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ABSTRACT

We revisit our mapping of the ‘Local Hole’, a large underdensity in the local galaxy redshift
distribution that extends out to redshift, z ~ 0.05 and a potential source of outflows that may perturb
the global expansion rate and thus help mitigate the present ‘Hy tension’. First, we compare local
peculiar velocities measured via the galaxy average redshift-magnitude Hubble diagram, z(m), with
a simple dynamical outflow model based on the average underdensity in the Local Hole. We find that
this outflow model is in good agreement with our peculiar velocity measurements from z(m) and not
significantly inconsistent with SNIa peculiar velocity measurements from at least the largest previous
survey. This outflow could cause an ~ 2—3% increase in the local value of Hubble’s constant. Second,
considering anisotropic motions, we find that the addition of the outflow model may improve the
Z(m) fit of a bulk flow where galaxies are otherwise at rest in the Local Group frame. We conclude
that the Local Hole plus neighbouring overdensities such as the Shapley Supercluster may cause
outflow and bulk motions out to ~ 150h™'Mpc that are cosmologically significant and that need to
be taken into account in estimating Hubble’s constant.
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1 INTRODUCTION

There have been many studies of large scale structure of
the Local Universe. While the Local Group and the Local
Supercluster on ~ 1 and ~ 10h~'Mpc scales are now well
established, there is still controversy over the possible exis-
tence of larger scale structures (e.g. Watkins et al. (2009);
Davis et al. (2011); Nusser et al. (2011); Macaulay et al.
(2011, 2012); Turnbull et al. (2012); Davis & Scrimgeour
(2014); Watkins & Feldman (2015); Nusser (2014, 2016);
Scrimgeour et al. (2016); Feix et al. (2017)). Evidence for
bulk motions originally suggested the presence of a ‘Great’
or ‘Giant Attractor’ either at ~ 40h~!Mpc or ~ 150h~!Mpc
scales corresponding respectively to the Hydra-Centaurus
(see e.g. Lynden-Bell et al. (1988)) or Shapley superclus-
ters (see e.g. Mathewson et al. (1992); Lauer & Postman
(1992, 1994); Tonry et al. (2000)) and references therein.
These studies generally use standard candles to provide
galaxy distances from which their ‘peculiar motions’ can
be derived from their redshifts and sophisticated mod-
elling procedures were developed to compare the pecu-
liar velocities and density fields to derive cosmological pa-
rameters (see e.g. Dekel et al. (1999); Carrick et al. (2015);
Jasche & Lavaux (2019)). In the later references the ear-
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lier claims for bulk motions of significant amplitude be-
come more muted as the CMB evidence mounted for mod-
els with Qg ~ 0.3 rather than Q, =1 (e.g. Spergel et al.
(2003); Planck Collaboration et al. (2018)). In addition, a
‘Local Hole’ has also been claimed particularly in the
Southern Galactic Cap (SGC) out to ~ 150h~!Mpc (see
e.g. Shanks et al. (1984); Frith et al. (2003); Busswell et al.
(2004); Keenan et al. (2012); Whitbourn & Shanks (2014,
2016)). These latter studies are mainly based on obser-
vations of galaxy clustering via galaxy counts in redshift
surveys. Other authors have also claimed the existence
of smaller-scale local voids e.g Tully et al. (2008, 2016);
Rizzi et al. (2017); Pustilnik et al. (2019).

There are several other arguments supporting the idea
that the Universe may be more inhomogeneous than ex-
pected. In terms of the Local Hole there is striking agree-
ment between the galaxy number redshift distribution, n(z),
of Whitbourn & Shanks (2014) (WS14) and the galaxy clus-
ter n(z) from the REFLEX II/CLASSIX X-ray samples of
Bohringer et al. (2015, 2019) across the sky (see also Section
4).

More theoretically, the SNIa and BAO Hubble dia-
grams produce evidence for a cosmological constant which
appears uncomfortably finely tuned and this has led sev-
eral authors to look for an escape route by hypothesising a
large local underdensity out to z ~ 0.4, usually modelled by
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a Lemaitre-Tolman-Bondi (LTB) non-Copernican cosmol-
ogy (e.g. Redlich et al. (2014)). Others (e.g. Lukovié et al.
(2019)) have used the LTB approach with the more re-
stricted aim of addressing the ‘Hy tension’ between Cosmic
Microwave Background (Planck Collaboration et al. 2018)
and local distance scale (e.g. Riess et al. (2018b,c) estimates
of Hubble’s Constant, Hy.

