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Tidal Forces
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What happens when a star ventures

Evans & Kochanek 1989

It gets ripped apart!



Tidal Disruption of a Star

The star is ripped apart when tidal forces
overcome the self gravity of the star:

GMR, _ Gm,

S .
rd R3
Tidal Force Self-Gravity

rr ~ R*(AJBH/’IR*)I/B

Tidal Disruption Radius



How close do you have to gete

2 Mgy = 10°M, 107 M_ 108 M
Ry= 24Rg 5 Rg R.
/ - O A/
Mg, =10°M,

rs = 2GMp,,/c?

Event Horizon

It depends on the type of star
and the mass of the black holel



Only Observable for Mg, < 108 M,

; 33 6 A/ 7 A/ 8 ; /
M, = 10°M, 107 M, 108 M,

Rr= 24 Rg
E Gezari 2014

Maximum mass above which star will be
swallowed whole (R; < Ry):

My -5 (R*)3/2 = 11 X 10°M (m*>—]/2(R*)3/2
max—ml/z 2G . 0} Mo Ro

For a spinning black hole, the event horizon

shrinks, and M. increases! (Belabodorov+ 1992,
Kesden 2012)



Max Mg, Depends on Stellar Type
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Tidal Disruption of a Star

max escape
-1
mean binding _ 52P99d~10 kms
energy~10\c

max binding
energy~10"c?

, Rees 1988
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Probing Black Hole Mass ;[,
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Rate Determined by Dynamics

= The TDE rate is determined by the
rate at which stars are diffused into
the “radial loss cone”:

" 0, =2GMg,ry/(v?r?)

"= The loss cone is repopulated by
stellar encounters (angular-
momentum diffusion) on the
relaxation timescale. \_orbital trajectory

= Dynamical models of galaxies Freitag + Bentz 2002
predict a rate of 10> to 103 yr?
(Magorrian & Tremaine 1999; Wang
& Merritt 2004; Brockamp+ 2011).

Probe of stellar density structure in galaxy nuclei.
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Probing SMBH Demographics
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Classic Debris Disk

Thermal emission from
> debris disk should peak
~ in the extreme-UV

Face—on
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log £ (g/em?) 10

Debris streams intersect due to
apsidal precession, shock, and Ulmer 1999

circularize to form a disk. 5
Bonnerot+ 2016 Teff( RT) 10> K
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Cumulative Number

MuU TI-A Searches
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The Golden Age of
Wide-Field Optical Surveys
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log Ly [erg s']

We've Come a Long Way...

X-ray Searches...

Optical Searches...
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Some Basic Predictions Have Held True...

Theory
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Surprises Along the Way




Surprise: Dichotomy of T
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Two Populationse
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Two Componentse
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Surprlse Lorge Radl
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How to Get Large Radii

Reprocessing Envelope
Loeb & Ulmer (1997)
Guillochon+ (2014)
Roth+ (2016)
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Surprise: First TDE Spectro
Blue continuum, broad He |l lines, and no H!
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How To Get High He-to-Ho Ratios

Reprocessing Envelope
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Now 3 Spectral Types!
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MU TI-A Emitters
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Accretfion Timescales

1'he characteristic timescale for a 'I'DE 1s set by the
orbital period of the most tightly bound debris, known
as the fallback time (tg,), which for a solar-type star is:

| to,=a1d M2 |

The circularization timescale (fqrc) driven by relativistic
apisidal precession of the debris streams depends on the
black hole mass as

| tore = 83tn, M 2572 |
where 3 = Rt /R, Bonnerot et al. (2016). Meanwhile,

the viscous inflow time scale for a standard a-disk model

(Shakura & Sunyaev 1973) is
| tuise = ™ (h/1)"2Pou ~ 0.1tm(a/0.1) " (h/r)2 |

where a 1s the standard viscous parameter, h is the scale-
height of the disk, and F,,, is the orbital period of the
outer edee of the disk.

1 yr rise time of X-ray to peak is tantalizingly close to the circularization
timescale of a 10° M_,, TDE!



Where do we go from here...



Where do we go from here...

More events...



The Zwicky
ransient Facility

47 deg? field of view

600 Megapixel camera

10 sec readout time

Survey speed: 3750 deg?/hour to 20.5 mag

, R, ifilters
Pl: Shri Kulkarni (Caltech)

Started in March 2018

UMd is a member of the ZTF Partnership, along with:

C\ NSF MSIP
-/ Northern-Sky Survey

15,000 deg?
3 day cadence, g+R
Public alert stream




LTFoh: AGN and TDE SWG
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From Discovery to Classification

A

& " PBO: Followup -
e DCT (4.3m): LMI (imager),

P200; Classification DeVeny (R~1000 spec), RIMAS
(NIR imager and spec). The
only >4m facility with
continuously available optical
and NIR spectrographs.

& ) P48: Discovery

P48: Wide-field survey telescope in g,R, i with m; . = 20.5 mag, 47 deg? FOV
P60: Dedicated SED Machine (R~100 spectrograph) for transients brighter than 19 mag
P200: DBSP (R~1000 spectrograph) for follow-up available in collaboration with Caltech.



