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How to Make a Gamma-ray Binary?

●Two ingredients needed:	


● Power source.	


● Non-thermal mechanism. e.g. Fermi acceleration at shocks + inverse Compton 
scattering.	


●The “conventional” mechanisms are:	


● Accreting microquasar (stellar mass black hole) with relativistic jets.	


● Pulsar interacting with the wind of a hot (O or B type) companion. Pulsar and 
stellar winds collide and form shocks.
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High-Mass X-ray Binary/Gamma-ray Binary 
Connection?

●X-ray binaries may go through a gamma-ray binary phase early in their 
lives. 	

●A newly born neutron star is expected to be rapidly rotating and highly 
magnetized. 	

●Relativistic pulsar wind interacts with companion's wind and produces 
gamma rays until neutron star has spun down (e.g. Dubus 2006).	

●Meurs & van den Heuvel (1989) predicted ~30 such systems in the	

Galaxy in this brief phase. 

Pulsar wind pressure dominates for: 
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HMXBs Born as Gamma-ray Binaries?

HMXBs containing neutron stars may begin as gamma-ray	

binaries with furiously rotating neutron stars before spinning down.
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The Fermi LAT

● Fermi was launched on June 11, 2008.	


● The primary instrument is the LAT: 100 MeV (or lower) to 300 
GeV (and higher).

The LAT has several advantages over previous 
detectors:	

	
 - Instrument performance: Improved     
effective area, field of view, angular resolution 
compared to EGRET.	

	
 - Observation mode: the LAT has operated     
in sky survey mode most of the time. The 
entire sky is observed every ~3 hours. Can 
study binaries on a wide range of timescales.
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Either the mechanisms that make gamma-ray binaries occur 
infrequently, or else more systems (as predicted) remain to be 
discovered!

Few Gamma-ray Binaries are Known!

● The Fermi LAT initially detected:	


● Cygnus X-3: transient microquasar, Wolf-Rayet (+ black hole?). 4.8 hr orbital 
period.	


● LS I +61 303: Be star, suspected pulsar companion. 26.5 day orbital period.	


● PSR B1259-63: Be star, definite 48ms pulsar companion. 3.4 year orbital period.	


● LS 5039: O6.5V((f)) star, suspected pulsar companion. 3.9 day orbital period.	


● These were all suspected gamma-ray binaries - even 
before Fermi.	


● (Cyg X-1 & HESS J0632+057 not strongly detected with LAT. Cyg X-1 
detected with AGILE. Bodaghee+ 2013 report marginal Fermi detection)
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The Hunt for New Binaries

●Known gamma-ray binaries show modulation on their orbital 
periods.	


●Hope to find new binaries from the detection of periodic 
variability.	


●Even with the improved sensitivity of the LAT, count rates are 
still low.	


● A “bright” source may only give ~20 photons/day.	


●Need to have highest possible signal-to-noise light curves and 
to make sensitive period searches.
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Optimizing Light Curves

● There are two basic ways to make LAT light curves:	


– Maximum likelihood fitting.	


– Aperture photometry.	


● Likelihood fitting is slow, and is difficult/impossible if few/zero photons are present in 
a time bin.	


● Aperture photometry is not optimal. Ignores source photons outside the aperture, 
includes background inside the aperture.	


● Problem compounded by strong LAT PSF energy dependence.	


● Instead, use a “weighted photon/infinite aperture” technique. Sum the probabilities 
that each photon came from source of interest.	


● Can give a significant increase of Signal/Noise.
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Optimizing Power Spectra

● To search for periodic modulation, use power spectra. 	
	
 	
   

● We want ability to search for short orbital periods, like Cyg X-3's 
4.8 hour period.	


● Short time bins are needed (e.g. < 1ks). Shorter than the LAT sky survey  
period of ~3 hours.	


● This gives big variations in exposure.	


● Use “exposure weighting” of each data point's contribution to the power  
spectrum.
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Weighting Power Spectrum Benefit

Exposure-weighting of power spectra is crucial for short (600s) time bins.	

Benefits reduced for longer time bins (e.g. 1 day) with less exposure	

variability.
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Probability Weighted Photometry: Bright Source

For very bright sources there is not necessarily any benefit using probability 	

weighted photometry rather than regular aperture photometry. 
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Probability Weighted Photometry: Fainter Source

For fainter sources, probability weighted photon photometry can give 	

large gain in signal-to-noise level. 
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History: First Large Search and Discovery of First 
New GeV Source (Corbet, Cheung, Kerr+, 2012)

!

● The first Fermi LAT catalog (1FGL) contained 1,451 sources.	


● Made light curves for all sources:	


– 3 degree radius aperture. 	


– 600 s time bins (barycenter corrected).	


– 100 MeV to 200 GeV.	


● Calculated exposure-weighted power spectra for all sources:  0.08 days to 
length of light curve (2 years at that time).	


● Easily detected LS I +61 303 and LS 5039, but not Cyg X-3. (To detect  Cyg 
X-3 must only use data from active states.)	


● And a candidate for a new binary...
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The Discovery of the Binary 1FGL J1018.6-5856

Probability of peak at 16.6 days arising by chance is < 10-7. 	

