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Magnet levitation at your fingertips 
 
A. K. Geim1, M. D. Simon2, M. I. Boamfa1 & L. O. Heflinger2 
Abstract 

The stable levitation of magnets is forbidden by Earnshaw's theorem…  
Nevertheless, levitation of a magnet without using superconductors is widely thought to be 

impossible. We find that the stable levitation of a magnet can be achieved using the feeble 
diamagnetism of materials that are normally perceived as being non-magnetic, so that even human 
fingers can keep a magnet hovering in mid-air without touching it. 
 
References 

1.  Earnshaw, S. Trans. Camb. Phil. Soc. 7, 97–112 (1842). 
2.  Brandt, E. H. Science 243, 349–355 (1989). 
3.  Berry, M. V. & Geim, A. K. Eur. J. Phys. 18, 307–313 (1997). | Article | 
4. Thomson, W. (Lord Kelvin) Reprints of Papers on Electrostatics and Magnetism (Macmillan, 

London, 1872). 
5.  Braunbeck, W. Z. Phys. 112, 753–763 (1939). 
6.  Beaugnon, E. & Tournier, R. Nature 349, 470 (1991). | Article | ISI | 
7. Geim, A. Phys. Today 51, 36-39 (September 1998). 

8.  Arkadiev, A. Nature 160, 330 (1947). 

 



Ìàãíèòíàÿ ïðîíèöàåìîñòü B⃗ = µH⃗

Ñàìóýëü Èðíøîó

1842 ã. �Ïðîáëåìà ñâîáîäíîãî ïîäâåñà�

Ñòàòè÷åñêàÿ ñèñòåìà F ∝ r−2 íåóñòîé÷èâà

Ìàéêë Ôàðàäåé

1846 ã. Äèàìàãíåòèçì

Óèëüÿì Òîìñîí (Ëîðä Êåëüâèí)

1872 ã. Ïðîáëåìà �Ãðîáà Ìàãîìåòà�:

âîçìîæíî, íî ñîìíèòåëüíî...

Âåðíåð Áðàóíáåê

1939 ã. ëåâèòàöèÿ

(äèàìàãíåòèêè è ñâåðõïðîâîäíèêè)

ãðàôèò (1ñì, 75ìã) â ïîëå B = 20000Ãñ

Âëàäèìèð Êîíñòàíòèíîâè÷ Àðêàäüåâ

1945 ã. ëåâèòàöèÿ øàðà

ìàãíèò íàä ñâåðõïðîâîäÿùèì äèñêîì



Quasi-spherical accretion
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•Mass conservation Eram(r) ∼ ρ(r) v2ff(r) ∝
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•Angular momentum conservation
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BASIC SCALES β =
8πnk

B
T

B2

•Alfv�en radius µ2/2πr6
A

= Eram(rA)

rA =

(
µ2

Ṁ (2GMns)1/2

)2/7

• Circularization radius Eϕ(rcirc) = Eram(rcirc)

rcirc =
ξ2Ω2

orb r
4
G

GMns

•Magnetic Levitation radius Em(Rsh) = Eram(Rsh)

Rsh = β−2/3(rG)
(
cs(rG)

vrel

)4/3

rG ∼
(
vA(rG)
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Magnetic Levitation Accretion Rsh > max{rA, rcirc}

Non-Keplerian Magnetic self-Levitating Disk
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Non-Keplerian Magnetically-Levitating Disk trec =
r

ηm vA
= η−1m tff

(
vff
vA

)
Bisnovatyi-Kogan & Ruzmaikin 1974, ApSS, 28, 45; 1976, ApSS, 42, 401

Igumenschev, Narayan & Abramowicz 2003, ApJ, 592, 1042

Magnetic field Density













Magnetic Levitation Accretion Rsh > max{rA, rcirc}

Non-Keplerian Magnetic self-Levitating Disk
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Ikhsanov & Beskrovnaya 2012, Astronomy Reports, 56, 589

