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Baryon Asymmetry of Universe

• From CMB:

Ω!	ℎ" = 	0.02237	 ± 	0.00012

• From BBN: Abundance of light elements depends 

on 𝜂 = #!
#"
𝑛!
𝑛$

≈ 6.04 ± 0.2 ×10%&'

• Most precise BBN determination from (𝐷/𝐻) 
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The idea

• The abundances of light elements at the end of BBN, at a given position 𝑥 depends on the 
local value of 𝜂(𝑥)

• The dependence on 𝜂(𝑥) is in general nonlinear
• For the average abundance, the linear variation drops out, sensitive to non-linear corrections
•  𝑂(1%) precison in D/H, in good agreement with CMB determination
• Expect bounding inhomogeneities at BBN to 𝑂(10%)
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The idea
• The abundances of light elements at the end of BBN, at a given position, depends on the 

local value of 𝜂(𝑥)
• The dependence on 𝜂(𝑥) is in general nonlinear
• For the average abundance, the linear variation drops out, sensitive to non-linear corrections
•  𝑂(1%) precison in D/H, in good agreement with CMB determination
• Expect bounding inhomogeneities at BBN to 𝑂(10%)

• Question: How early can the inhomogeneities be produced such that they can be probed by 
BBN? (in radiation domination)

üInhomogeneities with comoving length scale larger than the Hubble length 
at  𝑇 ∼ 3	TeV survive until BBN

Not erased by diffusion until BBN if at such length scales even if produced at 𝑇 ≲ 𝑂(TeV)
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Outline

• Quick review of BBN

• Baryon diffusion

• The bearable inhomogeneity at BBN

• What can we probe?

Ø Inhomogeneities from baryogenesis

Ø Other scenarios and correlation with gravitational waves
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Quick review of BBN

• Neutrons and protons in chemical 
equilibrium for 𝑇 ≳ MeV  

• After 𝑇(, neutron decay is the only relevant process 

• Until deuterium starts to build up 

• 𝐵) = 2.2	MeV, but as 𝜂 is small, D abundance becomes sizeable only when  𝑇 ≲ !#
*+ ,$%

∼ 60	keV

Until neutrino decoupling 
at  𝑇( ≈ 0.8	MeV,        𝑋#

-. ≈ ⁄1 6

n+ p $ D + �
<latexit sha1_base64="UipTMMwM++UVU/yeQNPbj4/mBK4=">AAACCXicbVA9SwNBEN3z2/h1ammzGARBCHcqaBnUwjKC0UAuhLnNXrJkd+/YnVNCsLXxr9hYKGLrP7Dz37hJrvDrwcDjvRlm5sWZFBaD4NObmp6ZnZtfWCwtLa+srvnrG1c2zQ3jdZbK1DRisFwKzesoUPJGZjioWPLruH868q9vuLEi1Zc4yHhLQVeLRDBAJ7V9qukezWgkeYJGdHsIxqS39MypUReUgrZfDirBGPQvCQtSJgVqbf8j6qQsV1wjk2BtMwwybA3BoGCS35Wi3PIMWB+6vOmoBsVtazj+5I7uOKVDk9S40kjH6veJIShrByp2nQqwZ397I/E/r5ljctwaCp3lyDWbLEpySTGlo1hoRxjOUA4cAWaEu5WyHhhg6MIruRDC3y//JVf7lfCgsn9xWK6eFHEskC2yTXZJSI5IlZyTGqkTRu7JI3kmL96D9+S9em+T1imvmNkkP+C9fwFTiZjW</latexit>

[Baumann “Cosmology”]

Majid Ekhterachian (EPFL) 7

𝑋# ≈ ⁄1 8 at   𝑡 ∼ 330	𝑠



Quick review of BBN

/He is the most bound among the light nuclei
Almost all neutrons end up in /He 

Helium mass fraction:

A sensitive probe of the expansion rate and therefore 𝑁-00
But only logarithmically sensitive to 𝜂

4	𝑛 &1-

𝑛2
≈ 4

½𝑋#
1 − 𝑋#

≈
1
4

Neutron fraction at the onset of BBN, 𝑇!!" ≃ 60	keV: 

[Baumann “Cosmology”]
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Quick review of BBN- Deuterium freeze out
• Deuterium consumed mainly through processes:

At the time of D freeze-out:

• If 𝐷𝐷 rates would dominate,  the final D abundance would be 
independent of 𝑛3

• If the 𝐷𝑝 rate would dominate, the final D abundance would be 
exponentially sensitive to 𝑛3 (and therefore 𝜂) 

•  𝐷𝐷 processes have larger cross sections but larger 𝑛3 makes the 
rates comparable at the time of D freeze out (for observed 𝜂)

