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THE (ALMOST) PLAYGROUND



THE (ACTUAL) PLAYGROUND



RADIATIVE MODES

➤ Asymptotic Symmetries 
described by the BMS group

➤ Space of connections forms an 
affine space and parametrized 
by a Sym + TT 3x3 matrix

➤ 9 - 3 - 3 - 1 = 2 d.o.f of GR
➤ Hence, we can interpret      as 

our radiative modes

<latexit sha1_base64="qbH8Vb70BbCA/kUQhlzbn5fjmcI=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAdsltA7mU2GzGOZmRXCks/w4kERr36NN//GSbIHjRY0FFXddHfFKWfG+v6XV1pb39jcKm9Xdnb39g+qh0cdozJNaJsornQvBkM5k7RtmeW0l2oKIua0G09u5373kWrDlHyw05RGAkaSJYyAdVLYN2wkYJBDPBtUa37dXwD/JUFBaqhAa1D97A8VyQSVlnAwJgz81EY5aMsIp7NKPzM0BTKBEQ0dlSCoifLFyTN85pQhTpR2JS1eqD8nchDGTEXsOgXYsVn15uJ/XpjZ5DrKmUwzSyVZLkoyjq3C8//xkGlKLJ86AkQzdysmY9BArEup4kIIVl/+SzoX9aBRb9xf1po3RRxldIJO0TkK0BVqojvUQm1EkEJP6AW9etZ79t6892VryStmjtEveB/fmIGReg==</latexit>�ab

➤      carries gauge invariant 
curvature information

<latexit sha1_base64="+VVcHAgxEpk9Z8sUZAPbIafvWjk=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV2R6rHoxZNUsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o5XVtfWNzcJWcXtnd2+/dHDYNCrVlDWoEkq3Q2KY4JI1LLeCtRPNSBwK1gpHN1O/9cS04Uo+2HHCgpgMJI84JdZJzbteRsJJr1T2Kt4MeJn4OSlDjnqv9NXtK5rGTFoqiDEd30tskBFtORVsUuymhiWEjsiAdRyVJGYmyGbXTvCpU/o4UtqVtHim/p7ISGzMOA5dZ0zs0Cx6U/E/r5Pa6CrIuExSyySdL4pSga3C09dxn2tGrRg7Qqjm7lZMh0QTal1ARReCv/jyMmmeV/xqpXp/Ua5d53EU4BhO4Ax8uIQa3EIdGkDhEZ7hFd6QQi/oHX3MW1dQPnMEf4A+fwCX5o8p</latexit>

Nab

<latexit sha1_base64="XwAyihAcC0bgRQp1kZsqbxuIQJE=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISURqW6EUjcuXFS0D2hCmUwn7dDJJMxMhBLyE278FTcuFHEruPNvnLShaOuBgTPn3Mu993gRo1JZ1rdRWFpeWV0rrpc2Nre2d8zdvZYMY4FJE4csFB0PScIoJ01FFSOdSBAUeIy0vdFV5rcfiJA05PdqHBE3QANOfYqR0lLPPHECpIYYsaSewsvZ5y6FDlM0IBLOtJu0Z5atijUBXCR2TsogR6Nnfjn9EMcB4QozJGXXtiLlJkgoihlJS04sSYTwCA1IV1OO9EA3mVyVwiOt9KEfCv24ghP1d0eCAinHgacrsxXlvJeJ/3ndWPkXbkJ5FCvC8XSQHzOoQphFBPtUEKzYWBOEBdW7QjxEAmGlgyzpEOz5kxdJ67RiVyvV27NyrZ7HUQQH4BAcAxucgxq4Bg3QBBg8gmfwCt6MJ+PFeDc+pqUFI+/ZB39gfP4AAoufYA==</latexit>

B = S n L

<latexit sha1_base64="0KtNu2tjmjgQYghVzkTi2+1bxsE=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR3VhmRKq4KurCZQX7gM4wZNK0DU0yQ5IRyjBu/BU3LhRx61+4829M21lo64F7OZxzL8k9Ycyo0o7zbRUWFpeWV4qrpbX1jc0te3unqaJEYtLAEYtkO0SKMCpIQ1PNSDuWBPGQkVY4vB77rQciFY3EvR7FxOeoL2iPYqSNFNh7nqJ9joIUhdmll9542YnpR14W2GWn4kwA54mbkzLIUQ/sL68b4YQToTFDSnVcJ9Z+iqSmmJGs5CWKxAgPUZ90DBWIE+WnkwsyeGiULuxF0pTQcKL+3kgRV2rEQzPJkR6oWW8s/ud1Et278FMq4kQTgacP9RIGdQTHccAulQRrNjIEYUnNXyEeIImwNqGVTAju7MnzpHlacauV6t1ZuXaVx1EE++AAHAMXnIMauAV10AAYPIJn8ArerCfrxXq3PqajBSvf2QV/YH3+AAsvlqM=</latexit>

�ab : {D}� {D0}



SYMPLECTIC STRUCTURE

<latexit sha1_base64="KBde8cHg74iQTtWXwSR6AZLuBkw="></latexit>
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<latexit sha1_base64="48yeupW1C+KU8KdRerAyo5jVkaI="></latexit>
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➤ Symplectic Form

