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Mod

A CDM

Energia Oscura, forza repulsiva che porta
I’accelerazione dell’espansione dell’Universo

‘Cold Dark Matter’ — materia oscura fredda, si muove  “7a:"
lentamente ’
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Modello

Non sappiamo di cosa sia fatto il
95% dell’Universo

Come mai allora questo modello e
considerato lo ‘standard”?

Perche, nonostante cio, riesce a
spiegare  tantissime  proprieta
dell’Universo!

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages
375,000 yrs.

Development of
Galaxies, Planets, etc.

Inflation

Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years



ACDM

Espansione accelerata: per

spiegare le Supernovae Ia
serve una forza repulsiva
nell’Universo

A (m-M)

always accelerates
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Espansione accelerata: per

spiegare le Supernovae Ia

serve una forza
nell’Universo

repulsiva

A. Einstein
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Espansione accelerata: per
spiegare le Supernovae Ia
serve una forza repulsiva
nell’Universo

E. Hubble

A. Einstein H. Swan Leavitt
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Espansione accelerata: per
spiegare le Supernovae Ia
serve una forza repulsiva
nell’Universo
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ACDM

Struttura su larga scala

Le galassie non sono distribuite
uniformemente nello spazio, ma
formano una rete. Il modello ACDM
spiega questa rete e la ‘distanza
tipica’ tra le galassie




Evolution of Massive Galaxies . . .
Formazione delle galassie: grazie

alla materia oscura, spieghiamo
come hanno fatto le galassie a
formarsi cosi velocemente
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ACD

Radiazione cosmica di fondo (CMB)

Luce “fossile’, emessa appena 380.000 anni dopo il Big
Bang. Le (piccolissime!) fluttuazioni di temperatura ci
raccontano le componenti dell’Universo e come si sono

formati i primi elementi dopo il Big Bang
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Radiazione cosmica di fondo (CMB)

Luce “fossile’, emessa appena 380.000 anni dopo il Big
Bang. Le (piccolissime!) fluttuazioni di temperatura ci
raccontano le componenti dell’Universo e come si sono
formati i primi elementi dopo il Big Bang
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Il modello A CDM
spiega nel dettaglio
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ACD

Multipole moment, ¢
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H, = 67.4 £ 0.5 km/s/Mpc



ACDM

Possiamo anche guardare a oggetti che
sono candele standard, come Ile
Supenove la, e misurare la costante di
Hubble localmente

Conoscendo Ila loro Iluminosita, ne
misuriamo la distanza

red shift receding galaxy
laboratory spectrum

blue shift approaching galaxy

H, = 73.04 *+1.04 km/s/Mpc =10

Osservando il redshift, misuriamo la Ic
velocita di recessione




ACD

Misura ‘locale’ Misura ‘indiretta’ (ACDM)
H, = 73.04 * 1.04 km/s/Mpc H, = 67.4 * 0.5 km/s/Mpc

| due valori sono in tensione!




ACDM

Misura ‘locale’ Misura ‘indiretta’ (ACDM)
H, = 73.04 * 1.04 km/s/Mpc H, = 67.4 * 0.5 km/s/Mpc
Strade possibili
N — . Testare modelli

cosmologici alternativi

Misurare H, localmente

con misure indipendenti _
Testare Teorie della

Gravita alternative alla
Relativita Generale

Andare a caccia di errori
sistematici nelle misure



ACDM

inosity

Lum

Molti studi negli ultimi anni hanno
cercato metodi alternativi  per
misurare H,, per esempio:

Calibratori delle supernovae:

efeidi VS

Giganti rosse

CMB with Planck

Balkenhol et al. (2021), Planck 2018+5PT+ACT : 67. 497 0.53
Pogosian et al. (2020), eBOSS +Planck Q,.H%: =1,

hanim et al. (2020), Planck 2018: 67. 27 *0 B0

Aghanim et al. {2020}, Planck 2018+CMB lensing: 67,36 £ 0.54

Ade et al. (2016), Planck 2015, Ho=67.27 £ 0.66

CMB without Planck

Dutcher et al. (2021), SPT: 68.8 £ 1.5

Aiola et al. (2020), ACT: 67.9 1.5

Aiola et al, [2020), WMAP +ACT: 676+ 1.1
Zhang, Huang (2019], WMAPS+BAQ: 68,3673
Hiinshaw et al, (2013), WMAP: 70.0% 3.3

