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Third Fermi y-ray pulsar catalog

No gamma rays Millisecond RQ Young

4 PSC MSPs RL Young
https://fermi.gsfc.nasa.gov/ssc/data/access/lat/3rd _PSR_catalog/ Smith et al. 2023




Third Fermi y-ray pulsar catalog

286 y-ray pulsars
+ > 30 radio
MSPs in Fermi
sources = > 300
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y-ray luminosity vs. spin-down power
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v-ray efficiency vs. spin-down power
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o Pulsars Found in Blind y-ray Searches

Gamma-ray

/ Space Telescope
\

After only 4 months of
data taking, 16 pulsars
were found with the
same technique!

(Abdo et al., Science
325, 840, 2009).

13 were unidentified
sources for EGRET

14 August 2009 | $10
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" MSPs discovered in Fermi unID sources

Gamma-ray
Space Telescope . . . . . .
= 126 new radio MSPs discovered in Fermi unidentified sources!
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MSPs: recycled from the graveyard

~400 field MSPs
~ 80% binary
 ~300in globular clusters
e 157 are y-ray pulsars

e Spin periods

1.5-~100 ms
10™ s
* Magnetic fields ~ 108 —
/10" g 101°G
1071  Ages108—10°yr

 “Recycled” pulsars spun-
up by binary companion
stars

Period Derivative (s s™)

v y-ray/radio-faint
s y-ray/radio-loud
* y-ray millisecond
Binary
T R PP BRI w1 S=sasrararareys
107 10" 10° 10’
Period (s)




Cumulative Number of Known Field MSPs

Bl All Other Searches
I Fermi Directed Searches

Numbers have more than
qguadrupled in the last 10 years

* Rise in computing power
e Sensitive new radio surveys
* Fermi sources
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Total

Millisecond pulsars
Radio/X-ray selected
Blind search

Blind, with MSPs
MeerKAT MSPs begin

First FAST MSP
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https://fermi.gsfc.nasa.gov/ssc/data/access/lat/3rd _PSR_catalog/



/0
@ ermi C 9 C PIC -

Gamma-ray

/ Spa(e Telescope

Profiles of young and millisecond pulsars look similar despite large period difference -
Scale invariance of magnetosphere
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Spectra

Young pulsars Millisecond pulsars

Millisecond pulsars have
harder spectra than
young pulsars

Peaks of SEDS are always
near several GeV

PSR J0534+2200 PSR J2124-3358

Full Band Fit (PLEC1) )
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Spider millisecond pulsars

e Black Widows - MSPs
& | with very low-mass
binary companions

— 10— 80 Jupiter masses (<
0.1 M,)

f'  Pulsar wind ablates
| companion by exciting
stellar winds

* Redbacks (cousins)

>0.1 M®companions

Before Fermi launch: 3 Black Widows, 1 Redback

Venter talk tomorrow

Now: 32 Black Widows, 13 Redbacks — Total of 45!



Gamma-ray MSPs and gravitational waves

Radio pulsar timing arrays

HUNTING GRAVITATIONAL WAVES USING PULSARS

- e

2 Telescopes on
~ "Earth measure tiny
. differences in the
- arrival times of the
_ radio bursts caused
“. by the jostling:

— ’

= 1 Gra\)_itat_i,c}hal'wavgs:firb'm sterma’s’éiﬁlé-- 0
black-hole mergers:in-distant galaxies-subtly”
shift the position of Earth: :

2 - '
3 Measuring the
effect on'an array of
pulsars enhances the

| NEW MILLISECOND PULSARS

An all-sky:mapasiseenby.the Fermi
Gamma-ray Space Telescope in its firstiyear

o chance of detecting the
(o) gravitational waves.
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Nanograv results

‘ Pulsar

15 years of timing 67 pulsars
(Agazie et al. 2023)

First compelling evidence of Hellings- ,
Downs spatial correlation! [ [
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A y-ray pulsar timing array!

