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e X-ray polarimetry
(very briefly)

* “PoGO+" mission
design and performance
(my focus)

* Results achieved (very
briefly)

* What’s next?
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* In X-ray astronomy, the linear polarisation of emissions (orientation of
electric field vector) is not measured

* Polarisation Fraction (PF) = 100%
* Polarisation Angle (PA) = 0°

e Linear polarisation puts constraints on geometry

* PF defines the level and kind of symmetry of the system
* PA indicates its orientation



e.g. Crab
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B

e Polarisation angle determines the magnetic
field direction

e Maximum polarisation fraction for
synchrotron emission ~75%. Will be reduced
for a disordered magnetic field.

Unpolarised ®
incident beam

Polarised
scattered beam

* Polarisation probes coronal geometry
close to the black hole




Measuring X-ray polarisation
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(1) Compton scattering
(2) Photo-absorption

Rotate

Incident
photon

* The distribution of azimuthal scattering
angles defines the polarisation of the
incident beam

* Positive definite measurement.
Preflight calibration with (un-)polarised
X-ray beams essential.
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Radiation environment

. ~20 km altitude

| \ - ~30 km altitude

8000

‘Background rate’ (Hz)

6000

40001

- ~40 km altitude

\

~10 km altitude

2000

:00:00 11:00:00 13:00:00 15:00:00 17:00:00 19:00-:I?i0me (UT) JZE.I;);)O](:'JZ 2013 .. o .0
2] ~ ) v ' .
N, Q ‘ .
F8 5 -
Fx £ a > .
§& ¢
o & R . Lle
: : : g ....p l\e\ \4 <
Understanding the details of this - b
‘background’ rate is crucial to a et v
convincing polarisation X A 'S
measurement! \

/ \



X-rays
(FoV ~2°)

. i
Scintillator array ' . /
rotates around I

|
pointing direction \*k * *

Copper/lead/tin
collimators

Plastic scintillator
T~ 2 ns.

BGO
anticoincidence
T~ 300 ns

Photomultipliers

Polyethylene
neutron shield

Electronics

M. Chauvin et al. (PoGOLite), Exp. Astronomy 41 (2016) |7
M. Chauvin et al. (PoGO+), Astroparticle Physics 82 (2016) 99.

Robust measurement
requires:

(1) purpose-built and calibrated
instrument (positive definite

measurement)

(2) Multiple background rejection

methods
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Flight train connection

Flight train motor
and momentum
dump system

Flywheel

Elevation encoder,

Polarimeter assembly — 9%

* Innovation: digital

direct drive torque Field-of-view
motors and roll axis

e Entire system is

ITAR-free X N '
Elevation motor
, ‘

Polarimeter ~1 Tonne

Roll motor
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2011 - balloon damaged on launch

-

AN ,/m\ - = 22012 poor:weather, no launch

12013 - polarimeter fails, landing in Russia

T SR e e ' C A
,,,,, [« - -
...... 2 > .
»: : S e
3 e e P s - »
< ] o = - Y » v, -~
____ - +
........ . A
---- o 2
- 1)
- W N . .
-~ - - -
. _
¢ .
- ., -
p - - -~ -
- - o
) - i
..... '- -t -
..... - "u . -
el ™ = e -
3 .
~ -
-~ ot
e » “w = -.
"\' . - - »
'\._ . -
. . = 9 A - 2 -~ * ¥
o vl < "b : -
o - N o N
4 -— A — - - -
- T O -ty - ® “ o~ . ~
g . - -~ . . -
M e : . - ~
~ e, - T - -
. = . a > b A -
» Yo - - F ™ . -‘ i
J l_'- L — y ¥ o S o - -
» . . .
» - 8 2 A
- - -
A first look at Crab polarisation: o S : S
[ ] g -

M. Chauvin et al., MNRAS Letters 456 (2016) 84. (SRR EREE DN SIS



Landing Launch

July 12th 0317 UT




e Thermal review

New

PCU box

Original

Repositioned
black box

Potential Sun
illuminated area

\ —
s

Gondola floor

Extremely important!



