QUASARS AS STANDARD(IZABLE) CANDLES

Matilde Signorini
ESA Research Fellow
matilde.signorini@esa.int



mailto:matilde.signorini@esa.int

INTRODUCTION

e | [1[111[ 7

"|II|||u||.'|; .liﬂlﬂlﬂi.r: miill Wy

2 THE EUROPEAN SPACE AGENCY



INTRODUCTION esa

European Space Agency—- Noordwijk, Netherlands

=gl I i E=E =00 = = DN b BH SE iam 35 BN IS i mm |#] THEEUROPEAN SPACE AGENCY




esa

INTRODUCTION

“X-rays to uncover the
mysteries of AGN”

European Space Agency—- Noordwijk, Netherlands

= gl I T - I E = R I = S = e N b DE O SE i 3 EX D= B mm 4] THEEUROPEAN SPACE AGENCY



INTRODUCTION esa

“X-rays to uncover the
mysteries of AGN”

Quasars for cosmology team:
G. Bargiacchi, M. Benetti, S. Capoziello,
E. Lusso, E. Nardini, G. Risaliti, A.
Sacchi, B. Trefoloni + others
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OUTLINE Eesa

 What is cosmology?

 Why standard candles?

 What is a quasar?

« Are quasars standard candles?

- If so, what do they tell us
about the Universe we live in?




WHAT IS COSMOLOGY?

esa

Afterglow Light
Pattern
375,000 yrs.

Inflation

Dark Energy
Accelerated Expansion

Dark Ages Development of
Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years

What are the Universe
components?

How did they evolve over
time?

What is the Universe
expansion history?

How did the complex
structures we see today
form?
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WHAT IS COSMOLOGY? esa

Dark Energy
Accelerated Expansion

Afterglow Light What is the Universe

Pattern Dark Ages Development of

375,000 yrs. Galaxies, Planets, etc. , expans ion histo ry?

onation WS PO Lep Ingredients
B ey « How far and object is
(distance)
« How much it is moving
away from us (redshift)

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years
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STANDARD CANDLES

esa

“an object for which we
know the luminosity L in a

cosmology-independent
way”

1 E jw

it
[} -

By measuring its flux F, we
determine its distance
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STANDARD CANDLES

Supernova Ia: the most famous
standard candles

They happen when a white dwarf
accretes on a companion until it
reaches the Chandrasekhar limit

Because the physical process is
always the same, the outcome in
luminosity is always the same
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STANDARD CANDLES

... hot exactly

SNIa are standardizable
candles: we need the Phillip
(1993) relation to know their
intrinsic luminosity!
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STANDARD CANDLES esa
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THE ACDM MODEL esa

Dark Energy

Afterglow Light Accelerated Expansion The Universe is made of:
aT5.000ys, |0 Galaxies, Planets, etc. - » Dark energy (A) -
expansion acceleration
(~70%)

« Cold Dark matter — drives
structure formation (~25%)

« Regular matter — the only

e component we can directly

jst Stars | \ see (~5%)

about 400 million yrs.

Big Bang Expansion

13.77 billion years QANO.7, QmNO-B
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THE ACDM MODEL esa

4 = Flat wCDM LOWZ CfA3K

SNIa are rare at redshift
z>1.5 (Universe age:~4 Gyr)
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THE ACDM MODEL

esa

T 24
fainter

22

Supernova
Cosmology

SNIa are rare at redshift

-
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R e 1 z>1.5 (Universe age:~4 Gyr)

but it is easier to distinguish
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QUASARS esa

NGC5128
Credit:
. ESO WFI

Quasars are interesting
candidates:

« Very bright (up to 10%° erg/s)

 Very numerous

 Observed from low (z~0.001)
to high (z>10) redshifts
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QUASARS

Active Galactic Nucleus (AGN): a
galaxy is ‘active’ when an accretion
disc forms around its central
Supermassive Black Hole (SMBH, 106°-
10°M )

Quasar: AGN in which the nuclear
emission exceeds the whole host
galaxy emission

Mass-energy conversion: ~6-30%, the
most efficient process we know!
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QUASARS esa

Radio-Loud Broad Line

Blazar Quasar Radio Galaxy

o Tine Multi-wavelength emission:

N L l /Radiocalaxy "' Disc: broadband

Wi T continuum, peaks in the UV

"I Narrow and Broad Line

Region: IR to UV strong
emission lines

[ Dusty torus: near InfraRed
continuum emission

1 Corona: X-rays

1 Jet: Radio/X-rays/Gamma

Broad line
region

Black
hole

Accretion
disc

Dusty
torus

Not to scale! Radio-Quiet Quasar
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QUASARS esa

