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Timeline	  

GEMS	  was	  selected	  as	  the	  second	  SMEX	  mission	  in	  2009	  
•  Mission	  to	  measure	  the	  polarizaHon	  of	  faint,	  persistent	  sources	  
•  TPC	  Polarimeter	  behind	  mirrors	  with	  10	  arcmin	  FoV	  
•  TPC	  Polarimeter	  reached	  TRL-‐6	  (2011)	  
•  GEMS	  successful	  PDR	  (2012)	  
•  GEMS	  not	  confirmed	  due	  to	  predicted	  cost	  over-‐run	  (2012):	  	  “..Unacceptable	  cost,	  

schedule,	  and	  technical	  risk	  of	  an	  AO-‐selected,	  cost	  capped	  mission..”	  
•  GSFC	  Management	  issues	  have	  been	  addressed	  

•  	  Polarimeter	  flight	  detector	  components	  assembled	  and	  performance	  tested	  
(2013)	  

•  Design	  improvements	  implemented	  (2014)	  
•  Performance	  tests	  and	  TRL-‐6	  tests	  in	  progress	  (2014)	  

•  	  Many	  flight	  components	  have	  already	  been	  fabricated	  



The	  Observatory	  



The mission design 	


•  Spacecraa	  bus	  from	  Orbital	  (proven	  heritage	  of	  AIM	  &	  GALEX)	  
•  Low	  Earth	  Orbit	  at	  575	  km	  
•  28.5	  degree	  inclinaHon	  
•  PoinHng	  90	  o	  ±	  30	  o	  from	  the	  sun	  
•  Long	  poinHngs	  (1	  -‐	  60	  days)	  
•  ~	  50	  %	  duty	  cycle	  (considering	  earth	  occultaHons	  and	  South	  AtlanHc	  

anomaly	  passages	  with	  the	  voltage	  off)	  
•  All	  the	  sky	  passes	  overhead	  in	  6	  months	  
•  Mission	  OperaHons	  at	  Orbital’s	  mulHsatellite	  faciliHes	  
•  Downlink	  once	  per	  day	  	  
•  Uplink	  once	  per	  week	  
•  35	  sources	  observable	  to	  important	  sensiHvity	  limits	  in	  9	  months	  
•  2	  year	  lifeHme	  capability	  enables	  15	  months	  of	  General	  Observer	  

program	  	  



Mirrors	  have	  heritage	  fromASCA,	  Suzaku,	  BBXRT	  

Mirrors	  are	  fabricated	  in	  
quadrants	  

Area	  for	  one	  mirror	  
	




Telescope	  opFcal	  boom	  is	  coilable	  with	  4.5m	  focal	  length	  



A Time Projection Chamber  (TPC) is used to track 
the photoelectron paths	
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The TPC	




GEMS	  Detectors	  



Polarimeter	  Materials	  

Every exposed surface is gold coated to minimize 
contamination and background (absorbs 4.5 keV 
from Ti)	

	




Detector	  response	  to	  	  unpolarized	  light	  

Response to unpolarized light shows acceptable systematics	

Modulation factor μ=0.07%±0.09%, χ2=1.46	

Broadband input spectrum up to 5 keV. 2 x 106 photons	




Energy	  resoluFon	  

Energy Spectra at four incident energies (2.7, 4.5, 6.4 and 8.0)	




Response	  to	  	  polarized	  X-‐rays	  

ModulaHon	  and	  polarizaHon	  measured	  at	  three	  energies	  using	  100%	  polarized	  X-‐
rays	  are	  consistent	  with	  simulaHons	  and	  meet	  requirements	  
	




X-‐ray	  polarimetry	  addresses	  a	  wide	  range	  of	  science	  topics	  	  
	  

•  Black	  holes:	  spin	  measurement,	  coronal	  geometry	  	  
•  RotaHon	  powered	  pulsars:	  locaHon/mechanism	  of	  emission,	  viewing	  

angles	  	  
•  Magnetars:	  field	  geometry,	  outburst	  mechanism	  	  
•  Blazars:	  field	  geometry,	  emission	  mechanisms:	  leptonic	  vs.	  hadronic	  jet	  

composiHon	  	  
•  Shell	  supernova	  remnants:	  field	  geometry	  	  
•  AccreHng	  pulsars:	  accreHon	  column	  geometry,	  QED	  tests	  	  
•  Plus:	  	  

