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Gravity in particular is not a standard quantum field theory.
• Finite number of degrees of freedom
• Nonlocal effects (holography, black hole info)

Don’t quantize gravity; 
find gravity w/in quantum mechanics.

How physicists generally teach and think:

What we’re going to try:

Classical model Quantum theory

Quantum theory Classical world



How physicists typically invent quantum theories

Start classically, e.g. nonrelativistic particle in 1 dimension:

Coordinate x, momentum p (together: phase space), 
<latexit sha1_base64="BvPVW1B3BWAhC7MnMJb4xipRZPI=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovQopSkKLpQKLjpsoJ9QBvLZDpph06SYWYiLSE7N/6KGxeKuPUX3Pk3TtsstPXAhcM593LvPS5nVCrL+jYyS8srq2vZ9dzG5tb2jrm715BhJDCp45CFouUiSRgNSF1RxUiLC4J8l5GmO7yZ+M0HIiQNgzs15sTxUT+gHsVIaalrHlYLo1NehNew4wmEY35fTuKyn8AT2CiMil0zb5WsKeAisVOSBylqXfOr0wtx5JNAYYakbNsWV06MhKKYkSTXiSThCA9Rn7Q1DZBPpBNP/0jgsVZ60AuFrkDBqfp7Ika+lGPf1Z0+UgM5703E/7x2pLxLJ6YBjxQJ8GyRFzGoQjgJBfaoIFixsSYIC6pvhXiAdB5KR5fTIdjzLy+SRrlkn5es27N85SqNIwsOwBEoABtcgAqoghqoAwwewTN4BW/Gk/FivBsfs9aMkc7sgz8wPn8AXpeXEA==</latexit>

H(x, p) =
p
2

2m
+ V (x)Hamiltonian                                   .

Promote to a wave function, a square-integrable complex
function of the coordinate (or the momentum, not both),
obeying Schrödinger’s equation:
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 ⇤ dx < 1.
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These wave functions form a Hilbert space,    : 
a complete, complex, normed vector space.

A quantum theory is therefore defined by: 

1) a choice of Hilbert space, which is just its dimension:

<latexit sha1_base64="n5X2bwfIVkmZWIz5/0xXQB6r4GI="></latexit>
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d = dimH

2) a Hamiltonian    , powering the Schrödinger equation:
<latexit sha1_base64="JQO1wQeExcp0mRwbQAxA1nmAyaQ=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe7EoIVFwCZlBPMByRH2NnvJkr29Y3dOCEd+hI2FIrb+Hjv/jZvkCk18MPB4b4aZeUEihUHX/XYKG5tb2zvF3dLe/sHhUfn4pG3iVDPeYrGMdTeghkuheAsFSt5NNKdRIHknmNzP/c4T10bE6hGnCfcjOlIiFIyilTr9McWsMRuUK27VXYCsEy8nFcjRHJS/+sOYpRFXyCQ1pue5CfoZ1SiY5LNSPzU8oWxCR7xnqaIRN362OHdGLqwyJGGsbSkkC/X3REYjY6ZRYDsjimOz6s3F/7xeiuGtnwmVpMgVWy4KU0kwJvPfyVBozlBOLaFMC3srYWOqKUObUMmG4K2+vE7aV1WvVnUfriv1uzyOIpzBOVyCBzdQhwY0oQUMJvAMr/DmJM6L8+58LFsLTj5zCn/gfP4AZtCPlw==</latexit>
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Technicality: what about observables? 

They are represented by self-adjoint operators,
<latexit sha1_base64="rOfxCHKAX9mLu9vTk6ZWpjmNBQM=">AAACI3icbZBNS8NAEIY39bt+RT16WSyCBymJKErxIHjxpoLVQlPKZLttl24+2J0oJeS/ePGvePGgiBcP/hc3NUhtfWHh5ZkZdub1Yyk0Os6nVZqZnZtfWFwqL6+srq3bG5u3OkoU43UWyUg1fNBcipDXUaDkjVhxCHzJ7/zBeV6/u+dKiyi8wWHMWwH0QtEVDNCgtl3z+oCpFwD2Gcj0MsvagtboL7jIqKdEr4+gVPQwzvfbdsWpOiPRaeMWpkIKXbXtd68TsSTgITIJWjddJ8ZWCgoFkzwre4nmMbAB9HjT2BACrlvp6MaM7hrSod1ImRciHdHxiRQCrYeBbzrzHfVkLYf/1ZoJdk9aqQjjBHnIfj7qJpJiRPPAaEcozlAOjQGmhNmVsj4oYGhiLZsQ3MmTp83tQdU9qjrXh5Wz0yKORbJNdsgecckxOSMX5IrUCSOP5Jm8kjfryXqx3q2Pn9aSVcxskT+yvr4BP+alOg==</latexit>

Ôi : H ! H,
<latexit sha1_base64="g2rzmOXAo1YMDy0wYGOsahAOChs=">AAACRXicbVBNSwMxFMz6WevXqkcvwSJ4Krui6EGh4MWbFewHNKW8TdM2NJtdkqxQ1v45L969+Q+8eFDEq6btItp2IDDMzOO9TBALro3nvTgLi0vLK6u5tfz6xubWtruzW9VRoiir0EhEqh6AZoJLVjHcCFaPFYMwEKwW9K9Gfu2eKc0jeWcGMWuG0JW8wykYK7VcQgTIrmCY9MCkJATToyDSm+GwxUmsOX4gcY8TNQld4iw+seYP/caLLbfgFb0x8CzxM1JAGcot95m0I5qETBoqQOuG78WmmYIynAo2zJNEsxhoH7qsYamEkOlmOm5hiA+t0sadSNknDR6rfydSCLUehIFNji7W095InOc1EtM5b6Zcxolhkk4WdRKBTYRHleI2V4waMbAEqOL2Vkx7oIAaW3zeluBPf3mWVI+L/mnRuz0plC6yOnJoHx2gI+SjM1RC16iMKoiiR/SK3tGH8+S8OZ/O1yS64GQze+gfnO8fR/6z4g==</latexit>

hÔi |�i = h |Ôi�i.

