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Pulsar halos and their problems

TeV significance map of HAWC halos
o ) HAWC+17
* Extended y-ray emission around middle aged pulsars A

(~ 105 — 106 yr)
» Inverse-Compton emission of TeV electrons (HAWCH+17)

Geminga #

PSR B0656+14

Dec. [deq]

109 104 99
R.A. [deg]

-4 -3 -2 -1 0 1 2 3 4 5
Significance [sigmas]
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Pulsar halos and their problems

* Extended y-ray emission around middle aged pulsars
(~ 105 — 106 y1)
» Inverse-Compton emission of TeV electrons (HAWC+17)

Halos as late evolutionary stage of PWNe

» Late evolutionary stage (Giacinti+20) Giacinti+20
» Diffusion much slower than in ISM (D ~ 10?” cm?/s) Stage 3 (t> 100 kmh I R
o alo :
'(\_JI wg\'u-/
\.

SNR
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Pulsar halos and their problems

* Extended y-ray emission around middle aged pulsars
(~ 105 — 106 y)
» Inverse-Compton emission of TeV electrons (HAWC+17)

Halos as late evolutionary stage of PWNe

» Late evolutionary stage (Giacinti+20) Giacinti+20
> Diffusion much slower than in ISM (D ~ 1027 cm?/s) Stage 3 (> 100 kvr)h | -
& o halo
»Strong, turbulent magnetic field? SN -

EE:‘ '\ k.e/‘;l —:E: _—:

_\Tme” 0 SAR

—3/ o § 2

M ¥ o
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eROSITA maps of halos (Khokhriakova+24)

Géminga o
1.0.2:8.0 ke

Pulsar halos and their problems

19:00:00.0

* Extended y-ray emission around middle aged pulsars
(~ 10> = 10° yr)
» Inverse-Compton emission of TeV electrons (HAWC+17)
» Late evolutionary stage (Giacinti+20)
» Diffusion much slower than in ISM (D ~ 10?7 cm?/s)

18:00:00.0

Declination

17:00:00.0

16:00:00.0

»Strong, turbulent magnetic field?

A .B0656+1%
J A 0R2B0keV

-

16:00:00.0

* No X-ray synchrotron emission from pulsar halos
(Krivonos+26, Khokhriakova+24, Manconi+24, ...)
»B < 1-2uG for Geminga pulsar

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

15:00:00.0

Declination

14:00:00.0

13:00:00.0

05:00.0 7:00:00.0 6:55:00.0

Right ascension
EAU 20.07.2026 Martin Mayer - mgf.mayer@fau.de - FRANCI 2026




0.3 - 0.6 keV
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0.6 - 1.0 keV

2%
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sky

eRASSI all-
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MPE/IKI
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A population of middle-aged pulsars

P-Pdot diagram of ATNF pulsars
_9 Mayer+ in prep.
10 1 | RN 1 I IIIIIII I I IIIIIII I I IIII.III

[ « *« Pulsars ’ .-

* Build population model of halo-like pulsar 1010 et
environments with eROSITA All-Sky Survey S N

10_11 — -7 -

(Predehl+21) LI

10—12

-

* Uniform source coverage

m Unlimited* field of view

10—13
10—14
10—15
10-16

P(ss™ 1)

10—17
10—18
10—19
10—20
10—21

10—22 l 1 I.IIIIII | 1 IIIIIII 1 | IIIIIII 1 1 IIIIIII

10-3 102 1071 10° 10!
P(s)
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A population of middle-aged pulsars |

P-Pdot diagram of ATNF pulsars
10_9 1 | RN 1 LILLBLILLL I LILLBLILLL Mlay?rrll?lJprep
[ « *« Pulsars ’ | | I, -

* Build population model of halo-like pulsar

10—10 -
environments with eROSITA All-Sky Survey —
(Predehl+21) o
* Uniform source coverage .
10 13
m Unlimited* field of view
10—14 -
':|‘—\ 10-15
0
» Construct target sample of pulsars from ATNF EC% 10716 b
catalog (Manchester+05) 1017 |-
= Middle-aged (10*° yr < 1 < 10° yr) 10-18
= Energetic (E > 10% erg/s) 10-1
= Neatby (E /4md? > 1010 erg/s/cm?) 10-20
= Accessible with eROSITA (180° <1< 360°) 10-21
1022 a9 uul v ol L gl v g uul
1073 102 101 10° 10!

P(s)
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A population of middle-aged pulsars

Sample selection in P-Pdot diagram of ATNF pulsars
Mayer+ in prep.

