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ABSTRACT
Using the Tully–Fisher relation, we derive peculiar velocities for the 2MASS Tully–Fisher
survey and describe the velocity field of the nearby Universe. We use adaptive kernel smoothing
to map the velocity field, and compare it to reconstructions based on the redshift space galaxy
distributions of the 2MASS Redshift Survey (2MRS) and the IRAS Point Source Catalog
Redshift Survey (PSCz). With a standard χ2 minimization fit to the models, we find that the
PSCz model provides a better fit to the 2MTF velocity field data than does the 2MRS model,
and provides a value of β in greater agreement with literature values. However, when we
subtract away the monopole deviation in the velocity zero-point between data and model, the
2MRS model also produces a value of β in agreement with literature values. We also calculate
the ‘residual bulk flow’: the component of the bulk flow not accounted for by the models. This
is ∼250 km s−1 when performing the standard fit, but drops to ∼150 km s−1 for both models
when the aforementioned monopole offset between data and models is removed. This smaller
number is more in line with theoretical expectations, and suggests that the models largely
account for the major structures in the nearby Universe responsible for the bulk velocity.

Key words: galaxies: distances and redshifts – galaxies: fundamental parameters – galaxies:
spiral – distance scale – large-scale structure of Universe.

1 IN T RO D U C T I O N

The velocity field of galaxies exhibits deviations from Hubble flow
due to inhomogeneities in the large-scale distribution of matter.
By studying the galaxy peculiar velocity field, we can explore the
large-scale distribution of matter in the local Universe and so test
cosmological models and measure cosmological parameters.

With c representing the speed of light and vpec representing a
galaxy’s peculiar velocity, we define the ‘peculiar redshift’ zpec as
the peculiar velocity in redshift units, given by

zpec = vpec/c, (1)

� E-mail: christopher.springob@gmail.com

where zpec is related to the observed redshift zobs and the redshift
due to Hubble flow zH according to

(1 + zobs) = (1 + zH)(1 + zpec) (2)

as given by Harrison (1974). The low-redshift approximation of this
relation is

vpec ≈ czobs − czH ≈ czobs − H0D, (3)

where H0 is the Hubble constant and D is the galaxy’s comoving
distance.

The measurement of peculiar velocities is thus intertwined with
the measurement of distances, in that redshift-independent distances
are needed in combination with redshifts to extract peculiar veloc-
ities. Most of the largest peculiar velocity surveys have made use
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of one of two redshift-independent distance indicators: the Tully–
Fisher relation (TF; Tully & Fisher 1977) and the Fundamental
Plane relation (Djorgovski & Davis 1987; Dressler et al. 1987).
These scaling relations express the luminosity of a spiral galaxy as
a power-law function of its rotational velocity and the radius of an
elliptical galaxy as a power-law function of its surface brightness
and velocity dispersion, respectively.

The earliest peculiar velocity surveys using these distance indica-
tors, such as Aaronson et al. (1982) and Lynden-Bell et al. (1988),
included no more than a few hundred galaxies. Many of these sur-
veys were concatenated into the Mark III catalogue (Willick et al.
1995; Willick et al. 1996). Among the earliest individual TF sur-
veys to include more than ∼1000 galaxies were a set of surveys
conducted by Giovanelli, Haynes, and collaborators (e.g. Giovanelli
et al. 1994, 1995, 1997a; Haynes et al. 1999a,b). These surveys were
combined, along with additional data, to create the SFI++ survey
(Masters et al. 2006; Springob et al. 2007), which included TF data
for ∼5000 galaxies.

At the time of its release, SFI++ was the largest peculiar veloc-
ity survey compiled. However, both its selection criteria and data
sources were quite heterogeneous. The 2MASS Tully-Fisher survey
(2MTF) was envisioned as a ‘cleaner’ all-sky TF survey, with more
stringent selection criteria, drawn from a more homogeneous data
set, and extending to significantly lower Galactic latitudes. It draws
on galaxies selected from the 2MASS Redshift Survey (2MRS;
Huchra et al. 2012), and uses photometry from the 2MASS ex-
tended source catalogue (Jarrett et al. 2000) and spectroscopy from
the Green Bank Telescope (GBT), Parkes radio telescope, Arecibo
telescope, and other archival H I catalogues. The archival data over-
laps heavily with the archival data set used for SFI++, and the H I

width measurement procedure and peculiar velocity derivation also
follows the SFI++ procedure closely. The 2MTF template relation
was presented by Masters, Springob & Huchra (2008), while the
first cosmological analysis using the data set, a measurement of the
bulk flow, was presented by Hong et al. (2014).

In this paper, we examine the cosmography of the observed 2MTF
velocity field, and compare it to two reconstructions of the predicted
peculiar velocity field, which assume that the matter distribution
traces the galaxy distribution. The first is the Erdoğdu et al. (sub-
mitted, updated from Erdoğdu et al. 2006) reconstruction of the
aforementioned 2MRS. The second is the Branchini et al. (2001)
reconstruction of the IRAS Point Source Catalog Redshift Survey
(PSCz; Saunders et al. 2000). In comparing to these reconstructions,
we compute the χ2 agreement between the observed and predicted
velocity fields, the value of the redshift space distortion parameter
β, and the amplitude and direction of the ‘residual bulk flow’, which
represents the component of the bulk flow of the local Universe not
predicted by models.

The history of such comparisons between observed peculiar ve-
locity fields and predictions made from large all-sky redshift surveys
goes back to analyses such as those of Kaiser et al. (1991), Shaya,
Tully & Pierce (1992), Hudson (1994), Davis, Nusser & Willick
(1996), and Hudson et al. (2004). More recently, we have seen
the comparisons between SFI++ and 2MRS performed by Davis
et al. (2011), between SFI++ and 2M++ (Lavaux & Hudson 2011)
performed by Carrick et al. (2015), and between the 6dF Galaxy
Survey (6dFGS) peculiar velocity field (Springob et al. 2014) and
both the 2MRS and PSCz reconstructions performed by Magoulas
(2012), Magoulas et al. (in preparation), and Springob et al. (2014).
These later papers find good overall agreement between the ob-
served and predicted velocity fields, but disagree on whether the
predicted fields can explain the amplitude of the bulk flow. 2MTF

is well suited to examine this issue because of its all-sky coverage,
sampling the sky down to Galactic latitudes of |b| = 5◦.

The paper is arranged as follows: In Section 2, we describe the
2MTF observational data set as well as the 2MRS and PSCz model
velocity fields. In Section 3, we describe the derivation of pecu-
liar velocities. In Section 4, we describe the cosmography of the
2MTF velocity field, present our comparison of the field to the
model velocity fields, and discuss our results. We summarize our
results in Section 5.

2 DATA

2.1 2MTF TF data

The 2MTF target list was compiled from the set of all 2MRS (Huchra
et al. 2012) spirals with total K-band magnitude Ks < 11.25, cosmic
microwave background (CMB) frame redshift cz < 10 000 km s−1,
and axis ratio b/a < 0.5. There are ∼6000 galaxies that meet these
criteria, though many of them are quite faint in H I, and observa-
tionally expensive to observe with the available single dish radio
telescopes. Thus only a fraction of these objects are included in the
final 2MTF sample.

We have combined archival data with observations made as part
of the Arecibo Fast Legacy ALFA Survey (ALFALFA; Giovanelli
et al. 2005), and observations made with the GBT (Masters et al.
2014b) and Parkes telescope (Hong et al. 2013). While the new GBT
and Parkes observations preferentially targeted late-type spirals, the
archival data includes all spiral types. The complete 2MTF sample
includes 2018 galaxies (note that this is separate from the 888 cluster
galaxies used to fit the template TF relation in Masters et al. 2008).
However, as noted in Section 3.2, for the analysis performed in this
paper, we exclude large outliers from the TF relation, which reduces
the number of objects to 1985.

