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Abstract: <span>Dark energy coupled to Standard Model fermions and gauge

bosons givesrise to fifth forces and new particles, which are readily

accessible to experiments from laboratory to cosmological scales.&nbsp; | will discuss chameleon and symmetron
models, whose fifth forces are screened locally through large effective masses

and symmetry-restoring phase transitions, respectively.& nbsp; Fifth force experiments such as the Eot-Wash
torsion balance will test chameleons with small quantum corrections and

gravitation-strength fifth forces, as well as symmetrons with coupling energies

just beyond the Standard Model scale.& nbsp; A

dark energy coupling to el ectromagnetism would imply that photons passing

through a magnetic field will oscillate into particles of dark energy, a

phenomenon studied by afterglow experiments such as CHA SE.& nbsp; After constraining dark energy using
laboratory experiments, | proceed to astrophysical probes.& nbsp; Particles of a photon-coupled dark energy
could be produced in the Sun and detected in magnetic helioscopes such as CAST,

while fifth forces may alter the dynamics of variable stars and the growth of

large-scale structure.</span>
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Screened fifth forces and laboratory experiments

How dark is dark energy? Photon-dark energy oscillation
Fifth forces and new particles in astrophysical systems

Motivation: John Mather on Reddit

[-] VelvetEuler

Are you optimistic that the James Webb Space Telescope will help uncover the

nature of Dark Matter/Dark Energy that permeates the Universe?
permalink

{:_:F’L.l..lll. > 'II <

Actually, IWST can only observe the effects of dark matter and dark energy
But to uncover their nature, we need lab experiments, or maybe a

comprehensive theory of everything. Both are hard, but worth the effort.
permalink parent
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Screened fifth forces and laboratory experiments
How dark is dark energy? Photon-dark energy oscillation
Fifth forces and new particles in astrophysical systems

Motivation: What if the dark energy density is constant?
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Screened fifth forces and laboratory experiments
How dark is dark energy? Photon-dark energy oscillation
Fifth forces and new particles in astrophysical systems

Motivation: Effective dark energy from modified gravity

Modified gravity Effective scalar New physics
Modified action: Conformal trans.: matter coupling,
f(R), symmetric => chameleon, effective mass
curvature coupling symmetron meg(p)
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Screened fifth forces and laboratory experiments
How dark is dark energy? Photon-dark energy oscillation
Fifth forces and new particles in astrophysical systems

~ Motivation: Effective dark energy from modified gravity

Modified gravity Effective scalar New physics
Modified action: Conformal trans.: matter coupling,
f(R), symmetric => chameleon, effective mass
curvature coupling symmetron meg(p)
Kaluza-Klein, etc.: Small extra matter coupling,
compact extra dimension limit photon coupling
dimension => radion (gauge field)
DGP, etc.: Decoupling limit matter coupling,
non-compact extra (weak gravity) non-canonical
dimension => Galileon kinetic term

At low energies, dark energy can have a matter coupling, whose
fifth force must be screened locally. Dark energy may have a
photon coupling allowing the production of dark energy particles.
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Screened fifth forces and laboratory experiments
How dark is dark energy? Photon-dark energy oscillation
Fifth forces and new particles in astrophysical systems

QOutline

€ Screened fifth forces and laboratory experiments
@ Chameleon dark energy: Fifth forces and quantum stability
@ Experimental constraints on chameleon dark energy
@ Symmetron dark energy: Fifth forces and constraints

© How dark is dark energy? Photon-dark energy oscillation
@ Chameleon particles and oscillation
@ CHASE chameleon afterglow experiment
@ ADMX search for chameleon dark energy

© Fifth forces and new particles in astrophysical systems
@ Dark energy particles from the Sun
@ Screened fifth forces in stars
@ Fifth forces and the growth of large-scale cosmic structure
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Screened fifth forces and laboratory experiments

How dark is dark energy? Photon-dark energy oscillation
Fifth forces and new particles in astrophysical systems

Chameleon mechanism

Chameleon dark energy: Fifth forces and quantum stability
Experimental constraints on chameleon dark energy
Symmetron dark energy: Fifth forces and constraints

Pirsa: 13010023

effective potential: Veg(®, p) = V(&) + Bpd/ Mp

V(¢
Veff(q’,plow;

Pmin(Plow)
(mZg= V" is small)
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Screened fifth forces and laboratory experiments

How dark is dark energy? Photon-dark energy oscillation
Fifth forces and new particles in astrophysical systems

