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Coupled dark energy from modified gravity

@ A phenomenological toolbox:

| Modified gravity | Effective scalar | New physics

Conformal trans.: matter coupling,

4-D modified action:
= chameleon effective m(p)

R — f(R)
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Coupled dark energy from modified gravity

@ A phenomenological toolbox:

| Modified gravity | Effective scalar | New physics

4-D modified action:| Conformal trans.: matter coupling,
R — f(R) = chameleon effective m(p)

4-D modified action:| Conformal trans.: matter coupling,
¢ — —¢ symmetry | = symmetron uncoupled phase
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Coupled dark energy from modified gravity

@ A phenomenological toolbox:

] Modified gravity

| Effective scalar

New physics

|

R — f(R)

4-D modified action:

= chameleon

Conformal trans.:

matter coupling,
effective m(p)

¢ — —¢@ symmetry

4-D modified action:

= symmetron

Conformal trans.:

matter coupling,
uncoupled phase

DGP, etc.:
non-compact extra
dimension

Decoupling limit
(weak gravity)
= Galileon
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matter coupling,
non-canonical
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Coupled dark energy from modified gravity

@ A phenomenological toolbox:

] Modified gravity

| Effective scalar

New physics

|

4-D modified action:
R — f(R)

= chameleon

Conformal trans.:

matter coupling,
effective m(p)

4-D modified action:
¢ — —¢@ symmetry

= symmetron

Conformal trans.:

matter coupling,
uncoupled phase

DGP, etc.:
non-compact extra

Decoupling limit
(weak gravity)

matter coupling,
non-canonical

dimension = Galileon kinetic term
Kaluza-Klein, etc.: Small extra dim. matter coupling,
compact extra dim. | = radion photon coupling

At low energies, dark energy can have a matter coupling, whose
fifth force must be screened locally. Dark energy can also have a

photon coupling, allowing the production of dark energy particles.
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Chameleon mechanism

effective potential: Vog(¢, p) = V(¢) + Bpp/Mpy

Vg —
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Chameleon mechanism

effective potential: Vog(¢, p) = V(¢) + Bpp/Mpy

Vg —

Vint = Bmat mat o/ MPI
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Chameleon mechanism

effective potential: Vog(¢, p) = V(¢) + Bpp/Mpy

V(g) ——
Verl(®, Qow;

(pmin(plow)
(m24= V" is small)
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Chameleon mechanism

effective potential: Vog(¢, p) = V(¢) + Bpp/Mpy

V( g
Vef{((prﬂow
off(@:high)

Bin(Phigh)
(mgﬁis large)

(pmin(plow)
(m24= V" is small)
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At which scale should we probe each model?
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AU, PRD 86:102003(2012)[arXiv:1209.0211]
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Laboratory benchmark: “quantum-stable” chameleons
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AU, Hu, Khoury, PRL 109:041301(2012)[arXiv:1204.3906]
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Fifth-force tests using a torsion pendulum

Eot-Wash Experiment

http://www.npl.washington.edu/eotwash
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Computation of fifth forces

3-D numerical solution: 1-D plane-parallel approximation

Not to scale I

olmm")

Test mass (pendulum)

Electrostatic shielding foil

C\ Source mass (attractor)

AU, Gubser, Khoury, PRD AU, PRD 86:102003(2012)[arXiv:1209.0211]
74:104204(2006)[arXiv:hep-
ph/0608186]

2(mm]
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Eot-Wash constraints on chameleons
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E6t-Wash: Adelberger, Heckel, Hoed!, Hoyle, Kapner, AU. PRL 98 131104 (2007)

1Dpp: AU, PRD 86 102003 (2012) [arXiv:1209.0211]
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Next-generation Eot-Wash: chameleon forecasts
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Estimated (1Dpp) E6t-Wash constraints on symmetrons
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Symmetron effective potential: Vg = % (% — ,u2) & + %@4
Eot-Wash probes A ~ 1, i1 ~ 1073 eV (dark energy),
M ~ 1 TeV (beyond the Standard Model)

AU, PRL 110:031301(2013)[arXiv:1210.7804]
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How dark is dark energy? Searches for photon couplings

Osicillation: Photon coupling term %FMVF‘“’@Z) = dark energy
particles produced from photons in magnetic field

Containment: Dark energy particles reflect from matter. Windows
perform quantum measurements.

density b
chameleon mass
chameleon perturbation 3¢
—— photon
NN S y“ N :\\f\, /\ \A/
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Afterglow experiments

An afterglow experiment has two phases:

(a) Production phase: photons streamed through By region; some
oscillate into chameleons
a)

| LASER AAAY AAAAAAAAAAASARAAAAAS ]

b) B
——————————— - PMT

(b) Afterglow phase: chameleons slowly oscillate back into
photons, escaping chamber

