


The Two Great Theories of Modern Physics

ﬁhe Standard Model

~

(EM, Weak Nuclear, Strong Nuclear - Quantum)

Force mediated by exchange of Bosons (integer
spin particles).

/General Relativity

(Gravity)
Metric Theory

\Erce manifested by Curved Space (geometry

ut requires the Equivalence Principle.

~

Predicted the
Higgs Boson
discovered in 2012

Predicted
Gravitational Waves
first observed in 2015.
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But Problems
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Ten Why does the Standard Modei descr‘beJess than 5% of me Universe?

. Why is theUnlverse made up of o’bgyomc) mattor and no
antlmatt'er’? »

-’ The Standard Model predmt&equal.amdunts = Q.
nT 4 A
Is Gener;'l Relatlwty the last word on Gravﬂy’? |

#

. \ Why can't grawty be uhlt" ed W|th the other quantum) forces'?

* « - Does graV|ty havea q’uantum aspect’? : <o - 5
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JWST Deep Field
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e oo 0 Ourgreat Iabosatorles havefound no new physms =

. No Supel’-Symme;ry.
" No Proton.Decay
No Ajeons "~ | .
No WIMPsg® . ®

No New Forbes

No New F|elds
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Maybe we are "
. looking in-the
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A New Search Space — Precision Measurements

Scientific
Question

Hypothesis

Observable

Measurement

Ultra-Light
Dak Matter

Coupling to the Standard Model

- 1
Low = (=Tph + Tq 5 Fy FH) g™

Variation of atomic constants
a=ay(l+Tep™

with frequency oscillation
f=mgc?/h

Atom interferometer tests of UFF

Atomic clock frequency
comparisons (LPI);

for composition dependence

Vainshtein, Galileon theory,
Chameleon, symmetron scalar field,
Yukawa field U,,,q = % (14 ae ™)

Non-zero gravity gradient
V2U = tr(T) = 1(r, t)

interferometric measurement of

Laser interferometric, atom

gravity gradient

Modified
Gravity

-—

\ 4

New dynamical fields,
Fifth force,
Extra dimensions,
Quantum gravity

Equivalence Principle violation;
Inverse Square Law violation;
Variation of gravitational constant;
Gravitation redshift of quantum states

Atomic clock tests of LPIl and LLI;
Atom interferometer tests of UFF;
Lunar laser ranging of SEP, PPN;
Redshift tests of entangled states

Baryon
Asymmetry

o]

CPT/Lorentz symmetry tests related
to matter—antimatter asymmetry

Local Lorentz Invariance violation

Atomic clock tests of LPI and atom
interferometric tests of UFF vs

orientation and velocity

UFF - Universal Free Fall, LPI - Local Positional Invariance, LLI - Local Lorentz Invariance, SEP — Strong Equivalence Principle, PPN — Parameterized post-Newtonian

J. L. Callas/JPL



Why Space?

* Greatly reduced gravitational and non-gravitational sources of noise.
- Enabling ultra-precise measurements

* Access to sustained microgravity (drag-free) environments.
- e.g., permits unconfined and weak states of quantum matter

» Access to significant variations of gravitational potential and acceleration.
- e.g., tests of the Equivalence Principle (gravitational redshift)

» Access to large distances, velocities, and separations.

- e.g., Test of Local Lorentz Invariance, Local Position Invariance, loophole-free Bell
tests for hidden variables

* Access to vacuum and cold conditions of space.




