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DISCOVERY OF THE LOW-ENERGY CUTOFF IN A POWERFUL GIANT RADIO GALAXY
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ABSTRACT

The lobes of radio galaxies and quasars, fed by jets and hot spots, represent a significant, and currently ill-
constrained, source of energy input into the intergalactic medium (IGM). How much energy is input into the
IGM depends on theninimum energy to which the power-law distribution of relativistic particles is accelerated
in the hot spots. This has hitherto been unknown to within 3 orders of magnitude. We present direct evidence
for the discovery of this low-energy cutoff in the lobe of a megaparsec-sized radio galaxy via the existence of
extended X-ray emission, inverse Compton—scattered &ged radio plasma, and its separation by 80 kpc from
regions containingreshly accelerated plasma from the hot spot. The low-energy cutoffyof 10* in the hot
spot is higher than previously thought but reconciles discrepancies with magnetic field estimates that had been
systematically lower than equipartition values. The inverse Compton scattering of the spent synchrotron plasma
is at the expense of cosmic microwave background (CMB) photons; we comment on the importance of such
giant radio galaxies as contaminants of CMB anisotropies.

Subject headings. galaxies: individual (6C 090563955) — galaxies: jets
Online material: color figure

1. INTRODUCTION extremely useful Web site documents discoveries to tate.

) ) While studies of jets and hot spots in these objects reveal much
Knowledge of the energy inputinto the IGM from a powerful 5,4yt speeds and magnetic fields, our focus in this Letter is on

radio galaxy is necessary to understand the feedback of radiqne radiation from the lobe regions (i.e., plasma that has been
jets and lobes on their environments and hence their mfluenceoutput from the hot spot). FaEhandra, we proposed obser-

on cosmic structure formation. Estimates of this energy have ations of some giant radio galaxies as part of a study to in-
been used to attempt (Wardle et al. 1998, Celotti et al. 1998; \qgtigate the population of relativistic particles in their lobes
Celotti 2003) to discriminate between whether the constituents havinglower Lorentz factors than can be probed by radio ob-
of jet plasma are electron-positron (light jets) or electron-proton geryations of synchrotron emission. In all standard models of
(heavy jets), which has considerable implications for the jet- 154ig source evolution (Baldwin 1982; Kaiser et al. 1997; Blun-
production mechanism at the supermassive black holes fromyg| et a1, 1999), longer (i.e., more extended) sources are older
which the jets emanate. To calculate the energy stored in theyan shorter sources; as such, giant radio galaxies should be
radio lobes, it is necessary to integrate over the entire energyexpected to have older plasma (having lower Lorentz factors

distribution of the particles in the plasma that constitutes the {nan freshly accelerated plasma that has suffered less in the
lobes. The spectral shape, constrained by observations, is oftelg\,ay of energy loss) than shorter sources.

a good approximation to a power law, which means that there - A particularly important target among these is the powerful
are very few high Lorentz facton] particles and many orders  agsjcal double (FR II; Fanaroff & Riley 1974) radio galaxy
of magnitude more low particles. The lower limit of this  gc 0905+-3955. at the relatively high redshift of = 1.88
energy distribution, hereaftey,,, , was hitherto barely con- (| 5,.Green et al. 1995). This object has a physical size pro-

strained by observatioqs or theory_ (Carilli et al. 1991; H_ard— jected on the plane of the sky of 945 kpc (using the assumed
castle et al. 2001) and is thus crucial for even an approxmatecosmmogy of H, = 71 km s* Mpc? @, = 0.27, and

estimate of the energies involved. A considerable range of vaI-QA = 0.73and its measured angular size of 11

ues fory,,, is cqvered by diffe_rent authors who were forced The radio emission from 6C 09858955, shown in Fig-

to make an arbitrary assumption (€.gu, = 1 is used by 6 1 (and indeed at 408 MHz in Figabf Law-Green et al.
Hardcastle 2005 and also by Kaiser et al. 1987, = 10 IS 1995 which closely resembles our image at 1.4 GHz), repre-
used by Croston et al. 200§,,, = 100 is used by Carilli €t gents the entirety of the radio emission at these frequencies:
al. 1991, andy,,, = 1000 is taken by Wardle et al. 1998). o radig lobes seen just inward of the compact hot spots,
This important point is actually rather obscured by the fact that together with the core, have the same silhouette at low fre-

