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Lower bound on the local extragalactic magnetic field

Luis A. Anchordoqui and Haim Goldberg
Department of Physics, Northeastern University, Boston, Massachusetts 02115
(Received 27 July 2001; published 26 December 2001

Assuming that the harg-ray emission of Cen A is a result of synchrotron radiation of ultrarelativistic
electrons, we derive a lower bound on the local extragalactic magnetic Beld,0 8 G. This result is
consistent with(and close tpupper bounds on magnetic fields derived from consideration of cosmic micro-
wave background distortions and Faraday rotation measurements.
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Increasing our knowledge of the properties of extragalacrelativistic particles and turbulent fields at a “working sur-
tic magnetic fieldtEGM) on scales between Mpc and the face” in the head of the jetgl2]. In what follows, we will
visible horizon could significantly impact our understandingadopt the first order Fermi shock acceleration mechanism in
of phenomena in cosmic ray physigsropagation, dissipa- hot spots of FRII galaxies, as discussed in REIS8,14], to
tion via synchrotron radiationcosmology[distortion of cos- ~ account for particle acceleration to ultra high enerdes.
mic microwave backgroundCMB)], and particle physics The applicability of this scenario to Cen A will be discussed
(early universe primordial magnetogenesis during phasé# the next paragraph. The subtleties surrounding the conver-
transitions. At present, surprisingly little is actually known sion of particles’ kinetic energy into radiation provide ample
about EGM: there are some measurements of diffuse radigaterial for discussiofil6-18. The most popular mecha-
emission from the bridge area between the Coma and Abeflism to date relateg-ray emission to the development of
superclusterg1,2], which, under assumptions of equiparti- electromagnetic cascades triggered by secondary photome-
tion allows an estimate aP(0.2—-0.6) G for the magnetic  Son products that cool instantaneously via synchrotron radia-
field in this region. Such a large field may possibly be un-tion [16,17. The characteristic single photon energy in syn-
derstood if the bridge region lies along a filament or sheeghrotron radiation emitted by an electron is
[3]. Faraday rotation measuremer,5 have thus far

served to set upper bounds 610 °-10"8) G on EGM 3\12 he 2B

on various scalefb, 6], as have the limits on distortion of the E,= (5) ——5 < ~5.4B,6E}y TeV. @
CMB [7,8]. The Faraday rotation measurements sample 2mMmeC

EGM of any origin out to quasar distances, while the CMB

analyses set limits on primordial magnetic fieJ@ We will ~ For a proton this number isn{,/m)3~6x10° times
discuss these bounds in some detail in the concluding sesmaller. HereB, is the magnetic field in units g&G and
tion, when comparing with our results. E,o=E/10" eV. Thus, it is evident that high energy gamma

In this paper, we will use the results of a set of cosmic rayray production through proton synchrotron radiation requires
measurements taken over a ten-year period at the Sydnerery large[ O(100 G)] magnetic fields.
University Giant Air-shower RecordglSUGAR) [10], and We now discuss how the less luminous FRI galaxy Cen A
covering much of the southern sky, in order to sdbwer  fits into this picture. This radio-loud sourcé~310°, b
bound on the size of th® field between Earth and the ~20°), identified at optical frequencies with the galaxy
nearby galaxy Centaurus ACen A), at a distanced NGC 5128, is the closest example of the class of active gal-
~3.4 Mpc. The bound will be based on current models ofaxies[19]. Different multi-wavelength studies have revealed
dynamics in the “hot spots” of radiogalaxies, and these as-a rather complex morphology: it comprises a compact core, a
sumptions will be tested by future observations of ultra-high4et also visible at x-ray frequencies, a weak counterjet, two
energy cosmic rayCR) and high energy gamma ray fluxes inner lobes, a kpc-scale middle lobe, and two giant outer
from the direction of Cen A. We will initially outline the lobes. The jet would be responsible for the formation of the
dynamical picture concerning the generation of high energyorthern inner and middle lobes when interacting with the
gamma rays. This picture leads to our Ef), and then as a interstellar and intergalactic medium, respectively. There ap-
consequence to our lower bound BnWe may immediately pears to be a compact structure in the northern lobe, at the
note that we are aware of the crude angular and energy resextrapolated end of the jet. This structure resembles the hot
lutions of the SUGAR observations. Our analysis will takespots like those existing at the extremities of FRII galaxies.
into account these uncertainties. However, at Cen Aiit lies at the side of the lobe rather than at

