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Technology Requirements 
Traceability from Science Goals

Outline of talk:

•  Science goals
•  The need for high-res CMB
•  Signatures sought 
•  Systematics-busting technologies

traceability 



Physics & Cosmology  
from the CMB at Small Scales

•  NEUTRINO MASSES (summed)
•  # of EARLY RELATIVISTIC SPECIES
•  INFLATION (delensing for r)
•  DARK ENERGY
•  MODIFIED GRAVITY
•  EXOTICA (DM decay, strings, changing constants ++)


LARGE ANGULAR SCALES:  SNAPSHOT OF EARLY UNIVERSE
       SMALLER SCALES:    + SECONDARY EFFECTS FROM THE LATE UNIVERSE



Neutrino Mass: S4 Goals

CURRENT 2σ:  
Σmν< 230 meV
Planck + BOSS
arXiv:1502.01589

Forecasts adapted 
from Allison et al 
2015:  1509.07471

CURRENT
projected 1σ = 100 meV

 (Planck + BOSS)S4 + DESI
 1σ = 15 meV 



Considering CMB Lensing & Baryon Acoustic Oscillations


Fisher errors; multipole cut in lieu of foreground subtraction

S4 goal:  4σ	

for minimum Σmν 	


(Σmν ~ 60 meV)
arXiv: 1309.5383	


Normal 
hierarchy 

(min) 

Inverted 
hierarchy 

(min) 



Primordial vs Late-time

Figure from Tegmark 2005 (better data exist now!) Figure from Hlozek et al 2011

Comparing the primordial universe (via the CMB) to the late-time 
universe as probed through baryons.



CMB cluster 
sampleCMB 

lensing

EXAMPLE PLOT (circa 2011)

The Need for Hi-res CMB

Figures from Hlozek et al 2011 (so not all current data!)

At small angular scales the CMB encodes late-
time properties as well as primordial ones!



The need for hi-res CMB

Figure from Snowmass White Paper:   arXiv:1309.5383

Neutrinos start out relativistic, wander out of small-scale potential wells, and then cool 
down, suppressing small-scale structure:  need to compare large and small scales!

EVOLUTION:
Neutrinos and dark 
energy affect the 
expansion history of 
the universe, and the 
growth rate of 
structure.  
	  
	  CHANGES in P(k) 

with neutrino mass

Kahn talk: growth 
provides cosmic clock



 … & the need for low-res CMB

Figure from Allison et al, 2015:   arXiv:1509.07471

NOTE: So Σmν  depends on normalization at large angular scales, but the 
CMB power normalization As is difficult to detangle from the optical depth 
to reionization τ.   
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 Planck	  2015	  

Paper	  XIII	  

Accurate large angular 
scale polarization 
measurements break 
the degeneracy.



Signatures Sought in the CMB

•  GRAVITATIONAL LENSING OF THE CMB (map signature)
•  CMB POWER SPECTRA (temperature & polarization)
•  THERMAL SUNYAEV ZEL’DOVICH EFFECT (frequency signature)

•  KINETIC SUNYAEV ZEL’DOVICH EFFECT (correlations with mass tracers)

traceability 



CMB Lensing from Map Signature

RULE	  OF	  2-‐3:	  	  Typically	  ~	  fiHy	  2-‐3’	  deflec+ons,	  coherent	  over	  2-‐3o,	  
mainly	  coming	  from	  redshiHs	  of	  2-‐3.	  

CMB	  lensing	  depends	  on	  all	  the	  
mass	  from	  here	  to	  the	  CMB.	  

Das et al, 2011, 1103.2124 ( PRL 107, 021301.)

Simulated difference between lensed 
and unlensed CMB in 10ox10o patch

Large & small scales are coupled.

Structure	  is	  forming	  from	  gravita+onal	  
collapse	  as	  the	  CMB	  traverses	  it.	  



