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Shining black holes: X-ray spectra

Figures from 
McClintock and Remillard 2005 
Remillard and McClintock 2006

GRO J1655-40



Shining black holes: X-ray timing

Figure from 
Remillard and McClintock 2006

GRO J1655-40



Shining black holes: X-ray polarization

Figures from 
Schnittman and Krolick 2009

Coming soon…



Talk outline
I will talk about my 2 main research interests regarding black 
holes in the X-rays:

• Finding new ways to test GR thanks 
to the high throughput, timing and 
energy resolution of Colibrì

• Modelling X-ray polarization of black 
holes (and neutron stars) including 
the quantum electrodynamic effect 
of vacuum birefringence



Several X-ray missions that will have an X-ray polarimeter on 
board are currently under development. A small one (X-Calibur) 
is flying right now.

X-ray polarization: coming soon!

eXTP

IXPE X-Calibur

And LAMP and XPP…



Vacuum birefringence



Vacuum birefringence

In classical electrodynamics, Maxwell equations 
are linear in the fields and there is no interaction 
of light with light.

In quantum electrodynamics, the vacuum 
current of a charged Dirac field implies an 
addition to the action integral of the EM field

The effective Lagrangian, found by Heisenberg and Euler and by 
Weisskopf independently using electron-hole theory, and then found 
again in full QED by Schwinger is:

L ' 1

2
(E2 �B2) +

2↵QED

45

(~/mc)3

mc2
[(E2 �B2)2 + 7(E ·B)2]



To understand the interaction of light 
with the magnetized vacuum, we 
imagine expanding the action for a 
uniform field plus a small photon field: 
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where θ is the angle between the direction of propagation and the 
external field  and 

Heyl & Shaviv 1999

Vacuum birefringence



Vacuum birefringence

To understand the interaction of light 
with the magnetized vacuum, we 
imagine expanding the action for a 
uniform field plus a small photon field:

Heyl & Shaviv 1999

Very small effect! It’s hard to measure on Earth…

In the magnetized vacuum:



QED effect on neutron stars

Polarization degree in the X-
rays of the thermal emission 
from magnetar 4U 0142+61 
(simulation).

eXTP working group on Strong Magnetism

Optical detection on XDIN RXJ1856.5-3754

Mignami et al 2017



What about black holes?

Well, what’s the magnetic 
field near black holes?



Black holes and magnetic fields: theory

ACCRETION 
The magnetic field in 
the disk is expected 

to be the major 
source of viscosity 

JETS 
The magnetic field 

close to the black hole 
could lead to the 
formation of jets 

through the Penrose–
Blandford–Znajek 

mechanism



Shakura & Sunyaev / Novikov & Thorne (1973) accretion disk:

Spinning parameter:

a =
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GM2

Viscosity:
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Black holes and magnetic fields: theory

GR functions of a and r



Spectral fitting of absorption 
winds: 
B ~ 2-100 x 104 G at  
R =850 GM/c^2 =>  
B =~108 - 1010 at ISCO

Synchrotron break in jet. 
B ~ 5 x 104 G at  
R = 2.5 x 108 cm =>  
B = 107 - 108 at ISCO

Spectral fitting with different models 
for the coronal emission: 
B ~ 106 x 108 G at ISCO

Black holes and magnetic fields: observations



Kubo & Nagata formalism

Heyl & Shaviv 1999
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Kubo & Nagata formalism
Evolution of the polarization of a wave:
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Kubo & Nagata formalism
Evolution of the polarization of a wave:
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Kubo & Nagata formalism
Evolution of the polarization of a wave:
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For a strong enough B, the polarization modes are decoupled, and the 
polarization direction follows the direction of the magnetic field. 
Numerical integration of the polarization equation shows that this happens for
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As a first step, we considered a partially organized magnetic field in the plane of the disk. 
We evolved the polarization of a photon coming along a geodesic from the ISCO to the 
observer, near the accretion disk plane.

