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Structure formation

Planck Cosmic Microwave Background

The nature of dark matter shapes the formation of structures in the Universe

Three complementary approaches exist to decipher the nature of dark matter:
« produce DM particles in an accelerator
« direct/indirect detections
+ measure the level of clumpiness of the Universe at the smallest scales




Springel+ 2008; Lovell+ 2012

Substructure in the Milky Way Halo

Cold Dark Matter/ WIMPs, Axions Warm Dark Matter/e.g. sterile neutrinos

The total number of substructure strongly depends on the nature of dark matter



Springel+ 2008; Lovell+ 2012

Substructure in the Milky Way Halo

Cold Dark Matter CDM - Stars Warm Dark Matter

There is a degeneracy in the number of observable substructures between dark and
galaxy formation models

Most of the low mass substructure are dark



Substructure mass function

Predicted abundance of substructure in the Milky Way halo
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Gravitational Lensing

- background
- galaxy

observer image 2

W7 gravitational lens



Vegetti & Koopmans, 2009 Ritondale+ 2017

Gravitational Imaging

Residuals Source

Data
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Gravitational Imaging

Data Model Residuals Source

¢ Density corrections

0 0.05

-0.05

Substructures are detected as corrections to an overall smooth potential

-0.1

If present, more than one substructure can be detected and quantified




Vegetti + 2014

Criteria for detection

—— a positive convergence correction that improves the image residuals is found
independently from the potential regularization, number of source pixels, PSF
rotations, and galaxy subtraction procedure;

——|the mass and the position of the substructure obtained via the posterior
exploration is consistent with those independently obtained by the potential
corrections and the MAP parametric clumpy model;

— | a clumpy model is preferred over a smooth model with a Bayes factor A log E
=log E_smooth —log E_clumpy >= —50 (to first order equivalent to a 10-o

detection, under the assumption of Gaussian noise);

——| the results are consistent among the different filters, where available.



Vegetti + 2014

Why not blobolgy?

Methods based on analytic descriptions of single mass clumps can lead to false detections

S
.ys . N ALogE=1130 (47 sigma)
y3
4 i AlogE=1388 (52 sigma)

AlogE=1536 (55 sigma)

y2




Substructure Sensitivity

Rau, Vegetti & White 2013, MNRAS
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Predictions



Substructure mass function

Predicted abundance of substructure in the Milky Way halo

N (>Msub)
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Predictions

Open questions:
What are the correct predictions for gravitational lensing?

What is the effect of baryons? And is there a on the SBHMF degeneracy between DM and
galaxy formations models?

What are the predictions for DM models beyond CDM & WDM?

What is the contribution of small-mass haloes along the line-of-sight?
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Vogelberger+2014; Shaye+ 2015

Fagle & Hllustris

The Eagle Simulations

FUYN LITHON AND ASSEMEILY 0O GAL LYTFS AND THARR FAVIRCNMENTS

'+ .The Illustris Simulation
M, Vogelsterger: 5, Caed Y \;-rlh;:f'l 'l;. Toare; DhSlxkl Do Xu GoSryder S, 0d D Nokon | Hmquis

The Hubble Sequence realised in cosmalogizal simuatians

name volume DM panticles / hydro cells!  cparyon/€DM  "baryon/™mDM )ﬂ”;'
I( P-l})k‘::{l MC wracers [ pcl | 10"’ Me ] l p-:l
Ilustris-| 106.5% 3x 18200 2181 x 107 710/1.420 12.6/62.6 18
Mustris-2 106.5% 3x010° >« 23 x 10Y 1,420/2,840 100.7/501.0 08
Mustris-3 106.57 3 x 455° 2 0.3 x 10° 2.840/5,680 805.2/4008.2 273
Mustris-Dark-1  106.5° 1 % 1,820° 710/1,420 /75.2
Mustris-Dark-2  106.53 1 x 910° 1.420/2,840 = /601.7 -
Mustris-Dark-2  106.5 1 % 455% 2,840/5,680 —/4813.3 -




Despali & Vegetti 2017 Auger+2010

Lens Analogues

I - / AR SLACS: Early-Type galaxies with:
1072 |- SLACS: VA
[ 5 Chabrier /o : . ‘
| @ Salpeter 0.,6.03 /Uc o ] M* — 1010 5 — ]_011 8M®
l'lustris ’ a
L Eogle - z ~ 0.00 — 0.3
| z(sim) = 0.2.0.27.0. ]
—  t - SLACS analogues:
ks
= Relaxed haloes with matching velocity
= L i dispersion and z range
! : Dynamically selected to be Early-Type
I yavs | - With total stellar mass and effective radius
/s consistent with the SLACS lenses
s
1010 AN e el L




Despali & Vegetti 2017

SHME: the role of baryons

Different HMF propagate into different subhalo mass function with depletion at the low-mass end
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dn/din(M)

SHME: the role of baryons
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To obtain a more complete set of
predictions we need to investigate a larger
number of DM and galaxy formation

models



Despali et al. in prep.