Second (and possibly higher) harmonics of this period are also seen.
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Flux/Spectral variability on 16.6 day period

●Both gamma-ray flux and spectrum of 1FGL J1018.6-5856  are 
modulated on the 16.6 day period. 	


– Source is harder when bright.

1FGL J1018.6-5856
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Large X-ray variability (Swift XRT)

- Different colors (top panel) show X-ray data from different 16.6 day cycles.	

- Flare-like behavior with peak coinciding with gamma-ray maximum.	

- X-ray modulation also has a quasi-sinusoidal component with peak at phase ~0.4	

Additional Swift observations (An et al. 2013) do not show flare at phase 0(!), but	

do still show quasi-sinusoidal component.	




Stability of 1FGL J1018.6-5856

• Additional Swift observations (An+ 2013) show that X-ray modulation is not as 
stable as initially thought:

17
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Figure 2. Observation times and count rates for Swift observations and results of the spectral analysis. a) Unfolded Swift light curve
in the 0.5–10 keV band. Vertical dashed lines indicate phase 0. b) Swift 0.5–10 keV count rates versus orbital phase. c) 0.5–10 keV
absorption-corrected flux versus orbital phase. d) Power-law photon index versus orbital phase.

spite of exposure at phase 0 in all 3 groups (see Figs. 2
a and b).
We note that there are two low outliers at phase ∼

0.3–0.4 in group 3 (blue in Fig. 2b). For the two, 11
and 13 events were collected in the source region (see
Section 3.3) for 1.4-ks and 1.6-ks exposures, respectively.
We checked if the photon collecting areas were reduced
for the two observations due to bad pixels in the source
region, and found no significant reduction. Therefore, we
included them in the timing and spectral analyses.

3.3. Spectral Analysis

For the Swift data, we extracted the source spectra
from a circle of radius 20′′ and the backgrounds from an
annular region of inner radius 40′′ and outer radius 80′′

centered at the source position. For the observation in
which the source position was offset by ∼ 9′′ compared
with the Chandra position, we shifted the source extrac-
tion region by such amount. The corresponding ARFs
were produced using xrtmkarf and corrected for the ex-
posure using xrtexpomap. Each spectrum had ∼ 10–250
counts in it, and not all the individual spectra were use-

ful for a meaningful analysis. We folded the observations
using 10 phase bins and the Fermi ephemeris because
the latter is more precise than that measured in this
work (see Section 3.2). We then combined the obser-
vations in each phase bin for the spectral analysis. Even
after combining spectra, there were not enough events
in some phases. Therefore we had to further combine
orbital phase bins 7 and 8; see Table 2.
For the XMM-Newton data, we extracted the source

spectrum from circular regions having radius of 16′′ and
background spectra from source-free regions having ra-
dius of 32′′ on the same chip. Corresponding response
files were produced using the rmfgen and the arfgen
tasks of SAS 11.0.0. The spectrum was then grouped to
have a minimum of 20 counts per bin.
We used XSPEC 12.7.1 to fit the spectra. We first

fit the XMM-Newton data (MOS1, MOS2 and PN)
with a simple absorbed power law (tbabs*pow), an ab-
sorbed blackbody (tbabs*bbody) and an absorbed ther-
mal bremsstrahlung model (tbabs*bremss). The power-
law and the bremsstrahlung models fit the spectrum well
(χ2/dof = 95.87/120, 97.00/120, respectively), and the
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Optical Spectrum of 1FGL J1018.6-5856

●H, He I/II lines indicate early 
spectral type.	


●He II 4686Å absorption ⇒ 

main sequence.	


●He II/I ratio ⇒ ~O6.	


●NIII emission ⇒ O6V((f)).	


●Spectral type is almost identical 
to LS 5039.

Interstellar absorption lines ⇒ E(B-V) ~1.25.	


V ~12.6 (ASAS Catalogue)	

Distance ~5 kpc  (± 2kpc)

SAAO 1.9m telescope
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Variable Radio Counterpart

The radio flux appears to be modulated on the orbital period.	

But, no increase at phase 0.	

Radio flux may be following sine wave component of X-ray flux.

(ATCA Radio data)
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TeV Counterpart to 1FGL J1018.6?
• The H.E.S.S. team (2012) reported discovery of HESS 

J1018-589.	


• Positionally coincident with SNR G284.3–1.8 and 1FGL 
J1018.6– 5856 (diffuse extension towards PSR J1016–
5857).	


• TeV emission is  seen (at least  sometimes) from LS 5039 
and LS I  +61 303, 	


• Is this the TeV counterpart of 1FGL  J1018.6??	


• Temporal variability in the TeV source would confirm 
association.	


• Bordas+ (2013) report “first evidence of flux variability”
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1FGL J1018.6-5856 Overview

●1FGL J1018.6-5856 was the first new gamma-ray binary found with Fermi. 	

●X-ray, optical, and radio counterparts were identified.	

●We don't definitely know what is driving the gamma-ray emission.	


● J1018.6 may contain a rapidly rotating pulsar interacting with the wind of an O star.	


● But other explanations might be possible. e.g. magnetar model proposed for LS I + 
61 303 (Torres+ 2012).	


