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Quantum Mechanics

Exploited like never before!
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Quantum Mechanics

Use to probe fundamental physics!

Atom Interferometers

Mossbauer
SQUIDS
magnetometer
(eg, SQUID or COiV sample
m .
ig
=21 W -/B: cos(w,t)
Gravitational Waves! Dark Matter! New Forces!

We can also test quantum mechanics itself?!



Quantum Mechanics

Can quantum mechanics be modified or generalized?
Are there sensible theories?
Are there hints of where 1t might deviate?



What to Modity?

Can we get rid of unsightly ‘probability’?

Bell’s inequality, etc., rule out local hidden variables.

a '
Ground state of Hydrogen:
4
If the electron has a definite :

position, there 1s an infinite
degeneracy of states



What to Modity?

Can we get rid of linearity?

0 R
ih—|w) =H
ath/f> | y)

de Broglie (1960) suggested QM 1is a linear approximation
Weinberg (1989) suggested a form

H— H||y), (]



What to Modity?

Can we get rid of linearity?

H- H|ly), (wl]

Wave-function self-interaction will
move energy levels: check sensitive
measurements 1 QM.

Must check causality and

understand measurement.

Can this be embedded in quantum field theory?



Framework



Non-Linear Time Evolution

The Schrodinger Equation: position basis

. 0 3
in EW(X) = H(X) y(x)

Weinberg’s attempt (1989)

0
ih El//(x) = h(y ™, y) y(x)

Polchinski showed action at a distance with EPR pairs (1990)



Non-Linear Quantum Mechanics

(warning...c=land 72 = 1)

0 A
i EW(X) = H(X) y(x) + € [d4X’\ () |” Grx' = x) w(x)

Causality guaranteed by the retarded Green’s Function (e.g., massless):

Gr(y;x) = 6*(x — y)

5 (1= (t+ % —x))

| X’ — x|

Gp(x —x') =



Non-Linear Quantum Mechanics

One-particle, non-relativistic limit - the non-linear Schrodinger Equation

9
| —y () = HE®) ()

‘ [d“x'\ W) PGl — ) w(®)

\/_/
SH(x)

This term 1s Hermitian, thus
the norm conserved

New stationary states can be found perturbatively for a fixed potential



Entangled Systems and Causality

Wave function for two entangled particles:

p(x,y:0) = ) c(Owl@ y(y)

l,]

SHy = [d3x’d3y’dt’| wx',y’t) E (GR(X, t;x', 1)

+ Gp(y, 1; X, 1) + Gp(X, 1, y', ') +

\/_/

causal

SH C [d3x’d3y’dt’| w(x',y’st) k Gp(y,t;y', t)
\/_/

after measurement at

X, this integral unchanged

GR(y9 t; y/? t,)

) wx,y,0)




Quantum Field Theory

iat‘%) — I_AIU(>

In the Schrodinger picture, the time evolution operator is still:
[ = o—iH

with H = | d®x #(x) made up of field operators

Add state-dependent terms.



Quantum Field Theory

‘Non-linear’ —> state-dependent

10| x) = [d3x %(X) T € <<)(| 61(X) | x) @2(X) + 61(X) (x| @2(?‘) |)(>> |x)

Time evolution includes terms that depends on the state itself

If O, and O, are Hermitian, the norm is constant

d0{xlx) =0

Probabilistic interpretation of observables can be maintained



QFT Examples

YUKAWA THEORY

H Dy p(x) P(x)P(x)

Add non-linearity (D)= {xldlx)

Dy (P(x) + e{p(x))P(x)P(x)

Assuming (y|y) = 1

Perturbatively, compute background source in the € = 0 theory



QFT Examples

QED

£ D eAﬂJ”

Add non-linearity

o, <Aﬂ +e,(A,) ) p

1+q

A, and (AM) have the same gauge transformations —
gauge fix and generate the Hamiltonian

GRAVITY

\ g/w + €G<g,uv>
1 + €;

1n 1interaction terms. Remains a tensor.

Replace g,



Non-Relativistic Limit — One Particle

FLoWp+e(xldlx) PP

To get NR theory for fermions ¥, compute (¢).

Will depend on initial conditions and sources. At
zeroth order, W sources ¢:

yw wave function for single fermion W

(p)(x) D | d*x'|w(x)|* Gglx — x')

N

Charge density of ¥ Causal Green’s Function




The Classical Limit



Classical Physics from QM

0 A~
zh—(@)=< H,@>
ot _ _

M=_<av> ()

This leads to — —
ot ox ot m

Or, F' = ma on average

Coherent states (or classical-like states) are

0V(x)> _OV({x))
0x — ox)

ones 1n which, e.g., <



Classical Physics from NLQM

Say  # DA +e, ((A)0+A,01)

The point is, (Aﬂf”) ~ (A ﬂ)(f”) for classical states

In fact, the non-linear terms make physics more classical!



