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<.  The Fermi Observatory

Gammafray

/' Space Telescope
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Large AreaTelescope (LAT)
20 MeV - >300 GeV

Gamma-ray Burst Monitor
(GBM)
Nal and BGO Detectors
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KEY FEATURES
* Huge field of view

-LAT: 20% of the sky at
any instant; in sky
survey mode, expose all
parts of sky for ~30
minutes every 3 hours.
GBM: whole unocculted
sky at any time.

* Huge energy range,
including largely
unexplored band 10 GeV -
100 GeV. Total of >7 energy
decades!

* Large leap in all key
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<ani Qverview of LAT: How it works

Gammafray

/’ Space Telescope
» Precision Si-strip Tracker Y

(TKR) Measure the photon : Tracker

direction; gamma ID.

 Hodoscopic Csl Calorimeter
(CAL) Measure the photon
energy; image the shower.

 Segmented Anticoincidence
Detector (ACD) Reject el o
background of charged NG
cosmic rays; segmentation e &
removes self-veto effects at

high energy. ACD
* Electronics System Includes [surrounds

flexible, robust hardware 4x4 array of €
trigger and software filters.  TKRtowers at\wood et al, Ap) 2009

Calorimeter
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b Pulsar Timing Campaign

+ other contributions:
Arecibo,
Hartebeesthoek, etc.

B N = Timing for ~ 230
| energetic pulsars, of
interest for Fermi.

= (Smith, Guillemot,

Green Bank Camilo et al., A&A 492,

(USA)




/I

ze  Known yray pulsars
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Vela pulsar
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Gammafray
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Vela Pulsar spectrum

N(E) =N,E e /%

- . . . |
Spectrum falls off

M =1.38 [F0.02+100
E. =136 [F0.15+3)
b =0.69 [L0.02+%3

® Energy Band Fits

Maximum Llikelhood Model

10"

1
Energy (GeV)

et - ¥ AT LU

Abdo et al. 2010

Cutoff Energy (GeV)

1 slower than

1 exponential

T o 1 T0.04 |
I =—l1.J1_ 0.05

E.=2.9 +0.1 GeV

Due to variation of E
(b=1) with phase
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e New young radio-loud pulsars
=° Dragonfly pulsar wind 1 350F- > &Y =
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ernt Young radio-loud pulsars

/ SpacE Te\escope
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T 14206048
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- Pulsars Found in Blind Searches

0.5 1 1.5 0 0.5 1 1.5 2 0.5 1 1.5 0.5 1] 1.5

s J0007+7303 J0357+32 J0633+0632 J1418-6058

After 4 months of = ] E |
data taking, 16 o
pulsars found

with blind search e el . o 1S 05 1 15

tec h n Iq ue ! J1459-60 J1732-31 J1741-2054 J1809-2332

(Abdo et al., ; . __ S
Science 325, 840,
2009).

0.5 1 15 0.5 1 1.5 0.5 1 1.5 0.5 1 1.5
1 3 We re J1813-1246 J1826-1256 J1836+5925 J1907+06
unidentified T e | oo il o
sources for
EGRET

0.5 1 : 0.5 1 1.5 0.5 E 00 0.5 1 15 2

At presen 8] 20 J1958+2846 J2021+4026 J2032+4127 J2238+59




~  Radio Follow-up of New LAT

s s erml

o Space Tescne Pu | S a r S
PSR J1741-2054

 Radio pulsar found in archival Parkes -

multibeam data

 Extremely low DM (4.7 pc cm-3),

implies D=400pc

« May be lowest luminosity of any
radio

pulsar (L ~0.025 mJy kpc2)

—— Fermi LAT (E>0.2 GeV)
—— GBT 350 MHz

PSR J1741-2054 |
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Number of Photons

N
o
T

o

: —— Fermi LAT (E>0.3 GeV)
PSR J2032+4127 GBT 2 GHz

PSR J2032+4127

 Pulsations discovered at GBT
e DM=115 implies D=3.6 kpc, but may

250}

mber of Photons

be
at half that distance (possibly ._.,0: -
associated with Cyg OB2) |

Camilo et al.

