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Good news: the controversy
was much worse when I started
to work 1n Cosmology (h=0.5
versus 1 at the same
redshift, z~01!)

Faeszcrs g oeva o e (S e R iSICIN el T
B ML SO

/18



Standard Cosmological
Model

j°:On large scales: homogeneous and j%m;dmf
ds® = c*dt* — d¢?

® dt? = a(t)?(dz? + dy? + dz?) = a*(t)(dr? + r2dQ)
s * Hubble expansion

v = dR/dt = ar =

H = a/a

a=1/(1+2)
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e Gravitating massldensiggrav — (p—|—3p/c2)

Prad/ ? = %Prad Pgrav — 2prad
pvac/ ¢’ = — Pvac Pgrav — (pva.c + 3pvac/ 02) = —2pvac
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Pmatter X A

- AV ’ = ——p A

e Acceleration

' d?a B GMgraV Mgra.v — pgra.vV
| 4 -» 2~ a2 V =473
—Birkh orem 3

d(pc*V) = —pdV —3paa/c® = a?p+3pad

E=-a2— 2% M = pV




X il s e RS TN
E

=1-Q
a2/2 ’
where 2 = p/p., with
3H? g H 2
=~ =92x10"%
Pe = 8nG . cm3 (70 km s—lMpc—l)

* Hubble expansion rate

a flat universe with £/ = ( satisfies

H(t Q, Q0,112
() _ [—3+QA+—4]
a

Hy

where we define Hy and g = (,,, + Q4 + €2,.) = 1 to be the present-day
values of H and 2, respectively.

a

Vacuum domination: H = (a/a) = const — a o« exp{Ht}
Radiation domination: — H = (a/a) cca” > — a ¢1/2
1 Matter domination: H=(afa) oca=/?=qoct?3 5
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Deviation from Global Expansion
Rate: Local Void

But effect too small to explain away CMB discrepancy
(reducing tension from 3.4 to 2.75 sigma)
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—Expansion Affects Growth Rate of Linear

Perturbations
06 1
E‘FEV'[(l—I—é)U]—O
ou 1 1 1
5 + Hu + — (u-V)u——Eng— a—ﬁV(ép)

V24 = 4rGpa’s
Pressure: zero for cold dark
matter; finite for gas
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Growth factor during matter domination (without pressure):

xa (z>1)

D(t) N (QA(ZS 4+ Qm) 1/2 /a a13/2 da’
0 (

a’/? Qpa + Qp)%2



Distances

| . , , L
* Tuminosity distance: obse: f=-_—%5IX
4mdi
f— Ldten /(1 +2) L
 Arr? dtgps  4mr2 (14 2)2

d, = Tem (1 + 2) = da(1 + 2)?

f tobs ot c / o dz’
T p— pu—
em t... a(t) HpJo \/Qm(l + 2/)3 + Qp

-Given that a standard ruler (BAO) occupies an observed angle on the CMB sky:
elevating H_0 requires lowering the dark matter density today (through decay to
radiation or dark energy)

Effect of weak lensing on SNe is too small even out to z~0.5 (Smith et al. 2013)
arXiv:1307.2566
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Discrepancy = non-

Standard Composition

H(t) [Qm Q, CMB at a~0.001 argues for a bigger ratio

1/2
— L =+ O+ i
H, a3 p than measurements at a~1 imply

Options:

* Additional radiation degrees of freedom
(energy density), such as “sterile
neutrinos”. Hints from LSND, MiniBooNE
oscillation experiments.

» Decaying dark matter (DM; e.g. evaporating
primordial black holes), but the allowed
range 1n the DM mass fraction-lifetime
pltane offers no sotution (PoullIn et ati.
arXiv:1606.02073) . Dvac/C? = —Pyac

ns ¢ Growing dark energy (Morsell & Dhawan 11




Other Exotica

» Temporary dark energy contribution at
matter-radiation equality (Karwal &
Kamionkowski 2016). Fine tuning 1in
amplitude, timing and duration 1s
required.

« Large scale density perturbation. But
since we are not likely to be at the
center of a spherically—-symmetric
perturbed region, this would induce a too
large quadrupole 1n the CMB through the
Sachs-Wolife effect.

« Time dependence of Newton’s constant. But
the required level (5%) 1s well above
SRR (e SRS [ IS 10 (8= e 6 T G Tl S T BRI Tas =N 31 IS HITC g O T I T
CMB (<1%).
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Alternatively, gravity
might be slightly modified
on cosmological scales..

