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but it’s only a prejudice

• HEP: calculations involving strong interactions are 
difficult, limited precision

• CMP: some quantities are determined to 
extremely high accuracy. Two examples:

• Josephson effect: protected by gauge invariance

• Hall conductance in quantum Hall systems is 
quantized in units of e2/h up with 10-9 precision 
(protected by topology)



Contacts between HEP & CMP

• Spontaneous symmetry breaking (1960s)

• Renormalization group

• Effective field theory (HEP: Weinberg 1979, CMP: 
Landau’s Fermi liquid theory 1957)

• Conformal field theory

• Holography/Duality/Entanglement



HEP and CMP

• are more similar than most people think

• The difference is in the the goal

• HEP tries to push the reductionist frontier

• CMP tries to push the emergence frontier
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• Interactions are essential for determining the ground 
state

• We will concentrate on filling factor close to 1/2



modulates the effective magnetic field B! experienced by
the CFs in the vicinity of ν ¼ 1=2. The modulated magnetic
field leads to commensurability oscillations, seen in Fig. 1,
flanked by shoulders of higher resistivity [9–14]. The
resistance minima appear at the well-established magnetic
commensurability condition: 2R!

C=a ¼ iþ 1=4, where
i ¼ 1; 2; 3;…; a is the period of the modulation, R!

C ¼
ℏk!F=eB

! is the CF cyclotron radius, k!F ¼
ffiffiffiffiffiffiffiffiffiffi
4πn!

p
is the CF

Fermi wave vector, and n! is the CF density [9–14]. If
we assume that n! is equal to the 2D electron density n on
both sides of ν ¼ 1=2, the above commensurability con-
dition predicts resistance minima at effective fields B!

i ¼
$½2ℏ

ffiffiffiffiffiffiffiffiffiffi
4πn!

p
&=½eaðiþ 1=4Þ& that are symmetric around

B! ¼ 0 (i.e., around B1=2). These B!
i , which are marked

with solid vertical lines labeled i ¼ 1; 2; 3 in Fig. 1,
agree with the experimental data for B > B1=2, especially
for i ¼ 1 where the deepest minimum is seen. The
commensurability minima for B < B1=2, however, appear
to the right of the expected values, as is clearly seen in
Fig. 1(b).
On the other hand, if we assume that, for B < B1=2, CFs

in the LLL are formed by the minority carriers, i.e., holes,
the commensurability condition predicts the dashed vertical
lines in Fig. 1(b), which show better agreement with the
experimental data. We elaborate on these observations in
the remainder of the Letter. We emphasize that the field
positions of the FQHSs we observe in the same sample
are quite consistent with those expected based on the filling
factors and the 2D electron density, as seen by the vertical
dotted lines in Fig. 1(a) [17]. This is true for the FQHSs
observed on both sides of ν ¼ 1=2.

Under the assumption that the density of CFs is equal to
the density of the minority carriers in the LLL [see insets to
Fig. 1(b)], the expected B!

i for CF commensurability for
B > B1=2 are the same as before because the minority carrier
density equals n. For B < B1=2, however, according to our
assumption, the CF density is equal to the density of holes in
the LLL: n! ¼ ð1 − ν=νÞn. Using this n! in the CF com-
mensurability condition leads to a quadratic equation for the
expected positions B!0

i of the commensurability minima
whose relevant solution can be approximated as B!0

i ≃ B!
i þ

B!2
i =B1=2 [18]. In this expression, we are giving B!0

i in terms
of B!

i for the case when n! ¼ n. The expression for B!0
i

implies that, for B < B1=2, the minima should be seen closer
to B1=2 by ≃B!2

i =B1=2. The calculated values of B!0
i for i ¼

1; 2; 3 are shown in Fig. 1(b) with vertical dashed lines, and
are in good agreement with the B < B1=2 experimental data.
Having established a possible explanation for the asym-

metry in the positions of the CF commensurability resis-
tance minima, we now consider data from samples with
different parameters. In Fig. 2, we show data from four
2DES samples. Their density, QW width, and modulation
period are given next to each trace, and the expected
positions of the CF commensurability minima are indicated
with vertical solid and dashed lines. The observed positions
of the minima in all traces show an asymmetry, which is
well captured by the minority density model. In the
a ¼ 400 nm trace, the minima appear very close to
ν ¼ 1=2 and are nearly symmetric, as are the predicted
positions from both models.
The asymmetry of the CF commensurability minima is

not unique to 2DESs. It persists in 2DHSs whose data are
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FIG. 1 (color online). (a) Magnetoresistance trace for a 2DES with density n ¼ 1.74 × 1011 cm−2 and subjected to a periodic potential
modulation, exhibiting strong CF commensurability oscillations near ν ¼ 1=2. The inset schematically shows the commensurability
condition of the quasiclassical CF cyclotron orbits, marked as i ¼ 1, 2, and 3, with a periodic potential modulation. Dotted vertical lines
mark the expected positions of the FQHSs, based on the 2D electron density. (b) The CF commensurability oscillations are shown in
greater detail. Vertical solid lines mark the expected positions of the resistance minima when the CF density (n!) is assumed to be equal
to the electron density; these positions are symmetric about ν ¼ 1=2. If n! equals the minority density, then the expected positions for the
B < B1=2 side are those shown with dashed vertical lines. The schematic insets indicate the basis of the CF minority density model
which assumes that CFs are formed by the minority carriers in the LLL (hatched parts of the broadened level).
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with vertical solid and dashed lines. The observed positions
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FIG. 1 (color online). (a) Magnetoresistance trace for a 2DES with density n ¼ 1.74 × 1011 cm−2 and subjected to a periodic potential
modulation, exhibiting strong CF commensurability oscillations near ν ¼ 1=2. The inset schematically shows the commensurability
condition of the quasiclassical CF cyclotron orbits, marked as i ¼ 1, 2, and 3, with a periodic potential modulation. Dotted vertical lines
mark the expected positions of the FQHSs, based on the 2D electron density. (b) The CF commensurability oscillations are shown in
greater detail. Vertical solid lines mark the expected positions of the resistance minima when the CF density (n!) is assumed to be equal
to the electron density; these positions are symmetric about ν ¼ 1=2. If n! equals the minority density, then the expected positions for the
B < B1=2 side are those shown with dashed vertical lines. The schematic insets indicate the basis of the CF minority density model
which assumes that CFs are formed by the minority carriers in the LLL (hatched parts of the broadened level).
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When ν approaches 1/2, a quasiparticle appears which moves 
practically in straight line

What is the nature of this quasiparticle?