Chameleon mechanism

Chameleon dark energy: Fifth forces and quantum stability
Experimental constraints on chameleon dark energy
Symmetron dark energy: Fifth forces and constraints
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effective potential: Veg(®, p) = V(¢) + Bpd/Mp

V(o

Veif(d:Pl1ow
Veﬂ{q”phigh

Pmin(Phigh)
(mﬁﬁ is large)

Pmin(Plow)
(M= V" is small)
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Screened fifth forces and laboratory experiments Chameleon dark energy: Fifth forces and quantum stability
How dark is dark energy? Photon-dark energy oscillation Experimental constraints on chameleon dark energy
Fifth forces and new particles in astrophysical systems Symmetron dark energy: Fifth forces and constraints

Chameleon thin-shell screening

Chameleon field equation of motion: ¢ = V/(¢) — A;J'_PITM

Linear regime: V’ negligible Nonlinear regime: [Ll¢ negligible
s T2 5 v Qo Nonrelativistic limit:
@ Static: Vo — ,ﬁ—mT i
() = £=p

@ Nonrelativistic: T/ ~ —p
, . . = @ — Pbuik(p) (constant)
@ e.o.m. = Poisson equation

2\ i 1 2 0
@ ¢ = 23, Mp|V + constant 0.5
(scalar follows the
gravitational potential) i )
. I 7 W
- : e v/, ----
Transition regime: W ~ xgcr 15 b==-= : .
0.1 1 10 100
Xscr = 35, Mg AP(max) f/re
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Screened fifth forces and laboratory experiments Chameleon dark energy: Fifth forces and quantum stability

How dark is dark energy? Photon-dark energy oscillation Experimental constraints on chameleon dark energy
Fifth forces and new particles in astrophysical systems Symmetron dark energy: Fifth forces and constraints
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Screened fifth forces and laboratory experiments Chameleon dark energy: Fifth forces and quantum stability

How dark is dark energy? Photon-dark energy oscillation Experimental constraints on chameleon dark energy
Fifth forces and new particles in astrophysical systems Symmetron dark energy: Fifth forces and constraints
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Screened fifth forces and laboratory experiments Chameleon dark energy: Fifth forces and quantum stability
How dark is dark energy? Photon-dark energy oscillation Experimental constraints on chameleon dark energy
Fifth forces and new particles in astrophysical systems Symmetron dark energy: Fifth forces and constraints

Thin-shell effect
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Screened fifth forces and laboratory experiments
How dark is dark energy? Photon-dark energy oscillation
Fifth forces and new particles in astrophysical systems

Thin-shell effect

Chameleon dark energy: Fifth forces and quantum stability
Experimental constraints on chameleon dark energy
Symmetron dark energy: Fifth forces and constraints
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Screened fifth forces and laboratory experiments
How dark is dark energy? Photon-dark energy oscillation
Fifth forces and new particles in astrophysical systems

Chameleon dark energy: Fifth forces and quantum stability
Experimental constraints on chameleon dark energy
Symmetron dark energy: Fifth forces and constraints

At which scale should we probe each model?

V(®) o< ¢" + const. = meg o< p2nn_22 (use lab for n < —3, n > 2)

meﬂ o p(ﬂ‘2)/(2n'2) [eV]

Pirsa: 13010023

1

1e-10

1e-20

1e-30

1e-40

1e-50

-
O

o V(p) = ¢"

k=i n=-1

2 n=1/2 — — -

3 n=2/3 - - -

8. . . N=F =<=-=-=-=-- .

-30 1e-20 1e-10 1

density p [g/cms]

Amol Upadhye

Fifth forces and new particles from dark energy

Page 15/69



Screened fifth forces and laboratory experiments Chameleon dark energy: Fifth forces and quantum stability
How dark is dark energy? Photon-dark energy oscillation Experimental constraints on chameleon dark energy
Fifth forces and new particles in astrophysical systems Symmetron dark energy: Fifth forces and constraints

Chameleons with small quantum corrections

One-loop Coleman-Weinberg correction to the potential:

A V1 _100p(P) = % log (Lf;gﬂ) => Meff, Pbulk change

Neglect the log term, and require that the corrections to V’/ and
V" (that is, to ¢puik and meg) be less than the tree level values:

ldzmsﬁf dzmﬁﬁ 9672 32 — m < 487r2[32p2 1/6
p dp dp? - Mg, g = Mz,

Possible objections:
© Failure of naturalness or perturbation theory?
© Aren’t chameleons already tuned? (mass, matter coupling)

