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outline
1. (U)HECR pressure vs cool IGM at z=0, z~2-3

2. (U)HECR heating vs Lya forest
SI, Ohira & Fujita, in prep.

3. (U)HECR pressure near sources
vs Lya forest, Sg tension

4. Relevant MWL, MM signatures



CR feedback during galaxy

L Galaxy

formation

Chan+ 19 ="~ CRs injected in

‘:ti\‘{ 1’ \\ ‘f// 1 disk, escape ->
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cosmic web: cool, di

ffuse vs warm-hot IGM

10° — ' 0.30
:nb=2-5X10'7 cm hot: 6.5 % 027"
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107§ diffuse: 21.6 % || cold gas condensed: 0.03 &
_ in galaxies b
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Fraction of total baryonic mass
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Haider+ 15

[lustris

hot gas

WHIM

diffuse gas
condensed gas |
stars

-
w
=g

baryon density (p_;.)

cool, diffuse IGM:

- observable as Lya forest

- gas mainly in voids (z>~2.5), edge of
filaments (z~<2.5) in CDM cosmology

- photoionized by UV background

- dominant volume fraction of universe
at all z; dominant mass fraction at z>~14




CcOSMic web cool, diffuse VS warm-hot IGM
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UHECRSs: magnetic hOl‘lZOll propagation (diffusion) time
e :  in intergalactic magnetic field

(IGMF)
> age of universe

—

o
~N
>

CR flux suppression at lower E
- better for explaining
second knee in CR spectrum?
- (U)HECRSs without LECRSs in
diffuse IGM
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Local Group within local large scale structure
tent with periphery of filament
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cosm web: z evolution of cool, diffuse IGM_

(a) 2 = 0.5 (b)2=1 o) s =2

cool, dittuse IGM at z>~1

*]- dominant volume AND mass fraction

-> evolve into large-scale filaments at z~0
.| - impact of (U)HECR pressure/heating

—e— hot gas .

—— WHIM likely max at z~2

R i i od] 7= (U)HECRSs (not LECRs!) potentially

o stars affect evolution of majority of baryons
in the Universe?!
- depends on nature of source!

o1 2 e 7 AGN? GRB? clusters? . .. 8

..
o
|
J

Haider+ 15
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Fraction of total baryonic mass
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Lya forest: evidence of missing physics? I

reproducing Doppler width distribution Bolton+ 22
requires non- canomcal heating (or turbulence)
. 0.04r1 ]
o AGN (ref)
HO2
0.03 5 ", } - = = = Strong AGN
X % Blazar
» — — -H02 (1.24b)

10 h'eMpc 4
——{f.

log A

1 ; : .
" i

e 20 40 60 80
p 2 3 b [kms’]

'09( Hlfcm ’)

-_— potential specific heat injection at z~<2.5

133 135 137 139 141 143 %4 of ~<69 eV m =l ~3X10'18 erg cm'3
COI‘I'CSpOIld to penp €ry o P

filaments at z~<2.5 heating by dark matter? Bolton+ 22b
(U)HECRs likely exist in these regions! consequences? 9



Lya forest: evidence of missing physics? 11
excess Lya transmission around protoclusters (z~2-2.5):  Dong+ 23,24
evidence of long-range (~10 Mpc) AGN feedback?
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Lya forest: evidence of missing physics? 11
excess Lyo transmission [ f -
evidence of long-range (:
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Alfven heating by (U)HECRs in tl§f &,HM& Fujita, in prep

diffusive escape of (U)I-[ECRs from LSS filaments into void regions ->
Alfven wave generation via resonant streaming instability induced by
diffusive CR current ->

damping of Alfven waves in cool IGM (heating of gas by CRs) via:
ion-neutral collision damping or non-linear Landau damping

c.f. collisional heating? inefficient due to lack of low energy CRs

cool IGM
(filament periphery)

