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A problems

ity

@ Horndeski action:

1
S = 271%2 d4X\/7g{G2(SDaX) - G3((,O,X)|:|90
864 2 2
+ Gl )R+ 52 [(O¢)* = (VW Vop)’]
+ Gs(p, X) G VIV

10G
205 (0 ~ 300V + 2V, )]

+£m(g,uua 1/),) } s

where X = —1(8,¢)?

[Horndeski 1974; Deffayet, Gao, Steer, Zahariade 2011; Kobayashi, Yamaguchi, Yokoyama 2011]
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Large-Scale Structure & Gravitational Waves Breaking the degeneracy with the GW speed
Remaining Horndeski action

Breaking the Dark Degeneracy with GWs
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A Dark Degeneracy in the LSS
Breaking the degeneracy with the GW speed

Remaining Horndeski action

Large-Scale Structure & Gravitational Waves

GW170817
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Standard Sirens
[L & Taylor (2015)]
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Large-Scale Structure & Gravitational Waves

Outlook — Standard Sirens

A Dark Degeneracy in the LSS
Breaking the degeneracy with the GW speed
emaining Horndeski action
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©On 17 August 2017, the Advanced LIGO" and Virgo? detectors observed the gravitational-

Wwave event GW170817—a strong signal from the merger of a binary neutron-star system?.

Figure 1: GW170817 measurement of H.
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The marginalized posterior density for Ho, p(Ho | GW170817), is shown by the blue curve. Constraints
at 10 (darker shading) and 20 (lighter shading) from Planck2® and SHoES?! are shown in green and
orange,

The m imal 68.3% credible interval from this
posterior density function@H, = 70.0* 1% ki M he 68.3% (10) and 95.4% (20) minimal
credible intervals are indicate Tespectively.
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A Dark Degeneracy i LSS

Breaking the degeneracy with the GW speed
Remaining Horndeski action

Large-Scale Structure & Gravitational Waves

Remaining viable Horndeski (at low z)

@ Horndeski action:

1
s = g [ dvE {6l - Gile. X100

+ G, X)R + % [(O¢)? = (VuV.e)]

+ G5(99,X)GW,V“VVQD
L9Gs 1) 3005(V, V) + 2V, ¥, )
7687[( ¢)” = 300(V,.Vup) +2(V, u@)]

+£m (guua 1#/) }

where X = —1(8,¢)?
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A Dark Degeneracy in the LSS
Large-Scale Structure & Gravitational Waves Bre: the degeneracy with the GW speed
Remaining Horndeski action

Remaining viable Horndeski (at low z)

@ Horndeski action:
1
s = g [ dvE {6l - Gile. X100

+ Ga(p )R

+£m (guua 1#/) }

where X = —1(9,¢)?

[Kimura & Yamamoto (2011); McManus, L & Pefiarrubia (2016)]
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A Dark Degeneracy in the LSS
Large-Scale Structure & Gravitational Waves Breaking the dege y with the GW speed
Remaining Horndeski action

Remaining viable Horndeski (at low z)

@ Horndeski action:
1
S = 5 | VE{GleX) - Gale, X)D

+ Ga(p )R

+£m(g;4ua 1)b/)

— 1 2
where X = —3(9,)
[Kimura & Yamamoto (2011); McManus, L & Pefiarrubia (2016)]

also see: [Ezquiaga & Zumalacarregui (2017); Creminelli & Vernizzi (2017); Sakstein & Jain (2017);
Baker, Bellini, Ferreira, Lagos, Noller, Sawicki (2017); ...]
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Remaining viable Horndeski (at low z)

@ Horndeski action:
1
S = 5 | VE{GleX) - Gale, X)D

+ Ga(p )R

+L(8uv» Vi) ¢+ beyond?