<latexit sha1_base64="ACO7MAMTDl3Ks4ivollcaaQDKcY=">AAACNHicbVDLSsNAFJ3UV62vqEs3g0VwISURRRcKBTeCCyvYBzQxTKaTdprJg5mJUEI+yo0f4kYEF4q49RuctFlo2wMXDufcy733uDGjQhrGm1ZaWFxaXimvVtbWNza39O2dlogSjkkTRyziHRcJwmhImpJKRjoxJyhwGWm7/lXutx8JFzQK7+UoJnaA+iH1KEZSSY5+07UGSKZWgOQAI5beZplD4RGcVYc2vISek9Jh9uDP8f2ao1eNmjEGnCVmQaqgQMPRX6xehJOAhBIzJETXNGJpp4hLihnJKlYiSIywj/qkq2iIAiLsdPx0Bg+U0oNexFWFEo7VvxMpCoQYBa7qzM8U014uzvO6ifTO7ZSGcSJJiCeLvIRBGcE8QdijnGDJRoogzKm6FeIB4ghLlXNFhWBOvzxLWsc187Rm3J1U6xdFHGWwB/bBITDBGaiDa9AATYDBE3gFH+BTe9betS/te9Ja0oqZXfAP2s8vQmWsZA==</latexit>

[Ôi, Ôj ] = fk
ijÔk.

and specified by an “algebra”:

If            is finite, all Hermitian operators (             ) 
are self-adjoint, and define good observables.

But if                   , different sets of observables 
define different quantum theories.

<latexit sha1_base64="+hkn5xr+Kh5HQYgWqkq8F1pjXM4=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgQkoiii5cFNx0WcE+oAllMpm0Q2cmYWYilBDc+CtuXCji1q9w5984SbvQ1gMDZ865l3vvCRJGlXacb2tpeWV1bb2yUd3c2t7Ztff2OypOJSZtHLNY9gKkCKOCtDXVjPQSSRAPGOkG49vC7z4QqWgs7vUkIT5HQ0EjipE20sA+9DjSI8mzkPLcOyt/GLGsmQ/smlN3SsBF4s5IDczQGthfXhjjlBOhMUNK9V0n0X6GpKaYkbzqpYokCI/RkPQNFYgT5WflCTk8MUoIo1iaJzQs1d8dGeJKTXhgKosV1bxXiP95/VRH135GRZJqIvB0UJQyqGNY5AFDKgnWbGIIwpKaXSEeIYmwNqlVTQju/MmLpHNedy/rzt1FrXEzi6MCjsAxOAUuuAIN0AQt0AYYPIJn8ArerCfrxXq3PqalS9as5wD8gfX5A+Lhl7g=</latexit>

dimH

<latexit sha1_base64="vYRCl9gvn1W2fPQ0t4baX10wfUY=">AAACFnicbVBNS8NAEN3Ur1q/qh69LBbBiyURRQ8KBS/erGA/oIllst2mSzebsLsRSuiv8OJf8eJBEa/izX/jps1BWx8MPN6bYWaeH3OmtG1/W4WFxaXlleJqaW19Y3OrvL3TVFEiCW2QiEey7YOinAna0Exz2o4lhdDntOUPrzK/9UClYpG406OYeiEEgvUZAW2kbvnIHYBO3RD0gABPb8bje7cHQUAlvsRzXrdcsav2BHieODmpoBz1bvnL7UUkCanQhINSHceOtZeC1IxwOi65iaIxkCEEtGOogJAqL528NcYHRunhfiRNCY0n6u+JFEKlRqFvOrMb1ayXif95nUT3z72UiTjRVJDpon7CsY5wlhHuMUmJ5iNDgEhmbsVkABKINkmWTAjO7MvzpHlcdU6r9u1JpXaRx1FEe2gfHSIHnaEaukZ11EAEPaJn9IrerCfrxXq3PqatBSuf2UV/YH3+AHS1oCg=</latexit>

Ô
† = Ô

<latexit sha1_base64="mb0V5QztgEM5PsCgGppKn1HZd54="></latexit>

dimH = 1



In standard non-relativistic QM,
Hilbert space is infinite-dimensional.

E.g. harmonic oscillator: there are
an infinite number of energy levels.

Likewise in Quantum Field Theory,                    . 
<latexit sha1_base64="UmTn0Zszd329k/UXP9ypXT7qBV0=">AAACC3icbVDLSgMxFM3UV62vUZduQovgQsqMKLpQKLjpsoJ9QGcomTTThiaZIckIZejejb/ixoUibv0Bd/6NmekstPVA4OSce7n3niBmVGnH+bZKK6tr6xvlzcrW9s7unr1/0FFRIjFp44hFshcgRRgVpK2pZqQXS4J4wEg3mNxmfveBSEUjca+nMfE5GgkaUoy0kQZ21eNIjyVPh5TPvNP8hxFLmzN4Az0qQj0d2DWn7uSAy8QtSA0UaA3sL28Y4YQToTFDSvVdJ9Z+iqSmmJFZxUsUiRGeoBHpGyoQJ8pP81tm8NgoQxhG0jyhYa7+7kgRV2rKA1OZ7aoWvUz8z+snOrzyUyriRBOB54PChEEdwSwYOKSSYM2mhiAsqdkV4jGSCGsTX8WE4C6evEw6Z3X3ou7cndca10UcZXAEquAEuOASNEATtEAbYPAInsEreLOerBfr3fqYl5asoucQ/IH1+QMnC5sV</latexit>

dimH = 1

Each fixed-wavelength mode
acts like a harmonic oscillator.

