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Abstract: 
The fundamentals of physics are investigated via a thought experiment that starts with an "educated 

guess" about how particles move.  This motion is then used in the wave equation developed by Nobel 
laureate Louis deBroglie1.  This theory has some predictions for very high‐energy particles and 
photons and shows what is ultimately possible in particle physics.  It also: 

1.  Puts inertia/gravity as a fundamental part of the quantum world. 
2.  Gives physical meaning to the Planck Units and shows the ultimate quantum to be the Planck 
Mass.     

3.  Updates Maxwell's equations. 
4.  Takes gravity from the quantum particle world to the world of distributed masses.  
I am calling this as yet untested theory "Digital Wave Theory" or "λ‐Hop Theory". 

It may even prove to have some merit, keep an open mind and I hope you enjoy the ride. 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2. Particles move digitally  (the pivotal idea of this 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3.  Developing an equation for the minimum velocity of a particle Vo in terms of wavelength (λ) 
      The 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a 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4.  Developing a polynomial equation for the minimum velocity Vo 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of mass 
V>*5+(%&!.1!5"%F3!(7!(&+3437+(&A!"*+!C5&!"3!63F3<%@36!=*4+:34D!
J&!+:3!3>*5+(%&!8K%?0S!])-8` M?!93!C5&!7*"7+(+*+3!=%4!M!*7(&A!+:3!63R4%A<(3!3>*5+(%&!MS: -8)K%?D!c%4!+:(7!
5&5<#7(7!+:3!63R4%A<(3!3>*5+(%&!9(+:!+:3!'%43&+X!+45&7=%4)!8+5G(&A!(&+%!5CC%*&+!43<5+(F(+#?!9(<<!"3!*736!
MSf: -8)K%?g8.NK%0-C0?.-0 gD!!2*"7+(+*+(&A!+:(7!43<5+(F(7+(C!F5<*3!=%4!M!(&+%!+:3!3>*5+(%&!8K%?0S!])-8` M?!93!
A3+!5!@%<#&%)(5<!3>*5+(%&\!!!Vo4 ‐ c2Vo2 + c2m4G2/(4h2) = 0                    !
! 5D!!T%+3!+:5+!+:(7!3>*5+(%&!A(F37!K%!57!5!=*&C+(%&!%=!)577!C%)@<3+3<#!(&!+34)7!%=!=*&65)3&+5<!! !!!!
! !!!!!!C%&7+5&+7!%=!&5+*43!cB!GB!5&6!hD!
! "D!H:3!C%)"(&(&A!%=!(Vo)2= Gm/(4λ)!5&6!λ=[h/(mVo)](1‐Vo2/c2)1/2]!C5&!5<7%!@4%6*C3!+9%!%+:34!!!!!
! !!!!!3>*5+(%&7!+:5+!543!(&+3437+(&A\!
! ! .D!!!!!λ2 ‐ (4h2/Gm3)λ  + h2/m2c2 = 0!
! ! 0D!!!!Vo6  + [(h2G2)/(16λ4c2)]Vo2 ‐ 1/(16 λ4c2) = 0!
! !2(&C3!+:(7!3775#!7+54+7!"#!@%7+*<5+(&A!5!)(&()*)!F3<%C(+#!=%4!@54+(C<37!+:3!3>*5+(%&!!
! !Vo4 ‐ c2Vo2 + c2m4G2/(4h2) = 0  9(<<!"3!(&F37+(A5+36!=%4!+:(7!3775#D!!H:3!%+:34!+9%!3>*5+(%&7!9(<<!!
! !"3!5&5<#X36!5+!5&%+:34!+()3!@34:5@7!"#!5&!(&+3437+36!435634!%=!+:(7!3775#D!
!
5. 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for the 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!
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6.  Plot of the two positive and the two negative roots of Vo 