No CMB, with BBN

D' Amica et al. (2020). BOSS DR124+BBN: 685 +22
Colas et al. (2020), BOSS DR124BBN: 68.7 £ 1.5
Philcox et al. (2020), P, +BAO+BBN: 68.6 1.1
Ivanou et al. {2020), BOSS+BBN: 67 9+ 1.1

Alam et al. (2020), BOSS+eBOSS+BEN: 6735+ 0.97

Py(k) + CMB lensing
Philcax et al. [2020), P(k)+CMB lensing: 70.652

Cepheids — SNia
Riess et al. (2020), RZ0 +

Breuval et al. (2020)

Riess et al. (2018), R18

Camarena, Marra (2019):

Burns et al. (2018):

Dhawan, Jha, Leibundgut (2017}, NIR:

Follin, Knox (2017):

Feeney, Mortlock, Dalmasso (2017):

Riess et al. (2016), R16:

Cardona, kunz, Pettarine (2016), HPs:

Freedman et al. (2012):

TRGB - SNla
Soltis, Casertano, Riess (2020): 72.1+ 2.0

Yuan et al, (2018): 72.4 2.0
Jang, Lee (2017): 71.2 = 2.5

Miras —SNia
Huang et al. (2019): 73.32 4.0

Masers
Pasce et al. (2020): 73.9£3.0

Tully — Fisher Relation (TFR)
Kourkchi et al. (2020): 76.0 + 2.6
Schombert, McGaugh, Lelli (2020): 75.1 2.8

Surface Brightness Fluctuations
Blakeslee et al. (2021) IR-SBF w/ HST: 733425
Khetan et al. (2020} w/ LMC DEB: 71.1+4.1

SNII
de Jaeger et al. {2020} 75.8:32

HIl galaxies
Fernandez Arenas et al. {2018): 71.0£ 3.5

Lensing related, mass model - dependent
Denzel et al. (2021): 71 a'}j
Birrer et al. (2020}, TDCUSMD+5LACS 67424}, TDCOSMO: 74,57
ang, Birrer, Hu (2020} =73.6521
Milloh 2t 31 (5020) TOCOSMO. 749 = 176
Baxter et al, (2020); 73.5+5.3
Qi et al, (2020): 735"15
Liao et al. {2020): 72.81}
Lizo et al. {2018): 72.2 + 2.1
Shajib et al. {2019), STRIDES: 74.2:3F
Wong et al. {2019), HOLICOW 2018 73,3713
Birrer et al, (2018), HOLICOW 2018: 72,5735
Bonvin et al. (2016], HOLICOW 2016: 71,9725

Optimistic average

Di Valentino {2021): 72.94 = 0.75
Ultra — conservative, no CeBhel s, no lensin
alentino (2021): 72.7 £ 1.

GW related
Gayathri et al_ {2020), GW190521+GW170817: 73.42,
Mukherjee et al. (2020}, GW170817+ZTF: 67 6‘”
Mukherjee et al. (2019), GW170817 +VLBI: 68,371 ¢
Abbott et al. (2017), GW170817: TCI'I}"‘Pa

[km s~ Mpc~1]

Indirect

Direct




ACDM -

Molti studi negli ultimi anni hanno

cercato

metodi

alternativi  per

misurare H,, per esempio:

Lensing gravitazionale

of
Multiple images
the packground qua

|
|

quasar

sar
Background

Foreground gary

CMB with Planck

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49x 0.53
Pogosian et al. (2020), eBOSS+Planck 0,.H”: 69.6 = 1.8

hanim et al. (2020, Planck 2018: 67,27 = 0.60

Aghanim et al. {2020}, Planck 2018+CMB lensing: 67,36 £ 0,54
Ade et al. (2016), Planck 2015, Ho=67.27 £ 0.66