Even with short- and long-
distance cutoffs, each mode
has                   . 

<latexit sha1_base64="UmTn0Zszd329k/UXP9ypXT7qBV0=">AAACC3icbVDLSgMxFM3UV62vUZduQovgQsqMKLpQKLjpsoJ9QGcomTTThiaZIckIZejejb/ixoUibv0Bd/6NmekstPVA4OSce7n3niBmVGnH+bZKK6tr6xvlzcrW9s7unr1/0FFRIjFp44hFshcgRRgVpK2pZqQXS4J4wEg3mNxmfveBSEUjca+nMfE5GgkaUoy0kQZ21eNIjyVPh5TPvNP8hxFLmzN4Az0qQj0d2DWn7uSAy8QtSA0UaA3sL28Y4YQToTFDSvVdJ9Z+iqSmmJFZxUsUiRGeoBHpGyoQJ8pP81tm8NgoQxhG0jyhYa7+7kgRV2rKA1OZ7aoWvUz8z+snOrzyUyriRBOB54PChEEdwSwYOKSSYM2mhiAsqdkV4jGSCGsTX8WE4C6evEw6Z3X3ou7cndca10UcZXAEquAEuOASNEATtEAbYPAInsEreLOerBfr3fqYl5asoucQ/IH1+QMnC5sV</latexit>

dimH = 1



Gravity changes everything

[Bekenstein; Bousso; Bao, Carroll & Singh, 2017]

A finite number of states suffice to describe anything 
that can happen in a region. Locally,               finite. 

Corollary: gravity is not a quantum field theory.

<latexit sha1_base64="E3Mu4oBAmocd4iswnPRi1wx5Y3M=">AAACBXicdVDLSsNAFJ34rPUVdamLwSK4kJLE2FZQKLjpsoJ9QBPKZDpth84kYWYilNCNG3/FjQtF3PoP7vwbJ20FFT0wcOace7n3niBmVCrL+jAWFpeWV1Zza/n1jc2tbXNntymjRGDSwBGLRDtAkjAakoaiipF2LAjiASOtYHSV+a1bIiSNwhs1jonP0SCkfYqR0lLXPPA4UkPB0x7lE+9k+sOIpbUJvIRds2AVzyslxy1Bq2hZZduxM+KU3VMX2lrJUABz1Lvmu9eLcMJJqDBDUnZsK1Z+ioSimJFJ3kskiREeoQHpaBoiTqSfTq+YwCOt9GA/EvqFCk7V7x0p4lKOeaArsy3lby8T//I6iepX/JSGcaJIiGeD+gmDKoJZJLBHBcGKjTVBWFC9K8RDJBBWOri8DuHrUvg/aTpF+6xoXbuF6sU8jhzYB4fgGNigDKqgBuqgATC4Aw/gCTwb98aj8WK8zkoXjHnPHvgB4+0Tjt2YlQ==</latexit>

dimH =

Consider a region of size L.
If you put too much energy
into it (e.g. by exciting modes 
of a quantum field), it all 
collapses into a black hole.

If you put even more energy in,
the black hole grows to be larger than L.



SBH =
A
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dim(H) � eS � e(L/LP )2 .

For systems at maximum entropy, the dimensionality of
Hilbert space is the exponential of that entropy:

We even have an idea what            is.
Black holes have entropy proportional
to the area of the event horizon:

<latexit sha1_base64="+hkn5xr+Kh5HQYgWqkq8F1pjXM4=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgQkoiii5cFNx0WcE+oAllMpm0Q2cmYWYilBDc+CtuXCji1q9w5984SbvQ1gMDZ865l3vvCRJGlXacb2tpeWV1bb2yUd3c2t7Ztff2OypOJSZtHLNY9gKkCKOCtDXVjPQSSRAPGOkG49vC7z4QqWgs7vUkIT5HQ0EjipE20sA+9DjSI8mzkPLcOyt/GLGsmQ/smlN3SsBF4s5IDczQGthfXhjjlBOhMUNK9V0n0X6GpKaYkbzqpYokCI/RkPQNFYgT5WflCTk8MUoIo1iaJzQs1d8dGeJKTXhgKosV1bxXiP95/VRH135GRZJqIvB0UJQyqGNY5AFDKgnWbGIIwpKaXSEeIYmwNqlVTQju/MmLpHNedy/rzt1FrXEzi6MCjsAxOAUuuAIN0AQt0AYYPIJn8ArerCfrxXq3PqalS9as5wD8gfX5A+Lhl7g=</latexit>

dimH

<latexit sha1_base64="qPpXyy5os0d1TZoK6LN+qiFXmMI="></latexit>

dim(Hcm3) ⇠ e10
66

.

Big, but finite! For one cubic centimeter of space,

Observables are just “all Hermitian operators.”



So in our quest                                                                 ,
we have very little to work with! 

