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is the strongest neutrino mass constraint derived from spectroscopic galaxy redshift surveys.
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1. Introduction

In the Standard Model of particle physics the neutrinos are treated as exactly massless despite
neutrino oscillation experiments having measured mass differences between the three species. No
current experiment has the sensitivity to measure the absolute neutrino mass but it can be inferred
from observations of the galaxy distribution today because massive neutrinos suppress the gravita-
tional collapse of halos on small scales [[]. The cosmic microwave background (CMB) provides
an upper limit of Y m, < 1.3eV (all limits are 95% confidence) [B]. Combining with large-scale
structure measurements such as the galaxy power spectrum [[4, DF, B, B], galaxy luminosity func-
tion [B], cluster mass function [[3, ], or the baryon acoustic oscillations (BAO) [[2, B] tightens
the constraints to ) m, < 0.3eV by breaking parameter degeneracies. We use the galaxy power
spectrum from the WiggleZ Dark Energy Survey to constrain the sum of neutrino masses.

2. The WiggleZ Dark Energy Survey

The WiggleZ Dark Energy Survey [B] contains 238,000 galaxies with redshifts z < 1 in a total
volume of 1Gpc?. The Gigaparsec WiggleZ Survey (GiggleZ) simulations' were designed to probe
the low-mass haloes traced by WiggleZ galaxies, whilst providing an equivalent survey volume
[8]. They provide a powerful means for testing and calibrating our modelling algorithms. WiggleZ
has several potential advantages over previous surveys: 1) The neutrino suppression of the galaxy
power spectrum is degenerate with effects from non-linear structure formation. Non-linearities
increase with time so for the distant galaxies probed by WiggleZ, the contamination from non-
linearities is smaller than for previous surveys. This is illustrated in Fig. @ where we show the ratio
between a simulated WiggleZ power spectrum and the linear power spectrum for z = 0.2 (dashed
blue) and z = 0.6 (solid black). For comparison we also show the ratio for simulated highly-biased
massive haloes at z = 0.2 (dotted red). 2) The relationship (bias) between the observed galaxy
distribution and the dark matter distribution, which is influenced by massive neutrinos, depends on
the observed galaxy type. Previous studies [[3, Q] measured red galaxies, which tend to cluster in
the centers of dark matter halos, whereas the star-forming blue WiggleZ galaxies avoid the densest
regions leading to a lower overall bias, reducing any systematics that could arise from the bias. The
GiggleZ simulations show that over the range of scales and halo masses relevant for this analysis,
the galaxy bias is scale-independent to within 1% whereas the neutrino scale dependent effect is of
the order of 5% for Y, m, = 0.3 eV [O].

3. Method and modelling

Large-scale structure alone cannot determine all cosmological parameters, so we include data
from WMAP (7 year). To compute the parameter likelihoods, we use importance sampling [, 3]
of the Markov Chain Monte Carlo (MCMC) chains? from fitting to WMAP alone as well as to the
chains combining WMAP with the BAO scale from SDSS Luminous Red Galaxies [[3] and a Hy =
74.24+3.6kms~! Mpc~! prior on the Hubble parameter [[9] (BAO+H,). We assume a standard

Iwith cosmological parameters Q;, = 0.049, Q,, = 0.297, h = 0.7, ny = 1.0, og = 0.8 [B]
2http://lambda.gsfc.nasa.gov/product/map/drd/parameters.cfm
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Figure 1: Left: The ratio between a simulated WiggleZ halo power spectrum and corresponding linear power
spectrum. The vertical lines are our fitting range. Non-linear corrections are clearly less significant for the
high-redshift, low-bias WiggleZ halos than at lower redshifts. Right: The relative probability distribution of
Y my from fitting model F) with kpax = 0.3 hMpc’] . The dashed grey line is the lower limit from oscillation
experiments, and the vertical lines are 95% confidence upper limits.

flat ACDM cosmology with no time variation of w and Neg = 3.04, and fit over the parameters: Q.
(cold dark matter density), €, (baryon density), Q4 (dark energy density), Q, (neutrino density),
h (Hubble parameter), ng (spectral index), A,% (amplitude of primordial density fluctuations).
Massive neutrinos suppress the power spectrum on all scales smaller than their free-streaming
length at the time the neutrinos become non-relativistic. For Y, m, = 0.3 eV the most significant
suppression happens for k = 0.3 — 1.3 hMpc~!, but the k-dependence of the suppression is more

pronounced for k < 0.3AMpc™!

and consequently easier to disentangle from other cosmological
parameters and systematics [, B]. At low redshift structure formation is no longer linear for
k<0.1 hMpc*1 [, 24, 20, 1], and simulations show that redshift-space distortions become k-
dependent at low redshift and consequently are degenerate with neutrino mass [@, I4l]. By fitting to
simulated power spectra from GiggleZ, we tested six different models for the non-linear effects: A)
Linear structure formation with linear bias. B) Non-linear structure formation with linear bias. C)
Non-linear structure formation and fitting formula for redshift space distortions and pairwise galaxy
velocities. D) Same as C) but with zero pairwise velocities. E) Non-linear structure formation with
pairwise galaxy velocity damping. F) Simulation calibrated model.

