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III. QFT in Curved s-t

I. Brief Recap of Classical Field Theory

Outline

II. QFT in Flat s-t

(a) Formalism

(b) Unruh Effect

IV. Black Holes

(a) Hawking Radiation, etc

(b) Rotation, etc

[Disclaimer: QFT à la “theoretical physics” (not “mathematical physics”)]



I. Brief Recap of Classical Field Theory



• Einstein-Hilbert action with matter action:

General Relativity

ds2 = gµ⇥dxµdx⇥ g � det(gµ⇥)

• Line-element & metric of a curved s-t:

• Einstein-Hilbert action:

Cosmological const.
Ricci scalarregion of s-t

<latexit sha1_base64="4MNkFyj4pyVE7T2PhPrMQ8gMSss="></latexit>
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Einstein field eqs.:

 Action principle:

: momentum density

: energy density
 

: (normal & shear) stress

(µ, ⇥ = 0, 1, 2, 3; j = 1, 2, 3)

T00

T0j

Tij

Stress-energy tensor:



 For a real (minimally-coupled) scalar field of mass m:

Matter: Scalar Field
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�Sm/�gµ⌫

It’s conserved:

: Lagrangian density
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Lm

Klein-Gordon eq.: ⇤��m2� = 0
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<latexit sha1_base64="navFEzFMDyfZN7CBVlt78KFhJTs=">AAACFnicbZDLSgMxFIYz9VbrrerSTbAIbiwzUtRlqRuXFewFOmPJpJk2NJOMuRTL0Kdw46u4caGIW3Hn25heQG39IfDlP+eQnD9MGFXadb+czNLyyupadj23sbm1vZPf3asrYSQmNSyYkM0QKcIoJzVNNSPNRBIUh4w0wv7luN4YEKmo4Dd6mJAgRl1OI4qRtlY7f+JXxL1P7gwdwO5t6sfG52bkcxQy1B5ff9j67XzBLboTwUXwZlAAM1Xb+U+/I7CJCdeYIaVanpvoIEVSU8zIKOcbRRKE+6hLWhY5iokK0slaI3hknQ6MhLSHazhxf0+kKFZqGIe2M0a6p+ZrY/O/Wsvo6CJIKU+MJhxPH4oMg1rAcUawQyXBmg0tICyp/SvEPSQR1jbJnA3Bm195EeqnRe+sWLouFcqVWRxZcAAOwTHwwDkogytQBTWAwQN4Ai/g1Xl0np03533amnFmM/vgj5yPb0iYoLo=</latexit>⇤ ⌘ gµ⌫rµr⌫



• Klein-Gordon eq. for a massive real scalar classical field in flat s-t:

⇤��m2� = 0 � = ��2
t + ⇥⇥2

Scalar Field in Flat Spacetime

• Apply spatial Fourier transform in Cartesian coords.

The modes

satisfy the eq. for the simple harmonic oscillator:

oscillator frequency: �k �
�

k2 + m2

d2�⇥k

dt2
+ ⇥2

k�⇥k = 0
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so that 

 The general sln. may be expressed via the inverse Fourier transform as

Fourier coefficients

are mode slns. which are positive frequency 
wrt       :

<latexit sha1_base64="6DHl69ufYqQymHVQMzin9BHTQ/Y=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxWsB/YLiWbZtvQbHZJZoWy9F948aCIV/+NN/+NabsHbX0QeLw3M5l5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHnsJ1Sio7GO/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPZvOY5NNSLzU8oWxMh7xrqaIRN34233hKzqwyIGGs7VNI5urvjoxGxkyiwFZGFEdm2ZuJ/3ndFMNrPxMqSZErtvgoTCXBmMzOJwOhOUM5sYQyLeyuhI2opgxtSCUbgrd88ippXVS9y2rtvlap3+RxFOEETuEcPLiCOtxBA5rAQMEzvMKbY5wX5935WJQWnLznGP7A+fwBzL2RAw==</latexit>

@t
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@tu~k = �i!k u~k

<latexit sha1_base64="eFNJXZvsB6VKASm+GLnRZslYFjk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUE8S9OIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c381hMqzWP5YMYJ+hEdSB5yRo2V6je9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9i7LlXqlVL3N4sjDCZzCOXhwBVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD5E/jMs=</latexit>
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The field may be viewed as an infinite set of decoupled simple harm. 
oscs., one for each     

 In particular, the Hamiltonian is that for a set of harm. oscs.:

<latexit sha1_base64="TTKxxNdCa4SklVVaTPFjvB58Jxs="></latexit>
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II. QFT in Flat Space-time
(a) Formalism



• We’ve just seen: a real scalar field may be viewed as an infinite 
collection of decoupled simple harm. oscs., one for each     

Canonical Quantization

mode slns.

• In order to quantize the field (in the Heisenberg picture) we 
quantize the harm. oscs.:

: annihilation ops. : creation ops.

(formally)
<latexit sha1_base64="QnKp1mDfUzxxquJKbvABD5suUIU="></latexit>

â~k | Mi = 0, 8~k 2 R3• The Minkowski vacuum state is defined via



where canonical field momentum

Commutation Relations

 Commutation rlns. for harm. osc.:

equal-time commutation rlns.

<latexit sha1_base64="5f4AMAShIbAQWUSi0xHjf5UUbuE="></latexit>h
�̂(~x, t), ⇧̂(~x0, t)

i
= Î i �(3)(~x� ~x0)

So, here for the scalar field:

<latexit sha1_base64="xI7ncULnYHQw0DT8KdYoiHsqNN4="></latexit>⇥
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[q̂(t), p̂(t)] = Î i
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which are equivalent to:

which are equivalent to:

<latexit sha1_base64="aVr7nRNTvBJDnEngemBcUQil8yA=">AAACJ3icbVDLSsNAFJ34rPUVdelmsAh1UxIp6kqKbly4qGAf0IQymU7aoZNJnJkUS8jfuPFX3Agqokv/xEmbRW09MHA495479x4vYlQqy/o2lpZXVtfWCxvFza3tnV1zb78pw1hg0sAhC0XbQ5IwyklDUcVIOxIEBR4jLW94ndVbIyIkDfm9GkfEDVCfU59ipLTUNS+dOi0/njjkIaYj6PgC4cSJkFAUMegESA0wYslt2g3SGb0XKuhEA5p2zZJVsSaAi8TOSQnkqHfNN23GcUC4wgxJ2bGtSLlJNhgzkhadWJII4SHqk46mHAVEusnkzhQea6UH/VDoxxWcqLOOBAVSjgNPd2aby/laJv5X68TKv3ATyqNYEY6nH/kxgyqEWWiwRwXBio01QVhQvSvEA6SzUjraog7Bnj95kTRPK/ZZpXpXLdWu8jgK4BAcgTKwwTmogRtQBw2AwRN4Ae/gw3g2Xo1P42vaumTkngPwB8bPL43ipwQ=</latexit>
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• Define

- it is a scalar product (it’s conjugate-symmetric & linear in 2nd 
argument)

- if                     are slns. of K-G eq, then it is independent of 

Inner Product

• The Minkowski modes               are orthonormal:

the pos. freq. modes 
have positive norm

the negat. norm modes 
have negative norm

So ( , ) is an inner prod. when restricted to the pos. freq. modes
<latexit sha1_base64="jnDFb5Kqs61LCYIXfLTbf46erK0=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkqMeiF48V7AekoWy2k3bpZjfsbgol5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJR8tUUWhTyaXqhUQDZwLahhkOvUQBiUMO3XByP/e7U1CaSfFkZgkEMRkJFjFKjJX8dJD1p0CzSZ4PqjW37i6A14lXkBoq0BpUv/pDSdMYhKGcaO17bmKCjCjDKIe80k81JIROyAh8SwWJQQfZ4uQcX1hliCOpbAmDF+rviYzEWs/i0HbGxIz1qjcX//P81ES3QcZEkhoQdLkoSjk2Es//x0OmgBo+s4RQxeytmI6JItTYlCo2BG/15XXSuap71/XGY6PWvCviKKMzdI4ukYduUBM9oBZqI4okekav6M0xzovz7nwsW0tOMXOK/sD5/AH895G6</latexit>u~k



(2) Then any sln. of the field eq. may be expanded as

,
<latexit sha1_base64="57ZWvaQtM9GBl0V2FY5lsA09a4M=">AAACJ3icbVDLSgMxFM34rPVVdekmWIQqWmZE1I1SdOOygrVCpw530kwbzDxM7gil9G/c+CtuBBXRpX9iWmdRqwcCJ+ecS3KPn0ih0bY/rYnJqemZ2dxcfn5hcWm5sLJ6peNUMV5jsYzVtQ+aSxHxGgqU/DpRHEJf8rp/ezbw6/dcaRFHl9hNeDOEdiQCwQCN5BVOwBPHruQBllJP7LhJR7hKtDu4tePepdCicLNtErtZZHAZDXmFol22h6B/iZORIslQ9QovbitmacgjZBK0bjh2gs0eKBRM8n7eTTVPgN1CmzcMjSDkutkb7tmnm0Zp0SBW5kRIh+roRA9Crbuhb5IhYEePewPxP6+RYnDU7IkoSZFH7OehIJUUYzoojbaE4gxl1xBgSpi/UtYBBQxNtXlTgjO+8l9ytVd2Dsr7F/vFymlWR46skw1SIg45JBVyTqqkRhh5IE/klbxZj9az9W59/EQnrGxmjfyC9fUNmr6lLA==</latexit>

ai = (ui,�) , a⇤i = � (u⇤
i ,�)

<latexit sha1_base64="WlyxNjJFJjK4Tn+YTdZMcrx39bo=">AAACEnicbVBNS8NAEN3Ur1q/oh69LBahVSiJFPUiFL14rGA/oIlhs920SzebsLsRS+hv8OJf8eJBEa+evPlv3LQ5aPXBDm/ezDA7z48ZlcqyvozCwuLS8kpxtbS2vrG5ZW7vtGWUCExaOGKR6PpIEkY5aSmqGOnGgqDQZ6Tjjy6zeueOCEkjfqPGMXFDNOA0oBgpLXlm1YmHtHJfPXdkEnoUQqRD4mXSEbo9zJIs6tQzy1bNmg L+JXZOyiBH0zM/nX6Ek5BwhRmSsmdbsXJTJBTFjExKTiJJjPAIDUhPU45CIt10etIEHmilD4NI6McVnKo/J1IUSjkOfd0ZIjWU87VM/K/WS1Rw5qaUx4kiHM8WBQmDKoKZP7BPBcGKjTVBWFD9V4iHSCCstIslbYI9f/Jf0j6u2Se1+nW93LjI7SiCPbAPKsAGp6ABrkATtAAGD+AJvIBX49F4Nt6M91lrwchndsEvGB/fj3+bgw==</latexit>

