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Pol. measurement in the X/γ bandsγ
- Unexplored area in high energy astro -

What will we learn?
Emission mech: synchrotron, inverse Compton scattering

Why not much explored until now?Why not much explored until now?
Typical pol. expected is small (5-10%) 

Pol. expected only in non-thermal emission (E>>a few keV)p y ( )
Eff. area of X-ray mirrors drops sharply beyond ~20keV 
Need very long observation time, typically a few 100ks
Only one exploratory mission launched into orbit in 1970sOnly one exploratory mission launched into orbit in 1970s
Integral measured polarization in Crab and Cygnus X-1
Future polarization experiments 
PoGOLite61 (2011) will cover 80>E>20keV
GEM mission (2013?) will cover E<8 keV
Astro-H SGD (2015?) will cover 200>E>40 keVAstro H SGD (2015?) will cover 200 E 40 keV



C b N b l P l i ti M tCrab Nebula Polarization Measurements

PoGOLite61 20-80keV +/−3% (1 day) +/−2 deg (1 day)

+/ 1% (10 days) +/ 1 deg (10 day)+/−1% (10 days) +/−1 deg (10 day)



C X 1 P l i ti M tCygnus X‐1 Polarization Measurement

Instrument Energy Pol. degree Pol. angle Ref

Integral 
(IBIS)

250-400keV <20% ? Laurent 2011

400-2000keV 67+/−30% ? Laurent 2011

PoGOLite61 20 80keV +/ 3% (1 day) +/ 2 deg (1 day)PoGOLite61 20-80keV +/−3% (1 day) +/−2 deg (1 day)

+/−1% (10 days) +/−1 deg (10 day)



PoGOLite Instrument



Polarimeter, and Star Trackers,



Polarimetero a e e
Neutron shield 
(5-15cm thick)

Entire assembly Pressure vessel 
rotatable around axis

Detector + electr 
assembly

Mozsi Kiss, PhD thesis (2011 KTH) 



Polarimeter developed at SLAC/KIPACPolarimeter developed at SLAC/KIPAC

Ph i h D t t C ll (PDC)Cross section Phoswich Detector Cell (PDC)Cross section 

BGO 
Shield 

BGO 
Shield 

61 PDC units 



Most other works done at KTH and Stockholm UMost other works done at KTH and Stockholm U

Mozsi Kiss, PhD thesis (2011 KTH) 



Mechanical structure and attitude control 

Direct CoupledEl ti M t

Mozsi Kiss, PhD thesis (2011 KTH) 

Azimuth Direct 
Coupled Motor

Direct Coupled 
Azimuth Motor

Elevation Motor

Elevation 
MotorStar Trackers 



PoGOLite61 PayloadPoGOLite61 Payload

Mozsi Kiss, PhD thesis (2011 KTH) 



Gondola assemblyGondola assembly

Mozsi Kiss, PhD thesis (2011 KTH) 



Gondola in Oct 2010Gondola in Oct 2010



Balloon parachute ladder and gondolaBalloon, parachute, ladder, and gondola



North Pole circumnavigationNorth Pole circumnavigation 



Elevation angle: atmospheric attenuation g p

x1.15
x1 22

Ratio to the vertical

Cygnus X 1

x1.41
x1 55

x1.22
x1.31Crab

Cygnus X-1
~8 hours

x2.0

x1.55
x1.73

~6 hours

?



Science with PoGOLite



Possible targets in the northern skyPossible targets in the northern sky

Target ra,   dec mCrab in Swift/BAT
Crab (nebula+pulsar) 84,    22 1000 PWN and pulsar
Cygnus X-1 300,   35 56-743 HM XB (BH)
Cygnus X-3 308,   41 97-209 HMXB (BH or NS)
Hercules X-1 254 35 32-81 LMXB (NS cyclotron)Hercules X-1 254,   35 32-81 LMXB (NS cyclotron)
Mkn 421 166,   38 6-72 Blazar
GRS 1915 289,   11 147-274 LMXB (BH)



