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We study the frictional torque acting on particles rotating in empty space. At zero temperature, vacuum
friction transforms mechanical energy into light emission and produces particle heating. However, particle

cooling relative to the environment occurs at finite temperatures and low rotation velocities. Radiation
emission is boosted and its spectrum significantly departed from a hot-body emission profile as the
velocity increases. Stopping times ranging from hours to billions of years are predicted for materials,
particle sizes, and temperatures accessible to experiment. Implications for the behavior of cosmic dust are

discussed.
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The radiation emitted by accelerated charges produces
reaction forces acting back on them. For rotating charged
particles (e.g., electric [1] and magnetic [2] dipoles), this
gives rise to reaction torques [3]. Likewise, accelerated
neutral bodies are known to experience friction because
they emit light due to the absolute change in the boundary
conditions of the electromagnetic field. This is the
so-called Casimir radiation [4,5].

A spinning sphere presents a more challenging situation:
its surface appears to be unchanged, although it experien-
ces a centripetal acceleration. So, the question arises, does
a homogeneous, neutral sphere emit light simply by rotat-
ing? Is such a particle slowing down when spinning in
vacuum? We know the inverse process to be true: the
angular momentum carried by light can be transformed
into mechanical rotation of neutral particles [6]. However,
this type of problem requires a delicate analysis, somehow
related to the noncontact friction predicted to occur
between planar homogeneous surfaces set in relative uni-
form motion [7], which is currently generating a heated
debate [8].

In this Letter, we investigate the friction produced on
rotating neutral particles by interaction with the vacuum
electromagnetic fields. Friction is negligible in dielectric
particles possessing large optical gap compared to the
rotation and thermal-radiation frequencies. For other ma-
terials (e.g., metals), in contrast to previous predictions [9],
we find nonzero stopping even at zero temperature. The
dissipated energy is transformed into radiation emission
and thermal heating of the particle, although cooling rela-
tive to the surrounding vacuum is shown to take place
under very common conditions. We formulate a theory
that describes these phenomena and allows us to predict
experimentally measurable effects.

Theoretical description.—We consider an isotropic par-
ticle at temperature 7', spinning with frequency () and
sitting in a vacuum at temperature T, (see Fig. 1). The
particle experiences a torque M by interaction with
the surrounding radiation field and it is also capable of
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exchanging photons, with net emission power P, For
simplicity, we assume the particle radius a to be small
compared to the wavelength of the involved photons, so
that we can describe it through its frequency-dependent
polarizability a(w). Since the maximum frequency of ex-
changed photons is controlled by the rotation frequency and
the thermal baths at temperatures 7y and 7', this approxi-
mation implies that both Qa/c and kT ;a/ch are taken to
be small compared to unity. These conditions are fulfilled in
very common situations (for instance, for ¢ = 50 nm, one
has () < 6 X 10° THz and T; <4.6 X 10* K).

Friction originates in fluctuations of both (i) the vacuum
electromagnetic field E" and (ii) the particle polarization
p'". We calculate the emitted power from the work exerted
by the particle dipole,

Prad — _<Eind . apﬂ/at + Eﬂ . apind/at% (1)
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FIG. 1 (color online). Sketch of a spherical rotating particle
and parameters considered in this work. The particle is at
temperature 7 and rotates with frequency (). The interaction
with vacuum at temperature 7y produces a frictional torque M
and a radiated power P,
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where E" is the field induced by p', and p'™® is the dipole
induced by E!. Likewise, the torque is obtained from the
action of the field on the dipole,

M = (p X El" + pind x ET). 2)

The result is quadratic in E! for contribution (i) and in p!
for contribution (ii). The brackets ) represent the average
over these quadratic fluctuation terms, which we perform
using the fluctuation-dissipation theorem (FDT) [10].

Rotational motion enters here through the transforma-
tion of the field and the polarization back and forth be-
tween rotating and lab frames. This is needed because the
particle polarizability can only be applied in the rotating
frame, in which the electronic and vibrational excitations
participating in « are well defined and () independent. In
contrast, the effective polarizability in the lab frame has a
dependence on (). Further details of this formalism are
given in [10]. The resulting radiated power reads (see [10]
for a detailed derivation)

prad — f hodol (o), 3)
where
Nw) = 2rwp’/3){2g 1 (0 — Q)[n(0 — Q) — np(w)]
+ gj(w)[ni(w) — no(w)]} 4)

is the spectral distribution of the rate of emission
(when I'>0) or absorption (wI'<0), n;(w)=
[exp(he/kpT;) — 1]7" is the Bose-Einstein distribution
function at temperature Tj,

w3

8i0) = Tmfa ()} = 2% lar ()P

are odd functions of w describing particle absorption
for polarization either parallel (I =||) or perpendicular
(I=1) with respect to the rotation axis, and p° =
w?/m*c? is the free-space local density of photonic states.
These results apply to particles with orthogonal principal
axes of polarization, rotating around one of them, and with
a ) given by the average of the polarizability over the
remaining two orthogonal axes. The torque M takes a
similar form,

M= f_°° dohl(w). (5)

Incidentally, the g term of Eq. (4) vanishes under the
integral of Eq. (5), and furthermore, M = 0 for ) = 0. In
the T, =T, =0 limit, one has n;(w) = —60(w), from
which we find the integrals to be restricted to the (0, )
range: only photons of frequency below () can be generated.

