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discovered in 1930 by W.J. de Haas and his student P.M. van Alphen
physics behind the effect explained by Lars Onsager in 1952
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caused due to quantization into Landau orbits and the change in
occupation numbers whenever one of these orbits coincides with an
extremal cross-section of the Fermi surface
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has since proved a useful tool to e.g. image the Fermi surface or
measure the carrier density
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[Hartnoll, Tavanfar 2010]
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Electron Star

[Hartnoll, Tavanfar 2010]

@ gravitational model conjectured as holographic dual of a strongly
correlated fermion system
o static stationary solution of Einstein gravity coupled to a charged fluid

S = sVt
SEM = f d4x\/—G(R—2/\)—1 f d*x \=gF., F*

4
Sﬁ — fd4X\/—_g-£ﬂ
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[Hartnoll, Tavanfar 2010]

@ gravitational model conjectured as holographic dual of a strongly
correlated fermion system
o static stationary solution of Einstein gravity coupled to a charged fluid

S = sVt
SEM = f d4x\/—G(R—2/\)—1 f d*x \=gF., F*

4
Sﬁ — fd4x \/__QLﬂ
o the Lagrangian £ describes a charged perfect fluid,

Lﬂ = p[UV’Av_lﬁ,v]
—

=A,
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o the state of the fluid at a given point in spacetime is determined only
by a local chemical potential

Hioc = U"A,
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o the state of the fluid at a given point in spacetime is determined only
by a local chemical potential
HMioc = UVAV
@ coarse grained gas of free electrons (Thomas — Fermi approximation)

with dispersion relation
E? = m? + k?

at Fermi level eF = qujoc =: v at vanishing temperature

o particle density : n = BOGE - m?) (12 - m?)2
charge density : o = qgn
pressure ; azzc = o
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Electron Star : Equations of Motion

1 fl
Ryv - ERQNV + /\guv = T;ifn + Tyv

V,PH =
e — e r o lg FuFe
wo > uaty 4guv Ao
Tay = OltiocUuly + PGuy

J = ou
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Electron Star : Schematics

black hole
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@ at each point, the fluid sees an internal frame and couples to F,

L= L"[u", A, e}, €} F)
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Anisotropic Electron Star

@ at each point, the fluid sees an internal frame and couples to F,
:Lﬁ - :Lﬂ[uvv AV7 e‘a/s e;7 F'uV]

cf. spin fluids
[Ray 1972; Maugin 1974; Bailey, Israel 1974; ...]
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L= L"[u", A, e}, €} F)

cf. spin fluids
[Ray 1972; Maugin 1974; Bailey, Israel 1974; ...]
. fl
@ electric current S i — oL
0A,
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@ electric current J = —‘gg
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magnetization tensor MY = 2%
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Anisotropic Electron Star

@ at each point, the fluid sees an internal frame and couples to F,

L= L"[u", A, e}, €} F)

cf. spin fluids
@ electric current

magnetization tensor

spin tensor

T.Zingg (ITF Utrecht)

[Ray 1972; Maugin 1974; Bailey, Israel 1974; ...]
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Anisotropic Electron Star

@ at each point, the fluid sees an internal frame and couples to F,

L= L"[u", A, e}, €} F)

cf. spin fluids

@ electric current J
magnetization tensor M =
spin tensor YR
angular momentum tensor @ Q,, =
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[Ray 1972; Maugin 1974; Bailey, Israel 1974; ...]
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Anisotropic Electron Star : Equations of Motion

’
Ruv = 5R G +Agw = T+ T, + T+ Th,
V (FH = M) = J¥

1 A 1 Ao
Tye\Cn = E (F/MFV - Zg,qu/lo-F )
J A A A A A
T#V = —J(#AV) +u AAU(#JV) —-u JAU(“AV)
1
M
Tw = 3 (MaguFy* + U'F L uuMyy, = u*MapugFf)
T/jlv = -Lﬂguv - QK/IZM u,uy + V. (U(#Zy)ﬂ)
Pucha =t = —huchyy (JKAT + MELFU7 — divu 74)
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Anisotropic Electron Star : Isotropic Limit

when the dependence on F,, and e} vanishes

L — pw Al
J — o
MY — 0
»o— 0
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Anisotropic Electron Star : Isotropic Limit

when the dependence on F,, and e} vanishes

Lﬂ —_ p[u", Av]
J — ou

M — 0
»o— 0

hence

T,&]v —  UiocT Uy Uy

T — 0

T;ilv — pgyv
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Anisotropic Electron Star : Bulk Fluid
@ in addition to uyc, the fluid quantities also depend on a local magnetic

field
A
Hioe = efeg Fia
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@ in addition to uyc, the fluid quantities also depend on a local magnetic
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@ coarse grained gas of free spin 1/2 particles quantized into Landau
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Anisotropic Electron Star : Bulk Fluid

