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is for El e phant

It was six men of Indostan*
To learn ing much In clined,
Who went to see the El e phant
(Though all of them were blind),
That each by ob ser va tion
Might sat isfy his mind

The First ap proached the El e phant,
and hap pen ing to fall
Against his broad and sturdy side,
At once be gan to bawl:
"God bless me! but the El e phant
Is very like a wall!"

The Sec ond, feel ing of the tusk,
Cried, "Ho, what have we here 
So very round and smooth and sharp?
To me 'tis mighty clear
This won der of an El e phant
Is very like a spear!"

The Third ap proached the an i mal,
and hap pen ing to take
The squirm ing trunk within his hands,
Thus boldly up and spake:
"I see," quoth he,
"The El e phant is very like a snake!"

The Fourth reached out an ea ger hand,
and felt above the knee,
"What most this won drous beast is like 
Is mighty plain" quoth he;
"'Tis clear enough the El e phant
Is very like a tree!"

The Fifth who chanced to touch the ear,
Said: "E'en the blind est man
Can tell what this re sem bles most;
Deny the fact who can;
This mar vel of an El e phant
Is very like a fan!"
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is for Tran sients; it is a re minder that the be hav ior of tran sient phe nom ena can be 
very dif fer ent from that of sim ple and ide al ized steady states. The quan tum formulism
changes the way tran sient phe nom ena are cal cu lated and un der stood. Vi brat ing elec -

trons still ra di ate elec tro mag netic en ergy as they do in the clas si cal case; how ever, the elec trons in 
the sta ble or bits of at oms do not ra di ate.

When elec trons jump from one quantized en ergy level to an other, there is no fill ing in be tween of 
imag i nary tran si tional states. The jumps oc cur as in di vis i ble and dis crete chunks which defy fur ther
anal y sis. Nor are they “in stan ta neous”. The quan tum formulism is com pat i ble with Ein stein's Spe cial
Rel a tiv ity wherein “in stan ta neous” is not even a vi a ble con cept.  Tran sient phe nom ena in quan tum
phys ics have never been shown to vi o late the un cer tainty re la tions. A quan tum ran dom walk 
can prop a gate much faster than a clas si cal one; how ever, it will stay within the light-cone re straints 
of spe cial rel a tiv ity and it will not cause Planck's quanta to be par ti tioned into smaller units of ac tion
than the un cer tainty re la tions al low.

A baf fling phe nom ena for phys i cists try ing to un der stand the sta bil ity of at oms has been the sud den
transmu ta tion of nu clei, un der cer tain con di tions, from one form to an other. Changes oc cur which 
Clas si cal Phys ics would deem to be im pos si ble be cause there is an in sur mount able wall or en ergy cost
pre vent ing them from oc cur ring. Par ti cles sud denly ap pear out of no where in a pro cess that George
Gamow called Tun nel ing. T is for Tun nel ing. Gamow was among the first to show that the heat and
light from the sun is due to nu clear fu sion vi o lently oc cur ring in the core of the sun. He then had to
show that if the bril liance of the sun is due to an im mense ther mo nu clear ex plo sion, then why does n't
the sun blow it self apart in a few min utes, or days, or years? How is it pos si ble that the sun can main -
tain a steady state within close tol er ances for mil lions of years? The key to its sta bil ity is its im mense
grav ity, the same force that ig nited the nu clear fu sion in the first place. This grav i ta tional con trol and
con tain ment is not some thing that can be rep li cated on earth; you would need the mass of a star to do it
di rectly and that is why nu clear fu sion has not been a strong con tender as a net source of en ergy.

The ex plan a tory power of quan tum phys ics is suf fi ciently strong for it to ex plain both the sta bil ity of 
at oms and also their in sta bil i ties. In or di nary chem is try, the fo cus is on the elec tron clouds around the
nu clei. With ra dio ac tiv ity, fis sion and fu sion, the fo cus is on how atomic nu clei can jump from one
steady state to an other with sud den trans for ma tions ac com pa nied by flashes of light and ex otic par ti cles. 
The the ory does not give one a time-lapse se quence of an in di vid ual tun nel ing event. In stead it gives
you a sta tis ti cal ac count ing of what will likely hap pen if a cer tain sit u a tion is re peated a great many
times. As we have been re minded in so many other as pects of the el e phant, the the ory does not re ally
have a no tion for “in di vid u als”.

There is the pos si bil ity that clever ex per i ments will per mit us to dig deeper into tran sients than 
stan dard quan tum the ory al lows us to go. If such were to hap pen, it would rev o lu tion ize the ways 
that fun da men tal phys ics deals with Time. T is for Tran sients. T is for Time and the mys ter ies they
hold in dis cov er ing what ex actly is the large and strange an i mal that quan tum phys i cists are prob ing.



The Sixth no sooner had be gun
About the beast to grope,
Than, seiz ing on the swing ing tail
that fell within his scope,
"I see," quoth he, "the El e phant
Is very like a rope!"

And so these men of Indostan
Dis puted loud and long,
Each in his own opin ion
Ex ceed ing stiff and strong,
Though each was partly in the right,
And all were in the wrong!

MORAL

So oft in theologic wars,
The dis pu tants, I ween,
Rail on in ut ter ig no rance
Of what each other mean,
And prate about an El e phant
Not one of them has seen!

* from The Po ems of John Godfrey Saxe
Boston: James R. Osgood and Com pany, 1873

pages 135-136, The Blind Men and the El e phant
sub ti tled: A Hindoo Fa ble
sec tion: Fairy Tales, Leg ends and Apologue

PRO LOGUE

My first en coun ter with the lit er a ture on quan tum phys ics was in 1965 when I checked out George
Gamow's Mr Tompkins in Won der land. It was from my school li brary in Maadi, a few miles south 
of Cairo, Egypt at Cairo Amer i can Col lege, an in ter na tional Eng lish-speak ing school with grades from
kin der gar ten through twelve. I was in the fourth or fifth grade. Mr. Gamow's book also had an in tro -
duc tion to Ein stein's The ory of Rel a tiv ity. Many years later, I learned that Gamow was a dis tin guished
phys i cist who started in Rus sia and tried to es cape by kayak with his wife dur ing Sta lin's re gime. Af ter  
fruit ful time at the Niels Bohr In sti tute in Co pen ha gen, dur ing which he pi o neered re search in the hot
big bang the ory and also quan tum tun nel ing, he fi nally set tled in Boul der, Col o rado where, as he put it, 
his son could be a cow boy. The two tall est build ings on the Uni ver sity of Col o rado cam pus at Boul der
are named the Gamow Tow ers in his honor. (The w in Gamow is pro nounced as a v.)

