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Plan:

1. Recap: how lensing measures HO

2. Challenges: modeling degeneracy (TDCOSMO I —>1V)
3. Opportunities: galactic structure

JWST: improved kinematics

LSST: 100’s of strongly lensed variable quasars
Oguri, Marshall, 1001.2037 Yildirim, Suyu, Halkola, 1904.07237

Birrer, Treu, 2008.06157




Observables:

® Extended source image

1. Recap: how lensing measures HO

® Time delay At
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1. Recap: how lensing measures HO
Observables:

® Extended source image ® Time delay At
0=F+a(0)
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1. Recap: how lensing measures HO
Observables:

® Extended source image ® Time delay Atz = D, Atyp
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Observables:

® Extended source image
0=F+a(0)
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1. Recap: how lensing measures HO

® Time delay Atz = D, Atyp
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2. Challenges: modeling degeneracy




2. Challenges: modeling degeneracy
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Millon et al, 1912.08027 (TDCOSMO I)
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Some comments on external convergence



Millon et al, 1912.08027 (TDCOSMO I)

95 95 _
After k.,; correction : e B1608 Before k.,; correction :
e RXJ1131 -
e HE0435 . 901
e 1206 Q
o WFI2033 Q, g5 | T
® PGl1115 2 =
o DES0408 - s - / __________
| 801 oo ine]
CD l ":"‘ _____
E 75 1 A,‘f,f G i
R 1 ekl e Al — \ e | e B1608
= 704 S — ® RX1131
S Ml ;‘:‘l" * e HE0435
g5 _ b potoa e J1206
65+ ® WFI2033
e PGI115
e DES0408
60 - - : . 60 . . . ;
—0.05 0.00 0.05 0.10 0.15 —0.05 0.00 0.05 0.10 0.15
i S S
Modelling Kext = K Kext = K
external
Convergence

s L N
N TE el g

SRR, 0 IRadg Ny

R "

o= “h Ly

Rusuetal, 16




M@O,np) =M°>=x*-1"

7 (=)
— Ml — Is _1ls M, 7 ~ 2/ dn’
M@, n) =M =k —T i (1, m2) e P

,_

,2771) 0;0;04(0,n')

M©O;p) =M =« -T!

e . 2 3 )
e e, 7 R ATy 0, |

Rusu et al, 1607.01047 (HOL1COW III)




M5 1 gy (M= 1) . (5’) s I (5’)
Imaging degeneracy: ;1 _ |, A (M= 1)
Ay Mg 4y v (5’) — I Iy (A;@’) HIeo™ —s A A~ H,

Rt 5 32y ¢ R
Bt 5 Jett N e
DY CEe @, g
» ! g’ -
s T VR A #
A P ”

Reres DT A

Rusu et al, 1607.01047 (HOL1COW III)

~ 2




KrF— Ak +1 -4, I[P+ AI” — _ —
S S o(0) — aziaz(0)
Imaging degeneracy: «® +— A4 k®+1—24,, I'S+—— 4 I"

Ay g 4 k! —> /111<1 + 1 -4, N— }tlrl H(I)JHCOIT —s ﬂs/llgl/il HO

i N AR
R o - T AT )

Rusu et al, 1607.01047 (HOL1COW III)




Millon et al, 1912.08027 (TDCOSMO I)
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* Thanks to Simon Birrer for catching a mistake in our draft!



Millon et al, 1912.08027 (TDCOSMO I)
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Millon et al, 1912.08027 (TDCOSMO I)
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Weak lensing degeneracy:

1 —xs 1
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Weak lensing correction in HOLiCOW / TDCOSMO
1s a little bit off.

Birrer et al, 2007.02941 (TDCOSMO 1V)
Teodorl, et al, 2201.05111

Joint imaging+kinematics likelihood also a bit off:



Weak lensing degeneracy:

1 —xs 1
Huncorr — H
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Weak lensing correction in HOLiCOW / TDCOSMO
1s a little bit off.

Birrer et al, 2007.02941 (TDCOSMO 1V)
Teodorl, et al, 2201.05111

Joint imaging+kinematics likelihood also a bit off:
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Weak lensing degeneracy:
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Weak lensing correction in HOLiCOW / TDCOSMO
1s a little bit off.

