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Time-domain astronomy in 2020’s : M-A & M-M
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Detector area (cm?)

An incomplete history of X/ y-ray wide-field monitors
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New types of high-E transients await discovery and
characterization in large numbers

unknown
Tidal disruption events EM counterparts of
Demography of Black holes gravitational waves
How matter falls onto BH e What are the EM counterparts?
How jets form oy How compact objects merge?
& variables

High-z GRBs EM counterparts of

The early Universe and Pt neutrino events

the first stars/BH(?), ‘ i i
/BH(?) SN shock breakouts Particle acceleration

metal enrichment ) i
Supernova physics & progenitors



Soft X-ray flux (ergcm™2s™1)

Challenges in finding faint high-E transients

SWIFT/BAT .
., Fermi/GBM syvOM/Eclairs
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Next generation X-ray ASM: higher sensitivity and higher cadence




current wide-field X-ray monitors: non-focusing

pmhole/'sllt collimator + scan coded masks
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Non-focusing wide-field X-ray monitors

_ L i o Ngrc o Agsrc
g(;/ N  /Npgp +ABGD

Asrc/ Abgd ~1

pinhole imaging

increasing A also enlarges A, 4 at the same time
(spatial resolution decreases)

Low angular resolution (~ degree),
high background, low signal/noise
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sensitive detector

A focusing optic
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Agre > Apep

Agcp and hence the detector background
is reduced, thus S/N increased

From the point of view of its instrumentation, X-ray
astronomy possesses a certain moral simplicity. It is
a perpetual battle of good versus evil; that is of
signal versus noise.

G.W. Fraser “X-ray detectors in astronomy”
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X-ray focusing optic systems

X-ray reflection: grazing incidence 9 < 6, Ve
E
pho

critical angle 6, ~ a few degrees @ 1keV

always 2 reflections for imaging
two basic options:

Wolter type | (Wolter 1952)
Kirkpatrick-Baez (K-B) geometry (Kirkpatrick & Baez 1948)
Angel — square pore lobster-eye

Paraboloid

. Hyperboloid
Surh?éi \?Slurfaccs
.\'-.r.l.\,s T ~
-_‘i’octal Point
.\'-x:‘l),h - A FOCUS B m?goes
Wolter-I K-B Angel
credit: NASA credit: from NASA/GSFC webpage after lobster-eye

Kirkpatrick & Baez (1948)



Wolter-I type focusing optic
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One pair of mirrors credit: NASA

Paraboloid )
o o yperboloid
Surfaces ‘!
Surfaces
X-rays
Focal Point
X-rays

credit: NASA

Large light collecting area
High spatial resolution
Small field-of-view (<1 deg)
Heavy

widely used: Chandra,
XMM-Newton, NuStar,
Swift/XRT, eROSITA
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Lobster-eye micro-pore optic (MPO)

a SEM image of a lobster
eye (from Gaten 1994)
(also other crustaceans)

light is reflected from the adjacent walls of the square packed pores

(tunnels) and is brought onto the focal surface (sphere)

imaging principle of lobster-eye optic

-~ source B

-~

K »Q)urceA
L e

maximum angle 6,

grazing incidence focusing
same as for X-ray
spherical symmetric optic
wide-field up to 4
light-collecting area
Agrr « sphere area o< R*

an ideal optic for X-ray

wide-field monitors




Concept of lobster-eye MPO for wide-field monitor

First proposed by R. Angel (1979), and later studied theoretically and

experimentally by a number of groups e.g. Wilkins et al. (1989) ; Fraser et al. (1992);
Kaaret (1992)

also known as micro-channel
plates (MCP)

Light path of MPO
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A lobster-eye telescope: ideal X-ray wide-field monitor

Pros
True imaging by focusing X-rays
Wide FoV (almost un-vignetted)
good resolution: ~ 5 arcmin

good sensitivity
reduced noise in source area (detector)
more photons in soft X-ray

Low weight
lead glass with millions of holes
Cons
small effective area
3cm? @ ~ 1keV for 37cm focal length
large focal surface (detector)

Y4 mirror area

narrow bandpass (<5keV)

¥ fast drop of reflectivity for E>5keV
FoV 324 sq. deg. cruciform PSF



lobster-eye MPO: a compromise of FoV & sensitivity

41

1sr

FoV (all-sky cadence)

1deg

Sensitivity vs. FoV (cadence)

L Swift/BAT

micro-pore fbcusing optic
(lobster-eye)

non-focusing

(pinhole, .
coded mask, focusing F
collimator + scan) | | (Wolter-1) §

ROSAT,
Chandra,
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eROSITA

Sensitivity
(collecting area, spatial resolution)



MPO missions proposed, planned, and built

Conceptual designs of X-ray ASM
Priedhorsky, et al. (1996, MNRAS)
Fraser et al. (2002)

mission proposals to use MPO for astrophysics (others include planetary
science and Earth magnetosphere studies)
ASM (to ESA, Fraser et al. 1990)
Lobster (Priedhorsky et al. 1997, NASA SMEX)
Lobster on ISS (Fraser et al. 2000)
WFT on SRG mission (UK, Fraser et al.)

