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Introduction

The main observables in cosmology are correlators:
CMB: (ajmajm) , LSS: (§mdm) (1)

The thermal history of the universe allows us to travel back in time to the end of
Inflation. With the correlators (1), we can look at the curvature perturbations at
the end of Inflation:

(G i) = (27)%6 (k1 + ko) P(k1) )
Inflation lowers the energy scale to the IR, so we can try to describe these curva-
ture perturbation with some EFT. Who knows a lot about EFTs?
People from amplitudes!

Can we use the amplitudes technology to study cosmological correlators?
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The power spectrum at the end of Inflation P(k) can be computed through the
in-in formalism:

L.

(G (8o (1)) = i/ dt([Fine(£), i ()i (£)]) ®3)
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Born rules

The power spectrum at the end of Inflation P(k) can be computed through the
in-in formalism:

(fkl(t*)sz(t*»:i/* dt([Fine(£), i ()i (£)]) ®3)

— 00

This can get very involved. We look back to quantum mechanics:

Observables: (£?) = ‘m{ (4)
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The power spectrum at the end of Inflation P(k) can be computed through the
in-in formalism:

(i (t) o (82)) = i/; dt ([t (1), G, (£)Go (8)]) ®3)
This can get very involved. We look back to quantum mechanics:
_ Jax|u(x)Px?
- Jdxu(x)P

We can import the Born rule to compute observables in Cosmology

Observables: (£?)

(4)
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The power spectrum at the end of Inflation P(k) can be computed through the
in-in formalism:

(i (t) o (82)) = i/; dt ([t (1), G, (£)Go (8)]) ®3)
This can get very involved. We look back to quantum mechanics:
_ Jax|u(x)Px?

- Jdxu(x)P

We can import the Born rule to compute observables in Cosmology. Take ¢ to be
the value of some field ® at the end of Inflation:
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Observables: (£?)
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Born rules

The power spectrum at the end of Inflation P(k) can be computed through the
in-in formalism:

(i (t) o (82)) = i/; dt ([t (1), G, (£)Go (8)]) ®3)
This can get very involved. We look back to quantum mechanics:
_ Jax|u(x)Px?

- Jdxu(x)P

We can import the Born rule to compute observables in Cosmology. Take ¢ to be
the value of some field ® at the end of Inflation:

2 o _ S DOV b,
(Dade) = 5w alP

Observables: (£?)

(4)

()

How do we compute W[¢]?
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Path integrals in Cosmology

Y[¢] is the path integral of the bulk field ¢ with Dirichlet boundary conditions to
the past (t = —o0) and the future (t = t,):

=0 _
Vol = [ Do el
BD
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Path integrals in Cosmology

Y[¢] is the path integral of the bulk field ¢ with Dirichlet boundary conditions to
the past (t = —o0) and the future (t = t,):

d=¢ _ BD '
V[g] = / Do el |z = Do e™5l®] (6)
BD BD

The Bunch-Davies vacuum to the infinite past means that the interactions turn
off to the past
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V[g] = / Do el |z = Do e™5l®] (6)
BD BD
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Path integrals in Cosmology

Y[¢] is the path integral of the bulk field ¢ with Dirichlet boundary conditions to
the past (t = —o0) and the future (t = t,):

d=¢ _ BD '
V[g] = / Do el |z = Do e™5l®] (6)
BD BD

The Bunch-Davies vacuum to the infinite past means that the interactions turn
off to the past. The main difference with respect to amplitudes is the future
boundary condition. W[¢] allows for an expansion:

Log(w[o]) = 5 |

kikz

@ (k) i, b, + %/ VO (K)pr, by s + - (7)

kikaoks

(" (k) are the wavefunction coefficients
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Path integrals in Cosmology

Y[¢] is the path integral of the bulk field ¢ with Dirichlet boundary conditions to
the past (t = —o0) and the future (t = t,):

d=¢ _ BD '
V[g] = / Do el |z = Do e™5l®] (6)
BD BD

The Bunch-Davies vacuum to the infinite past means that the interactions turn
off to the past. The main difference with respect to amplitudes is the future
boundary condition. W[¢] allows for an expansion:

Log(w[o]) = 5 |

kikz

@ (k) i, b, + %/ VO (K)pr, by s + - (7)

kikaoks

(" (k) are the wavefunction coefficients. They can be computed in perturbation
theory using Feynman diagrams. Its analytic structure is deeply related to that of
cosmological correlators.

