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Black holes in the nuclei of galaxies

« (almost) all galaxies contain a black hole sitting at their centre
e.g. Kormendy&Ho+13

many kpc

—> Most SMBHs are not active (and faint in X-rays)
e.g. Bongiorno+12; Georgakakis+17; Aird+17

NASA, ESA and the Hubble Heritage Team (STScl/AURA); S.Gezari

X-ray image



Black holes in the nuclei of galaxies

« (almost) all galaxies contain a black hole sitting at their centre
e.g. Kormendy&Ho+13

many kpc

—> Some are active: the SMBH emission outshines the
whole galaxy

NASA, ESA and the Hubble Heritage Team (STScl/AURA); S.Gezari

X-ray image



What we are used to seeing in X-rays

« We (think we) know what the X-ray emission of an accreting SMBH looks like
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—— X-ray variability on short timescales was in fact evidence of
BHs existence



What we are used to seeing in X-rays

« We (think we) know what the X-ray emission of an accreting SMBH looks like

eROSITA count rate
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— We observe high-amplitude X-ray variability on short and long timescales

factor = 10 — 100



What are Quasi-Periodic Eruptions?

» But this is unusual: very-high-amplitude quasi-periodic soft X-ray bursts from galactic nuclei
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o Only two sources were first known (Miniutti+19 and Giustini+20), discovered serendipitously
or in the archives



What we knew before eROSITA

Observational properties based on the first two QPEs
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—

extragalactic, “weird” AGN: no broad lines in

optical spectra, no infrared “torus”
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AGN: active galactic nuclei



What we knew before eROSITA

« Observational properties based on the first two QPEs
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Observational properties based on the first two QPEs

What we knew before eROSITA

—  X-ray spectrum is always soft (but hotter during the QPEs)
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accretion emission from a low-mass SMBH?
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What we knew before eROSITA

Observational properties based on the first two QPEs

— no obvious peculiarities at other wavelengths
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Finding QPEs with eROSITA

* Only detectable via soft X-rays: ideal application for eROSITA!

XMM-Newton
Field of view ~ 30 arcmin
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— Great photons collecting power + large FoV!




Finding QPEs with eROSITA

« It will perform 8 all-sky surveys (eRASS) [3 are already completed]

gifs.com

Courtesy A. Merloni & P.Predehl @MPE

— Full sky observed in 6 months!



Finding QPEs with eROSITA

* N of times (separated by ~4h) each point is observed in one all-sky survey

Around the ecliptic ~6

A bit above/below
~10-12

~inf at the ecl.
poles

Courtesy A. Merloni & P.Predehl @MPE

— lIdeal to find sources varying on ~hours timescales!



Finding QPEs with eROSITA

« Assume an ongoing QPE: what does eROSITA see?

Miniutti+19



Finding QPEs with eROSITA

« Assume an ongoing QPE: what does eROSITA see?

4h later

Miniutti+19



Finding QPEs with eROSITA

« Assume an ongoing QPE: what does eROSITA see?
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Finding QPEs with eROSITA

« Assume an ongoing QPE: what does eROSITA see?

4h later

Miniutti+19



Finding QPEs with eROSITA

« Assume an ongoing QPE: what does eROSITA see?
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eROSITA can provide candidates, follow-up is needed



First discoveries with eROSITA

2 new confirmed QPEs discovered in the first year of eROSITA operations (Arcodia+2021, Nature)

eRO-QPE1 - eRASS1 light curve (16 Jan 2020)
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First discoveries with eROSITA

« 2 new confirmed QPEs discovered in the first year of eROSITA operations (Arcodia+2021, Nature)

eRO-QPE1 - eRASS1 light curve (16 Jan 2020)
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First discoveries with eROSITA
« 2 new confirmed QPEs discovered in the first year of eROSITA operations (Arcodia+2021, Nature)

eRO-QPE1 - eRASS1 light curve (16 Jan 2020)

eRO-QPE2 - eRASS2 light curve (23 Jun 2020)
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First discoveries with eROSITA

eRO-QPE1 - NICER light curve (19 Aug 2020)
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ergs 'cm 2 A

Massive black holes awakening?

Optical spectroscopy indicates inactive nuclei!

QPEA1
5 z~0.0505
10-16 o " _
WWMW
passive
3500 4000 4560 5000 5500 6000 6500 7000
Arcodia+21 Aobs [A]

QPE2
10-15 | b = I‘;! o, o= Z~O. 0175 =l =
" %IE T |3o Zémﬁ
ot
g
(W)
.m —
g
107 | star-forming
3500 4060 4500 5000 5500 6000 gSOd & II7000
/‘obs[A]
1.5_""|‘="|""|""|""|""
(@) AGN
1.0L
=
L 05/
o E
= 0.0}
(O] |
o
-

-0.5}

-1.0}

| 1 1

2.0 -15 -1.0 -0.5 0.0 05
LOG ([NH]/Hc)

Kewley+06



ergs 'cm 2 A

Massive black holes awakening?

Optical spectroscopy indicates inactive nuclei!
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— eROSITA’s search is blind in terms of their host galaxies
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A poorly explored range of BH-galaxy evolution

QPEs seem to be found in low-mass galaxies
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New insights: disk instabilities?

Inconsistent with current models of radiation pressure disk instabilities
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New insights: binary?

