The range of accretion rates estimated from
Eq. 1,30 to 60 Mo, year’l, is found to be close to
the galaxy’s SFR of ~331) M, year '. This is in
agreement with the simplest arguments for gal-
axy growth via self-regulation (24, 25) and from
numerical simulations (4, 6). Furthermore, for
this galaxy’s halo mass, M}, ~ 4 X 10" Mo
(determined from its rotation curve), this value of
M, corresponds to an accretion efficiency € of
~100% [where € is defined as the ratio of the
observed and maximum expected baryonic
accretion rates, namely € = M, /(fg M} ), where
/s is the universal baryonic fraction and M, is the
halo growth rate (26, 27)].

Our study shows the potential of the tech-
nique of using background quasars passing near
galaxies to further understand the process of gas
accretion in galaxies, which is complementary to
other recent studies (28—30). Our observations,
which are merely consistent with cold accretion,
provide key evidence important to consider
against hydrodynamical simulations.
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A Population of Fast Radio Bursts
at Cosmological Distances

D. Thornton,?* B. Stappers,® M. Bailes,>* B. Barsdell,>* S. Bates,® N. D. R. Bhat,>*¢
M. Burgay,” S. Burke-Spolaor,® D. J. Champion,® P. Coster,>* N. D'Amico,*®’ A. Jameson,>*
S. Johnston,? M. Keith,? M. Kramer,”* L. Levin,® S. Milia,” C. Ng,’ A. Possenti,” W. van Straten®*

Searches for transient astrophysical sources often reveal unexpected classes of objects that are
useful physical laboratories. In a recent survey for pulsars and fast transients, we have uncovered
four millisecond-duration radio transients all more than 40° from the Galactic plane. The bursts’
properties indicate that they are of celestial rather than terrestrial origin. Host galaxy and
intergalactic medium models suggest that they have cosmological redshifts of 0.5 to 1 and distances
of up to 3 gigaparsecs. No temporally coincident x- or gamma-ray signature was identified in
association with the bursts. Characterization of the source population and identification of host
galaxies offers an opportunity to determine the baryonic content of the universe.

reported here were detected in the high

Galactic latitude region of the High Time
Resolution Universe (HTRU) survey (/), which
was designed to detect short-time-scale radio tran-
sients and pulsars (Galactic pulsed radio sources).
The survey uses the 64-m Parkes radio telescope
and its 13-beam receiver to acquire data across a
bandwidth of 400 MHz centered at 1.382 GHz
(table S1). We measured minimum fluences
for the FRBs of F=0.6 to 8.0 Jy ms (1 Jy =
102° W m= Hz ") (2). At cosmological dis-
tances, this indicates that they are more luminous
than bursts from any known transient radio source
(3). Follow-up observations at the original beam
positions have not detected any repeat events,

The four fast radio bursts (FRBs) (Fig. 1)

www.sciencemag.org SCIENCE VOL 341

indicating that the FRBs are likely cataclysmic
in nature.

Candidate extragalactic bursts have previous-
ly been reported with varying degrees of plausi-
bility (4-7), along with a suggestion that FRB
010724 (the “Lorimer burst”) is similar to other
signals that may be of local origin (8, 9). To be
consistent with a celestial origin, FRBs should
exhibit certain pulse properties. In particular,
observations of radio pulsars in the Milky Way
(MW) have confirmed that radio emission is de-
layed by propagation through the ionized inter-
stellar medium (ISM), which can be considered a
cold plasma. This delay has a power law depen-
dence of 87cDM-v? and a typical frequency-
dependent width of Wocv™. The dispersion

measure (DM) is related to the integrated column
density of free electrons along the line of sight
to the source and is a proxy for distance. The
frequency-dependent pulse broadening occurs
as an astrophysical pulse is scattered by an in-
homogeneous turbulent medium, causing a char-
acteristic exponential tail. Parameterizing the
frequency dependence of &¢ and W as o and B,
respectively, we measured o = —2.003 + 0.006
and B =—4.0 + 0.4 for FRB 110220 (Table 1 and
Fig. 2), as expected for propagation through a
cold plasma. Although FRB 110703 shows no evi-
dence of scattering, we determined o = —2.000 +
0.006. The other FRBs do not have sufficient
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signal-to-noise ratios (SNRs) to yield astrophysi-
cally interesting constraints for either parameter
and show no evidence of scattering.

