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Fermi Gamma-Ray Imaging
of a Radio Galaxy
The Fermi-LAT Collaboration*†

The Fermi Gamma-ray Space Telescope has detected the g-ray glow emanating from the giant
radio lobes of the radio galaxy Centaurus A. The resolved g-ray image shows the lobes clearly
separated from the central active source. In contrast to all other active galaxies detected so far
in high-energy g-rays, the lobe flux constitutes a considerable portion (greater than one-half)
of the total source emission. The g-ray emission from the lobes is interpreted as inverse
Compton–scattered relic radiation from the cosmic microwave background, with additional
contribution at higher energies from the infrared-to-optical extragalactic background light.
These measurements provide g-ray constraints on the magnetic field and particle energy content
in radio galaxy lobes, as well as a promising method to probe the cosmic relic photon fields.

C

entaurus A (Cen A) is one of the brightest
radio sources in the sky and was among
the first identified with a galaxy (NGC
5128) outside of our Milky Way (1). Straddling
the bright central source is a pair of extended radio lobes with a total angular extent of ~10° (2, 3),
which makes Cen A the largest discrete nonthermal extragalactic radio source visible from Earth.
At a distance of 3.7 Mpc (4), it is the nearest
radio galaxy to Earth, and the implied physical
source size is ~600 kpc. Such double-lobed radio
structures associated with otherwise apparently
normal giant elliptical galaxies have become the
defining feature of radio galaxies in general. The
*All authors with their affiliations appear at the end of this
paper.
†To whom correspondence should be addressed. E-mail:
Teddy.Cheung.ctr@nrl.navy.mil (C.C.C.); fukazawa@
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consensus explanation for this phenomenon is that
the lobes are fueled by relativistic jets produced
by accretion activity in a super-massive black hole
residing at the galaxy’s center.
With its unprecedented sensitivity and imaging
−0:8
capability (per-photon resolution: q68 ≃ 0∘:8EGeV
),
the Fermi Large Area Telescope (LAT) (5) has
detected and imaged the radio lobes of Cen A
in high-energy g-rays. The LAT image resulting from ~10 months of all-sky survey data
(Fig. 1) clearly shows the g-ray peak coincident
with the active galactic nucleus detected by the
Compton/EGRET instrument (6) and extended
emission from the southern giant lobe. Because
the northern lobe is characterized by lower
surface-brightness emission (in radio), it is not
immediately apparent from a naked-eye inspection of the g-ray counts map. Nevertheless, from
a counts profile extracted along the north-south
axis of the source (Fig. 2), g-ray excesses from
both lobes are clearly visible.

www.sciencemag.org

SCIENCE

VOL 328

for providing coordinates of genome-wide scans for
selection; I. Gut for human genotyping; E. Leproust and
M. Srinivasan for providing early access to the 1 Million
feature Agilent microarrays; and the Genome Center at
Washington University for pre-publication use of the
orangutan genome assembly (http://genome.wustl.edu/
genomes/view/pongo_abelii/). The government of the
Principado de Asturias funded excavations at the Sidrón
site. J.M.G. was supported by an NSF international
postdoctoral fellowship (OISE-0754461) and E.H. by a
postdoctoral training grant from the NIH and by a gift
from the Stanley Foundation. G.J.H. is an investigator of
the Howard Hughes Medical Institute, which together
with the Presidential Innovation Fund of the Max Planck
Society provided generous financial support. DNA
sequences are deposited in the European Bioinformatics
Institute short read archive, with accession number
ERP000125. The array capture technologies used in
this study are the subject of pending patent filings
U.S. 60/478, 382 (filed 2003) and U.S. 61/205,
834 (filed 2009), on which G.J.H. and E.H. are listed
as inventors.

