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* Cosmological bootstrap — locality, unitarity, and symmetry constraints
» Used to study wavefunction coefficients or correlators directly
» Wavefunction is essentially an in-out object ~ Baumannet. al. 2203.08121

and many more

* Open EFT of inflation — EFT on a Schwinger-Keldysh (SK) contour
* Bottom-up construction C,

* Includes dissipation and noise C-

Agui Salcedo et. al. 2404.15416
and many more
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Our Work

* Top-down construction of effective theory for in-in correlators

e Eventually work with a reduced density matrix

pred[g—i—ag—a’r()] - /D&W[C—+,5]\P*[§_,5’]

— _ iS¢ [C+]—1S¢ [(—]+iStr [(+,¢-]
G+ (70)=C+ De+De-e
¢—(10)=¢-
* 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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* Suppose we have
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* However, direct calculations gives

(68 5 N (Ey + ki + ko + ks + ky)
2k1koksksEy (k1 + ko + Ex) (ks + ka + Ex) (k1 + k2 + k3 + kq)

* We can expand in heavy mass
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/4
(M2- L)
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Integrating Out Heavy Fields

 This can be “treated” by careful treatment on the boundary.



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

. . A
o(Z,t) = C1e'Ft 4 Che Pt — Ve D¢2 (1)




3/

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

: : A
o(Z,t) = C1e'Ft 4 Che Pt — Ve D¢2 (1)

* In-out scattering amplitudes sets homogeneous parts to zero.




3/

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
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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

: : A
o(Z,t) = C1e'Ft 4 Che Pt — Ve D¢2 (1)

* In-out scattering amplitudes sets homogeneous parts to zero.

* In-in boundary conditions allow for

A - Similar idea can be found in

- N g2
Cr=0+ 1559 Salcedo et. al. 2212.08009

* 0 can be derived from varying ¢ in the full in-in action

5(S+fs‘)=0 = s — Ty =0
. o ’ !
* This gives )
G + ¢* =0

Ek(k‘l + k2 + Ek)
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Integrating Out Heavy Fields

* The action follows as

4 2 1 _2iat+E_2
SO = /d A¢M2 ¢ + - /‘x (M2 * 6, = ))¢M2_D¢

 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
C.

N
— -9 J

C-

"~

_—
==

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

e Start with the formal solution
Ok (T) = 03 _(T) = GuKi(T) + / dr’ a*(7")Gr(7, 7) T4k (T")
Ct
* Plug into the action, we obtain the on-shell action

* Fix the value of ¢ by
o(SP — 5%)
00

=0

or explicitly integrating out & in the action.
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* Work in de Sitter background
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e Consider the model

A 3
31 HA44 U

A 2 2 /2 2 m* g /
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Quasi-Single Field Example

* Work in de Sitter background

1
d 2 _ 2 —d 2 d 2 —
S a(T)( T+x), a(T) e
e Consider the model
1 / / m> g / A
L= s (= (V¢)? 40" — (Vo)* - H2T202] + 2723 OF (G ¢ - 3!H4T403

* Here F is a generic function with zero constant term

* We write the formal solution to the heavy field
o0 (1) = 51K k(T) + g / dr' a*(7")Gp (1, 7") Fex(7') -
C+
ug(7)

Her) = )

’ GD,i,k(TO, T') = GD,i,k(Ta To) =0
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The Boundary Value BiD(E”

* Now plug in o and integrate over &

* Obtain the “on-shell” action (zeroth order in 1)

1
S((y(,)i’os— /QikUkU k+9/0 kIt k

_//cidT/cidT/a2 (7 Fy x(T)G D+ k (1T, 7") Fi (') .
* Here

I:I:,k[F:}:] = /C dTa2(T)Ki,k(7’)Fi,k(T) Q_{_,k == agK;,k('ro)
3e
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The Boundary Value

