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Indications of CRs in the Milky Way halo
SI, Tsuji, Kawata, Mizuno, Nagashima, in prep.

1. Introduction: large scale structure (galaxy) formation
and CR feedback

3. (U)HECRs: potential effects on the cool, diffuse IGM
(Lya forest)
preliminary studies (thoughts)

4. X-ray emission lines as probe of low energy CRs
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1. Introduction: 
Large scale structure (galaxy) formation 

and CR feedback



386 Formation and Evolution of Gaseous Halos

will have a virial temperature of 0.6× 106 K. The cooling time for gas at temperature T and
density n as a result of radiative cooling can be written as

tcool ≡
ρE

C
=

3nkBT
2n2

HΛ(T )
≈ 3.3×109 T6

n−3Λ−23(T )
yr, (8.94)

where E is the internal energy per unit mass, nH is the number density of hydrogen atoms [nH =
(12/27)n for a fully ionized primordial gas], and we have assumed an ideal gas with adiabatic
index γ = 5/3. Note that we have written the cooling function as Λ = 10−23Λ−23 ergcm3 s−1.
The 1011 M% protogalaxy forming at z = 3 has n−3 ≈ 5.5 and Λ−23 ≈ 0.5 assuming primordial
gas (see Fig. 8.1), which implies a cooling time of tcool ∼ 7.4× 108 yr. This is roughly twice as
long as its free-fall time,

tff =

√
3π

32Gρ =

√
3π fgas

32Gn µmp
≈ 2.1×109 f 1/2

gas n−1/2
−3 yr, (8.95)

or tff ≈ 3.5× 108 yr for the case we are considering. Note that for a given temperature tcool ∝
(1 + z)−3 and tff ∝ (1 + z)−3/2 so that cooling is more effective at higher redshifts. Note also
that, in the absence of a strong UV background, protogalaxies with 104 K < Tvir < 105 K (where
Λ−23 ∼ 10) have tcool much smaller than tff. Thus, the gas in small halos at high redshifts is
expected to cool effectively and on short time scales.

Fig. 8.6 shows the locus of tcool = tff in the n–T plane, which separates clouds that can cool
effectively (tcool ' tff) from those that cannot. Superposed on the diagram are the loci of constant
Mgas and the densities n that correspond to overdensities of δ = 200 at redshifts z = 0,1, ...,5.
As one can see, over this entire redshift range halos with (primordial) gas masses larger than
about 1011 M% cannot cool effectively. This mass increases to ∼ 1012 M% if the gas has solar

Fig. 8.6. Cooling diagram showing the locus of tcool = tff in the n–T plane. The upper and lower curves
correspond to gas with zero and solar metallicity, respectively. The tilted dashed lines are lines of constant
gas mass (in M%), while the horizontal dotted lines show the gas densities expected for virialized halos
(δ = 200) at different redshifts. All calculations assume fgas = 0.15 Ωm,0 = 0.3, and h = 0.7. Cooling is
effective for clouds with n and T above the locus.
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Fig. 7.— Left: The standard view – gas shocks at Rvir, becomes pressure-supported, then cools

down and settles in a disk; Right: The new paradigm – some of the gas shocks, but the majority

enters the DM halo in the cold phase along the filaments feeding the disk growth.

filaments and penetrating deeply – this radical shift in understanding has led to a new
paradigm (Fig. 7).

5.2. Accretion shock?

Birnboim & Dekel (2003) have performed an idealised analytical study of gas accretion

on a spherical DM halo, assuming two alternatives: an adiabatic equation of state and
radiative cooling. The solution has been tested with a 1-D hydrodynamic code. The incoming

gas is not virialised and therefore its motion is supersonic, creating favourable conditions
for the virial shock – its existence and stability have been analysed. The crucial support for
this shock comes from the post-shock gas. If the virialised gas is adiabatic or its cooling is

inefficient, the shock-heated gas becomes subsonic (with respect to the shock) and its support
for the shock remains stable, with the shock positioned at ∼Rvir. This is always the case for

the adiabatic gas, which is also stable against gravitational collapse (i.e., Jeans instability)
if the adiabatic index γ> 4/3. Gravitationally unstable gas will collapse to the centre, thus

removing support from the shock, which will rapidly move inwards. The gas can be treated
as adiabatic when the radiative cooling timescale is longer than the collapse timescale. The
gravitational stability condition is slightly modified for gas with radiative cooling to an

