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(= X-ray localize black holes with ROSITA

Chair of eROSITA-DE AGN working group
Chair of SDSS-V AGN demographics WG

work with 2 BSc, 2 MSc and 3 PhD students
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Emission of a black hole
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SED of an accreting black hole
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X-rays from accreting black holes
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Host galaxies
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The time-scale challenge

galaxy-AGN connection lost?

| Big Data Approach:
+ many important parameters, all related:

AGN: Galaxy: huge surveys give
luminosityobscuration M* SFR eree | Cosmie dime Mmany Snapshots N
. time
hlgh none dwarf quiescient | merger 7>6
medium moderate Milky Way/star-forming| compact | | z=1-3 | fTease out
interdependence
- massive | star-burst z=0 Statistically





=)
(= X-ray localize black holes with ROSITA

1) Detection in X-rays
2) Association across wavelengths (NWAY, Salvato, JB+18)

3) Photo-z and spec-z (SDSS, 4MOST)
4) Study host galaxy undergoing the AGN phase
5) Understand the populatlon

0.3-2.3 keV - RGB

Orion eROSITA
=4 all-sky survey
; 2% 1 million AGN

-20

eROSITA
flagged
-20 * AGN

* Orion




Someone IS on the brakes

Starformmg mam
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Someone IS on the brakes

‘Star-forming main sequence”

lative star-

fo
efi

NI

an
CcO
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AGN activation p(L)
Depends at least on

galaxy MAaSS songiorno+12,Aird+12
redshift e.g. Ueda+03
star-formation rate e.g. ,Rosario+12...
Galaxy morphology -, «ocevski+i2.
Obscuration e.g. Buchner+15...

W Y = &

(and hundreds of papers studying their interplay)

Popessa+23



GGalaxies alone

aging from blue to red

Stellar age: 100 Myr
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With bright quasar

Outshining host galaxy

Stellar age: 500 Myr
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Some AGN variation

AGN luminosity 10%4° erg/s
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Obscuration

Torus covering factor: cold torus: 0.1
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A new SED photometry modelling tool Buchner, Starck, ... Olechowska et al. 2024
arxiv:2405.19297

GRAHSP AGN model components

- flexible, empirical AGN model + model uncertainty

- state-of-the-art Bayesian inference engine UltraNest,
scales to large samples and many parameters
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https://arxiv.org/abs/2405.19297

The Chimeras benchmark

Pure galaxy sample Pure QSO

B M ISolat Shen+11
St sarmple

Remove X/IR/BL . - SDSS (loghl>=45)
AGN

SPpec-z (M*, SFR
estimated

- Spec analysis
— Lbol, mass

QSO weight:
0.001% (logL~42) to 100%

sum fluxes

hybrid object Validate SED fitting codes

Truth known:

. M ., SFR, LAGN
Hattie Starck
Data available: arxiv:2405.19297

Model-freel!
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https://arxiv.org/abs/2405.19297

Results: M* blas & scatter

bias to AGN light contamination

AGN luminosity —

L<42 42<L. <43 43<L<44 44-:L<:45

-0.1+0.2 [0.8%] 01+03w0%]{T5}g0 : enso%]f

2!-

4
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o 3 A i
* 1] r
(] 4 O i,
2 K h
© Grey:
_a Error bar
8 9 10 11 8 9 10 11 8 9 10 11 8 9 10 11 >71dex
True Stellar Mass True Sitellar Mlass True Stellar Mass True Stellar Mass
blas
Sscatter
outlier
fraction

Model details:

- Delayed exponential - star formation episode BCO3
SPS

- attenuation & energy-conserving re-emission in IR
- AGN: Dale+14, single parameter for AGN fraction
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Our new tool: GRAHSP

. L<42 42<L.<43 43<L<44 44< <45
N -0.1+0.2 [0.5%] o -0.1+0.3 [1.2%] ‘?, L -0.1£0.5 [1.7%] d o -0.2+0.8 [3.9%)]
& ' i IE',T L
? % s Tmw :.
= S
(@)
©
8 9 10 11 a8 9 10 1 8 9 10 1:| a 9 10 1
True Stellar Mass True Stellar Mass True Stellar Mass True Stellar Mass
Unbiased retrieval: AGN not systematically over-
estimated

of stellar mass, SFR & AGN luminosity

Realistic error bars - no longer dominated by systematics
Full details: arxiv:2405.19297
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https://arxiv.org/abs/2405.19297

SImulating the BH Universe

eROSITA+SDSS+DESI+Euchid4+LSST+... surveys

Galaxies
M* SFR ~ GSMF(2)

v

AGN activation
L x~SARD(z,M* SFR)

v

AGN obscuration

'

Lx, z, M+, SFR, Ny, E(B-V)

v

X-Flux

|

Detected? — »

(survey:eRASS1, COSMOS, ..)