Supporting Online Material

Downloaded from www.sciencemag.org on May 7, 2010

Our results demonstrate that hybridization capture arrays can generate data from genomic target
regions of megabase size from ancient DNA
samples, even when only ~ 0.2% of the DNA in
a sample stems from the endogenous genome. By
generating an average coverage of 4- to 5-fold,
errors from sequencing and small amounts of
human DNA contamination can be minimized. A
further approximately 5-fold reduction of errors
was achieved here by the enzymatic removal of
uracil residues that are frequent in ancient DNA
(25). Because the Sidrón 1253 Neandertal library
used for this study has been amplified and
effectively immortalized, the same library should
be able to provide similar-quality data for any other
genomic target region, or even the entire singlecopy fraction of the Neandertal genome.
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Materials and Methods
Figs. S1 to S4
Tables S1 to S5
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Spectra for each of the lobes together with
the central source (hereafter referred to as the
“core”) were determined with a binned maximum
likelihood analysis implemented in GTLIKE (7)
using events from 0.2 to 30 GeV in equal logarithmically spaced energy bins. We modeled background emission by including the Galactic diffuse
component, an isotropic component, and nearby
g-ray point sources [see the supporting online material (SOM)]. We fit the core as a point source at
the known radio position and modeled the lobe
emission with a 22-GHz Wilkinson Microwave
Anisotropy Probe (WMAP) image (Fig. 1) (8) with
the core region within a 1° radius excluded as a
spatial template. The modeled lobe region roughly corresponds to the regions 1 and 2 (north) and
4 and 5 (south) defined in (9), where region 3 is the
core (Fig. 2). Assuming a power law for the g-ray
spectra, we find a large fraction (>1/2) of the
total >100-MeV emission from Cen A to originate
from the lobes with the flux in each of the northern
{[0.77(+0.23/–0.19)stat.(T0.39)syst.] × 10−7 ph cm–2 s–1}
and southern {[1.09(+0.24/–0.21)stat.(T0.32)syst.] ×
10−7 ph cm–2 s–1} lobes smaller than the core flux
{[1.50(+0.25/–0.22)stat.(T0.37)syst.] × 10−7 ph cm–2 s–1}
(stat., statistical; syst., systematic). Uncertainties in
the LAT effective area, the Galactic diffuse model
used, and the core exclusion region were considered to be sources of systematic error (SOM).
The resultant test statistic (10) for the northern
and southern giant lobes are 29 and 69, which
correspond to detection significances of 5.0s and
8.0s, respectively. The lobe spectra are steep, with
photon indices G = 2.52(+0.16/–0.19)stat.(T0.25)syst.
(north) and 2.60(+0.14/–0.15)stat.(T0.20)syst. (south)
in which photons up to ~2 to 3 GeV are currently
detected. These values are consistent with that of
the core [G = 2.67(T0.10)stat.(T0.08)syst.], which
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Fig. 2. Observed intensity profiles of Cen A along
the north-south axis in
g-rays (top) and in the
radio band (bottom). In
the bottom panel, the lobe
regions 1 and 2 (northern
lobe) and regions 4 and
5 (southern lobe) are indicated as in (9), where
region 3 (not displayed
here) is the core. The red
curve overlaid onto the
LAT data indicates the
emission model for all
fitted points sources, plus
the isotropic and Galactic
diffuse (brighter to the
south) emission. The point sources include the Cen A core (offset = 0°) and a LAT source (offset =
−4.5°) (see SOM) that is clearly outside (1° from the southern edge) of the southern lobe. The excess
counts are coincident with the northern and southern giant lobes. arb, arbitrary units.
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Fig. 1. (A and B) FermiLAT g-ray (>200 MeV)
counts maps centered
on Cen A, displayed with
square-root scaling. In
both (A) and (B), models
of the galactic and isotropic emission components were subtracted
from the data (in contrast to the observed
counts profile presented
in Fig. 2). The images
are shown before (A)
and after (B) additional subtraction of field
point sources (SOM) and
are shown adaptively
smoothed with a minimum signal-to-noise ratio
of 10. In (B), the white
circle with a diameter of
1° is approximately the
scale of the LAT point-spread function width. (C) For comparison, the 22-GHz radio map
from the 5-year WMAP data set (8) with a resolution of 0°.83 is shown. J2000, equinox; h,
hour; m, minutes.