CMB without Planck

Dutcher et al. (2021), SPT: 68.8+ 1.5

Aiola et al. (2020), ACT: 67.9+ 1.5

Aiola et al. (20201, WMAPS HACT: 61 6% 1
Znang, Huang (2019, WHMAPS HBA: 68,364
Hinshaw et al. (2013], WMAPD: 70.0% 3.3

No CMB, with BBN

D' Amica et al. (2020). BOSS DR124+BBN: 685 +22
Colas et al. (2020), BOSS DR124BBN: 68.7 £ 1.5
Philcox et al. (2020), P, +BAO+BBN: 68.6 1.1
Ivanou et al. {2020), BOSS+BBN: 67 9+ 1.1

Alam et al. (2020), BOSS+eBOSS+BBN: 67 .35+ 0.97

Py(k) + CMB lensing
Philcox et al. (2020), Py{k}+CMB lensing: 70.6%2

Cepheids — SNia

Riess et al. (2020), RZ0

Breuval et al. (2020)

Rless et al. (2019), R19

Camarena, Marra (2019):

Burns et al. {2018)

Dhawan, Jha, Leibundgut [2017), NIR:
Follin, Knox (2017):

Feeney, Mortlock, Dalmasso (2017)
Riess et al. (2016), R16:

Cardona, kunz, Pettarine (2016), HPs:
Freedman et al. (2012):

Soltis, Caseﬂ'ano Riess (2020): 72.1
Freedman et al. (2020): 69.6

Reid, Pesce, Riess (2019), SHOES: 71,1
Freedman et al. (2019): 69.8

Yuan etal, (2019): 72.4

Jang, Lee (2017): 71.2

Miras —SNia
Huang et al. (2019): 73.32 4.0

Masers
Pasce et al. (2020): 73.9£3.0

Tully — Fisher Relation (TFR)
Kourkchi et al. (2020): 76.0 + 2.6
Schombert, McGaugh, Lelli (2020): 75.1 2.8

WH G
e

Surface Brightness Fluctuations
Blakeslee et al. (2021) IR-SBF w/ HST: 733425
Khetan et al. (2020} w/ LMC DEB: T1.1+4.1

NI
de Jaeger et al. {2020} 75.8:32

HIl galaxies
Fernandez Arenas et al. (2018): 71O+ 3.5

Lensing related, mass model — dependent

Denzel et al. (2021): 71831

Birrer et al. (2020}, TDCUSMEHSLACS 67424}, TDCOSMO: 7452 ¢
ang, Birrer, Huczozm My =73.651]

Milloh 2t 31 {7020) THCOSMO. 749 = izé

Baxter et al, (2020); 73.5+5. 3

Qi et al, (2020): 73.6

Liao et al, {2020): 72.8%1%

Liao et al. {2018): 72.2 + 3.1

Shajib et al. (2018}, STRIDES: 74 zlﬁ

‘Wong et al. {2019), HOLICOW 2019: 73.327%

Birrer et al. (2018), HOLICOW 2018: 72.573

Bonvin et al. (2016), HOLICOW 2016: 71,9751

Optimistic average

Di Valenting (2021): 72.94 £0.75

Ultra — conservative, no Ceehelds, no Iensmq
alentino {2021): 72.7 £ 1.

GW related

Gayathri et al. (2020), GW190521+GW170817: 73.424,

Mukherjee et al. (2020), GW170817+2TF- 67.622
Mukherjes et al. (2019), GW170817+VLBI: 68.3*

Abbott et al. (2017), GW170817: 70,0

[km s~ Mpc~1]

Indirect

Direct




ACD

Molti studi negli ultimi anni hanno

cercato metodi
misurare H,

la tensione non scompare!

alternativi

per

CMB with Planck

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49x 0.53
Fogosian et al. (2020), 2BOSS+Planck Q,H7: 69,6 = L.

hanim et al. (2020), Planck 2018: 67.27 + 0.60

Aghanim et al. {2020}, Planck 2018+CMB lensing: 67,36 £ 0,54

Ade et al. (2016), Planck 2015, Ho=67.27 £ 0.66

CMB without Planck

Dutcher et al. (2021), SPT: 68.8+ 1.5

Aiola et al. (2020, ACT: 679+ 1.5

Alela et al, [2020), WMAPI+ACT: 676+ 1.1
Zhang, Huang (2019), WMAPI+BAD: 68,3658
Fiinshaw et al, (2013), WMAPS: 700 + 373