 
      Figure 1 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8.  How particles move 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general 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! !W+!+:(7!@%(&+!(+!(7!@%7+*<5+36!8=%4!+:3!75G3!%=!7#))3+4#?!+:5+!5<<!@54+(C<37!5&6!@:%+%&7!:5F3!+9%!!
!!!!!!!F3<%C(+#!C%)@%&3&+7B!5&!%7C(<<5+(&A!C%)@%&3&+!K5C!5&6!5!@4%@5A5+(&A!C%)@%&3&+!K6CD!!H:3!+%+5<!!
!!!!!!!F3<%C(+#!%=!+:3!@54+(C<3!%4!@:%+%&!(7!+:3!7*)!%=!+:3!+9%!F3<%C(+(37D!!K+%+5<!S!K5C!m!K6CD!!
       Particles (V2) 
              H:3!F3<%C(+#!K0!C:5&A37!6(43C+(%&!%&!35C:!MN:%@D!H:(7!K0!(7!&%9!(&+34@43+36!57!+:3!K5C!=%4!+:3!!
!!!!!!!! @54+(C<3D!!H:(7!(7!+:3!)(&()*)!F3<%C(+#!=%4!+:3!@54+(C<3D!!J=!93!95&+!5!@54+(C<3!+%!:5F3!)%43!!
!!!!!!!!!!!!!!F3<%C(+#!+:5&!+:(7!K5C!93!:5F3!+%!@:#7(C5<<#!)%F3!(+!8@34:5@7!(&!5!@54+(C<3!5CC3<345+%4?!5&6!
! +:*7!A(F3!(+!5!K6CD!!
!
 9.  How photons move in general  
        Photons (V1) 
!!!!!!!!!!!!!!H:3!F3<%C(+#!K.  8c(A*43!.? (7!(&+34@43+36 57!:5F(&A!5!<54A3!K6C!F5<*3!&354!C!5&6!57!:5F(&A!5!!
! 7)5<<34!%7C(<<5+(&A!C%)@%&3&+!C%&&3C+(&A!(+!+%!+:3!QCQ!<(&3!857!7:%9&!"#!+:3!%45&A3!<(&37!9(+:!
! 544%97?D!J=!+:3!C!<(&3!9343!C%&&3C+36!+%!+:3!NC!<(&3!8)5G3!+:3!@<%+!7*4=5C3!(&+%!5!C#<(&634?!+:3&!!
! +:3!95#!@:%+%&7!)%F3!43<5+(F3!+%!C!7@336!<%%G7!7()(<54!+%!+:3!95#!%46(&54#!@54+(C<37!)%F3!
! 43<5+(F3!+%!X34%!7@336D!!H:3!@:%+%&7!:5F3!5!K5C!@54+!+:5+!(7!3>*5<!+%!8CNK. ?!5&6!5!K6C!@54+!+:5+!(7!
! 3>*5<!K. D!!The total velocity is:  Vtotal = Vac + Vdc = c = (c‐V1) + V1 = c.  H:3!K5C!5&6!+:3!K6C!543!
! =(_36!=%4!35C:!95F3<3&A+:!U:%+%&D!W!@:%+%&a7!)%+(%&!(7!C%)@<3+3<#!63+34)(&36D!!H:(7!C%&+457+7!
! 9(+:!%46(&54#!@54+(C<37!9:343!%&<#!+:3!K5C!8K0?!(7!63+34)(&36!5&6!+:3!@4%@5A5+(%&!K6C!C5&!"3!
! X34%!57!7:%9&!(&!c(A*43!.!%4!C5&!"3!5&#!F5<*3!F3<%C(+#!93!C5&!()@54+!+%!+:3!@54+(C<3D!
! !
10.  In what ways does Figure 1 deviate from "standard" physics?!
        a.  A variable speed of light 
! c(A*43!.!7:%97!<(A:+!@4%@5A5+(&A!(&!=433!7@5C3!5+!7@3367!7<%934!+:5&!CD!!H:(7!437*<+!)5#!"3!
! %";3C+36!+%!%&!+:3!=%<<%9(&A!A4%*&67\!
! .D!!?(,")%"4/%8##$%6#4/'-#5%4/%"43($,%4%3#0+2()*%+1%2;%4$5%$+%+$#%"4/%/##$%()%5#3(4)#%1-+6%2%($%%
% %%%%%1-##%/742#9` !
! !!!!!!!!!!! n&=%4+*&5+3<#!%*4!(&7+4*)3&+7!&336!+%!"3!5!<%+!"3++34!+%!733!:%9!<(A:+!"3C%)37!7<%934!
! !!!!!57!(+!"3C%)37!)%43!3&34A3+(CD!!W+!+:3!U<5&CG!)577!+:3!95F3<3&A+:!%=!"%+:!+:3!)577!5&6!+:3!!!!!!
! !!!!!@:%+%&!543!+:3!75)3D!!Z3!C5&!C5<C*<5+3!+:(7!95F3<3&A+:!=4%)!+:3!63R4%A<(3!3>*5+(%&!!!!!!!!!!
! !!!!!!λ=[h/(mVo)](1‐Vo2/c2)1/2!D!Z3!G&%9!+:3!)577!S!U<5&CG!h577!S!8C: -]? .-0 !5&6!+:5+!K%!S!C-k0D!!
! !!!!!!W=+34!93!)5G3!+:3!7*"7+(+*+(%&7!93!A3+!λ=(Gh/c3)1/2.!!H:(7!(7!+:3!63=(&(+(%&!%=!+:3!U<5&CG!! !
! !!!!!!'3&A+:!8.D/./!_!.1Nbd)?D!
! ! H:3!)%7+!3&34A3+(C!@:%+%&!%"734F36!%4!C435+36!(7!5!A5))5!45#!+:5+!:57!5!95F3<3&A+:!%=!
! !!!!!!5@@4%_()5+3<#!.1N.0 !)3+347D!!Z3!&336!@:%+%&7!00!%46347!%=!)5A&(+*63!)%43!3&34A3+(C!+:5&!
! !!!!!!A5))5!45#7!+%!733!C:5&A37!(&!+:3!7@336!%=!@:%+%&7!7:%9&!(&!c(A*43!.D!!2%B!(&!@45C+(C5<!+34)7!!



! !!!!!!93!%&<#!:5F3!3&%*A:!@43C(7(%&!(&!%*4!(&7+4*)3&+7!+%!733!+:3!7@336!%=!<(A:+!57!5!C%&7+5&+D!!!
! !!
!!!!!!!!!!!!!!0D!!@4>.#00A/%#&'4)(+$/%/"+.%)"4)%)"#%/7##5%+1%0(,")%(/\!
! ! ! ! !
         B($2#%8+)"%)"#%7#-6())(3()*%4$5%7#-6#48(0()*%4-#%2+$/)4$)/%1+-%1-##%/742#%)"#%/7##5%+1%0(,")%%%%%
% %%%%%%%6'/)%8#%4%2+$/)4$)%d!

! ! R*+!7%)3+:(&A!(7!&%+!>*(+3!4(A:+o!+:3!C%&7+5&+7!%=!&5+*43!p1!5&6!q1!543!)357*436!F(5!! !!
! !!!!!3_@34()3&+7!+:5+!)357*43!+:3!=%4C3!"3+933&!C*443&+!C544#(&A!9(437!8q1?!5&6!+:3!=%4C3!!
! !!!!!"3+933&!3<3C+4(C5<<#!C:54A36!@<5+37!8p1?D!!W&6!+:*7!7+5+(C!3<3C+4(C!5&6!7+5+(C!)5A&3+(C!=(3<67!543!!
!!!!!!!!!!!!*736!=%4!63+34)(&(&A!+:3!F5<*3!CD!!J=!+:3!F5<*37!%=!p1!5&6!q1!!C:5&A3!9(+:!F3<%C(+#!+:3&!+:343!!
!!!!!!!!!!!!C%*<6!"3!5A433)3&+!9(+:!QMN:%@!+:3%4#QD!
! ! J=!93!)5G3!K.

