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Introduction

Cold Dark Matter (CDM)

* interactions other than gravity X —) {large—scale structure [«
* collisionless damping X small-scale observations( ]

=) Small-Scale Challenges

e.g. cusp-core problem
In the central region of the halo, ,0

» CDM cusp (p x r~1)
Navarro-Frenk-White (NFW)
Ps
p(r) =

2
r T
a(”z)

e.g. rotation curves of
dwarf galaxies




Motivation

* Previous researches
velocity dispersion (Cappellari et al., 2012)
strong gravitational lensing (Treu, 2010 ; Oguri et al., 2014)

=) the central density profiles of early-type galaxies

* Advances in observational techniques

| possibility of probing central density distributions of
galaxies through weak gravitational lensing



Weak Lensing Analysis

Data
Hyper Suprime-Cam Subaru Strategic Program (HSC-SSP)
* source galaxy
- public three-year shape galaxy catalog (Li et al., 2022)
* 36 million galaxies
* lens galaxy
- final-year photometric Luminous Red Galaxies

sample (Oguri et al., 2026)
- 04<2z<0.6

Method

measured tangential shear of source galaxy y;

s differential surface mass density of lens galaxy
AX(T) = ye X Zep
=3(<7r)—2(r)

Individual lensing signal is too small

the number of LRGs
Nirc

'—\

o
'
T

— stacking a large number of lens galaxies

-t
(@)
[&;]
T T

103 105 10.7 109 11.1 113 115 117
IOglO(M*,in/M(D)
observed stellar mass

2cr - critical surface mass density
>(r) = ffooop(r)dZ : surface mass density



Inner Profile Fitting

—- AY,
AT
AY ot

10.9 < |0g10M*,in < 11.1 E

—

SR

* Model
stellar matter (SM)

=) Hernquist
M,a 1

211 (r + a)3
dark matter (DM)
mm) cored power-law

34y T(-%)

psm(r) =

: r? +1.2\?
_pDM(T')=M* 3 ( 1+)/)A< 2 >

2m2r,3 T

] o Investigating from

observation data
without assuming a specific

~10! dark matter model



Comparison with NFW

e frs(1) = AZpm(T) _— obtained from the outer fitting

AZNFwW (T)
M*,in < 1010'7M@, 1011'1M@ < M*,in

10197 Mg < M, ;n < 10111 Mg

consistent with NFW

11.3 < |0g10M*‘in < 115

shallower

10.9 < logygM, jn < 11.17

001 ~01  r[Mpc/h] o001 0.1



Comparison with simulations

LOf T ERGTE T T
08 TNG-100 T 4 ] ‘
0.6 i { :
l Y : == —¢

0.4F  encLe H '

TNG-100 - |

©  Stellar onlv (Yang et al., 2024

0.2r , Stellar + IB-/II( g —— ;‘ wll

SLUGGS(Alabi etal. 2017) L4 I-H
0'0_ .. .T.hl.s.:vjlfrk Ll il ) .--.—.....—

8.0 9.0 10.0 11.0 12.0

log10(M,./ M)

e dark matter fraction

. MDM(T'<5T'e)
fDM(< Sre) - M, (r<51.)+MpMm(r<57,)

(7,.: the half-light radius)

: * For 1010'7M@ < M*,in < 1011'1M@,

lower than the values predicted from
hydrodynamical simulations

' actual feedback effect
may be stronger



Limitation of Weak Lensing Analysis

10"°¢

- 103 < |0g10M*,in
10.5 < log;oM, in
10.7 < log;gM.in

N 109 < |0g10M*,in

<105 _
< 10.7 :
< 10.9
< 11.1 1

: « 111 < loggM,in < 11.3 1
' (1 © 113 < loggMyn < 115
J ' ] * 115 < |0g10M*=in < 117 E

=t
o
(8]
T

the number of LRGs
Nirc

10%} )
10.3 105 10.7 109 11.1 113 \115 11.7
IOglO(M*,in/M(D)

For the highest stellar mass bin,
small number of lens galaxies m—)

NS '
r [Mpc/h]

large statistical uncertainty
(intrinsic shape noise)

combining weak and strong lensing
to obtain tighter constraints in the highest stellar mass bin