●The multi-wavelength observations were key to demonstrating that this is a gamma-ray 
binary.
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Classification via Multi-Wavelength
●Two facets of multi-wavelength approach:	


● If a gamma-ray source has a stellar counterpart, then it is extremely likely to be a 
gamma ray binary.	


● If modulation at same period as seen in the gamma-ray source is found at another 
wavelength, the identification is definite.	


●Hierarchical approach:	


● Obtain X-ray image of Fermi error box:	


● Swift can reveal brightest sources,  Chandra and XMM provide deeper images.	


● For all X-ray sources detected:	


– Obtain optical spectra, optical photometry, search for 
periodicity	


– Search for (variable) radio counterpart with ATCA etc.



Continued Growth of Binary Signals in 
Known Systems

• In the three “persistent” GeV 
binaries, the signal strength in 
the power spectrum has 
continued to increase.	


• LS I +61 303’s modulation is 
more variable.	


• We hope/expect that there are 
other binaries that are slowly 
climbing in Signal/Noise.
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Contrasts in Long-Term Variability of 
Gamma-ray Binaries (i)

• Wide range in the long-term variability of gamma-ray binaries.	


• Cygnus X-3. Microquasar, Wolf-Rayet primary + black hole (??). 
4.8 hr period.	


• Transient: emits gamma-rays for brief periods of time during 
soft X-ray states.

24

Power spectrum of total light curve reveals only long-term variability.!
To clearly see orbital period in power spectrum must select only active!
states.



Long-Term Variability of Gamma-ray Binaries (ii)

• LS 5039: 3.9 day period, O6.5V primary.	


• Gamma-ray and X-ray emission appear very stable on multi-
year timescales (e.g. Hadasch+ 2012).

25Corbet+; auto-analysis power spectrum



Long-Term Variability of Gamma-ray Binaries (ii)

• LS I +61 303. Be star system with 26.5 day orbital period.	


• Proposed 1667 day superorbital radio and optical period 
(similar to superorbital periods in Be X-ray binaries).	


• Long-term GeV variability in flux and binary modulation 
(Hadasch+ 2012).	


• Ackermann+ (2013) propose GeV properties modulated at 
1667 day (4.6 year) period. (But, not yet covered 2 cycles!)

26

The Astrophysical Journal Letters, 773:L35 (7pp), 2013 August 20 Ackermann et al.
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Figure 2. Long-term evolution of the average γ -ray flux (above 100 MeV) from
LS I + 61◦303 (blue points, left y-axis scale). The superorbital phase is shown
in the top axis. The right y-axis scale and the black dashed points show the long-
term evolution of the power at the orbital period found in the Lomb–Scargle
periodogram.
(A color version of this figure is available in the online journal.)

(Gregory 2002). A variability signature with this period was
also found along several years of X-ray observations (Li et al.
2012; Chernyakova et al. 2012). Figure 2 shows the long-term
evolution of the average γ -ray flux; we use the superorbital pe-
riod of Gregory (2002) to translate time to superorbital phase.
The probability that this evolution is a random result out of a
uniform distribution is <1.1 × 10−12 (χ2, ndf = 75.8, 9).

To check for a possible long-term modulation of the γ -ray
flux at any orbital configuration, we have separated the data
in orbital bins, and plotted the fluxes against the superorbital
phase, as shown in Figure 3. The black line in each of the panels
of Figure 3 represents a sinusoidal function fit to the data points.
The period of this function has been kept (in all panels) at the
value of the superorbital period found in radio (1667 days).
Thus, the function we use to fit the data has three parameters:
average flux level, amplitude, and phase. We have also fitted a
constant line for comparison.

Table 1 shows the quality of the fitting results corresponding
to Figure 3. It has the following columns: the system’s orbital
phase, the corresponding χ2 and degrees of freedom (dof) as
well as the probability that the data are described by either
a constant or a sinusoidally varying flux, and finally the
probability that the improvement found when fitting a sinusoid
instead of a constant is produced by chance. To obtain the latter,
we consider the likelihood ratio test (Mattox et al. 1996). The test
is performed by computing the ratio 2×∆log(likelihood) for the
two hypotheses (constant and sinusoidal) and assuming that, for
a chance coincidence, the ratios are χ2-distributed according
to the difference in the dof between the two hypotheses.
Thus, if the hypothesis of a constant is true, the likelihood
ratio R = −2 ln(L(constant)/L(sine)) is approximately χ2-
distributed with 2 dof. The probability that one hypothesis is
preferred over the other is defined as P =

! Rmeas

0 p(χ2)dχ2

where p(χ2) is the χ2 probability density function and Rmeas the
measured value of R. The constant hypothesis will be rejected
(and the sinusoidal will be accepted) if P is greater than the
confidence level, which is set to 95%. In Table 1, the last column
states the probability that the fit improvement (of a sine over a
constant) is happening by chance (thus, 1 − P ).