➤ Hamiltonian

➤ Bondi News Smearing - our observables

➤ Poisson Bracket

<latexit sha1_base64="FHSkui0aDURtE079Arj3xdIhNGM="></latexit>
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<latexit sha1_base64="tKGZ8/Uv/C/ajKfGhqBdgkMo0AM="></latexit>

{N [f ], N [f 0]} =

Z

I
[fabLnf

0
cd � f 0

abLnfcd]q
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rst = ⌦(f, f 0)



OBSERVABLE ALGEBRA

<latexit sha1_base64="lISg9uKQ9rn65dP1xE8l+S7DVsA=">AAACEnicbZDLSsNAFIYnXmu9RV26GSxSpVASkepGKLpxJRXsBdJQTqaTdujkwsxEKKHP4MZXceNCEbeu3Pk2TtsI2vrDwMd/zuHM+b2YM6ks68tYWFxaXlnNreXXNza3ts2d3YaMEkFonUQ8Ei0PJOUspHXFFKetWFAIPE6b3uBqXG/eUyFZFN6pYUzdAHoh8xkBpa2Oedzug8I3Dvi4hD2/6OILDJnnuyXvB4tuxyxYZWsiPA92BgWUqdYxP9vdiCQBDRXhIKVjW7FyUxCKEU5H+XYiaQxkAD3qaAwhoNJNJyeN8KF2utiPhH6hwhP390QKgZTDwNOdAai+nK2Nzf9qTqL8czdlYZwoGpLpIj/hWEV4nA/uMkGJ4kMNQATTf8WkDwKI0inmdQj27Mnz0Dgp25Vy5fa0UL3M4sihfXSAjpCNzlAVXaMaqiOCHtATekGvxqPxbLwZ79PWBSOb2UN/ZHx8A8L+mww=</latexit>

N̂ [af + bf 0] = aN̂ [f ] + bN̂ [f 0]

<latexit sha1_base64="yprP/aN2jQk2S7xSPFcw4fLGsrk="></latexit>

[N̂ [f ], N̂ [f 0]] = i~⌦(f, f 0)I

<latexit sha1_base64="1p49Ngr1LUdxwrzgDxDVq23vrRE=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0Wpm5qIVDdC0Y0rqWAfkIQymU7aoZNJmJmIJfQP3Pgrblwo4tatO//GaZqFth64cDjnXu69x48Zlcqyvo3CwuLS8kpxtbS2vrG5ZW7vtGSUCEyaOGKR6PhIEkY5aSqqGOnEgqDQZ6TtD68mfvueCEkjfqdGMfFC1Oc0oBgpLXXNQ3eAFGw7gQcvoEseYjet0GN34CNxlFk32nLHXbNsVa0McJ7YOSmDHI2u+eX2IpyEhCvMkJSObcXKS5FQFDMyLrmJJDHCQ9QnjqYchUR6afbPGB5opQeDSOjiCmbq74kUhVKOQl93hkgN5Kw3Ef/znEQF515KeZwowvF0UZAwqCI4CQf2qCBYsZEmCAuqb4V4gATCSkdY0iHYsy/Pk9ZJ1a5Va7en5fplHkcR7IF9UAE2OAN1cA0aoAkweATP4BW8GU/Gi/FufExbC0Y+swv+wPj8Absymz0=</latexit>

Ŵ [f ] = exp{(i/~)N̂ [f ]}

➤ Abstractly defined generators are R-linear and Hermitian

➤ Commutation relation

➤ Convenient to use the Weyl algebra as it is closed

➤ One can use the GNS construction to find a representation of 
Weyl algebra on a Hilbert space.

<latexit sha1_base64="XYksrGCRt9+n8nC33OnUIs3n0iM=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEVyURqW6EohtXUsFeIIllMp20QyeTMHMilNCFG1/FjQtF3PoQ7nwbp5eFtv4w8PGfczhz/jAVXIPjfFtLyyura+uFjeLm1vbOrr2339RJpihr0EQkqh0SzQSXrAEcBGunipE4FKwVDq7G9dYDU5on8g6GKQti0pM84pSAsTp2ye8TwDf3vgaivCjAF3jqGO7YZafiTIQXwZ1BGc1U79hffjehWcwkUEG09lwnhSAnCjgVbFT0M81SQgekxzyDksRMB/nkiBE+Mk4XR4kyTwKeuL8nchJrPYxD0xkT6Ov52tj8r+ZlEJ0HOZdpBkzS6aIoExgSPE4Ed7liFMTQAKGKm79i2ieKUDC5FU0I7vzJi9A8qbjVSvX2tFy7nMVRQCV0iI6Ri85QDV2jOmogih7RM3pFb9aT9WK9Wx/T1iVrNnOA/sj6/AHoTJb/</latexit>

N̂?[f ] = N̂ [f ]