Magnetic Levitation Accretion (MLA) in X-ray Pulsars

Basic condition: Rsh > max{rA, rcirc} vcr < vrel < vma

vcr ≤ vma

β0 ≤ βmax

βmax ≃ 164 × ξ
−5/4
0.2 m−1/4 c26 P

5/4
50 µ

−1/2
30 Ṁ

1/4
15

Three possible wind-fed accretion scenarios

Quasi-spherical vrel > vma ≃ 465 km s−1 × β0
−1/5µ

−6/35
30 m12/35Ṁ

3/35
15 c

2/5
6

Keplerian disk vrel < vcr ≃ 100 km s−1 × β0
1/7ξ

3/7
0.2m

3/7P
−3/7
40 c

2/5
6

MAGLEV Disk vcr < vrel < vma
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Ikhsanov & Mereghetti 2015, MNRAS, 454, 3760

Magnetic Levitation Accretion (MLA) in X-ray Pulsars

Basic condition: Rsh > max{rA, rcirc} vca < vrel < vma

vca ≤ vma

β0 ≤ βmax

βmax ≃ 164 × ξ
−5/4
0.2 m−1/4 c26 P

5/4
50 µ

−1/2
30 Ṁ

1/4
15

Magnetic �eld of the stellar wind is B ≥ Bmin

Bmin =

(
2 Ṁ v3rel c

2
so

(GMns)2 βmax

)1/2

≃ 6× 10−4G ×

× ξ
5/8
0.2 µ

1/4
30 m−7/8 P−5/850 Ṁ

3/8
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100 km s−1
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Magnetically-Levitating (MAGLEV) Disk



µ2

2πr6ma

= ρ(rma) c
2
s(rma)
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Shvartsman, V.F. “Two generations of pulsars”, 1970

Radiophysics and Quantum Electronics, Vol. 13, Issue 12, pp. 1428-1440
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Spin Evolution of X-ray Pulsars

GX 301-2
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| 2π I ν̇ | = |Ksu | − |Ksd |

|Ksd | ≥ 2π I | ν̇sd | |Ksu | ≥ 2π I | ν̇su |

Peq ≡ Ps (|Ksu | = |Ksd |)
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Torque definition

K = r × F

Model task:

A sphere of the radius rm

is rotating in a viscose medium

Vrel

ω

Rα

Rm



Torque exerted on a NS at its magnetosphere

K(rm) = νt Seff(rm) ρ(rm) vϕ(rm)

Viscosity νt = kt ℓt vt

E�ective Area Seff = 2πrm

(
c2s(rm) r

2
m

GMns

)

Density ρ(rm) =
1

c2s(rm)

(
µ2

2π r6m

)

ϕ�velocity vϕ = rm [ωs − Ω(rm) ]

ℓt ≤ rm

vt ≤ vk(rm)

rcor =

(
GMns

ω2
s

)1/3

K(rm) = kt
µ2

(rm rcor)
3/2

(
Ω(rm)

ωs
− 1

)

Ikhsanov, N.R. & Beskrovnaya, N.G. Astronomy Reports, 56, 589 (2012)

Ikhsanov, N.R. & Finger, M.H. Astrophysical Journal, 753, 1 (2012)

Ikhsanov, N.R., Kim, V.Yu., Beskrovnaya, N.G. & Pustil'nik, L.A. ApSS, 346, 105 (2013)
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Correspondence principle is satisfied

|Ksd(rm)| ≤
µ2

(rm rcor)
3/2

(
1− Ω(rm)

ωs

)
I. Accretion from a Turbulent-dominated Atmosphere

Ω(rm) = 0

rm ≡ rA =

(
µ2

Ṁ
√
2GMns

)2/7

vt(rA) = vk(rA)