•	  	  Cataclysmic	  variables:	  accreHon	  column	  structure	  	  
•	  	  Low	  mass	  X-‐ray	  binaries:	  accreHon	  flow	  structure	  	  
•	  	  AcHve	  stars:	  geometry	  of	  flare	  region	  	  
•	  	  Structure	  of	  nearby	  jets,	  eg.	  cen	  A	  	  
•	  	  Tests	  of	  fundamental	  physics	  (Lorentz	  invariance)	  	  



Black	  Hole	  –	  Thermal	  state	  	  

Black Hole – Thermal state 

•  Emission dominated by thermal emission 
from a thin disk.   Polarization depends on 
inclination (Newtonian result), spin, and 
mass accretion rate 

Emission characteristics depend on Environment (M-dot),  Black Hole (Spin), and 
geometry (inclination).   Special/General Relativity are important. 



Polarized	  Image	  of	  black	  hole	  accreFon	  disk	  

Newtonian disk – face on 



Polarized	  Image	  of	  black	  hole	  accreFon	  disk	  

Newtonian disk – at high inclination 



Polarized	  Image	  of	  black	  hole	  accreFon	  disk	  

Newtonian disk – include. Special relativistic effects 



Polarized	  Image	  of	  black	  hole	  accreFon	  disk	  

Newtonian disk – light bending 



Polarized	  Image	  of	  black	  hole	  accreFon	  disk	  

Newtonian disk – spin 



Polarized	  Image	  of	  black	  hole	  accreFon	  disk	  

Newtonian disk – returning radiation 



Polarized	  Image	  of	  black	  hole	  accreFon	  disk	  

Newtonian disk – returning radiation 



Two regimes in black hole polarization behavior -	


•  At lower X-ray energies, photons are 
emitted far from the black hole	


•  Relativistic effects are weak	


•  Position angle is parallel to disk plane and is 
a function of inclination, as predicted by 
Chandrasekhar	


(Schnittman and Krolik 2009)	


•  At higher energies, relativistic effects 
become important 	


•  polarization direction becomes 
perpendicular to disk and fractional 
polarization increases	

	




Strength of return radiation is sensitive to spin"

(Schnittman and Krolik 2009a)	


•  Strength of return radiation depends on spin	


•  Therefore, transition energy between the direct and return-dominated 
regimes,  and strength of high energy polarization, depend on spin	

	




Black	  Hole	  soO	  state–	  LMC	  X3	  	  

•  Soa	  state	  is	  most	  straighoorward	  for	  measurement	  of	  black	  hole	  spin,	  
inclinaHon	  

•  Black	  hole	  sources	  do	  not	  stay	  in	  soa	  state	  
•  SimulaHons	  in	  2	  energy	  bands	  show	  that	  spin	  and	  inclinaHon	  

determinaHon	  is	  robust	  against	  changes	  in	  black	  hole	  intensity	  state	  	  

Black Hole – thermal state targets 

12 

Flux range typ Soft state Observability 

LMC X3 <  50 mC 23 > 95% Continuous 

Cyg X-1 <  2 Crab 350 8 mo/yr (β~54) 

GRS 1915 <  4 Crab 450 5 mo/yr (β~32) 

GEMS-Phoenix effort will optimize observation planning, via cadence, triggering, and quick look analysis 
to efficiently observe black holes in a variety of states. 



