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Outline

• Neutrino masses

• CMB lensing, not CMB acoustic peaks

• Neff

• be very careful with how you treat 
Helium and what you assume about 
BBN



Neutrino Masses from CMB

• primary CMB 
not very 
sensitive to 
neutrino 
masses below 
~1 eV

• WMAP7-only:  
m<1.1 eV

• WMAP7+H0: 
m<0.36 eV



Massive Neutrinos in Cosmology
• Free streaming of 

neutrinos on small scales 
leads to time-dependent 
suppression of power

• CMB only sensitive to 
matter-radiation equality 
epoch (not affected by 
m<0.3 eV)

• Free-streaming scale 
roughly (m/1 eV) 0.1 h/
Mpc

TIME DEPENDENT SCALE DEPENDENCE



Massive Neutrinos and P(k)
• e.g: 3 

neutrinos, each 
0.2 eV

• total amount of 
damping 
mainly set by 
sum of masses

• damping scale 
set by 
individual 
masses

 m
(5% per 0.1 eV)

 m

sample variance for 1 Gpc galaxy survey



Gravitational deflection



Neutrinos & CMB Lensing
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Neutrino masses

• Perturbations are 
washed out on 
scales smaller than 
neutrino free-
streaming scale 

• current upper bounds from 
CMB are WMAP: mnu < 1.3 
eV ; WMAP+BAO+H0: mnu < 
0.56 eV

d ∼ Tν/mν × 1/H

Neutrino masses

• Perturbations are 
washed out on 
scales smaller than 
neutrino free-
streaming scale 

• current upper bounds from 
CMB are WMAP: mnu < 1.3 
eV ; WMAP+BAO+H0: mnu < 
0.56 eV

d ∼ Tν/mν × 1/H

• Peak at l=40 (keq  =[300 Mpc]-1 at z = 2): coherent over degree scales

• RMS deflection angle is only ~2.7’

0.1 eV <=> 5%



SPT Lensing Mass Map

20h to 7h; -40d to -65d features have S/N>1 but not by much
color stretch +-0.05



Gabrielle Simard

Near-term 
forecasts

solid lines:
  noise level

error bars:
  error on power 
  spectrum

Planck: ±0.1 eV



CMB Informs BBN Constraints

• acoustic 
peaks tell 
you baryon 
density
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FIG. 2: (Color online) Left panels: Yields of light nuclides as functions of the baryon density, ΩBh2
. Each band indicates

yields for a single value (integer plus 0.046) of Neff and its thickness the 1σ nuclear uncertainty on those yields. Bands are

shaded lighter for smaller values of Neff and darker for larger Neff . Also shown are horizontal bands indicating observational

constraints on abundances [51–55] and a vertical band indicating the WMAP7 1σ interval for ΩBh2
. Right panels: The same

yields shown as functions of Neff at the CMB-inferred value of Ωbh
2
, essentially slices along the band labeled “WMAP” in the

left panels. Salmon-colored bands indicate yields with our adopted rates, and their widths indicate a quadrature sum of nuclear

errors and the error on Ωbh
2
. In the YP graph, blue 1σ and 2σ contours indicate constraints from WMAP7+SPT alone, while

black curves paralleling the adopted yields indicate the effects of using the old PDG [46] (upper) and Serebrov [48] (lower)

values of τn (no errors shown). In the D/H and
7
Li/H graphs, the thin solid curves indicate the result of using the empirical

rate for d(p, γ)
3
He, again without showing the errors. Horizontal bands indicate observational constraints as discussed in the

text.

∼ 36.7% speed-up. Faster expansion implies less time

available for deuterium burning and thus higher D/H. In

the standard model, deuterium burning and the recom-

bination era share the same populations of relativistic

species: photons plus three neutrino species at (4/11)
1/3

of the photon temperature.

C. Observed primordial abundances

Constraints based on BBN require observed abun-

dances. The inference of each primordial abundance is

a highly technical subject unto itself with its own exten-

sive literature. Here we provide brief descriptions of the

experimental constraints and explain the specific values

that we choose. The interested reader is referred to the

cited literature for more information, and to the reviews

in Refs. [6, 45, 50, 56–58].

1.
4
He

The primordial
4
He mass fraction Yp is inferred from

emission-line spectra of Hii regions in metal-poor blue

compact galaxies. Lines of H and He are observed and a

He/H ratio inferred using a radiative transfer model; the

result is customarily expressed in terms of Yp. Because

of the weak dependence of Yp on ΩBh2
evident in Fig.