2.1.1 Photometric data

All of our photometry is drawn from the 2MRS catalogue. 2MRS
is an all-sky redshift survey, consisting of ∼43 000 redshifts of
2MASS galaxies, extending in magnitude to Ks < 11.75 and Galac-
tic latitude |b| > 5◦. While the final sample (Huchra et al. 2012)
has a limiting K-band magnitude of 11.75, the 2MTF survey began
before 2MRS was complete, and so the magnitude limit was set to
the somewhat shallower value of 11.25. For the analysis presented
in this paper, we use total K-band magnitudes.

While the Masters et al. (2008) template used I-band and J-band
axis ratios, we use 2MASS J/H/K co-added axis ratios (see Jarrett
et al. 2000). As explained by Hong et al. (2014), the dispersion be-
tween these two definitions of axis ratio is ∼0.096, and we account
for this in deriving the scatter of the TF relation, but find no sys-
tematic trend between the two definitions towards larger or smaller
values.

Internal dust extinction and k-correction were done as described
by Masters et al. (2008), and updated in the erratum Masters,
Springob & Huchra (2014a). The 2MRS total magnitudes are al-
ready corrected for Galactic extinction, so no further correction is
necessary.

2.1.2 Spectroscopic data

The primary source of archival data used here is the Cornell H I

archive (Springob et al. 2005), which offers H I spectroscopy for
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Figure 1. Distribution of 2MTF galaxies in Galactic latitude (l) and longitude (b), shown in an Aitoff projection. Galaxies are colour-coded by redshift,
according to the colour bar on the right-hand side of the plot.

∼9000 galaxies in the local Universe, as observed by single dish
radio telescopes. We find 1038 galaxies from this data set with
high-quality spectra that match the 2MTF selection criteria. We
also include H I data from Theureau et al. (1998), Theureau et al.
(2005), Theureau et al. (2007), and Matthewson, Ford & Buchhorn
(1992), as well as the Nancay observations from table A.1 of Paturel
et al. (2003). The raw observed H I widths drawn from these sources
were then corrected for inclination, redshift stretch, instrumental
effects, turbulence, and smoothing, according to the prescriptions
of Springob et al. (2005), which were then updated by Hong et al.
(2013).

To supplement the archival data, we made new observations us-
ing the Parkes and GBT between 2006 and 2012. These data sets
were presented by Hong et al. (2013) and Masters et al. (2014b),
respectively, but we briefly summarize them here.

The observations were divided up in such a way that Parkes was
used to target galaxies in southern declinations (δ < −40◦), while
the GBT targeted more northern galaxies (δ > −40◦), but outside
the ALFALFA survey region. (See Fig. 1 for the sky distribution
of objects.) The GBT observations targeted 1193 galaxies in posi-
tion switched mode, with the spectrometer set at 9 level sampling
with 8192 channels. After smoothing, the velocity resolution was
5.15 km s−1. 727 galaxies were detected, with 483 of them being
deemed sufficiently high-quality detections to be included in our
sample.

For the Parkes observations, we targeted 305 galaxies which did
not already have high-quality H I width measurements in the lit-
erature. Of these, we obtained width measurements suitable for
inclusion in our sample for 152 galaxies. The multibeam correla-
tor produced raw spectra with a velocity resolution of 1.6 km s−1,
though Hanning smoothing broadened the resolution to 3.3 km s−1.
Each of the GBT and Parkes spectra were analysed using the IDL

routine awv_fit.pro, which is based on the method used for the Cor-
nell H I archive (Springob et al. 2005), which in turn is based on the
earlier approach developed by Giovanelli, Haynes, and collabora-
tors (e.g. Giovanelli et al. 1997b). We use the WF50 width algorithm,
as defined in those papers. It involves fitting a line to either side of

the H I line profile, and measuring the width from the points on
each line representing 50 per cent of the flux minus rms value. This
approach was also adopted for use in the ALFALFA survey.

In addition to the archival, GBT, and Parkes data sets, we also
included ALFALFA data from the initial data release (Haynes et al
2011). The catalogue presented in that data release covers roughly
40 per cent of the final survey. However, the ALFALFA team has
provided us with additional unpublished data from the survey, cur-
rent as of 2013 October. In total then, we cover ∼66 per cent of the
ALFALFA sky. From this sample, we use 576 galaxy widths, which
will be updated once the final release of ALFALFA is available.

As noted above, this gives us a final sample of 1985 galaxies when
TF outliers are excluded. The redshift histogram of this sample can
be found in Fig. 2.

2.2 PSCz model velocity field

The IRAS PSCz (Saunders et al. 2000) includes 15 500 galaxies,
covering 84 per cent of the sky, with most of the missing sky area
lying at low Galactic latitudes. Branchini et al. (1999) reconstructs
the local density and velocity field from this survey, using a spherical
harmonic expansion method proposed by Nusser & Davis (1994).
The method assumes a linear mapping between the PSCz spatial
distribution of galaxies and the matter distribution, with an input
assumed bias parameter β = 0.5. The grid spacing of the model
is 2.8 h−1 Mpc, extending to a distance of 180 h−1 Mpc from the
origin in each direction.

We convert the PSCz velocity grid from real space to redshift
space, so that we may compare to the redshift space positions of
the 2MTF galaxies. Each gridpoint is assigned to its position in
redshift space by adding its reconstructed peculiar velocity to its real
distance. The reconstructed velocities are then linearly interpolated
on to a regularly spaced grid (again with 2.8 h−1 Mpc resolution)
in redshift space. The problem of triple-valued regions is mitigated
in the original Branchini et al. (1999) reconstruction, by the authors
collapsing galaxies within clusters, and applying a method devised
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Figure 2. Redshift distribution of galaxies in 2MTF in the CMB reference
frame. The bin width is 250 km s−1.

by Yahil et al. (1991) to determine the locations of galaxies along
those lines of sight.

Following the reconstruction of the PSCz velocities on to this
redshift space grid, we assign line-of-sight predicted PSCz veloc-
ities to each of the galaxies in the 2MTF sample. This is done by
interpolating the nearest gridpoints to the position of the galaxy in
question. The interpolation is done with inverse distance weight-
ing. This method was also used by Springob et al. (2014) to match
6dFGS peculiar velocities to predictions from models.

2.3 2MRS model velocity field

We also make use of a density/velocity field reconstruction from
2MRS itself. As noted in Section 2.1, the final 2MRS data release
(Huchra et al. 2012) includes redshifts for 44 699 galaxies, and
covers 91 per cent of the sky (excluding only the Galactic zone of
avoidance). Erdoğdu et al. (2006) reconstructed the density/velocity
field from an earlier 2MRS data release (Huchra et al. 2005), and
this has now been updated to make use of the final data set (Erdoğdu
et al. submitted).

The reconstruction method is described in detail by Erdoğdu
et al. (2006). It most closely follows the method used by Fisher
et al. (1995), again assuming that the matter distribution follows
the galaxy distribution, with an assumed β = 0.4. It involves de-
composing the redshift space density field of galaxies into spherical
harmonics, and smoothing with a Wiener filter. The reconstruction
gives densities and velocities on a grid in supergalactic Cartesian
coordinates with gridpoints spaced by 8 h−1 Mpc and extending to
a distance of 200 h−1 Mpc from the origin in each direction.