P I Multi-wavelength emission:

Ho HB | | 1 1 [1Disc: broadband

' continuum, peaks in the UV

I Narrow and Broad Line
Region: IR to UV strong
emission lines

. Dusty torus: near InfraRed
continuum emission

1 Corona: X-rays

1 Jet: Radio/X-rays/Gamma
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QUASARS esa

w \ 1/

Disc: broadband continuum,
peaks in the UV

Corona: X-rays from Inverse
Compton scattering of the UV
photons from the disc

22
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QUASARS esa

NGC5128
Credit:
. ESO WFI

Quasars are interesting standard
candles candidates:

« Very bright (up to 10%° erg/s)

 Very numerous

« Observed from low (z~0.001) to
high (z>10) redshifts
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QUASARS esa

NGC5128
Credit:
. ESO WFI

Quasars are interesting standard
candles candidates:

« Very bright (up to 10%° erg/s)

 Very numerous

« Observed from low (z~0.001) to
high (z>10) redshifts

Their emission is not standard!
Lb0| ~ 1011 - 1014L®
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THE L,-L,, RELATION

esa

| : | : | : | : |
N = 7238 0 = 0.40
N =1598 § = 0.24

N=18§=0.12

log(Ly) = ylog(Lyy) + B

Ly Ly
L v TE: for =TI
- , |
log(D,) = 2 —2y (log(fx) —vlog(fuyy)) + B

S
| i Distance measurements!
z] e I I I I ]
28 29 30 31 32
L log Lyy
Risaliti&Lusso19 .
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THE L,-L,y, RELATION esa

X-ray \ I / log(Ly) = ylog(Lyy) + B

2 keV

Ly Lyy
fx = > fov = 2
UV ArtDL AntDL
25004 \ .
log(DL) = (log(fx) — Vlog(fuv)) + ,B’

2 — 2y

Distance measurements!
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THE L,-L,, RELATION esa

0~0.40 dex 0~v0.12 dex
I ! I ! I ! I ! I
N = 7238 § = 0.40
28F N =1598 6 = 0.24

N=18§=0.12

Sample selection, remove:

1 < radio-loud and absorbed objects
1 ¢ dust-reddened obj. in the UV

1 < gas-obscured obj. in the X-ray

1 + obj. that might be affected by

- the Eddington bias in the X-ray

Risaliti&Lusso19
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QUASARS esa
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THE L,-L,, RELATION

esa
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Distance Modulus

e

351

|

0 1 2

Risaliti&Lusso19

Extension up to when
the Universe was less
than 1 Gyr old

At high z, a ~4¢
tension with the
standard flat ACDM
model builds up
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THE L,-L,, RELATION esa

(1) Can we determine the parameters of the relation in a
cosmological-independent way?

(ii) Can we be sure that the relation does not evolve with
the redshift?
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THE L,-L,, RELATION

—30.0F N _

log(Ly) = ylog(Lyy) + B

—32.0

—30.5 E7=0.56
~31.0 BSOS,
~315F

T T O T N N N T N T T T T T T T O 1 I I |

If we use luminosities, the results

200 =285 —28.0 =275 -27.0 —-26.5

are going to be cosmology- Sose oy
dependent E{;_Ei: i
—_'29.{] —28.5 —28.0 —-27.5 —27.0 —26.5
we test y in small redshift bins using _Eii“g ~ .
—3L0 Es=0.23 .

fluxes
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THE L,-L,, RELATION

log(Ly) = ylog(Lyy) + B

If we use luminosities, the results

are going to be cosmology-
dependent

we test y in small redshift bins using

fluxes

log(FX) = ylog(FUV) + f3

We see no redshift trend!

0.8F
0.6

0.4F

0.30;
0.25;
0.205-
0.155-
0.105-

0.05F

. 3-.5
Z Lusso+25

S = -
hllmmh--n —-I*I
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THE L,-L,, RELATION esa

log(Ly) = ylog(Lyy) + B

s L L i B B

- quasars :

: - - oy - 50.0 F Pantheon+ E

B is a normalization, it is degenerate E @ quasars averages :
47.5 ks

with the absolute scale of D,

IS
ot
)

log(FX) = ylog(FUV) + B

distance modulus
S
N
(@)

&
o
(e=2)

B(z) = B—(1—7y)log(4n) — (1 —2y)logD, i

We fit SNIa and quasars in the 3.0F
common redshift range to find B :

Lusso+25
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THE L,-L,, RELATION esa

But what if g starts evolving at redshift z>1.67

Because [ is degenerate with the D, normalization, there is a complete
degeneracy between the distance-redshift evolution and a redshift
dependence of B

If we assume a 'true’ cosmological model and a non-evolving g, the HD
can be reproduced with any other model by assuming

B(z) = f — (2 — 2y)log DD é?

