What is the structure of spacetime surrounding black holes?

What are the masses and radii of neutron stars?

Mission Parameters

Energy Range: 0.1 - 10 keV

Energy Resolution: finer than 1 eV at 2 keV (3 eV at 6 keV)

High throughput: count rates up to 100 kHz

Timing resolution: better than 1 𝜇s, matching the innermost
rbit period for a 10 solar-mass black hole

G21.5-0.9 at 4.2345 keV and 9.296 keV. The upper figure shows the line detected with
Hitomi at 4.2345keV from PSR J1833-1034 (blue) compared to simulations for Colibrì
for the same observing time with two mirror configurations: single-bounce collector
(black) with three times the geometric area of NICER and double-bounce collector
(red) with the same geometric area as NICER. The lower figure is the comparison of
the Hitomi detection of the line at 9.296keV to the same simulations using the two
diﬀerent mirror configurations of Colibrì. Colibrì will allow for the search of narrow
spectral lines from a diversity of isolated and accretion powered pulsars, including
nursing magnetars and XRBs.

Total effective area: 2000cm2 at 6.4 keV
Black: Colibrì
with single

eutron Star Science

e neutron star science objectives are the study of accreting and
lated neutron stars to understand the physics of accretion onto the
face and measure properties such as mass, radius and atmospheric
mposition. The high sensitivity and high-timing resolution of Colibrì
l allow for detection of reverberation lags in neutron star binaries.
ectral line observations would measure the atmosphere composition
d the ratio of M/R. Measurement of the width of the spectral line of
ulsar with known spin period, as in the case of the 61.9 ms PSR
833-1034, could provide extra constraints on the neutron star's radius
e Test Case Box).

bounce collector

Red: Colibrì with
Blue line: Hitomi detection of line
at 4.2345keV of PSR J1833-1034

double bounce
collector

gravity around black holes, as well as probing the
spacetime around black holes and putting constraints
on diﬀerent theories of gravity.

One of the most subtle consequences of GR is the “nohair” theorem, for which black holes can be fully
characterized by their mass, angular momentum and
charge. The only way to test this theorem is to probe
the spacetime very close to the hole. Fortunately, the
X-ray emission of accreting black holes carries
information about the inner region of the accretion
disk, within a few gravitational radii from the hole,
encoded in the fast variability of its spectrum. In
particular, the emission from the accretion flow very
close to accreting compact objects presents highprecision diagnostics of their spacetime, including
reverberation mapping and quasi-periodic oscillations.
Furthermore, variability in the X-ray emission from
accreting compact objects also carries information on
the accretion processes themselves.

Reverberation Mapping

CANADA’S FLAGSHIP X-RAY TELESCOPE
Blue line: Hitomi detection of line

uasi-Periodic Oscillations

at 9.296keV of PSR J1833-1034

Red: Colibrì with
double bounce

bservations of BHBs with RXTE have driven extraordinary progress
the study of their variability properties. In many of these systems,
asi periodic oscillations (QPOs) were discovered and thought to
ginate in the inner regions of the accretion disk. The mechanism
ponsible for QPOs is still debated, but a careful study of their
aracteristics can lead to a better understanding of the physics of
ck-hole accretion and of general relativistic eﬀects in the strong field
ime.

collector; note the
higher sensitivity
to hard X-rays.

In both neutron stars and black holes, X-ray emission
from outside the disk (coming from the neutron star’s
surface or from a glowing corona above the black hole)
can be reflected by the disk into our line of sight. By
correlating the primary emission with the reflected
one we can map the accretion disk: as more distant
regions of the accretion disk will be illuminated in
subsequent times, photons of diﬀerent energy will
present diﬀerent time delays.

THE COLIBRÌ MISSION
Black: Colibrì with
single bounce
collector

bservations of the higher-frequency peak of neutron star kHz QPOs
uld help to place constraints on the mass-radius relationship of
utron stars.
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The combination of high sensitivity and high timing
resolution of Colibrì will enable the detection of
reverberation lags for neutron star binaries.

