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Cosmic ray spectrum (2011)
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How far do they come from?

100% ——+——+ 77—
- GZK horizons
] (Unifomm source distribution)
80% |-
- E=6x10" eV proton + Yem,

— m + nucleon

60%
- heavy nucl. + yr
— photodissoc.

40% |

“GZK radius”
< 75-100 Mpc
(~200-300 Mlyr)

20% |

Fraction of cosmic rays from distance > D

0% |

D (Mpc)




AUGER :
UHECR spatial correlations with AGNs (or LSS)

* Dashed line: supergalactic equator

* Circles (proton): Events E> 5x101° eV, D<75 Mpc
* Asterisks : Veron-Cety catalog AGNs

Science Nov 2007; newer: arXiv:1009.1855; also ICRC 11




Auger spatial correlation

Initially found 3-6 corr. with VC AGNs within 0<3.5° and D<
75 Mpc, for 27 events E>4.5x10!° eV (Science, 2007)

The above correlation would suggest protons
But: there 1s even better correlation with “average” galaxies

If heavy: rL smaller, rms. dev. angle 6~n'? 05 ~ (r/A)"? (AB/rL) ~
(rA)!? /rL is larger, many more gals. inside error circle

Also: (arXiv:1009.1855, etc. ): now (=2010) the VCV-AGN
significance has weakened to < 1.50

Low or no VC AGN corr.: also from HiRes (Sagawa talk)

— Could be sources are in galaxies - GRB ? HNs? MGRs?
Or in other, less extreme and more common galaxies?

— Or could be they are heavy nuclei, larger error circle?
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(Depth of muons, shower long.devel., etc: same trend)




Rigidity-dependent acceleration:
anisotropy expectations

(Lemoine, Waxman, 2009, JCAP 11:009)

If excess observed in spatial regions (@ VCV AGNs at energies
Ew >5.5 107 eV, and this is due to nuclei Z, then must expect
protons to show excesses 1n the same regions at energies E/Z.

Acceleration controlled by rigidity, = d'g =kz;®(E/Z)
. , kp
thus Ny(> Ewn/Z) = Z—LZ Nz(> E:n).
If ® <(E/Z)*, getbounds on A_p f Ip s

the low en. abundance ratio ko fz




Rigidity-dep. accel. composition: test

10

/5

95% CL upper bounds from VCV

T T T T T
Z=6 .
Z=13 ------- i
Z=26 .

(Abreu & PAO coll,
arXiv:1106.3048)

obtain a bound

(f, /f7) < K Z2
where K~(0.5-2),
s=spectral slope

i.e. at odds with heavy
composition at high E

Conclusion: either E>5. 10'° eV UHECR are mainly protons,
or else 1t’s all heavy nuclei, also at low E (?...)
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Auger spectrum compared to models
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Energy [eV]

(flux mult. by E* ,
>2011)

Cut-off:
clearly
present

BUT:
sources?
spectrum?

9




UHECR : waximum energy 7

gyroradius: TL~ Ctgy ~ mp ¢?y/ZeB = g,/ZeB <R (size of accel.)

Vv

&

B

or (EM analog):
y=1o- 138 _spp
c cR/v

BQ

— £, < BeBR

1 0\ 2
= L > 47 R*°—0v > (57) c

7

203

€

But if relativistic expansion, bulk Lorentz factor I' >> 1,
then timeobs ~ R/cI, and sizeons ~ R/I, hence need

F2
:>L>275

¢ =
;320 X 104"erg/s

= GRB, AGN..?

