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Causal Alignment

As described in Ref. [1], the time-dependent locations
of astronomical sources on the sky relative to our groundbased experimental site complicates the enforcement of
the space-like separation conditions needed to address
both the locality and freedom-of-choice loopholes. For
example, the photon from quasar emission event QA
must be received by Alice’s cosmic-photon receiving telescope (Rx-CP) before that photon’s causal wavefront
reaches either the Rx-CP or the entangled-photon receiving telescope (Rx-EP) on Bob’s side, and vice versa.
In this section we first present our main result for
k
the causal-alignment windows, τvalid
(t) (for sides k, ` =
{A, B}), within which settings chosen by astronomical
photons remain valid, and then derive the various terms
in our expression. As shown in Figure 3 of the Main
k
paper, we parameterize τvalid
(t) as
k
k
k
k
τvalid
(t) = τ̄geom
(t) − τset
− τbuffer
,

(1)

k
where τgeom
(t) arises from the geometrical arrangement
of the quasars relative to the locations of relevant instruk
k
mentation on Earth, and τ̄geom
(t) ≡ mint [τgeom
(t)] is the
k
minimum value of τgeom (t) during an observing window.
k
The term τset
indicates the time required to electronically output a bit and implement the detector setting,
k
while τbuffer
accommodates total delays due to atmosphere, telescope optics, and detector response. Negative
validity times for either k would indicate an instantaneous configuration that was out of “causal alignment,”
in which at least one setting would be invalid for the
purposes of closing the locality loophole.
k
For τgeom
(t), we find


1
n
k
τgeom (t) = n̂k (t) · (rk − m` ) +
|mk − s| − |m` − s|
c
c
γk
− |rk − mk |,
(2)
c

where rk and mk are the spatial 3-vectors for the locations of the cosmic receiving telescopes (Rx-CP) and
entangled-particle detectors (Rx-EP) for side k, respectively; s is the spatial 3-vector for the location of the
source of entangled particles; and c is the speed of light
in vacuum. The time-dependent unit vector n̂k (t) points
toward the quasar used to set detector settings on side
k, and is computed using astronomical ephemeris calculations. Additionally, n is the index of refraction of air
and γk , which acts like an index of refraction, parameterizes the group velocity delay through fiber optics and/or
electrical cables connecting the telescope and entangled
photon detector on side k.
We work with a space-time metric signature
(+, −, −, −), so that space-time events represented by
four-vectors Aµ and B µ will be space-like separated if
(Aµ − Bµ )2 < 0. We represent spatial and temporal intervals of cosmological magnitude—such as the interval
between emission of light from a distant quasar and its
detection on Earth today—in terms of a spatially flat
Friedmann-Lemaı̂tre-Robertson-Walker (FLRW) line element because on length-scales greater than O(100) Mpc,
our universe has been measured to be homogeneous [2],
isotropic [3], and spatially flat [4] to high accuracy. We
have
ds2 = gµν dxµ dxν
h
i
= c2 dt2 − R02 a2 (t) dχ2 + χ2 dΩ2(2) (θ, φ) ,

(3)

where t is cosmic time, equal to the proper time recorded
by a freely falling observer at the origin of the spatial coordinate system, χ is a (dimensionless) comoving distance, and dΩ2(2) (θ, φ) = dθ2 + sin2 θdφ2 is the
line-element for a unit 2-sphere. In this section we ignore possible complications from inhomogeneities, such
as gravitational-lensing effects.
In Eq. (3), a(t) is the (dimensionless) cosmic scale factor and the constant R0 ≡ c/H0 has dimensions of length.