We Use Image

Differencing to

FiInd Nuclear Transients...

NEW - REF -— SUB
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— E

SDSS PS1

..however, not every nuclear transient is
associated with acftivity from the
galaxy’s central massive black hole!



Nuclear Transients in ZTF
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B known AGN
1 unknown
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Filtering Out Pesky SNe
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rate of color change (1/day)

Filtering Out Pesky SNe
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vL, g-band (erg s71)

/TF Pre-Peak Light Curves
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AT2018zr, the first TDE detected by
ZTF, was one of only 5 TDEs
discovered before peak!
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In the first 1.5yr of ZTF survey
operations, we have detected 16 more!



Absolute r-band mag
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Normalized Flux
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Host Galaxies
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Red & goregnl, bu’r f.e.W. B'.U?..qu.qu Hosts
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Very few blue galaxy hosts, even though in the galaxy mass range, must galaxies are blue!



TDE Hosts are Green and Centrally Concentrated
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We are now entering an era of TDE
population studies...

van Velzen, Gezari+ 2020

0 50 100 150 200 250
Rest-frame days since peak

We apply a uniform analysis of 17 ZTF + 15 archival = 32 spectroscopically classified TDEs,
and search for correlations between flare properties, spectral class, and host galaxy mass.




Separation of Spectral Types
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TDE-Bowen class are the most common, perhaps indicating disruption of low-mass stars?
TDE-He class are the least common, perhaps indicating the disruption of rare He stars?

van Velzen, Gezari+ 2020



Separation of Spectral Types
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Well-Sampled Pre-Peak Light Curves,
/3 Power-Law Decline
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log(trise) [days]

Decay Scales with Mg/,
Rise Time Does Nof!
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Rise time appears to scale with L, as would be expected for radiative diffusion timescale.
).
taig X pR* x« M/R x L/R

Decay time appears to scale with Mg,,/?, as would be expected for fallback rate.
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New Landscape of

Lpn/Lx
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In the first 1.5yr of ZTF survey operations, we now have detected 4 more TDEs in
the soft X-rays, and with dramatic variability caught by Swift monitoring!
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v Jaime: Late-time Brightening
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UV to soft X-ray
flux density ratio

Dramatic X-ray Variability
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What is driving dramatic
soft X-ray evolutione

.. 5
Viewing Angle? Reprocessing?
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Circularization
Delay?

Bonnerot+ 2016, Piran+2015 van Velzen, Gezari+ 2020



In Principle, Soon We Will Have -

1000

(m2 deg2)
o
o

< 10 m? deg?
10

_.aLl

Etendue

c)c

S <a3>
@ @ & ¢ \@Q & cﬁg\ 7 S & €/ &
N\ N \30"’ )

13 P 2018 2022

Surveys with time domain component.



Searching Under the Lcm‘ﬁpos’r

Are ground-based optical surveys really the best approach
for discovering and characterizing TDEs?

Many advantages to searching in the UV, soft X-rays, mid-
infrared, and radio....

Need wide-field capabilities in these areas.




Future Space Missions

Ultraviolet Dorado & |
195nm, 275 nm - DOI'adQ.B

NASA Cubesat Mission Study

50 deg? FOV, survey 1000 deg? every 3 hours
m;.,~ 20 mag, 14 arcsec FWHM

Potential to detect 100 TDE yr?!

Soft X-ray eROSITA on Spectrum-Roentgen-Gamma (SRG)
0.5-10 keV
Russian and German mission
0.83 deg? field of view
Survey the whole sky in multiple epochs
Launched in 2019!

eROSITA

TAP (Transient Astrophysics Probe)
0.3-5 keV

Proposed NASA Probe-class Mission
19deg x 19deg field of view

WFI will survey 1/3 of the sky at once
Sensitive to “relativistic” TDE events.

Hard X-ray




Classification Power of the UV
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New X-ray View of the Transient Universe

Energy range: 0.5-10 keV

Russian and German mission

FOV: 0.83 deg?

Survey the whole sky in multiple epochs
Launched onduly 13, 2019 '
First light on October 22, 2019

6-month halo orbit around L2

4 year survey

20 times deeper than ROSAT AII -Sky Survey

With a complementary X-ray selection of TDEs from eROSITA, we can:

» determine the truﬂe of TDEs

» determine the efficiency of the formation of the TDE accretion disk
» find out what physical properties determine their optical brightness




Conclusions

ZTF is on track to be the first survey to produce a
statistically significant, systematically selected TDE
sample

Will enable population studies of TDEs and their host
galaxies and central black holes

Swift and XMM-Newton follow-up have been critical
for probing the UV and X-ray components

Dramatic soft X-ray evolution may hold the key for
unlocking the nature of the UV/optical component,
and for probing the real-time formation of the
accretion disk

We are also following up our sources in the radio and
in fast time resolution X-ray imaging...stay tuned!
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