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Lecture 2
Approaches to understanding Dark Energy

Ed Copeland -- Nottingham University

. Brief recap of evolution of the universe: assumptions and evidence
supporting them - pointing out issues where they may occur.

. Approaches to Dark Energy and Modified Gravity.

. Testing screening mechanisms in the laboratory.

. Hubble tension and approaches to Early Dark Energy
. Impact of GW discovery on late time cosmology.

. Dark Energy and the String Swampland

. Recent large z results if quasars can be standard candles

TRISEP 2023 — Perimeter Institute — June 20th 2023
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The Big Bang - (1sec - today)

The cosmological principle -- isotropy and homogeneity on large scales

Betoule et al 2014

* The expansion of the Universe
v=H,d

M SNLS

H;=73.04+1.04 km s-! Mpc-1

(Riess et al, 2022)

Hy=67.4+0.5 km s-1 Mpc-!

(Planck 2018)

Is there a local v global tension ?

a
Redshift 1+ 2z = 22 H = .

a
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In fact the universe is accelerating !

Observations of distant
supernova in galaxies indicate
that the rate of expansion is T
increasing !
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Cosmology _3
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Huge 1ssue in cosmology -- what
is the fuel driving this
acceleration?
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We call it Dark Energy --
emphasises our ignorance!
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Makes up 70% of the energy
content of the Universe

O |
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redshift z

w

= 0.28 [+ 0.085 statistical] [+ 0.05 systematic]
Prob. of fit to A =0 universe; 1%
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G;u/ — 87TGTMV — Aguy applied to cosmology

Friedmann - the key
bgd equation:

a(t) depends on matter, p(t)=Xipi -- sum of all matter contributions, rad, dust,
scalar fields ...

Energy density p(t): Pressure p(t)
Related through : p = wp

Eqn of state parameters: w=1/3 — Rad dom: w=0 — Mat dom: w=-1- Vac dom

Eqns (A=0):

Friedmann +
Fluid energy
conservation
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A neat equation
N>1«—k=+1
=1 k=0
N<l—k=-1

Friedmann eqn

2+, +82 =1

Qm - baryons, dark matter, neutrinos, electrons,
radiation ...

Qx - dark energy ; Qk - spatial curvature

0.(t,) =1.88h%*107" gcm ~ [elEAREE

5
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Bounds on H(z) -- Planck 2018 - (+BAO-+lensing+lowE)
H?(z) = H? (Qr(l +2)* 4+ (1 +2)% + Qe (1 +2)? + Qgeexp (3/ 11+Tw$)dz’))
0
(Expansion rate) -- Ho=67.66 £+ 0.42 km/s/Mpc

(radiation) -- Q;= (8.5 £ 0.3) x 105 - (WMAP)

(baryons) -- Qp h2=0.02242 + 0.00014

(dark matter) -- Qch?=0.11933 + 0.00091 —(matter) - Qm =0.3111 £ 0.0056
(curvature) -- Qx=0.0007 = 0.0019

(dark energy) -- Qge = 0.6889 £ 0.0056 -- Implying univ accelerating today
(de eqn of state) -- 1+w = 0.028 + 0.032 -- looks like a cosm const.

If allow variation of form : w(z) = wot w’ z/(1+z) then
wo—-0.961 £0.077 and w’=-0.28 £ 0.31 (68% CL) — (WMAP)

Important because distance measurements often rely on assumptions made about the
background cosmology.
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Evidence for Dark Energy?

Enter CMBR:

3 . QO — Q - + Q A Provides clue. 1st angular peak in
power spectrum.
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The acceleration has not been forever -- pinning down the
turnover will provide a very useful piece of information.

always accelerates

accelerates now
decelerates in the past

always decelerates Huterer 2010

| 1.5
Redshift z

Help address cosmic coincidence problem ! A region
hopefully EUCLID will be able to probe in a few weeks .
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Different approaches to Dark
Energy include amongst many:

A true cosmological constant -- but why this value - CCP ?