Our FRBs were detected with DMs in the
range from 553 to 1103 cm ° pe. Their high Galactic
latitudes (|b| > 41°, Table 1) correspond to lines
of sight through the low column density Galactic
ISM corresponding to just 3 to 6% of the DM
measured (/0). These small Galactic DM con-
tributions are highly supportive of an extragalac-
tic origin and are substantially smaller fractions
than those of previously reported bursts, which
were 15% of DM =375 cm > pc for FRB 010724
(4) and 70% of DM = 746 cm ° pc for FRB
010621 (5).

The non-Galactic DM contribution, DM, is
the sum of two components: the intergalactic
medium (IGM; DM;g\) and a possible host gal-
axy (DMpy,s)- The intervening medium could be
purely intergalactic and could also include a con-
tribution from an intervening galaxy. Two op-
tions are considered according to the proximity
of the source to the center of a host galaxy.

Iflocated at the center of a galaxy, this may be
a highly dispersive region; for example, lines
of sight passing through the central regions of
Milky Way-like galaxies could lead to DMs in
excess of 700 cm > pe in the central ~100 pe (11),
independent of the line-of-sight inclination. In
this case, DM, is dominated by DMy, and re-
quires FRBs to be emitted by an unknown mecha-
nism in the central region, possibly associated
with the supermassive black hole located there.

If outside a central region, then elliptical host
galaxies (which are expected to have a low electron
density) will not contribute to DM substantially,
and DMy, for a spiral galaxy will only contrib-
ute substantially to DM, if viewed close to edge-
on [inclination, i > 87° for DM > 700cm™pc;
probability (i > 87°) = 0.05]. The chance of all
four FRBs coming from edge-on spiral galaxies
is therefore negligible (107°). Consequently, if the
sources are not located in a galactic center, DMy
would likely be small, and DMjgy; dominates.
Assuming an IGM free-electron distribution, which
takes into account cosmological redshift and as-
sumes a universal ionization fraction of 1 (12, 13),
the sources are inferred to be at redshifts z = 0.45
to 0.96, corresponding to comoving distances of
1.7 to 3.2 Gpc (Table 1).

In principle, pulse scatter-broadening mea-
surements can constrain the location and strength
of an intervening scattering screen (/4). FRBs
110627, 110703, and 120127 are too weak to
enable the determination of any scattering; how-
ever, FRB 110220 exhibits an exponential scat-
tering tail (Fig. 1). There are at least two possible
sources and locations for the responsible scatter-
ing screens: a host galaxy or the IGM. It is pos-
sible that both contribute to varying degrees.

For screen-source, Dy, and screen-observer,
Dy, distances, the magnitude of the pulse broad-
ening resulting from scattering is multiplied by
the factor DgcDgps/(Dsre + Dobs)z. For a screen
and source located in a distant galaxy, this effect

5 JULY 2013 VOL 341

probably requires the source to be in a high-
scattering region, for example, a galactic center.

The second possibility is scattering because
of turbulence in the ionized IGM, unassociated
with any galaxy. There is a weakly constrained
empirical relationship between DM and measured
scattering for pulsars in the MW. If applicable to
the IGM, then the observed scattering implies
DMigm > 100cm™ pe (2, 15). With use of the
aforementioned model of the ionized IGM, this
DM equates to z > 0.11 (2, 12, 13). The prob-
ability of an intervening galaxy located along the
line of sight within z = 1 is <0.05 (/6). Such a
galaxy could be a source of scattering and dis-
persion, but the magnitude would be subject to
the same inclination dependence as described for
a source located in the disk of a spiral galaxy.

