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Magnet levitation at your fingertips

A. K. Geim!, M. D. Simon?, M. I. Boamfa* & L. O. Heflinger?
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.
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Quasi-spherical accretion

e Mass conservation &, (7)) ~ p(r) vlgf(

e Angular momentum conservation \
7 2
/2~

Ep(r) ~ p(r) v(r) o (©

e Magnetic flux conservation
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by B BASIC SCALES g = Tl

e Alfvén radius ,L62/27T7“A6 = Eram(ry)
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e Circularization radius 8¢(rcim) = Sl Taie)
2
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e Magnetic Levitation radius E&,,(Ry,) = Eram(Ry,)

Ry, = B2 (CS(TG)Y/STG ~ (UA(TG))4/3TG
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Magnetic Levitation Accretion | Ry, > max{7,, "circ}

Non-Keplerian Magnetic self-Levitating Disk
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Non-Keplerian Magnetically-Levitating Disk
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To summarize the situation for a highly evolved spiral galaxy like ours (with only a
few per cent of the mass remaining in the form of gas): Objects of the order of 10° Mg,
more than typical globular cluster masses, are required to initiate a catastrophic accre-
tion process. Unlike theories involving the gravitational collapse of isolated objects, the
time scale of our process never becomes very short due to the self-limiting effects of
radiation pressure. In our Galaxy, in fact, dust grains would keep the time scale well
above 108 years, which is much longer than required for quasi-stellar objects, and the
luminosity too low (< 102 Lg). The situation is likely to be more favorable in systems
less evolved than our Galaxy where (@) a larger fraction of the mass is still in the form
of gas and () the relative abundance of heavier elements, and hence of dust grains, is
lower. This leads to a shorter time scale and a larger limiting value for the luminosity-
mass ratio for the accreting condensation.

I am indebted to Drs. R. P. Feynman, M. Ruderman, M. Schwarzschild, E. Spiegel,
L. Spitzer, and L. Woltjer for helpful criticism and suggestions. In fact, they have con-
tributed most of the positive ideas in this note without being responsible for any of the
unwarranted conjectures. I am also grateful to the National Academy of Sciences for a
senior postdoctoral fellowship.
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B kauectBe majarouiero marepuana MoxKHO NPeACTaBUTh cebe BelecTBO BTO-

POH 3BE3JIbI IIPH KOJLJIATICE TEPBOH 3Be3bl GJIHAKOL Mapel. ITO MOXKET ObITh Ta
gacTh O0O0JIOYKH CaMoil KOJIJIANICUPYIOUIEH 3Be3/Ihl, KoTopas Oblia BeIGPOIICHA
IEPEA CAMBIM MOMEHTOM T'DABHTAIHOHHOIO CaAMO3aMBbIKAHHA: Hapsay ¢ Bellect-
BOM, IIPHOOpPETAaIouIuM THIIEPOOJIHYECKYIO0 CKOPOCTh, YacTh BEIODaCEIBAEMOTO Be-
lIECTBA MOXKET OKa3arbCsl B 3arace Ha JajdeKux, HO 3aMKHYTBHIX OpOHTAX.

. B cavom oGiiem Bujie unest o najenun B MOIILHOM TPAaBHTAIMOHHOM ITOJIe KaK

- HCTOUHHKE 3HEepPTHHU PainousTyucHus BoickasbiBasach M. C. Illknobckum (13).
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H. C. WIKJIOBCKHAN
O IPHPOJE PANINOTAJARTHR

