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Correlation Functions

• EFT of inflation – most general action for SSB of time translation:

• Cosmological collider – exponentially suppressed contribution
• Due to particle production in dS
• Oscillatory signals in squeezed limit 
• Not captured in the EFT

• Cosmological bootstrap – locality, unitarity, and symmetry constraints
• Used to study wavefunction coefficients or correlators directly
• Wavefunction is essentially an in-out object

• Open EFT of inflation – EFT on a Schwinger-Keldysh (SK) contour
• Bottom-up construction
• Includes dissipation and noise
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Our Work

• Top-down construction of effective theory for in-in correlators
• Eventually work with a reduced density matrix

• Work with two scalar models in dS and flat spacetimes
• Explicit calculations for branch-crossing and boundary terms
• Basis for understanding UV completion and more
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In-Out vs. In-In

• Usual EFT cannot be naively applied to in-in correlator calculations
• Suppose we have

• Usual EFT gives

• Here heavy mass shows up only in even power
• However, direct calculations gives

• We can expand in heavy mass
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In-Out vs. In-In

• Expanding in heavy mass,

• More explicitly,
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Integrating Out Heavy Fields

• This can be “treated” by careful treatment on the boundary.
• The full solution to the equation of motion of the heavy field is

• In-out scattering amplitudes sets homogeneous parts to zero.
• In-in boundary conditions allow for

• !𝜎 can be derived from varying !𝜎 in the full in-in action

• This gives
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Integrating Out Heavy Fields

• The action follows as

• Using this, we recover the correct result
• The existence of these corrections is a result of possible branch-

mixing terms that cannot be reproduced within single-branch

• Their existence admits a non-perturbative proof through exact RG
(see Green and GS 2412.02739 for details)
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General Procedure

• Start with the formal solution

• Plug into the action, we obtain the on-shell action
• Fix the value of !𝜎 by

or explicitly integrating out !𝜎 in the action.
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Quasi-Single Field Example

• Work in de Sitter background

• Consider the model

• Here 𝐹 is a generic function with zero constant term
• We write the formal solution to the heavy field
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The Boundary Value

• Now plug in 𝜎 and integrate over !𝜎
• Obtain the “on-shell” action (zeroth order in 𝜆)

• Here
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The Boundary Value

• We want to calculate ∫𝒟 !𝜎	𝑒!"!#!"" 	= 	∫𝒟 !𝜎	𝑒!"#$	
• Relevant terms are

where

and

• We can then complete the square for a Gaussian integral, with mean
value given by
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The Boundary Value

• Completing the square leaves us with an extra term

• This leads to branch-mixing terms
• Δ𝐼 implicitly includes time integrals on both branches
• We can understand !𝜎∗ as a boundary value, but it is determined by

time integrals from both branches
• The boundary value admits a bulk and a boundary view
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Branch-Mixing terms

• To clearly separate out the branch-mixing terms, change 𝐺% to 𝐺& ,
check the full Schwinger-Keldysh action,

• The last line contains all the branch-mixing terms
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The Reduced Density Matrix

• The proper object to study is then a reduced density matrix

• Note the branch-mixing terms that cannot be reproduced from a
pure state
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Cubic Results

• Take
• Calculate two types of diagrams

• Represent cubic interactions in the reduced density matrix using

• The Γ’s can be calculated through convolutions of propagators
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Cubic results

• We can check several results. For example, when the heavy field is
conformally coupled, 𝑚' = 2𝐻', we can do the integrals explicitly, 
leading to 

• The behavior in the squeezed limit for a generic mass (of order Hubble)
recovers previous cosmological collider calculations
• For very heavy mass, with adiabatic approximation, can obtain local

EFT in heavy mass expansion which contains only in-out components
at perturbative order
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Schwinger-Keldysh Constraints

• Try to understand constraints for a bottom-up construction
• Write the reduced density matrix as

• Unitarity, Hermiticity, and positivity of the full theory lead to

• These are standard for open system EFT
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Schwinger-Keldysh Constraints

• Define the Keldysh basis

• The most general quadratic influence action is

with constraints
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Symmetry Constraints

• Suppose the symmetry transforms the two fields separately,

• If the full state is invariant, the reduced density matrix is invariant
under the transformation of 𝜁 only
• For every dS Killing vector 𝜉(, we then need

• For a generic kernel 𝒦, the dilatation identity becomes
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Symmetry Constraints

• On future boundary 𝜏) → 0,

• The reduced density matrix then satisfies

• This leads to
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Conclusion

• We established the procedure of tracing out a heavy field in cosmology
• Boundary value and branch-mixing terms are important
• The proper object to investigate is the reduced density matrix
• Checked conformal result, squeezed limit, and heavy mass expansion
• Studied SK and symmetry constraints, obtained Ward identities
• Future directions:
• Realistic inflationary scenarios
• Loops and non-trivial states/environments
• Massive/massless spin fields
• Beyond weak mixing
• …
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Thank you!

Questions?
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In-Out vs. In-In

• In-in calculation:

• Expand in interacting Hamiltonian

• Alternatively,
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Cubic Results

• For very heavy mass, under heavy mass expansion, with adiabatic
approximation, the branch-mixing terms are

• At late time, this decays to zero as we take 𝜏) → 0# (end of inflation)
since
• We then safely use the usual EFT heavy mass expansion

for
• Perturbatively, we obtain a local EFT in heavy mass expansion
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Symmetry Constraints

• Our example breaks the dS
symmetries
• With a slightly different prescription , the

dilatation Ward identity is satisfied
• Interestingly, in this case, a single term like Γ*# would contain large

logs that diverge at 𝜏) → 0, but in the full result

these large logs cancel
• One can derive Ward identities for theories with symmetry breaking,

with exact form depending on the symmetry breaking pattern
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Use of AI 

• We used ChatGPT to assist with calculations and manuscript
preparation
• Calculations and texts are checked and reviewed
• Everything was done through work mode in Codex
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