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Introduction
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© Athena and LISA are two of the ESA Science Programme’s
Flagship missions

= Both missions were selected due to their (individual)

\
outstanding science cases
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@& The ESA Director of Science (Gunther Hasinger) posed the
question:

- “What additional science can be achieved by operating both
missions concurrently?”

- Joint LISA-Athena working group set-up to answer this

- Main topics covered include:
- Black hole “engine”, cosmic distance scale, speed of gravity
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£ Whitepaper considers:

- Coalescing massive black hole binaries . RN
- EMRIs Athena Multi-mesfeﬁﬁ“’gfg@aWorm;’
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all stages

] t the same time constrain any deviation
ﬁleml Relativity. eLISA will be the first ever
sion to study tne efffire Universe with gravitational waves. eLISA
is an all-sky monitor and will offer a wide view of a dynamic cosmos
avitational waves as new and unique messengers to
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itational Universe. It provides the closest ever view of the

- SOBH R e . e o
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- Galactic white dwarf binaries
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Massive Black Hole binaries
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& Whitepaper does not consider formation channels of BH
binaries

- We assume MBH is in gas rich environment

& Depending on mass ratio, three scenarios are possible during
the GW dominated phase:

- Extreme Mass Ratio Inspirals (EMRI): SOBH embedded in SMBH
disc

- Intermediate Mass Ratio Inspirals (IMRI): SMBH maintains disc,
but IMBH evacuates a cavity in the circum-binary disc

- Massive Black Hole Binaries (MBHB): SMBH evacuate cavity in
circum-binary disc

& In the case of MBHB, General Relativistic MHD simulations

show the formation of streams and minidiscs around the two
black holes
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X-ray emission from MBH binary

& Circumbinary disc
- X-ray emission in soft x-rays (<1keV)

100 4

& Mini-discs around black holes

- Hard x-ray emission (=10keV) from accretion of
mini-discs individually onto each black hole

1071 4 .

L[eVs—isr-1Hz1]

10'2‘3 — = minidisk

- ] ] -+-+ cavity vyall \
& Cavity wall oy LI U I
- Accretion of circumbinary disc onto mini-discs e
via optically thick streams
- Thermal radiation dominated by the inner edge
of the circumbinary disc, producing soft x-rays o
- X-ray emission shows clear modulation which
tracks the chirp frequency N Y
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LISA will observe BH mergers throughout the universe out to redshifts, z ~ 20

However, only large signal-to-noise sources will be localised to within a few deg?2
- “Golden Binaries” (high SNR), out to redshift, z < 2, will be localised to well within 1 deg?

Assume X-ray flux of 10-15> erg cm-2 s-1, then in 1 deg? there are ~3000 sources

- At an equivalent optical magnitude (assuming dox = 1.3) of ~24.2, in 1 deg? there are ~105 sources

- Therefore ~30 times more contaminating objects in the field
Considering the above, Athena is the ideal instrument to
identify, and simultaneously observe, the gravitational wave
source object.

Athena flux limits (0.5-2 keV cgs) and
exposure time (brackets) for 5o

M=10¢ Mg

M=107 M

o2

1 * 8x10~16 (5)
2 *#1.5x1071° (70) ®1.5x1071° (2)

e8x10~ 1 (<1)

e ol

m = o NI D = === B 11

‘5
o,

0.5-2 keV flux limit [erg s’ cm?]
o

—a

o
adh
~

VV' L LJ L 'V'VY'

N L7

~
AN —

Lbap ., FOV-averaged flux limit
E Az /761
[ Ly = 10% ergs
| AGNatz=6 |
A AJ l A Al l A A A A A A AL l
10 100 1000

Exposure time [ks]

[ ]



LISA sky localisation
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&= Gravitational wave observatories are inherently poor at localising the source
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- GW observatories survey the entire sky simultaneously
& Unlike LIGO, LISA sources are long lived

- Coupled with the orbit around the sun, and “tumbling” antenna pattern, the amplitude and frequency of
the source is modulated

