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What’s	
  next?	
  

DESI	
  on	
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Ripples	
  in	
  early	
  universe	
  imprint	
  
standard	
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  in	
  cosmic	
  microwave	
  
background	
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  power	
  
TE	
  =	
  T	
  x	
  E	
  
E	
  =	
  EE	
  	
  
B	
  =	
  BB	
  

Scalar	
   Tensor	
  (GW)	
  

10

100

1000

10000

 0.0001  0.001  0.01  0.1  1

P
M

(k
) (

h-1
 M

pc
)3

k (h Mpc)-1

Power law Matter power spectrum
Wiggly Whipped first order - I
Wiggly Whipped first order - II
Wiggly Whipped second order

Anthony	
  Challinor	
  



B$4&'(7D&"#'<@(.0=<1.'(7".1&(

!"#$%&'()*+,( K(



Current	
  E-­‐mode	
  PS	
  ObservaDons	
  

25/07/14	
   7	
  

1. Cosmic microwave background 13

Figure 1.4: Power spectrum of E-mode polarization from several different
experiments, plotted along with a theoretical model that fits Planck plus other
CMB data. Note that the widths of the bands have been suppressed for clarity, but
that in some cases they are almost as wide as the features in the power spectrum.

The most distinctive result from the polarization measurements is at the largest
angular scales (ℓ < 10) in CTE

ℓ , where there is an excess signal compared to that expected
from the temperature power spectrum alone. This is precisely the signal anticipated from
an early period of reionization, arising from Doppler shifts during the partial scattering
at z < zi. The effect is also confirmed in the WMAP CEE

ℓ results at ℓ = 2–7 [50]. The
amplitude of the signal indicates that the first stars, presumably the source of the ionizing
radiation, formed around z ≃ 10 (although the uncertainty is still quite large). Since this
corresponds to scattering optical depth τ ≃ 0.1, then roughly 10% of CMB photons were
re-scattered at the reionization epoch, with the other 90% last scattering at z ≃ 1100.

1.7. Complications

There are a number of issues that complicate the interpretation of CMB anisotropy
data (and are considered to be signal by many astrophysicists), some of which we sketch
out below.
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Close	
  up	
  in	
  the	
  relevant	
  region	
  
looking	
  for	
  the	
  EE	
  bump	
  for	
  the	
  TT	
  depression	
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Figure 3: Best-fit lensed CMB power spectra of the adiabatic (dashed red) and anti-
correlated isocurvature (dotted green) models to the data P13+WP9+B2+BAO+H0. The
TT (top left), TE (top right), EE (bottom left) and BB (bottom right) power spectra are
shown. Data points depicted are P13 (TT), WP9 (TE, EE) and B2 (EE, BB). Note that
the y-axises in the top and bottom panels are shown in linear and logarithmic scales,
respectively.
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3

FIG. 3. EE power spectrum for the models in Fig. 1 showing
the change from the best fit r = 0 ⇤CDM power spectrum.
Excess E-modes from the tensors at r = 0.2 are partially com-
pensated by the step at `

>⇠ 30 while changes at lower ` can
be altered by changing the reionization history. Preference
for removing power at substantially smaller r would predict
a deficit of power as the r = 0 model shows.

r C

1

ss(Mpc) xd �2 lnLP �2 lnLB �2 ln�L
tot

0 0 - - 9805.8 55.2 37.1
0 -0.17 360.9 1.41 9801.4 55.2 32.8
0.1 0 - - 9809.8 15.4 1.4
0.1 -0.23 365.0 1.37 9800.0 15.5 -8.3
0.2 0 - - 9816.3 7.6 0
0.2 -0.32 365.3 1.43 9799.7 7.6 -16.6

TABLE I. Likelihood for models with tensors and steps with
other cosmological parameters fixed. LP is the likelihood for
the Planck low-` spectrum, high-` spectrum and WMAP9 po-
larization; LB is that for the BICEP2 BB likelihood. The
change in the total is quoted relative to the r = 0.2 no fea-
ture case.