10_9 1 L1 1 Tiiiy 1 L1 T TTNl I LILULLLLL I | ||||.||
* Build population model of halo-like pulsar Lo-10]] **+ Pulsars | ) L
: : e®e Selected e -0 o]
environments with eROSITA All-Sky Survey 1011 ||ewe Halo (Candidates)| .-~ F + ]
(Predehl+21) - 2
* Uniform source coverage .
1013
= Unlimited* field of view
1014
‘:|‘_\ 10—15 "
w0
» Construct target sample of pulsars from ATNF T OF
catalog (Manchester+05) 10717 -
= Middle-aged (10*° yr < 1 < 10° yr) 10718
= Energetic (E > 10% erg/s) 10719
= Nearby (E/4md? > 1010 erg/s/cm?) 10-20
" Accessible with eROSITA (180° <1 < 360°) 10-2!
- ] ] |.|||||I | |||||||I | | ||||||I ] | ||||||I
» Around 40 targets 10722 T . us T
P(s)
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Hunting a faint signal in X-ray images LRASS view of BOG5614

Mayer+ in prep.

* Construct multi-band X-ray images covering
~ 20 pc from pulsar
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Hunting a faint signal in X-ray images LRASS view of BOG5614

Mayer+ in prep.

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

» Mask bright sources
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Hunting a faint signal in X-ray images LRASS view of BOG5614

Mayer+ in prep.

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

» Mask bright sources

» Exclude thermal emission

\v. ~ N
S LA .
e o ’
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Hunting a faint signal in X-ray images LRASS view of BOG5614

Mayer+ in prep.

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

» Mask bright sources
» Exclude thermal emission
» Construct radial count-rate profiles
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Hunting a faint signal in X-ray images LRASS view of BOG5614

Mayer+ in prep.

* 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
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Hunting a faint Signal in imaging data Radial emission profile of B0656+14

Mayer+ in prep.

1 LI I | 1 1 UL I |
* Construct multi-band X-ray images covering
~ 20 pc from pulsar
1072 -
o (0.2-23keV) -
» Mask bright sources 'S I -— B
» Exclude thermal emission % - (0.2 - 1.1 keV)
» Construct radial count-rate profiles m -
» Background variations via azimuthal 5 K ]
division A 2.3 -0.0keV o
1.1- 2.3 keV
»Radial profiles with statistical & systematic L L T
errors 10° 10°
R (arcmin)
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Emission model for diffusive halos

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

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

Manconi-l- 24) 0 50 100 150 200 250 Today

t (kyr)

= Particle injection foﬂowing pulsar spindown
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Emission model for diffusive halos

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

Mancon1+24) 0 50 100 t(gi) 200 250 Today
= Particle injection following pulsar spindown I
= Transport via diffusion (D ~ E'/3) ‘— e e
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Emission model for diffusive halos

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

Manconi+24) O 0 0 e 20 30 Today
= Particle injection following pulsar spindown ig R I v e o
= Transport via diffusion (D ~ E!/3) b I ——_
= Radiative losses (synchrotron 2! \ O\
& inverse Compton) = ot \ O\

R (pc)
10_4E I LIy IHEE 1 I T 11115
= = QOyr 1040 yr
< — 10%0yr 10%% yr
1075 —
S F E
= [ ]
= - ]
< 1076 = -
™y E 3
S 8 3
1077 —
F lll:

_.
o
L

=\ 20.07.2026 Martin Mayer - mgf.mayer@fau.de - FRANCI 2026 I 103@
E. (TeV)




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 ~ E'/3)

= Radiative losses (synchrotron
& inverse Compton)

10_13 1 1 LU 1 1 T L 11iy 1 1 I 1T 11 10_13 1 1 | L) |l||| 1 1 1 L1107 1 1 I 1T 117
— D=10%%cm?s! == D=10""cm?s™!
10-14 D=10""cm®s™! 10-14 D=10""cm?s!
h b : - D=10""cm®s™! - - D=10""cm?s!
d Predlct X—ray (& Y"fﬂY) radlal pro ﬁles Wlth ‘w 10-15 —_— D =10%%em2s! I,J, oo TTTeel ce D=10%Yem2Zs!
0 5 — D=10"0cm?s7! D A . = D=10"em*s™!
naima (Zabalzal5) 2 oe 2 o -
'f“l- 10-17 "T 107 oL “ _;
c -18 g 18 --_--:‘:""'- ;
210 L S RRCTTIN ' . -
— — Dl R p
A 1019 A 10-19 \ T
1
X-ray (2 keV) ~-ray (1 TeV) 1
10—2[) 1 1 l]lllll 1 I Illlll 10—20 L1 ||||||I L1 lIl]IIll | Ll 1 1i]]
10-1 100 10! 102 10-1 100 10! 10
R (pc) R(pc)
EAU 20.07.2026 Martin Mayer - mgf.mayer@fau.de - FRANCI 2026 ” @




Emission model for diffusive halos

e Use established one-dimensional model

(e.g., Di Mauro+19, HESS23,
Manconi+24)

= Particle injection foﬂowing pulsar spindown

» Transport via diffusion (D ~ E'/3)

