available gas is converted 
into stars, with the remainder being dispersed by stellar winds, radiation pressure and possibly supernova explosions. 
Left behind, trailing the shock front, are open clusters such as the Pleiades, whose stars will slowly disperse as the cluster 
orbits the GC.           https://www.cv.nrao.edu/course/astr534/HIIRegions.html
https://www.tcd.ie/Physics/study/current/undergraduate/lecture-notes/py4a04/PY4A04%20Lecture%207%20Stromgren%202011.pdf

Bengt Strömgren (1908 – 1987)



      The Strömgren sphere  (HII regions)

Key values:

➢ Total number of ionizing photons
(i.e. stellar type)

➢ Ambient density  
(i.e. in which part of the GMC the
star is born)

➢ Determines the size (and shape)
of the HII region



The Strömgren sphere

PHOTOIONIZATION:   Assume a cloud of neutral H only
H + hν → H++ e [ Ekin(e) = hν−13.6 eV ]

The cross section can be determined exactly. A good approximation is

σi(ν)≈6.3×10−18(  νion

ν )
3

cm−2 [ for H , νion=3.29×1015 Hz]

Ionization rate: nH∫νion

∞ 4π
hν

J(ν)σ i(ν)dν

or more precisely nH∫νion

∞ 4π
hν

B(ν , T)(1−e−hν /kT)σi(ν)d ν = volumetric Ionization Rate

Central 
Massive star

Correction for 
Stimulated 

emission



The Strömgren sphere

PHOTOIONIZATION (2):  evaluation of 4π J(ν)  (e.g. from a hot, massive star)

At a given distance D, from a star whose radius is R ∗

4π J(ν) = ( 4πR ∗
2

4πD2 )⋅π Fν(0) =
Lν

4πD2

Dilution 
factor 



The Strömgren sphere

PHOTOIONIZATION (2):  evaluation of 4π J(ν)  (e.g. from a hot, massive star)

At a given distance D, from a star whose radius is R ∗

4π J(ν) = ( 4πR ∗
2

4πD2 )⋅π Fν(0) =
Lν

4πD2

Dilution 
factor 

Only these 
photons can 

Ionise [H]



The Strömgren sphere

RECOMBINATION: H++ e → H(n , l) + h ν

The cross section for a recombination to a given status n, on the basis of the electron speed v is

σnr (v) =
gi ,n

gi+1
( h ν

mcv )
2

σn , i(ν)

The recombination rate comes from ne np vσnr (v) f (v)dv

which should be integrated over the velocities, and summed ( ∑ )  over n

For H αn(T) = ∫0

∞
σnr(v)v f (v)dv and αH(T) = ∑n

αn(T)

Can be calculated exactly, but a good approximation is αH(T)≈4×10−13(10 4 K
T )

0.73

cm3 s−1

Therefore the Volumetric Recombination Rate  for H is αH ne np in units of cm−3 s−1



The Strömgren sphere

Ionized/neutral fraction:
ne=np → electron/proton number densities
nH → atomic Hydrogen number density
NH → TotalHydrogennumber density
ξ ≝HydrogenNeutral fraction

Therefore ne = np = (1−ξ)NH

 nH = ξ NH

ξ = 0 → fully ionised gas (ne = np = NH)

ξ = 1 → fully neutral gas (ne = np =0 ;nH = NH)

→ Equilibrium  between ionisation and recombination is achieved when

ξNH∫νi

∞ Lν
4πD2

σi

hv
dν = (1−ξ)2 NH

2αH(T)

→D is the Stromgren RADIUS



The Strömgren sphere

Side effects:
Induced star formation
Negative/positive feedback
Champagne fow (Blister)

       Kim & Koo 2001, The Astrophysical Journal, 549:979



The Strömgren sphere

Some numbers
Consider an 06.5V star, with T ∗=40000 K

in a region where NH = 10 cm−3

Numer of Ionizing Photons: ∫νi

∞ Lν
hν

d ν = 6.6⋅1048 phot s−1

Photoionization cross section of the 1s2 S  ground state σi(ν) ≈ σi(νo)(
ν

νo )
3

[ ν≥νo]

σi(νo) ≃ 6⋅10−18 cm2



The Strömgren sphere

Ionization of He by OB Stars Some numbers

Example 1: B0 star, Teff ≈ 30000K
Spectrum peaks at 13.6 eV → Many photons in 13.6 - 24.6 eV range;
few photons with hν>24.6 eV
→ Two Strömgren spheres: small central He+ zone surrounded by large H+ region

Example 2: O6 star, Teff ≈ 40000 K
– Spectrum peaks beyond 24.6 eV → Lots of photons with hν≥24.6 eV
→Single Strömgren sphere: H+ and He+ zones coincide

He, H+

He+,
 H+

He,      
 H+  

He+,
 H+



The Strömgren sphere

Some numbers

The Role of He in HII Regions
1. High IP: H−13.6 eV (912A);He−24.6 eV (504A);He+−54.4 eV (228A)

→ Very hot stars would be needed to ionize He+ (T* > 50,000 K).
O stars won’t do, so their HII regions have no He++. Need planetary nebula stars or AGN.

