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What is time domain astronomy?

« Study of astronomical objects and phenomena as they change over time.

e Involves monitoring the sky over various timescales from ms to tens of years.
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Why does it matter?

Reveals key information about underlying physical processes

Provides clues about exotic objects such as black holes and neutron stars.

Helps in the discovery and study of transient phenomena (e.g. SNe,
GRBs, outbursts from compact objects).
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Historical origins of time domain astronomy

Time domain astronomy has its roots in antiquity, when ancient astronomers
mapped the motion of the planets on the sky and timed the passage of comets.

Halley's Comet of 1066 represented
in the Bayeux Tapestry

The path of the comet
Tycho Brahe saw in 1577, in
his geo/heliocentric model.

Comet symbol on Rock 35 from Area di
Foppe, Nadro di Ceto (Brescia, Italy).
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Types of variability

1. Periodic variability:
e Regular, repeating patterns.
« Examples: Pulsating stars (Cepheids, RR Lyrae), Eclipsing binaries.

2. Aperiodic variability:
e Irregular, non-repeating patterns.
« Examples: Flares, outbursts, variable accretion rates in X-ray binaries.

3. Transient variability:
o Sudden, short-lived events.
« Examples: Supernovae, Gamma-Ray Bursts, Fast Radio Bursts.
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Sources of variability

. Supernovae: Explosive deaths of massive stars.
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. Novae: Outbursts due to a thermonuclear explosion
on the surface of a white dwarf in a binary system.
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The importance of a multi band approach

« Different wavelengths probe different emission components and
provide complementary information about astronomical objects.

Black hole
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Afterglow
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Supernovae

Powerful and luminous explosion of a star.

Transient events observable over periods ranging from days to months.

Insights into stellar evolution, nucleosynthesis, and the dynamics of galaxies.

JAMES WEBB SPACE TELESCOPE

CASSIOPEIA A | SNRGINT.7-02.1
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Supernovae

® Chinese astronomers have been the first to record a supernova.
® QOver 20 historical candidates identified over the past 2000 years.
® Confirmed years: 185, 393, 1006 (brightest; also recorded in Egypt,
Iraq, Italy, Japan and Switzerland), 1054 (Crab nebula remnant).
® |n 1572 Tycho Brahe observed SN 1572 and argued it was very far from Earth.
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Types of supernovae

The Supernova Zoo
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Type | Supernovae (Subtypes: Ia, Ib, Ic)

Lack of H lines in their spectra.

Type Il Supernovae:

Presence of H lines in their spectra.

Energy
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Types of supernovae

e Type |: occurs in
binary systems when
a WD accretes
matter from its
companion star until
a thermonuclear
explosion occurs.

e Type Il: occurs when
a massive star
exhausts its nuclear
fuel, leading to a
core collapse and
explosion.
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Supernovae light curves

Type |: Sharp, bright peak, followed by a steady decay.

Emission primarily powered by the radioactive decay of
nickel-56 to cobalt-56 and then to iron-56.

Type |l : Initial smooth peak followed (in some cases)

by a distinctive plateau phase lasting for weeks/months,
and a gradual decline.

The plateau phase is powered by the recombination of
hydrogen in the star outer layers
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Gamma-ray bursts

 Extremely energetic explosions emitting gamma rays, releasing an
energy comparable to a SN but in a timescale of seconds!

 Provide insights into the most energetic processes in the Universe.

« Key to understanding massive stars’ deaths and black hole formation
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The first GRB ever observed!

Velo 40 Event — July 2, 1967

THE ASTROPHYSICAL JOURNAL, 182:L85-L88, 1973 June 1
® 1973, The American Astronomical Soclety. All rights reserved. Printed in USA.