I ar rived in Boul der as a grad u ate stu dent in math e mat i cal phys ics eight years af ter George Gamow's
death. I even tu ally learned that Mr. Gamow and I have the same birth day, March 4. I pre sume that
these co in ci dences and oth ers are ac ci den tal and not worth men tion ing ex cept for the sake of cre at ing 
a story. For ex am ple, Niels Bohr was a Knight of The Or der of the El e phant, Elefantordenen.
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There are many ex am ples of this which are some what tech ni cal. Here are two that are old, rel a tively
sim ple and yet sur pris ingly dif fi cult to prove. An an cient ex am ple that Eu clid proves at the end of his
mag num opus is the incontestible fact that in flat 3 di men sional space there can be only FIVE Pla tonic
sol ids. An other ex am ple, proved with much ef fort more re cently is that it takes only FOUR col ors to
shade the re gions of a map so that no two coun tries or re gions share a bor der of the same color ex cept
at a point.  Just 4 col ors are need, just 5 Pla tonic sol ids—that's two  re mark ably sim ple and small 
num bers or dained by pure math e mat ics that limit how the phys i cal world can be.

The N for Num ber in El e phant stands for a tenet in phys ics that has been like pay dirt: Ev ery thing that
can be ob served or po ten tially ob served has a num ber, a fi nite num ber, not nec es sar ily a pretty num ber
or a small num ber. The cru cial tenet is that ev ery thing phys i cal is fi nite. It is true that in phys ics some
of these num bers can be mul ti di men sional and ab stract. The fact re mains that there is not one com po -
nent in these fancy num bers that can be mea sured that is not fi nite. There are many uses of in fin ity and
even in fi nite di men sional spaces in phys ics; how ever, when it co mes down to data that can be phys i -
cally re al ized, no where in phys ics is in fin ity an ac cept able an swer. Ev ery in fin ity that raises its head in
a cal cu la tion (or phi los o phy) is deemed to be some thing to be lopped off and neu tral ized. For ev ery -
thing, there is a num ber, or a col lec tion of num bers, a ma trix, a ten sor an octonian … and yet no mat ter 
how ab stract and strange its rules may seem, not one of its ob serv able com po nents is in fi nite. The
anti-mys ti cism rule that keeps phys ics free of vi ruses is this: for ev ery thing there are Num bers. 
You can't do phys ics with out play ing by the num bers.

The his tory of phys ics, as tron omy and bi ol ogy, in terms of the re ally big ideas, is a se ries of les sons 
on re mov ing in fin i ties that have clogged the mind of man. It be gan with Ar chi me des and his book 
The Sand Reck oner in which he taught that the num ber of grains of sand on a beach is not in fi nite; 
it is in stead a num ber, a num ber that we mor tals can cal cu late with a de gree of pre ci sion. Fi nite ness 
is the lode star of Sci ence. Ev ery thing phys i cal is FI NITE. If we could spell El e phant with an F as in
Elefant, this F for Fi nite ness would be in the cen ter. Ev ery thing in the phys i cal uni verse is com put able
with a fi nite num ber of steps and a fi nite amount of re sources, even if that com pu ta tion is the phys i cal
uni verse it self.

The jour ney of phys ics has been one of re mov ing false in fin i ties. That is how it was in the res o lu tion of 
Olber's par a dox and in re mov ing the ul tra vi o let ca tas tro phe in black body ra di a tion. When one sweeps
away un nec es sary in fin i ties, one of ten learns about bound ary con di tions and con tex tual re quire ments
that pre vi ously had not been con sid ered. Rel a tiv ity the ory and quan tum phys ics put fi nite lim its on what 
was be fore imag ined to be in fi nite. The re sult has been the dis cov ery of rich struc tures as in light-cones 
and event ho ri zons that were un think able with out these lim its. A lead ing chal lenge in the o ret i cal phys ics 

is to find the cor rect way of com put ing things so
that noth ing phys i cal is cal cu lated as be ing in fi nite. 
As with par a doxes, a per ceived in fin ity in the
phys i cal uni verse is a tem po rary ar ti fact that top -
ples like a false god af ter we have set up our cal cu -
la tions prop erly. Each imag ined phys i cal in fin ity is 
a sign post of where we have not thought long and
hard enough.

Ar chi me des gave fi nite an swers to things that peo -
ple thought could not be reck oned by mor tals. It
was with New ton in par tic u lar that we learned how 
to get fi nite an swers from in fi nite sums and con -
nect this new cal cu lus to the phys i cal world.
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I fo cused on learn ing Ein stein's Gen eral Rel a tiv ity and in un der stand ing the sin gu lar ity the o rems in 
a very dense book by Hawk ing and Ellis called The Large Scale Struc ture of Space-Time. I toyed a 
bit with Feynman's path in te gral ap proach to quan tum me chan ics and I also main tained my in ter ests 
in en gi neer ing, es pe cially its more down to earth and prac ti cal as pects. The ab stract ness, dif fi culty 
and end less ness of math e mat i cal phys ics did not sit well with me. Af ter I grad u ated, on oc ca sion as 
a hobby, I used my math e mat i cal back ground to prop erly re view and study quan tum me chan ics. 
I of ten thought about how clever and ap peal ing Gamow's pre sen ta tions were. I con tem plated writ ing
some thing suc cinct on quan tum phys ics that would be ed u ca tional and en ter tain ing to be gin ners.
Around the late 1980's, I had in hand, the draft for a short book.  Gamow's pub lisher, Cam bridge 
Uni ver sity Press, wrote to me and en cour aged me to sub mit  a fi nal ver sion.