Time dependent solutions arising out of evolving scalar fields --
Quintessence/K-essence.

Modifications of Einstein gravity leading to acceleration today.
Anthropic arguments.

Perhaps GR but Universe is inhomogeneous.

Hiding the cosmological constant -- its there all the time but just
doesn’t gravitate and something else is driving the acceleration.

Yet to be proposed ...

05/20/2008
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Brief reminder why the cosmological constant is regarded as a problem?

The CC gravitates in General
Relativity:

obs theory
Pvac < Pvac

Just as well because anything much bigger than we have and the
universe would have looked a lot different to what it does look like. In
fact structures would not have formed 1n it.
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Estimate what the vacuum energy should be :

theory _ bare
vac Pvac

_|_

zero point energies of each particle
_I_

contributions from phase transitions in the early universe
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zero point energies of each particle

For many fields (i.e. leptons, quarks, gauge fields etc...):

1671'2

< p>== Zg%/ \/k2+m2dk NZ

ﬁelds fields

where gj are the dof of the field (+ for bosons, - for fermions).
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contributions from phase transitions in the early universe

AViwic ~ (200 GeV)*

AVQCD £ (0.3 GBV)4

Effective potential Veg (o)
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Quantum Gravity cut-off fine tuning to 120 decimal places

SUSY cut-off |—(TeV)* fine tuning to 60 decimal places
EWK phase transition |—(200GeV)* fine tuning to 56 decimal places

QCD phase transition | —(0.3GeV)*

A fine tuning to 44 decimal places
Muon |—(100MeV)

electron {-(1 MeV)* fine tuning to 36 decimal places

Observed value of the effective cosmological
constant today !
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String - theory -- where are the realistic models?

"No gO’ theorem: forbids cosmic acceleration in cosmological solutions

arising from compactification of pure SUGR models where internal space is time-
independent, non-singular compact manifold without boundary --[ Gibbons]

Avoid no-go theorem by relaxing conditions of the theorem.

Allow internal space to be time-dependent scalar fields (radion)

Brane world set up require uplifting terms to achieve de Sitter vacua hence accn

Example of stabilised scenario: Metastable de Sitter string vacua in TypellB string
theory, based on stable highly warped 1B compactifications with NS and RR three-
form ﬂUXGS. [Kachru, Kallosh, Linde and Trivedi 2003]

Metastable minima arises from adding positive energy of anti-D3 brane in warped
Calabi-Yau space. .

100 150 200 250 300 350 400

AdS minimum Vkkrt = Vaas + =5 Metastable dS minimum
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The String Landscape approach
Type IIB String theory compactified from 10 dimensions to 4.

Internal dimensions stabilised by fluxes. Assumes natural AdS vacuum
uplifted to de Sitter vacuum through additional fluxes !

Many many vacua ~ 1059 ! Typical separation ~ 10-500 A

Assume randomly distributed, tunnelling allowed between vacua --> separate
universes .

Anthropic : Galaxies require vacua < 10-118 A [Weinberg] Most likely to find
values not equal to zero!

Landscape gives a realisation of the multiverse picture.

There isn’t one true vacuum but many so that makes it almost impossible to find our
vacuum in such a Universe which is really a multiverse.

So how can we hope to understand or predict why we have our particular particle content
and couplings when there are so many choices in different parts of the universe, none of
them special ? 16
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SUSY large extra dimensions and Lambda - Burgess et al 2013, 2015

Soln to 6D Einstein-Maxwell-scalar with chiral gauged sugr.
In more than 4D, the 4D vac energy can curve the extra dimensions,

Proposal: Physics is 6D above 0.01eV scale with SUSY bulk. We live in 4D
brane with 2 extra dim. 4D vac energy cancelled by Bulk contributions -
quintessence like potential generated by Qu corrections leading to late time accn.