Santiago Agiii Salcedo (University of Cambridge) The Analytic Wavefunction (2212:08009)



Wavefunction coefficients
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Wavefunction coefficien

Feynman diagrams for /(") (k) involve a boundary at t = t,:

Y k ko ks kg " ki ko ks kq L ky ko k3 ks .

Contact Exchange
Loop
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Wavefunction coefficients

Feynman diagrams for /(") (k) involve a boundary at t = t,:

Y k ko ks kg " ki ko ks kq L ky ko k3 ks .
Contact Exchange L
oop

External lines are bulk-to-boundary propagators. They obey the free theory equa-
tions of motion and Dirichlet boundary conditions:

(0% + B)Ki(t) =0, Ki(t.) =1, Q2 = K> + m? = Ki(t) = &(t=t)  (g)
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Wavefunction coefficients

Feynman diagrams for /(") (k) involve a boundary at t = t,:

“t ki ko k3 ky ‘ ky ko k3 kg ky ko k3 K

t, ty

Contact Exchange

Loop

External lines are bulk-to-boundary propagators. They obey the free theory equa-
tions of motion and Dirichlet boundary conditions:

(02 + Q)K(t) =0, Ki(t:) =1, QF = k> + m* = Ki(t) = €75 (8)
Internal lines are bulk-to-bulk propagators.

(02 + ) Gi(t1, t2) = —0(t1 — t) , Gi(ts, t2) = Gi(tr, t.) =0 (9)
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The S-matrix programme aimed to constrain the scattering amplitudes via sym-

metries and fundamental principles so much that there was only one possible an-
swer.
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S-matrix programme

The S-matrix programme aimed to constrain the scattering amplitudes via sym-

metries and fundamental principles so much that there was only one possible an-
swer.

k ,]f k{ t

A= 2 , Oy = fdQ|A(s,t)|2
diag
4
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The S-matrix programme aimed to constrain the scattering amplitudes via sym-
metries and fundamental principles so much that there was only one possible an-
swer.

k_]f k{ t
A= 2 , Oy = fdQ|A(s,t)|2
diag

K] kf

The S-matrix programme is specially relevant for the scattering of the lightest
particles in a gapped theory.
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S-matrix programme

The S-matrix programme aimed to constrain the scattering amplitudes via sym-

metries and fundamental principles so much that there was only one possible an-
swer.

k ,]f k{ t

As b = 2 Oif= fdQ|A(s,t)|2
diag !

K kf
The S-matrix programme is specially relevant for the scattering of the lightest

particles in a gapped theory. Effective field theories are also tailored for this pur-
pose:

1 1 1 1
Lov = —=(30)? — ZmPd?— = (0X)? — = M>X? — & X2
2 2 2 2 2 (10)
1 1 « Qg
= —2(89)2 — ZmPd?+ 2% + L9229 + .
LerT 2(8 ) 2m +4! + 7 +
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S-matrix programme

The S-matrix programme aimed to constrain the scattering amplitudes via sym-

metries and fundamental principles so much that there was only one possible an-
swer.

k ,]f k{ t

A= 2 , Oy = fdQ|A(s,t)|2
diag

K kf
The S-matrix programme is specially relevant for the scattering of the lightest

particles in a gapped theory. Effective field theories are also tailored for this pur-
pose:

_71 271 227} 27} 2y2 & 2
Lyv = 2(6‘<l>) 2m¢ 2(aX) 2MX 2X<I>

10)
1 1 , (
Lert = —5(8(1))2 — fmzcbz—l—%d)‘t

QA4 122 42
o070 + ...
> + 2 +
«, are the Wilson coefficients of the EFT and are fixed by UV physics
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S-matrix programme

The S-matrix programme aimed to constrain the scattering amplitudes via sym-

metries and fundamental principles so much that there was only one possible an-
swer.

k ,]f k{ t

As b = 2 Oif= fdQlA(s, t)|2
diag !