© There is no reason for nature to be nice to us!
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Screened fifth forces and laboratory experiments Chameleon dark energy: Fifth forces and quantum stability
How dark is dark energy? Photon-dark energy oscillation Experimental constraints on chameleon dark energy
Fifth forces and new particles in astrophysical systems Symmetron dark energy: Fifth forces and constraints

Chameleons with small quantum corrections

One-loop Coleman-Weinberg correction to the potential:
4 2
AVi_100p(@) = % log (m‘ﬁ#) => Mef, Pbulk Change

Neglect the log term, and require that the corrections to V/ and
V" (that is, to ¢puik and meg) be less than the tree level values:

ldzmﬁﬁf dsz’ﬁ 9672 32 — m < 487r2[32p2 1/6
p dp 7 dp? - Mg, i — Mz,

Possible objections:
© Failure of naturalness or perturbation theory?
© Aren’t chameleons already tuned? (mass, matter coupling)

© There is no reason for nature to be nice to us!
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Screened fifth forces and laboratory experiments Chameleon dark energy: Fifth forces and quantum stability
How dark is dark energy? Photon-dark energy oscillation Experimental constraints on chameleon dark energy
Fifth forces and new particles in astrophysical systems Symmetron dark energy: Fifth forces and constraints

Chameleons with small quantum corrections

One-loop Coleman-Weinberg correction to the potential:
4 2
A V1 _100p(@) = meﬁ—i(:% log (meﬁf;(ﬂ) => Mes, Pbulk change

Neglect the log term, and require that the corrections to V/ and
V" (that is, to ¢puik and meg) be less than the tree level values:

ldzmﬁﬁf d2m6ﬁ 9672 32 — m < 487r2[32p2 1/6
p dp dp? - Mg, it — Mz,

Possible objections:
© Failure of naturalness or perturbation theory?
© Aren’t chameleons already tuned? (mass, matter coupling)

© There is no reason for nature to be nice to us!
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Screened fifth forces and laboratory experiments Chameleon dark energy: Fifth forces and quantum stability
How dark is dark energy? Photon-dark energy oscillation Experimental constraints on chameleon dark energy
Fifth forces and new particles in astrophysical systems Symmetron dark energy: Fifth forces and constraints

Chameleons with small quantum corrections

One-loop Coleman-Weinberg correction to the potential:

4 2
A V1 _100p(P) = % log (meﬁffb(ﬂ) => Meff, Pbulk change

Neglect the log term, and require that the corrections to V/ and
V" (that is, to ¢puik and meg) be less than the tree level values:

ldzmsﬁf dsz’ﬁ 9672 32 — m < 487r2[32p2 1/6
p dp dp? — Mg, = N

Possible objections:
© Failure of naturalness or perturbation theory?
© Aren’t chameleons already tuned? (mass, matter coupling)

© There is no reason for nature to be nice to us!
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Screened fifth forces and laboratory experiments Chameleon dark energy: Fifth forces and quantum stability
How dark is dark energy? Photon-dark energy oscillation Experimental constraints on chameleon dark energy
Fifth forces and new particles in astrophysical systems Symmetron dark energy: Fifth forces and constraints

Chameleons with small quantum corrections

One-loop Coleman-Weinberg correction to the potential:

4 2
AV _100p(@P) = % log (mLf;gﬂ) => Meff, Pbulk change

Neglect the log term, and require that the corrections to V/ and
V" (that is, to ¢puik and meg) be less than the tree level values:

ldzmsﬁf dsz’ﬁ 9672 32 — m < 487r2[32p2 1/6
p dp dp? - Mg, o = N

Possible objections:
© Failure of naturalness or perturbation theory?
© Aren’t chameleons already tuned? (mass, matter coupling)

© There is no reason for nature to be nice to us!
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Screened fifth forces and laboratory experiments
How dark is dark energy? Photon-dark energy oscillation
Fifth forces and new particles in astrophysical systems

Chameleon dark energy: Fifth forces and quantum stability
Experimental constraints on chameleon dark energy
Symmetron dark energy: Fifth forces and constraints

Bounds on “quantum-stable” chameleons
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AU, W. Hu, J. Khoury. PRL 109 041301 (2012)
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Screened fifth forces and laboratory experiments Chameleon dark energy: Fifth forces and quantum stability
How dark is dark energy? Photon-dark energy oscillation Experimental constraints on chameleon dark energy
Fifth forces and new particles in astrophysical systems Symmetron dark energy: Fifth forces and constraints

