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Baryogenesis:  Sakarov Conditions

❑Baryon-number violation

❑Both C and CP violation

❑Deviation from thermal 

equilibrium

“log scale”

See also: Peter 
Athron’s talk



Affleck–Dine Mechanism

❑Form a coherent scalar condensate with a large 

VEV (Often realized along SUSY flat directions).

❑Efficient baryon production; can later dilute to 

the observed value.

❑Hard to test at colliders → cosmology as the 

key probe.

I. Affleck and M. Dine, Nucl. Phys. B 249 

(1985) 361; M. Dine, L. Randall and S. D. 

Thomas, 9507453……

See also: Yuichiro 
Nakai and Wei 

Chao’s talk

← Associated with B number 

through microscopic phys.



AD Potential

❑During inflation, effective potential selects 

a large radial VEV through coupling with 

the Hubble (equivalently the inflaton)

❑Explicit CP breaking term to introduce BAU



Light and Heavy Modes Arises

❑Radial fluctuation: much 

heavier than Hubble

❑Angular fluctuation: can be 

almost massless.
Large VEV compared to Hubble

Light and Heavy modes comparable with H

Coupled to each other



Post-inflationary evolution

❑After inflation, H decreases; the 

condensate starts dynamical evolution.

❑A-terms induce torque in the angular 

direction.

❑Rotation in field space corresponds 

to a nonzero baryon number density.

❑Final baryon asymmetry depends on 

initial conditions and evolution.



Cosmology as a probe of high-

energy physics:

Lesson from the Axion Case

❑ Inflation seeds primordial fluctuations.

❑ Correlation functions can carry imprints of extra 

fields and interactions during inflation.

S. Lu, 2103.05958; X. Chen, 

J. Fan, LFL, 2303.03406



Curvature vs. Isocurvature

❑Curvature or adiabatic: all species fluctuate 

together. The dominant mode observed today



Curvature vs. Isocurvature

❑Isocurvature: relative composition fluctuates 

differently (to their dilution rates)

S. Weinberg, 0302326; 

I. Allali, P. 

Chakraborty, J.Fan, M. 

Reece, 2510.07371……



CDI ≈ BDI
For compensated isocurvature, see e.g.: 

D. Grin, O. Dore, M. Kaminowski, 1107.5047

Transfer to 

CMB



Cosmic Blues: Blue-Tilted Spectra 

from a Semi-Light Field

• Inflation produces patch-dependent fluctuations in 

AD initial conditions.

• These shift the final baryon asymmetry n_B/s across 

patches.

• Define baryon-densit isocurvature: S_B ≡ δ ln(n_B/s).

• Compute mapping via separate-universe or linear 

perturbation approach.



“Flat”, n~1

“Blue”, n~2.5

See also: S. Kasuya, M. Kawasaki, F. 
Takahashi, 0805.4245; S. Kasuya, M. 

Kawasaki, F. Takahashi, 0809.2242



Latest Observation

• Isocurvature spectrum need not be scale-

invariant.

• If the relevant mode has m_eff ≠ 0 during 

inflation → blue tilt.

• Small scales are enhanced relative to large 

scales.

• Tilt encodes information about AD-sector 

masses during inflation.

M. Braglia, X. Chen, J. 

Fan, LFL, C. Petretti, 

P. Singh, in prep.

❑ACT and SPT sensitive to smaller 
angular scales, constraining blue-
tilted spectra better
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Primordial

Non-Gaussianity &

Primordial Features

X. Chen, Y. Wang, 2009;

Arkani-Hamed, Maldacena, 2015

Light Mode, 

Large Scale

Heavy Mode, 

???



Focus on Primordial Features

❑Isocurvature condensate is CLASSICALLY 

displaced 

❑Classical feature carried out by semi-light fields 

while the heavy one dissipates by Hubble

X. Chen, M. Namjoo, 

Y. Wang, 1411.2349; 

X. Chen, R. Ebadi, 

S. Kumar, 2205.01107



The Real “Cosmic 

Blues” as Music



• Organize: L_EFT = L_inf + L_AD + L_int.

• Keep only operators that communicate inflaton 

features to the AD sector.

• L_AD: radial + angular fluctuations; symmetry-

breaking terms for baryogenesis.

• L_int sets whether the effect is purely 

gravitational or directly enhanced.

• Derivations / full operator basis moved to 

backup slides.

Further EFT Couplings inspired 

by SUSY

Obtain further derivative couplings with the inflaton



Leading Oscillation from a Sharp 

Turn in Potential
Features with a “tunable” phase

❑Numerically solvable with the 
above input oscillation



Numerical Solution

• Same inflationary feature can imprint correlated 

patterns in P_ζ(k) and P_BDI(k).

• Direct-coupling regime: |ΔP_BDI/P_BDI| can be 

O(1) while |ΔP_ζ/P_ζ| stays small.

• Phase/frequency correlations: sharp-feature 

phases align; clock frequency encodes m_R/H.

• Cross-checks: mixed spectra and mixed NG (if 

included later) should share the same clocks.

Clock Signal

Heavy-Light

Sharp Feature

Inflaton-Light



Summary and Outlook

• Smooth spectrum probes inflation-era AD sector 

(tilt / effective masses).

• Primordial features add sharp + clock signals; 

clock frequency measures m_R/H.

• Amplitudes and correlations constrain couplings 

and the existence of a lifted flat direction.

• Next: include NG predictions + forecasts + 

strategies to address BDI/CDI degeneracy.

❑AD baryogenesis often needs interaction 

with the inflaton sector

❑Blue baryon number isocurvature arise 

from light mode fluctuations

❑Probing hidden potential structure through 

(classical) primordial features

❑May affect halo and galaxy formation at 

smaller scales

I. Allali, X. Chen, 

J. Fan, LFL, in prep.
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