0!3>*5<!+%!.-8p1_!q1_?!93!A3+!5&!3>*5+(%&!+:5+!9(<<!A(F3!3<3C+4%N)5A&3+(7)!
!!!!!!!!!!!!+:3!75)3!F3<%C(+#!@4%=(<3!=%4!<(A:+!57!MN:%@!+:3%4#D!
! ! K.

0!S!rfC0!m!8C` !N!C0) ` ] 0-: 0?.-0 g!S!.-8p1_!q1_?!!!!!5&6!!!p1_!q1_!fC
0!m!8C` !N!C0) ` ] 0-: 0?.-0 g!S!0!

! ! p1_!q1_!S!0-fC0!m!8C` !N!C0) ` ] 0-: 0?.-0 g!
!!!!!!!!!!!!H:3!@4%6*C+!%=!p1_!5&6!q1_!(7!&%9!C%443C+36!=%4!3<3C+4%N)5A&3+(C!=(3<67!+:5+!)%F3!9(+:!!
! !!!!!6(==343&+!)57737!83&34A(37?D!!J+!(7!5!F34#!7)5<<!C%443C+(%&!3_C3@+!5+!3_+43)3!3&34A(37D!!W&%+:34!!
! !!!!!95#!%=!<%%G(&A!5+!+:(7!(7!+:5+!+:3!(&63_!%=!43=45C+(%&!Q&Q!%=!7@5C3N+()3!(7!5!=*&C+(%&!%=!F3<%C(+#!!
! !!!!!8%4!)577?D!!!&!S!8p1_!_!q1_?

.-0 !5&6!+:5+!&0!S!0-fC0!m!8C` !NC0) ` ] 0-: 0?.-0 gD!!
! What is "c"? 
          J&!+:(7!+:3%4#!C!(7!+:3!*<+()5+3!7@336!7@5C3N+()3!9(<<!7*@@%4+!5&6!(+!(7!%&<#!5@@4%5C:36!!
! !!!!!!!!"#!@54+(C<37!5&6!@:%+%&7D!!
!!!!!!!b.  Mass energy equivalence 6 
        !! !!!!!c(A*43!.!7:%97!+:5+!5!A(F3&!@54+(C<3!)577!:57!+9%!F3<%C(+(37!577%C(5+36!9(+:!(+!8K. !5&6!K0?!+:5+!
! 75+(7=#!+:3!MN:%@@(&A!)%63<D!!c4%)!1!+%!.1N, !G(<%A45)!%=!@:%+%&!3&34A#!K. !)%F37!&354!+:3!7@336!
! C!5&6!+:*7!3&5"<37!V(&7+3(&a7!43<5+(%&!3S)C0!9:343!)!(7!+:3!437+!)577!+:5+!)%F37!5+!K0D!!c4%)!!!
! .1 N, !G(<%A45)!+%!.1NI !G(<%A45)!+:3!7@336!%=!<(A:+!7<%97!6%9&!5&6!+:3!43<5+(%&7:(@!3S)C0!A456*5<<#!
! C:5&A37!+%!3S)D!!!
! ! s%9!C%)3!+:(7!:57!&%+!"33&!733&!"3=%43l!!H:3!5&7934!(7!+:5+!93!&3F34!:5F3!733&!
! @54+(C<37!+:5+!5@@4%5C:!+:3!U<5&CG!)577!F5<*3D!!c%4!3_5)@<3!+:3!s(AA7!"%7%&!85!"(A!@54+(C<3?!(7!
! @%7+*<5+36!+%!:5F3!5!)577!%=!.bI!@4%+%&7!A(F(&A!(+!5!)577!%=!0D0!_!.1N0d!G(<%A45)7D!!H:3!U<5&CG!
! )577!(7!0D0!_!.1NI !G(<%A45)7B!.e!%46347!%=!)5A&(+*63!"(AA34!+:5&!+:3!s(AA7!"%7%&D!!H:3!
! 5CC3<345+%4!5+!YV[T!8%4!5&#!%+:34!5CC3<345+%4?!(7!;*7+!+%%!@*&#!+%!@4%6*C3!"%7%&7!+:5+!5@@4%5C:!
! +:3!U<5&CG!)577!5&6!7:%9!63F(5+(%&!(&!3S)C0D!
! !!!!!T%+3!+:5+!9:3&!93!C%&7(634!%46(&54#!)577!8C%<<3C+(%&7!%=!@54+(C<37!5&6!3&34A#?!3S)C0!(7!3_5C+!
! =%4!5<<!@45C+(C5<!@*4@%737!*&<377!+:3!@54+(C<37!+:5+!)5G3!*@!+:3!)57737!543!&354!+:3!U<5&CG!)577D!!!!!!
       c.  Rest mass 
  Is it not a problem that particles do not have a "rest" mass? 
  Z3! :5F3!5&!(&&5+3!73&73!+:5+!5&!%";3C+!C5&!"3!5+!Q437+QB!"*+!3F34!7(&C3!+:3!(&+4%6*C+(%&!%=!
! >*5&+*)!@:#7(C7!)5++34!:57!"33&!+:%*A:+!%=!57!95F3!<(G3D!!MN:%@!+:3%4#!;*7+!+5G37!+:(7!&%+(%&!
! 5&6!A(F37!(+!7%)3!Q(&=457+4*C+*43QD!
!!! !!!!!W!@54+(C<3!:5F(&A!5"7%<*+3!)(&()*)!F("45+(%&!3&34A#!(7!3F3&!"3++34!+:5&!:5F(&A!3&34A#!9(+:!!
! &%!)%+(%&D!!H:3!C%&C3@+!%=!Q437+!3&34A#Q!&%9!)5G37!@:#7(C5<!73&73!9:3&!(+!(7!(&+34@43+36!57!!
! )(&()*)!QG(&3+(CQ!3&34A#D!!!
!
       d.  Do photons have mass?  
! MN:%@!+:3%4#!@%7+*<5+37!5<<!@54+(C<37!5&6!@:%+%&7!57!:5F(&A!&%!437+!)577!"3C5*73!&3(+:34!%=!! !!!!!!!!
! +:3)!(7!3F34!5+!437+D!!W!A435+!635<!:57!"33&!)563!%=!+:3!=5C+!+:5+!@:%+%&7!)*7+!"3!9(+:%*+!!
! 437+!)577D!!H:3!54A*)3&+!A%37!+:5+!(=!5!@:%+%&!:56!5!437+!)577!+:3&!(+!9%*<6!"3!=%4C36!"#!!
! 7@3C(5<!43<5+(F(+#!+%!:5F3!(&=(&(+3!)577!5!+:3!7@336!CD!!
! !!!!!!W&%+:34!54A*)3&+!=%4!)577!<377!@:%+%&7!A%37!<(G3!+:(7\!!J=!93!C:573!5!@:%+%&!(&!%*4!!
! 7*@34!=57+!4%CG3+!7:(@!93!9(<<!733!(+!:5F3!<377!5&6!<377!3&34A#!57!93!C5+C:!*@!+%!(+!"3C5*73!%=!!
! +:3!$%@@<34!3==3C+D!!VF3&+*5<<#!+:3!@:%+%&!3&34A#!9(<<!A%!+%!1!57!93!5@@4%5C:!C!5&6!+:*7!!