QED effect for a semi-organized field
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Parfrey, Giannious, Beloborodov 2015 



Monte-Carlo simulation of the depolarization of radiation from a black hole with a = 
0.84 (as NGC 1365) for three photon energies:

3 keV 5 keV 8 keV

Polarization is represented on the Poincaré sphere: the dots represent the 
end-point of the polarization vector.  
• dark blue dot: initial polarization 
• violet dots: final polarization of photons that receive a large blue shift 
• gold dots: final polarization of photons with zero-angular-momentum 
• copper dots: final polarization of photons that receive a large red shift on their 

way from the ISCO to us. 

QED effect for a semi-organized field
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QED effect for a semi-organized field
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Dashed lines:  
every region  with constant 
magnetic field direction is 
1.5 times bigger than the 
previous one



Simulation for GRS 1915+105 in thermal state 
Spectra: Schnittman & Kolik 2009

QED effect for a semi-organized field



http://www.colibri-telescope.ca/ 
CSA Space Astronomy 18-month Concept Study. Started 4 
September 2018  

Universities: UBC, McGill, St. Mary’s, Western, Queen’s, 
TRIUMF, Bishop’s, Alberta, Manitoba, SBQMI 
 
Industry partners include Honeywell and MDA 

http://www.colibri-telescope.ca/


Jeremy Heyl, UBC

Science team leaders

PI

Ilaria Caiazzo, UBC

Project Scientist

Kelsey Hoffman, Bishop’s

Project Manager

Daryl Haggard, McGill

Mission Planning Lead

Sarah Gallagher, Western

Black holes WG Lead

Samar Safi-Harb, Manitoba 

Neutron stars WG Lead



• Energy range: 0.5-10 keV (Iron K 6.4 keV) 
• Energy resolution: ∆E<1eV at 2keV, 3eV at 6keV  
• Count rates up to 10 kHz 
• Timing resolution: ∆t < 1 µs ≈ 0.02 G (10M⊙)/c3  
• Collector optics as NICER, effective area > 2000 cm2 

at 6.4 keV.  
• Orbit of satellite: Low-Earth Orbit 

Specs



The main scientific objective of 
the mission is to study the 
structure of accretion flows in the 
near vicinity of black holes and 
neutron star and the emission from 
the surfaces of neutron stars. 

Scientific goals

It will look for answers to the questions:  
• How do accretion disks transport 
material?  
• How are relativistic jets launched?  
• What is the structure of the spacetime 
near black holes?  
• What are the masses and radii of 
neutron stars? 



Optics
Same collectors as NICER. Several of them focusing on different 
detectors in the focal plane



Optics

Effective area: 3 times NICER:
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TES Detectors
A superconductive transition-edge sensor (TES) consists of a superconducting film operated in 
the narrow temperature region between the normal and superconducting state, where the 
electrical resistance varies between zero and its normal value.

• X-ray stopped in the absorber 
• temperature goes up (TES strongly coupled to the absorber) 
• temperature change leads to a resistance change (and the 

inductively coupled SQUID measures the corresponding current 
change in the TES) 

• Temperature returns to the quiescent temperature with a 
decay time constant determined by the thermal conductance 
between the TES and the heat bath

Lee et al. 2015, at Goddard



Resolution

Morgan et al. (2016) at NIST: Code-division-multiplexing readout  
t = 5.12 µs, ∆t = 275 ns; FWHM of 2.8 eV (2.5 times better than Hitomi SXS)

applied to linearize the signal for a single SQUID channel is
applied only once per frame (Ntrow) as in TDM. However,
unlike in TDM all TESs are sampled at every row switch.
Once decoded, the TES signals average coherently while the
amplifier noise averages incoherently, eliminating the

ffiffiffiffi
N
p

noise penalty.16

The schematic in Fig. 1 shows four of the 32 SQUID
channels on our U-CDM chip. Each SQUID channel consists
of a 6-SQUID series array that is coupled either positively or
negatively to each of the 32 TESs according to the require-
ment of the Walsh encoding. The SQUID channels are read
out sequentially by modulation of their biases on and off
with flux-actuated switches, an architecture first suggested
by Zappe.20 The overall system bandwidth is fOL! 6 MHz,
allowing the row switching time to be as short as 160 ns. The
signals from the 32 SQUID channels are then sent sequen-
tially to a SQUID series array, and finally to a room-
temperature preamplifier.