Pulse 'Phase
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Millisecond Pulsars
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< crmidMma-ray MSPs - the Fermi original 8

Gamma—ray
Space Telescope
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* With 9 months of data, the {1
LAT had detected 8 gamma-
ray MSPs (Abdo et al. Science
325, 848, 2009).
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« Gamma-ray peaks not
aligned with radio pulses

e Similar yray characteristics
to young pulsars
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/. Fermi detection of globular cluster
-~ 47 Tuc :

4404

4452

Latitude (deg)

-45.0

-45.5 ¢

3070 3065 3060 3055 3050  304.5
Longitude (deg)
counts/pixel e
0.10 0.15 0.20 0.25 . 0.30 =

Abdo et al.

47 Tuc is a globular cluster (GC) in which 23 MSPs are?5wn.

The Fermi LAT detects 47 Tuc as a point source.
We might be seeing the collective emission from MSPs in 47 Tuc.



Ls A population of yray globular clusters

Gamma—ray
Space Telescope

Abdo et al. 2010, A&A, 524,
A75

Omega Cen #

P 47 Tucanae

Galactic Blituda (dag)
Galactic latiluce {degh
Galactic laliluze jdegh

Mz oy 308 308 an4 2 300 ¥4 313 ¥z I H0 309 306 07 G HE g 355 355 34 253 w2 351
Galactic lengitude {deg) Galactiz lengtuds (deg) Galactiz lengtudss (deg)
s dea e oounts dog” ; s dog ™ . s
e ——lr———. TS | Also Liller 1, NGC 6624
’ ’

and NGC 6752 (Tam et al.
2011)
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4 a -
& B M 28 51050 62126 4372
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NGC 6541 6.9+07 <47 <47
w g9 8 7 8 8§ a 5 NGC 6752 44 +£0.110 <l1.1 <11
i . e _ M 15 10.3 0.4 <5.8 <56




Z  First yyray MSP In a globular

Gamma-ray
\/ Space Telescope C u S e r

In NGC 6624 preliminary

J1823-3021 A—i

UV wavelenghts Visible (b

>01 GeV

Counts

>1.0 GeV
7 >3.0 GeV

Counts
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X-ray binary 4U [820-30 (NS + WD)

0.1-1.0Gev with an orbrtal period of | | min.

Counts
(=]
[=]

High spin-down luminosity
E=8.3x10%erg/s
and gamma-ray luminosity
L = 8.4 x 10* erg/s

[—H—ﬁ—oﬂ |
e eI 1y | STA RERU U= =21 RARANRE

1.4 GHz q

Radio Flux (au)
oo o o
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Pulsar Phase
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Freire et al.

SN11



Radio observations of unidentified Fermi
sources

16 —
14 =
10000 E T T g 12| Fermi radio quiet
L | x Blazars :
¥ Pulsars |
+ Other | X
» Unassociated | X + Fermi radio loud
1000 - x| % E
N |
o
e
k=
> +
= 100} | .; .
= - y X o8 ,
A - » ]
5 i X < ." b SHS ° -
g L x ol medl. .1 Pulsars have low variability
' R~ e Sx and high spectral curvature
10 Al Raal : ';;_ 3 -fl: Z-“? % Mﬂ'o y2,
e KOSREOREEL S v % L 1 Whois searching?
L & 5. N 2 r ®
= Koo o 5 . W 1 :
% Fermi Pulsar Search
l , LT , o Ll T .
0.1 1.0 10.0 100.0 1000.0 Cons_ortlum
Curvature index - radio astronomers
T — ] - members of Fermi Coll.

2010



MSPs discovered in Fermi uniD
sources

34 new radio MSPs discovered in Fermi unidentified sources!

J1544+49

o

J1745+10
o O

J1810+17

J0308+74

o

SNy T
0340+4130
J J2302+4442 12043+1711

0, (0] O 221443000 C)() 0)2017+0603

*)0103+48 o
J2047+10

J2129-04
J2234+09

* 0
J0023+09

o

J1301+08
@) 1142401

J1312+00)1231-1411

o

J1549-06,
J1302=-32

-1 Gravitational:waves from supermassive
IJIac.k~ho!e mergers.in-distant galaxies-subtly
shift the position of.Earth:

| NEW MILLISECOND PULSARS i

An all-skymapiasiseeniby.the Fermi
E Gamima-ray Space Telescope iniits firstiyear |
i 0 i

2. Telescopes on

" 'Earth measure tiny

differences in the

. arrival times of the
_ radio.buirsts caused

by the jostling:

3 Measuring the
effect onan array of
pulsars enhances the
chance of detecting the
gravitational waves.

:
=
o

Credit: Paul Ray
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<L mi FErmMi gamma-ray pulsars

Gamma—ray

¢ Space Telescope
" P p

Radio PSR

Radio selected y-ray PSR
Gamma selected y-ray PSR
Fermi source y-ray MSP

88 yray pulsars
detected

34 young radio
selected

27 young yray
selected

27 MSPs radio
selected

10 new MSPs in Fermi

uniD

10% of MSP are yray
pulsars!




