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DES, LSST, and other experiments will probe the nature of dark
energy and determine if it is just the Cosmological Constant (Λ).
What are the specific measurements that need to be made, and
how precisely do such experiments need to be, before you will be
convinced that dark energy is just Λ?
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Gµν = 8πT µν | T µν ⊃ Λgµν +
∑

i ((ρi + Pi )u
µ
i u

ν
i + Pig

µν)︸ ︷︷ ︸
perfect fluid in equilibrium

perfect fluid contribution in equilibrium, in inertial frame
(u = (1, 0, 0, 0), gµν = ηµν)

Tµν
i =


ρ

P
P

P


dust radiation Λ

P = wρ w = 0 w = 1/3 w = −1
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Measurements available
Are you convinced α is a universal constant?
Dark Energy is Λ until another model has a better Bayes factor.

What are the specific measurements that need to be made?

Expansion Growth rate of structure
Observable H(z), dL, dA σ8, S8, f σ8, γL

Matter Power Spectrum

Experiments

SN Ia
Galaxy BAO peak
Ly-α/Quasar BAO peak
Strong Lensing
Voids*
Gravitational waves*

RSD
CMB (kSZ, tSZ)
Weak Gravitational Leasing
Clusters of galaxies

*Soon
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Measurements available
Are you convinced α is a universal constant?
Dark Energy is Λ until another model has a better Bayes factor.

1

1LSST Science book
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Measurements available
Are you convinced α is a universal constant?
Dark Energy is Λ until another model has a better Bayes factor.

To what precision do these measurements need to be
made?

Λ just happens to have some ‘fine tuned’ value, but it’s as
constant as the fine-structure constant α.
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Measurements available
Are you convinced α is a universal constant?
Dark Energy is Λ until another model has a better Bayes factor.

Ratio of frequencies of dissimilar atomic clocks depends on α! Seventeen
decimal places of measured α did not change over a year.2

2T. Rosenband et al. (2008)
Ben Osherson SSI 2017 Project
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Measurements available
Are you convinced α is a universal constant?
Dark Energy is Λ until another model has a better Bayes factor.

2 · 109 years ago, a pocket in the Earth naturally formed a Ur fission
reactor, reacting for 2.3 · 105 years. The abundance ratio of 149

62 Sm/150
62 Sm

constrains |∆α/α|< 10−5, the coolest experiment ever.3

3J-P Uzan (2002)
Ben Osherson SSI 2017 Project
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Measurements available
Are you convinced α is a universal constant?
Dark Energy is Λ until another model has a better Bayes factor.

Quasar measurements constrain α(z) by things like comparing spectral
lines for MgII and FeII as a function of redshift. 4

4J. Webb et al. (1998)
Ben Osherson SSI 2017 Project
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Are you convinced α is a universal constant?
Dark Energy is Λ until another model has a better Bayes factor.
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Measurements available
Are you convinced α is a universal constant?
Dark Energy is Λ until another model has a better Bayes factor.

Computing the Bayes Factor
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Can do this for any (multidimensional) parametrization of w ,
as long as (D.E . = Λ) is a nested model.
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Measurements available
Are you convinced α is a universal constant?
Dark Energy is Λ until another model has a better Bayes factor.

Computing the Bayes Factor

B01 =
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If your theory allows for −1.00 < w < −0.99, you need to measure
w = −1.000± .0016 at one σ for ln(B01) = 5.

If your theory allows for −1.000 < w < −0.999, you need to
measure w = −1.0000± .0004 at one σ for ln(B01) = 5.

5

5Amendola et al. (2012)
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Measurements available
Are you convinced α is a universal constant?
Dark Energy is Λ until another model has a better Bayes factor.

Figures of Merit

B01 =
∆wa∆w0FoM

π

Normally constained: FoM >' 350
Very constrained: FoM >' 10000

Arthur Scardua SSI 2017 Project
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Measurements available
Are you convinced α is a universal constant?
Dark Energy is Λ until another model has a better Bayes factor.
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Plot for B01 = constant 6

6Amendola et al. (2012), recreated by Chun-Hao To
Arthur Scardua SSI 2017 Project
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SNe 1a: How standard are they?
Compliment SNe 1a with standard sirens.
Weak lensing, BAO, RSD

Phillips relationship of luminosity vs. duration explained by
non-equilibrium dynamics and metallicity ratios? 7

7D. Kasen & S. E. Woosley. (2007)
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SNe 1a: How standard are they?
Compliment SNe 1a with standard sirens.
Weak lensing, BAO, RSD

Dependence on host galaxies too? 8

8M. Childressi et al. (2013)
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SNe 1a: How standard are they?
Compliment SNe 1a with standard sirens.
Weak lensing, BAO, RSD

Standard sirens

Interferometry alone can not measure redshift!
But it is an independent measurement of dL.