As with PSCz, we convert this grid from real space to redshift
space. The resulting redshift space grid in this case has grid spacing
of 4 h−1 Mpc. Again, as with PSCz, we then use interpolation
between gridpoints to assign model velocities to galaxies in the
2MTF sample.

3 T F D I S TA N C E S A N D P E C U L I A R
V E L O C I T I E S

We follow the same basic procedure that was followed for the
SFI++ derivation of peculiar velocities by Springob et al. (2007),
which relied on the calibration of the TF relation from the template
relation of Masters et al. (2006). This in turn followed the procedure
used by the SFI and SCI surveys (Giovanelli et al. 1994, 1995,
1997b).

In brief, we use the J-, H-, and K-band TF template relations
from Masters et al. (2008) to derive the peculiar velocities of the
individual galaxies in our sample. The Masters et al. (2008) tem-
plate sample includes 888 galaxies, while the sample presented in
this paper includes 1985 galaxies which does not overlap with the
template sample. The template relations found by Masters et al.
(2008) are

MK − 5 log h = −22.188 − 10.74(log W − 2.5),

MH − 5 log h = −21.951 − 10.65(log W − 2.5),

MJ − 5 log h = −21.370 − 10.61(log W − 2.5), (4)

where W is the corrected H I width in units of km s−1, and MK, MH,
and MJ are the corrected absolute magnitudes in the three bands.

One difference between the SFI++ approach and the one em-
ployed here is that we work with logarithmic distance ratios through-
out, rather than converting to linear peculiar velocities. This is done
because the distance errors (as well as the individual errors on line
width and magnitude) are approximately lognormal. We thus make
use of the quantity

�d∗ = log

(
dz

d∗
TF

)
= −�M

5
, (5)

where �M = Mobs − M(W) is the difference between the cor-
rected absolute magnitude Mobs, calculated using the redshift dis-
tance of the galaxy (dz), and the magnitude M(W) derived from the
TF template relation. d∗

TF is the distance to the galaxy derived from
the TF relation, but not corrected for Malmquist/selection bias. We
then refer to �d∗ as the logarithmic distance ratio (uncorrected for
Malmquist bias). In Section 3.2, we discuss the Malmquist bias
correction, at which point this quantity is replaced by �d, the log-
arithmic distance ratio (corrected for Malmquist bias).

As noted by Hong et al. (2014), the fact that Masters et al. (2008)
uses a different set of axial ratios means that we must derive new
measurements of the intrinsic scatter in the TF relation. Hong et al.
(2014) does this, and arrives at the relations

εint,K = 0.44 − 0.66(log W − 2.5),

εint,H = 0.44 − 0.95(log W − 2.5),

εint,J = 0.46 − 0.77(log W − 2.5), (6)

for the scatter in the TF relation in magnitude units. To convert these
to logarithmic distance units, one must divide the εint values by 5.

3.1 Galaxy groups

Crook et al. (2007) describes a galaxy group catalogue for 2MRS,
derived using a ‘friends-of-friends’ algorithm. 55 of these groups
include more than one member in our sample. To eliminate the
effects of motions within galaxy groups, we thus fix the redshift
used when calculating the logarithmic distance ratio in equation (5)
to the group redshift for all of our group galaxies. However, the
magnitude offset �M is still calculated separately for each galaxy.
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3.2 Selection bias

‘Malmquist bias’ is the term used to describe biases originating
from the interaction between the spatial distribution of objects and
the selection effects (Malmquist 1924). It results from the coupling
between the random distance errors and the apparent density dis-
tribution along the line of sight. There are two types of distance
errors to consider. The first is ‘inhomogeneous Malmquist bias’,
which arises from local density variations due to large-scale struc-
ture along the line of sight. This bias is most pronounced when
measuring galaxy distances in real space. This is because the large
distance errors scatter the measured galaxy distances away from
overdense regions, creating artificially inflated measurements of in-
fall on to large structures. By contrast, when the measurement is
done in redshift space, the much smaller redshift errors mean that
this effect tends to be negligible (see e.g. Strauss & Willick 1995).

For the 2MTF sample, we are measuring galaxy distances and
peculiar velocities in redshift space rather than real space. In this
case, inhomogeneous Malmquist bias is negligible, and the form
of Malmquist bias that we must deal with is of the second type,
known as homogeneous Malmquist bias, which affects all galaxies
independently of their position on the sky. It is a consequence
of both (1) the volume effect, which means that more volume is
covered within a given solid angle at larger distances than at smaller
distances, and (2) the selection effects, which cause galaxies of
different luminosities, radii, velocity dispersions etc. to be observed
with diminishing completeness with increased distance. We note,
however, that different authors use somewhat different terminology,
and the latter effect described above is often simply described as
‘selection bias’.

The approach one takes in correcting for this bias depends in part
on the selection effects of the survey. In our case, we used homoge-
neous criteria in determining which galaxies to observe. However,
many of the galaxies that met our selection criteria yielded non-
detections, marginal detections, or there was some other problem
with the spectrum that precluded the galaxy’s inclusion in our sam-
ple. Our final sample, then, lacks the same homogeneity as the
original target sample, and our selection bias correction procedure
must account for this.

We adopt the following procedure.

(1) Using the stepwise maximum likelihood method
(Efstathiou, Ellis & Peterson 1988), we derive the K-band
luminosity function �(Mk), as a function of K-band absolute
magnitude Mk, for all galaxies in 2MRS that meet our K-band
apparent magnitude, Galactic latitude, morphological, and axis
ratio criteria. For this purpose, we include galaxies beyond the
10 000 km s−1 redshift limit, to simplify the implementation of the
luminosity function derivation. The resulting luminosity function
of this sample is found in Fig. 3. We fit a Schechter function
(Press & Schechter 1974) to this distribution, and find parameters
Mk

∗ = −23.1 and α = −1.10. The final parameter of the Schechter
function is the normalization. The stepwise maximum likelihood
method cannot derive this parameter, but it is not needed for our
method in any case. This luminosity function has a steeper slope
than the 2MASS K-band luminosity function derived by Kochanek
et al. (2001), who find α = −0.87. Our morphological selection
criteria presumably contribute to this difference, though Jones
et al. (2006) notes that there is some disagreement between the
Kochanek et al. (2001) luminosity function and others.

(2) We define the ‘completeness’ as the fraction of the target
sample that is included in our final catalogue for a given apparent
magnitude bin. We divide up the sky between two regions: one

Figure 3. K-band luminosity function �(Mk), as a function of absolute
magnitude Mk, for 2MTF target galaxies, derived using the stepwise maxi-
mum likelihood method. Error bars represent the uncertainty from Poisson
statistics. The dashed line represents the best-fitting Schechter function,
which gives Schechter parameters Mk

∗ = −23.1 and α = −1.10. The ver-
tical axis is in dex units, but the normalization is arbitrary, as the stepwise
maximum likelihood method is unable to fit the normalization. However,
the normalization is also irrelevant, as the correction for selection bias only
requires us to know the relative luminosity function.

covering all declinations north of δ = −40◦, and the other covering
all declinations south of δ = −40◦. The δ = −40◦ boundary is the
declination at which the sample transitions from GBT to Parkes
observations. After experimenting with further subdivisions of the
sky, we conclude that the completeness as a function of apparent
magnitude remains constant within each region, and assume that that
holds in the analysis that follows. We compute this completeness
function separately for the two sky regions, by taking the ratio
of observed galaxies to galaxies in the target sample for K-band
apparent magnitude bins of width 0.25 mag.