Sequestering Lambda - Kaloper and Padilla 2013-2016

IR soln to the problem - initial version adds a global term to Einstein action

Padilla 2015
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Eq of motion:

1 d4
where: A = E(T‘“‘a), (Q) J Q9 spacetime volume must be finite

TN
Vacuum energy drops out at each and every loop order

Universe has finite spacetime volume

Ends in a crunch

w=-1 is transient collapse triggered by dominating dark energy
Qx>0

Linear potential V=m3gp

Local version of sequestering can accommodate infinite universe [Kalopt et al 2015]
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] . with Charmousis, Padilla and Saffin
Self tuning - with the Fab Four
PRL 108 (2012) 051101; PRD 85 (2012) 104040

In GR the vacuum energy gravitates, and the theoretical estimate suggests that it
gravitates too much.

Basic idea is to use self tuning to prevent the vacuum energy gravitating at all.

The cosmological constant is there all the time but is being dealt with by the
evolving scalar field.

Most general scalar-tensor theory with second order field equations:

[G.W. Horndeski, Int. Jour. Theor. Phys. 10 (1974) 363-384]

The action which leads to required self tuning solutions :

[-“jr:ahn — Vf_gllrjohn (CI’__}GWJV“C‘)VLHP
", 7 iy wafer 7 L r N
'Cpatu' = \/'j_gl“pﬂu((ﬂ),}Pm” thQ}VLIQ)vl-‘v,-'j(f}
Vv _gl";f.or'g-:: ('D ] R

' {19 .'f
ﬁring::a \f—gl‘r,-_n‘,,,_-,(_m)G

In other words it can be seen to reside in terms of the four arbitrary potential
functions of ¢ coupled to the curvature terms.

Covers most scalar field related modified gravity models studied to'date.
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ABLE I: Examples of interesting cosmological behaviour for various fixe

fab four cosmology
Ve (9)

Case | cosmological behaviour Vi(9) Vo(p) |Vo(o) 2
Stiff fluid H? < 1/a® clqb%_z 02¢%—3 0 0
Radiation H? x 1/a4 clqb%_g 0 cqu% —%zclgb%
Curvature H? x 1/a? 0 0 0 crpa
Arbitrary | H2 oxa®, h#0 |ci(1+h)¢pa=2] 0 0 |—ZhB+h)ipa

“radiation” “matter”

_o .--7__0 0-

-2
10
)

10 B
a(tia(t) atyart,

See also:
Appleby et al JCAP 1210 (2012) 060; Amendola et al PRD 87 (2013) 2, 023501; Martin-Moruno et al PRBY] (2015) 8,
084029; Babichev et al arXiv:1507.05942 [gr-qc] ; Emond et al JCAP 05 (2019) 038
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Particle physics inspired models of dark energy ?
Pseudo-Goldstone Bosons -- approx sym ¢ --> ¢ + const.

Leads to naturally small masses, naturally small couplings

[Hill, Freiman, et al;
Choi; Nilles; Kim; Barbieri et al
Kaloper & Sorbo]

See Yoga model of
Burgess et al 2021 for
new approach at solving
the CCP via relaxation
mechanism and
obtaining dynamical DE

V(¢) = A*(1 + cos(¢/Fa))

Axions could be useful for strong CP problem, dark matter andzsiark
energy — ex. Quintessential Axion.
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Axions could be useful for strong CP problem, dark matter and dark
energy.

Mo,

Strong CP problem intro axion : 1y, r decay constant
a

PQ axion ruled out but invisible

9 12
axion still allowed: 107 GeV < F, <1077 GeV

Sun stability CDM constraint

String theory has lots of antisymmetric tensor fields in 10d, hence
many light axion candidates.

Can have Fa~ 1017-1018 GeV
Quintessential axion -- dark energy candidate [Kim & Nilles].