Many of the claims of bulk motions and local under-
densities are unlikely in the standard ACDM model. For ex-
ample, Wu & Huterer (2017) suggest that the likely ampli-
tude of velocity fluctuation in the local ~ 150h~!Mpc volume
of WS14 is <5% of what is needed to explain the current
difference between global and local Hj estimates. Indeed,
Riess et al. (2018a) criticise the Local Hole velocity outflow
model of Shanks et al. (2019) on the same grounds, that its
~ 500kms™! amplitude on ~ 100h~! Mpc scales is unlikely
under ACDM at the 60 level. Shanks et al. (2018) already
argued that on their reading of the Wu & Huterer (2017)
and Odderskov et al. (2017) papers, the significance under
ACDM was lower, in the range 1.9—-3.90". Of course, whether
it is more plausible to appeal to ‘new physics’ outside ACDM
to explain the Hj tension rather than the Local Hole can be
debated. We also note that other authors emphasise that lo-
cal underdensities compatible with ACDM at the = 20 level
can at least partly explain the Hy tension (e.g Wojtak et al.
2014).

Here we return to consider the results of WS14 on the
underdensity and dynamics of the Local Hole. Shanks et al.
(2019) used a simple linear theory model to predict the
outflow caused by this local underdensity and, assum-
ing that it was centred on our position, found that it
would make an ~ 2% reduction to the local distance
scale estimate of Hubble’s Constant. Riess et al. (2018a);
D’Arcy Kenworthy et al. (2019) criticised the assumption
that the underdensity was isotropic around our position. Fol-
lowing Riess et al. (2018a), these authors also claimed that
SNIa peculiar velocities from Scolnic et al. (2018) showed
that the effect of any local underdensity was lower than sug-
gested by Shanks et al. (2019). In what follows we shall ad-
dress both these issues, the isotropy assumption in Section 2
and the SNTa results in Section 3.3. However, our main aim is
to compare the outflow model of Shanks et al. (2019) based
on the Local Hole underdensity estimates of WS14 with the
independent peculiar velocity estimates of these authors and
check for consistency (see Section 3.2).

The structure of the paper is therefore as follows. In
Section 2 we first summarise the datasets and results used
by WS14 and Whitbourn & Shanks (2016); we also review
the evidence for the approximate isotropy of the ‘Local Hole’
around our position. Then, in Section 3, for the first time,
we directly compare the peculiar velocities estimated by
WS14 via the statistical Hubble diagram, z(m), of Soneira
(1979) with the outflow velocity estimates from the dynami-
cal model of Shanks et al. (2019). We further compare these
with peculiar velocities estimated from the Pantheon SNIa
survey of Scolnic et al. (2018) and the larger survey used by
D’Arcy Kenworthy et al. (2019). We present our conclusions
in Section 4. Throughout we shall assume a cosmology with
Qp =07, Q,,, =0.3 and Hy = 100h km s~ Mpc~1.
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Figure 1. Density contrast-redshift relations for all three WS14
fields and for 6dF-NGC+SDSS-NGC, each combined by area
weighting. These both show an underdensity out to z ~ 0.05 im-
plying that the underdensity is not just restricted to the 6dF-SGC
area and that our assumption of an approximately isotropic ‘Lo-
cal Hole’ around our position is not unreasonable.

