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VERITAS

>  four 12 m Imaging Atmospheric 
Cherenkov Telescopes
>  angular resolution: <0.1o

>  field of view: 3.5o  

Fred Lawrence Whipple Observatory, Arizona

>  energy range: 0.1 to >30 TeV
>1100 hrs/year of observations; 

summer shutdown
>  >300 h of binary data taken 

since Summer 2007
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VERITAS - sensitivity

major upgrade in Summer 2009: 
array layout and optics optimized

Summer 2011: trigger upgrade
Summer 2012: major camera upgrade

T4
Spring 2007

T2
Spring 2006

T3
Fall 2006

T1
Spring 2005

T1 relocated
Fall 2009



Gernot Maier  |  VERITAS Results on Variable Galactic Gamma-Ray Sources |  Dec 2010 

A new (?) variable Galactic source: the Crab Nebula

>  AGILE: Sept 19-21 2010
 flux > 100 MeV: ~2-2.5 times higher 

than average

>  Fermi LAT: Sep 18-22 2010 
 flux >100 MeV: (5.5±0.8) times higher 

than average flux
 hard spectrum with index: 2.7±0.2 

> ARGO-YBJ Sept 17-22 2010
 flux >1 TeV: ~3-4 times higher than average 

(but ~4σ ‘signal’ only)

> VERITAS observations Sept 17-20 
2010 and Sept 24/25 (moonlight)

 ~2h+2h observations
 40σ gamma-ray signal, combined statistical 

error <10%
 flux >200 GeV and >1TeV: no evidence for 

enhancement

Observing conditions...

(Photo by N.Otte)

ATel #2968
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VERITAS observing windows

>MAGIC Sept 20th 2010
 no evidence for enhancement > 1 TeV
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HESS J0632+057 - a new VHE binary?

> discovered by H.E.S.S. in 2004/2006
(Γ=2.53, F(>1 TeV) ~3% CU)

>  coincident with massive B-star 
 MWC 148

>  no binary system identified 
(e.g. Aragona et al 2010)

>  variable hard-spectrum (Γ=1.2-1.9) X-ray 
source
(hours: XMM-Newton (Hinton et al 2009), weeks/
months: Swift-XRT (Falcone et al 2010))

>  faint point-like, variable radio source
(<2’’ extension, 0.2-0.4 mJy, Skilton et al 2009)

>  not detected by Fermi LAT

>  What is it? 
  a new TeV binary? (Hinton et al 2009)

  an unusual isolated massive star?
(confined stellar wind, Townsend et al 2007) 
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Figure 1. X-ray light curve of XMMU J063259.3+054801 from the Swift-XRT
observations in the 0.3–10 keV band. The bottom panel shows the flux derived
from binning up all photon events into time bins that are illustrated by the
horizontal error bars and finding the best-fit spectral model with NH fixed to
3.1×1021. The flux in the top panel explores temporal variability in more detail
by deriving the flux directly from the X-ray rate light curve, with a flux-to-rate
ratio derived for each of the spectral time bins defined by the horizontal error
bars in the bottom panel (this assumes that spectral variability is a negligible
effect within each time bin).
(A color version of this figure is available in the online journal.)

Figure 2. X-ray hardness curve of XMMU J063259.3+054801, where hardness
is defined as the flux in the 2–10 keV band divided by flux in the 0.3–2 keV
band. The mean hardness is shown as a solid line. A fit to this line produces a
reduced χ2 of 2.01 with 24 degrees of freedom.
(A color version of this figure is available in the online journal.)

is not poor enough to claim significant evidence of spectral
variability.

A simple absorbed power-law model, with NH left to vary
freely, was fitted to the time binned data. The NH was not
found to vary significantly. The mean NH was found to be
3.3±0.2×1021 cm−2, and all values are consistent, within error,
with the value obtained from earlier XMM-Newton observations,

Figure 3. Spectral parameters from application of an absorbed power-law model
to time binned Swift-XRT observations of XMMU J063259.3+054801. The top
panel is the power-law photon index. The bottom panel is the reduced χ2 of the
model fit. Vertical error bars represent 90% confidence range. Horizontal error
bars represent the extent of the time region used in the binning, which is the
same temporal binning that was shown in Figure 1.
(A color version of this figure is available in the online journal.)