CONSTRUCTION OF THE HILBERT SPACE I

➤ Decompose f into + and - frequency 
parts to induce a complex structure J

<latexit sha1_base64="9zu7sa5pnYXi5mRdK6iF8HXT8OA="></latexit>

f+
ab(u, ✓,�) =

Z 1

0
f̃ab(!, ✓,�)e

i!ud!
<latexit sha1_base64="dupTlUz7nJ1+A1D6Cy0FMDkmIOE=">AAAB/nicbZDLSsNAFIZP6q3WW1RcuRksQlUsiUh1IxTduKxgL9CmZTKdtEMnF2YmQgkFX8WNC0Xc+hzufBunaRZq/WHg4z/ncM78bsSZVJb1ZeQWFpeWV/KrhbX1jc0tc3unIcNYEFonIQ9Fy8WSchbQumKK01YkKPZdTpvu6GZabz5QIVkY3KtxRB0fDwLmMYKVtnrmntc97SXYnVyVvO5JSkfd455ZtMpWKjQPdgZFyFTrmZ+dfkhinwaKcCxl27Yi5SRYKEY4nRQ6saQRJiM8oG2NAfapdJL0/Ak61E4feaHQL1AodX9OJNiXcuy7utPHaij/1qbmf7V2rLxLJ2FBFCsakNkiL+ZIhWiaBeozQYniYw2YCKZvRWSIBSZKJ1bQIdh/vzwPjbOyXSlX7s6L1essjjzswwGUwIYLqMIt1KAOBBJ4ghd4NR6NZ+PNeJ+15oxsZhd+yfj4BrXklLI=</latexit>

f�
ab = (f+

ab)
⇤

<latexit sha1_base64="wOGJwRl3H8ZjhgxQD6DQRVFQc2E="></latexit>

hf |f 0i := 1

2
(⌦(f, Jf 0) + i⌦(f, f 0))

<latexit sha1_base64="1kwpmjxGOM64xS51mxPF7pd8oyU=">AAACCXicbZDLSsNAFIYn9VbrLerSzWApCNKSiFQ3QtGNuKpgL9DGMJlO2qGTSZiZCCV068ZXceNCEbe+gTvfxkmahbb+MPDxnzmcc34vYlQqy/o2CkvLK6trxfXSxubW9o65u9eWYSwwaeGQhaLrIUkY5aSlqGKkGwmCAo+Rjje+SuudByIkDfmdmkTECdCQU59ipLTlmvAG+m6CvCm8gNS/P55xNeVqxq5ZtmpWJrgIdg5lkKvpml/9QYjjgHCFGZKyZ1uRchIkFMWMTEv9WJII4TEakp5GjgIinSS7ZAor2hlAPxT6cQUz93dHggIpJ4FesRIgNZLztdT8r9aLlX/uJJRHsSIczwb5MYMqhGkscEAFwYpNNCAsqN4V4hESCCsdXkmHYM+fvAjtk5pdr9VvT8uNyzyOIjgAh+AI2OAMNMA1aIIWwOARPINX8GY8GS/Gu/Ex+1ow8p598EfG5w8Nopiw</latexit>

Jfab = if+
ab � if�

ab

➤ Because J is independent of conformal frame and is compatible 
with the symplectic structure, we have a Kähler space

➤ Use following (Hermitian) inner product to Cauchy complete 
space of smearings: h



CONSTRUCTION OF THE HILBERT SPACE II

<latexit sha1_base64="kp9n3q8kNFWsbjnQYlsIDMquR1I="></latexit>

h0|Ŵ [f ]|0i := exp{(�1/2~)⌦(f, Jf)}

<latexit sha1_base64="xjL3nAgs660P1NAz+I3CVK2mSxM=">AAACG3icbVDLSgMxFM3UV62vqks3wSK4KjNFqptC0U2XFewDOm3JpJk2NJMZkjtiGeY/3Pgrblwo4kpw4d+YPhbaeiBwOOdecs/xIsE12Pa3lVlb39jcym7ndnb39g/yh0dNHcaKsgYNRajaHtFMcMkawEGwdqQYCTzBWt74Zuq37pnSPJR3MIlYNyBDyX1OCRipny+5AYERJSKppbiC3TASse65XPow6SeyYqd41EtcYA+Q6EmQpn2zVLCL9gx4lTgLUkAL1Pv5T3cQ0jhgEqggWnccO4JuQhRwKliac2PNIkLHZMg6hkoSMN1NZtlSfGaUAfZDZZ4EPFN/byQk0OYwz0xOk+hlbyr+53Vi8K+6CZdRDEzS+Ud+LDCEeFoUHnDFKIiJIYQqbm7FdEQUoWDqzJkSnOXIq6RZKjrlYvn2olC9XtSRRSfoFJ0jB12iKqqhOmogih7RM3pFb9aT9WK9Wx/z0Yy12DlGf2B9/QB9fqJf</latexit>