Composite fermion

• The standard picture: the quasiparticle is a 
“composite fermion” = electron + 2 flux quanta
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per e Zero B field for composite fermion (CF)

CF CF

CF

No left-over magnetic field: CFs move in straight line

Flux attachment
Jain, Lopez Fradkin, Ovchinnikov, 
Halperin Lee Read ~ 1990



Particle-hole symmetry

• But the standard picture does not know about the 
particle-hole symmetry (known since 1997)

• Roughly speaking, particle-hole conjugation flips 
the occupation number from 0 to 1 and vice versa

•  Flux attachment breaks particle-hole symmetry: 
flux is attached to particles

PH conjugation



Puzzle

• Particle-hole symmetry presents a huge puzzle for 
CMP

• Composite fermion seen experimentally

• standard picture: CF = a type of “dressed electrons”

• dressed electron = dressed hole?
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• One of the most profound findings in quantum 
field theories is duality

• Two seemingly different theories may encodes the 
same physics

• Famous dualities: Coleman-Mandelstam 1975, 
Seiberg-Witten duality, gauge/gravity duality 1990s

• Most dualities are seen as theorists’ toys

• In the context of the quantum Hall effect, a duality 
proposed ~40 years ago is suddenly relevant
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Bosonic particle-vortex duality

Peskin 1978; Dasgupta, Halperin 1981

Theory 1 Theory 2

L2 = |(@µ � iaµ)�̃|2 +m2|�̃|2 � �|�̃|4
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charge density magnetic field b

magnetic field charge density

2+1 dim

Goldstone boson photonm2 < 0
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Fermionic particle-vortex duality

L = i ̄e�
µ(@µ � iAµ) e

Theory 1:

L = i ̄�µ(@µ � iaµ) � 1

4⇡
✏µ⌫�Aµ@⌫a�Theory 2:

DTS; Metlitski, Vishwanath; Wang, Senthil 2015

Roughly:  free fermion = “QED” in 2+1 D

emergent U(1) gauge field

Theory 1 𝜓e Theory 2 𝜓

magnetic field density

density magnetic field

physical EM field



Theory 1 in magnetic field
zero charge density

Theory 2 at finite density
and zero magnetic field

Half-filled Landau level Fermi liquid

𝜓e = electrons 𝜓 = “composite fermion”

0



• The fermionic particle-vortex duality provides an 
explanation for the composite fermion near half 
filling

• The resulting theory, “Dirac composite fermion,” 
has explicit particle-hole symmetry

• Predicts CF has Berry phase of π around the 
Fermi surface confirmed by numerical simulations

• Suggests a new quantum Hall phase: PH-Pfaffian



PH-Pfaffian

• BCS paired state of composite fermion

• PH-Pfaffian: the simplest pairing pattern

• Is there such a state in nature? 

• There is no gapped nu=1/2 state, but there is a gapped 
nu=5/2=2+1/2 state

• known to exist from 1987

• many candidates: Pfaffian Moore-Read 1991 anti-Pfaffian...

• candidates differ from each other by thermal Hall 
coeff

h✏↵� ↵ �i 6= 0

q = KrT ⇥ ẑ
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T0 = 30 mK. Such dependence on the temperature is expected because 
it is tied directly with the temperature dependence of the equilibra-
tion length (see methods in ref. 26). The presence of neutral modes in 
ν = 8/3 and in ν = 5/2 was also verified (see Extended Data Fig. 6).

In Fig. 3 we show raw data for the two neighbouring states near 
ν = 5/2 without any data manipulation (such as the subtraction proce-
dure or taking into account the phonon contribution). The total heat 
dissipation for N = 4 is plotted in Fig. 3b as a function of Tm

2 . For the 
ν = 7/3 state, a deviation from K1 = κ0 for a single charge mode 
(namely, K7/3 = 3κ0 in each arm) becomes evident when the tempera-
ture approaches about 30 mK, which is clearly due to the phonon con-
tribution. Yet, for the ν = 8/3 state, the deviation from the expected 
total thermal conductance of 8κ0 (for four arms) is more apparent. 
Here, the non-equilibrated heat transport, combined with additional 
bulk transport (because Rxx > 0), contributes to a larger deviation of 
the thermal conductance.

In Fig. 4 we summarize the normalized thermal conductance coef-
ficient of the ν = 5/2 state. We plot K/κ0 at different temperatures 
(12–25 mK) and at three filling factors (on the ν = 5/2 conductance 
plateau). Seventeen measurements were performed with the device 
temperature cycled three times to room temperature, thus allowing 
for different microscopic configurations of the ionized charges. A sat-
uration of the normalized thermal conductance K5/2 = (2.53 ± 0.04)κ0 
is observed in the temperature range T0 = 18–25 mK. The thermal con-
ductance increases when the temperature is ≤15 mK. Such dependence 
is attributed to the increased equilibration length among the counter- 
propagating modes at lower temperatures (see the next section and 
Methods). In Fig. 5 we have summarized some of the more likely edge 
structures of possible orders that may describe the ν = 5/2 state, as well 
as their equilibrated K/κ0 values.

Discussion and conclusions
Composite fermions and the K-matrix formalism provide a powerful 
framework for the understanding of the fractional quantum Hall effect 
in the lowest Landau level. Almost all the quantum Hall states in the 
lowest Landau level are believed to be integer quantum Hall liquids of 
composite fermions32. Our recent results on thermal transport in the 
lowest Landau level strongly support that picture26. The first excited 
Landau level poses a greater challenge. The nature of the ν = 5/2 and 
ν = 12/5 states has long been a puzzle. Competing proposals have also 

been made for the ν = 7/3 and ν = 8/3 states33,34; however, past31,35 and 
present results prove that these two states are compatible with compos-
ite fermion liquids, similar to those at ν = 1/3 and ν = 2/3.

We now discuss our measurement results and their implications. 
In this study and in our previous work26, the results agree well with 
theoretical predictions36, with a level of precision of about 1% (in suf-
ficiently long samples). Two of the states require further elaboration. 
For the ν = 2/3 state, theory predicts a thermal Hall conductance that 
scales like 1/L (with L being the system size), with a proportionality 
constant that decreases with temperature (see methods in ref. 26). Our 
measurements are compatible with this expectation. For the ν = 8/3 
state, we observed a thermal Hall conductance exceeding the expected 
one by about 10%, which we also attribute to partial equilibration of 
counter-propagating edge modes and the finite Rxx of this state. When 
examining the case of ν = 5/2, these results give confidence in our 
experimental setup and analysis.