!!!!!!!!!!!!!!!@:%+%&7!)*7+!"3!)577!<377D!!H:(7!(7!&%+!7%!(&!MN:%@!+:3%4#!9:343!57!93!C5+C:!*@!+%!+:3!!
! !@:%+%&!93!3F3&+*5<<#!733!(+!%7C(<<5+(&A!"5CG!5&6!=%4+:D!!H:(7!(7!F34#!7()(<54!+%!C5+C:(&A!*@!!
! !9(+:!5!:(A:!F3<%C(+#!3<3C+4%&o!3F3&+*5<<#!93!)5+C:!+:3!3<3C+4%&a7!K6C!5&6!;*7+!733!(+!!
! !%7C(<<5+(&A!"5CG!5&6!=%4+:D! ! !
!! ! J&!MN:%@!+:3%4#B!)577!<377!@:%+%&7!543!5!&%&N(77*3D!
!
11.  The ultimate quantum:    
        H:3!*<+()5+3!>*5&+*) :57!+:3!=%<<%9(&A!@4%@34+(37\!

       h577\!!H:3!U<5&CG!h577 = 0.Dee!)(C4%A45)7 
!!!!!!!Z5F3<3&A+:\!!H:3!U<5&CG!'3&A+:!S!.D/./!_!.1 Nbd)3+34!
!!!!!!!U34(%6!P+\!!8k0?!+()37!+:3!U<5&CG!H()3!S!eD/0!_!.1Ǹ` 73C!

!
12.  The first insight into gravity:!
! c(A*43!.!7:%97!+:3!&%&N<(&354(+#!(&!G(&3+(C!3&34A#!8tV?!%=!5!@54+(C<3!9(+:!)577!F5<*3D!!H:(7!)35&7!!!!!!
!!!!!!!!!+:5+!(=!93!7@<(+!5!)577!(&!+9%!93!3&6!*@!9(+:!<377!Q437+!3&34A#Q!+:5&!(&!+:3!%4(A(&5<!)577D!!Z:3&!5!!!!!!!!
!!!!!!!!!MN:%@@34a7!)577!(7!7@<(+!(&+%!+9%!<%934!)577!7*"!@54+(C<37!+:343!(7!5<95#7!3&34A#!<3=+!%F34D!!H:(7!!!!!!
!!!!!!!!!3&34A#!(7!9:5+!93!&%4)5<<#!+:(&G!%=!57!=(77(%&!3&34A#!83S)C0?D!!Z:3&!+:3!)577!7@<(+!(7!%=!5&!!
!!!!!!!!!%46(&54#!%";3C+!(&7+356!%=!5!MN:%@@34!+:3!3&34A#!63=(C(+!(7!A45F(+5+(%&5<!3&34A#D!