Figure 4. Absorbed power-law model fit to sum of all Swift-XRT data analyzed
in this Letter. NH is fixed to the value obtained previously by XMM-Newton,
and the photon index is found to be 1.56 ± 0.06, with a reduced χ2 of 0.89.
Residuals are shown in the bottom panel.

3.1 ± 0.3 × 1021 cm−2 (Hinton et al. 2009). For all subsequent
fitting, the NH was fixed to the value obtained from the XMM-
Newton observations. The photon indices from these fits are
shown in Figure 3. The time axis error bars represent the full
extent of the time bin used for each model fit, and the vertical
error bars are 90% confidence level error bars. We also binned
all of the data together to obtain a combined fit of an absorbed
power law to the entire data set. The photon index was found to
be 1.56 ± 0.06, and the fit of the absorbed power law resulted
in a reduced χ2 of 0.89 with 72 degrees of freedom. The model
and data for the overall fit are shown in Figure 4.

A power spectrum periodicity search was performed on the
overall light curve shown in Figure 1, using a Lomb normalized
periodogram which is applicable to unevenly spaced data (Press
et al. 2007). However, no significant periodic signal can be
discerned from these data.
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'long-term X-ray light curve study and search for orbital periods up 
to several months:: Falcone et al 2010/11 (soon to be submitted)
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HESS J0632+057 - VERITAS results

> 30 h in Dec 2006 - Jan 2009: 
not detected by VERITAS
(ApJ 687 L94 (2009))

>  excluded with ~4σ confidence that HESS 
J0632+057 is a steady gamma-ray emitter

>  H.E.S.S./VERITAS campaign in 
2009/2010 (publication in prep)

>  8h in Oct 2009: no detection
>  20 h in Feb/March 2010: 

clear detection (7.5 σ)

>  VERITAS position in agreement with 
HESS J0632+057 and MWC 148

>  clearly variable in VHE gamma rays
> is it a VHE binary? Need detection of 

orbital modulation (at any wavelength)
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But: no very detailed modeling for VHE 
emission, no flux prediction, SED, etc.

>  HMXB, Be-star and X-ray pulsar (PSpin=104s)

>  giant X-ray outbursts about every 5 years
(October 1980, June 1983, March/April 1989, February 
1994, May/June 2005, December 2009)

>  orbital period 110 d, eccentric orbit (e= 0.47)

>  distance 2.4±0.4 kpc

>  large magnetic field (~1013 G)

>  no radio emission detected

>  VHE emission:
• similar to PSR B1259-63/LS 2883 (?)
• Cheng & Ruderman mechanism 
(acceleration of hadrons in the magnetosphere and 
subsequent interaction with the accretion disk; VHE 
maximum expected about 10-20 days after X-ray flare 
(Romero et al. 2001, Orellana & Romero 2004))
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VERITAS ToO on flaring Be binaries: 23 h of observations at >70 deg

coverage of flare 
phase, apastron and 
periastron approach 

1A0535+262 - a flaring binary
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1A0535+262 - multi-wavelength results

1

10

100

no
rm

al
iz

ed
 c

ou
nt

s s
!1

 k
eV

!1

1 102 5 20

!4

!2

0

2

!