Table 1 also shows the sinusoidal fit parameters correspond-
ing to the right-hand panels of Figure 3. The functional form of
the fit is F0 + A × sin((t − T0)/T − φ) × 2π ). Here, T0 and T
are the zero time (T0 = MJD 43366.275) and the period (always
kept fixed at 1667 days in all panels) of the superorbit, respec-
tively (both as in Gregory 2002), t is the time, F0 is the average
flux level, A is the amplitude, and φ represents the phase shift
in the superorbit. The choice of a sinusoidal function for fitting
the data is not based on any a priori physical expectation; the
superorbital variability could be periodic but have a different
shape. However, any periodic function could be described by a
series of sines. Thus, fitting with just one sinusoidal function as
done above is motivated by the relatively low number of data
points.

No strong variability is found at orbital phases 0.0–0.5, while
it is clearly present in the range 0.5–1.0. Concurrently, data at
the orbital phases 0.0–0.5 are not significantly better represented
by a sine than by a constant. However, this is not the case
for the data at the orbital phases 0.5 to 1.0. The probability
that the sinusoidal fit improvement occurs by chance is less
than 1.0 × 10−7 at orbital phases 0.5–0.6, 0.6–0.7, 0.8–0.9, and
0.9–1.0; and 1.4 × 10−5 at orbital phases 0.7–0.8. Whereas the
sinusoidal variation is always a better fit in this part of the orbit,
the amplitude of the fit is maximal in orbital phases before and
after the apastron.

In order to test for the appearance/disappearance of the or-
bital signature in gamma rays, we subdivided the data into the
same time intervals of Figure 1 and applied the Lomb–Scargle
periodogram technique (Lomb 1976; Scargle 1982) to each of
them. To calculate the power spectrum the event selection was
restricted to a ROI of 3◦ radius centered on LS I + 61◦303. The
selected events were used to create a light curve of weighted
counts over exposure with equally spaced time bins of 2.4 hr
width. The weight associated to each event corresponds to the
probability that the γ -ray was emitted by LS I + 61◦303, rather
than by nearby sources or has a diffuse origin. The weights are
calculated using the Science Tool gtsrcprob, adopting the best
spectral–spatial models obtained by the binned likelihood fits
described in the previous section. Before calculating the power
spectrum, we also applied to the light curve the exposure weight-
ing described in Corbet et al. (2007). Figure 4 shows the power
spectra calculated in each of the time intervals. The vertical line
marks the orbital period (as in Gregory 2002). The y-axis in
the periodograms is given in average power units, which con-
verts the original spectrum in units of (photons cm−2 s−1)2 by
normalizing it with the average of the power over all the fre-
quencies ⟨P ⟩. In this way, the units are directly linked to the
significance of the peak, which for a peak of power P̄ is com-
puted as Prob(P > P̄ ) = exp (−P̄ /⟨P ⟩) (Scargle 1982). These
average power values are plotted in Figure 2. A significant peak
is detected at the orbital period, but not in all time intervals. Note
that in some of the panels of Figure 4 there appears to be a shift
of the 26.5 day peak, even though it is within the fundamental
frequency (1/Tobs) of the orbital period. A claim that the period
shift of these peaks is significant would then imply a severe over-
sampling of the Fourier resolution, which for the duration of this
dataset is 3.84 days. The shifted peaks are not significant either
in the single-trial (looking for an specific frequency) or in the
all-trials probability analysis of these power spectra. Thus, we
have now found that along the time covered by our observations,
the power spectrum peak at the orbital period is significant only
at superorbital phases ∼0.5–1.0. At other superorbital phases,
the peak is absent or has a significance less than 3σ .
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Ackermann+: black = flux, blue = orbital modulation Corbet+; auto-analysis power spectrum



Long-Term Variability of Gamma-ray Binaries (iii)

• 1FGL J1018.6-5856. O6V primary (like LS 5039) with 16.5 
day period.	


• As noted earlier, X-ray modulation initially seemed very 
stable, but An+ 2013 found changes in X-ray modulation.	


• There is no strong long-term modulation in gamma-ray flux.	


• We are investigating long-term multiwavelength variability: 
LAT, ATCA, Swift, etc. (Coley+ 2014). 

27Corbet+; auto-analysis power spectrum



The “Missing” GeV Counterpart to 	

HESS J0632+057

• HESS J0632+057 first binary identified 
from VHE emission.	


• ~320 day period found in X-rays with 
Swift (Bongiorno+ 2011, Aliu+ 2014)

28

• Optical counterpart MWC 148 is B0pe, 
radial velocity measurements give e ~0.8 
(Casares+ 2012)	


• No detection with LAT at any binary 
phase (Caliandro+ 2013).

The Astrophysical Journal, 780:168 (14pp), 2014 January 10 Aliu et al.
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Figure 2. Z-transformed discrete autocorrelation function (Z-DCF) for the Swift-
XRT light curve shown in Figure 1. The errors bars denote the 1σ sampling
errors resulting from a Monte Carlo-based error calculation as described in the
text. The dashed line and the blue band indicate the most likely modulation
period of 315+6

−4 days and the corresponding 68% fiducial interval.
(A color version of this figure is available in the online journal.)

new H.E.S.S. measurements is R.A. = 06h32m59.s4±1.s1stat and
decl. = +5◦47′20′′ ± 16.′′1stat (J2000). The positional agreement
between the updated VERITAS and H.E.S.S. position, the
original H.E.S.S. detection (Aharonian et al. 2007) and the X-ray
source XMMU J063259.3+054801, as well as its compatibility
with a point-like source, have thus been confirmed.