Need a complimentary E&M measurement to break redshift &
mass degeneracy.
Mergers could then be detected to at least z ∼ 5− 10,
possibly beyond. 9

9D. E. Holz & S. A. Hughes (2005)
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SNe 1a: How standard are they?
Compliment SNe 1a with standard sirens.
Weak lensing, BAO, RSD

Weak gravitational lensing: Systematics

Error in photoZ

PSF model error

instrinsic alignment

Systematics in terms of shear-shear power spectrum

(̃C )γγij (l) = (1 + fi )(1 + fi )Cγγ
ij (l)︸ ︷︷ ︸

multiplicative

+ C add
ij (l)︸ ︷︷ ︸
additive

Additive error will not be overly important for LSST from Image
simulation (C. Change et al., 2012)
Multiplicative error has to be less than 0.4% (Masset et al. 2011)

Chun-Hao To SSI 2017 Project
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SNe 1a: How standard are they?
Compliment SNe 1a with standard sirens.
Weak lensing, BAO, RSD

Weak gravitational lensing: Current status
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Compliment SNe 1a with standard sirens.
Weak lensing, BAO, RSD

Weak gravitational lensing: Future experiment
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SNe 1a: How standard are they?
Compliment SNe 1a with standard sirens.
Weak lensing, BAO, RSD

BAO: Current status
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SNe 1a: How standard are they?
Compliment SNe 1a with standard sirens.
Weak lensing, BAO, RSD

BAO: Future experiment (DESI)
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SNe 1a: How standard are they?
Compliment SNe 1a with standard sirens.
Weak lensing, BAO, RSD

RSD: Current status
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SNe 1a: How standard are they?
Compliment SNe 1a with standard sirens.
Weak lensing, BAO, RSD

RSD: Future experiment (DESI)
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SNe 1a: How standard are they?
Compliment SNe 1a with standard sirens.
Weak lensing, BAO, RSD

Hubble tension doesn’t inspire confidence

10

10W. L. Freedman (2017)
Ziang Yan SSI 2017 Project
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SNe 1a: How standard are they?
Compliment SNe 1a with standard sirens.
Weak lensing, BAO, RSD

Alternative parametrizaion of w

Leave w(z) completely unconstrained and resolve Hubble tension!
11

11Gond-Bo Zhao et al. (2017)
Ziang Yan SSI 2017 Project
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Weak lensing, BAO, RSD
Observations can be dangerous

Models can be made such that they predict |(w(z)− 1)|<
very small.

ΛCDM will hold until something better comes along.
For these models, we need a correspondingly tiny σ on w
measurements to have a Bayes factor that either comparatively
favors or disfavors ΛCDM.

If all systematics and tensions are resolved, then we may
accept ΛCDM

SNe light curve discrepancies
Weak lensing photoZ error
Instrinsic alignment
Different BAO samples are inconsistent
Galaxy bias for RSB
Hubble tension between probes

Ben SSI 2017 Project



Question
Answer

Measurements
Thank you!
Extra Slides

Weak lensing, BAO, RSD
Observations can be dangerous
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Weak lensing, BAO, RSD
Observations can be dangerous

Triggers
Chameleon particle

S =

∫
d4x
√
−g

(
− R

16πG
+

gµν
2
∂µφ∂νφ− V (φ)

)
+ Smatter

GammeV, CHASE, CERN Axion Solar Telescope
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Energy Budget to H(z)

dρ

dt
= −3

da/dt

a
(ρ+ P)

d ln(ρ)

d ln(a)
= −3(1 + w)

ρ(a) = ρ(a = 1)a(−3−3w)

H(a) = H0

√
a−3Ωmatter ,0 + a−4Ωrad ,0 + ΩΛ,0 |

ΩX ≡ ρx/ρcrit
X0 = X (a = 1)
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