The Ubiquity of the
Fiftth Force

Pedro G. Ferreira
(University of Oxford)



Constants aren’t Constants

N\

° A A= V() ey — R

/ 12
o GG Y Gﬁp”

e Higgs mUW¥ — \pUW




Gravity isn’t (Einstein) Gravity

Curvature
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Metric of space-time

Lovelock’s theorem (1971) :“The only second-order, local gravitational field equations
derivable from an action containing solely the 4D metric tensor (plus related tensors) are the
Einstein field equations with a cosmological constant.”

See also Hojman, Kuchar & Teitelboim (1976)
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Gravity isn't (Einstein) Gravity
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Gravity isn’t (Einstein) Gravity
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Fifth Force

Define M? = —%ng
to get
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Einstein-Hilbert recovered when wpp ~ 1/a — o

Brans & Dicke 1961




Fifth Force
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Fifth Force

Adelberger++ (2009)

[ | llllll T lll”ll || llllll' A 5 A IO—] l [ T T ] T ] I ' I I
— =<a3—— Stanford EXCLUDED — 4
= REGION 10~ | excluded
- ~ Wuhan ] region
. 107 |- -
— /A/'V :~ — \\
moduli s 4 .’ ~\/ .
- e -. Lolorado <4 10 \{ geophysical -
— A (e % 2 extra _ 1079 laboratory |
* dimensions .
- . scenaric {1 I 100 Earth-LAGEOS —
dilaton \:-;"/
B | Irvine | 1077 - it -
L it LAGEOS-Lunar
i 107 |- =
B LLR
10710 planetary  _|
o Edt-Wash
| — lllllll 1 llJllll 1 llllllll L L Ll | l ! I | | l l | l | l I l l
107 107 10~ 107 102 107 10° 10° 10* 10° 10° 10" 10" 10"
A [m] A [m]
1111
- —r/A
Vi) =—-G [1 4 ae™™*]



Fifth Force
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Gravitational Screening

Consider a cosmological background: po
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Gravitational Screening

Vainshtein Mechanism:
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Rescale: d¢p ~ {1 | XSBV%O} O
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So V#i¢p ~ 1+ (c3/A3)V2¢|1/2 M

Coupling to matter —» 0 near sources

Vainshtein 1972 Nicolis++ 2007
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Gravitational Screening

Construct gravitational maps of the Universe

® Mass in smoothed density field
® Halo mass associated with 2M++ galaxies
® Halos hosting galaxies too faint to see
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Gravitational Screening

Construct gravitational maps of the Universe
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Large Scale Structure

Redshift (z)
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Large Scale Structure

Most surveys very sub-horizon ~ 3000k~ 'Mpc

N | h o0
ewtonian potentials: /a3 = 0 a,2‘115,-j

Fifth force absorbed in redefinition of field equations:

—k*® = 47rGpa’pA Y=o



Large Scale Structure

Growth rate
- dln5M(k,a)
f(ka CZ) T dlna f
f satisfies a simple ODE
df 5 3 &
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g qf +f > M

1
with ¢q = 5[1 — 3w(l — Q)] and



Large Scale Structure

. Planck “prediction”
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Relatwve Dec (arcmin)

Large Scale Structure

Shear Alone
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Large Scale Structure
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Large Scale Structure
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Large Scale Structure

Planck
Planck+WL

Planck+WL+BAO/RSD |

Planck 2015



Large Scale Structure

Data Type Now Soon Future
Photo-z:LSS LSST, Euclid, SKA,
(weak lensing) DES, RCS, KIDS HSC WFIRST
Spectro-z DESI,PFS,HETDEX, .
(BAO,RSD, ...) BOSS Weave Euclid, SKA
HST, Pan-STARRS,
SN la SCP SDSS, SNLS DES, J-PAS JWSTLSST
CMB/ISW WMAP, Planck AdvACT >imons Array, Stage
IV, LiteBird
sub-mm, small scale | ACT, SPT,Planck, PolarBear,Spider,
lensing, SZ ACTPol,SPTPol, Vista CCAT, SKA
X-Ray clusters ROSAT XMM, XMM, XCS, eRosita
Chandra
HI Tomography GBT Meerkat, Baobab,

Chime, Kat 7
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Large Scale Structure

One free parameter
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Cassini @ertotietal 2003y WBD -~ 40,000

Planck (viez s skordis 2005y WRD > 1. 000
LSST+SKA+S4 (Alonso et al 2016) wBD > 207 OOO




Gravitational VWaves

Extra fields can function as a medium

Jap = Nap + hap
Minkowski

1 .

Speed of gravitational waves: c7 =1+ ar

. ar = ()
In General Relativity VY,
x T Pl



Gravitational VWaves

ar deeply connected to underlying theory

M6, X)

For example: /d4%/

where x — %VugbV“gb
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gives Us ap =




Gravitational VWaves

Gamma rays, 50 to 300 keV GRB 170817A

~ GW170817

Gamma rays, 100 keV and higher GRB 170817A




Gravitational VWaves
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Gravitational VWaves
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No Fifth Force

Brans-Dicke with a quartic potential
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where ) is a constant.



No Fifth Force

Consider FRW metric gos = (—1, a25ij)

Integrate the Noether current to get

dt
¢* = ¢p + ¢ 3

Fixed point: ¢o e
M? = — ¢
generates two mass scales: I




No Fifth Force

A spontaneously broken, continuous symmetry
will lead to the existence of a massless boson
which is derivatively coupled to any sources.

Goldstone 1961

In this case
symmetry =————3 scale (or Weyl) invariance

boson ——— dilaton
but then

derivatively coupled ————  suppressed fifth force!

In fact: no coupling!




No Fifth Force

Is the universe scale invariant?

scalars = inflaton, Brans-Dicke field, Higgs, ...
vectors —» gauge fields

tensors —» metric

5= / iy g | Z&@¢2R+ Zauqs@a% W (%)

% A
(VY -V)y—g¢yyh —> l/‘/ 7 Y? v — o' W' h

If Higgs mass spontaneously generated, then yes!
Wetterich 1528 Shaphoshnikov & Zenhausern 2009  Ferreira, Hill & Ross 2017



Summary

Extra fields are inevitable and ubiquitous.

Extra fields lead to fifth forces.

They are tightly constrained in the lab and in space.
Fifth forces can be hidden (screened).

We can find unscreened regions of the universe.
Fifth forces will affect cosmological observables.
Cosmological constraints will become very tight.
Extra fields affect the speed of gravitational waves.

They are tightly constrained by GW 17081 7A.
We can evade constraints by invoking scale symmetry.