- These are used to locate the source in the sky
& Sky localisation improves with signal-to-noise ratio
- SNR increases rapidly shortly before merger
- Therefore, sky localisation error box shrinks shortly
before merger
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& The following charts show the sky localisation error
box as a function of time to merger
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Parameter Estimation (106M., q = 1/3, z = 0.5-2)%
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e . . - - . . 103
@& Sky localisation will improve drastically in the week 102
prior to merger 1(1> """""" :
© Errors in sky localisation estimation are huge Ood} ................................................
- Depends on mass, spin, binary inclination, location on ~ 10-3 M. =108M qL
sky, redshift, ... %‘0 10~ | l | ° :I
(e . \—/ 3 '
& For the best sources, we will get to <10deg? hours 2 1o '
before merger = 10 p=--o-o-eo oS e e SR
480-; 0.1 ........................... E ............................. E. .......................................
\\\K&\wk \ - = / g 0.0l 1 ]
&= Only for the 'golden binaries’, we may get ~10deg- S 1000 o joeM . q=1/3, z=1 |
< - = S F y &= :
approx days before merger g 107 > | o | |
y | .
3 0o 1 | K l | |
5 :
€ However, for 50% of sources we will recover sky 7B s
location to few arcminute accuracy using the merger 0.1 o
and ringdown (and harmonics) 001 B | | -
o | 10, M,=10°M,, q=1/3, 2=2 :
- Too late to observe inspiral and merger with EM | | q‘r | v |V | |
observatory < x o > » 0 . .
: g ) = Qb
- Can be followed up for AGN rebirth or onset of c 3 g = = é 2 o
relativistic jet = S © :
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Fraction of sources in Athena WFI FoV

10h 5h merger xq=1 anq=1/3
1 1 1 I 1 I 1 1 1 1 I ) 1 I 1 I I 1 | 1 I
= 2 X X
SN -
L R -
0.1 E_ X —E
U - : M,=3x10% M, -
© 0.01 ——+—+—+t+—+—+—+—+++++++++++
< 1 '3 X =
: = .43 =
o - £ .
v F R &
6 0.1F 2 =
e - A -
0 - | M,=108 M, -
b | | | | I\ ] | ] | I | | | | I | | | | l
0.0i 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
= B x E
; & :
— A —
0.1 & A E
- M,=10" M, -
0.01 1 | ‘| P N TN T T T NN T TN SN SN N TR RN R \1’
0 : regshift 0 4
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About 1 month 2 weeks 1 week to A few hours During and after
before before several hours before before the merger

)7 ’ * | \4‘

| | 4
\j/ -_T\(D

= !

LISA low-latency pipeline Sky localisation increases When sky localisation error Shortly before merger, LISA After merger, sky localisation
identifies transient source as constellation moves and reaches ~10deg?, Athena locates the source to for “Golden Binaries” will
SNR increases as binary scans the portion of sky within ~0.4deg?, Athena be <10arcmin, allowing
approaches merger with Wide Field Imager (WFI) stops scanning and both WFI, and possibly

(FoV = 0.4deg?) stares at most likely location X-IFU, to observe the system
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Merger event rate estimates
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& Galaxy number densities (Illbert et al. 2013):
- 106Mo: z=1 = 10-2Mpc3, z=2 = 10-1.-5Mpc-3

- 10’Me: z=1 = 10-2-°Mpc3, z=2 = 10-2->-Mpc3

L A binary black hole with a 106-7 M, requires a host galaxy with 109-10 My, respectively

> Estimate the number of Golden Binaries based on what we observationally know of AGN and their host galaxy

@& Probability (p) that a galaxy hosts an AGN with an Eddington fraction =1% (Aird et al. 2018)

- M=106 Mo: 0.003, M=107 Ms: 0.01
- However, it is possible that all mergers lead to an AGN - let's try to ignore this factor

@ Intrinsic galaxy merge rate: 4x10-10 yr-1 (Lotz et al. 2011)
- z=1 = 4x10-10/(1+2z) = 2x10-10 yr-1

- 2=2 = 4x10-10/(1+z) = 1.3x10-10 yr-1

@& Comoving density volume: 157 Gpc3 @z=1, 614 Gpc3 @z=2

@& Multiplying all these factors (and ignoring p), the event rate per
10 years are shown in the table for our Golden Binaries:

@& Moreover, these galaxies shall have sufficient nuclear gas,

but not too much along the line-of-sight not to obscure X-rays ...