No CMB, with BBN

D' Amica et al. (2020). BOSS DR124+BBN: 685 +22
Colas et al. (2020), BOSS DR124BBN: 68.7 £ 1.5
Philcox et al. (2020), P, +BAO+BBN: 68.6 1.1
Ivanou et al. {2020), BOSS+BBN: 67 9+ 1.1

Alam et al. (2020), BOSS+eBOSS+BEN: 6735+ 0.97

Py(k) + CMB lensing
Philcax et al. [2020), P(k)+CMB lensing: 70.652

Cepheids —SNla

Riess et al, [ZUZD] R20
Breuval et al. (2020)

Riess et al. (2018), R18

Camarena, Marra (2019):

Burns et al. (2018):

Dhawan, Jha, Leibundgut (2017}, NIR:
Follin, Knox (2017):

Feeney, Mortlock, Dalmasso (2017):
Riess et al. (2016), R16:

Cardona, Kunz, Pettorine (2016), HPs:
Freedman et al. (2012):

Soltis, Casertang, Riess (2020): '.‘2 lx2.
Freedman et al. {2020): 696+ 1.

Reid, Pesce, Riess (2019), SHOES: 711+ 1.
Freedman et al. (2019): 69.8+ 1

Yuan etal, (2019): 72.42 2

Jang, Lee (2017): 71.2 = 2,

Miras —SNia
Huang et al. (2019): 73.32 4.0

Masers
Pasce et al. (2020): 73.9£3.0

Tully — Fisher Relation (TFR)
Kourkchi et al. (2020): 76.0 + 2.6
Schombert, McGaugh, Lelli (2020): 75.1 2.8

Surface Brightness Fluctuations
Blakeslee et al. (2021) IR-SBF w/ HST: 733425
Khetan et al. (2020} w/ LMC DEB: 71.1+4.1

SNII
de Jaeger et al. {2020} 75.8:32

HIl galaxies
Fernandez Arenas et al. {2018): TLO£ 3.5

Lensing related, mass model — dependent
Denzel et al. (2021): 71. a'}j
Birrer et al. (2020}, TDCDSMD+5LACS 67424}, TDCOSMO: 74,57
ang, Birrer, Hu {2020): Hp = 73.651]
Milloh 2t 31 (5020) TOCOSMO. 749 = 176
Baxter et al, (2020); 73.5+5.3
Oietal. (2020): 73,6218
Liao et al. {2020): 72.81}
Liao et al {2019): 72.2 + 21
shajib et al. (2019), STRIDES: 74.. 2'%5
‘Wong et al. (2019}, HOLICOW 2019: 73, 3‘3
Birrer et al. (2018), HOLICOW 2018: 72. 5'%
Bonvin et al. (2016), HOLICOW 2016: 71,975

Optimistic average

Di Valentina 12021): 72.94 = 0.75
Ultra — conservative, no CeBhel s, no lensin
alentino (2021): 72.7 £ 1.

GW related

Gayathri et al. (2020), GW190521+GW1T0817: 73.4248

Mukherjee et al. (2020), GW170817+ZTF: 67 6*”
Mukherjee et al. (2019), GW170817 +VLBI: 68,371 ¢

Abbott et al, (2017), GW170817: 70.0550

[km s~ Mpc~1]

Indirect

Direct
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ACD

Molti studi negli ultimi anni hanno

cercato metodi
misurare H,

la tensione non scompare!

E possibile che ACDM nonsia il
modello giusto?

alternativi

per

CMB with Planck

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49x 0.53
Fogosian et al. (2020), 2BOSS+Planck Q,H7: 69,6 = L.

hanim et al. (2020), Planck 2018: 67.27 + 0.60

Aghanim et al. {2020}, Planck 2018+CMB lensing: 67,36 £ 0.54

Ade et al. (2016), Planck 2015, Ho=67.27 £ 0.66

CMB without Planck

Dutcher et al. (2021), SPT: 68.8+ 1.5

Aiola et al. (2020, ACT: 679+ 1.5

Alela et al, [2020), WMAPI+ACT: 676+ 1.1
Zhang, Huang (2019), WMAPI+BAD: 68,3658
Fiinshaw et al, (2013), WMAPS: 700 + 373

