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§ QOverview



History of the Universe

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.
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Mysteries of UHECRS

What are the sources of UHECRS?

How large Is the highest energy of CRs In
the universe?

How are UHECRS produced?

Composition?



Why Neutrinos?

e Za—hYJIFEFESTCOSTD (Y—RRFEIZED)
(Answer for “What are the sources of UHECRs?”)

o Za—hM)/[EREDOTER>TLA (FERZE R HAELY)
(Answer for “How large is the highest energy of
CRs in the universe?”)

o Za—k)/FENFOVNEFEEEFET S,

(Partially, answer for “How are UHECRs produced?”)
. FHIRAM=1—kr)/(Cosmogenic Neutirino) [£#& 5T

RILEF—FHIROBERIFEHRZEZ S,

(Answer for “Composition?”)
o fth (RAIFRIR M., Multi-Messenger®—E. . o0 )o
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Neutrinos come straightly from their sources
with (almost) speed of light

(miggig'ts?;,) Figure From P. Meszaros ‘
External
shocks
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shocks neutrinos
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(Answer for “How large is the highest energy of CRs in the universe?”)
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Cosmogenic Neutrinol[&F#2R
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§ Hunting the Sources, How?
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FIG. 2. The time sequence of events in a 45-sec interval centered on 07:35:35 UT, 23 February 1987. The vertical height of each
line represents the relative energy of the event. Solid lines represent low-energy electron events in units of the number of hit PMT’s,
N (left-hand scale). Dashed lines represent muon events in units of the number of photoelectrons (right-hand scale). Events
pl-p4 are muon events which precede the electron burst at time zero. The upper right figure is the 0-2-sec time interval on an ex-
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http://upload.wikimedia.org/wikipedia/commons/c/c1/WMAP_image_of_the_CMB_anisotropy.jpg
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§ Sources of VHE Neutrinos



Candidates for Sources of VHE Neutrinos

« Active Galactic Nuclei (AGN)

« Gamma Ray Bursts (GRBS)

e Supernova Remnants

« Starburst Galaxies

* Cluster of Galaxies

* Pulsars

* Objects from the early universe (strong constraint exists)

Various Candidates. Physics involved in is similar with each other.
Acceleration mechanism: Shock Acceleration.

Emission mechanism: P-gamma or PP for protons.
Compositions: Proton (some times, Nuclei)

HIZ. Cosmic RayDREEXZFTHEZS(IFVIRADESEFTRDB),
(F—REBHATEOHAUALLCOESERDHLHHETSH)DM., EFREIZ
ROTHLERELAREMEAE L (ex. Cosmogenic Neutrino),



§ Top-down Scenario, or
Bottom Up Scenario?



Top-down Scenario ?

* Long-lived, super-heavy particles?
* Cosmological Defect?

Simulation of Cosmic String
(Cambridge Cosmology Group HP)



Decay of Super-heavy particles/Cosmic String

* (N-quark+N-lepton) are assumed to be born.
« Their Cascades.
« Resulting Particles are mainly Gamma-Rays and Neutrinos.

s 1F E
8 ot e
107 Auger HYB I T =
: | | | | 11 1 I| | | | | 11 | I| :
1019 1020
threshold energy [eV]
Jets from Top-quark and anti-top Fraction of primary photons

qguark (by Tevatron). (from PAQ collaboration, 2009)


http://upload.wikimedia.org/wikipedia/commons/9/97/CDF_Top_Event.jpg

Particle Acceleration at Shock

Active Galactic Nuclei: Centaurus A

Bottom-Up Scenario



Hillas Diagram
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Expected Diffuse Neutrinos from Various Candidates

Diffuse Fluxes - Predictions and Limits

1 pp core AGN (Nellen)

