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Happenings around massive black holes

SgrA* (courtésy Andr hez et al‘/, UCLA)




Happenings around massive black holes

extreme mass-ratio inspiral
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Quasi-Periodic Eruptions from Galactic Nuclei

7 systems known (maybe +2)
4 eROSITA sources

(quasi)period: 2.5-20 hr

Duty cycle ~ 10-30%
durations: 0.2-3 hr

Arcodia+21

Peak luminosities:
Lpeak ~ 10** ergs™!
kTpk ~ 100 — 200 eV

~18 hr
eRO-QPE1 —
« M, ~3%x10° —5x10° M: * \ f\
gal. occupation fraction ~10> : k
Miniutti et al., Nature, 2019 § L ‘ ‘ w | N “h l \ ﬂ ‘
Giustini et al., A&A, 2019 ‘ | | ll d ||| m ll || “ i H||| |
Arcodia et al., Nature, 2021 59,082 59,084 59,086 59,088 59,090 59,002
Chakraborty et al., ApJL, 2021 MJD

Miniutti et al., ApJ, 2023



Eruption Properties
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Light curves narrower & peak faster at higher photon energies
“hard” thermal eruptions on top of softer thermal (disk) emission
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* Light curves narrower & peak faster at higher photon energies
* “hard” thermal eruptions on top of softer thermal (disk) emission
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QPEs are not strictly periodic, but their arrival
times can exhibit regularities...

Long-Short Arrival Time Oscillations
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QPE-TDE association?

z -~
Some systems show long term decay of <+ asa
quiescent X-ray emission before QPEs 2 08 | TDE
. £ ~ .
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[Miniutti et al. 2019, 23]
[Shu et al. 2018]

[Sheng et al. 2021]
[Chakraborti et al. 2021]




Theoretical Models

Disk instabilities
[Miniutti+21, Arcodia+21, Raj & Nixon 21,

Pan+22, Kaur+22, Sniegowska+22]

Lensing by a massive companion

[Ingram+22]

Mass Transferring Companion(s) “EMRI”

1. Compact companion (White Dwarf, He core)

[King 20,22,23, Zhao+22, Chen+22, Wang+22, Xian+22]

2. Main-Sequence star on quasi-circular orbit

[Metzger+22, Krolik & Linial 22, Linial & Sari 23, Lu & Quataert 23]

~hours period => main-sequence stars

I:)QPE ~ I:)orb ~8hr (p/pG))_l/z




Theoretical Models

Disk instabilities

[Miniutti+21, Arcodia+21. Rai & Nixon 21

~10% timing difference

Pan+22, Kaur+
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~hours period => main-sequence stars

PO\PE ~ I:)orb ~ 8 hr (p/p@)_l/z




QPEs from Star-Disk Collisions

Stellar EMRI + accretion disk
Star-Disk collisions produce flares

Disk produces quiescent emission Linial & BDM (2023)

TDE-QPE association
Vk~0.1c
LqpE

I\N' kBTobs

Rgifr

[See also Xian+22, Sukova+22, Franchini+23, Tagawa & Haiman 23]



Flare Timing
P,y =T1{+T, =2(T)~5—18hrv
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Star Disk Collisions

1/3 »—1/3
v, =~ 0.1c M,’/6 T(5 h/r)
A
Eeijo = Mej vi = 10*° erg

h Assume radiation dominated disk
a~10"2, M/Mggq = 1072 -1

:—

Effective cross section ~ mR?2
Gravitational focusing negligible (v, > cg, visc)

Mg = 24 - mRZ = 10°
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Star Disk Collisions

A
h Assume radiation dominated disk _
a~ 1072 M/Mggq = 1072 — 1
! i

Effective cross section ~ mR?
Gravitational focusing negligible (vj, > ¢, Vasc.