« BH binary with mass-ratio ~1 unlikely

— No sign of sinusoidal/periodic variability in opt-UV-IR

QPEs at least from here
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New insights: binary?

« BH binary with mass-ratio ~1 unlikely

o0 - — Binary self-lensing could produce sharp bursts, but achromatic
. ' [against strong energy dependence in QPEs]
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New insights: binary?
BH binary with mass-ratio ~1 unlikely

— we’d have observed a strong P already and they would be very close to merger

eRO-QPE2
T 6
Area excluded
4 |
10 by data
5
4
"o
E eRO-QPE2 - XMM light curve (6 Aug 2020)
3~ — PN:0.2-10 keV | C
EN - —— MOS2 : 0.3 —10 keV
= > 0 -- MOS1 :0.3-10 keV
o 4
o E —— U: 34404
2 1 —— UVWL: 29104
—— UVM2: 23104
> 0.2 UVW2 : 21204
1
0.0 il R Y E
10712 e~ g
s s N~ i
< W Veglv™
D 10713
T T T T 0 5 10 15 20
104 10° 108 10’ time — txum,1 [h]
Mgy, 1 [Mo] Arcodia+21

Arcodia+21



New insights: extreme mass-ratio inspirals?

» High mass-ratio binaries? i.e. low-mass SMBH and stellar-mass object (e.g. King2020, 7Zhao+2021)

—  TDEs ballpark? consistent with the two eROSITA QPEs (found in previously quiescent galaxies)

Full credits: https://www.mpe.mpg.de/7587547/news20210429

—  low-mass SMBH (10> — 107 M) in low-mass galaxies

—  soft thermal-like X-ray spectra



New insights: extreme mass-ratio inspirals?

» High mass-ratio binaries? i.e. low-mass SMBH and stellar-mass object (e.g. King2020, 7Zhao+2021)

—  TDEs ballpark? consistent with GSN069 (the discovery QPE)  (Miniutti+19)

(Shu+18; Miniutti+19)

TDE from envelope, QPEs from remnant?  (King20; Sheng+21)
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High mass-ratio binaries? i.e. low-mass SMBH and stellar-mass object (e.g. King2020, Zhao+2021)
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New insights: extreme mass-ratio inspirals?

TDEs ballpark? consistent with GSN069 (the discovery QPE)
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New insights: extreme mass-ratio inspirals?

» High mass-ratio binaries? i.e. low-mass SMBH and stellar-mass object (e.g. King2020, 7Zhao+2021)

wikipedia

EM counterpart of extreme mass-ratio inspirals,
detectable by LISA! (zhao+2021)
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New insights: extreme mass-ratio inspirals?

High mass-ratio binaries? i.e. low-mass SMBH and stellar-mass object (e.g. King2020, Zhao+2021)

— This scenario is the one which is being tested the most (e.g. King20, Sukova+21; Zhao+21, Metgzer+21, Xiao+21)

e.g. He-envelope star partially stripped e.g. two co-planar counter-orbiting stellar EMRIs

CO or ONe core

Zhao+21

— Kerr’s(a = 0.99) X]ao+21 .'.

—— Line of Collisions L
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dise plane
® MBH [ 20
4 Observer r15

Metzger+21

e.g. star-disk collisions




What’s next?

» eROSITA data are being continuously monitored for new QPEs

—* expected ~1-2 per year

» Perform further follow-up of the known QPEs

—  X-rays . \
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« Use current+future data to study/constrain the bursts’ physics and origin

— A lot to do: what causes these bursts?
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Arcodia+ in prep.




Summary

« QPEs are a new type of exotic X-ray phenomena related to BH accretion

—» Low-mass SMBHs in low-mass galaxies: poorly studied mass regime for their
co-evolution
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Summary

« QPEs are a new type of exotic X-ray phenomena related to BH accretion

—» Low-mass SMBHs in low-mass galaxies: poorly studied mass regime for their
co-evolution

* We have found 2 with eROSITA, doubling the sample!

* Now found also in inactive galaxies (one needs “only” a low-mass SMBH)




Summary

« QPEs are a new type of exotic X-ray phenomena related to BH accretion

—» Low-mass SMBHs in low-mass galaxies: poorly studied mass regime for their
co-evolution

* We have found 2 with eROSITA, doubling the sample!

* Now found also in inactive galaxies (one needs “only” a low-mass SMBH)

« Scenario currently under investigation: high-mass ratio binary

—» To be tested soon




Thank you!
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First discoveries: eRO-QPE1

eRO-QPE1 - XMM2 light curve (04 Aug 2020)

eRO-QPE1 - XMM1 light curve (27 Jul 2020)
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eRO-QPE1 - XMM1 light curve (27 Jul 2020)

First discoveries: eRO-QPE1

eRO-QPE1 - XMM2 light curve (04 Aug 2020)
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First discoveries: eRO-QPE2

eRO-QPE2 - XMM light curve (6 Aug 2020)
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First discoveries: eRO-QPE2

QPE2 eRO-QPE2 - XMM light curve (6 Aug 2020)
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New insights: disk instabilities?

« The observed X-ray properties are inconsistent with current models of radiation pressure disk instabilities
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eRO-QPE1 - XMM1 spectral fit results

eRO-QPE1 - XMM2 spectral fit results
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eRO-QPE2 - XMM spectral fit results
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