COLIBRÌ MISSION
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▸ P.I. Jeremy Heyl, University of British Columbia
▸ Project Scientist: Ilaria Caiazzo, Caltech

▸ Detector Technical Lead: Kostis Michelakis, SBQMI, University
of British Columbia

▸ Detector Technical Team members:
▸ Project Manager: Kelsey Hoffman, Bishop’s University
▸ Wolfgang Rau, TRIUMF, Queen’s University
▸ Working Group Lead Black Holes: Sarah Gallagher, Western
University
▸ Josh Folk, SBQMI, University of British Columbia
▸ Jeff Young, SBQMI, University of British Columbia
▸ Working Group Lead Neutron Stars: Samar Sa -Harb,
University of Manitoba
▸ Pinder Dosanjh, SBQMI, University of British Columbia
▸ Mission Planning Lead: Daryl Haggard, McGill University
▸ Mario Beaudoin, SBQMI, University of British Columbia
▸ Coordinated Observations Lead: Gregory Sivakoff,
▸ Andrea Damascelli, SBQMI Director, University of British
University of Alberta
Columbia

▸ Science Working Group Members:
▸ Luigi Gallo, St. Mary’s University

▸ Karl Jessen, SBQMI, University of British Columbia
Science

▸ Sharon Morsink, University of Alberta
▸ Demet Kırmızıbayrak, University of British Columbia
▸ Paul Ripoche, University of British Columbia
▸ Andrew Cumming, McGill University
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▸ Bob Rutledge, McGill University
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COLIBRÌ COLLABORATION
▸ P.I. Jeremy Heyl, University of British Columbia
▸ Project Scientist: Ilaria Caiazzo, Caltech

▸ Detector Technical Lead: Kostis Michelakis, SBQMI, University
of British Columbia

TWO OTHER TALKS FROM OUR▸COLLABORATION
AT COSPAR
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▸
▸
▸
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were9F050-170252/004/MTB).
discovered and thought to
originate in the inner regions of the accretion disk. The mechanism
responsible
QPOs is still debated, but a careful study of their
ScienceforQuestions
characteristics can lead to a better understanding of the physics of
1) How do accretion disks transport matter?
black-hole accretion and of general relativistic eﬀects in the strong field
2) How are relativistic jets launched?
regime.
3) What is the structure of spacetime surrounding black holes?
Observations of the higher-frequency peak of neutron star kHz QPOs
4) What
are
masses
and radii
of mass-radius
neutron stars?
would
help
tothe
place
constraints
on the
relationship of
neutron
stars.Parameters
Mission

The transition-edge sensors (TESs) are to be developed with collaboration with the Stewart
to hard X-rays.
correlating the primary emission
with the reflected
1
10
Blusson Quantum Matter Institute at the University of British Columbia.
Energy
[keV]
one we can map the accretion disk: as more distant
regions of the accretion disk will be illuminated in
Test Case: Neutron Star Spectral Lines
Black
Hole
Science
Black: Colibrì with
subsequent
times,
photons of diﬀerent energy will
single bounce
Recently the Hitomi satellite found evidence for weak and narrow absorption
lines
The
science
objectives
of Colibrì include the study of
present diﬀerent time delays.
collector
from the rotational-powered pulsar PSR J1833-1034 in the supernova remnant
accretion
disk physics
andsensitivity
the eﬀectsand
of strong-field
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high timing
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G21.5-0.9 at 4.2345 keV and 9.296 keV. The upper figure shows the line detected with
resolution of Colibrì will enable the detectionthe
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around
black
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and
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Hitomi at 4.2345keV from PSR J1833-1034 (blue) compared to simulations for Colibrì
reverberation lags for neutron star binaries.
on diﬀerent theories of gravity.
for the same observing time with two mirror configurations: single-bounce collector
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COLIBRÌ MISSION

COLIBRÌ MISSION OVERVIEW

(black) with three times the geometric area of NICER and double-bounce collector
(red) with the same geometric area as NICER. The lower figure is the comparison of
the Hitomi detection of the line at 9.296keV to the same simulations using the two

• Energy Range: 0.1 - 10 keV

Taking the pulse of neutron stars and black holes

• Energy Resolution: finer than 1 eV at 2 keV (3 eV at 6 keV)
Colibrì
is a proposed X-ray telescope concept designed to unveil the
• High throughput: count rates up to 100 kHz
diﬀerent mirror configurations of Colibrì. Colibrì will allow for the search of narrow
mysteries
of
neutron
stars
and
black
holes.
spectral lines from a diversity of isolated and accretion powered pulsars, including
• Timing resolution: better than 1 s, matching the innermost
orbit period for a 10 solar-mass black hole

