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Creneral Idea

UHE emission from Cen A dominates high-end of CR spectrum

[Farrar & Piran, arXiv:oolo0370]

w directional neutrons and neubrinos become markers in skey

Outline

Overview of recent UHECR observations

Bounds on exbtragalactic B-fields

Dissecting Cen A with gamma ray observations
UHECR emission from Cen A
UHEC LY emission from Cen A

Conclusions

Based on LAA, Goldberqg, Weiler, Phys, Rev. Lett. 57 (2o01) ox1101; asErO*ph/0103043
upciaEeci i arXiv:1103,0836
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" END TO THE COSMIC-RAY SPECTRUM?

Kenneth Greisen

Cornell ﬁhiversity. Ithaca, New York
(Received 1 April 1966)

The primary cosmic-ray spectrum has been
measured up to an energy of 10*° eV,! and sev-
eral groups have described projects under de-.
velopment or in mind? to investigate the spec-
| i e ARd we EAOEY 200 10311032 b

This note predicts that above 10?° eV the pri- 4

mary spectrum will steepen abruptly, and the
. experiments in preparation will at last observe

it to have a cosmologically meaningful termi-
nation.

WREsRseeT e catasiropi

intense 1sotropxc radiation f1rst detected by

Penzias and Wilson® at 4080 Mc/sec (7.35 cm)
and now confirmed as thermal in character by
measurements of Roll and.Wilkinson* at 3.2
cm wavelength. It is not essential to the pres-
ent argument that the origin of this radiation
conform exactly to the primeval-fireball mod-
el outlined by Dicke, Peebles, Roll, and Wil-
kinson®; what matters is only that the radia-
tion exists and pervades the observable uni-
verse. The transparency of space at the per-
tinent wavelengths, and the consistency of in-
tensity observations in numerous directions,

GZK suppression m interaction with CMB degrades CR energies

w predicted within a year of discovery of CMB
Zatsepin & Kuzmin, JETP Lebtb.4 (19686) 7%

Tuesday, June 21, 2011




Suppression of energy spectrum
=First hint of suppression 3.50 — 80 = rapor&ed 9 years ago

(depending on experiment normalization)
[Rachall & Waxman, Phys. Lett BS56 (oo3) 1]

+HiRes Collaboration m 5.30 [Phys. Rew. Lett, 100 (200%) 101101]

-+ Plerre Auger Collaboration = 200 [Phys. Lett. B 6%5 (2010) 239]
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History of anisobropy searches

AGASA & SUGAR: Yyes

Auger: hot at this level

No evidence 3@5?:

No evidewnce f}&ii‘:

ACrASA: Yyes
HIKES: no
Auger: hot at this level
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ACGrASA - SUGAR arrival directions

99 events observed above 40 EeV by SUGAR and AGASA
(6 < 55%) (0 < 45°)
[LAA ek al,, ‘Phjs. Rev. D &% (2003) oy 3004 ]
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HiRes - Auger arrival directions

O 69 Auger events >55 EeV
@ 27 Auger events >55 EeV
e 13 HiRes events

[Letessier-Selvon & Stanev, arXiv:1103.0031]
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A posteriori analysis on Cein A region

Maximum departure from isotropy m for ring of 18°
13 events observed m expectation of 3.2 from isotropy
There are o events coming from less than 18° around M%7

Cenbtaurus cluster Lies 48 MFJC behind Cen A

Could some of the events come from Centaurus cluster
rather than Cen A?

This does not appear Likely

because Centaurus cluster is farther away than Virgo cluster

for comparable CR Luminosities one would expect

small fraction of events coming from Virgo

Events emitted by Cen A and deflected by magnetic fields

could still register as correlation due to overdense AGN

Fcpuf.&?’:mm L:J}Emi:) behind Cen A w resulting in spurious stgihal
[Gorbunoy, Tinyakoy, Tkachey, Troitsky, arXiv:0¥04.10¥% ]
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1f particles responsible for Cen A excess are heavy nuclei

proton component should lead to excess at EeV energies

[Lemoine & Waxman, ICAP 11 (2009) 9]
o N >\

AN
[Pierre Auger Collaboration, arXiv:1106.304% ]
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Required proton-to-nucleus ratio for heavy nuclei excess

95% CL upper bounds from Cen A

[Pierre Auger Collaboration, arXiv:1106.304% ]

Hereafter consider proton primaries beyond GZK suppression
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- - - QGSJETO1

- - - QGSJETII
Sibyll2.1

— EPOSv1.99

IIII|IIII||tIII|IIII|IIII|III

[?Lex;e Auger Cottabro&io, Phys. Rév. Lett. 154- Eﬁ;lc) 6;91161]