Birrer et al, 2007.02941 (TDCOSMO 1V)
Teodorl, et al, 2201.05111

Joint imaging+kinematics likelihood also a bit off: Instead, post-processing weak lensing
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Potentially bigger problem: " internal convergence”

CMB SNIa
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(Birrer 2020) (Millon 2019)
Gnmenre————

65 66 67 68 69 70 71 72 73 74 75 76

Ho [km/s/Mpc]



.................... _ Ky=Ak+1—4

Internal vs. External Convergence

Internal vs. External Mass Sheet Degeneracy
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Internal vs. External Convergence

Internal vs. External Mass Sheet Degeneracy



Schneider, Sluse, 1306.0901
KB, Castorina, Simonovié¢, 2001.07182
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Internal vs. External Convergence

Internal vs. External Mass Sheet Degeneracy



KB, Castorina, Simonovié, 2001.07182
A core component in lens halos could explain lensing Ho tension.
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2. Challenges: modeling degeneracy
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2. Challenges: modeling degeneracy
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3. Opportunities: galactic structure

What do we learn about galaxies if we add CMB/LSS prior?

10" §
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- - DESJ0408 (A\PL)| H, = 67
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9 [77]
Hy A=67/Ho| ~v |0r![’]| 0s][’] | lens redshift z ref
RXJ1131 | 76.1735 | 0.88T95% | 1.98 | 1.6 19 0.295 Chen et al. (2016)
PG1115 | 83.0775 | 0.817007 | 2.18 | 1.1 17 0.311 Chen et al. (2019)
HE0435 | 717755 | 0937957 | 1.87 | 1.2 10 0.4546 Chen et al. (2019)
DESJ0408 | 74.6755 | 0.91005 2 1.9 13 0.6 Shajib et al. (2019)
WFI2033 | 72.6752 | 0927505 | 1.95| 0.9 11 0.6575 Rusu et al. (2019)
J1206 | 67.0751 14008 1.95 | 1.2 | 4.7 0.745 Birrer et al. (2019)




3. Opportunities: galactic structure

What do we learn about galaxies if we add CMB/LSS prior?

Expect evidence for core component, reflecting precision on Ho

KB, Teodori, 2105.10873
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3. Opportunities: galactic structure

What do we learn about galaxies if we add CMB/LSS prior?

Expect evidence for core component, reflecting precision on Ho

KB, Teodori, 2105.10873

Mock inference using
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3. Opportunities: galactic structure

What do we learn about galaxies if we add CMB/LSS prior?

Expect evidence for core component, reflecting precision on Ho

y = 1.99%88

KB, Teodori, 2105.10873
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3. Opportunities: galactic structure

What do we learn about galaxies if we add CMB/LSS prior?

Expect evidence for core component, reflecting precision on Ho

KB, Teodori, 2105.10873
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y = 1.99%88

3. Opportunities: galactic structure

What do we learn about galaxies if we add CMB/LSS prior?

Expect evidence for core component, reflecting precision on Ho

O = 1.657999
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A step towards covering internal MSD (no CMB prior) :

Birrer et al 2020 (TDCOSMO 1V)

Data sets Hy [km S_lMpC_l] Aint,0 a o (Aint) Qani o (Qani) TP sys
TDCOSMO-only 745729 1.027005  0.00%00,  0.01705) 232797 0.16%,7, -
TDCOSMO + SLACSjry 73.3%2% 1.00%008  —0.07006¢ 0.077007  1.58%52  0.157070 -
TDCOSMO + SLACSspss 674757 0.917002  —0.04+003 o.ozfg;g‘l‘ 1.527 1% 0.28t§;‘2‘§ 0.067005
TDCOSMO + SLACSgpss+iru~ 67.4757 091007 —0.07:00;  0.06700:  1.207079  0.18%022  0.067505
KB, Castorina, Simonovic 2020
Hy A=67/Ho | ~v |0r![’]| 0s][’] | lens redshift z ref
RXJ1131 | 76.1735 | 0.88799¢ | 1.98| 1.6 19 0.295 Chen et al. (2016)
PG1115 | 83.0775 | 0.817007 | 2.18 | 1.1 17 0.311 Chen et al. (2019)
HE0435 | 717755 | 0937957 | 1.87 | 1.2 10 0.4546 Chen et al. (2019)
DESJ0408 | 74.6755 | 0.91005 2 1.9 13 0.6 Shajib et al. (2019)
WFI2033 | 72.6752 | 0927905 | 1.95| 0.9 11 0.6575 Rusu et al. (2019)
J1206 | 67.0751 14008 1.95 | 1.2 | 4.7 0.745 Birrer et al. (2019)




A step towards covering internal MSD (no CMB prior) :
Birrer et al 2020 (TDCOSMO 1V)