0.0925. Foreground parameters for the Planck likelihood
are chosen as in Ref. [14].
As shown in Tab. I, this r = 0 model is strongly pe-

nalized by the BICEP2 data. Moving to the r = 0.2
model with the same parameters removes this penalty
at the expense of making the Planck likelihood worse by
2� lnL = 10.5 due to the excess in the ` <⇠ 100 temper-
ature power spectrum shown in Fig. 1.
Next we fit for a step with parameters C1, ss, xd con-

trolling the amplitude, location and width of the step.
The best fit model at r = 0.2 more than removes the
penalty from the temperature excess for Planck while
fitting the BICEP2 BB results equally well. The net
result is a preference for a step feature at the level of
2� lnL = �16.6 over no feature. Note that we have fixed

the other cosmological parameters to their values without
the step. With the addition of the step, there remains a
small high-` change in the well-measured acoustic regime
in Fig. 1. Thus the likelihood may in fact increase in a
full fit. Conversely, we do not consider any compromise
solutions where cosmological parameters ameliorate the
tension without a step. We leave these considerations to
a future work.
The best fit step also predicts changes to the EE po-

larization. Like the TT spectrum, the excess power from
the tensor contribution is partially compensated by the
reduction in the scalar spectrum for ` >⇠ 30. Changes at
smaller multipoles are mainly due to changing the reion-
ization signal at fixed ⌧ . The di↵erences will therefore be
largely degenerate with changes in the ionization history.
Due to potential contributions from foregrounds in the

BICEP2 data which may imply a shift to r = 0.16+0.06
�0.05

[1], we also test models at r = 0.1 which would formally
be in tension with the BICEP2 likelihood without fore-
ground subtraction. Even in this case, the Planck portion
of the likelihood improves with the inclusion of a step
though the preference is weakened to 2� lnLP = �9.8
versus no step. At r = 0, the Planck data still prefers
a step to remove power at a reduced improvement of
2� lnLP = �4.4, a fact that was already evident in the
Planck collaboration analysis of anticorrelated isocurva-
ture perturbations [19]. Such an explanation should also
help resolve the tensor-scalar tension albeit outside of the
context of single-field inflation. Interestingly, the addi-
tion of tensors at r = 0.2 in fact further helps step models
fit the Planck data due to the changes shown in Fig. 1
independent of the BICEP2 result.

IV. DISCUSSION

A transient violation of slow-roll which generates a step
in the scalar power spectrum at scales near to the horizon
size at recombination can alleviate problems of predicted
excess power in the temperature spectrum, present al-
ready in the best fit ⇤CDM spectrum, and greatly exac-
erbated by tensor contributions implied by the BICEP2
measurement. Such a step may be generated by a sharp
change in the speed of the rolling of the inflaton ✏H or
by a sharp change in the speed of sound cs over a period
of around an efolding which combine to form the tensor-
scalar ratio. Preference for a step from the tempera-
ture power spectrum is at a level of 2� lnLP = �16.6 if
r = 0.2 and is still �9.8 at r = 0.1, the lowest plausible
value that would fit the BICEP2 data.
Such an explanation makes several concrete predic-

tions. Since slow-roll is transiently violated in this sce-
nario, there will be an enhancement in the associated
three-point correlation function. However, we do not ex-
pect this signal to be observable as it impacts only a small
number of modes [8, 9]. E-mode fluctuations on similar
scales would be predicted to have a smaller enhancement
then with tensors alone, which is a testable prediction of