2, the desired precision of measurement is in the percent

range. Large data sets have been assembled, and the

Nollett & Holder



BB
N

Helium and # of Neutrinos

Nollett & Holder
(BBN predictions include theory error and 

marginalized over baryon density)



Helium & Neff

• extra light 
species 
change 
expansion rate 
at early times

• changes age 
of universe at 
recombination

• changes 
damping scale
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FIG. 1. Top panel: WMAP, ACBAR and ACT power spec-
trum measurements, and theoretical power spectra normal-
ized at � = 200 for Neff varying from 2 to 5 with ρb, θs, and
zEQ held fixed. Bottom panel: The same as above except
we vary YP to keep θd fixed and we replace the ACBAR and
ACT data with simulated SPT data, of the quality expected
in [34]. The lack of scatter in these spectra compared to those
in the top panel demonstrates that the effect of Neff is largely
captured by its impact on the damping scale.

Since rs ∝ 1/H, it responds even more rapidly than rd

to changes in H. To keep θs fixed at the observed value,
DA must also decrease as 1/H. Since DA decreases more
rapidly with H than rd, θd increases which means the
damping is increased.

Note that if we knew DA perfectly, we could use θs to
infer rs and thereby determine H prior to recombination.
But we do not know DA, largely because we do not know
the value of the cosmological constant, or more generally
the density of the dark energy as a function of the scale
factor. With both angular scales we can form θd/θs =
rd/rs ∝ H

0.5, with no dependence on DA.
Does this explanation hold together quantitatively? To

demonstrate that what we are seeing in the power spec-
trum actually is increased Silk damping (at fixed θs) we
experiment with also fixing θd as Neff increases. The
bottom panel of Fig. 1 shows how the angular power
spectrum responds to the same variations in Neff , only
now taken at constant θd as well. When we remove the
θd variation, the impact of the Neff variation almost en-
tirely disappears. We conclude that the variations we
are seeing in the top panel are indeed due to the impact
of Neff on the amount of Silk damping. A very similar
demonstration was provided by [16].

To keep θd fixed as Neff varies, we vary a parameter

FIG. 2. 1 and 2-σ contours of constant probability for Neff

and the cluster abundance parameter σ8(Ωm/0.25)0.47 for dif-
ferent data sets as described in the text.

whose sole impact is on the number density of electrons:
the primordial fraction of baryonic mass in Helium, YP.
Even as early as times when 99% of the photons have
yet to last scatter, Helium, with its greater binding en-
ergy than Hydrogen, is almost entirely neutral. Thus
ne = Xe(np +nH) = Xenb(1−YP) where the first equal-
ity defines Xe. The limit of integration in the above
equations for rs and rd is only slightly affected by chang-
ing YP and thus rs is largely unaffected. However, the
damping length scales with YP as rd ∝ (1− YP)−0.5.
From our analysis one finds that rd/rs ∝ (1 +

fν)0.25/
√
1− YP where fν ≡ ρν/ργ is proportional to

Neff . The first factor arises because increasing H at fixed
zEQ meansH2 ∝ (1+fν). Thus asNeff is varied, we know
how to change YP to keep rd/rs (and hence θd/θs) fixed.
Our analysis requires a small correction. Increased ex-

pansion, even if we keep ne(a) fixed, decreases a∗ because
we follow [35] and define it such that the optical depth
to Thomson scattering from here to a∗ is unity. Further,
recombination is not a process that occurs in chemical
equilibrium. As emphasized in [36], increased H leads to
increased ne(a). By numerically studying these (partially
cancelling) effects we find rd/rs ∝ (1 + fν)m/

√
1− YP

with m = 0.22 rather than 0.25.
The curves in the lower panel do show some variation.

In particular, one can see a shifting of the peak locations
due to the difference in acoustic oscillation phase shift
that one gets for neutrinos, relative to the same energy
density in photons [16]. These phase shifts will be de-
tectable at high significance in future polarization data.
Current Constraints on Neff . In this section we assume

YP is a function of ρb and Neff as in standard BBN [37].
This assumption effectively breaks the YP, Neff degener-
acy we quantified above. We then constrain Neff using

Hou et al

adjusting Helium to keep 
damping scale fixed
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Neff=3.4 ± 1.0
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Helium and # of Neutrinos

Nollett & Holder

Neff=3.9 ± 0.6
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Neff=3.8 ± 0.7
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Helium and # of Neutrinos

Nollett & Holder

Neff=4.0 ± 0.8



BB
N

Helium and # of Neutrinos

Nollett & Holder

Neff=3.8 ± 0.2Neff=3.2 ± 0.2
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New today
Pettini & Cooke



Summary

• CMB will best probe neutrino masses with 
CMB lensing; results coming soon

• CMB probes of Neff are partly degenerate 
with primordial Helium abundance, so 
inferences are sensitive to what you 
assume