Fanaroff-Riley Il (FRIl) galaxies[11] are the largest the most distant northern edge, and the brightness contrast
known dissipative objectéhon-thermal sourcesn the uni-  (hot spot to lobgis not as extremg20].
verse. Localized regions of intense synchrotron emission, so- In order to ascertain the capability of Cen A to accelerate
called “hot spots,” are observed within their lobes. Theseparticles to ultra high energies, one first applies the Hillas
regions are presumably produced when the bulk kinetic eneriterion [21] for localizing the Fermi engine in space,
ergy of the jets ejected by a central active nuclésisper- namely that the gyroradiusry=110E5y/B,c kpc (Ex
massive black holet accretion disk is reconverted into =E/10?° eV) be less than the size of the magnetic region.
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FIG. 1. Jet velocity as a function of parameter
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Low resolution polarization measurements in the region opectrum with spectral index 5/3. Equating these character-

the suspected hot spot give fields as high as@5 [20]. In istic times yields a value for the maximum proton energy

certain of the regions where measurements at both high and

low resolution are available, thifield at high resolution can Exo=1.4x10°B, 2Bl R VA1 +Aa) 3 (4)

be twice that at low resolution. The higher resolution can

reveal amplification in the post-shock regid®], yieldingB  whereR,,.=R/1 kpc. One can estimate~0.4 from the ra-

fields possibly as high as 50-60G [20,23. The radio- djo spectral index of synchrotron emission in the hot spot

visible size of the hot spot can be directly measured from th@nd the observed degree of linear polarization in the same

large scale map of Ref24], giving Rys=2 kpc. The actual region[27]. The jet velocity is model dependent, and esti-

size can be larger by a facter2 because of uncertainties in mates range from-500 km st to 0.9% [20]. For FRI gal-

the angular projection of this region along the line of sightaxjes, a is expected to be<1 [16], and in our analysis we

[25]. If one assumes that the magnetic field of the hot spot igyjil sample a region of smak. In Fig. 1 we plot the relation

confined to the visible region, then the limiting energy is petween,, and a required to attain various energies, for

~2X 107 eV. However, it is plausible that the shock struc- figucial valuesB=60uG,R=4 kpc. Since the range of

ture in the hot spot extends beyond the radio-visible regioR|yes fora and the jet velocity conform to expected values,

(14,26 it is plausible that Cen A can accelerate particles to energies
In light of this, we apply to Cen A the analyses Refs. = 1?0 ev.

[14,16], in which a limiting energy is obtained by balancing  Recent observations of the gamma ray flux for energies

the characteristic time scale for diffusive shock acceleration.. 100 MeV [by the Energetic Gamma Ray Experiment

3 Telescope (EGRET) [28]] allow an estimate L,
401 1(5) R-23 @ ~10" ergs* for the sourcg29]. This value ofL, is con-

acc cpiuleB sistent with an earlier observation of photons in the TeV-
: range during a period of elevated activ[t§0], and is con-
against the energy loss time scale siderably smaller than the estimated bolometric luminosity
Lyo~10" ergs® [19]. Data across the entire gamma ray
6’7ng03 1 bandwidth of Cen A are given in Rdf31], reaching energies
Tioss™ mE : B as high as 150 TeY32]. Data at this energy await confirma-

tion. For values ofB in the uG range, substantial proton

In the aboveSj= jet velocity in units ofc, u is the ratio of ~ Synchrotron cooling is suppressed, allowing production of
turbulent to ambient magnetic energy density in the region ohigh energy electrons through photomeson processes. The
the shockof radiusR), B is the total magnetic field strength, average energy of synchrotron photons scales Eas

a is the ratio of photon to magnetic energy densities,is ~ =0.2%, [33]. With this in mind, it is straightforward to see
the classical Thomson cross section, @@ a measure of that to account for TeV photons Cen A should harbor a popu-
the relative strength ofp interactions against the synchro- lation of ultra-relativistic electrons wite~6x 10'® eV. We

tron emission. In Ref.14], Ais estimated to be=200 almost  further note that this would require the presence of protons
independent of source. In E(R) we assume that the turbu- with energies between one and two orders of magnitude
lent component of the magnetic field follows a Kolmogorov larger, since the electrons are produced as second&dgs
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There are plausible physical argumefitg,35 as well as 1
some observational reasof&6] to believe that when proton
acceleration is being limited by energy losses, the CR lumi- 8 ]
nosity Lcg=L, . In the spirit of [37], we introducee, the
efficiency of ultra high energy CR production compared to
high energyy production—from the above, we expeet