!
13.  Has relativity been messed up?  
!!!!!!!!H:(7!+:%*A:+!3_@34()3&+!(&6(C5+37!+:5+!<(A:+!6%37!&%+!@4%@5A5+3!5+!5!=(_36!7@336!CD!!J7&a+!+:(7!5!!
!!!!!!!!@4%"<3)!(&!+:5+!(+!63=35+7!43<5+(F(+#l!!!
! H:3!7@3C(5<!+:3%4#!%=!43<5+(F(+#!95&+7!+:3!7@336!%=!<(A:+!+%!"3!)357*436!57!+:3!75)3!F5<*3!!
!!!!!!!!!(&63@3&63&+!%=!+:3!7@336!%=!+:3!%"734F34!)5G(&A!+:3!)357*43)3&+D!!J=!43<5+(F(+#!9343!&%+!+4*3!!
!!!!!!!!!+:3&!5!)357*43)3&+!C5&!"3!)563!<%C5<<#!89(+:%*+!<%%G(&A!"3#%&6!+:3!)357*43)3&+!=45)3!%=!!!!!!
!!!!!!!!!43=343&C3?!+%!63+34)(&3!+:3!Q5"7%<*+3Q!F3<%C(+#!%=!+:3!%"734F34D!!J=!#%*!543!%&!5!7)%%+:<#!)%F(&A!!
!!!!!!!!!+45(&!5&6!+:343!(7!&%!95#!+%!733!%*+7(63B!+:3&!#%*!C5&&%+!63+34)(&3!#%*4!F3<%C(+#D!
! !W7!63F3<%@36!:343!+:3!7@336!%=!5&#!A(F3&!@:%+%&!)5#!&%+!"3!CB!"*+!+:3!6(7+4("*+(%&!%=!7@336!!
!!!!!!!!!F7D!95F3<3&A+:!=%4!@:%+%&7!(7!+:3!75)3!=%4!5<<!%"734F347D!!W&6!+:*7!43<5+(F(+#!7+(<<!:%<67!=%4!!!!!!!!!!!!!!
!!!!!!!!!!MN:%@@(&A!@:%+%&7!"3C5*73!+:343!(7!&%!95#!+%!63+34)(&3!(=!#%*4!43=343&C3!=45)3!(7!)%F(&A!"#!!
!!!!!!!!!!)357*4(&A!+:3!7@336!%=!<(A:+D  
   !
14.  Gravity for particles 
!!!!!!!!!5D!!Self‐Gravity!
! J&!73C+(%&!b!(+!957!7+5+36!+:5+!+:3!=%4C3!:%<6(&A!5!MN:%@@34!+%A3+:34!(7!F = Gm2/λ2.  H:(7!73<=N
! A45F(+#!(7!5!95#!%=!5CC%*&+(&A!=%4!+:3!Q437+!3&34A#Q!%=!+:3!)577B!9:(C:!(7!@%7+*<5+36!57!&%+!
! "3(&A!5+!437+!"*+!:%@@(&A!"5CG!5&6!=%4+:!5C4%77!+:3!6(7+5&C3!λ.  J+!:57!&%+!"33&!%"734F36!5&6!
! T39+%&!:56!&%!&336!+%!5CC%*&+!=%4!(+D!!J+!)5#!7%)365#!"3!3_@34()3&+5<<#!%"734F36B!"*+!=%4!&%9!
! (+!(7!;*7+!5!)5+:3)5+(C5<!95#!%=!5CC%*&+(&A!=%4!+:3!3&34A#!(&&5+3<#!(&!)5++34D!!!
! !!!!!J=!+:3!=%4C3!F!(7!5@@<(36!%F34!+:3!6(7+5&C3!λB!+:3!3&34A#!E = Gm2/λ (7!@4%6*C36.  J=!93!C5&!75#!
! +:5+!+:(7!3&34A#!(7!)C0!+:3&!mc2 =!Gm2/λ and λ = Gm/c2.  !
!!!!!!!!!"D!!Take a single particle and consider splitting it in two.!
  T%+3!+:5+!93!543!&%+!5C+*5<<#!7@<(++(&A!(+!(&!+9%!#3+!93!543!;*7+!+:(&G(&A!5"%*+!(+D!!E*4!%4(A(&5<!
! @54+(C<3!:56!+:3!)577!)D!!H:(7!)577!(7!&%9!+:%*A:+!%=!57!"3(&A!) . !5&6!) 0D!!T%+:(&A!:57!C:5&A36!
! #3+!7%!+:3!95F3<3&A+:!(7!7+(<<!M!+:3!6(7+5&C3!577%C(5+36!9(+:!)D!!W<<!+:433!)57737!)B!). !5&6!) 0!5<<!
! 7+(<<!MN:%@!+%A3+:34D!!H:3!73<=!A45F(+#!=%4C3!3>*5+(%&!F = Gm2/λ2!C5&!"3!94(++3&!57!!!!!!!!!!!!!!!!!!!!!!!!!!!!
! F = G(m1+m2)

2/λ2D!!!
!!!!!!!!CD!!The Equations before the actual split!
       . D!!c!S!]) 0-M0! ! ! ! H:3!7+54+(&A!@%(&+!
! !!!!!0D!!c!S!]8) . m) 0?

0-M0! ! ! ! )!S! ) . !m!)0!
! !!!!!bD!!c!S!] 8) .

0m) 0
0m) . ) 0m!) 0) . ?-!M0! ! V_@5&6(&A!8) . m) 0?

0!

!
! !!!!!! !!!!!!H:343!543!&%9!=%*4!=%4C37!%=!A45F(+#!(&!+:3!MN:%@\!



!
! ! ! .D!!c!S!] 8) .

0?-M0! H:3!73<=NA45F(+#!%=!) . D!
! ! ! 0D!!c!S!] 8) 0

0?-M0! H:3!73<=NA45F(+#!%=!) 0D! !! !
! ! ! bD!!c!S!] 8) . ) 0?-M0! H:3!=%4C3!%=!) . !%&!)0D!
! ! ! `D!!c!S!] 8) 0) . ?-M0! H:3!=%4C3!%=!) 0!%&!). D!
!
! !!!!!! T%+3!+:5+!=%4C37!b!5&6!`!543!9:5+!93!C%&7(634!%46(&54#!A45F(+#!3_C3@+!+:5+!(+!(7!5+!5!=(_36!
! !!! 6(7+5&C3!M!9(+:(&!5!@54+(C<3D!
!!!!!!!!6D!!Take a sharp knife and split m into m1 and m2.!!
  Z:3& !+:3!+9%!&39!@54+(C<37!543!73@545+36!"#!+:3!6(7+5&C3!6B!+:3!%4(A(&5< M!9(<<!C:5&A3!(&+%!M. !!
! 5&6!M0!+:3!+9%!&39!95F3<3&A+:7!577%C(5+36!9(+:!+:3!&39!)57737!). !5&6!) 0D!!
! H:3!V>*5+(%&!5=+34!+:3!5C+*5<!7@<(+!(&+%!+9%!@54+(C<37!(7\!
! !!!!!!!! c!S!] f8) . -M. ?

0m8)0-M0?
0m8) . ) 0?-60m8) 0) . ?-60g! !"#$%&'()*!