= Radiative losses (synchrotron
& inverse Compton)

* Predict X-ray (& y-ray) radial profiles with~,

naima (Zabalzal5)

=/NUN 20.07.2026

10-13

1 LA I IlIIIIII

10-14 B=3uG
T’“ B=10,G
o 10715 B=32,G
' B=100pC
E 10718
[
=
o)
CT‘ 10—17
G
2010718
) N
A 10—19
X-ray (2 keV)
1072[) 1 Lol 1 Lo bl 1 L1
107! 10° 10! 102
10_13 1 1 1 |||l|| 1 1 T L 11iy 1 1 I 1T 117
— D=10%%cm?s!
10-14 D=10"%cm?s!
D=10""cm®s™!
15 — D =10%%cm’ 57!
~ \ —_— D=10"%¢cm?s™!
2 1p-16 ]
3 10 .|
z 3
CL 10—17 _g
g ]
F_P 1018
L
A 10—19
X-ray (2 keV)
10-20 il Ll
10-1 100 10! 102
R (pc)
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¥ (erg cm ~2 arcmin

10-13 T T 1rT T T T TTTIT
== B=1uG
10-14 B=3uG
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.
.
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10~ e . == D=10"%0¢m?s7!
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____________ ‘--'- - E
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1
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Emission model for diffusive halos

e Use established one-dimensional model

(C.g., Dl Mauro_'_lg’ HESSZ3’ 1071 - T T T T TTT] | T T T TTTI | —
Manconi+24) L 23kl — B=LMuGE
= Particle injection following pulsar spindown — ii 181:0 Zg E

» Transport via diffusion (D ~ E'/3)

= Radiative losses (synchrotron
& inverse Compton)

B=10" puG ||
B=10"uG

¥ (ct s ! arcmin
—_
o
0

| lIIIIII

* Predict X-ray (& y-ray) radial profiles with
naima (Zabalzal5)

1 l L1 1 111 I | 1 L1 1 1 1.1 I 1
10° 10! 102
R (arcmin)

* X-ray absorption, instrumental response,
& background
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Constraining the signal

Fitted radial emission profile of J0633+0632

. . M + i .
* Fit multiple X-ray energy bands 10% e
+ y-ray properties (if available) B -
. : i
A= R
=
8 =
«
‘T !
w2
)
©
<
= 10! |- ' —
=} % -
S N N 11 - 2.3 keV -
- R 2.3 -5.0 keV -
L ] Lo ool ' I I [
10!
R (arcmin)
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Constraining the signal

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

* Tit multiple X-ray energy bands 10?
+ y-ray properties (if available)

&
| Total model
R= ;
=
o -
—
<
“l‘ N
m ~
© - S del
AN ource mode
1 10! |- B —
A\ B i
S N 11 - 2.3 keV -
B T 2.3 - 5.0 keV 1
| ] |~r.||||| ' | ] L1 1 1 4
101!
R (arcmin)
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Constraining the signal

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

* Tit multiple X-ray energy bands

. . . [ 1 ] UL II I 1 I L II I I
+ y-ray properties (if available) [ ] ; y
~ [ e
g
o 10" |- —~
o — .
— - -
s F .
7 i i
-fg 99
n % i
TU /nte’“\/al
o 100 — —
N = S m
A - el .
_‘ RSN -
10 102
R (arcmin)
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Constraining the signal

* Tit multiple X-ray energy bands
+ y-ray properties (if available)

» Constraints on
" B: Effective magnetic field
= . Diffusion constant at 1 TeV

= 7:CR injection efficiency

= ] CR injection spectral index

= P, Initial pulsar period

gamma seamarl
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Constraining the signal

* Tit multiple X-ray energy bands
+ y-ray properties (if available)

» Constraints on
" B: Effective magnetic field

D: Diffusion constant at 1 TeV

n: CR injection efficiency

I': CR 1injection spectral index

= P, Initial pulsar period

=/NUN 20.07.2026

Log D (cm?/s)

B-D constraints for B0656+14
Mayer+ in prep.

1
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Assembling the population oresoms condrans o ol e

28‘0 I L [ I B | 1 11 I L I L
N 80540+2§ J0631+1d36 ]
* Derive constraints on physical properties of e ]
pulsar environments 275 ]
—~27.0 - —
@ :
\g/ 26.5 — —
S o i
20 - 04> -
S 260 7o, -
: U s )
N PR ]
= /)7/{‘(\\ -
25.5 |- 75, ]
- pj\\ :
25.0 N L1 1l I L1 1l I L1l \I\l L1 1l I ISePa}"atle-

—1.0 —0.5 0.0 0.5 1.0 1.5
log B (uG)
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Assembling the population

28.0
* Derive constraints on physical properties of
pulsar environments 27.5
: : : : —27.0
* Model sources as population with hierarchical |
model: "5
5 26.5
» log B, log D, .... ~ Norm(pg, pp - | 0> Opy «--) S
o0
2 26.0
25.5
25.0

One-sigma constraints for all sources
Mayer+ in prep.