Adapted from 2 py core AGN
Mannheim & Learned,2000 Stecker & Salomon)
-4 . 3 py .,maximum model
E T (Mannheim et al.)
' 4 py blazar jets (Mannh)
= -5 5 5 GZK
> ; A jaero (Rachen & Biermann)
o e —_ ~“Baikal (cagcades) ?E’;%QGN (Mannheim)
-R 1
B B DA {uons) o 2 (Waxman & Bahcall)
2 - 7 sdraplsstic 8 TD (Sigl)
o) [ 3 g
i TE (up)
w
Ne % // = é/w
W, T
s gt s o
g : & = Big Question: T
o5 r lceCube 201/2)-' i <"v‘v"he1'e do prompt muons from >
& -9 3 e A . CHARMcomein?
2 : @ 7 / S r—— —
= : B N
[ £ ¥ Crompt v Y
-10 ¢ |

3 5 6 7 8 a 10 11
neutrino energy log,[E/GeV]



Source Candidate 1: AGN (1)

. Gas Disk in Nucleus of
. Active Galaxy M87

HST N

Hubble Space Telescepe
Wde Feld Plaretary Camera 2

Neutrinos from Core: ex. Stecker and Salamon 96; Muniz and Meszaros 04
Neutrinos from Jets: ex. Mucke, Protheroe, Engel, Rachen, Stanev 03;
Mannheim, Protheroe, Rachen 00; Becker, Biermann, Rhode 05



Source Candidate 1: AGN (2)

Figure from AGN Jet models:

Sikoraet al. Shocks in the Jet
94
Optically thin models.
\ 7; AGN core models:
= T Shock or Collision of Blobs
mi‘i:’.sﬁ?f.ﬁii‘?;‘: o moves along the jo with paciern Lovents facior T
Underlying flow moves with Lorentz factor I, which may be different. Optica”y thiCk mOdEIS_
Figure from 3 observational constraints

From diffuse X-rays.
) Now stronger constraints have
Accretiondisk | (o— Been drawn by neutrinos!

sl Mg

Meszaros 04 g,

>
>

Y




Source Candidate 2: (Long) GRB

RAINSIZZEDEIRILTF—=a—Kr)/HAHES. SHMEIHISIEFLVEOEIRILF—
—a—k) /B D SIZUHECRsMAEIFHLTLNVAMELNZRLY,

Prog_enitor
(massive star)

External
shocks

1111

Internal

Gamma-ray

burst A'terglow

74 13 / =
R<cdt~10"3em R=~10"cm

Optically thick models. Optically thin models.
UHECRsZRIFFIZEREAL K2&L=WUT %,

Murase and S.N. 06a,06b; Murase,loka,S.N.,Nakamura 06,08
locco, Murase,S.N.,Serpico 07



Source Candldate 3: Cluster of Galaxies

Murase, Inoue, S.N. 08
'5 [ T [ [ T [

. |E'.Dbarn:: m—
= _f L AL model A ——— _|
il model B
w7 L central AGN == === - _
I[,l'_l - ------------'-_ P e L T
5 gl - WB L i
= e e = |ceCube
3 9 == T e .
3 --h,‘_‘::‘\
10 ™ —
9 “-... ‘\H\'\_\
] :‘_11 | '--_l Y W, ]
< \"h"\
o R Y
212 + \'u,\_
13 | I | | I L [ :“'-

log(E,, [GeV])

See also
Kotera, Allard,Murase, Aoi, Dubois, Pierog, S.N. 09
Marco, Hansen, Stanev 06

Cambridge HP

« Shocks are driven by accretion of gas as well as galaxies onto a
cluster of galaxies.

* Neutrinos can be produced by PP and/or Py interactions.

« At present, no strict observational constraint is derived, although
CGs are optically thin objects.



Source Candidate 4: Supernova Remnants

Image of RX J1713.7-3946
Color: HESS

Contour: ASCA(1- 3keV)
Aharonian+06

PP interactions, optically thin.

log,, [E° F(E)] (GeV/cm® [s)

a4k

=5

Fic. 5.

