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  small	
  scale	
  perturba7ons	
  
(Mao	
  et	
  al	
  2013)	
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Unique	
  capability	
  of	
  SKA:	
  high-­‐res	
  
spectroscopic	
  imaging	
  of	
  small-­‐scale	
  
cosmic	
  structure	
  over	
  a	
  large	
  redshik	
  

range	
  
	
  

Bad	
  news	
  for	
  cosmologists:	
  	
  
Strong	
  non-­‐linear	
  evolu7on	
  destroys	
  

small	
  informa7on	
  



Good	
  news	
  for	
  cosmologists:	
  	
  
Non-­‐linear	
  evolu7on	
  of	
  large	
  scale	
  
structure	
  creates	
  structure	
  of	
  
underdense	
  regions,	
  ie	
  voids,	
  

separated	
  by	
  filaments	
  and	
  walls	
  



The	
  cosmic	
  web	
  as	
  seen	
  by	
  SDSS	
  

M.	
  Blanton	
  
and	
  SDSS	
  



The	
  promise	
  of	
  cosmic	
  voids	
  
•  Biggest	
  "objects"	
  in	
  the	
  Universe	
  –	
  fill	
  most	
  of	
  

the	
  volume!	
  
•  Simpler	
  dynamics	
  than	
  high	
  density	
  regions	
  
•  Easier	
  to	
  link	
  tracers	
  to	
  underlying	
  dark	
  

maJer	
  
•  The	
  first	
  regions	
  in	
  the	
  universe	
  dominated	
  by	
  

dark	
  energy	
  
•  If	
  accelera7on	
  of	
  the	
  universe	
  is	
  caused	
  by	
  

modified	
  gravity	
  it	
  should	
  act	
  most	
  strongly	
  in	
  
voids.	
  

•  Neutrino	
  signatures	
  in	
  profile?	
  
•  A	
  free,	
  addi7onal	
  observa7onal	
  probe	
  in	
  

current	
  and	
  future	
  surveys,	
  including	
  SKA	
  
•  Can	
  be	
  used	
  to	
  define	
  new	
  cosmological	
  tests,	
  

measuring	
  expansion	
  history,	
  etc.	
  
•  A	
  new	
  area	
  for	
  cosmological	
  research	
  

Lavaux	
  &	
  Wandelt	
  2012;	
  	
  SuJer	
  et	
  al.	
  2012,	
  2013,	
  
2014;	
  Pisani	
  et	
  al	
  2014,	
  Hamaus	
  et	
  al	
  2014	
  



MaJer,	
  galaxies,	
  voids	
  in	
  simula7on	
  
	
  

Hamaus	
  et	
  al.	
  2014	
  



Void	
  observables	
  –	
  recent	
  progress	
  
•  Voids	
  defini7on	
  in	
  surveys	
  

–  E.g.	
  voids	
  in	
  the	
  SDSS	
  DR9:	
  SuJer	
  et	
  al.,	
  arXiv:1310.7155	
  
•  Their	
  proper7es	
  can	
  be	
  characterized	
  

–  Effect	
  of	
  sparse	
  sampling	
  and	
  bias	
  on	
  voids:	
  SuJer	
  et	
  al.,	
  arXiv:	
  1309.5087	
  
•  Voids	
  are	
  related	
  to	
  dark	
  maJer	
  

–  Dark	
  maJer	
  in	
  galaxy	
  voids:	
  SuJer	
  et	
  al.,	
  arXiv:	
  1311.3301	
  
•  They	
  can	
  be	
  used	
  as	
  LSS	
  tracers	
  

–  Void-­‐galaxy	
  cross-­‐correla7ons,	
  Hamaus	
  et	
  al.	
  2014	
  
•  Voids	
  lens	
  background	
  galaxies	
  

–  Gravita7onal	
  lensing	
  of	
  voids	
  in	
  SDSS:	
  Melchior	
  et	
  al.,	
  arXiv:	
  1309.2045	
  
•  Voids	
  can	
  be	
  stacked	
  to	
  get	
  real	
  space	
  informa7on	
  

–  Real-­‐space	
  profile	
  reconstruc7on:	
  Pisani	
  et	
  al.,	
  arXiv:	
  1306.3052	
  
•  Voids	
  can	
  be	
  used	
  to	
  define	
  new	
  cosmological	
  observables	
  

–  Alcock-­‐Paczinsky,	
  sta7c	
  ruler,	
  galaxy	
  bias	
  etc.	
  

à www.cosmicvoids.net!