® HiRes Data
---- QGSJETO1
-  — QGSJET-II
i SIBYLL 2.1

* ® HiRes Stereo Data
g O QGSJET—II Protons
A QGSJET—II Iron

6008 —78.25 185 18.75 19 19.25 195 19.75 20 18 78.25 185 18.75 19 19.25 195 19.75 20
log(E(eV)) log(E(eV))
[HiRes Collaboration, Phys. Rewv. Lett. 104 (Ro10) 161101]
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Pomem& admixture

proton
a=0.2
a=0.4
o=0.6
a=0.38
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® Auger data
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[Wilke & Wlodarczyk, arXiv:1006,17%1]
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Two component admixture (contd)
Partial abundance fp changing smoothly bebween 1 and 30 eV
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10 1 fOs&aPchehko, arXiv:1006,17%1]

BUT RECALL in Auger data m  EEmax _ 0 | p v - B 3 EeV

dlog E
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Reconciling HikRes & Auger measurements

Ratio 0{ shower attenuation length to prc@:am thteraction length
particularly sensitive to mean inelasticity and iks fluctuations

k === A / )\ [Block, Halzen, Stanev, Phys. Rev. D &2 (Rooo) 077501]

New observable with fluctuations in k strongly suppressed

protons. .

protons

Auger
QGSJETO01
QGSJETII
Sibill

& [Willke & Wd&r(:z.jk:‘, arXiv:1006,17%1]
Hereafter consider proton primaries beyond 1 EeV
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Bounds on exbtragalactic magnetic field

Zeeman splitting

Magnetic diffusion

cluster

simulations

2200000
T O IVIIII4
SIS/ S S S
YOOI

—|2—11—10—9 —8 7 6 5 4 —3 2 —1 0 1 2 3 4
log(A; [Mpc])

[Nerownov & v'ok", Science 3% (2010) 73]
RMS constrain B-fields of anhy origin but CMB distortions only primordial Bs
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Extragalactic magnetic field

o Bounds on line of sight component of Xtragalactic B-field from
Faraday RM of linearly polarized emission of radio sources

o Original analysis considered A =0 and {2 = 1 yielding

B(Ap/Mpo)'/? $107° G

[Kronberg, Rep. Prog. Phys. (1994) 325]

o Care nust be talken: cosmological effects must be included!

Az /Mpc)~ 12 G |

B <3x10" (2h?/0.02)"" (R/0.72) (

[Blasi, Burles, Olinto, Astrophys. 3. §14 (1999) L79]
[Farrar & Piran, Phys. Rev. Lett ¥4 (2000) 3527]
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Measurement of Xtragalactic B-field

Can we distinguish these two scenarios?
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10,000 simulated UHECRKSs with Energy above § EeV
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Generalities of simulated data seb

D

_— =

—

—

B
A
* Assume circles of radius \ with constant magnetic field B

i each area (random wallke) D = 50 Mpc

e 07 _ g (OGS
| 78 (E) o B/BeV
N f ) Gives w Cgelg = 10

% Coherent d@ftet:hon on Gralactic B-field
Stanev Astrophys. 3. 479 (1997) 290
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Skymap of simulated data set

and sources

Erdmann & Schiffer Astropart. Phys. 33 (2010) 201
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Reqgion of Interest

ROI w region close to UHECR source candidate

No CR source has been identified so far m apply iterative
cone algorithm to find ROI with increased probability of

;N p
COV\EQLMLMS SOMREE Select all UHECRSs with energies above
| Ein = 60EeV as inikial seeds

rUse. ROI center-of-mass [For all seeds define corresponding ROI
as new seed and iteroke |2 bj assigning all UHECRs with & < Qppax = 0.2

starting from item 2

o

B e ———

| Calculate center-of-mass for each ROI using
| energies of UHECRSs as weights

(Note éml&i every UHEZCF& t::m;\ be part of sevérat ROIs)
Algorithm is Proaessec{ in total three times
Last resulting ROIs are taken for further analysis
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Erdmann & Schiffer Astropart. Phys. 33 (2010) 201
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Eimargvmemargj Correlakions

Define energy-energy correlation bebween UHECRS 7 and ]

0. — Files) — (Blew)) (Ej(ey) = (E(e;)))
’ Ei(ai)Ej(a;)
E; e enerqy 0‘; UHECR 17
;i m angular distance with respec& ko ROI center

