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Constraining the Enigma of Pulsar Halos with eROSITA
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Pulsar halos and their problems

• Extended γ-ray emission around middle aged pulsars 
(~ 105 – 106 yr)

Inverse-Compton emission of  TeV electrons (HAWC+17)

eRASS:5 image

Mayer+25

TeV significance map of HAWC halos 
HAWC+17
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Pulsar halos and their problems

• Extended γ-ray emission around middle aged pulsars 
(~ 105 – 106 yr)

Inverse-Compton emission of  TeV electrons (HAWC+17)

Late evolutionary stage (Giacinti+20)

Diffusion much slower than in ISM (D ~ 1027 cm²/s)
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Mayer+25

Halos as late evolutionary stage of PWNe
Giacinti+20 
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Pulsar halos and their problems

• Extended γ-ray emission around middle aged pulsars 
(~ 105 – 106 yr)

Inverse-Compton emission of  TeV electrons (HAWC+17)

Late evolutionary stage (Giacinti+20)

Diffusion much slower than in ISM (D ~ 1027 cm²/s)

Strong, turbulent magnetic field?

• No X-ray synchrotron emission from pulsar halos 
(Krivonos+26, Khokhriakova+24, Manconi+24, ...)

B ≤ 1 – 2 µG for Geminga pulsar

Anisotropic diffusion, hadronic population, ...? 
(Liu+19a,b, Recchia+21)

eRASS:5 image

Mayer+25

eROSITA maps of halos (Khokhriakova+24)
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eRASS1 all-sky image 
Credit: MPE/IKI

eROSITA All-Sky Survey
0.3 – 0.6 keV
0.6 – 1.0 keV
1.0 – 2.3 keV
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eRASS1 all-sky image 
Credit: MPE/IKI

eROSITA All-Sky Survey
0.3 – 0.6 keV
0.6 – 1.0 keV
1.0 – 2.3 keV

Zoom-in on PSR B0656+14
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A population of middle-aged pulsars 

• Build population model of  halo-like pulsar 
environments with eROSITA All-Sky Survey 
(Predehl+21)

 Uniform source coverage 

 „Unlimited“ field of  view 

eRASS:5 image

Mayer+25

P-Pdot diagram of ATNF pulsars
Mayer+ in prep.
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A population of middle-aged pulsars 

• Build population model of  halo-like pulsar 
environments with eROSITA All-Sky Survey 
(Predehl+21)

 Uniform source coverage 

 „Unlimited“ field of  view 

Construct target sample of  pulsars from ATNF 
catalog (Manchester+05)

 Middle-aged (104.5 yr < τ < 106 yr)

 Energetic ( ሶ𝐸 > 1033 erg/s)

 Nearby ( ሶ𝐸/4π𝑑² > 10-10 erg/s/cm²)

 Accessible with eROSITA (180° < l < 360°)

eRASS:5 image

Mayer+25

P-Pdot diagram of ATNF pulsars
Mayer+ in prep.
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A population of middle-aged pulsars 

• Build population model of  halo-like pulsar 
environments with eROSITA All-Sky Survey 
(Predehl+21)

 Uniform source coverage 

 „Unlimited“ field of  view 

Construct target sample of  pulsars from ATNF 
catalog (Manchester+05)

 Middle-aged (104.5 yr < τ < 106 yr)

 Energetic ( ሶ𝐸 > 1033 erg/s)

 Nearby ( ሶ𝐸/4π𝑑² > 10-10 erg/s/cm²)

 Accessible with eROSITA (180° < l < 360°)

Around 40 targets

eRASS:5 image

Mayer+25

Sample selection in P-Pdot diagram of ATNF pulsars
Mayer+ in prep.
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Hunting a faint signal in X-ray images 

• Construct multi-band X-ray images covering 
~ 20 pc from pulsar

eRASS view of B0656+14 field
Mayer+ in prep.

2°

0.2 – 1.1 keV 
1.1 – 2.3 keV 
2.3 – 5.0 keV
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Hunting a faint signal in X-ray images 

• Construct multi-band X-ray images covering 
~ 20 pc from pulsar

Mask bright sources

eRASS view of B0656+14 field
Mayer+ in prep.