Requires Fa~ 1018 GeV which can give:

Eyae = (1073 eV)* = miyion ~ 1072 eV

Because axion is pseudoscalar -- mass is protected, hence avoids fifth
5 22
force constraints
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5 Wetterich 1987,
Dynamlcal Dark Energy Caldwell et al 1998

Slowly rolling scalar fields Quintessence

. PE > KE

. KE dom scalar field
energy den.

. Const field.

. Attractor solution:
almost const ratio KE/
PE.

. PE dom.

Attractors make initial conditions less important
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Barreiro, EJC and Nunes 2000

log (p/GeV?

o =20;B=0.5

Scaling for wide range of i.c.

Generic issue Fifth force - require

screening mechaglism!
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Quintessence tends to lead to existence of Yukawa Fifth Force - very
tightly constrained.

2 1) (14 D) e
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Adelberger 2009.
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Screening mechanisms - a route to hide the fifth forces
1. Chameleon fields knoury and Weltman (2003) ...

Non-minimal coupling of scalar to matter in order to avoid fifth force type
constraints on Quintessence models: the effective mass of the field depends
on the local matter density, so it is massive in high density regions and light

(m~H) in low density regions (cosmological scales).

2. K-essence [Armendariz-Picon et al ...]

Scalar fields with non-canonical kinetic terms. Includes models with
derivative self-couplings which become important in vicinity of massive
sources. The strong coupling boosts the kinetic terms so after canonical
normalisation the coupling of fluctuations to matter is weakened --
screening via Vainshtein mechanism

Similar fine tuning to Quintessence -- vital in brane-world modifications of
gravity, massive gravity, degravitation models, DBl model, Galileon's, ....

3. Symmetron fields pinterbichler and khoury 2010.]

vev of scalar field depends on local mass density: vev large in low density
regions and small in high density regions. Also coupling of scalar to matter is
prop to vev, so couples with grav strength in low density regions but decoupled
and screened in high density regions.
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Dark Energy Direct Detection Experiment [Burrage, EC, Hinds 2015, Hamilton et al 2015 ]

We normally associate DE with cosmological scales but here we use the lab !

Atom Interferometry - testing Chameleons Idea: Individual atoms in a high vacuum
chamber are too small to screen the chameleon field and so are very sensitive to it - can
detect it with high sensitivity. Can use atom interferometry to measure the chameleon
force - or more likely constrain the parameters !

e o
Vi=—-—+_—
¢$? M GMaM Mp\?
. ‘ Fr:# 1+2)\A)\B(_P>

(a) Chameleon Torsion r i
balance

A; =1 for piRE < 3M g

_ 3Mgs,
piR?

X for p; R > 3M ¢y,

Sph source A and test object B
near middle of chamber
experience force between them -
usually A<<1 in cosmology but
for atom A=1 - reduced
suppression

[Sabulsky et al 2019]

27
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Measure ¢ in a high vacuum chamber

vacuum *

chamber

1
atom accelerationa = — T!Vr_)

Ed Hinds
28
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Use Atom Interferometry of atoms in free fall [Burrage, EC, Hinds 2015]
A better scheme uses laser light

ol SW; i recjztc}rznblne Internal atomic Raman interferometry uses a

states ~#h pair of counter-proagating laser

beams, pulsed on three times,
to split the atomic wave
function, imprint a phase

1 ¥ difference, and recombine the

wave function.

2 2sin?%¢

5 The output signal of the
cos“dl 1t interferometer is proportional

Mirror 1 A 5

: ’ — B0 to cos? @, with
sensitive just like a <&~ Detector

to gravit Mach-Zehnde

or other forces
4 Mirror 2

Beamsplitter

o = (ky — kp).aT”

Ed Hinds
k, o — —wavevectors of the 2 beams
T — —time interval between pulses

a — —acceleration of the atom

Pirsa: 23060065 Page 30/47



Sensitivity to acc’n of rubidium atoms due to sphere placed in Chamber radius 10cm, Pressure 10-10 Torr

(a) Chameleon \ Torsion
balance

A Systematics:

Stark effect, Zeeman effect,
Phase shifts due to scattered
Jaffe 2017 ] light, movement of beams -
negligible at 10-6 g and
controllable for 109 g

[Sabulsky et al 2019]

Accn due to chameleon force outside an Al sphere of radius Ra = 19mm and screening factor Aa <« 1.

