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INTRODUCTION
Strategies for the Missing Mass Problem
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Most natural idea: NB: all the DM evidences | Isthe Missing Mass a clue of
Existing invisible mass have aravitational nature misunderstanding in gravity?

: Galaxy rotation curves _ :
Dal;\?argﬂg; . VirBi/aI of clusters Attempts to modify the inroduction

Newtonian Gravity (MOND)

* Hot DM (sterile neutrinos)? Gravitational lensing Theoretical
- Cold DM (WIMPs)? Temperature of hot gases e
_ « Bullet clusters Milgrom 1983,

« CMB anisotropies Bekenstein&Milgrom 1984, Empirical
3’ «  SNlIa redshift measures Bekenstein 2004 Measures

¥ . - Etc... el
y . % All gravitational attractions Already have a CREESIONS

= - . i o EipasEIE Elisierore: modified gravity: GR!
e 8 . I.e. gravitational wells
\ ~

" . | . ’ 3.( ‘Ko 3 ' 2/23
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Intuition: GR = Newton +
post-Newtonian correction

. -
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INTRODUCTION

Claim: GR includes
totally non-Newtonian
. phenomena!

GR Is more than post-Newtonian corrections

Low energy limit +

L Newtonian limit

I Re-weight DM amount

Galactic dynamics in
low energy réegime:
« Sub-relativistic speeds
* Weak forces

L

Astesiano+3 2022

-

A galaxy Is an extended source:
Needs of global metric

In disc galaxies
1 d

Astesiano+5 2022

DM phenomena =

PN terms have magnitude ~
Negligible corrections

v2

c?’

\
<
Not all metrics are

fake DM from GR + true DM

Know amount and
features of true DM:

8 Ciotti 2022,

Lasenby+ 2023,
Costa+ 2023,
Glampedakis&Jones 2023

*

4

globally Newtonian
Yoo

_ ( gOi)
Iw =\ goi  9ij)
where g,; dragging term

Improve detection experiment!
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THEORETICAL FRAMEWORK
Dragging metrlcs

Stationarity and axisymmetry: ds? = —c e’@lt2 +.d<p —Q@t)2 + eQ‘Xdr2 + dz?)

v = r() “observed speed”, w = ry “dragging speed”, Redshift z = /.

vy = v —w “ZAMO (Zero Angular Momentum Observer) speed”
Astesiano+5 2022
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THEORETICAL FRAMEWORK
Beyond gravitomagnetism
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Statlonary, Imearlzed EE with

20
g00=—1+ 2190] c_ ..=(1+C_2)5ij ;' '
4 Ciotti 2022, Lasenby+ 2023, Costa+ 2023,
® gravitational potential, Glampedakis&Jones 2023

a gravitomagnetic potential

Would return W/¢ ~ %/ , ~1077

— We explore the case W/, ~10~%: Introduction
Harmonic gauge 205® + V:-d =0 strong gravitomagnetism.

Non-negligible effects on rotation curves! Theoretical

— a gravitational field, = Framework
= g : . e Ruggiero+2 2022
= V X a gravitomagnetic field $Astesiano&Ruggiero 2022 Empirical

\WIEENIED

= —4nGp,Vx § = — 2 b Exploit non-linearity of Einstein Equations
= 0,7 xb=8nGpV/c+2[pbg | | o
4 We are looking for solitonic solutions

GR effective force F = m(g + 27%/c x b) on the dragging term

Conclusions




DEGLI STUDI

g 5
THEORETICAL FRAMEWORK z <
: 2 =
Z
BG model and its weaknesses : :
. e : '~ L q X
s
Assumptions:
* stationary, System supported
e axisymmetric, | by pure dragging!
e “co-rotation”, - / :
— — Introduction
 pressure-less dust, |
*  without velocity dispersion Theoretical
' __ Framework
Fig. 3. V{r,0)/Vo plotted up to 20 kpc Empirical
Measures
Conclusions

0 flat rotation curve!
Dragging w = ry too big in external region: huge gravitational Iensmg'_

