
MNRAS 490, 4715–4720 (2019) doi:10.1093/mnras/stz2863
Advance Access publication 2019 October 14

Local Hole revisited: evidence for bulk motions and self-consistent outflow

T. Shanks ,1‹ L. M. Hogarth,2 N. Metcalfe1 and J. Whitbourn1

1Department of Physics, Durham University, South Road, Durham DH1 3LE, UK
2Department of Physics and Astronomy, University College London, Gower Street, London WC1E 6BT, UK

Accepted 2019 October 6. Received 2019 September 4; in original form 2019 June 12

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 ‘H0 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 Type Ia supernova
peculiar velocity measurements from at least the largest previous survey. This outflow could
cause an ≈2–3 per cent 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 ≈150 h−1 Mpc that are cosmologically significant and that
need to be taken into account in estimating Hubble’s constant.
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1 IN T RO D U C T I O N

There have been many studies of large-scale structure of the Local
Universe. While the Local Group and the Local Supercluster on ≈1
and ≈10 h−1 Mpc scales are now well established, there is still con-
troversy over the possible existence of larger scale structures (e.g.
Watkins, Feldman & Hudson 2009; Davis et al. 2011; Macaulay
et al. 2011, 2012; Nusser, Branchini & Davis 2011; Turnbull et al.
2012; Davis & Scrimgeour 2014; Nusser 2014, 2016; Watkins &
Feldman 2015; Scrimgeour et al. 2016; Feix, Branchini & Nusser
2017). Evidence for bulk motions originally suggested the presence
of a ‘Great’ or ‘Giant Attractor’ either at ≈40 or ≈150 h−1 Mpc
scales corresponding, respectively, to the Hydra–Centaurus (see
e.g. Lynden-Bell et al. 1988) or Shapley Supercluster (see e.g.
Lauer & Postman 1992, 1994; Mathewson, Ford & Buchhorn
1992; 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 modelling procedures were developed to compare
the peculiar velocities and density fields to derive cosmological
parameters (see e.g. Dekel et al. 1999; Carrick et al. 2015; Jasche &
Lavaux 2019). In the later references the earlier claims for bulk
motions of significant amplitude become more muted as the cosmic
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microwave background (CMB) evidence mounted for models with
�m ≈ 0.3 rather than �m = 1 (e.g. Spergel et al. 2003; Planck
Collaboration VI 2018). In addition, a ‘Local Hole’ has also been
claimed particularly in the southern Galactic cap (SGC) out to
≈150 h−1 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 observations
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; Tully, Courtois & Sorce 2016; Rizzi et al.
2017; Pustilnik, Tepliakova & Makarov 2019).

There are several other arguments supporting the idea that the
Universe may be more inhomogeneous than expected. In terms
of the Local Hole there is striking agreement between the galaxy
number redshift distribution, n(z), of Whitbourn & Shanks (2014,
hereafter WS14) and the galaxy cluster n(z) from the ROSAT-ESO
Flux Limited X-ray II (REFLEX II)/Cosmic Large-Scale Structure
in X-ray (CLASSIX) X-ray samples of Böhringer et al. (2015)
and Böhringer, Chon & Collins (2019) across the sky (see also
Section 4).

More theoretically, the Type Ia supernova (SNIa) and baryon
acoustic oscillations (BAO) Hubble diagrams produce evidence for
a cosmological constant that appears uncomfortably finely tuned
and this has led several authors to look for an escape route by hypoth-
esizing a large local underdensity out to z ≈ 0.4, usually modelled
by a Lemaitre–Tolman–Bondi (LTB) non-Copernican cosmology

C© 2019 The Author(s)
Published by Oxford University Press on behalf of the Royal Astronomical Society

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/490/4/4715/5587002 by U
niversity of D

urham
 user on 12 N

ovem
ber 2019

http://orcid.org/0000-0003-2612-7926
mailto:tom.shanks@durham.ac.uk


4716 T. Shanks et al.

(e.g. Redlich et al. 2014). Others (e.g. Luković, Haridasu & Vittorio
2019) have used the LTB approach with the more restricted aim of
addressing the ‘H0 tension’ between CMB (Planck Collaboration
VI 2018) and local distance scale (e.g. Riess et al. 2018a,b estimates
of Hubble’s constant, H0).

