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The unprecendented sensitivity and angular resolutionedt énergies allows thEermi Large
Area Telescope (LAT) to produce sharp images of the Galatdice enabling the resolution of
point sources from the fluse emission and in crowded regions. The LAT scans the esiyre
eight times a day producing uniform and regular monitorifithe galactic plane. A large variety
of source types are revealed producing high energy emifsiona variety of mechanisms. Some
involve shocks in jets or winds; others are powered by nawtar dynamos, such that pulsars are
observed in a growing range of systems. Presented here igeaview of many of the Galactic
high energy results from the first year of operations offileemi-LAT.
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1. Introduction

The Fermi Gamma-ray Space Telescope was successfully launched on 2008 1]uineni
Cape Canaveral, Florida. The primary instrument onboard, the Lareg Pelescope (LAT) is an
electron-positron pair production telescope, featuring solid state silicckettand cesium iodide
calorimeters, sensitive to photons fror20 MeV to> 300 GeV (Atwood et al., 2009). Relative
to earlier high energy-ray missions the LAT has a large2.4 sr field of view, a largefgective
area (8000 cn? for >1 GeV on axis) and improved angular resolution or point spread function
(PSF, better than°Ifor 68% containment at 1 GeV). In theermi survey mode, the observatory
is rocked north and south on alternate orbits to provide more uniform @geeso that every part
of the sky is observed for30 minutes every 3 hours. Thiermiis ideally suited for long term
all-sky observations.

The first year of operations has been very successful and a lapgggpion of sources;1000,
has been detected. While many of these sources are extragalactic in anddinge fraction are
galactic objects including: pulsars, pulsar wind nebulae, globular cluemtehsray bianries.

1.1 Why are HE y-rays from Galactic sources interesting?

There are a variety of reasons why studying the Galactic population oEnigtyy (HE)y-ray
sources is both interesting and important for our understanding of theigathyprocesses which
occur within our galaxy and the universe in general.

¢ High energy emission from galactic sources by its very nature requirss gatactic sources
to exist in extreme environments. These can include supersonic shocks wiitklgjets or
with the surrounding interstellar medium as well as the electric dynamos arotatthg,
magnetized stars. Observations of these objects are the only viable metleaglfwring the
physics in action in these extreme environments.

e The Galactic population of sources exist as foreground objects tofitusaliGalactic back-
ground. In order to understand and investigate the properties of thiseiemission the
foreground population must be well understood in order to subtractabetribution to the
global emission.

e Both the Galactic diuse and Galactic source populations are foreground noise to those
physicists searching for high energy signals of dark matter.

Additionally, there is the challenge of following up and identifying the populatifoumidenti-
fiedy-ray sources discovered by EGRET in the 1990s. Finally there is théopibg®f discovering
new source types and classes which have heretofore not been kmewrity-rays.

2. Pulsars

Prior to the launch oFermithe sky above 100 MeV was surveyed by both COS-B and, most
recently, EGRET. EGRET detecte®00 sources, of which many were unidentified. Six of these
sources were rotation powered pulsars: Vela, Crab, Geminga, BB25B1055-52 and B1706-
44, Geminga was discovered to be a radio-quigdy pulsar and beforeermiwas the only source
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O New pulsars found in a blind search
O Millisecond radio pulsars

Figure 1. Fermi-LAT all-sky map indicating the locations and names of 16 ewng pulsars (yellow) and
8 MSPs (magenta). Credit NAQBOE/Fermi LAT collaboration

in its class. Many of the unidentified EGRET sources have been suspediedoulsars despite
deep radio and X-ray searchs failing to identify any pulsed emission.

Consequently, pulsars were anticipated to be a source class of greastindEermiand anal-
ysis pipelines to search for pulsars in the data set were immediatley implemetieeomi was
launched. The search is “blind” in the context that the timing parameterspieraunknown. To
facilitate the search the ‘time4@ierencing technique’ was developed (Atwood et al., 2006; Ziegler
et al., 2008), once a good candidate is identified standard pulsar tooleedamplemented (e.g.
PRESTO, tempo2).