effective adiabatic index which includes the time derivatives, γeff ≡ (d lnP/dt)/(d ln ρ/dt).
Its critical value, γeff > γcrit≡ 2γ/(γ + 2/3)=10/7, is close to the adiabatic case. Here P

and ρ are thermal pressure and density in the gas. For a monatomic gas with γ=5/3, this

galaxy formation in dark matter halos
gas in dark matter overdensity
-> collapse* + virialization
-> shock heating + fast cooling
-> star formation + stellar feedback
-> pressure-supported hot halo
-> slow cooling +

infall onto disk

from Shlosman

alternative picture
part virial shock heating 
part direct cooling+infall onto disk
via filaments (“

Rees & Ostriker 77
White & Rees 78
Blumenthal+ 84…

Mo+ 10CRs? B fields?
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+ AGN feedback
Silk & Rees 98…
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introduction:
cosmic ray feedback in galaxy formation

potential environments
- galactic winds: drive or assist
- galaxy halos (circumgalactic medium): regulate gas infall
- group/cluster cool cores
- warm-hot intergalactic medium
…

4

potential roles
- pressure relative to gas

- limited cooling
- enhancement in adiabatic expansion pCR/pgas∝r-1/3

- heating -> ionization
- collisional
- MHD wave generation -> damping

goals for observations



3724 T. K. Chan et al.

Figure 2. Slice plots of gas density and velocity, for the same runs (and in the same style as Fig. 1). The gaseous halo responds more weakly to changes in
CR assumptions: gas discs are thicker with CRs at low diffusivity (because CRs are trapped), but outflows more ordered at large scales with high diffusivity.

Figure 3. Cumulative CR energy as a function of radius from the galaxy centre (at t = 500 Myr), normalized by the total CR energy injected by SNe since
t = 0, in our Dwarf (left) and L! galaxy models (right), from Table 1, with different CR propagation models (Table 2). Higher-κ leads to larger CR scale radii
and lower CR densities at a given radius, as expected.

MNRAS 488, 3716–3744 (2019)
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galaxy formation simulations with CR feedback
FIRE: Hopkins+
ChaNGa: Butsky+
AREPO/AURIGA:

Pfrommer+
RAMSES: Dubois+
...

5

Chan+ 19

- CRの圧力が
力学的に卓越し
銀河進化に影響
大の場合あり

-が伝搬の仮定
に強く依存
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- potentially
significant
impact of pCR

- depends
strongly on
assumed
CR transport

- caveat:
single energy
bin treatment



Cosmic rays in FIRE-2 3731

Figure 11. Ratio of pionic γ -ray luminosity (Lγ ; Eγ >1 GeV) to SF luminosity (LSF) as a function of gas surface density ("g, averaged over inclination).
We compare our Dwarf (circle), L# (triangle), and Starburst (diamond) galaxy models, with different CR transport models (colours; Table 2). Dashed line is
calorimetric (Fig. 10). Points + error bars indicate median and ±1σ range of values over the time range ∼ 400–500 Myr (smoothed on 10 Myr time-scales).
In order to compare with ‘active’ starbursts, in our Starburst runs we only consider snapshots that reach "g > 0.08 g cm−2 for at least one inclination during
an extended t = 250–650 Myr interval (LSF and Lγ are averaged on 5 Myr time-scales). Grey squares show observed values compiled in L11 (left-to-right:
M31, LMC, SMC, MW, NGC1068, NGC253, NGC4945, M82; star is the NGC253 core). Solid line and shaded range shows the range of ‘successful’ models
considered in L11 which simultaneously fit the available observational constraints on CR γ -ray emission, spectra, and Milky Way constraints. The simulations
of low surface density galaxies are consistent with observations for κ ∼ 3 × 1029 cm2 s−1, while lower effective κ might be preferred in Starburst runs (but
note that typical gas densities in Starburst model are lower than in observed starbursts, so here we use only a handful of snapshots that reach highest central
gas densities). Lower gas densities "g, or higher diffusivity κ , produce lower Lγ /LSF.

Recently, Pfrommer et al. (2017b) also investigated γ -ray emis-
sion with idealized galaxy simulations, assuming CR transport via
either advection-only or advection + anisotropic diffusion with
κ = 1028 cm2 s−1. They argued they could (a) reproduce the FIR-γ -
ray correlation and (b) explain the low Lγ in non-starburst galaxies
primarily by adiabatic losses.