Where do the pulsations come from?

magnetiC
HERIES

gap

Magnetic
axis




Pulsar particle accelerators

s

Light
Cylinder

Pair-starved
- polar cap

.\- e ; ......H _

';H Outer
gap

closed field
region

null charge surface >,
0-B=0-—* :
See also posters on

s other models:
Striped-wind (Petri)
Annular gap (Qiao)




Formation of caustics

Emission on leading field
lines

* Spreads out in phase
* Arrives at inertial

Emission on trailing field
lines

* Bunches in phase
* Arrives at inertial

observer simuttaneousty

observer at different
times

Caustic emission

* In narrow gaps along edge of
open volume

* Phase delays from aberration,
light travel time and field line
curvature cancel




Sky distribution of intensity

o = 60° o = 900

Pulsar inclinatio= 30°

Slot gap

Observe
r angle

Outer gap
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dolih
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. oo N
80 r/

S0

-100 O 100 -100 O 100
Phase



Observer Angle (
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Light Curve vs. Viewing Angle
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MSPs light curve types

3

2

4

sE->01 GeV J0437-4715 3 o
; wE- 3 %7 s1231-14n
1. yray peak(s) lag main .t ENEPS
radio peak g ER:S
— similar to young nE = :;
pulsars ok | 1 1T
2 .:f Parkes3GHz ﬁ 3 o
i ME E ——t+—t
ioﬁ;{ 0z 04 06 08 1 1z 14 16 18 ﬁ_ ° Pulse Fhase

Ransom et al.
J1744-1134 201 1

1. yray peak(s) lead main
radio peak

—  Exclusive to MSPs Abdo et al. 2010

Counts.
2 B 8 & 8 8 3 8 8

Radio Flux (au)

oaE Nancay 1.4 GHz E
0.8 =3
04 - E
02 B
H-- : .
0. 0. 0. 1 14 18 18

3
Pulsar Phase

P
J0034-0534

L O L LA I o f
W Abdo et al. 2010
|

1 111 Il 1 L1 | L1 1 JIllIJJlIlIIIllII]I
0 02 04 06 08 1 1.2 1.4 1.6 1.8 2

Pulse Phase

1. yray peaks aligned with £%
radio peaks

— Nearly exclusive to
MSPs

Radio Flux

Sazomuz (MJY)

1

0



PSR J0030+0451

Tyrel Johnson PhD thesis (University of Maryland 2011)

0G, a=81,Z= 66, -log(L)=321,

preliminary

w=0
Markov Chain Monte Carlo
maximum likehood fits

PSR J0030+0451

90 R

o (%)

60 65

45 50

55
£




Counts/Bin

PSR ]1744-1134

Pair-starved polar cap I

150

PSPC, a = 510, T = 850,
-log(L)= 227 ¥
10" psR 17441134 o prehm”’iaryI 0
80— -

T
il 8

20

-150 -100  -50 0 50 100 150
Phase

‘ I:l LAT=20.1 GeV

— 1400 MHz Radio Data
— PSPC Model «
.L L L e — L | .L L | — L J
0 02 04 06 08 1 12 14 16 18 2

Pulse Phase
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/Bin

MaXimum likellnhooa TIts oT alighed
|oreliryninarylvISPq
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& = | B
O — &
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jz i— PSR 1193942 ' ' ' 3
250 % ﬁ\"'ﬂn—r—m ,Pfl |%‘E‘Ld’ﬂhhf [’ﬁm_ ’_h' _L1 -—Tr
PSRJ1939+2134 I:ILATzo.IGeY
o= 75, T o 1823-3021A
Cz 80, al0G Model in = 0.2,0.2 RLC
/ﬁ. /A 150 -100 -850 PI::M 0 100 150 = 0.9,0.8 RLC
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s rmi Fit results for 19 MSPs