many authors state an assumed minimum frequenather 4 ency (Law-Green et al. 1995) as at our high-frequency image

than a minimurmy, following Miley (1980). shown in Figure 1. The 408 MHz MERLIN image of Law-
Green et al. (1995) demonstrably does not undersample much
2. COMPARISON OF X-RAY AND RADIO EMISSION of the smooth extended emission because the total flux density

o o ) measured from the MERLIN 408 MHz image is the same as

The Chandra X-ray satellite is revolutionizing studies of the measured total flux density of 940 mJy from the Bologna

radio galaxies and quasars since it is now possible to resolve408 MHz survey (Ficarra et al. 1985), which measures the

extended X-ray emission from hot spots, jets, and lobes. Anintegrated flux density. Moreover, comparison of the integrated
flux density from our 1.4 GHz image66 + 3 mJy) with that

! University of Oxford, Astrophysics, Keble Road, Oxford OX1 3RH, UK.  from the NRAO VLA Sky Survey observation2§0 + 4 mJy)
2 Institute of Astronomy, Madingley Road, Cambridge CB3 OHE, UK.
3 International School for Advanced Studies, SISSA/ISAS, via Beirut 2-4,

1-34014 Trieste, Italy. 4 See http://hea-www.harvard.edu/XJET/.
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TABLE 1
SPATIAL DISTRIBUTION OF X-RAY COUNTS

Total Counts
(Background) r

11 (0.14)
81(27.19)

L,(2-10 keV)
(10* ergs s

2 1.2
2.7°07 2.1
2

Region

Nucleus...........
Lobe ..............

Westernmost..... 15 (2.4) 2.5 0.6
X-rays ............ 2 0.7
Easternmost 9 (1.57) 1.4%% 0.5
X-rays ......ooo... 2 0.4

NotEs.— The photon numbers for detection purposes are from
the 0.3-3 keV band, while the spectral fits were made over the
full 0.5-7 keV band. For the easternmost X-ray—emitting region,
which is some 80 kpc from the eastern radio hot spot, the prob-
ability of detecting 9 photons when 1.57 is expected is 8.9
1075, so its detection is very secur€-statistics were used to
calculate the X-ray photon indeX, and the X-ray luminosity,

