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Type Ia Supernovae — redshift(z)
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= ] A Lockdown Perspective on the

o T ; ’ Hubble Tension

IEIO (with comments from the SHOES team)
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Cepheid: m-M (mag)
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0 E 0 '. Abstract. This is a transcript of a talk that I gave in Cambridge on 17th July 2020 on the
é ‘Hubble tension’, i.e. the discrepancy between traditional distance ladder measurements of the
ol 3 i B SN Ia: m-M (mag) Hubble c.onstan-t (which I Wlll r.efer to as ‘late time measurements’) and the value inferred from
E F observations of the cosmic microwave background (CMB) and large-scale structure (‘early
. F ] time measurements’). I review the SHOES! analyses by Riess and collaborators and point out
wn 20:_ E some internal inconsistencies, including a discrepancy between the relative distances inferred
F ] from Cepheids of two of the primary geometric distance anchors, the Large Magellanic Cloud
(LMC) and NGC 4258. I then ask ‘what would it take to make SHOES compatible with early
. E . E
Geometry = Cephelds - 1 THE ASTROPHYSICAL JOURNAL, 882:34 (29pp), 2019 September 1 https://doi.org/10.3847/1538-4357 /ab2f73
b [l [l [l [l [l ] © 2019. The American Astronomical Society.
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k I I } } : Abstract
04F E 04 \ , We present a new and independent determination of the local value of the Hubble constant based on a calibration
02F + E %0 —} of the tip of the red giant branch (TRGB) applied to Type Ia supernovae (SNe Ia). We find a value of
00 -+ — — —— — & — = — — — T 00 E Hy = 69.8 £ 0.8 (£1.1% stat) = 1.7 (+2.4% sys) km s7! Mpcfl. The TRGB method is both precise and accurate
02F 3 and is parallel to but independent of the Cepheid distance scale. Our value sits midway in the range defined by the

o4b : 04 < current Hubble tension. It agrees at the 1.2¢0 level with that of the Planck Collaboration et al. estimate and at the
F BT I : | 1.70 level with the Hubble Space Telescope (HST) SHoES measurement of Hj, based on the Cepheid distance scale.
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(but see also Birrer+2020; Denzel+2020; ...)

ABSTRACT

We present a measurement of the Hubble constant (Hy) and other cosmological parameters from a
joint analysis of six gravitationally lensed quasars with measured time delays. All lenses except the
first are analyzed blindly with respect to the cosmological parameters. In a flat ACDM cosmology,
we find Hy = 73.37]'% km s=! Mpc™!, a 2.4% precision measurement, in agreement with local
measurements of Hy from type Ia supernovae calibrated by the distance ladder, but in 3.1c tension
with Planck observations of the cosmic microwave background (CMB). This method is completely

o o~ v



CMBDHAITE D R ERZE?

o CMB CMB (This work) 4 SNila

SNIa-TRGB (Freedman 2019)

SNla-Cepheids (Riess 2019)

-ACT DR4+WMA|.° (Baseline) ACT+WMAPﬁE@%ﬂ:%

ACT QR4

PIanéck PR3 (Planck VI 2018) l Planckﬁgw%ﬂ:%

ACT DR2+WMA£(CaIabrese 2017)

WMAP (Hins‘haw 2013)

Pre-ACT DR4

66 68 70 72 74 76
Aiola+2020 Ho [km/s/Mpc]

PlanckE2 DR IEGFER)IELZ ...



N

ZED S ZTDIRIBIL o

P(k,z)
[Mpc’]

~(O8)2f----~---- - - -
IFRIE1L

CMBTAIEY 3[FmMPSE

z=0 \
IEERR
(REFHmEZIRE L
RIZRILY ¥ BiENZE<)

z~1100

1/(8Mpc) k Mpc-']



piil

M. Blanton/SDSS

W\

L

o
—
o

1

=
o
@

N
P
e

wn

10.0879
[0

[ Z7AF 2

S
JH

X

i

1H4D

/IquIo|O

9,

S

i

HL>VX

B

2

v I 7))

—
—
=~

(



Stage-Ill ER;FI TS — A

KiDS (2012-2019) DES (2013-2019) HSC (2014-2021)
1500 deg?, rim~25 5000 deg?, rim~25 1400 deg?, riim~26