OBSERVATIONS OF GAMMA-RAY BURSTS OF COSMIC ORIGIN

Ray W. KieBesaDEL, JAN B. StrONG, AND Roy A. OLsoN

University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico

| | Reccived 1973 March 16; revised 1973 April 2
-—‘ﬁ_‘-—n L 21 e
-4 -2 0 2 4 6

Time {seconds)

“Since the beginning it was clear these were not terrestrial
phenomena... then where did they come from?”
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Gamma-ray bursts properties

Spectral Range: ~ 10keV — 10 MeV Rate: a few per week
Duration: ~ 1 — 1000 s Variability: ~ 10ms — 1 s

Isotropic Equivalent Energy: ~ 10°! — 10°*erg Energy: ~ 10°° — 10°! erg
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Gamma-ray bursts afterglows

GRB 130427A Panaitescu et. al. 2013
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Neil Gehrels Swift Observatory

Wide-field hard X-ray detector (BAT)
Narrow field X-ray telescope with CCD detector (XRT)

Optical/UV telescope (UVOT)

BAT Burst Image XRT Image

T~10 sec



Gamma-ray bursts progenitors

Rapid variability allows to derive an estimate
of the source size of the order of tens of km.
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https://imagine.gsfc.nasa.gov/science/objects/bursts1.html

Gamma-ray bursts mechanisms

Jet collides with
ambient medium
(external shock wave)

W High-energy
gamma rays

Colliding shells emit
low-energy gamma rays
(internal shock wave)

Slower Mroys
Faster shell N £
Low-energy shell L,
M rays Visible light
Radio

Black hole | \a\_‘

enginhe

Prompt
emission

Afterglow
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The discovery of pulsars

Rapidly rotating neutron stars emitting beams of electromagnetic radiation.

Discovered in 1967, they confirmed the predictions by Baade and Zwicky in 1934 on the
existence of neutron stars and supported the theoretical model proposed by Pacini in 1967.
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Pulsars as testbeds of fundamental physics

Spin-period derivative [s s!]

Radio Pulsars
Pulsars in SNRs
Pulsars in Binaries

3500 pulsars are known (and counting)

® citherisolated or in binary systems

® rotating at periods from ms to tens of s

® emitting from radio to gamma-rays and

® powered by different mechanisms

Magnetars - 0 R ___| Parameter Value
Thermally emitting NSs 4L No GW damping 7 Right ascension (R.A.), @ (J2000)  07"37"51:248115(10)
RRATSs N | Declination (Dec), 5(12000) ~30°39'40/70485(17)
2 —  Proper motion R.A., g, (masyr™") —2.567(30)
\ Gamma-ray pulsars 3 . 1 Proper motion Dec., ys (masyr~") 2.082(38)
1 _23 1 1 IIIIII 1 1 1 IIIIII 1 1 L L L LLL 1 1 L L L LLL 1 1 L1l 1 1 L1l 1 ’(-n\ -4__ - Parallax,ﬂl(mas) 1.36(_}_0‘]2._0.10)
~ — — Position epoch (MJD) 55045.0000
m - -
O * OO 1 O * O 1 0 * 1 1 1 O 1 OO e 51 —  Rotational frequency (freq.), v (Hz) 44.054 068 641962 81(17)
S . . d 4; s | Finst freq. derivative, & (Hzs™") —-3.4158071(11)x 107%3
N 4 Second freq. derivative, & (Hzs™2) —2.286(29) x 10727
p]‘n perlo [S] g -7 —  Third freq. derivative, ¥’ (Hzs™) 1.28(26) x 1073¢
a 8 T | Fourth freq. derivative, 7 (Hzs™*) 4.580(86) x 10-%3
= - < Timing epoch, 1, (MID) 55700.0
O 9 -
Q 9 - < Orbital period, P, (day) 0.102 251 559 297 3(10)
o N . . . . . "'6 -10 — 7] Projected semimajor axis, x (s) 1.415 028 603(92)
. | _1 Eccentricity (Kepler equation), er 0.087 777 023(61)
e aming o elr regular puises proviaes insi INTO £ -1
g g p p g . r - 4 Epoch of periastron, Ty (MJD) 55700.233 017 540(13)
n 12 —  Longitude of periastron, ay (deg) 204.753 686(47)
o L 4
> 13 —  Periastron advance, @ (deg yr™!) 16.899 323(13)
T 14 - | Change of orbital period, P, —1.247920(78) x 1071
. t t h M S = . Einstein delay amplitude, 7 (ms) 0.384 045(94)
n e u ro n s a r p yS I CS £ -15 —  Logarithmic Shapiro shape, z, 9.65(15)
8 -16 r | Range of Shapiro delay, r (us) 6.162(21)
L 4 NLO factor for signal prop., gn; o 1.15(13)
. . . « . . A7 General Relativit ]
® properties of dense matter within their interiors 8f prediction ~_ Y, ]~ Dervedparanetrs
19 r \ 1 sini=1-exp(—z,) 0.999936(+9/—10)
PR T T N S Il v |+ |+ 7 Orbital inclination, i (deg) 89.35(5) or 90.65(5)
@ 02— ] Total mass, M (Mg) : 2.587052(+9/-17)
. . t t | | d . » 0.1 { 1 Mass of pulsar A, my (Mo)d 1.338185(+12/—14)
In ers e a r I I le IUI I I o o . < Mass of pulsar B, mg (M) 1.248868(+13/—11)
© \ p B (Mo
s 0 > Galactic longitude, / (deg) 245.2357
2 01 Galactic latitude, b (deg) ~4.5049
. . 8 : Proper motion in /, y; (masyr~') —3.066(35)
o ge n e ra I re | atIVIty o -02 4 TR DR SRR BRI SR TR S Proper motion in b, g, (masyr™") -1.233(31)
2004 2006 2008 2010 2012 2014 2016 2018 2020 Distncefromred(pd) 2%C0)
Year Transverse velocity, vy (kms™') 11.5(10)
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Magnetar giant flares
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Magnetar bursts