For the ν = 5/2 state, taking our findings of K5/2 = 2.5κ0 at face 
value, the results are compatible with the topological order of the 
particle–hole Pfaffian liquid18,19. On the basis of common theoretical 
understanding, the fractional value of K implies that the ν = 5/2 state is 
non-Abelian. The identification of this topological order is rather sur-
prising, in view of the numerical works that predicted the Pfaffian and 
anti-Pfaffian topological orders as leading candidates. This discrepancy 
may be reconciled by models that include disorder37–39.

There may be factors that would cause the measured thermal Hall 
conductance to be different from that imposed by the bulk topological 
order. Of these, we note the lack of equilibration of counter-propagat-
ing edge modes and leakage of heat to the bulk either due to longi-
tudinal electronic thermal conductance or due to phonons. We were 
able to quantify the phonons’ contribution and ascertain that it is small 
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Fig. 4 | Summary of the normalized thermal conductance coefficient 
results for ν = 5/2. Plotted is the average K/κ0 as a function of the 
temperature at three different fillings on the ν = 5/2 GH conductance 
plateau. A clear tendency of increased thermal conductance at lower 
temperatures is visible. Such dependence is attributed to the increased 
equilibration length (among downstream and upstream modes) at lower 
temperatures (see ref. 26 for a similar behaviour of the ν = 2/3 state). 
Seventeen measurements were conducted, with K/κ0 falling in the range 
K/κ0 = (2.53 ± 0.04)κ0 at electron base temperatures of T0 = 18–25 mK, 
where most of the data points were taken.

SU(2)2 K/N0 = 4.5

331 K/N0 = 4

Pfaffian K/N0�= 3.5

K = 8 K/N0�= 3

PH-Pfaffian K/N0�= 2.5

113 K/N0�= 2

A-Pfaffian K/N0�= 1.5

A-331 K/N0�= 1

A-SU(2)2 K/N0�= 0.5

Integer, e, N = 1

Fraction, e/4, N�= 1

Neutral mode, 0, N = 1

Majorana mode, 0, N = 0.5

Q = 2

Fig. 5 | Possible orders predicted for the ν = 5/2 state. Edge-mode 
structure of the leading candidates for the many-body state of a fractional 
quantum Hall ν = 5/2 liquid: Pfaffian, anti-Pfaffian (A-Pfaffian) and 
particle–hole Pfaffian (PH-Pfaffian) topological orders and the SU(2)2, 
K = 8, 331 and 113 liquids (‘A’ stands for ‘anti’). Their expected quantized 
thermal Hall conductance, KT, in units of κ0T are also shown. A right-
pointing double-line arrow denotes a downstream edge mode of a fermion 
with charge e* = e, contributing Hall conductivity GH = e2/h and K/κ0 = 1. 
Right- and left-pointing solid-line arrows denote a downstream and an 
upstream fractional charge mode, respectively, contributing 0.5GH =  
e2/(2h) and K/κ0 = 1. The wavy line denotes a fermionic neutral mode 
with zero charge and K/κ0 = 1, and the dashed line denotes a Majorana 
mode with zero charge and K/κ0 = 1/2. A neutral mode with K/κ0 = 1 
is physically equivalent to two Majorana modes. The left (right) part of 
the figure depicts the Abelian (non-Abelian) states with an integer (half-
integer) K/κ0. For all states, the lowest Landau level is fully occupied, as 
shown by the two downstream fermions (the two black right-pointing 
double-line arrows in the top left part of the figure). The ν = 5/2 state can 
be constructed in a particle-like manner, starting from ν = 2 and adding 
fractional, neutral, or Majorana modes, or in a hole-like fashion, starting 
from ν = 3 and adding modes moving in opposite directions (for example, 
see the third column of the anti-Pfaffian phase). The final state of the edge 
modes, after full equilibration, is depicted in the right-most column of 
each row. The green line divides the particle-like and hole-like states.
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Topological states of matter are characterized by topological invariants, which are physical quantities whose values are 
quantized and do not depend on the details of the system (such as its shape, size and impurities). Of these quantities, 
the easiest to probe is the electrical Hall conductance, and fractional values (in units of e2/h, where e is the electronic 
charge and h is the Planck constant) of this quantity attest to topologically ordered states, which carry quasiparticles with 
fractional charge and anyonic statistics. Another topological invariant is the thermal Hall conductance, which is harder 
to measure. For the quantized thermal Hall conductance, a fractional value in units of κ0 (κ0 = π2kB

2/(3h), where kB is 
the Boltzmann constant) proves that the state of matter is non-Abelian. Such non-Abelian states lead to ground-state 
degeneracy and perform topological unitary transformations when braided, which can be useful for topological quantum 
computation. Here we report measurements of the thermal Hall conductance of several quantum Hall states in the first 
excited Landau level and find that the thermal Hall conductance of the 5/2 state is compatible with a half-integer value 
of 2.5κ0, demonstrating its non-Abelian nature.

The even-denominator fractional quantum Hall state in the first excited 
Landau level at a bulk filling factor of ν = 5/2 has been a subject of 
extensive research for the past thirty years1. After its first observation2, 
it was suggested that this state might be a manifestation of supercon-
ducting-like condensation of composite fermions in a zero effective 
magnetic field3–5. Furthermore, it was predicted that the state car-
ries quasiparticles whose mutual exchange statistics is non-Abelian3. 
Consequently, the ground state of several quasiparticles remains degen-
erate even at their fixed positions; hence, such states are attractive for 
topological quantum computing1. Yet, this prediction has been hard 
to test experimentally because relatively easily accessible experimental 
probes, such as electric response functions, do not reflect the topolog-
ical order of the state. Even after the demonstration of the state’s quasi-
particle charge6,7 being e* = e/4 and the observation of a topologically 
protected upstream-propagating neutral mode8, a family of possible 
orders are still viable candidates for the ν = 5/2 state. However, the  
thermal Hall conductance may distinguish Abelian from non- 
Abelian states because it is quantized to an integer value of κ0T, where 
T is the temperature, for the former and a half-integer value for the 
latter5. Furthermore, its precise value distinguishes between different 
candidate orders. Here, we report an observation compatible with such 
half-integer quantization.