• This makes deuterium sensitive to  𝜂 and inhomogeneities

(𝜂 ≪ 10%4)

(𝜂 ≫ 10%4)

Mukhanov 2002
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Diffusion

• Diffusion dominated by late time dynamics

ØSmaller 𝑇, smaller interaction rate, larger diffusion coefficient

ØLonger time 𝐻 ∼ 𝑇"/𝑀5*

For example, consider particles strongly coupled to the plasma, so that 𝐷 ∼ ⁄1 𝑇 

ØDiffusion length during one e-fold of expansion: Δ𝑑 ∼ 𝐷	𝑡 ∼ ⁄𝐷 𝐻 ∝ 𝑀5*/𝑇6	

 Note:

• Diffusion is slow,  homogenization happens on scales well with horizon only

𝜕!𝑛 = 𝐷∇"𝑛	 𝑑 ∼ 𝐷	𝑡

⁄Δ𝑑 𝑙2 = Δ𝑑	𝐻 ∼ ⁄𝑇 𝑀5* ≪ 1 

Majid Ekhterachian (EPFL) 10



Baryon Diffusion
• Diffusion generically dominated by late time dynamics: early diffusion of baryon number (carried 

by quarks) negligible compared to later diffusion of protons and neutrons  

• Until neutrino decoupling 𝑇(, neutrons and protons in chemical equilibrium: a nucleon diffuses 
dominantly during the time it spends as a neutron 

Ø    Dominant process: neutron-electron scattering via neutron magnetic moment  

• After 𝑇(, effectively negligible diffusion of protons until BBN 

• Can estimate proton diffusion length by that of the neutron at 𝑇(:

   𝑑7 ∼ ⁄𝐷# 𝐻	 8'
∼ 9(

) 	;*+
<)#,	8')

∼ 9(
) 	;*+
<)8'-

• Neutrons continue to diffuse until BBN: 

• Late time 𝑛 diffusion controlled dominantly by 𝑛	𝑝 scattering

⁄𝑑+ 𝑑3 ==> ≫ 1

See also Applegate, Hogan & Scherrer, 1987
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Baryon Diffusion
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(𝑎 = 1	at 𝑇 = 1	MeV)

• To obtain the precise diffusion lengths we solve the coupled diffusion/ Boltzmann equations   
Comoving 𝑑7 at the onset of BBN = comoving Hubble length at  𝑇 ≈ 3	TeV 

 Comoving 𝑑+ at the onset of BBN = comoving Hubble length at  𝑇 ≈ 7	GeV

See also Applegate, Hogan & Scherrer, 1987
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Ø (1) 𝐿 ≫ 𝑑# inhomogeneities in both neutrons and protons 𝑛3 𝑥 ∝ 𝑛# 𝑥 ∝ 𝜂(𝑥)   
Ø (2)  𝑑3 ≪ 𝐿 ≪ 𝑑#   neutrons homogenize by BBN but protons stay inhomogeneous:

Ø (2a)    𝐷#	𝐿%" ≪ 𝜎#3→)$𝑣 𝑛3 neutron diffusion during BBN can be ignored

Ø (2b)  𝐷#	𝐿%" ≫ 𝜎#3→)$𝑣 𝑛3   fast neutron diffusion during BBN keeps neutrons homogeneous 
Ø (3) 𝐿 ≪ 𝑑3 Baryon inhomogeneities are erased by BBN 

Baryon Diffusion: Lengths scales and regimes for BBN
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The tolerable inhomogeneities at BBN
Regime (1): 𝐿 > 𝑑!	(= comoving Hubble length at 𝑇 ≈ 7	GeV)

• Correlated inhomogeneities in 𝑛3 𝑥 ∝ 𝑛# 𝑥 ∝ 𝜂(𝑥)

• Parameterize  𝜂 𝑥 = 𝜂@A=(1 + 𝜖(𝑥)) 

• At each point: ⁄𝐷 𝐻 ∝ 1 + 𝜖 %&.CD   

 ⁄𝐷 𝐻 ∝ ⟨ 1 + 𝜖 %'.CD⟩ ≈ 1 + 0.56 𝜖"

Overproduction of Deuterium compared to homogeneous BBN

Bound:  𝜖E;F = 𝜖"  < 0.28

Obtained using PRyMordial BBN 
code, varying 𝜂   

with 𝜖 = 0

See also Inomata, Kawasaki, 
Kusenko & Yang 2018
Barrow & Scherrer 2018

Using CMB to determine 𝜂 as input, homogeneous BBN predicts  
 ⁄𝐷 𝐻 = 2.53 ± 0.1 ×10-.  (4%  accuracy) 

• Uncertainty dominated by nuclear reaction rates 
• Observed ⁄𝐷 𝐻= 2.55 ± 0.003 ×10-.  (1%  precision)
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The tolerable inhomogeneities at BBN
Regime (2a): 𝑑" < 𝐿∗ < 𝐿 < 𝑑!	

