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TEV HALOS ARE NUMEROUS AND BRIGHT



TEV HALOS ARE NUMEROUS AND BRIGHT

▸TeV Halos (Observationally): 

▸At least 7 detected systems (potentially dozens) 

▸Detected by all instruments (HAWC, LHAASO, 
HESS, VERITAS) 

▸Detected systems are nearby, or have high spin 
down power. 



TEV HALOS ARE NUMEROUS AND BRIGHT

▸TeV Halos require a large fraction of the total spin down power to 
be converted into gamma-rays. 

▸Geminga flux is  at 7 TeV, corresponds to 
more than 0.1% of spin down power.

3 × 10−13 TeV cm−2s−1



TEV HALOS ARE NUMEROUS AND BRIGHT

▸Rotational Kinetic Energy of the neutron star is the ultimate power 
source of all emission in this problem.



• Electrons boiled off the surface of the pulsar produce a cascade of 
e+e- pairs.

PULSARS CONVERT POWER INTO ELECTRON AND POSITRON PAIRS



TEV HALOS ARE NUMEROUS AND BRIGHT

Geminga flux is  at 7 TeV, corresponds to 
more than 0.1% of spin down power. 

For a standard inverse-Compton scattering model, this indicates 
that 10% of the spin down power is converted into e+e- pairs.

3 × 10−13 TeV cm−2s−1



A NEW SOURCE CLASS

NOTE: The size of halos has the opposite time- 
dependence as the X-Ray PWN.

TeV Halos are much larger than PWN, especially 
at low spin down energies and large ages. 

But much smaller than expected if TeV 
electrons were just propagating through the 
interstellar medium.



EARLY LESSONS

• 1.) Pulsars are highly efficient e+e- 
accelerators. 

• 2.) Pulsar e+e- are not confined in the 
source.

• 3.) Regions near sources have 
unusually low diffusion coefficients.



EARLY LESSONS - THE GEMINGA-CENTRIC MODEL

▸Make One Key Assumption: 

▸The following correlation is consistent with the data. 

▸Note: Using Monogem would increases fluxes by nearly a factor of 2. 
The power law of this correlation doesn’t greatly affect the results.



PWN

DIFFERENCES IN DEFINITION - GOING BEYOND THE GEMINGA-MODEL

TeV Halo



DIFFERENCES IN DEFINITION - GOING BEYOND THE GEMINGA-MODEL

• Linden et al. (2017) - A TeV halo is a leptonic 
gamma-ray source surrounding a pulsar, 
where the electrons are diffusing through the 
medium (rather than being driven by 
convective pulsar winds). 

• Giacinti et al. (2019) - A TeV halo is a leptonic 
gamma-ray source surrounding a pulsar, 
where the emission stems from a region 
where the electron density falls below the 
ambient ISM electron density.  

• An alternative definition of a “TeV halo” is used by Giacinti et al. 2019 (1907.12121) 



ADOPTING A MAXIMALIST VERSION OF TEV HALOS - OBSERVATIONS
Di Mauro, Manconi, Donato (2019; 1908.03216)

In particular, this extended 
diffusive halos have been 
found in a number of young 
systems. 

Inhibited diffusion appears 
to occur very soon after 
system formation, and persist 
for a long time. 

52 kyr
21  kyr

90  kyr
23  kyr



ADOPTING A MAXIMALIST VERSION OF TEV HALOS - OBSERVATIONS
Sudoh, Linden, Hooper (2101.11026)

8 out of the 9 HAWC sources 
observed above 56 TeV are 
consistent with the location 
of young pulsars. 

Likely PWN or composite 
objects — but TeV halo 
contributions must be 
carefully examined.



ADOPTING A MAXIMALIST VERSION OF TEV HALOS - OBSERVATIONS



THE KEY RESULTS - POSITRON EXCESS

• What were the uncertainties in pulsar models? 

• I: The e+e- production efficiency? 

• II: The e+e- spectrum. 

• III: The propagation of e+e- to Earth.

Profumo (0812.4457); Malyshev et al. (0903.1310)

Hooper et al. (0810.1527)

Malyshev et al. (0903.1310)



THE KEY RESULTS - MISSING TEV HALOS

Radio pulsars are beamed! 

Beaming fraction is small 

This varies between 15-30%. 

Most pulsars are unseen in radio!

Tauris & Manchester (1998)



DIFFUSE EMISSION



IMPLICATION: MILAGRO DIFFUSE TEV EXCESS



ENTER THE ATNF CATALOG

If TeV halo power is connected 
to pulsar spin down power, we 
can build a model of the full 
TeV sky. 

This means that many young 
systems should also produce 
even brighter TeV halo activity!



Linden & Buckman (2017; 1707.01905)

• If all convert a similar fraction of their 
spin down power to e+e- pairs as 
Geminga, then TeV halos naturally 
explain this observation. 

• Note - “Halo” is not needed 

• Pulsar efficiency ~10% 
• Power must escape PWN 

IMPLICATION: DIFFUSE TEV GAMMA-RAYS



Fang & Murase (2021; 2104.09491)• TeV halos naturally explain the 
spectrum and intensity of this 
emission. 

• Multiple halos observed with E-2.0 
spectra. 

• Note - “Halo” is not needed 

• Pulsar efficiency ~10% 
• Power must escape PWN 

IMPLICATION: DIFFUSE TEV GAMMA-RAYS

Tibet AS  data γ



Yan & Liu (2023; 2304.12574)

IMPLICATION: DIFFUSE TEV GAMMA-RAYS

• TeV halos naturally explain the 
spectrum and intensity of this 
emission. 

• Multiple halos observed with E-2.0 
spectra. 