2 PREVIOUS DATASETS AND RESULTS

WS14 used 2MASS K band photometry to K < 12.5 to define
the galaxy samples on which both their galaxy n(z) distri-
butions and peculiar velocity estimates were based. They
worked in three sky regions covering ~ 3000deg? each for a
total of 9161.7 deg2 as given in their Table 2 and shown in
their Fig. 1. They also used the galaxy redshift surveys 6dF-
GRS for the two areas with Declination § < 0° and SDSS for
the area with § > 0°. The three areas are therefore termed
6dF-NGC, 6dF-SGC and SDSS-NGC. Roughly speaking,
SDSS-NGC is centred on the North Galactic Pole, 6dF-SGC
is centred on the South Galactic Pole and 6dF-NGC is in
the direction of the CMB dipole and the Shapley Superclus-
ter. WS14 first compared galaxy n(z) distributions in these
three areas with a homogeneous model based on an assumed
galaxy luminosity function (LF). 2MASS+GAMA K-band
galaxy counts were also used in consistency checks on the
normalisation used in the model LF to estimate the over-
and under-densities from the n(z) at K < 12.5. Underdensi-
ties were detected in all three directions but most strongly
in the 6dF-SGC direction. These results were checked by
Whitbourn & Shanks (2016) who used maximum-likelihood
methods to derive the density-redshift relations indepen-
dently of the LF and found these n(z)-based results to be
robust.

The average galaxy redshift, z, in 0.5 mag K bins was
then plotted versus K magnitude in a Hubble diagram (see
Fig. 13 of WS14). Soneira (1979) originally suggested using
the statistic z(m) to test the linearity of the Hubble law in
local galaxy redshift surveys complete to some magnitude
limit, in our case K < 12.5. Here, the K band galaxy LF is
implicitly assumed to be a standard candle out to z <0.1. It
is relatively easy to predict z(m) for the homogeneous case in
the same way that galaxy number-magnitude, n(m), count
models can be calculated. Indeed, in the case of a Euclidean
model, the prediction is simply that z(m) o 10927, The
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effects of cosmology, K-correction and evolution are easily
included in the model. The LF normalisation ¢*(z) can also
be used to eliminate the effects of large-scale structure. The
residual between the observed zZ(K) Hubble diagram and the
homogeneous model is then an estimate of the peculiar ve-
locity.

WS14 found that two directions showed evidence of bulk
motion ie galaxies at rest in the Local Group frame, while
the surveyed galaxies in the third 6dF-SGC direction were
more consistent with being at rest in the CMB frame. WS14
conjectured that the 6dF-SGC direction with its large un-
derdensity might be additionally affected by outflows which,
if included, might improve the fit of bulk motion in the Local
Group frame. We return to this point in Section 3.2.

Finally, we shall also use the SNIa Pantheon survey
of Scolnic et al. (2018). These include 1048 SNIa and are
the data used by Riess et al. (2018b) to draw their Hub-
ble diagram used to estimate Hy. The same data plus addi-
tional unpublished Foundation+CSPDR3 SNIa surveys was
used by D’Arcy Kenworthy et al. (2019) to search for any
velocity outflow associated with the Local Hole. They con-
cluded that the effect on Hjy was negligible. Here we use
the 295 SNIa with z < 0.15 in the Pantheon sample of
Scolnic et al. (2018) to compare with the zZ(m) peculiar ve-
locities of WS14. We note that the statistical precision will
be reduced by the loss of the Foundation+CSPDR3 sur-
veys’ 102 SNIa with 0.023 < z < 0.15. Also, both SNla
surveys have very non-isotropic sky coverage (see Fig. 3 of
D’Arcy Kenworthy et al. (2019)). This leaves only 6 SNIa
in 6dF-NGC, 29 in 6dF-SGC and 20 in SDSS-NGC in the
required 0.02 < z < 0.05 redshift range in the Pantheon sur-
vey. But we shall also compare these results to those from
the full Pantheon+Foundation+CSPDR3 survey as reported
by D’Arcy Kenworthy et al. (2019).

3 OBSERVED VS. PREDICTED OUTFLOWS
3.1 Predicted outflow model

Shanks et al. (2019) based their predicted ‘Local Hole’ out-
flow model on a simple linear theory gravitational growth
model based on an assumed isotropic local galaxy under-
density as follows:

Av  16pg(<r) Qb6 )
vE 3 Pg b

where Av is the peculiar velocity at Hubble velocity, vy,
corresponding to comoving radius, r, and b is the galaxy
bias. 6pg(r)/pg is the density contrast given by

0pg(<r) 1 dn
;—g = 0 Z (7)i4nr%6r. (2)

1
where (dn—")l are taken from averaging the data shown in
Fig. 3 (a, b, ¢) of WS14. r; are the corresponding comov-
ing distances, 6r is the comoving bin size and V(r) is the
spherical volume to radius, r. Clearly it is the 4x factor in
eq. 2 that represents our assumption that the (dn—") ; apply
isotropically over the whole sky.

