
Strong	
  Field	
  Neutron	
  Stars	
  
with	
  Astrosat	
  

Dipankar	
  Bha8acharya	
  
Biswajit	
  Paul	
  

Chandreyee	
  Maitra	
  
Dipanjan	
  Mukherjee	
  

Prasanta	
  Bera	
  



Two	
  Classes	
  of	
  Strong	
  Field	
  Neutron	
  
Stars	
  

•  AccreAng	
  X-­‐ray	
  Pulsars	
  in	
  High	
  Mass	
  X-­‐ray	
  
Binaries	
  

•  Magnetars:	
  isolated,	
  magneAcally	
  powered	
  
neutron	
  stars	
  



AccreAng	
  X-­‐ray	
  Pulsars	
  in	
  HMXBs	
  

•  Cyclotron	
  Lines	
  
•  Pulse	
  profile	
  studies	
  
•  Timing:	
  disk-­‐magnetosphere	
  interacAon	
  
•  CorrelaAon	
  of	
  various	
  properAes	
  with	
  
accreAon	
  rate	
  



Cyclotron	
  Lines	
  (CRSF)	
  
•  Resonant	
  sca8ering	
  features	
  from	
  electrons	
  in	
  Landau	
  
levels:	
  Ec	
  ≈	
  12	
  B12	
  keV	
  :	
  esAmate	
  B	
  

•  Key	
  unknowns:	
  
–  LocaAon	
  of	
  line	
  formaAon,	
  field	
  geometry	
  
–  Source	
  and	
  nature	
  of	
  the	
  conAnuum	
  
–  DistribuAon	
  and	
  dynamics	
  of	
  plasma	
  
–  Short-­‐term	
  and	
  secular	
  evoluAon	
  

•  Important	
  observaAonal	
  indicators	
  
–  Ec	
  vs	
  L	
  and	
  pulse	
  phase,	
  line	
  shape,	
  
	
  	
  	
  	
  harmonic	
  spacing	
  
–  Energy-­‐resolved	
  Aming	
  
–  ConAnuum	
  shape,	
  phase	
  dependence	
  



Luminosity	
  dependence	
  of	
  CRSF	
  

•  +ve	
  correlaAon	
  
•  -­‐ve	
  correlaAon	
  
•  No	
  correlaAon	
  
	
  
Different	
  accre-on	
  
regimes?	
  

Correla/on	
  found	
  to	
  depend	
  on	
  con/nuum	
  model	
  
used	
  to	
  fit	
  the	
  data	
  	
  	
  	
  	
  	
  	
  	
  (Ferrigno	
  et	
  al	
  2013)	
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ASTROSAT	
  niche:	
  wideband	
  spectroscopy,	
  high	
  
sensiAvity,	
  simultaneous	
  Aming.	
  
	
  
•  DeterminaAon	
  of	
  conAnuum	
  shape	
  
•  Resolving	
  line	
  structure,	
  harmonic	
  raAos	
  
•  Phase	
  resolved	
  spectroscopy	
  	
  
•  Time	
  (flux,	
  pulse,	
  orbit)	
  resolved	
  spectroscopy	
  
•  Simultaneous	
  variaAon	
  of	
  line	
  and	
  pulse	
  profile	
  	
  
•  Energy	
  resolved	
  Aming	
  	
  
•  Extend	
  studies	
  to	
  weaker	
  sources	
  
•  Find	
  new	
  cyclotron	
  line	
  sources	
  

Cyclotron	
  Lines	
  (CRSF)	
  



Astrosat	
  will	
  be	
  a	
  very	
  capable	
  observatory	
  for	
  
cyclotron	
  lines.	
  
	
  
Baseline	
  Science	
  Proposal:	
  2	
  bright,	
  persistent	
  
cyclotron	
  line	
  sources	
  for	
  phase	
  resolved	
  study	
  at	
  
different	
  luminosity	
  states	
  with	
  SXT,	
  LAXPC	
  and	
  CZTI	
  
	
  
Vela	
  X-­‐1	
  :	
  	
  4	
  observaAons	
  of	
  50	
  ks	
  each	
  
GX301-­‐2	
  :	
  Luminosity	
  variaAon	
  (~10x)	
  highly	
  	
  predictable	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (orbital)	
  –	
  3	
  observaAons	
  of	
  40,	
  30	
  and	
  50	
  ks	
  
	
  