Background
It is worth giving a brief summary of the different orders predicted for 
this state. Numerical work lent support9–11 to the non-Abelian Pfaffian3 
and anti-Pfaffian topological orders12,13. Among the other possible 
states are the SU(2)2, the K = 8, 331 and 113 liquids, as well as their 
particle–hole conjugates14–17. A non-Abelian particle–hole Pfaffian 
order13,18–21 with the wave function described in ref. 19 was interpreted 
in terms of Dirac composite fermions18. Although the naming of these 
states does not follow any particular methodology, a wire construction 
organizes them in terms of their thermal Hall conductance, introduces 
possible generalizations, for which the thermal Hall conductance may 
be any arbitrary integer or half-integer multiple22 of κ0T, and identifies 

their edge structure (see below). Our goal is to determine the experi-
mentally relevant order from thermal transport.

The thermal Hall conductance is defined in a two-terminal measure-
ment as gQ = dJQ/dT = KT, with JQ being the heat current (in watts) and 
K the thermal conductance coefficient. This highly important charac-
teristic of the system has a maximal value for one-dimensional ballistic 
channels, with K = κ0. The thermal Hall conductance is independent 
of the charge and the exchange statistics of the heat-carrying particles. 
This quantum limit has been experimentally realized for bosons23,24, 
fermions25 and recently for a strongly interacting system—the lowest 
Landau level in the fractional quantum Hall effect (with fractionally 
charged quasiparticles)26. In the latter study26 it was shown that in the 
presence of counter-propagating one-dimensional modes and in the 
limit of a long propagation length, the thermal conductance reflects the 
net number of topological chiral modes (the number of downstream 
modes minus the number of upstream modes), as predicted by the K 
matrix in the bulk27.

Among the possible topological orders for the ν = 5/2 state16, 
the non-Abelian candidates are predicted to conduct n + 1/2 
(n = 0, 1, …, 4) units of the quantized heat, JQ, whereas for Abelian 
states the 1/2 is missing. The term 1/2 originates from a neutral edge 
mode (it can be downstream or upstream) whose central charge is one-
half. This mode may be viewed as a Majorana chiral edge mode of a 
superconductor of composite fermions. Moreover, each of the proposed 
non-Abelian topological orders has a different n, implying a different 
fractional quantized thermal conductance, gQ. Hence, measuring the 
heat conductance of the equilibrated ν = 5/2 fractional state may deter-
mine the nature of the topological order. Our measurement results are 
compatible with K ≈ 2.5κ0.

Experimental details
Our experimental setup, with its ‘heart’ shown in Fig. 1a, is similar in 
principle to our previously studied configuration26 (see Methods). The 
two-dimensional electron gas is structured in the form of four sepa-
rated arms (formed by chemical etching), with a small floating reservoir 
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T0 = 30 mK. Such dependence on the temperature is expected because 
it is tied directly with the temperature dependence of the equilibra-
tion length (see methods in ref. 26). The presence of neutral modes in 
ν = 8/3 and in ν = 5/2 was also verified (see Extended Data Fig. 6).

In Fig. 3 we show raw data for the two neighbouring states near 
ν = 5/2 without any data manipulation (such as the subtraction proce-
dure or taking into account the phonon contribution). The total heat 
dissipation for N = 4 is plotted in Fig. 3b as a function of Tm

2 . For the 
ν = 7/3 state, a deviation from K1 = κ0 for a single charge mode 
(namely, K7/3 = 3κ0 in each arm) becomes evident when the tempera-
ture approaches about 30 mK, which is clearly due to the phonon con-
tribution. Yet, for the ν = 8/3 state, the deviation from the expected 
total thermal conductance of 8κ0 (for four arms) is more apparent. 
Here, the non-equilibrated heat transport, combined with additional 
bulk transport (because Rxx > 0), contributes to a larger deviation of 
the thermal conductance.

In Fig. 4 we summarize the normalized thermal conductance coef-
ficient of the ν = 5/2 state. We plot K/κ0 at different temperatures 
(12–25 mK) and at three filling factors (on the ν = 5/2 conductance 
plateau). Seventeen measurements were performed with the device 
temperature cycled three times to room temperature, thus allowing 
for different microscopic configurations of the ionized charges. A sat-
uration of the normalized thermal conductance K5/2 = (2.53 ± 0.04)κ0 
is observed in the temperature range T0 = 18–25 mK. The thermal con-
ductance increases when the temperature is ≤15 mK. Such dependence 
is attributed to the increased equilibration length among the counter- 
propagating modes at lower temperatures (see the next section and 
Methods). In Fig. 5 we have summarized some of the more likely edge 
structures of possible orders that may describe the ν = 5/2 state, as well 
as their equilibrated K/κ0 values.

Discussion and conclusions
Composite fermions and the K-matrix formalism provide a powerful 
framework for the understanding of the fractional quantum Hall effect 
in the lowest Landau level. Almost all the quantum Hall states in the 
lowest Landau level are believed to be integer quantum Hall liquids of 
composite fermions32. Our recent results on thermal transport in the 
lowest Landau level strongly support that picture26. The first excited 
Landau level poses a greater challenge. The nature of the ν = 5/2 and 
ν = 12/5 states has long been a puzzle. Competing proposals have also 

been made for the ν = 7/3 and ν = 8/3 states33,34; however, past31,35 and 
present results prove that these two states are compatible with compos-
ite fermion liquids, similar to those at ν = 1/3 and ν = 2/3.

We now discuss our measurement results and their implications. 
In this study and in our previous work26, the results agree well with 
theoretical predictions36, with a level of precision of about 1% (in suf-
ficiently long samples). Two of the states require further elaboration. 
For the ν = 2/3 state, theory predicts a thermal Hall conductance that 
scales like 1/L (with L being the system size), with a proportionality 
constant that decreases with temperature (see methods in ref. 26). Our 
measurements are compatible with this expectation. For the ν = 8/3 
state, we observed a thermal Hall conductance exceeding the expected 
one by about 10%, which we also attribute to partial equilibration of 
counter-propagating edge modes and the finite Rxx of this state. When 
examining the case of ν = 5/2, these results give confidence in our 
experimental setup and analysis.

For the ν = 5/2 state, taking our findings of K5/2 = 2.5κ0 at face 
value, the results are compatible with the topological order of the 
particle–hole Pfaffian liquid18,19. On the basis of common theoretical 
understanding, the fractional value of K implies that the ν = 5/2 state is 
non-Abelian. The identification of this topological order is rather sur-
prising, in view of the numerical works that predicted the Pfaffian and 
anti-Pfaffian topological orders as leading candidates. This discrepancy 
may be reconciled by models that include disorder37–39.