[T 1K % EiEiR)



OslrlxE (17)

Hikage, MO+2019

1.4 1

1.2

0.8 -

0.6 -

B HSC Y1

B Planck TT+lowP
WMAP9
DES Y1

BN KiDS450,CF
KiDS450,QF

0.1

hmli

1.1

Heymans+2020

1.0

0.9

HEl BOSS+KV450 (Troster et al. 2020)

DES Y1 3 x 2pt (DES Collaboration 2018)
B KiDS-1000 3 x 2pt
B Planck 2018 TTTEEE+lowE

CMB




osERE XA Z =k LU TTWLWSHV?

o HIRBMEIMIESDE
Y —RADERBTIE>ZEDT31ET

e EHLVXAEITD RS
AR ARZ. SBARRAEIE. /NUA R, ...

o REFHmMDIRIE
F—U IR F—n1ELE

lmli

= IEEEN

HEHMETHEIBL>ERAMNE>EDRZITLBIET




HRIR IR — R DR ETE

stage-ll| stage-|V

LSST (F V) |&hiExEH|

l EuclidFE & l

|BADSILRE (1 A)




HolrlE & O glrlRB: & & &

e CMBOWIHAFEHEM S ORITE & VT{EFH %= &0
I A5EZEAFENSDAITEE DEULVEL

e FAME CHoMIEWIE~50. gsDE\L\F~2-30

o RYURBSIEEFHMDEENDELNINE
Wo ICEBFRETILIE (FDETB) HHRDEL

o IRRIZEVH, BITOMALLEIC K D RiRE
DEERXREFEHDNEE

|ILIJ




\\

\

INRT— V. FERIEBED 5 =

E7] =4

iz |
) ———— T~ T

' s R

ST ' BRI

op/p » |




F—U~NYT—

2N

N

LED )L
bwES5EXT—I)L - BE

FERRIFZ
op/p » |

ZE D5 ETHIEREAE

Millennium Run:
10.077.696.000' particles

/Lun!uue”!\L\u /LUJO}|B§/$p'8dLU'8U!qs;IBg-BdLU'MMM//Z.dJJq



http://www.mpa-garching.mpg.de/galform/millennium/

H—7 I —)\O—ANDEFRK

Behroozi+2018

10~1
]
|
O s 10°
<=
N X
I =
i]ﬂi 103

10_14010 BT T A T T A T
halo mass M0 [Mo] INO—EB=




H—7 I —)\O—ANDEFRK

Behroozi+2018

1071t
m @ SR 25 A
|
O s 10°
<=
N X
I =
i]ﬂi 103

10_14010 T L A T T T
halo mass M0 [Mo] INO—EB=




o

gAY —)\O—RNDEFK

R

1

Behroozi+2018

R ]

S HIESR> S E A RS

AGN7 11— RKI\v Y

1071
- e
é[ gng;I\/\‘yﬁ
- S '
N ¥
I < |
E‘Iﬁ 10-3
101010 -

o

o
halo mass My, [M:] J\[0—E&

o

o

"ib15

==}



H—7 I35 —)\O—KNDEFE

e

o 1301 | i .
- DB RT> 5 B 4 i
1 74 AGN7 1« —K/\v ¥
O =107 ':
=3 | -
~ F
I <
Iﬁmﬂi 10-3E Eﬁ/ﬂz;ﬂ Hij(

YA MEQE B LEEINE )
]-O 1010 1011 1012 1013 1014 1015

halo mass M0 [Mo] NO—E=




H—7 I —DINZ—)RERE

BRINRANICRE I SR A L [ElRE

® missing satellite[t] =8
(e.g., Klypin+1999; Moore+1999)

e core/cupsfrzE
(e.g., Flores, Primack 1994)

* too-big-to-fail[t] =8
(e.g., Boylan-Kolchin+201 1)

=N FIEOEFEE UTH

LIEU &5

=Nd

1000 —7—T—7—

of halos

umber

Cumulative n

A D (cumulative)