CMB Lensing Gains from Polarization 

DELENSING:	  	  recover	  and	  remove	  the	  modes	  correlated	  by	  lensing	  
which	  serve	  as	  noise	  to	  the	  recovery	  of	  large	  angular	  scale	  B	  modes	  

CMB	  lensing	  depends	  on	  all	  the	  
mass	  from	  here	  to	  the	  CMB.	  

Structure	  is	  forming	  from	  gravita+onal	  
collapse	  as	  the	  CMB	  traverses	  it.	  

Example of Sensitivity Gains



Signatures Sought in the CMB

•  GRAVITATIONAL LENSING OF THE CMB (map signature)
•  CMB POWER SPECTRA (temperature & polarization)
•  THERMAL SUNYAEV ZEL’DOVICH EFFECT (frequency signature)

•  KINETIC SUNYAEV ZEL’DOVICH EFFECT (correlations with mass tracers)

traceability 



CMB POWER SPECTRA

COMPARE TO: 
AL = 1.22 +/- 0.10   
Planck 2015 Paper XIII; 
Planck + lowP


Hou et al, PRD 2012

EXAMPLE:  # Relativistic Species 
 & TT Spectrum


COMPARE TO: 
Neff = 3.12 +/- 0.32   
Planck 2015 Paper XIII; 
Planck + lowP
S4 GOAL:  σN = 0.02


EXAMPLE:  Lensing & EE 
Spectrum

Also:  REIONIZATION 
FROM LOW l  POLZN 
SPECTRA



Signatures Sought in the CMB

•  GRAVITATIONAL LENSING OF THE CMB (map signature)
•  CMB POWER SPECTRA (temperature & polarization)
•  THERMAL SUNYAEV ZEL’DOVICH EFFECT (frequency signature)

•  KINETIC SUNYAEV ZEL’DOVICH EFFECT (correlations with mass tracers)

traceability 



CMB Cluster Finding  

15	  

CMB photons are Compton-up-scattered by hot gas in clusters:  
spoils their blackbody spectra

EXAMPLE PLOT: CLUSTERS AU NATURAL

Figure courtesy of T. Marriage 

PLANCK CLUSTER

COSMOLOGY from N(m,z):

•  High resolution & sensitivity 

improve mass threshold; 
•  Large area improves N;
•  Multi-frequencies prevent 

source contamination 
•  Need z! (optical surveys)
•  Need m!  



Signatures Sought in the CMB
•  GRAVITATIONAL LENSING OF THE CMB (map signature)
•  CMB POWER SPECTRA (temperature & polarization)
•  THERMAL SUNYAEV ZEL’DOVICH EFFECT (frequency signature)

•  KINETIC SUNYAEV ZEL’DOVICH EFFECT (correlations with mass tracers)

Mueller et al, PRD 2015

PAIRWISE VELOCITIES & Σmν
CMB photons are Doppler shifted from 
hot gas in moving clusters à another 
way to probe the growth rate of 
structure – large scale flows.

Requires mass tracers (optical surveys).




Overlap with optical surveys is key

•  Lensing – more info vs redshift with Lensing x Lensing tomography
•  Cluster N(m,z) – need good masses and redshifts 
•  kSZ – need mass tracers
(2)	  Overlap	  with	  op1cal	  surveys	  to	  maximize	  impact	  of	  LSS	  measurements	  for	  neutrinos,	  
dark	  energy,	  dark	  ma]er,	  and	  astrophysics.	  

Foreground + optical survey coverage map



Systematics-busting Technologies

•  As Ruhl & Arnold noted:  high sensitivity & multiple frequencies of operation
•  As Ruhl noted:  modulation to suppress the atmosphere at large scales
•  Also needed:  good suppression of polarization systematics.	  

STOKES	  PARAMETRS:	  	  	  
x

y

a b

Q = |Ex|2-|Ey|2
 U = |Ea|2-|Eb |2 

STOKES: 
I = intensity

V= circular

Recall from Ruhl’s talk:
Q/U are small! 