(E(ct)) e average enerqgy of UHECR arriving within same ring
relative to ROI center

source *
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Anqular ordering of UHECRS

o Calculate ();; of all pairs of UHECRs that belong to same ROI
o Each () is filled into a histogram at both @; and
® Batw‘grauv\ci contribution m Qij <0

(one being above and other below corresponding average energy values)
e Sighal contribution w £; s
(both with energy above or below average energy at corresponding JAN)D'

° For every bin A caleulabe average value () and uncertainty

Overall w larger () for mixing of coherently arriving UHECRs

than for exclusively isotropic arrival directions
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Sig

Erdmann & Schiffer Astropart. Phys. 33 (2010) 201
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Signal data set & isotropic diskribution

sighal data  isotropic arrival directions

Erdmann & Schiffer Astropart. Phys. 33 (2010) 201
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Lilkkelihood amatvsis

10? 10° 10*
NSource

Error contours of signal data set

Erdmann & Schiffer Astropart. Phys. 33 (2010) 201
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Likelthood analysis (contd)

10° 10*
NSource

Error contours using 100 signal data seks

Erdmann & Schiffer Astropart. Phys. 33 (2010) 201
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Recover iso&ropnj
Isotropy test for 10,000 UHECR protons above § EeV
36% sebks n (CFielda Nsources) PLQV\Q
with 100 simulabed skies each

IsoEronLt: skeies requ,ire

[ Xtragalactic B> 1 nG]

or very large number of sources

€. = {or[CField — 10]

Lso&ropia sk"j [@ Neources = 104]

with negligible d.e[pehci@\ce on

| 2 3 4;‘
shape of Galactic B-wf:,ei.ci | 10 10 1080urc£ ;

T T e T Y R e S o WS TS T,

Schiffer Int. Astropart. Phys. Symposium (IAPS 200?’) - Lotarada Schoct off Mines —-

) of Auger data sample will be released at ICRC 2011
skay buned!!
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Lower bound on Xtragalactic B -field

Trace backwards SUGAR data assuming Cen A UHE emission
[Wuan et al,, 3 Phys. & 12 (19%6) 675]
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COMPOSITE - o Ve tu . | OPTICAL .

Lol = 1043 erg/s Liet — 7.7 x 102 efg/s
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Gramma Qaj Observakions

e ECRET
L>100Mev =~ 10*! erg/s

SFQCET‘QL index 2.40 + 0.28

[Astropart. Phys. 11 (1999) 221]

e H.E.S.S.

Ly>250 Gev ~ 3 x 10*! erg/s

spectral tndex 2.7405 :;Zt

[Astrophys. 3. 695 (2009) L40]

| ¢ Fermi~-LAT
~ § = i ~ 41
St L,y>100 MeV ~ 10 erg/s

;_ ' mos&tv originating on radio lobes

spectral index 2.6070-15 stat + 0.20 syst

[Science 32% (2010) 725]
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Fermi accelerakion abt Cen A

1943
Acceleration time scale Toce A allg L L R—2/3
T C jQGtU eB
£ )
6mrmEcs
Energy loss time scale g7 A p o
" orm2B2(1+ )

. J

Maxinmum attainable energy

[ N L) 3;3/4 B2 Us/4 RTY2 (1 4 y)_3/4]

J kpc
Biermann & Strittmatter, Astrophys. 3. 322 (19%7) 643

Conkainment condition {Emax ~ 7 B,,g Rxpc Ee\/i

5jet ~ ().Dm= Hardcastle et al. As&rophvs. J. 593 (2003) 169

B 0G ™~ 100 = Honda Astrophys. 3. 706 (2009) 1517
Rkpc ~ 2 = Junkes, Haynes, Harnett, Jauncey, Astron. Astrophys. 269 (1993) 29
U ~ 0.4 = Romero, Combi, LAA, Pere= Bergliaffa, Astropart. Phys. § (1996) 276
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Diffusion
energy loss-diffusion equation

on(E,r,t) Ob(E)n(E,r,t)] 3
ey = 9 + VID(E,r,t)Vn(E,r,t)] + Q(E,t) 6°(x)

Bohm diffusion coefficient

E B\
D(E):CTL:O.l( )( > Mpc2 Myr ™

3 EeV nG

idealizing emission to be uniform

Q(E,t) = Niot (Ot — ton) — Ot — tog)]

T

integrated source emissivity densiby

/ Q(E,r, t")d’x' dt’ = Niot
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Solution for continuous emibting source
(heglecting energy losses)

FERNY ) Frr——

Green function

S

H—t) = [An D (t—t)]732 O(t — t') exp{—(r — r')2/AD (¢ — t’)}J

— —_ __

dNg

dNg

1 t e~ T2/4D(t—t")
dt’
dE dt [4nD(E)]3/2 /t (t — t)3/2

on

dNg

1 /U2 d/U —1/?)
— e
dE dt 4m3/2D(E)r J,, v3/2

1

dE dt 4w D(E)r

I(x)
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Enerqgy losses

r’ o N
- 1 dE B
—EE—AGXI)[ ]

B

V.