But there are several caveats:
(1) Their favoured model still overpredicted Lγ /LSF by a factor of

a few or more in non-starburst galaxies, e.g. dwarf and MW-mass
galaxies. For their actual simulated points (see their fig. 3) without
diffusion, the predicted Lγ /LSF is larger than the SMC, LMC, MW,
and M33 (not shown therein, but see L11).

They claimed to match the observed FIR–Lγ correlation, only
if an empirical FIR–SFR conversion relation (Kennicutt 1998)
is assumed. However, as they acknowledged, this conversion
relation overpredicts LFIR in dwarfs, due to much lower dust
opacity/absorption/reddening. Their FIR–Lγ relation might deviate
from observations after taking this correction into account.18

18Because both the Lγ /LSF and LFIR/SFR ratios drop in dwarfs, a roughly
linear LFIR−Lγ relation can still maintain in our simulations (directly related
to the ‘conspiracy’ which maintains the FIR-radio correlation; for discussion
see e.g. Bell 2003; Lacki et al. 2010).

MNRAS 488, 3716–3744 (2019)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/488/3/3716/5530789 by guest on 04 O
ctober 2020

galaxy formation simulations with CR feedback

FIRE

6

Chan+ 19
- parameters selected to match various observations, including

Fermi observations of star forming galaxies
BUT
observational constraints insufficient!

- more detailed results vs observations emerging e.g. Hopkins+ 22



introduction:
cosmic ray feedback in galaxy formation

7

goals for observations
- prove existence of CRs where lacking: CGM, etc
- clarify CR spatial and spectral distribution nCR(E,r)
- prove non-negligible pCR/pgas -> broadband info required



2. PeV g rays and circumgalactic gas clouds:
Indications of CRs in the Milky Way halo

SI, Tsuji, Kawata, Mizuno, Nagashima, in prep.

この内容は近日中に論文で公開しますので、
どうかよろしくお願いいたします。



3. Ultra-High-Energy CRs:
Potential effects on the cool, diffuse IGM

Preliminary studies (thoughts)



cosmic web: warm-hot vs cool, diffuse IGM
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Haider+ 15
Illustris nb=2.5x10-7

halosfilaments

cool, diffuse IGM:
- photoionized by UV background
- observable as Lya forest
- sizable mass fraction,

dominant volume fraction of universe



UHECRs: magnetic horizon

17

III. RESULTS AND DISCUSSION

Figure 1 shows the total spectrum (Galactic ! Extra-
galactic) compared to the data, assuming continuously
emitting sources with density n " 10#5 Mpc#3 and spec-
tral index ! " 2:6. The solid and dot-dashed lines for the
extra-galactic show the median spectrum obtained over
500 realizations of the source locations. For each realiza-
tion the locations of the first hundred closest sources (i.e.
within ’ 140 Mpc) were drawn at random, using a uniform
probability law per unit volume; for farther sources, the
continuous source approximation is valid and it was used
numerically. The upper and lower dotted curves show the
75th and 25th percentiles around this prediction, meaning
that only 25% of spectra are, respectively, higher / respec-
tively lower than indicated by these curves. This uncer-
tainty is related to the location of the closest sources, see
below.

Considering the difficulty of comparing different data-
sets, the fit shown in Fig. 1 appears satisfying. One should
also note that this fit uses a minimum number of free
parameters (! and lscatt at 1017 eV), in order to consider
the most economical scenario. As discussed below, there
are various ways in which one could extend the present
analysis, although this comes at the price of handling a
larger number of (unknown) parameters.

In Fig. 1, a straight dashed line was drawn across the
region 1:5 $ 1018 ! 8 $ 1018 eV in which the propagation is
neither rectilinear nor diffusive. These limits were found
by comparing the diffusive and rectilinear spectra with the
no magnetic field spectrum. In this energy range the dif-

fusive path length becomes of the same order as the recti-
linear distance at some point during the particle history.
The diffusion theorem [14] suggests that the flux in this
intermediate region should follow the no magnetic field
spectrum (in which case it would dip %10% below the
dashed line around 3 $ 1018 eV). This theorem rests on the
observation that integrating Eq. (1) for a continuous dis-
tribution of sources over an infinite volume gives the recti-
linear spectrum Eq. (2). However the actual volume is
bounded by the past light cone; this is why the diffusive
spectrum shuts off exponentially at energies * 1018 eV.
The rectilinear part shuts off at energies & 7 $ 1018 eV as
the maximal lookback time that bounds the integral of
Eq. (2) decreases sharply. Hence one might expect a small
dip in the spectrum around 2# 3 $ 1018 eV. Interestingly
the data is not inconsistent with such a dip at that location.
Monte Carlo simulations of particle propagation are best
suited (and should be performed) to probe the spectrum in
this region.