Ha ocHoBaHuN aHanmaa BeeX CYMECTBYOINX HAONIOMATEABHEIX AAHHKX JJIA paguora-
THR CTPOMTCA [umarpaMma «adcofioTHAs pamgioBeaNYNHA — JHHelHBe pasmepen. Ha
0if JUarpaMMe maMedaioTcA ABe HOCACHOBaTedbHOCTH. «[JIaBHAA TOCIEOBATENLHOCTLY
' XdPaKTepH3YeTCA POCTOM PafMiOCBeTHMOCTH IO Mepe YBeIHYeHHs PasMepoB H3.Iywalomiei
| 00IacTH M cOBHAjeHmEM IOcie/eil ¢ onTHYecKn HaGIOgaeMoil rajzaxTmkoit, «IlociemoBa-
._EJILHDCTL ITATaHnTOBY XapaKTepusyercsa OBICTPHIM YMeHBIICHHEM PaJIHOCBeTHMOCTH P yBe-
JHUCHIH pasMepoB o6MacTeil PagHONATyYeHHS € ONTHYECKI HAGMIOMAEMEIMI TaTAKTHKAMA
,(HE]]}}HME]), Jlebenn-A, LlenraBp-A). Haa mcrovnmKoB, 06pasyomux 29Ty HOCIe[0BATeIb-
H0CTB, BeCHMA DACHPOCTPaHeHA JBOICTBEHHOCTS.

4 Oocymnaemﬂ BOIIPOC O BO3MOMKHKIX TMYTAX 3BOMIONNHN MCTOYHUKOR, nemaumx HA 1O-
(e0BATeTBHOCTA THTANTOB. B 2akiloueBTe BEIBUTAETCA HOBAS THIOTE3a 0 HPOHCXOKTCHIH
pajmorasaktik. COTMACHO DTOM rumoTese, Ipy HajeHn# B 06JlacTi sigpa MacCHBHOI cdepo-
8 PAIILHON TaJdaKTHKI MERTraJakTHYeCcKO'y rasa IIpd HeKOTOPHEIX YCJAOBHMAX TaM MOMET
T focTaTogHo H(@eRTHBHEI NPOIece YCKOPeHHA 3apskeHHHX dactmil. Ilpam stom smpa
'HEROTOPHIX TaJIaKTHR MOKHO PACCMATPHBATH KAK IMKIHYCCKH paboTaonmue yCKOPUTEILH,
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LETTERS TO THE EDITOR

VOLUME 148 APRIL 1967 NUMBER 1, PART 2

ON THE NATURE OF THE SOURCE OF X-RAY EMISSION OF SCO XR-1

The flux of gas in the stream is estimated as 10%-10'7 gm/sec (~10~° Mo/year).
When this gas falls on the neutron star the production of energy per unit mass may
amount to ~10%° ergs/gm. Thus it follows that the suggested modification of the mecha-
nism of the accretion of gas on the neutron star gives the possibility of explaining the
power of X-ray emission of the source Sco XR-1.

I. S. SEKLOVSKY
February 3, 1967

STERNBERG ASTRONOMICAL INSTITUTE

Moscow STATE UNIVERSITY
Moscow, U.S.S.R.



Tak KaK BCe BemeCTBO cTeKaeT B 00JacCTy MArHUTHBIX MOJAI0COB,

HoAbUYI0 KUHETHUECKYK IHEPr{i0, TO OHO MOXeT U3JAyuaTb B

noKOM AMANA30HE YaCTOT OT PAAMO AO PedATreHa, ITo ulayuedue

axeTCs NepeMesHsiM ¢ NepuoaoM, PABHbIM Nepuoay nyibcauui

Ecan och MAarauTHOro AxmnoAs He OyAeT cosnajarb ¢ 0CbK Bpa-

us U3, ro ncrounux Gyner nepemMesHbM C nepuofioM, PaBHLIM
yony Bpamenus U3, |

 lemaxuucxkas acrpodusuyeckasd N.P. AMuaysib
obcepsaropust AH Azepb. PR.Amnuel
- CR 0.X,I'yceituos
uioab, 1969 OH, Guseinov



Magnetic Levitation Accretion | Ry, > max{7,, "circ}

Non-Keplerian Magnetic self-Levitating Disk
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How are single stars born?

outflow
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Cloud collapse

Planet formation Mature solar system

Scenario largely from indirect tracers.
Fig. by McCaughrean
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Ikhsanov & Beskrovnaya 2012, Astronomy Reports, 56, 589