is known to have a steep g-ray spectrum (6).
For further details pertaining to the analysis of
the lobe emission, see the SOM.
It is well-established that radio galaxy lobes
are filled with magnetized plasma containing
ultra-relativistic electrons emitting synchrotron
radiation in the radio band (observed frequencies:
n ~ 107 to 1011 Hz). These electrons also upscatter ambient photons to higher energies via the
inverse Compton (IC) process. At the observed
distances far from the parent galaxy (>100-kpc
scale), the dominant soft-photon field surrounding the extended lobes is the pervading radiation
from the cosmic microwave background (CMB)
(11). Because IC/CMB scattered emission in the
lobes of more distant radio galaxies is generally
well observed in the x-ray band (12–14), the IC
spectrum can be expected to extend to even higher
energies (9, 15), as demonstrated by the LAT
detection of the Cen A giant lobes.

www.sciencemag.org

Fig. 3. Broad-band SEDs of the northern (A) and southern (B) giant lobes of
Cen A. The radio measurements (up to 60 GHz) of each lobe are separated
into two regions, with dark blue data points indicating regions that are closer
to the nucleus (regions 2 and 4; see Fig. 2), and light blue points denoting
the farther regions (1 and 5). Synchrotron continuum models for each
region are overlaid. The component at higher energies is the total IC

emission of each lobe modeled to match the LAT measurements (red points
with error bars; error bars indicate 1 s errors). The x-ray limit for the lobe
emission derived from SAS-3 observations (24) is indicated with a red
arrow [see (9)]. The break and maximum frequencies in the synchrotron
spectra are nbr = 4.8 GHz and nmax = 400 GHz, respectively. nSn, frequency
multiplied by flux density.

Fig. 4. Detail of the IC portion of the northern (A) and southern (B) giant
lobes’ SEDs (Fig. 3). The separate contributions from the different photon
seed sources are indicated with dashed lines, and the total emission is

represented by the solid black line. Red data points and error bars are the
same as in Fig. 3. Vertical bars indicate errors; horizontal bars indicate
frequency range.

To model the observed lobe g-rays as IC emission, detailed radio measurements of the lobes’
synchrotron continuum spectra are necessary to
infer the underlying electron energy distribution
(EED), ne(g), where the electron energy is Ee =
gmec2 (g, electron Lorentz factor; me, electron mass;
c, speed of light; ne, number density of electrons). In
anticipation of these Fermi observations, groundbased (16, 17) and WMAP satellite (8) maps of
Cen A were previously analyzed (9). Here, we
separately fit the 0.4- to 60-GHz measurements
for each region defined therein for the north (1 and
2) and south (4 and 5) lobes (Fig. 2) with EEDs in
the form of a broken power law (with normalization ke and slopes s1 and s2) plus an exponential
cutoff at high energies ne ðgÞ ¼ ke g−s1 for gmin ≤
g < gbr and ne ðgÞ ¼ ke gsbr2 −s1 g−s2 exp½−g=gmax % for
g ≥ gbr, such that the electron energy density isUe ¼
∫Ee ne ðgÞdg. To a certain extent, our modeling results depend on the shape of the electron spectrum

