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Dick Bond CIFAR@CITA with CITA aka Cosmic Information Theory & Analysis 
Probing the Cosmic Theory of Early & Late Universe Physics: from Simplicity to Complexity

IT from BIT from BITs in IT

information quality = IQ essence
information quantity =  entropy Shannon 1948

the coherent & the entropic, in all its forms, 
from  the ultra-early-U to Now to the ultra-late-U

info& primarily-earlyU
=Bond@IAP 12.09.28

info& primarily-clusters/SZ
=Bond@IAS 12.10.04 

info& primarily-primaryCMB 
=Bond@APC 12.10.30 

Damping Tail & Recombination History 
new ACT12+SPT12 + Planck13 to come
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 morphs into the nonlinear Cosmic Web: clusters, filaments, voids; galaxies (SZ) 
gastrophysical simulations with feedback from AGN / starbursts / SN .. confront CMB+LSS data 

Prob (cosmic parameters & trajectories | CMB+LSS data, theory-framework)

Beyond the standard model: tilted ΛCDM + x
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Dick Bond CIFAR@CITA with CITA aka Cosmic Information Theory & Analysis 
Cosmic Information from the Microwave Background Radiation

the nonlinear 
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Studying the Cosmic Tango

the coherent and the entropic, in all its forms, 
from  ultra-early-U to ultra-late-U

Boltzmann
S=kBlnW, 
W=Nstates
dS/dt > 0

"Now I am in the grip of a new vision, that 
Everything Is Information. The more I have 
pondered the mystery of the quantum and our 
strange ability to comprehend this world in which 
we live, the more I see possible fundamental roles 
for logic and information as the bedrock of 
physical theory. ... I continue to search."

IT from BIT from BITs in IT

Universe =System(s)+Reservoir =Signal(s)+Residual noise =Effective 
Theory+Hidden variables, =Data+Theory, observer(s)+observed

Sf(D,T)=∫ dq Pf ln[Pf -1]

SU,m+r ~1088.6 cf. SG ~10121.9 asymptotic DE 

en-TANGO-ment  the dance of U=R∪S
the medium is the message McLuhan 1964 UofT

generalized parameter space {q} ~phase space

U=R∪S ruled by (information) entropy in bits, entangled. 
the fine grains in the coarse grains

entropy =<information-content> Quantity Shannon 1948

equal	
  a	
  priori	
  probability
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dS/dt > 0

"Now I am in the grip of a new vision, that 
Everything Is Information. The more I have 
pondered the mystery of the quantum and our 
strange ability to comprehend this world in which 
we live, the more I see possible fundamental roles 
for logic and information as the bedrock of 
physical theory. ... I continue to search."

IT from BIT from BITs in IT

Universe =System(s)+Reservoir =Signal(s)+Residual noise =Effective 
Theory+Hidden variables, =Data+Theory, observer(s)+observed

Sf(D,T)=∫ dq Pf ln[Pf -1]

SU,m+r ~1088.6 cf. SG ~10121.9 asymptotic DE 

en-TANGO-ment  the dance of U=R∪S
the medium is the message McLuhan 1964 UofT

generalized parameter space {q} ~phase space

U=R∪S ruled by (information) entropy in bits, entangled. 
the fine grains in the coarse grains

 A Long View of Particle Physics Frank Wilczek 2012, 25th Solvay: 
Information as Foundation? There are, I think, significant hints that it should be. 

entropy =<information-content> Quantity Shannon 1948

QITA Quantum Information Theory & Analysis
Thursday, 1 November, 12



Studying the Cosmic Tango

the coherent and the entropic, in all its forms, 
from  ultra-early-U to ultra-late-U

Boltzmann
S=kBlnW, 
W=Nstates
dS/dt > 0

entropy =<information-content> Quantity Shannon 1948

IT from BIT from BITs in IT

our Cosmoticians’ Agenda: Statistical Paths in Cosmic Theory & Data 
via the Bayesian chain drawing what we know of It from Its Bits

P(q|D,T) =P(D|q,T)P(q|T)P(T)/P(D|T) D=CMB,LSS,SN,..,complexity, life 
T=baryon, dark matter, vacuum mass-energy densities,...,
early & late inflation as low energy flows/trajectories on a (string) landscape 

Sfi(D,T)=∫ dq Pf ln[Pf -1 Pi]

SU,m+r ~1088.6 cf. SG ~10121.9 asymptotic DE 

Bayes measure
=>”dSf/dt<0”

generalized parameter space {q} ~phase space

as System knowledge⬆

en-TANGO-ment  the dance of U=R∪S

relative Shannon entropy = - Kullback Leibler divergence
Pf(q) probability density functional distribution function 
⇐ quantum (von Neumann) S= -Tr ρ ln ρ density matrix

Sf(D,T)=∫ dq Pf ln[Pf -1]
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entropy =<information-content> Quantity Shannon 1948

IT from BIT from BITs in IT

our Cosmoticians’ Agenda: Statistical Paths in Cosmic Theory & Data 
via the Bayesian chain drawing what we know of It from Its Bits

P(q|D,T) =P(D|q,T)P(q|T)P(T)/P(D|T) D=CMB,LSS,SN,..,complexity, life 
T=baryon, dark matter, vacuum mass-energy densities,...,
early & late inflation as low energy flows/trajectories on a (string) landscape 

SU,m+r ~1088.6 cf. SG ~10121.9 asymptotic DE 

generalized parameter space {q} ~phase space

en-TANGO-ment  the dance of U=R∪S

relative Shannon entropy = - Kullback Leibler divergence
Pf(q) probability density functional distribution function 
⇐ quantum (von Neumann) S= -Tr ρ ln ρ density matrix

exp[-(n-1)Sn,fi(D,T)]= < exp[-(n-1)σfi] >f

relative RENYI entropy of order n a concentration measure (1 is Shannon)

~- ln <ρn>V /<ρ>V
n

-<ln ρ>ρ

Sfi(D,T)=∫ dq Pf ln[Pf -1 Pi] = <σfi>f

Sf(D,T)=∫ dq Pf ln[Pf -1]
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Studying the Cosmic Tango

the coherent and the entropic, in all its forms, 
from  ultra-early-U to ultra-late-U

IT from BIT from BITs in IT

our Cosmoticians’ Agenda: Statistical Paths in Cosmic Theory & Data 
via the Bayesian chain drawing what we know of It from Its Bits

P(q|D,T) =P(D|q,T)P(q|T)P(T)/P(D|T) D=CMB,LSS,SN,..,complexity, life 
T=baryon, dark matter, vacuum mass-energy densities,...,
early & late inflation as low energy flows/trajectories on a (string) landscape 

Sf(D,T)=∫ dq Pf ln[Pf -1]

SU,m+r ~1088.6 cf. SG ~10121.9 asymptotic DE 

IQ=information quality
IQ~{minimal length messages/codes | error tolerance}  Planck(E/T), 
genetic code, recipes, axioms, algorithms, IC/BC/evolution eqns

generalized parameter space {q} ~phase space

en-TANGO-ment  the dance of U=R∪S

cat information_overload.txt | grep fundamental | grep physics > exec_summary.tex

filter, compress, reduce, marginalize 

entropy =<information-content> Quantity Shannon 1948
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Studying the 
Cosmic 
Tango

P(q|D,T) =P(D|q,T)P(q|T)P(T)/P(D|T) D=CMB,LSS,SN,..,complexity, life 
T=baryon, dark matter, vacuum mass-energy densities,...,
early & late inflation as low energy flows/trajectories on a (string) landscape 

SU,m+r ~1088.6 

cf. SG ~10121.9 

early U applications of “CITA” to cosmic-complexity

✰ the superhorizon measure problem & the Lambda-scape

✰ the emergence of the collective from the random! 
coherence from driven zero-point vacuum fluctuations ➱ V 
inflaton, gravity waves; decohere

✰ let there be heat: entropy generation in preheating from the 
coherent inflaton (origin of all “matter”)

some non-early U applications of “CITA” to cosmic-complexity 
☛ information in nearly-Gaussian density/potential random fields of U, 
     & in weakly and strongly non-linear fields. ergodic theorem & constrained fields
☛ spatial coarse-grained CMB entropy & how we capture it
☛ dark matter entropy, cluster & protocluster & cosmic web entropy  ☛ 
MHD turbulence entropy with cooling & grain polarized emission - CMB fgnd 

☛ How Shannon info-entropy flows from CMB bolometer timestreams to 
marginalized  cosmic parameters via Bayesian chains from prior to 
posterior. 1D & 2D & ... ΔS(q,DT) (cf. ACT10), q=r, w, ns, ...

Thursday, 1 November, 12
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2013+ cosmology => PlanckEXT

cosmology: ns(k), GW r(k), nonG fNL++, ρde(t), mν, strings, isocurvature,... ne(t)

EXT=many	
  observatories	
  &	
  expts	
  enabling	
  the	
  cosmology/astro

ACTpol, SPTpol, ABS, Spider, Quiet-90, EBEX, Keck, GBT, PanStarrs, 
DES, HSC, CHIME, eRosita, CCAT, LSST, EUCLID, ...⊂EXTf

26 Planck papers in 2011 were unveiled for 10 months &  9-freq T data: HFI & 
LFI work flawlessly with great results on ERCSC, ESZ,  CIB, AME, dust ..the gatherers of cosmic information 
CosmicMicrowaveBackground + 

LargeScaleStructure experimental probes 
then & now & then 

2012 cosmology => WMAP9EXT

ACT, SPT, Quiet, GBT, SSDS/BOSS, PanStarrs, ...⊂EXTi

Thursday, 1 November, 12



Standard Parameters of Cosmic Structure Formation

1+w0, wa ne(a)

new parameters: trajectory probabilities for early-inflatons & late-inflatons
& for recombination:(partially) blind  cf. informed “theory” priors

Ωmνh2 XHeΩerh2

dns/dlnk = -0.024 ± 0.015 (ACT10+WMAP+BAO+H0)

Dunkley+ 2010 ACT+WMAP7

Hlozek+11 Primordial power spectra(k); Bond, Contaldi, Huang, Kofman, Vaudrevange 2011 w/o & with T-S consistency

ns = 0.963 ± 0.011 (ACT10+WMAP+BAO+H0)

lnPowers~ln25x10-10  ± 0.036 Inflation Histories
(CMBall+LSS+SN+WL)

standard inflation space: ns   dns/dlnk  r =T/S @k-pivots
Keissler+ 2011 SPT+WMAP7

 r < 0.19, 0.17 (95% CL,  ACT10+WMAP+BAO+H0, SPT11+...)