Energy (keV)

Joint Swift/XRT and RXTE/
PCA spectral modeling

good fit with blackbody+thermal 
Comptonization for all 

observations

Flare - rising Flare - falling

Apastron Periastron approach

preliminary

preliminary

preliminary

preliminary

VERITAS E>300 GeV

Fermi LAT
no detection during VERITAS observing periods

upper limits E>200 MeV: 
~2x10-8 ph cm-2s-1

no indication for a non-thermal particle 
population at any wavelength

 need order of magnitude more sensitive 
observations to constrain theoretical models

no detection at VHE



orbital phase
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-ra
y 

ra
te

 [1
/m

in
]

γ

-0.2

0

0.2

0.4

0.6

0.8
September 2006
October 2006
November 2006
January 2007
February 2007L126 ABDO ET AL. Vol. 701

Figure 2. Fitted spectrum of LS I +61◦303 to the phase-averaged Fermi data.
The solid red lines are the ±1σ limits of the Fermi cutoff power law; blue (open
circle) data points from MAGIC (high state phases 0.5–0.7); black (filled circle)
data points from VERITAS (high state phases 0.5–0.8). Data points in the Fermi
range are likelihood fits to photons in those energy bins. Note that the data from
the different telescopes are not contemporaneous, though they do cover multiple
orbital periods.

probability to incorrectly reject the power-law hypothesis was
found to be 1.1 × 10−9. The best-fit exponential cutoff returns
a test statistic (Mattox et al. 1996) significance value of about
4770, or roughly 70σ . The photon index is Γ = 2.21 ± 0.04
(stat) ± 0.06 (syst); the flux above 100 MeV is (0.82 ± 0.03
(stat) ± 0.07 (syst)) ×10−6 ph cm−2 s−1 and the cutoff energy is
6.3 ± 1.1(stat) ± 0.4(syst) GeV (see below for a discussion of
systematics). A total of 135,659 photons were found in the 10◦

region. Evaluating the fit parameters, 6467 ± 80 photons were
observed from LS I +61◦303 above 100 MeV. Figure 2 shows
the best-fit cutoff power-law model as well as the fluxes fit per
energy bin and archival data from MAGIC (Albert et al. 2009)
and VERITAS (Acciari et al. 2008).

A number of effects are expected to contribute to the sys-
tematic errors. Primarily, these are uncertainties in the effective
area and energy response of the LAT as well as background
contamination. These are currently estimated by using outlier
IRFs that bracket our nominal ones in effective area. These are
defined by envelopes above and below the P6_V3 IRFs by lin-
early connecting differences of (10%, 5%, 20%) at log(E/MeV)
of (2, 2.75, 4), respectively. Other potential sources of sys-
tematic effects investigated are: fitting technique; cuts applied
(zenith angle, minimum and maximum energies); and details of
the diffuse modeling. The systematic errors estimated using the
bracketing IRFs were found to be greater than these additional
effects, hence the bracketing IRF results were quoted for the
upper limits on the systematics.

2.2. Timing Analysis

LAT light curves were extracted using aperture photome-
try. The LAT PSF is strongly energy dependent and, particu-
larly since LS I +61◦303 is located in the Galactic plane, there
is also significant contribution to the flux within an aperture
from diffuse emission and point sources that depends on the
aperture size and the energy range used. The aperture and en-
ergy band employed were independently chosen to maximize
the signal-to-noise level. The optimum aperture radius was
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Figure 3. 100 MeV–20 GeV 1 day binned Fermi light curve of LS I +61◦303
covering the period 2008 August 4 through 2009 March 24. The vertical lines
indicate the zero phase from Gregory (2002).

found to be approximately 2.◦4 in the energy range 100 MeV–
20 GeV. The time resolution of the light curve was 11,478 s,
equal to twice the Fermi orbital period. Exposures were calcu-
lated using gtexposure and used to determine the count rate
in each time bin. In the exposure calculation, the spectral shape
is assumed to be a power law with a photon index of 2.4. The 1
day binned light curve is shown in Figure 3. Contributions from
the nearby source and Galactic and extragalactic diffuse back-
grounds were estimated based on the spectral fit and subtracted
from the light curve.