Neutrons homogenized before BBN but 𝑛3 𝑥  stays 
inhomogeneous

• Parameterize initially  𝜂G 𝑥 = 𝜂@A=(1 + 𝜖(𝑥)) 

• At the beginning of BBN 

  𝑛3 𝑥 ∝ (1 + 𝜖(𝑥)),     

 𝜂 𝑥 = 𝜂@A= 1 + 𝛿 𝑥 	 𝛿 ≡ H
&IJ( 8../

  

• At each point: ⁄𝐷 𝐻 ∝ 1 + 𝛿 %".6 

Bound:  𝜖#$% < 0.19
Stronger bound since 𝑛3 is more inhomogeneous after /He 
formation Obtained using PRyMordial BBN code, 

varying 𝜂 , 𝑋!, 𝑋" (correlated) 
Majid Ekhterachian (EPFL) 15



The tolerable inhomogeneities at BBN
Regime (2b): 𝑑( < 𝐿 < 𝐿∗ < 𝑑*	

• Neutrons homogenized before BBN but 𝑛3 𝑥  stays inhomogeneous

• Higher rate of neutron consumption in the more proton-rich regions

• Neutron diffusion during BBN is efficient, keeps neutrons homogenous by 
transferring neutrons to the more proton-rich regions 

• Parameterize initially  𝜂G 𝑥 = 𝜂@A=(1 + 𝜖(𝑥)) 

• We fin that after helium formation, proton profile same as in regime (1),  
with initial 𝑛3 𝑥 ∝ 𝑛# 𝑥 ∝ 𝜂(𝑥) and no diffusion!

  𝑛3 𝑥 ∝ (1 + 𝜖 𝑥 )

• Same bound as regime 1 with 𝐿 > 𝑑# 	

  𝜖#$% < 0.28

Pointed out (but not studied) 
in Inomata, Kawasaki, Kusenko 
& Yang 2018
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Prospects and limitations

• Currently observed ⁄𝐷 𝐻= 2.55 ± 0.003 ×10%K  (1%  precision)

• Using CMB to determine 𝜂 as input, homogeneous BBN predicts  

 ⁄𝐷 𝐻 = 2.53 ± 0.1 ×10%K  (4%  accuracy) 

• Uncertainty dominated by nuclear reaction rates

• Most importantly: 𝐷𝐷 annihilation and 𝐷𝑝 coannihilation rates

• Recent improvement, in 2020, in the measurements of  𝐷𝑝 rates by LUNA 

• Sizeable improvements expected in determination of 𝜂 from CMB (Simons observatory and S4) 
and in 𝐷/𝐻	measurement (see e.g. [2409.06015])
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What scenarios can we probe?

Scenarios of baryogenesis that produce large inhomogeneities

ØMesogenesis with  SM CP Violation

ØElectroweak Baryogenesis with domain walls

ØElectroweak baryogenesis if slow enough (𝛽/𝐻 ≲ 𝑂(10)	)

Scenarios that imprint inhomogeneities on a previously generated baryon asymmetry 

Strong EW phase transition (𝛽/𝐻 ≲ 𝑂(10)	)

 Phase transitions proposed to explain the Pulsar Timing Array signal

Generic correlation with gravitational wave signals (from pHz to mHz frequency)

Primordial isocurvature perturbations (from inflation)

(𝜖E;F∼ 1, 	L ≫ d7)

(𝜖E;F≳ 𝑂 0.1 , 𝐿 ∼ 𝑑3)

[Elor Houtz Ipek Ulloa 2024]

[Azzla Matsedonskyi Weiler2024]
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What scenarios can we probe?

• A recent attempt for baryogenesis using the CP violation of only the SM 

• CP violation in B meson oscillations

• B violation: B mesons decay to a particle in the dark sector and a baryon (total 
baryon number conserved but B violation in the visible sector)

• The collider bounds limit the branching fractions (today) below what is 
needed to reproduce the observed baryon asymmetry

• To enhance it at early times: Considered changing the mass of the particle 
mediating the decay in some domains and not the others 

    Domain wall network persisting until  𝑇 ∼ 10 MeV

• Considerable baryon asymmetry generated in only some domains

• 𝑂(1) inhomogeneities with comoving length scale larger than both neutron 
and proton diffusion lengths

The SM CP violation is enough(?) [Elor Houtz Ipek Ulloa 2024]
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What scenarios can we probe?

