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The	
  analysis	
  of	
  GBM	
  observa/ons	
  of	
  pulsars	
  presents	
  two	
  main	
  
challenges:	
  	
  
• The	
  background	
  rates	
  are	
  normally	
  much	
  larger	
  than	
  the	
  source	
  
rates,	
  and	
  have	
  large	
  varia/ons.	
  
• The	
  responses	
  of	
  the	
  detectors	
  to	
  a	
  source	
  are	
  con/nuously	
  
changing	
  because	
  of	
  Fermi’s	
  con/nuous	
  re-­‐orienta/on.	
  	
  

Pulsed	
  Frequency	
  and	
  Pulsed	
  Flux	
  Monitoring	
  

The	
  ini/al	
  steps	
  of	
  the	
  pulsed	
  data	
  analysis	
  are:	
  
• Data	
  Screening	
  
• Background	
  subtrac/on	
  of	
  the	
  NaI	
  detector	
  count	
  rates	
  
• Determina/on	
  of	
  fluxes	
  from	
  remaining	
  rates	
  



Text	
  Text	
  

	
  Background	
  Subtrac/on	
  
The	
  rates	
  in	
  each	
  
channel	
  of	
  the	
  12	
  NaI	
  
detectors	
  are	
  fit	
  with	
  a	
  
model	
  with	
  the	
  following	
  
components:	
  
• Models	
  for	
  bright	
  
sources.	
  
• A	
  s/ff	
  empirical	
  model	
  
that	
  contains	
  the	
  low-­‐
frequency	
  component	
  of	
  
the	
  remaining	
  rates.	
  	
  	
  
The	
  fits	
  are	
  made	
  
independently	
  for	
  each	
  
channel	
  and	
  subtracted	
  
from	
  the	
  rates.	
  



Es/ma/ng	
  Pulsed	
  Fluxes	
  

where	
  	
  	
  	
  	
  	
  	
  is	
  the	
  residual	
  rates	
  and	
  	
  	
  	
  	
  	
  	
  	
  the	
  associated	
  errors.	
  	
  

For	
  a	
  given	
  source	
  we	
  combine	
  the	
  rate	
  residuals	
  over	
  detectors	
  
and	
  obtain	
  an	
  es/mate	
  of	
  the	
  variable	
  part	
  of	
  the	
  source	
  flux.	
  	
  
Using	
  a	
  model	
  of	
  the	
  source	
  spectrum	
  and	
  the	
  /me	
  dependent	
  
detector	
  responses	
  we	
  compute	
  the	
  source	
  induced	
  rate	
  	
  	
  	
  	
  	
  	
  
expected	
  in	
  detector	
  i	
  at	
  /me	
  tk	
  if	
  the	
  source	
  has	
  unit	
  flux	
  in	
  the	
  
channel’s	
  energy	
  range.	
  	
  The	
  variable	
  part	
  of	
  the	
  flux	
  	
  	
  	
  is	
  then	
  
es/mate	
  by	
  minimizing	
  



Pulse	
  Searches	
  
We	
  have	
  implemented	
  two	
  different	
  pulse	
  search	
  strategies:	
  
	
  
• Daily	
  Blind	
  Search.	
  	
  For	
  this	
  we	
  compute	
  fluxes	
  from	
  a	
  days	
  data	
  
for	
  24	
  source	
  direc/ons	
  equally	
  spaced	
  on	
  the	
  galac/c	
  plane.	
  For	
  
each	
  direc/on	
  we	
  do	
  an	
  FFT	
  based	
  search	
  from	
  1	
  mHz	
  to	
  2	
  Hz.	
  
	
  
• Source	
  Specific	
  Searches.	
  	
  These	
  are	
  searches	
  over	
  small	
  ranges	
  
of	
  frequency	
  and	
  some/mes	
  frequency	
  rate	
  based	
  on	
  phase	
  
shifing	
  and	
  summing	
  pulse	
  profiles	
  that	
  are	
  made	
  from	
  short	
  
intervals	
  of	
  data,	
  using	
  barycentered	
  and	
  possibly	
  orbitally	
  
corrected	
  /mes.	
  Typical	
  exposure	
  /mes	
  are	
  ~40	
  ks/day.	
  

