
Massimo Persic
INAF+INFN Trieste 

The restless γ-ray universe



Particle Acceleration

Non-Thermal  plasma:  Tion ≠Τelectron
f(v) of either species non-Maxwell Boltzmann



bremsstrahlung
synchrotron

Inverse Compton

Radiation mechanisms 1.



Radiation mechanisms 2.
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Transparency of atmosphere – Detection techniques



Spectral Flux of Cosmic Rays 



Cherenkov Observational Technique.Cherenkov Observational Technique.11
electrom. EAS

hadronic EAS

Rossi & 
Greisen 
1941

v>c/n à β>1/n

cos θ =1/βn ≤ 1/n



Cherenkov Observational Technique.Cherenkov Observational Technique.22

vertical

lateral

Greisen 1956, 1960

SPECTRUM

Development in atmosphere

E0: primary γ’s energy
t: depth along shower axis 

(in units of radiation lengths)
s: shower age (0<s<2)
R: lateral distance 

(in units of scattering radius)

optical/UV light

… but Rayleigh scattering λ−4

SPECTRUM
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γ/h separation
Proton shower

NSB event Hadronic shower Gamma shower

–The Cherenkov image 
shape is important to 
discriminate gamma from 
hadron

Gamma shower

ON: Pointing to source

OFF: Pointing somewhere else

Crab 
Nebula



Systems of Cherenkov telescopes

Better bkgd reduction 
Better angular resolution
Better energy resolution



Current-generation IACTs

MAGIC (2004)

VERITAS (2006)

H.E.S.S. (2003)

reduced threshold  ⇔ larger telescopes
improved sensitivity ⇔ better γ/h separation
wide-field camera  ⇔ surveys, serendipities
isochronous mirror, fast digitization ⇔

Cherenkov-γ arrival times for improved γ/h separation
light structure ⇔ fast repositioning (GRB follow-up)

VERITAS (2006)

CANGAROO-III (2004)IACTs established as astronomical tools (experiments à telescopes)
Big step within last few years: 

- quantitative (x5 detected sources) 
- qualitative (unprecedented high quality)
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Grantecan

Telescopio Nazionale Galileo

La Palma, IAC
28° North, 18° West

MAGIC’s site

MAGIC and its Control House
MAGIC 

MAGIC 
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Next:
...  a review of important VHE γ-ray results 

highlighting particle acceleration ...



H.E.S.S. Galactic Plane Survey

Sources : 40 in GP scan !! 
35 new !!

330°

Typically:
• Shell-type SNRs
• Pulsar-Wind-Nebulae
• Unidentified
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… estimating the TeV luminosity of GP sources …

α = 4   à φ(ε) ∝ ε−2
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SNR shell à particle acceleration
Resolved shell in VHE-γ-rays 
γ-rays from leptonic or hadronic channels?

SNR RX J1713.7-3946

Aharonian+ 2006

H.E.S.S.

leptonic channel fav’d

Berezhko & Völk 2006

3EG J1714-3857

B=100µµµµG
hadronic 
channel 
favored



Leptonic:
Ee ~ 20 (Eγ )1/2 TeV  

~ 110 TeV … but KN sets on .. 
à ~100 TeV 
Hadronic:
Ep ~ Eγ / 0.15 ~ 30 / 0.15 TeV ~ 

~ 200 TeV 

... but: is SN statistics enough to fit CR energy density? 

Aharonian + 2007
A&A, 464, 235



Aharonian + 2006
A&A, 449, 223

• index Γ~2−2.2 (strong shock)
• little variation across SNR

GeV+TeV àààà spatially resolved spectroscopy
• young SNRs (t<tcool (p,e)):
CRp spectrum γγγγ =  1+2αααα +  b

àààà measure κ(p) as a function of p



H.E.S.S. J1813-178

AGILE
Fermi
?