Strong Lensing Analysis

Data

14 strong lens systems with spec-z from
* Survey of Gravitationally-lensed Objects in HSC Imaging
(SUGOHI; Sonnenfeld et al. 2019; Gawade et al. 2025)

* Strong Lensing Legacy Survey (SL2S; Gavazzi et al. 2012; D
Tan et al. 2024)

* BOSS Emission-Line Lens Survey (BELLS; Brownstein et al.
2011; Tan et al. 2024)
Method

* Einstein radius Ogj,
* spec-z of lens and source galaxy

HSCJ141815+015832

— MZD(< HEin) — 7TDolZQEinzzcr

Do) : angular diameter distance between the observer and the lens galaxy
2cr - critical surface mass density

applying to multiple lens galaxies

average M,p(< 1)




Strong-lensing selection bias and intrinsic scatter

0.2

E .. Nonlens

o N

b_ B \\\\ R

e -~ Lens

()
S 04¢
~ 0.2
§ OOE_I .......................................................................................................................................................... 01 ] . . . . . . ) L
3 %1073 102 1073 «—> 10

fitting range fitting range, oc/m
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* correcting for strong-lensing selection bias e¢intrinsic scatter from mock

using a mock catalog (Abe et al. 2025) Olog,, M,p~0-14
10



Inner Profile Fitting (WL+SL)

10M14F; 115 7 q o anll7ag ' i
10 ' M@ < M*,in <10+ M@ WL only
I — WL+SL ]
— NFW
I - SL
1013¢
= f
=
o 12
10*E
Yo}
=
E L
1011_
1010E

102
r [Mpc/h]

* Model
stellar matter (SM)

=) Hernquist
M, a 1

psm(r) = 211 (r + a)3
dark matter (DM)
cored power-law

34y F(—%) y r? +1,2\?2
(2

1,2

Tighter constraints are
obtained by combining
weak and strong lensing
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Comparison with NFW (WL+SL)

* fas

10}

fA);(r)

0.1

0.01

(r) = AZpm(7) _—— obtained from the outer fitting

AXNFW(T)

WL only:

15 < |Og10M*'in < 11.7 7

WL+SL

11.5 < |0g10M*'in < 11.7°
001 —"""7g0o1 0'1 |

0.01

0.1

r [Mpc/h]

More tightly consistent with NFW
12



Constraint on Stellar-to-halo Mass Relation (SHMR)

| WL onlly . * constraining SHMR
«  WL+SL 1 without relyingon M, /L
Salpeter IMF | or IMF assumption
10_1' QI:}/Qm ‘
; .
EOELZL ] *For the highest mass bin,
AN | consistent w/ Salpeter IMF
= | |
< +—| *For lower mass bins,
g 1072 higher M, than expected
“gg from Salpeter IMF
= . | | |1 =) possibility of more
5 10 10" bottom-heavy IMF
T Mnrw [M:/h]
1% NFW halo mass from outer fitting 13



Summary

v' We investigate central dark matter distributions of early-type galaxies by
combining weak and strong lensing analysis

v' We provide new constraints on

* central dark matter profiles

-—p cOred distributions are favored in intermediate mass bins
- the SHMR
- the stellar IMF

—p more bottom-heavy than Salpeter IMF in intermediate mass bins

Future Work
» considering more flexible dark matter profile model

» investigating the redshift dependence

» researching total mass profile E
Fujikawa & Oguri 2026 OJAp, arXivi2512.09342 “hés:
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Weak Gravitational Lensing

2>

’ S(< 1) surface mass density X(r) = ffooop(r)dZ

source galaxies Measuringtangential shear Yy

) anaa
"""""" differential surface mass density
\ ; AX(r) = Ve X Zr
| | =X(<r) —2(r)
\ , ( X : critical surface mass density )

Individual lensing signal . .
< t00 small » stacking a large number of lens galamelg




Measurement

+ 10.3 < log;gM,in < 10.5 _
10.5 < log;gM,.in < 10.7 :
10.7 < logygM,in < 10.9

= 109 < logigM,in < 11.1 -

« 11.1 < logygM,in < 11.3 7

113 < logy oM, in < 11.5 _

11.5 < log;gM,in < 11.7 e \We want to know
1 the central dark matter
| { distribution

