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PSR B1931þ24 (J1933þ2421) behaves as an ordinary isolated radio pulsar during active phases
that are 5 to 10 days long. However, when the radio emission ceases, it switches off in less than
10 seconds and remains undetectable for the next 25 to 35 days, then switches on again. This
pattern repeats quasi-periodically. The origin of this behavior is unclear. Even more remarkably, the
pulsar rotation slows down 50% faster when it is on than when it is off. This indicates a massive
increase in magnetospheric currents when the pulsar switches on, proving that pulsar wind plays
a substantial role in pulsar spin-down. This allows us, for the first time, to estimate the magnetospheric
currents in a pulsar magnetosphere during the occurrence of radio emission.

P
ulsar radio emission is generally under-

stood in terms of beams of coherent plas-

ma radiation from highly relativistic particles

above the magnetic pole of a rotating neutron star,

producing pulses as the beam crosses Earth.

However, there is no satisfactory theory that

explains the radio emission or even the magneto-

spheric conditions that determinewhether a neutron

star emits at radio wavelengths. Observationally,

the typical active lifetime of a radio pulsar is

estimated to be about 10 million years, during

which, on long time scales, pulsar emission is

essentially steady (1). It was therefore surprising

when a unique activity pattern was found for

the pulsar PSR B1931þ24 (also known as

J1933þ2421) during routine pulsar timing ob-

servations with the 76-m Lovell Telescope at

the Jodrell Bank Observatory in the United

Kingdom.

The pulsar had been considered to be a

seemingly ordinary pulsar, with a spin period

of 813 ms (2) and a typical rotational frequen-

cy derivative of ṅ 0 j12:2 � 10j15 Hz sj1

(Table 1) (3). It was noted that it exhibits con-

siderable short-term rotational instabilities in-

trinsic to the pulsar, known as timing noise, but

shows no evidence indicating the presence of

any stellar companion. It became clear a few

years ago that the pulsar was not detected in

many of the regular observations and that the

flux density distribution was bimodal, the

pulsar being either on or off. Figure 1 shows

the best-sampled data span, which covers a 20-

month period between 1999 and 2001 and

demonstrates the quasi-periodic pattern of the

on/off sequences. The power spectrum of the

data reveals a strong È35-day periodicity with

two further harmonics, which reflect the duty

cycle of the switching pattern (Fig. 1). Studying

a much longer time series from 1998 to 2005,

including some intervals of less densely sam-

pled data, we find that the periodicities are

persistent but slowly vary with time over a

period ranging from 30 to 40 days. No other

known pulsar behaves this way.

To investigate the nature of the variations, we

examined the rotation rate of the pulsar over a

160-day period (Fig. 2A). The variation is

dominated by a decrease in rotational frequency,

which is typical for pulsars. However, inspection

of the longer sequences of the available data on

the on phases in the diagram reveals that the rate

of decrease is even more rapid during these

phases, indicating values of the rotational

frequency first derivative that are higher than

the average value. This suggests a simple model

in which the frequency derivative has different

values during the off and on phases. Such a

model accurately describes the short-term timing

variations that are seen relative to a simple long-

term slowdown model (Fig. 2B). Over the 160-

day period shown, the pulsar was monitored

almost daily, so that the switching times were

well defined, and a model could be fitted to the

data with good precision. The addition of a

single extra parameter (that is, two values of the

frequency derivative rather than one) reduced

the timing residuals by a factor of 20 and

provides an entirely satisfactory description of

the data. A similar fitting procedure was applied

to other well-sampled sections of the data and

produced consistent model parameters (Table 1),

giving values for the rotational frequency deriv-

atives of ṅoffoff 0 j10:8ð2Þ � 10j15 Hz sj1 and

ṅonon 0 j16:3ð4Þ � 10j15 Hz sj1. These values

indicate that there is an È50% increase in spin-

down rate of the neutron star when the pulsar

is on.

The observed quasi-periodicity in pulsar

activity and its time scale have never been seen

before as a pulsar emission phenomenon and are

accompanied by massive changes in the rota-

tional slowdown rate. This raises a number of

questions. Why does the emission switch on and

off? Why is the activity quasi-periodic? Why is

the pulsar spinning down faster when it is on?