Unfortunately, Egs. (1) and (2) do not account for radia-
tive corrections coming from the elaborate motion of in-
duced charges in the rotating particle. Although such
corrections are insignificant for small particles, we incor-
porate them here for spheres in a phenomenological way

through the term proportional to |a|? in Eq. (4), preceded
by a coefficient chosen to yield g; = 0 (and consequently,
M = 0) in nonabsorbing particles [11]: internal excitations
(i.e., absorption) are necessary to mediate the coupling
between the rotational state and radiation [12]. Further-
more, we neglect magnetic polarization, which can be
important for large, highly conductive particles [13].

Metallic particles.—This case is representative for ab-
sorbing particles. At low photon frequencies @ below the
interband transitions region, metals can be well described
by the Drude model, characterized by a dc electric con-
ductivity o and a dielectric function € = 1 + i47oy/w
[14]. For a spherical particle of radius a, we have a =
a*(e — 1)/(e + 2), and consequently

Im{a(w)} = 3wd’ /470, (6)

For sufficiently small particles, absorption dominates over
radiative corrections, so that we can overlook terms
proportional to |a|?> in Egs. (3)—(5). Then, we find the
closed-form expressions

ha® 5
prad — [296 +5040% + 30204 + = (0° — 6° ]
b 607y ! ! 14( i~ 00)
(7)
and
—ha3Q
M 2 [604 + 100267 + 63 + 361, (8)

D= 1207% 3o
where the subscript D refers to the Drude model and

Equations (7) and (8) show that vacuum friction is always
producing stopping (M) < (), whereas the balance of
radiation exchange between particle and free space can
change sign depending on their relative temperatures. The
general trend of these expressions is shown in Fig. 2(b).
At low (), the torque scales as (), whereas a steeper ()’
dependence is observed at faster velocities. Interestingly, a
nonzero torque M =« ° is predicted at T, =T, =0,
despite the axial symmetry of the particle.

Equilibrium temperature.—The power absorbed by the
particle in the form of thermal heating P2 can be obtained
from energy conservation, expressed by the identity
—MQ = P 4+ P where the left-hand side represents
mechanical energy dissipation (stopping power). Using
Egs. (7) and (8), we find

ha’ 5
s — [ 200 + Q03 — 3607) + = (05 — S ]
b 12077%300[ (% X 7( 00D

®

The particle equilibrium temperature is determined by the
condition P? = 0, and it is stable because dP** /9T, <0
[this inequality is obvious from Eq. (9), but it can be easily
derived in the general case from Egs. (3)-(5)]. Unlike
conventional friction of a spinning object immersed in

113601-2



PRL 105, 113601 (2010) PHYSICAL

REVIEW LETTERS

week ending
10 SEPTEMBER 2010

1.4 T
(a)

T,/T,

—— Equilibrium
10" - Ty=T,

-MQx6,a’ 6 (Ws’m?)

0.0 0.5 1.0 15
Q/6,

FIG. 2 (color online). Equilibrium temperature and stopping of
a metallic sphere. (a) Normalized particle temperature at equi-
librium (T, /T,) as a function of Q/0,, where 6, = 27wkgT,/h
(see Fig. 1). (b) Universal normalized stopping power both at
equilibrium temperatures (solid curve) and at equal temperatures
(Ty = T,, broken curve).

a fluid, vacuum friction is not always leading to particle
heating, as shown in Fig. 2(a) from the solution of
P = 0. Actually, T, < T, for finite temperatures and
rotation velocities below )} = 6, whereas particle heating
occurs at higher (). The crossing point between these two
types of behavior is independent of particle size a and
conductivity o.

At Ty =0, we find 6, = 0.867 Q, so that the Q3
dependence of Mp is maintained with the particle at
equilibrium temperature. The loss of mechanical energy
is then fully converted into a radiated power P74 ~
0.0137a*Q%/ 3oy

It should be noted that having the particle at equilibrium
temperature or at the same temperature as the vacuum
results in significant differences in the stopping power
[Fig. 2(b), calculated from Egs. (6)-(9)].