Since WS14 only showed the individual n(z)’s for their
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Figure 2. The WS14 peculiar velocities (filled circles) estimated
from the residuals between the observed z(m) Hubble diagram
and a homogeneous model in their three individual fields. The
range 10.0 < K < 12.5 translates to 60 <d < 150h~!Mpc via this
model. WS14 found that bulk motion in the Local Group frame
(solid horizontal line) was preferred by these data except in 6dF-
SGC where galaxies appeared more at rest in the CMB frame
(horizontal dashed line). Adding the Local Hole outflow model of
Shanks et al (2019) in the Local Group frame (blue line) improves
the fit in 6dF-SGC while maintaining it in 6dF-NGC and SDSS-
NGC. The peculiar velocities from Pantheon SNIa (open circles)
show less good agreement with the model at larger distances.

6102 1200100 /| U0 Jasn weyin( 10 Alsiaaiun Ag Z00/8SS/S98ZZ1S/SBIUW/EE0 L 0 | /I0P/10B1ISqe-0[01B-80UBAPE/SRIUL/WOD dNoolwapeoe//:sdiy Woll papeojumod



4 T. Shanks et al.

three areas, for completeness we first show in Fig. 1 the over-
all average density contrast (dT")l found by combining the
three areas of WS14 that leads to the 3—;(@ result shown
in Fig. 1 of Shanks et al. (2019). Here, we find an overall
median underdensity of ~ —23% out to ~ 150h™!Mpc. In-
deed, also from Fig. 1, the similarly combined SDSS-NGC +
6dF-NGC areas still show a ~ —11% median underdensity.
Together, these results therefore support a roughly isotropic
underdensity around our position as assumed in the above
model, now shown as the solid blue lines in Figs. 2, 3.

3.2 Observed z(m) outflows and bulk motions

In Figs. 2 we summarise the WS14 peculiar velocity results
in each of their three areas, as estimated via z(m). The
closed circles show the residuals from the homogeneous 7(m)
model which represent the WS14 average peculiar velocity
estimates in their three directions. The homogeneous z(m)
model has also been used to relate the K magnitude of a 7(m)
bin to its luminosity distance, d. So the K = 10.25 +0.25 bin
corresponds to d ~ 60h~! Mpc and the K = 12.25 + 0.25 bin
corresponds to d ~ 150h~! Mpc, as indicated in Figs. 2, 3.
WS14 corrected their galaxy redshifts into the Local Group
frame (see WS14 eq. 10) which implies the Local Group is
moving with 633 kmsS! with respect to the Cosmic Mi-
crowave Background.

Fig. 2 thus shows the 7(m) peculiar velocities compared
to the vpee = 0 solid horizontal line that corresponds to
galaxies lying at rest in the Local Group frame whereas the
horizontal dashed line corresponds to the galaxies lying at
rest in the CMB frame. Thus the former would indicate the
Local Group and galaxies in that direction were participat-
ing in coherent bulk motion relative to the CMB. WS14
concluded that the results in the 6dF-NGC and SDSS-NGC
directions were consistent with such a bulk motion while
those in the 6dF-SGC direction were more consistent with
the galaxies being at rest in the CMB frame. They noted
that the 6dF-SGC result might still be consistent with bulk
motion if there was an additional outflow component due to
the enhanced underdensity in that direction.

In Figs. 2 we now compare the results for the above Lo-
cal Hole outflow model of Shanks et al. (2019) to the z(m)
peculiar velocity results of WS14. The model (solid blue line)
as plotted in these Figures simply represents an adding of
the outflow model to the vpee = 0 (solid horizontal line) re-
sult expected if the galaxies are at rest in the Local Group
frame. In the three areas this combined bulk flow plus out-
flow model looks consistent with these data. Thus the addi-
tion of the outflow model seems to have improved the bulk
motion fit in the 6dF-SGC direction while not damaging the
bulk motion fit too much in the other two directions.

