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Abstract: A basic calculation in QFT is the construction of the Y ukawa potential from a tree-level scattering amplitude. In the massless limit, this
reproduces the 1/r potential. For gravity, scattering mediated by a massless graviton is thus consistent with the Newtonian potential.

In de Sitter spacetime, the cosmological constant gives rise to a mass-like term in the graviton propagator. This raises the question what the classical
potential looks like when taking into account curvature effects.

In thistalk, | will introduce an operator-based formalism to compute scattering amplitudes in curved spacetime, and | will show how to construct the

Newtonian potential in a dS background. Remarkably, the potential gives rise to an additional repulsive force, and encodes the de Sitter horizon in a
novel and non-trivial way.
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What is the Newtonian potential in dS?

* Tree-level scattering amplitude:
 Born approximation: “Ist quantized”
« Flat, non-relativistic limit: Yukawa/Coulomb potential

* Expectations:
* Expanding universe — repulsive force

 Geodesic equation: V(r) = _Sm _ %A 2

* Questions: *
* Graviton propagator ~ (0 + 2A)~?!
— massless or massive?
» Effects from spin-2 particle?

* Horizon effects?
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Warmup exercise: the Yukawa potential

« ¢p3-theory 2-2 scattering amplitude:

- d3c_j 2N\ 10X AZ = . 1
-mr
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Curved-space amplitudes (1)

* Action * Vertices:
S=S. . +S .4+S,+S . T(¢p) — _5°S
e e T T
* Gravitational action: G 83s ‘ o
Sgrav = 1 f V=g (R — 2A) O 00 6=da
1ém Gy * Propagator:
2 -1
. S . o(nh) _ (8°S
Scalar action: g —(5959) o
9=9.¢=¢.x=X

1
S¢ = —zfdjg¢(ﬂ+mé)¢

(similar for S,)
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Curved space amplitudes (2)

* Amplitude:
A = Ta0 g T(9¢)
B

 Amplitude functional:

CA[Xl)XZJ ¢1! ¢2] = fT(XX)[Xl:XZ]g(hh)T((p(p)[d)ll ¢2]

« Example: scalar ¢®-theory

A =212 xix.(@+m?) 110,
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Essentials of dS

* Maximally symmetric, constantly curved space

* Chuvpos =0

1
¢ Ruv - ZRguv
e R = 12H?

* FLRW universe:
ds? = —dt? + e?Htdx?

. Conform:lally flat:
dSZ = Hz—nz(—dnz +d .7_5)2)

« Solution to Einstein equation (EoM):
1
R = 4A = I‘I2 = §A
* On-shell background
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Feynman rules in dS

 Vertices:
* Propagator: The = GpePOP + V,pVsp + -+
* Defining equation: &
525 17° (hh)1%P a oB
5989 6""],, =868, « Contraction:
uv

A= [ VyVxG(H,O)VpVe + -

* Ansatz:

[GEWI =% Gi(H,0) [T5h

— how to commute V and G(H,0)?

7126 € (56358, 8p0 0%, Gpo VTP, GFT, Ty, V6570, 9,7, 7T |
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Ordering of derivatives

« Want: commute derivative f(0)V,X

 Strategy:
1. expand f by “inverse Laplace transform”
2. Use Baker-Campbell-Hausdorff formula

» Example: scalar

F@v.9= | “ds f©)e 07, ¢ = J 4y

- N i>0
=f ds f(S)Z( ;) V#[3H2]i e sHe
0 i=0
= V,f(a+3H%)¢

(_

[

f) CAARRE

irsa: 22010087 Page 9/19



Feynman rules in dS

* Vertices:
* Propagator: Tyo = 9poPOP + V, Vs + -
* Defining equatlon
528
0gog
* Ansatz:

[GEPI =) Gi(H,0) [T15h

af g
] 4 (hh)]pg =06wd) < Contraction:
A = [ VxVxG(H,O)VPVe + -

— how to commute V and G(H,0)?

