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2 mins, 10:32

I will bring you up to date on ACT and WMAP. We are not done with the analysis of the 9 year data and so I cannot give you an update there. We will certainly have it out by the end of the year!

Focus on neutrinos, in the sprit of WDM, and n_s in the spirit of fundamental physics. WMAP shrunk the 6 parm space by 30,000 (5.5 per param) and opened up investigations of n_s.

As is well known here, PLANCK is well underway with almost 100 times the instantaneous sensitivity and 2x the resolution. 

For ACT we are wrapping up the analysis of 4 seasons (2007-2010) and are in the process of putting a polarized receiver on the telescope. The new receiver should be much more sensitive that the current one. ACT is aimed at complementing Planck and I will show you how that works.  
There are some neat new things—detecting the kSZ effect and the SZ skewness statistic– that I will not address.

In the spirit of warm dark matter I will focus on neutrinos and in the spirit of 
Fundamental Physics I will touch base on the scalar spectral index.


We can all measure
the CMB
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2 min, 10:34

To remind you. TV band is from 50 MHz up to a GHz. Higher freq channels are higher. The distribution of radiation follows that of blackbody to the precision of measurement. The COBE/FIRAS satellite is the gold standard.

An excellent noise figure is 1.5 dB (125K) at 1 GHz or, for more typical transistors 3.5 dB at 0.1 GHz (350 K). Years ago these were worse, but tubes were pretty good! And there are other terms so it is less than 1 pct. John reports this was part of the lore for COBE. WMAP T_sys are between 30 and 150. The big difference is bandwidth and stability.


For a TV, the CMB is the noise level—the fuzz (if you don’t have cable!)
We are interested in the anisotropy or change in fuzz with pointing of the antenna.
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2.5 mins, 10:37. SAY AXES. For 0.5 eV the energy density is 55 eV/cm^3 today (integrate the curve). For the CMB it is 0.28 eV/cm^3. CMB is higher from e+/e- dumping energy into photons. These neutrinos interact incredibly weakly. 1000 km/sec for 0.5 eV (check).
FD vs BE distributions. Keep distribution but get mass term.


Neutrinos

e 3 known families, ~equal
T,=1.945K numbers of neutrinos and
antineutrinos.

e 113 neutrinos/cc/family
From particle physics:

0.05eV<2m, <2.3 eV (es%c)

From atmospheric Tritium end point plus
neutrinos at SuperK , mass splittings.
Vs Vo (Kraus et al., 2005)

When | say “neutrinos”....


Présentateur
Commentaires de présentation
3 min at end, (10:40)  N and M. Know the standard model isn’t complete. There could be additional “sterile” neutrinos. The neutrinos could be Dirac or Majorana. 
Are neutrinos their own antiparticle like photons?
Also, when we talk about neutrinos and the CMB we are really talking about a weakly interacting relativistic particle in the early universe. We can’t, for instance, tell their spin. We do know, though, that they have to exist! We can only tell them from their contribution to the energy density of the universe. We can possibly tell the mass hierarchy.
From the CMB we can learn the sum of the masses and the number of effective species. Is there another one beyond the three families?? Sterile nu may or may not show up here.


Neutrinos

e 3 known families, ~equal
T,=1.945K numbers of neutrinos and
antineutrinos.

e 113 neutrinos/cc/family

0.05 eV<ZmV<1.2 eV (95%cl)

From atmospheric
neutrinos at SuperK

VM% \

WMAP alone
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Know the standard model isn’t complete. There could be additional “sterile” neutrinos. The neutrinos could be Dirac or Majorana. 


Neutrinos

e 3 known families, ~equal
T,=1.945K numbers of neutrinos and
antineutrinos.

e 113 neutrinos/cc/family

0.05eV<2m, <0.58 eV (ss%cl)

From atmospheric
neutrinos at SuperK

VM% \

WMAP+BAO+H,
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Know the standard model isn’t complete. There could be additional “sterile” neutrinos. The neutrinos could be Dirac or Majorana. 


Neutrinos

e 3 known families, ~equal
T,=1.945K numbers of neutrinos and
antineutrinos.

e 113 neutrinos/cc/family

0.05eV<2m, <0.2 eV (s5%cl)

From atmospheric
neutrinos at SuperK

VM% \

Expected from
KATRIN (Franenkel,
2011)
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KATRIN (Karlsruhe TRItium Neutrino) experiment is after the electron neutrino mass from the tritium beta decay. 