(only strongest qualify !)
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GRB ? Emax :

Require : r’'L=E’/ZeB’ > R’) B O
= Emax~I ZeB’R’ - primed:  comoving;

, , - unprimed : lab frame;
but, what are R’, B’ for a GRB? - I: jet Lorentz factor

we have R’~R/I'; and external shock

occurs at R where | Eo ~n mp ¢? Ryec® 12
— R ~ Rgec ~ (Eo/nmp 02)1/3 [-2/3

for B’, energy equip. : [B’%/8t ~ eg n my, ¢ I'Z
— B’ ~¢ep!2(8nnmp c)2T |, so

Emax~ Ze(8me) 2 Eo!® (n mp ¢?)VO T3 | or

Emax ~ 2x1020 ZE531/3 33,-21/2 1“21/3 n1/3 eV ©

wicoLaius 9u'b-g|ast06




Fermi (shock) acceleration spectrum

Assume: shock, u/c <<I, Au/c <<1, scattering ~ isotropic

shock front
downstream| restframe | ypstream
<« < Pesc = escape prob. per cycle
DALY, <« f  =energy gain per cycle
<« —

,3 down

,Bsh U9 ! "VQ 4"11.2
~  ——

PF’S'(_T - .
(1/4)N;c c

cold
fast
f-, 2Au 4 Au
particles get accelerated as they ¢ 3¢
bounce back and forth across the shock

wave

Plausible for non-relat., — dN B N—1—(Pece/f) -2
e.g. GRB internal shocks dE (E/Eo) ~ (E/Ep)




GRB: energetics OK?

Luminosity function: ®(L)=(L/Lx)*®,

where a=(0.2, 1.4) for (L< L%, L> Lx) (wanderman-Piran '10)
Lx = Lxyiso =10°? erg/s  (0.01-10MeV)

AT ~10s/(1+z) ~4 s (long GRB duration in RF)
Exyiso = Lx AT = 10%%° erg

(dngre/dt) = 10 Mpc™ yr'  (GRB rate @ z=0)
Quere = 10910525 = 10%5 erg Mpc yr
Qp.10"%v = Ep? (dnp/dE)= 10*3° erg Mpc3 yr! ¢

Note: This is if E, ~E, . If extrapolate E;, with spectrum -2
down to ~GeV, need E,~10 E,, and Egrs ~10>- erg (OK).
But if E, spectrum is -2.3, need Egrs ~10°- erg (too much)




Number of sources?

Ner ~ 10> CR events @ E> 10195 eV

If no repeaters = # sources Ns > N

Each source produces on avg. ~ Ne/Ns events, so
=> Probability of repeating Prep ~ N /N <<1
= Require Ny = 10%sources (all-sky) ,

= source density: ns= 3xI10-* Mpc
(at E> 1019 ¢V, within D<200 Mpc) ; while, e.g.,

Density of normal galaxies: ne~ 10> Mpc3
Density of “active” galaxies: naon~ 10+ Mpc3

Rate density of GRB : (dngre/dt) ~ 10~ Mpc> yr!

15




But: protons in random intergal. magnetic field

1/2 —1
0~03° (LPi f d A en / E/Z
- 1Mpc 0.1 100M pc 10kpc 0.01 1020eV

Mean deflection angle (Kotera, Lemoine 08 PRD 77:123003), where R,
7 &Y

o f=volume filling fraction of magn. filaments P

e D= filament diameter

D
e A = field coherence lenght
e &g = mag. energy density/thermal energy density Ap)

and dispersion time delay \\/

v

d d E/Z \ "
At(E,d) ~0* =) ~2x 10°
(E,d) <c) . yr(QOOMpC) (1019-Bev>

16




Hence, if transient sources:

e nGra ~ (dngre/dt) . At(E,d) ~ 107 . 2x10° ~
2x10* Mpc, ¢/ comparable to minimum
number of sources required, ns

e Could do similar argument with flaring AGN:ss,
but AGN flare rate unknown inside 200 Mpc.

e Or might do similar argument with
hypernovae 1n normal gals. inside 200 Mpc
(but HN can only accel. heavies up to 10?°¢eV)

17




Two # views on G-XG spectral shape

M (A) Berezinsky et al el (B) Waxman et al
(e.g-AGN) (e.g. GRB)
G G
3 3
-2
XG
2
-2.7
XG
E E
17 18 19 20 17 18 19 20
G: “low” CUtOff G: “high” cutoff
XG:-2 to avoid energy blow-up XG: -2 from diff.shock accel.