A-STAR (ESA)

Einstein Probe (CAS) approved B onIc St6io s
Lobster (NASA) Mercury Imaging X-ray Spectrometer
Theseus (ESA)

ISS-Lobster and TAP (NASA)
HiZ-GUNDAM (JAXA)

launched
STORM rocket experiment (US; upper atmosphere)

Mercury mission BepiColombo MIXS (ESA)
a cubeSat (Nanjing Univ. China)

Ofe
credit Univ. Leicester PJ G. Fraser, U. Leicester



Einstein Probe (EP) mission

Follow-up X-ray telescope
FXT) 2 modules

An observatory for all-sky
monitoring to discover &
study high-energy
transients and variability in
soft X-rays

Wide-field X-ray telescope
(WXT) 12 modules

The 1st X-ray monitoring observatory with *all* focusing instruments

Field of View: 3600 sq. deg.; grasp: ~10,000 deg?.cm?

Monitoring band: soft X-ray 0.5-4 keV

Sensitivity: > 1 order of magnitude higher than those in orbit

Good angular resolution: (~5 arcmin) and positioning accuracy (<1 arcmin)
Autonomous 0.3-10keV X-ray follow-up within < ~ 3min (localisation <10 arcsec)

Fast alert data downlink and fast uplink (ToO)
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Instrument configuration & fields of view

WXT (12 modules)

WXT FoV (1.1sr)

FXT FoV
(38)

FXT(2 telescopes)

Bl Gesa@



Wide-field X-ray Telescope (WXT)

One WXT module

X-ray optics: lobster-eye MPO

Detector: Bl CMOS array

Focal length: 375mm

p radiator
Eff. area: ~3cm2 @1keV MPO
FoV: 3600 sqr. deg.
FWHM: ~ 5 arcmin 4 Bl CMOS

Bandpass: 0.5-4 keV

E-resolution: 170eV @1.25keV

The largest-format detector for focusing
X-ray telescopes to date (total 432 cm?)



WXT effective area & Grasp

effective area from simunlations
in all direction within FoV

Grasp parameter

Effective Area (cm”2)
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ao D. et al.



Simulated EP WXT sensitivity
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WXT status

HUAWE! P30 Pro
oo LEICA QUAD CAMERA

Second prototype module mirror measured one PSF of Bl CMOS sensor
assembly in thermal vacuum test ~ the mirror assembly engineering chip



Fellow-up X-ray Telescope (FXT)

X-ray mirror: Wolter-I
Detector: CCD

Focal length: 1.6m

Eff. area: 300cm? @1keV
Spatial resolution (HPD): 30”
FoV: ~38 arcmin

Bandpass: 0.3-10 keV

E-resolution: 120eV @1.25keV

— 5
unshade Co
Ver

With contributions
from ESA and MPE



Effective area (cm?)

Follow-up capability of EP-FXT

4 ———————————T T
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1000 - i -
800i ;55: d
600
400

200 4
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Source localisation <10”
Monitoring X-ray spectral/flux evolution
X-ray follow-up for TDE found in other surveys (e.g. optical, radio)



FXT status

FXT STM Mirrors integration
(credit Media-Lario)

)

FXT STM Mirror Module at PANTER facility for
X-ray tests (credit Media-Lario)



EP satellite STM model

2019 Nov




Mission profile

Orbit: 570 km (P ~97min), i< 30deg
Observation modes

Survey: 3 snapshots per orbit in the

night.sky

night-sky, each ~20 min exposure

cover most of night sky in 3 orbits

Cover whole sky in half a year
Autonomous follow-up: FXT (3-5 min) ISy
ToO

On-board data processing & transient

Survey mode:3 pointiri‘gs per orbit

search

Alert data rapid downlink & triggering
Fast ToO uplink



WXT monitoring survey (simulations)

WXT FoV footprints in 1-day (Galactic coordinates)

-150 -100 =50 0 50 100 150

3 orbits (5hr) cover ~1/2 sky



Simulated all-sky image in 1-year operation




close-up at Galactic center region
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Number of detected sources

Source detection and survey sensitivity (simulations)
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Daily cadence

Daily cadence
35 L L L L L

30 |- -

median

number of samplings per day

0 20 40 60 80 100 120

Number o?éky patches (dark sky)
to be updated



Main science goals

Carry out systematic survey of soft X-ray transients
and variability of X-ray sources at unprecedented
sensitivity and high cadence

Discover otherwise quiescent Black holes at almost
all astrophysical mass scales and other compact
objects by capturing their transient flares

Detect and localize the electromagnetic-wave
sources of gravitational-wave events by synergy with
gravitational-wave detectors

34

defined in proposal of 2013 Jan



A wide range of X-ray transients & variability

X-ray flash
& LL GRB EM counterparts of
GRB physics neutrino events
particle acceleration _
High-redshift GRB Active galactic nuclei