• 	
  Detected	
  8	
  persistent	
  sources,	
  20	
  of	
  23	
  monitored	
  transients	
  



Blind	
  Pulse	
  Search	
  

Blind	
  pulse	
  search	
  in	
  20-­‐50	
  keV	
  band,	
  for	
  2010	
  January	
  8.	
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GBM	
  Earth	
  Occulta/on	
  Monitoring	
  
The	
  	
  observed	
  count	
  rate	
  in	
  a	
  
240-­‐s	
  window	
  of	
  data	
  is	
  fiied	
  
by	
  a	
  model	
  consis/ng	
  of	
  a	
  
quadra/c	
  background	
  plus	
  
source	
  terms.	
  

shortened by 10 s to remove transient events due
to GBM high voltage turn-on and turn-off. A
spline model is fitted to the 12-25 keV CTIME
data to eliminate large background deviations,
typically on ∼ 100s time scales, due to South
Atlantic Anomaly entries and exits, bright solar
flares, gamma-ray bursts, and other brief bright
events from the GTIs.

Mission averaged energy channel edges are
used in the detector response matrices. Gain
variations in individual detectors due to tem-
peratures or other effects are controlled using
an on-board automatic gain control to keep the
511 keV line in a particular on-board channel
(one of 4096). The maximum temperature vari-
ation observed to date was ∼ 4.35 C in Decem-
ber 2008, which corresponds to a gain change
of 1.36%, which is negligible. Because scintil-
lators are massive compared to semiconductor
detectors, temperature changes have much less
impact for GBM than for other X-ray missions
using semiconductors or CCDs.

For each day, the occultation times for each
source in the catalog are calculated using the
known spacecraft positions. The time of each
occultation step, t0, is taken to be the time for
which the transmission of a 100 keV gamma ray
through the atmospheric column is 50%. A fit
window of data, lasting 240 seconds and cen-
tered on t0 is used for each step. The time
at which the atmospheric transmission reaches
50% is energy dependent, with lower energies
absorbed at lower atmospheric densities so that
a setting step will occur earlier than at higher
energies (see Fig. 1). This energy dependence
is accounted for in the calculation of the atmo-
spheric transmission function T (Eph, t), given by

T (Eph, t) = exp[−µ(Eph)A(h(t))] (1)

where µ(Eph) is the mass attenuation coefficient
of gamma rays at photon energy Eph in air1

and A(h(t)) is the air mass along the line of
sight at a given altitude h(t) based on the US
Standard Atmosphere (1976). This requires in-
stantaneous knowledge of the spacecraft posi-
tion, the direction to the source of interest as

1
http://physics.nist.gov/PhysRefData/XrayMassCoef/ComTab/air.html

seen from the spacecraft, and a model of the
Earth that includes its oblateness. Changes in
chemical content with altitude and changes in
the atmospheric height with solar activity are
not included in the current atmospheric model.
Atmospheric density measurements with sound-
ing rockets (Quiroz 1961) show that at mid-
latitudes the standard deviation of the density
varies from 4% at 30 km to about 20% at 60km
and above. To estimate the effect of these vari-
ations on our Earth occultation flux measure-
ments, we varied the air mass A(h(t)) by 10%
and 50% in fits to the Crab Nebula. This re-
sulted in changes to the daily Crab flux mea-
surements of < 2% in the four bands spanning
12-300 keV. Therefore we ignore the effects of
atmospheric variations in our model.

Measuring the flux from the source of inter-
est requires fitting a model to the count rate
data. For each detector viewing the source of
interest within 60◦ from the detector normal,
within the fit time window, the observed count
rate r(t, Ech) at time t in each energy channel
Ech is modeled as

r(t, Ech) = b0(Ech) + b1(Ech) ∗ (t− t0) +

b2(Ech) ∗ (t− t0)
2 +

n
∑

i=1

ai(Ech) ∗ Si(t, Ech) (2)

where b0(Ech), b1(Ech),and b2(Ech) are quadratic
background coefficients, Si(t, Ech) are source
models summed for the source of interest and
all interfering sources included in the fit, and
ai(Ech) are the fitted scale factors for each
source model. The background is typically
smooth and adequately fitted by the second-
order polynomial within the 240 second fit win-
dow. The source count rate models are given
by