SIDM

2.00 T——— o A ] N in most cases the central density
1.75- — 269 486 / \ / / is lower in the SIDM and the stars
—— 196  =— Tean
Lso 123 1scatter A // \ / / effective radius is larger
. T /
[\
/ - profiles differs within the few central kpc

and thus they create smaller Einstein rings

Nsiopm/MNecom

1
=50 -4 .5 -4.0 -3.5 -3.0 -2.5
Msue/Mpy

- the number of subhaloes tends to be a bit
lower at low masses in SIDM, but not by
much - some of them would not be classified as

SLACS analogues anymore
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Despali, Vegetti et al. 2018

1.OS contribution

Gravitational lensing is sensitive not only to the mass distribution on the lensing galaxy
but also to the general mass distribution along the line-of-sight

- background
~——sSae——— v —— galaxy

observer S

gravitational lens

() subsbtructures

LOS is not a contamination but a powerful and clean probe on the nature of DM

20



Despali, Vegetti et al. 2018

1.OS contribution

21



Despali, Vegetti et al. 2018

1.OS contribution
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Despali, Vegetti et al. 2018

1.OS contribution
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Despali, Vegetti et al. 2018

1.OS contribution

future
observations
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Observational Constraints I: Optical



Bolton+ 2006 Fassnacht+ 2017 Shu+ 2016

SLACS, SHARP & BELLS

SLACS SDSS+HST

homogeneous sample of
~100 lenses

Lenses: z=0.06 - 0.3 ET

Sources: z=0.2 -1.0 SF

S. Sensitivity: 10% — 10° M,

SHARP Keck IT AO

inhomogeneous sample
of ~30 lenses

Lenses: z=0.1-0.6

Sources: z=0.2-1.0

S. Sensitivity: ~ 10°®

BELLS

SDSS+HST

homogeneous sample of
~20 lenses

Lenses: z=0.3-0.7ET

Sources: z=2.0-3.0 LAEs

S. Sensitivity: 10% — 107 Mg,




Vegetti + 2010

SLLACS: First Detection

Mg = (3.51 +0.15) x 10° M

(M/L)V@ > 120 Mg /Ly o

Alog & = —128.0

16 sigma detection

27



Vegetti + 2014

SLLACS: Subsample

Chosen on a s/n basis

Representative sub-sample of the
SLACS lenses

|

Representative sample of massive
early-type galaxies



Vegetti + 2014

T T = S e HRUT AR LR o
G Sl e L | Ay ey ;
. . e o e e
R s T T ...m. - __. o e .1."..".9.. -
> oy I ey ey e el 1 5y o R o
e Ay e . L drpe s me TS LA gL
R e PR e g T Pl e P
o o Ly 3R T e g O Rt e m_.. o
a .|.|.m.. i v | g s N = - o
N 5 o] ST Wi I. i -r N .m -I---.“--. K i "
S RN T ey Tt —— = e i L .....ul.......
........_.."... LY P i e _......u.l.".l.l....
e L o . i) Pl L Fe e,
ey o g gl e e I T ar L
3 i e . i EE R e wly h i
I . ...r.u...._....""_ P b R P T R e o R
o e . 1 4l s e R S e T
l 0 1= l 0 1=
28801y 29801y
n 1z z 61 L'z z 61
oy - L e O The f e e, R T
et = Pt = P P AELE S | i e ”I.
e i e LRl Pl el oy . . ¥
o1 . ke LR : =t R -
M A Pt Ak al, o oty el M o ok PRI .....".“
. L . By . 1 iy |
= _ ............-..-....-...... s s - wd gl
° _ 3 g o [ adlalliiyl o o e T e o R L
t t 8 1 edURE e okt i) © 4 __b fial o .......-u .......-..0
Qa . 'l " ] o S L i . =
E < D e e .._n... < 5. . s i e
=* Elly o et S R e N e e s
- . Rt T e el TR §
e o me 1Y o St L E EoRl Y e
C I A =g o L A L R
wenl " e e . . .
® i s ok . .
.... .|... .ln“. 3 ... R .".._. "_. o=l |." .... .
LN J LI o TR ' . . oy
l 0 1= l 0 1=
“ LELY LELY 29801y
“ v'e 14 ¢'c (4 4
o L NN |
t A o
M &
ol Sl
[ ] 1 -
2]
N : 3
o 8 ©° 3
1 ] m I o m
g iy < .m <
s’ T = =
i I
e : ; e
bl
" = (3]
i F, [ !
4 0 -
LEIS
o
g o 8
g 3
< 3 <
=
4 0 -
28801y 08801y 29801y