! Z3!C5&!733!+:3!73<=NA45F(+#!%=!+:3!+9%!&39!)57737!) . !5&6!) 0B!"*+!9:5+!543!+:3!+9%!%+:34!
! +34)7l!!H:373!+34)7!543!&33636!=%4!C%&734F5+(%&!%=!3&34A#D!!H:3!+9%!&39!)57737!) . !5&6!) 0!!
! :5F3!<%&A34!95F3<3&A+:7!5&6!+:343=%43!7)5<<34!K0!5&6!9:3&!C%&F34+36!+%!3&34A#!6%!&%+!7*)!!
! +%!+:3!3&34A#!(&!+:3!%4(A(&5<!)577!)D!![3)3)"34!+:5+!)577!5&6!95F3<3&A+:!543!&%+!<(&354<#!!
! 43<5+36D!H:(7!&%&N<(&354(+#!(7!5<7%!733&!(&!+:3!QG(&3+(CQ!3&34A#!%=!+:3!@54+(C<37D!!H:(7!7@<(++(&A!!
! @4%C377!(&!A3&345<!437*<+7!(&!5!43<3573!%=!3&34A#D!!J&!5+%)(C!@:#7(C7!+:(7!7@<(++(&A!@4%C377!(7!+:3!!
! =(77(%&!@4%C377D!!J+!(7!F34#!C<%73<#!43<5+36!+%!A45F(+#D!!
!!!!!!!!3D!!How did the distance d get into !"#$%&'()*?!
!! J+!(7!5!<%A(C5<!54A*)3&+!+:5+!A%37!<(G3!+:(7\!
! .D!!Z:3&!5!MN:%@@34!7@<(+7!+:343!(7!5&!3&34A#!63=(C(+!"3C5*73!+:3!+9%!@54+(C<37!+:5+!437*<+!:5F3!!!!!
! !!!!!!<377!3&34A#!+:5+!+:3!%4(A(&5<!)577D!
! 0D!!H:(7!3&34A#!63=(C(+!C5&!"3!5CC%*&+36!=%4!(&!3(+:34!5&%+:34!)577!8)57737?!%4!@:%+%&7!!
! !!!!!83&34A#?!%4!5!)(_!%=!)57737!5&6!@:%+%&7D!!H:(7!C%)37!=4%)!c(A*43!.D!
! bD!!J&!73C+(%&!"!5"%F3!8=%4!@:3&%)3&5!9(+:(&!5!MN:%@?!93!:5F3!+9%!+34)7!%=!+:3!=%4)!!!!!!
! !!!!!!F = G(m1m2)/λ

2D!!J!5)!A%(&A!+%!+4#!+%!G33@!+:(7!=%4)!57!)*C:!57!@%77("<3!5&6!+*4&!(+!!
! !!!!!!(&+%!9:5+!93!43C%A&(X3!57!A45F(+#\!F = G(m1m2)/d

2   
  `D!!H:(7!(7!7()@<3B!;*7+!)5G3!6!S!MD!!J7!+:(7!5!<3A(+()5+3!+:(&A!+%!6%l!!Z3<<!#37B!"3C5*73!+:3!!
! !!!!!!3&34A#!"5<5&C3!(7\!!!
! !!!!!!5D!!E4(A(&5<!3&34A#!%=!)!N!V&34A#!%=!+9%!)57737!S!V&34A#!%=!A45F(+#!
! !!!!!!"D! G(m2)/λorg ‐ 2G(m1m2)/λnew = G(m1m2)/d  7%<F(&A!=%4!6!93!A3+!5!C%)@<(C5+36!3>*5+(%&D!!!!!
! !!!!!!!!!!!!2%B!<3+!*7!)5G3!+:(7!5!7()@<34!"#!7@<(++(&A!+:3!%4(A(&5<!)577!(&!:5<=!m1 = m2 = m/2.  
        CD!!T%9!93!:5F3\! G(m2)/λorg ‐ G(m

2)/2λnew = G(m
2)/4d!

        6D!!2%<F(&A!=%4!6!93!A3+\ d = (λorg λnew)/(4λnew‐λold)!
! dD!!H:3!6(7+5&C3!6!(7!9:5+!5<<%97!=%4!+:3!=%4C3!%=!A45F(+#!+%!)5&(=37+D!!Z:3&!93!73@545+3!!
! !!!!!!+9%!(63&+(C5<!)57737!+:3!6(7+5&C3!d = (λorg λnew)/(4λnew‐λold) 5A5(&7+!+:3!=%4C3!F = G(m1m2)/d

2 
        93!C5&!43A5(&!+:3!3&34A#!<%7+!(&!+:3!95F3<3&A+:!C:5&A3D!
!!!!!!!!!!!!!!H%!+:(7!@%(&+!93!:5F3!"33&!<%%G(&A!5+!+:3!A45F(+#!%=!MN:%@@347D!!E46(&54#!)5++34!(7!)563!*@!%=!
! )5&#!6(==343&+!MN:%@@347D!!s%9!6%37!A45F(+#!)5&(=37+!+:343l!!
!
15.  The gradient scale from pure λ‐hopping to ordinary objects and ordinary gravity 
             .D!U*43!MN:%@@(&A\!!H:3!)%+(%&!%=!(&6(F(7("<3!@54+(C<37!5<7%!G&%9&!57!3<3)3&+54#!@54+(C<37D!
! ! H:3!*<+()5+3!)577!%=!5&!3<3)3&+54#!@54+(C<3!(7!0.Dee!)(C4%A45)7!5&6!! ! !
! ! :57!&3F34!"33&!733&!(&!&5+*43D!!H:(7!(7!5@@4%_()5+3<#!+:3!)577!%=!5!=<35!! !
! ! 5&6!(7!:*A3!=%4!5&!3<3)3&+54#!@54+(C<3D!
!!!!!!!!!!!!!0D!W+%)7\!!W43!&%+!(&6(F(7("<3!5&6!543!&%+!57!Q4(A(6Q!57!3<3)3&+54#!@54+(C<37D!!R*+!+:3#!7+(<<!>*5<(=#!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!57!A%%6!MN:%@@(&A!@54+(C<37!"3C5*73!+:3!3<3C+4%N)5A&3+(C!=%4C37!G33@(&A!+:3!5+%)!!
! ! +%A3+:34!543!)*C:!)*C:!A435+34!+:5&!+:3!(&34+(5NA45F(+#!=%4C37!+:5+!C5*73!+:3!MN:%@D!!
!!!!!!!!!!!!!bD!!h%<3C*<37\!W43!&%+!(&6(F(7("<3!5&6!543!&%+!57!Q4(A(6Q!57!3<3)3&+54#!@54+(C<37!%4!5+%)7D!!!
! !!!!!!!!!!! R*+!+:3#!7+(<<!>*5<(=#!57!A%%6!MN:%@@(&A!@54+(C<37!(=!+:3(4!95F3<3&A+:!(7!<%&A34!+:5&!!