???
only marginally 
spat. coincident

G12.82-0.02

Γ = 2.1 ± 0.2stat ± 0.2sys

Albert+ 2006, ApJ, 637, L41
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ASCA

VLA
α=0.48

Hadronic: 2M� of target gas, exp-cutoff proton distrib: α=2.1, Ec=100 TeV, 
np=6cm-3, L(0.4-6TeV)=2.5×1034erg/s

Leptonic: B=10mG, exp-cutoff electron distrib: α=2.0, Ec=20TeV
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• Asymmetric shell-type SNR (45’’), seen at radio, x-rays, and γ-rays.
• New source discovered by MAGIC.
• F(>150 GeV) = 0.06 c.u.
• Soft 0.1-1 TeV spectrum (Γ = −3.1 ± 0.3stat ± 0.2sys), no break. 
• Extension below MAGIC angular resolution (~0.1°).
• MAGIC source displaced w.r.t. center of EGRET source.
• MAGIC source displaced to south of SNR center – correlated w. a molecular 
cloud and maser emission.

• Hadronic origin of VHE emission favored.

Albert+ 2007, ApJ, 664, L87 

VHE γ-rays 
correlated w. 
molecular cloud,
not w. SNR

X-ray
ROSAT

20cm
VLA

HE γ-ray
EGRET 12CO



Microquasar vs Binary Pulsar?

Competing scenarios for VHE γ-ray emission

27

Mirabel 2006



LS I +61 303

X-Ray binary system with radio jet   à µQSO?? (other 
known γ-ray binaries: LS 5039, PRS B1259-63, by HESS

Cygnus X-1, by MAGIC)
Orbit:               high eccentricity (ε~0.7),  P=26.5 d
Normal star:    B0 main sequence star, ~18M⊗, 

a Be star with circumstellar disc
Compact star: BH / NS < 4M⊗
Distance         ~2 kpc

D = 2 kpc
Binary: Be + compact, P = 26.5 d
Compact: NS or BH 
Periodic radio bursts
X-ray bursts at f=0.4-0.6 (Rosat,

RXTE) 
Radio jets (precessing):  à µQSO?
>100 MeV mesured by COS B
à correlation w. radio bursts

GeV emission (EGRET) variable, 
max. at φ=0.5  à correl. with 
X-ray variability

TeV emiss. & variability (MAGIC)
X-ray vs TeV correlation
jets longer than binary separation
à leptonic channel favored

Casares + 2005

MAGIC observation: 54hrs total

à leptonic channel favored
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LS I +61 303
… cont’d

Ten points at equal phase intervals from ΦΦΦΦ = 0 to ΦΦΦΦ = 0.9,
with MAGIC observations (where available) on the right.
The periastron is at ΦΦΦΦ = 0.2. 29



LS I 61+303
... cont’d

Variability averaged over several orbits 30

Albert+  2008, 
ApJ, 684, 1351  



àààà … conclusions on LS I +61 303

• periodic (26.8 ± 0.2 d-1) VHE γγγγ-ray emitter
• spectrum compatible w. PL for all obs’s ( Γ = 2.6) 
• No radio / VHE γγγγ-ray correlation found

31

• No radio / VHE γγγγ-ray correlation found
• X-ray / VHE γγγγ-ray correlation found
• Leptonic production of both emission (SSC) favored



Cy
gn

us
 X

-1
 (1

)

Albert+ 2007 ApJ 665, L51 

• BH binary: (21±8)M⊕ BH and (40±10)M⊕ O9.7 Iab, P= 5.6d, i=25º-65º.
• High/soft, low/hard x-ray spectral states: function of dM/dt ?
• Steady VHE flux, <~0.01 c.u. .
• Strong evidence (4.1σ post-trial significance) of intense short-lived [1h-24h]
flaring episode discovered by MAGIC on 24-09-2006.

• VHE flare coincident w. x-ray flares (Swift/BAT, RXTE/ASM and INTEGRAL).
• Soft 0.1-1 TeV spectrum (Γ = 3.2 ± 0.6stat ± 0.2sys), no break.
• Extension below MAGIC angular resolution (~0.1°). 
• Radio-nebula produced by the jet (Gallo ’05) interaction with the interstellar 
medium excluded. 



Cy
gn

us
 X

-1
 (2

) • These flares happen near the max of a ~326d    
super-orbital modulation (Rico’08), thought to be 
caused by precession of accretion disk.