To reconstruct events, the raw data must be demodu-
lated by multiplication of the N channels of data produced
by the U-CDM system by the N"N inverse Walsh matrix
(W#1

N ) containing the coupling coefficients for each sensor to
each SQUID input (Fig. S1 in the supplementary material).
Departures from integer coupling (61) are observed on the
order of a few percent due to minor differences in coil geom-
etries across TES channels inherent in the chip architecture,
as well as various on-chip sources of crosstalk. This causes
spurious signals to appear in demodulated data streams for
TESs that did not observe an X-ray event. A correction to
the integer WN matrix can be computed21 to reduce this
effect to levels below 0.1%.

Fig. 2 shows a Mn Ka (5.9 keV) fluorescence spectrum
measured by 30 TES sensors read out through our 32-channel

U-CDM circuit. The TESs are 350 lm" 350 lm Mo/Cu
bilayers with a 2.5 lm thick bismuth layer added to increase
efficiency.22 Under the bias and magnetic field conditions used
for this demonstration, the sensors have an average inherent
resolution of 2.7 eV, with significant pixel-to-pixel variation.
Though 32 sensors were bonded to the CDM chip, one of these
became an open circuit during cooldown. The construction of
the Walsh matrix for encoding requires one TES to remain
unswitched, that is, it couples to all SQUID inputs in the same
direction. In the switched TESs, any sources of noise (such as
pickup of noise sources or gain variations in amplifier ele-
ments) that enter the amplifier chain after the switched

FIG. 1. A 4-channel example of a
CDM circuit. Bias to each SQUID
channel is controlled by applying
address current (Iad) to a flux-actuated
switch. A common feedback signal
(FB1) is applied to all channels.
Current signals from each TES are
coupled positively or negatively to
each SQUID channel.

FIG. 2. Mn Ka X-ray fluorescence spectrum measured by 30 TESs read out
by 32-channel U-CDM. The source produced approximately 0.3 counts per
second per TES. The data are well-fit by the intrinsic Mn Ka line shape23

with Gaussian broadening due to the energy resolution of the TESs of
2.77 6 0.02 eV FWHM.

112604-2 Morgan et al. Appl. Phys. Lett. 109, 112604 (2016)

IN increases sharply due to the large slew rates on the rising
edge of a pulse. For each SQUID channel, we compute the
derivative DIN at the i-th sample in a digitized event record
using 4 successive samples of that channel, each separated in
time by tframe ¼ 32trow

DIN;i ¼ ððIN;iþ1 þ IN;iÞ % ðIN;i%1 þ IN;i%2ÞÞ=4tframe: (4)

We repeat this process for all 32 channels, multiplying IN by
%1 where appropriate to account for channels with negative
coupling polarities. We then combine the data by offsetting
each DIN in time by Ntrow. Fig. 4 shows DIN as a function of
time for 32 channels within two frames containing the arrival
of an X-ray. By fitting a model consisting of a flat baseline
and a linear rise, we determine the point at which the slope
of DIN is no longer zero and assign this point to be the arrival
time of the photon.