Fig. 3 then shows the area weighted average of the ob-
served peculiar velocities over all three directions. There is
clearly now no sensitivity to bulk motion but these data can
still be used to look for an outflow due to a global under-
density in this volume. We again see excellent agreement
between the outflow model and the z(m) peculiar velocity
estimates.

We have used X2 to compare the z(m) peculiar veloci-
ties with the predicted outflow model in each of the direc-
tions and then in the three directions combined (see Table
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Figure 3. Now averaging over th T8ee directions from Figs. 2,
the overall peculiar velocities from z(m) (filled circles) show excel-
lent agreement with the Local Hole outflow prediction of Shanks
et al (2019) (blue line), here added to the model where all galaxies
are assumed to be at rest in the Local Group frame (horizontal
solid line). The peculiar velocities from Pantheon SNIa (open cir-
cles) show less good agreement at larger distances/magnitudes.

1). We have assumed the errors on the outflow model from
Shanks et al. (2019). There are caveats on our application
of these y? tests which we discuss in Section 3.3 below. Nev-
ertheless, we see that the )(2 values for the z(m) velocities
appear generally consistent with the model.

The observed WS14 peculiar velocities therefore seem
to agree with the outflow model of Shanks et al. (2019)
based on the WS14 Local Hole underdensity. Again it must
be cautioned that much depends on the final K = 12.5,
r ~ 150h~'Mpc Vpec point that WS14 regarded as uncer-
tain, partly due to its amplitude. We also refer to WS14 ’s
caveat about the possible vulnerability of zZ(m) to evolution
in the LF, although this is minimised by the low redshift
range involved and our use of the K band. Nevertheless, in
this work we recognise for the first time the self-consistency
of the WS14 Local Hole underdensity and peculiar velocity
measurements, related through our dynamical outflow model.

3.3 SNIa peculiar velocities compared to outflow
model

We next compare the agreement between the peculiar veloc-
ities implied by SNIa and our outflow model. In Figs. 2, we
see that the agreement between the SNIa Pantheon results
and the outflow model data is poor in the fields with most
SNIa ie the 6dF-SGC and SDSS-NGC fields. In 6dF-NGC
there is no inconsistency between these two but with only 6
SNIa the errors are large. Also note that there are zero SNIa
in the K = 11.25 bin. Clearly, the agreement with the model
appears poorer for the SNIa than the Z(m) peculiar velocity
estimates.

The all-sky results for 130 Pantheon SNIla in the usual
magnitude range 10 < K < 12.5 or 60 <d <150h~'Mpc are
shown in Fig. 3 where they are seen to disagree with the
Local Hole outflow prediction and the z(m) peculiar velocity
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zZ(m) x* (d.f) Z(m) p SNIa x? (d.f.) SNIa p No. SNIa
6dF-NGC 2.3778 (5) 0.79 0.6574 (4) 0.96 6
6dF-SGC 1.7763 (5) 0.88 18.114 (5) 2.8x1073 (3.00) 29
SDSS-NGC 2.5244 (5) 0.77 26.491 (4) 2.5x107° (4.207) 20
All 2.4278 (5) 0.79 18.829 (5) 2.1x1073 (3.10) 295

Table 1. y? comparisons of the Local Hole outflow model of Shanks et al. (2019) with z(m) and SNIla peculiar velocity estimates. d.f.
gives x? degrees-of-freedom. p is the probability of a higher y? value and o is the equivalent 2-tailed Gaussian significance level.

estimates of WS14. This result at first looks similar to that
of D’Arcy Kenworthy et al. (2019) who found no evidence of
outflow in the Pantheon + Foundation + CSPDR3 datasets.

We again use y2 to compare the SNIa peculiar velocities
with the predicted outflow model in each of the three WS14
directions and then in the three directions combined (see
Table 1). We again assume the errors on the outflow model
from Shanks et al. (2019). We see that the y? values for
the the SNIa peculiar velocities reject the model for the full
sample and for the SDSS-NGC and 6dF-SGC sub-samples
and are generally poorer fits to the model than the Z(m)
velocity estimates.