H = �
1
n=0h

sym
n

<latexit sha1_base64="ayPQ3KR/W5U+SmVEkaoA7w+DzW0=">AAACIXicbVDLSgMxFM3UV62vqks3wSJUhDJTpHYjFN2IC6lgH9AZy50004ZmHiQZoQz9FTf+ihsXinQn/oxpOwttPXDh5Jx7yb3HjTiTyjS/jMzK6tr6RnYzt7W9s7uX3z9oyjAWhDZIyEPRdkFSzgLaUExx2o4EBd/ltOUOr6d+64kKycLgQY0i6vjQD5jHCCgtdfNVewAKw6Pdg36fio7n4EtsewJIYo2T8rg48++m+hlm6ePWc067+YJZMmfAy8RKSQGlqHfzE7sXktingSIcpOxYZqScBIRihNNxzo4ljYAMoU87mgbgU+kkswvH+EQrPeyFQleg8Ez9PZGAL+XId3WnD2ogF72p+J/XiZVXdRIWRLGiAZl/5MUcqxBP48I9JihRfKQJEMH0rpgMQMejdKg5HYK1ePIyaZZLVqVUuT8v1K7SOLLoCB2jIrLQBaqhG1RHDUTQM3pF7+jDeDHejE9jMm/NGOnMIfoD4/sHW/yhww==</latexit>

â†[f ] =
1

2
(N̂ [f ] + iN̂ [Jf ])

➤ Define VEV from which GNS construction can be carried out

➤ The representation space is isomorphic to a Fock space

<latexit sha1_base64="uFXmjBS28ErmECVWqEMjbafjbVk=">AAACBHicbVC7SgNBFJ2Nrxhfq5ZpBoNgFXZFoo0QTGMZwTwgWZfZySQZMju7zNwVw5LCxl+xsVDE1o+w82+cTVJo4oGBwzn3MueeIBZcg+N8W7mV1bX1jfxmYWt7Z3fP3j9o6ihRlDVoJCLVDohmgkvWAA6CtWPFSBgI1gpGtcxv3TOleSRvYRwzLyQDyfucEjCSbxeHd11gD5DqcTjxHXyJuyGBYRCktYlvl5yyMwVeJu6clNAcdd/+6vYimoRMAhVE647rxOClRAGngk0K3USzmNARGbCOoZKETHvp9IgJPjZKD/cjZZ4EPFV/b6Qk1CZkYCazhHrRy8T/vE4C/Qsv5TJOgEk6+6ifCAwRzhrBPa4YBTE2hFDFTVZMh0QRCqa3ginBXTx5mTRPy26lXLk5K1Wv5nXkUREdoRPkonNURdeojhqIokf0jF7Rm/VkvVjv1sdsNGfNdw7RH1ifP49MmA0=</latexit>

hsym
0 = C➤ The normalized vector in                 defines the vacuum state 

and elements of          are obtained via the creation operator
<latexit sha1_base64="cgSKtELaL6kgIqMPGpi5FFCpXrI=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRmR6rLoxmUF+4B2WjJp2oZmMkNyRy1D/8ONC0Xc+i/u/BvTdhbaeiBwOOde7skJYikMuu63s7K6tr6xmdvKb+/s7u0XDg7rJko04zUWyUg3A2q4FIrXUKDkzVhzGgaSN4LRzdRvPHBtRKTucRxzP6QDJfqCUbRSZ9hpI3/C1IzDSVd1C0W35M5AlomXkSJkqHYLX+1exJKQK2SSGtPy3Bj9lGoUTPJJvp0YHlM2ogPeslTRkBs/naWekFOr9Eg/0vYpJDP190ZKQ2NzBXYypDg0i95U/M9rJdi/8lOh4gS5YvND/UQSjMi0AtITmjOUY0so08JmJWxINWVoi8rbErzFLy+T+nnJK5fKdxfFynVWRw6O4QTOwINLqMAtVKEGDDQ8wyu8OY/Oi/PufMxHV5xs5wj+wPn8AVqekxY=</latexit>

hsym
n

➤ This gives us our asymptotic Fock space



SPACE OF STATES
<latexit sha1_base64="jJ2rrGCBos15Qtaewt3Wo4Vn3WQ=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lUSkeix68VjBfkgbymY7aZfubsLuRiixv8KLB0W8+nO8+W/ctjlo64OBx3szzMwLE8608bxvZ2V1bX1js7BV3N7Z3dsvHRw2dZwqig0a81i1Q6KRM4kNwwzHdqKQiJBjKxzdTP3WIyrNYnlvxgkGggwkixglxkoPT15XETng2CuVvYo3g7tM/JyUIUe9V/rq9mOaCpSGcqJ1x/cSE2REGUY5TordVGNC6IgMsGOpJAJ1kM0OnrinVum7UaxsSePO1N8TGRFaj0VoOwUxQ73oTcX/vE5qoqsgYzJJDUo6XxSl3DWxO/3e7TOF1PCxJYQqZm916ZAoQo3NqGhD8BdfXibN84pfrVTvLsq16zyOAhzDCZyBD5dQg1uoQwMoCHiGV3hzlPPivDsf89YVJ585gj9wPn8AuLuQYA==</latexit>

|0i
<latexit sha1_base64="CTYaI9hfmyu2/6n5ALMU6sjck0w=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4Krsi1WNRDx4r2A/oriWbZtvQJLsm2UJZ+ju8eFDEqz/Gm//GtN2Dtj4YeLw3w8y8MOFMG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epIrRBYh6rdog15UzShmGG03aiKBYhp61weDP1WyOqNIvlgxknNBC4L1nECDZWCvzs9tEnTBF/0nW7pbJbcWdAy8TLSRly1LulL78Xk1RQaQjHWnc8NzFBhpVhhNNJ0U81TTAZ4j7tWCqxoDrIZkdP0KlVeiiKlS1p0Ez9PZFhofVYhLZTYDPQi95U/M/rpCa6CjImk9RQSeaLopQjE6NpAqjHFCWGjy3BRDF7KyIDrDAxNqeiDcFbfHmZNM8rXrVSvb8o167zOApwDCdwBh5cQg3uoA4NIPAEz/AKb87IeXHenY9564qTzxzBHzifP23rkeU=</latexit>