Polarization Systematics

•  I à Q/U on-axis,
RELEVANT I:  Tsky~10 K (averages down if modulate faster than 1/f knee)


•  I à Q/U near on-axis:  dipole, etc.  
RELEVANT I:  δTCMB ~ 100 µK (pervasive)

•  I à Q/U far side-lobes. 
RELEVANT I:  Ground ~ 300 K (sky rotation at mid-latitude site helps)
RELEVANT I:  Galaxy ~ 1 mK, colored (pervasive)
RELEVANT I:  Sun ~ 5000 K, moon ~ 250 K (known position, rotation)


•  Q ß> U (determining detector angles)
REQUIRED:  good method (man-made source?)
REQUIRED:  stability, good bandpass knowledge if frequency-dependent

•  Q/U emission from instrument itself 
IMPACT:  mostly on sensitivity 
CONCERN:  if scan-synch and/or diurnal

Example from BICEP2 
(arXiv:1502.00596

Astrophysical pol 
sources are messy!
PB Collaboration, ApJ 
794:2, 2014.

Tau A @ 150 GHz



Austermann et al, SPIE 2012

Polarization Systematics

•  I à Q/U on-axis,
TECHNOLOGY: modulators


•  I à Q/U near on-axis:  dipole, etc.  
TECHNOLOGY:  big, telescope (pushes effects to high l)
TECHNOLOGY:  lenses to maximize fp  (large & broad-band)

•  I à Q/U far side-lobes. 
TECHNOLOGY:  mirrors (control or eliminate gaps)
TECHNOLOGY:  baffling 


•  Q ß> U (determining detector angles)
TECHNOLOGY:innovative near-field methods
TECHNOLOGY: far-field source (balloons, satellites, towers)


•  Q/U emission from instrument itself 
TECHNOLOGY: low-emissivity dielectrics (large & broad-band) 	  



Polarization Systematics


•  I à Q/U near on-axis:  dipole, etc.  
TECHNOLOGY:  big, telescope (pushes effects to high l)

•  I à Q/U far side-lobes. 
TECHNOLOGY:  baffling 


Figure courtesy 
of O. Tajima

QUIET:  1.4 m 
Crossed 
Dragone with 
absorbing 
baffle (HEMTs)

EXAMPLE PROPOSAL: 
 5 m Crossed Dragone 
(Niemack)

CMB$
QUIET&Telescope&

Receiver&
( detector array inside)�

CMB$

��~30cm�

QUIET&polariza<on&module&
90&sets&for&95&GHz&observa<on�

QUIET	  
BAFFLES	  



Polarization Systematics


•  I à Q/U far side-lobes. 
TECHNOLOGY:  baffling 


CMB$
QUIET&Telescope&

Receiver&
( detector array inside)�

CMB$

��~30cm�

QUIET&polariza<on&module&
90&sets&for&95&GHz&observa<on�

QUIET Collaboration et al, ApJ 768:9, 2013

QUIET:  
1.4 m 
Crossed 
Dragone 
with 
absorbing 
baffle 
(HEMTs)

5000 K Sun can be useful!  QUIET had delays 
with its upper baffle construction and was able 
to map out how much it was needed.



Polarization Systematics

•  I à Q/U on-axis,
TECHNOLOGY: modulators


•  I à Q/U near on-axis:  dipole, etc.  
TECHNOLOGY:  lenses (large & broad-band)


•  Q/U emission from instrument itself 
TECHNOLOGY: low-emissivity dielectrics (large & broad-band) 	  

Big lenses for big telescopes, e.g.

SILICON 
METAMATERIAL HWP 

(J. McMahon)

Huge AR-coated 
Alumina lenses


BICEP3 lens
580 mm


SPT-3G lens
720 mm

Photos courtesy of Z. Ahmed (Michigan S4 Workshop)

Also: large low-loss 
silicon metamaterial 
AR lenses & more.