Neutrinos

e 3 known families, ~equal
T,=1.945K numbers of neutrinos and
antineutrinos.

e 113 neutrinos/cc/family

0.05 ev<2m, <0.06-0.1 eV

Frofe-@BWmEpiyric :

neﬁ(tﬁnos ot Sl?p oK | From Planck plus_ fln_e

Vs v, scale CMB polarization
measurements (ACT,
SPT...)
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Can get down to the mass difference with the CMB. This is approximate and will take time and depends on how nature is.
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2 mins, 10:42. How does this work? POINT OUT EPOCHS.
Say what curves are. Radiation scales as 1/a^4, matter as 1/a^3. Expansion rate slows down.
CMB comes to us from the decoupling surface. Formation of galaxies in between.
We can constrain 2 quantities having to do with nu, N_eff and the sum of neutrino masses. The physics is different.
Adding an extra species shifts up the curve, and moves matter-radiation equality to a later time up the curve. It also increases the radiation density in the early universe.
This in turn…

Matter radiation equality around z=3200.
These are nominal neutrinos with zero mass.
Three key times for the CMB: equality, decoupling, reionization. In the last nu don’t contribute.
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1 min, 10:43. Pie chart of the universe. 
Parameters: Omega_L, Omega_CDM, h, tau. n_s, A. 
Unity corresponds to 5 protons per m^3
Dark matter ~one 100 GeV WIMP/100 m3. 
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1 min, 10:44 Now see what happens if the neutrinos get mass. Value is between the blue lines. Early on they are still relativistic but they are now non-relativistic and act like matter. 
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1 min 10:45. At the current mass limits, we know the neutrinos were still largely relativistic at decoupling and that they are not relativistic now (kT_nu~<1meV). The observational handle on the mass stems from the fact that Omega_m does not scale as naively expected and that the epoch of matter-radiation equality shifts closer to the present time thus suppressing the formation of structure, especially on small scales.
Structure grows when rho_m>rho_gamma. These guys stream out and are not clumped up. 
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2 min 10:47. READ IT. There is a long history of the connection between neutrinos and cosmology. One of the early people was Alex Szalay. In 1972 when he was a college student he followed the advice of Zel’dovich to see what could be learned about neutrinos from cosmology. He presented what he knew in the Neutrinos ‘72 conference which Feynman was attending. The attached is from that meeting.

The link between neutrinos and the CMB was from Doroshkevich et al. in 1981 and then Bond and Szalay in 1983.
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1 min, 10:48. Go over axes and notation. I’ll talk about the blue points later (as well as other experiments).
THE RED LINE IS THE MODEL! You can see why we can do so well on the parameters. SILK DAMPING SCALE.
This part of the model is fixed. 


High definition. The Atacama Cosmology Te
has enabled astronomers to study the cosmic
nicrowave background (inset) in fine ¢

522 _ 29APRIL2011 VOL332 SCIENCE www.sciencemag.org
~10X WMAP resolution Published by AAAS
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1 min: 10:49. Looks at much finer resolution. First science run in 2008. Can look at whole sky and address a whole host of science.
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1 min, 10:50. I think still the largest number of detectors fielded. Suzanne STAGGS led the detector effort. DEVLIN led getting the receiver together. 


Sievers/Hajian
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1 min, 10:55. Compare directly with WMAP. Another test. WMAP filtered at lmax = 250, cos^2 
Amazing maps. This is how we calibrate. In one set of observations, ACT goes from large to small scales.


B

Sievers/Hajian

ACT ell > 300
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2 mins, 10:57 About 50 sq deg. Highlight what happens.

ACT has 1400 sq deg below 50 uK-arcmin.


o

Dunkley etal., 2011
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Number of relativistic species, N
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The key to limiting N Is to 1dentify the increased

damping at small angular scales in the CMB.

Hou et al., 2011
Bashinsky & Seljak, 2004
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Jungman, Kamionkowski, Kosowsky, Spergel 1996
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2 min, 10:59. Note axis now with l^4. ACT now has much more data.
The number of relativistic species changes matter-radiation equality. 
Diffusion scale ~1/sqrt{H} because it is a random walk. Sound scale ~1/H. To keep acoustic peaks in location, theta~r/Da, Da~1/H. Thus damping~diff/Da>>theta_d increases>>more damping. CHANGE SILK DAMPING BY CHANGING EXPANSION RATE AND KEEPING FIRST PEAK FIXED. Or more radiation to matter, more damping. Thus more radiation relative to DM the more damping. matter-radiation equality because as you add more neutrinos they add to radiation. There is another term from anisotropic stresses. The major effect is that it changes the Silk damping.
Y_p=He abun=0.24 nominally. He combines at z=1800. The more Y_p the fewer n_e, the longer the photon mfp, the larger the damping. 