It is important to be sure that FRBs are not a
terrestrial source of interference. Observations at
Parkes have previously shown swept frequency
pulses of terrestrial origin, dubbed “perytons.”
These are symmetric W > 20 ms pulses, which
imperfectly mimic a dispersive sweep (2, §). Al-
though perytons peak in apparent DM near
375 em™ pe (range from ~200 to 420 cm > pc),

1.5

close to that of FRB 010724, the FRBs presented
here have much higher and randomly distributed
DMs. Three of these FRBs are factors of >3
narrower than any documented peryton. Last, the
characteristic scattering shape and strong disper-
sion delay adherence of FRB 110220 make a
case for cold plasma propagation.

The Sun is known to emit frequency-swept
radio bursts at 1 to 3 GHz [typellldm (/7)]. These
bursts have typical widths of 0.2 to 10 s and
positive frequency sweeps, entirely inconsistent
with measurements of  and o for the FRBs.
Whereas FRB 110220 was separated from the
Sun by 5.6°, FRB 110703 was detected at night
and the others so far from the Sun that any
solar radiation should have appeared in multi-
ple beams. These FRBs were only detected in a
single beam; it is therefore unlikely they are of
solar origin.

Uncertainty in the true position of the FRBs
within the frequency-dependent gain pattern of
the telescope makes inferring a spectral index, and
hence flux densities outside the observing band,
difficult. A likely off-axis position changes the in-
trinsic spectral index substantially. The spectral

FRB 110220

FRB 110627
1.0f :
0.5} :

=

2 0.0 |

g L L L L L L L

o 1.5

(a)

5 FRB 110703

= 1.0 |

0.5 |

1.5
FRB 120127
1.0f 1
0.5¢ 1
0.0 /]
0 20 40 60 80 100 120 140
Time (ms)

Fig. 1. The frequency-integrated flux densities for the four FRBs. The time resolutions match the
level of dispersive smearing in the central frequency channel (0.8, 0.6, 0.9, and 0.5 ms, respectively).

SCIENCE www.sciencemag.org

¥20¢ ‘20 13nBny U0 BIS1OISY I 8eUCIZEN 0INNS| Te H10°80UB 105" MMM//:SANY WOJ) PapROjUMO]



Table 1. Parameters for the four FRBs. The position given is the center of the gain pattern of the beam
in which the FRB was detected (half-power beam width ~ 14 arc min). The UTC corresponds to the arrival
time at 1581.804688 MHz. The DM uncertainties depend not only on SNR but also on whether o and {3 are
assumed (o, = —2; no scattering) or fit for; where fitted, o and B are given. The comoving distance was
calculated by using DMyes = 100 cm™> pc (in the rest frame of the host) and a standard, flat-universe
ACDM cosmology, which describes the expansion of the universe with baryonic and dark matter and dark
energy [Ho =71 km s Mpc ™%, Q= 0.27, Q, = 0.73; Ho is the Hubble constant and Q and ©, are fractions
of the critical density of matter and dark energy, respectively (29)]. o and B are from a series of fits using
intrinsic pulse widths of 0.87 to 3.5 ms; the uncertainties reflect the spread of values obtained (2). The observed
widths are shown; FRBs 110627, 110703, and 120127 are limited by the temporal resolution due to dis-
persion smearing. The energy released is calculated for the observing band in the rest frame of the source (2).