Martin Mayer - mgf.mayer@fau.de - FRANCI 2026

ML I —— d L N U L N B L B B
- 80540+24 J0631+1036 ]
- B0656+14  J0633+0632 -
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i O\/);\ _
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0 ~
- R -
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— (7 S —_
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—-1.0 —-0.5 0.0 0.5 1.0
log B(uG)
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Assembling the pOpulation Joint one-sigma constraints for 50:4:;9?-2'?#[;::);

28'0 B | L I | L I UL I | I L |
L B0540+23 J0631+1036  Population mean -
* Derive constraints on physical properties of < F SNy heanTesE Popdlation scatter .
pulsar environments N —
—~27.0 -
* Model sources as population with hierarchical ', - .
™ B -
model: o N .
5 26.5 _
»log B, log D, .... ~ Norm(pg, bps - | g, Op» «--) S - .
o0 B :
< 26.0 - —
25.5 f— -
B L1 11 I I I I L1 1 \I\l I I I_iiefaII‘ChIiC?l-
25.0
—-1.0 —-0.5 0.0 0.5 1.0 1.5

log B(nG)
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Assembling the pOpulation Joint one-sigma constraints for 50:4:;9?-2'?#[;::);

28'0 B | L I | L I L I L L |
L B0540+23 J0631+1036 Population mean -
* Derive constraints on physical properties of < F iiielieoreitiidl .
pulsar environments N —
—~27.0 -
* Model sources as population with hierarchical ', - .
model: " - -
5 265 _
»log B, log D, .... ~ Norm(pg, bps - | g, Op» «--) S - .
20 _ -
» Suppressed B-field compared to ISM ~ 26.0— -
B )ék/‘ «  (Delahaye+10) i
25.0 B L1 11 I I I I L1 \l\l | I I_:iiefaII‘ChIiC?l-
—-1.0 —-0.5 0.0 0.5 1.0 1.5
log B (uG)
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Assembling the population

* Derive constraints on physical properties of
pulsar environments

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

28'OIIIIII

| B0540+23
- B0656+14
275 “B1055-52

J0631+1036  Population mean
J0633+0632 Population scatter

—~27.0k —
* Model sources as population with hierarchical ', - .
model: "5 - _
5 26.5 - ]
»log B, log D, .... ~ Norm(pg, bps - | g, Op» «--) S - .
20 _ _
» Suppressed B-field compared to ISM ~ 26.0- —
>At50 TeV:D__ ~Dy , - :
25.5 |- —
_ | L
25.0 B 1 1 1 I 1 1 1 I L 1 1 1 - l L1 1 1 I_:ilefarl‘C}lll(J/?l-
—-1.0 —-0.5 0.0 0.5 1.0 1.5
log B (uG)
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Summary

Systematic study of environments of middle-aged pulsars

with eROSITA
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Summary

¥ (cts~! arcmin

Systematic study of environments of middle-aged pulsars
with eROSITA

* X-ray morphological analysis for radial profiles
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Summary

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

Martin Mayer - mgf.mayer@fau.de - FRANCI 2026

=/NUN 20.07.2026

-2

—
(=]
¥}

¥ (cts~! arcmin

10-

?)

¥ (cts~!arcmin

1072 F

-~

B=10*"uG

B=10""uG
B=10" G

B=10"uG
B=10""uG

pl

10°

Ll
10!
R (arcmin)

36

ROSITA



Summary

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 ~ 1uG < By,

» Extremely slow cosmic-ray diffusion

EAU 20.07.2026 Martin Mayer - mgf.mayer@fau.de - FRANCI 2026
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Extra Slides
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Introduction - Pulsar halos in y-rays

TeV significance map of HAWC halos

HAWC+17
* Extended y-ray emission around A

middle aged pulsars (~ 10° — 10° yr)

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

PSR B0656+14

Dec. [deq]

109 104 99
R.A. [deg]

-4 -3 -2 -1 0 1 2 3 4 5
Significance [sigmas]
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Introduction - Pulsar halos in y-rays

* Extended y-ray emission around

middle aged pulsars (~ 10° — 10° yr)

Halos as late evolutionary stage of PWNe

. Giacinti+20
» Inverse-Compton emission of TeV - supernova
— \ \\N‘“\Nm
electrons (HAWC+17) T remnant |29 3(tz100kyn. halo . &
e pulsar {LJ
, , pulsar wind ) U 1
» Late evolutionary stage; pulsar outside term. shock AN :
SNR (Giacinti+20) pulsar wind — i SNR
nebula E /| |SM§ 3
oy >10 TeVe' ' ‘\’_\Q
: : ~ trajector S
» Diffusion much slower than ISM R 1J TeVy S
average (D ~ 10%" cm?/s; HAWC+17) e, JAMMa-Tays
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Introduction - Pulsar halos in y-rays

* Extended y-ray emission around

middle aged pulsars (~ 10° — 10° yr)

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

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

» Diffusion much slower than ISM
average (D ~ 10%" cm?/s; HAWC+17)

»Turbulent ambient magnetic field?