\ 4
\ \E 1 b — :/_E_yimulated cluster :
A

100

—
Q
T

WeerEtl oo

— ____ Simulated galaxy |

o Virgo cluster data




N — XY —EfE

Ultralight DM Light DM WIMP PBH

(e.g., axion-like particle) (e.g., sterile V)

|0-18 eV |0~ eV | eV | GeV

e JEFICEZIXICHTIES

o WDMIE TMNAT—IUEIRE, %= RAIEE
—CCDD/: é#’LTL\%




INAT —)UAEDIRIR

o IRAIZEI COERENH D

— Q%/J\fﬁ/__[ﬁﬁ,/ﬁu ;L_)
- SRR R D |

 —

i3

—1

- INRT —)LERRI D1t D FER D I F

® Z*LB@;\(EE}

AL

i3

I

LE1—9 5%



Missing satellite[] <8

o IEMTSICLLNTXKDIIIERENED OERAIE
[ B INGRR DEDN D 12T & B EIRE
o MIRENIEIES NT=~2000FEICLENTEALR IR
ERD D B
— SDSS. Pan-STARRS. DES. HSC/R &E7ZRED
T —RAGRIC KDL WER/NRAIDFER
- BHESNIETDREEZ S EY—TI N T —
BEDONILDIEREDER




iUt DI GH & #URI D LEER

EiRE—HY 3K
< >

too few . just right

10!

Number of galaxies (brighter than Segue

BINE

Brook+ 2014
Moster+ 2013

102

RIAIEY

Behroozi+ I3_

B

Kim+2018

too many

100
NFW
SIS 8
=
ELVIS, V,
stripped >
£
&M
DMO + gal
g E
DMO + gal, o 0.1

K17 stripping =)

3if'ncompleteness ‘K&
fHIEDIE L

Homma+2019

— All satellites
— SKky coverage correction
Combined correction

-~ -.. = Observation

S (incompletenesié%},"%.)ﬁ- .................. .
] L | ] | L ]

3 4 5 6 =7 -8

My [mag]

/RIS &

I NIENRAIOL5%9 Z ()



R

-5 —&

Core/cusplals8

~ Oh+201 |

core (R9)_
: ( )_

A TA ]
‘ CE‘Z “-'-_ ]

C . .
¢ -
K .
B
.

.
. .
......

o .

oy )
..........

O IC 2574 B DDO 154

| ER, T O NGC 2366 ¥¥ DDO 53
L OE L v Ho | A M81dwB
i log(R kpc™T) O Ho Il

1072 10T 1009 10!

Rin (kpe) Elé&

e BEYIaL—Y=

\l

EINFWSDH Z=F =

(IZ

AILNTO(r) « rh)

o EAID ?E/J \fijﬂ D4 —

(IZ

AT (r) « 10)



JNU A YBRDRE

%.ﬁ

73 Aot %& st U

» "® I L < 2 % TR
L%LA R/ E I

gas

R

/ -

= W\NE DB =

N
gas ‘ » Starg E% It T\\ﬁﬁ/j |7C )
73 A ﬂ//z = ﬂ_%/Si‘
e N |FRIDEER

IlmII




F—I XY —nTmDANENRIL

INUAIUIBOEE|IC K D REIOBEEHZEMRM
MNSMICZE{L U Tl ODMANFELE D ZE1L




— %%

— 010 D7) FRI R

o /\UAVYIIED

=7 288 [~

':T"\/Eu

D5 M| ?
ry My /M;

K D RAIDBEHZEIAM,

relri

Z1t U 1c g ODMALFENE D E 1L

A

W

DM:;}

5‘%%37

B
| “DMIXE

15 e - NHR7
i > MdMi




Simulation ¢D O 7 0t DO HBIH

k Bullock, Boylan-Kolchin 2017 (sims by Tollet+2016, Fitts+2016, ...)
5 « A0 DMIEER 7 i
o * FIRE-2 o
o 0.0 | = -
® = e =
e | EEEN bWV <
RE BENE L 3
. l :
4';‘( 2§ ~1.0 F ’* -
% Al * LA i
&6‘15‘*** 2 * NFW  , &2 * E ]
En | O
| = R l ! +*» U :(DMW.%TE
—2.0F D | Q& I - & ! % ! <
ﬁ'\ E g | Z § : E‘DE : ) & D
-2 4 Ua f AA i
? _25 | 1 | 1 | 1 | | L cuspy
. —5 —4 -3 -2 —1
& logo( My [ Myalo)

logio(BEEE//\O0—EE)



FRINERA] & Y —

TN —

o FIRTIIIRETFE

A

I X5 —) & HAk

EE > T&LL

WETIL EERSIWST—

a4

B9 DEDHFER IR L)




KON T =)L\

Y=y — 5l ERHRERX Y-y —=il
AN

F—o3y— BRI SRE
NA—7?