14.5 years of 57 y-ray MSPs e ,»

EPTA 2011 wes NANOGrav 125 vr s PPTA DR3

PPTA 2013 wesss PPTA DR2 wes. NANOGrav 15.0 yr
NANOGrav EPTA 2021 V¥ Fermi 12,5 yr
PPTA 2015 IPTA DR2 \/ Fermi 14.5 yr
EPTA 2015 EPTA DR2

I[PTA DRI | 4

NANOGrav 11.0 yr ‘. PRELIMINARY

Gamma-rays are free of dispersion
and scattering that degrades

I GWB?
I I performance of radio PTAs

2020
Published Year

Credit: M. Kerr



Detection of Crab pulsar up to 1 TeV

MAGIC - Aliu et al. 2008, 2011
Veritas - Aleksic et al. 2011

MAGIC 40 GeV — 1 TeV (Ansoldi et al. 2016) Both peaks detected!

100 < E < 400 GeV
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B1706-44 — H.E.S.S. Il and Geminga - MAGIC

Spir-Jacob et al. 2019
10-70 GeV

PSR B1706-44
0.25-0.55 ..
[ ] Acciari et al. 2020

PRELIMINARY AN Spectrum measured up to 75 GeV

r'T_'
£
o

-
|
"
o
—
2
W
o
=~
=
S
o~
w

== Fermi ECPL
= Fermi PWL
o H.E.S.S. 11

[TeVcm™2 s71]

dN
dEdA Gt

| === MAGIC Forward-fold

] 4 MAGIC data
| < Fermi-LAT data

_ PL Exp Fit (B=1)
1 — PLExp Fit (B<1)
{ =-= OG Model P2

EZ

107! 10° 10!
Energy [GeV]

1071
Energy [GeV]




T
n

9
g
(&)
o
—
A
3
Z
o
™~
=

Aharonian et al. 2023

Vela pulsar — H.E.S.S. Il

CR/IC
lo: y™* =3 x 107
Iy : y™@* = 7 x 107
lo:y™* =7 x 107
i SR/IC
| — 1, 1 y™3% = 1.3 x 10°

——— - "b:Ymax "_"108
{ === ll:y™*=107, T, =10

Vela Pulsar (P2)

H.E.S.S. Mono
[ H.E.S.S. Stereo
% Fermi-LAT

LRLEL |
101

rTTiTy
102
Energy [GeV]

Additional component distinct

from GeV spectrum
Pulsed emission to 30 TeV!!

H.ESS. CT5
< 10 - 80 GeV x

OFF X

. Fermi-LAT
Bl -1 GeV

<3 >10 GeV (x40)




ission models

Outstanding questions:

Location of the
acceleration and
emission

Origin of the GeV
emission — CR, SR or IC?

What is the source of
the radiating particles —

SR  pairs from polar cap, OG
or current sheet?




Global particle-in-cell (PIC) models

)

Most particle acceleration occurs in and near the current sheet and separatrices

BUT — limited to B, < 106, y < 103

Kalapotharakos+ 2018

Cerutti et al 2016,

’

Philippov & Spitkovsky 2014

Chen & Belodorodov 2014,

—— must scale up to real pulsar values
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PIC simulations — Current and Electric field

Brambilla et al. 2018.

As pair injection rate from NS surface
increases — region of accelerating
electric field shrinks to current sheet

Scale up BO, EO — y ~ 107-108
—> curvature radiation
(Kalapotharakos+2018)
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Reconnection in current sheet

Cerutti+ 2016, Philippov & Spitkovsky 2018
y ~10°-10° —— synchrotron radiation

T l T T ' T
Inside Ry . Sheet Inside R;» 1 Sheet
{synchro-curvaturez (synchrotron) [synchro-cu rvaturez (synchrotron)

10°}

, 10°L = ) =1 2
10 10 10 10 10 10

v/,

But no evidence for fast flux variability in Fermi pulsars
(Kerr et al. 2022)

Hakobyan+ 2023

From Philippov & Kramer 2022



Vela HE/VHE — electric field/CR model

Kalapotharakos+2014,2018,2023

Emission must happen outside the light cylinder

Parallel electric field acceleration
near current sheet (scaled up from
PIC models) —y ~ 107 — 108

LO+30°E

X

Produces CR in radiation-reaction
limit — need curvature radii >> R

YEES ~ 4 x 107 &M/}

ERax ~ 5GeV /2% = 1.5 GeV

GeV and 30 TeV emission from
same particle population

Aharonian et al. 2023



Vela HE/VHE spectrum — reconnection/SR model

Cerutii et al. 2016, Philippov & Spitkovsky 2018

Magnetic reconnection maximum particle energy — v, ~ O|c
For Vela:
Blc

4ricyngjme?