Many of the claims of bulk motions and local underdensities are
unlikely in the standard � Cold Dark Matter (�CDM) model. For
example, Wu & Huterer (2017) suggest that the likely amplitude
of velocity fluctuation in the local ≈150 h−1 Mpc volume of
WS14 is �5 per cent of what is needed to explain the current
difference between global and local H0 estimates. Indeed, Riess
et al. (2018c) criticize the Local Hole velocity outflow model of
Shanks, Hogarth & Metcalfe (2019) on the same grounds that
its ≈500 km s−1 amplitude on ≈100 h−1 Mpc scales is unlikely
under �CDM at the 6σ level. Shanks, Hogarth & Metcalfe
(2019) already argued that on their reading of the Wu & Huterer
(2017) and Odderskov, Hannestad & Brandbyge (2017) papers,
the significance under �CDM was lower, in the range 1.9σ–
3.9σ . Of course, whether it is more plausible to appeal to ‘new
physics’ outside �CDM to explain the H0 tension rather than
the Local Hole can be debated. We also note that other authors
emphasize that local underdensities compatible with �CDM at the
≈2σ level can at least partly explain the H0 tension (e.g. Wojtak
et al. 2014).

Here we return to consider the results of WS14 on the under-
density 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, assuming that it was centred on
our position, found that it would make an ≈2 per cent reduction
to the local distance scale estimate of Hubble’s constant. Riess
et al. (2018c) and Kenworthy, Scolnic & Riess (2019) criticized
the assumption that the underdensity was isotropic around our
position. Following Riess et al. (2018c), these authors also claimed
that SNIa peculiar velocities from Scolnic et al. (2018) showed
that the effect of any local underdensity was lower than suggested
by Shanks et al. (2019). In what follows we shall address both
these issues, the isotropy assumption in Section 2 and the SNIa
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 this paper is therefore as follows. In Section 2,
we first summarize the data sets 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
dynamical 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 Kenworthy
et al. (2019). We present our conclusions in Section 4. Throughout
we shall assume a cosmology with �� = 0.7, �m = 0.3, and H0 =
100 h km s−1 Mpc−1.

2 PR E V I O U S DATA SE T S A N D R E S U LTS

WS14 used Two Micron All-Sky Survey (2MASS) K-band pho-
tometry to K < 12.5 to define the galaxy samples on which both
their galaxy n(z) distributions and peculiar velocity estimates were

based. They worked in three sky regions covering ≈3000 deg2

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 Galaxy Redshift Survey (6dFGRS), for the two areas with
declination δ < 0◦ and Sloan Digital Sky Survey (SDSS) for
the area with δ > 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 Supercluster. WS14 first compared galaxy
n(z) distributions in these three areas with a homogeneous model
based on an assumed galaxy luminosity function (LF). 2MASS
and Galaxy And Mass Assembly (GAMA) K-band galaxy counts
were also used in consistency checks on the normalization used
in the model LF to estimate the over- and underdensities from
the n(z) at K < 12.5. Underdensities were detected in all three
directions but most strongly in the 6dF-SGC direction. These results
were checked by Whitbourn & Shanks (2016) who used maxi-
mum likelihood methods to derive the density–redshift relations
independently 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) ∝ 100.2m. The effects of
cosmology, K-correction, and evolution are easily included in the
model. The LF normalization φ∗(z) can also be used to eliminate the
effects of large-scale structure. The residual between the observed
z(K) Hubble diagram and the homogeneous model is then an
estimate of the peculiar velocity.

WS14 found that two directions showed evidence of bulk motion,
i.e. 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 underdensity might be additionally affected
by outflows that, 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. (2018a) to draw their Hubble diagram used to estimate H0.
The same data plus additional unpublished Foundation+Carnegie
Supernova Project Data Release 3 (CSPDR3) SNIa surveys were
used by Kenworthy et al. (2019) to search for any velocity outflow
associated with the Local Hole. They concluded that the effect on
H0 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 z(m)
peculiar velocities of WS14. We note that the statistical precision
will be reduced by the loss of the Foundation+CSPDR3 surveys’
102 SNIa with 0.023 < z < 0.15. Also, both SNIa surveys have very
non-isotropic sky coverage (see fig. 3 of Kenworthy et al. 2019).
This leaves only six 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 survey. But we shall also compare these results to those
from the full Pantheon+Foundation+CSPDR3 survey as reported
by Kenworthy et al. (2019).
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Local Hole revisited 4717

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 implying that the underdensity is not
just restricted to the 6dF-SGC area and that our assumption of an approxi-
mately isotropic ‘Local Hole’ around our position is not unreasonable.