107 109 10! 1013 10!5
AEHE=E



INBEY —

JXY—/\O—

—@’153 7b\<|08 97:&%11?3 FTINE LR

s FOXOKRERKRULY—U XY —/)\O—DEH

[FEEFHBET /L DIER

T AN

e ¥—UXT—FETILICA
EHlEWLSDOMp B

¢ R

L

-

_
-

SES

= (C5R UV PR

/F,\ijz,'f D j'L;TTX

=



Bl s mWEHL VX

rmWEHL VXK
DIEFIHN S/ \gﬁ
J\O—%Z & e[ EE

Hezaveh+2016 (see also Inoue+2016)



IRTE Dl R

V. »
BIcWI— I35 — ) e
& consistent (mpm>5.2keV) o ~| 08j\(|3;%—, BEERSN —51‘/—5%— ]

< i (BEHES WY —2
N5 —) EEFG

e LW~ 106KEE=E <
S5WETWTABEES

S&2 M

S o0 A v 9

,\'Q

l0g10(Mnm)[Me]
=/NN\O—EE [KIFEE]
Gilman+2020




bedia

wiki

Hl: RDJNERAI DY A b —L

Bona<|:a+20 |9

[ I
S Observed GD-1 stream
o0 Gaia proper motions
O PanSTARRS photometry
S 0F sinta s o B *,.&u"wm'g‘:& i 2 08 1 AT T A PRI AR %3 . {'s e N WK T]
N
<
S | | | | | N
5 I I I I I ]
Model of a perturbed GD-1
™ t =495 Myr ‘
Q M =510 Mg e b gty o .
sainl 8¢ %) 20 ‘!-" - ‘.' 5% o3 o
2 0F r=10pc WORTTRRETRRERIIES, LU ot o i i A i
S pmeb=ispe  RREEES
V =250 km s~!
S | | | | | N
-70 -60 -50 -40 -30 -20 -10

e /NE=E/\

¢1 [deg]

o HREMDVERA D ERY 71 THRIR
SNICEDA KN =L

TNl
&= NRIEEI T

/

—DE

wmu

A KNY—LHIE—FRIC



IRTE Dl R

mwpm/keV
10 1
—— DM only _
incl. baryonic disruption |
10%F :
WAKNY—LALIC K BHIE
103 L
=
£ 33
S -
I ;és 102 L
=
[ =
=3
-
=~ 10t}
100 L
®  Streams (Banik et al. 2019; this paper)
*  Classical MW satellites
105 107 105 10° 100 107
Mh/M@
£ [KIFEE]
o IE SEE T T =A
N1 J A

1012

ELe Pk

PDF

Banik+2019 (but see also Ibata+2020)

1.4F

1.2¢

1.0r

0.8F

0.6

0.4r

0.2

0.0

mwpMm > 4.6 keV (95 %)
mwpM > 3.6 keV (95 %)

= GD-1 x Pal 5 |
I GD_l
e Pal 5

0.00 025 0.50 0.75 1.00

logyo (mwpm/keV)

1.25 1.50

Y—OR5—BE

EEES WY - N5 —) CHFF




fB/NEE2/\O—%HE

e N)LH—4A4=>T07LAICkD/\0O—

TR 1 (e.g., Kashiyama, MO 2018; Dror+2019)

o TEFFIE L VX (eg, Mondino+2020)

S IR DFEN L > 5RO BIRERFE

(e.g., MO, Takahashi 2020)

®
hmli




'IINAT—)UBIE) K&

DT
& TFIRE)

T
i

o ]

e KD/ EB=E

A ETIL (&
B R IGEDIEERER K StBATE.
IS D E T BHIRL

o ¥— I —FTF)LICTERUVEIR

BB WY —T XY —)

Him NUA VR DIBEEDERDH — DD

=D — 77’5’ —/)\O—OREH

E

AN

T A ) /I'_'I :fdxﬁ gp‘bb{\L_TJ'::