Be that as it may, I was never sure about my whole un der stand ing of this quan tum busi ness. 
There were a num ber of pop u lar ex po si tions in the mar ket, some by real phys i cists, that I felt 
were as mis lead ing as they were help ful. Re cessed in my mem ory was also an ex pe ri ence that 
I had at the Cairo Amer i can Col lege li brary, an ex pe ri ence that is per haps not pos si ble to day, 
as it would be con sid ered to be "po lit i cally in cor rect".  Af ter read ing Gamow's Won der land 
book I was prompted to look for ad di tional re sources on Ein stein's Rel a tiv ity. Right at that time 
(circa 1965), the li brary had a dis play of books on a round ta ble with a large plac ard set in the 
mid dle that said "Pseudoscience".  This was a new word for me and a rev e la tion at my ten der 
age of ten. Un til then, I had as sumed that any thing hard bound as a book is truth ful in for ma tion, 
if it is writ ten in the lan guage of sci ence and math e mat ics. That tab le top dem on stra tion served 
me well and has kept me out of much of the trou ble that is in pre sen ta tions of quan tum phys ics. 
It has also made it very dif fi cult for me to write any thing con clu sive about the sub ject, even 
though I have been ac quainted with it off and on for 45 years. In a short pre sen ta tion it can be 
very dif fi cult to not sound cav a lier or to use what Wikipedia calls “wea sel words”!

There are chasms be tween rig or ous ex per i men tal phys ics and ab stract math e mat i cal phys ics and even
larger voids from these dis ci plines to their var i ous popularizations. A lot gets lost in trans la tion from
one dis ci pline to an other and the dis ci plines them selves are frac tured in a hun dred dif fer ent ways. 
One would have to be an in side ex pert to re ally spot when phrases do what wea sels do, which is 
suck out the in sides of an egg and leave with you some thing that looks in tact on the out side and 
yet is hol low and void of mean ing and is in ca pa ble of bear ing fruit.

Through the years, I have had a few op por tu ni ties to dis cuss with lead ers of the field, even vi sion ar ies
(like John Wheeler), the challenges in pre sent ing quan tum phys ics to non-ex perts (in clud ing my self). 
In the year 2002, I made a pil grim-
age to the Niels Bohr In sti tute 
in Copenhagen. I was sur prised to 
see 100 me ters of wild graf fiti on 
the wall the In sti tute shares with 
Fælled Park. In the photo to the 
right, one can see the In sti tute's 
mid-level win dows over the wall. 
A cou ple of years later, in Decem-
ber of 2004, I was able to visit 
briefly with Pro fes sor Anton 
Zeilinger in Vi enna. He kindly 
talked with me and then let me 
pho to graph some of his 
ex per i ments.
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is for Am pli fi ca tion. A is a re minder that with out ir re vers ible pro cesses to reg is ter 
what is go ing on, we have no con crete An nounce ments and just vir tual noth ings. 
With out those big ra di at ing ears, Hor ton the El e phant could never hear a Who. 
As John Wheeler put it: “No el e men tary phe nom e non is a phe nom e non un til 

it is brought to a close by an ir re vers ible act of am pli fi ca tion.” Ex actly how this oc curs is de bat able 
and test able. Some of the the ory falls un der the key word decoherence. The big ears of the el e phant 
are a re minder that is takes lots of Air-con di tion ing and heat dis si pa tion into the en vi ron ment for its 
ir re vers ible pro cesses to oc cur.

All de tec tors in volve a means of am pli fi ca tion which dis or ders and dis perses en ergy in the pro cess of
mak ing re cords. When pho to graphic film is ex posed to a rain of in com ing pho tons, its ini tially uni form
ar range ment of sil ver io dide crys tals is al tered into a com plex pat tern of ex cited and un ex cited grains.
Once a re cord has been made, it can not be un done or erased with out dis si pat ing even more en ergy.
Con cen trated or der which has be come spread out will not re turn to its orig i nal form by it self any more
than heat will flow from cold to hot.

It is of ten taught that when a tidy room be comes messy, the de gree of dis or ga ni za tion is a mea sure of
its en tropy. How ever, re gard less of how much the ob jects in a room are mixed up and shuf fled, at no
point does the en tropy of an in di vid ual ob ject or the sum of the ob jects change. The in crease in en tropy
is due to the work ex pended in cre at ing the mess. The heat this work cre ates is dis si pated to the en vi -
ron ment. There is also a heat loss and en tropy in crease in clean ing the room.

is for Num ber and the strange ways that things can be counted, be they fer mions, 
bos ons or com plex-val ued am pli tudes. At a glance, our el e phant has four legs that 
look very sim i lar. A quick and nar row view may not be able to tell left from right 

or for wards from back wards.

N is a re minder that more is dif fer ent and that with a ple num, the phys ics it self can change, 
al though just where and how we have yet to learn. N is in praise of the re ally big num bers, 
num bers like Avo ga dro's con stant 6.0255 x 10 23 for a mole of at oms. That gar gan tuan num ber 
of at oms can be just a few spoon fuls of ma te rial. How many pho tons (in the vis i ble spec trum) 
en ter the pu pils of one's eyes in a life time (with two-fifths of a life spent with eyes closed)? 
There is a num ber for that, on the or der of Avo ga dro's num ber.

N is for the com put able as pects of the world for which we can give ac cu rate num bers, ver sus the 
incomputable as pects for which there is no math e mat i cal rigor or ob jec tiv ity. The chal lenge can start
with prov ing, with out a shadow of doubt, whether a num ber is zero or not zero. For ex am ple, one
could try to show that there is a non-zero prob a bil ity (maybe even a cer tainty) that the big bang was
caused by a quan tum fluc tu a tion. Hav ing gone that far, one could then try to show that there is zero
chance that any ma chine on earth (or in the heav ens) can cause an other big bang. Get ting hard num bers
to easy ques tions can be very dif fi cult. Peo ple get used to things be ing fuzzy and am big u ous. How ever, 
in the world of math e mat i cal phys ics, there are tight struc tures for which there are ex act num bers with 
no room for fudg ing what so ever.
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In Feb ru ary of 2010, cir cum stances made it possible for me to visit with Paul Kwiat of the Uni ver sity
of Il li nois at Ur bana-Champaign and to share with him my hope for a clear ex po si tion of what quan tum
phys ics is try ing to tell us. On my way to Loomis Lab o ra tory for our ap pointed meet ing, 
I tried to come up with a mne monic de vice to help me nav i gate through the dif fer ent top ics that I
wanted to dis cuss with him. I de cided to use the body of an el e phant. As I as cended the stair well of
Loomis Lab o ra tory to Kwiat's of fice on the third floor, I no ticed the cop per shell of a cy clo tron
mounted in the stair well. My pho to graph of it is on the cover of this primer. As I gazed upon it, 
I weighed in my mind the wealth of phys ics that has come out of this small el e phant-shaped ob ject 
only a few feet across. I also con sid ered how the ex per i ments of Kwiat's group—fifty years af ter the 
lit tle cy clo tron's heyday—are also small and path break ing.  I do not fully un der stand the ex per i ments
of Kwiat's or Zeilinger's groups, and yet I feel that they lead the way in unraveling the les sons of the
quantum. Over and beyond the tech no log i cal prom ise of the ex per i ments, they are im por tant be cause
they are rel a tively in ex pen sive to rep li cate and they have a high de gree of ed u ca tional trans par ency in
con trast with the vastly more com pli cated ex per i ments of CERN or those of a mod ern med i cal lab.
They are rem i nis cent of the way sci ence used to be be fore the 20th cen tury, back when cu ri ous 
in di vid u als would ex per i ment with ba sic chem is try, elec tric ity and mag ne tism on a sin gle ta ble top.