Constraints from Quantum Systems

Atomic levels — lamb shift, (g-2) of the electron, ...



Atomic Levels
What does this do to the Lamb Shift?

Say charged particles see their own w.t.:

0
i~y () = HOy) + ¢, aJd“xw )P G’ = x) p(x)

Electron spread over the trap (micron) dilutes the electric field and thus the level splitting

Proton’s wave function also produces a field that nearly cancels the electron wave function.

Key — center of mass coordinate cannot be separated from relative coordinate due to locality.

e, <107



Constraints

Leading Constraint

For &, > 0 (repulsive interaction)

Too large a repulsion, can’t trap ion g, < 107

Ion Traps

No direct limit on £, < O (attractive interaction)

’\<\/ Perhaps from mapping of ion in trap?



Experimental Tests

Interferometry - interaction between paths

/ Take an 10n - split its wave-function

Coulomb Field of one path interacts with the other path

Gives rise to phase shift that depends on the
intensity p? of the split

Use 1ntensity dependence to combat systematics



Test ... Using a Vibrational Mode of a Trapped Ion

J. Broz, et al. (2022)
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Measurement
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Experimental Tests

Atomic Aging

~a

Ion Trap with decaying nucleus — wave function evolves over time:

ly) = e 72| Trapped) + V1 — e~ ' | Decayed)

e A

Background wave function produces E-field in trap and second order
Stark shift in the atomic states.  §¢ ~ El%L AapT

(not 1deal as background suppression suppresses this effect)






Measurement

Stern-Gerlach Experiment

------------------------------------- C
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| | -
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Measurement 1n Quantum Mechanics

Time evolution with interaction between the system and measuring device

/@M —pal

C

|x) \Ao> 1) @ |A))

F flR

) ® [Ag) > ) cili) ® |A)

Prediction of Quantum Mechanics (“Many Worlds™)

“Interpret” as direct sum

of “worlds”




Measurement 1n Quantum Mechanics

Time evolution with interaction between the system and measuring device

/S @M —at®ld - 8lo0)
| x) | Ap) 1) ® |Ap)

In linear QM, can pick orthogonal basis vectors just by knowing the interaction Hamiltonian

<Aj |Al> — 51']’

In non-linear QM, stationary states are generally not orthogonal —
the effective Hamiltonian depends on the initial state of the system

No Guarantee:(4;|A4;) =0

V) ®|Ag) = . cilt) ®|A;) + EZW- d; j]1) ® |Aj)  Measurement noise



Linear Quantum Mechanics

Photodetectors

- T

i

o —

Experimentalist I.aser

Spin Along x

Initial State : | ¥(0))

Represents Full Quantum State (spin, experimentalist...)

Goal: Create Macroscopic Superposition

Method: Measure spin along z.
Depending upon outcome, send laser along different directions



Linear Quantum Mechanics

é

_|_
| +x) / Spin up measured — laser pointed left
@ -

Spin down measured — laser pointed right

() = —= (| +2)|L) | Env) + | = 2) | R) | Envg))

1
2



Linear Quantum Mechanics
Which photodetectors light up?

K D eAJ"
Hot o o Cold Transition Matrix Elements
l’ﬂ (+z[(L|{Env, | A, (x) J*(xp) | +2) | L) | Envy) # 0
Cold Hot <+Z | <L | <EnvL |A,u(xR) Jﬂ('xR) | + Z) |L> | EnVL> — O
- -
y
L }

(L ‘Aﬂ(xR) L) =0

() = —= (| +2)|L) | Env) + | = 2) | R) | Envg))

1
2



Non-Linear Quantum Mechanics
Which photodetectors light up?

H D eA,J! +ee(A,) T

Transition Matrix Elements

Hot . g Hot
." (+z|(L|(Envy [ (A, (x)) I (x) | +2) [ L) | Envy) # 0
& Hot Hot | (HZICLIKERV (A, (GR)) JH(xp) | + 2) [ L) | Envy) # 0
- -
AV
L, }

XA ) #0,(x|AOCR) 1) #0

Communication between “worlds”

Non-linearity visible despite Environmental De-coherence!
Polchinski: “Everett Phone™



Experimental limit on non-linear QM using a
voltmeter and quantum bits

M. Polkovnikov, et al (2022)
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Quantum Pollution



Delicate Non-Linearity

O performs the laser experiment on October 24th
- discovers non-linear quantum mechanics!