The scattering length was assumed to scale as lscatt / E2,
and its value at 1018 eV was set here to 17 Mpc. This
scaling of the scattering length is typical for particles with
Larmor radius larger than the coherence scale of the field,
in which case lscatt ’ lc&rL=lc'2. Since the Larmor radius
rL ’ 1 Mpc&E=1018 eV'&B=10#9 G'#1, one may expect
this approximation to be valid. In effect, 1 Mpc is a strict
upper bound to the coherence length of a turbulent inter-
galactic magnetic field [14,15], and available numerical
simulations indicate much smaller coherence lengths [16]
in clusters of galaxies. A value lc % 10 kpc could also be
expected if the intergalactic magnetic field is produced by
galactic outflows. The above condition for lscatt corre-
sponds to B

!!!!

lc
p % 2:5 $ 10#10 G $Mpc1=2 for an all-

pervading magnetic field. Hence, for lc % 20 kpc, and
B% 2 $ 10#9 G (in order to obtain the correct scattering
length at 1018 eV), one finds rL * lc for E * 3 $ 1016 eV.

It is possible that the scaling of lscatt with energy changes
in the range 1016 ! 1017 eV as rL may become smaller
than lc. There is no universal scaling for lscatt when rL < lc
as the exact relationship then depends on the structure of
the magnetic field; for instance, in Kolmogorov turbulence,
one finds lscatt / rL for 0:1lc & rL & lc and lscatt / r1=3L at
lower energies [17]. The possible existence of regular
components of extra-galactic magnetic fields may also
modify lscatt. A change in the scaling of lscatt with E, if it
occurs at E * 1016:5 eV, would imply a different value for
B

!!!!

lc
p

, with the difference being a factor of order unity to a
few. It is exciting to note that, in the present framework,
experiments such as KASCADE-Grande [2] may allow to
constrain the energy dependence of the scattering length
(hence the magnetic field structure) by measuring accu-
rately the energy spectrum and composition between the
first and second knees.

The predictions (for both normalizations in Fig. 1) for
the extra-galactic proton flux are shown and compared to

FIG. 1 (color online). Open squares: Akeno; filled circles:
KASCADE; filled diamonds: AGASA; filled squares: HiRes-2;
open triangles: Hires-1; open diamonds: Fly’s Eye. Fit of the
Galactic (low-energy dot-dash line) and extra-galactic (high-
energy dot-dash) to cosmic-ray data. Total flux: solid line; dotted
lines: upper 75th and lower 25th percentiles for the prediction of
the extra-galactic flux.

EXTRAGALACTIC MAGNETIC FIELDS AND THE. . . PHYSICAL REVIEW D 71, 083007 (2005)

083007-3

Figure 7. Energy for which the flux is suppressed to 1/e of its former value, as a function of the
coherence length. Dashed lines correspond to the cases of constant magnetic field strength and solid
lines to magnetic fields from the cosmological simulations indicated in the legend. This particular
case is for ns=6×10−6 Mpc−3 and Z=26.

In figure 7 we notice that the energy Ee increases with the coherence length lc in the
range considered. To constrain the constant magnetic field scenarios displayed in this figure
we have again used the parameters α, β, a and b from ref. [29], which are the same for all
values of Xs. In our case, for the inhomogeneous magnetic field models, we assumed that
these parameters vary with Xs to obtain better fits of the analytical model.