A search was made for periodic modulation by calculating
the periodogram of the light curve (Lomb 1976; Scargle 1982).
Since the exposure of the time bins was variable, the contribution
of each time bin to the power spectrum was weighted based
on its relative exposure. The periodogram of the unbinned,
unsmoothed light curve is shown in Figure 4. The vertical line
marks the Gregory (2002) orbital period and a highly significant
peak is detected at this period. The significance levels marked
are for a “blind” search with 500 independent frequency steps,
however, the effects of the tuning of the aperture radius and
energy range are not taken into account. The period and its error
from the LAT observations were estimated using a Monte Carlo
approach: light curves were simulated using the observed LS
I +61◦303 light curve and randomly shuffling the data points
within their statistical errors, assuming Gaussian statistics. The
corresponding periodogram was then calculated and the location
of the peak at ∼26.5 days was recorded. From ∼250,000
simulations, the distribution of values gives an estimation of
the measured orbital period and its associated error of 26.6 ±
0.5 days (1σ ).

The binned LAT light curve folded on the Gregory (2002)
period with zero phase at MJD43, 366.2749 (Gregory et al.
1979) is shown in Figure 5. The folded light curve shows
a large modulation amplitude with maximum flux occurring
slightly after periastron passage. The overall light curve can be
fit reasonably well by a simple sine wave, yielding a reduced χ2

ν
of 1.4 for 1682 degrees of freedom (dof). However, if we use
the known orbital period and ephemeris of the system (Gregory
2002) to fit a sine wave to each of the individual nine orbits
observed, then we find that the best-fit amplitude varies between
6.8 ± 0.9 and 2.2 ± 0.9 ×10−7 ph cm−2 s−1, which suggests
some orbit-to-orbit variability.
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LS I +61 303

> compact object orbiting a Be companion star 
> 26.5 day, inclined orbit, e=0.54, circumstellar disk
>  extended radio structure; microquasar? 

(but radio images shows orbital morphology change)

> strong VHE emission only near apastron: 
15-20% of Crab Nebula Flux (MAGIC/VERITAS) 

> GeV emission peaks near periastron; 
6 GeV cut-off; orbital modulation; orbit-to-orbit 
variations; 

>  GeV spectrum looks like a pulsar (?)

516 ARAGONA ET AL. Vol. 698

Figure 2. Radial velocity curve of LS I +61 303. Periastron corresponds to
φ(TG) = 0.275 and is marked as a dotted line in this plot. The points plotted
as open diamonds are from Grundstrom et al. (2007), crosses are from Casares
et al. (2005a), and filled circles are from this work.

Figure 3. Orbital geometry of LS I +61 303, looking down on the orbital plane,
showing the relative orbits (r/a) of the optical star (12.5 M!; Casares et al.
2005a) and its compact companion of unknown mass. The relative orbit of the
compact object is shown as a solid line, while the Be star’s relative orbit depends
greatly on the mass of the companion. The dashed line indicates the Be star’s
orbit assuming a 4 M! black hole, while the dotted line assumes a 1.4 M!
neutron star. The relevant phases of periastron, apastron, and conjunctions
are marked along the orbit of the compact companion. The center of mass
is indicated with a cross, and the thin solid line is the orbital major axis.

our Vr measurements provide excellent coverage of the orbit
with no large gaps in orbital phase, and the errors in our fit
are slightly lower than those of Grundstrom et al. (2007) and
significantly lower than those of Casares et al. (2005a). We also
emphasize that our final orbital solution relies upon the fixed
P from Gregory (2002), but we found very similar values for
each orbital element when we allowed P to vary. We found
P = 26.4982 ± .0076 d using the fitting program of Morbey &
Brosterhus (1974) with the combined Vr data, which is not an
improvement over Gregory (2002).

3. OBSERVATIONS AND RADIAL VELOCITY
MEASUREMENTS OF LS 5039

Spectra of LS 5039 were taken at the CTIO 1.5 m telescope
between 2007 August and 2008 April in service mode. We used
grating 47 in the second order, a 200 µm slit, the BG39 filter, and
the Loral 1K CCD detector. Spectra were wavelength-calibrated
using He–Ar comparison lamp spectra generally taken before
and after each exposure. The observed wavelength region was
therefore about 4050–4700 Å, with 2500 < R < 3150 across
the chip.