*
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THE L,-L,, RELATION esa

Test using Pantheon+ 461 B(z) e
ul ACDM 2k B
Fit of the HD assuming a fixed ACDM model with St .
g 40 -
Qu=1and Q, =0 2 ool } ]
. + ; %36- i
evolution of the zero-point mag like alexp(a2*z) . |
We get al~-0.3; a2~—-0.5 T R

g; 0.00
The two models are both good enough! e P
—. 0.251 _
_ _ B 000 g

one cannot rely on a cosmological analysis to < st o

determine if the normalization evolves 0.01 0.1 12

Lusso+25
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THE L,-L,, RELATION esa

We need other reasons to say that g is not evolving

37
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THE L,-L,, RELATION

We need other reasons to say that g is not evolving

« In our sample, low and high redshift objects have
identical spectra (Sacchi+22, Trefoloni+24a)

fx (arb. units)

1200 1400 1600 1300
Wavelength (A)

2000 2200

R

Photons/cm?/keV /s (arb. units)

05 1 2
Energy (keV)

5

Sacchi+22

— em EH b= N1

I
I

- o lc= W 4 JI1:

k‘l%
IZ1 ]

i a= B = = um v
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THE L,-L,, RELATION esa

We need other reasons to say that g is not evolving ' | - I - |

- In our sample, low and high redshift objects have - B, =B +
identical spectra (Sacchi+22, Trefoloni+24a) o8- JH 7 i
1IBe
+
- The intrinsic dispersion of the Ly-Ly is likely very ¢

small (~0.06 dex, Signorini+24). If the relation is

X.2)

J 27 ' + -

very tight and spectral shapes do not change, > |
. : : L= Ovar,LL. = 0.11
there is no room for an evolution of the relation | *
i_: }
o6l : + a=1.00+002
+ f . 1 évar — 008 deX
| 1 | 1 |
26 27 28
log(Lx,1)
Signorini+24
39
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THE L,-L,, RELATION esa

We need other reasons to say that g is not evolving

« In our sample, low and high redshift objects have
identical spectra (Sacchi+22, Trefoloni+24a)

« The intrinsic dispersion of the Ly-L is likely very
small (~0.06 dex, Signorini+24). If the relation is
very tight and spectral shapes do not change,
there is no room for an evolution of the relation

« Quasars agree with SNIa in the common redshift
range; if accretion physics and y do not evolve,
why would 3, and starting only from redshift 1.67?
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SNIa + QUASARS HUBBLE DIAGRAM Eesa
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COSMOGRAPHIC FIT esa

Assume no model, find the function that | . | | | | . .
describes the data best and then compare 52.5- Bargiacchi+21
with model predictions

o 50-0F i
2 AT YTV U (A A A AT
S 47.5 ‘[“ | r _
In(10) X S 1 L
Dy (z) = - {log(l + 2) + azlog”(1 + 2) < 45.0 |
i 8 42.5 -
+ az| kzplog?(1 + 7) + log3(1 + 2) G
| 4@’ 40.0 —— Cosmographic fit 7
— = 37 T ACDM model fit
+ ay| kaplog®(1 + 2) + kaslog®(1 + 2) + log*(1 + 2) | Quasars
] 35.01 Supernovae g
+ as k5210g2(1 + Z) + k5310g3(1 + Z) In . | I !
' S
O Qf——+——— 2 - * s .
+ ksqlog*(1 + 2) + log’(1 + 2) } i
o ]
0 1 2 3 4 5 6 7

redshift
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COSMOGRAPHIC FIT esa

Assume no model, find the function that _ _
describes the data best and then compare Bargiacchi+21
with model predictions

*e
@

4.0
0 25

Green star: flat ACDM =~ 2 0

3.0

with Q,, =0.28 o2

2.0

15

as

10
15

1.0

0.5

3.7 3.8 3.9 4.0 4.1 4.2 3.7 3.8 3.9 4.0 4.1 4.2 4.3 4.4 3.6 3.8 4.0 4.2 4.4
ar a a»

ds
s

1 2 3 4 1 2 3 4 —-15 -10 =5 0
ds das dg

= gl SR T S - B E = I = S = e EN e BN OSE iem 35 BN D= i mm %] THE EUROPEAN SPACE AGENCY



COSMOLOGICAL FIT

Assume a model: what are the best-fit
values of the parameters?

non-flat ACDM: SNIa+quasars prefer a
high Q,, value

|

... SNe+QSO

BAO

1.0

SNe+QSO+BAO

0.6

0.4

020 0.25 0.30 0.35 040 045 050 055 0.60
Qum, o
' Bargiacchi+22
44
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COSMOLOGICAL FIT

Assume a model: what are the best-fit

values of the parameters?