Galoppo+ 2022

- NB: Unphysical! w iIs not the rotation curve. v =

-

“ ; ’ “ o .‘. y ‘
b3 . - .y 3.1: Wee Y ' 6/23



)
ey}
()
=
w
—
G
=

THEORETICAL FRAMEWORK
BG model and Its weaknesses
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Assumptions: y leQ=0=v i‘ BG applied to GAIA DR2 catalogue
- stationary, System supported

*  axisymmetric, | by pure dragging! Crosta+ 2020
. %Iatl()f(lj, t » - Introduction
 Dresstre-vess Qust, Claim: Do not require DM!
« without velocity dispersion Theoretical
: e A " il : . v Framework
Empirical
Measures

. A
i 4

: :" . Conclusions
2 Confirmed by GAIA DR3

" Crosta+ 2023

‘. .
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THEORETICAL FRAMEWORK
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Astesiano+3 2022

Assumptions:

« stationary,

e axisymmetric,
» pressure-less dust,
without velocity dispersion

(n, H) model: the equations

- ® o » v v

| Mathematically: choose two functions H(n) and n(r, z) = rv,(r, z)

Y
- - . 1
Harmonicity-like F,.,. — ;’Fr + F,, ? 0, H(n) and n(r, 0) free:
st F(r,z) = 2n + 12 f%‘;_“ _ f%ndn 2 DoF (1-var functions)

r2Q2

gtt — H — ZUTQ. + —Hyz’

2
r
Jto =TV + T Q,

r2

Jop = 2 sty =ywz)

5
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THEORETICAL FRAMEWORK
(n, H) model vs BG
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Astesiano+3 2022 At MR |

vZ2(2-nD%-r?l% nZ+n3 " 101

4eH n2

v

8nGp =

& %
Example: constant [ = ¥/, .
(almost rigid rotation)

"; ligfg 0.4f
- ~.;. (."' . N -

..‘;::. ‘ - 1 1 1 1 1 1 1 1 1 1 1 1 1
. 20 40 60

| 2 2
e P/ —1_L(T\ (%
For the same v(r, z) profile: ©/pp; = 1 — - (Ra) (v) <1!

DM reduction in correspondence of the halor = R¢ !

.-

DEGLI STUDI
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EDEGLISTUDDI
THEORETICAL FRAMEWORK % -
(n,H) model: the phy3|cs : %
) i -' 5 Ll”“?m;;i SR
NB: zero pressure Is unphysical! EENFWPHSIWEE (1, H) model is affordable

F, — ;F,, + F,, = 0 gives Infinite cylinder only near the galactic
nonsense far from galactic plane | plane: |z| = 0

Introduction

Theoretical
Framework

2 DoF (1-var functions), - - : Empirical
Choose physical parameters ; Measures
Conclusions
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EMPIRICAL MEASURES
Three 1deas
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Strong dragging metrics are allowed by Equations.
Have the real disc galaxies such metrics?

Introduction

How much dragging do we expect? Theoretical
And how can we measure it? Framework
Empirical
\WIEENIED
Three different measures: Conclusions

1) Transverse redshift vs longitudinal redshift
2) Quadrupole anomaly of the observed CMB
3) Motion of the counter-rotating matter component

11/23



EDEGLI STUDUI
EMPIRICAL MEASURES Z >
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Estimation with Newtonian ad-hoc term % ‘%l
. ‘-;. . ) '~ " - . . .- '\ . G
Ny 2 2 Fraction 1 — a of DM explained
816G (pp + appy) = 8nGp = 2" Qr + 2 2 by draggingw = v — "/
a =1 & w = 0: spherically symmetric
Newtonian model with 100% of DM Introduction
Theoretical
DM r o\ "2 Framework
Evaluate for MW: pB = pBoe /TB eXpOI’lentIa| pDM = pDMO (1 + _) NFW,
DM
rg = 3 Kpc, 1oy = 50 kpc Vmax = 220 km/s pBO/pDMO =~ 230 Empirical
= ! 3 Measures
Conclusions

- “ Kye . L 12/23
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EMPIRICAL MEASURES
Estimation with Newtonian ad-hoc term
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EMPIRICAL MEASURES
Estimation with Newtonian ad-hoc term
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EMPIRICAL MEASURES
Longitudinal and transversal redshift
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Astesiano+5 2022

Key idea: (n, H) model has 2 DoF.