(3) For each of the galaxies in the sample, we compute the un-
corrected logarithmic distance ratio (�d∗) probability distribution,
assuming a Gaussian distribution, with an uncorrected 1σ scatter
of εd

∗. For each logarithmic distance ratio value (�di) within 2σ of
the nominal value of �d∗, we weight the probability by wi, where
1/wi is the completeness (from Step 2) integrated across the K-band
luminosity function (from Step 1), evaluated at the �di in question.
Using the luminosity function in this manner involves converting it
into apparent magnitudes, using the relevant distance modulus.

(4) Finally, we fit a Gaussian to the re-weighted probability distri-
bution. This gives us the corrected logarithmic distance ratio (�d),
and its error (εd). We then cut from the sample any galaxies deemed
outliers, defined as those for which the deviation from �d = 0
cannot be accounted for by the quadrature sum of a 300 km s−1

scatter in peculiar velocities plus 3σ deviation from the TF relation.
43 galaxies are eliminated by this criterion, leaving us with a total
sample of 1985 galaxies.

The �d histograms can be found in Hong et al. (2014). As noted
in that paper, the mean TF distance error translates to ∼22 per cent
in all three wavebands.
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4 R ESULTS AND DISCUSSION

4.1 Velocity field cosmography

Because of the significant distance errors obtained for each individ-
ual galaxy, we use adaptive kernel smoothing to get a cosmographic
view of the velocity field. We set up a 3D redshift space grid in super-
galactic Cartesian coordinates, with all gridpoints spaced 4 h−1 Mpc
apart. At each gridpoint, we compute adaptively smoothed values
of �d for both the PSCz reconstructed velocity field, and the ob-
served 2MTF field. This is done following a procedure outlined in
Springob et al. (2014), that draws on methods used by Silverman
(1986) and Ebeling, White & Rangarajan (2006). We summarize
this method below.

We define �d(r i) as the logarithmic distance ratio at redshift
space position r i . We aim to recover �d(r i) by smoothing the indi-
vidual logarithmic distance ratios �dj for galaxy j. Our smoothing
algorithm is defined as

�d(r i) =
∑Nj

j=1 �dj cos θi,j e−rri,j /2 σ−3
j∑Nj

j=1 e−rri,j /2 σ−3
j

, (7)

where σ j is the smoothing length of the 3D Gaussian kernel for
galaxy j, θ i,j is the angle between the r i for gridpoint i and the rj

for galaxy j, and rri,j is the square of the distance between gridpoint
i and galaxy j in units of σ j. The summations in both the numerator
and denominator of equation (7) run over all Nj galaxies for which
rri,j < 9.

We define the smoothing length σ j as a function of the fiducial
kernel σ ′ = 15 h−1 Mpc, weighted as a function of local density,
δj:

σj = σ ′
[

exp(
∑N

l=1 ln δl/N )

δj

]1/2

, (8)

where

δj =
Nk∑
k=1

e−rrj,k/2 (9)

and rrj,k is the square of the distance between galaxy j and galaxy
k in units of σ ′. The sum in equation (8) is over all N galaxies in
the survey, while the sum in equation (9) is over the Nk galaxies
within 3σ ′ of galaxy j. In this case, we set σ ′ = 15 h−1 Mpc. The
mean smoothing length is 〈σ j〉 = 7.2 h−1 Mpc, with a 1σ scatter of
4.2 h−1 Mpc. The smallest smoothing length is 2.4 h−1 Mpc, while
the largest is 29.0 h−1 Mpc.

The distribution of smoothing lengths only weakly depends on
the fiducial value, σ ′. The selection of the fiducial value is somewhat
arbitrary, but we chose a value that we find clearly illustrate the broad
trends in the velocity field. In any case, the smoothed map is not
used for any quantitative analysis in this paper. All measurements
of β and the residual bulk flow use the unsmoothed �d values from
the individual galaxies.

In Figs 4–6, we show the adaptively smoothed velocity field along
slices of SGX, SGY, and SGZ, for both the observed 2MTF data
set and the 2MRS and PSCz models. SGX, SGY, and SGZ are the
orthogonal axes in supergalactic Cartesian coordinates. They are
defined by SGX = rcos (sgb)cos (sgl), SGY = rcos (sgb)sin (sgl),
SGZ = rsin (sgb), where r is the redshift space distance to the
galaxy, and sgl and sgb are the supergalactic longitude and latitude,
respectively.

In these figures, we also provide plots of the residual logarithmic
distance ratios, �d2MTF − �d2MRS and �d2MTF − �dPSCz. These

plots indicate features of the velocity field which are not predicted
by the models. We also include the approximate positions of var-
ious nearby features of large-scale structure. (It should be noted
that though objects such as the Hydra-Centaurus Supercluster and
the Pisces-Perseus Supercluster are extended structures, we only
display them as point sources so as not to obscure other features of
the maps.)

The most notable features distinguishing the observed velocity
field from the model velocity fields are: (1) a monopole deviation
in �d between the 2MRS reconstruction and both the PSCz recon-
struction and the 2MTF observation, with the former showing many
more gridpoints with positive values of �d, and (2) a dipole devi-
ation between the observed velocity field and both model velocity
fields. Namely, the observed velocity field shows a noticeably large
motion towards negative SGX and positive SGY, more or less in
the direction of the Hydra-Centaurus and Shapley Superclusters.
Hong et al. (2014) measures this bulk flow at depths of 20, 30, and
40 h−1 Mpc with a Gaussian window function, finding values of
310.9 ± 33.9, 280.8 ± 25.0, and 292.3 ± 27.8 km s−1, respectively.
While Hong et al. (2014) found these bulk flow values to be in good
agreement with expectations from the � cold dark matter (�CDM)
model, we see here that the observed bulk flow does not appear to
be replicated in the velocity field reconstructions. We discuss this
issue greater detail in Section 4.3.

Figs 4–6 can also be directly compared to previous maps of the
velocity field. For example, Theureau et al. (2007) presents similar
cosmographic plots of the nearby velocity field based on the Kine-
matics of the Local Universe survey (KLUN; Theureau et al. 2005),
as do Tully et al. (2014) and Hoffman, Courteau & Tully (2015)
using the Cosmic Flows 2 survey (Tully et al. 2013). Springob
et al. (2014) also includes very similar figures, as derived from the
6dFGS velocity field. Theureau et al. (2007) fig. 11 closely matches
the ‘mid-plane’ panel in Fig. 4 from this paper, for example. In both
cases, we see evidence of both foreground and background infall on
to both the Pisces-Perseus Supercluster and Coma. Both also show
foreground infall towards Hydra-Centaurus, though our 2MTF cos-
mography plots are not deep enough to establish whether there is
backside infall as seen by Theureau et al. (2007). Again, though, the
largest apparent difference between the 2MTF and KLUN velocity
field maps would appear to be the large dipole apparent in 2MTF,
which is also notable in the 6dFGS cosmography, as described by
Springob et al. (2014).