— 1 2
where X = —3(9,)
[Kimura & Yamamoto (2011); McManus, L & Pefiarrubia (2016)]

also see: [Ezquiaga & Zumalacarregui (2017); Creminelli & Vernizzi (2017); Sakstein & Jain (2017);
Baker, Bellini, Ferreira, Lagos, Noller, Sawicki (2017); ...]
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A Dark Degeneracy in the LSS
Large-Scale Structure & Gravitational Waves Breaking the dege y with the GW speed
Remaining Horndeski action

Remaining viable Horndeski (at low z)

@ Horndeski action:
1
S = 5 | VE{GleX) - Gale, X)D

+ Ga(p )R

+L(8uv, Vi) ¢+ beyond? — GWs decay to d¢

[Creminelli et al. (2018)]

— 1 2
where X = —3(9,)
[Kimura & Yamamoto (2011); McManus, L & Pefiarrubia (2016)]

also see: [Ezquiaga & Zumalacarregui (2017); Creminelli & Vernizzi (2017); Sakstein & Jain (2017);
Baker, Bellini, Ferreira, Lagos, Noller, Sawicki (2017); ...]
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A Dark Degeneracy in the LSS
Breaking the degenerac

Large-Scale Structure & Gravitational Waves
Remaining Horndeski action

Linear shielding for GWs

@ Scale-dependent propagation of GWs:

0 1 2
W+ < H  Oayp +( )aMW(a)kH> W,

34— + .
H 1+ w(a)ky
1 10' (O)uT " (1)uTvv(a)k,%, .
1+ ———— 5 | kyhy =0
] 1+ W(a)kH
10°
os? 213 with GW170817 = Doy ~ 0 as ky ~ 1019
107 [Battye, Pace & Trinh (2018)]
1/3 He  PTA LUSA  LIGO 1072 o
102 1015 1010 10 10°  10°

k/Hz

[de Rham & Melville (2018)]
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A Dark Degeneracy in the LSS

Large-Scale Structure & Gravitational Waves Breaking the degenerac
Remaining Horndeski action

Linear shielding for GWs

@ Scale-dependent propagation of GWs:

h’{j/ . < H oy + (1)aMW(a)k,2_,> W

34—+ -
H 1+ W(a)k,z_, y
1 | 10! (O)uT + (1)uT W(a)k,%, >
4y BT TR ) 2k =0
] 1+ W(a)kf_,
10°
ith GW170817 = Map ~ 0 as ky ~ 10%°
cs? 213 wi aT ~ 0 as ky
107! [Battye, Pace & Trinh (2018)]
13 Hee  PTA LISA  LIGO 102 a
102 105 1070 10 109 10 o
@ Self-acceleration driven by
kI Hz
. 0
[de Rham & Melville (2018)] Q| O s O ol > o)
M 0) ~
Q 14 ( aT

(cf. linear shielding for GWs) [L & Taylor (2014)]
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Planck mass variation and the A problem
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Planck mass variation and the A problem
Cosmological constant

Old cosmolo,

wrt Planck mass
constant problem
New cosmological constant problem

2 @ Observations in good agreement with
s”’%é A (Planck & DES: w = —1 + 0.05)
<
09 € . . .
3593 @ Kinetic self-acceleration from DE
FECI -
32 ‘53 always possible because of degeneracy
ww O X . .
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55 % % [Kennedy, L & Taylor (2019)]
Q
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S5 15% challenged by GW170817
5§ 3% 2 [L & Taylor/Lima (2015/16)]
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e DE & MG models typically do not
address old A\ problem
@ Back to A? Cosmological constant
problem?



Additional variation wrt Planck mass
Old cosmological constant problem
Planck mass variation and the A problem New cosmological constant problem

Planck mass variation

@ Einstein-Hilbert action

R
S = Mlg,l/d‘lx\/—ig 5—/\ /d4X\/ »C (g,uu: m)
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Additional variation wrt Planck mass
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Planck mass variation

@ Einstein-Hilbert action

R
S = /d4X\/—g£m(gW7<Dm) + Ml—%l/d“x\/—g 3 —-A
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Additional variation wrt Planck mass
Old cosmolo, | constant problem

Planck mass variation and the A problem New cosmological constant problem

Planck mass variation

@ Einstein-Hilbert action

R
S = /d4X\/—g£m(gW7<Dm) + Mf;l/d“x\/—g (2 — /\>

@ Field and constraint equations

R
Guv + Nguw = MEIZTW,, /dV4 (2 - /\) =0
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Additional variation wrt Planck mass
Old cosmological constant problem
Planck mass variation and the A problem New cosmological constant problem