This lit tle primer is a sum mary of what I know about this strange quan tum busi ness. I have put ev ery -
thing un der the head ing of EL E PHANT, in mem ory of the fa ble of the blind men en coun ter ing some -
thing large and strange. As John Preskill and Leon ard Susskind have shown, once mem o ries are made,
the el e phant never for gets. Per haps this is a one-sided view in which in for ma tion can be cre ated and yet 
not de stroyed. It could have some thing to do with the di rec tion of time and mak ing time. Or it could be
that Preskill and Susskind feel that in for ma tion is never cre ated, but in stead it is con served for all time,
al beit en tan gled in many forms.

With out fur ther ado, let us get to the heart of the mat ter and un pack the el e phant.

A cu ri ous thing about this mea sure for “ac tion” is that the dy nam i cal equa tions for how ac tion plays out 
have clas si cal roots that ex tend from the an cient Greeks (Hero of Al ex an dria to name one) to nine teenth 
cen tury gi ants like Sir Wil liam Ro wan Ham il ton. The analysis of ac tion continues all the way to 21st
cen tury at tempts to en cap su late the most dif fi cult the o ret i cal phys ics into the fol low ing in cred i bly short
and dense equa tion: dS=0. We can not be gin to un fold what this means here; we will sim ply note that
the cap i tal S here is a mea sure of ac tion.  The d sym bol is from a high form of cal cu lus called the 
Cal cu lus of Vari a tions. It is not to be mis taken for the more pe des trian cal cu lus sym bols d, D or delta
for the change of a lowly vari able. In plain Eng lish, the for mula says that the most prob a ble states have 
a sta bil ity in the fol low ing sense:  slight de vi a tions away from them to neighboring states en tails only
an inperceptible (sec ond or der) change in S. Dig deeper and you en coun ter a ubiq ui tous mea sure of en -
ergy through time called The Hamiltonian. H is for Ham il ton.

Quantized Ac tions are not strange to us. Walk into a chain store and you are con fronted with an ar ray
of prod ucts that have been man u fac tured on as sem bly lines. Even the stores them selves are cop ies of
other stores bound into large chains which em ploy peo ple to per form the same tasks over and over
again. One may well la ment the loss of tai lor made goods and ad mire art ists who never re peat them -
selves. How ever, the low price of prod ucts made from stan dard ized parts and re peated tasks is proof
enough that the ef fi ciency of the as sem bly line is here to say. Al though it is a some what mod ern in no -
va tion, it mimicks the im per sonal and quantized pro duc tion that has been go ing on in the sub-mi cro -
scopic realms all along.

The gaps be tween dif fer ent atomic states are a bit like the gaps be tween the teeth of me chan i cal gears. 
Just as only cer tain gears can be meshed to gether, only cer tain atomic states can be linked with other
ones to form a chem i cal bond. This fact greatly re duces the guess work for a chem ist who knows the
geo met ric shape of mol e cules and wants to build some thing. He needs to ex per i ment with only a fi nite
col lec tion of al ter na tives that will ei ther click to gether or not. When a de sir able com bi na tion has been
found, it can be pre cisely re pro duced be cause of the ir re duc ible gaps sep a rat ing dif fer ent pos si bil i ties.
No tice here how the fi nite ness of na ture has made a task more man age able and solv able than it would
be if there were an in fi nite con tin uum of choices to sort out. Quantization can be a means to wards or der 
and sta bil ity.

What re ally makes each atomic state crisp and dis tinct is the fact that there is a min i mum gap size 
sep a rated from zero. It is not a sub stance but in stead the small est chunk of ac tion that can oc cur in 
na ture.  This min i mum amount by which things can change or be dis tin guished from one an other is 
the long sought for ir re duc ible in de struc ti ble “atom” of the an cients.

Ev ery one is fa mil iar with dig i tal clocks whose dis plays can only change abruptly from one state to 
an other. In a sense, a dig i tal clock has quantized time into min i mum units of sec onds or min utes. 
Ev ery change of its dis play is a “quan tum jump” from one state to an other. A mod ern mo tion pic ture
quantizes each sec ond of ac tion into six teen or twenty-four still pic ture frames per second. When these
im ages are shown in rapid suc ces sion they con vey, with scarcely a flicker, the il lu sion of con tin u ous
mo tion. The smooth ness of space and time in the real world is an il lu sion built of bil lions of el e men tary 
quan tum phe nom ena. The world has an ap par ent ultrafine de tail and con ti nu ity be cause com pared with 
our own size, Planck's ir re duc ible “atom” is very tiny. We typ i cally see only the smoothed out av er age 
of bil lions of quantized ac tions.

Phys i cists are not yet able to prove why Planck's con stant has the par tic u lar value it has. They can 
mea sure it and use it with phe nom e nal suc cess in their phys i cal the o ries, but they can not climb out 
of quan tum phys ics and de rive it.  How ever, they can show that if Planck's con stant were al tered 
the slight est amount, the en tire uni verse would be vastly dif fer ent.