Emission spectra.—The probability of emitting photons
at frequency w is given by I'(w) — I'(—w) [see Eq. (4)],
which is normalized per unit of emission-frequency range.
The emission profile at low rotation velocities () =
0.056, curve in Fig. 3) mimics the absorption spectrum
from a static cold particle (dashed curve), also peaked
around hw = S5kgT, for Drude spheres. However, the
maximum of emission is driven by () for faster rotations
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g
e
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©
X
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FIG.3 (color online). Power spectrum dP™/dw =

ho[T'(w) — T'(—w)] [see Eq. (4)] radiated by a metallic spinning
particle for various rotation frequencies. Solid curves: emission
at equilibrium temperatures. Dashed curve: absorption by a
particle at rest and 7 = 0. The emitted-photon frequency w is
normalized to 6, = 2mkyzT,/h. The inset shows the frequency of
maximum emission at equilibrium as a function of /6.

(see inset and ) = 56, curve in Fig. 3), thus signaling a
significant departure from standard black-body theory.

Stopping time.—At low rotation velocity and finite tem-
perature, the frictional torque acting on a metallic particle is
proportional to € [see Eq. (8)]. The correction to the particle
equilibrium temperature [0, = 6, — (7/15)Q?/6,] can be
then neglected to first order in ), so the torque becomes

~ —BQ, where B = ha’03/307*c oy From Newton’s
second law, we find an Q(z) = Q(0)exp(—¢/7) time
dependence of the rotation velocity, where 7 = I/ is the
characteristic stopping time and / is the moment of inertia.
For a spherical Drude particle, we find

_ (he)? patoy
m  (kgTo)*’

10)

where p is the particle density.

Graphite particles are abundant in interstellar dust [15], so
we focus on them as an important case to study the rotation
stopping time. The frequency-dependent dielectric function
of graphite is taken from optical data [16], tabulated for
different particle sizes, which differ due to nonlocal correc-
tions. The low-w behavior is well approximated by the
Drude model with oy = 2.3 X 10*(2.0 X 10°) Q@ 'm™!
for spherical particles of radius a = 10(100) nm, where
the response has been averaged over different crystal ori-
entations. Plugging this into Eq. (10), we obtain the results
shown in Fig. 4 by broken lines. Interband transitions be-
come important in the response of graphite at frequencies
above hiw ~ 1072 eV, so we expect a deviation from
Drude behavior at temperatures above ~100 K in this ma-
terial. This is indeed confirmed by numerically integrating
Eq. (5) with the full tabulated response of graphite to
obtain 7 (Fig. 4, solid curves). For the particle sizes under

113601-3



PRL 105, 113601 (2010)

PHYSICAL REVIEW LETTERS

week ending
10 SEPTEMBER 2010

10" T T T —

r ---- Analytical Drude approximation ,

10" “«. —— Full calculation 1

2a ]

10 Y

10 a=100nm ' 1

1

8 N 3

o~ 10" ¥ 1 Year 1
e F | Month S 1
\ 1

10° F RN
E 1 Day o, “ .
104 rF 1 Hour a=10nm \\\\\\

r

100k 2na | < a=10nm
2a n=0.2
r
10° E—— —
10 100 1000

Temperature (K)

FIG. 4 (color online). Characteristic stopping time of spinning
graphite particles as a function of vacuum temperature. Solid
curves: full calculation using measured dielectric functions for
the graphite particles [16]. Broken curves: analytical Drude
approximation [Eq. (10)]. Various particle sizes and shapes are
considered: spheres of radius 10nm and 100 nm, and an oblate
ellipsoid of radius 10 nm and aspect ratio n = 0.2. Low rotation
velocities ) < kgTy/h are assumed (e.g., ) <21 GHz at
T, =1K).

consideration, stopping times are small on cosmic scales
within the plotted range of temperatures, which are often
encountered in hot dust regions [15]. In cooler areas (T, =
2.7 K), 100nm graphite particles have a stopping time
7 ~ 0.6 billion years.

Dust particles can adopt nonspherical shapes. In particu-
lar, for oblate ellipsoids Eq. (6) [Im{a(w)}] must be cor-
rected by a factor 1/9L?, where 7 is the aspect ratio (see
inset in Fig. 4) and L is the depolarization factor for equa-
torial polarization, approximately linear in 5 [17]. Also, I is
linear in 7, thus leading to a 7 = 5> dependence for fixed
radius. We show in Fig. 4 the case ¢ = 10 nm and n = 0.2,
which exhibits a significant reduction in 7 compared to
spherical particles of the same radius. In a related context,
translational motion leads to thermal drag [18], only at
nonzero temperature and with similar stopping times.

Concluding remarks.—The present results can be rele-
vant to study the distribution of rotation velocities of
cosmic nanoparticles, which could be eventually examined
through measurements of rotational frequency shifts [19].
Besides, relatively small stopping times are predicted for
graphite nanoparticles, which ask for experimental cor-
roboration (for example, using in vacuo optical trapping
setups). By analogy to the Purcell effect [20], the frictional
torque can be altered due to the presence of physical
boundaries that modify the density of states appearing in
Eq. (4), thus opening new possibilities for controlling the
degree of friction (e.g., the torque can be strongly reduced

at low temperature and small rotation frequency by placing
the particle inside a metallic cavity, which produces a
threshold of p° in w).
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