TeV Blazars

Spectral Energy Distribution

• TeV blazars: highly variable, NT emission 
• All but one are HBL (high-peaked BL Lacs)
• Emission: leptonic (mainstream)

Kino+ 2002, ApJ, 564, 97

SSC model parameters:
Plasma blob: R, B, δj
Electron pop: n0, α1, α2, Ebr, Emin, Emax

EBL:          uEBL(z)



Active Galactic Nuclei 

IACT

Fermi
AGILE



Mrk 421Mrk 421



MAGIC
MAGIC

3C454.3
z=0.859

Jul/Aug & Nov/Dec 2007

AGILE trigger
(S+E)SC model
Ghisellini+ 2007

MAGIC



AGILE
MAGIC

Fermi

March/April 2008

First ever simultaneous
HE+VHE γ-ray obs of a 
blazar!

PG 1553+113





M87: VHE γ-rays, X-rays, radio

res = 0.1o

50 nights  (95 hr 
of data)  
in 01-05/2008

δtvar ~ days  (ßMAGIC)

res = 0.21 x 0.43 mas
= 30 x 60Rs @ 43 GHz

Feb. 2008

nuclear flux range
before Feb. 2008



Temporal correlation of nuclear radio/x-ray and VHE emission.

Brightening of M87 nucleus within 50 Rs. 

Region of particle acceleration in proximity to BH. 

VHE obs’d first (no strong intrinsic asorption), 
peak radio flux delayed because of synchro self-absorption.

Brightening of M87 nucleus within 50 R . 

Region of particle acceleration in proximity to BH. 

VHE obs’d first (no strong intrinsic γγ asorption), 
peak radio flux delayed because of synchro self-absorption.

Importance of high-frequency, high-resol. radio  obs’s.



SSC model parameters:
Plasma blob: R, B, δj
Electron pop: n0, α1, α2, 

γbr, γmin, γmax

EBL:          uEBL(z)

Synchrotron-Self-Compton emission: 
what changes as a function of activity states?



Mankuzhiyil, 
Ansoldi, MP, 
& Tavecchio 2011,
ApJ, accepted

… SSC parameters vs source activity: Mrk 421



No KN 

Mrk421’s jet activity correlates only w. γγγγbreak, B, δδδδ IC peak in Thomson regime



Mrk 501: Suzaku, Fermi/LAT, VERITAS, MAGIC (Acciari et al. 2011 in press)

… different variability pattern à

giant flare of 
April 1997

IC peak in 
KN regime



Pian + 1998

previous 
averageaverage



Conclusion on Mrk 421 variability

• Only B, γbreak, δ appear correlated with source state.
•γbreak increases in high states    ⇒⇒⇒⇒

high state  ↔ particle acceleration.high state  ↔ particle acceleration.
•B and γbreak are anticorrelated as implied by synchro emissivity 

if νsync ~ const.
• Even in high states: Compton component  is in Thomson regime.



Gamma-Ray Bursts (GRBs)
• Most energetic explosions since Big Bang (1054 erg if isotropic)

• Astrophysical setting unknown (hypernova?)

• Emission mechanism unknown (hadronic vs leptonic, beaming,
size of emitting region, role of environment, … … )

• Cosmological distances (z >> 1)
but ... missed naked-eye GRB 080319B (z=0.937)

Gggg

HE+VHE data crucial to 
constrain/unveil emission 
mechanism(s)

----------------------------

HESS

MAGIC

MAGIC
ST



GRBs 080319B ààààmissed obs of “naked-eye” GRB

Intrinsically:
Nearby: z=0.937
Brightest ever observed in optical
Exceedingly high isotropic-equivalent 
in soft γ-rays

Swift/BAT could have observed it out 
to z=4.9
1m-class telescope could observe 
out to z=17

Missed by both AGILE (Earth 
screening) and  MAGIC 
(almost dawn)

next BIG ONE awaited !!