No CMB, with BBN

D' Amica et al. (2020). BOSS DR124+BBN: 685 +22
Colas et al. (2020), BOSS DR124BBN: 68.7 £ 1.5
Philcox et al. (2020), P, +BAO+BBN: 68.6 1.1
Ivanou et al. {2020), BOSS+BBN: 67 9+ 1.1

Alam et al. (2020), BOSS+eBOSS+BEN: 6735+ 0.97

Py(k) + CMB lensing
Philcax et al. [2020), P(k)+CMB lensing: 70.652

Cepheids —SNla

Riess et al, [ZUZD] R20
Breuval et al. (2020)

Riess et al. (2018), R18

Camarena, Marra (2019):

Burns et al. (2018):

Dhawan, Jha, Leibundgut (2017}, NIR:
Follin, Knox (2017):

Feeney, Mortlock, Dalmasso (2017):
Riess et al. (2016), R16:

Cardona, Kunz, Pettorine (2016), HPs:
Freedman et al. (2012):

TRGB - SNla
Soltis, Casertana, Riess (2020): 72.1£ 2.0

Yuan et al, (2019): 72.4% 2.0
Jang, Lee (2017]: 7.2 £ 2.5

Miras —SNia
Huang et al. (2019): 73.32 4.0

Masers
Pasce et al. (2020): 73.9£3.0

Tully — Fisher Relation (TFR)
Kourkchi et al. (2020): 76.0 + 2.6
Schombert, McGaugh, Lelli (2020): 75.1 2.8

Surface Brightness Fluctuations
Blakeslee et al. (2021) IR-SBF w/ HST: 733425
Khetan et al. (2020} w/ LMC DEB: 71.1+4.1

SNII
de Jaeger et al. {2020} 75.8:32

HIl galaxies
Fernandez Arenas et al. {2018} 7T1.0£3.5

Lensing related, mass model — dependent
Denzel et al. (2021): 71 a'}j
Birrer et al. (2020}, TDCDSMD+5LACS 67424}, TDCOSMO: 74,57
ang, Birrer, Hu {2020): Hp = 73.651]
Milloh 2t 31 (5020) TOCOSMO. 749 = 176
Baxter et al, (2020); 73.5+5.3
Oietal. (2020): 73,6218
Liao et al. {2020): 72.81}
Lizo et al. {2018): 72.2 + 2.1
shajib et al. (2019), STRIDES: 74.. 2'%5
‘Wong et al. (2019}, HOLICOW 2019: 73, 3‘3
Birrer et al. (2018), HOLICOW 2018: 72, 5'%
Bonvin et al. (2016), HOLICOW 2016: 71,975

Optimistic average

Di Valentina 12021): 72.94 = 0.75
Ultra — conservative, no CeBhel s, no lensin
alentino (2021): 72.7 £ 1.

GW related

Gayathri et al. (2020), GW190521+GW1T0817: 73.4248

Mukherjee et al. (2020), GW170817+ZTF: 67 6*”
Mukherjee et al. (2019), GW170817 +VLBI: 68,371 ¢

Abbott et al, (2017), GW170817: 70.0550

[km s~ Mpc~1]

Indirect

Direct




ACDM

E possibile che ACDM non sia il modello giusto?

Modelli alternativi:

* energia oscura che cambia nel tempo

* materia oscura e energia oscura
interagiscono nel tempo

* gravita modificata

ma ad oggi non abbiamo modelli che
risolvano la tensione su H, spiegando allo stesso
tempo tutte le altre osservazioni!

