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elettrone
nucleo

Energia ionizzazione H: 13.6 eV

Temperatura ricombinazione H: 0.25 eV 
                          ≃ 3000 K

Temperatura oggi: 2.725 K

z = 1100

NB: ’Microwave’ perché λ ~ 1 mm, come il wifi, i GSM o il famoso forno 
(niente a che vedere con il micron, anche se, alla ricombinazione, λ ~ 1 μm!)



CMB - storia

1978
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2013 Planck >200 scienziati
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statisticamente, i picchi sono ‘spesso’ 
separati dal periodo blu:

‘elevata potenza’ per il modo i=6
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risultato (idealizzato) nel cielo

Baryon Acoustic Oscillations 9

of galaxies. Now there is no regular grid of galaxies but L is still a preferred length
in the distribution of the galaxies, and forms an SSR. To reconstruct this preferred
scale is a statistical problem. This is illustrated schematically in Figure (1.5), which
shows many rings of the same characteristic radius L superimposed on one another.
This superposition of rings on the plane visually ‘hides’ the characteristic scale, as
number of rings increases, and the sampling of each individual ring is reduced.

Fig. 1.5. Rings of power superposed. Schematic galaxy distribution formed by placing the
galaxies on rings of the same characteristic radius L. The preferred radial scale is clearly
visible in the left hand panel with many galaxies per ring. The right hand panel shows a
more realistic scenario - with many rings and relatively few galaxies per ring, implying that
the preferred scale can only be recovered statistically.

BAO, as we discuss below, provide an elegant SSR hidden between the rest of
the galaxy clustering, but they are not the only possible SSR’s. Any preferred
scale in the clustering provides either an opportunity to apply a relative (absolute)
Alcock-Paczynski test (4) in the case the we don’t (do) know a priori the size of
the preferred scale, L. Other preferred scales include the Hubble scale at matter-
radiation equality (which controls the scale of the turnover in the matter power
spectrum) and the Silk damping scale. There may well be other preferred scales
imprinted into the primordial clustering of matter. These can be naturally achieved
if one inserts a short period of fast rolling into the otherwise slow-roll of inflation.
The sudden change of inflaton velocity creates a bump in the matter power spectrum
that can serve the same purpose as the BAO. The required fast-roll can be achieved
in multi-field models of inflation.

The SSR provided by the BAO has an additional advantage: it is primarily a linear

risultato idealizzato nel cielo
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Baryon Acoustic Oscillations 9

of galaxies. Now there is no regular grid of galaxies but L is still a preferred length
in the distribution of the galaxies, and forms an SSR. To reconstruct this preferred
scale is a statistical problem. This is illustrated schematically in Figure (1.5), which
shows many rings of the same characteristic radius L superimposed on one another.
This superposition of rings on the plane visually ‘hides’ the characteristic scale, as
number of rings increases, and the sampling of each individual ring is reduced.

Fig. 1.5. Rings of power superposed. Schematic galaxy distribution formed by placing the
galaxies on rings of the same characteristic radius L. The preferred radial scale is clearly
visible in the left hand panel with many galaxies per ring. The right hand panel shows a
more realistic scenario - with many rings and relatively few galaxies per ring, implying that
the preferred scale can only be recovered statistically.

BAO, as we discuss below, provide an elegant SSR hidden between the rest of
the galaxy clustering, but they are not the only possible SSR’s. Any preferred
scale in the clustering provides either an opportunity to apply a relative (absolute)
Alcock-Paczynski test (4) in the case the we don’t (do) know a priori the size of
the preferred scale, L. Other preferred scales include the Hubble scale at matter-
radiation equality (which controls the scale of the turnover in the matter power
spectrum) and the Silk damping scale. There may well be other preferred scales
imprinted into the primordial clustering of matter. These can be naturally achieved
if one inserts a short period of fast rolling into the otherwise slow-roll of inflation.
The sudden change of inflaton velocity creates a bump in the matter power spectrum
that can serve the same purpose as the BAO. The required fast-roll can be achieved
in multi-field models of inflation.

The SSR provided by the BAO has an additional advantage: it is primarily a linear

risultato reale nel cielo
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1 s - 1 min 380,000 yr0 ? 1μs 13.8 Gyr



Andrey Kravtsov, cosmicweb.uchicago.edu

DM N-body simulations
2 106 CDM particles, 43 Mpc cubic box 



DM N-body simulations
Aquarius project of the VIRGO coll.: 
1.5 109 CDM particles, single galactic halo

VIRGO coll., Aquarius project, www.mpa-garching.mpg.de/aquarius/



Simulations with baryons?
Illustris simulation: 
up to 1.8 1010 CDM particles/hydro cells, 100 Mpc cubic box

ILLUSTRIS coll. ( 2018), https://www.illustris-project.org/media/∼



DM N-body simulations

Springel, Frenk, White, Nature 440 (2006)

SDSS: 106 galaxies, 
2 billion lyr

2dF: 2.2 105 galaxies

Millennium:  
1010 particles, 
500 h-1 MpcOf course, you have to 

infer galaxies within the 
DM simulation
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According to inflation, the more than 100 billion galaxies, sparkling throughout 
space like heavenly diamonds, are nothing but quantum mechanics writ large 
across the sky. To me, this realization is one of the greatest wonders of the 
modern scientific age.

Brian Greene

Inflazione