In Jungman et al it was also shown that one could explicitly get N_nu.


p(Neff)

WMAP

ACT+WMAP
53+/-1.3

ACT+WMAP+BAO+H,
4.56 +/- 0.75

SPT+WMAP
3.85 +/- 0.62

SPT+WMAP+BAO+H,
3.86 +/- 0.42

Komatsu etal., 2011
Dunkley etal., 2011
Keisler etal., 2011
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1 min: 11:00. Can’t do any of this without WMAP. No real conflict with WMAP.  Will reach 0.2-0.3 or better ultimately.  My read is there there is no tension esp if you allow T to change a little.
WMAP alone >2.7. Adding other things (SDSS) got to 3.77 +/- 0.67
ACT
SPT 3.85+/-0.62 and 3.86 +/- 0.42
The number of relativistic species changes matter-radiation equality because as you add more neutrinos they add to radiation. There is another term from anisotropic stresses. The major effect is that it changes the Silk damping.



Neutrino Mass #1

Compare {2,, today to that at decoupling. Greater
relativistic >.1m,, means smaller p/p,, enhanced potential
evolution, and producing less cosmic structure.

e.g., Ichikawa et al., 2005
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2 mins: 11:02 If sum less than 1.8 eV, neutrinos rel at decoupling, but non rel now. Matter/radiation smaller, implies acceleration of potential decays. The key to all of these mechanisms  is that more massive neutrinos reduce the fluctuations on small scales. It is just how one measures it.
Clusters… 

Particles that are now part of the matter budget were part of the radiation budget near decoupling. Greater rel mass means smaller rho_m/rho_r, enhances potential evolution (EISW),  pushes peaks to left, and produce less cosmic structure. Use BAO and H_0 to fix peak scale.  


Neutrino Mass #2

Use the cosmic structure between
us and the surface of last
scattering to lens the CMB,
especially the small angles where
a massive neutrino inhibits the
formation of structure.

Lensing Is characteristically sensitive tom
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1 min, 11:03.  This is in the future but we have started.


B
Lensing smoothes out the peaks and alters the

statistics of the CMB
O(h) = O(h+ q)

4 Lens-speak:
I | .
lensed unlensed deflection

Lenang potentia:

Intervening large-scale potentials r‘(,'f,:; Q
deflect CMB photons and distort 4. 4 Deflection field:
the CMB. o d= 0o

“rf » "¢ Convergeno=
R <= 10 -d
o TR AT 2

The RMS deflection is
about 2.7 arcmins, but the

deflections are coherent
on degree scales. From Sudeep Das
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2 mins, 11:05 Lensing magnifies and de magnifies the surface and alters the statistics of the CMB.  See SUDEEP’s talk later this week.


Dec. (J2000)

Simulations

01* 30™ 01* 0O™
R.A. (J2000)

100 deg?
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1/2 min 11:06 Note small shifts of large scales.


Simulations

i O
01* 30™ 01* 0O™
R.A. (J2000)

100 deg?


Présentateur
Commentaires de présentation
1/2 min, 11:06. Emphasize that the correlates phases.


Lensing of CMB detected at 4
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N A, =116£020 Based on Hu &
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phase randomization.
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FIG. 2. Convergence power spectrum (red points) measured data Only

from ACT equatorial sky patches. The solid line is the power

spectrum from the best-fit WMAP+ACT cosmological model ..

with amplitude Az = 1, which is consistent with the measured Shape sensitive to
points. The error bars are from the Monte Carlo simulation -

results displayed in Fig. 1. The best-fit lensing power spec- neutrino mass.
trum amplitude to our data is Ay = 1.16 = 0.29

Das, Sherwin et al. aeriv:I 103.2124 Sudeep Das, March 2011 9
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1 mins, 11:07 (shorter because of Das talk).This determination of the lensing power spectrum is based on the 4 point function in the CMB. That is, on the non-Gaussianity of the fluctuations.
Earlier at 2 ish sigma. Based on  Hu & Okamoto estimator.  Note the angular scales. To get at the neutrinos directly want high S/N around l=200. For 0.5 eV the signal is 0.01 in C_kk. (Checked) Planck should be excellent here.
The more m_nu the less the structure,
4 pt function minus Gaussian part.
The physics is that the presence of neutrinos alters the small scales. Lensing amplifies them.
Sherwin and Das proposed another method that needs higher S/N but doesn’t have a bias.
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1 min 11:08. SPT has recently published their spectrum. We hope to have an improved one soon.