Flat wCDM: preference for
w<-1, Om~0.4

-0.8
-1.0
-1.2

S -1.4

-1.6

1.25- BAO

0

-1.00

0.75

0.50

SNe+QSO+BAO

1307 gNe+QSO

_1g SNe+QSO
BAO 0.25
_>o SNe+QSO+BAO |
1 1 I I I I | 0.00 L L : L ' !
020 0.25 0.30 0.35 0.40 045 050 0.55 0.1 0.2 0.3 0.4 0.5 _ _
Qu, 0 Qu, 0 Bargiacchi+22
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COSMOLOGICAL FIT esa

Add CMB: Benetti+25
~0.5 -
In the wCDM scenario, CMB and
1 SNIa+QSO contours do not touch each
other
2 -1.5-
-2
B Pth+QSO
B CMB
—-2.5

0.2 0.3 0.4 0.5 0.6

46
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COSMOLOGICAL FIT esa

Benetti+25

Add CMB:

-0.5

Even the wOwa

—1.04 model

w(z) = w0 + wa (z/1+z2)

. does not help to
. CMB reconcile the probes
B Pth+QSO
-2.5 . . . . -3 , .
0.2 0.3 0.4 0.5 0.6 -3 -2 -1 0
Qn Wa
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COSMOLOGICAL FIT esa

: Benetti+25
Add CMB: Unified dark sector:
0.4 - —_— a
p=—A4A/p
o H(z) \/ 3(1+a) | o) 4
o [(1 - Q) + Qi (1 +2) | T + Q. (1 +2)
S 0.0 ~
ey With A positive constant that depends on
| Q,, and a the interaction parameter
i = Emi 0950 between dark components
B CMB + Pth +QSO

02 03 04 o5 o6 Isthisthe way to reconcile the CMB and
Qnm SNIa+Quasars?
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Distance Modulus

FUTURE WORK

esa

Mg calibration uncertainty ¢ PantheonPlus SN % DESIDR2 SDSS L New sample QSO
* New refined sample of . . - . . —
Quasars with a smaller . s  R— '
. . . Q sy w gy U : 1T
dispersion (coming soon!) 2 IR EE N [
—-0.5+ '
: | i}‘ _
Hubble Diagram: Pantheon+ vs. Quasar Samples ! . . . . .
020 G B0 0.5 1.0 1.5 2.0 2.5 3.0
Pantheon+ SN la Redshift z
Quasarsnew E. Teixeira
45 -
40 -
35
30
0 1 2 3 4 5 6 7
Redshift z
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FUTURE WORK esa

New refined sample of Quasars with a smaller dispersion (coming soon!)

Pointed X-ray observations at redshift z~4

Analysis of new catalogues (eRosita, Milliquas) and preparation for future observatories
(LSST, NewAthena...)

Studies about the physics of the Ly-Ly relation
- “X-ray weak” quasars
« Detailed spectral analysis of subsamples at different redshift
« Overall study of the X-ray Corona: variability, dependence on accretion rate
efficiency, spectral properties

Looking deeper into Interacting Dark Sector models and/or more ‘exotic’ cosmologies
that can solve the tension
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CONCLUSIONS esa

7 We need high-redshift standard candles, and quasars

are good candidates I /
i i X—ray

1 The Ly-L,y relation can be used to measure distances

« The parameters y and g do not evolve with z
« We can determine them in a cosmology-
independent wa
p Y o, -

1 Testing the Hubble-Lemaitre diagram for SNIa+QSO
we find a ~40 tension with standard flat ACDM
cosmology

1 “"Simple” extensions of ACDM do not solve the tension:
can an Interacting Dark Sector be the solution?
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CONCLUSIONS esa

7 We need high-redshift standard candles, and quasars

are good candidates I /
i i X—ray

1 The Ly-L,y relation can be used to measure distances

« The parameters y and g do not evolve with z
« We can determine them in a cosmology-
independent wa
p Y o, -

1 Testing the Hubble-Lemaitre diagram for SNIa+QSO
we find a ~40 tension with standard flat ACDM
cosmology

1 “"Simple” extensions of ACDM do not solve the tension:
can an Interacting Dark Sector be the solution?

THANK YOU!
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