The low energy suppression is stronger for lc ∼ Mpc. This dependence can be understood
by analyzing the behavior of the diffusion coefficient, shown in equation 2.7, for different values
of lc. The critical energy Ec is proportional to lc, as displayed in equation 2.9. Therefore,
at a given energy, for small values of lc, the term proportional to E2 in equation 2.7 would

dominate, implying D ∝ l−1
c , and thus λ ∝ l−1/2

c . This leads to a flux suppression and

a critical energy both of which increase with lc. Similarly, if lc is large, D ∝ l2/3c and

hence λ ∝ l1/3c , implying that Ee should decrease with lc. However, this last effect is not
visible in figure 7, due to the limited range of parameters covered in our analysis, tuned to
encompass typical values of lc found in the literature, and allow an analytical description of
the suppression through equation 4.2.

5 Discussion

Our results indicate a very weak suppression of the flux of cosmic rays at 1018 eV, which
starts to become more pronounced at E ! 1016 eV, depending on the magnetic field model,
its coherence length, and the charge of the particle. This result is in qualitative agreement
with ref. [15], in which three other MHD simulations were used and an analysis similar to
ours was performed. In this work the authors observed the presence of a magnetic horizon
for energies below ∼ 1017 eV, which roughly corresponds to our upper limit on the energy
the suppression sets in, for the most optimistic choice of parameters. Even though we did
not analyze the MHD simulations used in this reference, their filling factors distributions are
lower compared to the Miniati case, particularly for B "100 nG. Since a larger contribution
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Figure 7. Energy for which the flux is suppressed to 1/e of its former value, as a function of the
coherence length. Dashed lines correspond to the cases of constant magnetic field strength and solid
lines to magnetic fields from the cosmological simulations indicated in the legend. This particular
case is for ns=6×10−6 Mpc−3 and Z=26.

In figure 7 we notice that the energy Ee increases with the coherence length lc in the
range considered. To constrain the constant magnetic field scenarios displayed in this figure
we have again used the parameters α, β, a and b from ref. [29], which are the same for all
values of Xs. In our case, for the inhomogeneous magnetic field models, we assumed that
these parameters vary with Xs to obtain better fits of the analytical model.

The low energy suppression is stronger for lc ∼ Mpc. This dependence can be understood
by analyzing the behavior of the diffusion coefficient, shown in equation 2.7, for different values
of lc. The critical energy Ec is proportional to lc, as displayed in equation 2.9. Therefore,
at a given energy, for small values of lc, the term proportional to E2 in equation 2.7 would

dominate, implying D ∝ l−1
c , and thus λ ∝ l−1/2

c . This leads to a flux suppression and

a critical energy both of which increase with lc. Similarly, if lc is large, D ∝ l2/3c and

hence λ ∝ l1/3c , implying that Ee should decrease with lc. However, this last effect is not
visible in figure 7, due to the limited range of parameters covered in our analysis, tuned to
encompass typical values of lc found in the literature, and allow an analytical description of
the suppression through equation 4.2.

5 Discussion

Our results indicate a very weak suppression of the flux of cosmic rays at 1018 eV, which
starts to become more pronounced at E ! 1016 eV, depending on the magnetic field model,
its coherence length, and the charge of the particle. This result is in qualitative agreement
with ref. [15], in which three other MHD simulations were used and an analysis similar to
ours was performed. In this work the authors observed the presence of a magnetic horizon
for energies below ∼ 1017 eV, which roughly corresponds to our upper limit on the energy
the suppression sets in, for the most optimistic choice of parameters. Even though we did
not analyze the MHD simulations used in this reference, their filling factors distributions are
lower compared to the Miniati case, particularly for B "100 nG. Since a larger contribution
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column density, the sight line is split into absorbers every
50 kms−1 (we confirm that our results are not sensitive to this
value). In addition to this “direct” CDD method, we also
compute the Voigt profile fits to the optical depth of our
simulated spectra (using a fitting algorithm included in the
fake_spectra package used to generate the simulated
spectra) to obtain best-fit column densities and b
parameters. G17 showed that there is no substantial difference
between the Voigt and “direct” CDD calculations, and
therefore, we will omit such a comparison here.

3.1. The Column Density Distribution

We define the CDD function:

d N
N z

F N
N

z
dlog d log

1
2

( )
( )

( )
( )�

%
%

F(N) is the number of absorbers per sight line with column
density in the interval [NH I;NH I + dNH I], over the redshift
interval Δz contained in our simulated spectra and Nlog( )% is
the logarithmic bin width.