Data sets Hy [km S_lMpC_l] Aint,0 03] o (Aint) ani o (Qani) TGP sys
5.6 0.08 0.07 0.03 1.62 0.50
TDCOSMO-only 74.5%2:¢ 1.027005  0.00%00,  0.01705) 232797 0.16%,7, -
TDCOSMO + SLACSiry 73.3%52% KOOT08  —0.07000  0.077007  1.58%52  0.157070 -
TDCOSMO + SLACSspss 67.47%3 0.91t8f§g —0.04+0.04 o.ozfgfg‘l‘ 1.52%) 76 0.28t§f‘2‘§ 0.06+0-02
TDCOSMO + SLACSspss+rU 67473, 0.91+000 #—0.0770-07  0.06700;  1.207079  0.18%022  0.067505
CMB SNIa
Hint from SLACS kinematics?
‘ \ (but see comments in KB, Teodori, 2105.10873)
)
TDCOSMO 1V TDCOSMO 1
(Birrer 2020) (Millon 2019)
Gandaaenl)

65 66 67 68 69 70 71 72 73 74 75 76

Ho [km/s/Mpc]

KB, Castorina, Simonovic 2020

Hy A=67/Ho | ~v |0r![’]| 0s][’] | lens redshift z ref
RXJ1131 | 76.1755 | 0.88T505 | 1.98 | 1.6 19 0.295 Chen et al. (2016)
PG1115 | 83.0775 | 0.817007 | 2.18 | 1.1 17 0.311 Chen et al. (2019)
HE0435 | 717755 | 0937957 | 1.87 | 1.2 10 0.4546 Chen et al. (2019)
DESJ0408 | 74.6755 | 0.91005 2 1.9 13 0.6 Shajib et al. (2019)
WFI2033 | 72.6752 | 0927905 | 1.95| 0.9 11 0.6575 Rusu et al. (2019)
J1206 | 67.0751 14008 1.95 | 1.2 | 4.7 0.745 Birrer et al. (2019)




““Internal MSD” may require a non-minimal density profile.

é@ Why would galaxies be non-minimal?

é@ Why should galaxies have a core component?



“Internal MSD” may require a non-minimal density profile.

(i)
Why would galaxies be non-minimal? Why not? (What is dark matter?)
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"‘fﬁn Why should galaxies have a core component? Can think of several reasons.



“Internal MSD” may require a non-minimal density profile.

(i)

{Mﬂ Why would galaxies be non-minimal? Why not? (What is dark matter?)
()

"‘;,' ,n« Why should galaxies have a core component? Can think of several reasons.

Dark matter not boring NFW? ...a little bit of ultralight dark matter?

P Mo pc™] R,
KB, Teodor1, 2105.10873
0.100¢ :
~prqttm@
0.010; 20 % of total DM, m =2.5x107% eV

0001 Ultralight DM Dynamical relaxation consistent at O(1).

Cosmology OK.

10—4;

107° X [kpc]

1 5



““Internal MSD” may require a non-minimal density profile.

(i)
Why would galaxies be non-minimal? Why not? (What is dark matter?)

)
"‘;,' ,n« Why should galaxies have a core component? Can think of several reasons.

““Missing”’ baryons?

Mass models of TDCOSMO lens systems: stars/DM ~ 0.05.

Much below cosmological baryon/DM ratio.
This is typical, puzzle of missing baryons.

Missing baryons probably in extended CGM.

What is the convergence due to the CGM?
— What is the radial scale of the CGM?

B . . 3N Should have enough mass to make an effect, if mostly within ~50 kpc.
X-ray: NASA/CXC/SAOQO/S Randall et al., Optical: SDSS

Werner & Mernier, 2001.10023



Summary

Lensing Ho sensitive to galaxy profile at few % level:
Feature in the galaxy profile, or breakdown of ACDM?

Weak lensing: include all segments of line of sight.
Lacking in published results. Likely ~ % bias on Ho.

Teodori, et al, 2201.05111

Adding a core to a density profile is an approximate MSD.
10% core explains the lensing HO tension?

KB, Castorina, Simonovi¢ 2001.07182

Could point to interesting dark matter dynamics.
If we go there, may as well adopt CMB (or SNia!) prior on Ho.

Ultralight DM (axion-like):

Vanilla vacuum misalignment. Dynamically makes a core.
Correct ballpark to solve lensing HO tension, if
Dynamical relaxation consistent at O(1) level. 1072 eV <m < 107 eV

KB, Teodor1 2105.10873

Thank you!