• Note - “Halo” is not needed 

• Pulsar efficiency ~10% 
• Power must escape PWN 

LHAASO Data 



INVISIBLE ELEPHANT IN THE ROOM IceCube Collaboration (2023)  

‣ IceCube detection of a galactic neutrino flux — with a normalization that is ~4x 
brighter than expectations from the Fermi-LAT extrapolation.



INVISIBLE ELEPHANT IN THE ROOM Fang et al. (2023; 2306.17275)

If the IceCube neutrino flux from the 
galaxy is higher, then the gamma-ray 
flux from hadronic processes (i.e., not 
halos) could also be higher. 

In Fang et al. this is capable of 
producing the diffuse galactic gamma-
ray emission



INVISIBLE ELEPHANT IN THE ROOM Shao et al. (2023; 2307.01038)

Models that explain the IceCube neutrino flux still require an additional 
gamma-ray component (here: “Extra1 and Extra2”) to produce the gamma-ray 
data from LHAASO.



MANY CAVEATS

IceCube neutrino flux is unknown at low 
energies (nearly order of magnitude 
uncertainties from models that fit the 
data to within 1 . 

On top of this, there is an intrinsic factor 
of 2 uncertainty in even the IceCube flux 
measurement.  

There is also a factor of ~2 uncertainty in 
the TeV halo flux owing to the 
“Geminga-like” assumption 

σ

IceCube Collaboration (2023)  



TEV HALOS BREAK STANDARD DIFFUSE MODELS



• There is bright diffuse gamma-ray emission across the galactic plane. 

• Ratio of point source emission to diffuse emission is a powerful marker of emission 
mechanisms and local propagation. 

TEV HALOS BREAK STANDARD DIFFUSE MODELS



THE PROMISE OF TEV OBSERVATIONS FOR DIFFUSE EMISSION STUDIES

High Angular Resolution 

Long energy-lever arm (20 GeV — 100 TeV) 

Bifurcation in electron/proton morphology 
 Dproton ∝ Eδ/2

Delectron ∝ Eδ/2−1



NEED MODELS IN ORDER TO USE THESE OBSERVATIONS TO UNDERSTAND PHYSICS
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OVERVIEW OF DIFFUSE EMISSION MODELS AT GEV SCALES



TEV HALOS BREAK GEV GAMMA-RAY DIFFUSE EMISSION MODELS

• Target models come from gas and dust tracers. 

• CR density comes from Galprop simulations. 

Widmark et al. (2022; 2208.11704)



THERE ARE TOO MANY PARAMETERS

The number of free 
parameters in cosmic-ray 
propagation models is 
already untenable. 

(given the relatively limited 
amount of smooth spectral 
data)

Korsmeier & Cuoco (2019; 1903.01472)



TEV HALOS BREAK GEV GAMMA-RAY DIFFUSE EMISSION MODELS

• Assume CR propagation is homogeneous.  

• Fit data to local AMS-02 observables. 

Korsmeier & Cuoco (2016; 1607.06093)



USING TEV HALOS TO FIX COSMIC-RAY DIFFUSION MODELS

‣ It’s about the sources.



TEV HALOS SOLVE COSMIC-RAY DIFFUSION

Pulsars are the sight of observable TeV 
halos. 

Pulsars are **also** the sight of inhibited 
cosmic-ray diffusion. 

Can use multi wavelength pulsar 
information to trace regions with 
inhibited diffusion!.

Evoli, TL, Morlino (2018; 1807.09263)
Mukhopadhyay & TL (2021; 2111.01143)



TEV HALOS SOLVE COSMIC-RAY DIFFUSION Evoli, TL, Morlino (2018; 1807.09263)
Mukhopadhyay & TL (2021; 2111.01143)

Many uncertainties in these models: 

Role of Supernova Remnant 

Disruption by molecular gas or 
magnetic fields 

Pulsar Proper Motion 

1D vs. 3D diffusion 

non-Resonant Terms 

Halos in close proximity



OPEN QUESTION: MSP HALOS?

‣ Do MSPs Have TeV Halos? 

‣ Tentative: 4.24σ Poisson evidence from a HAWC stacking 
analysis (~2.3σ  from blank sky test).  

‣ Possible MSP Detection by LHAASO 

‣ Important theoretical implications: 

‣ Cosmic-Ray confinement near pulsars? 

‣ Cosmic-Ray diffusion at high latitudes 

‣ PWN/Magnetospheric acceleration models.

Hooper, TL (2021; 2104.00014)

LHAASO Collaboration (2023; 2305.17030)



TEV HALOS SOLVE COSMIC-RAY DIFFUSION

▸Pulsar catalogs provide an answer: 

▸>3000 pulsars 

▸Specific locations, ages, and spin 
down powers 

▸Translates directly into local diffusion 
model in streaming instability 
models.





TEV HALOS SOLVE COSMIC-RAY DIFFUSION

▸First attempts at this approach. 

▸Decreasing diffusion in the spiral arms 
produces better fits to GeV gamma-ray 
data 

Jóhannesson et al. (2019.1903.05509)

Gaggero et al. (2014; 1411.7623)



TEV HALOS SOLVE COSMIC-RAY DIFFUSION
Porter et al. (2019; 1909.02223)

See also: Thaler et al. (2022 2209.02295)



CONCLUSIONS

▸TeV halos are everywhere, and an important component of TeV sources and 
diffuse emission. 

▸Standard methods of building a diffuse model fail at TeV scales. 

▸The solution is the sources 

▸Radio/Gamma-Ray Observations of Pulsars 

▸Theoretical models to transfer information about pulsar age/spindown power/
environment into information about local diffusion. 

▸Computational models of cosmic-ray diffusion in inhomogeneous media (see Thaler 
et al. 2022)