Berezinsky & Grigor’eva, Astron., Astrophys. 199 (19%%) 1

— I

[4 = (3.66 £0.08) x 10~° yr~' B = (2.8740.03) x 10" Ge\j

For t—toy =70 Myr = I(x) =~ 0.4

2

d2
~ 8 x 107 yr

D <E) 70 EeV

Tdelay ™

energy Losses can be safely neglected
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UHECR Lluminosity
‘cause of diffusion m observed J < B~ % reflects Ny /dEdt o< E~°

neukbtron rate dN, S /E2 e—d/A(E) dNo

— E
dt  4nd? [g, Bt ™

taking
(S = 3000 km? )(A(E) ~ 9.2 x 102 Egey Mpc) (E; = 55 EeV)(E = 150 EeV)

LE%’EQ) =9 x 10% erg/s

assume continuity of spectrum at FEqias it flattens to F B
and taking lower bound FEj = 30 EeV

tokal Lé%”EQ) =5 x 10*" erg/s

Eo,E
Léff’ 2 K Liet kinetic power of jets inflating the giant Lobes
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Diffuse proton background
i ‘ : A f

| 4 Ec
(EZJ(E)) (I2dD(E) dEdt ')

1.6 x 10°7 eV3km *yr—tsr !

N - — J

taking circular pixel sizes with 3° radit w A€} ~ 8.6 X 1072 sr

event rate of (diffuse) protons

=

N B; E ]
[M =5 A / (E* J) 2—4 = (0.08 events/yr

- at

.

Eq
- y

o 9 yr of operation about & direct neutron events
against almost negligible (diffuse proton) background

& No directional signals from mg7!!!
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Amiso&ropv amgii&md@.

Downward flux at Earth per sr as function of angle § to source

n(E,r,t)c
4
J(E, T, B
n(E,r,t)c

ihcoming current flux density as viewed bvj observer on Earth

J(E,0,r,t) = (1 + acosb)

o cosf =

on(E,x},t)
ox!

1

dNo 1 /t dt’ e—(R2—|—2R.r’+r’2)/4D(t—t/) —(QRZ -+ 2513;)
ton (¢

D

dEdt (47 D)3/2 — 1/)3/2 4D(t —t')

(B + ) /t ( dt’ 2Dt
t
tOn

2(47D)3/2 — /)5/2
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Anisotropy amplitude (contd)
Near x; = O J pias B

| R, dN, 1 2 [4D\"/? B
"E. 1) = ! duu'/? e
JilE, @i, ) 2 dEdt (47D)3/2 4D (ﬁ) /1/90 aree

Ry dNo 1 ., .
or dEdt 3
_ T
= —— du vJu e ™
ﬁ 18l
taking w R, = R, = 0 and R, =7 cost
[ 2D(E) I'(z)
o =
| cr  I(x)

I'(x)

y

For (E =70 EeV) ( Byg = 50 ) (t— ton = 70 Myr )

r a:O.ZQJ
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Anisotropy amplitude (contd)

For a set of Narrival directions with relative exposure w;

r

N
2 Z 1
| i=1 '

R

R = /22 + 2

R Ao~ 1.5N1/2

<COS 5> COS 5Cen A [Sommers, Astropart.Phys. 14 (roo1) 271]
_ _ _J

o =

[Pierre Auger Collaboration, Astropart.Phys. 34 (2011) 267]

(0 =0.25+0.18]
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Caveaks

o We assumed neukbrons comPLeEeLj dominabe Cen A emission

E—

. : = 2
dNg NP

N +NDE? =<1
Ea Ny S

this reduces number of free parameters
proton/meutron fraction depends on properties of source

e.9. phm&mm to magnetic energy ciensi.&v ratio here taken asy g

o 3° window does not have an umderi.jihg theoretical wmokivakion

anqular range resulted from scan maximizing signal significance
Cen A covers elliptical region spanning 10° along major axis

Some care is required to select region of sky which maximizes S/N

[LAA, Denton, Goldberg, Weiler, in preparation]
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Opﬁﬁauj Ehin source

o It is helpful to envision CR engines as machines where protons
are accelerated and (possibly) permanently confined by
magnetic fields of acceleration region