Evolving Schechter mass function

P(Lacn|M*,SFR)

P(Ewv), Nu|Lacn, M* SFR)

Observation-like
samples

19



SiImulating the

eROSITA+SDSS+DESI+Euclid+LSST+... surveys with Erasmus

Galaxies
M* SFR ~ GSMF(2)

v

AGN activation
L x~SARD(z,M* SFR)

v

AGN obscuration

'

SH Universe

student
Nikolas Vasilas

One-off predictions:

SEODD%CS!(GMS'R WISE: Georgakakis+20
) - Euclid/MAMBO: Lopez+24
oz Mo SFR, Ha, FIBV) = (GRAHSP) LSST/AGILE:
i L i (560000 CPU hours)
X-Flux Spectroscopic _
completeness Noise
model

l model

Detected? — »

(eRASST, COSMOS, etc)

) i

Observation-like
samples

compare
—» against
observations
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SiImulating the

SH Universe

eROSITA+SDSS+DESI+Euclid+LSST+... surveys with Erasmus

Galaxies

M* SFR ~ GSMF(2)

v

AGN activation
L x~SARD(z,M* SFR)

v

AGN obscuration

'

Lx, z, M+, SFR, Ny, E(B-V)

v

v

student
Nikolas Vasilas

Update parameters

, optical, M

~10s for simulating
eROSITA-like surveys

COSMOS+eFEDS
18000 data points from 1400
AGN

IR

SED fluxes

(GRAHSP)

model

X-Flux Spectroscopic
completeness

|

Detected? — »

(survey:eRASS1, COSMOS, ..)

'

l

Noise
model

i

Observation-like

samples

compare ¢ with

e against machine
observations learning
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SiImulating the

SH Universe

eROSITA+SDSS+DESI+Euclid+LSST+... surveys with Erasmus

student
Nikolas Vasilas
Galaxies
M*, SFR ~ GSMF(z)
v
AGN activation _Update parameters ~10s for simulating

Lx~SARD(z,M* SFR)

v

AGN obscuration

eROSITA-like surveys

COSMOS+eFEDS
18000 data points from 1400
AGN

L _optical, MIR - MCMC is feasible
v, 7. Mo, SFR, Ny, E(BY) —» oED TUXES
(GRAHSP) | |
i L | With deep learning
S N . i emulator, two-component
X-Flux Cgﬁﬂc Irgtsecr?epslg Noise (AGN, galaxy) MLP with
> mode| ONNX

l model

Detected? — »

(survey:eRASS1, COSMOS, ..)

) i

Observation-like
samples

compare o« with neural
—> agamst density
observations estimator
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SIM VS 0bs magnitudes

Preference for quiescent galaxies
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SIM VS 0bs magnitudes

Preference for star-forming galaxies
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ISIM VS 0bs magnitudes

Super-Eddington: rare
— less outflows
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ISIM VS 0bs magnitudes

Super-Eddington: Common
— more outflows
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Nikolas Vasilas (BSc)

Simulation-based Likelihood i

Goal: Compare data and model high-
dimensional distributions

— need density estimator

Tested:

~Kernel density estimation ~ cuUstom Al-accelerated

Bayesian inference

- Gaussian Mixture Models
Can support upper limits

Currently:

Normalizing flows
Accurate but slowest

1) jax-based GMM -
warm up MCMC sampling

2) train parametric MDN
3) DEMCMC sampling

supports upper limits
supports photoz+specz

future: sbi end-to-end

oAl d ISR IAIAIAN

5 S 5 g 5 N N 6 AN
. A [ b oS N N RS 3 . N PN .
RN e % S S0y | ¢ N N A h\‘* o N o S R, N
e o R ; . o ) [ o ) % 2 Ve gl 5 2 A 5
TS X Y F (ot o X% RV Q% R X%
— g
8
D \ 2 2
y a =. 2 '
“ IS ° L4 i ° < W °
M £ . i o ° i . o] .
2
-
a
8
8
’ b 3
\ £ N
g N L oo S 5 i
oy o o - 0. 0 e % g0 s
Q N Q
N \ -
S N >
R =
) A