at energies higher than those probed by the WMAP
measurements (n ≳ 60 GHz) (Fig. 3); we have
assumed the spectrum to decline exponentially.
We calculated the IC spectra resulting from
the fitted EED (parameters listed in table S1
of the SOM) by employing precise synchrotron (18) and IC (19) kernels (including KleinNishina effects) by adjusting the magnetic
field B. In addition to the CMB photons, we
included IC emission off the isotropic infraredto-optical extragalactic background light (EBL)
radiation field (9, 20, 21), using the data compilation from (22). Anisotropic radiation from
the host galaxy starlight and the well-known
dust lane was also included, but was found to
have a negligible contribution in comparison to
the EBL (Fig. 4 and SOM). The resultant total
IC spectra of the northern and southern lobes
(Fig. 3) with B = 0.89 mG (north) and 0.85 mG
(south) provide satisfactory representations of
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the observed g-ray data. These B-field values
imply that the high-energy g-ray emission detected by the LAT is dominated by the scattered
CMB emission, with the EBL contributing at
higher energies (≳1 GeV) (Fig. 4).
Considering only contributions from ultrarelativistic electrons and magnetic field, the lobe
plasma is found to be close to the minimumenergy condition with the ratio of the energy densities Ue =UB ≃ 4:3 (north) and ≃ 1:8 (south),
where UB = B2/8p. The EED was assumed to
extend down to gmin = 1; adopting larger values
can reduce this ratio by a fractional amount
for the southern lobe and by up to ~two times
for the northern lobe (SOM). For comparison,
IC/CMB x-ray measurements of extended lobes
of more powerful [Fanaroff-Riley type-II (23)]
radio sources have been used to infer higher B
fields and equipartition ratios with a range
Ue =UB ≃ 1−10 (12–14).
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relativistic proton content is unconstrained in
our analysis, the obtained values for Etot and
Lj are strict lower limits and could plausibly be
an order of magnitude larger (28).
The observed LAT emission implies the presence of 0.1 to 1 TeV electrons in the few
hundred kiloparsec–scale lobes. Because their
radiative lifetimes (<1 to 10 million years) approach plausible electron transport time scales
across the lobes, the particles have been either
accelerated in situ or efficiently transported from
regions closer to the nucleus. Such high-energy
electrons in the lobes are, in fact, required to IC
scatter photons into the LAT band, and it is
presently unclear how common this is in other
radio galaxies.
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The radiating particles in the Cen A lobes
lose energy predominantly through the IC channel, because the ratio of the corresponding cooling times is equal to the energy density ratio
UCMB =UB ≳ 10. This manifests itself in the approximately one order of magnitude dominance
of the g-ray component over the radio component
in the observed spectral energy distributions (SEDs)
(Fig. 3). However, the magnetic-field constraints
(thus, the exact ratios of UCMB/UB) are sensitive
to the shape of the EED at the electron energies
Ee > 0.1 TeV. On one hand, magnetic-field
strengths greater than B ~ 1 mG will underproduce the observed LAT emission for all reasonable forms of the EED, so the quoted ratio is
formally a lower limit. Conversely, magnetic
fields as low as ~one-third of our quoted values
are strictly allowed if we invoke a sharper cutoff
in the synchrotron spectrum at ≳ 60 GHz, as
would be expected in some aging models for extended radio lobes (9). Such models with lower
magnetic fields and EEDs with sharper upperenergy cutoffs than the exponential form adopted
here (Fig. 3) would result in IC spectra in which
the EBL, rather than the CMB, component becomes dominant in the LAT observing band.
These models require large departures from equipartition ðUe =UB ≳ 10Þ; even lower B fields
would violate the observed x-ray limit to the
lobe flux (9, 24).
For a tangled magnetic field, the total nonthermal
pressures in the lobes are prel ¼ ðUe þ UB Þ=3 ≃
5:6 ' 10−14 erg cm−3 (north) and ≃ 2:7 '
10−14 erg cm−3 (south). Such estimates can be
compared to the ambient thermal gas pressure
to enable further understanding of the dynamical
evolution of such giant structures in general.
Unfortunately, the parameters of the thermal
gas at the appropriate distances from the nucleus of Cen A are not well known. Upper limits of the soft x-ray emission of the lobes (9), as
well as Faraday rotation studies (25), indicate
that the thermal gas number density is ngas <
10−4 cm−3 within the giant lobes. Hence, the upper limit for the thermal pressure pgas = nkT <
10−13(ngas/10−4 cm−3)(Tgas/107 K) erg cm−3 (k, the
Boltzmann constant; T, temperature) is comparable to the evaluated nonthermal pressures.
Our modeling results allow us to estimate
the total energy in both giant lobes Etot 1:5'
1058 erg. This energy, divided by the lifetime
of the lobes derived from spectral aging t ≃ 3'
107 years (9), gives the required kinetic power of the jets inflating the giant lobes, Lj ≃
Etot = 2t ≃ 7:7 ' 1042 erg s−1, which is close to
the estimates of the total power of the kiloparsecscale outflow in the current epoch of jet activity
(26). For a black hole mass in Cen A, MBH ≃
108 M⊙ (M⊙, mass of the sun) (27), this implies a jet power that is only a small fraction
of the Eddington luminosity ðLj ≃ 6:1 ' 10−4 LEdd Þ,
as well as a relatively small jet production efficiency (Etot =MBH c2 ≃ 8 ' 10−5 ). Because the
work done by the expanding lobes on the ambient medium is not taken into account and the
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The Equation of State of a
Low-Temperature Fermi Gas
with Tunable Interactions
N. Navon,*† S. Nascimbène,* F. Chevy, C. Salomon
Interacting fermions are ubiquitous in nature, and understanding their thermodynamics is an
important problem. We measured the equation of state of a two-component ultracold Fermi gas for
a wide range of interaction strengths at low temperature. A detailed comparison with theories
including Monte-Carlo calculations and the Lee-Huang-Yang corrections for low-density bosonic
and fermionic superfluids is presented. The low-temperature phase diagram of the spin-imbalanced
gas reveals Fermi liquid behavior of the partially polarized normal phase for all but the weakest
interactions. Our results provide a benchmark for many-body theories and are relevant to other
fermionic systems such as the crust of neutron stars.

