
Proposal:

MSE: a «Velocity Machine» for Cosmology
C. Schimd, S. de la Torre, E. Jullo, L. Tresse (LAM, Marseille), H. Courtois, Y. Copin (IPNL

Lyon), T. Buchert, J. Richard (CRAL, Lyon), J.-P. Kneib (EPFL, Lausanne)...

Three projects exploiting the multi-fiber facility, the high-density of sources, and the wide-field cov-
erage to measure velocities at different scales for cosmological purposes.

1. Gravitational lensing by velocity maps using multi-fiber spectroscopy [CS,EJ,JR,JPK]

Gravitational lensing deforms the velocity field of a galaxy and its luminosity profile in a different
way. As shown in the figure below (left panel), a non-vanishing angle between the gradient of the
velocity field of a disk galaxy and its major axis will form in the image plane, probing a direct
estimate of the gravitational shear (Blain 2002). As shown by Morales (2006), in case of perfect
velocity measurement with only two lensed galaxies one can exactly retrieve the intrinsic gravita-
tional shear; indeed, a lower resolution velocity map can still bring off the same goal, with much
smaller number of galaxies than required by traditional (statistical) methods.

Left: Ideal spiral galaxy with velocity map of NGC 3145 (color-coded), rotated by i = 60◦ w.r.t. the
line-of-sight (black ellipse in the source plane) and distorted by a gravitational shear (g1 = g2 ' −0.4).

Center: radial velocity (arbitrary units) as function of the azimuthal angle, measured along a small (blue)
and a large (purple) circle; when its radius exceeds the projected boundary of the galaxy, the measure of
the velocity is vanishing (dashed line: radial velocity measured along the smaller circle in absence of

lensing). Right: proposed configurations with 7 (one-ring) or 19 (two-ring) fibers, one bundle-per-galaxy.

Adopting a multi-fiber mode to observe single
galaxies with bundles of 7 or 19 fibers (� = 0.3′′),
one could probe the velocity map of moderately
extended galaxies. The figure on the right shows
an estimate (based on COSMOS) of the number of
galaxies as function of redshift up to rAB ≤ 24.5
with total flux FWHM in the range ∼ 2′′ ÷ 3′′

(green, suitable for 1-ring bundles) and ∼ 3′′÷ 6′′

(red, for 2-ring bundles), corresponding respec-
tively to ≈ 1780 deg−2 and ≈ 400 deg−2 and con-
centrated up to redshift z . 0.6 and z . 0.35 (3rd
quartile). Besides, bundles could also provide an
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excellent sky measurement, ensuring the best OH sky-subtraction for the most compact (and thus
distant) galaxies. We foresee the use of the ESO 3D-spectrograph MUSE, though adopting a mirror
slicer instead of fibers and with smaller field-of-view, as pathfinder for this technique.



Although such a measurement would be limited in practice because of the velocity measurement
error, one can hope for a shear accuracy measurement improvement by a factor of 10. Sampling
the velocity map of moderately extended galaxies at redshift z . 0.4 could potentially be of strong
interest if combined with a weak lensing survey.

2. Redshift space distortions at high redshift [CS,SdT,LT,HC]

Whether the large-scale bulk flow is consistent or not with the ΛCDM model is still under debate.
The peculiar velocities of galaxies, driven by the local gravitational interactions and superposed
to the global expansion of the universe, yield to coherent bulk flows towards over-dense regions
and away from under-dense regions, imprinting a distinct anisotropic feature in the distribution of
galaxies in redshift space, generally referred to as redshift space distortions (RSD; Kaiser 1987). As
depending on the amplitude of the matter fluctuations, peculiar velocities allow us to measure of the
growth-rate of structures, and provide one of the most powerful probes to distinguish between dark
energy and modified gravity models (ESA-ESO WG on Fundamental Cosmology, 2003; Astro2010
Panel Reports “New Worlds, New Horizons in Astronomy and Astrophysics”, 2011).

Observationally, in the last decade several projects such as 2dFGRS, SDSS, 2SLAQ, and VVDS
have used RSD to constrain cosmological parameters, focusing on the dark sectors. More recently,
WiggleZ survey has released the first results, and VIPERS (specifically designed to carry out a
survey using ESO facilities dedicated to RSD) put the tightest constraint at the highest redshift
ever (see De la Torre et al. 2013 for a compilation). All major future cosmological spectroscopic
surveys now highlight RSD as one of the key probes.