-2.7 to get p,Y p,et,e- “dip”
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... and how they mesh
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J(E)E*®, m?s'sr'GeV'”

, KASCADE =
10d HiRes| o -
+ +F¢\ HiRes I

B :‘_'!.‘: T ; M\“

102 (3 recongtruction ' Q, 5. % 1
7|+ XG reconstruction NN \ :
| GG reconstruction i N Bk
| 36116 ¢
- |— GG “\\

extr_ pi'!"! gal. Fe :, o 4 l[ 4
/ " ¢
| *gl
Fe ,f" Etr Eb
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101 Ll M 1 Li
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(A): fine tuning?
(Katz, Budnik, Waxman 09, JCAP 03, 020)

e Any smooth match between two
steep (G, slope 3 and XG, slope
2.7) spectra requires fine tuning
(flattening caused by dip)

e E.g. ifincrease XG by 3 or G by
3, would get extra flattening
bumps, not seen

e Whereas match between G slope
3 and XG slope 2 always lead to
a smooth flattening

but, (B):

need G~XG @ E~10"eV;
and it is unclear what G source

can get up to that energy
20




Cosmogenic Neutrinos

2 #CR models
| same GZK CR fit
100:
o ‘ ®)
%é E ~n.”". \*i\\\\\\
1 a L1l 1n;ﬂ BT W R TT] \ S

E3 dN/dE, arb. units

- y=1.7,m=0 b

i M N
10M ]

- N4 '

B <>$>>k
9 [ SRR R FE R NN AT .
1018 1019 1020 1021

E, eV

from GZK CRS 10 GZK vs

. mmm)> get E,2 100 eV?

But ... lead to # GZKV flux |

10—

| solid: 0,=0.7

107 - dots: 0,=0.0 ( A) m=3,y=1 -
ng \ ‘
< o
T 1078 | /N
S 5 '
Z (B)
Caninfer GZKCR 10" S mey=17
injection spectrum :
and/or source cosm. - 7 Y
10-20 [ 1 1 1 1 TR -

| | |

luminosity evolution 12 13 18 15 16

17

18 19 20 21

via their GZK Vs. Log, E,, eV

21
Seckel & Stanev 2005, PRL 95:1101




“A” and “B” UHECR constr. from LAT

Berezinsky et al, 201 |, Phys.Lett.B, 695:13

10° e Use FERMI obs.
z =2,E_=10"'eV diffuse y-ray

s - 4 HiRes backgr. to check

*+, Fermi LAT 1f compatible w.

tHy * EM cascade
1 Red: 0),=2.6

Blue: a,=2.0 P

—_
o
N

production
o e (an restrict the

CR spectrum &
evolution law

e Evol. (1+z)™
with m>3 are
excluded

e «—Plotted 1s m=0

10° |

E2J(E), eV cm?s’'sr’

10°  10° 10" 10" 10™ 10" 10" 10 10%
E, eV 22




Generic GZK PL UHECR cosmogenic y,v

Decerprit & Allard (1107.3722)

15"'1"'1"'1"'1"'1"'1'5 15"""""'I"'I"'I"'I'
- ——protons y total § - —— Protons y total
0.1 | ——He — — — y from main fragment 0.1 | —He — — — y from main fragment
’ g _Fe CRs 3 ’ 3
0,01 * 0,01 |
c [= -
S 0,001 L S 0,001 Lo——7
o ; g :
s 2 i
= 0,0001 G 0,0001 |
& = :
L 5 r Y, L -5
107 3 Y //,[l 10
C Ny I C
6 [ B=2.0 s\ 6 [ s\
10 [P P 10° [ ‘
“E__=Z.10%%eVy, ¢ ;Emax=z.102°-5 eVy
7 [ SFR source evollitiorf ' 107 [ SFR source evolutior | J
10 3952 76 8 10 12 14 16 18 20
log, E eV log. E eV

e Difference between secondaries from PL with =2 and =2.3 are significant

e Also differences between secondaries from different compositions

e Current diffuse y-bkg not constraining, could expect obs. diffuse V-bkg




Generic HiRes-LAT joint GZK fits

Ahlers et al,2010,ApPh 34:106

: | 7 I L | | L
28 f_ Em;,,= 1 017'5 eV

: :I LI I LI
1L Ewm10™

|IIIIIIII:
eV _

Y=p :proton diff. index
n=m : redshift evol. index

e Use Fermi LAT diffuse
v-ray flux to constrain,
via EM cascades, the
allowed proton diff.
spectral index p and
redshift evol. index m

e Pink 68%, Blue 85%,
Magenta 99% CL,
includ. LAT constraint

e (Black lines: same CL
limits but without
LAT constzrfints)