K kf
The S-matrix programme is specially relevant for the scattering of the lightest

particles in a gapped theory. Effective field theories are also tailored for this pur-
pose:

1 1 1 1
Lov = —=(30)? — ZmPd?— = (0X)? — = M>X? — & X2
2 2 2 2 2 (10)
1 1 « Qg
= —2(89)2 — ZmPd?+ 2% + L9229 + .
LerT 2(8 ) 2m +4! + 7 +

a,, are the Wilson coefficients of the EFT and are fixed by UV physics. The EFT
interactions are constrained by the IR symmetries and the boundary conditions.
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A(s,t) is a function of s € R
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A(s,t) in the complex plane

A(s,t) is a function of s € R. To study its analytic properties, we promote it to a
holomorphic function A(s, t) of s € C. It satisfies the Schwarz reflection principle
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A(s,t) in the complex plane

A(s,t) is a function of s € R. To study its analytic properties, we promote it to a
holomorphic function A(s, t) of s € C. It satisfies the Schwarz reflection principle.

Re(s)
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A(s,t) in the complex plane

A(s,t) is a function of s € R. To study its analytic properties, we promote it to a
holomorphic function A(s, t) of s € C. It satisfies the Schwarz reflection principle.

A(s, t) satisfies a dispersion
relation:

ds. 0= e (77

S LG CR)

27 s’ —s
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A(s,t) in the complex plane

A(s,t) is a function of s € R. To study its analytic properties, we promote it to a
holomorphic function A(s, t) of s € C. It satisfies the Schwarz reflection principle.

Re(s)

A(s, t) satisfies a dispersion
relation:

A(s, t) = Rogs <A(SI’ t)>

s'—s

+/ds’disc(/ﬁ_\(s’,t))

27 s’ —s

The residue at s’ = oo is related
to UV subtraction. We have
included the isolated poles into
the discontinuity along the real
axis.
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Sum rules

In an ideal world, we could compute A(s, t) directly from the UV theory. How-

ever, in practice, we often do not know (and cannot directly measure) the precise
UV physics.

RHS = Ayy(s, t) = Res <W> + / 95’ disc(An(s', 1)) _ A(s, t) (11)

s’ —s 2mi s'—s
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Sum rules

In an ideal world, we could compute A(s, t) directly from the UV theory. How-

ever, in practice, we often do not know (and cannot directly measure) the precise
UV physics.

A / /g 0 /
RHS = Auy(s, t) = Res Auv(s', t) +/diw — A(s,t) (11)
) s’ —s 27i s'—s

If we have access only to the IR degrees of freedom we can compute A(s, t) using
some EFT interactions:

LHS = AR(s, t) = ap + 2a4(s® + t* + v?) + O(agm®) = A(s, t)  (12)
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Sum rules

In an ideal world, we could compute A(s, t) directly from the UV theory. How-
ever, in practice, we often do not know (and cannot directly measure) the precise
UV physics.

A / /g 0 /
RHS = Auy(s, t) = Res Auv(s', t) i / diw — A(s,t) (11)
) s’ —s 27i s'—s

If we have access only to the IR degrees of freedom we can compute A(s, t) using
some EFT interactions:

LHS = AR(s, t) = ap + 2a4(s® + t* + v?) + O(agm®) = A(s, t)  (12)

Therefore, we can derive sum rules for the Wilson coefficients of the EFT evaluat-
ing the RHS integrals at s = 0 and taking derivatives on the LHS at s = 0:
_ (Auv(sl,O)) . ﬁdisc(ﬂuv(s’,O))
S/

A(0,0) = ag = R 13
(0,0) = a0 = Res 27 s (13)
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To go off-shell we do an analytic extension of the wavefunction coefficients (" (k)
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Going off-shell

To go off-shell we do an analytic extension of the wavefunction coefficients (") (k):

@ We analytically extend the external lines with w, as new variables:
Ki(t) = e (78 = K (1) = et (k) = 9D (w, k) (14)
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Going off-shell

To go off-shell we do an analytic extension of the wavefunction coefficients (") (k):

@ We analytically extend the external lines with w, as new variables:
Ki(t) = e (78 = K (1) = et (k) = 9D (w, k) (14)

@ We do not analytically extend internal lines.
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Going off-shell

To go off-shell we do an analytic extension of the wavefunction coefficients (") (k):

@ We analytically extend the external lines with w, as new variables:

Ki(t) = e(t=8) o K (1) = “(E8) | (M (k) = () (w, k) (14)