Year of the B-Mode
• Gravitational lensing B-modes (SPTPol, Polarbear...) detected
• Gravitational wave B-modes (BICEP2) measured
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Polarbear 
SPTpol (lensing xcorr)
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Issue:	
  TT	
  Power	
  Spectrum	
  
with	
  r=0.2,	
  Best	
  fit,	
  needed	
  

Wayne Hu
CosKASI, April 2014

Features in Inflation
and Generalized Slow Roll
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Wiggly	
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  Power	
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Evidence	
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  Dark	
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Expansion	
  Rate	
  vs.	
  Time	
  
recent	
  BOSS	
  results	
  in	
  red	
  

25/07/14	
   17	
  
CREDIT:	
  Zosia	
  Rostomian,	
  LBNL,	
  and	
  Nic	
  Ross,	
  BOSS	
  Lyman-­‐alpha	
  team,	
  LBNL	
  	
  Baryon	
  AcousDc	
  OscillaDons	
  in	
  the	
  Ly-­‐α	
  forest	
  of	
  BOSS	
  quasars,	
  
SubmiOed	
  to	
  Astronomy	
  &	
  Astrophysics,	
  arXiv:1211.2616.	
  



j.'P(R0&'=8Z(j80.@3".1(k3&1A(67V(
>$7@$1$=3".1(>$07#.0#((

!"#$%&'()*+,( +T(

w0 = !1.04!0.69
+0.72 , wa <1.32 9Ke`m(B1.0"PnSBnQC!:(

p = w!, w = w0 +wa (1! a).jR(&lV($?(7#.#&Z(



19 

4 million LRGs 

23 million ELGs 

3 million QSOs 

These are the easiest 30 million objects to observe 

Dark energy 
turns on here ? 

Volume of redshift surveys 
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  is	
  DESI	
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3D	
  map	
  of	
  50	
  (Gpc/h)3	
  volume	
  with	
  4M	
  Luminous	
  Red	
  Galaxies,	
  23	
  M	
  Emission	
  Line	
  
Galaxies,	
  2M	
  Quasars	
  Tomographic	
  surveys	
  of	
  density/velocity	
  field.	
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DESI distance-redshift relation (predicted for 2022) 

—  BAO geometric probe with 0.3-1% precision from z=0.5 -> 3 
—  35 measurements with 1% precision 

HST Key Project, 10% error 

SDSS-II + 2dF + 6dFGS BAO 

WiggleZ BAO 

BOSS (in progress) 

DESI 

Planck 

z=1000 
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BAO standard ruler 
from Planck 

     θs = 0.596724 ± 0.00038 deg 

BAO standard ruler 
from BOSS & DESI 

CMB	
  is	
  2-­‐d	
  	
  	
  BAO	
  is	
  3-­‐d	
  

From	
  2D	
  to	
  3D	
  –	
  CMB	
  anisotropies	
  to	
  tomographic	
  surveys	
  of	
  density/velocity	
  field.	
  
Data,	
  Data,	
  Data	
  –	
  CMB	
  maps	
  l2~10M	
  modes;	
  BOSS	
  maps	
  k3V~0.4M	
  modes;	
  DESI	
  15M	
  modes	
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  Energy	
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             w(a) = w0 + (1− a)wa

Dark Energy Task Force Figure of Merit:
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  Not	
  just	
  BAO	
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Power	
  spectrum	
  is	
  Fourier	
  transform	
  of	
  two-­‐point	
  
correlaDon	
  funcDon.	
  
	
  
Power	
  spectrum	
  tests:	
  

	
  General	
  RelaDvity	
  
	
  InflaDon	
  
	
  Number	
  of	
  neutrinos	
  
	
  Sum	
  of	
  the	
  neutrino	
  masses	
  

ns :±0.0022
αs :±0.0024
Σmν :±0.024eV
ΣNν :±0.056



GUT-­‐Scale	
  InflaDon	
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GUT-­‐Scale	
  InflaDon	
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21-­‐cm	
  Intensity	
  Mapping	
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FAST	
  arXiv:1407.3583	
  	