�(x) =
X

i

aiui(x) + a⇤i u
⇤
i (x)

(1) Choose a set                                    of slns. of field eq. that is 
complete and orthonormal:

Quantization Procedure

(4) Define a vacuum by                            excited states by etc
<latexit sha1_base64="vo3jmSHQWJOOk3Ux/n3A8F7jmBw=">AAACFXicbVBNS8NAEN34bf2qevSyWAQFKYkU9Sh68ahgVWhqmWwm6eJmE3YnQin+CS/+FS8eFPEqePPfuK09+PVg4PHeDDPzokJJS77/4Y2NT0xOTc/MVubmFxaXqssr5zYvjcCmyFVuLiOwqKTGJklSeFkYhCxSeBFdHw38ixs0Vub6jHoFtjNItUykAHJSp7odKkxoM+wCcejIqzCGNEUTGpl2aetKh5mMuR8a0KnCTrXm1/0h+F8SjEiNjXDSqb6HcS7KDDUJBda2Ar+gdh8MSaHwthKWFgsQ15Biy1ENGdp2f/jVLd9wSsyT3LjSxIfq94k+ZNb2ssh1ZkBd+9sbiP95rZKS/XZf6qIk1OJrUVIqTjkfRMRjaVCQ6jkCwkh3KxddMCDIBVlxIQS/X/5LznfqwW69cdqoHRyO4phha2ydbbKA7bEDdsxOWJMJdsce2BN79u69R+/Fe/1qHfNGM6vsB7y3Txkenss=</latexit>⇣
â†i

⌘n
| 0i

Choice of vacuum depends (via    ) on choice of complete set of slns.      !
<latexit sha1_base64="ZdG4rEi577uSEtfyA1ocGOVwHxE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKnd4IDcE+75crbtWdg6wSLycVyNHol796g5imEZOGCtS667mJ8TNUhlPBpqVeqlmCdIxD1rVUYsS0n83vnZIzqwxIGCtb0pC5+nsiw0jrSRTYzgjNSC97M/E/r5ua8NrPuExSwyRdLApTQUxMZs+TAVeMGjGxBKni9lZCR6iQGhtRyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJlAQ8Ayv8OY8Oi/Ou/OxaC04+cwx/IHz+QOeqo+1</latexit>

âi
<latexit sha1_base64="Zz55KUEfkR+/FODzj99uX9vB3nc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0kPZ5v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBe7I3e</latexit>ui

(3) Quantize by promoting to ops.
<latexit sha1_base64="jgXvx9+BE7JBI/YiJs6bmLGLxg8=">AAACNHicbVDLSgMxFM3UV62vqks3wSKISJmRoi6LbgQ3FewDOtNyJ5O2oZmHSUYoQz/KjR/iRgQXirj1G0zbQW3rhcC555zLzT1uxJlUpvliZBYWl5ZXsqu5tfWNza389k5NhrEgtEpCHoqGC5JyFtCqYorTRiQo+C6ndbd/OdLr91RIFga3ahBRx4duwDqMgNJUO38NbYZtFWK7Bwrr5ti+i8HD0DqaElqJ7UG3S8Xwx2JHvV/HqGnnC2bRHBeeB1YKCiitSjv/ZHshiX0aKMJByqZlRspJQChGOB3m7FjSCEgfurSpYQA+lU4yPnqIDzTj4U4o9AsUHrN/JxLwpRz4rnb6oHpyVhuR/2nNWHXOnYQFUaxoQCaLOjHH+tJRgthjghLFBxoAEUz/FZMeCCBK55zTIVizJ8+D2knROi2WbkqF8kUaRxbtoX10iCx0hsroClVQFRH0gJ7RG3o3Ho1X48P4nFgzRjqzi6bK+PoGrN2qUg==</latexit>

ai ! âi, a⇤i ! â†i , � ! �̂

and impose comm. rlns.
<latexit sha1_base64="5Zn/r9BhYAMNQr9kCLmNp2tu2BQ="></latexit>h
âi, â

†
j

i
= Î �ij

it may be a Dirac-
<latexit sha1_base64="8MUQ0zF675PA7px2Jog6pO5ZH3w=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1GPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9SImkPTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJ66LqX1Zr97VK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/AJR6jyU=</latexit>

�



QFT Divergences

�̂2(x) T̂µ⇥(x) So products like             in                are not well-defined and plague 
the QFT with divergences

Strictly, one should integrate it against a test-function           in order 
to get a well-defined operator:

<latexit sha1_base64="7RmazZCxAyguQuK2e++RvOlcAyY=">AAACFXicbVDLSsNAFJ34rPUVdelmsAgtSEmkqMuiG5cV7AOaWCaTSTt0Mokzk9IS+hNu/BU3LhRxK7jzb5y2QbT1wMDhnHOZe48XMyqVZX0ZS8srq2vruY385tb2zq65t9+QUSIwqeOIRaLlIUkY5aSuqGKkFQuCQo+Rpte/mvjNARGSRvxWjWLihqjLaUAxUlrqmCdODykn7tFiUHLIfUIH0KFcQf+uMnRgUByWfgLDUscsWGVrCrhI7IwUQIZax/x0/AgnIeEKMyRl27Zi5aZIKIoZGeedRJIY4T7qkramHIVEuun0qjE81ooPg0jopzeaqr8nUhRKOQo9nQyR6sl5byL+57UTFVy4KeVxogjHs4+ChEEVwUlF0KeCYMVGmiAsqN4V4h4SCCtdZF6XYM+fvEgap2X7rFy5qRSql1kdOXAIjkAR2OAcVME1qIE6wOABPIEX8Go8Gs/Gm/E+iy4Z2cwB+APj4xumip3e</latexit>

�̂(f) ⌘
Z

d4x f(x)�̂(x)

is an operator-valued distribution
<latexit sha1_base64="wT5qnXCv42VSxKcaxJ1dr9MfgPo="></latexit>h
â~k, â

†
~k0

i
= Î �(3)

⇣
~k � ~k0

⌘
<latexit sha1_base64="Me7q0mlshjOLn0jQIANaKSJl0DA=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1GPRi8cK9gOaUDbbTbN0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSAXX6DjfVmltfWNzq7xd2dnd2z+oHh51dJIpyto0EYnqBUQzwSVrI0fBeqliJA4E6wbj25nffWJK80Q+4CRlfkxGkoecEjRSz4sIemnEB9WaU3fmsFeJW5AaFGgNql/eMKFZzCRSQbTuu06Kfk4UcirYtOJlmqWEjsmI9Q2VJGbaz+f3Tu0zowztMFGmJNpz9fdETmKtJ3FgOmOCkV72ZuJ/Xj/D8NrPuUwzZJIuFoWZsDGxZ8/bQ64YRTExhFDFza02jYgiFE1EFROCu/zyKulc1N3LeuO+UWveFHGU4QRO4RxcuIIm3EEL2kBBwDO8wpv1aL1Y79bHorVkFTPH8AfW5w8e5JAJ</latexit>

�̂ - See



has ultra-violet divergence since there is an infinite amount of 
harm. oscs., each with nonzero zero-point energy �k

2

per unit volume ~�M | Ĥ | M⇥

An example of these divergences is in the zero-point energy density:

<latexit sha1_base64="HcScD4A4kWe7sxKwIdD/Mx4C0GQ="></latexit>Z

R3

d3~k
!k

2

h
â†~kâ~k + â~kâ

†
~k

i
=



This is equivalent to normal ordering: place all annihilation ops. to the 
right of the creation ops.

�M |: Ĥ :| M⇥ = 0

• We remove these divergences in a “physically meaningful” way via 
a ‘renormalization’ procedure

�

⇥⇥ |: �̂(x)2 :| ⇥⇤ = ⇥⇥ | �̂(x)2 | ⇥⇤ � ⇥M | �̂(x)2 | M⇤

• In flat s-t, we measure energies only as differences wrt a vacuum 
energy -> renormalize by subtracting a vacuum energy and 
experiments indicate that such vacuum is the Minkowski vacuum:

Normal Ordering



 Consider two complete and orthonormal sets of slns. of the field 
eqs.:                                      and 

 Then

and, since                                     form a complete set,

Bogolyubov coeffs.:

Bogolyubov transf.

Bogolyubov Transformations



• Different choices of complete sets yield different quantum ‘vacuum’ 
states of the matter field:

and

• The relationship between the creation/annihilation ops. is then
<latexit sha1_base64="1k2mxPb6Ov4BGQCmwR1TfoFlH28=">AAACAnicbVBNS8NAEN3Ur1q/op7ES7AIFaQkUtSLUPTisYL9gCaEzXbTLN1swu6kUErx4l/x4kERr/4Kb/4bt20OWn0w8Hhvhpl5QcqZAtv+MgpLyyura8X10sbm1vaOubvXUkkmCW2ShCeyE2BFORO0CQw47aSS4jjgtB0MbqZ+e0ilYom4h1FKvRj3BQsZwaAl3zwIfHnlchpCZejLUzeNmCtZP4IT3yzbVXsG6y9xclJGORq++en2EpLFVADhWKmuY6fgjbEERjidlNxM0RSTAe7TrqYCx1R549kLE+tYKz0rTKQuAdZM/TkxxrFSozjQnTGGSC16U/E/r5tBeOmNmUgzoILMF4UZtyCxpnlYPSYpAT7SBBPJ9K0WibDEBHRqJR2Cs/jyX9I6qzrn1dpdrVy/zuMookN0hCrIQReojm5RAzURQQ/oCb2gV+PReDbejPd5a8HIZ/bRLxgf37TrlwA=</latexit>

br = (vr,�)
<latexit sha1_base64="UztAMV7GvgqK2HkZ2/L1FjT7MWY="></latexit>

b̂r =
X

i

↵⇤
ri âi � �⇤

ri a
†
i…

Vacuum States

• The number of quantum v-particles of mode ‘type r’ in the u-vac. is

The two vac. are equivalent iff <latexit sha1_base64="L8DmA0knzHbWjARI/89K97Ke9CA=">AAACBHicbVBNS8NAEN34WetX1GMvi0XwUEoiRb0IRS8eK9gPaELYbLft0s0m7E6EEnrw4l/x4kERr/4Ib/4bt20O2vpg4PHeDDPzwkRwDY7zba2srq1vbBa2its7u3v79sFhS8epoqxJYxGrTkg0E1yyJnAQrJMoRqJQsHY4upn67QemNI/lPYwT5kdkIHmfUwJGCuySFzIgQab45MqpeBXs9WNFhMCqwgO77FSdGfAycXNSRjkagf3l9WKaRkwCFUTrrusk4GdEAaeCTYpeqllC6IgMWNdQSSKm/Wz2xASfGKWHzXZTEvBM/T2RkUjrcRSazojAUC96U/E/r5tC/9LPuExSYJLOF/VTgSHG00RwjytGQYwNIVRxcyumQ6IIBZNb0YTgLr68TFpnVfe8WrurlevXeRwFVELH6BS56ALV0S1qoCai6BE9o1f0Zj1ZL9a79TFvXbHymSP0B9bnDzkRlzA=</latexit>

