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Robertson 1929
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�A,�BThe were identified with the 
 uncertainties of Heisenberg’s  
simultaneous measurement 

is a statistical property of an ensemble of 
identical systems

Physical Review 34, 136 (1929)



<latexit sha1_base64="0durigVMRnCmbZCoDTz06oRcp6k=">AAAB/XicbZDJSgNBEIZ74hbjNi43RRqD4EHCjIfoMagHjwmYBZIh9HR6kiY9C901YhyCJ9/DiwdFvJrn8OYz+BJ2FkETf2j4+KuKqv7dSHAFlvVppObmFxaX0suZldW19Q1zc6uiwlhSVqahCGXNJYoJHrAycBCsFklGfFewqtu9GNarN0wqHgbX0IuY45N2wD1OCWirae7gxiUTQHB0jH/wtmlmrZw1Ep4FewLZwt6g9PWwPyg2zY9GK6SxzwKggihVt60InIRI4FSwfqYRKxYR2iVtVtcYEJ8pJxld38eH2mlhL5T6BYBH7u+JhPhK9XxXd/oEOmq6NjT/q9Vj8M6chAdRDCyg40VeLDCEeBgFbnHJKIieBkIl17di2iGSUNCBZXQI9vSXZ6FykrPzuXxJp3GOxkqjXXSAjpCNTlEBXaEiKiOK7tAjekYvxr3xZLwab+PWlDGZ2UZ/ZLx/Awqvl2U=</latexit>

�p,�x

<latexit sha1_base64="TIPq2EoTZKB+nNv3JnRYBoL/igM=">AAACAHicbZC7SgNBFIbPeo3xtmphochgECwk7FpEy6AWYpWAuUB2CbOT2WTI7IWZWSEsaQSfxMZCEbvgY9j5DL6Ek4ugiT8MfPznHM6c34s5k8qyPo25+YXFpeXMSnZ1bX1j09zarsooEYRWSMQjUfewpJyFtKKY4rQeC4oDj9Oa170c1mt3VEgWhbeqF1M3wO2Q+Yxgpa2muYucK8oVRjcn6AeduMOaZs7KWyOhWbAnkCvuD8pfDweDUtP8cFoRSQIaKsKxlA3bipWbYqEY4bSfdRJJY0y6uE0bGkMcUOmmowP66Eg7LeRHQr9QoZH7eyLFgZS9wNOdAVYdOV0bmv/VGonyz92UhXGiaEjGi/yEIxWhYRqoxQQlivc0YCKY/isiHSwwUTqzrA7Bnj55FqqnebuQL5R1GhcwVgb24BCOwYYzKMI1lKACBPrwCM/wYtwbT8ar8TZunTMmMzvwR8b7Nw5qmII=</latexit>

�J,��

<latexit sha1_base64="HLYrN6q2iiQ802q5L5fyMV0YUUc=">AAAB/XicbZDJSgNBEIZ74hbjNi43RRqD4EHCjIfoMbiAxwTMAskQejo9SZOehe4aIQ7Bk+/hxYMiXs1zePMZfAk7i6CJPzR8/FVFVf9uJLgCy/o0UnPzC4tL6eXMyura+oa5uVVRYSwpK9NQhLLmEsUED1gZOAhWiyQjvitY1e1eDOvVWyYVD4Mb6EXM8Uk74B6nBLTVNHdw45IJIPjqGP8gNM2slbNGwrNgTyBb2BuUvh72B8Wm+dFohTT2WQBUEKXqthWBkxAJnArWzzRixSJCu6TN6hoD4jPlJKPr+/hQOy3shVK/APDI/T2REF+pnu/qTp9AR03XhuZ/tXoM3pmT8CCKgQV0vMiLBYYQD6PALS4ZBdHTQKjk+lZMO0QSCjqwjA7Bnv7yLFROcnY+ly/pNM7RWGm0iw7QEbLRKSqga1REZUTRHXpEz+jFuDeejFfjbdyaMiYz2+iPjPdvwYuXNg==</latexit>