Ly, in the rest-frame 2—-10 keV band. The first, third, fifth, and
seventh rows in the table list the luminosity calculated for a fixed
photon index of 2.
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ure 1 shows that the vast majority of the X-ray emission seems
Fic. 1.—Upper panel: Gray scale that is unsmoothed X-ray (0.3-3 keV) to be aSS.OCIated. Wl.th the (eglonwde the. radlo.IObeS rather
emission from the giant radio galaxy 6C 0903955; the green contours are than spa_tlally COIHCId_ent _Wlth them (Ieavmg aS|_de the nucleus
the radio emission at 1.4 GHz from archival observations with the A, B, and Where different physics is at play). These regions are where
C configurations of the VLA (the lowest contour is 0.6 mJy bejmBlue the hot spots would hay@eviously passed through, depositing
o Son o oo egihen reshly acceleated plasma, on theirjourney outward fom
material F%aving Lorentz factor particlges that are toog IO\F/)v to rgdiate at radio the Cemr_al nucleus of the actllve.galaxy. This plasma W.OU|d
wavelengths but are sufficient to inverse Compton—scatter CMB photons to Nave radiated synchrotron emission for at most a few times
X-ray energiesLower panel: Same as upper panel, but smoothed by a 4 pixel 10’ yr at observable radio wavelengths (Blundell & Rawlings
Gaussian; the contours are of the same radio emission at 1.4 GHz (the lowesP000) and is subject to four principal kinds of energy loss
contour is 0.4 mJy bearf). [See the electronic edition of the Journal for a (Blundell et al. 1999): (1) adiabatic expansion losses as the
color version of this figure] plasma escapes from the high-pressure hot spot into the lower
pressure lobe, (2) adiabatic expansion losses as the overpres-
by Condon et al. (1998) is consistent with no radio flux density sured lobe itself expands into the IGM, (3) synchrotron radi-
having been lost as a result of interferometric undersampling ation losses, and (4) inverse Compton scattering losses off the
in the extended VLA configurations. CMB. Simple calculations show that item 1 means that the
The Chandra X-ray satellite observed 6C 0988955 on | orentz factors of all particles will reduce by a factor of typ-
2005 March 2: the X-ray emission from this object is well jcally 10 (Scheuer & Williams 1968; Blundell et al. 1999) after
detected in 19.68 ks, with about 114 counts in total (aII counts exiting the compact hot spot and expanding into the lobe and
quoted are background-subtracted), and is spread in a lineajtem 2 means that there will be a continuous reduction in their
fashion contained within the giant radio structure (Flg 1) The Lorentz factors by an amount that depends on the Subsequent
(background-subtracted) counts are divided between the lobéfractional increase in volume of the lobe. (Note that items 3
that contains 81 counts and the nucleus that contains 11 countsand 4 make only a slight difference to the lewparticles since
a region with 15 counts associated with the western radio hOtthese losses depend qﬁ ) Thus, whatever is the minimum
spot and a region containing 9 counts toward the eastern radiq_orentz factor {,,,, ) resulting from acceleration in the hot spot,
hot spot but actually 80 kpc from it in the direction of the it will give rise to ay,,, that is at least an order of magnitude
nucleus. There is no indication of any host cluster or group in |jower in the lobes—we now establish what these values of

the relatively short exposure. o Yein @re in these two locations.
Inspection of images in different energy bands indicates that

the nucleus or core is hard and that the remainder (i.e., the
emission from between the hot spots but excluding the nucleus)
is soft. Despite the low count rates, crude spectra are extracted To suggest that the X-ray emission seen to the east of the
and summarized in Table 1. nucleus is synchrotron emission, in a region where there is
The unsmoothed image (the upper panel in Fig. 1) showsnegligible radio emission even at 408 MHz (see previous sec-
that the X-ray emission just to the east of the core is resolvedtion), would require an unprecedented spectrum of relativistic
transversely with a width of25 kpc, larger than the transverse particles having a significant number density with Lorentz fac-
width of the radio lobe seen somewhat farther to the east, andtors of 10 and rather less with Zpwhich would require an
is thus most unjet-like. The X-ray emission does not in any unprecedented acceleration mechanism; therefore, itis assumed
way resemble the fine and slender collimated jet emission thatthat there is no particle acceleration taking place to cause this.
has been observed in FR | radio sources and low-redshift FRA much more conservative explanation is the process of inverse
Il sources (see footnote 4), and therefore strongly suggests thaCompton scattering of CMB (ICCMB) photons by relativistic
this X-ray emission arises from the same plasma that at earlierelectrons widely believed to be in the lobes of radio galaxies,
times would have been radio-emitting lobe material. which we now explore. The usual assumption is made through-
Comparison of the X-ray and radio structures seen in Fig- out that the plasma comprising the lobe (or what used to radiate

Right Ascension (J2000)

3. RELEVANT LORENTZ FACTORS
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as lobe material) is not moving relativistically, and so inves- exception to this behavior, in that there is very approximate
tigation of beamed ICCMB would be inappropriate here. spatial correspondence between the X-ray and radio emission
Synchrotron particles with a Lorentz factgrwill upscatter (see inset to Fig. 1). It could be that on this side of the source,
CMB photons ., ) to higher frequencies,( ) according to X-ray emission is seen much closer to the radio hot spots
because expansion losses are so much greater in their vicinity