The details of the models are given in Riemer-Sgrensen et al. 2012 [[¥] and they are shown
in Fig. D for a fixed cosmology. They are similar at low k, where the large-scale clustering is linear
and the theory is robust, but for k > 0.2hMpc~! the differences increase. The right part of Fig. D
shows the the reduced 2 from fitting each of the models to simulated power spectra. The upper
panel is the y? for the simulation parameters. It is clear that model B), C), E) are unable to provide

a good fit for the correct parameter values for kya > 0.22Mpc ™.

The lower panel shows the
distance in 2 between the best fitting parameters and the simulation ones, which is a measure of
how well the models recover the simulated parameter values. It is clear that at small scales models
A)-E) are insufficient, and the complexity of model F) is necessary.

Model F: The non-linear effects are present in an N-body simulation for a fiducial cosmology

and can be implemented following the approach of Reid et al. 2010 [[4]. For each trial cosmology:

trial fid
Ptrial(k) _ bZPtrial (k) Pdglﬁllped(k) PGiggleZ (k)

! , 3.1
cal htnw %) pirial (1) Pt (k) (3.1




Cosmological neutrino mass constraint from the WiggleZ Dark Energy Survey

Signe Riemer-Sgrensen

160¢ ‘ | T O Kuggerddof PO |

140+¢ I 1 i o 1o 4 -t // T

\x-; 120? /nd;IL I‘I:EINI"III_LIIIIIIII III II IE =< 2r _‘—‘,—‘—" et P I IR AL EEEARALY _|
T S S R .
fi ? 7 B) E) - RN 4r (XZGi IeZ_XzbesJ/dOf |
- 28?1‘I C) - F) ‘ E é 2+ gg‘,|-l-l_|:-‘-"q:::::::l-nlu-|7
Co ‘ ‘ ‘ = 04_;-,-_—,‘__—_.._-..._.._“ Tt i
0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5

k [h Mpc™] Kmax [ MpC™]

Figure 2: Left: The observed WiggleZ power spectrum, and the six models for the best fit cosmology of
model F). The vertical lines are our fitting range. The divergence between the models at large k is clear
and demonstrates the importance of careful modeling. Left upper: Reduced x> of models A)-F) fitted to
the N-body simulation halo catalogue for the GiggleZ fiducial cosmology values. In absence of systematic
errors the models should recover the input cosmology with x2/dof = 1. Left lower: Difference in reduced
x? values when using the GiggleZ fiducial cosmological parameters and the best fit values.

where Pyl (k) = P (K) faamp () + PS5 () (1~ fuaamp(K)) and foamp (k) = exp(—(ke5)?) with o
given by 62 = 1/(67?) [ dk' P, (K'). nggglez (k) is a 5™ order polynomial fit to the power spectrum
of a set of halos in the GiggleZ simulations chosen to match the clustering amplitude of WiggleZ
galaxies. Py, (k) and P, (k) are the linear and non-linear power spectra from CAMB?, where the
latter implements Halofit. [22] Py, and Pty are the same power spectra but without the acoustic
peaks. The factor of b* in Eqn. Bl is related to galaxy bias. The second factor represents the
smooth power spectrum of the trial cosmology. The third factor defines the acoustic peaks and their
broadening caused by the bulk-flow motion of galaxies from their initial positions in the density
field, and the fourth factor describes all additional non-linear effects in the N-body simulation.

! which cor-

Throughout the analysis we have fixed the lower limit to be kp, = 0.02AMpc™
responds to the largest modes observed in each of the WiggleZ regions and we present all results

as a function of kp,x.

4. Results and discussion

When fitting model F) to the observed WiggleZ power spectra we obtain a limit of Y m, <
0.60 eV for WMAP+WiggleZ with kpax = 0.3hMpc*1. Combining with BAO+H); reduces the
uncertainty in €, and Hy, leading to a stronger neutrino mass constraints of }_ m, < 0.29 eV.

The relative probability distributions of } m, for model F) with kyax = 0.3 hMpC*1 are shown
in Fig. . It is clear how adding WiggleZ data to the analysis narrows the distributions (dotted
to solid) both with (orange) and without (black) the inclusion of BAO+Hy. This is the strongest
neutrino mass limit so far derived from spectroscopic redshift galaxy surveys. The advantages of
WiggleZ are a higher redshift for which the structure formation is linear to smaller scales, and a
simple galaxy bias for the strongly star-forming blue emission line galaxies.

Our result is comparable to that obtained using independent methods [3, B, 3, @], but with
different systematics. Since the data sets are all independent, they can potentially be combined in
the future to provide even stronger constraints. This is particularly interesting in light of recent

3http://camb.info
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results [B, ] that hint at the existence of additional neutrino species (Negr > 3.04). Allowing for

additional neutrino species degrades the constraining power of large scale clustering alone, and the

combination of Neg and ) m,, is therefore poorly constrained with current data.

In the future, galaxy surveys such as the Baryon Acoustic Oscillation Survey, Dark Energy

Survey and Euclid will be far more sensitive, however, as demonstrated in this paper, the small

details of the modelling of non-linear effects become very important, so robust modelling either

theoretically or calibrated to simulations with massive neutrinos will be necessary.
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