Systematics: e adiabatic evolution e emission from vacuum materials
e diffuse reflection e scattering from atoms e effects of chamber geometry
Thorough review: AU, Steffen, Chou, PRD 86:035006(2012)[arXiv:1204.5476].
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CHASE (CHameleon Afterglow SEarch)

vacuum chamber lens
shutter
I e PMT
Q
g 5 o
" &g 18
B field region - "‘N)
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CHASE constraints on V(¢)

MR (1 4+ Mn/ o)
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Theory: AU, Steffen, Chou, PRD 86:035006(2012)[arXiv:1204.5476],
AU, Steffen, Weltman, PRD 81:015013(2010)[arXiv:0911.3906]
Experiment: Steffen, AU, Baumbaugh, Chou, Mazur, Tomlin, Weltman,

Wester, PRL 105:261803(2010)[arXiv:1010.0988]
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Chameleon fragmentation?

10%0
1018
o
8 1016
5
g 10"
5
= 12
o 10
o
1010
108

10°

102

10*

108 10® 10" 10" 10" 10'® 10'®

matter coupling B,

10'0
10°

10710
1020
10730

1040

fragmentation rate [Hz]

Chameleon particles can interact to produce a greater number of lower-
energy chameleon particles.
P. Brax and AU (2013, in prep.)
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Cavity afterglow experiments

.
) —

| [mm™] 40

http://www.phys.washington.edu/ e
groups/admx/cavity.html

Procedure:
@ source excites EM mode
@ turn off source; EM modes decay
© EM modes regenerated from chameleon
@ adjust tuning rods for sensitivity to different mass range
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ADMX constraints on photon-coupled chameleons
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Proposed afterglow experiment at JLab (J. Boyce)

A Proposed Chameleon Experiment

The experiment will use part of the existing LIPSS setup, the dipole, vacuum chamber, and Light Tight Box. New is the optical
cavity, the insertable turning mirror TM, and computer controls. The optical cavity will increase the number of photons in
the dipole field by a factor between 100 and 1000. Shown here is the configuration where the chameleon gas is being

generated. The turning mirror TM is withdrawn and Shutter S, is closed, protecting the detector from direct laser light.

Detector .
=

Shutter S4 - . Shutter S,
OPEN .~ OPTICAL CAVITY - +“  CLOSED
r 8 ¢
Laser B B B B v 3 l
ON |
Dipole

Chameleon Experiment Layout

The experiment will use a standard 10 W table top laser. A computer will control proper sequencing of laser on/off, shutter
open/closed, and TM insert/withdraw. With the dipole OFF, background decay rates (“after-glow”) will be measured.
Measurements will be repeated with the dipole field ON. Shown here is the configuration where the chameleon gas is being
generated. Decay rates from 200 seconds to 1 second will be covered. Variations between B-field OFF and B-field ON might
indicate chameleon generation and decay and would warrant further study.
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Chameleons from the Sun

@ ~ keV photons oscillate into
chameleons inside Sun

@ chameleon particles reach Earth

@ helioscope magnet regenerates
photons for detection
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Helioscope forecasts

Sensitivity

X — ray photon spectrum (non resonant chameleon production )
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Solar chameleon spectrum peaked at 600 eV.
Forecast constraints.
P. Brax, A. Lindner, K. Zioutas, PRD 85 043014 (2012)
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Increase collecting area
using an X-ray mirror.
O. K. Baker, A. Lindner,
AU, K. Zioutas (2012)
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Conclusions

© The physics responsible for the cosmic acceleration may differ
from a cosmological constant by evolving with time or by
coupling to known particles. Couplings imply fifth forces.

@ Laboratory and cosmological experiments are complementary;
they probe models whose masses scale differently with density.

© The Eot-Wash torsion pendulum experiment will be able to
exclude chameleon models with gravitation-strength couplings
and small quantum corrections.

@ The CHASE afterglow experiment has excluded a range of
light photon-coupled dark energy models. Upcoming afterglow
and helioscope experiments promise to improve these
constraints over the next few years.
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Symmetron mechanism

effective potential: Veg(¢, p) = % (ﬁ — p?) $* + %(/)4
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At which scale should we probe symmetrons?

Fifth forces are predicted for py, > u>M? > p, at distances > 1/p.
17—
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Photons coupled to chameleon dark energy

The time-dependent equation of motion is O¢ = V..

Equations of motion (Vy, = 4@”})1 FH F,¢ with B¢ < Mpy):

8,0\ pr] —
o O |(1+52) F] =0
o O = V'(6) + o2 pmat + g3 Fru F™

Plane wave perturbations about background ¢ and éo = Bokx
(Raffelt and Stodolsky 1988; AU, Steffen, and Weltman 2010):

B~ kBo ~
o (— &= R) vy = Mo+ 2%
2 —, — — H«,kB ~ N ~
o (8 R2) = B, + Tk < (5 x k)i

22 R2(2

B B3L
2

4M2,

¢ — ~ oscillation (low-mass, kL éo): Prog =
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