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Figure: ICTP
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Subir Sachdev

Figure: S. Sachdev
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Subir Sachdev

S.Sachdev: �MÃ�ÆÔnXHerchel Smith Professor"

ïÄ��µvà�Ôn"

{II[�Æ��¬§¼�{IÔnÆ¬�u�Lars Onsager

PrizeÚICTP�u�Dirac Medal"
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Alexei Kitaev

Figure: A. Kitaev
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Alexei Kitaev

Alexei Kitaev: �\²nó�ÆÔnX�Ç

ïÄ��: þf&E§þfÅ�èÚÿÀþfO�"

2012c¼Ä:ÔnÆø
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SYK�.Vã

SYK�.´��k�Å�p�^�þfõNXÚ"

|¤XÚ�âfê�õ§�p�^¦¦)C��~E,§¿�Ï

~¬Ú\·b§=~`��R�A"SYK�.8A«á5u�

�µ§��õNXÚ´·b�§�Ó�äk�½��)5§¿�

3��Ú§éA�¹çÉÚåXÚ"

SYK�.�Ì�A:Ny3§�UÌ©Ùþ"
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Sachdev-Ye�.

SYK�.��.´1993cSachdev-YeJÑ�þfg^XÚ�., �

±^5£ã�«#�vkOâf�Ô�– ÛÉ7á�(strange

metal)"

SY�.µ�½n�Majorana¤�f§n�óê§�Ä?¿ü�g^

�m��Å�p�^§

HSY =
i√(
n
2

) ∑
1≤i1<i2≤n

Ji1i2ψi1ψi2

ψ1, · · · , ψn´Majorana¤�f, Ji1i2 ´IOpd�ÅCþ"
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Sachdev-Ye�.

X =

(
0 1

1 0

)
, Y =

(
0 i

−i 0

)
, Z =

(
1 0

0 −1

)
��|Ý
"3þ

fåÆ¥§§�Ñy3�|�§¥£ã^|Úg^�m�p�^

���"§�Úü Ý
�å�¤2× 2��Ý
�m��|Ä"

Majorana¤�f�±^ùn��|Ý
L«"~X§n = 6,

K6�Majorana¤�f�±L«�8× 8Ý
µ

ψ1 = X ⊗ I ⊗ I ,ψ2 = Y ⊗ I ⊗ I , ψ3 = Z ⊗ X ⊗ I , ψ4 = Z ⊗ Y ⊗ I ,

ψ5 = Z ⊗ Z ⊗ X , ψ6 = Z ⊗ Z ⊗ Y .

Ji1i2�IOpd�ÅCþ§=÷v

P(Ji1i2 ≥ s) =

∫ +∞

s

1√
2π

e−x
2/2dx

.

lSY(K)�.�±w¤´�ÅÝ
�."
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lSY�SYK

Kitaev¤a,��¯K�)nØÔn¥é¹��Úå�Eé

ó(AdS/CFTéA)µ��?3d���¥vkÚå�þfNX�±

Ú,��d+1���¥�þfÚåXÚ�3,«éA§=$�X

Ú´p�XÚ�,«�EÝK"

KitaevuySYK�.�U¢y1�–2��éA§ù´�{ü��ê"

g2015cJÑ±5§Úå
nØÔnÆ[��2�'5"

SYK�.µ�Ä?¿o�g^�m��Å�p�^§

HSYK =
1√(
n
4

) ∑
1≤i1<i2<i3<i4≤n

Ji1i2i3i4ψi1ψi2ψi3ψi4 .

ïÄSYKI�^��ÅÝ
¥��{"
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²;�ÅÝ
�.�µpdXn

Wigner-Dyson©aµthe threefold way

GUE(Gaussian unitary ensemble): ´E��Ý
(Hij)n×n§�é�

�Hij = Hji , i 6= j´Õá�IOE�pd�ÅCþ§é��Hii ´Õ

á�IO¢�pd�ÅCþ§A��©Ù´U(n) C�eØC�¶

aq�§GOE(Gaussian orthogonal ensemble) ´¢�é¡Ý
§z

���´ÕáÓ©Ù¢pdCþ§3O(n)�^eØC¶

GSE(Gaussian symplectic ensemble) I�^�o�ê§©Ù´3"