A-M area above solid black line excluded by atom interferometry expt measuring 10-6 g - easy !

Our result indicates acceleration due to chameleon < 18 x10-° g (90% CL) - can reggh Mp !
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Combined chameleon constraints [Burrage & Sakstein 2017]

V() = V(@) + (17) p

Astrophysics

Casimir

Eot-Wash

Interferometry

Precision Atomic Measurements

Eot-Wash

Interferometry

Precision Atomic Measurements
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Modifying Gravity rather than looking for Dark Energy - non trivial

Any theory deviating from GR must do so at late times yet remain consistent with Solar
System tests. Potential examples include:

*f(R), f(G) gravity -- coupled to higher curv terms, changes the dynamical eqns for the
Spacetime metric. Need chameleon mechanism [Stﬂrobinski 1980, Carroll et al 2003, Joyce et al 2015...]

e  Modified source gravity -- gravity depends on nonlinear function of the energy.
Gravity based on the existence of extra dimensions -- DGP gravity

We live on a brane in an infinite extra dimension. Gravity is stronger in the bulk, and
therefore wants to stick close to the brane -- looks locally four-dimensional.

Tightly constrained -- both from theory [ghosts] and observations

» Scalar-tensor theories including higher order scalar-tensor lagrangians -- examples
include Galileon models

Massive gravity theories ARGT [de Rham etar2011...]
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Return to Hubble tension - local v global - Early Dark Energy

CMB with Planck

Balkenhol et al [2021), Planck 2018+ 51-7 +ACT - 67,49 £0.53
nck 0, H?: 69.6= 1.6

B201 Planch Z0iB 67 37 3 0.60

18+ MB enslr‘g 67 36+ 054

=61.21=0.66

hout Planck

Dutcher et al. (2021), SPT: 68.8 £ L5

Aola et al_ (20200 ACT: 67.9£ L5

Aiola et al. (2020), WMAPS+ACT: 67 6511
Zhang, Huang (201 WN’qPQIdF\O 68.36"35
Tiinshaw e al, (2013), WMAPS: 70.0 = 3.3

No CMB, with BEN

1 al. (2020), BOSS DR12+BEN: 685+ 2.2

Colas et al, {2020}, BOSS DR12+BAN; 68.7 + 1.5
Ph:\(nx sta nnzm Pp+BAD+HEN: 686 + 1.1

|, BUSS+BEN: 67.9= 1.1

Alam et al f)UEQJ HJSS eBOSS+BBN: 67.35 £0.97

Pi(k) + CMB Iensing
Philcox et al. {20201, A{k}+CMB le:

Di Valentino et al 2019 |

L1111l

Indirect
Direct

Cepheids — SNIa

Cardona, Kur . Pr‘l‘hr\\v (2016). H

Freedman et al (2012) 74 347
[Lots o TRGS - SNia
rlano, Ries: V21 2. | 20

Reld, Pesce, Riess |

approaches g

Miras — SNia
Huang etal. {2019k 73.3£4.0

;
being taken to
Pesce et al. (20200: 73930

. Tully — Fisher Relation (TFR)

Kourkchi et al. [2020): T6.02 2.6

Surface Brightness Fluctuations

Blakesler et al. (2021) IR-SBF w/ HST: 73325
Khetan et al. {2020) wi LMC DEB: 71.1 £ 4.1