0	
  

20	
  

40	
  

60	
  

80	
  

100	
  

120	
  

140	
  

Vela	
  X-­‐1	
   GX301-­‐2	
   Cen	
  X-­‐3	
   4U1626	
   Her	
  X-­‐1	
   4U1538	
   4U1907	
   IGR16493	
  

Average	
  	
  Fluxes	
  of	
  persistent	
  cyclotron	
  line	
  sources	
  
Av

er
ag
e	
  
15
-­‐6
0	
  
ke
V	
  
flu

x	
  
(m

Cr
ab
)	
  



Vela	
  X-­‐1	
  

10 1005 20 50

0.
1

1
10

10
0

no
rm

al
iz

ed
 c

ou
nt

s s
ï1

 k
eV

ï1

Energy (keV)

Simulated spectra of Vela Xï1 for LAXPC and CZTI

dipanjan  3−Feb−2014 19:03

LAXPC	
  

CZTI	
  

Energy	
  (keV)	
  

Co
un

ts
/s
/k
eV

	
  
15	
  ks	
  



Determining	
  the	
  conAnuum	
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Magnetars	
  
•  Key	
  Issues	
  
– Energy	
  Source:	
  trapped	
  magneAc	
  free	
  energy?	
  
•  B	
  esAmate	
  from	
  spin	
  down	
  rate,	
  proton	
  cyclotron	
  line	
  
•  Long-­‐term	
  monitoring:	
  P	
  variaAons,	
  glitches,	
  outbursts	
  

– Emission	
  Mechanism	
  
•  Broadband	
  spectra	
  
•  Outburst	
  profile	
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Figure 1. Sketch of an activated magnetic loop. Relativistic particles are injected
near the star where B > BQ = 4.4 × 1013 G. Large e± multiplicity M ∼ 100
(Equation (11)) develops in the adiabatic zone B > 1013 G (shaded in blue).
The outer part of the loop is in the radiative zone; here the scattered photons of
energy E = hνsc escape and form the hard X-ray spectrum that is calculated
in Section 3. The outflow decelerates (and annihilates) at the top of the loop,
shaded in pink; here it becomes very opaque to the thermal keV photons flowing
from the star. Photons reflected from the pink region have the best chance of
being upscattered by the relativistic outflow in the lower parts of the loop, and
control its deceleration (Section 2.2).

magnetosphere attached to a conducting sphere (neutron star).
The theory predicts that the magnetic twist concentrates on field
lines that extend far from the conducting star, forming an ex-
tended bundle of electric currents. This “j-bundle” is heated by
ohmic dissipation and emits radiation. The currents are nearly
force-free, j × B = 0, and sustained by a longitudinal voltage
Φ along the magnetic field lines. The net current circulating
through the magnetosphere, I, generates ohmic power L = IΦ
that feeds the observed activity.

Similar ohmic heating occurs in ordinary pulsars, and it may
be useful to compare them with magnetars. In ordinary pulsars,
the magnetospheric twist is pumped at the light cylinder by
the rotation of the star, and ohmic dissipation occurs on the
open field lines. The electric current is then roughly given by
I ∼ cµ̂/R2

lc (where Rlc is the light-cylinder radius and µ̂ is the
magnetic dipole moment of the star), and voltage Φ can exceed
1012 V. The dissipated power IΦ is always smaller than the
spin-down luminosity of the star. In magnetars, surface motions
twist the closed magnetosphere. Then the electric current may
be as large as I ∼ cµ̂/R2, where R is the star radius. The
characteristic voltage is Φ ∼ 109 V (Beloborodov & Thompson
2007). The dissipated power IΦ is typically much larger than
the spin-down power.

Ohmic dissipation tends to gradually remove electric currents
from the closed magnetosphere as described in B09. This pro-
cess creates a growing “cavity” with vanished current density
j = 0. The currents have the longest lifetimes on magnetic field
lines with large apex radii Rmax ≫ R. As a result, the magne-
tospheric activity becomes confined to the bundle of extended
field lines. This theoretical picture agrees with observations (see
Beloborodov 2011 for a review).

Consider magnetic field lines that extend sufficiently far from
the star into the region where B is smaller than a given value
B1. Luminosity that can be generated on these field lines may
be estimated as follows. Approximating the magnetic field by a
dipole configuration with a dipole moment µ̂, one finds that the
field lines reaching the region B < B1 carry the magnetic flux
!1 = 2πµ̂/R1 filling the hemisphere of radius R1 = (µ̂/B1)1/3.