In its first year of operationsermi has identified a large population gfray pulsars, many
of which are associated with unidentified sources detected by EGRETeRirgav pulsars were
discovered using only 5 months of data (Abdo et al., 2009b). Additionalbeeerate analysis
identified strongy-ray pulsations from eight milli-second pulsars (MSPs) (Abdo et al., @309
this is the first definitive detection of MSPs@tray energies. The locations of these two pulsar
populations are shown in Fig. 1.

2.1 CTA 1, the first Fermi discovered pulsar

The first new pulsar detected IBgrmi was a radio-quiet pulsar located near to the center of
a compact, synchrotron nebula embedded within the CTA 1 supernovamendlind search
identified a spin period of 316.86 ms and a period derivative of X&0%¥ s s (Abdo et al.,
2008). The LAT source is spatially consistent with the X-ray source RX30+7302 and lies on
the edge of the 95% error radius of EGRET source 3EG JO0309 .

A search of archival data froddMM, ASCA Chandrg and EGRET showed no indication of
pulsed emission extrapolated from the LAT ephemeris. The source exHiibittee characteristics
of a young high-energy pulsar, which powers a synchrotron PWN dddzkin a larger SNR.
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3. The Crab Nebula& Pulsar

The Crab Nebula and associated pulsar are two well known and odsenveces being clearly
visible over 21 decades of frequency, from radio all the way86 TeV. The emission is dominated
predominantly by non-thermal processes. Itis held to be the prototypiaai@e of a pulsar wind
nebula and is associated with a supernova explosion withessed by Ghasteenmers in 1054
AD. An analysis of 8 months dfermiLAT data by (Abdo et al., 2010) shows two main peaks in
the pulse profile with the primary peak leading the radio main pulse28i us.

In order to analyse the spectral properties of the nebula its@pldse’ data was used; data
was only taken from outside of theray pulses. Only 0.1-300 GeV photons arriving between
phases 0.52-0.87 were included in the analysis(where phase 0 is daitteel main peak in the
radio profile). The data is best represented by the summation of two powsrdae represent-
ing the inverse Compton (IC) component the other the synchrotron emissioponent. These
are shown in the left of Fig. 2, clearly showing the falling edge the symsimacomponent and
the rising edge of the IC component. The spectral parameters are: apedéax (synchrotron),
Isyncti=3.99£0.12(stat}-0.08(sys); spectral index (ICl);c=1.64+0.05(stat}-0.07(sys); flux above
100 MeV,~9.8x10~" cm2 s1. No significant cut- or variability is detected in either component.

To analyse the pulsar spectrum both on- afidpalse events are considered. The best fit
model to the pulsar spectrum is found to be a power law with an exponentiaffoof the form
ETexp[-(E/E.)] with parameters: spectral indeR=1.97+0.02(stat}:0.06(sys); cut-fi energy,
E.=5.8+0.5(statk1.2(sys) GeV: integral flux above 100 MeV-£.09x10% cm2 s1. The right
hand plot in Fig. 2 shows the pulsar spectrum and the best fit model. Téggralpshape is typical
of the pulsars detected Byermiwith a spectral index 0£1.5 and a cut-fi energy of a few GeV.
Pulsedy-ray emission is detected up to 20 GeV.
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Figure 2: Left: Spectral energy distribution of the Crab Nebula. Thefithe synchrotron (purple dashed

line) and IC (blue dash-dotted line) are represented seganaith two power laws; the black curve is the

sum of these two power laws. Right: Spectral energy didinbwof the Crab Pulsar averaged over the whole
pulse period. The black curve represents the best-fit mobt&jned with a power law with an exponential

cut-of. The statistical errors are shown in black, while the redditake into account both the statistical
and systematic errors. Horizontal bars delimit the enenggrvals. EGRET data points are shown for
comparison (green stars) taken from Fig.5 and Fig.6 of (Adtdad., 2010).
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4. The first detection of a Globular Cluster at HE

Globular clusters are some of the oldest constituents of our Galaxy wittoatiesorder 18°
years. These systems show a much higher number of interacting binarigstpaass than within
the Galactic plane, believed to be a consequence of the large numberavhidwh interactions
which occur within the dense cores. As a consequence these systetain darge numbers of
MSPs. Also known as “recycled” pulsars these are pulsars which gyne up to millisecond
periods by accretion from a low-mass X-ray binary companion. MSPs bagn clearly detected
by Fermiin the Galactic plane and make globular clusters potential sourcesayfemission.