{D�}0➤     is a coherent state peaked at a chosen vacuum

➤ Our space of states      is all         with
<latexit sha1_base64="+SeeeBNaFWMhG09rePXLLVmWVxs=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KolI9VjUg8cK9gOSWDbbTbt0sxt2J0IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZelApuwHW/nZXVtfWNzdJWeXtnd2+/cnDYNirTlLWoEkp3I2KY4JK1gINg3VQzkkSCdaLRzdTvPDFtuJIPME5ZmJCB5DGnBKzkB/ntY0C5psGkV6m6NXcGvEy8glRRgWav8hX0Fc0SJoEKYozvuSmEOdHAqWCTcpAZlhI6IgPmWypJwkyYz06e4FOr9HGstC0JeKb+nshJYsw4iWxnQmBoFr2p+J/nZxBfhTmXaQZM0vmiOBMYFJ7+j/tcMwpibAmhmttbMR0STSjYlMo2BG/x5WXSPq959Vr9/qLauC7iKKFjdILOkIcuUQPdoSZqIYoUekav6M0B58V5dz7mrStOMXOE/sD5/AFCMZFC</latexit>

{D�}

<latexit sha1_base64="kCcs0jaII95FQFndKXcS32Ws8Is=">AAAB73icbVBNS8NAEJ34WetX1aOXYBE8lUSkeix60GMF+wFtKJPtpl26u4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTDjTxvO+nZXVtfWNzcJWcXtnd2+/dHDY1HGqCG2QmMeqHaKmnEnaMMxw2k4URRFy2gpHN1O/9USVZrF8MOOEBgIHkkWMoLFSu3uLQmDP65XKXsWbwV0mfk7KkKPeK311+zFJBZWGcNS643uJCTJUhhFOJ8VuqmmCZIQD2rFUoqA6yGb3TtxTq/TdKFa2pHFn6u+JDIXWYxHaToFmqBe9qfif10lNdBVkTCapoZLMF0Upd03sTp93+0xRYvjYEiSK2VtdMkSFxNiIijYEf/HlZdI8r/jVSvX+oly7zuMowDGcwBn4cAk1uIM6NIAAh2d4hTfn0Xlx3p2PeeuKk88cwR84nz+BA4+j</latexit>

�0

<latexit sha1_base64="H+epvPilfP9fWGfWyCIFtxkPCYQ=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlChYGhgoWxSPQhNVHluE5r1XYi20GKQn+AhV9hYQAhVnY2/gY3zQAtR7q6R+fcK/ueIGZUacf5tkpLyyura+X1ysbm1vaOvbvXVlEiMWnhiEWyGyBFGBWkpalmpBtLgnjASCcYX0/9zj2RikbiTqcx8TkaChpSjLSR+vaRx5AYMuIpOuToYdY8mWvwEnpUhDrt21Wn5uSAi8QtSBUUaPbtL28Q4YQToTFDSvVcJ9Z+hqSmmJFJxUsUiREeoyHpGSoQJ8rP8msm8NgoAxhG0pTQMFd/b2SIK5XywExypEdq3puK/3m9RIcXfkZFnGgi8OyhMGFQR3AaDRxQSbBmqSEIS2r+CvEISYS1CbBiQnDnT14k7dOaW6/Vb8+qjasijjI4AIfgBLjgHDTADWiCFsDgETyDV/BmPVkv1rv1MRstWcXOPvgD6/MH6+WcGg==</latexit>

h�|�i < 1

➤      and h are isomorphic via 

<latexit sha1_base64="kCcs0jaII95FQFndKXcS32Ws8Is=">AAAB73icbVBNS8NAEJ34WetX1aOXYBE8lUSkeix60GMF+wFtKJPtpl26u4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTDjTxvO+nZXVtfWNzcJWcXtnd2+/dHDY1HGqCG2QmMeqHaKmnEnaMMxw2k4URRFy2gpHN1O/9USVZrF8MOOEBgIHkkWMoLFSu3uLQmDP65XKXsWbwV0mfk7KkKPeK311+zFJBZWGcNS643uJCTJUhhFOJ8VuqmmCZIQD2rFUoqA6yGb3TtxTq/TdKFa2pHFn6u+JDIXWYxHaToFmqBe9qfif10lNdBVkTCapoZLMF0Upd03sTp93+0xRYvjYEiSK2VtdMkSFxNiIijYEf/HlZdI8r/jVSvX+oly7zuMowDGcwBn4cAk1uIM6NIAAh2d4hTfn0Xlx3p2PeeuKk88cwR84nz+BA4+j</latexit>