For each night that we had service time available in fall
2007, we obtained four to six spectra, each with an exposure
time of 30 minutes. During the spring of 2008, we obtained
two spectra each night of observations, each of 22 minutes
duration. Thus we obtained a total of 98 blue spectra of LS 5039.
The images were zero-corrected, flat-fielded, and wavelength-
calibrated onto a log wavelength scale using standard procedures
in IRAF, and all spectra were interpolated onto a common
heliocentric wavelength grid. The spectra were rectified to a
unit continuum using line-free regions.

Since the signal-to-noise ratio was somewhat low, we chose
to coadd pairs of consecutive spectra from each night. The total
elapsed time during two consecutive observations is only one
hour, about 1% of the orbital period, so coadding the spectra
does not significantly affect the measured Vr. On two nights we
collected an odd number of spectra, and in these cases the last
spectrum of each set was examined individually. Therefore, we
had 50 new spectra from which to obtain Vr measurements and
improve the orbital elements.

The spectra from 2007 August 29, were taken near the time
of inferior conjunction and thus showed the least variation in Vr,
so we chose to average these six spectra to produce a reference
spectrum. This reference spectrum is plotted in Figure 4. Five
lines were examined in each spectrum: Hγ , Hδ, He ii λλ4200,
4542, and He i λ4471. The spectra also recorded the strong
He ii λ4686 line, but a bad column on the chip interfered with
measuring reliable Vr from this line. We performed a cross-
correlation between each spectrum and the reference spectrum
to obtain its relative Vr, and then we used the mean Vr from a
parabolic fit of the line cores in the reference spectrum to find
its absolute Vr.

The period of the system was obtained using the dis-
crete Fourier transform and CLEAN deconvolution program of
Roberts et al. (1987) (written in IDL7 by A. W. Fullerton). The
Vr from our observations were combined with the mean values
from all lines measured by McSwain et al. (2001), McSwain
et al. (2004), and Casares et al. (2005b). The Vr measurements
of Casares et al. (2005b) indicate a value of γ that is sys-
tematically higher than our data sets by 7.0 km s−1, so we
subtracted this value from their measurements. No significant
difference was found between the Vr data presented here and
past measurements obtained by our group. We used all of the
available Vr with the CLEAN algorithm, which found a strong
peak at P = 3.9060263 d (which was improved slightly with the
later orbital fit), nearly identical to the period found by Casares
et al. (2005b). Our group has previously found P = 4.1 d (Mc-
Swain et al. 2001) and P = 4.4 d (McSwain et al. 2004) for
LS 5039, due to the very high scatter in its Vr curve, which
has lead to considerable confusion about the correct orbital pe-
riod of this system. We note that our period search also resulted
in P = 3.906 d when we excluded the data of Casares et al.

7 IDL is a registered trademark of Research Systems, Inc.
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Figure 2. Fitted spectrum of LS I +61◦303 to the phase-averaged Fermi data.
The solid red lines are the ±1σ limits of the Fermi cutoff power law; blue (open
circle) data points from MAGIC (high state phases 0.5–0.7); black (filled circle)
data points from VERITAS (high state phases 0.5–0.8). Data points in the Fermi
range are likelihood fits to photons in those energy bins. Note that the data from
the different telescopes are not contemporaneous, though they do cover multiple
orbital periods.

probability to incorrectly reject the power-law hypothesis was
found to be 1.1 × 10−9. The best-fit exponential cutoff returns
a test statistic (Mattox et al. 1996) significance value of about
4770, or roughly 70σ . The photon index is Γ = 2.21 ± 0.04
(stat) ± 0.06 (syst); the flux above 100 MeV is (0.82 ± 0.03
(stat) ± 0.07 (syst)) ×10−6 ph cm−2 s−1 and the cutoff energy is
6.3 ± 1.1(stat) ± 0.4(syst) GeV (see below for a discussion of
systematics). A total of 135,659 photons were found in the 10◦

region. Evaluating the fit parameters, 6467 ± 80 photons were
observed from LS I +61◦303 above 100 MeV. Figure 2 shows
the best-fit cutoff power-law model as well as the fluxes fit per
energy bin and archival data from MAGIC (Albert et al. 2009)
and VERITAS (Acciari et al. 2008).