There may be factors that would cause the measured thermal Hall 
conductance to be different from that imposed by the bulk topological 
order. Of these, we note the lack of equilibration of counter-propagat-
ing edge modes and leakage of heat to the bulk either due to longi-
tudinal electronic thermal conductance or due to phonons. We were 
able to quantify the phonons’ contribution and ascertain that it is small 
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Fig. 4 | Summary of the normalized thermal conductance coefficient 
results for ν = 5/2. Plotted is the average K/κ0 as a function of the 
temperature at three different fillings on the ν = 5/2 GH conductance 
plateau. A clear tendency of increased thermal conductance at lower 
temperatures is visible. Such dependence is attributed to the increased 
equilibration length (among downstream and upstream modes) at lower 
temperatures (see ref. 26 for a similar behaviour of the ν = 2/3 state). 
Seventeen measurements were conducted, with K/κ0 falling in the range 
K/κ0 = (2.53 ± 0.04)κ0 at electron base temperatures of T0 = 18–25 mK, 
where most of the data points were taken.

SU(2)2 K/N0 = 4.5

331 K/N0 = 4

Pfaffian K/N0�= 3.5

K = 8 K/N0�= 3

PH-Pfaffian K/N0�= 2.5

113 K/N0�= 2

A-Pfaffian K/N0�= 1.5

A-331 K/N0�= 1

A-SU(2)2 K/N0�= 0.5

Integer, e, N = 1

Fraction, e/4, N�= 1

Neutral mode, 0, N = 1

Majorana mode, 0, N = 0.5

Q = 2

Fig. 5 | Possible orders predicted for the ν = 5/2 state. Edge-mode 
structure of the leading candidates for the many-body state of a fractional 
quantum Hall ν = 5/2 liquid: Pfaffian, anti-Pfaffian (A-Pfaffian) and 
particle–hole Pfaffian (PH-Pfaffian) topological orders and the SU(2)2, 
K = 8, 331 and 113 liquids (‘A’ stands for ‘anti’). Their expected quantized 
thermal Hall conductance, KT, in units of κ0T are also shown. A right-
pointing double-line arrow denotes a downstream edge mode of a fermion 
with charge e* = e, contributing Hall conductivity GH = e2/h and K/κ0 = 1. 
Right- and left-pointing solid-line arrows denote a downstream and an 
upstream fractional charge mode, respectively, contributing 0.5GH =  
e2/(2h) and K/κ0 = 1. The wavy line denotes a fermionic neutral mode 
with zero charge and K/κ0 = 1, and the dashed line denotes a Majorana 
mode with zero charge and K/κ0 = 1/2. A neutral mode with K/κ0 = 1 
is physically equivalent to two Majorana modes. The left (right) part of 
the figure depicts the Abelian (non-Abelian) states with an integer (half-
integer) K/κ0. For all states, the lowest Landau level is fully occupied, as 
shown by the two downstream fermions (the two black right-pointing 
double-line arrows in the top left part of the figure). The ν = 5/2 state can 
be constructed in a particle-like manner, starting from ν = 2 and adding 
fractional, neutral, or Majorana modes, or in a hole-like fashion, starting 
from ν = 3 and adding modes moving in opposite directions (for example, 
see the third column of the anti-Pfaffian phase). The final state of the edge 
modes, after full equilibration, is depicted in the right-most column of 
each row. The green line divides the particle-like and hole-like states.
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Topological states of matter are characterized by topological invariants, which are physical quantities whose values are 
quantized and do not depend on the details of the system (such as its shape, size and impurities). Of these quantities, 
the easiest to probe is the electrical Hall conductance, and fractional values (in units of e2/h, where e is the electronic 
charge and h is the Planck constant) of this quantity attest to topologically ordered states, which carry quasiparticles with 
fractional charge and anyonic statistics. Another topological invariant is the thermal Hall conductance, which is harder 
to measure. For the quantized thermal Hall conductance, a fractional value in units of κ0 (κ0 = π2kB

2/(3h), where kB is 
the Boltzmann constant) proves that the state of matter is non-Abelian. Such non-Abelian states lead to ground-state 
degeneracy and perform topological unitary transformations when braided, which can be useful for topological quantum 
computation. Here we report measurements of the thermal Hall conductance of several quantum Hall states in the first 
excited Landau level and find that the thermal Hall conductance of the 5/2 state is compatible with a half-integer value 
of 2.5κ0, demonstrating its non-Abelian nature.

The even-denominator fractional quantum Hall state in the first excited 
Landau level at a bulk filling factor of ν = 5/2 has been a subject of 
extensive research for the past thirty years1. After its first observation2, 
it was suggested that this state might be a manifestation of supercon-
ducting-like condensation of composite fermions in a zero effective 
magnetic field3–5. Furthermore, it was predicted that the state car-
ries quasiparticles whose mutual exchange statistics is non-Abelian3. 
Consequently, the ground state of several quasiparticles remains degen-
erate even at their fixed positions; hence, such states are attractive for 
topological quantum computing1. Yet, this prediction has been hard 
to test experimentally because relatively easily accessible experimental 
probes, such as electric response functions, do not reflect the topolog-
ical order of the state. Even after the demonstration of the state’s quasi-
particle charge6,7 being e* = e/4 and the observation of a topologically 
protected upstream-propagating neutral mode8, a family of possible 
orders are still viable candidates for the ν = 5/2 state. However, the  
thermal Hall conductance may distinguish Abelian from non- 
Abelian states because it is quantized to an integer value of κ0T, where 
T is the temperature, for the former and a half-integer value for the 
latter5. Furthermore, its precise value distinguishes between different 
candidate orders. Here, we report an observation compatible with such 
half-integer quantization.

Background
It is worth giving a brief summary of the different orders predicted for 
this state. Numerical work lent support9–11 to the non-Abelian Pfaffian3 
and anti-Pfaffian topological orders12,13. Among the other possible 
states are the SU(2)2, the K = 8, 331 and 113 liquids, as well as their 
particle–hole conjugates14–17. A non-Abelian particle–hole Pfaffian 
order13,18–21 with the wave function described in ref. 19 was interpreted 
in terms of Dirac composite fermions18. Although the naming of these 
states does not follow any particular methodology, a wire construction 
organizes them in terms of their thermal Hall conductance, introduces 
possible generalizations, for which the thermal Hall conductance may 
be any arbitrary integer or half-integer multiple22 of κ0T, and identifies 

their edge structure (see below). Our goal is to determine the experi-
mentally relevant order from thermal transport.