RSD detection by the standard method (quadrupole anisotropy in the redshift-space two-point
functions of galaxies) is limited by the sample variance of the power spectrum in the surveyed
volume. On large scales, this method yields a measure of β = f/b, where the (linear) growth-rate
f = d lnD+/d ln a is the log-derivative of the (linear) growth factor and b is the (linear) lumi-
nosity bias of galaxies. Neglecting systematic errors, the sample-variance limit for standard RSD
analyses can be approximated by σlnβ . Ab−0.7V −0.5 exp(B/b2n), in which n is the expected
mean number density of galaxies within the survey volume V , and A and B numerical constants
(Bianchi et al. 2012). All future spectroscopic surveys will provide tighter cosmological constraints
than previously achieved using RSD by measuring a high density of sources over a much wider
field-of-view than current RSD motivated survey such as VIPERS. The figure illustrates the rela-
tive error on β as function of the galaxy bias b
for current and expected constraints (solid and
dashed lines, respectively) and for two MSE con-
figurations (wide-z: 0.5 ≤ z ≤ 2, and deep-z:
1 ≤ z ≤ 2, both with n = 0.0003h3Mpc−3 and
10,000 deg2, leading respectively to 15M and 12M
spectra) compared to the most competitive future
surveys assuming ideal baselines (PFS-SuMIRe:
1,500 deg2, 4M galaxies; DESI: 14,000 deg2, 25M
galaxies; Euclid: 15,000 deg2, 30M galaxies). The
deep-z configuration would extend the redshift
range of VIPERS, whilst the wide-z one is expected to attain the DESI precision observing a much
smaller number of galaxies, provided their luminosity bias is b & 1.3. The impact on a wider
parameter space allowing for more complex cosmological scenarios is left for future study.



3. Peculiar velocity survey above 300 Mpc/h in the northern hemisphere [HC,CS,LT,TB,YC]

In a galaxy peculiar velocity survey the measurements of redshifts are combined with redshift-
independent distance estimates to yield a direct probe of galaxy peculiar velocities. In the 1990s
peculiar velocity surveys were widely recognized as a powerful tool to constrain the mean mass
density on cosmological scales. Though, their analysis was challenging, because of sparsity, noise,
and observational selection effects (Malmquist bias).

The most recent surveys have increased the samples, reaching size large enough to permit the
study not only of the global statistics of large-scale flows but also of the details of the local velocity
field. The final SFI++ peculiar velocity catalog (Springob et al. 2007) collected about 4900 field
and cluster galaxies over the full sky up to redshift z . 0.05, adopting the Tully-Fisher relation
to determine distances along the line-of-sight. Combining six methods to measure the distance
including the fundamental plane (FP) method, Cosmicflow-2 (Tully, Courtois et al. 2013) recently
probed the peculiar velocities of about 8,000 galaxies in the local Universe (cz ≤ 30 000 km s−1),
which ultimately highlighted the dynamics toward the supercluster named Laniakea dominating the
local cosmic-web (Tully, Courtois, Hoffman & Pomarède 2014, Nature, 513, 71). In the Southern
hemisphere, based on the 6dF Galaxy Survey (6dFGS; Jones et al. 2004, 2009) and still applying
the FP method (Magoulas et al. 2012), a velocity subsample (6dFGSv) containing about 8900
galaxies at redshift z ≤ 0.055 has been extracted (Springob et al. 2014) and used to measure the
growth-rate by RSD with 13% precision at redshift z ≈ 0.07 (Beutler et al. 2012).

A successor survey of 6dFGSv is planned to begin in 2015, the Transforming Astronomical
Imaging surveys through Polychromatic Analysis of Nebulae (TAIPAN), aiming at extending the
upper limit of the velocity subsample of 6dfGSv by a factor of ∼ 2 and increasing the number
density by ∼ 20, collecting 500 000 redshifts to z ∼ 0.2 with r ∼ 17, K ∼ 14, of which about 10%
will have FP-based estimation of distances; this goal will be achieved by using the UK Schmidt
Telescope with upgraded fiber-fed spectrograph to improve the velocity dispersion measurements.

MSE could provide the natural extension of Cosmicflow-2 to redshift z . 0.2, realizing the
northern sky counterpart of the TAIPAN peculiar velocity survey. Focusing on the FP method to
measure the distance of early-type galaxies, a MSE velocity survey covering effective 10 000 deg2,
with galaxy number density and sampling similar to Cosmicflow-2, would require ∼ 60 000 galaxies
with excellent photometry and spectroscopy to estimate their peculiar velocities with lower-bound
velocity dispersion ∼ 70 km s−1. The structure and dynamics of the cosmic web, which accordingly
would be extended up to 600h−1Mpc, will represent the pivotal application of such a survey.

Cosmic-web components (voids, filaments, sheets, and knots in white, light gray, dark gray, and black,
respectively) obtained from the velocity shear tensor (left; V-web) and gravitational tidal tensor (center;
T-web); the latter, reconstructed from the density field (right), allows ∼ 10 times lower resolution scale

(adapted from Hoffman et al. 2012, based on N -body simulation study).