Fifth-force constraints from a torsion pendulum

Eot-Wash Experiment

http://www.npl.washington.edu/eotwash
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Screened fifth forces and laboratory experiments
How dark is dark energy? Photon-dark energy oscillation
Fifth forces and new particles in astrophysical systems

Chameleon dark energy: Fifth forces and quantum stability
Experimental constraints on chameleon dark energy
Symmetron dark energy: Fifth forces and constraints
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Screened fifth forces and laboratory experiments Chameleon dark energy: Fifth forces and quantum stability
How dark is dark energy? Photon-dark energy oscillation Experimental constraints on chameleon dark energy
Fifth forces and new particles in astrophysical systems Symmetron dark energy: Fifth forces and constraints

1-D plane-parallel approximation to Eot-Wash constraints

Not to scale I

L Test mass (pendulum)

P(=)

Electrostatic shielding foil

rg\ Source mass (attractor)

1Dpp Approximation: Approximate the surface field in a torsion

pendulum using the exact one-dimensional planar solution.
AU, PRD 86 102003 (2012)

Amol Upadhye Fifth forces and new particles from dark energy

Pirsa: 13010023 Page 24/69




Screened fifth forces and laboratory experiments Chameleon dark energy: Fifth forces and quantum stability
How dark is dark energy? Photon-dark energy oscillation Experimental constraints on chameleon dark energy
Fifth forces and new particles in astrophysical systems Symmetron dark energy: Fifth forces and constraints

1-D plane-parallel approximation to Eot-Wash constraints

Not to scale I

L Test mass (pendulum)

P(=)

Electrostatic shielding foil

rg\ Source mass (attractor)

1Dpp Approximation: Approximate the surface field in a torsion

pendulum using the exact one-dimensional planar solution.
AU, PRD 86 102003 (2012)
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Screened fifth forces and laboratory experiments Chameleon dark energy: Fifth forces and quantum stability
How dark is dark energy? Photon-dark energy oscillation Experimental constraints on chameleon dark energy

Fifth forces and new particles in astrophysical systems Symmetron dark energy: Fifth forces and constraints
Eot-Wash constraints on chameleons
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102 large quantum corrections . ________
~
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w I
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Eot-Wash: Adelberger, Heckel, Hoedl, Hoyle, Kapner, AU. PRL 98 131104 (2007)
1Dpp: AU, PRD 86 102003 (2012)
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Screened fifth forces and laboratory experiments Chameleon dark energy: Fifth forces and quantum stability

How dark is dark energy? Photon-dark energy oscillation Experimental constraints on chameleon dark energy
Fifth forces and new particles in astrophysical systems Symmetron dark energy: Fifth forces and constraints
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Screened fifth forces and laboratory experiments Chameleon dark energy: Fifth forces and quantum stability
How dark is dark energy? Photon-dark energy oscillation Experimental constraints on chameleon dark energy
Fifth forces and new particles in astrophysical systems Symmetron dark energy: Fifth forces and constraints

Symmetron mechanism

effective potential: Vig(p,p) = 5 (& — 1?) ¢? + 25 ¢°

u . ' |

VEV: Omin
Beti: PminMp/M

Ves(0)/ M,

bare potential
— - low density
= = - high density

-4 -3 -2 -1 0 1 2 3 4
&/ My
Olive and Pospelov, PRD 77 043524 (2007);
Hinterbichler and Khoury, PRL 104 231301 (2010)
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Screened fifth forces and laboratory experiments Chameleon dark energy: Fifth forces and quantum stability
How dark is dark energy? Photon-dark energy oscillation Experimental constraints on chameleon dark energy
Fifth forces and new particles in astrophysical systems Symmetron dark energy: Fifth forces and constraints

At which scale should we probe symmetrons?