2°

0.2 – 1.1 keV 
1.1 – 2.3 keV 
2.3 – 5.0 keV
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Hunting a faint signal in X-ray images 

• Construct multi-band X-ray images covering 
~ 20 pc from pulsar

Mask bright sources

Exclude thermal emission

eRASS view of B0656+14 field
Mayer+ in prep.
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2.3 – 5.0 keV
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Hunting a faint signal in X-ray images 

• Construct multi-band X-ray images covering 
~ 20 pc from pulsar

Mask bright sources

Exclude thermal emission

Construct radial count-rate profiles

eRASS view of B0656+14 field
Mayer+ in prep.

2°

0.2 – 1.1 keV 
1.1 – 2.3 keV 
2.3 – 5.0 keV
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Hunting a faint signal in X-ray images 

• Construct multi-band X-ray images covering 
~ 20 pc from pulsar

Mask bright sources

Exclude thermal emission

Construct radial count-rate profiles

Background variations via azimuthal 
division

eRASS view of B0656+14 field
Mayer+ in prep.

2°

0.2 – 1.1 keV 
1.1 – 2.3 keV 
2.3 – 5.0 keV

?
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Hunting a faint signal in imaging data 

• Construct multi-band X-ray images covering 
~ 20 pc from pulsar

Mask bright sources

Exclude thermal emission

Construct radial count-rate profiles

Background variations via azimuthal 
division

Radial profiles with statistical & systematic 
errors

Radial emission profile of B0656+14
Mayer+ in prep.

(0.2 – 1.1 keV) 

(0.2 – 2.3 keV) 

1.1 – 2.3 keV 

2.3 – 5.0 keV 
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Emission model for diffusive halos

• Use established one-dimensional model 
(e.g., Di Mauro+19, HESS23, 
Manconi+24)
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Emission model for diffusive halos

• Use established one-dimensional model 
(e.g., Di Mauro+19, HESS23, 
Manconi+24)

 Particle injection following pulsar spindown

Birth

Today
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Emission model for diffusive halos

• Use established one-dimensional model 
(e.g., Di Mauro+19, HESS23, 
Manconi+24)

 Particle injection following pulsar spindown

 Transport via diffusion (D ~ E1/3)

Birth

Today
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Emission model for diffusive halos

• Use established one-dimensional model 
(e.g., Di Mauro+19, HESS23, 
Manconi+24)

 Particle injection following pulsar spindown

 Transport via diffusion (D ~ E1/3)

 Radiative losses (synchrotron 
& inverse Compton)

Birth

Today
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Emission model for diffusive halos

• Use established one-dimensional model 
(e.g., Di Mauro+19, HESS23, 
Manconi+24)

 Particle injection following pulsar spindown

 Transport via diffusion (D ~ E1/3)

 Radiative losses (synchrotron 
& inverse Compton)

• Predict X-ray (& γ-ray) radial profiles with 
naima (Zabalza15) 



22
20.07.2026 Martin Mayer – mgf.mayer@fau.de – FRANCI 2026

Emission model for diffusive halos
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Emission model for diffusive halos

• Use established one-dimensional model 
(e.g., Di Mauro+19, HESS23, 
Manconi+24)

 Particle injection following pulsar spindown

 Transport via diffusion (D ~ E1/3)

 Radiative losses (synchrotron 
& inverse Compton)

• Predict X-ray (& γ-ray) radial profiles with 
naima (Zabalza15) 

• X-ray absorption, instrumental response, 
& background
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Fitted radial emission profile of J0633+0632
Mayer+ in prep.

1.1 – 2.3 keV
2.3 – 5.0 keV

Constraining the signal

• Fit multiple X-ray energy bands
+ γ-ray properties (if  available)



25
20.07.2026 Martin Mayer – mgf.mayer@fau.de – FRANCI 2026

Fitted radial emission profile of J0633+0632
Mayer+ in prep.

Total model

Source model

1.1 – 2.3 keV
2.3 – 5.0 keV

Constraining the signal

• Fit multiple X-ray energy bands
+ γ-ray properties (if  available)
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Fitted radial emission profile of B0656+14
Mayer+ in prep.