Simultaneous measure of both redshifts determines all the model!

z;/(r) =rQcosi
rQo=v
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EMPIRICAL MEASURES
Longitudinal and transversal redshift
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Astesiano+5 202
Key idea: (n, H) model has 2 DoF.
Simultaneous measure of both redshifts determines all the model!

- g b "y i - M« “RRAYE, L . *vg
InSR (l.e.w = 0): 1 DoF, redshi dependent Introduction

1+wvcoséb
14+2z= Theoretical

1/1 192
U A : Framework

©9 UNIVERSITA’
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For GR dragging metric Empirical
3 Measures

b _Xvo SinG—J(xg¢¢ sin 85 9ecdop
N gt

"'" X

If broken the
GR is not negligible !

1+z/ =1+ v/c CoS A Conclusions

A galaxy tilting angle

6 line of sight angle
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EMPIRICAL MEASURES
Quadrupole of the CMB
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AW, N RN S E
InSR: 32 Yt __. Cc"Y(6, D) = = 2
+Zi=0 Zm=-1 1 1170, T =
T
=T(0,d) = - @ Introducti
( ) 1+z y(1+vcosb) e
Theoretical
Framework
Empirical
Measures
Conclusions
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EMPIRICAL MEASURES
Quadrupole of the CMB
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Dotti&Re,
coming soon

Introduction
, Theoretical
— SA 4+ PLANCK TT+TE+EE+lowE+lensing ) .
t  PLANCK 2018 3 . . . Framework
6000 '
< Empirical
= \WIEENIED
S 4000
& Conclusions
=)
3
3 2000
2
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EMPIRICAL MEASURES
Quadrupole of the CMB
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EMPIRICAL MEASURES
Counter-rotating matter
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Kuijken+ 1996,

Corsini 2014

Consider geodesics for a test particle with tangent motion g—f = () =7/,

Without dragging (w = 0): depends onIy on )

_ zcln/c2 0P _ f
the potential ® s.t. g, = —e ' oy 7

With dragging w: L,
Geodesic # = 227 4 v=29w)

r r aor

DEGLI STUDI
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CONCLUSIONS
Feasibility of the measures
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z/! vs z* needs to measure I order quantities ~10~7.
Requires future spectrographs: e.g. HIRES, ANDES.
Galaxy peculiar motions mask z+ : rippling, wobbling, warping, bulge, and bar buckling.

Introduction

Theoretical
Not affected by peculiar motions! We already have a lot of data! Fraen?:,\,';ak
Looking for a ~5 - 10~8 anisotropy (I order, again), while typically 47/ ~107>.
Get C, integrating on all the sky. We are studying the feasibility. Empirical
Measures
Conclusions

Looking for a | order quantity!
Galaxies with counter-rotating components have big velocity dispersion:
Measures are less precise.

21/23
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CONCLUSIONS
Future perspectives
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What we know:
» GR admits solitonic solutions for the dragging terms
« Strong dragging implies non-negligible deviations from Newton
« Deviations on mass density and rotation speeds can explain a fraction of the galactic DM
« The dragging speed can be measured with at least three independent methods

Introduction

Theoretical
Framework
GR is gravity. Can be applied to the other DM evidences: Empirical
« Dragging metrics of galaxies affects also the gravitational lensing SUEREILES
« Cosmological SNla redshifts can be affected by retarded potentials and backreaction S U

 Virial of clusters / elliptical galaxies have GR terms, e.g. with dragging
« Etc: any metric deformation in GR, without presence of matter!

Galoppo+ 2022 M Re 2020, Re 2021, Vigneron&Buchert 2019, Buchert 2008
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