�ri = 0, 8r, i

(i.e., no mixing between pos. and negat. freq. modes)

[N.B.: For a rigorous approach: algebraic QFT]



II. QFT in Flat Space-time

(b) Unruh Effect



t is the proper time of inertial observers

Flat Spacetime

 Consider 2-D flat s-t. Line element:

Null coords.:

y

t
vu

ligh
tco
ne lightcone

null geodesics (light) are 
along u=const or v=const

<latexit sha1_base64="TRNkjbi+HhiCJNOG0Z7TMbjuWRw=">AAACG3icbZDLSsNAFIYn9VbrLerSzWARBLUkpajLohuXVewFmlIm02k7dDJJ51IIoe/hxldx40IRV4IL38ZpG0Fbfxj4+c45zDm/HzEqleN8WZml5ZXVtex6bmNza3vH3t2ryVALTKo4ZKFo+EgSRjmpKqoYaUSCoMBnpO4Prif1+ogISUN+r+KItALU47RLMVIGte2i9shQ0xFUZ/Ep9IYadeDoB53EKfEo9wKk+r6f3I3bdt4pOFPBReOmJg9SVdr2h9cJsQ4IV5ghKZuuE6lWgoSimJFxztOSRAgPUI80jeUoILKVTG8bwyNDOrAbCvO4glP6eyJBgZRx4JvOyYZyvjaB/9WaWnUvWwnlkVaE49lHXc2gCuEkKNihgmDFYmMQFtTsCnEfCYSViTNnQnDnT140tWLBPS+Ubkv58lUaRxYcgENwDFxwAcrgBlRAFWDwAJ7AC3i1Hq1n6816n7VmrHRmH/yR9fkNbtuhEg==</latexit>

u ⌘ t� y, v ⌘ t+ y 2 R

Inertial coords.:
<latexit sha1_base64="CpRjYx9+/4QVGDCY0VdW020CpBo=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFcSEmkqMuiG5dV7AOaUCbTaTt0MgkzN0II9VfcuFDErR/izr9x0mahrQcGDufcyz1zglhwDY7zba2srq1vbJa2yts7u3v79sFhW0eJoqxFIxGpbkA0E1yyFnAQrBsrRsJAsE4wucn9ziNTmkfyAdKY+SEZST7klICR+nYFw1nqYY9LLyQwDoLsftq3q07NmQEvE7cgVVSg2be/vEFEk5BJoIJo3XOdGPyMKOBUsGnZSzSLCZ2QEesZKknItJ/Nwk/xiVEGeBgp8yTgmfp7IyOh1mkYmMk8oV70cvE/r5fA8MrPuIwTYJLODw0TgSHCeRN4wBWjIFJDCFXcZMV0TBShYPoqmxLcxS8vk/Z5zb2o1e/q1cZ1UUcJHaFjdIpcdIka6BY1UQtRlKJn9IrerCfrxXq3PuajK1axU0F/YH3+ABUHlG4=</latexit>

t, y 2 R

<latexit sha1_base64="be5VbGR0X1DqU9pWJ0wJggFHy2I=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0UQxJKEom6EohuXFewD2rRMJpN26OTBzI0QS7/EjQtF3Pop7vwbp20W2nrgwuGce7n3Hi8RXIFlfRsrq2vrG5uFreL2zu5eydw/aKo4lZQ1aCxi2faIYoJHrAEcBGsnkpHQE6zljW6nfuuRScXj6AGyhLkhGUQ84JSAlvpmyVc95/rch55z5mc9p2+WrYo1A14mdk7KKEe9b351/ZimIYuACqJUx7YScMdEAqeCTYrdVLGE0BEZsI6mEQmZcsezwyf4RCs+DmKpKwI8U39PjEmoVBZ6ujMkMFSL3lT8z+ukEFy5Yx4lKbCIzhcFqcAQ42kK2OeSURCZJoRKrm/FdEgkoaCzKuoQ7MWXl0nTqdgXlep9tVy7yeMooCN0jE6RjS5RDd2hOmogilL0jF7Rm/FkvBjvxse8dcXIZw7RHxifPx/6khs=</latexit>

ds2 = �dt2 + dy2

<latexit sha1_base64="TVh3kMXdtA5JVOBtshXeK/zHLsc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBiyUppXoRil48VrAf2May2WzapZtN2N0USui/8OJBEa/+G2/+G7dtDtr6YODx3gwz87yYM6Vt+9vKra1vbG7ltws7u3v7B8XDo5aKEklok0Q8kh0PK8qZoE3NNKedWFIcepy2vdHtzG+PqVQsEg96ElM3xAPBAkawNtKjr54q1xd+4o/7xZJdtudAq8TJSAkyNPrFr54fkSSkQhOOleo6dqzdFEvNCKfTQi9RNMZkhAe0a6jAIVVuOr94is6M4qMgkqaERnP190SKQ6UmoWc6Q6yHatmbif953UQHV27KRJxoKshiUZBwpCM0ex/5TFKi+cQQTCQztyIyxBITbUIqmBCc5ZdXSatSdmrl6n21VL/J4sjDCZzCOThwCXW4gwY0gYCAZ3iFN0tZL9a79bFozVnZzDH8gfX5A+M2kGs=</latexit>

ds2 = �dudv



Penrose Diagram
Compactify

<latexit sha1_base64="/rhMYsECwVYZ2d0vR3P5N9/1y/o="></latexit>

U ⌘ arctanu, V ⌘ arctan v 2
⇣
�⇡

2
,
⇡

2

⌘

<latexit sha1_base64="Et9Q5B8pttIb2u1Qb8LblMEStek=">AAACHXicbVBNSwMxEM36bf2qevQSLIKill0p6lH04lHBrUpTSjadbYPZ7JrMCqX4R7z4V7x4UMSDF/HfmNY9+PVg4OW9GSbzokxJi77/4Y2Mjo1PTE5Nl2Zm5+YXyotLdZvmRkAoUpWai4hbUFJDiBIVXGQGeBIpOI+ujgb++Q0YK1N9hr0MmgnvaBlLwdFJrXLtjMF1Lm9ouFnfYvSyeNW3Q0aZ1JQpiHF9m2VyyxUzstPFjVa54lf9IehfEhSkQgqctMpvrJ2KPAGNQnFrG4GfYbPPDUqh4LbEcgsZF1e8Aw1HNU/ANvvD627pmlPaNE6NK410qH6f6PPE2l4Suc6EY9f+9gbif14jx3i/2Zc6yxG0+FoU54piSgdR0bY0IFD1HOHCSPdXKrrccIEu0JILIfh98l9S36kGu9Xaaa1ycFjEMUVWyCpZJwHZIwfkmJyQkAhyRx7IE3n27r1H78V7/Wod8YqZZfID3vsnpUygbw==</latexit>

T ⌘ U + V, Y ⌘ V � U 2 (�⇡,⇡)

null geodesics are at 45º

<latexit sha1_base64="REVarmAYzpzVlQULsP8y52tT8Ek=">AAAB+HicbVDLSsNAFL3xWeujUZduBosgCCWRoi6LbsRVFfuANobJdNIOnUzCzESooV/ixoUibv0Ud/6Nk7YLbT0wcDjnXu6ZEyScKe0439bS8srq2npho7i5tb1Tsnf3mipOJaENEvNYtgOsKGeCNjTTnLYTSXEUcNoKhle533qkUrFY3OtRQr0I9wULGcHaSL5d6kZYDwjm2c3Yv3s48e2yU3EmQIvEnZEyzFD37a9uLyZpRIUmHCvVcZ1EexmWmhFOx8VuqmiCyRD3acdQgSOqvGwSfIyOjNJDYSzNExpN1N8bGY6UGkWBmcxjqnkvF//zOqkOL7yMiSTVVJDpoTDlSMcobwH1mKRE85EhmEhmsiIywBITbboqmhLc+S8vkuZpxT2rVG+r5drlrI4CHMAhHIML51CDa6hDAwik8Ayv8GY9WS/Wu/UxHV2yZjv78AfW5w98npL8</latexit>

J +
R

<latexit sha1_base64="lzXV+kqofDTv4UG/Az4ctEY/N9c=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1iEClISKepGKLpxWcFeoA1lMp20QyeTMHMihFBfxY0LRdz6IO58G6dtFtr6w8DHf87hnPn9WHANjvNtrayurW9sFraK2zu7e/v2wWFLR4mirEkjEamOTzQTXLImcBCsEytGQl+wtj++ndbbj0xpHskHSGPmhWQoecApAWP17VIFrntcBpCepTmc9u2yU3Vmwsvg5lBGuRp9+6s3iGgSMglUEK27rhODlxEFnAo2KfYSzWJCx2TIugYlCZn2stnxE3xinAEOImWeBDxzf09kJNQ6DX3TGRIY6cXa1Pyv1k0guPIyLuMEmKTzRUEiMER4mgQecMUoiNQAoYqbWzEdEUUomLyKJgR38cvL0DqvuhfV2n2tXL/J4yigI3SMKshFl6iO7lADNRFFKXpGr+jNerJerHfrY966YuUzJfRH1ucPBk2UYg==</latexit>