E2J [GeVem 257! sr ]

HiRes-LAT j0int GZK fits

Ahlers et al, 2010, ApPh 34:106

1072 ¢ T T T T | | | | T T T | T
| Eoin = 101852V p=2.47, m=4.05 best fit :
10~8 L I : : J;Ei 2
................... st
1077 ¢
10—8
10-°
Fermi LAT
- p (best fit)
10-°L 5 (98% C.L) !
[ — v {99% C.L))
10—11 - ! l | ! ! l ! 1 ! ! l | !

01 1 10 10% 10% 104 10% 10% 107 10® 10° 10 10% 1012
E |GeV]




Ahlers, et al, arXiv:1103.3421

Y=p :proton diff. index
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UHECR spectra w. LAT constraints

102

E*J(E) (GeVP cm™@ s sr™")

Ahlers, et al, arXiv:1103.3421

- GOF 997

SFR evolution
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eV cm™2 s

E2J (G

Nu-flux from GRB internal shock CR

10—6 L

107
10—
107

10—°

Ahlers, et al,
arXiv:1103.3421

SFR evolution cosmogenic

'y = 10%° and ¢, = 0.001 s tsyn < tdyn

- AC-40 (EHE, prelim.)
I (HE,prelin

1C-3%(EHE, 3yr)

1 1

strong evolution

[y = 10%9° 0.001 s

and i,

satistying LAT constraints

coSmogenic

| -Assume CR
tsyn < tdyn are accelerated
asn < tsyn 1 | in GRB
internal shocks
- Escaping CRs

1S40 (BE, prali.

15-40 (EHE, prelim.)

are neutrons
-Satisfy observed

IC-383(BHE, 3yr)

HiRes CR spectr.
-py > T2y
- EM cascades
also satisfy
constraints set

T T T I
SEFR evolution COSMO

[« =10 10~° s < by < ).l s

e 1C40 (EHE, prelim.)
I1C-40 (HE{ prelim:)

1C-88 (EHE) Syr)

strong evolution

[y=10° 10 s < &y, <

by FERMI LAT
diffuse Y- bkg
-pY— Tt oV,
are not limited
by GZK horizon
-Steeper CR

1C-40 (HE, prelifn

1240 (BHE, prelim.)

spectra Y=p >
2.2-2.4 give

I1C-86 (BHE, 3vr)

1 | 1 L] 1

1

higher nu-bkg.
-Even the flat
Y= p=2 spectra
are pushing
1C3-40 limits

¢ 104

106 107 10%2 10% 101°

E [GeV]

1UE.

l_li'.

10 104 10 107
E [(

" X7
-~e

V]

10°

-._;‘ 1|_1|.' 1_|11

Constraining optimistical internal
shock proton acceleration model!




Another alternative: Hypernovae?

<« supernova
SN 1006 (X-ray)

- Hypernovae:
similar but ~
10-107? times
more energetic,
and portion of
¢jecta reaches >
semi-relativistic
speed, possibly
anisotropic

~500 times the rate
density of GRBs




Hypernova ejecta as UHECR sources

(Wang et al, 2007, PRD 76:3009; Budnik et al, 2008, ApJ 673:928)

« Type Ib/c but isotropic equiv Ean~3-5x10°? erg
* 500 times GRB rate, and 10-’-10-? usual SNIla rate

» Semi-relativistic (v~c, or I f=1) comp. 1n outflow
(shock accelerates down the envelope gradient)

* Assume shock expands in WR progenitor wind,
magnetic field fraction € of equipartition

B2 /87 = 2eppu( R)c* 57 pu(R) x R~
Max. CR Cnergy. Cmax = Z(BR)) =4 X 1(?)152

1/2 v )? M [ -1/2 v
: GB'_]- (101“(:‘111?5_1) (3)(10_51\1_‘\'1'—1 ( .3 € \

— Proton: Emax ~101° €V, and Fe: Emax ~2.6 102V eV




Is flat spectrum result of CR escape
from relativistic shocks (GRB, HN)?