The large cartoonish mu ral on the Park's side of the 
Bohr In sti tute had been up for 14 years by the time I 
pho to graphed it. It may no lon ger be vis i ble; I can not
find past im ages of it us ing Google. The im age at the
bot tom of page 4 has the art ist's ini tials, TF, and the
date 88. It in cludes a sim ple and fa mous for mula by
Bohr from his 1913 ar ti cle. This for mula for a quan tum
jump in en ergy was once on a Dan ish post age stamp.
The im age to the right has the huge let ters (in Eng lish)
say ing “House of Magic”. In side the In sti tute, I was 
al lowed to see the re mains of its cy clo tron and also 
to visit Bohr's per sonal of fice.

On his wall is an ar ray of pho to graphs 
of him with the at ten dees of the many 
con fer ences that were so im por tant in 
his life. The two individuals given 
rather large pho to graphs in this view 
of his of fice are John Wheeler and 
George Gamow, great phys i cists 
who are also note wor thy for their 
pop u larizations of quan tum 
me chan i cal ex per i ments and the ory.
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is for El e phant. E is for Ex per i ments. E is for En tan gle ments. Is there a rig or ous 
for mula for mea sur ing en tan gle ment? Are mea sures for en tan gle ment the same as 
those for En tropy? For a gifted ed u ca tor, the Pro me thean task is to bring the for mu lae 
for en tan gle ment and en tropy down from Olym pus so that or di nary peo ple can ben e fit

from them as peo ple ben e fit from the gift of fire. John Wheeler brought Ein stein's les sons of
covariance down to the in tro duc tory phys ics level where it be longs. Can the same be done for 
the Les sons of the Quan tum? Many have tried to do so, yet in their de scrip tions of how a mea sure-
ment cre ates as pects of re al ity, they have come dan ger ously close to bring ing more con fu sion than 
en light en ment. If the heart of phys ics is about what re mains the same, over and above all of the 
trans for ma tions that are oc cur ring, then how can phys ics prop erly deal with cre ativ ity?

Phys i cists like Leon ard Susskind, John Preskill and Charles Bennett have given com pel ling rea sons for
there to be a mea sure of in for ma tion in phys ics that re mains pre served, even when en tropy is in creas ing 
very rap idly. In this quan tum busi ness, the el e phant never for gets. Let the el e phant's long and pre cious
tusks be a re minder of the pos si bil ity of there be ing a "con ser va tion of in for ma tion" law in phys ics.
Like the enamel of teeth, ivory en dures and it can be used to re cover a fair amount of in for ma tion about 
a spe cies. Ivory is also now a con served quan tity. It may be that by con ser va tion of in for ma tion we
mean lit tle more than that Schrödinger-like equa tions are uni tary: <v|w> = <Rv|Rw> where R is
an op er a tor that ef fec tively does noth ing more than a Ro ta tion in some ab stract space. Per haps Susskind 
and com pany have some thing more in mind.

When one walks into Paul Kwiat's of fice in the De part ment of Phyisics at the Uni ver sity of Il li nois and
into his lab o ra tory, one sees pa pers and doc u ments piled high and sim ple look ing elec tronic and op ti cal
de vices spread out and partly con nected like a kid's jum ble set of tin ker-toys in the mid dle of a pro ject.
It does not look very or ga nized; pa pers, tools and de vices are lost and found. As the head of his group,
it is partly Kwiat's busi ness to keep track of the in ven tory and to sum ma rize what is go ing on. Out in
the hall way, there are big post ers with di a grams and graphs which are like mne monic de vices to al gor -
ith mi cally en cap su late and re call what all of the fuss is about.

For a mea sure of in for ma tion, one could try the fol low ing. The quan tity of in for ma tion in a sys tem is
the min i mum num ber of qubits needed to en code it. This def i ni tion does not ad dress the dif fer ence 
be tween quan tity and qual ity; nor does it cap ture what we might mean by al go rith mic mem ory. An 
al go rithm is a rule. Sim ple rules like con ser va tion of en ergy, spin, charge and mo men tum  en cap su late
much of the in for ma tion one gets, in a bub ble cham ber pic ture, for in stance, or in bal anc ing a chem i cal 
equa tion. A sim ple rule can cover a lot of ground; however, can a rule for gen er at ing the Mandelbrot
set, for ex am ple, re ally cap ture what one sees when ex plor ing the fan tas tic im ag ery the rule gen er ates?

The parts of the el e phant that rep re sent E for En tan gle ment are its mouth and hind end, be cause it is
through those open ings in par tic u lar that it is en tan gled with its sur round ings al though there are sig nif i -
cant other open ings: eyes, ears, skin pores and more. From the folds and wrin kles of the skin, a trained 
eye can read much into the el e phant's his tory, health and age. The E for En tan gle ment is syn on y mous
with the de gree that its parts in ter act with and are mixed with its En vi ron ment. Each of these in ter -
changes is con com i tant with an in crease of En tropy. What ever was pure and vir gin quickly be comes
mixed, com pli cated, en tan gled and aged as the el e phant takes in con cen trated forms of en ergy and 
con verts them to other forms to main tain its body in ac cor dance with the 2nd Law of Thermodynamics. 
All of the fol low ing quan ti ties in crease in tan dem: en tropy, com plex ity, mix ing, en tan gle ment, ag ing,
mem o ries and in for ma tion. Ag ing, Com plex ity, Mix ing and En tan gle ments are all rolled into one, 
A Com pany Mak ing Ev ery thing, ACME.

is for Prob a bil ity. Long be fore en tan gle ment was a buzz word, it was the 1920's 
Bose-Ein stein and Fermi-Dirac sta tis tics that gave us a han dle on in dis tin guish able 
par ti cles and many-body prob lems in quan tum phys ics. 

P is a re minder that it is thanks to the ex is tence of ex actly iden ti cal par ti cles that carry no trace of their
his tory that we can have batches of them to run many tri als of an ex per i ment. With out them, there
would be none of the re peat abil ity which is the very hall mark and foun da tion of the sci en tific method.
With out them we could not speak of "prop er ties" and pat terns that can re li ably be ex pected to oc cur
when one per forms a cook book-like se quence of steps to bring out these pat terns. P is Pat terns and
Prop er ties that have Pre dict able ex pec ta tion val ues. P is for Pos si bil i ties and more spe cif i cally, what is
Prob a ble. P is for Pachy derm, the thick skin of what is ev i dent. P is for Pre pos ter ous! 