Constraining the signal

• Fit multiple X-ray energy bands
+ γ-ray properties (if  available)
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Fitted radial emission profile of B0656+14
Mayer+ in prep.

Constraining the signal

• Fit multiple X-ray energy bands
+ γ-ray properties (if  available)

Constraints on

 B: Effective magnetic field

 D: Diffusion constant at 1 TeV

 η: CR injection efficiency

 Γ: CR injection spectral index

 P0: Initial pulsar period
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B-D constraints for B0656+14
Mayer+ in prep.
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Constraining the signal

• Fit multiple X-ray energy bands
+ γ-ray properties (if  available)

Constraints on

 B: Effective magnetic field

 D: Diffusion constant at 1 TeV

 η: CR injection efficiency

 Γ: CR injection spectral index

 P0: Initial pulsar period
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One-sigma constraints for all sources
Mayer+ in prep.Assembling the population

• Derive constraints on physical properties of  
pulsar environments 

B0540+23
B0656+14
B1055-52

J0631+1036
J0633+0632
J0633+1746
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One-sigma constraints for all sources
Mayer+ in prep.Assembling the population

• Derive constraints on physical properties of  
pulsar environments 

• Model sources as population with hierarchical 
model:

 log B, log D, .... ~ Norm(μB, μD, ...|σB, σD, ...)

B0540+23
B0656+14
B1055-52

J0631+1036
J0633+0632
J0633+1746
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Joint one-sigma constraints for source population
Mayer+ in prep.Assembling the population

• Derive constraints on physical properties of  
pulsar environments 

• Model sources as population with hierarchical 
model:

 log B, log D, .... ~ Norm(μB, μD, ...|σB, σD, ...)

B0540+23
B0656+14
B1055-52

J0631+1036
J0633+0632
J0633+1746

Population mean
Population scatter
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Joint one-sigma constraints for source population
Mayer+ in prep.Assembling the population

• Derive constraints on physical properties of  
pulsar environments 

• Model sources as population with hierarchical 
model:

 log B, log D, .... ~ Norm(μB, μD, ...|σB, σD, ...)

Suppressed B-field compared to ISM

B0540+23
B0656+14
B1055-52

J0631+1036
J0633+0632
J0633+1746

Population mean
Population scatter

BISM
(Delahaye+10)
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Joint one-sigma constraints for source population
Mayer+ in prep.Assembling the population

• Derive constraints on physical properties of  
pulsar environments 

• Model sources as population with hierarchical 
model:

 log B, log D, .... ~ Norm(μB, μD, ...|σB, σD, ...)

Suppressed B-field compared to ISM

At 50 TeV: Dmean ~ DBohm

B0540+23
B0656+14
B1055-52

J0631+1036
J0633+0632
J0633+1746

Population mean
Population scatter
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Systematic study of  environments of  middle-aged pulsars 
with eROSITA

Summary
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Systematic study of  environments of  middle-aged pulsars 
with eROSITA

• X-ray morphological analysis for radial profiles

Summary
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Systematic study of  environments of  middle-aged pulsars 
with eROSITA

• X-ray morphological analysis for radial profiles

• One-dimensional emission models: particle transport and 
magnetic fields

Summary
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Systematic study of  environments of  middle-aged pulsars 
with eROSITA

• X-ray morphological analysis for radial profiles

• One-dimensional emission models: particle transport and 
magnetic fields

• Hierarchical model of  pulsar-halo population

Mean magnetic field B ~ 1µG < BISM

Extremely slow cosmic-ray diffusion

Summary
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Extra Slides
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Introduction – Pulsar halos in γ-rays

• Extended γ-ray emission around 
middle aged pulsars (~ 105 – 106 yr)

Inverse-Compton emission of  TeV 
electrons (HAWC+17)

eRASS:5 image

TeV significance map of HAWC halos 
HAWC+17

Mayer+25
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Introduction – Pulsar halos in γ-rays

• Extended γ-ray emission around 
middle aged pulsars (~ 105 – 106 yr)