4.2 Fitting to the model velocity fields and measuring β

As noted in Sections 2.2 and 2.3, the fiducial values of the redshift
space distortion parameter β are 0.4 for the 2MRS model and 0.5 for
the PSCz model. These are values that are assumed by the models,
but we can measure the values for each model directly using 2MTF.
To clarify, β is related to the matter density of the Universe (in units
of the critical density) 
m and the linear bias parameter b, according
to

β = 
0.55
m /b (10)

in a flat �CDM universe (Linder 2005). b is defined as b = δg/δm,
the ratio between overdensities in the galaxy density field and over-
densities in the matter density field. In the linear regime, the induced
velocity v at position r is then

v(r) = β

4π

∫
d3r ′ r ′ − r

|r ′ − r|3 δg(r ′). (11)
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Figure 4. Adaptively smoothed maps of the nearby galaxy velocity field in supergalactic Cartesian coordinates, in slices of SGZ. In each case, the velocity
field is given in logarithmic distance units (�d = log (Dz/DH), in the nomenclature of Section 3), as the logarithm of the ratio between the redshift distance and
the true Hubble distance. As shown in the colour bars for each panel, redder (bluer) colours correspond to more positive (negative) values of the logarithmic
distance ratio, �d, and thus more positive (negative) peculiar velocities. The left-hand column is the slice for SGZ < −20 h−1 Mpc. The middle column is
the −20 < SGZ < +20 h−1 Mpc slice. The right-hand column is the SGZ > +20 h−1 Mpc slice. The top row is the observed velocity field from 2MTF. The
second row is the 2MRS reconstructed velocity field, as derived by Erdoğdu et al. (submitted). The third row is the difference between the observed 2MTF �d
values and the predicted 2MRS �d values. That is, it is the residual in �d from 2MRS. The fourth row is the PSCz reconstructed velocity field, as derived
by Branchini et al. (1999). The fifth row is the 2MTF residual from PSCz. Gridpoints are spaced 4 h−1 Mpc apart. We also mark the approximate positions
of several features of large-scale structure: The Coma Cluster (©), the Hydra-Centaurus Supercluster (�), the Virgo Cluster (
), and the Pisces-Perseus
Supercluster (�).
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Figure 5. Same as Fig. 4, but showing slices parallel to the SGY axis rather than the SGZ axis.

Since the amplitude of velocities is proportional to the value
of β, the characteristic observed amplitude should scale with β.
Thus

|vobs|/|vmodel| = β/βfid. (12)

Here, we employ a simple χ2 minimization in order to measure
the value of β for both the 2MRS and PSCz models, using the N

galaxies in the 2MTF sample:

χ2
ν =

N∑
i=1

(�di − �dmodel,i)2

Nσ 2
i

, (13)

where �di is the logarithmic distance ratio of galaxy i, and σ i is
the uncertainty on this quantity. �dmodel,i is the logarithmic distance
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Figure 6. Same as Fig. 4, but showing slices parallel to the SGX axis rather than the SGZ axis.

ratio for galaxy i given by the 2MRS or PSCz model, with the model
velocity scaled according to

vi,j /vi,fid = βj/βfid. (14)

Here, we consider a range of possible β values, β j. vi,j is then the
model velocity for galaxy i, assuming β value β j. The value of
β j that minimizes χ2

ν according to equation (13) is then our best-

fitting value of β. The 68 per cent uncertainty on β is then located
at χν

2 = χν,min
2(1 ± 1/N).

The resulting best-fitting values of β are 0.16 ± 0.04 for 2MRS
and 0.41 ± 0.04 for PSCz. The corresponding values of χ2

ν are 1.14
and 1.09, respectively. These values can be compared to the values
measured by other authors for the same velocity field reconstruc-
tions, as shown in Table 1. As seen there, our measured value of β

for PSCz is on the low end of the literature values, though nearly
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Table 1. The best-fitting values of β measured for both the 2MRS and PSCz models, using χ2 minimization, for a variety of scenarios
explained in greater detail in Section 4.2. We also list several literature values for β for each of the two models, again with 2MRS values
in the left-hand column and PSCz values in the right-hand column.

2MRS PSCz
type of fit β χ2

ν type of fit β χ2
ν

Fiducial value 0.40 Fiducial value 0.50
Standard fit 0.17 ± 0.04 1.15 Standard fit 0.41 ± 0.04 1.10
Fix 〈�d〉 to 2MTF value 0.31 ± 0.04 1.10 Fix 〈�d〉 to 2MTF value 0.41 ± 0.04 1.11
Fit 〈�d〉 0.35 ± 0.04 1.10 Fit 〈�d〉 0.40 ± 0.05 1.09
Literature values
Branchini, Davis & Nusser (2012) 0.32 ± 0.08 Branchini et al. (2001) 0.42 ± 0.04
Nusser, Branchini & Davis (2012) 0.32 ± 0.10 Nusser et al. (2001) 0.50 ± 0.10
Davis et al. (2011) 0.33 ± 0.04 Zaroubi et al. (2002) 0.51 ± 0.06
Bilicki et al. (2011) 0.38 ± 0.04 Ma, Branchini & Scott (2012) 0.53 ± 0.01
Lavaux et al. (2010) ∼0.52 Turnbull et al. (2012) 0.53 ± 0.08
Pike & Hudson (2005) 0.55 ± 0.05 Radburn-Smith, Lucey & Hudson (2004) 0.55 ± 0.06

identical to the value measured by Branchini et al. (2001). On the
other hand, the value of β for 2MRS is substantially lower than any
of the literature values.

As noted in Section 4.1, there is a significant monopole offset
between 2MTF and PSCz. We define 〈�d〉 as the mean value of the
logarithmic distance ratio �d, averaged over galaxies in either the
data or the models. This gives us the zero-point of the data set in
question. We find that 〈�d〉 = −0.005 for 2MTF, +0.013 for the
2MRS model, and −0.003 for the PSCz model, if measured only
at the positions of the 2MTF galaxies. Thus, there is a significant
monopole discrepancy between 2MTF and the 2MRS model.

In the case of both the data and the models, however, the zero-
point of the velocity field is based on a set of assumptions about the
boundary conditions that cannot be independently tested with the
data at hand. The 2MRS model used here, for example, assumes
zero gravitational potential at the survey boundary, though the au-
thors also considered alternative sets of assumptions, such as zero
net velocity at the survey boundary. The 2MTF data set likewise
assumes 〈�d〉 is ∼0 in the survey volume by construction, because
a monopole in the velocity field is completely degenerate with an
offset in the zero-point of the TF relation. We thus consider how our
measurement of β might differ with a different set of assumptions
about the zero-point. If we shift all of the �d values of 2MRS by
0.018 dex, so that its value of 〈�d〉 matches that of 2MTF, then
the best-fitting value of β is 0.31 ± 0.04 (also listed in Table 1),
representing better agreement with the literature values. In Fig. 7,
we show this adaptively smoothed version of the 2MRS and PSCz
reconstructions, with the 〈�d〉 set to −0.005 dex for both models,
as it is in 2MTF.

Finally, we also allow the zero-point of the models to float as a
free parameter, adjusting the zero-point to the value that gives us
the minimum value of χ2. The best-fitting value of 〈�d〉 is −0.010
for 2MRS and −0.014 for PSCz. This corresponds to β = 0.35
± 0.04 and β = 0.40 ± 0.05, respectively. This again shows better
agreement with the literature values for 2MRS, but no impact on the
β value for PSCz. The large monopole offset between 2MRS and
2MTF suggests that shifting 〈�d〉, either by fixing it to the 2MTF
value or fitting it via χ2 minimization, gives us a more meaningful
estimate of β. Hereafter, we refer to these two approaches as the
‘fix’ and ‘fit’ cases, respectively.