nursing magnetars and XRBs.
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unveil the mysteries of
The Colibrì concept is based
neutronQuestions:
stars and black holes.
▸ Key Science
on multiple aperture nonWith Physics
high spectral and time
1. Accretion
imaging X-ray collectors
What
happens
within
the
innermost
region
of the accretion disc
▸ resolution, and high
similar to NICER but with
around
black
holes?
throughput, Colibrì will allow
cryogenically
is the structure of the X-ray emitting
region ofcooled
the accretion disc?
▸ What
the study of accretion disks
transition
edge
detectors
for
the corona? What drives
X-ray weak
and
strong sources?
Quasi-Periodic
Oscillations
▸ What powers
and
coronae,
including
Observations
of BHBs
with RXTE have
driven extraordinary progress
high spectral resolution and
2. inFeedback
Mechanisms
onofall
the study of their variability properties. In many
theseScales
systems,
reflection
and
re-emission
of
quasi periodic oscillations (QPOs) were discovered and thought to
drives out ows in AGN?
sensitivity. This concept study
▸ inWhat
originate
the inner regions of the accretion disk. The mechanism
by the
disk,studyand
responsibleradiation
for QPOs is still debated,
but a careful
of their
What
are
the
properties
of
out ows?is being funded by the
▸
characteristics can lead to a better understanding of the physics of
black-hole Where
accretion andare
of general
eﬀects baryons?
in the strong field
therelativistic
missing
▸
Canadian Space Agency.
regime.
Blue line: Hitomi detection of line
at 4.2345keV of PSR J1833-1034

Blue line: Hitomi detection of line
at 9.296keV of PSR J1833-1034

3. Observations
Physicsof the
ofhigher-frequency
Extremepeak
Matter
of neutron star kHz QPOs

www.colibri-telescope.ca

would help to place constraints on the mass-radius relationship of
neutron stars.

What is the equation of state for neutron star material?

characterized by their mass, angular momentum and
charge. The only way to test this theorem is to probe
the spacetime very close to the hole. Fortunately, the
X-ray emission of accreting black holes carries
information about the inner region of the accretion
disk, within a few gravitational radii from the hole,
encoded in the fast variability of its spectrum. In
particular, the emission from the accretion flow very
close to accreting compact objects presents highprecision diagnostics of their spacetime, including
reverberation mapping and quasi-periodic oscillations.
Furthermore, variability in the X-ray emission from
accreting compact objects also carries information on
the accretion processes themselves.

Mission Duration: 5 years

Black: Colibrì
with single

bounce collector

Orbit Height: Between 500km to 800km
Energy Range: 0.1 - 15 keV

Red: Colibrì with

Energy Resolution: finer than 1eV at
2keV (3eV at 6keV)

double bounce
collector

High Throughput:
count rates up to
Reverberation Mapping
10 kHz
In both neutron stars and black holes, X-ray emission

Red: Colibrì with
double bounce

from outside the disk (coming from the neutron star’s
surface or from a glowing corona above the black hole)
can be reflected by the disk into our line of sight. By
correlating the primary emission with the reflected
one we can map the accretion disk: as more distant
regions of the accretion disk will be illuminated in
subsequent times, photons of diﬀerent energy will
present diﬀerent time delays. 2

Timing resolution: better than 1 s,
to hard
X-rays.
matching
the innermost orbit period for
a 10 solar-mass black hole
collector; note the
higher sensitivity

Black: Colibrì with

Total effective area: 2000cm at 6.4 keV

single bounce
collector

The combination of high sensitivity and high timing
resolution of Colibrì will enable the detection of
reverberation lags for neutron star binaries.

What are the properties of material and light in strong magnetic elds?
What is the magnetic eld structure in pulsar wind nebulae and SNRs
that accelerate cosmic rays?

fi
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▸
▸
▸

One of the most subtle consequences of GR is the “no-

Launch Date: December 2032

2

isolated neutron stars to understand the physics of accretion onto the
surface and measure properties such as mass, radius and atmospheric
composition. The high sensitivity and high-timing resolution of Colibrì
will allow for detection of reverberation lags in neutron star binaries.
Spectral line observations would measure the atmosphere composition
and the ratio of M/R. Measurement of the width of the spectral line of
a pulsar with known spin period, as in the case of the 61.9 ms PSR
J1833-1034, could provide extra constraints on the neutron star's radius
(See Test Case Box).

