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Plan

• (Brief) Introduction to Fractional Quantum Hall effect

• Magneto-roton is a massive graviton-like excitation

• Graviton(s) in Dirac CF models

• Polarized Raman scattering experiment



Frac%onal Quantum Hall effect



• 2D electrons gas in an applied magnetic field

• In a high magnetic field, we see “Integer plateaux” in the 
measurement of Hall resistance (conductance)

Integer quantum Hall

On plateaux

σxy = ν
e2

h
ν is an iteger



• Energy of a single electron is quantised to Landau levels

• In semi-classical picture: electrons in cyclotron orbits (orbitals)

En = (n +
1
2 ) ℏωc, ωc =

Be
mc

(  is electron’s mass)m

Number of orbitals on each Landau 
level:

In applied electric field , each 

orbital has drift velocity 

E
v =

E × B
B2

Nϕ =
B × Area

ϕ0
, ϕ0 =

h
e

• Hall conductance if we have fully filled Landau levels

σxy = ν
e2

h
ν =

Ne

Nϕ
Filling fraction

ℓB ∼ 1/B



What happen if we only partially fill a Landau level?

Fractional quantum Hall

‣ Without interaction, a partially filled Landau 
level is gapless with the huge degeneracy

‣ Coulomb interaction splits the degeneracy 
to have the unique gapped ground state 

‣ The measurement of Hall resistance shows 
small plateaux with fractionally quantised 

‣ In the lowest Landau level limit 
( ), one can ignore higher Landau levels

‣ In this limit, the kinetic energy effectively 
vanishes 

‣ We have to deal with a strongly interacting 
problem with no direct solution 

σxy

ωc → ∞
m → 0

Coulomb  
interaction



Fractional quantum Hall in experiment

In this talk, we concentrate on states near  and ν = 1/2 1/4



Magneto-roton as a graviton



Magneto-roton excita%ons
• Neutral excitation appears in Gapped FQH states

• Proposed by Girvin, MacDonald, Platzman (GMP 1986) as the 
charge density wave   in the lowest Landau level (LLL)

• The energy spectrum of magneto-roton (in GMP paper) was 
derived using the single mode approximation (similar as 
Feymann’s model of roton in superfluid ).

ρ(q) |0⟩

4He

Observed in Pinczuk et al. 1993

33 MAGNETO-ROTON THEORY OF COLLECTIVE EXCITATIONS. . .

TABLE I. Coefficients c obtained from fitting Eq. {5.1) to
the MC data for g (r) subject to the constraints (5.2)—(5.4). The
v= ~ fit is somewhat less reljttable than the v= —,

' case (see text).

1

3
5

9
11
13
15
17
19
21
23
25
27

e (~= 3)
—1.00000
+ 0.51053—0.02056
+ 0.31003—0.49050
+ 0.20102—0.00904
—0.00148
+ 0.00000
+ 0.001 20
+ 0.00060—0.001 80
+ 0.00000
+ 0.00000

Ic (v= —, )

—1.0000
—1.0000
+ 0.6765
+ 0.3130—0.1055
+ 0.8910—0.3750
—0.7750
+ 0.3700
+ 0.0100—0.0050
—0.0000
—0.1000
+ 0.1000

values for v= —,
' and —,

' are displayed in Table I and the
resultant analytic g(r) is shown in Fig. 1 along with the
MC data. Having obtained an analytic form, the required
Fourier transform is readily computed.
An alternative method of abtaining s(k) is to use a

modified hypernetted-chain (MHNC) approximationz'
which guarantees that the sum rules' ' an s (k) are satis-
fied. This method gives a value for the energy in the
v= —, Laughlin state of Eir3——0.4092, whi—ch is quite
close to the value of Sinai —0.4100+——0.0001) from the
essentially exact MC method. Figure 2 displays s{k)
computed by the MHNC and MC methods.
Having obtained s (k) we compute s(k) from Eq. (4.18)

and then use this in Eq. (4.15). We also require the in-
teraction potential u(q). Taking the unit of energy to be
(e /eI), where e is the dielectric constant of the back-
graund medium, the Coulomb potential is V{r)=llr,
which has the transform

(5.5)

Using (5.5), the quadratures in (4.15) were computed nu-
merically to obtain the oscillator strength and hence the
gap function b, (k).

