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Genetics AVAS) biochemistry [The Salvation of Doug, Bill Sullivan]
On a hill overlooking an automobile factory, lived Doug, a retired

biochemist, and a retired geneticist (nobody knew his name). ... Having
spent a life in pursuit of higher learning, both were wholly unfamiliar with
how cars worked. They decided that they would like to learn about the
functioning of cars and having different scientific backgrounds they each
took a very different approach. Doug immediately obtained 100 cars (he is
a rich man, typical of most biochemists) and ground them up. He found
that cars consist of the following: 10% glass, 25% plastic, 60% steel, and
5% other materials that he could not easily identify.

The geneticist, not being inclined toward hard work (as is true for most
geneticists) pursued a less strenuous (and less expensive) approach. One
day, before his morning coffee, he hiked down the hill, selected a worker at
random, and tied his hands. After coffee, while the biochemist zipped up
his blue jump suit, adjusted his welders goggles, and lit his blow torch to
begin another day of grinding, the geneticist peered around the house,
made himself another pot of coffee, and browsed through the latest issue of
Genetics.

That afternoon, while the automobiles were rolling off the assembly line,
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Analogs for quantum matter
Biochemistry approach to many-body entanglement:
trace everything out pa = tr |y Xy

compute S(A) = —trpalogpa,I(A: B),I1(A: B|C)...
e.g. — v, topological entanglement entropy

Idea: Take a genetics approach to many-body entanglement.

Measurements destroy entanglement.

Use post-measurement properties of the many-body wavefunction as a tool
for characterizing states of matter.
Focus so far on multi-component systems:

Hubbard model = spin + charge
Kondo lattice model = conduction electrons + local moments



QDL protocol

[Grover-Fisher 2014, Marvian 2013]

spin [ C [ D ]
H=ARBC®D for example: charge[ A | B |

space

Input: a state papc (trace out D) and a choice of operator X¢ on C.

1. Measure X¢ and obtain outcome ¢ with probability
pe = trap{clpasc|c). (Assume |c) is a basis for C'.)

2. In the resulting state, p4 5 = (c|paBc|c)/pe,
make measurements.
e.g. find the entanglement entropy of A, S(p%).

3. Average over the distribution p. to obtain the QDL diagnostic

> " peS(pa) = QDL.

Also useful: S(p%) = Ipe (A B). IQDL =37 pclpe (A: B)

(I(A: B) = Sa + Sp — Sap quantifies correlations between A and B.)



Quantum disentangled liquid

[Grover-Fisher 2014]

Failure of ergodicity in systems of heavy particles (R;)—&— light particles (75)

Heavy particles are ergodic,
produce random potential localizing
light particles.

Wqpr(R;, 7i) ~ det iR et ()

MBL is the Mpeavy — 00 limit.

The whole state is volume-law, S(A) ~ L.
But if we measure the positions of the heavy

particles:
each det ®(

S(pf) ~ L™
— QDL =Y ;p(R)S(pf) ~ L

7) is an area-law wavefunction:
1



QDL in the Hubbard model

[Veness-Essler-Fisher, Garrison-Mishmash-Fisher 2017]
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‘Spin band’ = QDL states

Microcanonical plot, L = 12,m, =0, ny=12
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Apply QDL protocol to groundstate
questions



Apply to groundstate questions: gapless SPT

Spin-1 chain
H=+Jy%, S - Sis1+ Dy 3(57)? has
Haldane phase. Spin-% edge states,

doubly-degenerate ent. spectrum [Pollmann et al 2010].

Dope it! H=—t, 3. bjabi_,_i(7 + h.c. +
Jo 3 S+ Sipa + Dy 32(57)”

Spin-charge separation: charges form LL.
Topological Luttinger Liquid should have
spin-half edge states.

[Jiang-Li-Seidel-D-H Lee 2017]

How to tell?
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Apply to groundstate questions: gapless SPT

charge |

[ |
spin |

A ]

- | —

Freeze the charge dofs by

charge
spin

measurement.

In topological LL phase: —
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Disentangling heavy fermions

Hy = Ze(k)cick +JKZ§i-§i+JHZ§i-§j, S ECI&C
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S, = fj&’ fi — parton gauge field.
Phase diagram in terms of “b ~ (¢ f)” gauge-non-invariant Higgs field.
What is a sharp distinction for the Higgs (large Fermi surface) phase?

(Messy bandstructure makes kr hard to interpret.)



At half-filling, no Fermi

Disentangling heavy fermions

System is 2L, X L.

surface:
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If we measure all the conduction electron positions

in the HFL phase, we are left with a Fermi surface

local moments
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I(A: B|C) = Sac + Spc — Sapc — Sc =

Sa + S — Sap cancels volume-law term.
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(In the plots La = Ly.)



Relations between genetics and
biochemistry?



Bounds in terms of information-theoretic quantities
e Lower bound in terms of conditional entropy, S(A|C) = S(AC) — S(C):

Sy(AIC) = —D(pacllla @ pc) < Se(p)(AIC) = ch = QDL.