Mission
hair” theorem,Overview
for which black holes can be fully
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COLIBRÌ MISSION OVERVIEW
▸ 7 High throughput concentrators
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applied to linearize the signal for a single SQUID channel is
COLIBRÌ MISSION
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 whilep
the
ffiffiffi
amplifier noise averages incoherently, eliminating the N
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 requirement 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 sequentially to a SQUID series array, and finally to a roomtemperature preamplifier.
To reconstruct events, the raw data must be demodulated by multiplication of the N channels of data produced
by the U-CDM system by the N " N inverse Walsh matrix
(WN#1 ) 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 geometries 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

COLIBRÌ MISSION OVERVIEW

that represents arrival time. Because the Mn Ka complex is
confined to a narrow energy range, all pulses have a similar
U-CDM circuit. The TESs are 350 lm " 350 lm Mo/Cu
rising edge and we can fix the slope of the linear rise to the
bilayers with a 2.5 lm thick bismuth layer added to increase
mean value from the initial fit. We then re-fit the data with
efficiency.22 Under the bias and magnetic field conditions used
the arrival time as the only free parameter. Using this iterafor this demonstration, the sensors have an average inherent
tive method we find that the arrival times are uniformly disresolution of 2.7 eV, with significant pixel-to-pixel variation.
tributed within a frame, as expected for events that arrive at
Though 32 sensors were bonded to the CDM chip, one of these
random (see Fig. 4 inset). We estimate the time resolution
became an open circuit during cooldown. The constructionwe
of achieve using the mean uncertainty on the fitted arrival
the Walsh matrix for encoding requires one TES to remain
times. This error is 275 ns FWHM, a factor of 19 times more
unswitched, that is, it couples to all SQUID inputs in the same
precise than the 5.12 ls frame time. Because the time resoludirection. In the switched TESs, any sources of noise (suchtion
as depends on the signal-to-noise ratio of the system it
pickup of noise sources or gain variations in amplifier elecould be improved in future systems by increasing the coupling between the SQUID amplifiers and the TESs.
ments) that enter the amplifier chain after the switched

▸ 7 Transition-edge sensors arrays in the focal plane

FIG. 2. Mn Ka X-ray fluorescence spectrum measured by 30 TESs read FIG.
out 4. Arrival time is determined by computing the derivative of the
current DIN in all 32 channels for two readout frames encapsulating
by 32-channel U-CDM. The source produced approximately 0.3 counts SQUID
per
23
a photon
arrival, then fitting a model (blue line) consisting of a flat baseline
second per TES. The data are well-fit by the intrinsic Mn Ka line shape
plus
a
line
with fixed slope. The “knee” in the fit is taken as the arrival time.
with Gaussian broadening due to the energy resolution of the TESs of
The plot shows DIN for two frames of data from the 32 SQUID channels
2.77 6 0.02 eV FWHM.

@ CANADIAN SPACE AGENCY 2020

combined for a single X-ray event. The signal from each SQUID channel is
represented by a different colored point. 1-r error bars on the best fit are
shown as dashed lines. The inset shows the distribution of arrival times for
10 000 events.
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NICHE OF COLIBRÌ
High spectral resolution, high throughput and
large effective area

▸

Similar energy resolution to the gratings on
Chandra and XMM-Newton and to the
bolometers on Hitomi’s SXS, but with 10 times
the effective area

▸

Spectral resolution similar to ATHENA, with
lower effective area below about 6 keV, but
higher above 6 keV

10−1

Colibrı̀
ATHENA

10−2

XMM EPIC pn

Hitomi
SXS

10−3

NICER
RXTE

XMM
RGS

Chandra
Gratings

10−4

Effective Area [m2 ]

1

▸

1

10

102

103

104

▸

Colibrì’s rapid sampling of the TES arrays will
achieve a time resolution similar to that of NICER
and a factor of one-hundred ner than ATHENA

105

Colibrì will over-perform ATHENA by more than
a factor of ten in count rate even if ATHENA
offers a defocused observing mode.

● RXTE
● NICER

104

▸

● Colibrı̀
● XMM EPIC pn Burst

● ATHENA Blur
Chandra HRC

Chandra ACIS
● ● XMM EPIC pn●Timing
● ATHENA

103

High throughput combined with high time
resolution

Maximum Count Rate [Hz]

▸

106

Spectral Resolution [E/∆E]

● Hitomi SXS
10

102

103

104

105

106

107

108

Time Resolution [ns]
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Lynx

0.2-10 keV

3 eV @ 6 keV

~ 2000 cm2
@ 6 keV

2 μs

Table 1: Specs for Colibrı̀ compared with current and upcoming X-ray missions

RELATIONSHIP TO OTHER X-RAY MISSIONS
Chandra

?

(Launch 1999)

XMM

(Launch 1999)

NuSTAR

?