Void	
  number	
  func7ons	
  in	
  BOSS-­‐CMASS	
  
match	
  mock	
  surveys	
  

SuJer	
  et	
  al.,	
  arXiv:1310.7155	
  



Void	
  ellip7ci7es	
  –	
  semi-­‐analy7c	
  theory	
  
matches	
  data	
  

SuJer	
  et	
  al.,	
  arXiv:1310.7155;	
  	
  DIVA:	
  Lavaux	
  &	
  BDW	
  (2010	
  )	
  



Observed	
  void	
  profiles	
  well-­‐modeled	
  using	
  	
  
2LPT	
  mocks	
  

SuJer	
  et	
  al.,	
  arXiv:1310.7155	
  



Precision cosmography with stacked voids 13

Figure 10. Standard deviation of void apparent shape vs the num-
ber of stacked voids –We show here the standard deviation, as given
by our statistical model in Eq. (18) (solid lines), the residual be-
tween the expected shape and the actual best estimate (thick cross
markers). We also show with a dashed line the best adjustment
of a power-law on the residual (Eq. 34). The results for the three
N -body simulations are shown here. The colors correspond respec-
tively to voids with an e�ective radii of 6h�1 Mpc (red), 8h�1 Mpc
(blue) and 12h�1 Mpc (green).

For deriving Fisher-matrix constraints, we assume the
priors that should come out from the Planck mission.
We use the Dark Energy Task Force (Albrecht et al. 2006)
prescription for deriving these priors. In addition, we ap-
ply constraints from Stage II experiments as expressed in
the DETF report. The Figure-of-merit (FoM) is defined
as

FoM =
1

⇥(wa)⇥(wp)
(36)

with
wp = w0 + (1� ap)wa (37)

and

1� ap = �⌅�wa�w0⇧
⌅(�wa)2⇧

. (38)

wp is the best estimate we can obtain on the equation of
state of Dark Energy, evaluated at the scale factor ap of
our Universe.
We consider either an experiment consisting of only

BAO analysis, only Voids analysis or the two combined.
We do this analysis for the SDSS main galaxy sample,
the BOSS survey and the EUCLID survey. We give the
results in Table 2, Figure 11 and Figure 12.
We note that voids and BAO have roughly the same

constraining power when considering the SDSS/BOSS
experiment (FoM of 86 for BAO only vs. 63 for voids
only). The combination of the two slightly improves the
constraints (FoM of 91). On the other hand, voids are
far superior at constraining the equation of state of Dark
Energy with the EUCLID survey. We have found a FoM
of ⇥3 800 far superior than the constraints derived from

Figure 11. Fisher matrix constraints for SDSS/BOSS survey –
Predicted 95% confidence regions, assuming Planck prior and the
determination of the Hubble constant H = 72± 8 km s�1 Mpc�1.
The Planck priors were obtained using the procedure in the report
of the DETF. Please note that we plot w0 vs wa and not wp vs wa.
The red solid line gives the constraints derived from the analysis
of baryonic acoustic oscillations in the BOSS survey. The blue
dotted line gives the constraints derived from the shapes of stacked
voids using SDSS main galaxy sample and the BOSS sample. The
green dashed line shows the obtained constraint by combining both
Baryonic Acoustic Oscillations and void shape measurement.

BAO for the same survey. This comes from the possi-
bility of using small scales geometry and not only the
⇥100h�1 Mpc scale which corresponds to BAO.
The results depend on several parameters that we have

adopted for the analysis. For example, we have chosen
Rmax = 45h�1 Mpc. We have barely found any change
in the results by limiting to re� ⇤ 14h�1 Mpc or by
changing the thickness �z of the slice up to 0.1. How-
ever, changing Rmin have a lot more impact on the FoM.
This indicates that, as expected, most of the informa-
tion comes from the smallest observable voids because
of their huge abundance relatively to bigger ones. Simi-
larly, we have tried varying sr between 1 and 10 to check
the stability of the constraints for EUCLID. We have
found that the Hubble diagram for voids always give a
significant additional information. The Figure-of-Merit
may either strongly improve whenever sr is reduced, up
to one hundred times improvement, or be quite reduced
by a few when sr is increased. We also tried to check
the influence of the sky coverage on the FoM. Interest-
ingly, reducing the EUCLID survey to 100 deg2 yields
a Figure-of-Merit of ⇥300 for voids, while the one we
expect from BAO with BOSS is ⇥86. Voids could thus
yield very good constraints on Dark Energy from deep
redshift surveys with small sky coverage.
Finally, we note that in all this work we have only

used the shape of the stacked voids as a probe. Addi-
tionally, there is information in the distribution of void
orientations Jones & Fry (1998). The distribution of the
intrinsic shapes of individual voids contains a great deal
of complementary information, at the potential cost of

Dark	
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  constraints	
  for	
  full	
  
BOSS	
  data	
  

BAO	
  

Outperforms	
  BAO	
  by	
  a	
  factor	
  of	
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Figure 12. Same as Fig. 11 but for the EUCLID survey. The
red solid (blue dotted respectively) line gives the constraints de-
rived from the analysis of Baryonic Acoustic Oscillations (shapes
of stacked voids respectively).