2. The radiation that ionizes He also ionizes H.
3. He recombination radiation photoionizes H.
4. He has a dual set of energy levels arising from the  two total spin states: S=0 (singlet) and S=1 (triplet).

See JRG 2006 Lec-03 on HII regions for further discussion.
5. The He threshold photoionization cross section is larger than that for H, largely compensating for its

smaller abundance

End here!
https://www.tcd.ie/Physics/study/current/undergraduate/lecture-notes/py4a04/PY4A04%20Lecture%207%20Stromgren%202011.pdf
https://www.cv.nrao.edu/course/astr534/HIIRegions.html

https://www.tcd.ie/Physics/study/current/undergraduate/lecture-notes/py4a04/PY4A04%20Lecture%207%20Stromgren%202011.pdf


2020.12.22
Una  nube di solo H ionizzato occupa una regione sferica di raggio R = 2 pc, posta ad una 
distanza D = 200 pc, con una densita' ne=2.5⋅10 cm−3   e si trova ad una temperatura 
T=1.44⋅104 K.  Determinare:
1. la massa totale della nube
2. il tempo di raffreddamento
3. il fusso a 1010 Hz   ( gff = 4 )
4. il fusso a 1018 Hz   ( gff = 1 )

3C398 - W49B
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The Strömgren sphere:    The Role of He in HII Regions

1. High IP :H−13.6eV (912A);He−24.6 eV (504A);He+−54.4 eV (228A)
→ Very hot stars are needed to ionize He+ (T* > 50,000 K).
O stars won’t do, so their HII regions have no HeIII. Need planetary nebula stars or AGN.

2. The radiation that ionizes He also ionizes H.
3. He recombination radiation photoionizes H.
4. He has a dual set of energy levels arising from the  two total spin states: S=0 (singlet) and S=1 (triplet)

See JRG 2006 Lec−03 onHII regions for further discussion.
5. The He threshold photoionization cross section is larger than that for H , largely compensating for its smaller abundance

Ionization of He by OB Stars
Example 1: B0 star, Teff ≈ 30000K
Spectrum peaks at 13.6eV → Many photons in 13.6 - 24.6 eV range; few photons withhν>24.6 eV
→ Two Strömgren spheres: small central He+ zone surrounded by large H+ region

Example 2: O6 star, Teff ≈ 40000 K
– Spectrum peaks beyond 24.6 eV → Lots of photons with hν≥24.6eV
→ Single Strömgren sphere : H+ and He+ zones coincide



Synchrotron summary

L = 4πDL
2∫νmin

νmax

S(ν)dν = 4πDL
2∫νmin

νmax

So(
ν

νo )
−0.7

dν = 4πDL
2 Soνo

0.7∫νmin

νmax

ν−0.7 dν

γ → νs = 4.2⋅10−9γ2 H
μG

[GHz ] ⇒ γ = √ νs/[GHz ]

4.2⋅10−9 H/[μG]

Heq = kost1⋅(LV )
2 /7

tsynchr = kost2⋅H−3 /2νbr
−1 /2

https://www.unitronitalia.com/prodotti/analysis-and-interpretation-of-astronomical-sp.pdf



When temperature can be estimated from line emission

In order to have a meaningful determination of T, collision must be responsible for level populations
Depopulation with some amount of sponteneous emission

NU

NL

=
gU

gL

ehνUL /kT

Let's consider two transitions of the same
atom/ion like the [OIII]  lines shown aside.
Similar argument can be applied to [NII]  newline 



When temperature can be estimated from line emission 

In order to have a meaningful determination of T, collisions must be responsible for level populations
Depopulation with some amount of sponteneous emission

NU

NL

=
gU

gL

ehνUL /kT

In principle, once three transitions are 
considered and h νUL  is known, then
relative populations can be computed

Practice is much more complicated

Various transitions, beyond the two involved
must be considered  



When temperature can be estimated from line emission 

(Critical) Density is fundamental. ''Low'' and ''high'' densities may have different expressions 
e.g. Low density  limit for [OIII]  lines

I4959+I5007

I4363

= Ω( 3 P ,1D)
Ω( 3 P ,1 S)

 
A ( 1 S ,1 D)+A ( 1 S ,3 P)

A ( 1 S ,1 D)
 
ν( 3 P ,1 D)
ν( 1 S ,1 D)

 e[E(
1 S)−E (1 D)]/ kT

Ratio of collisional strengths Correction for the de-excitation through λ2321 line
Conversion from photon number to energy Exponential energy term

≈
2.17
0.276

⋅
1.78+0.23

1.78
⋅

4363
0.75⋅5007+0.25⋅4959

⋅e32967 K / T ≃7.76⋅e32967 K /T

High density , for ne>105 cm−3 1 D collisional de-excitation start to dominate

Correction factor becomes
A (1 D ,3 P)

Q(1 D ,3 P)+A ( 1 D ,3 P)
I4959+I5007

I4363

≃ 7.76⋅e32967 K/ T

1+4.5⋅10−4[ne/√ T ]
Similar arguments can be applied to [NII]  line
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