) 4 1 (note that the transverse size of the west lobe is rather larger
e I R () than that of the east lobe) and that therefore loywgarticles
Vems 3 3

are expected to be present much closer to this hot spot complex.
It is also possible that different physics is responsible for this
On the assumption that it is the photons from the peak of the emission: for example, synchrotron self-Compton emission as
CMB distribution that are inverse Compton—upscattered by the found in the hot spots of Cygnus A (Wilson et al. 2001) or
spent synchrotron plasma in the lobes, the Lorentz factors re-perhaps X-ray emission from a galaxy responsible for the pu-
sponsible for the emission observed at 1 and 10 keV are thentative gravitational lensing of this hot spot (Law-Green et al.
1.5 x 10° and 4.8 x 102, respectively, and so the presence of 1995).
ICCMB photons mandates the existenceyof 10° particles
in the lobe region. Note that these particles will have suffered
considerable adiabatic expansion losses on leaving the hot spot 4. IMPLICATIONS OF A HIGH v,
but preserve the shape of the spectrum. The steep power-law
spectrum (if it did continue to low energies) would predict
many morey ~ 10° particles in the hot spot than in the lobe.
However, the absence of X-ray emission, and thus ICCMB, in
the east (left) hot spot mandates the absenge-o0® particle
there; i.e., the particle spectrum in the hot spot cuts off above
these low energies. If we conservatively take, in the lobe
to be~1C, then this requires the lower limit to thg,,, in the
compact east hot spot to bel (",

The X-rays are much more pronounced in the regions of the 1 |G
lobes containing spent, rather than currently radiant, synchrotron Beq o (_) ' (2)
plasma. The extended X-ray emission is therefore most likely
produced by nonthermal particles that no longer contribute to the . . .
observed radio emission. In fact, the X-ray emission only seemsWherefif is the frequency spe_ctral index of the_flux density
to appear where the east radio lobe has undergone significanp * 7. " at frequency. Thus, ifxy,,, of the lobes is assumed
transverse expansion (at R.A.0908™215; see Fig. 1); stillcloser  t0 e 10 (or 100), but is in reality 10then the inferred-field
to the central engine, the lobe plasma has presumably undergont® d|scr_epantly larger than the true val_ue by 4 (or_2). 'I_'hese_ are
still further transverse expansion, so that its magnetic field strength®PProximately the factors by which estimated equipartition field
is too low there to cause the remaining low Lorentz factor particles Strengths, calculated assuming the lower values.gf  , are
o radiate at radio wavelengths. However, by equation (1), the X- 1arger than independently estimatedields from cospatial in-
ray emission traces the location of old synchrotron particles, in- VE'S€ Compton X-ray and synchrotron radio emission (Brunett

; ; ; t al. 2002; Harris & Krawczynski 2002; Kataoka et al. 2003;
jected by the hot spot a long time ago, whose energies are nowf ' ' ey
reduced down to a Lorentz factgr,, ~ 10° . The lobe radio emis- Croston et al. 2005). Thus, the knowledge_ that IS higher
sion observed at 408 MHz (Law-Green et al. 1995) adjacent tothan previously assumed may well reconcile these discrepant
the compact hot spots will require at least an order of magnitudevalge_s' ob i« field hel

higher Lorentz factor than this value gf,,  (assuming magnetic __!T: In consequence, lobe magnetic field strengths|aner

field strengths<0.1 nT) as the particles recently accelerated in than previously assumed, a corollary is that a higher normal-

the hot spots and then released into the lobes emit synchrotroriZ&tion of the particle energy spectrum is required to produce
radiation in the magnetic fields there. So while electrons with sucht.he observed Iumllnosny (the magnetic f'eld. strength and par-
low Lorentz factors in the more aged regions of the lobes cannotlic!e number density are degenerate for a given observed syn-
produce synchrotron radiation at observable radio frequenciesChrotron luminosity). The number density normalizathdn ~ of
they are ideally matched to upscatter CMB photons int€tre- synchrotron particles for a power-law distribution of particles
dra X-ray energy bands. depends ony,,;,, as follows:

The radio/X-ray comparison in Figure 1 shows a separation
of the outermost X-ray emission from the outermost radio emis- N, oc y e Dare)iEte) (3)
sion toward the east, by80 kpc. This is the first direct indication
of the elusive low-energy cutoff for plasma energized in hot \ o0 s the frequency spectral index measured taxbe
spots, as it implies that there are no such low-energy partlclesl 1in 6C 0905+3955, givingN, oc v%¢ in this object. The
in plasma recently accelerated in the hot spots. This has impIi—tO'tal number density s ivenob n’Ym'”z No/(2ary22,) '
cations for the physical mechanism for particle acceleration in et 15 G YMre o\ min -
hot spots: for example, it may be that the only particles to escape
from hot spots into lobes are those with gyroradii larger than 5. mpLICATIONS FOR THE RELATIVISTIC SUNYAEV-ZELDOVICH
the shock front, while less energetic particles with smaller gy- EEFECT
roradii are very rapidly accelerated within the thickness of the
shock (which is of course on size scales much smaller than The dependence of the number density of particles,Qn
current observations of hot spots can resolve). has implications for the relativistic Sunyaev-Zeldovich effect

The western hot spot of 6C 0903955 appears to be an (Sunyaev & Zeldovich 1969, 1970; Birkinshaw et al. 1999)

If the v,,, of the particles accelerated in the hot spots is
higher than has previously been thought, the equipartition mag-
netic field strengthB,, (calculated on the basis of the observed

guminosity and the assumption that in the lobes there is equal

energy stored in the magnetic fields as in the relativistic par-
ticles), will belower than previously thought. The relationship
betweeny,,, and,, is given by
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from the plasma lobes of radio galaxies. The optical depth of 6. SUMMARY
relativistic electrons is given (Ensslin & Kaiser 2000) by

The extended structures of the giant radio galaxy 6C 8905
3955 at X-ray and radio wavelengths have been compared, and
Trel = O f di (4) they show that the bulk of the X-ray emission associated with
noncompact components (i.e., lobe material) preferentially oc-
curs where the synchrotron plasma is expected to be oldest.

whereo; is the Thomson scattering cross sectiogthe line-  since X-ray emission from ICCMB comes from electrons with
of-sight distance through the lobe (taken to BeBhich is | orentz factorsy ~ 10° , this strongly suggests that there is an
25 kpc in the assumed cosmology), ang,  is the numberincreased presencept~ 10°  particles in the older plasma than

density of relativistic particles. The fraction of photons up- i, the more recently accelerated plasma.

scattered from the CMB via the relativistic Sunyaev-Zeldovich |t the equipartition paradigm is valid, thep,, > 10° |, if
effect is given byr,, —this upscattering is assumed to be at the generally true, means that the equipartition magnetic field
wavelength of the peak of the CMB photon distribution that at strengths are lower than previously assumed. The valyg,of

z = 1.88is 3.7 mm, corresponding to a frequency of 82 GHz. affects the optical depth of the relativistic electrons in the radio
6C 09053955 is the target of future observations to search for |ghes; it is important to establish the generality of our discovery

a decrement of intensity in this frequency regime. in order to be sure about the importance of the relativistic
Taking 10 for the value ofy,,, in the lobes gives a value synyaev-Zeldovich effect from radio galaxy lobes imprinted
of 7,4~ 107 * for the radio-emitting regions; will be higher in the details of the CMB.

than this in the regions where X-rays are emitted. If this value

of 7., IS typical (@ > 0.5), the radio galaxies are unlikely to

be as important for CMB descrements as suggested by Ensslin

& Kaiser (2000), unless the equipartition paradigm does not K. M. B., C. S. C., and A. C. F. thank the Royal Society
in general hold in these objects. Future experiments should befor their support. We thank Robert Laing, Peter Duffy, and
sensitive to CMB decrements on the angular size scales probedatrien Steenbrugge for helpful discussions. The VLA is a
by giant (or relic) radio galaxies such as 6C 09(®55 and facility of the NRAO operated by AUI, under cooperative
will, in combination with futureChandra imaging, deepen our  agreement with the NSF. A. C. thanks the Italian MIUR and

understanding of the physical conditions in these objects. INAF for support.
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