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Diffuse emission: In agreement with 
SNR paradigm in terms of injected CR 
power.

Credit: NASA/DOE/Fermi LAT 
Collaboration

~ GeV – TeV sky :  Fermi



PeV Gamma-Ray Astronomy: LHAASO



The sky at ~ 10 TeV – 1 PeV: 
Diffuse emission from LHAASO

LHAASO Collaboration, Phys. Rev. Lett. 131, 151001 (2023)

Emission in Galactic longitude     
      does not follow target gas…
 

→ Leptonic origin?
→ Stochasticity of CR injection?



Sky at  25 TeV – 1 PeV with LHAASO
LHAASO Collaboration

~ 35 PWNe & TeV Halos (leptonic); ~ 7 SNRs (hadronic);
A stellar cluster (hadronic); 5 Microquasars (hadronic/leptonic?)

> Dozen of PeVatrons



1 – TeV halos as a probe of 
CR propagation in the ISM



  

HAWC

HAWC observ. of Geminga & MonogemHAWC observ. of Geminga & Monogem

‘HALOS’: e-  E density <<  E density ISM
=> Electrons have ESCAPED the PWN.

Giacinti et al., A&A 636, A113 (2020)

→ Inverse Compton from
    ~ 100 TeV electrons.
→ g-ray range: 8 – 40 TeV.



  

HAWC

TeV Halos as probes of ISMF propertiesTeV Halos as probes of ISMF properties

r

Best fit:  D(100 TeV) = 4.5 x 1027 cm2/s
 

2 orders of magnitude smaller than value from B/C ratio



LHAASO Collaboration, 
ApJS 271, 25 (2024)

PWNe & Potential TeV HalosPWNe & Potential TeV Halos
      in LHAASO Catalogue      in LHAASO Catalogue



  

Giacinti, Mitchell, Lopez-Coto, Joshi, Parsons & Hinton, 
A&A 636, A113 (2020), arXiv:1907.12121:

Evolutionary stages of a PWN :Evolutionary stages of a PWN :



Predicted g-ray surface brightness

OK

 Lopez-Coto & Giacinti, MNRAS 479, 4526 (2018) [arXiv:1712.04373]

Kolmogorov, B
rms

=3 μG, G, L
c
 = 5 pc :



Predicted g-ray surface brightness

INCOMPATIBLE WITH HAWC MEASUREMENTS
 Large coherence lengths ( > 10 pc) ruled out  (Too asymmetric)

Kolmogorov, B
rms

=3 μG, G, L
c
 = 40 pc :



Best fit to HAWC measurements (c2/ndf<1)

 Lopez-Coto & Giacinti, MNRAS 479, 4526 (2018) [arXiv:1712.04373]

→ Kolmogorov / Kraichnan, B = 3 mG, L
c
 = 1 pc



Kolmogorov, 
L

c
=1 pc, 

B
rms

=3 mG

Li, Giacinti & Lopez-Coto, To be submitted (2025)

Best fits around
L

c
=1-5 pc,

B
rms

=3-4 mG



Asymmetry results ( Bregular = 0 ): Li, Giacinti & Lopez-Coto, To be submitted (2025)



Fang et al., PRD (2023)

Or could the local L
c
 be >> 10 pc ?



Li, Giacinti & Lopez-Coto, To be submitted (2025)Large coherence lengths:
L c = 100 pc and B rms = 3 μGG



L
c
 = 40pc ; B

turb 
= 3 μG ; BG ; B

reg
 = 0 μG ; BG; Kolmogorov turbulence ; (8192 particles)

Appearance of “mirage” sources:
They may appear around astrophysical sources.  

Bao, Giacinti, Liu, Zhang & Chen, Phys. Rev. Lett. (2025)
Bao, Liu, Giacinti, Zhang & Chen, Phys. Rev. D (2025)



Could explain LHAASO observations
LHAASO Collaboration, ApJS 271, 25 (2024)

Many extended sources w/ irregular shapes:

Large offsets between 
sources and center 
emission:



25 – 100TeV > 100 TeV

LHAASO’s peanut-shaped source

LHAASO Coll., 
arXiv:2510.06786

GG et al., In 
prep (2026)

25 – 100TeV > 100 TeV

PRELIMINARY PRELIMINARY



2 – Diffuse VHE g-ray 
emission:



  

Kaci, Giacinti, Semikoz, ApJ Lett. 975, L6 (2024)



  

Kaci, Giacinti, Semikoz,
ApJ Lett. 975, L6 (2024)

Upper Limits 
unresolved 
PWNe/halos



  

Kaci, Giacinti, Semikoz, Submitted (2026)

Upper Limits 
unresolved 
PWNe/halos

→ The contribution of PWNe 
to the diffuse background is 
rather negligible.

→ It peaks at 30% at most at 
25TeV in the inner Galaxy.



  

Diffuse VHE g-ray emission from discrete sources

Discrete injection 
of cosmic rays

Isotropic and 
homogeneous diffusion

Cosmic-ray flux at 
Earth and B/C ratio

satisfied

1) GALPROP-like (d=1/3) : 

2) Time-dependent (mimics 
self-confinement): 1/100 x D 

around sources for 10 kyr. 