Fifth forces are predicted for pm > p?M? > p, at distances = 1/u.
1 :

-[: 1 ! ! ! ' I ! ! ! ' I :
1e-05 = ; :
1e-10 - ratoly, So/q s

E T ]
1e-156 - Systep, =

= z :
L, 1e-20 - ~
= E 1
1e-25 =
1e-30 - cosmology:
1e-35 - =

1 e_40 [-_ 1 1 1 | 1 1 1 1 | 1 ' 1 1 | 1 1 1 1 ._:

1 100000 1e+10 1e+15 1e+20
M [GeV]
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Screened fifth forces and laboratory experiments Chameleon dark energy: Fifth forces and quantum stability

How dark is dark energy? Photon-dark energy oscillation Experimental constraints on chameleon dark energy
Fifth forces and new particles in astrophysical systems Symmetron dark energy: Fifth forces and constraints
Estimated (1Dpp) Eot-Wash constraints on symmetrons
10° , 2
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Symmetron effective potential: Veg = 3 (£ — p?) ¢ + 33¢*
Ect-Wash probes A ~ 1, iz ~ 102 eV (dark energy),
M ~ 1 TeV (beyond the Standard Model)

AU, arXiv:1210.7804 (to appear in PRL, 2013)
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Scre ncd fifth forces :md [aboratory cxpcrirncnts

Symmctrun dark energy: Fifth forc

Gallleo s and Valnshtfln screening
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Screened fifth forces and laboratory experiments Chameleon dark energy: Fifth forces and quantum stability

How dark is dark energy? Photon-dark energy oscillation Experimental constraints on chameleon dark energy
Fifth forces and new particles in astrophysical systems Symmetron dark energy: Fifth forces and constraints
Galileons and Vainshtein screening
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Screened fifth forces and laboratory experiments Chameleon particles and oscillation

How dark is dark energy? Photon-dark energy oscillation CHASE chameleon afterglow experiment
Fifth forces and new particles in astrophysical systems ADMX search for chameleon dark energy
Part Il:

How dark is dark energy? Photon-dark energy oscillation
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Screened fifth forces and laboratory experiments Chameleon particles and oscillation
How dark is dark energy? Photon-dark energy oscillation CHASE chameleon afterglow experiment
Fifth forces and new particles in astrophysical systems ADMX search for chameleon dark energy

Photons coupled to chameleon dark energy

Next, look at the time-dependent equation of motion, (¢ = V.
Equations of motion (V4 = %F”’V wr® with B¢ << Mp)):
By _
o o |(1+252) Frr| =0
° D¢ = V/(#) + 42 Pmat + avje; Fru F*

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

2 - kB ~ i
o (=& — R2) v = mgvos + B0% -,
2 — — e kB ~ ~ ~
o (=% — K2) ¥y = wBihy + otk x (& x K)yy

B2B3L?
2
4M3,

¢ — -y oscillation (low-mass, k L éo); Prrep =2
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Screened fifth forces and laboratory experiments Chameleon particles and oscillation

How dark is dark energy? Photon-dark energy oscillation CHASE chameleon afterglow experiment
Fifth forces and new particles in astrophysical systems ADMX search for chameleon dark energy

Window as a quantum measurement device

Pirsa: 13010023

density p
chameleon mass
chameleon perturbation 8¢

photon
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A simple afterglow experiment

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

a)

f 1
- -~
N o

L - '

mi

b) ' B
L i PMT
(b) Afterglow phase: chameleons slowly oscillate back into
photons, escaping chamber
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Chameleon particles and oscillation
How dark is dark energy? Photon-dark energy oscillation CHASE chameleon afterglow experiment
Fifth forces and new particles in astrophysical systems ADMX search for chameleon dark energy

CHASE (CHameleon Afterglow SEarch)

vacuum chamber

lens
shutter
I = PMT
o
N £ e
B field region 5 NS
> N ~ < ; 0.1m
1.61m = 6.0m =~ 1.74m 0.64m .
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How dark is dark energy? Photon-dark energy oscillation CHASE chameleon afterglow experiment
Fifth forces and new particles in astrophysical systems ADMX search for chameleon dark energy
Predicted afterglow signal in CHASE
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Predicted afterglow signal in CHASE
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Screened fifth forces and laboratory experiments
How dark is dark energy? Photon-dark energy oscillation
Fifth forces and new particles in astrophysical systems

Chameleon particles and oscillation
CHASE chameleon afterglow experiment
ADMX search for chameleon dark energy

Chameleons in CHASE: a thorough study

Chamber geom.

O 000

Oscillation Matter lattice Adiabaticity

g

00!
ective charste. aas T, W)

i LS I

a g gt OrAA

Atom scattering | Other potentials | Diffuse ref.