Inverse-Compton emission of  TeV 
electrons (HAWC+17)

Late evolutionary stage; pulsar outside 
SNR (Giacinti+20)

Diffusion much slower than ISM 
average (D ~ 1027 cm²/s; HAWC+17)

eRASS:5 image

Mayer+25

Halos as late evolutionary stage of PWNe
Giacinti+20 
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Introduction – Pulsar halos in γ-rays

• Extended γ-ray emission around 
middle aged pulsars (~ 105 – 106 yr)

Inverse-Compton emission of  TeV 
electrons (HAWC+17)

Late evolutionary stage; pulsar outside 
SNR (Giacinti+20)

Diffusion much slower than ISM 
average (D ~ 1027 cm²/s; HAWC+17)

Turbulent ambient magnetic field?

eRASS:5 image

Mayer+25

Halos as late evolutionary stage of PWNe
Giacinti+20 
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Introduction – Pulsar halos in X-rays eRASS:5 image

Mayer+25

eROSITA maps of halos (Khokhriakova+24)
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Introduction – Pulsar halos in X-rays

• No X-ray synchrotron emission in region of  pulsar 
halos (e.g. Krivonos+26,  Khokhriakova+24, Liu+19a)

B ≤ 1µG for Geminga pulsar

eRASS:5 image

Mayer+25

eROSITA maps of halos (Khokhriakova+24)
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Introduction – Pulsar halos in X-rays

• No X-ray synchrotron emission in region of  pulsar 
halos (e.g. Krivonos+26,  Khokhriakova+24, Liu+19a)

B ≤ 1µG for Geminga pulsar

Anisotropic diffusion? (Liu+19b) 

Ballistic propagation? (Recchia+21)

Hadronic population? (Liu+19a) 

eRASS:5 image

Mayer+25

eROSITA maps of halos (Khokhriakova+24)
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Introduction – Pulsar halos in X-rays

• No X-ray synchrotron emission in region of  pulsar 
halos (e.g. Krivonos+26,  Khokhriakova+24, Liu+19a)

B ≤ 1µG for Geminga pulsar

Anisotropic diffusion? (Liu+19b) 

Ballistic propagation? (Recchia+21)

Hadronic population? (Liu+19a) 

Build population-level model of  pulsar environments 
with eROSITA All-Sky Survey (Predehl+21)

 Uniform source coverage

 „Unlimited“ field of  view 

eRASS:5 image

Mayer+25

eROSITA maps of halos (Khokhriakova+24)
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A population of middle-aged pulsars 

• Construct target sample of  halo-like pulsars 
from ATNF catalog (Manchester+05)

eRASS:5 image

Mayer+25

P-Pdot diagram of ATNF pulsars
Mayer+ in prep.
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A population of middle-aged pulsars 

• Construct target sample of  halo-like pulsars 
from ATNF catalog (Manchester+05)

 Middle-aged (104.5 yr < τ < 106 yr)

 Energetic ( ሶ𝐸 > 1033 erg/s)

 Nearby ( ሶ𝐸/4π𝑑² > 10-10 erg/s/cm²)

 Accessible with eROSITA (180° < l < 360°)

eRASS:5 image

Mayer+25

P-Pdot diagram of ATNF pulsars
Mayer+ in prep.
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A population of middle-aged pulsars 

• Construct target sample of  halo-like pulsars 
from ATNF catalog (Manchester+05)

 Middle-aged (104.5 yr < τ < 106 yr)

 Energetic ( ሶ𝐸 > 1033 erg/s)

 Nearby ( ሶ𝐸/4π𝑑² > 10-10 erg/s/cm²)

 Accessible with eROSITA (180° < l < 360°)

Around 40 pulsar environments

eRASS:5 image

Mayer+25

Sample selection in P-Pdot diagram of ATNF pulsars
Mayer+ in prep.
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Full constraints for 
B0656+14

Fitted radial emission profile of B0656+14
Mayer+ in prep.

1.1 – 2.3 keV
2.3 – 5.0 keV
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Images of J0633+0632
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Constraints for J0633+0632

Fitted radial emission profile of J0633+0632
Mayer+ in prep.