Planck mass variation

@ Einstein-Hilbert action
R
S= /d4X\/—g£m(gW7<Dm) + Mf;l/d“x\/—g (2 — /\>
@ Field and constraint equations

R
Guv + Nguw = MEIZTW,, /dV4 (2 - /\) =0

@ Combined field equations

_ _ 1/[dVuT
MeZ(T)guw = Mo Ty My A = 2 ff dV,

1

G,UJ/ + 2

N =

(T)
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Additional variation wrt Planck mass
Old cosmological constant problem
Planck mass variation and the A problem New cosmological constant problem

Planck mass variation

@ Einstein-Hilbert action
R
5 = /d4XV _g['m(g;wv(bm) + Mlgl/d4X\/ —8 E —A
@ Field and constraint equations
Y R
G +Nguw = Mp" Ty, dVy 5—/\ =0

@ Combined field equations

1
2

1[dVaT 1

M1;12<T>glw - M1;12 T/wa Mlg’l A= 5 f dVy = 5

G + (T)
[L (2019)] (also see, e.g., vacuum energy sequestering, unimodular gravity, Barrow & Shaw (2011), 4-form

field strength of a 3-form gauge field, §-function from scalar-vector term, multiverse type Il,

higher-dimensional scalar-tensor theory, supergravity, string theory .. .)
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Additional variation wrt Planck mass
Old cosmological constant problem
Planck mass variation and the A problem New cosmological constant problem

Old cosmological constant problem

@ Combined field equations: fav, (R —20) =0, M3 A= L Ld%T

Nl

1 _
Guw + EMP12<T>gMV = My Tu
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Additional variation wrt Planck mass
Old cosmological constant problem
Planck mass variation and the A problem New cosmological constant problem

Old cosmological constant problem

@ Combined field equations: fav, (R —2r) =0, M2 A= 1-
G L M52(T = M32T,
v+ 5 Mpp (T)guw = Mp" Ty

@ Non-gravitating vacuum energy (o/d A problem)
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Additional variation wrt Planck mass
Old cosmological constant problem
Planck mass variation and the A problem New cosmological constant problem

Old cosmological constant problem

@ Combined field equations: fdv, (R —2A) =0, M2, A= 1!
G L M52(T = M32T,

v+ 5 Mpp (T)guw = Mp" Ty
@ Non-gravitating vacuum energy (o/d A problem)

o Example 1: M}%l/\vaC x /\/IIZDIM2

(1-loop: m; — XjMpy; Wheeler space-time foam [Wang, Zhu & Unruh (2017)])
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Additional variation wrt Planck mass
Old cosmological constant problem

Planck mass variation and the A problem New cosmological constant problem

Old cosmological constant problem

@ Combined field equations: [ dv, (R —2A) =0, M2, A = 1
G L2t = M2T
v+ 5 Mpp (T)guw = Mp" Ty

@ Non-gravitating vacuum energy (o/d A problem)

. 2 2 2
o Example 1: Mg Avac o< MM
(1-loop: m; — XjMpy; Wheeler space-time foam [Wang, Zhu & Unruh (2017)])

] Example 2: M1231Avac 0.6 MIQD(IX M4_2a (e =1; @ = 0 local sequestering)

2
Mg, "(T) _
1—a)A+ % v = Mpi Tuw

1
G‘“’+2—a
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Additional variation wrt Planck mass
Old cosmological constant problem
Planck mass variation and the A problem New cosmological constant problem

Old cosmological constant problem

@ Combined field equations: [ dv, (R —2A) =0, M2, A = V=5
G L2t = M2T
v+ 5 Mpp (T)guw = Mp" Ty

@ Non-gravitating vacuum energy (o/d A problem)

. 2 2 2
o Example 1: Mg Avac o< MM
(1-loop: m; — XjMpy; Wheeler space-time foam [Wang, Zhu & Unruh (2017)])
] Example 2: M1231Avac 0.6 MIQD(IX M4_2a (e =1; @ = 0 local sequestering)