I

el . = — — —

—'—

e IS A
r [Mpc/h]
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* Pt =0.95 4
* Pt = 0.85
Pet = 0.75
Pot = 0.65 |
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AY. [hM-Mpc™?]
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Spec- :
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‘ 2 2
| 1. _ OspectOphoto

Y | vFor 10113 Mg < M, < 1015Mg),
| ] x? falls outside the 95%
K | confidence interval (2.7 < x* < 19.0)

] v'For the other mass bins,
x? is within the 95% confidence
interval
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v'stellar matter (SM) component = Hernquist (parameters M,, 7,,)
v'dark matter (DM) component s cored power-law

Y
34y F(—%) r? +1.2\2
anre?’r(—T) €

(0]

Xpm(7) :f PpM (\/7"2 +Zz) az

T
M,p(<71) = j 2mrXpy (r)dr AXpy = Zpu (L 1) —Zpy (1)
0
_ M,p(< 1)
5 _
pm (< 1) 2

mm) total mass AZ;,; = AZgy + AZpy
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log (M in[Mo]) NiLrc re [Mpc/h] A v re [Mpc/h] M, sty [Mo/h] Xm/dof

10.3-10.5 1.81 x 10° 1.4 x 1073 7.51 %" —2.5010-20 1.8705 x 1072 3.0755 x 1010 9.4/5

5-10.7 2.05 x 10° 1.4 x 1073 0.2750 ~1.511590 0.075 0 x 1072 2.575 % x 1010 10.2/5
10.7-10.9 2.23 x 10° 1.4 x 1073 2.7 —2.501 000 17103 % 102 9.0712 x 1010 11.8/5
10.9-11.1 2.08 x 10° 1.5 x 1073 19192 —2.501055 2.470% x 102 17702 x 101! 8.8/5
11.1-11.3 1.49 x 10° 1.8 x 1073 19197 —2.4610-7° 25705 x 1072 2.270-F » 1011 19.2/5
11.3-11.5 5.54 x 104 2.3 x 1073 0.2739 —1.83%0-22 1.8717 x 1072 2,793 x 1011 11.1/5
11.5-11.7 1.02 x 10* 3.3 %1073 0.2759 ~1.561925 1t}F x 1073 2.775% x 101 6.4/5
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2.0

1.9F

1.8

« [Mo/h]

= 1.7t

1.6F

1010'9M@ <M, < 1011'1M@

1200

0.04 0.06 0.08

core radius 7. [Mpc/h]

For 101%"Mge < M, < 101 Mg,

v 1. isinconsistent
with zero within 30

) cored profile

|v' Because of the

baryon feedback?

0.10
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vV AX(r) = AZypw (M) + facAZp(My) + AZon (M, M)

v’ Satellite galaxy

AX
host halo 4
NFW

v’ 2-halo term
A3 (M, My) < b(M, Mp) X &y,

Satellite

2-halo term

halo bias correlation function
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logyo (My,in[Mo)) Mnrw [Me/h] My, [Mg /h] 2

10.3-10.5 00 o 12 o Jsat Xout/dof
2291 x 10 517,77 x 1013 0.40+0-00

10.5-10.7 137015 1g12 705 - 4079 01 19.3/16
" —0. A4 x 10 +0.02
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log o (M, in[Me]) fom (< 5re)
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   (  𝜌 ∝  r  − 1 )


   (  𝜌 = const . )


  𝜌  ( r ) =    𝜌 s   r   r s    (  1 +  r   r s ) 2


  r


  𝜌


  0 . 4 < z < 0 . 6


   γ t


  ∆ Σ  ( r ) =  γ t ×  Σ  cr


  =  Σ -  (  < r ) − Σ  ( r )


   Σ  cr


  Σ  ( r ) =  ∫  − ∞ ∞  𝜌 ( 𝒓 ) d Z


   𝜌  D M  ( r ) =  M ⋆   3 + 𝛾  2  𝜋   3 2    r e 3   Γ  (  −  𝛾 2 )  Γ  (  −   1 + 𝛾 2 ) A    (     r 2 +    r c 2     r e 2 )   𝛾 2


   𝜌  SM  ( r ) =    M ⋆  2 𝜋  a r  1     (  r + a ) 3


   f  ∆ Σ  ( r ) =     Δ 𝛴  DM ( r )    Δ 𝛴  NFW ( r )