Since β is related to the bias parameter b through the matter
density 
m according to equation (10), we can use either an inde-
pendently measured value of b to solve for 
m or an independently

measured value of 
m to solve for b. Beutler et al. (2012), for exam-
ple, using a prior on H0 of 73.8 ± 2.4 km s−1 Mpc−1 as taken from
Riess et al. (2011), and derives values of 
m = 0.250 ± 0.022 and
b = 1.48 ± 0.27 for the redshift survey component of 6dFGS (Jones
et al. 2004, 2009). While we do not use 6dFGS results directly in
this paper, the survey is responsible for the bulk of the Southern
hemisphere galaxies found in 2MRS. We might then expect the sur-
veys to have a similar value of the bias parameter. If we assume this
value of b = 1.48 ± 0.27 for 2MRS, and use our measured β = 0.31
± 0.04 from the scenario in which we fix 〈�d〉 to the 2MTF value,
then that gives 
m = 0.24 ± 0.10. Whereas if we use our measured
β = 0.35 ± 0.04 from the case in which we fit 〈�d〉 using χ2 mini-
mization, then that gives 
m = 0.30 ± 0.12. Beutler also considers
an H0 prior of 67 ± 3.2 km s−1 Mpc−1 as taken from Beutler et al.
(2011), from which the authors derive 
m = 0.279 ± 0.028 and
b = 1.52 ± 0.29. Using that value of b would give us 
m = 0.25 ±
0.10 and 
m = 0.32 ± 0.13 in the ‘fix 〈�d〉 to 2MTF value’ and ‘fit
〈�d〉’ cases, respectively. Each of these estimates agrees with both
the WMAP-9 yr value (
m = 0.279 ± 0.025; Bennett et al. 2013)
and the Planck 2015 data release value (
m = 0.308 ± 0.012; The
Planck Collaboration XIII 2015).

We can also invert the problem, and assume the value of 
m, to
give us b. The Planck value of 
m = 0.308 ± 0.012 (The Planck
Collaboration XIII 2015) gives us, for 2MRS, b = 1.69 ± 0.22 and
b = 1.49 ± 0.17 in the ‘fixed’ and ‘fit’ cases, respectively. From
this, we can derive the growth rate of structure � ∼ fσ 8, where σ 8

refers to the amplitude of mass fluctuations on scales of 8 h−1 Mpc,
while f = 
m

0.55. This is related to σ 8,g, the amplitude of galaxy
fluctuations on the same scale, by σ 8,g = bσ 8. We can get the value
of σ 8,g for the 2MRS sample from Westover (2007), who measures
σ 8,g = 0.97 ± 0.05. This then gives us fσ 8 = βσ 8,g = 0.30 ± 0.04
and 0.34 ± 0.04 for the ‘fixed’ and ‘fit’ cases, respectively. These
values are comparable to fσ 8 = 0.31 ± 0.05, as found by Davis
et al. (2011), but somewhat lower than the fσ 8 = 0.42 ± 0.07 found
by Turnbull et al. (2012), the fσ 8 = 0.42 ± 0.06 found by Beutler
et al. (2012), and the fσ 8 = 0.418 ± 0.065 found by Johnson et al.
(2014). The value also falls below both the WMAP-9 yr value of
0.41 ± 0.02 and the Planck 2015 data release value of 0.44 ± 0.01.

4.3 Residual bulk flow

Hong et al. (2014) measured the bulk flow of the 2MTF sample
using a χ2 minimization method. The authors used the following
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Figure 7. Same as Fig. 4, but with the �d2MRS and �dPSCz values adjusted so that their mean value is −0.005 dex, which is the mean value of �d2MTF.

relation for χ2:

χ2 =
N∑

i=1

(�di − �dmodel,i)2wr
i w

d
i

σ 2
i

∑N
i=1 wr

i w
d
i

, (15)

where wr
i is the weight assigned to galaxy i based on the radial

distribution of the sample, while wd
i is the weight that accounts

for the variation in completeness as a function of declination. Note
that in this case, �dmodel,i refers to a model in which the velocity

field is characterized by a single dipole velocity vector V bulk, which
we refer to as the bulk flow. This is in contrast to �dmodel,i from
equation (13) in this paper, for which the model in question is the
2MRS or PSCz reconstruction.

The radial weight wr
i is set so that the redshift distribution of

the sample is adjusted to match that of a Gaussian density profile,
following Watkins, Feldman & Hudson (2009):

ρ(r) ∝ exp
(−r2/2R2

I

)
(16)
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Table 2. Best-fitting values of the residual bulk flow, derived for Gaussian window functions of depth 20, 30, and 40 h−1 Mpc, using χ2 minimization. In the
top three rows, we show the total bulk flow as derived by Hong et al. (2014). The subsequent rows show residual bulk flows for the 2MRS and PSCz models
under various assumptions about the best-fitting value of β, and the zero-point (〈�d〉) of the velocity field for the model in question, as described in Section 4.2.
We provide the amplitude of the residual bulk flow |V resid|, as well as its sky position, expressed in both spherical (sgl, sgb) and Cartesian supergalactic
(Vresid,sgx, Vresid,sgy, Vresid,sgz) coordinates. We also translate the supergalactic coordinates into Galactic coordinates l and b. The bulk flow measurements from
Hong et al. (2014) were made in Galactic coordinates, and so the measurement errors are only expressed in those coordinates. On the other hand, the residual
bulk flow measurements in this paper were made in supergalactic coordinates, and so errors are given only for that case.

Depth 〈�d〉 |V resid| sgl sgb Vresid,sgx Vresid,sgy Vresid,sgz l b
Type of fit (h−1 Mpc) β (dex) (km s−1) (deg) (deg) (km s−1) (km s−1) (km s−1) (deg) (deg)

Bulk flow 20 0 311 ± 34 164 −27 288 ± 6 11 ± 3
Bulk flow 30 0 281 ± 25 158 −18 296 ± 16 19 ± 6
Bulk flow 40 0 292 ± 28 171 −20 296 ± 10 6 ± 9

2MRS fiducial value 20 0.40 0.013 228 ± 14 169 ± 2 −5 ± 4 − 223 ± 15 43 ± 10 − 20 ± 15 311 10
2MRS fiducial value 30 0.40 0.013 271 ± 14 167 ± 2 −12 ± 3 − 259 ± 13 60 ± 12 − 55 ± 13 304 11
2MRS fiducial value 40 0.40 0.013 282 ± 15 165 ± 3 −18 ± 3 − 258 ± 15 71 ± 13 − 88 ± 13 297 12
2MRS standard fit 20 0.16 0.013 304 ± 14 167 ± 2 −10 ± 3 − 292 ± 15 70 ± 10 − 50 ± 16 306 12
2MRS standard fit 30 0.16 0.013 330 ± 14 166 ± 2 −15 ± 2 − 309 ± 15 77 ± 12 − 84 ± 12 301 10
2MRS standard fit 40 0.16 0.013 330 ± 14 165 ± 2 −20 ± 2 − 299 ± 16 80 ± 14 − 113 ± 11 295 10
2MRS fix 〈�d〉 to 2MTF 20 0.28 −0.005 110 ± 17 182 ± 6 22 ± 10 − 102 ± 17 − 4 ± 10 40 ± 16 339 1
2MRS fix 〈�d〉 to 2MTF 30 0.28 −0.005 165 ± 18 171 ± 4 2 ± 5 − 163 ± 19 27 ± 13 4 ± 15 318 9
2MRS fix 〈�d〉 to 2MTF 40 0.28 −0.005 189 ± 16 165 ± 4 −11 ± 4 − 179 ± 15 49 ± 11 − 36 ± 14 304 13
2MRS fit 〈�d〉 20 0.35 −0.010 92 ± 20 195 ± 10 41 ± 10 − 67 ± 17 − 18 ± 10 60 ± 17 0 −7
2MRS fit 〈�d〉 30 0.35 −0.010 136 ± 18 173 ± 5 10 ± 7 − 133 ± 19 16 ± 13 23 ± 16 327 8
2MRS fit 〈�d〉 40 0.35 −0.010 159 ± 16 165 ± 4 −7 ± 5 − 153 ± 19 41 ± 12 − 19 ± 14 309 14