Hot o ot Hot
1
— =—(|LY|O) + |R)|O
— %) \/E(l )10.) + |R) | Og))
€ Hot Hot
[ C ) |
." Now O wants to repeat experiment

Suppose | Oy,;) decides to run experiment at 9am on Oct 26
But | Op) runs experiment on 9am on Nov 3rd

State just after 9am on Oct 26

1 <|L>|0L>|L’>|0z>+|R'>|0,s>

|)(>=$ /3

+ |R>|OR>>



Delicate Non-Linearity

State after 9am on Oct 26 Compare with State on Oct 24
/ !/ !/ / 1
) = ( 1110y LI HVRITOB) ks 0, 20 =—=(1L)10) + R} | Op))
V2 V2 V2

1
(LI{OLI{L"| (O | (A, (xg)) J*(xg) | ¥ (t = Oct 26)) = §<L| (O {A,(xp)) JH(xg) | ¥ (t = Oct 24))

Effect 1s 1/2 of prior effect!

But, full effect if Oy and Op perform experiment at same time!

Quantum Pollution: Without adequate care, superpositions
may diverge wildly, preventing exploitability. Not automatic
- but need careful protocols!

But hasn’t there already been dilution?



What part of the wave function...
| %) = a|Us) + f| Them)
K D eA,J! +ee(A,) I

%) = a|Us) + B| Them) — (x|A,|x) = |a|*(U|A,|U) + | B°(T|A,|T)

(1A x) = lal*(UJA,|U)

For a < 3, the wave function is dominated by something we are
not a part of. Can’t turn on coherent fields over there.

Local exploitability completely determined by unchangeable
initial conditions dramatic difference from linear QM



Classical World?

U0)=1®)+5/I) Or |U®)=46®)+ )

Are there natural quantum amplifiers, for e.g. in chaotic systems?

Changing classical evolution of a system
requires coherent motion of N atoms

Ax ~ 100nm Probability that N atoms coherently
move 1n some way: pN

With p ~ O(1) scattering probability

What about the weather?

100’s + 10ns to get
What about my brain?? ;

one neuron to fire

1U@))=|®)+5/I) Reasonable

Quantum Amplifiers are Hard!



The 750 GeV’

Natural Quantum Dilution

resonance!
Dec 15,2015
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Have we been diluting our
wave function on Earth for
the past 100 years?



Evolutionary Dilution?

Is N ~ O(few) for evolution?
Maybe for RNA/DNA?
RNA formation?

Evolution in an amplifier!
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Tests for a Quantum-Diluted Earth

Look for coherent fields turned on 1n all parts of the wavefunction:
The magnetic field of the Earth!

eJ' (A, +€,(A)))

Build a magnetic field structure unique to our part of
the wave function and measure the field inside.

|U) = | €M) (@] shield ) + | No shield))



Cosmological Quantum Amplifier: Inflation

Standard cosmic inflation:
rapidly places quantum state in a homogenous and 1sotropic state
(Bunch-Davies Vacuum )

How could homogeneous state
become inhomogeneous?

Answer: Massive Superposition of
Statistically Similar Universes!

@ —=—— Relic radiation (CMB)
e x) =, cilUi), ci ~e
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=
®
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>
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._6
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Big Bang@®inflation

Most of the Universe: The space-time point where the
Earth 1s located 1s 1n intergalactic space!



Tests for a Quantum-Diluted Universe(!)

Look for coherent fields turned on 1n all parts of the wavefunction:
The magnetic field of the Earth!

T'm/(g'uy + €G<g'm/>) + e

Objects in our part of the wave function will produce
different gravitational fields than the average




Tests for a Quantum-Diluted Universe

\ g/,u/ + €G<g/,w>
, 1l +¢€

Euv

= — (1 — ) d? + 4 1 12d0? (g) = —dt? + dr? + r2dQ?

Renormalize and Expand

r r r

Geft = [_(1 — fe)dt? + (1 + (RS)2 (1+ 6(;)) er} + r2dQ?

Looks like a long-distance modification of gravity!
Corrects second-order GR term —> Strong field tests of GR

Will potentially make a black hole horizon more singular



Implications



L1 &r——

It we have a Classical Universe

Macroscopic superpositions can be produced at will.

Parallelize any computation:
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Quantum Computing!
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Conclusions



Conclusions

There 1s a consistent way to explore non-linear deviations from QM
Locality makes many past tests insensitive — new probes required
NL effects can be experimentally tested by amplifying quantum measurements

Quantum amplification in the history of the universe suppresses access
to local non-linearities —> Linear QM 1s an attractor solution.

If locally diluted, non-zero fields across the wave function
could be detected (Earth’s magnetic field, cosmological metric)

If NLQM is locally accessible, 1t will radically change what we can
do technologically



Thank you!