The universe  is described by
a vector in Hilbert space obeying 
the Schrödinger equation

Quantum theory Classical world

|1�

|2�

|3�

The elements of standard classical reality 
(space, fields, particles, forces) must
emerge from Hilbert-space concepts:
vectors, Hamiltonian, density matrices, 
tensor products, entropy, entanglement…

classical
preconceptions

quantum
mechanics

[cf. Zurek; Hartle; Giddings]

<latexit sha1_base64="HwHbQ2+g8n+YQwXzCJqME/2pVWU=">AAACLnicbVDLSgMxFM3UV62vqks3wSK4KjOi6EKhIEKXFewDOkO5k2ba0ExmSDJCGeeL3PgruhBUxK2fYfpAbOuBwOHce5Kc48ecKW3bb1ZuaXlldS2/XtjY3NreKe7uNVSUSELrJOKRbPmgKGeC1jXTnLZiSSH0OW36g+vRvHlPpWKRuNPDmHoh9AQLGAFtpE7xxu2DTqsZfnBjxVwJoscpvsLM7fsg3UACSd0YpGbAs1+G9ayhUyzZZXsMvEicKSmhKWqd4ovbjUgSUqEJB6Xajh1rLx3dTjjNCm6iaAxkAD3aNlRASJWXjuNm+MgoXRxE0hyh8Vj960ghVGoY+mYzBN1X87OR+N+snejgwkuZiBNNBZk8FCQmbYRH3eEuk5RoPjQEiGTmr5j0wVSkTcMFU4IzH3mRNE7KzlnZvj0tVS6ndeTRATpEx8hB56iCqqiG6oigR/SM3tGH9WS9Wp/W12Q1Z009+2gG1vcP+OuqUw==</latexit>

Ĥ| i = i~ @
@t

| i



All we really have is the spectrum of the Hamiltonian:
the set of energy eigenvalues.

You might think we have the form of the Hamiltonian.
E.g. for a harmonic oscillator:

<latexit sha1_base64="YL3s1q/XoAFkK6xuz959KzSqnz4="></latexit>

Ĥ = � ~2
2m

@
2

@x2
+

1

2
m!

2
x̂
2

But that’s specifically in the position basis,                  .
How did we know to use that?

<latexit sha1_base64="aHQqvh6kUmhUNqVI9SBHjFuRl28=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqsyIoguFghuXFewD2qFk0jttaCYzJBlpGbty46+4caGIW7/BnX9j2g6irQcunJxzL7n3+DFnSjvOl5VbWFxaXsmvFtbWNza37O2dmooSSaFKIx7Jhk8UcCagqpnm0IglkNDnUPf7V2O/fgdSsUjc6mEMXki6ggWMEm2ktr3f6hGdDkb3g5YkossBX+LBz6NtF52SMwGeJ25GiihDpW1/tjoRTUIQmnKiVNN1Yu2lRGpGOYwKrURBTGifdKFpqCAhKC+dnDHCh0bp4CCSpoTGE/X3REpCpYahbzpDontq1huL/3nNRAfnXspEnGgQdPpRkHCsIzzOBHeYBKr50BBCJTO7YtojklBtkiuYENzZk+dJ7bjknpacm5Ni+SKLI4/20AE6Qi46Q2V0jSqoiih6QE/oBb1aj9az9Wa9T1tzVjazi/7A+vgG4eaZWw==</latexit>

x̂|xi = x|xi

<latexit sha1_base64="buk12v3mPlcj+b4paW6BvNS12EQ=">AAACCHicbVDLSgMxFM3UV62vqksXBovgqsyIoguFgghdVrAP6AxDJr3ThmYyQ5IRytilG3/FjQtF3PoJ7vwb0weirQcunJxzL7n3BAlnStv2l5VbWFxaXsmvFtbWNza3its7DRWnkkKdxjyWrYAo4ExAXTPNoZVIIFHAoRn0r0Z+8w6kYrG41YMEvIh0BQsZJdpIfnHf7RGdVYf3wpVEdDngS3zti5+nXyzZZXsMPE+cKSmhKWp+8dPtxDSNQGjKiVJtx060lxGpGeUwLLipgoTQPulC21BBIlBeNj5kiA+N0sFhLE0Jjcfq74mMREoNosB0RkT31Kw3Ev/z2qkOz72MiSTVIOjkozDlWMd4lAruMAlU84EhhEpmdsW0RySh2mRXMCE4syfPk8Zx2Tkt2zcnpcrFNI482kMH6Ag56AxVUBXVUB1R9ICe0At6tR6tZ+vNep+05qzpzC76A+vjG73kmcU=</latexit>

Ĥ|ni = En|ni

Our task: reconstruct the whole world from a set of
real numbers         , the eigenvalues of    .

<latexit sha1_base64="NccWsQD4S9KYOt22mynBugwhjlA=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFSYxthVcFNx0WcE+oA1lMp20QyeTMDMRSuhHuHGhiFu/x51/46StoKIHLhzOuZd77wkSzpRG6MMqrK1vbG4Vt0s7u3v7B+XDo46KU0lom8Q8lr0AK8qZoG3NNKe9RFIcBZx2g+lN7nfvqVQsFnd6llA/wmPBQkawNlJ3MME6a86H5Qqyr+pV16tCZCNUc1wnJ27Nu/CgY5QcFbBCa1h+H4xikkZUaMKxUn0HJdrPsNSMcDovDVJFE0ymeEz7hgocUeVni3Pn8MwoIxjG0pTQcKF+n8hwpNQsCkxnhPVE/fZy8S+vn+qw7mdMJKmmgiwXhSmHOob573DEJCWazwzBRDJzKyQTLDHRJqGSCeHrU/g/6bi2c2mjW6/SuF7FUQQn4BScAwfUQAM0QQu0AQFT8ACewLOVWI/Wi/W6bC1Yq5lj8APW2yfG34/Z</latexit>

Ĥ
<latexit sha1_base64="GJHG9d2yaO02/Qar60BdHY/m1sw=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFSY1thVcFERwWcE+oAllMp20QyeTMDMRSuhHuHGhiFu/x51/46StoKIHLhzOuZd77wkSzpRG6MMqrKyurW8UN0tb2zu7e+X9g46KU0lom8Q8lr0AK8qZoG3NNKe9RFIcBZx2g8lV7nfvqVQsFnd6mlA/wiPBQkawNlLXy64HwpsNyhVkXzRqVbcGkY1Q3ak6OanW3TMXOkbJUQFLtAbld28YkzSiQhOOleo7KNF+hqVmhNNZyUsVTTCZ4BHtGypwRJWfzc+dwROjDGEYS1NCw7n6fSLDkVLTKDCdEdZj9dvLxb+8fqrDhp8xkaSaCrJYFKYc6hjmv8Mhk5RoPjUEE8nMrZCMscREm4RKJoSvT+H/pFO1nXMb3bqV5uUyjiI4AsfgFDigDprgBrRAGxAwAQ/gCTxbifVovVivi9aCtZw5BD9gvX0Co62Pwg==</latexit>

{En}

[Carroll & Singh, 2018]



Well, where did the position basis come from, anyway?