/ Space Telescope
\

[T T 17T T 1T I'T 17T T T |II I|I T T 1T T T |II Il_l_ Large VieWing angles With the
: o - ~ 1| rotation axis favored
80_— ]
- ) s ] expected for outer magnetosphere
70 & . "a - 3 model emission
60— e B} = ) T :
- o . Uniform MSP inclination angle
U_ I — . N . "
& E |y penc - 1| distribution, unlike young
WE |oamec - 3| nbulsars A
30F | al0G E [ B : ..
20 v | =i .
IUE_ . i? ol W OPC AL best - ]
UEO—I 1 1 | | . | 11 11 | L 111 | L1 11 | 1 111 | L1 11 | .| | 1 1 | 4—-_[ 80 3
[0 20 30 40 50 60 70 80 90
o (%) . 50—
Johnson et al, 2011 ¢ i
? | | | | | | | [ |

Pierbattista et al, 2011 ° »~» = » ©oqp = © © =
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GammMma-ray vs. spin-aown

liiMminn<gitv

- preliminary

1% L

_ 2 .
L, =4pd”f,;F, |

]
A

MSPs
Non-recycled

E(erdqs_l}

107

1[::38 o 1039
Johnson et al, 2011



Conclusions from MSP fits

« Gamma-ray emission comes from the outer magnetosphere
— Outer gap, slot gap (TPC) or pair starved models provide good fits

MSP fit type

ETPC/OG
HPSPC
& Aligned

e Aligned radio ani
emission - mostly snorc periou vsrs

Most MSPs are NOT pair starved (narrow gaps) - how are they
producing pair cascades?

Few radio-quiet MSPs expected: larger radio beam widths than
for canonical pulsars

cate radio caustic
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Magnetic field geometry

Retarded vacuum dipole
(Deutsch 1954)
- No charges, no currents

Force-free
magnetosphere

_--_-—_,___j\-\:\ 7 -,IIII /,
TN
N7 NN :
{ M \\J\:i;\“ X L\ ‘\\
NN\

Non-ideal MHD magnetosphere
Kalapotharokos et al. 2011

E wB=0 Force-free electrodynamics:
yray light curves  furrents + E B =
and phase- on! m 0 everywhere
resolved OhtOpOUlOS) No accelerator gapsl
spectroscopy will
| helb constrain




Slot gap light curves: vacuum vs. force-
free

Vacuum

Force-free
! | j | | Force-free LC
: ] i | peaks occur at
' | . | later phase by .05
| M - .15 due to:

| | « Larger polar cap

laki

45

60

- 90 75

| : | | * Later phase of
. i | trailing field lines
=30 &¢=45 ¢ =60 ¢ =75 ¢& =90
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data
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Gamma-ray/radio phase lag

Data from Smith et al. preliminary

, Magnetic
- }_;' @ Radio selected gamma pulsar po I e Ra d i o —
0.5} | Gamma selected pulsar v
E Gamma millisecond pulsar
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4 =
c
O 03}
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m i
N o2t
™
3 % Force-free

o1 Vacuu

m
0.0 | HH H HO®H o
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Radio Lag (9)
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= Balance CR losses with

acceleration gain

eEH = @CR =

26294
3r?

" Steady-state Lorentz
factor

4

IIPC E JL2 |10

7CRR ;2 e

= Curvature radiation
peak energy:

spectre?,

Cutoff Energy (GeV)

(=] —_ N (] L (221 [=2]

2 IchCRR (IB)RM

=L, P ge E #Crm L3 Gev

fSRET="1a"7

Does E varlatlon map magngbdoledldl 2010
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s T Megan DeCesar
> 4 /\ =] thesis
o R LAT data
g
=06 ey '
S b Slot gap model emission radius
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Electric field in accelerator gap - CTA1l

Megan DeCesar
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Summary

* We are finally answering fundamental questions

of yray pulsar astrophysics - but raising new ones
 High-energy emission comes from outer magnetosphere

* Likely curvature radiation from continuously accelerated
particles

 The mystery of unidentified Galactic gamma-ray
sources from the EGRET era has largely been
solved - they’re pulsars - many radio-quiet

 Radio-loud, radio-quiet and millisecond pulsars

have similar gamma-ray light curves and spectra
* Similar emission mechanisms and geometry

* Fermi has so far detected about 88 yray pulsars -
Including ms pulsars -—- more to come!

* Fermi is aiding discovery of new millisecond
pulsars perfect for nanosecond timing arrays -
first dlrect detection of graV|tat|onaI radiation may
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