We are ac cus tomed to think ing in terms of av er ages and not of in di vid ual and un pre dict able events. 
The fair est lawn is built of in di vid ual blades of grass; the silk i est pow der is but coarse par ti cles.  
The wind may feel smooth and ca ress ing, but it just the fi nite move ment of dis crete mol e cules.

is for Planck's Con stant h. It is a re minder that there are phys i cal lim its as to how much
one can cut and dis sect be fore one is at risk of try ing to do more than is phys i cally 
pos si ble to pre dict the out come of sim ple ex per i ments. H is for Ho lism in con trast to

reductionism. H is for Hits in the sense that in the quan tum world, it is ev ery thing or noth ing; you
work with dis crete num bers of whole par ti cles, pho tons, whole elec trons or whole gaps or with noth ing
at all. The break ing down of com plex ob jects into a sum of dis crete and anon y mous parts is a men tal
and phys i cal ex er cise that pre ceded the quan tum rev o lu tion by many gen er a tions. It be gan with
Democritus and lay dor mant for a long time. It re gained its vigor with the be gin nings of mod ern 
chem is try and the dis cov ery of the Pe ri odic Ta ble of El e ments. 

At the same time that vi sion ar ies like Mendeleev were see ing pat terns re peated across a few score of 
known el e ments, the In dus trial Rev o lu tion was in full swing in which parts were man u fac tured in bulk
in dis crete sizes that jumped from one ex act size to the next with no con tin uum of sizes fill ing the in ter -
vals in be tween. Lit tle did they know in the ma chin ing of a Colt Re volver for mass pro duc tion, not only 
were they pro duc ing some thing pow er ful with in cred i ble ef fi ciency, they were also mim ick ing the way
na ture op er ates at the atomic level in which ev ery thing co mes in dis crete in ter vals and with parts (like
elec trons) that can be in ter changed (with any other elec tron in a ma chine) with no no tice able ef fect.

150 years af ter the Colt Re volver and much deeper into the In dus trial Rev o lu tion, we are in the so
called "In for ma tion Age." Whether we are wiser or more in formed is de bat able; how ever, we all have
come to ap pre ci ate the value in hav ing in for ma tion dig i tized. Dig i tal data does not de te ri o rate with time 
or when it is cop ied. It is more du ra ble than gold; Kings of yore would have gone to the ends of the
earth to have this du ra bil ity and fi del ity. And yet, this dig i tiz ing of memory is what has been go ing on
in the quan tum and atomic world all along. The first hard glimpse into it was the dis cov ery and mea -
sure ment of Planck's con stant h @ 6.626 x 10 -34 joule-sec ond. No tice that it is not just a num ber. It has 
units; it has di men sions—very cu ri ous di men sions. For phys i cists, they are known to be the units for
“ac tion”. Ac tion can be re al ized in many dif fer ent ways. It is a com pli cated amal gam that can be the
prod uct of en ergy and time or the prod uct of po si tion and mo men tum or it could be torque or spin.
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The sim plest mea sure for ACME is area, as in the area of the event ho ri zon of a black hole.  
For sys tems in gen eral, its ex posed sur face area with its sur round ings can of ten be a good first 
approximation of its de gree of en tan gle ment. The rougher, more wrin kled and con vo luted the 
sur face, the greater is its ef fec tive area and its num ber of re cep ta cles for hold ing in for ma tion. 
The max imum phys i cal limit to the amount of in for ma tion that can be em bed ded within the skin, 
or equiv a lently en closed within the mass it sur rounds, is the area of a black hole of equiv a lent mass.
Quan tum phys ics sets this limit. A clas si cal treat ment of ACME is not go ing to be the same as a 
quan tum me chan i cal one.

is for LOOSE NESS.  It is a re minder that Quan tum Me chan ics never says more than 
it must. The the ory is glo ri ously si lent just where it should be. Peo ple have fa mously 
com plained that the the ory is in com plete and un re al is tic. Un der the ban ner of clas si cal 
re al ism, they have been in clined to make up things about na ture for which it might be

wiser to add noth ing. Peo ple have a nat u ral tal ent for fill ing in gaps. Imag i na tion is a won der ful 
power, yet it can be mis used to cre ate a mis lead ing spin on events. As Mark Twain would have
advised, “It is better to keep your mouth shut and ap pear stu pid than to open it and re move all doubt.”

Case in point: only in cer tain spe cially pre pared cases will Quan tum Me chan ics tell you ex actly what a
par tic u lar pho ton or elec tron will do. This is be cause it does not treat atomic par ti cles as be ing in di vid -
ual and dis tin guish able en ti ties, the way we com monly treat mac ro scopic ob jects. Quan tum Me chan ics
is si lent about in di vid ual events. It is al ways about the sta tis ti cal out come of col lec tions (en sem bles) of
ex actly re peat able set ups. The the ory is com pat i ble with the stance that there need not be a rea son for
ev ery thing. There need not be as many equa tions as un knowns. Not ev ery thing is de ter mined. There is
a fun da men tal loose ness in the ways things can be. The the ory does not pre tend to be a The ory of Ev -
ery thing (TOE) and it casts doubt on whether the ex is tence of a TOE would be rea son able or re al is tic.

The loose ness and in com plete ness of Quan tum Me chan ics need not be a de fect.

Quan tum Me chan ics leaves things not spec i fied to the level of de tail and tight ness that clas si cal phys ics
would re quire. For some, this in di cates a glar ing in com plete ness in the formulism; for oth ers, it is a
cause for cel e bra tion. As was noted by Rich ard Sheridan, in a dif fer ent con text and in a toast in 1802,
“The glo ri ous un cer tainty of these laws was a thing well known and com plained of, by all ig no rant 
peo ple, but all learned gen tle men con sid ered it as its great est ex cel lency.”

Re li gious de scrip tions and hid den vari able the o ries err in fill ing in where it would be wiser to pre sume
noth ing. If one can do an ex per i ment and ac tu ally show how the gods on Olym pus toy with us, then
bravo! Don't be sur prised how ever if the ef forts come up empty handed. We need not as sume that there 
is a glit ter ing cen tral mech a nism or om nip o tence un der ly ing ev ery thing.

The first ma jor ad vance in this di rec tion was the dis cov ery of the ex is tence of in scru ta ble in di vis i ble
par ti cles, “at oms” as Democritus called them. It is from this phys i cal foun da tion that clas si cal phys ics
and quan tum phys ics part com pany. Lo cal ism is un ten a ble for quantized par ti cles that can be swapped
with no ob serv able dif fer ence.