�^eØC�"
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²;�ÅÝ
�.�µ�Ý¼ê

-λ1 < · · · < λn�GUE/GOE/GSE�A��§ÏLO�pdÿÝ§

A���éÜ�Ý¼ê�

J(λ1, · · · , λn) =
1

Zβ,n

n∏
k=1

e−
βn
4 λ

2
k

∏
i<j

|λj − λi |β ,

Ù¥Zβ,n´8�z~ê§�±dSelbergÈ©O��Ñ"β = 1éA

uGOE§β = 2 éAuGUE, β = 4éAuGSE"
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²;�ÅÝ
�.�µ�Xn

Dyson�Xnµ

CUE(circular unitary ensemble): �Ä�´U(n)+±9U(n)þ

�HaarÿÝ¶

aq�§COE(Circular orthogonal ensemble) �Ä�´O(n)+±9

þ�HaarÿÝ¶

CSE(Circular symplectic ensemble) �Ä�´U(2n)/Sp(n)+±9þ

�HaarÿÝ"
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²;�ÅÝ
�.�µ�Ý¼ê

éuCUE/COE/CSEÝ
§þ÷vHH∗ = I , ¤±§��A��þ

3ü �þ©Ù"-e iθ1 , · · · , e iθn�CUE/COE/CSE�A��§ÏLO

�HaarÿÝ§§��éÜ�Ý¼ê�

J(θ1, · · · , θn) =
1

Cβ,n

∏
i<j

∣∣e iθj − e iθi
∣∣β ,

Ù¥Cβ,n = (2π)n Γ(1+βn/2)
(Γ(1+β/2))n´8�z~ê§Ó��±dSelbergÈ©O

��Ñ"β = 1éAuCOE§β = 2éAuCUE, β = 4éAuCSE"
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ØÔn¥A^

3ØÔnp§Wigner^�ÅÝ
5�[�fØ�Ì�A�§¦�

ßÿÒ´(Wigner surmise)§�fØ��Ìmå�©ÙÚ�ÅÝ
�.

�Ìmå©Ù�¬Ü"

Figure: ò��,�fØ�Ìmå§��GOE�Ìmå
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êØ¥A^

3êØ+�§iùzeta¼ê":�ÚO5�ÚGUE/CUEkXÛ©

���5§�ÅÝ
�ÚO5�§�±^5ßÿiùzeta¼ê":

�ÚO5�"

Figure: iùzeta¼ê":�ü:'é¼êÚGUE�ü:'é¼ê�'�§

Ù¥�¡�sine kernel§=zeta¼ê":�Montgomery-Dysonß�
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²;(Jµ��Æ(semicircle law)

^O�Å�[GUE/GOE/GSE�A��©Ù§���ã�Ú��

Æ´ì?�"

Figure: GUEA��©Ù
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²;(Jµ��Æ(semicircle law)

¿��±êÆþî�y²§A���:©ÙA�??ì?u��

Æ:
1

n

∑
j

δλj (x)→ 1

2π

√
4− x2|[−2,2], n→∞,

±þÂñ�fÂñ§=�½?¿��äk;|8�1w¼êφ, ·�k

A�??Âñ§

1

n

∑
j

φ(λj)→
1

2π

∫ 2

−2

φ(x)
√

4− x2dx .

Xf SYK�.Ú�ÅÝ




Sachdev-Ye-Kitaev�.Vã
�ÅÝ


SYKÌ�(JÚ¯K

²;(Jµ²þÌmå¯K

Ø
A����N©Ù§�ÅÝ
¥���¯K´A���Û

Ü&E§~XÌmå¯K"

²þÌmå¯K: -λ1 < · · · < λn��ÅÝ
GUE�n �A��§

-s = (λj+1 − λj)/〈s〉, Ù¥〈s〉 = 〈λj+1 − λj〉´²þmå§
Kn→∞�§�ÅCþs(²þÌmå)÷v§

P(s > t) =

∫ +∞

t

32

π2
s2e−

4
π s2

ds.

éuGOEÚGSE§�kaq�(J"

Xf SYK�.Ú�ÅÝ




Sachdev-Ye-Kitaev�.Vã
�ÅÝ


SYKÌ�(JÚ¯K

�#(Jµ4�Ìmå�£�±�må¤

Ø
²þÌmå§,���¯K´A���4�/4�må"

4�må£�Xn�/¤µ-e iθ1 , · · · , e iθn�CUE/COE/CSE�A�

�, θ1 < · · · < θn§�Än�måθi+1 − θi , i = 1, · · · , n, -

smin = min
1≤i≤n

{θi+1 − θi},

Feng-Weiy²
§smin��ê�n−
β+2
β+1 , ¿��nªCuÃ¡��ÿ§

s̃min = smin × n
β+2
β+1��Ý¼ê�

(β + 1)xβe−x
β+1

.

