
  

  GAS HALOS: THEORY AND 
OBSERVATIONS



  

  EQUATIONS GOVERNING GAS DYNAMICS

   so that

 In addition,  the effect of gravity is given by 
Poisson's equation:



  

   In order to study the evolution of the baryonic component using 
the ideal fluid approximation, one has to deal with processes that 
can heat or cool the baryonic gas:

Compton cooling from electron interaction with CMB photons:
When photons of low energy  pass through a thermal gas of non-
relativistic electrons with temperature Te , photons and electrons 
exchange energy due to Compton scattering. If the radiation field is 
a thermal background with temperature Tg ≪ Te, the net effect is 
for electrons to lose energy to the radiation field.



  

Collisional excitation is a process in which the translational energy of a 
collision partner is converted into the internal energy of a reactant 
species.

Collisional ionization is the ionization of an ion induced by the collision 
of an  energetic electron. On energetic grounds, it is usually the 
outermost electrons that are removed.

Recombination is a process by which positive ions of a plasma 
[capture the free [energetic] electron combine with electrons or 
negative ions to form new neutral atoms.

An alternative to radiative recombination is known as di-electronic 
recombination. In this mechanism, an electron is captured from the 
electron sea by an ion and the excess energy of the recombination is 
taken up by a second (ionic) electron which then also occupies an 
excited state.



  

Bremsstrahlung (free-free emission) is electromagnetic radiation 
produced by the deceleration of a charged particle when deflected 
by another charged particle, typically an electron by an atomic 
nucleus. The moving particle loses kinetic energy, which is 
converted  into a photon.  



  

Photo-ionization: 
The interaction of 
electromagnetic radiation 
with matter resulting in the 
dissociation of that matter 
into electrically charged 
particles.



  

The combined effect of these processes is described in terms of the 
cooling function:



  

At temperatures above 106K, primordial gas (composed of hydrogen and helium) is
almost entirely ionized, and above a few ×107K, enriched gas (which contains also 
heavier elements) is fully ionized as well. The only significant radiative cooling at 
such high temperatures is bremsstrahlung. 

For a primordial gas with T < 105.5K, a large fraction of the electrons are bound to 
their atoms, and the dominant cooling process is collisional excitation followed by 
radiative de-excitation; the peaks in the cooling function at 15000K and105K are 
due to collisionally excited electronic levels of H0 and He+, respectively. For an 
enriched gas, there is an even stronger peak at T = 105K due to the collisionally 
excited levels of ions of oxygen, carbon, nitrogen, etc. In an enriched gas, the 
cooling function is also enhanced at 106K by other common elements, noticeably 
neon, iron and silicon. At temperatures below 104K, most of the electrons have 
recombined and cooling due to collisional excitation drops precipitously. Here 
collisions with neutral hydrogen atoms and with the few free electrons left can 
excite the fine structure levels of low ions, such as OI, OII, OIII and CII. 

(Note not included: If molecules (H2, CO etc) are present in the gas, collisional 
excitation of their rotational/vibrational levels can also contribute to gas cooling at 
low temperature.)

The cooling function assumes ionization equilibrium, i.e., that the densities of all 
ions are equal to their equilibrium values. This is only expected to be applicable if 
the time scales for the radiative processes in question are much shorter than the 
hydrodynamical time scales of the gas.



  

Analytic model for gas cooling in dark matter halos (White & 
Frenk 1991)



  

    Assumption: Gas in  Hydrostatic Equilibrium



  



  

White & Frenk assume an isothermal profile for the gas and 
dark matter, so that:

At each radius within the halo, the cooling time is defined as the ratio of 
specific energy content to cooling time:

 Where ρg(r) is the gas density profile and ne(r) is the electron density.



  

 Substituting in the assumed gas profile ρ~ r -2   gives;

 where fg is the fraction of the initial baryon density in gaseous form.

The cooling radius is defined as the radius within the halo where the 
cooling time is equal to the age of the Universe. For Einstein de Sitter 
case, we have:

When rcool is larger than the virialized region of the halo, cooling is so 
rapid that in reality, gas will never come to hydrostatic equilibrium.
The supply of gas is limited by the accretion rate onto the halo,  and
The time taken for accreted gas to reach the halo center, which can be
roughly estimated as Rvir/Vc (the so-called free-fall time)



  

When rcool lies inside the halo, infalling gas is shock-heated to the 
virial temperature, a quasi-static atmosphere of hot gas forms

 The compression and heating will generally push the post-shock gas out 
of thermal equilibrium and the gas has to cool in order to reach a new 
equilibrium.