�0

<latexit sha1_base64="6de9K99NJASMVrq0htxeVtOui94=">AAACFXicbVDLSsNAFJ3UV62vqEs3g6XgQkoiUt0IRTcuK9gHNCHcTCft0MmDmYlSQn/Cjb/ixoUibgV3/o3TNovaeuDC4Zx7ufceP+FMKsv6MQorq2vrG8XN0tb2zu6euX/QknEqCG2SmMei44OknEW0qZjitJMICqHPadsf3kz89gMVksXRvRol1A2hH7GAEVBa8sxTR7J+CF4G/hg7gvUHCoSIH3Ewk67wXINnlq2qNQVeJnZOyihHwzO/nV5M0pBGinCQsmtbiXIzEIoRTsclJ5U0ATKEPu1qGkFIpZtNvxrjilZ6OIiFrkjhqTo/kUEo5SjUR1ZCUAO56E3E/7xuqoJLN2NRkioakdmiIOVYxXgSEe4xQYniI02ACKZvxWQAAojSQZZ0CPbiy8ukdVa1a9Xa3Xm5fp3HUURH6BidIBtdoDq6RQ3URAQ9oRf0ht6NZ+PV+DA+Z60FI585RH9gfP0CBaqfXg==</latexit>

�ab ! fab = �ab

➤     contains no other classical vacuum states, hence     contains 
no states corresponding to vacuum states apart from

<latexit sha1_base64="xjL3nAgs660P1NAz+I3CVK2mSxM=">AAACG3icbVDLSgMxFM3UV62vqks3wSK4KjNFqptC0U2XFewDOm3JpJk2NJMZkjtiGeY/3Pgrblwo4kpw4d+YPhbaeiBwOOdecs/xIsE12Pa3lVlb39jcym7ndnb39g/yh0dNHcaKsgYNRajaHtFMcMkawEGwdqQYCTzBWt74Zuq37pnSPJR3MIlYNyBDyX1OCRipny+5AYERJSKppbiC3TASse65XPow6SeyYqd41EtcYA+Q6EmQpn2zVLCL9gx4lTgLUkAL1Pv5T3cQ0jhgEqggWnccO4JuQhRwKliac2PNIkLHZMg6hkoSMN1NZtlSfGaUAfZDZZ4EPFN/byQk0OYwz0xOk+hlbyr+53Vi8K+6CZdRDEzS+Ud+LDCEeFoUHnDFKIiJIYQqbm7FdEQUoWDqzJkSnOXIq6RZKjrlYvn2olC9XtSRRSfoFJ0jB12iKqqhOmogih7RM3pFb9aT9WK9Wx/z0Yy12DlGf2B9/QB9fqJf</latexit>

H = �
1
n=0h

sym
n

<latexit sha1_base64="jJ2rrGCBos15Qtaewt3Wo4Vn3WQ=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lUSkeix68VjBfkgbymY7aZfubsLuRiixv8KLB0W8+nO8+W/ctjlo64OBx3szzMwLE8608bxvZ2V1bX1js7BV3N7Z3dsvHRw2dZwqig0a81i1Q6KRM4kNwwzHdqKQiJBjKxzdTP3WIyrNYnlvxgkGggwkixglxkoPT15XETng2CuVvYo3g7tM/JyUIUe9V/rq9mOaCpSGcqJ1x/cSE2REGUY5TordVGNC6IgMsGOpJAJ1kM0OnrinVum7UaxsSePO1N8TGRFaj0VoOwUxQ73oTcX/vE5qoqsgYzJJDUo6XxSl3DWxO/3e7TOF1PCxJYQqZm916ZAoQo3NqGhD8BdfXibN84pfrVTvLsq16zyOAhzDCZyBD5dQg1uoQwMoCHiGV3hzlPPivDsf89YVJ585gj9wPn8AuLuQYA==</latexit>

|0i

<latexit sha1_base64="kCcs0jaII95FQFndKXcS32Ws8Is=">AAAB73icbVBNS8NAEJ34WetX1aOXYBE8lUSkeix60GMF+wFtKJPtpl26u4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTDjTxvO+nZXVtfWNzcJWcXtnd2+/dHDY1HGqCG2QmMeqHaKmnEnaMMxw2k4URRFy2gpHN1O/9USVZrF8MOOEBgIHkkWMoLFSu3uLQmDP65XKXsWbwV0mfk7KkKPeK311+zFJBZWGcNS643uJCTJUhhFOJ8VuqmmCZIQD2rFUoqA6yGb3TtxTq/TdKFa2pHFn6u+JDIXWYxHaToFmqBe9qfif10lNdBVkTCapoZLMF0Upd03sTp93+0xRYvjYEiSK2VtdMkSFxNiIijYEf/HlZdI8r/jVSvX+oly7zuMowDGcwBn4cAk1uIM6NIAAh2d4hTfn0Xlx3p2PeeuKk88cwR84nz+BA4+j</latexit>

�0



ASYMPTOTIC GRAVITONS

➤ The action of a Poincaré subgroup     of BMS can be split into 
two irreducible components