�E,�t

Uncertainty relation pairs

<latexit sha1_base64="jgi0aeIcK2CJxDIS29Cc6mzcC+U=">AAACIXicbVBNS0JBFJ3Xp9mX1bLNkAQKIe9FmEupTUuD/ACfyLxx1MF5b4aZ+0oR/0qb/kqbFkW4i/5Mo75FaQcGDuecy517AiW4Adf9ctbWNza3tlM76d29/YPDzNFxzchYU1alUkjdCIhhgkesChwEayjNSBgIVg8GtzO//si04TJ6gJFirZD0It7llICV2pmSXzE8N7yAPPY17/WBaC2f8ELNQd7KRCkth9gHLjpsbigbb2eybsGdA68SLyFZlKDSzkz9jqRxyCKgghjT9FwFrTHRwKlgk7QfG6YIHZAea1oakZCZ1nh+4QSfW6WDu1LbFwGeq78nxiQ0ZhQGNhkS6Jtlbyb+5zVj6JZaYx6pGFhEF4u6scAg8awu3OGaURAjSwjV3P4V0z7RhIItNW1L8JZPXiW1y4JXLBTvr7Llm6SOFDpFZyiHPHSNyugOVVAVUfSMXtE7+nBenDfn05kuomtOMnOC/sD5/gFHkqJf</latexit>

 (x, t) !  (x(t)) ⇡  ̃(p, t)

Imaging Theorem, Quantum to “classical” transition

Fourier transform, no time operator



The Generalised Imaging Theorem
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The semi-classical approximation for the 

time-development operator

Asymptotically large time



 Integral in Stationary Phase Approximation 

Free motion, one dimension

Stationary phase point
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Indeed, if the particle is spread out in space before being detected,  
the fact that it is always detected at a
given point implies that it condenses itself 
on that point and that its presence vanishes elsewhere. 
Thus something nonlocal must be taking place.

 Einstein adds:

In my opinion, one can remove this objection

 [action at a distance] only in the following way, 

that one does not describe the process 

solely by the Schr�odinger wave, 

but that at the same time one localises 

the particle during the propagation. 


ImagingTheorem !

Einstein 1927
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Spreading Free Gaussian Wavepacket 

and the Quantum to Classical Transition
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Propagation in Time and Space
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At infinitely large time

The space wave function is an eigenfunction 
 of the momentum operator.

At finitely large time
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Expanding wave packet

and the quantum to classical transition

Expanding wave packet

and the wave to beam optics transition



Optics

Gaussian beam
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zR
c

=

✓
k

c

◆
�2

T
0 1 2 3 4 5

-4

-2

0

2

4

t[a.u.]

x[
a.
u.
]

QM
<latexit sha1_base64="rQl2TwKtb4Xoi1eV3nStVqcDS7Y=">AAACEnicbVC7SgNBFJ2Nrxhfq5Y2g0FImrAbJNoIQRvLCHlBNobZyWwyZGZ3mbkrhCXfYOOv2FgoYmtl5984eRSaeODC4Zx7ufcePxZcg+N8W5m19Y3Nrex2bmd3b//APjxq6ihRlDVoJCLV9olmgoesARwEa8eKEekL1vJHN1O/9cCU5lFYh3HMupIMQh5wSsBIPbtYx1cYe4IFUPACRWgqJ6k39ImaeIoPhlD0NB9Icl/u2Xmn5MyAV4m7IHm0QK1nf3n9iCaShUAF0brjOjF0U6KAU8EmOS/RLCZ0RAasY2hIJNPddPbSBJ8ZpY+DSJkKAc/U3xMpkVqPpW86JYGhXvam4n9eJ4HgspvyME6AhXS+KEgEhghP88F9rhgFMTaEUMXNrZgOiQkGTIo5E4K7/PIqaZZLbqVUuTvPV68XcWTRCTpFBeSiC1RFt6iGGoiiR/SMXtGb9WS9WO/Wx7w1Yy1mjtEfWJ8/aeedXg==</latexit>
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<latexit sha1_base64="vQABM2AjZHVTAluWOIShIk+vlh0="></latexit>