Te. 0
b -ad

'
e ° o 19
A TR )
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B o6 [ [ W teds 1318 T4eTs d (L
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Data analysis

—=— s
— ey

1000

P L

AU, J. Steffen, A. Chou, PRD 86 035006 (2012)
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Adiabatic transition suppresses oscillation

o é(z) transition distance > oscillation length 47w E /A m?
=> adiabatic transition = no chameleon production

@ internal measurement (window) mitigates this effect

No internal measurement One measurement
1e-10 - - - - . v == . o I 1e-10 ""'os;[avl - I
1e-11 | R
1e-12 |
1e-12 |
1e-14 | 4 1e-13 }
ANANN ANTIANAN nl,l'\ AANAN I
& vy f\‘ VRVVYY \ VY VY Y S 1e-14 |
‘3’- 1e-16 | 3 il
1e-18 | 1e-16 |
1e-17 | 8
1e-20 | b 8 5
1e-18 | g =4
@ =
1e-22 i i " " " 1e-19 n A A i i i i i "
0 1 2 3 4 5 6 7 8 2] 0 1 2 3 4 5 6 7 8 9
distance from entrance [m) distance from entrance [m)
i
AU, J. Steffen, A. Chou, PRD 86 035006 (2012)
Amol Upadhye Fifth forces and new particles from dark energy

Pirsa: 13010023 Page 41/69



Screened fifth forces and laboratory experiments Chameleon particles and oscillation
How dark is dark energy? Photon-dark energy oscillation CHASE chameleon afterglow experiment
Fifth forces and new particles in astrophysical systems ADMX search for chameleon dark energy

“Orange glow:” a transient systematic photon flux

T T T T T T T T T T | T T T T T T T T T T T T T T T T T T L

Log Rate (Hz)
[ |

T

'

| 1 1 L 1 1 1 1 1 | 1 2 1 1 1 1 1 2 | L L 1 1 1

0.0 0.5 1.0 1.5 2.0 2.5

Log time (seconds)

J. Steffen, AU, et al. PRD 86 012003 (2012)
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CHASE constraints on chameleon dark energy

Veg = MR + M3 VN + Brpp/Mpy + 57F“"Fuu¢/(4MP1)

1e+17 . g g e e - Jz.._,w ) Eeraam. —
el B et s b e - —_ =" Y " : d 1 e-2
1e+16 —: o :

- ! '.r*"# 11e-3 —
g 1e+15 | oy '_>
& ¥ l1e-4 @
?:1 1e+14 H S,
S ' 11e-5 -2
c 1e+13 P =
g g N=-1 11e-6 <
S le+12 E{ N—-2 -

! N=-4 11e-7 S}
1e+11 F N=4, r=102
1e+10 - . 4 1 L s 1 1 L x " 1 1 11e-8

10000 1e+08 1e+12 1e+16 1e+20 1e+24
matter coupling B,

J. Steffen, AU, et al., PRL 105 261803 (2010); AU, J. Steffen, A. Weltman,
PRD 81 015013 (2010); AU, J. Steffen, A. Chou, PRD 86 035006 (2012)
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ADMX microwave cavity

http://www.phys.washington.edu/groups/admx/cavity.html
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Chameleon particles and oscillation
CHASE chameleon afterglow experiment

Chameleon field profile
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ADMXlas an aFtergloT/ experiment

Chameleons in a cavity

o The B - B coupling implies that
chameleon particles couple to
transverse electric modes (TEgi1).

o Moving the tuning rods affects
chameleon and electromagnetic
energies in different ways.

o Procedure:
source excites EM mode
turn off source; EM modes decay
EM modes regenerated from
Classical EM field chameleon
www.phys.washington.edu adjust tuning rods
/groups/admx
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ADMX as an afterglow experiment

Classical EM field

www .phys.washington.edu

/groups/admx

-

Pirsa: 13010023

Chameleons in a cavity

e The B- B coupling implies that
chameleon particles couple to
transverse electric modes (TEop11).

@ Moving the tuning rods affects
chameleon and electromagnetic
energies in different ways.

@ Procedure:

source excites EM mode

turn off source; EM modes decay
EM modes regenerated from
chameleon

adjust tuning rods

© 000

e
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ADMX as an afterglow experiment

Classical EM field

www.phys .washington.edu

/groups/admx

>
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Chameleons in a cavity

e The B- B coupling implies that
chameleon particles couple to
transverse electric modes (TEop11).

@ Moving the tuning rods affects
chameleon and electromagnetic
energies in different ways.