Method Data FoM
BAO BOSS 86
Voids SDSS+BOSS LRG 63

BAO+Voids SDSS+BOSS 91
Voids EUCLID ⇥3 800
BAO EUCLID 185

BAO+Voids EUCLID ⇥3 800

Note: The figure-of-merit is computed as the non-normalized
1/(�(wp)� �(wa)) as in the DETF report. We have included the
prior from Stage II dark energy experiments, prior on H0 from the
Hubble space telescope and Planck prior.

Table 2
Comparison of Figure-of-merits (FoM)

requiring to assume a galaxy bias (Park & Lee 2007;
Biswas et al. 2010; Lavaux & Wandelt 2010).We think
that the intrinsic shape could increase substantially the
constraints that only comes from void shape analysis.
This could be done in two steps: the first pass would use
the method that we have developed in this paper to con-
strain the local geometry, the second pass would use the
shape distribution to constrain the growth of structures.

6. CONCLUSION

By stacking cosmic voids we can directly constrain the
cosmological expansion through a purely geometric ap-
proach.
In Section 3, we have developed an algorithm for find-

ing and stacking voids on a light-cone. After having de-
fined the coordinate system we have described the algo-
rithm, based on Zobov (Neyrinck 2008) algorithm and
extends it in a way to produce non-overlapping voids
selected according to two criteria: an e�ective radius
within a given range and a central density su⇥ciently
low to mark the region as a void.
In Section 4, we have applied the algorithm of Sec-

tion 3 to mock light-cone catalogs obtained from three
N -body simulations that we have run. We have tested
the method in the original comoving coordinates of the
simulation, which has provided us with a model of the
density profile of the stacked void. Then, we have simu-
lated cosmological expansion and distortions due to pe-
culiar velocities, which allowed us to qualitatively esti-
mate the impact on our measurement of the stretching
of voids. We have developed and tested a non-Gaussian
statistical model able to estimate the stretching of the
stacked void. Finally, we have estimated and fitted us-
ing a power-law the number density of voids of a given
e�ective radius.
In Section 5, we have derived the Hubble diagrams of

voids. We have considered three void e�ective radii and
attempted a naive correction of the systematic e�ect due
to peculiar velocities distortion. We have developed a
Fisher-matrix analysis that we have finally applied to the
SDSS, BOSS and EUCLID spectroscopic surveys to de-
rive forecast on the constraints on Dark Energy equation
of state.
We have found that cosmic voids have the potential to

provide a far more powerful constraint on dark energy
than measurements of the Baryonic Acoustic Oscillation
scale, by an order of magnitude, while being less sensitive
to edge e�ects. This large increase of information is eas-
ily understood in comparing the number of modes probed
by voids compared to BAOs, which scales roughly as the
three-thirds power of the ratio of the BAO to the void
scale �

⇥
1000 � 30. When projected into the wa, wp

plane this gives an improvement over BAO on those pa-
rameters by a factor of more than 10. We expect our
stacked void shape measurements to be similarly unaf-
fected by galaxy bias as BAOs, since the method is based
purely geometrical. This expectation remains to verified
on more realistic mock catalogs and real data.
Based on our Fisher matrix forecasts, the stacked voids

technique promises to double the figure of merit from
EUCLID when compared to the combined results from
all other probes using the same data (BAO, weak lensing,
type Ia supernovae, cluster counts). The AP test using
stacked voids is therefore potentially a game-changing
dark energy probe which merits further detailed studies
focused on additional real-world systematics and optimal
survey design.
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SKA	
  and	
  voids	
  
•  SKA	
  galaxy	
  survey	
  +	
  intensity	
  mapping	
  
•  Current	
  IM	
  proposals	
  target	
  BAO	
  (large	
  volume,	
  low	
  
contrast)	
  