Short bursts Intermediate bursts
g 200 |— _g "go E . X Y , ‘ ‘ E
s ] T e s » =
Oil ~ ] Jﬂd . M—:L OML. AL e JL_L Ln_
o 2000 4000 GOgr)iOrhe (8322)() 10000 12000 14000 24 26 ] 28 30 32
Time (s)
Lpeak"’ 1039—-1041 erg 51 Lpeak"‘ 1041 —-1043 erg s'1

duration~1-40s
abrupt onset

duration~0.01—-1s
sporadic or in storms

They often announce an active phase
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Magnetar outbursts

Coti Zelati et al. 2018
M O O C Magnetar Outburst Online Catalog
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» About 1100 X-ray observations (12 Ms) between from 1998 to 2017

»  Spectral fitting with empirical and more physically-motivated models

» Light curve modeling and estimate of energetics and decay time scale
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Magnetar outbursts mechanisms

Internal source of heat?

» Plastic flows in the crust convert
magnetic energy into heat
» Heat conducted up and radiated

External source of heat?

» Crustal displacements twist up the
external magnetic field
» Returning currents hit the surface
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Low-mass X-ray binaries

o Systems where a NS or BH accretes matter from a companion star.

X-ray Heating
(Optical/UV)

1 A ion F1 Stream & Stream-impact
nner Accretion Flow (Optical/UV)

(X-ray/Gamma-ray)

Outer Accretion Disk Companion Star
/ (Optical/UV) (Optical/IR)
Jet

(Radio/IR)

e Insights into accretion physics and binary star evolution.
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NS-Low-mass X-ray binaries: bursts

Type | bursts:

e Thermonuclear flashes on NS surface (H—>He burning — explosive)

« Rapid (few-sec) rise + expo decay (10-100sec) with Lj.q =10 Lpegistent
e Recurrence of hours-days during outbursts
 Total energy: 1039-1040 erg S
 Soft BB spectrum: kT = 200 eV E
« Sometimes expanding atmosphere

GS 1826—24 -

X—ray intensity {103 counts s=! PCU~T)

0 10 20 a 10 20 S0 44 50
Time relative to the burst start (s)
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NS-Low-mass X-ray binaries: bursts

Type Il bursts (Rapid):

 Rapid rise (s) and decay (s-min)

e Recurrence =75

e No softening during decays kT = 2 keV

e Energy in burst increases with waiting time

e Intermittent accretion due to disc instabilities
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PCU2 Count Rate

10

10

Low-mass X-ray binaries: variability

Complex spectral and variability behavior in outburst
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«About 25 NS-LMXBs have been seen to pulse at ms periods in outburst

Francesco Coti Zelati (ICE, CSIC — INAF OAB)
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Variable stars

Pulsating variables (e.g., Cepheids, RR Lyrae, RV Tauri), eruptive
variables (e.g., novae, cataclysmic variables), eclipsing variables