    10  10 . 7  M ⦿ <  M  ⋆ , in <   10  11 . 1  M ⦿


   M  ⋆ , in <   10  10 . 7  M ⦿ ,     10  11 . 1  M ⦿ <  M  ⋆ , in


  r   [ Mpc / h ]


   f  D M  (  < 5  r e ) =    M  DM ( r < 5  r e )     M ⋆  (  r < 5  r e ) + M  DM ( r < 5  r e )


   r e


    10  10 . 7  M ⦿ <  M  ⋆ , in <   10  11 . 1  M ⦿


  z


   𝜃  Ein


  z


   M  2 D  (  <  𝜃  Ein ) = 𝜋    D  ol 2    𝜃  Ein 2  Σ  cr


   D  ol


   Σ  cr


   M  2 D  (  < r )


   𝜎      log  10 ⁡   M  2 D ~ 0 . 14


    10  11 . 5  M ⦿ <  M  ⋆ , in <   10  11 . 7  M ⦿


   𝜌  D M  ( r ) =  M ⋆   3 + 𝛾  2  𝜋   3 2    r e 3   Γ  (  −  𝛾 2 )  Γ  (  −   1 + 𝛾 2 ) A    (     r 2 +    r c 2     r e 2 )   𝛾 2


   𝜌  SM  ( r ) =    M ⋆  2 𝜋  a r  1     (  r + a ) 3


   f  ∆ Σ  ( r ) =     Δ 𝛴  DM ( r )    Δ 𝛴  NFW ( r )


     M ⋆ / L


   M ⋆  


  Σ  ( r ) =  ∫  − ∞ ∞  𝜌 ( 𝒓 ) d Z


   γ t


  ∆ Σ  ( r ) =  γ t ×  Σ  cr


  =  Σ -  (  < r ) − Σ  ( r )


   Σ  cr


  Σ  ( r )


   Σ -  (  < r )


  r


  𝑷


  𝒛


   𝒛 𝒍


   𝑷  cut


    10  11 . 5  M ⦿ <  M ⋆ <   10  11 . 7  M ⦿


   ∫   z l ∞  P d z ≥  P  c u t


   χ 2 = ∑      ( ∆  Σ  s p e c   −   ∆  Σ  p h o t o ) 2   𝜎  s p e c 2 +  𝜎  p h o t o 2


    10  11 . 3  M ⦿ <  M ⋆ <   10  11 . 5  M ⦿


   χ 2  


  (   2 . 7 ≲ χ 2 ≲ 19 . 0 )


   χ 2


    10  10 . 9  M ⦿ <  M ⋆ <   10  11 . 1  M ⦿


   M ⋆


   r e


   𝜌  D M  ( r ) =  M ⋆   3 + 𝛾  2  𝜋   3 2    r e 3   Γ  (  −  𝛾 2 )  Γ  (  −   1 + 𝛾 2 ) A    (     r 2 +    r c 2     r e 2 )   𝛾 2


     Σ -  D M  (  < r ) =    M  2 D  (  < r )  π  r 2


   M  2 D  (  < r ) =  ∫ 0 r  2 π r  Σ  D M  ( r ) d r


   Σ  D M  ( r ) =  ∫  − ∞ ∞   𝜌  D M  (     r 2 +  Z 2 ) d Z


  ∆  Σ  D M =    Σ -  D M  (  < r ) −  Σ  D M  ( r )


      Δ Σ  t o t =   Δ Σ  S M +   Δ Σ  D M


   r c   [   Mpc / h ]


   r c


  3 𝜎


   M ⋆   [    M ☉ / h ]


    10  10 . 9  M ⦿ <  M ⋆ <   10  11 . 1  M ⦿


    10  10 . 7  M ⦿ <  M ⋆ <   10  11 . 1  M ⦿


  Δ Σ  ( r ) =   Δ Σ  N F W ( M ) +  f  s a t   Δ Σ h (  M h ) +   Δ Σ  2 h ( M ,  M h )


    Δ Σ  2 h ( M ,  M h ) ∝ b ( M ,  M h ) ×  𝜉 m


  M


   M h


  ∆ Σ


  r


   f  ∆ Σ  ( r ) =     Δ 𝛴  DM ( r )    Δ 𝛴  NFW ( r )