ACT12 final spectra now, final params in ~weeks, 1500 sq deg, ~1000 for params
Thursday, 1 November, 12



Standard Parameters of Cosmic Structure Formation

1+w0, wa ne(a)

new parameters: trajectory probabilities for early-inflatons & late-inflatons
& for recombination:(partially) blind  cf. informed “theory” priors

Ωmνh2 XHeΩerh2

dns/dlnk = -0.024 ± 0.015 (ACT10+WMAP+BAO+H0)

Dunkley+ 2010 ACT+WMAP7

Hlozek+11 Primordial power spectra(k); Bond, Contaldi, Huang, Kofman, Vaudrevange 2011 w/o & with T-S consistency

ns = 0.952 ± 0.0082 (SPT12+WMAP+BAO+H0, 0.962 ± 0.01)
lnPowers~ln22x10-10  ± 0.028 Inflation Histories

(CMBall+LSS+SN+WL)

standard inflation space: ns   dns/dlnk  r =T/S @k-pivots
Keissler+ 2011 SPT+WMAP7

 r <  0.11 (95% CL,  SPT12+WMAP+BAO+H0, < 0.18 SPT12+WMAP7)

ACT12 final spectra now, final params in ~weeks, 1500 sq deg, ~1000 for params

Story+ 2012 SPT+WMAP7

Thursday, 1 November, 12



CITA = Cosmic Information Theory & Analysis: IT from BIT, from BITs in IT, 
Studying the Cosmic Tango en-TANGO-ment Universe=System+Res=Data+Theory =Signal(s)+noise=EFT+Hidden variables

we compress the Petabit++ observed cosmic info into a precious few bits encoding 6+ parameters 
of the Minimal Cosmic Standard model (tilted ΛCDM) 

WMAP: 1.15 Tbits in 9yrs,  cf. MyLifeBits, Gordon Bell, 1.28 Tbits in 9yrs, Planck 36 Tbits, ACT 304 Tbits.  
Radically Compress  to high quality Bits. Terabit=1012bits=125 GigaBytes.

a new figure of merit for experiments, <lnVOLUMEps> ~ posterior Shannon entropy:     how the 
(radically compressed) one-dimensional entropy of cosmic parameters, the high quality bits we quest, did/will 
change as the experiments became/become more & more precise: 

Shannon entropy difference ΔSfi(q,DT)=∫ dq Pf lnPf -1 -  ∫ dq Pi lnPi -1

CMB@CITA: Boomerang, Acbar, CBI1,2, WMAP, Planck, ACT, Spider, Blast, & ACTpol, ABS, QUIET2; 
GBT-Mustang2, CARMA/SZA, SCUBA2, ALMA, CCAT. CMB@CIFAR: these + APEX , SPT, SPTpol, EBEX
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 +P2.5+ACTpol+SPTpol++    

CITA = Cosmic Information Theory & Analysis: IT from BIT, from BITs in IT, 
Studying the Cosmic Tango en-TANGO-ment Universe=System+Res=Data+Theory =Signal(s)+noise=EFT+Hidden variables

we compress the Petabit++ observed cosmic info into a precious few bits encoding 6+ parameters 
of the Minimal Cosmic Standard model (tilted ΛCDM) 

WMAP: 1.15 Tbits in 9yrs,  cf. MyLifeBits, Gordon Bell, 1.28 Tbits in 9yrs, Planck 36 Tbits, ACT 304 Tbits.  
Radically Compress  to high quality Bits. Terabit=1012bits=125 GigaBytes.

a new figure of merit for experiments, <lnVOLUMEps> = posterior Shannon entropy:     how the 
(radically compressed) one-dimensional entropy of cosmic parameters, the high quality bits we quest, did/will 
change as the experiments became/become more & more precise: 

ΔS(q,DT)
i=ACT10

2D ΔS2f for DarkE improves by ~5 bits

Shannon entropy difference ΔSfi(q,DT)=∫ dq Pf lnPf -1 -  ∫ dq Pi lnPi -1
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 +P2.5+ACTpol+SPTpol++    

CITA = Cosmic Information Theory & Analysis: IT from BIT, from BITs in IT, 
Studying the Cosmic Tango en-TANGO-ment Universe=System+Res=Data+Theory =Signal(s)+noise=EFT+Hidden variables

we compress the Petabit++ observed cosmic info into a precious few bits encoding 6+ parameters 
of the Minimal Cosmic Standard model (tilted ΛCDM) 

WMAP: 1.15 Tbits in 9yrs,  cf. MyLifeBits, Gordon Bell, 1.28 Tbits in 9yrs, Planck 36 Tbits, ACT 304 Tbits.  
Radically Compress  to high quality Bits. Terabit=1012bits=125 GigaBytes.

a new figure of merit for experiments, <lnVOLUMEps> = posterior Shannon entropy:     how the 
(radically compressed) one-dimensional entropy of cosmic parameters, the high quality bits we quest, did/will 
change as the experiments became/become more & more precise: 

ΔS(q,DT)
i=ACT10

2D ΔS2f for DarkE improves by ~5 bits

inflation
n

s
:  0.963± 0.011 0.952 ± 0.0082=>± 0.002 (Pext)

r: < 0.17 0.11 => < 0.007-0.013 (Pext)
fnl: -10< fNL <74 => ± 5 (Pext)

dark energy
Ω

Λ
:   ± 0.012 =>± 0.001 (Pext)

w0: ± 0.06 =>± 0.01 (Pext) (± 0.14 =>± 0.03 if wa)

lnV-slope2/4 0.0± 0.18 =>± 0.03 (Pext) 
+2 other w-trajectory parameters BHK11,BH12

Shannon entropy difference ΔSfi(q,DT)=∫ dq Pf lnPf -1 -  ∫ dq Pi lnPi -1
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Dick Bond CIFAR@CITA with CITA aka Cosmic Information Theory & Analysis 
Cosmic Information from the Microwave Background Radiation

the nonlinear 
COSMIC WEB 
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in Quest of the Damping Tail & the Physics it Entails
Grand Unified Spectra aka GUS COBE+Archeops

+Boom98+Maxima 
+VSA CBI02+Acbar

+WMAP1

+Acbar02
+CBI02

+Boom98
+Maxima

+DASI

+Boom97tst
+Toco97

+Sask96++

final Acbar09

+CBI02

COBEEXT
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primordial (lensed) CMB + veils, the veils = radio sources, the CIB, 
tSZ and kSZ (& Milky Way dust and synchrotron at lower multipoles)

Dunkley+. 2010
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equatorial+south GUS cf.

About 1400 sq deg below 50 uk-min, 600 below 35 uK-min.
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Cosmology From 17,000 Feet:
 Results From the Atacama Cosmology Telescope

5200 m, one of driest places on planet
6-m primary1.4’ resolution
148, 220, (270) GHz, 3000 TES detectors

CMB@CITA: Boomerang, Acbar, CBI1,2, WMAP, Planck, ACT, Spider, Blast, & ACTpol, ABS, QUIET2; 
GBT-Mustang2, CARMA/SZA, SCUBA2, ALMA, CCAT. CMB@CIFAR: these + APEX , SPT, SPTpol, EBEX
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end	
  observing	
  2011:	
  ACT completed 3 full seasons, over ~1300 deg2,	
  maps@CITA.	
  
next	
  step	
  is	
  ACTpol

<ACT	
  SZ	
  x	
  other	
  data	
  (opt,	
  X,	
  submm)>,	
  ...	
  X	
  correlate	
  
overlaps	
  SDSS	
  III	
  BOSS	
  in	
  the	
  ACT	
  equatorial	
  strip,	
  for	
  kSZ

About 1400 sq deg below 50 uk-min, 600 below 35 uK-min.
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Felipe Menanteau Growing up at High-z,  Sep 12, 2012

2008 ACT Stripe from Marriage et al. (2011)

2009+2010

The Astrophysical Journal, 737:61 (10pp), 2011 August 20 Marriage et al.

Figure 1. Sensitivity map with detections. The map shows the sensitivity over
the subset of the ACT 2008 148 GHz data set considered for this study. The
gray scale encodes the noise rms in µK of a map match-filtered for a β-model
(β = 0.86, θc = 1.′00). The median noise in the map is 36 µK. Black boxes
mark the location of the 23 optically confirmed clusters. The size of each box
is proportional to the corresponding cluster decrement.

observations and data reduction, and refer the reader to Fowler
et al. (2010) and Marriage et al. (2011) for a more complete
description. We describe in detail the particular implementation
of the matched filter for clusters. For a description of the ACT
receiver and instrumentation see Swetz et al. (2011).

2.1. Observations and Data Reduction

ACT is a 6 m telescope operating at 5200 m in the Atacama
Desert of northern Chile. The site was chosen for its excellent
atmospheric transparency and access to both southern and
northern skies. The telescope has three 1024 element arrays
of transition edge sensors operating at 148 GHz, 218 GHz,
and 277 GHz. This study uses 148 GHz data from a 455 deg2

subregion of the 2008 southern survey. The subregion lies
between right ascensions 00h12m and 07h08m and declinations
−56◦11′ and −49◦00′. Figure 1 is a map of the sensitivity across
the subregion along with the locations of the clusters reported
in this study. The median rms of the map optimally filtered for
detecting a β-model profile (β = 0.86, θc = 1.′00) is 36 µK.

The data for this study were calibrated to the temperature
of Uranus with a precision of 6%. The absolute positional
uncertainty in the maps is established at 3.′′5 by comparison
of ACT radio source locations (Marriage et al. 2011) to cross-
identified sources in the Australia Telescope 20 GHz Survey
(Murphy et al. 2010). Note, however, that reported cluster
locations have an additional uncertainty due to the effect of noise
on the estimate of the cluster center. Considering the positional
uncertainty for sources detected between signal-to-noise ratios
(S/Ns) 5.5 and 10 reported in Marriage et al. (2011), we expect
estimates of the ACT cluster center positions to scatter with an
rms of roughly 10′′. Additional ambiguity in the cluster position
arises in the case of an extended, non-spherical (e.g., disturbed)
system. In such cases, the positional uncertainty can rise to
arcminute scales.