S(t, Ech) = R(Eph, Ech, t)

(

T (Eph, t))

∫

Eph

f(Eph)dEph

)

(3)
where Eph are photon energies, matching the
input side of the time-dependent detector re-
sponse matrix, R(Eph, Ech, t). The assumed en-
ergy spectrum for each source integrated over

4

The	
  source	
  count	
  rate	
  is	
  modeled	
  using	
  an	
  assumed	
  energy	
  spectrum,	
  
convolved	
  with	
  the	
  atmospheric	
  transmission	
  func/on	
  and	
  	
  folded	
  
through	
  the	
  detector	
  response	
  matrix	
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detectors, temperature changes have much less
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chemical content with altitude and changes in
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not included in the current atmospheric model.
Atmospheric density measurements with sound-
ing rockets (Quiroz 1961) show that at mid-
latitudes the standard deviation of the density
varies from 4% at 30 km to about 20% at 60km
and above. To estimate the effect of these vari-
ations on our Earth occultation flux measure-
ments, we varied the air mass A(h(t)) by 10%
and 50% in fits to the Crab Nebula. This re-
sulted in changes to the daily Crab flux mea-
surements of < 2% in the four bands spanning
12-300 keV. Therefore we ignore the effects of
atmospheric variations in our model.

Measuring the flux from the source of inter-
est requires fitting a model to the count rate
data. For each detector viewing the source of
interest within 60◦ from the detector normal,
within the fit time window, the observed count
rate r(t, Ech) at time t in each energy channel
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by
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GBM	
  Earth	
  occulta/on	
  Monitoring	
  (2)	
  

•  Using	
  the	
  first	
  3	
  years	
  of	
  GBM	
  data,	
  a	
  catalog	
  of	
  
209	
  sources	
  was	
  monitored,	
  with	
  99	
  sources	
  
detected,	
  including	
  41	
  of	
  52	
  LMXBs,	
  31	
  of	
  39	
  
HMXBs,	
  12	
  of	
  19	
  BHCs,	
  12	
  of	
  71	
  AGN,	
  the	
  
Ophiuchus	
  Cluster,	
  the	
  Sun,	
  and	
  the	
  Crab.	
  

•  	
  7	
  BHCs,	
  1	
  AGN	
  (Cen	
  A),	
  and	
  the	
  Crab	
  are	
  
detected	
  above	
  100	
  keV.	
  

•  Typical	
  source	
  exposure	
  /mes	
  are	
  3ks/day.	
  	
  

Wilson-­‐Hodge	
  et	
  al.	
  2012,	
  ApJ,	
  Accepted,	
  arXiv:1201.3585	
  

hip://heastro.phys.lsu.edu/gbm	
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Pulsed	
  Frequency	
  

12-­‐50	
  keV	
  Pulsed	
  Flux	
  

12-­‐25	
  keV	
  Flux	
  

25-­‐50	
  keV	
  Flux	
  

50-­‐100	
  keV	
  Flux	
  

100-­‐300	
  keV	
  Flux	
  

Pspin	
  =	
  283	
  s	
  
Porbit	
  =	
  8.96	
  d	
  
wind-­‐fed	
  supergiant	
  

Source	
  Monitoring:	
  
Vela	
  X-­‐1	
  



Source	
  Monitoring:	
  GX	
  301-­‐2	
  

Frequency	
  

12-­‐25	
  keV	
  
Pulsed	
  Flux	
  

12-­‐25	
  keV	
  
Phase-­‐averaged	
  
flux	
  

Pspin	
  =	
  	
  681.6	
  s	
  
Porbit	
  =	
  41.472	
  d	
  
wind-­‐fed	
  
supergiant	
  

GX	
  301-­‐2	
  	
  
Poster:	
  