  



  

   During the formation of a dark matter halo from a density perturbation, 
the gas initially associated with the perturbation also collapses in the 
gravitational potential well of the halo. However, unlike dark matter 
particles, shell crossing is not allowed for the gas component, and so 
the gas associated with a mass shell will eventually be stopped and 
shocked by the gaseous structure that has already collapsed. If there is 
no cooling, the shocked gas will remain hot, forming a hot gaseous halo 
in hydrostatic equilibrium in the potential well of the dark matter halo.

If the gas cools, a simple estimate of the gas inflow rate towards the 
center is given by:

Substituting for rcool , yields:



  



  

  Alternative approach: computational gas dynamics



  



  



  

One example of a commonly used interpolant is a Gaussian:



  



  



  



  



  

Left: galaxy with mass ~1010 Msun

Right: galaxy with mass ~1011 Msun

Left: Green represents particles which 
will be accreted in the cold mode
 in a few hundred million years.

Right: Green represents particles which 
will be accreted in the hot mode in a few 
hundred million years.

Bottom panel is a zoom.

LESSON: Cold mode accretion occurs 
Along filaments, hot mode accretion
is spherical



  



  



  



  

 QSO absorption line spectroscopy as a tool for probing the gas 
around and between galaxies



  

QSOs (the active nuclei of distant galaxies) are some of the most 
luminous objects in the universe and can therefore be observed out 
to the largest distances (highest redshifts).  Any galaxy or 
intergalactic cloud which by chance happens to lie between the QSO 
and us leaves its signature on the spectrum of the QSO in the form 
of absorption lines.

1) The QSO intrinsic spectrum consists of a power-law continuum,
Typically F ~ λ-1, and broad (several thousand km/s) emission lines. 
Both are produced close to the ‘central engine’, by gas close to the 
central super-massive black hole.

2) The strongest emission line is the first line in the Lyman series of 
neutral hydrogen, Lyman , corresponding to an electronic transition 
from the first excited level to the ground state .

3)Superposed on the intrinsic QSO spectrum are many narrow
absorption lines, which are the focus of QSO absorption line 
spectroscopy.



  



  

At shorter wavelengths than Lyα: single Ly lines arising in clouds where the 
column density of gas is too low to produce metal lines, the Lyman α forest.

At longer wavelengths than Lyα: the strongest resonance lines of the most
abundant astrophysical elements (e.g. O I, C II, C IV, Mg II, Si II,
Fe II) in well defined redshift systems. These are the ‘metal-line’ systems



  



  

   Gunn-Peterson Optical Depth

Consider radiation emitted at frequency νe, lying blueward 
of Lyα by a source at redshift ze. At a redshift z, such



  



  

Explanation of the Lyman α forest using cosmological 
simulations with gas dynamics



  

 In the simulations, the optical depth to Lyman α scattering  at a 
given projected position is calculated as:

This allows one to generate predicted spectra from 
the simulations.



  

 temperature

 density

Peculiar velocity 
(deviation from 
Hubble flow)

Predicted 
spectrum



  

Comparison of neutral hydrogen 
column density distribution in Lyman 
alpha absorption lines in simulations 
and data.

Comparison of widths of absorption lines 
in simulations and data.

Conclusion: Simulations can provide a very good 
description of the observations.



  

 Hot Gas in Groups and Clusters



  

                   Analysis of X-ray Images



  

       With X-ray Spectroscopy



  



  



  



  



  

 Since the hot gas is roughly in hydrostatic equilibrium within the 
gravitational potential of the cluster, its density in general increases 
towards the center. The cooling time typically becomes shorter at 
smaller cluster-centric radii. The densities and temperatures of the 
ICM inferred from X-ray data indicate that the cooling times in the 
central ∼  100kpc of most clusters are shorter than 1010  yr. 
Consequently, in the absence of a balancing heat source, a slow, 
subsonic inflow of gas is expected to develop in the central 
regions.Cooling reduces the temperature and thus the pressure of 
the gas. In order to support the weight of the overlying gas, the 
central gas has to increase its density, which it does by flowing 
inward. 

A first order estimate of the mass deposition rate is simply made by 
taking the total gas mass calculated from the density profile and 
dividing that by the cooling time at the edge of the region.
Inferred mass deposition rates reach 100-1000 Msun/year 

 Cooling Flows



  



  



  

The state of the gas  around low mass galaxies 
remains observationally largely unanswered
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