However, as previously noted, there are several issues
which mean all the y? results in Table 1 should only be
treated as illustrative. First, we have ignored SNla system-
atics which will contribute to the errors. Second, we have
ignored covariances between the z(m) bins, the SNIa bins
and the outflow model predictions. The results are also sen-
sitive to how we have handled the errors on the model veloc-
ities in the y2. All we claim is that since we have applied our
assumptions consistently to both the z(m) and SNIa compar-
isons, so the relative goodness-of-fits given in Table 1 may
be qualitatively believable and useful. With these caveats,
we conclude that the outflow model appears in better agree-
ment with the WS14 z(m) peculiar velocities than with the
Pantheon SNIa data.

The lack of detection of outflow is confirmed by our
analysis of the Pantheon SNIa survey over its full redshift
range.! Here with 1048 SNIa we found a reduced 2 = 1.0558
on 1046 degrees-of-freedom for the best fit Q,, = 0.28+0.015,
Hy = 73.7 + 0.2kms~'Mpc~! model with no outflow as-
sumed. Assuming the isotropic outflow model predicted by
our Local Hole results, we found a reduced y2 = 1.0593 on
1046 degrees-of-freedom for the best fit Q,, = 0.32 +0.015,
Hy = 72.7 + 0.2kms~ 'Mpc~! model. So the outflow model
with slightly higher Q,,, and slightly lower H fits the Hub-
ble diagram less well but only by Ay? = 3.66 which, with
only two parameters fitted, represents only a =~ 1.40 rejec-
tion of the outflow model.? This result broadly supports the
reply of Shanks et al. (2019) to Riess et al. (2018a), that a
small increase in Q,, allows our Local Hole outflow model
to be an acceptable fit to the SNIa Hubble diagram.

Finally, D’Arcy Kenworthy et al. (2019) claim that in

I The caveat made above about ignoring the systematic errors in
the SNIa peculiar velocity estimates also applies here.

2 Note that here we have fitted in the Local Group frame whereas
Shanks et al. (2019) fitted in the CMB frame after correcting for
peculiar motions estimated from 2M++ (Carrick et al. 2015) and
found that the outflow model gave a marginally better fit than
no outflow.

their bigger sample of 397 0.023 < z < 0.15 SNIa, our out-
flow prediction can be rejected in the all-sky case and in the
particular WS14 directions. Shanks et al. (2019) assumed
z = 0.1 as being typical of a SNIa sample used to esti-
mate Hy at z < 0.15, giving vpec = 540kms~! from their
Fig. 2 and vpec/cz = 1.8%. Now, this outflow prediction of
AHy = Hylocal jgg8lobal = 1 018 translates to a change in
their Hubble diagram intercepts of Aap = ap — abLRW
log10(AHp) = 0.0077. Based on the all-sky fits in their Table
1 (and Fig. 3a), Aap=0.0077 is only rejected at 1.9 — 2.20
in the 0.023 < z < 0.15 and 0.01 < z < 0.5 ranges. Simi-
larly, in their Table 1 (and Fig. 5b), Aap?<9-9=0.0077 is
only rejected at 0.80 in the 0.01 < z < 0.5 range in the
WS14 fields. D’Arcy Kenworthy et al. (2019) here quote a
2.60 rejection taking vpec = 520kms~! at z = 0.05 from Fig.
2 of Shanks et al. (2019). But volume weighting the outflow
model gives 365kms™! at z ~ 0.04 leading to a 2.00" rejection.
So the rejection of the outflow model of Shanks et al. (2019)
is only at the = 1 — 20 level and thus perhaps less strong
in the larger local SNIa samples of D’Arcy Kenworthy et al.
(2019) than in the Pantheon sub-sample.