VI. EVALUATION OF THE GAP
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Using the results of the preceding section, we have
evaluated the collective-mode dispersion for filling factors
v= —,', —,', —,', and —,

' using the MHNC structure factors.
The various gap functions for the case of the pure
Coulomb potential are shown in Fig. 3. The MC struc-
ture factors for v= —,

' and —,
' yield nearly identical results, 7

except for a small discrepancy in the v= —,
' curve at small

k. We believe that this is due to the difficulty of extract-
ing accurate information on the long-distance behavior of
g(r) from the v= —,

' MC data and we therefore consider
the MHNC result more reliable for this case.
Note that, as discussed earlier, the gap is finite at zero
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FIG. 2. Static structure factor. Solid line is modified-
hypernetted-chain calculation. Dashed line is from fit to Monte
Carlo data.

FIG. 3. Collective-mode dispersion. Arrows at the top indi-
cate magnitude of primitive reciprocal-lattice vector of corre-
sponding signer crystal. (a) v= 3 (scale on left}; v= —,

' (scale
on right). (1) v= 7 (scale on left); v= 9 (scale on right).

GMP 1986
ql1.0 2.0

ν =
1
3



Lowest Landau level conserva%on laws  
and magneto-roton spin

• Symmetries lead to the Ward identities

@t⇢+r · j = 0
<latexit sha1_base64="Ch1zTR9+Fa4qnVHBLCck9yzcqTs="></latexit><latexit sha1_base64="y6pyk9gMVrSsIjmtjpM7VW+SkWM="></latexit><latexit sha1_base64="y6pyk9gMVrSsIjmtjpM7VW+SkWM="></latexit><latexit sha1_base64="cUFdBJZaLcYIFbUfWtef1WcDXbc="></latexit>

j ⇠ 1

B
@T

<latexit sha1_base64="Nc9aWz5EBuwgbqHiTwXf8CB/14Y="></latexit><latexit sha1_base64="/f5jg13rw8s1uWKN1Ku5xc44Ln4="></latexit><latexit sha1_base64="/f5jg13rw8s1uWKN1Ku5xc44Ln4="></latexit><latexit sha1_base64="6NJPt1lKpv7+PYAO+UnMqyUeD9I="></latexit>

∂t(mji) + ∂kTki = (j × B)i

⟨ρρ⟩ ∼
q4

ω2
⟨TT⟩

Charge 
conservation

Momentum
Conservation

}

}

•
• Gapped excitations at  can be classified by spin

• For a spin-s excitation (rotational symmetry)

•      (leading order)

•

⟨ρρ⟩ = ∑
n

⟨0 |ρ |n⟩⟨n |ρ |0⟩

q ≈ 0

⟨q, s |ρ |0⟩ ∼ qs

⟨ρρ⟩ ∼ q4 ⇒ s = 2

⟨q = 0,s |T |0⟩ ≠ 0
Magnero-roton at  

is created by T
q = 0

LLL limit
·ρ +

1
B

∂2T = 0

ωc =
B
m

(Fracton)



Magneto-roton as graviton excita%ons 

• Due to its spin-2, magneto-roton can be considered as 
the graviton-like mode in FQH.

• The idea of quantum Hall “internal metric” was 
initiated by Haldane in arXiv:0906.1854 (2009) 

• Magneto-roton in Laughlin states is a dynamical spin-2 
(graviton-like) excitation generated by  
(Golkar, DXN, Son, 2013)

• Gromov and Son (2017) proposed the bi-metric 
theory of FQH, in which the “intrinsic metric” is 
identified with a massive graviton excitation. 

