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» missing baryons

» chemical evolution
» fuelling of galaxies

» link between spin of galaxies
and large-scale structures

» out of equilibrium plasmas

» nhon-thermal phenomena

» magnetic fields amplification
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Shull+2012

Data / Model

WHY DO WE CARE?

1. A GREAT PORTION OF COSMIC MATTER IS MISSING

~30-30 / OF BARYONS PREDICTED TO BE
IN FILAMENTS

missin
29+13%

(Cen & Ostriker 99,Dave+01..

galaxies
7 +£2%

GM 5+3%

ICM 4+£1.5%
cold gas 1.7+0.4%
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Ongoing accretions across the
entire cosmic history

Violent energy transitions (from gas entropy

potential to kinetic/thermal/
magnetic/turbulent/CR energy)

gas density

3-dimensional rendering by T.Jones



WHY DO WE CARE?

2. THE COSMIC WEB: NOT SO QUIET, NOT S0 SIMPLE
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WHY DO WE CARE?

2. THE COSMIC WEB: NOT SO QUIET, NOT S0 SIMPLE

> Statistical complexity measures how many bits of
Information are needed to predict the evolution of
a system/object/environment.

Energy Transition Probability

1.0 Vvoids sheets/filaments halos

» This can be measured from the datastream of the
simulation

PLE(), E/(t + dt)]
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WHY DO WE CARE?

2. THE COSMIC WEB: NOT SO QUIET, NOT S0 SIMPLE
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3.WHAT'S THE ORIGIN OF S MAGNETISM?

RADIO EMISSION EEEa

Optical emission B

X-RAY EMISSION [E

Relic inghe "Taothbrush” ~ - :
* Rajpurhoit +17 (JVLA): "+~



WHY DO WE CARE?

3.WHAT'S THE ORIGIN OF COSMIC MAGNETISM?

"RADIO RELICS”

» Magnetic fields: B~uG over ~1-2Mp
» 2-3 Mpc from the cluster centre

» associated with mergers/shocks

) relic+halo
4 polarlzed overlapping

"RADIO HALOS”
» Magnetic fields: B~uG over ~1-2Mp
» centrally located

» associated with mergers/turbulence

Relic in the ”ToothErush"

» unpolarized

(e.g. Brunetti & Jones 2014, Vanweeren+19) Rajpurhoit +19 (JVLA,GMRT & LOFAR)



MYSTERIES & PUZZLES

WHAT'S THE ORIGIN OF COSMIC MAGNETISM?

astrophysical primordial origin
origin e R '

cosmology &

compact objects = particle physics

(e.g. Donnert+08, Xu+09, 3 ~ - (e.g. Ryu+08,

o, T / el el s M . .
Marinacci+1)5) ~N K A\ lie SR B R TS e Subramanian+14)



MYSTERIES & PUZZLES
“PRIMORDIAL” e Weak (<nG) B-fields in place at z>103

e Growth by: compression, dynamo
(depending on Reynolds number)

e Volume filling

"ASTROPHYSICAL

log10(IGl)

-11.15 -11.1 -11.04 -10.97 -10.87 -10.74 -10.58 -10.35 -10.06

e Strong (>uG) B-fields in place at z<10

e Evolve by: compression/rarefaction,
dynamo

log10(IGl)

e Little volume filling

-13.5 -124 -116 -10.9 -10.3 -0.8
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MYSTERIES & PUZZLES
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“DETECTING THE COSMIC WEB WITH X-RAY AND RADIO OBSERVATIONS”

FV,Ettori,Roncarelli,Angelinelli,Bruggen,Gheller A&A 2019

ATHENA-WFI “core” - 1Ms SKA-LOW (Bmax=40km) - surve
[0.8-1.2]keV i i ' | 260 MHz
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mock X-ray observation (Athena-WFI 0.8-1.2keV) mock radio observation (SKA-LOW 260MHz)

t=1Ms, instr.+ sky BG (3100 cnt/Ms arcmin2 ) t=10hr, thermal+confusion noise (0=4.8uJy/beam)
nH=2 1020 cm?2, Acg= 12139 cm? beam=7.3", UV sampling




“DETECTING THE COSMIC WEB WITH X-RAY AND RADIO OBSERVATIONS”

FV, Ettori,Roncarelli,Angelinelli,Bruggen,Gheller A&A 2019
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Table 5.1: Percentage of detected area covered by different simulated objects.