Probing Quantum Gravity



Kjbvakj

EQG ~ 0.05 MP

and ∃∃∃∃ no conventional  explanationsàààà



Mrk 501: Jul 9, 2005 

… in general: 



Cosmic Rays in Galaxies

Ne(γ) = Ne,0 γ−−−−q γ1≤γ ≤γ2

Fνννν = 5.67×10−−−−22222222 (rs
3/d2) Ne,0 a(q) B(q+1)/2 (ν/4×10+6)−−−−(q−−−−1)/2 erg/(s cm2 Hz)

… γ1=100

synchrotron

MP, Rephaeli & Arieli 2008, A&A, 486, 143
Rephaeli, Arieli & MP 2010, MNRAS, 401, 473
MP & Rephaeli 2010, MNRAS, 403, 1569



=

=

Τ0=few keV

q=2.3 à κ=Up/Ue≈15        Np/Ne|>>1GeV ≈ 1.3 ×102



M82 parameters: d=3.6 Mpc
r(starburst)= 300 pc
f1GHz = 10 Jy

ar=0.71à q=2.42
Klein+ 1988

L(8−1000µm) = 2.2×1044444444 erg s −−−−1111

νSN ~ 0.3 yr−−−−1111

à SFR ~10 Μ⊗yr−1



VHE γ-ray emission

SB nucleus: r≤0.3 kpc

MH2 = 2×108888 Μ⊗⊗⊗⊗

Drury+ 
1994analytical approximation

External disk: r>0.3 kpc

L>100GeV =1.6×1039393939 s−−−−1111 àààà F>100GeV = 10−−−−12121212 cm−−−−2222 s−−−−1111

Gas: flat, thin, exponential disk:
Σ(R) = Σ(0) e−−−−R/Rd

Σ(0) = 7.5E+22 cm-2

Rd = 0.82 kpc

Up = 200 eV cm−−−−3333

Up = 200 (R/RSB)−−−−2222

L>100GeV = 1.5×1040404040 s−−−−1111 à F>100GeV = 10−−−−11111111 cm−−−−2222 s−−−−1111

Μg=2.5×109999Μ⊗⊗⊗⊗



à Total flux from M82:   F>100GeV = 1.11.11.11.1××××10101010−−−−11111111 cm−−−−2222 s−−−−1111

numerical treatment

… same structure parameters, 
mag. flux frozen in ionized gas
(B∝nHII

−−−−3/23/23/23/2)

1. Radio synchro em.
à B ⊕ Ne

protons

electrons

2. Particles vs Field 
Equip. Energy

injection part. spectrum: q=2
... interactively à
Ne ~ 10−−−−4444 cm−−−−3333

Np/Ne (>>1 GeV) ~ 100, 
B0 ~ 300 µG



Numerical results

F>100MeV =
= 10−−−−8888 cm−−−−2222 s−−−−1111

F>100GeV =
= 2.5×10−−−−12121212 cm−−−−2222 s−−−−1111

Persic, Rephaeli & Arieli 2008, M82

~1/3 sens. of MAGIC 2 for 50hr

~1/2 sens. of VERITAS  “   “





Physics Today
Jan. 2010



… same goes for NGC 253



… NGC 253 (cont’d)

Acero et al. 2009, Science in press



Cosmic Rays and Star Formation

U ~ ¼  (ν τ )  (η E )  r −3

CR – SN relation (Ginzburg & Syrovatskii 1964)
v Fermi-I mechanism  à SNRs
v SN rates, massive star formation

Test: Up ~ ¼  (νSN τ−)  (η Eej)  rs
−3Test:

Arp 220     à Up ≈ ≈ ≈ ≈ 476     eV cm−−−−3

NGC 253   à 125
M 82          à 111
Milky Way à 1
LMC            à 0.2



(σpp cnp )−1 ~ 2 × 107 np
−1 yr

τ____ ≈
~ 3 × 104 (rs/0.3 kpc)  (vout/2500 km s−1)−1 yr

SB radiusSN rate

electrons’
lifetime kin. energy

of SN ejecta

particle 
accel. eff. 

Up ~ ¼  (νSN τ−)  (η Eej)  rs
−3

NGC 253   à Up ≈ 125 eV cm−3

M 82          à 111
Arp 220      à 476
Milky Way  à 1

~ 3 × 104 (rs/0.3 kpc)  (vout/2500 km s−1)−1 yr

V<sv
<bhsrs
Sngoug
n

ννννSN rs



Strong CR production:
vuniversal acceleration efficiency of SN
v Fermi acceleration at work (NR strong shock)
vparticles/field equipartition

CRs ↔ SF: conclusion

vparticles/field equipartition
à use radio data to study CRs in distant SF’ing gal.s

v γ-ray emission (isotropic ..)



Thanks!Thanks!