•  Brightness	
  temperature	
  contrast	
  is	
  much	
  larger	
  for	
  
voids	
  (10-­‐20	
  Mpc),	
  than	
  for	
  BAO	
  

•  Need	
  10x	
  higher	
  resolu7on	
  than	
  for	
  BAO	
  intensity	
  
mapping	
  –	
  easily	
  achievable	
  with	
  SKA	
  

•  Poten7al	
  to	
  resolve	
  void	
  interiors	
  and	
  dynamics	
  
•  Focusing	
  on	
  underdense	
  regions	
  allows	
  pushing	
  
analysis	
  to	
  smaller	
  scales,	
  increasing	
  science	
  return	
  

•  Lots	
  of	
  new	
  applica7ons	
  to	
  be	
  explored	
  



Superfast	
  model	
  of	
  mildly	
  non-­‐linear	
  
density	
  field:	
  2LPT+remapping	
  

Leclercq,	
  et	
  al.,	
  2013	
  



2LPTRM:	
  Quan7ta7ve	
  
agreement	
  of	
  2&3-­‐
point	
  func7ons	
  down	
  
to	
  k	
  ~	
  0.4	
  h/Mpc	
  

Leclercq,	
  Jasche,	
  Gil-­‐Marin,	
  BDW	
  2013	
  

error<	
  1%	
  on	
  P(k)	
  at	
  z=3	
  

accurate	
  bispectrum	
  	
  
down	
  to	
  z=0	
  

more	
  than	
  96%	
  
cross-­‐correlaAon	
  
with	
  true	
  density	
  
even	
  at	
  z=0	
  



Ini7al	
  seed	
  
perturba7ons	
  

Observables	
  arise	
  from	
  the	
  ini7al	
  
perturba7on	
  field	
  

Non-­‐linear	
  density	
  field	
  



Ini7al	
  seed	
  
perturba7ons	
  

Non-­‐linear	
  density	
  field	
  

What	
  if	
  we	
  could	
  fit	
  N-­‐body	
  
simula7ons	
  to	
  data	
  and	
  infer	
  ini7al	
  
condi7ons	
  and	
  dyamical	
  histories	
  for	
  

our	
  Universe?	
  



Fully	
  Bayesian,	
  non-­‐linear	
  
reconstruc7on	
  of	
  ini7al	
  condi7ons	
  
from	
  Large	
  Scale	
  Structure	
  probes	
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Cosmic	
  morphology	
  

Benjamin	
  Wandelt	
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Reconstructed	
  eigenvalues	
  of	
  the	
  local	
  shear	
  tensor	
  constrained	
  by	
  Sloan	
  with	
  gravity	
  prior	
  



Take	
  home	
  messages	
  

•  There	
  is	
  more	
  to	
  life	
  than	
  BAO	
  
– SKA	
  uniquely	
  suited	
  to	
  cosmic	
  web	
  and	
  voids	
  since	
  
BAO	
  intensity	
  mapping	
  experiments	
  aim	
  for	
  large	
  
volume	
  and	
  low	
  resolu7on	
  

– Tests	
  of	
  ini7al	
  perturba7ons	
  on	
  small	
  scales	
  and	
  
during	
  EoR	
  

•  New	
  science	
  poten7al	
  	
  from	
  higher	
  resolu7on	
  
large	
  scale	
  structure	
  probes	
  such	
  as	
  SKA	
  using	
  
powerful	
  priors	
  that	
  know	
  about	
  gravity	
  

	
  



If	
  there's	
  7me:	
  	
  
Power	
  spectrum	
  inference	
  from	
  radio	
  
interferometers	
  using	
  Gibbs	
  sampling	
  

and	
  
ProbabilisAc	
  image	
  reconstrucAon	
  for	
  

radio	
  interferometers	
  
•  SuJer,	
  Wandelt,	
  Malu	
  (2011)	
  	
  
•  SuJer	
  et	
  al.,	
  this	
  months'	
  issue	
  of	
  MNRAS,	
  
arXiv:1309.1469§	
  



signal	
   primary	
  beam	
  

uv-­‐plane	
   data	
  

d	
  =	
  IFAs	
  +	
  n	
  



isotropic	
  Gaussian	
  
process	
  prior	
  

Gibbs	
  sampling	
  is	
  a	
  both	
  power	
  spectrum	
  
inference	
  and	
  non-­‐linear	
  Wiener	
  filter	
  

Ini7al	
  guess	
  of	
  
signal	
  covariance	
  

(Su;er,	
  Wandelt,	
  Malu.	
  2011;	
  Karakci	
  et	
  al.	
  2013)	
  

WF	
  map	
  

WF	
  map	
  +	
  fluctua7ons	
  

augment	
  
missing	
  

fluctua7ons	
  
from	
  prior	
  

compute	
  
power	
  

spectrum	
  	
  

draw	
  signal	
  
sample	
  

construct	
  
Wiener-­‐

filtered	
  map	
  



the	
  need	
  for	
  deconvolu7on	
  

F’d	
  

d	
  =	
  IFAs	
  +	
  n	
  



(Su;er	
  et	
  al.	
  2013)	
  



example:	
  Einstein	
  results	
  

(Su;er	
  et	
  al.	
  2013)	
  



test	
  images	
  

(Su;er	
  et	
  al.	
  2013)	
  



image	
  results	
  

(Su;er	
  et	
  al.	
  2013)	
  



image	
  results	
  

(Su;er	
  et	
  al.	
  2013)	
  



Gibbs	
  performs	
  beJer	
  than	
  CLEAN	
  

(Su;er	
  et	
  al.	
  2013)	
  

è J.-­‐L.	
  Starck's	
  talk	
  	
  
Similary	
  underlying	
  ideas:	
  
Bayesian	
  prior	
  favors	
  "sparse"	
  
solu7ons	
  