One More Technology


Content detail 
courtesy of H. 
Hubmayr, NIST 

Standard CMB muxing methods now are expensive and 
space-consuming.  Need improvements.  KPUP is another. 



4 Neutrinos: DRAFT

very di↵erent from that of quarks. We do not yet know what that means, but precision studies of lepton128

mixing via neutrino oscillations may reveal crucial information regarding the long-standing flavor puzzle.129
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Figure 1-1. Neutrino interaction cross section as a function of energy, showing typical energy regimes
accessible by di↵erent neutrino sources and experiments. The curve shows the scattering cross section for
⌫̄e e

� ! e� ⌫̄e on free electroens, for illustration. Plot modified from [1].

1.1.1 The Big Questions and Physics Opportunites130

We are now poised to answer some of the most fundamental and important questions of our time. There131

is a clear experimental path forward, which builds heavily on the recent successful history of this132

rapidly-evolving field of particle physics.133

What is the pattern of neutrino masses? Is there CP violation in the lepton sector? To what extent does the134

three-flavor paradigm describe Nature?135

The current neutrino data allow for very large deviations from the three-flavor paradigm. New neutrino–136

matter interactions as strong as the standard-model weak interactions are not ruled out, and the existence of137

new “neutrino” states with virtually any mass is allowed, and sometimes expected from di↵erent mechanisms138

for generating neutrino masses.139

Fundamental Physics at the Intensity Frontier

RAPID COMMUNICATIONS

PUJARI, GUSAROV, BRETT, AND KOVALENKO PHYSICAL REVIEW B 84, 041402(R) (2011)

the energy self-consistency and 0.005 eV/Å for the forces.
Further, to maintain the accuracy, integration over the Brillouin
zone was performed on regular 26 × 26 × 1 Monkhorst-Pack
grids. The band structure was plotted on the lines joining the
M , !, K , and M points, and the individual line segments
were sampled using 50 grid points each. The corresponding
precision was also maintained for the cell optimization carried
out using the Broyden-Fletcher-Goldfarb-Shanno (BFGS)
quasi-Newton algorithm. The convergence threshold on the
pressure was kept at 0.1 kBar. The computational unit cell
consisted of two carbons and two hydrogens. A vacuum space
of 12 Å was kept normal to the SSHGraphene plane to avoid
any interactions between the adjacent sheets.

It is worthwhile to review some properties of graphene
and graphane before we discuss SSHGraphene. Graphene is
a one-atom-thick sheet of sp2-bonded carbon atoms that are
densely packed in a bipartite crystal lattice. It has two atoms
per unit cell, which has the lattice parameter of 2.46 Å, with
a carbon-carbon bond length of 1.42 Å. Although graphane
is bipartite and hexagonal, its unit cell has four atoms (two
carbons and two hydrogens) and has a larger lattice parameter,
namely, 2.51 Å.13 In graphane every alternate carbon atom is
attached to a hydrogen atom from alternate sides of the plane.
In response to the addition of hydrogens, the carbon atoms are
displaced out of the plane toward hydrogen atoms. In short,
the carbon atoms in graphane are no longer planar.

The unit cell of SSHGraphene also contains four atoms, two
carbons and two hydrogens. We carried out full optimization
of the unit cell, including both the unit cell geometry and the
atomic positions. The optimized geometry of SSHGraphene
is shown in Figure 1. As seen from the figure, the cell is
similar to that of graphene, except that the lattice parameter
for SSHGraphene is now enlarged to 2.82 Å, which is larger
than graphane (2.51 Å) as well. Notice that the enhancement is
necessary in order to accommodate the hydrogen atoms, as the
unoptimized unit cell of graphene does not favor the complete
hydrogenation. The increase in the lattice parameter is due to
the increase in the carbon-carbon bonds, which is increased
from 1.42 (in graphene) to 1.63 Å. The increase in the bond
length upon hydrogenation is not surprising, as the same effect

1.09

1.63

Å

Å

FIG. 1. (Color online) Hexagonal structure SSHGraphene with
carbon and hydrogen atoms shown in darker and lighter shade,
respectively. The structure has the symmetry of graphene and the
carbon atoms are in a single plane (unlike graphane).