Katz, Mészaros, Waxman 2010,

APProximations - assume: JCAP 10:012 (arXiv:1001.0134)

e Relativistic ejecta of approximately uniform velocity

e CRs accelerated in ext. shock have constant fraction
f of post-shock thermal energy, indep. of radius R

o Instantaneous spectrum produced is N(E)xE->~
e Expand into some medium of density poc R

e Max. CR energy Emax 1s some power of radius, and
the CRs at E=Euqx are the only ones that escape
upstream, and these are the CRs observed at E;,




e CR energy escaping @ Emax: Q= E? N(E) ~ fn Exin
where Eiin c [?M o 2R3 : T]OC(Emax/ Emin)_X )
and Emax « B’R «p2'R, Emin < I?

o ['xR-G-92 (impulsive, energy-conserving)

e Fiin xI2 R399 o« ROxE?; assume f~ const.

¢ E=Emaxx p’I'R «R-12 | Epin oc[?«R-3-9) g0

° TIOC(Emax/Emin)'X oc(p1/2 R/F)'X o R-[(5-28)/2]x o F(5-20)x :

o Q=E°N(E)xnx EG-29x and N(E) «cE-2"(>-20x j,

o N(E) xE-***x (6=0) ,and N(E) xE-*** (5=2),
in both cases harder than -2! (E> Excr ~ 10'° eV)

(Reason: Emin decreases with radius faster than Emax, so at later times, corresponding to lower
high end Enax=E , there is less escaping CR energy, i.e.less CRs at low E , i.e. flatter spectrum.)

» and, after ejecta becomes non-relativistic (E< Excr ~ 10'? eV):
escaping spectrum = instant. injected spectrum: N(E)xE-2-x
(2010, JCAP 10:012 ; arXiv:1001.0134)




Or another alternative: RQ AGNs

Pe’er, Murase, Me¢szaros, 2009, PRD 80, 123018 (0911.1776)

e Could be that culprits are radio-quiet (RQ) AGNs

e Enough number inside GZK radius (10x more common)
* Evidence for small jets in RQ AGNs

« Evidence for heavy CR composition (Xmax vs. E)

* (Can accelerate heavy elements to right GZK energies,
Enax ~ZeBR ~10°° Z>sB-3R19 eV  (if B~103G, R~10 pc)

« (Can survive photo-dissociation
* Heavy elements have larger rms. deviation angles

* Correlation with matter (gal) distribution 1s good.




Outlook

The sources of the UHECR are still unknown
They are almost certainly astrophysical sources (not TD)

GRB remain good candidates, together with AGN, maybe
HNe, MGR

Will increasingly constrain such possibilities with GeV
and TeV photon observations

Will learn even more if & when astrophysical UHENUs
are observed from any type of source
Constraints from diffuse (and intrasource) y-ray

emission will be very useful, and may remain for a long
time the main constraint

Composition will also provide important clues, as will
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Figure 5: Upper limits on the photon flux above 1, 2,3, 5
and 10 EeV derived in this work (red arrows) compared to
previous limits from Auger (SD [1] and Hybrid 2009 [7]),
from AGASA (A) [19] and Yakutsk (Y) [20]. The shaded
region and the lines give the predictions for the GZK pho-
ton flux [2] and for top-down models (TD, Z-Burst, SHDM
from [2] and SHDM’ from [21]). The Hybrid 2009 limits
on the photon fractions are converted to flux limits using
the integrated Auger spectrum.

Auger
photon

fraction
(ICRC’11)

Top-Down (TD)
largely ruled out

Z-burst (maybe?)

GZK photons:
compatible
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