Pus/lnik	
  	
  
E1.5-­‐0033	
  



XTE	
  J1946+274	
  
Pspin	
  =	
  15.8	
  s	
  
Porb	
  =	
  167	
  d	
  



KS	
  1947+300	
  
Pspin	
  =	
  18.8	
  s	
  
Porb	
  =	
  	
  40.4	
  d	
  



EXO	
  2030+375	
  



EXO	
  2030+375	
  Long	
  	
  Term	
  Behavior	
  



A0535+26	
  

Camero-­‐Arranz	
  et	
  al.	
  2012,	
  ApJ,	
  754,	
  20	
  

Frequency	
  

12-­‐50	
  keV	
  
Pulsed	
  Flux	
  

12-­‐25	
  keV	
  
Phase-­‐averaged	
  
flux	
  

Pspin	
  =	
  103.5	
  s	
  
Porbit	
  =	
  111.1	
  d	
  
Be	
  companion	
  



A0535+26	
  QPO	
  in	
  2009	
  December	
  Outburst	
  

Camero-­‐Arranz	
  et	
  al.	
  2012,	
  ApJ,	
  754,	
  20	
  

•  Centered	
  at	
  62	
  mHz	
  (Dec	
  10	
  ,	
  2009)	
  
•  Strongest	
  in	
  50-­‐100	
  keV	
  band	
  
•  Not	
  detected	
  in	
  12-­‐25	
  keV	
  band	
  
•  Inconsistent	
  with	
  beat-­‐frequency	
  model	
  
•  Could	
  indicate	
  obscura/on	
  by	
  thick	
  inner	
  

disk	
  

•  Central	
  frequency	
  rose	
  from	
  30	
  to	
  70	
  mHz	
  
•  1994	
  QPO	
  –	
  rose	
  from	
  27	
  to	
  72	
  mHz	
  	
  
•  QPO	
  central	
  frequency	
  correlated	
  with	
  pulsed	
  

flux	
  
•  Indicates	
  an	
  accre/on	
  disk	
  is	
  present.	
  



Double-­‐peaked	
  normal	
  outbursts	
  

2009	
  August	
   2010	
  July	
  

A0535+26	
  

GX	
  304-­‐1	
  

2012	
  May-­‐June	
  

Jones,	
  Okazaki,	
  &	
  Coe	
  (in	
  prep.)	
  



GS	
  0834-­‐430	
  

No. 1, 1997 OUTBURSTS FROM X-RAY PULSAR GS 0834[430 391

BATSE. The signi�cances of these Ñuxes were binned into a
histogram and the variance, p2, of this distribution was
calculated. For a Gaussian distribution with no systematic
error, p \ 1. For the 700 days used, a p of 1.65 was
obtained. The error bars in have been multipliedFigure 3
by 1.65 to include systematic errors.

The Ñux data, with errors including systematic errors,
were folded at periods ranging from 1 to 200 days. A s2
value for a constant at each period was calculated. In

the period search results for the �rst �ve out-Figure 4a,
bursts (Nos. 5È9) are shown. A strong peak is located at
107.1 ^ 0.4 days, and a smaller peak can be seen at half that
value. However, in the period search results forFigure 4b,
the last three outbursts (Nos. 9È11), no peak is observed at
107 days ; although a broad enhancement exists near 140
days and a smaller enhancement occurs at half that value. If
all seven outbursts are folded, the peak in s2 is located at
109.9 ^ 0.5 days. The 107.1 day outburst pro�le for the �rst
�ve outbursts is shown versus arbitrary phase in Figure 4c.
The outburst pro�le has no large asymmetries, as also
observed by Granat et al. A power spec-(Lapshov 1992b).
trum analysis was also performed on this data set. This
produced peaks at 105.3 ^ 0.9 days for the �rst �ve out-
bursts and 114.7 ^ 1.1 days for all seven outbursts
(Robinson 1996).