Magnetic Levitation Accretion (MLA) in X-ray Pulsars

Basic condition: Ry, > max{ra, TcicHH—Ver < Up] < Uma

Vor < Uma

~ —5/4  _ 5/4 —1/2 «xel/4
Bmax ~ 164 x 50.2/ m /4 c% P50/ N30/ mlé

50 < Bmax

Three possible wind-fed accretion scenarios

Quasi-spherical v, > Vg ~ 465kms™! x By g Pmi2EomS e/

Keplerian disk v, < Uer =~ 100kms™ x B 7€y m3/ P e/”

MAGLEV Disk Ver < Upa] < Uma
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Ikhsanov & Mereghetti 2015, MINRAS, 454, 3760

Magnetic Levitation Accretion (MLA) in X-ray Pulsars

Basic condition: Ry, > max{ra, reic}t Vea < Upa] < Uma

Vca < Uma

~ —5/4  _ 4 — 1/4
Bmax ~ 164 x 55/ 140% P550/ /~L301/2 ?Jﬁ}é

60 < Bmax

Magnetic field of the stellar wind 1s B > B, i,

1/2

29 v

B = rel ~6x1071Q x
— <(GMHS> 5max>

5/8 1/4  _7/8 —5/8 xu3/8 Vel 3/2
X So.o Map M / Pso " M5 (1001{1;18—1)
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Ikhsanov MNRAS, 424, L39 (2012)
Ikhsanov & Finger Astrophys. J., 753, 1 (2012)
Ikhsanov & Beskrovnaya, Astronomy Reports, 56, 589 (2012)

Magnetically-Levitating (MAGLEV) Disk
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- Shvartsman, V.F. “Two generations of pulsars”, 1970
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12-50 keV Pulsed Flux
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Spin Evolution of X-ray Pulsars
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Torque definition

K =r xF

Model task:
A sphere of the radius r,

1s rotating in a viscose medium




Torque exerted on a NS at its magnetosphere

K(rm) = vt Set(rm) p(rm) %(rm)

Viscosity

Effective Area

Density

¢—velocity

Vy = kt gt Uy

2 2

ci(rm) T
Se =2 m - -
ff mr ( GMHS

1 2
c2(rm) \2m 7S

Vg = Tm |wWs — Qrm) |

p(Tm) =

)

K(rm) = ky —

(Tm Tcor)3/2

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

|st(7“m)|

2

<

(rin Teor)? (l E Qg:l )>

I. Accretion frony'a Turblwminated Atmosphere

=0 )

Tm = TA=

2
]
(W\/QGMHS

>2/7

ve(Ta) = vK(ra)

N

t .
|K§d>(7“A)| < M wq fri

N

II. Accretion from a fre%ﬁmgéerial (Bondi accretio\cmarios)

Qrm) = 0 / N :
_ ff t Ws T A 7
e IR = S erx (22 < £

k Fcor

Ikhsanov N.R. 2012, MNRAS,

424, 139
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Evaluation of the Magnetospheric Radius from Spin Evolution

ki 1i°
_ - obs
|st| — 3/2 > 27T]‘Vsd ’

(Tm Tcor)

o\ 23 L\ 1/3

. t U Ws
m = .
2|0 G My
sd

Name B, G P, s | DSd ’,10_13 Hz/s Tm,108cm  7'A,10°cm Tm/TA
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 5.0 0.34
X Persei 3.3 837 0.24 4.5 23 0.2

rm < (0.2—-0.5)
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Diffusion of the accreting material into the stellar field

LXRDS
G Mg

= M.,

Aty Om(rm) A(Tm) v (Tm)




“Penetration problem” for r,, = r,

4 15/2
Csl T
DeH(TA) ~ 1017 em?s7! x w2l mdT o ( l A)) [T—m]
v (7, ) 7,
62
Coulomb diffusion DC = — ~ 2X 10_16 Deﬂf<’l“A)
drro
ckg Ti(rm) —10
Bohm diffusion Dp = ~ 3 x 10 D
o sio B 16e B(Tm> eff(TA)

Is the Magnetospheric radius smaller than the Alfvén radius?