N
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Conclusions
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LISA and Athena is substantial

- For the first time we may be able to observe the late stage inspiral
of two massive black holes both in gravitational waves and X-rays

- Even if the inspiral is not observed by Athena, LISA will provide
triggers (of the massive black hole mergers) allowing the possible
observation of the onset of an AGN (accretion disk, jet ..

//f;,—_/:
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)

during the late inspiral phase

- Requires low latency pipelines and issuance of alerts by LISA, and

fast turnaround ToO for Athena
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& The additional science accorded by concurrent operation of

)

@& Main issue will be identifying the host galaxy, in particular,

¢ This 1s a unique multi-messenger opportunity to observe
both the Hot and Energetic Universe and the

Gravitational Universe using two of ESA’s flagship

missions
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1 Executive summary

While the science cases of Athena and LISA are individually outstanding. the addifional science II at the
concurrent operation of the two missions could achieve may l ba LLII ghs in sdentific areas nd
what each individual missions is designed for. They cover I-ll)h\ as -Ii\'- rs¢ as high-redshift systems of
merging black holes over a wide range of mass and mass ratic id bright qus s in active galaxies lh- ~
topics are explicitly covered in this Whits I’ awper. The additic d € eNCOMPAssSes a of fundamental
questions in modern physics and ast ; shy such as: the I I II id parti I me varying, strong
gravity « m‘n--nln-ln«, th- set of nudear activity in the o« --I oA l s hosting massive bladck haoles; the
physical ar of relativistic je ts ar¢ -un-I spinning black I|~I s, and tl I, -.I ,m-I interaction with the
galactic enviro nt; the ¢ distance scale; and the measurement of tI|~ speed of gravity

Most of the literature work surveyed by this White Pa ] 1d complemented by some state-of-the-art,
nd not yet publi I I IIII"II.\ of event localisati II \ cf. Fig. 1 to 3) refers to the passible
~I- tex of the X-s yunde ‘,'nl' t of mn'r SCING ITAS 81 1¢ ik he of 10°°"M_., that LISA will detect out
to la edshifts I l tie 1I detect ability of X4 i 1 that may rise -lunn; the late inspiral
nd « d cence of the tw Il I holes depend critically tI l ge uncertainties on the fueling rate and
on the hydrodyn al properties of 1 etized g coret mto the bladk h I Withi asonable
assumptions, Atf I mld e II 14 I tect \ mission Il-llll sources at = = cf. Ti I I JII'I 2)
During the r~.~;.."-n' ;u (1.e.. |»xi- s 1I merger) .\'—x ay emissi II b | I I v wide X-ray
spectral band as the d saft) ¢ n the innes of the uml l sk s I g the binary
mI T As ¢ al I rd) emission fre I of the bla I; I|~-I- i1 -I,I., tI n the c it\ vacuated by the
| raling b I I I les vell as by I I. heated gas at the wall of the « ‘n'm' I'he .\-x,n' emission could be
wdulated with fre cies commensurate with II se of the Huid patterns and of the gravitational chirp.
oviding the \xn--kmg gun to identify the \ ource through a characteristic variability pattern. This
gives in principle the exciting <1 bility of « I ll probing. for the first time. the behaviour of matter in
the variable space-time induco I I ' the merging I»I.n k haoles

After the merger. the Xray monits of the LISA event errar bax nl..n could be nall
arc-minutes for the st fa I»l- events ) dl Athena to witness the irth of \ tive G l ti
Nucleus (AGN). or « lI I ich I tivistic jet according to some 1I etical p1 I tie \'In.q»u-n
2017). This will >|-n‘ivl- a e idow I 1I In' origin of some of the st powerful a II I ntal
events in the Univers:

“In thas Whate Paper we assume the Athe na nomunal configuration at 1I.- time ths do it s bemg written, with an HEW
angu lar resaluton of 57, and an effective area of 1.4 m* at 1 keV and of ( e ) ke '\ I 1w 1 I LISA = wity used
here comrespands to the "ESACall vl.1 --II.II.\H ation: the arm kngth = II s km, the Ir~'l power is set 2W I
constellation uses six laser links and the ults of LISA P II wder have be whu I i

1
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athena and lisa

» OBSERVING SUPERMASSIVE BLACK HOLES COLLIDE