@ We do not analytically extend internal lines.
The interpretation of these off-shell wavefunction coefficients ¢(")(w, k) is the
Fourier transform of the time-ordered in-out correlation functions

Santiago Agiii Salcedo (University of Cambridge) The Analytic Wavefunction (2212:08009)



Going off-shell

To go off-shell we do an analytic extension of the wavefunction coefficients (") (k):
@ We analytically extend the external lines with w, as new variables:

Ki(t) = e(t=8) o K (1) = “(E8) | (M (k) = () (w, k) (14)

@ We do not analytically extend internal lines.
The interpretation of these off-shell wavefunction coefficients ¢(")(w, k) is the
Fourier transform of the time-ordered in-out correlation functions.

’lZ(")((JJ’ k) _ .lLr Gy (i) W3 ay

n

H(/t* dtae,'wa(tf*)>

a _0|T<H<D >|BD

Loops + Amputated vertex
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Analytic structure |

The analytic structure of ﬁ(”)(w, k) is studied for w; € C with w,4 > 0
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Analytic structure |

The analytic structure of ¢(")(w, k) is studied for w; € C with waz1 > 0. The lo-
cation of all singularities is determined by the energy conservation at each vertex:

> wet Y Q=0 (15)
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Analytic structure |

The analytic structure of ¢(")(w, k) is studied for w; € C with waz1 > 0. The lo-
cation of all singularities is determined by the energy conservation at each vertex:

> wet Y Q=0 (15)

A W1 W w3 Wy A w1 Wy w3 wa
t t. t t.
Ps
Contact Exchange
W] = —Wp — W3 — Ws WIZ_WQ_QpS
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Analytic structure |

The analytic structure of ¢(")(w, k) is studied for w; € C with waz1 > 0. The lo-
cation of all singularities is determined by the energy conservation at each vertex:

> wet Y Q=0 (15)

A W1 W w3 Wy A w1 Wy w3 wa
t t. t t.
Ps
Contact Exchange
W] = —Wp — W3 — Ws WIZ_WQ_QpS

All singularities are located on the w; negative real axis.
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Analytic structure Il

Im(a;) =
o wr(M(w, k) is analytic in
the lower half of the w;
complex plane.
> Re(w;)

o wr (" (w, k) is well defined
on the positive real axis.

@ There are no isolated poles
for massless fields.
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Analytic structure Il

Im(w) =
o wr(M(w, k) is analytic in
the lower half of the w;
complex plane.
> Re(a;)

o wr (" (w, k) is well defined
on the positive real axis.

@ There are no isolated poles
for massless fields.

szZNJ(”)(w, k) also satisfies a dispersion relation:

~ wrd (™M (w k dw’ disc(wr (M (W', k
wrdt?(w,k) = Res <w_(w) e
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New sum rules |

In amplitudes, the IR interaction vertices are constraint by the symmetries of the
theory and the boundary conditions
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New sum rules |

In amplitudes, the IR interaction vertices are constraint by the symmetries of the
theory and the boundary conditions:

@ We only look at bulk Lorentz invariant operators.

@ We have the LSZ reduction formula and asymptotically free states.
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New sum rules |

In amplitudes, the IR interaction vertices are constraint by the symmetries of the
theory and the boundary conditions:

@ We only look at bulk Lorentz invariant operators.
@ We have the LSZ reduction formula and asymptotically free states.

For an EFT of the wavefunction we need to enlarge the list of Wilson coefficients
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New sum rules |

In amplitudes, the IR interaction vertices are constraint by the symmetries of the
theory and the boundary conditions:

@ We only look at bulk Lorentz invariant operators.
@ We have the LSZ reduction formula and asymptotically free states.

For an EFT of the wavefunction we need to enlarge the list of Wilson coefficients:
@ We have a boundary. This breaks the Lorentz invariance.

@ Interactions do not turn off to the future.
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New sum rules |

In amplitudes, the IR interaction vertices are constraint by the symmetries of the
theory and the boundary conditions:

@ We only look at bulk Lorentz invariant operators.
@ We have the LSZ reduction formula and asymptotically free states.

For an EFT of the wavefunction we need to enlarge the list of Wilson coefficients:
@ We have a boundary. This breaks the Lorentz invariance.