Arcsec

Arcsec

29

Arcsec

Arcsec



Vegetti+ 2014  Xu+ 2014

SLACS: First measure of the mass function

Derived mass function parameters
P(a, f | {ns,m},p) b
from a sample of 11 SLACS lenses
00
Q DL D DL LI L A S B B B B B
()
8 i | | P(a) j (68% CL) «@ InEv
© U 00076109298 <293 (95%CL) 508
< .
=N _ G 0.006415-0080  1.9010-098 r68% CL) -6.13
o
[N}
Q -
()
/
T, Results are consistent with CDM

predictions, but due to the low sensitivity
they do not rule out Warm Dark Matter
models

dN/dM < fM™“



Vegetti et al. 2018

SLACS: constraints on sterile neutrinos

a(m) = n(m)“PM [1 + 2 M )B log P (m® X°|6) = — f (145 (m°, %) + pay(m°, x°)] dm®dx® +

Zlog | s (m$,x7) dm®dx® + yy (m?, x?) dm®dx°| .
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Ritondale + in prep.

LLLS

Increased data complexity leads to an increase in substructure sensitivity, higher redshift means higher LOS
contribution
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Lagattuta + 2012; Fassnacht + 2017 Vegetti + 2012; Hsueh+2016; Spingola + 2017; Vegetti + 2017; Ritondale+2017

SHARP

Increased angular resolution leads to an increase in substructure sensitivity

HST Keck Adaptive Optics

SHARP goals beyond substructure: probing the evolution of the FP, investigating the
properties of of quasar host galaxies, quantifying systematics in flux ratio anomalies studies
of gravitationally lensed quasars;



Vegetti + 2012

SHARP first detection at z=0.9

Data Model Image Residual
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Vegetti + 2012

SHARP first detection/z=0.9

0 0.02 0.04 0.06 0.08

Mgy = (1.940.1) x 10°M

M (< 0.6) = (1.15 £ 0.06) x 10°M

0 0.02 0.04 0.06 0.08

M(<0.3) = (7.2440.6) x 10" Mg
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T'he quest for the smallest structure

HST

109 Msun



Observational Constraints 1l:
Interterometers
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The quest for the smallest substructure
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High-resolution data - low masses

HST

109 Msun

GVLBI

1 07'1 06 Msun




Rybak+2015a,b Rybak+2018

Gravitational Imaging in the UV plane

Data Model Source

_ 2 2 TH
P @ )\3 HS s —— Modelling of CLEANED images leads to unreliable source

reconstructions

Needs to be defined in
the visibility space —— Pixellated sources are key to study high-z lensed galaxies

—— The quality of reconstructed sources strongly depends on the
UV coverage



Projected results

M T
4 VVLBI lenses 4 VVLBI lenses
N — N —
S S
EAGLE lllusstris
—t—— —t— .
E l = — -
/! 3 -
- ) 3 = | 3
! Cl ) ! ! A
—1 0] 1 2 3 —1 0 1 2 3
o



Declination (J2000)

Mulaple frequencies

Multiple frequencies can be used to i) increase sensitivity, ii) check for
calibration errors.
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The quest for the smallest (sub)structure
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In summary

Gravitational lensing provides a key probe on the nature of dark matter

Using state-of-the-art lens modelling codes together with a wide range of observations we are
now able to probe the the halo mass function from 10°Msun all the way down to 10¢Msun and
its evolution across cosmic time

Interferometers are the key ingredient to detect the lowest substructure but require new
dedicated lens modelling tools

Structures along the LOS represent a significant contribution and provide a clean probe on the
properties of dark matter

Using high-resolution hydrodynamical simulations we can make consistent predictions for
the (sub)structure mass function and investigate the degeneracies



Comparison with image-plane

Swinbank et al. 2015

The compact components are seen to vary between the two methods

-10 -05 00 05 1.0 -10 -05 00 05 1.0
kpc kpc

The compact structure varies significantly even within the individual image-plane analyses of the 1, 1.3 and 2 mm continuum
data
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