@ Procedure:

© source excites EM mode

©@ turn off source; EM modes decay

© EM modes regenerated from
chameleon

© adjust tuning rods
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ADMX constraints on photon-coupled chameleons

-1 015

1014
10"
10'2
10" ADMX excluded region

10'°

_\—_‘_J—\——_‘_‘__,_a—-—a—'—

10°
'l i 1 i l L 'l i 'l | i L 1 1 l 'l i L 1 l 'l 'l i L
1.9505 1.951 1.9515 1.952 1.9525 1.953
Effective chameleon mass (neV)

G. Rybka, M. Hotz, L. Rosenberg, et al., PRL 105 051801 (2010)
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Laboratory constraints on chameleons: V(¢) = MR /¢

1e+18 T O BT T |
te+17. 1 liders (CLEO e
>_1e+16 £ colliders ( i 1e-2
< 1e+15 |- 1e-3 -7
= g t1e-4 @
§ 1e+13 | R afterglow . S 1e-5 EE
S 1esi2 |- = (GammeV-CHASE) f Jle6 =
o L e ] —
S = - H1e-7 <=
= le+11 - @ - SRnSRRE | "
1e+10 | = helioscope = ~ neutrons &8 &
1e+09 1 5 iEnERERanGRIg ) 10-9
1e+08 £ | = R . 1 . . . 1 R i 5'.55'-"19'10
1 10000 1e+08 1e+12 1e+16
matter coupling B,
AU, J. Steffen, A. Chou, PRD 86 035006 (2012)
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Part 1ll:
Fifth forces and new particles in astrophysical systems
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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

el
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Screened fifth forces and laboratory experiments
How dark is dark energy? Photon-dark energy oscillation
Fifth forces and new particles in astrophysical systems

Helioscope forecasts

Sensitiviny

X' — ray photon spectrum (non reson it chameleon production )

0.7

0.6

o w

X S ————
3 el s

: . { — y
Energy ( kel ' a lleO(B

.1 9

Solar chameleon spectrum peaked at 600 eV.

Forecast constraints.
P. Brax, A. Lindner, K. Zioutas, PRD 85 043014 (2012)
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Dark energy particles from the Sun
Screened fifth forces in stars
Fifth forces and the growth of large-scale cosmic structure

Increase collecting area
using an X-ray mirror.

O. K. Baker, A. Lindner,
AU, K. Zioutas (2012)
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Screening in stars: equations of motion

metric: ds? = —N(r)dt? + g('f) + r?2(d6? + sin?6 dp?)

hydrostatic equilibrium: P/(r) =

equation of state: p(r) = constant (lg/cms)

modified Einstein eq. (trace, tt, rr), fr = dR, ¢ = e 2L log fr:
Gt By ko2
S Br: Bk [ + 2 ~+ % f,’?: B—=—81Gp+ f_zRfR
(—1—|—B—|—r2rBN’/N)fR N (g‘*‘zN,\,, .8 — 87GP + f—2RfR
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Screening in stars (xser = 0.0014)
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Screening in stars (xser = 0.0014)
0.0012 T . T
— W, =0.0006
0
= 0.001 | 0.
3
i -
S
=2 0.0008
=
c=
(o V]
2 0.0006 |
(40}
-
8  0.0004 |
o
=
< 0.0002
0 1 1 1

0 1e+10 2e+10 3e+10 4e+10
distance from center, r [m]

Amol Upadhye Fifth forces and new particles from dark energy

Pirsa: 13010023 Page 57/69



Screened fifth forces and laboratory experiments Dark energy particles from the Sun
How dark is dark energy? Photon-dark energy oscillation Screened fifth forces in stars
Fifth forces and new particles in astrophysical systems Fifth forces and the growth of large-scale cosmic structure

Screening in stars (xscr = 0.0014)
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Screening in stars (xscr = 0.0014)
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¢(r) in a relativistic star (xscr = 0.1)
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Dark energy particles from the Sun
Screened fifth forces in stars
Fifth forces and the growth of large-scale cosmic structure

Chameleon fifth forces and unscreened stars
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(location-dependent screening)
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Fifth forces in unscreened galaxies affect Cepheid variables, but not

TRGB stars. Observations require xqcr

< 109,

~~J

B. Jain, V. Vikram, J. Sakstein, arXiv:1204.6044 (2012)
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Chameleon fifth forces and unscreened stars

Cepheid variables
(location-dependent screening)

1.5

1.4

1
T

(

1.3

/
!