With calibration and astrometry solved, the final step in
the data reduction is map making. We iteratively solve for
the maximum likelihood (ML) estimate of the map using a
custom preconditioned conjugate gradient code (e.g., Press
et al. 1992). Because ACT samples the sky along multiple
scan directions (i.e., the data are cross-linked), we are able
to produce an unbiased ML map of the microwave sky with
a faithful representation of structure from degree to arcminute
scales.

2.2. Filtering and Cluster Extraction

For cluster detection we use matched filters (Haehnelt &
Tegmark 1996; Herranz et al. 2002; Melin et al. 2006). We
model the sky temperature fluctuation at a point x as

δT (x) =
∑

i

δT0,iBθc,i(x − xi ) + δTother(x), (1)

Figure 2. 148 GHz sub-map. The data have been weighted by a smooth function√
Nobs/Nobs,max, where Nobs is the number of data per pixel. This weighting

levels the amplitude of white noise across the map to that corresponding to
the deepest data. The data are then match-filtered with a β-profile (θc = 1.′0).
The coverage becomes shallower toward the bottom left of the map, causing a
visible increase in the rms. The inset shows the flux density distribution across
the data weighted by the square root of the number of data per pixel. The
data distribution is shown as a gray histogram on which a dashed Gaussian
distribution with standard deviation 24 µK is plotted. Sources were removed
prior to filtering. Three clusters are recognizable from left to right: the Bullet
Cluster (bottom left), A3404 (middle), and AS0592 (middle right).

where δT0,i and Bθc,i are the amplitude and unit-normalized
profile of the ith cluster. In what follows we choose Bθc to be
the isothermal β-model (β = 0.86) with core radius θc ranging
from 0.′25 to 4.′0 and convolved with an isotropic ACT 148 GHz
beam from Hincks et al. (2010). The profile is tapered to zero by
multiplication with a cosine in the range 0.5–5.5θc. The choice
of β is motivated by the best fit to an average SZ profile in Plagge
et al. (2010) who found consistency between the β-model fit and
the generalized Navarro–Frenk–White profile fit to YX in Arnaud
et al. (2010). The temperature field δTother(x) consists of noise
modeled from difference maps, primordial CMB fluctuations
with power spectrum from Nolta et al. (2009), as well as sources
and undetectable (i.e., low-mass) clusters. The spectral signature
of the source and cluster contribution to δTother(x) is modeled
from fits to ACT data in Fowler et al. (2010). See Marriage et al.
(2011) for a full discussion of δTother(x).

Before filtering, bright (S/N > 5) sources are in-painted with
sky temperature in the neighborhood of the source. Furthermore,
the map is weighted by the inverse square root of the number
of observations. This has the effect of flattening the white noise
across the map. The map is filtered in the Fourier domain using
a matched filter

δTfilt(k) =
B̃∗

θc
(k)|δ̃T other(k)|−2δT (k)

∫
B̃∗

θc
(k′)|δ̃T other(k′)|−2B̃θc (k

′) dk′ , (2)

where B̃θc (k) and δ̃T other(k) are the Fourier transforms of Bθc

and δTother, respectively. The map is filtered using β-models
with core radii from 0.′25 to 4.′0 in 0.′25 steps. These core radii
were chosen to span the range of angular scales characterizing
massive clusters from low to high redshift. In a given map, the
S/N of a detection is defined as the ratio of the extremum of the
cluster decrement to the rms of the filtered map. The reported
S/N for a given detection is the maximum S/N from the set of
filtered maps. Figure 2 shows a subsection of the source-masked
and filtered map containing three known clusters. Shown in an
inset of this figure is the pixel flux distribution of the filtered

3

El Gordo

end	
  observing	
  2011:	
  ACT completed 3 full seasons, over ~1400 deg2,	
  maps@CITA.	
  
next	
  step	
  is	
  ACTpol	
  >=	
  2013 About 1400 sq deg below 50 uk-min, 600 below 35 uK-min.
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CMB is clean in EE polarization to much higher L than TT => ACTpol + SPTpol nicely complement Planck
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CMB-Anisotropies Why does the ionization 
history matter for Planck?

Chluba@Planck2011
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Standard Recombination History

running of the free electrons-per-baryon Ye=ne/nb: pe =3dln(ne/nb) /dlnnb
pe from 0 to 9@dec to max 12 to 0

-pe 

differential visibility = running of the visibility neσT /H exp[-∫neσT /H dlna]
 kinematic shear viscosity 4/15cs2 /neσT thermal diffusion nbsγ/neσT 

CL ~ exp[-(L/LD)mD] damping envelope mD~1.26, LD~1350 (6’ fwhm)
WKB baryon-photon tight coupling LD ~ (pe +2)(1+zdec)1/2 ~ (1+zdec)1/2 /σz,dec

KSZ68,P68 => BE84,B96 => SSS99,00

zdec

σz,dec
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Jens Chluba@Planck2011

Getting Ready for Planck

Hydrogen recombination

• Two-photon decays from higher levels                               
(Dubrovich & Grachev, 2005, Astr. Lett., 31, 359; Wong & Scott, 2007; JC & Sunyaev, 2007; Hirata, 2008; JC & Sunyaev 2009) 

• Induced 2s two-photon decay for hydrogen                                      
(JC & Sunyaev, 2006, A&A, 446, 39; Hirata 2008)

• Feedback of the Lyman-! distortion on the 1s-2s two-photon absorption rate    
(Kholupenko & Ivanchik, 2006, Astr. Lett.; Fendt et al. 2008; Hirata 2008)

• Non-equilibrium effects in the angular momentum sub-states                    
(Rubiño-Martín, JC & Sunyaev, 2006, MNRAS; JC, Rubiño-Martín & Sunyaev, 2007, MNRAS; Grin & Hirata, 2009; JC, Vasil & Dursi, 2010) 

• Feedback of Lyman-series photons (Ly[n] ! Ly[n-1])                                        
(JC & Sunyaev, 2007, A&A; Kholupenko et al. 2010; Haimoud, Grin & Hirata, 2010) 

• Lyman-! escape problem (atomic recoil, time-dependence, partial redistribution)                    
(Dubrovich & Grachev, 2008; JC & Sunyaev, 2008; Forbes & Hirata, 2009; JC & Sunyaev, 2009) 

• Collisions and Quadrupole lines                                                                                                     
(JC, Rubiño-Martín & Sunyaev, 2007;  Grin & Hirata, 2009; JC, Vasil & Dursi, 2010;                                                                                                                       
JC, Fung & Switzer, in prep.)

• Raman scattering                                                                                                     
(Hirata 2008; JC & Thomas , 2010; Haimoud & Hirata, 2010)

Helium recombination

• Similar list of processes as for hydrogen                                                
(Switzer & Hirata, 2007a&b; Hirata & Switzer, 2007) 

• Spin forbidden 2p-1s triplet-singlet transitions                                             
(Dubrovich & Grachev, 2005, Astr. Lett.; Wong & Scott, 2007; Switzer & Hirata, 2007; Kholupenko, Ivanchik&Varshalovich, 2007) 

• Hydrogen continuum opacity during He I recombination                             

(Switzer & Hirata, 2007; Kholupenko, Ivanchik & Varshalovich, 2007; Rubiño-Martín, JC & Sunyaev, 2007)

• Detailed feedback of helium photons                                                                               
(Switzer & Hirata, 2007a; JC & Sunyaev, 2009, MNRAS)

ΔNe / Ne ~ 0.1 %
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We probe how well CMB data can 
constrain deviations   
of the free electron fraction from the 
standard history, Xe,fid, here chosen to be 
RECFAST.

what? 

Semi-Blind analysis:
We take the standard RECFAST history as 
our fiducial Xe,fid 
(as in the Fig).

We expand
by up to 320 
     -modes covering 
z = 200-3000.

Among all possible fluctuations        , the 
most constrained perturbation eigenmodes 
are the ones with the lowest errors, found 
using Principal Component Analysis, 
through the eigendecomposition of the 
Fisher information matrix.
The eigenmodes are designed to be 
uncorrelated with each other.

Almost all information on 
cosmological parameters extracted 
from CMB data is sensitive to the 
assumed model of recombination. It is 
important to test if the data point to a 
modified model of recombination. 
Deviations would point to physics 
beyond the standard Xe,fid model, eg, to 
decaying particles or modified atomic 
physics (we explored both).  

How well can we probe the

Recombination History ?

Cosmological parameter measurements from CMB data rely on the accuracy 
of the assumed model of recombination Xe(z). For the high resolution Planck, 
ACT and SPT data to deliver unbiased parameters demands a highly precise 
recombination history (e.g. the CosmoRec advance over RECFAST). Further 

deviations might suggest new physics. We parametrize the remaining 
uncertainties in Xe(z) by a semi-blind expansion from which we construct the 
parameter eigenmodes. Armed with this, we show how physical Xe(z) deviation 
can be detected, and with what accuracy, from the upcoming CMB data.    

Recombination History 

The transition from an ionized to a neutral universe
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We truncate the mode-hierarchy when there 
is a relatively sharp decrease in the 
Shannon information content of the newly  
introduced mode. The Shannon entropy  
change relative to the previous (N) mode 
is :                           .

(right) perturbations to the  recombination 
history due to physical corrections to 
the processes at the  recombination epoch 
(CosmoRec-RECFAST).

If we did not know about the deviations, 
could the XeMs compensate for it?
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CosmoRec vs Recfast++ (Recfast++ is reference)

Cumulative Changes to the Ionization History

JC & Thomas, MNRAS, 2010; Shaw & JC, in prep.

Acceleration of HeI 
recombination by HI 
continuum absorption

Change in the freeze 
out tail because of 
high-n recombination 

Detailed Lyman-series 
transport for hydrogen

identical to Recfast

z

corrections to the recombination physics

best measurable patterns

...

Chluba & Thomas, 2011
http://www.cita.utoronto.ca/~jchluba/Science_Jens/Recombination/CosmoRec.html

Assumption

The true recombination (thus the simulated 
data) includes these corrections. 

Our model of recombination does not. 

15

15

Our semi-blind eigenmodes, XeMs, are designed to only probe small 
perturbations about the fiducial model Xe,fid. When it comes to real CMB data 
analysis, iterations of Xe,fid are required to ensure no leftover bias remains. At 
each step of the iteration, the fiducial model is updated using the measured 

XeMs in the previous step. The estimation of the standard cosmic parameters 
and the XeMs also need to be updated. This procedure is repeated until we 
reach convergence. The XeMs will be applied to the Planck+ACTPol+ 
SPTPol data (similar to the sample application above). 