7155 € {6865, GpoG®, ooV AVP), G T,V ), V(o0 5 TP, V(Ui VETE) |
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dS amplitude functional

* Use commutation formula to
« Compute G;(H10O)
. Contract T(XX)g(hh)T(‘i)qb)

Use on-shell relation 0¢ = —mg«,c,b
Result:

Al[x1, X2, D1, P2] = _167TGN] Twlx x21@ + 2H?) 71T [¢4, ¢, ]

1 1 m}zc,mé m)zfmg) )
—— e
ARIAZ (2 t ot 20z T o—enz) 9192

Gauge invariant iff fields+background metric are on-shell
“massive propagators:” non-local operators on dS — hard to recognize tachyons
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Compute amplitude:

the very massive limit

» Want to compute f(O)¢p19,

* How to distribute O?

— nonrelativistic limit p, = % > 1
* Solve EoM:

I
_Lp.x

¢, %) = US/ZH_P(_I”?)@
LU _Z

* Distribution of O:
O¢1¢, = (—meb +2p; 'ﬁ2)¢’1¢2 = 2H2W2(0n¢1)(an¢2)
i 1
= (Hznz G*+0 (ﬁ)) b1
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Compute amplitude:
resolve the propagator

« Compute propagator with mass parameter z = {H*
* Ansatz:

« @-(HH) 119, = (Go(??; ¢)+a (i)) b1
* @=CHD) M oolds, ¢2] = (Goo(n; Ou? +0 (ﬁ)) 10

+ (O—CHD) o[y, ¢2] = ([Gl 0 i + Go (3 il 42 + 0 (#—Z)) $192
+ 5 functions for T;;[¢4, ¢2]
» Strategy:
« Act with (o — (H?) on G;(n) 10>,
- Distribute o over G;(n) and ¢, ¢
» Use (0 —(HH)(@ - (HD) "¢, = 102
— result: system of coupled, 2nd order inhomogeneous differential equations
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Scattering amplitude (1)

 Solve differential equations
using power series ansatz
(Frobenius method)

* Require analyticity

* function of g = |nqg| only:
central potential

* Solution: A(q) = [many 4F,s]

Pirsa: 22010087 Page 14/19



Scattering amplitude (2)

* finite limit g — O: e
no IR divergence

q—)OO

*« A(q) — — 1.13 cosq:
* Discrete forbidden momentum
transfer

 “particle in box” bounded by
dS horizon

* Period ~ Hubble energy
flat limit: continuum

10 15 2 25
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Scattering potential (1)

V()
HSGNP,M&
2_

. /-——\
 Fourier transform: G bE e BB 1o 1o
® — =l =27

r=[n""r| .
1 0o g -4}
V() ~ o= J, daasin(qr) Aq)
: 2 —6f
_ J[rational] + [ ,F; s] <1 010
2 05—
0 r“>1 ~0.05 02 04 06 08>0 12"
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Scattering potential (2)

Vir)
1 H® Gy, pty
® ~ PO — 2,
V() Gqubmx( -+ 5 41:) I
* Good approximation 5 of 04 06 08 10 12
* 1/r term: classical regime =4
* Linear term: repulsive force =
— expansion of the universe ¢l
. 0.10
*F Vgeodesic(r)- 0.5 i
 Heavy-mass # light test particle Z0.16 0z 04 06 040 12

* Double-BH geometry?
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Scattering potential (3)

V(x>1)=0: T o
* No causal interaction beyond ‘I
dS horizon I ,
0 0.4 0.6 0.8 1.% j ffis
* Bounded support at large ol
distances:
no IR divergence -
* Discontinuity: 6
« Analogy with ED: oosf
surface energy density? -005] 02 04 06 08 ~lo 12

* Tunneling?
* Thermodynamic description?
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Summary

* Amplitude functional  Amplitude properties
* dS background * No IR divergence
* Functional commutator * Oscillations
netations » Potential properties
* Amplitude & potential * Repulsive force at large
* Large-mass limit distances
* Propagator acting on products * Vanishing outside dS horizon

of fields
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