The long-term X-ray light curve of XMMU J063259.3+
054801, from 2009 January 26 to 2012 February 12, as mea-
sured with Swift-XRT is shown together with the VERITAS and
H.E.S.S. measurements in Figure 1. The X-ray light curve is
highly variable with several distinguishable features appearing
periodically. The analysis reported here follows closely that in
Bongiorno et al. (2011), but using one additional year of data.
Z-transformed discrete correlation functions (Z-DCFs) are ap-
plied to determine the overall variability patterns in the X-ray
light curve and the correlation between X-ray and gamma-ray
emission (the number of data points in the gamma-ray light
curve is not sufficient for an autocorrelation analysis). The
Z-transformed discrete correlation functions (Alexander 1997)
are based on the discrete correlation analysis developed by
Edelson & Krolik (1997), employing additionally equal popula-
tion binning and Fisher’s Z-transform, that transforms the cor-
relation coefficient into an approximately normally distributed
variable. This leads to a more robust estimation of the correlation
coefficients. Errors on the Z-DCF coefficients are calculated in
this analysis with a Monte Carlo-based approach using 10,000
simulated light curves with flux values randomly changed ac-
cording to their measurement uncertainties and assuming them
to be normally distributed. Time lags and their 68% fiducial
intervals are calculated from the peak likelihood of the Z-DCF
using Bayesian statistics. Z-DCF have been used in preference
to Pearson’s correlation coefficient as the latter does not take
uncertainties on the flux values into account.

Figure 2 shows the results from the autocorrelation analysis
of the X-ray light curve. Flux modulation with a period of
(321 ± 5) days has been presented in Bongiorno et al. (2011),
applying peak-fitting algorithms and Z-DCFs to a subset of
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the Swift-XRT data presented in this paper. The larger data
set available now (154 compared to 112 flux points used
in Bongiorno et al. 2011) results in a compatible period of
315+6

−4 days. We use therefore in this paper the following phase
definition: MJD0 = 54857 (arbitrarily set to the date of the first
Swift observations) and period P = 315 days. It should be noted
that the orbital parameters as derived from Casares et al. (2012)
remain approximately unchanged by this small change in orbital
period (J. Casares 2012, private communication).

The phase-folded X-ray light curves as shown in Figure 3
illustrate the very regular emission pattern of HESS J0632+057
with a strong maximum at phases ∼0.35, a marked dip at phases
∼0.45 and an intermediate flux level at orbital phases ∼0.6–0.3.
There are also indications of a second maximum at phases
∼0.6–0.9, with a flux level about half of that of the main peak
at phases ∼0.35. Apart from this very regular pattern, orbit-to-
orbit variability at X-ray energies is also visible, e.g., around
the region of the emission maxima.

The gamma-ray light curve has been folded with the orbital
period derived from the X-ray data. The uncertainty in the
orbital period translates into a noticeable uncertainty in orbital
phase, since the VHE observations presented here are taken
over a period of ∼8 yr. In order to ensure that none of the
conclusions presented in the following depends on the particular
value of the orbital period, we present in Figure 4 the gamma-
ray light curve folded by a period of 315 days, while in Figure 5
periods of 321 and 311 days have been applied. The phase-
folded light curves reveal several important characteristics of
the high-energy emission: a clear detection of the source in the
phase range 0.2–0.4, around the maximum of the X-ray light
curve, with a flux of 2%–3% of that of the Crab Nebula; a first
detection of a gamma-ray emission component at orbital phases
in the range 0.6–0.9, in which a secondary peak in the X-ray
light curve is also observed; and a non-detected low state at all
other orbital phases.

It should be noted that the H.E.S.S. data set leading to the
detection of VHE emission in orbital phases 0.6–0.9 comprises
observations taken at different epochs, from 2006 March to 2009
October (see Table 1 for details). HESS J0632+057 is detected
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Figure 3. TS map (left) and residual TS map (right; 2FGL sources are included in the model) of the 5◦ × 5◦ sky region centred on HESS J0632+057. The
maps are calculated for E > 300 MeV using photons in the off-pulse and intrapeak phases of PSR J0633+0632. The 2FGL sources are labelled with green
crosses, HESS J0632+057 with a diamond and the position of PSR J0633+0632 with the circle.

With the exception of PSR J0633+0632 and HESS J0633+057,
only one source, 2FGL J0637.8+0737, had TS < 50. Four
sources (2FGL J0636.0+0554, 2FGL J0631.7+0428, 2FGL
J0634.3+0356c and 2FGL J0637.0+0416c) were found with TS
values between 50 and 100 and only 2FGL J0631.6+0640 had
TS > 100. As an initial step, the source with TS < 50 was deleted
from the spectral-spatial model and those sources with 50 < TS <

100 were relocalized to their optimum positions using pointlike.

3.3.2 Source spectrum modelling

The residual off-pulse emission of PSR J0633+0632 is very weak,
with TS = 23. As a consequence, the spectral model was changed
from the superexponential power law, typical of γ -ray pulsars, to a
simple power law.