If the field lines are twisted with amplitude ψ , they must carry
electric current (according to the Stokes theorem; see B09 and
Appendix C),

I1 ≈ cψ!1

8πR1
= c µ̂ψ

4R2
1

. (1)

The twist amplitude ψ is measured in radians. It denotes
the relative azimuthal position of the northern and southern
footpoints of the magnetospheric field line. The generated power
is L = I1Φ, which yields

L ≈ 1036 ψ

(
µ̂

1033 G cm2

)1/3 (
Φ

4 × 109 V

)

×
(

B1

1012 G

)2/3

erg s−1. (2)

Strong twists tend to inflate the magnetosphere (Wolfson 1995;
Parfrey et al. 2012a, 2012b). As long as ψ ! 1, this effect is
modest (it scales as ψ2 at ψ < 1; see B09), and the poloidal
field may be well approximated by a dipole configuration with
dipole moment µ̂.

2.2. Interaction of Outflowing Particles with Radiation Field

Discharge with voltage Φ ∼ 109 V injects electrons (or
positrons) with high Lorentz factors γ ∼ eΦ/mec

2 ∼ 103.
The relativistic plasma created near the star expands along the
magnetic field and forms a relativistic outflow, resembling the
outflow along open field lines in ordinary pulsars (however,
here plasma moves along closed field lines and is trapped in
the magnetic loops around the neutron star). Magnetars are hot
and bright; their dense radiation exerts a strong drag on the
magnetospheric particles and controls the outflow velocity. On
the other hand, the plasma significantly changes the radiation
field around the magnetar. The interaction of the flowing e±

plasma and radiation may be described as a self-consistent
radiative transfer problem. This problem is solved numerically
in an accompanying paper (B12). The results can be summarized
as follows.

The outflow interacts with radiation via resonant scattering;
other processes turn out to be unimportant. Consider an outflow-
ing electron (or positron) with Lorentz factor γ = (1 −β2)−1/2,
and a target photon of energy Et propagating at an angle ϑ with
respect to the outflow direction. Resonant scattering can occur
if the photon energy in the electron rest frame,

Ẽ = γ (1 − β cos ϑ)Et, (3)

matches Landau energy h̄ωB ,

Ẽ = h̄ωB = b mec
2, b ≡ B

BQ

. (4)

The relativistic outflow in the low parts of magnetic loops
interacts with thermal keV radiation that has been reflected by
plasma trapped at the top of the magnetic loops (Figure 1). The
outflow sees the reflected photons as main targets because they
propagate at the most favorable angles for resonant scattering
(Appendix A).

Scattering of thermal keV radiation gives a huge energy boost
to photons, on average by a factor of ∼γ 2. The relativistic
outflow experiences significant energy losses by scattering a tiny
fraction of photons around the magnetar. The outflow adjusts so
that its scattering rate is just enough for the self-consistent
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Figure 4. Phase-averaged spectra of NuSTAR, Swift, XMM-Newton, and Chandra data. Best-fit models and additive model components are also shown. Left: blackbody
plus broken power law. Right: blackbody plus double power law.
(A color version of this figure is available in the online journal.)

the background region used. For NuSTAR, which operates in
the 3–79 keV band with a relatively broad PSF, the effects
of the thermal SNR and its spatial variation are likely to be
very small. For other soft-band observatories, we first estimated
the background to source count rates to be ∼15%, 6%, and 5%
for the Swift, XMM-Newton, and Chandra data, respectively.
Although variations on small background levels would not affect
the spectral fit results much, the background level in the Swift
data was relatively high, which may be a concern. Therefore, we
used various background regions in the SNR for the spectral fits
to the Swift and XMM-Newton data. As expected from the count-
rate estimates, the Swift results fluctuated slightly (∼20%–40%
of the statistical uncertainties) depending on the background
region used, but the XMM-Newton results were more stable
(∼6%–20% of the statistical uncertainties). We then used the
various Swift and XMM-Newton backgrounds for the joint fit of
the NuSTAR, Swift, XMM-Newton, and Chandra data and found
that the spectral variations caused by different backgrounds were
typically !10% of the statistical uncertainties.