Atomic Clocks in Space
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Atom Interferometry in Space

1 1

B

Interrogation

Cold Atom Lab (ISS, 2018), JPL / /

Inertial

Measu.re.ment Atom . Time
Precision Number Contrast Effective
Ratio Wavenumber
keff =nk
Orbit 1) (UFF)
710 km 550
MICROSCOPE (2016) 1.5:10™
polar
F00 = 51,000 k
STE-QUEST TN an®
elliptical




Gravitational Gradiometry in Space

/ Common-mode
/ Laser Interferometry

44,000 km
baseline

% Atom

Interferometry

AEDGE
GW 0.01 -3 Hz
DM 107 —10-1° eV

Gravitational Gradiometry
S0 N VAU =tr(T) = t(r,t)
Laser
Ranging |

'/, ’,r’ “\NN\\\ \\\ Atom
) Interferometry
or Test Mass

1200 km — 6000 km baseline

TETRA-GGT
T~102 g2
(GW, DM)



Entangled Photons in Curved Space-Time

l AU Orbit LPI
; 5000 km .
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(entangled)
Ground

DSQL-Deep Space Quantum Link



Lunar Laser Ranging

Testing Einstein’s Equivalence Principle with Lunar Laser Ranging.

Laser range to the moon from JPL Table Mountain Observatory (TMO) 1-m telescope with a high-power (2 kW) CW laser.
Expect to achieve ~30 ym range precision.

, , L Science Current (1cm) (1 mm |0.1 mm

New science investigations: Weak EP AQ/al<2.4x10 | <101 10-15

* Improved tests of relativistic gravitation. Strong EP | 171<3.4x104 35105 3106

« Search for stochastic gravitational waves. PPN parameter 3 | B1]<7.2x10°5 <105 10-6

 Enhances knowledge of deep lunar interior. Time variation of G 9.5x10-15 yr-’ 5510-15 | <1x10-15
* Lunar core: shape, rotation, dissipation, free libration. | ,yerse square Law | ot <3x10-12 10-12 10-13

|

Retroreflector -

JPL Table Mountain Observatory
Optical Communication Test Laboratory (OCTL) JPL High-power Lunar Laser




Precision

Classical Physics
F=q(E+vXB)

GMm

72

F=-

Modern Physics

0
Hi = —ih—
Y l atllJ
8nG
Guv +Aguv :7 Uv

Physics Beyond the
Standard Model

L(h,c, G) +




Jet Propulsion Laboratory
California Institute of Technology
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   U  m o d =    𝜇 0 r ( 1 + 𝛼  e  − r \ 𝜆 )


   


   ∇ 2 U = t r  ( T ) = 𝜏 ( r , t )


   L  D M  ( n ) = ( −  Γ f  𝜓 - 𝜓 +  Γ 𝛼  1 4  F  𝜇 𝜈  F  𝜇 𝜈 )  𝜙 n


  𝛼 ≃  𝛼 0 ( 1 +  Γ 𝛼  𝜙 n )


  f =  m 𝜙  c 2 / h


    ∆ 𝜐 𝜐 =  K   𝛼 0   𝛿  𝛼 0   𝛼 0


    ∆ 𝜐 𝜐 = −  (  1 + 𝛼 )   ∆ U   c 2 −  1 2 ( 1 + ϵ )   ∆  v 2   c 2


   𝜎 y ( 𝜏 ) ~   ∆ 𝜐   𝜐 0  1   N      T c 𝜏


  𝜂 = 2    g 1 −  g 2   g 1 +  g 2


   𝜎 i =    1 N  1  C  k  e f f  T 2


   k  e f f = n k


   ∇ 2 U = t r  ( T ) = 𝜏 ( r , t )


   𝜏 1


   𝜏 2


  d  𝜏 r 2 =  (  1 +   2 U ( r )   c 2 ) d  t 2


  l


  l


  ∆ 𝜙 = ( 1 + 𝛼 )   2 𝜋 l 𝜆   ∆ U   c 2


  ∆ U


  F = q  (  E + v × B )


  F = −   G M m   r 2


  H 𝜓 = − i ℏ  𝜕  𝜕 t 𝜓


   G  𝜇 𝜐 + Λ  g  𝜇 𝜐 =   8 𝜋 G   c 4  T  𝜇 𝜐


  ℒ  (  ℏ , c ,   G ) +