—4/105 6/105 ¢yyp2/105 Cs(Twm) w Degi(rm) e
m _0054TA X HM30 i m15 <Uff(7“m)) (DB(Tm)>

. _ —8/15 D (r ) 2/15
T ~06r X Y05  —6/105 ngloo Cs(T'm) eff (Tm
e A H30 m 15 0.010g () D7)
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Spin-down rates of LPXPs

’ Vmax | x 10712 Hzs™

Name B, G P, s | 1/;}05 | Ds(g) ’ Vg Dsgn) ‘
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
40U 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
1 2 1 : 1 .
R I R e B e
‘ . 2ml | 13, ] ’ . 2m [ i Y 21 | (1o Teor)
- (0) - 0bs . (m)
‘ Vg ‘ < | ‘ < | < | Vy
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Ikhsanov & Mereghetti 2015, MNRAS 454, 3760 g

Torque exerted on NS

® Inside the magnetosphere:

Ka — mtg(/rma) ~ SDIWSTI%]&

® At the magnetospheric boundary

Kt M2 Q(Tma)
e Ty LI

<Tma T'cor 8

® Beyond the magnetospheric boundary

3/2
KC — Kb X (@) / (T > Tma)
T

b

Slab Field
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EQUILIBRIUM PERIOD

1 Tma T
Peq — Pf(’rnla) ]. - \/ik r ~ 05 AHl Porb
t A

An = F(‘ga Bo, Csos 1, gﬁv Urel, MHS)

Angular velocity of matter at ry,

Qf(rma) — §Qorb (R h)
S

| - ki p? Qf(rma)
2rly = [mwsr?na} —+ 373 ( ma 1

| ("ma Tcor) s
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Ikhsanov & Mereghetti 2015, MNRAS 454, 3760
Minimum / Maximum possible equilibrium period

® Minimum possible equilibrium period (weakly magnetized wind By ~ [Bnax)

Pl ~ 145 x ,ugé7 9)11_53/7 m =2/

min

® Maximum possible equilibrium period (strongly magnetized wind B3y ~ 1)

15 7 15/7 12/7 24 7 _
PI?I%\X ~ 20s / f() / ﬁ() / / 8/7
Ry, ~ 7, Ry, > 7,
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Ikhsanov & Mereghetti 2015, MNRAS 454, 3760

{PS VS. Porb} diagram of Be/X-ray pulsars in SMC
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Equilibrium periods range in ML-accretion scenario

1E 161348-5055
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Ikhsanov & Mereghetti 2015, MNRAS 454, 3760

Magnetic-Levitation Accretion onto a Neutron Star

1S

1. Accretion from a magnetized wind (1 < 50 < ﬁmax)
2. Deceleration of a free-falling material at the Shvartsman radius RSh
3. Formation of a non-Keplerian Magnetically-Levitating Disk (MAGLEV Disk)
4. Diffusion of accreting material into the stellar MF at the magnetospheric boundary
4/3
Maglev _2/3 CS(TG) /
radius Fmly = 50 R 'a
Urel
2/13  2/13
New Magnetospheric C ’m% / aB/ ,u6/ 13 (G Mns)5/ 13
arameters: radius T'ma = 4/1 4/1
p 16v2ek 72T [T i
: Q)
T'ma
ML-torque Kml = km a 3/2 ( ml( ) — 1)
(Tma Tcor) =



Popular simplifications of MLA scenario:

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

1JNeglecting Magnetic field in Stellar Windl of Massive Star we come to

e ()S scenario if 7. .. < 7,5 (Vrel > Ver) , O

e KD scenario if 7c.c > 7, (Vrel < Ver)

This implies the surface magnetic field of O/B star to be weak (B, < 100G) and Ry, =0

2. Magnetospheric radius r,, — 7, for the case

2

( 2 2
H _ 2 ' = (ry)vi(ry)
= P(Tma) ¢ (Tma AL 6 Psp\Ty )V Ty
< 27T e i) Gl P(Twa) — P = g T
2 2/7
e(rm) — vir(rm) ,= ( )
\ M (2 GM,,)1/2

3. The price is paid: difficulties with explanation of

e X-ray luminosity and rapid spin evolution of accretion-powered pulsars,
e origin of turbulence and large-scale magnetic field in a Keplerian accretion disk,

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