PSCz fiducial value 20 0.50 −0.003 189 ± 20 159 ± 6 32 ± 7 − 150 ± 19 57 ± 17 100 ± 19 349 21
PSCz fiducial value 30 0.50 −0.003 216 ± 21 156 ± 4 10 ± 4 − 194 ± 20 87 ± 15 38 ± 13 325 25
PSCz fiducial value 40 0.50 −0.003 221 ± 17 154 ± 4 −2 ± 3 − 198 ± 15 99 ± 17 − 6 ± 12 312 26
PSCz standard fit 20 0.41 −0.003 212 ± 18 161 ± 5 19 ± 5 − 189 ± 19 65 ± 15 69 ± 17 335 20
PSCz standard fit 30 0.41 −0.003 244 ± 20 158 ± 3 3 ± 3 − 226 ± 18 90 ± 12 12 ± 14 329 23
PSCz standard fit 40 0.41 −0.003 248 ± 16 156 ± 3 −7 ± 3 − 225 ± 15 99 ± 14 − 29 ± 12 307 23
PSCz fix 〈�d〉 to 2MTF 20 0.41 −0.005 211 ± 27 54 ± 83 86 ± 6 8 ± 22 11 ± 17 210 ± 26 50 10
PSCz fix 〈�d〉 to 2MTF 30 0.41 −0.005 147 ± 27 138 ± 12 62 ± 8 − 52 ± 23 46 ± 13 129 ± 21 25 24
PSCz fix 〈�d〉 to 2MTF 40 0.41 −0.005 119 ± 26 140 ± 10 40 ± 11 − 70 ± 25 59 ± 12 76 ± 17 2 34
PSCz fit 〈�d〉 20 0.40 −0.014 218 ± 28 44 ± 89 86 ± 7 10 ± 23 10 ± 18 217 ± 27 50 9
PSCz fit 〈�d〉 30 0.40 −0.014 150 ± 28 138 ± 13 63 ± 8 − 50 ± 23 46 ± 14 134 ± 21 26 24
PSCz fit 〈�d〉 40 0.40 −0.014 121 ± 27 139 ± 10 41 ± 12 − 69 ± 25 59 ± 12 79 ± 18 4 34

which translates to the number distribution

n(r) ∝ r2 exp
(−r2/2R2

I

)
, (17)

where RI is the characteristic depth of the bulk flow measurement.
The declination weight gives all galaxies north of δ = −40◦ a

weight of 1.00, and all galaxies south of δ = −40◦ a weight of
2.08. This is done to account for the fact that the 2MTF survey
completeness is ∼2.08 times greater north of δ = −40◦ than it
is south of that declination, owing to the differences in sensitivity
of the Northern and Southern hemisphere telescopes used in the
survey.

Errors on the bulk flow were estimated using a jackknife ap-
proach, as outlined in section 4.1 of Hong et al. (2014). 50 jackknife
subsamples are created, with each randomly removing 2 per cent
of the 2MTF sample. The χ2 minimization is performed separately
on each subsample, and the resulting scatter is then converted into
a statistical uncertainty on the bulk flow, according to Hong et al.
(2014) equation (9).

The resulting bulk flow measurements at depths of 20, 30, and
40 h−1 Mpc are given in table 1 of Hong et al. (2014), and we
reproduce those numbers in Table 2 of this paper. As noted by
Hong et al. (2014), these values for the bulk flow are consistent
at the 1σ level with the expectations given by the �CDM model
(using the �CDM parameters 
m = 0.27, 
� = 0.73, ns = 0.96,
as taken from the WMAP-7 yr results of Larson et al. 2011, and the

matter power spectrum generated by the CAMB package, as given by
Lewis, Challinor & Lasenby 2000).

Separate from the question of whether the bulk flow agrees with
predictions from �CDM, there is also the question of whether the
observed amplitude and direction of the bulk flow is predicted by
the particular galaxy density distribution we observe in the local
Universe. We now investigate a scenario in which the �dmodel,i

from equation (15) is calculated using the model velocity of the
2MRS or PSCz models plus a residual bulk flow V resid. Fixing β to
the fiducial values of 0.40 and 0.50, respectively, and performing
the χ2 minimization as in Hong et al. (2014), we get residual bulk
flow values of amplitude ∼200 km s−1 at depths of 20, 30, and
40 h−1 Mpc for PSCz, with somewhat larger values for 2MRS.

In addition to the fiducial values of β, we also calculate the
residual bulk flow measured for the fitted values of β using the
methods described in Section 4.2. Each of these values are listed in
Table 2. (Note that, for ease of comparison with previous papers on
galaxy peculiar velocities and large-scale structure, we have done
the fitting in supergalactic coordinates, whereas Hong et al. (2014)
fit the bulk flow in Galactic coordinates.) For both models, the
amplitude of the residual bulk flow in the ‘standard fit’ case is seen
to be larger than in the fiducial case. In fact, the 2MRS residual
bulk flow for the standard fit of β is even larger in amplitude than
the total bulk flow. As we noted in Section 4.2, though, we consider
the ‘fix’ and ‘fit’ scenarios to offer more realistic estimates of the
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Figure 8. Black triangles show the magnitude of the 2MTF bulk flow
with Gaussian window functions at depths of 20, 30, and 40 h−1 Mpc, as
derived by Hong et al. (2014). Red (blue) points represent residual bulk flow
amplitudes at the same depths for the 2MRS (PSCz) model, with circles
showing the values for the ‘fix 〈�d〉 to 2MTF value’ scenario, and squares
for the ‘fit 〈�d〉’ scenario. While each of the points lies exactly at either 20,
30, or 40 h−1 Mpc, we give a slight horizontal displacement to the points
in order to make it more clear which set of error bars corresponds to which
data point.

underlying value of β. For both of these fits, for both the 2MRS
and PSCz models, the residual bulk flow is ∼150 km s−1, which
corresponds to roughly half of the total bulk flow. This is also
illustrated in Fig. 8.

The residual bulk flow directions in both the ‘fiducial’ and ‘stan-
dard fit’ cases lie close to that of the total bulk flow direction. In
Fig. 9, however, we show the residual bulk flow directions in both
the ‘fix’ and ‘fit’ cases. In both cases, the 2MRS residual extends
from very low Galactic latitudes at the 20 h−1 Mpc scale to some-
what higher latitudes (and a direction very close to both the total
bulk flow and the Hydra-Centaurus Supercluster) at the 40 h−1 Mpc
scale. The PSCz residual bulk flow in the ‘fix’ and ‘fit’ cases follow
a similar pattern on the sky, but offset by ∼60◦. The PSCz residual
at 40 h−1 Mpc is ∼45◦ away from the Shapley Supercluster, and
otherwise does not appear to be in the vicinity of any major features
of large-scale structure.

Figs 4–7 also show the residual bulk flow cosmographically, in
the �d2MTF − �d2MRS and �d2MTF − �dPSCz rows. These can be
compared to figs 9 and 10 from Springob et al. (2014), which show
the cosmography of the 6dFGS peculiar velocity field, when the
2MRS and PSCz models are subtracted away from the observed �d
values. 6dFGS is a Southern hemisphere only survey, and is com-
posed of galaxies whose mean redshift is more than twice as great
as that of 2MTF. None the less, Springob et al. (2014) finds that
the PSCz model offers a somewhat better fit to the 6dFGS veloc-
ity field than does the 2MRS model. Cosmographically, Springob
et al. (2014) figs 9 and 10 show that the models underestimate both
the outward flow towards Hydra-Centaurus and the Shapley Super-
cluster and the inward flow coming from a direction on nearly the
opposite end of the sky, roughly coincident with the Cetus Super-

cluster. In this paper, however, comparing the 2MTF velocity field
to that of PSCz, we find that while the model underestimates the
flow towards the Shapley Supercluster, there is not such a large un-
derestimate of the inflow from the anti-Shapley direction. (See the
bottom central panel of Fig. 4.) Thus, at least judging from 2MTF,
it seems possible that the deficiency of the models is that they un-
derestimate the impact of known structures such as Shapley and
Hydra-Centaurus, rather than that there are large structures outside
the survey volume with a large influence on the local velocity field.