Simulations in 2 energy bands show that spin and inclination 
determination is robust against changes in black hole intensity 
state 

i=30  
i=60  
i=75  

 a/m=0 
 a/m=0.9 
 a/m=0.998 

10 simulated observations of LMC X3  

Not sensitive for low inclination;  error bar on angle 

Black Hole soft state– LMC X3 
Black	  Hole	  soO	  state–	  LMC	  X3	  	  



Black	  Hole	  soO	  state–	  LMC	  X3	  	  

i=30  
i=60  
i=75  

 a/m=0 
 a/m=0.9 
 a/m=0.998 

Low energy polarization fraction 
separates high vs low inclination 

Low vs. high energy polarization position 
angle  separates spin 

Black Hole soft state– LMC X3 

Spin-inclination contours are highly 
inclined with respect to continuum fitting 
methods 



A	  small	  mission	  can	  make	  numerous	  sensiFve	  
observaFons	  in	  6-‐12	  months	  
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Observational Situation in 2020? 

•  A Small Mission 
could make 
numerous 
interesting 
observations in 
6-12 months. 

•  Polarizations are 
plausible;  error 
bars are 50% to 
suggest plausible 
range rather than 
precision 



Many	  of	  the	  brightest	  sources	  in	  the	  sky	  are	  X-‐ray	  binaries	  
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•  Binary	  stars	  will	  show	  signature	  of	  inclinaHon	  and	  
structure	  in	  their	  polarizaHon	  vs.	  orbital	  phase	  

•  If	  light	  comes	  from	  scapering	  in	  one	  component	  
by	  the	  second	  component	  then	  

•  i=0	  à	  constant	  polarizaHon,	  angle	  swings	  π	  	  
•  i=90	  à	  variable	  polarizaHon,	  angle	  constant	  
•  Apempts	  to	  use	  this	  in	  opHcal	  have	  been	  mixed	  
•  Many	  bright	  sources	  have	  very	  uncertain	  

inclinaHons	  
•  X-‐rays	  are	  more	  promising	  

•  X-‐ray	  source	  is	  likely	  less	  extended	  
•  Companion	  star	  and	  wind	  are	  second	  

component	  
•  InclinaHon	  dependence	  is	  robust	  against	  

presence	  of	  winds	  or	  streams.	  
•  Plus	  there	  is	  informaHon	  about	  the	  circumstellar	  

gas	  in	  polarizaHon	  signal	  
•  We	  have	  made	  models	  for	  single	  scapering	  

polarizaHon	  from	  binaries	  for	  various	  scenarios	  
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PolarizaFon	  maps	  vs	  (sin	  i,	  phase	  angle)	  for	  binary	  with	  
spherical	  wind	  from	  primary	  



Stokes	  parameters	  and	  polarizaFon	  vs	  phase	  angle	  for	  X-‐
ray	  binary	  with	  spherical	  wind	  
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Stokes	  parameters	  and	  polarizaFon	  vs	  phase	  angle	  for	  X-‐
ray	  binary	  with	  reflecFon	  from	  companion	  star	  
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Hydrodynamic	  interacFon	  between	  wind	  and	  compact	  object	  

results	  in	  	  density	  distribuHon	  with	  asymmetry	  relaHve	  to	  line	  of	  centers	




Stokes	  parameters	  and	  polarizaFon	  vs	  phase	  angle	  for	  X-‐
ray	  binary	  with	  hydrodynamic	  wind	  
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In	  spite	  of	  asymmetry,	  qualitaHve	  features	  of	  spherical	  case	  are	  preserved	  



GEMS	  can	  measure	  polarizaFon	  from	  a	  variety	  of	  X-‐ray	  
sources	  

•  Targets	  include	  black	  holes,	  neutron	  stars,	  X-‐ray	  binaries,	  PWNs	  and	  SNRs	  
•  PolarizaHon	  is	  measure	  of	  geometry,	  more	  direct	  than	  any	  other	  

technique	  
•  X-‐ray	  sources	  are	  (oaen)	  more	  compact	  and	  difficult	  to	  image	  directly	  than	  	  

sources	  which	  are	  studied	  in	  other	  wavelengths	  
•  X-‐ray	  polarizaHon	  probes	  	  inner	  regions	  of	  sources	  which	  cannot	  be	  

studied	  using	  other	  techniques	  
•  Gems	  strengths:	  	  effecHve	  area/mass,	  technical	  maturity	  and	  heritage	  
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