The 2nd Law of Ther mo dy nam ics en forces an en tropy in crease and heat-loss cost with each trans for ma -
tion of en ergy. How ever, through all of the changes, en ergy is still con served; that is the 1st Law 
of Ther mo dy nam ics. Al though Paul Kwiat does not doubt the va lid ity of these laws, he finds even the
1st Law to be rather as ton ish ing. Can all forms of en ergy re ally be equal?

There are peo ple who, for re li gious rea sons or for re spect of their an ces try, do not treat dif fer ent forms 
of en ergy equally. For ex am ple, the Amish have cu ri ous ways of han dling elec tric ity and horse power
(and then there are those cu ri ous Sab bath switches for the Jew ish faith). The Amish power their pneu -
matic shop tools by hav ing their en er getic chil dren pump their legs up and down on a bi cy cle-like con -
trap tion to compress air into a large tank. The Amish shun gas o line power in fa vor of horses. They also 
do not use con ven tional re frig er a tors; they con vert elec tric ones to run on pro pane.

Be that as it may for mat ters of faith, re li gion and her i tage, it all flies against the Gal i lean and Dar win -
ian move ments in sci ence which have pretty much thrown down ev ery cher ished hi er ar chy and put ev -
ery thing on a dem o cratic foun da tion of equal ity and gauge invariance. Ste phen Wol fram's Prin ci ple of
Com pu ta tional Equiv a lence is on this same path that the sci en tific method has been carrying us for a
great many gen er a tions.

If in equal ity is to have its place in the scheme of things, let us em ploy im par tial ex per i men tal tech -
niques to ori ent and guide our prej u dices.

A great ad van tage of Kwiat's group is that its ex per i ments are not pro hib i tively ex pen sive or com pli -
cated. If Kwiat wished to make a for tune, he could pull a Ste phen Wol fram; leave ac a de mia and mar ket 
his trea sure chest of tin ker-toys to sci en tists, ed u ca tors and hobby phys i cists around the world. With a
few years of ef fort, he could have Chi nese fac to ries pack ag ing the kits to charge lit tle more than what it 
costs for Mathematica™. 

We are lucky that our "El e phant" has two E's, be cause we need yet an other E word to drive home the
les sons of the quan tum. E is for Ex clu siv ity in the sense that with each de ci sion we make make on how
to set up an ex per i ment (or ex pe ri ence), we at the same time ex clude choices that are in com pat i ble with 
this de ci sion. One choice drives out and ex cludes an other. There is a cer tain hard ness in the way one 
choice crowds out other pos si bil i ties from shar ing in the same mo ment. Ev ery de ci sion car ries with it
the cost of Ex cluded (forgone) opportunities. In chem is try, there is a dis tant yet re lated cousin called
the Pauli Ex clu sion Prin ci ple. In its sim plest form, it says that no two elec trons can oc cupy the same
state. When you add an elec tron to a group of elec trons al ready bound to an atomic nu cleus, it has to
have its own ex clu sive or bital pa ram e ters—quan tum num bers— dif fer ent from that of any of other
bound elec tron. It can only oc cupy a state that is not al ready filled. There is a sim i lar rule for pack ing
iden ti cal pro tons or neu trons in an atomic nu cleus. Each ad di tional par ti cle has to find its own unique
seat; you can not have two in the same chair. The harder one tries to force the sit u a tion, the more the
par ti cles ex clude and re pel each other from be ing to gether. Quan tum Me chan ics ex tends this ex clu siv ity 
to de ci sions to mea sure, for ex am ple, both the po si tion and mo men tum of a par ti cle at the same time.
In ad di tion to po si tion and mo men tum, there are many other pairs of prop er ties which mu tu ally ex clude 
them selves from be ing pres ent in sharp re lief at the same time. These "con ju gate vari ables" are con sid -
ered to be mu tu ally ex clu sive al ter na tives that can not live to gether. As Bohr put it, “com ple men tary
phe nom ena de mands mu tu ally ex clu sive ex per i men tal ar range ments.”

On the one hand there is a Loose ness in Quan tum Me chan ics. On the the other hand it is very Ex clu sive 
in terms of what sort of states and struc tures can be al lowed. When a par ti cle's range of choices is only
a small fi nite set of dis crete pos si bil i ties, the avail able num ber of seats can fill up quickly. Ex clu siv ity
gives rise to tight struc tures that would not be pos si ble in a purely an a log and clas si cal world.
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A sin gle bench top ex per i ment has in it a fi nite num ber of qubits.  The in for ma tion con tent of the qubits
is not lo cal ized; it is in stead em bod ied in the en tire ex per i men tal frame work. When one tries to di vide
where Planck's con stant says to not di vide, un whole some filler is added to the story of na ture in vi o la -
tion of the L for loose ness in Quan tum Me chan ics and prob a bly in vi o la tion of the un cer tainty prin ci -
ples which are ex pres sions of the in di vis i ble char ac ter of Planck's quanta of ac tion. The stan dard
quan tum formulism and un cer tainty prin ci ples in di cate that there is an in her ent loose ness and a limit to
how much de tail can be un cov ered or is even pos si ble. That does not mean that there can not be an ex -
per i ment to find where Quan tum Me chan ics is self-lim it ing and in a sense wrong.

In for ma tion is de pend ent on global set tings; it is not a lo cal thing that one can re solve to in fi nite de -
grees. It is dis trib uted and shared cor po rately, not as a sum of parts, but as the whole it self, un di vided.
Each component's grasp of the big pic ture is like a bro ken shard of the whole in low res o lu tion. Like a
piece of a ho lo gram, it has within it in for ma tion about ev ery thing, yet it is fuzzy. The res o lu tion can not 
nec es sar ily be im proved. Bits of in for ma tion can not be sub di vided into ever finer de grees of ad di tional
in for ma tion, be cause that would im ply that the in for ma tion con tent can be made ar bi trarily large, to in -
fi nite de grees, in vi o la tion of the un cer tainty prin ci ples. There is a point of un der stand ing at which one
can di vide no fur ther, with out cre at ing ar ti fi cial dis tinc tions.