CMB SNIa

 \

]
TDCOSMO IV TDCOSMO I
(Birrer 2020) (Millon 2019)
C———=——

65 66 67 68 69 70 71 72 73 74 75 76

Ho [km/s/Mpc]

——DESJ0408 (PL)
N - — DESJ0408 (APL)
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Hy A=67/Ho | ~v |0r![’]| 0s][’] | lens redshift z ref
RXJ1131 | 76.1735 | 0.88T95% | 1.98 | 1.6 19 0.295 Chen et al. (2016)
PG1115 | 83.0775 | 0.817007 | 218 | 1.1 17 0.311 Chen et al. (2019)
HE0435 | 71.7t5L | 0937997 [ 187 1.2 | 10 0.4546 Chen et al. (2019)
DESJ0408 | 74.6%2% | 097199 [ 2 | 19 | 13 0.6 Shajib et al. (2019)
WFI2033 | 72.6752 | 0927905 | 1.95| 0.9 11 0.6575 Rusu et al. (2019)
J1206 | 67.0751 14008 1.95 | 1.2 | 4.7 0.745 Birrer et al. (2019)




47

Hy A=67/Ho | v |0 ][’] ]| 0s][’] | lens redshift z ref
RXJ1131 | 76.1795 | 0.887¢0% | 1.98 0.295 Chen et al. (2016)
PG1115 | 83.0175 | 0.81%907 | 2.18 0.311 Chen et al. (2019)
HE0435 | 71.715& | 0.937907 | 1.87 0.4546 Chen et al. (2019)
DESJ0408 | 74.6755 | 0.97003 2 0.6 Shajib et al. (2019)
WFI2033 | 72.6752 | 0.92100, | 1.95 0.6575 Rusu et al. (2019)
J1206 | 67.0557 | 1t06s | 1.95 0.745 Birrer et al. (2019)
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Hy A=67/Ho | v |0 ][’] ]| 0s][’] | lens redshift z ref

RXJ1131 | 76.1795 | 0.887¢0% | 1.98 0.295 Chen et al. (2016)

PG1115 | 83.0175 | 0.81%907 | 2.18 0.311 Chen et al. (2019)

HE0435 | 71.715& | 0.937907 | 1.87 0.4546 Chen et al. (2019)
DESJ0408 | 74.6755 | 0.97003 2 0.6 Shajib et al. (2019)
WFI2033 | 72.6752 | 0.92100, | 1.95 0.6575 Rusu et al. (2019)

J1206 | 67.0557 | 1t06s | 1.95 0.745 Birrer et al. (2019)




Stellar kinematics (of other elliptical galaxies)

) | INGC4649 (Cappellari 2015)
10° ¢ —— \PL, 0, =205, A =0.9
: — =)\PL, 0, =205, A =0.75
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Stellar kinematics (of other elliptical galaxies)

Cappellari et al, 1504.00075

_ . - Measured Density Profiles

| AY(1 1Y | 2.5 | e
i‘ pDM(”) = ps(}’_) (5 + 57) . (3)4 2.0 N - pocr‘1
! s s 1.5} = vpoxr?
Our models have seven free parameters. Some are poorly ~ 100 _3
constrained but are not of interest here. They are just “nuisance x | por
parameters,” marginalized out to derive the total mass profiles >S: 0.5 AR
studied here. The parameters are (i) the inclination i; (ii) the | g 0.0} °
anisotropy f# =1 — 022 /o3, with o, and o the stellar & -0.5}
dispersion in cylindrical coordinates, for the MGE Gaussians —1.0!
with 6; < R, ; (iii) the anisotropy for the remaining Gaussians | _15! (a)
at larger radii; (iv) the stellar (M/L)ga; (V) the break radius of 2.0 | |
the dark halo, constrained to be 10 < r; < 50 kpc; (vi) the halo 'Z1.0 ~0.5 0.0 0.5 1.0
density p at ry; and (Vn) the dark halo slope « for r < ;. log IR,
Stars-only Density Profiles
2.0F ~1
1.5} ~2
& 10t 3
I 0.5¢
% 0.0}
& -0.5¢
—1.0!
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Stellar kinematics (of other elliptical galaxies)

Cappellari et al, 1504.00075

_ . - Measured Density Profiles

! a —a—3 ‘
| r 1 1 r | 2.5 I
'\‘ = — — + —— ) 3) |
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Our models have seven free parameters. Some are poorly 10 3
constrained but are not of interest here. They are just “nuisance Sl pPXr

0.5 ",
0.0} |
—-0.5¢}
-1.0¢}

1 B

parameters,” marginalized out to derive the total mass profiles |
studied here. The parameters are (i) the inclination #; (ii) the |

anisotropy f =1 — Uzz /o3, with o, and o the stellar

dispersion in cylindrical coordinates, for the MGE Gaussians
with ¢; < R.: (iii) the anisotropy for the remaining Gaussians

log p(n/p(Re)

,,,,
,,,,,

...& cored structure of the kind you propose would be difficult to exclude from
measurements of the stellar kinematics. Part of the reason is the mass
profile-velocity anisotropy degeneracy. Another part is simply that no one
has tried: most modelers fit the system to a small number of components
(stars, gas, dark matter, central black hole) with constant mass-to-light ratio
and none of these look like the core you propose. It would be straightforward
for some of the modelers to try adding cores.