Three cosmological applications can be further envisaged:

• With an accurate measurement of the peculiar velocities, one could apply the method by
Hoffman et al. (2012) to reconstruct the velocity-based cosmic web, or V-web, whose com-
ponents (sheets, filaments, knots, and voids) are kinematically identified by the local value
of the eigenvalues of the velocity shear tensor. Based on N -body simulations (see figure),
this technique has been proven to resolve cosmic structures down to . 0.1h−1Mpc, providing
much more details than a similar classification algorithm based on the gravitational tidal
tensor obtained from the density field (Hahn et al. 2007, Forero-Romero et al. 2009), which
allows one to achieve only ∼ 1h−1Mpc resolution scale.1 The higher resolution can be ex-
plained by the slower evolution of the velocity field away from the linear-regime than the
density field, which therefore retains less memory of the initial conditions. The V-web fur-
ther provides a platform for investigating the segregation of galaxies and halos with respect
to their environment.

• Unlike galaxy redshift surveys, peculiar velocity surveys do not suffer from the cosmic vari-
ance. Indeed, they intrinsically allow the combined measurement of galaxy density and peculiar
velocities, which sharing the same random perturbation allow us to avoid this limit without
any assumption about the bias (unlike the multi-tracer technique originally proposed by
Mc Donald & Seljak 2009, which is based on galaxy density measurements only). Here, pre-
dicting the expected velocities from the smoothed galaxy distribution and comparing with
the observed peculiar velocities, the measurement of fσ8 or β from angle-averaged auto- and
cross-power spectra of galaxy density and line-of-sight peculiar velocities can attain arbitrar-
ily high precision; unlike constraints from RSD only, the relative error of these parameters
monotonically decrease with the mean number density of sources n̄ (Koda et al. 2014). With
a similar setup as the TAIPAN survey, a MSE peculiar velocity survey providing line-of-sight
distances of ∼ 55 000 galaxies up to z . 0.1 will achieve n̄ ≈ 0.002 h3Mpc−3, allowing for an
improvement by a factor of 2 to 4 on fσ8 and β with respect to both current peculiar velocity
measurements and RSD-only low-redshift estimates.

Besides, as not affected by cosmic variance, peculiar velocity surveys are the ideal framework
to investigate primordial non-Gaussianities and general-relativistic (gauge) problems specific
of large scales.

A challenging extension of the MSE peculiar velocity survey to larger redshift, looking for an
optimal trade-off between number density and velocity dispersion measurements for the FP
method (which increase linearly with distance and are dominated by systematics), is left for
a future study.

• A unique cosmological application of peculiar velocity surveys is the direct measurement of the
so-called kinematical backreaction — the pure general-relativistic mechanism intrinsic in the
non-linearity of the Einstein equations, which yields effective energy sources in the Friedmann
equations dynamically equivalent to dark matter (on small/galactic scales) and to dark energy
(on large/cosmological scales; Buchert 2001). In the era of precision cosmology, aiming at
validating or disproving the cosmological standard model and the theory of General Relativity,
a quantitative measurement of this quantity is mandatory. Peculiar velocity surveys provide
the key ingredient to probe this concept. Indeed, as long as the velocity field in redshift
space is irrotational, and so may be derived from a velocity potential (Nusser & Davis 1994),
there exists a well-established relationship between its morphology, probed by the so-called
Minkowski functionals, and the kinematical backreaction term (Buchert 2008).

1Courtois et al. (in prep.) is conducting a similar analysis based on Cosmicflow-2 data set.



A MSE peculiar velocity survey exploring the large scales up to z . 0.2 could be employed
to reconstruct the velocity potential, e.g. using the Nusser & Davis or the Hoffman et al.
techniques, up to scales minimally affected by vorticity, and then measure its morphology to
directly extract the kinematical backreaction term. This measurement can be further used to
efficiently calibrate the backreaction term at mildly higher redshift, z ∼ 0.5, when on large
scales its contribution may be non-negligible with respect to the cosmological constant or any
other dark energy candidate. The unique combination of sky coverage and depth provided
by MSE would allow to attain scales sufficiently large to probe the ΛCDM model and the
underlying space-time metric with unprecedented statistical precision and accuracy.

The exploration of an optimal observational strategy in terms of redshift range and sky coverage,
which would allow us to simultaneously 1) measure the intrinsic gravitational lensing of low-redshift
galaxies by measuring their velocity map, 2) measure the RSD at high redshift, z ∼ 1− 2, and 3)
perform a detailed peculiar velocity survey up to redshift z . 0.2, is left for future study.