A number of effects are expected to contribute to the sys-
tematic errors. Primarily, these are uncertainties in the effective
area and energy response of the LAT as well as background
contamination. These are currently estimated by using outlier
IRFs that bracket our nominal ones in effective area. These are
defined by envelopes above and below the P6_V3 IRFs by lin-
early connecting differences of (10%, 5%, 20%) at log(E/MeV)
of (2, 2.75, 4), respectively. Other potential sources of sys-
tematic effects investigated are: fitting technique; cuts applied
(zenith angle, minimum and maximum energies); and details of
the diffuse modeling. The systematic errors estimated using the
bracketing IRFs were found to be greater than these additional
effects, hence the bracketing IRF results were quoted for the
upper limits on the systematics.

2.2. Timing Analysis

LAT light curves were extracted using aperture photome-
try. The LAT PSF is strongly energy dependent and, particu-
larly since LS I +61◦303 is located in the Galactic plane, there
is also significant contribution to the flux within an aperture
from diffuse emission and point sources that depends on the
aperture size and the energy range used. The aperture and en-
ergy band employed were independently chosen to maximize
the signal-to-noise level. The optimum aperture radius was
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Figure 3. 100 MeV–20 GeV 1 day binned Fermi light curve of LS I +61◦303
covering the period 2008 August 4 through 2009 March 24. The vertical lines
indicate the zero phase from Gregory (2002).

found to be approximately 2.◦4 in the energy range 100 MeV–
20 GeV. The time resolution of the light curve was 11,478 s,
equal to twice the Fermi orbital period. Exposures were calcu-
lated using gtexposure and used to determine the count rate
in each time bin. In the exposure calculation, the spectral shape
is assumed to be a power law with a photon index of 2.4. The 1
day binned light curve is shown in Figure 3. Contributions from
the nearby source and Galactic and extragalactic diffuse back-
grounds were estimated based on the spectral fit and subtracted
from the light curve.

A search was made for periodic modulation by calculating
the periodogram of the light curve (Lomb 1976; Scargle 1982).
Since the exposure of the time bins was variable, the contribution
of each time bin to the power spectrum was weighted based
on its relative exposure. The periodogram of the unbinned,
unsmoothed light curve is shown in Figure 4. The vertical line
marks the Gregory (2002) orbital period and a highly significant
peak is detected at this period. The significance levels marked
are for a “blind” search with 500 independent frequency steps,
however, the effects of the tuning of the aperture radius and
energy range are not taken into account. The period and its error
from the LAT observations were estimated using a Monte Carlo
approach: light curves were simulated using the observed LS
I +61◦303 light curve and randomly shuffling the data points
within their statistical errors, assuming Gaussian statistics. The
corresponding periodogram was then calculated and the location
of the peak at ∼26.5 days was recorded. From ∼250,000
simulations, the distribution of values gives an estimation of
the measured orbital period and its associated error of 26.6 ±
0.5 days (1σ ).

The binned LAT light curve folded on the Gregory (2002)
period with zero phase at MJD43, 366.2749 (Gregory et al.
1979) is shown in Figure 5. The folded light curve shows
a large modulation amplitude with maximum flux occurring
slightly after periastron passage. The overall light curve can be
fit reasonably well by a simple sine wave, yielding a reduced χ2

ν
of 1.4 for 1682 degrees of freedom (dof). However, if we use
the known orbital period and ephemeris of the system (Gregory
2002) to fit a sine wave to each of the individual nine orbits
observed, then we find that the best-fit amplitude varies between
6.8 ± 0.9 and 2.2 ± 0.9 ×10−7 ph cm−2 s−1, which suggests
some orbit-to-orbit variability.
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LS I +61 303

> compact object orbiting a Be companion star 
> 26.5 day, inclined orbit, e=0.54, circumstellar disk
>  extended radio structure; microquasar? 