Extreme gravity, BH
accretion/jets/growth

Trace first stars/BH
Early universe

\?\ «,"n :I% ~&

e J

Db e ™ Intermediate-mass BH

SN shock breakout BH physics/accretion

SN physics
Size of progenitors

BH X-ray binary

“ \ Extreme gravity
“%% - : BH physics/accretion
Comets Star X-ray flares SGR/magnetar
charge exchange || Magnetic fields extreme Thermal nuclear burst 5
emission Corona activity magnetic Field Neutron stars physics
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Estimated detection rates for some transients

Type of transients detections per year
Tidal disruption event (TDE) 100

TDE with jet 10 — 40 (?)
Supernova shock breakout 10 - 200 (?)
Long GRB 80

Short GRB 10
Low-luminosity GRB 10
Super-giant Fast X-ray Transient 10

Stellar flares 5,000

Magnetar 3



simulated WXT detection of a long GRB

10 arcmin




simulated WXT detection of a short GRB




Simulations: EP-WXT detection of a faint TDE

" Time: 0d0Oh25m Orbit: 1 Obs: 1

S/N: 1.1 Counts: 3
L

One of faintest detectable TDE
Fos_akey = 1.2x107Y2ergs~tcm
z=0.28
Ny = 3.4%x10%%cm™2
Los_akey = 3.2X10* ergs™

-2

1

10 arcmin




Simulation: EP-WXT detection of a bright TDE

Time: 0dOh25m  Orbit: 1  Obs: 1 ||
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radec =27.1,-46.8

z=0.005

N, = 1.7e+20 cm™ t
F(0.5-8 keV) = 6 9¢e-12 erg em?s!

L(0.5-8 keV) =4 3e+41 erg s

WXT countrate ( 10~ counts s™)

1 10 100
Time since 59763.0 (MJID)

10 arcmin

a bright TDE
Fos_akey = 6.9x10 2ergs~tem
D=21 Mpc

Mgy ~ 10* Mg,,,, |IMBH? Ny = 1.7%10%2%cm ™2
L0.5—4k8V = 4.3)(1041 eTgS_l

-2

faint end of the BH mass function?



Simulated monitoring nearby galaxies: LMC

Time: 0dOhOm Obs: 1

L 4
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Monitoring of AGN variability

Large samples of AGN to be monitored at various cadences
* variability at timescales from day to months
 flaring AGN, changing-look AGN, state transition ......

) - ~ A 1 ,
~ exXposure. monthl

~140 detectable (5 o)
daily (survey mode)

B ~700 detectable
e weekly

~1,600 detectable
monthly




Simulated EP WXT lightcurve of an AGN

NGC3227
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3 400 ‘
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Photons/s/cm”™2/keV

EP detectability for GW 170817: early X-ray

GRB prompt emission: several seconds
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magnetar-powered X-ray transients of mergers?

LETTER

https://doi.org/10.1038/541586-019-1079-5

A magnetar-powered X-ray transient as the

aftermath of a binary neutron-star merger

Y. Q. Xue"?*, X. C. Zheng"?3+, Y. Li*, W. N. Brandt>®7, B. Zhang®%1%*, B. Luo''?!3, B.-B. Zhang'"'>13, F. E. Bauer'*!>¢ H. Sun®,
B. D. Lehmer'7, X.-F. Wu2'8, G. Yang>$, X. Kong'?, 1. Y. Li*2, M. Y. Sun"Z, J.-X. Wang'2 & F. Vito!*°
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within ~300Mpc (LIGO
horizon for NS-NS mergers)




Summary

The X-ray sky is rich in violent cosmic events and new types of
transients await discovery & characterisation

Lobster-eye MPO is promising technology to look both deeper
& wider in soft X-rays

EP will be a unique and powerful mission in monitoring the X-
ray sky in the years to come, with a combination of
Unprecedented monitoring sensitivity
Very large FoV & High cadence
Unique passband in soft X-ray

Rapid response and satellite-ground two-way communication

Synergy with & follow-up by ground-based telescopes needed



Supplementary slides



EP detectability of high-z GRBs
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Simulated WXT lightcurves of high-z GRB

Estimated detection rate: N~ 12 @z> 6; N~ 3 @z>8
challenging for optical/IR follow-ups

GRB 130606 @z=5.91
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Flux(0.3-10 keV) [erg cm™? 5™

Simulated WXT lightcurves of high-z GRB
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GRB at even higher-z?

3 z= 8.2 -> 12.0
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magnetar-powered X-ray transients: more event?
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EP detectability of XT2-type transients

X z= 0.738 0.060
10 o R Simulated EP observation
|Ep=rxr 1238 cts + | of XT2 @ z=0.06
i ‘ ‘ ﬁ L = 1048
k; T EP-FXT - (b) CDF-S XT2
g light curve: "
S 10 EP-WXT light curve ! “-émae T Tr.
T M ] .:‘%/‘1045 l ; *{* o
Ef, | “L‘ 1 gwu
7 10%
42
G z=0.06 (250MpC) | 1400 10’ 10> 10° 10* 10°
- N C el L ' Lol : : Time (s)

10 100 1000 10000
Time (s)

detectable up to ~300Mpc (z~0.07), well match LIGO/VIRGO horizon
expected rate: 2 — 40 per year (with possible joint GW detection)