1.1 – 2.3 keV
2.3 – 5.0 keV
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One-sigma constraints for all sources
Mayer+ in prep.Assembling the population

• Derive constraints on physical properties of  
pulsar environments 

B0540+23
B0656+14
B1055-52

J1718-3825
J1459-6053
J0633+1746

J1028-5819
J0631+1036
J0633+0632
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One-sigma constraints for all sources
Mayer+ in prep.Assembling the population

• Derive constraints on physical properties of  
pulsar environments 

• Model sources as population with hierarchical 
model:

 log B, log D, .... ~ Norm(μB, μD, ...|σB, σD, ...)

B0540+23
B0656+14
B1055-52

J1718-3825
J1459-6053
J0633+1746

J1028-5819
J0631+1036
J0633+0632
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Joint one-sigma constraints for source population
Mayer+ in prep.Assembling the population

• Derive constraints on physical properties of  
pulsar environments 

• Model sources as population with hierarchical 
model:

 log B, log D, .... ~ Norm(μB, μD, ...|σB, σD, ...)

B0540+23
B0656+14
B1055-52

J1718-3825
J1459-6053
J0633+1746

Population mean
Population scatter

J1028-5819
J0631+1036
J0633+0632
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Joint one-sigma constraints for source population
Mayer+ in prep.Assembling the population

• Derive constraints on physical properties of  
pulsar environments 

• Model sources as population with hierarchical 
model:

 log B, log D, .... ~ Norm(μB, μD, ...|σB, σD, ...)

Suppressed B-field compared to ISM

B0540+23
B0656+14
B1055-52

J1718-3825
J1459-6053
J0633+1746

Population mean
Population scatter

BISM
(Delahaye+10)

J1028-5819
J0631+1036
J0633+0632



56
20.07.2026 Martin Mayer – mgf.mayer@fau.de – FRANCI 2026

Joint one-sigma constraints for source population
Mayer+ in prep.Assembling the population

• Derive constraints on physical properties of  
pulsar environments 

• Model sources as population with hierarchical 
model:

 log B, log D, .... ~ Norm(μB, μD, ...|σB, σD, ...)

Suppressed B-field compared to ISM

At 50 TeV: Dmean ~ DBohm

B0540+23
B0656+14
B1055-52

J1718-3825
J1459-6053
J0633+1746

Population mean
Population scatter

J1028-5819
J0631+1036
J0633+0632
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Joint one-sigma constraints for source population
Mayer+ in prep.

d = 830 pc

Assembling the population

• Derive constraints on physical properties of  
pulsar environments 

• Model sources as population with hierarchical 
model:

 log B, log D, .... ~ Norm(μB, μD, ...|σB, σD, ...)

Suppressed B-field compared to ISM

At 50 TeV: Dmean ~ DBohm

Caveat: Distances crucial but dependent on 
dispersion-measure model 
(e.g., Ocker+26, Yao+16)

B0540+23
B0656+14
B1055-52

J0631+1036
J0633+0632
J0633+1746

Population mean
Population scatter
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d = 93 pc

Assembling the population

• Derive constraints on physical properties of  
pulsar environments 

• Model sources as population with hierarchical 
model:

 log B, log D, .... ~ Norm(μB, μD, ...|σB, σD, ...)

Suppressed B-field compared to ISM

At 50 TeV: Dmean ~ DBohm

Caveat: Distances crucial but dependent on 
dispersion-measure model 
(e.g., Ocker+26, Yao+16)

B0540+23
B0656+14
B1055-52

J0631+1036
J0633+0632
J0633+1746

Population mean
Population scatter

Joint one-sigma constraints for source population
Mayer+ in prep.
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One-sigma constraints for all sources
Mayer+ in prep.Building a pulsar population

• Derive constraints on physical properties of  
pulsar environments 

B0540+23
B0656+14
B1055-52

J0631+1036
J0633+0632
J0633+1746
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One-sigma constraints for all sources
Mayer+ in prep.Building a pulsar population

• Derive constraints on physical properties of  
pulsar environments 

• Model sources as population following 
hierarchical model:

 log B, log D, .... ~ Norm(μB, μD, ...|σB, σD, ...)