2-hit rate (Hz)

Altitude (m)

V. Mikhalev, KTH, Ph.D. Thesis (2018) SSC _—
8.5 I l-l | | ] ] ] 1 I 1 | ] I L | 1 I 1 | | 1] I 1 || 42000 Ba ast rops
~ t g ¥Crab source o
Bl ............ ceseensagense {,( ..... +Crab backgr()und —_ a1000 |
= : ' : : | ¥Cygnus X-1 source N
5 { Cyanus X-1 background | ]
v v =<}

7.5[ : : . 40000 sﬁ & “Dav”
- T . B ay
= i . e S ﬁ 4 fg fg, f | (Crab)

7 o SRl 39000 8 i c N . I "
- B ¥, [ THRIEE T

65 sEd— 38000 v | ®; g': 2 ! -B R

- S . ii H i O |

6 i 37000 A J !5 @ 1‘. '
- gl ai{ i | (L : : J “Night”
- i 1 36000} (Cyg X-1)

S5 : - ’ (B 5 Cb Ballast drop l
- S : - 6 3 : |
— 1 1 1 1 l 1 1 | l L 1 1 N 3500 —

Q72 0713 07/14 07/15 07186 0717 07118 Q719 N v w o0 ri » d -~

Date

* Pointing strategy: “‘on-source/off-
source”, i.e. to measure background
polarisation

e 5° East/West (azimuth) of source,
|5 mins period.

e Signal / Background ~ | / 7

e MDP* ~10%

* Unpolarised beam has 1% probability of yielding PF > MDP

Longitude (degrees)

* Ballast drops were
important!
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Polarimeter field-of-view: ~2°

Pointing requirement: < 0.1° (< 6 arcmin)

Sun tracker performance (Crab observations). Monitor with star camera.

Angular offset for azimuth: Crab, 14.7.

HIP 26451
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Star tracker performance (Cygnus X-1 observations).
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M. Chauvin et al. (PoGO+), Sci. Rep. 7 (2017) 7816.

-~
e )
TTT T T T T T 11

o
~

Polarization fraction

i

o
o‘lllllllllllllllllllll
e o e T T e -
° --ow -

05

04

03

0.2

0.1

LI |
[

llll

IIIIIIIIIIII
.

;Illlllllllllillll:

Iy

LI
'

IIIII

Off-pulse

]Il[l

B EEEEN REEEE NN 11

Phase-integrrated

llllllllllllllllL

2

2
l I

IIIIIII]IJ\

Polarization an_qle (degrees)
S

ll]

LI

IITIIII |

T 02 03 04,05 .06, 07 08 09 1
Pl+Pulsar+P2i | Nebula i All

E*L

Illlllllllllllllll
'

120
100
gof! =
60 . p1 A OF-pulse || Phasc-inwgtated
0 (Off—pu]se subf;racte'd) =
20:_ E L ' U _.l:

ok | FTRNAR.

0 01 02 03 04 05 08 07 08 09 1

Phase

First measurement of
polarised emissions from
Crab in hard X-ray band

(18-160 keV)

Phase integrated PF ~ (21%5)%

* Purely toroidal magnetic
field with isotropic particle

distribution = PF = 37%

* Indicates degree of
disorder in emission region

Explore further with MHD/
PIC simulations

NUSTAR - Madsen et al. (2015) P0GO+
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Prediction == v" Polarization fraction: ~15% v Polarization angle: | | disk

Direct flux:
unpolarized

Hot inner disc Black hole

Prediction ==> ¥ Polarization fraction: few % v~ Polarization angle: L disk

M. Chauvin et al. (PoGO+), Nature Astronomy 2 (2018) 652.



FAQ
Q:Will PoGO+ fly again?

A: No nature
astronomy

Balloonsand
black holes
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Observation plans

e.g. Crab pulsar, Cyg X-1, Her X-1, ... e.g. GX301-2, Vela X-1, ...
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~5-7 days (to Victoria Island) ~8-55 days
May/June/July December/January
2021, 2022 (TBC) 2023 (TBC)

MDPuday (0.5 Crab) ~1%



Balloon - satellite synergy

Mirror Module Assembly (3x)

Minimum clearance
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PoGO+

PoGOLite
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