4 CONCLUSIONS

WS14 presented strong evidence from both galaxy counts
and galaxy number redshift distributions for a local inho-
mogeneous underdensity out to ~ 150h~ Mpc. This ‘Local
Hole’ underdensity was somewhat more pronounced in the
6dF-SGC (SGP) direction but we have first shown here that
the underdensity persists after averaging over all three di-
rections (see Fig. 1). In the Southern sky, the underdensity
shown by the galaxy redshift distribution is further strongly
supported by the redshift distribution of REFLEX II X-
ray galaxy clusters (see Fig. 8 of Bohringer et al. 2015).
Bohringer et al. (2019) have recently also similarly found
that their new Northern cluster samples are in good agree-
ment with the WS14 n(z) results. Combined, their CLAS-
SIX cluster survey covers 66% of the sky. Thus despite the
criticism by D’Arcy Kenworthy et al. (2019) of WS14 ar-
eas only covering ~ 22% of the sky, this agreement with,
and extra coverage of, the X-ray cluster survey supports the
possibility that the Local Hole may feature over most of
the local volume out to ~ 150h~!Mpc. This further moti-
vates the assumption of approximate isotropy made in the
dynamical outflow model of Shanks et al. (2019) (see also
Hoscheit & Barger (2018)).

We note that Jasche & Lavaux (2019) failed to detect a
Local Hole underdensity in 2M++ data. Nevertheless their
Figs. 10(a, b, ¢) show some similarity to our Fig. 1 and Figs.
3(a, b) of WS14 but perhaps with different normalisations.
Although sophisticated in their treatment of peculiar veloc-
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ities, in deriving density-redshift relations Jasche & Lavaux
(2019) assume an LF independent of galaxy colour and
morphology unlike WS14 and with no attempt to solve for
the LF independently like Whitbourn & Shanks (2016). It
would also be interesting to check that their assumed LF
and normalisation used to estimate their density-redshift re-
lations are consistent with fainter K-band galaxy counts (c.f.
Figs. 5, 6 of WS14).

Overall, in Fig. 3 the outflow model of Shanks et al.
(2019) also seems to fit the z(m) data well. However, there is
a discrepancy with the SNIa data from the Pantheon sample
which would prefer zero outflow as the best fit. But we have
argued that the larger Pantheon+Foundation+CSPDR3
SNIa sample of D’Arcy Kenworthy et al. (2019) only ex-
cludes the void at the 1 — 20 level. Of course, there are still
possible issues with the z(m) results: they need substantial
correction for the same local inhomogeneities that are the
subject of the n(m) and n(z) studies; they assume that there
are no evolutionary or environmental effects on the K-band
LF used as a standard candle. The highest redshift z(m) is
also most sensitive to systematic effects. But the agreement
between the observed Z(m) and the vpec outflow model is im-
pressive, adding to the strong evidence for the Local Hole
from the basic count and redshift survey data of WS14.

In terms of anisotropic flows, WS14 originally found
that in two directions the z(m) peculiar velocities implied the
galaxies were exhibiting bulk motions out to ~ 150h~!Mpc
in the sense that the galaxies appeared to be moving coher-
ently with the Local Group. In the other 6dF-SGC direction,
that showed the biggest underdensity, the result was more
consistent with galaxies being at rest in the CMB frame with
no bulk motion. The suggestion by WS14 that the addition
of an outflow component might improve the agreement with
the bulk flows found in the other two directions now seems to
be supported by the current outflow model. While improv-
ing the fit of the z(m) peculiar velocities to the bulk motion
solution in the 6dF-SGC direction the model maintains the
bulk flow solution in the other two directions.

We conclude that an outflow component due to the Lo-
cal Hole coupled with a bulk motion within an ~ 150h~!Mpc
radius in the direction of motion of the Local Group to-
wards the Shapley supercluster give a self-consistent de-
scription of the WS14 density and velocity fields implied
by n(z) and z(m) statistics. The size of the resulting reduc-
tion in Hy is at the ~ 2 — 3% level needed to reconcile the
reduced ‘tension’ between the value of Hy = 67.4+1.7km s~!
Mpc~! of Planck Collaboration et al. (2018) and at least the
Hy = 69.8+1.9 km s™! Mpc~! estimated from the TRGB
distance scale of Freedman et al. (2019). The reasons for
the discrepancy with the Pantheon SNIa results are unclear
but we have argued there is less disagreement with the big-
ger Pantheon+Foundation+CSPDR3 SNIa survey as used
by D’Arcy Kenworthy et al. (2019). It will be interesting to
see how the SNIa results improve at least in the Southern
Hemisphere when more isotropic and better sampled SNIa
searches start with LSST in the next few years.
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