NICER

?

(Launch 2012)
(Launch 2017)

Spektr-RG
(Launch 2019)

XRISM
eXTP
Colibrì
ATHENA
Lynx
2020

2025

2032

Main Mission

2035
Extended Mission

Figure 1: Timeline for Colibrı̀ compared with current and upcoming X-ray missions
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BRIGHT SUPERMASSIVE BLACK HOLE - REVERBERATION MAPPING
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Figure 17: Left: Theoretical calculation of the reverberation response function of NGC 4151
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Fig. 9). Left entre: Simulation
of the recovered response in aILARIA
1 Ms observation
with Colibrı̀. R

olution at 1 keV and 10 keV. Right: X-ray Missions with X-Ray timing figures of
resolution and throughput.
COLIBRÌ MISSION

WEAK LINE SENSITIVITY

1

10

p
Weak-line Sensitivity FOM Aef f / E [m eV

0.5

]

▸ Thanks to the high
effective area,
throughput and
spectral resolution,
Colibrì will perform
particularly well in
detecting weak
spectral features
Colibrı̀ f/15
Athena
XRISM/Resolve
10

1

1

10

Energy [keV]

pectroscopy Figure of Merit. The signal-to-noise achieved in the detection of a narrow
ture from a source of a given flux with a given observing time is proportional to this
rit.
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100 KS OBSERVATION OF AN ISOLATED NEUTRON STAR
PSR J1833–1034: 62.5 ms pulsar powering the SNR G21.5-0.9

Colibrì single-bounce

Colibrì double bounce

Hitomi

Hitomi

❖
❖

Spectral features (albeit broad or in the soft X-ray band) have been discovered in a handful of
isolated, rotation-powered pulsar
Line diagnostics can help infer the magnetic eld and/or compactness of the sta
Hitomi’s observation of the G21.5 62.5 ms pulsar led to the surprising discovery of narrow
spectral features in the hard X-ray band
❖ the rst ever observed such lines from an isolated rotation-powered pulsar
fi
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❖

COLIBRÌ MISSION

ULTRA-FAST OUTFLOWS
PDS 456

❖

Absorption features detected in bright quasars are attributed to highly ionized gas
that is out owing at high speeds from the inner regions close to the black hole.
The modest spectral resolution and throughput of current instruments means
little is known about this winds.
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❖

Boissay-Malaquin et al 2019
150 ks on Chandra, NuSTAR
and XMM

ws

COLIBRÌ MISSION

100 ks simulation in low state.
F2-10keV ~ 1.7x10-12 erg cm-2 s-1

ULTRA-FAST OUTFLOWS
Colibrì 100 ks

PDS 456

1

❖

0.1
0.01
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10−4

g.

The high spectral resolution and
throughput of Colibrì will reveal the
Broadband
composition of the wind and the
Colibri
launching mechanism
spectrum
❖

10−3

normalized counts s−1 keV−1

Si,

Determining the nature of UFOs may
be the key to understanding how
galaxies grow and evolve

0.5

1

2
Energy (keV)

5

10

Colibrì not only will measure the
velocity and column density of the
out ow but will also constrain the
turbulent velocity of the gas within
it.

.
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THE MISSING BARYON PROBLEM – OBSERVATIONS OF THE WARM-HOT
INTERGALACTIC MEDIUM (WHIMS)
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THE MISSING BARYON PROBLEM – OBSERVATIONS OF THE WARM-HOT
INTERGALACTIC MEDIUM (WHIMS)
Blazar 1ES 1553+113

XMM-Newton 1.85 Ms
Nicastro et al. 2018
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THE MISSING BARYON PROBLEM – OBSERVATIONS OF THE WARM-HOT
INTERGALACTIC MEDIUM (WHIMS)

Colibrì

Best
observations
currently
possible

Figure 21: A simulation of the observations of the WHIM along the line of sight to the bla
A simulation
observations
of the
along
theof helium-l
1ES 1553+113 with
XMM RGSof
[asthe
in 61]
and Colibrı̀. Here
weWHIM
focus of the
↵-line
oxygen from anline
absorber
at z =
of sight
to0.4433.
the blazar 1ES 1553+113 with XMM RGS
11

and Colibrì. Here we focus of the α-line of helium-like
13
–10
Gauss
range.
makes assumptions on
oxygen
from
an However,
absorberthis
at zestimate
= 0.4433.

be in the 10
the magne
field configuration being dipolar. In the absence of pulsations, spectral features have been u
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