Tzz(q) |0⟩
(z = x + iy)

https://arxiv.org/abs/0906.1854
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Φ0

Φ0

gij(x)

̂gab(X, t)

Emergent metric comes from the “area-reserving diffeomorphism” 
of the internal space of the Frac%onal quantum Hall fluid

FQH Liquid

 is the (non-commutative)
Lagrange coordinate of FQH fluid

(Guiding center coordinate)

X

 is the background Euler 
coordinate of 2D electrons in  field 

x
B

The emergent graviton  is 
the pull back of  to the 

background coordinate 

̂gij(x, t)
̂gab(X, t)



Dirac Composite Fermion 
model of general Jain’s states

DXN, and Son PRR 3, 033217 (2021)



Dirac composite fermion models near 1/2ν =

•  is a neutral the Dirac field

•  is an emergent gauge field

•  and  is the drift velocity

• Field equation of  gives constraints

• Composite fermions have a  finite density and form a 
Fermi-surface

ψ

aμ

Dμ = ∂μ − iaμ vi = ϵijEj /B

aμ

ℒCF =
i
2 (ψ†Dtψ + ψ†σiDiψ+viψ†Diψ) −

1
4π

Ãda +
1

8π
ÃdÃ,

Son - Dirac Composite Fermion  (2015)

ρCF = ψ†ψ =
B
4π

Ji
CF = ψ†σiψ ∼ ϵijEj /B



Graviton (Magneto-roton) as deforma%on of 
DCF Fermi surface 

• Low energy degrees of freedom are multipolar 
deformations of CF Fermi surface

ρCF = ψ†ψ =
B
4π

Ji
CF = ψ†σiψ ∼ ϵijEj /B

• The shear mode is spin-2, and it is the massive graviton excitation. 
• The chirality of the graviton is determined by the topological 

quantum number of the FQH states  

DXN, Gromov and Son (2018) 
Golkar, DXN, Roberts, Son (2016)



Dirac composite fermion models near ν = 1/2n

• The general Jain’s states (  is large)

• Problems: Some topological properties of FQH 
states are not satisfied by the Dirac composite fermion 
model (Wen-Zee shift and Haldane’s bound are violated)

p

ν± =
p

2np ± 1

ℒCF =
i
2 (ψ†Dtψ + ψ†σiDiψ + viψ†Diψ)
−

1
8π (1 −

1
n ) ada +

1
4πn

Ãda +
1

8πn
ÃdÃ,

DXN, and Son PRR 3, 033217 (2021)

Goldman, Fradkin (2019)

Jie Wang (2019)



Extra graviton(s) (spin-2)

• The problems of the Dirac model can be fixed by adding an 
addition spin-2 mode.

• We suggest that the new mode comes from the dynamics 
of the internal structure of composite fermions (confirmed 
latter by numerics and model wavefunctions)

• We add a spin-2 mode by introducing an additional 
emergent metric  as the new dynamical degree of 
freedom and name it Haldane mode.

• The effective theory of the extra mode follows the          
bi-metric theory by Gromov and Son 2017.

• The extra graviton is universal for all FQH states near 

̂̃gij

ν = 1/4
DXN, and Son PRR 3, 033217 (2021)



Numerical results

• All the conclusions for the second graviton mode for FQH states 
near filling fraction 1/4 were confirmed numerically.

• I only show the selective results

DXN, Haldane, Rezayi, Son, Yang, PRL 128 (24), 246402 (2022 )



Chiral Graviton spectral func%ons

• We define the chiral graviton’s spectral functions (a )q = 0

(z = x + iy)

I−(ω) =
1
Ne ∑

n

|⟨n |∫ dx Tzz |0⟩ |2 δ(ω − ωn),

I+(ω) =
1
Ne ∑

n

|⟨n |∫ dx Tz̄z̄ |0⟩ |2 δ(ω − ωn),

Ne :Total number of electrons ωn : Energy of  statenth

• The chirality of graviton modes can be determined in the field theory 
model (DXN, Son 2021)

• The spectral function also can be determined through the topological 
quantum numbers of FQH states.
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• State  (similar to ).

• Graviton has negative chirality

• No high-energy mode.