@ Interactions do not turn off to the future.
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In a similar spirit to that of amplitudes:

_ [ disc(wry(M (W', k))

27 w' — w1

&=V (16)

IR = wrh(? (w, k)
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New sum rules Il

In a similar spirit to that of amplitudes:

_ [ disc(wry(M (W', k))

27 w' — w1

IR = wrh(? (w, k) <= UV (16)

Evaluating the dispersion relation around vanishing kinematics we obtain the sum
rules for the old and new Wilson coefficients
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New sum rules Il

In a similar spirit to that of amplitudes:

_ [ disc(wry(M (W', k))

27 w' — w1

IR = wrh(? (w, k)

&=V (16)

Evaluating the dispersion relation around vanishing kinematics we obtain the sum
rules for the old and new Wilson coefficients:

oy — / dw disc(wrd(™ (w,k))

2mi w

dw disc(wr(M(w, k)) (1)

2mi w?

iBoo =
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New sum rules Il

In a similar spirit to that of amplitudes:

dw’ disc(wr (M (W', k)

27 w' — w1

IR = wrh{P(w, k) = / <= UV (16)

Evaluating the dispersion relation around vanishing kinematics we obtain the sum
rules for the old and new Wilson coefficients:

oy — / dw disc(wrd(™ (w,k))

2mi w

. dw disc(wr(M(w, k)) (1)
iBoo = P

2mi w?

Like for amplitudes, we have to take derivatives with respect to w,»; and the in-
ternal momenta ps, p:, p, to obtain a complete list of the sum rules.

Santiago Agiii Salcedo (University of Cambridge) The Analytic Wavefunction (2212:08009)



@ Results and future perspectives

Santiago Agiii Salcedo (University of Cambridge) The Analytic Wavefunction (2212:08009)



Results and future perspectives

Santiago Agiii Salcedo (University of Cambridge) The Analytic Wavefunction (2212:08009)



Results and future perspectives

There is an analogy between amplitudes and wavefunctions:

in-out quantities: Scattering amplitudes <> Wavefunction coefficients

in-in quantities: Cross sections <> in-in correlators
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Results and future perspectives

There is an analogy between amplitudes and wavefunctions:

in-out quantities: Scattering amplitudes <> Wavefunction coefficients

in-in quantities: Cross sections <> in-in correlators

We are 60 years behind amplitudes but we are bridging the gap.

@ There is an analogous object to A(s, t) given by the off-shell wavefunction
coefficients (" (w, k).

Santiago Agiii Salcedo (University of Cambridge) The Analytic Wavefunction (2212:08009)



Results and future perspectives

There is an analogy between amplitudes and wavefunctions:

in-out quantities: Scattering amplitudes <> Wavefunction coefficients

in-in quantities: Cross sections <> in-in correlators

We are 60 years behind amplitudes but we are bridging the gap.
@ There is an analogous object to A(s, t) given by the off-shell wavefunction
coefficients (" (w, k).
@ The introduction of a boundary and new boundary conditions require the
introduction of new EFT interactions.
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There is an analogy between amplitudes and wavefunctions:

in-out quantities: Scattering amplitudes <> Wavefunction coefficients

in-in quantities: Cross sections <> in-in correlators

We are 60 years behind amplitudes but we are bridging the gap.

@ There is an analogous object to A(s, t) given by the off-shell wavefunction
coefficients (" (w, k).

@ The introduction of a boundary and new boundary conditions require the
introduction of new EFT interactions.

@ We can write sum rules that capture the Wilson coefficients of both
amplitudes and the new ones from wavefunction.

The future ahead
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Results and future perspectives

There is an analogy between amplitudes and wavefunctions:

in-out quantities: Scattering amplitudes <> Wavefunction coefficients

in-in quantities: Cross sections <> in-in correlators

We are 60 years behind amplitudes but we are bridging the gap.

@ There is an analogous object to A(s, t) given by the off-shell wavefunction
coefficients (" (w, k).

@ The introduction of a boundary and new boundary conditions require the
introduction of new EFT interactions.

@ We can write sum rules that capture the Wilson coefficients of both
amplitudes and the new ones from wavefunction.

The future ahead:
@ How is UV bulk unitarity encoded in the boundary Wilson coefficients?
@ Can we build positivity bounds with these sum rules?

@ How do we import more amplitudes technology to 1" (w, k)?
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