• Production of the baryon asymmetry takes a time of order 𝛽%&

• Temperature changes during this time L8
8
≃ 𝐻/𝛽

• Baryon symmetry produced at different points depends on 𝑇, expect 𝜖 ∝ L8
8
≃ 𝐻/𝛽

• The precise amplitude of inhomogeneities generally depends on the model/parameters, e.g 
much more sensitive if ℎ /𝑇 near 1

• Characteristic length scale: typical bubble separation   𝐿 ∼ 𝑣M	𝛽%& 

• 𝐿NOPOQR+S > 𝑑3 corresponds to  ⁄𝛽 𝐻 ≲ 30

• Sensitivity drops quickly for larger ⁄𝛽 𝐻 ( smaller 𝐿)

Electroweak baryogenesis Deserves a dedicated study, only estimates here 
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What scenarios can we probe?

Consider a supercooled PT with 𝛼 ≳1

• Phase transition starts at different times at different points, same for reheating after the PT

• Temperature variation of  of size  ⁄Δ𝑇 𝑇 ∼ 𝐻/𝛽

• Variations in the baryon-to-photon ratio  ⁄⁄Δ𝜂 𝜂 ≃ 3	Δ𝑇 𝑇

• 𝑇 fluctuations damp, but ⁄Δ𝜂 𝜂  survive when the oscillations are underdamped  

• This is the case unless PT  close to the MeV scale: near neutrino decoupling, heat transfer very efficient, 
oscillation of sound waves are overdamped and the induced inhomogeneity in 𝜂 suppressed

• Sensitive to PTs with ⁄𝛽 𝐻 ≲ 𝑂(10) , relevant to both EW PT and PTs at 𝑇 ∼ 100	MeV proposed to 
explain the PTA signal if the energy transferred to the visible sector

• If energy transferred to dark sector radiation only, in conflict with 𝑁-00

Strong first order phase transitions

(Needs a dedicated study, only estimates here) 
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Summary and Conclusions

• Novel bounds on the inhomogeneities in the baryon asymmetry at BBN

• Baryon diffusion leaves inhomogeneities with length scale larger than comoving Hubble 
length at a few TeV 

• Can probe inhomogeneities produced as early as the electroweak scale

• Complementary to gravitational wave searches

• Improvements in measurements of D/H and CMB determination of 𝜂 expected 

•  Currently precision limited by the nuclear reaction rates, (how much) future improvement 
possible?
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Thank you!
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Extra Slides
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Baryon Diffusion: transfer function
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• To obtain the precise diffusion lengths and transfer 
functions need to solve the coupled diffusion/ 
Boltzmann equations

• If not coupled, transfer function is simply a Gaussian

• For protons, deviates from a Gaussian, less washout of 
inhomogeneities at smaller distances  

• The inhomogeneities are suppressed by a factor of 10 
for 𝑘 =comoving Hubble scale at 10	TeV

+𝑛(𝑘, 𝑡) 	= 	𝑒#
$
% &! ' 	)

"
+𝑛(𝑘, 0)
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Bounds on baryon inhomogeneities (isocurvature) 
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Strong bounds from CMB and at large scales

Our BBN constraints dominate for smaller length scales, up to comoving horizon scale at 𝑇 ≲ 10	TeV
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What scenarios can we probe?

• Production of the baryon asymmetry takes a time of order 𝛽%&

• Temperature changes during this time L8
8
≃ 𝐻/𝛽

• Baryon symmetry produced at different points depends on 𝑇, expect 𝜖 ∝ L8
8
≃ 𝐻/𝛽

• In general depends on the model/parameters: 

• As example consider a case where T0
80
≲ 1 inside the bubble so that the washout by sphalerons 

is not negligible, then exponentially sensitive:

• 3% change in 𝑣/𝑇 near T0
80
≈1 during the PT changes ΓU7V by a factor of 𝑒, can lead to 𝜖 ∼ 𝑂(1) 

even for W
2
∼ 30

Electroweak baryogenesis

ΔΓ*+,
Γ*+,

≃ 𝑒#-
.#!$
/ ∼ 𝑒

%0
1%

-(3//)
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What scenarios can we probe?

• Scaling regime,  few domains per Hubble at EW scale

• Inhomogeneities generated on large enough distances

• Why inhomogeneities? 