  
With	
  Ivan	
  Debono	
  



Comparison	
  of	
  SKA,	
  FAST,	
  Euclid/DETF-­‐IV	
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Baryon	
  AcousDc	
  OscillaDon	
  (BAO)	
  Obs	
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FAST:	
  Five-­‐Hundred-­‐meter	
  Aperture	
  
Spherical	
  Telescope;	
  Guizhou	
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InflaDon	
  

•  Look	
  at	
  power	
  spectrum	
  
•  Look	
  for	
  three-­‐point	
  correlaDons	
  (CMB)	
  
•  Look	
  a	
  “scale	
  dependence”	
  of	
  bias	
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P(k) = P(k0 )(k / k0 )
nS (k0 )+

1
2
αS ln(k/k0 ) Planck:	
  

nS=0.9614	
  ±0.0063	
  
aS=-­‐0.015±0.017	
  



Measuring	
  the	
  sum	
  of	
  neutrino	
  masses	
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Δm32
2 = 2.32×10−3eV2

Δm21
2 = 7.50×10−5eV2



Fundamental and Primordial Physics 
Massive	
  neutrinos	
  free	
  stream,	
  damping	
  the	
  ma[er	
  power	
  on	
  small	
  
scales.	
  	
  Long	
  lever	
  arm	
  in	
  k	
  determines	
  Σmν	
  to	
  0.02	
  eV.	
  	
  

Long	
  range	
  in	
  k	
  tests	
  running	
  of	
  primordial	
  spectrum.	
  	
  Large	
  scales	
  
test	
  non-­‐Gaussianity.	
  	
  Both	
  are	
  probes	
  of	
  infla^on.	
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TesDng	
  General	
  RelaDvity	
  
•  The	
  growth	
  funcDon	
  D(a)	
  is	
  determined	
  by	
  the	
  maOer	
  density	
  

and	
  General	
  RelaDvity.	
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In	
  pracDce,	
  we	
  measure	
  
fσ8,	
  where	
  	
  σ8	
  	
  	
  sets	
  the	
  
scale	
  for	
  P(k).	
  
There	
  will	
  be	
  2%	
  
measurements	
  of	
  fσ8	
  	
  	
  	
  
at	
  many	
  values	
  of	
  z.	
  



Next	
  Bigger	
  Steps	
  for	
  Cosmology	
  	
  
	
  •  Euclid	
  Mission	
  

•  LSST	
  
•  Larger	
  Scale:	
  Large	
  Scale	
  Structure	
  Surveys	
  
•  More	
  direct	
  Des	
  and	
  joint	
  fits	
  with	
  HEP	
  
•  CMB	
  	
  

–	
  Is	
  anisotropy	
  phase	
  peaking	
  and	
  winding	
  down	
  
–  	
  Back	
  to	
  CMB	
  spectral	
  distorDons?	
  

• Window	
  on	
  physics	
  
•  Test	
  of	
  energy	
  released	
  in	
  symmetry	
  breaking	
  transiDons	
  

•  BBO	
  ?	
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CMB	
  Spectral	
  DistorDons	
  

Silk	
  and	
  Chubla	
  Science	
  2014	
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PredicDon	
  for	
  GravitaDonal	
  Waves	
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Garcia-­‐Bellido,	
  Juan	
  et	
  al.	
  arXiv:0801.4109	
  



Conclusions	
  	
  
•  These	
  are	
  bright	
  days	
  for	
  cosmology	
  
•  There	
  are	
  also	
  plenty	
  of	
  new	
  projects	
  one	
  can	
  
envision	
  and	
  do	
  over	
  the	
  next	
  two	
  decades	
  

•  CMB	
  discovered	
  50	
  years	
  ago	
  
•  CMB	
  anisotropies	
  23	
  years	
  ago	
  
•  AcceleraDng	
  Universe	
  15	
  years	
  ago	
  
•  Due	
  for	
  another	
  big	
  one	
  –	
  Is	
  it	
  BICEP2	
  
detecDon	
  of	
  gravitaDonal	
  waves	
  signature?	
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