� ~2
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= 0

<latexit sha1_base64="0O32qYjBCJ3jI8i7GizIeZ70xXM=">AAACKHicbVDNS8MwHE39nPOr6tFLcAieRiuiXsShF48T3AesZaRZuoUlaUlSYZb+OV78V7yIKLKrf4npVtBtPgi8vN9H8l4QM6q044ytpeWV1bX10kZ5c2t7Z9fe22+qKJGYNHDEItkOkCKMCtLQVDPSjiVBPGCkFQxv83rrkUhFI/GgRzHxOeoLGlKMtJG69rUXSoRTbxAgCYdZyjN4BadaPHPzYiQ1RQw+Zb9cZ1274lSdCeAicQtSAQXqXfvd60U44URozJBSHdeJtZ/mCzEjWdlLFIkRHqI+6RgqECfKTydGM3hslB4MI2mO0HCi/p1IEVdqxAPTyZEeqPlaLv5X6yQ6vPRTKuJEE4GnD4WJMRjBPDXYo5JgzUaGICyp+SvEA2Ry0SbbsgnBnbe8SJqnVfe86tyfVWo3RRwlcAiOwAlwwQWogTtQBw2AwTN4BR/g03qx3qwvazxtXbKKmQMwA+v7B1lTp2Y=</latexit>

~k
m
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p

m
=

@z

@t
Classical z motion

The TDSE

Helmholtz Equation = TISE
The paraxial approximation of Optics

<latexit sha1_base64="7YzpEI1PTnZVm2yDtH6tjCBu2d8=">AAACXnichVHPS8MwGE2rzrk5N/UieAkOQVBGW0S9CEMvHie4OVi7kWbpFpa2IUnFWvpPehMv/ilmPxC3CX4QeHnvfV+SF58zKpVlfRjmxuZWYbu4UyrvVvaqtf2DjowTgUkbxywWXR9JwmhE2ooqRrpcEBT6jDz7k/up/vxChKRx9KRSTrwQjSIaUIyUpga1xA0EwpnLkVAUsb7jcknznz187Ts5PIf/uNK5y6ET92LZClecbzm8hdagVrca1qzgOrAXoA4W1RrU3t1hjJOQRAozJGXPtrjysulQzEhechNJOMITNCI9DSMUEulls3hyeKqZIQxioVek4Iz93ZGhUMo09LUzRGosV7Up+ZfWS1Rw42U04okiEZ4fFCQMqhhOs4ZDKghWLNUAYUH1XSEeIx2P0j9S0iHYq09eBx2nYV81rMfLevNuEUcRHIMTcAZscA2a4AG0QBtg8GkYRskoG19mwayY1bnVNBY9h2CpzKNv+DC16w==</latexit>
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<latexit sha1_base64="uTrDvsGlOpkQQF86s244TXLlGfQ="></latexit>
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d = 5, sigma = 0.5

 Lab. frame. Light or particle diffraction through 4 Gaussian slits.



<latexit sha1_base64="peP4Hf40vpEWhIb1QrcfWqQqLzU="></latexit>

� ~2
2m

@2 

@x2
� i~ @ 

@t
= 0.

<latexit sha1_base64="TQJgPEFHGM1oZFWE0VhXkj8gwCc=">AAACBnicbVDLSgNBEJyNrxhfqx5FGAxCvIRdCeox6MVjBPOA7BJ6J7PJkNmHM7MhYcnJi7/ixYMiXv0Gb/6Nk2QPmljQUFR1093lxZxJZVnfRm5ldW19I79Z2Nre2d0z9w8aMkoEoXUS8Ui0PJCUs5DWFVOctmJBIfA4bXqDm6nfHFIhWRTeq3FM3QB6IfMZAaWljnnseCDwCDv0IWFD7PgCSDqapFBSZxPcMYtW2ZoBLxM7I0WUodYxv5xuRJKAhopwkLJtW7FyUxCKEU4nBSeRNAYygB5taxpCQKWbzt6Y4FOtdLEfCV2hwjP190QKgZTjwNOdAai+XPSm4n9eO1H+lZuyME4UDcl8kZ9wrCI8zQR3maBE8bEmQATTt2LSB52E0skVdAj24svLpHFeti/KlbtKsXqdxZFHR+gElZCNLlEV3aIaqiOCHtEzekVvxpPxYrwbH/PWnJHNHKI/MD5/AFh4mGs=</latexit>

x̄ ⌘ x

a(t)