(t = 1, y = 1)
<latexit sha1_base64="pRaaZzGGiZ1ol5M+RzLsjQ4pgw4=">AAAB/XicbZDLSsNAFIYn9VbrLV52boJFqKAlkaJuCkU3LivYC7ShTKaTduhkEmZOhBiKr+LGhSJufQ93vo3TNgtt/WHg4z/ncM78XsSZAtv+NnJLyyura/n1wsbm1vaOubvXVGEsCW2QkIey7WFFORO0AQw4bUeS4sDjtOWNbib11gOVioXiHpKIugEeCOYzgkFbPfOgBNUuEz4kp0n1bEYnPbNol+2prEVwMiiiTPWe+dXthyQOqADCsVIdx47ATbEERjgdF7qxohEmIzygHY0CB1S56fT6sXWsnb7lh1I/AdbU/T2R4kCpJPB0Z4BhqOZrE/O/WicG/8pNmYhioILMFvkxtyC0JlFYfSYpAZ5owEQyfatFhlhiAjqwgg7Bmf/yIjTPy85FuXJXKdauszjy6BAdoRJy0CWqoVtURw1E0CN6Rq/ozXgyXox342PWmjOymX30R8bnD3UklJk=</latexit>

(t = 1, y = �1)

<latexit sha1_base64="dIQsTkyOpp5GPiKj/JYdzNgg6vY=">AAAB/nicbZDLSsNAFIYn9VbrLSqu3AwWoYKWRIq6EYpuXFawF2hLmUwndehkEmZOhBAKvoobF4q49Tnc+TZO2wja+sPAx3/O4Zz5vUhwDY7zZeUWFpeWV/KrhbX1jc0te3unocNYUVanoQhVyyOaCS5ZHTgI1ooUI4EnWNMbXo/rzQemNA/lHSQR6wZkILnPKQFj9ey9ElyedLj0ITlOfuioZxedsjMRngc3gyLKVOvZn51+SOOASaCCaN12nQi6KVHAqWCjQifWLCJ0SAasbVCSgOluOjl/hA+N08d+qMyTgCfu74mUBFongWc6AwL3erY2Nv+rtWPwL7opl1EMTNLpIj8WGEI8zgL3uWIURGKAUMXNrZjeE0UomMQKJgR39svz0Dgtu2flym2lWL3K4sijfXSASshF56iKblAN1RFFKXpCL+jVerSerTfrfdqas7KZXfRH1sc34leU0A==</latexit>

(t = �1, y = �1)

<latexit sha1_base64="o1n5G7MZq9MTp7uuedL96huoG0M=">AAAB/XicbZDLSsNAFIYn9VbrLV52boJFqKAlkaJuCkU3LivYC7ShTKaTduhkEmZOhBiKr+LGhSJufQ93vo3TNgtt/WHg4z/ncM78XsSZAtv+NnJLyyura/n1wsbm1vaOubvXVGEsCW2QkIey7WFFORO0AQw4bUeS4sDjtOWNbib11gOVioXiHpKIugEeCOYzgkFbPfOgBNWzLhM+JKdJdQYnPbNol+2prEVwMiiiTPWe+dXthyQOqADCsVIdx47ATbEERjgdF7qxohEmIzygHY0CB1S56fT6sXWsnb7lh1I/AdbU/T2R4kCpJPB0Z4BhqOZrE/O/WicG/8pNmYhioILMFvkxtyC0JlFYfSYpAZ5owEQyfatFhlhiAjqwgg7Bmf/yIjTPy85FuXJXKdauszjy6BAdoRJy0CWqoVtURw1E0CN6Rq/ozXgyXox342PWmjOymX30R8bnD3NRlJk=</latexit>

(t = �1, y = 1)

<latexit sha1_base64="UvDLHTnLwsmnPO23W9jTYF/jBJ4=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgxpJIUZdFN+Kqin1AG8NkOmmHTiZhZiLU0C9x40IRt36KO//GSduFth4YOJxzL/fMCRLOlHacb2tpeWV1bb2wUdzc2t4p2bt7TRWnktAGiXks2wFWlDNBG5ppTtuJpDgKOG0Fw6vcbz1SqVgs7vUooV6E+4KFjGBtJN8udSOsBwTz7Gbs3z2c+HbZqTgToEXizkgZZqj79le3F5M0okITjpXquE6ivQxLzQin42I3VTTBZIj7tGOowBFVXjYJPkZHRumhMJbmCY0m6u+NDEdKjaLATOYx1byXi/95nVSHF17GRJJqKsj0UJhypGOUt4B6TFKi+cgQTCQzWREZYImJNl0VTQnu/JcXSfO04p5VqrfVcu1yVkcBDuAQjsGFc6jBNdShAQRSeIZXeLOerBfr3fqYji5Zs519+APr8wd/ppL+</latexit>J�
R

<latexit sha1_base64="gok0CA+HwxRBhi/NT7WsIPbcH/k=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgxpJIUZdFNyIuKtgHtDFMppN26GQSZiZCDf0SNy4UceunuPNvnLRdaOuBgcM593LPnCDhTGnH+baWlldW19YLG8XNre2dkr2711RxKgltkJjHsh1gRTkTtKGZ5rSdSIqjgNNWMLzK/dYjlYrF4l6PEupFuC9YyAjWRvLtUjfCekAwz27G/u3DiW+XnYozAVok7oyUYYa6b391ezFJIyo04Vipjusk2suw1IxwOi52U0UTTIa4TzuGChxR5WWT4GN0ZJQeCmNpntBoov7eyHCk1CgKzGQeU817ufif10l1eOFlTCSppoJMD4UpRzpGeQuoxyQlmo8MwUQykxWRAZaYaNNV0ZTgzn95kTRPK+5ZpXpXLdcuZ3UU4AAO4RhcOIcaXEMdGkAghWd4hTfryXqx3q2P6eiSNdvZhz+wPn8AdoKS+A==</latexit>J�
L

<latexit sha1_base64="7hCn7zkdtZKOoZP5/btjUwfdUj4=">AAAB+HicbVDLSsNAFL3xWeujUZduBosgCCWRoi6LbkRcVLAPaGOYTCft0MkkzEyEGvolblwo4tZPceffOGm70NYDA4dz7uWeOUHCmdKO820tLa+srq0XNoqbW9s7JXt3r6niVBLaIDGPZTvAinImaEMzzWk7kRRHAaetYHiV+61HKhWLxb0eJdSLcF+wkBGsjeTbpW6E9YBgnt2M/duHE98uOxVnArRI3Bkpwwx13/7q9mKSRlRowrFSHddJtJdhqRnhdFzspoommAxxn3YMFTiiyssmwcfoyCg9FMbSPKHRRP29keFIqVEUmMk8ppr3cvE/r5Pq8MLLmEhSTQWZHgpTjnSM8hZQj0lKNB8ZgolkJisiAywx0aaroinBnf/yImmeVtyzSvWuWq5dzuoowAEcwjG4cA41uIY6NIBACs/wCm/Wk/VivVsf09Ela7azD39gff4Ac3qS9g==</latexit>

J +
L

: future null infinity

: past null infinity

VU

Y

T

y=const

t=const

<latexit sha1_base64="X/AGX85LHLstYhW9IJFIXaP2J/4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevEY0TwgWcPspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YRK80g+mHGMfkgHkvc5o8ZK9/zxrFssuWV3BrJMvIyUIEOtW/zq9CKWhCgNE1TrtufGxk+pMpwJnBQ6icaYshEdYNtSSUPUfjo7dUJOrNIj/UjZkobM1N8TKQ21HoeB7QypGepFbyr+57UT07/yUy7jxKBk80X9RBATkenfpMcVMiPGllCmuL2VsCFVlBmbTsGG4C2+vEwa52Xvoly5q5Sq11kceTiCYzgFDy6hCrdQgzowGMAzvMKbI5wX5935mLfmnGzmEP7A+fwB7RiNkw==</latexit>

i+

<latexit sha1_base64="eeKN1mcMhNB8m9OFGzNbfIy8Up0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle/541i2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/5KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaN87J3Ua7cVUrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4A8CCNlQ==</latexit>

i�

<latexit sha1_base64="39HTBVl3ik1khxW5kUMkW78UcTc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cqpi20sWy2m3bpZhN2J0Ip/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ncLK6tr6RnGztLW9s7tX3j9omCTTjPsskYluhdRwKRT3UaDkrVRzGoeSN8PhzdRvPnFtRKIecJTyIKZ9JSLBKFrJF937R7dbrrhVdwayTLycVCBHvVv+6vQSlsVcIZPUmLbnphiMqUbBJJ+UOpnhKWVD2udtSxWNuQnGs2Mn5MQqPRIl2pZCMlN/T4xpbMwoDm1nTHFgFr2p+J/XzjC6CsZCpRlyxeaLokwSTMj0c9ITmjOUI0so08LeStiAasrQ5lOyIXiLLy+TxlnVu6ie351Xatd5HEU4gmM4BQ8uoQa3UAcfGAh4hld4c5Tz4rw7H/PWgpPPHMIfOJ8/TXOOXQ==</latexit>

i0R

<latexit sha1_base64="tuLppJtHRzSyrgHf1VLLmy/8eEM=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1DJoY2ERwUsCyRn2NnvJkr29Y3dOCCG/wcZCEVt/kJ3/xk1yhSY+GHi8N8PMvDCVwqDrfjuFldW19Y3iZmlre2d3r7x/0DBJphn3WSIT3Qqp4VIo7qNAyVup5jQOJW+Gw5up33zi2ohEPeAo5UFM+0pEglG0ki+6d49ut1xxq+4MZJl4OalAjnq3/NXpJSyLuUImqTFtz00xGFONgkk+KXUyw1PKhrTP25YqGnMTjGfHTsiJVXokSrQthWSm/p4Y09iYURzazpjiwCx6U/E/r51hdBWMhUoz5IrNF0WZJJiQ6eekJzRnKEeWUKaFvZWwAdWUoc2nZEPwFl9eJo2zqndRPb8/r9Su8ziKcATHcAoeXEINbqEOPjAQ8Ayv8OYo58V5dz7mrQUnnzmEP3A+fwBET45X</latexit>

i0L : spacelike infinity

: past timelike infinity

: future timelike infinity



 Rindler obs. are at                      and measure proper time
<latexit sha1_base64="g5U2oGgct2EJyPaz/vNOriUMubo=">AAACAXicbVDJSgNBEO1xjXGLehG8DAbBU5iRoF6EoBePEcwCmRhqOpWkSc9Cd40Qh3jxV7x4UMSrf+HNv7GzHDTxQRWP96rorufHUmhynG9rYXFpeWU1s5Zd39jc2s7t7FZ1lCiOFR7JSNV90ChFiBUSJLEeK4TAl1jz+1cjv3aPSosovKVBjM0AuqHoCA5kpFZu3yNILvAu9UDGPfAekGDomdbK5Z2CM4Y9T9wpybMpyq3cl9eOeBJgSFyC1g3XiamZgiLBJQ6zXqIxBt6HLjYMDSFA3UzHFwztI6O07U6kTIVkj9XfGykEWg8C30wGQD09643E/7xGQp3zZirCOCEM+eShTiJtiuxRHHZbKOQkB4YAV8L81eY9UMDJhJY1IbizJ8+T6knBPS0Ub4r50uU0jgw7YIfsmLnsjJXYNSuzCuPskT2zV/ZmPVkv1rv1MRldsKY7e+wPrM8fDISXSg==</latexit>