M (T)

1 —2
G + 5 uv = M2 Ty

—

(1— o)A+

o Example 3: expansion of Ayac in MlzDl cancelled by expansion of classical A
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tion wrt Planck mass
Old cosmological constant problem
Planck mass variation and the A problem New cosmological constant problem

New cosmological constant problem

@ Value of the cosmological constant, m, A =3 L2 = (1)

assume spatially perfectly homogeneous matter-only universe with instantaneous collapse at te,,q
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Additional variation wrt Planck mass
Old cosmological constant problem
Planck mass variation and the A problem New cosmological constant problem

New cosmological constant problem

@ Value of the cosmological constant, m, A =3 L2 = (1)

assume spatially perfectly homogeneous matter-only universe with instantaneous collapse at te,,q

o collapse at a = 0.926 at age of 0.88H, * (1 Gyr in the past)
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Additional variation wrt Planck mass
Old cosmological constant problem
Planck mass variation and the A problem New cosmological constant problem

New cosmological constant problem

@ Value of the cosmological constant, m, A =3 L2 = (1)

assume spatially perfectly homogeneous matter-only universe with instantaneous collapse at te,,q

o collapse at a = 0.926 at age of 0.88H, * (1 Gyr in the past)
o collapse today instead accounts for 81% of observed value
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Additional variation wrt Planck mass
Old cosmological constant problem
Planck mass variation and the A problem New cosmological constant problem

New cosmological constant problem

@ Value of the cosmological constant, m, A =3 L2 = (1)

assume spatially perfectly homogeneous matter-only universe with instantaneous collapse at te,,q

o collapse at a = 0.926 at age of 0.88H, * (1 Gyr in the past)
o collapse today instead accounts for 81% of observed value
] interesting proximity (but not exact and no imminent collapse predicted)
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gical constant problem
Planck mass variation and the A problem New cosmological constant problem

New cosmological constant problem

@ Value of the cosmological constant, m, A =3 L2 = (1)

assume spatially perfectly homogeneous matter-only universe with instantaneous collapse at te,,q
o collapse at a = 0.926 at age of 0.88H, * (1 Gyr in the past)
o collapse today instead accounts for 81% of observed value
@ interesting proximity (but not exact and no imminent collapse predicted)

@ Universe is inhomogeneous on small scales (backreaction)

(final conditions clearer than initial conditions: ultimate critical matter cells)

Su=Y" /u Vil + /M\Uu_ dViLo

Matching A between U; and M\ |J,Ui: Lo = M2, (A/n+ M37Ay)
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Additional iation wrt Planck
Old cosmological constant probl.
Planck mass variation and the A problem New cosmologlcal constant problem

New cosmological constant problem

@ Spherical collapse equation from energy-momentum
conservation in matter cell

1 Hl / 1 -3
+ 2+ﬁ y+§§2m(a)(y —1)y=0

where y = (p,n/ﬁm)71/3 and primes denote derivatives wrt In a
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Additional variation wrt Planck mass
Old cosmological constant problem
Planck mass variation and the A problem New cosmological constant problem

New cosmological constant problem

@ Spherical collapse equation from energy-momentum
conservation in matter cell

H' 1 _
y" + <2 + H> y + EQm(a)(y 3 _1)y=0
where y = (p,n/ﬁm)71/3 and primes denote derivatives wrt In a
@ Self-consistent production of cosmological constant
IMZ2(T) Q t t
2 Pl o m max max

/\obs B 4(1 - Qm) fotmm dt a3y3 2tturn B

Lucas Lombriser No Problem with the Cosmological Constant



Additional variation wrt Planck mass
Old cosmological constant problem
Planck mass variation and the A problem New cosmological constant problem

New cosmological constant problem

@ Spherical collapse equation from energy-momentum
conservation in matter cell

H' 1
y" + <2 + H> y' + EQm(a)(y_3 —~1)y=0

where y = (pm/ﬁm)71/3 and primes denote derivatives wrt In a

@ Self-consistent production of cosmological constant

% Ml;12< T> _ Qm tmax tmax _
/\ObS 4(1 - Qm) fotmm dt 33_)/3 2tturn

e Standard field equations (w/ non-gravitating vacuum)

1 -
R,u,u - ERgul/ + Aobs = Mp12 T,uzz
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Additional iation wrt Planck
Old cosmological constant probl.
Planck mass variation and the A problem New cosmologlcal constant problem

New cosmological constant problem

@ Measure for likelihood for our location
in process: y € [0,1).
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@ Measure for likelihood for our location
in process: y € [0,1).