R

ecently, ultracold atomic Fermi gases
have become a tool of choice to study
strongly correlated quantum systems
because of their high controllability, purity, and
tunability of interactions (1). In the zero-range
limit, interactions in a degenerate Fermi system
with two spin-components are completely characterized by a single parameter 1/kFa, where a is
the s-wave scattering length and kF = (6p2n)1/3 is
the Fermi momentum (n is the density per spin
state). In cold atom gases, the value of |a| can be
tuned over several orders of magnitude using a
Feshbach resonance; this offers an opportunity
to entirely explore the so-called BCS-BEC crossover, that is, the smooth transition from BardeenCooper-Schrieffer (BCS) superfluidity at small
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negative values of a to molecular Bose-Einstein
Condensation (BEC) at small positive values
of a (1, 2). Between these two well-understood
limiting situations, a diverges, leading to strong
quantum correlations. The description of this system is a challenge for many-body theories, as
testified by the large amount of work in recent
years (1). The physics of the BEC-BCS crossover
is relevant for very different systems, ranging from
neutron stars to heavy nuclei and superconductors.
In the grand-canonical ensemble and at zero
temperature, dimensional analysis shows that the
Equation of State (EoS) of a two-component Fermi
gas, relating the pressure P to the chemical potentials
m1 and m2 of the spin components can be written as
Pðm1 ,m2 ,aÞ ¼
"
#
ℏ
m
P0 ðm1 Þh d1 ≡ pffiffiffiffiffiffiffiffiffiffi ,h ≡ 2
m1
2mm1 a

5=2

ð1Þ

where P0 ðm1 Þ ¼ 1=15p2 ð2m=ℏ2 Þ3=2 m1 is the
pressure of a single-component ideal Fermi gas,
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m is the atom mass, ℏ is the Planck constant
divided by 2p, and d1 is the grand-canonical
analog of the dimensionless interaction parameter
1/kFa. The indices 1 and 2 refer to the majority and
minority spin components, respectively. From the
dimensionless function h(d1,h), it is possible to
deduce all the thermodynamic properties of the
gas, such as the compressibility, the magnetization, or the existence of phase transitions. The aim
of this paper is to measure h(d1,h) for a range of
interactions (d1) and spin imbalances (h) and discuss its physical content. Because it contains the
same information as Eq. 1, the function h will also
be referred to as the EoS in the rest of the text.
In situ absorption images of harmonically
trapped gases are particularly suited to investigate the EoS, as first demonstrated in (3) and
(4). In the particular case of the grand-canonical
ensemble, a simple formula relates the local
pressure P at a distance z from the center of the
trap along the z axis to the doubly integrated
density profiles n1 and n2 (5).
mw2r
ðn1 ðzÞ þ n2 ðzÞÞ ð2Þ
Pðm1 ðzÞ,m2 ðzÞ,aÞ ¼
2p
Here, we define the local chemical potentials
1
mi ðzÞ ¼ m0i − mw2z z2 , where m0i is the chemical
2
potential of the component i at the bottom of the
trap, assuming local density approximation. wr
and wz are the transverse and axial angular
frequencies of a cylindrically symmetric trap,
respectively, and ni ðzÞ ¼ ∫ni ðx,y,zÞdxdy is the
atomic density ni of the component i, doubly
integrated over the transverse x and y directions.
In a single experimental run at a given magnetic
field, two images are recorded, providing n1 ðzÞ
and n2 ðzÞ (fig. S4); the z-dependence of the chemical potentials then enables the measurement of P
along a curve in the (d1,h) plane (6). This method
was validated in (4) for the particular case of the
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