More formally: there are many ways to decompose
Hilbert space into interacting subsystems. Useful
decompositions are those that correspond to notions
familiar from our experience with the classical world.

How do we go from a list of energy eigenvalues to
an interpretation in terms of physical structures?

Intuitively, positions are
what we see when we
look at things.

system observer

environment



Quantum Mereology: 
Carving Hilbert Space into Subsystems

Direct sums are “or”. Tensor products are “and”.

<latexit sha1_base64="gXbIYlzbgOlX/792vitOIsj2L5k=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe7EoIVFwMYyovmA5Ah7m71kyd7esTsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9nfvuJayNi9YiThPsRHSoRCkbRSg+tvtcvV9yqOwdZJV5OKpCj0S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXUkUjbvxsfuqUnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGZ/k4HQnKGcWEKZFvZWwkZUU4Y2nZINwVt+eZW0LqperereX1bqN3kcRTiBUzgHD66gDnfQgCYwGMIzvMKbI50X5935WLQWnHzmGP7A+fwB11mNfA==</latexit>

V1

<latexit sha1_base64="r7ZrbQyktlQuKkOrS2lGkIsT93I=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CooVFwMYyovmA5Ah7m71kyd7esTsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9nfvuJayNi9YiThPsRHSoRCkbRSg+tfq1frrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NQpObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMz+JgOhOUM5sYQyLeythI2opgxtOiUbgrf88ipp1areZdW9v6jUb/I4inACp3AOHlxBHe6gAU1gMIRneIU3RzovzrvzsWgtOPnMMfyB8/kD2N2NfQ==</latexit>

V2
<latexit sha1_base64="2tBR5gDMYYffHS/R5A3FyMGJ7SY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6MFDwYvHCrYW2lA22027dLMbdydCCf0TXjwo4tW/481/46bNQVsfDDzem2FmXpgIbtDzvp3Syura+kZ5s7K1vbO7V90/aBuVaspaVAmlOyExTHDJWshRsE6iGYlDwR7C8U3uPzwxbbiS9zhJWBCToeQRpwSt1Okp5DEzlX615tW9Gdxl4hekBgWa/epXb6BoGjOJVBBjur6XYJARjZwKNq30UsMSQsdkyLqWSmK3BNns3ql7YpWBGyltS6I7U39PZCQ2ZhKHtjMmODKLXi7+53VTjK6CjMskRSbpfFGUCheVmz/vDrhmFMXEEkI1t7e6dEQ0oWgjykPwF19eJu2zun9R9+7Oa43rIo4yHMExnIIPl9CAW2hCCygIeIZXeHMenRfn3fmYt5acYuYQ/sD5/AG8dI+/</latexit>⌦

<latexit sha1_base64="gXbIYlzbgOlX/792vitOIsj2L5k=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe7EoIVFwMYyovmA5Ah7m71kyd7esTsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9nfvuJayNi9YiThPsRHSoRCkbRSg+tvtcvV9yqOwdZJV5OKpCj0S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXUkUjbvxsfuqUnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGZ/k4HQnKGcWEKZFvZWwkZUU4Y2nZINwVt+eZW0LqperereX1bqN3kcRTiBUzgHD66gDnfQgCYwGMIzvMKbI50X5935WLQWnHzmGP7A+fwB11mNfA==</latexit>

V1
<latexit sha1_base64="r7ZrbQyktlQuKkOrS2lGkIsT93I=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CooVFwMYyovmA5Ah7m71kyd7esTsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9nfvuJayNi9YiThPsRHSoRCkbRSg+tfq1frrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NQpObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMz+JgOhOUM5sYQyLeythI2opgxtOiUbgrf88ipp1areZdW9v6jUb/I4inACp3AOHlxBHe6gAU1gMIRneIU3RzovzrvzsWgtOPnMMfyB8/kD2N2NfQ==</latexit>

V2

<latexit sha1_base64="QoujTBnTdmy2L1jCPb0qzjJVIDc="></latexit>

~v � ~w =

0

BBBBBBBB@

v1
v2
...
w1

w2
...

1

CCCCCCCCA

<latexit sha1_base64="tZx4DPOVtuzuzIMxGp7RT/BLt1Q="></latexit>

~v ⌦ ~w =

0

BBBBBBBB@

v1w1

v1w2
...

v2w1

v2w2
...