 We want to calculate [ DG e+ 5- = [D g e'SsK

* Relevant terms are

1SsK D E/Aﬂk 5k5_k—l—’ig/5_kA[k
2 Jx k

where

/ x/
AQp = p— O f = a2 [“k(To) _ uf/(mo)
k +,k Kk 0 Uk(TO) ’U;Z(To)

and
AIk = I+’k — I_,k

|
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The Boundary Value j()“

 We want to calculate [ DG e+ 5- = [D g e'SsK
* Relevant terms are

1SsK D %/Aﬂk 5k5_k—l—ig/5_kA[k
where ) )

x/ .
AQ =y~ Q= a? [“k“@_“_k(fo)]:L
’ i * 00 g (7o) uy(70)
and ‘

AIk = I_{_’k — I_,k

* We can then complete the square for a Gaussian integral, with mean
value given by
ATy

Oxk = — IAQ, 19 P Al
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The Boundary Value

* Completing the square leaves us with an extra term

2
1SSK,EFT O —% / P ALAT g
k

* This leads to branch-mixing terms
e Al implicitly includes time integrals on both branches

* We can understand o, as a boundary value, but it is determined by
time integrals from both branches

* The boundary value admits a bulk and a boundary view



Branch-Mixing terms

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

iS% = L (/C+ dr /C+ dr’ a (7" Fy 1(7) G i (T, ) Fi _1c(7)
_ /_ dr /_ dr' a*(7)a*(7')F_ k(1) G (T, T')F_,_k('r’))

+92/Pk1+,k1—,—k .
k

* The last line contains all the branch-mixing terms



The Reduced Density Matrix

* The proper object to study is then a reduced density matrix
Pred[C, (-] / ~ DD exp {Zsc[CJr] — 15¢[¢-]
C+ 7‘0) C+
// d’T/ dr’ a*(1)a? (7 NFix(T)Gri(r, 7" )Fy _x(7")
G g

/ / dr / dr’ a2(r)a (') F— j(7) G (7, 7) P k()
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The Reduced Density Matrix

* The proper object to study is then a reduced density matrix
pred[C4, (-] / ~ D¢4+DG- exp {isc[CJr] — 15¢[¢-]
C+(10)=C+
2
ki // d’T/ dr' a*(1)a*(7") Fy x(7)Gri(T, 7)) Fy 1 (')
. Jde
/ / ir / 47" a2(7)a2 (') P 1 (1) G (7, ) ()

+ 92/ Polygd_ i +iS5%) + (9()\2)} .
k

* Note the branch-mixing terms that cannot be reproduced from a
pure state
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* Calculate two types of diagrams
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g gcq K g .
, ¢ .:J\C
g°cd K Ag>

* Represent cubic interactions in the reduced density matrix using
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Cubic Results

» Take Fy[¢] = + 3cq¢¢’ = 0, (C + gcd@)
* Calculate two types of diagrams

o A L-
(——e-------- R
g gcq K g .
, ¢ é‘l\c
g°cd K Ag>

* Represent cubic interactions in the reduced density matrix using

3 3
1 —
I prales =~ <27r>353(zk“) D | (S
’ a=1 a=1

kikoks 81,82,83=%

* The I'’s can be calculated through convolutions of propagators



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

o 6c402 kiky + koks + ksky  kikok AP +
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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

> = = A\ _ GCdg2 kiks + koks + kski kikoks 7T)\g
<Ck1Ck2Ck3>c - { H2 [kt - kt - k% 8H4 H PC a) S ¢

* 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
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* Unitarity, Hermiticity, and positivity of the full theory lead to
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Schwinger-Keldysh Constraints

 Try to understand constraints for a bottom-up construction
* Write the reduced density matrix as
proalGesCsml = [ DEDC exp (iS[Ge] — iSC-] + iSielGe, ¢ )
¢+ (10)=C+
* Unitarity, Hermiticity, and positivity of the full theory lead to
Sir(¢,¢] =0,
Sir[¢+,¢-]* = — Sr[¢-, (4]

Im Sir[¢+,¢-] > 0.