Baryons generated at domain wall, slowly moving through space

• Temperature changes while wall swipes through space , therefore 
number densities, velocity and sphaleron rate change

Electroweak baryogenesis with domain walls [Azzla Matsedonskyi Weiler2024]
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Proton diffusion during BBN
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Toy model for evolution of T fluctuations
Slow heat transfer

Neglect the pressure from baryons 

• The fluctuations in T lead to fluctuations in volume and number densities 

• The local volume/pressure oscillate around the equilibrium value (sound wave)

• Oscillation gradually damped due to viscosity (friction in the toy model) and heat 
transfer and the system relaxes with homogenized P and T

• At the “equilibrium” point the B density inhomogeneous   

NB
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<latexit sha1_base64="21kyR1MkHZusOinJRMmC8VfSep4=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXspuFfRY9OKxQr+kXUs2zbahSXZJskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8IOZMG9f9dnJr6xubW/ntws7u3v5B8fCopaNEEdokEY9UJ8CaciZp0zDDaSdWFIuA03Ywvp357SeqNItkw0xi6gs8lCxkBBsrPTQe0zI7n/ar/WLJrbhzoFXiZaQEGer94ldvEJFEUGkIx1p3PTc2foqVYYTTaaGXaBpjMsZD2rVUYkG1n84PnqIzqwxQGClb0qC5+nsixULriQhsp8BmpJe9mfif101MeO2nTMaJoZIsFoUJRyZCs+/RgClKDJ9Ygoli9lZERlhhYmxGBRuCt/zyKmlVK95FpXp/WardZHHk4QROoQweXEEN7qAOTSAg4Ble4c1Rzovz7nwsWnNONnMMf+B8/gDg8o/N</latexit>

NB
<latexit sha1_base64="N6ljnyuuroCGkhSsAgcr9BPWwvI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY8hXjxJRPOAZAmzk95kyOzsMjMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81hMqzWP5aMYJ+hEdSB5yRo2VHu56tV6x5JbdOcgq8TJSggz1XvGr249ZGqE0TFCtO56bGH9CleFM4LTQTTUmlI3oADuWShqh9ifzU6fkzCp9EsbKljRkrv6emNBI63EU2M6ImqFe9mbif14nNeG1P+EySQ1KtlgUpoKYmMz+Jn2ukBkxtoQyxe2thA2poszYdAo2BG/55VXSrJS9i3Ll/rJUrWVx5OEETuEcPLiCKtxCHRrAYADP8ApvjnBenHfnY9Gac7KZY/gD5/MH5reNiw==</latexit>

NB
<latexit sha1_base64="N6ljnyuuroCGkhSsAgcr9BPWwvI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY8hXjxJRPOAZAmzk95kyOzsMjMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81hMqzWP5aMYJ+hEdSB5yRo2VHu56tV6x5JbdOcgq8TJSggz1XvGr249ZGqE0TFCtO56bGH9CleFM4LTQTTUmlI3oADuWShqh9ifzU6fkzCp9EsbKljRkrv6emNBI63EU2M6ImqFe9mbif14nNeG1P+EySQ1KtlgUpoKYmMz+Jn2ukBkxtoQyxe2thA2poszYdAo2BG/55VXSrJS9i3Ll/rJUrWVx5OEETuEcPLiCKtxCHRrAYADP8ApvjnBenHfnY9Gac7KZY/gD5/MH5reNiw==</latexit>

NB
<latexit sha1_base64="N6ljnyuuroCGkhSsAgcr9BPWwvI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY8hXjxJRPOAZAmzk95kyOzsMjMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81hMqzWP5aMYJ+hEdSB5yRo2VHu56tV6x5JbdOcgq8TJSggz1XvGr249ZGqE0TFCtO56bGH9CleFM4LTQTTUmlI3oADuWShqh9ifzU6fkzCp9EsbKljRkrv6emNBI63EU2M6ImqFe9mbif14nNeG1P+EySQ1KtlgUpoKYmMz+Jn2ukBkxtoQyxe2thA2poszYdAo2BG/55VXSrJS9i3Ll/rJUrWVx5OEETuEcPLiCKtxCHRrAYADP8ApvjnBenHfnY9Gac7KZY/gD5/MH5reNiw==</latexit>

NB
<latexit sha1_base64="N6ljnyuuroCGkhSsAgcr9BPWwvI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY8hXjxJRPOAZAmzk95kyOzsMjMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81hMqzWP5aMYJ+hEdSB5yRo2VHu56tV6x5JbdOcgq8TJSggz1XvGr249ZGqE0TFCtO56bGH9CleFM4LTQTTUmlI3oADuWShqh9ifzU6fkzCp9EsbKljRkrv6emNBI63EU2M6ImqFe9mbif14nNeG1P+EySQ1KtlgUpoKYmMz+Jn2ukBkxtoQyxe2thA2poszYdAo2BG/55VXSrJS9i3Ll/rJUrWVx5OEETuEcPLiCKtxCHRrAYADP8ApvjnBenHfnY9Gac7KZY/gD5/MH5reNiw==</latexit>