After this change, we started the source spectrum modelling. In
order to reach a stable solution for all the sources in the region, we
first fit the brightest sources, keeping frozen the other sources to their
nominal spectra. Then, we set free weaker and weaker sources, until
in the last fit all sources had free spectral parameters. In practice,
this consisted of three steps. First, a maximum likelihood fit was
performed withgtlike setting free all the spectral parameters of the
sources with TS > 90 within 3◦ of HESS J0632+057. In the second
step, the fit was repeated setting free also the spectral parameters of
the sources with TS between 50 and 90. Finally, in the third step,
the spectral parameters of all the sources were set free.

This established the best model of the region on the basis of the
2FGL catalogue source population from which additional, newly
found sources could be assessed.

3.3.3 Adding new sources

An iterative procedure was implemented to model excesses in the
residual TS map as additional point sources in the model. The
process consisted of the following stages.

(i) Calculate the residual TS map using the current spectral-
spatial model.

(ii) Add an additional point source to the model at the location
of the highest excess in the TS map, modelled by a simple power
law.

(iii) Fit the best position of the additional source with the
pointlike tool.

(iv) Check the curvature of the spectrum of the additional source.
If curvature is indicated, substitute the initial power-law model with
a log parabola.

(v) Refit with gtlike the spectra of all the sources in the region,
setting free also the spectral parameters of the additional source.

The procedure was repeated until the maximum value within
the residual TS map was less than 15, below which the procedure
would effectively be fitting only statistical noise. Five additional
point sources were added within 3◦ of HESS J0632+057. Three
more point sources were added when the procedure was repeated
enlarging the radius to 5◦. Table 1 summarizes the results obtained
by modelling the region around HESS J0632+057; listed are all the
sources included in the final spectral-spatial model within a radius
of 5◦ from HESS J0632+057.

Of the eight additional sources, one source, ‘New1’, may be a
result of resolving 2FGL J0634.3+0356c into two sources, as the
nominal position of 2FGL J0634.3+0356c was shifted when it was
re-localized in our fitting procedure. Note that this 2FGL catalogue
source was denoted as a ‘c’ source and hence is found in a region of
bright and/or possibly incorrectly modelled diffuse emission (Nolan
et al. 2012). It is worth noting that ‘New2’ is 29 arcmin from 2FGL
J0637.8+0737 (the source deleted from the model in the initial
stage, see Section 3.3.1), although it lies outside the 95 per cent
error radius for this catalogue source.

The majority of the additional sources are very weak. Due to
this and the challenge of modelling the Galactic diffuse emission,
it is very difficult to definitively characterize them as new γ -ray
sources with any confidence rather than statistical fluctuations in
the data or inaccurately modelled regions of the Galactic diffuse
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Fermi Modified Observing Strategy
• Since start of regular observations, Fermi mostly operated in 

sky-survey mode. 	


• Entire sky observed every two orbits (~3 hours).	


• Since end of 2013 new observing strategy in place: 	


• intersperse pointed observations of Galactic center with sky-survey.	


• Benefits:	


• Study pulsars near Galactic center	


• “Peri-center” passage of G2 cloud - coordinated with other missions	


• Better statistics for dark matter search at Galactic center	


• Maintain all-sky coverage	


• Increases exposure of binaries near Galactic center (HMXB population 
known)
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Binary Break from Galactic Center Focus

• PSR B1259-63 has Be star primary and 47.8ms pulsar in 3.4 
year orbit.	


• Next periastron passage ~2014 May 4.	


• Galactic center observations reduced coverage around B1259.	


• For the next ~3 months Fermi returns to regular sky survey 
observations. 	


• Better coverage of B1259 periastron passage (also lower temperature 
improves battery performance).

30Corbet+ 

Red lines mark periastron passage. !
Note that previous LAT maximum occurred 30 days after periastron!
(Chernyakova+ 2014)



The Colliding Wind Binary η Carinae

• η Car is exceptional - contains one of the 
most massive and most luminous stars in the 
Galaxy.	


• “Great Eruption” in mid-19th century: became 2nd 
brightest star in sky for ~decade (now not even top 100)	


• Thought to be binary with highly eccentric (e ~0.9) 5.5 
year period	


• Primary is luminous blue variable M > 100 M☉ , L ~5×106 

L☉	


• Secondary O or Wolf-Rayet star	


• Colliding winds form shocked gas	


• X-ray emission modulated on 5.5 year period

31
Corcoran+ 2005



η Car as a Gamma-ray source?