47 Tucanae is a globular cluster known to contain a large number of M3Pis aglatively
nearby ¢4 kpc). From approximately 6 months Bérmi-LAT survey observations, 47 Tucanae
is detected at the level of170- (Abdo et al., 2009g); this represents the first ever detection of a
globular cluster a-ray energies. The spectrum of the source is best fit by a power lanewith
ponential cut-& with index,I'=1.3£0.3(stat}-0.1(sys) and cutb, E.=2.5"35(stat)=0.3(sys) GeV.
The 0.1-10 GeV integral flux is2.6x10°8 cm~2 s7. There is no indication of any time variability
and no significant detection of any of the pulse periods from the knowr2Bs residing within
the cluster. MSPs are intrinsically faint objects and at the distance of algtatiuster would be
unlikely to be detected in isolation, tlermi detection is consistent with the integral emission of
a population of MSPs from within the cluster with an upper limit on the populatios &iz60
(Abdo et al., 2009q).

5. Gamma-ray Binaries

Traditional X-ray binaries may not be obvious targets of interest for ayHB&y telescope
however a small number of high-mass X-ray binary systems have beestedbtd energies 1
TeV by the current generation of ground based Cherenkov telesc&(&R B125963 is a radio
pulsar in a 3.5 year orbit of a Be companion star; the H.E.S.S. experimedetexded this source
as it passed through periastron. LS 5039 is a binary system comprisangavhpact object in a
~3.9 day orbit of an O6.5V star; the H.E.S.S. experiment detects a pointesaitit a periodic
flux modulation which matches the known orbital period. L$81°303 is a Be X-ray binary
with an unknown compact object in-a26.5 day orbit which shows periodic radio flares; both
MAGIC and Veritas see the orbital modulation in the TeV flux. Both LS5039#d +61°303
were spatially associated with unidentified EGRET sources, however@REE error boxes were
relatively large and no clear signal of variability was ever detected irr aodgefinitively identify
these systems as the source of¢hray emission.

5.1 LS1+61°303

The LAT clearly detects a 70 source consistent with the known location of LS 61°303
using data from the first9 months of survey observations. The source is bright and persistent
source ofy-rays; it is the 14 brightest source in the 3-monermi Bright Source List (Abdo
et al., 2009c). The source is highly variable and a clear periodic modulistidatected in the
LAT data at a period of 26:80.5 days (Abdo et al., 2009e). This is consistent with the known
orbital period of the system and definitively confirms L8d1°303 as ay-ray source. The average
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Figure 3: Left: Phase averaged fitted spectrum of L-$5l1°303. The solid red lines are thdo limits of the
Fermi cutof power law; blue (open circle) data points from MAGIC (hightstphases 0.5-0.7); black (filled
circle) data points from VERITAS (high state phases 0.5-003ata from the dierent telescopes are not
contemporaneous and coveffdient phase ranges. Taken from Fig. 2 of (Abdo et al., 20@@ght: Fitted
spectrum of LS 5039; the black points (dotted line) repret@phase-averagéermj/LAT spectrum. The
red data points (dotted line) represent the spectrum (b\J@jaat inferior conjunction (Phase 0.45-0.9);
blue data points (dotted line) represent the spectrum vy at superior conjunction (Phased).45 and
>0.9). Data points above 100 GeV are taken from H.E.S.S. vagens; H.E.S.S. and LAT data are not
contemporaneous. Taken from Fig. 3 of (Abdo et al., 2009f).

phase-folded light curve shows a large modulation amplitude with maximum ftuxiog slightly
after periastron passage (phage3). This is in contrast to the variability reported at very-high
energies by both MAGIC and VERITAS where peak flux occurs at @h&s6-0.7 and detections
are achieved only at phases ranging from 0.5 to 0.8, before or at@pas

A spectral analysis of the LAT data found that the source was best fisytwer law with an
exponential cutfi with parameters: spectral inde¥s2.21+ 0.04(statk 0.06(syst); cutfi energy
is 6.3+ 1.1(staty 0.4(syst) GeV; flux above 100 MeV is (0.82.03(stat}: 0.07(syst)x10 6 cm2s71,
The best fit spectrum to the LAT data is shown in the left panel of Fig. &thay with TeV data
points from literature. There was no indication of significant spectralty with orbital phase.