T (f)
2 = T (f)

<latexit sha1_base64="7yWaEZGSeXVsE6zADDgmHwvp7x4=">AAAB+nicbZDLSgMxFIbP1Futt6ku3QSLUDdlpgq6EYpuXFboDdpaMmmmDc1khiSjlLGP4saFIm59Ene+jWk7grb+EPj4zzmck9+LOFPacb6szMrq2vpGdjO3tb2zu2fn9xsqjCWhdRLyULY8rChngtY105y2Iklx4HHa9EbX03rznkrFQlHT44h2AzwQzGcEa2P17HztLin6J5Ne+fKH7IJTcmZCy+CmUIBU1Z792emHJA6o0IRjpdquE+lugqVmhNNJrhMrGmEywgPaNihwQFU3mZ0+QcfG6SM/lOYJjWbu74kEB0qNA890BlgP1WJtav5Xa8fav+gmTESxpoLMF/kxRzpE0xxQn0lKNB8bwEQycysiQywx0SatnAnBXfzyMjTKJfe0VL49K1Su0jiycAhHUAQXzqECN1CFOhB4gCd4gVfr0Xq23qz3eWvGSmcO4I+sj2+UWZLp</latexit>

T (f)
1 = T (f)

<latexit sha1_base64="roEAqCMPI4iOX5xzNpAK1DN2oWI=">AAAB+nicbZDLSgMxFIbP1Futt6ku3QSLUDdlpgq6EYpuXFboDdpaMmmmDc1khiSjlLGP4saFIm59Ene+jWk7grb+EPj4zzmck9+LOFPacb6szMrq2vpGdjO3tb2zu2fn9xsqjCWhdRLyULY8rChngtY105y2Iklx4HHa9EbX03rznkrFQlHT44h2AzwQzGcEa2P17HztLin6J5Oee/lDdsEpOTOhZXBTKECqas/+7PRDEgdUaMKxUm3XiXQ3wVIzwukk14kVjTAZ4QFtGxQ4oKqbzE6foGPj9JEfSvOERjP390SCA6XGgWc6A6yHarE2Nf+rtWPtX3QTJqJYU0Hmi/yYIx2iaQ6ozyQlmo8NYCKZuRWRIZaYaJNWzoTgLn55GRrlkntaKt+eFSpXaRxZOIQjKIIL51CBG6hCHQg8wBO8wKv1aD1bb9b7vDVjpTMH8EfWxzeSzZLo</latexit>

T1(t)
<latexit sha1_base64="i3TEMowsf38wz46tCMcVGLogd3A=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoMQL2FXBT0GvXiMkBckS5idzCZjZmeWmV4hhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXmAhu0PO+ndza+sbmVn67sLO7t39QPDxqGpVqyhpUCaXbITFMcMkayFGwdqIZiUPBWuHobua3npg2XMk6jhMWxGQgecQpQSs16z2/jOe9YsmreHO4q8TPSAky1HrFr25f0TRmEqkgxnR8L8FgQjRyKti00E0NSwgdkQHrWCpJzEwwmV87dc+s0ncjpW1JdOfq74kJiY0Zx6HtjAkOzbI3E//zOilGN8GEyyRFJuliUZQKF5U7e93tc80oirElhGpub3XpkGhC0QZUsCH4yy+vkuZFxb+sXDxclaq3WRx5OIFTKIMP11CFe6hBAyg8wjO8wpujnBfn3flYtOacbOYY/sD5/AFy945j</latexit>

T2(t)
<latexit sha1_base64="w5srQZQwvbJT/vPTnIm+cmVqR+8=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBDiJexGQY9BLx4j5AXJEmYns8mY2dllplcIIf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJFIYdN1vZ219Y3NrO7eT393bPzgsHB03TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWju5nfeuLaiFjVcZxwP6IDJULBKFqpWe9VSnjRKxTdsjsHWSVeRoqQodYrfHX7MUsjrpBJakzHcxP0J1SjYJJP893U8ISyER3wjqWKRtz4k/m1U3JulT4JY21LIZmrvycmNDJmHAW2M6I4NMveTPzP66QY3vgToZIUuWKLRWEqCcZk9jrpC80ZyrEllGlhbyVsSDVlaAPK2xC85ZdXSbNS9i7LlYerYvU2iyMHp3AGJfDgGqpwDzVoAINHeIZXeHNi58V5dz4WrWtONnMCf+B8/gB0fo5k</latexit>
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Toy model for evolution of T fluctuations
efficient heat transfer