@ Uniform prior: (y) =1/2
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New cosmological constant problem

@ Measure for likelihood for our location
in process: y € [0,1).

@ Uniform prior: (y) =1/2
o Present time: y(tp) = 1/2
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Additional variation wrt Planck mass
Old cosmological constant problem
Planck mass variation and the A problem New cosmological constant problem

New cosmological constant problem

@ Measure for likelihood for our location
in process: y € [0,1).

@ Uniform prior: (y) =1/2
o Present time: y(tp) = 1/2
e Normalisation today: a(tp) =1

|= Q\ =0.704]
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Additional variation wrt Planck mass
Old cosmological constant problem
Planck mass variation and the A problem New cosmological constant problem

New cosmological constant problem

@ Measure for likelihood for our location
in process: y € [0,1).

@ Uniform prior: (y) =1/2
o Present time: y(tp) = 1/2
e Normalisation today: a(tp) =1

|= Q\ =0.704]

o 1o & 30 agreement w/ DES & Planck
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Conclusions

@ Challenges to cosmic acceleration from DE or MG.
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Conclusions

@ Challenges to cosmic acceleration from DE or MG.

@ Variation of Einstein-Hilbert action wrt Planck mass yields a
topological constraint equation that prevents vacuum energy
from gravitating (o/d A problem).

@ Evaluation of the constraint equation for matter patches that
form ultimate critical cells yields backreaction effect that
predicts Q25 = 0.704, giving rise to cosmic late-time
acceleration & coincident current Qp, ~ Qa (new A problem).
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Additional variation wrt Planck mass
Old cosmological constant problem

Planck mass variation and the A problem New cosmological constant problem

Conclusions

@ Challenges to cosmic acceleration from DE or MG.

@ Variation of Einstein-Hilbert action wrt Planck mass yields a
topological constraint equation that prevents vacuum energy
from gravitating (o/d A problem).

@ Evaluation of the constraint equation for matter patches that
form ultimate critical cells yields backreaction effect that
predicts Q25 = 0.704, giving rise to cosmic late-time
acceleration & coincident current Qp, ~ Qa (new A problem).

@ No problem with the cosmological constant.
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Additional variation wrt Planck mass
gical constant problem
Planck mass variation and the A problem New cosmological constant problem

Hubble tension?

But what about the 4.40 Hy tension?

1.01

—— Planck

0.8 1

1P 1] peak

0.0

60 65 70 75 80 85
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Additional variation wrt Planck m
Old cosmological constant problem
Planck mass variation and the A problem New cosmological constant problem

Hubble tension?

Type Ia Supernovae — redshifi(z)

! SN Ta: m-M (mag)

Geometry = Cepheids

Nazss, 04
M1

[avs

Cepheid: m-M (mag)

Milky Way

Cepheid: m-M (mag)

Geometry: 5 log D [Mpe] + 25

[Riess et al. (2016)]
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Hubble tension?

Type Ia Supernovae — redshifi(z)

Geometry = Cepheids

Nazss,

M1

[avs

Milky Way

Cepheid: m-M (mag)

4

%

Geometry: 5 log D [Mpe] + 25

[Riess et al. (2016)]
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Additional variation
Old cosmological constant problei
Planck mass variation and the A problem New cosmological constant problem

Hubble tension?

- = Expected

0.8-
4 %
=06 A
= &
= S
S 04 £

0.2

0.0

0.7 0.8 0.9 1.0 1.1 12
Hy [ Hy

cas Lombriser No Problem with the Cosmological Constal



Additional variation wrt Planck mass
Old cosmological constant problem

Planck mass variation and the A problem New cosmological constant problem

Thank you!
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