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

* Define the Keldysh basis

IR e
=t

G Ca= G — (-

* The most general quadratic influence action is

5@ = [ Fu@DrenEW+} [ F@NE)F)

T,y 2 T,y

with constraints
Dr(z,y)" = Dr(z,y) , Dgr(z,y) =0 for 7, <7y,
N(z,y)* =N(z,y) =N(y,z) ,

/ f()N(z,y)f(y) >0 for every real test function f .
.y
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Symmetry Constraints

* Suppose the symmetry transforms the two fields separately,

(—>(+6[C], o— 0c+do|o]

* If the full state is invariant, the reduced density matrix is invariant
under the transformation of ¢ only

* For every dS Killing vector £#, we then need
(Le, + Le,) Dr(2,y) =0, (Le, +Le,) N(2,y) =0

* For a generic kernel K, the dilatation identity becomes

(T@T + 70, — kO, — 3) K (T, 7'/) =0



Symmetry Constraints

* On future boundary 7, — 0,

pl= —A(Ac+z-V)(,
Ok, (= — [Z(b-:lz)(A4~—|—:13-V)—:I:Qb-V]gT
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Symmetry Constraints

* On future boundary 7, — 0,

SpC= —AAc+z-V)(,

Ok, (= — [2(b-m)(A<+CB-V)—$2b-V]E

* The reduced density matrix then satisfies

)3 / &z 8¢, (@) 5@ 57 ( ProalGen ] =0



Symmetry Constraints

* On future boundary 7, — 0,

SpC= —AAc+z-V)(,

Ok, (= — [iZ(b-a:)(AC—I—a:-V)—az2b-V]gT

* The reduced density matrix then satisfies

Z/d3w5§CS 5Cs( )pred[c-l—a ]—O

* This leads to

N-1 o )
Zka' Fsl“'SN =0
[azl Ok ]

N-1
0 i 0° ij 0 l F(N)

-+ kL ——— — 2k} ——— | 5,0
ok;, Ok), ok oklok: | T

a=1

[_mc

=0
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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



hank you!

Questions?



pN

INn-Out vs. In-In =

* In-in calculation:

(O(t)) = <T{eifi00(l+ie) dtHint(t)} Oint(t)T{e—i (i ie) 4t Hin t(t)}>

* Expand in interacting Hamiltonian

oty =S i [ atw [ [ a0, [Hi ), - [Hr (), Ot0)] -]
0 ]VZZO /_Oo N[m [Oo 1 I I\t2 I\UN 0

* Alternatively,

(Ot = 0)) = / D§Ds (014, 5)(3,5]0)0)

_c‘r q_5cr
]:Dc/ma (/ D¢ Do’ 519" “1) 0[55,5]( D¢Do e M])

_ / DéDs |¥(4,5]> O[4, 5] .

Guanhao Sun, ICFP 2026, Oct 24, 2026



Cubic Results

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

9’ / (Fy + FO)(Fy + FU) x
k

Aln pg ~

- 4(10 S

wk To

* At late time, this decays to zero as we take 7, = 0™ (end of inflation)
since ¢' ~ O(7)

* We then safely use the usual EFT heavy mass expansion

0= ri Iory...
m m
for F = a=2F

* Perturbatively, we obtain a local EFT in heavy mass expansion



Symmetry Constraints

* Our example Fy4[¢] = ¢ + 3cq¢¢ = 0, (C + gcd§2) breaks the dS
symmetries

* With a slightly different prescription Fy[¢] = a{’ + 3acq((’, the
dilatation Ward identity is satisfied

* Interestingly, in this case, a single term like I'; _ would contain large
logs that diverge at 7, — 0, but in the full result

N N A
these large logs cancel

* One can derive Ward identities for theories with symmetry breaking,
with exact form depending on the symmetry breaking pattern



Use of Al

* We used ChatGPT to assist with calculations and manuscript
preparation

e Calculations and texts are checked and reviewed
* Everything was done through work mode in Codex

This is the final version at the moment. Please check. Let me know of any

inconsistencies and quick fixes. Make it a list so that | can quickly find and

fix them.

A few optional cleanups:

Title page: names and affiliations are absent; restore them unless intentionally anonymous.
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