B0540+23
B0656+14
B1055-52

J0631+1036
J0633+0632
J0633+1746
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Joint one-sigma constraints for source population
Mayer+ in prep.Building a pulsar population

• Derive constraints on physical properties of  
pulsar environments 

• Model sources as population following 
hierarchical model:

 log B, log D, .... ~ Norm(μB, μD, ...|σB, σD, ...)

μB = 0.09 ± 0.15, σB = 0.41 ± 0.10
μD = 26.59 ± 0.22, σD = 0.43 ± 0.14

B0540+23
B0656+14
B1055-52

J0631+1036
J0633+0632
J0633+1746

Population mean
Population scatter
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Joint one-sigma constraints for source population
Mayer+ in prep.Building a pulsar population

• Derive constraints on physical properties of  
pulsar environments 

• Model sources as population following 
hierarchical model:

 log B, log D, .... ~ Norm(μB, μD, ...|σB, σD, ...)

μB = 0.09 ± 0.15, σB = 0.41 ± 0.10
μD = 26.59 ± 0.22, σD = 0.43 ± 0.14

Significantly suppressed B-field across population
(BISM ~ 2 – 6 µG; Delahaye+10)

B0540+23
B0656+14
B1055-52

J0631+1036
J0633+0632
J0633+1746

Population mean
Population scatter
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Joint one-sigma constraints for source population
Mayer+ in prep.Building a pulsar population

• Derive constraints on physical properties of  
pulsar environments 

• Model sources as population following 
hierarchical model:

 log B, log D, .... ~ Norm(μB, μD, ...|σB, σD, ...)

μB = 0.09 ± 0.15, σB = 0.41 ± 0.10
μD = 26.59 ± 0.22, σD = 0.43 ± 0.14

Significantly suppressed B-field across population
(BISM ~ 2 – 6 µG; Delahaye+10)

At 100 TeV: Dmean = (1.8±1.2) × 1027 cm2/s ~ DBohm

B0540+23
B0656+14
B1055-52

J0631+1036
J0633+0632
J0633+1746

Population mean
Population scatter
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Joint one-sigma constraints for source population
Mayer+ in prep.Modelling caveats

• No time evolution in properties (e.g., magnetic 
field, injection spectrum)

• Isotropic diffusion, uniform magnetic field 

B0540+23
B0656+14
B1055-52

J0631+1036
J0633+0632
J0633+1746

Population mean
Population scatter
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Joint one-sigma constraints for source population
Mayer+ in prep.

d = 830 pc

Modelling caveats

• No time evolution in properties (e.g., magnetic 
field, injection spectrum)

• Isotropic diffusion, uniform magnetic field 

• Source distances crucial, uncertain for many 
pulsars

Dispersion-measure distances vary between models 
(e.g., Ocker+26, Yao+16)

B0540+23
B0656+14
B1055-52

J0631+1036
J0633+0632
J0633+1746

Population mean
Population scatter



66
20.07.2026 Martin Mayer – mgf.mayer@fau.de – FRANCI 2026

d = 93 pc

Modelling caveats

• No time evolution in properties (e.g., magnetic 
field, injection spectrum)

• Isotropic diffusion, uniform magnetic field 

• Source distances crucial, uncertain for many 
pulsars

Dispersion-measure distances vary between models 
(e.g., Ocker+26, Yao+16)

B0540+23
B0656+14
B1055-52

J0631+1036
J0633+0632
J0633+1746

Population mean
Population scatter

Joint one-sigma constraints for source population
Mayer+ in prep.
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Full Hierarchical Model
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Individual fits – distance effect

d = 830 pc

d = 93 pc

DM distances from Ocker+26 DM distances from Yao+16
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Systematic study of  environments of  middle-aged pulsars with eROSITA

• X-ray morphological analysis to obtain systematic uncertainties

• One-dimensional emission models to constrain particle transport and magnetic 
fields

• Hierarchical model of  source population

Mean magnetic field B ~ 1µG < BISM

Strongly suppressed diffusion 

Summary