Marzieh Farhang, J. Richard Bond, Jens Chluba 

why?

how?

Perturbation eigenmodes !XeMs"

Simulations and Results

The Fig shows the first 6 modes (XeMs) 

sorted in order of increasing error bar, 

generated for an ideal full sky experiment, 

with standard cosmic parameters held fixed.

How many eigenmodes to keep?

Sample application
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1- XeMs remove the bias from standard parameters

Discussion

COSMO 11

 Porto

in the plots:

XeM  : eigenmodes generated with the standard parameters held fixed.

eXeM: extended eigenmodes after marginalization over the standard parameters.
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2- XeMs partially reconstruct the perturbations
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10 eXeMs

3 eXeMs

! their convergence
! dependence of the XeMs on the fiducial 

model and on the (simulated) dataset.
! different       parametrizations (eg 

                                          ) enabling us to 

better focus on different redshift intervals.
! different z-basis functions for       .
! physical interpretation of the XeMs, eg, 

changes in the width or in the position of 

the visibility peak.

We explored many XeM issues, eg, 

�Xe = Xe �Xe,fid

�z

�Xe

�Xe

�Xe

�Xe/Xe,fid, �Xe/(Xe,fid + c)
�Xe

exhaustive study of the recombination physics has been done: Rubino-Martin, 
Chluba, Switzer, Grin, Ali-Haimoud, Hirata,Dubrovich, Kholupenko, Grachev, Scott, Wong, Moss, 
cf. Seager, Sasselov, Scott (Recfast) cf. Zeldovich, Sunyaev, Kurt, Peebles, Bond, Efstathiou,

accurate modeling 
for PlanckExt
  to get 0.1-1% in 
parameter accuracy  
=> 0.1-1% accuracy    
in xe(z~1100) needed

CAMB now has an 
approximation to 

COSMOrec & HyRec 
BUT what if there are: more 

recomb-corrections or
dark matter annihilation or
variation of fundamental 

constants
or  collision-corrections or ?

=> perturbative semi-blind 
eigen-analysis fbc11,fbsc12

Planck (Chluba & Thomas 11): 
-3.2σ bias in nS 
-2.1σ in Ωbh2 
CV-limited expt l ≤ 2000: 
-7.4σ bias in nS 
-5.2 σ in Ωbh2 

Chluba & Thomas 11:
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 Principal Component Analysis (PCA) of xe-perturbations 
Fij = ∑ qa XeMai XeMaj ordered by decreasing weight, 
increasing error. qa now=amplitude of eigenmode XeMa

only low order high IQ ones are measurable
decide which ones by relative entropy criteria

Fisher information matrix, a weight matrix, the ‘PRECISION’: 
Fij = <∂sf/∂qi ∂sf/∂qj >f = <∂lnpf/∂qi ∂lnpf/∂qj >f

= average entropy-content fluctuations   s=lnp-1 entropy= <s>f
Fisher -1 = correlation matrix if Gaussian 

saturate redshift space thru recombination with modes (100s)
(M4 B-splines,  Chebyshev, triangles, Fourier, Gaussians - doesn’t 

matter which). modes of ln xe uniform in z. 
eXeM xe-perturbations marginalized over other cosmological parameters

modify modes to focus on hi-z (Helium) or lo-z (freeze-out tail) recombination region, 
e.g., ln (xe + σe) fahrang+bond+chluba11,f+b+switzer+c12

Thursday, 1 November, 12
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Fig. 4.— The six most constrained XeMs for five di�erent basis functions, normalized with respect to (the discrete version of) Eq. (11)
(with 160 parameters). The maximum and width of the Thomson visibility function have been marked in all figures.

TABLE 1
The forecasted standard deviations of the first six XeMs from the

Fisher analysis for different observational cases.

XeM 1 2 3 4 5 6

CVL(�max = 3500) 0.003 0.009 0.013 0.016 0.022 0.047

CVL(�max = 2000) 0.011 0.019 0.024 0.041 0.094 0.190

CVL(�max = 3500, T only) 0.004 0.021 0.064 0.103 0.208 0.275

Planck-ACTPol(�max = 3500) 0.015 0.047 0.068 0.13 0.22 0.31

In this section we take �u(z) = � lnXe and try the five
di⇥erent sets of basis functions described in Sect. 2.3:
Chebyshev polynomials and Fourier series as orthogo-
nal non-local functions of redshift, and M4 splines, tri-
angular and Gaussian bumps as close-to-orthogonal, lo-
calized functions. For the latter three, the width of the
bumps is chosen to be independent of redshift. We choose
⇥i = �z/2 for Gaussian and triangular bumps (Eqs. 5
and 6) and h = 1.5�z for M4 splines (Eq. (7)). In all
cases, �z = �z/(N + 1) is the spacing between the cen-
ters of adjacent bumps, where �z is the redshift range of
interest and N is the number of basis functions used. For
each set of basis functions we calculate the N�N Fisher
information matrix as explained in Sect. 2.4 where the N
parameters are the amplitudes of the perturbations in the
form of the basis functions, i.e., qi’s in Eq. (4). The stan-
dard cosmic parameters are fixed to their fiducial values.
For the data we simulate the T , E and TE spectra up

to l = 3500 for a full-sky, cosmic variance-limited (here-
after CVL) CMB experiment, unless otherwise stated.
We then construct the Fisher matrix (Eq. (9)) and from
it the N XeMs (Eq. (10)). The first six XeMs for N = 160
are shown in Fig. 4. They are normalized according to
(the discretized version of) Eq. (11). The first row in
table 1 shows the forecasted errors of these XeMs, ob-
tained from the eigenvalues of the Fisher matrix. Note
that including standard parameters in the analysis, e.g.
MCMC simulations, can increase the error bars, as we
will see later in Sect. 4.

We can see that the first six XeMs – which are the
most constrained modes – all have the strongest varia-
tions close to the maximum of the Thomson visibility
function. The freeze-out tail is not perturbed signifi-
cantly, and the oscillations around helium recombination
(z ⇥ 1700) have much smaller amplitude than those at
z ⇥ 1100. This is expected since the CMB anisotropies

XeMs
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Fig. 11.— The �vis = (vis� visfid) (left) and the relative changes in the TT and EE power spectra (middle and right) for the six most
constrainable XeMs.

is still correct that the main signal is produced by the
modifications close to z � 1100, even if the freeze-out
tail apparently has the largest deviation from the SRS.
This is why the first few mode functions for � = 0 do not
have any strong low redshift tails. The eigenvectors nat-
urally order the perturbations in the strength of the as-
sociated change in the CMB power spectra, as explained
in Sect. 3.1. This point is visible from the lower left
plot where the C� di�erence is plotted for reconstructed
perturbations with di�erent number of modes included
compared to the full perturbations. Similar to the previ-
ous case, these di�erences are several times smaller than
the changes in the C�’s caused by this model of DM an-
nihilation, again meaning that these few modes can well
capture the constrainable features of the perturbations.

Also if we look at the decomposition of the recombi-
nation correction into the first six XeMs (see table 2) we
see that they all have comparable contributions. This
seems reasonable if we ree remember that the mode
functions, despite being weighted toward the low redshift
part, still have a significant component at high redshift
which need to be cancelled out to recover this pattern
of perturbation with its low redshift modification.
Therefore the neighbouring modes have the same order
of magnitude amplitude to properly cancel out the high
redshift perturbations. This di�erence in the amplitude
of the modes in principle allows us to distinguish this
type of perturbation from those of CT2010.

3.6. Impact of the eigenmodes on di�erential visibility
and CMB power spectra

It is worthwhile to see how the XeMs a�ect the visibil-
ity function and the CMB power spectra. The left panel
in Fig. 11 shows the change in the visibility function (nor-
malized to the maximum of the fiducial visibility) for the
first six XeMs. It is remarkable that relative changes in
Xe of a few percent close to the maximum of visibil-
ity, which lead to measurable e�ects in the CMB power
spectra, only cause relative changes in the visibility of
the order of 10�4. This confirms the high sensitivity of
the C�’s to tiny changes in the visibility.

From Fig. 11 we also see that the most constrained
mode, XeM 1, mainly changes the width of the visibility
function and slightly shifts its peak. The second mode
corresponds primarily to a shift in the visibility peak.
The impact of the third mode on the visibility is similar
to that of both the first and the second mode. The XeM
4 to 6, with their several peaks and valleys, change the
width and the position of the visibility function.

The relative changes in the CMB temperature and
E-mode polarization power spectra due to the first six
XeMs are illustrated in the middle and right panels of
Fig. 11. To aid visual comparison, the amplitudes of
the XeMs have been chosen equal to their associated
1�’s so that they would lead to comparable changes in
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Fig. 11.— The �vis = (vis� visfid) (left) and the relative changes in the TT and EE power spectra (middle and right) for the six most
constrainable XeMs.
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tail apparently has the largest deviation from the SRS.
This is why the first few mode functions for � = 0 do not
have any strong low redshift tails. The eigenvectors nat-
urally order the perturbations in the strength of the as-
sociated change in the CMB power spectra, as explained
in Sect. 3.1. This point is visible from the lower left
plot where the C� di�erence is plotted for reconstructed
perturbations with di�erent number of modes included
compared to the full perturbations. Similar to the previ-
ous case, these di�erences are several times smaller than
the changes in the C�’s caused by this model of DM an-
nihilation, again meaning that these few modes can well
capture the constrainable features of the perturbations.

Also if we look at the decomposition of the recombi-
nation correction into the first six XeMs (see table 2) we
see that they all have comparable contributions. This
seems reasonable if we ree remember that the mode
functions, despite being weighted toward the low redshift
part, still have a significant component at high redshift
which need to be cancelled out to recover this pattern
of perturbation with its low redshift modification.
Therefore the neighbouring modes have the same order
of magnitude amplitude to properly cancel out the high
redshift perturbations. This di�erence in the amplitude
of the modes in principle allows us to distinguish this
type of perturbation from those of CT2010.

3.6. Impact of the eigenmodes on di�erential visibility
and CMB power spectra

It is worthwhile to see how the XeMs a�ect the visibil-
ity function and the CMB power spectra. The left panel
in Fig. 11 shows the change in the visibility function (nor-
malized to the maximum of the fiducial visibility) for the
first six XeMs. It is remarkable that relative changes in
Xe of a few percent close to the maximum of visibil-
ity, which lead to measurable e�ects in the CMB power
spectra, only cause relative changes in the visibility of
the order of 10�4. This confirms the high sensitivity of
the C�’s to tiny changes in the visibility.