Athena | SKA1-LOW | Athena N SKA1-LOW
galaxy clusters | 50% 19% 11%
outskirts 10% 19% 1.4%
filaments 0.1 % 1.8% 0.01%
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PERFORMANCES OF DIFFERENT X-RAY/RADIO INSTRUMENTS
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WHICH TECHNIQUE WILL DETECT MOST BARYONS?

X-ray will detect most of the hot plasma in clusters. This where only ~10% of baryons are.

Radio observation will detect a fraction (shock filling factors) of baryons.

This is the phase where ~307% of baryons are
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WHERE ARE “DOUBLE DETECTIONS™ (X-RAY + RADIO) POSSIBLE?

e cluster pairs in pre-merger condition “boost” the WHIM
between them (transient <Gyr stage) to T~keV




WHERE ARE “DOUBLE DETECTIONS™ (X-RAY + RADIO) POSSIBLE?

k“;qi‘ .: ! LR .'. .'x’ j)

e

eROSIPA (1.6ks) -

%L xvm{{od) -

e study of ~50 pairs of simulated pre-merger pairs

e scan of ~5" wide bridges connecting their R100



WHERE ARE "DOUBLE DETECTIONS™ (X-RAY + RADIO) POSSIBLE?
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WHAT STUDY CAN WE DO WITH DOUBLY DETECTED BRIDGES?
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WHAT STUDY CAN WE DO WITH DOUBLY DETECTED BRIDGES?

Total Velocity Turbulent Velocity

6 x 107 108 107 2 x 107 3x107 4x107
cm s~1 cm s~

If w~o, and shock normalis ~0-45° along the LOS:

10—30 10—29 10—28
gcm™3

2 o, 40,
“Velocity Jump”: M ,,. = 5(— + +9)

M, 23~ My =25—73

spec

X-RAY SPECTROSCOPIC MEASUREMENTS OF MACH NUMBERS WILL

ALLOW CONSTRAINING SHOCK ACCELERATION PHYSICS




THE “BOOSTED" WHIM

» standard WHIM gas that used to be in filaments ~1-2Gyr ago. Now squeezed and compressed.

» X-ray emission boosted as  Lwgispoos: ~ LwHim ° (—

P> ) 11/4

P1

» transonic regime, short dynamical time, volume filling M<4 shocks, uncertain composition

Akamatsu+17

1 Mpc
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Extreme properties
compared to cluster
outskirts

Bridges

Single filaments/bridges
Stacked filaments

Cluster outskirts R200-2R100

107 10" 10

n[part/cm?]
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RECENT AND FUTURE OBSERVATIONS: SURPRISES!

Sciel‘lce Submitted Manuscript: Confidential

AVAAAS

A vast magnetic ridge illuminated by fossil electrons in a filament of the

cosmic web

Authors: F. Govoni'*, E. Orri?, A. Bonafede®®, M. Iacobelli?, R. Paladino®, F. Vazza**'', M.
Murgia' ,V. Vacca', G. Giovannini**, L. Feretti’, F. Loi"’, G. Bernardi**’, C. Ferrari’, R.F. Pizzo’,
C. Gheller’, S. Manti'’, M. Briiggen'!, G. Brunetti®, R. Cassano?, F. de Gasperin'"*?, T.A.
EnBlin", M. Hoeft'", C. Horellou'”, H. Junklewitz'®, H.J.A. Réttgering'’, A.M.M Scaife'’, T.W.

Shimwell*'?, R.J. van Weeren'*, M. Wise?.