Caveat: the theory needs to
accommodate all other tests of GR,
including BBN, CMB anisotropies data
and strong-field GW signals detected
by LIGO. Motivation: other ancomalies
(such as the low CMB quadrupole).

Fixing a single discrepant number with
a new theory of gravity resembles to
killing a fly with an atomic bomb. It
1s unwarranted by common sense.
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Or New Physics During
Cosmological Recombination

« To Increase the inferred values of H;
from the CMB data, one needs to reduce
the angular diameter distance or the
sound horizon scale at cosmological
recombination (given its measured
angular size on the sky).

* Bearing BBN and CMB constraints 1n
mind, this can be achieved by:
increasing the energy density of the
universe, making it expand faster, the
SOtheh o= 2Ot SHiast et -+ Attt Lo get
The extra constituent could be dark

ns energy with an unusual eguation of
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compelling, we must
consider the possibility
of systematic
unceretainties in the

S w1t O elllf?
theoretlo f?f ?;ﬁ% ' resembles
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» Weinberg’s approach in “Gravitation
and Cosmology (1972)”: average
observational reports. Led to h=0.75
S o B AT

e Systematics are more likely 1n the
SN ITa data set since it 1s based on
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Future Implications for Extragalactic
Astronomy

Accelerating
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All'galaxies beyond a redshift of z=1.8 are already outside our horizon (no
cell phone communication to z>1.8!). (Loeb 2001)




Analogy

: Ants = Photons Balloon=Expanding Space




nce blowing

(Big Bang)
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Fourier Space

5k:/d3w §(z)e™X

3 .

* Power spectrum: pk) = (§.45) = (2m)36° (k — k') P(k)

(6M/M)? o k3P(k) for k ~ 2 /!

primordial power-law spectrum P(k) o k™ with ng; ~ 1
With cold dark matter, turnover at matter-radiation equality: P (k) ocfoTs =4
the gravitational potential, ~ (G6M /¢) o< £1=7)/2 s
independent of scale if ng = 1

(as expected from quantum fluctuations generated during a period of inflation

- with H=const and all modes exiting the horizon with the same amplitude)
20



U S B BCT S Qe = S Sk SN
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Nonlinear Spherical Collapse

dr 0 GM
w = HO QA T — 7'2
SIS N @ g @ Efvors

§ A
Expansion Turnaround Recollapse Virialization
6real =5.6 6real = 187'12
Qm — 1 6linear =1.06 6Iinear =1.69

Stages of the spherical collapse model. At first, the overdensity (in gray) ex-
pands, though its excess gravity quickly slows that expansion below that of the
Hubble flow. When the real fractional overdensity reaches 97 /16 ~ 5.6 (corre-
sponding to a linearized overdensity of 1.06), the expansion stops at turnaround
and then begins to recollapse. When the overdensity reaches 187% ~ 178 (cor-
responding to a linearized overdensity of 1.69), the perturbation virializes as a
collapsed dark matter halo.
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A contras@agto\sfirialization

A, = 187% + 82d — 39d* |

where d = (2% — 1 is evaluated at the collapse redshift, so that

07 — Qn(l+2)3
™ Q1+ 2)% + Qp + Qe (1 + 2)2

+ Halo radius

Q, A, 177 M NP1\t
Tvir = 1.9 - = kpc
Qun(2) 1872 108 Mg, 10

e Cilrcular velocity

1/2 1/6 1/3 1/2
v — GM _ 170 Q. A. M 1+ 2z P
Tyir O (z) 1872 108 Mg 10

. Virial temperature

2 1/3 2/3
o = FVe g a0t ( K ) n_ Ac M 1+2) k
e 2%k 0.6/ | Qn(2) 1872 108 Mo 10 -
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Gas Pressure
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Grows to ~1029M. after intergalactic gas is photo-heated to ~1044K



Cosmic-Archeology

Early time

te[]sni[l[i s

today

—

distance
% *
B

°:

Earth

The more distant a source is, the more time it takes for its light to reach us. Hence,
the light must have been emitted when the universe was younger. By looking at
distant sources we can trace the history of the universe.
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trillion years from now), the
wavelength of the microwave
background will exceed the scale of
our horizon..

e« At that time, all extragalactic
atoms—will be pushed out—of the
horizon and be unavailable for
tracing the cosmic expansiorll..
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