'
e [ S S up R pup g g
v

' - L1 H
e ot L frernrerase s i

Lee, Kamae, Ellison 2008

e Mogels A & C i

Fhoton spectra of all four models inte grated over the region from the

CD to the FS. Top three panels: Models B to D are compared to model A and are
split into individual components for different emission mechanisms: 7%decay
(xolid fine), 1C {dashed {ine), bremssirahlung (doted fing), and synchrotron radia-
tioi | dfees fr-alof tead {ime). Thin lines represent spectra for model B, C, and D in each
panel, while model A is shown as bold lines. Botom: The contributions from all
mechanisms are summed for each model: model A (thick solid fine), model B
(thin sodid [ine), model C {dashed line), and model D (dash-doted ling).



§ Method of Estimation of VHE
neutrinos: Case of GRBs

FIBIZAGNSs, Starburst Galaxies, Cluster of GalaxiesZZETHRIL,



Where are very high-energy neutrinos produced?

10M.3 -10M5 cm Dermer 02 TeV-PeV Neutrinos
-_—— Dai and Lu 01

Figure by Piran 2003

A

- ,e::/
i C‘;\'}"\‘ J
3

Ultra-
Inner relativistic /
engine Jet

#o0ys asianaY

A
Bnew 18[ paydous 101

OMew jeysge peyoous 101
Xo0ys piemliod

Internal shocks External shocks

Maxman and Bahca

Bahcall and Meszaros 00 Murase and S.N. 06a.b

Razzaque and Meszaros 03
locco,Murase,S.N.,Serpico 0§ Waxman and Bahcall 01

TeV-PeV Neutrinos TeV-EeV Neutrinos

GeV-TeV Neutrinos




Procedure to Estimate Flux of Neutrinos

Properties of Soft Photons

Energy density, Spectrum

Efficiency of Fermi Acceleration
Maximum energy, Amount of non-thermal protons
Calculation of py Interections

Neutrino spectrum from a GRB Is obtained

GRB rate history in the Universe
Diffuse Neutrino Background is obtained



Properties of Soft Photons: Energy density, Spectrum

In this model, soft photons are gamma-rays of GRBS!
Usually, the spectrum of a GRB has a break (Band et al. 93).
Observed isotropic energy is E;éjtoot — fE;lE%mt ~ (1052 _ 1054) ergs

Energy density of gamma-rays (it is X-rays in the fluid rest frame) in
the fluid rest frame depends on the Egisz, and location of the internal
shocks. -

GEB 880510

150 N -
U - 7 ot : Energy density of 2 a~1 . P ~2.2
My 3 Gamma-rays in the | ob :
Fluid-rest frame g €~ 250keV :
. Location of the internal shocks % g : __
I 4Eq131E+15)cm ~ Amati et al. (2002)
( Observed (beaming effect is taken into

100

| . L s L
10 100 1000

account) energy is Ey,tot=1.24E+51 erq) Tnergy (xev)



Efficiency of Fermi Acceleration:
Maximum energy, Amount of non-thermal protons

ta=ta(E,B): accerelation timescale l, = fRL/c,B2
f is (1-10) (Kulsrud, 79). B is the Alfven velocity. S8 ~ 1

td: dynamical timescale ta ~ Fa/yC

rd is the distance from the center to the acceleration regions.
v IS the bulk lorentz factor

- — 4 3 Nr—1p-2
tsy=tsy(E,B): synchrotron loss timescale sy = (6mm,c’/arm;)E”"B
tpy : Cooling timescale due to py interactions p+y—A—n+n" «,~0.2

Calculated by Geant4
ta < min(td, Isy,tpy) Protons are accelerated when this condition is satisfied

toy < td All accelerated protons interact with photons without escaping
From the GRB (in this case, no CRs (including UHECRS) are ejected)

The fraction of energy lost by photo-pion productions is fa= min(1, td/tpy).



How Is Emax determined?
How much are protons accelerated?