<latexit sha1_base64="t0p/88FEAjT/uHY74c613dUs1Sc=">AAACE3icbVC7TgJBFJ31ifhCLW0mEgNakF1C1JJoY4mJPBIWyOwwCxNmZ9eZuyRkwz/Y+Cs2Fhpja2Pn3zg8CgVPcpOTc+7Nvfd4keAabPvbWlldW9/YTG2lt3d29/YzB4c1HcaKsioNRagaHtFMcMmqwEGwRqQYCTzB6t7gZuLXh0xpHsp7GEWsFZCe5D6nBIzUyZy7HlEYsMseYj7ELpfQBoxdXxGadCE3Tkgecmft4hh3Mlm7YE+Bl4kzJ1k0R6WT+XK7IY0DJoEKonXTsSNoJUQBp4KN026sWUTogPRY01BJAqZbyfSnMT41Shf7oTIlAU/V3xMJCbQeBZ7pDAj09aI3Ef/zmjH4V62EyygGJulskR8LDCGeBIS7XDEKYmQIoYqbWzHtExMHmBjTJgRn8eVlUisWnItC6a6ULV/P40ihY3SC8shBl6iMblEFVRFFj+gZvaI368l6sd6tj1nrijWfOUJ/YH3+ANgSnOA=</latexit>

t̄ ⌘
Z t dt0

a(t0)2

Space-Time Transformation of Free Motion

<latexit sha1_base64="vI+qINxsrnSR6W9vXI8bCETWdi8=">AAACAnicbVDLSgNBEJyNrxhfq57Ey2AQEoS4G4J6EYJePEYwD0g2YXYymwyZfTDTK4QlePFXvHhQxKtf4c2/cZLsQaMFDUVVN91dbiS4Asv6MjJLyyura9n13Mbm1vaOubvXUGEsKavTUISy5RLFBA9YHTgI1ookI74rWNMdXU/95j2TiofBHYwj5vhkEHCPUwJa6pkHpABFfIkLNj7BHSBxt1zsJvZpedIz81bJmgH/JXZK8ihFrWd+dvohjX0WABVEqbZtReAkRAKngk1ynVixiNARGbC2pgHxmXKS2QsTfKyVPvZCqSsAPFN/TiTEV2rsu7rTJzBUi95U/M9rx+BdOAkPohhYQOeLvFhgCPE0D9znklEQY00IlVzfiumQSEJBp5bTIdiLL/8ljXLJPitVbiv56lUaRxYdoiNUQDY6R1V0g2qojih6QE/oBb0aj8az8Wa8z1szRjqzj37B+PgGjn6UXA==</latexit>

a(t) = (1 + ⌧2)1/2
<latexit sha1_base64="Eho1PDOLaSJ+iEW08ouZg4VGB+0=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKe5KUC9C0IvHCHlhsoTZyWwyZHZ2mekVQshfePGgiFf/xpt/4yTZg0YLGoqqbrq7gkQKg6775eRWVtfWN/Kbha3tnd294v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup35rUeujYhVHccJ9yM6UCIUjKKVHrpIU3JN8KzeK5bcsjsH+Uu8jJQgQ61X/Oz2Y5ZGXCGT1JiO5yboT6hGwSSfFrqp4QllIzrgHUsVjbjxJ/OLp+TEKn0SxtqWQjJXf05MaGTMOApsZ0RxaJa9mfif10kxvPInQiUpcsUWi8JUEozJ7H3SF5ozlGNLKNPC3krYkGrK0IZUsCF4yy//Jc3zsndRrtxXStWbLI48HMExnIIHl1CFO6hBAxgoeIIXeHWM8+y8Oe+L1pyTzRzCLzgf30KhkAE=</latexit>

⌧ = t/T

with the Bohmian choice

<latexit sha1_base64="8zdZuwv1TjNXWBGwSJgBxM7dI70="></latexit>✓
� ~2
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0 x̄
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◆
� = i~ @�

@ t̄
<latexit sha1_base64="t66+MaI8FWZisXhGlN5LJMW1yzI=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqe5KUS9C0YvHCv2Cdi3ZdLYNzSZLklXK0v/hxYMiXv0v3vw3pu0etPXBwOO9GWbmBTFn2rjut5NbWV1b38hvFra2d3b3ivsHTS0TRaFBJZeqHRANnAloGGY4tGMFJAo4tILR7dRvPYLSTIq6GcfgR2QgWMgoMVZ66MoIBqTn4mvsndV7xZJbdmfAy8TLSAllqPWKX92+pEkEwlBOtO54bmz8lCjDKIdJoZtoiAkdkQF0LBUkAu2ns6sn+MQqfRxKZUsYPFN/T6Qk0nocBbYzImaoF72p+J/XSUx45adMxIkBQeeLwoRjI/E0AtxnCqjhY0sIVczeiumQKEKNDapgQ/AWX14mzfOyd1Gu3FdK1Zssjjw6QsfoFHnoElXRHaqhBqJIoWf0it6cJ+fFeXc+5q05J5s5RH/gfP4Ae2mRNA==</latexit>

