Laboratory atomic reference data for
Cyg X-1 and beyond

August 19" 2015
Chandra Workshop 2015

P. Beiersdorfer, G.V. Brown, V. Grinberg, M. Hanke, M. Hirsch, R.L. Kelley,
C.A. Kilbourne, I. Miskovicova, M.A. Nowak, F.S. Porter, K. Pottschmidt,
N.S. Schulz, J. Wilms

‘ Friedrich-Alexander-Universitat
ERLANGEN CENTRE =Nii =
FOR ASTROPARTICLE Erlangen-Niirnherg R

. I ‘y PHYSICS

Ltg Lawrence Livermore
National Laboratory

This work was supported by LLNL under Contract DE-AC52-07NA27344, by NASA grants to LLNL and NASA/GSFC,
by the Bundesministerium fur Wirtschaft und Technologie under grant number DLR 50 OR 1113, and by the European Space Agency.

LLNL-PRES-676404
1/15



The high mass X-ray binary Cygnus X-1

Black hole powered by

accretion of focused wind

Modeled wind density
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Dipping in Chandra-HETG lightcurves
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X-raying the clumpy wind
Dipping in the Ilghtcurves Dipping in the spectra
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Measure K-shell emission with EBIT .

Electron Beam lon Trap (EBIT-I)
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https://ebit.11lnl.gov/overviewEBIT.html
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https://ebit.llnl.gov/overviewEBIT.html

. and the EBIT Calorimeter Spectrometer (ECS)

doped Si
thermistor

weak||thermal link

heat sink

@ operated at 50 mK

@ 32 pixels (HgTe absorbers):

@ 18 mid energy: 0.1-10keV
625 x 625 um?, 8 um thick

@ 14 high energy: 0.5-100 keV
625 x 500 xm?, 100 m thick

https://ebit.1lnl.gov/EBITPhotoGallery.html
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https://ebit.llnl.gov/EBITPhotoGallery.html

Example: K-shell emission in Sulfur
Energy calibration:

@ calibrate pixels individually
@ reference lines: Rydberg series of He-like and H-like ions

Spectrum: add calibrated pixels
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Spectral resolution

assumption: resolution constant over observed energy range
= determine through unblended line

Wavelength [A] : :
5.05 5.04 5.03 He-like line w:
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FWHM =46 +0.1eV

- He-like S
measured line center:
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Resulting line distribution
Wavelength [A]

(\V) oo
O -
= -

ECS [counts/bin]
e
o
-

X
NOWN O

Uncertainties: < 0.5eV (strong lines) —

5.4 5.3 5.2 5.1

T T 1 T | T | | ]

- Sulfur 1 N

B ' _

E j‘ ; A\ JL E

| I:”ml |[| m il|| I 1.'

- || | |I | | | | | || |

2300 2350 2450
Energy [eV]

eV (weak lines)
00kms™'



Theoretical Predictions for line identification
simulate spectra: Flexible Atomic Code (FAC; Gu 2004)

fully relativistic ansatz: H ==, Ho(/) + >,

based on jj-coupling: ji=li+si — J=>_ji
solve rate equations: n; ) .,; Py = > _;; NiPji — 4wl = nuAuwy
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Confirmation of ECS results
High-resolution crystal spectrometer:
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ECS vs crystal spectrometer
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Sulfur K3 of L-shell ions with the ECS
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Sulfur K3 of L-shell ions with the ECS
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Back to Cyg X-1: Doppler Shifts
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Back to Cyg X-1: Doppler Shifts
Doppler shifts by ion and orbital phase
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@ measurements of transition energies:
Siand S

@ with calorimeter (ECS): resolution of
4.6 eV, comparable to Astro-H SXS

@ uncertainties < 100kms™', slightly
better than with satellites

@ high-res crystal data confirm
lower-res ECS results

Astro: Chandra/lHETG @ Cyg X-1
@ Doppler shifts consistent (T R

between ions and dipping o :

stages — e
@ clumps show ionization DR 226565 A

structure o

@ observed material close to BH
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ECS measurements across the periodic table
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