10 I I I I I I I
8 I I I I
: ||||||||||||||||||||||| . CaseA ¢ J""“lll|||||||||||| CaseB 1
11y e i 4 iy, _ .
84T Wiy iy, ] _2r HHH“'“””””HIIIITTTG ]
8 ol 1 iy, . o W -
2, - I @ ! il
Dokt Bop g
22 _,..tp‘rf'l" T n E:: : _.-ff-[-,;","_'___ :
4 —.’ 151]’“'1 ] el pemr = tsyn_1 |
6 | i 10 [ .
S RS a I SN S A I
log(e,, [GeV]) log(e,, [GeV])
Case A: r=2E+13cm, Ei** = 2 x 10° ergs  Case B: r=5E+14cm, £5°° =2 x 10" ergs
Photon density is high and Photon density is low, so Emax
Cooling timescale due to photopion Is determined not by photopion
Production determines Emax. Production but by synchrotron cooling.
Emax is relatively low. Emax is relatively high.

How much protons are accelerated? Nobody knows.
— Parameter survey. Up y ~ & Cf. Waxman & Bahcall 97



Calculation of py Interections
A-resonance p+y—A—n+n" 1, ~0.2 : Geant4

Multiplicity + Inelasticity

Multi-pion  p+y—=Nzn"+X 1, ~(0.5-0.7)
productions
Cooling Processes

nt— },Li TV, (Vu) —ef + V, (Ve) ‘ <:: »Synchrotron Loss
*Adiabatic Loss

Shower profile
= | Energy spectrum of muon-type

300 GeV

Prot i ' '
{ roton  proton Neutrinos from a GRB is obtained.

Height [kim]

Height [km]

=27 ! ! ! ! ! ! ! !

275+ /N

28 L I."

10g(Gyy [em’])

285 ||

_2g U | | | | | | | |
08 06 04 02 0 02 04 06 08 1

log(E, [GeV])

Examples of calculated Shower profile by
Geant4 Mori (2004). Inclusive cross section of photomeson production



GRB rate history in the Universe

GRB Diffuse Neutrino Background is obtained using the GRB rate history in the Universe.

dF, c [ ~dN,((1+2)E,) I
f dzRepp(2) - —,
dE,dQ  4mH, dE, JI+Q,20+27 —Q,Q2z+ )

i N
Zmin = 0, and Zpayx = 7 OF Zma = 20. (neutrinos/GeV/cm”2/s/sr)

Assumption: GRB rate o< star formation rate (Takami, Murase, S.N., Sato 09)

0.5 ——T— . ' ' f%i dmd)(ﬂ?}
! GRB rate =SFR X f125 dmmd(m)

Fitting formula: 535
Porciani and Madau (2001) IMF (¢ (m) o« m™ =)

Normalization factor, fel, is the possibility
That a massive star causes a GRB, and
Determined by the present GRB rate.

Rgrp(0) = 17h3, yr~ ! Gpc™3  Shumidt (2001)

0 | i 2 a3 4 5
Redshift z —— fcl ~1.6E-3

Ando and Sato (2004)



GRB Diffuse Neutrino Background

Murase & S.N., PRD, 063002 (2006)

-5 T T T T T T T -5 | T I ' I

RR —— £g=0.1 ——
-6 AMANDA-B10 gE; ------- - 6 AMANDA-B10 eg=1 ------- _
-k SF3 -=mem i

AMANDA:2- -~  WB

—
=)

. log(E,"®, [GeViem” s str])
= o

~ log(E,*®, [GeV/em? s str])

—
)Y

—
93]

7 8

log(E, [GeV]) log(E, [GeV))

Upper lines: Case A, Lower lines: Case B

Case A: Flux is higher, but energy is lower, CRs are not ejected from GRBs
Case B: Flux is lower, but energy is higher, CRs(UHECRS) are ejected from GRBs.

Event rates@km”2 detector:
.« — 10 Case A: 17 events per yr, Case B: 1.5 events per yr.