TABLE I. A comparison of graphene and SSHGraphene vs
graphone and graphane as reported in the literature.12,13 a is the
lattice parameter, and "E is the binding energy (eV).

SSHGraphene

Graphene Graphone12 Graphane13 HSE PBE

a (Å) 2.46 – 2.51 2.82 2.83
C-C (Å) 1.42 1.50 1.52 1.63 1.64
C-H (Å) – 1.16 1.11 1.09 1.08
"E/atom 9.56 – 6.56 5.90 5.54

is also seen in graphane. Similarly, as expected, upon single-
sided hydrogenation the carbon atoms remain in one plane with
the hydrogens forming another plane at 1.09 Å. This is a typical
bond length of C-H when bonded covalently. (In methane, for
example, the bond lengths are also 1.09 Å.) To summarize, a
comparison of (available) structural parameters of graphene,
graphone, graphane, and SSHGraphene are given in Table I. It
also shows the binding energy per atom, which is the signature
of energetic stability of the system. The binding energy for
SSHGraphene is calculated using the pseudoatomic energies of
carbon (EC) and hydrogen (EH) atoms and using "E = EC +
EH − ESSHGraphene, where ESSHGraphene is the total energy of
SSHGraphene. Thus, the higher the energy the more stable the
system. The binding energies for graphene and graphane are as
reported in the literature.13 The overall trend is quite straight-
forward. Graphene, having the smallest C-C bond, is the most
stable of all. Although not as stable as others, SSHGraphene is
still strongly bound. To put it in perspective, recall that benzene
has the binding energy 6.49 eV/atom while acetylene has 5.90
eV/atom,13 and both are among the most stable hydrocarbons.
Thus there is no doubt that SSHGraphene is indeed very stable.
Further, we studied the reaction pathway of the hydrogen
detachment using nudge-elastic-band method. Two cases were
considered: desorption of 50% H atoms (one H per primitive
cell) and desorption of effectively single H atom (one H from
2×2 unit cell). The potential energy landscapes obtained, see
Fig. 2, clearly depict one deep potential well at 1.08 Å. The
presence of the deep well and the absence of any other well
in the vicinity clearly favors the formation of SSHGraphene.
(More details in Supplemental Material.30) We would like to
mention that synthesis of the SSHGraphene may be similar to
graphane in which the hydrogen atoms are kinetically trapped
in the potential-energy minimum near the graphene plane.

It is well known that the graphene band structure is very
sensitive to deformations of any kind. As noted before, there
is a clear evidence that upon partial hydrogenation the band
gap of graphene is opened. It is thus easy to conjecture
that the SSHGraphene would be a semiconductor. However,
the most remarkable feature of SSHGraphene is that it is a
semiconductor with an indirect band gap. The band structure
of SSHGraphene shown in the upper part of Fig. 3 clearly
exhibits an indirect band gap. The value of the gap is 1.35 eV
for HSE and 1.89 eV for PBE functional. The qualitative nature
of band structure remains unchanged. This value of the band
gap is of interest as it lies in between the gapless graphene
and the rather wide band-gap graphane (3.5 eV by DFT and
5.4 eV by GW method31). Thus, SSHGraphene becomes a
preferred organic candidate for semiconductor based devices.
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Goals for 2015:  Tritium-loaded Graphene Surface from SRNL  
           0.15eV@100eV TES Energy Resolution from Goddard/ANL 
 Integrated Graphene / TES into 1% MAC-E Filter to Measure Spectrum       
New Forefront for Calorimeter-based Methods @ Tritium Endpoint 

Princeton Tritium Observatory for Light, Early-universe, 
Massive-neutrino Yield (PTOLEMY) 

PPPL 
(May 2015) 