NB
<latexit sha1_base64="N6ljnyuuroCGkhSsAgcr9BPWwvI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY8hXjxJRPOAZAmzk95kyOzsMjMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81hMqzWP5aMYJ+hEdSB5yRo2VHu56tV6x5JbdOcgq8TJSggz1XvGr249ZGqE0TFCtO56bGH9CleFM4LTQTTUmlI3oADuWShqh9ifzU6fkzCp9EsbKljRkrv6emNBI63EU2M6ImqFe9mbif14nNeG1P+EySQ1KtlgUpoKYmMz+Jn2ukBkxtoQyxe2thA2poszYdAo2BG/55VXSrJS9i3Ll/rJUrWVx5OEETuEcPLiCKtxCHRrAYADP8ApvjnBenHfnY9Gac7KZY/gD5/MH5reNiw==</latexit>

NB
<latexit sha1_base64="N6ljnyuuroCGkhSsAgcr9BPWwvI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY8hXjxJRPOAZAmzk95kyOzsMjMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81hMqzWP5aMYJ+hEdSB5yRo2VHu56tV6x5JbdOcgq8TJSggz1XvGr249ZGqE0TFCtO56bGH9CleFM4LTQTTUmlI3oADuWShqh9ifzU6fkzCp9EsbKljRkrv6emNBI63EU2M6ImqFe9mbif14nNeG1P+EySQ1KtlgUpoKYmMz+Jn2ukBkxtoQyxe2thA2poszYdAo2BG/55VXSrJS9i3Ll/rJUrWVx5OEETuEcPLiCKtxCHRrAYADP8ApvjnBenHfnY9Gac7KZY/gD5/MH5reNiw==</latexit>

NB
<latexit sha1_base64="N6ljnyuuroCGkhSsAgcr9BPWwvI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY8hXjxJRPOAZAmzk95kyOzsMjMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81hMqzWP5aMYJ+hEdSB5yRo2VHu56tV6x5JbdOcgq8TJSggz1XvGr249ZGqE0TFCtO56bGH9CleFM4LTQTTUmlI3oADuWShqh9ifzU6fkzCp9EsbKljRkrv6emNBI63EU2M6ImqFe9mbif14nNeG1P+EySQ1KtlgUpoKYmMz+Jn2ukBkxtoQyxe2thA2poszYdAo2BG/55VXSrJS9i3Ll/rJUrWVx5OEETuEcPLiCKtxCHRrAYADP8ApvjnBenHfnY9Gac7KZY/gD5/MH5reNiw==</latexit>

NB
<latexit sha1_base64="N6ljnyuuroCGkhSsAgcr9BPWwvI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY8hXjxJRPOAZAmzk95kyOzsMjMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81hMqzWP5aMYJ+hEdSB5yRo2VHu56tV6x5JbdOcgq8TJSggz1XvGr249ZGqE0TFCtO56bGH9CleFM4LTQTTUmlI3oADuWShqh9ifzU6fkzCp9EsbKljRkrv6emNBI63EU2M6ImqFe9mbif14nNeG1P+EySQ1KtlgUpoKYmMz+Jn2ukBkxtoQyxe2thA2poszYdAo2BG/55VXSrJS9i3Ll/rJUrWVx5OEETuEcPLiCKtxCHRrAYADP8ApvjnBenHfnY9Gac7KZY/gD5/MH5reNiw==</latexit>

T (f)
2 = T (f)

<latexit sha1_base64="7yWaEZGSeXVsE6zADDgmHwvp7x4=">AAAB+nicbZDLSgMxFIbP1Futt6ku3QSLUDdlpgq6EYpuXFboDdpaMmmmDc1khiSjlLGP4saFIm59Ene+jWk7grb+EPj4zzmck9+LOFPacb6szMrq2vpGdjO3tb2zu2fn9xsqjCWhdRLyULY8rChngtY105y2Iklx4HHa9EbX03rznkrFQlHT44h2AzwQzGcEa2P17HztLin6J5Ne+fKH7IJTcmZCy+CmUIBU1Z792emHJA6o0IRjpdquE+lugqVmhNNJrhMrGmEywgPaNihwQFU3mZ0+QcfG6SM/lOYJjWbu74kEB0qNA890BlgP1WJtav5Xa8fav+gmTESxpoLMF/kxRzpE0xxQn0lKNB8bwEQycysiQywx0SatnAnBXfzyMjTKJfe0VL49K1Su0jiycAhHUAQXzqECN1CFOhB4gCd4gVfr0Xq23qz3eWvGSmcO4I+sj2+UWZLp</latexit>