GROUP CLASS TYPE
_——¥Type | Classical

/vCepheids
I.PULSATING —PRR Lyrae \ Type Il W Virginis

STARS
RV Tauri

Long-period —» Mira type

variables \
Semiregular
SUupernovae
. TP

VARIABLE I, ERUPTIVE i Novae
STARS (Cataclysmic \-\\: Recurrent novae
SLars) \ Dwarf novae
Symbiotic stars

R Coronae Borealis

HI. ECLIPSING

BINARIES
EXTRINSIC CLASSIFICATION OF
"N\ V. ROTATING VARIABLE STARS
VARIABLES

Francesco Coti Zelati (ICE, CSIC — INAF OAB)
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magnitude

magnitude

Pulsating variables: light curves

Regular variations in brightness due to periodic expansion and contraction of their outer layers.
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Erupting variables: novae

Sudden increase in brightness by several magnitudes due to sudden ignition
of a hydrogen layer on the surface of a white dwarf in a binary system.

e Classical Novae: Single outburst observed.
eRecurrent Novae: Multiple outbursts observed over decades.

eDwarf Novae: Smaller, more frequent outbursts due to instabilities in the accretion disc.
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Novae light curves

Rapid rise to peak brightness followed by a gradual decline over weeks to months.

The amplitude of the outburst can be up to 10 mag or more.
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Detection of a nova X-ray fireball

Article

X-ray detection ofanovainthefireball phase

https://doi.org/10.1038/s41586-022-04635-y  Ole Konig', Jorn Wilms'®, Riccardo Arcodia? Thomas Dauser’, Konrad Dennerl?,
Received: 11 January 2022 Victor Doroshenko?®, Frank Haberl?, Steven Himmerich', Christian Kirsch',

: Ingo Kreykenbohm', Maximilian Lorenz', Adam Malyali?, Andrea Merloni?, Arne Rau?,
Accepted: 14 March 2022 Thomas Rauch?, Gloria Sala*®, Axel Schwope®, Valery Suleimanov?, Philipp Weber' &

3
Published online: 11 May 2022 Klaus Werner

Observational confirmation of the existence of X-ray flash in a nova
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Stellar flares

Sudden bursts of energy and light emitted from the star surface from radio waves to X-rays.

Can last from a few minutes to several hours.
Many late-type stars (e.g. red dwarfs) frequently produce flares.

Probably produced due to reconnection of magnetic field lines in the corona.
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Tidal disruption events

A star getting too close to a SMBH is

stretched and compressed, eventually being

torn apart by the BH tidal forces.

The stellar debris forms an accretion disc
around the BH. Material heats up and
radiates enhanced multi-band emission.

Later on, the debris continues to fall back
onto the BH at a decreasing rate.

Unique opportunity to study black holes and

the extreme physics of their surroundings.

Estimated rate: one TDE per galaxy every
10,000 to 100,000 years.

oo

ILLUSTRATION OPTICAL X-RAY

reprocessing from
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accretion phase
-2 luminous flare,
sometimes: jet
formation

artist's view; NASA/ICXC/M. Weiss/ Komossa et al. 2004
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Tidal disruption events

The light curve exhibits a rapid rise to peak brightness followed by a power-law decline
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Quasi periodic eruptions
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Leading scenarios:

® Partial disruptions of orbiting stars.

® Extreme mass-ratio inspiral system where the secondary
intersects a precessing disc around the primary. At each
impact, an adiabatically expanding gas cloud is expelled from

the disc plane
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Time domain surveys

Regularly scan large portions of the sky to search for an monitor transient and variable events.
Often use robotic telescopes, automatic classification of transient events, rapid notification alerts.
Involve storing and transferring a huge amount of data due to large fields of view required.

® Enable discovery and study of rare and short-lived phenomena.

® Provide statistical samples for understanding population characteristics.
® Provide triggers for follow-up observations.
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X-ray time domain surveys

INTEGRAL, MAXI, Fermi, Swift: searches for transients with wide-field sky monitors

Einstein Probe: a new X-tray transient hunter machine

L.
e
/\/‘

Key questions

How common are black holes,
S .how do they swallow matter,
Two science instruments giidrpoers HIsrets]
Wide-field X-ray Telescope (WXT):
provides a large field of view and uses
novel lobster-eye optics to observe a
large portion of the sky at any given time

What kind of everits produce
gravitational waves, and how? .