Figure 2 shows a comparison of the z= 0.1 Lyα forest CDD
of Illustris (i.e., the results of G17; solid red line), new
measurements of the same from TNG (solid black line), and
the D16 data set (blue points). We also include Illustris modified
with a UVB field strength 0.4 times the original (dashed red
line). We find that neither Illustris nor the updated TNG
simulations can reproduce the COS CDD of the low-redshift
Lyα forest. As reported by G17, we find that the Illustris CDD
(solid red line) matches the D16 data well in the column density
range of NH I= 1012–1014cm−2. TNG (solid black line) has too
many absorbers in this column density range to match the
observations, indicated by a higher amplitude in the CDD.
Ultimately, we find that the CDD slope of both TNG and Illustris

does not match the D16 data. In particular, the slope of both
TNG and Illustris is too steep to match the COS data.
We find that AGN feedback can shift the amplitude of the

CDD, in a similar way to when altering the UVB. We

Figure 1. A visual comparison of the z = 0.1 (left panel) and z = 2.0 (right panel) of 1 Mpc thick slices of the IGM column density (left columns) and mass-weighted
temperature (right columns) in Illustris (top row) and TNG (bottom row). At z = 2.0, there are very minor differences between Illustris and TNG but by z = 0.1
significant visual differences are obvious in the temperature and density of the IGM. The differences seen here are nearly entirely due to the changes in the AGN jet
feedback model. HIM gas above 107 K (traced in X-rays wavelengths; red color in the temperature color bar) dominates in Illustris while the IGM volume is more
filled by warm Lyα-emitting gas in TNG (gas around 104 K (blue color in the temperature color bar).

Figure 2. A comparison of the z = 0.1 CDD between Illustris (red solid line)
and TNG (black solid line) with the D16 data set (blue points). Both Illustris
and TNG use the fiducial boxes. In order to see if the altered AGN feedback
model could mimic the effects of the UVB, we include the CDD of Illustris
with a UVB field strength 0.4 times the original (i.e., dashed red line).
Changing the Illustris UVB by this factor provides a good match to TNG for
column densities below 1015 cm−2
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FIG. 1. Impact of particle free-streaming on baryonic structures at 0 < z < 5.2. The evolution of the gas density from a slice
through the IGM was obtained from a subset of 8 CHIPS simulations where the mass of the warm dark matter particle mWDM

was increased from 0.3 keV to 1. All simulations assume the same gas thermal history from the best-fit model presented in
[21]. Due to thermal pressure, the gas distribution is smoothed relative to the dark matter.

Mapping the 3D filtering scale to a broadening velocity
scale �F =
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where the second equality is valid at high enough red-
shifts. Under the physically-motivated assumptions
that the gas temperature decays as 1/a after reion-
ization completes around redshift z ⇠ 6, the factor
g ⇠ 4 � 10 at the redshifts 4 ⇠

< z ⇠
< 5.2 of interest

here [24]. Pressure filtering, always lagging behind the
growth of the Jeans length, is therefore subdominant
compared to the thermal broadening of the absorption

spectrum [1, 26–28].

3. Non-linear peculiar velocities in the gas. Pe-
culiar motions smear power along line-of-sight (the
“fingers-of-God” e↵ect”) over a range of scales com-
parable with the one-dimensional velocity dispersion.
A fit to the results of numerical simulations with a
Gaussian in Fourier space yields [29]
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p
2�k, a cut-o↵ in the FPS arises at proper

wavenumber
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UV background   e.g. Faucher-Giguere 20 

c.f. evidence of extra heating? Bolton+ 22 

(U)HECRs very likely exist in these regions: consideration warranted!



まとめ

-宇宙大規模構造（銀河・銀河間物質）の形成・進化にとって
CRの圧力・加熱は重要な役割を担っている可能性がある。
が観測的証拠は乏しい。

-天の川銀河ハロー内CRは必ず存在するはず。PeVg線による探査
はCMBgg吸収のおかげでとても有利：系外成分が遮蔽される。
エネルギー毎の伝搬距離がちょうどハローのスケールを網羅する。

- Tibet高銀違イベントはハローCRの兆候？
HVCとの相関をより定量的に調査中。乞うご期待！
LHAASO、南天からの観測 (Mega-ALPACA, SWGO)に期待。

- (U)HECR(>~PeV)の圧力は（宇宙で最大の体積を占める）
cool diffuse IGMで重要である可能あり。
Lya forestへの影響を調べる。magnetic horizon等の解明も必要。
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