=/NUN 20.07.2026

“ —, supernova

~ _~ remnant

e pulsar
pulsar wind
term. shock
pulsar wind
nebula

>10 TeV &'/~
= trajectory

r~
“

()~

e > 1 TeV
e, o Jamma—rays

Halos as late evolutionary stage of PWNe

Giacinti+20
Stage 3 (t> 100 kyr) " e,
S — halo
S R N
‘_::: ‘f\_ J‘gxlk.a/‘;l :E _"

g c

N\ By PG SNR
i\ ISM
&
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eROSITA maps of halos (Khokhriakova+24)

| '

-4 | Geminga
10.2¢8.0 keV

Introduction — Pulsar halos in X-rays

19:00:00.0

=
=]

] <

=] o

b= =

e ®

8 -

o

[

(=]
e
=)
=
S
2
o~
-
=
o
2
S
=
©
—
o o
S A (B0O656+14
2
=
©
—
Q
=)
2
S
S
n

‘: Ll

5]

S

©

<

=

[

@

A

14:00:00.0

13:00:00.0

05:00.0 7:00:00.0 6:55:00.0

Right ascension

ENUl  20.07.2026 Martin Mayer - mgf.mayer@fau.de - FRANCI 2026 . R/Ds@




eROSITA maps of halos (Khokhriakova+24)

Géminga o
10.2¢8.0 keV

Introduction — Pulsar halos in X-rays

19:00:00.0

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

» B < 1uG for Geminga pulsar

18:00:00.0

Declination

17:00:00.0

16:00:00.0

-

A .B0656+1%
J A 0R2B0keV

-

Declination
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eROSITA maps of halos (Khokhriakova+24)

Géminga o
10.2¢8.0 keV

Introduction — Pulsar halos in X-rays

19:00:00.0

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

» B < 1uG for Geminga pulsar

18:00:00.0

Declination

17:00:00.0

» Anisotropic diffusion? (Liu+19b)
» Ballistic propagation? (Recchia+21)
» Hadronic population? (Liu+192)

16:00:00.0

-

A .B0656+1%
A o.'g:&o’kav d

-

Declination
15:00:00.0 16:00:00.0

14:00:00.0

13:00:00.0

05:00.0 7:00:00.0 6:55:00.0

Right ascension
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eROSITA maps of halos (Khokhriakova+24)

Géminga o
1.0.2:8.0 ke

Introduction — Pulsar halos in X-rays

19:00:00.0

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

» B < 1uG for Geminga pulsar

18:00:00.0

Declination

17:00:00.0

» Anisotropic diffusion? (Liu+19b)
» Ballistic propagation? (Recchia+21)
» Hadronic population? (Liu+192)

16:00:00.0

A .B0656+1%
J A 0R2B0keV

-

16:00:00.0

» Build population-level model of pulsar environments
with eROSITA All-Sky Survey (Predehl+21)
* Uniform source coverage
= Unlimited field of view
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Declination
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Right ascension
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A population of middle-aged pulsars |
P-Pdot diagram of ATNF Pulsars
107 e TR

* Construct target sample of halo-like pulsars Lo-to ||+ *+ Pulsars) s

from ATNF catalog (Manchester+05) S N
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A population of middle-aged pulsars

P-Pdot diagram of ATNF pulsars
_9 Mayer+ in prep.
10 1 | RN 1 I IIIIIII I I IIIIIII I I IIII.III

1010 [ o« Pulsars ’ -

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

10—11
10—12

» Middle-aged (10*> yr < 1t < 10° yr) Lo-13
* Bnergetic (E > 10 erg/s) 10714 |-

N

" Nearby (£/41d? > 1010 erg/s/cm?) T,
" Accessible with eROSITA (180° <1< 360°%) & 10-16 -
10—17 "
10—18
10—19
10—20

10—21

10—22 l 1 I.IIIIII | 1 IIIIIII 1 | IIIIIII 1 1 IIIIIII

10-3 102 1071 10° 10!
P(s)
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A population of middle-aged pulsars

* Construct target sample of halo-like pulsars

from ATNF catalog (Manchester+05)

* Middle-aged (10*° yr < 1t < 106 yt)
* Bnergetic (E > 10 erg/s)
* Nearby (E/41d* > 1010 erg/s/cm?)

