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Let us go back to the year
1948...

REVIEWS OF
MODERN PHYSICS

Vorume 20, Numeer 2 ArriL, 1948

Space-Time Approach to Non-Relativistic
Quantum Mechanics

R. P. FEYNMAN
Cornell University, Ithaca, New York

Non-relativistic quantum mechanics is formulated here in a different way. It is, however,
mathematically equivalent to the familiar formulation. In quantum mechanics the probability
of an event which can happen in several different ways is the absolute square of a sum of
complex contributions, one from each alternative way. The probability that a particle will be
found to have a path x(f) lying somewhere within a region of space time is the square of a sum
of contributions, one from each path in the region. The contribution from a single path is
postulated to be an exponential whose (imaginary) phase is the classical action (in units of &)
for the path in question, The total contribution from all paths reaching x, ¢ from the past is the
wave function ¢(x, ¢). This is shown to satisfy Schroedinger’s equation. The relation to matrix
and operator algebra is discussed. Applications are indicated, in particular to eliminate the
coordinates of the field oscillators from the equations of quantum electrodynamics.
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Introduction: QM theories

Schroedinger's differential equation
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Introduction: QM theories

Heisenberg's matrix algebra
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Introduction: QM theories

Feynman's path integral
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Brief overview: New formulation
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Propagator

Consider a particle localized at a point R at t=0 and let it evolve
according to the Schroedinger equation.

iho,| V) = B’—m + V(R)} )
¥(0)) = |R:)

Task: What part of it will propagate to a final point R.?
(By|W(t) =7
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Evolution Operator

$ Y
W) =U®)w0)
Substituting in Schroedinger equation Ir:c:s{ﬂ.Lu:-‘i},rsiﬂ{ﬂ-Lé]}
3 A A (rcosd.rsin d)
o, Ut)=HU®) | /
U@©0)=1

If we substitute evolution operator as an exponential

U(t) = e #H
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The Matrix Element
G(Ri, Ry;t) = (Ryle” #114|R;)

The 1-D case

Z

G(zi,zf;t) = (zgle #1tz;)

Useful Formulas

i / ) (x|da

(1)) = U@)|¥(0) = Ut — t1)|¥(t1)) = U(t — t2)U (1) 2(0))
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Heading towards the goal...
U(t) = U(t/2)U(t/2)
(x5 |U(t)|z:)

= / (|0 (£/2) ) (T (£/2) 25) d

Divide in grid
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Moving closer...
U(t)=U(t/N)«U(t/N) % --- Ntimes

At =t/N
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(xr|U(t)|x;) = /dCE‘ldCE‘Q co ]];[)<$k+1’1 — h—NHt]a:k}
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Recall QM

W) vs U(x)?

U) : Abstract state of a system (independent of coordinates)

U(x) = (x|¥) : Coordinate dependent representation

(z|p) = \/217736%%

A plane wave (particle) with a given momentum

(x|xr) : Wave function of a particle with a given coordinate
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The matrix elements

Cred Sa Paras Bam
B ' .

il 0 a.2 0.4 - 0.8

& .2

i

(Thy1|zr) = 0(Try1 — zk)

(@1 |VIze) = V(2k)6(Tht1 — x)

~2 2
P i dp. P £ Dk (Tx+1—Tk)
(Zh+1 2m’xk> B / onh 2m
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Kushagra Chandak

A bit of math trickery

5(33)_/0027‘-6 _/oo 27Theh
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The final touch: Putting together

. | 2
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The final touch: The result
<£Uf‘U(t)’£Ez> = /dmldxg enliBtopLaAt

ot S LrAt _ 4 [T Ldt _ S
(20 (1) |z:) = / Dar(t)er J§ L
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Take home
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The Path Integral Formulation of Your Life
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