(but radio images shows orbital morphology change)

> strong VHE emission only near apastron: 
15-20% of Crab Nebula Flux (MAGIC/VERITAS) 

> GeV emission peaks near periastron; 
6 GeV cut-off; orbital modulation; orbit-to-orbit 
variations; 

>  GeV spectrum looks like a pulsar (?)
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Figure 2. Radial velocity curve of LS I +61 303. Periastron corresponds to
φ(TG) = 0.275 and is marked as a dotted line in this plot. The points plotted
as open diamonds are from Grundstrom et al. (2007), crosses are from Casares
et al. (2005a), and filled circles are from this work.

Figure 3. Orbital geometry of LS I +61 303, looking down on the orbital plane,
showing the relative orbits (r/a) of the optical star (12.5 M!; Casares et al.
2005a) and its compact companion of unknown mass. The relative orbit of the
compact object is shown as a solid line, while the Be star’s relative orbit depends
greatly on the mass of the companion. The dashed line indicates the Be star’s
orbit assuming a 4 M! black hole, while the dotted line assumes a 1.4 M!
neutron star. The relevant phases of periastron, apastron, and conjunctions
are marked along the orbit of the compact companion. The center of mass
is indicated with a cross, and the thin solid line is the orbital major axis.

our Vr measurements provide excellent coverage of the orbit
with no large gaps in orbital phase, and the errors in our fit
are slightly lower than those of Grundstrom et al. (2007) and
significantly lower than those of Casares et al. (2005a). We also
emphasize that our final orbital solution relies upon the fixed
P from Gregory (2002), but we found very similar values for
each orbital element when we allowed P to vary. We found
P = 26.4982 ± .0076 d using the fitting program of Morbey &
Brosterhus (1974) with the combined Vr data, which is not an
improvement over Gregory (2002).

3. OBSERVATIONS AND RADIAL VELOCITY
MEASUREMENTS OF LS 5039

Spectra of LS 5039 were taken at the CTIO 1.5 m telescope
between 2007 August and 2008 April in service mode. We used
grating 47 in the second order, a 200 µm slit, the BG39 filter, and
the Loral 1K CCD detector. Spectra were wavelength-calibrated
using He–Ar comparison lamp spectra generally taken before
and after each exposure. The observed wavelength region was
therefore about 4050–4700 Å, with 2500 < R < 3150 across
the chip.

For each night that we had service time available in fall
2007, we obtained four to six spectra, each with an exposure
time of 30 minutes. During the spring of 2008, we obtained
two spectra each night of observations, each of 22 minutes
duration. Thus we obtained a total of 98 blue spectra of LS 5039.
The images were zero-corrected, flat-fielded, and wavelength-
calibrated onto a log wavelength scale using standard procedures
in IRAF, and all spectra were interpolated onto a common
heliocentric wavelength grid. The spectra were rectified to a
unit continuum using line-free regions.

Since the signal-to-noise ratio was somewhat low, we chose
to coadd pairs of consecutive spectra from each night. The total
elapsed time during two consecutive observations is only one
hour, about 1% of the orbital period, so coadding the spectra
does not significantly affect the measured Vr. On two nights we
collected an odd number of spectra, and in these cases the last
spectrum of each set was examined individually. Therefore, we
had 50 new spectra from which to obtain Vr measurements and
improve the orbital elements.

The spectra from 2007 August 29, were taken near the time
of inferior conjunction and thus showed the least variation in Vr,
so we chose to average these six spectra to produce a reference
spectrum. This reference spectrum is plotted in Figure 4. Five
lines were examined in each spectrum: Hγ , Hδ, He ii λλ4200,
4542, and He i λ4471. The spectra also recorded the strong
He ii λ4686 line, but a bad column on the chip interfered with
measuring reliable Vr from this line. We performed a cross-
correlation between each spectrum and the reference spectrum
to obtain its relative Vr, and then we used the mean Vr from a
parabolic fit of the line cores in the reference spectrum to find
its absolute Vr.