= Accessible with eROSITA (180° < 1 < 360°)

» Around 40 pulsar environments

N

—
|

w0
w0

S—

1y

1079
10-10
10-11
10-12
10-13
10-14

Sample selection in P-Pdot diagram of ATNF pulsars
Mayer+ in prep.

e *« Pulsars e
e®e Selected . L.
00®¢ Halo (Candidates) P SL-
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10—17 -

1018
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1021
10—22
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Full constraints for
Bo656+14

Fitted radial emission profile of B0656+14
Mayer+ in prep.
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Images of J0633+0632

eROSITA

50
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Constraints for Jo633+0632

B =0.6497+3-9773

Fitted radial emission profile of J0633+0632
Mayer+ in prep.
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Assembling the population oresom condrains o ol e

28‘0 | L I || I L I | L I | L
CB0540+23 J1718-3825 : N
* Derive constraints on physical properties of O  eaa0is2 .
pulsar environments 275 i
—~27.0- —
|ug B _
R p _
E 265 | =
S - .
20 = 04> -
2 260 7o / —
= /(‘"/S$ -
= /O\\ -
- 22\, ]
- /77/{'}\ -
25.5 |- P ]
i AN 5
B L 1 1 1 I L1 1 1 I | I | \I\l L1 1 1 I ISePa{aﬁe_

25.0
—-1.0 —-0.5 0.0 0.5 1.0 1.5
log B(uG)
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Assembling the population oresom condrains o ol e

28'0 17 1 1 I 1T 1T 1 I I 1 1T 1 I 1T 1 1 I I 1 1T 1
~B0540+23' J1718-3825 : g
* Derive constraints on physical properties of O  eaa0is2 .
pulsar environments 27.5 = ~
i i i i Z 27.0 |- ]
* Model sources as population with hierarchical - - ]
model: NE li ]
5 26.5 = _
» log B, log D, .... ~ Norm(pg, pp - | 0> Opy «--) Ef Eare | -
B0 C o i
2 260 7o / —
. /(‘"/S\}\ -
— /O/) . -
= O Ny -
- /77//'(\ N -
25.5 |- 2% J
- AN i
25-0 B 1 1 1L 1 I 1 1 1 | I 1 1 | \I\l 1 1 1L 1 I ISePa{a‘ie_

-1.0 —-0.5 0.0 0.5 1.0 1.5
log B(uG)
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Assembling the pOpulation ; Joint one-sigma constraints for 50:4:;9?-2'?#[;::);

28' 10 1T 1 I P 17T 1T 1 I 1 1T 1 I P 1T 1 1 P 1T 1T 1
_ B0540+23 J1718-3825 7 Population mean
* Derive constraints on physical properties of 22?55556*;2 J1459-6053 jggg;fg:;’z Population scatter
pulsar environments 27.5 = ~
) ) i i Z 27.0 |- -
* Model sources as population with hierarchical - - ]
model: NE - ]
=5 26.5 |- -
»log B, log D, .... ~ Norm(pg, bps - | g, Op» «--) E/ - -
80 _ _
S 26.0 —_
25.5 |- —
25-0 B 1 1 1L 1 I 1 1 1 | I 1 1 | \I\l 1. 1 1 | F‘ie}"aI;ChliC?l_
-1.0 —-0.5 0.0 0.5 1.0 1.5

log B (1G)
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Assembling the pOpulation ; Joint one-sigma constraints for 50:4:;9?-2'?#[;::);

28' 17 11 I 17 1T 1 I T 1T | I P 1T 1 11
_ B0540+23 J1718-3825 * Population mean ]
f 1 " 1 - B0656+14 J1459-6053 J0631+1036 Population scatter -
* Derive constraints on physical properties of o < FBi055.52 053 1 3
pulsar environments “F ]
. . . . —27.0 — —
* Model sources as population with hierarchical 1 - :
model; - - Z
= 26.5 - i
»log B, log D, .... ~ Norm(pg, bps - | g, Op» «--) E/ - _
o0 B GSO\/)\;\ 0 i
» Suppressed B-field compared to ISM = 26.0 — N —
- OS/Z)/;\ -
= //.\.\ -
C > i
25.5 |- s Bism -
: Qk/\ “ (Delahaye+10) :
25-0 B | I I . | I ]l 1 1 1 I ] 1 | \I\l | I .| F‘ie}"aI;ChliC?l_
-1.0 -0.5 0.0 0.5 1.0 1.5

log B (1G)
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Assembling the pOpulation ; Joint one-sigma constraints for 50:4:;9?-2'?#[;::);