Follow-up X-ray Telescope (FXT):

homes in on X-ray sources found with *
WXT with a much higher resolution and
larger light-collectingfpower 2

What happens when-a- star
. explodes and goes supernova?
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Optical time domain surveys

LSST PFOJE’CT |n Nurnbers
8 4mefers

Prlmarg rnlrror dlamefer

8.4-m primary mirror with a 3.2-gigapixel CCD imaging camera 3 EOD Megab,xe,s e ] ngh"fs" i

Resolution;of the Telescape Camera | i o R "‘\ S RTime: needed for anall- SI«Q

. o & |magmg 2>
[ { E 1 \‘/ . . .

123 = e ‘ S p 15 se'C..QnC_'."'s '

Exposure time needed to

Large Synoptic Survey Telescope @ Vera C. Rubin Observatory (Cerro Pachédn)

Field of view: 9.6 square degrees.

Will cover the entire available sky every few nights Telesconsapeitice. - () QN (. Copture snimage.

10 yr duration. First light in January 2025; fully operational in August 2025. "BOO) s & W - .3/ silien *
 Number of fimes asame * / T # . etacteloer Buesiit .
- object will be captured 1 o

Generating unprecedented amounts of data for astronomical research. e - o

Amount of data collected every nvight '

. AstroSpace

Source : www.astrospace-page.blogspotcom

Category ATLAS ASAS-SN Pan-STARRS ZTF LSST
Number of total sources 1 x 10° 1 x 10" 1 x 10° 37 x 10°
Number of total detections 1 x 10" 1 x 10" 1 x 10" 1 x 10" 37 x 10"
Annual visits per source 1000 180" 60" 300° 100"
Number of pixels 1 x 10° 4 x 10° (x4) 1 x 10° 6 x 10° 3.2 x 10’
CCD surface area (cmz) 90 9 1415 1320 3200
Field of view (deg®) 30 45 7 47 9
Hourly survey rate (deg®) 3000 960 3760 1000
5S¢ detection limit in r 19.3 17.3 21.5 20.5 24.7
Nightly alert rate 1 x 10° 1 x 107
Nightly data rate (TB) 0.15 1.4 15
Telescope (m) 0.5 4 x 0.14 1.8 1.2 6.5
No. of telescopes 2 (6) 5 2 1 1
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Radio time domain surveys: pulsars

Arecibo, Parkers, Effelsberg, GBT, MeerKAT, FAST

Galactic centre search GBNCC

o~

-

Declination (deg)
<

107 Vekegnioning ! : it | ‘\\ FAST GPPS Survey Sky (ZAmax<28.5°) ,,L’ |
‘ 18182 covers i
observed: 2628 (up to 2023-09-01)
inner disk(total 9066): 1798
outer disk(total 9116): 830
to observe: 15554

+ covers with known pulsars

Galactic Latitude

120
Galactic Longitude
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Radio time domain surveys: transients

LOFAR transients key science project

[ Equatorial High Dec Galactic  [_1 Pilot1

ASKAP Variables and Slow Transients survey

Bursts from Space: MeerKAT ©

Welcome to the second data release for Bursts from Space: MeerKAT. We have lots more data for you to analyse so let's get stuck in!

MeerKAT: bursts from space citizen science project

https://www.zooniverse.org/projects/alex-andersson/bursts-from-space-meerkat/ §

Searching for undiscovered
variable radio sources in the

southern sky
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Radio time domain surveys: the future

« World's largest radio telescope, providing unprecedented sensitivity and resolution

SKA-low - the SKA's low-frequency instrument SKA-mid - the SKA's mid-frequency instrument

The SKA Observatory (SKAO) is a next-generation radio astronomy facility that will revolutionise The SKA Observatory (SKAO) is a next-generation radio astronomy facility thatwill revolutionise
our understanding of the Universe. It will have a uniquely distributed character: one observatory our understanding of the Universe. It will have a uniquely distributed character: one observatory
operating two telescopes on three continents. The two telescopes, named SKA-low and SKA-mid, operating two telescopes on three continents. The two telescopes, named SKA-low and SKA-mid,
will be observing the Universe at different frequencies. They are also called interferometers as will be observing the Universe at different frequencies. They are also called interferometers as they
they each comprise alarge number of individual elements working together to form a single each comprise alarge number of individual elements working together to form a single large
large telescope. telescope.
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