Quan tum Me chan ics does not pre sume that in for ma tion is lo cal ized where it can be parsed and de cons -
truct ed ad in fi ni tum (as can, say, a seg ment of the real num ber line). A cor ner stone of Quan tum's Les -
son is that it is the en tire ex per i men tal setup that de fines what we might ob serve. As with Gen eral
Rel a tiv ity, it is the way we cast our ref er ence frame that de ter mines what we see. As Niels Bohr wrote, 
Quan tum The ory is an ex ten sion of Ein stein's work and not in con flict with its spirit and char ac ter: “a
com par i son of purely log i cal as pects of rel a tiv is tic and com ple men tary ar gu men ta tion re veals strik ing
sim i lar i ties as re gards the re nun ci a tion of the ab so lute sig nif i cance of con ven tional phys i cal at trib utes of 
ob jects.”  “... complementarity may be re garded as a ra tio nal gen er ali sa tion of the very ideal of cau sal -
ity.” “In rel a tiv ity the ory, the em pha sis on the de pend ence of all phe nom ena on the ref er ence frame
opened quite new ways of trac ing gen eral phys i cal laws of un par al leled scope. In quan tum the ory, it
was ar gued, the log i cal com pre hen sion of hith erto un sus pected fun da men tal reg u lar i ties gov ern ing
atomic phe nom ena has de manded the rec og ni tion that no sharp sep a ra tion can be made be tween an in de -
pend ent be hav ior of the ob jects and their in ter ac tion with the mea sur ing in stru ments which de fine the
ref er ence frame.”*

The quan tum pos tu late sets a limit as to how much in for ma tion is avail able and the de gree it might be
lo cal ized. The L for Loose ness is a re minder of the free dom an ex per i menter has in set ting up his 
ref er ence frame, right up to the last split sec ond, through the in ser tion of a mir ror or some other con -
triv ance. The in for ma tion that one gath ers from an ex per i ment is as much about how the whole ex per i -
ment has been framed as it is about spe cific par ti cles and prop er ties ob served within the setup.

Much has been writ ten about the need for a fi ery mar riage be tween gen eral rel a tiv ity and quan tum 
the ory. No one knows how to con sum mate it. The joke on the naysayers is that the cou ple has been
hav ing un pro tected pre mar i tal sex for years and be ing won der fully pro lific at it. An amaz ing amount of
prog ress has been achieved in the last 40 years in un der stand ing Black Holes, Cos mol ogy and the 2nd
law of Ther mo dy nam ics with Quan tum The ory and Rel a tiv ity work ing in tan dem. This prog ress is ev i -
dence enough that the the o ries are more com pat i ble and com plete than the dis sent ing lit er a ture in di -
cates. The orig i nal quan tum grav ity cal cu la tion was done by Bohr when he proved that Ein stein’s
thought ex per i ment on the weigh ing of a box of pho tons could not vi o late the un cer tainty prin ci ple.

When there is an equiv a lence class of ways for the same data to be ob tained, the quan tum formulism 
in cludes all of the pos si ble ways (no mat ter how im prob a ble) in a dem o cratic each-way-one-vote
Feynman sum of di a grams (or path in te gral). The formulism does not ex clude a mem ber un less one has
spe cific in struc tions to do so built into the whole ex per i men tal setup and ini tial con di tions. It is the
LOOSE NESS in quan tum phys ics that al lows for all of the crazy sums that Feynman would do and ad -
vised us to do if we are to keep up with re fine ments in ex per i men tal pre ci sion. Those sums in clude vir -
tual par ti cles and re vers ible pro cesses that can wink in and out with out caus ing an ob serv able dif fer ence 
(ex cept per haps at the tenth dec i mal point of ex per i men tal pre ci sion).

A Mach-Zehnder in ter fer om e ter makes a vir tual pro cess as large as the in ter fer om e ter itself. When the
de vice is cal i brated to ex actly split and re com bine a pho ton's state vec tor, in effect it spa tially shifts 
pho tons from their point of emis sion to their point of exit from the in ter fer om e ter. The in ter fer om e ter 
is mim ick ing a vir tual pro cess.

An es sen tial body of math e mat ics in quan tum me chan ics is the use of 2-di men sional com plex num bers.
For a “par ti cle” that has two states (like up or down for its axis), one has to use a com plex num ber for
each state. To keep track of BOTH states or any mix ture in be tween, one has to use 2x2 di men sions. If
one has two par ti cles, one has to mul ti ply that again times 2. There fore, with just two par ti cles with just 
two states each, one is quickly up to 2x2x2 = 8 di men sions or 8 de grees of free dom. The quan tum
formulism re duces this 8 to 6. A clas si cal treat ment would have only 4 de grees of free dom. The ex tra
two de grees of free dom in the quan tum formulism are due to en tan gle ments that a clas si cal treat ment
would miss.  They cre ate an ad di tional loose ness, flex i bil ity and op tions that ex per i ment ers are just now 
learn ing to har ness. This ex tra free dom in the way na ture op er ates was once con sid ered to be an in com -
plete ness and de fect of quan tum me chan ics. It is in stead per haps its great est boon!

Let us now quickly un pack what is in the re main ing let ters of EL E PHANT.

is for En ergy. The sec ond E in EL E PHANT is for the Pro tean thing called en ergy which
can man i fest it self in a diz zy ing ar ray of forms and come back un changed, mi nus a tax
paid to the 2nd Law of Ther mo dy nam ics with each con ver sion. On the one hand, en ergy
is su per abun dant and can not be de stroyed. On the other hand, it is scarce and dif fi cult to
ob tain when peo ple (and other forms of life) are hun gry and in need of more power.

A quick look into a 
quan tum op tics 

bench top ex per i ment. 
This one is from 

Paul Kwiat's group 
in Ur bana-Champaign,

Il li nois
(Feb ru ary, 2010).

*"Dis cus sions with Ein stein on Epistemological Prob lems in Atomic Phys ics" in Al bert Ein stein: Phi los o pher-Sci en tist, 
Cam bridge Uni ver sity Press, 1949. This would have been at the time of Ein stein's 70th birth day. As Bohr in di cates, 
“The epistemological prob lems touched upon here were more ex plic itly dealt with in my con tri bu tion to the is sue of
Naturunssenschaften in cel e bra tion of Planck's 70th birth day in 1929.”