⌧ = e↵⇣⌘

• Coordinate transf. to Rindler coords.              :

conformal factor

Rindler Observers

• Rindler obs.: obs. with uniform acceleration 
and proper time     . They have

<latexit sha1_base64="MCnhTJOYwIUvOaCRqCIOQTOOKq4=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSK4aUlKUTdC0Y3LCvYBbVom00k7dPJgZiKGkF9x40IRt/6IO//GaZuFth64cDjnXu69x404k8qyvo219Y3Nre3CTnF3b//g0DwqtWUYC0JbJOSh6LpYUs4C2lJMcdqNBMW+y2nHnd7O/M4jFZKFwYNKIur4eBwwjxGstDQ0S30VomRQq6hB7RoP0kotG5plq2rNgVaJnZMy5GgOza/+KCSxTwNFOJayZ1uRclIsFCOcZsV+LGmEyRSPaU/TAPtUOun89gydaWWEvFDoChSaq78nUuxLmfiu7vSxmshlbyb+5/Vi5V05KQuiWNGALBZ5MUf631kQaMQEJYonmmAimL4VkQkWmCgdV1GHYC+/vEratap9Ua3f18uNmzyOApzAKZyDDZfQgDtoQgsIPMEzvMKbkRkvxrvxsWhdM/KZY/gD4/MHTS2TVA==</latexit>

! y2 � t2 = a�2
<latexit sha1_base64="cymdoSqM0AawxiZlCiV7XOu5eD8=">AAACLHicbVBNSwMxFMzWr1q/qh69BItQQcquFPUiFHvxqGBV6JbyNs22odnsmrwVytIf5MW/IogHRbz6O0zXHtQ6EBhm5vHyJkikMOi6b05hbn5hcam4XFpZXVvfKG9uXZs41Yy3WCxjfRuA4VIo3kKBkt8mmkMUSH4TDJsT/+aeayNidYWjhHci6CsRCgZopW65iVUfId0/9UMNLPONUIMq5NI4g/GBf5dCj45+h1hsfoa65Ypbc3PQWeJNSYVMcdEtP/u9mKURV8gkGNP23AQ7GWgUTPJxyU8NT4ANoc/bliqIuOlk+bFjumeVHg1jbZ9Cmqs/JzKIjBlFgU1GgAPz15uI/3ntFMOTTiZUkiJX7HtRmEqKMZ00R3tCc4ZyZAkwLexfKRuALQRtvyVbgvf35FlyfVjzjmr1y3qlcTato0h2yC6pEo8ckwY5JxekRRh5IE/klbw5j86L8+58fEcLznRmm/yC8/kFXCSoUw==</latexit>

t(⌧) =
sinh(a⌧)

a
, y(⌧) =

cosh(a⌧)

a

• Range                                 only cover                : the right Rindler 
wedge. Similar transformations can be used to cover the whole s-t

<latexit sha1_base64="zWWbJSMylh26zkWk5d4cK94sHNo=">AAACB3icbVDLSgMxFM3UV62vqktBgkWoUMuMFHVZdOOygn1AZyiZNNOGZjJDckeoQ3du/BU3LhRx6y+4829MHwttPZCbwzn3ktzjx4JrsO1vK7O0vLK6ll3PbWxube/kd/caOkoUZXUaiUi1fKKZ4JLVgYNgrVgxEvqCNf3B9dhv3jOleSTvYBgzLyQ9yQNOCRipkz90GZCS+2CqyyUunpoawLA0vU46+YJdtifAi8SZkQKaodbJf7ndiCYhk0AF0brt2DF4KVHAqWCjnJtoFhM6ID3WNlSSkGkvnewxwsdG6eIgUuZIwBP190RKQq2HoW86QwJ9Pe+Nxf+8dgLBpZdyGSfAJJ0+FCQCQ4THoeAuV4yCGBpCqOLmr5j2iSIUTHQ5E4Izv/IiaZyVnfNy5bZSqF7N4siiA3SEishBF6iKblAN1RFFj+gZvaI368l6sd6tj2lrxprN7KM/sD5/APBamLs=</latexit>

⌘, ⇣ 2 (�1,1)



 are Killing horizons (the Killing vect.        is null there) 
<latexit sha1_base64="NAu056LoLqPLQ/p6k7F197XiTv8=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF48RzAOyS+idzCZDZh/O9AbCku/w4kERr36MN//G2WQPmljQUFR1z3SXn0ih0ba/rdLa+sbmVnm7srO7t39QPTxq6zhVjLdYLGPV9UFzKSLeQoGSdxPFIfQl7/jju9zvTLjSIo4ecZpwL4RhJALBAI3kuQkoFCD7LkfoV2t23Z6DrhKnIDVSoNmvfrmDmKUhj5BJ0Lrn2Al6Wf4kk3xWcVPNE2BjGPKeoRGEXHvZfOkZPTPKgAaxMhUhnau/JzIItZ6GvukMAUd62cvF/7xeisGNl4koSZFHbPFRkEqKMc0ToAOhOEM5NQSYEmZXykaggKHJqWJCcJZPXiXti7pzVb98uKw1bos4yuSEnJJz4pBr0iD3pElahJEn8kxeyZs1sV6sd+tj0Vqyiplj8gfW5w8ApJJD</latexit>

@⌘

- No events in               can be observed by Rindler obs. in R 
<latexit sha1_base64="gwGTjOAzeURHhwenAMkcR+rzdgM=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BQTx4iGAekCxhdtJJhszOrjOzQljyE148KOLV3/Hm3zhJ9qCJBQ1FVTfdXUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo+up33xCpXkkH8w4Rj+kA8n7nFFjpdYd6bAkJjfdYsktuzOQZeJlpAQZat3iV6cXsSREaZigWrc9NzZ+SpXhTOCk0Ek0xpSN6ADblkoaovbT2b0TcmKVHulHypY0ZKb+nkhpqPU4DGxnSM1QL3pT8T+vnZj+pZ9yGScGJZsv6ieCmIhMnyc9rpAZMbaEMsXtrYQNqaLM2IgKNgRv8eVl0jgre+flyn2lVL3K4sjDERzDKXhwAVW4hRrUgYGAZ3iFN+fReXHenY95a87JZg7hD5zPH/lMj0k=</latexit>

L [ F
<latexit sha1_base64="kWP8SaWSu1xzawIilwzcDLCr21g=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BQTxGMQ9IljA7mSRDZmfXmV4hLPkJLx4U8ervePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+84lrIyL1gOOY+yEdKNEXjKKVWvekw5KY3HSLJbfszkCWiZeREmSodYtfnV7EkpArZJIa0/bcGP2UahRM8kmhkxgeUzaiA962VNGQGz+d3TshJ1bpkX6kbSkkM/X3REpDY8ZhYDtDikOz6E3F/7x2gv1LPxUqTpArNl/UTyTBiEyfJz2hOUM5toQyLeythA2ppgxtRAUbgrf48jJpnJW983LlrlKqXmVx5OEIjuEUPLiAKtxCDerAQMIzvMKb8+i8OO/Ox7w152Qzh/AHzucPAp2PTw==</latexit>

R [ F- No events in               can be observed by Rindler obs. in L
- L & R are causally disconnected

<latexit sha1_base64="A/3FWJ5mfFw1hapNWFhNQ245sLI=">AAACB3icbVBNS8NAEN34WetX1KMgwSJ4KokU9SIUvXisYD+gLWWznbZLN5uwOxFr6M2Lf8WLB0W8+he8+W/cpjlo64OBx3szOzvPjwTX6Lrf1sLi0vLKam4tv76xubVt7+zWdBgrBlUWilA1fKpBcAlV5CigESmggS+g7g+vJn79DpTmobzFUQTtgPYl73FG0Ugd+6CFcI/pO0lfAchx0noApBcslBrHHbvgFt0UzjzxMlIgGSod+6vVDVkcgEQmqNZNz42wnVCFnAkY51uxhoiyIe1D01BJA9DtJN0/do6M0nV6oTIl0UnV3xMJDbQeBb7pDCgO9Kw3Ef/zmjH2ztsJl1GMINl0US8WDobOJBSnyxUwFCNDKFPc/NVhA6ooQxNd3oTgzZ48T2onRe+0WLopFcqXWRw5sk8OyTHxyBkpk2tSIVXCyCN5Jq/kzXqyXqx362PaumBlM3vkD6zPH9nympU=</latexit>

⇣ = const

VU

R: right Rindler 
wedge

L: left Rindler 
wedge

P

F
<latexit sha1_base64="REVarmAYzpzVlQULsP8y52tT8Ek=">AAAB+HicbVDLSsNAFL3xWeujUZduBosgCCWRoi6LbsRVFfuANobJdNIOnUzCzESooV/ixoUibv0Ud/6Nk7YLbT0wcDjnXu6ZEyScKe0439bS8srq2npho7i5tb1Tsnf3mipOJaENEvNYtgOsKGeCNjTTnLYTSXEUcNoKhle533qkUrFY3OtRQr0I9wULGcHaSL5d6kZYDwjm2c3Yv3s48e2yU3EmQIvEnZEyzFD37a9uLyZpRIUmHCvVcZ1EexmWmhFOx8VuqmiCyRD3acdQgSOqvGwSfIyOjNJDYSzNExpN1N8bGY6UGkWBmcxjqnkvF//zOqkOL7yMiSTVVJDpoTDlSMcobwH1mKRE85EhmEhmsiIywBITbboqmhLc+S8vkuZpxT2rVG+r5drlrI4CHMAhHIML51CDa6hDAwik8Ayv8GY9WS/Wu/UxHV2yZjv78AfW5w98npL8</latexit>