!0 = 1/Twith constant frequency

in the co-moving frame



<latexit sha1_base64="8zdZuwv1TjNXWBGwSJgBxM7dI70="></latexit>✓
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<latexit sha1_base64="LPZ2TIxzNHus+K/gYUXotimpVMw="></latexit>
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~Ent̄

◆has eigenfunctions

<latexit sha1_base64="9cjWJ4SQgJrlJETJ2eyyZEj0lUU=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQNzWRom6EohuXFfqCNoTJdNIOnUzCzKS0hO7c+CtuXCji1l9w5984abPQ1gNzOZxzL3fu8SJGpbKsbyO3srq2vpHfLGxt7+zumfsHTRnGApMGDlko2h6ShFFOGooqRtqRICjwGGl5w7vUb42IkDTkdTWJiBOgPqc+xUhpyTWPux4ScAzhDRyX1Nk50iXlrqXrqO6aRatszQCXiZ2RIshQc82vbi/EcUC4wgxJ2bGtSDkJEopiRqaFbixJhPAQ9UlHU44CIp1kdscUnmqlB/1Q6McVnKm/JxIUSDkJPN0ZIDWQi14q/ud1YuVfOwnlUawIx/NFfsygCmEaCuxRQbBiE00QFlT/FeIBEggrHV1Bh2AvnrxMmhdl+7JceagUq7dZHHlwBE5ACdjgClTBPaiBBsDgETyDV/BmPBkvxrvxMW/NGdnMIfgD4/MHrlaWAw==</latexit>

x̄ = x(t)/a(t) = x0 = vTwith  

<latexit sha1_base64="ugdWQvOdgwZ+u7pBGYk4dPrC70Y="></latexit>
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Along the complete co-moving  trajectory the space 
wave function is proportional to the momentum wave 

function (Fraunhofer limit) 



<latexit sha1_base64="tTV2PTERsZkVMyKOtFGmAf8yE4U=">AAAB+nicbVBNTwIxEJ3FL8SvRY9eGomJJ9wlRD0SvXjERMAIG9ItXWjodjdtV0MQ/okXDxrj1V/izX9jF/ag4EvavLw3k5l5fsyZ0o7zbeVWVtfWN/Kbha3tnd09u7jfVFEiCW2QiEfyzseKciZoQzPN6V0sKQ59Tlv+8Cr1Ww9UKhaJWz2KqRfivmABI1gbqWsX76mMplOk068Ts9NK1y45ZWcGtEzcjJQgQ71rf3V6EUlCKjThWKm268TaG2OpGeF0UugkisaYDHGftg0VOKTKG89Wn6Bjo/RQEEnzhEYz9XfHGIdKjULfVIZYD9Sil4r/ee1EBxfemIk40VSQ+aAg4eZQlOaAekxSovnIEEwkM7siMsASE23SKpgQ3MWTl0mzUnbPytWbaql2mcWRh0M4ghNw4RxqcA11aACBR3iGV3iznqwX6936mJfmrKznAP7A+vwBxDGTrw==</latexit>

Zero to ⇡/2

<latexit sha1_base64="pSQ0BbvqEBRD67pUotJ95rG6Lyo=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUmkqMuiG5cV7APbUCbTSTt0MgkzE7GE9lPcuFDErT/izr9x0mahrQdmOJxzL/fe48ecKe0431ZhbX1jc6u4XdrZ3ds/sA/LLRUlktAmiXgkOz5WlDNBm5ppTjuxpDj0OW3745vMbz9SqVgk7vUkpl6Ih4IFjGBtpL5dfqAyms2Qzr4eE4Ge9O2KU3XmQKvEzUkFcjT69ldvEJEkpEITjpXquk6svRRLzQin01IvUTTGZIyHtGuowCFVXjrffYpOjTJAQSTNExrN1d8dKQ6VmoS+qQyxHqllLxP/87qJDq68lIk40VSQxaAg4eZSlAWBBkxSovnEEEwkM7siMsISE23iKpkQ3OWTV0nrvOpeVGt3tUr9Oo+jCMdwAmfgwiXU4RYa0AQCT/AMr/BmTa0X6936WJQWrLznCP7A+vwBXCaUqQ==</latexit>