|K(t)
sd (rA)| ≤ Ṁ ωs r

2
A

II. Accretion from a free-falling material (Bondi accretion scenarios)

Ω(rm) = 0

rm ≡ rA

vt(rA) = ωs rA

|K(ff)
sd (rA)| = |K

(t)
sd (rA)| ×

(
ωs rA
vk

)
≤ µ2

r3cor

Ikhsanov N.R. 2012, MNRAS, 424, L39

Owner
Rectangle

Nazar
Line

Nazar
Line

Nazar
Line

Nina
Rectangle

Nina
Line

Nina
Rectangle



Evaluation of the Magnetospheric Radius from Spin Evolution

|Ksd| =
kt µ

2

(rm rcor)
3/2
≥ 2π I |ν̇obssd |

rm ≤

(
kt µ

2

2πI|ν̇obssd |

)2/3 (
ω2s

GMns

)1/3

Name B12, G Ps, s | ν̇sd |, 10−13Hz/s rm, 108 cm rA, 108 cm rm/rA

Vela X-1 2.6 283 3 1.5 8.3 0.18

4U 1907+09 2.1 438 0.4 2.9 6 0.48

GX 301-2 4 683 1 1.9 5.5 0.34

X Persei 3.3 837 0.24 4.5 23 0.2

rm ≤ (0.2− 0.5) rA
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Di�usion of the accreting material into the stellar �eld

Ṁdiff(rm) =


LXRns

GMns
= Ṁa

4πrm δm(rm) ρ(rm) vff(rm)

δm(rm) =

[
tff(rm) Deff(rm)

]1/2

Ṁdiff ∼
µ2 D

1/2
eff

(GMns)3/4

(
cs(rm)

vff(rm)

)−2[
rm

]−15/4

Deff(rA) ≃
Ṁ2

diff(rA)(GMns)
3/2

µ4

(
cs(rA)

vff(rA)

)4

× rA
15/2

[
rm
rA

]15/2



�Penetration problem� for rm ≡ rA

Deff(rA) ≃ 1017 cm2 s−1 × µ
2/7
30 m3/7 Ṁ

−1/7
15

(
cs(rA)

vff(rA)

)4 [rm
rA

]15/2

Coulomb di�usion Dc =
c2

4πσ
∼ 2× 10−16 Deff(rA)

Bohm di�usion DB =
c kB Ti(rm)

16 eB(rm)
∼ 3× 10−10 Deff(rA)

Is the Magnetospheric radius smaller than the Alfv�en radius ?

rm ≃ 0.054 rA × µ
−4/105
30 m−6/105 Ṁ

2/105
15

(
cs(rm)

vff(rm)

)−8/15 (
Deff(rm)

DB(rm)

)2/15

rm ≃ 0.6 rA × µ
−4/105
30 m−6/105 Ṁ

2/105
15

(
cs(rm)

0.01vff(rm)

)−8/15 (
Deff(rm)

DB(rm)

)2/15
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Spin-down rates of LPXPs
∣∣ ν̇max

sd

∣∣ × 10−12Hz s−1

Name B12, G Ps, s
∣∣ ν̇obssd

∣∣ ∣∣∣ ν̇(0)sd

∣∣∣ ∣∣∣ ν̇(t)sd

∣∣∣ ∣∣∣ ν̇(m)
sd

∣∣∣
OAO 1657-415 3.2 38 3.2 0.056 0.18 3.3

Vela X-1 2.6 283 0.2 0.0003 0.012 0.4

4U 1907+09 2.1 438 0.04 0.0002 0.008 0.2

4U 1538-522 1.8 529 0.06 0.0002 0.008 0.15

GX 301-2 4 683 0.1 0.003 0.02 0.7

X Persei 3.3 837 0.024 0.0001 0.0013 0.03

∣∣∣ ν̇(0) ∣∣∣ =
1

2πI

[
µ2

r3cor

]
;

∣∣∣ ν̇(t) ∣∣∣ =
1

2πI

[
Ṁ ωsRA

]
;

∣∣∣ ν̇(m)
∣∣∣ =

1

2πI

[
µ2

(rma rcor)
3/2

]
∣∣∣ ν̇(0)sd

∣∣∣ <
∣∣∣ ν̇(t)sd

∣∣∣ ≪ ∣∣∣ ν̇obssd

∣∣∣ <
∣∣∣ ν̇(m)

sd
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Ikhsanov & Mereghetti 2015, MNRAS 454, 3760

Torque exerted on NS

2πIν̇ = Ka +Kb +Kc

• Inside the magnetosphere:

