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1. The Black Hole Information Paradox 6. Key Questions

Thermalization is inconsistent (¢) with unitary dynamics. Threefold way of Laguerre Ensemble[7]
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The entire dynamics should be unitary and maximally chaotic. 1. Possible to construct the pure state that shows psys ~ LSE ?

= |¥) ~ U|0), where U is a random unitary matrix. 9

Beyond threefold way if general symmetries?

This motivates the study of typical entanglement.

/7. Key ldea: Symmetry Fractionalization

2. Typical Entanglement ST
Fractionalization of TRS
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e Typical ~ Haar-random (uniformly random sampling on the entire Hilbert space) TSZyS = —1 T o = —1
e Entanglement spectrum = eigvals of the reduced density matrix e We found T = _ i(a RO )] and proved Y|¥) follows LSE
Y Y ‘
e Random matrix theory is useful to evaluate typical entanglement[1-4]. e Similarly, 2 = Zg . w(9,,9,19;)|a915 9, ){g;, g,.| fractionalizes general
l>Ir
symmetries: [D(g) ® D(g)|Q" = D(g) ® D(g), D(9)P(g') = wlg,9")P(99").

3. Laguerre Unitary Ensemble of Random Matrices

Preparing Haar-random state from the entire Hilbert space: 3. General Se‘[up
(W) ~ Haar < p, = W Wt Lo I
h o

where i.i.d. W, opy ~ CN(0,1), |U) = ZSyS,eHV Wiys.env[Sys,env) [5,6]. 77

= pgys TOllows the Laguerre unitary ensemble (LUE) of RMT. OOOCﬁCOOO

The joint probability p dlstrlbutlon of elgenvalues {\;} of py is Laguerre distribution: L lir R
T - T antiotin

pOs A ) o 1—[)\2 n—m+1)-1 _g). H A — Al * G =Gy or GyXZs (Gy: unitary, Z; : anti-unitary).
1<i<j<m * I,7:|Gy|-dimensional qudit (regular representation of Gy:{(g|g’) = d, /).
with § = 2 for LUE. e P: Projection of |G,|?-dimensional Hilbert space of [ Ur onto G-symmetric

|G, |-dimensional basis Vg € Gy, |v,) =

\/|G7 ZheG hg)|h).

e I/ ~ Haar measure on the projected deR\GO| dimensional space:

4. TRS and Threefold Way

What if we change complex random variables to real random variables?
= |¥) and obtain time reversal symmetry (TRS) of T = K: V) = Z CL’Q’R|L>W9>|R> -/ Z L.gr'g1,R L)lg)gr) 1 1)
Psys Y Y L,geGy,R |GO L,g;,9,,R

V) = T|¥) = K|¥) = |¥),

e () fractionalizes G,, T fractionalizes Z3 .

Poys = T Poys T+ = Kpooo K = Dovs = Pys-

Note that there is the other & nonequivalent kind of TRS! O Results and Conclusions
. Entanglement-spectrum statistics of...
Time Reversal Symmetry _ G =Gy %77 is _
Integer spin: 72 = +1. ex. T, =K 1 o
Half-integer spin: 72 = —1. ex.J_ = o, K aE,R d,
G — GO IS - -
1 i i ; i
Imposing TRS: T p,, T " = p,,, allows threefold way of Laguerre ensemble: E} ddo‘ drdoxdpda | o 69 ;da ® LUE%%*drds
e (3 =1 (Laguerre orthgonal ensemble) © o _ Loflp e -
e 3 =4 (Laguerre symplectic ensemble). & 69 ]Zda d._xdpd,,
R, T _
5. Prohibition of 72 = —1 TRS Eigenstate Until our work
Kramers’ theorem: 72 = —1 TRS cannot have the eigenstate 7_|¥) = |¥). | ¢ The setup which follows LSE have been elusive.
What this work reveraled are:
Proof: 7 is anti-unitary, thus (T_a|T_b) = (alb). * The LSE setup can be constructed by fractionalizing TRS of the LOE setup.
(Y|T_py = (T _|T29) = (T29|T_op) = —(|T _1) * Extended the setup to general symmetries.
This implies (|7 _1) = 0, thus |v) is orthogonal to T |1)). e Entanglement-spectrum statistics is direct sum of the threefold way.

References
[1] D. N. Page, Average entropy of a subsystem, Phys. Rev. Lett. 71, 1291 (1993)

[2] J. Sdnchez-Ruiz, Simple proof of Page's conjecture on the average entropy of a subsystem, Phys. Rev. E 52, 5653 (1995)

[3] S. Sen, Average Entropy of a Quantum Subsystem, Phys. Rev. Lett. 77, 1 (1996)

[4] S. D. Mathur, The information paradox: a pedagogical introduction, Classical Quantum Gravity 26, 224001 (2009)

[5] K. Zyczkowski and H.-J. Sommers, Induced measures in the space of mixed quantum states, Journal of Physics A: Mathematical and General 34, 7111 (2001)
[6] 1. Nechita, Asymptotics of Random Density Matrices, in Annales Henri Poincaré, Vol. 8 (2007), pp. 1521-1538

[7]1 P.]J. Forrester, Log-Gases and Random Matrices (LMS-34) (Princeton university press, 2010)




	References