5.2 LS 5039

Analysing the region around LS 5039, as seen by the LAT, is much moiiechiag due to
it's location close to the Galactic plane in a region of high Galactiugé emission and the pres-
ence of a nearby, bright pulsar (PSR J182856). Even so the LAT detects a source consistent
with the known location of LS 5039 at the level €28.5 based upon 11 months of survey ob-
servations (Abdo et al., 2009f). Timing analysis of the dataset indicatesadjt flux modulation
of, P= 3.903+ 0.005 days, consistent with known orbital period of LS 5039 and unarobgiy
confirms the source identification. Theray modulation peaks at phas6.0-0.1, close to superior
conjunction (phase 0.06) while the TeV flux modulation peaks close to infesigjiunction (phase
0.72).

In analysing the spectrum of the source, contamination from the nealsarpvas minimised



Fermi — Galactic Sources Adam B. Hill

by excluding events which arrive during the peaks in the pulsar phade 175 ¢ <0.3 and
0.625< ¢ <0.775 were excluded; see Abdo et al., 2009b). The source is begtfppdwer law with
an exponential cutdwith parameters: spectral inddx1.9+ 0.1(statk 0.3(syst); cutff energy is
2.1+ 0.3(stat)k 1.1(syst) GeV; flux above 100 MeV is (4490.5(stat)+ 1.8(syst)x10~’ cm 2 s,
The best fit spectrum to the LAT data is shown in the right panel of Fig.g&ther with TeV data
points from literature.

Significant spectral variability with orbital phase is seen in the LAT data. Speetral shape
varied such that the spectrum is softer around periastron and is laaotdexd apastron (Abdo et al.,
2009f). Spectra were extracted for inferior conjunction (€.45<0.9) and superior conjunction
(0.9< ¢ <0.45). The LAT data find a power-law spectrum wiitk: 2.25+0.11 at inferior conjunc-
tion with no energy cutly statistically significant. At superior conjunction a power law with an
exponential cutfi was preferred with" = 1.91+0.16 and a cutfi energy of 1.20.5 GeV.

Abdo et al., (2009f) raise the intringuing possibility that the emission irFtrenirange from
both LS 5039 and LS $61°303 is magnetospheric emission as seen in the dozens of pulsars that
have now been detected Bgrmibased upon the similarity in the spectra observed in the pulsars
and these two binaries. In the case of the pulsars, thdfenergy is thought to be set by the
balance between acceleration and losses to curvature radiation. If thesgagh in the binaries
then we would expect some level of pulsed emission.

6. Conclusions

In its first year of operations théermi-LAT has made a large number of discoveries, many
of them being Galactic objects. Many of these discoveries have beeificgicrelated to pulsar
emission; for the first time pulsars have been discovered on the basihafteéggy emission alone.
A large population of pulsars, some of them radio-quiet and a large nushbeHlisecond pulsars,
have been revealed. In many instances these are sources whichmidestiied EGRET sources
as counterparts, answering the long standing question of the nature pbifitaese objectdermi
has revealed the first detectionyefay emission from a globular cluster, 47 Tucanae, which is be-
lieved to arise from the presence of up to 60 millisecond pulsars within the Glakteontributing
to the overall emission.

By its very nature pulsar emission is pulsed therefore making it possible t@sutite pulsar
emission and investigate other astrophysical objects in the region more daséyample of this
technique has been shown in the analysis of the Crab Nebula, by sulgréetipulsed emission,
the details of the nebula spectrum were unveiled allowing both the falling ddge synchrotron
and rising edge of the inverse Compton emission to be seen. Additionally)yaisanf the Crab
pulsar spectrum measured theay cutdf energy for the first time.

FermiLAT has confirmed that the high-mass X-ray binaries, LS 5039 and k81f303,
both emit aty-ray energies; the detection of flux modulation on the known binary orbéiabgs
removes any question about their association. How&eemi has raised a new question about the
nature of the emission as both sources show very similar spectral shapestany pulsars now
observed. Do these systems have some magnetospheric component tmibsore? If this is the
case then there should be pulsed emission which would finally identify theenafttihe compact
objects within these systems.
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With only a year of observations having passed there is plenty more wdr#listovery to be
done.
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