Zero to 1
<latexit sha1_base64="YcJtukVjw3WSj5RHHxBujaV+VUU=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYgoJqoCxgoWBoUh9SW1UOa7TWrWdyHaQqqoZ+BUWBhBi5TPY+BucNgO0HOnqHp1zr+x7gphRpV332yqsrK6tbxQ3S1vbO7t79v5BU0WJxKSBIxbJdoAUYVSQhqaakXYsCeIBI61gdJv5rUciFY1EXY9j4nM0EDSkGGkj9eyjexQ4aQo15SRr5/U0DWXEe3bZddwZ4DLxclIGOWo9+6vbj3DCidCYIaU6nhtrf4KkppiRaambKBIjPEID0jFUIE6UP5kdMIWnRunDMJKmhIYz9ffGBHGlxjwwkxzpoVr0MvE/r5Po8NqfUBEnmgg8fyhMGNQRzNKAfSoJ1mxsCMKSmr9CPEQSYW0yK5kQvMWTl0nzwvEuncpDpVy9yeMogmNwAs6AB65AFdyBGmgADKbgGbyCN+vJerHerY/5aMHKdw7BH1ifP4rnlmU=</latexit>

Lab. time t/T from
<latexit sha1_base64="1xf5UeGD/8JTaq8Vf0lhxeEiP/Q=">AAACCnicbVC7SgNBFJ31bXytWtqMBsHGuCtBLUUbywhJFJIlzE5mk8F5LDN3A2ExrY2/YmOhiK1fYOffOHkUGj1wuYdz7mXmnjgV3EIQfHkzs3PzC4tLy4WV1bX1DX9zq251ZiirUS20uY2JZYIrVgMOgt2mhhEZC3YT310O/ZseM5ZrVYV+yiJJOoonnBJwUsvfvdSHUve46gwGGLhkrjVjYjAcVQeDxGjZ8otBKRgB/yXhhBTRBJWW/9lsa5pJpoAKYm0jDFKIcmKAU8HuC83MspTQO9JhDUcVkcxG+eiUe7zvlDZOtHGlAI/Unxs5kdb2ZewmJYGunfaG4n9eI4PkLMq5SjNgio4fSjKBQeNhLrjNDaMg+o4Qarj7K6ZdYggFl17BhRBOn/yX1I9L4UmpfF0unl9M4lhCO2gPHaAQnaJzdIUqqIYoekBP6AW9eo/es/fmvY9HZ7zJzjb6Be/jG0+omqw=</latexit>

Co�moving time t̄/T from

<latexit sha1_base64="tg+ON2z3i4d2rQdTz4KTxxN6dX0=">AAACM3icbVBNSwMxEM36WetX1aOXYBEUoe6KqBdBFEE8VbCt0C1lNs3aYDa7JLNCWfqfvPhHPAjiQRGv/gfTugetfTDM470ZknlBIoVB131xJianpmdmC3PF+YXFpeXSymrdxKlmvMZiGeubAAyXQvEaCpT8JtEcokDyRnB3NvAb91wbEatr7CW8FcGtEqFggFZqly7P28oPQFPc9buDfky3FN2hfqiBZV4/2+tv5/71WA80Q1A+Qtould2KOwT9T7yclEmOarv05HdilkZcIZNgTNNzE2xloFEwyftFPzU8AXYHt7xpqYKIm1Y2vLlPN63SoWGsbSmkQ/X3RgaRMb0osJMRYNeMegNxnNdMMTxqZUIlKXLFfh4KU0kxpoMAaUdozlD2LAGmhf0rZV2wiaCNuWhD8EZP/k/qexXvoLJ/tV8+Oc3jKJB1skG2iEcOyQm5IFVSI4w8kGfyRt6dR+fV+XA+f0YnnHxnjfyB8/UNqG+n/g==</latexit>

Ent̄/~ = (n+
1

2
)t̄/T = (n+

1

2
) arctan ⌧

The proper time in the co-moving frame is the Gouy phase !