From Fig. 11 we also see that the most constrained
mode, XeM 1, mainly changes the width of the visibility
function and slightly shifts its peak. The second mode
corresponds primarily to a shift in the visibility peak.
The impact of the third mode on the visibility is similar
to that of both the first and the second mode. The XeM
4 to 6, with their several peaks and valleys, change the
width and the position of the visibility function.

The relative changes in the CMB temperature and
E-mode polarization power spectra due to the first six
XeMs are illustrated in the middle and right panels of
Fig. 11. To aid visual comparison, the amplitudes of
the XeMs have been chosen equal to their associated
1�’s so that they would lead to comparable changes in

XeMs in visibility 

Δxe/xe

Δvisibility
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We probe how well CMB data can 
constrain deviations   
of the free electron fraction from the 
standard history, Xe,fid, here chosen to be 
RECFAST.

what? 

Semi-Blind analysis:
We take the standard RECFAST history as 
our fiducial Xe,fid 
(as in the Fig).

We expand
by up to 320 
     -modes covering 
z = 200-3000.

Among all possible fluctuations        , the 
most constrained perturbation eigenmodes 
are the ones with the lowest errors, found 
using Principal Component Analysis, 
through the eigendecomposition of the 
Fisher information matrix.
The eigenmodes are designed to be 
uncorrelated with each other.

Almost all information on 
cosmological parameters extracted 
from CMB data is sensitive to the 
assumed model of recombination. It is 
important to test if the data point to a 
modified model of recombination. 
Deviations would point to physics 
beyond the standard Xe,fid model, eg, to 
decaying particles or modified atomic 
physics (we explored both).  

How well can we probe the

Recombination History ?

Cosmological parameter measurements from CMB data rely on the accuracy 
of the assumed model of recombination Xe(z). For the high resolution Planck, 
ACT and SPT data to deliver unbiased parameters demands a highly precise 
recombination history (e.g. the CosmoRec advance over RECFAST). Further 

deviations might suggest new physics. We parametrize the remaining 
uncertainties in Xe(z) by a semi-blind expansion from which we construct the 
parameter eigenmodes. Armed with this, we show how physical Xe(z) deviation 
can be detected, and with what accuracy, from the upcoming CMB data.    

Recombination History 

The transition from an ionized to a neutral universe
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We truncate the mode-hierarchy when there 
is a relatively sharp decrease in the 
Shannon information content of the newly  
introduced mode. The Shannon entropy  
change relative to the previous (N) mode 
is :                           .

(right) perturbations to the  recombination 
history due to physical corrections to 
the processes at the  recombination epoch 
(CosmoRec-RECFAST).

If we did not know about the deviations, 
could the XeMs compensate for it?
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CosmoRec vs Recfast++ (Recfast++ is reference)

Cumulative Changes to the Ionization History

JC & Thomas, MNRAS, 2010; Shaw & JC, in prep.

Acceleration of HeI 
recombination by HI 
continuum absorption

Change in the freeze 
out tail because of 
high-n recombination 

Detailed Lyman-series 
transport for hydrogen

identical to Recfast

z

corrections to the recombination physics

best measurable patterns

...

Chluba & Thomas, 2011
http://www.cita.utoronto.ca/~jchluba/Science_Jens/Recombination/CosmoRec.html

Assumption

The true recombination (thus the simulated 
data) includes these corrections. 

Our model of recombination does not. 

15

15

Our semi-blind eigenmodes, XeMs, are designed to only probe small 
perturbations about the fiducial model Xe,fid. When it comes to real CMB data 
analysis, iterations of Xe,fid are required to ensure no leftover bias remains. At 
each step of the iteration, the fiducial model is updated using the measured 

XeMs in the previous step. The estimation of the standard cosmic parameters 
and the XeMs also need to be updated. This procedure is repeated until we 
reach convergence. The XeMs will be applied to the Planck+ACTPol+ 
SPTPol data (similar to the sample application above). 

Marzieh Farhang, J. Richard Bond, Jens Chluba 

why?

how?

Perturbation eigenmodes !XeMs"

Simulations and Results

The Fig shows the first 6 modes (XeMs) 

sorted in order of increasing error bar, 

generated for an ideal full sky experiment, 

with standard cosmic parameters held fixed.

How many eigenmodes to keep?

Sample application
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1- XeMs remove the bias from standard parameters

Discussion

COSMO 11

 Porto

in the plots:

XeM  : eigenmodes generated with the standard parameters held fixed.

eXeM: extended eigenmodes after marginalization over the standard parameters.
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2- XeMs partially reconstruct the perturbations
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! their convergence
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model and on the (simulated) dataset.
! different       parametrizations (eg 

                                          ) enabling us to 

better focus on different redshift intervals.
! different z-basis functions for       .
! physical interpretation of the XeMs, eg, 

changes in the width or in the position of 

the visibility peak.

We explored many XeM issues, eg, 

�Xe = Xe �Xe,fid

�z
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�Xe/Xe,fid, �Xe/(Xe,fid + c)
�Xe
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Fig. 21.— Similar to Fig. 20 but for a Planck-ACTPol-like experiment. Here three eigenmodes were added for both the XeM and eXeM
case. [please check right figure. I believe you did not use 20 eXeMs...]

is large, since with the perturbation eigenmodes the bias
with respect to the input model (comparable to 5⇥ with-
out eigenmodes) becomes of order 1⇥ only. For ns the
significance of the bias reduces from ⇤ 7⇥ to about 3.5⇥.
Also for As we find a similar degradation, while for ⇤ the
di�erence is rather small.

Our computations indicate that with the XeMs as the
eigenmodes and for a CVL observation, the minimum
number of modes required to remove the bias from these
standard parameters is six. However, we included eight
modes in the analysis to take into account the mode-
selection criterion of Sect. 3.10. In this way, all modes
which are in the same group as the sixth mode, and thus
have similar error bars and are expected to deliver similar
amount of information, are included.

We also observe that the recovered values for the am-
plitude of the XeMs are biased (compared to the theo-
retically expected values from direct projection on the
XeMs, Table 2), and change by varying the number of
modes included in the analysis. That is due to the cor-
relation of the XeMs in the presence of the standard pa-
rameters, and the fact that not all XeMs are included
into the parameter estimation. As a results, parts of the
perturbation that project on the neglected higher XeMs
leak into the lower XeMs. The bias in the measured XeM
amplitudes is similar to the bias in the standard param-
eters when there are no eigenmodes in the analysis, but
with a much lower significance.

For the same reason, the errors on the XeMs also
change when the number of modes included in the anal-
ysis changes. However, as mentioned before, due to the
low significance of the perturbation detection for most
of the XeMs this is not as important as for the main
cosmic parameters. For the CVL simulations with six
and eight eXeMs included, we see that the most signifi-
cant contribution comes from the first mode (respectively
µ1 = �0.23 ± 0.05, µ1 = �0.18 ± 0.04) while the other
modes are consistent with zero. This is also true for a
Planck-ACTPol-like case, which we will come to shortly,
where the first XeM is measured to be µ1 = �0.22±0.06
µ1 = �0.24±0.12 for one and three XeM measurements.

If instead eXeMs are used as the perturbation eigen-
modes, our computations show that at least ten modes

should be added to get rid of the bias for a CVL case.
According to the cuto� criterion described in Sect. 3.10,
many more modes fall in the same group defined by the
JN of the tenth eXeM. However, as it is just a test
case, we only tried including the best 20 eXeMs, al-
though there is no sharp cuto� at the twentieth eXeM
(see Fig. 20).

We also found that although the errors on the stan-
dard parameters keep increasing by adding more eXeMs
to the analysis up to around the tenth mode (which is
required to remove the bias) it stays more or less the
same afterwards. This suggests that in terms of the con-
straints on the standard parameters, we do not lose much
by increasing the number of eXeMs. Besides, including
more eXeMs does not a�ect the measurement of the pre-
viously included eigenmodes, as they are by construction
uncorrelated (in the presence of standard parameters).
Including more eXeMs, on the other hand, makes the re-
constructed perturbations closer to the input model of
perturbations (as in Fig. 10). However, as the errors of
modes increase by going to higher orders, the error on
the reconstructed curve increases. We will address this
point in the next section.

Among the first 20 eXeMs for a CVL experiment,
the modes with the most significant contributions (i.e.,
with at least 1⇥ detection) are µ2 = 0.11 ± 0.02, µ3 =
0.10 ± 0.03, µ9 = �0.31 ± 0.16 and µ11 = �0.36 ± 0.24
(compare to their theoretical prediction from direct pro-
jection of the perturbations on the eXeMs: µ2 = 0.14,
µ3 = 0.10, µ9 = �0.33 and µ11 = �0.39). The reason
that the recovered value, though close, is not exactly the
same as the forecast is that the assumption of the Gaus-
sianity of the distributions of the eXeMs and the stan-
dard parameters is only approximate. Also the eigen-
modes have been slightly smoothed in the construction
process which may cause numerical inaccuracy and in-
duce slight correlation between the smoothed modes. By
comparing the theoretical values of projection of the per-
turbation on the eXeMs and their forecast errors (from
Fisher analysis) we do not expect any perturbation de-
tection after eXeM 11.

Fig. 21 shows similar contours but for a simulated
Planck-ACTPol-like observation. For the analysis we
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Fig. 19.— The derivatives of the CT,E
⌅ ’s with respect to some of the standard parameters.

TABLE 6
Yp and its measured error from simulations for a CVL and a Planck-ACTPol-like experiment, with XeMs and

eXeMs taken into account as perturbation eigenmodes, compared to the case with no eigenmodes.

CVL(std) Planck-ACTPol(std) CVL(std + 5 XeMs) CVL(std + 6 eXeMs) Planck-ACTPol(std + 3 XeMs)

Yp 0.240± 0.0016 0.240± 0.006 0.239± 0.005 0.240± 0.004 0.238± 0.017

Fig. 20.— Contours of some of standard parameters for CT2010 case, with eight XeMs in one case and 20 eXeMs in the other case
included in the analysis, compared to a case where no perturbation eigenmodes (of any kind) has been included (the solid red curves). The
simulations are performed for a CVL experiment. The input value of the parameters is shown by the black diamond.

the recombination calculation of CT2010 (Fig. 10), while
we take the fiducial model to be as of Recfast v1.4.1 or
older (equivalent to SRS with Heswitch = 0, to remove the
helium correction which has been assumed as part of the
perturbations in the data). The purpose here is to find
out how well the biases in the standard parameters due to
this lack of knowledge about the physical corrections can
be removed by including the perturbation eigenmodes,
and whether or not, data can reconstruct part of the
true recombination history.