SNII

de |aeger et al. (2020): 7 3

HIl galaxies

Fernandez Arenas et al, (2018): 71,0+ 3.5

Lensing related, mass model - dependent
nzcl st 120213 719444
S

L1011y

(NN

er el al. (2020), TDCOSMO+5LA

¥ang, Bin 021 7
Millen et al wzua 0), TOCOSMD: 7
Baxter et al. (2070} 73
Qi et al. {202
Liao et al (2020)- T
Liao et al. (2019), Tt
Shajib et al. (2019), 5TRI
“lonul sl (2019}, HOLi
al. (2018, HOH 72
et ai, (2018), HOLICOW zua 718

Optimistic average

Di Valentine (2021} 72.84 £ 0.75

ra — conservative, no Cepheids, no Ienslng
Di Valenting {2021): 72.7 +

GW related
Gayathrl el al. (2020), GW150571+GWITORLT. .
Mukher|ee et al. (2020). GWLTDELT+ZTF:
Mukhriee et al (2019) FOBL7+VLBI: B8
Abbott et al. { ), GW170817: 70.

[N NN

H,=67.4£0.5 km s:! Mpc-! (Planck) v H;=73.2+1.3 km s
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Return to Hubble tension - local v global - Early Dark Energy

CMB with Planck
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Assuming the tension is a sign of new physics - many theoretical approaches

Most of them make use of the standard ruler imprinted in the cmb maps - the
Sound Horizon - the distance sound waves could propagate in a plasma from
t=0 to t=1100.

Measure the angular size on the cmb, so have a distance and redshift to cmb.
One approach - use new physics early on to reduce the physical size of the

sound horizon, hence decrease the distance we infer to the cmb (rem we
measure the angular separation) - implying the Ho we infer increases !

i J°° 4z c(2)
L H

Recall Da ~ 1/Hp

So the idea, have new physics early on, alter the energy density, change
H(z). Concentrate here on EDE but also possible to have late time
modifications to resolve the tension [Zzhao et al, Nature Ast 2017; Wang et al, Astrd™. Lett 2018]
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The particle cosmologists tool of choice — a (pseudo) scalar field - ¢

¢ initially frozen on its potential c/o Hubble friction - like DE with w=-1
As H~m, rolls down potential and oscillates.

Need late time w>0, so EDE energy density decays faster than matter.

Three EDE examples:

axion EDE [Poulin et al, PRL 2019]

V(@) = m?*f*(1 — cos(¢p/f))", m ~ 107%"eV, f~ 10%eV, n=3

|
=—>0
n+1 2

Near minimum - €0s - Wy =

Note occurs around matter radiation equality
[Moss et al, 2021]
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New EDE — driven by a first order phase transition [Niedermann and Sloth, PRD 2021]

_i4l 22_1 31221*22 . : 3
Viy, @) = 41,11 +2ﬁMy/ aMy +2m ¢ +2M5 , y is tunneling field, ¢ trigger field

3

False vacuum decay of y from cosm const source to decaying field with
const eos w>(0 around eV scale.

Hy=T71.4 = 1.0kms™'Mpc™', with decay at z. = 4920*530 and with fygpg = 0.126720
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Massive neutrino driven EDE — [Sakstein and Trodden, PRL 2020, for earlier related work see
Amendola et al 2008 ]

Idea: If EDE field ¢ is coupled to neutrinos with strength £, it receives a large
injection of energy around the time that neutrinos become non-relativistic,
which is when their temp ~ their mass, just before matter-rad equality.

Nice feature - neutrino decoupling provides trigger for EDE by displacing ¢
from min of it’s potential V(¢p) = A¢*/4.

m,=05eV, f=4x107% 1 =10"7

For approaches resolving the Hubble tension using impact of screened fifth forces
on the distance ladder see [Desmond et al, PRD 2019, Baker et al, Rev Mod Phys 2031]
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More general approach to DE - spike model

[Moss, EJC, Bamford and Clarke 2021 - for similar approach see also Lin et al 2019 and Hojjati et al 2013]

Model DE by perfect fluid with series of bins in energy density, with eos
—1 <w < 1. Combine with cmb, BAO and local Ho data obtain improvement over
ACDM with DE contributing significantly between z ~ 10* — 10° and ¢? ~ 1/3.