SRS S R A A R PR D

45 o 6 /5 z /2 s gz =
£ £ £ £ & &
R I v o D e o > R R R EEESE:
decam_g decam_r decam_z vy wy UVH uvK WISEL WISE2 WISE3 WISE4 ; I



decam_g

decam

decam z

uvy

VK

WISEL

WISE2

WISE3

WISES

oY % %

%

oY

% %

e v % % e

% %

Lo v % s e

B v % B e % %

e % %

B % %

L s e v %

decam_g

o~

Recovery of mock surveys

decam_r

decam_z

<—Optical

IAIAN

il

-050 —0.25 000 025 050 075 1.00
logfcov:mean

o b

-2.000 -1.899 -1.998 —1.997 -1.996 -1.995

loghotfcov:mean logEBV:mean

ey

-025 =020 -0.15 =010 -0.05 0.00
quiescent_host_odds:log_factor

A=l

=2.0 =1.8 =1.6 =1.4 =12 318 32.0 322 32.4 326 328
SARD_0-0.1:lognorm SARD_0-0.1:SAR0O

0.5 1.0 15 2.0
SARD_0-0.1:width

s g eom s

-1.7 -16 -15 -14 -13 -12 323 324 325 326
SARD_0.1-0.5:lognorm SARD_0.1-0.5:SAR0

s i

0.0 0.5 10 15 2.0
SARD_0.1-0.5:width

-14  -13 -12 -11 -10 -09 324 325 326 327 328
SARD_0.5-1.2:lognorm SARD_0.5-1.2:5AR0

= >

0.0 05 10 15 2.0
SARD_0.5-1.2:width

e

-11 -10 -09 -08 -07 -06 -05 327 328 329 330 331 332
SARD_1.2-2.0:lognorm SARD_1.2-2.0:5AR0

05 1.0 15 20
SARD_1.2-2.0:width

e bR A S

WIsEiI

MIR

-12 -10 -08 -06 -04 -02 00 328 330 332 334 336
SARD_2.0+:lognorm SARD_2.0+:SAR0

True
parameter
recovered In
4 Monte

Carlo runs

WISE4
back simulations =
Gracam samples
PO IR P S R I R A
Nuv decam_g decam_r decam_z uvy UV H uv.K WISEL 'WISE2 WISE3 'WISE4

~1 day on small Cluste3r2



Outlook: future data

Tackle the multi-dimensional degeneracies:

|3
8
3

AGN luminosity, obscuration,
black hole mass, host galaxy mass,

<—(Optical

SFR, extinction, morphology, size

Ready for future data:

samples: eROSITA - NewAthena

data: Euclid, LSST, SphereX, ..., + upper limits

from legacy surveys
conditions on spec-z: SDSS, DESI, 4AMOST
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Outlook: future pnhysics

semi-analytic model

Galaxies

M*, SFR ~ GSMF(z)

v

AGN activation
L x~SARD(z,M* SFR)

JUpdate parameters

v agnsed
AGN obscuration accretion
disk model
L , optical, MIR
SED fluxes
Lx, Z, Mi SFR, Ny, E(f—\/) ) (GRAHSP)
X-Flux Spectroscopic i
completeness Noise
model model

|

(survey:eRASS1, COSMOS, ..)

Detected? — »

) i

Observation-like
samples

compare
against
observations

<« With
machine

learning
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Takehome messages

 "unbiased” SED fitting tool: GRAHSP
captures real diversity in AGN

« Precision understanding of the interaction of galaxy-AGN over
cosmic time

- Flickering, highly multi-variate problem, selection effects

- A new plugin likelihood approach to fitting demographics to
real, large surveys

- New modelling approach

"‘r

| N\
BH physics I
& /\
Galaxy evolution .
models .
population

inference b ¥ €



Buchner, Starck et al. (accepted)
arxiv:2405.19297

Up-blas & large scatter also for

SFR

L<4?2

42<L<43

0.50.8 [18.9%]_

g
[

43<L <44

44{L<45

Ls
]

True SFR [M g /yr]

True SFR [M 5 /yr]

True SFR [M g /yr]

True SFR [M 5 /yr]
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https://arxiv.org/abs/2405.19297

AF;

lest #1: quasar spectra
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Test #2: colors

Average colors of Diversity of colors of AGN & galaxies
quasars?

Temple, Hewett & Banerji 2023
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est #2: full diversity of colors
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Test #3: Brown AGN SED Atlas
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