1

CCCCCCCCA

<latexit sha1_base64="GeB0aQZ+wlb94axmvMWl7XzFB/I=">AAACNHicbVBNS8NAEN34WetX1KOXxSJUkJIURQ8KBS+Clwo2LTQlbDabduluEnY3Qgn9UV78IV5E8KCIV3+Dm7SH2vpg4PHeDDPz/IRRqSzrzVhaXlldWy9tlDe3tnd2zb19R8apwKSFYxaLjo8kYTQiLUUVI51EEMR9Rtr+8Cb3249ESBpHD2qUkB5H/YiGFCOlJc+8czlSA8GzgPJx1fFs6MaKciKh49VP4DWc9d3TomHizxt16JkVq2YVgIvEnpIKmKLpmS9uEOOUk0hhhqTs2laiehkSimJGxmU3lSRBeIj6pKtphPTeXlY8PYbHWglgGAtdkYKFOjuRIS7liPu6M79Uznu5+J/XTVV42ctolKSKRHiyKEwZVDHME4QBFQQrNtIEYUH1rRAPkEBY6ZzLOgR7/uVF4tRr9nnNuj+rNK6mcZTAITgCVWCDC9AAt6AJWgCDJ/AKPsCn8Wy8G1/G96R1yZjOHIA/MH5+AfGmql8=</latexit>

dim(V1 ⌦ V2) = dimV1 ⇥ dimV2
<latexit sha1_base64="gZZ3ZA2jHAtoLArU/mk02M4B/jM=">AAACLXicbVBNS8NAEN3Ur1q/qh69LBahopSkKHpQKOjBYwWbFpoQNptNu3Q3CbsboYT+IS/+FRE8VMSrf8NN20NtfTDweG+GmXl+wqhUpjk2Ciura+sbxc3S1vbO7l55/8CWcSowaeGYxaLjI0kYjUhLUcVIJxEEcZ+Rtj+4y/32MxGSxtGTGibE5agX0ZBipLTkle8djlRf8CygfFS1PQs6ccJSCW2vfgpv513nPLfP4KJWh165YtbMCeAysWakAmZoeuV3J4hxykmkMENSdi0zUW6GhKKYkVHJSSVJEB6gHulqGiFOpJtNvh3BE60EMIyFrkjBiTo/kSEu5ZD7ujO/VC56ufif101VeO1mNEpSRSI8XRSmDKoY5tHBgAqCFRtqgrCg+laI+0ggrHTAJR2CtfjyMrHrNeuyZj5eVBo3sziK4AgcgyqwwBVogAfQBC2AwQt4A2PwabwaH8aX8T1tLRizmUPwB8bPL/MKp0g=</latexit>

dim(V1 � V2) = dimV1 + dimV2



Tensor factorizations are choices of basis

Consider two qubits, 

.
<latexit sha1_base64="S88qKOjOjgaOScMgmuE3BzUxC78="></latexit>

H = {|"i1 , |#i1}⌦ {|"i2 , |#i2}

Alternative choice of basis:
<latexit sha1_base64="ljW/Vi++NX4qOmD6fZxKyfYszoQ="></latexit>

H = {|0i↵ , |1i↵}⌦ {|0i� , |1i�}

<latexit sha1_base64="Rc2KrkuPDhfVb3e2DtpAHMzGPLY="></latexit>

|0i↵ |0i� =
1p
2

�
|"i1 |"i2 + |#i1 |#i2

�

|0i↵ |1i� =
1p
2

�
|"i1 |"i2 � |#i1 |#i2

�

|1i↵ |0i� =
1p
2

�
|"i1 |#i2 + |#i1 |"i2

�

|1i↵ |1i� =
1p
2

�
|"i1 |#i2 � |#i1 |"i2

�

<latexit sha1_base64="RAi4yKP7EdQgNu73YHI5HsMwTJg=">AAAB/HicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9OAh4MVjAuYByRJmJ73JkNnZZWZWCEv8Aa/6B97Eq//iD/gdTpI9mMSChqKqm+6uIBFcG9f9dtbWNza3tgs7xd29/YPD0tFxU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+6nfekKleSwfzThBP6IDyUPOqLFS3euVym7FnYGsEi8nZchR65V+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2Qc6v0SRgrW9KQmfp3IqOR1uMosJ0RNUO97E3F/7xOasJbP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbBa2BIqO0EyKNhhvOYZV0ryseNcVt35Vrt7lERXgFM7gAjy4gSo8QA0awADhBV7hzXl23p0P53PeuubkMyewAOfrF4tilRs=</latexit>

1

<latexit sha1_base64="OpDARiqymz4rzyNVqGClSgikd5k=">AAAB/HicbVDLSgNBEOyNrxhfUY9eBoPgKewGRQ8eAl48JmAekCxhdtJJhszOLjOzQljiD3jVP/AmXv0Xf8DvcJLswSQWNBRV3XR3BbHg2rjut5Pb2Nza3snvFvb2Dw6PiscnTR0limGDRSJS7YBqFFxiw3AjsB0rpGEgsBWM72d+6wmV5pF8NJMY/ZAOJR9wRo2V6pVeseSW3TnIOvEyUoIMtV7xp9uPWBKiNExQrTueGxs/pcpwJnBa6CYaY8rGdIgdSyUNUfvp/NApubBKnwwiZUsaMlf/TqQ01HoSBrYzpGakV72Z+J/XSczg1k+5jBODki0WDRJBTERmX5M+V8iMmFhCmeL2VsJGVFFmbDZLWwJFx2imBRuMtxrDOmlWyt512a1flap3WUR5OINzuAQPbqAKD1CDBjBAeIFXeHOenXfnw/lctOacbOYUluB8/QKM+pUc</latexit>