The period of the system was obtained using the dis-
crete Fourier transform and CLEAN deconvolution program of
Roberts et al. (1987) (written in IDL7 by A. W. Fullerton). The
Vr from our observations were combined with the mean values
from all lines measured by McSwain et al. (2001), McSwain
et al. (2004), and Casares et al. (2005b). The Vr measurements
of Casares et al. (2005b) indicate a value of γ that is sys-
tematically higher than our data sets by 7.0 km s−1, so we
subtracted this value from their measurements. No significant
difference was found between the Vr data presented here and
past measurements obtained by our group. We used all of the
available Vr with the CLEAN algorithm, which found a strong
peak at P = 3.9060263 d (which was improved slightly with the
later orbital fit), nearly identical to the period found by Casares
et al. (2005b). Our group has previously found P = 4.1 d (Mc-
Swain et al. 2001) and P = 4.4 d (McSwain et al. 2004) for
LS 5039, due to the very high scatter in its Vr curve, which
has lead to considerable confusion about the correct orbital pe-
riod of this system. We note that our period search also resulted
in P = 3.906 d when we excluded the data of Casares et al.

7 IDL is a registered trademark of Research Systems, Inc.

A
ra

go
na

 e
t a

l 
(A

pJ
 2

00
9)

Abdo et al (Fermi LAT) 
(ApJ 2009)

all 
phases

apastron

LAT and TeV data not 
simultaneously taken

2006/2007: 45 h of 2/3 
telescope data, 8.4σ

A
cc

ia
ri 

et
 a

l (
V

E
R

IT
A

S
) A

pJ
 6

79
, 1

42
7 

(2
00

8)

Periastron
0.1 AU

Apastron
0.7 AU

10% CU



Gernot Maier  |  VERITAS Results on Variable Galactic Gamma-Ray Sources |  Dec 2010 

LS I +61 303 in 2008-2010 - VERITAS results

2008/2009: 37 h of data, 3.4σ overall 2009/2010: 18 h of data, 0.8σ overall

data covers almost a complete orbit deep exposure around apastron

5% CU

5% CU

Orbital Phase
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LS I +61 303 in 2008-2010 - VERITAS results

2008/2009: 37 h of data, 3.4σ overall 2009/2010: 18 h of data, 0.8σ overall

data covers almost a complete orbit deep exposure around apastron

5% CU

5% CU

Orbital Phase

 about 55h of VERITAS data since Fermi launch
 no TeV detection Sep 2008- early 2010. Strict upper limits
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LS I +61 303 in 2008-2010 - VERITAS results

2008/2009: 37 h of data, 3.4σ overall 2009/2010: 18 h of data, 0.8σ overall

data covers almost a complete orbit deep exposure around apastron

5% CU

5% CU

Orbital Phase

 about 55h of VERITAS data since Fermi launch
 no TeV detection Sep 2008- early 2010. Strict upper limits

October 2010: periastron detection!
 5% of the Crab Nebula flux at E>300 GeV
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LS I +61 303 - VHE/X-ray correlation

> 15 strictly overlapping RXTE-
PCA, Swift-XRT and VERITAS 
observations

> 2008-early 2010 
measurements: no VHE 
detection

> no indication for X-ray/VHE 
correlation 
(whatever this means for a non-
detection at VHE...)

 LS I +61 303 shows variability on different time scales 
(intra-orbit, orbit-to-orbit, month and years, flares(?))

preliminary
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Summary

>  Binaries are an important part of the VERITAS science program

>  LS I +61 303
  >120 h of data (2006-2010) 

  not detected in VHE since launch of Fermi despite reasonable coverage around apastron and a 
much more sensitive instrument; periastron detection in Sept 2010

>  HESS J0632+057
  confirmed as a variable VHE source in Feb/March 2010; strong detection by VERITAS

  still no clear identification; is it really a binary?

>  1A 0535+262
  major X-ray outburst of HMXB at best observing time for VERITAS

  excellent coverage of flare and following orbit; strong upper limits above 300 GeV

  no indication for non-thermal particle population in X-ray/HE/VHE data

>  Crab Nebula
 no indication for variability detected in Sep 2010 at energies >300 GeV

>  Interested? Guest proposals welcome - next round: Summer 2011