<latexit sha1_base64="WytS3rix06k092gwNjTZbcbzvoQ=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy0emDgcM69zLknTAQ36HlfTmltfWNzq7xd2dnd2z+oHh51jEo1ZW2qhNK9kBgmuGRt5ChYL9GMxKFg3XB6m/vdR6YNV/IBZwkLYjKWPOKUoJX6g5jghBKRtebDas2rewu4f4lfkBoUaA2rn4ORomnMJFJBjOn7XoJBRjRyKti8MkgNSwidkjHrWypJzEyQLSLP3TOrjNxIafskugv150ZGYmNmcWgn84hm1cvF/7x+itF1kHGZpMgkXX4UpcJF5eb3uyOuGUUxs4RQzW1Wl06IJhRtSxVbgr968l/Suaj7jXrj/rLWvCnqKMMJnMI5+HAFTbiDFrSBgoIneIFXB51n5815X46WnGLnGH7B+fgGiquRcQ==</latexit>P
<latexit sha1_base64="mgWA+ns3uuTybu3+3ynv52uRnCI=">AAACC3icbVC7TsMwFHXKq5RXgJHFaoXEVCUIFcYKlg4MBdGH1ESR4zqtVceObAepirqz8CssDCDEyg+w8Tc4bYfScqQrHZ1zr+69J0wYVdpxfqzC2vrG5lZxu7Szu7d/YB8etZVIJSYtLJiQ3RApwignLU01I91EEhSHjHTC0U3udx6JVFTwBz1OiB+jAacRxUgbKbDLXoz0ECOWNSbBPfREwlIFF8XbwK44VWcKuErcOamAOZqB/e31BU5jwjVmSKme6yTaz5DUFDMyKXmpIgnCIzQgPUM5ionys+kvE3hqlD6MhDTFNZyqixMZipUax6HpzI9Uy14u/uf1Uh1d+RnlSaoJx7NFUcqgFjAPBvapJFizsSEIS2puhXiIJMLaxFcyIbjLL6+S9nnVrVVrdxeV+vU8jiI4AWVwBlxwCeqgAZqgBTB4Ai/gDbxbz9ar9WF9zloL1nzmGPyB9fULJL+bIQ==</latexit>

HR �HL

➤ Right/Left - handed sectors have positive/negative helicity if 
the positive frequency part is self-dual/anti self-dual

<latexit sha1_base64="8/4fIlbCyuUrIqvVYvVGoW2ac7k=">AAACG3icbVDLSgMxFM3UV62vqks3wSIIhTJTpLoRim5cVrAP6GPIpJk2NMnEJCOUYf7Djb/ixoUirgQX/o3pY6GtBy4czrmXe+8JJKPauO63k1lZXVvfyG7mtrZ3dvfy+wcNHcUKkzqOWKRaAdKEUUHqhhpGWlIRxANGmsHoeuI3H4jSNBJ3ZixJl6OBoCHFyFjJz5c7RGrKItFLuJAp8+W9n4ggDXtFP0E8hZewIzmkMOwlxdRKQernC27JnQIuE29OCmCOmp//7PQjHHMiDGZI67bnStNNkDIUM5LmOrEmEuERGpC2pQJxorvJ9LcUnlilD8NI2RIGTtXfE/ZIrcc8sJ0cmaFe9Cbif147NuFFN6FCxoYIPFsUxgyaCE6Cgn2qCDZsbAnCitpbIR4ihbCxceZsCN7iy8ukUS55lVLl9qxQvZrHkQVH4BicAg+cgyq4ATVQBxg8gmfwCt6cJ+fFeXc+Zq0ZZz5zCP7A+foB3gOh6A==</latexit>

✏mnplpqnbf
+
am = ±if+

ab

➤ The mass Casimir has eigenvalue of 0 for both sectors while 
the helicity Casimir for                is   2

<latexit sha1_base64="RRFtgKAtlQdrPZE0wO8JnRs2i50=">AAACBnicbVDLSsNAFL3xWesr6lKEwSK4qolIdVl004WLKvYBbQiT6aQdOnkwMxFK6MqNv+LGhSJu/QZ3/o2TNovaemDgzDn3cu89XsyZVJb1Yywtr6yurRc2iptb2zu75t5+U0aJILRBIh6Jtocl5SykDcUUp+1YUBx4nLa84U3mtx6pkCwKH9Qopk6A+yHzGcFKS6551A2wGhDM09rYvUdnaPZ/65olq2xNgBaJnZMS5Ki75ne3F5EkoKEiHEvZsa1YOSkWihFOx8VuImmMyRD3aUfTEAdUOunkjDE60UoP+ZHQL1Roos52pDiQchR4ujJbUs57mfif10mUf+WkLIwTRUMyHeQnHKkIZZmgHhOUKD7SBBPB9K6IDLDAROnkijoEe/7kRdI8L9uVcuXuolS9zuMowCEcwynYcAlVqEEdGkDgCV7gDd6NZ+PV+DA+p6VLRt5zAH9gfP0CjvGYjw==</latexit>

HR/HL

➤ These excitations can be interpreted as gravitons! Cool!