3 O BSERVED V ERSUS PREDICTED
O U T F L OW S

3.1 Predicted outflow model

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

�v

vH
= −1

3

δρg(< r)

ρ̄g

�0.6
m

b
, (1)

where �v is the peculiar velocity at Hubble velocity, vH, corre-
sponding to comoving radius, r, and b is the galaxy bias. δρg(r)/ρ̄g

is the density contrast given by
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∑
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are taken from averaging the data shown in figs 3(a)–
(c) of WS14. ri are the corresponding comoving distances, δr is
the comoving bin size, and V(r) is the spherical volume to radius
r. Clearly it is the 4π factor in equation (2) that represents our
assumption that the

(
dn
n

)
i

apply isotropically over the whole sky.
Since WS14 only showed the individual n(z)s for their three

areas, for completeness we first show in Fig. 1 the overall average
density contrast

(
dn
n

)
i

found by combining the three areas of WS14
that leads to the �v

vH
(z) result shown in fig. 1 of Shanks et al. (2019).

Here, we find an overall median underdensity of ≈−23 per cent out
to ≈150 h−1 Mpc. Indeed, also from Fig. 1, the similarly combined
SDSS-NGC+6dF-NGC areas still show a ≈−11 per cent 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 and 3.

3.2 Observed z(m) outflows and bulk motions

In Fig. 2, we summarize the WS14 peculiar velocity results in each
of their three areas, as estimated via z(m). The closed circles show

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 � 150 h−1 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.
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Figure 3. Now averaging over the three directions from Fig. 2, the overall
peculiar velocities from z(m) (filled circles) show excellent 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 circles) show less good agreement at larger
distances/magnitudes.

the residuals from the homogeneous z(m) model that 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 z(m) bin to its luminosity distance, d. So the K =
10.25 ± 0.25 bin corresponds to d ≈ 60 h−1 Mpc and the K =
12.25 ± 0.25 bin corresponds to d ≈ 150 h−1 Mpc, as indicated in
Figs 2 and 3. WS14 corrected their galaxy redshifts into the Local
Group frame (see WS14 equation 10) that implies the Local Group
is moving with 633 km s−1 with respect to the CMB.

Fig. 2 thus shows the z(m) peculiar velocities compared to the
vpec = 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 participating 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 Fig. 2, we now compare the results for the above Local 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
vpec = 0 (solid horizontal line) result expected if the galaxies are
at rest in the Local Group frame. In the three areas this combined
bulk flow plus outflow model looks consistent with these data. Thus
the addition 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 observed
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 underdensity in this volume. We again
see excellent agreement between the outflow model and the z(m)
peculiar velocity estimates.

We have used χ2 to compare the z(m) peculiar velocities with the
predicted outflow model in each of the directions and then in the
three directions combined (see Table 1). We have assumed the errors
on the outflow model from Shanks et al. (2019). There are caveats
on our application of these χ2 tests that we discuss in Section 3.3
below. Nevertheless, we see that the χ2 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 ≈ 150 h−1 Mpc vpec point that
WS14 regarded as uncertain, partly due to its amplitude. We also
refer to WS14’s caveat about the possible vulnerability of z(m) to
evolution in the LF, although this is minimized by the low redshift
range involved and our use of the K band. Nevertheless, in this
work we recognize 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 velocities
implied by SNIa and our outflow model. In Fig. 2, we see that
the agreement between the SNIa Pantheon results and the outflow
model data is poor in the fields with most SNIa, i.e. the 6dF-SGC and
SDSS-NGC fields. In 6dF-NGC there is no inconsistency between
these two but with only six 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 SNIa in the usual magnitude
range 10 < K < 12.5 or 60 � d � 150 h−1 Mpc are shown in Fig. 3
where they are seen to disagree with the Local Hole outflow predic-
tion and the z(m) peculiar velocity estimates of WS14. This result
at first look similar to that of Kenworthy et al. (2019) who found no
evidence of outflow in the Pantheon+Foundation+CSPDR3 data
sets.

We again use χ2 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 χ2 values for the SNIa peculiar velocities reject the
model for the full sample and for the SDSS-NGC and 6dF-SGC
subsamples and are generally poorer fits to the model than the z(m)
velocity estimates.