U) c',-

potentially also important for:
~~~~~ warm ionized gas in Milky Way
Wiener+ 13

cluster cool cores

. ‘ — Loewenstein+ 91, Fujita &

H, " Hgy  Ohirall... 11

filament w. CR sources




Alfven heating by (U)HECRSs in the IGM

i ’ : 2y s E \1/3 assume X
diffusion coefficient in filament ¢y (E) ~10°% cm® s7* [— 20
H% . GeV (Lmaxllo MpC)
il

< ty
D (Emh)

resonant instability growth rate for CRs escaping from filament

2
ne v D¢iv (E
&t (k) = — —B“ I (k)  kelrg ()™ IS (E) = ence (E) f;‘ i
0] fil

CR number density averaged over universe ncg(E) inferred from obs.

magnetic horizon energy E_; tair,ri1 (Enn) ~

ion-neutral damping rate

k? S | 4 Vind Ny
T'ind (k) = Yind Yind = 8.4x10 S [ ] Ny kc = —_—
k? + k? 10% K Va Ny
non-linear Landau damping rate (2 prescriptions) (k) « k53
CnldLy (k) ~k cs kW (k) XCg Lee & Volk 73 682 dk' W (k')
. ~3/2 172 &Xv, Ptuskin & " J:n= a1
Tnldrz (k) (2 fk) Kva (kw (k) ) Zirakashvili 03 Be A im;x=10 Mpc

VaAVPcrR 1 wva

Alfven heating rate ra =

Ucr 3 Higwm

fiducial parameters at z=0
n~10ny~10x2.5x10"7 cm3, T~10* K, Hg~H;gy~10 Mpc
By~1 nG, 6B%/B,>~0.1 (plausible for filament periphery?) 12



cosmic averaged CR density, z evolution

CR energy density: cosmic average z evolution of kinetic energy

ks output by UHECR sources
CR wwiwess  €scaped from TR
-9 MW-like galaxies 12 ¥ _ (- r?:(li{lcilggl,ﬁ’;)es
16 —~ — supernovac b
o O AR Sl = —_ - 1S
8 (3 — Cluster accretion |
§ -11 Y (EGB) 17 D, 2 57
= s 83
§ s Y (IGRB) 3 §%
= 9wy
-13 = ~ W A
Lo %0 5 o
14 Murase & 10 ~
Fukugita 19 UHECR
-15 “1, 0 1 L 1 1 ] 1 -1 .
8 9 10 11 12 13 14 15 16 17 18 19 20 0 ! 2 3 4 5
log(E [eV]) z
ucr(E)~7x1020 erg cm? (B/10'6 V) 033 10 <log E<16  dEwn/dz=(dt/dz)JdL L dn/dL
- " 16 <log E<17.5 differential (per unit z)
~ s (E/10'7° V)06 175 <log E<19.5 z~0-2:
SF rate ~o¢(1+z)2
negr(E)~4.4x102¢ cm> (E/10'¢ eV) 133 10 <log E<16 hi-L AGN ~o¢(1+z)*

44x102* cm> (E/10'eV)! 16 <log E<17.5

1.4x10% cm3 (E/10'73 eV) 165 17.5 <log E<19.5 13



growth/dampmg/heatmg timescales in IGM at z=0

V4

t - resonant instability fast enough
" for E~<10165 ¢V

- 1on-neutral damping too slow

=l - but non-linear Landau damping
2 | naX0.0 potentially fast enough

¢Q 10} bl

g ; (U)HECRSs can potentially heat
& cool IGM with ~0.1% efficiency
o B if By~1 nG, 8B%/B,?>~0.001-1

thdry z=0

SI, Ohi

10 12 14 16 18

log energy [eV]

Fujita /in prep.

14



growth/dampmg/heatmg timescales in IGM at z=2

13 .

1ra & Fujita, in prep

w2
b
--‘Q—

1 J

l

d

t;,¢x0.1 //

log timescale [yr]

thapz tadLy

arr
w
>
Q
Z

10 12 14 16 18

log energy [eV]

shorter timescales due to higher

ncg, Ny, By, €tc
depends on nature of UHECR source

- resonant instability fast enough
for E~<1016-175 ¢V, depending on
z evolution of UHECR density

ion-neutral damping too slow
but non-linear Landau damping
potentially fast enough

(U)HECRSs can potentially heat
IGM with ~1% efficiency
if B0~1 nG, 8B2/B02~O .OO 1 - 1

non-canonical heating inferred
from Lya forest Doppler widths?
-> further study warranted!

low horizon energy? ->
further study (self-confinement)
better constraints from obs. 15



growth/damping/heating timescales in IGM at z=2

13| SI

___‘%-

1ra & Fujita, in prep

log timescale [yr]
%<
<

thapz

- resonant instability fast enough
for E~<1016-175 ¢V, depending on
z evolution of UHECR density

ion-neutral damping too slow
but non-linear Landau damping
potentially fast enough

(U)HECRSs can potentially heat
IGM with ~1% efficiency
lf B0~1 nG, 8B2/B02~O .OO 1 - 1

non-canonical heating inferred
from Lya forest Doppler widths?

7 I 5
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Lya forest: evidence of missing physics? 111
reproducing column density distribution requires  Tillman+ 22

long range (~10 Mpc) AGN jet feedback also Christensen+ 20
Simba HustrisTNG -
oﬁ%eedmﬁ “normal” feedback 77 [ e e
: i ‘ B3 -=== Simba no jet
: . i | ~ 10" KRR s . TNG dllphlys'cs ]
g - ‘3 g 107 o TNG no kinetic 1
> | W ¥ D16 j
E N 'f‘f‘ v 10? “
< ‘4 ' v
3
10° ‘é-. g
23[E 10'}
” £ 8
2 &
B 15 o
3 10° g 10"
@ Ly a forest
E 10~} . . .
5 - - Ny distribution |
2 no jet feedback 12 13 14 15 16 17
log(N/em~?)

jet feedback without energy deposition until >~10 kpc
(SIMBA simulation): physically realistic?

(U)HECRs likely exist in these regions! consequences? 16



B field amplification, self-confinement, dynamical
effects near (U)HECR sources Blasi, Amato & D’Angelo 15

escape of (U)HECRs from sources into immediate environs->
non-resonant streaming (Bell) instability induced by strong CR current
-> B field amplification -> self-confinement of CRs below E_,,

-> potential displacement of ambient gas

saturation B field 6B(r) =3.7 x 10‘9L‘L/1‘7'r,;1‘pC G.

confinement energy E_, ~ 107" GeV x Lff.
magnetic horizon due to self-confinement

confinement radius  r,,s ~ 3.8 Mpc x L ;{16.

(AGN) feedback with longer range than jet itself?

17



Sg

tension in cosmology: AGN-> UHECR feedback?

Ss = 03(2/0.3)°°
cosmic shear (galaxy lensing) vs CMB:
~9% (2.4-2.7c) discrepancy

revision to standard cosmology?
(non-standard dark matter or
primordial spectrum?)

strong, long range AGN feedback?
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(UHECRs in IGM: MWL, MM signatures?

c.f. sync.+IC by Bethe-Heitler pa1rs

in cluster accretion shocks

p(1013eV) +ycvp— p+ ete (1015eV)

e+e +B(~ }.lG)—>keV e € +'YCMB—*T
SI, Aharonian, Sugiyama 05
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X-ray, TeV “halos” around,
long-lived, self-confined
(U)HECR sources?

cosmogenic UHE neutrinos
clustered around sources?
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ultra-giant radio galaxy ‘“Porphyrion” Oei+ 24
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