28' 17 11 I 17 1T 1 I 1T 1T 1 I 1 1T 1 1 11
_ B0540+23 J1718-3825 7 Population mean
: : " : - B0656+14 J1459-6053 J0631+1036 Population scatter
* Derive constraints on physical properties of - < [FBioss.52 1063350632 .
pulsar environments 2 ~
. . . . —27.0 — —
* Model sources as population with hierarchical 1 - :
model; - - Z
= 26.5 - i
»log B, log D, .... ~ Norm(pg, bps - | g, Op» «--) E/ - -
a0 B ]
» Suppressed B-field compared to ISM ~ 26.0 =
>At50 TeV:D, . ~Dy, - -
25.5 |- _
- . e
25-0 B | I I . | I ]l 1 1 1 I | I I | \l | I T | F‘le}"aI;Chllc?l_
-1.0 -0.5 0.0 0.5 1.0 1.5

log B (1G)
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Assembling the population

28.0
* Derive constraints on physical properties of
pulsar environments 27-5
—~27.0
* Model sources as population with hierarchical ',
model: g
5 26.5
»log B, log D, .... ~ Norm(pg, bps - | g, Op» «--) S
o)
» Suppressed B-field compared to ISM ~ 26.0
> At50 TeV:D__ ~Dy
25.5
» Caveat: Distances crucial but dependent on
dispersion-measure model 25.0

(e.g., Ocker+26, Yao+10)
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Joint one-sigma constraints for source population
Mayer+ in prep.

B | | T 1 1 1T 11 T 1 1 | L |
| B0540+23 J0631+1036  Population mean -
— B0656+14  J0633+0632 Population scatter -
_B1055-52 _
_ d = 830 p¢ ]
B L 1 1 1 I l 1 1 | I I | \I\l L1 1 1 I_:iiefaI;C}lliC?l-
—-1.0 —0.5 0.0 0.5 1.0 1.5
log B(nG)
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Assembling the population

Joint one-sigma constraints for source population

Mayer+ in prep.

28'0 B L T 1T 1 | L I | L _
| B0540+23 J0631+1036  Population mean _
* Derive constraints on physical properties of [ BO656+14 - J0633+0632 Population scatter ]
) 27 5 [LB1055-52 ]
pulsar environments B -
| . —~270]F —
* Model sources as population with hierarchical I - i
model: " N _
5 26.5 |- —
»log B, log D, .... ~ Norm(pg, bps - | g, Op» «--) E/ RRR 7
o0 N N i
> Suppressed B-field compared to ISM —~ 26.0 - R —
>At50TeV:D_ ~D - TS ]
¢ mean Bohm B d = 93 pg i
25.5 |- <. —
» Caveat: Distances crucial but dependent on - | | s S }‘ierarchicaﬁ
dispersion-measure model 25.0
p -1.0 -0.5 0.0 0.5 1.0 1.5
(e.g., Ocker+26, Yao+10) log B(uG)
20.07.2026 Martin Mayer - mgf.mayer@fau.de - FRANCI 2026 58 @




Building a pulsar population o o ore.

28‘0 I L [ I B | 1 11 I L I L
N 80540+2§ J0631+1l!36 ]
* Derive constraints on physical properties of e ]
pulsar environments 275 ]
—~27.0 - —
@ :
i 26.5 - —
S o i
20 - 04> -
S 260 7o, _
: U s )
N PR ]
= /)7/{‘(\\ -
25.5 |- 75, ]
- kj\\ :
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Building a pulsar population o o ore.

28‘0 I 1 1 1 1 1 1 1 11 I | L I 1 1 1
N 80540+2§ J0631+1l!36 ]
* Derive constraints on physical properties of e ]
pulsar environments 275 ]
. . 270 —
* Model sources as population following - . i
hierarchical model: "5 o N _
» log B, log D, .... ~ Norm(pg, pp - | 0> Opy «--) \é/ B __
o0 [ o5 ]
S 260 7o, _
: U s )
_ PR _
= /)7/{'(\\ -
25.5 | X, 7
— k/\\ :
25.0 ~ ] 1 1 | I | I I | I | I | \I\l ] 1 1 | I ISePafatle-

—-1.0 —0.5 0.0 0.5 1.0 1.5
log B (pG)

EAU 20.07.2026 Martin Mayer - mgf.mayer@fau.de - FRANCI 2026 50 @




Building a pulsar population

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

28'0 B | | I T 1 1 1T 11 T 1 1 | L |
L B0540+23 J0631+1036  Population mean -
° " 1 ! : — B0656+14  J0633+0632 Population scatter =
Derive constraints on physical properties of 27 5 F_B1055.52 B
pulsar environments “F _
—~27.0 -
* Model sources as population following b - .
hierarchical model: = . N _
»log B, log D, .... ~ Norm(pg, bps - | g, Op» «--) é’ ' - .
20 _ _
> up = 0.09 £ 0.15, 6, = 0.41 £ 0.10 ~ 26.0 - —
up = 26.59 + 0.22, o, = 0.43 + 0.14 - -
25.5 |- _
25.0 B L 1 1 1 I l 1 1 | I I | \I\l L1 1 1 EiiefaII‘ChIiC?l-
—-1.0 —-0.5 0.0 0.5 1.0 1.5
log B (uG)
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: . . Joint one-sigma constraints for source population
BUlldln a UISar O U.lathn Mayer+ in prep.
g p p p 28-0_||||||||||||||||||| yl |I||
L B0540+23 J0631+1036  Population mean
— B0656+14  J0633+0632 Population scatter