! ! +:3(4!@:#7(C5<!<3&A+:D!![3C3&+<#!(+!957!63)%&7+45+36!+:5+!QR*CG#"5<<7Q!Y/1 !C%*<6!!
! ! (&+34=343!9(+:!35C:!%+:34De!
!!!!!!!!!!!!!`D!!]%<=!R5<<7\!!W43!7+4(C+<#!6(7+4("*+36!)5++34D!!]%<=!"5<<7!543!:3<6!+%A3+:34!)%7+<#!F(5!3<3C+4%N!
! ! )5A&3+(C!7+(CG(&377!8K5&634NZ55<7!=%4C37?D!!
!!!!!!!!!!!!!dD!!2%<54!7#7+3)7\!!$(7+4("*+36!)5++34!:3<6!+%A3+:34!F(5!A45F(+#D!
!
16.  Gravity for ordinary mass 
!!!!!!!5D!!Using the deBroglie equation for ordinary mass!
! W!>*37+(%&!+:5+!(7!%=+3&!57G36!%=!@:#7(C7!7+*63&+7!(7\!!Z:5+!(7!+:3!95F3<3&A+:!%=!5!A%<=!"5<<!+:5+!
! :57!I1!)-7!F3<%C(+#!5&6!1D1`d!GA!)577D!!H:3!7+*63&+!(7!3_@3C+36!+%!*73!+:3!63R4%A<(3!95F3!
! 3>*5+(%&!M!S!:-)F!+%!C5<C*<5+3!+:3!95F3<3&A+:D!!H:3!437*<+!(7!5!F34#!7:%4+!95F3<3&A+:!C<%73!+%!
! +:3!U<5&CG!<3&A+:D!!H:(7!3_34C(73!(7!(&C<*636!+%!7+4377!+:5+!%46(&54#!%";3C+7!6%!:5F3!95F3!
! @4%@34+(37!5&6!+:5+!+:373!@4%@34+(37!6%!&%+!437*<+!(&!%"734F5"<3!95F3!5C+(%&7!"3C5*73!+:3#!543!
! 7%!7)5<<D!!W&6!+:(7!(7!+:3!4357%&!A%<=!"5<<7!6%!&%+!(&+34=343!9(+:!35C:!%+:34!"*+!+:3%43+(C5<<#!+:3#!
! 543!95F3!@:3&%)3&5D!!!
! !!!!!!H:(7!(7!7(<<#D!!]%<=!"5<<7!6%!&%+!(&+34=343!9(+:!35C:!%+:34!5&6!+:3#!543!&%+!95F37D!!W!A%<=!"5<<!(7!
! )563!*@!%=!@54+(C<37!+:5+!C5&!(&+34=343!9(+:!35C:!%+:34!"*+!+:3#!543!@:#7(C5<<#!(7%<5+36!=4%)!
! %+:34!%";3C+7!"3C5*73!+:3#!543!9(+:(&!+:3!A%<=!"5<<D!!H:3!63R4%A<(3!3>*5+(%&!(7!F5<(6!=%4!3<3)3&+5<!
! )57737!*@!+%!+:3!U<5&CG!)577!%=!0.Dee!)(C4%A45)7D!!H%!A%!"3#%&6!+:(7!)577!43>*(437!6(7+4("*+36!
! )5++34!5&6!+:3!+45&7(+(%&!(&+%!C<577(C5<!@:#7(C7D!.1 !!!!!!!!!
!!!!!!!!!!"D!The wavelength of ordinary mass needs a definition!!
!!!!!!!!!!!!!!!J&!73C+(%&!.`5!93!63F3<%@36!5&!3>*5+(%&!λ = Gm/(c2)!*7(&A!V(&7+3(&a7!43<5+(%&!3S)C0!=%4!+:3!!!!!!!!!
!!!!!!!!!!!!!!!3&34A#!(&!+:3!)577!)D!!V(&7+3(&!*736!C!57!+:3!7@336!%=!<(A:+B!"*+!57!63F3<%@36!:343!+:3!7@336!%=!!
!!!!!!!!!!!!!!!<(A:+!(7!K. !57!7:%9&!(&!c(A*43!.D!!H:3!n@65+36!3>*5+(%&!(7!λ = Gm-(V1

2).  !
!!!!!!!!!!!!!!!!!!!!H:(7!3>*5+(%&!)5G37!73&73!57!5!63=(&(+(%&!%=!+:3!95F3<3&A+:!%=!%46(&54#!)5++34!(=!93!*73!+:3!!
!!!!!!!!!!!!!!!K. !+34)!57!+:3!5F345A3!F3<%C(+#!%=!+:3!3&34A#!(&!+:3!)577D!!
!!!!!!!!!!CD!What does ordinary mass having a "wavelength" mean?!
! J!:5F3!@%(&+36!%*+!+:5+!=%4!%46(&54#!)5++34!+:3!63R4%A<(3!95F3<3&A+:!6%37!&%+!)5G3!73&73!5&6!
! #3+!J!5)!@4%@%7(&A!5&%+:34!95F3<3&A+:!=%4!%46(&54#!)5++34l!!Z:#!5)!J!6%(&A!+:(7l!
! !!!!!!H:3!5&7934!(7!+:5+!5!A%<=!"5<<!)5#!&%+!5C+!57!5!95F3!"*+!(+7!73<=NA45F(+#!63=(&(+(%&!F = Gm2/λ2!!
!!!!!!!!!!!!!!!&3367!5!)5++34!95F3<3&A+:D!!H:(7!95F3<3&A+:!(7!63=(&36!57!λ = Gm-(V1

2) 5&6!75+(7=(37!+:3!437+!
! 3&34A#!43>*(43)3&+B!5&6!=%4!5<<!@45C+(C5<!5@@<(C5+(%&7!V1

2 = c2.!!J!:%@3!&%!%&3!*737!+:(7!3>*5+(%&!
! +%!7:%9!+:5+!5!A%<=!"5<<!C5&!(&+34=343!9(+:!%+:34!A%<=!"5<<7D!
!!!!!!!!!!6D!The force of ordinary gravity!
! Z:3&!93!7@<(+!5!@54+(C<3!873C+(%&!.`?!93!A%+!5&!3>*5+(%&!83>*5+(%&!.?!+:5+!4373)"<36!A45F(+#B!57!
! 93!G&%9!(+D!!c!S!] f8) . -M. ?