~7%10°

OLc =

This is OK for producing the synchrotron GeV

~BX ~ 1.3 x 108(B /Brc) Y2 (ER8X /1.5 GeV)1/2

BUT v,.., IS several orders of magnitude short of 30 TeV!

Could lower k from 104 to 10-100, but this does not agree with
predicted pair multiplicities (Timokhin & Harding 2015, 2019)



Fundamental Plane (Theory)

Assumptions
CR Kalapotharakos et al. (2019)
1) At the current sheet near the LC

R X Ry x P
2) Radiation Reaction Limit Regime
EprcBrc < viR:?

3) Radiating particle density proportional to Goldreich-Julian density

PGy B.p~1

: _ 4/3 p1/6 &5/12
2p—4
& o« B2P €.,: B:' &

2q5yL  _9qev-E
3m,c R;(6) m,c?




Fundamental plane — comparison with Fermi 3PC data

Fermi data alone Fermi data plus PIC models
® Fermi YP Compatible models
» Fermi MP

Non-compatible models

YE MP
Kalapotharaos et al. 2022, 2023 °© s




High energy light curves from PIC models

Kalapotharakos et al. 2018
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Fermi pulsars have high pair injection

near force-free magnetosphere




Crab pulsar — cold wind ICS

Aharonian et al. 2012

» Scattering of wind e*-e- off of optical/X-ray pulsed
R,, = 30R (this work) " e m.ISS!On
Poynting-flux-dominated wind * Emission at 20— 30 R¢
I, ~10° e Cannot reach 1 TeV nor produce lower energy
R ~106m | // emission

Magnetosphere

Pulsed y-ray emission of Crab

Termination shock
Non-thermal nebula

._..1_.4_!_1_;_‘ Key model parameters

HEFH I, =108, R,: 20R -50R,

T r,=55x10%R,: 1R -30R,
Pulsar emission I,=4x105R, =32R,

I,=6x105R,=32R,
107, =6x 105 R, = 30R,
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Outer gap model for Vela TeV emision

Rudak & Dyks 2017

Sense of rotation

N\ k\
\ * Traiing side Outer gap model
\

SR photons

Leading Side - e Emission inside light cylinder
* PC pairs produce SR optical/UV
* Accelerated primaries scatter optical/UV photons

Trajectories in CF

S = Screened region: A = Accelerating region:
secondary pairs with primary el. with Y > 107,

Y 100 - 1000, curvature photons
synchrotron photons in HE

in optical-IR

Cartoon version of the outer gap
structure used in the calculations

CTA South 50h

log €F, [ergcm® s7]
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Separatrix/current sheet model trding  karapotharakos 2015

Harding et al. 2018, 2021

N

Pairs get pitch angles through
resonant absorption of radio
photons when

g = ver(1 — Bcosh)
Petrova & Lyubarski 1998

Force-free magnetic field
0.21to 2 R

Current sheet

Connect to vacuum retarded
dipole below 0.2 R,

Primaries




Modeling TeV+ emission from Vela

Harding, Kalapotharakos, Venter & Barnard 2018

Near force-free magnetosphere

* PC pairs produce synchrotron
radiation (SR) optical/UV at lower
altitude

* Primary particles (mostly positrons)
produce synchro-curvature (SC)
and scatter optical/UV to produce
10 TeV ICS emission

 Pairs scatter optical/UV to produce
SSC hard X-ray emission




MeV/s/cm?

P=0.089s, B,

Modeling TeV+ emission from Vela

o = 75% pair M, =6 x 103

10!

=4 x 10 G, d =0.25 kpc

e Detectable component from primary ICS around 10 TeV!
* Pair SR matches optical spectrum

10—1_

10—3_

10—5_

10—7_

1079 1.