Mg = 24 - mRZ = 1(
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Radiation escape condition Internal energy decreases
. with adiabatic expansion

PVY = const

i (1) = Moy (-




Radiation escape condition Internal energy decreases

c with adiabatic expansion
Laiff = tdyn 2 Tpeak ~ 1;"'10 . PVY = const
KesMej / /4 V ’)/—1
T(t) 41t (Vit)? Eint(t) = Mgjvi ((vk—t)3>

KesMej

~0.3hr v
4TtV C




Radiation escape condition Internal energy decreases

c with adiabatic expansion
Laiff = tdyn 2 Tpeak ~ 1;"'10 . PVY = const
KesMej /o v y—1
o(0) ~ L R e ()
lnt() ej“k (Ukt)3




Photon starved ejecta

[Weaver 76, Katz+09, Nakar & Sari 10]

Black body -- Thermal equilibrium -- Efficient photon production

Number density of photons at equilibrium star-disk passage (t ~ seconds)

o

ngg = aTgp/ksTgB

! hi=
n
n= i > 1 L

Nee(TeB, Psh) Xtexp ~

p Out of thermal equilibrium
( Fewer photons share the
Photon production rate through Bremsstrahlung same energy density

N\'Q\N

J kBTObS ~ kBTBBXTIZ > 100 eV «—— é) %\ ;
N



Photon starved ejecta

[Weaver 76, Katz+09, Nakar & Sari 10]
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~

“X-ray supernovae” 00

T = C[Vg

Harder bands:
e peak earlier,
* decay faster
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MC Radiation-
hydrodynamic
simulations

(photon production, diffusion,
Comptonization, etc.)
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Star is perturbed + inflated!

log,, Density (g/cm?)
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QPE-TDE Association
“EMRI + TDE = QPE”

(Linial & BDM 23)

GWs “every EMRI experiences
at least one TDE”

)\V‘ % Rrpg = 107* yr™*



QPE-TDE Association
“EMRI + TDE = QPE”

(Linial & BDM 23)

I 1
TDE rate NTDE ~ 1074 yl“_1

NV EMRI rate (Hills) Neymi ~107° ({)blln> !

# TDEs an
EMRI survives

N1pE ~ 0.1 NTDE

Fraction of TDE with QPE:

fTDE ~ NEMRI
GWs NTDE

— QPE-TDE associations should be common!
(confirmed! Nicholl et al., in prep)




EMRI destruction by ram-pressure stripping
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EMRI destruction by ram-pressure stripping

Mass-loss AM,
per collision M,

~J

After TDE:
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EMRI destruction by ram-pressure stripping

Mass-loss
per collision

Afte

Destruction
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Star-collision-fed accretion disks?

Mass-stripping rate comes to exceed MTDE
=> disk fed by stellar stripping?

Linial & T e ; B
BDM 24 orbl ' e 7 T onn(®) T (t)
"" ..... Rl A d
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2h |

) 1/3 4/3
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Flare timing...
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Modulated over the...
Apsidal precession time
Tyrec = 10 days

Nodal (Lense-Thirring) time:
Tyt =~ 100 a;! days

Inferring SMBH spin?

[e.g. Xian+21, Franchini+23 for time of arrival analysis]



Summary

A star gradually spirals into a galactic nucleus via GW emission

An independent TDE occurs, creating an accretion disk which radially
overlaps but is misaligned with the EMRI orbit

Twice per-orbit collisions between star and disk generate powers hot ejecta
and (quasi-)periodic flares visible over the cooler disk => X-ray QPEs

In some systems the flares can also outshine the disk in the UV, predicting
“UV QPEs” (ULTRASAT/UVEX targets?)

Star is perturbed (puffed up) by repeated collisions and loses substantial
mass per orbit, feeding and sustaining the disk longer than an isolated TDE.

Over decades the star may eventually be destroyed by mass ablation,
perhaps giving rise to a luminous final transient (not yet observed).

Almost all EMRIs should experience a TDE and a sizable fraction of TDEs
should host EMRI/QPEs.

QPEs provide new probes of dynamical processes in galactic nuclei (e.g. LISA
GW sources) and potentially strong gravity effects

Application to BH-disk collisions (e.g. binary AGN candidates like 0J287)