SIMULATION: Kaci & Giacinti, JCAP 01, 049 (2025)



  

Clumps in the gamma-ray flux

Diffuse gamma-ray flux clumpy at VHE

Kaci & Giacinti, JCAP
01, 049 (2025)

Vs shape from 
Lipari & 

Vernetto(2018):



  

Very few visible 
sources for case 1 

Sky Maps and sources (case 1)
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Slide from Samy Kaci

For standard isotropic diffusion,
few PeVatrons are detectable

Kaci & Giacinti, JCAP 01, 049 (2025)



  

Sky map very 
sensitive to CR 

propagation 
assumptions

Sky Maps and sources (case 2)

l( )°)  

b
(

)°)
 

b
(

)°)
 

b
(

)°)
 

b
(

)°)
 

Slide from Samy Kaci

Implies a PeVatron
SNR rate < 3.6/kyr

Kaci & Giacinti, JCAP 01, 049 (2025)

Many more visible 
sources 



  

Can be disentangled from 
clumpiness of diffuse bkg

Kaci & Giacinti, JCAP 01, 049 (2025)



Microquasars as Galactic super-PeVatrons

Kaci, Giacinti, Aharonian & Wang, Submitted to PRL

Microquasars: inj. -2 spectrum, cutoff at 10 PeV, 
100 kyr lifetime, 0.1/kyr rate, power 1039-40 erg/s.
 

(Standard/SNR sources: -2.7 Power-law & 
exponential cutoff at ~ 150 TeV.)

→ Fits the ~ 10TeV bump, ~ 100 TeV 
     hardening and the knee



Microquasars as Galactic super-PeVatrons
Contribution to the diffuse emission:

On average 3-4 sources detectable:

molecular clouds similar to that around SS433
(uniform sphere with r = 20pc and n=30cm-3)

Kaci, Giacinti, Aharonian & Wang, Submitted to PRL



3 – Microquasars



LHAASO Collaboration, National Science Review (2025)

LHAASO’s PeVatron microquasars



LHAASO’s PeVatron microquasars

LHAASO Collaboration, National Science Review (2025)



H.E.S.S. Collaboration, 
Science 383, 402–406 (2024)

Acceleration mechanism?

In-situ particle acceleration, to > 100 TeV.



  

→ Unmagnetized case (s=0):   

Particle-In-Cell (PIC) simulations

Spitkovsky (2008), Sironi + (2013),
Plotnikov+ (2018), Lemoine+ (2019)

Relativistic unmagnetized shocks
Good but slow accelerators.

Maximum energy grows as t1/2
  

(Reville & Kirk 2010, Plotnikov et al. 2013)

-2.4 slope

Non-
thermal

Spitkovsky (2008)

Sironi et al. (2013)

→ Magnetized case (s>10-3):

Even weak magnetization levels
stop particle acceleration.

Sironi et al. (2013)

E
max

 quickly saturates.

Cannot accelerate to VHE!



  

Null

+
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LARGE-SCALE GEOMETRY OF THE B FIELD MAY SOLVE THE PROBLEM!

Solution: Global B field geometry

Cerutti & Giacinti, A&A (2023)



  

z [cm] z [cm]

Numerical simulationsNumerical simulations

Efficient acceleration 
to VHE !No/little acceleration

POSITRONS: ELECTRONS:

up           downdown

(roles exchanged with opposite pulsar polarity )

up           

GG & Kirk, ApJ 863, 18 (2018)

Cerutti & Giacinti, A&A 642, A123 (2020); A&A 656, A91 (2021)



Results PIC : Density evolution

Cerutti & GG, A&A 676, A23 (2023)



Reflecting boundary = confining external medium

Reflecting boundary
 = contact discontinuity

2Rj

8Rj

2D Cartesian box (xz-plane), 262,144×16,384 cells, or 6554x410 d
i 
(ion skin depth)

Electron-ion plasma with mi/me=25
Magnetization : σ=0.1, 1

Γ=10
B

B Jz

Null

Particle-In-Cell (PIC) setup

B. Cerutti



Cavity

Shear

HE particle acceleration
HE particle escape

Vortex

Results – PIC Simulations

Density

B field

Velocity

CRs

Cerutti & GG, A&A 676, A23 (2023)

→ Shear-flow acceleration at the edges of the cavity 



Injection

Electron spectrum (final)

Hillas
limit

ions

Ion spectrum: Time Evolution & E
max

Maximum energy
= Hillas Limit



Bian, Giacinti & Reville, ApJ 979, 197 (2025)

4 – CR anisotropy



HAWC + IceCube Collab., ApJ (2018) [arXiv:1812.05682]:

SSA (l>3):

In the direction of field line

Large Scale Anisotropy (~0.1%) :

Angular power spectrum:



Small-scale anisotropies

SSA due to the local realization of the ISM turbulent 
field, within a CR MFP around Earth.

Giacinti & Sigl, Phys. Rev. Lett. (2012), arXiv:1111.2536



CR anisotropy down to 3 TeV

Outer scale turbulence L
max 

= 150 pc, Kolmogorov turbulence

Simulations now reach TeV energies

Bian, Giacinti & Reville, ApJ (2025)



CR anisotropy down to 3 TeV

Simulations now reach TeV energies

Bian, Giacinti & Reville, ApJ (2025)

Amplitude SSA/LSA related to local 
dB/B.



Power spectrum versus CR energy

Spherical harmonics:

Angular power spectrum:



Excellent agreement with
HAWC & IceCube measurements

Power spectrum versus CR energy



Conclusions & Perspectives

→ TeV halos constrain CR propagation around middle-aged pulsars,

→ Best fit parameters for Geminga. Inner asymmetries can help disentangle 
between Kolmogorov (slightly favored) and Bohm,

→ “Mirage” sources, asymmetric g-ray sources: Could explain some LHAASO 
sources,

 → Clumpy diffuse g-ray background at VHE,

→ Unresolved PWNe/halos: Minor contribution to LHAASO diffuse emission at > a 
few 10 TeV,

→ Observations not incompatible with frequent transient PeVatrons with standard CR 
diffusion coefficient,

→ ~ 10 powerful microquasars can fit CR spectrum and LHAASO diffuse g-ray 
emission.

→ TeV-PeV CR anisotropy angular power-spectrum can constrain interstellar  
turbulence properties.