Crab nebula and pulsarCrab nebula and pulsar

Pulsed total



Crab Total Spectral Modelp
‐ Total Pulsed, Off‐Pulse, Nebula ‐

Eckert, D.; Savchenko, V.; Produit, N.; Ferrigno, C., 2010, A&A, 509, 33
“INTEGRAL probes the morphology of the Crab nebula in hard X rays/soft γ rays”INTEGRAL probes the morphology of the Crab nebula in hard X-rays/soft γ-rays

Pulsed component = Count(0.95-0.45) – (0.5/0.3)*Count(0.6-0.9)
Crab nebula total = Count(0.95-0.45) + (0.5/0.3)*Count(0.6-0.9)

F P GO ( it i ) ill i lif bFor PoGO (monitoring) we will simplify by
Pulsed = Count(0.95-0.45) – Count(0.45-0.95)
Total = Count(0.95-0.45) + Count(0.45-0.95)

Pulsed Fraction
= 0.13 + 0.055 log(E/20) [keV]g( ) [ ]



The nebula flux normalized by the pulsarThe nebula flux normalized by the pulsar

Nebula 2c/s (20 80keV)Nebula 2c/s (20-80keV)
2x10^4 per day (6 hrs)
Pulsar 0.3c/s (20-80keV)
3x10^3 per day3x10 3 per day

~0.86?

MJD~55800

+6%

0
We can measure 
daily variability to 

-6%

y y
~2% level.

14 days



Polarization Measurement on Crab

Crab nebula 
6 hrs obs6 hrs obs

S. N. Bakas: Master thesis



Expected Polarization Measurementp

Crab nebula 
6 hrs obs
ΔP(rms) = 3%
Δangle = 2degΔangle = 2deg

We can detect
daily variabilitydaily variability 
in P and angle.

S. N. Bakas: Master thesis



Crab pulsar (P1)Crab pulsar (P1)
Expected polarization at P1 (Δphase=0.1) in 4 days (24 hours)
for Polar cap model (P=80%) and Caustic model (P changes sign)for Polar cap model (P=80%) and Caustic model (P changes sign)

P=80%

CausticCaustic



Crab pulsar polarization
- No reliable prediction -



Cygnus X-1
- Most studied Black Hole X-ray binary -

hard state
soft state

jetorbit 5.6d

hard state



Cygnus X-1: orbital motionCygnus X 1: orbital motion

5.6 days



Cygnus X-1: may flareCygnus X 1: may flare

BATSE (50-300keV) detected 2 bursts
In April 1999.



Pol. meas. of Cygnus X-1 by IntegralPol. meas. of Cygnus X 1 by Integral 

Corona

Soft state

Corona 
from disk?

PoGO Jet?

400-2000keV Jet

250-400keV
Corona 
from disk



Cyg X-1 in hard state
- Physical model -

Flux vs model param Pol degree vs param Pol angle vs param

Thin disc (“sandwich”) Hot spots Spherical corona

Flux vs model param Pol degree vs param Pol angle vs param

P=4-8% Angl = 90 degPoGO PoGO

Correlation

PoGO
PoGO

Correlation



Cygnus X‐1
O bit b bit V i bilit‐ Orbit‐by‐orbit Variability ‐

30-40%

20hrs20hrs



Cygnus X‐1
S ti t L d Hi h C t R t Ti Bi‐ Sorting out Low and High Count‐Rate Time‐Bins ‐

Makishima, K., Takahashi, H. et al. 2008, PASJ, 60, 585
“Suzaku Results on Cygnus X-1 in the Low/Hard State ”Suzaku Results on Cygnus X 1 in the Low/Hard State 



Cyg X-1 flip-flops btwn 2 states at hour scale Cyg p ops bt states at ou sca e

Makishima, K., Takahashi, H. et al. 2008, PASJ, 60, 585
“Suzaku Results on Cygnus X-1 in the Low/Hard State ”

J. Wilm, M. Boeck, et al.  arXiv:0811.2357 



Correl btwn counting rate & polarization?Correl. btwn counting rate & polarization?
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Background: Cosmic Ray Intensity by ACEg y y y

http://www.srl.caltech.edu/ACE/ASC/DATA/level3/sis/

3/1/20113/1/2011

6/1/2011



Technical detailsTechnical details



Crab pulsar: polarizarionp p
Optical band

Polarization degree

Polarization anglePolarization angle



PoGOLite217 effective area