Constructed from CosmoMC chains for a CVL exper-
iment, Fig. 20 illustrates the 2D-contours of some of the

standard parameters. The large biases in the estimated
values of the parameters when only the six standard pa-
rameters are measured is due to the mismatch between
the ionization histiry in the theoretical model and the
data. Here only contours for parameters with the largest
biases are shown. See also Shaw & Chluba (2011b). To
compensate for this mismatch we separately add to the
parameters the two di⇥erent sets of the eigenmodes, the
XeMs and eXeMs, as the new parameters.

As Fig. 20 demonstrates, this eliminates the biases
in the standard parameters, however, at the cost of in-
creased error bars. In particular for �bh2 the di⇥erence

Planck+ACTPol-like

ideal CVL expt.

We probe how well CMB data can 
constrain deviations   
of the free electron fraction from the 
standard history, Xe,fid, here chosen to be 
RECFAST.

what? 

Semi-Blind analysis:
We take the standard RECFAST history as 
our fiducial Xe,fid 
(as in the Fig).

We expand
by up to 320 
     -modes covering 
z = 200-3000.

Among all possible fluctuations        , the 
most constrained perturbation eigenmodes 
are the ones with the lowest errors, found 
using Principal Component Analysis, 
through the eigendecomposition of the 
Fisher information matrix.
The eigenmodes are designed to be 
uncorrelated with each other.

Almost all information on 
cosmological parameters extracted 
from CMB data is sensitive to the 
assumed model of recombination. It is 
important to test if the data point to a 
modified model of recombination. 
Deviations would point to physics 
beyond the standard Xe,fid model, eg, to 
decaying particles or modified atomic 
physics (we explored both).  

How well can we probe the

Recombination History ?

Cosmological parameter measurements from CMB data rely on the accuracy 
of the assumed model of recombination Xe(z). For the high resolution Planck, 
ACT and SPT data to deliver unbiased parameters demands a highly precise 
recombination history (e.g. the CosmoRec advance over RECFAST). Further 

deviations might suggest new physics. We parametrize the remaining 
uncertainties in Xe(z) by a semi-blind expansion from which we construct the 
parameter eigenmodes. Armed with this, we show how physical Xe(z) deviation 
can be detected, and with what accuracy, from the upcoming CMB data.    
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We truncate the mode-hierarchy when there 
is a relatively sharp decrease in the 
Shannon information content of the newly  
introduced mode. The Shannon entropy  
change relative to the previous (N) mode 
is :                           .

(right) perturbations to the  recombination 
history due to physical corrections to 
the processes at the  recombination epoch 
(CosmoRec-RECFAST).

If we did not know about the deviations, 
could the XeMs compensate for it?
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CosmoRec vs Recfast++ (Recfast++ is reference)

Cumulative Changes to the Ionization History

JC & Thomas, MNRAS, 2010; Shaw & JC, in prep.
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continuum absorption

Change in the freeze 
out tail because of 
high-n recombination 

Detailed Lyman-series 
transport for hydrogen

identical to Recfast
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corrections to the recombination physics

best measurable patterns

...

Chluba & Thomas, 2011
http://www.cita.utoronto.ca/~jchluba/Science_Jens/Recombination/CosmoRec.html

Assumption

The true recombination (thus the simulated 
data) includes these corrections. 

Our model of recombination does not. 

15
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Our semi-blind eigenmodes, XeMs, are designed to only probe small 
perturbations about the fiducial model Xe,fid. When it comes to real CMB data 
analysis, iterations of Xe,fid are required to ensure no leftover bias remains. At 
each step of the iteration, the fiducial model is updated using the measured 

XeMs in the previous step. The estimation of the standard cosmic parameters 
and the XeMs also need to be updated. This procedure is repeated until we 
reach convergence. The XeMs will be applied to the Planck+ACTPol+ 
SPTPol data (similar to the sample application above). 
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Fig. 18.— The contours for the standard parameters as measured
by an ideal experiment in the presence of five (six) XeMs (eXeMs)
compared to the case with no eigenmodes included. The input
value of the parameters is shown by the black diamond.

the XeMs become partially correlated with each other,
although by construction these were also uncorrelated
11. The reason is that the standard parameters were
held fixed during the process of XeM construction, but
now that they are allowed to vary, their degeneracy with
the XeMs induces correlations. These new correlations
lead to larger errors than those deduced from the simple
Fisher analysis (Table 1 cf. Table 5) and can also change

11 In addition to explicitly testing the orthogonality of the mode
functions,correct? we confirmed this statement by running MCMC
with non-varying standard parameters.

the rank ordering of the modes, e.g., the error on XeM 2
is smaller than XeM 1 (Table 5).

The standard parameters remain unbiased, as the
model used for simulating data and the theoretical model
used in the analysis were the same. This is no longer true
once recombination corrections to the SRS are added (see
Fig. 20). However, the correlations of the eigenmodes
with some of the standard parameters increase the er-
rors of the standard parameters.12 From Fig. 18 we see
that among the standard parameters, �bh2, ns and As
are the ones most a⇥ected by the introduction of the
eigenmodes into the analysis. This can be understood
by noting the relatively high degeneracy between these
parameters and some of the eigenmodes. The most evi-
dent one is the correlation of ns with the first XeM which
by changing the width of the visibility function leads to
a tilt in the power spectra (compare Figs 19 and 11).
For the case of �bh2 and As it is harder to give a visual
interpretation. �bh2, leading to both tilt changes and
oscillations in the C�’s, correlates with most of the first
five XeMs (the highest being with XeM 1), while As, be-
ing an amplitude multiplier, mainly correlates with XeM
1. These correlations between the standard parameters
and the eigenmodes emphasize the well known fact that
uncertainties in the recombination scenario in particu-
lar undermine our ability to measure the precise values
of ns and �bh2 (see e.g., Shaw & Chluba 2011a). Also
note that the changes in the error bars of the standard
parameters are actually practically independent of which
set of eigenmodes are used (Fig. 18). This suggests that
in terms of the standard parameter estimation, the use
of XeMs or eXeMs should not lead to vastly di⇥erent
results in the parameter estimation. However, the per-
turbations are measured to higher accuracy with the eX-
eMs (Table 3) than XeMs (Table 5) especially if only a
few modes are included in the analysis. Therefore, as
long as only CMB data is used, the eXeMs are the more
appropriate choice of eigenmodes.

Finally, we studied how much the presence of pertur-
bations to recombination could a⇥ect our ability to de-
termine the precise value of Yp. The abundance of he-
lium a⇥ects the CMB anisotropies mainly because more
helium implies fewer free electrons during hydrogen re-
combination. Consequently, Yp should also couple sig-
nificantly to the perturbation eigenmodes. We therefore
performed simulations in which Yp was also allowed to
vary. The analysis was performed with three and five
XeMs in the Planck-ACTPol-like and CVL case, and
with six eXeMs for the simulated CVL data. Table 6
compares the 1� error bars on Yp in these cases. We see
that for the CVL case similar number of XeMs and eX-
eMs used as the eigenmodes lead to similar constraints
on helium abundance. However, a Planck-ACTPol-like
observation gives a few times larger error due to lack of
very high sensitivity to very small scales, although fewer
XeMs compared to the CVL case have been used.

4.2. Case 2: A perturbed recombination scenario
As the second example of parameter estimation and

perturbation reconstruction, we simulate data assuming

12 It should also be noted that the correlations between the
standard parameters themselves also change when the eigenmodes
are introduced.

XeM’s confirm a correct recombination model 

ideal CVL expt.
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Fig. 22.— Left: The �Xe/Xe as measured by a CVL experiment by including eight XeMs (and six standard parameters) in the analysis.
The colors show the density of trajectories going through each point in the z-�Xe/Xe space, normalized to one at each z. Middle and right:

similar to the left figure, but for �CTT,EE
⌅ /CTT,EE

⌅ trajectories.

Fig. 23.— Similar to Fig. 22 but with the first ten eXeMs. [put 10 eXeM in the figures, so that one can see directly what is the di�erence
between the figures. Do the same for the others.]

used the eigenmodes (both eXeMs and XeMs) con-
structed with the Planck-ACTPol simulated noise. The
results from the two sets of eigenmodes are very similar.
For both XeMs and eXeMs, one mode was su⇤cient to
remove the bias (µ1 = �0.22±0.06 and µ1 = �0.20±0.06
respectively). [please add the measured amplitudes like
you did before in the CVL case.] This happens to be in
agreement with the cuto� mode for the XeMs while with
the eXeMs the second mode should also be included. The
lower number of modes required for the Planck-ACTPol-
like case compared to the ideal experiment is expected
due to higher sensitivity of the data in the latter to de-
viations from the underlying Xe history. We also tried
three modes (the next proper cuto� for both XeMs and
eXeMs), with no significant detection of the new modes,
while the error on the XeM 1 increases by a factor of 2.

4.3. Trajectories
In this section we investigate the reconstruction of the

perturbations using the simulated data which illustrates
the corresponding uncertainty at di�erent redshifts. The
left plot in Fig. 22 shows the redshift interval covered by
500 � lnXe-trajectories corresponding to an ideal obser-
vational case with eight XeM included, for the CT2010
model. The color indicates the number of trajectories
passing through each (z, �Xe/Xe) bin, normalized to one
at each redshift snapshot. The trajectories, in spite of
clearly showing deviations from the SRS, do not fully re-
cover the recombination correction of CT2010 (the blue

thick curve). This is because the model of CT2010 has
non-zero (and relatively significant) projection on higher
XeMs which are not well constrained by data, and there-
fore were not included into the analysis. Most obviously,
corrections to helium recombination are not captured
well when using only the first XeMs. These trajectories
do not recover the analytical projection of the CT2010
corrections on the first eight XeMs very well. The rea-
son, as discussed before, is that the correlation of the
XeMs induced by the standard parameters draws some
contribution from the higher absent modes which biases
the measurement of the first few XeMs included in the
measurement.