2

<latexit sha1_base64="wvvuoCwyrLAU0fjceOt66Se2qJk=">AAACAnicbVDLSgNBEJyNrxhfUY9eBoPgKeyKogcPAS8eI5gHJEvonfQmw84+mJkVwpKbP+BV/8CbePVH/AG/w9lkDyaxoKGo6qa7y0sEV9q2v63S2vrG5lZ5u7Kzu7d/UD08aqs4lQxbLBax7HqgUPAIW5prgd1EIoSewI4X3OV+5wml4nH0qCcJuiGMIu5zBtpInT6IZAyVQbVm1+0Z6CpxClIjBZqD6k9/GLM0xEgzAUr1HDvRbgZScyZwWumnChNgAYywZ2gEISo3m507pWdGGVI/lqYiTWfq34kMQqUmoWc6Q9Bjtezl4n9eL9X+jZvxKEk1Rmy+yE8F1THNf6dDLpFpMTEEmOTmVsrGIIFpk9DCFk9CgHqaB+Msx7BK2hd156puP1zWGrdFRGVyQk7JOXHINWmQe9IkLcJIQF7IK3mznq1368P6nLeWrGLmmCzA+voF/9KXkg==</latexit>↵
<latexit sha1_base64="zwL7O5JmEiHyyXxYtrQH5rNBCO0=">AAACAHicbVDLSgNBEJyNrxhfUY9eBoPgKeyKogcPAS8eI7hJIFnC7KSTDJmdXWZ6hbDk4g941T/wJl79E3/A73CS7MEkFjQUVd10d4WJFAZd99sprK1vbG4Vt0s7u3v7B+XDo4aJU83B57GMdStkBqRQ4KNACa1EA4tCCc1wdDf1m0+gjYjVI44TCCI2UKIvOEMr+Z0QkHXLFbfqzkBXiZeTCslR75Z/Or2YpxEo5JIZ0/bcBIOMaRRcwqTUSQ0kjI/YANqWKhaBCbLZsRN6ZpUe7cfalkI6U/9OZCwyZhyFtjNiODTL3lT8z2un2L8JMqGSFEHx+aJ+KinGdPo57QkNHOXYEsa1sLdSPmSacbT5LGwJNRsBTko2GG85hlXSuKh6V1X34bJSu80jKpITckrOiUeuSY3ckzrxCSeCvJBX8uY8O+/Oh/M5by04+cwxWYDz9Qv4d5cK</latexit>

�

such that



Decomposing Hilbert space into a tensor product
implies a decomposition of the Hamiltonian.

What is the most useful way to factor Hilbert space 
into a set of interacting subsystems?

<latexit sha1_base64="bquvNOkcTznFMfvudcJMrYyzE7o=">AAACGHicbZC7SgNBFIZn4y3GW9TSZjAIFiHuiqKIRcAmZQRzgWwIZyeTZMjshZmzSljyGDa+io2FIrbpfBtnkxSa+MPAz3fOYc75vUgKjbb9bWVWVtfWN7Kbua3tnd29/P5BXYexYrzGQhmqpgeaSxHwGgqUvBkpDr4necMb3qX1xiNXWoTBA44i3vahH4ieYIAGdfJn7gAwqYzdIr1xi64POGAgU6BEf4CgVPhEf+FOvmCX7KnosnHmpkDmqnbyE7cbstjnATIJWrccO8J2AgoFk3ycc2PNI2BD6POWsQH4XLeT6WFjemJIl/ZCZV6AdEp/TyTgaz3yPdOZrqgXayn8r9aKsXfdTkQQxcgDNvuoF0uKIU1Tol2hOEM5MgaYEmZXygaggKHJMmdCcBZPXjb185JzWbLvLwrl23kcWXJEjskpccgVKZMKqZIaYeSZvJJ38mG9WG/Wp/U1a81Y85lD8kfW5AccuKBz</latexit>

Ĥ : H ! H

How does the Hamiltonian help us choose subsystems?

<latexit sha1_base64="4A/8ZUVrgcgsc7qw6VO5NxbCI1w=">AAACJ3icbVDLSgMxFM3UV62vqks3wSK4KjOi6EKl6qbLCvYBnaFk0rQNzUyG5I5Shv6NG3/FjaAiuvRPTNtZ9OGBwMk593LvPX4kuAbb/rEyS8srq2vZ9dzG5tb2Tn53r6ZlrCirUimkavhEM8FDVgUOgjUixUjgC1b3+3cjv/7IlOYyfIBBxLyAdEPe4ZSAkVr5azcg0KNEJOUhvsJTv9YNdiXwgOkZ9dbFruLdHhCl5FMrX7CL9hh4kTgpKaAUlVb+3W1LGgcsBCqI1k3HjsBLiAJOBRvm3FiziNA+6bKmoSEx871kfOcQHxmljTtSmRcCHqvTHQkJtB4EvqkcbaznvZH4n9eMoXPhJTyMYmAhnQzqxAKDxKPQcJsrRkEMDCFUcbMrpj2iCAUTbc6E4MyfvEhqJ0XnrGjfnxZKl2kcWXSADtExctA5KqEyqqAqougZvaIP9Gm9WG/Wl/U9Kc1Yac8+moH1+wfLAKaD</latexit>

H = HA ⌦HB !

<latexit sha1_base64="+vVHb8ls68gM+687S/MmaVzLV+I="></latexit>

Ĥ = ĤA ⌦ IB + IA ⌦ ĤB + Ĥint

self-Hamiltonian
for subsystem A

self-Hamiltonian
for subsystem B

interaction
Hamiltonian



Step One: Classical Behavior

Classical systems have localized wave functions that
approximately obey classical equations (Ehrenfest).

1. Localized states remain localized, and
2. Unentangled states remain unentangled.

They also remain unentangled
with the environment. Classical
systems take preferred pointer
states, not Schrödinger-cat states
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So two criteria for classicality:

photon

decoherence



H = HS ⌦HE
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Given some factorization 
we can

write the Hamiltonian as

Ĥ = ĤS ⌦ IE + IS ⌦ ĤE + ĤI .
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The algorithm is: given    , sift through all
possible factorizations                 that simultaneously
minimize spread of the system wave function and
entanglement with the environment.

Ĥ
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HS ⌦HE
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HE
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[Carroll & Singh, 2020]

System Hamiltonian
governs

“remains localized”

Interaction Hamiltonian
governs

“remains unentangled”
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Quasi-Classical

Factorization

Example where we start with a 
known system (coupled oscillators), 
change to a different factorization,
and verify that our criterion pinpoints the original one.