The thermal Hall conductance is defined in a two-terminal measure-
ment as gQ = dJQ/dT = KT, with JQ being the heat current (in watts) and 
K the thermal conductance coefficient. This highly important charac-
teristic of the system has a maximal value for one-dimensional ballistic 
channels, with K = κ0. The thermal Hall conductance is independent 
of the charge and the exchange statistics of the heat-carrying particles. 
This quantum limit has been experimentally realized for bosons23,24, 
fermions25 and recently for a strongly interacting system—the lowest 
Landau level in the fractional quantum Hall effect (with fractionally 
charged quasiparticles)26. In the latter study26 it was shown that in the 
presence of counter-propagating one-dimensional modes and in the 
limit of a long propagation length, the thermal conductance reflects the 
net number of topological chiral modes (the number of downstream 
modes minus the number of upstream modes), as predicted by the K 
matrix in the bulk27.

Among the possible topological orders for the ν = 5/2 state16, 
the non-Abelian candidates are predicted to conduct n + 1/2 
(n = 0, 1, …, 4) units of the quantized heat, JQ, whereas for Abelian 
states the 1/2 is missing. The term 1/2 originates from a neutral edge 
mode (it can be downstream or upstream) whose central charge is one-
half. This mode may be viewed as a Majorana chiral edge mode of a 
superconductor of composite fermions. Moreover, each of the proposed 
non-Abelian topological orders has a different n, implying a different 
fractional quantized thermal conductance, gQ. Hence, measuring the 
heat conductance of the equilibrated ν = 5/2 fractional state may deter-
mine the nature of the topological order. Our measurement results are 
compatible with K ≈ 2.5κ0.

Experimental details
Our experimental setup, with its ‘heart’ shown in Fig. 1a, is similar in 
principle to our previously studied configuration26 (see Methods). The 
two-dimensional electron gas is structured in the form of four sepa-
rated arms (formed by chemical etching), with a small floating reservoir 
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T0 = 30 mK. Such dependence on the temperature is expected because 
it is tied directly with the temperature dependence of the equilibra-
tion length (see methods in ref. 26). The presence of neutral modes in 
ν = 8/3 and in ν = 5/2 was also verified (see Extended Data Fig. 6).

In Fig. 3 we show raw data for the two neighbouring states near 
ν = 5/2 without any data manipulation (such as the subtraction proce-
dure or taking into account the phonon contribution). The total heat 
dissipation for N = 4 is plotted in Fig. 3b as a function of Tm

2 . For the 
ν = 7/3 state, a deviation from K1 = κ0 for a single charge mode 
(namely, K7/3 = 3κ0 in each arm) becomes evident when the tempera-
ture approaches about 30 mK, which is clearly due to the phonon con-
tribution. Yet, for the ν = 8/3 state, the deviation from the expected 
total thermal conductance of 8κ0 (for four arms) is more apparent. 
Here, the non-equilibrated heat transport, combined with additional 
bulk transport (because Rxx > 0), contributes to a larger deviation of 
the thermal conductance.

In Fig. 4 we summarize the normalized thermal conductance coef-
ficient of the ν = 5/2 state. We plot K/κ0 at different temperatures 
(12–25 mK) and at three filling factors (on the ν = 5/2 conductance 
plateau). Seventeen measurements were performed with the device 
temperature cycled three times to room temperature, thus allowing 
for different microscopic configurations of the ionized charges. A sat-
uration of the normalized thermal conductance K5/2 = (2.53 ± 0.04)κ0 
is observed in the temperature range T0 = 18–25 mK. The thermal con-
ductance increases when the temperature is ≤15 mK. Such dependence 
is attributed to the increased equilibration length among the counter- 
propagating modes at lower temperatures (see the next section and 
Methods). In Fig. 5 we have summarized some of the more likely edge 
structures of possible orders that may describe the ν = 5/2 state, as well 
as their equilibrated K/κ0 values.

Discussion and conclusions
Composite fermions and the K-matrix formalism provide a powerful 
framework for the understanding of the fractional quantum Hall effect 
in the lowest Landau level. Almost all the quantum Hall states in the 
lowest Landau level are believed to be integer quantum Hall liquids of 
composite fermions32. Our recent results on thermal transport in the 
lowest Landau level strongly support that picture26. The first excited 
Landau level poses a greater challenge. The nature of the ν = 5/2 and 
ν = 12/5 states has long been a puzzle. Competing proposals have also 

been made for the ν = 7/3 and ν = 8/3 states33,34; however, past31,35 and 
present results prove that these two states are compatible with compos-
ite fermion liquids, similar to those at ν = 1/3 and ν = 2/3.

We now discuss our measurement results and their implications. 
In this study and in our previous work26, the results agree well with 
theoretical predictions36, with a level of precision of about 1% (in suf-
ficiently long samples). Two of the states require further elaboration. 
For the ν = 2/3 state, theory predicts a thermal Hall conductance that 
scales like 1/L (with L being the system size), with a proportionality 
constant that decreases with temperature (see methods in ref. 26). Our 
measurements are compatible with this expectation. For the ν = 8/3 
state, we observed a thermal Hall conductance exceeding the expected 
one by about 10%, which we also attribute to partial equilibration of 
counter-propagating edge modes and the finite Rxx of this state. When 
examining the case of ν = 5/2, these results give confidence in our 
experimental setup and analysis.

For the ν = 5/2 state, taking our findings of K5/2 = 2.5κ0 at face 
value, the results are compatible with the topological order of the 
particle–hole Pfaffian liquid18,19. On the basis of common theoretical 
understanding, the fractional value of K implies that the ν = 5/2 state is 
non-Abelian. The identification of this topological order is rather sur-
prising, in view of the numerical works that predicted the Pfaffian and 
anti-Pfaffian topological orders as leading candidates. This discrepancy 
may be reconciled by models that include disorder37–39.