• Spatial coincidence between AGILE (Tavani+ 2009) and LAT 
(Abdo+ 2010) gamma-ray sources and η Car: 2FGL 
J1045.0-5941	


• Apparent variability of J1045.0 (Reitberger+ 2012)

32
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Fig. 3. Left: flux time history of 2FGL J1045.0−5941 in the 0.2 to 10 GeV energy band obtained by likelihood analysis. Each bin repre-
sents 2.5 months of data. The flux error bars are of 1σ type. The dashed vertical line indicates the time of the periastron passage of the η Car
binary system (e.g., Parkin et al. 2009). Right: cumulative TS-value evaluation of 2FGL J1045.0−5941 as obtained by likelihood analysis in the 0.2
to 10 GeV energy band. Each data point represents the cumulative TS-value of the source for the time interval from the start of the Fermi-LAT
data taking. The dotted blue line is a linear fit to the first nine data points. The dashed green line connects the origin and the cumulative TS-value
obtained last.

along with the overlaid broad-band spectrum. The CPL+PL
multi-component functional form has been applied previously
by Abdo et al. (2010b) and continues to yield better spectral rep-
resentation than a single PL or CPL function. For comparison
to a signal without a second emission component, the spectrum
of the nearby pulsar PSR J1048−5832 (1.2◦ angular distance)
is shown, too. The best-fit parameters are a spectral index Γ =
1.97 ± 0.05 and energy cutoff Ecutoff = 3.5 ± 0.1 GeV with an in-
tegrated flux of F>200 MeV

<100 GeV = (1.20± 0.04)×10−7 cm−2 s−1 for the
CPL, which dominates the low-energy band and Γ = 1.94 ± 0.04
and an integrated flux of F>200MeV

<100GeV = (3.2 ± 0.3)×10−8 cm−2 s−1

for the PL dominant in the high-energy band. The correspond-
ing formal significances of the two spectral components are 30σ
and 16σ, respectively.

3.3. Temporal analysis

We now investigate the flux time history of the observed γ-ray
emission. To search for coarse temporal signatures, two adja-
cent energy intervals were analysed: 0.2 to 10 GeV and 10
to 300 GeV, respectively. This choice corresponds to the appar-
ent structure in the spectral energy distribution (SED) at 10 GeV
as evident in Fig. 2, which marks the transition between two
spectral components. On the basis of 35 months of Fermi-LAT
data it is not useful to search the power spectrum for the ex-
istence of the characteristic ∼5.5 yr orbital period in the η Car
system. Therefore we restrict the temporal analysis to flux vari-
ability investigations, conducted over the whole energy interval
and in the two energy regimes separately.

3.3.1. Flux studies in the lower-energy band (0.2 to 10 GeV)

In Fig. 3, left, we show the flux time history of
2FGL J1045.0−5941 for the energy band 0.2 to 10 GeV
as obtained by likelihood analysis. The dataset was di-
vided into fourteen consecutive intervals, each represent-
ing 2.5 months. For each time bin a CPL function (all
parameters free) was fitted to the data. The average photon

flux is (1.29 ± 0.01) × 10−7 cm−2 s−1. Taking this value as the
hypothesis for a non-varying source, a χ2-test gives a proba-
bility of 99.986% (corresponding to 3.8σ) that this hypothesis
is false. Conducting the same study on the two nearby pulsars
PSR J1048−5832 and PSR J1044−5737 (at angular separation
of 1.2◦ and 2.0◦), which are expected to show a steady flux
behaviour, we obtain merely a 1.3σ and 0.8σ significance of
null-hypothesis violation.

We conclude that in contrast to the nearby pulsars, the γ-ray
source 2FGL J1045.0−5941 does show a significant degree of
variability in the low-energy band. Detailed analysis shows that
this is mainly because of the low flux values obtained for the
most recent 12.5 months of our data sample. The mean flux
for this period lies about a factor 1.7 below the mean flux of
the remaining data sample. The nearby pulsars do not show this
downward trend.

The corresponding cumulative TS-value evaluation for
2FGL J1045.0−5941 is shown in Fig. 3, right. A non-variable
source is expected to show a linear increase in the cumulative
TS-value (Mattox et al. 1996) and deviations from that can be an
indication of statistical fluctuations, stochastic flux variability,
or periodic flux variation. In addition to minor deviations, the
figure indicates an approximately linear rise in the cumulative
TS-value for the first 22.5 months of 2FGL J1045.0−5941 data
(blue dotted line). Then, however, the growth in TS decreases in
correspondence to the lower flux values in Fig. 3, left. Thus, the
conclusions motivated by the light curve are reinforced by the
cumulative TS evaluation.

3.3.2. Flux studies in the higher-energy band
(10 to 300 GeV)

Figure 4 is the equivalent of Fig. 3 for the energy regime between
10 and 300 GeV. Due to the lower statistics at higher energies,
the time binning was increased from 2.5 to 5 months. The first
two bins – representing the flux of the first ten months of Fermi-
LAT observation – are about a factor of 2.5 higher than the fol-
lowing five bins. For the most recent five months only an upper

A98, page 4 of 9

• Not a “gamma-ray binary” as it doesn’t contain a compact 
object, but may be “gamma-ray emitting binary”!	


• Now have one orbital cycle and can start to look for binary 
modulation to prove η Car association: next periastron is 
late July/early August 2014.

blue line = periastron
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Fundamental Revisions to LAT Data Extraction

●Extraction of gamma-ray information from the LAT is 
complicated.	


● Gamma rays create electron-positron pairs in the LAT. 	


● Electrons & positrons create tracks, and release their energy in the LAT 
tracker and calorimeter.	


● The tracker and calorimeter information must then be used to reconstruct 
the energy and direction of the gamma ray.	