@ in addition to uyc, the fluid quantities also depend on a local magnetic
field
Hioe = efeélFKﬂ

@ coarse grained gas of free spin 1/2 particles quantized into Landau
levels
E? = m® + k? + (21 + 1) g Hioc + S v Hioc

o particle density

lined
ﬁquoc Z \/ -m2 - [ 2/—1— 1)Cl+ V] Hioc

lited = {Uz — m? — qHjoc ¥ vHioc
illed =
2qHioc
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Parameterization

static stationary ansatz :

c(r)
e = dt
I (5)
1
e = —dx
r
e = 1 d
2 = 7 y
ez — @dl’

A = a(r)ep+ Bxdy
F = b(r)eo A e+ Bdx Ady
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Parameterization

static stationary ansatz :

€0

€1

€2

€3

A
=

c(r) dt
rg(r)
1dx
r
1
Pl
@dr
r
a(r)eg + Bxdy

b(r)eg A er + Bdx A dy

Mioc = a(r) , Hioc = Br?
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Parameterization

static stationary ansatz :

c(r)
e = dt
I (5)
1
e = —dx
r
1
= —d
€2 P y
ez — @dl’

A = a(r)ep+ Bxdy
F = b(r)eo A e+ Bdx Ady

Mioc = a(r) , Hioc = Br?

_ opry _ _ Opry
onL=amy, e I "ML= 3A.
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Equations of Motion

rc

rg

ra

rb’

o’
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Equations of Motion

2
, _ _ag<co
o= =
, _ 39 9 (noa 4,2
rgg = —?—E(Br -12+r"b —2p+2acr)
2
, @ ag9” (p2.4 442
ra’ = —§+bg—?(Br—12+rb —2p)
;90
rb = r—2
2
v = —Br- 2 + ag ot
r ar
conserved quantity :
3 ab B2r* —12 4+ r*b2 - 2p
=C|-m—= +—-BM- ,
v r3g? N rg 4r3
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Boundary Conditions

at r = r; matching to

g2 — _fndtt df  dy? o dr?
r? r? r> r2f(r)
4 2 82 2 BZ
fry = 1- +q4+ r3~|—q—: rt
A = g(1-r)dt+BdxAdy.
at r = re matching to
» Cf(r)d?  dx®  dy?  dr?
ds* = ———F—+ — + =5 =
r2 r2 2 r2f(r)
. QR+ 4,

fry = 1-26r*+ r

4
A = (fi—Q@r)dt+ Bdx Ady
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Thermodynamics

N 12-g°-B?
g = —
167¢
S = 4r
8 = B
M — —Bl’e—ﬂﬁ(re)
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Thermodynamics

N 12-g°-B?
T = —
167¢
S = 4r
8 = B
M - —Bl’e—ﬂﬁ(re)
o free energy : F=E+ A‘f'+,&é
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Thermodynamics

N 12-g°-B?
T
167¢

S = 4r

8 = B

M = —Bre—M(re)
o free energy : F=8+87 +pQ
@ equation of state : $E=8T + Q- MB
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Fluid Profile
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Phase Diagram
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in agreement with observation in experiments
[Berlincourt, Steele 1954]
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dHvVA Oscillations in the Magnetization
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dHvVA Oscillations in the Magnetization
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dHvVA Oscillations in the Magnetization
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Summary

o extended the electron star model to incorporate a direct coupling
between F,, and the electron fluid by allowing the latter to become
anisotropic

@ crossover from a diamagnetic to a paramagnetic ground state
depending on parameters

@ appearance of dHvA oscillations when an external magnetic field is
applied

o direct evidence of a Fermi surface in the dual field theory without the

need of probe calculations or other (perturbative, WKB, 1/N, etc.)
corrections
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