Upshot: we can split Hilbert space into system/environment
(or other subsystems) purely from the Hamiltonian.



Entanglement grows slowly when
the environment monitors a
particular “pointer observable”
in the system. Call it . It then
defines a conjugate observable.
Call it .

Then the system remains localized if the 
system Hamiltonian takes the form

Maybe “position” is special in classical mechanics because
classical limits of quantum theories have this form?

Q̂
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P̂
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Why don’t we live in momentum space?

ĤS = P̂
2 + V (Q̂).
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[Carroll & Singh, 202?]

HE
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H =
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a

Ha

Step Two: Space and Locality

Consider a Hilbert space factored into finite-dim pieces.
Can we factor to represent local regions of space?

Ĥ =
�

a

haÔ(self)
a +

�

ab

habÔ(2�pt)
ab +

�

abc

habcÔ(3�pt)
abc + · · ·

We can write the Hamiltonian as a sum of operators 
connecting all possible combinations of factors.

A “k-local Hamiltonian” is one where any factor only 
interacts with k other factors, its “nearest neighbors.”



Cotler, Penington, and Renard, 2017: 

• Most Hamiltonians have no local factorization.
• When it exists, locality is (mostly) unique.

This gives a topology to 
the graph made from
Hilbert subspaces, with
edges defined by
interactions.

H =
�

a

Ha

nk 2n

parameters in a
local Hamiltonian

energy eigenvalues
(dim H)

<<



Step Three: Gravity and Curved Spacetime

[cf. Swingle 2009; Van Raamsdonk 2010; Evenbly & Vidal 2011; Maldacena & Susskind 2014]

AdS/CFT: entanglement in
boundary field theory
defines geometry in the bulk.

(Note: not a quantum theory
“of” one specific thing.)

Still worth asking why apples fall from trees.

“Local interactions” are a fixed structure that defines
the dimensionality & topology of space.

Geometry is dynamical, it depends on the state.
What could define that? Entanglement.



Forget about black holes/AdS, think about
nearly-empty space, where gravity appears local.

Can we work directly in our “bulk”?

In quantum field theory, empty space is a busy place.
Modes in a nearby regions are highly entangled,
and the closer they are to each other, the more
entangled they get.

highly
entangled

not very
entangled

Turn this around! Define “nearby” as “highly entangled.”
[Cao, Carroll & Mikhalakis 2016]



Quantifying entanglement

von Neumann: entanglement 
between two subsystems is 
implies entropy.

p q

I(p : q) � Sp + Sq � Spq

� (�OpOq� � �Op��Oq�)2

2�Op�2�Oq�2

Quantify entanglement between two subsystems
via their mutual information:
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entanglement

d(p, q) � � log I(p : q)Define a distance measure 
in terms of decreasing
mutual information between 
Hilbert-space factors.

Sanity check: recover simple known examples.

1-d antiferromagnetic
Heisenberg chain 2-d toric code



So we have:

Geometry ! Entanglement

Entanglement ! Entropy

Final ingredient:

Entropy ! Energy



Entropy is naturally related to energy (heat):

Continues to be true in quantum mechanics: change in
entanglement is proportional to change in energy.
“Entanglement First Law,”                       .

Vibrating modes are 
naturally entangled; it takes 
energy to break the entanglement.

Putting it all together we’re left with:

Geometry = Energy

dS = dQ/T
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[Faulkner et al. 2014; Jacobson 2015]

<latexit sha1_base64="b/P9/tyT422DmnszV/38bsTv5KQ=">AAACJXicbVDLSgMxFM34tr6qLt0Ei+CqzIiiiwqCG8GNolWhM5Q76W0bzGSG5I5Qhv6MG3/FjQtFBFf+iulD8HUgcHLOuST3xJmSlnz/3ZuYnJqemZ2bLy0sLi2vlFfXrmyaG4F1karU3MRgUUmNdZKk8CYzCEms8Dq+PR7413dorEz1JfUyjBLoaNmWAshJzXItbKEi4BeNsAsUmm4a8UM+EkMFuqOQDxx+ykMzvDaLr2S/Wa74VX8I/pcEY1JhY5w1yy9hKxV5gpqEAmsbgZ9RVIAhKRT2S2FuMQNxCx1sOKohQRsVwy37fMspLd5OjTua+FD9PlFAYm0viV0yAera395A/M9r5NQ+iAqps5xQi9FD7VxxSvmgMt6SBgWpniMgjHR/5aILBgS5YkuuhOD3yn/J1U412Kv657uVo9q4jjm2wTbZNgvYPjtiJ+yM1Zlg9+yRPbMX78F78l69t1F0whvPrLMf8D4+AVx2pTA=</latexit>

�S[⇢̂] = �hK̂i⇢̂
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G00

(emergent space)

(math)

(math)
(entanglement

1st law)

(IR limit)

(Lorentz invariance)
{
Einstein’s Equation from Entanglement

[Cao, Carroll & Mikhalakis 2016; Cao & Carroll 2018; cf. Jacobson 1995, 2015]

T00

Gµ� � Tµ�

spatial curvature

Einstein tensor

modular Hamiltonian

energy density

Einstein’s equation

area entropy



Aspirational program, in brief:

Many issues remain, and the program could crash and
burn at any time. But perhaps we’re not far from 
understanding the quantum origin of spacetime itself.

Using entanglement between different 
parts of the wave function to define 
an emergent geometry,

We are naturally led to a classical limit
including Einstein’s general relativity.

Starting with nothing but Hilbert
space and a Hamiltonian,

|1�

|2�

|3�

Carve Hilbert space into system and
environment by demanding classicality.


