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COSMIC MISSING BARYON PROBLEM
HALO MISSING BARYON PROBLEM




ACDM Cosmology
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We have direct knowledge of < 5% of the total mass-energy density of the universe



Current mass-energy content of the universe
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Q, ~ 0.05 BBN baryon density

Q =~ 0.30 gravitating mass density
f, = & baryon fraction
Qm

There is a hierarchy of missing mass problems

Q <Q cosmiC missing mass problem
(not enough BBN baryons to explain all
the gravitating mass in the Universe)

Z Q, (observed) < Q, (BBN) COSIC MISSIIE baryon problem
(not enough baryons for BBN)

M, < f, M halo missing baryon problem
b /b0 (not enough baryons in each DM halo)



The cosmic missing baryon problem

This is usually what people mean when the say “dark matter” or “missing mass”

Measurements of the gravitating mass density
Cluster M/L

— measure M/L of a cluster, combine with measured
luminosity density of universe.

Weak lensing
— measure shear over large scales
Peculiar Velocity Field
Dark Energy
— measure deviations from Hubble flow %

Power spectrum of galaxies

Acoustic power spectrum of the CMB
All yield =~ 0.3




The cosmic missing baryon problem

Cosmic baryon budget
(Shull et al arXiv:1112.2706)

Qz =090

Big Bang Nucleosynthesis
CMB fits give

O, h? = 0.022

Sum of known baryons only

Qbhz ~ 0.017

missin
29+137%

galaxies
7+2%

GM 5+3%
ICM 44+1.5% Total mass density

Z Q, (observed) < Q, (BBN) ° cold gas 1.7+0.4% thZ ~ 0.13



Baryon reservoirs

integrate luminosity function;

® Galaxies / estimate M*/L
® Stars 7% integrate HI mass function;

—” estimate molecular gas fraction

o
cold gas 2% o— absorption of highly ionized gas

® circumgalactic medium (CGM) 5% o— along sight lines; |
estimate 1onization fraction

® C(Clusters and covering factor
® intracluster gas (ICM) 49 o—» integrate X-ray cluster
| | Med GM luminosity function
® |ntergalactic Medium . e
8 ( ) absorption of highly ionized gas

® Warm-Hot IGM 29% o » along sight lines;
estimate ionization fraction

®
Lyman o forest  28% T Lyo absorption lines in QSO spectra

Maybe some extra in large scale filaments?

Z Qb (ObS@I’Ved) < Qb (BBN) Percentages.a@ relative to the BBN baryon density.
The uncertainties are large



How many baryons are missing depends on how many BBN predicts

CMB 2015 (Planck)
BBN 1999 (pre-CMB D/H)

BBN 1991 (Walker et al.)

missing

missing

Qph? = 0.0125 4 0.0025 Qph* = 0.019 £ 0.001 Qph? = 0.02230 & 0.00023
Q, = 0.0255 Q, = 0.0388 Q, =0.0455 for H, =70
Q, =0.05 for H, = 66.8
Our estimate of the baryon density €2, has grown over time. £, =0.04 for Hy = 74.7

The first step was 1n response to improved deuterium data;
the second was due to observation of the CMB acoustic power spectrum.



Extended TF Enclosed mass M., (M) within an over-density
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The halo missing baryon problem

M
fair share of baryons, but no: 000 < ®> Mb < ﬁ9 M200
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Feedback

loge = 3logf, —logf,

Invoked here to explain the halo missing baryon problem:
why aren’t the baryons visible?
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The answer is unclear, but it is widely thought that either
() supernova feedback blows the excess baryons out of halos, or Vi
(i) feedback heats baryons so they don’t dissipate into the disk

SN feedback is thought to be most effective in low mass galaxies with small potential wells
that can’t retain material that explodes outwards.

You might expect these processes to be more effective when there is more star formation
(more SN, more heating) but the opposite is observed. There is also more gas left over in
galaxies that have suffered the most feedback, so it can’t blow out 100% of the gas.




Big Bang Nucleosynthesis (BBN):

When the universe is just a few minutes old,
the Temperature and Density are just right
for it to be one Big Nuclear Furnace:
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The light elements
Hydrogen, Helium, and Lithium
are made at this time.



all four forces
distinct.-.