ν = 2/5 ν = 1/3

DXN, Haldane, Rezayi, Son, Yang (PRL 2022)

0.00 0.05 0.10 0.15 0.20 0.25
0.000

0.025

0.050

0.075

0.100

0.125

0.150

0.175

0.200

0.225
    ν=2/7
modified Coulomb
hexagonal torus:
N=10  Solid 
N=8   Dash
square torus:
N=10 dot
blue negative chirality
red positive chirality

I(ω)

ω

High energy mode

}

• State .

• Low energy graviton has positive chirality

• High energy graviton has negative chirality

ν = 2/7

The broaden of the spectral peaks dues to both finite size effect and 
the life time of the graviton modes

̂gij ̂gij ̂̃gij



Probe gravitons in the bulk

DXN, Son Phys. Rev. Research 3, 023040 (2021)



Raman scaWering experiment
Energy momentum conservation:

• Momentum of incident and 
scattered lights . 

• Frequency of incident and 
scattered lights 

• Magneto-roton’s momentum and 
energy (dispersion)

kI, kS

ωI, ωS

q = kI − kS, ω = ωI − ωS

• In previous theoretical model (Platzman, He 1994), the scattered 
light intensity  measures the dynamic structure factor IS S = ⟨ρρ⟩

IS(ω, q) ∼ S(ω, q) ∼ q4

 Can not explain the peak at zero momentum → q ∼ 0
(GMP 1986)



Resonant Raman scaWering

•  (resonance)

•
•

Eγ ≈ Egap

γI → particle-hole pair

→ γS+excitation

ωI, ωS ≫ ω

Luttinger model of GaAs
DXN, Son Phys. Rev. Research 3, 023040 (2021)



Effec%ve coupling
• After performing second-order perturbation theory 

(integrating out hole-bands): coupling of EM field to electron in 
the conductance band

• The effective coupling for circular polarised Raman scattering

                               + h.c.

• predominantly spin-conserving, not changing by 4 (dues to 
slightly broken rotational symmetry of the Luttinger model)

• The scattered light intensity measures the stress tensor 
correlation function

ℒγψ ∼ EzEz(Tzz+0.16 Tz̄z̄)

IS(q) ∼ ⟨TT⟩ ∼ q0

Explains the peak in Raman scattering near q = 0

(z = x + iy)

DXN, Son Phys. Rev. Research 3, 023040 (2021)



Determining the spin structure 
of the magnetoroton

• Use circular polarized Raman scattering (at )q = 0

Prediction: dominance by one sign of photon spin flip for chiral sates 

 measures 
Large peak if magnero-roton  

has spin -2 

IS(ω,0) I−(ω)  measures 
 Large peak if magnero-roton 

has spin +2 

IS(ω,0) I+(ω)

DXN, Son Phys. Rev. Research 3, 023040 (2021)



[Nature 628, 78–83 (2024)]

ν = 1/3Chiral graviton at  (Near )ν = 1/2

̂gij



[New experimental results from Nanjing U + Princeton group (2025)]

 (Near )ν = 1/4

 (Haldane mode)

̂gij

̂̃gij



Conclusions:

• Magneto-roton in a gapped FQH is a graviton-like excitation

• The newly proposed high energy graviton is universal for 
FQH states near . 

• Experiments confirmed our theoretical model of FQH 
graviton using polarised Raman scattering                  
[Nature 628, 78–83 (2024) + More exp results]

• Experiments confirmed of the new high energy 
graviton-like mode (The excitation that people 
missed for nearly 40 years).

ν = 1/4



Outlook:
• Related work:

• There are two neutral excitations of Haldane-Rezayi state with 
spin-2 and spin-3/2 (seen in numerics), we proposed the 
supergravity model that captures both graviton and 
gravitino.

(DXN, K Prabhu, AC Balram, A Gromov PRB 107 (12), 125119 (2023))

•    Graviton in Fractional Chern Insulators

Y Wang, J Huxford, DXN, G Ji, YB Kim, B Yang (2025)

• Future directions:

• Experimental proposal to verify the supergravity theory?

• Higher-spin  ( ) theory of FQH and connection to string theory?s ≥ 2