On the shortest, pulse-to-pulse time scales,

intrinsic flux density variations are often ob-

served in pulsar radio emission. The most ex-

treme case is displayed by a small group of

pulsars that are known to exhibit Bnulls[ in their
emission; that is, the random onset of a sudden

obvious lack of pulsar emission, typically lasting

between one and a few dozen pulsar rotation

periods (4). An acceptable explanation for such

nulling, which appears to be the complete failure

of the radiation mechanism, is still missing. This

nulling previously represented the longest known

time scales for an intrinsic disappearance of

pulsar emission. The facts that the off periods of

PSR B1931þ24 are five orders of magnitude
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Table 1. Observed and derived parameters of PSR B1931þ24. Standard (1s) errors are given in
parentheses after the values and are in units of the least significant digit. The distance is estimated
from the dispersion measure and a model for the interstellar free electron distribution (14).
Definitions for characteristic age, surface magnetic field, and spin-down luminosity can be found
in (5).

Parameter Value

Right ascension (J2000) 19h33m37s.832(14)
Declination (J2000) þ24-36¶39¶¶.6(4)
Epoch of frequency (modified Julian day) 50629.0
Rotational frequency n (Hz) 1.2289688061(1)
Rotational frequency derivative ṅ (Hz s

j1
) j12.2488(10) � 10j15

Rotational frequency derivative on ṅon (Hz s
j1

) j16.3(4) � 10j15

Rotational frequency derivative off ṅoff (Hz s
j1

) j10.8(2) � 10j15

Dispersion measure DM (cmj3 pc) 106.03(6)
Flux density during on phases at 1390 MHz (mJy) 1000(300)
Flux density during off phases at 1390 MHz (mJy) e2
Flux density during on phases at 430 MHz (mJy) 7500(1500)
Flux density during off phases at 430 MHz (mJy) e40
Active duty cycle (%) 19(5)
Characteristic age t (million years) 1.6
Surface magnetic field strength B (T) 2.6 � 108

Spin-down luminosity Ė (W) 5.9 � 1025

Distance (kpc) È4.6
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longer than typical nulling periods, that the

activity pattern is quasi-periodic, and that not a

single null has been observed during on periods

strongly suggest that the phenomenon found here

is different from nulling.

The approximate 35-day period might be

attributed to free precession, although we find

no evidence of expected (5) profile changes.

Although switches between states are rare events,

we have been able to observe one switch from on

to off that occurred within 10 s, the time

resolution being limited by the signal-to-noise

ratio of the observations. The sudden change and

the quasi-periodicity point toward a relaxation

oscillation of unknown nature within the pulsar

system, rather than precession.

What can cause the radio emission to cut off

so quickly? The energy associated with the radio

emission from pulsars accounts for only a very

small fraction of the pulsar_s slowdown energy,

which may suggest that the disappearance of

radiation is simply due to the failure of the

coherence condition in the emission process (6).

However, in that case, the long time scales of

millions of pulsar rotations are hard to under-

stand. One alternative explanation is that there

is a more global failure of charged particle cur-

rents in the magnetosphere.

The large changes in slowdown rate that

accompany the changes in radio emission can

also be explained by the presence or absence of

a plasma whose current flow provides an ad-

ditional braking torque on the neutron star. In

this model, the open field lines above the

magnetic pole become depleted of charged

radiating particles during the off phases when

the rotational slowdown, ṅ
off
, is caused by a

torque dominated by magnetic dipole radiation

(7, 8). When the pulsar is on, the decrease in

rotational frequency, ṅ
on
, is enhanced by an

additional torque provided by the outflowing

plasma, T È 2
3c

IpcB0Rpc
2, where B

0
is the

dipole magnetic field at the neutron star surface

and I
pc

È pR
pc
2rc is the electric current along

the field lines crossing the polar cap, having

radius of R
pc
(9). EIn order to be consistent with

existing literature such as (9), we quote for-

mulas in centimeter-gram-second units but refer

to numerical values in SI units.^ The charge den-
sity of the current can be estimated from the

difference in loss in rotational energy during

the on and off phases.When the pulsar is on, the

observed energy loss, Ė
on

0 4p2Inṅ
on
, is the re-

sult of the sum of the magnetic dipole braking

as seen during the off phases, Ė
off

0 4p2Inṅ
off
,

and the energy loss caused by the outflowing

current, Ė
wind

0 2pTn; that is, Ė
on
0 Ė

off
þ Ė

wind
,

where I is the moment of inertia of the neutron

star. From the difference in spin-down rates

between off and on phases, Dṅ 0 ṅ
off

j ṅ
on
, we

can therefore calculate the charge density r 0
3IDṅ/R

pc
4B

0
by computing the magnetic field

B0 0 3:2 � 1015
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jṅOFF=n3

p
Tesla and the

polar cap radius RP 0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pR3n=c

p
for a neutron

star with radius R 0 10 km and a moment of

inertia of I 0 1038 kg m2 (10). We find that the

plasma current that is associated with radio

emission carries a charge density of r 0 0.034 C

mj3. This is remarkably close to the charge

density r
GJ

0 B
0
n/c in the Goldreich-Julian

model of a pulsar magnetosphere (11); that is,

r
GJ

0 0.033 C mj3.