\ Axion (No prior)

\ Axion (Sg prior)

l{ Spike (No prior)

\-0.95
\
\

!
11.00

| L Spike (Sg prior)

\—0.95
\

A
1.00
-t\ 0

\
N =t

- e

i Spike (Cov prior)
[ 40.95

\
\ _
-1.00
\

0.025 F

|
F

|| Spike (Cov + Sg prior)
'—10.95
LA

_—!\_‘.000' —

\

N

10°

10!

inc DES Sg prior

Sy = 0.776 = 0.017
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A few details

Parameter l |

ACDM

Axion Fluid

Spike

|Spike (+ Covariance Prior)|

Hp
O

Jfepe(z)
Ss

68.48 £+ 0.32 (68.44)
0.3001 + 0.0041 (0.3006)
0.9729 + 0.0030 (0.9728)

0.8075 £ 0.0077 (0.8073)

70.0319:3" (70.95)
0.297570:0042 (0.2950)
0.9810%3 5o75 (0.9834)

B:AT50 15" (0.3524)

1024072000 (5460)
0.027215:095" (0.03609)
0.814 + 0.010 (0.8133)

72255058 (73:59)
0.3027%3:0962 (0.2978)
0.9703 % 0.0083 (0.9636)
0.33479-921 (0.3125)

0.8182 £ 0.0099 (0.8183)

703112 (T1.29)
0.2948 + 0.0054 (0.2952)
0.9805 00es (0.9833)
0.401+3-19, (0.4153)

0:81270 052, 1(0-8151)

2
XHo
2
XPlanck
2
XACT
2
X58

15.5
1017.0
240.7
3.4

4.7 (-10.8)

1020.0 ( 3.0)

235.3 (-5.4)
4.8 (1.4)

0.1 (-15.4)
1009.2 (-7.8)
225.3 (-15.4)

6.2 (2.8)

3.7 (-11.8)

1018.3 ( 1.3)

234.4 (-6.3)
5.3 (1.9)

2
Xdata

2
Xprior

AnFE

2316.7
0.0

2305.9 (-10.8)
0.0

2281.4 (-35.4)
0.0

2302.8 (-14.0)
3.8
5.0

The high z behaviour of EDE changes the radiation driving envelope that
modifies the high / CMB power spectrum, potentially alleviating the tension

between Planck and ACT data -see [Hill et al 2021]

Note - none of these models really address the Sg tension - cmb v Iss

Once the 33 spike parameters inc, find moderate Bayesian evidence for EDE
[following the approach developed in [Crittendon et al, JICAP 2012; Zhao et al, PRL 2012]]
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The 1mpact of the simultaneous detection of GWs and GRBs on

Modified Gravity models !

T
e s

Lightcusve Bece Fermi /GBM (10 — £0 36V | GW 1 7 08 1 7 and GRB 1708 1 7 A

Event rate (counis/s)

(counts,'s)

speed of GW waves

Even: rate

c% =14 ar
At ~1.7s

— |O{T| = 10_15

=
.7;‘
=
5
Ed
5
o
=
=
E
3

Frequency (Hz)

-4 -2 (]

Timne from marger (&)

Credit: LIGO-VIRGO Collaboration.
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Implication for scalar-tensor theories - [Horndeski (1974), Deffayet et al 2011]

Lagrangian couples field and curvature terms:

5 — 119 L3 = —Gs0d

£4 = G4R + G4jx[(|:|¢)2 — VMVngV“V”qb]

L5 = G5Gu V'V"$ — 2G5 x[(V9)® — 3VV6Y,V, 606 + 2V"V, 6V V, 6V Vo)

where G; = G;(¢, X) and X = —V*¢V /2
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Linearise theory and map to alpha parameter :

M2ap =2X [2G4,x — 2G5y — (¢ — H)Gs, X] Recall:
7

M2 =2(Gs—2XGax + XGsy— HPXGs x)

Many authors assumed the following saying they held barring fine-
tuned cancellation:

Gix =Gs546=Gs5x =0

This of course satisfies the bound meaning any model that satisfies
those conditions (such as GR, f(R), Quintessence) is perfectly viable.