AN}

1.2

1+A(

1.1

1.%.

l l

—_— M =600 =1.0,y, =1ic-07

—_— M =600 =03y, =4 07

- o e o e e e b e e e e
- -

|

0.2 04 06 0.8 1.0
R/ Re

Y
I

j

"
')

1+A(

1.30

1.25

1.20

1.15

1.10

1.05

1.00

0.95

Tip of Red Giant Branch stars
(self-screening)

LRRL

X
b}

X

Hll_l IR I.IHI LARRL RELL
=100 *

=10
10"

Core radius

L

TR TR R TH AR T i

10°

107

10% 107 107 10' 10°

R/Rg

Fifth forces in unscreened galaxies affect Cepheid variables, but not

TRGB stars. Observations require ..,

< 109,

~~J

B. Jain, V. Vikram, J. Sakstein, arXiv:1204.6044 (2012)
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Fifth forces and new particles in astrophysical systems

Screenjd vs. unscreened galaxies

XBcCiG OR2
mostly Tnscreened

\ = 1 Mpc

A screen

Screened fifth forces in stars

v = 3 Mpc

o =7
Xker ~ 10 : Xser ~ 10
d?nse regions screened  many screened galaxies

v = 1 Mpe

ing map is used@o find unscreened dwarf galaxies, in which

fifth forces are expected to be large (1/3 as strong as gravity).

Cabre et al., JCAP 1207 34 (2012)
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Screened vs. unscreened galaxies

—5 —6 -7

XSCI' — 10 Xscr Ff 10 XSCI' ~ 10

mostly unscreened dense regions screened many screened galaxies
A =10 Mpc A= 3 Mpc

35

2 r—

)
26
- . -

A screening map is used to find unscreened dwarf galaxies, in which
fifth forces are expected to be large (1/3 as strong as gravity).

£C

D

Cabre et al., JCAP 1207 34 (2012)
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Fifth forces and new particles in astrophysical systems

Fifth forces and galaxy velocities

Dark energy particles from the Sun
Screened fifth forces in stars

Fifth forces and the growth of large-scale cosmic structure

k [h/Mpc]

long(k,u)

B 0 - I
3.3 3.7

0.20

4.0 4.4

4.8

0.15
0.10]
0.05
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8
m m

1.0

Fifth forces cause galaxies to fall faster towards matter overdensities.
In red shift space, matter appears more strongly clustered along the
line of sight 14 = 1 (red-shift space distortions).

E. Jennings, et al., arXiv:1205.2698, to appear in MNRAS (2012)
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Dark energy particles from the Sun
Screened fifth forces in stars

Fifth forces and the growth of large-scale cosmic structure

Self-accelerated DGP: €2, sets expansion and growth
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M. Ishak, AU, D. Spergel, PRD 74 043513 (2006)

Amol Upadhye

Fifth forces and new particles from dark energy

Page 66/69



Screened fifth forces and laboratory experiments Dark energy particles from the Sun
How dark is dark energy? Photon-dark energy oscillation Screened fifth forces in stars
Fifth forces and new particles in astrophysical systems Fifth forces and the growth of large-scale cosmic structure

Combined data exclude self-accelerated DGP

@ choose 2, to fit SNe, large-¢ CMB = large CeTT at low ¢

@ (i helps fit expansion but makes low-¢ power larger

@ suppressing initial large-scale power ruins low-¢ fit to CFE
=> self-accelerated DGP ruled out to 4.80 (w.r.t. ACDM)
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Cluster counts and f(R)/chameleon models

Dark energy particles from the Sun
Screened fifth forces in stars

Fifth forces and the growth of large-scale cosmic structure

@ f(R) gravity “looks like” dark energy with w =~ —1

@ f(R) — Rx 1/R + const. = V(¢)

x ¢1/2 4 const. with

YXser = 107% has unscreened fifth forces, hence an abundance of
large clusters which is inconsistent with observations.

effective w(z)
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Conclusions I

o

(2
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Dark energy could couple to matter with gravitation strength,
as long as the resulting fifth force is screened locally.

Modern torsion pendulum experiments such as Eot-Wash can
probe the dark energy scale ~ 1073 eV ~ (0.1 mm) 1,
allowing several interesting dark energy models to be tested.

e quantum-stable chameleons with 8 ~ 1

e symmetrons with M ~ 1 TeV, pu ~ 1073 eV, A <1
Particles of dark energy can be produced through photon
couplings. Such particles may be probed using afterglow
experiments (CHASE), microwave cavity experiments
(ADMX), and helioscopes (CAST).
Chameleon dark energy in a different regime can be tested by
searching for unscreened stars in nearby galaxies, or by looking
for fifth force enhancements to the growth of large-scale

cosmological structure.
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