Heating and Cooling
of Baryons

ASTR:6782
al Fu




The Evolution of the Jeans Length (comoving)

comoving scale

e trec time
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Success: N-body Simulation agrees with PS Prediction
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: both the PS and N-body halo mass function
strongly disagrees w/ Observed galaxy mass function
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Stellar Mass Fraction vs. Halo Mass

Stellar mass fraction vs. halo mass

— » The fraction peaks at only ~3% (cf. fgas = 16%) in
] 5x 101" M@ halos

» The gas-to-star conversion efficiency is low in
both lower mass and higher mass halos
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Mismatch between halo and
stellar mass distributions
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» Halo mass function has been scaled
with the cosmic baryon fraction (0.16)

log(Mstar/Mhaio)
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Everything should be made
as simple as possible,
but not simpler.

Albert Einstein




I wonder what he thinks about this ...

Food systems are more diverse and interactive

than individual chemical compounds. Food

includes a vast array of natural and processed
SUGA gomponents, creating complex mixtures that can

interact in unpredictable ways.
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lllustris Simulation of a Comoving Volume 10 Mpc Across

Dark Matter Gas Temperature

redshift : 1.54 stellar mass . 27.7 billion solar masses

Time since the Big Bang: 4.3 billion years "_LUSTRIS



Baryonic Processes in Galaxy Evolution

Gas accretion
via cosmic web

Feedback;
Ejecting gas

-

-
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Star Formation:
Converting gas
Into stars
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http://sci.esa.int/science-e/www/object/index.cfm?fobjectid=49190

The Cooling Function: Ay(1, Z)

assume collisional ionization equilibrium (CIE)



Cooling Function = Cooling Rate / Hydrogen Density Squared
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* Hydrogen :
Density n -21.0
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* Cooling
Function:

Ay = Alng

unit: erg/s cm3
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makes cooling
function depend
onlyonTand Z
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Contributions from H & He through various mechanisms
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Contributions from Metals
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Updated Cooling Curve for Solar Metallicity (2009 SPEX)
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Fig. 1. Cooling curves compared: the higher cooling rates calculated
with SPEX are mainly due to a more complete coverage of the line
transitions, including Fe L and EUV lines.



Jeans Criteria: acoustic oscillation vs. gravitational collapse

« Based on continuity equation (mass conservation), Euler’'s equation (momentum
conservation), and Poisson Equation (density-potential pair), the evolution of a
density perturbation (0 = p — p,) is described by this DE:

0%6

— ~2V\72
ﬁ—csv 0+ 4nGpyd

* Plug in the general solution 6 = Se' k=00 oo that 05/0t = — iw$, VS = idk
one can obtain the dispersion relation:
w*(k) = c?k* — 4nGp,
The solution has the following scenarios:

. when w? > 0, the perturbation oscillates in time (acoustic oscillations)

. when @w? < 0, the perturbation grows exponentially (Jeans criteria)
* Jeans (minimum) length:

ThT 15kT
_CS
Gﬂo R \/ sszO umy . \ 4xGumpp,

- Jeans (minimum) mass:

M=— A7
3P0



But free-fall time is only relevant when it is longer than cooling time

* Cooling timescale is the ratio between thermal energy density
(3nkT/2) and cooling rate [néAN(T, )]

2kT pln
t where u(T,7) = (mean molecular weight)

ol iy AT, Z) m,

* Free-fall timescale is:

1/2

kY1

lee = where p, is the total density (DM + baryon)
32Gp,,

* The total mass density for H:He mass ratio of 3:1 is:
P = gnHmp/fgas where fo,o = £2;, /€2, o & 0.157

- Catastrophic cooling occurs when 7., < 7 which leads to a
H density threshold above which baryons contracts rapidly in a halo:

9
2 Gmp kT,
97ngas :MAN(TAv Z)
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Given cooling function A (7, Z), imagine T/ A (T, Z)
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Density Threshold vs. Temperature for zero and Solar metallicities
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Virial Radius Expressed Directly with Virial Mass

* Previously, we derived the expressions of the virial radius and
virial mass for a given halo density profile and mean density

contrast A =~ 200. e.g., for SIE profile:

p(r) = 8,p(z,)(rlr) >
we derived for the homework:

35C pc(zv) 35C ( I + <y >3/2
I”A — VS — ]/‘S
AC pc(z) Ac 1 +7
36, /1 + 2z,
My = 47r38,p(2,)x5 = 4mr38.pe (1 +2,)° ( )3/2

A N1 +4+7

* Here express virial radius for a given virial mass without
assuming any density profile given p(r,) = A_p,.:

1/3 1/3 1/3
- 3M _ [ 2GM, _(_2GM, Gt
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Virial Velocity & Virial Temperature Expressed Directly with Virial Mass

e Virial radius:

2GM
I = 1 +2)7 '« MP(1 +2)7!
A A, o H? (I+2) a (142

* Virial (circular) velocity:

1/3

GM
Vy = 2 = (AR, (H2I2)"(GM ) (1 + 7)1
FA
* Virial Temperature:
Ty =222 o M2(1 4 2)
AT S5 A A <

note: EﬂmpVi = kT # EkTA because it’s circular not rms vel.

* Virial temperature is defined as the temperature of self-gravitating
isothermal gas in hydrostatic equilibrium. It is preserved for a non-

evolving halo because M, « r, (1 7)~2. Itis also the
expected temperature of baryons in the halo once shock-heated.




CC Density Threshold vs. Halo Gas Density and Temperature

» Catastrophic cooling occurs when 1., < s, which leads to a hydrogen
density threshold above which baryons cool rapidly in a halo:

. 29Gmp kT, )2
n.,, =
T 9nf \UA(T, Z)

* This threshold is then compared to the mean hydrogen density of the

halo to decide the mass range of the halos over which galaxies form:
4
A _ A _ : 3
g Hmp =P = Acfgaspc,OQm,O(“ + Z)

given the definition of virial radius, halos of all masses at a given
redshift should have the same mean density!

* The mean density can be expressed with virial mass and virial

temperature given that 7, Miﬂ(l + z) and nﬁ x (1 +2)*
)

”ﬁ B M ' :
0.04cm=3 )\ 108M 104K




CC Density Threshold vs. Halo Gas Density and Temperature

For solar-metallicty gas, efficient cooling at 0 < z < 5 occurs in halos between 109M® <My, < lOle@
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Relative Number

For solar-metallicty gas, efficient coolingat 0 <z <5
occurs in halos between 10°M,, < M,,s < 10'2M,

which seems to match that of the observed galaxy mass range
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The Cold Gas Accretion Rate

dMgaS — f than
dt cold’ baryon dt

mass range
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The Cold Gas Accretion Rate

dMgas _ — dMhalo
dt cold’ baryon dt

mass range
when €coig # 0

101 to 10123 Mgun
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Halo mass vs. redshift & time
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Halo growth rate vs. redshift & time
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Accretion-Driven Star Formation History

Bouche+2010 Redshift

10 6 4 < 12 0.5 » Grey region: efficient cold
| | | Exhbustion|  gas accretion

1000 &= — 982 1011 < Myaio < 1.5x1012 Mg

C T : :

£ ? i34 - » Gas accretion history of a

] Do | 1026 M@ halo (mass at z = Q)
— 3.0 » Star formation history from
% 100 4 the continuity equation:
= 1 1. Once the halo crosses the
4 | minimum mass (1011 Mp),
s the SFR rapidly rises to reach

10 a steady state;

2. As the halo mass reaches
10123 M, cold gas accretion
4 4 is choked and the SFR starts
to decline with an e-folding
time of 2-3 Gyr (=2 Tayn/€sF).
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