Creminelli & Vernizzi (2017), Baker et al (2017), Sakstein & Jain (2017), Ezquiaga &
Zumalacarregui (2017)
Crucially though it does not imply that models that do not satisfy the

assumptions are ruled out ! "
Copeland et al, PRL (2019)
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Ex: Fab Four - self tuning solutions with a large Cosmological Constant:

Four arbitrary potentials-
John, Paul, Ringo, George

6P =v —2vPx 1+ avS) (1 - n|8rGX))
@ _ 1@ 2 (R
G¢ _§V¢ X-i—qus In |87GX|

® _lye 2wl
GY =5V 3V =

V(P)X + 2V ] (gb H;b) VX -vPIx? v Px

Cosmological Solutions :

Case

behaviour

v

V(R

[ EJC,Padilla, Saffin and Skordis 2018 |

Stiff

H? = HZ/a®

c1 (b’l a—2

0

Radiation

Arbitrary
w#—1

Curvature |
[ H? = H2 —3(1+w)

HE* = Hz /o
He= HZ £ la*

o1 éd/(.l:*?
0

f%cl(l + 311;)#;4/“_2

0

0

__c_'néz C]¢4/(z
C_]qbci/a

902 (1—w? 4
(64 )leﬁs Joe

Matter-I

=

c1 ¢n+4

C2¢|n+ﬁ

In—3 n+6
16(2n+7)(n+6) 1 ¢

Matter-11

= g

a1 ¢n+4

0

o ¢n+3

(n+3}(2n+5)
8(2n+?)(n+6)

¢ﬂ+6

Matter-111

H2 H2 —3

—3c16*

0

0

lbfld)

Matter-IV

H2 H2 -3

—45/2¢°

__ 70067 1 ¢T
2256 M?

_M2¢4

143 7
168 \[qb

Table 1: Table of solutions from Copeland-Padilla-Saflin

All of these solutions except Stiff fluid satisfy the GW bound and in
doing so determine either the coefficient alpha or n in the potentials.
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Dark Energy and the String Swampland [Agrawal et. al. 2018]

String Theory
(Quantum Grawity)

\__“_* '

Set of consistent low-
energy effective
Quantum Fleld Theorles

A " Landscape

. [Credit: E. Palti 2018]
String Swampland [vafa 2005]

The class of theories that appear perfectly acceptable as low energy QFT
but can not be in the Landscape of string theories at high enesgies.
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Symmetrons & rotation curves - screening in galaxies [Bumage, EC & Millington 2017]

Radial acceleration relation
from 153 galaxies (also
known as mass discrepancy

acceleration relation) meGaugh etal
PRL 2016]

2693 points

A chbs(bar) (.7‘) _ G‘T\'[obs(hdl) (T)

Yobs(bar) (T) - r - r2

Empirical fit:

Gbar

Hobels 1 — e~V 9our/ 9

Measurements

T T T
il
[L1 4
I[¥
Il
Il
11}
IlI
|
| -
| ||
|‘:
Ii. =

eicd i
-0.6 —-03 0.0 0.3
Residuals [dex]

= | —10 -9

IUg(gh;w) [Hl 572 l

where g; = 1.20 £ 0.02(rand) + 0.24(sys) x 1071® ms—2,

Explanations include: MOND [Mmilgrom 2016], MOG [Moffat 2016], Emergent Gravity [Verlinde
20161, Dissipative DM [Keller & Waldsley 20161, Superfluid DM [Hodson et al 2016], some weird
thing called ACDM [Ludiow etal PRL2017] + us + others ... ™
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