Heisenberg, Genius
and Mountain-Climber

Triple Birth of the New Quantum Theory

Now a remarkable report on the end of 25 years of confusion.

During the twelve month period from June 1925 to June 1926, not one
not two, but three distinct and independent developments of a ooBU_omm
quantum theory were published . . .
and then shown to be equivalent.

Heisenberg (1901-76) grew up
in Munich, where his father was
{ / professor of Greek at the local

; ) university. Always interested in
mountain walking, Heisenberg was
fortunate that Munich is set at the
foot of the Bavarian Alps. He was a
brilliant student and an excellent
pianist. At secondary school, he had
already immersed himself in
independent studies of physics.
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IATRIX MECHANICS —  §
RNER HEISENBERG .
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‘ \l = of Munich to study physics with

Sommerfeld, he met Wolfgang Pauli.
THE SECOND —

This was the beginning of a lifelong
friendship.
,ﬂ =
WAVE MECHANICS —
Pﬁ o ! BY ERWIN SCHREPINGER. “‘

,/W N Pauli and Heisenberg were both

. ; NgIN®R at Gottingen in June 1922 when
S A N * ‘0 : . L Q// Vaf m, Heisenberg first met Bohr. Only
/ ,/ J f N T RAS ~ e ,.H.,ﬂd/, X 20 years old and still working
/ THE TN { 2//& 3. ,u/ toward his Ph.D, Heisenberg rose
GUANTUM ALGEBRA — e to make an objection after one
BY PAUL DIRAC. b , tat N of Bohr’s lectures, to which Bohr
/ \ 4 / [/ [ : nﬂ : BN replied somewhat hesitantly . . .
: The following pages will outline how \
these discoveries were made and the
context which made them possible.
/ The story begins with Bohr and his new
4 protégé, Werner Heisenberg.
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FOR A WALK OVER THE
HAINBERG MOUNTAIN.

FOR ABOUT THREE HOURS.

ANP FOR THE FIRST TIME T SAW THAT
ONE OF THE FOUNPERS OF QUANTUM
THEORY WAS PEEPLY WORRIED BY
TS PIFFICULTIES. BOHR HAD IMMENSE
SIGHT, A RESULT NOT OF MATHEMATICAL

ANALYSIS BUT OF OBSERVATION OF
THE ACTUAL PHENOMENA..

fter returning from this walk,
ohr told friends about Heisenberg . .

HEISENBERG
NPERSTANDS EVERY THING.
OW THE SOLUTION IS INHIS
ANDS . HE MUST FIND A WAY
OUT OF THE PIFFICULT IES
OF THE QUANTUM
THEORY.

AT THE THIS WALK
END OF THE LECTURE, BOHR WAS TO HAVE PROFOUND
CAME OVER AND ASKED ME TO REPERCUSSIONS ON My
JOIN HIM THAT AFTERNOON SCIENTIFIC CAREER. PERHAPS T

12 MORE CORRECT TO sAY THAT
MY REAL SCIENTIFIC CAREER ONLy
STARTED THAT AFTERNOON WHEeN

BOHR TOLP ME . . . A7TCWs

COULD SENSE
A RELATIONSHIP INTUITIVELY
RATHER THAN PERIVE IT
FORMALLY.

Evidently, Bohr had quickly
recognized Heisenberg as
ayoung physicist of
exceptional gifts.

" In the spring of 1925, he left
' Copenhagen and returned to

 But Heisenberg had a surprise for Niels Bohr.
" He hated the imaginary electron orbits in Bohr’s

atomic model . . .

THeEY
COULD NEVER BE
OBSERVED. WHAT GOOP 1S

IT TO SPEAK OF INVISIBLE

| ELECTRON PATHS INSIDE AN ATOM CAN'T i S
BE SEEN, THEN [T 15 U
NOT A MEANINGFUL

INVISIBLE TINY ATOMSZ

Gottingen where Max Born /
(1882—1970) had made him a
privatdozent at the age of only 22!

In Germany he was bothered by two
major irritants: the pollen in the air
and the problem of the atomic orbits.

I HAD
THIS VERY BAD
ATTACK OF HAY FEVER. T
COULPN'T EVEN
SEE.

I WASIN
A TERRIBLE STATE AND PECIPED
TO SEEK BETTER, |.E. POLLEN-FREE,
AIR. I LEFT FOR THE ISLAND OF
HELOOLAND IN THE NORTH
SEA.

I WAs
EXTREMELY TIREP WHEN T

ARRIVEP ANDP MY WHOLE FACE
WAS SWOLLEN. THE LANPLADY
AT AN INN ASKED IF T HAD BEEN
BEATEN BY SOMEBOPY.
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Heisenberg’s Picture of the Atom

Heisenberg hardly slept, dividing his time between inventing quantum
mechanics, climbing rocks and memorizing poems by Goethe. He was
attempting to work out a code for connecting the quantum numbers and
energy states in an atom with the experimentally determined frequencies
and intensities (brightness) of the light spectra.