Production of neutrons and pions and subsequent decay
eroduces heulrinos, gamma-rays, and CRs

If the neutrino-emitting source also produces high energy CRs
then pion production must be principal agent
for high energy cutoff on proton spectrum

Conversely m since protons must underqo sufficient acceleration
inelastic pion production needs to be small below cutoff energy
consequently = plasma must be optically thin

Since interaction time for protons is greatly increased over that
of neutrons because of magnetic confinement = neukrons escape
before interacting and on decay give rise to observed CR flux
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Optically thin source (contd)

o 3 conditions on:
<+ characteristic nucleon interaction time scale Tint
+ neutron decay Llifetime 7,
+ characteristic eycle time of confinement Teycle
%+ total proton confinement time Tconf

(%) Tint >> Teyele (42) Tn > Toyele (290) Tint < Tcoan

o (i) ensures that protons attain sufficient energy

o (i) and (iit) allow neutrons to escape source before decaying

o (lit) permits sufficient interaction to produce ns and nu's
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Waxman-Bahcall bound

CR flux above ankle often summarized as
“ome 3 x 1010 GeV par&ict& per km square per yr per sr"
translated into energy flux
( )
3 x 101 GeV
EEJ =
B Jor ) (1019 cm?)(3 x 107 s) sr
— 1077 GeV ecm s tsr !

\_ v
Derive enerqy density in UHECRS using - flux = velocity X density

{ 47T/dE {EJCR} — CECR J

taking Fri, ~ 102 GeV and E . = 1012 GeV

Ar [P 1077 GeV
[ECR _ =5 dFE 62 ~ 107 TeV cm?’J
¢c Jgp... B cm“ s

Power requ&red to generate this enerqgy &amsi&fj over Hubble time

[ T~10° ]
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Waxman-RBahcall bound (contd)
[Ego 107 ~ 5 x 10* TeV Mpc P yr ! ~ 3 x 1037 erg Mpc™° s_]

Energy-dependent generation rate of CRs is therefore
(

I [1010 1012] 0

_ €CR,
iE In(1012/1010)

~ 10*ergMpc™°

E2

\_

Ev\ergv dev\su&v of neutrinos w (EQ dnu
db,

“Waxman-Bahcall bound" is defined bfj conditione, =1

( dn
E? HYall 3/8) £, €. E2
v *WB ( / )f ¢ T IiF

X ~ 23x10%¢, fz GeVem 2s tert

£, ~ 3 accounts for effects of source evolution with redshift
Woxman & Bahcall, Phys. Rev. D §9 (1999) o23002

J
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Ultrahigh energy neutrinos from Cen A

Upper bound on directional flux from Cen A

E°’F

Vall

\

Y
Y

\

1 3

L T ST
Ard? "R g :

5x 1072 GeVem 2s !

For py = €, ~ 1/4 w all flavor neubrino flux

[E2 B s 125 5C10NY Gelf Gin_ésv ]

Halzen & 0’'Murchadha arXiv:ogo2.0¥%7
within reach o{ Aslmrvah Radio Arrav [ARA Collaboration, arXiv:11082%54 ]

Diffuse flux assuming Cen A E‘jpé&es the FRI population

R ~ 1 horizon ~ 3 Gpc

Ny ~ 8 x 10*Gpc™?

e

E?J

Vall

&

a4
(a4

1 3 3
E R nFRI LCR g €

1.5x 1073 GeVem 2s tsr!

J

LAA, Goldberg, Halzen, Weiler, Phys. Lett, B 600 (2004) 202
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Ultrahigh energy neutrinos (contd)

Fit bo CR flux + assumption of transparent sources
E,m[ui.ies We bound

Waxman & Bahcall Phys. Rev. D 59 (1999) o23002

Similar arqument for Cen A
E,mpties Airectional neutrinoe bound

Additional transparent sources hidden by Xtragalactic B-field
should conkbribute to diffuse neubrine flux

If Cen A bypifies source population
maximum emission energy of CRs and neutrinos is reduced

o Reduction of maximum Luminosity roughly compensates for
presence of far away neutrinoe sources not visible tn CRs
no enhancement of W bound due to hidden sources
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Centaurus A’s Inner Jets

P

. Counterjet

Location of
supermassive
black hole

1«degree SIS v e T N 5 milliarcsec

© 200,000 lightayears * .~ 7 . 00 U W 0.5 light-year

> Existing data is consistent with hypothesis that Cen A

dominakes CR skey beuond 2K suppression
> Future observations fjrom Auger, JEM-EUSO, and ARA

will provide final verdict
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