FRB 110220 FRB 110627 FRB 110703 FRB 120127
Beam right 22" 34™ 21" 03" 23" 30™ 23" 15m
ascension (]J2000)
Beam declination -12°24' —44° 44’ —-02° 52’ —18° 25’
(J2000)
Galactic latitude, -54.7 -41.7 -59.0 -66.2
b (°)
Galactic longitude, +50.8 +355.8 +81.0 +49.2
[ (°)
UTC (dd/mm/yyyy 20/02/2011 27/06/2011 03/07/2011 27/01/2012
hh:mm:ss.sss) 01:55:48.957 21:33:17.474 18:59:40.591 08:11:21.723
DM (cm™3 po) 944.38 £ 0.05 723.0£0.3 1103.6 £ 0.7 553.3 £ 0.3
DM (cm™3 po) 910 677 1072 521
Redshift, z (DMyost = 0.81 0.61 0.96 0.45
100 cm~ po)
Co-moving distance, 2.8 2.2 3.2 1.7
D (Gpo) at z
Dispersion index, o —2.003 £ 0.006 — —2.000 + 0.006 —
Scattering index, B -4.0+0.4 - - -
Observed width 5.6 £ 0.1 <14 <4.3 <11
at 1.3 GHz, W (ms)
SNR 49 11 16 11
Minimum peak 1.3 0.4 0.5 0.5
flux density S, (Jy)
Fluence at 1.3 GHz, 8.0 0.7 1.8 0.6
F (Jy ms)
SyD? (x 10* Jy kpc?) 10.2 1.9 5.1 1.4
Energy released, £ (J) ~10% ~10% ~10%? ~10%

REPORTS I

energy distribution across the band in FRB 110220
is characterized by bright bands ~100 MHz wide
(Fig. 2); the SNRs are too low in the other three
FRBs to quantify this behavior (2). Similar spec-
tral characteristics are commonly observed in the
emission of high-|b| pulsars.

With four FRBs, it is possible to calculate an
approximate event rate. The high-latitude HTRU
survey region is 24% complete, resulting in 4500
square degrees observed for 270 s. This cor-
responds to an FRB rate of Rerp (F ~ 3 Jy ms) =
1.0°28 x 10%sky 'day ', where the 1-c uncer-
tainty assumes Poissonian statistics. The MW
foreground would reduce this rate, with increased
sky temperature, scattering, and dispersion for
surveys close to the Galactic plane. In the ab-
sence of these conditions, our rate implies that
1747, 7%}, and 1279 FRBs should be found in
the completed high- and medium-latitude parts
of the HTRU (/) and Parkes multibeam pulsar
(PMPS) surveys (18).

One candidate FRB with DM > DMyw has
been detected in the PMPS [|b] < 5° (5, 19)].
This burst could be explained by neutron star
emission, given a small scale-height error;
however, observations have not detected any
repetition. No excess-DM FRBs were detected in
a burst search of the first 23% of the medium-
latitude HTRU survey [|b| < 15° (20)].

The event rate originally suggested for
FRB 010724, Rojo724 = 225 sky | day ' (4), is
consistent with our event rate given a Euclid-
ean universe and a population with distance-
independent intrinsic luminosities (source
count, NOCF73/2) yielding Regp (F ~ 3 Jy ms)
~ 102RFRB (F01()724 ~ 150 Jy ms)

There are no known transients detected at
gamma-ray, x-ray, or optical wavelengths or
gravitational wave triggers that can be temporally
associated with any FRBs. In particular there is

Fig. 2. A dynamic spectrum showing the frequency-
dependent delay of FRB 110220. Time is measured relative
to the time of arrival in the highest frequency channel. For clarity
we have integrated 30 time samples, corresponding to the dis-
persion smearing in the lowest frequency channel. (Inset) The
top, middle, and bottom 25-MHz-wide dedispersed subband used
in the pulse-fitting analysis (2); the peaks of the pulses are
aligned to time = 0. The data are shown as solid gray lines and
the best-fit profiles by dashed black lines.
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no known gamma-ray burst (GRB) with a coin-
cident position on a time scale commensurate
with previous tentative detections of short-duration
radio emission (6). GRBs have highly beamed
gamma-ray emission (2/), and, if FRBs are asso-
ciated with them, the radio emission must be beamed
differently. By using the distances in Table 1, we
found that the comoving volume contains ~10°
late-type galaxies (22), and the FRB rate is there-
fore Rprp ~ 1073 year™! per galaxy. Rpgp is thus
inconsistent with Rgg ~ 107® year ! per galaxy,
even when beaming of emission is accounted
for (21). Soft gamma-ray repeaters (SGRs)
undergo giant bursts at a rate consistent with
FRBs (23), and the energy within our band is well
within the budget of the few known SGR giant
burst cases (24).