Ù¥β = 1éACOE, β = 2éACUE§β = 4éACSE"
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�#(Jµ4�Ìmå�£pd�må¤

Ø
�Xn§��±�Äpd�/"

éuGUE��/§Ben Arous-Bourgade £Annals of Probability§

13’¤��
��må�©Ù¼ê§¿�3nªCuÃ¡��ÿ§

©Ù¼êÚCUE��¹��"

3·��C�©Ù¥§Feng-Tian-Weiy²
,�nªCuÃ¡�,

GOE���må©ÙÚCOE´���"

GOE��¹'GUE(Jéõ§Ì�3uGUE´1�ª:L§§l

¤k'é¼êkäNL�§GOE �'é¼ê�kÈ©/ª§

�´·��±ÏLGOE��äk�Pfaffian(���'é¼ê�È

©þe.�O§l�Ñ
(J"
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�#(Jµ4�Ìmån£�må¤

�éu��må¯K§��må¯K�~(J§y3=éCUE�

�¹?1`²§GUE�¹aq.

4�måµ-e iθ1 , · · · , e iθn�CUE�A��§-

smax = max
1≤i≤n

{θi+1 − θi},

Ben Arous-Bourgade (13’) Äky²smax ��ê�
√

32 log n/n,

Feng-Wei ?�Ú��
smax�Þá§-

s̃max = (2 log n)1/2(nsmin − (32 log n)1/2)/4− (3/8) log(2 log n),

Ks̃max��Ý¼ê�Gumbel©Ù(c�~ê)§

ec−xe−e
c−x

.

���~��¯K´§COE/GOEÚCSE/GSEA��4�må�

�ê±9Þá´õ�ºù�¯K����"
Xf SYK�.Ú�ÅÝ
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��SYK�.

·��±?�Ú½Âq�Majorana¤�f�p�^�§���

�SYK�.�§

H = iq/2 1√(
n
q

) ∑
1≤i1<i2<···<iq≤n

Ji1i2···iqψi1ψi2 · · ·ψiq

ψ1, · · · , ψn´Majorana¤�f, Ji1i2···iq ´IOpd�ÅCþ"

�±y²§H´��Ý
§�A���¢ê"

q = 2�SY�.¶q = 4�SYKIO�."
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Ì�(J�

�n→∞�§·�Äk��
SYK�.�Ì©Ù��Ý¼ê§¿

�y²§SYK�Ì©Ù�3�C"

¥mçÚ��q2/n→ a ∈ (0,+∞)��Ì©Ù(q-Hermite©Ù)

�a→ 0�(~X²;�¹¥q = 2, 4)§çÚ�ªCu7Ú�§

�pd©Ù

�a→ +∞�§çÚ�ªCuùÚ�§���Ç(semicirle)

Figure: SYKA��©Ù
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Ì�(J�

?�Ú§

·�y²
SYK�.Ì��5ÚOþ�¥%4�½n"

3q=2��ÿ(SY�.)§·�y²
� �nØ¶éu���q§

·���
ÿÝ8¥nØ"
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��k��ê�(J

Bott±ÏÆµ

Figure: eight-fold way

UìBott±Ï(þ¡ã¡���1)§3mod 8¿Âe§Clifford�ê

©OéAkEL«§¢L«Úo�êL«"@o��g,�ýÿ

Ò´§²;SYK�.(q = 4)�ÛÜÌ©Ù3mod 8¿Âe©OéA

XGUE, GOEÚGSE�ÛÜÌ©Ù"ù�®²�ê�(Jy²§�

�SYK�.%¹
n�²;�ÅÝ
�.��ù�(J¿vk?

ÛnØþ�y²"�e5§·�òÐ«ù�ê�(J"
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Ìmåê�(J

Figure: SYK (n = 24, 32, q = 4) ÚGOE�Ìmå'�
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Figure: SYK (n = 28, 34, 36, q = 4)ÚGUE, GSE�Ìmå'�
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