However, as previously noted, there are several issues that mean
all the χ2 results in Table 1 should only be treated as illustrative.
First, we have ignored SNIa systematics that 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 sensitive to how we have handled the errors on
the model velocities in the χ2. All we claim is that since we
have applied our assumptions consistently to both the z(m) and
SNIa comparisons, 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 agreement
with the WS14 z(m) peculiar velocities than with the Pantheon
SNIa data.
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Table 1. χ2 comparisons of the Local Hole outflow model of Shanks et al. (2019) with z(m) and SNIa peculiar velocity
estimates. d.f. gives χ2 degrees-of-freedom, p is the probability of a higher χ2 value, and σ is the equivalent two-tailed
Gaussian significance level.

z(m) χ2 (d.f.) z(m) p SNIa χ2 (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) 2.8 × 10−3 (3.0σ ) 29
SDSS-NGC 2.5244 (5) 0.77 26.491 (4) 2.5 × 10−5 (4.2σ ) 20
All 2.4278 (5) 0.79 18.829 (5) 2.1 × 10−3 (3.1σ ) 295

The lack of detection of outflow is confirmed by our analysis
of the Pantheon SNIa survey over its full redshift range.1 Here
with 1048 SNIa we found a reduced χ2 = 1.0558 on 1046
degrees-of-freedom for the best-fitting �m = 0.28 ± 0.015, H0 =
73.7 ± 0.2 km s−1 Mpc−1 model with no outflow assumed. Assum-
ing the isotropic outflow model predicted by our Local Hole results,
we found a reduced χ2 = 1.0593 on 1046 degrees-of-freedom for
the best-fitting �m = 0.32 ± 0.015, H0 = 72.7 ± 0.2 km s−1 Mpc−1

model. So the outflow model with slightly higher �m and slightly
lower H0 fits the Hubble diagram less well but only by �χ2 = 3.66
that, with only two parameters fitted, represents only an ≈1.4σ

rejection of the outflow model.2 This result broadly supports the
reply of Shanks et al. (2019) to Riess et al. (2018c), that a small
increase in �m allows our Local Hole outflow model to be an
acceptable fit to the SNIa Hubble diagram.

Finally, Kenworthy et al. (2019) claim that in their bigger sample
of 397, 0.023 < z < 0.15 SNIa, our outflow 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 sam-
ple used to estimate H0 at z < 0.15, giving vpec = 540 km s−1 from
their fig. 2 and vpec/cz = 1.8 per cent. Now, this outflow prediction of
�H0 = H0

local/H0
global = 1.018 translates to a change in their Hubble

diagram intercepts of �aB = aB − aFLRW
B = log10(�H0) = 0.0077.

Based on the all-sky fits in their table 1 (and fig. 3a), �aB = 0.0077
is only rejected at 1.9σ–2.2σ in the 0.023 < z < 0.15 and 0.01 <

z < 0.5 ranges. Similarly, in their table 1 (and fig. 5b), �aB
z < 0.05

= 0.0077 is only rejected at 0.8σ in the 0.01 < z < 0.5 range in the
WS14 fields. Kenworthy et al. (2019) here quote a 2.6σ rejection
taking vpec = 520 km s−1 at z = 0.05 from fig. 2 of Shanks et al.
(2019). But volume weighting the outflow model gives 365 km s
−1 at z ≈ 0.04 leading to a 2.0σ rejection. So the rejection of the
outflow model of Shanks et al. (2019) is only at the ≈1σ–2σ level
and thus perhaps less strong in the larger local SNIa samples of
Kenworthy et al. (2019) than in the Pantheon subsample.

4 C O N C L U S I O N S

WS14 presented strong evidence from both galaxy counts and
galaxy number redshift distributions for a local inhomogeneous
underdensity out to ≈150 h−1 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 directions (see Fig. 1). In the Southern sky,
the underdensity shown by the galaxy redshift distribution is further

1The caveat made above about ignoring the systematic errors in the SNIa
peculiar velocity estimates also applies here.
2Note 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.