The galaxy clusters pair A0399 - A0401

|A0399

A radio ridge connecting two galaxy clusters in a filament of the cosmic web”, F.Govonl et al. 2019, Science
Optical: DSS and Pan-STARRS (insets) - Red, X-rays: XMM-Newton - Yellow, y-parameter: PLANCK satellite ~ Blue, radio 140 MHZ LOFAR
Image credits: M.Murgia - INAF

X-ray scout sees first light

Observations with eRosita promise a breakthrough in our understanding of the energetic
universe

OCTOBER 22, 2019

Astronomy Astrophysics Cosmology

Galaxies

Astronomers are excited: the first images of the eRosita telescope launched in July reveal an impressive
performance. After an extended commissioning phase, all seven X-ray telescope modules with their custom-
designed CCD cameras have been observing the sky simultaneously since 13 October. The first composite images

show our neighbouring galaxy, the Large Magellanic Cloud, and two interacting clusters of galaxies at a distance of

about 800 million light years in remarkable detail.




DECLINATION (J2000)

A399-A401 WITH LOFAR HBA (140 MHZ)
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Size ~1.3 x 3 Mpc?
a>1.3 (?)




A399-A401 WITH LOFAR HBA (140 MHZ)
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A399-A401 WITH LOFAR HBA (140 MHZ) - ENZO NUMERICAL SIMULATIONS

DSA acceleration

Diffusive Shock Acceleration by M~2-4
shocks: not efficient enough (§.<10-5)

for B~0.2uG: cannot explain LOFAR obs.




A399-A401 WITH LOFAR HBA (140 MHZ) - ENZO NUMERICAL SIMULATIONS

DSA (re)acceleration of fossil electrons . .
i) if we assume “fossil electrons”+DSA

Ec~10-5 for M~2.5

can match LOFAR observation

However, this scenario requires
some fine tuning on timing (<Gyr)
and volume filling

Diffusive Shock Acceleration by M~2.5
shocks: not efficient enough (§.<10-7)

for B~0.2uG: cannot explain LOFAR obs.




FUTURE CHALLENGES: SEEING THE COSMIC WEB THROUGH FARADAY ROTATION

Locatelli, FV, Dominguez-Fernandez 2018
(see also Akahori+2014)

FARADAY ROTATION

FROM INTRACLUSTER
FILAMENTS DEPENDS
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FUTURE CHALLENGES: UNDERSTANDING HOW ELECTRONS GET ACCELERATED
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New mysteries and challenges from the Toothbrush relic:
wideband observations from 550 MHz to 8 GHz

K. Rajpurohit"?, M. Hoeft’, F. Vazza'->#, L. Rudnick>, R. J. van Weeren®, D. Wittor->4, A. Drabent®

e Perfect power law spectrum (a=-1.16) across 2
frequency decades, 2Mpc in size and despite

e observed power requires higher accel. efficiency
than DSA (~1%) and B~1-2pG

e downstream cooling not fitted by any simple
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VOYAGE THROUGH THE HIDDEN

PHYSICS OF THE COSMIC WEB a
2 il - L .
:*-4.' Y
&
. * , | A. Simionescu

(SRON, the Netherlands)

S. Ettori, N. Werner, D. Nagai, F. Vazza, H. Akamatsu, C. Pinto, J. de Plaa, N. Wijers,
D. Nelson, E. Pointecouteau, G. W. Pratt, D. Spiga, E. Lau, M. Rossetti, F. Gastaldello,
V. Biffi, E. Bulbul, J. W. den Herder, D. Eckert, F. Fraternali, B. Mingo,

G. Pareschi, G. Pezzulli, T. H. Reiprich, J. Schaye, S. Walker, J. Werk

hitps://arxiv.org/abs/1908.01778



THE FAR FUTURE (>2050): X-RAY
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CONCLUSIONS:

»The cosmic web is a dynamic
environment where drastic changes
happen in the life of baryons

» Only future X-ray satellite will probe
thermal baryons of the CW. Radio
observations can help.

» Radio observations will constrain the
origin of cosmic magnetism

»In this challenge, we are also
learning about how diluted plasmas
can accelerate cosmic rays




