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The objective of this project was to better understand the Sachdev-Ye-Kitaev (SYK) model,
produce a concise introductory review, and to relay the gathered knowledge in a series of
seminars. A special emphasis was put on the holographic aspects of the model.

Background

Current research in high-energy theoretical physics revolves about a very fundamental question:
How to rigorously combine the known laws of quantum mechanics, i.e. the theory of elementary
particles and phenomena on very small scales, with the theory of general relativity, i.e. gravity.
Black holes play an important part in answering this question, since they present such extreme
conditions that general relativity and the notion of spacetime seemingly break down. It is in
this regime that a new theory named quantum gravity is needed.
One particular model that might help to explain the quantum nature of black holes, or at
least shed light on some of its remarkable properties, is the SYK model, named after the three
physicists Sachedv, Ye and Kitaev [1]. Kitaev discovered that the model could have holographic
connections to black holes, meaning that it could serve as a dual, lower-dimensional toy model.
The SYK model is an ensemble of N randomly and all-to-all interacting, anti-commuting Ma-
jorana fermions, and combines some remarkable features:

• It is a strongly interacting model, yet exactly solvable in the low-energy, large N limit.

• It features maximal quantum chaos that saturates a theoretical bound; Only black holes
are known to share this property [2].

• At low energy, it develops a conformal symmetry, a symmetry that is also often found in
dual, holographic field theories [3].

Since it’s discovery 6 years ago, the SYK model was furthermore investigated in the contexts
of information scrambling, strange metals, spin glasses, tensor models, and various other fields.
Most interesting in the context of holography is the model’s link to 2-dimensional dilaton (or
Jackiew-Teitelboim) theory.

Seminars and Review

During this rotation I gave a series of talks discussing the developments in the above mentioned
research of the last few years. All of this talks can also be found in the “Past Events” section
of the unit’s web page. The main sources for these talks included [4, 5, 6].
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Seminar I: Introduction (2021/02/04)

The very first seminar started with the definition of the model at hand, which can be summa-
rized by the hamiltonian,

H =
N∑

i,j,k,l=1

Jijklχiχjχkχl . (1)

The Jijkl are Gaussian, random variables, coupling the N Majorana fields χi in a 4-body, all-to-
all mechanism. Furthermore, I gave a broad exposition of the model’s significance and named
past achievements in its research, as named above.

Seminar II: Melons (2021/02/12)

After the rather broad exposition of the last seminar, this talked discussed in detail the prop-
agator (i.e. 2-point correlator) G of the model. For this, one expands into Feynman diagrams
and realises that to leading order in the large N limit, and after averaging out the disorder
introduced by the couplings, only melon-shaped Feynman diagrams remain. This recursive
series can be summed up into a set of closed Dyson-Schwinger equations,

G−1(ω) = −iω − Σ(ω) , (2a)

Σ(t) = J2G3(t) , (2b)

where we defined the self-energy Σ.

Seminar III: Effective Action (2021/02/18)

After deriving these equations through the large N diagrammatics, I also wanted to take the
time and show how they can be directly derived from the model’s partition function. This
can be achieved by averaging out the disorder directly and deriving an effective action for the
ensemble of models. During this process, one introduces two auxiliary, bilocal fields G and Σ,
which can then be identified with the propagator and the self-energy. The Dyson-Schwinger
equations are then simply derived as the classical equations of motion from the effective action

Seff =
1

2
log det [δ(t− t′)∂t + Σ(t, t′)] +

1

2

∫
dtdt′

(
Σ(t, t′)G(t, t′)− J2

4
G4(t, t′)

)
. (3)

Seminar IV: Emergent Infrared Symmetry (2021/03/03)

This seminar finally dealt with solving the Dyson-Schwinger equations. While a general solution
can so far only be found numerically, the infrared limit allows for an analytical solution as well.
This is because a new symmetry emerges in this limit, conformal symmetry! A solution is then
quickly found by using well known techniques from the conformal bootstrap program,

Gc(τ1, τ2) =
1

(4π)
1
4

sgn(τ1 − τ2)

|J(τ1 − τ2)|2∆
. (4)

Special emphasis in this talk was put on the spontaneous symmetry breaking found in the
infrared, from the group of all diffeomorphisms to the special linear group SL(2,R).
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Seminars V & VI: Jackiw-Teitelboim Gravity (2021/03/17 & 2021/03/30)

After getting this far in the discussion of the SYK model, it seemed about time to discuss the
dual, gravitational side. Starting with a standard solution to Einstein’s equations, the extremal
Reissner-Nordström black hole, one can first discuss the dimensional reduction of a large class
of black holes down to 2-dimensional dilaton theory,

SD [Φ] =
1

16πGN

∫
d2x
√
−h
[
Φ2Rh + λ∂iΦ∂iΦ− U

(
Φ2

d2

)]
. (5)

These theories, in turn, can be linearized to describe not only extremal, but near-extremal black
holes. The reason for that is, that while extremal black holes (often) feature a near-horizon
AdS2 geometry, this structure gets blurred as one moves away from extremality. In the language
of dilaton theory this results in a theory identical to Jackiw-Teitelboim gravity, dealing with
interior cut-outs of AdS2,

SJT =
φ0

16πGN

∫
d2x
√
−hRh +

1

16πGN

∫
d2x
√
−hφ(Rh + 2) . (6)

Finally, taking the limit where the (Euclidean) cut-out boundary approaches the (Euclidean)
AdS2 boundary, one arrives at Schwarzian theory,

SSch = − 1

8πGN

∫
duφr(u)S [t, u] . (7)

An identical mechanism of spontaneous symmetry breaking emerges, previously encountered in
the infrared limit of the SYK model .

Results

The notes for all seminars mentioned above were summarized in a self-contained review which
was passed over to the unit.
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