●Must distinguish between low gamma-ray rate, and higher rate 
charged particle background.
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LAT Data Releases

●Versions of algorithms/software are called “Passes”. 	


● Pass 6 was used at launch, Pass 7 “reprocessed” (P7REP) is 
the current version.	


● P7REP uses improved calibration, includes correction for 
small time-dependent change in energy scale.
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Fermi-LAT data reprocessed with updated calibration constants
J. Bregeon
INFN-Sezione di Pisa, Largo Pontecorvo 3, Pisa, I-56127, Italy
E. Charles, M. Wood
KIPAC and SLAC National Accelerator Laboratory, Menlo Park, CA, USA
for the Fermi-LAT collaboration

Four years into the mission, the understanding of the performance of the Fermi Large Area Telescope (LAT) and
data analysis have increased enormously since launch. Thanks to a careful analysis of flight data, we were able
to trace back some of the most significant sources of systematic uncertainties to using non-optimal calibration
constants for some of the detectors. In this paper we report on a major effort within the LAT Collaboration
to update these constants, to use them to reprocess the first four years of raw data, and to investigate the
improvements observed for low- and high-level analysis. The Pass 7 reprocessed data, also known as P7REP
data, are still being validated against the original Pass 7 (P7) data by the LAT Collaboration and should be
made public, along with the corresponding instrument response functions, in the spring of 2013.

1. Fermi-LAT calibration constants

The Fermi-LAT data acquisition system electron-
ics relies on a number of calibration constants (we re-
fer the reader to Abdo et al. [2009] for more details).
Most of them are either stable or drift very slowly
(∼ 1% per year). We keep track of the calibration
constants for a definite time span with a dedicated
database.

For the Anticoincidence Detector (ACD) subsys-
tem, pedestals, low- and high-range gains need to
be calibrated. For the Tracker (TKR) subsystem,
hot and dead strips have to be identified and the
time-over-threshold charge scale must be defined. For
the Calorimeter (CAL) subsystem, pedestals, gains,
electronics non-linearity and cross-talk are measured
through periodic triggers and charge injection runs.
In addition, two intrinsic characteristics of the CAL
CsI(Tl) crystals must be calibrated: the light yield
and the light tapering. We note in passing that other
calibrations, such as the alignment of the TKR, ap-
pear to have changed negligibly over the mission to
date.

The calibrations constants used for the P7REP data
caused two significant changes with respect to the P7

data: a slight shift in the LAT energy scale, and an im-
provement the shower imaging resolution of the CAL.

1.1. Energy scale

On-orbit, we measure the CsI(Tl) light yield by se-
lecting minimum ionizing protons from the LAT trig-
gers. The calorimeter CsI(Tl) crystals suffer radia-
tion damage, which induces a decrease of the scintil-
lation efficiency by ∼ 1% per year as shown in figure 1.
P7REP data benefited from up-to-date calibration con-
stants for the CsI(Tl) light yield.

Time since launch [years]
0 0.5 1 1.5 2 2.5 3 3.5 4

R
el

at
iv

e 
lig

ht
 y

ie
ld

0.96

0.97

0.98

0.99

1

1.01

PRELIMINARY

Figure 1: Relative variation of the absolute energy scale,
as measured from the pathlength-corrected energy
deposition of on-orbit minimum ionizing protons,
throughout the first four years of the mission.

1.2. Light asymmetry

The attenuation of light along the longitudinal axis
of each CsI(Tl) crystal has to be calibrated on a reg-
ular basis as the light asymmetry between the two
crystal ends is used to reconstruct the longitudinal
position of the energy deposit. The calibration is
performed using cosmic-ray heavy ions that release
their energy only via ionization: heavy ions provide
well localized high-energy depositions, very suitable
for this purpose. As we have learned since launch,
the measurement of light asymmetry has a direct and
significant impact on the determination of the energy
centroid in the calorimeter, which is used in the the
tracking stage of the event reconstruction. This, in
turn, determines the instrument point-spread function
(PSF). P7REP data were processed with light tapering
calibration updated every 2 months.

eConf C121028

Bregeon et al. (2013)

The LAT team is also working on more fundamental changes	

to processing with “Pass 8”...



35

The Promise of Fermi LAT Pass 8

●Pass 8 is radical revision. Potential improvements include:	


● Significant reduction in background contamination.	


● Increased effective area.	


● Improved point spread function.

Atwood et al. (2013)

 4th  Fermi Symposium : Monterey, CA : 28 Oct-2 Nov 2012

If these improvements are realized, then it 	

will provide an enormous boost for 	

“photon-starved” binary searches!
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Summary
• Very few gamma-ray binaries known, even though a population 

of pre-High-Mass X-ray Binaries is predicted.	


• We have developed techniques to increase signal-to-noise of 
LAT light curves and power spectra (and to search for non-
sinusoidal modulation).	


• One completely new system (1FGL J1018.6-5856) was found 
from 2 years' worth of data.	


• There are hints of more systems, and we are using a multi-
wavelength approach to classify these sources.	


• 3rd LAT catalog (3FGL) is being finalized: new sources and 
better source parameters.	


• Pass 8 LAT processing, and continued observations, promise 
improved sensitivity (particularly Galactic center).