Such charge density is sufficient to explain

the change in the neutron star torque, but it is not

clear what determines the long time scales or

what could be responsible for suddenly changing

the plasma flow in the magnetosphere. In that

respect, understanding the cessation of radiation

Fig. 1. Time variation
of the radio emission of
PSR B1931þ24. During
the on phases, the pul-
sar is easy to detect and
has the stable long-term
intrinsic flux density as-
sociated with most nor-
mal pulsars. Since 1998,
the pulsar has been ob-
served as frequently as
twice a day. (A) A typical
sequence of observations
covering a 20-month in-
terval is indicated by the
black lines. It shows, re-
spectively, the times of
observation and the times
when PSR B1931þ24
was on. It is clear that
the pulsar is not visible
for È80% of the time.
(B) The appearance of
the pulsar is quasi-
periodic in nature, demonstrated by the power spectrum of the intensity obtained from the Fourier
transform of the autocorrelation function of the mean pulse flux density obtained over the same 20-
month interval. (C) Histograms of the durations of the on (solid) and off (hatched) phases. In off
phases, integration over several weeks shows that any pulsed signal has a mean flux density of less
than than 2 mJy at 1400 MHz (1 Jy 0 10j26 W mj2 Hzj1). A deep observation with the Arecibo
telescope on Puerto Rico provides an upper flux density limit of 40 mJy at 430 MHz. Simultaneous
observations at frequencies between 430 and 1400 MHz show that the presence or absence of radio
emission is a broadband phenomenon.

Fig. 2. Variation of the rotational fre-
quency of PSR B1931þ24. (A) Evolution
of the rotational frequency over a 160-
day period. The errors in the measure-
ment of the data points are smaller than
the size of the symbols. The variation is
dominated by the long-term spin-down: a
gradual decrease in rotational frequency.
The best-fit straight line through the
points is shown, representing a frequency
derivative of ṅ 0 j12.2 � 10j15 Hz sj1.
However, an inspection of the data
reveals that, when the pulsar is on, the
slope and hence the magnitude of the
derivative are even greater. This suggests
a model in which the frequency derivative
has different values during the off and on
periods. (B) Examining this possibility
more closely, timing residuals, which are
the differences between the observed
pulse arrival times and those derived
from a simple long-term slowdown model
(Table 1), show substantial short-term variations. Over the period covered by this figure, the pulsar
was monitored almost daily, so that the off and on periods were well defined and the model described
above could be fitted to the data with good precision. The fitted model is shown as a continuous line
overlying the data points and clearly describes the data very well.
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that we see in PSR B1931þ24 may ultimately

also help us to understand ordinary nulling.

Whatever the cause is, it is conceivable that the

onset of pulsar emission may be a violent event

that may be revealed by high-energy observa-

tions. Although an archival search for x-ray or

g-ray counterparts for PSR B1931þ24 has not

been successful, the relatively large distance

from the pulsar (È4.6 kpc) and arbitrary viewing

periods may make such a detection unlikely.

The relation between the presence of pulsar

emission via radiating particles and the increased

spin-down rate of the neutron star provides strong

evidence that a pulsar wind plays a substantial

role in the pulsar braking mechanism. Although

this has been suggested in the past (12), direct

observational evidence has been missing so far.

As a consequence of the wind_s contribution to

the pulsar spin-down, magnetic fields estimated

for normal pulsars from their observed spin-

down rates are likely to be overestimated.