To test this impact of higher, excluded modes on the re-
covered (low XeM) trajectories, we ran simulations with
the data that only accounted for the contributions from
these low modes. As expected, in the absence of higher
modes in the data, the measured XeMs were non-biased
and thus the highest probability region of the trajectories
covered the � lnXe curve of the input model.

For comparison, the central and right panels of Fig. 22
show the �CT

⇤ /CT
⇤ and �CE

⇤ /CE
⇤ trajectories. The trans-

formation from the Xe space to the C⇤ space creates a
much tighter trajectory band. This is a visual confirma-
tion of the point that some features in the � lnXe which
make the Xe trajectories thick, do not leave measurable
imprint on the C⇤’s.

Fig. 23 similarly shows the 2D histograms of trajec-
tories for the case with the first ten eXeMs included.
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Fig. 22.— Left: The �Xe/Xe as measured by a CVL experiment by including eight XeMs (and six standard parameters) in the analysis.
The colors show the density of trajectories going through each point in the z-�Xe/Xe space, normalized to one at each z. Middle and right:

similar to the left figure, but for �CTT,EE
⌅ /CTT,EE

⌅ trajectories.

Fig. 23.— Similar to Fig. 22 but with the first ten eXeMs. [put 10 eXeM in the figures, so that one can see directly what is the di�erence
between the figures. Do the same for the others.]

used the eigenmodes (both eXeMs and XeMs) con-
structed with the Planck-ACTPol simulated noise. The
results from the two sets of eigenmodes are very similar.
For both XeMs and eXeMs, one mode was su⇤cient to
remove the bias (µ1 = �0.22±0.06 and µ1 = �0.20±0.06
respectively). [please add the measured amplitudes like
you did before in the CVL case.] This happens to be in
agreement with the cuto� mode for the XeMs while with
the eXeMs the second mode should also be included. The
lower number of modes required for the Planck-ACTPol-
like case compared to the ideal experiment is expected
due to higher sensitivity of the data in the latter to de-
viations from the underlying Xe history. We also tried
three modes (the next proper cuto� for both XeMs and
eXeMs), with no significant detection of the new modes,
while the error on the XeM 1 increases by a factor of 2.

4.3. Trajectories
In this section we investigate the reconstruction of the

perturbations using the simulated data which illustrates
the corresponding uncertainty at di�erent redshifts. The
left plot in Fig. 22 shows the redshift interval covered by
500 � lnXe-trajectories corresponding to an ideal obser-
vational case with eight XeM included, for the CT2010
model. The color indicates the number of trajectories
passing through each (z, �Xe/Xe) bin, normalized to one
at each redshift snapshot. The trajectories, in spite of
clearly showing deviations from the SRS, do not fully re-
cover the recombination correction of CT2010 (the blue

thick curve). This is because the model of CT2010 has
non-zero (and relatively significant) projection on higher
XeMs which are not well constrained by data, and there-
fore were not included into the analysis. Most obviously,
corrections to helium recombination are not captured
well when using only the first XeMs. These trajectories
do not recover the analytical projection of the CT2010
corrections on the first eight XeMs very well. The rea-
son, as discussed before, is that the correlation of the
XeMs induced by the standard parameters draws some
contribution from the higher absent modes which biases
the measurement of the first few XeMs included in the
measurement.

To test this impact of higher, excluded modes on the re-
covered (low XeM) trajectories, we ran simulations with
the data that only accounted for the contributions from
these low modes. As expected, in the absence of higher
modes in the data, the measured XeMs were non-biased
and thus the highest probability region of the trajectories
covered the � lnXe curve of the input model.

For comparison, the central and right panels of Fig. 22
show the �CT

⇤ /CT
⇤ and �CE

⇤ /CE
⇤ trajectories. The trans-

formation from the Xe space to the C⇤ space creates a
much tighter trajectory band. This is a visual confirma-
tion of the point that some features in the � lnXe which
make the Xe trajectories thick, do not leave measurable
imprint on the C⇤’s.

Fig. 23 similarly shows the 2D histograms of trajec-
tories for the case with the first ten eXeMs included.
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Fig. 25.— Similar to Fig. 23 but for a Planck-ACTPol-like experiment and with only three eXeM taken into account.

eXeMs as the eigenmodes respectively. The trajectories
for the XeMs are more widely spread and blurred due
to experimental noise. The eXeMs perform slightly bet-
ter. However, the overall reconstruction is clearly lacking
detailed agreement with the full recombination correc-
tion of CT2010. In particular, most of the modification
during helium recombination is not captured, as the cor-
responding signals can only be picked up with higher
modes, which in the considered case are not constrain-
able at a significant level.

4.4. Beyond small perturbations
In this paper it was explicitly assumed that the model

best explaining the ionization fraction (or the true model
underlying the ionization history) is only slightly di�er-
ent from our fiducial model, justifying our choice of pa-
rameter � lnXe. Therefore, the eigenmodes constructed
for the fiducial model are also very close to the eigen-
modes for the perturbations to the true Xe, the cor-
rections to the eigenmodes arising from the di�erence
between the fiducial and true Xe model being only of
second order. Under this assumption, a one step search
for the best-fit parameters su⇤ces to extract the avail-
able relevant information from the data, provided that
the minimum required number of modes are included in
the analysis. Finding the minimum number of required
modes can by itself involve several parameter estimation
steps in parameter spaces with di�erent dimensions, the
criterion being that the best fit values for the standard
parameters stop changing. That is what was done in the
examples in this work (Sect. 4.2), to illustrate how the
method works.

However, if the fiducial model is very far from the true
Xe history, such that the eigenmodes are expected to
be a�ected at a significant level, an iterative approach
toward finding the best modes with their associated am-
plitudes and errors is required: starting with our best
guess for the fiducial model, we estimate its deviation
from the true ionization history using the dataset avail-
able and the eigenmodes constructed based on this fidu-
cial model. We then update the model by adding to it
the measured deviations (, the standard parameters, if
required) and the eigenmodes. This process is repeated
until the convergence of the model and its eigenmodes.

However, current constraints seem to indicate that
such an iterative procedure will not be necessary. For
example, as shown by Shaw & Chluba (2011a), the re-
combination corrections of CT2011 are readily incorpo-

rated using one calibrated redshift dependent correction
function relative to the original recombination model of
Seager et al. (1999a). Even for CVL errors a second up-
date of the correction functions leads to minor e�ects. If
something more surprising occurred during recombina-
tion, an iterative approach might be required.

5. CONCLUSION AND DISCUSSION

In this paper, we used the method of principal com-
ponent analysis to find the parameter eigenmodes to be
used for describing uncertainties in the ionization frac-
tion in the redshift range of [200, 3000], with and without
marginalization over standard parameters. We suggested
an entropy-based criterion to truncate the hierarchy of
the eigenmodes which was applied in the subsequent
sections of the paper. Although the most constrained
eigenmodes we found extend to the singly ionized he-
lium recombination (and well beyond), they barely have
any significant contributions from helium and the details
of helium recombination, unless hydrogen recombination
history is very well understood, are not constrainable.

We applied the method to di�erent simulated datasets
and with two di�erent theoretical models of ionization
history. For the currently more realistic simulated CMB
datasets, such as Planck-like and ACTPol-like, we found
that although including recombination eignemodes is
necessary to remove the biases in the standard parame-
ters, the errors in the amplitudes of the eigenmodes are in
general large. However, the significance of the detection
of any perturbation obviously depends on the underly-
ing ionization history of the real data. In the specific
example of CT2010 used in this paper, all modes but the
first one are consistent with zero. A significant source
for large errors on the eigenmodes is their correlation
with the standard parameters. If tight constraints are
imposed on the standard parameters by non-CMB ex-
periments such as BAO or SN data, the errors on the
eigenmodes will be correspondingly reduced. Contrast-
ing the first rows of tables 1 (where all standard parame-
ters are held fixed) and 3 (where all standard parameters
are being marginalized over) illustrates the e�ect of this
correlation in the extremes.

A point requiring on-line decision when analyzing real
data is the choice of parametrization. The parametriza-
tion chosen for most of this work weighs the perturba-
tions in Xe by the fiducial history. If, for example, the
recovered perturbations point to freeze-out changes, or if
there is no sign of significant deviations around the max-

Reconstructed xe-perturbations
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6 XeMs

ideal expt 
10 eXeMs

Planck+ACT/SPTPol-like
3 eXeMs

characteristic ΔCL/CL shape = perturbed damping tail
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Fig. 4.— The six most constrained XeMs for five di�erent basis functions, normalized with respect to (the discrete version of) Eq. (11)
(with 160 parameters). The maximum and width of the Thomson visibility function have been marked in all figures.

TABLE 1
The forecasted standard deviations of the first six XeMs from the

Fisher analysis for different observational cases.

XeM 1 2 3 4 5 6

CVL(�max = 3500) 0.003 0.009 0.013 0.016 0.022 0.047

CVL(�max = 2000) 0.011 0.019 0.024 0.041 0.094 0.190

CVL(�max = 3500, T only) 0.004 0.021 0.064 0.103 0.208 0.275

Planck-ACTPol(�max = 3500) 0.015 0.047 0.068 0.13 0.22 0.31

In this section we take �u(z) = � lnXe and try the five
di⇥erent sets of basis functions described in Sect. 2.3:
Chebyshev polynomials and Fourier series as orthogo-
nal non-local functions of redshift, and M4 splines, tri-
angular and Gaussian bumps as close-to-orthogonal, lo-
calized functions. For the latter three, the width of the
bumps is chosen to be independent of redshift. We choose
⇥i = �z/2 for Gaussian and triangular bumps (Eqs. 5
and 6) and h = 1.5�z for M4 splines (Eq. (7)). In all
cases, �z = �z/(N + 1) is the spacing between the cen-
ters of adjacent bumps, where �z is the redshift range of
interest and N is the number of basis functions used. For
each set of basis functions we calculate the N�N Fisher
information matrix as explained in Sect. 2.4 where the N
parameters are the amplitudes of the perturbations in the
form of the basis functions, i.e., qi’s in Eq. (4). The stan-
dard cosmic parameters are fixed to their fiducial values.
For the data we simulate the T , E and TE spectra up

to l = 3500 for a full-sky, cosmic variance-limited (here-
after CVL) CMB experiment, unless otherwise stated.
We then construct the Fisher matrix (Eq. (9)) and from
it the N XeMs (Eq. (10)). The first six XeMs for N = 160
are shown in Fig. 4. They are normalized according to
(the discretized version of) Eq. (11). The first row in
table 1 shows the forecasted errors of these XeMs, ob-
tained from the eigenvalues of the Fisher matrix. Note
that including standard parameters in the analysis, e.g.
MCMC simulations, can increase the error bars, as we
will see later in Sect. 4.