0m8)0-M0?
0m8) . ) 0?-60m8) 0) . ?-60g!

!!!!!! H%!)5G3!+:(7!3>*5+(%&!=(+!(&!9(+:!%46(&54#!A45F(+#!5<<!+:5+!(7!&33636!(7!+%!(&+34@43+!M. !5&6!M0!57!+:3!
! )5++34!95F3<3&A+:7!%=!+:3!)57737!). !5&6!) 0D!!H:3!63=(&(+(%&!(&!@54+!C!5"%F3!75+(7=(37!+:(7!
! 43>*(43)3&+D!
! !!!!!W&6!(&!5!=57:(%&!7()(<54!+%!7@<(++(&A!@54+(C<37B!7@<(++(&A!)57737!437*<+7!(&!+9%!&39!)57737!+:5+!
! :5F3!<%934!95F3<3&A+:7!7*C:!+:5+!9:3&!+:3#!543!43C%)"(&36!)577!(7!)(77(&AD!!H:(7!)(77(&A!)577!
! (7!(&!+:3!A45F(+5+(%&5<!=(3<6!5&6!+:3!=%4C37!"3+933&!+:3!+9%!)57737D!
!! !!!!!E4!93!C5&!75#!+:5+!+:3!@4%_()(+#!%=!)57737!"3&67!7@5C3N+()3!7(&C3!95F3<3&A+:!(7!7@5C3!+:5+!
! (7!577%C(5+36!9(+:!5!@34(%6!8+()3?D!!W&6!+:*7!MN:%@!+:3%4#!5&6!A3&345<!43<5+(F(+#!543!(&!5CC%46D!!J+!
! (7!(&+3437+(&A!+%!&%+3!+:5+!V(&7+3(&a7!(&7(A:+!8%=!5!F(4+*5<!3>*(F5<3&C3!%=!A45F(+#!5&6!5CC3<345+(%&?!
! 957!*736!%&!+:3!>*5&+*)!<3F3<!+%!C435+3!+:3!MN:%@D!!H:3&!%46(&54#!A45F(+#!63F3<%@7!=4%)!+:(7!
! >*5&+*)!7+54+B!but now gravity is no longer equivalent to acceleration, it is accelerationD!!H:3!
! =%4C3!%=!A45F(+#!(7!63F3<%@36!"#!435<!@54+(C<37!MN:%@@(&A!%&!5!A456(3&+!%=!7@5C3N+()3D!!VF3&!(=!+:3!
! +9%!)57737!543!=(_36!5+!+:3!6(7+5&C3!6!+:343!(7!7+(<<!5!Q435<Q!5CC3<345+(%&!@4%6*C(&A!5!=%4C3!6*3!+%!
! +:3!MN:%@@347!+:5+!C%)@4(73!5<<!)57737D!!25(6!5&%+:34!95#B!9:3&!5!MN:%@@34!:%@7!"5CG!5&6!
! =%4+:!(&!5!A45F(+5+(%&5<!=(3<6!(+!7337!5!6(==343&+!7@5C3N+()3!%&!35C:!:%@D!!H:(7!(7!5!435<!=%4C3!%=!
! 5CC3<345+(%&D!
! ! !



17.  Electro‐Magnetic forces and matter? 
!!!!!!!!!!!!!!V<3C+4(C!5&6!)5A&3+(C!=%4C37!5+!+:3!>*5&+*)!<3F3<!543!@%+3&+!5&6!+:3#!C%)@<3+3<#!)57G!A45F(+#D!!!!!!
!!!!!!!H:3!=%4C3!"3+933&!+:3!3<3C+4%&!5&6!+:3!@4%+%&!)5#!"3!+43)3&6%*7!"*+!+:3#!"%+:!MN:%@!F(5!(&34+(5!!!!
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!!!!!!!C%&+(&*%*7!@57737!5+!+:3!@4%+%&!=%4)(&A!5!C<%*6!54%*&6!+:3!@4%+%&D!!H:(7!(7!5!@%77("<3!95#!+:5+!!
!!!!!!!:#64%A3&!5+%)7!C5&!=4%)D!!!
! Z:3&!)*<+(@<3!@4%+%&7!543!(&!5!&*C<3*7!%=!5&!5+%)B!+:3#!C5&!=4%)!7#))3+4(C5<!5445&A3)3&+7!!
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!!!!!!!!<(G3!5!7(&A<3!C:54A36!@54+(C<3D!!H:(7!(7!5!@%77("<3!95#!+:5+!)*<+(@<3!@4%+%&7!C5&!3_(7+!(&!5+%)(C!&*C<3(D!!!
! ! !
18.  Insight into Philosophical Questions: 
  a.  If mass is wavelike energy, how can there be any such thing as a rest mass? 
  W<<!3&34A#!@4%@5A5+37!3_C3@+!9:3&!(+!(7!+45@@36!(&!437%&5+(&A!7+4*C+*437!(&!9:(C:!C573!7+5&6(&A!!
! 95F37!C5&!"3!=%4)36D!!Z:3&!95F3!3&34A#!(7!*&437+4(C+36!(+!)*7+!@4%@5A5+3!5&6!(+!(7!4357%&5"<3!!
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