➤ Asymptotic particle states of the exact theory rather than  
bulk particle states of the linearized theory

<latexit sha1_base64="LmVHuy2315WM2W0IzNic0OtpB+g=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI9FLx4r2g9ol5JNs21okl2SrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6tJOEBZIMFY84JdZJD71E9ssVr+rNgVeJn5MK5Gj0y1+9QUxTyZSlghjT9b3EBhnRllPBpqVealhC6JgMWddRRSQzQTY/dYrPnDLAUaxdKYvn6u+JjEhjJjJ0nZLYkVn2ZuJ/Xje10XWQcZWklim6WBSlAtsYz/7GA64ZtWLiCKGau1sxHRFNqHXplFwI/vLLq6R1UfVr1dr9ZaV+k8dRhBM4hXPw4QrqcAcNaAKFITzDK7whgV7QO/pYtBZQPnMMf4A+fwBZX43c</latexit>±



INFRARED ISSUES AND INADEQUACY OF THE FOCK REPRESENTATION

<latexit sha1_base64="eLwkhW6JACfzx88mitm2XXUp9T8="></latexit>

h�|�i < 1 =)
Z 1

�1
duNab(u, ✓,�) = 0

➤ Requiring states to be finite implies a vanishing IR charge

➤ On the level of radiative modes, this implies that
<latexit sha1_base64="hwXX6JLlqL5I5MqJ4VeJjvXDfk4=">AAAB+nicbZDLSsNAFIZPvNZ6S3XpZrAIglgSkepGKOrCZQV7gSaWyXTaDp1cmJkoJeZR3LhQxK1P4s63cdJmoa0/DHz85xzOmd+LOJPKsr6NhcWl5ZXVwlpxfWNza9ss7TRlGAtCGyTkoWh7WFLOAtpQTHHajgTFvsdpyxtdZfXWAxWShcGdGkfU9fEgYH1GsNJW1yw5yfX9kZOiC5TRsZN2zbJVsSZC82DnUIZc9a755fRCEvs0UIRjKTu2FSk3wUIxwmladGJJI0xGeEA7GgPsU+kmk9NTdKCdHuqHQr9AoYn7eyLBvpRj39OdPlZDOVvLzP9qnVj1z92EBVGsaECmi/oxRypEWQ6oxwQlio81YCKYvhWRIRaYKJ1WUYdgz355HponFbtaqd6elmuXeRwF2IN9OAQbzqAGN1CHBhB4hGd4hTfjyXgx3o2PaeuCkc/swh8Znz9yu5LZ</latexit>

{D+} = {D�}

➤ But this implies our symmetry group reduces from    to  <latexit sha1_base64="rESGOOr2XxsC03/Y1Mz9g+5J5ZM=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJelblxWsA+YDiWTZtrQTDIkGaEM/Qw3LhRx69e482/MtLPQ1gOBwzn3knNPmHCmjet+O6WNza3tnfJuZW//4PCoenzS1TJVhHaI5FL1Q6wpZ4J2DDOc9hNFcRxy2gund7nfe6JKMykezSyhQYzHgkWMYGMlfxBjMyGYZ635sFpz6+4CaJ14BalBgfaw+jUYSZLGVBjCsda+5yYmyLAyjHA6rwxSTRNMpnhMfUsFjqkOskXkObqwyghFUtknDFqovzcyHGs9i0M7mUfUq14u/uf5qYlug4yJJDVUkOVHUcqRkSi/H42YosTwmSWYKGazIjLBChNjW6rYErzVk9dJ96ruNeqNh+tas1XUUYYzOIdL8OAGmnAPbegAAQnP8ApvjnFenHfnYzlacoqdU/gD5/MHdWWRYw==</latexit>

B
<latexit sha1_base64="WytS3rix06k092gwNjTZbcbzvoQ=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy0emDgcM69zLknTAQ36HlfTmltfWNzq7xd2dnd2z+oHh51jEo1ZW2qhNK9kBgmuGRt5ChYL9GMxKFg3XB6m/vdR6YNV/IBZwkLYjKWPOKUoJX6g5jghBKRtebDas2rewu4f4lfkBoUaA2rn4ORomnMJFJBjOn7XoJBRjRyKti8MkgNSwidkjHrWypJzEyQLSLP3TOrjNxIafskugv150ZGYmNmcWgn84hm1cvF/7x+itF1kHGZpMgkXX4UpcJF5eb3uyOuGUUxs4RQzW1Wl06IJhRtSxVbgr968l/Suaj7jXrj/rLWvCnqKMMJnMI5+HAFTbiDFrSBgoIneIFXB51n5815X46WnGLnGH7B+fgGiquRcQ==</latexit>P

➤ BORING!!

➤ This implies that the Fock representation for gravitational 
radiation is inadequate



OPEN QUESTIONS

➤ How do we go beyond the Fock representation? 

➤ Can we find a loop representation of the null asymptote? 

➤ What if we had a cosmological constant? 

➤ What are the perturbative dynamics of our theory? 

➤ Can we construct a non-perturbative S-matrix? 

➤ Is there a non-perturbative infrared triangle? 

➤ and more!
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