A friend:

I suppose some critics will say that your cores are ad hoc, but I think they
are less ad hoc than most of the modifications to cosmology needed to
explain the Hubble discrepancy!

e T —



Stellar kinematics (of other galaxies, e.g., Milky Way)

Ghez 2003
McGinn 1989
Fritz 2016
Lindqvist 1992
Schodel 2014
Sofue 2009
Sofue 2012
Sofue 2013
Chatzopoulos 2015
Deguchi 2004
Oh 2009
Trippe 2008
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Ultralight dark matter (ULDM)

Light fields (Goldstone bosons) feature in many models.  Svrcek & Witten 2006; Arvanitaki et al 2010

Cosmology: field initially displaced from minimum of the potential,
starts to oscillate when ¢ ~ 1/m.

When t > 1/m, correct equation of state for dark matter.

1 2
Contribution to energy density today: Q ~0.3 e /
1021 eV

1017 GeV

V() 0




ULDM in galaxies

Inner part of simulated galaxies forms a core

Schive et al 2014

Veltmaat et al 2018

Levkov et al 2018



Self-gravitating ULDM / Nonrelativistic limit

Free scalar field ¢(x,1) = e~ "My(x, 1) + cc

1
V2m

On scales of order de Broglie wavelength: coherent ground state

2
17
b ® Schive et al (2014)
N cal simulat; : A Schwabe et al (2016)
.umerlca simulations 0.100 Mocz-sta2017)

find the ground state.
Bar, Blas, KB, Sibiryakov 2018 0.010

0.001- .

10 50 100




Core — halo relation: empirical evidence

200 kpc
PRy

10°

107"

Schive et al 2014; Veltmaat et al 2018

—+— Simulation data
-------- (IE' /M)

10°



Core — halo relation: theoretical insight

Schive et al 2014; Veltmaat et al 2018

Bar, Blas, KB, Sibiryakov 2018 100 |~ Simulation data
Bar, KB, Sato, Eby 2019 o (IE"/M) "2

Dynamical relaxation:

Hui et al 2017; Bar-Or, Tremaine 2018
Bar, KB, Lacroix, Panci 2019

107 107
|E/M)|
halo
Levkov et al 2018
Also:
\/5 3 6 Eggemeier, Niemeyer 2019,
T ~ mo Chen et al 2020,
12723 G2p2 In A Schwabe et al 2020




ULDM as a solution of the lensing Ho tension?

Log1o[M/Mg]
Mo

101

14

—
w

11!

WFI12033

I T T T T ]

60 -255 -250 -245 -24.0
Logqg[m/eV]

Dynamical relaxation
consistent at O(1),
can become a bottleneck:

V2 me®

T r~
12723 G2p2In A

(But see Eggemeier, Niemeyer 2019,
Chen et al 2020, Schwabe et al 2020;
for effect of background density.)



ULDM as a solution of the lensing Ho tension?
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Dynamical relaxation
consistent at O(1),
can become a bottleneck:
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T r~
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(But see Eggemeier, Niemeyer 2019,
Chen et al 2020, Schwabe et al 2020;
for effect of background density.)



ULDM as a solution of the lensing Ho tension?

RXJ1131 PG1115 WF12033
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Cosmological constraints: ULDM can only make up a fraction of the DM

o Kobayashi et al 1708.00015 (Ly-alpha)
1.0 — : —

Q

-1 30 C. L
I 20 C L

m,obs

0.8

Also: 0.6
Hlozek, Marsh, Grin 1708.05681 (CMB)
Lague et al, 2104.07802 (CMB+LSS)

0.4

0.2

m [eV]

Q, m N f \’ o[ : f ’
Qops 10721 eV 107Gev /) = T \1025ev ) \3x 107 GeV




Weak lensing degeneracy:

1 —xs 1

| —x! 1 —x8

uncorr __

Millon et al, 1912.08027 (TDCOSMO I)

[kms ™ Mpc™!]

Before k.,; correction :
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1s probably a little bit off. 65 T o WFI2033
® PG1115
® DES0408
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