2.2. Pulsed Observations
2.2.1. Epoch-folding Analysis and Period History

An epoch-folding analysis of the 20È50 keV DISCLA
data was performed for the 800 days containing seven out-
bursts of GS 0834[430. In this analysis, data were rejected
when GS 0834[430 was occulted by Earth, or when solar
Ñares, gamma-ray bursts, or other events caused rapid
variations in the counting rates. The count rates were then
summed over the detectors exposed to GS 0834[430, with
a weighting for each detector given by the cosine of the

FIG. 4.ÈA one-day average Ñux history was folded at periods ranging
from 1 to 200 days. A s2 test was performed, comparing the folded data at
each period to a constant value. Data folded for the �rst �ve outbursts, (a)
1991 AprilÈ1992 August, shows a strong peak at 107.1 ^ 0.4 days.
However, data folded for the last three outbursts, (b) 1992 JulyÈ1993 June,
shows no strong peaks. (c) 107.1 day folded outburst pro�le for 1991
AprilÈ1992 August.

aspect angle. Data in 0.5 day intervals were �tted to a model
in which the pulse source Ñux was represented by a �fth-
order harmonic expansion in the pulsar phase. Higher order
terms were neglected because they could not be measured
with the 1.024 s resolution DISCLA data. To represent the
background, the intervals were divided into 300 s segments,
and the background in each segment was modeled as a
quadratic in time. The background model value and slope
were constrained to be continuous at segment boundaries.
In the calculation of pulse phases from folding the DISCLA
data, pulse arrival times were corrected to the solar system
barycenter using the planetary ephemeris Jet Propulsion
Laboratory DE-200 et al. a preliminary(Standish 1992),
binary ephemeris et al. and a pulsar rest(Wilson 1994),
frame phase model. A pulse template was obtained from
folding the DISCLA data during a strong outburst, subtrac-
ting the mean, and normalizing to obtain a mean square
value of 1. The 527 parameterized pulse pro�les obtained
from the 0.5 day interval �ts were then correlated with the
pulse template to obtain a GS 0834[430 pulse intensity
and the phase o†set from the preliminary ephemeris for
each interval. Variations of the pulse shape with time and
their e†ects on model �ts are discussed in ° 2.2.3.

shows the barycentered pulse period historyFigure 5
measured by BATSE and the measured periods obtained by
Granat & Sunyaev(Sunyaev 1991 ; Grebenev 1991 ; Sunyaev
et al. Ginga et al. and ROSAT et1992), (Aoki 1992), (Belloni
al. Three-day intervals of phase o†sets generated1993).
without assuming a binary ephemeris were �tted by �rst-
order polynomials to obtain the periods in the plot. An
orbital signature is strongly suggested by the presence of
spin-up and spin-down trends within outbursts.

2.2.2. Model Fitting and Orbital Constraints

The phase data were �tted with a binary orbit model plus
a global polynomial model. For a �rst-order polynomiall5
in a reduced chi-squared value of was obtained.l5 , sl2 \ 809
For higher order polynomials, e.g., seventh-order, sl2 Z 50.
Clearly, such a model for the spin-up rate was too simple.
Next, / was represented by an orbit plus a di†erent poly-
nomial in each outburst. For emission times within thet

k
em

FIG. 5.ÈPulse period history of GS 0834[430, corrected to the solar
system barycenter, with no binary orbital corrections included. Period
measurements from Granat & Sunyaev(Sunyaev 1991 ; Grebenev 1991 ;

et al. Ginga et al. and ROSAT et al.Sunyaev 1992), (Aoki 1992), (Belloni
are also shown.1993)
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Summary	
  and	
  Conclusions	
  
The	
  full	
  sky	
  coverage	
  of	
  GBM	
  enables	
  long	
  term	
  monitoring	
  
of	
  the	
  brighter	
  accre/ng	
  pulsars	
  allowing:	
  
• 	
  Precise	
  measurements	
  of	
  spin	
  frequencies	
  and	
  orbital	
  
parameters.	
  
• 	
  Study	
  of	
  spin-­‐up	
  or	
  spin-­‐down	
  rates	
  and	
  hence	
  the	
  flow	
  
of	
  angular	
  momentum.	
  
• 	
  Detec/on	
  and	
  study	
  of	
  new	
  transient	
  sources	
  or	
  new	
  
outbursts	
  of	
  known	
  transients.	
  
• 	
  Tracking	
  of	
  QPOs	
  throughout	
  giant	
  outbursts	
  
• 	
  Observa/ons	
  of	
  unexpected	
  outburst	
  behaviors	
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