The discovery of PSR B1931þ24_s behavior
suggests that many more such objects exist in the

Galaxy but have been overlooked so far because

they were not active during either the search or

confirmation observations. The periodic transient

source serendipitously found recently in the di-

rection of the galactic center (13) may turn out to

be a short–time-scale version of PSR B1931þ24

and hence to be a radio pulsar. In general, the time

scales involved in the observed activity patterns of

these sources pose challenges for observations

scheduled with current telescopes. Instead, future

telescopeswithmultibeaming capabilities, like the

Square-Kilometre-Array or the Low Frequency

Array, which will provide continuous monitoring

of such sources, are needed to probe such time

scales, which are still almost completely unex-

plored in most areas of astronomy.
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Quantum-Dot Spin-State Preparation
with Near-Unity Fidelity
Mete Atatüre,1* Jan Dreiser,1 Antonio Badolato,1 Alexander Högele,1,2

Khaled Karrai,2 Atac Imamoglu1*

We have demonstrated laser cooling of a single electron spin trapped in a semiconductor
quantum dot. Optical coupling of electronic spin states was achieved using resonant excitation
of the charged quantum dot (trion) transitions along with the heavy-light hole mixing, which leads
to weak yet finite rates for spin-flip Raman scattering. With this mechanism, the electron spin
can be cooled from 4.2 to 0.020 kelvin, as confirmed by the strength of the induced Pauli
blockade of the trion absorption. Within the framework of quantum information processing, this
corresponds to a spin-state preparation with a fidelity exceeding 99.8%.

S
emiconductor quantum dots (QDs) have

been referred to as artificial atoms be-

cause of their discrete atom-like states.

Photoluminescence (PL) studies of single QDs

under nonresonant excitation have led to the

generation of single photons (1, 2) and cavity-

quantum electrodynamics in the weak-coupling

(2–4) and strong-coupling (5–7) regimes: all

indicators of a quantum optical system. Similarly,

resonant excitation has enabled the observation of

Rabi oscillations (8) and coherent manipulation

of excitons (9). These advances, in turn, have

strengthened various proposals, including those

regarding optical accessing of spins in QDs (10).

However, from the perspective of quantum

information processing (11), the ability to pre-

pare, manipulate, and detect a spin qubit optically

in solid-state systems is yet to be demonstrated.

We have demonstrated the high-fidelity

preparation of a QD spin state via laser cool-

ing Eoptical pumping (12)^. Using the Pauli

blockade strength of the corresponding opti-

cal transitions as a means to infer the electron

spin state, we showed that spin cooling due

to spontaneous spin-flip Raman scattering

can dominate over the heating introduced by

hyperfine-induced spin-flip or cotunneling

events. This allowed us to cool the spin tem-

perature of an electron from 4.2 K (determined

by the heat bath) down to 20 mK. By con-

trolling the relative strength of these processes

via gate voltage and magnetic field, we can

tune the system from the regime of an isolated

artificial atom to that of a quantum-confined

solid-state system coupled either to a charge or

a spin reservoir.

The experiments were performed on molecular-

beam-epitaxy–grown single self-assembled InAs/

GaAs QDs in a gated heterostructure, where the

only difference as compared to the one used in

(13) was the 35-nm tunnel barrier between the

QD layer and the electron reservoir. In similar

devices, a gate voltage applied between the

ohmic and the Schottky contacts provides

deterministic charging of QDs with signatures

in the optical transitions (14). We performed

the initial characterization of our QDs by

conventional micrometer-resolution photolumi-

nescence (m-PL) spectroscopy at 4.2 K to

determine the voltage range for each charging

state, along with the associated optical transi-

tion frequencies. Figure 1A shows a typical

gate sweep for our device, and the labels X0

and X1– identify the relevant optical transitions

for our experiments: those from an empty QD

and those from a single-electron–charged QD.

We then carried out magneto-optical spectros-

copy of the X1– transition to extract the ex-

citonic Zeeman splitting of 30 GHz/T. Having

characterized the basic optical properties of

the QD, we switched to resonant excitation

using differential transmission technique: Fig.

1B shows a typical absorption plot at 0 T as a

single-frequency laser is tuned across the

trion transition. The details of this technique

(15) along with its advantages in spin-selective

measurements (16) can be found in previous

works.

A single-electron–charged QD in the trion

picture is analogous to the four-level system

illustrated in Fig. 2A, where state kj,, 4À (kj,,
rÀ) corresponds to the QD with two ground-

state electrons forming a singlet and a ground-

state hole with angular momentum projection

J
z
0 –3/2 (3/2) along the growth direction. The

strong trion transitions, kj,, 4À — k,À and kj,,
rÀ — kjÀ, leave the resident electron spin un-

altered, whereas theweak transitions, kj,, 4À—

kjÀ and kj,, rÀ — k,À, lead to a net spin-flip of

the resident electron. The latter transitions are

ideally forbidden by the optical selection rules;

nevertheless, inherent heavy-light hole mixing
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