J +
R

<latexit sha1_base64="UvDLHTnLwsmnPO23W9jTYF/jBJ4=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgxpJIUZdFN+Kqin1AG8NkOmmHTiZhZiLU0C9x40IRt36KO//GSduFth4YOJxzL/fMCRLOlHacb2tpeWV1bb2wUdzc2t4p2bt7TRWnktAGiXks2wFWlDNBG5ppTtuJpDgKOG0Fw6vcbz1SqVgs7vUooV6E+4KFjGBtJN8udSOsBwTz7Gbs3z2c+HbZqTgToEXizkgZZqj79le3F5M0okITjpXquE6ivQxLzQin42I3VTTBZIj7tGOowBFVXjYJPkZHRumhMJbmCY0m6u+NDEdKjaLATOYx1byXi/95nVSHF17GRJJqKsj0UJhypGOUt4B6TFKi+cgQTCQzWREZYImJNl0VTQnu/JcXSfO04p5VqrfVcu1yVkcBDuAQjsGFc6jBNdShAQRSeIZXeLOerBfr3fqYji5Zs519+APr8wd/ppL+</latexit>J�
R<latexit sha1_base64="gok0CA+HwxRBhi/NT7WsIPbcH/k=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgxpJIUZdFNyIuKtgHtDFMppN26GQSZiZCDf0SNy4UceunuPNvnLRdaOuBgcM593LPnCDhTGnH+baWlldW19YLG8XNre2dkr2711RxKgltkJjHsh1gRTkTtKGZ5rSdSIqjgNNWMLzK/dYjlYrF4l6PEupFuC9YyAjWRvLtUjfCekAwz27G/u3DiW+XnYozAVok7oyUYYa6b391ezFJIyo04Vipjusk2suw1IxwOi52U0UTTIa4TzuGChxR5WWT4GN0ZJQeCmNpntBoov7eyHCk1CgKzGQeU817ufif10l1eOFlTCSppoJMD4UpRzpGeQuoxyQlmo8MwUQykxWRAZaYaNNV0ZTgzn95kTRPK+5ZpXpXLdcuZ3UU4AAO4RhcOIcaXEMdGkAghWd4hTfryXqx3q2P6eiSNdvZhz+wPn8AdoKS+A==</latexit>J�

L

<latexit sha1_base64="7hCn7zkdtZKOoZP5/btjUwfdUj4=">AAAB+HicbVDLSsNAFL3xWeujUZduBosgCCWRoi6LbkRcVLAPaGOYTCft0MkkzEyEGvolblwo4tZPceffOGm70NYDA4dz7uWeOUHCmdKO820tLa+srq0XNoqbW9s7JXt3r6niVBLaIDGPZTvAinImaEMzzWk7kRRHAaetYHiV+61HKhWLxb0eJdSLcF+wkBGsjeTbpW6E9YBgnt2M/duHE98uOxVnArRI3Bkpwwx13/7q9mKSRlRowrFSHddJtJdhqRnhdFzspoommAxxn3YMFTiiyssmwcfoyCg9FMbSPKHRRP29keFIqVEUmMk8ppr3cvE/r5Pq8MLLmEhSTQWZHgpTjnSM8hZQj0lKNB8ZgolkJisiAywx0aaroinBnf/yImmeVtyzSvWuWq5dzuoowAEcwjG4cA41uIY6NIBACs/wCm/Wk/VivVsf09Ela7azD39gff4Ac3qS9g==</latexit>

J +
L

Rindler observer

lig
ht

light

<latexit sha1_base64="YZva/rrvmI645IcAaJrVg5T47Zw=">AAACFXicbVBNSwMxEM3Wr1q/Vj16CRbBQy27UtSLUPTisYJVoVtKNp3V0Gx2SWbFuvRPePGvePGgiFfBm//GtPag1QeBl/dmJpMXplIY9LxPpzA1PTM7V5wvLSwuLa+4q2vnJsk0hyZPZKIvQ2ZACgVNFCjhMtXA4lDCRdg7HvoXN6CNSNQZ9lNox+xKiUhwhlbquJUA4RZHc3IN3UEe3AGyw51AqAj7FRr8uA06btmreiPQv8QfkzIZo9FxP4JuwrMYFHLJjGn5XortnGkUXMKgFGQGUsZ77ApalioWg2nno20GdMsqXRol2h6FdKT+7MhZbEw/Dm1lzPDaTHpD8T+vlWF00M6FSjMExb8fijJJMaHDiGhXaOAo+5YwroXdlfJrphlHG2TJhuBPfvkvOd+t+nvV2mmtXD8ax1EkG2STbBOf7JM6OSEN0iSc3JNH8kxenAfnyXl13r5LC864Z538gvP+BYfbn6k=</latexit>⇣
=
�1

, ⌘
=
�1

<latexit sha1_base64="/CIYzpqS7OIMm0+Vr0cwoVoLZIk=">AAACFHicbVDLSgMxFM34rPVVdekmWARBLTMi6kYQ3bisYB/QKSWT3mmDmcyQ3BHr0I9w46+4caGIWxfu/BvTx0KrBwLnnnNvcnOCRAqDrvvlTE3PzM7N5xbyi0vLK6uFtfWqiVPNocJjGet6wAxIoaCCAiXUEw0sCiTUgpuLgV+7BW1ErK6xl0AzYh0lQsEZWqlV2PUR7nB4T6ah3c/8e0B2uu8LFWJvj/qDalT0W4WiW3KHoH+JNyZFMka5Vfj02zFPI1DIJTOm4bkJNjOmUXAJ/byfGkgYv2EdaFiqWASmmQ2X6dNtq7RpGGt7FNKh+nMiY5ExvSiwnRHDrpn0BuJ/XiPF8KSZCZWkCIqPHgpTSTGmg4RoW2jgKHuWMK6F3ZXyLtOMo80xb0PwJr/8l1QPSt5R6fDqsHh2Po4jRzbJFtkhHjkmZ+SSlEmFcPJAnsgLeXUenWfnzXkftU4545kN8gvOxzcPCJ9y</latexit> ⇣
=
�1

, ⌘
=
1



- together with their c.c., form a complete set in the whole s-t:

<latexit sha1_base64="pjK1cizPx8LnFW5HlrNJuuFnyKY=">AAACFXicbZBNS8NAEIY3ftb6VfXoJVjEFrQkUtSLUPTisYK1haaUzXbSLtl8sDsRSuif8OJf8eJBEa+CN/+N2zYHbX1h4eGdGWbndWPBFVrWt7GwuLS8sppby69vbG5tF3Z271WUSAYNFolItlyqQPAQGshRQCuWQANXQNP1r8f15gNIxaPwDocxdALaD7nHGUVtdQvHjgAPS0484N3UHx1ncDRyJO8PsHzp9EAgLfkn/lG5WyhaFWsicx7sDIokU71b+HJ6EUsCCJEJqlTbtmLspFQiZwJGeSdREFPm0z60NYY0ANVJJ1eNzEPt9EwvkvqFaE7c3xMpDZQaBq7uDCgO1GxtbP5XayfoXXRSHsYJQsimi7xEmBiZ44jMHpfAUAw1UCa5/qvJBlRShjrIvA7Bnj15Hu5PK/ZZpXpbLdausjhyZJ8ckBKxyTmpkRtSJw3CyCN5Jq/kzXgyXox342PaumBkM3vkj4zPH5Qynm0=</latexit>

(�k,�k0) = �(k � k0)

- are pos. freq. wrt      : 

These modes:

(pos. norm)

Wave Eq.

 K-G eq. for a scalar field in the inertial frame:

<latexit sha1_base64="6PHuNpKzA4fCg67CRdTdO3uqqZo=">AAACGHicbVA9SwNBFNzzM8avU0ubxSBYSLyToFYStLGMYlTIhfBu8xKX7O1ddveEcOZn2PhXbCwUsU3nv3ETU2jiwMIw8x47b8JEcG0878uZmZ2bX1jMLeWXV1bX1t2NzRsdp4phlcUiVnchaBRcYtVwI/AuUQhRKPA27JwP/dsHVJrH8tr0EqxH0Ja8xRkYKzXcg6AVKxCCdgIugwjMfRhmV/39oJtCkwZxhG0IsJvyB/rYeTz1Gm7BK3oj0Gnij0mBjFFpuIOgGbM0QmmYAK1rvpeYegbKcCawnw9SjQmwDrSxZqmECHU9Gx3Wp7tWaVKb0D5p6Ej9vZFBpHUvCu3kMLqe9Ibif14tNa2TesZlkhqU7OejViqoiemwJdrkCpkRPUuAKW6zUnYPCpixXeZtCf7kydPk5rDoHxVLl6VC+WxcR45skx2yR3xyTMrkglRIlTDyRF7IG3l3np1X58P5/BmdccY7W+QPnME3DXGgZw==</latexit>

8k 2 R, ! ⌘ |k| > 0

<latexit sha1_base64="G2lwpdApDcCHcxubqAgCRhuiX/M=">AAACiXicbZFRT9swEMedjDFWtlHG416sVZMmjVUJKgyhMaHxwiNIKyDVXeU4l9aK4wT7glRZ+S77THvbt5lbMtQBJ1n66/87n893SaWkxSj6E4TP1p6vv9h42dl89frNVnf77aUtayNgKEpVmuuEW1BSwxAlKriuDPAiUXCV5KcLfnULxspS/8B5BeOCT7XMpODorUn3F6tmcuLy5phlhgsHP91nycoCppziJ5nTedM4Zm8Mug GrWtL8y46fYiyBqdRO+K5ss1qvbnbZTc1Tmn+LKGOUrsLbe/jVQ9BpW2DS7UX9aBn0sYhb0SNtnE+6v1lairoAjUJxa0dxVOHYcYNSKGg6rLZQcZHzKYy81LwAO3bLSTb0g3dSmpXGH4106a7ecLywdl4kPrPgOLMP2cJ8io1qzA7HTuqqRtDi7qGsVhRLulgLTaUBgWruBRdG+l6pmHE/Y/TL6/ghxA+//Fhc7vXjg/7gYtA7+d6OY4O8I+/JRxKTL+SEnJFzMiQiWA92g/3gINwM4/AwPLpLDYP2zg75L8LTvy2Zxrg=</latexit>

�k =
e�i!t+iky

p
4⇡!

=
1p
4⇡!

