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A true way to measurement c/Hy and
a true way to measure T

“True” means completely independent of cosmological model.

c/Hp: Distance ladder (SHOES)
1. Radar measurement of Earth-Sun distance
2. = parallax measurement of stellar distances
3. = measurement of Cepheid luminosities
4. = measurement of SNIa luminosities
= measurement of C/Ho = DSN/Q/ZSN/Q (Z < 1)

To: COBE-FIRAS: Comparison of CMB spectrum with spectrum
from calibrated blackbody

Because both Hy and Ty have (SI) units, each requires the
measurement of a dimensioned quantity.
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Other true measurements of Ty arXiv:0911.1955

CMB Temp  Uncertainty
Source (K) (mK) Reference
CN 2.700 40 Meyer & Jura (1985)
CN 2.740 50 Crane et al. (1986)
Balloon 2.783 25 Johnson & Wilkinson (1987)
CN 2.750 40 Kaiser & Wright (1990
Rocket 2.736 17 Gush et al. (1990)
S Pole 2.640 39 Levin et al. (1992)
Balloon 2.712 20 Schuster et al. (1993)
CN 2.796 39 Crane et al. (1994)
CN 2.729 31 Roth et al. (1995)
Balloon 2.730 14 Staggs et al. (1996)
ARCADE1  2.694 32 Fixsen et al. (2004)
ARCADE1 2721 10 Fixsen et al. (2004)
ARCADE2  2.731 5 Fixsen et al. (2009)
FIRAS 2.7249 1.0 Mather et al. (1999)
FIRAS 2.7255 0.85 Fixsen et al. (1996)
FIRAS 2.7260 1.3 This Work
Mean 2.72548 .57

TABLE 2

MEASUREMENTS AND UNCERTAINTIES OF THE CMB
TEMPERATURE.
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Five measurements of (Hp, To)

Il Planck

B Planck+SHOES

B Planck+BAO FIRAS-SHOES: not shown
—_PanckrFIRAS FIRAS-Planck:

BAO+Planck wy, @,

(The standard result)
FIRAS-Planck-BAO-SN:
(The best result)

BAO-Planck:
New
. SHOES-Planck:
/ Ny New Ty measurement
[—- Ogao=const ‘\\ Planck Only:
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New
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All but FIRAS-SHOES and FIRAS-Planck-BAO-SNIa assume ACDM.
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Planck
Planck+SHOES
Planck+BAO
Planck+FIRAS
BAO+Planck wp, wp,

— - Bppo=const
2.4}F —— 0Os=const
66 69 72 75 2425262728
Ho To

Assuming ACDM:

FIRAS-Planck:

(The standard result)
BAO-Planck:

(New result)
SHOES-Planck:

New T, measurement
Planck only:

New Tg and Hy meas.

SHOES-Planck in Hy and Ty tension with Firas-Planck
BAO-Planck not in tension with Firas-Planck
= Disfavors either SHOES or FIRAS or ACDM
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Outline

FIRAS-Planck (the standard result)

Rewrite the standard formulas using T rather than z
BAO-Planck

SHOES-Planck

Planck alone

® 6 6 o o
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Power spectrum shape = (Q\h?, Qph?)
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The (simplified) primary effects [Hu et al. 2001 ApJ 549, 669]:
e Power(¢ < 30) = A (primordial fluctuations)
@ Power(peak 1)/Power(¢ < 30) = Quh?/Qrh?
@ Power(even peaks)/Power(odd peaks)=- Qph?/Qyh?
e Power(¢ > 1000)/Power(peak 1)= N,
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Calculation of the sound horizon

Same as “particle horizon” except ¢s < ¢
cs = (c/v3)f(ps/p,) (baryon inertia slows sound)

. cS dz /
d_ ~ Ve \/pM+p7+py

We normalize to the present photon density

/ Cs pB/p’Y dZ
\/ 87TGp’y 1—|—Z \/pM /p"y +1 +pu( )/p'y(z)

COBE gives us p,(0) and the CMB spectrum shape (Planck) gives us
the density ratios pm/py, PB/ Py Pu /P
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ry from COBE-Planck

Imposing three neutrino families (p, = 0.23N,p.) gives
rg = (147.3 £0.5)Mpc

Fitting the CMB spectrum for N, gives N, = 2.99 4+ 0.2 and

rg = (147.4 £ 1.5)Mpc
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Peak positions = Hy (assuming Q, = 0)
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First peak: ¢1 ~ 200 ~ 1/6ga0 ~ D(z = 1090)/ry4:

dz
[H2 + QuH[(1 + 2)3 — 1]/

9;}\0 =D(z2)/ry = rd_l/0 = Hy

(~ 10% of integral in Hy dominated region)
R —



Rewrite cosmology

H(z)? = HF + QuHZ[(L + 2)* — 1] + Qr[(1 + 2)* — 1]
3G

— H(T)>=H?+ 5 [0gTrec(T? — T3) + g(T* — T3)]

o= i %A

@ Ty = today's temperature

where:

@ T, = temperature at recombination

® a = pym/pr at recombination (known from Planck)
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CMB

Iy — TO C_s Cs r C_S
1+ Zrec ¢ Trec H( TfeC) \% aGTrzec ’ v aGTreC TO

Physical ry at recombination independent of (Hp, To) (not surprising).
Redshifted ry proportional to T, .

1 1 1/3
D ~ |
CMB /—[5/3 {871'04 GTee T03/3} (JR approx.)

1 1

Dcmg ~ WW (Ivanov et al.)

rd 0.19 7-0.22
QCMB =  — X HO TO
cMB
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Osa0

Dgao = (c/Ho)zao zBao < 1
ry Ho
Dgao  zBa0GY2 T, Ty

0gao =
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Planck-BAO (JR approximation)

63 8rGT: 1"
To~r—ME T Ho ~ 0¢ys {—}

zgaoYsao 3

My big question: How can observations of purely dimensionless
quantities (AT /T for Planck and (z, ra, dec) for BAO) determine
dimensioned quantities (Hp and Tp).

Answer: T, is calculated from fundamental dimensioned constants
with only a logarithmic dependence on cosmological parameters:
Trec ¢ @?mec? log(Qh?.....)
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BAO-Planck and SHOES-Planck

Planck
Planck+SHOES
Planck+BAO
Planck+FIRAS
BAO+Planck wy, o,

BAO-Planck:
Ocmp, Oao(z ~ 0.5)
= Ty =2.704 £0.016
SHOES-Planck:
Ocmp, HS =735+ 1.4
= Ty =2.584+0.03
40 from FIRAS
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Planck only

Planck
Planck+SHOES
Planck+BAO
Planck+FIRAS
BAO+Planck wy, o,

—+ Bppo=const
2.4F —= Bs=const
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Decreasing Ty increases
time spent in vacuum
domination.
=-increased ISW and
CMB-lensing
Hy=705+23
To=2.64+£0.06
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