We can compare the residual bulk flow direction to results from
other authors. Hudson et al. (2004) compares peculiar velocities
from the ‘Streaming Motions of Abell Clusters’ (Hudson et al.
2001) to the PSCz model, and finds a residual bulk flow of 372 ±
127 km s−1 towards (l, b) = (273◦, 6◦), which is offset from our PSCz
residual bulk flow by ∼90◦. Magoulas (2012) compares 6dFGS
peculiar velocities to the predictions of the 2MRS model, and finds
a residual bulk flow of 273 ± 45 towards (l, b) = (326◦, 37◦).
This is ∼30◦ offset from our 2MRS residual bulk flow, but similarly
close to the Shapley Supercluster. Carrick et al. (2015) compares the
SFI++ (Springob et al. 2007) TF and First Amendment (Turnbull
et al. 2012) Type Ia Supernovae peculiar velocities to the predictions
of the 2M++ reconstruction (Lavaux & Hudson 2011), finding a
residual bulk flow of 159 ± 23 km s−1 towards (l, b) = (304◦, 6◦) at
50 h−1 Mpc, very close to our own measured 2MRS residual bulk
flow at 40 h−1 Mpc in both amplitude and direction. There is heavy
overlap between the 2MRS and 2M++ samples, so this agreement
should not be surprising.

How does the amplitude of the residual bulk flow compare to our
expectations, given a standard �CDM framework? Hudson et al.
(2004) examined the question of how consistent the rest frame of the
PSCz gravity field should be with the CMB frame. They estimated
that while the contribution to the local bulk motion from sources
beyond ∼200 h−1 Mpc should only be ∼50 km s−1, the contri-
bution from systematic uncertainties (∼90 km s−1) and shot noise
(∼70 km s−1) suggest a total uncertainty in PSCz’s reconstruction
of the bulk flow of ∼150 km s−1. Nusser, Davis & Branchini (2014)
reached a similar conclusion with regard to 2MRS. Both Davis
et al. (2011) and Carrick et al. (2015) find agreement between the
measured SFI++ bulk flow and the predictions of models roughly
within this expected ∼150 km s−1 range. In this paper, we simi-
larly find a similar residual bulk flow of ∼150 km s−1 with respect
to both the 2MRS and PSCz models, but only if one adjusts the
comparison between data and model so as to remove the monopole
deviation. The amplitude of the residual bulk flow appears to be
heavily dependent on assumptions about the boundary conditions
of the model velocity field.

5 C O N C L U S I O N S

We have used adaptive kernel smoothing to present a cosmographic
view of the local peculiar velocity field, as measured by the TF
peculiar velocities from the 2MTF survey. By extending all the
way down to Galactic latitudes of |b| = 5◦, 2MTF presents a more
complete view of the velocity field at cz < 10 000 km s−1 than has
been seen before.

We compare the 2MTF velocity field to the reconstructed velocity
field models from the 2MRS and PSCz redshift surveys. We find
best-fitting values of β for these two models of 0.17 ± 0.04 and 0.41
± 0.04, respectively, with χ2

ν values of 1.15 and 1.10, respectively.
There is a significant monopole offset between the 2MTF data set
and the 2MRS model. As we have noted here, the zero-point, and
resulting monopole term in the velocity field, for both the data and
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Figure 9. The direction of the residual bulk flow of the 2MTF velocity field, as projected on the celestial sphere in Galactic coordinates, with respect to the
2MRS and PSCz models. The residual bulk flow fit for 20, 30, and 40 h−1 Mpc window functions are shown in blue, green, and red, respectively, with black
lines connecting them. 2MRS residual bulk flow shown as +’s for the ‘fix’ case and ×’s for the ‘fit’ case. PSCz residual bulk flows are shown as −’s and |’s in
the fix and fit cases, respectively. As also shown in Table 2, the fix and fit directions for PSCz are nearly identical. We also show the total bulk flow as squares,
coded with the same blue/green/red scheme for the 20, 30, and 40 h−1 Mpc window functions. The Carrick et al. (2015), Hudson et al. (2004), and Magoulas
(2012) residual bulk flows from the 2M++, PSCz, and 2MRS models, respectively, are shown as cyan, magenta, and orange circles. The red star shows the
location of the CMB dipole direction, with the blue star representing the antidipole direction. Grey dots show the locations of 2MTF galaxies. The approximate
positions of various features of large-scale structure are shown as open circles with labels.

models has been set on the basis of assumptions about the boundary
conditions. By changing those assumptions we may investigate the
impact of the zero-point on the measurement of β, as well as other
parameters. If we remove any monopole offset between data and
models for both 2MRS and PSCz, then the best-fitting values of β

become 0.31 ± 0.04 and 0.41 ± 0.04, with χ2
ν . Fitting the zero-point

to minimize χ2
ν yields similar results.

These latter β values are in line with previous estimates of β

for these same models from the literature. They can be used in
conjunction with other measurements to estimate parameters such
as the matter density 
m and the growth rate of structure fσ 8. We
estimate values of 
m in line with previous measurements. We also
find a growth rate of structure of ∼0.3, in line with the estimate by
Davis et al. (2011), but somewhat lower than most other estimates.

Hong et al. (2014) used a χ2 minimization technique with Gaus-
sian window function at depths of 20, 30, and 40 h−1 Mpc to
measure the bulk flow of the 2MTF velocity field. In this paper,
we have now used that same technique to measure the residual
bulk flow: the component of the bulk flow not accounted for by the
velocity field models. If we assume either the fiducial value of β

or the standard χ2 minimization fit, then the residual bulk flow is
∼200–300 km s−1, of roughly the same amplitude and direction as
the total bulk flow.

However, when we adjust the zero-point of the models, either by
fixing them to the 2MTF value or fitting them via χ2 minimization,
then the residual bulk flow drops to ∼150 km s−1. This is in agree-
ment with theoretical expectations, as discussed by Hudson et al.
(2004) and Nusser, et al. (2014). The residual bulk flow direction for
2MRS is at low Galactic latitude, and within ∼15◦ of both Hydra-

Centaurus and the total bulk flow direction. On the other hand, the
PSCz residual direction is at higher Galactic latitude (34◦ at the
40 h−1 Mpc scale) and not associated with any known features of
large-scale structure. Carrick et al. (2015) finds a residual bulk flow
comparing their TF and SNe peculiar velocity sample to the 2M++
sample which is strikingly similar in both amplitude and direction
to our measured residual bulk flow for the 2MRS reconstruction.

This suggests that while 2MTF extends towards lower Galactic
latitudes and creates a more complete all-sky sample, it does not
reveal any significant influence on the velocity field from hidden
structures not already apparent from peculiar velocity surveys with
a larger zone of avoidance, like SFI++. Both the total bulk flow
and the residual bulk flow from the 2MRS model are at low Galac-
tic latitude, but that was already observed in earlier surveys. The
inclusion of the lower Galactic latitude galaxies does not appear to
create a substantial shift in the residual bulk flow direction.
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