We applied this method to 10 000 Mn Ka fluorescence
events with randomly distributed arrival times from all 31
working TESs. First, we fit the data with two free parame-
ters: the slope of the linear rise and the location of the “knee”
that represents arrival time. Because the Mn Ka complex is
confined to a narrow energy range, all pulses have a similar
rising edge and we can fix the slope of the linear rise to the
mean value from the initial fit. We then re-fit the data with
the arrival time as the only free parameter. Using this itera-
tive method we find that the arrival times are uniformly dis-
tributed within a frame, as expected for events that arrive at
random (see Fig. 4 inset). We estimate the time resolution
we achieve using the mean uncertainty on the fitted arrival
times. This error is 275 ns FWHM, a factor of 19 times more
precise than the 5.12 ls frame time. Because the time resolu-
tion depends on the signal-to-noise ratio of the system it
could be improved in future systems by increasing the cou-
pling between the SQUID amplifiers and the TESs.

For broadband data, an X-ray source with multiple
known energies could be used to build up a calibration curve
consisting of the slope of the linear ramp as a function of
energy, similar to the energy calibration curves used for
microcalorimeter data.29 Without using this iterative fitting
process to fix the slope, our estimate of the arrival time
uncertainty is 380 ns FWHM.

In summary, we built a 32-channel flux-summed code-
division multiplexing chip and used it to read out 30 TESs
with 2.77 eV FWHM combined resolution at 5.9 keV. The
modulated data can be used to determine photon arrival time
to within 275 ns FWHM. The U-CDM chips are also “drop-
in compatible” with our existing TDM systems, including
SQUID series arrays, room temperature electronics, and data
acquisition systems. The noise performance and readout
speed achieved provide large margins for increasing the
number of rows per column and reading out faster sensors
without significantly degrading their energy resolution. This
flexibility makes CDM an excellent candidate for future
applications requiring large arrays of microcalorimeters.

See supplementary material for an example of signal
demodulation and details regarding the voltage-flux charac-
teristics and available linear range of the SQUID amplifiers
used in the CDM circuit.
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NNH11ZDA001N-SAT. This work is supported by a
National Research Council Post-Doctoral Fellowship. We
thank the X-ray Microcalorimeter group at NASA Goddard
Space Flight Center for useful discussions and advice.
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Quasi-periodic oscillations

Low frequency QPOs



Quasi-periodic oscillations

High frequency QPOs



QPOs from a 10 solar masses BH and spin parameter a/M = 0.95 
One hundred triplets of QPOs; each with error ∆ν = 5 Hz from RISCO to 3RISCO 

(Radial epicyclic frequency - orbital frequency) 

Quasi-periodic oscillations
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QPOs from a 10 solar masses BH and spin parameter a/M = 0.95 
One hundred triplets of QPOs; each with error ∆ν = 5 Hz from RISCO to 3RISCO 

Quasi-periodic oscillations



Quasi-periodic oscillations



Quasi-periodic oscillations



Neutron Stars

Hitomi Collaboration 2018 observations of G 1.5-0.9 for 165 ks with SXS. PSR 
J18331034 lies at the center of the SNR.  
The measurement gives an equivalent width of the line of about -2.3 eV, but 
the width isn’t well constrained because Hitomi had a FWHM energy 
resolution of 7 eV.



Neutron Stars
• Blue curve: assumed a delta function in 

energy: the line appear as a Gaussian 
with  

• for Hitomi 

• for Colibri: 
• Orange curve: Gaussian distribution in 

velocity with a sigma_v of 50 km/s: 
total width of the observed line:  

• for Hitomi 

• for Colibri 

• Green curve: sigma_v 100 km/h 

• For Hitomi 

• For Colibrì 

If the line comes from a rotating neutron 
star with R=10 km and P= 1s, then:

Hitomi

Colibrì

σ = FWHM/(2 * 2 ln 2)

σ = 0.6 eV

σ2
tot = σ2 + (σv * ϵl /c)2

σ = 2.97 eV

σtot = 3.05 eV

σtot = 0.92 eV

σtot = 3.28 eV

σtot = 1.52 eV

σv ∼ RΩ ∼ 60 km/s
Width + period -> R 
Position of the line -> M/R