.. =100 CaseA: 170 events per yr, Case B: 15 events per yr.
Promising!



GRB neutrino flux predictions

REINSIEZEDEIRIILTF—=2— )/ HAHES. ML SIFIVEDEIRILT—
—a—k)/hHB, ADSIZUHECRsA EITHLTLNWA M EHLAZELY,
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MNeutrino from GRBs

(all flavors)

precursor prompt afterglow

all
SNe—BH
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10 10° 10° 10’
E, (GeV)

10°

10°

Meszaros & Waxman
Phys.ﬁe'l.—:l_eﬂ. 90:2471103

(H progenitors)

- Razzaque etal 2003 (supranova)

Phys.Rev. D68:083001

Waxman & Bahcall 1997
Phys.Rev.Lett. 78:2252

Murase & Nagataki 2005
Phys. Rev.D73:063002

(Baryon loading 100)

Waxman 2002
astro-ph/021135



Making Constraints from
Observations (1)

Brief derivation of Waxman & Bahcall limit

Procedures:
() UHECRSs are assumed to come from GRBs.
(i) Required Injection Rate of UHECRs: B*E"-2 [particles/eV/IMpc”3/yr].
(il1) Production Rate of Cosmic Rays by GRBs:
A*EN-2 [particles/eVIMpc”™3/yr].
(iv) The fraction of energy lost by photo-pion productions is
fr=min(1, td/tpy). Optically thin is assumed.

—s UHECRSs from GRBs = A*(1-fn)*E"-2 = B*E"-2
Neutrinos from GRBs = A*fa*(E/0.05)"-2

As long as fr <<1, A~B

— Neutrinos from GRBs = B*fn*(E/0.05)"-2< B*(E/0.05)"-2
Waxman and Bahcall limit




Making Constraints from
Observations (2)

In the case of GRBs, UHECRSs are frequently used as a tool
to constrain the flux of VHE neutrinos.

On the other hand, in the case of AGNs, X-rays and/or GeV
gamma-rays background have been frequently used.

Since the constraint by UHECRS is severer than that by X-
rays/GeV-gamma, resulting flux of VHE of neutrinos from
GRBs are smaller than that from AGNSs.

If UHECRSs are used to constrain the flux of VHE neutrinos
from AGNSs, the resulting VHE neutrinos can be lower than
W & B limit like GRBs (Mannheim, Protheroe, Rachen
2000).



Expected Diffuse Neutrinos from Various Candidates

Diffuse Fluxes - Predictions and Limits

AGN:Ej_:)L : ﬂgﬁgb\%j—éa 1 pp core AGN (Nellen)
Adapted from b (AP AR 2 py core AGN

Mannheim & Learned, 2000 Stecker & Salomon)
3 py .maximum model

-4 .

: (Mannheim et al.)

4 py blazar jets (Mannh)
= -5 F 55, 5 GZK
7’6 v jaero (Rachen & Biermann)
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§ Current Status of Observations
of AMANDA/IceCube



Limits on GRB-Neutrino by 1C40

IceCube Collaboration 2011
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FIG. 1. The spectra of the five brightest GRBs are shown
along with eight randomly selected bursts (thin lines). A
single burst with Waxman 2003 parameters[13] is shown by
a thin dashed line. The sum of all 117 individual bursts is
shown as a thick solid line along with the Waxman 2003[13]
prediction in a thick dashed line.
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Arrival Directions of VHE
Neutrinos/Muons

Figure 1. Skymap for the IceCube detector in the 40 string configuration for one year of data
taken during 2008.



§ New Astronomy driven by VHE Neutrino
Detection In the (next?) decade
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AMANDA - MAGIC
Alerts sent 27th September to 27th November 2006

Reaction within one day ( E. Bernardini et al., astro-ph/0509396 )




IceCube — ROTSE, optics

M. Kowalski, A. Mohr, astro-p
See also Murase, loka, S.N.
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§ Summary
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