. K = Particle soup time Temp
Particle Era eqq-
Elementary particles filed @8 5 R < millisecond ‘

the universe, as quarks &

combined to make protons : 3 "'.,: T ~ 1014 K

and antiprotons.
10 K

Era of Nucl thesis g By g
Fur;o% pr::ugg:xgliu;gs X Protons annihilated HUCleosynthESlS (BBN)

. o0 _ virtually all antiprotons,
from protons (H nuclei). 2 ' but some protons ~ 3 mlnutes

remained.
10” K — T~ 100K

Era of Nuclei -7

A plasma of free electons | Fusion ceased,
and H and He nuclei filled leaving normal matter

the universe. 75% hydrogen and

25% helium by mass. Eal‘ly Universe

380,000 yrs 3,000 K—— recombination
Era of Atoms :

The era of atoms lasted until stars Neutral atofns formed,
and galaxies began to form. allowing photons to ~3 80 9000 year

travel freely through T ~ 3000 K

space.

emission of CMB:
surface of last
scattering

Key
» electron & antiproton
- antielectron & neutron

» neutrino & antineutron
« antineutrino @3 helium
$quarks

& proton : photon




Key:

Step 1 Step 2 Step 3
Proton and neutron Two deuterium nuclei  Hydrogen-3 fuses J neutron
fuse to form a fuse to make with deuterium to
deuterium nucleus. hydrogen-3. create helium-4. J proton

J ' J,jphoton J E J J

%)

Protons and neutrons combined to make long-lasting helium
nuclel when the universe was ~3 minutes old.

The proton-proton chain was enhanced by the presence of free
neutrons, making the creation of deuterium easier.



during
helium
synthesis

after
helium
synthesis

Y
atomic mass = 12 atomic mass = 4

Big Bang theory prediction: 75% H, 25% He (by mass)

Matches observations of nearly primordial gases
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BBN reactions

The following stages occur during the first few minutes of the Universe:

Less than 1 second after the Big Bang, the reactions shown at right maintain the neutron:proton ratio in thermal
equilibrium. About 1 second after the Big Bang, the temperature is slightly less than the neutron-proton mass difference,
these weak reactions become slower than the expansion rate of the Universe, and the neutron:proton ratio freezes out at
about 1:6.

D+€ N+ V

Nn+e «p+V

After 1 second, the only reaction that appreciably changes the number of neutrons is neutron decay, shown at right. The
half-life of the neutron is 615 seconds. Without further reactions to preserve neutrons within stable nuclei, the Universe
would be pure hydrogen.

n—p+e +Vv

The reaction that preserves the neutrons is deuteron formation. The deuteron is the nucleus of deuterium, which is the

heavy form of hydrogen (H2). This reaction is exothermic with an energy difference of 2.2 MeV, but since photons are a
billion times more numerous than protons, the reaction does not proceed until the temperature of the Universe falls to 1
billion K or kT = 0.1 MeV, about 100 seconds after the Big Bang. At this time, the neutron:proton ratio is about 1:7.

D+Ne—d+7y

Once deuteron formation has occurred, further reactions proceed to make helium nuclei. Both light helium (He?) and

normal helium (He“) are made, along with the radioactive form of hydrogen (H3). These reactions can be photoreactions
as shown here. Because the helium nucleus is 28 MeV more bound than the deuterons, and the temperature has already
fallen so far that kT = 0.1 MeV, these reactions only go one way.

d+n —>H3+y

H3+p —»He4+y
d+p —»Hes+y

He® + n —»He4+y

The reactions at right also produce helium and usually go faster since they do not involve the relatively slow process of
photon emission.

d+d — He® +n
d+d = H3+p
H® +d — He* +n

He® + d —»He4+p

The net effect is shown at right. Eventually the temperature gets so low that the electrostatic repulsion of the deuterons
causes the reaction to stop. The deuteron:proton ratio when the reactions stop is quite small, and essentially inversely
proportional to the total density in protons and neutrons. Almost all the neutrons in the Universe end up in normal
helium nuclei. For a neutron:proton ratio of 1:7 at the time of deuteron formation, 25% of the mass ends up in helium.

d+d —»He4+y

Source: Ned Wright: http://www.astro.ucla.edu/~wright/BBNS.htm|



BBN products:

e 3/4 Hydrogen
e 1/4 Helium

e Traces of
— deuterium
— tritium
— helium 3
— lithium

— berylium

Abundances depend on the density of

matter. The higher the density

parameter (£2y), the more helium.
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BBN products limited to light 1sotopes
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Made in Early Universe

Made in Stars
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