275 [ _B1055-52

* Derive constraints on physical properties of
pulsar environments

* Model sources as population following o
hierarchical model: =

»log B, log D, .... ~ Norm(pg, bps - | g, Op» «--) —

> = 0.09 + 0.15, o = 0.41 + 0.10
up = 26.59 + 0.22, o, = 0.43 * 0.14

» Significantly suppressed B-field across population
(Bigy ~ 2 — 6 pG; Delahaye+10)

IIIIIIIIIIIIII,IIIIIIIIIII

25.0 =1L o 1y \I\l L1 |qiefa1;C}1|iC?l-
~1.0 -05 0.0 0.5 1.0 15
log B(pG)
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Building a pUISaI' pOpulation Joint one-sigma constraints for so:dr:;efgﬁﬁls:i:;

28'0 B | | I T 1 1 I 1T 11 I T 1 1 | L |
- . B0540+23 J0631+1036 Population mean -
° " 1 ! : - B0656+14  J0633+0632 Population scatter =
Derive constraints on physical properties of 27 5 F_B1055.52 B
pulsar environments “F _
—~27.0 -
* Model sources as population following b - .
hierarchical model: "5 N _
5 26.5 -
»log B, log D, .... ~ Norm(pg, bps - | g, Op» «--) S - .
20 _ _
> up = 0.09 £ 0.15, 6, = 0.41 £ 0.10 ~ 26.0 - —
up = 26.59 + 0.22, o, = 0.43 + 0.14 - -
25.5 |- -
» Significantly suppressed B-field across population B 7
<BISM ~2-06 MG; D elahaye+1()) B ~ ierarchica1:
: . + 27 2 25.0 L 1 1 1 I l 1 1 | I I | I\l L1 1 1 I_:i 1 1 |
> At100 TeV: Dy, = (1.8£1.2) X 107 cm?®/s ~ Dyopry ““Z10  —05 0.0 0.5 1.0 1.5
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: Joint one-sigma constraints for source population
MOdelllng Caveats Mayer+ in prep.

28'0 B I I L I UL I | L L |
L B0540+23 J0631+1036  Population mean -
° 1 " 1 ! : — B0656+14  J0633+0632 Population scatter =
No time ejolutlon in properties (e.g., magnetic o = 8105552 B
field, injection spectrum) ~F _
—~27.0 ' -
* Isotropic diffusion, uniform magnetic field ', N _
™ — -
\g/ 26.5 - —
Q RN §
o0 a . -
S 26.0 . _
25.5 f— -
25.0 B L1 11 I L1 1 1 I L1l \I\l L1 1 1 EiiefaII‘ChIiC?l-
—-1.0 —0.5 0.0 0.5 1.0 1.5
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Modelling caveats

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

28'0 B I L UL | L L |
| B0540+23 J0631+1036  Population mean -
* No time evolution in properties (e.g., magnetic [ BO656+14 - J0633+0632  Population scatter ]
.. . 275 |__B1055-52 _
field, injection spectrum) : -
_ d = 830 p¢ ]
—~27.0F -
* Isotropic diffusion, uniform magnetic field b - _
- B -
\g/ 26.5 - —
* Source distances crucial, uncertain for many Q A -
pulsars EO 26.0 I— \‘\ -
» Dispersion-measure distances vary between models B s -
(e.g., Ocker+26, Yao+16) N s N
25.5 |- . —
25.0 B L1 11 I L1 1 1 I L1l \I\l L1 1 1 I_iiefaII‘ChIiC?l-
—-1.0 —0.5 0.0 0.5 1.0 1.5
log B(nG)
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< Joint one-sigma constraints for source population
MOdelllng Caveats Mayer+ in prep.

28'0 1 [ | L I I I B I I _
_ 80540+24 J0631+1036  Population mean _
* No time evolution in properties (e.g., magnetic [ BO656+14 - J0633+0632 Population scatter ]
ST 27 5 [B1055-52 i
field, injection spectrum) : _
. —~27.0 —
* Isotropic diffusion, uniform magnetic field I - i
~ N i
i 26.5 — —
* Source distances crucial, uncertain for many Q - . 7
pulsars 2 260 0 _
» Dispersion-measure distances vary between models - P i
(e.g., Ocker+26, Yao+16) - d =93 pc ]
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Full Hierarchical Model

=/NUN 20.07.2026
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Individual fits — distance effect

DM distances from Ocker+26 DM distances from Yao+16
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