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Figure 5: Left panel : Signal-to-noise of the dipole in the SKA, plotted as a function of
separation d, with pixel size of 2Mpc/h. The red dots show the signal-to-noise at z̄ = 0.15
and the blue dots at z̄ = 0.45. Right panel : the cumulative signal-to-noise from 10  d 
200 Mpc/h, per bin of redshift from 0.1  z  2.

where ⇥0 ⌘ ⇥(z = 0), and similarly for �(z). As discussed in [50] this evolution insures that
the deviations vanish when the background dark energy density is negligible, such as at high
redshift, and one recovers Euler’s equation. We use fiducial values ⇥0 = �0 = 0.

As a first example we assume that ⇥ and � are the only deviations from General
Relativity, in particular we assume that the growth function D(z) evolves as in a ⇤CDM
Universe. In the scalar-tensor and vector-tensor models described in sec. 2 deviations from
Euler’s equations are usually accompanied by deviations in the growth rate. However one
could imagine other models where this is not the case, and the only deviations from General
Relativity would be in Euler’s equation, as discussed for example in the simple model of 2.2.1.

We construct the Fisher matrix for ⇥0 and �0

Fab =
X

ij

@
D
⇠̂1,opt
BF

E
(di)

@pa

�
C1

BF

��1
(di, dj)

@
D
⇠̂1,opt
BF

E
(dj)

@pb
, (4.2)

where the parameters pa = ⇥0,�0, and C1

BF
denotes the covariance matrix of the dipole

estimator. In (4.2), the sum runs over all pixel’s separations di. We use pixel’s size of
`p = 2Mpc/h and pixel’s separations dmin  di  dmax. We choose dmax = 200Mpc/h since
we have checked that the constraints do not improve if we include larger separations. For the
minimum separation, we use dmin = 10 Mpc/h. At this scale the impact of non-linearities on
the dipole is of the order of 10 % 9. As we will see below, increasing dmin to 20 Mpc/h, where
the impact of non-linearities on the dipole is already less than 2%, has almost no e↵ect on
the constraints on ⇥0 and �0.

In the left panel of fig. 6 we show the joint constraints on ⇥0 and �0. There is a strong
degeneracy between the two parameters, leading to relatively large marginalised 1-� errors of
�⇥0 = 3.33 and ��0 = 3.14. This degeneracy can be understood from eq. (3.22). We see
that the amplitude of the dipole depends on ⇥0 � �0 (first term in the third line of (3.22))

9We estimate the impact of non-linearities on the dipole in the following way: we use the linear continuity
equation to express the velocity in terms of the density, and then we use halo-fit to compute the non-linear
density. This procedure is of course not completely correct since non-linearities modify the continuity equation,
but it allows us to estimate the scale at which non-linearities become important.
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