The above is the same as C^kk.



S
Neutrino Mass #3

Planck: sensitive to I=2000 in polarization
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Can look through foregrounds in EE at 1>2000.

Instruments & measurements underway
by ACTPol, Polar, Polarbear, SPTPol.
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2 mins  11:10. CLEAN. CMB is really polarized! Keep in mind how clean this is. You can see how this new generation can complement Planck in resolution and sensitivity for polarization.
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1 min. ASIDE. 11:11. There is of course a lot of action at low ell in the search for B-modes. This is the latest compilation, courtesy of Akito Kusaka. Note that QUIET sees three acoustic peaks. More importantly, their control of systematics is at a level whereby they can reach r=0.01.


o

Gravitational lensing turns E-modes into B-modes.
Look for the effects of neutrinos in polarization.
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2 mins: 11:13. Go over the axes. Lensing B modes is really lensing plus primordial. Think that E-modes are now routinely measured and that the limits are 0.9 or so on B. This is very doable. This is a 25% effect.

Beach ball in projected mass density.



Scalar spectral index, n,

The standard model of cosmology has adiabatic and
Gaussian scalar fluctuations in a flat lambda-
dominated universe. These assumptions are tested. Six
parameters characterize the model.

The primordial fluctuations are characterized by two
of the parameters, a fluctuation amplitude and a slope.

Ar®=2.43 +/-0.11 x 10
N, = 0.967 +/- 0.014
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1 min, 11:14. Switch gears here to another neat aspect, and I think one of the most fundamental ones. Fluctuation amplitude is k^3P(k)/2*pi^2 eval at k=0.002 Mpc^(-1).

The first number is set by observations. We observe matter fluctuations and know what the underlying field must do. We can relate this to sigma_8.

The second term was assessed by P/H/Z to be 1, the “phenomenological value”  However, many models of inflation predict that it should be  less than one, near 0.95. A significant deviation from 1 is our only experimental connection to field theories of the early univ. We hope to get another handle, B-modes, non-Gaussianity,… 
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2 min 11:16. I’ve taken the WMAP7 parameters and just increased n_s by 0.05 and normalized it. N_s is the overall slope. RHS comes out of inflation later than stuff on the LHS.  Difference is small.  Normalizign is like changing tau or sigma_8.

This is anti-correlated with neutrino number (and mass). That is, increase N-eff, decrease n_s to fit the CMB. The above is made with 3 families.

COBE and FIRS fit to a CDM model (no upturn!) at low l. Still, this isn’t the biggest issue.


Early History

With COBE/DMR: Smoot et al ApJ 396:L.1, 1992
n.=1.15 +0.45/-0.65
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1 mins. 11:17
COBE and FIRS (Paris’s Ganga!) fit to a CDM model (no upturn!) at low l.
Thus, 20 yrs ago early results were fit to the wrong model. The CDM formula came from Bond and Efstathiou’s paper.

Still, this isn’t the biggest issue. Reionization plays a huge role. In fact, n_s is degenerate with tau. Without tau, you can’t tell n_s. It took the WMAP EE measurement to break the degeneracy.  
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11:18 Fiducial model has tau = 0.088
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11:19 Note the strong degeneracy. This plot shows how well you need to know everything. Can turn the blue curve into the green curve by a small tweak to omega_b and a scaling. The scaling is tau or sigma_8.  In other words, you cannot say anything about the scalar spectral index without knowing the ionization. For this you need large angular scale polarization. Note also how the higher order peaks help.


Status for n,

With no tensor modes in the 6
parameter model.

1= 0.037 +/-0.014

1= 0.037 +/-0.012
1= 0.038 +/-0.013
1= 0.038 +/-0.013

1= 0.034 +/-0.011

1-n="+/-0.005

WMAP/ Komatsu et al.

WMAP/7+BAO+H, Komatsu et al.

WMAP5+QUAD+ACBAR Brown etal

WMAPT7+ACT Dunkley et al.

WMAPT7+SPT Keisler et al.
Planck
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11:20. Completely driven by WMAP at this level.


The small angular scale forefront

Planck: sensitive to I=2000 in polarization
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Can look through foregrounds in EE at 1>2000.

Instruments & measurements underway
by ACTPol, Polar, Polarbear, SPTPol.
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2 mins   CLEAN. CMB is really polarized! Keep in mind how clean this is. You can see how this new generation can complement Planck in resolution and sensitivity for polarization.
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