We find that our best-fit parameters for the absorbed black-
body plus two power law model do not agree with those of
Morii et al. (2010). We checked whether their spectral model is
consistent with the NuSTAR, Swift, XMM-Newton, and Chandra
data. We found that Morii et al.’s best-fit parameters do not de-
scribe our data. The null-hypothesis probability was 7 × 10−4

(χ2/dof = 2601/2375), with a clear trend in the residuals at
high energies ("15 keV). We then varied their best-fit param-
eters for the absorbed blackbody plus two power law model
(NH = 2.836–2.896 × 1022 cm−2, kT = 0.496–0.576 keV,
Γs = 4.39–5.59, Γh = 1.42–1.82) within the uncertainties (de-
fined as the direct sum of the statistical and systematic uncer-
tainties, to maximize the parameter space) using the steppar
command in XSPEC to see if we could find a set of parame-
ters that is consistent with the data. The minimum χ2/dof was
2530/2375, implying a null-hypothesis probability of ∼0.01,
and some of the best-fit parameters hit the limit, reducing the
probability. We then limited the fit to the 0.5–60 keV range
similar to the Suzaku data and still found that the Morii et al.
(2010) best-fit parameters were inconsistent with our data. We
therefore conclude that the X-ray spectrum of 1E 1841−045 we
measured cannot be explained with the spectral model reported
by Morii et al. (2010).

3.3. Phase-resolved and Pulsed Spectral Analyses

We conducted a phase-resolved spectral analysis for three
phase intervals, 0.15–0.5, 0.5–0.8, and 0.8–1.15, to catch distinct
features in the pulse profiles (see Figure 2). The temporal
resolutions of the Swift XRT and XMM-Newton Metal Oxide
Semi-conductor (MOS) CCD arrays are comparable to the phase
intervals we use here, and spectral mixing between different
phases will occur, blurring the spectral differences among the
phase intervals. Therefore, we ignored the Swift and XMM-
Newton MOS data for the phase-resolved and pulsed spectral
analysis below.

We binned the NuSTAR and the soft-band instruments’ spectra
to have at least 50 and 20 counts per spectral bin, respectively,
and froze the cross normalizations to those obtained with the
phase-averaged spectral fit. We fitted the spectra with two
models: an absorbed blackbody plus broken power law, and
an absorbed blackbody plus double power law. We find that
the spectra vary with spin phase, and the detailed variation
depends on the spectral model used. We report the results in
Table 2.

We also fitted the pulsed spectrum after subtracting the
unpulsed spectrum extracted in the phase interval 0.9–1.1. The
Chandra and the XMM-Newton pn CCD data were phase-
aligned with the NuSTAR data by correlating the light curves.
Since the number of pulsed source counts per spectral bin was
small, we used lstat because the usual χ2 method may bias
the results. We then froze the cross normalizations between
instruments to the values obtained with the phase-averaged
spectral fits.

There are not many events in the pulsed spectra, and a simple
power-law model cannot be ruled out. However, we see rising
trends in the residuals in the soft band (!2 keV) and hard
band ("10 keV). Also motivated by the very hard power-law
component (Γ ∼ 0.7) in the pulsed spectrum in the high-
energy band (∼15–200 keV) reported by Kuiper et al. (2006),
we gradually removed the soft bands from the spectral fit to
see if the spectrum becomes very hard above ∼15 keV and
found that indeed it does. We also tried to fit the data using
alternative statistical methods (e.g., the usual χ2 method or
cstat in XSPEC) and found that the alternative methods gave
similar results except for the fit in the 0.5–79 keV band, where
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Magnetar	
  proposal	
  for	
  Astrosat	
  Baseline	
  Science	
  
	
  
•  Two	
  persistent	
  magnetars,	
  100	
  ks	
  each	
  with	
  SXT,	
  
LAXPC	
  and	
  CZTI:	
  	
  1E1841-­‐045	
  and	
  4U0142+61	
  to	
  
invesAgate	
  correlated	
  variability	
  and	
  beaming	
  
pa8ern	
  of	
  low	
  energy	
  and	
  high	
  energy	
  power	
  law	
  
components	
  

•  Follow	
  up	
  any	
  bright	
  Magnetar	
  outburst	
  that	
  
happens	
  to	
  occur	
  during	
  the	
  baseline	
  science	
  period	
  
(All	
  instruments).	
  	
  



1E1841-­‐045	
  with	
  Astrosat:	
  50	
  ks	
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