=1. Using equal power per decade over the interval Ao
(Emins Emay, We estimate a source luminosity 0zl *
E2dND™"  6.3¢L,, 1072 eV/s : e oo "
dEdt  IN(Emax/Emin) © o
%
where L 4;=luminosity of Cen A/16'ergs! and the sub- oal

script “0” refers to quantities at the source. ¥
For a relatively close source like Cen A, one can neglect _q4l
interactions of cosmic ray protons with the universal back-
ground radiations. Consequently, the shape of the spectrur _os}
would be unmodified38]. In order to discuss directionality, X
we first consider the case where therenis intergalactic -1k *
magnetic field. Theren routeto us the protons suffer no
deflections and no spectral distortions. With the source lumi-
nosity (5), the counting rate at Earth in an energy bin FIG. 2. The nominal arrival directionsa(=right ascensions
(E4,E,) for a detector of are& due to Cen A would be =declination of SUGAR events with energies abovex40'°® eV.
Also shown in solid lines are contour maps indicating the circular
areas of the celestial sphere centered at Céndicated byx) with

o (hr)

2
d_N _ S fEZ E”dNo d_E 10° and 25° radii. The dashed lines surrounding several of the
dt|,_, 4md? Jg, dEdt E2 events indicate the angular resolution of the experiment.
dN
= _3(8/100 kitf) eL oy a9 =8el,,; events/yr. (7
In(Emax/Emin) B=0
i_i In the preceding discussion we have indicated that under
X events/yr. (6) : " :
Ei20 E220 plausible conditions we may expeet=1. However, even if

el 4, is as small as 0.1, we may, in the absence of a magnetic

(Here Eq 5= E1/10%° eV, etc) This would all be concen- field, expect 8 events in 10 years from the direction of Cen
trated in a cone of half-anglé,.s, the observational resolu- A.
tion, about the direction of Cen A. The cosmic ray orbits undergo bending in both the galac-

As mentioned previously, the only existing measurementsic and extragalactic magnetic fields. The magnetic deflection
of ultrahigh energy cosmic rays arriving from directions of protons in the galactic disk has been studied in detail in
which include Cen A were carried out at SUGAR during a[41]. This analysis includes two extreme options for the be-
ten year period 1968 through 1979. The array was located dtavior of the field, reflecting the different symmetries with
30°32 S,149°46 E, and presented a total area of 100 2km respect to field reversals in thendz directions. TheB field
Shown as asterisks in Fig. 2, as given in 0], are the has a I behavior, with deviations calculated out to 20 kpc
arrival directions of 80 events with energies above 4from the galactic center. The r.m.s. deviati@veraged over
X 10'° eV. The direction of Cen A is indicated with a five- arrival direction, for an energy of 4 10*° eV, varies from
pointed star, and the experimentat Lincertainties in arrival  7.9° to 10.5° in going between the two models. This devia-
directions of events near the Cen A direction are indicated byion shows an approximately linear decrease with increasing
dashed lineg39]. The solid line ovals surrounding Cen A energy. All the events which we will consider have energies
indicate regions within 10° and 25°, respectively, of Cen A,>4x10'° eV, so that conservatively, we allow an uncer-
and their significance will be explained shortly. tainty of 10° in arrival direction due to deviation in the ga-

We now obtain theB=0 event rate expected at SUGAR lactic magnetic field. Events within the inner oval of Fig. 2
in the direction of Cen A, as predicted by Ef). The energy represent events which could have originated from Cen A,
bin is appropriate to the data pf0], E; ,0=0.4, E; ,0=2. A and have suffered deflection only in the galactic field. It is
conservative lower bound on the energy of protons which arelear that at most 1 event can be categorized in this manner,
progenitors of high energy gamma radiation Es,,=1 so that in order to have at least 8 evefs#se previous para-
X 10 eV. It is also reasonable to take for the upper boundgraph, some amount of extragalactic field is necessary.
Emax=4%X10%° eV [40]. With this input, we obtain from Eq. We treat the extragalactic deviation in a standard manner
(6), [42]. With B,c=B/10"° G, the Larmor radius of a particle
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in this field isr =10° Mpc E,/B,g. If this is sizeably energies below~2x10' eV. This is consistent with the
larger than the coherence length of the magnetic figjgl absence of any anisotropy in the events observed at SUGAR
the typical deflection angle from the direction of the sourceat these lower energigd7].
located at a distance, can be estimated assuming that the We turn to discuss our result in light of considerations
particle makes a random walk in the magnetic figid] which impose upper bounds on magnetic fieldg1) An
analysis of H& production provides a weak bounB,
<10°® G on a homogeneous primordial field8]; how-
| con 1/2% 8 ever, such fields are largely dissipated prior to nucleosynthe-
1 Mpc/ Eyp’ ®) sis[49]. (2) From limits on distortions of the cosmic micro-
wave backgroundCMB), there is an upper boun8,<3.4
Thus, in the case that(E)<1, we expect that the counting X 10 ° G for fields homogeneous on present horizon scales
rate (6) would be spread out over a cone of half-angle [7]. Our lower bound11) exceeds this, so that we may con-
clude that the magnetic field from here to Cen A contains
components in excess of a homogeneous relic background
O(E)=[ 6(E)2+ 62,2 (9) field. (3) The analysis of CMB distortions extended to inho-
mogeneous fields provides a larger boBgk3x 108 G
We now draw a second oval in Fig. 2 to include the leaston Scales between 400 pc and 0.6 MB& This lies above
number of events compatible with the expectation from CerPUr limit, so that the local EGM is consistent with being of
A. This second oval contain®r partially contains7 events ~ Primordial origin. (4) The absence of a positive signal in
within 25° of Cen A. From our previous discussion of the Faraday rotation measurements on QSG]srovides upper
galactic effects, this leads us to conclude thasmic rays limits on magnetic fieldgof any origin as a function of
with E>4x 10" eV experience a deviation of at leass®  reversal scale. These bounds depend significantly on assump-
in extragalactic magnetic fields during their transit fraden  tions about the electron density profile as a function of red
A to Earth. shift z When electron densities follow that of the Lyman-