(
e�i!u, k > 0

e�i!v, k < 0

<latexit sha1_base64="DBpY3ofPcytAEmNR48+CRJgM3zw="></latexit>

�̂ =

Z

R
dk

⇣
âk�k + â†k�

⇤
k

⌘



 K-G eq. in the Rindler frame:

in R

in L
<latexit sha1_base64="FAQlNJjSjjzQgReFhWPDwF4Bxjs=">AAACJnicbVDLSgMxFM34tr6qLt0Ei+BCyowUdaOIblxWsQ9oSrmT3tbQTGZMMkIZ+zVu/BU3LhQRd36K6WPh60DgcM695J4TJlIY6/sf3tT0zOzc/MJibml5ZXUtv75RNXGqOVZ4LGNdD8GgFAorVliJ9UQjRKHEWtg7H/q1O9RGxOra9hNsRtBVoiM4WCe18sesE2uQkrIQNO0xoVgE9iYMs6vBHrtNoT1yWBxhFxjepuKO3o9n70/8Vr7gF/0R6F8STEiBTFBu5V9YO+ZphMpyCcY0Aj+xzQy0FVziIMdSgwnwHnSx4aiCCE0zG8Uc0B2ntKm71z1l6Uj9vpFBZEw/Ct3kMIP57Q3F/7xGajtHzUyoJLWo+PijTiqpjemwM9oWGrmVfUeAa+FupfwGNHDrms25EoLfkf+S6n4xOCiWLkuF07NJHQtki2yTXRKQQ3JKLkiZVAgnD+SJvJBX79F79t689/HolDfZ2SQ/4H1+Aa2bpeY=</latexit>

8k̄ 2 R, !̄ ⌘ |k̄| > 0

- with their c.c., form a complete set in R only -> define the mode slns.:

in L

in R

- are pos. freq. modes wrt        : 

These modes:

<latexit sha1_base64="qWpR5Af/HkoUmZuPgrIFfX4U6lQ="></latexit>�
�̄R
k̄ , �̄

R
k̄0

�
= �(k̄ � k̄0)

<latexit sha1_base64="iqe/ddaweZ6Lkd9mWc6E560fLxw="></latexit>

�R
k̄ =

e�i!̄⌘+ik̄⇣

p
4⇡!̄

=
1p
4⇡!̄

(
(�↵u)ik̄/↵, k̄ > 0

(↵v)ik̄/↵, k̄ < 0
<latexit sha1_base64="x9gy68V5OlH/ZfelIOjS5Vn16Mo=">AAAB/nicbZDLSsNAFIZP6q3WW1RcuRksgquSSFE3QtGNyyr2Ak0Mk+mkHTq5MDMRSij4Km5cKOLW53Dn2zhps9DWHwY+/nMO58zvJ5xJZVnfRmlpeWV1rbxe2djc2t4xd/faMk4FoS0S81h0fSwpZxFtKaY47SaC4tDntOOPrvN655EKyeLoXo0T6oZ4ELGAEay05ZkHjo+FkwzZw52X5YxGk0vLM6tWzZoKLYJdQBUKNT3zy+nHJA1ppAjHUvZsK1FuhoVihNNJxUklTTAZ4QHtaYxwSKWbTc+foGPt9FEQC/0ihabu74kMh1KOQ193hlgN5XwtN/+r9VIVXLgZi5JU0YjMFgUpRypGeRaozwQlio81YCKYvhWRIRaYKJ1YRYdgz395EdqnNfusVr+tVxtXRRxlOIQjOAEbzqEBN9CEFhDI4Ble4c14Ml6Md+Nj1loyipl9+CPj8wedB5VE</latexit>

�̄R
k̄ = 0

<latexit sha1_base64="VyL9P1uaur/SBxTQJ1Dthi9KGDM=">AAACL3icbZDLSgNBEEV7fMb4irp00xgEN4YZCepGCAriMop5QCaGmk4ladLzoLtHCEP+yI2/ko2IIm79C3uSLDTJhYbDrSq66nqR4Erb9ru1tLyyurae2chubm3v7Ob29qsqjCXDCgtFKOseKBQ8wIrmWmA9kgi+J7Dm9W/Seu0ZpeJh8KgHETZ96Aa8wxloY7Vyt24EUnMQrcRFDUPqeiDdqMefHoxjmPaHV6d8TG7oYxcWdWRbubxdsMei8+BMIU+mKrdyI7cdstjHQDMBSjUcO9LNJN2FCRxm3VhhBKwPXWwYDMBH1UzG9w7psXHatBNK8wJNx+7fiQR8pQa+Zzp90D01W0vNRbVGrDuXzYQHUawxYJOPOrGgOqRpeLTNJTItBgaASW52pawHEpg2EachOLMnz0P1rOCcF4r3xXzpehpHhhySI3JCHHJBSuSOlEmFMPJCRuSDfFqv1pv1ZX1PWpes6cwB+Sfr5xfLual7</latexit>

@⌘�̄
R
k̄ = �i!̄�̄R

k̄
<latexit sha1_base64="+1QCk0pSq4eNcTXNJUqDVkBv3U0=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5KIqMuiG5cV7AOaECbTSTt0MgkzN0IN/RI3LhRx66e482+ctFlo64ELh3Punbn3hKngGhzn26qsrW9sblW3azu7e/t1++Cwq5NMUdahiUhUPySaCS5ZBzgI1k8VI3EoWC+c3BZ+75EpzRP5ANOU+TEZSR5xSsBIgV33UqKAExHkHgMyC+yG03TmwKvELUkDlWgH9pc3TGgWMwlUEK0HrpOCnxePUsFmNS/TLCV0QkZsYKgkMdN+Pl98hk+NMsRRokxJwHP190ROYq2ncWg6YwJjvewV4n/eIIPo2s+5TDNgki4+ijKBIcFFCnjIFaMgpoYQqrjZFdMxUYSCyapmQnCXT14l3fOme9m8uL9otG7KOKroGJ2gM+SiK9RCd6iNOoiiDD2jV/RmPVkv1rv1sWitWOXMEfoD6/MHRZ6TgA==</latexit>

@⌘

<latexit sha1_base64="IhLKPTwwOuArt46UU6zYlSF4qa8="></latexit>

�̄L
k̄ =

1p
4⇡!̄

(
(�↵v)ik̄/↵, k̄ > 0

(↵u)ik̄/↵, k̄ < 0
<latexit sha1_base64="asn8G+rQNUPg3QYrpTsXOOp9y2s=">AAAB/nicbZDLSsNAFIZP6q3WW1RcuRksgquSSFE3QtGNCxcV7AWaGCbTSTt0cmFmIpRQ8FXcuFDErc/hzrdx0mahrT8MfPznHM6Z3084k8qyvo3S0vLK6lp5vbKxubW9Y+7utWWcCkJbJOax6PpYUs4i2lJMcdpNBMWhz2nHH13n9c4jFZLF0b0aJ9QN8SBiASNYacszDxwfCycZsodbL8sZjSaXlmdWrZo1FVoEu4AqFGp65pfTj0ka0kgRjqXs2Vai3AwLxQink4qTSppgMsID2tMY4ZBKN5ueP0HH2umjIBb6RQpN3d8TGQ6lHIe+7gyxGsr5Wm7+V+ulKrhwMxYlqaIRmS0KUo5UjPIsUJ8JShQfa8BEMH0rIkMsMFE6sYoOwZ7/8iK0T2v2Wa1+V682roo4ynAIR3ACNpxDA26gCS0gkMEzvMKb8WS8GO/Gx6y1ZBQz+/BHxucPk62VPg==</latexit>

�̄L
k̄ = 0



• Vacuum states:

- Minkowski vacuum: 

- Rindler vacuum: 

• How many Rindler particles does the Minkowski vacuum 
contain? (Unruh’76)

• The two sets of modes together form a complete set in the whole s-t:

Quantum States



• The pos. freq. (wrt     ) Minkowski modes

and any linear combinations of them (ie, trivial Bogolyubov transf.                      

But this property is not satisfied if any negat. freq. mode        is 
included ->   characterization of Minkowski pos.freq. modes: they are 
analytic and bounded in the lower u- and v-planes

• Rindler modes for            :

are not analytic in the lower u-plane

 are analytic and bounded in the lower half of the complex
u- and v-planes



• But it can be shown that the new modes

are analytic and bounded in the lower half of the u- and v-planes

<latexit sha1_base64="nxKpG6x6go3okbCuAGKkKD3C6/U=">AAACBHicbVDLSsNAFL2pr1pfUZfdDBbBVUlE1GXRjcsq9gFNKJPppB06mYSZiVBCF278FTcuFHHrR7jzb5y0WWjrgYHDOfcy554g4Uxpx/m2Siura+sb5c3K1vbO7p69f9BWcSoJbZGYx7IbYEU5E7Slmea0m0iKo4DTTjC+zv3OA5WKxeJeTxLqR3goWMgI1kbq21UvjCXmHHkBlmjsMeFFWI+CILub9u2aU3dmQMvELUgNCjT79pc3iEkaUaEJx0r1XCfRfoalZoTTacVLFU0wGeMh7RkqcESVn82OmKJjowyQSWOe0Gim/t7IcKTUJArMZJ5QLXq5+J/XS3V46WdMJKmmgsw/ClOOdIzyRtCASUo0nxiCiWQmKyIjLDHRpreKKcFdPHmZtE/r7nn97Pas1rgq6ihDFY7gBFy4gAbcQBNaQOARnuEV3qwn68V6tz7moyWr2DmEP7A+fwCrR5gh</latexit>

8k̄ 2 R

<latexit sha1_base64="ee5nqNz72QCB6+wE229ln8mDLds="></latexit>

uR
k̄ ⌘ e⇡!̄/(2↵)

p
2 sinh (⇡!̄/↵)

h
�̄R
k̄ + e�⇡!̄/↵�̄L⇤

�k̄

i

So          and         are pos. freq. Minkowski modes

• For               they are concentrated in R, so also construct

which are also analytic and bounded in the lower half of the u- and 
v-planes, and, for              , they are concentrated in L

<latexit sha1_base64="nxKpG6x6go3okbCuAGKkKD3C6/U=">AAACBHicbVDLSsNAFL2pr1pfUZfdDBbBVUlE1GXRjcsq9gFNKJPppB06mYSZiVBCF278FTcuFHHrR7jzb5y0WWjrgYHDOfcy554g4Uxpx/m2Siura+sb5c3K1vbO7p69f9BWcSoJbZGYx7IbYEU5E7Slmea0m0iKo4DTTjC+zv3OA5WKxeJeTxLqR3goWMgI1kbq21UvjCXmHHkBlmjsMeFFWI+CILub9u2aU3dmQMvELUgNCjT79pc3iEkaUaEJx0r1XCfRfoalZoTTacVLFU0wGeMh7RkqcESVn82OmKJjowyQSWOe0Gim/t7IcKTUJArMZJ5QLXq5+J/XS3V46WdMJKmmgsw/ClOOdIzyRtCASUo0nxiCiWQmKyIjLDHRpreKKcFdPHmZtE/r7nn97Pas1rgq6ihDFY7gBFy4gAbcQBNaQOARnuEV3qwn68V6tz7moyWr2DmEP7A+fwCrR5gh</latexit>