Ka = Ṁ ℓ(rma) ≃ Ṁωs r
2
ma

• At the magnetospheric boundary

Kb =
kt µ

2

(rma rcor)
3/2

(
Ωf(rma)

ωs
− 1

)
• Beyond the magnetospheric boundary

Kc = Kb ×
(rma

r

)3/2
(r > rma)
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EQUILIBRIUM PERIOD

Peq = Pf(rma)

[
1− 1√

2kt

(
rma

rA

)7/2
]
≃ 0.5AmPorb

Am = F
(
ξ, β0, cso, µ, Ṁ, vrel, Mns

)

Angular velocity of matter at rma

Ωf(rma) = ξ Ωorb

(
rG
Rsh

)2

2πIν̇ =
[
Ṁωs r

2
ma

]
+

[
kt µ

2

(rma rcor)
3/2

(
Ωf(rma)

ωs
− 1

)]
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Minimum/Maximum possible equilibrium period

• Minimum possible equilibrium period (weakly magnetized wind β0 ∼ βmax)

P
eq
min ≃ 14 s× µ

6/7
30 Ṁ

−3/7
15 m−5/7

• Maximum possible equilibrium period (strongly magnetized wind β0 ∼ 1)

P
eq
max ≃ 20 s× P

15/7
orb(d)

ξ
−15/7
0.2 β

−12/7
0 c

24/7
6 m−8/7

P
eq
min

Rsh ∼ rA

P
eq
max

Rsh ≫ rA
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Ikhsanov & Mereghetti 2015, MNRAS 454, 3760[
Ps vs. Porb

]
diagram of Be/X-ray pulsars in SMC

B ∼ 1011 − 1012G, Ṁ ∼ 1014 − 1015 g/s
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Equilibrium periods range in ML-accretion scenario
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Magnetic-Levitation Accretion onto a Neutron Star

1. Accretion from a magnetized wind (1 ≤ β0 ≤ βmax)

2. Deceleration of a free-falling material at the Shvartsman radius Rsh

3. Formation of a non-Keplerian Magnetically-Levitating Disk (MAGLEV Disk)

4. Di�usion of accreting material into the stellar MF at the magnetospheric boundary

New
parameters:

Maglev
radius rmlv = β0

−2/3
(
cs(rG)

vrel

)4/3

rG

Magnetospheric
radius rma =

(
cm2

p

16
√
2 e k

B

)2/13
α
2/13
B µ6/13 (GMns)

5/13

T
2/13
0 L

4/13
x R

4/13
ns

ML-torque Kml = km
µ2

(rma rcor)
3/2

(
Ωml(rma)

ωs
− 1

)



Popular simpli�cations of MLA scenario:

Quasi-spherical (QS) and Keplerian disk (KD) accretion scenarios

1. Neglecting Magnetic �eld in Stellar Wind of Massive Star we come to

• QS scenario if rcirc < r
A
, (vrel > vcr) , or

• KD scenario if rcirc > r
A
, (vrel < vcr)

This implies the surface magnetic �eld of O/B star to be weak (B∗ ≪ 100G) and Rsh = 0

2. Magnetospheric radius rma −→ r
A
for the case

µ2

2πr6
ma

= ρ(rma) c2s(rma)

Ṁin(rma) =
LXRns

GMns

ρ(rma) −→ ρsp =
Ṁ

4πr2vff

cs(rm) −→ vff(rm)

µ2

2πr6
A

= ρsp(rA)v
2
ff(rA)

r
A
=

(
µ2

Ṁ (2GMns)1/2

)2/7

3. The price is paid: di�culties with explanation of

• X-ray luminosity and rapid spin evolution of accretion-powered pulsars,

• origin of turbulence and large-scale magnetic �eld in a Keplerian accretion disk,

• a contribution of non-thermal processes into spectra of HMXBs.

user
Line

user
Line

user
Line

Nina
Line

Nina
Line

Nina
Rectangle



Yakov Zel'dovich Alexei Fridman Victory Shvartsman

Welcome to Magnetic-Levitation Accretion
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