STARTING POINT WAS
TO TREAT THE ATOM, NOT LIKE
A LITTLE SOLAR SYSTEM, BUT
LIKE A SIMPLE VIRTUAL OSCILLATOR
WHIZCH cOULD PROPUCE ALL THE

FREQUENCIES OF THE
SPECTRUM.

Using the concept which Bohr had called the correspondence principle,

(where quantum and classical regions overlap), Heisenberg imagined

the Bohr atom at very large orbits. There the orbital frequency would

equal the radiation frequency and the atom would be like a simple linear
124 oscillator.

This was similar to what Planck had done on black-body radiation in 1900.

He knew how to analyse this problem from classical physics. Familiar
quantities like the linear momentum (p) and the displacement from
equilibrium (q) could now be used. Classically, he could solve the
equation of motion, then calculate the energy of the particle in the
state n, the quantized values, E,,.

From the largest orbit — where he could get answers — he then tried to

extrapolate inside the atom. Here his intuition, some would call it genius,
led him to a formula for including all the possible states. He had broken
the spectral code.
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At this point, knowing he was close to something quite new, Heisenberg

made a startling discovery. % o
, f \Im was much troubled by

IN
cLassicAL
THEORY THE \ this property, which violateg
PROPUCT p TI
ey bl
THE REVE
qTIMES P . .\. = 6 multiplication.

IN QUANTUM
THEORY, THIS |5

NOT NECESSARILY

15 A VERY

PIsAGREEABLE
SITUATION ANP T
AM TERRIBLY WORRIEP
THAT V@W@mm NOT
EQUAL gqp/
In order to obtain the correct frequencies and intensities of the spectral

lines for his theory, Heisenberg somehow had to include the quantum
postulate, as did Bohr.

I GUESSED
THAT THE PIFFERENCE . . .
vJ\_.. ﬁs\b@ NOT ZERO
BUTEQUAL TOWZ Tti,
WHERE 1 ISv=1, AN
IMAGINARY NUMBER.
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" That very night on Helgoland, he was able to show that the energy states

were quantized and time independent, i.e. they were stationary as in
the Bohr atom. He later called this . . .

/

IT WAS ABOUT
THREE O'cLOCK AT NIGHT WHEN
THE FINAL RESULT OF THE CALCULATION

SHAKEN, 50 EXCITED THAT I cOULDP
NOT THINK OF SLEEP.

S0 I LEFT THE HOUSE
AND AWAITED THE SUNRISE ON

TOP OF A ROCK. THAT WAS I THE

NIGHT OF HELGOLAND" .

On 19 June, Heisenberg returned to
Goéttingen and sent his results to
Pauli, the invaluable critic. If his
theory was correct, he had taken a
first step towards killing the concept
of orbits. He was now almost fully
recovered from both his illnesses . . .
the hay fever and the electron orbits! 127

N



Max Born and Matrix Mechanics

Pauli’'s reaction was favourable. So before setting off for a visit to the
Cavendish Laboratory in Cambridge and a walking holiday, Heisenberg
set the paper before Max Born.

VERY ENTHUSIASTIC
ABOUT HEISENBERG'S WORK
AND BEGAN TO THINK DAY AND
NIGHT ABOUT THE STRANGE
MULTIPLICATION
LAW.

ONE MORNING ABOUT
10 vULY, T SUPPENLY SAW THE
LIGHT. HEISENBERG'S SYMBOLIC

MULTIPLICATION WAS NOTHING
MORE THAN MATRIX CALCLLLS,
WELL KNOWN TO ME SINCE
MY STUPENT DAYS.

And with this, matrix mechanics
was born — or perhaps one should
write “Born”. Working with a talented
student, Pascual Jordan (1902-80)
— an expert on matrix methods —
Born transposed Heisenberg’s theory
into a systematic matrix language.

Now the frequencies of the optical spectrum could be represented by an
infinite matrix which looks like this . . .

fma fu he fis fu fis fe ete
faa fa2 fes fa fas f2e  etc
fsi faz fas fas fas fae etc.
fa fa2 fis fu fis fie ete.
etc. etc. etc. etc. etc. etc. etc.

Since Heisenberg’s idea was that the individual oscillators with momentum
p(t) and displacement q(t) vibrate with these frequencies, they will also
be infinite matrices.

P11 P12 Pz Pis etC. q quu iz Qs qus etc.
P21 P22 P23 Pas  etc and Qo1 Qe Qo3 Qa2 etc.
Ps1 Ps2 Psas Pss etc. Q31 Qsz Qas Cas etC.
etc. etc. etc. etc. etc. etc. etc. etc. etc. etc.

Heisenberg’s quantum postulate was introduced to obtain the correct
frequencies and intensities, each represented by a set of two numbers in
matrix form.

pq-qp = (h/2ri) | (quantum condition)

l is the unit matrix which looks like this . . .

1= 1 0 0 etc.
0 1 0 etc.
0 0 1 etc.
etc. etc. etc. etc.
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