Another postulated source class is the inter-
action of the magnetic fields of two coalescing
neutron stars (25). However, the large implied
FRB luminosities indicate that coalescing neu-
tron stars may not be responsible for FRBs. Fur-
thermore, Rprp is substantially higher than the
predicted rate for neutron star mergers. Black
hole evaporation has also been postulated as a
source of FRBs; however, the predicted lumino-
sity within our observing band far exceeds the
energy budget of an evaporation event (26).

The core-collapse supernova (ccSN) rate of
Resn ~ 1072 year™! per galaxy (27) is consistent
with Rgrp. There is no known mechanism to
generate an FRB from a lone ccSN. It may, how-
ever, be possible that a ccSN with an orbiting
neutron star can produce millisecond-duration
radio bursts during the interaction of the ccSN
explosion and the magnetic field of the neutron
star (28), although the need for an orbiting neu-
tron star will make these rarer.

As extragalactic sources, FRBs represent a
probe of the ionized IGM. Real-time detections
and immediate follow-up at other wavelengths
may identify a host galaxy with an independent
redshift measurement, thus enabling the IGM
baryon content to be determined (/2). Even with-
out host identifications, further bright FRB detec-
tions will be a unique probe of the magneto-ionic
properties of the IGM.
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Ultrafast Three-Dimensional Imaging
of Lattice Dynamics in Individual

Gold Nanocrystals

J. N. Clark,** L. Beitra,* G. Xiong,* A. Higginbotham,? D. M. Fritz,®> H. T. Lemke,? D. Zhu,?
M. Chollet,? G. ]. Williams,®> M. Messerschmidt,® B. Abbey,* R. ]. Harder,®
A. M. Korsunsky,®” 1. S. Wark,? I. K. Robinson™”

Key insights into the behavior of materials can be gained by observing their structure as they undergo
lattice distortion. Laser pulses on the femtosecond time scale can be used to induce disorder in a
“pump-probe” experiment with the ensuing transients being probed stroboscopically with femtosecond
pulses of visible light, x-rays, or electrons. Here we report three-dimensional imaging of the generation
and subsequent evolution of coherent acoustic phonons on the picosecond time scale within a single
gold nanocrystal by means of an x-ray free-electron laser, providing insights into the physics of this
phenomenon. Our results allow comparison and confirmation of predictive models based on continuum

elasticity theory and molecular dynamics simulations.

oherent lattice vibrations (phonons) in
solids play an important role in many
phenomena such as melting (/-5), phase
transitions (6), bond softening (7) and hardening
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(8), and ferroelectricity (9). Ultrashort (femtosecond)
laser pulses have been used to reveal great detail
about the dynamics of these phenomena; how-
ever, many of these studies have been confined

to bulk samples or ensembles of nanoparticles.
With nanoparticles playing an increasingly im-
portant role in technology, from catalysis (/0)
and photonic devices (/) to single-particle mass
spectrometry (/2) and sensing, understanding
the mechanical and dynamical properties of sin-
gle nanoparticles becomes very important as many
of the processes occur on femtosecond (fs) and
picosecond (ps) time scales.

The characterization of lattice displacements
in individual nanoparticles over very short time
scales with atomic sensitivity has been challenging.
The interrogation of individual particles is im-
portant, as ensemble heterogeneity can give the
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