<latexit sha1_base64="W/hwI92FwJ3SaF2lD77Rbm5Xth8=">AAACInicbVBNSwMxEM36bf2qevQSLEK91F0pfhyEohePFVoVuqXMpmkbzGbXZFYoS3+LF/+KFw+KehL8MabbImp9EHjz3gyTeUEshUHX/XCmpmdm5+YXFnNLyyura/n1jUsTJZrxOotkpK8DMFwKxesoUPLrWHMIA8mvgpuzoX91x7URkaphP+bNELpKdAQDtFIrf+wHoH2EhPr8NhF3dFhT3KvRE+qDZgiKZvZ3mRatuzugrXzBLbkZ6CTxxqRAxqi28m9+O2JJyBUyCcY0PDfGZgoaBZN8kPMTw2NgN9DlDUsVhNw00+zEAd2xSpt2Im2fQpqpPydSCI3ph4HtDAF75q83FP/zGgl2jpqpUHGCXLHRok4iKUZ0mBdtC80Zyr4lwLSwf6WsBxoY2lRzNgTv78mT5HK/5B2UyhflQuV0HMcC2SLbpEg8ckgq5JxUSZ0wck8eyTN5cR6cJ+fVeR+1TjnjmU3yC87nF3Taol0=</latexit>

⌧̄ ⌘ t̄/T = arctan ⌧ = arctan (t/T )

What is the new time in the energy phase 
factor ?



<latexit sha1_base64="zNwfamh2TVg+FDk4rDwWP0NLZzs=">AAACKHicbVDNSgMxGMzW//pX9eglWIQKpeyKqBex6MVjBWsLzbJ8m6ZtaDa7JFmxLD6OF1/Fi4givfokprUH2zoQMszMR/JNmAiujesOndzC4tLyyupafn1jc2u7sLN7r+NUUVansYhVMwTNBJesbrgRrJkoBlEoWCPsX4/8xgNTmsfyzgwS5kfQlbzDKRgrBYVLQnu8REJQ+LE8voiBlJSP8AUmOo0CiSGQpIxJrccDWXoM3KlYUCi6FXcMPE+8CSmiCWpB4Z20Y5pGTBoqQOuW5ybGz0AZTgV7ypNUswRoH7qsZamEiGk/Gy/6hA+t0sadWNkjDR6rfycyiLQeRKFNRmB6etYbif95rdR0zv2MyyQ1TNLfhzqpwCbGo9ZwmytGjRhYAlRx+1dMe6CAGttt3pbgza48T+6PK95p5eT2pFi9mtSxivbRASohD52hKrpBNVRHFD2jV/SBPp0X5835coa/0ZwzmdlDU3C+fwCZl6Pd</latexit>

�(x̄, ⌧̄ ) =
X

n

an �n(x0, ⌧̄ )
<latexit sha1_base64="WR2ljGVsw/8cj1VfW6IGWkmWfLU=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXNVEirosunFZoS9oQplMJ+3QycOZm0IJdeOvuHGhiFv/wp1/46TNQlsPXDhzzr3MvceLBVdgWd9GYWV1bX2juFna2t7Z3TP3D1oqSiRlTRqJSHY8opjgIWsCB8E6sWQk8ARre6PbzG+PmVQ8ChswiZkbkEHIfU4JaKlnHjkekQ6QBDvsIeFjnL0xnDd6ZtmqWDPgZWLnpIxy1Hvml9OPaBKwEKggSnVtKwY3JRI4FWxachLFYkJHZMC6moYkYMpNZxdM8alW+tiPpK4Q8Ez9PZGSQKlJ4OnOgMBQLXqZ+J/XTcC/dlMexgmwkM4/8hOBIcJZHLjPJaMgJpoQKrneFdMhkYSCDq2kQ7AXT14mrYuKfVmp3lfLtZs8jiI6RifoDNnoCtXQHaqjJqLoET2jV/RmPBkvxrvxMW8tGPnMIfoD4/MHgXaWSQ==</latexit>

⌧̄ ⌘ t̄/T

<latexit sha1_base64="zEhR+5xx6RJ10xxFsIVsrCrCOXU="></latexit>
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A displaced Gaussian slit function

Expand an arbitrary wave packet



Coherent states, no interference, co-moving frame
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d = 5, sigma = 0.5
Lab. frame, 4 Gaussian slits



Co-moving frame, 4 coherent states

No interference

With interference
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