1AI-2. 81-1. €13, Ip|-=3

SQDL;
MRE = monotonicity E(p) = 2. pelelel ® plap is the result

f ing X, looki
of the relative entropy. of measuring X¢ and not looking at

the answer.
Haar random states on ABCD
e BHS bound in terms of conditional mutual information: = 7 7 7 7 "sao
I,(A: B|C) — X(AB,C) <IQDL < I,(A : B|C) + X(A,C)
TIE RTE R ST R
S 4 A
X(A,C)=1(A:C) = Ig(p)(A: C) = 4 Al=2d,jBl=3d,[Cl=2d
IP(A : C) — X(p%,pc)) is the ‘quantum 3: +1QbL
—— a+ blog(d)
discord’ [Henderson-Vedral, Ollivier-Zurek 1+ AB)
28 a + b log(d)

2001], a measure of how quantum is psc-.

log(d)



Genetics VS. Blochemlstry [The Demise of Bill, by Douglas R. Kellogg]
On a hill overlooking an automobile factory, lived Bill, a retired geneticist,

and a retired biochemist (nobody knew his name)...

Having spent a life in pursuit of higher learning, both were wholly
unfamiliar with how cars worked, and they decided that they would like to
learn about the functioning of cars. Having different scientific backgrounds
they each took a very different approach. Bill, not being inclined towards
hard work (like most geneticists), immediately came up with a scheme that
he thought would lead him to an understanding of cars... When he looked
in the garage he found that the biochemist had gotten one of the cars from
the factory and was already covered with grease and oil as he was doing
something under the hood. When Bill asked the biochemist what he was
doing, he replied, “I'm taking the car apart to see how it works.”

...As [the geneticist] sat down to his coffee, he heard an explosion in the
garage. He ran out to see what had happened, and he found the biochemist
picking himself up off the ground, his face black and most of his hair
burned away. When Bill asked in amazement what had happened, the
biochemist simply replied, “I have found that the liquid in the tank of the

car is fairly explosive.” ...
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Conditional entropy distinguishes QDL from ergodic
An ergodic state satisfies Page’s rule: S(A) ~ min(A, A). )
When A + C' is less than half of H,

S(A|C) = S(AC) — §(C) ~ A+ C — C = A is volume law.
Model QDL wavefunction [Grover-Fisher 2014]:
L

Yaor(N,n) = () [ % (3,0 + ™98,

j=1

n; = 0,1 light, N; = 0,1 heavy. ¥(N) is an ergodic wavefunction,

eg. YP(N)= sgn({Nj})Q*L/Q, A=charge to the left of |, C=spin to the left of

15

spin [ C [ D |

oharge A T 5] 10
——

When |A]| = |C] = I, we expect

S(A|C) x —127F a negative volume

—e— spin band (state 70)
e~ charge band (state 24947)
—e— charge band (state 25047)

i S(A0)

law with a coefficient that decreases

rapidly with system size.

In the Hubbard model (L = 12,ny =3+
12,m, =0,V =3/4,U = 4): |

2 3 a4 5
size of subsystem, |

(CMI also works!)



Negativity distinguishes QDL from ergodic
(Logarithmic) negativity is a useful measure of mixed-state entanglement
En(p) = —log|p"™| = —log (3, |Aal), Aa = evals of pfl‘;‘!a,b, = Pa'bab’ -

In a QDL state, pap = ). pcpip Where each p%p is area law due to

heawy [T 0]
QDL-ness. QY —i—T—5—]

In thermal states e ¥ for local H, negativity is also area law
[Sherman-Devakul-Hastings-Singh].

But: even in an ergodic system, we have to trace out more than half the
stuff to approximate a thermal state: the negativity of triess than haie|1 )| is

volume law [Bhosale-Tomsovic-Lakshminarayan 2012, Lu-Grover, to appear].

negativity of charges at L=12,nf,=12,m, =2
1.07

In the Hubbard model: Los
We can make the bath (heavy
particles = spins) less than half the

—— spin band
charge band

negativity

system by fixing m, = 2.




Outlook

> Spatial partitions of systems with one component.

€.g.: Marvian 2013, ‘SPT entanglement’

» Systems with more than two components.

‘field-space entanglement’ [Taylor, Mozaffar et al, Mollabashi et al, 2014]

» Experimental implementation?

The mutual information between two subsystems A and B bounds
: : ) 1__(0A0B)2

their correlations I,(A : B) > 2TOAPTOLTE [Wolf et al 2008]
(OA0B)c = trpOa0p — trpOatrpOp.

» Application to FL* [Senthil-Sachdev-Vojta 2003]
Our MFT missed the most interesting phase!
In the natural variational wavefunction, measuring the conduction
electrons leaves behind a gapped topological state of the local

moments. A natural target for variational MC.
» Generalized measurements?

» General understanding of gapless topological states?



The end.

Thanks for listening.