10—11_

Pair SR
Pair SSC

Primary SC

OSSE

COMPTEL

RXTE
Optical
Fermi
H.E.S.S.-lI

= T
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W

‘l |Pr|m ICS

men
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PalrSSC |||
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Al

e SR from pairs inside
light cylinder

e Synchro-curvature
from primaries in
current sheet

e SSC from pairs

101

Energy (MeV)

101

\ 1
103 10° 107

Harding, Venter & Kalapotharakos 2021



Modeling TeV+ emission from Vela

P =0.089 s, B,
o = 75% pair M, =6 x 103

=4x 10" G, d=0.25 kpc Detectable component from primary ICS around 10 TeV!

Pair SR matches optical spectrum

Pair SR
Pair SSC

Primary SC

COMPTEL

Optical
H.E.S.S.-I

MeV/s/cm?

SR from pairs inside

light cylinder

e Synchro-curvature
from primaries in

current sheet

SSC from pairs

Aharonian et al. 2023

’——‘ \

_z 1—-’\\
1 103

Energy (MeV)

Harding, Venter & Kalapotharakos 2021



Vela model light curves
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0.05-20.0 GeV

20.0-100.0 GeV

0.1 —100.0 TeV

Vela model light curves

Optical

B ,Ferm,i, LAT > 0.1 GeV

OFF  Fermi-LAT
> 30 GeV

H.E.S.S.
>3 TeV

PRELIMINARY

Harding, Kalapotharakos,
Venter & Barnard 2018

Fermi P2/P1 increases
with energy — higher y
particles produce P2

P2 only at > 3TeV - ICS
from highest y particles

Large model y-ray/radio
phase lag due to
azimuthally symmetric
emission in current
sheet




colatitude

Vela P1/P2 evolution with energy

0 30 60 90 120150180210 240270 300 330 360
phase

Harding, Venter & Kalapotharakos 2021

Lorentz factor of particles in curvature
radiation-reaction limit:

1/4

_(3EHP3)
YCRR e

High energy cutoff

3/4 1/2
Ecr « E;/*py!

Maximum curvature radius of particle
trajectory is higher for P2 allowing
particles and photons at higher energy




Energy vs. phase
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MeV/s/cm?

TeV+ emission from Crab pulsar
o = 459, pair M, =3 x 10° Harding, Venter & Kalapotharakos 2021

3 Primary SC RXTE-PCA

1 Pair SR SR from pairs near
i . OSSE
Pair SSC COMPTEL

current sheet
Synchro-curvature
BeppoSAX-LECS from primaries in
Ferm current sheet
MAGIC _

SSC from pairs up to
~1 TeV
ICS from primaries
scattering pair SR
up to ~30 TeV

Y=Y pair
attenuation

RXTE-HEXTE

1071 101! 103 10°
Energy (MeV)



Crab model light curves

: 1.0 —10.0 eV Optlcal

1.0 —10.0 Gev

colatitude
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0.05-1.0 TeV
100 < E < 400 GeV
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TeV+ emission from Geminga

P=0.237s,B,= 3x 102G, d = 0.25 kpc

o =759, £ =559 pair M, =2 x 10*

Pair SR
Pair SSC

Primary SC

E”Iow < E”high

— _E”Iow — E”high

o~
S
2
<
>
Q
=

Optical
COMPTEL
OSSE
Fermi
MAGIC
HAWC
CTA North

101 10! 103
Energy (MeV)

Harding, Venter & Kalapotharakos 2021

Low pair SR UV flux

—— Very low primary ICS
MAGIC detection explained
by primary SC




Geminga model light curves

H=175235 J0633+1746, P=0.2371s
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TeVV+ emission from B1706-44
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Summary

Fermi has revolutionized the study of rotation-powered pulsars, discovering
300+ gamma-ray pulsars

Many new MSPs improve sensitivity of radio PTAs and enable a y-ray PTA

Cherenkov telescopes have discovered pulsed emission above 50 GeV from five
pulsars!

Combined with advances in global pulsar models we have determined the
location of particle acceleration and high-energy emission in the
magnetosphere

Origin of HE/VHE pulsed emission:
* Parallel electric field in current sheet - y,.., ~ 5 x 107 from CR reaction limit
* Reconnection in current sheet - y,., ~ o, ~ 10° - 10° for Vela