8k̄ 2 R

<latexit sha1_base64="lJtjvcRISKKNceyk0LlwrZZ5uIs="></latexit>

uL
k̄ ⌘ e�⇡!̄/(2↵)

p
2 sinh (⇡!̄/↵)

h
�̄R⇤

�k̄ + e⇡!̄/↵�̄L
k̄

i

<latexit sha1_base64="0Z1zWppehSkfGyJMurgBnBuLwSw=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKexKiB6DXjx4iGAekF3D7GQ2GTI7u8xDCEt+w4sHRbz6M978GyfJHjSxoKGo6qa7K0w5U9p1v53C2vrG5lZxu7Szu7d/UD48aqvESEJbJOGJ7IZYUc4EbWmmOe2mkuI45LQTjm9mfueJSsUS8aAnKQ1iPBQsYgRrK/nm8a6f+SGWaDztlytu1Z0DrRIvJxXI0eyXv/xBQkxMhSYcK9Xz3FQHGZaaEU6nJd8ommIyxkPas1TgmKogm988RWdWGaAokbaERnP190SGY6UmcWg7Y6xHatmbif95PaOjqyBjIjWaCrJYFBmOdIJmAaABk5RoPrEEE8nsrYiMsMRE25hKNgRv+eVV0r6oevVq7b5WaVzncRThBE7hHDy4hAbcQhNaQCCFZ3iFN8c4L86787FoLTj5zDH8gfP5A9CMkY0=</latexit>

uL
k̄

<latexit sha1_base64="2X2F58lXPisTqUIooFbzCrC4Txo=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKexKiB6DXjxGMQ/IrmF2MpsMmZ1d5iGEJb/hxYMiXv0Zb/6Nk2QPmljQUFR1090Vppwp7brfTmFtfWNzq7hd2tnd2z8oHx61VWIkoS2S8ER2Q6woZ4K2NNOcdlNJcRxy2gnHNzO/80SlYol40JOUBjEeChYxgrWVfPN438/8EEs0nvbLFbfqzoFWiZeTCuRo9stf/iAhJqZCE46V6nluqoMMS80Ip9OSbxRNMRnjIe1ZKnBMVZDNb56iM6sMUJRIW0Kjufp7IsOxUpM4tJ0x1iO17M3E/7ye0dFVkDGRGk0FWSyKDEc6QbMA0IBJSjSfWIKJZPZWREZYYqJtTCUbgrf88ippX1S9erV2V6s0rvM4inACp3AOHlxCA26hCS0gkMIzvMKbY5wX5935WLQWnHzmGP7A+fwB2dqRkw==</latexit>

uR
k̄



• We can expand

Then

• We have explicitly constructed the Bogolyubov transf.:

• Thus, the num. of Rindler particles contained in Minkowski vac. is
<latexit sha1_base64="Ti5qAVQVbFJpePqaboR0NX3B+nQ="></latexit>

hM | b̂R
†

k̄ b̂Rk̄ | Mi = 1

e2⇡!̄/↵ � 1

This is a thermal Planck spectrum of Rindler particles with 
temperature 

<latexit sha1_base64="EsEKydSWS7A1KbSNAABm8eo13k4=">AAACHXicbZDLSsNAFIYn9VbrLerSzWARKkhJpKgboejGZRV7gSaGyXTSDp1cmDkRSuiLuPFV3LhQxIUb8W2cXha19cDAx/+fw5nz+4ngCizrx8gtLa+sruXXCxubW9s75u5eQ8WppKxOYxHLlk8UEzxideAgWCuRjIS+YE2/fz3ym49MKh5H9zBImBuSbsQDTgloyTMr2H+48zLHJxL3h5eOYAGUnKTHT8bSiGZ8R/JuD449s2iVrXHhRbCnUETTqnnml9OJaRqyCKggSrVtKwE3IxI4FWxYcFLFEkL7pMvaGiMSMuVm4+uG+EgrHRzEUr8I8FidnchIqNQg9HVnSKCn5r2R+J/XTiG4cDMeJSmwiE4WBanAEONRVLjDJaMgBhoIlVz/FdMekYSCDrSgQ7DnT16ExmnZPitXbivF6tU0jjw6QIeohGx0jqroBtVQHVH0hF7QG3o3no1X48P4nLTmjOnMPvpTxvcvoHehqg==</latexit>

bRk̄ =
�
�, �̄R

k̄

�

<latexit sha1_base64="hvHAVWXQ0mxygqFFrssgp2Qo+sY="></latexit>

b̂Rk̄ =
1p

2 sinh (⇡!̄/↵)

h
e⇡!̄/(2↵)âRk̄ + e�⇡!̄/(2↵)âL

†

�k̄

i



This Unruh effect is not currently measurable, eg, 

for                                                   we need 

currently unachievable

If the field      is in the Minkowski vacuum           ,

- an inertial observer detects no particles

- a Rindler observer detects a thermal bath of (Rindler) particles 
at the Unruh temperature

<latexit sha1_base64="Me7q0mlshjOLn0jQIANaKSJl0DA=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1GPRi8cK9gOaUDbbTbN0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSAXX6DjfVmltfWNzq7xd2dnd2z+oHh51dJIpyto0EYnqBUQzwSVrI0fBeqliJA4E6wbj25nffWJK80Q+4CRlfkxGkoecEjRSz4sIemnEB9WaU3fmsFeJW5AaFGgNql/eMKFZzCRSQbTuu06Kfk4UcirYtOJlmqWEjsmI9Q2VJGbaz+f3Tu0zowztMFGmJNpz9fdETmKtJ3FgOmOCkV72ZuJ/Xj/D8NrPuUwzZJIuFoWZsDGxZ8/bQ64YRTExhFDFza02jYgiFE1EFROCu/zyKulc1N3LeuO+UWveFHGU4QRO4RxcuIIm3EEL2kBBwDO8wpv1aL1Y79bHorVkFTPH8AfW5w8e5JAJ</latexit>

�̂
<latexit sha1_base64="YdHm+V9SqZvJ+wh1OIdzwRqkBio=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqexKUY9FL16ECvYDukvJZmfb0CS7JtlCKf0dXjwo4tUf481/Y9ruQVsfDDzem2FmXphypo3rfjuFtfWNza3idmlnd2//oHx41NJJpig0acIT1QmJBs4kNA0zHDqpAiJCDu1weDvz2yNQmiXy0YxTCATpSxYzSoyVAl+wCN/7isg+h1654lbdOfAq8XJSQTkavfKXHyU0EyAN5UTrruemJpgQZRjlMC35mYaU0CHpQ9dSSQToYDI/eorPrBLhOFG2pMFz9ffEhAitxyK0nYKYgV72ZuJ/Xjcz8XUwYTLNDEi6WBRnHJsEzxLAEVNADR9bQqhi9lZMB0QRamxOJRuCt/zyKmldVL3Lau2hVqnf5HEU0Qk6RefIQ1eoju5QAzURRU/oGb2iN2fkvDjvzseiteDkM8foD5zPH2KEkd0=</latexit>

| Mi

<latexit sha1_base64="pw287Q7R0ZT08HzQu2OykiajXI0=">AAAB/nicbVBNS8NAEN3Ur1q/quLJS7AIXiyJFPUiFL14rNAvaGuYbKft0s0m7G6EGgr+FS8eFPHq7/Dmv3Hb5qCtDwYe780wM8+POFPacb6tzNLyyupadj23sbm1vZPf3aurMJYUazTkoWz6oJAzgTXNNMdmJBECn2PDH95M/MYDSsVCUdWjCDsB9AXrMQraSF7+oHqF98lpG3g0gPYjahhXPcfLF5yiM4W9SNyUFEiKipf/andDGgcoNOWgVMt1It1JQGpGOY5z7VhhBHQIfWwZKiBA1Umm54/tY6N07V4oTQltT9XfEwkESo0C33QGoAdq3puI/3mtWPcuOwkTUaxR0NmiXsxtHdqTLOwuk0g1HxkCVDJzq00HIIFqk1jOhODOv7xI6mdF97xYuisVytdpHFlySI7ICXHJBSmTW1IhNUJJQp7JK3mznqwX6936mLVmrHRmn/yB9fkDsQWVVA==</latexit>

T = e�↵⇣T0

conformal factor

Unruh Effect



• It can be shown that the ‘renormalized’                               
diverges at the Killing horizons (in the regular inertial frame)

 Therefore, the Rindler vacuum is an unphysical state

• The Rindler vacuum is seen as empty by Rindler observers

What semiclassical effects do we get if the space-time is curved?…





 The Minkowski vacuum state is defined via

Hilbert Space

<latexit sha1_base64="QnKp1mDfUzxxquJKbvABD5suUIU="></latexit>

â~k | Mi = 0, 8~k 2 R3

<latexit sha1_base64="l4xgMDWO6D5isu4LozHq3jzWgGg="></latexit>

H1 ⌘

n
â†~k | Mi, 8~k 2 R3

o
is the 1-particle Hilbert sp.

<latexit sha1_base64="jFyyjNrYHkgFkiRbmN/bX65uemI=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeiF48VTFtoQ9lsN+3SzSbsvggl9Dd48aCIV3+QN/+N2zYHbR1YGGbesO9NmEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJ7w0SNP1qza27c5BV4hWkBgWa/eqXzbEs5gqZpMZ0PTfFIKcaBZN8WullhqeUjemQdy1VNOYmyOfLTsmZVQYkSrR9Cslc/Z3IaWzMJA7tZExxZJa9mfif180wuglyodIMuWKLj6JMEkzI7HIyEJozlBNLKNPC7krYiGrK0PZTsSV4yyevktZF3buqXz5c1hq3RR1lOIFTOAcPrqEB99AEHxgIeIZXeHOU8+K8Ox+L0ZJTZI7hD5zPH/RWjss=</latexit>. . .

 The Hilbert sp. of the QFT (Fock space) is

<latexit sha1_base64="bD3i9t3Y88oZ0v/USyArsiAxstE="></latexit>

H = C�H1 � (H1 ⌦H1)sym � (H1 ⌦H1 ⌦H1)sym � . . .