There may be factors that would cause the measured thermal Hall 
conductance to be different from that imposed by the bulk topological 
order. Of these, we note the lack of equilibration of counter-propagat-
ing edge modes and leakage of heat to the bulk either due to longi-
tudinal electronic thermal conductance or due to phonons. We were 
able to quantify the phonons’ contribution and ascertain that it is small 
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Fig. 4 | Summary of the normalized thermal conductance coefficient 
results for ν = 5/2. Plotted is the average K/κ0 as a function of the 
temperature at three different fillings on the ν = 5/2 GH conductance 
plateau. A clear tendency of increased thermal conductance at lower 
temperatures is visible. Such dependence is attributed to the increased 
equilibration length (among downstream and upstream modes) at lower 
temperatures (see ref. 26 for a similar behaviour of the ν = 2/3 state). 
Seventeen measurements were conducted, with K/κ0 falling in the range 
K/κ0 = (2.53 ± 0.04)κ0 at electron base temperatures of T0 = 18–25 mK, 
where most of the data points were taken.
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Fig. 5 | Possible orders predicted for the ν = 5/2 state. Edge-mode 
structure of the leading candidates for the many-body state of a fractional 
quantum Hall ν = 5/2 liquid: Pfaffian, anti-Pfaffian (A-Pfaffian) and 
particle–hole Pfaffian (PH-Pfaffian) topological orders and the SU(2)2, 
K = 8, 331 and 113 liquids (‘A’ stands for ‘anti’). Their expected quantized 
thermal Hall conductance, KT, in units of κ0T are also shown. A right-
pointing double-line arrow denotes a downstream edge mode of a fermion 
with charge e* = e, contributing Hall conductivity GH = e2/h and K/κ0 = 1. 
Right- and left-pointing solid-line arrows denote a downstream and an 
upstream fractional charge mode, respectively, contributing 0.5GH =  
e2/(2h) and K/κ0 = 1. The wavy line denotes a fermionic neutral mode 
with zero charge and K/κ0 = 1, and the dashed line denotes a Majorana 
mode with zero charge and K/κ0 = 1/2. A neutral mode with K/κ0 = 1 
is physically equivalent to two Majorana modes. The left (right) part of 
the figure depicts the Abelian (non-Abelian) states with an integer (half-
integer) K/κ0. For all states, the lowest Landau level is fully occupied, as 
shown by the two downstream fermions (the two black right-pointing 
double-line arrows in the top left part of the figure). The ν = 5/2 state can 
be constructed in a particle-like manner, starting from ν = 2 and adding 
fractional, neutral, or Majorana modes, or in a hole-like fashion, starting 
from ν = 3 and adding modes moving in opposite directions (for example, 
see the third column of the anti-Pfaffian phase). The final state of the edge 
modes, after full equilibration, is depicted in the right-most column of 
each row. The green line divides the particle-like and hole-like states.
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Topological states of matter are characterized by topological invariants, which are physical quantities whose values are 
quantized and do not depend on the details of the system (such as its shape, size and impurities). Of these quantities, 
the easiest to probe is the electrical Hall conductance, and fractional values (in units of e2/h, where e is the electronic 
charge and h is the Planck constant) of this quantity attest to topologically ordered states, which carry quasiparticles with 
fractional charge and anyonic statistics. Another topological invariant is the thermal Hall conductance, which is harder 
to measure. For the quantized thermal Hall conductance, a fractional value in units of κ0 (κ0 = π2kB

2/(3h), where kB is 
the Boltzmann constant) proves that the state of matter is non-Abelian. Such non-Abelian states lead to ground-state 
degeneracy and perform topological unitary transformations when braided, which can be useful for topological quantum 
computation. Here we report measurements of the thermal Hall conductance of several quantum Hall states in the first 
excited Landau level and find that the thermal Hall conductance of the 5/2 state is compatible with a half-integer value 
of 2.5κ0, demonstrating its non-Abelian nature.

The even-denominator fractional quantum Hall state in the first excited 
Landau level at a bulk filling factor of ν = 5/2 has been a subject of 
extensive research for the past thirty years1. After its first observation2, 
it was suggested that this state might be a manifestation of supercon-
ducting-like condensation of composite fermions in a zero effective 
magnetic field3–5. Furthermore, it was predicted that the state car-
ries quasiparticles whose mutual exchange statistics is non-Abelian3. 
Consequently, the ground state of several quasiparticles remains degen-
erate even at their fixed positions; hence, such states are attractive for 
topological quantum computing1. Yet, this prediction has been hard 
to test experimentally because relatively easily accessible experimental 
probes, such as electric response functions, do not reflect the topolog-
ical order of the state. Even after the demonstration of the state’s quasi-
particle charge6,7 being e* = e/4 and the observation of a topologically 
protected upstream-propagating neutral mode8, a family of possible 
orders are still viable candidates for the ν = 5/2 state. However, the  
thermal Hall conductance may distinguish Abelian from non- 
Abelian states because it is quantized to an integer value of κ0T, where 
T is the temperature, for the former and a half-integer value for the 
latter5. Furthermore, its precise value distinguishes between different 
candidate orders. Here, we report an observation compatible with such 
half-integer quantization.

Background
It is worth giving a brief summary of the different orders predicted for 
this state. Numerical work lent support9–11 to the non-Abelian Pfaffian3 
and anti-Pfaffian topological orders12,13. Among the other possible 
states are the SU(2)2, the K = 8, 331 and 113 liquids, as well as their 
particle–hole conjugates14–17. A non-Abelian particle–hole Pfaffian 
order13,18–21 with the wave function described in ref. 19 was interpreted 
in terms of Dirac composite fermions18. Although the naming of these 
states does not follow any particular methodology, a wire construction 
organizes them in terms of their thermal Hall conductance, introduces 
possible generalizations, for which the thermal Hall conductance may 
be any arbitrary integer or half-integer multiple22 of κ0T, and identifies 

their edge structure (see below). Our goal is to determine the experi-
mentally relevant order from thermal transport.

The thermal Hall conductance is defined in a two-terminal measure-
ment as gQ = dJQ/dT = KT, with JQ being the heat current (in watts) and 
K the thermal conductance coefficient. This highly important charac-
teristic of the system has a maximal value for one-dimensional ballistic 
channels, with K = κ0. The thermal Hall conductance is independent 
of the charge and the exchange statistics of the heat-carrying particles. 
This quantum limit has been experimentally realized for bosons23,24, 
fermions25 and recently for a strongly interacting system—the lowest 
Landau level in the fractional quantum Hall effect (with fractionally 
charged quasiparticles)26. In the latter study26 it was shown that in the 
presence of counter-propagating one-dimensional modes and in the 
limit of a long propagation length, the thermal conductance reflects the 
net number of topological chiral modes (the number of downstream 
modes minus the number of upstream modes), as predicted by the K 
matrix in the bulk27.

Among the possible topological orders for the ν = 5/2 state16, 
the non-Abelian candidates are predicted to conduct n + 1/2 
(n = 0, 1, …, 4) units of the quantized heat, JQ, whereas for Abelian 
states the 1/2 is missing. The term 1/2 originates from a neutral edge 
mode (it can be downstream or upstream) whose central charge is one-
half. This mode may be viewed as a Majorana chiral edge mode of a 
superconductor of composite fermions. Moreover, each of the proposed 
non-Abelian topological orders has a different n, implying a different 
fractional quantized thermal conductance, gQ. Hence, measuring the 
heat conductance of the equilibrated ν = 5/2 fractional state may deter-
mine the nature of the topological order. Our measurement results are 
compatible with K ≈ 2.5κ0.