We can see that the first six XeMs – which are the
most constrained modes – all have the strongest varia-
tions close to the maximum of the Thomson visibility
function. The freeze-out tail is not perturbed signifi-
cantly, and the oscillations around helium recombination
(z ⇥ 1700) have much smaller amplitude than those at
z ⇥ 1100. This is expected since the CMB anisotropies

WMAP7+SPT11 2 XeMs 
Semi-blind estimation of perturbations 15

Fig. 11.— The �vis = (vis� visfid) (left) and the relative changes in the TT and EE power spectra (middle and right) for the six most
constrainable XeMs.

is still correct that the main signal is produced by the
modifications close to z � 1100, even if the freeze-out
tail apparently has the largest deviation from the SRS.
This is why the first few mode functions for � = 0 do not
have any strong low redshift tails. The eigenvectors nat-
urally order the perturbations in the strength of the as-
sociated change in the CMB power spectra, as explained
in Sect. 3.1. This point is visible from the lower left
plot where the C� di�erence is plotted for reconstructed
perturbations with di�erent number of modes included
compared to the full perturbations. Similar to the previ-
ous case, these di�erences are several times smaller than
the changes in the C�’s caused by this model of DM an-
nihilation, again meaning that these few modes can well
capture the constrainable features of the perturbations.

Also if we look at the decomposition of the recombi-
nation correction into the first six XeMs (see table 2) we
see that they all have comparable contributions. This
seems reasonable if we ree remember that the mode
functions, despite being weighted toward the low redshift
part, still have a significant component at high redshift
which need to be cancelled out to recover this pattern
of perturbation with its low redshift modification.
Therefore the neighbouring modes have the same order
of magnitude amplitude to properly cancel out the high
redshift perturbations. This di�erence in the amplitude
of the modes in principle allows us to distinguish this
type of perturbation from those of CT2010.

3.6. Impact of the eigenmodes on di�erential visibility
and CMB power spectra

It is worthwhile to see how the XeMs a�ect the visibil-
ity function and the CMB power spectra. The left panel
in Fig. 11 shows the change in the visibility function (nor-
malized to the maximum of the fiducial visibility) for the
first six XeMs. It is remarkable that relative changes in
Xe of a few percent close to the maximum of visibil-
ity, which lead to measurable e�ects in the CMB power
spectra, only cause relative changes in the visibility of
the order of 10�4. This confirms the high sensitivity of
the C�’s to tiny changes in the visibility.

From Fig. 11 we also see that the most constrained
mode, XeM 1, mainly changes the width of the visibility
function and slightly shifts its peak. The second mode
corresponds primarily to a shift in the visibility peak.
The impact of the third mode on the visibility is similar
to that of both the first and the second mode. The XeM
4 to 6, with their several peaks and valleys, change the
width and the position of the visibility function.

The relative changes in the CMB temperature and
E-mode polarization power spectra due to the first six
XeMs are illustrated in the middle and right panels of
Fig. 11. To aid visual comparison, the amplitudes of
the XeMs have been chosen equal to their associated
1�’s so that they would lead to comparable changes in
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Farhang, Bond, Dore, Netterfield 11/12

Spider24days+Planck2.5yr: 
r-nt matrix-forecast  

for r=0.12 input for m2φ2  

(2σr ~0.02 including fgnds)
similar r-forecasts for ABS+/VIP, Quiet

inflation consistency
-nt ≈r/8 ≈2ε(k)

1-ns ≈2ε+dlnε/dlnHa
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forecast

early-U

CORE
Pixie

Farhang, Bond, Dore, 
Netterfield 11/12

Spider24days+Planck2.5yr: 
r-nt matrix-forecast  

for r=0.12 input for m2φ2  

(2σr ~0.02 including fgnds)
similar r-forecasts for ABS+/VIP, Quiet

inflation consistency
-nt ≈r/8 ≈2ε(k)

1-ns ≈2ε+dlnε/dlnHa
7 knots, cubic spline

forecast

Bond, Huang, Vaudrevange, Kofman, Contaldi
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       future fate of  
the cold-death of the 
Universe (cf. ~1800s heat-death)  

coherence (dark energy ρde(t,x) ⇒Vde ~Λ) 
beats incoherence (ϒ,ν,h+x,..p,n,e)

 but entropy/particle  
remains (for surviving particles) e.g.,5.2 bits/photon

although SG = Mbh2/2MP2 decays into radiation,  SG =MP2/2(H/2π)2 ~10121.9 remains (until tunnel)

the gravo-thermal catastrophe = negative specific heat - goal to localize all mass into black holes & make 
accelerating voids to straighten U out, radiating entropy along the way
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 +P2.5+ACTpol+SPTpol++    

ΔS(q,DT)
i=ACT10

current 
CMB+LSS
+SNLS3++ 

forecast
Planck2.5, 

CHIME, 
Euclid|+

n
o
wz

=
1

late-inflaton DE trajectories (1+wde) = - dlnρde / dlna3

Ω
Λ
:   ± 0.012 =>± 0.001 (Pext)

w0: ± 0.06 =>± 0.01 (Pext) (± 0.14 =>± 0.03 if wa)

εs =lnV-slope2/4 0.0± 0.18 =>± 0.03 (Pext) 
+2 other w-trajectory parameters BHK11,BH12

informed w(a|εsεde∞ςs) fits even wild late-inflaton trajectories
2D ΔS2f for DarkE (εsεde∞ or w0 wa) improves by ~5 bits

Bond, Huang 2012
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Studying the 
Cosmic 
Tango

P(q|D,T) =P(D|q,T)P(q|T)P(T)/P(D|T) D=CMB,LSS,SN,..,complexity, life 
T=baryon, dark matter, vacuum mass-energy densities,...,
early & late inflation as low energy flows/trajectories on a (string) landscape 

SU,m+r ~1088.6 

cf. SG ~10121.9 

early U applications of “CITA” to cosmic-complexity

✰ the superhorizon measure problem & the Lambda-scape

✰ the emergence of the collective from the random! 
coherence from driven zero-point vacuum fluctuations ➱ V 
inflaton, gravity waves; decohere

✰ let there be heat: entropy generation in preheating from the 
coherent inflaton (origin of all “matter”)

Old: Theory prior = delta function of THE correct one&only
New: Theory prior = probability distribution of 
late-ish-flows on a LANDSCAPE  
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 pre-
heating 
patch 

(~1cm)

 g2 /λ~1

φ
inflaton

isocon
➠

➠10 Gpc

1000 Gpc

χ(x)

or 
g(σ(x)
or..

Parametric 
Resonance

modulating post-inflation entropy generation shocks via long range fields
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 pre-
heating 
patch 

(~1cm)

 g2 /λ~1
➠

➠10 Gpc

1000 Gpc

χ(x)

or 
g(σ(x)
or..

B2FH12 @ifaUH aka Waikiki Feb12

BB12 

isocon Parametric 
Resonance

modulating post-inflation entropy generation shocks via long range fields
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how (most of) the entropy in matter 
=> GUT plasma/quark soup => S(!,") was 

generated (through a shock-in-time)

via nonlinear coupling of the inflaton to 
new interaction channels  g,χa ultimately to 

standard model degrees of freedom 
∃ a role for decaying particles, 1st order phase transitions?
 exactly who, what, where, when, why? 

non-Gaussianity
(WMAP, Planck, LSS)
spiky nG preheating

we search for fossil “non-Gaussian” structures from this period with Planck +WMAP9

Coherent Inflation with Quantum Jitter to Hot Big Bang, an Incoherent Particle Soup

ashock(g)
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 V(φ,χ)=1/2 m2 φ2 + 1/2 g2 φ2 χ2

ln energy density/<energy density>
Frolov/Huang/Braden, Defrost/HLattice/Bsymplectic

preheating 
patch ~1cm

B+Braden12
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fluctuations in the early universe “vacuum” grow to all cosmic web structure

400 Mpc

ΛCDM
WMAP5

gas 
density

Gadget-3 
SF+ SN 

E+ 
winds
+CRs

5123

BBPSS10

ρg(x,t)

BBPS1,2,3,4,5

ACT+WMAP 
hajian+10

from a maxS Gaussian Random Field to a highly nonG RF 
Simpliciity to Complexity under Gravity

a~e-7~1/1100

a~1 now
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400 
Mpc

ΛCDM
WMAP5

gas 
pressure

Gadget-3 
SF+ 

SN E+ 
winds
+CRs
5123

descending into 
the real 

gastrophysics 
of cosmic 
weather 

the energetic, 
turbulent, 

dissipative, 
compressive 

life of the      
IGM/ICM/ISM

CMB gets 
entangled 

in the 
cosmic web

BBPSS10

sb,th(x,t)

entropy intermittency in the cosmic web, via gravitation-induced shocks (then E/S-feedback)
Secondary Anisotropies

(tSZ, kSZ, WL, reion, CIB; hydro)

Δsgas,th ≈ 30

BBPS1,2,3,4,5
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entropy intermittency in the cosmic web, via gravitation-induced shocks (then E/S-feedback)
Secondary Anisotropies

(tSZ, kSZ, WL, reion, CIB; hydro)

Δsgas,th ≈ 10
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pressure intermittency in the cosmic web, in cluster-group concentrations probed by tSZ

pe(x,t)

Secondary Anisotropies
(tSZ, kSZ, WL, reion, CIB; hydro)2011 Planck ~230 clusters, SPT ~50 =>224cls, ACT ~91 cls; 2013 1000s

the thermal 
Sunyaev 
Zeldovich 

Probe
γ+e ➜ γ+e 

Compton 
cooling of hot 

cosmic web gas
 

<ΔEγ/Eγ>
=4Te/mec2

y = σT ∫pe 
dline-of-sight

ΔT/T=y * 
(x(ex+1)/(ex-1)-4), 

x= hν/Tγ

YΔ~ Eth /DA2
info&clusters/SZ=Bond@IAS 12.10.04 
info&CMB now&then=Bond@APC 12.10.30 

info&earlyU=Bond@IAP 12.09.28

Planck’s
Coma

 2012.08 
pip10
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