T (f)
1 = T (f)

<latexit sha1_base64="roEAqCMPI4iOX5xzNpAK1DN2oWI=">AAAB+nicbZDLSgMxFIbP1Futt6ku3QSLUDdlpgq6EYpuXFboDdpaMmmmDc1khiSjlLGP4saFIm59Ene+jWk7grb+EPj4zzmck9+LOFPacb6szMrq2vpGdjO3tb2zu2fn9xsqjCWhdRLyULY8rChngtY105y2Iklx4HHa9EbX03rznkrFQlHT44h2AzwQzGcEa2P17HztLin6J5Oee/lDdsEpOTOhZXBTKECqas/+7PRDEgdUaMKxUm3XiXQ3wVIzwukk14kVjTAZ4QFtGxQ4oKqbzE6foGPj9JEfSvOERjP390SCA6XGgWc6A6yHarE2Nf+rtWPtX3QTJqJYU0Hmi/yYIx2iaQ6ozyQlmo8NYCKZuRWRIZaYaJNWzoTgLn55GRrlkntaKt+eFSpXaRxZOIQjKIIL51CBG6hCHQg8wBO8wKv1aD1bb9b7vDVjpTMH8EfWxzeSzZLo</latexit>

T (i)
1

<latexit sha1_base64="5d01tSrZZUYch5JCwSixCDMZ4vQ=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXspuFfRY9OKxQr+kXUs2zbahSXZJskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8IOZMG9f9dnJr6xubW/ntws7u3v5B8fCopaNEEdokEY9UJ8CaciZp0zDDaSdWFIuA03Ywvp357SeqNItkw0xi6gs8lCxkBBsrPTQe0zI7n/a9frHkVtw50CrxMlKCDPV+8as3iEgiqDSEY627nhsbP8XKMMLptNBLNI0xGeMh7VoqsaDaT+cHT9GZVQYojJQtadBc/T2RYqH1RAS2U2Az0sveTPzP6yYmvPZTJuPEUEkWi8KEIxOh2fdowBQlhk8swUQxeysiI6wwMTajgg3BW355lbSqFe+iUr2/LNVusjjycAKnUAYPrqAGd1CHJhAQ8Ayv8OYo58V5dz4WrTknmzmGP3A+fwDfbo/M</latexit>

T (i)
2

<latexit sha1_base64="21kyR1MkHZusOinJRMmC8VfSep4=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXspuFfRY9OKxQr+kXUs2zbahSXZJskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8IOZMG9f9dnJr6xubW/ntws7u3v5B8fCopaNEEdokEY9UJ8CaciZp0zDDaSdWFIuA03Ywvp357SeqNItkw0xi6gs8lCxkBBsrPTQe0zI7n/ar/WLJrbhzoFXiZaQEGer94ldvEJFEUGkIx1p3PTc2foqVYYTTaaGXaBpjMsZD2rVUYkG1n84PnqIzqwxQGClb0qC5+nsixULriQhsp8BmpJe9mfif101MeO2nTMaJoZIsFoUJRyZCs+/RgClKDJ9Ygoli9lZERlhhYmxGBRuCt/zyKmlVK95FpXp/WardZHHk4QROoQweXEEN7qAOTSAg4Ble4c1Rzovz7nwsWnNONnMMf+B8/gDg8o/N</latexit>
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• The efficient heat transfer homogenizes T and P before considerable motion

• No final inhomogeneity induced in baryons
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EW baryogenesis

ℎ ≠ 0 ℎ = 0

• ΓU7V ∝ 𝑒
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• X Y
8

≳ <6
"
	 ln;78

8
∼ 0.6
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Diffusion

• Diffusion dominated by late time dynamics

ØSmaller 𝑇, smaller interaction rate, larger diffusion coefficient

ØLonger time 𝐻 ∼ 𝑇"/𝑀5*

For example, consider particles strongly coupled to the plasma, so that 𝐷 ∼ ⁄1 𝑇 

ØDiffusion length during one e-fold of expansion: Δ𝑑 ∼ 𝐷	𝑡 ∼ ⁄𝐷 𝐻 ∝ 𝑀5*/𝑇6	

Ø  Contribution to comoving diffusion lengths:   Δ𝑑NOPOQR+S" ∝ ⁄𝑀5* 𝑇

 Also note:

• Diffusion is slow,  homogenization happens on scales well with horizon only

𝜕!𝑛 = 𝐷∇"𝑛	 𝑑 ∼ 𝐷	𝑡

⁄Δ𝑑 𝑙2 = Δ𝑑	𝐻 ∼ ⁄𝑇 𝑀5* ≪ 1 
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