Experimental details
Our experimental setup, with its ‘heart’ shown in Fig. 1a, is similar in 
principle to our previously studied configuration26 (see Methods). The 
two-dimensional electron gas is structured in the form of four sepa-
rated arms (formed by chemical etching), with a small floating reservoir 

1Braun Center of Sub-Micron Physics, Department of Condensed Matter Physics, Weizmann Institute of Science, Rehovot, Israel. 2Department of Physics, Brown University, Providence, RI, USA. 
*e-mail: moty.heiblum@weizmann.ac.il
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The “seed duality”

L = L[ , A]� 1
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1

2⇡
Ada

From this duality, a whole “web” of new dualities can be 
derived 

Both the bosonic and fermionic particle-vortex duality can 
be derived from a “seed duality”

  fermion = boson + flux

Karch, Tong; Seiberg, Senthil, Wang, Witten



Extreme small N
• It turns out that in HEP literature there has been 

suggestions of duality between bosonic and 
fermionic Chern-Simons theories

• Verified at large N but speculated to be valid also 
at small N Aharony 2015

duality. The arguments of [3] were not careful about the precise form of the level-rank

duality, and about whether we have an SU(N) or U(N) gauge group, and they found that

(in the Yang-Mills regularization) the duality should relate the theory of N
f

fundamental

scalars coupled to U(N)
k

, to a theory of N
f

fundamental fermions coupled to U(k)
Nf/2�N

.

Using the precise form of the level-rank dualities above, we see that there are actually three

possible dualities that are consistent with level-rank duality:

SU(N)
k

coupled to scalars $ U(k)�N+Nf/2,�N+Nf/2 coupled to fermions, (2.6)

U(N)
k,k

coupled to scalars $ SU(k)�N+Nf/2 coupled to fermions, (2.7)

U(N)
k,k+N

coupled to scalars $ U(k)�N+Nf/2,�N�k+Nf/2 coupled to fermions. (2.8)

The evidence so far for the validity of these dualities is identical, since it is just at leading

order in the large N limit, where the di↵erences between them are negligible. We conjecture

that they are all correct. The main di↵erence between the di↵erent theories is in the

baryonic and monopole operators, and we will discuss these operators and their consistency

with the duality in the next sections.

It was argued in [27] that when the U(N) Chern-Simons-matter theories are compact-

ified on a circle, the logarithms of the eigenvalues of their holonomies are quantized to be

an integer multiple of 2⇡/k̂. In the SU(N) theory the eigenvalues sum up to zero (up to

an overall shift by a multiple of 2⇡), and the quantization applies to the di↵erence between

any pair of eigenvalues. This quantization has important e↵ects for the thermodynamical

behavior of these theories, which was analyzed in the large N limit in [27, 28] (following

[1]).

Note that the SU(N) theory has a U(1) baryon-number symmetry, carried by the fields

in the fundamental representation. The U(N) theories also have a U(1) global symmetry,

which is a combination of the baryon-number symmetry and the “topological” symmetry

generated by the current Jµ = ✏µ⌫⇢tr(F
⌫⇢

). One combination of these two currents is

gauged, and any other combination is a global symmetry, that maps under the duality

to the corresponding global symmetry on the other side. The precise combination that is

gauged depends on the Chern-Simons level of the U(1) gauge field; it is independent of the

SU(N) Chern-Simons level.

Let us end this section by clarifying the relation of these dualities to dualities be-

tween N = 2 supersymmetric CS-matter theories [11, 12, 13, 14]. For these theories the

Yang-Mills regularization, which preserves supersymmetry, is usually used. However, the

supersymmetric pure Yang-Mills-Chern-Simons theory contains two extra massive gluinos

in addition to the pure CS theory. Integrating these out gives a shift between the level

of the N = 2 supersymmetric SU(N) CS theory and the non-supersymmetric one, of the

form

kN=2 = kN=0 +Nsign(kN=0). (2.9)

This is precisely of the same form as (2.1), though their origin is completely di↵erent (a

loop involving gluons in one case, a loop with two gluinos in the other). Thus, the level-

rank dualities for pure N = 2 CS theories take the same form as (2.4) and (2.5) above.

– 5 –

N = Nf = k = 1
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Abstract: There is significant evidence for a duality between (non-supersymmetric) U(N)

Chern-Simons theories at level k coupled to fermions, and U(k) Chern-Simons theories at

level N coupled to scalars. Most of the evidence comes from the large N ’t Hooft limit,

where many details of the duality (such as whether the gauge group is U(N) or SU(N),

the precise level of the U(1) factor, and order one shifts in the level) are not important.

The main evidence for the validity of the duality at finite N comes from adding masses and

flowing to pure Chern-Simons theories related by level-rank duality, and from flowing to

the non-supersymmetric duality from supersymmetric dualities, whose finite N validity is

well-established. In this note we clarify the implications of these flows for the precise form

of the duality; in particular we argue that in its simplest form the duality maps SU(N)

theories to U(k) theories, though there is also another version relating U(N) to U(k).

This precise form strongly a↵ects the mapping under the duality of baryon and monopole

operators, and we show, following arguments by Radičević, that their mapping is consistent

with our claims. We also discuss the implications of our results for the additional duality

between these Chern-Simons matter theories and (the UV completion of) high-spin gravity

theories on AdS4. The latter theories should contain heavy particles carrying electric

and/or magnetic charges under their U(1) gauge symmetry.
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Conclusion

• The half-filled Landau level provides an 
experimentally realizable example of duality

• Mysterious appearance of a new type of 
quasiparticle  Emergence

• Interaction between high-energy and condensed 
matter physics is fruitful



Thank you
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The fractional quantum Hall effect
2D electrons in B field:
Landau levels

⌫ =

number of electrons

degeneracy of a LL
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The fractional quantum Hall effect
2D electrons in B field:
Landau levels

⌫ =

number of electrons

degeneracy of a LL
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The fractional quantum Hall effect

• without interaction: large ground-state degeneracy

• Interactions are essential for determining the 
ground state

• We will concentrate on filling factor close to 1/2

2D electrons in B field:
Landau levels

⌫ =

number of electrons

degeneracy of a LL
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