CMB with Planck

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49x 0.53
Fogosian et al. (2020), 2BOSS+Planck Q,H7: 69,6 = L.

hanim et al. (2020), Planck 2018: 67.27 + 0.60

Aghanim et al. {2020}, Planck 2018+CMB lensing: 67,36 £ 0,54

Ade et al. (2016), Planck 2015, Ho=67.27 £ 0.66

CMB without Planck

Dutcher et al. (2021), SPT: 68.8:+ 1.5

Aiola et al. (2020), ACT: 67.9 1.5

Aiola et al, [2020), WMAP +ACT: 676+ 1.1
Zhang, Huang (2019), WMAPI+BAD: 68,3658
Hiinshaw et al, (2013), WMAP: 70.0% 3.3

No CMB, with BBN

D' Amica et al. (2020). BOSS DR124+BBN: 685 +22
Colas et al. (2020), BOSS DR124BBN: 68.7 £ 1.5
Philcox et al. (2020), P, +BAO+BBN: 68.6 1.1
Ivanou et al. {2020), BOSS+BBN: 67 9+ 1.1

Alam et al. (2020), BOSS+eBOSS+BEN: 6735+ 0.97

Py(k) + CMB lensing
Philcax et al. [2020), P(k)+CMB lensing: 70.652

Cepheids —SNla

Riess et al, [ZUZD] R20

Breuval et al. (2020)

Riess et al. (2018), R18

Camarena, Marra (2019):

Burns et al. (2018):

Dhawan, Jha, Leibundgut (2017}, NIR:
Follin, Knox (2017):

Feeney, Mortlock, Dalmasso (2017):
Riess et al. (2016), R16:

Cardona, kunz, Pettarine (2016), HPs:
Freedman et al. (2012):

TRGB - SNla

Soltis, Casertana, Riess (2020): 72.1£ 2.0
Freedman et al. (2020): 686 +1.9

Reid, Pesce, Riess (2019), SHOES 71 119
Freedman et al. (2019): 69.8+ 1.9

Yuan etal, (2019): 72.4 2.0

Jang, Lee (2017): 71,2 = 2.5

Miras —SNia
Huang et al. (2019): 73.32 4.0

Masers
Pasce et al. (2020): 73.9£3.0

Tully — Fisher Relation (TFR)
Kourkchi et al. (2020): 76.0 + 2.6
Schombert, McGaugh, Lelli (2020): 75.1 2.8

Surface Brightness Fluctuations
Blakeslee et al. (2021) IR-SBF w/ HST: 733425
Khetan et al. (2020} w/ LMC DEB: 71.1+4.1

SNII
de Jaeger et al. {2020} 75.8:32

HIl galaxies
Fernandez Arenas et al. {2018} 7T1.0£3.5

Lensing related, mass model — dependent
Denzel et al. (2021): 71 a'}j
Birrer et al. (2020}, TDCDSMD+5LACS 67424}, TDCOSMO: 74,57
ang, Birrer, Hu {2020): Hp = 73.651]
Milloh 2t 31 (5020) TOCOSMO. 749 = 176
Baxter et al, (2020); 73.5+5.3
Oietal. (2020): 73,6218
Liao et al. {2020): 72.81}
Lizo et al. {2018): 72.2 + 2.1
shajib et al. (2019), STRIDES: 74.. 2'%5
‘Wong et al. (2019}, HOLICOW 2019: 73, 3‘3
Birrer et al. (2018), HOLICOW 2018: 72, 5'%
Bonvin et al. (2016), HOLICOW 2016: 71,975

Optimistic average

Di Valentina 12021): 72.94 = 0.75
Ultra — conservative, no CeBhel 5, no lensin
alentino (2021): 72.7 £ 1.

GW related
Gayathri et al. (2020), GW190521+GW170817: 73.42,
Mukherjee et al. (2020), GW170817+ZTF: 67 6*”
Mukherjee et al. (2019), GW170817 +VLBI: 68,371 ¢
Abbott et al, (2017), GW170817: 70.0550

[km s~ Mpc~1]

Indirect

Direct




ACDM -

A CDM descrive IUniverso come formato
principalmente da un ‘Dark Sector’, con energia
oscura e materia oscura

ACDM spiega la formazione delle galassie, Ia
loro distribuzione, [I’espansione accelerata
dell’Universo e molto altro

«Elefanti nella stanza» : cos’e la materia oscura?
Cos’e P’energia oscura? Cosa causa la tensione
sulla costante H,?

C’e ancora lavoro da fare per ricostruire la
storia del nostro Universo!

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages
375,000 yrs.

Development of
Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years
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Dark Energy
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1st Stars
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Grazie! Domande?
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