In conjunction with Eqs(8) and (9) we utilize this con-  forest, the average magnitude of the magnetic field receives
clusion to obtain a lower bound on tigefield between Earth  an upper limit ofB< 109 G for reversals on the scale of the
and Cen A. The average enerEyof the cosmic ray events horizon, andB<10 8 G for reversal scales on the order of 1
above 4x 10'° eV, as reported ifi10], is 6.3 10'° eV. Re-  Mpc [6]. The latterupperbound is roughly coincident with
quiring 6(E)>15°, with 6,.=3° andd=3.4 Mpc, we ob- our lower limit in our galactic neighborhood. Local fluctua-

1/2
0(E)=0.54 (1 Mpc)

tain from Eqs.(8) and(9) tions in electron densities on scales of 1-30 Mpc can lead to
very large concommitant fluctuations in the corresponding
B>9.5x10° (I ;o/1 Mpo) 2 G. (10) magnetic field 3], so that the bound if6] should be read as

averaged over many reversal cells between Earth and the
light sources at distances out ze-2.5. If it should happen
that the fluctuations in the magnitude Bfin the Mpc cells

out to the horizon are of the same orderBag, itself, then

our result can imply that thaverage value of the intergalac-

tic magnetic field is of the order df0 8 G. Because of the

vsis h i h ith . B2 dependence of synchrotron radiation loss by secondary
Our analysis has utilized the SUGAR data with energies aSglectrons, a field of this strength can have important impli-

signed according to the Hillas modei3]. With this prescrip-  o4tions on the development of electromagnetic cascades.
tion, the energy spectrum agrees with that of other experig, o cascades are characteristically associated with the de-
ments[10]. An alternate methog44] which underestimates .oy of 5;permassive relic particles or topological defects. An
the energy by a factor of more than 2 leads to a SpeCtrurﬁverage magnetic field of 18 G will impose strong con-
which does not show this agreem¢0]. The lower energy ¢y inis on “top-down” model$50].

would have two effects in our analysi$) the expected t_av_ent The SUGAR observations used in this analysis were re-
rate(7) WOUI(.JI 90uble begagse_of the small_er lower I_|m|_t ON corded more than twenty years ago. Both resolution and sta-
the energy bir(ii) the deviation n the gal_act|c magnetic f'?ld tistics will be vastly improved with data to be available from
would _roughly dogble{41], Ieadmg_to an increase in the size facilities which will observe the southern sky. These are now
of th_e inner oval in F|g: _2._ Following the same procedure a%oming on line(Auger [51]), or are expected t¢EUSO/
previously, and still utilizing the conservative bouetls; Gy [52)) in the not-too-distant future. These data will sig-
=0.1, we would find thaB>5 nG. However, because there iticanily enhance our knowledge of magnetic field strengths

is general consens(id5] that the spectral evidence strongly ;. the extragalactic neighborhood of the Milky Way.
favors the Hillas energy normalization, we maintain our

bound asB>10 nG[46]. We would like to thank Peter Biermann for sharing with
The limit (11) has an immediate implication with respect us his expertise about magnetic fields in shock environment.

to lower energy cosmic rays: from E), one can conclude This work was partially supported by CONICHL.A.A.),

that if B>10 nG all directionality is lost for protons with and the National Science Foundatigh.G.).

Since the coherent length is most liketyl Mpc, we obtain
the bound stated in the abstract:

B>1.0x10¢ G. (11)
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