strongly supported by the redshift distribution of REFLEX II X-ray
galaxy clusters (see fig. 8 of Böhringer et al. 2015). Böhringer et al.
(2019) have recently also similarly found that their new Northern
cluster samples are in good agreement with the WS14 n(z) results.
Combined, their CLASSIX cluster survey covers 66 per cent of the
sky. Thus despite the criticism by Kenworthy et al. (2019) of WS14
areas only covering ≈22 per cent 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 ≈150 h−1 Mpc. This further motivates 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)–
(c) show some similarity to our Fig. 1 and figs 3(a) and (b) of WS14
but perhaps with different normalizations. Although sophisticated
in their treatment of peculiar velocities, 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
normalization used to estimate their density–redshift relations are
consistent with fainter K-band galaxy counts (cf. figs 5 and 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 that would prefer
zero outflow as the best fit. But we have argued that the larger
Pantheon+Foundation+CSPDR3 SNIa sample of Kenworthy et al.
(2019) only excludes the void at the 1σ–2σ 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 observedz(m)and thevpec outflow
model is impressive, 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 ≈150 h−1 Mpc in the sense
that the galaxies appeared to be moving coherently with the Local
Group. In the other 6dF-SGC direction, which 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
improving 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.
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We conclude that an outflow component due to the Local Hole
coupled with a bulk motion within an ≈150 h−1 Mpc radius in
the direction of motion of the Local Group towards the Shapley
Supercluster gives a self-consistent description of the WS14 density
and velocity fields implied by n(z) and z(m) statistics. The size
of the resulting reduction in H0 is at the ≈2–3 per cent level
needed to reconcile the reduced ‘tension’ between the value of H0 =
67.4 ± 1.7 km s−1 Mpc−1 of Planck Collaboration VI (2018) and
at least the H0 = 69.8 ± 1.9 km s−1 Mpc−1 estimated from the tip
of the red-giant branch (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 bigger Pantheon+Foundation+CSPDR3 SNIa survey as
used by 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 the
Large Synoptic Survey Telescope (LSST) in the next few years.
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G., Gottlöber S., 2014, MNRAS, 438, 1805
Wu H.-Y., Huterer D., 2017, MNRAS, 471, 4946

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 490, 4715–4720 (2019)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/490/4/4715/5587002 by U
niversity of D

urham
 user on 12 N

ovem
ber 2019

http://dx.doi.org/10.1051/0004-6361/201424817
http://arxiv.org/abs/1907.12402
http://dx.doi.org/10.1111/j.1365-2966.2004.08217.x
http://dx.doi.org/10.1093/mnras/stv547
http://dx.doi.org/10.1093/mnras/stu920
http://dx.doi.org/10.1111/j.1365-2966.2011.18362.x
http://dx.doi.org/10.1086/307636
http://dx.doi.org/10.1093/mnras/stx566
http://dx.doi.org/10.3847/1538-4357/ab2f73
http://dx.doi.org/10.1046/j.1365-8711.2003.07027.x
http://dx.doi.org/10.3847/1538-4357/aaa59b
http://dx.doi.org/10.1051/0004-6361/201833710
http://dx.doi.org/10.1088/0004-637X/754/2/131
http://dx.doi.org/10.1086/186646
http://dx.doi.org/10.1086/173997
http://arxiv.org/abs/1907.11219
http://dx.doi.org/10.1086/166066
http://dx.doi.org/10.1111/j.1365-2966.2011.18426.x
http://dx.doi.org/10.1111/j.1365-2966.2012.21629.x
http://dx.doi.org/10.1086/186335
http://dx.doi.org/10.1088/0004-637X/795/1/3
http://dx.doi.org/10.1093/mnras/stv2099
http://dx.doi.org/10.1088/0004-637X/735/2/77
http://dx.doi.org/10.1088/1475-7516/2017/03/022
http://arxiv.org/abs/1807.06209
http://dx.doi.org/10.1093/mnras/sty2947
http://dx.doi.org/10.1051/0004-6361/201424553
http://arxiv.org/abs/1810.03526
http://dx.doi.org/10.3847/1538-4357/835/1/78
http://dx.doi.org/10.3847/1538-4357/aab9bb
http://dx.doi.org/10.1093/mnras/stv2146
http://dx.doi.org/10.1093/mnras/206.4.767
http://dx.doi.org/10.1086/182962
http://dx.doi.org/10.1086/377226
http://dx.doi.org/10.1086/308409
http://dx.doi.org/10.1086/527428
http://dx.doi.org/10.3847/0004-6256/152/2/50
http://dx.doi.org/10.1111/j.1365-2966.2011.20050.x
http://dx.doi.org/10.1093/mnras/stu2414
http://dx.doi.org/10.1111/j.1365-2966.2008.14089.x
http://dx.doi.org/10.1093/mnras/stt2024
http://dx.doi.org/10.1093/mnras/stw555
http://dx.doi.org/10.1093/mnras/stt2321
http://dx.doi.org/10.1093/mnras/stx1967

